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Abstract 

In Chapter 1, transition-metal-catalysed multicomponent cycloadditions that are pertinent to 

this thesis are introduced. An emphasis is placed upon processes that involve the cycloaddition of 

strained rings. In Chapter 2, an atom economical Rh(I)-catalysed (3+1+2) cycloaddition protocol 

involving cyclopropylamides, carbon monoxide, and tethered alkenes is described. The methodology 

enables the synthesis of stereochemically complex, sp3-rich, N-heterocycles. Extensive optimisation 

upon substrates bearing substituted cyclopropanes revealed the requirement for an ortho-methoxy 

substituted triarylarsine ligand in order to promote efficient cyclisation. Subsequently, the cycloaddition 

of a broad range of substrates was possible to deliver the target N-heterocycles with high 

stereoselectivity. These studies provide the first examples of multicomponent cycloadditions that 

proceed through C-C bond activation of “simple” electron-poor cyclopropanes. 

Chapter 3 provides discussion into the construction of tertiary benzylic stereocentres via cross-

coupling strategies, and subsequently hydroarylation strategies. This leads into Chapter 4, which details 

studies towards the Ir(I)-catalysed asymmetric hydroarylation of terminal alkenes to construct tertiary 

benzylic stereocentres. The synthesis of a range of diverse SPINOL-based chiral ligands was conducted 

in order to promote high enantioselectivity for the hydroheteroarylation of alkenes with furan and 

pyrrole-based heteroaromatics. Excellent yields and promising levels of enantioselectivity were 

obtained. 

In Chapter 5, a collaborative effort to expand the scope of the Ir(I)-catalysed hydroarylation 

methodology is discussed. Construction of challenging all-carbon quaternary stereocentres was 

achieved through the hydroarylation of 1,1-disubstituted alkenes. An insight into the mechanism of the 

catalytic cycle was gained through mechanistic and computational studies. These studies suggest that 

the hydroarylation of 1,1-disubstituted alkenes proceeds through a different pathway to previous 

Ir(I)-catalysed hydroarylation methodologies developed at Bristol. Chapter 5 also details studies 

towards the development of an asymmetric protocol to construct all-carbon stereocentres. 

Finally, in Chapter 6, the construction of challenging contiguous stereocentres is achieved 

through the hydroarylation of enantioenriched alkenes. The chemistry relies upon the use of an 

Ir(I)-catalyst, modified with a chiral bisphosphite ligand. The stereochemistry of the ligand enables 

access to either the syn or anti-diastereomer of the product in good yield and with high 

diastereoselectivity. The methodology provides an alternative to the prior art without need for 

prefunctionalised coupling partners. 
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Chapter 1 – Transition-metal-catalysed multicomponent cycloadditions 

Sections of this chapter have been adapted from the following publications: 

Dalling, A. G.; Bower, J. F. Chimia 2018, 72, 595 

Dalling, A. G. et al. and Bower, J. F. Angew. Chem. Int. Ed. 2019, 58, 221 

1.1 The need for more chirality in drug discovery 

The discovery of palladium-catalysed cross-coupling strategies,1 perhaps most significantly the 

Suzuki-Miyaura reaction,2,3 has enabled the pharmaceutical industry to evaluate rapidly libraries of drug 

discovery candidates based upon ease and simplicity. However, the reliance of medicinal chemists on 

this type of sp2-sp2 cross-coupling strategy, involving aryl halides and planar Pd(II) intermediates, has 

resulted in drug candidates becoming ‘flatter’, and such a trend is a concern (Scheme 1A). Research 

undertaken by Lovering and co-workers in 2008 indicated that drug candidates possessing greater 

fractional sp3-character (Fsp3 = number of sp3 hybridised carbons / total carbon count) are less likely to 

cause off-target toxicity and thus have a higher chance of making it to the marketplace.4,5 In addition to 

this, compounds with greater Fsp3 values were concluded to have better binding affinities to the 3-

dimensional binding sites of their biological target, a feature that is highly desirable for successful drug 

candidates. 

 

Scheme 1: Pd-catalysed cross-couplings generate planar structures, whereas cycloadditions generate sp3-rich scaffolds. 
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In order to escape from the sp2-rich, planar structures generated from Pd(0)-catalysed cross-

coupling reactions, it is desirable to develop new methodologies that are appealing to medicinal 

chemists.1,6 For this, synthetic chemists have often turned to cycloaddition strategies, perhaps most 

notably the Diels-Alder reaction, for which Professor Otto Diels and Kurt Alder received the Nobel 

Prize for Chemistry in 1950.7 This powerful [4+2] cycloaddition reaction leads to a significant increase 

in molecular complexity and provides structures that bear a high degree of sp3-character (Scheme 1B). 

Despite the effectiveness of this transformation and its widespread use throughout synthetic chemistry,8-

12 the Diels-Alder reaction poses several challenges: (a) the regiochemistry and stereoselectivity of the 

process may not always be well-controlled; and (b) the reaction often requires polarised dienes and 

dienophiles. Multicomponent cycloadditions involving a transition metal and π-unsaturates, however, 

can alleviate some of these problems. π-Unsaturates such as alkynes and alkenes have an affinity for 

transition metals through both σ and π-bonding and this can lead to oxidative coupling to form a 

metallacyclic intermediate (Scheme 1C).13-16 Such intermediates can then undergo coordination to 

another π-unsaturate, which, following migratory insertion and reductive elimination, can furnish 

complex sp3-rich scaffolds similar to those afforded by the Diels-Alder reaction. 

At Bristol, research has been undertaken into the generation of versatile metallacyclic 

intermediates, specifically sp3-rich rhodacyclopentanones (Scheme 2).17-26 Under Rh(I)-catalysed 

conditions and an atmosphere of carbon monoxide, rhodacyclopentanones are generated from readily 

accessible cyclopropanes bearing appropriate directing groups. Trapping of such intermediates with π-

unsaturates delivers stereochemically complex, sp3-rich, and often medicinally relevant heterocyclic 

compounds, with the added benefit of high atom economy (cf. Scheme 1C). In the following sections, 

the chemistry of metal-catalysed multicomponent cycloaddition reactions that are pertinent to this thesis 

will be reviewed, leading into a discussion of the cycloaddition processes developed at Bristol based 

upon the insertion of Rh(I) into non-activated cyclopropane rings. Discussion will then focus on the use 

of less activated and more challenging cyclopropanes in such processes before the aims of the research 

project are presented. 

 

Scheme 2: Access to rhodacyclopentanone intermediates and target reactions with π-unsaturates. 
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1.2 Metal-catalysed multicomponent cycloaddition reactions 

1.2.1 Cobalt-catalysed (2+2+2) cycloadditions 

The discovery of the metal-mediated trimerisation of acetylenes by Reppe in 1948 introduced 

the (2+2+2) cycloaddition to synthetic chemistry.27 As a result of this seminal discovery, significant 

research efforts were established in this area due to the ability of the approach to provide densely 

functionalised benzenoids related to 1 (Scheme 3A).28 The laboratory of Vollhardt pioneered the use of 

a cobalt complex, CpCo(CO)2, for such transformations, and thus the reaction was dubbed the 

‘Vollhardt reaction’.13,29-32 Despite the significance of the reaction for building up molecular 

complexity, a major drawback at the outset of discovery was that fully intermolecular reactions suffered 

poor reaction selectivity (Scheme 3A). This led to the formation of complex mixtures of oligomers, 

cyclooctatetraenes and regioisomeric benzenes.33 

 

Scheme 3: General cobalt-catalysed trimerisation of alkynes. 

Mechanistically, the (2+2+2) Co(I)-catalysed trimerisation reaction begins with the loss of two 

CO ligands from CpCo(CO)2 to give the active 14-electron complex CpCo(I) (Scheme 3B).13,32,34 

Oxidative coupling of this species with two alkynes gives a 16-electron Co(III) species I, at which point 

the mechanism diverges into two possibilities. The first of these involves coordination of the third 

alkyne to I followed by migratory insertion to give metallacycloheptatriene II. Subsequent reductive 

elimination from this intermediate (or a 6-electron electrocyclic ring closure, not depicted) gives 1 and 
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returns the active CpCo(I) species. Alternatively, a Diels-Alder [4+2] cycloaddition with the third 

alkyne could proceed; this would deliver intermediate II’, which, following rearrangement, affords 

arene 1. It is appropriate to note, that whilst these mechanistic pathways are generally accepted,30 

computational studies have indicated the possible involvement of other related cobalt intermediates.35 

As highlighted, fully intermolecular variants of the Co(I)-catalysed trimerisation reaction 

provide undesirable, complex mixtures of products. This often precludes the use of the reaction in 

target-oriented synthesis. In stark contrast, intramolecular variants (either full or partial) are often highly 

regioselective.33 This has led to interesting methodological developments and the widespread use of the 

process in the synthesis of natural products. For example, Anderson and co-workers reported the fully 

intramolecular (2+2+2) cycloaddition of triyne 2 to give tricyclic arylsilane 3 in 80% yield under 

microwave conditions (Scheme 4A).36 In 2010, Siegel and co-workers elegantly employed two Co(I)-

mediated (2+2+2) cycloadditions in their synthesis of (+)-complanadine A, the first of which is depicted 

in Scheme 4B.37 Here, the (2+2+2) cycloaddition was utilised in the preparation of a substituted pyridine 

ring 6. For this, alkyne-nitrile 4 and bis-alkyne 5 were employed with CpCo(CO)2 at 140 °C to deliver 

pyridine 6 in 82% yield (25:1 r.r.). A further six steps, involving a second (2+2+2) trimerisation reaction 

and multiple protecting group manipulations, enabled access to (+)-complanadine A. 

 

Scheme 4: Intramolecular (2+2+2) cyclotrimerisations. 
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1.2.2 Cobalt-mediated (2+2+1) Pauson-Khand cycloadditions 

In addition to Vollhardt-type processes, the high affinity of cobalt for alkynes enables other 

important cycloaddition reactions to occur, and one of great significance is the Pauson-Khand 

reaction.38 This powerful multicomponent carbonylative cycloaddition was discovered by the laboratory 

of Pauson in 1973 and enables the synthesis of synthetically useful substituted cyclopentenones of type 

7 (Scheme 5A).39,40 Treatment of an alkyne with a stoichiometric quantity of Co2(CO)8 leads to the 

formation of complex I, which loses a carbon monoxide ligand to form II (Scheme 5B).41 Subsequent 

complexation of the alkene fills the vacant coordination site on cobalt to give III; the alkene coordinates 

to the less hindered cobalt site to give the observed regioselectivity. Oxidative coupling and 

coordination of a CO ligand forms intermediate IV, and migratory insertion of another CO ligand into 

the C-Co bond delivers V. Finally, reductive elimination from V affords VI, which, following 

dissociation of Co2(CO)6, affords the desired cyclopentenone structures such as 7.41 

 

Scheme 5: A generic cobalt-mediated Pauson-Khand (2+2+1) cycloaddition and mechanism. 

In practice, intermolecular variants of the Pauson-Khand cycloaddition often suffer from 

regioselectivity issues with respect to the alkene unit, as seen for the cycloaddition between 1-hexyne, 

1-octene and carbon monoxide (Scheme 6A). In this process, the union of such fragments delivers 

enones of type 8 in 42% yield and as a 1:1 mixture of regioisomers.42 While the issue of regioselectivity 

can be alleviated through the use of symmetric or specialised alkenes,43 this significantly reduces the 

synthetic utility of the process. In contrast, intramolecular Pauson-Khand cycloadditions are often 

highly regioselective and enable the synthesis of complex bicyclic structures (Scheme 6B). The first 
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report of an intramolecular Pauson-Khand reaction was detailed by Schore in 1981, in which enyne 9 

was treated with stoichiometric Co2(CO)8 in trimethylpentane to deliver cyclopentanone 10 in 31% 

yield.44 Since this discovery, a range of methodologies based upon this process have been developed, 

and efforts have focused in particular on modifications to enhance the rate of the reaction.45-51 The 

synthetic utility of the Pauson-Khand reaction has been exploited in numerous target-oriented 

syntheses,52-54 and an example from the laboratory of Zard in 1999 is shown in Scheme 6C.55 Here, the 

intramolecular cycloaddition was used to construct the complex core structure of (-)-dendrobine. 

Treatment of alkyne 11 with Co2(CO)8 delivered the desired cyclopentenone 12, which was 

immediately reduced to afford 13 in 51% yield over two steps. The use of NMO in the reaction (reported 

independently in 1991 by Jeong46 and Schreiber45) promotes the loss of a CO ligand (as carbon dioxide) 

from the 18 electron Co2(CO)6-alkyne complex (i.e. I to II, Scheme 5B). This forms the active 16-

electron complex to which the alkene can coordinate and insert. The NMO additive also enables the 

reaction to be conducted at room temperature, although its use in super-stoichiometric quantities is 

undesirable from an atom-economical viewpoint.  

 

Scheme 6: Intermolecular and intramolecular Pauson-Khand cycloadditions. 

1.2.3 Rhodium-catalysed (2+2+1) Pauson-Khand-type cycloadditions 

The cobalt-mediated Pauson-Khand reaction has been developed extensively since its 

discovery, and its power for the construction of complex cyclic structures is evident. Nonetheless, the 

use of stoichiometric quantities of cobalt is not ideal, and, whilst variants of the reaction that are 

catalytic in cobalt have been developed, they often require the use of high pressures of carbon monoxide 
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which raises additional complications.56-58 Given these limitations, investigations into the feasibility of 

using catalytic quantities of other transition metals has been investigated. The most significant 

developments in this area involve the use of rhodium catalysts for carbonylative alkene-alkyne 

couplings. Whilst titanium,59,60 ruthenium,61 and iridium62 complexes have been reported as successful 

catalysts for Pauson-Khand-type reactivity, the discussion of these processes is beyond the scope of this 

chapter and the focus will be on the use of rhodium(I) complexes. 

In 2000, the laboratory of Jeong reported the enantioselective Pauson-Khand-type reaction of 

enynes 14, involving catalytic [Rh(CO)2Cl]2 to afford structures of type 15a–b in excellent yield and 

with good enantioselectivity (Scheme 7A).63 The reaction first involves oxidative coupling of the Rh(I) 

catalyst with the alkene and the alkyne to afford I. Coordination of carbon monoxide and migratory 

insertion into the C-Rh bond delivers intermediates II and III, from which reductive elimination can 

occur to deliver the target heterocycles 15a–b. Wender and co-workers have extended this approach, 

replacing the alkyne unit with another alkene (Scheme 7B).64 Accordingly, exposure of 16 to a Rh(I) 

catalyst under an atmosphere of CO enabled the generation of stereochemically complex carbocyclic 

(e.g. 17a) and heterocyclic (e.g. 17b) structures, as single diastereomers. 

 

Scheme 7: Rh(I)-catalysed (2+2+1) Pauson-Khand-type reactions. 

Reisman and co-workers have exploited the power of the Rh(I)-catalysed Pauson-Khand-type 

reaction as a key bond-forming step en-route to the plant-derived natural product, (+)-ryanodol (Scheme 

8).65 In their report, cycloaddition of 18 occurred in the presence of low catalytic loadings of 

[Rh(CO)2Cl]2 under an atmospheric pressure of carbon monoxide. Cyclopentenone 19 was furnished in 
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excellent yield given the complexity of substrate 18, and just seven further manipulations were required 

from advanced intermediate 19 for completion of the synthesis of (+)-ryanodol. 

 

Scheme 8: Application of a Rh(I)-catalysed (2+2+1) Pauson-Khand-type reaction to the synthesis of (+)-ryanodol. 

1.3 Multicomponent cycloadditions involving C-C bond activation of strained rings 

1.3.1 Oxidative addition of transition metals into strained C-C bonds 

The cycloaddition processes described thus far are based upon the oxidative cyclisation of 

transition metals with π-unsaturates to provide a metallacyclic intermediate. However, oxidative 

addition of transition metals into strained C-C bonds is also a well-established process for the generation 

of comparable metallacyclic intermediates.66,67 Cyclopropane rings have long been recognised as 

suitable moieties for C-C oxidative addition by transition metals, in-part because of the release of ring 

strain upon cleavage which acts as both a thermodynamic and kinetic driving force.68 In addition to this, 

the HOMO and LUMO orbitals of cyclopropanes have significant p-orbital character (a result of the 

narrow bond angles within the ring) which makes bonding interactions with transition metal orbitals 

possible (Figure 1A). The first report of C-C oxidative addition into a cyclopropane was disclosed by 

Tipper in 1955, in which insertion of PtCl2 into cyclopropane was observed to form a 

platinacyclobutane.69,70 Since then, multiple classes of strained rings have been utilised in C-C oxidative 

addition-based methodologies (Figure 1B). This section will first discuss cycloaddition processes 

involving cyclopropenes and alkylidenecyclopropanes, which, due to the introduction of sp2-hybridised 

ring carbons, are highly strained and more activated towards C-C bond cleavage.71,72 Subsequently, 

processes involving less-activated cyclopropanes, such as aminocyclopropanes, cyclopropyl ketones 

and finally cyclopropylamides will be discussed. Whilst other classes of cyclopropane ring, for example 

vinylcyclopropanes,73-78 and other highly strained rings (e.g. cyclobutanones79-85 and cyclobutanols86-91) 

participate in cycloaddition processes, these will not be discussed here as they are not pertinent to the 

research contained within this thesis. 
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Figure 1: Bonding interactions between cyclopropanes and transition metals and classes of cyclopropanes. 

1.3.2 Cyclopropene-based (3+1+2) cycloadditions 

The internal unsaturation of cyclopropene rings makes them susceptible to cleavage by 

transition metals,69 but despite this, processes involving cyclopropenes are not commonplace in the 

literature. Whilst there is no clear reason for this, it may be due to a lack of flexibility in substrate 

synthesis. One such multicomponent cycloaddition based upon C-C bond activation of cyclopropenes 

was reported in 2010 by Wang and co-workers (Scheme 9).92 In their report, cyclopropenes 20 bearing 

tethered alkenes or alkynes underwent Rh(I)-catalysed (3+1+2) cycloadditions under relatively mild 

conditions to provide bicyclic structures, including 21a and 21b. The process was proposed to proceed 

through rhodacyclopentenone intermediate I, arising from insertion of the Rh(I) catalyst into the C-C 

single bond of 20 followed by migratory insertion of carbon monoxide. Insertion of the tethered π-

unsaturate into I and subsequent reductive elimination affords the desired scaffolds in good yield. The 

cycloaddition to afford 21b proceeded with high diastereoselectivity for the trans-ring junction.  

 

Scheme 9: Rh(I)-catalysed carbonylative (3+1+2) cycloadditions of cyclopropenes with alkynes and alkenes. 
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1.3.3 Alkylidenecyclopropane-based multicomponent cycloadditions  

Processes involving alkylidenecyclopropanes (ACPs) have been studied in greater depth, and, 

although they are less strained than cyclopropenes (approximate strain energies of 39 vs. 55 

kcal/mol),71,72 they are still highly activated towards C-C oxidative addition by transition metals. The 

regiochemistry of C-C bond activation needs to be considered for this type of substrate; the metal can 

insert into either bond a or bond b of alkylidenecyclopropane 22, which gives rise to regioisomeric 

metallacycles I’ or I (Scheme 10). These can either be harnessed directly, or, in the case of I, 

rearrangement can occur prior to interaction with a tethered π-unsaturated moiety to give II. Processes 

involving metal insertion into both bond a and bond b have been reported; the former is cleaved 

preferentially by Ni catalysts,13,93-95 but these instances will not be covered in this introduction. 

Conversely, predominant cleavage of bond b occurs under Pd and Rh catalysis and a selection of 

examples are presented for discussion in this section.  

 

Scheme 10: Transition-metal insertion into alkylidenecyclopropanes. 

In 2003, Mascareñas and co-workers reported the (3+2) cycloaddition of 

alkylidenecyclopropanes of type 23 with tethered alkynes to provide bicyclic structures including 24a–

b (Scheme 11).96 The mechanism, supported by computational evidence, was suggested to proceed 

through initial insertion of Pd(0) into the least hindered C-C bond to give I. Isomerisation of this 

intermediate occurs to give II, to which the alkyne can coordinate and undergo carbometallation to 

deliver palladacycle III. Reductive elimination from III affords the desired structures 24a–b in good 

yield.  

 

Scheme 11: Pd(0)-catalysed (3+2) cycloadditions of alkylidenecyclopropanes with tethered alkynes. 
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Building upon the work of Mascareñas, Evans and Ingleby reported a partially intermolecular 

(3+2+2) cycloaddition utilising alkylidenecyclopropanes, tethered alkenes and electron-poor alkynes 

(Scheme 12).97 In this powerful Rh(I)-catalysed strategy, bicyclic structures bearing complex 

7-membered rings (e.g. 26a–b) could be accessed in excellent yield and with high regiocontrol from 25 

(85–91% yield, 5:1–12:1 r.r.). The authors proposed two mechanistic pathways, both of which involve 

insertion of the Rh(I) catalyst into the distal C-C bond of 25 to give I (cf. Scheme 10). Rearrangement 

of this intermediate delivers II, and, at this stage, the mechanism diverges into two possibilities, 

according to the order of insertion of the two π-unsaturated components. Insertion of the tethered alkene 

first affords III; alternatively, alkyne insertion into II affords rhodacyclohexene III’. Alkyne insertion 

into III, or alkene insertion into III’, followed by reductive elimination, yields the target cycloadducts 

26a–b. In a demonstration of the utility of this methodology, the authors subsequently reported a concise 

synthesis of the sesquiterpene natural product, pyrovellerolactone.98 

 

Scheme 12: Rh(I)-catalysed (3+2+2) cycloadditions of alkylidenecyclopropanes with alkenes and alkynes. 

Carbonylative processes based upon this C-C activation mode have also been disclosed. In 

2012, Evans and co-workers reported the Rh(I)-catalysed (3+2+1) cycloaddition of alkylidene 

cyclopropanes 27 with CO and tethered alkenes (Scheme 13A).99 This protocol afforded 

cyclohexenones including 28a–b in excellent yield and with high diastereocontrol. Computational 

studies supported the proposed mechanism, which began with isomerisation of the initially formed 

rhodacycle I to provide complex II. Alkene insertion into this complex leads to η3-allyl complex III, 

from which migratory insertion of CO, C-C reductive elimination, and alkene isomerisation affords the 

observed targets (e.g. 28a–b). The authors also reported the first highly enantioselective transformation 
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involving an alkylidenecyclopropane such as 27a; a cationic Rh(I) complex in conjunction with chiral 

P,N-ligand L1 smoothly afforded 28a in 89% e.e. (Scheme 13B). 

 

Scheme 13: Rh(I)-catalysed carbonylative (3+2+1) cycloadditions and a computationally supported mechanism. 

1.4 Directed carbonylative (3+1+2) cycloadditions of non-activated cyclopropanes 

The cycloaddition processes described above provide examples of C-C bond activation of 

specialised cyclopropanes that are prone to insertion by metal catalysts, however, processes that exploit 

less activated cyclopropanes have been slow to emerge.67,100 Two key challenges associated with 

cyclopropane-based processes are (a) controlling the regiochemistry of C-C oxidative addition and (b) 

utilising the resulting metallacyclobutane prior to deleterious β-hydride elimination (Scheme 14).101 

 

Scheme 14: Metal-catalysed C-C bond activation of non-activated cyclopropanes 

The issue of stability outlined in Scheme 14 can be alleviated by fast carbonylation of a 

rhodacyclobutane intermediate to provide a relatively stable rhodacyclopentanone, a process first 

demonstrated by Wilkinson and co-workers in 1968.102 Harnessing the formation of such metallacyclic 

intermediates, Koga and Narasaka reported the Rh(I)-catalysed (3+1+2) cycloaddition of 29, carbon 
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monoxide, and tethered alkynes (Scheme 15).103 The regioselectivity of cyclopropane C-C bond 

activation of 29 to afford rhodacyclopentanone I was controlled by using the alkyne as a directing 

group. This strategy enabled bicyclic enones related to 30 to be accessed in high yield and with high 

selectivity (63% yield, 20:1 30:31). The limitation of this approach, however, was the requirement for 

a high pressure of carbon monoxide, a high catalyst loading, and high temperatures. 

 

Scheme 15: Multicomponent Rh(I)-catalysed carbonylative cycloadditions of cyclopropanes with CO and a tethered alkyne. 

1.4.1 Rhodium(I)-catalysed cycloadditions developed at Bristol 

Taking inspiration from the work of Koga and Narasaka, N-directing group controlled strategies 

have been developed at Bristol as a platform for generating rhodacyclic intermediates for the purpose 

of cycloaddition strategies.100,104,105 The key synthetic advantage of this approach is that the substrates 

(i.e. 32) are easily accessed from readily available and stereodefined cyclopropyl carboxylates 33 

(Scheme 16A).106-109 Trapping of the key rhodacyclopentanone intermediate I then allows access to a 

diverse array of heterocyclic scaffolds, many of which are prevalent in natural products and 

pharmaceutical agents (Scheme 16B).110-113 

 

Scheme 16: The catalysis platform for directed C-C bond activation of cyclopropanes developed at Bristol.  
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Studies on the carbonylative C-C bond activation of aminocyclopropanes commenced at Bristol 

in 2013 with the discovery that regioselective metallacycle formation can be promoted using suitable 

N-directing groups.17 In early experiments, it was found that exposure of carbamate-protected 

aminocyclopropane 34 to a cationic Rh(I) source delivered exclusively linear alkene 35, presumably via 

directed formation of rhodacyclobutane I (Scheme 17A). In the absence of a directing group, the same 

catalyst system inserts into the most sterically accessible cyclopropane C-C bond; accordingly, a 

nitrogen-based directing group is crucial for enforcing contrasteric C-C bond activation. Treatment of 

aminocyclopropanes 36 with stoichiometric [Rh(CO)2Cl]2 allowed confirmation of the role of the 

directing group to be determined (Scheme 17B).20,102,114,115 This was achieved through X-ray 

crystallographic analysis of rhodacyclopentanones 37a–c, along with determination of the stretching 

frequency of the CO ligand trans to the directing group. This data was used to quantify the donor 

strength of each directing group and guided subsequent methodology development. 

With a suitable C-C bond activation mode established, its incorporation into a prototype 

multicomponent carbonylative (3+1+2) cycloaddition process involving N-tethered alkynes was 

investigated (Scheme 17C). Here, the choice of N-directing group was critical as it must be sufficiently 

Lewis basic to outcompete the alkyne for coordination of the Rh catalyst (38 to I), but must also be 

labile enough to dissociate at the stage of I and allow alkyne coordination (to II). For the cycloaddition 

process in Scheme 17C, an evaluation of various N-directing groups, combined with the synthesis of a 

series of rhodacyclopentanone complexes (37a–c) revealed that strongly Lewis basic ureas offered 

substantially enhanced efficiencies compared to carbamates and amides (cf. Scheme 17B).20 Optimised 

reaction conditions employed a neutral Rh(I) source modified with P(3,5-(CF3)2C6H3)3, an atmospheric 

pressure of CO, and PhCN as solvent; the latter allows higher TONs compared to less coordinating 

solvents (Scheme 17C). The process tolerated of a range of alkynes, including alkyl (38a) and aryl (38b) 

substituted variants to afford cycloadducts 39a–b, while also allowing access to more stereochemically 

complex scaffolds (e.g. 39c–d), albeit with modest levels of diastereocontrol (up to 4:1 d.r.). 
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Scheme 17: Preliminary mechanistic studies leading to (3+1+2) cycloadditions of aminocyclopropanes, CO and tethered 

alkynes. 

The process outlined in Scheme 17C required a strongly Lewis basic directing group to 

outcompete the alkyne moiety for coordination of the Rh(I) catalyst prior to C-C oxidative addition. 

Cognisant of this, subsequent studies investigated the feasibility of related cycloadditions involving 

aminocyclopropanes, CO and more weakly coordinating alkenes (Scheme 18).19 Here, it was found that 

less Lewis basic and more synthetically flexible carbamates could be used as the directing group, with, 

for example, Cbz-protected system 40a cyclising in 80% yield and with high selectivity for the trans-

ring junction to give 41a (Scheme 18A). The reaction conditions outlined in Scheme 18A were 

optimised with the specific aim of enhancing diastereoselectivity for systems with substituents at R1 or 

R2 to afford stereochemically complex cycloadducts including 41b–d. Extensive investigations 

revealed a number of critical factors, the most important of which was the use of a cationic Rh(I) system. 
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Here, the additional vacant coordination site (vs. neutral Rh(I) systems) likely facilitates 

retrocarbonylation from the rhodacyclopentanone intermediate, which, in turn, renders 

rhodacyclopentanone formation reversible (Scheme 18B).116,117 In this scenario, diastereoselectivity 

with respect to R1 and R2 is controlled by the relative facility of alkene insertion into the two 

diastereomeric rhodacyclic π-complexes (I and I’). Under the same conditions, neutral Rh(I) 

precatalysts provided low levels of diastereocontrol, possibly because rhodacyclopentanone formation 

is less reversible and carbonylative C-C bond activation has minimal selectivity for I vs. I’. For the 

“cationic conditions” in Scheme 18A, isobutyramide and dimethyl fumarate additives were found to be 

beneficial to the reaction rate and yield,118 with their role possibly being the stabilisation of off-cycle 

species.  

 

Scheme 18: Diastereoselective (3+1+2) cycloadditions of cyclopropanes, CO, and tethered alkenes. 

The chemistry so far exploits non-substituted aminocyclopropane units; however, studies 

undertaken at Bristol have found that more highly substituted systems are also effective. To gain insight 

into the regiochemical preference of C-C bond activation for cis and trans-1,2-disubstituted 

cyclopropanes, a series of model rhodacyclopentanone intermediates were prepared (Scheme 19A).18,19 
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Exposure of trans-1,2-disubstituted cyclopropane 42 to stoichiometric [Rh(CO)2Cl]2 provided dimeric 

species 43, resulting from Rh(I) insertion into the less hindered proximal C-C bond a. Conversely, under 

analogous conditions, cis-1,2-disubstituted substrate 44 underwent preferential C-C bond activation at 

the more hindered proximal C-C bond b to give 45. Thus, for cis-1,2-disubstituted cyclopropanes, where 

steric constraints are to some extent alleviated, activation of the more electron-rich proximal C-C bond 

is preferred.119 The observations made in these stoichiometric studies translate to the regioselectivities 

observed in (3+1+2) cycloaddition processes (Scheme 19B).19 For example, subjection of trans-46 to 

the conditions outlined in Scheme 18A provided 47 in 67% yield and with high regiocontrol, resulting 

from preferential activation of bond a (>15:1 r.r.). Conversely, (3+1+2) cycloaddition of cis-46 

occurred via bond b to provide cycloadduct 48 (42% yield, >15:1 r.r.). Thus, the relative stereochemistry 

of the cyclopropane unit controls the regioselectivity of C-C bond activation and determines the 

stereochemistry of the cycloadduct. However, as will be seen later, the inherent regiochemical 

preference of rhodacyclopentanone formation does not always transfer to the regiochemistry of the 

product. 

 

Scheme 19: Regioselective C-C bond activation of 1,2-disubstituted cyclopropanes. 

The processes discussed so far in Section 1.4 provide new 6-membered rings by (3+1+2) 

cycloadditions and can be thought of as homologues of the Pauson-Khand reaction.120 By reengineering 

the substrate, other classes of cycloaddition processes could be achieved. For example, N-
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cyclopropylacrylamides 49a–b underwent mechanistically distinct (7+1) cycloadditions to provide a 

modular entry to azocanes 50a–b (Scheme 20A).18 Here, the requirement of a relatively high reaction 

temperature (150 °C) is presumably reflective of the strain associated with the newly formed azocane 

product. The methodology tolerated 1,1-disubstituted alkenes (e.g. 49a), with the efficiency of 

cyclisation (to 50a) largely independent of the steric and electronic demands of the R2 group. 1,2-

Disubstituted aminocyclopropanes provided unexpected results, with both cis-49b and trans-49b 

affording the same azocane adduct 50b (Scheme 20A). The outcome for cyclisation of cis-49b was 

expected, but, for trans-49b, formation of 50b required cleavage of the less favoured proximal 

cyclopropane C-C bond b (cf. Scheme 19A). The most appealing mechanistic rationalisation for this 

outcome invokes both reversible rhodacyclopentanone formation and reversible alkene insertion 

(Scheme 20B). In this scenario, alkene insertion into favoured rhodacyclopentanone I (arising via 

activation of the less-hindered proximal C-C bond a of trans-49b) affords metallacycle II, from which 

syn-β-hydride elimination via C7-H (to form the expected product) is not possible. However, 

equilibration via disfavoured rhodacyclopentanone I’ provides II’, from which syn-β-hydride 

elimination via C7-H can occur to provide the observed regioisomer of the product 50b. Isotopic 

labelling studies supported the proposed mechanistic pathway. 

 

Scheme 20: Azocanes via a (7+1) cycloaddition-fragmentation strategy.  



Chapter 1 – Transition-metal-catalysed multicomponent cycloadditions 

 

19 

 

The cycloadditions described thus far in Section 1.4.1 involve electron-rich 

aminocyclopropanes, which can be accessed by the Curtius rearrangement of readily accessible and 

stereodefined cyclopropyl carboxylic acids (Scheme 21). Accordingly, from a broader strategic 

viewpoint, “sp3-rich” metallacyclic intermediates are accessed by exploiting the strain embedded within 

small and stereodefined ring systems. To expand the utility of the approach, the feasibility of processes 

that involve more demanding classes of readily available cyclopropane were sought. 

 

Scheme 21: Directed C-C bond activation of more challenging classes of cyclopropane. 

Within this context, (3+1+2) cycloadditions of electron-neutral aminomethylcyclopropanes 

were explored (Scheme 21).21 These processes are challenging because (a) they involve a less 

favourable 6-ring chelate (vs. 5-ring for aminocyclopropane methodologies, i.e. I vs. I’); (b) the 

cyclopropane is less nucleophilic, which leads to less efficient C-C oxidative addition, and (c) exocyclic 

β-hydride elimination from I’ can compete with insertion of the π-unsaturate. After extensive 

investigation, it was established that N-Cbz and N-Ts directing groups were efficient for the 

cycloaddition of aminomethylcyclopropanes 51 via rhodacyclopentanone I (Scheme 22A). The 

resulting cycloaddition protocol involving substates 51a–d provided access to a range of 

stereochemically complex perhydroisoindole scaffolds including 52a–d. Optimised reaction conditions 

employed a neutral Rh(I) precatalyst modified by weak donor ligands (AsPh3 or 1,4-oxathiane). The 

protocol is diastereoselective with respect to the stereochemistry of the ring junction (trans favoured in 

all cases), diastereospecific with respect to alkene geometry (e.g. 51a to 52a vs. 51b to 52b), and 

diastereoselective with respect to the R1 and R2 substituents to give 52c–d (Scheme 22A). The latter 

feature provided tentative evidence that rhodacyclopentanone formation is reversible (cf. Scheme 18B). 

As in earlier work, cis and trans-1,2-disubstituted cyclopropanes provided regiodivergent reaction 

outcomes (Scheme 22B). Subjection of trans-53 to the catalytic protocol revealed preferential activation 

of the less hindered C-C bond a to afford adduct 54 in good yield and with complete transfer of 

cyclopropane stereochemistry, which accounts for the high levels of diastereocontrol and regiocontrol 

observed (79% yield, >15:1 d.r., >15:1 r.r.). Conversely, cis-53 underwent activation at the more 

hindered proximal C-C bond b to provide regioisomeric adduct 55 with good regiocontrol (79% yield, 

5:1 d.r., 6:1 r.r.). 
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Scheme 22: (3+1+2) cycloadditions of electron-neutral cyclopropanes, CO, and tethered alkenes. 

1.5 Cycloadditions of cyclopropanes bearing adjacent π-unsaturation 

The successful extension of the cycloaddition strategies developed at Bristol to include 

processes involving electron-neutral cyclopropanes suggested that multicomponent carbonylative 

cycloadditions involving C-C bond activation of other classes of minimally activated cyclopropanes 

might be feasible. Substrates that fall into this category would include those bearing adjacent electron-

withdrawing π-unsaturation, such as cyclopropyl ketones121-126 (or imines127,128), and 

cyclopropylamides.129 In this regard, Liu and Montgomery121 and Ogoshi and co-workers125 

independently reported that cyclopropyl ketones (e.g. 56) can undergo C-C bond cleavage with Ni(0) 

catalysts to provide substituted cyclopentanes such as 57 (Scheme 23A). The key intermediate through 

which the reaction proceeds was proposed to be six-membered oxanickelacycle I. This subsequently 

undergoes intermolecular conjugate addition to the enone species, followed by reductive elimination to 

afford cyclopentane 57. Liu and Montgomery subsequently reported that cyclopropyl imines undergo a 

similar transformation, in this case via analogous azanickelacycle intermediates.128  
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Expansion of the cycloaddition methodology to include alkynes was achieved by Ogoshi and 

co-workers in 2011, and in this case, an aluminium-based Lewis acid was required for the reaction to 

proceed (Scheme 23B).122,130 Following coordination of the Ni(0) catalyst to cyclopropane 56 and the 

alkyne to give I, the mechanism was proposed to begin with oxidative addition of the catalyst into the 

proximal C-C bond of the cyclopropane to afford II. The coordination of the aluminium-based Lewis 

acid to the ketone acts in-part as a directing group, but it also further augments the electrophilicity of 

the cyclopropane. This increases the propensity of the electron-rich Ni(0) catalyst to undergo C-C 

oxidative addition. Experiments suggested that nickelacyclobutane II does not undergo the same 

isomerisation to a oxanickelahexene intermediate (cf. I, Scheme 23A) due to the stabilisation provided 

by the chloride ligand. Migratory insertion of the alkyne (II to III) is followed by reductive elimination 

to afford cyclopentenes of type 58. It is of note, that whilst substrates bearing substituted cyclopropanes 

participate in these Ni(0)-catalysed cycloaddition processes, they do so only with low regiocontrol and 

low diastereocontrol. 

 

Scheme 23: Ni(0)-catalysed (3+2) cycloadditions involving cyclopropyl ketones. 

Other metals, including rhodium and palladium,126 insert into cyclopropyl ketones. In 2009, 

Zhang and co-workers reported the Rh(I)-catalysed carbonylative isomerisation of alkynyl substrates 

related to 59, providing an efficient and atom economical route to bicyclic furan derivatives 60a–b 

(Scheme 24).123 The proposed mechanism first involves regioselective C-C oxidative addition of the 

Rh(I) catalyst into the proximal C-C bond of 59 to afford rhodacyclobutane I. Structural rearrangement 
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of this intermediate provides rhodacycle II. Migratory insertion of CO, followed by reductive 

elimination, furnishes the desired structures such as 60a–b in good yield. 

 

Scheme 24: Carbonylative rearrangement of alkynyl cyclopropyl ketones. 

Thus far, cycloaddition processes have been discussed that rely on cyclopropyl ketones or 

imines; highly attractive however are methodologies based upon cyclopropylamides. This, in part, is 

because they are readily available to the synthetic chemist, but also because they are useful in a 

multitude of downstream transformations. Despite this, cycloaddition reactions involving such 

cyclopropylamides remain a challenge.  

In this regard, Ye and co-workers reported a strategy for the C-C bond activation and 

subsequent intermolecular (3+2) cycloaddition of cyclopropylamide 61 with alkynes to afford 

cyclopentenes 62a–b in excellent yield (Scheme 25A).129 In their report, the authors disclosed a Ni(0)-

catalysed strategy, involving trimethylaluminium to activate the cyclopropane substrate, a secondary-

phosphine-oxide ligand to direct the oxidative addition event,131,132 and triphenylphosphine to stabilise 

the resulting nickelacycle. The proposed mechanism begins with the formation of a bimetallic complex 

which coordinates to 61 to form I. Oxidative addition of the Ni(0) catalyst into the cyclopropane affords 

II; the additional triphenylphosphine ligand was proposed to assist formation of this intermediate. The 

resulting nickelacycle II undergoes insertion into the alkyne species to give 6-membered metallic 

intermediate III. Reductive elimination from III delivers the desired cyclopentene structures 62a–b and 

regenerates the active catalytic species. 

Within the same report, the development of an enantioselective variant of the (3+2) 

cycloaddition protocol was disclosed (Scheme 25B).129 Through replacement of the achiral secondary-

phosphine-oxide in place of TADDOL-derived chiral ligand L2, cyclopentene structures such as 62b 

were formed in excellent yield and in high enantiopurity (85% yield, 93% e.e.). Whilst the approach 

developed by Ye and co-workers was effective, the use of stoichiometric quantities of AlMe3 and 

multiple ligands is undesirable from atom economical and practical viewpoints. Additionally, in 
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alignment with prior reports of C-C bond activation of cyclopropyl ketones by nickel complexes,121,130 

cyclopropylamides bearing disubstituted cyclopropanes cyclised with significantly lower efficiency and 

poor regiocontrol, providing a significant limitation to this approach.129  

 

Scheme 25: Ni-Al bimetallic-catalysed (3+2) cycloadditions of cyclopropylamides and alkynes. 

1.6 Preliminary investigation into the (3+1+2) cycloaddition of cyclopropylamides, CO 

and tethered alkenes at Bristol 

A key feature of the strategy developed at Bristol for the Rh(I)-catalysed carbonylative C-C 

bond activation of cyclopropanes is that reaction efficiency decreases as the cyclopropane unit becomes 

less nucleophilic, an observation consistent with a dominant HOMO(c-Pr)-LUMO(Rh) interaction 

during C-C bond activation (Scheme 26).17,19,21 Questioning the limits of this step with respect to the 

electronics of the cyclopropane, it was considered whether cyclopropylamide-based substrates may be 

amenable to similar cycloaddition protocols that had been developed for electron-rich17,19 and electron-

neutral21 cyclopropanes (see Scheme 18 and 22). If successful, methodology of this type would be a 

significant contribution to the field of C-C bond activation of cyclopropyl carboxylate derivatives. The 

key challenges at the outset of this project were (a) directed insertion of the Rh(I) catalyst into the 

proximal C-C bond of the cyclopropane would require the formation of a strained 4-ring chelate I’’ (vs. 

more stable chelates I and I’), and (b) the configurational stability of such rhodacyclopentanones was 

not known (Scheme 26). Importantly, this type of initiation mode has not been used previously for 
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carbonylative or multicomponent processes, and, in contrast to the prior art,122,129,130 provides the 

possibility for stereospecific transfer of cyclopropane stereochemistry via metallacycle I’’. 

 

Scheme 26: C-C bond activation of various classes of cyclopropane substrate. 

1.6.1 Reaction discovery and proof of concept 

Initial investigations into the C-C bond activation of electron-poor cyclopropylamides were 

undertaken by former PhD student Dr. Niall McCreanor, beginning with probing the feasibility of the 

oxidative addition step.133 To this end, cyclopropylamide 63 was synthesised and exposed to a cationic 

Rh(I) catalyst and PPh3 (Scheme 27). This experiment revealed the exclusive formation of α,β-

unsaturated amide 64 in 47% yield as a 5:1 mixture of diastereomers. Formation of 64 is likely a 

consequence of carbonyl-directed insertion of the Rh(I) catalyst into the proximal C-C bond a of the 

cyclopropane to generate putative rhodacyclobutane I. Subsequent β-hydride elimination and C-H 

reductive elimination from I would afford 64. Conversely, 65 would arise from insertion of the metal 

catalyst into the distal C-C bond b. The absence of 65 provides circumstantial evidence for the substrate-

directed C-C bond activation pathway proposed in Scheme 27. 

 

Scheme 27: Oxidative addition experiments. Yields were determined by 1H NMR analysis using 1,4-dinitrobenzene as a 

standard. 
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Once McCreanor had identified that cyclopropylamides could undergo directed C-C oxidative 

addition with Rh(I) catalysts, a model substrate was sought in order to incorporate this activation mode 

into a carbonylative cycloaddition. Based upon the success of related systems in (3+1+2) cycloadditions 

carried out at Bristol, substrate 66 was synthesised and exposed to a range of conditions, of which a 

selection are shown in Table 1. Evaluation of the rhodium precatalyst revealed that the cycloaddition 

of 66 to form 67 proceeded with greater success in the presence of a neutral Rh(I) catalyst, rather than 

a cationic variant (Table 1, entry 1 vs. entry 2). Subsequent assessment of a range of ligands with varying 

steric and electronic parameters revealed that AsPh3 could provide the desired cycloadduct 67 in 48% 

yield (5:1 d.r.) (Table 1, entry 3–5). Despite significant attempts,133 McCreanor was unable to improve 

the yield of the cycloaddition of 66 beyond 48%.  

 

Table 1: Preliminary optimisation of the cycloaddition of 66. a bidentate ligands (7.5 mol%), monodentate ligands (15 mol%). 

Yields and product ratios were determined by 1H NMR analysis using 1,4-dinitrobenzene as a standard. b [Rh(cod)Cl]2 (5 

mol%), AsPh3 (10 mol%). 

1.7 Project Aims 

In Chapter 1 (Section 1.4.1), development of an N-directing group-based strategy for the 

regioselective Rh(I)-catalysed C-C bond activation and subsequent cycloaddition of electron-rich and 

electron-neutral cyclopropanes for the synthesis of sp3-rich heterocycles was described. McCreanor 

subsequently made the discovery that electron-poor cyclopropylamides hold promise as substrates for 

similar reactions. Cyclopropyl carboxylate derivatives are under-represented in the literature thus 

significant advancements were predicted to be possible in this area. 

Chapter 2 details a project investigating the C-C bond activation and subsequent (3+1+2) 

cycloaddition of cyclopropylamide substrates, continuing from McCreanor’s preliminary studies. The 

initial goal of the project was to develop improved reaction conditions for the cyclisation of 

cyclopropylamides bearing tethered alkenes. Latterly, the scope of the reaction with respect to 

substitution on the cyclopropane, the tether and the alkene functionalities would be investigated 

(Scheme 28A). The generality of this approach with respect to other tethered π-unsaturates would also 
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be probed, as would the feasibility of cyclopropyl ketone cycloadditions (Scheme 28B–C). A final aim 

of this project was to test the applicability of the cyclopropylamide cycloaddition methodology in the 

target-oriented synthesis of a cytochalasin, namely L-696,474 (Scheme 28D). 

 

Scheme 28: Project aims.
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Chapter 2 – Rhodium-catalysed (3+1+2) cycloadditions of cyclopropylamides, CO 

and alkenes 

Section 1.6.1 detailed McCreanor’s discovery of the (3+1+2) carbonylative cycloaddition of 

cyclopropylamides, CO and tethered alkenes to form heterocyclic scaffolds.133 The conditions 

developed by McCreanor, involving a neutral Rh(I) catalyst and AsPh3, provided the desired 

cycloadduct in only 48% yield. Investigations described in this thesis began with oxidative addition and 

competition studies to demonstrate the challenge of C-C bond activation of electron-poor 

cyclopropanes. Following this, attempts to find more efficient reaction conditions for the cycloaddition 

were undertaken.  

2.1 Oxidative addition and competition studies 

As discussed in Chapter 1 (Section 1.6.1) and highlighted below for clarity, McCreanor’s 

oxidative addition study upon amide 63 demonstrated the feasibility of C-C bond activation of 

cyclopropylamides (Scheme 29A). Acrylamide 64 was obtained in 47% yield, indicative of directed 

insertion of the Rh(I) catalyst into the proximal C-C bond of the cyclopropane. Here, and in analogous 

C-C oxidative addition studies carried out at Bristol, a cationic Rh(I) catalyst was used to mimic the 

Lewis acidity of a neutral Rh(I) catalyst under a carbonylative atmosphere.17,21 In a demonstration of 

why cationic Rh(I) catalysts are employed, amide 63 was exposed to neutral [Rh(cod)Cl]2 in the 

presence and absence of carbon monoxide, and these experiments revealed that formation of 64 did not 

occur (Scheme 29B). In the absence of CO, the neutral Rh(I) catalyst is not sufficiently Lewis acidic to 

be directed into the proximal C-C bond of the cyclopropane by the carbonyl moiety of 63 to afford I. 

Despite the increased Lewis acidity of the neutral Rh(I) catalyst in the presence of CO (due to the strong 

π-acceptor properties of CO ligands) products of oxidative addition were still not observed. This can be 

tentatively attributed to the reversible formation of rhodacyclopentanone intermediates which may 

preclude the formation of 64. 

 

Scheme 29: Oxidative addition studies. Yields were determined by 1H NMR analysis using 1,4-dinitrobenzene as a standard.  
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 To demonstrate the challenge of C-C bond activation of cyclopropylamide systems, a 

competition experiment was envisaged whereby a substrate bearing both aminocyclopropane and 

cyclopropylamide moieties would be exposed to a cationic Rh(I) catalyst. The products obtained would 

be indicative of which cyclopropane unit underwent preferential C-C bond activation. To this end, 

substrate 68 was prepared (Scheme 30A). Exposure of 68 to [Rh(cod)2]BF4 and PPh3 in toluene at 

140 °C revealed exclusive insertion of the Rh(I) catalyst into the proximal C-C bond of the more 

electron-rich aminocyclopropane moiety to afford enamide 69a in 84% yield. Branched enamide 69b, 

which would be the result of insertion of the catalyst into the distal C-C bond, was not observed. C-C 

bond activation of the cyclopropylamide moiety of 68 to form 69c was importantly also not observed. 

Accordingly, under Rh(I)-catalysed conditions, C-C bond activation of cyclopropylamides is more 

challenging than aminocyclopropanes. 

 

Scheme 30: Competition experiments. Yields determined by 1H NMR analysis using 1,4-dinitrobenzene as a standard. a 

Isolated yield. (B): Reaction conducted by Dr. Yamauchi. 

 A recent publication from Bristol on related (3+1+2) cycloadditions of 

aminomethylcyclopropanes with CO and tethered alkenes revealed that C-C bond activation of electron-

rich aminocyclopropanes was more facile than that of electron-neutral aminomethylcyclopropanes.21 

To investigate whether this trend continued, a second competition experiment was performed by Dr. 

Yamauchi, whereby substrate 70 bearing both aminomethylcyclopropane and cyclopropylamide 

moieties was exposed to a cationic source of Rh(I) (Scheme 30B). This experiment revealed insertion 

products arising from exclusive insertion of the catalyst into the aminomethylcyclopropane unit to give 

a 6:1 ratio of 71a and 71b; activation of the cyclopropylamide unit to give 71c was not observed. The 

additional challenge of C-C bond activation of cyclopropylamides can be attributed to the less 

favourable electronics of the cyclopropane ring (electron-poor vs. electron-neutral) and the less 
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favourable chelate size (4 vs. 6-ring) involved in the oxidative addition step (see Scheme 26, Chapter 

1, Section 1.6). 

2.2 Optimisation of the prototype cycloaddition 

2.2.1 Evaluation of sulfide ligands 

Continuing from the preliminary investigation by McCreanor,133 exhaustive efforts into the 

optimisation of the (3+1+2) cycloaddition of substrate 66 began (Table 2). A recent publication from 

Bristol detailed the use of sulfides as weak donor ligands to enhance the efficiency of a related Rh(I)-

catalysed cycloaddition protocol.21 Thus, despite the relative paucity of reports on the use of sulfides as 

monodentate ligands in catalysis,134 a range of commercially available sulfide ligands was evaluated 

(Table 2).135-137 The majority of the sulfides that were screened offered similar levels of efficiency for 

the conversion of 66 to 67 when compared to AsPh3 (Table 2, entry 1 vs. entry 2–6), albeit with reduced 

diastereocontrol. 1,4-Oxathiane (Table 2, entry 2) and dipropyl sulfide (Table 2, entry 3) offered 

marginally better yields of 67, although the effect was not significant enough for continued 

optimisation. The use of diethyl disulfide as the ligand resulted in no conversion of 66 to 67, possibly 

the result of the reducible S-S bond which would cause degradation of the ligand and potential poisoning 

of the catalyst (Table 2, entry 7). 

 

Table 2: Effect of sulfide ligands on the cycloaddition of 66. a Yields and product ratios were determined by 1H NMR analysis 

using 1,4-dinitrobenzene as a standard. b AsPh3 (10 mol%). c Ligand (50 mol%). 

2.2.2 Investigation into the role of the N-substituent  

Having concluded the evaluation of sulfide ligands, investigations into the role of the 

N-substituent were considered as a way of improving the yield of the cycloaddition. It was hypothesised 

that the role of this group could be twofold, with both steric and electronic factors potentially having an 

influence on the yield. Following C-C oxidative addition and carbonylation of 72 to afford 
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rhodacyclopentanone intermediate I, a large N-substituent could disfavour intermediate I and bias the 

conformation towards intermediate II (Scheme 31). This would enable the tethered alkene to coordinate 

to Rh(III) species II and promote migratory insertion to allow progress towards cycloadduct 73. 

Additionally, an electron-rich N-substituent may amplify the proposed amide-directed C-C bond 

activation of 72 to afford intermediate I. 

 

Scheme 31: Possible steric effects of the N-substituent leading to more facile alkene insertion. 

To probe the steric effects of the N-substituent upon the cycloaddition, substrates 74a–f bearing 

N-substituents with a range of steric demands were synthesised, either through reductive amination 

followed by amide coupling, or an amide coupling-alkylation sequence (Scheme 32). Secondary amide 

74a was synthesised in 78% yield through amide coupling of cyclopropanecarboxylic acid with 

allylamine in the presence of EDCI and DMAP (Scheme 32A).138 Amide 74a was subsequently 

alkylated with an appropriate electrophile to afford 74b–c in 40–44% yield. The synthesis of diallylated 

substrate 74f was achieved in 79% yield by reaction of cyclopropanecarboxylic acid with diallylamine. 

Reductive amination of benzophenone proceeded smoothly in the presence of TiCl4 to afford amine 75, 

which underwent subsequent amide coupling with cyclopropanecarboxylic acid to deliver N-

benzhydryl substrate 74e in 33% yield (Scheme 32B).139 

 

Scheme 32: Reagents and conditions: (A): (i) allylamine, EDCI, DMAP, CH2Cl2, 0 °C to r.t., 16 h. (ii) NaH, THF, r.t., 1 h, 

then MeI or EtBr, 16 h. (iii) diallylamine, EDCI, DMAP, CH2Cl2, 0 °C to r.t., 16 h. (B): (i) allylamine, TiCl4, CH2Cl2, 3 h, 

then NaBH3CN, MeOH, 1 h. (ii) cyclopropanecarboxylic acid, EDCI, DMAP, CH2Cl2, 0 °C to r.t., 16 h. 

Following the synthesis of substrates 74a–f, they were exposed to [Rh(cod)Cl]2 and AsPh3 in 

1,2-DCB under an atmosphere of CO (Table 3). Secondary amide 74a failed to deliver the target 

cycloadduct 76a in appreciable yield, whereas substrates 74b–c bearing N-Me and N-Et groups gave 

the corresponding products (76b–c) with moderate levels of efficiency, albeit lower than with N-benzyl 
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substrate 66 (26–39% vs. 48% yield). N-Phenyl substrate 74d (prepared by McCreanor133) failed to 

afford 76d under the cycloaddition protocol, possibly due to the propensity for 74d to undergo 

intramolecular aryl C-H metallation at the stage of the rhodacyclopentanone intermediate.140 

N-Benzhydryl substrate 74e was prepared in order to evaluate the extent of the role of steric factors in 

dictating alkene insertion into the rhodacyclopentanone, and accordingly, cycloadduct 76e was 

delivered in 50% yield. Despite a slight increase in the yield of the cycloaddition for substrate 74e 

compared to N-benzyl substrate 66, the effect was not significant enough for the steric influence to be 

pursued further. Alkene insertion into the rhodacyclopentanone might have been promoted through 

substrate 74f bearing two allyl groups, although no increase in the yield was observed, and 76f was 

formed in 38% yield. The minor diastereomer corresponding to the cis-ring junction was not observed 

upon the cycloaddition of substrates 74a–f; this may be due to the low overall efficiency of the process.  

 

Table 3: N-Substituent evaluation. a Yield determined by 1H NMR analysis using 1,4-dinitrobenzene as a standard. b Reaction 

conducted by McCreanor. Major diastereomers shown (>15:1 d.r.); Minor diastereomers were not observed. 

As the steric influence of the N-substituent failed to improve the yield of the cycloaddition, 

substrates 74g–j were prepared with a view to understanding the electronic requirements for the N-

substituent (Scheme 33A). This was achieved through reductive amination of aldehydes 77a–e to afford 

amines 78a–e, followed by amide coupling with cyclopropane carboxylic acid to afford 74g–j. A 

slightly different procedure was adopted for the synthesis of 4-nitrobenzyl protected substrate 74h, 

whereby the reductive amination of aldehyde 77b was carried out with sodium triacetoxyborohydride 

as the reducing agent; sodium borohydride failed to deliver the target amine 78b (Scheme 33B).141 In 

this way, substrates with electron-withdrawing N-benzyl substituents 74g–h and electron-rich N-benzyl 

substituents 74i–j could be evaluated under the Rh(I)-based catalytic protocol.  
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Scheme 33: (A): Overall yields quoted. Reagents and conditions: (i) Allylamine, NaHCO3, MeOH, reflux, 16 h, then NaBH4, 

0 °C to r.t., 16h. (ii) Cyclopropanecarboxylic acid, EDCI, DMAP, CH2Cl2, 0 °C to r.t., 16 h. (B): (i) Allylamine, Na(OAc)3BH, 

1,2-DCE, r.t., 16 h. (ii) Cyclopropanecarboxylic acid, EDCI, DMAP, CH2Cl2, 0 °C to r.t., 16 h. 

Substrates 74g–h, bearing electron withdrawing nitro substituents, cyclised in 43% and 47% 

yield respectively to afford 76g–h (Table 4). These yields were similar but slightly lower than for the 

cyclisation of N-benzyl protected substrate 66. As a result of studies undertaken with Dr. Yamauchi 

(optimisation not shown), the solvent at this stage had been changed from 1,2-DCB to mesitylene, and 

the reaction temperature had increased to 150 °C. A pleasing breakthrough was achieved when 

substrates 74i–j, bearing 4-methoxybenzyl (PMB) or 3,4,5-trimethoxybenzyl (TMB) groups were 

exposed to the conditions in Table 4. Through installation of these electron-rich protecting groups, and 

identification of [Rh(coe)2Cl]2 as an efficient precatalyst for this transformation, the target cycloadducts 

76i–j could be accessed in significantly increased yields of 70% and 81% respectively. Additionally, 

good diastereoselectivity for the trans-ring junction A over cis-ring junction B was observed. An 

electron-rich benzyl protecting group should enhance πAr to σ*(C-N) interactions and thus might amplify 

the amide-directed C-C bond activation pathway proposed in Scheme 29.24 Whilst this effect may be 

weak, and other rationalisations cannot be discounted, the advantage of an electron-rich N-substituent 

over an electron-neutral or an electron-poor analogue is evident from the results obtained in Table 4. 
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Table 4: Evaluation of the electronic effects of the N-substituent. Isolated yields are quoted. Diastereomeric ratios (A:B) are 

quoted in parentheses and were determined by 1H NMR analysis using 1,4-dinitrobenzene as a standard. a Reaction conducted 

at 155 °C. b Reaction conducted in 1,2-DCB at 140 °C. c [Rh(coe)2Cl]2 was employed. 

 The results in Table 4 demonstrate that an increase in reaction efficiency could be obtained 

through electron-rich N-benzyl substituents. Given this trend, it was pertinent to evaluate other electron-

rich N-substituents, and for this, 74k was identified (Scheme 34). Methoxyamide 74k was prepared by 

acylation of methoxyamine hydrochloride to afford 79a in 72% yield (Scheme 34A). Subsequent 

allylation of 79a in the presence of sodium hydride delivered 74k in 13% yield. However, subjection 

of 74k to the Rh(I)-catalysed protocol failed to deliver any of the desired cycloadduct 76k, with only 

degradation of starting material 74k observed (Scheme 34B). The poor recovery of 74k may be 

explained by the sensitivity of the N-O bond towards oxidative addition by the Rh(I) catalyst;142 this 

undesired reactivity could potentially be facilitated by the directing ability of the carbonyl functionality. 

 

Scheme 34: (A): Reagents and conditions: (i) Cyclopropanecarbonyl chloride, Et3N, CH2Cl2, 0 °C to r.t., 18 h. (ii) NaH, THF, 

0 °C, 1 h, then allyl bromide, r.t., 16 h. a Determined by 1H NMR analysis using 1,4-dinitrobenzene as a standard. 
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2.3 Cycloadditions involving disubstituted cyclopropanes 

2.3.1 Regiochemical considerations for C-C bond activation of disubstituted 

cyclopropanes 

Having identified suitable model substrates 74i–j bearing electron-rich N-benzyl groups, and 

reaction conditions that could provide the desired cycloadducts in high yield, attention turned to the 

scope of the reaction. The most significant area of scope was envisaged to be that with respect to 1,2-

disubstituted cyclopropanes (e.g. those related to 80) (Scheme 35). Based upon previous work 

undertaken at Bristol, it was predicted that the stereochemical information embedded within substituted 

cyclopropanes could be transferred to the corresponding cycloadducts, thus assuming the cycloaddition 

stereospecific.19,21-23 Should this be the case, it would offer significant advantages over previously 

developed methodology for the cycloaddition of cyclopropylamide-based systems, whereby the 

resulting metallacycles are often configurationally unstable and thus the processes are not 

stereospecific.129 Substituted cyclopropylamides of type 80 are complex due to the presence of two 

sterically and electronically inequivalent proximal C-C bonds (bond a and bond b). Insertion of the 

Rh(I) catalyst into either of these bonds would result in regiochemically distinct cycloadducts 81–82 

(Scheme 35). Accordingly, insertion of the Rh(I) catalyst into the sterically more accessible C-C bond a 

would generate intermediate I. Following alkene insertion and reductive elimination this would afford 

cycloadduct 81. In contrast, C-C bond activation of the more sterically hindered bond b would lead to 

rhodacyclopentanone I’, which would deliver regiochemically complementary cycloadduct 82. For 

further discussion of the regiochemical considerations for C-C bond activation of disubstituted 

cyclopropanes, see Section 1.4.1, Scheme 19. 

 

Scheme 35: Regiochemical considerations for the C-C bond activation of 1,2-disubstituted cyclopropylamides. 
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2.3.2 Synthesis and preliminary evaluation of trans-1,2-disubstituted cyclopropanes 

In order to evaluate the scope with respect to substituted cyclopropanes, a range of trans-1,2-

disubstituted cyclopropanes were synthesised through a multistep protocol (Scheme 36). The sequence 

began with the epoxidation of alkenes 83 to afford epoxides 84. The key step in the synthetic route was 

a cyclopropanation reaction involving epoxides 84a–d and triethyl phosphonoacetate.143,144 This 

allowed access to trans-cyclopropyl esters 85a–d as single diastereomers, which could then be treated 

with aqueous sodium hydroxide to afford the corresponding carboxylic acids. In the case of phenyl 

substrate 87d, the corresponding carboxylic acid was commercially available as a single diastereomer. 

Amide coupling with the desired protected amine 78d–e enabled access to the target substrates 86a–d 

and 87a–e in moderate overall yield without any need for optimisation of the synthetic route. 

 

Scheme 36: Overall yields are quoted. Reagents and conditions: (i) m-CPBA CH2Cl2, 0 °C to r.t., 16 h; (ii) 

triethylphosphonoacetate, n-BuLi, DME, 130 °C, 16 h; (iii) 4 M aq. NaOH, MeOH; (iv) Protected amine 78d or 78e, EDCI, 

DMAP, CH2Cl2, 0 °C to r.t., 16 h. The carboxylic acid required for preparation of 87e was prepared by Dr. Wang for an 

unrelated project. 

Upon subjection of substrates 87a–d to the optimised cycloaddition conditions described in 

Table 4, the desired cycloadducts 88a–d were afforded in low yield (0–19%) (Table 5). In some cases, 

the yield corresponded to just a single turnover of the catalyst. The regioisomer that was formed under 

the reaction conditions was the result of C-C bond activation of the more sterically accessible C-C bond 

(bond a), with the major regioisomer formed as a single diastereomer. This observation was in-keeping 

with what had previously been observed at Bristol for the cycloaddition of trans-1,2-disubstituted 

cyclopropanes.19,21 Additional substitution on the cyclopropane ring likely renders C-C bond activation 

more challenging and as a result, entry of the Rh(I) catalyst into the catalytic cycle would be slower, 

leading to low yield. It was hypothesised that the choice of ligand was of paramount importance in order 

to stabilise the rhodium catalyst, and accordingly, extensive investigation into this area commenced. 
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Table 5: Preliminary substrate scope. a Isolated yield; b Yield determined by 1H NMR analysis using 1,4-dinitrobenzene as a 

standard. Regioisomeric ratios are quoted in parentheses (A:B) for isolated compounds only. In all cases the major regioisomer 

was isolated as a single diastereomer (>15:1 d.r.). 

2.3.3 Optimisation of substrates bearing trans-1,2-disubstituted cyclopropanes 

2.3.4 Preliminary evaluation of ligands 

Continued optimisation of the cycloaddition of substrate 87a began with an extensive screen of 

phosphorus-based ligands. Selected results of the optimisation employing benzyl-substituted 

cyclopropane 87a are shown in Table 6. Evaluation of electron-poor triaryl phosphine ligands enabled 

a slight but pleasing increase in the yield of cycloadduct 88a (Table 6, entry 1–2). Building upon these 

results, and drawing upon the success of AsPh3 as the ligand in the prototype cycloaddition, studies 

undertaken with Dr. Yamauchi revealed that the use of As(4-(CF3)C6H4)3 enabled 88a to be delivered 

in 44% yield and with moderate regiocontrol for regioisomer A over B (Table 6, entry 3). Further 

evaluation of electron-poor ligands, including phosphinites (Table 6, entry 4) and phosphonites (Table 

6, entry 5) gave no increase in the yield of 88a, and the absence of any ligand in the reaction afforded 

deallylated amide 89 as the major product (Table 6, entry 6). The formation of side product 89 in 

appreciable amounts was a major area of concern as it prevented formation of the desired product 88a 

and caused the reaction to have poor mass balance. 
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Table 6: Solvent and ligand screening. a Determined by 1H NMR analysis using 1,4-dinitrobenzene as a standard. Isolated 

yields are in parentheses. The major regioisomer was isolated as a single diastereomer (>15:1 d.r.). 

Formation of side-product 89 could plausibly be facilitated by a Rh-hydride species (Scheme 

37).145,146 Hydrometallation of alkene 87a by the Rh-H species would afford I, from which β-hydride 

elimination could occur to afford enamide II. Protonation of enamide II to give the corresponding 

iminium (not shown), and hydrolysis by adventitious water would afford the observed amide 89. 

Reducing the formation of this side-product was considered crucial in order to improve the yield of 88a, 

thus the influence of the ligand upon the cycloaddition of 87a was evaluated further (Table 7).  

 

Scheme 37: Plausible mechanism for deallylation of substrate 87a. 

During the screening of electron-rich phosphine ligands, P(2-OMeC6H4)3 gave an interesting 

result, with the reaction providing 88a in 30% yield (Table 7, entry 1). This was an almost comparable 

yield to the 44% that had been obtained previously (cf. Table 6, entry 3), yet the properties of the ligand 

were now significantly different. Changing the position of the methoxy substituent or adding multiple 

methoxy substituents reduced the yield significantly, with the latter presumably the result of increased 

steric bulk around the phosphorus centre (Table 7, entry 2–3). The result with P(2-OMeC6H4)3, in 

conjunction with the previous observation that triarylarsine ligands were favourable for this reaction, 

prompted the synthesis of As(2-OMeC6H4)3 (L3a) (vide infra). Utilisation of ligand L3a in the reaction 

initially offered a similar yield of 88a (Table 7, entry 4 vs. entry 1), but of high significance was the 

reduction in formation of amide 89. Through standard parameter changes such as reducing the ligand 

loading to 5 mol% and changing the precatalyst to [Rh(coe)2Cl]2, the yield was increased to 62% with 
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good regiocontrol for A over B (Table 7, entry 5–6). As the highest yields were obtained using a 2:1 

ratio of Rh:L3a, the key role of the ligand may be to stabilise off-cycle species. 

 

Table 7: Rhodium(I) precatalyst and ligand screening. a Determined by 1H NMR analysis using 1,4-dinitrobenzene as a 

standard. Isolated yields are in parentheses. Major regioisomer isolated as a single diastereomer (>15:1 d.r.).  

2.3.5 Synthesis and evaluation of triarylarsine ligands 

Despite having conditions for the successful conversion of 87a to 88a with high 

diastereoselectivity and good regioselectivity, a deeper understanding into the importance of the 

ortho-methoxy substituent on triarylarsine ligand L3a was desired. To achieve this, a range of analogues 

L3b–k with various structural modifications were synthesised and evaluated (Scheme 38). The majority 

of the ligands were synthesised through the formation of the required Grignard reagent147 and 

subsequent trapping of the intermediate with arsenic(III) trichloride (Scheme 38A).148 Many of the aryl 

bromides (90) required for the Grignard reactions were commercially available, except for those used 

to prepare L3b and L3c. Here, aryl bromides 90b–c were accessed via deprotonation of the 

corresponding phenol or alcohol and subsequent alkylation with the appropriate electrophile (see the 

experimental section). The yields for the Grignard reactions were generally acceptable, although a very 

low yield was obtained for L3e and L3h, the reason for which is unclear. Diethyl ether was usually the 

solvent of choice, although L3c and L3d could not be prepared in this way as the Grignard did not 

activate. Changing to THF circumvented this problem, possibly a result of the higher boiling point of 

THF compared to diethyl ether. This may allow sufficiently high temperatures to be reached for 

activation of the magnesium. In order to prepare benzodioxole-derived ligand L3i, dialkylation of the 

corresponding benzenediol 91 with dibromomethane afforded 90i, which could then be used in the same 

way as described above to give the target ligand L3i in 63% yield (Scheme 38B).  

Where appropriate, a directed-lithiation protocol could also be used to prepare the desired 

triarylarsine ligands (Scheme 38C).149,150 Accordingly, ortho-metallation of 90j–k with n-butyllithium 
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and trapping of the lithiated intermediate I with AsCl3 afforded L3j and L3k in moderate yield (28–

49%). Should the yield of L3e need to be improved, the lithiation protocol may be favoured as this 

substrate should be amenable to such conditions. 

 

Scheme 38: Synthesis of triarylarsine ligands via Grignard reactions or directed-lithiation. 

With a range of triarylarsine ligands L3a–k prepared, their effect on the yield of cyclisation of 

87a to 88a was assessed (Table 8). In each case, 5 mol% of the ligand was used due to the increase in 

yield observed upon changing from 10 mol% to 5 mol% when employing ligand L3a (Table 7, entry 5 

vs. 6). Changing the position of the methoxy substituent on the ligand from ortho to para (to L3l, 

prepared by Dr. Wang for an unrelated project) had a detrimental effect on the yield, highlighting the 

importance of having the methoxy substituent at the ortho-position. It was postulated that the methoxy 

group may be coordinating to the rhodium catalyst and facilitating the expulsion of a chloride ion to 

generate a cationic rhodium species, although the absence of any reactivity when employing this ligand 

in conjunction with cationic rhodium precatalysts suggested that this may not be the case. The 
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hypothesis of coordination was investigated further by exchanging the methoxy group for a bulkier 

isopropoxy group as exemplified through L3b, with the hypothesis that a bulkier group may hinder 

coordination of the oxygen atom to rhodium. A lower yield of 88a was observed (53%), with this 

reduction in efficiency not as significant as would be expected should the oxygen be involved in 

coordination with rhodium. Ligand L3c bearing an additional methylene unit afforded 88a in 30% yield, 

providing confirmation that the methoxy substituent needs to be attached to the aromatic ring. This 

potentially indicates the possibility of a favoured five-ring chelate I with the Rh(III) centre over a six-

ring chelate II. Changing the electronics around the aromatic ring through the introduction of an 

electron-withdrawing 4-fluoro-substituent (L3d) had little effect on the yield of 88a (60%), whereas an 

additional electron-donating 4-OMe group (L3e) significantly reduced the yield (27%). 

 

Table 8: Evaluation of triarylarsine ligands in the cycloaddition protocol. Yields were determined by 1H NMR analysis using 

1,4-dinitrobenzene as a standard. Regioisomeric ratios could not be determined from 1H NMR analysis of the crude reaction 

mixture. a Isolated yield. 

The presence of two ortho-methoxy substituents, as assessed through ligand L3j, also led to a 

significantly diminished yield of 88a, most likely the result of the significant bulk of the ligand which 

may prevent the arsenic atom coordinating to rhodium (17% yield) (Table 8). The yield was not 
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significantly affected by employment of L3k, showing that the meta-methoxy substituent plays very 

little role (54% yield). A significant reduction in the yield of 88a came through exchanging the oxygen 

atom for sulfur (L3f), with this ligand preventing any catalytic turnover. Removal of the methoxy 

substituent in place of either a methyl substituent (L3g, 30% yield) or trifluoromethyl group (L3h, 30% 

yield) also significantly reduced the efficiency of the process. These ligand studies were not fruitful in 

identifying any ligands that could facilitate the formation of cycloadduct 88a in higher yield than 

previously obtained, and the exact role of the ortho-methoxy group in the catalytic cycle remains 

elusive. Research undertaken by Constable et al. has indicated that the presence of an ortho-methoxy 

group on a triarylarsine ligand can facilitate the oxidative addition of Rh(I) catalysts into alkyl 

halides.151 Accordingly, an explanation of this kind, whereby oxidative addition of Rh(I) into the 

cyclopropane is facilitated by the ortho-methoxy substituent, cannot be discounted. Efforts to crystallise 

a complex of L3a bound to the rhodium species were disappointingly not productive. Given the success 

of L3a over other variants, L3a was employed for further studies on the scope of the reaction. 

2.4 Scope of the (3+1+2) cycloaddition of cyclopropylamides, CO and alkenes 

2.4.1 Cycloadditions involving trans-1,2-disubstituted cyclopropanes 

Application of the trans-1,2-disubstituted cyclopropanes 86a–d and 87a–e to the optimised 

catalytic protocol involving Rh(I)/As(2-OMeC6H4)3 (L3a) gave mostly pleasing results (Table 9). 

Benzyl-substituted substrate 87a bearing the 3,4,5-trimethoxybenzyl protecting group afforded the 

corresponding cycloadduct 88a in 62% yield as a single diastereomer. Changing to 4-methoxybenzyl 

protected 86a did not result in any significant change in the yield of the cycloadduct (92a) but did 

slightly reduce the regioisomeric ratio (r.r.) (64% yield, 5:1 r.r.). This is in contrast with the 

unsubstituted substrates 74i and 74j, where a 19% increase in yield was observed upon switching the 

protecting group from 4-methoxybenzyl to 3,4,5-trimethoxybenzyl (see Section 2.2.2, Table 4). 

Cyclohexyl-substituted derivatives 86b or 87b failed to deliver appreciable amounts of the desired 

products 92b or 88b when either protecting group was employed. This was presumed to be the result 

of additional steric crowding around the C-C bond into which the Rh(I) catalyst would undergo 

oxidative addition, and as a result of the low yield, no further work was undertaken on 86b or 87b. 

Cyclopropane 86c, bearing an n-butyl group, cyclised to afford 92c with moderate yield, high 

diastereoselectivity and high regioselectivity when bearing the 4-methoxybenzyl protecting group (58% 

yield, 13:1 r.r.). Conversely, low yield and low regiocontrol was observed when substrate 87c bearing 

the 3,4,5-trimethoxybenzyl protecting group was employed to afford 88c (42% yield, 5:1 r.r.). The 

effect of the protecting group appears to be substrate-dependent, although undesired side-reactions may 

occur with greater ease when the more electron-rich protecting group is employed if oxidative addition 

into the C-C bond is challenging. 4-Methoxybenzyl-substituted cyclopropane 86d cyclised to afford 

92d with a slightly higher yield than substrate 86a bearing just a benzyl group (67% vs. 64%), 



Chapter 2 – Rhodium-catalysed (3+1+2) cycloadditions of cyclopropylamides, CO and alkenes 

 

42 

 

potentially the result of more electron-rich cyclopropane C-C bonds and therefore more facile C-C 

oxidative addition. Methyl-substituted cyclopropane 87e cyclised in 70% yield and with a moderate 

regioisomeric ratio to afford 88e (5:1 r.r.). The reduction in the regioisomeric ratio for the cycloaddition 

of 87e vs. the bulkier benzyl-substituted system 87a may be the result of more facile insertion of 

rhodium into the more-hindered proximal C-C bond b of the cyclopropane when the substituent on the 

cyclopropane is small. 

 

Table 9: Substrate scope with respect to trans-1,2-disubstituted cyclopropanes. Isolated yields are quoted. a Yield was 

determined by 1H NMR spectroscopy using 1,4-dinitrobenzene as a standard. Regioisomeric ratios are quoted in parentheses 

(A:B). In all cases the major regioisomer was isolated as a single diastereomer (>15:1 d.r.).  

The cycloaddition of substrates 86a–d and 87e demonstrated that alkyl-substituted 

cyclopropanes are tolerated (Table 9). However, the cycloaddition did not tolerate aromatic substitution 

on the cyclopropane, as demonstrated through substrate 87d. This may be due to steric hinderance 

reducing the rate of oxidative addition, or the electron-withdrawing properties of the phenyl group 

(which may also lead to slow oxidative addition). In order to probe this, a simplified substrate 95 was 

prepared with the aim of carrying out an oxidative addition study (Scheme 39). The synthesis of 95 was 

achieved by amide coupling of carboxylic acid 93 with benzylamine, mediated by EDCI, to afford 

protected amide 94 (Scheme 39A). Following this, alkylation of secondary amide 94 with methyl iodide 

afforded the desired substrate 95 in 87% yield. Exposure of 95 to a cationic source of rhodium at 140 °C 

revealed no formation of α,β-unsaturated amide 96, and 99% of starting material 95 was recovered 

(Scheme 39B). This indicated that β-hydride elimination and C-H reductive elimination from 

intermediate I does not occur and thus insertion of the metal catalyst into substrate 95 does not likely 

occur either. It cannot be discounted however that reductive elimination from I back to 95 is faster than 
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β-hydride elimination, although this experiment in conjunction with the lack of cyclisation of 87d was 

sufficient to explain the lack of reactivity. 

 

Scheme 39: Reagents and conditions: (i) BnNH2, EDCI, DMAP, CH2Cl2, 0 °C to r.t., 16 h; (ii) NaH, MeI, THF, r.t., 16 h. 

a Yield was determined by 1H NMR analysis using 1,4-dinitrobenzene as a standard. 

 The cycloaddition of trans-1,2-disubstituted cyclopropanes was also found to be 

enantiospecific (Scheme 40). Accordingly, preparation of a single enantiomer of trans-benzyl substrate 

(R)-87a (from the corresponding enantiopure epoxide,152 see the experimental section) and subjection 

of this to the standard reaction conditions revealed complete retention of configuration; (R)-88a was 

obtained as a single enantiomer (65% yield, 99:1 e.r.). This was considered an important control element 

of the reaction, as the absence of epimerisation during the cycloaddition is crucial should there be the 

need to obtain enantiopure cycloadducts.  

 

Scheme 40: An enantiospecific (3+1+2) cycloaddition. Isolated yields are quoted. Regioisomeric ratios are quoted in 

parentheses (A:B). The major regioisomer was isolated as a single diastereomer (>15:1 d.r.). Enantiomeric ratios were 

determined by chiral SFC analysis against a racemic standard. 

2.4.2 Synthesis and reaction scope of cis-1,2-disubstituted cyclopropanes 

With the scope of trans-1,2-disubstituted cyclopropanes concluded, attention turned to cis-1,2-

disubstituted cyclopropanes. In order to access this type of stereochemical motif, a different synthetic 

strategy had to be adopted. Starting from commercially available alkynes 97a–d, Rh2(OAc)4-catalysed 

cyclopropenation using ethyl diazoacetate afforded cyclopropenyl esters 98a–d.153 Subsequent 

reduction of 98a–d using Pd/CaCO3 under an atmosphere of hydrogen afforded cis-cyclopropyl esters 
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99a–d (Scheme 41).154 Base-mediated ester hydrolysis and subsequent amide coupling with the 

appropriate amine 78d–e provided PMB-protected substrates 100a–d and TMB-protected substrates 

101a–d in good overall yield. As described earlier for the trans-1,2-disubstituted cyclopropanes, 

substrates bearing both 4-methoxybenzyl and 3,4,5-trimethoxybenzyl protecting groups were 

synthesised to allow their comparison under the conditions of the carbonylative cycloaddition. 

 

Scheme 41: Yields over four steps are quoted. Reagents and conditions: (i) Rh2(OAc)4, ethyl diazoacetate, CH2Cl2, r.t., 16 h; 

(ii) Pd/CaCO3, H2 (1 atm), r.t., 4 h; (iii) 4 M aq. NaOH, MeOH; (iv) Protected amine 78d or 78e, EDCI, DMAP, CH2Cl2, 0 °C 

to r.t., 16 h. 

Exposure of cis-1,2-disubstituted substrates 100a–d and 101a–d to the optimised reaction 

conditions involving [Rh(coe)2Cl]2 and As(2-OMeC6H4) revealed predominant insertion of the Rh(I) 

catalyst into the more hindered proximal C-C bond b of the cyclopropane (Table 10). This is in contrast 

with trans-1,2-disubstituted cyclopropanes, in which the less sterically encumbered bond a is cleaved. 

This change in regiochemical preference can be rationalised by considering the alleviation in steric 

crowding around bond b when both substituents are on the same face of the cyclopropane. Additionally, 

bond b is more electron-rich than bond a, due to the positive inductive effect from the alkyl substituent 

on the cyclopropane. This might increase the propensity of bond b to undergo C-C bond cleavage. In 

this way, cycloadducts 102a–d and 103a–d could be delivered in good yield (34–73%), with high 

regioselectivity for A over B (up to 15:1 r.r.), and with high diastereoselectivity for the trans-ring 

junction A over cis-ring junction C (up to 15:1 d.r.). The relative stereochemistry and regiochemistry 

of the complex mixture of minor isomers was corroborated through NMR studies, including nuclear 

Overhauser effect (nOe) and total correlated spectroscopy (TOCSY) experiments.155 It is of particular 

note, that even when a bulky tert-butyl group is present on the cyclopropane, complete selectivity for 

Rh(I) insertion into the more hindered bond b was observed. This was exemplified by the cycloaddition 

of 101d to afford cycloadduct 103d, albeit with reduced chemical efficiency compared to the 

cycloaddition of n-butyl substrate 101a. The regiochemistry of 103d was confirmed by X-ray 

crystallography (see the experimental section), but despite attempted optimisation, the yield of 103d 

could not be improved above 36%. Nonetheless, the tolerance of highly sterically encumbered 

cyclopropanes is an impressive feature of the cycloaddition protocol. 
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Table 10: Substrate scope for cis-1,2-disubstituted cyclopropanes. Isolated yields are quoted. Regioisomeric and 

diastereomeric ratios are quoted in parentheses (A:B:C). 

Given the success of cis-1,2-disubstituted cyclopropane substrates in the (3+1+2) 

cycloaddition, it was envisaged that cis-1,2,3-trisubstituted cyclopropanes might also participate. In 

order to probe this, n-propyl-derived substrate 100e was prepared following the same four-step protocol 

as discussed previously (Scheme 42A). Rh2(OAc)4 catalysed cyclopropenation of alkyne 97e afforded 

ester 98e in 50% yield, and this was followed by reduction to give cyclopropane 99e in 85% yield. 

Hydrolysis of ester 99e to the carboxylic acid, and subsequent amide coupling with amine 78d, gave 

100e in 75% yield. Disappointingly, exposure of trisubstituted cyclopropane 100e to the conditions 

outlined in Scheme 42B did not afford desired product 102e, with starting material 100e returned in 

66% yield (Scheme 42B). The lack of reactivity of substrate 100e can be attributed to the increased 

steric demands around the C-C bond into which the Rh(I) catalyst must insert. As a result, no further 

work was undertaken on this class of substrate. 

 

Scheme 42: Synthesis and failed cycloaddition of a trisubstituted cyclopropane. (A): Reagents and conditions: (i) Rh2(OAc)4, 

ethyl diazoacetate, CH2Cl2, r.t., 16 h; (ii) Pd/CaCO3, H2 (1 atm.), r.t., 4 h; (iii) 4 M aq. NaOH, MeOH; (iv) Amine 78d, EDCI, 

DMAP, CH2Cl2, 0 °C to r.t., 16 h (yield reported over two steps). (B): a Yield was determined by 1H NMR analysis using 1,4-

dinitrobenzene as a standard. 
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2.4.3 Synthesis and reaction scope of 1,1-disubstituted alkenes 

In related (3+1+2) cycloadditions of cyclopropanes, CO, and alkenes developed at Bristol, a 

class of substrate that had always been a challenge were those bearing 1,1-disubstituted alkenes.17,21,133 

If successful in this case however, the approach would allow the introduction of synthetically valuable 

and classically challenging quaternary stereocentres.156,157 In order to evaluate the scope of the new 

cycloaddition reaction with respect to 1,1-disubstituted alkenes, suitable substrates were prepared 

(Scheme 43). Methyl derivatives 107a and 108a were the most easily accessed; alkylation of the 

appropriately protected secondary amide 79b–c with commercially available 3-bromo-2-

methylpropene (106a) afforded the desired substrates 107a–108a in good yield (83–84%). Ethyl 

derivative 108b was prepared through a three-step sequence, commencing with the reduction of 

commercially available α,β-unsaturated aldehyde 104 to give allylic alcohol 105 (61% yield). 

Bromination of alcohol 105 with phosphorus tribromide afforded allylic bromide 106b in 74% yield, 

which was subsequently used as the electrophile to alkylate amide 79c. Accordingly, substrate 108b 

was prepared in 90% yield. The synthesis of styryl-derived substrate 108c proceeded through a slightly 

shorter route. Allylic bromination of α-methylstyrene, mediated by N-bromosuccinimide, afforded 

bromide 106c in 40% yield.158 Subsequently, alkylation of amide 79c with bromide 106c delivered 

amide 108c in 81% yield (Scheme 43). 

 

Scheme 43: Reagents and conditions: (i) NaBH4, MeOH, 0 °C, 30 min, (ii) PBr3, CH2Cl2, 0 °C to r.t., 16 h; (iii) NBS, CH2Cl2, 

reflux, 4 h; (iv) Amide 79b or 79c, NaH, DMF, 0 °C to r.t., 16 h.  

Substrates 107a and 108a–c were evaluated under the catalytic protocol for the (3+1+2) 

carbonylative cycloaddition (Table 11). Gratifyingly, substrates 107a and 108a–b bearing alkyl groups 

on the alkene afforded the desired cycloadducts 109a and 110a–b in moderate yield and with good 

diastereocontrol (51–60% yield, 3:1–10:1 d.r.). The relative stereochemistry of 110a was initially 

assigned through nOe experiments, and subsequently confirmed through single crystal X-ray analysis, 
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revealing a trans-ring junction. This likely reflects the inherent preference of the alkene migratory 

insertion step. A significant reduction in the diastereomeric ratio was observed when changing the R 

substituent from methyl (110a, 10:1 d.r.) to ethyl (110b, 3:1 d.r.), suggesting that increasing the steric 

bulk of the alkene substituent may reduce the preference for which face of the alkene undergoes 

migratory insertion. Aryl substitution (108c to 110c) was not tolerated in this position, possibly the 

result of a more electron-poor and sterically hindered alkene. Retrocarbonylation and reductive 

elimination from the rhodacyclopentanone intermediate would return 108c, accounting for the high 

recovery of starting material (89%). The tolerance of 1,1-disubstituted alkenes 107a and 108a–b to the 

(3+1+2) cycloaddition methodology compared to other protocols developed at Bristol is significant 

because it allows access to quaternary stereocentres.19,21 

 

Table 11: Cycloaddition of substrates bearing 1,1-disubstituted alkenes. Isolated yields are quoted. Diastereomeric ratios are 

quoted in parentheses and were determined by 1H NMR spectroscopy. 

2.4.4 Synthesis and reaction scope of 1,2-disubstituted alkenes 

Extension of the methodology to include substrates bearing 1,2-disubstituted alkenes was also 

desired; thus, substrates 111a–f and 112a were synthesised through amide alkylation of either 4-

methoxybenzyl protected amide 79b or 3,4,5-trimethoxybenzyl protected amide 79c (Scheme 44). The 

desired alkylating agents were either commercially available or prepared through bromination of the 

corresponding alcohol (see the experimental section). The bromide required for the synthesis of 

substrate 111f was prepared by Ian Hazelden for an unrelated project. Both trans and cis-1,2-

disubstituted alkene-bearing substrates were prepared (i.e. 111a and 111d), the purpose of which was 

to evaluate whether the cycloaddition process is diastereospecific with respect to the geometry of the 

alkene. 
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Scheme 44: Synthesis of substrates bearing 1,2-disubstituted alkenes. Reagents and conditions: (i) 4-methoxybenzylamine or 

3,4,5-trimethoxybenzylamine, EDCI, DMAP, CH2Cl2, 0 °C to r.t., 16 h. (ii) Allylic bromide, NaH, DMF, 0 °C to r.t., 16 h. 

a Prepared by Lindlar reduction of the corresponding alkyne 139a (see the experimental section). 

Should the cycloaddition of substrates such as 112a be successful, adducts with three new C-C 

bonds and three new stereocentres would be obtained. Upon subjection of 112a to the catalytic protocol, 

cycloadduct 114a was formed in 44% yield and as a 5:1 mixture of diastereomers at C3 (Table 12A). 

The relative stereochemistry of 114a was determined by nOe experiments (see the experimental 

section). Upon changing to the less electron-rich 4-methoxybenzyl protecting group, as exemplified 

through 113a, an increase in the yield and diastereomeric ratio was observed (52% yield, 6:1 d.r.). 

Despite attempted optimisation by varying the ligand and standard parameter changes, the yield of 

cycloadduct 113a could not be improved further. It was postulated that trans-disubstituted styrene 

substrate 111b would be an appropriate substrate for cyclisation, and pleasingly cycloadduct 113b was 

formed in 45% yield with high diastereocontrol with respect to C3 (>15:1 d.r.). The efficiency of the 

cycloaddition of ethyl-substituted substrate 111c was lower than might be expected and 113c was 

obtained in only 20% yield. This was a surprise considering 111c is less sterically hindered than 

substrate 111b bearing a phenyl substituent. 

Studies on cis-1,2-disubstituted alkene substrate 111d were carried out in conjunction with 

undergraduate project student Lydia Cox,159 and upon cyclisation, cycloadduct 113d (the C3 epimer of 

113a) was formed in 45% yield (4:1 d.r.) (Table 12A). This result shows that the reaction is 

diastereospecific with respect to alkene geometry; the minor diastereomer of cycloadduct 113d is the 

major diastereomer that forms upon cyclisation of trans-disubstituted substrate 111a. The cycloaddition 

of substrate 111d was probed to establish whether the minor diastereomer of 113d forms through 

epimerisation of C3 following the cycloaddition, or whether it is the result of isomerisation of the cis-

alkene to the trans-alkene (i.e. 111d to 111a) and subsequent cyclisation (Table 12B). Accordingly, 

cycloadduct 113d (2.8:1 d.r.) was resubjected to the catalytic protocol for 24 h. A 25% reduction in the 
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diastereomeric ratio at C3 was observed (to 2.1:1 d.r.), indicating that 113d epimerises following 

cycloaddition. However, the imperfect mass recovery (81%) means that preferential decomposition of 

the major diastereomer cannot be ruled out as an explanation for the reduction in diastereomeric ratio. 

More hindered cis-ethyl substituted alkene 111e cyclised with low efficiency to afford 113e in 20% 

yield (4:1 d.r.). 

 

Table 12: Cycloaddition of substrates bearing 1,2-disubstituted alkenes. Isolated yields are quoted. Diastereomeric ratios are 

quoted in parentheses (A:B) and were determined by 1H NMR spectroscopy. a Reaction concentration was 0.20 M. 

Unfortunately, extension of the protocol to include trisubstituted alkenes, exemplified through 

111f, was not successful (Table 12A). Tricyclic adduct 113f was only observed in trace amounts and 

starting material 111f was returned in 94% yield. The most probable reason for this is steric hinderance 

at the stage of alkene insertion into the rhodacyclopentanone, and the lack of formation of 113f from 

cyclisation of 111f prevented further studies from being undertaken on this class of substrate. 

2.4.5 Synthesis and reaction scope of substrates with substitution at the allylic position 

The final classes of substrate to evaluate were those bearing substitution at the allylic position. 

The synthesis of 119a–d began with formation of sulfones 116a–d from the appropriate commercially 
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available aldehydes 115a–d, BocNH2, and sodium benzenesulfinate (Scheme 45).160 Addition of two 

equivalents of vinylmagnesium bromide to the sulfone in THF allowed access to the corresponding 

allylic carbamates, which were deprotected using trifluoroacetic acid to give allylic amines 117a–d.160 

To synthesise protected amines 118a–d, a two-step reductive amination protocol, involving isolation of 

the intermediate imine followed by borohydride-mediated reduction, was found to give superior yields 

over a one-pot reductive amination. Subsequent acylation afforded substrates 119a–d. The low overall 

yield of this sequence was the result of poor yields being obtained for the addition of vinylmagnesium 

bromide to sulfones 116a–d (see the experimental section). 

 

Scheme 45: Synthesis of substrates bearing substitution at the allylic position. Overall yields are quoted. Reagents and 

conditions: (i) NaSO2Ph, BocNH2, HCO2H, MeOH/H2O (1:2), r.t., 72 h; (ii) vinylmagnesium bromide, THF, -78 °C to r.t., 

3 h; (iii) TFA, CH2Cl2, (iv) 4-methoxybenzaldehyde or 3,4,5-trimethoxybenzaldehyde, CH2Cl2, 4 ÅMS, r.t., 24 h, then NaBH4, 

MeOH, r.t., 12 h; (v) cyclopropanecarbonyl chloride, Et3N, CH2Cl2, r.t., 18 h. 

 Substrates 119a–d were assessed under the catalytic protocol, and, in general, they cyclised 

with good efficiency (38–63% yield) (Table 13). However, the diastereomeric ratios of cycloadducts 

120a–d were low (5:2:0:4 – 4:1:0 d.r.). The relative stereochemistry of major diastereomer A was 

corroborated through nOe and TOCSY experiments, whereas the relative stereochemistries of minor 

diastereomers B and C were only tentatively assigned (see the experimental section). 

 

Table 13: Substrate scope with respect to substitution at the allylic position. Isolated yields are quoted. Diastereomeric ratios 

are quoted in parentheses (A:B:C). a Reaction concentration was 0.20 M. 
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 To improve the diastereocontrol in substrates bearing substitution on the tether in a related 

(3+1+2) cycloaddition methodology developed at Bristol, a strategy of increasing the reversibility of 

rhodacyclopentanone formation was invoked such that preferential alkene insertion into one of two 

diastereomeric rhodacyclopentanones would allow access to the corresponding cycloadducts with 

exquisite levels of diastereocontrol (see Chapter 1, Section 1.4.1, Scheme 18).19 This strategy involved 

a cationic source of rhodium in combination with dimethyl fumarate and isobutyramide as additives. 

When these additives were applied to substrate 119c, in conjunction with a cationic or neutral Rh(I) 

precatalyst, a reduction in the yield of 120c was observed, and no improvement was made to the 

diastereomeric ratio. It was hypothesised that in this cyclopropylamide-based system, the amide-

directed C-C oxidative addition step is diastereodetermining, such that the substituent at the allylic 

position biases insertion of the Rh(I) catalyst into one of the two diastereotopic cyclopropane C-C 

bonds. This of course is challenging, hence the low diastereocontrol of this process, but there does seem 

to be some degree of diastereocontrol through sterics. For example, substrate 119d, bearing a bulky 

cyclohexyl group, cyclised to afford 120d with a better diastereomeric ratio than 120a–c. Irrespective 

of this, the low yield of 120d discouraged further work on substrate 119d (38% yield). 

The scope of the reaction with respect to cyclic systems was also investigated, as exemplified 

through 126a (Scheme 46). The synthesis of 126a commenced according to a procedure established by 

Martin et al.161 Partial reduction of glutarimide 121 in acidic ethanol gave 122, which was subsequently 

treated with sodium benzenesulfinate to afford sulfone 123 in 92% yield. Addition of vinylmagnesium 

bromide to a suspension of 123 in THF formed 124 in moderate yield, and subsequent reduction and 

acidification upon work-up granted access to 125. Acylation of 125 with cyclopropanecarbonyl chloride 

afforded target substrate 126a in 25% yield. 

 

Scheme 46: Synthesis and evaluation of cyclic substrate. Reagents and conditions: (i) NaBH4, 2 M aq. HCl in EtOH, 0 °C to 

r.t., 12 h. (ii) PhSO2Na, HCO2H, r.t., 16 h; (iii) vinylmagnesium bromide, THF, -78 °C to r.t., 3 h; (iv) LiAlH4, THF, -78 °C 

to 50 °C, 4 h, then TFA; (v) cyclopropanecarbonyl chloride, Et3N, CH2Cl2, r.t., 18 h. a Contained 25% impurity as determined 

by 1H NMR spectroscopy. 
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Upon exposure of 126a to the optimised catalytic protocol, cycloadduct 127a was isolated in 

66% yield and with moderate diastereoselectivity (3:1 d.r.) (Scheme 46B). The relative stereochemistry 

of diastereomer A was unambiguously determined through X-ray crystallography, establishing a trans 

relationship between H1 and H2 and also between H2 and H7. The relative stereochemistry of minor 

diastereomer B was corroborated through nOe experiments, and in this case the C7 stereocentre is 

inverted, thus the relationship at the ring junction was tentatively assigned as cis. The cyclisation of 

126a is distinct from those discussed previously because 126a does not bear an electron-rich protecting 

group; for non-cyclic substrates this was a key requirement for efficient cyclisation. A plausible 

rationale for why this cyclisation is successful despite the absence of the methoxybenzyl protecting 

group may be illustrated through intermediate I, where the extent to which the system is 

conformationally predisposed to alkene insertion is apparent. 

With the success of 126a established, other substrates of this class were sought. Methodology 

developed at Bristol regarding aza-Heck cyclisations grants relatively easy access to vinyl piperidines 

such as 128, thus this intermediate was used for the synthesis of substrate 126b bearing a trans-1,2-

disubstituted alkene (Scheme 47A).162 Boc-protected piperidine 128 was provided by Hazelden, and 

subsequent deprotection and acylation afforded 126b in 32% yield. Application of 126b to the catalytic 

protocol was unfortunately not fruitful, cyclising to give 127b in less than 10% yield. The low yield of 

127b was attributed to the bulky n-propyl substituent reducing the rate of alkene insertion (Scheme 

47B). 

 

Scheme 47: (A): Reagents and conditions: (i) TFA, CH2Cl2, r.t., 4 h; (ii) cyclopropanecarbonyl chloride, Et3N, CH2Cl2, r.t., 

18 h. (B): a Yield was determined by 1H NMR analysis using 1,4-dinitrobenzene as a standard. 

Having established access to hexahydroisoindole structures, it was desirable to extend the scope 

of the cycloaddition to provide hexahydroisoquinoline structures. This would be achieved by 

homologating the tether; thus, substrate 132 was synthesised according to a three-step protocol (Scheme 

48A). Tosylation of alcohol 129 afforded tosylate 130 in 75% yield, which was reacted with 4-

methoxybenzylamine to give 131 in 41% yield. Acylation of 131 afforded substrate 132, which, upon 
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subjection to the cycloaddition conditions, disappointingly did not afford the corresponding cycloadduct 

133 (Scheme 48B). Indeed, only starting material 132 was recovered (87%). 

 

Scheme 48: Reagents and conditions: (i) TsCl, Et3N, CH2Cl2, r.t., 16 h; (ii) 4-methoxybenzylamine, K2CO3, MeCN, 90 °C, 

24 h; (iii) cyclopropanecarbonyl chloride, Et3N, CH2Cl2, r.t., 18 h. 

In an attempt to circumvent the lack of reactivity of 132, conformationally biased substrate 137 

was synthesised (Scheme 49A). Accordingly, exposure of 134 to N-bromosuccinimide in basic media 

afforded 135 in 45% yield, which subsequently underwent reaction with allylmagnesium chloride to 

give amine 136 in 80% yield.163 Acylation of 136 using the standard protocol involving 

cyclopropanecarbonyl chloride granted access to the target substrate 137. Subsequent exposure of 137 

to the Rh(I)-catalysed cycloaddition protocol failed to deliver cycloadduct 138 (Scheme 49B). As a 

result, no further work was undertaken on the attempted cyclisation of this type of substrate. 

 

Scheme 49: Reagents and conditions: (i) NBS, CH2Cl2, 30 min., then NaOH, 1 h; (ii) Allylmagnesium chloride, THF, -78 °C, 

4 h.  

2.4.6 Re-evaluation of challenging substrate classes 

Having demonstrated the increased efficiency provided by As(2-OMeC6H4)3 (L3a) on the 

cycloaddition of 87a to 88a, it seemed pertinent to evaluate the effect this ligand might have on the 

cycloaddition of substrates that were identified previously as challenging. For this, substrates 74g–h 
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bearing electron-poor N-benzyl groups were exposed to the optimised catalytic protocol involving 

[Rh(coe)2Cl]2 and As(2-OMeC6H4)3 (Table 14). Pleasingly, a significant increase in the yield of 76g–h 

was observed (up to 17%).151 N-Phenyl substrate 74d, which failed to cyclise in greater than 10% yield 

with AsPh3, delivered cycloadduct 76d in 36% yield when As(2-OMeC6H4)3 was employed as the 

ligand. It is relevant to mention however, that although the use of As(2-OMeC6H4)3 enabled a 23% 

increase in efficiency for the cycloaddition of 66 to 67, no further increase in yield was observed for 

the cycloaddition of substrates 74i–j bearing electron-rich N-benzyl groups. In these cases, 

As(2-OMeC6H4)3 provided similar yields to AsPh3. 

 

Table 14: The effect of As(2-OMeC6H4)3 on the cycloaddition of previously challenging substrates. Isolated yields are quoted. 

a Yield determined by 1H NMR spectroscopy using 1,4-dinitrobenzene as a standard. Diastereomeric ratios (A:B) were 

determined by 1H NMR analysis of the crude reaction mixture.  

2.5 Attempted (3+1+2) cycloaddition of cyclopropanes, CO and other π-unsaturates 

Extension of the protocol to include other π-unsaturated components was also explored. 

Alkynes,17 aldehydes, ketones and oximes164 were postulated to be potential components that could 

insert into the rhodacyclopentanone intermediate to afford enones, lactones and lactams respectively. 

To this end, substrates 139a–d were synthesised through various protocols (Scheme 50). Alkyne-

bearing substrate 139a was synthesised by propargylation of amide 79b (Scheme 50A). Exposure of 

substrate 139a to the catalytic protocol was not successful, with none of the desired enone 140a formed 

after 72 h. Whilst alkynes had been successful substrates in related (3+1+2) cycloadditions developed 

at Bristol,17 their increased Lewis basicity compared to alkenes may result in the alkyne outcompeting 

the weakly coordinating amide directing group for the Rh(I) catalyst. This would have the detrimental 

effect of preventing C-C oxidative addition and thus preventing cyclisation. 
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Scheme 50: Reagents and conditions: (i) a) OsO4, NMO, THF/t-BuOH/H2O, r.t., 24 h; b) NaIO4 on SiO2, r.t., 2 h; (ii) 

NH2OMe·HCl, NaOAc, MeOH, 80 °C, 2 h. 

Substrates 139b–c were synthesised from the corresponding alkene 74i or 107a (Scheme 50B). 

Upjohn dihydroxylation with catalytic osmium tetroxide, and subsequent oxidative cleavage of the 

resulting diol by sodium periodate on silica gel,165 afforded aldehyde 139b and ketone 139c in good 

yield (77–84%). Oxime formation with aldehyde 139b using O-methoxyhydroxylamine hydrochloride 

and sodium acetate enabled access to 139d as a mixture of stereoisomers. 

 

Scheme 51: Attempted cycloaddition involving an aldehyde substrate, leading to decarbonylation. 

Upon exposure of aldehyde 139b to the Rh(I)-catalysed cycloaddition protocol, lactone 140b 

was not observed (Scheme 51). The only product of the reaction was amide 63a, which may form 

through directed oxidative addition of the Rh(I) catalyst into the aldehyde C-H bond of 139b to give I. 

Decarbonylation to II and reductive elimination would afford amide 63a. Rhodium catalysts are well 

known to promote the decarbonylation of aldehydes,166,167 and the ease of this process is highlighted 

through its occurrence under a carbonylative atmosphere. Ketone 139c cannot undergo the same process 

as described above; nonetheless lactone 140c was still not observed, and ketone 139c was recovered in 

82% yield (Scheme 52A). Oximes have previously been reported to insert into metallacycles, but 

despite precedence for processes of this type, substrate 139d also failed to cyclise to afford 140d 
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(Scheme 52B).164 No further work was undertaken on the insertion of other tethered π-unsaturates into 

this type of rhodacyclopentanone intermediate, although this avenue remains an area of focus at Bristol.  

 

Scheme 52: Failed cycloaddition of ketone and oxime substrates. 

2.6 Product derivatisations 

Structural elaboration of the cycloadducts was undertaken, and the most important of these was 

removal of the protecting group. In the case of cycloadduct 92a bearing the 4-methoxybenzyl protecting 

group, exposure to ceric ammonium nitrate in a mixture of acetonitrile and water readily afforded 

deprotected lactam 141 in 73% yield (Scheme 53A).168,169 It was expected that 3,4,5-trimethoxybenzyl 

protected cycloadduct 88a might also be deprotected in a similar fashion, but no reactivity was shown 

towards ceric ammonium nitrate (Scheme 53B). Removal of a 3,4,5-trimethoxybenzyl protecting group 

from a lactam is not well documented. The only related example found in the literature was the 

deprotection of a 3,4-dimethoxybenzyl protecting group using trifluoroacetic acid.170 Application of 

these conditions to 88a was unsuccessful, and 141 was not observed. Hypervalent iodine oxidising 

agents such as PhI(OAc)2 or PhI(CF3CO2)2 were also not successful for the removal of this protecting 

group. Employing DDQ was also disappointingly not fruitful.171 Having tried multiple oxidants with no 

success, it was postulated whether demethylation of 88a with boron tribromide would afford the 

corresponding hydroxybenzyl group, which may then expel lactam 141. Analysis of the 1H NMR 

spectrum of the crude reaction material revealed the partially demethylated protecting group, but 

product 141 was not observed. Due to the ability to remove the 4-methoxybenzyl protecting group of 

92a with ease (and the majority of the substrates cyclising in good yield when bearing this group), no 

further attempts at deprotection of the 3,4,5-trimethoxybenzyl group were undertaken. 
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Scheme 53: Deprotection of cycloadducts. 

Other product derivatisations were also undertaken (Scheme 54). Diastereoselective reduction 

of ketone 76j to give secondary alcohol 142 was easily effected with sodium borohydride (66% yield, 

20:1 d.r.). Addition of vinylmagnesium bromide to 76j afforded allylic alcohol 143 in 55% yield and 

with 7:1 diastereomeric ratio. Wittig olefination of ketone 67 with methyltriphenylphosphonium 

bromide also proceeded smoothly to afford methylenated product 144 in 80% yield. 

 

Scheme 54: Structural elaboration of the cycloadducts. 

More challenging derivatisations such as Baeyer-Villiger oxidation172,173 and Beckmann 

rearrangement174,175 were unfortunately not successful (Scheme 55). Treatment of ketone 103a with 

m-CPBA was expected to afford ring-expanded lactone 145, but unfortunately no reactivity was 

observed. This could be the result of the ketone functionality being sterically crowded, which would 

prevent the peracid from reacting with the ketone. Oxime 146 was prepared in 71% yield from ketone 

103a, using hydroxylamine hydrochloride and sodium acetate. Upon exposure of oxime 146 to p-TsCl 

in acetonitrile, lactam 147, which would be the product of the Beckmann rearrangement, was not 

observed. The only discernible product of the reaction was cyclohexanone 103a (17% yield). A report 

from Dong and co-workers83 detailed the Beckmann rearrangement of a structurally similar oxime using 
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PCl5 in refluxing THF; employment of these conditions upon oxime 146 also disappointingly failed to 

provide lactam 147. 

 

Scheme 55: Attempted cycloadduct derivatisations. Reagents and conditions: (i) NH2OH·HCl, NaOAc, MeOH, 100 °C, 16 h. 

2.7 Attempted (3+1+2) cycloaddition of cyclopropenes, CO and alkenes 

In an attempt to find another class of substrate that was applicable to this methodology, (3+1+2) 

cycloadditions of cyclopropenes, CO and tethered alkenes were evaluated (Scheme 56). Cyclopropene 

149 was readily synthesised from alkyne 97e following a simple three-step protocol (Scheme 56). 

Treatment of disubstituted alkyne 97e with Rh2(OAc)4 afforded cyclopropenyl ester 98e in 50% yield. 

Hydrolysis of ester 98e to carboxylic acid 148, followed by EDCI-mediated coupling with amine 78d, 

afforded the desired cyclopropenylamide 149 in 86% yield.  

 

Scheme 56: Synthesis of a cyclopropenyl substrate. Reagents and conditions: (i) Rh2(OAc)4, ethyl diazoacetate, CH2Cl2, r.t., 

16 h; (ii) 4 M aq. NaOH, MeOH; (iii) Protected amine 78d, EDCI, DMAP, CH2Cl2, 0 °C to r.t., 16 h. 

In 2010, Wang and co-workers92 reported the (3+1+2) cycloadditions of cyclopropenyl 

substrates related to 149, finding that relatively mild conditions were required for C-C oxidative 

addition and subsequent insertion of alkenes or alkynes into the metallacycle (see Chapter 1, Scheme 

9). Upon subjection of cyclopropene 149 to the catalytic protocol reported by Wang involving a neutral 

source of Rh(I) in 1,2-DCE at 90 °C, enone 150 was not formed (Table 15, entry 1). Raising the 

temperature to 140 °C, or employing a cationic source of rhodium in various solvents did not afford 

enone 150 and poor starting material recovery was observed (Table 15 entry 2–4). Subjection of 

cyclopropene 149 to the optimised reaction conditions for the cycloaddition of cyclopropylamides 

([Rh(coe)2Cl]2/As(2-OMeC6H4)3) in mesitylene at various temperatures also failed to provide any of 
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the desired cycloadduct 150 (Table 15, entry 5–6). Given that the C-C activation of cyclopropenes is 

more facile compared to cyclopropanes, it was surprising that cyclopropenes failed to cyclise.100 After 

these initial studies, no further work was undertaken on this class of substrate. 

 

Table 15: Attempted cycloaddition of a cyclopropene, CO and tethered alkene. a Determined by 1H NMR analysis using 1,4-

dinitrobenzene as a standard. 

2.8 Rhodium-catalysed (3+1+2) cycloadditions of cyclopropyl ketones, CO and alkenes 

2.8.1 Preliminary investigations 

The search for other classes of substrate that may be amenable to Rh(I)-catalysed 

multicomponent cycloaddition reactions revealed cyclopropyl ketones as possibilities. Liu and 

Montgomery,121 as well as Ogoshi and co-workers125 have demonstrated that cyclopropyl ketones can 

engage alkenes in (3+2) cycloaddition reactions in the presence of nickel catalysts (see Chapter 1, 

Scheme 23). This led to the investigation of cyclopropyl ketones in related Rh(I)-catalysed (3+1+2) 

carbonylative cycloadditions. Prior to this, it was important to demonstrate the feasibility of directed 

oxidative addition of Rh(I) catalysts into the C-C bond of a cyclopropyl ketone (Scheme 57). At the 

outset, the C-C oxidative addition of a Rh(I) catalyst into a cyclopropyl ketone was predicted to be 

challenging; the cyclopropane ring would be rendered electron-poor by the electron withdrawing 

functionality of the ketone, and indeed, this effect would be more pronounced than for 

cyclopropylamide-based systems. 

Substrate 152 was designed for the oxidative addition studies and was synthesised from ethyl 

phenylacetate in two steps (Scheme 57A). Weinreb amide formation (to 151) followed by addition of 

cyclopropylmagnesium bromide afforded the desired cyclopropyl ketone 152 in 35% yield.176 Exposure 

of 152 to a Lewis acidic cationic Rh(I) catalyst revealed exclusive insertion of the catalyst into the more 

hindered proximal C-C bond a, proceeding through putative rhodacyclobutane I (Scheme 57B). 

Following β-hydride elimination and reductive elimination from I, α,β-unsaturated ketone 153 was 
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formed in 28% yield. Importantly, products arising from non-directed insertion of the metal catalyst 

into the less hindered distal C-C bond b were not observed. 

 

Scheme 57: Oxidative addition studies involving cyclopropyl ketones. (A): Reagents and conditions: (i) Me(MeO)NH·HCl, 

i-PrMgCl, THF, -20 °C, 35 min; (ii) cyclopropylmagnesium bromide (2 M in THF), THF, 0 °C to r.t., 4 h. (B): a Determined 

by 1H NMR analysis using 1,4-dinitrobenzene as a standard. 

 With the feasibility of directed C-C oxidative addition demonstrated, a suitable substrate for a 

prototype (3+1+2) cycloaddition of cyclopropyl ketones, CO and alkenes was synthesised (Scheme 58). 

Treatment of esters 154a–b with LDA and allyl bromide afforded the products of enolate allylation 

155a–b in good yield (58–79%). Conversion of esters 155a–b to Weinreb amides 156a–b was achieved 

by reaction with N,O-dimethylhydroxylamine hydrochloride and i-PrMgCl (70–89% yield).176 Grignard 

reaction of cyclopropylmagnesium bromide with Weinreb amides 156a–b afforded the target 

cyclopropyl ketones 157a–b in good yield (57–61%).  

 

Scheme 58: Synthesis of cyclopropyl ketones. Reagents and conditions: (i) Diisopropylamine, n-BuLi, THF, 0 °C 40 min, 

then allyl bromide, -78 °C, 2 h; (ii) Me(MeO)NH·HCl, i-PrMgCl, THF, -20 °C, 35 min; (iii) cyclopropylmagnesium bromide 

(2 M in THF), THF, 0 °C to r.t., 4 h. 

Subjection of benzyl substrate 157a to [Rh(cod)2]OTf and CO in the presence of an electron-

poor phosphine ligand failed to form any of the desired cycloadduct 158a, with 157a returned in 64% 

yield (Table 16, entry 1). Pleasingly, changing to a neutral source of Rh(I) in combination with AsPh3 

as the ligand enabled cycloadduct 158a to be obtained in 18% yield (Table 16, entry 2). Changing the 

ligand to As(2-OMeC6H4)3 (L3a) or P(4-OMeC6H4)3 failed to increase the yield of 158a, and the use of 

a bidentate ligand, BINAP, also had no effect on the yield of 158a (Table 16, entry 3–5). Despite the 
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evaluation of a range of conditions for this cycloaddition, the maximum yield of 158a that could be 

obtained was 18%. The complex mixture of diastereomers of 158a were unable to be assigned. 

 

Table 16: Cyclopropyl ketone cycloaddition. a Isolated yield. 1H NMR spectroscopy could not be used to determine the yield 

due to the complexity of the 1H NMR spectra. Diastereomeric ratios were unassigned due to the complexity of the 1H NMR 

spectra. b BINAP (5 mol%). 

 The most promising conditions identified for the cycloaddition of substrate 157a did not effect 

conversion of phenyl substituted substrate 157b to cycloadduct 158b, and cyclopropyl ketone 157b was 

returned in 90% yield (Scheme 59). Taking into consideration the challenge of cyclisation of analogous 

N-phenyl substrates during evaluation of the scope of the (3+1+2) cycloaddition reaction of 

cyclopropylamides (vide supra, Table 3 and Table 14), it was not too surprising that substrate 157b 

failed to cyclise. A reasonable explanation for this could be that, after C-C oxidative addition, 

cyclometallation of the Rh(III) intermediate with the phenyl ring would sequester the catalyst and 

prevent insertion of the alkene.140 However, products derived from this pathway were not observed. No 

further improvements could be made to the yields shown in Table 16 and the development of this 

reaction remains in its infancy. 

 

Scheme 59: Failed cyclopropyl ketone cycloaddition. a Determined by 1H NMR analysis using 1,4-dinitrobenzene as a 

standard. 
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2.9 Studies towards the synthesis of Cytochalasin L-696,474 

2.9.1 Isolation and biological activity of L-696,474 

The cytochalasins are structurally complex natural products that exhibit a range of biological 

effects.177-179 Since their isolation and characterisation by the independent laboratories of Tamm180 and 

Aldridge181 in the 1960s, the cytochalasins have been of significant interest to synthetic chemists. Many 

of the cytochalasins inhibit the polymerisation of actin, thus preventing cell division, and this has 

resulted in their extensive use as models for the binding of proteins to actin.112 Aside from these effects, 

certain cytochalasins, namely L-696,474, have been found to exhibit antiviral activity (Figure 2).182 

L-696,474 was first isolated by Goetz, Ondeyka and co-workers183 from fungi and has subsequently 

been reported as a competitive inhibitor of the HIV-1 protease enzyme.182 Rubino and co-workers184 

established the isoindolone core alone to be inactive against enzyme inhibition; the importance of the 

macrocyclic ring was thus inferred as crucial for antiviral activity. Given the interest in the biological 

activity of the cytochalasins, in particular L-696,474, the development of an efficient route to such 

targets is of interest to the scientific community. Should this be achieved, the route may also provide 

flexible access to other members of the cytochalasins, such as cytochalasin B, an inhibitor of glucose 

transport,185 and cytochalasin D, a potent inhibitor of actin polymerisation186 (Figure 2).  

 

Figure 2: Several members of the cytochalasin family of natural products. 

2.9.2 Previous synthetic studies 

The first and only completed synthesis of L-696,474 to date was carried out by the laboratory 

of Myers in 2004.187 The reported synthetic route provided enantiopure L-696,474 in 23 steps (longest 

linear sequence) and in 7.7% overall yield from 159, a derivative of L-phenylalanine (Scheme 60). 

Myers’ route began with a four-step sequence to prepare 160, the Diels-Alder substrate which was key 

to the strategy. Accordingly, heating diene 160 in m-xylene at 150 °C afforded 161 in 91% yield (5.5:1 

d.r.). The major diastereomer of 161 was the desired endo diastereomer, and the diastereoselectivity 

arose through the additional secondary orbital overlap possible for I vs. I’ (Scheme 60). Importantly, 

both endo and exo diastereomers arise from attack of the dienophile on a single face of the diene, and 

this can be rationalised by A1,3 strain considerations, as indicated on II’. Another four-step sequence 

from 161, involving several functional group interconversions, afforded 162. TFA-mediated 
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deprotection of 162 afforded an intermediate amine, which was subsequently oxidised with 

[bis(trifluoroacetoxy)iodo]benzene, to provide imine 163 as a single regioisomer in 90% yield. 

 

Scheme 60: Reagents and conditions: (i) m-xylene, 150 °C, 6 h; (ii) TFA, CH2Cl2, 0 °C, 3 h; (iii) 

[bis(trifluoroacetoxy)iodo]benzene, 2,6-lutidine, 4 ÅMS, 0 °C, 1 h.  

 In order to invert the C9 stereocentre of 163 as necessary, an elegant strategy was developed 

(Scheme 61). Non-hydrolytic ring-opening of imine 163 using 1,3-diaminopropane afforded putative 

intermediate I, bearing a primary amino group. Intramolecular attack of primary amine I onto the γ-

lactone ring was proposed to afford II, and mild hydrolysis of II with a sodium phosphate buffer 

solution delivered aldehyde 164. Immediate oxidation of aldehyde 164 by treatment with potassium 

hydroxide and iodine in MeOH afforded methyl ester 165 in 96% yield over two steps. Epoxidation of 

trisubstituted alkene 165 proceeded smoothly with dimethyldioxirane in acetone to deliver 166 as a 

single diastereomer in 95% yield. 

 

Scheme 61: Reagents and conditions: (i) 1,3-diaminopropane, 2,2,2-TFE, Et2O, r.t., 10 h; (ii) Et2O, aqueous sodium phosphate 

buffer (pH 7), r.t., 1 h; (iii) KOH, I2, MeOH, r.t., 4 h; (iv) DMDO, acetone, r.t., 4 h. 
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Fragment 166, after treatment with the Dess-Martin periodinane (DMP), was now a suitable 

precursor for coupling with N-phenyltetrazole sulfone 170 (Scheme 62). Sulfone 170 was prepared in 

high enantiopurity via a 9-step sequence involving iterative pseudoephedrine amide alkylations and 

multiple functional group interconversions (synthesis not shown).188 Kocienski-Julia olefination of the 

intermediate β-epoxy aldehyde (prepared by DMP oxidation of 166) with sulfone 170 afforded 167 in 

86% yield and as a single stereoisomer.189 Installation of the β-keto phosphonate and deprotection of 

the silyl group was achieved in two steps to afford 168 in 81% yield. Oxidation of primary alcohol 168 

provided the corresponding aldehyde, and intramolecular Horner-Wadsworth-Emmons reaction then 

afforded 169 (95% yield, 84:16 d.r.).190 Epimerisation of the base-labile C18 stereocentre was 

problematic during the olefination, but judicious use of sodium 2,2,2-trifluoroethoxide as the base 

enabled the epimerisation to be controlled. A further three steps from 169 enabled completion of the 

synthesis of L-696,474. Diastereoselective Luche reduction of the α,β-unsaturated ketone functionality 

of 169 and acetylation of the allylic alcohol occurred in 86% yield.191,192 Following this, ring-opening 

of the epoxide under mild conditions (MgSO4 in warm benzene) delivered L-696,474 in 77% yield 

(66% yield from 169) (Scheme 62). 

 

Scheme 62: Reagents and conditions: (i) Dess-Martin periodinane, NaHCO3, r.t., 1 h; (ii) KHMDS, 170, THF, -78 °C, 30 min, 

then -105 °C, aldehyde, -105 °C to -40 °C, 3 h; (iii) n-BuLi, dimethyl methylphosphonate, THF, -78 °C, 40 min, then 167, -

78 °C to r.t., 20 min; (iv) TBAF, AcOH, THF, r.t., 18 h; (v) Dess-Martin periodinane, NaHCO3, r.t., 20 min; (vi) NaOt-Bu, 

2,2,2-TFE, 1,2-DME, 80 °C, 16 h; (vii) CeCl3·7H2O, NaBH4, THF, MeOH, -40 °C, 90 min; (viii) Ac2O, pyridine, r.t., 16 h; 

(ix) MgSO4, benzene, 60 °C, 2 h.  
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2.9.3 Proposed synthetic strategy to access enantiopure L-696,474 

With regard to our synthetic strategy for L-696,474, a novel approach based upon the previously 

described (3+1+2) carbonylative cycloaddition methodology was envisaged. Accordingly, exposure of 

the appropriately substituted enantiopure cyclopropylamide substrate 171 to Rh(I)-catalysed conditions 

under an atmosphere of carbon monoxide may deliver the target cycloadduct 172 via 

rhodacyclopentanone I (Scheme 63). If successful, stereochemically complex cycloadduct 172 holds 

the potential to be elaborated to L-696,474.  

 

Scheme 63: Proposed (3+1+2) cycloaddition of a cyclopropylamide substrate to deliver the core structure of L-696,474. 

Retrosynthetically, a suitable first disconnection is across the olefin of L-696,474, and this 

transformation might be carried out in a number of ways (Scheme 64). For example, Z-selective ring-

closing alkene metathesis,193,194 or ring-closing alkyne metathesis followed by Ru-catalysed trans-

hydrogenation of the alkyne might be feasible. The latter is a strategy that has recently emerged as a 

powerful tool in a number of complex total syntheses from the Fürstner laboratory.195-197 An aldol 

reaction involving the enolate of the lactam with an appropriate aldehyde would reveal 173 as a 

precursor, which in the forward sense could be accessed from 174 via Wittig olefination. Rubottom 

oxidation could install the necessary oxygenation pattern required in 174,198,199 and conjugate addition 

of an appropriate vinyl or alkynyl nucleophile onto enone 176 might afford 175.200 Enone 176 could be 

accessed by oxidation of ketone 172, the latter of which possesses the isoindolone core that could be 

installed via the (3+1+2) cycloaddition methodology utilising substrate 171. The Z-olefin of 171 could 

be installed via methylation and reduction of alkyne 177, which in a forward sense could be accessed 

from 178 through reductive amination to install the 4-methoxybenzyl protecting group, followed by 

acylation. Alkyne 178 could be prepared through Seyferth-Gilbert homologation of aldehyde 179,201-204 

which, in turn, would be readily accessible from Boc-L-phenylalanine (180).  
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Scheme 64: Retrosynthetic plan for access to L-696,474. 

2.9.4 Pre-cycloaddition investigations towards the synthesis of L-696,474 

Investigations into the synthesis of substrate 171 for the (3+1+2) cycloaddition reaction were 

undertaken by project student Lydia Cox and the synthetic route developed is summarised in Scheme 

65.159 Treatment of commercially available Boc-L-phenylalanine (180) with Me(MeO)NH·HCl, EDCI, 

and HOBt afforded Weinreb amide 181 in 81% yield.176 Subsequently, 181 was reduced to aldehyde 

179 using DIBAL-H in toluene. Seyferth-Gilbert homologation of aldehyde 179 using the Bestmann-

Ohira reagent smoothly afforded alkyne 178 in 84% yield.204 Treatment of 178 with TFA effected the 

deprotection of the carbamate group to afford primary amine 182 in 80% yield. Reductive amination of 

182 with 4-methoxybenzaldehyde afforded PMB-protected amine 183 (97%), which was acylated to 

deliver 177 in 88% yield. Methylation of alkyne 177 was achieved using n-BuLi and methyl iodide to 

afford 184 (86%), and subsequent Lindlar reduction of alkene 184 afforded the desired Z-alkene 171 in 

84% yield. This eight-step linear sequence could be carried out in 34% yield from 180. 
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Scheme 65: Reagents and conditions: (i) Me(MeO)NH·HCl, EDCI, HOBt, CH2Cl2, 0 °C to r.t., 16 h; (ii) DIBAL-H, 

PhMe, -78 °C, 4 h; (iii) Bestmann-Ohira reagent, K2CO3, MeOH, r.t., 16 h; (iv) TFA, CH2Cl2, r.t., 16 h; (v) p-anisaldehyde, 

MgSO4, CH2Cl2, r.t., 16 h, then NaBH4, MeOH, 0 °C to r.t., 16 h; (vi) cyclopropanecarbonyl chloride, Et3N, CH2Cl2, 0 °C to 

r.t., 16 h; (vii) n-BuLi, THF, -78 °C to 40 °C, 1 h, then MeI, 40 °C, 16 h; (viii) 5% Pd/CaCO3, H2 (1 atm), EtOAc, r.t., 5 h. All 

reactions were conducted by Lydia Cox. 

 Following completion of the multi-step sequence to prepare substrate 171, it was subjected to 

the catalytic protocol developed for the (3+1+2) cycloaddition of cyclopropylamides, CO and alkenes 

(Scheme 66). Pleasingly, a 27% yield of 172 was obtained with moderate diastereocontrol, and nOe and 

TOCSY experiments conducted on the complex mixture were used to assign the relative 

stereochemistry of the diastereomers.159 The relative stereochemistry of the minor diastereomers B and 

C could only be assigned tentatively due to the complexity of the 1H NMR spectra. An improvement in 

the diastereocontrol of the process may have been possible through shortening of the reaction time; 

experiments conducted previously on a cycloadduct bearing a C3-methyl group (113d, Table 12, vide 

supra) revealed that erosion of the stereochemistry at C3 of the major diastereomer likely occurred after 

cycloaddition, rather than through isomerisation of the alkene prior to cycloaddition. 

 

Scheme 66: (3+1+2) cycloaddition of substrate 171. Diastereomeric ratio (A:B:C). Reaction conducted by Lydia Cox. 

2.9.5 Post-cycloaddition investigations into the synthesis of L-696,474 

Building upon the positive results of the cycloaddition of 171 to afford complex intermediate 

172, the feasibility of a one-pot oxidation of the ketone functionality to the corresponding enone was 

evaluated on an easily obtained model substrate 76i (Scheme 67). Several conditions were assessed for 

the transformation of 76i to 185, but enone 185 was not observed.205 
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Scheme 67: Failed one-pot oxidation procedures. 

Given the lack of reactivity of ketone 76i towards a one-pot oxidation protocol, two-step 

oxidation strategies were evaluated, beginning with selenoxide elimination (Scheme 68).206-208 To this 

end, α-selenation of ketone 76i with NaHMDS and phenylselenyl chloride afforded 186 in 36% yield 

(3:1 d.r.) (Scheme 68A). Conversely, employment of diphenyl diselenide as the electrophile failed to 

afford the desired selenide 186. The minor isomer was tentatively assigned as a diastereomer rather than 

a regioisomer from the observation of a 1H-1H COSY correlation between C5-H and C6-H2, such a 

correlation would not be observed should the structure of the minor compound be a regioisomer of 186 

(see the experimental section). This observation is surprising, however, given this would mean that the 

deprotonation event is highly regioselective; experiments conducted under similar conditions revealed 

only moderate regiocontrol (vide infra, Scheme 69A). An alternative method of preparing α-selenide 

186 was also developed. Accordingly, treatment of silyl enol ether 187b with PhSeCl and caesium 

fluoride afforded 186 in 53% yield (3:1 d.r.) (Scheme 68A).209 Oxidation of selenide 186 was attempted 

using hydrogen peroxide and pyridine,209,210 however, enone 185 was not obtained despite full 

consumption of 186 (Scheme 68B). 

 

Scheme 68: Synthesis and attempted oxidation of α-selenides. 

Due to the challenge of the selenoxide elimination strategy, attention turned to the feasibility 

of a Saegusa-Ito oxidation, whereby a silyl enol ether is oxidised to the corresponding enone through 
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reaction with palladium acetate.211,212 To this end, a mixture of ketone 76i and TMSCl or TESCl was 

treated with NaHMDS to afford silyl enol ethers 187a–b with moderate regioselectivity (73% yield, 3:1 

r.r.) (Scheme 69A). The regioselectivity of enolate formation was improved with 113a, which bears a 

C3 methyl group (as required in L-696,474; albeit the C3 epimer). In this way, 188 could be formed as 

a single regioisomer (20:1 r.r.) but in slightly diminished yield (55%). Disappointingly, upon exposure 

of silyl enol ethers 187a–b to a stoichiometric quantity of Pd(OAc)2, degradation of the starting material 

was observed and enone 185 was not formed (Scheme 69B). 

 

Scheme 69: Synthesis and attempted oxidation of silyl enol ethers. 

Conversely, exposure of silyl enol ether 188 to Pd(OAc)2 afforded 189 in 61% yield (Scheme 

69B). The formation of 189 was proposed to occur through isomerisation of 190 during purification by 

flash column chromatography on silica gel. Enone 190 was observed in the 1H NMR spectrum of the 

crude reaction material, thus its isolation may be possible if handled appropriately (see the experimental 

section). C7-H of 190 is acidified by both the lactam carbonyl and the enone functionalities, thus the 

difficulties in preparing enone 190 may be due to the instability of the compound. Consequently, 

investigations were undertaken in order to probe this (Scheme 70). 

 A related (3+1+2) cycloaddition methodology developed at Bristol affords perhydroisoindole 

structures of type 191 (Scheme 70).21 Synthesis of silyl enol ether 192 was achieved from ketone 191 

in 75% yield utilising NaHMDS and TMSCl, and oxidation of 192 with stoichiometric Pd(OAc)2 in 
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acetonitrile provided enone 193 in 59% yield. The absence of the lactam carbonyl moiety in 193 

compared to 190 decreases the acidity of C7-H, and this enabled the isolation of the desired enone 193. 

From these studies, it was concluded that although there would be considerable challenge in the 

isolation and subsequent reactivity of enone 190, Saegusa-Ito oxidation of 188 would be a good place 

to continue investigations into the synthesis of L-696,474 should this project be continued. 

 

Scheme 70: Synthesis and oxidation of silyl enol ethers. Reagents and conditions: (i) NaHMDS, TMSCl, THF, -78 °C to r.t., 

(ii) Pd(OAc)2, MeCN, 0 °C to r.t., 1 h. 

2.10 Summary and conclusions  

Novel multicomponent carbonylative (3+1+2) cycloadditions between cyclopropylamides, CO 

and tethered alkenes have been successfully developed. A neutral Rh(I) catalyst system involving a 

triarylarsine ligand enabled a range of substrates bearing substituted cyclopropanes and substituted 

alkenes to participate in the cycloaddition with high diastereoselectivity, diastereospecificity and 

enantiospecificity (Scheme 71A). This is in contrast to the prior art involving electron-poor 

cyclopropanes, which often proceed through configurationally unstable metallacycles. In-depth 

investigations into the structural requirements of the triarylarsine ligand were undertaken. Synthetic 

elaboration of the cycloadducts was explored to demonstrate the downstream utility of the methodology. 

Extension of the methodology to tolerate other classes of π-unsaturate such as aldehydes, ketones and 

oximes was evaluated without success, as was the attempted cycloaddition of cyclopropene-based 

substrates. Preliminary investigations into a novel class of cycloaddition involving cyclopropyl ketones 

were undertaken enabling powerful access to carbocyclic scaffolds (Scheme 71B). Methodology based 

upon this C-C bond activation mode would provide a significant extension to the cycloaddition 

protocols developed at Bristol. A brief foray into the target-oriented synthesis of the cytochalasin 

L-696,474 was undertaken, utilising the flexible cyclopropylamide-based ring expansion methodology 

(Scheme 71C). 
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Scheme 71: Summary of the cycloaddition methodologies described in Chapter 2. 
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Chapter 3 – Enantioselective construction of tertiary benzylic stereocentres via 

alkene hydroarylation 

3.1 The importance of tertiary benzylic stereocentres 

Tertiary benzylic stereocentres are prevalent structural features in numerous pharmaceutical 

agents, including Naproxen213 (an anti-inflammatory), Tapentadol214 (an opioid analgesic) and 

Sertraline215 (an antidepressant) (Figure 3). Current large-scale methodologies to prepare these 

bioactive molecules highlight the challenge of the installation of enantiomerically pure tertiary benzylic 

stereocentres; all involve multiple synthetic steps, including the use of chiral auxiliaries and chiral 

resolutions.213,214,216 These strategies result in a low overall atom economy33 and consequently, synthetic 

methodologies that enable flexible access to tertiary benzylic stereocentres from readily available 

materials are of high value to the pharmaceutical industry. This chapter will highlight some of the 

current state-of-the-art methodologies that have been developed for the synthesis of enantioenriched 

benzylic stereocentres, beginning briefly with conventional cross-coupling strategies before moving on 

to discuss processes based upon alkene hydroarylation. Subsequently, research undertaken in this field 

at Bristol will be summarised, and this will provide the basis for the research described in Chapters 4, 

5 and 6 of this thesis. 

 

Figure 3: Important compounds that contain a tertiary benzylic stereocentre. 

3.2 Cross-coupling strategies for the formation of tertiary benzylic stereocentres 

Whilst the Suzuki-Miyaura cross-coupling reaction has become ubiquitous throughout the 

pharmaceutical industry for the catalytic construction of C(sp2)-C(sp2) bonds, its downfall comes with 

the formation of C(sp2)-C(sp3) bonds. The challenge of this can be highlighted by consideration of the 

catalytic cycle (Scheme 72).217-220 Oxidative addition of the Pd(0) catalyst I into the C-X bond of the 

aryl halide to form II proceeds without issue, as does formation of the palladium(II) hydroxide 

intermediate III by ligand exchange in the presence of a base. The issues arise upon transmetallation of 

the boronic ester coupling partner IV; steric congestion around the C(sp3)-B bond makes the formation 

of intermediate V slow. Upon formation of V, reductive elimination is possible to release the desired 

structure VI. However, undesirable β-hydride elimination from V is likely to occur to form VII. This 

intermediate can undergo subsequent hydrometallation and reductive elimination to give linear product 

VIII, or reductive elimination to give a reduced arene and an alkene. These competing pathways 

contribute to the loss of yield of VI, inhibiting the widespread use of this process for the construction 
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of C(sp2)-C(sp3) bonds. It is appropriate to mention however, that despite these challenges, Pd-catalysed 

Suzuki couplings involving aryl halides and alkyl boron species have been developed,221-224 although 

the challenges discussed in Scheme 72 often lead to undesired isomeric products.221,223,225,226 

 

Scheme 72: General Suzuki-Miyaura cross-coupling with alkyl boronic esters and the associated challenges. 

Aside from the Suzuki-Miyaura reaction, numerous other cross-coupling approaches have been 

developed to access tertiary benzylic stereocentres. These will only be briefly summarised here as they 

are beyond the scope of this introduction. The first of these approaches involves the cross-coupling 

reaction of alkyl nucleophiles with aryl electrophiles (Scheme 73A). These methodologies are 

enantiospecific or enantioselective, depending upon whether the alkyl nucleophile is enantioenriched 

or racemic. Contributions towards the metal-catalysed cross-coupling of enantioenriched alkyl 

nucleophiles and aryl electrophiles have been made in a collaborative effort between Sigman and 

Biscoe.227-229 In their report, the authors report a stereospecific and enantiodivergent Suzuki cross-

coupling reaction between enantioenriched alkyl trifluoroborate nucleophiles and aryl halides.227  

Preformation of chiral nucleophiles can involve multiple synthetic steps, thus related 

approaches have been investigated by Buchwald and co-workers,230 as well as others,231-233 where the 

need for the preformation of chiral nucleophiles is avoided. Indeed, such species can be prepared in situ 

and Buchwald and co-workers elegantly demonstrated this through cross-coupling of unfunctionalised 

alkenes and aryl halides using a Pd(0)/Cu(I) dual catalytic cycle.230 Complimentary to these approaches, 

Aggarwal and co-workers have developed transition-metal free protocols for the synthesis of benzylic 

stereocentres, utilising lithiated arenes in combination with stereodefined alkyl boronic esters.234-239 

These processes often proceed with complete enantiospecificity. 
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Construction of tertiary benzylic stereocentres via the cross-coupling of racemic alkyl 

nucleophiles with aryl halides is also a viable (and perhaps more step economical) strategy (Scheme 

73A).240-242 In 2016, Macmillan and Fu reported the enantioselective decarboxylative arylation of amino 

acids with aryl halides using synergistic photoredox and nickel catalysis.240 More recently, Lu and co-

workers disclosed enantioselective benzylic C-H arylation using Ni(0)/Ir(III) dual catalysis to deliver 

tertiary benzylic stereocentres with moderate to high enantiomer ratios.241 Shenvi and co-workers have 

reported a dual catalytic (Ni(I)/Co(II)) approach to enable hydroarylation of aliphatic alkenes with aryl 

iodides; however, the methodology requires a hydrosilane reductant and is not enantioselective.242 

 

Scheme 73: Methodologies for the construction of tertiary benzylic stereocentres. 

Cross-coupling of enantioenriched or racemic alkyl electrophiles with aryl nucleophiles has 

also been relatively well-reported in the literature (Scheme 73B). Enantiospecific protocols involving 

enantioenriched alkyl electrophiles have been reported by the research groups of Jarvo and Watson.243-

246 The work of Jarvo and co-workers involves Ni(0)-catalysed cross-coupling of stereodefined benzyl 

ethers with aryl Grignard reagents, although the high basicity and nucleophilicity of such reagents limits 

substrate scope.243 Watson and co-workers have reported more versatile conditions involving Ni(0)-

catalysts and boronic acids to achieve the same transformation.244-246 With respect to enantioselective 

cross-couplings involving racemic electrophiles, Tang and co-workers have reported a process utilising 

racemic alkyl electrophiles and aryl boronic acids in conjunction with a palladium catalyst and a chiral 

phosphine oxide ligand.247 Additionally, Fu and Lundin have reported the use of aryl organoboranes 

and racemic activated alkyl halides for a similar procedure.248 Ni(0)-catalysed reductive cross-couplings 

involving two electrophilic components, such as racemic benzyl chlorides and aryl iodides, have also 

been reported by Reisman and co-workers.249-252 

3.3 Alkene hydroarylation as a strategy to construct tertiary benzylic stereocentres 

Whilst the strategies to form tertiary benzylic stereocentres discussed above broadly involve 

the cross-coupling of two prefunctionalised starting materials, it would be more desirable from an atom 
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and step economical perspective to reduce the degree of prefunctionalisation. A reaction manifold that 

would enable this would be the hydroarylation of unfunctionalised alkenes. The methodologies 

discussed in this section involve hydroarylation of alkenes with organoboron coupling partners where 

the hydride comes from an external source (rather than from the aromatic ring itself, see Section 3.3.1). 

A general scheme for this mode of reactivity is summarised in Scheme 74. Formation of a metal hydride 

(through reaction of the metal catalyst with a hydride source) delivers intermediate I, coordination of 

the alkene to this intermediate gives II, and subsequent migratory insertion of the alkene affords III 

(Scheme 74). Transmetallation with the organoboron reagent followed by reductive elimination 

generates the desired tertiary benzylic stereocentre. 

 

Scheme 74: General scheme for alkene hydroarylation with an external hydride source. 

In this manner, Sigman and co-workers reported a protocol that enabled the modestly 

enantioselective formation of benzylic stereocentres 195a–b (Scheme 75).253 Their methodology 

enabled the cross-coupling of alkenes 194 and aryl boronic esters under Pd(II)-catalysed conditions, in 

the presence of a chiral ligand. Following oxidation of isopropanol by Pd(II) intermediate I, the 

mechanism is proposed to proceed through migratory insertion of 194 to afford III. This species 

undergoes transmetallation with the organoboron reagent to give IV, from which reductive elimination 

occurs to liberate the products (e.g. 195a–b) with moderate enantioselectivity (up to 59% e.e.). 

Oxidation of the Pd(0) species V regenerates the active Pd(II) catalyst I. Whilst this methodology is 

significant with respect to the overall transformation that is achieved, the requirement for a reductant 

and oxidant in the same reaction is undesirable from a strategic viewpoint. 

More recently, in 2019, Mei and co-workers built upon the pioneering work of Sigman and 

developed a complimentary Ni(0)-catalysed route to similar structures.254 Their methodology utilised a 

chiral bis-oxazoline ligand and afforded the desired tertiary benzylic stereocentres in high 

enantioselectivity, however the drawback of their approach was the need for an external hydride source 

as well as a lithium alkoxide base.  
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Scheme 75: Enantioselective Pd(II)-catalysed hydroarylation of alkenes with boronic acids. 

In 2014, Sigman and co-workers reported a strategy for the enantioselective construction of 

quaternary benzylic stereocentres 197a–b via a Heck-type reaction of alkenyl alcohols 196 (Scheme 

76).255 Here, the authors used a Pd(II) catalyst which is proposed to undergo transmetallation with the 

boronic acid, followed by alkene migratory insertion to afford intermediate I. β-Hydride elimination 

delivers II and migratory insertion leads to the formation of III. Another iteration of this 

elimination/insertion sequence forms structures bearing quaternary stereocentres (e.g. 197a–b) with 

excellent enantioselectivity. The choice of catalyst and chiral ligand L4 enabled a broad substrate scope, 

including a range of aryl boronic acids, (E) and (Z)-alkenes, and varied chain lengths. The Cu(OTf)2 

additive is proposed to aid the re-oxidation of the Pd(0) species back to the active Pd(II) catalyst, 

although the authors noted that the precise role of the copper salt is not fully understood. Sigman and 

co-workers built upon this seminal publication by expanding the substrate scope to include non-

functionalised indole substrates in place of the boronic acid component.256 The tunability of the ligand 

scaffold was crucial for high enantioselectivity. The significance of this work lies in the fact that few 

methods exist for the enantioselective construction of quaternary benzylic stereocentres.  
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Scheme 76: Enantioselective construction of remote stereocentres via hydroarylation of alkenes. 

Despite the advances that have been made in alkene hydroarylation with prefunctionalised 

boronic acids, it is more desirable from a strategic viewpoint to design processes that enable the 

fragment union of two non-functionalised (and often commercially available) reaction partners. The 

challenge of developing such a protocol can be exemplified by the Friedel-Crafts alkylation, which 

enables the branch-selective hydroarylation of simple, non-functionalised styrenes with electron-rich 

arenes in the presence of an acid catalyst (Scheme 77A).257-261 Despite the ubiquity of the Friedel-Crafts 

alkylation, the reaction often suffers regiocontrol issues, leading to a mixture of undesired products. In 

addition, the process has limited substrate scope and extension to enantioselective alkylation is 

difficult.261-265 Nevertheless, an ideal approach for the installation of tertiary benzylic stereocentres 

would be the reaction between an unfunctionalised arene with a simple alkene (Scheme 77B). In the 

presence of a metal catalyst and a chiral ligand, it may be possible to directly couple these two reacting 

partners with high enantioselectivity; the most significant benefits of such a protocol would be high 

atom and step economy. In practice, this type of hydroarylation transformation requires an appropriate 

directing group on the arene, and processes of this type will be reviewed in the following section.  

 

Scheme 77: Various methods for constructing tertiary benzylic stereocentres.  
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 Before discussing recent developments in directed hydroarylation protocols, it is pertinent to 

introduce some important regioselectivity distinctions that occur within the field of hydroarylation 

(Scheme 78). Following directed C-H oxidative addition of the metal catalyst into the ortho-C-H bond 

of the arene to give I, alkene coordination can occur to II. Irrespective of linear (Scheme 78A) or 

branch-selective (Scheme 78B) transformations, these steps are the same. It is upon migratory insertion 

of the alkene from II that the mechanistic distinction occurs; hydrometallation can proceed to give linear 

intermediate III or branched intermediate V. Additionally, carbometallation can occur to afford 

intermediates IV or VI. Reductive elimination (either C-C or C-H) follows to deliver the linear or the 

branched product. Except for seminal studies on linear-selective hydroarylation, discussion of these 

regiochemical distinctions will be limited to branch-selective protocols. 

 

Scheme 78: Linear and branch-selective hydroarylation of styrenes. 
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In 1986, Lewis and Smith reported the first protocol for ortho-selective linear alkylation of 

phenols via directed Ru(0)-catalysed C-H activation. The methodology utilised a transient phosphite 

directing group under a high pressure of ethylene to afford the alkylated phenols in moderate yield.266 

Building upon this seminal work, Murai and co-workers described an approach for the linear-selective 

hydroarylation of alkenes with weakly coordinating aryl ketones 198 to afford alkylated aryl ketones 

199a–b in good yield (75–99%) (Scheme 79).267 The methodology used a Ru(0) catalyst and the 

mechanism likely proceeds as outlined in Scheme 78A, beginning with reversible oxidative addition of 

the Ru(0) catalyst into the ortho-C-H bond of aryl ketone 198. DFT calculations indicated,268,269 that 

following alkene coordination to II, C-C bond formation occurred via a hydrometallation pathway, 

wherein C-C reductive elimination occurs from linear intermediate III. The origin of the linear 

selectivity is thought to arise from an equilibrium preference for intermediate III over V. 

 

Scheme 79: Murai linear-selective alkene hydroarylation 

3.3.1 Directed branch-selective alkene hydroarylation 

The discussion of branch-selective alkene hydroarylation will be separated into processes that 

achieve the formation of racemic tertiary benzylic stereocentres and those that form the stereocentre 

with a degree of enantioselectivity. Non-enantioselective protocols will be introduced first, but 

discussion will be limited to seminal reports. Enantioselective protocols are of much greater relevance 

to this thesis and these will be introduced in greater depth.  

3.3.2 Non-enantioselective protocols 

The first example of directed-branch selective alkene hydroarylation was reported by Uchimaru 

in 1999, whereby hydroarylation of styrene with aniline 200 afforded alkylated aniline 201 in 83% yield 

(Scheme 80).270 Utilising an Ru(0) catalyst at an elevated temperature, N-directed C-H oxidative 

addition of aniline 200 was proposed to form Ru(II) hydride species I. Reversible alkene 

carbometallation was proposed to deliver six-membered metallacycle II. A carbometallation pathway 

was cited by the authors over a hydrometallation pathway as this relieves the strain associated with the 

four-membered chelate of intermediate I, although no computational or experimental evidence was 

disclosed for this. C-H reductive elimination from II delivered branched product 201. The scope of this 

novel transformation was not discussed by the authors. 
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Scheme 80: The first example of branch-selective hydroarylation of styrene. 

In 2011, building upon the studies of Uchimaru,270 Yoshikai and Gao disclosed a Co(0)-

catalysed protocol for the N-directed hydroarylation of styrene with 2-phenylpyridines 202 (Scheme 

81A).271 The Co(II) precatalyst is reduced in situ by the Grignard reagent to form the active Co(0) 

catalyst. The authors reported that the choice of ligand is of high significance for the hydroarylation of 

styrene with 202; in this way, the regioselectivity of the reaction could be controlled. Utilising PCy3 as 

the ligand enabled 203 to be formed in 81% yield and with high selectivity for the branched isomer 

(81% yield, 98:2 branched:linear). Conversely, using IMes·HCl as the ligand delivered linear arene 204 

in 84% yield (97:3 linear:branched). Fu and co-workers subsequently revealed insight into the role of 

the ligand for this transformation (Scheme 81B).272 The cyclohexyl substituents on the PCy3 ligand were 

proposed to sit away from the Co(II) centre in an ‘umbrella-up’ conformation (I). On the contrary, for 

IMes·HCl, the bulky mesityl substituent points towards the Co(II) centre, creating an unfavourable 

steric interaction that disfavours the formation of intermediate II. As a result, linear selectivity is 

favoured. 
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Scheme 81: Ligand-controlled regioselectivity of Co(0)-catalysed styrene hydroarylation. 

3.3.3 Enantioselective protocols 

The research groups of Shibata273-275 Yoshikai,276-279 Ackermann280,281 and Nishimura282-287 have 

all been pioneers in the area of branch-selective alkene hydroarylation for the formation of tertiary 

benzylic stereocentres. Given the importance of such stereochemical features in pharmaceutical agents, 

more significant attention has been placed upon the development of enantioselective protocols in recent 

years, and a selection will be reviewed in this section. 

In 2012, Shibata and co-workers reported the branch-selective alkene hydroarylation with 

benzoyl-protected indole 205 to afford alkylated products 206a–b in excellent yield (83–93%) (Scheme 

82A).274 The method involved a cationic iridium catalyst in combination with either (rac)-BINAP or 

(R)-SDP as the ligand, and significantly afforded the desired structures with high branch-selectivity 

(95:5–98:2 branched:linear). Long reaction times were required in order to access the desired structures, 

but importantly, the methodology tolerated both aromatic and aliphatic alkenes. When chiral ligand 

(R)-SDP was employed, promising enantioselectivity was observed for the formation of indole 206b 

(42% e.e.). 

In 2015, Yoshikai and Lee reported a Co(I)-catalysed approach to alkylated indoles 208a–b 

(Scheme 82B).278 In this case however, the directing group is attached to the 3-position of indole 207 

and took the form of an imine. Reduction of the Co(III) precatalyst to Co(I) was achieved by 

(trimethylsilyl)methylmagnesium chloride. The active Co(I) species coordinated to H8-BINAP-derived 

phosphoramidite L5 to form the active catalyst. Following hydrolysis, the methodology delivered 
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aldehydes 208a–b with good yield and moderate enantioselectivity (72–88% yield, 86–87% e.e.). 

However, only the hydroarylation of styrene derivatives were reported; aliphatic alkenes were 

presumably not reactive. In 2017, Ackermann reported a procedure to access similar structures utilising 

the same directing group, in this case using a Fe(I) catalyst in conjunction with a chiral NHC ligand.280 

 

Scheme 82: Enantioselective alkene hydroheteroarylation with indoles bearing various directing groups. 

Whilst the process outlined in Scheme 82B is tolerant only of styrenyl alkenes,278 Ackermann 

and co-workers attempted to address this limitation through the alkylation of indoles of type 209 

(Scheme 83).281 In their asymmetric C-H functionalisation protocol, the authors used pyridyl directing 

groups in conjunction with a Co(III) catalyst and carboxylic acid ligand L6 to deliver structures such 

as 210a–b in moderate yield and with moderate enantioselectivity (37–61% yield, 44–84% e.e.). The 

challenge of using aliphatic alkenes in this type of reaction was exemplified through the low 

enantioselectivity observed in the hydroarylation of 1-octene to give 210b; only a 44% enantiomeric 

excess could be obtained and a reduction in the regioselectivity was observed. Additionally, the yield 

was also significantly reduced. The acidic additive Amberlyst 15 was found to significantly improve 

the yield but had minimal impact on enantioselectivity. An advantage of the Co(III) catalysed C-H 

functionalisation approach is the avoidance of superstoichiometric quantities of Grignard reagents (cf. 

Scheme 81 and 82B).271,278,280,288,289 
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Scheme 83: Enantioselective hydroheteroarylation of aliphatic alkenes with indoles. 

Aside from the hydroarylation of styrenes and simple aliphatic alkenes, hydroarylation of 

acrylates has also been reported. Ramana and co-workers290 disclosed methodology towards this goal 

in 2014 through the branch-selective hydroarylation of acrylates with benzofurans. Whilst this account 

was a significant contribution to the field, their report did not achieve enantiocontrol. Cognisant of this, 

Shibata and co-workers developed methodology for the enantioselective hydroarylation of acrylates 

212 with acetanilides 211 (Scheme 84).273 By employing a cationic iridium source in conjunction with 

(S)-DIFLUORPHOS (L7), 213a–c could be obtained with excellent enantioselectivity. The proposed 

mechanism begins with anilide-directed C-H oxidative addition of the Ir(I) catalyst into the ortho-C-H 

bond of arene 211. Coordination of the alkene delivers intermediate I, from which reversible 

hydrometallation occurs to give II. Subsequent C-C reductive elimination affords 213. For challenging 

substrates 213b–c, a trade-off between high enantioselectivity and yield was required. 

 

Scheme 84: Ir(I)-catalysed hydroarylation of acrylates with acetanilides. 
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Significant investigations into the hydroarylation of enol ethers have been undertaken by the 

group of Nishimura. In 2015, it was reported that enol ethers could undergo Ir(I)-catalysed branch-

selective hydroarylation to afford alkylated arenes with pyridyl directing groups with good yield; 

however, the protocol was not enantioselective.285 More recently, Nishimura and co-workers addressed 

this limitation through the development of a strategy involving a chiral catalyst to enable the 

enantioselective hydroarylation of enol ethers 215 with (hetero)aromatic coupling partners 214 (Scheme 

85).282 The methodology enabled access to structures including benzyl ethers (216a) and furan-derived 

products (216b) in excellent yield and with high enantioselectivity (70–97% yield, 93–96% e.e.). The 

methanesulfonyl group acidifies the N-H bond of the directing group to enable the formation of 

intermediate I, bringing the Ir(I) catalyst in proximity to the ortho C-H bond to enable oxidative addition 

to give II. Deuterium exchange experiments indicated irreversible carbometallation to III, from which 

C-H reductive elimination occurs to achieve access to the desired structures. From a strategic viewpoint, 

the use of C2-symmetric tetrafluorobenzobarrelene (tfb) ligands is desirable given the ease and 

modularity of their synthesis.291 

 

Scheme 85: Enantioselective Ir(I)-catalysed hydroarylation of enol ethers with aromatic coupling partners. 

The propensity for enol ethers to undergo enantioselective branch-selective hydroarylation 

enabled Nishimura and co-workers to develop further protocols based upon such substrates.283,284 Some 

of these protocols were simply an expansion of the directing group scope for the process outlined in 

Scheme 85,284 and others involved the isomerisation of long chain alkenyl ethers prior to the 

hydroarylation event (Scheme 86).287 In this way, access to structures such as 219a–b could be achieved 

from arenes 217 and ethers of type 218 in excellent yield and with high enantiocontrol. The 

disadvantage of this methodology, however, is the lack of synthetic utility of the pyridyl directing group. 
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Scheme 86: Isomerisation and enantioselective hydroarylation of long-chain alkenes with 2-phenylpyridines.  

3.3.4 Non-directed enantioselective protocols 

The processes discussed thus far for the enantioselective branch-selective hydroarylation of 

alkenes all require the presence of a directing group to enable selective C-H oxidative addition of the 

metal catalyst into the aromatic unit. Despite the challenge of non-directed C-H activation,292,293 several 

important reports exist that achieve hydroarylation of alkenes with non-functionalised arenes (Scheme 

87). In 1994, Jordan and co-workers demonstrated the alkylation of pyridine 220 with 1-hexene, 

facilitated by a chiral Zr(III) catalyst (Scheme 87A).294,295 Promising levels of enantioselectivity were 

observed for this transformation, affording 221 in 58% enantiomeric excess. Hou and co-workers 

subsequently built upon these seminal studies a decade later, and significantly improved the 

enantioselectivity of the process to 88% e.e. (Scheme 87B).296 In their report, the authors utilise a chiral 

Sc(IV) catalyst which coordinates to the basic N-atom of pyridine 220, bringing the catalyst in proximity 

to the desired C-H bond to enable oxidative addition. Migratory insertion and reductive elimination 

ensue, delivering the target pyridine 221. The requirement for the other ortho position of pyridine 220 

to be blocked highlights the challenge of overalkylation, and the substrate scope of the process is limited 

as a result. Ellman and co-workers also contributed to this area, performing hydroarylation of acrylates 

and acrylamides with pyridines.297,298  

In 2013, Hartwig and co-workers demonstrated the Ir(I)-catalysed hydroarylation of 

norbornene with heteroaromatic coupling partners to give products including alkylated thiophenes, 

pyrroles and furans (222a–c) in high yield and with good enantioselectivity (58–86%, 72–93% e.e.) 

(Scheme 87C).299 Whilst this was a significant contribution to the field of hydroarylation, the 

methodology was limited to strained bicyclic alkenes. This was presumably a result of their propensity 

to undergo migratory insertion following C-H oxidative addition of the Ir(I) catalyst into the 

heteroaromatic unit. Additionally, cyclic alkenes avoid the challenge of controlling linear and branch-

selectivity. 
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Scheme 87: Non-directed enantioselective alkene hydroarylation.  

3.3.5 Hydroarylation protocols developed at Bristol 

As part of a research programme aimed at the development of atom economical, transition-

metal-catalysed methodologies for the generation of sp3-centres, former PhD student Giacomo Crisenza 

built on the seminal studies by Shibata (see Section 3.3.3) and developed a protocol for the 

hydroarylation of alkenes with aromatic coupling partners 223 (Scheme 88A).300 The methodology 

achieved branch-selective ortho-alkylation of arenes 223 bearing appropriate carbonyl-based directing 

groups (e.g. ketones, amides). The reaction proceeded through 5-membered chelate I (after oxidative 

addition and alkene coordination) to deliver the target compounds 224a–c (65–78% yield). Crucial to 

the high branch-selectivity was the use of a wide bite angle, electron-poor phosphine ligand, dFppb (1,4-

bis(di(pentafluorophenyl)phosphino)butane).300 Importantly, both styrenyl and aliphatic olefins 

participated in the C-H activation protocol in excellent yield. Through simple parameter changes, 

acetanilides 211 were also suitable coupling partners for the hydroarylation of alkenes (Scheme 88B).301 

In this case, the reaction proceeded through a 6-membered chelate II to deliver products including 

225a–c in high yield and with complete branch-selectivity (85–96% yield, >25:1 branched:linear).  
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Scheme 88: Ir(I)-catalysed hydroarylation of alkenes with various aromatic coupling partners. 

Following the evaluation of the scope of the alkene hydroarylation reactions, Crisenza 

undertook experiments to probe the mechanism of the catalytic cycle (Scheme 89).300,301 Deuterium 

labelling studies indicated reversible C-H oxidative addition (I to III) and reversible hydrometallation 

to give V or VI from IV. By evaluation of natural abundance 13C kinetic isotope effects using the 

Singleton method, a pathway involving reversible hydrometallation was supported, and C-C reductive 

elimination was proposed to be the first irreversible step to afford VII.302 The wide bite-angle ligand 

(dfppb) was proposed to destabilise branched intermediate V to a greater extent than VI (due to a more 

hindered steric environment), leading to faster reductive elimination from V than from VI. This was 

proposed to explain the observed branched selectivity. 
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Scheme 89: Proposed mechanism for carbonyl-directed Ir(I)-catalysed hydroarylation of alkenes. 

The processes developed by Crisenza enabled access to tertiary benzylic stereocentres without 

enantiocontrol. Due to the prevalence of this structural feature in many pharmaceutical agents,213-215 the 

development of enantioselective protocols is highly significant. Accordingly, attention at Bristol turned 

to the enantioselective hydroarylation of alkenes with acetanilides (Scheme 90).303 Dr. Simon Grélaud 

and former PhD student Phillippa Cooper investigated this in depth. A protocol was developed whereby 

acetanilides 211 could be coupled directly with styrenes or aliphatic alkenes to afford a broad range of 

products, such as 225a–d, in excellent yield, with high selectivity for the branched isomer, and with 

high enantioselectivity (Scheme 90A). The bisphosphite ligand employed in this transformation, 

(S)-L8e, which was based upon the structure of Kelliphite,304 and contains a conformationally flexible 

biphenol moiety,305 was central to the high enantioselectivity of the process. The modularity of the 

ligand system enabled a range of variants to be synthesised and evaluated by Dr. Grélaud (Scheme 

90B). 
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Scheme 90: Enantioselective alkene hydroarylation with acetanilides and ligand design. 

 The proposed mechanism for the Ir(I)-catalysed enantioselective hydroarylation of alkenes with 

acetanilides is outlined in Scheme 91. Following formation of the active catalyst I, deuterium exchange 

experiments indicated that the process likely begins with reversible anilide-directed C-H oxidative 

addition of II to form III.306,307 Following reversible alkene coordination (to IV), reversible alkene 

hydrometallation generates linear and branched intermediates V and VI. C-C bond formation could 

occur in one of two ways: either C-C reductive elimination from VI, or carbometallation from IV. Dr. 

Grélaud performed natural abundance 13C KIE experiments, a method that shows which alkene carbon 

centres are involved in the first irreversible step of the mechanism.308 This revealed a significant KIE at 

the terminal carbon of the alkene, effectively discounting C-C reductive elimination from VI. The 

experiments also indicated that carbometallation to VII must be reversible, and that C-H reductive 

elimination from VII is the first irreversible and therefore turnover limiting step. This proposal inferred 

that the stereocentre-forming step is reversible, and two mechanistic extremes could account for the 

enantioselectivities observed. The first of these is that there is no facial selectivity in the alkene 

carbometallation event (to VII), but C-H reductive elimination to the major enantiomer (VIII) is faster 

than to the minor. Alternatively, facial selectivity during carbometallation (to VII) could be high, and 

there may be little difference in the rate of subsequent C-H reductive elimination from either enantiomer 

of VII.  
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Scheme 91: Proposed mechanism for the Ir(I)-catalysed enantioselective hydroarylation of styrene. 

Seeking to expand the scope of the heteroaromatic coupling partner that would undergo this 

hydroarylation transformation to install tertiary benzylic stereocentres, Dr. Grélaud evaluated the 

reaction between thiophene 226 and styrene to give 227a (Table 17A). This process performed poorly 

when using bisphosphite ligand (S)-L8e; alkylated thiophene 227a was obtained with low enantiopurity 

(44% yield, 26:74 e.r.) (Table 17A, entry 1). As a result, redesign of the ligand structure was required 

and Dr. Grélaud and Cooper found that bisphosphonite ligand (R)-L9a, containing chiral SPINOL units, 

was highly effective (77% yield, 97.5:2.5 e.r.) (Table 17A, entry 2). Subsequently, a range of alkenes 

were found to successfully undergo hydroheteroarylation with thiophene derivatives 226 (Table 17B). 

Of note, hydroheteroarylation of aliphatic alkenes such as 1-hexene occurred to deliver 227b–c in good 

yield and with high enantioselectivity (71–79% yield, 92:8–96.5:3.5 e.r.). Branched alkyl alkenes could 

also be used to afford structures such as 227d with no reduction in enantiopurity or yield compared to 

the linear equivalent. 
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Table 17: Ligand effects and scope of the enantioselective alkene hydroheteroarylation of thiophene derivatives.  

3.4 Summary of Cooper’s investigation into Ir-catalysed alkene hydroheteroarylation 

Given the lack of protocols that effect the enantioselective hydroarylation of simple, non-

activated alkenes with 5-membered heteroaromatics (such as furan and pyrrole derivatives),261,282,299 

research was initiated at Bristol in an attempt to correct this inadequacy. The project was started by 

former PhD student Phillippa Cooper and forms the basis for the research described in Chapter 4. 

Cooper’s investigations towards the goal of enantioselective alkene hydroheteroarylation began through 

the attempted hydroarylation of styrene 194a with pyrrole 228, which bears an N-directing group 

(Table 18).309 In combination with a cationic source of Ir(I) and acetonitrile as the solvent, the choice 

of ligand was found to be crucial for the formation of 229 with good enantioselectivity. Extensive 

optimisation revealed that a ferrocene-based bisphosphonite ligand bearing a SPINOL310 backbone (i.e. 

(R)-L9) could impart high enantioselectivity for this transformation. It is noteworthy that this ligand 

scaffold was employed by Dr. Grélaud and co-workers at Bristol when developing the enantioselective 

alkene hydroarylation protocol for thiophene heteroaromatics.303 Evaluation of (R)-L9a as the ligand 

for this transformation afforded 229 in excellent yield but with very low enantiopurity (62:38 e.r.) 

(Table 18, entry 1). Changing to (R)-L9b enabled 229 to be formed with slightly better enantiocontrol 
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(80.5:19.5 e.r.), but the most promising result was obtained with (R)-L9c at 120 °C; 229 could be 

formed in 88:12 e.r. (Table 18, entry 2–3). Changing the R group on the ligand for an electron 

withdrawing perfluorinated aromatic ring ((R)-L9d), or a bulkier 1-pyrenyl substituent ((R)-L9e), failed 

to increase the enantioselectivity of the process compared to (R)-L9c (Table 18, entry 4–5).  

 

Table 18: Ligand evaluation for the enantioselective Ir(I)-catalysed hydroarylation of styrene with a pyrrole substrate. 

a Reaction conducted at 120 °C. 

Evaluation of similar ligands (and closely related derivatives) for a related process involving 

hydroarylation of styrene 194a with furan 230 was also evaluated by Cooper (Table 19).309 This 

revealed that mildly electron-withdrawing R substituents (e.g. Ph, Br) afforded 231a in moderate yield 

and up to 87:13 e.r. (Table 19, entry 1–2). Removal of the R substituent through ligand (R)-L9c reduced 

the enantioselectivity slightly, indicating that this process has different ligand requirements to the 

hydroarylation of styrene 194 with pyrrole derivatives (Table 19, entry 3 vs. Table 18 entry 3). 

Increasing the steric bulk of the R substituent to naphthyl or mesityl, demonstrated through (R)-L9f and 

(R)-L9a, enabled the enantioselectivity of the process to be improved slightly to 90:10 e.r., indicating 

that perhaps steric encumbrance at this position was desirable (Table 19, entry 4–5). Reducing the 

temperature to 90 °C, and changing the solvent to 1,2-DCB, enabled 231a to be formed with greater 

enantiopurity (83% yield, 94:6 e.r.) (Table 19, entry 6). Employing pentafluorophenyl-substituted (R)-

L9d under the same conditions delivered 231a with the highest enantiopurity (82% yield, 95:5 e.r.) 

(Table 19, entry 7). 
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Table 19: Ligand evaluation for the enantioselective Ir(I)-catalysed hydroarylation of styrene with a furan substrate. a Reaction 

concentration was 0.5 M. 

Hydroarylation of aliphatic alkenes is generally a more challenging process; such structures are 

prone to isomerisation by transition-metal hydrides and are not electronically activated by neighbouring 

groups.278,280,281 An important area of reaction scope to demonstrate the synthetic utility of the process 

was therefore linear and branched alkyl alkenes such as 232 (Scheme 92). Pleasingly, Cooper was able 

to obtain alkylated furan 231b in 92% yield with promising levels of enantioselectivity (up to 86:14 e.r. 

with ligand (R)-L9a) by hydroarylation of β-branched alkene 232 with furan 230. 

 

Scheme 92: Hydroheteroarylation of a branched aliphatic alkene with a furan substrate. 

3.5 Project aims 

For the transformations described in Section 3.4, the results reported by Cooper were extremely 

promising. Nonetheless, the enantioselectivity of the hydroarylation reactions falls short of what is 

required for highly asymmetric processes. As such, further development of the ligand scaffold was 

required in order to increase the asymmetric induction such that the reaction manifold was useful to the 

scientific community. It was envisaged that this might be achieved through the evaluation of a range of 

bisphosphonite ligands bearing SPINOL-based backbones. The research presented in Chapter 4 

discusses various protocols that are used for the synthesis of SPINOL-based chiral ligands, and the 

effect that these ligands had on the alkene hydroheteroarylation of pyrrole and furan-derived substrates 

(Scheme 93A). 
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Chapter 5 details a collaborative effort with Cooper, whereby hydroarylation of 1,1-

disubstituted alkenes is developed as a method for installing challenging quaternary stereocentres 

(Scheme 93B). The ligand requirements for the reaction were assessed experimentally and 

computationally, and the feasibility of an enantioselective protocol was demonstrated. Finally, the aim 

of the research described in Chapter 6 was to apply the newly developed enantioselective alkene 

hydroarylation methodologies to the catalyst-controlled installation of contiguous stereocentres 

(Scheme 93C). 

 

Scheme 93: Project aims.



Chapter 4 – Enantioselective iridium-catalysed alkene hydroheteroarylation 

 

95 

 

Chapter 4 – Enantioselective iridium-catalysed alkene hydroheteroarylation 

4.1 Design and synthesis of SPINOL-based bisphosphonite chiral ligands 

As discussed in Section 3.4, it was proposed that high enantioselectivity for alkene 

hydroheteroarylation could be achieved through the evaluation of SPINOL-based chiral ligands. Section 

4.1.1 details a classical method for the synthesis of SPINOL-based ligands used at Bristol and introduces 

some of the limitations of the approach. Subsequent sections of this chapter include the synthesis of 

structurally distinct SPINOL-based ligands through more recently developed protocols, and the impact 

that such changes have on the enantioselectivity of alkene hydroheteroarylation. 

4.1.1 A classical strategy for synthesising SPINOL-based ligands 

At Bristol, the protocol utilised for the synthesis of SPINOL-based ligands was one reported by 

Birman and co-workers in 1999 (Scheme 94).303,310 The methodology begins with the synthesis of enone 

234 by aldol condensation of aldehyde 233 with acetone. Subsequent reduction of enone 234, followed 

by bromination, delivered 235 with relative simplicity.311 A variety of Brønsted310,312 and Lewis 

acids313,314 have been reported for the challenging spirocyclisation of 235 to 236, although the method 

with highest success at Bristol was found to be phosphotungstic acid hydrate in toluene under Dean-

Stark conditions.311 Demethylation of 236 with boron tribromide proceeded with ease, allowing access 

to racemic SPINOL 237 in five steps from aldehyde 233. At this stage, racemic SPINOL 237 must be 

resolved, and a number of procedures have been reported for this process.315,316 The most widely used 

involves derivatisation of the phenolic unit of 237 with optically pure menthyl chloroformate in the 

presence of tetrabutylammonium bromide as a phase-transfer catalyst.316 This gave rise to two 

diastereomers of 238, (R)-238 (depicted) and (S)-238 (not shown). Separation of these by 

recrystallisation and flash column chromatography enabled each diastereomer of 238 to be isolated. 

Hydrolysis of the chiral menthyl group of (R)-238,316 and hydrogenation to remove the aryl bromides 

afforded SPINOL (R)-239 as a single enantiomer (Scheme 94). 
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Scheme 94: Representative classical synthetic route to SPINOL-derivatives. 

Although SPINOL (R)-239 is highly useful for the onward synthesis of chiral ligands,317-322 

derivatisation at the stage of (R)-238 has proven to be invaluable at Bristol as it allows access to C4-

aryl-substituted SPINOLs (Scheme 95A). These have been employed in alkene hydroheteroarylation of 

thiophene derivatives (see Chapter 3, Section 3.3.5). Derivatisation of C4 of (R)-238 has been achieved 

through Suzuki-Miyaura cross-coupling reactions of (R)-238 with aryl boronic acids (according to a 

method reported by Reetz and co-workers321,323), followed by hydrolysis to deliver SPINOLs of type 

(R)-240.303 Coupling of (R)-240 with ferrocene-derived chlorophosphine324 241 has enabled the 

synthesis of a library of chiral bisphosphonite ligands of type (R)-L9. Whilst a variety of aromatic 

groups have been evaluated at the C4 position, and moderate to high enantioselectivities have been 

obtained for Ir(I)-catalysed alkene hydroheteroarylation, substitution around the majority of other 

positions of the SPINOL unit (C2, C3, C6) remains unexplored at Bristol (Scheme 95B).303,322 To 

address this, the aim of the research described in this chapter was to synthesise a range of structurally 

diverse SPINOL-based chiral bisphosphonite ligands, and assess their impact on the enantioselectivity 

of alkene hydroheteroarylation with furan and pyrrole-based systems.  
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Scheme 95: A cross-coupling strategy to diversify SPINOL units for hydroheteroarylation reactions developed at Bristol. 

4.1.2 Synthesis and evaluation of SPINOL-based ligands via cross-coupling strategies 

Given the success of (R)-L9a and (R)-L9d for the hydroheteroarylation of styrene with furan 

230 (up to 95:5 e.r., see Section 3.4, Table 19),309 it seemed pertinent to evaluate the effect of other 

SPINOL-based ligands with bulky aromatic groups at the C4-position (Scheme 96). Synthesis of a di-

tert-butyl-substituted SPINOL began from (S)-238; Suzuki-Miyaura cross-coupling of the appropriate 

boronic acid, followed by hydrolysis, proceeded in 94% yield to afford (S)-240a. Coupling of (S)-240a 

to the ferrocene-derived chlorophosphine 241 afforded desired bisphosphonite ligand (S)-L9h in 29% 

yield. Cross-coupling of pentamethylphenylboronic acid with (R)-238 was slightly more challenging, 

and (R)-240b was obtained in only 49% yield. Here, the lower yield of the cross-coupling was attributed 

to the greater steric hinderance of the boronic acid, leading either to slow transmetallation or slow 

reductive elimination.3,325-327 Coupling of (R)-240b with ferrocene unit 241 afforded bisphosphonite 

ligand (R)-L9i in 51% yield (Scheme 96). 
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Scheme 96: Synthesis of SPINOL-based ligands. Reagents and conditions: (i) Pd(PPh3)4 (6 mol%), (3,5-di-tert-

butylphenyl)boronic acid, Na2CO3, DME:H2O:EtOH (5:2:1), 100 °C, 16 h; (ii) KOH, H2O:EtOH:THF (1:1:1), reflux, 1 h; (iii) 

241, Et3N, DMAP, THF:CH2Cl2 (2:1), 0 °C to r.t., 16 h. 

Thus far, bisphosphonite ligand (R)-L9d, bearing an electron-withdrawing pentafluorophenyl 

group at C4, achieved the highest enantioselectivity for the hydroheteroarylation of styrene with furan-

based systems (95:5 e.r.) (vide supra, Section 3.4, Table 19). As the continued synthesis of SPINOL-

based ligands was based in-part upon this result, it was necessary to synthesise this ligand in order to 

check the reproducibility of the yield and enantioselectivity. The Suzuki-Miyaura cross-coupling of 

electron-deficient aryl boronic acids, such as C6F5B(OH)2, is an exceptionally difficult reaction.328-331 

This is mostly likely due to challenging transmetallation of the highly electron-deficient 

pentafluorophenyl group.328 To address this, protocols have been developed involving modified boron 

partners, including the use of trifluoroborate salts, such as C6F5BF3K.329-331 Accordingly, the use of 

trifluoroborate salts have been shown to suppress side-product formation.326,332 However, these 

protocols are only compatible with aryl iodides, resulting in limited application. Moreover, the protocols 

are not appropriate for bromo-SPINOL derivatives of type 238. In 2005, Korenaga et al. disclosed 

conditions for the Suzuki-Miyaura cross-coupling reaction of pentafluorophenylboronic acid with aryl 

bromides, utilising Pd(PPh3)4 in conjunction with cesium fluoride and silver(I) oxide.328 Despite the 

significance of this work, the propensity of pentafluorophenylboronic acid to undergo facile 

protodeboronation333 was likely to preclude its success on challenging SPINOL-based substrates. 

Cognisant of this, attention turned to a protocol developed by Fagnou and co-workers,334 whereby aryl 

bromides and pentafluorobenzene were successfully cross-coupled in the presence of Pd(OAc)2, bench-
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stable P(t-Bu)2Me·HBF4 and potassium carbonate. When these conditions were applied to SPINOL 

(S)-238, pentafluorophenyl-substituted SPINOL (S)-240c was obtained in 45% yield after hydrolysis 

of the menthyl group (Scheme 97). The mechanism, supported by computational evidence, was 

proposed by Fagnou and co-workers to proceed through a Pd(0)/Pd(II) catalytic cycle, involving a 

concerted-metallation-deprotonation event (e.g. through transition state I) facilitated by the carbonate 

base, prior to reductive elimination to liberate the desired product.334 Coupling of SPINOL (S)-240c to 

ferrocene-derived chlorophosphine unit 241 delivered (S)-L9d in 22% yield. The low yields frequently 

obtained for the synthesis of bisphosphonite ligands (e.g. (S)-L9d) are attributed to the challenge of 

purification. The electron-poor phosphorus centre is prone to hydrolysis, and, although column 

chromatography is performed either with oven-dried or deactivated silica, degradation is still 

observed.335,336 

 

Scheme 97: Synthesis of a pentafluorophenyl-substituted SPINOL-based ligand. Reagents and conditions: (i) Pd(OAc)2 

(10 mol%), P(t-Bu)2Me·HBF4 (20 mol%), pentafluorobenzene, K2CO3, DMA, 120 °C, 16 h; (ii) KOH, H2O:EtOH:THF 

(1:1:1), reflux, 1 h; (iii) 241, Et3N, DMAP, THF:CH2Cl2 (2:1) 0 °C to r.t., 16 h. 

Following the synthesis of the C4-substituted ferrocene-based bisphosphonite ligands described 

above (Scheme 96–97), they were evaluated under the Ir(I)-catalysed protocol developed by Cooper for 

the hydroheteroarylation of styrene 194a with furan-based system 230 (Table 20).309 Utilising 

pentafluorophenyl-substituted ligand (S)-L9d, alkylated furan 231a was delivered in 96% yield and 

5.5:94.5 e.r. (Table 20, entry 1). This is comparable (although marginally lower) than the 95:5 e.r. 

obtained by Cooper and it sufficed as a reproducibility check. When employing tert-butyl-substituted 

(S)-L9h, alkylated furan 231a was formed in 88% yield and 6.5:93.5 e.r. (Table 20, entry 2). 

Pentamethylphenyl-substituted (R)-L9i afforded 231a in 87% yield and 94:6 e.r. (Table 20, entry 3). 

Although (S)-L9h and (R)-L9i bear somewhat more sterically demanding aromatic groups than mesityl-

substituted (R)-L9a, they did not increase the enantioselectivity of the hydroheteroarylation reaction.  
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Table 20: Ligand evaluation for the hydroheteroarylation of styrene with a furan substrate. 

Following evaluation of the C4-aryl-substituted ligands in the hydroheteroarylation of styrene, 

attention turned to the hydroheteroarylation of aliphatic β-branched alkenes (Table 21). As discussed in 

Section 3.4 (Scheme 92), the enantioselectivity of the hydroarylation process decreases for aliphatic 

alkenes. Cooper demonstrated that hydroheteroarylation of branched alkene 232 with furan 230 

afforded 231b in 76% yield and 87:13 enantiomeric ratio when employing mesityl-substituted ligand 

(R)-L9a. This result was used to benchmark the success of subsequent C4-substituted ligands. 

Employing (R)-L9c, bearing no substitution on the SPINOL-unit, afforded 231b in excellent yield but 

with poor enantiopurity (92%, 70:30 e.r.) (Table 21, entry 1). Disappointingly, employing (S)-L9h or 

(R)-L9i failed to improve upon the enantioselectivity obtained using when mesityl-substituted (R)-L9a 

(Table 21, entry 2–3). Ligand (S)-L9d, which provides the highest enantioselectivity when employing 

styrene as the coupling partner, delivered 231b in only 20:80 e.r. (Table 21, entry 4). 

 

Table 21: Ligand evaluation for the hydroheteroarylation of branched aliphatic alkenes with a furan-derived substrate. 

Next, C4-aryl-substituted ligands L9h–i were evaluated in the hydroheteroarylation of styrene 

194a with pyrrole derivatives 228 (Table 22). Given that Cooper had found mesityl-substituted (R)-

L9a only afforded 229 with 62:38 e.r. in the hydroheteroarylation of styrene with pyrrole derivatives 
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(Section 3.4, Table 18, entry 1), it was surprising that structurally similar ligands (S)-L9h (15:85 e.r.) 

and (R)-L9i (70.5:29.5 e.r.) were significantly better (Table 22, entry 1–2). This indicates that steric 

parameters are not the only factor to consider for high enantioselectivity of this transformation, and a 

balance with electronic factors may be required. Irrespective of these results, unsubstituted SPINOL-

system (R)-L9c delivered pyrrole 229 with the highest enantiopurity thus far (88:12 e.r.) (Table 22, 

entry 3). 

 

Table 22: Ligand evaluation for the hydroheteroarylation of styrene with a pyrrole substrate. a Reaction carried out by Cooper. 

4.1.3 Synthesis and evaluation of SPINOL-based ligands via enantioselective conjugate 

addition strategies 

As no further improvements could be made to the enantioselectivity for the transformations 

described above with ligands of type L9 bearing classical SPINOL moieties, attention turned to the 

evaluation of structurally distinct SPINOL units. In 2019, Lu, Hayashi, Dou and co-workers reported 

the synthesis of 3,3’-diaryl-SPINOLs (e.g. 245a) through an enantioselective conjugate addition-

spirocyclisation sequence (Scheme 98).313 In this methodology, enone 243 and an aryl boronic acid 

were exposed to a rhodium(I) species ligated to L10 (derived from (R)-α-phellandrene) to deliver ketone 

244a in excellent yield, with high diastereoselectivity and high enantioselectivity.313,337 BF3-mediated 

spirocyclisation of 244a afforded 3,3’-diaryl-SPINOLs of type 245a in high yield with high 

diastereoselectivity and high enantiospecificity. This approach to the SPINOL unit would enable the 

evaluation of previously unexplored structural variants of the bisphosphonite ligands used at Bristol 

(e.g. substitution at C3). The aromatic ring may be varied through judicious choice of aryl boronic acid 

during the conjugate addition step,313 and the bromide at C4 of 245a may be cross-coupled with boronic 

acids utilising the previously described Suzuki-Miyaura protocol.303,321,323 Additionally, the synthesis of 

SPINOL derivatives via an enantioselective conjugate addition-spirocyclisation sequence requires 

fewer steps than the prior art, and avoids the resolution step.303,310,313 
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Scheme 98: Rh(I)-catalysed enantioselective conjugate addition of boronic acids to enones and spirocyclisation of the resulting 

ketone. 

Accordingly, the preparation of ligands based upon the structure of 245a began with aldol 

condensation of aldehyde 242 with acetone to afford 243 in 38% yield; this procedure could be carried 

out on moderate scale (50 mmol) (Scheme 99).338 The low yield of the aldol reaction was 

circumstantially attributed to the acidity of the phenol causing undesired side-reactions. Despite efforts 

being made to increase the yield of this step, such as changing the concentration and addition of the 

reagents via syringe-pump, no improvements could be made. Rh(I)-catalysed enantioselective 

conjugate addition of 243 with the appropriate aryl boronic acids afforded ketones 244a–c in 90–94% 

yield with high diastereoselectivity (>25:1 in all cases). As the optical rotation data matched that of the 

literature values, and ketones 244a–c were obtained as single diastereomers, high enantiopurity was 

assumed.313 Spirocyclisation of 244a proceeded in 70% yield to afford SPINOL 245a. However, with 

more electron-rich variant 244b, the temperature of the spirocyclisation to 245b needed to be lowered 

to 70 °C in order to prevent degradation of the starting material (rather than 100 °C as reported).313 In 

the case of 244c, spirocyclisation to 245c failed under a range of temperatures and no further work was 

undertaken on this particular system. However, the failed spirocyclisation of 244c was a surprise; whilst 

this particular example is not included in the report by Dou and co-workers, the authors do report similar 

substrates.313 Hydrogenolytic debromination of 245a–b using Pd/C and H2 afforded 246a–b in excellent 

yield (83–96%). Coupling of 246a–b to ferrocene-derived chlorophosphine 241 delivered the target 

ligands (R)-L11a and (R)-L11b in 45% and 40% yield, respectively. 
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Scheme 99: Synthesis of 3,3’-diaryl-SPINOLs. Reagents and conditions: (i) Acetone, NaOH, EtOH:H2O (1:1), 0 °C to r.t., 

16 h; (ii) [RhL10Cl]2 (2 mol%), ArB(OH)2, KOH (4 mol%), PhMe:H2O (2:1), 60 °C, 24 h; (iii) BF3·OEt2, PhMe, 70 to 100 °C, 

16 h; (iv) Pd/C, H2, THF:H2O (2:1), r.t., 24 h; (v) 241, Et3N, DMAP, THF:CH2Cl2 (2:1), 0 °C to r.t., 16 h. 

As described in Section 3.4, the highest enantioselectivity achieved thus far for styrene 

hydroheteroarylation with furan systems was possible with C4-mesityl-substituted ligand (R)-L9a (94:6 

e.r.) or C4-pentafluorophenyl-substituted (R)-L9d (95:5 e.r.). Therefore, it was desirable to synthesise 

3,3’-diaryl-SPINOL systems with C4-mesityl or pentafluorophenyl groups. Disappointingly, exposure 

of SPINOL 245a to Pd(PPh3)4 and MesB(OH)2 did not afford 247; debrominated SPINOL 246a was 

the only discernible product, obtained in 46% yield (Scheme 100). The debromination of 245a requires 

a reductant to be present in the reaction mixture. This could reasonably be ethanol, which is proposed 

to coordinate to the Pd(II) centre after C-Br oxidative addition. Subsequent β-hydride elimination and 

C-H reductive elimination would afford 246a.339 Performing the reaction in the absence of ethanol 

prevented the formation of 246a, but in this case, only starting material 245a was recovered. 

 

Scheme 100: Failed Suzuki-Miyaura cross-coupling of mesitylboronic acid with a SPINOL-based system. 
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In an attempt to enable the synthesis of 247 from 245a, the literature was surveyed for cross-

coupling reactions of sterically encumbered boronic acids with aryl bromides. This revealed a report by 

Buchwald and co-workers,340 in which novel phosphine ligand L12 was developed for the synthesis of 

hindered biaryls (Scheme 101A).341 The synthesis of ligand L12 occurred in one-pot and is reported to 

begin with formation of the Grignard reagent of 9-bromophenanthrene 248 to form I. Benzyne 

intermediate II is formed in situ by magnesium-halogen exchange of 2-bromochlorobenzene with a 

second equivalent of Mg.342 Phenanthryl-derived Grignard intermediate I adds to benzyne II, forming 

III. Subsequently, this undergoes transmetallation with CuCl (to IV), facilitating the phosphination step 

with PCy2Cl. This procedure afforded L12 in 22% yield. 

 

Scheme 101: Synthesis of a ligand for challenging cross-coupling reactions and failed Suzuki-Miyaura cross-coupling. 

Exposure of 245a to the conditions reported by Buchwald and co-workers for the synthesis of 

hindered biaryls,341 involving Pd2(dba)3 and L12, failed to provide any of the desired cross-coupled 

product 247, and only degradation of 245a was observed (Scheme 101B). It was postulated that the 

coordinating ability of the hydroxy functionality of SPINOL 245a under basic conditions was 

sequestering the Pd(0) catalyst, thus the hydroxy groups were protected (Scheme 102A). Methylation 
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of 245a to give 249 proceeded in moderate yield by reaction with K2CO3 and methyl iodide (62%). 

Despite exposure of 249 to a range of conditions involving various palladium precatalysts, L12, and 

less hindered boronic acids, 250 could not be accessed. Microwave conditions were also evaluated for 

the challenging cross-coupling reaction of 249 with mesitylboronic acid, unfortunately without 

success.343 The cross-coupling reaction of 249 with pentafluorobenzene to afford C4-substituted 

SPINOL 250a also failed for 3,3’-diaryl-SPINOLs (Scheme 102B).334 The lack of reactivity of 

bromides 245a and 249 towards Pd(0)-catalysed cross-coupling protocols compared to SPINOL (S)-

238 (cf. Scheme 97) might be attributed in-part to electronic factors. Whilst the electron-withdrawing 

menthyl group present in (S)-238 activates the bromide towards oxidative addition by the Pd(0) catalyst, 

the electron-donating hydroxy or methoxy groups of 245a or 249 might make the oxidative addition 

event more challenging.344 The additional steric encumbrance of 3,3’-diaryl-SPINOLs such as 245a 

will also reduce their reactivity towards cross-coupling reactions. 

 

Scheme 102: Reagents and conditions: (A): (i) MeI, K2CO3, 80 °C, 16 h; (ii) (A) Pd(PPh3)4 (6 mol%), (2,4,6-(Me)3C6H2) or 

PhB(OH)2, Na2CO3, DME:H2O:EtOH (5:2:1), 90 °C, 16 h; (B) Pd2(dba)3 (5 mol%), L12 (20 mol%), (2,4,6-(Me)3C6H2), 

K3PO4, PhMe, 110 °C, 16 h; (C) Pd(PPh3)4 (6 mol%), (2,4,6-trimethylphenyl)boronic acid, Na2CO3, DME:H2O:EtOH (5:2:1), 

120 °C, µW, 50 W, 30 min. 

The installation of C4 aryl substituents via cross-coupling strategies failed for 3,3’-diaryl 

SPINOLs of type 245a (see Scheme 100–102). Consequently, another approach was designed in order 

to achieve substitution at the C4 position. To this end, a Suzuki-Miyaura cross-coupling reaction was 

performed as the first step.345,346 Exposure of bromide 242 to Pd(PPh3)2Cl2 and PhB(OH)2 delivered 

aldehyde 251 in 98% yield (Scheme 103). Aldol condensation of 251 with acetone proceeded with 

typically low yield for hydroxy-bearing systems to deliver enone 252 (30%), and Rh(I)-catalysed 

conjugate addition with enone 252 and PhB(OH)2 afforded ketone 253 in 89% yield (>25:1 d.r.). 
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Spirocyclisation of 253 proceeded smoothly with BF3·OEt2 to form 254, and finally, preparation of 

bisphosphonite ligand (R)-L11d occurred in 21% yield.  

 

Scheme 103: Reagents and conditions: (i) Pd(PPh3)2Cl2 (5 mol%), PhB(OH)2, K3PO4, DMSO, 80 °C, 16 h; (ii) Acetone, 

NaOH, EtOH:H2O (1:1), 0 °C to r.t., 16 h; (iii) [RhL10Cl]2 (2 mol%), PhB(OH)2, PhMe:H2O (2:1), 60 °C, 24 h; (iv) BF3·OEt2, 

PhMe, 60 °C, 2 h; (v) 241, Et3N, DMAP, THF:CH2Cl2 (2:1), 0 °C to r.t., 16 h. 

With the synthesis of phenyl-substituted ligand (R)-L11d completed, attention turned to a 

mesityl derivative. Whilst phenylboronic acid underwent facile cross-coupling to afford aldehyde 251 

(Scheme 103), the steric encumbrance of mesitylboronic acid once again became an issue (Table 23). 

Exposure of 242 to Pd(PPh3)2Cl2 and mesitylboronic acid in DMSO did not deliver target aldehyde 255 

(Table 23, entry 1). Pleasingly, the use of Pd2(dba)3 in combination with L12 generated 255 in 38% 

yield (Table 23, entry 2). As a control experiment, the reaction was conducted in the absence of L12; 

under these conditions, cross-coupled product 255 was not obtained (Table 23, entry 3). However, an 

insufficiency of material, coupled with low yielding steps, prevented the onward synthesis of a ligand 

derived from 255. 

 

Table 23: Optimisation of a Suzuki-Miyaura cross-coupling involving mesitylboronic acid.  
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Following the synthesis of C4-phenyl-substituted ligand (R)-L11d, evaluation of electron-

withdrawing substituents at the C4-position of the 3,3-diaryl-SPINOL system began with the synthesis 

of a C4-fluoro-substituted analogue (Scheme 104). Aldehyde 256 was initially selected as the starting 

point as it is inexpensive and available in large quantity. Accordingly, aldol condensation of 256 with 

acetone delivered enone 257 in 99% yield. Enantioselective conjugate addition of 257 and PhB(OH)2, 

utilising the standard Rh(I)/L10 catalyst system, gave ketone 258 in 64% yield (>25:1 d.r.). BF3-

promoted spirocyclisation of 258 to give SPINOL 259 proceeded slowly and only in moderate yield 

compared to other examples; this was postulated to be a result of the electron-withdrawing fluoro-

substituent decreasing the nucleophilicity of the arene. Demethylation of 259 was slow, and 260 could 

only be accessed in 34% yield, despite the addition of more equivalents of BBr3 throughout the course 

of the reaction. An insufficient quantity of 260 was obtained to complete the synthesis of the desired 

ligand, thus an alternative route was sought.  

 

Scheme 104: Reagents and conditions: (i) Acetone, NaOH, EtOH:H2O (1:1), 0 °C to r.t., 16 h; (ii) [RhL10Cl]2 (2 mol%), 

PhB(OH)2, KOH (4 mol%), PhMe:H2O (2:1), 60 °C, 24 h; (iii) BF3·OEt2, PhMe, 85 to 120 °C, 48 h; (iv) BBr3, CH2Cl2, -78 °C 

to r.t., 16 h. 

With an insufficient quantity of 260 obtained through the route displayed in Scheme 104, a 

modified route to C4-fluoro-substituted (R)-L11c was pursued, beginning with condensation of 261 

with acetone (Scheme 105). This step proceeded to afford 262 in moderate yield (43%) due to the 

presence of the hydroxy groups (cf. 99% yield for methylated 257, Scheme 104). Enantioselective 

conjugate addition with 262 to afford 263, and subsequent spirocyclisation of 263 enabled SPINOL 260 

to be obtained in 66% yield and with high diastereoselectivity. Pleasingly, coupling of 260 to ferrocene-

derived chlorophosphine 241 completed the synthesis of (R)-L11c (20% yield). 
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Scheme 105: Reagents and conditions: (i) Acetone, NaOH, EtOH:H2O (1:1), 0 °C to r.t., 16 h; (ii) [RhL10Cl]2 (1 mol%), 

PhB(OH)2, KOH (5 mol%), PhMe:H2O (2:1), 60 °C, 24 h; (iii) BF3·OEt2, PhMe, 90 °C, 16 h; (iv) 241, Et3N, DMAP, 

THF:CH2Cl2 (2:1), 0 °C to r.t., 16 h. 

As bisphosphonite ligand (R)-L11c had been prepared bearing an electron-withdrawing fluoro-

substituent, it was appropriate to synthesise an electron-donating comparison. For this, 

C4-OMe-substituted SPINOL 267 was desired (Scheme 106). The first route that was evaluated began 

with mono-methylation of 2,5-dihydroxybenzaldehyde 264. To this end, the more acidic phenol unit of 

264 underwent preferential deprotonation with K2CO3 and subsequent quenching of the phenoxide ion 

with methyl iodide gave 265 in 53% yield (Scheme 106).347-349 Aldol condensation of 265 with acetone 

formed enone 266 in only 28% yield. Additionally, the conjugate addition-spirocyclisation sequence to 

afford 267 proceeded with very low efficiency (6% yield over two steps). This was attributed to the low 

solubility of 266 in PhMe/H2O, which resulted in a high proportion of starting material 266 being 

recovered after the conjugate addition step. Changing the reaction solvent to 1,4-dioxane/H2O 

(frequently used for Rh(I)-catalysed conjugate addition reactions of enones and aryl boronic acids350-

354) enabled full dissolution of 266, but unfortunately, the reaction did not proceed in this solvent 

mixture. The lack of reactivity for this system could be a result of the conjugation of the aromatic ring 

with the enone, an effect that could decrease the electrophilicity of the enone and thus reduce the rate 

of alkene migratory insertion. 
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Scheme 106: Reagents and conditions: (i) MeI, K2CO3, DMF, r.t., 16 h; (ii) Acetone, NaOH, EtOH:H2O (1:1), 0 °C to r.t., 

16 h; (iii) [RhL10Cl]2 (1.5 mol%), PhB(OH)2, PhMe:H2O (2:1), 60 °C, 24 h; (iv) BF3·OEt2, PhMe, 75 °C, 16 h. 

The modified route to C4-methoxy-substituted ligand (S)-L11e required a change in strategy, 

whereby the conjugate addition would occur with dibenzylideneacetone as the enone unit, and 269 as 

the organoboron component (Scheme 107). Accordingly, Miyaura borylation of 268 under Pd(0)-

catalysed conditions was achieved with B2pin2 to afford 269 in 53% yield. Pleasingly, Rh(I)-catalysed 

conjugate addition of boronic ester 269 to dibenzylideneacetone afforded ketone 270 in 75% yield 

(>25:1 d.r.). This was a gratifying result considering the transmetallation of ortho-substituted boronic 

esters can be challenging.355-357 Spirocyclisation of 270 occurred in relatively low yield to afford 

SPINOL 267 (38%), which was coupled with chlorophosphine 241 to afford (S)-L11e. However, 

chromatographic purification was challenging, such that (S)-L11e could not be isolated cleanly or used 

reliably in the hydroarylation protocol. 

 

Scheme 107: Reagents and conditions: (i) Pd(dppf)Cl2·CH2Cl2 (5 mol%), B2pin2, KOAc, 1,4-dioxane, 90 °C, 16 h; (ii) 

Dibenzylideneacetone, [RhL10Cl]2 (2 mol%), PhMe:H2O (2:1), 60 °C, 24 h; (iii) BF3·OEt2, PhMe, 75 °C, 16 h; (iv) 241, Et3N, 

DMAP, THF:CH2Cl2 (2:1), 0 °C to r.t., 16 h.  

Having successfully prepared 3,3-diaryl-SPINOL-based ligands (R)-L11a–d with a range of 

substituents at the C4-position, attention turned to introducing substitution ortho to the hydroxy group 
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(i.e. position C6) (Scheme 108). One strategy envisaged to achieve this was through Friedel-Crafts 

alkylation.261,358 The most desirable intermediate on which to perform this manipulation was the 

SPINOL unit itself (i.e. (R)-237 or 245a) (Scheme 108A). Disappointingly, exposure of (R)-237 or 

245a to t-BuCl and AlCl3 failed to deliver 271 or 272; here, only decomposition of the starting material 

was observed. In attempt to circumvent this problem, a similar manipulation was considered on 243 

(Scheme 108B). This introduced regioselectivity problems as two ortho positions are available for 

alkylation. Regardless of this, and despite the evaluation of a range of Lewis acids and solvents,359 273 

was not observed. As a result, attention turned to a different approach in order to introduce a C6 

substituent.  

 

Scheme 108: Attempted Friedel-Crafts alkylations. 

 Access to C6-substituted SPINOL systems began with bromination of aldehyde 274, which was 

achieved in 93% yield to give 275 (Scheme 109).360 Demethylation of 275 was performed with boron 

tribromide and this enabled tetrasubstituted arene 276 to be isolated in 57% yield. Aldol condensation 

of 276 with acetone proceeded under the usual conditions to deliver enone 277 (35% yield). Subsequent 

enantioselective conjugate addition of 277 under the Rh(I)-catalysed protocol afforded ketone 278 in 

83% yield (>25:1 d.r.). Spirocyclisation of 278 was facile, such that 279 was obtained in 83% yield. 

Debromination of 279 followed, affording C6-methyl-substituted SPINOL 280 in 95% yield. Coupling 

with ferrocene-derived chlorophosphine 241 delivered (R)-L11f in 64% yield. The high yield obtained 

for this step compared to others reflects the increased stability of this bisphosphonite; this is attributed 

to the C6-methyl groups on the aromatic ring increasing the steric crowding around the P-O bonds, 

thereby decreasing their propensity to hydrolysis.  
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Scheme 109: Reagents and conditions: (i) Br2, NaOAc, CH2Cl2, 0 °C, 3 h; (ii) BBr3, CH2Cl2, -10 °C, 16 h; (iii) Acetone, 

NaOH, EtOH:H2O (1:1), 0 °C to r.t., 16 h; (iv) [RhL10Cl]2 (1.5 mol%), PhB(OH)2, PhMe:H2O (2:1), 60 °C, 24 h; (v) BF3·OEt2, 

PhMe, 75 °C, 16 h; (vi) Pd/C, H2, THF:H2O (2:1), r.t., 24 h; (vii) 241, Et3N, DMAP, THF:CH2Cl2 (2:1), 0 °C to r.t., 16 h. 

Following the completion of the synthesis of 3,3’-diaryl-SPINOL ligands (R)-L11a–f, they 

were evaluated in the hydroheteroarylation of styrene 194a with furan 230 (Table 24). Employing 

(R)-L11a in the catalytic protocol afforded 231a in 86% yield and 84:16 e.r. (Table 24, entry 1). The 

enantioselectivity observed is considerably lower than the 94:6 e.r. provided by mesityl-substituted 

(R)-L9a (cf. Section 3.4, Table 19, entry 6). Changing the R1 substituent at C4 from hydrogen to 

fluorine, exemplified with (R)-L11c, had little effect on the yield of 231a and reduced the 

enantioselectivity slightly to 82:18 e.r. (Table 24, entry 2). The same enantioselectivity was achieved 

using (R)-L11d (R1 = Ph), indicating that electron-withdrawing substituents at the C4-position may 

reduce the enantiomer ratio (Table 24, entry 3). An increase in the enantioselectivity of the process may 

be observed for ligands bearing electron-donating groups such as (S)-L11e, although the insufficient 

purity of this ligand prevented a reliable result from being obtained. For ligand (R)-L11f, bearing an 

C6-methyl group, both the yield and enantioselectivity were significantly reduced (47% yield, 57:43 

e.r.) (Table 24, entry 4). This could be the result of increased steric hindrance around the phosphorus 

atom, which may prevent coordination to the Ir(I) centre. Whilst the studies based upon these 3,3’-

diaryl-SPINOL systems did not identify a ligand that could increase the enantioselectivity of the 

protocol, they provided important insight into the ligand requirements for this transformation. 
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Table 24: Evaluation of ligands for the hydroheteroarylation of styrene with a furan substrate. 

Following the evaluation of ligands (R)-L11a–f in the hydroheteroarylation reaction to afford 

furan 231a, they were applied to the hydroheteroarylation of styrene 194a with pyrrole derivative 228 

(Table 25). Prior to evaluation of ligands (R)-L11a–f, Cooper obtained the highest enantiopurity, using 

unsubstituted SPINOL system (R)-L9c (88:12 e.r.) (vide supra, Table 22, entry 3). Bisphosphonite 

ligand (R)-L11a, bearing phenyl substitution on the cyclopentyl unit, delivered pyrrole 229 in 71% 

yield and 87.5:12.5 e.r. (Table 25, entry 1). Changing the C3 aromatic substituent to 4-methoxyphenyl, 

as demonstrated with (R)-L11b, did little to change the yield or enantiopurity of 229, indicating that 

any electronic changes made at this position may be too remote to have any significant impact (Table 

25, entry 2). Substitution of R1 with an electron-withdrawing fluorine substituent through (R)-L11c 

reduced the enantiomer ratio slightly (84:16 e.r.), and a similar reduction was observed for (R)-L11d 

(R1 = Ph), (78:22 e.r.) (Table 25, entry 3–4). Inclusion of a C6-methyl group, demonstrated through 

(R)-L11f, was detrimental to the reaction and pyrrole 229 was not formed at all (Table 25, entry 5).  

 

Table 25: Evaluation of ligands for the hydroheteroarylation of styrene with a pyrrole substrate. 
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4.1.4 Synthesis and evaluation of cyclohexyl-fused SPINOL-based ligands 

Having synthesised and evaluated ligands (R)-L11a–f based upon 3,3’-diaryl-SPINOLs, 

interest turned to another recent report on the catalytic enantioselective synthesis of SPINOL-based 

systems. In 2018, Ding and co-workers described a protocol where cyclohexyl-substituted enones of 

type 281 were exposed to a chiral Ir(I) catalyst under a high pressure of hydrogen (Scheme 110).314 This 

delivered ketones of type 282 with very high enantioselectivity and as single diastereomers. 

Spirocyclisation of 282, mediated by TiCl4, followed by demethylation, delivered cyclohexyl-fused 

SPINOL systems 283 in high yield and with excellent enantiospecificity. The enantiospecificity of the 

process is noteworthy as ketone 282 possesses epimerisable stereocentres, precluding the use of 

Bronsted acids for this transformation.314 

 

Scheme 110: Synthesis of cyclohexyl-fused SPINOL systems via Ir(I)-catalysed enantioselective hydrogenation and 

spirocyclisation. 

In an attempt to reproduce this methodology, aldehyde 284 was condensed with cyclohexanone 

to afford 281 in 87% yield (Scheme 111). However, exposure of 281 to the conditions reported by Ding 

and co-workers, under a high pressure of hydrogen (50 atm), failed to promote any conversion to 282, 

and only starting enone 281 was recovered. The reason for the lack of reactivity of 281 is unclear given 

that the experimental set-up was as close to that of Ding and co-workers as it could be. 

 

Scheme 111: Reagents and conditions: (i) Cyclohexanone, NaOH, EtOH:H2O (1:1), 0 °C to r.t., 16 h; (ii) [Ir(S)-t-Bu-

PHOX]BARF (1 mol%), H2 (50 atm), CH2Cl2, r.t., 6 h. 
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Whilst the enantioselective conversion of 281 to 282 is highly desirable, the reaction was 

irreproducible. Thus, attention turned to a classical synthesis of cyclohexyl-fused SPINOL 283 (Scheme 

112). The synthesis of enantiopure SPINOL-system 289 was first reported by Venugopal et al. in 2004 

and involved the chiral resolution of racemic SPINOL-unit 283 via derivatisation with (R)-(-)-

menthylchloroformate.361 Accordingly, the synthesis began as often seen for SPINOLs; condensation 

of m-anisaldehyde 285 with cyclohexanone afforded 286 in 81% yield. Reduction of enone 286 did not 

proceed with Pd/C and hydrogen, however, the more reactive combination of Raney-nickel under an 

atmosphere of hydrogen afforded 287 in 93% yield (2:1 d.r.). Next, bromination was performed using 

a different protocol to Venugopal et al.: treatment of 287 with N-bromosuccinimide and a catalytic 

quantity of 1 M aq. HCl afforded bromide 282 in 74% yield.311 Although spirocyclisation of 282 was 

reported to give 288 in 67% yield,361 reproduction of these conditions only gave 288 in 31% yield. A 

range of other Lewis and Bronsted acids were evaluated for this transformation (BF3·OEt2,313 

H3[P(W3O10)4]·H2O,310,312 Eaton’s reagent362), but all failed to deliver the target spirocycle 288. 

Interestingly, spirocyclisation of syn-282 does not occur under Lewis acid catalysed conditions;314 a 

proton source is required in order to epimerise the syn-diastereomer to the anti-diastereomer prior to 

cyclisation. This provides a rationale for the formation of 288 as a single diastereomer. The synthesis 

continued with exposure of 288 to boron tribromide to give racemic SPINOL 283 in 97% yield (Scheme 

112). The chiral resolution of 283 with (R)-(-)-menthyl chloroformate followed, affording (S)-289 and 

(R)-289 in 21% and 25% yield respectively, after recrystallisation and flash column chromatography. 
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Scheme 112: Reagents and conditions: (i) Cyclohexanone, NaOH, EtOH:H2O (1:1), 0 °C to r.t., 16 h; (ii) Raney-Nickel®, H2 

(1 atm), acetone, r.t., 16 h; (iii) NBS, 1 M aq. HCl (cat.), acetone, 0 °C, 10 min; (iv) Polyphosphoric acid, 105 °C, 16 h; (v) 

BBr3, CH2Cl2, -78 °C to r.t., 16 h; (vi) NaOH, TBAB, (R)-(-)-menthyl chloroformate, H2O:CHCl3 (1:1), 0 °C to r.t., 10 min.  

Derivatisation of the cyclohexyl-fused SPINOL system 289 began with the cross-coupling of 

mesitylboronic acid and bromide (S)-289 under Pd(0)-catalysed conditions (Scheme 113A). Subsequent 

hydrolysis of the menthyl group delivered (S)-290 in 74% yield. SPINOL (S)-290 was coupled to 

ferrocene-based chlorophosphine 241 to yield bisphosphonite ligand (S)-L13a in 17% yield. Access to 

(R)-291 was achieved by hydrolysis of the menthyl group of (R)-289, followed by hydrogenolytic 

cleavage of the C-Br bond using Pd/C, hydrogen, and acetic acid (89% yield) (Scheme 113B).314 Access 

to (R)-L13b was achieved using the standard protocol in 29% yield.  
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Scheme 113: Reagents and conditions: (A): (i) Pd(PPh3)4 (6 mol%), (2,4,6-trimethylphenylboronic acid, Na2CO3, 

DME:H2O:EtOH (5:2:1), 100 °C, 16 h. (ii) KOH, H2O:EtOH:THF (1:1:1), reflux, 1 h; (iii) 241, Et3N, DMAP, THF:CH2Cl2 

(2:1), 0 °C to r.t., 16 h; (B): (i) KOH, H2O:EtOH:THF (1:1:1), reflux, 1 h; (ii) Pd/C, AcOH, MeOH, H2 (1 atm); (iii) 241, Et3N, 

DMAP, THF:CH2Cl2 (2:1), 0 °C to r.t., 16 h. 

Bisphosphonite ligands (S)-L13a and (R)-L13b were next evaluated in the 

hydroheteroarylation reactions. Employment of (S)-L13a (R = Mes) as the ligand in the 

hydroheteroarylation of styrene 194a with furan 230 delivered alkylated furan 231a in 87% yield and 

9:91 e.r. (Table 26, entry 1). This was lower than the 94:6 e.r. afforded by (R)-L9a bearing mesityl 

groups but no fused cyclohexyl ring. A very similar enantiomeric ratio was observed when ligand 

(R)-L13b was utilised (R = H), indicating that for this particular ligand scaffold, aromatic substitution 

at the C4-position of the SPINOL has very little effect on the enantioselectivity of the reaction 

(Table 26, entry 2). 

 

Table 26: Evaluation of ligands for the hydroheteroarylation of styrene with a furan substrate. 
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In the case of hydroheteroarylation of styrene 194a with pyrrole derivative 228, (S)-L13a 

bearing a C4 mesityl group delivered alkylated pyrrole 229 in good yield, but with poor 

enantioselectivity (86% yield, 35:65 e.r.) (Table 27, entry 1). However, in the case of (R)-L13b (R = H), 

pyrrole 229 was obtained in 89:11 e.r. (Table 27, entry 2), giving a minor improvement to the 

enantiomeric ratio afforded by (R)-L9c (88:12 e.r.) (vide supra, Table 22, entry 3). This result provides 

further areas of evaluation, including the possibility of modifying the ring size from cyclohexyl to 

cyclopentyl.363 The ring size has a significant effect on the dihedral-angle of the SPINOL unit and an 

interesting correlation between dihedral angle and enantioselectivity may be made.363 Work is ongoing 

at Bristol to continue the synthesis and evaluation of chiral ligands for the transformations described in 

this chapter. 

 

Table 27: Evaluation of ligands for the hydroheteroarylation of styrene with a pyrrole substrate. 

4.2 Summary and conclusions 

Significant investigations have been undertaken to build upon the promising 

enantioselectivities reported by Cooper for the Ir(I)-catalysed hydroheteroarylation of styrene with 

furan and pyrrole-based substrates. A diverse library of ferrocene-based bisphosphonite ligands bearing 

chiral SPINOL moieties have been synthesised according to various classical resolution and catalytic 

enantioselective protocols, and their impact upon the yield and enantioselectivity of styrene 

hydroheteroarylation has been evaluated. SPINOL-based ligands bearing 3,3-diaryl substitution were 

found to reduce the enantioselectivity of these processes compared to unsubstituted systems. However, 

cyclohexyl-fused SPINOL-based ligands may provide an opportunity to increase the enantioselectivity 

of styrene hydroarylation with pyrrole substrates. Further fine-tuning of the ligand is being undertaken 

at Bristol and this may allow efficient asymmetric hydroheteroarylation of a wide range of alkenes with 

furan and pyrrole-based substrates.
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Chapter 5 – Iridium-catalysed hydroarylation of 1,1-disubstituted alkenes 

5.1 The pharmaceutical relevance of all-carbon quaternary centres 

 

Figure 4: Commercial pharmaceutical agents bearing quaternary carbon stereocentres. 

 All-carbon quaternary centres are prevalent structural features in many natural products and 

synthetic pharmaceutical or agrochemical agents (Figure 4).157 Representative examples include picato 

(a derivative of (+)-ingenol364), used for the treatment of actinic keratosis,365 verapamil, employed for 

the treatment of high blood pressure,366,367 and fenbuconazole, an antifungal pesticide.368 Many existing 

methods to install non-racemic quaternary stereocentres are derived from the chiral pool, highlighting 

the challenge posed by the de novo chemical synthesis of these structural features.369-373 Installation of 

quaternary centres is challenging due to steric factors which may cause poor orbital overlap between 

the reacting partners. Additionally, in the case of enantioselective methodologies, defining the approach 

of a chiral catalyst is inherently more complex. In the following section, a selection of state-of-the-art 

methodologies for the challenging construction of all-carbon quaternary centres, where a benzylic C-C 

bond is created, will be summarised. 

5.2 Existing metal-catalysed strategies to prepare quaternary benzylic centres 

Existing transition-metal-catalysed methodologies for the preparation of benzylic quaternary 

centres can be divided into distinct categories. One of these includes nucleophilic substitution of allylic 

electrophiles (Scheme 114A).374-378 Depending upon the choice of either racemic or enantioenriched 

electrophiles, these processes are enantioselective or enantiospecific. For example, Kobayashi and co-

workers demonstrated the allylic substitution of enantioenriched allylic picolinates with phenylcopper 

reagents, to furnish quaternary benzylic stereocentres with excellent enantiospecificity.379 In 2017, 

Watson and co-workers reported the Ni(0)-catalysed construction of quaternary stereocentres from 

allylic pivalates and arylboroxines.380 The methodology proceeded in high yield and with moderate to 

excellent enantiospecificity. 

 The cross-coupling of enantioenriched alkyl units is also a feasible strategy to generate 

enantioenriched quaternary benzylic stereocentres (Scheme 114B). Aggarwal and co-workers 

demonstrated the cross-coupling of enantioenriched alkyl boronic esters with aryl lithium species, in 
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conjunction with NBS as the oxidant.234-236 This methodology affords quaternary benzylic stereocentres 

with high enantiospecificity. In 2016, Watson and co-workers reported the enantiospecific Ni(0)-

catalysed cross-coupling of enantioenriched benzylic acetate electrophiles with aryl boronic acids to 

deliver the desired quaternary benzylic stereocentres.246 

 

Scheme 114: Methodologies for the construction of quaternary benzylic stereocentres.  

 Although they are highly effective, the strategies discussed in Scheme 114A–B often have low 

atom economy due to the synthesis of prefunctionalised substrates. Conversely, enantioselective 

hydroarylation of simple 1,1-disubstituted alkenes, via C-H oxidative addition of arenes, would provide 

an atom economical method for the construction of enantioenriched benzylic stereocentres (Scheme 

114C). In 2017, Ellman and co-workers reported the Rh(I)-catalysed hydroarylation of ethyl 

methacrylate with pyridines 292 to afford 293a–b in excellent yield (Scheme 115).298 In the same year, 

Ellman and co-workers extended their methodology to include benzimidazoles.297 Although the 

methodology delivered quaternary benzylic centres, it was limited to electronically activated alkenes, 

in combination with specific heteroaromatics.297,298 Additionally, the generation of stereocentres was 

not reported. As a result, methodology that affords quaternary stereocentres with high enantioselectivity 

via hydroarylation of 1,1-disubstituted alkenes would be of high significance. 

 

Scheme 115: Hydroarylation of electronically biased 1,1-disubstituted alkenes with pyridines. 



Chapter 5 – Iridium-catalysed hydroarylation of 1,1-disubstituted alkenes 

 

120 

 

5.3 Iridium-catalysed hydroarylation of 1,1-disubstituted alkenes 

5.3.1 Reaction discovery 

In Chapter 3 (Section 3.3.5, Scheme 88A), the Ir(I)-catalysed hydroarylation of styrene with 

benzamide derivatives was discussed.300 In order to expand the scope of the hydroarylation 

methodologies developed at Bristol to enable the construction of quaternary benzylic stereocentres, Dr. 

Giacomo Crisenza evaluated the hydroarylation of 1,1-disubstituted alkenes.302 Accordingly, 

hydroarylation of alkene 294a with benzamide 223a utilising an Ir(I)/dFppb catalyst system was 

explored, but alkylated benzamide 295a was not observed (Scheme 116). In Chapter 3 (Section 3.3.5, 

Scheme 90), the synthesis of bisphosphite ligands (e.g. (rac)-L8f) was discussed for the efficient 

hydroarylation of monosubstituted alkenes.303 Subsequently, when Dr. Grélaud evaluated ligand 

(rac)-L8f in the Ir(I)-catalysed hydroarylation of α-methylstyrene 294a with 223a, alkylated benzamide 

295a was afforded in 51% yield (Scheme 116). This important result enabled Phillippa Cooper to 

evaluate a range of bisphosphite ligands, finding that 2,2’-biphenol-derived ligand (rac)-L8d delivered 

benzamide 295a in 67% yield.309 

 

Scheme 116: Ir(I)-catalysed hydroarylation of α-methylstyrene with a benzamide derivative. a Reaction conducted by Dr. 

Giacomo Crisenza. b Reaction conducted by Dr. Simon Grélaud. c Reaction conducted by Phillippa Cooper. 

5.3.2 Scope of the hydroarylation of 1,1-disubstituted alkenes 

Upon identification of an efficient catalyst system to afford quaternary benzylic stereocentres 

using benzamide 223a and Ir(I)/(rac)-L8d, investigations into the scope of the hydroarylation reaction 

were undertaken in conjunction with Cooper (Table 28). Exposure of methoxy-substituted benzamide 

223b to 1,1-disubstituted styrene 294b (R2 = 4-PhC6H4), utilising a catalyst system derived from 

Ir(I)/(rac)-L8d, afforded 295b in 52% yield (Table 28A). The scope with respect to aromatic and 
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aliphatic alkene coupling partners was also evaluated. Exposure of 3-methoxy-substituted styrene 294c 

to the catalytic protocol afforded benzamide 295c in 70% yield. Conversely, only low yields were 

possible for the hydroarylation of aliphatic alkene 294d to afford benzamide 295d (22% yield) (Table 

28B). Here, Cooper proposed that Ir-catalysed alkene isomerisation of 294d occurred prior to 

hydroarylation, and this was supported by the isolation of benzamide 295d’ containing a tertiary 

benzylic stereocentre in 36% yield.309,381,382 Conversely, alkene 294e cannot isomerise to become a 

monosubstituted alkene in the same way as 294d due to the presence of the phenyl substituent. 

Accordingly, hydroarylation of alkene 294e with benzamide 223a avoided the undesired formation of 

side-products, and benzamide 295e was delivered in 57% yield (Table 28A). 

 

Table 28: Representative scope of the hydroarylation reaction of 1,1-disubstituted alkenes with benzamide substrates. 

a Reaction conducted by Phillippa Cooper. 

 Having evaluated benzamide substrates, the reaction scope for the hydroarylation of 1,1-

disubstituted alkenes with heteroaromatic coupling partners was investigated (Table 29). Accordingly, 

hydroheteroarylation of styrene 294a with N-Me substituted pyrrole 296 afforded 297a in 87% yield. 

Aliphatic alkenes 294e–f were also tolerated, and hydroheteroarylation of (S)-(-)-limonene 294f with 

pyrrole 296 delivered 297b in 64% yield. Similarly, hydroheteroarylation of 294e proceeded in good 

yield to deliver alkylated pyrrole 297c in 72% yield. In all cases, hydroarylation at the C2 position of 

pyrrole 296 occurred over C4, and dialkylation was not observed. Alkene hydroheteroarylation was 

also feasible with pyrrole 228, bearing a urea directing group, to deliver C2-alkylated pyrroles 297d–e. 

For example, hydroarylation of 294a with pyrrole 228 afforded alkylated pyrrole 297d in 72% yield. 

Hydroheteroarylation of aliphatic alkene 294e was also efficient, affording pyrrole 297e in 61% yield. 
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In the case of hydroheteroarylation of alkene 294e, optimisation of the reaction enabled fewer 

equivalents of alkene to be used compared to other examples (150 mol% vs. 400 mol% in most cases). 

 

Table 29: Scope of the hydroheteroarylation reaction of 1,1-disubstituted alkenes with pyrrole substrates. a Reaction conducted 

by Phillippa Cooper. b 150 mol% alkene employed. 

Next, expansion of the classes of heteroaromatic coupling partners continued through 

evaluation of thiophene derivatives bearing C2-directing groups (Table 30). Initial studies involving 

thiophene derivative 298 and styrene 294a indicated that a reaction temperature of 120 °C was 

insufficient to afford C3-alkylated pyrrole 299a. Consequently, the reaction temperature was increased 

to 140 °C, and, under these conditions, 299a was obtained in 60% yield. Evaluation of aliphatic alkene 

coupling partners (294e–f) afforded alkylated thiophenes 299b and 299c in good yield (54–86%). 

Interestingly, if a C3-directing group was employed on the thiophene derivative, the corresponding C2-

alkylated thiophene was not observed. 
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Table 30: Scope of the hydroheteroarylation reaction of 1,1-disubstituted alkenes with thiophene substrates. 

 With the evaluation of benzamide, pyrrole and thiophene derivatives as heteroaromatic 

coupling partners concluded (Tables 28–30), attention turned to furan-based substrate 230 (Table 31). 

Studies on furan 230 were undertaken by Cooper and the representative scope of the alkene 

hydroheteroarylation reaction is summarised in Table 31.309 Exposure of furan 230 to styrene 294a 

afforded alkylated product 300a in excellent yield (94%). Electron-poor styrene 294g was also 

tolerated, and furan 300b was delivered in 94% yield. Alkylated furan 300c could be accessed from 

aliphatic alkene 294d and furan 230 in 77% yield. Importantly, hydroheteroarylation of α-ethylstyrene 

294h proceeded smoothly to deliver furan 300d, bearing a quaternary stereocentre, in 77% yield. The 

formation of the all-carbon quaternary stereocentre of 300d is especially significant, as this formed the 

basis for investigations towards an asymmetric protocol (vide infra, Section 5.6).  

 

Table 31: Representative scope of the hydroheteroarylation reaction of 1,1-disubstituted alkenes with furan substrates. All 

reactions carried out by Cooper. 
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5.4 Mechanistic studies 

Following the development of a protocol for the hydroarylation of 1,1-disubstituted alkenes, 

studies into the mechanism of the reaction were undertaken. The deuterium labelling and 13C kinetic 

isotope effect studies shown in Scheme 117A–B were performed by Phillippa Cooper and are 

summarised to aid discussion of subsequent sections of this Chapter.  

Subjection of alkene deuterio-294b to the Ir(I)-catalysed hydroarylation conditions with furan 

230 afforded deuterio-300e in 90% yield (Scheme 117A).309 1H and 2H NMR analysis of deuterio-300e 

revealed deuterium incorporation in both methyl groups (1.41 D), as well as minor incorporation of 

deuterium at the C4 position of the furan (0.21 D). Incorporation of deuterium at C4 indicates that the 

carbonyl directing group also enables C-H oxidative addition of the Ir(I)-catalyst into C4-H of furan 

230, although to a lesser extent than C2-H. 1H and 2H NMR analysis of the recovered alkene deuterio-

294b also demonstrated a scrambling of deuterium labels. The scrambling of the deuterium labels in 

furan deuterio-300e and alkene deuterio-294b are indicative of reversible C-H oxidative addition and 

reversible alkene hydrometallation. 

Following deuterium labelling experiments, natural abundance 13C kinetic isotope effects 

(KIEs) were determined for the alkene coupling partner (294b) (Scheme 117B). The method used for 

the determination of 13C KIEs at natural abundance was developed by Singleton and Thomas in 1995, 

whereby the reaction of interest was stopped at high conversion, and unreacted starting material was 

isolated and analysed by 13C NMR spectroscopy.308,383 This involved integration of the carbon signals 

of interest against a carbon signal that can be assumed to not participate in the reaction mechanism. The 

recovered starting material would be enriched in the heavier, slower reacting isotope (i.e. 13C). Thus, 

integration of the carbon signals of the original and unreacted starting materials enables the KIEs 

relative to the standard to be measured. 
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Scheme 117: (A) and (B): Mechanistic studies undertaken by Cooper. (C): Investigations into the origin of the KIEs at C1 and 

C3 of alkene 294b. Reagents and conditions: (i) MsCl, DMAP, Et3N, CH2Cl2, 0 °C to r.t., 16 h. 

Accordingly, experiments were conducted to determine the 13C KIEs, beginning with 

hydroarylation of alkene 294b with furan 230 under the conditions outlined in Scheme 117B. The 

reaction was stopped after 6 h to enable facile recovery of alkene 294b. Recovered alkene 294b was 

analysed by 13C NMR spectroscopy, and carbons C1–C4 were integrated against C8, for which the KIE 

was assumed to be 1.000. Significant KIEs were observed at C2 (1.013) and C1 (1.035), whilst an 

inverse isotope effect was observed at C3 (0.981). When alkene 294b was subjected to the catalytic 

protocol in the absence of furan 230, KIEs were observed at C1 (1.020) and C3 (0.984). Cooper prepared 

alkene 294b by methylenation of the corresponding ketone, and, it was proposed that isotopic depletion 

at C1 occurred during synthesis of 294b. Ir(I)-catalysed isomerisation of alkene 294b subsequently 

reverts the level of 13C at C1 and C3 back to an approximately even distribution. As the kinetic isotope 

effects are determined by comparing the distribution of 13C in the recovered alkene 294b and the starting 

alkene 294b, this appears as a positive isotope effect at C1 and a negative isotope effect at C3 (Scheme 

117B). 
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In order to corroborate the origin of the kinetic isotope effect at C1 and C3, alkene 294b was 

synthesised according to a protocol that enabled C1 and C3 to have the same origin (Scheme 117C). 

Therefore, alcohol 301 (prepared from the corresponding ester and MeMgBr) was treated with 

methanesulfonyl chloride to afford elimination product 294b in 50% yield. A comparison between the 

relative ratio of 13C at C1:C3 was made for 294b. This revealed that the ratio of 13C at C1:C3 for 294b 

prepared through methylenation is different to the ratio of 13C at C1:C3 for 294b prepared through an 

addition-elimination sequence (0.939 vs. 0.995). This study provided additional evidence for the origin 

of the KIEs at C1 and C3 detailed in Scheme 117B. 

The kinetic isotope effect at C1 of 294b could only be attributed in-part to alkene synthesis, 

and a significant KIE was still observed at this position (~0.015, obtained by subtracting the KIE of 

1.020 from 1.035). Taken in combination with the isotope effect observed at C2 (1.013), it was proposed 

that both C1 and C2 are involved in the first irreversible step of the catalytic cycle. Therefore, the 

observed KIE values indicate that carbometallation is the first irreversible step. 

The mechanistic studies undertaken in conjunction with Cooper led to the catalytic cycle 

proposed in Scheme 118. The cycle begins with formation of the active Ir(I) catalyst I from 

[Ir(cod)2]BARF and (rac)-L8d. Coordination of the carbonyl directing group of furan 230 facilitates 

oxidative addition of I into C2-H of furan 230 to give II. Coordination of alkene 294 delivers 

intermediate III, from which reversible hydrometallation to species IV and V occurs. Although C-C 

reductive elimination from V could occur to deliver 300, the 13C kinetic isotope effects are indicative 

that both C1 and C2 are involved in the first irreversible step.303 Thus, irreversible carbometallation of 

III to give VI is proposed, followed by C-H reductive elimination to afford alkylated furan of type 300. 

This is in contrast with the proposed mechanism for the enantioselective hydroarylation of styrenes to 

form tertiary benzylic stereocentres, in which carbometallation was found to be reversible, and C-H 

reductive elimination was proposed to be the first irreversible step (Section 3.3.5, Scheme 91).303 
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Scheme 118: Proposed catalytic cycle for the hydroheteroarylation of 1,1-disubstituted alkenes. 

5.5 Investigations into the importance of the bisphosphite ligand 

5.5.1 Synthesis of bisphosphite ligands 

Although the mechanistic studies discussed in Section 5.4 were useful for gaining insight into 

the mechanism of the Ir(I)-catalysed hydroarylation of 1,1-disubstituted alkenes, a deeper 

understanding of the role of the bisphosphite ligand (rac)-L8d was sought. Accordingly, structurally 

varied bisphosphite ligands (rac)-L8a–c were synthesised (Scheme 119).303 Bisphosphite ligand 

(rac)-L8a, bearing no substitution at C3, C5 or C6, was prepared in 63% yield by reaction of biphenol 

302 with PCl3, followed by coupling with another equivalent of 302 (Scheme 119A). The synthesis of 

(rac)-L8b–c began with a retro-Friedel-Crafts reaction of t-Bu-substituted biphenol 303 to afford 

dealkylated biphenol 304 in 80% yield (Scheme 119B).384,385 Subsequent reaction of biphenol 304 with 

PCl3 and 302 afforded bisphosphite ligand (rac)-L8b, bearing methyl groups at C5 and C6, in 77% 

yield. 

Upon completion of the synthesis of (rac)-L8b, methylation of 304 with methyl iodide 

followed, giving methylated 305 in 65% yield (Scheme 119B). Subsequent reaction of 305 with 

paraformaldehyde under acidic conditions afforded an intermediate benzyl chloride; this was reduced 
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with LiAlH4 to give C3-methyl substituted biphenol derivative 306 in quantitative yield.385 

Demethylation of 306 to give 307 was achieved with boron tribromide (66% yield), and reaction of 307 

with PCl3 and biphenol 302 delivered bisphosphite ligand (rac)-L8c, bearing methyl groups at C3, C5 

and C6, in 54% yield.  

 

Scheme 119: Synthesis of bisphosphite ligands. Reagents and conditions: (B): (i) AlCl3, MeNO2, benzene, 0 °C, 1 h; (ii) 

K2CO3, MeI, DMF, 80 °C, 16 h; (iii) paraformaldehyde, H3PO4 (85 wt.% in H2O), conc. HCl, AcOH, r.t., 90 °C, 48 h; (iv) 

LiAlH4, THF, 0 °C to reflux, 4 h; (v) BBr3, CH2Cl2, 0 °C, 1 h; (vi) 2,2’-biphenol (302), PCl3, 85 °C, 2 h, then 307, DMAP, 

Et3N, THF, 0 °C, 16 h; (vii) 2,2’-biphenol (302), PCl3, 85 °C, 2 h, then 304, DMAP, Et3N, THF, 0 °C, 16 h. 

 Following the synthesis of bisphosphite ligands (rac)-L8a–c, they were evaluated in the Ir(I)-

catalysed hydroheteroarylation of styrene 294b with furan 230 (Table 32A). When employing ligand 

(rac)-L8d (R1 = Me, R2 = t-Bu), 300e was formed in 85% yield (Table 32A, entry 1). Replacement of 

the C3-t-Bu group of ligand (rac)-L8d for a C3-methyl group ((rac)-L8c) only reduced the efficiency 

of the reaction slightly (76% yield) (Table 32A, entry 2). Removal of the C3 substituent, exemplified 

through ligand (rac)-L8b, significantly reduced the yield (19%) (Table 32A, entry 3). Removal of the 

C5 and C6 methyl groups ((rac)-L8a) diminished the yield of 300e further to 12% (Table 32A, entry 

4). 
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Table 32A and Figure 5B: The effect of the bisphosphite ligand upon the yield of the hydroarylation of a 1,1-disubsituted 

alkene and the associated reaction profile. 

Upon discovery that the C3 substituent of ligands (rac)-L8a–d has a significant effect on the 

yield of the hydroarylation of styrene 294b with furan 230, the reaction profile of the reaction with 

respect to bisphosphite ligands (rac)-L8a–d was evaluated (Figure 5B). To this end, the yield of 300e 

was measured at various time intervals for each ligand (rac)-L8a–d. The reaction profile in Figure 5B 

indicates that the rate of the reaction is fastest with ligand (rac)-L8d, and the reaction was almost 

complete in 6 hours (~70% yield). For ligand (rac)-L8c, the rate of the reaction is slower, and 12 hours 

were required in order to achieve a similar yield of 300e (compared to (rac)-L8d after 6 hours). Ligands 

(rac)-L8a–b, bearing no substitution at C3, delivered low yields of 300e after 12 hours (12% and 19% 

yield respectively). The results shown in Table 32A and Figure 5B indicate the significance of the C3 

substituent of bisphosphite ligands (rac)-L8a–d upon the rate of hydroarylation of styrene 294b with 

furan 230. Subsequently, computational insight into the importance of the C3 substituent of the ligand 

was undertaken in collaboration with Prof. Matthew Grayson. 
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The first irreversible step of the catalytic cycle shown in Scheme 118 for the hydroarylation of 

styrene 294b with furan 230 was proposed to be carbometallation. Accordingly, the carbometallation 

event involving simplified intermediate I to afford iridacycle II with bisphosphite ligands (rac)-L8a–c 

was modelled by Grayson and co-workers (Table 33).i First, the relative reaction barrier for the 

formation of transition state I’ from I was calculated with respect to the involvement of the directing 

group. This was achieved by fixing the DG-Ir(III) distance to either 2.3 Å or 4.5 Å. It was shown that 

coordination of the directing group to the Ir(III) centre (i.e. a distance of ~2.3 Å) significantly lowers 

the barrier for the formation of transition state I’ for ligands (rac)-L8a–c (Table 33, entry 1–3). Most 

significantly, the relative barrier for the formation of I’ decreases from (rac)-L8a (5.6 kcal mol-1) to 

(rac)-L8c (0 kcal mol-1). Therefore, the relative reaction barrier for the carbometallation of I to II when 

employing ligands (rac)-L8a–c scales with the yield of 300e. 

 

Table 33: The effect of the bisphosphite ligand upon the relative reaction barrier for the formation of transition state I’ from 

intermediate I. 

 

 

i At the time of writing, the computational calculations for ligand (rac)-L8d had not been performed. 
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Following the calculation of the relative barrier for the formation of transition state I’ from I, 

the transition states of type I’ for the carbometallation step were superimposed for ligands (rac)-L8a–

c. Through this, it was shown that the Ir(III) reaction centre in each of the three transition states is nearly 

identical. However, there were differences between the conformation of ligands (rac)-L8a–c in each of 

the transition states. Analysis of the dihedral angles of ligands (rac)-L8a–c in intermediate I and 

transition state I’ revealed that whilst the left and right dihedral angles do not change significantly 

between I and I’, the central dihedral angle does (Table 34, entry 1–6). 

 

Table 34: The effect of the bisphosphite ligand substitution upon the right, central and left dihedral angles. 

 Calculating the difference in the dihedral angle between intermediate I and transition state I’ 

revealed a linear relationship with the relative reaction barrier for carbometallation, and hence the yield 

of furan 300e (Table 34, entry 1–3). Therefore, the reaction barrier for the carbometallation event (and 

thus the yield of furan 300e) is determined by the extent to which the conformation of the ligand is 

predistorted in intermediate I. For example, with ligand (rac)-L8c (R1 = R2 = Me), the optimum dihedral 

angle in intermediate I (106.6 °) is closest to the optimum dihedral angle in the transition state I’ 

(101.1 °) (Table 34, entry 4 and 6). Hence, only a small distortion (-5.5 °) is required from intermediate 

I to achieve the desired geometry of transition state I’, resulting in a lower reaction barrier (Table 35, 

entry 3). Conversely, with ligand (rac)-L8a (R1 = R2 = H), the difference in the optimum dihedral angle 

of intermediate I and transition state I’ is significantly larger (13.9 °), resulting in a higher reaction 

barrier (Table 35, entry 1). These computational calculations, in conjunction with the reaction profile 

experiments in Figure 5B, highlight the importance of the C3-alkyl substituent of the bisphosphite 

ligand and brought the mechanistic studies to a conclusion.  

 

Table 35: The effect of the difference in dihedral angle between the transition state I’ and intermediate I upon the relative 

barrier to form I’ and thus the yield of 300e depending upon the ligand. 
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5.6 Investigation into the asymmetric hydroarylation of 1,1-disubstituted alkenes 

After investigations into the mechanism of the hydroarylation reaction were concluded, an 

asymmetric variant of the reaction was sought for the enantioselective installation of challenging 

quaternary benzylic stereocentres (Table 36). Phillippa Cooper and undergraduate student Ellie Lester 

evaluated bisphosphite ligand (S)-L8d for the transformation involving the hydroheteroarylation of 

styrene 294h with furan 230.309,386 When employing bisphosphite ligand (S)-L8d, alkylated furan 300d 

was obtained in 57% yield (60:40 e.r.) (Table 36A, entry 1). However, changing to SPINOL-derived 

bisphosphonite ligand (R)-L9a afforded 300d in 71% yield (89:11 e.r.) (Table 36A, entry 2). A small 

increase in the enantiopurity of 300d was achieved through C4-unsubstituted ligand (R)-L9c 

(72% yield, 90:10 e.r.), indicating that the substituent at C4 does not have a significant impact on the 

enantioselectivity of the process (Table 36A, entry 3). Ligand (S)-L9h, bearing a bulky C4-di-tert-

butyl-substituted arene afforded 300d in 7% yield with increased enantiopurity (8:92 e.r.) (Table 36A, 

entry 4). The irreproducibility of the yield was proposed to be the result of adventitious water or oxygen 

and investigations into this are being undertaken at Bristol. Employing ligand (R)-L9i afforded 300d 

with similar levels of enantiopurity to (R)-L9a (90:10 e.r. vs. 89:11 e.r.) (Table 36A, entry 5 vs. entry 

2). Reducing the temperature of the reaction when utilising (R)-L9a afforded 300d with diminished 

efficiency (52% yield) and marginally higher enantiopurity (91.5:8.5 e.r.) (Table 36A, entry 6). 

 

Table 36: Chiral bisphosphonite ligand evaluation for the enantioselective alkene hydroarylation of a 1,1-disubstituted alkene 

with a furan substrate. a Reaction conducted by Phillippa Cooper. b Reaction conducted at 85 °C. Enantiomeric ratios 

determined by chiral SFC analysis. 
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 Following the evaluation of the SPINOL-derived chiral ligands in Table 36A for the 

hydroarylation of styrene 294h with furan 230, ligands (R)-L11a-f, bearing substitution at C3, C4 and 

C6, were assessed in the catalytic protocol (Table 36B). Ligand (R)-L11a (R1 = Ph, R2 = R3 = H) 

afforded 300d in 60% yield and 92:8 e.r. (Table 36, entry 1). An increase in the enantiopurity of 300d 

could be achieved by reducing the reaction temperature, although the yield was reduced (20%, 94.5:5.5 

e.r.) (Table 36, entry 2). Changing the R1 substituent to 4-methoxyphenyl, shown through (R)-L11b, 

did not significantly change the yield or enantiopurity of 300d (67% yield, 90.5:9.5 e.r.) (Table 36, 

entry 3). A reduction in the enantioselectivity of the process occurred with ligands (R)-L11c–d bearing 

electron-withdrawing substituents at C4 (33–46% yield, 85:15 e.r.) (Table 36, entry 4–5). SPINOL 

ligand (R)-L11f, which has a C6-methyl group, significantly reduced the yield and enantiopurity of 

300d (31% yield, 64:36 e.r.) (Table 36, entry 6). No further improvements were made upon the 

enantioselectivity afforded by (R)-L11a for the hydroarylation of styrene 294h with furan 230. Studies 

are ongoing at Bristol to identify the optimal chiral ligand for the enantioselective Ir(I)-catalysed 

hydroarylation of 1,1-disubstituted alkenes. Should an asymmetric protocol be developed, the 

methodology would provide a significant advancement in the field of hydroarylation. Currently, highly 

enantioselective hydroarylations of 1,1-disubstituted alkenes to install quaternary stereocentres have 

not been reported. 

5.7 Conclusions 

A first in class Ir(I)-catalysed hydroarylation of 1,1-disubstituted alkenes to install challenging 

quaternary centres has been achieved employing a bisphosphite ligand (Scheme 120). The scope of the 

reaction with respect to a range of heteroaromatic coupling partners was evaluated, including furans, 

pyrroles, thiophenes and benzamides (Scheme 120A). The desired products, bearing quaternary centres, 

were formed in high yield, and with excellent regioselectivity. The methodology also exhibited broad 

scope with respect to the alkene component. Important insights into the mechanism of the reaction were 

gained, and an understanding of the impact of the bisphosphite ligand structure upon the 

carbometallation step was achieved through computational modelling. Investigations into an 

asymmetric protocol have been undertaken with promising results; ferrocene-based SPINOL ligands 

were shown to deliver the desired furan products with high enantioselectivity (Scheme 120B). Future 

work at Bristol will focus on the development of ligands to further improve the enantioselectivity and 

scope of the novel process. The work undertaken in this chapter significantly expands the classes of 

alkene that can be used in the Ir(I)-catalysed hydroarylation platform developed at Bristol. 
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Scheme 120: Summary of the research described in Chapter 5.
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Chapter 6 – Catalyst-controlled diastereoselective hydroarylation of alkenes 

6.1 The pharmaceutical relevance of molecules bearing contiguous stereocentres 

The development of methodologies that enable the enantioselective and diastereoselective 

installation of complex stereochemical motifs, such as contiguous (i.e. adjacent) stereocentres, is of 

high value to synthetic and medicinal chemistry. This is evidenced by the prevalence of such structural 

features throughout pharmaceutical agents (Scheme 121). These include voriconazole,387-389 an anti-

fungal agent, and mixanpril, a drug candidate used to decrease hypertension.390 Existing synthetic routes 

to these molecules demonstrate the challenges in preparing enantiomerically and diastereomerically 

pure contiguous stereocentres.389,391 

 

Scheme 121: Pharmaceutical agents containing contiguous stereocentres and existing routes to synthesise them. (B) Where 

solvents are not present, they are not included in the original report. 
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One synthetic route to voriconazole utilised an enantioselective Cu-catalysed reductive 

coupling of vinyl pyrimidine 309 with ketone 308 to deliver alcohol 310 (Scheme 121A).391-396 The 

desired contiguous stereocentres were installed with high enantioselectivity (97:3 e.r.), although in the 

context of medicinal chemistry the enantiopurity of 310 was not quite sufficient. As a result, following 

hydrogenolysis of chloride 310 to give voriconazole (97:3 e.r.), further enantiomeric enrichment was 

achieved through chiral derivatisation with camphor sulfonic acid to afford 311.397 The subsequent 

enantiopurity of voriconazole was not quoted. Removal of the chiral derivatising agent of 311 under 

basic conditions afforded voriconazole in 76% yield. Despite the excellent enantioselectivity of the Cu-

mediated stereocentre-forming step, the requirement for chiral derivatisation resulted in low atom 

economy for this synthesis. 

Syntheses of mixanpril have frequently utilised chiral auxiliary approaches.390,398,399 One of 

these involved reaction of formaldehyde with the boron enolate of Evans-type auxiliary derivative 312 

in order to form the desired anti-stereochemistry present in 313 (Scheme 121B).390,400 TBS-protection 

of alcohol 313 to give 314 preceded cleavage of the Evans-type auxiliary. Accordingly, treatment of 

314 with hydrogen peroxide and lithium hydroxide afforded 315 in 80% yield. Installation of the 

benzoylthiol group was achieved by a Mitsunobu transform upon 316, followed by acidic cleavage of 

the t-butyl ester to afford mixanpril as a single stereoisomer. Although the chiral auxiliary approach to 

mixanpril enabled the desired stereochemical configuration to be installed with high selectivity, the use 

of an auxiliary reduces the step and atom economy of the process. 

6.2 Methodologies for the construction of contiguous stereocentres 

The following sections will briefly discuss some existing synthetic approaches that enable the 

installation of syn and anti contiguous stereocentres. Discussion will include strategies whereby the 

element of stereocontrol originates from a chiral auxiliary, a chiral substrate, a chiral catalyst, or a 

combination of these. The advantages and drawbacks of each strategy will be highlighted where 

appropriate. 

6.2.1 Synthesis of contiguous stereocentres under chiral auxiliary control 

The use of chiral-pool-derived auxiliaries for the preparation of enantiomerically pure 

compounds began in earnest in the 1980s, and significant developments were made in this area. To 

name but a few, the research groups of Seebach,401,402 Myers,403-405 Corey406,407 and Enders408-410 

successfully developed chiral auxiliaries which have been applied in asymmetric reactions,411-413 such 

as alkylations,414-416 aldol condensations400,417,418 and Diels-Alder reactions.406,419,420 However, the gold 

standard of auxiliaries quickly became a class of chiral oxazolidinone (e.g. 317) developed initially by 

the Evans group in 1981 (Scheme 122A).421,422 One setting in which the Evans-type auxiliary 317 had 

marked success was in diastereoselective aldol reactions to install 1,2-contiguous stereocentres.422-425 
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After facile introduction of the auxiliary to afford 318, treatment with dibutylboron triflate and DIPEA, 

followed by quenching with an aldehyde, delivered syn-320 with exceptionally high diastereocontrol 

(up to 500:1 d.r.). The control provided by the chiral auxiliary in this case was twofold; (a) a strong bias 

was provided for the formation of the (Z)-enolate 319, due to the minimisation of steric interactions 

between the methyl substituent and the benzyl group of the auxiliary in intermediate I, and (b) a strong 

bias was provided for enolate diastereoface selection (II). Whilst this method delivered the syn 

diastereomer syn-320 with ease, accessing the other diastereomer, anti-320, was more challenging due 

to the high preference for the (Z)-enolate (318 to I). Evans and co-workers addressed this through the 

use of magnesium salts as the Lewis acid, and, using this modification, anti-320 could be formed from 

318 with high diastereocontrol (up to 32:1 d.r.) (Scheme 122B).426,427 Cleavage of the auxiliary could 

be achieved utilising a range of reagents.428-430 

 

Scheme 122: Chiral auxiliary-based methodologies to prepare syn and anti-1,2-stereocentres. 

Besides Evans-type auxiliaries, the Myers laboratory has extensively investigated the use of 

pseudoephedrine and related analogues as practical chiral auxiliaries for the construction of 

enantiomerically enriched compounds bearing 1,3-stereocentres (Scheme 123).188,404 Accordingly, the 

synthesis of 1,3-stereocentres was achieved through two iterative diastereoselective alkylation events. 

Acylation of (S,S)-pseudoephedrine with an appropriate electrophile afforded 321 without the need for 

additional base. Treatment of amide 321 with LDA afforded enolate I; attack of the electrophile from 

the bottom face avoids unfavourable steric interaction with the lithium alkoxide (which may be made 
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bulkier by coordination of solvent molecules). This delivered alkylated amide 322 in 90% yield and 

with exceptionally high diastereocontrol (>199:1 d.r.). Reduction of 322 proceeded with lithium 

borohydride, and subsequent Appel reaction (PPh3, I2) afforded iodide 323 as a single enantiomer. A 

second diastereoselective alkylation occurred through treatment of amide 321 with LDA and iodide 323 

to form syn-324 in 97% yield.404 In order to access anti-324 (not depicted), ent-321 would be used in 

the alkylation with 323. Similar to Evans-type auxiliaries, removal of the pseudoephedrine moiety is 

achieved under a range of conditions.404,431,432 Through the methods outlined in Scheme 122–3, 

enantioenriched molecules with high molecular complexity could be prepared, although the procedures 

were labour-intensive and suffered from poor atom economy. Irrespective of this, they are some of the 

most powerful transformations available to synthetic chemists.  

 

Scheme 123: Iterative alkylation of pseudoephedrine amides to construct 1,3-stereocentres. 

6.2.2 Synthesis of contiguous stereocentres under substrate control 

As discussed in Schemes 121–3, chiral auxiliaries are cleaved following completion of the 

enantioselective transformation. However, substrate-controlled stereoselective reactions are possible 

whereby the chiral information embedded in the substrate is incorporated into the product. Aggarwal 

and co-workers have used their powerful lithiation-borylation methodology in a homologative, 

substrate-controlled scenario for the preparation of multiple, contiguous stereocentres in acyclic 

molecules (Scheme 124).433 Accordingly, enantioenriched carbamates of type 325 were lithiated with 

s-BuLi to give I and borylated in situ with a mixed borane to generate II. A second iteration of this 

process, conducted in the same pot, either with I or ent-I, afforded III or III’. Oxidation of the boranes 

delivered alcohols (S,R)-326 or (S,S)-326 in high yield considering the challenge of the overall 

transformation. Significantly, the reaction exhibited excellent diastereocontrol and proceeded with 

complete enantiospecificity. The disadvantage of substrate-controlled reactions, however, is the 

requirement for the prefunctionalisation of starting materials. This introduces extra synthetic 

manipulations and reduces the atom economy of the process. 
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Scheme 124: Construction of contiguous stereocentres by lithiation-borylation methodology. 

6.2.3 Synthesis of contiguous stereocentres under catalyst control 

Over the last few decades, and as discussed above, the preparation of molecules bearing 

multiple stereogenic centres has often relied on substrate control.404,422-425,433 A notable challenge to 

synthetic chemists is the catalytic preparation of acyclic contiguous stereocentres (Scheme 125).434 This 

is due to the difficulty in controlling the greater number of degrees of freedom associated with acyclic 

structures during bond formation.435 Even more of a difficult task, however, is obtaining access to any 

of the four stereoisomeric possibilities with absolute and relative stereocontrol, from the same starting 

materials.436,437 

 

Scheme 125: Idealised catalytic stereodivergent cross-coupling of A and B. 

6.2.3.1 Strategies involving dual catalysis 

In recognition of the challenge posed in Scheme 125, Carreira and co-workers developed an 

elegant stereodivergent dual catalyst approach, whereby racemic α-branched aldehydes (such as 327) 

and racemic allylic alcohol 328 could be combined to enable access to all possible stereoisomers of γ,δ-

unsaturated aldehyde 329 with excellent diastereocontrol (Scheme 126).436 This was achieved by chiral 

Ir(I)/L16 and amine (330a–b) catalysts, which activated the allylic alcohol and aldehyde substrates 

respectively. Importantly, each catalyst exerted high local stereocontrol with minimal 

matched/mismatched interactions. Other strategies have been used to access a complete set of 

stereoisomers of a molecule without changing the substrates, including the use of additives, variation 
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of solvent, and the selection of distinct catalysts.438-445 However, relatively few processes and substrates 

are suitable for a stereodivergent dual catalyst approach,446-449 and this has led to the development of 

other strategies. 

 

Scheme 126: Enantiodivergent and diastereodivergent dual catalysis.  

6.2.3.2 Strategies involving reagent control and catalyst control 

Rather than using a dual catalyst approach, Szabo and co-workers have addressed the challenge 

of accessing all stereoisomers of alcohol 333 through a combination of reagent control and chiral 

catalysis (Scheme 127).450 Appropriate choice of the chiral BINOL-derived catalyst L17a–b, in 

conjunction with allylboronic acid (E)-332 or (Z)-332, enabled all possible stereoisomers of 333 to be 

accessed with high stereocontrol through asymmetric allylboration of ketone 331. The methodology is 

an elegant approach for the synthesis of 1,2-stereocentres, although the requirement to prepare both 

geometries of allylboronic acid 332 was not ideal. Predating this report, Aggarwal and co-workers 

demonstrated the enantiospecific and highly diastereoselective allylation of ketones and imines using 

enantioenriched boronic esters to form adjacent stereocentres.451 The methodology enabled access to 

structures similar to those of Szabo and co-workers with exquisite levels of stereocontrol. However, the 

prerequisite formation of enantioenriched boronic acids required several synthetic manipulations.451 
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Scheme 127: Synthesis of adjacent stereocentres by catalytic asymmetric allylboration.  

Thus far, the discussion of strategies that are used to construct adjacent stereocentres with high 

diastereoselectivity has encompassed examples whereby the element of stereocontrol comes from a 

chiral auxiliary, a chiral substrate or stereodefined reagent, or a chiral catalyst. The success of these 

methodologies is manifest through the high stereoselectivity obtained for the synthesis of syn and anti 

diastereomers. However, the prefunctionalisation of starting materials in many of these cases results in 

low atom and step economies. Additionally, given the challenge of finding suitable substrates and 

catalyst systems that participate in the idealised cross-coupling reaction outlined in Scheme 125,437 a 

viable alternative would be to use one enantiopure (or enantioenriched) substrate in conjunction with a 

chiral catalyst. 

6.2.3.3 Strategies involving substrate control and catalyst control 

A strategy involving an enantiopure substrate in conjunction with a chiral catalyst would reduce 

the possible number of stereochemical outcomes of the product (Scheme 128A, cf. Scheme 125). This 

could foreseeably be achieved using the alkene hydroarylation methodology developed at Bristol (see 

Chapter 3, Section 3.3.5).303 Accordingly, Ir(I)-catalysed hydroarylation of an enantioenriched alkene 

with an arene has the potential to deliver the desired contiguous stereocentres (Scheme 128B). By 

changing the enantiomer of the chiral ligand employed, the stereochemistry of the tertiary benzylic 

stereocentre might be configured with high predictability, and changing the enantiomer of the alkene 

coupling partner may enable all possible stereoisomers to be accessed. Whilst the methods described 

above largely require prefunctionalisation of the coupling partners and suffer from low atom economy 
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as a result, a strategy involving hydroarylation would be noteworthy. The caveat, however, is the 

requirement to synthesise both enantiomers of the chiral alkene substrate. 

 

Scheme 128: Proposed cross-coupling of enantiopure substrates with a chiral catalyst. 

6.3 Reaction discovery and preliminary substrate scope 

A key feature of the Ir(I)-catalysed alkene hydroarylation methodology discussed in Chapter 3 

is the tolerance of the reaction towards achiral aliphatic olefins (Scheme 129A).303 Employment of 

either α or β-branched alkenes under Ir(I)-catalysed conditions in the presence of acetanilide 211d 

afforded 225e and 225f in excellent yield and with high enantiomeric ratios (85–100% yield, 92:8–93:7 

e.r.). Crucial to the high enantioselectivity of the protocol was the development of a novel class of 

bisphosphite ligand, (S)-L8e (see Chapter 3, Section 3.3.5). This prompted investigation into the use of 

enantioenriched branched olefins as the coupling partners. By changing the enantiomer of the 

bisphosphite ligand employed in the catalytic protocol, it may be possible to control the diastereomer 

of the product that forms. For example, should (S)-L8e be used with either α or β-branched alkenes, 

anti-334 and anti-335 would be obtained. Conversely, should (R)-L8e be employed, access to syn-334 

and syn-335 would be achieved (Scheme 129B). This strategy would enable the construction of 

challenging 1,2- and 1,3-stereoarrays. 
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Scheme 129: Proposed catalyst-controlled diastereoselective hydroarylation of enantioenriched alkenes. 

 Accordingly, Dr. Simon Grélaud demonstrated the initial feasibility of this proposal (Scheme 

130). Exposure of acetanilide 211d and enantiopure alkene (S)-336a to the Ir(I)-catalysed conditions 

developed for the enantioselective achiral alkene hydroarylation with bisphosphite ligand (S)-L8e 

afforded syn-334a in 60% yield and with 9:1 diastereomeric ratio. In contrast, employment of (R)-L8e 

enabled a switch in diastereoselectivity, providing anti-334a in 60% yield as a 9:1 mixture of 

diastereomers. 

 

Scheme 130: Demonstration of the feasibility of catalyst-controlled hydroarylation of enantioenriched alkene (S)-336a. 

Diastereomeric ratios were determined by 1H NMR analysis of the isolated products. Reaction carried out by Simon Grélaud. 
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 Building upon the promising result obtained by Dr. Grélaud, Dr. Rajender Nallagonda 

evaluated the preliminary scope of the diastereoselective alkene hydroarylation methodology with 

respect to α-branched alkenes (R)-336b-c (Scheme 131). Exposure of n-butyl substituted alkene 

(R)-336b to the optimised Ir(I)-catalysed conditions with ligand (S)-L8e afforded syn-334b in 71% 

yield (6:1 d.r.). Conversely, employing alkene (R)-336b with bisphosphite ligand (R)-L8e enabled 

anti-334b to be formed in 79% yield (7:1 d.r.). Hydroarylation of alkene (R)-336c revealed that 

excellent catalyst-controlled diastereoselectivity was possible in this case also, and 334c was formed as 

either the syn or anti diastereomer (87% yield, 9:1 d.r. for both). Determination of the enantiomeric 

ratios of the major diastereomers was carried out to demonstrate the utility of the methodology. The 

synthesis of enantioenriched alkenes and their application to the hydroarylation methodology is 

discussed in the following sections. 

 

Scheme 131: Preliminary results involving hydroarylation of α-branched alkenes with acetanilides. Diastereomeric ratios were 

determined by 1H NMR analysis of the isolated products. Enantiomeric ratios were determined by chiral SFC analysis against 

a racemic standard. All reactions were carried out by Dr. Rajender Nallagonda. 

6.4 Synthesis of enantioenriched α-branched alkenes 

The scope of the reaction with respect to alkenes bearing coordinating or sensitive 

functionalities was evaluated in order to demonstrate the utility of the reaction. To this end, a range of 

enantioenriched alkenes and their racemic counterparts were prepared following various synthetic 

protocols. The synthesis of benzyloxy-substituted alkene (rac)-336d commenced from carboxylic acid 

337 (Scheme 132A). Deprotonation of 337 with LDA followed by quenching with benzyl bromide 

afforded 338 in 30% yield. Reduction of carboxylic acid 338 proceeded with LiAlH4 to give alcohol 

(rac)-339 in 64% yield.452 Subsequent O-benzylation of alcohol (rac)-339 afforded the desired alkene 

(rac)-336d in 29% yield. For access to (S)-336d, a robust strategy involving Evans-type auxiliary 340 

was utilised (Scheme 132B). Exposure of 340 to NaHMDS and BnBr afforded 341 in 20% yield. The 

low yield for this alkylation was attributed in-part to unreacted starting material 340, but, irrespective 
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of this, 341 was obtained with high diastereopurity.453 Removal of the chiral auxiliary of 341 to afford 

alcohol (S)-339 was achieved in high yield with NaBH4 in aqueous THF (89%).454 The enantiopurity 

of (S)-339 was inferred from the diastereopurity of 341. Completion of the synthesis was achieved 

through benzylation of alcohol (S)-339 at elevated temperature, affording alkene (S)-336d in 60% yield. 

Synthesis of alkene (S)-336e was also carried out utilising an Evans-type auxiliary method (Scheme 

132C). Exposure of 342 (prepared by Nallagonda, >20:1 d.r.) to LiOH/H2O2 delivered carboxylic acid 

343 via percarboxylate intermediate I (61% yield).428,455 Esterification of carboxylic acid 343 with 

ethanol, EDCI and DMAP afforded (S)-336e in 33% yield. 

 

Scheme 132: Synthesis of enantioenriched and racemic alkenes. Reagents and conditions: (A): (i) i-Pr2NH, n-BuLi, THF, 

0 °C, 10 min, then 337, 45 min, then BnBr, 0 °C to r.t., 2 h; (ii) LiAlH4, 0 °C to r.t., 3 h; (iii) NaH, DMF, r.t., 1 h, then BnBr, 

40 °C, 16 h; (B): (i) NaHMDS, -78 °C, 30 min, then BnBr, -78 °C 2 h, then r.t., 16 h; (ii) NaBH4, THF:H2O (3:1), r.t., 16 h; 

(iii) NaH, DMF, 40 °C, 1 h, then BnBr, 70 °C, 16 h; (C): (i) H2O2 (30% w/w in H2O), LiOH·H2O, THF:H2O (1:1), 0 °C to r.t., 

3 h; (ii) EtOH, EDCI, DMAP, CH2Cl2, r.t., 16 h.  

 An alternative strategy was undertaken for the synthesis of (R)-336f and (rac)-336f (Scheme 

133). Reaction of benzaldehyde with vinylmagnesium bromide afforded allylic alcohol (rac)-344 in 

32% yield and benzylation of (rac)-344 could be achieved using sodium hydride and benzyl bromide 

to afford (rac)-336f. Enzymatic kinetic resolution of (rac)-344 with Novozyme 435 in the presence of 

vinyl acetate enabled allylic alcohol (R)-344 to be obtained with high enantiopurity, albeit in 12% 

yield.456,457 Benzylation of alcohol (R)-344 gave enantioenriched alkene (R)-336f in 49% yield. 
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Scheme 133: Synthesis of (rac)-336f and (R)-336f. Reagents and conditions: (i) vinylmagnesium bromide, THF, -10 °C, 2 h; 

(ii) NaH, DMF, 0 °C, 1 h, then BnBr, 40 °C, 16 h; (iii) vinyl acetate, PhMe, Novozyme 435, 50 °C, 92 h; (iv) NaH, DMF, 

0 °C, 1 h, then BnBr, 40 °C, 16 h. Enantiomeric ratios were determined by chiral SFC analysis against a racemic standard. 

Alkene (rac)-336g was prepared through a simple four-step sequence (Scheme 134A). 

Alkylation of ester 345 proceeded in 82% yield to give ester 346, and reduction with LiAlH4 gave 

alcohol 347 (73% yield). Subsequent oxidation of alcohol 347 with PCC delivered aldehyde 348 in 29% 

yield. Wittig olefination of aldehyde 348 delivered (rac)-336g (63% yield). Conversely, access to 

enantioenriched alkene (R)-336g could be achieved via asymmetric hydrovinylation of 4-

methoxystyrene 194b, a reaction investigated in depth by RajanBabu (Scheme 134B).458-461 Interest in 

using hydrovinylation methodology to prepare alkene (R)-336g stemmed from the desire to demonstrate 

the strength of transition metal catalysed hydrocarbonation processes for building molecular complexity 

with high atom economy. Diastereoselective hydroarylation with alkene (R)-336g prepared through 

hydrovinylation would enable structures of type anti-334 to be prepared in two catalytic steps (vs. six 

steps for an Evans-type auxiliary method) (Scheme 134B).462 After preparation of the Ni(II) catalyst 

349 by reaction of Ni(cod)2 with allyl bromide,463 attempts were made at performing the hydrovinylation 

of 194b. The key to a successful reaction was ensuring rigorous exclusion of water and oxygen. This 

was achieved by deoxygenating the CH2Cl2, and by passing the ethylene through a drying tube 

containing Drierite® prior to its entry into the reaction. By taking these precautions, styrene 194b 

underwent successful hydrovinylation to deliver (R)-336g in 73% yield (96:4 e.r.) (Scheme 134B).461 
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Scheme 134: Synthesis of chiral alkenes through a multistep sequence or hydrovinylation. Reagents and conditions: (A): (i) 

i-Pr2NH, n-BuLi, THF, 0 °C, 10 min, then -78 °C, 345, 45 min, then MeI, -78 °C, 3 h; (ii) LiAlH4, Et2O, 0 °C to r.t., 3 h; (iii) 

PCC, Celite®, CH2Cl2, r.t., 3 h; (iv) MePPh3Br, n-BuLi, THF, 0 °C, 1 h, then 348, 0 °C, 2 h. Enantiomeric ratios determined 

by chiral SFC analysis against a racemic standard. 

 A comprehensive computational investigation on the asymmetric hydrovinylation of styrene 

was undertaken by the research groups of RajanBabu and Jemmis, and the proposed mechanism of this 

transformation is detailed in Scheme 134B.464 The reaction commences with the formation of a cationic 

Ni(II) complex I from precatalyst 349. Coordination of ethylene forms intermediate II, from which 

migratory insertion of the ethylene unit into the allyl group occurs to give III. β-Hydride transfer from 

III to styrene 194b releases an equivalent of penta-1,4-diene and affords π-allyl intermediate IV. A free 

Ni(II)-H species was calculated to be too high in energy to participate in the reaction, whereas a 

concerted mechanism involving transfer of the hydride directly to the prochiral styrene was the path of 

least energy. Reversible coordination of another equivalent of ethylene gives V. Insertion of ethylene 
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into π-allyl species V followed by coordination of another equivalent of styrene affords VI. β-Hydride 

transfer from VI releases the homologated alkene (R)-336g and reforms π-allyl intermediate IV to close 

the catalytic cycle. The authors propose that VI to IV is the turnover-limiting and enantiodetermining 

step.464 

 Having synthesised alkenes 336d–g, alkenes 336h–i were subsequently prepared (Scheme 

135). For the synthesis of alkenes bearing a quaternary stereocentre in the α-position, an elegant 

approach developed by Aggarwal and co-workers was adopted.465-467 Accordingly, carbamate (rac)-350 

underwent lithiation-borylation to afford boronic ester (rac)-351 in 64% yield (Scheme 135A). 

Treatment of tertiary boronic ester (rac)-351 with vinyl magnesium bromide is proposed to form boron-

ate complex I, identified by a signal in the 11B NMR spectrum at -13 ppm, in accordance with the 

literature.465 Addition of a methanolic solution of iodine enables the formation of iodonium II, which 

undergoes 1,2-metallate rearrangement to give III. Elimination of III with sodium methoxide delivered 

alkene (rac)-336h in 81% yield.468 Only the racemate of alkene 336h was prepared (due to the lack of 

reactivity of this class of alkene towards hydroarylation, vide infra), but it is noteworthy to mention that 

this reaction is enantiospecific. Thus, preparation of 336h as a single enantiomer would be possible by 

applying the same lithiation-borylation procedure to a single enantiomer of carbamate 350.465  

 A second alkene bearing a quaternary stereocentre was also synthesised as a racemate through 

a four-step protocol (Scheme 135B). Alkylation of ester 352 was achieved using LDA and (2-

bromoethyl)benzene to afford 353 in 87% yield, and LiAlH4-mediated reduction of 353 gave alcohol 

354 in 94% yield. Oxidation of 354 using the Dess-Martin periodinane delivered aldehyde 355 which 

subsequently underwent Wittig olefination to give alkene (rac)-336i (55% yield). Should a single 

enantiomer of 336i be needed, another synthesis developed by Aggarwal and co-workers might be 

implemented (Scheme 135C).469 This would involve lithiation of triisopropylbenzoate 356 with s-BuLi 

in CPME and subsequent borylation with the appropriate neopentyl boronic ester to afford 357. 

Literature precedence indicates that transesterification with pinacol (to 358) would be required in order 

for successful Zweifel olefination to occur to give (S)-336i. 
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Scheme 135: Synthesis of substituted chiral alkenes. Reagents and conditions: (A): (i) s-BuLi, TMEDA, -78 °C, 30 min, then, 

ethylboronic acid pinacol ester, -78 °C, 1 h, then MgBr2 in MeOH, -78 °C to r.t., 3 h; (ii) vinylmagnesium bromide, r.t., 30 

min, then -78 °C, I2, 30 min, then NaOMe in MeOH, -78 °C to r.t., 2 h; (B): (i) i-Pr2NH, n-BuLi, THF, -78 °C to r.t., 1 h, then 

-78 °C, 352, r.t., 1 h, then -78 °C, (2-bromoethyl)benzene, -78 °C to r.t., 16 h; (ii) LiAlH4, 0 °C, THF, 2 h; (iii) Dess-Martin 

periodinane, CH2Cl2, 0 °C to r.t., 2 h; (iv) MePPh3Br, n-BuLi, THF, 0 °C, 20 min, then 355, 0 °C, 2 h.  

6.5 Substrate scope with respect to α-branched alkenes 

Upon completion of the synthesis of a range of α-branched alkenes 336d–i, they were evaluated 

under the Ir(I)-catalysed protocol for alkene hydroarylation with acetanilides (Table 37). Acetanilide 

211e was selected due to its success in the preliminary scope evaluation carried out by Dr. Nallagonda; 

for this substrate, the presence of the methoxy group prevents ortho-dialkylation. Exposure of 

commercially available alkene (S)-336a to [Ir(cod)2]OTf and (S)-L8e in toluene at 120 °C delivered 

syn-334d in 60% yield (10:1 d.r.). Conversely, employing (R)-L8e enabled a switch of the major 

diastereomer that was formed, anti-334d was obtained in 61% yield (10:1 d.r.). In the case of alkene 

(S)-336d in combination with (S)-L8e, a mixture of anti-334e and syn-334e was formed in 74% yield 

(2:1 d.r.). Here, the low diastereocontrol was proposed to be because the catalyst was unable to 

significantly override the inherent preference for the formation of syn-334e, which was found to be 2:1 

d.r. when employing (rac)-L8e and (rac)-336d (see the experimental section). Utilising (R)-L8e, syn-

334e was formed in 76% yield (5:1 d.r.). In this case, the catalyst enhanced the inherent substrate-

controlled diastereoselectivity. This is known as a “matched/mismatched” effect.470,471 For both anti-

334e and syn-334e, the high enantiomeric ratios of the major diastereomers indicate that although low 
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diastereomeric ratios were obtained for the hydroarylation of alkene (S)-336d, the reaction is usable 

(98:2–99:1 e.r.). 

 

Table 37: Scope of the hydroarylation of α-chiral alkenes with an acetanilide substrate. Diastereomeric ratios were determined 

by 1H NMR analysis of the isolated products. Enantiomeric ratios were determined by chiral SFC analysis against a racemic 

standard. 

 A matched/mismatched effect was also seen for the hydroarylation of alkene (R)-336f. The 

inherent substrate-controlled diastereoselectivity of the process was found to be 3:2 d.r. in favour of 

syn-334f when (rac)-L8e was employed as the ligand (see the experimental section). The substrate-

controlled diastereoselectivity for the hydroarylation of alkene (R)-336f was enhanced through the use 

of ligand (S)-L8e, with syn-334f obtained in 3:1 d.r. (78% yield, 98:2 e.r.). Conversely, the use of 

bisphosphite ligand (R)-L8e in the reaction offered a mixture of anti-334f and syn-334f with almost no 

diastereocontrol (78% yield, 1.4:1 d.r.). The matched/mismatched effect was also observed for the 

hydroarylation of alkene (S)-336e with acetanilide 211e. Low diastereocontrol was observed with (S)-

L8e to form anti-334g (67% yield, 2:1 d.r.), but good diastereocontrol was observed with (R)-L8e to 

form syn-334g (67% yield, 6:1 d.r.).470,471 Whilst the low diastereocontrol of the process for alkenes 

336d–f was disappointing, the yields were nonetheless encouraging. Alkenes bearing coordinating 
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atoms and sensitive functionalities have often been found to be unreactive towards Ir(I)-catalysed 

hydroarylation in unpublished studies conducted at Bristol. Alkenes (rac)-336h and (rac)-336i were 

too sterically encumbered to participate in the Ir(I)-catalysed hydroarylation reaction, even at elevated 

temperature (140 °C). 

Alkene (R)-336g, prepared through hydrovinylation, underwent hydroarylation with 

acetanilide 211e to give syn-334h in 92% yield (13:1 d.r.) when (S)-L8e was employed as the ligand 

(Scheme 136). However, ligand (R)-L8e failed to form anti-334h with any diastereoselectivity (69% 

yield, 1:1 d.r.). Here, it was proposed that the catalyst failed to override the inherent preference for the 

formation of the anti-diastereomer, which was found to be 2:1 d.r. in favour of syn-334h when 

employing (rac)-L8e and (rac)-336g.470,471 This limitation in scope, whereby the catalyst fails to 

override the inherent substrate controlled diastereoselectivity, often arises when the two substituents of 

the alkene are of significantly different size (i.e. methyl vs. 4-methoxyphenyl) and could not be 

overcome through simple parameter changes or ligand variation.470,471 

 

Scheme 136: Hydroarylation with an enantioenriched alkene prepared through a hydrovinylation reaction. 

6.6 Synthesis of enantioenriched β-branched alkenes 

Whilst the hydroarylation of α-branched alkenes forms 1,2-stereocentres, the hydroarylation of 

β-branched alkenes would afford 1,3-stereocentres. Accordingly, a range of β-branched alkenes were 

synthesised. Access to (rac)-361a was achieved in two steps from ketone 359 (Scheme 137A). 

Reduction of 359 to alcohol (rac)-360 proceeded in 99% yield and treatment of secondary alcohol 

(rac)-360 with InCl3 and allyltrimethylsilane afforded the desired alkene (rac)-361a in 78% yield.472 

Synthesis of (S)-361a was achieved through a lithiation-borylation approach developed by Aggarwal 

and co-workers (Scheme 137B).473 Accordingly, enzymatic kinetic resolution of racemic alcohol 

(rac)-360 using Novozyme 435 and vinyl acetate afforded alcohol (S)-360 in 47% yield (99:1 e.r.). 

Treatment of (S)-360 with N,N-diisopropylcarbamoyl chloride gave carbamate (S)-350, which, upon 

reaction with s-BuLi and allylboronic acid pinacol ester gave intermediate I. 1,2-Metallate 

rearrangement of I formed II, and reaction with TBAF·3H2O formed boron-ate complex III. 

Intramolecular protodeboronation followed, to deliver alkene (S)-361a in 60% yield with complete 

retention of configuration (99:1 e.r.).473 
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Scheme 137: Synthesis of β-branched alkenes and mechanism of the lithiation-borylation reaction. Reagents and conditions: 

(A): (i) NaBH4, MeOH, 0 °C, 1 h; (ii) InCl3, allyltrimethylsilane, CH2Cl2, 50 °C, 30 min; (B): (i) NaBH4, MeOH, 0 °C, 1 h; 

(ii) vinyl acetate, diisopropyl ether, Novozyme 435, 50 °C, 48 h; (iii) N,N-diisopropylcarbamoyl chloride, Et3N, CH2Cl2, 45 °C, 

40 h; (iv) s-BuLi, TMEDA, -78 °C, 30 min, then, allylboronic acid pinacol ester, -78 °C, 1 h, then MgBr2 in MeOH, -78 °C to 

r.t., 3 h; (v) TBAF·3H2O, pentane, 45 °C, 16 h. Enantiomeric ratios were determined by chiral SFC analysis against a racemic 

standard. 

Similar to the synthesis of α-branched alkenes 336d–e, the Evans-type auxiliary approach is 

also suitable for the synthesis of enantioenriched β-branched alkenes (Scheme 138). Allylation of 362 

(prepared by Dr. Nallagonda) enabled 363 to be prepared in 82% yield (>20:1 d.r.), which could be 

transformed to carboxylic acid 364 by reaction with LiOH/H2O2 (Scheme 138A).428 Esterification of 

364 with ethanol, mediated by EDCI and DMAP, afforded alkene (R)-361b in 54% yield. Methoxy-

substituted alkene (S)-361c was prepared via a slightly different route (Scheme 138B). Acylation of 

Evans-type auxiliary 365 with hexanoyl chloride gave 366 in 63% yield, and allylation of 366 proceeded 

with high diastereocontrol to afford 367 (74% yield, >20:1 d.r.). Reduction of 367 with NaBH4 in 

THF/H2O delivered alcohol 368, and methylation of 368 (sodium hydride, iodomethane) afforded 

alkene (S)-361c in 62% yield.420  
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Scheme 138: Alkene synthesis via Evans-type auxiliaries. Reagents and conditions: (A): (i) NaHMDS, THF, -78 °C, 30 min, 

then allyl bromide, -78 °C to r.t., 16 h; (ii) H2O2 (30% w/w in H2O), LiOH·H2O, THF:H2O (1:1), 0 °C to r.t., 3 h; (iii) EtOH, 

EDCI, DMAP, CH2Cl2, r.t., 16 h; (B): (i) n-BuLi, THF, -78 °C, 30 min, then hexanoyl chloride, -78 °C, 1 h then r.t., 16 h; (ii) 

NaHMDS, THF, -78 °C, 30 min, then allyl bromide, -78 °C to r.t., 16 h; (iii) NaBH4, THF:H2O (3:1), 0 °C to r.t., 16 h; (iii) 

NaH, DMF, 30 °C, 3 h, then MeI, r.t., 16 h. 

6.7 Substrate scope with respect to β-branched alkenes 

With the synthesis of β-branched alkenes 361a–c bearing interesting functionality completed, 

they were evaluated under the Ir(I)-catalysed alkene hydroarylation protocol (Table 38). Hydroarylation 

of alkene (S)-361a afforded syn-335a in 87% yield when (S)-L8e was employed (4:1 d.r.). Changing 

to (R)-L8e enabled anti-335a to be prepared in 81% yield (8:1 d.r.). Ester (R)-361b was tolerated with 

good efficiency and good diastereocontrol to afford syn-335b and anti-335b (67–78% yield, 6:1–13:1 

d.r.). Methoxy-substituted alkene (S)-361c also underwent diastereoselective hydroarylation to give 

syn-335c and anti-335c (64–68% yield, 10:1 d.r.). Dr. Nallagonda evaluated alkene (S)-361d 

containing a boronic ester unit with success, both syn-335d and anti-335d could be prepared with 

excellent diastereocontrol by changing the enantiomer of bisphosphite ligand L8e (96% yield, >15:1 

d.r.). The tolerance of this reaction towards sensitive functionality such as boronic esters, ethers and 

esters is significant, as these are useful synthetic handles for further structural elaboration. They also 

provide an expansion of scope from previous hydroarylation protocols developed at Bristol.300,301,303,474 

Cyclopentyl-fused acetanilide 211d was also evaluated as the coupling partner in the hydroarylation of 

alkene (S)-361a (Table 38). The reaction proceeded with excellent efficiency and moderate 

diastereocontrol to afford either syn-335e or anti-335e, dependent upon the enantiomer of L8e 

employed (83–89% yield, 4:1–5:1 d.r.). The high diastereoselectivity observed for the hydroarylation 

of β-branched alkenes (cf. α-branched alkenes) is thought to be the result of the pre-existing stereocentre 

being more distant from the one formed in the reaction. This would mean that the inherent substrate-

controlled diastereoselectivity is low. To demonstrate this, the hydroarylation of racemic alkenes 
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(rac)-361a and (rac)-361c with acetanilide 211e afforded 335a and 335c as a 1:1 mixture of 

diastereomers in both cases when employing (rac)-L8e as the ligand (see the experimental section). 

 

Table 38: Scope of the hydroarylation of β-chiral alkenes with acetanilides. Diastereomeric ratios were determined by 1H 

NMR analysis of the isolated products. Enantiomeric ratios were determined by chiral SFC analysis against a racemic standard. 

a Reaction conducted by Dr. Rajender Nallagonda 

6.8 Substrate scope with respect to other heteroaromatic derivatives 

Following the development of the catalyst-controlled diastereoselective hydroarylation of 

enantioenriched alkenes with acetanilide derivatives, attention turned to the expansion of the reaction 

scope with respect to the heteroaromatic coupling partner. Thiophenes had been demonstrated as 

successful coupling partners in the enantioselective hydroheteroarylation of achiral alkenes previously 
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developed at Bristol (see Chapter 3, Section 3.3.5).303 Central to the high enantioselectivity of the 

hydroheteroarylation process was the use of ferrocene-derived bisphosphonite ligand (R)-L9a (Table 

39).303 Accordingly, ligand (R)-L9a was evaluated in the hydroarylation of enantioenriched, branched 

alkenes 336c and 361a–b. Due to the length and complexity of the synthesis of ligand (R)-L9a, both 

enantiomers of the alkenes 336c and 361a–b were prepared instead (see the experimental section for 

details). 

 

Table 39: Scope of thiophene coupling partners. Diastereomeric ratios were determined by 1H NMR analysis of the isolated 

products. 

Following the preparation of both enantiomers of α and β-branched alkenes 336c and 361a–b, 

they were evaluated under the Ir(I)/(R)-L9a catalysed conditions (Table 39). Upon exposure of α-

branched alkene (S)-336c to the conditions outlined in Table 39, syn-369a was obtained in 73% yield 

(>15:1 d.r.). Pleasingly, (R)-336c enabled anti-369a to be prepared with a greater level of efficiency 

(86% yield) and excellent diastereocontrol (>15:1 d.r.). β-Branched alkenes (R)-361a–b and (S)-361a–

b also participated in the Ir(I)-catalysed hydroheteroarylation reaction with excellent diastereocontrol. 

Alkylated acetanilides anti-370a and syn-370a could be prepared with high diastereocontrol when 
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utilising alkenes (S)-361a or (R)-361a, as could anti-370b and syn-370b from ester-based alkenes (S)-

361b or (R)-361b (72–87% Yield, 10:1 to >15:1 d.r.) (Table 39).  

 The use of thiophene derivatives as the heteroaromatic coupling partners worked with excellent 

levels of diastereoselectivity. Upon identification of a chiral ligand that enables the highly 

enantioselective hydroheteroarylation of branched, achiral alkenes with furans of type 230 and pyrroles 

296, (see Chapter 4), these will provide significant extension of the substrate scope (Scheme 139). 

Accordingly, diastereoselective access to structures related to 371 and 372 may be accessible. Further 

investigation into this avenue is currently being conducted at Bristol. 

 

Scheme 139: Proposed extension to other heteroaromatic coupling partners. 

6.9 Application of the diastereoselective methodology 

6.9.1 Investigation of the Horeau Principle 

In 1973, Horeau demonstrated that the removal of a minor enantiomer of a scalemic mixture is 

possible through the conversion of the mixture into diastereomeric products.475-478 This has subsequently 

been termed the Horeau Principle and has been applied to numerous scenarios in asymmetric 

synthesis.479-484 Thus, it was considered whether the diastereoselective alkene hydroarylation 

methodology could provide a platform for the demonstration of the Horeau Principle should a scalemic 

mixture of alkene be utilised. 

 Accordingly, alkene (S)-361a was prepared (90:10 e.r.) and subjected to the Ir(I)-catalysed 

conditions for the diastereoselective alkene hydroarylation protocol with acetanilide 211e (Scheme 

140). In conjunction with (S)-L8e, syn-335a and anti-335a were obtained in 85% yield (3.4:1 d.r.) 

(Scheme 140A). The major diastereomer syn-335a was isolated with high enantiopurity (99:1 e.r.), 

whereas anti-335a was obtained almost as a racemate (45:55 e.r.). This result indicated that the minor 

enantiomer of the alkene was being converted to the minor diastereomer of the product. A similar result 
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was obtained with (R)-L8e, and in this case, anti-335a could be obtained as the major diastereomer 

with high enantiopurity (98:2 e.r.) and syn-335a was obtained as a racemate (48:52 e.r.) (Scheme 140B). 

The amplification of enantioenrichment from the starting alkene to the product is important should 

alkenes of low optical purity need to be used in this methodology. The caveat, however, is the reduction 

in yield of the major diastereomer. 

 

Scheme 140: Demonstration of the Horeau Principle. Diastereomeric ratios were determined by 1H NMR analysis of the 

isolated products. Enantiomeric ratios were determined by chiral SFC analysis against a racemic standard.  

6.9.2 Oxidative cleavage of the acetanilide unit 

Elaboration of the products of catalysis was desirable so as their synthetic utility could be 

demonstrated. Attention focussed primarily on removal of the acetanilide unit by ruthenium tetroxide-

catalysed oxidative cleavage.485,486 Dr. Nallagonda found that exposure of acetanilide 335f to a mixture 

of RuCl3·xH2O and NaIO4 afforded over-oxidised dicarboxylic acid 373a, and reducing the equivalents 

of NaIO4 did not prevent overoxidation (Scheme 141A). Challenges to the purification and isolation of 

this polar compound prevented an accurate yield of 373a from being reported. In order to rectify the 

problem of undesired oxidation of other aromatic functionalities, acetanilide ent-anti-335b was 

prepared. Exposure of ent-anti-335b to RuCl3·xH2O and NaIO4 delivered carboxylic acid 373b in 71% 

yield with no loss of stereochemical information, although this could not be purified (Scheme 141B). 

Furans may also prove to be suitable substrates for this transformation and this avenue will be 

investigated at Bristol in due course.487,488 
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Scheme 141: Oxidative cleavage of the arene ring. (A): Reaction conducted by Dr. Nallagonda.  

6.10 Investigations into the synthesis of bifluranol 

Bifluranol is an antiandrogenic pharmaceutical used to treat non-cancerous enlargements of the 

prostate gland (Scheme 142).489 The presence of the vicinal alkyl groups in a 1,2-relationship makes the 

synthesis of bifluranol challenging. Previous syntheses of bifluranol have been reported to proceed with 

neither relative nor absolute stereocontrol, until a recent publication from Aggarwal and co-workers 

(Scheme 142).490-492 In their report, the stereoselective synthesis of bifluranol was achieved through a 

lithiation-borylation strategy and the key steps are highlighted in Scheme 142. Lithiation of carbamate 

(S)-350 with s-BuLi at low temperature, followed by borylation with (S)-374 afforded 375 in 95% yield 

(95:5 d.r.). This established the key 1,2-alkyl relationship found in bifluranol, and subsequent 

protodeboronation with TBAF·3H2O afforded 376 in 99% yield with no erosion of the diastereomeric 

ratio. Electrophilic bromination of 376 with NBS, followed by subsequent lithiation and fluorination 

with NFSI installed the fluoro substituent. Global deprotection of the methoxy groups with boron 

tribromide delivered bifluranol.  

 

Scheme 142: Aggarwal’s synthesis of bifluranol. Reagents and conditions: (i) s-BuLi, TMEDA, Et2O, THF, -78 °C, 1 h, then 

(S)-374, -78 °C to r.t., 16 h. (ii) TBAF·3H2O, PhMe, reflux, 3 h; (iii) NBS, MeCN, r.t., 21 h; (iv) n-BuLi, THF, -78 °C, 30 

min, then NFSI, 2 h; (v) BBr3, CH2Cl2, -20 °C, 30 min, 4 °C, 16 h. 
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Our strategy for the synthesis of bifluranol also involved (S)-374, and the forward analysis of 

the route is outlined in Scheme 143. Lithiation-borylation of carbamate 377 with boronic ester 378 

would deliver homologated boronic ester (S)-374.490 At this point, the route would divert from that of 

Aggarwal and co-workers; Zweifel olefination of (S)-374 would afford enantioenriched alkene 

(R)-336j.468 Anilide-directed hydroarylation of alkene (R)-336j with acetanilide 211f using (R)-L8e 

may afford the appropriate anti-stereochemistry of anti-334i, which would subsequently be deprotected 

(to anti-379) and deaminated to give bifluranol.  

 

Scheme 143: Proposed forward synthesis for the preparation of bifluranol. 

Accordingly, the synthesis of alkene (R)-336j began with treatment of boronic acid 380 with 

pinacol to afford 378 in 92% yield (Scheme 144). Boronic ester 378 was combined with carbamate 381 

under lithiation-borylation conditions, using (+)-sparteine as a chiral ligand, delivering homologated 

boronic ester (S)-374 in 93% yield (96:4 e.r.).490 Zweifel olefination of (S)-374 with vinylmagnesium 

bromide gave alkene (R)-336j in 81% yield. Acetanilide 211f was prepared through acylation of 

commercially available aniline 382 in 96% yield (Scheme 144, box). 
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Scheme 144: Synthesis of an enantioenriched alkene and acetanilide coupling partner. Reagents and conditions: (i) pinacol, 

MgSO4, Et2O, r.t., 16 h; (ii) carbamate 381, (+)-sparteine, s-BuLi, Et2O, -78 °C, 3 h, then boronic ester 378, -78 °C, 3 h, then 

conc. in vacuo, CHCl3, reflux, 16 h; (iii) vinylmagnesium bromide, r.t., 30 min, then -78 °C, I2, 30 min, then NaOMe in MeOH, 

-78 °C to r.t., 3 h; (iv) N,N-diisopropylcarbamoyl chloride, Et3N, CH2Cl2, r.t., 36 h; (v) Ac2O, 0 °C to r.t., 16 h. Enantiomeric 

ratios determined by chiral SFC analysis against a racemic standard.  

 Following the synthesis of alkene (R)-336j and acetanilide 211f, the key alkene hydroarylation 

step was evaluated (Scheme 145). Exposure of alkene (R)-336j and acetanilide 211f to [Ir(cod)2]OTf 

and (S)-L8e afforded syn-334i in 84% yield (10:1 d.r.). The stereochemistry of syn-334i was confirmed 

by X-ray crystallography. Employment of (R)-L8e as the ligand failed to afford anti-334i with any 

diastereocontrol. Instead, a mixture of diastereomers was obtained, the major of which was syn-334i 

(62% yield, 1:2 d.r.). This meant that the diastereomer that was required for the continuation of the 

synthesis of bifluranol (anti-334i, see Scheme 143) could not be obtained using the hydroarylation 

protocol. This was proposed to be a result of the inherent substrate-controlled diastereoselectivity that 

could not be overridden by the catalyst. Indeed, Dr. Nallagonda had found the inherent 

diastereoselectivity for the hydroarylation of (rac)-336j to be 3:1 d.r. in favour of syn-334i when using 

(rac)-L8e.  

 

Scheme 145: Hydroarylation to construct the 1,2-contiguous stereocentre present in bifluranol. Diastereomeric ratios were 

determined by 1H NMR analysis of the isolated products. 

 Despite obtaining the incorrect diastereomer for the continued synthesis of bifluranol in the 

alkene hydroarylation step, further elaboration of syn-334i was conducted in order to evaluate the 
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feasibility of the steps proposed in Scheme 143 (Scheme 146). Treatment of acetanilide syn-334i with 

3 M aqueous HCl at elevated temperature afforded aniline syn-379 in 90% yield with no erosion of the 

diastereomeric ratio.303 Subsequent deamination was required to afford 383. 

 

Scheme 146: Deprotection and proposed deamination. Reagents and conditions: (i) 3 M aq. HCl, dioxane, 110 °C, 16 h.  

 For the deamination of syn-379 proposed in Scheme 146, several model systems were designed 

(Scheme 147). Aniline 382 was selected for its simplicity, which, when exposed to BF3·OEt2 and 

t-BuONO in THF, afforded diazonium 384 in 70% yield (Scheme 147A).493 Treatment of 384 with 

[Rh(cod)Cl]2 and triethoxysilane successfully reduced 384 to 385 in 45% yield.494 Isolation and 

handling of diazo compounds is undesirable due to their propensity to liberate nitrogen gas,495 thus a 

one-step protocol was desirable. Accordingly, treatment of aniline 382 with BF3·OEt2 and t-BuONO 

followed by sequential addition of [Rh(cod)Cl]2 and triethoxysilane afforded anisole 385 in 55% yield. 

This protocol was also evaluated on a system bearing a tertiary benzylic stereocentre (Scheme 147B). 

Successful deamination of aniline 386 occurred, with arene 387 obtained in 66% yield.  

 

Scheme 147: Deamination of model substrates. Reagents and conditions: (A): (i) BF3·OEt2, t-BuONO, THF, 0 °C, 30 min; 

(ii) [Rh(cod)Cl]2 (5 mol%), (EtO)3SiH, DMF; (B): (i) BF3·OEt2, t-BuONO, THF, 0 °C, 30 min, then [Rh(cod)Cl]2 (5 mol%), 

(EtO)3SiH, DMF. a Yield determined by 1H NMR analysis of the crude reaction mixture.  

Once the appropriate model deamination reactions had been carried out, syn-379 was exposed 

to the one-pot deamination conditions (Scheme 148). However, deamination of syn-379 to form 383 

did not occur, and degradation of the starting material was observed. Due to this set-back, and the 

inability to access the desired diastereomer for bifluranol, no further work was undertaken on this 

synthetic route. 
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Scheme 148: Attempted deamination.  

6.11 Conclusions 

The hydroarylation of enantioenriched, branched alkenes with acetanilides was shown to occur 

in high yield and with high levels of catalyst-controlled diastereoselectivity (Scheme 149A). The 

methodology enables access to highly challenging 1,2- and 1,3-stereoarrays, providing a flexible 

alternative to the prior art. High diastereocontrol was achieved through an Ir(I) catalyst in combination 

with either enantiomer of bisphosphite ligand L8e. Alkenes bearing α-branching were effective in this 

transformation if the substituents were of similar size. Additionally, alkenes bearing β-branched 

substituents afforded the corresponding products with high diastereocontrol in all cases. Expansion of 

the methodology to include thiophenes as the heteroaromatic coupling partner was demonstrated, with 

high catalyst-controlled diastereoselectivity observed for the hydroarylation of a range of alkenes 

(Scheme 149B). Evaluation of the reaction scope towards furans and pyrroles is being investigated at 

Bristol. The methodology allowed the demonstration of the Horeau principle and investigations towards 

the synthesis of bifluranol were undertaken. In future, the methodology may be used at Bristol for the 

hydroarylation of enantiopure 1,1-disubstituted alkenes. This would enable the construction of sterically 

encumbered adjacent stereocentres. 

 

Scheme 149: Hydroheteroarylation of enantioenriched alkenes.
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Chapter 7 – Overall summary and outlook 

The research presented in this thesis has contributed to the development of multiple atom 

economical, transition-metal-catalysed, ligand-enabled transformations. The first of these, discussed in 

Chapter 2, is a Rh(I)-catalysed (3+1+2) cycloaddition reaction between electron-poor 

cyclopropylamides, carbon monoxide and tethered alkenes (Scheme 150A). Following extensive 

optimisation and the identification of an ortho-methoxy-substituted triarylarsine ligand (L3a), highly 

diastereoselective, regioselective, diastereospecific and enantiospecific transformations could be 

performed. In contrast to prior cycloadditions involving electron-poor cyclopropanes, the high 

selectivity of the transformation is due to conformational stability of the rhodacyclopentanone 

intermediates. The methodology allows access to stereochemically-privileged heterocyclic scaffolds 

with high flexibility, including structures that were used for investigations into the target-oriented 

synthesis of cytochalasin L-696,474. A range of tethered π-unsaturates such as alkynes, aldehydes and 

oximes were deemed to be unsuccessful substrates for the cycloaddition transformation, although they 

remain an area of interest at Bristol. Preliminary investigation into a novel (3+1+2) cycloaddition of 

cyclopropyl ketones, CO and tethered alkenes was described and provides the basis for further studies 

to be conducted. This would expand the classes of cyclopropane that are amenable to the Rh(I)-

catalysed C-C bond activation strategy developed at Bristol. 

In Chapter 4, the scope of the Ir(I)-catalysed enantioselective branch-selective hydroarylation 

methodology that had previously been developed at Bristol was expanded to include other 

heteroaromatics, such as furans and pyrroles (Scheme 150B). Extensive studies into the development 

of an efficient chiral ligand for the hydroheteroarylation process were undertaken, and promising levels 

of enantioselectivity were obtained with ferrocene-based bisphosphonite ligands such as (S)-L9d or 

(R)-L13b (up to 95:5 e.r.). Investigations into the development of a more general chiral ligand are 

currently ongoing at Bristol. 

Subsequent studies involved the hydroarylation of 1,1-disubstituted alkenes to install 

challenging all-carbon quaternary stereocentres, enabled by bisphosphite ligand (rac)-L8d (Scheme 

150C). The atom economical methodology tolerated a range of alkenes, including those with aryl and 

alkyl substitution. The scope of the reaction with respect to the heteroaromatic coupling partner was 

broad, with efficient hydroarylation possible for furans, thiophenes, benzamides and pyrroles. 

Investigations into the mechanism of the reaction provided evidence for a catalytic cycle involving 

carbometallation as the first irreversible step. Computational calculations determined the importance of 

the ligand structure upon the carbometallation event. It is expected that these studies can be used to 

provide insight into future hydroarylation protocols developed at Bristol. Significantly, the synthesis 

and evaluation of a range of ferrocene-based bisphosphonite ligands revealed that high 

enantioselectivity can be achieved for the hydroarylation of 1,1-disubstituted alkenes. Enantioselective 
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alkene hydroarylation to construct quaternary stereocentres is under-represented in the literature, thus 

this work is of high significance and investigations into this area are ongoing at Bristol.  

 

Scheme 150: A summary of the ligand-enabled, atom economical cycloaddition and cross-coupling reactions described in this 

thesis. 

 The power of the alkene hydroarylation platform developed at Bristol was demonstrated 

through the synthesis of challenging 1,2- and 1,3-stereoarrays (Scheme 150D). The methodology 
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enables a flexible alternative to the prior art, without the need for prefunctionalised coupling partners. 

Through the use of either enantiomer of bisphosphite ligand L8e, a high level of catalyst-controlled 

diastereoselectivity was possible for the hydroarylation of a selection of enantioenriched, branched 

alkenes. The methodology enabled the diastereoselective alkylation of acetanilides and thiophenes, and 

extension of the scope of the reaction to include furans and pyrroles is being investigated at Bristol. 

Future work may also include the extension of this approach to include the diastereoselective 

hydroarylation of enantioenriched 1,1-disubstituted alkenes. This would further enhance the synthetic 

flexibility of the methodology. 

To summarise, the development of several atom economical transition-metal-catalysed 

processes have been described. This has been enabled by judicious design and synthesis of ligands and 

highlights the importance of ligands in metal-catalysed transformations. The methodologies developed 

in this research project have enabled the stereocontrolled construction of complex, pharmaceutically 

relevant structures, from readily available starting materials. 
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Chapter 8 – Experimental procedures 

8.1 General Experimental Details 

All materials for which a synthetic route is not described or referenced were purchased from 

commercial sources (Sigma-Aldrich, Alfa Aesar, Fluorochem and Strem). All reagents requiring 

purification were purified using standard laboratory techniques according to methods published by 

Perrin, Armarego, and Perrin (Pergamon Press, 1966). Catalytic reactions were carried out inside: (a) 

Oven/flame dried glass reaction tubes equipped with a Suba-Seal® and a balloon of inert gas (or carbon 

monoxide in the case of carbonylation reactions) or (b) Oven/flame-dried Young-type re-sealable tubes. 

Liquid styrene derivatives were distilled using a Hickman distilling head before use. All other 

commercially available alkenes were used as received without any further purification. Anhydrous 

solvents were obtained by distillation using standard procedures or by passage through drying columns 

supplied by Anhydrous Engineering Ltd. Anhydrous mesitylene, 1,2-dichlorobenzene, PhCN and Et3N 

were distilled over CaH2 and stored over activated 4 Å molecular sieves under nitrogen. Anhydrous 

1,4-dioxane was purchased as anhydrous grade and stored over activated 4 Å molecular sieves. All 

reactions were performed using dry solvents unless stated otherwise. Protocols which required 

rigorously dry solvents or identified as such. Reactions requiring anhydrous conditions were performed 

under a nitrogen or argon atmosphere, using Schlenk techniques and flame/oven-dried equipment. The 

removal of the solvents in vacuo was achieved employing rotary evaporators connected with diaphragm 

pumps (15 mmHg) or, for high-boiling solvents, oil pumps (0.1 mmHg). Materials were dried on a high-

vacuum line prior to analysis. Flash column chromatography (FCC) was performed using silica gel 

(Aldrich 40-63 µm, 230-400 mesh). Petrol refers to petroleum ether consisting of aliphatic 

hydrocarbons boiling in the range 40–60 °C. Certain ligands were purified by chromatography on 

deactivated silica gel (stirred overnight with 10% w/w of Et3N) or on oven-dried silica gel. These 

instances are noted where appropriate. Thin layer chromatography was performed using aluminium 

backed 60 F254 silica plates. Visualisation was achieved by UV fluorescence or a basic KMnO4 solution 

and heat. Proton nuclear magnetic resonance spectra (NMR) were recorded on the following 

spectrometers: JEOL ECS400, JEOL ECZ400, Varian 400-MR, Bruker Nano400, Varian VNMR 500, 

and Bruker Avance III HD 500 Cryoprobe. 1H NMR spectra were recorded at 400 MHz or 500 MHz as 

stated. 13C NMR spectra were recorded at 101 MHz or 126 MHz as stated. 13C NMR analysis for the 

determination of relative ratios of 13C (Chapter 5) were performed using a Bruker 500 Cryoprobe. 

Chemical shifts (δ) are given in parts per million (ppm). Peaks are described as singlets (s), doublets 

(d), triplets (t), quartets (q), septets (sept), multiplets (m) and broad (br.). Coupling constants (J) are 

quoted to the nearest 0.5 Hz. All assignments of NMR spectra were based on 2D NMR data (COSY, 

HSQC, HMBC, TOCSY, and nOe experiments where appropriate). Where compounds were isolated as 

a mixture of isomers (e.g. rotamers), they are referred as A and B. NMR yields were determined by 

employing 1,4-dinitrobenzene or 1,3,5-trimethoxybenzene as an internal standard. Mass spectra were 
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recorded using the following instruments: Bruker Daltonics FT-ICR-MS Apex 4e 7.0T FT-MS or 

Bruker Daltonics micrOTOF II (ESI), Shimadzu GCMS QP2010+ or Thermo Scientific Orbitrap Elite 

(EI), Bruker ultrafleXtreme 2 (MALDI), Thermo Scientific Orbitrap Elite (APCI) and Waters Synapt 

G2S (Nanospray). Infrared spectra were recorded on a Perkin Elmer Spectrum Two FT-IR spectrometer 

as thin films or solids compressed on a diamond plate. Melting points were determined using Reichert 

melting point apparatus. Optical rotations were measured using an ADP440+ polarimeter at the 

concentration and temperature stated. Enantiomeric excess was determined using an Agilent 1290 

Infinity chiral SFC under the conditions noted for each compound. 

8.2 Experimental procedures for compounds in Chapter 2 

8.2.1 General procedures for compounds in Chapter 2 

General Procedure A: Amine and carboxylic acid couplings 

To a solution of the appropriate amine (100 mol%), EDCI (113 mol%) and DMAP (10 mol%) in CH2Cl2 

(0.5 M) at 0 °C was added the specified acid (110 mol%). The reaction was warmed to r.t., stirred for 

16 h and concentrated in vacuo. 1 M aq. NaOH (5 mL/mmol) was added and the solution was extracted 

with EtOAc (3 × 3 mL/mmol). The organic extracts were combined, washed with 1 M aq. HCl (5 

mL/mmol) and brine (5 mL/mmol), dried over Na2SO4 and concentrated in vacuo. The product was 

purified by silica gel column chromatography, under the conditions noted, to afford the title compound. 

General Procedure B: N-Alkylation of cyclopropylamides 

To a solution of NaH (200 mol%) in anhydrous THF (0.3 M) was added a solution of amide (100 mol%) 

in anhydrous THF (2.0 M) and the reaction was stirred at 0 °C for 1 h. The appropriate alkyl halide (200 

mol%) was added dropwise at 0 °C and the reaction was stirred at r.t. for 18 h. Water (5 mL/mmol) was 

added to the reaction mixture and the solution was extracted with Et2O (3 × 5 mL/mmol). The organic 

extracts were combined, washed with brine (5 mL/mmol), dried over Na2SO4 and concentrated in vacuo. 

The product was purified by silica gel column chromatography, under the conditions noted, to afford 

the desired N-methylated cyclopropylamide.  

General Procedure C: (3+1+2) Cycloadditions of cyclopropylamides 

An oven dried reaction tube, fitted with a magnetic stirrer, was charged with [Rh(cod)Cl]2 (5.0 mol%) 

and AsPh3 (10.0 mol%). The tube was fitted with a rubber septum and purged with argon. The 

appropriate protected cyclopropylamide substrate (100 mol%) in argon sparged 1,2-dichlorobenzene 

(1,2-DCB) or mesitylene (0.07 M), as noted, was added via syringe. The reaction mixture was sparged 

with CO for approximately 10 seconds, then heated to 140–155 °C as specified in a preheated heating 

block under a CO atmosphere (1 atm) for 48 h. The mixture was cooled to r.t. and concentrated in vacuo 
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and purified by silica gel column chromatography, under the conditions noted, to yield the target 

cyclohexanone. 

General Procedure D: Reductive amination of aldehydes and amines 

A solution of the appropriate aldehyde (100 mol%), allylamine (120 mol%) and NaHCO3 (150 mol%) 

in MeOH (1.0 M) was heated to reflux overnight. The mixture was cooled to r.t. and was then further 

cooled to 0 °C. To the ice-cold mixture was added NaBH4 (150 mol%) portion-wise. The reaction 

mixture was warmed to r.t. and stirred overnight. The solution was concentrated in vacuo and suspended 

in sat. aq. NaHCO3 (6 mL/mmol). The aqueous mixture was extracted with CH2Cl2 (3 × 6 mL/mmol) 

and the extracts combined. The organics were washed with water (6 mL/mmol), brine, (6 mL/mmol), 

dried over Na2SO4 and concentrated in vacuo to afford the title compound.  

General Procedure E: (3+1+2) Cycloadditions of cyclopropylamides 

An oven dried reaction tube, fitted with a magnetic stirrer, was charged with [Rh(coe)2Cl]2 (5.0 mol%) 

and As(2-OMeC6H4)3 (5.0 mol%). The tube was fitted with a rubber septum and purged with argon. 

The appropriate protected amide substrate (100 mol%) in argon sparged mesitylene (0.075 M) was 

added via syringe. The reaction mixture was sparged with CO for approximately 10 seconds, then heated 

to 155 °C in a preheated heating block under a CO atmosphere (1 atm.) for the specified amount of time 

(48–72 h as noted). The mixture was cooled to r.t. and concentrated in vacuo and purified by silica gel 

column chromatography, under the conditions noted, to yield the target cyclohexanone. 

General Procedure F: Synthesis of cyclopropyl esters from epoxides 

To flame dried sealable tube (or a 420 mL Chemglass® pressure vessel, depending upon the reaction 

scale), fitted with a subaseal, under an atmosphere of nitrogen was added triethylphosphonoacetate (200 

mol%) and anhydrous DME (2 mL/mmol). To this solution was added n-BuLi (205 mol%) dropwise 

over 5 min. The appropriate epoxide (100 mol%) was then added and the reaction tube was sealed and 

heated to 130 °C for 18 h. The mixture was cooled to r.t., transferred to a separating funnel and Et2O (5 

mL/mmol) and sat. aq. NH4Cl were added (5 mL/mmol). The layers were separated, and the aqueous 

layer extracted with Et2O (2 × 5 mL/mmol). The combined organic layers were dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography, under the conditions noted, 

afforded the target cyclopropyl ester. 

General Procedure G: Hydrolysis of esters 

To a solution of the appropriate cyclopropyl ester (100 mol%) in MeOH (0.4 M) at r.t. was added 4 M 

aq. NaOH (500 mol%). The mixture was stirred for 18 h before being concentrated in vacuo. Water 

(5 mL/mmol) and Et2O (5 mL/mmol) were added and the layers separated. The aqueous portion was 

adjusted to pH 2 by addition of 2 M aq. HCl and then extracted with Et2O (5 mL/mmol). The organic 
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extracts were combined, dried over Na2SO4 and concentrated in vacuo to afford the target carboxylic 

acid. 

General Procedure H: N-Alkylation of amides 

To a suspension of NaH (200 mol%, 60 wt% in mineral oil) in anhydrous DMF (0.3 M) at 0 °C under 

N2 was added the appropriate amide in anhydrous DMF (2.0 M). The reaction was warmed to r.t., stirred 

for 1 h and the appropriate bromide (150 mol%) added dropwise via syringe over 5 min. The mixture 

was stirred at r.t. for 16 h, quenched with sat. aq. NH4Cl (2 mL/mmol) and diluted with CH2Cl2 (5 

mL/mmol) and water (5 mL/mmol). The aqueous layer was extracted with CH2Cl2 (2 × 2 mL/mmol) 

and the combined organics washed with brine (2 mL/mmol), dried over Na2SO4 and concentrated in 

vacuo to leave the crude mixture which was purified by flash column chromatography under the 

conditions noted, to afford the desired alkylated amide. 

General Procedure I: Amine and acid chloride couplings 

To a solution of the appropriate amine (110 mol%) and Et3N (110 mol%) in CH2Cl2 (0.5 M) at 0 °C 

was added cyclopropane carbonyl chloride (100 mol%) dropwise over 5 min. The reaction was warmed 

to r.t. and stirred for 18 h. CH2Cl2 (5 mL/mmol) was added and the solution washed with water (5 

mL/mmol) and brine (5 mL/mmol). The organic portion was dried over Na2SO4 and concentrated in 

vacuo to leave the crude mixture, which was purified by silica gel column chromatography, under the 

conditions noted, to afford the title compound. 

General Procedure J: Synthesis of allylic amine derivatives 

To a suspension of tert-butyl carbamate (100 mol%) and PhSO2Na (200 mol%) in MeOH-water (1:2 

v/v, 2.90 mL/mmol) was added the appropriate aldehyde (150 mol%). HCO2H (0.15 mL/mmol) was 

added via syringe and the reaction mixture was stirred rapidly for 3 days. The resulting solid was 

collected under reduced pressure and washed with water (0.30 mL/mmol) and Et2O (0.30 mL/mmol) to 

yield crude intermediate sulfone that was used without further purification (only 1H NMR data is 

presented for the sulfone intermediate). To a solution of the appropriate sulfone (100 mol%) in 

anhydrous THF (7.5 mL/mmol) at -20 °C was added vinyl magnesium bromide (200 mol%, 1.0 M in 

THF) dropwise over 15 min. via syringe. After stirring at -20 °C for 30 min the mixture was warmed to 

0 °C, over 2 h. The reaction mixture was then quenched with sat. aq. NH4Cl (1.5 mL/mmol) and diluted 

with 1 M aq. HCl (3 mL/mmol). The mixture was extracted with Et2O (2 × 10 mL/mmol) and the 

combined organic extracts were washed with water (10 mL/mmol), brine (10 mL/mmol), dried over 

Na2SO4 and concentrated in vacuo. The residue was purified by flash column chromatography, under 

the conditions noted, to afford the pure allylic amine. 
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General Procedure K: Synthesis of triarylarsine ligands via Grignard Addition 

To a three-necked flash equipped with a reflux condenser, addition funnel and stir bar was added 

magnesium turnings (335 mol%) and iodine (one bead). The flask was evacuated and refilled with N2. 

The appropriate bromide (335 mol%, 1.6 M in anhydrous THF) was added to the addition funnel and 

approximately 2 mL of this solution was added to the magnesium turnings to initiate the reaction. The 

bromide was added dropwise over 30 min (approximately 1 drop/second) ensuring the suspension was 

maintained at reflux. Following addition, the suspension was stirred at reflux for 2 h, cooled to r.t. and 

freshly distilled AsCl3 (100 mol%, 1 M in anhydrous THF) was added over 5 min. In most cases an 

exotherm is evolved so care should be taken during this step. The reaction was stirred at r.t. for 16 h 

after which time a suspension was present. The solvent was removed in vacuo and the residue was taken 

up in CHCl3 and filtered through Celite®. Subsequent purification by recrystallisation or flash column 

chromatography as noted afforded the target triarylarsine ligands. 

8.2.2 Synthesis of substrates and catalytic protocols 

(64): (E) and (Z)-N-Benzyl-N-methylbut-2-enamide 

 

To a resealable tube containing [Rh(cod)2]BF4 (5.10 mg, 12.5 μmol) and PPh3 (9.80 mg, 37.5 μmol) 

under an atmosphere of argon was added amide 63 (47.0 mg, 0.25 mmol) in anhydrous PhMe (2.50 

mL). The tube was sealed and heated to 140 °C and stirred for 14 h. The mixture was cooled to r.t. and 

concentrated in vacuo. An NMR yield (47%, 5:1 ratio of A:B and 37% remaining 63) was obtained by 

1H NMR against 1,4-dinitrobenzene as an internal standard. The crude mixture was purified by silica 

gel column chromatography (25% EtOAc/Hex) to yield an inseparable mixture of 64A and 64B (19.9 

mg, 42%, 5:1 mixture of A:B) as a colourless oil. 

Data for mixture of isomers: Rf: 0.20 (25% EtOAc/Hex); νmax / cm-1: 2914 (m), 1660 (s), 1614 (s), 

1450 (s), 1398 (s); HRMS (ESI+): Calculated for C12H15NNaO: 212.1046. Found [M + H]+: 212.1046. 

Data for major isomer A (1:1 mixture of rotamers A:B): 1H NMR (500 MHz, CDCl3): δ 7.40 – 7.17 

(5H, m, 2 × C8-H, A+B, 2 × C9-H, A+B, C10-H, A+B), 7.04 – 6.93 (1H, m, C2-H, A+B), 6.31 (0.50H, 

d, J = 15.0 Hz, C3-H, A), 6.26 (0.50H, d, J = 15.0 Hz, C3-H, B), 4.66 – 4.60 (2H, m, C6-H2, A+B), 2.99 

(3H, s, C5-H3, A+B), 1.92 (1.50H, d, J = 7.0 Hz, 1.50 × C1-H3, A), 1.84 (1.50H, d, J = 7.0 Hz, 1.50 × 

C1-H3, B); 13C NMR (126 MHz, CDCl3): δ 166.9 (C4, A+B), 142.1 (C2, A+B), 128.9, 128.5, 128.0, 

127.6, 127.3, 126.4 (C8, A+B, C9, A+B, C10, A+B), 121.7 (C3, A+B), 53.3 (C6, A), 51.0 (C6, B), 34.8 
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(C5, A), 34.0 (C5, B), 18.2 (C1, A+B); The spectroscopic properties of this compound were consistent 

with the data available in the literature. A signal corresponding to C7 was not observed and this is also 

consistent with the data available in the literature.496 

Data for minor isomer B: Characteristic signals only (1:1 mixture of rotamers A:B): 1H NMR (500 

MHz, CDCl3): δ 2.94 – 2.92 (3H, m, C5-H3, A+B), 1.97 (1.50H, d, J = 7.0 Hz, C1-H3, A), 1.94 (1.50H, 

d, J = 7.0 Hz, C1-H3, B); 13C NMR (126 MHz, CDCl3): δ 35.1 (C5, A), 32.8 (C5, B), 15.5 (C1, A+B).  

Additional Control Insertion Experiment: 

 

An analogous insertion experiment to that above was carried out in the presence of a neutral rhodium 

source rather than a cationic rhodium source. This experiment revealed that directed insertion of a 

neutral Rh source is not feasible in the absence of CO as the catalyst is not sufficiently Lewis acidic. In 

the presence of CO, despite the catalyst becoming more Lewis acidic due to the strong π-acceptor 

properties of CO, insertion products are not observed presumably because of the reversible formation 

of rhodacyclopentanone intermediates. These results are in accordance with previous findings.17 

(68): N-Benzyl-N-cyclopropylcyclopropanecarboxamide 

 

General Procedure A: N-benzylcyclopropanamine (1.00 g, 6.79 mmol) was employed. Purification by 

flash column chromatography (15% EtOAc/Hex) on silica gel afforded the title compound 68 (1.10 g, 

75%) as a colourless crystalline solid; m.p. 71–74 °C (CH2Cl2/Hex); νmax / cm-1: 3009 (m), 1645 (s), 

1413 (s), 1256 (m); 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.10 (5H, m, 2 × C8-H, 2 × C9-H, C10-H), 

4.62 (2H, s, C6-H2), 2.68 (1H, m, C4-H), 2.28 (1H, m, C2-H), 1.15 – 0.90 (2H, m, 2 × C1-H), 0.91 – 

0.51 (6H, m, 2 × C1-H, 2 × C5-H2); 13C NMR (101 MHz, CDCl3): δ 176.3 (C3), 138.6 (C7), 128.5 (C9), 

127.9 (C8), 127.1 (C10), 50.2 (C6), 29.8 (C4), 12.5 (C2), 9.5 (C5), 8.4 (C1); HRMS (ESI+): Calculated 

for C14H18NO: 216.1383. Found [M + H]+: 216.1384. 
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(69a): (E)-N-Benzyl-N-(prop-1-en-1-yl)cyclopropanecarboxamide and (Z)-N-benzyl-N-(prop-1-

en-1-yl)cyclopropanecarboxamide 

 

To a resealable tube containing [Rh(cod)2]BF4 (5.10 mg, 12.5 μmol) and PPh3 (9.80 mg, 37.5 μmol) 

under an atmosphere of argon was added 68 (53.8 mg, 0.25 mmol) in anhydrous PhMe (2.50 mL). The 

tube was sealed and heated to 140 °C and stirred for 3 h. The mixture was cooled to r.t. and concentrated 

in vacuo. The crude mixture was purified by silica gel column chromatography (20% EtOAc/Hex) to 

yield the title compound 69a as an inseparable mixture E and Z isomers (45.1 mg, 84%, 10:1 E:Z) as a 

colourless oil. 

Data for mixture of isomers: νmax / cm-1: 2921 (m), 1644 (s), 1414 (s), 1188 (s); HRMS (ESI+): 

Calculated for C14H18NO: 216.1383. Found [M + H]+: 216.1388. 

Data for major isomer: (1:1 mixture of rotamers A:B): 1H NMR (400 MHz, CDCl3): δ 7.44 – 7.09 

(5.50H, m, 0.50 × C4-H, A, 2 × C9-H, A+B, 2 × C10-H, A+B C11-H, A+B), 6.84 (0.50H, d, J = 14.5 

Hz, 0.50 × C4-H, B), 5.11 (0.50H, m, 0.50 × C5-H, A), 5.01 – 4.79 (2.50H, m, 0.50 × C5-H, B, C7-H2, 

A+B), 2.04 – 1.81 (0.50H, m, 0.50 × C2-H, A), 1.70 – 1.57 (3.50H, m, 0.50 × C2-H, C6-H3, A+B), 1.16 

– 0.96 (2H, m, 2 × C1-H, A+B), 0.95 – 0.62 (2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): δ 

172.4 (C3, A+B), 137.6 (C8, A), 136.8 (C8, B) 128.8 (C10, A), 128.4 (C10, B), 128.2 (C4, A+B), 126.8 

(C9, A+B), 125.6 (C11, A+B), 110.6 (C5, A), 106.3 (C5, B), 49.0 (C7, A), 47.8 (C7, B), 15.5 (C6, A), 

15.3 (C6, B) 12.1 (C2, A+B), 8.5 (C1, A), 8.1 (C1, B). 

Data for minor isomer: Characteristic signals only: 1H NMR (400 MHz, CDCl3): δ 6.05 (1H, m, C5-

H), 5.53 (1H, m, C4-H), 4.63 (2H, s, C7-H2), 1.88 (1H, m, C2-H), 1.48 (3H, m, C6-H3); 13C NMR (101 

MHz, CDCl3): δ 173.3 (C3), 128.62 (C4), 126.4 (C5), 50.5 (C7), 12.4 (C6), 11.8 (C2), 8.0 (C1). 

(78c): N-Benzylprop-2-en-1-amine 

 

General Procedure D: Benzaldehyde (2.54 mL, 25.0 mmol) was employed to yield the title compound 

78c (3.19 g, 87%) as a yellow oil; νmax / cm-1: 2811 (m), 1642 (w), 1494 (m), 1452 (m); 1H NMR (400 

MHz, CDCl3): δ 7.39 – 7.23 (5H, m, 2 × C6-H, 2 × C7-H, C8-H), 5.94 (1H, ddt, J = 17.0, 10.5, 6.0 Hz, 
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C2-H), 5.20 (1H, dt, J = 17.0, 1.5 Hz, 1 × C1-H), 5.12 (1H, dt, J = 10.5, 1.5 Hz, 1 × C1-H), 3.80 (2H, 

s, C4-H2), 3.29 (2H, dt, J = 6.0, 1.5 Hz, C3-H2), 1.41 (1H, br. s, NH); 13C NMR (101 MHz, CDCl3): δ 

140.4 (C5), 137.0 (C2), 128.5, 128.3, 127.0, (C6, C7, C8), 116.1 (C1), 53.7 (C4), 51.9 (C3). The 

spectroscopic properties of this compound were consistent with the data available in the literature.497 

(66): N-Allyl-N-benzylcyclopropanecarboxamide 

 

General Procedure A: Amine 78c (1.36 g, 9.20 mmol) and cyclopropanecarboxylic acid (0.83 mL, 

10.4 mmol) were employed. The crude mixture was purified by silica gel column chromatography (20% 

EtOAc/Hex) to yield the title compound 66 (1.44 g, 72%, 5:4 mixture of rotamers A:B) as a colourless 

oil; Rf: 0.35 (25% EtOAc/Hex); νmax / cm-1: 1636 (s), 1466 (s), 1451 (s), 1417 (s), 1214 (s); 1H NMR 

(400 MHz, CDCl3): δ 7.50 – 7.14 (5H, m, 2 × C9-H, A+B, 2 × C10-H, A+B, C11-H, A+B), 5.81 (1H, 

m, C5-H, A+B), 5.27 – 5.09 (2H, m, C6-H2, A+B), 4.71 (0.90H, s, 0.90 × C7-H, B), 4.61 (1.10H, s, 1.10 

× C7-H, A), 4.07 – 3.96 (2H, m, C4-H2, A+B), 1.73 (1H, m, C2-H, A+B), 1.11 – 1.02 (2H, m, 2 × C1-

H, A+B), 0.83 – 0.71 (2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): δ 174.0 (C3, A), 173.8 

(C3, B), 137.9 (C8, A), 137.3 (C8, B), 133.3 (C5, B), 133.0 (C5, A), 128.8, 128.5, 128.2, 127.4, 127.2, 

126.4 (C9, A+B, C10, A+B, C11, A+B), 117.4 (C6, B), 116.6 (C6, A), 50.1 (C7, B), 49.1 (C4, A), 48.9 

(C7, A), 48.6 (C4, B), 11.5 (C2, B), 11.3 (C2, A), 7.9 (C1, B), 7.8 (C1, A); HRMS (ESI+): Calculated 

for C14H18NO: 216.1383. Found [M + H]+: 213.1386. 

(67): (3aR*,7aR*)-2-Benzylhexahydro-1H-isoindole-1,5(4H)-dione and (3aR*,7aS*)-2-

benzylhexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure C: Amide 66 (53.8 mg, 0.25 mmol) and 1,2-DCB were employed at 140 °C. The 

crude mixture was purified by column chromatography (EtOAc) to yield the title compound 67 (28.0 

mg, 48%, 5:1 d.r., A:B) as a yellow oil. (Under the conditions of General Procedure E, 67 is formed in 

71% Yield, >15:1 d.r.). 

The structure and relative stereochemistry of major diastereomer A was determined unambiguously by 

X-ray crystallography by Niall McCreanor. The X-ray structure is shown below.  
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Data for both A and B: νmax / cm-1: 1686 (s), 1494 (s), 1423 (s), 1248 (s); HRMS (ESI+): Calculated 

for C15H17NNaO2: 266.1151. Found: [M + Na]+: 266.1155. 

Data for major diastereomer A: Rf: 0.31 (EtOAc); 1H NMR (400 MHz, CDCl3): δ 7.36 – 7.19 (5H, 

m, 2 × C11-H, 2 × C12-H, C13-H), 4.47 (2H, s, C9-H2), 3.24 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 3.01 

(1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.62 – 2.27 (6H, m, C3-H2, C5-H2, 1 × C6-H, C7-H), 2.18 (1H, m, 

C2-H), 1.71 (1H, dddd, J = 12.5, 12.5, 12.5, 5.0 Hz, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 208.1 

(C4), 173.4 (C8), 136.4 (C10), 128.8, 128.1, 127.7 (C11, C12, C13), 49.9 (C1), 46.7 (C9), 46.4 (C7), 

44.6 (C3), 40.5 (C2), 40.4 (C5), 24.2 (C6). 

Data for minor diastereomer B: Rf: 0.25 (EtOAc); 1H NMR (400 MHz, CDCl3): δ 7.37 – 7.24 (5H, 

m, 2 × C11-H, 2 × C12-H, C13-H), 4.57 (1H, d, J = 14.5 Hz, 1 × C9-H), 4.44 (1H, d, J = 14.5 Hz, 1 × 

C9-H), 3.49 (1H, dd, J = 10.0, 7.0 Hz, 1 × C1-H), 2.91 – 2.82 (3H, m, 1 × C1-H, C2-H, C7-H), 2.49 

(1H, dd, J = 15.5, 6.0 Hz, 1 × C3-H), 2.39 – 2.31 (3H, m, C5-H2, 1 × C6-H), 2.26 – 2.15 (2H, m, 1 × 

C3-H, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 210.7 (C4), 174.6 (C8), 136.1 (C10), 128.8, 128.2, 

127.9 (C11, C12, C13), 51.4 (C1), 46.8 (C9), 42.2 (C3), 40.3 (C7), 37.4 (C5), 30.9 (C2), 22.9 (C6). 

 

(74a): N-Allylcyclopropanecarboxamide  

 

General Procedure A: Allylamine (0.86 mL, 11.5 mmol) and cyclopropane carboxylic acid (1.00 mL, 

12.6 mmol) were employed to yield the title compound 74a (1.12 g, 78%) as a white, low melting solid; 

νmax / cm-1: 3288 (m), 3084 (w), 1640 (s), 1543 (s), 1400 (m), 1240 (m); 1H NMR (400 MHz, CDCl3): 

δ 5.86 (1H, ddt, J = 16.0, 10.0, 5.0, C5-H), 5.66 (1H, br. s, NH), 5.24 – 5.10 (2H, m, C6-H2), 3.94 – 

3.87 (2H, m, C4-H2), 1.39 – 1.31 (1H, m, C2-H), 1.01 – 0.95 (1H, m, C1-H), 0.78 – 0.71 (1H, m, C1-
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H); 13C NMR (101 MHz, CDCl3): δ 173.3 (C3), 134.5 (C5), 116.4 (C6), 42.2 (C4), 14.8 (C2), 7.1 (C1); 

HRMS (ESI+): Calculated for C7H11NNaO: 148.0733. Found [M + Na]+: 148.0739. 

(74b): N-Allyl-N-Methylcyclopropanecarboxamide 

 

General Procedure B: Amide 74a (503 mg, 4.02 mmol) and methyl iodide (0.50 mL, 8.04 mmol) were 

employed. Purification by flash column chromatography (50% EtOAc/Hex) on silica gel yielded the 

title compound 74b (242 mg, 43%, 8:7 mixture of rotamers A:B) as a pale yellow oil; νmax / cm-1: 3012 

(w), 1631 (s), 1483 (m), 1413 (s), 1216 (m), 1081 (m); 1H NMR (400 MHz, CDCl3): δ 5.79 (1H, m, C5-

H, A+B), 5.26 – 5.09 (2H, m, C6-H, A+B), 4.12 – 3.96 (2H, m, C4-H, A+B), 3.09 (1.40H, s, 1.40 × C7-

H3, B), 2.93 (1.60H, s, 1.60 × C7-H3, A), 1.70 (1H, m, C2-H, A+B), 1.00 – 0.93 (2H, m, 2 × C1-

H, A+B), 0.80 – 0.68 (2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): δ 173.8 (C3, A), 

173.4 (C3, B), 133.4 (C5, B), 133.0 (C5, A), 117.1 (C6, B), 116.5 (C6, A), 52.3 (C4, A), 50.5 (C4, B), 

34.8 (C7, B), 34.3 (C7, A), 11.4 (C2, B), 11.2 (C2, A), 7.6 (C1, A+B); HRMS (ESI+): Calculated for 

C8H13NNaO: 162.0889. Found [M + Na]+: 162.0883. 

(76b): (3aR*,7aR*)-2-Methylhexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure C: Amide 74b (34.8 mg, 0.25 mmol) and 1,2-DCB were employed at 140 °C. The 

crude mixture was purified by flash column chromatography (2% MeOH/EtOAc) on silica gel to yield 

the title compound 76b (10.7 mg, 26%, >15:1 d.r.) as a yellow oil. 

The relative stereochemistry of 76b was assigned by analogy with 67. 

Rf: 0.13 (EtOAc); νmax / cm-1: 2951 (m), 2878 (m), 1681 (s), 1402 (m), 1251 (m); 1H NMR (500 MHz, 

CDCl3): 3.32 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 3.18 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.88 (3H, 

s, C9-H3), 2.63 (1H, dd, J = 14.5, 3.5 Hz, 1 × C3-H), 2.58 (1H, m 1 × C5-H), 2.46 – 2.25 (4H, m, 1 × 

C3-H, 1 × C5-H, 1 × C6-H, C7-H), 2.21 (1H, m, C2-H), 1.67 (1H, m, 1 × C6-H); 13C NMR (126 MHz, 

CDCl3): 208.4 (C4), 173.7 (C8), 52.7 (C1), 46.4 (C7), 44.8 (C3), 40.7, 40.6 (C2, C5), 30.0 (C9), 24.4 

(C6); HRMS (ESI+): Calculated for C9H14NO2: 168.1019. Found: [M + H]+: 168.1018. 
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(74c): N-Allyl-N-ethylcyclopropanecarboxamide 

 

General Procedure B: Amide 74a (412.7 mg, 3.30 mmol and bromoethane (0.64 mL, 6.60 mmol) 

were employed. Purification by flash column chromatography (30% EtOAc/Hex) on silica gel yielded 

the title compound (200 mg, 40%, 1:1 mixture of rotamers A:B) as a colourless oil; νmax / cm-1: 2977 

(w), 1631 (s), 1416 (m), 1430 (m), 1243 (m), 1208 (m), 1137 (m); 1H NMR (400 MHz, CDCl3): δ 5.80 

(1H, m, C5-H, A+B), 5.28 – 4.99 (2H, m, C6-H2, A+B), 4.08 – 3.91 (2H, m, C4-H2, A+B), 3.47 (1H, q, 

J = 7.0 Hz, C7-H2, A), 3.40 (1H, q, J = 7.0, C7-H2, B), 1.69 (1H, m, C2-H, A+B), 1.22 (1.50H, m, 1.50 

× C8-H3, A), 1.09 (1.50H, m, 1.50 × C8-H3, B), 1.02 – 0.89 (2H, m, 2 × C1-H, A+B), 0.79 – 0.67 (2H, 

m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): δ 173.4 (C3, A), 173.0 (C3, B), 134.2 (C5, A), 133.9 

(C5, B), 116.8 (C6, A), 116.4 (C6, B), 49.8 (C4, A), 48.5 (C4, A), 42.0 (C7, A), 41.5 (C7, B), 14.5 

(C8, A), 13.1 (C8, B), 11.5 (C2, A), 11.2 (C2, B), 7.7 (C1, A), 7.6, (C1, B); HRMS (ESI+): Calculated 

for C9H15NNaO: 176.1046. Found [M + Na]+: 176.1052. 

(76c): (3aR*,7aR*)-2-Ethylhexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure C: Amide 74c (38.3 mg, 0.25 mmol) and 1,2-DCB were employed at 140 °C. The 

crude mixture was purified by column chromatography (2% MeOH/EtOAc) to yield the title compound 

76c (17.3 mg, 39%, >15:1 d.r.) as a yellow oil. 

The relative stereochemistry of 76c was assigned by analogy with 67. 

Rf: 0.15 (EtOAc); νmax / cm-1: 2935 (m), 2875 (m), 1707 (s), 1674 (s), 1428 (m), 1249 (m); 1H NMR 

(500 MHz, CDCl3): 3.41 (1H, qd, J = 7.5, 2.0 Hz 1 × C9-H), 3.36 – 3.21 (2H, m, 1 × C1-H, 1 × C9-H), 

3.15 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.71 – 2.50 (2H, m, 1 × C3-H, 1 × C5-H), 2.48 – 2.24 (4H, 

m, 1 × C3-H, 1 × C5-H, 1 × C6-H, C7-H), 2.17 (1H, m, C2-H), 1.65 (1H, dddd, J = 12.5, 12.5, 12.5, 

5.0 Hz, 1 × C6-H), 1.11 (3H, t, J = 7.5 Hz, C10-H3); 13C NMR (126 MHz, CDCl3): 208.5 (C4), 173.2 

(C8), 49.9 (C1), 46.7 (C7), 44.8 (C3), 40.7, 40.6 (C2, C5), 37.4 (C9), 24.3 (C6), 12.9 (C10); HRMS 

(ESI+): Calculated for C10H16NO2: 182.1176. Found: [M + H]+: 182.1171. 
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(75): N-Benzhydrylprop-2-en-1-amine 

 

To a solution of benzophenone (2.51 g, 13.8 mmol) in anhydrous CH2Cl2 (70 mL) under nitrogen was 

added a solution of TiCl4 in CH2Cl2 (~1.0 M, 15 mL, 15.0 mmol) and the resulting yellow solution was 

cooled to 0 °C. Allylamine (2.25 mL, 29.8 mmol) was added and the mixture warmed to r.t. and stirred 

for 3 h. A solution of NaBH3CN (1.02 g, 16.3 mmol) in MeOH (25 mL) was added portion-wise and 

the solution stirred at r.t. for 1 h. The reaction mixture was basified was 5 M aq. NaOH solution until 

pH 10 upon which point a white precipitate formed. The colourless solid was filtered by suction 

filtration and the filtrate taken up in water (250 mL) and EtOAc (500 mL). The organic layer was 

washed with water (2 × 200 mL) and brine (200 mL), dried over MgSO4 and concentrated in vacuo to 

leave a pale yellow oil. The oil was dissolved in Et2O (30 mL) and acidified with conc. HCl until pH 2. 

The mixture was washed with water (3 × 30 mL) and the ether layer discarded. The aqueous layer was 

basified with 25% (v/v) aq. NH4OH solution until pH 10 and extracted with Et2O (3 × 25 mL). The 

organic layers were combined, dried over MgSO4 and concentrated in vacuo to leave the title compound 

75 as a colourless oil (2.10 g, 69%); 1H NMR (400 MHz, CDCl3): δ 7.50 – 7.42 (4H, m, 4 × C6-H), 

7.40 – 7.31 (4H, m, 4 × C7-H), 7.30 – 7.12 (2H, m, 2 × C8-H), 5.99 (1H, m, C2-H), 5.31 – 5.07 (2H, 

m, C1-H2), 4.77 (1H, s, C4-H), 3.34 – 3.22 (2H, m, C3-H2), 1.60 (1H, br. s, NH); 13C NMR (101 MHz, 

CDCl3): δ 144.1 (C5), 137.0 (C2), 128.6 (C7), 127.5 (C6), 127.1 (C8), 116.0 (C1), 66.6 (C4), 50.6 (C3); 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.497 

(74e): N-Allyl-N-benzhydrylcyclopropanecarboxamide 

 

General Procedure A: Amine 75 (1.06 g, 4.80 mmol) and cyclopropane carboxylic acid (0.57 mL, 

5.20 mmol) were employed. The crude product was purified by silica gel column chromatography (10% 

EtOAc/Hex) to yield the title compound 74e (450 mg, 33%) as a colourless, viscous oil; νmax / cm-1: 

2980 (w), 1636 (m), 1413 (m), 1222 (m); 1H NMR (500 MHz, CD3CN, 60 °C): δ 7.42 – 7.27 (6H, m, 6 

× Ar-CH), 7.28 – 7.19 (4H, m, 4 × Ar-CH), 6.93 (1H, s, C4-H), 5.41 (1H, m, C7-H), 5.00 – 4.75 (2H, 

m, C8-H2), 4.15 (2H, m, C6-H2), 1.89 (1H, m, C2-H), 0.89 – 0.80 (2H, m, 2 × C1-H), 0.77 – 0.72 (2H, 

m, 2 × C1-H); 13C NMR (126 MHz, CD3CN, 60 °C); δ 175.2 (C3), 141.7 (C5), 136.4 (C7), 130.3, 129.7, 
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128.7 (3 × Ar-CH), 116.7 (C8), 63.9 (C4), 49.0 (C6), 13.4 (C2), 8.4 (C1); HRMS (ESI+): Calculated 

for C20H21NNaO: 314.1515. Found [M + Na]+: 314.1520. 

(76e): (3aR*,7aR*)-2-Benzhydrylhexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure C: Amide 74e (72.8 mg, 0.25 mmol) and 1,2-DCB were employed at 140 °C. The 

crude mixture was purified by column chromatography (20% EtOAc/Toluene) on silica gel to yield the 

title compound 76e (39.6 mg, 50%, >15:1 d.r.) as a yellow oil. 

The relative stereochemistry of 76e was assigned by analogy with 67. 

Rf: 0.17 (20% EtOAc/Toluene); νmax / cm-1: 2872 (w), 1686 (s), 1494 (m), 1407 (s), 1240 (m); 1H NMR 

(500 MHz, CDCl3): 7.37 – 7.27 (6H, m, 4 × C12-H, 2 × C13-H), 7.23 – 7.17 (2H, m, 2 × C11-H), 7.16 

– 7.09 (2H, m, 2 × C11-H), 6.60 (1H, s, C9-H), 3.32 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 2.87 (1H, dd, 

J = 9.5, 9.5 Hz, 1 × C1-H), 2.65 – 2.53 (2H, m, 1 × C3-H, 1 × C5-H), 2.49 (1H, m, 1 × C6-H), 2.43 – 

2.19 (4H, m, C2-H, 1 × C3-H, 1 × C5-H, C7-H), 1.76 (1H, dddd, J = 12.5, 12.5, 12.5, 4.5 Hz, 1 × C6-

H); 13C NMR (126 MHz, CDCl3): 208.2 (C4), 173.6 (C8), 138.7 (C10), 129.1, 128.8, 128.7, 128.0, 

127.8, 127.6 (2 × C11, 2 × C12, 2 × C13), 58.6 (C9), 47.9 (C1), 46.6 (C7), 44.7 (C3), 40.7, 40.5 (C2, 

C5), 24.4 (C6); HRMS (ESI+): Calculated for C21H22NO2: 320.1645 Found: [M + H]+: 320.1647. 

(74f): N, N-Diallylcyclopropanecarboxamide 

 

General Procedure A: Diallylamine (1.14 mL, 9.23 mmol) and cyclopropanecarboxylic acid 

(0.81 mL, 10.2 mmol) were employed. The crude mixture was purified by silica gel column 

chromatography (50% EtOAc/Hex) to yield the title compound 74f (1.20 g, 79%, 1:1 mixture of 

rotamers A:B) as a pale yellow oil; Rf: 0.47 (50% EtOAc/Hex); νmax / cm-1: 3348 (w), 2977 (w), 1693 

(m), 1511 (m), 1303 (m), 1140 (s); 1H NMR (400 MHz, CDCl3): δ 5.91 – 5.71 (2H, m, C5-H, A+B), 

5.26 – 5.09 (4H, m, C6-H, A+B), 4.09 – 3.97 (4H, m, 2 × C4-H2, A+B), 1.69 (1H, m, C2-H, A+B), 0.99 

(2H, m, 2 × C1-H, A+B), 0.75 (2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): 173.6 (C3, A+B), 

133.6 (C5, A), 133.3 (C5, B), 117.1 (C6, A), 116.4 (C6, B), 49.1 (C4, A+B), 11.3 (C2, A+B), 7.7 (C1, 

A+B); HRMS (ESI+): Calculated for C10H15NNaO: 188.1046. Found [M + Na]+: 188.1044. 
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(76f): (3aR*,7aR*)-2-Allylhexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure C: Amide 74f (41.3 mg, 0.25 mmol) was employed. The crude mixture was 

purified by column chromatography (EtOAc) to yield the title compound 76f (18.5 mg, 38%, >15:1 

d.r.) as a yellow oil. 

The relative stereochemistry of 76f was assigned by analogy with 67. 

Rf: 0.25 (EtOAc); νmax / cm-1: 2952 (m), 2875 (m), 1681 (s), 1644 (s), 1414 (m), 1247 (m); 1H NMR 

(500 MHz, CDCl3): 5.71 (1H, ddt, J = 16.5, 10.0, 6.0 Hz, C10-H), 5.23 – 5.11 (2H, m, C11-H2), 4.00 – 

3.79 (2H, m, C9-H2), 3.32 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 3.11 (1H, dd, J = 9.5 Hz, 9.5 Hz, 1 × 

C1-H), 2.69 – 2.51 (2H, m, 1 × C3-H, 1 × C5-H), 2.48 – 2.25 (4H, m, 1 × C3-H, 1 × C5-H, 1 × C6-H, 

C7-H), 2.18 (1H, m, C2-H), 1.67 (1H, qd, J = 12.5, 5.0 Hz, C6-H); 13C NMR (126 MHz, CDCl3): 208.4 

(C4), 173.4 (C8), 132.5 (C10), 118.3 (C11), 50.1 (C1), 46.6 (C7), 45.4 (C9), 44.8 (C3), 40.6, 40.5 (C2, 

C5), 24.3 (C6); HRMS (ESI+): Calculated for C11H16NO2: 194.1176. Found: [M + H]+: 194.1171. 

(78a): N-(3-Nitrobenzyl)prop-2-en-1-amine 

 

General Procedure D: 3-nitrobenzaldehyde (3.78 g, 25.0 mmol) was employed to afford the title 

compound 78a (2.25 g, 47%) as a dark yellow oil which was used without purification; νmax / cm-1: 2824 

(m), 1523 (s), 1346 (s), 1093 (m); 1H NMR (400 MHz, CDCl3): δ 8.21 (1H, s, C6-H), 8.10 (1H, d, J = 

8.0 Hz, C8-H), 7.68 (1H, d, J = 8.0 Hz, C10-H), 7.48 (1H, t, J = 8.0 Hz, C9-H), 5.91 (1H, m, C2-H), 

5.28 – 5.05 (2H, m, C1-H2), 3.89 (2H, s, C4-H2), 3.28 (2H, dd, J = 6.0, 1.5 Hz, C3-H2), 1.75 (1H, br. s, 

NH); 13C NMR (101 MHz, CDCl3): δ 148.4 (C7), 142.6 (C5), 136.3 (C2), 134.2 (C10), 129.2 (C9), 

122.9 (C6), 122.0 (C8), 116.4 (C1), 52.2 (C4), 51.7 (C3); HRMS (ESI+): Calculated for C10H13N2O2: 

193.0972. Found [M + H]+: 193.0976. 
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(74g): N-Allyl-N-(3-nitrobenzyl)cyclopropanecarboxamide 

 

General Procedure A: Amine 78a (2.00 g, 10.4 mmol) was employed. Purification by flash column 

chromatography (30% EtOAc/Petrol) on silica gel afforded the title compound 74g (930 mg, 38%, 3:1 

mixture of rotamers A:B) as a pale yellow oil; νmax / cm-1: 3010 (m), 1636 (s), 1526 (s), 1346 (s), 1215 

(m); 1H NMR (400 MHz, CDCl3): δ 8.25 – 7.94 (2H, m, C6-H, A+B, C8-H, A+B), 7.68 – 7.41 (2H, m, 

C9-H, A+B, C10-H, A+B), 5.84 (1H, m, C2-H, A+B), 5.43 – 5.05 (2H, m, C1-H, A+B), 4.79 (0.50H, s, 

0.50 × C4-H, B), 4.67 (1.50H, s, 1.50 × C4-H, A), 4.20 – 3.92 (2H, m, C3-H, A+B), 1.81 – 1.66 (1H, 

m, C12-H, A+B), 1.12 – 0.98 (2H, m, 2 × C13-H, A+B), 0.90 – 0.71 (2H, m, 2 × C13-H, A+B); 13C 

NMR (101 MHz, CDCl3): δ 174.4 (C11, A+B), 148.7 (C7, B), 148.4 (C7, A), 140.2 (C5, A+B) 132.8 

(C2, A+B), 132.3 (C10, A+B), 129.9 (C9, B), 129.6 (C9, A), 122.6, 122.4 (C6, A+B, C8, A+B), 118.0 

(C1, B), 117.2 (C1, A), 49.8 (C3, A), 49.6 (C4, B), 48.9 (C3, B), 48.7 (C4, A), 11.3 (C12, A+B), 8.1 

(C13, A+B); HRMS (ESI+): Calculated for C14H17N2O3: 261.1234. Found [M + H]+: 261.1223. 

(76g): (3aR*,7aR*)-2-(3-Nitrobenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure C: Amide 74g (39.0 mg, 0.15 mmol) and mesitylene were employed at 155 °C. 

Purification by flash column chromatography (80% EtOAc/Petrol) on silica gel afforded the title 

compound 76g (18.6 mg, 43%, >15:1 d.r.) as a pale yellow oil. (Under the conditions of General 

Procedure E, 76g is formed in 60% Yield, >15:1 d.r.). 

The relative stereochemistry of 76g was assigned by analogy with 67. 

νmax / cm-1: 2942 (m), 1692 (s), 1524 (s), 1346 (s); 1H NMR (400 MHz, CDCl3): δ 8.14 (1H, m, C13-

H), 8.06 (1H, m, C11-H), 7.58 (1H, m, C14-H), 7.52 (1H, m, C11-H), 4.58 (2H, s, C9-H2), 3.28 (1H, 

dd, J = 9.0, 6.5 Hz, 1 × C1-H), 3.11 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.65 – 2.55 (2H, m, 1 × C3-

H, 1 × C5-H), 2.48 (1H, m, 1 × C6-H), 2.42 – 2.16 (4H, m, 1 × C2-H, 1 × C3-H, 1 × C5-H, C7-H), 1.73 

(1H, dddd, J = 12.5, 12.5, 12.5, 5.0 Hz, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 207.7 (C4), 173.7 

(C8), 148.5 (C12), 138.7 (C10), 134.1 (C14), 129.9 (C11), 122.9 (C13), 122.7 (C11), 50.1 (C1), 46.2, 

46.1 (C7, C9), 44.5 (C3), 40.5 (C2), 40.3 (C5), 24.1 (C6); HRMS (ESI+): Calculated for C15H16N2NaO4: 

311.1002. Found [M + Na]+: 311.1001. 
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(78b): N-(4-Nitrobenzyl)prop-2-en-1-amine 

 

To a solution of 4-nitrobenzaldehyde (1.51 g, 10.0 mmol) and allylamine (0.75 mL, 10.0 mmol) in 1,2-

dichloroethane (30 mL) at r.t. was added sodium triacetoxyborohydride (6.36 g, 30.0 mmol) 

portionwise. The suspension was stirred at r.t. for 16 h before being quenched with sat. aq. NaHCO3 

(50 mL) and extracted with EtOAc (3 × 25 mL). The organic portions were combined and washed with 

1 M aq. HCl (50 mL). The aqueous layer was extracted with EtOAc (3 × 25 mL), basified to approx. 

pH 12 with 4 M NaOH, and extracted with CH2Cl2 (3 × 25 mL). The combined organic portions were 

washed with brine, dried over Na2SO4 and concentrated in vacuo to yield the title compound 78b 

(1.00 g, 52%) as a yellow oil which was used without further purification; 1H NMR (400 MHz, CDCl3): 

δ 8.29 – 8.08 (2H, m, 2 × C7-H), 7.58 – 7.41 (2H, m, 2 × C6-H), 5.91 (1H, ddt, J = 17.5, 10.0, 6.0 Hz, 

C2-H), 5.28 – 5.06 (2H, m, C1-H2), 3.90 (2H, s, C4-H2), 3.28 (2H, dt, J = 6.0, 1.5 Hz, C3-H2), 1.51 

(1H, br. s, NH); 13C NMR (101 MHz, CDCl3): δ 148.3 (C8), 147.2 (C5), 136.4 (C2), 128.8 (C6), 123.8 

(C7), 116.6 (C1), 52.5 (C4), 51.9 (C3); The spectroscopic properties of this compound were consistent 

with the data available in the literature.141 

(74h): N-Allyl-N-(4-nitrobenzyl)cyclopropanecarboxamide 

 

General Procedure A: Amine 78b (500 mg, 2.60 mmol) was employed. Purification by flash column 

chromatography (25% EtOAc/Petrol) on silica gel afforded the title compound 74h (410 mg, 61%, 3:1 

mixture of rotamers A:B) as a pale yellow oil; νmax / cm-1: 2983 (m), 1638 (s), 1517 (s), 1341 (s), 1215 

(s); 1H NMR (400 MHz, CDCl3): δ 8.34 – 8.02 (2H, m, 2 × C7-H, A+B), 7.51 – 7.32 (2H, m, 2 × C6-

H, A+B), 5.82 (1H, m, C2-H, A+B), 5.37 – 5.01 (2H, m, C1-H, A+B), 4.79 (0.50H, s, 0.50 × C4-H2, B), 

4.66 (1.50H, s, 1.50 × C4-H2, A), 4.17 – 3.94 (2H, m, C3-H2, A+B), 1.68 (1H, m, C10-H, A+B), 1.10 – 

0.99 (2H, m, 2 × C11-H, A+B), 0.86 – 0.70 (2H, m, 2 × C11-H, A+B); 13C NMR (101 MHz, CDCl3): δ 

174.5 (C9, A), 174.0 (C9, B), 147.6 (C8, B), 147.3 (C8, A), 145.7 (C5, A), 145.2 (C5, B), 132.9 (C2, B), 

132.6 (C2, A), 128.7 (C6, A), 127.3 (C6, B), 124.2 (C7, B), 123.9 (C7, A), 118.2 (C1, B), 117.3 (C1, A), 

50.0 (C3, A+B), 49.0 (C4, A+B), 11.6 (C10, B), 11.3 (C10, A), 8.4 (C11, B), 8.2 (C11, A); HRMS 

(ESI+): Calculated for C14H17N2O3: 261.1234. Found [M + H]+: 261.1222. 
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(76h): (3aR*,7aR*)-2-(4-Nitrobenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure C: Amide 74h (39.0 mg, 0.15 mmol) and mesitylene were employed at 155 °C. 

Purification by flash column chromatography (EtOAc) on silica gel afforded the title compound 76h 

(20.3 mg, 47%, >15:1 d.r.) as a pale yellow oil. (Under the conditions of General Procedure E, 76h is 

formed in 61% Yield, >15:1 d.r.). 

The relative stereochemistry of 76h was assigned by analogy with 67. 

νmax / cm-1: 2925 (m), 1673 (s), 1516 (s), 1346 (s), 1246 (s); 1H NMR (400 MHz, CDCl3): δ 8.18 (2H, 

d, J = 8.5 Hz, 2 × C12-H), 7.39 (2H, d, J = 8.5 Hz, 2 × C11-H), 4.56 (2H, s, C9-H2), 3.25 (1H, dd, J = 

9.5, 6.5 Hz, 1 × C1-H), 3.09 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.71 – 2.53 (2H, m, 1 × C3-H, 1 × 

C5-H), 2.47 (1H, m, 1 × C6-H), 2.41 – 2.10 (4H, m, C2-H, 1 × C3-H, 1 × C5-H, C7-H), 1.72 (1H, dddd, 

J = 12.5, 12.5, 12.5, 5.0 Hz, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 207.8 (C4), 173.8 (C8), 147.7 

(C13), 144.0 (C10), 128.8 (C11), 124.2 (C12), 50.3 (C1), 46.3, 46.2 (C7, C9), 44.6 (C3), 40.6 (C2), 

40.4 (C5), 24.2 (C6); HRMS (ESI+): Calculated for C15H17N2O4: 289.1183. Found [M + H]+: 289.1167. 

(78d): N-(4-Methoxybenzyl)prop-2-en-1-amine 

 

General Procedure D: 4-methoxybenzaldehyde (3.65 mL, 30.0 mmol) was employed to afford the title 

compound 78d (4.90 g, 93%) as a pale yellow oil; νmax / cm-1: 2834 (m), 1611 (m), 1511 (s), 1241 (s), 

1173 (m), 1033 (s); 1H NMR (400 MHz, CDCl3): δ 7.25 (2H, d, J = 8.0 Hz, 2 × C6-H), 6.86 (2H, d, J 

= 8.0 Hz, 2 × C7-H), 5.93 (1H, ddt, J = 17.0, 10.0, 6.0 Hz, C2-H), 5.19 (1H, dt, J = 17.0, 2.0 Hz, 1 × 

C1-H), 5.10 (1H, dt, J = 10.0, 2.0, 1 × C1-H), 3.80 (3H, s, C9-H3), 3.73 (2H, s, C4-H2), 3.26 (2H, dt, J 

= 6.0, 1.5 Hz, C3-H2); 13C NMR (101 MHz, CDCl3): δ 158.8 (C8), 137.0 (C2), 132.6 (C5), 129.5 (C6), 

116.1 (C1), 113.9 (C7), 55.4 (C9), 52.8 (C4), 51.8 (C3); HRMS (ESI+): Calculated for C11H16NO: 

178.1226. Found [M + H]+: 178.1231; The spectroscopic properties of this compound were consistent 

with the data available in the literature.498 
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(74i): N-Allyl-N-(4-methoxybenzyl)cyclopropanecarboxamide 

 

General Procedure A: Amine 78d (3.00 g, 16.9 mmol) and cyclopropane carboxylic acid (1.50 mL, 

19.1 mmol) were employed to yield the title compound 74i (2.97 g, 72%, 11:9 mixture of rotamers A:B) 

as a pale yellow oil; νmax / cm-1: 3006 (w), 1634 (s), 1510 (s), 1415 (s), 1245 (s), 1214 (s), 1173 (s), 

1031 (s); 1H NMR (400 MHz, CDCl3): δ 7.20 – 7.13 (2H, m, 2 × C9-H), 6.92 – 6.81 (2H, m, 2 × C10-

H), 5.79 (1H, m, C5-H, A+B), 5.28 – 5.06 (2H, m, C6-H, A+B), 4.63 (0.90H, s, 0.90 × C7-H2, B), 4.53 

(1.10H, s, 1.10 × C7-H2, A), 4.08 – 3.93 (2H, m, C4-H, A+B), 3.80 (3H, C12-H3, A+B), 1.70 (1H, m, 

C2-H, A+B), 1.17 – 0.92 (2H, m, 2 × C1-H, A+B), 0.80 – 0.60 (2H, m, 2 × C1-H, A+B); 13C NMR (101 

MHz, CDCl3): δ 174.0 (C3, A), 173.8 (C3, B), 159.1 (C11, B), 159.0 (C11, A), 133.5 (C5, B), 133.2 

(C5, A), 130.1 (C8, A), 129.7 (C9, A), 129.3 (C8, B), 127.8 (C9, B), 117.5 (C6, B), 116.7 (C6, A), 114.3 

(C10, B), 114.0 (C10, A), 55.5, 55.4 (C12, A+B), 49.7 (C7, B), 49.0 (C4, A), 48.5 (C4, B), 48.4 (C7, A), 

11.6 (C2, B), 11.5 (C2, A), 8.0 (C1, B), 7.9 (C1, A); HRMS (ESI+): Calculated for C15H19NNaO2: 

268.1308. Found [M + Na]+: 268.1305. 

(76i): (3aR*,7aR*)-2-(4-Methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione and (3aR*,7aS*)-

2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure C: Amide 74i (31.3 mg, 0.25 mmol) and mesitylene were employed at 150 °C. 

The crude mixture was purified by column chromatography (EtOAc) to yield the title compound 76i 

(44.4 mg, 65%, 8:1 d.r., A:B) as a yellow oil. 

The relative stereochemistry of 76i was assigned by analogy with 67. 

Data for both A and B: νmax / cm-1: 2878 (m), 1673 (s), 1511 (s), 1240 (s), 1177 (m); HRMS (ESI+): 

Calculated for C16H19NNaO3: 296.1257. Found [M + Na]+: 296.1250. 

Data for major diastereomer A: Rf: 0.38 (EtOAc); 1H NMR (400 MHz, CDCl3): δ 7.15 (2H, d, J = 

8.5 Hz, 2 × C11-H), 6.84 (2H, d, J = 8.5 Hz, 2 × C12-H), 4.47 – 4.32 (2H, m, C9-H2), 3.79 (3H, s, C14-

H3), 3.20 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 2.99 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.64 – 2.49 
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(2H, m, 1 × C3-H, 1 × C5-H), 2.45 (1H, m, 1 × C6-H), 2.39 – 2.24 (3H, m, 1 × C3-H, 1 × C5-H, C7-

H), 2.13 (1H, m, C2-H), 1.71 (1H, dddd, J = 12.5, 12.5, 12.5, 5.0 Hz, 1 × C6-H); 13C NMR (101 MHz, 

CDCl3): δ 208.3 (C4), 173.4 (C8), 159.3 (C13), 129.6 (C11), 128.6 (C10), 114.3 (C12), 55.4 (C14), 

49.8 (C1), 46.6 (C7), 46.2 (C9), 44.7 (C3), 40.6, 40.5 (C2, C5), 24.4 (C6). 

Data for minor diastereomer B: Rf: 0.24 (EtOAc); 1H NMR (400 MHz, CDCl3): δ 7.22 – 7.08 (2H, 

m, 2 × C11-H), 6.94 – 6.80 (2H, m, 2 × C12-H), 4.57 – 4.28 (2H, m, C9-H2), 3.80 (3H, s, C14-H3), 3.44 

(1H, dd, J = 9.5, 7.0 Hz, 1 × C1-H), 2.81 (3H, m, 1 × C1-H, C2-H, C7-H), 2.46 (1H, m, 1 × C3-H), 2.37 

– 2.26 (3H, m, C5-H2, 1 × C6-H), 2.26 – 2.07 (2H, m, 1 × C3-H, 1 × C6-H); 13C NMR (101 MHz, 

CDCl3): δ 210.8 (C4), 174.5 (C8), 159.4 (C13) 129.7 (C11), 128.3 (C10), 114.3 (C12), 55.4 (C14), 51.4 

(C1), 46.4 9 (C9), 42.3 (C3), 40.5 (C7), 37.6 (C5), 31.0 (C2), 23.0 (C6). 

(78e): N-(3,4,5-Trimethoxybenzyl)prop-2-en-1-amine 

 

General Procedure D: 3,4,5-trimethoxybenzaldehyde (9.81 g, 50.0 mmol) was employed to yield the 

title compound 78e (11.2 g, 95%) as a yellow oil; νmax / cm-1: 2937 (m), 2833 (m), 1589 (m), 1418 (m), 

1232 (m), 1121 (s); 1H NMR (400 MHz, CDCl3): δ 6.57 (2H, s, 2 × C6-H), 5.94 (1H, ddt, J = 17.0, 

10.5, 6.0 Hz, C2-H), 5.21 (1H, dt, J =17.0, 1.5 Hz, C1-H), 5.13 (1H, dt, J = 10.5, 1.5 Hz, C1-H), 3.86 

(6 H, s, 2 × C9-H3), 3.83 (3H, s, C10-H3), 3.73 (2H, s, C4-H2), 3.29 (2H, dd, J = 6.0, 1.5 Hz, C3-H2), 

1.48 (1H, br. s, NH); 13C NMR (101 MHz, CDCl3): δ 153.2 (C7), 136.8 (C8), 136.7 (C2), 136.1 (C5), 

116.1 (C1), 104.9 (C6), 60.8 (C10), 56.1 (C9), 53.6 (C4), 51.9 (C3); HRMS (ESI+): Calculated for 

C17H23NNaO4: 260.1257. Found [M + Na]+: 260.1261. 

(74j): N-Allyl-N-(3,4,5-trimethoxybenzyl)cyclopropanecarboxamide 

 

General Procedure A: Amine 78e (4.75 g, 20.0 mmol) and cyclopropane carboxylic acid were 

employed. The crude mixture was purified by silica gel column chromatography (15–40% EtOAc/Hex) 

to yield the title compound 74j (4.50 g, 74%, 11:9 mixture of rotamers A:B) as a pale yellow oil; Rf: 

0.30 (40% EtOAc/Hex); νmax / cm-1: 2941 (m), 1636 (m), 1590 (m), 1454 (s), 1415 (s), 1214 (s), 1122 

(s); 1H NMR (400 MHz, CDCl3): δ 6.49 – 6.39 (2H, m, 2 × C9-H, A+B), 5.82 (1H, m, C5-H, A+B), 5.28 
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– 5.08 (2H, m, C6-H2, A+B), 4.63 (0.90H, s, 0.90 × C7-H, B), 4.52 (1.10 H, s, 1.10 × C7-H, A), 4.06 – 

3.98 (2H, m, C4-H2, A+B), 3.89 – 3.78 (9H, m, 2 × C12-H3, C13-H3, A+B), 1.73 (1H, m, C2-H, A+B), 

1.08 – 1.01 (2H, m, 2 × C1-H, A+B), 0.83 – 0.71 (2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): 

δ 174.2 (C3, A) 174.0 (C3, B), 153.8 (C10, B), 153.4 (C10, A), 137.2 (C11, A+B), 133.8, 133.4, 133.2, 

133.1 (C5, A+B, C8, A+B), 117.6 (C6, B), 116.7 (C6, A), 105.4 (C9, A), 103.3 (C9, B), 61.0, 56.3 (C12, 

A+B), (C13, A+B), 50.4, 49.3, 49.2, 48.9 (C4, A+B, C7, A+B) 11.6 (C2, B), 11.5 (C2, A), 8.2 (C1, B) 

8.0 (C1, A); HRMS (ESI+): Calculated for C17H23NNaO4: 328.1519. Found [M + Na]+: 328.1513. 

(76j): (3aR*,7aR*)-2-(3,4,5-Trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione and 

(3aR*,7aS*)-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

Modified General Procedure C: Amide 74j (76.3 mg, 0.25 mmol) and mesitylene were employed at 

150 °C. [Rh(coe)2Cl]2 was used as the precatalyst. The crude mixture was purified by column 

chromatography (2% MeOH/EtOAc) to yield the title compound 76j (67.9 mg, 81%, 9.3:1 d.r., A:B) as 

a yellow oil. 

The relative stereochemistry of 76j was assigned by analogy with 67.  

Data for both A and B: νmax / cm-1: 2934 (m), 1684 (s), 1588 (m), 1416 (s), 1234 (m), 1125 (s); HRMS 

(ESI+): Calculated for C18H24NO5: 334.1645. Found: [M + H]+: 334.1655. 

Data for major diastereomer A: Rf: 0.18 (EtOAc); 1H NMR (400 MHz, CDCl3): δ 6.44 (2H, s, 2 × 

C11-H), 4.40 (2H, ABq, ΔδAB = 0.03, JAB = 14.5 Hz, C9-H2), 3.84 (6H, s, 2 × C14-H3), 3.83 (3H, s, 

C15-H3), 3.25 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 3.04 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.67 – 2.52 

(2H, m, 1 × C3-H, 1 × C5-H), 2.47 (1H, m, 1 × C6-H), 2.41 – 2.26 (3H, m, 1 × C3-H, 1 × C5-H, C7-

H), 2.18 (1H, dddd, J = 15.5, 10.0, 6.5, 3.5 Hz, C2-H), 1.71 (1H, dddd, J = 12.5, 12.5, 12.5, 5.0 Hz, 1 

× C6-H); 13C NMR (101 MHz, CDCl3): δ 208.2 (C4), 173.5 (C8), 153.6 (C12), 137.7 (C13), 132.2 

(C10), 105.4 (C11), 61.0 (C15), 56.3 (C14), 50.0 (C1), 47.3 (C9), 46.6 (C7), 44.8 (C3), 40.7, 40.5 (C2, 

C5), 24.4 (C6). 

Data for minor diastereomer B: Rf: 0.14 (EtOAc); Characteristic signals only: 1H NMR (500 MHz, 

CDCl3): δ 6.42 (2H, s, 2 × C11-H), 4.48 – 4.32 (2H, m, C9-H2), 3.83 (9H, m, 2 × C14-H3, C15-H3), 

3.48 (1H, m, 1 × C1-H), 2.95 – 2.81 (3H, m, 1 × C1-H, C2-H, C7-H), 2.49 (1H, m, 1 × C3-H), 2.31 – 

2.26 (3H, C5-H2, 1 × C6-H), 2.25 – 2.12 (2H, m, 1 × C3-H, 1 × C6-H); 13C NMR (126 MHz, CDCl3): 
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δ 210.7 (C4), 174.9 (C8), 153.6 (C12), 137.7 (C13), 105.3 (C11), 61.0 (C15), 56.3 (C14), 51.7 (C1), 

47.3 (C9), 42.3 (C3), 40.5 (C7), 37.5 (C5), 30.7 (C2), 22.8 (C6). 

(79a): N-Methoxycyclopropanecarboxamide 

 

To a solution of methoxyamine hydrochloride (1.50 g, 18.0 mmol) and triethylamine (5.10 mL, 36.8 

mmol) in CH2Cl2 (200 mL) at 0 °C was added cyclopropane carbonyl chloride (1.88 mL, 20.6 mmol) 

dropwise over 5 min. The resulting solution was warmed to r.t. and stirred for 18 h before being 

concentrated in vacuo. The crude mixture was purified by flash column chromatography (5% 

MeOH/EtOAc) on silica gel to afford the title compound 79a (1.52 g, 72%) as a colourless crystalline 

solid; m.p. 107–110 °C (MeOH); νmax / cm-1: 3141 (w), 2975 (m), 2911 (m), 1639 (s), 1530 (s), 1400 

(s), 1053 (s); 1H NMR (400 MHz, CDCl3): δ 9.22 (1H, br. s, NH), 3.75 (3H, s, C4-H3), 1.34 (1H, m, 

C2-H), 1.10 – 0.89 (2H, m, 2 × C1-H), 0.93 – 0.57 (2H, s, 2 × C1-H); 13C NMR (101 MHz, CDCl3): δ 

172.5 (C3), 64.5 (C4), 11.8 (C2), 7.2 (C1); HRMS (ESI+): Calculated for C5H10NO2: 116.0706. Found 

[M + H]+: 116.0703. 

(74k): N-Allyl-N-methoxycyclopropanecarboxamide 

 

To a stirred suspension of NaH (700 mg, 17.4 mmol, 60% in mineral oil) in anhydrous THF (15 mL) at 

0 °C was added amide 79a (1.00 g, 8.70 mmol) in anhydrous THF (10 mL) dropwise over 10 min. The 

mixture was stirred at 0 °C for 1 h before allyl bromide (1.13 mL, 13.1 mmol) was added dropwise via 

syringe over 10 min. The resulting solution was warmed to r.t. and stirred for 16 h. The mixture was 

filtered through Celite®, washing with EtOAc (50 mL) and the filtrate concentrated in vacuo. 

Purification by flash column chromatography on silica gel (40% EtOAc/Hex) afforded the title 

compound 74k (170 mg, 13%) as a colourless oil; νmax / cm-1: 2931 (m), 1651 (s), 1405 (s), 1236 (s), 

996 (s); 1H NMR (400 MHz, CDCl3): δ 5.86 (1H, ddt, J = 17.0, 10.0, 6.0 Hz, C6-H), 5.34 – 5.09 (2H, 

m, C7-H2), 4.24 (2H, dd, J = 6.0, 1.5 Hz, C5-H2), 3.77 (3H, s, C4-H3), 2.15 (1H, m, C2-H), 1.05 – 0.96 

(2H, m, 2 × C1-H), 0.86 – 0.78 (2H, m, 2 × C1-H); 13C NMR (101 MHz, CDCl3): δ 174.9 (C3), 132.6 

(C6), 118.2 (C7), 62.6 (C4), 48.9 (C5), 10.2 (C2), 8.2 (C1); HRMS (ESI+): Calculated for C8H14NO2: 

156.1019. Found [M + H]+: 156.1026. 
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(84a): 2-Benzyloxirane 

 

To a solution of allylbenzene (20.0 mL, 150 mmol) in CH2Cl2 (300 mL) at 0 °C was added 3-

chloroperbenzoic acid (31.0 g, 180 mmol, 70% w/w) portion-wise over 10 min. The solution was 

warmed to r.t. and stirred for 18 h. Sat. aq. NaHSO3 (200 mL) and CH2Cl2 (200 mL) were added and 

the layers separated. The organic portion was washed with sat. aq. NaHCO3 (2 × 200 mL), dried over 

Na2SO4 and concentrated in vacuo to afford the title compound 84a (18.6 g, 92%) as a colourless oil; 

1H NMR (400 MHz, CDCl3): δ 7.38 – 7.28 (2H, m, 2 × Ar-CH), 7.29 – 7.22 (3H, m, 3 × Ar-CH), 3.16 

(1H, dddd, J = 5.5, 5.5, 4.0, 2.5 Hz, C2-H), 2.93 (1H, dd, J = 14.5, 5.5 Hz, 1 × C3-H), 2.84 (1H, dd, J 

= 14.5, 5.5 Hz, 1 × C3-H), 2.80 (1H, dd, J = 5.5 Hz, 4.0 Hz, 1 × C1-H), 2.56 (1H, dd, J = 5.5 Hz, 2.5 

Hz, 1 × C1-H); 13C NMR (101 MHz, CDCl3): 137.3 (Ar-C), 129.1, 128.7, 126.8 9 (3 × Ar-CH), 52.6 

(C2), 47.0 (C1), 38.9 (C3). The spectroscopic properties of this compound were consistent with the data 

available in the literature.18 

(85a): (1R*,2S*)-Ethyl 2-benzylcyclopropane-1-carboxylate 

 

General Procedure F: Epoxide 84a (11.0 g, 82.0 mmol) was employed. Flash column chromatography 

(3% EtOAc/Hex) afforded the title compound 85a (10.2 g, 61%) as a colourless oil; 1H NMR (400 

MHz, CDCl3): δ 7.34 – 7.18 (5H, m, C1-H, 2 × C2-H, 2 × C3-H), 4.12 (2H, q, J = 7.0 Hz, C10-H2), 

2.77 (1H, dd, J = 15.0, 6.5 Hz, C5-H2), 2.58 (1H, dd, J = 15.0, 7.0 Hz, C5-H2), 1.70 (1H, ddddd, J = 

9.0, 7.0, 6.5, 6.5, 4.0 Hz, C6-H), 1.52 (1H, m, C8-H), 1.28-1.22 (4H, m, C11-H3, 1 × C7-H2), 0.84 (1H, 

ddd, J = 8.5, 6.5, 4.0 Hz, C7-H2); 13C NMR (101 MHz, CDCl3): δ 174.3 (C9), 140.3 (C4), 128.5 (2 

signals), 126.4 (C1, C2, C3), 60.5 (C10), 38.6 (C5), 23.1 (C6), 20.4 (C8), 15.3 (C7), 14.4 (C11); The 

spectroscopic properties of this compound were consistent with the data available in the literature.18 

(1R*,2S*)-2-Benzylcyclopropane-1-carboxylic acid 

 

General Procedure G: Ester 85a (6.00 g, 29.4 mmol) was employed to yield the title carboxylic acid 

(4.21 g, 81%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 7.34 – 7.19 (5H, m, C1-H, 2 × C2-H 
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and 2 × C3-H), 2.73 (1H, dd, J = 15.0, 7.0 Hz, C5-H2), 2.64 (1H, dd, J = 15.0, 7.0 Hz, C5-H2) 1.76 (1H, 

m, C6-H), 1.53 (1H, ddd, J = 8.5, 4.5, 4.5 Hz, C8-H), 1.31 (1H, ddd, J = 9.0, 4.5, 4.5 Hz, C7-H2), 0.92 

(1H, ddd, J = 8.5, 6.5, 4.5 Hz, C7-H2); 13C NMR (101 MHz, CDCl3): δ 180.7 (C9), 139.9 (C4), 128.6, 

128.5, 126.5 (C1, C2, C3), 38.5 (C5), 24.2 (C6), 20.2 (C8), 16.2 (C7); The spectroscopic properties of 

this compound were consistent with the data available in the literature.18 

(86a): (1R*,2S*)-N-Allyl-2-benzyl-N-(4-methoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure B: Amine 78d (1.83 g, 10.3 mmol) and (1R*,2S*)-2-benzylcyclopropane-1-

carboxylic acid (2.00 g, 11.4 mmol) were employed. Purification by flash column chromatography 

(25% EtOAc/Hex) afforded the title compound 86a (2.96 g, 85%, 7:5 mixture of rotamers A:B) as a 

colourless oil; Rf: 0.35 (25% EtOAc/hexane); νmax / cm-1: 2988 (s), 2901 (s), 1631 (s), 1611 (s), 1510 

(s), 1452 (s); 1H NMR (400 MHz, CDCl3): δ 7.32 – 7.17 (5H, m, C1-H, A+B, 2 × C2-H, A+B, 2 × C3-

H, A+B), 7.14 – 7.04 (2H, m, 2 × C15-H, A+B), 6.95 – 6.71 (2H, m, 2 × C16-H, A+B), 5.71 (1H, m, 

C11-H, A+B), 5.27 – 4.95 (2H, m, C12-H, A+B), 4.64 – 4.35 (2H, m, C13-H2, A+B), 4.06 – 3.82 (2H, 

m, C10-H2, A+B), 3.80 (3H, m, C18-H3, A+B), 2.82 – 2.43 (2H, m, C5-H2), 1.75 (1H, m, C6-H, A+B), 

1.59 (1H, m, C8-H, A+B), 1.35 (1H, m, 1 × C7-H, A+B), 0.76 (1H, m, 1 × C7-H, A+B); 13C NMR (101 

MHz, CDCl3): δ 173.2 (C9, A), 173.1 (C9, B), 159.0 (C17, B), 158.9 (C17, A), 140.5 (C4, A), 140.5 

(C4, B), 133.3 (C11, B), 133.1 (C11, A), 130.0 (C14, A), 129.5 (C15, B), 129.1 (C14, B), 128.4, 127.6 

(C2, A+B, C3, A+B, C15, A), 126.1 (C1, A+B), 117.2 (C12, B), 116.5 (C12, A), 114.2 (C16, B), 113.9 

(C16, A), 55.3 (C18, A+B), 49.5, 48.8, 48.4, 48.3 (C10, A+B, C13 A+B), 38.6 (C5, A+B), 22.9 (C6, B), 

22.7 (C6, A), 18.8 (C8, B), 18.7 (C8, A), 15.1 (C7, B), 14.9 (C7, A); HRMS (ESI+): Calculated for 

C22H26NO2: 336.1958. Found [M + H]+: 336.1974. 
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(92a): (3aR*,7aR*)-7-Benzyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione and 

(6S*,7aS*)-6-benzyl-2-(4-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 86a (50.3 mg, 0.15 mmol) was employed. The crude mixture was 

purified by column chromatography (40% EtOAc/Hex) to yield the title compound 92a (34.7 mg, 64%, 

5:1 mixture of regioisomers A:B) as a yellow oil. 

Data for both A and B: νmax / cm-1: 2954 (m), 2911 (m), 1681 (s), 1510 (s), 1440 (m), 1241 (s), 1176 

(s), 1031 (m); HRMS (ESI+): Calculated for C23H25NNaO3: 386.1727. Found: [M + Na]+: 386.1739. 

Data for major regioisomer A: Rf: 0.29 (40% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.39 – 

7.14 (7H, m, 2 × C11-H, 2 × C12-H, C13-H, 2 × C16-H), 6.95 – 6.87 (2H, m, 2 × C17-H), 4.44 (2H, 

dd, J = 22.0, 7.5 Hz, C14-H2), 3.83 (3H, s, C19-H3), 3.66 (1H, dd, J = 13.5, 3.0 Hz, 1 × C9-H), 3.23 

(1H, dd, J = 9.5, 5.5 Hz, 1 × C1-H), 3.08 – 2.90 (2H, m, 1 × C1-H, 1 × C9-H), 2.49 (1H, m, 1 × C3-H) 

2.45 – 2.32 (2H, m, 1 × C5-H, C6-H), 2.26 – 2.15 (2H, m, C2-H, 1 × C3-H), 2.11 (1H, t, J = 11.5 Hz, 

C7-H), 2.01 (1H, m, 1 × C5-H); 13C NMR (101 MHz, CDCl3): δ 208.2 (C4), 173.4 (C8), 159.3 (C18), 

138.5 (C10), 130.0 (C11), 129.6 (C16), 128.6 (C15), 128.4 (C12), 126.4 (C13), 114.3 (C17), 55.4 (C19), 

49.4 (C1), 48.7 (C7), 46.4 (C5), 46.1 (C14), 44.1 (C3), 40.1 (C2), 39.2 (C6), 38.3 (C9). 

Data for minor regioisomer B: Rf: 0.20 (40% EtOAc/Hex); Characteristic signals only; 1H NMR (400 

MHz, CDCl3): δ 7.18 – 7.12 (2H, m, 2 × C16-H), 6.89 – 6.84 (2H, m, 2 × C17-H), 4.41 – 4.38 (2H, m, 

C14-H2), 2.68 (1H, m, 1 × C9-H), 2.47 (1H, m, C5-H), 2.44 (1H, m, 1 × C6-H), 2.08 (1H, m, C2-H), 

1.32 (1H, m, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 208.6 (C4), 173.1 (C8), 129.1 (C16), 114.0 

(C17), 51.7 (C5), 46.9 (C14), 40.0 (C2), 38.3 (C9), 30.5 (C6). 

(87a): (1R*,2S*)-N-Allyl-2-benzyl-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78e (4.05 g, 17.0 mmol) and (1R*,2S*)-2-benzylcyclopropane-1-

carboxylic acid (3.30 g, 18.7 mmol) were employed. Purification by silica gel column chromatography 

(50% EtOAc/Hex) afforded the title compound 87a (4.80 g, 71%, 5:4 mixture of rotamers A:B) as a 
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colourless oil; νmax / cm-1 1634 (s), 1457 (s), 1419 (s), 1127 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 

7.28 – 7.07 (5H, m, 5 × Ar-CH, A+B), 6.40 (1.10H s, 1.10 × C11-H, A), 6.35 (0.90H, s, 0.90 × C11-H, 

B), 5.75 (1H, m, C7-H, A+B), 5.19 – 5.05 (2H, m, C8-H2, A+B), 4.48 (0.90H, s, 0.90 × C9-H2, B) 4.48 

(1.10H, s, 1.10 × C9-H2, A), 4.00 (0.90H, s, 0.90 × C9-H2, B), 3.89 – 3.86 (2H, m, C6-H2, A+B), 3.84 

(1.30H, s, 1.30 × C15-H3, B), 3.81 (2.60H, s, 2.60 × C14-H3, B), 3.80 (1.70H, s, 1.70 × C15-H3, A), 

3.79 (3.40H, s, 3.40 × C14-H3, A), 2.78 (0.60H, dd, J = 14.5, 6.5 Hz, 0.60 × C1-H2, A), 2.66 (0.40H, 

dd, J = 14.5 Hz, 6.5 Hz, 0.40 × C1-H2, B), 2.56 (0.60H, dd, J = 14.5, 6.5 Hz, 0.60 × C1-H2, A), 2.49 

(0.40H, dd, J = 14.5, 6.5 Hz, 0.40 × C1-H2, B), 1.74 (1H, m, C2-H, A+B), 1.55 (1H, m, 1 × C3-H, A+B), 

1.34 (1H, m, C4-H, A+B), 0.85 (1H, m, 1 × C3-H, A+B); 13C NMR (101 MHz, CDCl3): δ 173.5 (C5, 

A), 173.4 (C5, B), 153.8 (C12, B), 153.4 (C12, A), 140.6, 140.4 (ArC), 137.3 (C13, A), 137.2 (C13, B), 

133.7 (C7, A), 133.3 (C7, B), 133.1 (C10, A+B), 128.5, 128.4, 126.3 (ArCH, A+B, six signals in total), 

117.4 (C8, B), 116.6 (C8, A), 105.1 (C11, A), 103.0 (C11, B), 61.0 (C15, B), 60.9 (C15, A), 56.2 (C14, 

B), 56.2 (C14, A), 50.3 (C9, B), 49.2 (C9, A), 49.1 (C6, A), 48.9 (C6, B), 38.8 (C1, A), 38.6 (C1, B), 

23.0 (C2, A), 23.0 (C2, B), 18.9 (C4, B), 18.8 (C4, A), 15.1 (C3, B), 15.1 (C3, A); HRMS (ESI+): 

Calculated for C24H29NNaO4: 418.1994. Found [M + Na]+: 418.2019. 

(88a): (3aR*,7S*,7aR*)-7-Benzyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione and (6S*,7aS*)-6-benzyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

and (89): (1S*,2R*)-2-benzyl-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure E: Amide 87a (59.3 mg, 0.15 mmol) was employed for 48 h. The crude mixture 

was purified by column chromatography (50% EtOAc/Hex) to yield the title compound 88a (39.3 mg, 

62%, >15:1 d.r., 8:1 r.r., A:B) as a yellow oil. 

The relative stereochemistry of major diastereomer A was assigned by analogy with 92d and 88e, upon 

which nOe experiments were carried out.  

Data for both A and B: νmax / cm-1: 2934 (m), 1681 (s), 1591 (m), 1416 (s), 1235 (s), 1124 (s); HRMS 

(ESI+): Calculated for C25H29NNaO5: 446.1938. Found: [M + Na]+: 446.1930. 
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Data for major regioisomer A: Rf: 0.35 (60% EtOAc/Hex); 1H NMR (500 MHz, CDCl3): δ 7.32 – 

7.14 (5H, m, 2 × C11-H, 2 × C12-H, C13-H), 6.47 (2H, s, 2 × C16-H), 4.42 (2H, s, C14-H2), 3.86 (6H, 

s, 2 × C19-H3), 3.84 (3H, s, C20-H3), 3.56 (1H, dd, J = 13.5, 3.0 Hz, 1 × C9-H), 3.24 (1H, dd, J = 9.5, 

5.5 Hz, 1 × C1-H), 3.11 – 2.90 (2H, m, 1 × C1-H, 1 × C9-H), 2.48 (1H, m, 1 × C3-H), 2.44 – 2.30 (2H, 

m, C6-H, 1 × C5-H), 2.25 – 2.15 (2H, m, C2-H, 1 × C3-H), 2.09 (1H, m, C7-H), 2.01 (1H, dd, J = 15.0, 

11.5 Hz, 1 × C5-H); 13C NMR (126 MHz, CDCl3): δ 208.1 (C4), 173.5 (C8), 153.7 (C17), 138.3 (C10), 

137.7 (C18), 132.2 (C15), 130.1 (C12), 128.4 (C11), 126.5 (C13), 105.4 (C16), 61.0 (C20), 56.4 (C19), 

49.6 (C1), 48.6 (C7), 47.1 (C14), 46.4 (C5), 44.1 (C3), 40.2 (C2), 39.1 (C6), 38.2 (C9). 

Data for minor regioisomer B: Rf: 0.30 (60% EtOAc/Hex); 1H NMR (500 MHz, CDCl3): δ 7.31 – 

7.21 (5H, m, 2 × C11-H, 2 × C12-H, C13-H), 6.41 (2H, s, 2 × C16-H), 4.36 (2H, ABq, ΔδAB = 0.05, 

JAB = 14.0 Hz, C14-H2), 3.83 – 3.82 (9H, m, 2 × C19-H3, C20-H3), 3.32 (1H, m, 1 × C9-H), 3.24 (1H, 

m, 1 × C1-H), 3.02 (1H, m, 1 × C1-H), 2.64 (1H, dd, J = 13.5, 3.5 Hz, 1 × C3-H), 2.53 – 2.31 (5H, m, 

1 × C3-H, C5-H, 1 × C6-H, C7-H, 1 × C9-H), 2.11 (1H, m, C2-H), 1.38 (1H, m, 1 × C6-H); 13C NMR 

(126 MHz, CDCl3): δ 208.4 (C4), 173.2 (C8), 153.5 (C17), 139.5 (C10), 137.5 (C18), 132.1 (C15), 

129.2 (C12), 128.5 (C11) 126.3 (C13), 105.2 (C16), 60.8 (C20), 56.2 (C19), 51.7 (C5), 49.8 (C1), 47.1, 

46.9 (C7, C14), 44.8 (C3), 41.4 (C2), 35.2 (C9), 30.5 (C6). 

Data for side-product 89: Orange oil; νmax / cm-1: 3276 (m), 2934 (m), 1639 (m), 1590 (m), 1233 (s), 

1124 (s); 1H NMR (400 MHz, CDCl3): δ 7.43 – 7.14 (5H, m, C1-H, 2 × C2-H, 2 × C3-H), 6.47 (2H, s, 

2 × C12-H), 5.94 (1H, br. s, NH), 4.35 (2H, dd, J = 5.5, 2.0 Hz, C10-H2), 3.82 (9H, m, 2 × C15-H3, 

C16-H3), 2.84 – 2.43 (2H, m, C5-H2), 1.73 (1H, ddt, J = 11.0, 4.0, 2.0 Hz, C6-H), 1.44 – 1.14 (2H, m, 

1 × C7-H, C8-H), 0.76 (1H, td, J = 7.0, 3.5 Hz, 1 × C7-H); 13C NMR (101 MHz, CDCl3): δ 172.8 (C9), 

153.5 (C13), 140.5 (C4), 137.3 (C14), 134.3 (C11), 128.5, 128.4, (C2, C3), 126.3 (C1), 104.9 (C12), 

61.0 (C16), 56.2 (C15), 44.3 (C10), 38.6 (C5), 22.3 (C8), 21.8 (C6), 14.5 (C7); HRMS (ESI+): 

Calculated for C21H26NO4: 356.1856. Found [M + H]+: 356.1852. 

((R)-87a): (1S,2R)-N-Allyl-2-benzyl-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide  

 

Enantioenriched (R)-84a (>99:1 e.r., prepared according to a procedure reported by Jacobsen and co-

workers152) was employed in the same cyclopropanation, hydrolysis and amide coupling sequence as 

described above for the racemate to access enantioenriched (R)-87a. 
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The spectroscopic properties of (R)-87a were consistent with the racemate; [α]D
21 +26.8 (c = 1.58, 

CHCl3); The enantiopurity of (R)-87a was determined by chiral SFC.  

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:MeOH 90:10, 2 mL/min, 140 bar, 40 °C. 

Retention times: 9.3 min (major), 10.0 min (minor). 

((R)-88a): (3aS,7R,7aS)-7-benzyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione 

 

General Procedure E: Amide (R)-87a (59.3 mg, 0.15 mmol) was employed for 48 h. The crude 

mixture was purified by column chromatography (50% EtOAc/Hex) to yield the title compound (R)-88a 

(41.2 mg, 65%, >15:1 d.r., 10:1 r.r., A:B) as a yellow oil. 

The spectroscopic properties of (R)-88aA were consistent with the data reported for the racemate; [α]D
21 

+28.7 (c = 2.41, CHCl3); The enantiopurity of this compound was determined by chiral SFC.  

SFC conditions: DAICEL CHIRALPAK-IA (25 cm), CO2:MeOH 85:15, 2 mL/min, 140 bar, 40 °C. 

Retention times: 11.8 min (minor), 15.7 min (major). 

(84b): 2-Cyclohexyloxirane 

 

3-Chloroperbenzoic acid (8.80 g, 51.0 mmol) was added portion-wise to a stirred solution of 

vinylcyclohexane (4.11 mL, 30.0 mmol) in CH2Cl2 (120 mL) at 0 °C. The reaction was warmed to r.t. 

and stirred for 18 h during which time a white precipitate formed. CH2Cl2 (120 mL) and sat. aq. Na2SO3
 

(100 mL) were added and the layers were separated. The organic layer was washed with sat. aq. 

NaHCO3 (2 × 50 mL), brine (50 mL), dried over Na2SO4 and concentrated in vacuo to provide the title 

compound 84b (3.29 g, 87%) as a colourless oil; νmax / cm-1: 2923 (s), 2851 (s), 1726 (m), 1449 (m); 1H 

NMR (400 MHz, CDCl3): δ 2.74 – 2.66 (2H, m, 1 × C1-H, C2-H), 2.52 (1H, m, 1 × C1-H), 1.96 – 1.59 

(5H, m, 5 × cyclohexyl CH), 1.35 – 1.02 (6H, m, 6 × cyclohexyl CH); 13C NMR (101 MHz, CDCl3): δ 

56.9 (C2), 46.2 (C1), 40.5 (C3), 29.8, 29.0, 26.5, 25.8, 25.7 (5 × cyclohexyl CH2). The spectroscopic 

properties of this compound were consistent with that available in the literature.18 
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(85b): Ethyl (1R*, 2S*)-2-cyclohexylcyclopropane-1-carboxylate 

 

General Procedure F: Epoxide 84b (316 mg, 2.50 mmol) was employed. Purification by flash column 

chromatography (5% EtOAc/Hexane) provided the title compound 85b (1.02 g, 69%) as a colourless 

oil; νmax / cm-1: 2923 (s), 2851 (m), 1724 (s), 1173 (s), 1162 (s); 1H NMR (400 MHz, CDCl3): δ 4.10 

(2H, qd, J = 7.0, 2.0 Hz, C6-H2), 1.82 – 1.56 (5H, m, 5 × cyclohexyl CH), 1.37 (1H, ddd, J = 8.0, 4.5, 

4.0 Hz, C4-H), 1.27 – 1.00 (7H, m, 5 × cyclohexyl CH, C2-H, 1 × C3-H), 1.24 (3H, t, J = 7.0 Hz, C7-

H3), 0.76 – 0.56 (2H, m, C1-H, 1 × C3-H); 13C NMR (101 MHz, CDCl3): δ 174.9 (C5), 60.4 (C6), 41.8 

(C1), 32.8, 32.6 (2 × cyclohexyl CH2), 29.5 (C2), 26.5, 26.3, 26.2 (3 × cyclohexyl CH2), 19.1 (C4), 

14.4, 14.3 (C3, C7); The spectroscopic properties of this compound were consistent with the data 

available in the literature.18 

(1R*, 2S*)-2-Cyclohexylcyclopropane-1-carboxylic acid 

 

General Procedure G: Ester 85b (800 mg, 4.08 mmol) was employed to afford the title carboxylic 

acid (580 mg, 72%) as a colourless oil; νmax / cm-1: 2921 (s), 2851 (m), 1690 (s), 1453 (m), 1223 (m); 

1H NMR (400 MHz, CDCl3): δ 11.40 (1H, s, OH), 1.85 – 1.66 (5H, m, 5 × cyclohexyl CH), 1.38 (1H, 

ddd, J = 8.0, 4.0 Hz, C4-H), 1.29 (1H, m, C2-H), 1.22 – 1.04 (6H, m, 1 × C3-H, 5 × cyclohexyl CH), 

0.80 (1H, m, 1 × C3-H), 0.69 (1H, m, C1-H); 13C NMR (101 MHz, CDCl3): δ 181.6 (C5), 41.8 (C1), 

32.7, 32.6 (2 × cyclohexyl CH), 30.6 (C2), 26.5, 26.2, 26.1 (3 × cyclohexyl CH), 19.0 (C4), 15.2 (C3); 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.18 

(86b): (1R*,2S*)-N-Allyl-2-cyclohexyl-N-(4-methoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78d (1.82 g, 10.3 mmol) and (1R*,2R*)-2-cyclohexylcyclopropane-1-

carboxylic acid (1.90 g, 11.3 mmol) were employed. Purification by flash column chromatography 
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(20% EtOAc/Hex) on silica gel afforded the title compound 86b (2.42 g, 72%, 5:4 mixture of rotamers 

A:B) as a pale yellow oil; νmax / cm-1: 2988 (m), 2921 (s), 2849 (m), 1632 (s), 1511 (s), 1245 (s); 1H 

NMR (400 MHz, CDCl3): δ 7.21 – 7.01 (2H, m, 2 × C11-H, A+B), 6.99 – 6.65 (2H, m, 2 × C12-H, 

A+B), 5.78 (1H, m, C7-H, A+B), 5.34 – 5.00 (2H, m, 2 × C8-H, A+B), 4.75 – 4.29 (2H, m, C9-H2, 

A+B), 4.16 – 3.88 (2H, m, C6-H2, A+B), 3.80 (3H, s, C14-H3, A+B), 1.85 – 1.59 (5H, m, 5 × cyclohexyl 

CH, A+B), 1.50 (1H, m, C4-H, A+B), 1.27 (1H, m, C2-H, A+B), 1.19 – 0.86 (6H, m, 1 × C3-H, A+B, 

5 × cyclohexyl CH, A+B), 0.63 (1H, m, 1 × C3-H, A+B); 13C NMR (101 MHz): δ 173.8 (C5, A), 173.7 

(C5, B), 159.0 (C13, B), 158.9 (C13, A), 133.5 (C7, B), 133.2 (C7, A), 130.1 (C10, A), 129.5 (C11, A), 

129.3 (C10, B), 127.7 (C11, B), 117.2 (C8, B), 116.5 (C8, A), 114.2 (C12, B), 113.9 (C12, A), 55.3 

(C14, A+B), 49.6 (C9, B), 48.9 (C6, A), 48.5 (C6, B), 48.2 (C9, A), 41.8 (C1, A+B), 32.9, 32.8, 32.6, 

32.5 (2 × cyclohexyl CH2, A+B), 29.3 (C2, B), 29.1 (C2, A), 26.4, 26.4, 26.2, 26.1 (2 × cyclohexyl CH2, 

A+B), 17.6 (C4, B), 17.5 (C4, A), 14.1 (C3, A+B), 14.0 (C3, A+B); HRMS (ESI+): Calculated for 

C21H30NO2: 328.2271. Found [M + H]+: 328.2271. 

(92b): (3aR*,7R*,7aR*)-7-Cyclohexyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione 

 

General Procedure E: Amide 86b (49.1 mg, 0.15 mmol) was employed. Purification by flash column 

chromatography (20–30% EtOAc/Petrol) on silica gel afforded the title compound 92b (11.1 mg, 22%, 

>15:1 d.r., >15:1 r.r.) as a colourless oil. 

The relative stereochemistry of 92b was assigned by analogy with 92d. 

Rf: 0.35 (30% EtOAc/Petrol); νmax / cm-1: 2921 (s), 2849 (s), 1642 (m), 1511 (s), 1242 (s); 1H NMR 

(400 MHz, CDCl3): δ 7.22 – 7.20 (2H, m, 2 × C11), 6.88 – 6.84 (2H, m, 2 × C12), 4.42 – 4.33 (2H, m, 

C9-H2), 3.79 (3H, s, C14-H3), 3.20 (1H, dd, J = 9.5, 6.0 Hz, 1 × C1-H), 2.95 (1H, t, J = 9.5 Hz, 1 × C1-

H), 2.54 – 2.40 (2H, m, 1 × C3-H, 1 × C5-H), 2.30 – 1.99 (5H, m, C2-H, 1 × C3-H, 1 × C5-H, C7-H), 

1.77 – 1.65 (6H, m, 6 × cyclohexyl CH), 1.26 – 1.21 (1H, m, C15-H), 1.17 – 1.07 (4H, m, 4 × cyclohexyl 

CH); 13C NMR (101 MHz, CDCl3): δ 209.7 (C4), 173.4 (C8), 159.1 (C13), 130.7 (C10), 129.3 (C11), 

114.2 (C12), 55.4 (C14), 49.5 (C1), 46.5 (C7), 44.3 (C5), 43.4 (C9), 43.1 (C2), 41.9 (C3), 40.0 (C6), 

32.7 (cyclohexyl CH2), 28.2 (C15), 26.5 (cyclohexyl CH2), 26.3 (cyclohexyl CH2); HRMS (ESI+): 

Calculated for C22H29NNaO3: 378.2040. Found [M + H]+: 378.2047. 
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(87b): (1R*, 2S*)-N-Allyl-2-cyclohexyl-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78e (540 mg, 2.28 mmol) and (1R*, 2R*)-2-cyclohexylcyclopropane-

1-carboxylic acid (360 mg, 2.14 mmol) were employed. Purification by flash column chromatography 

(20% EtOAc/Hex) on silica gel afforded the title compound 87b (760 mg, 91%, 11:9 mixture of 

rotamers A:B) as a colourless oil; νmax / cm-1: 2922 (m), 2848 (w), 1632 (s), 1590 (m), 1416 (s), 1206 

(s), 1124 (s); 1H NMR (400 MHz, CDCl3): δ 6.44 (1.10H, s, 1.10 × C11-H, A), 6.42 (0.90H, s, 0.90 × 

C11-H, B) 5.81 (1H, m, C7-H, A+B), 5.37 – 4.97 (2H, m, C8-H2, A+B), 4.62 (0.90H, s, 0.90 × C9-H2, 

B), 4.51 (1.10H, q, J = 15.0 Hz, 1.10 × C9-H2, A), 4.17 – 3.91 (2H, m, C6-H2, A+B), 3.83 (9H, m, 2 × 

C14-H3, A+B, C15-H3, A+B), 1.83 – 1.41 (6H, m, C4-H, A+B, 5 × cyclohexyl CH, A+B), 1.37 – 0.91 

(7H, m, C2-H, A+B, 1 × C3-H, A+B, 5 × cyclohexyl CH, A+B), 0.80 – 0.42 (2H, m, C1-H, A+B, 1 × 

C3-H, A+B); 13C NMR (101 MHz, CDCl3): δ 174.1 (C5, A), 174.0 (C5, B), 153.8 (C12, B), 153.4 (C12, 

A), 137.3 (C13, A+B), 133.9, 133.5, 133.3, 133.2 (C7, A+B, C10, A+B), 117.5 (C8, B), 116.7 (C8, A), 

105.2 (C11, A) 103.3 (C11, B), 61.0 (C15, A+B), 56.2 (C14, A+B), 50.5, 49.3, 49.2 49.0 (C6, A+B, C9, 

A+B), 42.0 (C1, A), 41.9 (C1, B), 33.2, 33.0, 32.7, (cyclohexyl CH2), 29.5 (C2, A+B), 26.5, 26.3, 26.2, 

(cyclohexyl CH2), 17.7 (C4, B), 17.6 (C4, A), 14.5 (C3, B), 14.2, (C3, A); HRMS (ESI+): Calculated for 

C23H34NO4: 388.2482. Found [M + H]+: 388.2483. 

(85c): (1R*,2R*)-Ethyl 2-butylcyclopropanecarboxylate  

 

General Procedure F: 2-Butyloxirane 84c (0.90 mL, 7.54 mmol) was employed. Purification by flash 

column chromatography (3% EtOAc/hexane) gave the title compound 85c (870 mg, 68%) as a 

colourless oil; 1H NMR (400 MHz, CDCl3): δ 4.11 (2H, q, J = 7.0 Hz, C9-H2), 1.41 – 1.28 (8H, m, C2-

H2, C3-H2, C4- H2, C5-H, C7-H), 1.25 (3H, t, J = 7.0 Hz, C10-H3), 1.14 (1H, ddd, J = 8.5, 4.5, 4.5 Hz, 

C6-H2), 0.89 (3H, t, J = 7.0 Hz, C1-H3), 0.67 (1H, ddd, J = 8.5, 6.0, 4.0 Hz, C6-H2); 13C NMR (101 

MHz, CDCl3): δ 174.8 (C8), 60.4 (C9), 32.9 (C4), 31.4 (C3), 23.1 (C5), 22.5 (C2), 20.4 (C7), 15.7 (C6), 

14.4 (C10), 14.2 (C1). The spectroscopic properties of this compound were consistent with the data 

available in the literature.18 
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(1R*,2R*)-2-Butylcyclopropanecarboxylic acid 

 

General Procedure G: Ester 85c (860 mg, 5.05 mmol) was employed to yield the title carboxylic acid 

(580 mg, 81%) as a colourless oil; νmax / cm-1: 2925 (m), 2857 (m), 1688 (s), 1456 (m), 1430 (m), 1228 

(s); 1H NMR (400 MHz, CDCl3): δ 1.40 – 1.29 (8H, m, C2-H2, C3-H2, C4-H2, C5-H and C7-H), 1.22 

(1H, m, C6-H2), 0.89 (3H, t, J = 7.0 Hz, C1-H3), 0.77 (1H, ddd, J = 8.0, 6.5, 4.0 Hz, C6-H2); 13C NMR 

(101 MHz, CDCl3): δ 181.1 (C8), 32.9 (C4), 31.4 (C3), 24.2 (C5), 22.5 (C2), 20.2 (C7), 16.5 (C6), 14.2 

(C1). The spectroscopic properties of this compound were consistent with the data available in the 

literature.18 

(86c): (1R*,2R*)-N-Allyl-2-butyl-N-(4-methoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78d (560 mg, 3.20 mmol) and (1R*,2R*)-2-

butylcyclopropanecarboxylic acid (500 mg, 3.52 mmol) were employed. Purification by flash column 

chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 86c (660 mg, 68%, 3:2 

mixture of rotamers A:B) as a colourless oil; νmax / cm-1: 2956 (m), 2923 (m), 1632 (s), 1511 (s), 1463 

(m), 1245 (s), 1210 (s), 1034 (m); 1H NMR (400 MHz, CDCl3): δ 7.22 – 7.12 (2H, m, 2 × C14-H, A+B), 

6.93 – 6.79 (2H, m, 2 × C15-H, A+B), 5.79 (1H, m, C10-H, A+B), 5.37 – 5.01 (2H, m, C11-H2, A+B), 

4.72 – 4.33 (2H, m, C12-H2, A+B), 4.10 – 3.86 (2H, m, C9-H2), 3.81 (1.30H, s, C17-H3, B), 3.79 (1.70H, 

s, C17-H3, A) 1.56 – 1.10 (9H, m, C2-H2, A+B, C3-H2, A+B, C4-H2, A+B, C5-H, A+B, 1 × C6-H, A+B, 

C7-H, A+B), 0.96 – 0.77 (3H, m, C1-H3, A+B), 0.59 (1H, m, 1 × C6-H, A+B); 13C NMR (101 MHz, 

CDCl3): δ 173.9 (C8, A), 173.7 (C8, B), 159.1 (C16, B), 159.0 (C16, A), 133.6 (C10, B), 133.3 (C10, 

A), 130.2 (C13, A), 129.7 (C15, A), 129.4 (C13, B), 127.8 (C15, B), 117.3 (C11, B), 116.6 (C11, A), 

114.3 (C14, B), 114.0 (C14, A), 55.4 (C17 A+B), 49.7 (C12, B), 49.0 (C9, A), 48.6 (C9, B), 48.4 (C12, 

A), 33.2 (C4, A), 33.1 (C4, B), 31.6 (C3, A), 31.5 (C3, B), 22.8 (C5, A+B), 22.5 (C2, A+B), 19.2 (C7, 

B) 19.1 (C7, A), 15.5 (C6, B), 15.3 (C6, A), 14.2 (C1, A+B); HRMS (ESI+): Calculated for 

C19H27NNaO2: 324.1934. Found [M + Na]+: 324.1923. 
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(92c): (3aR*,7S*,7aR*)-7-Butyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 86c (45.2 mg, 0.15 mmol) was employed for 72 h. Purification by 

column chromatography (40% EtOAc/Hex) afforded the title compound 92c (28.7 mg, 58%, >15:1 d.r; 

>13.1 r.r.) as a colourless oil. 

The relative stereochemistry of 92c was assigned by analogy with 92d. 

Rf: 0.20 (30% EtOAc/Hex); νmax / cm-1: 2955 (m), 2927 (m), 2857 (m), 1684 (s), 1512 (s), 1243 (s), 

1174 (s); 1H NMR (400 MHz, CDCl3): δ 7.21 – 7.08 (2H, m, 2 × C15-H), 6.99 – 6.79 (2H, m, 2 × C16-

H), 4.39 (2H, s, C13-H2), 3.79 (3H, s, C18-H3), 3.19 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 2.95 (1H, dd, 

J = 9.5, 9.5 Hz, 1 × C1-H), 2.66 (1H, dq, J = 14.5, 1.5 Hz, 1 × C5-H), 2.50 (2H, m, 1 × C3-H, 1 × C9-

H), 2.30 (1H, m, 1 × C3-H), 2.16 (1H, m, C2-H), 2.10 – 1.91 (3H, m, 1 × C5-H, C6-H, C7-H), 1.52 – 

1.11 (5H, m, 1 × C9-H, C10-H2, C11-H2), 0.99 – 0.83 (3H, m, C12-H3); 13C NMR (101 MHz, CDCl3): 

δ 208.6 (C4), 173.4 (C8), 159.3 (C17), 129.6 (C15), 128.7 (C14), 114.3 (C16), 55.4 (C18), 49.8 (C1), 

49.6, (C7), 47.0 (C5), 46.1 (C13), 44.4 (C3), 40.1 (C2), 38.0 (C6), 32.6 (C9), 28.2 (C10), 22.9 (C11), 

14.2 (C12); HRMS (ESI+): Calculated for C20H27NNaO3: 352.1883. Found: [M + Na]+: 330.2051. 

(87c): (1R*, 2R*)-N-Allyl-2-butyl-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78e (920 mg, 3.87 mmol) and (1R*,2S*)-2-

Butylcyclopropanecarboxylic acid (500 mg, 3.52 mmol) were employed. Purification by flash column 

chromatography (30% EtOAc/Hex) on silica gel afforded the title compound 87c (1.09 g, 86%, 11:9 

mixture of rotamers A:B) as a colourless oil; νmax / cm-1: 2925 (m), 1633 (s), 1590 (m), 1416 (s), 1124 

(s); 1H NMR (400 MHz, CDCl3): δ 6.45 (1.10H, s, 1.10 × C14-H, A), 6.42 (0.90H, s, 0.90 × C14-H, B), 

5.81 (1H, m, C10-H, A+B), 5.32 – 5.05 (2H, m, C11-H2, A + B), 4.75 – 4.42 (2H, m, C12-H2, A+B), 

4.21 – 3.92 (2H, m, C9-H2, A+B), 3.89 – 3.58 (9H, m, 2 × C17-H3, A + B, C18-H3, A+B), 1.55 – 1.06 

(9H, m, C2-H2, A+B, C3-H2, A+B, C4-H2, A+B, C5-H, A+B, C7-H, A+B, 1 × C6-H, A+B), 1.05 – 0.70 

(3H, m, C1-H3, A+B), 0.62 (1H, m, 1 × C6-H, A+B); 13C NMR (101 MHz, CDCl3): 174.0 (two signals) 
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(C8, A+B) 153.8 (C15, B), 153.4 (C15, A), 137.3 (C16, A+B), 133.9 (C13, A), 133.5 (C13, B), 133.3 

(C10, A+B), 117.5 (C11, B), 116.7 (C11, A), 105.3 (C14, A), 103.2 (C14, B), 61.0 (C18, A+B), 56.3 

(C17, A+B), 50.5 (C12, A), 49.2 (C12, B), 48.9 (C9, A+B), 33.2 (C4, A), 33.1 (C4, B), 31.7 (C3, A), 

31.6 (C3, B), 22.9 (C5, B), 22.7 (C5, A), 22.5 (C2, A+B), 19.1 (C7, A+B) 15.6 (C6, B), 15.4 (C6, A), 

14.2 (C1, A), 14.1 (C1, B); HRMS (ESI+): Calculated for C21H32NO4: 362.2326. Found [M + H]+: 

362.2336. 

(88c): (3aR*,7aR*)-7-Butyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

and (3aR*,6R*,7aR*)-6-butyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 87c (90.4 mg, 0.25 mmol) was employed. The crude mixture was 

purified by silica gel column chromatography (50% EtOAc/Hex) to yield the title compound 88c 

(40.9 mg, 42%, 4.5:1 mixture of regioisomers A:B) as a brown oil. 

The relative stereochemistry of 88c was assigned by analogy with 92d. 

Data for both A and B: νmax / cm-1: 2934 (m), 1685 (s), 1591 (s), 1415 (s), 1235 (s), 1124 (s); HRMS 

(ESI+): Calculated for C22H31NNaO5: 412.2094. Found: [M + Na]+: 412.2091. 

Data for major regioisomer A: Rf: 0.36 (70% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 6.43 (2H, 

s, 2 × C15-H), 4.39 (2H, ABq, ΔδAB = 0.05, JAB = 14.5 Hz, C13-H2), 3.84 (6H, s, C18-H3), 3.82 (3H, s, 

C19-H3), 3.21 (1H, dd, J = 9.5, 7.0 Hz, 1 × C1-H), 2.98 (1H, t, J = 9.5 Hz, 1 × C1-H), 2.68 (1H, m, 1 

× C5-H), 2.60 – 2.41 (2H, m, 1 × C3-H, 1 × C9-H), 2.30 (1H, t, J = 13.5, 1 × C3-H), 2.17 (1H, m, C2-

H), 2.12 – 1.93 (3H, m, 1 × C5-H, C6-H, C7-H), 1.53 – 1.12 (5H, m, 1 × C9-H, C10-H2, C11-H2), 0.91 

(3H, t, J = 6.5 Hz, C12-H3); 13C NMR (101 MHz, CDCl3): δ 208.5 (C4), 173.5 (C8), 153.6 (C16), 137.7 

(C17), 132.3 (C14), 105.4 (C15), 61.0 (C19), 56.4 (C18), 49.8, 49.7 (C1, C7), 47.0, 46.9 (C5, C13), 

44.4 (C3), 40.2 (C2), 38.0 (C6), 32.5 (C9), 28.1 (C10), 22.9 (C11), 14.2 (C12)  

Data for minor regioisomer B: Rf: 0.25 (70% EtOAc/Hex); Characteristic signals only; 1H NMR (500 

MHz, CDCl3): δ 6.44 (2H, s, 2 × C15-H), 4.47 – 4.30 (2H, m, C13-H2), 3.89 – 3.80 (9H, m, 2 × C18-

H3, C19-H3), 3.24 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 3.04 (1H, t, J = 9.5 Hz, 1 × C1-H), 2.69 – 2.54 

(2H, m, 1 × C3-H, 1 × C6-H), 2.55 – 2.31 (2H, m, 1 × C3-H, C7-H), 2.23 (1H, m, C5-H), 2.10 (1H, m, 

C2-H), 2.00 – 1.80 (1H, m, 1 × C9-H), 1.52 – 1.11 (5H, m, 1 × C6-H, 1 × C9-H, C10-H2, C11-H2), 0.89 

(3H, m, C12-H3); 13C NMR (126 MHz, CDCl3): δ 209.3 (C4), 173.7 (C8), 153.6 (C16), 137.7 (C17), 
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132.3 (C14), 105.4 (C15), 61.0 (C19), 56.4 (C18), 50.0, 49.8 (C1, C5), 47.3, 47.1 (C7, C13), 45.0 (C3), 

41.5 (C2), 30.9 (C6), 29.1, 28.7 (C9, C10), 22.9 (C11), 14.1 (C12). 

(87d): (1R*, 2R*)-N-Allyl-2-phenyl-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78e (1.50 g, 6.32 mmol) and (1R*,2R*)-2-phenylcyclopropane-1-

carboxylic acid (1.13 g, 6.95 mmol) were employed. Flash column chromatography on silica gel (20% 

EtOAc/Hex) afforded the title compound 87d (2.22 g, 92%, 11:9 mixture of rotamers A:B) as a yellow 

oil; νmax / cm-1: 3006 (w), 2937 (w), 1633 (m), 1591 (m), 1458 (m), 1416 (m), 1124 (s); 1H NMR (400 

MHz, CDCl3): δ 7.33 – 7.14 (3H, m, 3 × Ar-CH), 7.13 – 6.97 (2H, m, 2 ×Ar-CH), 6.48 (1.10H, s, 1.10 

× C11-H, A), 6.36 (0.90H, s, 0.90 × C11-H, B), 5.78 (1H, m, C7-H, A+B), 5.30 – 5.08 (2H, m. C8-H2, 

A+B), 4.69 – 4.46 (2H, m, C9-H2, A+B), 4.10 – 3.93 (2H, m, C6-H2, A+B), 3.84 (3.30H, s, 3.30 × C14-

H3, A), 3.83 – 3.79 (3H, m, C15-H3, A + B), 3.74 (2.70H, s, 2.70 × C14-H3, B), 2.54 (1H, m, C2-H, 

A+B), 2.01 (1H, m, C4-H, A+B), 1.72 (1H, m, 1 × C3-H, A+B), 1.26 (1H, m, 1 × C3-H, A+B); 13C 

NMR (101 MHz, CDCl3): 172.7 (C5, A), 172.5 (C5, B), 153.8 (C12, B), 153.5 (C12, A), 141.0 (C1, A), 

140.8 (C1, B), 137.5 (C13, B), 137.4 (C13, A), 133.6 (C10, A), 133.3 (C10, B), 133.1 (C7, A), 132.9 

(C7, B), 128.6, 126.5, 126.3, 126.2, (Ar-CH) 117.8 (C8, A), 117.0 (C8, B), 105.5 (C11, A), 103.5 (C11, 

B), 76.9, 61.0 (C15 A + B), 56.3 (C14, A), 56.2 (C14, B), 50.6 (C9, A), 49.5 (C9, B), 49.3 (C6, A), 49.1 

(C6, B), 26.4 (C2, B), 26.2 (C2, A), 23.3 (C4, A+B), 16.8 (C3, A+B); HRMS (ESI+): Calculated for 

C23H28NO4: 382.2013. Found [M + H]+: 382.2013. 

(84d): 2-(4-Methoxybenzyl)oxirane 

 

To a solution of 4-allylanisole (4.00 mL, 26.0 mmol) in CH2Cl2 (100 mL) at 0 °C was added 

3-chloroperbenzoic acid (7.70 g, 31.2 mmol, 70% w/w) portion-wise over 10 min. The solution was 

warmed to r.t. and stirred for 18 h. Sat. aq. NaHSO3 (100 mL) and CH2Cl2 (100 mL) were added and 

the layers separated. The aqueous layer was extracted with CH2Cl2 (3 × 100 mL), and the combined 

organic layers were washed with sat. aq. NaHCO3 (2 × 100 mL), dried over Na2SO4 and concentrated 

in vacuo to afford the title compound 84d (4.18 g, 98%) as a colourless oil; 1H NMR (400 MHz, CDCl3): 

δ 7.23 – 7.08 (2H, m, 2 × C5-H), 6.88 – 6.80 (2H, m, 2 × C6-H), 3.79 (3H, s, C8-H3), 3.12 (1H, m, C2-
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H), 2.92 – 2.69 (3H, m, 1 × C1-H, C3-H2), 2.53 (1H, dd, J = 5.0, 3.0 Hz, 1 × C1-H); 13C NMR (101 

MHz, CDCl3): δ 158.5 (C7), 130.1 (C5), 129.2 (C4), 114.1 (C6), 55.4 (C8), 52.7 (C2), 46.9 (C1), 37.9 

(C3). The spectroscopic properties of this compound were consistent with the data available in the 

literature.499 

(85d): Ethyl (1R*,2S*)-2-(4-methoxybenzyl)cyclopropane-1-carboxylate 

 

General Procedure F: Epoxide 84d (4.00 g, 24.4 mmol) was employed. Purification by flash column 

chromatography (7% EtOAc/petroleum ether) on silica gel afforded the title compound 85d (4.47 g, 

78%) as a pale yellow oil; νmax / cm-1: 2987 (s), 2901 (m), 1719 (s), 1511 (s), 1245 (s), 1172 (s); 1H 

NMR (400 MHz, CDCl3): δ 7.19 – 7.08 (2H, m, 2 × C9-H), 6.93 – 6.80 (2H, m, 2 × C10-H), 4.11 (2H, 

q, J = 7.0 Hz, C2-H2), 3.79 (3H, s, C12-H3), 2.70 (1H, dd, J = 15.0, 6.5 Hz, 1 × C7-H), 2.53 (1H, dd, J 

= 15.0, 6.5 Hz, 1 × C7-H), 1.66 (1H, m, C6-H), 1.50 (1H, m, C4-H), 1.35 – 1.15 (4H, m, C1-H3, 1 × 

C5-H), 0.81 (1H, m, 1 × C5-H); 13C NMR (101 MHz, CDCl3): δ 174.3 (C3), 158.2 (C11), 132.3 (C8), 

129.4 (C9), 113.9 (C10), 60.5 (C2), 55.3 (C12), 37.6 (C7), 23.4 (C6), 20.2 (C4), 15.2 (C5), 14.4 (C1); 

HRMS (ESI+): Calculated for C14H19O3: 235.1329. Found [M + H]+: 235.1338. 

(1R*,2S*)-2-(4-Methoxybenzyl)cyclopropane-1-carboxylic acid 

 

General Procedure G: Cyclopropyl ester 85d (4.00 g, 17.1 mmol) was employed to afford the title 

carboxylic acid (3.06 g, 87%) as a colourless crystalline solid; m.p. 70–72 °C (CH2Cl2/Hex); νmax / cm-1: 

2988 (s), 2602 (s), 1687 (s), 1445 (s), 1236 (s); 1H NMR (400 MHz, CDCl3): δ 7.20 – 6.97 (2H, m, 2 × 

C7-H), 6.96 – 6.81 (2H, m, 2 × C8-H), 3.79 (3H, s, C10-H3), 2.72 – 2.56 (2H, m, C5-H2), 1.72 (1H, m, 

C4-H), 1.50 (1H, dt, J = 8.5, 4.0 Hz, C2-H), 1.29 (1H, dt, J = 8.5, 4.5 Hz, 1 × C3-H), 0.90 (1H, ddd, J 

= 8.5, 6.5, 4.5 Hz, 1 × C3-H); 13C NMR (101 MHz, CDCl3): δ 180.5 (C1), 158.3 (C9), 132.0 (C6), 129.5 

(C7), 114.0 (C8), 55.4 (C10), 37.6 (C5), 24.6 (C4), 20.0 (C2), 16.1 (C3); HRMS (ESI+): Calculated for 

C12H13O2: 189.0910. Found [M + H]+: 189.0912. 
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(86d): (1R*,2S*)-N-Allyl-N,2-bis(4-methoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78d (1.50 g, 8.46 mmol) and (1R*,2S*)-2-(4-

methoxybenzyl)cyclopropane-1-carboxylic acid (1.92 g, 9.31 mmol) were employed. Purification by 

flash column chromatography on silica gel (30% EtOAc/Hex) afforded the title compound 86d (2.19 g, 

71%, 7:5 mixture of rotamers A:B) as a pale yellow oil; νmax / cm-1: 2997 (s), 2955 (m), 1630 (s), 1510 

(s), 1243 (s); 1H NMR (400 MHz, CDCl3): δ 7.08 (4H, m, 2 × C4-H, A+B, 2 × C16-H, A+B), 6.96 – 

6.72 (4H, m, 2 × C3-H, A+B, 2 × C17-H, A+B), 5.73 (1H, m, C12-H, A+B), 5.26 – 5.00 (2H, m, C13-

H2, A+B), 4.69 – 4.36 (2H, m, C14-H2, A+B), 4.13 – 3.83 (2H, m, C11-H2, A+B), 3.83 – 3.75 (6H, m, 

C1-H3, A+B, C19-H3, A+B), 2.54 (2H, m, C6-H2), 1.71 (1H, m, C7-H, A+B), 1.55 (1H, C9-H, A+B), 

1.33 (1H, m, 1 × C8-H, A+B), 0.73 (1H, m, 1 × C8-H, A+B); 13C NMR (101 MHz, CDCl3): δ 173.4 

(C10, B), 173.2 (C10, A), 159.0, 158.1 (C2, A+B, C18, A+B), 133.5 (C12, B), 133.2 (C12, A), 132.7 

(C5, A), 132.6 (C5, B), 130.1 (C15, A), 129.6, 129.5, (C4, A+B, C16, A), 129.3 (C15, B), 127.8 (C16, 

B), 117.3 (C13, B), 116.6 (C13, A), 114.3, 114.0 (C3, A+B, C17, A+B), 55.4 (two signals, C1, A+B, 

C19, A+B), 49.6 (C14, B), 49.0 (C11, A), 48.5 (C11, B), 48.4 (C14, A), 37.8 (C6, A+B), 23.3 (C7, B), 

23.1 (C7, A), 18.8 (C9, A+B), 15.1 (C8, B), 15.0 (C8, A); HRMS (ESI+): Calculated for C23H27NO3: 

366.2064 Found [M + H]+: 366.2084. 

(92d): (3aR*,7S*,7aR*)-2,7-Bis(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione and 

(6R*,7aS*)-2,6-bis(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione  
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General Procedure E: Amide 86d (54.8 mg, 0.15 mmol) was employed for 48 h. Purification by flash 

column chromatography (50% EtOAc/Hex) on silica gel afforded the title compound 92d (39.6 mg, 

67%, >15:1 d.r., 7:1 r.r., A:B) as a colourless oil. 

The relative stereochemistry of major diastereomer A was corroborated through nOe experiments. An 

nOe was observed between C1-Ha and C2-H, C1-Ha and C6-H. An nOe was observed between C7-H 

and C9-H2. No significant nOe was observed between C7-H and C2-H, or C1-Ha and C7-H.  

Data for both A and B: νmax / cm-1: 2954 (m), 2911 (m), 1709 (m), 1681 (s), 1510 (s), 1241 (s), 1176 

(s); HRMS (ESI+): Calculated for C24H27NNaO4: 416.1832. Found: [M + Na]+: 416.1845. 

Data for major regioisomer A: Rf: 0.41 (50% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.23 – 

7.05 (4H, m, 2 × C11-H, 2 × C17-H), 6.96 – 6.76 (4H, m, 2 × C12-H, 2 × C18-H), 4.52 – 4.33 (2H, m, 

C15-H2), 3.80 (3H, s, C20-H3), 3.79 (3H, s, C14-H3), 3.47 (1H, dd, J = 13.5, 3.5 Hz, 1 × C9-H), 3.20 

(1H, dd, J = 9.5, 6.0 Hz, 1 × C1-H), 3.06 – 2.87 (2H, m, 1 × C1-H, 1 × C9-H), 2.46 (1H, dd, J = 10.5, 

2.0 Hz, 1 × C3-H), 2.38 (1H, m, 1 × C5-H), 2.30 (1H, ddt, J = 11.5, 8.0, 3.5 Hz, C6-H), 2.24 – 2.14 

(2H, m, C2-H, 1 × C3-H), 2.11 – 1.93 (2H, m, C7-H, 1 × C5-H); 13C NMR (101 MHz, CDCl3): δ 208.4 

(C4), 173.5 (C8), 159.3 (C19), 158.3 (C13), 131.0 (C11), 130.4 (C10), 129.6 (C17), 128.6 (C16), 114.3 

(C18), 113.9 (C12), 55.4 (two signals, C14, C20), 49.5 (C1), 48.6 (C7), 46.4 (C5), 46.1 (C15), 44.2 

(C3), 40.1 (C2), 39.3 (C6), 37.2 (C9). 

Data for minor regioisomer B: Rf: 0.24 (50% EtOAc/Hex); 1H NMR (500 MHz, CDCl3): δ 7.16 – 

7.02 (4H, m, 2 × C11-H, 2 × C17-H), 6.91 – 6.80 (4H, m, 2 × C12-H, 2 × C18-H), 4.41 – 4.34 (2H, m, 

C15-H2), 3.79 (6H, m, C14-H3, C20-H3), 3.29 – 3.12 (2H, m, 1 × C1-H, 1 × C9-H), 2.98 (1H, t, J = 

10.0 Hz 1 × C1-H), 2.60 (1H, dd, J = 13.5, 3.5 Hz, 1 × C3-H), 2.51 – 2.39 (3H, m, C5-H, 1 × C6-H, 1 

× C9-H), 2.40 – 2.28 (2H, m, 1 × C3-H, C7-H), 2.09 (1H, m, C2-H), 1.34 (1H, m, 1 × C6-H); 13C NMR 

(126 MHz, CDCl3): δ 208.8 (C4), 173.3 (C8), 159.3 (C19), 158.2 (C13), 131.6 (C11), 130.3 (C10), 

129.6 (C17), 128.6 (C16), 114.3 (C18), 114.1 (C12), 55.4 (two signals, C14, C20), 52.0 (C5), 49.7 (C1), 

47.1 (C7), 46.2 (C15), 45.0 (C3), 41.5 (C2), 34.5 (C9), 30.6 (C6). 

(87e): (1R,2R)-N-Allyl-2-methyl-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: (1S,2R)-2-methylcyclopropane-1-carboxylic acid (800 mg, 8.00 mmol, 

prepared according to the literature procedure19,500) and amine 78e (1.73 g, 7.27 mmol) were employed. 
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Purification by flash column chromatography (60% EtOAc/hexane) afforded the title compound 87e 

(1.16 g, 50%, 3:2 mixture of rotamers A:B) as a pale yellow oil; νmax / cm-1: 2938 (m), 1631 (s), 1454 

(s), 1416 (s), 1123 (s); 1H NMR (400 MHz, CDCl3): δ 6.47 (1.20H, s, 1.20 × C11-H, A), 6.43 (0.80H, 

s, 0.80 × C11-H, B), 5.81 (1H, m, C7-H, A+B), 5.34 – 5.02 (2H, m, C8-H2, A+B), 4.68 – 4.39 (2H, m, 

C9-H2, A+B), 4.01 (2H, m, C6-H2, A+B), 3.90 – 3.76 (9H, m, 2 × C14-H3, A+B, C15-H3, A+B), 1.41 

(2H, m, 1 × C3-H, A+B, C4-H, A+B), 1.24 (1H, C2-H, A+B), 1.11 (1.60H, d, J = 5.5 Hz, 1.60 × C1-

H3, A), 1.02 (1.40H, d, J = 5.5 Hz, 1.40 × C1-H3, B), 0.60 (1H, m, 1 × C3-H, A+B); 13C NMR (101 

MHz, CDCl3): δ 173.9 (C5, A), 173.8 (C5, B), 153.8 (C12, B), 153.4 (C12, A), 137.8 (C13, B), 137.4 

(C13, A), 133.8 (C10, A), 133.5 (C7, A), 133.3 (C7, B), 133.2 (C10, B), 117.6 (C8, B), 116.7 (C8, A), 

105.5 (C11, A), 103.3 (C11, B), 61.0 (C15, A+B), 56.3 (C14, A+B), 50.5 (C9, B), 49.2 (C9, A), 48.8 

(C6, A+B), 20.4 (C4, A+B), 18.3 (C1, A), 18.1 (C1, B), 17.1, 16.8, 16.6, 16.4 (C2, A+B, C3, A+B, C4, 

A+B); HRMS (ESI+): Calculated for C18H26NO4: 320.1856. Found [M + H]+: 320.1864. 

(88e): (3aR,7S,7aR)-7-Methyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

and (6R,7aR)-6-methyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 87e (47.9 mg, 0.15 mmol) was employed for 48 h. The crude mixture 

was purified by column chromatography (70–90% EtOAc/Hex) to yield the title compound 88e (36.6 

mg, 70%, >15:1 d.r., 5:1 r.r., A:B) as a yellow oil. 

The stereochemistry of A was corroborated through nOe experiments and HMBC analysis (as indicated 

on the compound structure), as well as by analogy with 92d. An nOe was observed between C9-H3 and 

C7-H. No nOe was observed between C9-H3 and C2-H. Minor compound B was tentatively assigned to 

be the regioisomer of A through analogy with other examples and HMBC analysis. 

Data for both A and B: νmax / cm-1: 2940 (m), 2248 (w), 1682 (s), 1591 (s), 1416 (s), 1234 (s), 1124 

(s); HRMS (ESI+): Calculated for C19H26NO5: 348.1805. Found: [M + H]+: 348.1798.  

Data for major regioisomer A: Rf: 0.29 (80% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 6.43 (2H, 

s, 2 × C12-H), 4.47 – 4.27 (2H, m, C10-H2), 3.87 – 3.77 (9H, m, 2 × C15-H3, C16-H3), 3.22 (2H, dd, J 

= 9.5, 6.5 Hz, 1 × C1-H), 2.99 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.58 – 2.47 (2H, m, 1 × C3-H, 1 × 

C5-H), 2.30 (1H, m, 1 × C3-H), 2.24 – 2.05 (2H, m, C2-H, C6-H), 2.04 – 1.93 (2H, m, 1 × C5-H, C7-

H), 1.39 (3H, d, J = 6.0 Hz, C9-H3); 13C NMR (101 MHz, CDCl3): δ 208.0 (C4), 173.5 (C8), 153.6 
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(C13), 137.6 (C14), 132.2 (C11), 105.4 (C12), 60.9 (C16), 56.4 (C15), 51.5 (C7), 50.1 (C5), 49.7 (C1), 

47.0 (C10), 44.3 (C3), 40.2 (C2), 33.4 (C6), 19.4 (C9). 

Data for major regioisomer B: Rf: 0.20 (80% EtOAc/Hex); Characteristic signals only; 1H NMR (400 

MHz, CDCl3): δ 6.43 (2H, s, 2 × C12-H), 4.28 – 4.14 (2H, m, C10-H2), 3.24 (1H, m, 1 × C1-H), 3.03 

(1H, m, 1 × C1-H), 2.59 (1H, m, 1 × C3-H), 2.44 (1H, m, C5-H), 2.11 (1H, m, C2-H); 13C NMR (101 

MHz, CDCl3): δ 209.3 (C4), 173.5 (C8), 49.8 (C1), 47.0 (C5), 44.6 (C3), 41.4 (C2), 33.2 (C6). 

(94): (1R*,2R*)-N-Benzyl-2-phenylcyclopropane-1-carboxamide 

 

General Procedure A: Benzylamine (0.44 mL, 4.06 mmol) and (1R*,2R*)-2-phenylcyclopropane-1-

carboxylic acid 93 (600 mg, 3.69 mmol) were employed to afford the title compound 94 (640 mg, 69%) 

as a colourless powder; m.p. 126–127 °C (CH2Cl2/Hex); νmax / cm-1: 3255 (m), 3075 (m), 2930 (m), 

1631 (s), 1560 (m), 1237 (m); 1H NMR (400 MHz, CDCl3): δ 7.35 – 7.18 (7H, m, 7 × Ar-CH), 7.15 

(1H, m, Ar-CH), 7.10 – 6.99 (2H, m, 2 × Ar-CH), 5.86 (1H, br. s, NH), 4.53 – 4.32 (2H, m, C2-H2), 

2.50 (1H, ddd, J = 9.5, 6.5, 4.0 Hz, C6-H), 1.69 – 1.50 (2H, m, C4-H, 1 × C5-H,), 1.22 (1H, ddd, J = 

8.0, 6.5, 4.0 Hz, 1 × C5-H). 13C NMR (101 MHz, CDCl3): δ 171.8 (C3), 140.9 (C7), 138.4 (C1), 128.9, 

128.6, 128.0, 127.7, 126.4, 126.1 (6 × Ar-CH), 44.2 (C2), 26.9 (C4), 25.3 (C6), 16.2 (C5); HRMS 

(ESI+): Calculated for C17H18NNaO: 252.1383. Found [M + H]+: 252.1382. 

(95): (1R*, 2R*)-N-benzyl-N-methyl-2-phenylcyclopropane-1-carboxamide 

 

General Procedure H: Amide 94 (500 mg, 2.00 mmol) was employed. Purification by flash column 

chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 95 (460 mg, 87%, 11:10 

mixture of rotamers A:B) as a pale yellow oil; νmax / cm-1: 2989 (m), 1631 (s), 1451 (s), 1116 (m); 1H 

NMR (400 MHz, CDCl3): δ 7.40 – 7.10 (9H, m, 9 × Ar-CH, A+B), 7.03 (1H, dd, J = 7.0, 2.0, Ar-CH, 

A+B), 4.82 – 4.53 (2H, m, C6-H2, A+B), 3.05 (1.60H, s, C8-H3, A), 3.01 (1.40H, s, C8-H3, B), 2.56 

(1H, m, C2-H, A+B), 2.04 (1H, m, C4-H, A+B), 1.71 (1H, m, 1 × C3-H, A+B), 1.46 – 1.19 (1H, m, 1 

× C3-H, A+B); 13C NMR (101 MHz, CDCl3): δ 172.5 (C5, B), 172.2 (C5, A), 141.2 (C1, A), 140.9 (C1, 

B), 137.6 (C7, A), 137.0 (C7, B), 129.0, 128.7, 128.6, 128.5, 128.1, 127.7, 127.5, 126.6, 126.4, 126.3 

(2 signals), 126.2 (6 × Ar-CH, A+B), 53.6 (C6, B), 51.4 (C6, A), 35.0 (C8, A), 34.6 (C8, B), 26.1 (C2, 
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B), 25.8 (C2, A), 23.4 (C4, A), 23.2 (C4, B), 16.7 (C3, A), 16.5 (C3, B); HRMS (ESI+): Calculated for 

C18H20NO: 266.1539. Found [M + H]+: 266.1541. 

(98a): Ethyl 2-butylcycloprop-2-ene-1-carboxylate 

 

A 250 mL two-neck round bottom flask was charged with hex-1-yne (25.8 mL, 225 mmol), Rh2(OAc)4 

(16.6 mg, 38.0 μmol) and CH2Cl2 (150 mL). A solution of ethyl diazoacetate (7.89 mL, 75.0 mmol, 

13% wt.% CH2Cl2) in CH2Cl2 (15 mL) was added via syringe pump over 10 h. The mixture was 

concentrated in vacuo and the residue was purified by silica gel column chromatography (1% 

EtOAc/Hex) to yield the title compound 98a (7.90 g, 63%) as a yellow oil; 1H NMR (400 MHz, CDCl3): 

δ 6.31 (1H, m, C6-H), 4.12 (2H, q, J = 7.0 Hz, C9-H2), 2.49 (2H, td, J = 7.5, 1.5 Hz, C4-H2), 2.11 (1H, 

d, J = 1.5 Hz, C7-H), 1.60 – 1.52 (2H, m, C3-H2), 1.43 – 1.33 (2H, m, C2-H2), 1.24 (3H, t, J = 7.0 Hz, 

C10-H3), 0.91 (3H, t, J = 7.5 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 176.6 (C8), 115.6 (C5), 93.9 

(C6), 60.1 (C9), 28.7 (C3), 24.6 (C4), 22.2 (C2), 19.7 (C7), 14.4 (C10), 13.7 (C1). The spectroscopic 

properties of this compound were consistent with the data available in the literature.19 

(99a): Ethyl (1S*,2S*)-2-butylcyclopropane-1-carboxylate 

 

To a vigorously stirring solution of cyclopropene 98a (7.00 g, 41.6 mmol) in EtOAc (160 mL) was 

added 5% Pd/CaCO3 (441 mg, 0.21 mmol) under an atmosphere of hydrogen. The suspension was 

stirred at r.t. for 3 h and was then filtered through a short plug of Celite® and concentrated in vacuo. 

The residue was purified by silica gel column chromatography (2.5% EtOAc/Hex) to yield the title 

compound 99a (4.15 g, 58%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 4.12 (2H, q, J = 7.0 

Hz, C9-H2), 1.65 (1H, ddd, J = 9.0, 8.0, 5.5 Hz, C7-H), 1.57 – 1.42 (2H, m, C3-H2), 1.38 – 1.16 (8H, 

m, C2-H2, C4-H2, C5-H, C10-H3), 0.98 (1H, ddd, J = 8.0, 8.0, 4.0 Hz, 1 × C6-H), 0.93 – 0.85 (4H, m, 

1 × C6-H, C1-H3); 13C NMR (101 MHz, CDCl3): δ 173.1 (C8), 60.2 (C9), 31.8 (C4), 26.9 (C3), 22.4 

(C2), 21.9 (C5), 18.2 (C7), 14.4 (C10), 14.1 (C1), 13.3 (C6). The spectroscopic properties of this 

compound were consistent with the data available in the literature.19 
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(1R*,2S*)-2-Butylcyclopropane-1-carboxylic acid 

 

General Procedure G: Ester 99a (4.00 g, 23.5 mmol) was employed to afford the title carboxylic acid 

(2.73 g, 82%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 10.47 (1H, br. s, OH), 1.68 (1H, ddd, 

J = 9.0, 8.0, 5.5 Hz, C7-H), 1.59 – 1.53 (2H, m, C3-H2), 1.41 – 1.27 (5H, m, C2-H2, C4-H2, C5-H), 1.08 

(1H, ddd, J = 8.0, 8.0, 4.5 Hz, 1 × C6-H), 0.96 (1H, ddd, J = 8.0, 5.5, 4.5 Hz, 1 × C6-H), 0.87 (3H, t, J 

= 7.0 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 170.9 (C8), 31.7 (C4), 26.6 (C3), 23.1 (C5), 22.3 

(C2), 18.0 (C7), 14.4 (C6), 14.0 (C1). The spectroscopic properties of this compound were consistent 

with the data available in the literature.19 

(100a): (1R*,2S*)-N-Allyl-2-butyl-N-(4-methoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78d (1.82 g, 10.3 mmol) and (1R*,2S*)-2-butylcyclopropane-1-

carboxylic acid (1.61 g, 11.3 mmol) were employed. Purification by flash column chromatography 

(20% EtOAc/Hex) on silica gel afforded the title compound 100a (2.00 g, 65%, 3:2 mixture of rotamers 

A:B) as a colourless oil; νmax / cm-1: 2955 (m), 2924 (m), 1635 (s), 1511 (s), 1461 (s), 1245 (s); 1H NMR 

(400 MHz, CDCl3): δ 7.16 (2H, m, 2 × C14-H, A+B), 6.98 – 6.72 (2H, m, 2 × C15-H, A+B), 5.77 (1H, 

m, C10-H, A+B), 5.29 – 5.01 (2.60H, m, 2 × C11-H, A+B, 0.60 × C12-H, A), 4.90 (0.40H, d, J = 16.5 

Hz, 0.40 × C12-H, B), 4.46 (0.40H, m, 0.40 × C9-H, B), 4.34 (0.40H, d, J = 16.5 Hz, 0.40 × C12-H, 

B), 4.19 (0.60H, m, 0.60 × C9-H, A), 4.05 – 3.92 (0.60H, m, 0.60 × C12-H, A), 3.84 – 3.76 (3H, m, 

C17-H3, A+B), 3.73 (0.60H, m, 0.60 × C9-H, A), 3.53 (0.40H, m, 0.40 × C9-H, B), 1.72 (1H, m, C7-H, 

A+B), 1.50 – 1.23 (6H, m, C2-H2, A+B, C3-H2, A+B, C4-H2, A+B), 1.23 – 1.01 (2H, m, C5-H, A+B, 1 

× C6-H, A+B), 0.96 – 0.72 (4H, m, C1-H3, A+B, 1 × C6-H, A+B); 13C NMR (101 MHz, CDCl3): δ 

171.5 (C8, A), 171.5 (C8, B), 159.0 (C16, B), 158.9 (C16, A), 133.3 (C10, B), 133.0 (C10, A), 130.1 

(C13, A), 129.6 (C14, A), 129.0 (C13, B), 127.6 (C14, B), 117.2 (C11, B), 116.6 (C11, A), 114.2 (C15, 

B), 113.8 (C15, A), 55.3 (C17, B), 55.2 (C17, A), 49.4 (C12, B), 48.6 (C9, A), 48.1 (C9, B), 47.7 (C12, 

A), 32.0 (C4, A+B), 27.4 (C3, A), 27.2 (C3, B), 22.6 (C2, A), 22.5 (C2, B), 20.6 (C5, A+B), 18.2 (C7, 

B), 18.1 (C7, A), 14.1 (C1, A+B), 11.3 (C6, B), 11.2 (C6, A); HRMS (ESI+): Calculated for C19H28NO2: 

302.2115. Found [M + H]+: 302.2113. 
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(102a): (3aR*,6S*,7aR*)-6-Butyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione, 

(3aR*,7R*,7aR*)-7-butyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione and 

(3aR*,6S*,7aS*)-6-butyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 100a (45.2 mg, 0.15 mmol) was employed for 48 h. Purification by flash 

column chromatography (35% EtOAc/Hex) on silica gel afforded the title compound 102a (31.4 mg, 

64%) as a pale yellow oil. A mixture of regioisomers A and B and diastereomer C were obtained in a 

7:1:0.3 (A:B:C) ratio. 

The relative stereochemistry of the minor diastereomers and regioisomers were assigned by careful 

analogy with 102b and 102d and corroborated with COSY and HMBC experiments. Major stereoisomer 

A could be isolated pure by flash column chromatography. Diastereomer B and regioisomer C co-

eluted during flash column chromatography.  

Data for both A and B: νmax / cm-1: 2956 (s), 2932 (s), 2860 (m), 1673 (s), 1512 (s), 1245 (s), 1174 (s), 

1025 (s); HRMS (ESI+): Calculated for C20H28NO3: 330.2064. Found [M + H]+: 330.2068. 

Data for major diastereomer A: Rf: 0.25 (40% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.21 – 

7.04 (2H, m, 2 × C15-H), 6.92 – 6.80 (2H, m, 2 × C16-H), 4.45 – 4.30 (2H, m, C13-H2), 3.79 (3H, s, 

C18-H3), 3.18 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 2.98 (1H, m, 1 × C1-H), 2.63 – 2.52 (2H, m, 1 × C3-

H, 1 × C6-H), 2.46 – 2.29 (2H, m, 1 × C3-H, C7-H), 2.19 (1H, m, C5-H), 2.08 (1H, m, C2-H), 1.95 – 

1.81 (1H, m, 1 × C9-H), 1.35 – 1.26 (6H, m, 1 × C6-H, 1 × C9-H, C10-H2, C11-H2), 0.89 – 0.87 (3H, 

m, C12-H3); 13C NMR (101 MHz, CDCl3): δ 209.4 (C4), 173.5 (C8), 159.3 (C17), 129.5 (C15), 128.6 

(C14), 114.2 (C16), 55.4 (C18), 49.8, 49.7 (C1, C5), 47.1 (C7), 46.2 (C13), 45.0 (C3), 41.4 (C2), 30.8 

(C6), 29.1 (C10), 28.7 (C9), 22.8 (C11), 14.1 (C12). 

Data for regioisomer B: Rf: 0.16 (40% EtOAc/Hex); Characteristic signals only; 1H NMR (500 MHz, 

CDCl3): δ 7.16 – 7.12 (2H, m, 2 × C15-H), 6.89 – 6.81 (2H, m, 2 × C16-H), 4.49 – 4.32 (2H, m, C13-

H2), 3.80 (3H, s, C18-H3), 3.21 (1H, m, 1 × C1-H), 2.94 (1H, m, 1 × C1-H), 2.63 – 2.50 (4H, m, C6-H, 
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C7-H, and C3-H2 or C5-H2), 2.44 (1H, m, C2-H), 2.41 – 2.44 (2H, m, C3-H2 or C5-H2), 1.32 – 1.22 

(6H, m, C9-H2, C10-H2, C11-H2), 0.92 – 0.85 (3H, m, C12-H3); 13C NMR (126 MHz, CDCl3): δ 209.0 

(C4), 172.7 (C8), 159.1 (C17), 129.5 (C15), 128.6 (C14), 114.1 (C16), 55.3 (C18), 50.8 (C7), 49.7 (C1), 

46.1 (C13), 45.1 (two signals, C3, C5), 34.2 (C2), 33.4 (C6), 29.8, 28.9, 22.8 (C9, C10, C11), 13.9 

(C12).  

Data for minor diastereomer C: Rf: 0.16 (40% EtOAc/Hex); Characteristic signals only; 1H NMR 

(500 MHz, CDCl3): δ 7.16 – 7.12 (2H, m, 2 × C15-H), 6.89 – 6.81 (2H, m, 2 × C16-H), 4.49 – 4.32 

(2H, m, C13-H2), 3.80 (3H, s, C18-H3), 3.40 (1H, m, 1 × C1-H), 2.75 (1H, m, 1 × C1-H); 13C NMR 

(126 MHz, CDCl3): δ 50.9 (C1), 46.7 (C5), 40.9 (C7), 33.3 (C2). 

(101a): (1R*,2S*)-N-Allyl-2-butyl-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78e (770 mg, 3.26 mmol) and (1R*,2S*)-2-butylcyclopropane-1-

carboxylic acid (510 mg, 3.59 mmol) were employed. Purification by flash column chromatography 

(30% EtOAc/Hex) on silica gel afforded the title compound 101a (720 mg, 61%, 3:2 mixture of 

rotamers A:B) as a colourless oil; νmax / cm-1: 2955 (m), 2927 (m), 1590 (s), 1455 (s), 1416 (s), 1124 (s); 

1H NMR (400 MHz, CDCl3): δ 6.48 (1.20H, m, 1.20 × C14-H, A+B), 6.43 (0.80H, m, 0.80 × C14-H, 

A+B), 5.80 (1H, m, C10-H, A+B), 5.33 – 5.02 (2.60H, m, 2 × C11-H, A+B, 0.60 × C12-H, A), 4.89 

(0.40H, d, J = 16.5 Hz, 0.40 × C12-H, B), 4.50 (0.40H, m, 0.40 × C9-H, B), 4.35 (0.40H, d, J = 16.5 

Hz, 0.40 × C12-H, B), 4.19 (0.60H, m, 0.60 × C9-H, A), 3.98 – 3.88 (0.60H, m, 0.60 × C12-H, A), 3.84 

– 3.76 (9.60H, m, 0.60 × C9-H, A, C17-H3, A+B, 2 × C18-H3), 3.55 (0.40H, m, 0.40 × C9-H, B), 1.74 

(1H, m, C7-H, A+B), 1.51 – 1.03 (8H, m, C2-H2, A+B, C3-H2, A+B, C4-H2, A+B, C5-H, A+B, 1 × C6-

H, A+B), 1.02 – 0.72 (4H, m, C1-H3, A+B, 1 × C6-H, A+B); 13C NMR (101 MHz, CDCl3): δ 171.8 

(C8, A+B), 153.9 (C15, A), 153.4 (C15, B), 137.3 (C16, A+B), 133.9 (C10, B), 133.4 (C10, A), 133.1 

(C13, A+B), 117.4 (C11, B), 116.7 (C11, A), 105.5 (C14, A), 103.2 (C14, B), 61.0 (C17, A+B), 56.3 

(C18, B), 56.2 (C18, A), 50.3 (C12, B), 48.9 (C9, A), 48.8 (C9, B), 48.6 (C12, A), 32.1 (C4, A+B), 27.6 

(C3, A), 27.4 (C3, B), 22.7 (C2, A), 22.6 (C2, B), 20.6 (C5, A), 20.6 (C5, B), 18.3 (C7, A+B), 14.3 (C1, 

A+B), 11.5 (C6, B), 11.4 (C6, A); HRMS (ESI+): Calculated for C21H32NO4: 362.2327. Found [M + H]+: 

362.2326. 

  



Chapter 8 – Experimental procedures 

 

209 

 

(103a): (3aR*,6S*,7aR*)-6-Butyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione, (3aR*,7R*,7aR*)-7-butyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione and (3aR*,6S*,7aS*)-6-butyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione 

 

General Procedure E: Amide 101a (54.2 mg, 0.15 mmol) was employed for 48 h. Purification by flash 

column chromatography (50–60% EtOAc/Hex) on silica gel afforded the title compound 103a (42.6 

mg, 73%) as a colourless oil. A mixture of regioisomers A and B and diastereomer C were obtained in 

a 7:1:0.3 (A:B:C) ratio. 

The relative stereochemistry of the minor diastereomers and regioisomers were tentatively assigned by 

careful analogy with 102b and 102d and corroborated with COSY and HMBC experiments. Major 

stereoisomer A could be isolated pure by flash column chromatography. Diastereomer B and 

regioisomer C co-eluted during flash column chromatography.  

Data for both A and B: νmax / cm-1: 2931 (m), 2869 (m), 1687 (s), 1591 (s), 1417 (s), 1236 (s), 1123 

(s); HRMS (ESI+): Calculated for C22H32NO5: 390.2275. Found: [M + H]+: 390.2289. 

Data for major diastereomer A: Rf: 0.29 (60% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 6.43 (2H, 

s, 2 × C15-H), 4.44 – 4.35 (2H, m, C13-H2), 3.83 (9H, m, C18-H3, 2 × C19-H3), 3.23 (1H, m, 1 × C1-

H), 3.03 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.66 – 2.54 (2H, m, 1 × C3-H, 1 × C6-H), 2.44 – 2.30 

(2H, m, 1 × C3-H, C7-H), 2.20 (1H, m, C5-H), 2.10 (1H, m, C2-H), 1.90 (1H, m, 1 × C9-H), 1.37 – 

1.21 (6H, m, 1 × C6-H, 1 × C9-H, C10-H2, C11-H2), 0.92 – 0.85 (3H, m, C12-H3); 13C NMR (101 MHz, 

CDCl3): δ 209.2 (C4), 173.5 (C8), 153.5 (C16), 137.5 (C17), 132.1 (C14), 105.2 (C15), 60.8 (C19), 

56.2 (C18), 49.8, 49.6 (C1, C5), 47.1, 46.9 (C13, C7), 44.9 (C3), 41.3 (C2), 30.7 (C6), 29.0, 28.6 (C9, 

C10), 22.7 (C11), 14.0 (C12). 

Data for regioisomer B: Rf: 0.18 (60% EtOAc/Hex); Characteristic signals only: 1H NMR (500 MHz, 

CDCl3): δ 6.44 (2H, s, 2 × C15-H), 4.47 – 4.33 (2H, m, C13-H2), 3.83 (9H, m, C18-H3, 2 × C19-H3), 
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3.25 (1H, m, 1 × C1-H), 3.03 (1H, m, 1 × C1-H), 2.62 – 2.51 (4H, m, C6-H, C7-H and C3-H2 or C5-

H2), 2.47 (1H, m, C2-H), 2.43 – 2.30 (2H, m, C3-H2 or C5-H2), 1.33 – 1.23 (6H, m, C9-H2, C10-H2, 

C11-H2), 0.91 – 0.86 (3H, m, C12-H3); 13C NMR (126 MHz, CDCl3): δ 208.9 (C4), 173.0 (C4), 153.6 

(C16), 137.0 (C17), 132.5 (C14), 105.2 (C15), 60.1 (C18), 56.3 (C19), 50.7 (C7), 49.9 (C1), 45.0 (two 

signals, C3, C5), 41.4 (C2), 33.5 (C6), 14.1 (C12). 

Data for minor diastereomer C: Rf: 0.18 (60% EtOAc/Hex); Characteristic signals only: 1H NMR 

(500 MHz, CDCl3): δ 6.44 (2H, s, 2 × C15-H), 4.47 – 4.33 (2H, m, C13-H2), 3.83 (9H, m, C18-H, 2 × 

C19-H3), 3.44 (1H, m, 1 × C1-H), 2.88 – 2.78 (3H, m, 1 × C1-H, C2-H, C7-H), 2.62 – 2.51 (1H, 1 × 

C6-H), 2.20 (1H, m, C5-H), 1.71 – 1.60 (1H, m, 1 × C6-H); 13C NMR (126 MHz, CDCl3): δ 212.4 (C4), 

173.7 (C8), 51.5 (C1), 46.7 (C5), 40.8 (C7), 33.1 (C2), 30.8 (C6). 

(98b): Ethyl 2-hexylcycloprop-2-ene-1-carboxylate 

 

 

To a solution of Rh2(OAc)4 (10.5 mg, 23.8 μmol) in anhydrous CH2Cl2 (50 mL) was added oct-1-yne 

(14.0 mL, 95.0 mmol) via syringe. Ethyl diazoacetate (5.00 mL, 47.5 mmol, 13 wt.% in CH2Cl2) in 

anhydrous CH2Cl2 (12 mL) was added via syringe pump over 12 h before concentrating in vacuo. 

Purification by flash column chromatography (3% EtOAc/Hex) on silica gel afforded the title 

compound 98b (5.41 g, 58%) as a pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 6.32 (1H, d, J = 1.5 

Hz, C8-H), 4.13 (2H, q, J = 7.0 Hz, C11-H2), 2.49 (2H, td, J = 7.5, 1.5 Hz, C6-H2), 2.12 (1H, m, C9-

H), 1.61 – 1.51 (2H, m, C5-H2), 1.43 – 1.15 (8H, m, C2-H2, C3-H2, C4-H2), 0.92 – 0.85 (3H, m, C1-H3); 

13C NMR (101 MHz, CDCl3): δ 176.8 (C10), 115.8 (C7), 94.1 (C8), 60.3 (C11), 31.6 (C4), 28.9 (C3), 

26.8 (C5), 25.1 (C6), 22.7 (C2), 19.9 (C9), 14.5 (C12), 14.2 (C1). The spectroscopic properties of this 

compound were consistent with the data available in the literature.501  

(99b): Ethyl (1S*,2R*)-2-hexylcyclopropane-1-carboxylate 

 

 

To a solution of 98b (5.00 g, 25.5 mmol) in EtOAc (100 mL) was added Pd/CaCO3 (223 mg, 0.13 

mmol, 5 wt.% Pd). The suspension was sparged with H2 for 10 min and stirred under an atmosphere of 

H2 (balloon pressure) at r.t. for 4 h. The suspension was filtered through a pad of Celite®, washing with 

EtOAc (50 mL) and the filtrate was concentrated in vacuo. Purification by flash column 
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chromatography (2% EtOAc/Hex) on silica gel afforded the title compound 99b (4.23 g, 84%) as a 

colourless oil; 1H NMR (400 MHz, CDCl3): δ 4.13 (2H, q, J = 7.0 Hz, C11-H2), 1.66 (1H, ddd, J = 9.0, 

8.0, 5.5 Hz, C9-H), 1.61 – 1.40 (2H, m, C6-H2), 1.40 – 1.16 (12H, m, C2-H2, C3-H2, C4-H2, C5-H2, 

C7-H, C12-H3), 0.98 (1H, td, J = 8.0, 4.5 Hz, 1 × C8-H), 0.91 (1H, m, 1 × C8-H), 0.89 (3H, t, J = 7.0 

Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 173.2 (C10), 60.3 (C11), 32.0 (C3), 29.8, 29.1 (C4, C5), 

27.2 (C6), 22.8 (C2), 22.1 (C7), 18.4 (C9), 14.5 (C12), 14.2 (C1), 13.5 (C8). The spectroscopic 

properties of this compound were consistent with the data available in the literature.502 

(1S*,2R*)-2-Hexylcyclopropane-1-carboxylic acid 

 

General Procedure G: Ester 99b (4.00 g, 18.8 mmol) was employed to afford the title carboxylic acid 

(3.26 g, 94%) as a colourless oil; νmax / cm-1: 2923 (s), 2857 (m), 1692 (s), 1225 (s); 1H NMR (400 MHz, 

CDCl3): δ 11.54 (1H, br. s, OH), 1.68 (1H, ddd, J = 9.0, 8.0, 5.5 Hz, C9-H), 1.55 (2H, m, C6-H2), 1.41 

– 1.20 (9H, m, C2-H2, C3-H2, C4-H2, C5-H2, C7-H), 1.13 – 1.03 (1H, m, 1 × C8-H), 0.96 (1H, ddd, J 

= 7.5, 5.5, 4.5 Hz, 1 × C8-H), 0.91 – 0.85 (3H, m, C1-H3); 13C NMR (101 MHz, CDCl3): δ 179.7 (C10), 

31.9 (C3), 29.6, 29.1 (C4, C5), 27.1 (C6), 23.3 (C7), 22.8 (C2), 18.1 (C9), 14.6 (C8), 14.2 (C1); HRMS 

(ESI+): Calculated for C10H18NaNO3: 193.1200. Found [M + Na]+: 193.1192. 

(100b): (1S*,2R*)-N-Allyl-2-hexyl-N-(4-methoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78d (440 mg, 2.46 mmol) and (1S*,2R*)-2-hexylcyclopropane-1-

carboxylic acid (500 mg, 2.71 mmol) were employed. Purification by flash column chromatography 

(15% EtOAc/Hex) on silica gel afforded the title compound 100b (560 mg, 66%, 3:2 mixture of 

rotamers A:B) as a colourless oil; νmax / cm-1: 2955 (m), 2922 (s), 2855 (s), 1637 (s), 1511 (s), 1245 (s); 

1H NMR (400 MHz, CDCl3): δ 7.21 – 7.11 (2H, m, 2 × C16-H, A+B), 6.93 – 6.76 (2H, m, 2 × C17-H2, 

A+B), 5.77 (1H, m, C12-H, A+B), 5.30 – 5.01 (2.60H, m, C13-H2, A+B, 0.60 × C14-H2, A), 4.87 (0.40H, 

d, J = 17.0 Hz, 0.40 × C14-H2, B), 4.47 (0.40H, m, 0.40 × C11-H2, B), 4.34 (0.40H, d, J = 17.0 Hz, 0.40 

× C14-H2, B), 4.19 (0.60H, m, 0.60 × C11-H2, A), 3.99 (0.60H, d, J = 15.0 Hz, 0.60 × C14-H2, A), 3.79 

(3H, m, C19-H3, A+B), 3.72 (0.60H, m, 0.60 × C11-H2, A), 3.51 (0.40H, m, 0.40 × C11-H2, B), 1.74 

(1H, m, C9-H, A+B), 1.45 – 1.02 (12H, m, C2-H2, A+B, C3-H2, A+B, C4-H2, A+B, C5-H2, A+B, C6-
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H2, A+B, C7-H, A+B, 1 × C8-H, A+B), 0.96 – 0.74 (4H, m, C1-H3, A+B, 1 × C8-H, A+B); 13C NMR 

(101 MHz, CDCl3): δ 171.6 (C10, A+B), 159.1 (C18, B), 159.0 (C18, A), 133.5 (C12, B), 133.2 (C12, 

A), 130.3 (C15, A), 129.8 (C16, A), 129.2 (C15, B), 127.8 (C16, B), 117.3 (C13, B), 116.7 (C13, A), 

114.3 (C17, B), 113.9 (C17, A), 55.5 (C19, B), 55.3 (C19, A), 49.5 (C14, B), 48.7 (C11, A), 48.2 (C11, 

B), 47.9 (C14, A), 32.1 (C3, B), 32.0 (C3, A), 30.0, 29.9, 29.4, 29.3 (C4, A+B, C5, A+B), 27.9 (C6, A), 

27.7 (C6, B), 22.8 (C2, A+B), 20.8 (C7, A+B), 18.4 (C9, B), 18.2 (C9, A), 14.3 (C1, A+B), 11.4 (C8, 

B), 11.3 (C8, A); HRMS (ESI+): Calculated for C21H32NO2: 330.2428. Found [M + H]+: 330.2443. 

(102b): (3aR*,6S*,7aR*)-6-Hexyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione, 

(3aR*,7R*,7aR*)-7-hexyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione and 

(3aR*,6S*,7aS*)-6-hexyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 100b (51.5 mg, 0.15 mmol) was employed for 72 h. Purification by flash 

column chromatography (30–50% EtOAc/Hex) on silica gel afforded the title compound 102b (38.0 

mg, 68%) as a colourless oil. A mixture of regioisomers A and B and diastereomer C were obtained in 

a 6:1:0.5 (A:B:C) ratio. 

Major regioisomer A was separated from B and C by flash column chromatography (30% EtOAc/Hex). 

The relative stereochemistry of major diastereomer A was corroborated through nOe experiments as 

indicated on the 3D structure depicted above. The ring junction was assigned as trans- through the 

following nOe experiments; a strong nOe was observed between C1-Ha and C2-H, C1-Hb and C7-H. 

No significant nOe was observed between C1-Ha and C7-H or C1-Hb and C2-H. The relative 

stereochemistry with respect to C5 was assigned through the following nOe experiments; a strong nOe 

was observed between C5-H and C7-H, C5-H and C6-Hb. No significant nOe was observed between 

C5-H and C2-H.  
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Only a mixture of regioisomer B and diastereomer C could be isolated. The regiochemistry of C was 

assigned through HMBC and COSY experiments and through comparison of the 13C NMR chemical 

shift of C5-H (46.7 ppm) to other examples. The relative stereochemistry between C2-H and C7-H was 

tentatively assigned as cis through comparison of the chemical shifts (33.5 and 40.8 ppm for C2-H and 

C7-H respectively) to 67 (B) (31.0 and 40.5 ppm respectively). The high degree of overlap of the signals 

between B and C made TOCSY experiments to determine coupling constants between C2-H and C7-H 

and nOe experiments to corroborate the relative stereochemistry very challenging. The regiochemistry 

of B was assigned through COSY, HSQC and HMBC analysis. The 13C chemical shift of C6-H of B 

(33.3 ppm) is comparable to that of 92c (A) (38.0 ppm) and C5-H2 (45.3 ppm) is also diagnostic of the 

regiochemistry as indicated. The relative stereochemistry is only tentatively assigned as indicated as 

the overlap between signals of B and C make nOe corroborations challenging. See the supporting 

document in Section 8.2.4 for a detailed discussion on how the stereochemistry of the minor 

diastereomers was assigned through comparison of 13C NMR chemical shifts. 

Data for A, B and C: νmax / cm-1: 2953 (m), 2922 (m), 2854 (m), 1664 (s), 1512 (s), 1415 (s), 1244 (s); 

HRMS (ESI+): Calculated for C22H32NO3: 358.2377. Found [M + H]+: 358.2342. 

Data for major diastereomer A: Colourless oil; Rf: 0.32 (40% EtOAc/Hex); 1H NMR (400 MHz, 

CDCl3): δ 7.17 – 7.11 (2H, m, 2 × C17-H), 6.94 – 6.74 (2H, m, 2 × C18-H), 4.48 – 4.28 (2H, m, C15-

H2), 3.78 (3H, s, C20-H3), 3.18 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 2.97 (1H, t, J = 9.5, 6.5 Hz, 1 × C1-

H), 2.63 – 2.51 (2H, m, 1 × C3-H, 1 × C6-H), 2.44 – 2.29 (2H, m, 1 × C3-H, C7-H), 2.19 (1H, m, C5-

H), 2.08 (1H, m, C2-H), 1.87 (1H, m, 1 × C9-H), 1.40 – 1.20 (10H, m, 1 × C6-H, 1 × C9-H, C10-H2, 

C11-H2, C12-H2, C13-H2), 0.87 (3H, m, C14-H3); 13C NMR (101 MHz, CDCl3): δ 209.3 (C4), 173.4 

(C8), 159.1 (C19), 129.4 (C17), 128.5 (C16), 114.1 (C18), 55.3 (C20), 49.6 (two signals, C1, C5), 46.9 

(C7), 46.1 (C15), 44.9 (C3), 41.3 (C2), 31.7 (C12), 30.7 (C6), 29.3 (two signals), 28.9, 26.7 (C9, C10, 

C11, C12), 22.6 (C13), 14.1 (C14). 

Data for regioisomer B: Yellow oil; Rf: 0.16 (40% EtOAc/Hex); Characteristic signals only; 1H NMR 

(500 MHz, CDCl3): δ 7.21 – 7.11 (2H, m, 2 × C17-H), 6.93 – 6.79 (2H, m, 2 × C18-H), 4.53 – 4.30 

(2H, m, C15-H2), 3.81 – 3.78 (3H, m, C20-H3), 3.21 (1H, dd, J = 9.0, 6.5 Hz, 1 × C1-H), 2.94 (1H, m, 

1 × C1-H), 2.60 – 2.25 (7H, m, C2-H, C6-H, C7-H, 2 × C3-H, 2 × C5-H), 1.46 – 1.06 (10H, m, C9-H2, 

C10-H2, C11-H2, C12-H2, C13-H2), 0.90 – 0.85 (3H, m, C14-H3); 13C NMR (126 MHz, CDCl3): δ 209.1 

(C4), 172.8 (C8), 129.8 (C17), 113.9 (C18), 55.1 (C20), 50.8 (C7), 49.7 (C1), 45.3 (two signals, C3, 

C5), 34.2 (C2), 33.3 (C6), 31.7, 29.5, 29.2, 27.1, 22.6 (C9, C10, C11, C12, C13), 14.2 (C14). 

Data for diastereomer C: Yellow oil; Rf: 0.16 (40% EtOAc/Hex); Characteristic signals only; 1H 

NMR (500 MHz, CDCl3): δ 7.21 – 7.11 (2H, m, 2 × C17-H), 6.93 – 6.79 (2H, m, 2 × C18-H), 4.53 – 

4.30 (2H, m, C15-H2), 3.81 – 3.78 (3H, m, C20-H3), 3.40 (1H, dd, J = 10.0, 7.0 Hz, 1 × C1-H), 2.85 – 

2.73 (3H, m, 1 × C1-H, C2-H, C7-H), 2.58 (1H, m, 1 × C6-H), 2.43 (1H, m, 1 × C3-H), 2.23 – 2.09 
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(2H, m, 1 × C3-H, C5-H), 1.70 (1H, m, 1 × C6-H), 1.46 – 1.06 (10H, m, C9-H2, C10-H2, C11-H2, C12-

H2, C13-H2), 0.90 – 0.85 (3H, m, C14-H3); 13C NMR (126 MHz, CDCl3): δ 212.7 (C4), 174.3 (C8), 

129.8 (C17), 113.9 (C18), 55.1 (C20), 51.0 (C1), 46.6 (C5), 42.9 (C3), 40.5 (C7), 33.5 (C2), 30.1 (C6), 

31.7, 29.5, 29.2, 27.1, 22.6 (C9, C10, C11, C12, C13), 14.2 (C14). 

(101b): (1S*,2R*)-N-Allyl-2-hexyl-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78e (580 mg, 2.46 mmol) and (1S*,2R*)-2-hexylcyclopropane-1-

carboxylic acid (500 mg, 2.71 mmol) were employed to afford the title compound 101b (710 mg, 72%, 

3:2 mixture of rotamers A:B) as a colourless oil; νmax / cm-1: 2924 (m), 1638 (s), 1455 (s), 1416 (s), 1125 

(s); 1H NMR (400 MHz, CDCl3): δ 6.47 (1.20H, s, 1.20 × C16-H, A), 6.42 (0.80H, s, 0.80 × C16-H, B), 

5.79 (1H, m, C12-H, A+B), 5.36 – 5.03 (2.60H, m, C13-H2, A+B, 0.60 × C14-H2, A), 4.88 (0.40H, d, J 

= 17.0 Hz, 0.40 × C14-H2, B), 4.50 (0.40H, m, 0.40 × C11-H2, B), 4.35 (0.40H, d, J = 17.0 Hz, 0.40 × 

C14-H2, B), 4.23 (0.60H, m, 0.60 × C11-H2, A), 3.93 (0.60H, d, J = 14.5 Hz, 0.60 × C14-H2, A), 3.89 – 

3.69 (9.60H, m, 2 × C19-H3, A+B, 0.60 × C11-H2, A), 3.54 (0.40H, m, 0.40 × C11-H2, B), 1.73 (1H, m, 

C9-H, A+B), 1.51 – 1.15 (11H, m, C2-H2, A+B, C3-H2, A+B, C4-H2, A+B, C5-H2, A+B, C6-H2, A+B, 

C7-H, A+B), 1.13 (1H, m, 1 × C8-H, A+B), 0.95 – 0.72 (4H, m, C1-H3, A+B, 1 × C8-H, A+B); 13C 

NMR (101 MHz, CDCl3): δ 171.8 (C10, A+B), 153.8 (C17, B), 153.4 (C17, A), 137.3 (C18, A+B), 

133.9 (C15, B), 133.3 (C15, A), 133.0 (C12, A+B), 117.5 (C13, B), 116.7 (C13, A), 105.4 (C16, A), 

103.1 (C16, B), 61.0 (C20, A+B), 56.2 (C19, A+B), 50.2 (C14, B), 48.9 (C11, A), 48.8 (C14, A), 48.6 

(C11, B), 32.0 (C3, A+B), 29.9, 29.8, 29.3, 29.2 (C4, A+B, C5, A+B), 27.8 (C6, A), 27.7 (C6, B), 22.8 

(C2, B), 22.7 (C2, A), 20.9 (C7, B), 20.6 (C7, A), 18.3 (C9, A+B), 14.2 (C1, A+B), 11.5 (C8, B), 11.4 

(C8, A); HRMS (ESI+): Calculated for C23H36NO4: 390.2639. Found [M + H]+: 390.2651. 
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(103b): (3aR*,6S*,7aR*)-6-Hexyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione, (3aR*,7R*,7aR*)-7-hexyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione and (3aR*,6S*,7aS*)-6-hexyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione 

 

General Procedure E: Amide 101b (58.4 mg, 0.15 mmol) was employed. Purification by flash column 

chromatography (40–60% EtOAc/Hex) on silica gel afforded the title compound 103b (43.8 mg, 70%) 

as a colourless oil. A mixture of regioisomers A and B and diastereomer C were obtained in a 6:1:0.5 

(A:B:C) ratio. 

The stereochemistry of minor regioisomer 103b (B) and minor diastereomer 103b (C) were assigned 

by analogy with 102b. 

Data for A, B and C: νmax / cm-1: 2927 (m), 2856 (m), 1690 (s), 1591 (s), 1418 (s), 1236 (s), 1125 (s); 

HRMS (ESI+): Calculated for C22H32NO3: 418.2593. Found [M + H]+: 418.2586. 

Data for A: Colourless oil; Rf: 0.31 (60% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 1H NMR (400 

MHz, CDCl3): δ 6.42 (2H, s, 2 × C17-H), 4.42 – 4.29 (2H, m, C15-H2), 3.87 – 3.77 (9H, m, 2 × C19-

H3, C20-H3), 3.23 (1H, ddd, J = 9.5, 6.5, 5.0 Hz, 1 × C1-H), 3.02 (1H, m, 1 × C1-H), 2.64 – 2.52 (2H, 

m, 1 × C3-H, 1 × C6-H), 2.50 – 2.28 (2H, m, 1 × C3-H, C7-H), 2.19 (1H, m, C5-H), 2.07 (1H, m, C2-

H), 1.86 (1H, m, 1 × C9-H), 1.40 – 1.20 (10H, m, 1 × C6-H, 1 × C9-H, C10-H2, C11-H2, C12-H2, C13-

H2), 0.88 – 0.84 (3 H, m, C14-H3); 13C NMR (101 MHz, CDCl3): δ 209.3 (C4), 173.6 (C8), 153.6 (C18), 

137.6 (C19), 132.3 (C16), 105.3 (C17), 60.9 (C20), 56.3 (C21), 50.0 (C1), 49.7 (C5), 47.2, 47.0 (C7, 

C15), 44.8 (C3), 41.4 (C2), 31.8 (C12), 30.8 (C6), 29.4 (two signals), 29.0, 26.8 (C9, C10, C11, C12), 

22.7 (C13), 14.2 (C14). 

Data for regioisomer B: Yellow oil Rf: 0.19 (60% EtOAc/Hex); Characteristic signals only; 1H NMR 

(500 MHz, CDCl3): δ 3.24 (1H, m, 1 × C1-H), 3.02 (1H, m, 1 × C1-H), 2.65 – 2.29 (7H, C2-H, 2 × C3-
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H, 2 × C5-H, C6-H, C7-H); 13C NMR (126 MHz, CDCl3): δ 209.2 (C4), 172.6 (C8), 50.6 (C7), 49.9 

(C1), 44.9 (two signals, C3, C5) 34.5 (C2), 33.7 (C6). 

Data for diastereomer C: Yellow oil Rf: 0.19 (60% EtOAc/Hex); Characteristic signals only; 1H NMR 

(500 MHz, CDCl3): δ 3.45 (1H, m, 1 × C1-H), 2.91 – 2.74 (3H, m, 1 × C1-H, C2-H, C7-H), 2.57 (1H, 

m, 1 × C6-H), 2.43 (1H, m, 1 × C3-H), 2.23 – 2.07 (2H, m, 1 × C3-H, C5-H), 1.71 (1H, m, 1 × C6-H); 

13C NMR (126 MHz, CDCl3): δ 212.5 (C4), 174.4 (C8), 51.3 (C1), 46.9 (C5), 42.8 (C3), 40.5 (C7), 33.1 

(C2), 29.9 (C6). 

(98c): Ethyl 2-phenethylcycloprop-2-ene-1-carboxylate 

 

To a solution of Rh2(OAc)4 (10.0 mg, 22.6 μmol) in anhydrous CH2Cl2 (30 mL) was added but-3-yn-1-

ylbenzene (5.00 g, 38.4 mmol) via syringe. Ethyl diazoacetate (2.28 mL, 19.2 mmol, 13 wt.% in 

CH2Cl2) in anhydrous CH2Cl2 (10 mL) was added via syringe pump over 12 h before concentrating in 

vacuo. Purification by flash column chromatography (2% EtOAc/Hex) on silica gel afforded the title 

compound 98c (3.73 g, 90%) as a colourless oil; νmax / cm-1: 2980 (s), 2901 (m), 1720 (s), 1161 (s); 1H 

NMR (400 MHz, CDCl3): δ 7.33 – 7.17 (5H, m, C1-H, 2 × C2-H, 2 × C3-H), 6.36 (1H, m, C8-H), 4.18 

– 4.07 (2H, m, C11-H2), 2.98 – 2.86 (2H, m, C5-H2), 2.88 – 2.74 (2H, m, C6-H2), 2.14 (1H, d, J = 1.5 

Hz, C9-H), 1.25 (3H, t, J = 7.0 Hz, C12-H3); 13C NMR (101 MHz, CDCl3): δ 176.6 (C10), 140.8 (C4), 

128.6, 128.5 (C2, C3), 126.4 (C1), 115.0 (C7), 95.1 (C8), 60.4 (C11), 33.0 (C5), 26.9 (C6), 20.0 (C9), 

14.5 (C12); HRMS (ESI+): Calculated for C14H17O2: 217.1223. Found [M + H]+: 217.1233. The 

spectroscopic properties of this compound were consistent with the data available in the literature.503 

(99c): Ethyl (1S*,2R*)-2-phenethylcyclopropane-1-carboxylate 

 

To a solution of 98c (3.50 g, 16.2 mmol) in EtOAc (60 mL) was added Pd/CaCO3 (142 mg, 81.0 μmol, 

5 wt.% Pd). The suspension was sparged with H2 for 10 min and stirred under an atmosphere of H2 

(balloon pressure) at r.t. for 4 h. The suspension was filtered through a pad of Celite®, washing with 

EtOAc (50 mL) and the filtrate was concentrated in vacuo. Purification by flash column 

chromatography (2% EtOAc/Hex) on silica gel afforded the title compound 99c (2.51 g, 71%) as a 

colourless oil; νmax / cm-1: 2986 (m), 2923 (m), 1721 (s), 1160 (s); The relative stereochemistry was 
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corroborated through nOe experiments. A strong nOe was observed between C7-H and C9-H; 1H NMR 

(400 MHz, CDCl3): δ 7.33 – 7.22 (2H, m, 2 × C2-H), 7.22 – 7.13 (3H, m, C1-H, 2 × C3-H), 4.23 – 4.06 

(2H, m, C11-H2), 2.70 – 2.58 (2H, m, C5-H2), 1.98 – 1.79 (2H, m, C6-H2), 1.69 (1H, ddd, J = 9.0, 8.0, 

5.5 Hz, C9-H), 1.33 – 1.19 (4H, m, C7-H, C12-H3), 1.05 – 0.91 (2H, m, 2 × C8-H); 13C NMR (101 

MHz, CDCl3): δ 173.1 (C10), 142.1 (C4), 128.6 (C3), 128.4 (C2), 125.9 (C1), 60.4 (C11), 36.0 (C5), 

29.0 (C6), 21.5 (C7), 18.4 (C9), 14.5 (C12), 13.6 (C8); HRMS (ESI+): Calculated for C14H19O2: 

219.1380. Found [M + H]+: 219.1386. 

(1S*,2R*)-2-Phenethylcyclopropane-1-carboxylic acid 

 

Modified General Procedure G: The reaction was carried out at 80 °C for 16 h. Ester 99c (2.30 g, 

10.5 mmol) was employed to afford the title carboxylic acid (1.86 g, 93%) as a colourless oil; νmax / 

cm-1: 3675 (m), 2970 (s), 2922 (s), 1687 (s), 1452 (s), 1226 (s); 1H NMR (400 MHz, CDCl3): δ 11.34 

(1H, br. s, OH), 7.32 – 7.22 (2H, m, 2 × C2-H), 7.18 (3H, m, C1-H, 2 × C3-H), 2.68 (2H, t, J = 7.5 Hz, 

C5-H2), 2.04 – 1.80 (2H, m, C6-H2), 1.71 (1H, m, C9-H), 1.34 (1H, ddt, J = 16.0, 8.0, 7.5 Hz, C7-H), 

1.10 (1H, td, J = 8.0, 4.5 Hz, 1 × C8-H), 1.00 (1H, dt, J = 8.0, 4.5 Hz, 1 × C8-H); 13C NMR (101 MHz, 

CDCl3): δ 179.6 (C10), 141.9 (C4), 128.7 (C3), 128.4 (C2), 125.9 (C1), 35.9 (C5), 29.0 (C6), 22.7 (C7), 

18.1 (C9), 14.6 (C8); HRMS (ESI-): Calculated for C12H13O2: 189.0921. Found [M – H]+: 189.0922. 

(100c): (1S*,2R*)-N-Allyl-N-(4-methoxybenzyl)-2-phenethylcyclopropane-1-carboxamide 

 

General Procedure A: Amine 78c (510 mg, 2.86 mmol) and (1S*,2R*)-2-phenethylcyclopropane-1-

carboxylic acid (600 mg, 3.15 mmol) were employed. Purification by flash column chromatography 

(20% EtOAc/Hex) on silica gel afforded the title compound 100c (830 mg, 83%, 3:2 mixture of 

rotamers A:B) as a colourless oil; νmax / cm-1: 2988 (m), 2921 (s), 1634 (s), 1510 (s), 1245 (s), 1173 (s); 

1H NMR (400 MHz, CDCl3): δ 7.32 – 7.08 (7H, m, C1-H, A+B, 2 × C2-H, A+B, 2 × C3-H, A+B, 2 × 

C16-H, A+B), 6.89 (0.80H, m, 0.80 × C17-H, B), 6.75 (1.20H, m, 1.20 × C17-H, B), 5.77 (1H, m, C12-

H, A+B), 5.28 – 4.98 (3.60H, m, C13-H2, A+B, 0.60 × C14-H2, A), 4.84 (0.40H, d, J = 16.5 Hz, 0.40 × 

C14-H2, B), 4.44 (0.40H, m, 0.40 × C11-H2, B), 4.35 (0.40H, d, J = 16.5 Hz, 0.40 × C14-H2, B), 4.17 

(0.60H, 0.60 × C11-H2, A), 4.05 (0.60H, m, 0.60 × C14-H2, A), 3.78 (3.60H, m, 0.60 × C11-H2, A, C19-
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H3, A+B), 3.58 (0.40H, m, 0.40 × C11-H2, B), 2.76 – 2.51 (2H, m, C5-H2, A+B), 1.82 – 1.83 (3H, m, 

C6-H2, A+B, C9-H, A+B), 1.27 – 1.10 (2H, m, C7-H, A+B, 1 × C8-H, A+B), 0.89 (1H, m, 1 × C8-H, 

A+B); 13C NMR (101 MHz, CDCl3): δ 171.5 (C10, A+B), 159.1 (C18, B), 159.0 (C18, A), 142.1 (C4, 

B), 142.0 (C4, A), 133.5 (C12, B), 133.1 (C12, A), 130.2 (C15, A), 129.8 (C16, A), 129.1 (C15, B), 

128.6, 128.6, 128.4, 128.3 (C2, A+B, C3, A+B), 127.8 (C16, B), 125.9 (C1, B), 125.8 (C1, A), 117.5 

(C13, B), 116.8 (C13, A), 114.4 (C17, B), 114.0 (C17, A), 55.4 (C19, A+B), 49.6 (C14, B), 48.9 (C11, 

A), 48.4 (C11, B), 48.0 (C14, A), 36.1 (C5, B), 35.9 (C5, A), 29.3 (C6, B), 29.1 (C6, A), 20.4 (C7, B), 

20.3 (C7, A), 18.4 (C9, B), 18.3 (C9, A), 11.5 (C8, B), 11.4 (C8, A); HRMS (ESI+): Calculated for 

C23H27NNaO2: 372.1934. Found [M + Na]+: 372.1951. 

(102c): (3aR*,6S*,7aR*)-2-(4-Methoxybenzyl)-6-phenethylhexahydro-1H-isoindole-1,5(4H)-

dione, (3aR*,7R*,7aR*)-2-(4-methoxybenzyl)-7-phenethylhexahydro-1H-isoindole-1,5(4H)-dione 

and (3aR*,6S*,7aS*)-2-(4-methoxybenzyl)-6-phenethylhexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 100c (52.4 mg, 0.15 mmol) was employed for 72 h. Purification by flash 

column chromatography (55% EtOAc/Petrol) on silica gel afforded the title compound 102c (35.7 mg, 

63%) as a colourless oil. A mixture of regioisomers A and B and diastereomer C were obtained in a 

9:1:0.8 (A:B:C) ratio. 

The relative stereochemistry of A, B and C were assigned by careful analogy with 102b and 102d. 

Data for A, B and C: νmax / cm-1: 2930 (m), 2863 (m), 1687 (s), 1511 (s), 1242 (s), 1175 (m); HRMS 

(ESI+): Calculated for C24H28NO3: 378.2064. Found [M + H]+: 378.2061. 

Data for major diastereomer A: Colourless oil; Rf: 0.22 (55% EtOAc/Hex); 1H NMR (400 MHz, 

CDCl3): δ 7.30 – 7.24 (2H, m, 2 × C13-H), 7.21 – 7.13 (5H, m, C14-H, 2 × C12-H, 2 × C17-H), 6.88 – 

6.83 (2H, m, 2 × C18-H), 4.45 – 4.35 (2H, m, C15-H2), 3.79 (3H, s, C20-H3), 3.19 (1H, dd, J = 9.5, 6.5 

Hz, 1 × C1-H), 2.98 (1H, m, 1 × C1-H), 2.77 – 2.60 (3H, m, 1 × C6-H, C10-H2), 2.56 (1H, dd, J = 13.5, 

3.5 Hz, 1 × C3-H), 2.43 – 2.30 (2H, m, 1 × C3-H, C7-H), 2.30 – 2.16 (2H, m, C5-H, 1 × C9-H), 2.10 
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(1H, m, C2-H), 1.59 (1H, m, 1 × C9-H), 1.44 (1H, m, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 209.1 

(C4), 173.4 (C8), 159.3 (C19), 141.8 (C11), 129.6 (C17), 128.6, 128.5 (two signals) (C12, C13, C16) 

126.0 (C14), 114.3 (C18), 55.4 (C20), 49.8 (C1), 48.7 (C5), 47.0 (C7), 46.2 (C15), 45.0 (C3), 41.4 (C2), 

32.9 (C10), 31.0 (C6), 30.8 (C9). 

Data for regioisomer B: Pale yellow oil; Rf: 0.10 (55% EtOAc/Hex); Characteristic signals only; 1H 

NMR (500 MHz, CDCl3): δ 3.22 (1H, m, 1 × C1-H), 2.98 (1H, m, 1 × C1-H), 2.79 (1H, m, C6-H), 2.63 

– 2.30 (6H, m, C2-H, 2 × C3-H, 2 × C5-H, C7-H); 13C NMR (126 MHz, CDCl3): δ 208.7 (C4), 172.5 

(C8), 55.4 (C20), 50.8 (C7), 49.5 (C1), 44.9 (two signals) (C3, C5) 34.5 (C2), 30.9 (C6). 

Data for diastereomer C: Pale yellow oil; Rf: 0.10 (55% EtOAc/Hex); Characteristic signals only; 1H 

NMR (500 MHz, CDCl3): δ 3.42 (1H, m, 1 × C1-H), 2.87 – 2.74 (3H, m, 1 × C1-H, C2-H, C7-H), 2.69 

(1H, m, 1 × C6-H), 2.44 (1H, m, 1 × C3-H), 2.13 (1H, m, 1 × C3-H), 2.26 (1H, m, C5-H), 1.78 (1H, m, 

1 × C6-H); 13C NMR (126 MHz, CDCl3): δ 212.0 (C4), 174.2 (C8), 51.1 (C1), 46.3 (C5), 42.3 (C3), 

40.9 (C7), 33.5 (C2), 30.5 (C6). 

(101c): (1S*,2R*)-N-Allyl-2-phenethyl-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78e (680 mg, 2.86 mmol) and (1S*,2R*)-2-phenethylcyclopropane-1-

carboxylic acid (600 mg, 3.15 mmol) were employed. Purification by flash column chromatography 

(30% EtOAc/Hex) on silica gel afforded the title compound 101c (970 mg, 83%, 3:2 mixture of 

rotamers A:B) as a colourless oil; νmax / cm-1: 2935 (m), 2868 (m), 1634 (s), 1590 (s), 1416 (s), 1124 (s); 

1H NMR (400 MHz, CDCl3): δ 7.34 – 6.96 (5H, m, C1-H, A+B, 2 × C2-H, A+B, 2 × C3-H, A+B), 6.41 

(2H, m, 2 × C16-H, A+B), 5.80 (1H, m, C11-H, A+B), 5.31 – 5.04 (2.60H, m, 0.60 × C14-H2, A, C13-

H2, A+B), 4.83 (0.40H, d, J = 17.0 Hz, 0.40 × C14-H2, B), 4.45 (0.40H, m, 0.40 × C11-H2, B), 4.37 

(0.40H, d, J = 17.0 Hz, 0.40 × C14-H2, B), 4.22 (0.60H, m, 0.60 × C11-H2, A), 3.90 (0.60H, d, J = 14.5 

Hz, 0.60 × C14-H2), 3.85 – 3.78 (5H, m, 2 × C19-H, A+B, C20-H3, A+B) 3.73 (0.60H, m, 0.60 × C11-

H2, A), 3.63 (4H, s, 4 × C19-H), 2.76 – 2.52 (2H, m, C5-H2, A+B), 1.93 – 1.50 (3H, m, C6-H2, A+B, 

C9-H, A+B), 1.36 – 1.07 (2H, m, C7-H, A+B, 1 × C8-H, A+B), 0.91 (1H, m, 1 × C8-H, A+B); 13C NMR 

(101 MHz, CDCl3): δ 171.6 (C10, A+B), 153.8 (C17, B), 153.4 (C17, A), 142.0 (C4, A+B), 137.2 (C18, 

A+B), 133.8 (C15, A), 133.4 (C15, B), 132.9 (C12, A+B), 128.6, 128.5, 128.5, 128.4 (C2, A+B, C3, 

A+B), 126.0 (C1, A), 125.9 (C1, B), 117.7 (C13, B), 116.8 (C13, A), 105.2 (C16, A), 103.1 (C16, B), 

60.9 (C20, A+B), 56.3 (C19, B), 56.0 (C19, A), 50.3 (C14, B), 48.8 (two signals), 48.7 (C11, A+B, C14, 

A), 36.2 (C5, A), 36.1 (C5, B), 30.2 (C6, A), 29.4 (C6, B), 20.5 (C9, B) 20.3 (C9, A), 18.4 (C7, A), 18.3 
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(C7, B), 11.6 (C8, B), 11.3 (C8, A); HRMS (ESI+): Calculated for C25H31NNaO4: 432.2145. Found [M 

+ Na]+: 432.2151. 

(103c): (3aR*,6S*,7aR*)-6-Phenethyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-

1,5(4H)-dione, (3aR*,7R*,7aR*)-7-phenethyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-

isoindole-1,5(4H)-dione and (3aR*,6S*,7aS*)-6-phenethyl-2-(3,4,5-trimethoxybenzyl)hexahydro-

1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 101c (61.4 mg, 0.15 mmol) was employed for 72 h. Purification by flash 

column chromatography (65% EtOAc/Petrol) on silica gel afforded the title compound 103c (44.9 mg, 

68%) as a colourless oil. A mixture of regioisomers A and B and diastereomer C were obtained in a 

12:1:0.6 (A:B:C) ratio. 

The relative stereochemistry of A, B and C were assigned by careful analogy with 102b and 102d. 

Data for A, B and C: νmax / cm-1: 2936 (m), 1687 (s), 1591 (s), 1417 (s), 1236 (s), 1124 (s); HRMS 

(ESI+): Calculated for C26H32NO5: 438.2275. Found [M + H]+: 438.2267.  

Data for major diastereomer A: Colourless oil; Rf: 0.40 (65% EtOAc/Hex); 1H NMR (400 MHz, 

CDCl3): δ 7.29 – 7.23 (2H, m, 2 × C13-H), 7.18 – 7.15 (3H, m, 2 × C12-H, C14-H), 6.43 (2H, s, 2 × 

C17-H), 4.45 – 4.32 (2H, m, C15-H2), 3.84 – 3.80 (9H, m, C20-H3, 2 × C21-H3), 3.22 (1H, dd, J = 9.5, 

6.5 Hz, 1 × C1-H), 3.02 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.76 – 2.46 (4H, m, 1 × C3-H, 1 × C6-H, 

C10-H2), 2.45 – 2.32 (2H, m, 1 × C3-H, C7-H), 2.29 – 2.15 (2H, m, C5-H, 1 × C9-H), 2.10 (1H, m, C2-

H), 1.58 (1H, m, 1 × C9-H), 1.44 (1H, m, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 209.0 (C4), 173.5 

(C8), 153.6 (C18), 141.7 (C11), 137.7 (C19), 132.2 (C16), 128.5 (two signals) (C12, C13), 126.0 (C14), 

105.4 (C17), 60.8 (C20) 56.3 (C21), 49.9 (C1), 48.7 (C5), 47.2 (C15), 46.9 (C7), 45.0 (C3), 41.5 (C2), 

32.8 (C10), 30.9 (C6), 30.7 (C9). 
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Data for minor regioisomer B: Yellow oil; Rf: 0.10 (65% EtOAc/Hex); Characteristic signals only; 

1H NMR (500 MHz, CDCl3): δ 3.24 (1H, m, 1 × C1-H), 3.03 (1H, m, 1 × C1-H), 2.80 (1H, m, C6-H), 

2.66 – 2.31 (6H, m, C2-H, 2 × C3-H, 2 × C5-H, C7-H); 13C NMR (126 MHz, CDCl3): δ 208.4 (C4), 

172.6 (C8), 60.6 (C20), 56.2 (C21), 49.7 (C1), 44.9 (two signals) (C3, C5), 34.6 (C2), 30.8 (C6).  

Data for minor diastereomer C: Yellow oil; Rf: 0.10 (65% EtOAc/Hex); Characteristic signals only; 

1H NMR (500 MHz, CDCl3): δ 3.44 (1H, m, 1 × C1-H), 2.90 – 2.76 (3H, m, 1 × C1-H, C2-H, C7-H), 

2.69 (1H, m, 1 × C6-H), 2.51 (1H, 1 × C3-H), 2.19 (1H, 1 × C3-H), 2.28 (1H, m, C5-H), 1.82 (1H, m, 

1 × C6-H); 13C NMR (126 MHz, CDCl3): δ 211.9 (C4), 174.1 (C8), 51.2 (C1), 46.0 (C5), 43.0 (C3), 

40.8 (C7), 33.4 (C2), 30.6 (C6). 

(98d): Ethyl 2-(tert-butyl)cycloprop-2-ene-1-carboxylate 

 

To a solution of Rh2(OAc)4 (12.0 mg, 27.1 μmol) in anhydrous CH2Cl2 (40 mL) was added 3,3-

dimethylbut-1-yne (5.00 g, 7.50 mL, 60.9 mmol) via syringe. Ethyl diazoacetate (3.62 mL, 30.5 mmol, 

13 wt.% in CH2Cl2) in anhydrous CH2Cl2 (10 mL) was added via syringe pump over 12 h before 

concentrating in vacuo. Purification by flash column chromatography (2% EtOAc/Hex) on silica gel 

afforded the title compound 98d (3.93 g, 77%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 6.20 

(1H, d, J = 1.5 Hz, C4-H), 4.12 (2H, m, C7-H2), 2.16 (1H, d, J = 1.5 Hz, C5-H), 1.24 (3H, m, J = 7.0, 

C8-H3), 1.17 (9H, s, 3 × C1-H3); 13C NMR (101 MHz, CDCl3): δ 176.6 (C6), 123.3 (C3), 91.1 (C4), 

60.0 (C7), 31.2 (C2), 27.7 (C1), 19.8 (C5), 14.3 (C8); HRMS (ESI+): Calculated for C10H16NaO2: 

191.1043. Found [M + Na]+: 191.1039. The spectroscopic properties of this compound were consistent 

with the data available in the literature.503 

(99d): Ethyl (1S*,2R*)-2-(tert-butyl)cyclopropane-1-carboxylate 

 

To a solution of 98d (3.50 g, 20.1 mmol) in EtOAc (80 mL) was added Pd/CaCO3 (175 mg, 0.10 mmol, 

5 wt.% Pd). The suspension was sparged with H2 for 10 min and stirred under an atmosphere of H2 

(balloon pressure) at r.t. for 4 h. The suspension was filtered through a pad of Celite®, washing with 

EtOAc (50 mL) and the filtrate was concentrated in vacuo. Purification by flash column 

chromatography (2% EtOAc/Hex) on silica gel afforded the title compound 99d (2.23 g, 65%) as a 
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colourless oil; νmax / cm-1: 2955 (s), 1730 (s), 1382 (m), 1163 (s); The relative stereochemistry was 

corroborated through nOe experiments. A strong nOe was observed between C3-H and C5-H; 1H NMR 

(400 MHz, CDCl3): δ 4.28 – 3.93 (2H, m, C7-H2), 1.59 (1H, ddd, J = 10.0, 8.0, 6.5 Hz, C5-H), 1.26 

(3H, t, J = 7.0 Hz, C8-H3), 1.18 (1H, m, 1 × C4-H), 1.12 (1H, m, C3-H), 0.94 (9H, s, 3 × C1-H3), 0.88 

(1H, m, 1 × C4-H); 13C NMR (101 MHz, CDCl3): δ 174.9 (C6), 60.3 (C7), 33.3 (C3), 31.1 (C2), 29.5 

(C1), 19.1 (C5), 14.2 (C8), 8.9 (C4); HRMS (ESI+): Calculated for C10H16NaO2: 193.1199. Found [M 

+ Na]+: 193.1203. 

(1S*,2R*)-2-(tert-Butyl)cyclopropane-1-carboxylic acid 

 

Modified General Procedure G: The reaction was carried out at 80 °C for 16 h. Ester 99d (2.00 g, 

11.8 mmol) was employed to afford the title carboxylic acid (1.22 g, 73%) as a colourless oil; νmax / cm-

1: 3675 (m), 2956 (s), 1694 (s), 1228 (s); 1H NMR (400 MHz, CDCl3): δ 11.58 (1H, br. s, OH), 1.62 

(1H, m, C5-H), 1.27 – 1.20 (2H, m, C3-H, 1 × C4-H), 0.99 (10H, s, 3 × C1-H3, 1 × C4-H); 13C NMR 

(101 MHz, CDCl3): δ 179.7 (C6), 34.8 (C3), 30.9 (C2), 29.7 (C1), 19.0 (C5), 10.0 (C4); HRMS (ESI-): 

Calculated for C8H13O2: 141.0921. Found [M – H]+: 141.0926. 

(100d): (1S*,2R*)-N-Allyl-2-(tert-butyl)-N-(4-methoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78d (570 mg, 3.20 mmol) and (1S*,2R*)-2-(tert-butyl)cyclopropane-1-

carboxylic acid (500 mg, 3.52 mmol) were employed. Purification by flash column chromatography 

(15% EtOAc/Hex) on silica gel afforded the title compound 100d (600 mg, 62%, 3:2 mixture of 

rotamers A:B) as a colourless oil; νmax / cm-1: 2953 (s), 1639 (s), 1511 (s), 1414 (s), 1245 (s); 1H NMR 

(400 MHz, CDCl3): δ 7.24 – 7.08 (2H, m, 2 × C12-H, A+B), 6.96 – 6.74 (2H, m, 2 × C13-H, A+B), 

5.76 (1H, m, C8-H, A+B), 5.25 – 5.09 (3H, m, C9-H2, A+B, 0.60 × C10-H2, A, 0.40 × C10-H2, B), 4.67 

(0.40H, ddq, J = 15.0, 4.5, 1.5 Hz, 0.40 × C7-H2, B), 4.37 (0.60H, ddt, J = 17.0, 5.0, 2.0 Hz, 0.60 × C7-

H2, A), 4.25 (0.40H, d, J = 17.0 Hz, 0.40 × C10-H2, B), 3.91 (0.60H, d, J = 14.5 Hz, 0.60 × C10-H2, A), 

3.80 (3H, m, C15-H3, A+B), 3.68 (0.60H, ddt, J = 15.0, 4.5, 1.5, 0.60 × C7-H2, A), 3.28 (0.40H, m, 

0.40 × C7-H2, B), 1.56 (1H, m, C5-H, A+B), 1.38 (1H, m, 1 × C4-H, A+B), 1.10 (1H, m, C3-H, A+B), 

0.95 (3.60H, s, 3.60 × C1-H3), 0.89 (5.40H, s, 5.40 × C1-H3), 0.81 (1H, m, 1 × C4-H, A+B); 13C NMR 
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(101 MHz, CDCl3): δ 171.3 (C6, A+B), 159.2 (C14, B), 159.0 (C14, A), 133.2 (C8, B), 133.1 (C8, A), 

130.3 (C12, A), 130.0 (C11, A), 128.9 (C11, B), 127.8 (C12, B), 118.0 (C9, B), 117.0 (C9, A), 114.4 

(C13, B), 113.9 (C13, A), 55.5 (C15, B), 55.4 (C15, A), 49.6 (C10, B), 48.9 (C7, A), 47.8 (C7, B), 47.5 

(C10, A), 33.3 (C3, A+B), 31.4 (C2, B), 31.3 (C2, A), 29.8 (C1, B), 29.7 (C1, A), 19.9 (C5, B), 19.8 (C5, 

A), 7.4 (C4, A+B); HRMS (ESI+): Calculated for C19H28NO2: 302.2115. Found [M + H]+: 302.2118. 

(102d): (3aR*,6R*,7aR*)-6-(tert-Butyl)-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione 

 

General Procedure E: Amide 100d (45.2 mg, 0.15 mmol) was employed for 72 h. Purification by flash 

column chromatography (40% EtOAc/Hex) on silica gel afforded the title compound 102d (16.9 mg, 

34%, >15:1 d.r.) as a pale-yellow oil. 

Rf: 0.25 (40% EtOAc/Hex); νmax / cm-1: 2952 (m), 2869 (m), 1705 (s), 1677 (s), 1510 (s), 1244 (s), 1033 

(s); 1H NMR (400 MHz, CDCl3): δ 7.14 (2H, d, J = 8.5 Hz, 2 × C13-H), 6.85 (2H, d, J = 8.5 Hz, 2 × 

C14-H), 4.40 (2H, s, C11-H2), 3.79 (3H, s, C16-H3), 3.17 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 2.97 (1H, 

dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.62 (1H, ddd, J = 13.0, 5.5, 3.5 Hz, 1 × C6-H), 2.46 (1H, m, 1 × C6-

H), 2.42 – 2.29 (2H, m, 1 × C3-H, C7-H), 2.13 – 1.99 (2H, m, C2-H, C5-H), 1.51 (1H, m, 1 × C6-H), 

1.02 (9H, s, 3 × C10-H3); 13C NMR (101 MHz, CDCl3): δ 208.9 (C4), 173.7 (C8), 159.3 (C15), 129.6 

(C13), 128.7 (C12), 114.3 (C14), 59.3 (C5), 55.4 (C16), 49.7 (C1), 47.5 (C7), 46.7 (C3), 46.3 (C11), 

41.9 (C2), 32.5 (C9), 28.0 (C10), 27.2 (C6); HRMS (ESI+): Calculated for C20H28NO3: 330.2064. Found 

[M + H]+: 330.2059. 
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(101d): (1S*,2R*)-N-Allyl-2-(tert-butyl)-N-(3,4,5-trimethoxybenzyl)cyclopropane-1-carboxamide 

 

General Procedure A: Amine 78e (760 mg, 3.20 mmol) and (1S*,2R*)-2-(tert-butyl)cyclopropane-1-

carboxylic acid (500 mg, 3.52 mmol) were employed. Purification by flash column chromatography 

(30% EtOAc/Hex) afforded the title compound 101d (560 mg, 48%, 3:2 mixture of rotamers A:B) as a 

colourless oil; νmax / cm-1: 2951 (s), 2838 (m), 1640 (s), 1416 (s), 1124 (s); 1H NMR (400 MHz, CDCl3): 

δ 6.49 (1.20H, s, 1.20 × C12-H, A+B), 6.41 (0.60H, s, 0.60 × C12-H, A+B), 5.79 (1H, m, C8-H, A+B), 

5.33 – 5.07 (3H, m, C9-H2, A+B, 0.60 × C10-H2, A, 0.40 × C10-H2, B), 4.69 (0.40H, m, 0.40 × C7-H2, 

B), 4.41 (0.60H, m, 0.60 × C7-H2, A), 4.26 (0.40H, d, J = 17.0 Hz, 0.40 × C10-H, B), 3.86 – 3.79 (9H, 

m, 2 × C15-H3, A+B, C16-H3, A+B), 3.76 (0.60H, d, J = 14.5 Hz, 0.60 × C10-H2, A), 3.67 (0.60 × C7-

H2, A), 3.33 (0.40H, m, 0.40 × C7-H2, B), 1.57 (1H, m, C5-H, A+B), 1.40 (1H, m, 1 × C4-H, A+B), 

1.15 (1H, m, C3-H, A+B), 0.95 (3H, s, 3 × C1-H, B), 0.93 (6H, s, 6 × C1-H, A), 0.85 (1H, m, 1 × C4-

H); 13C NMR (101 MHz, CDCl3): δ 171.6 (C6, A+B), 153.9 (C13, B), 153.4 (C13, A), 137.3 (C14, 

A+B), 133.6 (C11, A), 133.1 (C8, B), 132.8 (C8, A, C11, B), 118.2 (C9, B), 117.0 (C9, A), 105.7 (C12, 

A), 103.2 (C12, B), 61.0 (C16, A+B), 56.4 (C15, B), 56.2 (C15, A), 50.4 (C10, B), 48.8 (C7, A), 48.3 

(C10, A), 48.1 (C7, B), 33.5 (C3, A), 33.4 (C3, B), 31.4 (C2, A+B), 29.9 (C1, A), 29.8 (C1, B), 19.9 (C5, 

B), 19.7 (C5, A), 7.6 (C4, A), 7.5 (C4, B); HRMS (ESI+): Calculated for C21H32NO4: 362.2326. Found 

[M + H]+: 362.2333. 

(103d): (3aR*,6R*,7aR*)-6-(tert-Butyl)-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-

1,5(4H)-dione 

 

General Procedure E: Amide 101d (54.2 mg, 0.15 mmol) was employed. Purification by flash column 

chromatography (50% EtOAc/Petrol) on silica gel afforded the title compound 103d (18.0 mg, 36%) as 

a pale-yellow oil. 

The relative stereochemistry of 103d was assigned by analogy with 102d. 
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Rf: 0.25 (60% EtOAc/Hex); νmax / cm-1: 2957 (m), 1687 (s), 1592 (s), 1418 (s), 1236 (s), 1124 (s); 1H 

NMR (400 MHz, CDCl3): δ 6.43 (2H, s, 2 × C13-H), 4.44 – 4.31 (2H, m, C11-H2), 3.87 – 3.79 (9H, m, 

C16-H3, 2 × C17-H3), 3.21 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 3.01 (1H, t, J = 9.5 Hz, 1 × C1-H), 2.63 

(1H, m, 1 × C6-H), 2.48 (1H, dd, J = 12.5, 4.0 Hz, 1 × C3-H), 2.43 – 2.31 (2H, m, 1 × C3-H, C7-H), 

2.19 – 2.03 (2H, m, C2-H, C5-H), 1.52 (1H, m, 1 × C6-H), 1.02 (9H, s, 3 × C10-H3); 13C NMR (101 

MHz, CDCl3): δ 208.9 (C4), 173.8 (C8), 153.6 (C14), 137.7 (C15), 132.3 (C12), 105.4 (C13), 61.0 

(C16), 59.3 (C5), 56.3 (C17), 49.9 (C1), 47.5 (C7), 47.3 (C11), 46.7 (C3), 41.9 (C2), 32.5 (C9), 28.0 

(C10), 27.2 (C6); HRMS (ESI+): Calculated for C22H32NO5: 390.2275. Found [M + H]+: 390.2276. 

(98e): Ethyl 2,3-dipropylcycloprop-2-ene-1-carboxylate 

 

To a solution of Rh2(OAc)4 (40.0 mg, 90 μmol) in anhydrous CH2Cl2 (10 mL) was added oct-4-yne 

(3.00 g, 27.0 mmol) via syringe. Ethyl diazoacetate (2.15 mL, 18.0 mmol, 13 wt.% in CH2Cl2) in 

anhydrous CH2Cl2 (5 mL) was added via syringe pump over 10 h before concentrating in vacuo. 

Purification by flash column chromatography (3% EtOAc/Hex) on silica gel afforded the title 

compound 98e (1.77 g, 50%) as a colourless oil; νmax / cm-1: 2952 (s), 1723 (s), 1154 (s); 1H NMR (400 

MHz, CDCl3): δ 4.10 (2H, q, J = 7.0 Hz, C7-H2), 2.43 – 2.32 (4H, m, 2 × C3-H2), 2.03 (1H, s, C5-H), 

1.57 (4H, dtd, J = 14.5, 7.5, 6.5 Hz, 2 × C2-H2), 1.23 (3H, t, J = 7.0 Hz, C8-H3), 0.95 (6H, t, J = 7.5 Hz, 

2 × C1-H3); 13C NMR (101 MHz, CDCl3): δ 177.2 (C6), 105.8 (C4), 59.9 (C7), 26.7 (C3), 22.4 (C5), 

20.5 (C2), 14.6 (C8), 14.0 (C1); HRMS (ESI+): Calculated for C12H21O2: 197.1536. Found [M + H]+: 

197.1544. 

(99e): Ethyl (1S*,2R*,3S*)-2,3-dipropylcyclopropane-1-carboxylate 

 

To a solution of ethyl 2,3-dipropylcycloprop-2-ene-1-carboxylate (800 mg, 4.01 mmol) in EtOAc (20 

mL) was added Pd/CaCO3 (35.0 mg, 20.0 μmol, 5 wt.% Pd). The suspension was sparged with H2 for 

10 min and stirred under an atmosphere of H2 (balloon pressure) at r.t. for 3 h. The suspension was 

filtered through a pad of Celite®, washing with EtOAc (50 mL) and the filtrate was concentrated in 

vacuo. Purification by flash column chromatography (2% EtOAc/Hex) on silica gel afforded the title 
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compound 99e (676 mg, 85%) as a colourless oil; νmax / cm-1: 2959 (m), 1724 (s), 1379 (m), 1146 (s); 

1H NMR (400 MHz, CDCl3): δ 4.09 (2H, q, J = 7.0 Hz, C7-H2), 1.62 (5H, m, 2 × C3-H2, C5-H), 1.42 

– 1.28 (6H, m, 2 × C2-H, 2 × C4-H), 1.25 (3H, t, J = 7.0 Hz, C8-H3), 0.92 (6H, td, J = 7.5, 1.0 Hz, 2 × 

C1-H3); 13C NMR (101 MHz, CDCl3): δ 172.5 (C6), 59.8 (C7), 25.2 (C4), 24.6 (C3), 23.1 (C2), 20.4 

(C5), 14.5 (C8), 14.1 (C1); HRMS (ESI+): Calculated for C12H22NaO2: 221.1512. Found [M + Na]+: 

221.1518. 

(1S*,2R*,3S*)-2,3-Dipropylcyclopropane-1-carboxylic acid 

 

To a solution of 99e (250 mg, 1.26 mmol) in MeOH (15 mL) was added 4 M NaOH (8 mL). The solution 

was heated to reflux and stirred for 16 h before being cooled to r.t. and concentrated in vacuo. Water 

(25 mL) and Et2O (25 mL) were added and the layers separated. The organic layer was discarded, and 

the aqueous portion was acidified to pH 2 with 2 M aq. HCl and extracted with Et2O (3 × 20 mL). The 

combined organic fractions were washed with water (20 mL) and brine (20 mL), dried over Na2SO4 and 

concentrated in vacuo to leave a pale yellow oil (580 mg, 96%) which was used without further 

purification; νmax / cm-1: 2958 (s), 2927 (m), 1689 (s), 1439 (s), 1211 (s); 1H NMR (400 MHz, CDCl3): 

δ 1.69 – 1.57 (5H, m, 2 × C3-H2, C5-H), 1.42 – 1.31 (6H, m, 2 × C2-H2, 2 × C4-H), 0.99 – 0.87 (6H, 

m, 2 × C1-H3); 13C NMR (101 MHz, CDCl3): δ 178.8 (C6), 26.4 (C4), 24.5 (C3), 23.0 (C2), 20.2 (C5), 

14.1 (C1); HRMS (ESI-): Calculated for C10H17O2: 167.1234. Found [M – H]+: 167.1227. 

(100e): (1R*,2R*,3S*)-N-Allyl-N-(4-methoxybenzyl)-2,3-dipropylcyclopropane-1-carboxamide 

 

General Procedure A: Amine 78d (100 mg, 0.56 mmol) and (1S*2R*,3S*)-2,3-dipropylcyclopropane-

1-carboxylic acid (100 mg, 0.59 mmol) were employed. Purification by flash column chromatography 

(5–10% EtOAc/Petrol) on silica gel afforded the title compound 100e (143 mg, 75%, 3:2 mixture of 

rotamers A:B) as a colourless oil; νmax / cm-1: 2955 (s), 2928 (m), 1639 (s), 1511 (s), 1245 (s), 1172 (s); 

1H NMR (400 MHz, CDCl3): δ 7.23 – 7.06 (2H, m, 2 × C6-H, A+B), 6.96 – 6.72 (2H, m, 2 × C7-H, 

A+B), 5.76 (1H, m, C2-H, A+B), 5.30 – 4.95 (2H, m, C1-H2, A+B), 4.57 (0.80H, s, 0.80 × C4-H2, B), 

4.50 (1.20H, s, 1.20 × C4-H2), 4.04 – 3.85 (2H, m, C3, A+B), 3.85 – 3.65 (3H, m, C9-H3, A+B), 1.83 – 

1.48 (5H, m, C11-H, A+B, 2 × C13-H2, A+B), 1.51 – 1.29 (4H, m, C14-H2, A+B), 1.29 – 1.09 (2H, m, 
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2 × C12-H, A+B), 1.03 – 0.82 (6H, m, 2 × C15-H3, A+B); 13C NMR (101 MHz, CDCl3): δ 171.8 (C10, 

A+B), 158.7 (C8, A+B), 133.5 (C2, B), 133.2 (C2, A), 130.4 (C5, A+B), 129.6 (C6, A), 127.5 (C6, B), 

116.9 (C1, B), 116.3 (C1, A), 114.2 (C7, B), 113.7 (C7, A), 55.3 (C9, A+B), 49.6 (C4, B), 48.8 (C3, A), 

47.7 (C3, B), 47.1 (C4, A), 25.5 (C13, A), 25.4 (C13, B), 23.6 (C12, A+B), 23.3 (C14, A+B), 19.2 (C11, 

B), 19.1 (C11, A), 14.2 (C15, A+B); HRMS (ESI+): Calculated for C21H31NNaO2: 352.2247. Found [M 

+ H]+: 352.2260. 

(79b): N-(4-Methoxybenzyl)cyclopropanecarboxamide 

 

General Procedure I: 4-methoxybenzylamine (3.31 mL, 25.3 mmol) and cyclopropane carbonyl 

chloride (2.10 mL, 23.0 mmol) were employed to afford the title compound 79b (3.69 g, 78%) as a 

colourless solid which was used without purification; m.p. 112–113 °C (CH2Cl2/petrol), [Lit.504 110–

112 °C, (no crystallisation solvent quoted)]; 1H NMR (400 MHz, CDCl3): δ 7.25 – 7.19 (2H, m, 2 × 

C6-H), 6.93 – 6.80 (2H, m, 2 × C7-H), 5.88 (1H, br. s, NH), 4.38 (2H, d, J = 5.5 Hz, C4-H2), 3.80 (3H, 

s, C9-H3), 1.33 (1H, m, C2-H), 1.04 – 0.98 (2H, m, 2 × C1-H), 0.73 (2H, m, 2 × C1-H); 13C NMR (101 

MHz, CDCl3): δ 173.4 (C3), 159.1 (C8), 130.7 (C5), 129.4 (C6), 114.2 (C7), 55.4 (C9), 43.5 (C4), 14.9 

(C2), 7.3 (C1); HRMS (ESI+): Calculated for C12H16NO2: 206.1176. Found [M + H]+: 206.1185. The 

spectroscopic properties of this compound were consistent with the data available in the literature.504 

(79c): N-(3,4,5-Trimethoxybenzyl)cyclopropanecarboxamide 

 

General Procedure I: 3,4,5-trimethoxybenzylamine (5.00 g, 4.33 mL, 25.3 mmol) was employed to 

afford the title compound 79c (4.60 g, 75%) as a beige solid which was used without purification; m.p. 

126–127 °C (CH2Cl2/Hex); νmax / cm-1: 1590 (s), 1457 (s), 1419 (s), 1234 (s), 1125 (s) cm-1; 1H NMR 

(400 MHz, CDCl3): δ 6.51 (2H, s, 2 × C6-H), 5.91 (1H, br. s, NH), 4.38 (2H, d, J = 5.5 Hz, C4-H2), 

3.85 (6H, s, 2 × C9-H3), 3.83 (3H, s, C10-H3), 1.37 (1H, m, C2-H), 1.13 – 0.91 (2H, m, 2 × C1-H), 0.88 

– 0.60 (2H, m, 2 × C1-H); 13C NMR (101 MHz, CDCl3): δ 173.5 (C3), 153.5 (C7), 137.4 (C8), 134.3 

(C5), 105.1 (C6), 61.0 (C10), 56.3 (C9), 44.4 (C4), 15.0 (C2), 7.4 (C1); HRMS (ESI+): Calculated for 

C14H19NNaO4: 288.1212. Found [M + Na]+: 288.1220. 
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(107a): N-(4-Methoxybenzyl)-N-(2-methylallyl)cyclopropanecarboxamide 

 

General Procedure H: Amide 79b (1.03 g, 5.00 mmol) and 3-bromo-2-methylpropene (0.76 mL, 7.50 

mmol) was employed. Purification by flash column chromatography (25% EtOAc/Petrol) on silica gel 

afforded the title compound 107a (1.07 g, 83%, 3:2 mixture of rotamers A:B) as a pale yellow oil; Rf: 

0.50 (30% EtOAc/Hex); νmax / cm-1: 2971 (s), 1636 (s), 1510 (s), 1416 (s), 1242 (s); 1H NMR (400 MHz, 

CDCl3): δ 7.21 – 7.11 (2H, m, 2 × C10-H), 6.99 – 6.76 (2H, m, 2 × C11-H), 4.96 (0.60H, m, 0.60 × C6-

H, A), 4.88 (1H, m, 0.60 × C6-H, A, 0.40 × C6-H, B), 4.74 (0.40H, s, 0.40 × C6-H, B), 4.61 (0.80H, m, 

0.80 × C8-H2, B), 4.51 (1.20H, s, 1.20 × C8-H2, A), 3.96 (0.80H, s, 0.80 × C4-H2, B), 3.87 (1.20H, s, 

1.20 × C4-H2, A), 3.80 (3H, m, C13-H3, A+B), 1.87 – 1.56 (4H, m, C2-H, A+B, C7-H3, A+B), 1.04 (2H, 

m, 2 × C1-H, A+B), 0.87 – 0.66 (2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): δ 174.1 (C3, 

A), 173.8 (C3, B), 159.0 (C12, B), 158.9 (C12, A), 140.9 (C5, B), 140.2 (C5, A), 130.0 (C9, A), 129.6 

(C10, A), 129.1 (C9, B), 127.7 (C10, B), 114.2 (C11, B), 113.9 (C11, A), 112.1 (C6, B), 111.5 (C6, A), 

55.3 (C13, A+B), 52.0 (C4, A), 50.8 (C4, B), 49.1 (C8, B), 48.2 (C8, A), 20.1 (C7, A+B), 11.4 (C2, B), 

11.3 (C2, B), 7.9 (C1, A+B); HRMS (ESI+): Calculated for C16H22NO2: 260.1645. Found [M + H]+: 

260.1654. 

(109a): (3aR*,7aR*)-2-(4-Methoxybenzyl)-3a-methylhexahydro-1H-isoindole-1,5(4H)-dione and 

(3aR*,7aS*)-2-(4-methoxybenzyl)-3a-methylhexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 107a (38.9 mg, 0.15 mmol) was employed for 48 h. The crude mixture 

was purified by column chromatography (60% EtOAc/Petrol) to yield the title compound 109a (25.4 

mg, 59%, 8:1 d.r., A:B) as a pale yellow oil. 

The relative stereochemistry of 109a (A) and 109a (B) was assigned through analogy with 110a. 

Data for both A and B: νmax / cm-1: 2958 (m), 2857 (m), 1682 (s), 1511 (s), 1242 (s); HRMS (ESI+): 

Calculated for C17H22NO3: 288.1594. Found [M + H]+: 288.1593. 
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Data for major diastereomer A: Rf: 0.18 (60% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.18 – 

7.14 (2H, m, 2 × C12-H), 6.87 – 6.82 (2H, m, 2 × C13-H), 4.45 (1H, d, J = 14.5 Hz, 1 × C10-H), 4.33 

(1H, d, J = 14.5 Hz, 1 × C10-H), 3.79 (3H, s, C15-H3), 3.14 (1H, d, J = 9.0 Hz, 1 × C1-H), 2.85 (1H, d, 

J = 9.0 Hz, 1 × C1-H), 2.60 – 2.48 (2H, m, 1 × C5-H, C7-H), 2.45 – 2.33 (2H, m, C3-H2), 2.32 – 2.19 

(2H, m, 1 × C5-H, 1 × C6-H), 1.80 (1H, m, 1 × C6-H), 0.85 (3H, s, C9-H3); 13C NMR (101 MHz, 

CDCl3): δ 208.8 (C4), 172.6 (C8), 159.3 (C14), 129.8 (C12), 128.6 (C11), 114.2 (C13), 57.0 (C1), 55.4 

(C15), 52.0 (C3), 50.1 (C7), 46.3 (C10), 40.2 (two signals, C2, C5), 19.3 (C9), 19.1 (C6). 

Data for minor diastereomer B: Rf: 0.18 (60% EtOAc/Hex); Characteristic signals only; 1H NMR 

(400 MHz, CDCl3): δ 3.03 (1H, d, J = 10.0 Hz, 1 × C1-H), 2.82 (1H, d, J = 10.0 Hz, 1 × C1-H), 2.46 

(1H, m, 1 × C6-H), 2.41 (1H, m, C7-H), 2.31 (1H, m, 1 × C3-H), 2.12 (1H, m, 1 × C3-H), 2.03 (1H, m, 

1 × C6-H), 1.16 (3H, s, C9-H3), 13C NMR (101 MHz, CDCl3): δ 210.6 (C4), 174.2 (C8), 129.6 (C12), 

114.2 (C13) 57.8 (C1), 49.2 (C3), 47.9 (C7), 39.9 (C2), 25.8 (C9), 22.2 (C6). 

(108a): N-(2-Methylallyl)-N-(3,4,5-trimethoxybenzyl)cyclopropanecarboxamide 

 

General Procedure H: Amide 79c (1.33 g, 5.00 mmol) and 3-chloro-2-methylprop-1-ene (0.73 mL, 

5.50 mmol) were employed. Purification by flash column chromatography (50% EtOAc/Hex) on silica 

gel afforded the title compound 108a (1.34 g, 84%, 3:2 mixture of rotamers A:B), νmax / cm-1: 2987 (m), 

1637 (s), 1453 (s), 1416 (s), 1123 (s); 1H NMR (400 MHz, CDCl3): δ 6.53 – 6.32 (2H, m, 2 × C10-H, 

A+B), 4.98 (0.60H, s, 0.60 × C7-H2, A), 4.89 (1H, m, 0.60 × C7-H2, A, 0.40 × C7-H2, B), 4.75 (0.40H, 

s, 0.40 × C7-H2, B), 4.61 (0.80H, s, 0.80 × C8-H2, B), 4.51 (1.20H, s, 1.20 × C8-H2, A), 3.99 (0.80H, s, 

0.80 × C4-H2, B), 3.90 (1.20H, s, 1.20 × C4-H, A), 3.87 – 3.77 (9H, m, 2 × C13-H3, A+B, C14-H3, 

A+B), 1.85 – 1.58 (4H, m, C2-H, A+B, C6-H3, A+B), 1.14 – 0.94 (2H, m, 2 × C1-H, A+B), 0.87 – 0.70 

(2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): δ 174.2 (C3, A), 174.0 (C3, B), 153.6 (C11, B), 

153.3 (C11, A), 140.8 (C5, B), 140.1 (C5, A), 137.2 (C12, A+B), 133.6 (C9, A), 132.8 (C9, B), 112.1 

(C7, B), 111.5 (C7, A), 105.2 (C10, A), 103.1 (C10, B), 60.9 (C14, A+B), 56.1 (C13, A+B), 52.1 (C4, 

A), 51.1 (C4, B), 49.9 (C8, B), 49.0 (C8, A), 20.2 (C6, A), 20.1 (C6, B), 11.4 (C2, B), 11.3 (C2, A), 8.0 

(C1, B), 7.9 (C1, A); HRMS (ESI+): Calculated for C18H26NO4: 320.1856. Found: [M + H]+: 320.1865. 
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(110a): (3aR*,7aR*)-3a-Methyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione and (3aR*,7aS*)-3a-methyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione 

 

General Procedure E: Amide 108a (47.9 mg, 0.15 mmol) was employed for 48 h. The crude mixture 

was purified by column chromatography (EtOAc) to yield the title compound 110a (31.2 mg, 60%, 10:1 

d.r., A:B) as a yellow oil. 

Major diastereomer A was recrystallised from the mixture and the structure and relative 

stereochemistry was confirmed by X-ray crystallography. Minor diastereomer B was assigned as the 

opposite diastereomer of A at C7.  

Data for both A and B: νmax / cm-1: 1590 (s), 1391 (s), 1359 (s); HRMS (ESI+): Calculated for 

C19H25NNaO5: 370.1630. Found: [M + Na]+: 370.1641. 

Data for major diastereomer A: 1H NMR (500 MHz, CDCl3): δ 6.42 (2H, s, 2 × C11-H), 4.47 – 4.24 

(2H, m, C9-H2), 3.82 – 3.79 (9H, m, 2 × C14-H3, C15-H3), 3.16 (1H, d, J = 9.5 Hz, 1 × C1-H), 2.89 

(1H, m, 1 × C1-H), 2.62 – 2.46 (2H, m, 1 × C5-H, C7-H), 2.47 – 2.34 (2H, m, C3-H2), 2.31 – 2.19 (2H, 

m, 1 × C5-H, 1 × C6-H), 1.79 (1H, m, 1 × C6-H), 0.88 (3H, s, C16-H3); 13C NMR (126 MHz, CDCl3): 

δ 208.7 (C4), 172.7 (C8), 153.5 (C12), 137.6 (C13), 132.1 (C10), 105.4 (C11), 60.9 (C15), 57.1 (C1), 

56.2 (C14), 51.9 (C3), 50.0 (C7), 47.2 (C9), 40.1 (two signals, C2, C5), 19.3, 19.0 (C6, C16).  

Data for minor diastereomer B: Characteristic signals only; 1H NMR (500 MHz, CDCl3): δ 6.40 (2H, 

s, 2 × C11-H), 4.47 – 4.24 (2H, m, C9-H2), 3.91 – 3.79 (9H, m, 2 × C14-H3, C15-H3), 3.04 (1H, d, J = 

9.5 Hz, 1 × C1-H), 2.89 (1H, m, 1 × C1-H), 2.47 – 2.34 (2H, m, C7-H, 1 × C6-H), 2.02 (1H, m, 1 × C6-

H, B), 1.16 (3H, s, C16-H3, B); 13C NMR (126 MHz, CDCl3): δ 210.4 (C4), 174.4 (C8), 153.6 (C12), 

105.3 (C11), 58.1 (C1), 48.0 (C7), 26.1 (C16). 
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(105): 2-Methylenebutan-1-ol 

 

To a solution of 2-methylenebutanal (4.00 g, 4.66 mL, 47.6 mmol) in MeOH (75 mL) at 0 °C was added 

NaBH4 (1.98 g, 52.3 mmol) portion-wise over 10 min. The reaction was stirred at 0 °C for 1 h (until 

complete consumption of starting material was observed by TLC) and quenched with sat. aq. NH4Cl 

(25 mL). The mixture was diluted with water (25 mL) and extracted with Et2O (3 × 50 mL). The 

combined organic extracts were washed with brine (25 mL), dried over Na2SO4 and carefully 

concentrated in vacuo. Flash column chromatography (20–50% Et2O/pentane) afforded the title allylic 

alcohol 105 (2.45 g, 61%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 5.01 (1H, m, 1 × C5-H), 

4.86 (1H, m, 1 × C5-H), 4.09 (2H, s, C4-H2), 2.08 (2H, q, J = 7.5 Hz, C2-H2), 1.07 (3H, t, J = 7.5 Hz, 

C1-H3); 13C NMR (101 MHz, CDCl3): δ 150.8 (C3), 108.2 (C5), 66.2 (C4), 25.8 (C2), 12.3 (C1); The 

spectroscopic properties of this compound were consistent with the data available in the literature.505 

(106b): 2-(Bromomethyl)but-1-ene 

 

To a solution of 105 (2.20 g, 26.2 mmol) in anhydrous Et2O (50 mL) at 0 °C was added PBr3 (1.86 mL, 

19.6 mmol). The solution was warmed to r.t. and stirred for 16 h. The reaction was cooled to 0 °C and 

water (25 mL) and 5% aq. K2CO3 (25 mL) were added. The organic phase was separated, washed with 

brine (25 mL), dried over Na2SO4 and concentrated in vacuo in an ice bath to afford the title bromide 

106b (2.17 g, 74%) as a colourless oil which was used without purification; 1H NMR (400 MHz, 

CDCl3): δ 5.17 (1H, s, 1 × C5-H), 4.98 (1H, s, 1 × C5-H), 4.00 (2H, s, C5-H2), 2.25 (2H, q, J = 7.5 Hz, 
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C2-H2), 1.09 (3H, t, J = 7.5 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 147.1 (C3), 113.8 (C5), 36.9 

(C4), 26.2 (C2), 11.9 (C1); The spectroscopic properties of this compound were consistent with the data 

available in the literature.505 

(108b): N-(2-Methylenebutyl)-N-(3,4,5-trimethoxybenzyl)cyclopropanecarboxamide 

 

General Procedure H: Amide 79c (2.00 g, 7.54 mmol) and 106b were employed. Purification by flash 

column chromatography (20% EtOAc/Hex) yielded the title compound 108b (2.27 g, 90%, 3:2 mixture 

of rotamers A:B) as a pale yellow oil; νmax / cm-1: 2937 (m), 1638 (s), 1416 (s), 1210 (s), 1124 (s); 1H 

NMR (400 MHz, CDCl3): δ 6.46 (1.20H, s, 1.20 × C11-H, A), 6.43 (0.80H, s, 0.80 × C11-H, B), 4.98 

(0.60H, m, 0.60 × C8-H, A), 4.91 (1H, m, 0.40 × C8-H, A, 0.60 × C8-H, B), 4.77 (0.40H, m, 0.40 × C8-

H, B), 4.61 (0.80H, m, 0.80 × C9-H2, B), 4.51 (1.20H, m, 1.20 × C9-H2, B), 4.02 (0.80H, m, 0.80 × C4-

H2), 3.93 (1.20H, m, 1.20 × C4-H2), 3.83 (9H, m, 2 × C14-H3, A+B, C15-H3 A+B), 2.01 (2H, m, C6-

H2, A+B), 1.72 (1H, m, C2-H A+B), 1.06 (5H, m, 2 × C1-H, A+B, C7-H3, A+B), 0.78 (2H, m, 2 × C1-

H, A+B); 13C NMR (101 MHz, CDCl3): δ 174.4 (C3, B), 174.2 (C3, A), 153.8 (C12, B), 153.4 (C12, A), 

146.5 (C5, B), 145.8 (C5, A), 137.3 (C13, A+B), 133.9 (C10, A), 133.0 (C10, B), 110.1 (C8, B), 109.3 

(C8, A), 105.4 (C11, A), 103.2 (C11, B), 61.0 (C15, A+B), 56.3 (C14, A+B), 51.3 (C4, A), 50.4 (C4, B), 

50.1 (C9, B), 49.2 (C9, A), 26.7 (C6, A), 26.6 (C6, B), 12.3 (C7, B), 12.2 (C7, A), 11.6 (C2, B), 11.4 

(C2, A), 8.1 (C1, B), 8.0 (C1, A); HRMS (ESI+): Calculated for C19H28NO4: 334.2013. Found [M + H]+: 

334.2016. 

(110b): (3aR*,7aR*)-3a-Ethyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

and (3aR*,7aS*)-3a-ethyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 108b (50.0 mg, 0.15 mmol) was employed for 72 h. The crude mixture 

was purified by column chromatography (EtOAc) to yield the title compound 110b (27.7 mg, 51%, 3:1 

d.r., A:B) as a yellow oil. 
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The relative stereochemistry of A was assigned by analogy with 110a and corroborated using nOe 

experiments. An nOe was observed between C1-Hb and C16-H2, C1-Hb and C17-H3. An nOe was 

observed between C9-Ha and C7-H. No significant nOe was observed between C1-Hb and C7-H or C16-

H2 and C7-H. The stereochemistry of minor compound B was assigned as the opposite diastereomer of 

A at position C7.  

Data for both A and B: νmax / cm-1: 2944 (m), 1685 (s), 1591 (s), 1505 (m), 1417 (s), 1234 (s), 1122 

(s); HRMS (ESI+): Calculated for C20H28NO5: 362.1962. Found: [M + H]+: 362.1961. 

Data for major diastereomer A: 1H NMR (400 MHz, CDCl3): δ 6.43 (2H, s, 2 × C11-H), 4.50 – 4.18 

(2H, m, C9-H2), 3.84 – 3.77 (9H, m, 2 × C14-H3, C15-H3), 3.08 (1H, m, 1 × C1-H), 3.00 (1H, d, J = 

10.0 Hz, 1 × C1-H), 2.66 (1H, dd, J = 13.0, 3.0 Hz, C7-H), 2.57 – 2.45 (2H, m, 1 × C3-H, 1 × C5-H), 

2.34 – 2.14 (3H, m, 1 × C3-H, 1 × C5-H, 1 × C6-H), 1.84 (1H, m, 1 × C6-H), 1.34 – 1.04 (2H, m, C16-

H2), 0.67 (3H, t, J = 7.5 Hz, C17-H3); 13C NMR (101 MHz, CDCl3): δ 208.9 (C4), 172.9 (C8), 153.6 

(C12), 137.7 (C13), 132.3 (C10), 105.5 (C11), 60.9 (C15), 56.3 (C14), 56.1 (C1) 50.8 (C7), 49.0 (C3), 

47.0 (C9), 43.1 (C2), 39.8 (C5), 22.9 (C16), 18.6 (C6), 8.0 (C17).  

Data for minor diastereomer B: 1H NMR (400 MHz, CDCl3): δ 6.40 (2H, s, 2 × C11-H), 4.50 – 4.18 

(2H, m, C9-H2), 3.84 – 3.77 (9H, m, 2 × C14-H3, C15-H3), 3.08 (1H, m, 1 × C1-H), 2.80 (1H, d, J = 

10.0 Hz, 1 × C1-H), 2.52 (1H, m, C7-H), 2.41 (1H, m, 1 × C6-H), 2.34 – 2.14 (4H, m, C3-H2, C5-H2), 

2.03 (1H, m, 1 × C6-H), 1.69 – 1.40 (2H, m, C16-H2), 0.85 (3H, t, J = 7.5 Hz, C17-H3); 13C NMR (101 

MHz, CDCl3): δ 210.8 (C4), 174.5 (C8) 153.6 (C12), 137.7 (C13), 131.8 (C10), 105.3 (C11), 60.9 

(C15), 56.3 (C14) 52.6 (C1), 47.2, 47.1 (C3, C9), 46.5 (C7), 41.9 (C2) 37.0 (C5), 32.5 (C16), 22.5 (C6), 

8.4 (C17). 

(106c): 3-(Bromoprop-1-en-2-yl)benzene  

 

To a suspension of N-bromosuccinimide (5.42 g, 30.5 mmol) in anhydrous CH2Cl2 (60 mL) under N2 

was added α-methylstyrene (3.30 mL, 25.4 mmol) via syringe. The reaction was stirred at reflux for 

18 h, cooled to r.t. and filtered to remove the insoluble succinimide. The organic filtrate was diluted 

with CH2Cl2 (50 mL), washed with water (3 × 20 mL), dried over Na2SO4 and concentrated in vacuo. 

Flash column chromatography (100% petrol) on silica gel afforded the title compound 106c (2.01 g, 

40%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 7.61 – 7.47 (2H, m, 2 × Ar-CH), 7.47 – 7.29 

(3H, m, 3 × Ar-CH), 5.58 (1H, m, 1 × C3-H), 5.52 (1H, m, 1 × C3-H), 4.41 (2H, s, C1-H2); 13C NMR 

(101 MHz, CDCl3): δ 144.4 (C2), 137.7 (Ar-C), 128.6, 128.4, 126.2 (3 × Ar-CH), 117.3 (C3), 34.3 
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(C1). The spectroscopic properties of this compound were consistent with the data available in the 

literature.506 

(108c): N-(2-Phenylallyl)-N-(3,4,5-trimethoxybenzyl)cyclopropanecarboxamide 

 

General Procedure H: Amide 79c (1.94 g, 7.31 mmol) and bromide 106c (1.67 g, 8.47 mmol) were 

employed. Purification by flash column chromatography (30% EtOAc/Hex) yielded title compound 

108c (2.25 g, 81% 11:9 mixture of rotamers A:B) as a white crystalline solid; m.p. 101–103 °C 

(CH2Cl2/Hex); νmax / cm-1: 2929 (m), 1647 (s), 1590 (m), 1414 (s), 1215 (s), 1126 (s); 1H NMR (400 

MHz, CDCl3): δ 7.56 – 7.20 (5H, m, 5 × Ar-CH, A+B), 6.48 (1.10H, s, 1.10 × C9-H), 6.37 (0.90H, s, 

0.90 × C9-H), 5.55 (0.55H, s, 0.55 × C6-H, A), 5.49 (0.45H, s, 0.45 × C6-H, B), 5.21 (0.55H, s, 0.55 × 

C6-H, A), 5.12 (0.45H, s, 0.45 × C6-H, B), 4.64 – 4.57 (2H, m, C7-H2, A+B), 4.56 (0.90H, s, 0.90 × 

C4-H2, B), 4.38 (1.10H, s, 1.10 × C4-H2, A), 3.91 – 3.66 (9H, m, 2 × C12-H3, C13-H3, A+B), 1.72 (1H, 

m, C2-H, A+B), 1.12 – 0.97 (2H, m, 2 × C1-H, A+B), 0.85 – 0.65 (2H, m, 2 × C1-H, A+B); 13C NMR 

(101 MHz, CDCl3): δ 174.6 (C3, A), 174.1 (C3, B), 153.7 (C10, B), 153.5 (C10, A), 143.8 (Ar-C, B) 

142.8 (Ar-C, A), 139.0 (C5, A), 138.7 (C5, B), 137.5 (C11, B), 137.3 (C11, A), 133.7 (C8, A), 132.9 

(C8, B), 128.7, 128.5, 128.4, 128.1, 126.4, 126.0 (3 × Ar-CH, A+B), 114.7 (C6, B), 112.8 (C6, A), 105.5 

(C9, A), 103.4 (C9, B), 61.0 (C13, A+B), 56.3 (C12, A), 56.2 (C12, B), 50.1 (C4, A), 50.0 (C7, B), 49.5 

(C7, A), 48.9 (C4, B), 11.7 (C2, B), 11.5 (C2, A), 8.2 (C1, A+B); HRMS (ESI+): Calculated for 

C23H28NO4: 382.2013. Found [M + H]+: 382.2015. 

(111a): (E)-N-(But-2-en-1-yl)-N-(4-methoxybenzyl)cyclopropanecarboxamide 

 

General Procedure H: Amide 79c (1.80 g, 8.77 mmol) and crotyl bromide (1.77 g, 13.2 mmol) were 

employed. Purification by flash column chromatography (20% EtOAc/Petrol) on silica gel afforded the 

title compound 111a (1.74 g, 77%, 11:9 mixture of rotamers A:B) as a pale yellow oil; Rf: 0.45 (30% 

EtOAc/Hex); νmax / cm-1: 2988 (m), 2911 (m), 1634 (s), 1510 (s), 1244 (s); 1H NMR (400 MHz, CDCl3): 
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δ 7.21 – 7.07 (2H, m, 2 × C10-H, A+B), 6.93 – 6.78 (2H, m, 2 × C11-H, A+B), 5.57 (1H, m, C6-H, 

A+B), 5.42 (1H, m, C5-H, A+B), 4.60 (0.90H, s, 0.90 × C8-H2, B), 4.50 (1.10H, s, 1.10 × C8-H2, A), 

3.96 – 3.87 (2H, m, C4-H2, A+B), 3.85 – 3.70 (3H, m, C13-H, A+B), 1.76 – 1.64 (4H, m, C2-H, A+B, 

C7-H3, A+B), 1.11 – 0.96 (2H, m, 2 × C1-H, A+B), 0.83 – 0.64 (2H, m, 2 × C1-H, A+B); 13C NMR 

(101 MHz, CDCl3): δ 173.7 (C3, A+B), 159.0 (C12, B), 158.9 (C12, A), 130.3 (C9, A), 129.7 (C10, A), 

129.4 (C9, B), 129.0 (C6, B), 128.2 (C6, A), 127.8 (C10, B), 126.3 (C5, B), 126.0 (C5, A), 114.3 (C11, 

B), 114.0 (C11, A), 55.4 (C13, A+B), 49.4 (C8, B), 48.4 (C4, A), 48.0 (C8, A), 47.7 (C4, B), 17.8 (C7, 

A+B), 11.6 (C2, B), 11.5 (C2, A), 8.0 (C1, B), 7.8 (C1, A); HRMS (ESI+): Calculated for C16H22NO2: 

260.1645. Found: [M + H]+: 260.1658. 

(113a): (3aR*,4R*,7aR*)-2-(4-Methoxybenzyl)-4-methylhexahydro-1H-isoindole-1,5(4H)-dione 

and (3aR*,4S*,7aR*)-2-(4-methoxybenzyl)-4-methylhexahydro-1H-isoindole-1,5(4H)-dione 

 

Modified General Procedure E: Amide 111a (38.9 mg, 0.15 mmol) and mesitylene (0.75 mL, 0.20 

M) were employed for 72 h. The crude mixture was purified by flash column chromatography (80% 

EtOAc/Petrol) on silica gel to yield the title compound 113a (22.5 mg, 52%, 6:1 d.r., A:B) as a yellow 

oil. 

The relative stereochemistry of A was corroborated through nOe experiments. An nOe was observed 

between C1-Hb and C2-H. An nOe was observed between C1-Hb and C15-H3. No significant nOe was 

observed between C1-Hb and C7-H or C1-Hb and C3-H. An nOe was observed between C1-Ha and 

C7-H. The relative stereochemistry of B was assigned through analogy with 113d (A). 

Data for both A and B: νmax / cm-1: 2960 (m), 2929 (m), 1687 (s), 1512 (s), 1243 (s), 1031 (m); HRMS 

(ESI+): Calculated for C17H21NNaO3: 310.1414. Found: [M + Na]+: 310.1417. 

Data for major diastereomer A: Rf: 0.23 (80% EtOAc/Petrol); 1H NMR (400 MHz, CDCl3): δ 7.17 – 

7.14 (2H, m, 2 × C11-H), 6.88 – 6.83 (2H, m, 2 × C12-H), 4.47 – 4.33 (2H, m, C9-H2), 3.79 (3H, s, 

C14-H3), 3.20 (1H, dd, J = 9.5, 7.0 Hz, 1 × C1-H), 3.01 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.58 (1H, 

m, 1 × C5-H), 2.52 – 2.26 (4H, m, C3-H, 1 × C5-H, 1 × C6-H, C7-H), 1.82 (1H, m, C2-H), 1.69 (1H, 

dddd, J = 13.0, 13.0, 13.0, 4.5 Hz, 1 × C6-H), 0.99 (3H, d, J = 6.5 Hz, C15-H3); 13C NMR (101 MHz, 

CDCl3): δ 209.8 (C4), 173.7 (C8), 159.3 (C13), 129.6 (C11), 128.6 (C10), 114.3 (C12), 55.4 (C14), 

49.1 (C1), 48.5 (C3), 47.0 (C2), 46.8 (C7), 46.3 (C9), 40.8 (C5), 25.2 (C6), 11.8 (C15). 



Chapter 8 – Experimental procedures 

 

236 

 

Data for minor diastereomer B: Rf: 0.23 (80% EtOAc/Petrol); 1H NMR (400 MHz, CDCl3): δ 7.18 – 

7.14 (2H, m, 2 × C11-H), 6.87 – 6.84 (2H, m, 2 × C12-H), 4.49 – 4.30 (2H, m, C9-H2), 3.79 (3H, s, 

C14-H3), 3.12 (1H, dd, J = 10.5, 9.5 Hz, 1 × C1-H), 3.02 (1H, m, 1 × C1-H), 2.67 (1H, m, C3-H), 2.58 

(1H, m, C7-H), 2.47 – 2.37 (3H, m, 2 × C5-H, 1 × C6-H), 2.32 (1H, m, C2-H), 1.66 (1H, dddd, J = 

12.5, 12.5, 12.6, 5.0 Hz, 1 × C6-H), 1.11 (3H, d, J = 7.5 Hz, C15-H3); 13C NMR (101 MHz, CDCl3): δ 

212.5 (C4), 173.6 (C8), 159.3 (C13), 129.6 (C11), 128.6 (C10), 114.3 (C12), 55.4 (C14), 46.3, 46.0, 

45.7 (C1, C3, C9), 43.6 (C2), 39.6 (C7), 37.1 (C5), 24.9 (C6), 11.9 (C15). 

(112a): (E)-N-(But-2-en-1-yl)-N-(3,4,5-trimethoxybenzyl)cyclopropanecarboxamide 

 

General Procedure H: Amide 79c (1.33 g, 5.00 mmol) and crotyl bromide (0.56 mL, 5.50 mmol) were 

employed. Purification by flash column chromatography (40% EtOAc/Hex) on silica gel afforded the 

title compound 112a (1.01 g, 63%, 11:9 mixture of rotamers A:B) as a pale yellow oil; Rf: 0.30 (40% 

EtOAc/Hex); νmax / cm-1: 2938 (m), 2837 (m), 1635 (s), 1590 (s), 1417 (s), 1128 (s); 1H NMR (400 

MHz, CDCl3): δ 6.53 – 6.36 (2H, m, 2 × C10-H, A+B), 5.58 (1H, m, C6-H, A+B), 5.45 (1H, m, C5-H, 

A+B), 4.61 (0.90H, s, 0.90 × C8-H2, B), 4.50 (1.10H, s, 1.10 × C8-H2, A), 4.13 – 3.88 (2H, m, C4-H2, 

A+B), 3.87 – 3.74 (9H, m, 2 × C13-H3, A+B, C14-H3), 1.88 – 1.52 (4H, m, C2-H, A+B, C7-H3, A+B), 

1.08 – 0.95 (2H, m, 2 × C1-H, A+B), 0.83 – 0.67 (2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): 

δ 173.9 (C3, A+B), 153.7 (C11, B), 153.4 (C11, A), 137.3 (C12, B), 137.2 (C12, A), 133.9 (C9, B), 

133.3 (C9, A), 129.1 (C6, B), 128.2 (C6, A), 126.2 (C5, B), 126.0 (C5, A), 105.4 (C10, A), 103.2 (C10, 

B), 61.0 (C14, A+B), 56.2 (C13, A+B), 50.2 (C8, B), 49.0 (C8, A), 48.6 (C4, A), 48.2 (C4, B), 17.8 (C7, 

A+B), 11.6 (C2, B), 11.5 (C2, A), 8.1 (C1, B), 7.9 (C1, A); HRMS (ESI+): Calculated for C18H26NO4: 

320.1856. Found: [M + H]+: 320.1862. 

  



Chapter 8 – Experimental procedures 

 

237 

 

(114a): (3aR*,4R*,7aR*)-4-Methyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione 

 

General Procedure E: Amide 112a (47.9 mg, 0.15 mmol) was employed. The crude mixture was 

purified by column chromatography (EtOAc) to yield the title compound 114a (22.8 mg, 44%, 5:1 d.r., 

A:B) as a yellow oil. 

The relative stereochemistry of A was assigned by analogy with 113a (A). The relative stereochemistry 

of B was assigned through analogy with 113d (A).  

Data for both A and B: νmax / cm-1: 2937 (m), 2876 (m), 2249 (w), 1685 (s), 1591 (s), 1417 (s), 1124 

(s); HRMS (ESI+): Calculated for C19H26NO5: 348.1805. Found: [M + H]+: 348.1801. 

Data for major diastereomer A: 1H NMR (400 MHz, CDCl3): δ 6.42 (2H, s, 2 × C11-H), 4.41 (1H, 

d, J = 14.5 Hz, 1 × C9-H), 4.31 (1H, d, J = 14.5 Hz, 1 × C9-H), 3.82 – 3.80 (9H, m, 2 × C14-H3, C15-

H3), 3.22 (1H, dd, J = 9.5, 6.5 Hz, 1 × C1-H), 3.03 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.57 (1H, ddd, 

J = 15.5, 5.0, 1.5 Hz, 1 × C5-H), 2.46 – 2.33 (4H, m, C3-H, 1 × C5-H, 1 × C6-H, C7-H), 1.80 (1H, tdd, 

J = 12.5, 9.5, 6.5 Hz, C2-H), 1.68 (1H, dd, J = 13.0, 5.0 Hz, 1 × C6-H), 0.98 (3H, d, J = 6.5 Hz, C16-

H3); 13C NMR (101 MHz, CDCl3): δ 209.6 (C4), 173.7 (C8), 153.6 (C12), 137.6 (C13), 132.2 (C10), 

105.3 (C11), 60.9 (C15), 56.3 (C14), 49.2 (C1), 48.4 (C3), 47.2 (C9), 47.0 (C2), 46.7 (C7), 40.6 (C5), 

25.1 (C6), 11.7 (C16). 

Data for minor diastereomer B: Characteristic signals only: 1H NMR (400 MHz, CDCl3): δ 6.42 (2H, 

s, 2 × C11-H), 3.12 (1H, m, 1 × C1-H), 3.02 (1H, m, 1 × C1-H), 2.66 (1H, m, C3-H), 2.59 (1H, m, C7-

H), 2.32 (1H, m, C2-H), 1.66 (1H, m, 1 × C6-H), 1.12 – 1.08 (3H, m, C16-H3); 13C NMR (101 MHz, 

CDCl3): δ 212.5 (C4), 173.6 (C8), 105.4 (C11), 46.0, 45.7 (C1, C3), 43.6 (C2), 39.6 (C7), 24.9 (C6), 

11.9 (C16). 
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(111b): N-Cinnamyl-N-(4-methoxybenzyl)cyclopropanecarboxamide 

 

General Procedure H: Amide 79b (1.00 g, 4.87 mmol) and 3-bromo-1-phenyl-1-propene (1.35 g, 6.86 

mmol) were employed. Purification by flash column chromatography (20% EtOAc/Petrol) on silica gel 

afforded the title compound 111b (970 mg, 62%, 11:9 mixture of rotamers A:B) as a pale yellow oil; 

Rf: 0.25 (20% EtOAc/Hex); νmax / cm-1: 3025 (m), 2835 (m), 1634 (s), 1510 (s), 1245 (s); 1H NMR (400 

MHz, CDCl3): δ 7.46 – 7.14 (7H, m, 2 × C8-H, A+B, 2 × C9-H, A+B, C10-H, A+B, 2 × C13-H, A+B), 

6.98 – 6.83 (2H, m, 2 × C14-H), 6.44 (1H, m, C6-H, A+B), 6.19 (1H, m, C5-H, A+B), 4.70 (0.90H, s, 

0.90 × C11-H2, B), 4.62 (1.10H, s, 1.10 × C11-H2, A), 4.24 – 4.11 (2H, m, C4-H2, A+B), 3.91 – 3.76 

(3H, m, C16-H3, A+B), 1.81 (1H, m, C2-H, A+B), 1.13 – 1.03 (2H, m, 2 × C1-H, A+B), 0.88 – 0.74 

(2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): δ 174.0 (C3, A+B), 159.1 (C15, A+B), 136.8 

(C7, A), 136.5 (C7, B), 133.1 (C6, B), 131.7 (C6, A), 130.1 (C12, A), 129.8 (C13, B), 129.2 (C12, B), 

128.7 (C9, A), 127.9 (two signals; C13, A, C9, B), 127.8 (C10, A), 127.7 (C10, B), 126.6 (C8, B), 126.5 

(C8, A), 125.1 (C5, B), 124.7 (C5, A), 114.4 (C14, B), 114.1 (C14, A), 55.5 (C16, A+B), 49.6 (C11, B), 

48.6 (C4, A), 48.5 (C11, A), 48.0 (C4, B), 11.6 (C2, A+B), 8.1 (C1, B), 8.0 (C1, A); HRMS (ESI+): 

Calculated for C21H24NO2: 322.1802. Found: [M + H]+: 322.1814. 

(113b): (3aR*,4S*,7aR*)-2-(4-Methoxybenzyl)-4-phenylhexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 11b (48.2 mg, 0.15 mmol) was employed for 72 h. The crude mixture 

was purified by flash column chromatography (75% EtOAc/Petrol) on silica gel to yield the title 

compound 113b (23.4 mg, 45%, >15:1 d.r.) as a yellow oil. 

The relative stereochemistry of 113b was corroborated through nOe experiments as indicated on the 

structure above. A strong nOe was observed between C16-H and C2-H. A strong nOe was observed 

between C3-H and C7-H. No significant nOe was observed between C16-H and C7-H.  
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Rf: 0.27 (80% EtOAc/Petrol); νmax / cm-1: 3030 (m), 2930 (m), 1686 (s), 1610 (m), 1512 (s), 1244 (s); 

1H NMR (400 MHz, CDCl3): δ 7.37 – 7.21 (3H, m, 2 × C17-H, C18-H), 7.10 (2H, d, J = 8.5 Hz, 2 × 

C11-H), 7.03 (2H, d, J = 7.0 Hz, 2 × C16-H), 6.82 (2H, d, J = 8.5 Hz, 2 × C12-H), 4.54 (1H, d, J = 14.5 

Hz, 1 × C9-H), 4.18 (1H, d, J = 14.5 Hz, 1 × C9-H), 3.78 (3H, s, C14-H3), 3.54 (1H, d, J = 13.0 Hz, 

C3-H), 2.97 – 2.85 (2H, m, 2 × C1-H2), 2.74 (1H, m, 1 × C5-H), 2.66 – 2.37 (4H, m, C2-H, 1 × C5-H, 

1 × C6-H, C7-H), 1.87 (1H, m, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 207.1 (C4), 173.3 (C8), 

159.2 (C13), 135.5 (C15), 129.5 (C11), 128.8, 128.7 (C16, C17), 128.5 (C10), 127.7 (C18), 114.2 

(C12), 61.0 (C3), 55.4 (C14), 49.3 (C1), 47.0 (C7), 46.3 (C9), 46.1 (C2), 41.1 (C5), 25.1 (C6); HRMS 

(ESI+): Calculated for C22H24NO3: 350.1748. Found: [M + H]+: 350.1751. 

(111c): (E)-N-(4-Methoxybenzyl)-N-(pent-2-en-1-yl)cyclopropanecarboxamide 

 

General Procedure H: Amide 79b (1.37 g, 6.66 mmol) and (E)-1-bromopent-2-ene (1.50 g, 10.0 

mmol) were employed. Purification by flash column chromatography (25% EtOAc/Hex) on silica gel 

afforded the title compound 111c (1.12 g, 50%, 3:2 mixture of rotamers A:B) as a yellow oil; Rf: 0.36 

(25% EtOAc/Hex); νmax / cm-1: 2965 (s), 2901 (m), 1635 (s), 1510 (s), 1244 (s); 1H NMR (400 MHz, 

CDCl3): δ 7.16 (2H, m, 2 × C11-H, A+B), 6.93 – 6.79 (2H, m, 2 × C12-H, A+B), 5.59 (1H, m, C6-H, 

A+B), 5.38 (1H, m, C5-H, A+B), 4.61 (0.80H, s, 0.80 × C9-H2, A+B), 4.51 (1.20H, s, 1.20 × C9-H2, 

A+B), 3.98 – 3.87 (2H, m, C4-H, A+B), 3.80 (3H, m, C14-H3, A+B), 2.11 – 1.96 (2H, m, C7-H2, A+B), 

1.73 (1H, m, C2-H, A+B), 1.08 – 0.94 (5H, m, 2 × C1-H, A+B, C8-H3, A+B), 0.74 (2H, m, 2 × C1-H, 

A+B); 13C NMR (101 MHz, CDCl3): δ 173.7 (C3, A+B), 159.0 (C13), 136.1 (C6, B), 135.2 (C6, A), 

130.3 (C10, A+B), 129.7 (C11, A), 127.8 (C11, B), 124.0 (C5, B), 123.7 (C5, A), 114.3 (C12, B), 114.0 

(C12, A), 55.4 (C14, A+B), 49.3 (C9, B), 48.5 (C4, A), 48.1 (C9, A), 47.8 (C4, B), 25.4 (C7, A+B), 13.6 

(C8, A+B), 11.6 (C2, A+B), 7.9 (C1, A+B); HRMS (ESI+): Calculated for C17H24NO2: 274.1802. Found: 

[M + H]+: 274.1802. 
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(113c): (3aR*,4R*,7aR*)-4-Ethyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure E: Amide 111c (41.0 mg, 0.15 mmol) was employed. Purification by flash column 

chromatography (50% EtOAc/Hex) on silica gel afforded the title compound 113c (10.2 mg, 23%, 4:1 

mixture of diastereomers A:B) as a pale yellow oil. 

The relative stereochemistry of 113c (A) and 113c (B) was assigned through analogy with 113a (A) 

and 113a (B). The spectroscopic data for minor diastereomer 113a (B) matched that of the major 

diastereomer 113e (A). 

Data for both A and B: νmax / cm-1: 2962 (s), 1688 (s), 1512 (s), 1244 (s); HRMS (ESI+): Calculated 

for C18H23NNaO3: 324.1570. Found: [M + H]+: 324.1576. 

Data for major diastereomer A: Rf: 0.20 (60% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.19 – 

7.11 (2H, m, 2 × C11-H), 6.89 – 6.83 (2H, m, 2 × C12-H), 4.49 – 4.31 (2H, m, C9-H2), 3.80 (3H, s, 

C14-H3), 3.22 (1H, dd, J = 9.0, 6.5, 1.0 Hz, 1 × C1-H), 3.04 (1H, dd, J = 9.0, 9.0 Hz, 1 × C1-H), 2.56 

(1H, m, 1 × C5-H), 2.50 – 2.37 (2H, m, 1 × C6-H, C7-H), 2.37 – 2.22 (2H, m, C3-H, 1 × C5-H), 1.92 

(1H, m, C2-H), 1.67 – 1.62 (2H, m, 1 × C6-H, 1 × C15-H), 1.38 (1H, m, 1 × C15-H), 0.91 – 0.83 (3H, 

m, C16-H3); 13C NMR (101 MHz, CDCl3): δ 209.5 (C4), 173.7 (C8), 159.3 (C13), 129.6 (C11), 128.6 

(C10), 114.3 (C12), 55.4 (C14), 55.2 (C3), 49.3 (C1), 47.0 (C7), 46.3 (C9), 45.2 (C2), 41.2 (C5), 25.2 

(C6), 19.9 (C15), 11.9 (C16). 

Data for minor diastereomer B: Rf: 0.20 (60% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.18 – 

7.12 (2H, m, 2 × C11-H), 6.90 – 6.80 (2H, m, 2 × C12-H), 4.49 – 4.33 (2H, m, C9-H2), 3.79 (3H, s, 

C14-H3), 3.18 (1H, dd, J = 10.5, 9.5 Hz, 1 × C1-H), 3.02 (1H, dd, J = 9.5, 7.0 Hz, 1 × C1-H), 2.62 (1H, 

m, C7-H), 2.48 – 2.37 (4H, m, C3-H, C5-H2, 1 × C6-H), 2.28 (1H, dddd, J = 18.0, 11.0, 7.0, 4.5 Hz, 

C2-H), 1.71 – 1.49 (3H, m, 1 × C6-H, C15-H2), 0.88 – 0.81 (3H, m, C16-H3); 13C NMR (101 MHz, 

CDCl3): δ 211.6 (C4), 173.6 (C8), 159.3 (C13), 129.6 (C11), 128.6 (C10), 114.3 (C12), 55.4 (C14), 

53.5 (C3), 46.3 (C9), 46.0 (C1), 44.3 (C2), 40.5 (C7), 37.7 (C5), 25.5 (C6), 19.7 (C15), 12.0 (C16). 
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(139a): N-(But-2-yn-1-yl)-N-(4-methoxybenzyl)cyclopropanecarboxamide 

 

Modified General Procedure H: Amide 79b (1.55 g, 7.55 mmol) and 1-bromobut-2-yne (1.51 g, 11.3 

mmol) were employed in THF. Purification by flash column chromatography (25% EtOAc/Petrol) on 

silica gel afforded the title compound 139a (1.48 g, 76%, 11:9 mixture of rotamers A:B) as a viscous 

yellow oil; νmax / cm-1: 3012 (m), 2933 (m), 2837 (m), 1635 (s), 1511 (s); 1H NMR (400 MHz, CDCl3): 

δ 7.24 – 7.15 (2H, m, 2 × C6-H, A+B), 6.92 – 6.79 (2H, m, 2 × C7-H, A+B), 4.77 (1.10H, s, 1.10 × C4-

H2, A), 4.59 (0.90H, s, 0.90 × C4-H2, B), 4.15 (1.10H, s, 1.10 × C10-H2, A), 4.02 (0.90H, s, 0.90 × C10-

H2, B), 3.83 – 3.75 (3H, m, 3 × C9-H3, A+B), 1.90 – 1.69 (4H, m, 1 × C2-H, A+B, 3 × C13-H3, A+B), 

1.08 – 1.00 (2H, m, 2 × C1-H, A+B), 0.86 – 0.70 (2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): 

δ 173.4 (C3, A), 173.3 (C3, B), 159.0 (C8, A), 158.9 (C8, B), 129.7 (C6, A), 129.5 (C6, B), 128.9 (C5, 

B) 128.0 (C5, A), 114.1 (C7, A), 113.9 (C7, B), 80.0 (C11, A), 79.4 (C11, B), 74.3 (C12, B), 74.1 (C12, 

A), 55.3 (C9, A+B), 49.4 (C4, A), 48.1 (C4, B), 36.5 (C10, B), 34.9 (C10, A), 11.6 (C2, A), 11.5 (C2, 

B), 8.1 (C1, A), 7.8 (C1, A), 3.6 (C13, A), 3.5 (C13, B); HRMS (ESI+): Calculated for C16H20NO2: 

258.1489. Found [M + H]+: 258.1486. 

(111d): (Z)-N-(But-2-en-1-yl)-N-(4-methoxybenzyl)cyclopropanecarboxamide 

 

To a solution of alkyne 139a (840 mg, 3.25 mmol) in EtOAc (15 mL) at r.t. was added Lindlar Catalyst® 

(276 mg, 0.13 mmol, 4.0 mol%) and quinoline (5.00 μL, 65.0 μmol, 2.0 mol%). The flask was briefly 

evacuated before being refilled with hydrogen via balloon. The suspension was stirred at r.t. for 5 h 

before being filtered through Celite®, washing with EtOAc (20 mL). The filtrate was concentrated in 

vacuo and purified by flash column chromatography (30% EtOAc/Petrol) on silica gel to afford the title 

compound 111d (700 mg, 83%, 1:1 mixture of rotamers A:B) as a pale yellow oil; Rf: 0.30 (30% 

EtOAc/Hex); νmax / cm-1: 3010 (w), 2933 (w), 2835 (w), 1634 (s), 1510 (s), 1437 (s), 1244 (s); 1H NMR 

(400 MHz, CDCl3): δ 7.23 – 7.09 (2H, m, 2 × C10-H, A+B), 6.99 – 6.77 (2H, m, 2 × C11-H, A+B), 
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5.63 (1H, m, C6-H, A+B), 5.39 (1H, m, C5-H, A+B), 4.61 (1H, m, 1 × C8-H, A+B), 4.51 (1H, s, 1 × 

C8-H, A+B), 4.13 – 3.96 (2H, m, C4-H2, A+B), 3.90 – 3.68 (3H, m, C13-H3, A+B), 1.73 (1H, m, C2-

H, A+B), 1.65 – 1.46 (3H, m, C7-H3, A+B), 1.07 – 0.94 (2H, m, 2 × C1-H, A+B), 0.84 – 0.67 (2H, m, 

2 × C1-H, A+B); 13C NMR (101 MHz, CDCl3): δ 173.7 (C3, A), 173.6 (C3, B), 159.1 (C12, A), 159.0 

(C12, B), 130.2 (C9, A), 129.7 (C10, A), 129.4 (C9, B), 127.9 (two signals, C10, B, C6, A), 127.2 (C6, 

B), 126.6 (C5, A), 125.9 (C5, B), 114.3 (C11, A), 114.0 (C11, B), 55.4 (C13, A+B), 49.8 (C8, B), 48.4 

(C8, A), 43.8 (C4, A), 42.3 (C4, B), 13.1 (C7, A), 13.0 (C7, B), 11.6 (C2, A+B), 8.0 (C1, B), 7.8 (C1, A); 

HRMS (ESI+): Calculated for C16H22NO2: 260.1645. Found: [M + H]+: 260.1647. 

(113d): (3aR*,4R*,7aR*)-2-(4-Methoxybenzyl)-4-methylhexahydro-1H-isoindole-1,5(4H)-dione 

and (3aR*,4S*,7aR*)-2-(4-methoxybenzyl)-4-methylhexahydro-1H-isoindole-1,5(4H)-dione 

 

Modified General Procedure E: Amide 111d (38.9 mg, 0.15 mmol) was employed at 150 °C for 72 h. 

The crude mixture was purified by flash column chromatography (80% EtOAc/Petrol) to yield the title 

compound 113d (19.9 mg, 45%, 4:1 d.r., A:B) as a yellow oil. 

The relative stereochemistry of A was corroborated through nOe experiments. An nOe was observed 

between C1-Ha and C7-H and C1-Ha and C15-H3. An nOe was observed between C1-Hb and C2-H. No 

significant nOe was observed between C1-Hb and C7-H or C2-H and C7-H. No significant nOe was 

observed between C2-H and C15-H3. The spectroscopic data for B matched that of the major 

diastereomer of 113a. 

Data for both A and B: νmax / cm-1: 2931 (m), 2881 (m), 1687 (s), 1512 (s), 1244 (s); HRMS (ESI+): 

Calculated for C17H22NO3: 288.1594. Found: [M + H]+: 288.1600. 

Data for major diastereomer A: Rf: 0.23 (80% EtOAc/Petrol); 1H NMR (400 MHz, CDCl3): δ 7.18 – 

7.14 (2H, m, 2 × C11-H), 6.87 – 6.84 (2H, m, 2 × C12-H), 4.49 – 4.30 (2H, m, C9-H2), 3.79 (3H, s, 

C14-H3), 3.12 (1H, dd, J = 10.5, 9.5 Hz, 1 × C1-H), 3.02 (1H, m, 1 × C1-H), 2.67 (1H, m, C3-H), 2.58 

(1H, m, C7-H), 2.47 – 2.37 (3H, m, C5-H2, 1 × C6-H), 2.32 (1H, m, C2-H), 1.66 (1H, dddd, J = 12.5, 

12.5, 12.5, 6.5 Hz, 1 × C6-H), 1.11 (3H, d, J = 7.5 Hz, C15-H3); 13C NMR (101 MHz, CDCl3): δ 212.5 

(C4), 173.6 (C8), 159.3 (C13), 129.6 (C11), 128.6 (C10), 114.3 (C12), 55.4 (C14), 46.3, 46.0, 45.7 (C1, 

C3, C9), 43.6 (C2), 39.6 (C7), 37.1 (C5), 24.9 (C6), 11.9 (C15). 
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Data for minor diastereomer B: Rf: 0.23 (80% EtOAc/Petrol); 1H NMR (400 MHz, CDCl3): δ 7.17 – 

7.14 (2H, m, 2 × C11-H), 6.88 – 6.83 (2H, m, 2 × C12-H), 4.47 – 4.33 (2H, m, C9-H2), 3.79 (3H, s, 

C14-H3), 3.20 (1H, dd, J = 9.5, 7.0 Hz, 1 × C1-H), 3.01 (1H , t, J = 9.5 Hz, 1 × C1-H), 2.58 (1H, ddd, 

J = 15.0, 5.0, 1.5 Hz, 1 × C5-H), 2.52 – 2.26 (4H, m, C3-H, 1 × C5-H, 1 × C6-H, C7-H), 1.82 (1H, m, 

C2-H), 1.69 (1H, dddd, J = 13.0, 13.0, 13.0, 4.5 Hz, 1 × C6-H), 0.99 (3H, d, J = 6.5 Hz, C15-H3); 13C 

NMR (101 MHz, CDCl3): δ 209.8 (C4), 173.7 (C8), 159.3 (C13), 129.6 (C11), 128.6 (C10), 114.3 

(C12), 55.4 (C14), 49.1 (C1), 48.5 (C3), 47.0 (C2), 46.8 (C7), 46.3 (C9), 40.8 (C5), 25.2 (C6), 11.8 

(C15). 

When 113d (2.8:1 d.r.) was resubjected to the cyclisation conditions (General Procedure E) for 24 h, 

it was recovered in 81% yield and as a 2.1:1 mixture of diastereomers. This indicates that the erosion 

of diastereoselectivity observed for 113d occurs via epimerisation of the product, rather than at the 

stage of an intermediate. 

(Z)-1-Bromopent-2-ene 

 

To a solution of (Z)-pent-2-en-1-ol (3.00 mL, 29.5 mmol) in anhydrous Et2O (40 mL) at 0 °C was added 

PBr3 (4.90 mL, 51.8 mmol) dropwise over 10 min. The solution was warmed to r.t. and stirred for 16 h 

before being cooled to 0 °C and quenched with 5% aq. K2CO3. The layers were separated, and the 

organic portion washed with sat. aq. NaHCO3 (50 mL) and brine (50 mL), dried over Na2SO4 and 

concentrated in vacuo to afford the title compound as a colourless oil (2.05 g, 46%) which was used 

without purification; 1H NMR (400 MHz, CDCl3): δ 5.70 (1H, dtt, J = 10.5, 8.0, 1.5 Hz, C4-H), 5.60 

(1H, dt, J = 10.5, 7.5 Hz, C3-H), 4.00 (2H, d, J = 8.0 Hz, C5-H2), 2.24 – 2.07 (2H, m, C2-H2), 1.02 (3H, 

t, J = 7.5 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 137.7 (C4), 124.8 (C3), 27.4 (C5), 20.4 (C2), 

13.9 (C1). The spectroscopic properties of this compound were consistent with the data available in the 

literature.507 

(111e): (Z)-N-(4-Methoxybenzyl)-N-(pent-2-en-1-yl)cyclopropanecarboxamide 

 

General Procedure H: Amide 79b (1.03 g, 5.00 mmol) and (Z)-1-bromopent-2-ene (1.20 g, 7.50 

mmol) were employed. Purification by flash column chromatography (20% EtOAc/Hex) on silica gel 

afforded the title compound 111e (800 mg, 60%, 11:9 mixture of rotamers A:B) as a yellow oil; νmax / 
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cm-1: 2963 (s), 1635 (s), 1511 (s), 1244 (s), 1033 (s); 1H NMR (400 MHz, CDCl3): δ 7.22 – 7.08 (2H, 

m, 2 × C11-H, A+B), 6.92 – 6.79 (2H, m, 2 × C12-H, A+B), 5.54 (1H, C6-H, A+B), 5.34 (1H, m, C5-

H, A+B), 4.60 (0.90H, s, 0.90 × C9-H2, B), 4.51 (1.10H, s, 1.10 × C9-H2, A), 4.02 (2H, m, C4-H2, A+B), 

3.80 (3H, m, C14-H3, A+B), 2.00 (2H, m, C7-H2, A+B), 1.73 (1H, m, C2-H, A+B), 1.08 – 0.88 (5H, m, 

2 × C1-H, A+B, C8-H3, A+B), 0.84 – 0.67 (2H, m, 2 × C1-H); 13C NMR (101 MHz, CDCl3): δ 173.7 

(C3, A+B), 159.1 (C13, B), 159.0 (C13, A), 135.5 (C6, B), 134.9 (C6, A), 130.2 (C10, A), 129.6 (C11, 

A), 129.4 (C10, B), 127.8 (C11, B), 124.9 (C5, A), 124.3 (C5, B), 114.3 (C12, B), 114.0 (C12, A), 55.4 

(C14, A+B), 49.7 (C9, B), 48.3 (C9, A), 43.9 (C4, A), 42.4 (C4, B), 20.9 (C7, A), 20.7 (C7, B), 14.4 (C8, 

B), 14.2 (C8, A), 11.6 (C2, A+B), 8.0 (C1, B), 7.9 (C1, A); HRMS (ESI+): Calculated for C17H24NO2: 

274.1802. Found: [M + H]+: 274.1802. 

(113e): (3aR*,4S*,7aR*)-4-Ethyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

General Procedure D: Amide 111e (41.0 mg, 0.15 mmol) was employed. Purification by flash column 

chromatography (50% EtOAc/Petrol) on silica gel afforded the title compound 113e (9.00 mg, 20%, 

4:1 mixture of diastereomers A:B) as a pale yellow oil. 

The relative stereochemistry of 113e (A) was assigned through analogy with 113d (A). The 

spectroscopic data for minor diastereomer 113e (B) matched that of the major diastereomer 113c (A).  

Data for both A and B: νmax / cm-1: 2963 (s), 2932 (s), 1683 (s), 1512 (s), 1244 (s); HRMS (ESI+): 

Calculated for C18H23NNaO3: 324.1570. Found: [M + H]+: 324.1581. 

Data for major diastereomer A: Rf: 0.20 (60% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.18 – 

7.12 (2H, m, 2 × C11-H), 6.90 – 6.80 (2H, m, 2 × C12-H), 4.49 – 4.33 (2H, m, C9-H2), 3.79 (3H, s, 

C14-H3), 3.18 (1H, dd, J = 10.5, 9.5 Hz, 1 × C1-H), 3.02 (1H, dd, J = 9.5, 7.0 Hz, 1 × C1-H), 2.62 (1H, 

m, C7-H), 2.48 – 2.37 (4H, m, C3-H, C5-H2, 1 × C6-H), 2.28 (1H, dddd, J = 18.0, 11.0, 7.0, 4.5 Hz, 

C2-H), 1.71 – 1.49 (3H, m, 1 × C6-H, C15-H2), 0.88 – 0.81 (3H, m, C16-H3); 13C NMR (101 MHz, 

CDCl3): δ 211.6 (C4), 173.6 (C8), 159.3 (C13), 129.6 (C11), 128.6 (C10), 114.3 (C12), 55.4 (C14), 

53.5 (C3), 46.3 (C9), 46.0 (C1), 44.3 (C2), 40.5 (C7), 37.7 (C5), 25.5 (C6), 19.7 (C15), 12.0 (C16). 

Data for minor diastereomer B: Rf: 0.20 (60% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.19 – 

7.11 (2H, m, 2 × C11-H), 6.89 – 6.83 (2H, m, 2 × C12-H), 4.49 – 4.31 (2H, m, C9-H2), 3.80 (3H, s, 

C14-H3), 3.22 (1H, dd, J = 9.0, 6.5, 1.0 Hz, 1 × C1-H), 3.04 (1H, t, J = 10.0 Hz, 1 × C1-H), 2.56 (1H, 
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m, 1 × C5-H), 2.50 – 2.37 (2H, m, 1 × C6-H, C7-H), 2.37 – 2.22 (2H, m, C3-H, 1 × C5-H), 1.92 (1H, 

m, C2-H), 1.67 – 1.62 (2H, m, 1 × C6-H, 1 × C15-H), 1.38 (1H, m, 1 × C15-H), 0.91 – 0.83 (3H, m, 

C16-H3); 13C NMR (101 MHz, CDCl3): δ 209.5 (C4), 173.7 (C8), 159.3 (C13), 129.6 (C11), 128.6 

(C10), 114.3 (C12), 55.4 (C14), 55.2 (C3), 49.3 (C1), 47.0 (C7), 46.3 (C9), 45.2 (C2), 41.2 (C5), 25.2 

(C6), 19.9 (C15), 11.9 (C16). 

(111f): N-(Cyclohex-1-en-1-ylmethyl)-N-(4-methoxybenzyl)cyclopropanecarboxamide 

 

General Procedure H: Amide 79b (195 mg, 0.950 mmol) and 1-(bromomethyl)cyclohex-1-ene 

(250 mg, 1.43 mmol) were employed. Purification by flash column chromatography (20% 

EtOAc/Petrol) on silica gel afforded the title compound 111f (875 mg, 31%, 3:2 mixture of rotamers 

A:B) as a colourless oil; Rf: 0.45 (20% EtOAc/Petrol); νmax / cm-1: 2929 (m), 2836 (m), 1627 (m), 1511 

(s), 1246 (s); 1H NMR (400 MHz, CDCl3): δ 7.21 – 7.08 (2H, m, 2 × C13-H, A+B), 6.95 – 6.77 (2H, 

m, 2 × C14-H, A+B), 5.56 (0.60H, m, 0.60 × C6-H, A), 5.45 (0.40H, m, 0.40 × C6-H, B), 4.75 – 4.34 

(2H, m, C11-H2, A+B), 3.94 – 3.82 (2H, m, C4-H2, A+B), 3.82 – 3.77 (3H, m, C16-H3, A+B), 2.12 – 

1.93 (2H, m, C7-H2, A+B), 1.95 – 1.80 (2H, m, C10-H2, A+B), 1.74 (1H, m, C2-H, A+B), 1.70 – 1.50 

(4H, m, C8-H2, A+B, C9-H2, A+B), 1.10 – 0.93 (2H, m, 2 × C1-H, A+B), 0.79 – 0.67 (2H, m, 2 × C1-

H, A+B); 13C NMR (101 MHz, CDCl3): δ 174.1 (C3, A), 174.0 (C3, B), 159.0 (C15, B), 158.9 (C15, A), 

133.6 (C5, B), 132.7 (C5, A), 130.4 (C12, A), 129.7 (C13, A), 129.5 (C12, B), 127.8 (C13, B), 124.4 

(C6, B), 123.6 (C6, A), 114.2 (C14, B), 113.9 (C14, A), 55.5 (C16, A+B), 52.4 (C4, A), 51.2 (C4, B), 

49.0 (C11, B), 48.1 (C11, A), 26.5 (C10, A), 26.4 (C10, B), 25.3 (C7, B), 25.1 (C7, A), 22.6, 22.5 (C8, 

A+B, C9, A+B), 11.6 (C2, B), 11.5 (C2, A), 8.0 (C1, B), 7.9 (C1, A); HRMS (ESI+): Calculated for 

C19H25NNaO2: 322.1777. Found: [M + Na]+: 322.1785. 

tert-Butyl (1-phenylbut-3-en-2-yl)carbamate 

 

General Procedure J: Phenylacetaldehyde (15.4 g, 15.0 mL, 128 mmol) was employed to afford 

intermediate sulfone 116a (25.3 g, 82%) as a white powder, which was used in the subsequent step 
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without purification; 1H NMR (400 MHz, CDCl3): δ 7.94 (2H, d, J = 7.5 Hz, 2 × Ar-CH), 7.63 (1H, d, 

J = 7.5 Hz, Ar-CH), 7.54 (2H, d, J = 7.5 Hz, 2 × Ar-CH), 7.33 – 7.27 (3H, m, 3 × Ar-CH), 7.22 (2H, d, 

J = 7.0 Hz, 2 × Ar-CH), 5.13 (1H, m, C6-H), 3.66 (1H, m, 1 × CH2), 3.03 (1H, dd, J = 14.5, 11.0 Hz, 1 

× CH2), 1.11 (9H, s, 3 × CH3); HRMS (ESI+): Calculated for C19H23NNaO4S: 384.1240. Found: [M + 

Na]+: 384.1242. Intermediate sulfone 116a (5.00 g, 13.9 mmol) was employed. Purification by column 

chromatography (25% Et2O/Hex) on silica gel afforded the title allylic carbamate (1.40 g, 41%) as a 

white crystalline solid; m.p. 46–48 °C (CH2Cl2/Hex); νmax / cm-1: 3336 (m), 2977 (w), 1679 (s), 1523 

(s), 1326 (m), 1248 (m), 1163 (s); 1H NMR (400 MHz, CDCl3): δ 7.47 – 7.02 (5H, m, C1-H, 2 × C2-H, 

2 × C3-H), 5.79 (1H, m, C7-H), 5.26 – 5.00 (2H, m, C8-H), 4.61 – 4.28 (2H, m, C6-H, NH), 2.84 (2H, 

d, J = 6.0, C5-H2), 1.41 (9H, s, 3 × C11-H3); 13C NMR (101 MHz, CDCl3): δ 155.3 (C10), 138.2 (C7), 

137.6 (C4), 129.7 (C3), 128.5, 126.6 (C1, C3), 114.9 (C8), 79.5 (C10), 53.7 (C6), 41.7 (C5), 28.5 (C11); 

HRMS (ESI+): Calculated for C15H21NNaO2: 270.1464. Found [M + Na]+: 270.1463. 

(117a): 1-Phenylbut-3-en-2-amine 

 

To a solution of tert-butyl (1-phenylbut-3-en-2-yl)carbamate (1.60 g, 6.47 mmol) in CH2Cl2 (8 mL) was 

added trifluoroacetic acid (4 mL) and the reaction was stirred at r.t. for 2 h. The reaction mixture was 

concentrated in vacuo, diluted with water (30 mL) and extracted with CH2Cl2 (20 mL). The pH of the 

aqueous portion was adjusted to pH 12 by addition of 4 M aq. NaOH and extracted with CH2Cl2 (3 × 

20 mL). The combined organic fractions were dried over Na2SO4 and concentrated in vacuo to leave 

the title compound 117a (790 mg, 83%) as a colourless oil which was used without purification; νmax / 

cm-1: 2977 (w), 1495 (m), 1453 (m), 915 (m); 1H NMR (400 MHz, CDCl3): δ 7.43 – 7.00 (5H, m, C1-

H, 2 × C2-H, 2 × C3-H), 5.89 (1H, ddd, J = 17.0, 10.5, 6.5 Hz, C7-H), 5.14 (1H, dt, J = 17.0, 1.5 Hz, 1 

× C8-H), 5.04 (1H, dt, J = 10.0, 1.5 Hz, 1 × C8-H), 3.60 (1H, dddt, J = 7.5, 6.5, 5.5, 1.5 Hz, C6-H), 

2.83 (1H, dd, J = 13.5, 5.5 Hz, 1 × C5-H), 2.62 (1H, dd, J = 13.5, 8.0 Hz, 1 × C5-H), 1.26 (2H, br. s, 

NH2); 13C NMR (101 MHz, CDCl3): δ 142.6 (C7), 138.9 (C4), 129.5 (C3), 128.5 (C2), 126.4 (C1), 

113.7 (C8), 55.6 (C6), 44.5 (C5); HRMS (ESI+): Calculated for C10H14N: 148.1121. Found [M + H]+: 

148.1125. The spectroscopic properties of this compound were consistent with the data available in the 

literature.508 
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(E)-N-(1-Phenylbut-3-en-2-yl)-1-(3,4,5-trimethoxyphenyl)methanimine 

 

To a solution of 3,4,5-trimethoxybenzaldehyde (670 mg, 3.40 mmol) and 4 Å molecular sieves (500 

mg) in anhydrous CH2Cl2 under N2 was added 117a (650 mg, 4.42 mmol). The mixture was stirred at 

r.t. for 18 h before being filtered through Celite®, rinsing with CH2Cl2 (20 mL). The filtrate was washed 

with water (2 × 20 mL), brine (20 mL) and the organic layer was dried over MgSO4 and concentrated 

in vacuo to yield the title imine (1.10 g, quantitative) as a white solid which was used directly in the 

next step without purification; νmax / cm-1: 2937 (m), 1644 (m), 1583 (s), 1503 (m), 1416 (m), 1328 (s), 

1229 (s), 1123 (s); 1H NMR (400 MHz, CDCl3): δ 7.88 (1H, s, C9-H), 7.37 – 7.06 (5H, m, C1-H, 2 × 

C2-H, 2 × C3-H), 6.93 (2H, s, 2 × C11-H), 6.09 (1H, ddd, J = 17.0, 10.5, 6.5 Hz, C7-H), 5.24 – 4.98 

(2H, m, C8-H2), 3.96 (1H, m, C6-H), 3.90 (6H, m, 2 × C14-H3), 3.87 (3H, m, C15-H3), 3.02 (2H, d, J 

= 7.0, C5-H2); 13C NMR (101 MHz, CDCl3): δ 160.2 (C9), 153.5 (C12), 140.3 (C13), 140.1 (C7), 138.9 

(C4), 132.0 (C10), 130.0 (C3), 128.3, 126.2, (C1, C2), 115.3 (C8), 105.3 (C11), 75.2 (C6), 61.0 (C15), 

56.4 (C14), 43.3 (C5); HRMS (ESI+): Calculated for C20H24NO3: 326.1750. Found [M + H]+: 326.1754. 

(118a): 1-Phenyl-N-(3,4,5-trimethoxybenzyl)but-3-en-2-amine 

 

To a solution of (E)-N-(1-phenylbut-3-en-2-yl)-1-(3,4,5-trimethoxyphenyl)methanimine (1.00 g, 3.07 

mmol) in MeOH (10 mL) at 0 °C was added NaBH4 (170 mg, 4.61 mmol) portion-wise. The mixture 

was warmed to r.t. and stirred for 18 h. After this time, the mixture was concentrated in vacuo, diluted 

with sat. aq. NaHCO3 and extracted with CH2Cl2 (3ⅹ30 mL). The combined organic fractions were 

washed with water (50 mL), brine (50 mL), dried over Na2SO4 and concentrated in vacuo to leave the 

title compound 118a (890 mg, 89%) as a colourless oil; νmax / cm-1: 2937 (m), 1644 (m), 1583 (s), 1454 

(m), 1328 (s), 1123 (s); 1H NMR (400 MHz, CDCl3): δ 7.37 – 7.09 (5H, m, C1-H, 2 × C2-H, 2 × C3-

H), 6.37 (2H, s, 2 × C11-H), 5.73 (1H, ddd, J = 17.0, 10.5, 8.0 Hz, C7-H), 5.21 – 5.07 (2H, m, C8-H2), 

3.80 (10H, m, 1 × C9-H, 2 × C14-H3, C15-H3), 3.54 (1H, m, 1 × C9-H), 3.31 (1H, td, J = 8.0, 5.5 Hz, 

C6-H), 2.92 – 2.68 (2H, m, C5-H2); 13C NMR (101 MHz, CDCl3): δ 153.3 (C12), 140.8 (C7), 138.7 

(C4), 136.8 (C13), 136.3 (C10), 129.5 (C3), 128.5, 126.5 (C1, C2), 116.4 (C8), 104.8 (C11), 61.8 (C6), 
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61.0 (C15), 56.1 (C14), 51.4 (C9), 42.6 (C5); HRMS (ESI+): Calculated for C20H26NO3: 328.1907. 

Found [M + H]+: 328.1927. 

(119a): N-(1-Phenylbut-3-en-2-yl)-N-(3,4,5-trimethoxybenzyl)cyclopropanecarboxamide  

 

General Procedure I: Amine 118a (720 mg, 2.20 mmol) was employed. Purification by flash column 

chromatography (30% EtOAc/Hex) afforded the title compound 119a (510 mg, 58%) as a white 

crystalline solid; m.p. 98–100 °C (CH2Cl2/Hex); 1H NMR (500 MHz, CD3CN, 60 °C): δ 7.34 – 7.13 

(5H, m, C1-H, 2ⅹC2-H, 2ⅹC3-H), 6.49 (2H, s, 2ⅹC11-H), 6.01 (1H, ddd, J = 17.0, 10.5, 6.5 Hz, C7-

H), 5.34 – 5.01 (3H, m, C6-H, C8-H2), 4.70 – 4.43 (2H, m, C9-H2), 3.74 (6H, s, 2 × C14-H3), 3.70 (3H, 

s, C15-H3), 3.00 (2H, m, C5-H2), 1.59 (1H, m, C17-H), 0.91 – 0.66 (2H, m, 2 × C18-H), 0.68 – 0.51 

(2H, m, 2 × C18-H); 13C NMR (126 MHz, CD3CN, 60 °C): δ 173.7 (C16), 153.4 (C12), 137.5 (two 

signals) (C7, C13), 129.2 (C3), 128.1 (C2), 126.1 (C1), 116.2 (C8), 104.9 (C11), 59.8 (C15), 55.9 (C14), 

49.2 (C9), 38.4 (C5), 12.1 (C17), 6.9 (C18), signals resulting from C4, C6, and C10 were not observed 

due to the highly rotameric nature of the structure; HRMS (ESI+): Calculated for C24H30NO4: 396.2169. 

Found [M + H]+: 396.2167. 

(120a): (3S*,3aR*,7aR*)-3-Benzyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione, (3R*,3aR*,7aR*)-3-benzyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-

dione and (3R*,3aR*,7aS*)-3-benzyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-

1,5(4H)-dione 

 

General Procedure E: Amide 119a (59.3 mg, 0.15 mmol) was employed. Purification by flash column 

chromatography (70% EtOAc/Hex) on silica gel afforded the title compound 120a (39.3 mg, 62%, 

2.6:1:0.2 mixture of diastereomers A:B:C) as a colourless oil. 
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The relative stereochemistry of 120a (A) was corroborated through nOe experiments. An nOe was 

observed between C1-H and C7-H and C16-H2 and C2-H. No significant nOe was observed between 

C1-H and C2-H. TOCSY spectra allowed the identification of signals resulting from minor diastereomer 

120a (B), and nOe experiments were carried out upon these signals to corroborate the relative 

stereochemistry of 120a (B). An nOe was observed between C1-H and C2-H, C16-H2 and C7-H. No 

significant nOe was observed between C16-H2 and C2-H. The 1H chemical shift of C11-H of 120a (B) 

was curious as it is much lower than C11-H for 120a (A), however a TOCSY experiment irradiating 

this signal (6.11 ppm) indicated 4J coupling to C9-H2. For minor diastereomer 120a (C), TOCSY 

spectra were also used to allow identification of signals upon which nOe experiments were used to 

tentatively assign the relative stereochemistry. An nOe was observed between C1-H and C2-H, C1-H 

and C7-H. No significant nOe was observed between C16-H and C2-H or C16-H and C7-H.  

 

Data for A, B and C: νmax / cm-1: 2938 (m), 2839 (m), 1682 (s), 1234 (s), 1126 (s); HRMS (ESI+): 

Calculated for C25H30NO5: 424.2118. Found [M + H]+: 424.2128. 

Data for major diastereomer A: Rf: 0.28 (70% EtOAc/Hex); 1H NMR (500 MHz, CDCl3): δ 7.33 – 

7.22 (3H, m, 2 × C19-H, C20-H), 7.05 – 7.00 (2H, m, 2 × C18-H), 6.41 (2H, s, 2 × C11-H), 5.06 (1H, 

d, J = 15.0 Hz, 1 × C9-H), 4.02 (1H, d, J = 15.0 Hz, 1 × C9-H), 3.83 – 3.79 (9H, m, C14-H3, 2 × C15-

H3), 3.48 (1H, td, J = 9.0, 5.0 Hz, C1-H), 3.30 (1H, dd, J = 13.5, 4.5 Hz, 1 × C16-H), 2.60 – 2.42 (2H, 

m, 1 × C5-H, 1 × C16-H), 2.29 – 2.11 (2H, m, 1 × C5-H, C7-H), 1.96 – 1.79 (2H, m, C2-H, 1 × C3-H), 

1.64 (1H, m, 1 × C3-H); 13C NMR (101 MHz, CDCl3): δ 208.3 (C4), 174.0 (C8), 153.6 (C12), 137.5 

(C13), 136.2 (C17), 132.4 (C10), 129.0, 128.9 (C18, C19), 127.3 (C20), 105.2 (C11), 61.1 (C1), 61.0 

(C14), 56.4 (C15), 46.4 (C7), 46.0 (C2), 44.5, 44.4 (C3, C9), 40.1 (C5), 38.8 (C16), 23.8 (C6). 

Data for minor diastereomer B: Rf: 0.28 (70% EtOAc/Hex); Characteristic signals only; 1H NMR 

(500 MHz, CDCl3): δ 6.11 (2H, s, 2 × C11-H), 4.93 (1H, d, J = 15.0 Hz, 1 × C9-H), 3.82 (3H, s, C14-

H3), 3.76 (6H, s, 2 × C15-H3), 3.65 (1H, m, C1-H), 3.09 (1H, d, J = 15.0 Hz, 1 × C9-H), 2.88 – 2.79 

(2H, m, C16-H2), 2.66 (1H, m, C7-H), 2.57 – 2.43 (2H, m, 1 × C3-H, 1 × C6-H), 2.36 (1H, m, 1 × C3-

H), 2.21 – 2.11 (2H, m, C2-H, 1 × C5-H), 1.83 (1H, m, 1 × C5-H), 1.63 (1H, m, 1 × C6-H); 13C NMR 

(101 MHz, CDCl3): δ 208.2 (C4), 173.5 (C8), 105.2 (C11), 58.1 (C1), 60.9 (C14), 56.2 (C15), 45.6 

(C9), 44.9 (C2), 43.3 (C3), 42.6 (C7), 42.3 (C5), 34.7 (C16) 25.0 (C6). 

Data for minor diastereomer C: Rf: 0.28 (70% EtOAc/Hex); Characteristic signals only; 1H NMR 

(500 MHz, CDCl3): δ 6.38 (2H, s, 2 × C11-H), 5.11 (1H, m, 1 × C9-H), 3.98 (1H, m, 1 × C9-H), 3.84 

(3H, s, C14-H3), 3.80 (6H, s, 2 × C15-H3), 3.21 (1H, m, C1-H), 3.00 (1H, m, 1 × C16-H), 2.57 (1H, m, 

C2-H), 2.67 (1H, m, 1 × C16-H), 2.20 (1H, m, C7-H); 13C NMR (101 MHz, CDCl3): δ 210.3 (C4), 

174.6 (C8), 105.4 (C11), 63.3 (C1), 44.5 (C9), 37.3 (C7), 36.2 (C2). 
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tert-Butyl (5-phenylpent-1-en-3-yl)carbamate 

 

General Procedure J: Phenylpropanal (8.60 g, 8.40 mL, 64.1 mmol) was employed to afford 

intermediate sulfone 116b (13.8 g, 86%) as a colourless powder which was used in the next step without 

purification; 1H NMR (400 MHz, CDCl3): δ 7.88 (2H, d, J = 7.0 Hz, 2 × Ar-CH), 7.64 – 7.52 (2H, m, 

2 × Ar-CH), 7.33 – 7.14 (6H, m, 6 × Ar-CH), 5.04 (1H, m, NH), 4.85 (1H, m, C3-H), 2.99 – 2.53 (3H, 

m, C1-H2, 1 × C2-H), 2.13 – 2.00 (1H, m, 1 × C2-H), 1.22 (9H, s, 3 × C4-H3). Intermediate sulfone 

116b (3.00 g, 8.00 mmol) was employed. Purification by flash column chromatography (20% 

Et2O/Hex) on silica gel afforded the title allylic amine (780 mg, 37%) as a colourless solid; m.p. 53–55 

°C (CH2Cl2/petrol), [Lit.509 53 °C (no crystallisation solvent quoted)]; νmax / cm-1: 3365 (m), 2978 (m), 

1680 (s), 1518 (s), 1245 (m), 1172 (s), 1045 (m); 1H NMR (400 MHz, CDCl3): δ 7.32 – 7.15 (5H, m, 

C1-H, 2 × C2-H, 2 × C3-H), 5.79 (1H, m, C8-H), 5.23 – 5.08 (2H, m, C9-H2), 4.48 (1H, br. s, NH), 

4.16 (1H, s, br. s, C7-H), 2.71 – 2.64 (2H, m, C5-H2), 1.90 – 1.74 (2H, m, C6-H2), 1.46 (9H, s, 3 × C12-

H3); 13C NMR (101 MHz, CDCl3): δ 155.5 (C10), 141.8 (C4), 139.0 (C8), 128.6, 128.4 (C2, C3), 126.1 

(C1), 114.9 (C9), 79.6 (C11), 52.8 (C7), 37.1 (C6), 32.3 (C5), 28.6 (C12); HRMS (ESI+): Calculated 

for C16H24NO2: 262.1802. Found [M + H]+: 262.1804. The spectroscopic data obtained for this 

compound was consistent with that available in the literature.509 

(117b): 5-Phenylpent-1-en-3-amine 

 

To a solution of tert-butyl (5-phenylpent-1-en-3-yl)carbamate (1.50 g, 5.74 mmol) in CH2Cl2 (8 mL) 

was added trifluoroacetic acid (4 mL) and the reaction was stirred at r.t. overnight. The reaction mixture 

was concentrated in vacuo, diluted with water (30 mL) and extracted with CH2Cl2 (20 mL). The pH of 

the aqueous portion was adjusted to pH 12 by addition of 4 M aq. NaOH and extracted with CH2Cl2 (3 

× 20 mL). The combined organic fractions were dried over Na2SO4 and concentrated in vacuo to leave 

the title compound 117b (410 mg, 44%) as a colourless oil which was used without purification; νmax / 

cm-1: 2921 (m), 1495 (m), 1453 (s); 1H NMR (400 MHz, CDCl3): δ 7.32 – 7.23 (2H, m, 2 × C2-H), 7.22 

– 7.15 (3H, m, C1-H, 2 × C3-H), 5.83 (1H, ddd, J = 17.5, 10.5, 7.0 Hz, C8-H), 5.23 – 4.87 (2H, m, C9-

H2), 3.32 (1H, m, C7-H), 2.78 – 2.52 (2H, m, C5-H2), 1.75 (2H, ddd, J = 9.0, 7.5, 6.0 Hz, C6-H2), 1.46 

(2H, br. s, NH2); 13C NMR (101 MHz, CDCl3): δ 143.2 (C8), 142.2 (C4), 128.5 (two signals, C2, C3), 
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125.9 (C1), 114.0 (C9), 54.2 (C7), 39.3 (C6), 32.5 (C5); HRMS (ESI+): Calculated for C11H16N: 

162.1277. Found [M + H]+: 162.1284. The spectroscopic properties of this compound were consistent 

with the data available in the literature.510 

(118b): N-(4-Methoxybenzyl)-5-phenylpent-1-en-3-amine 

 

To a solution of 4-methoxybenzaldehyde (0.25 mL, 2.07 mmol) and 4 Å molecular sieves (500 mg) in 

anhydrous CH2Cl2 (3 mL) under nitrogen was added amine 117b (350 mg, 2.17 mmol). The mixture 

was stirred at r.t. for 18 h before being filtered through Celite®, rinsing with CH2Cl2 (20 mL). The 

organic filtrate was washed with water (2 × 20 mL) and brine (20 mL), dried over MgSO4 and 

concentrated in vacuo. The intermediate imine was dissolved in MeOH (10 mL) and the solution cooled 

to 0 °C before NaBH4 (120 mg, 3.23 mmol, 1.50 equiv.) was added portion-wise. The solution was 

warmed to r.t. and stirred overnight before being concentrated in vacuo. Sat. aq. NaHCO3 (20 mL) and 

CH2Cl2 (20 mL) were added and the layers separated. The aqueous phase was extracted with CH2Cl2 (2 

× 20 mL) and the combined organic layers were washed with water (20 mL) and brine (20 mL), dried 

over Na2SO4 and concentrated in vacuo to afford the title compound 118b (530 mg, 88%) as a colourless 

oil which was used without purification; νmax / cm-1: 2998 (m), 2932 (m), 1510 (s), 1243 (s); 1H NMR 

(400 MHz, CDCl3): δ 7.31 – 7.12 (7H, m, C1-H, 2 × C2-H, 2 × C3-H, 2 × C13-H), 6.88 – 6.82 (2H, m, 

2 × C12-H), 5.68 (1H, ddd, J = 17.0, 10.0, 8.0 Hz, C8-H), 5.26 – 5.07 (2H, m, C9-H2), 3.80 (3H, s, 

C15-H3), 3.76 (1H, d, J = 13.0 Hz, 1 × C10-H), 3.58 (1H, d, J = 13.0 Hz, 1 × C10-H), 3.06 (1H, m, C7-

H), 2.79 – 2.48 (2H, m, C5-H2), 1.89 – 1.68 (2H, m, C6-H2), 1.67 (1H, br. s, NH); 13C NMR (101 MHz, 

CDCl3): δ 158.7 (C14), 142.4 (C4), 141.2 (C8), 133.0 (C11), 129.5 (C13), 128.5 (two signals, C2, C3), 

116.5 (C9), 125.9 (C1), 113.9 (C12), 60.8 (C7), 55.4 (C15), 50.7 (C10), 37.5 (C6), 32.3 (C5); HRMS 

(ESI+): Calculated for C19H24NO: 282.1852. Found [M +H]+: 282.1865. 

(119b): N-(4-Methoxybenzyl)-N-(5-phenylpent-1-en-3-yl)cyclopropanecarboxamide 

 

General Procedure I: Amine 118b (300 mg, 1.07 mmol) was employed. Purification by flash column 

chromatography (15% EtOAc/Hex) on silica gel afforded the title compound 119b (265 mg, 71%) as a 
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colourless oil; Rf: 0.60 (20% EtOAc/Hex); νmax / cm-1: 3007 (m), 2928 (m), 1614 (s), 1510 (s), 1241 (s); 

The structure is highly rotameric and even at 100 °C the carbon spectrum was very weak. As a result, 

the NMR spectra were run on a Bruker 500 MHz cryocarbon spectrometer at room temperature. The 

minor peaks in the 1H and 13C spectra are the result of the minor rotamer; 1H NMR (500 MHz, CDCl3): 

δ 7.39 – 7.13 (5H, m, C1-H, 2 × C2-H, 2 × C3-H), 7.11 – 6.97 (2H, m, 2 × C15-H), 6.92 – 6.78 (2H, 

m, 2 × C16-H), 5.86 (2H, ddd, J = 17.0, 10.5, 7.0 Hz, C8-H), 5.34 – 5.05 (3H, m, C7-H, C9-H2), 4.86 

– 4.19 (2H, m, C13-H2), 3.82 (3H, s, C18-H3), 2.71 – 2.32 (2H, m, C5-H2), 2.12 – 1.84 (2H, m, C6-H2), 

1.79 – 1.59 (1H, m, C11-H), 1.11 – 0.91 (2H, m, 2 × C12-H), 0.80 – 0.59 (2H, m, 2 × C12-H); 13C 

NMR (126 MHz, CDCl3): δ 174.6 (C10), 158.7 (C17), 141.9 (C4), 136.8 (C8), 130.5 (C14), 128.4, 

128.3 (C2, C15), 127.5 (C3), 125.8 (C1), 117.4 (C9), 114.0 (C16), 57.2 (C7), 55.3 (C18), 47.3 (C13), 

33.5 (C6), 32.9 (C5), 12.5 (C11), 8.3 (C12); HRMS (ESI+): Calculated for C23H28NO2: 350.2115. Found 

[M +H]+: 350.2121. 

(120b): (3S*,3aR*,7aR*)-2-(4-Methoxybenzyl)-3-phenethylhexahydro-1H-isoindole-1,5(4H)-

dione and (3R*,3aR*,7aR*)-2-(4-methoxybenzyl)-3-phenethylhexahydro-1H-isoindole-1,5(4H)-

dione 

 

General Procedure E: Amide 119b (52.4 mg, 0.15 mmol) was employed for 72 h. Purification by flash 

column chromatography (60% EtOAc/Hex) on silica gel afforded the title compound 120b (35.8 mg, 

63%, 2.5:1 d.r., A:B) as a colourless oil. 

The relative stereochemistry of A was assigned through analogy with 120c as well as corroboration 

through nOe experiments. An nOe was observed between C1-H and C7-H. No significant nOe was 

observed between C1-H and C2-H. No significant nOe was observed between C7-H and C15-H2. B was 

tentatively assigned as the opposite diastereomer at C1 through comparison with 120c and 

spectroscopic data. A strong nOe was observed between C1-H and C2-H. No significant nOe was 

observed between C2-H and C7-H.  

Data for both A and B: νmax / cm-1: 2932 (m), 2838 (m), 1683 (s), 1611 (s), 1511 (s), 1243 (s), 1175 

(s); HRMS (ESI+): Calculated for C24H28NO3: 378.2064. Found [M + H]+: 378.2053. 
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Data for major diastereomer A: Rf: 0.22 (60% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.28 – 

7.25 (2H, m, 2 × C19-H), 7.24 – 7.17 (1H, m, C20-H), 7.13 – 7.10 (2H, m, 2 × C11-H), 7.06 – 7.02 

(2H, m, 2 × C18-H), 6.87 – 6.82 (2H, m, 2 × C12-H), 5.07 (1H, d, J = 15.0 Hz, 1 × C9-H), 3.91 (1H, d, 

J = 15.0 Hz, 1 × C9-H), 3.79 (3H, s, C13-H), 3.24 (1H, ddd, J = 9.5, 6.5, 3.5 Hz, C1-H), 2.70 (1H, m, 

1 × C3-H), 2.63 – 2.46 (4H, m, 1 × C5-H, 1 × C6-H, C16-H2), 2.35 – 2.26 (3H, m, 1 × C3-H, 1 × C5-

H, C7-H), 2.06 (1H, dtt, J = 14.5, 6.5, 3.5 Hz, 1 × C15-H), 1.95 (1H, m, C2-H), 1.83 (1H, m, 1 × C15-

H), 1.70 (1H, m, C6-H); 13C NMR (101 MHz, CDCl3): δ 208.4 (C4), 174.2 (C8), 159.2 (C13), 140.8 

(C17), 129.2 (C11), 128.7 (C19), 128.4 (C10), 128.2 (C18), 126.4 (C20), 114.3 (C12), 59.5 (C1), 55.4 

(C14), 46.7 (C7), 44.8, 44.7 (C2, C3), 43.5 (C9), 40.5 (C5), 32.0 (C15), 30.6 (C16), 24.2 (C6). 

Data for minor diastereomer B: Rf: 0.22 (60% EtOAc/Hex); Characteristic signals only: 1H NMR 

(500 MHz, CDCl3): δ 4.94 (1H, d, J = 15.0 Hz, 1 × C9-H), 3.82 (1H, d, J = 15.0 Hz, 1 × C9-H), 3.78 

(3H, s, C14-H3), 3.31 (1H, m, C1-H), 2.55 (1H, m, C7-H), 2.17 (1H, m, C2-H), 1.89 – 1.77 (2H, m, 

C15-H2); 13C NMR (126 MHz, CDCl3): δ 208.4 (C4), 173.0 (C8), 56.2 (C1), 55.3 (C14), 44.4 (C9), 

44.1 (C2), 42.3 (C7), 29.1 (C15). 

tert-Butyl (5-methylhex-1-en-3-yl)carbamate 

 

General Procedure J: Isovaleraldehyde (3.23 mL, 30.0 mmol) was employed to afford intermediate 

sulfone 116c (4.03 g, 62%) as a free-flowing colourless powder which was used in the next step without 

purification; νmax / cm-1: 3332 (m), 2962 (s), 1689 (s), 1141 (s); 1H NMR (400 MHz, CDCl3): δ 8.00 – 

7.84 (2H, m, 2 × Ar-CH), 7.70 – 7.46 (3H, m, 3 × Ar-CH), 4.92 (1H, m, C4-H), 2.03 (1H, m, 1 × C3-

H), 1.89 – 1.59 (2H, m, 1 × C3-H, C2-H), 1.20 (9H, s, 3 × C5-H3), 1.00 (3H, d, J = 6.5 Hz, 1 × C1-H3), 

0.92 (3H, d, J = 6.5 Hz, 1 × C1-H3); HRMS (ESI+): Calculated for C16H25NNaO4S: 350.1396. Found 

[M + Na]+: 350.1397. Intermediate sulfone 116c (3.50 g, 10.7 mmol) was employed. Purification by 

flash column chromatography (15% EtOAc/Hex) on silica gel afforded the title allylic amine (1.39 g, 

40%) as a colourless oil; νmax / cm-1: 3333 (m), 2956 (s), 1685 (s), 1165 (s); 1H NMR (400 MHz, CDCl3): 

δ 5.73 (1H, ddd, J = 16.5, 10.5, 6.0 Hz, C5-H), 5.24 – 4.94 (2H, m, C6-H2), 4.25 (1H, br. s, C4-H), 1.66 

(1H, m, C2-H), 1.44 (9H, s, 3 × C9-H3), 1.33 (2H, m, C3-H2) 0.92 (6H, m, 2 × C1-H3); 13C NMR (101 

MHz, CDCl3): δ 156.1 (C7), 139.6 (C5), 114.2 (C6), 44.7 (C3), 28.6 (C9), 24.9 (C2), 22.9 (C1) A signal 

corresponding to C4 was not observed; HRMS (ESI+): Calculated for C12H23NNaO2: 236.1621. Found 

[M + Na]+: 236.1629. 
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(117c): 5-Methylhex-1-en-3-amine 

 

To a solution of tert-butyl (5-methylhex-1-en-3-yl)carbamate (1.00 g, 3.05 mmol) in CH2Cl2 (6 mL) 

was added trifluoroacetic acid (3 mL) and the reaction was stirred at r.t. overnight. The reaction mixture 

was concentrated in vacuo, diluted with water (20 mL) and extracted with CH2Cl2 (10 mL). The pH of 

the aqueous portion was adjusted to pH 12 by addition of 4 M aq. NaOH and extracted with CH2Cl2 (3 

× 10 mL). The combined organic fractions were dried over Na2SO4 and concentrated in vacuo to leave 

the title compound 117c (240 mg, 25%) as a colourless oil which was used without purification; Care 

should be taken when concentrating in vacuo as the amine is volatile; νmax / cm-1: 2956 (m), 2840 (m), 

904 (s); 1H NMR (400 MHz, CDCl3): δ 5.74 (1H, ddd, J = 17.0, 10.5, 7.0 Hz, C5-H), 5.08 (1H, dt, J = 

17.0, 1.5 Hz, 1 × C6-H), 4.97 (1H, dt, J = 10.0, 1.5 Hz, 1 × C6-H), 3.32 (1H, m, C4-H), 1.66 (1H, m, 

C2-H), 1.32 (2H, br. s, NH2), 1.26 (2H, td, J = 7.0, 1.5 Hz, C3-H2), 0.97 – 0.82 (6H, d, J = 6.5 Hz, 2 × 

C1-H3); 13C NMR (101 MHz, CDCl3): δ 143.9 (C5), 113.0 (C6), 52.5 (C4), 46.9 (C3), 24.8 (C2), 22.7 

(C1); HRMS (ESI+): Calculated for C7H16N: 114.1277. Found [M + H]+: 114.1282. The spectroscopic 

properties of this compound were consistent with the data available in the literature.141 

(118c): N-(4-Methoxybenzyl)-5-methylhex-1-en-3-amine 

 

To a solution of 4-methoxybenzaldehyde (0.19 mL, 1.42 mmol) and 4 Å molecular sieves (200 mg) in 

anhydrous CH2Cl2 (3 mL) under nitrogen was added amine 117c (160 mg, 1.42 mmol). The mixture 

was stirred at r.t. for 18 h before being filtered through Celite®, rinsing with CH2Cl2 (20 mL). The 

organic filtrate was washed with water (2 × 20 mL) and brine (20 mL), dried over MgSO4 and 

concentrated in vacuo. The intermediate imine was dissolved in MeOH (10 mL) and the solution cooled 

to 0 °C before NaBH4 (81.0 mg, 2.13 mmol, 1.50 equiv.) was added portion-wise. The solution was 

warmed to r.t. and stirred overnight before being concentrated in vacuo. Sat. aq. NaHCO3 (20 mL) and 

CH2Cl2 (20 mL) were added and the layers separated. The aqueous phase was extracted with CH2Cl2 (2 

× 20 mL) and the combined organic layers were washed with water (20 mL) and brine (20 mL), dried 

over Na2SO4 and concentrated in vacuo to afford the title compound 118c (280 mg, 83%) as a colourless 

oil which was used without purification; νmax / cm-1: 2954 (s), 2910 (m), 1611 (m), 1510 (s), 1243 (s); 

1H NMR (400 MHz, CDCl3): δ 7.22 (2H, d, J = 8.5 Hz, 2 × C9-H), 6.85 (1H, d, J = 8.5 Hz, 2 × C10-
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H), 5.59 (1H, ddd, J = 17.0, 10.5, 8.5 Hz, C5-H), 5.23 – 4.97 (2H, m, C6-H2), 3.80 (3H, s, C12-H3), 

3.76 (1H, d, J = 13.0 Hz, 1 × C7-H), 3.56 (1H, d, J = 13.0 Hz, 1 × C7-H), 3.07 (1H, td, J = 8.0, 6.5 Hz, 

C4-H), 1.65 (1H, ddd, J = 13.0, 7.5, 6.5 Hz, C2-H), 1.40 – 1.24 (2H, m, C3-H2), 0.90 – 0.81 (6H, m, 2 

× C1-H3); 13C NMR (101 MHz, CDCl3): δ 158.6 (C11), 141.7 (C5), 133.1 (C8), 129.5 (C9), 115.9 (C6), 

113.9 (C10), 59.4 (C4), 55.4 (C12), 50.8 (C7), 45.3 (C3), 24.8 (C2), 23.2 (C1), 22.6 (C1); HRMS (ESI+): 

Calculated for C15H24NO: 234.1852. Found [M + H]+: 234.1852. 

(119c): N-(4-Methoxybenzyl)-N-(5-methylhex-1-en-3-yl)cyclopropanecarboxamide 

 

General Procedure I: Amine 118c (150 mg, 0.64 mmol) was employed. Purification by flash column 

chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 119c (172 mg, 90%) as a 

pale yellow oil; Rf: 0.45 (20% EtOAc/Hex); νmax / cm-1: 2956 (s), 1634 (s), 1612 (s), 1511 (s), 1245 (s); 

The structure is highly rotameric and even at 100 °C the carbon spectrum was very weak. As a result, 

the NMR spectra were run on a Bruker 500 MHz cryocarbon spectrometer at room temperature. The 

minor peaks in the 1H and 13C spectra are the result of the minor rotamer; 1H NMR (500 MHz, CDCl3): 

δ 7.21 – 7.10 (2H, m, 2 × C12-H), 6.90 – 6.73 (2H, m, 2 × C13-H), 5.77 (1H, ddd, J = 17.0, 10.5, 6.5 

Hz, C5-H), 5.21 – 5.02 (3H, m, C4-H, C6-H2), 4.76 – 4.44 (2H, m, C10-H2), 3.78 (3H, s, C15-H3), 1.65 

– 1.30 (4H, m, C2-H, C3-H2, C8-H), 1.06 – 0.92 (2H, m, 2 × C9-H), 0.91 – 0.77 (6H, m, 2 × C1-H3), 

0.75 – 0.58 (2H, m, 2 × C9-H); 13C NMR (126 MHz, CDCl3): δ 174.6 (C7), 158.7 (C14), 137.4 (C5), 

130.7 (C11), 129.2 (C12), 117.1 (C6), 114.0 (C13), 55.4, 55.3 (C4, C15), 47.2 (C10), 40.7 (C3), 25.0 

(C2), 23.1 (C1), 12.6 (C8), 8.2 (C9); HRMS (ESI+): Calculated for C19H28NO2: 302.2115. Found [M + 

H]+: 302.2121. 
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(120c): (3S*,3aR*,7aR*)-3-Isobutyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

and (3R*,3aR*,7aR*)-3-isobutyl-2-(4-methoxybenzyl)hexahydro-1H-isoindole-1,5(4H)-dione 

 

Modified General Procedure E: Amide 119c (45.2 mg, 0.15 mmol) and mesitylene (0.75 mL, 0.20 

M) were employed for 72 h. The reaction was conducted at 0.20 M. Purification by flash column 

chromatography (60% EtOAc/Hex) on silica gel afforded the title compound 120c (29.5 mg, 60%, 3:1 

d.r., A:B) as a colourless oil.  

The relative stereochemistry of A was corroborated through nOe experiments. An nOe was observed 

between C9-H2 and C2-H indicating these atoms are on the same face of the molecule. An nOe was 

observed between C1-H and C7-H. No significant nOe was observed between C1-H and C2-H or C2-H 

and C7-H. The stereochemistry of B was corroborated through nOe experiments and tentatively 

assigned as indicated by the structure above. An nOe was observed between C1-H and C2-H and C7-

H and C9-H2. No significant nOe was observed between C2-H and C9-H2 or C2-H and C7-H.  

Data for both A and B: νmax / cm-1: 2957 (m), 2871 (m), 1682 (s), 1512 (s), 1243 (s); HRMS (ESI+): 

Calculated for C20H28NO3: 330.2064. Found [M + H]+: 330.2072. 

Data for major diastereomer A: Rf: 0.25 (60% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.14 – 

7.11 (2H, m, 2 × C14-H), 6.86 – 6.82 (2H, m, 2 × C15-H), 4.99 (1H, d, J = 15.0 Hz, 1 × C12-H), 3.93 

(1H, d, J = 15.0 Hz, 1 × C12-H), 3.79 (3H, s, C17-H3), 3.22 (1H, td, J = 9.0, 3.5 Hz, C1-H), 2.70 (1H, 

ddd, J = 14.5, 4.0, 1.5 Hz, 1 × C3-H), 2.57 (1H, m, 1 × C5-H), 2.49 (1H, dddd, J = 12.5, 6.5, 3.5, 2.0 

Hz, 1 × C6-H), 2.39 – 2.24 (3H, m, 1 × C3-H, 1 × C5-H, C7-H), 1.77 (1H, m, C2-H), 1.70 – 1.59 (3H, 

m, 1 × C6-H, 1 × C9-H, C10-H), 1.28 (1H, m, 1 × C9-H), 0.87 (3H, d, J = 6.0 Hz, 1 × C11-H3), 0.73 

(3H, d, J = 6.0 Hz, 1 × C11-H3); 13C NMR (101 MHz, CDCl3): δ 208.6 (C4), 173.8 (C8), 158.9 (C16), 

129.0 (C14), 128.7 (C13), 114.0 (C15), 58.3 (C1), 55.3 (C17), 46.7 (C2), 46.6 (C7), 45.4 (C3), 43.1 

(C12), 41.5 (C9), 40.3 (C5), 24.7 (C10), 24.0 (two signals, C6, C11), 21.8 (C11). 

Data for minor diastereomer B: Rf: 0.16 (60% EtOAc/Hex); 1H NMR (500 MHz, CDCl3): δ 7.15 – 

7.12 (2H, m, 2 × C14-H), 6.86 – 6.83 (2H, m, 2 × C15-H), 5.06 (1H, d, J = 14.5 Hz, 1 × C12-H), 3.80 

(4H, m, 1 × C12-H, C17-H3), 2.96 – 2.81 (2H, m, C1-H, C7-H), 2.51 (1H, dt, J = 9.5, 2.5 Hz, C2-H), 

2.40 – 2.22 (4H, m, 1 × C3-H, C5-H2, 1 × C6-H), 2.10 (1H, m, 1 × C6-H), 2.01 (1H, dd, J = 15.0, 9.5 

Hz, 1 × C3-H), 1.66 (1H, m, C10-H), 1.50 (1H, m, 1 × C9-H), 1.31 (1H, m, 1 × C9-H), 0.93 (3H, d, J 
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= 6.5 Hz, C11-H3), 0.81 (3H, d, J = 6.5 Hz, C11-H3); 13C NMR (126 MHz, CDCl3): δ 210.9 (C4), 173.9 

(C8), 159.3 (C16), 129.8 (C14), 128.4 (C13), 114.3 (C15), 60.4 (C1), 55.4 (C17), 44.0 (C12), 42.8 (C3), 

40.7 (C9), 38.8 (C7), 37.6, 37.5 (C2, C5), 25.3 (C10), 24.0 (C11), 22.9 (C6), 21.9 (C11). 

tert-Butyl (1-cyclohexylallyl)carbamate 

 

General Procedure J: Cyclohexanecarboxaldehyde (6.73 g, 7.30 mL, 60.0 mmol) was employed to 

afford intermediate sulfone 116d (15.0 g, quantitative) as a free-flowing white powder which was used 

in the next step without purification; 1H NMR (400 MHz, CDCl3): δ 7.93 – 7.84 (2H, m, 2 × ArCH), 

7.67 – 7.49 (3H, m, ArCH), 5.16 (1H, d, J = 11.0 Hz, NH), 4.71 (1H, dd, J = 11.0, 3.5 Hz, NHCH), 

2.46 (1H, m, CH), 2.13 – 1.09 (19H, m, 5 × CH2, 3 × CH3). Intermediate sulfone 116d (2.74 g, 7.80 

mmol) was employed. Purification by column chromatography (15% Et2O/Hex) on silica afforded the 

title allylic amine as a white solid (827 mg, 44%); m.p. 66–68 °C (CH2Cl2/Hex); νmax / cm-1: 3341 (m), 

2934 (m), 2849 (m), 1680 (s), 1520 (s), 1315 (m), 1248 (s); 1H NMR (400 MHz, CDCl3): δ 5.70 (1H, 

ddd, J = 17.0, 10.5, 6.0 Hz, C3-H), 5.16 – 5.01 (2H, m, C4-H), 4.54 (1H, br. s, NH), 3.93 (1H, m, C2-

H), 1.81 – 1.53 (5H, m, 5 × cyclohexyl CH), 1.41 (9H, s, 3 × C10-H3), 1.38 – 1.31 (1H, m, C1-H), 1.26 

– 0.82 (5H, m, 5 × cyclohexyl CH); 13C NMR (101 MHz, CDCl3): δ 155.6 (C5), 137.7 (C3), 115.0 (C4), 

79.2 (C6), 57.7 (C2), 42.4 (C1), 29.4, 28.7 (2 × cyclohexyl CH2), 28.5 (C7), 26.5, 26.3, 26.2 (3 × 

cyclohexyl CH2); HRMS (ESI+): Calculated for C14H25NNaO2: 262.1778. Found [M + H]+: 262.1786. 

The spectroscopic data obtained was consistent with that available in the literature.511 

(117d): 1-Cyclohexylprop-2-en-1-amine 

 

To a solution of tert-butyl (1-cyclohexylallyl)carbamate (2.00 g, 8.36 mmol) in CH2Cl2 (10 mL) was 

added trifluoroacetic acid (5 mL) and the reaction was stirred at r.t. overnight. The reaction mixture was 

concentrated in vacuo, diluted with water (30 mL) and extracted with CH2Cl2 (20 mL). The pH of the 

aqueous portion was adjusted to pH 12 by addition of 4 M aq. NaOH and extracted with CH2Cl2 (3 × 

20 mL). The combined organic fractions were dried over Na2SO4 and concentrated in vacuo to leave 

the title compound 117d (920 mg, 66%) as a colourless oil which was used without purification; 1H 

NMR (400 MHz, CDCl3): δ 5.78 (1H, ddd, J = 17.5, 10.5, 7.0 Hz, C3-H), 5.17 – 4.98 (2H, m, C4-H2), 

3.06 (1H, t, J = 7.0 Hz, C2-H), 1.90 – 1.54 (6H, m), 1.43 – 1.08 (5H, m), 1.09 – 0.78 (2H, m); 13C NMR 
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(101 MHz, CDCl3): δ 142.2 (C3), 114.2 (C4), 59.8 (C2), 43.9 (C1), 29.5, 29.2, 26.7, 26.5, 26.4 (5 × 

cyclohexyl CH2); HRMS (ESI+): Calculated for C9H18N: 140.1434. Found [M + H]+: 140.1438. The 

spectroscopic data obtained was consistent with that available in the literature.510 

(118d): 1-Cyclohexyl-N-(3,4,5-trimethoxybenzyl)prop-2-en-1-amine 

 

To a solution of 3,4,5-trimethoxybenzaldehyde (940 mg, 4.79 mmol) and 4 Å molecular sieves (500 

mg) in anhydrous CH2Cl2 (4 mL) under nitrogen was added amine 117d (0.70 g, 5.03 mmol). The 

mixture was stirred at r.t. for 18 h before being filtered through Celite®, rinsing with CH2Cl2 (20 mL). 

The organic filtrate was washed with water (2 × 20 mL) and brine (20 mL), dried over MgSO4 and 

concentrated in vacuo. The intermediate imine was dissolved in MeOH (10 mL) and the solution cooled 

to 0 °C before NaBH4 (270 mg, 7.19 mmol, 1.50 equiv.) was added portion-wise. The solution was 

warmed to r.t. and stirred overnight before being concentrated in vacuo. Sat. aq. NaHCO3 (20 mL) and 

CH2Cl2 (20 mL) were added and the layers separated. The aqueous phase was extracted with CH2Cl2 (2 

× 20 mL) and the combined organic layers were washed with water (20 mL) and brine (20 mL), dried 

over Na2SO4 and concentrated in vacuo to afford the title compound 118d (1.16 g, 76%) as a colourless 

oil which was used without purification; νmax / cm-1: 2922 (m), 2850 (m), 1589 (m), 1505 (m), 1451 

(m), 1232 (m), 1124 (s), 1009 (m); 1H NMR (400 MHz, CDCl3): δ 6.55 (2H, s, 2 × C7-H), 5.59 (1H, 

ddd, J = 17.0, 10.0, 8.5 Hz, C3-H), 5.16 (1H, dd, J = 10.0, 2.0 Hz, 1 × C4-H), 5.03 (1H, ddd, J = 17.0, 

2.0, 1.0 Hz, 1 × C4-H), 3.83 (9H, 2 × C10-H3, C11-H3), 3.77 (1H, d, J = 13.5 Hz, 1 × C5-H), 3.53 (1H, 

d, J = 13.5 Hz, 1 × C5-H), 2.75 (1H, dd, J = 8.5, 6.5 Hz, C2-H), 1.94 – 1.49 (5H, m, 5 × cyclohexyl 

CH), 1.34 (1H, dtt, J = 12.0, 6.5, 3.0 Hz, C1-H) 1.28 – 1.07 (3H, m, 3 × cyclohexyl CH), 1.05 – 0.94 

(2H, 2 × cyclohexyl CH); 13C NMR (101 MHz, CDCl3): δ 153.2 (C8), 139.7 (C3), 136.9, 136.7 (C6, 

C9), 116.6 (C4), 105.0 (C7), 66.3 (C2), 60.9 (C11), 56.1 (C10), 51.6 (C5), 42.5 (C1), 30.1, 29.3, 26.8, 

26.5, 26.4 (5 × cyclohexyl CH2); HRMS (ESI+): Calculated for C19H30NO3: 320.2220. Found [M + H]+: 

320.2223. 
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(119d): N-(1-Cyclohexylallyl)-N-(3,4,5-trimethoxybenzyl)cyclopropanecarboxamide  

 

General Procedure I: Amine 118d (1.00 g, 3.15 mmol) was employed. Purification by flash column 

chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 119d (1.06 g, 87%) as a 

colourless oil; νmax / cm-1: 2926 (s), 2850 (m), 1633 (s), 1416 (s), 1123 (s); Rf: 0.28 (20% EtOAc/Hex); 

The structure is highly rotameric and even at 100 °C the carbon spectrum was very weak. As a result, 

the NMR spectra were run on a 500 MHz cryocarbon spectrometer at room temperature. The minor 

peaks in the 1H and 13C spectra are the result of the minor rotamer; 1H NMR (500 MHz, CDCl3): δ 

6.46 (2H, s, 2 × C10-H), 5.77 (1H, dt, J = 17.0, 10.0 Hz, C3-H), 5.28 – 5.03 (2H, m, C4-H2), 4.77 – 

4.44 (3H, m, C2-H, C8-H2), 3.89 – 3.73 (9H, m, 2 × C13-H3, C14-H3), 1.83 – 1.43 (7H, m, C1-H, C6-

H, 5 × cyclohexyl CH), 1.26 – 0.53 (9H, m, 2 × C7-H2, 5 × cyclohexyl CH); 13C NMR (126 MHz, 

CDCl3): δ 174.6 (C5), 153.4 (C11), 136.6 (C12), 136.4 (C3), 134.2 (C9), 118.9 (C4), 103.3 (C10), 64.5 

(C2), 61.0 (C14), 56.2 (C13), 49.1 (C8), 39.1 (C1), 30.7, 29.8, 26.4, 26.2 (4 × cyclohexyl CH2), 12.6 

(C6), 7.8 (C7); HRMS (ESI+): Calculated for C23H34NO4: 388.2482. Found [M + H]+: 388.2491. 

(120d): (3S*,3aR*,7aR*)-3-Cyclohexyl-2-(3,4,5-trimethoxybenzyl)hexahydro-1H-isoindole-

1,5(4H)-dione 

 

General Procedure E: Amide 119d (58.1 mg, 0.15 mmol) was employed. Purification by flash column 

chromatography (70% EtOAc/Hex) on silica gel afforded the title compound 120d (23.4 mg, 38%, 4:1 

mixture of diastereomers A:B) as a yellow oil. 

The relative stereochemistry of major diastereomer 120d (A) and 120d (B) was assigned through 

analogy with 120a (A) and 120a (B) and corroborated through nOe experiments. For major 

diastereomer 120d (A), a strong nOe was observed between C1-H and C7-H. For minor diastereomer 
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120d (B), an nOe was observed between C1-H and C2-H and C7-H and C2-H. The stereochemistry 

with respect to C7 could only be tentatively assigned.  

Data for A, B and C: νmax / cm-1: 2928 (s), 2853 (m), 1687 (s), 1592 (s), 1414 (s), 1126 (s); HRMS 

(ESI+): Calculated for C24H33NNaO5: 438.2251. Found [M + Na]+: 438.2236. 

Data for major diastereomer A: Rf: 0.23 (60% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 6.43 (2H, 

s, 2 × C11-H), 4.97 (1H, d, J = 15.0 Hz, 1 × C9-H), 3.84 – 3.81 (9H, m, C14-H3, 2 × C15-H3), 3.12 (1H, 

dd, J = 9.5, 3.0 Hz, C1-H), 2.71 (1H, m, 1 × C3-H), 2.58 (1H, m, 1 × C5-H), 2.47 (1H, m, 1 × C6-H), 

2.36 – 2.22 (3H, m, 1 × C3-H, 1 × C5-H, C7-H), 2.00 (1H, m, C2-H), 1.90 – 1.57 (5H, m, 1 × C6-H, 

C16-H, 3 × cyclohexyl CH), 1.49 – 1.41 (2H, m, 2 × cyclohexyl CH), 1.21 – 1.04 (5H, m, 5 × cyclohexyl 

CH); 13C NMR (101 MHz, CDCl3): δ 208.8 (C4), 174.5 (C8), 153.6 (C12), 137.7 (C13), 132.6 (C10), 

105.4 (C11), 64.9 (C1), 60.8 (C14), 56.4 (C15), 46.9 (C7), 46.3 (C3), 44.5 (C9), 40.5 (C2), 40.3 (C5), 

38.0 (C16), 30.8, 27.5, 26.7, 26.6, 26.4 (5 × cyclohexyl CH2), 24.0 (C6). 

Data for major diastereomer B: Rf: 0.23 (60% EtOAc/Hex); Characteristic signals only; 1H NMR 

(500 MHz, CDCl3): δ 6.41 (2H, s, 2 × C11-H), 4.95 (2H, d, J = 14.5 Hz, 1 × C9-H), 3.88 – 3.79 (10H, 

m, 1 × C9-H, C14-H3, 2 × C15-H3), 2.91 (1H, t, J = 3.0 Hz, C1-H), 2.86 (1H, m, C7-H), 2.66 (1H, m, 

C2-H), 2.44 (1H, dd, J = 15.0, 6.5 Hz, 1 × C3-H), 2.09 (1H, m, 1 × C3-H), 1.69 (1H, m, C16-H); 13C 

NMR (126 MHz, CDCl3): δ 210.6 (C4), 174.9 (C8), 105.3 (C11), 67.4 (C1), 61.0 (C14), 56.3 (C15), 

43.5 (C3), 39.8 (C7), 39.1 (C16), 31.4 (C2). 

(122): 6-Ethoxypiperidin-2-one 

 

To a solution of glutarimide (5.00 g, 44.2 mmol) in EtOH (250 mL) at 0 °C was added NaBH4 (4.18 g, 

110 mmol) portion-wise. Three drops of ethanolic 2 M HCl (prepared from 37% w/w aq. HCl) were 

added every 15 min for 4 h. Ethanolic 2 M HCl (75 mL) was then added via syringe pump over 40 min 

taking care to maintain the internal temperature below 5 °C. Upon completion of the addition, the 

resulting white suspension was warmed to r.t. and stirred for 12 h. The mixture was neutralised to pH 

7 with 4 M NaOH (approx. 15 mL) and the solvents were removed in vacuo to afford a colourless solid 

which was taken up in CH2Cl2 and H2O. The layers were separated, and the aqueous portion extracted 

with CH2Cl2 (2 × 50 mL). The combined organic layers were washed with brine, dried over Na2SO4 and 

concentrated in vacuo. The crude mixture was purified by flash column chromatography (80% 

EtOAc/Hex) on silica gel to afford the title compound 122 (1.68 g, 27%) as a colourless solid; Rf: 0.10 

(80% EtOAc/Hex); m.p. 108–110 °C (CH2Cl2/Hex); νmax / cm-1: 3190 (s), 2969 (s), 2900 (s), 1655 (s), 
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1058 (s); 1H NMR (400 MHz, CDCl3): δ 6.74 (1H, br. s, NH), 4.66 (1H, m, C3-H), 3.61 (1H, dq, J = 

9.0, 7.0 Hz, 1 × C2-H), 3.42 (1H, dq, J = 9.0, 7.0 Hz, 1 × C2-H), 2.41 (1H, m, 1 × C6-H), 2.32 (1H, m, 

1 × C6-H), 2.05 (1H, m, 1 × C5-H), 1.90 (1H, m, 1 × C4-H), 1.79 (1H, m, 1 × C4-H), 1.71 (1H, m, 1 × 

C5-H), 1.21 (3H, t, J = 7.0 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 172.9 (C7), 82.0 (C3), 62.8 

(C2), 31.8 (C6), 28.1 (C4), 16.4 (C5), 15.4 (C1); HRMS (ESI+): Calculated for C7H13NNaO2: 166.0838. 

Found [M + Na]+: 166.0844. 

(124): 6-Vinylpiperidin-2-one 

 

To a solution of 122 (900 mg, 6.29 mmol) in CHCl3 (100 mL) was added PhSO2Na (2.07 g, 12.6 mmol) 

and HCO2H (0.56 mL, 13.2 mmol, 88%) and the suspension stirred at r.t. for 16 h. Brine (50 mL) was 

added and the layers separated. The aqueous layer was extracted with CHCl3 (2 × 50 mL) and the 

combined organic layers were dried over Na2SO4 and concentrated in vacuo to leave the intermediate 

sulfone 123 (1.38 g, 92%) as a colourless solid which was used without purification; 1H NMR (400 

MHz, CDCl3): δ 7.97 – 7.86 (2H, m, 2 × C3-H), 7.76 – 7.69 (1H, m, C1-H), 7.66 – 7.57 (2H, m, 2 × 

C2-H), 6.33 (1H, br. s, NH), 4.51 (1H, m, C5-H), 2.31 (1H, m, 1 × C8-H), 2.24 – 2.12 (2H, m, 1 × C4-

H, 1 × C8-H), 2.07 (1H, m, 1 × C4-H), 1.89 (1H, m, 1 × C6-H), 1.69 (1H, m, 1 × C6-H); 13C NMR (101 

MHz, CDCl3): δ 171.7 (C9), 134.9 (C1), 134.5 (C4), 129.8, 129.7 (C2, C3), 72.5 (C5), 31.1 (C8), 21.6 

(C7), 17.8 (C6). To a solution of sulfone 123 (1.20 g, 5.01 mmol) in anhydrous THF (25 mL) at -78 °C 

was added vinyl magnesium bromide (15.0 mL, 15.0 mmol, 1 M in THF) dropwise over 5 min. The 

resulting solution was warmed to -20 °C and stirred for 1 h. Sat. aq. NaHCO3 (20 mL) was added and 

the resulting colourless suspension was filtered, washing with CHCl3 (20 mL). The filtrate was extracted 

with CHCl3 (2 × 25 mL) and the combined organic layers were washed with brine (50 mL), dried over 

Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (5–20% 

EtOH/EtOAc) on silica gel afforded the title compound 124 (320 mg, 51%) as a colourless solid; m.p. 

50–52 °C (CH2Cl2/petrol); 1H NMR (400 MHz, CDCl3): 5.78 (1H, ddd, J = 17.0, 10.5, 6.5 Hz, C2-H), 

5.28 – 5.11 (2H, m, C1-H2), 3.95 (1H, m, C3-H), 2.46 – 2.24 (2H, m, 2 × C6-H), 1.99 – 1.81 (2H, m, 1 

× C4-H, 1 × C5-H), 1.72 (1H, m, 1 × C5-H), 1.52 (1H, dddd, J = 13.0, 10.5, 8.0, 2.5 Hz, 1 × C4-H); 13C 

NMR (101 MHz, CDCl3): δ 172.2 (C7), 139.1 (C2), 116.2 (C1), 55.7 (C3), 31.4 (C6), 28.8 (C4), 19.2 

(C5); The spectroscopic properties of this compound are consistent with the data available in the 

literature.161 
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(126a): Cyclopropyl(2-vinylpiperidin-1-yl)methanone 

 

To a solution of 124 (250 mg, 2.00 mmol) in anhydrous THF (5.00 mL) at -78 °C was added LiAlH4 

(3.00 mL, 6.00 mmol, 2 M in THF) dropwise over 10 min. The resulting solution was warmed to 0 °C 

and stirred for 2 h. TLC analysis indicated the presence of starting material thus the solution was heated 

to 50 °C and stirred for a further 2 h. Upon completion of the reaction (as determined by TLC), the 

solution was cooled to 0 °C and EtOAc (20 mL) and sat. aq. potassium sodium tartrate (20 mL) were 

added. The suspension was stirred at r.t. for 1 h, until the appearance of two clear layers. The layers 

were separated, and the aqueous portion extracted with Et2O (2 × 20 mL). The combined organic layers 

were washed with brine (20 mL), dried over Na2SO4 and filtered. To the ethereal solution was added 

trifluoroacetic acid (2.00 mL) and the solution concentrated in vacuo to afford 125 as a pale brown oil 

(370 mg, 81%, contained 25% impurity by 1H NMR analysis) which was used without purification; 

1H NMR (400 MHz, CDCl3): δ 9.13 (1H, br. s, NH), 8.63 (1H, br. s, NH), 5.84 (1H, ddd, J = 17.5, 10.5, 

7.0 Hz, C2-H), 5.52 – 5.20 (2H, m, C1-H2), 3.55 (1H, m, C3-H), 3.39 (1H, m, 1 × C7-H), 2.95 (1H, m, 

1 × C7-H), 1.99 – 1.69 (5H, m, C4-H2, 1 × C5-H, C6-H2), 1.53 (1H, m, 1 × C5-H); 13C NMR (101 MHz, 

CDCl3): δ 133.2 (C2), 120.5 (C1), 58.8 (C3), 44.6 (C7), 28.5 (C4), 22.0, 21.5 (C5, C6). To a solution 

of 125 (250 mg, 2.22 mmol, containing 25% impurity by 1H NMR analysis) in CH2Cl2 (10 mL) at r.t. 

was added Et3N (1.20 mL, 8.88 mmol) and cyclopropane carbonyl chloride (0.30 mL, 3.33 mmol). The 

solution was stirred at r.t. for 16 h and CH2Cl2 (20 mL) and water (20 mL) were added. The layers were 

separated and the aqueous portion was extracted with CH2Cl2 (2 × 20 mL). The combined organic layers 

were washed with 1 M aq. HCl (20 mL) and brine (20 mL), dried over Na2SO4 and concentrated in 

vacuo. The crude mixture was purified by flash column chromatography (20–30% EtOAc/Petrol) to 

afford the title compound 126a (98.4 mg, 25%) as a yellow oil; Rf: 0.51 (40% EtOAc/Hex); νmax / cm-

1: 3005 (m), 2936 (s), 1630 (s), 1429 (s); 1H NMR (500 MHz, (CD3)2SO, 95 °C): δ 5.87 (1H, ddd, J = 

17.5, 10.5, 4.0 Hz, C2-H), 5.23 – 5.15 (1H, m, 1 × C1-H), 5.15 – 4.99 (2H, m, 1 × C1-H, C3-H), 4.18 

(1H, dd, J = 13.5, 4.0 Hz, 1 × C7-H), 2.89 (1H, m, 1 × C7-H), 1.87 (1H, tt, J = 8.0, 5.0 Hz, C8-H), 1.81 

(1H, m, 1 × C4-H), 1.65 (2H, m, 1 × C4-H, 1 × C6-H), 1.60 – 1.47 (2H, m, 2 × C5-H), 1.37 (1H, ddt, J 

= 19.0, 12.0, 6.0 Hz, 1 × C6-H), 0.79 – 0.66 (4H, m 2 × C9-H2); 13C NMR (126 MHz, (CD3)2SO, 95 °C) 

δ 171.5 (C10), 137.5 (C2), 115.6 (C1), 52.0 (C3), 40.0 (C7; the signal is obscured by residual DMSO 

but is identified easily by HSQC), 28.8 (C4), 25.3 (C6), 19.3 (C5), 12.4 (C8), 6.5 (C9); HRMS (ESI+): 

Calculated for C11H18NO: 180.1383. Found [M + H]+: 180.1391. 
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(127a): (6aR*,10aR*,10bS*)-Octahydropyrido[2,1-a]isoindole-6,9(2H,6aH)-dione and 

(6aS*,10aR*,10bS*)-octahydropyrido[2,1-a]isoindole-6,9(2H,6aH)-dione 

 

General Procedure E: Amide 126a (26.9 mg, 0.15 mmol) was employed for 72 h. Purification by flash 

column chromatography (EtOAc–5% MeOH/EtOAc) on silica gel afforded the title compound 127a 

(20.5 mg, 66%, 3:1 d.r., A:B). 

The structure and relative stereochemistry of major diastereomer A was determined unambiguously by 

X-ray crystallography. The relative stereochemistry of minor diastereomer B was corroborated through 

nOe experiments (as indicated on the compound structure B). An nOe was observed between C2-H and 

C7-H. No significant nOe was observed between C1-H and C2-H or C1-H and C7-H. 

Data for both A and B: νmax / cm-1: 2924 (s), 2952 (s), 1708 (s), 1676 (s), 1419 (s); HRMS (ESI+): 

Calculated for C12H18NO2: 208.1332. Found [M + H]+: 208.1343. 

Data for major diastereomer A: Colourless crystalline solid; m.p. 122–124 °C (CH2Cl2/Petrol); Rf: 

0.22 (2% MeOH/EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.10 (1H, m, 1 × C9-H), 3.09 (1H, ddd, J = 

11.0, 9.0, 4.0 Hz, C1-H), 2.66 – 2.60 (2H, m, 1 × C3-H, 1 × C9-H), 2.57 (1H, ddd, J = 16.0, 7.0, 1.5 

Hz, 1 × C5-H), 2.44 (1H, dddd, J = 13.0, 7.0, 3.5, 2.0 Hz, 1 × C6-H), 2.35 – 2.24 (3H, m, 1 × C3-H, 1 

× C5-H, C7-H,), 1.98 (1H, m, 1 × C12-H), 1.89 (1H, ddt, J = 8.5, 3.5, 1.5 Hz, 1 × C11-H), 1.78 – 1.68 

(2H, m, C2-H, 1 × C10-H), 1.64 (1H, m, 1 × C6-H), 1.38 – 1.32 (2H, m, 1 × C10-H, 1 × C11-H), 1.09 

(1H, m, 1 × C12-H); 13C NMR (126 MHz, CDCl3): δ 208.6 (C4), 172.8 (C8), 59.5 (C1), 47.9 (C2), 46.4 

(C7), 43.8 (C3), 40.7 (C5), 40.2 (C9), 30.8 (C12), 24.4, 24.3 (C6, C10), 23.0 (C11). 

Data for minor diastereomer B: Pale yellow oil; Rf: 0.18 (2% MeOH/EtOAc); Characteristic signals 

only; 1H NMR (500 MHz, CDCl3): δ 4.11 (1H, m, 1 × C9-H), 2.96 (1H, ddd, J = 11.5, 5.5, 3.0 Hz, C1-

H), 2.82 (1H, m, C7-H), 2.65 (1H, m, 1 × C9-H), 2.48 (1H, m, C2-H), 1.96 – 1.90 (2H, m, 1H, m, 1 × 

C11-H 1 × C12-H), 1.42 (1H, m, 1 × C11-H), 1.16 (1H, m, 1H, m, 1 × C12-H), 13C NMR (126 MHz, 

CDCl3): δ 211.2 (C4), 173.6 (C8), 62.9 (C1), 40.6 (C9), 39.6 (C7), 36.8 (C2), 32.5 (C12), 24.5 (C10), 

23.8 (C6), 22.9 (C11). 
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(126b): (E)-Cyclopropyl(2-(pent-1-en-1-yl)piperidin-1-yl)methanone 

 

To a solution of 128 (820 mg, 3.24 mmol) in CH2Cl2 (6 mL) at r.t. was added trifluoroacetic acid (3 

mL) dropwise over 10 min. After stirring for 4 h, the solution was concentrated in vacuo to afford the 

corresponding TFA salt as a brown oil (830 mg, 96%, contained 30% impurity by 1H NMR analysis) 

which was used in the subsequent acylation step without purification; 1H NMR (400 MHz, CDCl3): δ 

8.13 (2H, br. s, NH2), 5.87 (1H, dtd, J = 15.5, 7.0, 1.0 Hz, C5-H), 5.41 (1H, ddt, J = 15.5, 7.5, 1.5 Hz, 

C4-H), 3.62 (1H, m, C6-H), 3.46 (1H, m, 1 × C10-H), 3.04 (1H, m, 1 × C10-H), 2.14 – 1.48 (8H, m, 

C3-H2, C7-H2, C8-H2, C9-H2), 1.43 – 1.34 (2H, m, C2-H2), 0.87 (3H, t, J = 7.5 Hz, C1-H3); 13C NMR 

(101 MHz, CDCl3): δ 161.1 (C11), 139.4 (C5), 124.4 (C4), 59.5 (C6), 45.1 (C10), 34.3 (C3), 29.3, 22.2, 

22.1 (C7, C8, C9), 21.8 (C2), 13.5 (C1); 19F NMR (377 MHz, CDCl3): δ -76.0; To a solution of the 

TFA salt (400 mg, 1.50 mmol, containing 30% impurity by 1H NMR analysis) in CH2Cl2 (10 mL) at 

0 °C was added Et3N (0.83 mL, 6.00 mmol) and cyclopropane carbonyl chloride (0.20 mL, 2.25 mmol). 

The cloudy orange solution was warmed to r.t. and stirred for 16 h before water (10 mL) was added and 

the layers separated. The aqueous portion was extracted with CH2Cl2 (2 × 10 mL) and the combined 

organic layers were washed with water (10 mL) and brine (10 mL), dried over Na2SO4 and concentrated 

in vacuo. Purification by flash column chromatography (5–10% EtOAc/Hex) on silica gel afforded the 

title compound 126b (106 mg, 32%) as a pale yellow oil; Rf: 0.40 (10% EtOAc/Hex); νmax / cm-1: 2932 

(s), 1723 (m), 1633 (s), 1431 (s), 1251 (m); 1H NMR (500 MHz, (CD3)2SO, 100 °C): δ 5.58 – 5.39 (2H, 

m, C4-H, C5-H), 5.02 (1H, m, C6-H), 4.16 (1H, m, 1 × C10-H), 2.87 (1H, s, 1 × C10-H), 2.10 – 1.94 

(2H, m, C3-H2), 1.87 (1H, tt, J = 8.0, 5.0 Hz, C12-H), 1.75 (1H, m, 1 × C7-H), 1.67 – 1.46 (4H, m, 1 × 

C7-H, C8-H2, 1 × C9-H), 1.44 – 1.29 (3H, m, C2-H2, 1 × C9-H), 0.90 – 0.86 (3H, m, C1-H3), 0.75 – 

0.70 (2H, m, 2 × C13-H), 0.68 (2H, m, 2 × C13-H); 13C NMR (126 MHz, (CD3)2SO, 100 °C): δ 171.8 
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(C11), 131.7, 129.4 (C4, C5), 51.9 (C6), 39.6 (C10), 34.1 (C3), 29.9 (C7), 25.8 (C9), 22.3 (C2), 19.7 

(C8), 13.6 (C1), 11.3 (C12), 6.9 (C13); HRMS (ESI+): Calculated for C14H24NO: 222.1852. Found [M 

+ H]+: 222.1861. 

(130): But-3-en-1-yl 4-methylbenzenesulfonate 

 

To a solution of 3-buten-1-ol (1.36 mL, 15.8 mmol) in CH2Cl2 (30 mL) at 0 °C was added Et3N 

(2.20 mL, 15.8 mmol) and p-toluenesulfonyl chloride (2.74 g, 14.4 mmol). The solution was warmed 

to r.t. and stirred for 16 h. Water (50 mL) was added and the layers separated. The aqueous layer was 

extracted with CH2Cl2 (3 × 50 mL) and the combined organic layers were washed with brine and dried 

over Na2SO4. Purification by flash column chromatography (5–10% EtOAc/petrol) on silica gel 

afforded the title compound 130 (2.43 g, 75%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 7.80 

– 7.77 (2H, m, 2 × C6-H), 7.35 – 7.33 (2H, m, 2 × C7-H), 5.67 (1H, ddt, J = 17.0, 10.5, 6.5 Hz, C2-H) 

5.10 – 5.04 (2H, m, C1-H2), 4.06 (2H, t, J = 6.5 Hz, C4-H2), 2.44 (3H, s, C9-H3), 2.39 (2H, dt, J = 6.5, 

1.5 Hz, C3-H2); 13C NMR (101 MHz, CDCl3): δ 144.7 (C8), 133.1 (C5), 132.4 (C2), 129.8 (C7), 127.9 

(C6), 118.2 (C1), 69.4 (C4), 33.1 (C3), 21. 6 (C9); The spectroscopic properties of this compound were 

consistent with the data available in the literature.512 

(131): N-(4-Methoxybenzyl)but-3-en-1-amine 

 

To a suspension of but-3-en-1-yl 4-methylbenzenesulfonate (1.13 g, 5.00 mmol), K2CO3 (1.38 g, 10.0 

mmol) and MeCN (13 mL) in a resealable tube at r.t. was added 4-methoxybenzylamine (0.65 mL, 5.00 

mmol) via syringe. The tube was sealed, and the suspension was heated to 90 °C for 18 h. The mixture 

was cooled to r.t. and water (25 mL) and EtOAc (25 mL) were added and the layers separated. The 

aqueous portion was extracted with EtOAc (2 × 25 mL) and the combined organic layers were washed 

with brine, dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography 

(20% EtOAc/petrol–100% EtOAc) on silica gel afforded the title compound 131 (390 mg, 41%) as a 

yellow oil; νmax / cm-1: 2973 (s), 2901 (s), 1510 (s), 1242 (s); 1H NMR (400 MHz, CDCl3): δ 7.23 (2H, 

d, J = 8.5 Hz, 2 × C7-H), 6.86 (2H, d, J = 8.5 Hz, 2 × C8-H), 5.78 (1H, ddt, J = 17.0, 10.0, 7.0 Hz, C2-

H), 5.12 – 5.00 (2H, m, C1-H2), 3.80 (3H, s, C10-H3), 3.73 (2H, s, C5-H2), 2.69 (2H, t, J = 7.0 Hz, C4-

H2), 2.35 – 2.17 (2H, m, C3-H2), 1.54 (1H, br. s, NH); 13C NMR (101 MHz, CDCl3): δ 158.7 (C9), 

136.6 (C2), 132.6 (C6), 129.4 (C7), 116.5 (C1), 113.9 (C8), 55.4 (C10), 53.4 (C5), 48.3 (C4), 34.4 (C3); 
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HRMS (ESI+): Calculated for C12H17NNaO: 214.1202. Found [M + Na]+: 214.1203. The spectroscopic 

properties of this compound were consistent with the data available in the literature.513 

(132): N-(But-3-en-1-yl)-N-(4-methoxybenzyl)cyclopropanecarboxamide 

 

General Procedure I: Amine 131 (200 mg, 1.05 mmol) was employed. Purification by flash column 

chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 132 (213 mg, 78%, 1:1 

mixture of rotamers A:B) as a pale yellow oil; νmax / cm-1: 2973 (m), 1634 (s), 1510 (s), 1244 (s); 1H 

NMR (400 MHz, CDCl3) δ 7.25 – 7.10 (2H, m, 2 × C7-H, A+B), 7.00 – 6.60 (2H, m, 2 × C8-H, A+B), 

5.94 – 5.58 (1H, m, C2-H, A+B), 5.19 – 4.89 (2H, m, C1-H2, A+B), 4.66 (1H, s, 1 × C5-H2, A), 4.55 

(1H, s, 1 × C5-H2, B), 3.92 – 3.71 (3H, m, C10-H3, A+B), 3.56 – 3.36 (2H, m, C4-H2, A+B), 2.52 – 2.07 

(2H, m, C3-H2, A+B), 1.72 (1H, m, C12-H, A+B), 1.13 – 0.89 (2H, m, 2 × C13-H, A+B), 0.86 – 0.65 

(2H, m, 2 × C13-H, A+B); 13C NMR (101 MHz, CDCl3): δ 173.9 (C11, B), 173.6 (C11, A), 159.1 (C9, 

A), 159.0 (C9, B), 135.7 (C2, A), 134.7 (C2, B), 130.3 (C6, A+B), 129.5 (C7, A), 127.7 (C7, B), 117.4 

(C1, A), 116.6 (C1, B), 114.3 (C8, B), 114.0 (C8, A), 55.4 (C10, A+B), 51.0 (C5, B), 48.7 (C5, A), 46.6 

(C4, B), 46.3 (C4, A), 33.5 (C3, A), 32.4 (C3, B), 11.7 (C12, A), 11.5 (C12, B), 8.1 (C13, A), 7.9 (C13, 

B); HRMS (ESI+): Calculated for C16H21NO2: 260.1640. Found [M + H]+: 260.1649. 

(135): 3,4-Dihydroisoquinoline 

 

To a solution of 1,2,3,4-tetrahydroisoquinoline (5.00 g, 4.70 mL, 37.5 mmol) in CH2Cl2 (75 mL) at r.t. 

was added N-bromosuccinimide (7.35 g, 41.3 mmol) portion-wise over 15 min. The solution was stirred 

at r.t. for 30 min before 30 % aq. NaOH (25 mL) was added and the biphasic mixture vigorously stirred 

for 1 h. The layers were separated, and the organic layer was washed with water (100 mL) and 1 M aq. 

HCl (100 mL). The acidic aqueous layer was basified to pH 10 with 4 M NaOH before being extracted 

with CH2Cl2 (2 × 100 mL). The combined organic layers were washed with brine, dried over Na2SO4 

and concentrated in vacuo. Purification by flash column chromatography (7% MeOH/CH2Cl2 afforded 

the title compound 135 (2.21 g, 45%) as a pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 8.32 (1H, t, 

J = 2.5 Hz, C1-H), 7.43 – 7.21 (3H, m, C4-H, C5-H, C7-H), 7.14 (1H, dt, J = 8.0, 1.0 Hz, C6-H), 3.76 

(2H, td, J = 8.0, 2.0 Hz, C2-H2), 2.73 (2H, t, J = 8.0 Hz, C3-H2); 13C NMR (101 MHz, CDCl3): δ 160.5 
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(C1), 136.4 (C9), 131.2 (C7), 128.6 (C8), 127.5, 127.3, 127.2 (C4, C5, C6), 47.5 (C2), 25.1 (C3). The 

spectroscopic properties of this compound were consistent with the data available in the literature.163 

(136): 1-Allyl-1,2,3,4-tetrahydroisoquinoline 

 

To a solution of 135 (1.00 g, 7.62 mmol) in anhydrous THF (15.0 mL) at -78 °C was added allyl 

magnesium chloride (7.50 mL, 15.0 mmol, 2 M in THF) dropwise over 20 min. The solution was stirred 

at -78 °C for 3 h before being quenched with sat. aq. NH4Cl (20 mL). The layers were separated, and 

the organic portion was extracted with Et2O (2 × 50 mL). The combined organic portions were washed 

with water (25 mL) and brine (25 mL), dried over Na2SO4 and concentrated in vacuo to afford the title 

compound 136 (1.05 g, 80%) as an orange oil which was used without further purification; 1H NMR 

(400 MHz, CDCl3): δ 7.22 – 7.01 (4H, m, C4-H, C5-H, C6-H, C7-H), 5.84 (1H, dddd, J = 17.0, 10.0, 

8.0, 6.5 Hz, C11-H), 5.28 – 5.07 (2H, m, C12-H2), 4.06 (1H, dd, J = 9.0, 3.5 Hz, C1-H), 3.24 (1H, dt, J 

= 12.5, 5.5 Hz, 1 × C2-H), 2.98 (1H, ddd, J = 12.5, 8.0, 5.5 Hz, 1 × C2-H), 2.92 – 2.71 (2H, m, C3-H2), 

2.67 (1H, m, 1 × C10-H), 2.52 (1H, m, 1 × C10-H) 1.96 (1H, br. s, NH); 13C NMR (101 MHz, CDCl3): 

δ 138.6 (C8), 135.6 (C11), 135.4 (C9), 129.3 (C4), 126.0, 125.9 (C5, C6), 125.8 (C7), 118.0 (C12), 55.0 

(C1), 41.0 (C2), 40.6 (C10), 29.9 (C3). The spectroscopic properties of this compound were consistent 

with the data available in the literature.514 

(137): (1-Allyl-3,4-dihydroisoquinolin-2(1H)-yl)(cyclopropyl)methanone 

 

General Procedure I: Amine 136 (1.00 g, 5.78 mmol) was employed. Purification by flash column 

chromatography (15% EtOAc/Hex) on silica gel afforded the title compound 137 (1.02 g, 73%, 11:9 

mixture of rotamers A:B) as a colourless oil; νmax / cm-1: 2974 (s), 2901 (s), 1631 (s), 1426 (s), 1219 (s); 

1H NMR (400 MHz, CDCl3): δ 7.24 – 7.06 (4H, m, C4-H, A+B, C5-H, A+B, C6-H, A+B, C7-H, A+B), 

5.98 – 5.71 (1H, m, C11-H, A+B), 5.65 (0.55H, t, J = 7.0 Hz, 0.55 × C1-H, A), 5.26 (0.45H, dd, J = 9.0, 

5.0 Hz, 0.45 × C1-H, B), 5.19 – 4.90 (2H, m, C12-H2, A+B), 4.62 (0.45H, ddd, J = 13.0, 6.0, 3.0 Hz, 

0.45 × C2-H, B), 4.13 (0.55H, dt, J = 13.0, 5.0 Hz, 0.55 × C2-H, A), 3.70 (0.55H, ddd, J = 13.5, 10.0, 
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4.5 Hz, 0.55 × C2-H, A), 3.15 (0.45 H, ddd, J = 13.0, 11.5, 4.5 Hz, C2-H, B), 3.05 – 2.85 (1.55H, m, 1 

× C3-H, A+B, 0.55 × C3-H, A), 2.82 – 2.51 (2.45H, m, C10-H2, A+B, 0.45 × C3-H, B), 1.81 (1H, m, 

C14-H, A+B), 1.00 (2H, m, 2 × C15-H, A+B), 0.77 (2H, m, 2 × C15-H, A+B); 13C NMR (101 MHz, 

CDCl3): δ 172.7 (C13, B), 172.3 (C13, A), 137.4 (C8, A), 136.8 (C8, B), 135.2 (C11, A), 134.9 (C9, B), 

134.4 (C11, B), 133.9 (C9, A), 128.7, 127.6, 127.1, 126.7, 126.4, 126.2 (C4, C5, C6), 118.5 (C12, A), 

117.1 (C12, B), 56.5 (C1, B), 52.8 (C1 A), 41.9 (C10, A), 41.2 (C10, B), 40.3 (C2, A), 36.2 (C2, B), 29.4 

(C3, A), 28.4 (C3, B), 11.9 (C14, B), 11.8 (C14, A), 8.4 (C15, B), 8.1 (C15, A), 7.5 (C15, B), 7.0 (C15, 

A); HRMS (ESI+): Calculated for C16H19NO: 242.1539. Found [M + H]+: 242.1538. 

(139b): N-(4-Methoxybenzyl)-N-(2-oxoethyl)cyclopropanecarboxamide 

 

To a solution of alkene 74i (1.94 g, 7.91 mmol) in THF (40 mL), t-BuOH (32 mL), and water (4 mL) 

at r.t. was added N-methylmorpholine-N-oxide (1.85 g, 15.8 mmol) in one portion. OsO4 (100 mg, 0.400 

mmol, 5 mol%) was added and the pale-yellow solution was stirred at r.t. for 18 h. Sodium sulfite (~200 

mg) was added and the solution stirred for 30 min. Water (50 mL) and EtOAc (50 mL) were added and 

the layers were separated. The aqueous portion was extracted with EtOAc (3 × 25 mL) and the combined 

organic fractions were washed with water (25 mL) and brine (25 mL), dried over Na2SO4 and 

concentrated in vacuo. To the crude orange oil in CH2Cl2 (80 mL) was added NaIO4 on SiO2 

(0.96 mmol/g, 16.1 g) and the suspension was stirred vigorously at r.t. for 2 h. The mixture was filtered 

and the filtrate was concentrated in vacuo to afford the title aldehyde 139b (1.50 g, 77%, 4:1 mixture 

of rotamers A:B) as a pale brown oil which was used in the subsequent step without purification; 

νmax / cm-1: 2836 (w), 1730 (s), 1634 (s), 1511 (s), 1245 (s); 1H NMR (400 MHz, CDCl3): δ 9.45 (1H, 

m, C5-H, A+B), 7.23 – 7.09 (2H, m, 2 × C8-H, A+B), 6.96 – 6.81 (2H, m, 2 × C9-H, A+B), 4.73 (1.60H, 

s, 1.60 × C6-H2, A), 4.62 (0.40H, s, 0.40 × C6-H2, B), 4.16 (0.40H, s, 0.40 × C4-H2, B), 4.04 (1.60H, 

m, 1.60 × C4-H2, A+B), 3.85 – 3.72 (3H, m, C11-H3, A+B), 1.89 (0.80H, m, C2-H, A), 1.42 (0.20H, m, 

C2-H, B), 1.08 (2H, m, 2 × C1-H, A+B), 0.88 – 0.76 (2H, m, 2 × C1-H, A+B); 13C NMR (101 MHz, 

CDCl3): δ 198.1 (C5, B), 197.8 (C5, A), 174.5 (C3, A+B), 159.4 (C10, A+B), 129.9 (C7, A+B), 128.2 

(C8, A+B), 114.4 (C9, B), 114.2 (C9, A), 56.9 (C4, B), 56.2 (C4, A), 55.3 (C11, A+B), 53.4 (C6, A), 

52.1 (C6, B), 11.7 (C2, B), 11.1 (C2, A), 8.4 (C1, A+B); HRMS (ESI+): Calculated for C14H18NO3: 

248.1281. Found [M + H]+: 248.1288. 
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(63a): N-(4-Methoxybenzyl)-N-methylcyclopropanecarboxamide 

 

General Procedure E: Aldehyde 139b (37.1 mg, 0.15 mmol) was employed. Purification by flash 

column chromatography (20% EtOAc/Petrol) on silica gel afforded the title compound 63a (6.90 mg, 

21%) as a colourless oil; Rf: 0.30 (40% EtOAc/Petrol); νmax / cm-1: 3008 (m), 2934 (m), 1610 (s), 1510 

(s), 1243 (s); 1H NMR (400 MHz, CDCl3): δ 7.24 – 7.10 (2H, m, 2 × C6-H), 7.01 – 6.79 (2H, m, 2 × 

C7-H), 4.69 – 4.49 (2H, m, C4-H2), 3.82 (3H, s, C9-H3), 3.10 – 2.91 (3H, m, C10-H3), 1.77 (1H, m, C3-

H), 1.09 – 0.95 (2H, m, 2 × C1-H), 0.85 – 0.66 (2H, m, 2 × C1-H); 13C NMR (101 MHz, CDCl3): δ 

173.5 (C3), 158.9 (C8), 129.8 (C5), 129.4 (C6), 114.2 (C7), 55.3 (C9), 52.8 (C4), 34.6 (C10), 11.3 (C2) 

7.7 (C1); HRMS (ESI+): Calculated for C13H17NNaO2: 242.1151. Found [M + Na]+: 242.1156. 

(139c): N-(4-Methoxybenzyl)-N-(2-oxopropyl)cyclopropanecarboxamide 

 

To a solution of alkene 107a (600 mg, 2.31 mmol) in THF (15 mL), t-BuOH (12 mL), and water (1.50 

mL) at r.t. was added N-methylmorpholine-N-oxide (540 mg, 4.62 mmol) in one portion. OsO4 (50 mg, 

0.20 mmol, 5 mol%) was added and the pale-yellow solution was stirred at r.t. for 18 h. Sodium sulfite 

(~100 mg) was added and the solution stirred for 30 min. Water (20 mL) and EtOAc (20 mL) were 

added and the layers were separated. The aqueous portion was extracted with EtOAc (3 × 25 mL) and 

the combined organic fractions were washed with water (25 mL) and brine (25 mL), dried over Na2SO4 

and concentrated in vacuo. To the crude orange oil in CH2Cl2 (40 mL) was added NaIO4 on SiO2 

(0.96 mmol/g, 4.71 g) and the suspension was stirred vigorously at r.t. for 2 h. The mixture was filtered, 

and the filtrate was concentrated in vacuo. Purification by flash column chromatography (70% 

EtOAc/petrol) on silica gel afforded the title ketone 139c (510 mg, 84%, 4:1 mixture of rotamers A:B) 

as a dark yellow oil; νmax / cm-1: 2987 (s), 2901 (s), 1730 (s), 1635 (s), 1511 (s), 1245 (s); 1H NMR (400 

MHz, CDCl3): δ 7.22 – 7.09 (2H, m, 2 × C9-H, A+B), 6.96 – 6.76 (2H, m, 2 × C10-H, A+B), 4.71 

(1.60H, s, 1.60 × C7-H2, A), 4.56 (0.40H, s, 0.40 × C7-H2, B), 4.17 – 4.02 (2H, m, C4-H2, A+B), 3.85 

– 3.61 (3H, m, C12-H3, A+B), 2.09 (3H, s, C6-H3, A+B), 1.84 (0.80H, m, 0.80 × C2-H, A), 1.38 (0.20H, 

m, 0.20 × C2-H, B), 1.14 – 0.94 (2H, m, 2 × C1-H, A+B) 0.90 – 0.69 (2H, m, 2 × C1-H, A+B); 13C 



Chapter 8 – Experimental procedures 

 

270 

 

NMR (101 MHz, CDCl3): δ 203.8 (C5, A+B), 174.4 (C3, A), 174.0 (C3, B), 159.3 (C11, A+B), 130.0 

(C9, B), 128.6 (C8, A+B), 128.2 (C9, A), 114.4 (C10, A), 114.2 (C10, B), 56.7 (C4, B), 55.7 (C4, A), 

55.5 (C12, A+B), 51.8 (C7, A), 49.9 (C7, B), 27.4 (C6, A), 27.2 (C6, B), 11.7 (C2, B), 11.3 (C2, A), 8.3 

(C1, A), 8.1 (C1, B); HRMS (ESI+): Calculated for C15H20NO3: 262.1438. Found [M + H]+: 262.438. 

(139d): N-(4-Methoxybenzyl)-N-(2-(methoxyimino)ethyl)cyclopropanecarboxamide 

 

To a solution of aldehyde 139b (530 mg, 2.14 mmol) in MeOH (7.50 mL) in a resealable tube was 

added O-methoxyhydroxylamine hydrochloride (215 mg, 2.57 mmol) and NaOAc (211 mg, 2.57 

mmol). The tube was sealed and heated to 80 °C for 2 h before being cooled to r.t. and diluted with 

Et2O (10 mL). The solution was transferred to a separating funnel and washed with brine (20 mL). The 

organic portion was dried over Na2SO4, concentrated in vacuo and purified by flash column 

chromatography (40% EtOAc/Hex) on silica gel to afford the title compound 139d (440 mg, 74%, 11:9 

mixture of stereoisomers E:Z) as a pale yellow oil; νmax / cm-1: 3675 (m), 2970 (s), 2937 (s), 1640 (s), 

1511 (s); 1H NMR (500 MHz, CDCl3): δ 7.33 – 7.09 (2.55H, m, 2 × C6-H, E+Z, 0.55 × C11-H, E), 7.00 

– 6.80 (2H, m, 2 × C7-H, E+Z), 6.57 (0.45H, m, C11-H, Z), 4.78 – 4.46 (2H, m, C4-H2, E+Z), 4.23 

(0.90H, m, C10-H2, Z), 4.08 (1.10H, m, C10-H, E), 3.88 – 3.74 (6H, m, C9-H3, E+Z, C12-H3, E+Z), 

1.78 (1H, m, C2-H, E+Z), 1.09 – 0.98 (2H, m, 2 × C1-H, E+Z), 0.89 – 0.69 (2H, m, 2 × C1-H, E+Z); 

13C NMR (126 MHz, CDCl3): δ 174.2 (C11, E), 173.7 (C11, Z), 159.2 (C8, E+Z), 148.7 (C11, Z), 145.9 

(C11, E), 129.9 (C6, Z), 129.5 (C5, E+Z), 128.0 (C6, E), 114.4 (C7, E+Z), 62.3 (C12, E), 61.7 (C12, 

Z), 55.4 (C9, E+Z), 50.2 (C4, E), 49.0 (C4, Z), 44.8 (C10, E), 42.6 (C10, Z), 11.5 (C2, E+Z), 8.3 (C1, 

E+Z); HRMS (ESI+): Calculated for C15H21N2O3: 277.1547. Found [M + H]+: 277.1557. 

(141): (3aR*,7S*,7aR*)-7-Benzylhexahydro-1H-isoindole-1,5(4H)-dione 

 

A solution of ceric ammonium nitrate (219 mg, 0.40 mmol, 2.00 equiv.) in degassed MeCN/H2O 

(2.00 mL, 9:1 MeCN:H2O, 0.10 M) under argon was added to lactam 92a (72.7 mg, 0.20 mmol, 1.00 

equiv.) under argon via syringe. The orange solution was stirred at r.t. for 3 h (until consumption of 
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starting material was observed by TLC) and quenched with sat. aq. NaHCO3 (5 mL). Water (5 mL) and 

EtOAc (5 mL) were added and the layers separated. The aqueous layer was extracted with EtOAc (3 × 

10 mL) and the combined organic layers were washed with water (10 mL) and brine (10 mL), dried 

over Na2SO4 and concentrated in vacuo. The crude beige solid was purified by flash column 

chromatography (90% EtOAc/Hex) on silica gel to afford the title deprotected lactam 141 (35.4 mg, 

73%) as a colourless powder; m.p. 168–170 °C (CH2Cl2/Hex); νmax / cm-1: 3203 (w), 2918 (w), 1691 

(s), 1452 (m), 1231 (m); 1H NMR (500 MHz, CDCl3): δ 7.34 – 7.24 (2H, m, 2 × C12-H), 7.21 (3H, m, 

2 × C11-H, C13-H), 6.15 (1H, br. s, NH), 3.50 (1H, dd, J = 13.5, 3.5 Hz, 1 × C9-H), 3.41 (1H, ddd, J 

= 9.5, 6.0, 2.0 Hz, 1 × C1-H), 3.10 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-H), 2.94 (1H, dd, J = 13.5, 3.5 Hz, 

1 × C9-H), 2.53 (1H, dt, J = 13.0, 2.5 Hz, 1 × C3-H), 2.45 – 2.23 (4H, m, C2-H, 1 × C3-H, 1 × C5-H, 

C6-H), 2.09 – 1.91 (2H, m, 1 × C5-H, C7-H); 13C NMR (126 MHz, CDCl3): δ 208.2 (C4), 176.8 (C8), 

138.3 (C10), 130.0 (C11), 128.5 (C12), 126.4 (C13), 47.4 (C7), 46.3 (C5), 45.5 (C1), 44.4 (C3), 42.5 

(C2), 38.7 (C6), 38.2 (C9); HRMS (ESI+): Calculated for C15H18NO2: 244.1332. Found [M + H]+: 

244.1325. 

(142): (3aR*,5R*,7aR*)-5-Hydroxy-2-(3,4,5-trimethoxybenzyl)octahydro-1H-isoindol-1-one 

 

To a solution of 76j (33.3 mg, 0.10 mmol) in Et2O:MeOH (2.00 mL, 3:1) at 0 °C was added NaBH4 

(5.67 mg, 0.15 mmol) in two portions. The mixture was warmed to r.t. and stirred for 2 h (until 

consumption of the starting material, determined by TLC). Water (5 mL) was added to quench the 

reaction, the layers separated, and the aqueous portion extracted with EtOAc (3 × 5 mL). The combined 

organic portions were washed with brine (5 mL), dried over Na2SO4 and concentrated in vacuo to leave 

the crude product which was triturated with pentane to afford the title compound (22.0 mg, 66%, >20:1 

d.r.) as a colourless crystalline solid. 

The relative stereochemistry was corroborated by nOe experiments as indicated on the structure. Strong 

nOes were observed between C1-Hb and C2-H, C2-H and C4-H and C1-Ha and C7-H. 

Rf: 0.42 (2% MeOH/EtOAc); m.p. 136–139 °C (CH2Cl2/Hex); νmax / cm-1: 3391 (m), 2932 (m), 2855 

(m), 1671 (s), 1591 (s), 1419 (s), 1237 (s), 1125 (s); 1H NMR (500 MHz, CDCl3): δ 6.41 (2H, s, 2 × 

C11-H), 4.33 (2H, d, J = 8.0 Hz, C9-H2), 3.82 (9H, m, 2 × C14-H3, C15-H3), 3.69 (1H, qd, J = 11.5, 

11.0, 5.5 Hz, C4-H), 3.14 (1H, dd, J = 9.0, 6.5 Hz, 1 × C1-H), 2.94 (1H, dd, J = 9.5, 9.5 Hz, 1 × C1-
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H), 2.29 – 2.07 (3H, m, 1 × C3-H, 1 × C5-H, 1 × C6-H), 1.86 (1H, m, C7-H), 1.78 (1H, m, C2-H), 1.34 

– 1.21 (3H, m, 1 × C3-H, 1 × C5-H, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 174.8 (C8), 153.5 

(C12), 137.5 (C13), 132.6 (C10), 105.3 (C11), 70.5 (C4), 60.1 (C15) 56.3 (C14), 49.9 (C1), 47.9 (C7), 

47.0 (C9), 40.1 (C2), 37.8 (C3), 35.4 (C5), 23.6 (C6); HRMS (ESI+): Calculated for C18H26NO5: 

336.1805. Found: [M + H]+: 336.1805. 

(143): (3aR*,5R*,7aR*)-5-Hydroxy-2-(3,4,5-trimethoxybenzyl)-5-vinyloctahydro-1H-isoindol-1-

one and (3aR*,5S*,7aR*)-5-hydroxy-2-(3,4,5-trimethoxybenzyl)-5-vinyloctahydro-1H-isoindol-1-

one 

 

To a solution of 76j (33.3 mg, 0.10 mmol) in anhydrous THF (1.50 mL) at -78 °C was added vinyl 

magnesium bromide (0.15 mL, 0.15 mmol, 1 M in THF) dropwise over 2 min. The reaction was 

maintained at -78 °C for 2 h until consumption of the starting material was observed by TLC. Sat. aq. 

NH4Cl (1 mL) was added to quench the reaction and water (2 mL) was added to dilute the mixture. The 

layers were separated, and the aqueous portion extracted with EtOAc (3 × 5 mL). The combined organic 

portions were washed with water (5 mL), brine (5 mL), dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography (2% MeOH/EtOAc) afforded the title compound 143 

(20.0 mg, 55%, 7:1 d.r., A:B) as a colourless oil. 

The relative stereochemistry of A was corroborated through nOe experiments. A strong nOe was 

observed between C1-Ha and C2-H. A strong nOe was observed between C16-H and C2-H. The relative 

stereochemistry of the minor diastereomer B was assigned as the C4 epimer of A as the trans-ring 

junction between C2-H and C7-H was presumed to be retained from 76j.  

Data for both A and B: νmax / cm-1: 3409 (w), 2937 (m), 1674 (s), 1592 (s), 1418 (s), 1235 (s), 1125 

(s); HRMS (ESI+): Calculated for C20H28NO5: 362.1962. Found: [M + H]+: 362.1966. 

Data for major diastereomer A Rf: 0.36 (2% MeOH/EtOAc); 1H NMR (400 MHz, CDCl3): δ 6.43 

(2H, s, 2 × C11-H), 6.02 (1H, dd, J = 17.5, 11.0 Hz, C16-H), 5.34 (1H, d, J = 17.5, 1 × C17-H), 5.20 

(1H, d, J 11.0 Hz, 1 × C17-H), 4.34 (2H, d, J = 2.0 Hz, C9-H2), 3.83 (9H, m, 2 × C14-H3, C15-H3), 3.13 

(1H, dd, J = 9.0, 6.5 Hz, 1 × C1-H), 2.93 (1H, dd, J = 9.0, 9.0 Hz, 1 × C1-H), 2.15 (1H, dddd, J = 13.0, 

13.0, 13.0, 3.5 Hz, 1 × C6-H), 2.06 (1H, m, 1 × C5-H), 2.02 – 1.81 (3H, m, C2-H, C7-H, 1 × C3-H), 

1.66 – 1.52 (2H, m, 1 × C3-H, 1 × C5-H), 1.41 (1H, dd, J = 13.0, 3.5 Hz, C6-H); 13C NMR (101 MHz, 
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CDCl3): δ 174.8 (C8), 153.5 (C12), 142.9 (C16), 137.5 (C13), 132.6 (C10), 114.9 (C17), 105.4 (C11), 

72.8 (C4), 61.0 (C15), 56.3 (C14), 50.2 (C1), 48.3 (C7), 47.1 (C9), 41.6 (C3), 38.9 (C2), 38.4 (C5), 

23.0 (C6). 

Data for minor diastereomer B: Characteristic signals only: 1H NMR (400 MHz, CDCl3): δ 5.93 (1H, 

m, C16-H), 5.24 (1H, m, 1 × C17-H), 5.05 (1H, d, J = 10.5 Hz, 1 × C17-H), 4.38 (2H, m, C9-H2), 3.25 

(1H, m, 1 × C1-H), 3.04 (1H, m, 1 × C1-H); 13C NMR (101 MHz, CDCl3): δ 173.5 (C8), 142.9 (C16), 

47.1 (C9), 49.9 (C1). 

(144): (3aR*,7aR*)-2-Benzyl-5-methyleneoctahydro-1H-isoindol-1-one 

 

To a suspension of methyltriphenylphosphonium bromide (85.7 mg, 0.24 mmol) in anhydrous Et2O 

(1.00 mL) was added t-BuOK (26.9 mg, 0.24 mmol) in one portion. The suspension was stirred under 

N2 at r.t. for 15 min after which time a bright yellow suspension formed. The mixture was cooled to 

0 °C and ketone 67 (48.7 mg, 0.20 mmol) in anhydrous Et2O (1.00 mL) was added dropwise over 5 

min. The resulting suspension was stirred at r.t. for 16 h before being filtered through Celite®, washing 

with Et2O (10 mL). The filtrate was concentrated in vacuo and purified on silica gel (40% EtOAc/Hex) 

to afford the title compound 144 (38.4 mg, 80%) as a colourless oil; Rf: 0.70 (70% EtOAc/Hex); νmax / 

cm-1: 2934 (m), 1682 (s), 1419 (s), 1243 (s); 1H NMR (400 MHz, CDCl3): δ 7.34 – 7.19 (5H, m, 2 × 

C11-H, 2 × C12-H, C13-H), 4.72 (2H, m, C14-H2), 4.52 – 4.37 (2H, m, C9-H2), 3.15 (1H, dd, J = 9.0, 

6.5 Hz, 1 × C1-H), 2.93 (1H, dd, J = 10.0, 6.5 Hz, 1 × C1-H), 2.50 – 2.39 (2H, m, 1 × C3-H, 1 × C5-

H), 2.25 (1H, m, 1 × C6-H), 2.09 – 1.95 (3H, m, 1 × C3-H, 1 × C5-H, C7-H), 1.82 (1H, m, C2-H), 1.34 

(1H, dddd, J = 12.5, 12.5, 12.5, 4.0 Hz, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 175.2 (C8), 146.3 

(C4), 137.0 (C10), 128.8 (C12), 128.1 (C11), 127.6 (C13), 110.7 (C14), 50.4 (C1), 48.1 (C7), 46.6 (C9), 

42.8 (C2), 38.0 (C3), 34.3 (C5), 26.4 (C6); HRMS (ESI+): Calculated for C16H20NO: 242.1539. Found 

[M + H]+: 242.1536. 
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(146): (3aR*,6S*,7aR*,E)-6-Butyl-5-(hydroxyimino)-2-(3,4,5-trimethoxybenzyl)octahydro-1H-

isoindol-1-one 

 

To a resealable tube was added ketone 103a (35.0 mg, 0.09 mmol) and MeOH (0.50 mL). 

Hydroxylamine hydrochloride (8.34 mg, 0.12 mmol) and NaOAc (9.84 mg, 0.12 mmol) were added, 

the tube was sealed, and the solution was heated to 80 °C for 2 h. After this time, the solution was 

cooled to r.t. and diluted with EtOAc (5 mL). Brine (10 mL) was added and the layers separated. The 

organic portion was dried over Na2SO4, concentrated in vacuo and purified by flash column 

chromatography (60% EtOAc/Hex) on silica gel to afford the target oxime 146 (25.9 mg, 71%) as a 

colourless oil; νmax / cm-1: 3301 (s), 2928 (s), 1672 (s), 1592 (m), 1419 (m), 1237 (s), 1125 (s); 1H NMR 

(400 MHz, CDCl3): δ 6.42 (2H, s, 2 × C11-H), 4.36 (2H, d, J = 3.0 Hz, C9-H2), 3.85 – 3.79 (9H, m, 2 

× C14-H3, C15-H3), 3.63 (1H, dd, J = 13.5, 3.5 Hz, 1 × C3-H), 3.23 (1H, m, 1 × C1-H), 2.99 (1H, t, J 

= 10.0 Hz, 1 × C1-H), 2.50 (1H, ddd, J = 13.0, 5.0, 3.5 Hz, 1 × C6-H), 2.35 – 2.07 (2H, m, C5-H, C7-

H), 1.92 – 1.75 (2H, m, C2-H, 1 × C16-H), 1.65 (1H, t, J = 13.5 Hz, 1 × C3-H), 1.33 – 1.20 (6H, m, 1 

× C6-H, 1 × C16-H, C17-H2, C18-H2), 0.90 – 0.84 (3H, m, C19-H3); 13C NMR (101 MHz, CDCl3): δ 

174.3 (C8), 159.8 (C4), 153.4 (C12), 137.4 (C13), 132.3 (C10), 105.2 (C11), 60.8 (C15), 56.2 (C14), 

50.1 (C1), 47.6 (C7), 47.0 (C9), 42.3 (C5), 40.5 (C2), 31.2 (C6), 30.1 (C16), 29.1 (C17), 22.7 (C18), 

14.0 (C19); HRMS (ESI+): Calculated for C22H33N2O5: 405.2384. Found [M + H]+: 405.2373. 

(148): 2,3-Dipropylcycloprop-2-ene-1-carboxylic acid 

 

To a solution of ester 98e (700 mg, 3.57 mmol) in MeOH (20 mL) was added 4 M NaOH (10 mL). The 

solution was heated to reflux and stirred 16 h before being concentrated in vacuo. Water (25 mL) and 

Et2O (25 mL) were added and the layers separated. The organic layer was discarded, and the aqueous 

portion was acidified to pH 2 with 2 M aq. HCl and extracted with Et2O (3 × 20 mL). The combined 

organic fractions were washed with water (20 mL) and brine (20 mL), dried over Na2SO4 and 

concentrated in vacuo to leave 148 as a pale yellow oil (580 mg, 96%) which was used without further 

purification; νmax / cm-1: 2961 (m), 2902 (m), 1682 (s), 1227 (m); 1H NMR (400 MHz, CDCl3): δ 2.43 

– 2.37 (4H, m, 2 × C3-H2), 2.03 (1H, s, C5-H), 1.63 – 1.54 (4H, qd, J = 7.5, 1.5 Hz, 2 × C2-H2), 0.99 – 
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0.92 (6H, t, J = 7.5, 2 × C1-H3); 13C NMR (101 MHz, CDCl3): δ 183.8 (C6), 105.5 (C4), 26.6 (C3), 

22.1 (C5), 20.5 (C2), 14.0 (C1); HRMS (ESI+): Calculated for C10H17O2: 169.1223. Found [M + H]+: 

169.1219. 

(149): N-Allyl-N-(4-methoxybenzyl)-2,3-dipropylcycloprop-2-ene-1-carboxamide 

 

General Procedure A: Amine 78d (400 mg, 2.26 mmol) and carboxylic acid 148 (0.40 g, 2.38 mmol) 

were employed. Purification by flash column chromatography (30% EtOAc/Hex) on silica gel afforded 

the title compound 149 (670 mg, 86%, 11:9 mixture of rotamers A:B) as a colourless oil; νmax / cm-1: 

2959 (s), 2872 (s), 1634 (s), 1511 (s), 1245 (s); 1H NMR (400 MHz, CDCl3): δ 7.22 – 7.08 (2H, m, 2 × 

C6-H, A+B), 6.94 – 6.75 (2H, m, 2 × C7-H), 5.80 (1H, m, C2-H, A+B), 5.32 – 4.93 (2H, m, C1-H2), 

4.64 (0.90H, s, 0.90 × C4-H2, B), 4.52 (1.10H, s, 1.10 × C4-H2, A), 3.99 (2H, m, C3-H2, A+B), 3.91 – 

3.61 (3H, m, C9-H3, A+B), 2.58 – 2.27 (4H, m, 2 × C13-H2, A+B), 2.25 (1H, m, C11-H, A+B), 1.70 – 

1.45 (4H, m, 2 × C14-H2, A+B), 1.01 – 0.83 (6H, m, 2 × C15-H3, A+B); 13C NMR (101 MHz, CDCl3): 

δ 176.5 (C10, A+B), 158.8 (C5, A), 158.7 (C5, B), 133.8 (C2, A), 133.6 (C2, B), 130.5 (C8, A+B), 129.7 

(C6, A), 127.7 (C6, B), 117.0 (C1, B), 116.2 (C1, A), 114.0 (C7, B), 113.7 (C7, A), 105.7, (C12, A+B), 

55.3 (C9, A+B), 49.1 (C4, B), 48.3 (C3, A+B), 48.0 (C4, A), 26.7 (C13, A+B), 20.8 (C11, A+B), 20.7 

(C14, A+B), 13.9 (C15, A+B); HRMS (ESI+): Calculated for C21H29NNaO2: 350.2090. Found [M + 

Na]+: 350.2106. 

(151): N-Methoxy-N-methyl-2-phenylacetamide 

 

To a slurry of ethyl phenylacetate (2.00 g, 1.94 mL, 12.2 mmol) and Me(MeO)NH·HCl (1.84 g, 18.9 

mmol) in anhydrous THF (25 mL) at -20 °C under N2 was added i-PrMgCl (19.0 mL, 38.0 mmol, 2.0 M 

in THF,) dropwise over 15 min. The mixture was stirred for 20 min at -20 °C after which 20 wt% aq. 

NH4Cl (20 mL) was added and the layers separated. The aqueous phase was extracted with Et2O (2 × 

30 mL) and the combined organic phases were washed with brine (30 mL), dried over Na2SO4 and 

concentrated in vacuo to leave 151 as a colourless oil (1.63 g, 75%) which was used without 

purification; νmax / cm-1: 2972 (m), 1656 (s), 1454 (m), 1380 (s), 1006 (m); 1H NMR (400 MHz, CDCl3): 

7.35 – 7.14 (5H, m, C1-H, 2 × C2-H, 2 × C3-H), 3.73 (2H, s, C5-H2), 3.56 (3H, s, C8-H3), 3.15 (3H, s, 
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C7-H3); 13C NMR (101 MHz, CDCl3): 172.6 (C6), 135.1 (C4), 129.4 (C3), 128.6, 126.9 (C1, C2), 61.4 

(C8), 39.5 (C5), 32.4 (C7); HRMS (ESI+): Calculated for C10H14NO2: 180.1019. Found [M + H]+: 

180.1024. The spectroscopic properties of this compound were consistent with the data available in the 

literature.515 

(152): 1-Cyclopropyl-2-phenylethan-1-one 

 

To a stirred solution of 151 (1.00 g, 5.58 mmol) in anhydrous THF (10 mL) under N2 at 0 °C over a 

period of 15 min was added cyclopropyl magnesium bromide (6.70 mL, 6.70 mmol, 1 M in THF). The 

mixture was warmed to r.t. and stirred for 2 h. 1 M aq. HCl (25 mL) was added and the layers separated. 

The aqueous phase was extracted with EtOAc (3 × 25 mL) and the combined organic phases were 

washed with brine (25 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (5% EtOAc/Hex) on silica gel afforded the title compound 152 (320 mg, 35%) as a 

colourless oil; νmax / cm-1: 2988 (m), 2901 (m), 1693 (s), 1495 (m), 1453 (m), 1380 (s), 1067 (s); 1H 

NMR (400 MHz, CDCl3): δ 7.43 – 7.17 (5H, m, C1-H, 2 × C2-H, 2 × C3-H), 3.83 (2H, s, C5-H2), 1.97 

(1H, tt, J = 8.0, 4.5 Hz, C7-H), 1.10 – 0.99 (2H, m, 2 × C8-H), 0.90 – 0.78 (2H, m, 2 × C8-H); 13C NMR 

(101 MHz, CDCl3): δ 208.5 (C6), 134.6 (C4), 129.6 (C3), 128.8 (C2), 127.0 (C1), 50.8 (C5), 20.2 (C7), 

11.4 (C8); HRMS (ESI+): Calculated for C11H13O: 161.0961. Found [M + H]+: 161.0957. The 

spectroscopic properties of this compound were consistent with the data available in the literature.516 

(153): (E)-1-Phenylpent-3-en-2-one 

 

To a sealed tube containing [Rh(cod)2]BF4 (5.10 mg, 12.5 µmol) and PPh3 (9.80 mg, 37.5 µmol) under 

an atmosphere of argon was added ketone 152 (47.0 mg, 0.30 mmol) in anhydrous toluene (2.50 mL). 

The tube was sealed and heated to 120 °C and stirred for 4 h. The mixture was cooled to r.t. and 

concentrated in vacuo. An in situ yield (43% of 153 and 51% remaining 152) was obtained by 1H NMR 

against 1,4-dinitrobenzene as an internal standard. The crude mixture was purified by silica gel column 

chromatography (5% EtOAc/Hex) to yield the title compound (10.8 mg, 28%) as a colourless oil; 1H 

NMR (400 MHz, CDCl3): δ 7.48 – 7.06 (5H, m, C1-H, 2 × C2-H, 2 × C3-H), 6.94 (1H, dq, J = 15.5, 

7.0 Hz, C8-H), 6.17 (1H, dq, J = 15.5, 1.5 Hz, C7-H), 3.81 (2H, s, C5-H2), 1.88 (3H, dd, J = 7.0, 1.5 

Hz, C9-H3); 13C NMR (101 MHz, CDCl3): δ 197.5 (C6), 143.8 (C8), 134.7 (C4), 131.1 (C7), 129.6 
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(C3), 128.8 (C2), 127.0 (C1), 47.7 (C5), 18.5 (C9); The data obtained for this compound was consistent 

with that available in the literature.517 

(155a): Ethyl 2-benzylpent-4-enoate 

 

To a solution of i-Pr2NH (5.33 mL, 38.1 mmol) in anhydrous THF (40 mL) under N2 at 0 °C was added 

n-BuLi (25.0 mL, 35.9 mmol, 1.49 M in hexanes) dropwise over 5 min via syringe. The mixture was 

stirred at 0 °C for 15 min, cooled to -78 °C, and a solution of ethyl 3-phenylpropanoate (5.37 mL, 30.5 

mmol) in anhydrous THF (75 mL) was added dropwise. After 40 min, allyl bromide (3.95 mL, 45.7 

mmol) was added via syringe and the mixture stirred at -78 °C for 2 h. Sat. aq. NH4Cl (50 mL) was 

added and the layers separated. The aqueous phase was extracted with Et2O (2 × 50 mL) and the 

combined organic phases were washed with 1 M aq. HCl (50 mL), brine (50 mL), dried over MgSO4 

and concentrated in vacuo to leave a brown oil. Purification on silica (5% EtOAc/hexane) afforded the 

title compound 155a (5.40 g, 81%) as a colourless oil; νmax / cm-1: 3028 (m), 2980 (s), 1729 (s), 1159 

(s); 1H NMR (400 MHz, CDCl3): δ 7.35 – 7.09 (5H, m, 2 × C10-H, 2 × C11-H, C12-H), 5.75 (1H, m, 

C6-H), 5.11 – 4.91 (2H, m, C7-H2), 4.05 (2H, q, J = 7.0 Hz, C2-H2), 2.93 (1H, m, 1 × C8-H), 2.86 – 

2.63 (2H, m, C4-H, 1 × C8-H), 2.46 – 2.18 (2H, m, C5-H2), 1.13 (3H, t, J = 7.0 Hz, C1-H3); 13C NMR 

(101 MHz, CDCl3): δ 175.0 (C3), 139.3 (C9), 135.3 (C6), 129.1 (C10), 128.5 (C11), 126.5 (C12), 117.2 

(C7), 60.4 (C2), 47.4 (C4), 38.0 (C8), 36.2 (C5), 14.3 (C1); HRMS (ESI+): Calculated for C14H19O2: 

219.1380. Found [M + H]+: 219.1380. 

(156a): 2-Benzyl-N-methoxy-N-methylpent-4-enamide 

 

To a slurry of ester 155a (4.00 g, 18.3 mmol) and Me(MeO)NH·HCl (2.77 g, 28.4 mmol) in anhydrous 

THF (20 mL) at -20 °C under N2 was added i-PrMgCl (27.5 mL, 55.0 mmol, 2.0 M in THF) dropwise 

over 15 min. The mixture was stirred for 20 min at -20 °C before 20 wt.% aq. NH4Cl (20 mL) was 

added and the layers separated. The aqueous phase was extracted with Et2O (2 × 30 mL) and the 

combined organic phases were washed with brine (30 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (15% EtOAc/hexane) afforded the title compound 

156a (3.00 g, 70%) as a colourless oil; νmax / cm-1: 3675 (m), 2971 (s), 1655 (s), 1385 (s); 1H NMR (400 
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MHz, CDCl3): δ 7.29 – 7.15 (5H, m, 2 × C10-H, 2 × C11-H, C12-H), 5.76 (1H, ddt, J = 17.0, 10.0, 7.0 

Hz, C6-H), 5.19 – 4.90 (2H, m, C7-H2), 3.33 (3H, s, C2-H3), 3.20 (1H, m, C4-H), 3.09 (3H, s, C1-H3), 

2.97 (1H, m, 1 × C8-H), 2.71 (1H, 1 × C8-H), 2.44 (1H, m, 1 × C5-H), 2.24 (1H, m, 1 × C5-H); 13C 

NMR (101 MHz, CDCl3): 175.9 (C3), 140.1 (C9), 135.9 (C6), 129.3, 128.4, 126.3 (C10, C11, C12), 

116.9 (C7), 61.3 (C2), 43.3 (C4), 38.4 (C8), 36.8 (C5), 32.1 (C1); HRMS (ESI+): Calculated for 

C14H20NO2: 234.1489. Found [M + H]+: 234.1488. The spectroscopic properties of this compound were 

consistent with the data available in the literature.518 

(157a): 2-Benzyl-1-cyclopropylpent-4-en-1-one 

 

To a suspension of magnesium turnings (580 mg, 24 mmol) in anhydrous THF (5 mL) at r.t. was added 

bromocyclopropane (1.60 mL, 20.0 mmol) in anhydrous THF (10 mL) dropwise over 5 min. The 

resulting suspension was heated to reflux for 2 h before cooling to room temperature. In a separate flask 

was amide 156a in anhydrous THF (15 mL) at 0 °C, and to this solution was added the freshly prepared 

cyclopropyl magnesium bromide (8.00 mL, 16 mmol, 2 M in THF) dropwise over 15 min. The solution 

was warmed to r.t. and stirred for 4 h. Upon completion (monitored by TLC), the reaction was quenched 

with 1 M aq. HCl (20 mL) and extracted with Et2O (2 × 50 mL). The combined organic fractions were 

washed with H2O (20 mL), brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification 

by flash column chromatography (7% EtOAc/hexane) afforded the title compound 157a (1.69 g, 92%) 

as a yellow oil; νmax / cm-1: 3063 (m), 2978 (m), 2920 (m), 1693 (s), 1385 (s), 1067 (s); 1H NMR (400 

MHz, CDCl3): δ 7.38 – 7.05 (5H, m, 2 × C10-H, 2 × C11-H, C12-H), 5.75 (1H, ddt, J = 17.0, 10.0, 7.0 

Hz, C6-H), 5.11 – 4.90 (2H, m, C7-H2), 3.16 – 2.82 (2H, m, C4-H, 1 × C8-H), 2.74 (1H, dd, J = 13.5, 

6.0 Hz, 1 × C8-H), 2.42 (1H, m, 1 × C5-H), 2.26 (1H, m, 1 × C5-H), 1.83 (1H, tt, J = 8.0, 4.5 Hz, C2-

H), 0.97 – 0.87 (2H, m, 2 × C1-H), 0.80 (1H, m, 1 × C1-H), 0.73 (1H, m, 1 × C1-H); 13C NMR (101 

MHz, CDCl3): δ 213.0 (C3), 139.8 (C9), 135.6 (C6), 129.2 (C10), 128.5 (C11), 126.3 (C12), 117.1 

(C7), 54.7 (C4), 37.4 (C8), 35.7 (C5), 20.9 (C2), 11.1 (C1); HRMS (ESI+): Calculated for C15H19O: 

215.1430. Found [M + H]+: 215.1422. 
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(158a): 2-Benzylhexahydro-1H-indene-1,5(4H)-dione 

 

General Procedure C: Ketone 157a (32.1 mg, 0.15 mmol), [Rh(cod)Cl]2 (5 mol%), AsPh3 (10 mol%) 

and 1,2-DCB (0.075 M) were employed at 140 °C for 72 h. Purification by flash column 

chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 158a (6.70 mg, 18%, the 

data obtained was not of sufficient quality to determine the diastereomer ratio from the complex isolated 

mixture or crude material); The data reported is for one of the diastereomers that was isolated: νmax / 

cm-1: 2927 (m), 1710 (s), 1453 (m); 1H NMR (500 MHz, CDCl3): δ 7.29 – 7.26 (2H, m, C13-H2), 7.24 

– 7.19 (1H, m, C14-H), 7.17 – 7.14 (2H, m, C12-H2), 3.13 (1H, m, 1 × C10-H), 2.79 – 2.68 (2H, m, 

C2-H, 1 × C10-H), 2.63 (1H, m, C9-H), 2.42 – 2.32 (3H, m, 1 × C3-H, 1 × C6-H, C7-H), 2.24 – 2.17 

(2H, m, C5-H2), 2.06 (1H, m, 1 × C3-H), 1.99 (1H, m, 1 × C6-H), 1.90 – 1.83 (2H, m, C1-H2); 13C 

NMR (126 MHz, CDCl3): δ 219.3 (C8), 211.7 (C4), 139.1 (C11), 129.1 (C12), 128.7 (C13), 126.6 

(C14), 48.2 (C7), 47.2 (C9), 43.4 (C3), 37.9 (C5), 36.8 (C10), 35.5 (C2), 32.5 (C1), 22.9 (C6); HRMS 

(ESI+): Calculated for C16H18NaO2: 265.1199. Found [M + Na]+: 265.1194. 

(155b): Ethyl 2-phenylpent-4-enoate 

 

To a solution of i-Pr2NH (4.38 mL, 31.3 mmol) in anhydrous THF (38 mL) under N2 at 0 °C was added 

n-BuLi (18.6 mL, 29.6 mmol, 1.6 M in hexanes) dropwise via syringe over 5 min. The mixture was 

stirred at 0 °C for 15 min, cooled to -78 °C, and a solution of ethyl 2-phenylacetate (4.11 g, 4.00 mL, 

25.0 mmol) in anhydrous THF (75 mL) was added dropwise. After 40 min, allyl bromide (3.30 mL, 

37.5 mmol) was added via syringe and the mixture stirred at -78 °C for 2 h. Sat. aq. NH4Cl (50 mL) 

was added and the layers separated. The aqueous phase was extracted with Et2O (2 × 50 mL) and the 

combined organic phases were washed with 1 M aq. HCl (50 mL), brine (50 mL), dried over MgSO4 

and concentrated in vacuo to leave a pale-yellow oil. Purification by flash column chromatography (5% 

EtOAc/Hex) on silica gel afforded the title compound 155b (2.93 g, 58%) as a colourless oil; νmax / cm-

1: 2983 (m), 1730 (s), 1157 (s); 1H NMR (400 MHz, CDCl3): δ 7.30 – 7.13 (5H, m, 5 × Ar-CH), 5.68 

(1H, ddt, J = 17.0, 10.0, 7.0 Hz, C2-H), 5.07 – 4.93 (2H, m, C1-H), 4.15 – 3.99 (2H, m, C6-H2), 3.58 

(1H, dd, J = 8.5, 7.0 Hz, C4-H), 2.78 (1H, m, 1 × C3-H), 2.46 (1H, m, 1 × C3-H), 1.15 (3H, d, J = 7.0, 
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Hz, C7-H3); 13C NMR (101 MHz, CDCl3): δ 173.5 (C5), 138.8 (C8), 135.4 (C2), 128.7, 128.0, 127.3 

(Ar-CH) 117.0 (C1), 60.8 (C6), 51.6 (C4), 37.7 (C3), 14.2 (C7); HRMS (ESI+): Calculated for 

C13H16NaO2: 227.1043. Found [M + Na]+: 227.1039. The spectroscopic properties of this compound 

were consistent with the data available in the literature.519 

(156b): N-Methoxy-N-methyl-2-phenylpent-4-enamide 

 

To a slurry of ester 155b (2.04 g, 10.0 mmol) and Me(MeO)NH·HCl (1.51 g, 15.5 mmol) in anhydrous 

THF (20 mL) at -20 °C under N2 was added i-PrMgCl (15 mL, 30.0 mmol, 2.0 M in THF) dropwise 

over 15 min. The mixture was stirred for 20 min at -20 °C after which 20 wt% aq. NH4Cl (20 mL) was 

added and the layers separated. The aqueous phase was extracted with Et2O (2 × 30 mL) and the 

combined organic phases were washed with brine (30 mL), dried over Na2SO4 and concentrated in 

vacuo to leave 156b as a yellow oil (1.96 g, 89%) which was used without purification; νmax / cm-1: 

2937 (m), 1657 (s), 1380 (s), 1174 (m), 990 (s); 1H NMR (400 MHz, CDCl3): δ 7.40 – 7.04 (5H, m, 5 

× Ar-CH), 5.74 (1H, ddt, J = 17.0, 10.0, 7.0 Hz, C2-H), 5.10 – 4.92 (2H, m, C1-H2), 4.07 (1H, br. s, 

C4-H), 3.46 (3H, s, C6-H3), 3.15 (3H, s, C7-H3), 2.84 (1H, m, 1 × C3-H), 2.46 (1H, m, 1 × C3-H); 13C 

NMR (101 MHz, CDCl3): δ 174.3 (C5), 139.8 (C8), 136.3 (C2), 128.7, 128.3, 127.1 (3 × Ar-CH), 116.7 

(C1), 61.4 (C6), 47.8 (C4), 38.4 (C3), 32.4 (C7); HRMS (ESI+): Calculated for C13H17NNaO2: 242.1151. 

Found [M + Na]+: 242.1154. The spectroscopic properties of this compound were consistent with the 

data available in the literature.520 

(157b): 1-Cyclopropyl-2-phenylpent-4-en-1-one 

 

To a stirred solution of 156b (500 mg, 2.29 mmol) in anhydrous THF (10 mL) under N2 at 0 °C over a 

period of 15 min was added cyclopropyl magnesium bromide (10.0 mL, 10.0 mmol, 1 M in THF). The 

mixture was warmed to r.t. and stirred for 2 h. 1 M aq. HCl (25 mL) was added and the layers separated. 

The aqueous phase was extracted with EtOAc (3 × 25 mL) and the combined organic phases were 

washed with brine (25 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (5% EtOAc/Hex) on silica gel afforded the title compound 157b (305 mg, 67%) as a 



Chapter 8 – Experimental procedures 

 

281 

 

colourless oil; νmax / cm-1: 3007 (w), 1696 (s), 1379 (s), 1075 (m); 1H NMR (400 MHz, CDCl3): δ 7.47 

– 7.10 (5H, m, 2 × C9-H, 2 × C10-H, C11-H), 5.69 (1H, m, C6-H,), 5.12 – 4.77 (2H, m, C7-H2), 3.85 

(1H, t, J = 7.5 Hz, C4-H), 2.81 (1H, m, C5-H), 2.43 (1H, m, C5-H), 1.87 (1H, m, C2-H), 1.09 – 0.87 

(2H, m, 2 × C1-H), 0.85 – 0.65 (2H, m, 2 × C1-H); 13C NMR (101 MHz, CDCl3): δ 209.8 (C3), 138.8 

(C8), 136.1 (C6), 129.0, 128.7, 127.3, (C9, C10, C11), 116.6 (C7), 59.7 (C4), 36.6 (C5), 20.5 (C2), 11.4 

(C1); HRMS (ESI+): Calculated for C14H17O: 201.1274. Found [M + H]+: 201.1277. 

(186): (3aR*,7aR*)-2-(4-Methoxybenzyl)-6-(phenylselanyl)hexahydro-1H-isoindole-1,5(4H)-

dione 

 

To a solution of 76i (54.7 mg, 0.20 mmol) in anhydrous THF (4.00 mL) at -78 °C was added NaHMDS 

(0.22 mL, 0.22 mmol, 1 M in THF) dropwise over 20 min. The solution was maintained at the same 

temperature and stirred for 30 min. PhSeCl (57.5 mg, 0.30 mmol) in anhydrous THF (0.50 mL) was 

added dropwise over 10 min. The solution was warmed to r.t. and stirred overnight before being 

quenched with sat. aq. NH4Cl (5 mL) and diluted with EtOAc (5 mL). The layers were separated, and 

the aqueous portion was extracted with EtOAc (2 × 10 mL). The combined organic portions were 

washed with brine (10 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (20–50% EtOAc/Hex) on silica gel afforded the title compound 186 (30.5 mg, 36%, 

3:1 mixture of unassigned diastereomers) as a pale yellow oil. 

Data for both A and B: νmax / cm-1: 2960 (m), 1683 (s), 1511 (s), 1243 (s); HRMS (ESI+): Calculated 

for C22H23NNaO3Se: 452.0737. Found [M + Na]+: 452.0725. 

Data for major diastereomer A: 1H NMR (400 MHz, CDCl3): δ 7.54 – 7.49 (2H, m, 2 × Ar-CH), 7.33 

– 7.25 (3H, m, 3 × Ar-CH), 7.15 (2H, d, J = 8.0 Hz, 2 × C11-H), 6.86 (2H, d, J = 8.0 Hz, 2 × C12-H), 

4.45 – 4.33 (2H, m, C9-H2), 3.95 (1H, dd, J = 5.0, 1.5 Hz, C5-H), 3.79 (3H, s, C14-H3), 3.19 (1H, m, 1 

× C1-H), 3.08 – 3.02 (2H, m, 1 × C1-H, 1 × C3-H), 2.73 – 2.63 (2H, m, 1 × C6-H, C7-H), 2.41 (1H, m, 

1 × C3-H), 2.22 (1H, m, 1 × C6-H), 2.11 (1H, ddt, J = 12.5, 6.5, 3.5 Hz, C2-H); 13C NMR (101 MHz, 

CDCl3): δ 203.2 (C4), 173.3 (C8), 159.3 (C13), 135.1 (Ar-CH), 129.6 (C11), 129.5 (Ar-CH), 129.0 (Ar-

CH), 128.5 (C10), 128.0 (Ar-C), 114.1 (C12), 55.4 (C14), 49.6 (C1), 49.6 (C5), 46.3 (C9), 43.3 (C7), 

40.9 (C2), 40.3 (C3), 31.1 (C6). 

Data for minor diastereomer B: Characteristic signals only; 1H NMR (400 MHz, CDCl3): δ 4.02 (1H, 

ddd, J = 11.0, 7.0, 1.0 Hz, C5-H), 3.51 (1H, dd, J = 10.0, 10.0 Hz, 1 × C1-H), 3.16 (1H, m, 1 × C1-H), 
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3.01 (1H, m, 1 × C3-H) 2.70 – 2.61 (2H, m, 1 × C6-H, C7-H), 1.90 (1H, m, 1 × C6-H); 13C NMR (101 

MHz, CDCl3): δ 51.0 (C5), 47.0 (C1), 42.2 (C7), 35.5 (C3), 32.7 (C6). 

(187b): (3aR*,7aR*)-2-(4-Methoxybenzyl)-5-((triethylsilyl)oxy)-2,3,3a,4,7,7a-hexahydro-1H-

isoindol-1-one and (3aR*,7a*R)-2-(4-methoxybenzyl)-5-((triethylsilyl)oxy)-2,3,3a,6,7,7a-

hexahydro-1H-isoindol-1-one 

 

To a solution of 76i (54.7 mg, 0.20 mmol, 1.00 equiv.) and freshly distilled TESCl (50 μL, 0.30 mmol, 

1.50 equiv.) in anhydrous THF (4 mL, 0.05 M) at -78 °C was added NaHMDS (0.30 mL, 0.30 mmol, 

1 M in THF, 1.50 equiv.) dropwise over 15 min. The solution was stirred at -78 °C for 30 min before 

being poured onto ice-cold sat. aq. NaHCO3 (5 mL). EtOAc (5 mL) was added and the layers were 

separated. The aqueous portion was extracted with EtOAc (2 × 5 mL) and the combined organic layers 

were washed with brine (5 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash 

column chromatography (25% EtOAc/Hex) on silica gel afforded the title compound 187b (56.9 mg, 

73%, 3:1 mixture of regioisomers A:B) as a pale-yellow oil.  

Data for both A and B: νmax / cm-1: 2953 (m), 2875 (m), 1691 (s), 1512 (s), 1241 (s); HRMS (ESI+): 

Calculated for C22H34NO3Si: 388.2302. Found [M + H]+: 388.2290. 

Data for major regioisomer A: 1H NMR (400 MHz, CDCl3): δ 7.23 – 7.05 (2H, m, 2 × C11-H), 6.93 

– 6.77 (2H, m, 2 × C12-H), 4.94 (1H, dd, J = 6.0, 1.5 Hz, C5-H), 4.38 (2H, s, C9-H2), 3.78 (3H, s, C14-

H3), 3.22 (1H, m, 1 × C1-H), 2.93 (1H, m, 1 × C1-H), 2.42 (1H, m, 1 × C6-H), 2.17 – 2.02 (5H, m, C2-

H, C3-H2, 1 × C6-H, C7-H), 0.97 – 0.92 (9H, m, 3 × C16-H3), 0.68 – 0.59 (6H, m, 3 × C15-H2); 13C 

NMR (101 MHz, CDCl3): δ 174.9 (C8), 159.1 (C13), 150.5 (C4), 129.5 (C11), 128.9 (C10), 114.1 

(C12), 103.5 (C5), 55.3 (C14), 50.3 (C1), 46.0 (C9), 44.3 (C7), 37.7 (C2), 34.0 (C3), 23.5 (C6), 6.7 

(C16), 5.0 (C15). 

Data for minor regioisomer B: Characteristic signals only; 1H NMR (400 MHz, CDCl3): δ 4.88 (1H, 

s, C3-H), 3.17 (1H, ddd, J = 8.5, 6.5, 2.0 Hz, 1 × C1-H), 2.84 (1H, ddd, J = 10.5, 9.0, 1.5 Hz, 1 × C1-

H), 2.54 (1H, m, C2-H), 2.39 – 2.14 (3H, m, C5-H2, 1 × C6-H), 2.09 (1H, m, C7-H), 1.57 (1H, m, 1 × 

C6-H); 13C NMR (101 MHz, CDCl3): δ 174.7 (C8), 153.3 (C4), 102.5 (C3), 55.2 (C14), 50.0 (C1), 46.5 

(C7), 39.1 (C2), 30.5 (C5), 21.8 (C6). 
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(186): (3aR*,7aR*)-2-(4-Methoxybenzyl)-6-(phenylselanyl)hexahydro-1H-isoindole-1,5(4H)-

dione 

 

Caesium fluoride (112 mg, 0.74 mmol) was placed in a Schlenk tube under nitrogen. Silyl enol ether 

187b (57.5 mg, 0.15 mmol) in anhydrous THF (2.10 mL) was added in one portion and the solution 

was cooled to -50 °C. PhSeCl (30.6 mg, 0.16 mmol) in anhydrous THF (0.90 mL) was added dropwise 

via syringe over 10 min and the resulting solution was stirred at -50 °C for 1 h. The reaction was 

quenched by addition of sat. aq. NH4Cl (5 mL) and EtOAc (10 mL) was added. The layers were 

separated, and the aqueous portion was extracted with EtOAc (2 × 10 mL). The combined organic 

portions were washed with brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification 

by flash column chromatography (20–40% EtOAc/Hex) on silica gel afforded the title compound 186 

(33.7 mg, 53%, 3:1 mixture of unassigned diastereomers) as a pale yellow oil; νmax / cm-1: 2960 (m), 

1683 (s), 1511 (s), 1243 (s); Data reported for major diastereomer only: 1H NMR (400 MHz, CDCl3): 

δ 7.54 – 7.49 (2H, m, 2 × Ar-CH), 7.33 – 7.25 (3H, m, 3 × Ar-CH), 7.15 (2H, d, J = 8.0 Hz, 2 × C11-

H), 6.86 (2H, d, J = 8.0 Hz, 2 × C12-H), 4.45 – 4.33 (2H, m, C9-H2), 3.95 (1H, dd, J = 5.0, 1.5 Hz, C5-

H), 3.79 (3H, s, C14-H3), 3.19 (1H, m, 1 × C1-H), 3.08 – 3.02 (2H, m, 1 × C1-H, 1 × C3-H), 2.73 – 

2.63 (2H, m, 1 × C6-H, C7-H), 2.41 (1H, m, 1 × C3-H), 2.22 (1H, m, 1 × C6-H), 2.11 (1H, ddt, J = 

12.5, 6.5, 3.5 Hz, C2-H); 13C NMR (101 MHz, CDCl3): δ 203.2 (C4), 173.3 (C8), 159.3 (C13), 135.1 

(Ar-CH), 129.6 (C11), 129.5 (Ar-CH), 129.0 (Ar-CH), 128.5 (C10), 128.0 (Ar-C), 114.1 (C12), 55.4 

(C14), 49.6 (C1), 49.6 (C5), 46.3 (C9), 43.3 (C7), 40.9 (C2), 40.3 (C3), 31.1 (C6); HRMS (ESI+): 

Calculated for C22H23NNaO3Se: 452.0737. Found [M + Na]+: 452.0725. 

(187a): (3aR*,7aR*)-2-(4-Methoxybenzyl)-5-((trimethylsilyl)oxy)-2,3,3a,4,7,7a-hexahydro-1H-

isoindol-1-one and (3aR*,7aR*)-2-(4-methoxybenzyl)-5-((trimethylsilyl)oxy)-2,3,3a,6,7,7a-

hexahydro-1H-isoindol-1-one 

 

To a solution of 76i (54.7 mg, 0.20 mmol, 1.00 equiv.) and freshly distilled TMSCl (38 μL, 0.30 mmol, 

1.50 equiv.) in anhydrous THF (4 mL, 0.05 M) at -78 °C was added NaHMDS (0.30 mL, 0.30 mmol, 
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1 M in THF, 1.50 equiv.) dropwise over 15 min. The solution was stirred at -78 °C for 30 min before 

being poured onto cold sat. aq. NaHCO3 (5 mL). EtOAc (5 mL) was added and the layers were 

separated. The aqueous portion was extracted with EtOAc (2 × 5 mL) and the combined organic layers 

were washed with brine (5 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash 

column chromatography (25% EtOAc/Hex) on silica gel afforded the title compound 187a (50.5 mg, 

73%, 3:1 mixture of regioisomers A:B) as a pale yellow oil.  

Data for both A and B: νmax / cm-1: 2956 (m), 2926 (m), 1687 (s), 1512 (s), 1242 (s); HRMS (ESI+): 

Calculated for C19H28NO3Si: 346.1833. Found [M + H]+: 346.1827. 

Data for major regioisomer A: Rf: 0.50 (40% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.14 (2H, 

d, J = 9.0 Hz, 2 × C11-H), 6.84 (2H, d, J = 9.0 Hz, 2 × C12-H), 4.94 (1H, d, J = 5.5 Hz, C5-H), 4.38 

(2H, s, C9-H2), 3.78 (3H, s, C14-H3), 3.22 (1H, m, 1 × C1-H), 2.92 (1H, m, 1 × C1-H), 2.42 (1H, m, 1 

× C6-H), 2.14 – 2.02 (5H, m, C2-H, C3-H2, C7-H, ), 0.16 (9H, s, 3 × C15-H3); 13C NMR (101 MHz, 

CDCl3): δ 174.9 (C8), 159.1 (C13), 150.3 (C4), 129.5 (C11), 129.0 (C10), 114.1 (C12), 104.0 (C5), 

55.3 (C14), 50.4 (C1), 46.0 (C9), 44.3 (C7), 37.7 (C2), 34.1 (C3), 23.6 (C6), 0.4 (C15). 

Data for minor regioisomer B: Rf: 0.50 (40% EtOAc/Hex); Characteristic signals only; 1H NMR (400 

MHz, CDCl3): δ 4.88 (1H, d, J = 1.5 Hz, C3-H), 3.17 (1H, dd, J = 9.0, 6.5 Hz, 1 × C1-H), 2.85 (1H, 

dd, J = 11.0, 9.0 Hz, 1 × C1-H), 2.54 (1H, m, C2-H), 2.28 (1H, m, 1 × C6-H), 2.19 (2H, m, C5-H2), 

2.08 (1H, m, C7-H), 1.55 (1H, m, 1 × C6-H), 0.16 (9H, s, 3 × C15-H3); 13C NMR (101 MHz, CDCl3): 

δ 174.7 (C8), 153.2 (C4), 102.9 (C3), 50.1 (C1), 46.6 (C7), 39.2 (C1), 30.7 (C5), 21.9 (C6), 0.4 (C15). 

(188): (3aR*,4R*,7aR*)-2-(4-Methoxybenzyl)-4-methyl-5-((trimethylsilyl)oxy)-2,3,3a,4,7,7a-

hexahydro-1H-isoindol-1-one 

 

To a solution of 113a (71.8 mg, 0.25 mmol, 1.00 equiv.) and freshly distilled TMSCl (48 μL, 0.38 

mmol, 1.50 equiv.) in anhydrous THF (5 mL, 0.05 M) at -78 °C was added NaHMDS (0.38 mL, 0.38 

mmol, 1 M in THF, 1.50 equiv.) dropwise over 15 min. The solution was stirred at -78 °C for 30 min 

before being poured onto cold sat. aq. NaHCO3 (5 mL). EtOAc (5 mL) was added and the layers were 

separated. The aqueous portion was extracted with EtOAc (2 × 5 mL) and the combined organic layers 

were washed with brine (5 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash 

column chromatography (25% EtOAc/Hex) on silica gel afforded the title compound 188 (49.8 mg, 

55%, 20:1 mixture of regioisomers) as a pale yellow oil; νmax / cm-1: 2957 (m), 1689 (s), 1512 (s), 1246 
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(s); 1H NMR (400 MHz, CDCl3): δ 7.20 – 7.10 (2H, m, 2 × C11-H), 6.89 – 6.82 (2H, m, 2 × C12-H), 

4.88 (1H, dt, J = 5.5, 2.0 Hz, C5-H), 4.40 (2H, d, J = 6.0 Hz, C9-H2), 3.80 (3H, s, C14-H3), 3.26 (1H, 

dd, J = 9.0, 7.0 Hz, 1 × C1-H), 2.90 (1H, t, J = 9.5 Hz, 1 × C1-H), 2.41 (1H, m, 1 × C6-H), 2.26 – 2.02 

(3H, m, C3-H, C7-H, 1 × C6-H ), 1.76 (1H, ddd, J = 10.5, 8.5, 6.0 Hz, C2-H), 0.98 (3H, d, J = 7.0, C15-

H3), 0.17 (9H, s, 3 × C16-H3); 13C NMR (101 MHz, CDCl3): δ 175.3 (C8), 159.2 (C13), 154.0, 129.6 

(C11), 129.0 (C10), 114.2 (C12), 103.2 (C5), 55.4 (C14), 49.8 (C1), 46.1 (C9), 44.9 (C2), 44.1 (C7), 

38.9 (C3), 24.2 (C6), 16.0 (C15), 0.3 (C16); HRMS (ESI+): Calculated for C20H30NO3Si: 360.1989. 

Found [M + H]+: 360.1989. 

(189): (3aR*,4R*)-2-(4-Methoxybenzyl)-4-methyl-2,3,3a,6-tetrahydro-1H-isoindole-1,5(4H)-

dione 

 

To a solution of 188 (20.0 mg, 5.60 µmol) in MeCN (1.50 mL) at r.t. was added Pd(OAc)2 (12.5 mg, 

5.60 µmol). The resulting black solution was stirred at r.t. for 1 h before being filtered through a pad of 

Celite®, washing with EtOAc (5 mL). The filtrate was concentrated in vacuo and 1H NMR analysis of 

the crude reaction mixture indicated the formation of 190; Characteristic signals only; 1H NMR 

(400 MHz, CDCl3): δ 7.40 (1H, d, J = 9.5 Hz, C5-H), 7.16 (2H, d, J = 8.0 Hz, 2 × C11-H), 6.87 (2H, d, 

J = 8.0 Hz, 2 × C12-H), 6.05 (1H, dd, J = 10.0, 3.0 Hz, C6-H), 4.43 (2H, s, C9-H2), 3.79 (3H, s, C14-

H3), 3.26 (1H, dd, J = 8.0, 8.0 Hz, 1 × C1-H), 3.15 – 3.01 (2H, m, 1 × C1-H, C7-H), 2.35 (1H, dq, J = 

13.0, 6.5 Hz, C3-H), 1.14 (3H, d, J = 6.5 Hz, C15-H3); 13C NMR (101 MHz, CDCl3): δ 144.8 (C5), 

130.6 (C6), 113.9 (C12), 55.1 (C14), 48.5 (C1), 47.0 (C3, C7), 45.9 (C9), 12.2 (C15); Attempted 

purification of the residue by flash column chromatography (40–80% EtOAc/Hex) on silica gel resulted 

in isomerisation to 189 (9.80 mg, 61%) which was isolated as a pale yellow oil; νmax / cm-1: 2924 (s), 

1677 (s), 1513 (s), 1245 (s); 1H NMR (500 MHz, CDCl3): δ 7.21 (2H, d, J = 8.5 Hz, 2 × C11-H), 6.88 

(2H, d, J = 8.5 Hz, 2 × C12-H), 6.68 (dt, J = 5.0, 3.0 Hz, C6-H) 4.58 – 4.42 (2H, m, C9-H2), 3.81 (3H, 

s, C14-H3), 3.51 (1H, d, J = 10.0 Hz, 1 × C1-H), 3.13 – 3.01 (3H, m, 1 × C1-H, C5-H2), 2.82 (1H, dddd, 

J = 12.0, 8.5, 7.0, 3.0 Hz, C2-H), 2.32 (1H, dd, J = 12.0, 6.5 Hz, C3-H), 1.08 (3H, d, J = 6.5 Hz, C15-

H3); 13C NMR (126 MHz, CDCl3): δ 208.7 (C4), 166.5 (C8), 159.4 (C13), 136.0 (C7), 129.8 (C11), 

129.6 (C10), 125.3 (C6), 114.3 (C12), 55.4 (C14), 50.0 (C1), 47.3 (C3), 46.6 (C9), 39.5, 39.3 (C2, C5), 

11.5 (C15); HRMS (ESI+): Calculated for C17H20NO3: 286.1438. Found [M + H]+: 286.1435. 
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(192): (3aR*,7aR*)-2-Tosyl-5-((trimethylsilyl)oxy)-2,3,3a,4,7,7a-hexahydro-1H-isoindole and 

(3aR*,7aS*)-2-tosyl-6-((trimethylsilyl)oxy)-2,3,3a,4,5,7a-hexahydro-1H-isoindole 

 

To a solution of 191 (58.7 mg, 0.20 mmol, 1.00 equiv.) and freshly distilled TMSCl (38 μL, 0.30 mmol, 

1.50 equiv.) in anhydrous THF (4 mL, 0.05 M) at -78 °C was added NaHMDS (0.24 mL, 0.24 mmol, 

1 M in THF, 1.20 equiv.) dropwise over 15 min. The solution was stirred at -78 °C for 30 min before 

being poured onto ice-cold sat. aq. NaHCO3 (5 mL). EtOAc (5 mL) was added and the layers were 

separated. The aqueous portion was extracted with EtOAc (2 × 5 mL) and the combined organic layers 

were washed with brine (5 mL), dried over Na2SO4 and concentrated in vacuo to afford the title 

compound 192 (54.8 mg, 75%, 4:1 mixture of regioisomers A:B) as a pale yellow oil which was used 

without purification.  

Data for both A and B: νmax / cm-1: 2955 (m), 2896 (m), 1342 (m), 1157 (s); HRMS (ESI+): Calculated 

for C18H27NNaO3SSi: 388.1373. Found [M + H]+: 388.1380. 

Data for major regioisomer A only: 1H NMR (400 MHz, CDCl3): δ 7.76 – 7.62 (2H, m, 2 × C11-H), 

7.29 (2H, d, J = 8.5 Hz, 2 × C12-H), 4.79 (1H, dt, J = 8.0, 2.0 Hz, C5-H), 3.63 – 3.55 (2H, m, 1 × C1-

H, 1 × C8-H), 2.89 – 2.77 (2H, m, 1 × C1-H, 1 × C8-H), 2.41 (3H, s, C14-H3), 2.19 – 2.00 (2H, m, 1 × 

C3-H, 1 × C6-H), 1.92 – 1.67 (3H, m, 1 × C3-H, 1 × C6-H, C7-H), 1.62 (1H, m, C7-H), 0.13 (9H, s, 3 

× C9-H3); 13C NMR (126 MHz, CDCl3): δ 149.9 (C4), 143.3 (C13), 134.7 (C10), 129.8 (C12), 127.3 

(C11), 102.9 (C5), 53.1, 52.8 (C1, C8), 41.1 (C2), 40.3 (C7), 33.4 (C6), 26.3 (C3), 0.3 (C9). 

(193): (3aR*,7aR*)-2-Tosyl-1,2,3,3a,4,7a-hexahydro-5H-isoindol-5-one and 2-tosyl-1,2,3,6,7,7a-

hexahydro-5H-isoindol-5-one 

 

To a solution of Pd(OAc)2 (33.7 mg, 0.15 mmol) in MeCN (1.50 mL) at r.t. was added 192 (55.1 mg, 

0.15 mmol, 4:1 r.r.) in MeCN (1.50 mL). The resulting black solution was stirred at r.t. for 3 h before 

being filtered through a pad of Celite®, washing with EtOAc (5 mL). The filtrate was concentrated in 

vacuo and purified by flash column chromatography (20–50% EtOAc/Hex) to afford the title compound 

193 (25.7 mg, 59%, 4:1 mixture of regioisomers A:B) as a yellow crystalline solid.  
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Data for both A and B: νmax / cm-1 2924 (m), 1671 (s), 1339 (s), 1155 (s); HRMS (ESI+): Calculated 

for C17H16NO3S: 314.0845. Found [M + H]+: 3614.0841. 

Data for major regioisomer A: Rf: 0.40 (30% EtOAc/Hex); 1H NMR (400 MHz, CDCl3): δ 7.74 – 

7.69 (2H, m, 2 × C10-H), 7.36 – 7.27 (2H, m, 2 × C11-H), 6.94 (1H, d, J = 10.0, C5-H), 6.00 (1H, dd, 

J = 10.0, 3.0, 1.0 Hz, C6-H), 3.81 (1H, dd, J = 9.0, 7.5 Hz, 1 × C8-H), 3.62 (1H, dd, J = 10.0, 7.0 Hz, 

1 × C1-H), 3.11 – 2.95 (2H, m, 1 × C1-H, 1 × C8-H), 2.69 (1H, m, 1 × C3-H), 2.45 – 2.41 (4H, m, C7-

H, C13-H3), 2.17 (1H, m, 1 × C3-H), 2.04 (1H, m, C2-H); 13C NMR (101 MHz, CDCl3): δ 197.5 (C4), 

146.3 (C5), 143.9 (C12), 134.4 (C9), 131.5 (C6), 130.0 (C11), 127.4 (C10), 51.9 (C1), 50.4 (C8), 42.6 

(C2), 42.5 (C7), 41.4 (C3), 21.7 (C13).  

Data for minor regioisomer B: Rf: 0.40 (30% EtOAc/Hex); Characteristic signals only; 1H NMR (400 

MHz, CDCl3): δ 5.87 (1H, m, C3-H), 4.28 (1H, m, 1 × C1-H), 3.92 (1H, m, 1 × C8-H), 3.81 (1H, m, 1 

× C1-H), 2.85 (1H, dd, J = 10.5, 9.5 Hz, 1 × C8-H), 2.47 (1H, m, 1 × C5-H), 2.29 (1H, m, 1 × C5-H), 

2.16 – 2.10 (2H, m, 1 × C6-H, C7-H), 1.56 (1H, m, 1 × C6-H); 13C NMR (101 MHz, CDCl3): δ 208.4 

(C4), 164.0 (C2), 122.47 (C3), 53.2 (C8), 51.3 (C1), 42.9 (C7), 36.5 (C5), 26.6 (C6), 21.7 (C13). 

8.2.3 Synthesis of triarylarsine ligands 

(L3a): Tris(2-methoxyphenyl)arsane 

 

General Procedure K: 2-bromoanisole (4.18 mL, 33.5 mmol) and AsCl3 (0.84 mL, 10.0 mmol) were 

employed. Recrystallisation (EtOH) afforded the title compound L3a (2.03 g, 51%) as a colourless 

crystalline solid; m.p. 178–180 °C (MeOH); νmax / cm-1: 2831 (m), 1576 (s), 1463 (s), 1237 (s), 1019 

(s); 1H NMR (400 MHz, CDCl3): δ 7.32 (3H, ddd, J = 8.0, 7.0, 1.0 Hz, 3 × C4-H), 6.90 (3H, dd, J = 

8.0, 1.0 Hz, 3 × C3-H), 6.82 (3H, td, J = 7.5, 1.0 Hz, 3 × C5-H), 6.71 (3H, dd, J = 7.5, 1.0 Hz, 3 × C6-

H), 3.76 (9H, s, 3 × C1-H3); 13C NMR (101 MHz, CDCl3): δ 161.8 (C2), 134.3 (C6), 130.0 (C4), 127.5 

(C7), 121.4 (C5), 110.2 (C3), 55.8 (C1); HRMS (ESI+): Calculated for C21H22AsO3: 397.0779. Found 

[M + H]+: 397.0784. 
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(90b): 1-Bromo-2-isopropoxybenzene 

 

To a suspension of 2-bromophenol (7.00 mL, 60.0 mmol) and K2CO3 (20.7 g, 150 mmol) in DMF (100 

mL) was added 2-bromopropane (11.3 mL, 120 mmol) and the mixture heated to 80 °C for 18 h. The 

reaction mixture was cooled to r.t. and filtered to remove K2CO3. The filtrate was diluted with Et2O (50 

mL), washed with water (50 mL), brine (50 mL), dried over Na2SO4 and concentrated in vacuo to leave 

the title compound 90b (13.1 g, quantitative) as a colourless oil which was used without purification; 

1H NMR (400 MHz, CDCl3): δ 7.54 (1H, dd, J = 8.0, 1.5 Hz, C7-H), 7.23 (1H, m, C5-H), 6.92 (1H, dd, 

J = 8.5, 1.5 Hz, C4-H), 6.82 (1H, td, J = 7.5, 1.5 Hz, C6-H), 4.55 (1H, m, C2-H), 1.39 (6H, d, J = 6.0 

Hz, 2 × C1-H3); 13C NMR (101 MHz, CDCl3): δ 154.7 (C3), 133.6 (C7), 128.4 (C5), 122.1 (C6), 116.0 

(C4), 114.0 (C8), 72.3 (C2), 22.2 (C1). The spectroscopic properties of this compound were consistent 

with the data available in the literature.521 

(L3b): Tris(2-isopropoxyphenyl)arsane 

 

General Procedure K: Bromide 90b (5.38 g, 25.0 mmol, prepared according to a literature 

procedure521) and AsCl3 (0.63 mL, 7.46 mmol) were employed. Purification by flash column 

chromatography (10% EtOAc/hexane) afforded the title compound L3b (1.47 g, 41%) as a colourless 

crystalline solid; m.p. 70–72 °C (MeOH); νmax / cm-1: 2974 (s), 1575 (s), 1463 (s), 1438 (s), 1234 (s), 

1105 (s); 1H NMR (400 MHz, CDCl3): δ 7.24 (3H, m, 3 × C4-H), 6.96 – 6.73 (9H, m, 3 × C5-H, 3 × 

C6-H, 3 × C7-H), 4.50 (3H, m, 3 × C2-H), 1.17 (18H, d, J = 6.0 Hz, 6 × C1-H3).; 13C NMR (101 MHz, 

CDCl3): δ 160.1 (C3), 135.2 (C7), 129.7 (C8), 129.3 (C4), 120.9, 112.6 (C5), (C6), 70.6 (C2), 22.1 

(C1); HRMS (ESI+): Calculated for C27H34AsO3: 481.1718. Found [M + H]+: 481.1720. 
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(90c): 1-Bromo-2-(methoxymethyl)benzene 

 

To a suspension of NaH (2.56 g, 64.0 mmol, 60 wt% in mineral oil) in anhydrous DMF (30 mL) at 0 °C 

was added 2-bromobenzyl alcohol (6.00 g, 32.0 mmol) in anhydrous DMF (10 mL). The mixture was 

stirred at 0 °C for 1 h before MeI (5.00 mL, 80.0 mmol) was added dropwise via syringe over 5 min. 

The resulting mixture was stirred at r.t. for 4 h, quenched with sat. aq. NH4Cl (50 mL) and extracted 

with Et2O (2 × 50 mL). The combined organic fractions were washed with water (25 mL), brine (25 

mL) dried over Na2SO4 and concentrated in vacuo. Flash column chromatography (5% EtOAc/hexane) 

afforded the title compound 90c (5.42 g, 84%) as a pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 7.54 

(1H, dd, J = 8.0, 1.0 Hz, C4-H), 7.46 (1H, dd, J = 8.0, 2.0 Hz, C7-H), 7.32 (1H, td, J = 7.5, 1.0 Hz, C5-

H), 7.15 (1H, td, J = 7.5, 2.0 Hz, C6-H), 4.53 (2H, s, C2-H2), 3.47 (3H, s, C1-H3); 13C NMR (101 MHz, 

CDCl3): δ 137.5 (C3), 132.5 (C4), 128.9 (two signals, C6, C7), 127.4 (C5), 122.7 (C8), 73.9 (C2), 58.6 

(C1). The spectroscopic properties of this compound were consistent with the data available in the 

literature.522 

(L3c): Tris(2-(methoxymethyl)phenyl)arsane 

 

Modified General Procedure K: Bromide 90c (3.02 g, 15.0 mmol, prepared according to a literature 

procedure523) and AsCl3 (0.38 mL, 4.48 mmol) were employed. After addition of AsCl3 the reaction 

was heated to 40 °C and stirred for 16 h. Purification by flash column chromatography (15% 

EtOAc/Hex) on silica gel to afford the title compound L3c (926 mg, 45%) as a colourless crystalline 

solid; Rf: 0.45 (15% EtOAc/Hex); m.p. 82–85 °C (CH2Cl2/Hex); νmax / cm-1: 2923 (m), 2820 (m), 1378 

(s), 1193 (s), 1101 (s); 1H NMR (400 MHz, CDCl3): δ 7.48 – 7.43 (3H, m, 3 × C3-H), 7.35 – 7.31 (3H, 

m, 3 × C5-H), 7.15 (3H, td, J = 7.5, 1.5 Hz, 3 × C4-H), 6.91 (3H, dd, J = 7.5, 1.5 Hz, 3 × C6-H), 4.59 

(6H, s, 3 × C7-H2), 3.22 (9H, s, 3 × C8-H3); 13C NMR (101 MHz, CDCl3): δ 142.4 (C1), 138.0 (C2), 

134.4 (C6), 128.7 (C5), 128.2, 128.1 (C3, C4), 74.0 (C7), 58.0 (C8); HRMS (ESI+): Calculated for 

C24H28AsO3: 439.1249. Found [M + H]+: 439.1248. 
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(L3d): Tris(4-fluoro-2-methoxyphenyl)arsane 

 

General Procedure K: Bromide 90d (2.26 g, 11.0 mmol) and AsCl3 (0.28 mL, 3.28 mmol) were 

employed. Purification by flash column chromatography (10% EtOAc/Hex) afforded the title 

compound L3d (730 mg, 47%) as a colourless crystalline solid; m.p. 159–160 °C (MeOH); νmax / cm-1: 

2941 (m), 2831 (m), 1594 (s), 1581 (s), 1461 (s), 1296 (s), 1279 (s); 1H NMR (400 MHz, CDCl3): δ 

6.67 – 6.58 (6H, m, 3 × C3-H, 3 × C6-H), 6.55 (3H, td, J = 8.5, 2.5 Hz, 3 × C5-H), 3.75 (9H, s, 3 × C1-

H3); 13C NMR (101 MHz, CDCl3): δ 164.9 (d, 1JC-F = 246.0 Hz, C4), 162.7 (d, 3JC-F = 9.5 Hz, C2), 135.0 

(d 3JC-F = 9.5 Hz, C6), 121.7 (d, 4JC-F = 3.0 Hz, C7), 108.0 (d, 2JC-F = 20.4 Hz, C5), 98.9 (d, 2JC-F = 25.5 

Hz, C3), 56.0 (C1); 19F (377 MHz, CDCl3): -110.9 (3F, s, C4-F); HRMS (ESI+): Calculated for 

C21H19AsF3O3: 451.0497. Found [M + H]+: 451.0491. 

(L3e): Tris(2,4-dimethoxyphenyl)arsane 

 

Modified General Procedure K: Bromide 90e (4.68 mL, 32.5 mmol) and AsCl3 (0.84 mL, 10.0 mmol) 

were employed. The reaction was heated to 40 °C after addition of AsCl3 and stirred for 16 h. 

Recrystallisation (MeOH) to afford the title compound L3e (110 mg, 2%) as an off-white crystalline 

solid; m.p. 200–202 °C (MeOH); νmax / cm-1: 3002 (m), 2831 (m), 1573 (s), 1459 (s), 1300 (s), 1244 (s), 

1205 (s), 1155 (s); 1H NMR (400 MHz, CDCl3): δ 6.60 (3H, d, J = 8.5 Hz, 3 × C2-H), 6.47 (3H, d, J = 

2.5 Hz, 3 × C5-H), 6.38 (3H, dd, J = 8.5, 2.5 Hz, 3 × C3-H), 3.80 – 3.70 (18H, m, 3 × C7-H3 and 3 × 

C8-H3); 13C NMR (101 MHz, CDCl3): δ 162.8, 161.8 (C4, C6), 134.9 (C2), 118.8 (C1), 105.5 (C3), 

98.2 (C5), 55.9, 55.4 (C7, C8); HRMS (ESI+): Calculated for C24H28AsO6: 487.1096. Found [M + H]+: 

487.1106. 
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(L3f): Tris(2-(methylthio)phenyl)arsane 

 

General Procedure K: Bromide 90f (2.67 mL, 20.0 mmol) and AsCl3 (0.50 mL, 5.97 mmol) were 

employed. Recrystallisation (MeOH) afforded the title compound L3f (870 mg, 33%) as a colourless 

crystalline solid; m.p. 167–170 °C (MeOH); νmax / cm-1: 3046 (w), 2915 (w), 1567 (m), 1426 (s), 1095 

(s); 1H NMR (400 MHz, CDCl3): δ 7.40 (1H, dd, J = 8.0, 1.5 Hz, C6-H), 7.32 (1H, td, J = 8.0, 1.5 Hz, 

C5-H), 7.06 (1H, td, J = 8.0, 1.5 Hz, C4-H), 6.77 (1H, dd, J = 8.0, 1.5 Hz, C3-H), 2.45 (3H, s, C1-H3); 

13C NMR (101 MHz, CDCl3): δ 143.8 (C2), 141.0 (C7), 134.0 (C3), 129.5 (C5), 128.6 (C6), 126.5 (C4), 

18.4 (C1); HRMS (ESI+): Calculated for C21H21AsNaS3: 466.9914. Found [M + Na]+: 466.9911. 

(L3g): Tri-o-tolylarsane 

 

General Procedure K: Bromide 90g (1.01 mL, 8.40 mmol) and AsCl3 (0.21 mL, 2.51 mmol) were 

employed. Purification by flash column chromatography (2% EtOAc/Hex) afforded the title compound 

L3g (700 mg, 80%) as a colourless crystalline solid; m.p. 103–105 °C (MeOH); νmax / cm-1: 2971 (m), 

1465 (s), 1448 (s), 1378 (m), 1034 (m); 1H NMR (400 MHz, CDCl3): δ 7.28 – 7.22 (6H, m, 3 × C4-H, 

3 × C5-H), 7.06 (3H, tdd, J = 7.5, 2.5, 1.0 Hz, 3 × C3-H), 6.79 (3H, dd, J = 7.5, 1.0 Hz, 3 × C2-H), 2.42 

(9H, s, 3 × C7-H3); 13C NMR (101 MHz, CDCl3): δ 142.7 (C1), 137.6 (C6), 133.5 (C2), 130.1 (C5), 

128.8 (C4), 126.5 (C3), 22.2 (C7); HRMS (ESI+): Calculated for C21H22As: 349.0932. Found [M + H]+: 

349.0934. 
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(L3h): Tris(2-(trifluoromethyl)phenyl)arsane 

 

General Procedure K: Bromide 90h (2.28 mL, 16.8 mmol) and AsCl3 (0.42 mL, 5.01 mmol) were 

employed. Purification by flash column chromatography (Hex–2% EtOAc/Hex) afforded the title 

compound L3h (540 mg, 21%) as a colourless crystalline solid; m.p. 197–200 °C (MeOH); νmax / cm-1: 

2988 (m), 1440 (m), 1309 (s), 1127 (s), 1102 (s); 1H NMR (400 MHz, C6D6): δ 7.94 (3H, dd, J = 7.5, 

1.5 Hz, 3 × C2-H), 7.28 (3H, dd, J = 7.5, 1.5 Hz, 3 × C5-H), 6.84 (3H, td, J = 7.5, 1.5 Hz, 3 × C3-H), 

6.72 (3H, td, J = 7.5, 1.5 Hz, 3 × C4-H); 13C NMR (101 MHz, C6D6): δ 138.0 (C2), 135.5 (C1), 134.3 

(q, J = 33.0 Hz, C6) 131.8 (C3), 129.3 (C4), 127.0 (C5), 124.9 (q, J = 277.8 Hz, C7); 19F NMR (377 

MHz, CDCl3): δ -57.4; HRMS (ESI+): Calculated for C21H13AsF9: 511.0084. Found [M + H]+: 

511.0068. 

(90i): 4-Bromobenzo[d][1,3]dioxole 

 

To a suspension of Cs2O3 (6.45 g, 19.8 mmol) in DMF (30 mL) was added a solution of 91 (2.50 g, 

13.2 mmol) in DMF (10 mL). Diiodomethane (1.60 mL, 19.8 mmol) was then added via syringe and 

the brown suspension was heated to 120 °C for 16 h. The mixture was cooled to r.t. and water (50 mL) 

was added and the layers separated. The aqueous portion was extracted with EtOAc (3 × 50 mL) and 

the combined organic layers washed with water (100 mL), brine (100 mL), dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography (3% EtOAc/petrol) on silica gel 

afforded the title compound 90i (1.40 g, 53%) as a colourless oil; νmax / cm-1: 2896 (m), 1613 (m), 1446 

(s), 1246 (s); 1H NMR (400 MHz, CDCl3): δ 6.96 (1H, dd, J = 8.0 Hz, 1.5 Hz, C2-H), 6.82 – 6.66 (2H, 

m, C3-H, C4-H), 6.02 (2H, s, C7-H2); 13C NMR (101 MHz, CDCl3): δ 148.1 (C7), 145.9 (C6), 125.1 

(C2), 122.9 (C4), 107.8 (C3), 101.2 (C7), 101.1 (C1); The spectroscopic properties of this compound 

were consistent with the data available in the literature.524 
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(L3i): Tris(benzo[d][1,3]dioxol-4-yl)arsane 

 

General Procedure K: Bromide 90i (1.25 g, 6.21 mmol, prepared according to a literature 

procedure524) and AsCl3 (0.16 mL, 1.85 mmol) were employed. Purification by flash column 

chromatography (10% EtOAc/petrol) on silica gel afforded the title compound L3i (560 mg, 63%) as a 

colourless crystalline solid; m.p. 141–142 °C (CH2Cl2/Hex); νmax / cm-1: 2896 (m), 1584 (m), 1431 (s), 

1245 (s), 1191 (s), 1048 (s); 1H NMR (400 MHz, CDCl3): δ 6.83 (3H, dt, J = 7.5, 1.0 Hz, 3 × C4-H), 

6.77 (3H, td, J = 7.5, 1.0 Hz, 3 × C3-H), 6.50 (3H, dt, J = 7.5, 1.0 Hz, 3 × C2-H), 5.92 (6H, s, 3 × C7-

H2); 13C NMR (101 MHz, CDCl3): δ 150.5 (C6), 146.7 (C5), 126.2 (C2), 122.3 (C3), 115.5 (C1), 109.3 

(C4), 100.9 (C7); HRMS (ESI+): Calculated for C21H16AsO6: 439.0157. Found [M + H]+: 439.0158. 

(L3j): Tris(2,6-dimethoxyphenyl)arsane 

 

To a solution of 1,3-dimethoxybenzene (5.24 mL, 40.0 mmol) in anhydrous THF (15 mL) at 0 °C was 

added n-BuLi (15.0 mL, 35.0 mmol, 2.32 M in hexanes) dropwise over 20 min. The yellow suspension 

was warmed to r.t. and stirred for 30 min. Freshly distilled AsCl3 (0.83 mL, 10.0 mmol) in anhydrous 

THF (10 mL) was added dropwise over 20 min being careful to control the exotherm. The resulting 

yellow suspension was stirred at r.t. for 16 h before water (20 mL) was added to quench the reaction. 

The layers were separated, and the aqueous phase was extracted with Et2O (20 mL). The combined 

organic layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by 

flash column chromatography (20% EtOAc/Petrol) on silica gel afforded the title compound L3j (2.38 

g, 49%) as a colourless crystalline solid; m.p. 162–163 °C (CH2Cl2/Hex); νmax / cm-1: 2934 (m), 2828 

(m), 1580 (s), 1461 (s), 1236 (s), 1236 (s), 1099 (s); 1H NMR (400 MHz, CDCl3): δ 7.12 (3H, t, J = 8.0 

Hz, 3 × C4-H), 6.44 (6H, d, J = 8.0 Hz, 6 × C3-H), 3.47 (18H, s, 6 × C5-H3); 13C NMR (101 MHz, 

CDCl3): δ 162.7 (C2), 128.4 (C4), 119.5 (C1), 104.3 (C3), 56.0 (C5); HRMS (ESI+): Calculated for 

C24H28AsO6: 487.1096. Found [M + H]+: 487.1099. 
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(L3k): Tris(2,3-dimethoxyphenyl)arsane 

 

To a solution of 1,2-dimethoxybenzene (5.10 mL, 40.0 mmol) in anhydrous THF (15 mL) at 0 °C was 

added n-BuLi (15.9 mL, 35.0 mmol, 2.2 M in hexanes) dropwise over 20 min. The yellow suspension 

was warmed to r.t. and stirred for 30 min. Freshly distilled AsCl3 (0.83 mL, 10.0 mmol) in anhydrous 

THF (10 mL) was added dropwise over 20 min taking care to control the exotherm. The resulting white 

suspension was stirred at r.t. for 16 h before water (20 mL) was added to quench the reaction. The layers 

were separated, and the aqueous phase was extracted with Et2O (20 mL). The combined organic layers 

were washed with brine, dried over Na2SO4 and concentrated in vacuo to leave a viscous, colourless 

oil. Purification by flash column chromatography (20% EtOAc/Petrol) on silica gel afforded the title 

compound L3k (1.35 g, 28%) as a colourless powder; Rf: 0.25 (20% EtOAc/Petrol); m.p. 140–143 °C 

(CH2Cl2/Hex); νmax / cm-1: 2938 (m), 2834 (m), 1578 (m), 1464 (s), 1259 (s), 1002 (s); 1H NMR (400 

MHz, CDCl3): δ 6.98 – 6.82 (6H, m, 3 × C5-H, 3 × C6-H), 6.40 (3H, dd, J = 7.0, 2.0 Hz, 3 × C4-H), 

3.86 (9H, s, 3 × C7-H3), 3.79 (9H, s, 3 × C8-H3); 13C NMR (101 MHz, CDCl3): δ 152.1 (C2), 151.3 

(C3), 134.0 (C1), 126.1 (C4), 124.5 (C6), 113.1 (C5), 60.7 (C8), 55.7 (C7); HRMS (ESI+): Calculated 

for C24H28AsO6: 487.1096. Found [M + H]+: 487.1096. 

4,4',4''-Arsanetriyltribenzonitrile 

 

4-iodobenzonitrile (4.85 g, 21.2 mmol) was added to a 3-necked flask equipped with a thermometer and 

subaseal. The system was purged with nitrogen before the addition of anhydrous THF (20 mL). The 

suspension was cooled to between -30 °C before the addition of i-PrMgCl (11.1 mL, 22.2 mmol, 2 M 

in THF) dropwise via syringe over 20 min. The resulting dark brown cloudy solution was stirred at -

30 °C for 40 min, before the addition of AsCl3 (0.59 mL, 7.05 mmol) dropwise over 5 min. The reaction 

was warmed to r.t., stirred for 16 h and filtered through a short plug of Celite®, washing with MeOH. 

The filtrate was concentrated in vacuo to leave a sparingly soluble pale brown solid. Recrystallisation 

(MeOH) afforded the title compound (1.10 g, 41%) as a pale brown crystalline solid; m.p. 201–202 °C 
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(MeOH); νmax / cm-1 : 2227 (m), 1587 (w), 1487 (m), 1015 (m), 828 (s); 1H NMR (400 MHz, CDCl3): 

7.66 (6H, d, J = 8.5 Hz, 6 × C3-H), 7.40 (6H, d, J = 8.5 Hz, 6 × C2-H); 13C NMR (101 MHz, CDCl3): 

δ 144.0 (C1), 134.3 (C3), 132.6 (C2), 118.2 (C5), 113.7 (C4); HRMS (ESI+): Calculated for 

C21H12AsN3Na: 404.0139. Found [M + Na]+: 404.0141. 

Tris(2-furyl)arsane 

 

To a flame-dried 2-necked flask under N2 was added furan (3.40 g, 3.64 mL, 50.0 mmol) and anhydrous 

THF (15 mL). The solution was cooled to 0 °C and n-BuLi (26.3 mL, 42.0 mmol, 1.6 M in hexanes) 

was added dropwise via syringe over 20 min. The mixture was warmed to r.t., stirred for 1 h, cooled to 

0 °C and AsCl3 (0.84 mL, 10.0 mmol) in THF (10 mL) was added dropwise over 20 min. The brown 

suspension was warmed to r.t., stirred for 16 h and quenched with sat. aq. NH4Cl (10 mL). The aqueous 

layer was separated and extracted with Et2O (2 × 50 mL). The combined organics were washed with 

H2O (50 mL), brine (50 mL), dried over Na2SO4 and concentrated in vacuo to leave a brown oil. The 

crude residue was purified by flash column chromatography (2% EtOAc/Hex) to yield the title 

compound as a pale yellow oil which was crystallised at -78 °C to afford the title compound (600 mg, 

22%) as a low-melting colourless crystalline solid; Rf = 0.70 (5% EtOAc/Hex); νmax / cm-1: 2924 (w), 

1452 (m), 1207 (m), 1149 (m), 1001 (s); 1H NMR (400 MHz, CDCl3): 7.65 (3H, dd, J = 2.0, 1.0 Hz, 3 

× C4-H), 6.66 (3H, dd, J = 3.5, 1.0 Hz, 3 × C2-H), 6.43 (3H, dd, J = 3.5, 1.0 Hz, 3 × C3-H); 13C NMR 

(101 MHz, CDCl3): 150.7 (C1), 147.2 (C4), 119.6 (C2), 110.8 (C3); HRMS (ESI+): Calculated for 

C12H9AsNaO3: 298.9660. Found [M + Na]+: 298.9659. 

8.2.4 Supporting information for structural assignment of minor diastereomers and 

regioisomers from the (3+1+2) cycloaddition of substituted cyclopropanes 
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A and C are the major products from cyclisation of trans and cis-disubstituted cyclopropanes, 

respectively. The relative stereochemistry of these has been corroborated through nOe experiments or 

X-ray crystallography. 

B is the minor regioisomer from cyclisation of a trans-disubstituted cyclopropane, and it is formed as a 

single diastereomer, so we can presume that there is no epimerization of the C5 stereocentre, otherwise 

we would expect a mixture.  

D is the minor regioisomer from cyclisation of a cis-disubstituted cyclopropane. The regiochemistry 

was assigned through HSQC and HMBC analysis (HMBC observed from C6 to C4 and C5 to C4, see 

data for this specific compound for more details). The relative stereochemistry was tentatively assigned 

through analysis of the 13C NMR chemical shifts of the C2, C6 and C7 stereocentres to compound A. 

The ring junction was assigned as trans through analysis of the chemical shifts of C2 and C7, and D 

was assigned as the C6 epimer of A through comparison of C6 (38.0 ppm vs. 33.5 ppm). 

E was assigned as the C7 epimer of C. COSY, HSQC and HMBC analysis allowed confirmation of the 

regiochemistry (see the data for this specific compound for details). The cis ring junction was tentatively 

assigned through comparison of the chemical shifts of compound F, to which a close match is seen.  

 

13C (ppm) E F 

C2 33.1 30.7 

C7 40.8 40.5 

 

  

13C (ppm) A B C D E 

C2 40.2 41.5 41.3 41.4 33.1 

C7 49.7 47.1 47.1 50.7 40.8 

C5 47.0 49.8 46.9 45.0 46.7 

C6 38.0 30.9 30.7 33.5 30.8 
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8.3 Experimental procedures for compounds in Chapter 4 

8.3.1 General procedures for compounds in Chapter 4 

General Procedure L: Suzuki cross-coupling to functionalise SPINOLs 

A Schlenk tube was charged with the appropriate menthyl protected SPINOL derivative (100 mol%), 

Pd(PPh3)4 (6 mol%), aryl boronic acid (350 mol%) and Na2CO3 (400 mol%). The tube was evacuated 

and refilled with nitrogen before degassed DME/H2O/EtOH (0.13 M, 3:1:1) was added via syringe. The 

tube was sealed and heated to 100 °C for 16 h before being cooled to r.t. and quenched with 1 M aq. 

HCl (10 mL/mmol). The aqueous portion was extracted with CH2Cl2 (2 × 10 mL/mmol) and the 

combined organic portions were washed with brine (1 × 10 mL/mmol), dried over Na2SO4 and 

concentrated in vacuo. The crude material was dissolved in THF/H2O/EtOH (1:1:1) and KOH (1800 

mol%) was added. The suspension was heated to 90 °C and stirred for 1 h before removing solvents in 

vacuo. Water (10 mL/mmol) was added and the aqueous portion was acidified to pH 1 by addition of 2 

M aq. HCl. The aqueous portion was extracted with Et2O (2 × 10 mL/mmol), and the combined organic 

portions were washed with brine (1 × 10 mL/mmol), dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography under the conditions noted afforded the desired C4-

substituted SPINOLs. 

General Procedure M: Synthesis of bisphosphonite ligands 

To a flame-dried Schlenk tube was added the appropriate SPINOL derivative (200 mol%), 

1,1-bis(dichlorophosphino)ferrocene 241 (100 mol%) and DMAP (20 mol%). The tube was evacuated 

and refilled with nitrogen and THF/CH2Cl2 (0.04 M, 2:1) was added. The solution was cooled to at 0 °C 

and Et3N (480 mol%) was added dropwise via syringe. The suspension was warmed to r.t. and stirred 

for 16 h before being filtered through a pad of Celite®, washing with Et2O. The filtrate was concentrated 

in vacuo and the crude mixture was purified by flash column chromatography under the conditions 

noted to afford the desired bisphosphonite ligands. 

General Procedure N: Enantioselective hydroarylation of alkenes with furan derivatives 

A flame-dried resealable Schlenk tube, fitted with a magnetic stirrer, was charged with furan derivative 

(0.10 mmol, 100 mol%), [Ir(cod)2]BARF (5 mol%), and the appropriate SPINOL ligand (5 mol%). The 

tube was fitted with a rubber septum and purged with nitrogen. 1,2-DCB (0.5 M) was added, followed 

by alkene derivative (400 mol%) and the rubber septum was replaced with a Young’s tap. The reaction 

was transferred to a pre-heated heating block at 90 °C and stirred for 48 h, before being cooled to r.t. 

and concentrated in vacuo. Purification by flash column chromatography under the conditions noted 

afforded the target compounds. 

  



Chapter 8 – Experimental procedures 

 

298 

 

General Procedure O: Enantioselective hydroarylation of styrene with pyrrole derivatives 

A flame-dried resealable Schlenk tube, fitted with a magnetic stirrer, was charged with pyrrole 

derivative (0.10 mmol, 100 mol%), [Ir(cod)2]OTf (7.5 mol%) and the appropriate SPINOL ligand (7.5 

mol%). The tube was fitted with a rubber septum and purged with nitrogen. MeCN (1.5 M) was added, 

followed by styrene (450 mol%) and the rubber septum was replaced with a Young’s tap. The reaction 

was transferred to a pre-heated heating block at 130 °C and stirred for 48 h, before being cooled to r.t. 

and concentrated in vacuo. Purification by flash column chromatography under the conditions noted 

afforded the target compounds. 

General Procedure P: Rhodium-catalysed enantioselective conjugate addition 

A two-necked flask was charged with the appropriate enone (100 mol%), [RhL10Cl]2 (1–3 mol%), aryl 

boronic acid (300 mol%) and KOH (where specified). The flask was evacuated and refilled with 

nitrogen before PhMe/H2O (0.05 M, 2:1) was added. The reaction was heated to the specified 

temperature for 24 h, before being cooled to r.t. and water (10 mL/mmol) and EtOAc (20 mL/mmol) 

were. The layers were separated, and the aqueous portion extracted with EtOAc (2 × 10 mL/mmol). 

The combined organic portions were washed with water (20 mL/mmol), brine (20 mL/mmol), dried 

over Na2SO4 and concentrated in vacuo. Filtration through a pad of silica gel, eluting with EtOAc, or 

purification by flash column chromatography under the conditions noted afforded the target ketones. 

General Procedure Q: Spirocyclisation of ketones 

A Schlenk tube was charged with the appropriate ketone (100 mol%) and the tube was evacuated and 

refilled with nitrogen. Anhydrous PhMe (~0.20 M as specified) was added and the tube was sealed and 

heated to the specified temperature for the specified time. Following this, the reaction was cooled to r.t. 

and quenched with water (10 mL/mmol). The aqueous portion was extracted with EtOAc (2 × 10 

mL/mmol) and the combined organic portions were washed with water (10 mL/mmol), brine (10 

mL/mmol), dried over Na2SO4 and concentrated in vacuo. Purification of the residue by flash column 

chromatography under the conditions noted afforded the desired SPINOLs. 
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8.3.2 Synthesis of substrates, ligands, and catalytic protocols 

(230): N,N-diisopropylfuran-3-carboxamide 

 

To a solution of furan-3-carboxylic acid (874 mg, 7.80 mmol) in CH2Cl2 (15 mL) under nitrogen at 

0 °C was added DMF (2 drops). Oxalyl chloride (0.74 mL, 8.74 mmol) was added dropwise via syringe 

over 5 min and the resulting solution was stirred for 2 h at 0 °C. The solvent was removed in vacuo and 

the residue was dissolved in CH2Cl2 (15 mL), cooled to 0 °C and diisopropylamine (2.19 mL, 15.6 

mmol) was added dropwise over 5 min. The solution was warmed to r.t. and stirred for 16 h. The 

reaction was quenched with 1 M aq. HCl (20 mL) and extracted with CH2Cl2 (2 × 30 mL). The combined 

organic extracts were washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography (10% EtOAc/Hex) on silica gel afforded the title 

compound 230 (1.21 g, 79%) as a low-melting colourless solid. 1H NMR (400 MHz, CDCl3): δ 7.62 

(1H, m, C7-H), 7.37 (1H, m, C6-H), 6.50 (1H, m, C5-H), 4.35 – 3.33 (2H, m, 2 × C2-H), 1.36 – 1.32 

(12H, m, 4 × C1-H3); 13C NMR (101 MHz, CDCl3): δ 164.4 (C3), 142.7 (C6), 142.1 (C7), 123.5 (C4), 

109.9 (C5), 47.5 (C2), 21.0 (C1). The spectroscopic properties of this compound were consistent with 

the data available in the literature.525  

(231a): N,N-diisopropyl-2-(1-phenylethyl)furan-3-carboxamide 

 

General Procedure N: The reaction was carried out with furan 230, (S)-L9d (R = C6F5) and styrene 

(400 mol%). Purification by flash column chromatography (12% EtOAc/Hex) on silica gel afforded the 

title compound 231a (28.7 mg, 96%, 5.5:94.5 e.r.) as a colourless oil. [α]D
22 -6.1 (c = 0.20, CHCl3); νmax 

/ cm-1: 2270 (m), 1939 (m) 1623 (s), 1440 (s); 1H NMR (400 MHz, CDCl3): δ 7.28 – 7.26 (4H, m, C11-

H, C12-H), 7.25 (1H, d, J = 2.0 Hz, C6-H), 7.17 (1H, m, C13-H), 6.24 (1H, d, J = 2.0 Hz, C5-H), 4.40 

(1H, q, J = 7.5 Hz, C8-H), 4.04 – 3.73 (1H, m, C2-H), 3.62 – 3.19 (1H, m, C2-H), 1.64 (3H, d, J = 7.5 

Hz, C9-H3), 1.55 – 1.31 (6H, m, 2 × C1-H3), 1.20 – 0.75 (6H, m, 2 × C1-H3); 13C NMR (101 MHz, 
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CDCl3): δ 165.7 (C3), 157.1 (C7), 144.2 (C10), 140.3 (C6), 128.6 (C12), 127.5 (C11), 126.5 (C13), 

117.8 (C4), 109.3 (C5), 46.0 (C2), 38.0 (C8), 20.7 (C1), 19.5 (C9); HRMS (ESI+): Calculated for 

C19H26NO2: 300.1958. Found [M + H]+: 300.1957. 

SFC conditions: DAICEL CHIRALPAK-IE (25 cm), CO2:MeOH 92.5:7.5, 2 mL/min, 140 bar, 60 °C. 

Retention times: 7.1 min (minor), 7.7 min (major). 

(231b): N,N-diisopropyl-2-(4-methylpentan-2-yl)furan-3-carboxamide 

 

General Procedure N: The reaction was carried out with furan 230, (R)-L9i (R = C6(Me)5) and 4-

methylpent-1-ene. Purification by flash column chromatography (7.5% EtOAc/Hex) on silica gel 

afforded the title compound 231b (23.5 mg, 96%, 83.5:16.5 e.r.) as a colourless oil. [α]D
22 -22.5 (c = 

0.20, CHCl3); νmax / cm-1: 2950 (m), 2931 (m) 1623 (s), 1438 (s); 1H NMR (400 MHz, CDCl3): δ 7.22 

(1H, d, J = 2.0 Hz, C6-H), 6.22 (1H, d, J = 2.0 Hz, C5-H), 4.25 – 3.29 (2H, m, 2 × C2-H), 3.20 – 3.05 

(1H, m, C8-H), 1.73 – 1.57 (2H, m, C10-H2), 1.57 – 0.98 (13H m, 4 × C1-H3, C11-H), 1.23 (3H, d, J = 

7.0 Hz, C9-H3), 0.86 (3H, d, J = 6.5 Hz, 1 × C12-H3), 0.82 (3H, d, J = 6.5 Hz, 1 × C12-H3); 13C NMR 

(101 MHz, CDCl3): δ 165.9 (C3), 159.3 (C7), 139.8 (C6), 117.4 (C4), 109.0 (C5), 45.0 (C10), 30.3 

(C8), 26.1 (C11), 23.0 (C12), 22.6 (C12), 21.0 (C1), 19.8 (C9), a signal corresponding to C2 was not 

observed; HRMS (ESI+): Calculated for C17H29NO2Na: 302.2091. Found [M + Na]+: 302.2094. The 

spectroscopic data for this compound was obtained by Phillippa Cooper.309 

SFC conditions: DAICEL CHIRALPAK-IE (25 cm), CO2:IPA 95:5, 2 mL/min, 140 bar, 60 °C. 

Retention times: 9.0 min (major), 9.8 min (minor). 

(229): N,N-diisopropyl-2-(1-phenylethyl)-1H-pyrrole-1-carboxamide 

 

General Procedure O: The reaction was carried out with pyrrole 228, (R)-L13b (R = H) and styrene. 

Purification by flash column chromatography (5% EtOAc/Hex) on silica gel afforded the title 
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compound 229 (23.5 mg, 78%, 89:11 e.r.) as a colourless oil. [α]D
22 -0.7 (c = 0.31, CHCl3); νmax / cm-1: 

2969 (m), 2931 (m) 1681 (s), 1432 (s), 1329 (s); 1H NMR (500 MHz, (CD3)2SO, 100 °C): δ 7.27 – 7.21 

(2H, m, C12-H), 7.16 (1H, m, C13-H), 7.14 – 7.10 (2H, m, C11-H), 6.71 (1H, br. s, C4-H), 6.15 – 6.11 

(1H, m, C6-H), 6.09 (1H, m, C5-H), 4.36 (1H, q, J = 7.5 Hz, C8-H), 3.42 – 3.33 (2H, m, C2-H), 1.51 

(3H, d, J = 7.5 Hz, C9-H3), 1.21 (6H, d, J = 7.0 Hz, 2 × C1-H3), 0.90 (6H, app. s, 2 × C1-H3); 13C NMR 

(126 MHz, (CD3)2SO, 100 °C): δ 151.6 (C3), 145.7 (C10), 137.3 (C7), 128.4 (C12), 127.3 (C11), 126.1 

(C13), 119.3 (C4), 107.8 (C5), 106.7 (C6), 36.2 (C8), 22.05 (C9), 19.5 (C1); A signal corresponding to 

C2 was not observed; HRMS (ESI+): Calculated for C19H26N2ONa: 321.1937. Found [M + Na]+: 

321.1939. The spectroscopic data for this compound was obtained by Phillippa Cooper.309 

SFC conditions: DAICEL CHIRALPAK-IE (25 cm), CO2:IPA 95:5, 3 mL/min, 150 bar, 40 °C. 

Retention times: 10.2 min (minor), 11.5 min (major). 

((S)-240a): (S)-4,4'-bis(3,5-di-tert-butylphenyl)-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-diol 

 

General Procedure L: (S)-238 (500 mg, 0.65 mmol), (3,5-di-tert-butylphenyl)boronic acid 

(533 mg, 2.28 mmol), Pd(PPh3)4 (45.1 mg, 0.039 mmol), Na2CO3 (276 mg, 2.60 mmol) in 

DME/H2O/EtOH (5 mL, 3:1:1) were employed for 16 h. After work-up and concentration in vacuo, 

KOH (656 mg, 11.7 mmol) and H2O/THF/EtOH (9 mL, 1:1:1) were employed for 2 h. Purification by 

flash column chromatography (10% EtOAc/Hex) on silica gel afforded the title compound (S)-240a 

(386 mg, 94%) as a colourless solid. [α]D
23 -40.8 (c = 0.33, CHCl3); m.p. 208–210 °C (CHCl3); νmax / 

cm-1: 3520 (s), 2954 (s), 1596 (s), 1493 (s); 1H NMR (400 MHz, CDCl3): δ 7.39 (2H, t, J = 2.0 Hz, 2 × 

C13-H), 7.31 – 7.27 (6H, m, 4 × C11-H, 2 × C3-H), 6.82 (2H, d, J = 8.0 Hz, 2 × C2-H), 4.73 (2H, s, 2 

× OH), 3.21 (2H, ddd, J = 16.0, 7.0, 2.0 Hz, 2 × C7-H), 3.05 (2H, dd, J = 16.0, 7.0 Hz, 2 × C7-H), 2.44 

(2H, dd, J = 13.0, 7.0 Hz, 2 × C8-H), 2.30 – 2.17 (2H, m, 2 × C8-H), 1.39 (36H, s, 12 × C15-H3); 13C 

NMR (101 MHz, CDCl3): δ 152.2 (C1), 150.7 (C12), 143.4 (C4), 139.9 (C10), 133.0 (C5), 130.8 (C3), 
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130.4 (C6), 123.1 (C11), 120.7 (C13), 115.2 (C2), 58.1 (C9), 37.5 (C8), 35.1 (C14), 31.7 (C15), 31.5 

(C7); HRMS (MALDI+): Calculated for C45H56O2: 628.4275. Found [M]+: 628.4288. 

((S)-L9h): 

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (93.0 mg, 0.24 mmol), (S)-240a (300 

mg, 0.48 mmol), Et3N (0.16 mL, 1.15 mmol) and DMAP (11.7 mg, 9.60 µmol) were employed. 

Purification by flash column chromatography (0.5% Et2O/Hex) on deactivated (10% Et3N) silica gel 

afforded the title compound (S)-L9h (103 mg, 29%) as a bright orange solid. [α]D
23 -498 (c = 0.24, 

CH2Cl2); m.p. 233–237 °C (pentane); νmax / cm-1: 2952 (s), 1597 (s), 1481 (s), 1222 (s); 1H NMR (500 

MHz, CD2Cl2): δ 7.43 (2H, t, J = 2.0 Hz, 2 × C13-H), 7.38 (2H, t, J = 2.0 Hz, 2 × C13-H), 7.35 (4H, 

d, J = 2.0 Hz, 4 × C11-H), 7.29 (2H, d, J = 8.0 Hz, 2 × C3-H), 7.22 (4H, d, J = 2.0 Hz, 4 × C11-H), 

7.15 (2H, d, J = 8.0 Hz, 2 × C2-H), 6.87 (2H, d, J = 8.0 Hz, 2 × C3-H), 6.11 (2H, d, J = 8.0 Hz, 2 × C2-

H), 4.67 (2H, d, J = 2.5 Hz, 2 × CH-ferrocene), 4.64 – 4.56 (2H, m, 2 × CH-ferrocene), 4.44 (2H, td, J 

= 2.5, 1.0 Hz, 2 × CH-ferrocene), 3.85 (2H, dt, J = 2.5, 1.0 Hz, 2 × CH-ferrocene), 3.23 (4 H, ddd, J = 

16.0, 11.5, 6.5 Hz, 4 × C7-H), 2.81 (4H, ddd, J = 16.0, 10.0, 8.0 Hz, 4 × C7-H), 2.46 – 2.30 (4H, m, 4 

× C8-H), 2.08 – 1.90 (4H, m, 4 × C8-H), 1.39 (36H, s, 4 × C15-H3), 1.35 (36H, s, 4 × C15-H3); 13C 

NMR (126 MHz, CD2Cl2): δ 151.1 (C12), 151.0 (C12), 149.7 (C1), 145.8 (C1), 143.4, 143.3, 142.7, 

141.5, 140.3, 140.0 (C5, C6, C10), 136.7 (C4), 135.9 (C4), 129.7 (C3), 128.0 (C3), 123.6 (C11), 123.4 

(C11), 123.2 (C2), 121.8 (C13), 121.2 (C13), 121.1 (C2), 77.0 (d, J = 30.0 Hz, C16), 73.7 (CH-

ferrocene), 73.2 (CH-ferrocene), 72.1 (CH-ferrocene), 71.4 (CH-ferrocene), 60.0 (C9), 38.9 (C8), 38.4 

(C8), 35.3 (C14), 35.2 (C14), 31.8 (C15), 31.7 (C7); 31P NMR (162 MHz, CD2Cl2): δ 160.3; HRMS 

(Nanospray): Calculated for C100H117O4FeP2: 1499.7777. Found [M + H]+: 1499.7792. 
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((R)-240b): (R)-4,4'-bis(2,3,4,5,6-pentamethylphenyl)-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-

7,7'-diol 

 

General Procedure L: (R)-238 (500 mg, 0.65 mmol), (2,3,4,5,6-pentamethylphenyl)boronic acid 

(438 mg, 2.28 mmol), Pd(PPh3)4 (45.1 mg, 0.039 mmol), Na2CO3 (276 mg, 2.60 mmol) in 

DME/H2O/EtOH (5 mL, 3:1:1) were employed for 16 h. After work-up and concentration in vacuo, 

KOH (656 mg, 11.7 mmol) and H2O/THF/EtOH (9 mL, 1:1:1) were employed for 2 h. Purification by 

flash column chromatography (7.5% EtOAc/Hex) on silica gel afforded the title compound (R)-240b 

(175 mg, 49%) as a colourless solid. [α]D
23 -341.9 (c = 0.096, CHCl3); m.p. 260 °C decomposed (CHCl3); 

νmax / cm-1: 3263 (m), 2931 (m), 1292 (s), 1253 (s); 1H NMR (400 MHz, CDCl3): δ 6.90 (2H, d, J = 8.0 

Hz, 2 × C3-H), 6.78 (2H, d, J = 8.0 Hz, 2 × C2-H), 4.68 (2H, s, 2 × OH), 2.71 – 2.49 (4H, m, 2 × C7-

H2), 2.30 (6H, s, 2 × C16-H3), 2.28 – 2.23 (16H, m, 2 × C8-H2, 4 × C15-H3), 1.96 (6H, s, 2 × C14-H3), 

1.94 (6H, s, 2 × C14-H3); 13C NMR (101 MHz, CDCl3): δ 151.6 (C1), 144.1 (C4), 137.6 (C10), 133.9 

(C13), 132.8 (C5), 132.3, 132.3, 131.9, 131.4 (C11, C12), 130.9 (C3), 130.3 (C6), 114.8 (C2), 58.1 

(C9), 37.6 (C8), 30.6 (C7), 17.9 (C14), 17.8 (C14), 16.8 (C16), 16.7 (C15), 16.6 (C15); HRMS 

(MALDI+): Calculated for C39H44O2: 544.3336. Found [M]+: 544.3330. 
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((R)-L9i):  

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (79.5 mg, 0.21 mmol), (R)-240b 

(225 mg, 0.41 mmol), Et3N (0.14 mL, 1.01 mmol) and DMAP (12.2 mg, 0.10 mmol) were employed. 

Purification by flash column chromatography (3–7% EtOAc/Hex) on deactivated (10% Et3N) silica gel 

afforded the title compound (R)-L9i (142 mg, 51%) as a bright orange solid. [α]D
24 +372 (c = 0.12, 

CH2Cl2); m.p. 263–235 °C (pentane); νmax / cm-1: 2923 (s), 1481 (s), 1220 (s), 1020 (s); 1H NMR (500 

MHz, CD2Cl2): δ 7.08 (2H, d, J = 8.0 Hz, 2 × C2-H), 6.89 (2H, d, J = 8.0 Hz, 2 × C3-H), 6.45 (2H, d, 

J = 8.0 Hz, 2 × C3-H), 6.11 (2H, d, J = 8.0 Hz, 2 × C2-H), 4.66 (2H, dd, J = 2.5, 1.5 Hz, 2 × CH-

ferrocene), 4.60 (2H, d, J = 2.5 Hz, 2 × CH-ferrocene), 4.42 (2H, td, J = 2.5, 1.0 Hz, 2 × CH-ferrocene), 

3.93 (2H, dt, J = 2.5, 1.0 Hz, 2 × CH-ferrocene), 2.58 (4H, ddd, J = 17.0, 11.0, 6.5 Hz, 4 × C7-H), 2.35 

– 2.17 (40H, m, 4 × C7-H, 12 × Ar-CH3), 2.17 – 2.06 (4H, m, 4 × C8-H), 2.00 – 1.83 (28H, m, 4 × C8-

H, 8 × Ar-CH3); 13C NMR (126 MHz, CD2Cl2): δ 148.4 (C1), 144.8 (C1), 143.7 (Ar-C), 143.3 (Ar-C), 

142.2 (Ar-C), 140.5 (Ar-C), 137.6 (Ar-C), 137.4 (Ar-C), 136.2 (Ar-C), 135.4 (Ar-C), 133.7 (Ar-C), 

133.5 (Ar-C), 132.2 (Ar-C), 132.1 (Ar-C), 132.0 (Ar-C), 131.4 (Ar-C), 131.3 (Ar-C), 131.0 (Ar-C), 

130.8 (Ar-C), 129.5 (C3), 128.1 (C3), 122.4 (C2), 120.7 (C2), 76.8 (C11), 73.1 (CH-ferrocene), 72.5 

(CH-ferrocene), 71.6 (CH-ferrocene), 71.2 (CH-ferrocene), 59.6 (C9), 38.0 (C8), 37.7 (C8), 30.0 (C7), 

29.6 (C7), 17.8 (Ar-CH3), 17.3 (two signals, Ar-CH3), 16.5 (Ar-CH3), 16.4 (two signals, Ar-CH3), 16.3 

(three signals, Ar-CH3); 31P NMR (162 MHz, CD2Cl2): δ 159.6; HRMS (Nanospray): Calculated for 

C88H93O4FeP2: 1331.5899. Found [M + H]+: 1331.5903. 
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((S)-240c): (S)-4,4'-bis(perfluorophenyl)-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-diol 

 

A flame-dried resealable tube was charged with (S)-238 (1.00 g, 1.29 mmol), Pd(OAc)2 (28.9 mg, 0.13 

mmol), P(t-Bu)2Me·HBF4 (64.0 mg, 0.26 mmol) and K2CO3 (392 mg, 2.84 mmol). The tube was 

evacuated and refilled with N2 before DMA (0.50 mL) and pentafluorobenzene (0.43 mL, 3.87 mmol) 

were added. The tube was sealed, heated to 120 °C and stirred for 16 h. After cooling to r.t., the reaction 

mixture was filtered through silica gel (eluting with 80% EtOAc/Hex) and concentrated in vacuo. KOH 

(1.30 g, 23.1 mmol), H2O (4 mL), EtOH (4 mL) and THF (4 mL) were added and the solution was 

stirred at 90 °C for 1 h. After cooling to r.t., the reaction mixture was concentrated in vacuo and water 

(10 mL) was added. The pH was adjusted to approx. pH 1 by addition of 1 M aq. HCl. Et2O (10 mL) 

was added and the layers were separated. The aqueous portion was extracted with Et2O (2 × 10 mL) 

and the combined organic portions were washed with brine (20 mL), dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography (3% EtOAc/PhMe) afforded the 

title compound (S)-240c (337 mg, 45%) as a beige solid; [α]D
24 -23.9 (c = 0.12, CHCl3); m.p. 179–

181 °C (CHCl3); νmax / cm-1: 3310 (m), 2959 (m), 1489 (s), 983 (s); 1H NMR (400 MHz, CDCl3): δ 7.14 

(2H, d, J = 8.5 Hz, 2 × C3-H), 6.80 (2H, d, J = 8.5 Hz, 2 × C2-H), 4.79 (2 H, s), 2.97 (2H, ddd, J = 17.5, 

10.5, 7.5 Hz, 2 × C7-H), 2.85 – 2.70 (2H, m, 2 × C7-H), 2.40 – 2.21 (4H, m, 2 × C8-H2); 13C NMR (126 

MHz, CD2Cl2): δ 153.9 (C1), 145.9 (C5), 132.1 (C3), 131.1 (C6), 115.3 (C2), 58.4 (C9), 37.1 (C8), 30.6 

(C7). Signals corresponding to C4, C10 and the pentafluorophenyl ring were too weak to be observed. 

19F NMR (376 MHz, CDCl3): δ -140.6 (4F, m), -155.4 (2F, m), -162.0 (4F, m); HRMS (MALDI+): 

Calculated for C29H14O2F10: 607.0726. Found [M + Na]+: 607.0736. 
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((S)-L9d):  

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (97.0 mg, 0.25 mmol), (S)-240c (298 

mg, 0.51 mmol), Et3N (0.17 mL, 1.20 mmol) and DMAP (12.2 mg, 0.10 mmol) were employed. 

Purification by flash column chromatography (2–10% EtOAc/Hex) on deactivated (10% Et3N) silica 

gel afforded the title compound (S)-L9d (78.5 mg, 22%) as a bright orange solid. [α]D
22 -612 (c = 0.08, 

CH2Cl2); m.p. 200 °C decomposed (pentane); νmax / cm-1: 2968 (m), 1482 (s), 1225 (s), 986 (s); 1H NMR 

(500 MHz, CD2Cl2): δ 7.27 – 7.18 (4H, m, 2 × C2-H, 2 × C3-H), 6.76 (2H, dd, J = 8.5, 1.0 Hz, 2 × C3-

H), 6.17 (2H, d, J = 8.5 Hz, 2 × C2-H), 4.65 (2H, dt, J = 2.5, 1.0 Hz, 2 × CH-ferrocene), 4.59 (2H, d, J 

= 3.0 Hz, 2 × CH-ferrocene), 4.41 (2H, td, J = 2.5, 1.0 Hz, 2 × CH-ferrocene), 3.70 (2H, dt, J = 2.5, 1.0 

Hz, 2 × CH-ferrocene), 3.11 – 2.86 (4H, m, 4 × C7-H), 2.61 (2H, dd, J = 16.5, 8.0 Hz, 2 × C7-H), 2.52 

(2H, dd, J = 16.0 8.0 Hz, 2 × C7-H), 2.32 – 2.23 (4H, m, 4 × C8-H), 2.08 – 1.91 (4H, m, 4 × C8-H); 

13C NMR (126 MHz, CD2Cl2): δ 150.9 (C1), 147.3 (C1), 145.7, 145.0, 143.1, 141.2 (C5, C6), 131.0 

(C3), 129.3 (C3), 123.2 (C2), 121.5 (C2), 119.5 (C4), 118.6 (C4), 73.1 (CH-ferrocene), 72.9 (CH-

ferrocene), 72.0 (CH-ferrocene), 70.8 (CH-ferrocene), 59.6 (C9), 38.0 (C8), 37.6 (C8), 30.2 (C7), 29.6 

(C7). Signals corresponding to the pentafluorophenyl ring were too weak to be observed. 31P NMR 

(162 MHz, CD2Cl2): δ 162.0; 19F NMR (376 MHz, CD2Cl2): δ -141.5 (8F, m), -156.3 (4F, m), -163.0 

(8F, m). Despite several attempts (including MALDI and Nanospray), the molecular ion corresponding 

to this compound could not be identified. 
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((R)-L9c):  

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (77.6 mg, 0.20 mmol), (R)-239 (100 

mg, 0.40 mmol), Et3N (0.13 mL, 0.96 mmol) and DMAP (27.4 mg, 0.22 mmol) were employed. 

Purification by flash column chromatography (5% EtOAc/Hex) on deactivated (10% Et3N) silica gel 

afforded the title compound (R)-L9c (80.8 mg, 54%) as a bright orange solid. [α]D
24 +600 (c = 0.20, 

CH2Cl2); m.p. 100 °C decomposed (pentane); 1H NMR (500 MHz, C6D6): δ 7.18 (2H, d, J = 7.5 Hz, 2 

× C4-H), 7.08 (3H, t, J = 7.5 Hz, 2 × C3-H), 6.89 (2H, d, J = 7.5 Hz, 2 × C2-H), 6.81 (2H, d, J = 7.5 

Hz, 2 × C4-H), 6.77 (2H, t, J = 7.5 Hz, 2 × C3-H), 6.31 (2H, d, J = 7.5 Hz, 2 × C2-H), 4.53 (2H, dt, J 

= 2.5, 1.0 Hz, 2 × CH-ferrocene), 4.31 (2H, d, J = 2.5 Hz, 2 × CH-ferrocene), 4.17 (2H, td, J = 2.5, 1.0 

Hz, 2 × CH-ferrocene), 3.96 (2H, dt, J = 2.5, 1.0 Hz, 2 × CH-ferrocene), 2.77 (4H, ddd, J = 17.0, 11.0, 

7.5 Hz, 4 × C7-H), 2.65 – 2.40 (4H, m, 4 × C7-H), 2.03 – 1.88 (8H, m, 4 × C8-H2); 13C NMR (126 

MHz, C6D6): δ 150.7 (C1), 147.1 (C1), 145.6 (C5), 145.1 (C5), 143.0 (C4), 141.3 (C4), 129.3 (C3), 

127.6 (C3), 122.9 (C2), 121.7 (C2), 121.5 (C4), 120.8 (C4), 77.7 (d, J = 30.0 Hz, C10), 73.4 (CH-

ferrocene), 72.9 (CH-ferrocene), 72.1 (CH-ferrocene), 71.1 (CH-ferrocene), 59.4 (C9), 38.9 (C8), 38.3 

(C8), 31.2 (C7), 30.8 (C7). 

([RhL10Cl]2): 

 

To a flame-dried Schlenk tube under nitrogen was added L10 (239 mg, 0.72 mmol) and [Rh(C2H4)2Cl]2 

(154 mg, 0.40 mmol). Anhydrous CH2Cl2 (7 mL) was added and the tube was sealed and heated at 

40 °C for 16 h. Upon completion of the reaction (as adjudged by TLC), the reaction mixture was 

concentrated in vacuo. Purification by flash column chromatography (10–20% EtOAc/Hex) on silica 

gel afforded the title complex (284 mg, 75%) as an orange solid; νmax / cm-1: 3663 (s), 2969 (s), 1717 

(s), 1207 (s), 1057 (s); only 1H NMR data is reported for this complex; 1H NMR (400 MHz, CDCl3): δ 

7.78 – 7.23 (14H, m, 14 × Ar-CH), 4.79 – 4.68 (2H, m, 2 × CH-alkene), 4.37 (2H, d, J = 6.0 Hz, 2 × 

CH-alkene), 4.27 – 4.14 (2H, m, 2 × CH-alkene), 3.59 (2H, d, J = 6.0 Hz, 2 × CH-alkene), 1.61 (6H, s, 
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2 × CH3), 1.40 (2H, ddd, J = 13.5, 10.0, 3.0 Hz, CH2), 1.32 (2H, m, 2 × CH), 1.04 – 0.93 (8H, m, 2 × 

CH, 2 × CH3), 0.85 – 0.80 (8H, m, CH2, 2 × CH3). 

(243): (1E,4E)-1,5-bis(2-bromo-5-hydroxyphenyl)penta-1,4-dien-3-one 

 

To a solution of NaOH (5.00 g, 125 mmol) in water (125 mL) at 0 °C was added a solution of 2-bromo-

5-hydroxybenzaldehyde (10.1 g, 50.0 mmol) and acetone (1.84 mL, 25.0 mmol) in EtOH (40 mL) 

dropwise over 3 h. The red suspension was warmed to r.t. and stirred for 24 h before being concentrated 

in vacuo. 3 M aq. HCl in brine (100 mL) and EtOAc (200 mL) were added and the layers were separated. 

The aqueous portion was extracted with EtOAc (3 × 100 mL) and the combined organic portions were 

dried over Na2SO4. Purification by flash column chromatography (20–40% EtOAc/Hex) on silica gel 

afforded the title compound 243 (4.05 g, 38%) as a yellow crystalline solid; m.p. 223–225 °C (MeOH); 

νmax / cm-1: 2988 (s), 1682 (s), 1611 (m), 1435 (s); 1H NMR (400 MHz, (CD3)2CO): δ 8.83 (2H, s, 2 × 

OH), 8.01 (2H, d, J = 16.0 Hz, 2 × C3-H), 7.52 (2H, d, J = 8.5 Hz, 2 × C6-H), 7.37 (2H, d, J = 3.0 Hz, 

2 × C9-H), 7.20 (2H, d, J = 16.0 Hz, 2 × C2-H), 6.91 (2H, dd, J = 8.5, 3.0 Hz, 2 × C7-H); 13C NMR 

(101 MHz, (CD3)2CO): δ 187.5 (C1), 157.0 (C8), 140.9 (C3), 135.4 (C4), 134.1 (C6), 128.1 (C2), 119.5 

(C7), 114.5 (C5), 114.4 (C9); HRMS (ESI+): Calculated for C19H17Br2O3: 450.9539. Found [M + H]+: 

450.9544. 

(244a): (1S,5S)-1,5-bis(2-bromo-5-hydroxyphenyl)-1,5-diphenylpentan-3-one 

 

General Procedure P: Enone 243 (1.27 g, 3.00 mmol), [RhL10Cl]2 (56.5 mg, 0.06 mmol), 

phenylboronic acid (1.09 g, 9.00 mmol), potassium hydroxide (8.41 mg, 0.15 mmol), PhMe (50 mL) 

and H2O (25 mL) were employed. The reaction was conducted at 60 °C for 24 h to yield the title 

compound 244a (1.63 g, 94%) as a pale brown solid which was used without further purification. 

[α]D
19 +17.2 (c = 0.053, CHCl3), [Lit.313 [α]D

22 +22.0 (c = 0.52, CHCl3)]; m.p. 70–72 °C (CHCl3); 1H 

NMR (400 MHz, CDCl3): δ 7.42 – 7.07 (12H, 2 × C3-H, 4 × C11-H, 4 × C12-H, 2 × C13-H), 6.59 – 

6.47 (4H, m, 2 × C2-H, 2 × C6-H), 5.84 (2H, br. s, 2 × OH), 4.96 (2H, t, J = 7.5 Hz, 2 × C7-H), 3.08 
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(4H, d, J = 7.5 Hz, 2 × C8-H2); 13C NMR (101 MHz, CDCl3): δ 207.5 (C9), 155.3 (C1), 143.5 (C5), 

141.7 (C10), 134.2 (C3), 128.8 (C12), 128.1 (C11), 126.9 (C13), 116.0, 115.8 (C2, C6), 115.2 (C4), 

48.6 (C8), 44.9 (C7); The spectroscopic properties of this compound were consistent with the data 

available in the literature.313 

(245a): (1R,3S,3'S)-4,4'-dibromo-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-diol 

 

General Procedure Q: Ketone 244a (1.63 g, 2.81 mmol), BF3·OEt2 (1.73 mL, 14.1 mmol) and 

anhydrous PhMe (15.0 mL) were employed at 100 °C for 16 h. Purification by flash column 

chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 245a (1.18 g, 70%) as a 

beige crystalline solid. [α]D
19 +71.6 (c = 0.15, CHCl3), [Lit.313 [α]D

25 +100 (c = 0.14, CHCl3)]; m.p. 292–

294 °C (CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.35 – 7.18 (12H, m, 2 × C3-H, 4 × C11-H, 4 × C12-

H, 2 × C13-H), 6.64 (2H, dd, J = 8.5, 1.0 Hz, 2 × C2-H), 4.83 (2H, s, br. s, 2 × OH), 4.49 (2H, m, 2 × 

C7-H), 2.83 (2H, dd, J = 13.5, 8.0 Hz, 2 × C8-H), 2.28 (2H, m, 2 × C8-H); 13C NMR (101 MHz, CDCl3): 

δ 152.0 (C1), 145.8 (C5), 144.2 (C10), 134.6 (C6), 134.3 (C3), 128.7 (C12), 128.3 (C11), 126.6 (C13), 

117.1 (C2), 112.2 (C4), 56.5 (C9), 51.6 (C7), 50.0 (C8); The spectroscopic properties of this compound 

were consistent with the data available in the literature.313 

(246a): (1R,3S,3'S)-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-diol 

 

To a solution of 245a (200 mg, 0.36 mmol) in THF/H2O (9 mL, 2:1) was added palladium on charcoal 

(10% w/w, 20 mg). The mixture was sparged with H2 for 1 min and stirred under an atmosphere of H2 

for 24 h. Upon completion of the reaction, argon was bubbled through the mixture and it was filtered 

through Celite, rinsing with EtOAc (20 mL). Water (20 mL) was added to the filtrate and the layers 

were separated. The aqueous portion was extracted with EtOAc (10 mL), and the combined organic 

portions were washed with brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification 
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by flash column chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 246a 

(122 mg, 83%) as a colourless solid. [α]D
19 +44.4 (c = 0.13, CHCl3), [Lit.313 [α]D

25 +49.0 (c = 0.07, 

CHCl3)]; m.p. 209–211 °C (CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.21 (10H, m, 4 × C11-H, 

4 × C12-H, 2 × C13-H), 7.16 (2H, t, J = 8.0 Hz, 2 × C3-H), 6.75 (2H, dd, J = 8.0, 1.0 Hz, 2 × C2-H), 

6.56 (2H, dt, J = 8.0, 1.0 Hz, 2 × C4-H), 4.78 (2H, s, 2 × OH), 4.47 (2H, dd, J = 11.0, 7.5 Hz, 2 × C7-

H), 2.84 (2H, dd, J = 11.0, 7.5 Hz, 2 × C8-H), 2.51 – 2.28 (2H, m, 2 × C8-H); 13C NMR (101 MHz, 

CDCl3): δ 152.6 (C1), 148.8 (C5), 143.8 (C10), 130.9 (C3), 130.3 (C6), 128.8, 128.5 (C11, C12), 126.9 

(C13), 118.4 (C4), 114.6 (C2), 55.7 (C9), 50.3 (C7), 48.0 (C8); The spectroscopic properties of this 

compound were consistent with the data available in the literature.313 Under the conditions of General 

Procedure L, 246a was obtained from 245a in 46% yield. 

((R)-L11a): 

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (46.5 mg, 0.12 mmol), 246a (100 

mg, 0.25 mmol), Et3N (80.8 µL, 0.58 mmol) and DMAP (5.86 mg, 4.80 µmol) were employed. 

Purification by flash column chromatography (5% EtOAc/Hex) on deactivated (10% Et3N) silica gel 

afforded the title compound (R)-L11a (57.1 mg, 45%) as a bright orange solid. [α]D
22 +404 (c = 0.40, 

CHCl3); m.p. 200 °C decomposed (pentane); νmax / cm-1: 3026 (m), 2925 (m), 1584 (s), 1462 (s), 1219 

(s); 1H NMR (500 MHz, CD2Cl2): δ 7.40 – 7.23 (20H, m, 8 × C11-H, 8 × C12-H, 4 × C13-H), 7.20 – 

7.16 (2H, m, 2 × C3-H), 7.16 – 7.12 (2H, m, 2 × C4-H), 6.82 (2H, t, J = 7.5 Hz, 2 × C3-H), 6.73 (2H, 

d, J = 7.5 Hz, 2 × C2-H), 6.57 (2H, dd, J = 7.5, 1.0 Hz, 2 × C4-H), 6.15 (2H, d, J = 7.5 Hz, 2 × C2-H), 

4.72 (2H, dt, J = 2.5, 1.0 Hz, 2 × C16-H), 4.67 (2H, dt, J = 2.5, 1.0 Hz, 2 × C16-H), 4.61 – 4.45 (6H, 

m, 4 × C7-H, 2 × C15-H), 3.91 (2H, dt, J = 2.5, 1.0 Hz, 2 × C15-H), 2.90 – 2.65 (4H, m, 4 × C8-H), 

2.33 – 2.14 (4H, m, 4 × C8-H); 13C NMR (126 MHz, CD2Cl2): δ 149.9 (C1), 148.6 (C6), 148.0 (C5), 

146.0 (C1), 144.1 (C10), 143.5 (C10), 142.1 (C6), 140.6 (C5), 129.2 (C3), 128.6, 128.5, 128.5, 128.4 

(C11, C12), 127.5 (C3), 126.7 (C13), 126.6 (C13), 122.4 (C2), 121.5 (C2), 121.0 (C4), 120.9 (C4), 76.6 

(J = 29.0 Hz, C14), 72.9 (C16), 71.8 (C15), 70.4 (C15), 56.9 (C9), 49.6 (C7), 49.4 (C8), 49.2 (C7), 48.9 

(C8); 31P NMR (162 MHz, CDCl3): 159.5; HRMS (MALDI+): Calculated for C68H52O4P2FeNa: 

1073.2564. Found [M + Na]+: 1073.2596. 
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(244b): (1S,5S)-1,5-bis(2-bromo-5-hydroxyphenyl)-1,5-bis(4-methoxyphenyl)pentan-3-one 

 

General Procedure P: Enone 243 (1.48 g, 3.50 mmol), [RhL10Cl]2 (56.5 mg, 0.06 mmol), 4-

methoxyphenylboronic acid (1.60 g, 10.5 mmol), potassium hydroxide (9.81 mg, 0.17 mmol), PhMe 

(60 mL) and H2O (30 mL) were employed. The reaction was conducted at 60 °C for 24 h to yield the 

title compound 244b (2.03 g, 91%) as a pale brown solid which was used without further purification. 

[α]D
22 +17.5 (c = 0.25, (CH3)2CO); m.p. 120–125 °C (pentane); νmax / cm-1: 3367 (w), 1509 (s), 1465 (s), 

1244 (s); 1H NMR (400 MHz, CDCl3): δ 7.35 (2H, d, J = 8.5 Hz, 2 × C3-H), 7.04 (4H, d, J = 8.5 Hz, 4 

× C11-H), 6.77 (4H, d, J = 8.5 Hz, 4 × C12-H), 6.53 (2H, dd, J = 8.5, 1.5 Hz, 2 × C2-H), 6.49 (2H, s, 

2 × C6-H), 4.89 (2H, t, J = 7.5 Hz, 2 × C7-H), 3.76 (6H, s, 2 × C14-H3), 3.12 – 2.90 (4H, m, 2 × C8-

H2); 13C NMR (101 MHz, CDCl3): δ 206.5 (C9), 158.3 (C13), 155.2 (C1), 144.1 (C5), 134.2 (C3), 133.8 

(C10), 129.2 (C11), 116.2, 115.9, 115.5 (C2, C4, C6), 114.1 (C12), 55.4 (C14), 49.2 (C8), 44.1 (C7); 

HRMS (ESI+): Calculated for C31H28Br2NaO5: 661.0196. Found [M + Na]+: 661.0191. 

(245b): (1R,3S,3'S)-4,4'-dibromo-3,3'-bis(4-methoxyphenyl)-2,2',3,3'-tetrahydro-1,1'-

spirobi[indene]-7,7'-diol 

 

General Procedure Q: Ketone 244b (1.00 g, 1.56 mmol), BF3·OEt2 (0.96 mL, 7.80 mmol) and 

anhydrous PhMe (15.0 mL) were employed at 70 °C for 16 h. Purification by flash column 

chromatography (25% EtOAc/Hex) on silica gel afforded the title compound 245b (545 mg, 56%) as a 

colourless powder solid; [α]D
22 +89.5 (c = 0.096, CHCl3), [Lit.313 [α]D

25 +100 (c = 0.20, CHCl3)]; m.p. 

188–190 °C (CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.27 (2H, d, J = 8.0 Hz, 2 × C3-H), 7.12 (4H, d, 

J = 8.5 Hz, 4 × C11-H), 6.85 (4H, d, J = 8.5 Hz, 4 × C12-H), 6.63 (2H, dd, J = 8.0, 1.0 Hz, 2 × C2-H), 

4.94 (2H, br. s, 2 × OH), 4.44 (2H, dd, J = 10.0, 8.0 Hz, 2 × C7-H), 3.80 (6H, s, 2 × C14-H3), 2.79 (2H, 

dd, J = 13.5, 8.0 Hz, 2 × C8-H), 2.24 (2H, dd, J = 13.5, 10.0 Hz, 2 × C8-H); 13C NMR (101 MHz, 

CDCl3): δ 158.2 (C13), 152.7 (C1), 145.0 (C5), 138.6 (C10), 134.4, 133.6 (C3, C6), 129.8 (C11), 117.6 
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(C2), 113.9 (C12), 112.0 (C4), 56.0 (C9), 55.2 (C14), 51.3 (C7), 49.9 (C8). The spectroscopic properties 

of this compound were consistent with the data available in the literature.313 

(246b): (1R,3S,3'S)-3,3'-bis(4-methoxyphenyl)-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-diol 

 

To a solution of 245b (270 mg, 0.43 mmol) in THF/H2O (9 mL, 2:1) was added palladium on charcoal 

(10% w/w, 27.0 mg). The mixture was sparged with H2 for 1 min and stirred under an atmosphere of 

H2 for 24 h. Upon completion of the reaction, argon was bubbled through the mixture and it was filtered 

through Celite, rinsing with EtOAc (20 mL). Water (20 mL) was added to the filtrate and the layers 

were separated. The aqueous portion was extracted with EtOAc (10 mL), and the combined organic 

portions were washed with brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification 

by flash column chromatography (30% EtOAc/Hex) on silica gel afforded the title compound 246b 

(191 mg, 96%) as a colourless solid. [α]D
24 +67.2 (c = 1.12, CHCl3); m.p. 210–213 °C (MeOH); νmax / 

cm-1: 3517 (m), 2931 (m), 1510 (s), 1461 (s), 1243 (s); 1H NMR (400 MHz, CDCl3): δ 7.24 – 7.19 (4H, 

m, 2 × C11-H), 7.16 (2H, t, J = 7.5 Hz, 2 × C3-H), 6.89 (4H, d, J = 8.5 Hz, 2 × C12-H), 6.74 (2H, d, J 

= 7.5 Hz, 2 × C2-H), 6.56 (2H, d, J = 7.5 Hz, 2 × C4-H), 4.43 (2H, dd, J = 11.0, 7.5 Hz, 2 × C7-H), 

3.82 (6H, s, 2 × C14-H3), 2.80 (2H, dd, J = 13.0, 7.5 Hz, 2 × C8-H), 2.35 (2H, dd, J = 13.0, 11.0 Hz, 2 

× C8-H); 13C NMR (101 MHz, CDCl3): δ 158.6 (C13), 152.8 (C1), 149.3 (C5), 135.8 (C10), 130.9 (C6), 

130.2 (C3), 129.4 (C11), 118.2 (C4), 114.8 (C2), 114.2 (C12), 55.5 (C14), 55.4 (C9), 49.5 (C7), 48.1 

(C8); HRMS (MALDI+): Calculated for C31H28O4: 487.1880. Found [M + H]+: 487.1888. 

((R)-L11b):  

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (66.8 mg, 0.17 mmol), 246b (160 

mg, 0.34 mmol), Et3N (0.11 mL, 0.82 mmol) and DMAP (8.30 mg, 6.80 µmol) were employed. 
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Purification by flash column chromatography (10% EtOAc/Hex) on deactivated (10% Et3N) silica gel 

afforded the title compound (R)-L11b (80.2 mg, 40%) as a bright orange solid. [α]D
22 -61.1 (c = 0.40, 

CH2Cl2); m.p. 240–246 °C (pentane); νmax / cm-1: 2951 (m), 1610 (s), 1510 (s), 1461 (s), 1246 (s); 1H 

NMR (500 MHz, CDCl3): δ 7.19 – 7.16 (6H, m, 2 × C3-H, 4 × C11-H), 7.12 – 7.07 (6H, m, 2 × C4-H, 

4 × C11-H), 6.89 – 6.85 (4H, m, 4 × C12-H), 6.78 (2H, t, J = 8.0 Hz, 2 × C3-H), 6.76 – 6.71 (4H, m, 4 

× C12-H), 6.68 (2H, d, J = 8.0 Hz, 2 × C2-H), 6.54 – 6.50 (2H, m, 2 × C4-H), 6.10 (2H, d, J = 8.0 Hz, 

2 × C2-H), 4.67 (2H, d, J = 2.5 Hz, 2 × CH-ferrocene), 4.63 (2H, d, J = 2.5 Hz, 2 × CH-ferrocene), 4.51 

– 4.49 (2H, m, 2 × CH-ferrocene), 4.48 – 4.37 (4H, m, 4 × C7-H), 3.84 (2H, d, J = 2.5, 1.5 Hz, 2 × CH-

ferrocene), 3.79 (6H, s, 2 × C15-H3), 3.73 (6H, s, 2 × C15-H3), 2.85 – 2.58 (4H, m, 4 × C8-H), 2.20 – 

1.98 (4H, m, 4 × C8-H); 13C NMR (126 MHz, CDCl3): δ 158.9 (C13), 158.9 (C13), 150.3 (C1), 149.4 

(C6), 148.8 (C6), 146.3 (C1), 142.5 (C5), 140.9 (C5), 136.4 (C10), 135.8 (C10), 129.9, 129.7, 129.5, 

129.4 (C3, C11), 127.8 (C3), 122.8 (C2), 121.9 (C2), 121.4 (C4), 121.3 (C4), 114.3 (two signals, C12) 

77.1 (J = 28.0 Hz, C14), 73.6, 73.3, 72.3, 70.8 (4 × CH-ferrocene), 57.1 (C9), 55.6 (two signals, C15), 

50.0 (C8), 49.3 (two signals, C7, C8), 48.8 (C7); 31P NMR (162 MHz, CDCl3): 159.8; HRMS 

(Nanospray): Calculated for C72H61O8FeP2: 1171.3191. Found [M + H]+: 1171.3170. 

(244c): (1S,5S)-1,5-bis(2-bromo-5-hydroxyphenyl)-1,5-bis(3,5-dimethylphenyl)pentan-3-one  

 

General Procedure P: Enone 243 (1.27 g, 3.00 mmol), [RhL10Cl]2 (48.0 mg, 0.051 mmol), 3,5-

dimethylphenylboronic acid (1.35 g, 9.00 mmol), potassium hydroxide (8.41 mg, 0.15 mmol), PhMe 

(50 mL) and H2O (25 mL) were employed. The reaction was conducted at 60 °C for 24 h to yield the 

title compound 244c (1.72 g, 90%) as a yellow solid which was used without further purification. [α]D
19 

+19.4 (c = 0.26, CHCl3); m.p. 73–79 °C (pentane); νmax / cm-1: 3371 (m), 3017 (m), 2917 (m), 1704 (s), 

1599 (s); 1H NMR (400 MHz, CDCl3): δ 7.36 (2H, d, J = 8.5 Hz, 2 × C3-H), 6.83 (2H, s, 2 × C13-H), 

6.76 (4H, d, J = 1.5 Hz, 4 × C11-H), 6.54 (2H, dd, J = 8.5, 3.0 Hz, 2 × C2-H), 6.48 (2H, d, J = 3.0 Hz, 

2 × C6-H), 4.88 (2H, t, J = 7.5 Hz, 2 × C7-H), 4.77 (2H, s, 2 × OH), 3.18 – 2.93 (4H, m, 4 × C8-H), 

2.24 (12H, s, 4 × C14-H3); 13C NMR (101 MHz, CDCl3): δ 205.9 (C9), 155.1 (C1), 144.1 (C5), 141.8 

(C10), 138.2 (C12), 134.1 (C3), 128.6 (C13), 126.0 (C11), 116.0 (C6), 115.5 (C2), 115.4 (C4), 49.1 

(C8), 44.8 (C7), 21.5 (C14); HRMS (MALDI+): Calculated for C33H32Br2NaO3: 657.0616. Found [M + 

Na]+: 657.0619. 
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(L12): Dicyclohexyl(2-(phenanthren-9-yl)phenyl)phosphane 

 

To a two-necked flask equipped with a reflux condenser was added magnesium turnings (184 mg, 7.56 

mmol). 9-Bromophenanthrene (1.02 g, 3.98 mmol) in anhydrous THF (10 mL) was added dropwise, 

and the suspension was heated to 60 °C after initiation of the Grignard reagent. The suspension was 

heated at 60 °C for 2 h, after which 1-bromo-2-chlorobenzene (0.39 mL, 3.30 mmol) was added 

dropwise via syringe over 20 min. The reaction mixture was maintained at 60 °C for another 2 h before 

being cooled to r.t., and CuCl (430 mg, 4.30 mmol) was added under a positive pressure of nitrogen. 

PCy2Cl (1.00 mL, 4.30 mmol) was added dropwise via syringe over 2 min and the suspension was 

stirred at r.t. for 16 h. Hexane (12 mL) was added and the suspension was filtered. The solid was placed 

into a flask, and EtOAc (40 mL) and conc. NH4OH (40 mL) were added. The layers were separated, 

and the organic portion was washed with brine (40 mL), dried over Na2SO4 and concentrated in vacuo 

to leave an oily residue. EtOAc/Hex (4 mL, 1:1) was added to the residue, causing precipitation of the 

ligand. Trituration with EtOAc and hexane afforded the title compound L12 (400 mg, 22%) as a 

colourless solid powder. m.p. 140–141 °C (EtOAc/Hex); 1H NMR (400 MHz, C6D6): δ 8.52 (1H, m, 

Ar-CH), 7.75 (1H, m, Ar-CH), 7.70 – 7.61 (3H, m, 3 × Ar-CH), 7.47 – 7.21 (7H, m, 7 × Ar-CH), 1.90 

(1H, m, 1 × CH2), 1.77 – 1.47 (11H, m, 2 × CH, 5 × CH2), 1.29 – 0.88 (10H, m, 5 × CH2); 31P NMR 

(162 MHz, C6D6): δ -11.8. The spectroscopic properties of this compound were consistent with the data 

available in the literature.340 

(249): (1R,3S,3'S)-4,4'-dibromo-7,7'-dimethoxy-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-

spirobi[indene] 

 

To a suspension of 245a (400 mg, 0.71 mmol) and K2CO3 (491 mg, 3.55 mmol) in anhydrous DMF (4 

mL) at r.t. was added methyl iodide (0.18 mL, 2.84 mmol) via syringe in one portion. The suspension 
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was heated to 80 °C for 16 h before being cooled to r.t. and filtering through Celite®, rinsing with 

EtOAc (20 mL). The filtrate was transferred to a separating funnel and water (30 mL) was added. The 

layers were separated, and the aqueous portion was extracted with EtOAc (20 mL). The combined 

organic portions were washed with water (30 mL), brine (30 mL), dried over Na2SO4 and concentrated 

in vacuo to afford the title compound 249 (259 mg, 62%) as a colourless powder that did not need 

further purification. [α]D
22 +54.0 (c = 0.11, CHCl3); m.p. 285–288 °C (CHCl3); νmax / cm-1: 2938 (m), 

1466 (s), 1436 (s), 1271 (s); 1H NMR (400 MHz, CDCl3): δ 7.34 – 7.17 (14H, m, 2 × C3-H, 4 × C11-

H, 4 × C12-H, 2 × C13-H), 6.61 (2H, dd, J = 8.5, 1.0 Hz, 2 × C2-H), 4.46 (2H, t, J = 8.5 Hz, 2 × C7-

H), 3.66 (6H, s, C14-H3), 2.73 (2H, dd, J = 13.0, 8.5 Hz, 2 × C8-H), 2.27 (2H, dd, J = 13.0, 8.5 Hz, 2 × 

C8-H); 13C NMR (101 MHz, CDCl3): δ 155.5 (C1), 145.8 (C5), 144.7 (C10), 139.9 (C6), 132.3 (C3), 

128.4, 128.4 (C11, C12), 126.1 (C13), 111.4 (two signals, C2, C4), 58.1 (C9), 55.5 (C14), 51.6 (C7), 

50.6 (C8); HRMS (MALDI+): Calculated for C31H26Br2NaO2: 611.0192. Found [M + Na]+: 611.0215. 

(1R,3S,3'S)-7,7'-dimethoxy-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-spirobi[indene] 

 

Bromide 249 (200 mg, 0.34 mmol), 2,4,6-trimethylphenylboronic acid (195 mg, 1.19 mmol), Pd(PPh3)4 

(23.4 mg, 2.04 µmol) and Na2CO3 (180 mg, 1.70 mmol) were added to a resealable tube and placed 

under N2. DME (5 mL), water (2 mL) and EtOH (1 mL) were added and the tube was sealed. The 

suspension was heated to 100 °C for 16 h before being cooled to r.t. and quenched with 1 M aq. HCl (5 

mL). CH2Cl2 (10 mL) was added and the layers were separated. The aqueous portion was extracted with 

CH2Cl2 (10 mL) and the combined organic portions were washed with brine (20 mL), dried over Na2SO4 

and concentrated in vacuo. Purification by flash column chromatography (2% EtOAc/Hex) on silica gel 

afforded the title de-brominated compound (77.6 mg, 53%) as a colourless solid powder. [α]D
22 +63.5 

(c = 0.11, CHCl3); m.p. 185–190 °C (CHCl3); νmax / cm-1: 2938 (m), 1589 (s), 1474 (s), 1253 (s), 1055 

(s); 1H NMR (400 MHz, CDCl3): δ 7.34 – 7.29 (8H, m, 4 × C11-H, 4 × C12-H), 7.25 – 7.21 (2H, m, 2 

× C13-H), 7.11 (2H, t, J = 8.0 Hz, 2 × C3-H), 6.69 (2H, d, J = 8.0, 1.0 Hz, C2-H), 6.48 (2H, d, J = 8.0, 

1.0 Hz, C4-H), 4.43 (2H, dd, J = 10.5, 7.5 Hz, 2 × C7-H), 3.63 (6H, s, 2 × C14-H3), 2.72 (2H, dd, J = 

12.5, 7.5 Hz, 2 × C8-H), 2.52 – 2.36 (2H, m, 2 × C8-H); 13C NMR (101 MHz, CDCl3): δ 156.2 (C1), 

147.8 (C5), 145.7 (C10), 137.3 (C6), 128.5, 128.4 (C11, C12), 127.9 (C3), 126.2 (C13), 117.2 (C4), 

108.9 (C2), 57.3 (C9), 55.3 (C14), 50.2 (C7), 48.5 (C8); HRMS (MALDI+): Calculated for C31H28O2: 

455.1982. Found [M + H]+: 455.1974. 
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(251): 4-hydroxy-[1,1'-biphenyl]-2-carbaldehyde 

 

A two-necked flask was charged with 2-bromo-5-hydroxybenzaldehyde (4.02 g, 20.0 mmol), 

PdCl2(PPh3)2 (700 mg, 1.00 mmol), PhB(OH)2 (2.93 g, 24.0 mmol) and K3PO4 (8.50 g, 40.0 mmol). 

The flask was evacuated and placed under N2, before anhydrous DMSO (25 mL) was added via syringe. 

The suspension was heated to 80 °C and stirred for 16 h, before being cooled to r.t. and diluted with 

CH2Cl2 (50 mL) and water (50 mL). The layers were separated, and the aqueous portion was extracted 

with CH2Cl2 (2 × 50 mL). The combined organic portions were washed with water (100 mL), brine 

(100 mL), dried over Na2SO4 and concentrated in vacuo. Filtration through silica, eluting with EtOAc, 

yielded the title compound 251 (3.90 g, 98%) as an orange solid that did not require further purification. 

m.p. 128–132 °C (CH2Cl2); 1H NMR (400 MHz, (CD3)2SO): δ 10.02 (1H, s, OH), 9.80 (1H, s, C11-H), 

7.51 – 7.41 (3H, m, C10-H), 7.39 – 7.33 (3H, m, C3-H), 7.28 (1H, d, J = 2.5 Hz, C6-H), 7.15 (1H, dd, 

J = 8.5, 2.5 Hz, C2-H); 13C NMR (101 MHz, (CD3)2SO): δ 191.6 (C11), 157.0 (C1), 137.4 (C7), 136.5 

(C4), 134.1 (C5), 132.3 (C3), 130.0 (C8), 128.4 (C9), 127.5 (C10), 121.4 (C2), 112.5 (C6). The 

spectroscopic properties of this compound were consistent with the data available in the literature.345 

(252): (1E,4E)-1,5-bis(4-hydroxy-[1,1'-biphenyl]-2-yl)penta-1,4-dien-3-one 

 

To a solution of NaOH (1.77 g, 44.3 mmol) in water (30 mL) at 0 °C was added a solution of 251 

(3.50 g, 17.7 mmol) and acetone (0.65 mL, 8.85 mmol) in EtOH (15 mL) dropwise over 1 h. The orange 

suspension was warmed to r.t. and stirred for 24 h before being concentrated in vacuo. 3 M aq. HCl in 

brine (50 mL) and EtOAc (100 mL) were added and the layers were separated. The aqueous portion 

was extracted with EtOAc (3 × 50 mL) and the combined organic portions were dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography (20–40% EtOAc/Hex) on silica 

gel afforded the title compound 252 (1.10 g, 30%) as an orange solid. m.p. 88–92 °C (MeOH); νmax / 

cm-1: 3276 (w), 1602 (s), 1478 (s); 1H NMR (400 MHz, CDCl3): δ 7.67 (2H, d, J = 16.0 Hz, 2 × C7-H), 
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7.42 – 7.32 (6H, m, 4 × C12-H, 2 × C13-H), 7.27 – 7.23 (6H, m, 2 × C3-H, 4 × C11-H), 7.13 (2H, d, J 

= 2.5 Hz, 2 × C6-H), 6.94 (2H, dd, J = 8.5, 2.5 Hz, 2 × C2-H), 6.81 (2H, d, J = 16.0 Hz, 2 × C8-H); 13C 

NMR (101 MHz, CDCl3): δ 189.7 (C9), 155.3 (C1), 143.0 (C7), 139.7 (C10), 136.6 (C4), 134.1 (C5), 

132.1 (C3), 130.1 (C11), 128.5 (C12), 127.5 (C13), 126.5 (C8), 117.9 (C2), 113.2 (C6); HRMS (ESI+): 

Calculated for C29H23O3: 419.1642. Found [M + H]+: 419.1652. 

(253): (1S,5S)-1,5-bis(4-hydroxy-[1,1'-biphenyl]-2-yl)-1,5-diphenylpentan-3-one 

 

General Procedure P: Enone 252 (500 mg, 1.19 mmol), [RhL10Cl]2 (11.2 mg, 0.0119 mmol), 

phenylboronic acid (435 mg, 3.57 mmol), potassium hydroxide (3.33 mg, 0.06 mmol), PhMe (10 mL) 

and H2O (5 mL) were employed. The reaction was conducted at 60 °C for 24 h. Following work-up, the 

product 253 (611 mg, 89%) was obtained as a beige solid and was pure enough for use in subsequent 

steps. [α]D
22 -7.37 (c = 0.075, CHCl3); m.p. 96–100 °C (CH2Cl2/pentane); νmax / cm-1: 3337 (w), 2975 

(m), 1698 (s), 1609 (s), 1480 (s); 1H NMR (400 MHz, CDCl3): δ 7.33 – 7.27 (6H, m, 6 × Ar-CH), 7.16 

– 7.09 (6H, m, 6 × Ar-CH), 7.08 – 7.03 (6H, m, 2 × C3-H, 4 × Ar-CH), 6.85 – 6.78 (4H, m, 4 × Ar-

CH), 6.72 (2H, dd, J = 8.0, 2.5 Hz, 2 × C2-H), 6.55 (2H, d, J = 2.5 Hz, 2 × C6-H), 4.91 (2H, s, 2 × OH), 

4.58 (2H, t, J = 8.0 Hz, 2 × C7-H), 2.93 – 2.68 (4H, m, 2 × C8-H2); 13C NMR (101 MHz, CDCl3): δ 

206.4 (C9), 155.0 (C1), 143.5 (C5), 142.4 (Ar-C), 141.1 (Ar-C), 135.3 (C4), 131.9 (C3), 129.8 (Ar-

CH), 128.5 (Ar-CH), 128.2 (Ar-CH), 127.8 (Ar-CH), 127.0 (Ar-CH), 126.3 (Ar-CH), 113.9 (C6), 113.5 

(C2), 49.6 (C8), 42.0 (C7); HRMS (ESI+): Calculated for C41H38NO3: 592.2846. Found [M + NH4]+: 

592.2838. 
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(254): (1R,3S,3'S)-3,3',4,4'-tetraphenyl-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-diol 

 

General Procedure Q: Ketone 253 (500 mg, 0.87 mmol), BF3·OEt2 (0.54 mL, 4.35 mmol) and 

anhydrous PhMe (8.00 mL) were employed at 60 °C for 2 h. Purification by flash column 

chromatography (25% EtOAc/Hex) on silica gel afforded the title compound 254 (380 mg, 78%) as a 

colourless solid; [α]D
22 +206 (c = 0.13, CHCl3); m.p. 300 °C decomposed (CH2Cl2/Hex); νmax / cm-1: 

3027 (m), 1601 (s), 1478 (s); 1H NMR (400 MHz, CDCl3): δ 7.13 (2H, d, J = 8.0 Hz, 2 × C3-H), 7.03 

– 6.98 (8 H, m), 6.95 – 6.81 (12H, m, 2 × C2-H, 10 × Ar-CH), 4.99 (2H, s, 2 × OH), 4.74 (2H, dd, J = 

10.0, 7.5 Hz, 2 × C7-H), 2.94 (2H, dd, J = 13.5, 7.5 Hz, 2 × C8-H), 2.36 (2H, dd, J = 13.5, 10.0 Hz, 2 

× C8-H); 13C NMR (101 MHz, CDCl3): δ 152.1 (C1), 145.4 (C6), 144.1 (Ar-C), 140.3 (C4), 133.6 (Ar-

C), 132.0 (C3), 131.9 (C5), 128.9 (Ar-CH), 128.1 (Ar-CH), 127.9 (Ar-CH), 127.5 (Ar-CH), 126.2 (Ar-

CH), 125.7 (Ar-CH), 115.4 (C2), 55.7 (C9), 50.3, 50.2 (C7, C8); HRMS (MALDI+): Calculated for 

C41H32O2: 556.2397. Found [M]+: 556.2381. 

((R)-L9d): 

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (70.0 mg, 0.18 mmol), 254 (200 mg, 

0.36 mmol), Et3N (0.12 mL, 0.86 mmol) and DMAP (8.80 mg, 7.20 µmol) were employed. Purification 

by flash column chromatography (2–10% EtOAc/Hex) on deactivated (10% Et3N) silica gel afforded 

the title compound (R)-L11d (51.9 mg, 21%) as a bright orange solid. [α]D
24 +511 (c = 0.58, CH2Cl2); 

m.p. 245 °C decomposed (pentane); νmax / cm-1: 3026 (s), 1473 (s), 1221 (s); 1H NMR (500 MHz, 
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CD2Cl2): δ 7.24 (2H, d, J = 8.0 Hz, 2 × C2-H), 7.11 – 6.72 (44H, m, 4 × C3-H, 40 × Ar-CH), 6.24 (2H, 

d, J = 8.0 Hz, 2 × C2-H), 4.86 – 4.61 (10H, m, 4 × C7-H, 6 × CH-ferrocene), 4.09 (2H, dd, J = 2.5, 1.0 

Hz, 2 × CH-ferrocene), 2.92 – 2.73 (4H, m, 4 × C8-H), 2.20 – 2.01 (4H, m, 4 × C8-H); 13C NMR (126 

MHz, CD2Cl2): δ 149.5 (C1), 145.6 (C1), 145.2 (Ar-C), 144.6 (Ar-C), 144.5 (Ar-C), 144.3 (Ar-C), 

143.9 (Ar-C), 142.0 (Ar-C), 140.7 (Ar-C), 140.5 (Ar-C), 137.1 (Ar-C), 136.5 (Ar-C), 131.2 (C3), 129.1 

(Ar-CH), 128.6 (Ar-CH), 128.6 (Ar-CH), 128.3 (Ar-CH), 128.0 (Ar-CH), 127.9 (Ar-CH), 127.9 (Ar-

CH), 127.8 (Ar-CH), 126.6 (Ar-CH), 126.4 (Ar-CH), 125.8 (Ar-CH), 125.6 (Ar-CH), 123.6 (C2), 122.1 

(C2), 77.2 (d, J = 28.0 Hz, C14), 73.5 (CH-ferrocene), 72.4 (CH-ferrocene), 71.2 (CH-ferrocene), 57.6 

(C9), 51.9 (C8), 51.4 (C8), 50.0 (C7), 49.4 (C7); 31P NMR (162 MHz, CDCl3): δ 158.9; HRMS 

(Nanospray): Calculated for C92H69O4FeP2: 1355.4021. Found [M + H]+: 1355.4023. 

(255): 4-hydroxy-2',4',6'-trimethyl-[1,1'-biphenyl]-2-carbaldehyde 

 

A resealable Schlenk tube was charged with 2-bromo-5-hydroxybenzaldehyde (884 mg, 4.40 mmol), 

Pd2(dba)3 (100 mg, 0.11 mmol, 2.50 mol%), L12 (200 mg, 0.44 mmol, 20 mol%), MesB(OH)2 (2.16 g, 

13.2 mmol) and K3PO4 (934 mg, 4.40 mmol). The tube was evacuated and placed under N2. Anhydrous 

PhMe (22 mL) was added, the tube was sealed and heated to 110 °C for 24 h. After cooling to r.t., the 

suspension was concentrated in vacuo and purified by flash column chromatography (8–10% 

EtOAc/Hex) on silica gel. This afforded the title compound 255 (407 mg, 38%) as a colourless solid; 

m.p. 120–123 °C (EtOAc/Hex); νmax / cm-1: 3418 (m), 2918 (s), 1678 (s), 1606 (s), 1440 (s); 1H NMR 

(400 MHz, CDCl3): δ 9.57 (1H, s, C13-H), 7.50 (1H, d, J = 2.5 Hz, C6-H), 7.19 (1H, dd, J = 8.5, 2.5 

Hz, C2-H), 7.09 (1H, d, J = 8.5 Hz, C3-H), 6.95 (2H, s, 2 × C9-H), 5.39 (1H, s, OH), 2.34 (3H, s, C12-

H3), 1.94 (6H, s, 2 × C11-H3); 13C NMR (101 MHz, CDCl3): δ 192.4 (C13), 155.1 (C1), 138.1 (C4), 

137.6 (C10), 136.7 (C8), 134.7 (C5), 133.7 (C7), 132.3 (C3), 128.2 (C9), 122.2 (C2), 112.7 (C6), 21.1 

(C12), 20.8 (C11); HRMS (ESI+): Calculated for C16H16NaO2: 263.1043. Found [M + Na]+: 263.1030. 
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(257): (1E,4E)-1,5-bis(2-fluoro-5-methoxyphenyl)penta-1,4-dien-3-one 

 

To a solution of NaOH (3.24 g, 81.0 mmol) in water (60 mL) at 0 °C was added a solution of 2-fluoro-

5-methoxybenzaldehyde (5.00 g, 32.4 mmol) and acetone (1.19 mL, 16.2 mmol) in EtOH (30 mL) 

dropwise over 1 h. The yellow suspension was warmed to r.t. and stirred for 24 h before being 

concentrated in vacuo. 3 M aq. HCl in brine (100 mL) and EtOAc (200 mL) were added and the layers 

were separated. The aqueous portion was extracted with EtOAc (3 × 100 mL) and the combined organic 

portions were dried over Na2SO4 and concentrated in vacuo to leave the title compound 257 (5.30 g, 

99%) as a yellow crystalline solid which was pure enough to use without additional purification; m.p. 

82–87 °C (MeOH); νmax / cm-1: 2951 (m), 1584 (s), 1490 (s); 1H NMR (400 MHz, CDCl3): δ 7.81 (2H, 

d, J = 16.0 Hz, 2 × C7-H), 7.14 (2H, d, J = 16.0 Hz, 2 × C8-H), 7.11 – 7.07 (2H, m, 2 × C2-H), 7.04 

(2H, d, J = 10.0 Hz, 2 × C3-H), 6.96 – 6.86 (2H, m, 2 × C2-H), 3.83 (6H, s, 2 × C10-H3); 13C NMR 

(101 MHz, CDCl3): δ 189.0 (C9), 156.4 (d, J = 245 Hz, C4), 156.0 (d, J = 2.0 Hz, C1), 136.3 (d, J = 

2.5 Hz, C7), 127.8 (d, J = 6.0 Hz, C8), 123.2 (d, J = 15.0 Hz, C5), 117.9 (d, J = 8.5 Hz, C6), 117.2 (d, 

J = 24.0 Hz, C3), 113.2 (d, J = 3.0 Hz, C2), 56.0 (C10); 19F NMR (377 MHz, CDCl3): δ -124.3; HRMS 

(ESI+): Calculated for C19H17F2O3: 331.1140. Found [M + H]+: 331.1127. 

(258): (1S,5S)-1,5-bis(2-fluoro-5-methoxyphenyl)-1,5-diphenylpentan-3-one 

 

General Procedure P: Enone 257 (892 mg, 2.70 mmol), [RhL10Cl]2 (25.0 mg, 0.027 mmol), 

phenylboronic acid (988 mg, 8.10 mmol), potassium hydroxide (7.60 mg, 0.14 mmol), PhMe (18 mL) 

and H2O (9 mL) were employed. The reaction was conducted at 60 °C for 24 h. Purification by flash 

column chromatography (30% EtOAc/Hex) on silica gel afforded the title compound 258 (836 mg, 

64%) as a yellow oil. [α]D
22 +107 (c = 0.081, CHCl3); νmax / cm-1: 2951 (m), 1717 (s), 1492 (s), 1204 (s); 

1H NMR (400 MHz, CDCl3): δ 7.25 – 7.20 (4H, m, 4 × C12-H), 7.19 – 7.10 (6H, m, 4 × C11-H, 2 × 

C13-H), 6.93 – 6.84 (2H, m, 2 × C3-H), 6.68 – 6.60 (4H, m, 2 × C2-H, 2 × C6-H), 4.77 (2H, t, J = 7.5 

Hz, 2 × C7-H), 3.71 (6H, s, 2 × C14-H3), 3.15 (4H, d, J = 7.5 Hz, 2 × C8-H2); 13C NMR (101 MHz, 
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CDCl3): δ 205.8 (C9), 155.6 (C1), 155.0 (d, J = 234 Hz, C4), 142.2 (C10), 131.5 (d, J = 13.0 Hz, C5), 

128.6 (C12), 127.6 (C11), 126.6 (C13), 116.2 (d, J = 24.0 Hz, C3), 114.7 (d, J = 3.5 Hz, C6), 112.1 (d, 

J = 8.0 Hz, C2), 55.6 (C14), 47.9 (d, J = 1.5 Hz, C8), 39.7 (d, J = 1.5 Hz, C7); 19F NMR (377 MHz, 

CDCl3): δ -127.3; HRMS (MALDI+): Calculated for C31H28F2NaO3: 509.1899. Found [M + Na]+: 

509.1892. 

(1S,5S)-1,5-bis(2-fluoro-5-hydroxyphenyl)-1,5-diphenylpentan-3-one 

 

To a solution of 258 (39.2 mg, 0.08 mmol) in anhydrous CH2Cl2 (2 mL) at -78 °C was added BBr3 (0.24 

mL, 0.24 mmol, 1 M in CH2Cl2) dropwise via syringe over 10 min. The resulting brown homogeneous 

solution was maintained at -78 °C for 1 h before being warmed to r.t. and stirred for 16 h. The solution 

was cooled to 0 °C, diluted with CH2Cl2 (10 mL) and quenched with sat. aq. NaHCO3 (10 mL). The 

layers were separated, and the aqueous portion was extracted with CH2Cl2 (2 × 10 mL). The combined 

organic portions were washed with brine (20 mL), dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography (20–30% EtOAc/Hex) on silica gel afforded the title 

compound (10.0 mg, 27%) as a yellow oil. [α]D
22 +209 (c = 0.29, CHCl3); νmax / cm-1: 3378 (w), 1706 

(s), 1493 (s); 1H NMR (400 MHz, CDCl3): δ 7.24 (4H, d, J = 8.5 Hz, 4 × C12-H), 7.20 – 7.17 (2H, m, 

2 × C13-H), 7.13 (4H, d, J = 7.5 Hz, 4 × C11-H), 6.82 (2H, dd, J = 10.0, 8.5 Hz, 2 × C3-H), 6.57 (2H, 

m, 2 × C2-H), 6.49 (2H, m, 2 × C6-H), 5.20 (2H, s, 2 × OH), 4.72 (2H, t, J = 7.5 Hz, 2 × C7-H), 3.23 – 

3.00 (4H, m, 2 × C8-H2); 13C NMR (101 MHz, CDCl3): δ 207.6 (C9), 155.0 (d, J = 238 Hz, C4), 151.6 

(2.0 Hz, C1), 142.2 (C10), 131.3 (d, J = 16.0 Hz, C5), 128.8 (C12), 127.7 (C11), 126.8 (C13), 116.5 

(d, J = 24.0 Hz, C3), 115.5 (d, J = 3.5 Hz, C6), 114.7 (d, J = 8.5 Hz, C2), 47.9 (C8), 39.7 (C7); 19F 

NMR (377 MHz, CDCl3): δ -127.1; HRMS (ESI+): Calculated for C29H24F2NaO3: 481.1586. Found [M 

+ Na]+: 481.1582. 
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(259): (1R,3S,3'S)-4,4'-difluoro-7,7'-dimethoxy-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-

spirobi[indene] 

 

General Procedure Q: Ketone 258 (500 mg, 1.02 mmol), BF3·OEt2 (1.27 mL, 10.2 mmol) and 

anhydrous PhMe (10.0 mL) were employed at 110 °C for 16 h. Purification by flash column 

chromatography (7% EtOAc/Hex) on silica gel afforded the title compound 259 (283 mg, 59%) as a 

colourless solid; [α]D
22 +131 (c = 0.073, CHCl3); m.p. 176–179 °C (CHCl3); νmax / cm-1: 2936 (m), 1486 

(s), 1239 (s); 1H NMR (400 MHz, CDCl3): δ 7.34 – 7.27 (8 H, m), 7.25 – 7.19 (2H, m, 2 × C13-H), 6.78 

(2H, t, J = 9.0 Hz, 2 × C3-H), 6.65 (2H, dd, J = 9.0, 3.5 Hz, 2 × C2-H), 4.62 – 4.47 (2H, m, 2 × C7-H), 

3.64 (6H, s, 2 × C14-H3), 2.74 (2H, dd, J = 13.0, 8.0 Hz, 2 × C8-H), 2.40 – 2.31 (2H, m, 2 × C8-H); 13C 

NMR (101 MHz, CDCl3): δ 153.8 (d, J = 240 Hz, C4), 152.7 (d, J = 2.0 Hz, C1), 144.9 (C10), 139.4 

(d, J = 4.0 Hz, C6), 132.4 (d, J = 18.0 Hz, C5), 128.3 (C12), 127.5 (C11), 126.3 (C13), 114.2 (d, J = 

21.5 Hz, C3), 110.5 (d, J = 7.0 Hz, C2), 58.8 (C9), 55.7 (C14), 49.9 (C8), 47.9 (C7); 19F NMR (377 

MHz, CDCl3): δ -127.9; HRMS (ESI+): Calculated for C31H30F2NO2: 486.2239. Found [M + NH4]+: 

486.2239. 

(260): (1R,3S,3'S)-4,4'-difluoro-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-diol 

 

To a solution of 258 (261.3 mg, 0.56 mmol) in anhydrous CH2Cl2 (8 mL) at -78 °C was added BBr3 

(1.68 mL, 1.68 mmol, 1 M in CH2Cl2) dropwise via syringe over 10 min. The resulting pale brown 

homogeneous solution was maintained at -78 °C for 1 h before being warmed to r.t. and stirred for 16 

h. The solution was cooled to 0 °C, diluted with CH2Cl2 (20 mL) and quenched with sat. aq. NaHCO3 

(10 mL). The layers were separated, and the aqueous portion was extracted with CH2Cl2 (2 × 20 mL). 

The combined organic portions were washed with brine (40 mL), dried over Na2SO4 and concentrated 

in vacuo. Purification by flash column chromatography (20% EtOAc/Hex) on silica gel afforded the 
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title compound 260 (84.2 mg, 34%) as a colourless solid. [α]D
19 +77.1 (c = 0.14, CHCl3); m.p. 275 °C 

decomposed (CHCl3); νmax / cm-1: 3553 (s), 2870 (m), 1487 (s), 1242 (s); 1H NMR (400 MHz, CDCl3): 

δ 7.35 – 7.19 (11H, m, 2 × C11-H, 2 × C12-H, C13-H), 6.83 (2H, dd, J = 9.0, 9.0 Hz, 2 × C3-H), 6.70 

(2H, dd, J = 9.0, 3.5 Hz, 2 × C2-H), 4.66 (2 H, s), 4.58 (2H, m, 2 × C7-H), 2.83 (2H, dd, J = 13.0, 7.5 

Hz, 2 × C8-H), 2.41 – 2.26 (2H, m, 2 × C8-H); 13C NMR (101 MHz, CDCl3): δ 154.1 (d, J = 243 Hz, 

C4), 148.3 (d, J = 2.5 Hz, C1), 143.2 (C10), 133.3 (d, J = 4.0 Hz, C6), 132.9 (d, J = 17.0 Hz, C5), 

128.6 (C12), 127.4 (C11), 126.7 (C13), 116.7 (d, J = 22.5 Hz, C3), 116.4 (d, J = 7.5 Hz, C2), 57.3 (C9), 

49.3 (C8), 47.9 (C7); 19F NMR (377 MHz, CDCl3): δ -125.7; HRMS (ESI+): Calculated for 

C29H22F2NaO2: 463.1480. Found [M + Na]+: 463.1469. 

(262): (1E,4E)-1,5-bis(2-fluoro-5-hydroxyphenyl)penta-1,4-dien-3-one 

 

To a solution of NaOH (1.43 g, 35.8 mmol) in water (30 mL) at 0 °C was added a solution of 2-fluoro-

5-hydroxybenzaldehyde (2.00 g, 14.3 mmol) and acetone (0.53 mL, 7.15 mmol) in EtOH (15 mL) 

dropwise over 1 h. The orange suspension was warmed to r.t. and stirred for 24 h before being 

concentrated in vacuo. 3 M aq. HCl in brine (50 mL) and EtOAc (100 mL) were added and the layers 

were separated. The aqueous portion was extracted with EtOAc (3 × 50 mL) and the combined organic 

portions were dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (40% EtOAc/Hex) on silica gel afforded the title compound 262 (940 mg, 43%) as an 

orange solid. m.p. 198–203 °C (MeOH); νmax / cm-1: 3369 (m), 2972 (m), 1615 (s), 1447 (s); 1H NMR 

(400 MHz, CDCl3): δ 9.65 (2H, s, 2 × OH), 7.73 (2H, d, J = 16.5 Hz, 2 × C7-H), 7.30 (2H, d, J = 16.5 

Hz, 2 × C8-H), 7.23 (2H, dd, J = 6.0, 3.0 Hz, 2 × C6-H), 7.13 (2H, dd, J = 10.5, 9.0 Hz, 2 × C3-H), 

6.88 (2H, m, 2 × C2-H); 13C NMR (101 MHz, CDCl3): δ 188.7 (C9), 155.1 (d, J = 242 Hz, C4), 154.4 

(C1), 135.4 (C7), 128.2 (C8), 123.0 (d, J = 13.0 Hz, C5), 119.7 (d, J = 8.5 Hz, C2), 117.5 (d, J = 22.0 

Hz, C3), 114.6 (C6); 19F NMR (377 MHz, CDCl3): δ -124.1; HRMS (ESI+): Calculated for 

C17H12F2NaO3: 325.0647. Found [M + Na]+: 325.0633. 
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(263): (1S,5S)-1,5-bis(2-fluoro-5-hydroxyphenyl)-1,5-diphenylpentan-3-one 

 

General Procedure P: Enone 262 (850 mg, 2.81 mmol), [RhL10Cl]2 (26.5 mg, 0.028 mmol), 

phenylboronic acid (1.03 g, 8.43 mmol), potassium hydroxide (7.88 mg, 0.14 mmol), PhMe (46 mL) 

and H2O (23 mL) were employed. The reaction was conducted at 60 °C for 24 h. Following work-up, 

product 263 (960 mg, 74%) was obtained as a yellow oil and was pure enough for use in subsequent 

steps. [α]D
19 +209 (c = 0.29, CHCl3); νmax / cm-1: 3378 (w), 1706 (s), 1493 (s); 1H NMR (400 MHz, 

CDCl3): δ 7.24 (4H, d, J = 8.5 Hz, 4 × C12-H), 7.20 – 7.17 (2H, m, 2 × C13-H), 7.13 (4H, d, J = 7.5 

Hz, 4 × C11-H), 6.82 (2H, dd, J = 10.0, 8.5 Hz, 2 × C3-H), 6.57 (2H, m, 2 × C2-H), 6.49 (2H, m, 2 × 

C6-H), 5.20 (2H, s, 2 × OH), 4.72 (2H, t, J = 7.5 Hz, 2 × C7-H), 3.23 – 3.00 (4H, m, 2 × C8-H2); 13C 

NMR (101 MHz, CDCl3): δ 207.6 (C9), 155.0 (d, J = 238 Hz, C4), 151.6 (d, J = 2.0 Hz, C1), 142.2 

(C10), 131.3 (d, J = 16.0 Hz, C5), 128.8 (C12), 127.7 (C11), 126.8 (C13), 116.5 (d, J = 24.0 Hz, C3), 

115.5 (d, J = 3.5 Hz, C6), 114.7 (d, J = 8.5 Hz, C2), 47.9 (C8), 39.7 (C7); 19F NMR (377 MHz, CDCl3): 

δ -127.1; HRMS (ESI+): Calculated for C29H24F2NaO3: 481.1586. Found [M + Na]+: 481.1582. 

(260): (1R,3S,3'S)-4,4'-difluoro-7,7'-dihydroxy-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-

spirobi[indene] 

 

General Procedure Q: Ketone 263 (767 mg, 1.67 mmol), BF3·OEt2 (2.06 mL, 16.7 mmol) and 

anhydrous PhMe (10.0 mL) were employed at 90 °C for 16 h. Purification by flash column 

chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 260 (487 mg, 66%) as a 

beige crystalline solid; [α]D
19 +77.1 (c = 0.14, CHCl3); m.p. 275 °C decomposed (CHCl3); νmax / cm-1: 

3553 (s), 2870 (m), 1487 (s), 1242 (s); 1H NMR (400 MHz, CDCl3): δ 7.35 – 7.19 (11H, m, 2 × C11-

H, 2 × C12-H, C13-H), 6.83 (2H, dd, J = 9.0, 9.0 Hz, 2 × C3-H), 6.70 (2H, dd, J = 9.0, 3.5 Hz, 2 × C2-

H), 4.66 (2 H, s), 4.58 (2H, m, 2 × C7-H), 2.83 (2H, dd, J = 13.0, 7.5 Hz, 2 × C8-H), 2.41 – 2.26 (2H, 

m, 2 × C8-H); 13C NMR (101 MHz, CDCl3): δ 154.1 (d, J = 243 Hz, C4), 148.3 (d, J = 2.5 Hz, C1), 



Chapter 8 – Experimental procedures 

 

325 

 

143.2 (C10), 133.3 (d, J = 4.0 Hz, C6), 132.9 (d, J = 17.0 Hz, C5), 128.6 (C12), 127.4 (C11), 126.7 

(C13), 116.7 (d, J = 22.5 Hz, C3), 116.4 (d, J = 7.5 Hz, C2), 57.3 (C9), 49.3 (C8), 47.9 (C7); 19F NMR 

(377 MHz, CDCl3): δ -125.7; HRMS (ESI+): Calculated for C29H22F2NaO2: 463.1480. Found [M + Na]+: 

463.1469. 

((R)-L11c): 

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (201.6 mg, 0.52 mmol), 260 (454 

mg, 1.03 mmol), Et3N (0.35 mL, 2.50 mmol) and DMAP (25.7 mg, 0.21 mmol) were employed. 

Purification by flash column chromatography (15% EtOAc/Hex) on deactivated (10% Et3N) silica gel 

afforded the title compound (R)-L11c (116 mg, 20%) as a bright orange solid. [α]D
22 +446 (c = 0.13, 

CH2Cl2); m.p. 245–248 °C (pentane); νmax / cm-1: 3027 (m), 1473 (s), 1223 (s); 1H NMR (500 MHz, 

CD2Cl2): δ 7.39 – 7.24 (20H, m, 8 × C11-H, 8 × C12-H, 4 × C13-H), 7.14 (2H, dd, J = 8.5, 4.0 Hz, 2 × 

C2-H), 6.77 (2H, dd, J = 8.5, 8.5 Hz, 2 × C3-H), 6.54 (2H, dd, J = 8.5, 8.5 Hz, 2 × C3-H), 6.17 (2H, 

dd, J = 8.5, 4.0 Hz, 2 × C2-H), 4.74 (2H, dt, J = 2.5, 1.5 Hz, 2 × CH-ferrocene), 4.71 – 4.68 (2H, m, 2 

× CH-ferrocene), 4.66 – 4.57 (6H, m, 4 × C7-H, 2 × CH-ferrocene), 4.10 – 3.95 (2H, m, 2 × CH-

ferrocene), 2.88 – 2.67 (4H, m, 4 × C8-H), 2.20 – 20.3 (4H, m, 4 × C8-H); 13C NMR (126 MHz, 

CD2Cl2): δ 156.2 (d, J = 247 Hz, C4), 155.9 (d, J = 245 Hz, C4), 145.7 (C1), 144.1 (d, J = 5.0 Hz, C6), 

143.3 (C10), 142.9 (C10), 142.2 (d, J = 5.0 Hz, C6), 141.8 (C1), 132.5 (d, J = 16.5 Hz, C5), 131.7 (d, 

J = 16.5 Hz, C5), 128.6 (C12), 128.5 (C12), 127.6 (C11), 127.3 (C11), 126.7 (C13), 126.6 (C13), 124.3 

(d, J = 7.5 Hz, C2), 123.2 (d, J = 7.5 Hz, C2), 116.2 (d, J = 23.0 Hz, C3), 114.7 (d, J = 22.5 Hz, C3), 

76.4 (m, C14), 73.0 (m, CH-ferrocene), 72.1 (CH-ferrocene), 70.2 (CH-ferrocene), 58.4 (C9), 50.6 (C8), 

50.3 (C8), 47.5 (C7), 46.8 (C7); 31P NMR (162 MHz, CDCl3): 160.4; 19F NMR (377 MHz, 

CDCl3): -121.2, -121.8; HRMS (Nanospray): Calculated for C68H49O4F4FeP2: 1123.2392. Found [M + 

H]+: 1123.2401. 
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(265): 5-hydroxy-2-methoxybenzaldehyde 

 

To a solution of 2,5-dihydroxybenzaldehyde (6.91 g, 50.0 mmol) in DMF (100 mL) at 0 °C was added 

K2CO3 (6.91 g, 50.0 mmol). The resulting suspension was stirred at 0 °C for 30 min, before iodomethane 

(4.67 mL, 75.0 mmol) was added in one portion via syringe. The dark brown suspension was allowed 

to warm to r.t. and stirred for 16 h. Water (200 mL) and EtOAc (100 mL) were added and the layers 

separated. The aqueous portion was extracted with EtOAc (100 mL) and the combined aqueous portions 

were washed with water (2 × 100 mL), brine (100 mL), dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography (25% EtOAc/Hex) on silica gel afforded the title 

compound 265 (4.06 g, 53%) as a yellow solid. m.p. 95–97 °C (CH2Cl2); 1H NMR (400 MHz, CDCl3): 

δ 10.40 (1H, s, C7-H), 7.36 (1H, d, J = 3.0 Hz, C6-H), 7.12 (1H, dd, J = 9.0, 3.0 Hz, C2-H), 6.91 (1H, 

d, J = 9.0 Hz, C3-H), 5.78 (1H, m, OH), 3.89 (3H, s, C8-H3); 13C NMR (101 MHz, CDCl3): δ 190.3 

(C7), 157.2 (C4), 149.9 (C1), 125.1 (C5), 123.8 (C2), 113.8 (C6), 113.5 (C3), 56.3 (C8). The 

spectroscopic properties of this compound were consistent with the data available in the literature.348  

(266): (1E,4E)-1,5-bis(5-hydroxy-2-methoxyphenyl)penta-1,4-dien-3-one 

 

To a solution of NaOH (2.80 g, 70.0 mmol) in water (50 mL) at 0 °C was added a solution of 5-hydroxy-

2-methoxybenzaldehyde (4.26 g, 28.0 mmol) and acetone (1.03 mL, 14.0 mmol) in EtOH (25 mL) 

dropwise via syringe pump over 3 h. The orange suspension was warmed to r.t. and stirred for 24 h 

before being concentrated in vacuo. 3 M aq. HCl in brine (50 mL) and EtOAc (100 mL) were added 

and the layers were separated. The aqueous portion was extracted with EtOAc (3 × 50 mL) and the 

combined organic portions were dried over Na2SO4 and concentrated in vacuo. Purification by flash 

column chromatography (30–50% EtOAc/Hex) on silica gel afforded the title compound 266 (1.22 g, 

28%) as a bright red solid. m.p. 112–115 °C (MeOH); νmax / cm-1: 3303 (m), 1605 (s), 1463 (s), 1222 

(s); 1H NMR (400 MHz, (CD3)2SO): δ 9.21 (2H, s, 2 × OH), 7.87 (2H, d, J = 16.0 Hz, 2 × C7-H), 7.17 

(2H, d, J = 16.0 Hz, 2 × C8-H), 7.14 (2H, d, J = 3.0 Hz, 2 × C6-H), 6.94 (2H, d, J = 9.0 Hz 2 × C3-H), 
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6.85 (2H, dd, J = 9.0, 3.0 Hz, 2 × C2-H), 3.80 (6H, s, 2 × C10-H3); 13C NMR (101 MHz, (CD3)2SO): δ 

188.2 (C9), 151.7 (C4), 151.1 (C1), 137.2 (C7), 126.0 (C8), 123.5 (C5), 119.0 (C2), 113.9 (C6), 113.2 

(C3), 56.2 (C10); HRMS (ESI+): Calculated for C19H19O5: 327.1227. Found [M + H]+: 327.1232. 

(270): (1S,5S)-1,5-bis(5-hydroxy-2-methoxyphenyl)-1,5-diphenylpentan-3-one and (267): 

(1R,3S,3'S)-4,4'-dimethoxy-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-diol 

 

General Procedure P: Enone 266 (750 mg, 2.30 mmol), [RhL10Cl]2 (32.5 mg, 0.035 mmol), 

phenylboronic acid (841 mg, 6.90 mmol), potassium hydroxide (6.45 mg, 0.12 mmol), PhMe (60 mL) 

and H2O (30 mL) were employed. The reaction was conducted at 60 °C for 24 h. The intermediate 

ketone 270 (440 mg) was isolated by flash column chromatography (40% EtOAc/Hex) but contained 

significant inseparable impurities; Characteristic signals only; 1H NMR (400 MHz, CDCl3): δ 4.90 (2H, 

t, J = 7.5 Hz, 2 × C7-H), 3.68 (6H, s, 2 × C10-H3), 3.17 – 2.88 (4H, m, 2 × C8-H2); 13C NMR (101 MHz, 

CDCl3): δ 207.3 (C9), 56.1 (C10), 48.0 (C8), 39.3 (C7). General Procedure Q: Crude 270 (440 mg, 

0.91 mmol), BF3·OEt2 (1.13 mL, 9.12 mmol) and anhydrous PhMe (9.00 mL) were employed at 70 °C 

for 16 h. Purification by flash column chromatography (25% EtOAc/Hex) on silica gel afforded the title 

compound 267 (64.0 mg, 6% over two steps) as a beige solid; [α]D
19 +57.3 (c = 0.13, CHCl3); m.p. 200 

°C decomposed (CHCl3); νmax / cm-1: 3523 (s), 1489 (s), 1257 (s); 1H NMR (400 MHz, CDCl3): δ 7.32 

– 7.16 (10H, m, 4 × C12-H, 4 × C13-H, 2 × C14-H), 6.75 (2H, d, J = 8.5 Hz, 2 × C2-H), 6.69 (2H, d, J 

= 8.5 Hz, 2 × C3-H), 4.60 (2H, s, 2 × OH), 4.51 (2H, dd, J = 10.0, 7.5 Hz, 2 × C7-H), 3.42 (6H, s, 2 × 

C10-H3), 2.80 (2H, dd, J = 13.0, 7.5 Hz, 2 × C8-H), 2.25 (2H, dd, J = 13.0, 10.0 Hz, 2 × C8-H); 13C 

NMR (101 MHz, CDCl3): δ 151.2 (C4), 146.6 (C1), 145.0 (C11), 134.6 (C5), 133.1 (C6), 128.2 (C13), 

127.4 (C12), 126.0 (C14), 116.0 (C2), 113.4 (C3), 56.8 (C9), 56.1 (C10), 49.8 (C8), 48.5 (C7); HRMS 

(MALDI+): Calculated for C31H28NaO4: 487.1880. Found [M + Na]+: 487.1888. 
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(269): 4-methoxy-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol 

 

A flame-dried resealable tube was charged with 3-bromo-4-methoxyphenol (500 mg, 2.46 mmol), 

Pd(dppf)Cl2·CH2Cl2 (100 mg, 0.12 mmol), B2pin2 (750 mg, 2.95 mmol) and KOAc (483 mg, 

4.92 mmol) under nitrogen. 1,4-Dioxane (12.0 mL) was added and the tube was sealed and heated to 

90 °C for 16 h. After cooling to r.t., EtOAc (20 mL) and water (20 mL) were added and the layers 

separated. The aqueous portion was extracted with EtOAc (20 mL) and the combined organic portions 

were washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash 

column chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 269 (250 mg, 

41%) as a white crystalline solid; m.p. 175–177 °C (Et2O); νmax / cm-1: 3429 (m), 1492 (s), 1350 (s), 

1138 (s); 1H NMR (400 MHz, CDCl3): δ 7.14 (1H, d, J = 3.5 Hz, C6-H), 6.88 (1H, dd, J = 9.0, 3.5 Hz, 

C2-H), 6.76 (1H, d, J = 9.0 Hz, C3-H), 4.61 (1H, s, OH), 3.77 (3H, s, C7-H3), 1.34 (12H, s, 4 × C9-H3); 

13C NMR (101 MHz, CDCl3): δ 158.7 (C4), 149.2 (C1), 123.0 (C6), 119.0 (C2), 112.6 (C3), 83.8 (C8), 

56.9 (C7), 24.9 (C9). A signal corresponding to C5 was not observed. HRMS (ESI+): Calculated for 

C13H20BO4: 251.1452. Found [M + H]+: 251.1447. The spectroscopic properties of this compound were 

consistent with the data available in the literature.526 

(270): (1R,5R)-1,5-bis(5-hydroxy-2-methoxyphenyl)-1,5-diphenylpentan-3-one 

 

General Procedure P: Dibenzylideneacetone (211 mg, 0.90 mmol), [RhL10Cl]2 (17.0 mg, 18.6 µmol), 

boronic ester 269 (631 mg, 2.52 mmol), PhMe (12 mL) and H2O (6 mL) were employed. The reaction 

was conducted at 60 °C for 24 h. Purification by flash column chromatography (10–30% EtOAc/Hex) 

on silica gel afforded the title compound 270 (325 g, 75%) as a colourless oil. [α]D
19 -10.8 (c = 0.09, 

CHCl3); νmax / cm-1: 3357 (m), 1716 (m), 1492 (s), 1210 (s); 1H NMR (400 MHz, CDCl3): δ 7.24 – 7.09 

(10H, m, 2 × C12-H, 2 × C13-H, C14-H), 6.69 (2H, d, J = 8.5 Hz, 2 × C3-H), 6.62 (2H, dd, J = 8.5, 3.0 

Hz, 2 × C2-H), 6.44 (2H, d, J = 3.0 Hz, 2 × C6-H), 5.08 (2H, br. s, 2 × OH), 4.88 (2H, t, J = 7.5 Hz, 2 
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× C7-H), 3.66 (6H, s, 2 × C10-H3), 3.04 (4H, dd, J = 7.5, 2.5 Hz, 2 × C8-H); 13C NMR (101 MHz, 

CDCl3): δ 207.9 (C9), 151.2 (C4), 149.5 (C1), 143.4 (C11), 133.5 (C5), 128.5 (C13), 128.0 (C12), 126.3 

(C14), 115.5 (C6), 113.7 (C2), 112.5 (C3), 56.3 (C10), 48.1 (C8), 39.4 (C7); HRMS (ESI+): Calculated 

for C31H31O5: 483.2166. Found [M + H]+: 483.2143. 

(267): (1S,3R,3'R)-4,4'-dimethoxy-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-

diol 

 

General Procedure Q: Ketone 270 (325 mg, 0.67 mmol), BF3·OEt2 (0.83 mL, 6.70 mmol) and 

anhydrous PhMe (6.70 mL) were employed at 70 °C for 16 h. Purification by flash column 

chromatography (25% EtOAc/Hex) on silica gel afforded the title compound 267 (120 mg, 38%) as a 

beige solid; [α]D
19 -55.0 (c = 0.20, CHCl3); m.p. 200 °C decomposed (CHCl3); νmax / cm-1: 3523 (s), 1489 

(s), 1257 (s); 1H NMR (400 MHz, CDCl3): δ 7.32 – 7.16 (10H, m, 4 × C12-H, 4 × C13-H, 2 × C14-H), 

6.75 (2H, d, J = 8.5 Hz, 2 × C2-H), 6.69 (2H, d, J = 8.5 Hz, 2 × C3-H), 4.60 (2H, s, 2 × OH), 4.51 (2H, 

dd, J = 10.0, 7.5 Hz, 2 × C7-H), 3.42 (6H, s, 2 × C10-H3), 2.80 (2H, dd, J = 13.0, 7.5 Hz, 2 × C8-H), 

2.25 (2H, dd, J = 13.0, 10.0 Hz, 2 × C8-H); 13C NMR (101 MHz, CDCl3): δ 151.2 (C4), 146.6 (C1), 

145.0 (C11), 134.6 (C5), 133.1 (C6), 128.2 (C13), 127.4 (C12), 126.0 (C14), 116.0 (C2), 113.4 (C3), 

56.8 (C9), 56.1 (C10), 49.8 (C8), 48.5 (C7); HRMS (MALDI+): Calculated for C31H28NaO4: 487.1880. 

Found [M + Na]+: 487.1888. 

(275): 2-bromo-5-methoxy-4-methylbenzaldehyde 

 

To a suspension of 3-methoxy-4-methylbenzaldehyde (6.76 g, 45.0 mmol) and NaOAc (5.54 g, 67.5 

mmol) in CH2Cl2 (40 mL) at 0 °C was added a solution of Br2 (2.77 mL, 54.0 mmol) in CH2Cl2 (30 mL) 

dropwise via syringe over 10 min. The suspension was warmed to r.t. and stirred for 2.5 h. Upon 

completion of the reaction, the solution was cooled to 0 °C and quenched with sat. aq. Na2SO3 (50 mL). 
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The layers were separated, and the aqueous portion was extracted with CH2Cl2 (2 × 50 mL). The 

combined organic portions were washed with water (100 mL), brine (100 mL) and dried over Na2SO4. 

Concentration in vacuo afforded the title compound 275 (9.57 g, 93%) as a beige solid which was 

suitable for use without purification. m.p. 82–85 °C (CH2Cl2); νmax / cm-1: 3355 (w), 1682 (s), 1591 (s), 

1368 (s); 1H NMR (400 MHz, CDCl3): δ 10.26 (1H, s, C7-H), 7.39 (1H, s, C3-H), 7.34 (1H, s, C6-H), 

3.87 (3H, s, C9-H3), 2.25 (3H, s, C8-H3); 13C NMR (101 MHz, CDCl3): δ 191.9 (C7), 157.6 (C1), 136.5 

(C2), 135.3 (C3), 132.1 (C5), 118.5 (C4), 109.7 (C6), 55.9 (C9), 16.6 (C8); HRMS (ESI+): Calculated 

for C9H10BrO2: 228.9859. Found [M + H]+: 228.9857. 

(276): 2-bromo-5-hydroxy-4-methylbenzaldehyde 

 

To a solution of 2-bromo-5-methoxy-4-methylbenzaldehyde 275 (5.00 g, 21.8 mmol) in anhydrous 

CH2Cl2 (60.0 mL) at -10 °C was added BBr3 (25.1 mL, 25.1 mmol) dropwise via syringe over 1 h. The 

solution was maintained below 0 °C for 4 h before being allowed to warm to r.t. and stirred for 16 h. 

Upon completion of the reaction, sat. aq. NaHCO3 (50 mL) was added carefully, followed by CH2Cl2 

(50 mL). The layers were separated, and the aqueous portion was extracted with CH2Cl2 (2 × 50 mL). 

The combined organic portions were washed with brine (100 mL), dried over Na2SO4 and concentrated 

in vacuo. Purification by flash column chromatography (5–10% EtOAc/Hex) on silica gel afforded the 

title compound 276 (2.69 g, 57%) as a colourless solid. m.p. 150–152 °C (CHCl3); νmax / cm-1: 3433 

(m), 1673 (s), 1597 (s), 1394 (s); 1H NMR (400 MHz, CDCl3): δ 10.23 (1H, s, C7-H), 7.41 (1H, s, C3-

H), 7.39 (1H, s, C6-H), 5.72 (1H, s, OH), 2.30 (3H, s, C8-H); 13C NMR (101 MHz, CDCl3): δ 192.2 

(C7), 154.1 (C1), 135.8 (C2), 134.6 (C3), 132.2 (C5), 118.0 (C4), 114.9 (C6), 16.4 (C8); HRMS (ESI+): 

Calculated for C8H8BrO2: 214.9702. Found [M + H]+: 214.9715. 

(277): (1E,4E)-1,5-bis(2-bromo-5-hydroxy-4-methylphenyl)penta-1,4-dien-3-one 

 

To a solution of NaOH (930 mg, 23.3 mmol) in water (10 mL) at 0 °C was added a solution of 2-bromo-

5-hydroxy-4-methylbenzaldehyde 276 (2.00 g, 9.30 mmol) and acetone (0.34 mL, 4.65 mmol) in EtOH 

(20 mL) dropwise over 1 h. The orange suspension was warmed to r.t. and stirred for 24 h before being 
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concentrated in vacuo. 3 M aq. HCl in brine (50 mL) and EtOAc (100 mL) were added and the layers 

were separated. The aqueous portion was extracted with EtOAc (3 × 50 mL) and the combined organic 

portions were dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (20–40% EtOAc/Hex) on silica gel afforded the title compound 277 (730 mg, 35%) as 

an orange solid. m.p. 250 °C decomposed (MeOH); νmax / cm-1: 3367 (m), 2966 (m), 1614 (s), 1402 (s) 

1162 (s); 1H NMR (400 MHz, (CD3)2SO): δ 9.87 (2H, s, 2 × OH), 7.83 (2H, d, J = 16.0 Hz, 2 × C7-H), 

7.45 (2H, s, 2 × C3-H), 7.27 (2H, s, 2 × C6-H), 7.08 (2H, d, J = 16.0 Hz, 2 × C8-H), 2.16 (6H, s, 2 × 

C10-H); 13C NMR (101 MHz, (CD3)2SO): δ 188.6 (C9), 155.8 (C1), 141.2 (C7), 135.0 (C3), 132.2 (C5), 

130.9 (C2), 127.5 (C8), 114.6 (C4), 113.7 (C6), 16.2 (C10); HRMS (MALDI+): Calculated for 

C19H16O3Br2: 450.9539. Found [M + H]+: 450.9526. 

(278): (1S,5S)-1-(2-bromo-5-hydroxy-4-methylphenyl)-5-(4-hydroxy-5-methyl-[1,1'-biphenyl]-2-

yl)-1,5-diphenylpentan-3-one 

 

General Procedure P: Enone 277 (1.20 g, 2.65 mmol), [RhL10Cl]2 (37.0 mg, 0.04 mmol), 

phenylboronic acid (969 mg, 7.95 mmol), potassium hydroxide (7.43 mg, 0.13 mmol), PhMe (75 mL) 

and H2O (35 mL) were employed. The reaction was conducted at 60 °C for 24 h. Purification by flash 

column chromatography (30% EtOAc/Hex) on silica gel afforded the title compound 278 (1.34 g, 83%) 

as a beige solid. [α]D
19 +21.2 (c = 0.16, CHCl3); m.p. 101–104 °C (EtOAc/Hex); νmax / cm-1: 3380 (w), 

1704 (s), 1488 (s), 1392 (s), 1141 (s); 1H NMR (400 MHz, CDCl3): δ 7.25 – 7.06 (12H, m, 2 × C3-H, 

4 × C12-H, 4 × C13-H, 2 × C14-H), 6.42 (2H, s, 2 × C6-H), 5.03 (2H, br. s, 2 × OH), 4.92 (2H, t, J = 

7.5 Hz, 2 × C7-H), 3.05 (4H, d, J = 7.5 Hz, 2 × C8-H2), 2.15 (6H, s, 2 × C10-H3); 13C NMR (101 MHz, 

CDCl3): δ 206.8 (C9), 153.3 (C1), 142.1 (two signals, C5, C11), 140.8 (C4), 135.1 (C3), 128.7 (C13), 

128.1 (C12), 126.8 (C14), 124.7 (C2), 115.3 (C6), 114.9, 48.6 (C8), 44.7 (C7), 15.3 (C10); HRMS 

(MALDI+): Calculated for C31H28Br2NaO3: 629.0297. Found [M + Na]+: 629.0281. 
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(279): (1R,3S,3'S)-4,4'-dibromo-6,6'-dimethyl-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-

spirobi[indene]-7,7'-diol 

 

General Procedure Q: Ketone 278 (1.10 g, 1.81 mmol), BF3·OEt2 (1.16 mL, 9.04 mmol) and 

anhydrous PhMe (10.0 mL) were employed at 75 °C for 16 h. Purification by trituration first with Et2O 

(1 mL) and pentane (5 mL) afforded the title compound 279 (893 mg, 83%) as a colourless solid; [α]D
19 

+46.6 (c = 0.18, CHCl3); m.p. 210 °C decomposed (Et2O/pentane); νmax / cm-1: 3528 (s), 2926 (m), 1466 

(s), 1200 (s), 1179 (s); 1H NMR (400 MHz, CDCl3): δ 7.36 – 7.27 (4H, m, 4 × C13-H), 7.27 – 7.15 (8H, 

m, 2 × C3-H, 4 × C12-H, 2 × C14-H), 4.97 – 4.83 (2H, s, br. s, 2 × OH), 4.59 – 4.35 (2H, dd, J = 10.0, 

8.0 Hz, 2 × C7-H), 2.88 – 2.74 (2H, dd, J = 13.5, 8.0 Hz, 2 × C8-H), 2.28 – 2.10 (8H, m, 2 × C8-H, 2 

× C10-H3); 13C NMR (101 MHz, CDCl3): δ 150.4 (C1), 144.1 (C5), 143.2 (C11), 135.7 (C3), 133.1 

(C6), 128.7 (C13), 128.3 (C12), 126.6 (C14), 126.4 (C2), 111.6 (C4), 56.3 (C9), 51.2 (C7), 50.1 (C8), 

15.2 (C10); HRMS (MALDI+): Calculated for C31H26Br2O2: 590.0276. Found [M]+: 590.0288. 

(280): (1R,3S,3'S)-6,6'-dimethyl-3,3'-diphenyl-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-diol 

 

To a solution of 279 (800 mg, 1.36 mmol) in THF/H2O (9 mL, 2:1) was added palladium on charcoal 

(10% w/w, 80 mg). The mixture was sparged with H2 for 1 min and stirred under an atmosphere of H2 

for 24 h. Upon completion of the reaction, argon was bubbled through the mixture and it was filtered 

through Celite, rinsing with EtOAc (20 mL). Water (20 mL) was added to the filtrate and the layers 

were separated. The aqueous portion was extracted with EtOAc (10 mL), and the combined organic 

portions were washed with brine (20 mL), dried over Na2SO4 and concentrated in vacuo to afford the 

title compound 280 (559 mg, 95%) as a colourless solid which was pure enough for use. [α]D
19 +15.9 (c 

= 0.33, CHCl3); m.p. 225 °C decomposed (EtOAc/Hex); νmax / cm-1: 3521 (s), 1584 (s), 1204 (s); 1H 
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NMR (400 MHz, CDCl3): δ 7.32 – 7.22 (10H, m, 4 × C12-H, 4 × C13-H, 2 × C14-H), 7.01 (2H, d, J = 

7.5 Hz, 2 × C3-H), 6.43 (2H, d, J = 7.5 Hz, 2 × C4-H), 4.88 (2H, br. s, 2 × OH), 4.41 (2H, dd, J = 11.0, 

7.5 Hz, 2 × C7-H), 2.79 (2 H, dd, J = 13.0, 7.5 Hz, 2 × C8-H), 2.32 (2H, dd, J = 13.0, 11.0 Hz, 2 × C8-

H), 2.20 (6H, s, 2 × C10-H3); 13C NMR (101 MHz, CDCl3): δ 151.0 (C1), 146.4 (C5), 143.9 (C11), 

131.9 (C3), 130.0 (C6), 128.8 (C13), 128.4 (C12), 126.8 (C14), 123.6 (C2), 117.8 (C4), 55.4 (C9), 50.0 

(C7), 48.2 (C8), 15.4 (C10); HRMS (MALDI+): Calculated for C31H28O2: 432.2084. Found [M]+: 

432.2070. 

((R)-L11f): 

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (217 mg, 0.56 mmol), 280 (483 mg, 

1.12 mmol), Et3N (0.38 mL, 2.78 mmol) and DMAP (27.4 mg, 0.22 mmol) were employed. Purification 

by flash column chromatography (5% EtOAc/Hex) on deactivated (10% Et3N) silica gel afforded the 

title compound (R)-L11f (398 mg, 64%) as a bright orange solid. [α]D
24 +700 (c = 0.17, CH2Cl2); m.p. 

247–250 °C (pentane); νmax / cm-1: 2923 (s), 1474 (m), 1164 (s); 1H NMR (500 MHz, CD2Cl2): δ 7.33 

– 7.30 (4H, m, 4 × C12-H), 7.28 – 7.22 (6H, m, 4 × C11-H, 2 × C13-H), 7.20 – 7.17 (4H, m, 4 × C11-

H), 7.16 – 7.07 (8H, m, 2 × C3-H, 4 × C12-H, 2 × C13-H), 6.73 – 6.59 (4H, m, 2 × C3-H, 2 × C4-H), 

6.45 – 6.39 (2H, m, 2 × C4-H), 4.77 (2H, tt, J = 2.5, 1.0 Hz, 2 × CH-ferrocene), 4.62 (2H, tt, J = 2.5, 

1.0 Hz, 2 × CH-ferrocene), 4.53 (2H, td, J = 2.5, 1.0 Hz, 2 × CH-ferrocene), 4.46 (2H, dd, J = 11.0, 6.0 

Hz, 2 × C7-H), 4.39 (2H, dd, J = 11.0, 6.0 Hz, 2 × C7-H), 3.75 (2H, dt, J = 2.5, 1.0 Hz, 2 × CH-

ferrocene), 2.72 – 2.60 (4H, m, 4 × C8-H), 2.51 (6H, s, 2 × C15-H3), 2.21 – 2.15 (2H, m, 2 × C8-H), 

2.12 – 2.02 (2H, m, 2 × C8-H), 1.62 (6H, s, 2 × C15-H3); 13C NMR (126 MHz, CD2Cl2): δ 147.6 (C1), 

146.4 (C5), 144.9 (C5), 144.5 (C2), 144.4 (C2), 144.3 (C10), 143.9 (C10), 142.3 (C6), 140.7 (C6), 

130.7 (C3), 129.6 (C3), 128.7, 128.5, 128.4, 128.3 (C11, C12), 126.5 (C13), 126.4 (C13), 121.2 (C4), 

120.4 (C4), 77.5 (d, J = 32.0 Hz, C14), 77.4 (CH-ferrocene), 74.2 (CH-ferrocene), 73.8 (CH-ferrocene), 

71.9 (CH-ferrocene), 71.8 (CH-ferrocene), 70.3 (CH-ferrocene), 57.3 (C9), 49.5 (C8), 49.1 (C8), 49.1 

(C7), 48.8 (C7), 17.0 (C15), 16.2 (C15); 31P NMR (162 MHz, CD2Cl2): δ 157.4; HRMS (Nanospray): 

Calculated for C72H61O4FeP2: 1107.3395. Found [M + H]+: 1107.3403. 
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(281): 2,6-bis((E)-2-bromo-5-methoxybenzylidene)cyclohexan-1-one 

 

A solution of cyclohexanone (2.59 mL, 25.0 mmol) and 2-bromo-5-methoxybenzaldehyde (10.8 g, 50.0 

mmol) in EtOH (20 mL) was added to a solution of NaOH (5.00 g, 125 mmol) in EtOH (50 mL) and 

water (50 mL) dropwise over 10 min at 0 °C. The yellow suspension was warmed to r.t. and stirred for 

16 h. The yellow solid was filtered and azeotroped with PhMe (2 × 50 mL) in order to remove any 

residual water. This afforded compound 281 (10.7 g, 87%) that was suitable for use without further 

purification. 1H NMR (400 MHz, CDCl3): δ 7.79 (2H, d, J = 2.0 Hz, 2 × C7-H), 7.51 (2H, d, J = 8.5 

Hz, 2 × C3-H), 6.85 (2H, d, J = 3.0 Hz, 2 × C6-H), 6.76 (2H, dd, J = 8.5, 3.0 Hz, 2 × C2-H), 3.81 (6H, 

s, 2 × C12-H3), 2.78 – 2.71 (4H, m, 2 × C10-H2), 1.77 (2H, p, J = 7.5 Hz, C11-H2); 13C NMR (101 

MHz, CDCl3): δ 189.6 (C9), 158.4 (C1), 137.6 (C8), 137.0 (C5), 136.4 (C7), 133.5 (C3), 116.4 (C6), 

115.5 (C4), 115.2 (C2), 55.6 (C12), 28.3 (C10), 23.0 (C11). 

(286): 2,6-bis((E)-3-methoxybenzylidene)cyclohexan-1-one 

 

A solution of cyclohexanone (5.18 mL, 50.0 mmol) and 3-methoxybenzaldehyde (12.2 mL, 100 mmol) 

in EtOH (15 mL) was added to a solution of NaOH (10.0 g, 250 mmol) in EtOH (90 mL) and water (90 

mL) dropwise over 10 min at 0 °C. After 5 min or less, a yellow suspension formed, and this was 

warmed to r.t. and stirred for 16 h. The yellow solid was filtered, dissolved in EtOAc (200 mL) and 

brine (100 mL) was added. The layers were separated, and the organic portion was dried over Na2SO4 

and concentrated in vacuo to leave the title compound 286 as a yellow oil (13.6 g, 81%) that was suitable 

for use without further purification. 1H NMR (400 MHz, CDCl3): δ 7.76 (2H, s, 2 × C7-H), 7.32 (2H, t, 

J = 8.0 Hz, 2 × C3-H), 7.06 (2H, d, J = 8.0 Hz, 2 × C4-H), 6.99 (2H, t, J = 2.5 Hz, 2 × C6-H), 6.90 (2H, 

dd, J = 8.0, 2.5 Hz, 2 × C2-H), 3.84 (6H, s, 2 × C12-H3), 2.93 (4H, dd, J = 6.5 Hz, 2 × C10-H2), 1.79 

(2H, p, J = 6.5 Hz, C11-H2); 13C NMR (101 MHz, CDCl3): δ 190.5 (C9), 159.6 (C1), 137.4 (C5), 137.0 

(C7), 136.6 (C8), 129.5 (C3), 123.0 (C4), 115.9 (C6), 114.4 (C2), 55.4 (C12), 28.6 (C10), 23.1 (C11). 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.527 
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(287): 2,6-bis(3-methoxybenzyl)cyclohexan-1-one 

 

To a vigorously stirred suspension of Raney®-Nickel (16.0 g) in acetone (50 mL) at r.t. was added a 

solution of 286 (10.7 g, 32.0 mmol) in acetone (50 mL) under an atmosphere of hydrogen. The black 

suspension was stirred at r.t. for 16 h and an aliquot was taken and analysed by 1H NMR to determine 

complete conversion to the product had occurred. Following this, argon was bubbled through the 

reaction mixture to remove any hydrogen. The suspension was filtered through Celite®, washing with 

acetone, ensuring the Ra-Ni was not allowed to dry out. The filtrate was concentrated in vacuo to leave 

287 as a yellow oil (10.1 g, 93%, 2:1 syn:anti). 

Data for major diastereomer syn-287: 1H NMR (400 MHz, CDCl3): δ 7.19 (2H, t, J = 8.0 Hz, 2 × C3-

H), 6.77 – 6.71 (6H, m, 2 × C2-H, 2 × C4-H, 2 × C6-H), 3.79 (6H, s, 2 × C12-H3), 3.22 (2H, dd, J = 

14.0, 5.0 Hz, 2 × C7-H), 2.58 (2H, ddt, J = 13.0, 8.5, 5.0 Hz, 2 × C8-H), 2.40 (2H, dd, J = 14.0, 8.5 Hz, 

2 × C7-H), 2.13 – 2.01 (2H, m, 2 × C10-H), 1.77 (1H, m, 1 × C11-H), 1.55 (1H, m, 1 × C11-H), 1.36 

(2H, td, J = 13.0, 4.0 Hz, 2 × C10-H); 13C NMR (101 MHz, CDCl3): δ 212.9 (C9), 159.7 (C1), 142.4 

(C5), 129.4 (C3), 121.7 (C4), 115.1 (C6), 111.3 (C2), 55.3 (C12), 53.0 (C8), 35.7 (C7), 35.1 (C10), 

25.5 (C11). The spectroscopic properties of this compound were consistent with the data available in 

the literature.361 

Data for minor diastereomer anti-287: 1H NMR (400 MHz, CDCl3): δ 7.19 (2H, t, J = 8.0 Hz, 2 × 

C3-H), 6.77 – 6.68 (6H, m, 2 × C2-H, 2 × C4-H, 2 × C6-H), 3.79 (6H, s, 2 × C12-H3), 3.08 (2H, dd, J 

= 14.0, 5.5 Hz, 2 × C7-H), 2.77 (2H, ddt, J = 9.0, 7.5, 5.5 Hz, 2 × C8-H), 2.62 – 2.53 (2H, m, 2 × C7-

H), 1.88 (2H, dt, J = 12.5, 6.0 Hz, 2 × C10-H), 1.74 (2H, p, J = 6.0 Hz, C11-H2), 1.66 – 1.54 (2H, m, 2 

× C10-H); 13C NMR (101 MHz, CDCl3): δ 214.8 (C9), 159.8 (C1), 141.4 (C5), 129.5 (C3), 121.6 (C4), 

115.0 (C6), 111.6 (C2), 55.3 (C12), 50.7 (C8), 36.4 (C7), 31.9 (C10), 20.4 (C11). The spectroscopic 

properties of this compound were consistent with the data available in the literature.314 
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(282): 2,6-bis(2-bromo-5-methoxybenzyl)cyclohexan-1-one 

 

To a solution of ketone 287 (10.1 g, 29.7 mmol, 2:1 syn:anti) in acetone at -10 °C was added N-

bromosuccinimide (11.1 g, 62.4 mmol) portion-wise to form a cloudy-yellow suspension. 

Subsequently, 1 M aq. HCl (3 drops) was added and within 1 min the solution became homogenous and 

very quickly after became a suspension, indicating completion of the reaction. The reaction mixture 

was concentrated in vacuo and Et2O (200 mL) and water (200 mL) were added and the layers separated. 

The aqueous portion was extracted with Et2O (100 mL) and the combined organic portions were washed 

with water (200 mL), brine (200 mL), dried over Na2SO4 and concentrated in vacuo. The resulting red 

solid 282 (10.9 g, 74%, 2:1 syn:anti) was pure enough to use in subsequent steps. 

Data for major diastereomer syn-282: 1H NMR (400 MHz, CDCl3): δ 7.39 (2H, d, J = 8.5 Hz, 2 × 

C3-H), 6.80 (2H, d, J = 3.0 Hz, 2 × C6-H), 6.62 (2H, dd, J = 8.5, 3.0 Hz, 2 × C2-H), 3.76 (6H, s, 2 × 

C12-H3), 3.29 (2H, dd, J = 13.0, 6.0 Hz, 2 × C7-H), 2.70 (2H, dt, J = 13.0, 6.0 Hz, 2 × C8-H), 2.63 – 

2.54 (2H, m, 2 × C7-H), 2.12 – 2.01 (2H, m, 2 × C10-H), 1.80 (1H, m, 1 × C11-H), 1.62 (1H, td, J = 

9.5, 5.0 Hz, 1 × C11-H), 1.51 – 1.38 (2H, m, 2 × C10-H); 13C NMR (101 MHz, CDCl3): δ 212.1 (C9), 

158.8 (C1), 141.0 (C5), 133.3 (C3), 117.4 (C6), 115.3 (C4), 113.5 (C2), 55.5 (C12), 51.1 (C8), 35.9 

(C7), 35.0 (C10), 25.4 (C11). The spectroscopic properties of this compound match the data available 

in the literature.361 

Data for minor diastereomer anti-282: 1H NMR (400 MHz, CDCl3): δ 7.39 (2H, d, J = 8.5 Hz, 2 × 

C3-H), 6.72 (2H, d, J = 3.0 Hz, 2 × C6-H), 6.62 (2H, dd, J = 8.5, 3.0 Hz, 2 × C2-H), 3.74 (6H, s, 2 × 

C12-H3), 3.18 (2H, dd, J = 13.5, 6.5 Hz, 2 × C7-H), 2.98 – 2.89 (2H, m, 2 × C8-H), 2.78 – 2.68 (2H, 

m, 2 × C7-H), 1.99 – 1.86 (2H, m, 2 × C10-H), 1.81 (2H, p, J = 6.0 Hz, C11-H2), 1.72 – 1.62 (2H, m, 2 

× C10-H); 13C NMR (101 MHz, CDCl3): δ 213.9 (C9), 158.8 (C1), 140.1 (C5), 133.4 (C3), 117.0 (C6), 

115.2 (C4), 113.7 (C2), 55.5 (C12), 49.2 (C8), 36.6 (C7), 32.4 (C10), 20.8 (C11). The spectroscopic 

properties of this compound match the data available in the literature.314 
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(288): (5aS*,8aS*)-4,10-dibromo-1,13-dimethoxy-5a,6,7,8,8a,9-hexahydro-5H-indeno[2,1-

d]fluorene 

 

Polyphosphoric acid (20.0 g) was heated to 100 °C and ketone 282 (4.00 g, 8.06 mmol, 2:1 syn:anti) 

was added in one portion. The resulting brown mixture was stirred at 100 °C for 16 h before being 

poured into water (300 mL). The aqueous mixture was extracted with CH2Cl2 (3 × 200 mL) and the 

combined organic portions were washed with brine (300 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (5% EtOAc/Hex) on silica gel, followed by 

trituration of the solid obtained with CHCl3/Hex afforded the title compound 288 (1.21 g, 31%, >25:1 

d.r.) as a white crystalline solid. m.p. 172–174 °C (Et2O), [Lit.314 168–170 °C (no solvent quoted)]; 1H 

NMR (400 MHz, CDCl3): δ 7.25 (2H, d, J = 8.5 Hz, 2 × C3-H), 6.52 (2H, d, J = 8.5 Hz, 2 × C2-H), 

3.09 (2H, dd, J = 16.0, 7.5 Hz, 2 × C7-H), 2.91 (2H, ddt, J = 11.0, 7.5, 5.5 Hz, 2 × C8-H), 2.74 (2H, dd, 

J = 16.0, 5.5 Hz, 2 × C7-H), 1.66 – 1.41 (6H, m, 2 × C10-H2, C11-H2); 13C NMR (101 MHz, CDCl3): 

δ 156.5 (C1), 146.1 (C5), 137.0 (C6), 130.5 (C3), 111.7 (C2), 111.3 (C4), 64.5 (C9), 55.7 (C12), 42.1 

(C8), 39.7 (C7), 26.4 (C10), 18.1 (C11). The spectroscopic properties of this compound were consistent 

with the data available in the literature.361 

(283): (5aS*,8aS*)-4,10-dibromo-5a,6,7,8,8a,9-hexahydro-5H-indeno[2,1-d]fluorene-1,13-diol 

 

To a solution of 288 (1.50 g, 3.14 mmol) in anhydrous CH2Cl2 under N2 at -78 °C was added BBr3 (7.85 

mL, 7.85 mmol, 1 M in CH2Cl2) dropwise over 15 min. The resulting brown homogeneous solution was 

maintained at -78 °C for 1 h before being warmed to r.t. and stirred for 16 h. Upon completion of the 

reaction, CH2Cl2 was added and the solution was cooled to 0 °C before sat. aq. NaHCO3 (20 mL) was 

added dropwise, taking care to control any exotherm. The layers were separated, and the aqueous 

portion was extracted with CH2Cl2 (2 × 50 mL). The combined organic portions were washed with brine 
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(50 mL), dried over Na2SO4 and concentrated in vacuo to afford the title compound 283 (1.37 g, 97%) 

as a pale-brown solid; m.p. 187–190 °C (CHCl3) [Lit.314 187–192 °C (no solvent quoted)]; 1H NMR 

(400 MHz, CDCl3): δ 7.28 (2H, d, J = 8.5 Hz, 2 × C3-H), 6.54 (2H, d, J = 8.5 Hz, 2 × C2-H), 4.45 (2H, 

s, 2 × OH), 3.11 – 2.99 (2H, m, 2 × C7-H), 2.96 – 2.80 (4H, m, 2 × C7-H, 2 × C8-H), 1.77 – 1.67 (2H, 

m, C11-H2), 1.60 (4H, td, J = 7.0, 4.5 Hz, 2 × C10-H2); 13C NMR (101 MHz, CDCl3): δ 152.6 (C1), 

145.6 (C5), 132.4 (C3), 132.3 (C6), 117.1 (C2), 111.6 (C4), 62.9 (C9), 42.9 (C8), 38.6 (C7), 23.0 (C10), 

16.2 (C11). The spectroscopic properties of this compound were consistent with the data available in 

the literature.314 

((S) and (R)-289):  

 

To a solution of NaOH (460 mg, 11.5 mmol) in water (8 mL) was added 283 (1.20 g, 2.67 mmol) and 

a solution of tetrabutylammonium bromide (390 mg, 1.20 mmol) in CHCl3 (8 mL). The suspension was 

cooled to 0 °C, stirred rapidly, and (R)-menthyl chloroformate (1.83 mL, 8.54 mmol) was added 

dropwise over 10 min. The brown biphasic mixture was allowed to warm to r.t. and stirred for 10 min 

before water (20 mL) and CH2Cl2 (20 mL) were added and the layers separated. The aqueous portion 

was extracted with CH2Cl2 (20 mL) and the combined organic portions were washed with brine (40 

mL), dried over Na2SO4 and concentrated in vacuo. The crude mixture was filtered through a plug of 

silica, eluting with hexane, and concentrated in vacuo. The mixture of diastereomers was dissolved in 

refluxing hexane (approx. 20 mL) and (S)-289 crystallised from the mixture. Recrystallisation of the 

mother liquor several times afforded (S)-289 (450 mg, 21%) as a white crystalline solid. Purification of 

the mother liquor by flash column chromatography (1% Et2O/Hex) afforded (R)-289 (536 mg, 25%) as 

a white crystalline solid. 

Data for (S)-289: [α]D
22 +111 (c = 0.016, CHCl3), [Lit.361 [α]D

22 +33.1 (c = 2.00, CHCl3)]; m.p. 139–

142 °C (CHCl3) [Lit.361 143–144 °C (no solvent quoted)]; 1H NMR (400 MHz, CDCl3): δ 7.31 (2H, d, 

J = 8.5 Hz, 2 × C3-H), 6.84 (2H, d, J = 8.5 Hz, 2 × C2-H), 4.37 (2H, td, J = 11.0, 4.5 Hz, 2 × C13-H), 

3.21 – 3.07 (2H, m, 2 × C7-H), 2.88 – 2.73 (4H, m, 2 × C7-H, 2 × C8-H), 1.92 – 1.82 (2H, m, 2 × C20-

H), 1.79 – 1.70 (2H, m, 2 × C14-H), 1.68 – 1.56 (6H, m, 2 × C10-H, 2 × C11-H, 2 × C17-H), 1.50 – 

1.31 (6H, m, 2 × C10-H, 2 × C15-H, 2 × C18-H), 1.03 – 0.95 (2H, m, 2 × C17-H), 0.90 – 0.82 (16H, 

m, 2 × C14-H, 2 × C16-H, 2 × C19-H3, 2 × C21-H3), 0.76 (6H, d, J = 7.0 Hz, 2 × C21-H3); 13C NMR 
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(101 MHz, CDCl3): δ 152.4 (C12), 147.4 (C1), 146.6, 139.1 (C5, C6), 131.4 (C3), 122.7 (C2), 117.0 

(C4), 79.3 (C13), 63.9 (C9), 46.9 (C18), 43.1 (C8), 40.3 (C14), 39.4 (C7), 34.2 (C16), 31.4 (C15), 26.4 

(C10), 26.3 (C20), 23.4 (C17), 22.1, 20.9 (C19, C21), 17.8 (C11), 16.4 (C21). The spectroscopic 

properties of this compound were consistent with the data available in the literature.361 

Data for (R)-289: [α]D
22 -74.0 (c = 0.174, CHCl3); m.p. 58–61 °C (CHCl3) [Lit.361 59–61 °C (no solvent 

quoted)]; 1H NMR (400 MHz, CDCl3): δ 7.32 (2H, d, J = 8.5 Hz, 2 × C3-H), 6.86 (2H, d, J = 8.5 Hz, 2 

× C2-H), 4.36 (2H, td, J = 11.0, 4.5 Hz, 2 × C13-H), 3.05 (2H, dd, J = 10.5, 10.5 Hz, 2 × C7-H), 2.91 

– 2.76 (4H, m, 2 × C7-H, 2 × C8-H), 2.05 – 1.92 (2H, m, 2 × C14-H), 1.77 – 1.53 (10H, m, 2 × C10-H, 

C11-H2, 2 × C16-H, 2 × C17-H, 2 × C20-H), 1.53 – 1.24 (6H, m, 2 × C10-H, 2 × C15-H, 2 × C18-H), 

1.09 – 0.79 (18H, m, 2 × C14-H, 2 × C16-H, 2 × C17-H, 2 × C19-H3, 2 × C21-H3), 0.66 (6H, d, J = 7.0 

Hz, 2 × C21-H3); 13C NMR (101 MHz, CDCl3): δ 152.4 (C12), 147.5 (C1), 146.4, 138.9 (C5, C6), 131.1 

(C3), 122.4 (C2), 116.9 (C4), 79.4 (C13), 64.1 (C9), 46.7 (C18), 43.1 (C8), 40.5 (C14), 38.9 (C7), 34.2 

(C16), 31.5 (C15), 25.9 (C20), 25.5 (C10), 23.3 (C17), 22.1, 20.9 (C19, C21), 17.5 (C12), 16.2 (C21). 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.361 

((S)-290): (5aS,8aS)-4,10-dimesityl-5a,6,7,8,8a,9-hexahydro-5H-indeno[2,1-d]fluorene-1,13-diol 

 

General Procedure L: (S)-289 (442 mg, 0.54 mmol), 2,4,6-trimethylphenylboronic acid (452 mg, 1.93 

mmol), Pd(PPh3)4 (38.1 mg, 0.033 mmol), Na2CO3 (233 mg, 2.20 mmol) in DME/H2O/EtOH (5 mL, 

3:1:1) were employed for 16 h. After work-up and concentration in vacuo, KOH (555 mg, 9.90 mmol) 

and H2O/THF/EtOH (9 mL, 1:1:1) were employed for 2 h. Purification by flash column chromatography 

(7.5% EtOAc/Hex) on silica gel afforded the title compound (S)-290 (210 mg, 74%) as a colourless 

solid. [α]D
23 +29.1 (c = 0.072, CHCl3); m.p. 67–70 °C (CHCl3); νmax / cm-1: 3507 (s), 2920 (s), 1472 (s), 

1289 (s), 1211 (s); 1H NMR (400 MHz, CDCl3): δ 6.98 – 6.94 (4H, s, 4 × C14-H), 6.92 – 6.87 (2H, d, 

J = 8.0 Hz, 2 × C3-H), 6.76 – 6.67 (2H, d, J = 8.0 Hz, 2 × C2-H), 4.64 – 4.61 (2H, br. s, 2 × OH), 2.96 

– 2.83 (2H, m, 2 × C8-H), 2.69 – 2.56 (2H, dd, J = 16.5, 8.0 Hz, 2 × C7-H), 2.53 – 2.43 (2H, dd, J = 
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16.5, 8.0 Hz, 2 × C7-H), 2.35 – 2.31 (6H, s, 2 × C17-H3), 2.04 – 1.98 (12H, d, J = 2.5 Hz, 4 × C16-H3), 

1.69 – 1.55 (4H, m, 2 × C10-H, C11-H2), 1.49 – 1.44 (2H, m, 2 × C10-H); 13C NMR (101 MHz, CDCl3): 

δ 152.6 (C1), 144.2 (C5), 137.3 (C13), 136.7 (C15), 131.2 (C12), 130.8 (C6), 130.1 (C3), 128.2 (C4), 

128.1 (C14), 115.6 (C2), 61.3 (C9), 43.8 (C8), 36.3 (C7), 24.7 (C10), 21.2 (C17), 20.6 (C16), 17.4 

(C11); HRMS (ESI+): Calculated for C38H41O2: 529.3101. Found [M + H]+: 529.3078. 

((S)-L13a): 

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (70.0 mg, 0.18 mmol), (S)-290 (190 

mg, 0.36 mmol), Et3N (0.12 mL, 0.86 mmol) and DMAP (10.3 mg, 0.08 mmol) were employed. 

Purification by flash column chromatography (5% Et2O/Hex) on deactivated (10% Et3N) silica gel 

afforded the title compound (S)-L13a (40.0 mg, 17%) as a bright orange solid. [α]D
22 -276 (c = 0.08, 

CH2Cl2); m.p. 200 °C decomposed (pentane); νmax / cm-1: 2919 (s), 1468 (s), 1233 (s), 1219 (s); 1H NMR 

(500 MHz, CD2Cl2): δ 7.13 (2H, d, J = 8.0 Hz, 2 × C2-H), 7.03 (2H, d, J = 8.0 Hz, 2 × C3-H), 6.99 (4H, 

s, 4 × C14-H), 6.95 (4H, s, 4 × C14-H), 6.52 (2H, d, J = 8.0 Hz, 2 × C3-H), 6.16 (2H, d, J = 8.0 Hz, 2 

× C2-H), 4.67 – 4.57 (4H, m, 4 × CH-ferrocene), 4.39 (2H, dd, J = 2.5, 1.0 Hz, 2 × CH-ferrocene), 3.89 

– 3.82 (2H, m, 2 × CH-ferrocene), 2.73 – 2.43 (12H, m, 4 × C7-H2, 4 × C8-H), 2.33 (12H, s, 4 × C17-

H3), 2.02 (24H, s, 8 × C16-H3), 1.86 – 1.72 (4H, m, 2 × C11-H2), 1.54 – 1.48 (8H, m, 4 × C10-H2); 13C 

NMR (126 MHz, CD2Cl2): δ 150.2 (C1), 143.4 (C1), 142.6, 141.5, 137.7, 137.5, 136.9, 136.8, 136.3, 

136.2, 135.9, 134.5, 133.6, 129.8 (C3), 128.4 (C14), 128.3 (C14), 128.1 (C3), 123.2 (C2), 121.8 (C2), 

77.5 (C-ferrocene), 73.1 (CH-ferrocene), 72.2 (CH-ferrocene), 71.3 (CH-ferrocene), 62.4 (C9), 46.5 

(C8), 46.4 (C8), 36.4 (C7), 36.0 (C7), 21.2 (C17), 21.0 (C17), 20.5 (C16), 20.4 (C16), 19.5 (C10), 15.1 

(C11); 31P NMR (162 MHz, CD2Cl2): δ 163.9; HRMS (Nanospray): Calculated for C86H85O4P2Fe: 

1299.5273. Found [M + H]+: 1299.5266. 
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(5aR,8aR)-4,10-dibromo-5a,6,7,8,8a,9-hexahydro-5H-indeno[2,1-d]fluorene-1,13-diol 

 

To a solution of (R)-289 (500 mg, 0.61 mmol) in THF:EtOH:H2O (12 mL, 1:1:1) at r.t. was added KOH 

(619 mg, 11.0 mmol) in one portion. The resulting solution was heated to reflux and stirred for 1 h 

before being cooled to r.t. and concentrated in vacuo. Water (10 mL) was added and the pH was adjusted 

to approx. pH 1 by addition of 2 M aq. HCl. Et2O (10 mL) was added and the layers separated. The 

aqueous portion was extracted with Et2O (2 × 10 mL) and the combined organic portions were washed 

with brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (90% CH2Cl2/Hex) afforded the title compound (244 mg, 89%) as a pale-yellow solid. 

[α]D
23 -105 (c = 0.13, CHCl3) [Lit.361 [α]D

23 -110 (c = 2.00, CHCl3)]; m.p. 129–130 °C (CHCl3); 1H NMR 

(400 MHz, CDCl3): δ 7.28 (2H, d, J = 8.5 Hz, 2 × C3-H), 6.54 (2H, d, J = 8.5 Hz, 2 × C2-H), 4.45 (2H, 

s, 2 × OH), 3.11 – 3.00 (2H, m, 2 × C7-H), 2.94 – 2.80 (4H, m, 2 × C7-H, 2 × C8-H), 1.72 (2H, p, J = 

7.0 Hz, C11-H2), 1.60 (4H, td, J = 7.0, 4.5 Hz, 2 × C10-H2); 13C NMR (101 MHz, CDCl3): δ 152.7 (C1), 

145.6 (C5), 132.5 (C3), 132.3 (C6), 117.1 (C2), 111.5 (C4), 62.9 (C9), 42.9 (C8), 38.6 (C7), 23.0 (C10), 

16.2 (C11). The spectroscopic properties of this compound are consistent with the data available in the 

literature.314,361 

((R)-291): (5aR,8aR)-5a,6,7,8,8a,9-hexahydro-5H-indeno[2,1-d]fluorene-1,13-diol 

 

To a solution of (5aR,8aR)-4,10-dibromo-5a,6,7,8,8a,9-hexahydro-5H-indeno[2,1-d]fluorene-1,13-

diol (235 mg, 0.52 mmol) in MeOH (5 mL) and AcOH (1.50 mL) was added 5% Pd/C (47.0 mg, 

10 wt%). The black suspension was stirred under an atmosphere of hydrogen for 7 h before the H2 

balloon was removed and argon was bubbled through the suspension. The mixture was filtered through 

Celite®, washing with EtOAc (20 mL). The filtrate was washed with sat. aq. NaHCO3 (20 mL) to 
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neutralise any residual AcOH, and the aqueous portion was extracted with Et2O (20 mL). The combined 

organic portions were washed with brine (20 mL), dried over Na2SO4 and concentrated in vacuo to 

leave the title compound (R)-291 as a colourless oil (138 mg, 91%) needing no additional purification; 

[α]D
23 -170 (c = 0.15, CHCl3), [Lit.314 [α]D

20 +158 (c = 1.00, CHCl3, for (S)-enantiomer)]; 1H NMR (400 

MHz, CDCl3): δ 7.14 (2H, t, J = 8.0 Hz, 2 × C3-H), 6.89 (H, d, J = 8.0, 1.0 Hz, 2 × C4-H), 6.61 (2H, d, 

J = 8.0 Hz, 2 × C2-H), 4.52 (2H, br. s, 2 × OH), 3.11 – 2.98 (2H, m, 2 × C7-H), 2.96 – 2.85 (4H, m, 2 

× C7-H, 2 × C8-H), 1.74 – 1.48 (6H, m, 2 × C10-H2, C11-H2); 13C NMR (101 MHz, CDCl3): δ 153.7 

(C1), 145.8 (C5), 130.9 (C6), 129.6 (C3), 118.2 (C4), 114.9 (C2), 60.4 (C9), 43.9 (C8), 37.1 (C7), 24.1 

(C10), 17.0 (C11). The spectroscopic properties of this compound were consistent with the data 

available in the literature.314 

((R)-L13b): 

 

General Procedure M: 1,1-bis(dichlorophosphino)ferrocene 241 (85.3 mg, 0.22 mmol), (R)-291 

(120 mg, 0.43 mmol), Et3N (0.14 mL, 1.01 mmol) and DMAP (10.3 mg, 0.08 mmol) were employed. 

Purification by flash column chromatography (5% EtOAc/Hex) on deactivated (10% Et3N) silica gel 

afforded the title compound (R)-L13b (52.3 mg, 29%) as a bright orange solid. [α]D
22 +427 (c = 0.06, 

CH2Cl2); m.p. 210 °C decomposed (pentane); νmax / cm-1: 2923 (s), 1466 (s), 1232 (s), 1219 (s); 1H NMR 

(500 MHz, CD2Cl2): δ 7.27 (2H, t, J = 7.5 Hz, 2 × C3-H), 7.07 (2H, d, J = 7.5 Hz, 2 × C4-H), 7.00 (2H, 

d, J = 7.5 Hz, 2 × C2-H), 6.87 (2H, dd, J = 7.5, 1.0 Hz, 2 × C4-H), 6.74 (2H, t, J = 7.5 Hz, 2 × C3-H), 

5.97 (2H, d, J = 7.5 Hz, 2 × C2-H), 4.55 – 4.47 (4H, m, 4 × CH-ferrocene), 4.27 (2H, td, J = 2.5, 1.0 

Hz, 2 × CH-ferrocene), 3.51 (2H, dt, J = 2.5, 1.5 Hz, 2 × CH-ferrocene), 3.25 – 3.12 (4H, m, 4 × C7-

H), 2.94 – 2.86 (4H, m, 4 × C7-H), 2.54 – 2.42 (4H, m, 4 × C8-H), 1.93 – 1.84 (4H, m, 2 × C11-H2), 

1.65 – 1.46 (8H, m, 4 × C10-H2); 13C NMR (126 MHz, CD2Cl2): δ 151.4 (C1), 146.9 (C1), 145.4 (C5), 

144.6 (C5), 143.7 (C6), 141.5 (C6), 129.4 (C3), 127.5 (C3), 122.6 (C2), 121.6 (C4), 121.3 (C2), 120.6 

(C4), 77.0 (C-ferrocene), 73.2 (C-ferrocene), 72.9 (CH-ferrocene), 72.1 (CH-ferrocene), 71.0 (CH-

ferrocene), 70.0 (CH-ferrocene), 61.8 (C9), 46.8 (C8), 46.6 (C8), 37.0 (C7), 36.5 (C7), 19.4 (C12), 15.4 

(C11); 31P NMR (162 MHz, CD2Cl2): δ 162.6; HRMS (Nanospray): Calculated for C50H45O4P2Fe: 

827.2142. Found [M + H]+: 827.2153. 
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8.4 Experimental procedures for compounds in Chapter 5 

8.4.1 General procedures for compounds in Chapter 5 

General Procedure R: Hydroarylation of 1,1-disubstituted alkenes 

A flame-dried resealable Schlenk tube, fitted with a magnetic stirrer, was charged with the appropriate 

heteroaromatic substrate (0.10 mmol, 100 mol%), [Ir(cod)2]BARF (5 mol%) and (rac)-L8d (5 mol%). 

The tube was fitted with a rubber septum and purged with nitrogen. 1,4-Dioxane (1.0 M) was added, 

followed by alkene derivative (150–400 mol%) and the rubber septum was replaced with a Young’s 

tap. The reaction was transferred to a pre-heated heating block at 120 °C and stirred for 24–72 h, before 

being cooled to r.t. and concentrated in vacuo. Purification by flash column chromatography under the 

conditions noted afforded the target compounds. 

General Procedure S: Synthesis of bisphosphite ligands 

A flame-dried resealable tube was charged with 2,2-biphenol (300 mol%) and fitted with a rubber 

septum. The tube was evacuated and refilled with nitrogen (three times). PCl3 (3000 mol%) was added 

and the tube was sealed and heated to 85 °C for 2 h (became homogeneous). The mixture was cooled 

to r.t. and concentrated under high vacuum overnight (a second trap, cooled with liquid nitrogen was 

placed between the reaction tube and Schlenk line). The tube was refilled with nitrogen three times 

during this period. The oily or solid chlorophosphite was used directly in the next step. The appropriate 

biphenol (100 mol%) and DMAP (20 mol%) were added and the reaction tube was evacuated and 

refilled with nitrogen three times. Freshly collected anhydrous THF (0.1 M) was added and the 

suspension was cooled to 0 °C. Et3N (420 mol%) was added dropwise via syringe over 5 min. The tube 

was sealed, and the reaction was stirred at r.t. for 16 h. The reaction mixture was filtered through 

Celite®, washing with Et2O. The filtrate was concentrated in vacuo and purified by flash column 

chromatography under the conditions noted to afford the target bisphosphite ligands. The ligands were 

azeotropically dried with PhMe (twice) and pentane (twice) and stored in a glovebox. 

General Procedure T: Enantioselective hydroarylation of 1,1-disubstituted alkenes 

A flame-dried resealable Schlenk tube, fitted with a magnetic stirrer, was charged with the appropriate 

furan substrate (0.10 mmol, 100 mol%), [Ir(cod)2]BARF (5 mol%) and the appropriate SPINOL-

derived ligand (5 mol%). The tube was fitted with a rubber septum and purged with nitrogen. 1,4-

Dioxane (1.0 M) was added, followed by α-ethyl styrene (150 mol%), and the rubber septum was 

replaced with a Young’s tap. The reaction was transferred to a pre-heated heating block at 120 °C and 

stirred for 24–72 h, before being cooled to r.t. and concentrated in vacuo. Purification by flash column 

chromatography under the conditions noted afforded the target compounds. 
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8.4.2 Synthesis of substrates, ligands, and catalytic protocols 

(294e): (3-methylbut-3-en-1-yl)benzene 

 

To a suspension of methyltriphenylphosphonium bromide (3.93 g, 11.0 mmol) in anhydrous THF 

(40 mL) at 0 °C under N2 was added n-BuLi (6.88 mL, 11.0 mmol, 1.6 M in hexanes) dropwise over 

10 min. The resulting orange suspension was stirred at 0 °C for 1 h before 4-phenylbutan-2-one 

(1.50 mL, 10.0 mmol) in THF (5 mL) was added dropwise over 10 min. The suspension was maintained 

at 0 °C for 1 h before being warmed to r.t. over 1 h and quenched with sat. aq. NH4Cl (20 mL). Et2O 

(20 mL) was added and the layers were separated. The aqueous portion was extracted with Et2O (2 × 

30 mL) and the combined organic portions were washed with brine (50 mL), dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography (1% Et2O/Hex) on silica gel 

afforded the title compound 294e (1.07 g, 73%) as a colourless oil. 1H NMR (400 MHz, CDCl3): δ 7.36 

– 7.25 (2H, m, 2 × C8-H), 7.23 – 7.14 (3H, m, 2 × C7-H, C9-H), 4.75 (2H, s, C3-H2), 2.87 – 2.69 (2H, 

m, C5-H2), 2.33 (2H, dd, J = 10.0, 6.5 Hz, C4-H2), 1.78 (3H, s, C1-H3); 13C NMR (101 MHz, CDCl3): 

δ 145.6 (C2), 142.4 (C6), 128.5, 128.4 (C7, C8), 125.9 (C9), 110.3 (C3), 39.7 (C4), 34.4 (C5), 22.8 

(C1). The spectroscopic properties of this compound were consistent with the data available in the 

literature.528 

(295e): N,N-diethyl-2-(2-methyl-4-phenylbutan-2-yl)benzamide 

 

General Procedure R: Benzamide 223a (17.7 mg, 0.10 mmol) and alkene 294e (58.5 mg, 0.40 mmol, 

400 mol%) were employed and the reaction was run for 72 h. Purification by flash column 

chromatography (10% EtOAc/Hex) on silica gel afforded the title compound 295e (18.5 mg, 57%) as a 

colourless oil. νmax / cm-1: 2972 (s), 2932 (s), 1631 (s), 1423 (m); 1H NMR (400 MHz, CDCl3): δ 7.47 

(1H, dd, J = 8.0, 1.5 Hz, C8-H), 7.33 (1H, dd, J = 8.0, 1.5 Hz, C7-H), 7.25 – 7.18 (3H, m, C6-H, 2 × 

C15-H), 7.17 – 7.11 (3H, m, 2 × C16-H, C17-H), 7.08 (1H, dd, J = 7.5, 1.5 Hz, C5-H), 3.76 (1H, dq, J 

= 14.0, 7.0 Hz, 1 × C2-H), 3.35 (1H, dq, J = 14.0, 7.0 Hz, 1 × C2-H), 3.20 (1H, dq, J = 14.0, 7.0 Hz, 1 

× C2-H), 3.04 (1H, dq, J = 14.0, 7.0 Hz, 1 × C2-H), 2.49 – 2.34 (2H, m, C13-H2), 2.22 (1H, m, 1 × 
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C12-H), 1.87 (1H, ddd, J = 13.5, 10.0, 7.5 Hz, 1 × C12-H), 1.45 (3H, s, 1 × C11-H3), 1.40 (3H, s, 1 × 

C11-H3), 1.23 (3H, t, J = 7.0 Hz, 1 × C1-H3), 1.08 (3H, t, J = 7.0 Hz, 1 × C1-H3); 13C NMR (101 MHz, 

CDCl3): δ 173.0 (C3), 144.6 (C9), 143.2 (C14), 136.5 (C4), 128.5 (two signals), 128.4, 128.3 (C7, C8, 

C15, C16), 127.7 (C5), 125.8 (C6), 125.6 (C17), 46.8 (C12), 43.4 (C2), 39.9 (C10), 38.5 (C2), 31.6 

(C13), 29.3 (C11), 29.1 (C11), 13.4 (C1), 12.1 (C1); HRMS (ESI+): Calculated for C22H29NO: 

324.2322. Found [M + H]+: 324.2314. 

(297b): (S)-N,N-diisopropyl-1-methyl-2-(2-(4-methylcyclohex-3-en-1-yl)propan-2-yl)-1H-

pyrrole-3-carboxamide 

 

General Procedure R: Pyrrole 296 (20.8 mg, 0.10 mmol) and (S)-(-)-limonene 294f (64.6 µL, 0.40 

mmol, 400 mol%) were employed and the reaction was run for 48 h. Purification by flash column 

chromatography (10–20% EtOAc/Hex) on silica gel afforded the title compound 297b (22.2 mg, 64%) 

as a colourless oil. [α]D
24 -20.3 (c = 0.12, CHCl3); νmax / cm-1: 2962 (s), 2925 (m), 1616 (s), 1530 (m), 

1439 (s); 1H NMR (400 MHz, CDCl3): δ 6.40 (1H, d, J = 2.5 Hz, C5 or C6), 6.29 (1H, d, J = 2.5 Hz, 

C5 or C6), 5.32 (1H, m, C16-H), 4.24 – 3.16 (2H, br. s, 2 × C2-H), 3.55 (3H, s, C8-H3), 2.05 – 1.70 

(6H, m, 2 × C7-H, C11-H, 1 × C12-H, 2 × C13-H), 1.59 (3H, s, C15-H3), 1.54 – 0.94 (19H, m, 4 × C1-

H3, 2 × C9-H3, 1 × C12-H); 13C NMR (101 MHz, CDCl3): δ 169.2 (C3), 133.7 (C14), 131.7 (C7), 121.6 

(C16), 119.6 (C4), 119.3, 118.8 (C5, C6), 42.6 (C11), 37.1 (C10), 36.0 (C8), 31.6 (C13), 27.4 (C17), 

25.7 (C9), 25.3 (C9), 24.6 (C12), 23.4 (C15), 20.7 (C1), 20.5 (C1). A signal corresponding to C2 was 

not observed; HRMS (ESI+): Calculated for C22H37N2O: 345.2900. Found [M + H]+: 345.2909. 

(297c): N,N-diisopropyl-1-methyl-2-(2-methyl-4-phenylbutan-2-yl)-1H-pyrrole-3-carboxamide 

 

General Procedure R: Pyrrole 296 (20.8 mg, 0.10 mmol) and alkene 294e (64.0 µL, 0.40 mmol, 400 

mol%) were employed and the reaction was run for 48 h. Purification by flash column chromatography 
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(20% EtOAc/Hex) on silica gel afforded the title compound 297c (25.4 mg, 72%) as a colourless oil. 

νmax / cm-1: 2961 (s), 1620 (s), 1530 (m), 1439 (s); 1H NMR (400 MHz, CDCl3): δ 7.26 – 7.18 (4H, m, 

2 × C14-H, 2 × C15-H), 7.12 (1H, m, C16-H), 6.43 (1H, d, J = 2.5 Hz, C5 or C6), 6.36 (1H, d, J = 2.5 

Hz, C5 or C6), 4.18 – 3.35 (2H, br. s, 2 × C2-H), 3.57 (3H, s, C8-H3), 2.60 – 2.45 (2H, m, C12-H2), 

2.02 – 1.87 (2H, m, C11-H2), 1.32 (18H, s, 4 × C1-H3, 2 × C9-H3); 13C NMR (101 MHz, CDCl3): δ 

169.2 (C3), 143.8 (C13), 131.1 (C7), 128.6 (C14), 128.2 (C15), 125.4 (C16), 119.9 (C4), 119.1, 119.0 

(C5, C6), 45.5 (C11), 36.1 (C8), 34.9 (C10), 31.7 (C12), 29.1 (C9), 20.7 (C1); A signal corresponding 

to C2 was not observed; HRMS (ESI+): Calculated for C23H35N2O: 355.2744. Found [M + H]+: 

355.2746. 

(297e): N,N-diisopropyl-2-(2-methyl-4-phenylbutan-2-yl)-1H-pyrrole-1-carboxamide 

 

General Procedure R: Pyrrole 228 (19.4 mg, 0.10 mmol) and alkene 294e (21.9 mg, 0.15 mmol, 150 

mol%) were employed and the reaction was run for 48 h. Purification by flash column chromatography 

(2% EtOAc/Hex) on silica gel afforded the title compound 297e (20.7 mg, 61%) as a colourless oil. νmax 

/ cm-1: 2968 (m), 2935 (m), 1687 (s), 1431 (s), 1325 (s); 1H NMR (400 MHz, CDCl3): δ 7.25 – 7.16 

(4H, m, 2 × C13-H, 2 × C14-H), 7.17 – 7.09 (1H, m, C15-H), 6.57 (1H, dd, J = 3.0, 1.5 Hz, C4-H), 6.10 

(1H, m, C5-H), 6.03 (1H, dd, J = 3.5, 1.5 Hz, C6-H), 3.51 (2H, hept, 2 × C2-H), 2.49 (2H, dd, J = 9.5, 

7.5 Hz, C11-H2), 2.15 – 1.83 (2H, m, C10-H2), 1.45 – 1.16 (18H, m, 4 × C1-H3, 2 × C9-H3); 13C NMR 

(101 MHz, CDCl3): δ 154.1 (C3), 143.4 (C12), 140.7 (C7), 128.6 (C13), 128.3 (C14), 125.5 (C15), 

119.6 (C4), 107.7 (C5), 107.5 (C6), 44.7 (C10), 36.1 (C8), 31.7 (C11), 28.5 (C9), 20.6 (C1), 20.3 (C1); 

A signal corresponding to C2 was not observed; HRMS (ESI+): Calculated for C22H32N2O: 341.2587. 

Found [M + H]+: 341.2587. 

(298): N,N-diisopropylthiophene-2-carboxamide 

 

To a solution of thiophene-2-carboxylic acid (1.92 g, 15.0 mmol) in CH2Cl2 (15 mL) at 0 °C was added 

1 drop of DMF. Oxalyl chloride (1.42 mL, 16.8 mmol) was added dropwise via syringe over 10 min. 

The solution was stirred at 0 °C for 2 h before being concentrated in vacuo. CH2Cl2 (15 mL) was added 



Chapter 8 – Experimental procedures 

 

347 

 

to the oily residue and the solution was cooled to 0 °C, before diisopropylamine (4.21 mL, 30.0 mmol) 

was added dropwise via syringe over 10 min. The solution was warmed to r.t. and stirred for 16 h. 

CH2Cl2 (20 mL) and water (20 mL) were added and the layers were separated. The aqueous portion was 

extracted with CH2Cl2 (2 × 20 mL) and the combined organic portions were washed with brine (50 mL), 

dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (10% 

EtOAc/Hex) on silica gel afforded the title compound 298 (3.12 g, 98%) as a colourless crystalline 

solid. m.p. 60–62 °C (CH2Cl2/Hex); 1H NMR (400 MHz, CDCl3): δ 7.36 (1H, dd, J = 5.0, 1.0 Hz, C5-

H), 7.19 (1H, dd, J = 3.5, 1.0 Hz, C7-H), 7.00 (1H, dd, J = 5.0, 3.5 Hz, C6-H), 4.08 – 3.85 (2H, m, 2 × 

C2-H), 1.37 (12H, d, J = 6.5 Hz, 4 × C1-H3); 13C NMR (101 MHz, CDCl3): δ 164.1 (C3), 140.1 (C4), 

127.3 (C5), 126.8 (C7), 126.5 (C6), 49.0 (C2), 21.0 (C1); The spectroscopic properties of this compound 

were consistent with the data available in the literature.529 

(299a): N,N-diisopropyl-3-(2-phenylpropan-2-yl)thiophene-2-carboxamide 

 

Modified General Procedure R: Thiophene 298 (21.1 mg, 0.10 mmol) and α-methylstyrene 294a 

(52.0 µL, 0.40 mmol, 400 mol%) were employed and the reaction was run at 140 °C for 48 h. 

Purification by flash column chromatography (10% EtOAc/Hex) on silica gel afforded the title 

compound 299a (19.8 mg, 60%) as a colourless oil. νmax / cm-1: 2968 (s), 2931 (m), 1623 (s), 1444 (s), 

1316 (s); 1H NMR (400 MHz, CDCl3): δ 7.33 – 7.23 (4H, m, 2 × C11-H, 2 × C12-H), 7.16 (1H, m, 

C13-H), 7.06 (1H, d, J = 5.0 Hz, C7-H), 6.58 (1H, d, J = 5.0 Hz, C6-H), 4.02 (1H, m, 1 × C2-H), 3.44 

(1H, m, 1 × C2-H), 1.72 (6H, s, 2 × C9-H3), 1.53 – 1.09 (12H, m, 4 × C1-H3); 13C NMR (101 MHz, 

CDCl3): δ 165.3 (C3), 150.3 (C10), 147.7 (C5), 132.0 (C4), 129.6 (C6), 128.1 (C11), 126.3 (C12), 125.8 

(C13), 122.8 (C7), 42.7 (C8), 30.8 (C9), 20.0 (C1); A signal corresponding to C2 was not observed; 

HRMS (ESI+): Calculated for C20H27NOS: 330.1886. Found [M + H]+: 330.1885. 
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(299b): N,N-diisopropyl-3-(2-methyl-4-phenylbutan-2-yl)thiophene-2-carboxamide 

 

Modified General Procedure R: Thiophene 298 (21.1 mg, 0.10 mmol) and alkene 294e (58.5 mg, 

0.40 mmol, 400 mol%) were employed and the reaction was run at 140 °C for 48 h. Purification by 

flash column chromatography (7% EtOAc/Hex) on silica gel afforded the title compound 299b (30.8 

mg, 86%) as a colourless oil. νmax / cm-1: 2967 (s), 1624 (s), 1444 (s), 1368 (s), 1316 (s); 1H NMR (400 

MHz, CDCl3): δ 7.26 – 7.21 (2H, d, J = 8.5 Hz, 2 × C14-H), 7.19 (1H, d, J = 5.0 Hz, C7-H), 7.17 – 

7.11 (3H, m, 2 × C13-H, C15-H), 6.98 (1H, d, J = 5.0 Hz, C6-H), 3.97 (1H, m, 1 × C2-H), 3.47 (1H, 

m, 1 × C2-H), 2.47 (2H, dd, J = 10.0, 7.5 Hz, C11-H2), 2.00 (2H, m, C10-H2), 1.51 (6H, s, 2 × C1-H3), 

1.41 (6H, s, 2 × C9-H3), 1.18 (6H, s, 2 × C1-H3); 13C NMR (101 MHz, CDCl3): δ 165.8 (C3), 146.3 

(C5), 143.2 (C12), 132.4 (C4), 128.5 (C13), 128.4 (C14), 127.9 (C6), 125.6 (C15), 123.2 (C7), 51.4 

(C2), 47.0 (C10), 46.1 (C2), 38.4 (C8), 31.6 (C11), 28.8 (C9), 20.2 (C1); HRMS (ESI+): Calculated for 

C22H31NOS: 358.2199. Found [M + H]+: 358.2196. 

(299c): (S)-N,N-diisopropyl-3-(2-(4-methylcyclohex-3-en-1-yl)propan-2-yl)thiophene-2-

carboxamide 

 

Modified General Procedure R: Thiophene 298 (21.1 mg, 0.10 mmol) and (S)-(-)-limonene 294f (64.6 

µL, 0.40 mmol, 400 mol%) were employed and the reaction was run at 140 °C for 48 h. Purification by 

flash column chromatography (7% EtOAc/Hex) on silica gel afforded the title compound 299c (18.6 

mg, 54%) as a colourless oil. [α]D
24 -6.53 (c = 0.022, CHCl3); νmax / cm-1: 2965 (s), 2926 (s), 1626 (s), 

1551 (m), 1444 (m), 1316 (s); 1H NMR (400 MHz, CDCl3): δ 7.13 (1H, m, C7-H), 6.93 (1H, d, J = 5.0 

Hz, C6-H), 5.32 (1H, s, C12-H), 3.94 (1H, m, 1 × C2-H), 3.45 (1H, m, 1 × C2-H), 2.03 – 1.63 (6H, m, 

C10-H, 1 × C11-H, C15-H2, C16-H2), 1.60 (3H, s, C14-H3), 1.54 – 1.35 (6H, m, 2 × C1-H3), 1.30 (3H, 

s, 1 × C9-H3), 1.25 (3H, s, 1 × C9-H3), 1.22 – 1.11 (7H, m, 2 × C1-H3, 1 × C11-H); 13C NMR (101 

MHz, CDCl3): δ 165.7 (C3), 147.4 (C5), 133.9 (C13), 131.7 (C4), 128.0 (C6), 122.6 (C7), 121.4 (C12), 
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50.9 (C2), 46.1 (C2), 44.3 (C10), 40.6 (C8), 31.5 (C15), 27.1 (C11), 25.7 (C9), 24.6 (C16), 23.3 (C14), 

19.9 (C1); some of the 13C signals were weak but could easily be identified by HSQC and HMBC 

analysis; HRMS (ESI+): Calculated for C22H33NOS: 348.2356. Found [M + H]+: 348.2351. 

(301): 2-([1,1'-biphenyl]-4-yl)propan-2-ol 

 

To a solution of methyl 4-phenylbenzoate (1.50 g, 7.06 mmol) in anhydrous THF (20 mL) under N2 at 

0 °C was added MeMgBr (7.06 mL, 21.2 mmol, 3 M in Et2O) dropwise via syringe over 10 min. The 

solution was stirred at 0 °C for 1 h before being warmed to r.t. and stirred for 16 h. Upon completion of 

the reaction, sat. aq. NH4Cl (20 mL) and Et2O (20 mL) were added and the layers separated. The 

aqueous portion was extracted with Et2O (20 mL) and the combined organic portions were washed with 

brine (50 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (15% EtOAc/Hex) on silica gel afforded the title compound 301 (1.34 g, 89%) as a 

colourless solid. m.p. 87–90 °C (CH2Cl2/Hex); νmax / cm-1: 3333 (m), 2968 (s), 1486 (s), 1402 (s); 1H 

NMR (400 MHz, CDCl3): δ 7.62 – 7.57 (6H, m, 2 × C4-H, 2 × C5-H, 2 × C8-H), 7.44 (2H, dd, J = 8.0, 

7.0 Hz, 2 × C9-H), 7.35 (1H, m, C10-H), 1.68 (1H, br. s, OH), 1.64 (6H, s, 2 × C1-H3); 13C NMR (101 

MHz, CDCl3): δ 148.3 (C3), 141.0 (C7), 139.8 (C6), 128.9 (C9), 127.4 (C10), 127.2, 127.1 (C5, C8), 

125.0 (C4), 72.6 (C2), 31.9 (C1); HRMS (ESI+): Calculated for C15H16NaO: 235.1093. Found [M + 

Na]+: 235.1086. The spectroscopic properties of this compound were consistent with the data available 

in the literature.530 

(294b): 4-(prop-1-en-2-yl)-1,1'-biphenyl 

 

To a solution of 301 (1.00 g, 4.71 mmol) in CH2Cl2 (20 mL) at 0 °C was added DMAP (57.4 mg, 0.47 

mmol) and Et3N (0.72 mL, 5.18 mmol). Methanesulfonyl chloride (0.55 mL, 7.07 mmol) was added 

dropwise via syringe over 5 min. The solution was maintained at 0 °C for 1 h before being warmed to 

r.t. and stirred for 16 h. Upon completion of the reaction, water (20 mL) was added and the layers were 

separated. The aqueous portion was extracted with CH2Cl2 (2 × 20 mL) and the combined organic 

portions were washed with water (50 mL), brine (50 mL), dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography (1% Et2O/Hex) on silica gel afforded the title compound 
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294b (454 mg, 50%) as a colourless solid; m.p. 118–120 °C (EtOAc/Hex); νmax / cm-1: 2974 (m), 2939 

(m), 1627 (m), 1423 (s); 1H NMR (400 MHz, CDCl3): δ 7.63 – 7.60 (2H, m, C9-H), 7.60 – 7.54 (4H, 

m, 2 × C5-H, 2 × C6-H), 7.49 – 7.42 (2H, m, 2 × C10-H), 7.39 – 7.31 (1H, m, C11-H), 5.44 (1H, dq, J 

= 1.5, 1.0 Hz, C1-Ha), 5.12 (1H, p, J = 1.5 Hz, C1-Hb), 2.20 (3H, dd, J = 1.5, 1.0 Hz, C3-H3); 13C NMR 

(101 MHz, CDCl3): δ 142.9 (C2), 140.9 (C8), 140.3 (C7), 140.3 (C4), 128.9 (C10), 127.4 (C11), 127.1 

(C9), 127.1 (C6), 126.0 (C5), 112.6 (C1), 22.0 (C3); HRMS (EI+): Calculated for C15H14: 194.1090. 

Found [M]+: 194.1088. The spectroscopic properties of this compound were consistent with the data 

available in the literature.531 

((rac)-L8a): 2,2'-bis(dibenzo[d,f][1,3,2]dioxaphosphepin-6-yloxy)-1,1'-biphenyl 

 

General Procedure S: 2,2’-Biphenol 302 (600 mg, 3.22 mmol, 3 equiv.) and PCl3 (2.80 mL, 32.2 

mmol, 30 equiv.) were employed at 85 °C for 2 h. Following formation of the chlorophosphite, 2,2’-

biphenol (200 mg, 1.07 mmol, 1 equiv.), DMAP (25.6 mg, 0.21 mmol, 0.20 equiv.), Et3N (0.61 mL, 

4.49 mmol, 4.20 equiv.) and THF (10 mL) were employed. Purification (10% EtOAc/Hex) on neutral 

alumina afforded the title compound (rac)-L8a (413 mg, 63%) as a colourless powder. m.p. 150–151°C 

(pentane); νmax / cm-1: 3062 (m), 1498 (s), 1474 (s), 1434 (s), 1194 (s); 1H NMR (500 MHz, C6D6): δ 

7.34 (2H, dd, J = 8.0, 1.0 Hz, 2 × Ar-CH), 7.22 (2H, dd, J = 7.5, 2.0 Hz, 2 × Ar-CH), 7.13 – 7.10 (4H, 

m, 4 × Ar-CH), 7.05 (2H, td, J = 8.0, 2.0 Hz, 2 × Ar-CH), 6.96 – 6.91 (8H, m, 8 × Ar-CH), 6.91 – 6.85 

(6H, m, 6 × Ar-CH); 13C NMR (126 MHz, C6D6): δ 150.3 (Ar-C), 149.8 (Ar-C), 132.7 (Ar-CH), 131.7 

(Ar-C), 130.9 (Ar-C), 130.1 (Ar-CH), 129.3 (two signals, 2 × Ar-CH), 125.3 (Ar-CH), 124.4 (Ar-CH), 

122.6 (Ar-CH), 121.0 (Ar-CH); 31P NMR (162 MHz, CDCl3): δ 144.4; HRMS (MALDI+): Calculated 

for C36H24NaO6P2: 637.0940. Found [M + Na]+: 637.0948. 

  



Chapter 8 – Experimental procedures 

 

351 

 

(304): 5,5',6,6'-tetramethyl-[1,1'-biphenyl]-2,2'-diol 

 

To a solution of biphenol 303 (5.53 g, 15.6 mmol) in benzene (80 mL) at 0 °C was added a solution of 

AlCl3 (3.33 g, 25.0 mmol) in nitromethane (15 mL) and benzene (30 mL) dropwise via syringe over 30 

min. The solution was stirred at 0 °C for 1 h before being carefully quenched with water (50 mL). Et2O 

(50 mL) was added and the layers were separated. The aqueous portion was extracted with Et2O (2 × 

30 mL) and the combined organic portions were washed with brine (100 mL). Purification by flash 

column chromatography (5–25% EtOAc/Hex) on silica gel afforded the title compound 304 (3.04 g, 

80%) as a colourless powder; m.p. 193–195 °C (CH2Cl2/Hex); 1H NMR (400 MHz, CDCl3): δ 7.14 (2H, 

d, J = 8.0 Hz, 2 × C3-H), 6.82 (2H, d, J = 8.0 Hz, 2 × C2-H), 4.50 (2H, s, 2 × OH), 2.26 (6H, s, 2 × C7-

H3), 1.90 (6H, s, 2 × C8-H3); 13C NMR (101 MHz, CDCl3): δ 151.9 (C1), 137.1 (C5), 131.5 (C3), 129.4 

(C6), 120.4 (C4), 112.8 (C2), 20.0 (C7), 16.5 (C8). The spectroscopic properties of this compound were 

consistent with the data available in the literature.532  

((rac)-L8b): 6,6'-((5,5',6,6'-tetramethyl-[1,1'-biphenyl]-2,2'-

diyl)bis(oxy))didibenzo[d,f][1,3,2]dioxaphosphepine 

 

General Procedure S: 2,2’-Biphenol 302 (600 mg, 3.22 mmol, 3 equiv.) and PCl3 (2.80 mL, 32.2 

mmol, 30 equiv.) were employed at 85 °C for 2 h. Following formation of the chlorophosphite, 5,5',6,6'-

tetramethyl-[1,1'-biphenyl]-2,2'-diol 304 (259 mg, 1.07 mmol, 1 equiv.), DMAP (25.6 mg, 0.21 mmol, 

0.20 equiv.), Et3N (0.61 mL, 4.49 mmol, 4.20 equiv.) and THF (10 mL) were employed. Purification 

(5% EtOAc/Hex) on neutral alumina afforded the title compound (rac)-L8b (550 mg, 77%) as a 

colourless powder. m.p. 95–98 °C (pentane); νmax / cm-1: 3063 (m), 2923 (m), 1475 (s), 1434 (s), 1202 

(s); 1H NMR (500 MHz, C6D6): δ 7.26 (2H, d, J = 8.0 Hz, 2 × Ar-CH), 7.14 – 7.10 (4H, m, 4 × Ar-CH), 

7.03 (2H, d, J = 8.0 Hz, 2 × Ar-CH), 7.01 – 6.95 (6H, m, 6 × Ar-CH), 6.92 – 6.87 (4H, m, 4 × Ar-CH), 
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6.80 (2H, d, J = 8.0 Hz,2 × Ar-CH), 2.05 (6H, s, 2 × CH3), 1.89 (6H, s, 2 × CH3); 13C NMR (126 MHz, 

C6D6): δ 149.9 (Ar-C), 148.6 (Ar-C), 138.2 (Ar-C), 133.0 (Ar-C), 131.8 (Ar-C), 130.1 (Ar-CH), 129.9 

(Ar-CH), 129.1 (Ar-CH), 128.6 (Ar-C), 125.3 (Ar-CH), 122.7 (Ar-CH), 117.8 (Ar-CH), 20.1 (CH3), 

17.1 (CH3); 31P NMR (162 MHz, CDCl3): δ 144.9; HRMS (MALDI+): Calculated for C40H32O6P2: 

617.1747. Found [M + H]+: 671.1759. 

(305): 6,6'-dimethoxy-2,2',3,3'-tetramethyl-1,1'-biphenyl 

 

A Schlenk tube was charged with 304 (2.00 g, 8.25 mmol) and K2CO3 (4.56 g, 33.0 mmol) and placed 

under N2. DMF (25 mL) and iodomethane (2.05 mL, 33.0 mmol) were added via syringe, the tube was 

sealed and heated to 80 °C for 16 h. The reaction mixture was cooled to r.t. and filtered through Celite®, 

rinsing with EtOAc (50 mL). The filtrate was transferred to a separating funnel and water (50 mL) was 

added. The layers were separated, and the organic portion was washed with water (100 mL), brine (100 

mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (5–

10% EtOAc/Hex) on silica gel afforded the title compound 305 (1.45 g, 65%) as a colourless solid; m.p. 

110–112 °C (CH2Cl2/Hex); 1H NMR (400 MHz, CDCl3): δ 7.11 (2H, d, J = 8.5 Hz, 2 × C3-H), 6.74 

(2H, d, J = 8.5 Hz, 2 × C2-H), 3.66 (6H, s, 2 × C9-H3), 2.27 (6H, s, 2 × C7-H3), 1.83 (6H, s, 2 × C8-

H3); 13C NMR (101 MHz, CDCl3): δ 155.5 (C1), 136.7 (C5), 129.1 (C3), 128.7 (C6), 127.0 (C4), 108.3 

(C2), 56.1 (C9), 20.1 (C7), 16.4 (C8). The spectroscopic properties of this compound were consistent 

with the data available in the literature.532  

(306): 2,2'-dimethoxy-3,3',5,5',6,6'-hexamethyl-1,1'-biphenyl 

 

To a suspension of paraformaldehyde (2.44 g) in phosphoric acid (9.20 mL, 85 wt.% in H2O), conc. 

HCl (9.20 mL, 37% w/w) and acetic acid (9.20 mL) at r.t. was added 6,6'-dimethoxy-2,2',3,3'-

tetramethyl-1,1'-biphenyl 305 (1.00 g, 3.70 mmol) in one portion. The suspension was heated to 90 °C 

for 48 h before being cooled to r.t. and diluted with water (50 mL) and PhMe (50 mL). The layers were 
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separated, and the aqueous portion was extracted with PhMe (2 × 30 mL). The combined organic 

portions were washed with water (100 mL), sat. aq. Na2CO3 (50 mL), brine (50 mL) and dried over 

Na2SO4. The solvent was removed in vacuo to leave the intermediate benzyl chloride (1.52 g, quant.) 

as an orange oil which was used without purification; only 1H NMR data is listed for this compound. 1H 

NMR (400 MHz, CDCl3): δ 7.25 (2H, s, 2 × Ar-CH), 4.81 (2H, d, J = 11.0 Hz, 2 × CH2), 4.57 (2H, d, 

J = 11.0, 2 × CH2), 3.37 (6H, s, 2 × CH3), 2.30 (6H, s, 2 × CH3), 1.94 (6H, s, 2 × CH3). To a solution of 

the intermediate benzyl chloride (1.36 g, 3.70 mmol) in anhydrous THF (9 mL) at 0 °C was added 

LiAlH4 (9.25 mL, 9.25 mmol, 1 M in THF) dropwise over 10 min. The solution was heated to reflux 

and stirred for 4 h, before being cooled to 0 °C and diluted with Et2O (10 mL). Water (0.40 mL) was 

added dropwise, taking care to control the exotherm and evolution of gas, followed by 4 M aq. NaOH 

(0.40 mL). Water (1.50 mL) was added and the solution was warmed to r.t. and stirred for 15 min. 

MgSO4 was added and the suspension was stirred for a further 15 min before being filtered through 

Celite®, rinsing with Et2O (20 mL). The filtrate was concentrated in vacuo and purified by flash column 

chromatography (5% EtOAc/Hex) on silica gel to afford the title compound 306 (794 mg, 72%) as a 

colourless solid. m.p. 67–70 °C (CH2Cl2); 1H NMR (400 MHz, CDCl3): δ 7.00 (2H, s, 2 × C3-H), 3.33 

(6H, s, 2 × C9-H3), 2.28 (6H, s, 2 × C10-H), 2.25 (6H, s, 2 × C7-H3), 1.87 (6H, s, 2 × C8-H3); 13C NMR 

(101 MHz, CDCl3): δ 154.3 (C1), 133.7 (C4), 131.9, 131.7 (C5, C6), 131.5 (C3), 127.7 (C2), 59.6 (C9), 

20.2 (C7), 16.6 (C8), 16.2 (C10). The spectroscopic properties of this compound were consistent with 

the data available in the literature.532  

(307): 3,3',5,5',6,6'-hexamethyl-[1,1'-biphenyl]-2,2'-diol 

 

To a solution of 2,2'-dimethoxy-3,3',5,5',6,6'-hexamethyl-1,1'-biphenyl 306 (750 mg, 2.51 mmol) in 

anhydrous CH2Cl2 (15 mL) at 0 °C was added BBr3 (7.00 mL, 7.00 mmol, 1 M in CH2Cl2) dropwise 

via syringe over 10 min. The solution was maintained at 0 °C for 1 h before being diluted with CH2Cl2 

(20 mL) and quenched with water (20 mL), taking care to control the exotherm. The layers were 

separated, and the aqueous portion was extracted with CH2Cl2 (2 × 20 mL). The combined organic 

portions were washed with water (50 mL), brine (50 mL), dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography (1% EtOAc/Hex) on silica gel afforded the title 

compound 307 (446 mg, 66%) as a colourless solid. m.p. 135–137 °C (CH2Cl2/Hex); 1H NMR (400 

MHz, CDCl3): δ 7.00 (2H, s, 2 × C3-H), 4.54 (2H, s, 2 × OH), 2.23 (12H, s, 2 × C7-H3, 2 × C9-H3), 

1.85 (6H, s, 2 × C8-H3); 13C NMR (101 MHz, CDCl3): δ 149.9 (C1), 134.0 (C6), 132.8 (C3), 128.6 
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(C4), 121.5 (C2), 120.0 (C5), 19.7 (C7), 16.2 (C8), 15.8 (C9); The spectroscopic properties of this 

compound were consistent with the data available in the literature.532  

((rac)-L8c): 6,6'-((3,3',5,5',6,6'-hexamethyl-[1,1'-biphenyl]-2,2'-

diyl)bis(oxy))didibenzo[d,f][1,3,2]dioxaphosphepine 

 

General Procedure S: 2,2’-Biphenol 302 (600 mg, 3.22 mmol, 3 equiv.) and PCl3 (2.80 mL, 32.2 

mmol, 30 equiv.) were employed at 85 °C for 2 h. Following formation of the chlorophosphite, 

3,3',5,5',6,6'-hexamethyl-[1,1'-biphenyl]-2,2'-diol 307 (289 mg, 1.07 mmol, 1 equiv.), DMAP (25.6 mg, 

0.21 mmol, 0.20 equiv.), Et3N (0.61 mL, 4.49 mmol, 4.20 equiv.) and THF (10 mL) were employed. 

Purification (5% EtOAc/Hex) on neutral alumina afforded the title compound (rac)-L8c (406 mg, 54%) 

as a colourless powder. m.p. 88–90 °C (pentane); νmax / cm-1: 2919 (m), 1498 (s), 1474 (s), 1433 (s), 

1183 (s); 1H NMR (500 MHz, C6D6): δ 7.15 – 7.12 (4H, m, 4 × Ar-CH), 7.02 – 6.88 (14H, m, 14 × Ar-

CH), 2.47 (6H, s, 2 × CH3), 2.13 (6H, s, 2 × CH3), 2.02 (6H, s, 2 × CH3); 13C NMR (126 MHz, C6D6): 

δ 149.6 (d, J = 12.5 Hz, Ar-C), 147.5 (Ar-C), 135.2 (Ar-C), 132.7 (Ar-C), 132.2 (Ar-CH), 131.7 (Ar-

C), 131.3 (Ar-C), 130.3 (Ar-C), 129.6 (d, J = 17.0 Hz, Ar-CH), 128.7 (d, J = 9.0 Hz, Ar-CH), 124.8 (d, 

J = 15.0 Hz, Ar-CH), 122.4 (d, J = 49.0 Hz, Ar-CH), 19.7 (CH3), 17.4 (CH3), 17.1 (CH3); 31P NMR 

(162 MHz, CDCl3): δ 145.6; HRMS (MALDI+): Calculated for C42H36O6P2: 699.2060. Found [M + H]+: 

699.2066. 

(300d): N,N-diisopropyl-2-(2-phenylbutan-2-yl)furan-3-carboxamide 

 

General Procedure T: Furan 230, styrene 294h and (R)-L11a were employed. The reaction was run 

at 120 °C for 48 h. Purification by flash column chromatography (12% EtOAc/Hex) on silica gel 



Chapter 8 – Experimental procedures 

 

355 

 

afforded the title compound 300d (19.8 mg, 60%, 92:8 e.r.) as a colourless oil. [α]D
24 -24.5 (c = 0.22, 

CHCl3); νmax / cm-1: 2968 (m), 2937 (m), 1629 (m), 1438 (m); 1H NMR (400 MHz, CDCl3): δ 7.28 – 

7.24 (4H, m, 2 × C13-H, 2 × C14-H), 7.23 (1H, d, J = 2.0 Hz, C6-H), 7.18 – 7.11 (1H, m, C15-H), 6.20 

(1H, d, J = 2.0 Hz, C5-H), 3.99 (1H, hept, J = 6.5 Hz, C2-H), 3.38 (1H, hept, J = 6.5 Hz, C2-H), 2.38 

– 2.21 (1H, m, 1 × C10-H), 2.15 – 2.01 (1H, m, 1 × C10-H), 1.63 (3H, s, C9-H3), 1.49 – 1.38 (6H, m, 

2 × C1-H3), 1.09 (3H, d, J = 6.5 Hz, 1 × C1-H3), 1.03 (3H, d, J = 6.5 Hz, 1 × C1-H3), 0.76 (3H, t, J = 

7.5 Hz, C11-H3); 13C NMR (101 MHz, CDCl3): δ 166.3 (C3), 156.8 (C7), 147.5 (C12), 140.2 (C6), 

128.3 (C14), 126.6 (C13), 126.1 (C15), 119.2 (C4), 109.6 (C5), 50.8 (C2), 45.8 (C8), 45.6 (C2), 32.8 

(C10), 24.2 (C9), 20.8 (C1), 20.4 (C1), 9.2 (C11); HRMS (ESI+): Calculated for C21H29NO2: 328.2271. 

Found [M + H]+: 328.2262. The spectroscopic data for this compound was obtained from Phillippa 

Cooper.309 

SFC conditions: DAICEL CHIRALPAK-IE (25 cm), CO2:MeOH 97:3 to 94:6 over 30 min, 2 mL/min, 

140 bar, 60 °C. Retention times: 19.0 min (major), 20.4 min (minor). 
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Kinetics data discussed in Table 32A 

 

Time 

(h) 

Conversion to 300e for ligands (rac)-L8a–d (%) 

(rac)-L8d (rac)-L8c (rac)-L8b (rac)-L8a 

2 11 6 1.3 1.6 

3 13 11 2.4 3.1 

6 69 34 4.7 4.2 

9 80 54 4.8 7.3 

12 86 77 14 7.3 

24 86 76 19 12 

 

13C NMR data discussed in Scheme 117C 

13C-NMR integration of alkene prepared through methylenation (R0) 

ppm peaks fid1 fid2 fid3 fid4 fid5 fid6 R0 

142.8 (C2) 1038.3 1042.3 1046.1 1047.6 1041.8 1039.7 1042.6 

140.2 (C7/4) 2058.6 2061.6 2067.7 2070.1 2062.7 2061.2 2063.7 

112.6 (C1) 892.3 896.8 902.4 907.6 905.5 905.0 901.6 

21.9 (C3) 957.5 959.0 961.1 961.4 959.6 959.4 959.7 

140.8 (C8) 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 
        

13C-NMR integration of alkene prepared through Grignard and elimination (R) 

ppm peaks fid1 fid2 fid3 fid4 fid5 fid6 R 

142.8 (C2) 1025.4 1023.1 1020.4    1022.9 

140.2 (C7/4) 2110.2 2108.3 2101.6    2106.7 

112.6 (C1) 930.4 930.9 929.2    930.2 

21.9 (C3) 936.4 935.8 932.3    934.9 

140.8 (C8) 1000.0 1000.0 1000.0    1000.0 
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8.5 Experimental Procedures for compounds in Chapter 6 

8.5.1 General procedures for compounds in Chapter 6 

General Procedure U: Hydroarylation of enantioenriched alkenes with acetanilide derivatives 

A flame-dried resealable Schlenk tube, fitted with a magnetic stirrer, was charged with the appropriate 

acetanilide substrate (0.10 mmol, 100 mol%), [Ir(cod)2]OTf (5 mol%) and (R)-L8e or (S)-L8e (5 mol%, 

as noted). The tube was fitted with a rubber septum and purged with nitrogen. PhMe (0.05 M) was 

added, followed by alkene derivative (130–200 mol%) and the rubber septum was replaced with a 

Young’s tap. The reaction was transferred to a pre-heated heating block at 120 °C and stirred for 45 h, 

before being cooled to r.t. and concentrated in vacuo. Purification by flash column chromatography 

under the conditions noted afforded the target compounds. 

General Procedure V: Hydroarylation of enantioenriched alkenes with thiophene derivatives 

A flame-dried resealable Schlenk tube, fitted with a magnetic stirrer, was charged with the appropriate 

thiophene substrate (0.10 mmol, 100 mol%), [Ir(cod)2]OTf (5 mol%) and (R)-L9a (5 mol%, as noted). 

The tube was fitted with a rubber septum and purged with nitrogen. 1,4-Dioxane (0.5 M) was added, 

followed by alkene derivative (150 mol%) and the rubber septum was replaced with a Young’s tap. The 

reaction was transferred to a pre-heated heating block at 100 °C and stirred for 45 h, before being cooled 

to r.t. and concentrated in vacuo. Purification by flash column chromatography under the conditions 

noted afforded the target compounds. 

8.5.2 Synthesis of substrates and catalytic protocols 

((rac)-339): 2-benzylbut-3-en-1-ol 

 

To a solution of i-Pr2NH (5.75 mL, 41.0 mmol) in anhydrous THF (40 mL) at 0 °C was added n-BuLi 

(25.6 mL, 41.0 mmol, 1.6 M in hexanes) and the solution stirred for 10 min. But-3-enoic acid (1.70 mL, 

20.0 mmol) was added dropwise via syringe at 0 °C and the resulting solution was stirred for 45 min. 

Benzyl bromide (2.38 mL, 20.0 mmol) was added and the solution was warmed to r.t. and stirred for 

2 h before being quenched with water (30 mL). The layers were separated, and the organic portion was 

discarded. The aqueous portion was adjusted to ~pH 2 (2 M aq. HCl) and extracted with EtOAc (3 × 30 

mL). The combined organic portions were washed with brine (50 mL), dried over Na2SO4 and 

concentrated in vacuo. The residue was purified by flash column chromatography (25% EtOAc/Hex) 
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on silica gel to afford 2-benzylbut-3-enoic acid 338 as a pale yellow oil (1.05 g, 5.95 mmol) which was 

sufficiently pure to be used in the next step; 1H NMR (400 MHz, CDCl3): δ 7.36 – 7.13 (5H, m, 2 × C7-

H, 2 × C8-H, C9-H), 5.86 (1H, ddd, J = 17.0, 10.0, 7.5 Hz, C2-H), 5.20 – 5.05 (2H, m, C1-H2), 3.36 

(1H, m, C3-H), 3.12 (1H, m, 1 × C5-H), 2.87 (1H, dd, J = 14.0, 7.5 Hz, 1 × C5-H). To an ice-cold 

solution of 2-benzylbut-3-enoic acid (1.05 g, 5.95 mmol) in anhydrous Et2O (10 mL) was added LiAlH4 

(3.27 mL, 6.55 mmol, 2 M in THF) dropwise over 5 min. The solution was warmed to r.t. and stirred 

for 3 h. Water (0.25 mL) was added dropwise, followed by 4 M NaOH (0.25 mL) and another portion 

of water (0.75 mL). The suspension was stirred for 15 min before MgSO4 was added and stirred for 

another 15 min. Filtration and concentration in vacuo afforded the title compound (rac)-339 as a 

colourless oil (616 mg, 64%) which was used without further purification; 1H NMR (400 MHz, CDCl3): 

δ 7.34 – 7.23 (2H, m, 2 × C8-H), 7.23 – 7.11 (3H, m, 2 × C7-H, C9-H), 5.71 (1H, ddd, J = 17.0, 10.5, 

8.0 Hz, C2-H), 5.22 – 4.97 (2H, m, C1-H2), 3.62 (1H, dd, J = 10.5, 5.0 Hz, 1 × C5-H), 3.48 (1H, dd, J 

= 10.5, 7.5 Hz, 1 × C5-H), 2.75 (1H, dd, J = 13.5, 7.0 Hz, 1 × C4-H), 2.66 (1H, dd, J = 13.5, 7.5 Hz, 1 

× C4-H), 2.56 (1H, m, C3-H); 13C NMR (101 MHz, CDCl3): δ 139.8 (C6), 139.3 (C2), 129.3 (C7), 

128.4 (C8), 126.2 (C9), 117.6 (C1), 64.9 (C5), 48.2 (C3), 37.5 (C4); The spectroscopic properties of 

this compound were consistent with the data available in the literature.19 

((rac)-336d): (((2-benzylbut-3-en-1-yl)oxy)methyl)benzene 

 

To a suspension of NaH (148 mg, 3.70 mmol, 60% dispersion in mineral oil) in anhydrous DMF (10 

mL) was added (rac)-339 (400 mg, 2.47 mmol) in anhydrous DMF (10 mL). The suspension was stirred 

at r.t. for 1 h before benzyl bromide (310 μL, 2.60 mmol) was added dropwise via syringe over 2 min. 

The solution was heated to 40 °C for 16 h before being diluted with Et2O (10 mL) and quenched with 

water (10 mL). The layers were separated, and the aqueous portion extracted with Et2O (2 × 20 mL). 

The combined organic phases were washed with brine (20 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (5% EtOAc/Hex) on silica gel afforded the title 

compound (rac)-336d (180 mg, 29%) as a colourless oil; νmax / cm-1: 3027 (m), 2854 (m), 1495 (m); 1H 

NMR (400 MHz, CDCl3): δ 7.40 – 7.07 (10H, m, 2 × C6-H, 2 × C7-H, C8-H, 2 × C12-H, 2 × C13-H, 

C14-H), 5.77 (1H, ddd, J = 17.5, 10.5, 7.5 Hz, C2-H), 5.13 – 4.88 (2H, m, C1-H2), 4.51 (2H, s, C10-

H2), 3.42 (2H, d, J = 5.5 Hz, C9-H2), 2.87 (1H, m, 1 × C4-H), 2.75 – 2.56 (2H, m, C3-H, 1 × C4-H); 

13C NMR (101 MHz, CDCl3): δ 140.2 (C5), 139.6 (C2), 138.7 (C11), 129.5 (C6), 128.5, 128.3 (C7, 

C13), 127.8 (C12), 127.7 (C14), 126.0 (C8), 115.9 (C1), 73.2 (C10), 72.8 (C9), 45.5 (C3), 37.9 (C4); 

HRMS (ESI+): Calculated for C18H20NaO: 275.1406. Found [M + Na]+: 275.1405. 



Chapter 8 – Experimental procedures 

 

359 

 

(341): (S)-4-benzyl-3-((S)-2-benzylbut-3-enoyl)oxazolidin-2-one 

 

To a solution of 340 (1.48 g, 6.03 mmol) in anhydrous THF (30 mL) at -78 °C was added NaHMDS 

(6.93 mL, 6.93 mmol, 1 M in THF) dropwise over 10 min. The solution was stirred at -78 °C for 30 

min before benzyl bromide (1.43 mL, 12.0 mmol) was added via syringe. The solution was stirred 

at -78 °C for 2 h before being warmed to r.t. and stirred for 16 h. The reaction was diluted with Et2O 

(20 mL) and quenched with sat. aq. NH4Cl (10 mL) and the layers were separated. The aqueous portion 

was extracted with Et2O (2 × 30 mL) and the combined organic portions were washed with brine (50 

mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (20% 

EtOAc/Hex) on silica gel afforded the title compound 341 (406 mg, 20%, >20:1 d.r.) as a colourless 

crystalline solid; [α]D
22 +67.1 (c = 0.097, CHCl3); m.p. 83–85 °C (Et2O); νmax / cm-1: 2924 (m), 1770 (s), 

1679 (s); 1H NMR (400 MHz, CDCl3): δ 7.32 – 6.97 (10H, m, 2 × C6-H, 2 × C7-H, C8-H, 2 × C15-H, 

2 × C16-H, C17-H), 5.94 (1H, ddd, J = 17.0, 10.0, 8.5 Hz, C2-H), 5.23 – 5.10 (2H, m, C1-H2), 4.89 

(1H, m, C3-H), 4.64 (1H, ddt, J = 9.0, 7.5, 3.0 Hz, C12-H), 4.19 – 4.01 (2H, m, C11-H2), 3.21 (1H, dd, 

J = 13.5, 8.5 Hz, 1 × C4-H), 3.02 (1H, m, 1 × C13-H), 2.89 (1H, m, 1 × C4-H), 2.52 (1H, dd, J = 13.5, 

9.0 Hz, 1 × C13-H); 13C NMR (101 MHz, CDCl3): δ 173.5 (C9), 152.9 (C10), 138.5 (C5), 135.4 (C2), 

135.0 (C14), 129.5 (C6), 129.4 (C15), 128.9, 128.3, 127.3, 126.5 (C7, C8, C16, C17), 118.4 (C1), 65.7 

(C11), 55.2 (C12), 49.2 (C3), 38.6 (C4), 37.6 (C13); HRMS (ESI+): Calculated for C21H22NO3: 

336.1594. Found [M + H]+: 336.1606. 

((S)-339): (S)-2-benzylbut-3-en-1-ol 

 

To a solution of 341 (380 mg, 1.13 mmol, >20:1 d.r.) in THF:H2O (4.52 mL; 3.2:1) at 0 °C was added 

NaBH4 (556 mg, 14.7 mmol) in portions. The solution was stirred at r.t. for 1 h before being warmed to 

r.t. and stirred for 16 h. The reaction was quenched with 1 M aq. HCl (10 mL) and extracted with EtOAc 

(3 × 20 mL). The combined organic portions were washed with brine (30 mL), dried over Na2SO4 and 
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concentrated in vacuo to afford the title compound (S)-339 (163 mg, 89%) as a colourless oil which 

was used without purification; [α]D
23 -0.35 (c = 0.15, CHCl3), [Lit.533 [α]D

23 -1.88 (c = 1.06, CHCl3)]; 

The spectroscopic properties of this compound were consistent with the racemate and the data available 

in the literature.533 

((S)-336d): (S)-(((2-benzylbut-3-en-1-yl)oxy)methyl)benzene 

 

To a suspension of NaH (74.0 mg, 1.85 mmol, mineral oil removed by washing with hexane prior to 

use) in anhydrous THF (10 mL) was added (S)-339 (150 mg, 0.92 mmol) in anhydrous THF (1 mL). 

The suspension was stirred at 40 °C for 1 h before benzyl bromide (110 μL, 0.97 mmol) was added 

dropwise via syringe over 2 min. The solution was heated to 70 °C for 16 h before being diluted with 

Et2O (10 mL) and quenched with water (10 mL). The layers were separated, and the aqueous portion 

extracted with Et2O (2 × 20 mL). The combined organic phases were washed with brine (20 mL), dried 

over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (2% Et2O/Hex) 

on silica gel afforded the title compound (S)-336d (141 mg, 60%, 99:1 e.r.) as a colourless oil; 

[α]D
23 -2.29 (c = 0.24, CHCl3). The spectroscopic properties of this compound were consistent with the 

racemate. 

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:IPA 99:1, 2 mL/min, 150 bar, 40 °C. 

Retention times: 15.7 min (minor), 17.6 min (major). 

(343): (S)-2-methylbut-3-enoic acid and ((S)-336e): Ethyl (S)-2-methylbut-3-enoate 

 

To a solution of (S)-4-benzyl-3-((S)-2-methylbut-3-enoyl)oxazolidin-2-one 342 (900 mg, 3.47 mmol, 

>20:1 d.r.) in THF (9 mL) and H2O (9 mL) at 0 °C was added H2O2 (30% w/w in H2O, 0.43 mL, 13.9 

mmol) and LiOH·H2O (291 mg, 6.94 mmol). The reaction was warmed to r.t. and monitored by TLC. 

After 3 h, the reaction was complete, and the solution partially was concentrated in vacuo. Et2O (10 

mL) was added and the layers separated. The organic portion was discarded, and the pH of the aqueous 

portion was adjusted to pH 2 by addition of 2 M aq. HCl. The aqueous phase was then extracted with 

Et2O (2 × 10 mL) and the combined organic portions were washed with brine (10 mL), dried over 

Na2SO4 and concentrated in vacuo. The crude carboxylic acid 343 (210 mg, 61%) was used in the next 
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step without purification; 1H NMR (400 MHz, CDCl3): δ 5.94 (1H, ddd, J = 17.5, 10.5, 7.5 Hz, C2-H), 

5.28 – 5.06 (2H, m, C1-H2), 3.19 (1H, m, C3-H), 1.31 (3H, d, J = 7.0 Hz, C5-H3); 13C NMR (101 MHz, 

CDCl3): δ 180.3 (C4), 136.6 (C2), 116.6 (C1), 43.5 (C3), 16.6 (C5). To a solution of 343 (200 mg, 2.00 

mmol) in CH2Cl2 (5 mL) at r.t. was added EDCI (433 mg, 2.26 mmol), DMAP (24.4 mg, 0.20 mmol) 

and EtOH (1.17 mL, 20.0 mmol). The solution was stirred at r.t. for 16 h before being concentrated in 

vacuo. Purification by flash column chromatography (5% Et2O/Hex) on silica gel afforded the title 

compound (S)-336e (83.4 mg, 33%) as a pale yellow oil; [α]D
19 +11.1 (c = 0.24, CHCl3); 1H NMR (400 

MHz, CDCl3): δ 5.93 (1H, ddd, J = 17.5, 10.5, 7.5 Hz, C2-H), 5.21 – 5.01 (2H, m, C1-H2), 4.14 (2H, q, 

J = 7.0 Hz, C6-H2), 3.14 (1H, m, C3-H), 1.32 – 1.22 (6H, m, C5-H3, C7-H3); 13C NMR (101 MHz, 

CDCl3): δ 174.7 (C4), 137.4 (C2), 116.0 (C1), 60.7 (C6), 43.9 (C3), 16.8, 14.3 (C5, C7). The 

spectroscopic properties of this compound were consistent with the data available in the literature.534 

((rac)-344): 1-phenylbut-3-en-2-ol 

 

To a solution of benzaldehyde (1.17 mL, 10.0 mmol) in anhydrous THF (40 mL) at -10 °C was added 

vinylmagnesium bromide (12.0 mL, 1 M in THF) dropwise over 10 min. The reaction was stirred at the 

same temperature for 2 h before being quenched with sat. aq. NH4Cl (20 mL) and diluted with Et2O (20 

mL). The layers were separated, and the aqueous portion was extracted with Et2O (2 × 20 mL). The 

combined organic portions were washed with brine (20 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (10% EtOAc/Hex) afforded the title compound 

(rac)-344 (480 mg, 32%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 7.36 – 7.23 (5H, m, 2 × 

C6-H, 2 × C7-H, C8-H), 5.94 (1H, ddd, J = 17.0, 10.5, 6.0 Hz, C2-H), 5.26 (1H, dd, J = 17.0, 1.5 Hz, 

1 × C1-H), 5.14 (1H, dd, J = 10.5, 1.5 Hz, 1 × C1-H), 4.35 (1H, m, C3-H), 2.97 – 2.71 (2H, m, C4-H), 

1.63 (1H, br. s, OH); 13C NMR (101 MHz, CDCl3): δ 140.3 (C2), 137.8 (C5), 129.7 (C6), 128.6 (C7), 

126.7 (C8), 115.1 (C1), 73.8 (C3), 44.0 (C4). The spectroscopic properties of this compound were 

consistent with the data available in the literature.535 

((rac)-336f): (2-(benzyloxy)but-3-en-1-yl)benzene 

 

To a suspension of sodium hydride (122 mg, 3.04 mmol, 60% dispersion in mineral oil) and anhydrous 

DMF (10 mL) at 0 °C was added 1-phenylbut-3-en-2-ol (rac)-344 (300 mg, 2.02 mmol) via syringe. 
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The suspension was stirred at r.t. for 1 h before benzyl bromide (360 μL, 3.04 mmol) was added via 

syringe. The reaction was heated to 40 °C overnight before being cooled to r.t. and quenched with sat. 

aq. NH4Cl (10 mL). Et2O (10 mL) was added and the layers were separated. The aqueous portion was 

extracted with Et2O (2 × 20 mL), and the combined organic portions were washed with brine (20 mL), 

dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (100% 

Hexane–2% Et2O/Hex) afforded the title compound (rac)-336f (242 mg, 50%) as a colourless oil; 1H 

NMR (400 MHz, CDCl3): δ 7.30 – 7.24 (5H, m, 5 × Ar-CH), 7.24 – 7.17 (5H, m, 5 × Ar-CH), 5.79 (1H, 

ddd, J = 17.0, 10.5, 7.5 Hz, C2-H), 5.27 – 5.10 (2H, m, C1-H2), 4.58 (1H, d, J = 10.0 Hz, 1 × C5-H), 

4.33 (1H, d, J = 10.0 Hz, 1 × C5-H), 3.96 (1H, m, C3-H), 2.97 (1H, dd, J = 13.5, 7.5 Hz, 1 × C4-H), 

2.82 (1H, dd, J = 13.5, 7.5 Hz, 1 × C4-H); 13C NMR (101 MHz, CDCl3): δ 138.6 (Ar-C), 138.3 (Ar-C), 

138.2 (C2), 129.7, 128.2, 128.1, 127.5, 127.3, 126.1 (6 × Ar-CH), 117.4 (C1), 81.4 (C3), 70.2 (C5), 

42.3 (C4). The spectroscopic properties of this compound were consistent with the data available in the 

literature.536 

((R)-344): (R)-1-phenylbut-3-en-2-ol 

 

To a solution of vinyl acetate (1.88 mL, 20.3 mmol) in PhMe (14 mL) was added 1-phenylbut-3-en-2-

ol (rac)-344 (1.90 g, 12.8 mmol) and the solution was heated to 50 °C. Novozyme 435 (260 mg) was 

added in one portion and the suspension was stirred at 50 °C for 92 h before being cooled to r.t. and 

filtered through Celite, washing with Et2O (20 mL). The residue was purified by flash column 

chromatography (10% EtOAc/Hex) on silica gel to afford the title compound (R)-344 (221 mg, 12%, 

>99:1 e.r.) as a colourless oil; [α]D
22 +2.11 (c = 0.19, CHCl3). The spectroscopic properties of this 

compound were consistent with the racemate and the data available in the literature.535 The literature 

values for optical rotation of this compound vary between -12.5 and +37.3 °.537,538 

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:MeOH 98:2, 2 mL/min, 150 bar, 40 °C. 

Retention times: 6.55 min (major), 6.90 min (minor). 

((R)-336f): (R)-(2-(benzyloxy)but-3-en-1-yl)benzene 

 

To a suspension of sodium hydride (108 mg, 2.70 mmol, mineral oil removed by washing with hexane 

prior to use) and anhydrous THF:DMF (10 mL, 9:1) at 0 °C was added (R)-1-phenylbut-3-en-2-ol 

(R)-344 (140 mg, 0.94 mmol, >99:1 e.r.) via syringe. The suspension was stirred at r.t. for 1 h before 
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benzyl bromide (110 μL, 0.99 mmol) was added via syringe. The reaction was heated to 40 °C overnight 

before being cooled to r.t. and quenched with sat. aq. NH4Cl (10 mL). Et2O (10 mL) was added and the 

layers were separated. The aqueous portion was extracted with Et2O (2 × 20 mL), and the combined 

organic portions were washed with brine (20 mL), dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography (100% Hexane–2% Et2O/Hex) afforded the title 

compound (R)-336f (110 mg, 49%) as a colourless oil; [α]D
19 +45.1 (c = 0.32, CHCl3). The spectroscopic 

properties of this compound were consistent with the racemate.536 

(346): Methyl 2-(4-methoxyphenyl)propanoate 

 

To a solution of i-Pr2NH (4.48 mL, 22.0 mmol) in anhydrous THF (30 mL) at 0 °C was added n-BuLi 

(13.8 mL, 22.0 mmol, 1.6 M in hexanes) dropwise over 10 min. The solution was cooled to -78 °C and 

methyl 2-methylbutanoate 345 (3.18 mL, 20.0 mmol) was added dropwise via syringe over 10 min 

stirred for 45 min at -78 °C. Iodomethane (1.37 mL, 22.0 mmol) was added dropwise via syringe over 

2 min and the solution was stirred at -78 °C for 3 h before being quenched with water (20 mL). The 

layers were separated, and the aqueous portion was extracted with EtOAc (3 × 20 mL). The combined 

organic portions were washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography (5% EtOAc/Hex) on silica gel afforded the title 

compound 346 (3.20 g, 82%) as a colourless oil; νmax / cm-1: 2952 (m), 1732 (s), 1511 (s); 1H NMR (400 

MHz, CDCl3): δ 7.22 (2H, d, J = 8.5 Hz, 2 × C4-H), 6.86 (2H, d, J = 8.5 Hz, 2 × C3-H), 3.79 (3H, s, 

C1-H3), 3.68 (1H, q, J = 7.0 Hz, C6-H), 3.65 (3H, s, C9-H3), 1.48 (3H, d, J = 7.0 Hz, C7-H3). 13C NMR 

(101 MHz, CDCl3): δ 175.4 (C8), 158.8 (C2), 132.8 (C5), 128.6 (C4), 114.2 (C3), 55.4 (C1), 52.1 (C9), 

44.7 (C6), 18.8 (C7); HRMS (ESI+): Calculated for C11H14O3: 195.1016. Found [M + H]+: 195.1024. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.539 

(347): 2-(4-methoxyphenyl)propan-1-ol 

 

To an ice-cold solution of methyl 2-(4-methoxyphenyl)propanoate 346 (2.00 g, 10.3 mmol) in 

anhydrous Et2O (20 mL) was added LiAlH4 (5.67 mL, 11.3 mmol, 2 M in THF) dropwise over 5 min. 
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The solution was warmed to r.t. and stirred for 3 h. Water (0.43 mL) was added dropwise, followed by 

4 M NaOH (0.43 mL) and another portion of water (1.20 mL). The suspension was stirred for 15 min 

before MgSO4 was added and stirred for another 15 min. Filtration and concentration in vacuo afforded 

the title compound 347 as a colourless oil (1.25 g, 73%) which was used without further purification; 

1H NMR (400 MHz, CDCl3): δ 7.16 (2H, d, J = 8.5 Hz, 2 × C4-H), 6.88 (2H, d, J = 8.5 Hz, 2 × C3-H), 

3.80 (3H, s, C1-H3), 3.66 (2H, m, C8-H), 2.91 (1H, q, J = 7.0 Hz, C6-H), 1.25 (3H, d, J = 7.0 Hz, C7-

H3); 13C NMR (101 MHz, CDCl3): δ 158.5 (C2), 135.7 (C5), 128.5 (C4), 114.2 (C3), 68.9 (C8), 55.4 

(C1), 41.7 (C6), 17.9 (C7). The spectroscopic properties of this compound were consistent with the data 

available in the literature.540 

(348): 2-(4-methoxyphenyl)propanal 

 

To a solution of 2-(4-methoxyphenyl)propan-1-ol 347 (1.00 g, 6.02 mmol) in CH2Cl2 (20 mL) at r.t. 

was added Celite (1.00 g) and pyridinium chlorochromate (3.25 g, 15.1 mmol). The suspension was 

stirred for 3 h at r.t. before being filtered through a pad of silica, washing with EtOAc (50 mL). The 

filtrate was concentrated in vacuo and the residue purified by flash column chromatography (5% 

EtOAc/Hex) on silica gel to afford the title compound 348 (282 mg, 29%) as a colourless oil; 1H NMR 

(400 MHz, CDCl3): δ 9.65 (1H, s, C8-H), 7.13 (2H, d, J = 8.5 Hz, 2 × C4-H), 6.92 (2H, d, J = 8.5 Hz, 

2 × C3-H), 3.81 (3H, s, C1-H3), 3.58 (1H, q, J = 7.0 Hz, C6-H), 1.42 (3H, d, J = 7.0 Hz, C7-H3); 13C 

NMR (101 MHz, CDCl3): δ 201.3 (C8), 159.2 (C2), 129.7 (C5), 129.5 (C4), 114.7 (C3), 55.4 (C1), 52.3 

(C6), 14.8 (C7). The spectroscopic properties of this compound were consistent with the data available 

in the literature.541 

((rac)-336g): 1-(but-3-en-2-yl)-4-methoxybenzene 

 

To a solution of methyltriphenylphosphonium bromide (654 mg, 1.83 mmol) in anhydrous THF (5 mL) 

at 0 °C was added n-BuLi (1.28 mL, 1.83 mmol) dropwise. The resulting orange solution was stirred at 

the same temperature for 1 h before 2-(4-methoxyphenyl)propanal 348 (200 mg, 1.22 mmol, 1 M in 

THF) was added dropwise via syringe over 5 min. The solution was stirred at 0 °C for 2 h before being 

quenched with water (5 mL). The layers were separated, and the aqueous portion was extracted with 



Chapter 8 – Experimental procedures 

 

365 

 

Et2O (2 × 10 mL). The combined organic portions were washed with water (10 ml), brine (10 mL), 

dried over Na2SO4 and concentrated in vacuo. The residue was purified by flash column 

chromatography (2.5% EtOAc/Hex) on silica gel to afford the title compound (rac)-336g (124 mg, 

63%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 7.14 (2H, d, J = 8.5 Hz, 2 × C4-H), 6.85 (2H, 

d, J = 8.5 Hz, 2 × C3-H), 6.99 (1H, m, C8-H), 5.07 – 4.94 (2H, m, C9-H2), 3.79 (3H, s, C1-H3), 3.43 

(1H, m, C6-H), 1.34 (3H, d, J = 7.0 Hz, C7-H3); 13C NMR (101 MHz, CDCl3): δ 158.1 (C2), 143.8 

(C8), 137.8 (C5), 128.3 (C4), 113.9 (C3), 112.9 (C9), 55.4 (C1), 42.5 (C6), 21.0 (C7). The spectroscopic 

properties of this compound were consistent with the data available in the literature.542 

3-(4-methoxyphenyl)butan-1-ol 

 

To a solution of 1-(but-3-en-2-yl)-4-methoxybenzene (30.0 mg, 0.18 mmol) in anhydrous THF (2.00 

mL) at 0 °C was added 9-BBN (0.54 mL, 0.27 mmol, 0.50 M in THF) dropwise over 2 min. The solution 

was warmed to r.t. and stirred for 12 h. The reaction was cooled to 0 °C and 2 M aq. NaOH:H2O2 (30 

wt% in H2O), (0.60 mL, 2:1) was added dropwise via syringe over 2 min. After 2 h the reaction was 

complete and water (5 mL) and EtOAc (5 mL) were added. The layers were separated, and the aqueous 

portion was extracted with EtOAc (5 mL). The combined organic portions were washed with brine (10 

mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (30% 

EtOAc/Hex) on silica gel afforded the title compound (22.6 mg, 70%) as a colourless oil; 1H NMR (400 

MHz, CDCl3): δ 7.12 (2H, d, J = 8.5 Hz, 2 × C4-H), 6.85 (2H, d, J = 8.5 Hz, 2 × C3-H), 3.79 (3H, s, 

C1-H3), 3.69 – 3.24 (2H, m, C9-H2), 2.83 (1H, m, C6-H), 1.97 – 1.71 (2H, m, C8-H2), 1.39 (1H, br. s, 

OH), 1.25 (3H, d, J = 7.0 Hz, C7-H3); 13C NMR (101 MHz, CDCl3): δ 158.0 (C2), 139.0 (C5), 127.9 

(C4), 114.0 (C3), 61.4 (C9), 55.4 (C1), 41.3 (C8), 35.8 (C6), 22.7 (C7). The spectroscopic properties 

of this compound were consistent with the data available in the literature.543 

(349): Di(μ-bromo)bis(η-allyl)nickel(II) 

 

Prepared according to the literature procedure.544 To a flame-dried two-necked flask was added 

bis(cyclooctadiene)nickel(0) (690 mg, 2.50 mmol). The flask was evacuated and refilled with argon 

three times before anhydrous Et2O (20 mL) was added and the suspension was cooled to -70 °C. Allyl 

bromide (0.22 mL, 2.55 mmol, distilled using a Hickman distillation head) was added in one portion. 
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The suspension was warmed to 0 °C at which point the Ni(cod)2 began to dissolve. The suspension was 

then warmed to r.t. over 15 min and stirred for 30 min. Following this, the Et2O was removed in vacuo 

(a second trap filled with liquid nitrogen was placed between the reaction vessel and the Schlenk line 

and the flask was cooled to preventing bumping) and the resulting dark red powder was dried under 

high vacuum for 6 h. During this time, the flask was refilled with argon three times. The dark red 

complex (266 mg, 29%) was transferred to the freezer of an argon-rich glovebox where it was stored 

at -20 °C. This complex is reported to be highly unstable and decomposes upon standing in air for 

several minutes. In an inert atmosphere at 20 °C, the complex is only stable for several hours. For 

prolonged storage, it should be stored in a glovebox at -20 °C. The literature does not specify any data 

to assess the purity of this compound.544 

((R)-336g): (R)-1-(but-3-en-2-yl)-4-methoxybenzene 

 

In an argon-rich glovebox, a flame-dried 50 mL three-necked flask equipped with a Suba-Seal® (LHS), 

a stopcock (centre), and a second Suba-Seal® (RHS) was charged with complex 349 (4.52 mg, 12.5 

μmol), NaBARF (22.2 mg, 25 μmol) and L18 (13.5 mg, 25 μmol). The flask was sealed and removed 

from the glovebox, before being cycled on to the Schlenk line under nitrogen (through the stopcock). 

Degassed and anhydrous CH2Cl2 (5.00 mL, freeze-pump-thawed) was added in one portion through one 

of the Suba-Seals®. The resulting suspension was stirred for 2 h. The nitrogen stopcock was closed, 

and the flask was cooled to -78 °C. This created a small vacuum inside the flask. A flow of ethylene 

gas (passed through a drying column containing Drierite®) was introduced through the Suba-Seal® 

(RHS) using a needle. The flow of gas was monitored using an oil bubbler placed after the three-necked 

flask (a tube was attached to the bubbler and a needle was placed through the Suba-Seal®, approx. 2 

bubbles per second). 4-Vinylanisole 194b (335 mg, 2.50 mmol) in anhydrous CH2Cl2 (4.00 mL) was 

added dropwise over 10 min before the homogeneous solution was stirred at -78 °C for 2 h. Following 

completion of the reaction, the solution (now no longer air-sensitive) was concentrated in vacuo. 

Purification by flash column chromatography (2.5% EtOAc/Hex) on silica gel afforded the title 

compound (R)-336g (295 mg, 73% yield, 10:1 r.r.) as a colourless oil. [α]D
19 -45.2 (c = 0.048, CHCl3), 

[Lit.545 [α]D
22 +8.20 (c = 0.50, CHCl3) for (S)-enantiomer]. The spectroscopic properties of this 

compound were consistent with the racemate and the data available in the literature.542 The 

enantiopurity of this compound was determined by hydroboration-oxidation of an aliquot. 
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(R)-3-(4-methoxyphenyl)butan-1-ol 

 

To a solution of (R)-1-(but-3-en-2-yl)-4-methoxybenzene (R)-336g (50.0 mg, 0.31 mmol, 10:1 mixture 

of isomers) in anhydrous THF (2.00 mL) at 0 °C was added 9-BBN (0.92 mL, 0.46 mmol, 0.50 M in 

THF) dropwise over 2 min. The solution was warmed to r.t. and stirred for 12 h. The reaction was 

cooled to 0 °C and 2 M aq. NaOH:H2O2 (30 wt.% in H2O), (0.60 mL, 2:1) was added dropwise via 

syringe over 2 min. After 2 h the reaction was complete and water (5 mL) and EtOAc (5 mL) were 

added. The layers were separated, and the aqueous portion was extracted with EtOAc (5 mL). The 

combined organic portions were washed with brine (10 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (30% EtOAc/Hex) on silica gel afforded the title 

compound (20.7 mg, 37%, 96:4 e.r.) as a colourless oil. [α]D
19 -26.6 (c = 0.15, CHCl3), [Lit.546 [α]D

20 

+11.6 (c = 0.50, CHCl3) for (S)-enantiomer]. The spectroscopic properties of this compound were 

consistent with the racemate and the data available in the literature.  

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:MeOH 95:5 to 88:12 over 20 min, 

2 mL/min, 150 bar, 40 °C. Retention times: 6.19 min (major), 6.53 min (minor). 

((rac)-360): 1-(4-methoxyphenyl)ethan-1-ol 

 

To a solution of 1-(4-methoxyphenyl)ethan-1-one (5.00 g, 33.3 mmol) in MeOH (60 mL) at 0 °C was 

added NaBH4 (1.89 g, 50.0 mmol) portion-wise. The solution was warmed to r.t. and stirred for 1 h 

before being quenched with water (40 mL) and concentrated in vacuo. EtOAc (50 mL) was added and 

the layers separated. The aqueous portion was extracted with EtOAc (50 mL), and the combined organic 

portions were washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuo to afford the 

title compound (rac)-360 (5.00 g, 99%) as a colourless oil which was used without purification; 1H 

NMR (400 MHz, CDCl3): δ 7.34 – 7.27 (2H, m, 2 × C4-H), 6.94 – 6.81 (2H, m, 2 × C5-H), 4.86 (1H, 

q, J = 6.5 Hz, C2-H), 3.80 (3H, s, C7-H3), 1.81 (1H, br. s, OH), 1.48 (3H, d, J = 6.5 Hz, C1-H3); 13C 

NMR (101 MHz, CDCl3): δ 159.1 (C6), 138.1 (C3), 126.8 (C4), 114.0 (C5), 70.1 (C2), 55.5 (C7), 25.2 

(C1). The spectroscopic properties of this compound were consistent with the data available in the 

literature.547 
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((rac)-350): 1-(4-methoxyphenyl)ethyl diisopropylcarbamate 

 

To a solution of N,N-diisopropylcarbamoyl chloride (1.55 g, 9.56 mmol) in CH2Cl2 (15 mL) and Et3N 

(1.32 mL, 9.45 mmol) at r.t. was added alcohol (rac)-360 (1.20 g, 7.88 mmol) via syringe in one portion. 

The resulting solution was stirred at 45 °C for 40 h before being cooled to r.t. and 1 M aq. HCl (10 mL) 

was added and the layers separated. The aqueous portion was extracted with CH2Cl2 (20 mL) and the 

combined organic layers were washed with brine (20 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (15% EtOAc/Hex) on silica gel afforded the title 

compound (rac)-350 (1.73 g, 79%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 7.30 (2H, d, J = 

8.5 Hz, 2 × C7-H), 6.87 (2H, d, J = 8.5 Hz 2 × C8-H), 5.80 (1H, q, J = 6.5 Hz, C4-H), 4.04 (2H, br. m, 

2 × C2-H), 3.80 (3H, s, C10-H3), 1.53 (3H, d, J = 6.5 Hz, C5-H3), 1.34 – 1.11 (12H, m, 4 × C1-H3); 13C 

NMR (101 MHz, CDCl3): δ 159.0 (C9), 155.3 (C3), 135.1 (C6), 127.6 (C7), 113.9 (C8), 72.5 (C4), 55.4 

(C10), 22.8 (C5), 21.4 (C1), a signal corresponding to C2 was not observed. The spectroscopic 

properties of this compound were consistent with the data available in the literature.490 

2-ethyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

 

Prepared according to the literature procedure.548 To a solution of ethylboronic acid (2.00 g, 27.1 

mmol) and pinacol (3.20 g, 27.1 mmol) in anhydrous Et2O (25 mL) was added flame-dried MgSO4 

(3.26 g, 27.1 mmol) in one portion under a positive pressure of N2. The suspension was stirred at r.t. for 

20 h before being filtered and concentrated in vacuo (care should be taken when concentrating in vacuo 

as the product is volatile) to give the product (2.95 g, 70%) as a colourless oil; 1H NMR (400 MHz, 

CDCl3): δ 1.24 (12H, s, 4 × C4-H3), 0.95 (3H, t, J = 7.5 Hz, C1-H3), 0.76 (2H, q, J = 7.5 Hz, C2-H2); 

13C NMR (101 MHz, CDCl3): δ 83.0 (C3), 25.0 (C4), 7.8 (C1) a signal corresponding to C2 was not 

observed. The spectroscopic properties of this compound were consistent with the data available in the 

literature.548 
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((rac)-351): 2-(2-(4-methoxyphenyl)butan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

 

Prepared according to the literature procedure.549 To a solution of carbamate (rac)-350 (559 mg, 2.00 

mmol) in anhydrous Et2O (2.00 mL) at r.t. was added TMEDA (0.33 mL, 2.20 mmol). The solution was 

cooled to -78 °C, and s-BuLi (1.57 mL, 2.20 mmol, 1.40 M in cyclohexane) was added dropwise (1 

drop/second). The mixture was stirred at -78 °C for 30 min before ethylboronic acid pinacol ester (468 

mg, 3.00 mmol) was added via syringe dropwise over 5 min. The solution was stirred for 1 h at -78 °C 

before MgBr2 (2.00 mL, 2.00 mmol, 1 M in MeOH) was added dropwise, after which the mixture was 

warmed to r.t. and stirred for 3 h. The reaction was quenched with water (2 mL) and extracted with 

Et2O (3 × 10 mL). The combined organic portions were washed with water (20 mL), brine (20 mL), 

dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (3% 

Et2O/Hex) afforded the title compound (rac)-351 (369 mg, 64%) as a colourless oil; 1H NMR (400 

MHz, CDCl3): δ 7.28 – 7.18 (2H, m, d, J = 8.5 Hz, 2 × C8-H), 6.83 (2H, d, J = 8.5 Hz, 2 × C9-H), 3.78 

(3H, s, C11-H3), 1.83 (1H, dq, J = 14.5, 7.5 Hz, 1 × C2-H), 1.66 (1H, dq, J = 14.5, 7.5 Hz, 1 × C2-H), 

1.29 (3H, s, C4-H3), 1.20 (12H, s, 4 × C6-H3), 0.82 (3H, t, J = 7.5 Hz, C1-H3); 13C NMR (101 MHz, 

CDCl3): δ 157.2 (C10), 139.5 (C7), 127.9 (C8), 113.5 (C9), 83.4 (C5), 55.3 (C11), 32.2 (C2), 24.8 (C6), 

21.4 (C4), 10.2 (C1); a signal corresponding to C3 was not observed. 11B NMR (128 MHz, no solvent): 

δ 34.4. The spectroscopic properties of this compound were consistent with the data available in the 

literature.549 

((rac)-336h): 1-methoxy-4-(3-methylpent-1-en-3-yl)benzene 

 

Prepared according to the literature procedure.465 To a solution of (rac)-351 (300 mg, 1.03 mmol) and 

anhydrous THF (10.3 mL) at r.t. was added vinylmagnesium bromide (4.12 mL, 4.12 mmol, 1 M in 

THF) dropwise over 10 min. The resulting solution was stirred at r.t. for 30 min before being cooled to 

-78 °C and I2 (1.04 g, 4.12 mmol, 0.30 M in MeOH) was added dropwise over 30 min. The solution was 

stirred for 30 min at the same temperature before NaOMe (445 mg, 8.24 mmol, 0.50 M in MeOH) was 

added dropwise over 20 min. The solution was warmed to r.t. and stirred for 2 h before being diluted 
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with pentane (10 mL) and quenched with sat. aq. Na2S2O3 (10 mL). The layers were separated, and the 

aqueous portion was extracted with pentane (2 × 10 mL). The combined organic portions were washed 

with brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (1% Et2O/Hex) afforded the title compound (rac)-336h (159 mg, 81%) as a pale yellow 

oil; 1H NMR (400 MHz, CDCl3): δ 7.25 – 7.18 (2H, m, 2 × C8-H), 6.90 – 6.74 (2H, m, 2 × C9-H), 5.96 

(1H, ddd, J = 17.5, 11.0, 1.5 Hz, C5-H), 5.15 – 4.83 (2H, m, C6-H2), 3.76 (3H, s, C4-H3), 1.90 – 1.60 

(2H, m, C2-H2), 1.29 (3H, s, C4-H3), 0.73 (3H, t, J = 7.5 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 

157.6 (C10), 147.4 (C5), 139.7 (C7), 127.8 (C8), 113.5 (C9), 111.6 (C6), 55.4 (C11), 44.0 (C3), 33.6 

(C2), 24.6 (C4), 9.1 (C1). The spectroscopic properties of this compound were consistent with the data 

available in the literature.465 

(353): methyl 2-ethyl-2-methyl-4-phenylbutanoate 

 

To a solution of i-Pr2NH (3.85 mL, 27.5 mmol) in anhydrous THF (40 mL) at -78 °C was added n-BuLi 

(11.0 mL, 27.5 mmol, 2.5 M in hexanes) dropwise over 10 min. The solution was warmed to r.t. over 

1 h. Methyl 2-methylbutanoate 352 (3.30 mL, 25.0 mmol) was added dropwise via syringe over 2 min 

and the resulting solution was stirred for 1 h. The solution was cooled to -78 °C and (2-

bromoethyl)benzene (5.10 mL, 37.5 mmol) was added via syringe before warming to r.t. and stirring 

for 16 h. The reaction was quenched with water (20 mL) and extracted with Et2O (2 × 20 mL). The 

combined organic portions were washed with brine (40 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (2% Et2O/Hex) afforded the title compound 353 

(4.79 g, 87%) as a colourless oil; νmax / cm-1: 3026 (m), 2968 (s), 2948 (s), 1727 (s); 1H NMR (400 MHz, 

CDCl3): δ 7.33 – 7.22 (2H, m, 2 × C9-H), 7.22 – 7.12 (3H, m, 2 × C8-H, C10-H), 3.68 (3H, s, C12-H3), 

2.59 (1H, dt, J = 13.0, 5.0 Hz, 1 × C6-H), 2.46 (1H, dt, J = 13.0, 5.0 Hz, 1 × C6-H), 1.96 (1H, ddd, J = 

13.0, 12.5, 5.0 Hz, 1 × C5-H), 1.79 – 1.64 (2H, m, 1 × C2-H, 1 × C5-H), 1.54 (1H, m, 1 × C2-H), 1.21 

(3H, s, C4-H3), 0.86 (3H, t, J = 7.5 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 177.8 (C11), 142.5 

(C7), 128.6, 128.5 (C8, C9), 125.9 (C10), 51.7 (C12), 46.5 (C3), 41.1 (C5), 32.2 (C2), 31.4 (C6), 20.9 

(C4), 9.1 (C1); HRMS (ESI+): Calculated for C14H21O2: 221.1536. Found [M + H]+: 221.1540. 
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(354): 2-ethyl-2-methyl-4-phenylbutan-1-ol 

 

To a solution of ester 353 (3.30 g, 15.0 mmol) in anhydrous THF (20 mL) at 0 °C was added LiAlH4 

(11.3 mL, 2 M in THF) dropwise over 10 min. The solution was stirred for 2 h before being cooled to 

0 °C and diluted with Et2O (10 mL). Water (0.85 mL) was added dropwise, followed by 4 M NaOH 

(0.85 mL) and another portion of water (2.55 mL). The suspension was stirred for 15 min before MgSO4 

was added and stirred for another 15 min. Filtration and concentration in vacuo afforded the title 

compound 354 as a colourless oil (2.70 g, 94%) which was used without further purification; νmax / cm-1: 

3353 (m), 2960 (s), 2930 (s), 2876 (m); 1H NMR (400 MHz, CDCl3): δ 7.31 – 7.25 (2H, m, 2 × C9-H), 

7.22 – 7.16 (3H, m, 2 × C8-H, C10-H), 3.42 (2H, m, C11-H2), 2.64 – 2.48 (2H, m, C6-H2), 1.60 – 1.49 

(2H, m, C5-H2), 1.38 (2H, qd, J = 7.5, 5.5 Hz, C2-H2), 1.30 (1H, br. s, OH), 0.91 (3H, s, C4-H3), 0.88 

(3H, t, J = 7.5 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 143.4 (C7), 128.5, 128.4 (C8, C9), 125.8 

(C10), 69.4 (C11), 38.4 (C5), 37.7 (C3), 30.2 (C6), 28.6 (C2), 21.5 (C4), 8.0 (C1); HRMS (APCI+): 

Calculated for C13H20O: 175.1481. Found [M + H – H2O]+: 175.1476. 

(355): 2-ethyl-2-methyl-4-phenylbutanal 

 

To a solution of alcohol 354 (960 mg, 5.00 mmol) in CH2Cl2 (20 mL) at 0 °C was added Dess-Martin 

periodinane (2.54 g, 6.00 mmol) portion-wise over 10 min. The solution was stirred at 0 °C for 5 min 

before being warmed to r.t. and stirred for 2 h. The reaction was quenched with sat. aq. Na2S2O3 (10 

mL) and sat. aq. NaHCO3 (10 mL) and stirred for 10 min. The layers were separated, and the aqueous 

portion was extracted with CH2Cl2 (2 × 20 mL). The organic layers were combined and washed with 

brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (5% Et2O/Hex) on silica gel afforded the title compound 355 (384 mg, 40%) as a 

colourless oil; νmax / cm-1: 2970 (s), 2938 (s), 1719 (s), 1696 (s); 1H NMR (400 MHz, CDCl3): δ 9.48 

(1H, s, C11-H), 7.32 – 7.27 (2H, m, 2 × C9-H), 7.22 – 7.14 (3H, m, 2 × C8-H, C10-H), 2.66 – 2.27 (2H, 

m, C6-H2), 1.91 – 1.66 (2H, m, C5-H2), 1.64 – 1.57 (2H, m, C2-H2), 1.10 (3H, s, C4-H3), 0.87 (3H, d, 

J = 7.5 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 206.6 (C11), 142.2 (C7), 128.6, 128.4 (C8, C9), 
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126.1 (C10), 49.5 (C3), 37.2 (C5), 30.6 (C6), 28.1 (C2), 17.9 (C4), 8.4 (C1); HRMS (APCI+): 

Calculated for C13H18O: 189.1274. Found [M – H]+: 189.1269. 

((rac)-336i): (3-ethyl-3-methylpent-4-en-1-yl)benzene 

 

To a solution of methyltriphenylphosphonium bromide (850 mg, 2.37 mmol) in anhydrous THF (7 mL) 

at 0 °C was added n-BuLi (1.66 mL, 2.37 mmol) dropwise over 5 min. The resulting orange solution 

was stirred at 0 °C for 20 min. 2-Ethyl-2-methyl-4-phenylbutanal 355 (300 mg, 1.58 mmol) was added 

dropwise over 1 min via syringe, and the reaction was maintained at 0 °C for 2 h before being quenched 

with water (2 mL). Et2O (10 mL) was added and the layers were separated. The aqueous portion was 

extracted with Et2O (10 mL) and the combined organic portions were washed with brine (10 mL), dried 

over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (100% Hexane–

2% Et2O/Hex) afforded the title compound (rac)-336i (163 mg, 55%) as a colourless oil; νmax / cm-1: 

2964 (s), 2934 (s), 2876 (m); 1H NMR (400 MHz, CDCl3): δ 7.30 – 7.25 (2H, m, 2 × C9-H), 7.20 – 

7.12 (3H, m, 2 × C8-H, C10-H), 5.74 (1H, dd, J = 17.5, 11.0 Hz, C11-H), 5.06 (1H, dd, J = 11.0, 1.5 

Hz, 1 × C12-H), 4.96 (1H, dd, J = 17.5, 1.5 Hz, 1 × C12-H), 2.62 – 2.36 (2H, m, C6-H2), 1.62 – 1.56 

(2H, m, C5-H2), 1.40 (2H, q, J = 7.5 Hz, C2-H2), 1.02 (3H, s, C4-H3), 0.83 (3H, t, J = 7.5 Hz, C1-H3); 

13C NMR (101 MHz, CDCl3): δ 147.0 (C11), 143.6 (C7), 128.4 two signals (C8, C9), 125.7 (C10), 

112.2 (C12), 42.8 (C5), 39.9 (C3), 33.2 (C2), 30.9 (C6), 22.2 (C4), 8.5 (C1); The mass spectrum of this 

compound could not be obtained by EI or APCI. 

(syn-334d): N-(2-((2R,3S)-3,7-dimethyloct-6-en-2-yl)-5-methoxyphenyl)acetamide and (anti-

334d): N-(2-((2S,3S)-3,7-dimethyloct-6-en-2-yl)-5-methoxyphenyl)acetamide 

 

General Procedure U: (S)-3,7-dimethylocta-1,6-diene (S)-336a (36.4 μL, 0.20 mmol, >99:1 e.r.), 

acetanilide 211e and the appropriate ligand (as noted in the scheme above) were employed. Purification 

by flash column chromatography (10% Acetone/PhMe) on silica gel afforded syn-334d (18.1 mg, 60%, 

10:1 d.r.) as a colourless oil or anti-334d (18.5 mg, 61%, 10:1 d.r.) as a colourless oil. 
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Data for both diastereomers: HRMS (ESI+): Calculated for C19H29NO2: 304.2271. Found [M + H]+: 

304.2269. 

Data for syn-334d: νmax / cm-1: 3262 (m), 2963 (s), 2928 (s), 1659 (s), 1531 (s); [α]D
23 -17.7 (c = 0.086, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.39 (1H, m, C4-H), 7.09 (1H, d, J = 8.5 Hz, C7-H), 7.00 (1H, 

br. s, NH), 6.72 (1H, d, J = 8.5 Hz, C6-H), 5.03 (1H, m, C16-H), 3.79 (3H, s, C9-H3), 2.68 (1H, m, 

C10-H), 2.18 (3H, s, C1-H3), 1.96 (2H, m, C15-H2), 1.68 – 1.53 (7H, C12-H, C18-H3, C19-H3), 1.33 

(1H, 1 × C14-H), 1.17 (4H, m, C11-H3, 1 × C14-H), 0.86 (3H, d, J = 7.0 Hz, C13-H3); 13C NMR (101 

MHz, CDCl3): δ 168.5 (C2), 157.9 (C5), 135.5 (C3), 131.8 (C17), 130.4 (C8), 127.9 (C7), 124.5 (C16), 

112.0 (C6), 109.5 (C4), 55.5 (C9), 37.8 (two signals, C10 and C12), 35.4 (C14), 26.0, 25.8 (C15 and 

C18 or C19), 24.5 (C1), 17.8 (C18, or C19), 16.3 (C11), 15.8 (C13). 

Data for anti-334d: νmax / cm-1: 3721 (s), 2962 (s), 2929 (s), 1662 (s), 1529 (m); [α]D
23 -14.9 (c = 0.17, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.31 (1H, m, C4-H), 7.09 (1H, d, J = 8.5 Hz, C7-H), 7.01 (1H, 

br. s, NH), 6.73 (1H, d, J = 8.5 Hz, C6-H), 5.06 (1H, t, J = 7.5 Hz, C16-H), 3.79 (3H, s, C9-H3), 2.58 

(1H, m, C10-H), 2.18 (3H, s, C1-H3), 2.04 (1H, m, 1 × C15-H), 1.87 (1H, m, 1 × C15-H), 1.73 – 1.49 

(8H, m, C12-H, 1 × C14-H, C18-H3, C19-H3), 1.19 (3H, d, J = 7.0 Hz, C11-H3), 1.10 (1H, m, 1 × C14-

H), 0.75 (3H, d, J = 7.0 Hz, C13-H3); 13C (101 MHz, CDCl3): δ 168.4 (C2), 157.7 (C5), 135.4 (C3), 

131.5 (C17), 130.8 (C8), 127.9 (C7), 124.6 (C16), 112.2 (C6), 109.6 (C4), 55.3 (C9), 38.7, 38.5 (C10, 

C12), 33.6 (C14), 25.7, 25.6 (C15 and C18 or C19), 24.3 (C1), 18.3 (C11), 17.7, 17.6 (C13, C18 or 

C19). 

(anti-334e): N-(2-((2R,3S)-3-benzyl-4-(benzyloxy)butan-2-yl)-5-methoxyphenyl)acetamide and 

(syn-334e): N-(2-((2S,3S)-3-benzyl-4-(benzyloxy)butan-2-yl)-5-methoxyphenyl)acetamide 

 

General Procedure U: (S)-336e (50.5 mg, 0.20 mmol), acetanilide 211e and the appropriate ligand (as 

noted in the scheme above) were employed. Purification by flash column chromatography (5% 

Acetone/PhMe) on silica gel afforded anti-334e (28.8 mg, 74%, 2:1 d.r., 98:2 e.r.) as a colourless oil or 

syn-334e (31.7 mg, 76%, 5:1 d.r., 99:1 e.r.) as a colourless oil. 

Employing General Procedure U with (rac)-L8e and (rac)-336d afforded 334e (77% yield, 2:1 

syn:anti). 
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Data for both diastereomers: HRMS (ESI+): Calculated for C27H31NO3: 418.2377. Found [M + H]+: 

418.2364. 

Data for anti-334e: νmax / cm-1: 3286 (m), 2928 (m), 1664 (s), 1529 (s); [α]D
26 -65.9 (c = 0.063, CHCl3); 

1H NMR (400 MHz, CDCl3): δ 8.32 (1H, br. s, NH), 7.45 (1H, d, J = 3.0 Hz, C4-H), 7.38 – 7.23 (7H, 

m, 7 × Ar-CH), 7.20 (1H, d, J = 7.5 Hz, Ar-CH), 7.15 (1H, d, J = 8.5 Hz, C7-H), 7.12 – 7.04 (2H, m, 2 

× Ar-CH), 6.72 (1H, dd, J = 8.5, 3.0 Hz, C6-H), 4.50 – 4.32 (2H, m, C16-H2), 3.80 (3H, s, C9-H3), 3.39 

– 3.27 (2H, m, C10-H, 1 × C15-H), 3.11 (1H, dd, J = 10.5, 9.0 Hz, 1 × C15-H), 2.95 (1H, dd, J = 13.5, 

3.5 Hz, 1 × C13-H), 2.21 (1H, m, C12-H), 2.11 (1H, m, 1 × C13-H), 1.65 (3H, s, C1-H3), 1.41 (3H, d, 

J = 7.0 Hz, C11-H3); 13C NMR (101 MHz, CDCl3): δ 169.1 (C2), 158.1 (C5), 140.8 (C14), 137.6 (C17), 

137.1 (C3), 129.0 (C8), 128.7 (Ar-CH), 128.7 (Ar-CH), 128.6 (Ar-CH), 128.2 (two signals, C7, Ar-

CH), 126.2 (Ar-CH), 125.7 (Ar-CH), 111.4 (C6), 109.1 (C4), 73.3 (C16), 70.9 (C15), 55.4 (C9), 46.0 

(C12), 33.0 (C13), 31.0 (C10), 23.8 (C1), 19.1 (C11). 

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:MeOH 95:5, 2 mL/min, 150 bar, 40 °C. 

Retention times: 38.5 min (minor), 44.6 min (major). 

Data for syn-334e: νmax / cm-1: 3329 (m), 2932 (m), 1690 (s), 1584 (s); [α]D
26 -74.1 (c = 0.094, CHCl3); 

1H NMR (400 MHz, CDCl3): δ 8.16 (1H, s, br. s, NH), 7.43 – 7.31 (6H, m, C4-H, 5 × Ar-CH), 7.31 – 

7.23 (2H, m, 2 × Ar-CH), 7.22 – 7.18 (1H, m, Ar-CH), 7.17 – 7.10 (3H, m, C7-H, 2 × Ar-CH), 6.71 

(1H, dd, J = 8.5, 3.0 Hz, C6-H), 4.39 – 4.21 (2H, m, C16-H2), 3.80 (3H, s, C9-H3), 3.26 – 2.90 (4H, m, 

C10-H, 1 × C13-H, C15-H2), 2.67 (1H, dd, J = 13.5, 11.5 Hz, 1 × C13-H), 1.77 (1H, m, C12-H), 1.55 

(3H, s, C1-H3), 1.37 (3H, d, J = 7.0 Hz, C11-H3); 13C NMR (101 MHz, CDCl3): δ 169.0 (C2), 157.9 

(C5), 141.0 (C14), 137.7 (C17), 136.0 (C3), 129.5 (C8), 129.2 (Ar-CH), 128.8 (Ar-CH), 128.6 (Ar-

CH), 128.3 (Ar-CH), 128.2 (Ar-CH), 127.0 (C7), 126.1 (Ar-CH), 112.0 (C6), 109.3 (C4), 73.6 (C16), 

69.6 (C15), 55.4 (C9), 48.9 (C12), 35.0 (C13), 32.9 (C10), 23.6 (C1), 18.7 (C11). 

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:MeOH 95:5, 2 mL/min, 150 bar, 40 °C. 

Retention times: 23.2 min (minor), 25.6 min (major). 
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(syn-334f): N-(2-((2R,3R)-3-(benzyloxy)-4-phenylbutan-2-yl)-5-methoxyphenyl)acetamide and 

(anti-334f): N-(2-((2S,3R)-3-(benzyloxy)-4-phenylbutan-2-yl)-5-methoxyphenyl)acetamide 

 

General Procedure U: (R)-336f (42.9 mg, 0.18 mmol, 96:4 e.r.), acetanilide 211e and the appropriate 

ligand (as noted in the scheme above) were employed. Purification by flash column chromatography 

(30% EtOAc/Hex) on silica gel afforded the title compound syn-334f (31.3 mg, 78%, 3:1 d.r., 98:2 e.r.) 

as a colourless oil or anti-334f (31.3 mg, 78%, 1.4:1 d.r.) as a colourless oil. 

Employing General Procedure U with (rac)-L8e and (rac)-336f afforded 334f (80% yield, 3:2 syn:anti). 

Data for both diastereomers: HRMS (ESI+): Calculated for C26H29NO3: 404.2220. Found [M + H]+: 

404.2209. 

Data for syn-334f: νmax / cm-1: 3292 (m), 2933 (m), 1688 (s), 1584 (s); [α]D
26 -9.23 (c = 0.11, CHCl3); 

1H NMR (400 MHz, CDCl3): δ 8.61 (1H, s, br. s, NH), 7.46 (1H, d, J = 4.0 Hz, C4-H), 7.35 – 7.13 

(10H, m, 10 × Ar-CH), 7.03 (1H, m, C7-H), 6.66 (1H, dd, J = 8.5, 3.0 Hz, C6-H), 4.24 (1H, d, J = 10.5 

Hz, 1 × C13-H), 4.01 (1H, d, J = 10.5 Hz, 1 × C13-H), 3.81 (3H, s, C9-H3), 3.66 (1H, m, C12-H), 3.00 

(1H, m, 1 × C15-H), 2.91 (1H, m, C10-H), 2.82 (1H, dd, J = 14.0, 6.5 Hz, 1 × C15-H), 1.58 (3H, s, C1-

H3), 1.33 (3H, d, J = 7.0 Hz, C11-H3); 13C NMR (101 MHz, CDCl3): δ 168.5 (C2), 158.4 (C5), 138.1 

(C16), 137.6 (C3), 137.2 (C14), 129.8 (Ar-CH), 128.6 (C7), 128.4 (two signals, Ar-CH), 128.1 (two 

signals, Ar-CH), 126.5 (Ar-CH), 111.1 (C6), 108.9 (C4), 87.0 (C12), 73.9 (C13), 55.4 (C9), 38.8 (C15), 

38.4 (C10), 23.7 (C1), 17.0 (C11). 

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:MeOH 95:5, 2 mL/min, 150 bar, 40 °C. 

Retention times: 32.2 min (minor), 34.4 min (major). 

Data for anti-334f: νmax / cm-1: 3292 (m), 2936 (s), 1687 (s), 1667 (s); [α]D
26 +54.9 (c = 0.032, CHCl3); 

1H NMR (400 MHz, CDCl3): δ 8.61 (1H, br. s, NH), 7.46 (1H, d, J = 3.0 Hz, C4-H), 7.36 – 7.26 (6H, 

m, 6 × Ar-CH), 7.25 – 7.15 (4H, m, 4 × Ar-CH), 7.04 (1H, d, J = 8.5 Hz, C7-H), 6.68 (1H, dd, J = 8.5, 

3.0 Hz, C6-H), 4.45 – 4.24 (2H, m, C13-H2), 3.88 (1H, ddd, J = 8.0, 4.5, 3.0 Hz, C12-H), 3.81 (3H, s, 

C9-H3), 3.19 (1H, dq, J = 9.0, 7.5 Hz, C10-H), 2.84 (1H, m, 1 × C15-H), 2.57 (1H, dd, J = 14.0, 7.5 Hz, 

1 × C15-H), 1.56 (3H, s, C1-H3), 1.36 (3H, d, J = 7.5 Hz, C11-H3); 13C NMR (101 MHz, CDCl3): δ 

168.6 (C2), 158.4 (C5), 139.3 (C16), 137.7 (C14), 137.2 (C3), 129.4 (Ar-CH), 129.2 (C7), 128.7 (Ar-
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CH), 128.5 (Ar-CH), 128.3 (Ar-CH), 128.2 (Ar-CH), 126.5 (Ar-CH), 111.2 (C6), 109.3 (C4), 87.2 

(C12), 73.5 (C13), 55.4 (C9), 38.5 (C10), 37.7 (C15), 23.8 (C1), 17.1 (C11). 

(anti-334g): Ethyl (2S,3R)-3-(2-acetamido-4-methoxyphenyl)-2-methylbutanoate and (syn-334g): 

Ethyl (2S,3S)-3-(2-acetamido-4-methoxyphenyl)-2-methylbutanoate 

 

General Procedure U: (S)-336e (19.2 mg, 0.15 mmol), acetanilide 211e and the appropriate ligand (as 

noted in the scheme) was employed. Purification by flash column chromatography (12% 

Acetone/PhMe) on silica gel afforded anti-334g (19.4 mg, 67%, 2:1 d.r.) as a colourless oil or syn-334g 

(19.6 mg, 67%, 6:1 d.r.) as a colourless oil. 

Data for both diastereomers: HRMS (ESI+): Calculated for C16H23NO4: 294.1700. Found [M + H]+: 

294.1692. 

Data for anti-334g: νmax / cm-1: 3268 (m), 2973 (m), 1728 (s), 1662 (s); [α]D
26 -5.66 (c = 0.11, CHCl3); 

1H NMR (400 MHz, CDCl3): δ 7.93 (1H, s, br. s, NH), 7.34 (1H, d, J = 3.0 Hz, C4-H), 7.08 (1H, d, J = 

8.5 Hz, C7-H), 6.73 (1H, dd, J = 8.5, 3.0 Hz, C6-H), 4.21 – 4.13 (2H, m, C15-H2), 3.78 (3H, s, C9-H3), 

3.26 (1H, m, C10-H), 2.62 (1H, m, C12-H), 2.22 (3H, s, C1-H3), 1.27 – 1.21 (6H, m, C11-H3, C16-H3), 

1.00 (3H, d, J = 7.0 Hz, C13-H3); 13C NMR (101 MHz, CDCl3): δ 177.3 (C14), 168.9 (C2), 158.3 (C5), 

136.3 (C3), 128.2 (C7), 127.5 (C8), 112.4 (C6), 109.8 (C4), 60.9 (C15), 55.5 (C9), 46.4 (C12), 34.7 

(C10), 24.5 (C1), 20.9 (C11), 14.7 (C13), 14.3 (C16). 

Data for syn-334g: νmax / cm-1: 3278 (m), 2973 (m), 1728 (m), 1663 (s), 1609 (s); [α]D
26 +2.60 (c = 

0.080, CHCl3); 1H NMR (400 MHz, CDCl3): δ 8.15 (1H, s, br. s, NH), 7.25 (1H, d, J = 3.0 Hz, C4-H), 

7.09 (1H, d, J = 8.5 Hz, C7-H), 6.71 (1H, dd, J = 8.5, 3.0 Hz, C6-H), 4.03 – 3.84 (2H, m, C15-H2), 3.77 

(3H, s, C9-H3), 3.08 (1H, m, C10-H), 2.53 (1H, dq, J = 10.0, 7.0 Hz, C12-H), 2.23 (3H, s, C1-H3), 1.27 

(3H, d, J = 7.0 Hz, C13-H3), 1.21 (3H, d, J = 7.0 Hz, C11-H3), 1.02 (3H, t, J = 7.0 Hz, C16-H3); 13C 

NMR (101 MHz, CDCl3): δ 178.2 (C14), 169.0 (C2), 158.2 (C5), 135.4 (C3), 129.8 (C8), 127.5 (C7), 

112.7 (C6), 109.9 (C4), 60.8 (C15), 55.5 (C9), 47.7 (C12), 34.8 (C10), 24.5 (C1), 18.5 (C11), 16.2 

(C13), 14.1 (C16). 
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(syn-334h): N-(5-methoxy-2-((2R,3R)-3-(4-methoxyphenyl)butan-2-yl)phenyl)acetamide and 

(anti-334h): N-(5-methoxy-2-((2S,3R)-3-(4-methoxyphenyl)butan-2-yl)phenyl)acetamide 

 

General Procedure U: (R)-336g (32.4 mg, 0.20 mmol), acetanilide 211e and the appropriate ligand 

(as noted in the scheme) was employed. Purification by flash column chromatography (10% 

Acetone/PhMe) on silica gel afforded syn-334h (30.2 mg, 92%, 13:1 d.r.) as a colourless oil or anti-

334h (22.5 mg, 69%, 1:1 d.r.) as a colourless oil. 

Employing General Procedure U with (rac)-L8e and (rac)-336g afforded 334h (83% yield, 2:1 

syn:anti). 

Data for both diastereomers: HRMS (ESI+): Calculated for C20H25NO3: 328.1907. Found [M + H]+: 

328.1898. 

Data for syn-334g: νmax / cm-1: 3278 (m), 2975 (m), 1730 (s), 1665 (s); [α]D
26 +7.14 (c = 0.15, CHCl3); 

1H NMR (400 MHz, CDCl3): δ 7.16 (1H, d, J = 8.5 Hz, C7-H), 6.94 (1H, d, J = 2.5 Hz, C4-H), 6.85 

(2H, d, J = 7.5 Hz, 2 × C15-H), 6.74 (3H, m, C6-H, 2 × C16-H), 5.90 (1H, s, br. s), 3.78 – 3.71 (6H, m, 

C11-H3, C13-H3), 2.77 (1H, m, C10-H), 2.67 (1H, m, C12-H), 1.95 (3H, s, C1-H3), 1.37 (3H, d, J = 7.0 

Hz, C13-H3), 1.32 (3H, d, J = 7.0 Hz, C11-H3); 13C NMR (101 MHz, CDCl3): δ 168.2 (C2), 158.1 

(C17), 157.7 (C5), 138.3 (C14), 135.3 (C3), 131.2 (C8), 128.3 (C15), 127.7 (C7), 113.7 (C16), 112.6 

(C6), 109.5 (C4), 55.4, 55.3 (C9, C18), 46.5 (C12), 40.9 (C10), 23.9 (C1), 18.8 (C11), 18.4 (C13). 

Data for anti-334g: νmax / cm-1: 3278 (m), 2978 (m), 1729 (s), 1664 (s); [α]D
26 -100 (c = 0.094, CHCl3); 

Characteristic signals only: 1H NMR (400 MHz, CDCl3): δ 6.10 (1H, br. s, NH), 3.78 – 3.75 (6H, m, 

C9-H3, C18-H3), 3.08 – 2.88 (2H, m, C10-H, C12-H), 1.93 (3H, s, C1-H3), 1.21 (3H, d, J = 7.0 Hz, 

C11-H3), 1.10 (3H, d, J = 7.0 Hz, C13-H3); 13C NMR (101 MHz, CDCl3): δ 168.4 (C2), 138.2 (C14), 

128.4 (C8), 55.3 (two signals, C9, C18), 45.0 (C12), 40.0 (C10), 23.9 (C1), 20.2 (C11), 16.1 (C13). 
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((rac)-361a): 1-methoxy-4-(pent-4-en-2-yl)benzene 

 

Prepared according to a modified literature procedure.472 To a suspension of InCl3 (22.1 mg, 0.10 

mmol, 5 mol%) in anhydrous CH2Cl2 (3.00 mL) under N2 at r.t. was added 1-(4-methoxyphenyl)ethan-

1-ol (304 mg, 2.00 mmol) in CH2Cl2 (1.00 mL). Allyltrimethylsilane (0.95 mL, 6.00 mmol) was 

subsequently added via syringe and the mixture heated to 50 °C. After 30 min the reaction was cooled 

to r.t., diluted with CH2Cl2 (5 mL) and quenched with sat. aq. NaHCO3 (5 mL). The layers were 

separated, and the aqueous portion was extracted with CH2Cl2 (5 mL). The organic layers were 

combined, washed with brine (10 mL), dried over Na2SO4 and concentrated in vacuo. The crude reaction 

mixture was purified by flash column chromatography (3% EtOAc/Hex) on silica gel to afford the title 

compound (rac)-361a (274 mg, 78%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 7.11 (2H, d, J 

= 9.0 Hz, 2 × C7-H), 6.85 (2H, d, J = 9.0 Hz, 2 × C8-H), 5.71 (1H, dddd, J = 17.0, 10.0, 7.5, 6.5 Hz, 

C2-H), 5.09 – 4.89 (2H, m, C1-H2), 3.79 (3H, s, C10-H3), 2.75 (1H, m, C4-H), 2.47 – 2.21 (2H, m, C3-

H2), 1.23 (3H, d, J = 7.0 Hz, C5-H3); 13C NMR (101 MHz, CDCl3): δ 157.9 (C9), 139.3 (C6), 137.4 

(C2), 128.0 (C7), 115.9 (C1), 113.8 (C8), 55.3 (C10), 43.0 (C3), 39.1 (C4), 21.9 (C5). The spectroscopic 

properties of this compound were consistent with the data available in the literature.550 

((S)-360): (S)-1-(4-methoxyphenyl)ethan-1-ol and (R)-1-(4-methoxyphenyl)ethyl acetate 

 

To a solution of vinyl acetate (7.56 mL, 82.0 mmol) in diisopropyl ether (7 mL) was added 1-(4-

methoxyphenyl)ethan-1-ol (2.50 g, 16.4 mmol) and the mixture heated to 50 °C. Novozyme 435 

(immobilised on acrylic resin; 110 mg) was added in one portion and the suspension stirred at 50 °C for 

48 h. The reaction was cooled to r.t. and filtered, washing with Et2O (20 mL). The filtrate was 

concentrated in vacuo and purified by flash column chromatography (10–30% EtOAc/Hex) to afford 

alcohol (S)-360 (1.17 g, 47%, >99:1 e.r.) as a colourless oil; [α]D
20 -51.0 (c = 0.24, CHCl3), [Lit.551 [α]D

22 

-52.5 (c = 0.70, CHCl3)]. The spectroscopic properties of this compound were consistent with the 

racemate and the data available in the literature. The spectroscopic properties of this compound were 

also consistent with the literature.552 
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The spectroscopic properties of (R)-1-(4-methoxyphenyl)ethyl acetate were also consistent with the 

data available in the literature.553 This compound was subsequently used to prepare alkene (R)-361a.  

SFC conditions: DAICEL CHIRALPAK-IE (25 cm), CO2:MeOH 99:1 to 97:3 over 25 min, 2 mL/min, 

150 bar, 40 °C. Retention times: 16.3 min (minor), 17.1 min (major). 

((S)-350): (S)-1-(4-methoxyphenyl)ethyl diisopropylcarbamate 

 

To a solution of N,N-diisopropylcarbamoyl chloride (1.29 g, 7.88 mmol) in CH2Cl2 (15 mL) and Et3N 

(0.80 mL, 7.88 mmol) at r.t. was added alcohol (S)-360 (1.00 g, 6.57 mmol) via syringe in one portion. 

The resulting solution was stirred at 45 °C for 40 h before being cooled to r.t. and 1 M aq. HCl (10 mL) 

was added and the layers separated. The aqueous portion was extracted with CH2Cl2 (20 mL) and the 

combined organic layers were washed with brine (20 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (15% EtOAc/Hex) on silica gel afforded the title 

compound (S)-350 (1.35 g, 74%) as a colourless oil; [α]D
21 -9.50 (c = 0.29, CHCl3). [Lit.490 [α]D

21 -14.3 

(c = 1.12, CH2Cl2, for 99% e.e.) The spectroscopic properties of this compound were consistent with 

the racemate and the data available in the literature.490 

((S)-361a): (S)-1-methoxy-4-(pent-4-en-2-yl)benzene 

 

Prepared according to a slightly modified literature procedure.473 To a flame-dried Schlenk tube was 

added carbamate (S)-350 (279 mg, 1.00 mmol). The tube was purged with N2 and evacuated three times 

before anhydrous Et2O (4.00 mL) and TMEDA (0.17 mL, 1.10 mmol) were added via syringe. The 

solution was cooled to -78 °C and s-BuLi (0.79 mL, 1.10 mmol) was added dropwise (1-2 

drops/second). The resulting yellow solution was stirred at -78 °C for 30 min. Allylboronic acid pinacol 

ester (0.28 mL, 1.50 mmol) was then added dropwise over 5 min and the solution was stirred at the 

same temperature for 1 h. MgBr2 (1.00 mL, 1.00 mmol, 1 M in MeOH) was added dropwise and the 

solution was warmed to r.t. and stirred for 3 h before being cooled to 0 °C and quenched with water (10 

mL). Et2O (10 mL) was added and the layers separated. The aqueous portion was extracted with Et2O 
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(10 mL) and the combined organic portions were washed with brine (20 mL), dried over Na2SO4 and 

concentrated in vacuo to afford the borylated compound. The crude material was dissolved in pentane 

(10 mL) and TBAF·3H2O (473 mg, 1.50 mmol) was added. The resulting solution was stirred at 45 °C 

for 16 h before being cooled to r.t., filtered, and purified by flash column chromatography (2% 

EtOAc/Hex) to afford the title compound (S)-361a (105 mg, 60%, >99:1 e.r.) as a colourless oil. [α]D
22 

+21.2 (c = 0.16, CHCl3). The spectroscopic properties of this compound were consistent with the 

racemate and the data available in the literature.550 

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:IPA 99.9:0.1, 1 mL/min, 150 bar, 40 °C. 

Retention times: 4.9 min (major), 5.1 min (minor). 

(363): (S)-3-((R)-2-allylhexanoyl)-4-isopropyloxazolidin-2-one 

 

To a solution of (S)-3-hexanoyl-4-isopropyloxazolidin-2-one 362 (1.00 g, 4.40 mmol) in anhydrous 

THF (40 mL) under N2 at -78 °C was added NaHMDS (5.06 mL, 5.06 mmol, 1 M in THF) dropwise 

over 10 min. The solution was stirred at -78 °C for 30 min before allyl bromide (0.57 mL, 6.60 mmol) 

was added dropwise over 5 min. The solution was maintained at -78 °C for 1 h before being warmed to 

r.t. and stirred for 16 h. The reaction was quenched with sat. aq. NH4Cl (20 mL) and diluted with Et2O 

(20 mL). The layers were separated, and the aqueous portion was extracted with Et2O (2 × 30 mL). The 

combined organic fractions were washed with brine (40 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (10% EtOAc/Hex) on silica gel afforded the title 

compound 363 (961 mg, 82%, >20:1 mixture of diastereomers) as a yellow oil; [α]D
19 +15.4 (c = 1.20, 

CHCl3); νmax / cm-1: 2959 (s), 2930 (s), 1774 (s), 1696 (s); 1H NMR (400 MHz, CDCl3): δ 5.79 (1H, ddt, 

J = 17.0, 10.0, 7.0 Hz, C2-H), 5.16 – 4.97 (2H, m, C1-H2), 4.47 (1H, dt, J = 8.0, 3.5 Hz, C12-H), 4.31 

– 4.14 (2H, m, C11-H2), 3.93 (1H, tt, J = 8.0, 5.5 Hz, C4-H), 2.44 (1H, m, 1 × C3-H), 2.36 – 2.19 (2H, 

m, 1 × C3-H, C13-H), 1.68 (1H, m, 1 × C5-H), 1.46 (1H, m, 1 × C5-H), 1.36 – 1.16 (4H, m, C6-H2, 

C7-H2), 0.96 – 0.78 (9H, m, C8-H3, 2 × C14-H3); 13C NMR (101 MHz, CDCl3): δ 176.2 (C9), 153.9 

(C10), 135.4 (C2), 117.1 (C1), 63.1 (C11), 58.7 (C12), 42.4 (C4), 37.1 (C3), 31.3 (C5), 29.5 (C6), 28.4 

(C13), 22.9 (C7), 18.1 (C8), 14.7 (C14), 14.0 (C14). 
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((R)-361b): Ethyl (R)-2-allylhexanoate 

 

To a solution of (S)-3-((R)-2-allylhexanoyl)-4-isopropyloxazolidin-2-one 363 (927 mg, 3.47 mmol, 

>20:1 mixture of diastereomers) in THF (10 mL) and H2O (10 mL) at 0 °C was added H2O2 (30% w/w 

in H2O, 1.42 mL, 13.9 mmol) and LiOH·H2O (364 mg, 8.68 mmol). The reaction was warmed to r.t. 

and stirred for 16 h and concentrated in vacuo. The residue was diluted with H2O (10 ml) and CH2Cl2 

(10 mL) and the layers separated. The organic portion was discarded, and the aqueous portion was 

adjusted to pH 2 (2 M aq. HCl). The aqueous portion was extracted with CH2Cl2 (2 × 20 mL) and the 

combined organic portions were washed with brine (30 mL), dried over Na2SO4 and concentrated in 

vacuo to afford the intermediate carboxylic acid (480 mg, 89%) which was used directly in the next 

step without purification. To a solution of the intermediate carboxylic acid (480 mg, 3.07 mmol) in 

CH2Cl2 (20 mL) at r.t. was added EDCI (665 mg, 3.47 mmol), DMAP (37.9 mg, 0.31 mmol) and EtOH 

(1.00 mL, 46.1 mmol). The resulting solution was stirred at r.t. for 16 h before being concentrated in 

vacuo. The residue was purified by flash column chromatography (2% Et2O/Hex) on silica gel to afford 

the title compound (R)-361b (308 mg, 54%) as a colourless oil; [α]D
19 +7.84 (c = 0.38, CHCl3); 1H NMR 

(400 MHz, CDCl3): δ 5.74 (1H, ddt, J = 17.0, 10.0, 7.0 Hz, C2-H), 5.25 – 4.81 (2H, m, C1-H2), 4.13 

(2H, q, J = 7.0 Hz, C10-H), 2.51 – 2.28 (2H, m, 1 × C3-H, C4-H), 2.22 (1H, m, 1 × C3-H), 1.67 – 1.53 

(1H, m, 1 × C5-H), 1.47 (1H, dtd, J = 13.0, 7.5, 5.0 Hz, 1 × C5-H), 1.31 – 1.19 (7H, m, C6-H2, C7-H2, 

C11-H3), 0.88 (3H, t, J = 7.0 Hz, C8-H3); 13C NMR (101 MHz, CDCl3): δ 175.7 (C9), 135.7 (C2), 116.5 

(C1), 60.1 (C10), 45.4 (C4), 36.5 (C3), 31.6 (C5), 29.5 (C6), 22.6 (C7), 14.3 (C11), 13.9 (C8); HRMS 

(ESI+): Calculated for C11H21O2: 185.1536. Found [M + H]+: 185.1536. The spectroscopic properties 

of this compound were consistent with the data available in the literature.554 

(366): (R)-4-benzyl-3-hexanoyloxazolidin-2-one 

 

To a solution of (R)-4-benzyloxazolidin-2-one (3.00 g, 16.9 mmol) in anhydrous THF (50 mL) at -78 °C 

under nitrogen was added n-BuLi (11.9 mL, 17.8 mmol, 1.50 M in hexanes) dropwise over 10 min. The 

solution was stirred at the same temperature for 30 min before hexanoyl chloride (2.40 mL, 17.8 mmol) 
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was added dropwise over 2 min. The solution was stirred at -78 °C for 1 h before being warmed to r.t. 

and stirred for 16 h. The reaction was quenched with sat. aq. NH4Cl and the aqueous portion was 

extracted with Et2O (3× 30 mL). The combined organic portions were washed with water (50 mL), brine 

(50 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography 

(5–10% EtOAc/Hex) on silica gel afforded the title compound 366 (2.93 g, 63%) as a colourless oil; 

[α]D
19 -67.7 (c = 0.35, CHCl3), [Lit.555 [α]D

20 -93.2 (c = 1.03, EtOH)]; 1H NMR (400 MHz, CDCl3): δ 

7.38 – 7.30 (2H, m, 2 × C16-H), 7.29 (1H, d, J = 7.0 Hz, C17-H), 7.23 – 7.19 (2H, m, 2 × C15-H), 4.67 

(1H, ddt, J = 9.5, 7.5, 3.5 Hz, C12-H), 4.25 – 4.04 (2H, m, C11-H2), 3.30 (1H, dd, J = 13.5, 3.5 Hz, 1 

× C13-H), 3.04 – 2.83 (2H, m, C4-H2), 2.77 (1H, dd, J = 13.5, 9.5 Hz, 1 × C13-H), 1.70 (2H, m, C5-

H2), 1.44 – 1.31 (4H, m, C6-H2, C7-H2), 0.91 (3H, t, J = 7.5 Hz, C8-H3); 13C NMR (101 MHz, CDCl3): 

δ 173.6 (C9), 153.6 (C10), 135.5 (C14), 129.6 (C15), 129.1 (C16), 127.5 (C17), 66.3 (C11), 55.3 (C12), 

38.1 (C13), 35.7 (C4), 31.5 (C6), 24.1 (C5), 22.6 (C7), 14.1 (C8). The spectroscopic properties of this 

compound were consistent with the data available in the literature.555 

(367): (R)-3-((S)-2-allylhexanoyl)-4-benzyloxazolidin-2-one 

 

To a solution of (R)-4-benzyl-3-hexanoyloxazolidin-2-one 366 (2.50 g, 9.08 mmol) in anhydrous THF 

(40 mL) at -78 °C was added NaHMDS (10.4 mL, 10.4 mmol, 1 M in THF) dropwise over 5 min. The 

solution was stirred at the same temperature for 40 min before allyl bromide (1.18 mL, 13.6 mmol) was 

added dropwise via syringe over 5 min. The reaction was maintained at -78 °C for 1 h before being 

warmed to r.t. and stirred for 16 h. The reaction was quenched with sat. aq. NH4Cl (30 mL) and diluted 

with Et2O (20 mL). The layers were separated, and the aqueous portion was extracted with Et2O (2 × 

30 mL). The combined organic portions were washed with water (50 mL), brine (50 mL), dried over 

Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (5–7% EtOAc/Hex) 

on silica gel afforded the title compound 367 (2.13 g, 74%, >20:1 d.r.) as a yellow oil; [α]D
19 -50.6 (c = 

0.13, CHCl3); νmax / cm-1: 2956 (s), 2928 (s), 1775 (s), 1694 (s); 1H NMR (400 MHz, CDCl3): δ 7.34 – 

7.29 (2H, m, 2 × C16-H), 7.27 (1H, m, C17-H), 7.23 – 7.17 (2H, m, 2 × C15-H), 5.82 (1H, ddt, J = 

17.0, 10.0, 7.0 Hz, C2-H), 5.20 – 4.92 (2H, m, C1-H2), 4.68 (1H, ddt, J = 10.5, 7.0, 3.5 Hz, C12-H), 

4.23 – 4.05 (2H, m, C11-H2), 3.91 (1H, tt, J = 8.0, 5.5 Hz, C4-H), 3.30 (1H, dd, J = 13.5, 3.5 Hz, 1 × 

C13-H), 2.65 (1H, dd, J = 13.5, 10.5 Hz, 1 × C13-H), 2.54 – 2.38 (1H, m, C3-H2), 2.32 (1 H, dddd, J = 

14.0, 8.1, 4.2, 2.9), 1.86 – 1.62 (1H, m, 1 × C5-H), 1.54 – 1.42 (1H, m, 1 × C5-H), 1.39 – 1.12 (4H, m, 

C6-H2, C7-H2), 0.88 (3H, t, J = 7.0 Hz, C8-H3); 13C NMR (101 MHz, CDCl3): δ 176.3 (C9), 153.3 
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(C10), 135.6 (C14), 135.5 (C2), 129.6 (C15), 129.1 (C16), 127.5 (C17), 117.2 (C1), 66.1 (C11), 55.7 

(C12), 42.4 (C4), 38.3 (C13), 37.0 (C3), 31.4 (C5), 29.6 (C6), 22.9 (C7), 14.1 (C8); HRMS (ESI+): 

Calculated for C19H26NO3: 316.1907. Found [M + H]+: 316.1915. 

(368): (S)-2-allylhexan-1-ol 

 

To a solution of (R)-3-((S)-2-allylhexanoyl)-4-isopropyloxazolidin-2-one 367 (1.00 g, 3.17 mmol, 

>20:1 mixture of diastereomers) in THF (9 mL) and H2O (3 mL) at 0 °C was added NaBH4 (840 mg, 

22.2 mmol) portion-wise over 10 min. The reaction was warmed to r.t. and stirred for 16 h before being 

quenched (carefully) with 1 M aq. HCl (20 mL) and diluted with EtOAc (20 mL). The layers were 

separated, and the aqueous portion was extracted with EtOAc (2 × 20 mL). The combined organic 

extracted were washed with 1 M aq. HCl (20 mL), water (20 mL), brine (20 mL), dried over Na2SO4 

and concentrated in vacuo. Purification by flash column chromatography (20% EtOAc/Hex) on silica 

gel afforded the title compound 368 (246 mg, 55%) as a colourless oil; [α]D
19 +1.24 (c = 0.22, CHCl3), 

[Lit.556 [α]D
20 -31.0 (c = 0.20, CHCl3, for (R)-enantiomer)]; 1H NMR (400 MHz, CDCl3): δ 5.82 (1H, 

ddt, J = 17.0, 10.0, 7.0 Hz, C2-H), 5.19 – 4.85 (2H, m, C1-H2), 3.65 – 3.38 (2H, m, C9-H2), 2.21 – 1.91 

(2H, m, C3-H2), 1.60 (1H, m, C4-H), 1.39 – 1.22 (7H, m, OH, C5-H2, C6-H2, C7-H2), 0.90 (3H, t, J = 

7.5 Hz, C8-H3); 13C NMR (101 MHz, CDCl3): δ 137.3 (C2), 116.3 (C1), 65.8 (C9), 40.5 (C4), 36.0 

(C3), 30.5 (C5), 29.3 (C6), 23.1 (C7), 14.2 (C8). The spectroscopic properties of this compound were 

consistent with the data available in the literature.557 

((S)-361c): (S)-4-(methoxymethyl)oct-1-ene 

 

To a solution of NaH (169 mg, 4.22 mmol, 60% in mineral oil) in anhydrous DMF (15 mL) at 0 °C was 

added (S)-2-allylhexan-1-ol 368 (200 mg, 1.41 mmol) in anhydrous DMF (1 mL) dropwise over 2 min. 

The suspension was warmed to 30 °C and stirred for 3 h. Methyl iodide (0.28 mL, 4.22 mmol) was 

added dropwise via syringe over 2 min and the solution was stirred at r.t. for 16 h. The reaction was 

quenched with sat. aq. NH4Cl (10 mL) and diluted with Et2O (10 mL). The layers were separated, and 
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the aqueous portion was extracted with Et2O (2 × 20 mL). The combined organic portions were washed 

with water (20 mL), brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash 

column chromatography (1% Et2O/Hex) on silica gel afforded the title compound (S)-361c (136 mg, 

62%) as a colourless oil; [α]D
19 +2.86 (c = 0.049, CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.78 (1H, ddt, 

J = 17.5, 10.0, 7.0 Hz, C2-H), 5.22 – 4.79 (2H, m, C1-H2), 3.32 (3H, s, C10-H3), 3.25 (2H, d, J = 6.0 

Hz, C9-H2), 2.24 – 1.89 (2H, m, C3-H2), 1.65 (1H, m, C4-H), 1.37 – 1.11 (6H, m, C5-H2, C6-H2, C7-

H2), 0.89 (3H, t, J = 7.0 Hz, C8-H3); 13C NMR (101 MHz, CDCl3): δ 137.2 (C2), 116.1 (C1), 75.7 (C9), 

58.9 (C10), 38.3 (C4), 35.9 (C3), 30.8 (C5), 29.3 (C6), 23.2 (C7), 14.2 (C8); HRMS (APCI+): 

Calculated for C10H20O: 157.1587. Found [M + H]+: 157.1587. 

(syn-335a): N-(5-methoxy-2-((2S,4R)-4-(4-methoxyphenyl)pentan-2-yl)phenyl)acetamide and 

(anti-335a): N-(5-methoxy-2-((2S,4S)-4-(4-methoxyphenyl)pentan-2-yl)phenyl)acetamide 

 

General Procedure U: (S)-361a (35.5 mg, 0.20 mmol, 99:1 e.r.), acetanilide 211e and the appropriate 

ligand (as noted in the scheme) were employed. Purification by flash column chromatography (7.5% 

Acetone/PhMe) on silica gel afforded syn-335a (29.7 mg, 87%, 4:1 d.r., 99.5:0.5 e.r.) as a colourless 

oil or anti-335a (27.8 mg, 81%, 8:1 d.r., 99.5:0.5 e.r.) as a colourless oil. 

Employing General Procedure U with (rac)-L8e and (rac)-361a afforded 335a (86% yield, 1:1 

syn:anti). 

The investigation of the Horeau Principle was carried out with alkene (S)-361a (150 mol%, 90:10 e.r.) 

according to General Procedure U. In conjunction with ligand (S)-L8e, syn-335a (99:1 e.r.) and anti-

335a (45:55 e.r.) were obtained (3.4:1 d.r.). In conjunction with ligand (R)-L8e, anti-335a (98:2 e.r.) 

and anti-335a (48:52 e.r.) were obtained (4:1 d.r.). 

Data for both diastereomers: HRMS (ESI+): Calculated for C21H28NO3: 342.2064. Found [M + H]+: 

342.2074. 

Data for syn-335a: νmax / cm-1: 3263 (m), 2956 (m), 2926 (m), 1659 (s), 1511 (s); [α]D
23 +16.4 (c = 0.17, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.32 (1H, s, C4-H), 7.17 – 7.10 (3H, m, C7, C16-H2), 6.88 (2H, 

d, J = 8.5 Hz, C17-H2), 6.71 (1H, dd, J = 8.5, 3.0, C6-H), 6.50 (1H, br. s, NH), 3.79 – 3.76 (6H, m, C9-

H3, C19-H3), 2.76 (1H, m, C13-H), 2.47 (1H, s, C10-H), 1.90 (3H, s, C1-H3), 1.70 – 1.65 (2H, m, C12-

H2), 1.25 (3H, d, J = 7.0 Hz, C11-H3) 1.20 (3H, d, J = 7.0 Hz, C14-H3); 13C NMR (101 MHz, CDCl3): 
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δ 168.6 (C2), 158.1 (C18), 157.8 (C5), 139.2 (C15), 134.7 (C3), 131.4 (C8), 127.9 (C16), 126.8 (C7), 

114.3 (C17), 112.2 (C6), 109.3 (C4), 55.4, (two signals, C9, C19) 48.1 (C12), 37.1 (C13), 29.8 (C10), 

24.3 (C1), 23.3 (C14), 19.8 (C11). 

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:MeOH 97:3 to 92:8 over 30 min, 2 mL/min, 

150 bar, 40 °C. Retention times: 20.9 min (minor), 21.8 min (major). 

Data for anti-335a: νmax / cm-1: 3270 (m), 2956 (m), 1661 (m), 1610 (s), 1511 (s); [α]D
23 +71.6 (c = 

0.19, CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.20 – 7.09 (2H, m, C4-H, C7-H), 6.99 (2H, d, J = 8.5 

Hz, C16-H2), 6.89 (2H, d, J = 8.5 Hz, C17-H2), 6.78 (1H, dd, J = 8.5, 2.5 Hz, C6-H), 6.02 (1H, br. s, 

NH), 3.81 – 3.78 (6H, s, C9-H3, C19-H3), 2.52 (1H, m, C10-H), 2.31 (1H, m, C13-H), 1.97 – 1.86 (2H, 

m, C12-H2), 1.76 (3H, s, C1-H3), 1.15 – 1.10 (6H, m, C11-H3, C14-H3); 13C NMR (101 MHz, CDCl3): 

δ 168.5 (C2), 158.1 (C18), 157.7 (C5), 138.8 (C15), 135.3 (C3), 130.7 (C8), 128.4 (C16), 127.0 (C7), 

114.2 (C17), 113.1 (C6), 109.9 (C4), 55.4 (two signals, C9, C19), 45.6 (C12), 37.0 (C13), 30.0 (C10), 

24.9 (C14), 23.9, 23.7 (C1, C11). 

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:MeOH 97:3 to 92:8 over 30 min, 2 mL/min, 

150 bar, 40 °C. Retention times: 16.8 min (major), 18.4 min (minor). 

(anti-335b): ethyl (R)-2-((R)-2-(2-acetamido-4-methoxyphenyl)propyl)hexanoate and (syn-335b): 

Ethyl (R)-2-((S)-2-(2-acetamido-4-methoxyphenyl)propyl)hexanoate 

 

General Procedure U: (R)-361b (33.2 mg, 0.18 mmol), acetanilide 211e and the appropriate ligand 

(as noted in the scheme) were employed. Purification by flash column chromatography (5–10% 

Acetone/PhMe) on silica gel afforded anti-335b (27.3 mg, 78%, 13:1 d.r.) as a colourless oil or syn-

335b (23.5 mg, 67%, 6:1 d.r.) as a colourless oil. 

Data for both diastereomers: HRMS (ESI+): Calculated for C20H31NO4: 350.2326. Found [M + H]+: 

350.2324. 

Data for anti-335b: νmax / cm-1: 3300 (s), 2957 (s), 2933 (s), 1728 (s), 1664 (s); [α]D
23 -43.8 (c = 0.11, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 8.45 (1H, br. s, NH), 7.25 (1H, d, J = 2.5 Hz, C4-H), 7.09 (1H, 

d, J = 8.5 Hz, C7-H), 6.75 (1H, dd, J = 8.5, 2.5 Hz, C6-H), 4.24 – 4.14 (2H, m, C19-H2), 3.79 (3H, s, 

C9-H3), 2.82 (1H, m, C10-H), 2.21 (3H, s, C1-H3), 2.00 – 1.79 (2H, m, 1 × C12-H, C13-H), 1.77 – 1.60 
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(2H, m, 1 × C12-H, 1 × C14-H), 1.32 – 1.24 (4H, m, 1 × C14-H, C20-H3), 1.21 – 1.03 (7H, m, C11-H3, 

C15-H2, C16-H2), 0.81 (3H, t, J = 7.0 Hz, C17-H3); 13C NMR (101 MHz, CDCl3): δ 177.8 (C18), 169.4 

(C2), 158.0 (C5), 136.1 (C3), 130.7 (C8), 126.8 (C7), 113.3 (C6), 110.1 (C4), 60.9 (C19), 55.4 (C9), 

45.0 (C13), 42.7 (C12), 32.3 (C14), 30.4 (C10), 29.6 (C15), 24.0 (C1), 23.3 (C11), 22.6 (C16), 14.3 

(C20), 14.0 (C17). 

Data for syn-335b: νmax / cm-1: 3348 (w), 2957 (s), 2931 (s), 1695 (s); [α]D
23 -3.20 (c = 0.18, CHCl3); 

1H NMR (400 MHz, CDCl3): δ 8.35 (1H, br. s, NH), 7.71 (1H, d, J = 2.5 Hz, C4-H), 7.09 (1H, d, J = 

8.5 Hz, C7-H), 6.66 (1H, dd, J = 8.5, 2.5 Hz, C6-H), 4.20 (2H, m, C19-H2), 3.79 (3H, s, C9-H3), 2.67 

(1H, m, C10-H), 2.59 (1H, m, C13-H), 2.29 (3H, s, C1-H3), 1.80 (1H, ddd, J = 7.0 Hz, 1 × C12-H), 

1.59 (1H, m, 1 × C14-H), 1.45 (1H, m, 1 × C14-H), 1.32 – 1.24 (11H, m, C11-H3, 1 × C12-H, C15-H2, 

C16-H2, C20-H3), 0.86 (3H, d, J = 7.0 Hz, C17-H3); 13C NMR (101 MHz, CDCl3): δ 178.0 (C18), 169.6 

(C2), 158.2 (C5), 136.2 (C3), 129.2 (C8), 125.7 (C7), 110.9 (C6), 108.6 (C4), 60.9 (C19), 55.5 (C9), 

43.1 (C13), 41.2 (C12), 33.3 (C14), 30.6 (C10), 29.2 (C15), 24.4 (C1), 22.7 (C16), 18.2 (C11), 14.4 

(C20), 14.0 (C17). 

(syn-335c): N-(5-methoxy-2-((2R,4S)-4-(methoxymethyl)octan-2-yl)phenyl)acetamide and (anti-

335c): N-(5-methoxy-2-((2S,4S)-4-(methoxymethyl)octan-2-yl)phenyl)acetamide. 

 

General Procedure U: (S)-361c (18.5 mg, 29.0 μL, 0.13 mmol), acetanilide 211e and the appropriate 

ligand (as noted in the scheme) were employed. Purification by flash column chromatography (7% 

Acetone/PhMe) on silica gel afforded syn-335c (20.5 mg, 64%, 10:1 d.r.) as a colourless oil or anti-

335c (21.9 mg, 68%, 10:1 d.r.) as a colourless oil. 

Employing General Procedure U with (rac)-L8e and (rac)-361c afforded 335c (61% yield, 1:1 

syn:anti). 

Data for both diastereomers: HRMS (ESI+): Calculated for C19H31NO3: 322.2377. Found [M + H]+: 

322.2378. 

Data for syn-335c: νmax / cm-1: 3280 (m), 2956 (s), 2926 (s), 1662 (s), 1531 (s); [α]D
23 +20.9 (c = 0.027, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 8.35 (1H, br. s, NH), 7.40 (1H, d, J = 2.5 Hz, C4-H), 7.09 (1H, 

d, J = 8.5 Hz, C7-H), 6.71 (1H, dd, J = 8.5, 2.5 Hz, C6-H), 3.78 (3H, s, C9-H3), 3.44 – 3.36 (4H, m, 1 
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× C18-H, C19-H3), 3.23 – 3.10 (2H, m, C10-H, 1 × C18-H), 2.17 (3H, s, C1-H3), 1.60 – 1.50 (2H, m, 

C12-H2), 1.26 – 1.04 (10H, m, C11-H3, C13-H, C14-H2, C15-H2, C16-H2), 0.79 (3H, t, J = 7.0 Hz, C17-

H3); 13C NMR (101 MHz, CDCl3): δ 168.7 (C2), 157.7 (C5), 136.0 (C3), 130.4 (C8), 126.8 (C7), 112.5 

(C6), 108.8 (C4), 80.7 (C18), 59.5 (C19), 55.4 (C9), 45.0 (C12), 35.6 (C13), 33.0 (C14), 30.4 (C10), 

28.9 (C15), 24.5 (C1), 23.4 (C11), 22.8 (C16), 14.1 (C17). 

Data for anti-335c: νmax / cm-1: 3268 (m), 2956 (s), 2927 (s), 2870 (m), 1661 (s), 1531 (s); [α]D
23 +32.4 

(c = 0.092, CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.72 (1H, s, br. s, NH), 7.58 (1H, s, C4-H), 7.15 

(1H, m, C7-H), 6.66 (1H, dd, J = 8.5, 2.5 Hz, C6-H), 3.79 (3H, s, C9-H3), 3.52 (1H, dd, J = 10.0, 3.5 

Hz, 1 × C18-H), 3.38 (3H, s, C19-H3), 3.27 (1H, m, 1 × C18-H), 2.91 (1H, m, C10-H), 2.17 (3H, s, C1-

H3), 1.68 – 1.49 (2H, m, 1 × C12-H, C13-H), 1.41 – 0.97 (10H, m, 1 × C12-H, C14-H2, C15-H2, C16-

H2), 0.88 (3H, d, J = 7.5 Hz, C17-H3); 13C NMR (101 MHz, CDCl3): δ 168.9 (C2), 158.0 (C5), 135.7 

(C3), 130.4 (C8), 126.6 (C7), 111.4 (C6), 109.0 (C4), 76.6 (C18), 59.3 (C19), 55.5 (C9), 41.6 (C12), 

36.0 (C13), 32.6 (C14), 30.8 (C10), 29.4 (C15), 24.5 (C1), 23.1 (C16), 19.8 (C11), 14.2 (C17). 

(syn-335e): N-(5-((2R,4S)-4-(4-methoxyphenyl)pentan-2-yl)-2,3-dihydro-1H-inden-4-

yl)acetamide and (anti-335e): N-(5-((2S,4S)-4-(4-methoxyphenyl)pentan-2-yl)-2,3-dihydro-1H-

inden-4-yl)acetamide 

 

General Procedure U: (S)-361a (35.5 mg, 0.20 mmol, 99:1 e.r.), acetanilide 211d and the appropriate 

ligand (as noted in the scheme) were employed. Purification by flash column chromatography (15% 

Acetone/PhMe) on silica gel afforded syn-335e (29.2 mg, 83%, 4:1 d.r.) as a colourless oil or anti-335e 

(31.3 mg, 89%, 5:1 d.r.) as a colourless oil. 

Employing General Procedure U with (rac)-L8e and (rac)-361a afforded 335e (90% yield, 1:1 

syn:anti). 

Data for both diastereomers: HRMS (ESI+): Calculated for C23H29NO2: 352.2271. Found [M + H]+: 

352.2261. 

Data for syn-335e: 1H NMR (400 MHz, CDCl3): δ 7.14 – 7.09 (3H, m, C6-H, 2 × C18-H), 7.06 (1H, 

d, J = 8.0 Hz, C7-H), 6.85 (2H, d, J = 8.0 Hz, 2 × C19-H), 6.40 (1H, br. s, NH), 3.79 (3H, s, C21-H3), 

2.90 (2H, t, J = 7.5 Hz, C11-H2), 2.79 – 2.60 (4H, m, C9-H2, C12-H, C15-H), 2.03 (2H, q, J = 7.5 Hz, 

C10-H2), 1.91 (3H, s, C1-H3), 1.73 – 1.62 (2H, m, C14-H2), 1.22 – 1.16 (6H, m, C13-H3, C16-H3); 13C 
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NMR (101 MHz, CDCl3): δ 168.4 (C2), 157.9 (C20), 142.8 (C5), 142.3 (C3), 141.8 (C8), 139.4 (C17), 

129.7 (C4), 127.9 (C18), 124.4 (C7), 123.7 (C6), 113.9 (C19), 55.3 (C21), 48.0 (C14), 37.1 (C15), 33.0 

(C11), 31.5 (C9), 30.6 (C12), 25.0 (C10), 23.3 (C16), 23.1 (C1), 20.4 (C13). 

Data for anti-335e: 1H NMR (400 MHz, CDCl3): δ 7.09 (1H, d, J = 8.0 Hz, C6-H), 6.99 (1H, d, J = 

8.0 Hz, C7-H), 6.93 – 6.88 (2H, m, 2 × C18-H), 6.84 – 6.80 (2H, m, 2 × C19-H), 5.69 (1H, br. s, NH), 

3.74 (3H, s, C21-H3), 2.84 (2H, dd, J = 7.5 Hz, C9-H2), 2.79 – 2.52 (3H, m, C10-H2, C12-H), 2.24 (1H, 

m, C15-H), 2.03 – 1.75 (4H, m, C11-H2, C14-H2), 1.68 (3H, s, C1-H3), 1.07 – 1.02 (6H, m, C13-H3, 

C16-H3); 13C NMR (101 MHz, CDCl3): δ 168.2 (C2), 158.1 (C20), 142.8 (C5), 142.4 (C3), 140.2 (C8), 

139.3 (C17), 130.6 (C4), 128.3 (C18), 124.5 (C7), 123.9 (C6), 114.2 (C19), 55.5 (C21), 45.7 (C14), 

37.1 (C15), 33.2 (C9), 31.6 (C11), 30.8 (C12), 25.0 (C10), 24.8, 23.8 (C13, C16), 22.9 (C1). 

(R)-4-benzyl-3-(3-phenylpropanoyl)oxazolidin-2-one 

 

To a solution of (R)-4-benzyloxazolidin-2-one in anhydrous THF (40 mL) at -78 °C was added n-BuLi 

(8.32 mL, 11.9 mmol, 1.43 M in hexanes) dropwise over 10 min. The resulting solution was maintained 

at the same temperature and stirred for 30 min. Hexanoyl chloride (1.77 mL, 11.9 mmol) was added 

dropwise over 10 min and the solution stirred at -78 °C for 1 h before being warmed to r.t. and stirred 

for 16 h. The reaction was quenched with sat. aq. NH4Cl (20 mL) and diluted with Et2O (20 mL). The 

layers were separated, and the aqueous portion was extracted with Et2O (2 × 30 mL). The combined 

organic portions were washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuo to 

afford a colourless solid. Trituration with hexane and Et2O afforded the title compound (2.58 g, 74%, 

>20:1 mixture of diastereomers) as a colourless solid; [α]D
19 -62.7 (c = 0.38, CHCl3), [Lit.558 [α]D

22 -51.2 

(c = 0.95, CHCl3)]; m.p. 101–103 °C (Et2O/Hex); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.25 (7H, m, 

2 × C2-H, 2 × C3-H, 2 × C12-H, C13-H), 7.26 – 7.22 (1H, m, C1-H), 7.22 – 7.15 (2H, m, 2 × C11-H), 

4.68 (1H, dddd, J = 9.5, 7.0, 6.5, 3.5 Hz, C8-H), 4.27 – 4.14 (2H, m, C14-H2), 3.42 – 3.21 (3H, m, C6-

H2, 1 × C9-H), 3.14 – 2.97 (2H, m, C5-H2), 2.78 (1H, dd, J = 13.5, 9.5 Hz, 1 × C9-H); 13C NMR (101 

MHz, CDCl3): δ 172.4 (C7), 153.4 (C15), 140.5 (C4), 135.2 (C10), 129.4 (C11), 129.0, 128.6, 128.5 

(C2, C3, C12), 127.4 (C13), 126.3 (C1), 66.2 (C14), 55.1 (C8), 37.9 (C9), 37.1 (C6), 30.3 (C5). The 

spectroscopic properties of this compound were consistent with the data available in the literature.558 
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(R)-4-benzyl-3-((S)-2-benzyl-3-(p-tolyl)propanoyl)oxazolidin-2-one 

 

To a solution of (R)-4-benzyl-3-(3-phenylpropanoyl)oxazolidin-2-one (2.56 g, 8.26 mmol) in 

anhydrous THF (30 mL) at -78 °C was added NaHMDS (8.36 mL, 8.36 mmol, 1 M in THF) dropwise 

over 10 min. The solution was stirred at the same temperature for 30 min before 1-(bromomethyl)-4-

methylbenzene (1.68 g, 9.09 mmol, 1 M in THF) was added dropwise over 5 min. The solution was 

stirred at -78 °C for 1 h before being warmed to r.t. and stirred for 16 h. The reaction was quenched 

with sat. aq. NH4Cl (20 mL) and diluted with Et2O (20 mL). The layers were separated, and the aqueous 

portion was extracted with Et2O (2 × 30 mL). The combined organic portions were washed with brine 

(50 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography 

(15% EtOAc/Hex) on silica gel afforded the title compound (2.42 g, 80%, >20:1 d.r.) as a pale yellow 

oil; [α]D
19 -92.5 (c = 0.35, CHCl3); νmax / cm-1: 3025 (m), 1775 (s), 1694 (s), 1385 (m); 1H NMR (400 

MHz, CDCl3): δ 7.31 – 7.18 (10H, m, 10 × Ar-CH), 7.12 (2H, d, J = 8.0 Hz, 2 × Ar-CH), 7.04 – 6.88 

(2H, m, 2 × Ar-CH), 4.64 (1H, app. tt, J = 9.0, 6.5 Hz, C3-H), 4.44 (1H, m, C5-H), 3.96 (1H, dd, J = 

9.0, 2.5 Hz, CH2), 3.80 (1H, m, CH2), 3.13 (1H, dd, J = 13.5, 8.5 Hz, CH2), 3.05 – 2.92 (2H, m, 2 × 

CH2), 2.90 – 2.77 (2H, m, 2 × CH2), 2.50 (1H, dd, J = 13.5, 9.0 Hz, CH2), 2.33 (3H, s, C6-H3); 13C 

NMR (101 MHz, CDCl3): δ 175.5 (C4), 153.0 (C1), 139.1 (Ar-C), 136.0 (Ar-C), 135.9 (Ar-C), 135.3 

(Ar-C), 129.5 (Ar-CH), 129.4 (Ar-CH), 129.2 (Ar-CH), 129.2 (Ar-CH), 129.0 (Ar-CH), 128.5 (Ar-CH), 

127.4 (Ar-CH), 126.5 (Ar-CH), 65.7 (C2), 55.2 (C5), 46.5 (C3), 38.8 (CH2), 37.9 (CH2), 37.7 (CH2), 

21.2 (C6); HRMS (ESI+): Calculated for C27H27NNaO3: 436.1889. Found [M + Na]+: 436.1868. 

(S)-2-benzyl-3-(p-tolyl)propan-1-ol 

 

To a solution of (R)-4-benzyl-3-((S)-2-benzyl-3-(p-tolyl)propanoyl)oxazolidin-2-one (700 mg, 1.69 

mmol) in THF (9 mL) and H2O (3 mL) at 0 °C was added NaBH4 portion-wise. The solution was stirred 

at r.t. for 16 h before being quenched carefully with 1 M aq. HCl (10 mL). The layers were separated, 
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and the aqueous portion was extracted with EtOAc (2 × 20 mL). The combined organic portions were 

washed with water (20 mL), brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification 

by flash column chromatography (2–7% Acetone/PhMe) on silica gel afforded the title compound (255 

mg, 63%) as a colourless oil; [α]D
20 -0.43 (c = 0.16, CHCl3); νmax / cm-1: 3343 (m), 2919 (s), 1514 (m); 

1H NMR (400 MHz, CDCl3): δ 7.33 – 7.28 (2H, m, 2 × C10-H), 7.24 – 7.17 (3H, m, 2 × C11-H, C12-

H), 7.15 – 7.05 (4H, m, 2 × C3-H, 2 × C4-H), 3.51 (2H, m, C13-H2), 2.81 – 2.56 (4H, m, C6-H2, C8-

H2), 2.34 (3H, s, C1-H3), 2.14 (1H, m, C7-H), 1.17 (1H, t, J = 5.0 Hz, OH); 13C NMR (101 MHz, 

CDCl3): δ 140.7 (C9), 137.5 (C5), 135.6 (C2), 129.3, 129.2, 129.2 (C3, C4, C11), 128.5 (C10), 126.1 

(C12), 64.3 (C13), 44.7 (C7), 37.6 (C8), 37.2 (C6), 21.2 (C1); HRMS (ESI+): Calculated for C17H20NaO: 

263.1406. Found [M + H]+: 263.1404. 

(S)-2-benzyl-3-(p-tolyl)propanal 

 

To a solution of oxalyl chloride (0.14 mL, 1.66 mmol, 2 equiv.) in anhydrous CH2Cl2 (10 mL) at -78 °C 

was added anhydrous DMSO (0.24 mL, 3.33 mmol, 4 equiv.) dropwise over 10 min. The solution was 

stirred at -78 °C for 15 min before (S)-2-benzyl-3-(p-tolyl)propan-1-ol (200 mg, 0.83 mmol, 1 equiv.) 

in anhydrous CH2Cl2 (2 mL) was added dropwise over 10 min. The solution was maintained at the same 

temperature and stirred for 2 h before Et3N (0.69 mL, 4.98 mmol, 6 equiv.) was added dropwise over 5 

min. The solution was stirred at -78 °C for 20 min, warmed to 0 °C and stirred for 1 h, then warmed to 

r.t. and stirred for 30 min. Upon completion of the reaction, 0.1 M aq. HCl (10 mL) and CH2Cl2 (10 

mL) were added and the layers were separated. The aqueous layer was extracted with CH2Cl2 (2 × 20 

mL) and the combined organic portions were washed with brine (40 mL), dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography (10% EtOAc/Hex) on silica gel 

afforded the title aldehyde (177 mg, 90%) as a colourless oil; [α]D
20 +3.37 (c = 0.29, CHCl3); νmax / cm-1: 

3019 (m), 1707 (s); 1H NMR (400 MHz, CDCl3): δ 9.72 (1H, d, J = 1.5 Hz, C13-H), 7.32 – 7.26 (2H, 

m, 2 × C11-H), 7.24 – 7.18 (1H, m, C12-H), 7.18 – 7.12 (2H, m, 2 × C10-H), 7.10 (2H, d, J = 8.0 Hz, 

2 × C3-H), 7.04 (2H, d, J = 8.0 Hz, 2 × C4-H), 3.08 – 2.86 (3H, m, 1 × C6-H, C7-H, 1 × C8-H), 2.85 – 

2.68 (2H, m, 1 × C6-H, 1 × C8-H), 2.32 (3H, s, C1-H3); 13C NMR (101 MHz, CDCl3): δ 204.3 (C13), 

138.8 (C9), 136.2 (C2), 135.5 (C5), 129.4 (C3), 129.2 (C10), 129.0 (C4), 128.7 (C11), 126.6 (C12), 

55.1 (C7), 35.0 (C8), 34.7 (C6), 21.1 (C1); HRMS (APCI+): Calculated for C17H17O: 237.1279. Found 

[M – H]+: 237.1281. 
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((S)-336c): (S)-1-(2-benzylbut-3-en-1-yl)-4-methylbenzene 

 

A solution of methyltriphenylphosphonium bromide (408 mg, 1.01 mmol) in anhydrous THF (15 mL) 

was cooled to -78 °C and n-BuLi (0.66 mL, 0.95 mmol, 1.44 M in hexanes) was added dropwise over 

5 min. The orange solution was warmed to 0 °C and stirred for 1 h before being cooled to -78 °C, 

ensuring that the flask was deep within the cooling bath. A solution of (S)-2-benzyl-3-(p-tolyl)propanal 

(150 mg, 0.63 mmol) in THF (2 mL) was added dropwise over 30 min, ensuring that the solution was 

added down the walls of the vessel. The solution was stirred at -78 °C for 30 min before being slowly 

warmed to 0 °C and stirred for a further 30 min. Upon completion of the reaction as determined by 

TLC, the reaction was cooled to -78 °C and quenched carefully with sat. aq. NH4Cl (5 mL). The mixture 

was diluted with Et2O (10 mL) and the layers were separated. The aqueous portion was extracted with 

Et2O (2 × 10 mL) and the combined organic portions were washed with brine (20 mL), dried over 

Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (1% Et2O/Hex) 

afforded the title compound (127 mg, 85%) as a colourless oil; [α]D
20 +0.82 (c = 0.17, CHCl3); 

νmax / cm-1: 3019 (m), 1214 (s); 1H NMR (400 MHz, CDCl3): δ 7.28 – 7.25 (2H, m, 2 × C11-H), 7.21 – 

7.16 (1H, m, C12-H), 7.16 – 7.10 (2H, m, 2 × C10-H), 7.07 (2H, d, J = 8.0 Hz, 2 × C3-H), 7.03 (2H, d, 

J = 8.0 Hz, 2 × C4-H), 5.67 (1H, m, C13-H), 4.89 (1H, dd, J = 10.5, 1.5 Hz, 1 × C14-H), 4.78 (1H, dd, 

J = 17.5, 1.5 Hz, 1 × C14-H), 2.78 – 2.53 (5H, m, C6-H2, C7-H, C8-H2), 2.31 (3H, s, C1-H3); 13C NMR 

(101 MHz, CDCl3): δ 141.5 (C13), 140.5 (C9), 137.3 (C5), 135.3 (C2), 129.3 (C10), 129.1 (C4), 128.8 

(C3), 128.1 (C11), 125.8 (C12), 114.9 (C14), 47.0 (C7), 41.0, 40.6 (C6, C8), 21.0 (C1); HRMS (APCI+): 

Calculated for C18H20: 237.1638. Found [M + H]+: 237.1631. The enantiopurity of this compound was 

determined by hydroboration-oxidation of a small portion of this compound. 
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(S)-3-benzyl-4-(p-tolyl)butan-1-ol 

 

To a solution of (S)-1-(2-benzylbut-3-en-1-yl)-4-methylbenzene (S)-336c (23.6 mg, 0.10 mmol) in 

anhydrous THF (2 mL) at 0 °C was added 9-BBN (0.30 mL, 0.15 mmol, 0.5 M in THF) dropwise over 

1 min. The solution was warmed to r.t. and stirred for 16 h. 2 M aq. NaOH (0.40 mL) and H2O2 (0.20 

mL, 30% v/v) were added at 0 °C and the reaction was warmed to r.t. and stirred for 3 h. The reaction 

was diluted with water (5 mL) and extracted with EtOAc (3 × 5 mL). The combined organic portions 

were washed with brine (10 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash 

column chromatography (30% EtOAc/Hex) on silica gel afforded the title compound (18.0 mg, 71%, 

98:5:1.5 e.r.) as a colourless oil; [α]D
19 +5.75 (c = 0.12, CHCl3); νmax / cm-1: 3320 (m), 3020 (m), 1514 

(m), 1214 (s); 1H NMR (400 MHz, CDCl3): δ 7.31 – 7.25 (2H, m, 2 × C10-H), 7.21 – 7.18 (1H, m, C12-

H), 7.15 (2H, dd, J = 8.0, 1.5 Hz, 2 × C11-H), 7.09 (2H, d, J = 8.0 Hz, 2 × C3-H), 7.04 (2H, d, J = 8.0 

Hz, 2 × C4-H), 3.62 (2H, t, J = 7.0 Hz, C14-H2), 2.68 – 2.47 (4H, m, C6-H2, C7-H2), 2.32 (3H, s, C1-

H3), 2.12 (1H, m, C7-H), 1.59 – 1.48 (2H, m, C13-H2); 13C NMR (101 MHz, CDCl3): δ 141.0 (C9), 

137.8 (C5), 135.5 (C2), 129.3, 129.2, 129.1 (C3, C4, C11), 128.4 (C10), 126.0 (C12), 61.1 (C14), 40.7, 

40.2 (C6, C8), 38.8 (C7), 36.4 (C13), 21.1 (C1); HRMS (APCI+): Calculated for C18H22O: 237.1638. 

Found [M + H – H2O]+: 237.1630. 

SFC conditions: DAICEL CHIRALPAK-IE (25 cm), CO2:MeOH 98:2 to 95:5 over 30 min, 2 mL/min, 

150 bar, 40 °C. Retention times: 18.6 min (minor), 19.2 min (major). 

(R)-1-(4-methoxyphenyl)ethan-1-ol 

 

To a solution of acetate (R)-1-(4-methoxyphenyl)ethyl acetate (1.65 g, 8.50 mmol) in MeOH (15 mL) 

was added 1 M aq. NaOH (17 mL, 17 mmol). The colourless solution was stirred to r.t. overnight before 

being acidified to pH 2 using 1 M aq. HCl. The aqueous phase was extracted with CH2Cl2 (3 × 20 mL) 

and the combined organic portions were washed with brine (50 mL), dried over Na2SO4 and 

concentrated in vacuo to afford the title compound (1.03 g, 80%, 95:5 e.r.) as a colourless oil which 
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was used without further purification. [α]D
19 +47.1 (c = 0.29, CHCl3). The spectroscopic properties of 

this compound were consistent with the racemate and the data available in the literature.490 

SFC conditions: DAICEL CHIRALPAK-IE (25 cm), CO2:MeOH 99:1 to 97:3 over 25 min, 2 mL/min, 

150 bar, 40 °C. Retention times: 16.3 min (major), 17.1 min (minor). 

(R)-1-(4-methoxyphenyl)ethyl diisopropylcarbamate 

 

To a solution of N,N-diisopropylcarbamoyl chloride (1.45 g, 8.87 mmol) in CH2Cl2 (30 mL) and Et3N 

(1.24 mL, 8.87 mmol) at r.t. was added alcohol (R)-1-(4-methoxyphenyl)ethan-1-ol (900 mg, 5.91 

mmol) via syringe in one portion. The resulting solution was stirred at 45 °C for 40 h before being 

cooled to r.t. and 1 M aq. HCl (10 mL) was added and the layers separated. The aqueous portion was 

extracted with CH2Cl2 (20 mL) and the combined organic layers were washed with brine (20 mL), dried 

over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (10% 

EtOAc/Hex) on silica gel afforded the title compound (1.34 g, 81%) as a colourless oil; [α]D
21 +11.3 (c 

= 0.21, CHCl3), [Lit.559 [α]D
20 +12.3 (c = 1.10, CHCl3)]. The spectroscopic properties of this compound 

were consistent with the racemate and the data available in the literature.490 

((R)-361a): (R)-1-methoxy-4-(pent-4-en-2-yl)benzene 

 

Prepared according to a slightly modified literature procedure.473 To a flame-dried Schlenk tube was 

added carbamate (R)-1-(4-methoxyphenyl)ethyl diisopropylcarbamate (838 mg, 3.00 mmol). The tube 

was purged with N2 and evacuated three times before anhydrous Et2O (12 mL) and TMEDA (0.49 mL, 

3.30 mmol) were added via syringe. The solution was cooled to -78 °C and s-BuLi (3.00 mL, 3.30 

mmol) was added dropwise (1-2 drops/second). The resulting yellow solution was stirred at -78 °C for 

30 min. Allylboronic acid pinacol ester (0.84 mL, 4.50 mmol) was then added dropwise over 5 min and 

the solution was stirred at the same temperature for 1 h. MgBr2 (3.00 mL, 3.00 mmol, 1 M in MeOH) 

was added dropwise and the solution was warmed to r.t. and stirred for 3 h before being cooled to 0 °C 

and quenched with water (10 mL). Et2O (10 mL) was added and the layers separated. The aqueous 
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portion was extracted with Et2O (10 mL) and the combined organic portions were washed with brine 

(20 mL), dried over Na2SO4 and concentrated in vacuo to afford the borylated compound. The crude 

material was dissolved in pentane (10 mL) and TBAF·3H2O (2.32 mg, 7.35 mmol) was added. The 

resulting solution was stirred at 45 °C for 16 h before being cooled to r.t., filtered, and purified by flash 

column chromatography (2% EtOAc/Hex) to afford the title compound (R)-361a (353 mg, 67%) as a 

colourless oil. [α]D
22 -20.8 (c = 0.55, CHCl3). The enantiopurity of this compound was presumed to be 

95:5 e.r. as determined for alcohol (R)-1-(4-methoxyphenyl)ethan-1-ol. The spectroscopic properties 

of this compound were consistent with the racemate and the data available in the literature.473 

((S)-361b): ethyl (S)-2-allylhexanoate 

 

To a solution of (R)-3-((S)-2-allylhexanoyl)-4-isopropyloxazolidin-2-one (800 mg, 2.54 mmol, >20:1 

d.r.) in THF (10 mL) and H2O (10 mL) at 0 °C was added H2O2 (30% w/w in H2O, 1.03 mL, 10.2 mmol) 

and LiOH·H2O (266 mg, 6.35 mmol). The reaction was warmed to r.t. and stirred for 16 h and 

concentrated in vacuo. The residue was diluted with H2O (10 ml) and CH2Cl2 (10 mL) and the layers 

separated. The organic portion was discarded, and the aqueous portion was adjusted to pH 2 (2 M aq. 

HCl). The aqueous portion was extracted with CH2Cl2 (2 × 20 mL) and the combined organic portions 

were washed with brine (30 mL), dried over Na2SO4 and concentrated in vacuo to afford the 

intermediate carboxylic acid (393 mg, 99%) which was used directly in the next step without 

purification. To a solution of the intermediate carboxylic acid (393 mg, 2.52 mmol) in CH2Cl2 (20 mL) 

at r.t. was added EDCI (546 mg, 2.85 mmol), DMAP (30.8 mg, 0.25 mmol) and EtOH (2.20 mL, 37.8 

mmol). The resulting solution was stirred at r.t. for 16 h before being concentrated in vacuo. The residue 

was purified by flash column chromatography (2% Et2O/Hex) on silica gel to afford the title compound 

(S)-361b (258 mg, 56%) as a colourless oil; [α]D
19 -10.7 (c = 0.36, CHCl3). The spectroscopic properties 

of this compound were consistent with (R)-361b.  
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(anti-369a): N-(2-((2S,3R)-3-benzyl-4-(p-tolyl)butan-2-yl)thiophen-3-yl)isobutyramide and 

(syn-369a): N-(2-((2S,3S)-3-benzyl-4-(p-tolyl)butan-2-yl)thiophen-3-yl)isobutyramide 

 

General Procedure V: (R)-336c (95.5:4.5 e.r.) or (S)-336c (98.5:1.5 e.r.) (35.5 mg, 0.15 mmol) and 

thiophene 226a were employed. The reaction time was 45 h. Purification by flash column 

chromatography (10% EtOAc/Hex) on silica gel afforded anti-369a (35.0 mg, 86%, >15:1 d.r.) as a 

colourless oil or syn-369a (29.8 mg, 73%, >15:1 d.r.) as a colourless oil. 

Data for both diastereomers: HRMS (ESI+): Calculated for C26H32NOS: 406.2199. Found [M + H]+: 

406.2213. 

Data for anti-369a: νmax / cm-1: 3285 (m), 2967 (s), 2928 (m), 1661 (s), 1597 (s); [α]D
23 +66.7 (c = 0.11, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.57 (1H, d, J = 5.5 Hz, C1-H), 7.32 – 7.23 (2H, m, 2 × C18-

H), 7.20 (1H, m, C20-H), 7.15 – 7.07 (5H, m, C2-H, 2 × C13-H, 2 × C19-H), 7.00 (2H, d, J = 7.5 Hz, 

2 × C14-H), 6.09 (1H, br. s, NH), 3.12 (1H, qd, J = 7.0, 3.0 Hz, C8-H), 2.93 (1H, dd, J = 14.0, 4.5 Hz, 

1 × C16-H), 2.69 (1H, dd, J = 13.5, 5.0 Hz, 1 × C11-H), 2.53 (1H, dd, J = 13.5, 9.5 Hz, 1 × C11-H), 

2.45 (1H, dd, J = 14.0, 9.5 Hz, 1 × C16-H), 2.32 (3H, s, C21-H3), 2.03 (1H, m, C10-H), 1.83 (1H, sept, 

J = 7.0 Hz, C6-H), 1.40 (3H, d, J = 7.0 Hz, C9-H3), 1.10 (3H, d, J = 7.0 Hz, 1 × C7-H3), 0.99 (3H, d, J 

= 7.0 Hz, 1 × C7-H3); 13C NMR (101 MHz, CDCl3): δ 174.6 (C5), 141.0 (C17), 138.4 (C12), 135.9 

(C15), 133.1 (C4), 131.1 (C3), 129.5, 129.2 (C13, C19) 129.0 (C14), 128.6 (C18), 126.1 (C20), 124.0 

(C1), 121.1 (C2), 49.1 (C10), 36.3 (C11), 35.8 (C6), 35.7 (C16), 31.9 (C8), 21.1 (C21), 19.8 (C7), 19.7 

(C7), 15.8 (C9). 

Data for syn-369a: νmax / cm-1: 3284 (m), 2967 (s), 2927 (s), 1660 (s), 1567 (s), 1513 (s); [α]D
23 +44.2 

(c = 0.12, CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.53 (1H, d, J = 5.5 Hz, C1-H), 7.35 – 7.26 (2H, m, 

2 × C18-H), 7.22 (1H, t, J = 7.5 Hz, C20-H), 7.18 – 7.04 (5H, m, C2-H, 2 × C13-H, 2 × C19-H), 6.97 

(2H, d, J = 7.5 Hz, 2 × C14-H), 6.10 (1H, br. s, NH), 3.10 (1H, qd, J = 7.0, 3.0 Hz, C8-H), 2.82 (1H, 

dd, J 14.0, 5.0 Hz, 1 × C11-H), 2.71 (1H, dd, J = 13.5, 5.5 Hz, 1 × C16-H), 2.60 (1H, dd, J = 13.5, 9.0 

Hz, 1 × C16-H), 2.44 (1H, dd, J = 14.0, 9.0 Hz, 1 × C11-H), 2.32 (3H, s, C21-H3), 2.09 (1H, m, C10-

H), 1.88 (1H, sept, J = 7.0 Hz, C6-H), 1.40 (3H, d, J = 7.0 Hz, C9-H3), 1.10 (3H, d, J = 7.0 Hz, 1 × C7-

H3), 0.98 (3H, d, J = 7.0 Hz, 1 × C7-H3); 13C NMR (101 MHz, CDCl3): δ 174.7 (C5), 141.6 (C17), 



Chapter 8 – Experimental procedures 

 

396 

 

137.7 (C12), 135.6 (C15), 133.2 (C4), 131.2 (C3), 129.3, 129.1, 129.0, 128.8 (C13, C14, C18, C19), 

126.3 (C20), 124.0 (C1), 121.2 (C2), 48.6 (C10), 36.7 (C16), 35.8 (C6), 35.4 (C11), 32.1 (C8), 21.1 

(C21), 19.9 (C7), 19.6 (C7), 16.5 (C9). 

(syn-370a): N-(2-((2S,4R)-4-(4-methoxyphenyl)pentan-2-yl)thiophen-3-yl)isobutyramide and 

(anti-370a): N-(2-((2S,4S)-4-(4-methoxyphenyl)pentan-2-yl)thiophen-3-yl)isobutyramide 

 

General Procedure V: (R)-361a (95:5 e.r.) or (S)-361a (99:1 e.r.) (26.4 mg, 0.15 mmol) and thiophene 

226a were employed. The reaction time was 45 h. Purification by flash column chromatography (10% 

EtOAc/Hex) on silica gel afforded syn-370a (27.1 mg, 78%, 10:1 d.r.) as a colourless oil or anti-370a 

(29.9 mg, 87%, >15:1 d.r.) as a colourless oil. 

Data for both diastereomers: HRMS (ESI+): Calculated for C20H28NO2S: 346.1835. Found [M + H]+: 

346.1019. 

Data for syn-370a: νmax / cm-1: 3272 (s), 2961 (s), 2927 (m), 1657 (s), 1512 (s), 1246 (s); [α]D
23 +13.5 

(c = 0.11, CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.37 (1H, d, J = 5.5 Hz, C1-H), 7.14 (2H, d, J = 8.5 

Hz, 2 × C14-H), 7.05 (1H, d, J = 5.5 Hz, C2-H), 6.88 (2H, d, J = 8.5 Hz, 2 × C15-H), 6.41 (1H, br. s, 

NH), 3.80 (3H, s, C17-H3), 2.85 – 2.63 (2H, m, C8-H, C11-H), 2.25 (1H, sept, J = 7.0 Hz, C6-H), 1.77 

(2H, m, C10-H2), 1.31 (3H, d, J = 6.5 Hz, C9-H3), 1.22 (3H, d, J = 7.0 Hz, C12-H3), 1.17 (3H, d, J = 

7.0 Hz, C7-H3), 1.10 (3H, d, J = 7.0 Hz, C7-H3); 13C NMR (101 MHz, CDCl3): δ 174.7 (C5), 158.2 

(C16), 139.0 (C13), 137.3 (C4), 130.1 (C3), 127.9 (C14), 124.2 (C1), 120.9 (C2), 114.2 (C15), 55.4 

(C17), 48.6 (C10), 37.0 (C11), 36.1 (C6), 29.9 (C8), 23.0 (C12), 21.5 (C9), 19.8 (C7), 19.7 (C7). 

Data for anti-370a: νmax / cm-1: 3284 (s), 2960 (s), 2927 (s), 1659 (s), 1512 (s), 1247 (s); [α]D
23 +39.1 

(c = 0.078, CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.30 (1H, d, J = 5.5 Hz, C1-H), 7.12 (1H, d, J = 5.5 

Hz, C2-H), 7.03 (2H, d, J = 8.5 Hz, 2 × C14-H), 6.88 (2H, d, J = 8.5 Hz, 2 × C15-H), 6.07 (1H, br. s, 

NH), 3.80 (3H, s, C17-H3), 2.69 (1H, ddt, J = 11.0, 7.0, 4.5 Hz, C8-H), 2.48 (1H, ddt, J = 11.5, 7.0, 4.5 

Hz, C11-H), 2.15 – 1.90 (2H, m, C6-H, 1 × C10-H), 1.83 (1H, ddd, J = 14.0, 11.0, 4.5 Hz, 1 × C10-H), 

1.23 (3H, d, J = 7.0 Hz, C9-H3), 1.14 (3H, d, J = 7.0 Hz, C12-H3), 1.11 (3H, d, J = 7.0 Hz, C7-H3), 1.03 

(3H, d, J = 7.0 Hz, C7-H3); 13C NMR (101 MHz, CDCl3): δ 174.9 (C5), 158.2 (C16), 138.6 (C13), 137.1 

(C4), 131.1 (C3), 128.3 (C14), 124.5 (C1), 121.3 (C2), 114.3 (C15), 55.4 (C17), 47.1 (C10), 37.1 (C11), 

35.9 (C6), 30.5 (C8), 24.8, 24.7 (C9, C12), 19.8 (C7), 19.5 (C7). 
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(syn-370b): Ethyl (R)-2-((S)-2-(3-isobutyramidothiophen-2-yl)propyl)heptanoate and (anti-

370b): Ethyl (S)-2-((S)-2-(3-isobutyramidothiophen-2-yl)propyl)heptanoate 

 

General Procedure V: (R)-361b or (S)-361b (27.6 mg, 30.0 μL, 0.15 mmol) and thiophene 226a were 

employed. The reaction time was 45 h. Purification by flash column chromatography (12% EtOAc/Hex) 

on silica gel afforded syn-370b (29.9 mg, 87%, >15:1 d.r.) as a colourless oil or anti-370b (25.7 mg, 

73%, >15:1 d.r.) as a colourless oil. 

Data for both diastereomers: HRMS (ESI+): Calculated for C19H32NO3S: 354.2097. Found [M + H]+: 

354.2083. 

Data for syn-370b: νmax / cm-1: 3301 (s), 2960 (s), 2930 (s), 1730 (s) 1694 (s), 1662 (s); [α]D
23 +1.52 (c 

= 0.14, CHCl3); 1H NMR (400 MHz, CDCl3): δ 8.19 (1H, br. s, NH), 7.65 (1H, d, J = 5.5 Hz, C1-H), 

7.04 (1H, d, J = 5.5 Hz, C2-H), 4.17 (2H, qd, J = 7.0, 2.5 Hz, C17-H2), 2.83 (1H, m, C8-H), 2.73 (1H, 

sept, J = 7.0 Hz, C6-H), 2.54 (1H, m, C11-H), 1.96 (1H, ddd, J = 14.5, 11.5, 3.0 Hz, 1 × C10-H), 1.60 

(1H, m, 1 × C12-H), 1.52 – 1.39 (2H, m, 1 × C10-H, 1 × C12-H), 1.35 – 1.19 (13H, m, 2 × C7-H3, C13-

H2, C14-H2, C18-H3), 0.87 (3H, t, J = 6.5 Hz, C15-H3); 13C NMR (101 MHz, CDCl3): δ 177.7 (C16), 

175.4 (C5), 134.1 (C4), 131.7 (C3), 124.3 (C1), 120.4 (C2), 60.9 (C17), 43.3 (C11), 41.1 (C10), 35.7 

(C6), 33.0 (C12), 30.7 (C8), 29.2 (C13), 22.7 (C14), 20.1 (C9), 19.9 (C7), 19.8 (C7), 14.4 (C18), 14.0 

(C15). 

Data for anti-370b: νmax / cm-1: 3299 (s), 2960 (s), 2930 (s), 2871 (m), 1729 (s), 1694 (s), 1575 (s); 

[α]D
23 +19.5 (c = 0.12, CHCl3); 1H NMR (400 MHz, CDCl3): δ 8.40 (1H, br. s, NH), 7.37 (1H, d, J = 

5.5 Hz, C1-H), 7.11 (1H, d, J = 5.5 Hz, C2-H), 4.21 (2H, qd, J = 7.0, 2.5 Hz, C17-H2), 2.95 (1H, m, 

C8-H), 2.61 (1H, sept, J = 7.0 Hz, C6-H), 2.06 (1H, dddd, J = 11.5, 8.5, 5.5, 3.5 Hz, C11-H), 1.90 (1H, 

ddd, J = 13.5, 11.5, 3.5 Hz, 1 × C10-H), 1.68 – 1.56 (2H, m, 1 × C10-H, 1 × C12-H), 1.34 – 1.08 (14H, 

m, 2 × C7-H3, 1 × C12-H, C13-H2, C14-H2, C18-H3), 0.83 (3H, t, J = 7.0 Hz, C15-H3); 13C NMR (101 

MHz, CDCl3): δ 177.5 (C16), 176.0 (C5), 135.9 (C4), 132.4 (C3), 124.7 (C1), 121.4 (C2), 60.9 (C17), 

45.0 (C11), 43.8 (C10), 35.9 (C6), 32.1 (C12), 30.7 (C8), 29.6 (C13), 24.4 (C9), 22.6 (C14), 19.9 (C7), 

19.8 (C7), 14.4 (C18), 14.0 (C15). 
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(373b): (2S,4S)-4-(methoxymethyl)-2-methyloctanoic acid 

 

To a solution of RuCl3·xH2O (2.23 mg, 6.94 μmol) in MeCN (0.50 mL) at r.t. was added NaIO4 (225 

mg, 1.05 mmol) in H2O (1.00 mL) and ent-anti-335b (20.2 mg, 62 μmol, 5:1 d.r., prepared according 

to General Procedure U with alkene (R)-361c) in EtOAc (0.50 mL). The reaction was stirred at r.t. for 

2 h, monitoring closely for consumption of the starting material. 1 M aq. HCl (1 mL) was added and 

the mixture filtered through Celite, washing with EtOAc (2 mL). 4 M aq. NaOH was added to basify 

the solution to pH12, and the organic layer was discarded. The aqueous portion was adjusted to pH 2 

(2 M aq. HCl) and extracted with CH2Cl2 (3 × 5 mL). The combined organic portions were washed with 

brine (10 mL), dried over Na2SO4 and concentrated in vacuo to afford the title carboxylic acid (8.9 mg, 

71%, 5:1 mixture of diastereomers) as a yellow oil. 

Data for mixture of diastereomers: [α]D
19 -7.00 (c = 0.45, CHCl3); νmax / cm-1: 3313 (m), 2959 (s), 

2925 (s), 1711 (s); HRMS (ESI-): Calculated for C11H21O3: 201.1491. Found [M – H]- : 201.1486. 

Data for major diastereomer: 1H NMR (400 MHz, CDCl3): δ 3.44 – 3.10 (5H, m, C6-H2, C7-H3), 

2.62 (1H, m, C2-H), 1.76 – 1.51 (2H, m, 1 × C4-H, C5-H), 1.41 (1H, m, 1 × C4-H), 1.29 – 1.23 (6H, 

m, C8-H2, C9-H2, C10-H2), 1.18 (3H, d, J = 7.0 Hz, C3-H3), 0.91 – 0.85 (3H, m, C11-H3); 13C NMR 

(101 MHz, CDCl3): δ 181.2 (C1), 76.6 (C6), 59.0 (C7), 37.4 (C2), 37.2 (C4), 36.3 (C5), 31.8 (C8), 29.1 

(C9), 23.1 (C10), 18.0 (C3), 14.2 (C11). 

Data for minor diastereomer: Characteristic signals only: 1H NMR (400 MHz, CDCl3): δ 3.55 (1H, 

m, C2-H), 3.19 – 3.14 (2H, m, C6-H2), 1.83 (1H, m, 1 × C4-H), 1.64 (1H, m, C5-H), 1.46 (1H, m, 1 × 

C4-H), 1.13 (3H, d, J = 7.0 Hz, C3-H); 13C NMR (101 MHz, CDCl3): δ 181.1 (C1), 76.4 (C6), 58.3 

(C7), 37.4 (C2), 35.5 (two signals, C4, C5), 17.2 (C3). 

(381): Propyl diisopropylcarbamate 

 

To a solution of N,N-diisopropylcarbamoyl chloride (3.60 g, 22.0 mmol) and Et3N (3.07 mL, 22.0 

mmol) in CH2Cl2 (30 mL) at r.t. was added 1-propanol (1.50 mL, 20.0 mmol) in one portion. The 

solution was refluxed for 36 h before being cooled to r.t. and quenched with water (25 mL). The layers 
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were separated, and the aqueous portion was extracted with CH2Cl2 (2 × 20 mL). The combined organic 

layers were washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuo. Purification by 

flash column chromatography (7% EtOAc/Hex) on silica gel afforded the title compound 381 (3.94 g, 

99%) as a colourless oil; 1H NMR (400 MHz, CDCl3): δ 4.04 (2H, t, J = 6.5 Hz, C3-H2), 3.85 (2H, br. 

s, 2 × C5-H), 1.77 – 1.60 (2H, m, C2-H2), 1.20 (12H, d, J = 7.0 Hz, 4 × C6-H3), 0.97 (3H, t, J = 7.5 Hz, 

C1-H3); 13C NMR (101 MHz, CDCl3): δ 156.1 (C4), 66.4 (C3), 46.2 (C5), 22.6 (C2), 21.1 (C6), 10.9 

(C1); The spectroscopic properties of this compound were consistent with the data available in the 

literature.490 

(378): 2-(3-fluoro-4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

 

A solution of (3-fluoro-4-methoxyphenyl)boronic acid (2.55 g, 15.0 mmol), pinacol (1.77 g, 15.0 mmol) 

and flame-dried MgSO4 (1.80 g, 15.0 mmol) in anhydrous Et2O (25 mL) was stirred at r.t. for 16 h. 

Upon completion of the reaction, the suspension was filtered, and the filtrate was concentrated in vacuo 

to afford the title boronic ester 378 (3.47 g, 92%) as a colourless crystalline solid which was pure enough 

for use without further purification; m.p. 82–85 °C (Et2O); 1H NMR (400 MHz, CDCl3): δ 7.60 – 7.37 

(2H, m, C5-H, C8-H), 6.95 (1H, t, J = 8.0 Hz, C4-H), 3.91 (3H, s, C9-H3), 1.33 (12H, s, 4 × C1-H3); 

13C NMR (101 MHz, CDCl3): δ 153.4 (d, J = 245.0 Hz, C7), 150.4 (d, J = 11.0 Hz, C6), 131.6 (d, J = 

3.5 Hz, C5), 121.9 (d, J = 16.5 Hz, C8), 112.7 (d, J = 1.5 Hz, C4), 84.0 (C2), 56.2 (C9), 25.0 (C1); A 

signal corresponding to C3 was not observed; 11B NMR (128 MHz, CDCl3): δ 30.2; 19F NMR (377 

MHz, CDCl3): δ -137.6. The spectroscopic properties of this compound were consistent with the data 

available in the literature.490 

((rac)-374): 2-(1-(3-fluoro-4-methoxyphenyl)propyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

 

Prepared according to a modified literature procedure.490 To a flame-dried Schlenk tube under N2 was 

added carbamate 381 (280.9 mg, 1.50 mmol, 3 equiv.) and TMEDA (0.23 mL, 1.50 mmol, 3 equiv.). 

Anhydrous Et2O (3.00 mL, 0.33 M) was added, and the solution was cooled to -78 °C. s-BuLi (1.36 
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mL, 1.50 mmol, 1.10 M in cyclohexane, 3 equiv.) was added dropwise (ca. 1 drop/second) and upon 

completion of addition, the yellow solution was stirred at -78 °C for 4 h. After this time, boronic ester 

378 (126.0 mg, 0.50 mmol, 1 equiv.) in anhydrous Et2O (1.30 mL, 0.75 M) was added dropwise 

at -78 °C. The solution was stirred at the same temperature for 3 h, and an aliquot was taken and 

analysed by 11B NMR spectroscopy, indicating full consumption of the starting material (~30 ppm) and 

formation of the boron-ate complex (~4 ppm). The solvent was removed in vacuo, and anhydrous CHCl3 

(5.00 mL) was added and the solution heated to reflux for 16 h. The reaction was quenched with water 

(20 mL), the layers were separated, and the aqueous portion was extracted with Et2O (2 × 20 mL). The 

combined organic portions were washed with brine (30 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (3% EtOAc/Hex) on silica gel afforded the title 

compound (rac)-374 (104 mg, 74%) as a pale-yellow oil; 1H NMR (400 MHz, CDCl3): δ 6.96 (1H, dd, 

J = 13.0, 2.0 Hz, C7-H), 6.92 – 6.78 (2H, m, C4-H, C5-H), 3.85 (3H, s, C9-H3), 2.14 (1H, t, J = 8.0 Hz, 

C10-H), 1.81 (1H, m, 1 × C2-H), 1.62 (1H, m, 1 × C2-H), 1.21 (6H, s, 2 × C12-H3), 1.20 (6H, s, 2 × 

C12-H3), 0.89 (3H, t, J = 7.5 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 153.5 (d, J = 245 Hz, C7), 

145.1 (d, J = 11.0 Hz, C6), 136.6 (d, J = 5.5 Hz, C3), 123.8 (d, J = 3.0 Hz, C5), 116.0 (d, J = 18.0 Hz, 

C8), 113.4 (d, J = 2.5 Hz, C4), 83.3 (C11), 56.3 (C9), 25.8 (C2), 24.6 (C12), 13.7 (C1); A signal 

corresponding to C10 was not observed; 11B NMR (128 MHz, CDCl3): δ 33.1; 19F NMR (377 MHz, 

CDCl3): δ -136.0. The spectroscopic properties of this compound were consistent with the data 

available in the literature.490 

((S)-374): (S)-2-(1-(3-fluoro-4-methoxyphenyl)propyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

 

Prepared according to a modified literature procedure.490 To a flame-dried Schlenk tube under N2 was 

added carbamate 381 (1.99 g, 10.6 mmol, 3 equiv.) and (+)-sparteine (2.50 mL, 10.6 mmol, 3 equiv.). 

Anhydrous Et2O (10.7 mL, 0.33 M) was added, and the solution was cooled to -78 °C. s-BuLi (9.64 

mL, 10.6 mmol, 1.10 M in cyclohexane, 3 equiv.) was added dropwise (ca. 1 drop/second) and upon 

completion of addition, the yellow solution was stirred at -78 °C for 3 h. After this time, boronic ester 

378 (890.0 mg, 3.53 mmol, 1 equiv.) in anhydrous Et2O (4.70 mL, 0.75 M) was added dropwise 

at -78 °C. The solution was stirred at the same temperature for 3 h, and an aliquot was taken and 

analysed by 11B NMR spectroscopy, indicating full consumption of the starting material (~30 ppm) and 

formation of the boron-ate complex (~4 ppm). The solvent was removed in vacuo, and anhydrous CHCl3 

(10 mL) was added and the solution heated to reflux for 16 h. The reaction was quenched with water 
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(30 mL), the layers were separated, and the aqueous portion was extracted with Et2O (2 × 30 mL). The 

combined organic portions were washed with brine (30 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography (3% EtOAc/Hex) on silica gel afforded the title 

compound (S)-374 (674 mg, 65%) as a pale-yellow oil; [α]D
19 +14.9 (c = 0.29, CHCl3, 92% e.e.), [Lit.490 

[α]D
21 +18.5 (c = 1.13, CHCl3, 96% e.e.)]. The spectroscopic properties of this compound were 

consistent with the racemate and the data available in the literature.490 The enantiopurity of this 

compound was determined by oxidation of an aliquot of the boronic ester and SFC analysis against a 

racemic standard. 

(S)-1-(3-fluoro-4-methoxyphenyl)propan-1-ol 

 

To a solution of boronic ester (S)-374 (29.4 mg, 0.10 mmol) in THF (4 mL) was added 2 M NaOH (2 

mL) and H2O2 (1 mL, 30% v/v in H2O). The solution was stirred at r.t. for 2 h before water (5 mL) and 

Et2O (5 mL) were added and the layers separated. The aqueous portion was extracted with Et2O (2 × 5 

mL) and the combined organic portions were washed with brine (10 mL), dried over Na2SO4 an 

concentrated in vacuo. Purification by flash column chromatography (25% EtOAc/Hex) on silica gel 

afforded the title compound (17.2 mg, 93%, 96:4 e.r.) as a colourless oil; [α]D
19 -27.2 (c = 0.25, CHCl3, 

for 92% e.e.), [Lit.490 [α]D
21 -31.0 (c = 1.47, CHCl3, 96% e.e.)]; 1H NMR (400 MHz, CDCl3): δ 7.08 

(1H, dd, J = 12.0, 2.0 Hz, C9-H), 7.01 (1H, m, C6-H), 6.91 (1H, t, J = 8.5 Hz, C5-H), 4.52 (1H, t, J = 

6.5 Hz, C3-H), 3.87 (3H, s, C10-H3), 1.85 – 1.66 (3H, m, C2-H2, OH), 0.88 (3H, t, J = 7.5 Hz, C1-H3); 

13C NMR (101 MHz, CDCl3): δ 152.6 (d, J = 243.0 Hz, C8), 147.0 (d, J = 12.0 Hz, C4), 138.0 (d, J = 

6.0 Hz, C7), 121.8 (d, J = 4.0 Hz, C6), 114.0 (d, J = 18.0 Hz, C9), 113.3 (d, J = 2.0 Hz, C5), 75.2 (C3), 

56.5 (C10), 31.9 (C2), 10.1 (C1); 19F NMR (377 MHz, CDCl3): δ -135.0; The spectroscopic properties 

of this compound were consistent with the data available in the literature.490 

SFC conditions: DAICEL CHIRALPAK-IB (25 cm), CO2:IPA 97:3, 2 mL/min, 150 bar, 40 °C. 

Retention times: 10.7 min (minor), 11.2 min (major). 
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((R)-336j): (R)-2-fluoro-1-methoxy-4-(pent-1-en-3-yl)benzene 

 

To a solution of boronic ester (S)-374 (600 mg, 2.04 mmol) in anhydrous THF (20 mL) at r.t. was added 

vinylmagnesium bromide (8.16 mL, 8.16 mmol, 1 M in THF, 4 equiv.) dropwise over 10 min. The pale 

orange solution was stirred at r.t. for 30 min after which time an aliquot was taken and analysed by 11B 

NMR spectroscopy, which indicated consumption of the boronic ester (~30 ppm) and formation of the 

boron-ate complex (-13 ppm). The solution was then cooled to -78 °C and iodine (2.07 g, 8.16 mmol, 

4 equiv.) in MeOH (25 mL) was added over 20 min. After stirring at -78 °C for 30 min, NaOMe (881 

mg, 16.3 mmol, 8 equiv.) in MeOH (33 mL) was added dropwise over 20 min. The mixture was then 

warmed to r.t. and stirred for 3 h. The reaction was quenched with sat. aq. Na2S2O3 (30 mL), diluted 

with pentane (30 mL) and the layers were separated. The aqueous portion was extracted with pentane 

(2 × 30 mL), and the combined organic layers were washed with water (50 mL), brine (50 mL), dried 

over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (2% EtOAc/Hex) 

on silica gel afforded the title compound (R)-336j (321 mg, 81%) as a pale-yellow oil; [α]D
19 -42.1 (c = 

0.33, CHCl3); νmax / cm-1: 2962 (s), 2932 (m), 1514 (s), 1271 (s); 1H NMR (400 MHz, CDCl3): δ 6.96 – 

6.74 (3H, m, C7-H, C8-H, C11-H), 5.88 (1H, ddd, J = 17.0, 10.5, 7.5 Hz, C4-H), 5.16 – 4.85 (2H, m, 

C5-H2), 3.87 (3H, s, C12-H3), 3.07 (1H, q, J = 7.5 Hz, C3-H), 1.90 – 1.59 (2H, m, C2-H2), 0.85 (3H, t, 

J = 7.5 Hz, C1-H3); 13C NMR (101 MHz, CDCl3): δ 152.3 (d, J = 243 Hz, C10), 145.8 (d, J = 12.0 Hz, 

C6), 142.0 (C4), 137.7 (d, J = 6.0 Hz, C9), 123.2 (d, J = 4.0 Hz, C8-H), 115.4 (d, J = 18.0 Hz, C11), 

114.3 (C5), 113.4 (d, J = 2.0 Hz, C7), 56.4 (C12), 50.8 (C3), 28.3 (C2), 12.2 (C1); 19F NMR (377 MHz, 

CDCl3): δ -135.4. 

(211f): N-(4-fluoro-3-methoxyphenyl)acetamide 

 

To a solution of 4-fluoro-3-methoxyaniline (1.00 g, 7.08 mmol) and pyridine (0.34 mL, 4.25 mmol) in 

CH2Cl2 at 0 °C was added acetic anhydride (0.75 mL, 7.89 mmol) dropwise over 5 min. The solution 

was slowly warmed to r.t. and stirred for 3 h. The reaction was quenched with water (20 mL) and diluted 

with CH2Cl2. The layers were separated, and the aqueous portion was extracted with CH2Cl2 (2 × 20 
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mL). The combined organic portions were washed with sat. aq. NaHCO3 (50 mL), brine (50 mL), dried 

over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography (50% 

EtOAc/Hex) on silica gel afforded the title compound 211f (1.24 g, 96%) as a colourless powder; m.p. 

78–82 °C (EtOAc/Hex); νmax / cm-1: 3112 (m), 2972 (m), 1621 (s), 1511 (s); 1H NMR (400 MHz, 

CDCl3): δ 7.49 (1H, dd, J = 7.5, 2.5 Hz, C8-H), 7.14 (1H, br. s, NH), 6.99 (1H, dd, J = 11.0, 8.5 Hz, 

C5-H), 6.76 (1H, ddd, J = 8.5, 4.0, 2.5 Hz, C4-H), 3.88 (3H, s, C9-H3), 2.17 (3H, s, C1-H3); 13C NMR 

(101 MHz, CDCl3): δ 168.3 (C2), 149.1 (d, J = 245 Hz, C6), 148.0 (d, J = 21.1 Hz, C7), 134.4 (C3), 

115.9 (d, J = 21.0 Hz, C5), 111.7 (d, J = 7.0 Hz, C4), 106.4 (C8), 56.4 (C9), 24.7 (C1); 19F NMR (377 

MHz, CDCl3): δ -139.8; HRMS (ESI+): Calculated for C9H11FNO2: 184.0768. Found [M + H]+: 

184.0777. 

(syn-334i): N-(4-fluoro-2-((2R,3R)-3-(3-fluoro-4-methoxyphenyl)pentan-2-yl)-5-

methoxyphenyl)acetamide and (anti-334i): N-(4-fluoro-2-((2S,3R)-3-(3-fluoro-4-

methoxyphenyl)pentan-2-yl)-5-methoxyphenyl)acetamide 

 

General Procedure U: (R)-336j (29.1 mg, 0.15 mmol), acetanilide 211f and the appropriate ligand (as 

noted in the scheme) were employed. Purification by flash column chromatography (8% 

Acetone/PhMe) on silica gel afforded syn-334i (31.7 mg, 84%, 10:1 d.r.) as a colourless oil or anti-334i 

(23.4 mg, 62%, 1:2 d.r.) as a colourless oil. 

Employing General Procedure U with (rac)-L8e and (rac)-336j afforded 334i (3:1 syn:anti). 

Data for both diastereomers: HRMS (ESI+): Calculated for C21H25NO3F2: 378.1875. Found [M + H]+: 

378.1870. 

Data for syn-334i: [α]D
23 -14.6 (c = 0.076, CHCl3); νmax / cm-1: 3259 (m), 2965 (m), 1658 (s), 1511 (s), 

1445 (s); 1H NMR (400 MHz, CDCl3): δ 6.94 (1H, d, J = 8.5 Hz, C10-H), 6.89 (1H, d, J = 13.0 Hz, C5-

H), 6.80 – 6.69 (2H, m, C11, C14), 6.58 (1H, dt, J = 8.5, 1.5 Hz, C2-H), 6.18 (1H, br. s, NH), 3.83 (3H, 

s, C15-H3 or C19-H3), 3.78 (3H, s, C15-H3 or C19-H3), 2.88 (1H, td, J = 7.0, 5.5 Hz, C7-H), 2.38 (1H, 

m, C8-H), 2.03 (3H, s, C21-H3), 1.97 (1H, dtd, J = 14.0, 7.5, 4.0 Hz, 1 × C17-H), 1.56 (1H, dtd, J = 

14.0, 7.5, 5.5 Hz, 1 × C17-H), 1.28 (3H, d, J = 7.0 Hz, C16-H3), 0.70 (3H, t, J = 7.5 Hz, C18-H3); 13C 

NMR (101 MHz, CDCl3): δ 168.6 (C20), 152.2 (d, J = 252 Hz), 150.5 (d, J = 245 Hz) (C4, C13), 146.0 

(d, J = 10.0 Hz), 145.3 (d, J = 11.0 Hz) (C3, C12), 136.9 (d, J = 6.5 Hz, C9), 132.7 (d, J = 6.0 Hz, C6), 
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130.0 (C1), 124.2 (C10), 115.3 (C11), 114.3 (d, J = 20.0 Hz, C5), 113.3 (d, J = 18.5 Hz, C14), 110.8 

(C2), 56.4, 56.2 (C15, C19), 54.4 (C8), 40.0 (C7), 24.9 (C17), 23.9 (C21), 19.2 (C16), 12.3 (C18); 19F 

NMR (377 MHz, CDCl3): δ -134.7, -137.2. 

The relative stereochemistry of syn-344i was determined by X-ray crystallography:  

 

Data for anti-334i: Characteristic signals only: 1H NMR (400 MHz, CDCl3): δ 2.94 (1H, m, C7-H), 

2.49 (1H, m, C8-H), 2.10 (3H, s, C21-H3), 1.03 (d, J = 6.0 Hz, C15-H3), 0.64 (t, J = 7.5 Hz, C18-H3); 

13C NMR (101 MHz, CDCl3): δ 54.4 (C8), 39.8 (C7), 24.7 (C21), 20.0 (C16), 12.9 (C18); 19F NMR 

(377 MHz, CDCl3): δ -134.9, -136.9. 

(syn-379): 4-fluoro-2-((2R,3R)-3-(3-fluoro-4-methoxyphenyl)pentan-2-yl)-5-methoxyaniline 

 

To a solution of syn-334i (100 mg, 0.26 mmol, 10:1 d.r.) in a Schlenk tube was added 3 M aq. HCl 

(1.30 mL) and dioxane (1.30 mL). The tube was sealed and heated to 110 °C for 12 h. The solution was 

cooled to r.t. and EtOAc (10 mL) and 4 M aq. NaOH (5 mL) were added and the layers were separated. 

The aqueous portion was extracted with EtOAc (2 × 10 mL) and the combined organic layers were 

washed with brine (10 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (1% MeOH/CH2Cl2) on silica gel afforded the title compound syn-379 (78.2 mg, 90%, 

10:1 d.r.) as a pale yellow oil; [α]D
19 -7.64 (c = 0.073, CHCl3); νmax / cm-1: 2963 (m), 1622 (s), 1515 (s), 
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1445 (s); 1H NMR (400 MHz, CDCl3): δ 6.74 – 6.61 (4H, m, C5-H, C10-H, C11-H, C14-H), 6.07 (1H, 

d, J = 8.0 Hz, C2-H), 3.75 (3H, s, C15-H3 or C19-H3), 3.69 (3H, s, C15-H3 or C19-H3), 3.17 (2H, br. s, 

NH2), 2.75 (1H, dt, J = 8.0, 7.0 Hz, C7-H), 2.49 (1H, ddd, J = 11.5, 8.0, 3.5 Hz, C8-H), 1.79 (1H, dqd, 

J = 15.0, 7.5, 3.5 Hz, 1 × C17-H), 1.48 (1H, m, 1 × C17-H), 1.16 (3H, d, J = 7.0 Hz, C16-H3), 0.62 (3H, 

t, J = 7.5 Hz, C18-H3); 13C NMR (101 MHz, CDCl3): δ 152.1 (d, J = 243 Hz, C13), 146.4 (d, J = 230 

Hz, C4), 145.5 (d, J = 19.0 Hz), 145.4 (d, J = 19.0 Hz) (C3, C12), 139.4 (C1-H), 137.0 (d, J = 4.0 Hz, 

C9-H), 124.0 (d, J = 3.5 Hz, C10-H), 123.3 (d, J = 4.0 Hz, C6-H), 115.4 (d, J = 18.0 Hz, C14), 114.7 

(d, J = 18.0 Hz, C5), 112.1 (d, J = 4.0 Hz, C11-H), 102.1 (C2), 56.2, 56.1 (C15, C19), 52.3 (C8), 38.7 

(C7), 24.3 (C17), 18.1 (C16), 12.2 (C18); 19F NMR (377 MHz, CDCl3): δ -135.6, -147.5; HRMS (ESI+): 

Calculated for C19H23NO2F2: 336.1770. Found [M + H]+: 336.1757. 

(386): 2-(1-phenylethyl)aniline 

 

To a solution of N-(2-(1-phenylethyl)phenyl)acetamide (287 mg, 1.20 mmol) in a Schlenk tube was 

added 3 M aq. HCl (3mL) and dioxane (3 mL). The tube was sealed and heated to 110 °C for 12 h. The 

solution was cooled to r.t. and EtOAc (20 mL) and 4 M aq. NaOH (10 mL) were added and the layers 

were separated. The aqueous portion was extracted with EtOAc (2 × 20 mL) and the combined organic 

layers were washed with brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification by 

flash column chromatography (20% EtOAc/Hex) on silica gel afforded the title compound 386 (232 

mg, 98%) as a pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 7.33 – 7.24 (4H, m, 4 × Ar-CH), 7.23 – 

7.18 (2H, m, 2 × Ar-CH), 7.09 (1H, td, J = 7.5, 1.5 Hz, Ar-CH), 6.85 (1H, td, J = 7.5, 1.5 Hz, Ar-CH), 

6.64 (1H, dd, J = 8.0, 1.5 Hz, Ar-CH), 4.08 (1H, q, J = 7.0 Hz, C1-H), 3.43 (2H, br. s, NH2), 1.63 (3H, 

d, J = 7.0 Hz, C2-H3); 13C NMR (101 MHz, CDCl3): δ 145.8 (Ar-C), 144.4 (Ar-C), 129.9 (Ar-C), 128.9 

(Ar-CH), 127.6 (Ar-CH), 127.4 (Ar-CH), 127.3 (Ar-CH), 126.5 (Ar-CH), 118.8 (Ar-CH), 116.3 (Ar-

CH), 40.4 (C1), 22.0 (C2). The spectroscopic properties of this compound were consistent with the data 

available in the literature.301  
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(387): Ethane-1,1-diyldibenzene 

 

To a solution of 386 (40.0 mg, 0.20 mmol) in anhydrous THF (0.30 mL) at 0 °C was added BF3·Et2O 

(47 μL, 0.38 mmol) and t-BuONO (42 μL, 0.35 mmol) via syringe. The solution was stirred at 0 °C for 

30 min before [Rh(cod)Cl]2 (6.16 mg, 12.5 μmol) in anhydrous DMF (0.25 mL) was added in one-

portion. Triethoxysilane (46 μL, 0.25 mmol) was then added via syringe which caused strong 

effervescence to occur. The reaction was warmed to r.t. and stirred for 1 h before being quenched with 

water (2 mL) and diluted with Et2O (2 mL). The layers were separated, and the aqueous portion was 

extracted with Et2O (2 × 5 mL). The combined organic layers were washed with water (10 mL), brine 

(10 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography 

(2% EtOAc/Hex) on silica gel afforded the title compound 387 (24.2 mg, 66%) as a yellow oil; 1H NMR 

(400 MHz, CDCl3): δ 7.45 – 7.11 (10H, m, 4 × C4-H, 4 × C5-H, 2 × C6-H), 4.15 (1H, q, J = 7.0 Hz, 

C1-H), 1.64 (3H, d, J = 7.0 Hz, C2-H3); 13C NMR (101 MHz, CDCl3): δ 146.5 (C3), 128.5 (C5), 127.8 

(C4), 126.2 (C6), 44.9 (C1), 22.0 (C2). The spectroscopic properties of this compound were consistent 

with the data available in the literature.560
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