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ABSTRACT 

A series of chiral biaryl cyclic monophosphonite ligands of type RP(OAr)2 (R = 
Ph, Me, t-Bu, o-anisyl and Cy; (OAr)2 = 1,1'-binaphthyl-2,2'-diyl, 9,9'- 
biphenanthryl- 10,1 0'-diyl) have been prepared. The ligands have been synthesised by 

reaction of the dichlorophosphine precursor with the corresponding biphenol (HOAr)2. 
Chiral biaryl diphosphonite ligand (ArO)2PCH2CH2(OAr)2 derived from binaphthol 
has also been prepared. Platinum(II), palladium(II) and rhodium(I) complexes of these 
ligands are described and the X-ray crystal structures of five of these complexes are 

reported and discussed. The electronic properties of the phosphonites are between those 

of phosphite and phosphine, and this is reflected in their coordination chemistry. 
The new chiral biaryl monophosphites of type (Ar'O)P(OAr)2 have been 

synthesised straightforwardly by condensation of a phenol and the corresponding 

chlorophosphites in the presence of NEt3. Preliminary studies of their coordination 

chemistry with platinum(II) and rhodium(I) have been carried out. The twist on the 

seven membered P(OCCCCO) ring leads to a deshielding of the 31P signal for the 

biaryl ligands and in the complexes studied here. 

The asymmetric hydrogenation of a-enamides with rhodium(I) complexes of 

the phosphonites and diphosphonites as catalysts is discussed. The ligands have been 

screened in the asymmetric hydrogenation of two substrates: methyl-2-acetamido 
acrylate and methyl-(Z)-2-acetamido cinnamate. Monodentate phosphonite systems 
show, in some cases, higher enantioselectivity (up to 92% ee) than the analogous 
bidentate. The results presented here challenge the long-accepted wisdom that chelating 
ligands are necessary to achieve high enantioselectivities in asymmetric hydrogenation. 

NMR studies and X-ray crystallographic data show that the asymmetric ligand profile 

caused by the biaryl units in these phosphonites has three consequences: (i) rotation 
about the M-P bond in monodentate phosphonites is inhibited; (ii) a different rotamer 
for the monodentate from that in the chelate analogues is favoured; (iii) the favoured 

rotamer in the monodentate causes more effective chiral induction in the hydrogenation 

catalyses. The generality of these new concepts has been probed with some preliminary 
catalytic studies with monodentate phosphite ligands. 

The phosphonite ligands have also been tested in the copper(I) catalysed 1,4- 

addition of diethylzinc to enones and nitro-olefins in an attempt to extend their potential 
use in asymmetric catalysis. The phosphonite ligands show moderate to high ee's for 
the ethyl transfer to enones (cyclic and acyclic). The monophosphonite ligands induce 
higher enantioselectivity for acyclic enones: ee's up to 82% are the highest obtained 
with a monodentate phosphonite ligand in asymmetric 1,4-addition of diethylzinc to 

chalcone. 
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Chapter 1: Introduction 

1.1 Introduction 

This thesis is concerned with the synthesis of new catalysts for the asymmetric 
hydrogenation of a-enamides and the asymmetric 1,4-addition of diethylzinc to enones 

and nitro-olefins. These new catalysts are based on chiral biaryl monodentate cyclic 
phosphonites (1.1) and phosphites (1.2). 

Oý R 

Pz, 
Co 

R 

C0 
BO 

O 

(1.1) 

oý. Co 
.. i 

(1.2) 

0 
0 

This Chapter begins with an account of the importance of asymmetric catalysis. 
In the second part of this Chapter the use of monodentate versus bidentate 

phosphorus(III) ligands in asymmetric catalysis is discussed. Two catalytic processes 

are considered: asymmetric hydrogenation of a-enamides and asymmetric 1,4-addition 

of diethylzinc to enones. A review of the few phosphonites that are successful in 

asymmetric catalysis is presented. 

1.2 The importance of asymmetric catalysis 

Enantiomerically pure compounds are increasingly used as pharmaceuticals and 

vitamins, as agrochemicals and as flavours and fragrances. 1"3 In recent years, the 

synthesis and isolation of enantiomerically pure compounds has gained new impetus 
due to the appreciation that a chiral compound interacts with enantiomers in different 

ways as a result of a diastereomeric relationship. Thus, one enantiomer may act as a 

very effective therapeutic drug whereas the other enantiomer is inactive or may even 
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Chapter 1: Introduction 

cause the reverse effect and be highly toxic. Over 50% of the world's top-selling drugs 

are single enantiomers, 5 and it has been estimated that up to 80% of all drugs currently 

entering development are chiral and will be marketed as single-enantiomer entities 6 For 

most applications of chiral compounds the racemic forms will be no longer accepted .7 
In general there are three main routes to obtain pure enantiomers (Scheme 1.1): 

i) resolution of a racemic mixture 
ü) synthesis with compounds from the chiral pool 
üi) asymmetric synthesis 

Racemates Chiral Pool Prochiral Substrates 

kinetic diasteromer 
synthesis asymmetric synthesis 

resolution crystallisation 

enzymatic chemical catalysis biocatalysis 

Enantiomerically Pure Compound 

Scheme 1.1: Routes to enantiomerically pure compounds 

Although significant advances in other routes to obtain enantiomerically pure 
compounds have been reported, the 'classical' resolution of racemates by 
diastereomeric crystallisation still constitutes the most important method in industry 4'8 

However, the maximum theoretical yield of one enantiomer is 50%. In a kinetic 

resolution the two enantiomers of a racemic mixture react at different rates with a chiral 
entity, preferably used in catalytic amounts. 9 Excellent kinetic resolutions have been 

reported by employing enzymes. 10,11 

Natural chiral compounds (referred to as the chiral pool) can be used as starting 
materials for enantiomerically pure compounds4,12 or may be employed as 
enantioselective agents (catalysts or ligands) in organic synthesis. 13 The lack of 
availability of both enantiomers of most natural compounds often is a limiting factor. 
Therefore many desired enantiomers have to be obtained by synthesis. 

3 



Chapter 1: Introduction 

In the early days, synthesis of enantiomerically pure compounds from prochiral 

precursors was considered possible only by using biochemical methods. Although 

powerful, those methods using enzymes, cell cultures, or living microorganisms are in 

most cases substrate specific. l l Organic synthesis, on the other hand, contributes with 

a variety of versatile stereoselective reactions that complement biological processes. 14 

Optically active compounds can be obtained using either a stoichiometric or a catalytic 

amount of chiral auxiliary. 

Among the types of asymmetric syntheses, asymmetric catalysis has become the 

most desirable and most challenging, since a small amount of chiral catalyst can 

produce large amounts of chiral product. The reactions involved are generally 
asymmetric reduction, asymmetric oxidation and asymmetric carbon-carbon bond 
formation. 

Asymmetric catalysis provides one of the most cost-effective and 

environmentally responsible methods for production of a truly vast array of structurally 
diverse, enantiomerically pure compounds. However, relatively few enantioselective 
catalysts are used on an industrial scale. One reason for this is the fact that asymmetric 

catalysis is a relatively young discipline: until 1985, only a few catalysts affording 

enantioselectivities up to 95% were known. 15 Especially for chiral metal-based 

catalysts, this has changed dramatically in recent years and there are now a large 

number of chiral catalysts able to achieve ee values >98%. 4 Another reason is that the 

application of asymmetric catalysis on a technical scale presents some very special 

challengers, such as catalyst perfomance, availability and cost of the catalyst and 

substrate and catalyst separation. 16 

1.3 Designing phosphorus(III) ligands for asymmetric catalysis 

An important area of asymmetric catalysis research involves the design of chiral 
ligands and transition metal catalysts that can effect a desired transformation with high 

efficiency and high selectivity. 

The most successful chiral ligands are those that are easy to make on a large 

scale, from cheap starting materials in both enantiomeric forms. They should have a 
simple structure and be stable, bind to a variety of metals and lead to high asymmetric 
induction. A well-conceived ligand class should possess one or more structural and/or 
electronic features (modules) that may be varied easily in a systematic fashion to 

optimise the design for a given purpose. One of the reasons for the success of 

phosphorus(III) ligands in asymmetric catalysis is that the ligands are modular: factors 

such as stereoelectronics, ligand backbone and solid supports can be varied (Fig. 1.1). 

4 



Chapter 1: Introduction 

A design is informative if variations in the ligand modules can be correlated with 
changes in the reactivity or selectivity of the catalyst. 

P2 

M- solid support -4- 
11 

/( 

\ 

P/ 
R2 

ligand backbone 

M= metal centre El 
R= aryl or alkyl 
substituent 

stereoelectronics 

Figure 1.1: Possible sites of modifications of phosphorus(III) ligands 

A multitude of phosphorus(III) ligands is presently known, bidentate, 

monodentate and multidentate have been well developed. A comparison of the use of 
mono- and bidentate phosphorus ligands in asymmetric catalysis is presented in the next 
Section with especial emphasis on asymmetric hydrogenation. 

1.3.1 Monodentate vs bidentate ligands in asymmetric catalysis 

Bidentate chiral diphosphines are often used as ligands for organometallic 

complexes. Chelating diphosphines are especially well suited for catalytic species 
involving a transition metal bound by two phosphorus donors. Monophosphines may 

also play the same role if two equivalents of monophosphine are available to coordinate 
to the metal centre. One may also expect a specific use of monophosphines in 

asymmetric catalysis where the catalytic species can only accommodate one 

monodentate ligand or if dissociation is required for the generation of a catalytically 

active species. A review on chiral monophosphines as ligands for asymmetric 

organometallic catalysis has recently appeared. 17 

1.3.1.1 Monodentate ligands in asymmetric hydrogenation 

The first examples of asymmetric hydrogenation were simultaneously described 
in 1968 by Homer et al. 18 and Knowles et al. 19 The hydrogenation of some styrene 
derivatives gave ee's no higher than 20% (see Scheme 1.2). The rhodium complexes 
used as precursors of catalyst were prepared in situ from [Rh(1,5-hexadiene)Cl]2 and 
monophosphine (1.3) (two equivalents per Rh) or from RhC13L3 (L = (1.3)). 

ý, 
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Chapter 1: Introduction 

H2 

Ph [Rh(I)I+ /2 (1.3) 

Phi%"'Ill 
Me 

(1.3) 

Ph"., " 

ee < 20% 

Scheme 1.2: Asymmetric hydrogenation with monophosphine (1.3) 

Knowles et al. also published in 1972 promising results for the asymmetric 
hydrogenation of a-enamides with monophosphine (1.4) named camp. Ee's up to 90% 

were reported, see Scheme 1.3. The authors established that two equivalents of 

monophosphine were needed per rhodium. The ortho-anisyl group in camp is thought 

to act as a hemilable chelating group (see Chapter 3 for more detailed explanation). 

R1 O 

HO C 

: LN-JL-R2 

2H 

OMe 

, Me 
,. P' 

6 

(1.4) camp 

R1 0 
H2 

C* [(I)l+ /2 (1.4) HO2 N "L R2 
H 

Rl R2 % ee 

H Me 60 

Ph Ph 85 

We 

OH Ph 90 

Scheme 1.3: Asymmetric hydrogenation of a-enamides with monophosphine camp 
(1.4) 

It was also in 1972 that Kagan et al. 20°21 showed that a chelating chiral C2- 

symmetric diphosphine, (1.5) diop, was more efficient than corresponding 
monophosphines. Since that time diphosphines (and especially C2-symmetric 
diphosphines) have been widely and successfully applied in asymmetric hydrogenation. 

6 



Chapter 1: Introduction 

PPh2 

0 PPh2 

(1.5) diop 

Since the early 1970's, little research with monodentate phosphines for 

asymmetric hydrogenation has been reported and there were no major improvements in 

enantioselectivities using rhodium/monophosphine complexes. Recently two significant 
reports have appeared. Ferrocenylphosphine (1.6)22 gives enantioselectivities up to 
87% for the asymmetric hydrogenation of a-enamides, such as (Z)-acetamido 

cinnamate (1.7) to give (1.8), see Scheme 1.4. However, it has not been established if 

the ligand (2 equivalents per rhodium) acts as monodentate or if one of the oxygens of 
the vicinal cyclic acetal interacts with the rhodium. 

Ph O H2 
30 

HO C Ný Me [Rh(I)]+ /2 (1.6) 2H 

(1.7) 

0 
Hin, 

O O 
PPh2 OMe 

Fe 

ia! ýY 

(1.6) 

Ph O 

HO C" NJLMe 2H 

(1.8) 

87% ee 

Scheme 1.4: Asymmetric hydrogenation of (1.7) with chiral monophosphine (1.6) 

In 1999, monophosphine (1.9)23 based on a phospholane has been found to 
catalyse hydrogenation of a-enamides with the same level of enantioselectivity as camp 
(Scheme 1.5). 
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Ph OL, 

HOC NMe 2H 

(1.7) 

H2 

[Rh(I)]+ / 2L 

Ph 

L= P-Ph 

Ph 
(1.9) 

(1.8) 

92% ee 

Scheme 1.5: Asymmetric hydrogenation of (1.7) with chiral monophosphine (1.9) 

1.3.1.2 Monodentate ligands in asymmetric 1,4-addition 

Feringa et al 24 pioneered the use of chiral monodentate ligands in copper(I) 

asymmetric 1,4-addition. They prepared a large variety of biaryl phosphoramidites, e. g. 
(1.10) derived from 1,1'-binaphthyl-2,2'-diol. High enantioselectivities are seen in a 

number of 1,4-additions, related tandem reactions and annulation methods derived 

therefrom. In particular, the R2Zn addition to cycloalkenones using these catalysts 

shows activity and selectivity levels sufficiently high to be considered as a practical 

method in organic synthesis. 

0 
P-N 

Ph 

(S, R, R)-(1.10) 

Other monodentate phosphorus(III) ligands have been used in Cu-catalysed 

asymmetric 1,4-addition with moderate to excellent results. It seems that asymmetric 
1,4-addition is an exception to the rule that enantioselective catalysis is generally much 

more effective with bidentate ligands. A review on the state-of-the-art systems is given 
in Chapter 4. 

Ph 0 

HO2 Njl--Me 
H 
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Chapter 1: Introduction 

1.4 Phosphonites in asymmetric catalysis 

Compared to phosphines and phosphites, very little is known about the use of 

phosphonites in asymmetric catalysis. However, in the last five years, more 

consideration has been given to this family of phosphorus(III) ligands and their 

potential application in asymmetric catalysis. 

1.4.1 Monophosphonites in asymmetric catalysis 

The first chiral phosphonites (1.11) and (1.12) were synthesised by Richter et 
al. in 1981 from PhPC12 and diethyl tartrate or 2-(R)-3,3-dimethyl-1,2-butanediol 

respectively in the presence of pyridine. 5 

EtO2C 

Et02e 

O\P I\ 

"; %: >i 
r ýP 

tBu 
(1.11) (1.12) 

However, the first application in asymmetric catalysis was reported in 1983. 

Monophosphonites (1.13)-(1.16) were tested for the asymmetric isomerization of cis- 
divinylcyclobutane (dvcb) to 4-vinylcyclohexene using modified nickel catalysts, see 
Scheme 1.6. The highest optical induction observed was 22%. 26 
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Chapter 1: Introduction 

(1.13) R= Me 
(1.14) R= CO2Et 
(1.15) R= CO2C2H4OMe 

Reaction conditions: 
i) 5% [Ni(cod)]/L, 
toluene: dvcb (2: 1 weight) 
2 days, 40°C 
L= (1.13)-(1.16) 

Rý 
tBu 

p 

R 
LL 

(1.16) 

up to 22% ee 

/ 

Scheme 1.6: Asymmetric isomerization of cis-divinylcyclobutane with 

monophosphonites (1.13)-(1.16). 

Later, in 1993, monophosphonites (1.17) derived from TADDOL (1.18) were 
synthesised by Seebach and reported to give useful catalysts 27 

><: 
H 

+[ NiL ] 

OH 

H 
Ar 

Ar 

(1.18) Taddol Ar = phenyl; 2-naphthyl 
R= Me; Ph; C6H4Me-4; 
C6H2Me3-2,4,6; 2-naphthyl 

Taddol-derived phosphonites (1.17) 

A 
Ar 

00 
H 

P- R 

O O 
H 

Ar 
Ar 

10 



Chapter 1: Introduction 

Rhodium(I) and palladium(O) complexes of phosphonites (1.17) were tested 
for the asymmetric hydroformylation, hydroboration and hydrosilylation. 28 The 

catalysts were highly regioselective but the enantioselectivities were poor. However, the 

rhodium complexes gave excellent ee's (87%) for the asymmetric hydrosilylation of 

aromatic ketones, see Scheme 1.7. 

(i) 

HPh2 

(ii) 
IBM- 

87% ee, 
92% yield 

Reaction conditions: 
(i) 0.01 eq [{Rh(cod)C1}2], 0.1 eq (1.17) (R = Ar = 2-naphthyl), 

Ph2SiH2 (1.2 eq), benzene, 0-20 °C, 10-15 h 
(ii) TsOH in MeOH 

Scheme 1.7: Asymmetric hydrosilylation of aromatic ketones catalysed by rhodium(I) 
complexes of Taddol-derived monophosphonites (1.17) 

A series of rhodium(I) complexes of chiral cyclic monophosphonites (1.19)- 
(1.21) were tested in the asymmetric hydrosilylation of ketones by Scharf in 1998.29 
None of the ligands were isolated as they proved to be very oxygen-sensitive but their 

complexes were highly active and by proper choice of the ligand backbone and the 
temperature, good enantioselectivities were achieved for the hydrosilylation of 
acetophenone (1.22) (82%) and pivalophenone (1.23) (86%). 

00 

Q'Q'K 

(1.22) (1.23) 
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OR 
Ar 

O Ar 

0 
ROAr Opp 

R 
\CI 

Ar Ph 
(1.19) 

Ph 

/R< CI 

R= Me, Et; Ar = Ph, 2-naphthyl 

(1.21) 

Ph 
(1.20) 

Ph 

/. 4ýý' 
ýh"" 

P 
CI 

Ph 

rn 

1.4.2 Diphosphonites in asymmetric catalysis 

i Ph 

Chiral diphosphonites have been much less studied than the corresponding 
diphosphines and diphosphites. Very little has been reported concerning their use in 

transition metal-catalysed asymmetric reactions. Perhaps this is due to the fact that until 
recently, enantioselectivities reported using diphosphonite ligands were poor (0- 
32%). 30 However, in 1998 Dahlenburg et al. 31 reported the synthesis of a series of 
chiral diphosphonites (1.24)-(1.27) from chiral bis-(dichlorophosphine)cyclopentane 
(1.28) and chiral or achiral alcohols, see Scheme 1.8. 
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,, %\\PCI2 

PCI2 

0Z 

(1.24) 

OMe 

.., %\\P1OMe 

P, OMe 

OMe 

(1.25) 

. 28) 

Q, 
OPh 

0Ph 

P"OPh 

OPh 

(1.26) 

Scheme 1.8: Synthesis of diphosphonites from bis-dichlorophosphine (1.28) 

These diphosphonites were tested for the asymmetric hydrogenation of a- 
enamides. Use of the corresponding rhodium(I) complexes in the asymmetric 
hydrogenation of a-acetocinnamic acid provide ee's of 75% for ligand (1.26) and 78% 
for ligand (1.24). 

Chiral diphosphonites with achiral backbones were reported by Reetz et al. 32 A 

combination of ferrocene or ethane backbone with chiral biaryl diol, such as (R, R)- 
1,1'-binaphthyl-2,2'-diol, gave ligands (R, R)-(1.29) and (R, R)-(1.30). 
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01, 

Fe 

(R, R)-(1.29) 

.P Pý 

(R, R)-(1.30) 

The rhodium(I) complexes of these chiral diphosphonites are highly efficient in 

asymmetric hydrogenation. Prochiral olefins (1.31) and (1.32) are hydrogenated to 

products (1.33) and (1.34) with enantioselectivities between 90-99.5% (Schemes 1.9 

and 1.10). Pastor has recently extended this work with the synthesis of sterically 
demanding ferrocenyl diphosphonite ligands for use in transition metal-catalysed 

reactions 33 

CH3 ýýCO2Me 
Me02C 

JLIC02Me 

H2 
Me02C " 

[Rh(I)]+ /L 
(1.30) (1.33) 

L= (1.29) ee > 99.5% 
L= (1.30) ee = 97-99 

Scheme 1.9: Asymmetric hydrogenation of (1.30) with diphosphonites (1.29) and 
(1.30). 
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00 JL 

N JL 
H2 

J. ý N Jý McO2C 
H 

Me 
[Rh(I)]+ /L 

McO2C 
H 

Me 

(1.32) (1.34) 

L= (1.29) ee = 99.5% 
L= (1.30) ee = 90 

Scheme 1.10: Asymmetric hydrogenation of (1.32) with diphosphonites (1.29) and 
(1.30). 

The biphenanthryl analogue of diphosphonite (1.30) was reported by Hyett and 
Pringle. 34 Disappointingly, this bulkier ligand (1.35) gave lower enantioselectivity 
(41% ee) for asymmetric hydrogenation of substrate (1.32). 

(S, S)-(1.35) 

Ligand (1.36) with a propane backbone was synthesised by Lloyd-Jones and 
Pringle. Rhodium(I) complexes of (1.36) were tested for the asymmetric 
hydrogenation of a-enamides giving encouraging enantioselectivities: up to 73% ee for 

methyl-2-acetamido acrylate (1.32). 35 

P P ý 
) 

(R, R)-(1.36) 
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Thus the use of chiral diphosphonite ligands in asymmetric catalysis has 

attracted more interest in the last few years. Chirotech has very recently patented the 

synthesis of diphosphonites (1.37) and their use in asymmetric hydrogenation of a- 

enamides, imines and ketones, and in asymmetric hydroformylation, hydroboration and 
hydrocyanation. 36 

H 

(1.37) 

R1 

P\ 

R1 R2 

R1 and/or R2 = H, alkyl, fluoroalkyl, aryl, 
alkylaryl, alkoxy, alkylaryloxy 

R2 PR'R2 = cyclic 

1.4.3 Mixed phosphine- and phosphite-phosphonites in asymmetric 

catalysis 

Interest in chiral non C2-symmetric bidentate phosphorus ligands in asymmetric 
transition metal catalysed reactions is increasing, 37-39 with phosphine-phosphite40-43 

and phosphine-phosphinite44 as prominent examples. This success has been attributed 
to the highly asymmetric environment around the metal centre that such ligands provide. 
Ligands (R, S)-Binaphos (1.38)41,43 and (R, S)-Ephos (1.39)44 have been used 

successfully in asymmetric hydroformylation of olefins. 

PPh2 
0 

O-K0 

(R, S)-Binaphos (1.38) 

Ph 

Me N OPPh2 

PPh2 

(R, S)-Ephos (1.39) 

Alternative bidentate chelating ligands based on phosphine-phosphonite have 

been less studied. The synthesis of the first examples of phosphine-phosphonite ligands 

(1.40) and (1.41) was reported in 1998 by Harrison and Pringle. 45 
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PPh2 

P-a 

(S)-(1.40) (R)-(1.41) 

Recently Knight independently reported the synthesis of the chiral phosphine- 

phosphonite ligands (1.40) and (1.42). 46 

PPh2 

PLO 
I "'u'IIC02Me 
0 

CO2Me 

(2S, 3S)-(1.42) 

No applications in asymmetric catalysis were reported until Reetz et al. 47 tested 

rhodium(I) complexes of phosphine-phosphonite (1.40), (1.43) and (1.44) for the 

asymmetric hydrogenation of dimethyl itaconate (1.31), with up to 88% ee (see 

Scheme 1.11) 

PPh2 PPh2 
I/ 

,OL, Lpc 
", """I Ph 

O Oý 

Ph 

(1.43) 

iý PPh2 

Fe 

P' 

--i\- 
(1.44) 

0 
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CH3 
H2 

McO2C CO2Me 
]IN McO2C 

J--ý 
CO2Me 

[Rh(I)]+ /L 
(1.31) (1.33) 

L= (1.40) ee = 88% 
L= (1.43) ee = 60% 
L= (1.44) ee = 79% 

Scheme 1.11: Asymmetric hydrogenation of dimethyl itaconate (1.31) with 
phosphino-phosphonites (1.40), (1.43) and (1.44). 

In 1998, Carraz and Pringle synthesised the mixed phosphine-phosphonite 
ligand (1.45). 8 Rhodium(I) complexes of the biphenanthryl analogue ligand (1.46) 
have been recently tested by Hyett and Pringle for the asymmetric hydrogenation of 

methyl-2-acetamido acrylate (1.32) and methyl-(Z)-2-acetamido cinnamate (1.47), and 
high activity and high asymmetric inductions (up to 88% ee for both substrates) were 

observed (Scheme 1.12) 34 

0 
Meo2C N'J' Me 

H 

Ph 0 I 

McO2C H Me 

(1.32) 

P PPh2 
OO 

PPh2 

(R)-(1.45) (R)-(1.46) 

Scheme 1.12: Asymmetric hydrogenation of (1.32) and (1.47) with phosphino- 
phosphonite (1.46). 

The first chiral phosphite-phosphonite (1.48) has been recently reported by 
Reetz et al. 49 In a preliminary experiment, dimethyl itaconate (1.31) has been 

(1.47) 
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hydrogenated by rhodium(I) complexes of ligand (1.48) with 70% yield and 80% ee 
being obtained. 

\/ 
P 

O_ P\O 
0 

(R, R)-(1.48) 

1.5 Aims of the this project 

The aims of this project were to prepare a series of biaryl monodentate 

phosphonites (1.49) and (1.50) derived from 1,1'-binapthyl-2,2'-diol and 9,9'- 

biphenanthryl-10,10'-diol, respectively. We intended to explore their coordination 

chemistry with late transition metals and then investigate their application in asymmetric 

catalysis. Two different processes were chosen: rhodium(I) catalysed asymmetric 
hydrogenation of a-enamides and copper(I) catalysed asymmetric 1,4-addition of 
diethylzinc to enones and nitro-olefins. 

OAP R 

0 

(S)-(1.49) (S)-(1.50) 

R 
P, 
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In order to assess the efficiency in asymmetric catalysis of the novel 

monophosphonites, we would compare them with the chelate analogues. In addition the 

application of monophosphites of the type of (S)-(1.51) was to be investigated. 

n' i 

O` OR 

OAP 

,l 
l-%%v-J 

(S)-(1.51) 
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Chapter 2: Chiral Biaryl Phosphonites and Phosphites 

This chapter describes the preparation, characterisation and properties of 
racemic and chiral biaryl phosphonites RP(OAr)2 and phosphites (Ar'O)P(OAr)2 
derived from 1,1'-binaphthyl-2,2'-diol (2.1) and 9,9'-biphenanthryl-10,10'-diol 
(2.2). The coordination chemistry of these new ligands with platinum(II), 
palladium(II) and rhodium(I) is described. Comparisons are drawn between the 

complexes in terms of the different biaryl units and R groups in the phosphonites and 
phosphites. 

H 

H 

(S)-(2.1) (S)-(2.2) 

The chirality in these ligands is provided by the biphenols 1,1'-binaphthyl-2,2'- 
diol (2.1) and 9,9'-biphenanthryl-10,10'-diol (2.2) (subsequently referred to as 
binaphthol and biphenanthrol respectively). There is a marked twist about the central 
biaryl C-C bond and rotation about this bond is prevented by steric hindrance between 

the pen protons. Chirality in biphenols is assigned by viewing the biphenol group along 
the central biaryl C-C bond, aligning the oxygen on the aromatic ring in the foreground 
(pointing downwards) and following the atom priorities from top to bottom (see Figure 
2.1). 
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OH 

L OH 

OH HO 

III 
., 

ýII 
,1 

1 ;1 

OH 

OH 

11 
,1 

,1 

V 

OH OH 

(R)-biphenol (S)-biphenol 

Figure 2.1: Assignment of Chirality in Biphenols 

2.1 Synthesis of RPC12 species 

The dichlorophosphine precursors (2.3)-(2.8) were used to synthesise the 
ligands. 
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MeO 

CI2 CI2 CI2 

(2.3) (2.4) (2.5) 

CI2 
/\ 

CI2P-Me 
C12P PCI2 

(2.6) (2.7) (2.8) 

The chlorophosphines (2.5), (2.6), (2.7) and (2.8) are commercially 
available; (2.6) and (2.7) were distilled under nitrogen prior to use. Chlorophosphines 
(2.3) and (2.4) were prepared by modification of a literature method, 50 by reaction of 
CIP(NMe2)2 and an organolithium reagent, followed by treatment with an excess of 
HCl (see Scheme 2.1. and 2.2). 

Br 
i) n-BuLi 

P(NMe2)2 
HCl 

PCI2 

ii) C1P(NMe2)2 Et20 

(2.3) 

Scheme 2.1 

Br 
i) n-BuLi 

P(NMe2)2 
HCl 

PC12 

ii) C1P(NMe2)2 Et20 
OMe 

(OMe 

OMe 
(2.4) 

Scheme 2.2 

Cyclohexyldichlorophosphine (2.3) and o-anisyldichlorophosphine (2.4) have 
been characterised by 31P(1H}, 13C and 1H NMR spectroscopy, see Table 2.1 and 
Experimental. 
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Table 2.1: 31P(1H}, 13C and 1H NMR data for dichlorophosphines (2.3) and 
(2.4) 

Compound 8p(CDC13)a 8C(CDC13)b 8H(CDC13)c 

(2.3) 196.3 23.4 (d, 2J(CP) 11 Hz) 

25.14 (s) 

37.48 (s) 

42.9 (d, 1J(CP) 44 Hz) 

(2.4) 163.0 56.03 (s) 

110.93 (s) 

121.55 (s) 

1.25-1.9 (6H, m) 

2.05-2.2 (4H, m) 

4.15. -4.2 (1H, m) 

4.4(3H, s) 

7.05-7.07 (1H, m) 

7.61-7.62 (1H, m) 

127.13 (d, 1J(CP) 60 Hz) 8.04-8.07 (1H, m) 

130.60 (d, 2J(CP) 11 Hz) 

134.19 (s) 

160.55 (d, 2J(CP) 23 Hz) 
a Spectra recorded at 162 MHz at 28 °C. Chemical shifts (S) in p. p. m. (±0.1) to high 

frequency of 85% H3PO4. 
b Spectra recorded at 100 MHz at 28 °C. Chemical shifts (S) in p. p. m. (±0.01) referenced to 

solvent used. Coupling constants (J) in Hz (±1) 
c Spectra recorded at 400 MHz at 28 °C. Chemical shifts (S) in p. p. m. (±0.01) to high 

frequency of tetramethylsilane. 

2.2 Synthesis of monophosphonites and diphosphonites 

One of the most efficient methods for the preparation of phosphites is the 

condensation of PC13 with an alcohol in the presence of a base with the reaction 

exotherm controlled by cooling. 51 By a similar method, phosphonites can be 

synthesised from RPC12 and alcohols. 25 Thus, a range of monophosphonites (2.1n)- 

(2.5n) and (2.1p)34-(2.5p) were prepared from (±)-, (R)-, or (S)-binaphthol (2.1) 

and (R)-, or (S)-biphenanthrol (2.2) and dichlorophosphines (R = Ph, Me, t-Bu, o- 
anisyl and Cy) in the presence of triethylamine at -10 °C in THE Using 
C12PCH2CH2PC12 and (t)-, (R)-, (S)-(2.1), the diphosphonites (±)-, (R)-, (S)- 

(2.6n) were prepared. The general scheme of these syntheses is depicted in Scheme 
2.3 and 2.4. 
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OH 

CIS 
/-R 'OH 

O\ 
/-R 

/P 
P 

CI NEt3 

Scheme 2.3: General scheme of synthesis of monophosphonites 

CI\ 
/CH2 

CI 
2 

(OH OH 

NEt3 

Scheme 2.4: General scheme of synthesis of diphosphonites 

C0ý /CHZ 
/P 

2 
0 

Ligands named (2. xn) are derived from binaphthol (2.1) and ligands named 
(2. xp) are derived from biphenanthrol (2.2), see Figure 2.2. 

o 
o.. 

n 

0 
0 

P 
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O` 
P, 

R 

where R= 

`P'R 

0 (S)-(2.1n) (S)-(2.1p)6 

_CH3 
(S)-(2.2n) (S)-(2.2n) 

(S)-(2.3n) (S)-(2.3p) 

(S)-(2.4n) (S)-(2.4n) 

MeO 

(S)-(2.5n) (S)-(2.5p) 

/ý Pýl 

(S, S)-(2.6n) 

Figure 2.2: Phosphonites from binaphthol and biphenanthrol 
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The ligand (2.1n) was reported before52 and while this work was in 

progress53, ligand (2.6n) was published. 32 The synthesis, coordination chemistry and 
application in the asymmetric hydrogenation of a-enamides by complexes of (2.1p) 

and the biphenanthrol analogue of (2.6n) have been extensively studied by coworkers 
in our group. 34 These results have been used to compare the new phosphonites 
synthesised here. 

In all the reactions shown in Schemes 2.1 and 2.2, after addition of 
triethylamine to a solution of the chlorophosphine species a precipitate was formed. It 
has been proposed that this precipitate is the salt (2.5), (and not triethylammonium 

chloride which could form by reaction of the triethylamine with the HCl produced by 

reaction of the RPC12 species with traces of water). 34 The cationic species (2.5) would 
react much faster with the biphenol to give the phosphonites due to its greater 
electrophilicity. 

RýP1-1CI 

N 
Eta+Cl' 

(2.5) 

_CH3, _tBu, 
/ 

11 

MeO 

It was found that the by-product [HNEt3]Cl must be rapidly separated from the 

product to prevent their decomposition. Therefore, the reactions were monitored by 
31 p{1H} NMR and special care was taken to ensure an ultra-dry environment as 

phosphonites are extremely moisture-sensitive and they hydrolyse exceptionally fast in 

the presence of water, forming phosphinic acid (2.6). 

0 11 

Rý 
p "ýOH 

H 

(2.6) 

R=/\, -CH3, -tBu 

MeO 
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Provided these precautions were adhered to, the reaction proceeded smoothly 
and monophosphonites (2.1n)-(2.5n), (2.1p)-(2.5p) and diphosphonite (2.6n) 

were synthesised in good to quantitative yields. The ligands have been characterised by 
31p[ IH), 13C{ 1H} and 1H NMR spectroscopy, see Table 2.2 and Experimental. 

Table 2.2: 31P{ 1H) NMR data for phosphonites (2.1n)-(2.6n) and (2.1p)- 
(2.6p) 

Compound 8p(CDC13)a Compound 8p(CDC13)a 

(2.1n) 183.7 (2.1p)6 184.4 

(2.2n) 213.1 (2.2p) 219.1 

(2.3n) 205.8 (2.3p) 210.4 

(2.4n) 180.6 (2.4p) 185.4 

(2.5n) 216.5 (2.5p) 221.4 

(R, S)-(2.6n) 207.7 (R, S)-(2.6p)6 212.6 

(S, S)-(2.6n) 207.5 (S, S)-(2.6p)6 211.7 

a Spectra recorded at 162 MHz at 28 °C. Chemical shifts (8) in p. p. m. (±0.1) to high 
frequency of 85% H3PO4. 

From Table 2.2 a trend for the chemical shift values of these biaryl 

phosphonites is apparent. For arylphosphonites (e. g. in (2.1x) and (2.4x)), the 

chemical shift lies between 180 and 185 p. p. m. whereas for alkylphosphonites (e. g. in 
(2.2x), (2.3x), (2.5x) and (2.6x)), the chemical shift lies between 200-220 p. p. m. 

The monophosphonite ligands have Cl-symmetry, as shown in Fig. 2.3, in 

contrast to the C2-symmetry of the starting diols (2.1) and (2.2). The diphosphonite 
(2.6n) has overall C2-symmetry, but in each binaphthol unit, the hydrogen and carbon 
atoms are inequivalent (hence the 20 and 28 different carbon atoms in the 13C [I H} 
NMR spectrum for the binaphthol and biphenanthrol analogues, respectively, see 
Experimental). 
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Figure 2.3: Symmetry in mono- and diphosphonites 

2.3 Coordination chemistry of mono- and diphosphonites 

This Section describes the coordination chemistry of the phosphonites (2.1x), 
(2.2x)-(2.5x) and (2.6n) with platinum(II), palladium(II) and rhodium(I). 
Complexes have been characterised by combination of 31 p (1 H) and 1H NMR 

spectroscopy, mass spectrometry and elemental analysis and X-ray crystallography; the 

crytal structures were carried out by Miss K. Heslop in this department. 

2.3.1 Platinum(II) complexes 

Platinum(II) complexes are convenient to study since they are usually stable to 
hydrolysis and oxidation. 
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2.3.1.1 Dichloroplatinum(II) complexes 

A series of dichloroplatinum(II) complexes have been prepared from 
[PtC12(cod)] and mono- or di-phosphonite, see Table 2.3 and Experimental. 

Two equivalents of monophosphonite were reacted with [PtC12(cod)] in 
CH2C12 and the products recrystallised from CH2C12/Et2O to yield the disubstituted 

complexes as white, air-stable solids. 

Oý R 

O. P\ 
/CI 

Pt 
coý pCI 

R 

(S, S)-(2.7) when 
(S, S)-(2.8) 
(S, S)-(2.9) 
(S, S)-(2.10) 
(S, S)-(2.11) 
(S, S)-(2.12) 
(S, S)-(2.13) 
(S, S)-(2.14) 
(S, S)-(2.15) 

co 
vp, 

(S)-(2.1n) 
(S)-(2.2n) 
(S)-(2.3n) 
(S)-(2.4n) 
(S)-(2.5n) 
(S)-(2.1p) 
(S)-(2.2p) 
(S)-(2.4p) 
(S)-(2.5p) 

For the very bulky ligand (S)-(2.3p), two species were present in the 31 P{ 1H } 
NMR spectrum, as shown in Table 2.3. The major species was a singlet at S(P) = 146 

p. p. m with a 1J(PPt) = 4861 Hz and the minor species was another singlet at S(P) = 
161 p. p. m with a 1J(PPt) = 3415 Hz which were tentatively assigned as the cis- 
complex (S, S)-(2.16) and trans-complex (S, S)-(2.17), respectively. The fact that this 
is the only monophosphonite of this series that forms a trans-dichloroplatinum(II) 
complex probably reflects its bulkiness. 
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O\ 
/rBu 

O. P\ 
/CI 

Pt 

p 
\CI 

O tBu 

tBu 0 

CIS 
/PLO 

Pt 
Co p\CI 

tBu 

(S, S)-(2.16) 

0 
where = 

Co 

(S, S)-(2.17) 

Treatment of diphosphonite (S, S)-(2.6n) with one equivalent of [PtC12(cod)] in 
CH202 gave complex (S, S)-(2.18) as a white solid. 

00 

P\ 
/CI 

Pt 

p/ CI 
/\ 

00 

lllj 
(S, S)-(2.18) 

O 
where = 

O 
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Table 2.3: 31P{ 1H} NMR data for dichloroplatinum(II) complexes (2.8), (2.10)- 
(2.18) 

Complex Ligand 8p(CDC13)a 1, J(ppt)b 

(2.8) (2.2n) 136 (s) 4883 

(2.10) (2.4n) 119 (br s) 5174 

(2.11) (2.5n) 141 (s) 4853 

(2.12)c (2.1p) 122(s) 4917 

(2.13) (2.2p) 139 (s) 4842 

(2.14) (2.4p) 105 (s) 4661 

(2.15) (2.5p) 146 (s) 4853 

(2.16)d (2.3p) 146 (s) 4860 

(2.17)e (2.3p) 163 (s) 3415 

(2.18) (2.6n) 155 (s) 6564 
a Spectra recorded at 162 MHz at 28 °C. Chemical shifts (6) in p. p. m. (±1) to high 

frequency of 85% H3PO4. 
b Coupling constants (J) in Hz (±1) 

c In agreement with the data for the minor isomer of (±)-(2.12)34 
d Minor isomer 
e Major isomer 

For ligands (S)-(2.1n) and (S)-(2.3n), the dichloroplatinum(II) complexes 
(S, S)-(2.7) and (S, S)-(2.9) were insufficiently soluble for NMR studies and have 

been only characterised by elemental analysis (see Experimental). Therefore 

coordination with dimethylplatinum(II) has been studied (see Section 2.3.1.2). 

Single crystals of (S, S)-(2.10), (R, S)-(2.12) and (R, R)-(2.12) have been 

grown from CDC13/THF and the structures determined by X-ray crystallography (see 

Figures 2.4-2.6). 
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Figure 2.4: Molecular structure of dichloroplatinum(II) complex (SS)-(2.10). All 

hydrogens are omitted for clarity. 
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Figure 2.5: Molecular structure of dichloroplatinum(II) complex (R, S)-(2.12). All 
hydrogens are omitted for clarity. 
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Figure 2.6: Molecular structure of dichloroplatinum(II) complex (R, R)-(2.12). All 
hydrogens are omitted for clarity. 

36 



Chapter 2: Chiral Biaryl Phosphonites and Phosphites 

The structures show clearly the cis-coordination of the two monophosphonite 
ligands in a square planar coordination geometry at the platinum. The cis-arrangement is 
in agreement with the high 1J(PPt) values obtained (see Table 2.3). The Pt-Cl and Pt-P 
bond lengths (shown in Table 2.4) are similar to those in [PtC12(2.6p)2] and cis- 
[PtC121P(02C20H1p(2-CO2Me)2C6H5)2]. 34 The metrical data are also similar to those 

reported for cis-[PtC12{P(OC6H4OMe-2)3}2]54 which is consistent with these 

arylphosphonites exerting a similar trans influence to a phosphite. Some deviation from 

the ideal square planar angles values of 900 and 1800 are apparent (see Table 2.4). This 

can be attributed to steric congestion between the two bulky monophosphonite ligands 

being in a cis-arrangement. 

Table 2.4: Selected bond lengths and bond angles for dichloroplatinum(II) 

complexes (S, S)-(2.10), (R, S)-(2.12) and (R, R)-(2.12) 

Complex Ligand Bond Length (A) Angle (°) 

(S, S)-(2.10) (2.4n) Pt(1)-P(1) 2.2122(17) 

Pt(1)-P(2) 2.2061(17) 

Pt(1)-Cl(1) 2.3489(17) 

Pt(1)-C1(2) 2.3527(17) 

P(2)-Pt(1)-P(1) 97.96(6) 

C1(2)-Pt(1)-C1(1) 88.83(6) 

P(1)-Pt(1)-C1(1) 86.97(6) 

P(1)-Pt(1)-C1(2) 175.63(7) 

P(2)-Pt(1)-C1(1) 174.27(7) 

P(2)-Pt(1)-CI(2) 86.17(6) 

(R, S)-(2.12) (2.1p) Pt(1)-P(1) 2.1980(12) 

Pt(1)-P(2) 2.2083(13) 

Pt(1)-C1(1) 2.3478(12) 

Pt(1)-C1(2) 2.3555(12) 

P(1)-Pt(1)-P(2) 99.86(5) 

C1(1)-Pt(1)-C1(2) 90.85(5) 

Continued. 
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Table 2.4 continued: 

Complex Ligand Bond Length (A) Angle (°) 

P(1)-Pt(1)-C1(1) 85.85(5) 

P(1)-Pt(1)-C1(2) 168.11(4) 

P(2)-Pt(1)-C1(1) 169.46(5) 

P(2)-Pt(1)-C1(2) 85.26(5) 

(R, R)-(2.12) (2.1p) Pt(1)-P(1) 2.201(2) 

Pt(1)-P(2) 2.196(2) 

Pt(1)-C1(1) 2.347(2) 

Pt(1)-C1(2) 2.342(2) 

P(2)-Pt(1)-P(1) 101.01(8) 

C1(2)-Pt(1)-C1(1) 89.21(8) 

P(1)-Pt(1)-C1(1) 84.66(8) 

P(1)-Pt(1)-C1(2) 173.78(8) 

P(2)-Pt(1)-C1(1) 174.26(8) 

P(2)-Pt(1)-C1(2) 85.14(7) 

The interatomic Pt...... OMe distance in complex (2.10), 3.900 A is long 

enough to rule out the possibility of any bonding interaction between these atoms. 

2.3.1.2 Dimethylplatinum(II) complexes 

Complexes (2.19)-(2.21) were prepared by reaction of two equivalents of 
monophosphonite (S)-(2.1n), (R)-(2.1p) and (S)-(2.3n) in THE with [PtMe2(cod)], 

respectively. Following a similar procedure, one equivalent of diphosphonite (S, S)- 
(2.6n) was reacted with one equivalent of [PtMe2(cod)] to give complex (S, S)-(2.22). 
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Table 2.5: 31P{ 1H} NMR data for dimethylplatinum(II) complexes (2.19)-(2.22) 

Complex Ligand 8p(CDC13)a 1 J(ppt)b 

(2.19) (2.1n) 177 (s) 2629 

(2.20) (2.1p) 175(s) 2627 

(2.21) (2.3n) 203(s) 2621 

(2.22) (2.6n) 207 (s) 3302 

a Spectra recorded at 162 MHz at 28 °C. Chemical shifts (S) in p. p. m. (±1) to high 
frequency of 85% H3P04. 

b Coupling constants (J) in Hz (±1) 

Single crystals of (R, R)-(2.20) and (S, S)-(2.21) have been grown from 

CD2C12. Selected bond lengths and bond angles are collected in Table 2.6. The cis 
disposition of the monophosphonite ligands is confirmed with the crystal structures, see 
Fig. 2.7 and 2.8. In each case the coordination environment at platinum is planar, as 

expected for platinum(II), with only minor angular distortions (from the ideal 900 and 
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180°). Comparing individual Pt-P distances, the variation in trans influence of the 
ligands trans to the monophosphonites is apparent. Thus the Pt-P distance trans to the 

methyl ligand (as in (2.20) and (2.21)), is much longer that the Pt-P distance trans to 

chloride (as in (2.10) and (2.12)). 

Figure 2.7: Molecular structure of dimethylplatinum(II) complex (R, R)-(2.20). All 
hydrogens are omitted for clarity. 
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Figure 2.8: Molecular structure of dimethylplatinum(II) complex (SS)-(2.21). All 
hydrogens are omitted for clarity. 
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Table 2.6: Selected bond lengths and bond angles for dimethylplatinum(II) 

complexes (R, R)-(2.20) and (S, S)-(2.21) 

Complex Ligand Bond Length (A) Angle (°) 

(R, R)-(2.20) (2.1p) Pt(1)-P(1) 2.2190(17) 

Pt(1)-P(2) 2.2244(17) 

Pt(l)-C(1) 2.099(7) 

Pt(1)-C(2) 2.131(7) 

P(1)-Pt(1)-P(2) 101.91(6) 

C(1)-Pt(1)-C(2) 85.03(3) 

C(1)-Pt(1)-P(1) 87.8(2) 

C(2)-Pt(1)-P(1) 171.7(2) 

C(1)-Pt(1)-P(2) 168.8(2) 

C(2)-Pt(1)-P(2) 85.7(2) 

(S, S)-(2.21) (2.3n) Pt(1)-P(1)#1 2.246(3) 

Pt(1)-P(1) 2.246(3) 

Pt(1)-C(5) 2.127(10) 

Pt(1)-C(5 )# 1 2.127 (10) 

P(1)#1-Pt(1)-P(1) 96.76(14) 

C(5)-Pt(1)-C(5)#1 83.1(6) 

C(5)#1-Pt(1)-P(1) 90.1(2) 

C(5)#1-Pt(1)-P(1) 173.1(3) 

C(5)-Pt(1)-P(1) 173.1(3) 

C(5)-Pt(1)-P(2)#1 90.1(2) 

2.3.1.3 Chloro(methyl)platinum(II) complexes 

Chloro(methyl)platinum(II) complexes of monophosphonites (2.1n) and 
(2.3n) were prepared from [PtC1Me(cod)]. For each ligand, cis and trans isomers are 
present according to the 31P{ 1H) NMR spectra. The cis species is in both cases the 

major one. For the trans complexes, one signal is observed in the 31P{ 1H} NMR. For 
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the cis complexes, two signals are present with platinum satellites in which large 
1J(PPt) (> 5500 Hz), corresponds to the phosphorus trans to the chloro ligand and the 

small 1J(PPt) (< 2500 Hz), for the phosphorus trans to the methyl group. In addition, 
each signal has a 2J(PP) coupling constant, see Table 2.7 and Experimental. 
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Table 2.7: 31P{ 1H} NMR data for chloromethylplatinum(II) complexes (2.22)- 
(2.25) 

Complex Ligand 8p(CDC13)a 1J(ppt)b 2J(pp)b 

(2.23a) (2.1n) 135 (dd, PA)c 5863 21 

173 (dd, PB)d 2436 21 

(2.23b) (2.1n) 156 (s) 4292 --. 
(2.24a) (2.3n) 165 (dd, PA)c 5670 15 

200 (dd, PB)d 2430 15 

(2.24b) (2.3n) 179 (s) 4049 --- 
a Spectra recorded at 162 MHz at 28 °C. Chemical shifts (S) in p. p. m. (±1) to high 

frequency of 85% H3PO4. 
b Coupling constants (J) in Hz (±1). 
c PA assigned as P trans to Cl. 
d Pg assigned as P trans to Me. 

For phosphine complexes of the type [PtR(L)(PR'3)2] (R =H or Me; L= halide 

or solvent; R' = alkyl or aryl) the trans isomers are generally more stable than the cis 
and it has been suggested that this can be partly explained by the "antisymbiotic effect", 
i. e. the bonding of the strong a donors (H and Me) is maximised when they are trans to 
the weaker a donor (e. g. Cl rather than PR3). 55,56 For phosphite analogues 
[PtMe(L) { P(OR)3 } 2] it has been shown that cis-isomer is more favoured. 54 Phosphites 
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are poorer ß donors than phosphines and therefore the preference for the Me to be trans 
to L is lower. In contrast M-P 't back bonding is more important for phosphites than 

phosphines, and this would favour a cis disposition in which the phosphorus does not 

compete for the same d orbital on the metal. 54 For the phosphonites studied here, the 

cis isomer is the major one, which would suggest that they exert a trans influence closer 
to a phosphite than a phosphine (which is in agreement with the Pt-Cl bond lengths of 
the crystal structures discussed in Sections 2.3.1.1 and 2.3.1.2) 

2.3.2 Palladium(II) complexes 

A series of dichloropalladium(II) complexes has been prepared by reaction of 
two equivalents of the appropriate monophosphonite or one equivalent of diphosphonite 

with [PdC12(NCPh)2] in CH2C12.31P(1H} NMR spectra typically showed one singlet 
and the data are collected in Table 2.8. 

Oý 
/R 

Co 

ý P"%, 
/CI 

Pd 

p/ CI 
/\ 

OR 

(S, S)-(2.26) when (S)-(2.1n) 
(S, S)-(2.27) (S)-(2.2n) 
(S, S)-(2.28) (S)-(2.3n) 
(S, S)-(2.29) OR (S)-(2.4n) 
(S, S)-(2.30) 

er (S, S)-(2.31) 0 (S)-(2.2p) 
(S, S)-(2.32) (S)-(2.3p) 
(S, S)-(2.33) (S)-(2.4p) 
(S, S)-(2.34) (S)-(2.5p) 

Oma 
/---\ 

/O 

OI--, ' 
P\ 

/P`O D 
Pd 

CI 
/ \CI 

(S, S)-(2.35) 

44 



Chapter 2: Chiral Biaryl Phosphonites and Phosphites 

Table 2.8: 31P { 1H) NMR data for palladium(II) complexes of monophosphonites 
(2.1n)-(2.5n) and (2.2p)-(2.5p) and diphosphonite (2.6n) 

Complex Ligand 5p(CDC13)a 

(2.26) (2.1n) 153.6 (s) 

(2.27) (2.2n) 167.6 (s) 

(2.28) (2.3n) 187.1 (s) 

(2.29) (2.4n) 150.1 (s) 

(2.30) (2.5n) 172.9 (s) 

(2.31) (2.2p) 177.2 (s) 

(2.32) (2.3p) 171.8 (s) 

(2.33) (2.4p) 151.8 (s) 

(2.34) (2.5p) 177.3 (s) 

(2.35) (2.6n) 169.3 (s) 

a Spectra recorded at 162 MHz at 28 °C. Chemical shifts (S) in p. p. m. (±0.1) to high 
frequency of 85% H3PO4. 

2.3.3 Rhodium(I) complexes 

Rhodium(I) complexes, such as [Rh(diene)L]X (diene = cod or nbd and X= 
BF4, OTf, PF6 and SbF6) are the most efficient catalyst precursors for asymmetric 
hydrogenation 57 For this reason complexation of phosphonite ligands with rhodium(I) 
have been carried out. 

Treatment of two equivalents of monophosphonites (2.1n)-(2.4n) and (2.2p)- 
(2.4p) with [Rh(cod)2]BF4 in CH202 or THE gave the rhodium complexes (2.36)- 
(2.42). Addition of one equivalent of diphosphonite (2.6n) to [Rh(cod)2]BF4 in 

CH202 gave complex (2.43). Each complex shows a doublet with a 1J(PRh) in their 
31p{1H} NMR spectrum, except for complex (2.39) where 1J(PRh) was obscured by 

the broadness of the signal (further variable temperature NMR experiments should be 

carried out to provide insight into the cause of the broadness) {data are collected in 
Table 2.6). The rhodium complexes can be handled briefly as solids in air as they seem 
to be stable to hydrolysis, but they have to be stored under nitrogen to avoid reaction 
with oxygen to form adduct (2.44), which has been observed by 31P{ 1H} NMR in a 

solution of (2.43). 
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Table 2.9: 31P f 1H} NMR data for rhodium(I) complexes of monophosphonites 
(2.1x)-(2.4x) and diphosphonites (2.6x) 

Complex Ligand 8p(CDC13)a 1 J(pRh)b 

(2.36) (2.1n) 179 (d) 176 

(2.37) (2.2n) 192 (d) 208 

(2.38) (2.3n) 207 (d) 209 

(2.39) (2.4n) 168 (br) --- 

(2.40) (2.2p) 190 (d) 186 

(2.41) (2.3p) 184 (d) 219 

Continued. 
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Table 2.9 continued: 

Complex Ligand 8p(CDC13)a 1 J(pRh)b 

(2.42) (2.4p) 171 (d) 215 

(2.43) (2.6n) 204 (d) 226 

(2.44) (2. lp)c 173 (d) 214 

(2.45) (2.6p)c 206 (d) 229 

a Spectra recorded at 162 MHz at 28 °C. Chemical shifts (8) in p. p. m. (±1) to high 
frequency of 85% H3PO4. 

b Coupling constants (J) in Hz (±1). 

c Ref 34 

2.4 Synthesis of monophosphites 

Condensation of PC13 with an alcohol in the presence of a base is one of the 
best methods for the synthesis of diphosphites. 51 Thus, monophosphites (2.7n), 
(2.7p) and (2.8n) were very straightforwardly prepared by the condensation of a 

phenol with the chlorophosphites (2.47) and (2.48) in the presence of NEt3. Schemes 
2.5 and 2.6 show the synthesis of new monophosphites derived from (2.47) and 
(2.48). 
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Scheme 2.5: Synthesis of monophosphites (S)-(2.7n) and (S)-(2.8n) 
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Scheme 2.6: Synthesis of monophosphite (S)-(2.7p) 
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Chlorophosphites (2.47) and (2.48) were synthesised following literature 

methods, from PC13 and binaphthol (2.1)40 or biphenanthrol (2.2). 3 4 

Chlorophosphites are very moisture sensitive and these cyclic examples are no 
exception: their solutions decompose rapidly in the presence of H2O forming 

phosphonates (2.49). However, if only traces of water are present then two 

equivalents of chlorophosphite react with one equivalent of water to form the 'POP' 

pyrophosphite (2.50). 34,40 Although working in a dried environment, small amounts 
of 'POP' pyrophosphite have been observed in the synthesis of monophosphonites 
(2.7n) and (2.8n) (see Experimental). 
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O 

Monophosphites (2.7n), (2.8n) and (2.7p) have been characterised by 
31p{1H}, 13C and 1H NMR spectroscopy and mass spectrometry, see Table 2.10 and 
Experimental. 
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Table 2.10: 31P{ 1H} NMR data for monophosphites (2.7n), (2.8n) and (2.7p) 

Ligand 8p(CDC13)a 

(2.7n) 145.5 (s) 

(2.8n) 148.3 (s) 

(2.7p) 144.4 (s) 
a Spectra recorded at 162 MHz at 28 °C. Chemical shifts (S) in p. p. m. (±0.1) to high 

frequency of 85% H3PO4. 

The values of the chemical shifts (Sp) for the cyclic aryl monophosphites lie 

within the narrow range 144.4-148.3 p. p. m. This range lies downfield from the normal 
region for triarylphosphites (127-133 p. p. m. )58 A deshielding was observed for other 
cyclic aryl mono- and diphosphites and it was proposed40 that this is due to the twist in 

the seven membered P(OCCCCO) ring causing an increase in the O-P-O angle. It is 

well known for phosphines that the larger the C-P-C angle, the greater the p-character 
in the lone pair and hence the greater the deshielding of the phosphorus nucleus 59°60 

2.5 Coordination chemistry of monophosphites 

Preliminary studies of the coordination chemistry of the new monophosphites 
with platinum(II) and rhodium(I) have been carried out. Complexes have been 

characterised by a combination of 31P{ 1H}, 1H and 195pt{ 1H} NMR spectroscopy, 
mass spectrometry and elemental analysis (see Sections 2.5.1 and 2.5.2 and 
Experimental). 

2.5.1 Platinum(II) complexes 

The reaction of monophosphites (2.7n), (2.8n) and (2.7p) with [PtC12(cod)] 
in CH2C12 gave complexes (2.51)-(2.53) respectively. 

49 



Chapter 2: Chiral Biaryl Phosphonites and Phosphites 

Oý R 

O-P\ /CI 
Pt 

p/ CI 

O OR 

(S, S)-(2.51) when O OR (S)-(2.7n) 
(S, S)-(2.52) Pý _ (S)-(2.8n) 
(R, R)-(2.53) 0 (R)-(2.7p) 

The 31P{ 1H} and 195pt {1H} NMR data for these dichloroplatinum(II) 

complexes are collected in Table 2.8. The 31P(1H} chemical shifts fall between 80 and 
87 p. p. m. which are similar to cis-dichloroplatinum(II) complexes of other cyclic aryl 

phosphites 40 In the same way that the twist in the seven membered P(OCCCCO) ring 

affected the chemical shifts in the ligands themselves, this also influences on the 

chemical shift of the complexes. Chemical shifts in cis-dichloroplatinum(II) complexes 
of phosphite ligands which do not contain this seven membered ring are ca. 20 p. p. m. 
upfield (e. g. 59 p. p. m. for [PtC12[P(OPh)3}2]). 61,62 The 1J(PPt) values are typical of 

40 cis-dichloroplatinum(II) monophosphite complexes 

Table 2.10: 31P{ 1H} NMR data for dichloroplatinum(II) complexes (2.51)-(2.53) 

Complex Ligand 8p(CDC13)a 1J(ppt)b Spt(CDC13)b 

(2.51) (2.7n) 86.8 (s) 5797 161.4 (t) 

(2.52) (2.8n) 80.1 (s) 5740 194.2 (t) 

(2.53) (2.7p) 85.9 (s) 5790 
a Spectra recorded at 162 MHz at 28 °C. Chemical shifts (S) in p. p. m. (±0.1) to high 

frequency of 85% H3P04. 
b Coupling constants (J) in Hz (±1). 
c Spectra recorded at 85.6 MHz at 28 °C. Chemical shifts (8) in p. p. m. (±0.1) to high 

frequency of E (195pt) 21.4 MHz. 

Single crystals of complex (2.53) have been grown from CDC13 solution and 
the structure determined by X-ray crystallography carried out by Miss. K. Heslop in 

this department (see Figure 2.9). 
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Figure 2.9: Molecular structure of dichloroplatinum(II) complex (R, R)-(2.53). All 
hydrogens are omitted for clarity. 
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Table 2.11: Selected bond lengths and bond angles for dichloroplatinum(II) complex 
(R, R)-(2.53) 

Complex Ligand Bond Length (A) Angle (°) 

(R, R)-(2.53) (2.7p) Pt(1)-P(1) 2.199(2) 

Pt(1)-P(2) 2.202(2) 

Pt(1)-C(1) 2.327(2) 

Pt(1)-C(2) 2.341(2) 

P(1)-Pt(1)-P(2) 101.42(8) 

C(1)-Pt(1)-C(2) 89.11(8) 

C(1)-Pt(1)-P(1) 85.12(8) 

C(2)-Pt(1)-P(1) 173.92(9) 

C(1)-Pt(1)-P(2) 173.43(8) 

C(2)-Pt(1)-P(2) 84.33(8) 

Cone angles from all the crystal structures obtained of the platinum(II) 
complexes have been calculated by Miss K. Heslop and are collected in Table 2.12. 

Ligands from binaphthol have smaller cone angles than the ligands derived from 

biphenanthrol. 

Table 2.12: Cone angles for ligands (2.3n), (2.4n), (2.1p), and (2.7p) in 

platinum(II) complexes 

Ligand Complex Cone Angle (°) 

(2.3n) (2.21) 150.8 

(2.4n) (2.10) 138.4 

(2.1p) (2.12)a 164.3 

(2.1p) (2.20) 158.8 

(2.7p) (2.53) 160.1 

a (R, R) isomer 
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2.5.2 Rhodium(I) complexes 

Treatment of monophosphites (2.7n), (2.8n) and (2.7p) with [Rh(cod)2]BF4 
in CH2C12 gave rhodium(I) complexes (2.54), (2.55) and (2.56), respectively, as 
yellow solids. 
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O OR 

(S, S)-(2.54) when O OR (5)-(2.7n) 
(S, S)-(2.55) ýi... i 

VIP 
(S)-(2.8n) 

(R, R)-(2.56) 

Co 

(R)-(2.7p) 

Complexes (2.54), (2.55) and (2.56) are more stable as solids in air than the 

rhodium(I) complexes of monophosphonites. The 31P NMR data are given in Table 
2.13. 

Table 2.13: 31P{ 1H} NMR data for rhodium(I) complexes of monophosphites 
(2.7n), (2.8n) and (2.7p) 

Complex Ligand 8p(CDC13)a 1 J(ppj)b 

(2.54) (2.7n) 125.3 (d) 201 

(2.55) (2.8n) 127.4 (br d) 258 

(2.56) (2.7p) 127.2 (d) 259 

a Spectra recorded at 162 MHz at 28 °C. Chemical shifts (S) in p. p. m. (±0.1) to high 
Frequency of 85% H3PO4. 

b Coupling constants (J) in Hz (±1). 

2.6 Summary and concluding remarks 

The new chiral monophosphonites (2.1n) and (2.2x)-(2.5x) and 
diphosphonite (2.6) have been prepared from binaphthol (2.1) or biphenanthrol (2.2) 

and the corresponding chlorophosphine. These biaryl phosphonites readily form a 
variety of complexes with platinum(II), palladium(II) and rhodium(I). Their electronic 
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properties, which are between those of phosphite and phosphine, are reflected in their 
coordination chemistry. 

The new chiral biaryl monophosphites (2.7x) and (2.8n) have been 

synthesised readily by condensation of a phenol and the corresponding 
chlorophosphites in the presence of NEt3. Preliminary studies of their coordination 
chemistry with platinum(II) and rhodium(I) have been carried out. 

54 



Chapter 3 

Rhodium(I) Catalysed Asymmetric Hydrogenation of a- 
Enamides with Phosphonite and Phosphite Ligands 



Chapter 3: Rhodium Catalysed Asymmetric Hydrogenation 

3.1 Introduction to transition metal catalysed asymmetric 
hydrogenation of a-enamides 

The enantioselective hydrogenation of a-enamides and related substrates 

catalysed by rhodium complexes of chiral diphosphines has been an outstanding 

success. 63 Ee values of 95% and greater are no longer exceptional for the 

hydrogenation of this kind of substrates. M This process potentially provides one of the 

most efficient and cost effective methods for the production of a variety of 

enantiomerically pure unnatural a-amino acid derivatives (see Scheme 3.1). Among the 

many enantioselective catalytic processes, enantioselective hydrogenation has developed 

into an attractive, technically feasible method. 16 Such a-amino acids are increasingly 

important in pharmaceutical research as synthetic intermediates65,66 as well as 

auxiliaries67 for the preparation of many biologically active compounds. 

R0R0 

R'O CN 
JL' 

R" 
H2 

R'O2C N R" zH 
[Rh(I)] H 

Scheme 3.1 

An important commercial asymmetric'catalysis process involving a transition 

metal complex with the diphosphine dipamp68 (3.1) as ancillary ligand falls into this 

category: Monsanto has been producing L-DOPA (3.2) on a commercial scale for many 
years for the treatment of Parkinson's disease (Scheme 3.2). 69,70 
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COOH 
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JHAc [Rh (3.1)]+ 
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MeO Ph` "' 

Ph OMe 

(3.1) dipamp 

Scheme 3.2 

HO 

HHH 
COOH 

NHAc 
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HBr 

HHH 
COON 

NH2 

OH (3.2) L-DOPA 

Another example of an industrial application of the asymmetric hydrogenation of 
a-enamides is the synthesis of Aspartame (3.3), an artificial non-calorific sweetener, 
which is 160 times sweeter than sugar (Scheme 3.3) 71,72 

HHH 
COON 

H2 

N HAc 

COOCH3 

.., ºn H NH2 

HN COOH 

0H 
(3.3) Aspartame 

Scheme 3.3 
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3.1.1 The nature of asymmetric induction in asymmetric 
hydrogenation 

The historical and commercial interest in catalytic asymmetric hydrogenation of 

enamides has generated intense interest in the reaction mechanism. Mechanistic studies 
have been carried out by many groups during the last three decades, especially by 

Landis and Halpern, 73,74 Brown, 63,75,76 Bosnich77 and most recently the work by 

Imamoto has been significant. 78 

3.1.1.1 Mechanism for asymmetric hydrogenation using arylphosphines 

The mechanism generally accepted for the asymmetric hydrogenation of 
prochiral olefins by [Rh(chiral aryl diphosphine)]+ in solvent S, assumes that the 
hydrogenation stage occurs after substrate binding in the case of cis-chelating 

79 diphosphine rhodium complexes, '82 as depicted in Scheme 3.4. 

P/,,,.. + 
,,, oS ýPoe RS 

(3.4) 

X 

ý-- 

reductive 
elimination 

HH 

H 

S 

H (3.7) 

insertion 

Scheme 3.4 

,C 
+ 

.., ý, I%X 
PI 

(3.5) 

H oxidative 2 addition 

H 
H/,,,.. 1+ 

,, %%X 
PS I 

LiI * (3.6) 

When an a-enamide is the substrate, the coordination to the metal is through 
both its carbon-carbon double bond and the oxygen lone pair of the amide 
carbonyl. 80,83,84 For a chiral diphosphine ligand, several diastereomers of catalyst- 
substrate complex (3.5) are possible: two in the case of C2-symmetrical ligands and 
four in the case of unsymmetrical diphosphines. Landis and Halpern73,74,80 proposed a 
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mechanism that shows two coupled diastereomeric manifolds (major and minor), for 
the asymmetric hydrogenation of methyl-(Z)-2-acetamido cinnamate (3.8) catalysed by 

a rhodium(I) complex of a chiral diphosphine such as (R, R)-chiraphos (3.9), see 
Scheme 3.5. 

C02Me 

Ph NHCOMe Ph2P PPh2 

(3.8) (3.9) (R, R)-chiraphos 
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Several important features of the proposed mechanism are worthy of note: 73 (i) 

the coordination of the substrate leads to the formation of two diastereomeric species 
(3.11)re and (3.11)Si which correspond to re- and si-face coordination respectively 
and therefore to two competing catalytic cycles for the different diastereomers; (ii) the 

coordination of the enamide is reversible, which means there is an equilibrium between 

the two diastereomers, when (R, R)-chiraphos (3.9) is the ancillary ligand, and 
formation of (3.11)si is strongly favoured; (iii) formation of the diastereomeric 

dihydride intermediates, (3.12)re and (3.12)Si, is irreversible and constitutes both the 

rate- and enantiomer-determining step at room temperature and low hydrogen pressures; 
(iv) the major product enantiomer is formed exclusively from the 'minor' manifold, 

which corresponds to the minor diastereomer of (3.11). 

Moreover, it was found by Brown et al. that when the catalyst-substrate 
complex (3.11) of [Rh(dipamp)]+ with methyl-(Z)-a-acetamido cinnamate is 

hydrogenated at low temperatures, the reactivity of the minor (less stable) diastereomer 
85 towards hydrogen is much higher compared to the major (more stable) diastereomer. 

These studies led to the conclusion82 that, at least in these two cases (chiraphos 

and dipamp), the stereochemistry of the hydrogenation is regulated by the relative 

reactivity of two diastereomers (3.11)re and (3.11)Si, rather than by their relative 

abundance in the equilibrium. 

Interconversion of diastereomers (3.11)re and (3.11)si also occurs 
intramolecularly. 75,80,86-88 This pathway is competitive with the intermolecular 

process, involving intermediate (3.14) where the a-enamide substrate is bound to the 

metal only by the lone pair of electrons on the amide carbonyl, followed by 

reassociation on the opposite face of the C=C bond, see Scheme 3.6. 
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02Me 

Ph NH 
PýRS 

`S PO Me 

(3.14) 

[MeO2C...,,, 
CO2Me 

NH HN 

PO PhMe Mß. 

11)S' (3.11)re 

[E:; 
R<] 

(3.10) 

Scheme 3.6 

Oxidative addition of H2 is the next step in the hydrogenation and leads to 
diastereomers (3.12)re and (3.12)Si. This is irreversible74 and is the rate-determing 
step at ambient temperatures and under low pressures of hydrogen. The structural 
origins of the enantioselectivity are determined by this step, as it is the first irreversible 

step in the cycle involving diastereomeric transition states. The presence of dihydride 
intermediates has been experimentally demonstrated only recently, 78 using a rhodium(I) 
catalyst with a P-chirogenic diphosphine (this will be discussed further in Section 
3.1.1.3). 

Studies on the approach of H2 during oxidative addition to (3.11)re and 
(3.11)Si have also been reported. The groups of Landis, Brown and Bosnich63,77,89 
have modelled the side-on (parallel) approach of H-H for non-chiral complexes. These 

studies show that the reaction has a late transition state and the approach in the early 
stages of the reaction is only energetically favoured when it is edge-on (perpendicular). 
Therefore, during the addition the two Rh-H distances remain equal. The H-H bond is 

parallel to either the P-Rh-Ca or the P-Rh-O axis and the H2 molecule is positioned so 
that its midpoint is on the axis perpendicular to the square plane. There are four possible 
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trajectories of H2 approach, two above and two below the square plane, for each of the 
diastereomers (3.11)re and (3.11)Si, as shown in Scheme 3.7. 
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Scheme 3.7: The possible trajectories of a H2 molecule during oxidative addition to 
the major and minor diastereomers (3.11)re and (3.11)si 
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Brown63 and Bosnich77 concluded, using different molecular graphics 
procedures, that only route C is sterically feasible for each diastereomer. In this 

trajectory the H2 molecule approaches from below the square plane along the P-Rh-O 

axis resulting in formation of the diastereomers (3.12)Si and (3.12)re which have one 
Rh-H bond aligned where transfer to the ß-olefinic carbon is stereoelectronically 
favoured, see Scheme 3.7.90 

For diphosphines that form a five-membered chelate ring in the rhodium 

complex, such as dipamp (3.1) and chiraphos (3.9), as in Fig. 3.1, the observed 
higher reactivity of the minor diastereomers can be explained. Brown63 has calculated 
by molecular graphics the difference in enthalpy of the two diastereomers (3.11)Si and 
(3.11)re showing the destabilising interaction in (3.11)re between the Cipso, Cortho or 
Honho atoms of the adjacent 'face-on' (equatorial) aryl group and the CO2Me group of 
the substrate (a definition in detail of 'face-on' aryl group in a five-membered rhodium- 
diphosphine chelate ring will be given later in this Chapter). In diastereomer (3.11)si, 

the CO2Me group is in a less hindered environment. 

Me\ Phax 

Ph 0 
P, 

p Rh H* 
P. R 

Zh pheq 
Pýiýýý 

I ý. 

Hortho 

Ph 0I 

Me 

Figure 3.1: The rigid five-membered chelate rings with dipamp (3.1) and chiraphos 
(3.9) 

Moreover, the next intermediates in the cycle, the dihydride species (3.12)si 

and (3.12)re, have the steric interactions reversed with (3.12)Si being less stable than 
(3.12)re due to greater van der Waals repulsions between the P-aryl groups and the 
CO2Me and amide methyl group of the substrate. 
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PýH`OýPhMe [MePh0 ý HAP 
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The energy relationships between (3.11)si and (3.11)re and between (3.12)si 

and (3.12)re together with the fact that the oxidative addition has a late transition state, 

explain why the minor diastereomer of (3.11) is more reactive and leads to the major 

product of the hydrogenation. The presence of the carboxyl group in the substrate is 

thought to be an important stereoregulating factor, as replacement by H results in poor 

enantioselectivity. 
91 

The alkylhydride species (3.13)Si and (3.13)re formed by ß-hydride migration 
from (3.12)si and (3.12)re have been observed spectroscopically at low temperatures 
(Scheme 3.8). 81 The step is rapid and irreversible74'92 
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Scheme 3.8 

Reductive elimination from (3.13)Si and (3.13)re is the last step in the catalytic 
cycle and leads to the (R)- and (S)-products respectively. 
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Since the exact mechanistic model for the origin of the enantioselection is still 
unclear, empirical rules for the prediction of the stereochemistry of the product from a 

specific rhodium(I)-diphosphine hydrogenation catalyst have been proposed. 

Historically, Fryzuk and Bosnich first suggested that the stable conformation of 

the Rh chelate ring with (S, S)-chiraphos (3.9) and (R)-prophos (3.15) are chiral and 

are the source of the (R)- and (S)-amino acids product of hydrogenation 93,94 

Ph2P PPh2 

Ph2P *"ýy 
Me 

PPh2 

(3.9) (R, R)-chiraphos (3.15) (R)-prophos 

Phosphines such as these form five-membered chelate rings that can adopt two 
different conformations, named S and x,, 95 which can invert rapidly in the absence of 

ring subtituents. 96 For (R, R)-chiraphos (3.9), the preferred conformation is the X 

conformation, in which the methyl groups are quasi-equatorial, see Fig. 3.2. 

Me Phax 
he4 Phi 

P, 
I Rh 

McPheq-" 
P-" Rh Phew 

P 
iI 
Phax pheq Me 

Me Phax 

8 conformation X conformation 
methyl groups in axial positions methyl groups in equatorial positions 

Figure 3.2: Conformations of the Rh chelate ring with (R, R)-Chiraphos (3.9) 

As the Rh chelate ring is fixed in this chiral conformation, the phenyl groups are 
in different environment as they occupy pseudo-axial and pseudo-equatorial positions. 
It can be seen from the wide range of X-ray crystal structures of this type of rhodium 
complex that, in general, pseudo-axial aryl rings are 'edge-on' to the metal and pseudo- 
equatorial aryl groups, 'face-on', as shown in Fig. 3.3. 
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/ p- 
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H 
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Equatorial Ph group 
'face-on' to Rh 

I Axial Ph group 
'edge-on' to Rh 

Figure 3.3: `Edge-face' disposition of aryl groups in a five-membered rhodium- 
diphosphine chelate ring 

An aryl group is pseudo-axial or pseudo-equatorial depending of the size of the 

torsion angles 0 (P-Rh-P-Caryl) and 0 (Rh-P-Caryl-Cortho), see Fig. 3.4. The ideal 

values for a pseudo-axial 'edge-on' aryl ring are of 0= 1000 and 0= 00 and for a 

pseudo-equatorial `face-on' ring, of 0= 700 and 0 =1300.63 
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Figure 3.4: Torsion angles defining the conformation of pendant aryl groups 

Bosnich93 suggested that the chiral disposition of aryl groups 'directs' the 

approach of the substrate, although the actual chiral centres are on distant carbon atoms. 
This is because the 'face-on' and 'edge-on' aryl groups are differently sterically 
demanding; there is still some discussion as to which provides more steric hindrance to 

the substrate. It was originally suggested that the 'edge-on' pseudo-axial aryl groups 

gave rise to a more sterically constrained environment than the 'face-on' pseudo- 

equatorial phenyl groups. 97 Later it was reported that the Cipso, Cortho and Hortho 

atoms (see Fig. 3.3) of the pseudo-equatorial aryl groups are more sterically 
demanding. 63 

Similar observations where made by Kagan who proposed that rhodium- 
diphosphine chelates with X conformation (as in Fig 3.5 for (R, R)-dipamp (3.1) and 
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(R, R)-chiraphos (3.9)) give (S)-amino acids 98 For these chelates si-face coordination 
is thermodynamically preferred, but the minor diastereomer, formed from re-face 

coordination, reacts faster, giving the (S)-product. Likewise, chelates with S 

conformation give predominantly (R)-products. 

PP Pý 

8- conformation 

preferred for 
(S, S)-chiraphos and (SS)-dipamp 

X- conformation 

preferred for 
(R, R)-chiraphos and (R, R)-dipamp 

Figure 3.5: 8 and, % conformations of rhodium-diphosphine chelates 

An alternative approach for the prediction of the stereochemistry of the 
hydrogenation product has been developed by Knowles. 69 It is based on 'quadrant 
diagrams' for representation of the chiral environment of the rhodium atom. For 

catalysts with backbone chirality (as in chiraphos (3.9)) and four similarly sized 
phenyl substituents on the phosphorus atoms, and assuming Brown's postulate that a 
'face-on' aryl ring is more sterically demanding than an 'edge-on' one, 63 it is apparent, 
from Figure 3.6, that the upper-left and lower-right quadrants are the more sterically 
hindered (for. % conformation). 

iininininnnn 

HU 
Pha" 

/Rö Phe4 

UH Phax I ,` 

H= Hindered, 'face-on' equatorial Ph groups 
U= Less hindered, 'edge-on' axial Ph groups 

Figure 3.6: Quadrant diagram for the preferred X conformation 
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The quadrant diagrams for the methyl-(Z)-2-acetamido cinnamate (3.8) show 
that the same quadrants are more sterically demanding for the re-face coordination, and 
less hindered for the si-face coordination (Figure 3.7). 

inn1111ninninnunn 

=I 
II 

0-------- 
McO2C N 

H= 

........... ow-I 

niniimnnuinnnin_ 

hfl ------- 

C02Me 

(a) (b) 

Figure 3.7: Quadrant diagrams for methyl-(Z)-2-acetamido cinnamate (3.8) for (a) 

si-face and (b) re-face coordination 

Looking at both quadrant diagrams, the coordination of the substrate (3.8) to 

the rhodium-diphosphine complex is more thermodynamically favoured for the si-face. 
The product, then, is formed from the more reactive re-face coordinated rhodium- 

73 substrate intermediate. As seen before, '80 this corresponds to the (S)-product. 

This correlation between the spacial arrangement of the substituents and the 

stereochemistry of the reaction product works well: catalysts produce (S)-amino acids if 

in the stable conformation of the rhodium complex the upper left and lower right 

quadrants are occupied by quasi-equatorial phenyls. The opposite arrangement of 

phenyls, upper right and lower left, gives (R)-amino acids. 

However, for some catalysts based on new electron-rich diphosphines, it seems 
that the 'quadrant rule' invented by Knowles may have to be reformulated. Some very 

recent studies concerning the difficulty in applying this rule for some diphosphines are 
discussed in Sections 3.1.1.2 and 3.1.1.3 78,99,100 

3.1.1.2 Origin of the enantioselectivity for DuPHOS catalysts 

Diphosphines containing the 2,5-dialkylphospholane moiety, such as (R, R)- 

DuPHOS (3.16) and (R, R)-bpe (3.17), are among the most efficient ancilliary ligands 
for the asymmetric hydrogenation of many enamides. 101 
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e83 (3.16) R, R-DuPHOS 

ý03 
(3.17) R, R-bpe 

DuPHOS ligands (3.16) form a rigid 5-membered chelate with rhodium, due to 

of the planarity of the phenylene backbone (Fig. 3.8). 

RR1+ 

PP 
Rh 

RR 

Figure 3.8: The rigid five-membered rhodium chelate of (S, S)-DuPHOS (3.16) 

Bpe ligands (3.17) form a flexible and interconverting chelating ring with 
rhodium, as shown in Fig 3.9. It was predicted that the X conformer of (3.17) would 

be more enantioselective. 102 

p= _ýýRhP2 

*, R R 

X-conformer 

Rp 

P 
Rh 

RR 

Figure 3.9: X and 8 conformer chelates for (3.17) 

8-conformer 

In the stereochemical model for DuPHOS (3.16), it was assumed that the alkyl 

substituents of the phospholane groups block the upper-left and lower-right quadrants 
(Fig. 3.10), for (R)-phospholane chelates. 101-103 This implies that the minor adduct is 

that in which the enamide is bound through the re-face as in (3.11)re and therefore the 

product will have S-configuration, following a Halpern-like mechanism. This 
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contradicts the empirical results found by Burk et al. 104 that for the hydrogenation of 
(3.8) by [Rh-(S, S)-DuPHOS (3.16)]+, the major product has S-configuration. 

i11111Inmmýinnnini_ iininiunuuinininn_ 

Me Me.,,, 
II 

Me Me N CO2Me 
H 

(a) (b) 

Figure 3.10: Quadrant diagrams reported by Burk for (a) Rh-(R, R)-MeDuPHOS 
(3.16) and (b) re-face binding for the substrate (3.8) 

This contradiction suggests that either the reaction is proceeding via the more 
stable rhodium-substrate diastereomer or the quadrant diagram shown in Fig 3.10 does 

not accurately depict the sterically blocked quadrants of (R, R)-MeDuPHOS (3.16). 
Preliminary work by Brown and Burk104 has indeed suggested that the catalysis with 
DuPHOS is no different from any other rhodium-diphosphine catalysts and it is the 

minor, less stable diastereomer which leads to the major enantiomeric product, as in the 
Halpern-type mechanism. In addition, computer modelling studies by Landis105 

reproduce this anti 'lock-and-key' motif, in which the less stable diastereomer (from the 

minor manifold) produces the most product for the hydrogenation of a- 
formamidoacrylonitrile (3.18) catalysed by [Rh-(R, R)-MeDuPHOS (3.16)]+. 
Calculations show that the catalyst-substrate diastereomers (3.11) are different in 

energy, being the diastereomer derived from the minor manifold destabilised relative to 
the one derived from the major manifold. They are also in agreement with the empirical 
observation that the (3.11) diastereomer from the minor manifold is much more 
reactive towards H2, forming the major product of the reaction. 

0 
,C NýH N' H 

(3.18) 

A new consistent model is suggested by Pringle et a1.99 for the DuPHOS 
ligands, (3.16), (3.17) and the diastereoisomers X- and 8-(3.19). 
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e83 p 

X-(3.19) S-(3.19) 

The results found by Pringle for diphosphine (3.19) are the opposite of the 
prediction noted above in two senses: the S isomer is more enantioselective; the (R, R)- 

phospholanes form (R)-products, which means that the minor adduct is si-face bound. 
X-ray crystallographic studies led them to suggest that it is the axial hydrogens rather 
that the equatorial methyls that offer the critical, diastereofacially-discriminating steric 
interactions with a prochiral substrate. Therefore (R, R)-phospholane chelates block the 
lower-left and upper-right quadrants (Fig. 3.11 (a)). This new quadrant diagram 

predicts (in agreement with the DuPHOS results)104 that the less stable diastereomer is 
formed when the substrate is si-face bound (Fig. 3.11 (b)). A Halpern-type 
hydrogenation would lead to the observed (R)-product. 
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Figure 3.11: Quadrant diagrams reported by Pringle for (a) Rh-(R, R)-(3.19) and (b) 

si-face binding for the substrate (3.8) 

3.1.1.3 Origin of the enantioselectivityfor electron-rich diphosphines 

A recent report by Imamoto78 on the asymmetric hydrogenation catalysed by a 
rhodium complex of an electron-rich diphosphine BisP* (3.20) suggest that the 

mechanism occurs via a dihydride pathway. 
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tBu /-\ 
fMe 

tBu Meg`, 
(3.20) 

The detection and characterisation of (3.21), the first observable 
dihydridorhodium(III) complex with a diphosphine ligand, is an important finding of 
this studies. The detailed mechanistic study showed that the dihydride mechanism can 
be observed by NMR spectroscopy at low temperatures: dihydride (3.21) reacts 

rapidly and quantitatively with substrate (3.8) producing monohydride (3.22)a, which 
further transforms to the hydrogenation product. Apparently, the substrate coordinates 
to the dihydride (3.21) producing an extremely unstable dihydride intermediate 

(3.23), which undergoes migratory insertion to produce monohydride (3.22)b. In 

(3.22)b, coordination of the second carbonyl of the substrate is not possible for 

geometric reasons and it rearranges to a more stable (3.22)a by rotation around the Rh- 

C bond, see Scheme 3.9. 
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Imamoto suggests that the Halpern-type mechanism cannot be applied in this 

case. Hydrogenation of the catalyst-substrate complex (3.24) led to the same 

monohydride species (3.22)a; this suggests that in this case the reaction proceeds by 

reversible dissociation of (3.24) producing complex (3.25), which is hydrogenated to 
(3.21), see Scheme 3.10. Complex (3.21) then immediately reacts with the substrate 
forming (3.23) (as in Scheme 3.9). 

OMe 
Me 

tBu 
+ NH 

Me ýýPh 
H 

(3.24)a 

Me 
rB 

Pý S 
Bu 

Me 

(3.25) 

Scheme 3.10 

(3.21) 

Thus, complexation of the substrate to dihydride (3.21) or hydrogenation of 

the catalyst-substrate complex (3.24) produces the same equilibrium mixture of 
dihydride (3.23). The migratory insertion within (3.23) to form (3.22) is 

irreversible89 and Imamoto et al. suggest that this is the enantio- and rate-determing step 
fot the dihydride mechanism and therefore the sterics in the octahedral cis-dihydride 

species (3.23) are critical. Thus, a new quadrant rule is formulated considering the two 
isomers of (3.23), a and b, that can lead to (3.22), see Fig. 3.12. 
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Figure 3.12: Quadrant diagrams reported by Imamoto for dihydride intermediates 

(3.23)a and (3.23)b 

The only structural feature discriminating (3.23)a and (3.23)b is the different 

alkyl groups being in close contact with the chelate formed by the enamide (in Fig. 

3.12, drawn as a full black circle). In the diastereomer (3.23)a the substrate chelate 
interacts with the methyl group of the phosphine (Fig. 3.12 (a)), whereas in (3.23)b, 

the chelate is closer to the tert-butyl group. Hence, the transition state of the migratory 
insertion produced from (3.23)a would be much lower in energy than that from 

(3.23)', and the (R)-stereoselection is predicted (which corresponds to the 

experimental findings). 

Interestingly, these considerations on the mechanism of enantioselection are 
independent of the exact nature of the catalyst. Therefore, Imamoto concludes that any 

catalyst with bulky substituents in the upper-left and lower-right quadrants would form 

the (R)-product. The opposite arrangement would give (S)-products. This is valid for 

other P-chirogenic diphosphines, such as DuPHOS (3.16) and bpe (3.17). To apply 
the same quadrant rule for diphosphines with chiral backbone (and accordingly with the 

same substituents on the phosphorus atoms), Imamoto concludes that the axial phenyls 
are recognised to be the larger ones by the substrate, since in the case of octahedral 
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complexes the axial interactions are more important for the stereoselection than the 

equatorial interactions. It should be pointed out that this runs counter to much previous 
work and the matter is by no means settled. 

Using the same dihydride mechanism, Imamoto explains the origin of the 

opposite enantioselection in the asymmetric hydrogenation of phenyl- and tert-butyl- 

substituted enamides. 100 Hydrogenation of bulky enamides (3.26) and (3.27) in the 

presence of [Rh ((SS)-BisP*)]+ gave amides (3.28) and (3.29) in 99% ee, but with 

opposite enantioselectivity: (R)-(3.28) and (S)-(3.29) were obtained (see Scheme 

3.12). These results are similar to the results obtained by Burk, using Me-DuPHOS. 106 

NHCOMe 
[Rh ((SS)-BisP*)]+ 

Ph H2 

(3.26) 

NHCOMe 
[Rh ((SS)-BisP*)]+ 

rBu H2 

(3.27) 

Scheme 3.12 

McOC(H)N, H 

Ph 
(R)-(3.28) 

H NHCOMe 

tBu 
(S)-(3.29) 

Considering a dihydride mechanism and the migratory insertion step 
irreversible, Imamoto suggests that the different substrate coordination mode at this step 

of the catalytic cycle is the reason for the difference in the stereochemical outcome of 
products (3.28) and (3.29). Substrate (3.26) binds to the dihydride species in the 

same way as it has been found for methyl-(Z)-2-acetamido cinnamate (3.8)78 and 
therefore, following Imamoto's quadrant rule, the hydrogenation produces (R)-(3.28). 
For substrate (3.27), high pressure NMR spectroscopy and HD hydrogenation 

experiments suggest that the amide carbonyl of the substrate is not chelated to the 

rhodium. Apparently the much greater steric demand would make the chelate extremely 
unfavourable, and (3.27) coordinates to the dihydride species in a monodentate fashion 

which places its tert-butyl group much further from the alkyl groups of the phosphine 
as in (3.30). This results in the formation of (S)-(3.29), see Scheme 3.13. 
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Scheme 3.13 

3.1.2 State-of-the-art asymmetric hydrogenation systems 

Rhodium(I) catalysed hydrogenation of a-enamides is used as a benchmark 

reaction for evaluating potential applications of new phosphorus(III) ligands. A large 

number of diverse, often structurally unrelated, ligand scaffolds have been successfully 

employed for this process, and newer ones continue to emerge. '107,108 

In this Section some of the most important 'classic' diphosphines for this 

process are presented, together with a review of the best new ligands that have been 

synthesised recently (see Fig. 3.13 and 3.15-16). 

Enantioselectivities achieved in the asymmetric hydrogenation of two of the 

most commonly used ct-enamides, methyl-(Z)-2-acetamido cinnamate (3.8) and 

methyl-2-acetamido acrylate (3.37), using cationic rhodium(I) complexes of the 
`classic' phosphines are collected in Table 3.1. 
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Figure 3.13: 'Classic' phosphine ligands used for the asymmetric hydrogenation of 
a-enamides. 
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Table 3.1: Enantioselectivities achieved for the asymmetric hydrogenation of 
methyl-(Z)-2-acetamido cinnamate (3.8) and methyl-2-acetamido 
acrylate (3.28) using ligands (3.1), (3.9), (3.16), (3.17), (3.31)- 
(3.36) 

Ligand 
Ac(H)NICO2Me 

(3.37) 

Ph 

Ac(H)N 
IKCO2Me 

(3.8) 

(3.1)a 95 96 

(3.9)b 79 85 

(3.16)c 99 99 

(3.17)d 85 91 

(3.31)e --- 86 

(3.32)f 91 96 

(3.33)g 82 93 

(3.34)f 91 96 

(3.35)h --- 93 

(3.36)i --- 67 

a Ref. 109-111 

b Ref. 93,111 

c Ref. 102,112 

d Ref. 102,113 

e Ref. 114-116 

f Ref. 117,118 

S Ref. 110,111,119 

h Ref. 120 

i Ref. 121 

Catalysts derived from DuPHOS (3.16) and bpe (3.17) ligands exhibit 
particulary high efficiency and selectivity for a wide range of a-enamides substrates: 
virtually any (3-substituent is tolerated and also ß, ß-disubstituted enamides are 
hydrogenated with high enantioselecitivities. 101,122 

The monodentate ligand camp (3.36) is the best monodentate phosphine 
employed so far for the asymmetric hydrogenation of a-enamides, giving 
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enantioselectivities up to 90%. 121 The effectiveness of this ligand may be due to the 

presence of the ortho-anisyl group. 123 Like in the bidentante analogue, dipamp (3.1), 

the methoxy group can fix the conformation of the Rh-ligand chelate by weak 
coordination of the oxygen atom (of the methoxy group) to the rhodium. 124 Therefore, 

camp (3.36) could act as a bidentate ligand, as shown in Fig 3.14. 

Me\ /1+ 

7h0\ 

-ARhT"" BFH 

Ph O 
Me 

Figure 3.14: Conformation of the rhodium chelate by the camp ligand (3.36) 

Some of the phosphines, phosphonites, phosphinites, phosphites and 
phosphine-phosphites developed in the last two years which exhibit the greatest 
potential for the asymmetric hydrogenation of a-enamides, using cationic rhodium(I) 

complexes, are shown in Fig. 3.15 and 3.16. 

As can be seen in Fig. 3.13 and 3.15, chiral phosphorus(III) ligands often have 

unusual structures and these are prepared via multistep and challenging syntheses. In 

addition, most of the phosphine ligands are very oxygen-sensitive. As a rule, chiral 
ligands are not commercially available and if they are, they are expensive. In contrast, 
the easy syntheses from cheap and readily available optically active diols with the 

appropriate phosphorus electrophile is a major advantage of using phosphites and 

phosphonites, such as those described in Chapter 2 and those shown in Fig 3.16. 

To compare the efficacy of the 'new' ligands with the 'classic' phosphines of 
Fig. 3.13, the enantioselectivites for the hydrogenation of methyl-(Z)-2-acetamido 
cinnamate (3.8) and methyl-2-acetamido acrylate (3.37) are summarised in Table 3.2. 
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Figure 3.15: New phosphine ligands used for the asymmetric hydrogenation of a- 
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Figure 3.16: New phosphonites, phosphinites and phosphine-phosphites for 

asymmetric hydrogenation of a-enamides 
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Table 3.2: Enantioselectivities achieved for the asymmetric hydrogenation of 
methyl-(Z)-2-acetamido cinnamate (3.8) and methyl-2-acetamido 
acrylate (3.37) using ligands (3.19), (3.20) (3.43), (3.44), (3.46)- 
(3.51) and (3.53)-(3.55) 

Ac(H)N1CO2Me 

Ph 

Ac HNI C02Me 
Ligand (3.37) (3.8) 

(3.43)a >99 --- 
(3.44)a >99 >99 

(3.46)b >99 98 

(3.47)b 99 --- 
(3.48)b 98 --- 
(3.20)c 98 >99 

(3.49)c >99 >99 

(3.50)c 96 99 

(3.19)d 95 98 

(3.51)e >99 --- 
(3.53)e 90 --- 
(3.54)f >99 99 

(3.55)g 89 --- 

a Ref. 125 

b Ref. 126 

c Ref. 123,127 

d Ref. 99 

e Ref32 
f Ref. 128 

g Ref. 129 

It is obvious that phosphines (3.19), (3.20), (3.43), (3.44), and (3.46)- 
(3.50) perform extremely well for the asymmetric hydrogenation of alkyl a-enamides. 
Impressive are the results obtained (excellent ee's) with ligands miniPHOS (3.46), 
BisP* (3.49)-(3.50) and the hydroxylated phospholane ligand (3.44), for a broad 

range of enamides. Also noteworthy are phosphines (3.19) and (3.43)-(3.44) which 
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are superior to their DuPHOS analogues, (3.17) and (3.16) respectively. An 
interesting feature of ligands (3.43)-(3.44) is that hydrogenation of some itaconic acid 
derivatives can be carried out in water with >99% ee and 100% conversion. 125 

Some of the ligands exhibit excellent to almost quantitative levels of 
enantioselectivity for the asymmetric hydrogenation of aryl enamides, (3.56): DIOP 
derivatives (3.38)-(3.40), 130,131 cdp (3.41)132, hydroxylated biphospholane 

125 133 134 (3.44), binaphane (3.45) and diphosphinite (3.52). 

High ee's (range from 71 to >99%) are achieved using Me-PennPhos 
(3.42)135 and hydroxylphospholane ligand (3.44)125 for the asymmetric 
hydrogenation of cyclic enamides, (3.57). 

R 

X 

0 
ý 

(3.56) 

NHAc 

Iý 

n=1,2 

(3.57) 

3.2 Asymmetric hydrogenation with phosphonite systems 

This Section describes an investigation of the application of our phosphonite 
systems as ligands for rhodium(I)-catalysed asymmetric hydrogenation. The ligands 
have been screened in the asymmetric hydrogenation of a-enamides. 

The results are divided into three sections. Section 3.2.1 describes the catalysis 
using ligand (2.1n), see Fig. 3.17. The effect of temperature, pressure and solvent in 

the asymmetric hydrogenation of a model substrate, methyl-2-acetamido acrylate, is 
discussed in this section. 

85 



Chapter 3: Rhodium Catalysed Asymmetric Hydrogenation 

[c° Ph 
O-PllRh"'ýýýý ý-f BF4 

CC( 
Ph 

(S, S)-(3.58) 

0/.. 
1 ,, 

Ph 

Ove iig, 
Ph 

. //I 
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Figure 3.17: Rhodium(I) complex (S, S)-(3.58) of monodentate ligand (S)-(2.1n) 

Section 3.2.2 reports the catalysis using n monophosphonites (binaphthol 
based) (S)-(2.1n)-(2.4n) as ligands (Fig. 3.18). The effect of having different R 

groups has been studied. This section also includes a comparison with the results 
obtained using (S, S)-(3.62), the rhodium(I) complex of the bidentate n diphosphonite 

analogue (S, S)-(2.6n), see Fig. 3.18. 
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Figure 3.17: Rhodium(I) complexes of n monophosphonites (S)-(2.1n)-(2.4n) 
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Figure 3.18: Rhodium(I) complex of n diphosphonite (S, S)-(2.6n) 

87 



Chapter 3: Rhodium Catalysed Asymmetric Hydrogenation 

In the final Section 3.2.3 the results obtained using p monodentate 
phosphonites (S)-(2.1p)-(2.4p), derived from (S)-biphenanthrol (Fig. 3.19) are 
presented. These results allow a discussion of the effect of ligand bulk on the catalytic 
activity and selectivity. 
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Figure 3.19: Rhodium(I) complexes of p monophosphonites (S)-(2.1n)-(2.4n) 

Results obtained with the rhodium(I) complex (SS)-(3.67)34 of the bidentate 

analogue (S, S)-(2.6p) are also included (Fig 3.20). 
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Figure 3.20: Rhodium(I) complexes of p diphosphonite (S, S)-(2.6p) 

A possible explanation of the unexpected results obtained in this study is given 
in section 3.3. 

3.2.1 Asymmetric hydrogenation with monophosphonite (2.1n) 

Monophosphonite (2.1n), derived from binaphthol and 

phenyldichlorophosphine, was chosen as a typical ligand to study the efficacy of 

monophosphonite ligands in the asymmetric hydrogenation of a-enamides. The 

asymmetric hydrogenation of methyl-2-acetamido acrylate (3.37) to produce (3.68) 

was used as a test reaction (Scheme 3.14). 
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The reaction conditions were optimised with ligand (2.1n) and then were 
applied to the rest of the ligands. The results are summarised in Table 3.3. 

Using standard reaction conditions (P = 1.5 atm, T= 25°C), the conversion is 

quantitative and the optical yield is 73% (Table 3.3, entry 2). The enantioselectivity is 

remarkably high for a monodentate ligand, as usually only bidentate ligands 

consistently show high asymmetric induction in hydrogenation (see Section 3.3). No 

significant differences are observed in conversion and enantioselectivity when the 

catalyst is generated in situ from [Rh(cod)2]BF4 (Table 3.3, entry 1). Changing the 
temperature to 0 or 40°C, does not affect the conversion or the enantioselectivity (Table 
3.3, entries 3 and 4), in accordance with the temperature having little influence on the 

rate and on the enantioselectivity at low pressures of H2.3 Increasing the pressure to 
15 atm of H2 seems to have little effect on the reaction, as the conversion and ee remain 
unchanged (Table 3.3, entry 5). 
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Table 3.3.: Enantioselective hydrogenation of methyl-2-acetamido acrylate (3.37). a 

entry complex ligand T(°C) P (atm) cony (%)b ee (%)b 

1c [Rh(cod)21+ (R)-(2.1n) 25 1.5 100 71(S) 

2d (S, S)-(3.58) - 25 1.5 100 73 (R) 

3d (S, S)-(3.58) - 0 1.5 100 73 (R) 

4d (S, S)-(3.58) - 40 1.5 100 73 (R) 

5d, e (S, S)-(3.58) - 25 15 100 72 (R) 

a Reaction conditions: CH2C12 (7.5 cm3), 20 h., S/C = 475. 
b Conversion and ee determined by GC (see Experimental section). 
c Catalyst prepared in situ. with L/Rh = 2, [Rh(cod)2]BF4 (0.0073 mmol). 
d Using preformed (S, S)-(3.58) (0.0073 mmol). 
e Reaction time: 3 h. 

The most dramatic effect on rates and enantioselectivities was observed when 
solvents with different coordinating properties were used. The results are presented in 

Table 3.4. Moving from less coordinating solvents, such as CH2C12, to the more 
strongly coordinating solvents, MeOH, THE and MeCN, the conversion and 

enantioselectivity decrease (Table 3.4, entries 1-4). Using halocarbons, such as 
dichloroethane, 1,2-dichlorobenzene and dibromoethane, high conversions and better 

ee's were achieved (Table 3.4, entries 5-6 and 8). In dibromoethane, an 
enantioselectivity of 80% was reached, which is the highest for this ligand. 1,2,4- 

trichlorobenzene seems to be an exception to this trend (Table 3.4, entry 7) as shown 
by the lower selectivity. 

Table 3.4: Enantioselective hydrogenation of methyl-2-acetamido acrylate (3.37) 

catalysed by (S, S)-(3.58). a 

entry solvent conversion (%)b ee (%)b 

1 CH202 100 73 (R) 

2 MeOH 100 63 (R) 

3 THE 50 14 (R) 

4 MeCN 2 17 (R) 

5 C1CH2CH2C1 100 76 (R) 

Continued. 
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Table 3.4 continued: 

entry solvent conversion (%)b ee (%)b 

6 1,2-dichlorobenzene 100 78 (R) 

7 1,2,4-trichlorobenzene 18 61(S) 

8 BrCH2CH2Br 87 80 (R) 
a Reaction conditions: 1.5 atm H2, solvent (7.5 cm3), catalyst (0.0073 mmol), S/C = 475, 

25°C, 20 h. 
b Conversion and ee determined by GC (see Experimental section). 

Similar effects have been observed by co-workers in our group using the p 

analogue (derived from biphenanthrol) ligand (2.1p). 34. An excellent ee of 92% is 

obtained for the same reaction when the solvent used is 1,2-dibromoethane. A recent 
study using monodentate phosphoramidite ligands shows the effect on rate and 

enantioselectivity for the asymmetric hydrogenation of dehydroamino acids and the 

corresponding methyl esters. 136 In this case, nonprotic solvents, such as EtOAc, are 
the solvents of choice giving ee's up to 99%. 

3.2.2 Asymmetric hydrogenation with n monophosphonites 

Encouraged by the results obtained with ligand (2.1n) (see section 3.2.1), the 

rhodium(I) complexes (S, S)-(3.59)-(3.61) were tested for the asymmetric 
hydrogenation of methyl-2-acetamido acrylate (3.37), see Scheme 3.15, so that a 

comparison between ligands with different R group could be made. In addition, the 

rhodium(I) complex (S, S)-(3.62) of the bidentate phosphonite ligand (S, S)-(2.6n) 

was tested to compare mono- and bidentate ligands. 
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The results are given in Table 3.5. The monophosphonite complexes give 
remarkably high enantioselectivities. Some trends can be observed when comparing the 
different substituent on the P atom and the asymmetry induced: 

" With alkyl substituents on the P atom, although the conversion is slightly lower, 

the enantioselectivity increases up to 92 % (Table 3.5, entries 2-3). The best ee is 

achieved using ligand (S)-(2.3n). 

" Introduction of an electron-rich aryl substituent, such as o-anisyl in ligand (S)- 
(2.4n), results in increased enantioselectivity (Table 3.5, entry 4). 
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" The rhodium(I) complex (S, S)-(3.62) of bidentate ligand (S, S)-(2.6n) gives 

ee's similar to those observed for complexes (S, S)-(3.60) and (S, S)-(3.61), of 

monodentate ligands (S)-(2.3n) and (S)-(2.4n), respectively (Table 3.5, entries 3-5). 

" It is noteworthy that all ligands, being (S)-enantiomers, give the (R)-product. 

Table 3.5: Enantioselective hydrogenation of methyl-2-acetamido acrylate (3.37) 

catalysed by (S, S)-(3.58)-(3.62). a 

entry complex conversion (%)b ee (%)b 

1 (S, S)-(3.58) 100 73 (R) 

2 (S, S)-(3.59) 76 78 (R) 

3 (S, S)-(3.60) 73 92 (R) 

4 (S, S)-(3.61) 100 87 (R) 

R 

b 

5 (S, S)-(3.62) 100 90 (R) 

Reaction conditions: 1.5 atm H2, CH2C12 (7.5 cm3), catalyst (0.0073 mmol), S/C = 475, 
25°C, 3 h. 
Conversion and ee determined by GC (see Experimental section). 

Rhodium(I) complexes (S, S)-(3.58)-(3.62) were also tested for the 

asymmetric hydrogenation of methyl-(Z)-2-acetamido cinnamate (3.8) (Scheme 3.16). 

The results are presented in Table 3.6. 

Table 3.6: Enantioselective hydrogenation of methyl-(Z)-2-acetamido cinnamate 
(3.8) catalysed by (S, S)-(3.58)-(3.62). a 

entry complex conversion (%)b ee (%)b 

1 (S, S)-(3.58) 100 63 (R) 

2 (S, S)-(3.59) 100 80 (R) 

3 (S, S)-(3.60) 97 14(S) 

4 (S, S)-(3.61) 100 64 (R) 

5 (S, S)-(3.62) 81 19 (R) 
a Reaction conditions: 1.5 atm H2, CH2C12 (7.5 cm3), catalyst (0.0073 mmol), S/C = 475, 

25°C, 20 h. 
b Conversion and ee determined by GC (see Experimental section). 
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Diphosphonite complex (S, S)-(3.62) gives poor enantioselectivity (< 20% ee) 
(Table 3.6, entry 5) and in almost all cases, the monophosphonite analogues give 

superior enantioselectivities (ee up to 80%) (Table 3.6, entries 1,2 and 4), favouring 

the formation of the (R)-product (3.69). 

3.2.3 Asymmetric hydrogenation with p monophosphonites 

Previously, work from this group showed that the enantioselectivity for the 

asymmetric hydrogenation of methyl-2-acetamido acrylate (3.37) and cinnamate (3.8), 
is higher with the monodentate ligand (S)-(2.1p) than with the bidentate (S, S)- 
(2.6p). 34 It was therefore of interest to compare rhodium(I) complexes (S, S)-(3.64)- 
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(3.66) of monophosphonites (S)-(2.2p)-(2.4p) for the same reactions (Scheme 
3.17). 
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The results for the asymmetric hydrogenation of methyl-2-acetamido acrylate 
(3.37) and methyl-(Z)-2-acetamido cinnamate (3.8) are presented in Tables 3.7 and 
3.8, respectively. In both tables, entries 1 and 5 are the results obtained by Hyett and 
Pringle34 and entries 2-4 are the results obtained with the new ligands (S)-(2.2p)- 

(2.4p) by the author. 

Table 3.7: Enantioselective hydrogenation of methyl-2-acetamido acrylate (3.37) 

catalysed by (S, S)-(3.63)-(67). a 

entry complex conversion (%)b ee (%)b 

1 (S, S)-(3.63) 100 78 (R) 

2 (S, S)-(3.64) 100 29 (R) 

a 

b 

3 (S, S)-(3.65) 30 70 (R) 

4 (S, S)-(3.66) 27 57 (R) 

5 (S, S)-(3.67) 99 23 (R) 

Reaction conditions: 1.5 atm H2, CH2C12 (7.5 cm3), catalyst (0.0073 mmol), S/C = 475, 
25°C, 3 h. 
Conversion and ee determined by GC (see Experimental section). 

From Table 3.7, it is clear that monodentate ligands induce more asymmetry (up 

to 78% ee) in the hydrogenation of methyl-2-acetamido acrylate (3.37) than the 
bidentate analogue (compare entries 1-4 with 5). 

Similar results are obtained for the hydrogenation of methyl-(Z)-2-acetamido 

cinnamate (3.8) (Table 3.8). All monodentate ligands are much more selective (up to 
59% ee) than the bidentate analogue (compare entries 1,2 and 4 with 5). The bulkiest 

ligand, (S)-(2.3p), seems to be an exception to this trend. 

All ligands, (S)-(2.1p)-(2.4p) and (S, S)-(2.6p), favour the formation of the 

(R)-product, (R)-(3.68) and (R)-(3.69), in the hydrogenation of both substrates, as 
has been observed with the n analogue ligands. 
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Table 3.8: Enantioselective hydrogenation of methyl-(Z)-2-acetamido cinnamate 
(3.8) catalysed by (S, S)-(3.63)-(3.67). a 

entry complex conversion (%)b ee (%)b 

1 (S, S)-(3.63) 100 59 (R) 

2 (S, S)-(3.64) 100 49 (R) 

3 (S, S)-(3.65) 100 10 (R) 

4 (S, S)-(3.66) 87 26 (R) 

a 

b 

5 (S, S)-(3.67) 100 12 (R) 
Reaction conditions: 1.5 atm H2, CH2C12 (7.5 cm3), catalyst (0.0073 mmol), S/C = 475, 
25°C, 3 h. 
Conversion and ee determined by GC (see Experimental section). 

By comparing the results using p ligands with the results using n ligands, it is 

clear that the increased bulk has a negative effect on the enantioselectivity in the 
hydrogenation of the two substrates used, methyl-2-acetamido acrylate (3.37) and 

methyl-(Z)-2-acetamido-cinamate (3.8) (compare entries 2-5 in Table 3.7 with entries 
2-5 in Table 3.5 for substrate (3.37), and Table 3.8 and 3.6 for substrate (3.8)). Only 

the p ligand with a phenyl substituent on the P atom, (S)-(2.1p), gives slightly better 

ee than the less bulky (S)-(2.1n) when methyl-2-acetamido-acrylate (3.37) is used as 
the substrate (entries 1 in Table 3.7 and 3.5). 

3.3 Discussion of the enantioselectivity of monophosphonite- 
rhodium catalysts 

In this section the following observations of our phosphonite systems (S)- 

(2.1x) to (S)-(2.4x) and (S, S)-(2.6x) are discussed: 

" Why do all (S)-phosphonite ligands give the (R)-products, (R)-(3.68) and (R)- 
(3.69)? 

" Why do the monophosphonite ligands give such high enantioselectivity? 

" How can monophosphonite ligands, in some cases, show higher 

enantioselectivity than the analogous bidentate? 

Although X-ray crystallographic data are not available for the rhodium(I) 

complexes of the ligands used, analogous structures have been obtained for the 

platinum(II) complexes: [PtC12((S)-(2.3n)2)], (3.70), [PtC12((S)-(2.4n)2)], (3.71) 

and [PtC12((R)-(2.1p)2)], (3.72), see Chapter 2. The structures of (S, S)-(3.70), 
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(S, S)-(3.71) and the mirror image of (R, R)-(3.72), i. e. (S, S)-(3.72) (for ease of 

comparison) are shown in Fig. 3.21-3.23. They will be used to attempt to explain why 
the ligands favour the formation of the (R)-product, in terms of the quadrant diagram 

arguments. 

Figure 3.21: Molecular structure of (S, S)-(3.70). Hydrogen atoms have been 

omitted for clarity. 
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Figure 3.22: Molecular structure of (S, S)-(3.71). Hydrogen atoms have been 

omitted for clarity. 

Figure 3.23: Molecular structure of (S, S)-(3.72). Hydrogen atoms have been 

omitted for clarity. 
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In all the cases, the conformation about the P-O bonds is of note. Both P(1) and 
P(2) show a and g- Pt-P-O-C conformations [i. e. anti (a, Pt-P-O-C torsion angle ca. 
180°) and gauche negative (g-, Pt-P-O-C torsion angle ca. -800) at the P-O bonds as 

counted clockwise from the P-C bond, viewed down the M-P bond, see Fig. 3.24. 

S 
'C 

a- O p� aS 
ýý. RÄ R 

gý-"-"--.. ....... 

J S R 

R= Ph, t-Bu, o-OMe 

Figure 3.24: Quadrant diagram for (S, S)-(3.70). (S, S)-(3.71) and (S, S)-(3.72) 

The quadrant occupied by the gauche arm of the monophosphonite has the 
binaphthyl or phenanthryl moieties edge-on, and it is therefore the most hindered 

quadrant, as shown in Fig. 3.25. 

Unhindered 

------------ 

Hindered 

Hindered 

------------- 

Unhindered 

Figure 3.25: Quadrant blocking by (S, S)-(3.70). (S, S)-(3.71) and (S, S)-(3.72) 

If we now look at the corresponding quadrant diagram for methyl-(Z)-2- 

acetamido cinnamate (3. x), it is apparent that the same diagonal is more hindered for Si- 
face coordination and less hindered for re-face coordination, see Figure 3.26. Thus, re- 
face coordination is the more energetically favoured. Assuming Brown-Halpern type 
kinetics (Section 3.1.1.1), the major product enantiomer should be formed from the 
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less stable rhodium-substrate complex. In this case, si-face coordintaion will be less 

stable and therefore this correctly predicts the predominance of the (R)-product. 
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II1111111111111111UI1111II1 
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I 

)jN/'CO2Me 
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Figure 3.26: Quadrant blocking by the substrate methyl-(Z)-2-acetamido cinnamate 
(3.8) for (a) si-face and (b) re-face coordination 

All of the rhodium complexes with monophosphonite ligands follow this rule 
with the exception of ligand (2.3n) for the hydrogenation of methyl-2-acetamido 
cinnamate (3.8), where the product obtained is the (S)-enantiomer. The poor 

enantioselectivity (14% ee) may suggest that both rhodium-substrate intermediates have 

similar stability. 

For bidentate ligands the same arguments can be applied. X-ray crystallographic 
data are not available for either rhodium(I) or platinum(II) complexes of (2.6n), 

although a structure of the platinum(II) complex of (2.6p), (S, S)-(3.73), has been 

obtained (Fig. 3.27). 34 If the binaphthol-based analogue was to adopt a similar 
conformation then the quadrant diagram would be the same as for the 

monophosphonites (Fig. 3.25). Therefore we would expect for the rhodium(I) complex 
(S, S)-(3.62) to favour the formation of the (R)-product. However, Reetz reports the 

preferred formation of (R)-product when (R, R)-(3.62) is used. 32 This result 
contradicts our understanding and our result as we found that (S, S)-(3.62) gives (R)- 
(3.69), which suggests that Reetz is in error. 
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Figure 3.27: Molecular structure of (S, S)-(3.73). Hydrogen atoms have been 

omitted for clarity. 
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Our phosphonite ligands are an apparent exception to the rule in asymmetric 
hydrogenation that catalysts based on bidentate phosphorus(III) ligands are superior to 

their monodentate analogues. As discussed in Section 3.1.1, the dogma is based on the 
idea that the conformational control in metallochelates provides efficient stereocontrol 
because it is fixed by a rigid backbone. In contrast, this is not possible with 

monodentate ligands: the chiral environment is not fixed because of a low energy barrier 

to M-P bond rotation in the latter case. 

Low temperature NMR experiments have been carried out in order to elucidate if 

there is any restricted rotation about M-P bonds in the rhodium(I) complexes of our 

phosphonites. The solution 31P {1 H) NMR behaviour of the rhodium(I) complexes 
(3.58) and (3.63) was unexceptional. In each case a single sharp doublet was 

observed at +25 °C that remained essentially unaltered down to -90 °C. This is 

consistent with rapid rotation and/or the presence of predominantly one rotamer. Thus 

the NMR evidence is equivocal and so to gain further insight a molecular mechanics 

study was carried out (see below). 

In the crystal structures of the platinum(II) complexes (S, S)-(3.70), (S, S)- 

(3.71) and (S, S)-(3.72), it is noteworthy that the absolute stereochemistry of the 
biaryl unit controls the conformations of the P-O bonds at the phosphorus (enforcing 

ag- conformations for S and g+a for R biaryls). Identical behaviour is observed for 

platinum(II) complex (3.73) of the bidentate phosphonite (S, S)-(2.6p) and a range of 

more than 20 phosphonites and phosphites in which the phosphorus is incorporated in a 

seven-membered POC4O ring containing a biaryl unit. 137 

In the molecular structures of (S, S)-(3.72) (we will take this as a model for the 

platinum(II) complexes of monophosphonites) and (S, S)-(3.73), the anti arm of the 

phosphonites has the attached phenanthryl group far from the metal while the gauche 

arm has the phenanthryl closer to the metal. This arrangement provides a highly 

asymmetric profile. Models and molecular mechanics calculations show that rotation 

about the M-P bond in (S, S)-(3.72) is not possible and that the observed conformation 
(with two anti arm oxygens essentially in the coordination plane) is the only likely 

rotamer (Fig. 3.28). This lack of rotation would explain why our monophosphonite 
ligands give such high enantioselectivity. 

104 



Chapter 3: Rhodium Catalysed Asymmetric Hydrogenation 

Figure 3.28: Molecular structure of (S, S)-(3.72), top, and (S, S)-(3.73), bottom. 
Hydrogen atoms have been omitted for clarity. 
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Quadrant diagram for the platinum(II) complex (S, S)-(3.73) of diphosphonite 
(S, S)-(2.6p) based on this analysis is illustrated in Fig. 3.29, jointly with the quadrant 
diagram for the complex (S, S)-(3.72) with monophosphonite (S)-(2.1p). 
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01gO 
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Figure 3.29: Quadrant diagrams for (S, S)-(3.72) and (S, S)-(3.73) 

It is pertinent that in the chelate species (S, S)-(3.73), the quadrant occupied by 

the gauche arm of the phosphonite is different from the quadrant occupied by the 

gauche arm in the (S, S)-(3.72). Hence, in this instance, it seems the primary effect of 
chelation is to change the preferred rotamer rather than stop rotation about the M-P 
bond. 

From these diagrams, it can be seen that the rotamer favoured in the chelate 
form (as in (S, S)-(3.73)) has the gauche arm phenanthryl group essentially face-on to 
the coordination plane whereas the rotamer favoured in the monodentate case (as in 
(S, S)-(3.72) and discussed before) has the gauche arm phenanthryl group edge-on. 
The implication of the higher ee's observed for the rhodium(I) complex (S, S)-(3.63) 
than for (S, S)-(3.67) is that the edge-on phenanthryl more efficiently blocks the 

quadrant and therefore causes greater asymmetric induction. 

In conclusion, the asymmetric ligand profile caused by the biaryl units in these 

phosphonites has three consequences: 

(i) rotation about the M-P bond in monodentate phosphonites is inhibited. 

(ii) a different rotamer from that in the chelate analogues is favoured. 

(iii) the favoured rotamer in the monodentates causes more effective chiral 
induction in the catalytic hydrogenation. 
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3.4 Asymmetric hydrogenation with phosphite systems 

In order to investigate whether monophosphonite ligands were unique in 

showing better enantioselectivities than their bidentate analogues and to probe if other 

monodentate phosphorus(III) ligands could behave similarly, rhodium(I)- 

monophosphite complexes (S, S)-(3.74) and (S, S)-(3.75) were tested for the 

asymmetric hydrogenation of the same substrates, jointly with the chelate complex 
(S, S)-(3.76) (Scheme 3.18). The results are shown in Table 3.9. 

Table 3.9: Enantioselective hydrogenation of (3.37) and (3.8) catalysed by 

rhodium complexes of (S, S)-(3.74)-(3.75) and (S, S, S)-(3.76). a 

entry complex substrate conversion (%)b ee (%)b 

is (S, S)-(3.74) (3.37) 79 56 (R) 

2c (S, S)-(3.75) (3.37) 28 5 (S) 

3d (S, S, S)-(3.76) (3.37) 60 

4c (S, S)-(3.74) (3.8) 80 12 (R) 

5d (S, S, S)-(3.75) (3.8) 88 5(R) 

a Reaction conditions: 1.5 atm H2, CH2C12 (7.5 cm3), S/C = 475,25°C, 3h for substrate 
(3.37) and 20 h for substrate (3. x). 

b Conversion and ee determined by GC (see Experimental section). 
c Catalyst (0.0073 mmol) prepared in situ with ligand: rhodium=2. 
d Catalyst (0.0073 mmol) prepared in situ with ligand: rhodium=1. 
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It can be seen from Table 3.9 that the rhodium(I) complex (SS)-(3.74) of 
binaphthol-based monophosphite (S)-(2.7n) is the best catalyst for hydrogenation of 
methyl-2-acetamido acrylate (3.37), with high conversion (79%) and moderate 
asymmetric induction (56% ee), see Table 3.9, entry 1. It is noteworthy that this 
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(S, S, S)-(3.76) 
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complex gives better selectivities than chelate complex (S, S, S)-(3.76) of bidentate 

phosphite (S, S, S)-(2.8n) (compare entries 1 and 3 in Table 3.9). In contrast, 
rhodium(I) complex (S, S)-(3.75) of biphenathrol-based monophosphite (S)-(2.7p) 

gives low conversion and poor enantioselectivity (Table 3.9, entry 2). 

Using methyl-(Z)-2-acetamido cinnamate (3.37) as a substrate, both 

complexes, (S, S)-(3.74) and (S, S)-(3.75), give good conversions but poor 
enantioselectivity (Table 3.9, entries 3-4), stressing the substrate dependence of this 

class of ligands for this reaction. 

As has been seen for the phosphonite ligands, rhodium(I) complexes of (S)- 

phosphites give (R)-products. The same quadrant diagram arguments can be applied 
here. Looking at the X-ray crystal structure of the platinum(II) complex of (R)-(2.7p) 
in Fig. 3.30, which is analogous to the rhodium(I) complex (S, S)-(3.75) but with the 

opposite stereochemistry, the upper-left and lower-right quadrants are more hindered 
(see Fig. 3.31), and therefore, following a Halpern-type hydrogenation mechanism, 
would give (S)-products (and for comparison (R)-products for rhodium(I) complex 
(S, S)-(3.75)). 

R 
QR 

O" 

OR 

Figure 3.31: Quadrant diagram for the platinum(II) complex of (R)-(2.7p). 
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Figure 3.30: Molecular structure of platinum(II) complex of (R)-(2.7p). Hydrogen 

atoms have been omitted for clarity. 
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3.5 Summary and extensions to other phosphorus(III) ligands 

In this Chapter a general description of asymmetric hydrogenation of a- 

enamides has been given. The mechanism of hydrogenation of a model substrate and 
the different theories regarding the asymmetric induction obtained with chiral 
diphosphines have been presented. A summary of the best 'classic' phosphorus(III) 
ligands used, and recent developments have been presented in this overview. 

The application of a wide range of novel phosphonite systems as ligands for 

rhodium(I)-catalysed asymmetric hydrogenation of a-enamides has been described. 

The ligands have been screened in the asymmetric hydrogenation of two model 

substrates: methyl-2-acetamido acrylate and methyl-(Z)-2-acetamido cinnamate. The 

results challenge the long-accepted wisdom that chelating ligands are necessary for high 

enantioselectivities in asymmetric hydrogenation. Our monodentate phosphonite 
systems show, in some cases, higher enantioselectivity (up to 92% ee) than the 

analogous bidentate. NMR studies and X-ray crystallographic data show that the 

asymmetric ligand profile caused by the biaryl units in these phosphonites has three 

consquences: i) rotation about the M-P bond in monodentate phosphonites is inhibited; 

(ii) a different rotamer for the monodentate from that in the chelate analogues is 

favoured; iii) the favoured rotamer in the monodentate causes more effective chiral 
induction in the catalytic hydrogenation. 

The results that have been presented in this Chapter open up the possibility that 

chiral monodentate phosphorus(III) ligands may be designed that can equal or surpass 
their bidentate analogues for asymmetric hydrogenation. In this vein, some preliminary 

studies have been reported using biaryl monodentate phosphites, showing promising 

results. 

The fact that the enantioselectivity only depends on the biaryl unit in all the 

monodentate ligands studied here and due to the modularity of these ligands, it should 
be easy to vary further the nature of the group bonded to the P atom, introducing 

another element of chirality, to achieve even better enantioselectivity. 

3.5.1 Other monophosphonites, monophosphites and 
phosphoramidites 

Subsequent to our publication, 138 Reetz et al. reported the use of 
monophosphonite ligands in rhodium-catalysed hydrogenation. 139 Using ligands (R)- 

(2.1n)-(2.3n) for the asymmetric hydrogenation of methyl-2-acetamido acrylate 
(3.37), the results reported (up to 94% ee) are in agreement with those described in 
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Section 3.2. They also reported the use of diphosphonite (3.51) with a ferrocene 
backbone, and obtained an ee greater than 99.5%, 32 indicating that a positive chelating 
effect can be achieved providing the appropriate backbone is chosen. 

i 

\/ 

\O P-® 

le 

(R, R)-(3.51) 

It would have been interesting if they had also studied the monodentate analogue 
(R)-(3.77) for comparison, but this was not done. 

ýPzoJrO 

0 

(R)-(3.77) 

Reetz agrees, in this recent paper, with our assignment of the absolute 

configuration of the product resulting from the hydrogenation of methyl-2-acetamido 

acrylate using diphosphonite ligand (2.6n). Indeed, the (S)-product is favoured when 
(R, R)-(2.6n) is used in accordance with our blocking quadrant diagram (see Section 

3.3). 

Another paper by Reetz et al. reports high enantioselectivities in asymmetric 
hydrogenation using biaryl monophosphites. 140 Enantioselectivities up to 95.5% for 

the hydrogenation of methyl-2-acetamido acrylate (3.37) and up to 99.6% for the 
hydrogention of dimethyl itaconate (3.78) are reported when the ligands have two 

elements of chirality (Scheme 3.19). 
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An application of monodentate phosphoramidite ligands has been reported by de 

Vries et al. 136 Excellent ee's (up to 99.8%) are obtained in the rhodium-catalysed 
hydrogenation of dehydroamino acid and itaconic acid derivatives, using a simple and 

readily available chiral monodentate phosphoramidite ligand (3.81), named 
MonoPhos. The levels of enantioselectivity are remarkable (greater than the bidentate 

analogue (3.82) at 72% ee) given very fast and enantioselective hydrogenation under 
high pressure with only negligible effects on the levels of stereocontrol. 
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These two last studies confirm, indeed, the fact that rhodium catalysts based on 
monodentate ligands can show the same or higher enantioselectivity than catalysts based 

on bidentate ligands, especially when the two ligands on rhodium strongly restrict each 
other's conformational freedom. 
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Chapter 4: Copper Catalysed Conjugate Addition 

4.1 Transition metal catalysed asymmetric conjugate additions 

The conjugate addition of a carbon nucleophile to an a, ß-unsaturated 

compound is one of the most important C-C bond-forming strategies available in 

organic synthesis. Conjugate additions involve the 1,4-addition of nucleophiles (also 

referred to as donors) to alkenes or alkynes attached to an electron withdrawing group, 
EWG (also referred to as acceptors). This nucleophilic addition is followed by the 

trapping of the anionic intermediate with an electrophile which, in the simplest case is a 

proton (Scheme 4.1). 141 

E 

_R 
R **"11ý R "*'ýNu" - EWG El 

EWG EWG 
Nu 

Nu 

EWG = CHO, COR, CO2R, CONR2, CN, SO2R, NO2, etc 

Scheme 4.1 

When an a, ß-unsaturated compound has prochirality at the a and/or ß 

positions there is potential for the creation of new chiral centres (Scheme 4.2). The 

broad application (these additions are key steps in some syntheses of natural products, 

such as steroids, prostaglandins and terpenes), and the wide spectrum of donor and 

acceptor compounds that can be employed has made the enantioselective conjugate 

addition an important topic of study. 142 

Nu- 
X Nu X" Nu 

a 
E+ E 

substrate enolate product 

Scheme 4.2 

Several successful methods for enantioselective 1,4-addition based on 

stoichiometric organometallic reagents have been developed, 143 but the catalytic version 

of the reaction has attracted the bulk of the efforts. Recently, chiral transition metal 
based catalysts have been found that induce high enantioselectivities (more than 90%) in 

116 



Chapter 4: Copper Catalysed Conjugate Addition 

1,4-additions of Grignard, organolithium or organozinc reagents to enones or other 
a, (3-unsaturated carbonyl compounds144-147 (Scheme 4.3). 

O OMLn 0 

RmMLn HX 
+ LnMX 

1,4-addition 
RR 

Scheme 4.3 

Although chiral metal catalysts based on nickel(II) and cobalt(II) have been 

used, the best results to date are obtained with copper(I) catalysts, especially those 

where sulfur or phosphorus ligands are bound to the copper. 144,147 A particularly 
successful process is the enantioselective copper catalysed 1,4 addition of organozinc 
reagents. Using copper complexes of chiral phosphoramidites, 24°148,149 phosphitesl5o- 
152 and aminophosphines153 in the additions to cyclic enones, enantioselectivities of up 
to 98% ee have been obtained, see Section 4.1.3 

The copper(I) catalysed enantioselective 1,4-additions of organozinc reagents to 

cyclic and acyclic enones and nitro-olefins is the main topic of this chapter. The general 
characteristics and the mechanism of the conjugate addition to enones are discussed in 
Section 4.1.1 and a summary of the state-of-the-art systems that have been used is 

given in Section 4.1.2. A general view of enantioselective copper-catalysed conjugate 
addition of diethylzinc to nitro-olefins is discussed in Section 4.1.3. In Section 4.2 the 

results of the use of phosphonites in the copper-catalysed asymmetric 1,4-addition of 
diethylzinc to cyclohexenone, chalcone and nitro-olefins will be described. 

4.1.1 Enantioselective copper(I) catalysed conjugate addition of 
organozinc reagents to enones 

Organozinc reagents occupy a special place in the enantioselective conjugate 
addition of organometallic reagents. The reactivity and tolerance for other functional 

groups present on both the substrate and the organozinc reagent are the main reasons 
for their importance. Dialkylzinc addition to enones and other conjugate acceptors in the 

absence of transition metal catalysts or ligands is slow. Effective catalysis can be 

achieved by many transition metal complexes. The catalytic effect has been explained by 

transmetallation or changes in geometry and bond energy of the zinc reagents. 154,155 In 

copper-catalysed 1,4-additions of R2Zn reagents, a key step is the alkyl transfer from 
Zn to Cu to generate in situ an organocopper(I) reagent, although other formulations 
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such as bimetallic Zn/Cu reagents have also been suggested. 154,155 Organozinc 

reagents readily undergo transmetallation to give organometallic reagents RML,,, which 
are more reactive (Scheme 4.4). 

R-Zn-Y + X-MLn lip 
R. 

Y-Zr( ML 
'X" 

» R-MLn + X-Zn-Y 

Y=R, halide 
M= Ti, Pd, Ni, Cu 
X= halide, OTf 

Scheme 4.4 

Organometallic reagents, however, often react with enones in both 1,2- and 1,4- 

manner. In addition, enolates may react with coexisting enones to give 1,2- or 1,4- 

addition products. Successive conjugate addition forms oligomers or polymers (Scheme 

4.5). 

O 

MR 
1,4-addition 

+ 

1,2-addition 

MR 
ýY)l 

Scheme 4.5 

Two different metals (for more cases) have been explored: nickel(II) and 

copper(I). Copper catalysts have been developed which are capable of inducing high 

enantioselectivities in the conjugate addition of diethylzinc to cyclic or acyclic 

substrates. However, nickel(II) catalysts are good for acyclic enones but fail for cyclic 

OM 0 

E+ E 

RR 

ýýl 
polymerization 

MOO 

n-I 
R 
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substrates. A possible explanation for this exists in the different interactions of the Cu 

and Ni with the substrates. 156 Apparently, in the nickel-catalysed process, a chiral 

alkyl-nickel species is formed with the carbonyl oxygen atom bound to the metal 
resulting in an enantioselective alkyl transfer in the case of s-cis enones, such as 
chalcone, as is shown in Scheme 4.6 (a). In the case of cyclohexenone, intermediate b 

will probably be formed with the chiral alkylnickel species too far away from the ß 

position for efficient asymmetric induction to be achieved. Alkyl-copper species, on the 

other hand, probably coordinate to the carbon-carbon double bond of the enone, 

providing intermediates like c, with possibilities for enantioselective alkyl transfer to 
both cyclic and acyclic enones. 

L� 
1 

RýR 

a b 

Scheme 4.6 

L*n CuR 

R 

c 

Despite the widespread use of the 1,4-addition catalysis, a clear mechanistic 

picture has not emerged until very recently, see Scheme 4.7.157 For the addition of 
diethylzinc, the catalytic cycle involves the reduction of Cu(II), which has two 

phosphorus atoms bound to it, to Cu(I), and then an ethyl fragment is transfered to the 

copper center, by transmetallation. 148 The substrate then coordinates to the chiral 
copper species by 7t-complexation of the carbon-carbon double bond. The difference in 

the electronegativity of zinc (1.6) and copper (1.9) suggests the formation of a zinc 

enolate rather than a copper enolate. The remaining sites of the tetrahedral coordination 

sphere of the copper ion are occupied by two phosphorus ligands generating a chiral 

environment. The species I and III are bimetallic complexes, with fixed conformation 

of the enone. Posterior alkyl transfer generates the zinc enolate II, which upon 
protonation gives the ß-substituted ketone (4.2) (from cyclohexenone) or (4.4) (from 

chalcone). Alternatively the zinc enolates can be trapped by electrophiles such as 

aldehydes or allylacetates. 158,159 
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4.1.2 State-of-the-art systems for copper(I) catalysed 1,4-addition of 
diethylzinc to enones 

Traditionally, phosphorus(III) ligands are considered amongst the best soft 
ligands for copper(I) and a significant number of complexes, mainly with monodentate 
ligands, has been described. 160 Alexakis et at. reported the first copper-catalysed 
conjugate addition of diethylzinc to cyclohexenone using a phosphorus(III) ligand, 161 
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(Scheme 4.8). Since then many chiral phosphorus(IH) ligands have been developed that 

are efficient for the copper catalysed addition of diethylzinc to various enones. 

0 
10% Cul, 20%L 
2 Et2Zn 

1 toluene, 20°C, 15h 

70%, 32% ee 
p 

Me 
L= oýI 

N p\ 
NMe2 

Scheme 4.8 

The best phosphorus(III) ligands to date are shown in Fig. 4.1 and 4.2. 

together with the enantioselectivities achieved with different enones. 
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Figure 4.1: Phosphorus(III) ligands for copper-catalysed conjugate additions 
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Figure 4.2: Phosphorus(III) ligands for copper-catalysed conjugate additions 

These examples show that biaryl phosphorus ligands are particularly effective 
for asymmetric 1,4-additions. Among this class of ligands, the phosphoramidites of 
Feringa et al. are the most impressive. 24,148. Ligand (4.5) gives highly 

enantioselective copper-catalysed 1,4-additions of diorganozinc reagents to numerous 

cyclic enones (Fig. 4.3). The scope and efficiency of this class of ligands is remarkable: 

enantioselectivities up to 90% for acyclic enones162 and greater than 98% for cyclic 

enones are obtained. 
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Figure 4.3: Enantioselectivities for cyclic enones using phosphoramidite ligand 
(4.5) 

The zinc enolates formed by these transformations can be trapped by other 

electrophiles, such as an aldehyde. Trans-2,3-disubstituted cyclohexanones can be 

synthesised with ee's greater than 90% (after oxidation) (Scheme 4.9). 148 
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97% ee 

Highly enantioselective annulations (ee's from 96 to >98%) for cyclic enones 
can also be achieved, by a tandem addition-cyclization using organozinc reagents 
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containing an aldehyde protected as an acetal which, after conjugate addition undergo 
intramolecular aldol reaction to give 6,6-, 6,7- and 6,8-annulated bicyclic systems 
(Scheme 4.10). 149 

Ob Et 

EtO 

Z 

a 

a: 1,4-addition 
b: aldol 

Cu(OTf)2/ (S, R, R)-(4.1) 

toluene, -30°C, 18h 

0 Et Et 

THF, HCl 
:/a, 

oll 
P-N 

. 41111 

ýýý 
Ph 

(S, R, R)-(4.1) 

0 

>98% ee 

H 

96%ee 

Scheme 4.10 

97%ee 

H 97%ee 

H 

Other applications of the Feringa's catalyst include the enantioselective synthesis 
of arylnitroalkanes (ee's up to 92%)163 and cycloalkenones (ee's >96%)1M and the 
kinetic resolution of diene epoxides (ee's up to 94%). 165,166 Studies on the effect of 
ligand modification (different substituents in the 3,3'-position of the binaphthyl moiety 
and different amine) in the enantioselective copper catalysed diethylzinc addition to 

cyclohexenone and chalcone, show that there is no consistent correlation between the 

molecular structure of the phosphoramidite ligand (such as steric effects) and the 
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enantioselectivities observed. It appears that a bulky amine moiety is required to achieve 
high ee's). 162 

Pfaltz et al. have studied steric effects in a series of oxazoline-phosphite ligands 
(4.8)-(4.11) and (4.14). 150,167 For this type of ligands, the results agree with 
Feringa's ligands: there is again no obvious correlation between increasing the steric 
bulk of the ligand structure and the resulting ee. Excellent yields and high 

enantioselectivities have been obtained in the 1,4-addition of diethylzinc to 

cyclohexenone (up to 90% ee) and cycloheptenone (up to 94% ee). Yields are only 
moderate for cyclopentenone, but the ee is the highest reported to date for this substrate 
(94%) (Fig 4.4). 
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Figure 4.4: Enantioselectivities for cyclic enones using oxazoline-phosphite ligands 
(4.7), (4.8) and (4.10) 

P, N-donor ligands have been tested by Zhang. 153 The combination of a 
diarylphosphine group with a substituted pyridine in a chiral binaphthyl system is 

present in ligands (4.6) and (4.7). Several acyclic enones have been converted 

successfully into the corresponding chiral ketones (up to 98% ee), giving the best 

results for this type of substrates (Scheme 4.11). 
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Scheme 4.11 

Chan et al. applied a series of C2-symmetric aryl diphosphites, such as (4.12) 

and (4.13), based on binaphthol, in the catalytic conjugate addition of diethylzinc to 

cyclic enones. 152,168 Enantioselectivities around 88% were achieved for cyclohexenone 
and cyclopentenone with ligand (4.12). Diphosphite (S, S, S)-(4.13) was the matched 
ligand affording 90% ee for cyclohexenone and 77% ee for cyclopentenone, whereas 
(S, R, S)-(4.13) only gave 30% ee for cyclohexenone. The conjugate addition to 

chalcone using (S, S, S)-(4.10) resulted in poor enantioselectivity (16% ee) and low 

conversions (62%). Introduction of methyl groups on to the 3,3'-positions of the 
bridging binaphthyl unit or to the terminal binaphthyl unit of ligand (4.13) resulted in a 
decreased in activities and enantioselectivities for the conjugate addition of diethylzinc to 

cyclopentenone. 

Highly enantioselective conjugate additions to a, ß-unsaturated lactones with 

chiral diphosphite-copper complexes have also been reported by Chan. 169 The best 

ligand was found to be (4.12) giving up to 92 % ee and no 1,2-addition by-product 

was observed (Scheme 4.12). 
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Alexakis et al. prepared a new class of chiral phosphorus ligands with a 
TADDOL unit as a backbone and different phenols and amines as P-substituents. 151 

Using an achiral alcohol derivative in the exocyclic position, all the ligands gave poor 
ee's. The possibility of matched and mismatched pairs of ligands using a chiral alcohol, 
such as menthol and phenyl-cyclohexanol, was investigated. The matched ligands gave 
ee's of 96% for cyclohexenone using (4.17) (Fig. 4.5). Using an amine as the 

exocyclic moiety only 17 % ee was achieved. In this regard the TADDOL analogues are 
poor substitutes for the Feringa's phosphoramidites. 
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Figure 4.5: Enantioselectivities for cyclohexenone using matched and mismatched 
pairs of phosphite ligands (4.17) 
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Chiral diphosphine ligands like chiraphos, norphos, binap, duphos fail to 

produce good enantioselectivities for the conjugate addition of diethylzinc to 

cyclohexenone, chalcone and benzalacetone. 170 However, Imamoto et al. 126 found 

that methylene-bridged chiral diphosphines, miniPHOS, (4.14) and (4.16), can be 

successfully used for 1,4-addition of diethylzinc to cyclic enones: up to 97% ee for 

cycloheptenone (Fig 4.6). 
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Figure 4.6: Enantioselectivities for cylic enones using diphosphines miniPhos 
(4.15) and (4.16) 

4.1.3 Enantioselective copper catalysed conjugate addition of zinc 
reagents to nitro-olefins 

Nitro-olefins are among the best acceptors in conjugate addition reactions, and 
add a range of functionalised nucleophiles, 171,172 see Scheme 4.13. 

R2 
+ R22Zn cat N02 

Rý 

Scheme 4.13 

Nitroalkanes are highly versatile intermediates. The nitro group can, for 

example, be easily reduced to the corresponding amino group. 173 Thus, this procedure 
provides an easy access to ß2-homoamino acids174 or the corresponding aldehydes. 

Only a few examples of 1,4-additions of organozinc reagents to nitro-olefins 
can be found in the literature. The first example of enantioselective conjugate addition of 
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diethylzinc to nitro-olefins has been reported by Seebach et al. 175 However, the 

presence of a Lewis 'acid is required: good ee's are obtained using stoichiometric 
amount of titanium TADDOLate (4.18) with various nitroarenes (Scheme 4.14). 
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Scheme 4.14 

A catalytic version was reported by Alexakis et al. using a non-chiral 

phosphorus ligand: 2-phenyl-l-nitroalkene reacts smoothly with diethylzinc in the 

presence of Cu(I) and triethylphosphite. The conjugate addition is very efficient: the 

reaction is complete in 25 min, using only 0.5% of Cu(OTf)2 and 1% of P(OEt)3,176 

A highly enantioselective 1,4-addition of diethylzinc to nitrostyrene derivatives 
in the presence of a chiral ligand has been disclosed by Sewald et al. 177 Using 
Feringa's ligand, the addition proceeds in some cases with moderate to good 
enantioselectivity (up to 86%), see Scheme 4.15. The best results are obtained using 
(R, S, S)-(4.5), which represents the matched combination of binaphthol and amine. 
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Feringa et al. have studied the conjugate addition of dialkylzinc reagents to a, ß- 

unsaturated nitroacetates to give chiral 0-nitroacetates. 163. Highly efficient (up to 89% 

yield) and enantioselective (up to 92% ee) addition is possible using Cu(OTf)2/(S, R, R)- 
(4.5) when the ß-aryl group and the nitro group are fixed in a trans orientation as in 3- 

nitrocoumarins. Further mild decarboxylation of the addition product gives a new route 
to optically active ß-aryl-nitroalkanes, versatile building blocks (Scheme 4.16). 
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Recently, Alexakis et al. has reported the highest ee's to date in the 

enantioselective conjugate addition of diethylzinc to nitro-olefins. 178 Various nitro- 
olefins have been used as substrates and several types of ligands have been tested: 

phosphites, phosphoramidites, phosphonites and diphosphines. It is worth noting that 

phosphonite (4.19) appears to be the best ligand for aryl-substituted nitro-olefins, with 
ee's as high as 86%. It also displays good enantioselectivities for alkyl-substituted 
substrates (up to 63% ee) (Fig 4.7). With bulkier substituents on the TADDOL unit 
(phenyl replaced by 2-naphthyl) as in ligand (4.20), a decrease in the enantioselectivity 
is observed. 
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Figure 4'7: Enantioselectivities for nitro-olefins using phosphonites (4.19) and 
(4.20) 
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4.2 Asymmetric conjugate addition with phosphonite systems 

This section describes the preliminary results that we have obtained using our 
phosphonites as ligands for copper-catalysed 1,4-addition. The ligands have been 

screened in the addition of diethylzinc to two different substrates, enones and nitro- 
olefins, in order to assess their potential. 

4.2.1 Enantioselective conjugate addition of diethylzinc to enones 

Inspired by Feringa's results, we tested our phosphonite ligands (2.1n)-(2.6n) 

and (2.1p)-(2.5p) in the copper catalysed conjugate addition of diethylzinc to enones. 
Cyclohexenone (4.1) and chalcone (4.3) were used as a model substrates for cyclic 
and acyclic enones, respectively (Scheme 4.17). 
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(4.2) 

P0 Ph 
(4.4) 

Having a family of ligands with the same general structure but modulated in the 
R group and in the biaryl unit, will allow us to study the influence of steric and 
electronic effects in the catalysis. The chelating effect will be also discussed comparing 
the results of the monophosphonites with the ones obtained with the diphosphonite 
(2.6n). 

4.2.1.1 Diethylzinc additions to cyclohexenone 

The diethylzinc additions to cyclohexenone were performed using Cu(OTf)2 for 
the in situ preparation of the catalyst. A ratio of two equivalents of the ligand to one 
Cu(OTt)2 were used in the case of monophosphonites and one equivalent of ligand to 
copper, when diphosphonite ligand was used. The reactions were carried out under 
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standard conditions, using toluene as solvent and at -400C (Scheme 4.18) and were 
monitored by GC. The results are shown in Table 4.1. 

a (4.1) 

L* = 

2L* = 

Cu(OTf)2 (1-2 mol%) 
L* (2-4 mol%) 

+ Et2Zn 
toluene, -40°C 

(4.2) 

p, 
ý, P , P, 

R 

(S)-(2.1n) R =Ph (S)-(2.1p) 
(S)-(2.2n) R =Me (S)-(2.2p) 
(S)-(2.3n) R =t-Bu (S)-(2.3p) 
(S)-(2.4n) R =o-anisyl (S)-(2.4p) 
(S)-(2.5n) R= Cy (S)-(2.5p) 

p R, 

Scheme 4.18 

135 

(S, S)-(2.6n) 



Chapter 4: Copper Catalysed Conjugate Addition 

Table 4.1: Enantioselective conjugate addition of diethylzinc to cyclohexenone 
(4.1) catalysed by Cu(OTf)2 and phosphonites (2.1n)-(2.6n) and 
(2.1p)-(2.5p). 

entry ligand time (h) conversion (%)c e. e. (%)d 

la (S)-(2.1n) 1 14 17(S) 

2a 3 34 18(S) 

3a 16 100 18(S) 

4b (S)-(2.2n) 1 15 27 (S) 

5b 3 28 29(S) 

6b 16 100 29(S) 

7b (S)-(2.3n) 1 100 30(S) 

gb (S)-(2.4n) 1 70 15(S) 

9b 3 >99 17(S) 

lob (S)-(2.5n) 1 43 <5 (S) 

lib 3 83 6(S) 

12b 16 >99 9(S) 

13b (S, S)-(2.6n) 1 77 17(S) 

14b 3 94 19(s) 

15b 16 100 20(S) 

16a (R)-(2.1p) 1 22 33 (R) 

17a 3 56 36 (R) 

18a 16 100 41(R) 

19b (S)-(2.2p) 1 63 24 (S) 

20b 3 > 99 29(S) 

21b (S)-(2.3p) 1 100 29(S) 

Continued. 
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Table 4.1 continued: 

entry ligand time (h) conversion (%)c e. e. (%)d 

22b (S)-(2.4p) 1 52 38 (S) 

23b 3 75 38(S) 

24b (S)-(2.5p) 1 >99 36 (S) 

a Reaction conditions: Cu(OTf)2 (1 mol %), 2L (2 mol %), toluene (10 cm3), -40°C. 
b Reaction conditions: Cu(OTi)2 (2 mol %), 2L (4 mol %), toluene (5 cm3), -40°C. 
c, d Conversion and ee determined by GC (see Experimental section) 

All ligands give poor to moderate enantioselectivities (up to 41% ee) for the 1,4- 

addition of diethyl zinc to cyclohexenone (4.1). Looking at the results, the following 

features can be drawn when one considers the different biaryl and R groups in the 
ligands: 

" Introduction of the biphenanthryl moiety in ligands (2.1p), (2.4p) and (2.5p) 

results in an increase in the enantioselectivity (compare entry 3 with 18, entry 9 with 23 

and entry 12 with 24). No effect is noticed for the rest of the ligands comparing the 
biaryl unit. 

" For the n ligands (ligands with binaphthyl moiety), those with alkyl substituents 
give better ee's than those with aryl substituents (compare entries 6 and 7 with 3 and 9). 

For the p ligands (ligands with biphenanthryl moiety), the trend seems to be the other 

way round: aryl substituents in the ligand result in better ee's than alkyl substituents 
(compare entries 18,23 with 20,21). Ligands (2.5x) are an exception of this 

tendency. 

" ortho-methoxy substituent at the aryl unit does not improve or reduce the 

enantioselectivity in any case (compare entries 3 and 18 with 9 and 23). 

" There is no obvious trend between the different alkyl group and the ee: ligand 

(2.5p), with a cyclohexyl as aR group is the best of this alkyl series (36% ee) (entry 

24). 

" Ligand (2.1p), derived from biphenanthrol and phenyl, gives the best ee so far 

obtained (41%) of all ligands tested (entry 18). 

" No apparent trend can be found with respect to catalytic activity. The fastest 

ligands are the ones with tert-butyl as R group, (2.3n) and (2.3p), with complete 

ethyl transfer after 1h of reaction (entries 7 and 21). 
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4.2.1.2 Diethylzinc additions to chalcone 

For the conjugate addition of diethylzinc to acyclic enones, 
benzylidenacetophenone, chalcone (4.3) was chosen as a model substrate. The catalyst 

was prepared in situ from Cu(OTf)2 (copper/ligand ratio = 2). Conjugate additions to 

chalcone (4.3) provided (4.4) quantitatively. Reactions were performed with 2 mol% 

of the in situ prepared catalyst in toluene at -40 °C, for 16 hours (Scheme 4.19). 

Completion of the reaction was checked by TLC and 1,4-adducts were isolated after 

acidic work-up for ee determination by HPLC, see Experimental. The results are shown 
in Table 4.2. 

0 Cu(OTf)2 (2 mol%) 
0 

L* (4 mol%) 
Ph Ph + Et2Zn P Ph toluene, -400C 

(4.3) (4.4) 

L* = 

2L* = 

(S, S)-(2.6n) 

Scheme 4.19 

O_P 

/1 
I\\ 

O` 

(S)-(2.1n) R =Ph (S)-(2.1p) 
(S)-(2.2n) R =Me (S)-(2.2p) 
(S)-(2.3n) R =t-Bu (S)-(2.3p) 
(S)-(2.4n) R =o-anisyl (S)-(2.4p) 
(S)-(2.5n) R= Cy (S)-(2.5p) 

/ý Pýl 
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Table 4.2: Enantioselective conjugate addition of diethylzinc to chalcone (4.3) 

catalysed by Cu(OTf)2 and phosphonites (2.1n)-(2.6n) and (2.1p)- 
(2.5p). a 

entry ligand conversion (%)b e. e. (%)c 

1 (S)-(2.1n) 100 63 (R) 

2 (S)-(2.2n) 100 43 (R) 

3 (S)-(2.3n) 100 82 (R) 

4 (S)-(2.4n) 100 47 (R) 

5 (S)-(2.5n) 100 60 (R) 

6 (S, S)-(2.6n) 100 43 (R) 

7 (R)-(2.1p) 100 53 (S) 

8 (S)-(2.2p) 100 63 (R) 

9 (S)-(2.3p) 100 80 (R) 

10 (S)-(2.4p) 100 63 (R) 

11 (S)-(2.5p) 100 74 (R) 

a Reaction conditions: Cu(OTfl2 (2 mol %), 2L (4 mol %), toluene (10 cm3), -40°C. 
b Conversion checked by TLC (see Experimental section). 
c Ee determiined by HPLC (see Experimental section). 

All phosphonites show enantioselectivity in the ethyl transfer from diethylzinc to 

chalcone (4.3). Some remarks can be made comparing the different biaryl and R group 
in the ligands and the asymmetry induced: 

" Ligands with sterically demanding R substituents (e. g. ligands (2.3x) and 
(2.5x)), induce high enantioselectivity (enties 3,5,9 and 11). For instance, ligand 
(2.3n) induces the highest ee so far obtained for acyclic enones using phosphonite 
ligands: 82% ee (entry 30). 

" Introduction of ortho substituents in the aryl group, such as OMe, does not 
seem to have consistent effect on the enantioselectivity: low ee's are obtained with the n 
ligand (compare entry 1 with 4), but an increase is noticed when the p ligand is used 
(compare entry 7 with 10). 

" The bulky biphenanthryl based ligands lead to a large increase in 

enantioselectivity with (2.2x) and (2.4x) (compare entries 2 with 8 and 4 with 10). A 
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less dramatic effect is noticed for ligands (2.5x) (compare entries 5 wit 11). No 

significant effect can be seen for ligands (2.3x) and the opposite trend is noticed for 
ligands (2.1x) as the n ligand gives better ee than the p ligand (compare entries 1 with 
7). 

" With the bidentate phosphonite (2.6n) (ligand/copper=l) comparable ee's are 
found to the monodentate ligand (2.2n) (ligand/copper=2) (entries 6 and 2). This 

observation indicates the presence of two monodentate chiral ligands in the catalytically 
active complex (or catalyst aggregate). 

4.2.2 Enantioselective conjugate addition of diethylzinc to nitro- 
olefins 

Our phosphonite systems are more selective for the conjugate addition of 
diethylzinc to acyclic enones than to cyclic enones and the recent paper of Alexakis 

shows that a TADDOL derived phosphonite (4.19) induces high enantioselectivites for 

the 1,4-addition to nitro-olefins. 178 Thus we were interested in this type of substrate. 

Two aryl nitro-olefins have been tested as a substrates: trans-nitrostyrene 
(4.21) and p-methyl-trans-nitrostyrene (4.23). Reactions have been carried out with in 

situ prepared Cu(I) species from Cu(OTf)2 and phosphonite ligands: copper/ligand = 
1/2 for monodentate phosphonites (2.1n)-(2.5n) and (2.1p)-(2.5p), and 
copper/ligand =1 for bidentate ligand (2.6n) (Scheme 4.20). 
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NO2 

R/ 
R=H: (4.21) 
R= CH3 : (4.22) 

L* = 

Cu(OTf)2 (2 mol%) 

+ Et2Zn 
L* (4 mol%) 

toluene, -40°C 

0 

(S)-(2.1n) R =Ph (S)-(2.1p) 
(S)-(2.2n) R =Me (S)-(2.2p) 
(S)-(2.3n) R =t-Bu (S)-(2.3p) 
(S)-(2.4n) R =o-anisyl (S)-(2.4p) 
(S)-(2.5n) R= Cy (S)-(2.5p) 

2L* = 

(S, S)-(2.6n) 

Scheme 4.20 

R 
,P 

The results for the conjugate addition of diethylzinc to nitro-olefin (4.21) are 

collected in Table 4.3. Surprisingly, only moderate enantioselectivities (up to 26% ee) 

were found for ligands (2.2n), (2.1p) and (2.2p) (entries 6,17 and 22). The rest of 

the ligands induced poor or no enantioselectivity. All reactions are quite slow, 

compared with chalcone. 

NO2 

R=H: (4.23) 
R= CH3 : (4.24) 
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Table 4.3: Conjugate addition of diethylzinc to trans-nitrostyrene (4.21) catalysed 
by Cu(OTf)2 and phosphonites (2.1n)-(2.6n) and (2.1p)-(2.5p). 

entry ligand time (h) conversion (%)c e. e. (%)c 

la (S)-(2.1n) 1 2 <5 

2a 3 24 <5 

3a 16 55 14 

4b (S)-(2.2n) 1 34 18 

5b 3 47 19 

6b 16 84 19 

7a (S)-(2.3n) 1 20 14 

8a 3 54 6 

9a 16 100 8 

10a (S)-(2.4n) 1 20 <5 

11a 3 26 <5 

12a 16 60 7 

13b (S)-(2.5n) 1 30 7 

14b 3 35 9 

15b 16 65 9 

16b (S, S)-(2.6n) 1 - 6 

17b (R)-(2.1p) 1 34 26 

18b 3 44 25 

19b 16 83 18 

20b (S)-(2.2p) 1 31 12 

21b 3 35 14 

22b 16 88 14 

Continued. 
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Table 4.3 continued: 

entry ligand time (h) conversion (%)c e. e. (%)c 

23b (S)-(2.3p) 1 68 9 

24b 3h 89 7 

25b 16 100 7 

26b (S)-(2.4p) 1 24 <5 

27b 3 36 <5 

28b 16 68 <5 

29b (S)-(2.5p) 1 44 10 

30b 3 66 11 

30b 16 >99 11 

a Reaction conditions: Cu(OTt)2 (1 mot 2L (2 mot toluene (10 cm3), -40°C. 
b Reaction conditions: Cu(OTf)2 (2 mot 2L (4 mot toluene (5 cm3), -40°C. 
c Conversion and ee determined by GC (see Experimental section) 

Addition of a para methyl group on the aryl nitro-olefin does not help to increase 

the enantioselectivity. Table 4.4 shows the results for the conjugate addition of 
diethylzinc to nitro-olefin (4.23). Only enantioselectivities up to 20% ee were achieved 

with ligands (2.4n) and (2.1p) (entries 4 and 7). 

Table 4.4: Enantioselective conjugate addition of diethylzinc to p-methyl-trans- 
nitrostyrene (4.23) catalysed by Cu(OTf)2 and phosphonites (2.1n)- 
(2.6n) and (2.1p)-(2.5p). a 

entry ligand conversion (%)b e. e. (%)b 

1 (S)-(2.1 n) 74 8 

2 (S)-(2.2n) 86 12 

3 (S)-(2.3n) 100 <5 

4 (S)-(2.4n) loOc 20 

5 (S)-(2.5n) 60 6 

Continued. 
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Table 4.4 continued: 

entry ligand conversion (%)b e. e. (%)b 

6 (S, S)-(2.6n) >99c 8 

7 (R)-(2.1p) 93 17 

8 (S)-(2.2p) 93 5 

9 (S)-(2.3p) >99C <5 

10 (S)-(2.4p) >99C <5 

11 (S)-(2.5p) >99c <5 

a Reaction conditions: Cu(OTf)2 (2 mol %), 2L (4 mol %), toluene (5 cm3), -40°C, 16 h. 
b Conversion and ee determined by GC (see Experimental section). 
c Reaction time: 64 h. 

The finding that the conjugate addition of diethylzinc to nitro-olefins with our 

phosphonite systems takes place with poor enantioselectivity, except for a few 

examples, may suggest that the ligands are not suitable for these substrates. 

4.3 Summary and concluding remarks 

In this Chapter a general description of conjugate addition reactions has been 

given. The 1,4-addition of organozinc reagents to two different substrates, enones and 
nitro-olefins, has been the main topic. 

It has been shown that for the enantioselective 1,4-addition of organozinc 
reagents to cyclic and acyclic enones, remarkable progress has been made in the last 
few years to achieve excellent catalysts based on copper(I) and phosphorus(III) ligands, 

containing a biaryl moiety. A catalytic cycle has been proposed24,157, which involves 

as intermediates a zinc-copper complex and a zinc enolate. The current status of the 

asymmetric conjugate addition of organozinc reagents to nitro-olefins has been also 

reviewed in this chapter. 

A wide variety of novel phosphonite ligands has been tested in the 1,4-addition 

of diethylzinc to enones and nitro-olefins in an attempt to extend their potential use in 

asymmetric catalysis. Application of the phosphonite ligands in the copper-catalysed 

conjugate addition to enones (cyclic and acyclic) revealed that the substrates can be 

successfully alkylated in moderate to high ee's. The highest ee values were observed 
for the ethyl transfer to chalcone, specially for the tert-butyl-binaphthyl based ligand 

(82% ee). Limitations seem to be present for the 1,4-addition of diethylzinc to nitro- 
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olefins. The lack of enantioselectivity may be explained by the substrate specificity of 
the ligands. 
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E. 1 General experimental details 

Unless otherwise stated, all reactions were carried out under a dry nitrogen 
atmosphere using standard Schlenk line techniques. Glassware was flame-dried and 

allowed to cool in vacuo before use. Syringes and needles were oven-dried overnight 

and allowed to cool in a desiccator prior to use. Solvents were dried and degassed by 

refluxing under a nitrogen atmosphere over appropriate drying agents; calcium hydride 

(for dichloromethane), magnesium (for ethanol and methanol), sodium wire / 

benzophenone (for THE and 2,2-dimethoxypropane) and sodium (for toluene). Dry 

pentane and methanol were purchased from Aldrich Chemical Company, stored over 4 
A and 3A activated molecular sieves respectively and were degassed by freeze-pump- 

thaw methods prior to use. Commercial reagents were used as supplied unless 

otherwise stated. PhPC12 and MePC12 were distilled under a nitrogen atmosphere and 
NEt3 was dried by refluxing under a nitrogen atmosphere over potassium hydroxide. 

Both reagents were degassed by freeze-pump-thaw methods prior to use. 

Starting materials prepared by literature methods were PCL(NMe2)2,179 (t)-, 
(R)-, (S)-biphenanthrol, 34 (R)- and (S)-(9,9'-biphenanthryl-10,10'- 
diyl)phenylphosphonite, 34 (S, S, S)-tris(1,1'-binaphthyl-2,2'-diyl)diphosphite, 40 

PtC12(cod)] '180 [PtMe2(cod)2], 181 [PtMeCI(cod)], 182 [PdC12(NCPh)2], 183 

[Rh2C12(cod)2] 184 and [Rh(cod)2]BF4.185 

Elemental analyses were carried out by the Microanalytical Laboratory of the 
School of Chemistry, Bristol University. Fast Atom Bombardment mass spectra was 
recorded on an MD800 and an Autospec by the Mass Spectrometry Service, Bristol 
University. Optical rotations were recorded by the author using a PE 241 MC 

polarimeter. 

3 1p{ 1H}, 13C{ 1H}, 195 Pt{ 1H} and 1H NMR spectra were recorded by the 

author at the ambient temperature of the probe unless otherwise stated. Deuterated 

solvents, which were dried over 4A molecular sieves and degassed by freeze-pump- 

thaw methods prior to use, were used to provide the field / frequency lock. An external 
D20 source was used in the case of the Jeol EX90 NMR spectrometer. 

The following spectrometers were used: 
1H NMR spectra; Jeol GX270 (270 MHz) or Jeol GX400 (400 MHz) 

with chemical shifts to high frequency of internal 

tetramethylsilane. 
13C (1 H) NMR spectra; Jeol GX270 (67.9 MHz) or Jeol GX400 (100 MHz) 

with chemical shifts relative to the solvent used. 
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31p{ 1H} NMR spectra; Jeol GX400 (162 MHz) with chemical shifts to high 
frequency of H3PO4. 

195pt{ 1H} NMR spectra; Jeol GX400 (85.6 MHz) with chemical shifts to high 
frequency of E (195pt) = 21.4 MHz. 

E. 2 Chapter 2: Synthesis and coordination chemistry of chiral 
biaryl phosphonites and phosphites 

E. 2.1. Synthesis of RPC12 species 

Preparation of o-anisyldichlorophosphine (2.4) 
To a stirred solution of 2-bromoanisole (3.32 cm3,26.7 mmol) in THE (20 

cm3) at -70 °C was added n-butyllithium (18.4 cm3,29.37 mmol, 1.1 mol equiv, 1.6 
M in hexanes) dropwise. The resulting mixture was stirred for 1h while it was warmed 
to room temperature. To the resulting cloudy yellow suspension at -60 0C was added 
bis-(dimethylamino)chlorophosphine (4.22 cm3,26.7 mmol, 1 mol equiv) dropwise 

and the resulting reaction mixture was left to stir overnight. HCl (70 cm3,77.38 mmol, 
4 mol equiv, 1M in Et20) was added dropwise at -70 OC and the resulting reaction 
mixture was stirred for 4.5 h. After filtration through dried celite, the solvent was 
removed in vacuo to afford a yellow oil, which was destilled at 100-110 °C (0.2 

mmHg) to give a clear oily liquid (1.415 g/cm3). 6p (CDC13): 163.0; 8H (CDC13): 4.4 
(3H, s), 7.05-7.07 (1H, m), 7.24-7.26 (1H, m), 7.61-7.62 (1H, m), 8.04-8.07 (1H, 

m); 6c (CDC13): 56.03 (s), 110.93 (s), 121.55 (s), 127.13 (d, 1J(CP) 60 Hz, C-P), 
130.60 (d, 2J(CP) 11 Hz, C-P), 134.19 (s), 160.55 (d, 2J(CP) 23 Hz, C-O). 

Preparation of cyclohexyldichlorophosphine (2.3) 
To a stirred solution of cyclohexylbromide (3.78 cm3,30.66 mmol) in ether (20 

cm3) at -70 °C was added n-butyllithium (21.08 cm3,33.73 mmol, 1.1 mol equiv, 1.6 
M in hexanes) dropwise over 30 min. The resulting mixture was stirred for 45 min 
while it was warmed to room temperature. To the resulting cloudy yellow suspension at 

-60 °C was added bis-(dimethylamino)chlorophosphine (4.85 cm3,30.66 mmol, 1 mol 
equiv) dropwise over 15 min and the resulting mixture was left to stir for 2.75 h while 
it was warmed to room temperature. HCl (122.6 cm3,122.6 mmol, 4 mol equiv, 1M in 
Et20) was added dropwise over 3h at -60 °C and the resulting mixture was stirred 
overnight. After filtration through dried celite, the solvent was removed in vacuo to 

afford a yellow solution, which was codestilled with toluene (15 cm3) at 100-110 °C 
(0.2 mmHg) to give a clear yellow solution (1.026 g/cm3, PC12Cy: toluene (1: 1.2)). 6p 

(CDC13): 196.3; SH (CDC13): 1.25-1.9 (6H, m), 2.05-2.2 (4H, m), 4.1.5-4.2 (1H, m); 
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Sc (CDC13): 23.40 (d, 2J(CP) 11 Hz, C-P), 25.14 (s), 37.48 (s), 42.9 (d, 1J(CP) 44 

Hz, C-P). 

E. 2.2 Synthesis of phosphonites 

E. 2.2.1 Mono- and diphosphonite syntheses from 1,1'-binaphthyl- 
2,2'-diol 

Preparation of (±)-(1,1'-binaphthyl-2,2'-diyl)phenylphosphonite (2.1n) 
To a stirred solution of dichlorophenylphosphine (0.47 cm3,3.5 mmol, 1.0 mol 

equiv) in THE (7.5 cm3) at -10 °C was added triethylamine (0.97 cm3,7.0 mmol, 2.0 

mol equiv. To the resulting cloudy white suspension at -10 °C a solution of (±)-1,1'- 

binaphthyl-2,2'-diol (1.00 g, 3.5 mmol) in THE (15 cm3) was added dropwise over 20 

min. After stirring the reaction mixture at -10 °C for 30 min, the resulting thick white 
precipitate of triethylammonium chloride that had formed was removed by filtration 

through dried celite and washed with THE (2x10 cm3) to leave a colourless solution. 
The solvent was removed in vacuo to afford a white foam which was triturated with 
pentane (10 cm3) to yield (±)-(1,1'-binaphthyl-2,2-diyl)phenylphosphonite (1.17 g, 
85%) as a white crystalline solid, 6p (CDC13): 183.7; SH (CDC13): 6.6 (1H, d, 3J(HH) 

8.8 Hz), 7.2-7.4 (12H, m), 7.54 (1H, d, 3J(HH) 8.8 Hz), 7.6 (1H, d, 3J(HH) 8.7 

Hz), 7.8 (1H, d, 3J(HH) 8.0 Hz), 7.9 (1H, d, 3J(HH) 8.3 Hz), 8.0 (1H, d, 3J(HH) 

8.8 Hz), SC (CDC13): 121.49 (s), 122.28 (s), 123.59 (s), 124.76 (s), 124.99 (s), 

125.75 (s), 126.02 (s), 126.26 (s), 126.72 (s), 126.90 (s), 126.94 (s), 127.98 (s), 
128.08 (s), 128.32 (s), 128.42 (s), 129.32 (s), 130.30 (s), 130.66 (s), 130.69 (s), 
131.03 (s), 131.63 (s), 131.94 (s), 132.64 (s), 138.89 (d, 1J(CP) 37 Hz, C-P), 
148.58 (d, 2J(CP) 6 Hz, C-O), 149.52 (d, 2J(CP) 3 Hz, C-O'). 

(R)- and (S)-(1,1'-binaphthyl-2,2'-diyl)phenylphosphonite (R)-(2.1n) and (S)- 
(2.1n) were also prepared using this procedure starting with (R)- and (S)-1,1'- 
binaphthyl-10,10'-diol. 

Preparation of (S)-(1,1'-binaphthyl-2,2'-diyl)methylphosphonite (2.2n) 
To a stirred solution of dichloromethylphosphine (0.218 cm3,2.5 mmol, 1.0 

mol equiv) in THE (15 cm3) at -10 OC was added triethylamine (0.700 cm3,5 mmol, 
2.0 mol equiv. To the resulting cloudy white suspension at -10 °C a solution of (S)- 

1,1'-binaphthyl-2,2'-diol (712.1 mg, 2.5 mmol) in THE (15 cm3) was added dropwise 

over 20 min. After stirring the reaction mixture at -10 OC for 50 min, it was filtrated 

through dried celite and washed with THE (2x10 cm3) to leave a colourless solution. 
The solvent was removed in vacuo to afford a white foam which was triturated with 

pentane (10 cm3) to yield (S)-(1,1'-binaphthyl-2,2-diyl)methylphosphonite (2.2n) 
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(536 mg, 65%) as a white crystalline solid, 8p (CDC13): 213.1; SH (CDC13): 1.41 (3H, 

d, 2J(PH) 10 Hz), 7.2-7.4 (7H, m), 7.48 (1H, d, 3J(HH) 8.8 Hz), 7.48 (1H, d, 
3J(. HH) 8.5 Hz), 7.91 (1H, d, 3J(HH) 7.8 Hz), 7.92 (1H, d, 3J(HH) 8.3 Hz), 7.97 
(1H, d, 3J(HH) 8.8 Hz), 8C (CDC13): 20.62 (d, 1J(CP) 36 Hz, C-P), 121.44 (s), 

122.52 (s), 123.01 (s), 123.83 (s), 123.90 (s), 124.99 (s), 125.02 (s), 126.35 (s), 
127.00 (s), 127.04 (s), 128.40 (s), 128.46 (s), 128.50 (s), 129.71 (s), 130.74 (s), 
131.23 (s), 131.61 (s), 133.01 (s), 148.14 (d, 2J(CP) 8 Hz, C-O), 150.67 (d, 2J(CP) 

4 Hz, C-O'). 

Preparation of (S)-(1,1'-binaphthyl-2,2'-diyl)tert-butylphosphonite (2.3n) 

To a stirred solution of dichloro-tert-butylphosphine (277.9 mg, 1.8 mmol, 1.0 

mol equiv) in THE (10 cm3) at -10 °C was added triethylamine (0.487 cm3,3.6 mmol, 
2.0 mol equiv. To the resulting cloudy white suspension at -10 °C a solution of (S)- 
1,1'-binaphthyl-2,2'-diol (500 mg, 1.8 mmol) in THE (10 cm3) was added dropwise 

over 20 min. After stirring the reaction mixture at -10 OC for 40 min, the resulting thick 

white precipitate of triethylammonium chloride that had formed was removed by 
filtration through dried celite and washed with THE (2 x 10 cm3) to leave a colourless 
solution. The solvent was removed in vacuo to yield (S)-(1,1'-binaphthyl-2,2-diyl)tert- 
butylphosphonite (2.3n) (475 mg, 73%) as a white crystalline solid, 8p (CDC13): 
205.8; SH (CDC13): 1.06 (9H, d, 2J(PH) 12 Hz), 715 (1H, d, 3J(HH) 8.3 Hz), 7.21- 
7.43 (7H, m), 7.49 (1H, d, 3J(HH) 8.8 Hz), 7.87-8.00 (3H, m), Sc (CDC13): 23.71 

(s), 23.88 (s), 25.6 (s), 37.21 (d, 1J(CP) 23 Hz), 121.48 (d, 3J(CP) 3 Hz), 121.77 (d, 
3J(CP) 3 Hz), 122.53 (s), 124.25 (s), 124.54 (s), 124.83 (s), 126.07 (d, 3J(CP) 8 
Hz), 126.95 (s), 127.05 (s), 127.40 (s), 128.11 (s), 128.34 (s), 128.37 (s), 129.47 
(d, 3J(CP) 2 Hz), 130.6 (d, 3J(CP) 9 Hz), 131.32 (s), 131.45 (s), 132.97 (d, 3J(CP) 3 
Hz), 133.44 (s), 150.86 (d, 2J(CP) 5 Hz, C-O), 152.78 (d, 2J(CP) 4 Hz, C-O'). 

Preparation of (S)-(1,1'-binaphthyl-2,2'-diyl)o-anisylphosphonite (2.4n) 
To a stirred solution of dichloro-o-anisylphosphine (0.259 cm3,1.8 mmol, 1.0 

mol equiv) in THE (10 cm3) at -10 °C was added triethylamine (0.487 cm3,3.6 mmol, 
2.0 mol equiv. To the resulting cloudy white suspension at -10 °C a solution of (S)- 
1,1'-binaphthyl-2,2'-diol (500 mg, 1.8 mmol) in THE (10 cm3) was added dropwise 

over 20 min. After stirring the reaction mixture at -10 °C for 30 min, the resulting thick 

white precipitate of triethylammonium chloride that had formed was removed by 
filtration through dried celite and washed with THE (2 x 10 cm3) to leave a colourless 

solution. The solvent was removed in vacuo to yield (S)-(1,1'-binaphthyl-2,2-diyl)o- 

anisylphosphonite (2.4n) (428 mg, 58%) as a white crystalline solid, Sp (CDC13): 

180.6; 8H (CDC13): 3.9 (3H, s), 6.60 (1H, t, 3J(HH) 10 Hz), 6.70 (1H, d, 3J(PH) 8.3 

Hz), 6.8 (1H, dd, 3J(HH) 8.3 Hz, 4J(HH) 3.9 Hz), 7.04 (1H, m), 7.14-7.25 (3H, 
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m), 7.26-7.40 (4H, m), 7.52 (1H, d, 3J(HH) 8.8 Hz), 7.55 (1H, d, 3J(HH) 8.8 Hz), 
7.74 (IH, d, 3J(HH) 7.8 Hz), 7.88 (IH, d, 3J(HH) 8.3 Hz), 7.95 (IH, d, 3J(HH) 8.8 
Hz); 6c (CDC13): 55.9 (s), 110.43 (s), 120.46 (s), 121.71 (s), 121.97 (s), 124.56 (s), 
124.84 (s), 125.87 (s), 126.13 (s), 126.85 (s), 126.97 (s), 128.26 (s), 128.39 (s), 
128.42 (s), 129.21 (s), 130.28 (s), 130.32 (s), 130.52 (s), 130.96 (s), 131.45 (s), 
131.56 (s), 132.53 (s), 132.92 (s), 132.99 (s), 133.01 (s), 149.16 (d, 2J(CP) 6 Hz, 
C-O), 150.25 (d, 2J(CP) 3 Hz, C-O'), 162.5 (d, 2J(CP) 19.2 Hz, C-O"). 

Preparation of (S)-(1,1'-binaphthyl-2,2'-diyl)cyclohexylphosphonite (2. Sn) 

To a stirred solution of dichlorocyclohexylphosphine (0.64 cm3,1.05 mmol, 
1.0 mol equiv) in THE (10 cm3) at -10 °C was added triethylamine (0.292 cm3,2.1 
mmol, 2.0 mol equiv. To the resulting cloudy white suspension at -10 °C a solution of 
(S)-1,1'-binaphthyl-2,2'-diol (300 mg, 1.05 mmol) in THE (10 cm3) was added 
dropwise over 20 min. After stirring the reaction mixture at -10 OC for 30 min, the 
resulting thick white precipitate of triethylammonium chloride that had formed was 
removed by filtration through dried celite and washed with THE (2 x 10 cm3) to leave a 
colourless solution. The solvent was removed in vacuo to afford a white foam which 
was triturated with pentane (10 cm3) to yield (S)-(1,1'-binaphthyl-2,2- 
diyl)cyclohexylphosphonite (2.5n) (365 mg, 87%) as a white crystalline solid, 8p 
(CDC13): 216.5; 8H (CDC13): 1.3-1.9 (6H, m), 2.1-2.2 (4H, m), 4.15-4.2 (1H, m), 
7.14 (1H, d, 3J(HH) 8.3 Hz), 7.22-7.42 (7H, m), 7.48 (1H, d, 3J(HH) 8.8 Hz), 7.91 
(1H, d, 3J(HH) 8.3 Hz), 7.92 (1H, d, 3J(HH) 8.8 Hz), 7.97 (IH, d, 3J(HH) 8.8 Hz); 
SC (CDC13): 13.84 (s), 23.51 (d, 2J(CP) 17.6 Hz), 24.13 (d, 2J(CP) 11.5 Hz) 25.1 
(s), 33.9 (d, 1J(CP) 33.9 Hz), 37.55 (s), 121.36 (d, 3J(CP) 1.7 Hz), 122.18 (s), 
123.89 (s), 124.29 (s), 124.80 (s), 124.85 (s), 126.18 (s), 126.86 (s), 126.94 (s), 
127.34 (s), 128.25 (s), 128.36 (s), 129.38 (s), 129.60 (s), 130.59 (d, 3J(CP) 1.2 
Hz), 131.25 (s), 131.46 (d, 3J(CP) 1.2 Hz), 132.87 (d, 3J(CP) 11.2 Hz), 133.47 (s), 
148.49 (d, 2J(CP) 6.9 Hz, C-O), 150.49 (d, 2J(CP) 3.8 Hz, C-O'). 

Preparation of (S)-1,2-bis((1,1'-binaphthyl-2,2'-diyl)phosphonito)ethane (2.6n) 
To a stirred solution of (S)-1,1'-binaphthyl-2,2'-diol (1 g, 3.5 mmol, 2.0 mol 

equiv) in THE (10 cm3) was added triethylamine (0.292 cm3,6.99 mmol, 4.0 mol 
equiv). The reaction mixture was stirred for 15 min and then cooled to -10 OC. A 

solution of 1,2-bis(dichlorophosphino)ethane (0.264 cm3,1.75 mmol) in THE (10 

cm3) was added dropwise over 20 min. After stirring the reaction mixture at -10 OC for 
30 min, the resulting thick white precipitate of triethylammonium chloride that had 
formed was removed by filtration through dried celite and washed with THE (2x10 

cm3) to leave a colourless solution. The solvent was removed in vacuo to afford a white 
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foam which was triturated with pentane (2x10 cm3) to yield (S)-1,2-bis((1,1'- 
binaphthyl-2,2'-diyl)phosphonito) ethane (2.6n) (1.06 g, 92%) as a white crystalline 
solid, 8p (CDC13): 208.3; 6H (CDC13): 1.77-1.79 (2H, m), 2.94-2.97 (2H, m), 7.22- 
7.35 (8H, m), 7.37-7.40 (8H, m), 7.81-8.00 (8H, m); SC (CDC13): 25.34 (dd, 1J(CP) 

43.2 Hz, 2J(CP) 20.7 Hz, PCH2), 121.22 (s), 121.87 (s), 123.51 (s), 123.96 (s), 
124.23 (s), 124.49 (s), 124.52 (s), 124.56 (s), 124.92 (s), 124.97 (s), 126.28 (s), 
126.34 (s), 126.84 (s), 126.95 (s), 128.32 (s), 128.38 (s), 1229.89 (s), 130.70 (s), 
131.08 (s), 131.52 (s), 131.84 (s), 132.86 (s), 148.24 (d, 2J(CP) 3.45 Hz, C-O), 
149.25 (s, C-O'). 

E. 2.2.2 Monophosphonite syntheses from 9,9'-biphenanthryl-10,10'- 
diol 

Preparation of the (S)-(9,9'-biphenanthryl-10,10'-diyl)methyl phosphonite(2.2p) 
To a stirred solution of dichloromethylphosphine (0.046 cm3,0.5 mmol, 1.0 

mol equiv) in THE (10 cm3) at -10 °C was added triethylamine (0.147 cm3,1.0 mmol, 
2.0 mol equiv. To the resulting cloudy white suspension at -10 °C a solution of (S)- 
9,9'-biphenanthryl-10,10'-diol (203.3 mg, 0.5 mmol) in THE (10 cm3) was added 
dropwise over 20 min. After stirring the reaction mixture at -10 °C for 30 min, the 

resulting thick white precipitate of triethylammonium chloride that had formed was 
removed by filtration through dried celite to leave a colourless solution. The solvent 
was removed in vacuo to afford a pale yellow foam which was triturated with pentane 
(10 cm3) to yield (S)-(9,9'-biphenanthryl-10,10'-diyl)methylphosphonite (2.2p) (125 

mg, 56%) as a pale yellow crystalline solid, 6p (CDC13): 219.1; 6H (CDC13): 1.43 (3H, 
d, 2J(HH) 9.8 Hz), 7.24-7.39 (5H, m), 7.53-7.68 (2H, m), 7.70-7.81 (4H, m), 8.21 
(IH, d, 3J(HH) 8.3 Hz), 8.37 (1H, d, 3J(HH) 8.8 Hz), 8.46 (111, d, 3J(HH) 8.3 Hz), 
8.75 (1H, d, 3J(HH) 8.3 Hz), 8.80 (1H, d, 3J(HH) 8.3 Hz); SC (CDC13): 21.6 (d, 
1J(CP) 35.4 Hz, C-P), 121.55 (s), 121.88 (s), 122.83 (s), 122.91 (s), 123.17 (s), 
124.86 (s), 125.12 (s), 125.64 (s), 125.67 (s), 126.49 (s), 126.54 (s), 126.87 (s), 
127.11 (s), 127.17 (s), 127.59 (s), 127.69 (s), 127.92 (s), 128.22 (s), 128.26 (s), 
128.61 (s), 131.26 (s), 131.51 (s), 131.58 (s), 131.89 (s), 145.38 (d, 2J(CP) 8 Hz, 
C-O), 147.24 (d, 2J(CP) 4 Hz, C-O'). 

Preparation of the (S)-(9,9'-biphenanthryl-10,10'-diyl)tert-butylphosphonite (2.3p) 
To a stirred solution of dichloro-ten-butylphosphine (41.6 mg, 0.3 mmol, 1.0 

mol equiv) in THE (10 cm3) at -10 °C was added triethylamine (0.073 cm3,0.5 mmol, 
2.0 mol equiv. To the resulting cloudy white suspension at -10 °C a solution of (S)- 

9,9'-biphenanthryl-10,10'-diol (101 mg, 0.3 mmol) in THE (10 cm3) was added 
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dropwise over 20 min. After stirring the reaction mixture at -10 °C for 40 min, the 

resulting thick white precipitate of triethylammonium chloride that had formed was 
removed by filtration through dried celite and washed with THE (2 x 10 cm3) to leave a 
colourless solution. The solvent was removed in vacuo to yield (S)-(9.9'- 
biphenanthryl-10,10'-diyl)tertbutylphosphonite (2.3p) (97 mg, 78%) as a pale yellow 
crystalline solid, 6p (CDC13): 210.4; SH (CDC13): 1.01 (9H, d, 3J(PH) 40 Hz), 7.15- 
7.28 (4H, m), 7.44-7.48 (3H, m), 7.63-7.74 (4H, m), 8.21 (1H, d, 3J(HH) 7.3 Hz), 
8.34 (1H, d, 3J(HH) 7.8 Hz), 8.39 (1H, d, 3J(HH) 7.3 Hz), 8.63 (1H, d, 3J(HH) 8.3 
Hz), 8.67 (1H, d, 3J(HH) 8.3 Hz); 8C (CDC13): 23.20 (s), 23.38 (s), 25.60 (s), 37.92 
(d, 1J(CP) 35.6Hz), 121.71 (s), 122.49(s), 122.69 (s), 122.75 (s), 122.82 (s), 
122.90 (s), 123.37 (s), 123.54 (s), 124.80 (s), 124.87 (s), 125.12 (s), 125.26 (s), 
125.60 (s), 126.43 (s), 126.87 (s), 127.10 (s), 127.20 (s), 127.26 (s), 127.44 (s), 
127.68 (s), 127.72 (s), 127.82 (s), 127.94 (d, 3J(CP) 1.5 Hz), 128.17 (s), 128.66 
(s), 131.33 (s), 131.59 (s), 131.71 (s), 131.91 (s), 131.96 (s), 132.00 (s), 147.44 (d, 
2J(CP) 4.8 Hz, C-O), 149.46 (d, 2J(CP) 5 Hz, C-O') (note: the excess of aromatic 
carbons could be due to the presence of some ligand oxide). 

Preparation of the (S)-(9,9'-biphenanthryl-10,10'-diyl)o-anisylphosphonite (2.4p) 
To a stirred solution of dichloro-o-anisylphosphine (0.191 cm3,1.3 mmol, 1.0 

mol equiv) in THE (10 cm3) at -10 °C was added triethylamine (0.361 cm3,2.6 mmol, 
2.0 mol equiv. To the resulting cloudy white suspension at -10 °C a solution of (S)- 
9,9'-biphenanthryl-10,10'-diol (500 mg, 1.3 mmol) in THE (10 cm3) was added 
dropwise over 20 min. After stirring the reaction mixture at -10 °C for 30 min, the 

resulting thick white precipitate of triethylammonium chloride that had formed was 
removed by filtration through dried celite and washed with THE (2 x 10 cm3) to leave a 
colourless solution. The solvent was removed in vacuo to afford a pale yellow foam 

which was triturated with pentane (10 cm3) to yield (S)-(9,9'-biphenanthryl-10,10'- 

diyl)o-anisylphosphonite (2.4p) (521 mg, 77%) as a pale yellow crystalline solid, Sp 

(CDC13): 185.4 ; 8H (CDC13): 3.9 (3H, s), 6.38 (1H, t, 2J = 3J(HH) 7.5 Hz), 6.72 

(1H, dd, 3J(HH) 8.3 Hz, 4J(HH) 4.1 Hz), 7.06-7.11 (1H, m), 7.17-7.30 (4H, m), 
7.36 (1H, d, 3J(HH) 8.3 Hz), 7.43-7.53 (3H, m), 7.61-7.73 (3H, m), 7.92 (1H, d, 
3J(HH) 8.05 Hz), 8.34 (1H, d, 3J(HH) 8.05 Hz), 8.50 (1H, d, 3J(HH) 8.3 Hz), 8.59 

(1H, d, 3J(HH) 8.3 Hz), 8.71 (1H, d, 3J(HH) 8.3 Hz), 8.75 (1H, d, 3J(HH) 8.3 Hz); 
5C (CDC13): 55.69 (s), 110.21 (s), 120.19 (s), 121.23 (s), 121.26 (s), 122.03 (s), 

122.06 (s), 122.80 (s), 122.87 (s), 122.91 (s), 123.03 (s), 123.07 (s), 125.28 (s), 

125.33 (s), 125.59 (s), 126.10 (s), 126.23 (s), 126.29 (s), 126.42 (s), 126.72 (s), 

127.01 (s), 127.13 (s), 127.43 (s), 127.45 (s), 127.63 (s), 127.78 (s), 127.92 (s), 

128.17 (s), 128.21 (s), 128.66 (s), 129.02 (s), 129.85 (s), 129.91 (s), 130.90 (s), 
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131.39 (s), 131.65 (s), 131.66 (s), 131.90 (s), 133.03 (s), 146.38 (d, 2J(CP) 7 Hz, 
C-O), 148.85 (d, 2J(CP) 2.3 Hz, C-O'), 162.37 (d, 2J(CP) 18.4 Hz, C-O"). 

Preparation of the (S)-(9,9'-biphenanthryl-10,10 -diyl)cyclohexylphosphonite (2. Sp) 
To a stirred solution of dichlorocyclohexylphosphine (0.49 cm3,0.8 mmol, 1.0 

mol equiv) in THE (10 cm3) at -10 °C was added triethylamine (0.217 cm3,1.6 mmol, 
2.0 mol equiv. To the resulting cloudy white suspension at -10 °C a solution of (S)- 
9,9'-biphenanthryl-10,10'-diol (300 mg, 0.8 mmol) in THE (10 cm3) was added 
dropwise over 20 min. After stirring the reaction mixture at -10 °C for 30 min, the 

resulting thick white precipitate of triethylammonium chloride that had formed was 
removed by filtration through dried celite to leave a pale yellow solution. The solvent 
was removed in vacuo to yield (S)-(9,9'-biphenanthryl-10,10'- 
diyl)cyclohexylphosphonite (2.5p) (327 mg, 82%) as a pale yellow crystalline solid, 
8p (CDC13): 221.4; SH (CDC13): 1.17-1.7 (6H, m), 2.01-2.1 (4H, m), 4.08-4.14 (1H, 

m), 7.2-7.4 (4H, m), 7.45-7.65 (2H, m), 7.80-7.70 (4H, m), 8.26 (1H, d, 3J(HH) 

8.0 Hz), 8.35 (1H, d, 3J(HH) 8.3 Hz), 8.81-8.74 (4H, m); 8C (CDC13): 13.8 (s), 
23.68 (d, 2J(CP) 18.5 Hz), 24.6 (d, 2J(CP) 11.5 Hz), 25.1 (s), 35.0 (d, 1J(CP) 33.8 
Hz), 37.56 (s), 121.10 (s), 121.14(s), 121.78 (s), 121.84 (s), 122.76 (s), 122.83 (s), 
122.88 (s), 122.90 (s), 123.08 (s), 125.55 (s), 125.61 (s), 126.47 (s), 126.51 (s), 
126.99 (s), 127.14 (s), 127.17 (s), 127.56 (s), 127.67 (s), 127.88 (s), 127.95 (s), 
128.11 (s), 128.20 (s), 128.58 (s), 131.23 (s), 131.53 (d, 3J(CP) 1.5 Hz), 131.61 (d, 
3J(CP) 1.5 Hz), 131.9 (s), 145.92 (d, 2J(CP) 8.5 Hz, C-O), 147.13 (d, 2J(CP) 3.8 
Hz, C-O'). 

E. 2.3 Coordination Chemistry of Mono- and Diphosphonites 

E. 2.3.1 Platinum(II) complexes 

E2.3.1.1 Dichloroplatinum(II) complexes 

Preparation of (SS)-cis-1PtC12((1,1 '-binaphthyl-2,2'-diyl)phenylphosphoniteJ21 
(2.7) 

To a stirred solution of (1,1'-binaphthyl-2,2'-diyl)phenylphosphonite (75 mg, 
0.191 mmol) in CH2C12 (5 cm3) was added [PtC12(cod)] (36 mg, 0.096 mmol, 0.5 

mmol equiv). After stirring for 6 h, the solution was concentrated under reduced 
pressure. Addition of Et20 (10 cm3) precipitated a white solid (2.7) (93 mg, 92%), 

elemental analysis (calculated for (2.7)): C, 60.01 (59.44); H, 3.38 (3.26). 
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Preparation of (S, S)-cis-[PtC12((1,1'-binaphthyl-2,2'-diyl)methylphosphonitej2J 
(2.8) 

This complex was prepared following the procedure for (2.7) to give a white 
solid (71 mg, 80%), Sp (CDC13): 136 (s, 1J(PPt) 4883 Hz); 8H (CDC13): 1.72 (6H, d, 
2J(PH) 10 Hz), 5.31 (2H, d, 3J(HH) 8.5 Hz), 5.49 (2H, s), 6.86 (4H, d, 3J(HH) 8.5 
Hz), 7.02-7.15 (4H, m), 7.22-7.31 (4H, m), 7.49-7.55 (4H, m), 7.63 (4H, d, 
3J(HH) 8.3 Hz), 7.80 (4H, d, 3J(HH) 8.8 Hz), 8.01-8.09 (4H, m); 8pt (CDC13): 
209.6 (t, 1J(PtP) 4883 Hz); nz/z (FAB): 926 (M+), 891 (M-C1). 

Preparation of (S, S)-cis-[PtCl2[(1,1'-binaphthyl-2,2'-diyl)tert-butylphosphonite]2J 
(2.9) 

This complex was prepared following the procedure for (2.7) in THE to give a 
white solid (78 mg, 80%), elemental analysis (calculated for (2.9). C4H40): C, 57.62 
(57.84); H, 4.58 (4.26) 

Preparation of (S, S)-cis-[PtC12[(1,1'-binaphthyl-2,2'-diyl)o-anisylphosphoniteJ2J 
(2.10) 

This complex was prepared following the procedure for (2.7) to give a white 
solid (81 mg, 76%), 6p (CDC13): 119 (br s, 1J(PPt) 5174 Hz); 6H (CDC13): 3.2 (6H, 

s), 6.59 (2H, t, 3J(HH) 7.3 Hz), 6.91-7.05 (4H, m), 7.08-7.35 (10H, m), 7.36-7.41 
(2H, m), 7.63 (2H, d, 3J(HH) 8.3 Hz), 7.82-8.09 (4H, m). 

Preparation of (S, S)-cis-[PtC12[(1,1'-binaphthyl-2,2'-diyl)cyclohexylphosphonite]21 
(2.11) 

This complex was prepared following the procedure for (2.7) to give a white 
solid (75 mg, 73%), 6p (CDC13): 141 (s, 1J(PPt) 4853 Hz); 8H (CDC13): 6H (CDC13): 
2.18-2.20 (12H, m), 2.55-2.92 (8H, m), 6.95 (2H, d, 3J(HH) 8.0 Hz), 7.05-7.26 
(6H, m), 7.27-7.36 (4H, m), 7.40 (2H, d, 3J(HH) 8.3 Hz), 7.54 (2H, d, 3J(HH) 8.0 
Hz), 7.68 (2H, d, 3J(HH) 8.0 Hz), 7.81 (2H, d, 3J(HH) 8.0 Hz), 7.87 (2H, m), 8.03 
(2H, d, 3J(HH) 8.0 Hz); mlz (FAB): 991 (M+-2C1). 

Preparation of (SS)-cis-[PtC12[(9,9 -biphenanthryl-10,10'-diyl)phenylphosphonite]2J 

(2.12) 
This complex was prepared following the procedure for (2.7) to give a white 

solid (103 mg, 85%), Sp (CDC13): 122 (br s, 1J(PPt) 4917 Hz). 

Preparation of (SS)-cis-[PtCl2[(9,9'-biphenanthryl-10,10'-diyl)methylphosphonite]2J 
(2.13) 

This complex was prepared following the procedure for (2.7) to give a white 

solid (76%), Sp (CDC13): 139 (s, 1J(PPt) 4842 Hz); 8H (CDC13): 1.68 (6H, d, 3J(HH) 
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9.7 Hz), 5.95 (2H, d, 3J(HH) 7.8 Hz), 6.68-7.99 (6H, m), 8.1 (2H, d, 3J(HH) 8.3 
Hz), 8.35-8.41 (4H, m), 8.67-8.78 (8H, m), 9.05 (2H, d, 3J(HH) 7.3 Hz); Spt 

(CDC13): 232.8 (t, 1J(PPt) 4843 Hz); m1z (FAB): 1126 (M+), 1091 (M-C1), 1056 (M- 
2C1). 

Preparation of (S, S)-cis-[PtC12((9,9'-biphenanthryl-10,10'-diyl)o- 

anisylphosphonite]2] (2.14) 
This complex was prepared following the procedure for (2.7) to give a white 

solid (108 mg, 86%), 6p (CDC13): 105 (br s, 1J(PPt) 4661 Hz). 

Preparation of (S, S)-cis-[PtC12((9,9'-biphenanthryl-10,10'-diyl) 

cyclohexylphosphonite)21 (2.15) 
This complex was prepared following the procedure for (2.7) to give a white 

solid (93 mg, 76%), 8p (CDC13): 146 (s, 1J(PPt) 4853 Hz); 8H (CDC13): 1.39-1.96 
(12H, m), 2.41-2.65 (8H, m), 6.37 (2H, d, 3J(HH) 8.3 Hz), 7.14-8.18 (14H, m), 
8.51-8.57 (4H, m), 8.75-8.80 (2H, m), 8.98 (2H, d, 3J(HH) 8.3 Hz), 9.09 (2H, d, 
3J(HH) 8.3 Hz), 9.25 (2H, d, 3J(HH) 8.3 Hz); 8pt (CDC13): 165.6 (t, 1J(PPt) 4853 
Hz). 

Reaction of two equivalents of (S)-(9,9'-biphenanthryl-10,10'-diyl)tert- 
butylphosphonite (2.3p) with [PtCl2(cod)] 

To a stirred solution of (S)-(9,9'-biphenanthryl-10,10'-diyl)tert- 
butylphosphonite (52 mg, 0.11 mmol) in CH2C12 (5 cm3) was added [PtC12(cod)] 
(20.5 mg, 0.085 mmol, 0.5 mmol equiv). After stirring for 16 h, the solution was 
concentrated under reduced pressure. Addition of Et20 (10 cm3) precipitated a white 
solid. 31 P{ 1H } NMR spectroscopy showed this to be a mixture of the two isomers 
(S, S)-cis-[PtC12 { (9,9'-biphenanthryl-10,10'-diyl)tert-butylphosphonite } 2] (2.16), Sp 

(CDC13): 146 (s, 1J(PPt) 4860 Hz) and (S, S)-trans-[PtC12{(9,9'-biphenanthryl-10,10'- 
diyl)tert-butylphosphonite}2] (2.17), 5p (CDC13): 163 (s, 1J(PPt) 3415 Hz); {(2.16) : 
(2.17) ca 2.2: 1). 

Preparation of (S, S)-cis-[PtC12[1,2-bis[(1,1'-binaphthyl-2,2'- 
diyl)phosphonitoJethane)J (2.18) 

To a stirred solution of 1,2-bis { (1, l'-binaphthyl-2,2'-diyl)phosphonito) ethane 
(75 mg, 0.191 mmol) in CH2C12 (5 cm3) was added [PtC12(cod)] (72 mg, 0.192 

mmol, 1 mmol equiv). After stirring for 6 h, the solution was concentrated under 
reduced pressure. Addition of Et20 (10 cm3) precipitated a white solid (2.18) (163 

mg, 92%), 6p (CDC13): 155 (s, 1J(PPt) 6564 Hz); elemental analysis (calculated for 

(2.18)): C, 60.01 (59.44); H, 3.38 (3.26). 
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E. 2.3.1.2 Dimethylplatinum(II) complexes 

Preparation of (SS)-cis-[PtMe2[(1,1'-binaphthyl-2,2'-diyl)phenylphosphonite]2J 
(2.19) 

To a stirred solution of (1,1'-binaphthyl-2,2'-diyl)phenylphosphonite (100 mg, 
0.255 mmol) in CH2C12 (6 cm3) was added [PtMe2(cod)] (42.3 mg, 0.127 mmol, 0.5 

mmol equiv). After stirring for 3 h, the solution was concentrated under reduced 
pressure. Addition of Et20 (10 cm3) precipitated a white-off solid (2.19) (112 mg, 
87%), Sp (CDC13): 177 (s, IJ(PPt) 2629 Hz); elemental analysis (calculated for 
(2.19). 0.5 CH2C12): C, 63.06 (62.14); H, 4.66 (3.99). 

Preparation of (R, R)-cis-[PtMe2((9,9'-biphenanthryl-10,10'- 
diyl)phenylphosphonite]2J (2.20) 

To a stiffed solution of (9,9'-biphenanthryl-10,10'-diyl)phenylphosphonite (48 

mg, 0.096 mmol) in THE (5 cm3) was added [PtMe2(cod)] (16.2 mg, 0.049 mmol, 0.5 

mmol equiv). After stirring for 1 h, the solution was concentrated under reduced 
pressure. Addition of Et20 (10 cm3) precipitated a white-off solid (2.20) (42 mg, 
70%), Sp (CDC13): 175 (s, 1J(PPt) 2627 Hz). 

Preparation of (S, S)-cis-[PtMe2((1,1'-binaphthyl-2,2'-diyl)tert-butylphosphonite]2J 
(2.21) 

To a stirred solution of (1,1'-binaphthyl-2,2'-diyl)tert-butylphosphonite (44.7 

mg, 0.12 mmol) in CH2C12 (6 cm3) was added [PtMe2(cod)] (20 mg, 0.06 mmol, 0.5 

mmol equiv). After stirring for 4 h, the solution was concentrated under reduced 
pressure. Addition of Et20 (10 cm3) precipitated a white-off solid (2.21) (53 mg, 
87%), 6p (CDC13): 203 (s, 1J(PPt) 2621 Hz); Spt (CDC13): -37.16 (t, 1J(PPt) 2628 
Hz). 

Preparation of (S, S)-cis-[PtMe2[], 2-bis((1,1'-binaphthyl-2,2'- 
diyl)phosphonitoJethaneJJ (2.22) 

To a stirred solution of 1,2-bis{(1,1'-binaphthyl-2,2'-diyl)phosphonito}ethane 
(52 mg, 0.114 mmol) in CH2C12 (5 cm3) was added [PtMe2(cod)] (75 mg, 0.114 

mmol, 1 mmol equiv). After stirring for 2 h, the solution was concentrated under 
reduced pressure. Addition of Et20 (10 cm3) precipitated a white solid (2.22), Sp 

(CDC13): 207 (s, 1J(PPt) 3302 Hz); ÖH (CDC13): 1.69-1.916 (8H, m), 2.21-2.35 (8H, 

m), 7.2-7.5 (16H, m), 7.61 (2H, d, 3J(HH) 8.3 Hz), 7.85-8.05 (6H, m); nilz (FAB): 
869 (M+-CH3), 854 (M+-2CH3). 
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E. 2.3.1.3 Chloromethylplatinum(I1) complexes 

Reaction of two equivalents of (S)-(1,1'-binaphthyl-2,2'-diyl)phenylphosphonite 
(2.1n) with [PtCIMe(cod)] 

To a stirred solution of (S)-(1,1'-binaphthyl-2,2'-diyl)phenylphosphonite 
(116.0 mg, 0.0.311 mmol) in CH2C12 (5 cm3) was added [PtC1Me(cod)] (55.2 mg, 
0.156 mmol, 0.5 mmol equiv). After stirring for 3 h, the yellow solution was 
concentrated under reduced pressure. 31P{1H} NMR spectroscopy showed this to be a 
mixture of the two isomers (S, S)-cis-[PtClMe{(10,10'-binaphthyl-2,2'- 
diyl)phenylphosphonite}2] (2.23a), 6p (CDC13): 135 (dd, 1J(PPt) 5863 Hz, 2J(PPt) 

21 Hz), 173 (dd, 1J(PPt) 2436 Hz, 2J(PPt) 21 Hz) and (S, S)-trans-[PtC12[(10,10'- 
binaphthyl-2,2'-diyl)phenylphosphonite}2] (2.23b), 6p (CDC13): 156 (s, 1J(PPt) 

4292 Hz); 1(2.23a) : (2.23b) ca 3: 1.51. 

Reaction of two equivalents of (S)-(1,1'-binaphthyl-2,2'-diyl)tert-butylphosphonite 

(2.3n) with [PtClMe(cod)] 
To a stirred solution of (S)-(1,1'-binaphthyl-2,2'-diyl)tert-butylphosphonite 

(78.0 mg, 0.199 mmol) in CH2C12 (5 cm3) was added [PtC1Me(cod)] (35.2 mg, 0.099 

mmol, 0.5 mmol equiv). After stirring for 6 h, the yellow solution was concentrated 
under reduced pressure. 31P( IH) NMR spectroscopy showed this to be a mixture of 
the two isomers (S, S)-cis-[PtC1Me{(10,10'-binaphthyl-2,2'-diyl)tert- 
butylphosphonite}2] (2.24a), 5p (CDC13): 165 (dd, 1J(PPt) 5670 Hz, 2J(PPt) 15 Hz), 

200 (dd, 1J(PPt) 2430 Hz, 2J(PPt) 15 Hz) and (S, S)-trans-[PtC12 { (10,10'-binaphthyl- 
2,2'-diyl)tert-butylphosphonite}2] (2.24a), Sp (CDC13): 179 (s, 1J(PPt) 4049 Hz); 
((2.24a) : (2.24b) ca 8.2: 1.8). 

E. 2.3.2 Palladium(II) complexes 

Preparation of (SS)-cis-[PdC121(1,1 '-binaphthyl-2,2'-diyl)phenylphosphonite]2I 

(2.26) 
To a stirred solution of (1,1'-binaphthyl-2,2'-diyl)phenylphosphonite (100 mg, 

0.255 mmol) in CH2C12 (6 cm3) was added [PdC12(NCPh)2] (48.9 mg, 0.127 mmol, 
0.5 mmol equiv). After stirring for 3 h, the solution was concentrated under reduced 
pressure. Addition of Et20 (10 cm3) precipitated a pale orange solid (2.26) (93 mg, 
92%), 6p (CDC13): 153.6 (s); SH (CDC13): 6.41-6.53 (4H, m), 7.01-7.62 (12H, m), 
7.78 (2H, d, 3J(HH) 8.4 Hz), 8.01 (2H, d, 3J(HH) 8.3 Hz), 8.15 (2H, d, 3J(HH) 8.3 
Hz), 8.16 (2H, m); elemental analysis (calculated for (2.26). NHEt3C1): C, 63.29 

(63.35); H, 3.92 (3.85), N, 1.13 (1.27). 
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Preparation of (SS)-cis-[PdC12[(1,1 '-binaphthyl-2,2'-diyl)methylphosphonite]2] 
(2.27) 

This complex was prepared following the procedure for (2.26) to give a pale 
orange solid (71 mg, 67%), 8p (CDC13): 167.6 (s); 6H (CDC13): 1.87 (6H, t, 2J(PH) 5 

Hz), 5.43 (2H, d, 3J(HH) 8.8 Hz), 7.04 (2H, d, 3J(HH) 8.8 Hz), 7.19-7.61 (10H, 

m), 7.64 (2H, d, 3J(HH) 7.3 Hz), 7.68 (2H, d, 3J(HH) 7.3 Hz), 7.98 (2H, d, 3J(HH) 

8.8 Hz), 8.17 (2H, d, 3J(HH) 8.8 Hz), 8.21 (2H, d, 3J(HH) 8.8 Hz); m/z (FAB): 834 
(M+). 

Preparation of (S, S)-cis-[PdC121(1,1'-binaphthyl-2,2'-diyl)tert-butylphosphonite]21 
(2.28) 

This complex was prepared following the procedure for (2.26) to give a pale 
orange solid (88 mg, 75%), 8p (CDC13): 187.1 (s); 6H (CDC13): 1.31 (18H, m), 5.97 
(2H, d, 3J(HH) 8.3 Hz), 6.79-7.95 (12H, m), 8.32-8.49 (4H, m), 8.64-8.81 (4H, 

m), 8.91 (2H, d, 3J(HH) 7.8 Hz); m/z (FAB): 887(M-Cl), 851 (M-2C1). 

Preparation of (S, S)-cis-[PdCl2((1,1'-binaphthyl-2,2'-diyl)o-anisylphosphonite]21 
(2.29) 

This complex was prepared following the procedure for (2.26) to give a pale 
orange solid (92 mg, 71%), 8p (CDC13): 150.1 (s); SH (CDC13): 3.43 (6H, s), 5.81 

(2H, d, 3J(HH) 8.6 Hz), 6.10-7.19 (4H, m), 6.73-7.38 (10H, m), 749-7.65 (4H, m), 
7.67-7.79 (4H, m), 7.95 (2H, d, 3J(HH) 8.2 Hz), 8.15 (2H, br s); elemental analysis 
(calculated for (2.29). NHEt3C1): C, 62.08 (63.45); H, 3.77 (4.61), N, 0.68 (1.01). 

Preparation of (S, S)-cis-[PdC12[(1,1 '-binaphthyl-2,2'-diyl)cyclohexylphosphonite]i1 
(2.30) 

This complex was prepared following the procedure for (2.26) to give a pale 
orange solid, Sp (CDC13): 172.9 (s). 

Preparation of (S, S)-cis-[PdCl2 [ (9,9'- biphenanth ry l -10,10'- 
diyl)methylphosphonite1il(2.31) 

This complex was prepared following the procedure for (2.26) to give a pale 
orange solid (110 mg, 84%), 6p (CDC13): 177.2 (s); 6H (CDC13): 1.02-1.36 (6H, m), 
6.72-7.97 (22H, m), 8.38 (2H, d, 3J(HH) 7.8 Hz), 8.46 (2H, d, 3J(HH) 7.8 Hz), 
8.55 (2H, d, 3J(HH) 7.8 Hz), 8.62-8.81 (2H, m), 8.92 (2H, d, 3J(HH) 8.3 Hz); m/z 
(FAB): 1003 (M-C1), 967 (M-2C1). 
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Preparation of (S, S)-cis-[PdC12((9,9'-biphenanthryl-10,10'-diyl)tert- 
butylphosphonite]2J (2.32) 

This complex was prepared following the procedure for (2.26) to give a pale 
orange solid, 8p (CDC13): 171.8 (s); mfz (FAB): 1086 (M-Cl), 1051 (M-2C1). 

Preparation of (S, S)-cis-[PdC12[(9,9'-biphenanthryl-10,10'-diyl)o- 

anisylphosphonite]21(2.33) 
This complex was prepared following the procedure for (2.26) to give a pale 

orange solid, 8p (CDC13): 151.8 (s). 

Preparation of (S, S)-cis-[PdC121(9,9'-biphenanthryl-10,10'- 
diyl)cyclohexylphosphonitehl (2.34) 

This complex was prepared following the procedure for (2.26) to give a pale 
orange solid (101 mg, 68%), Sp (CDC13): 177.3 (s); SH (CDC13): 1.11-1.31 (12H, m), 
2.55-2.75 (8H, m), 3.04 (2H, m), 6.19 (2H, d, 3J(HH) 8.3 Hz), 6.34 (2H, t, 3J(HH) 

7.5 Hz), 7.10-7.92 (15H, m), 8.41-8.44 (3H, m), 8.65 (2H, d, 3J(HH) 8.3 Hz), 8.71 
(2H, d, 3J(HH) 8.3 Hz), 8.85 (2H, d, 3J(HH) 8.3 Hz), 8.96 (2H, d, 3J(HH) 8.3 Hz), 
9.21 (2H, d, 3J(HH) 7.8 Hz); m/z (FAB): 1174 (M+), 1101 (M-2C1). 

Preparation of (S, S)-(PdCl2(1,2-bis((1,1'-binaphthyl-2,2'-diyl)phosphonitoJethane)J 
(2.35) 

To a stirred solution of 1,2-bis { (1,1'-binaphthyl-2,2'-diyl)phosphonito } ethane 
(100 mg, 0.152 mmol) in CH2C12 (10 cm3) was added [PdC12(NCPh)2] (58.3 mg, 
0.152 mmol, 1 mmol equiv). After stirring for 3 h, the solution was concentrated under 
reduced pressure. Addition of Et20 (10 cm3) precipitated an orange solid (2.35), 8p 

(CDC13): 169.3 (s); elemental analysis (calculated for (2.35). 0.5CH2C12): C, 58.65 
(58.06); H, 3.53 (3.30). 

E. 2.3.3 Rhodium(I) complexes 

Preparation of (S, S)-cis-[Rh(cod)[(1,1 '-bin aphthy1-2,2'- 
diyl)phenylphosphonite)2]BF4 (2.36) 

To a stirred solution of (1,1'-binaphthyl-2,2'-diyl)phenylphosphonite (156 mg, 
0.4 mmol) in CH2C12 (6 cm3) was added [Rh(cod)2]BF4 (80 mg, 0.2 mmol, 0.5 mmol 

equiv). After stirring for 30 min, a pale yellow precipitate was produced. Et20 (10 cm3) 
was added and the reaction mixture stirred for 20 min. The precipitate was filtered off, 
washed with Et20 and dried in vacuo to yield a yellow solid (165 mg, 76%), 6p 

(CDC13): 179 (d, 1J(PRh) 176 Hz); 6H (CDC13): 2.0-2.2 (8H, m), 4.0-5.6 (4H, m), 
6.4-8.4 (34H, compl. m); elemental analysis (calculated for (2.36)): C, 65.82 (66.56); 
H, 3.36 (4.28). 
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Preparation of (S, S)-cis-[Rh(cod)((1,1 '-binaphthyl-2,2'- 
diyl)methylphosphonite)21BF4 (2.37) 

This complex was prepared following the procedure for (2.36) to give a yellow 
solid (166 mg, 87%), 8p (CDC13): 192 (d, 1J(PRh) 208 Hz); ÖH (CDC13): 1.22-1.42 
(6H, m), 1.90-2.25 (8H, m), 4.65-4.81 (4H, m), 5.75-5.85 (2H, m), 7.25-8.25 
(22H, m). 

Preparation of (S, S)-cis-[Rh(cod)[(1,1'-binaphthyl-2,2'-diyl)tert- 
butylphosphonite]2]BF4 (2.38) 

This complex was prepared following the procedure for (2.36) to give a yellow 
solid (165 mg, 80%), 8p (CDC13): 207 (d, 1J(PRh) 209 Hz); SH (CDC13): 1.52-1.72 
(18H, m), 1.92-2.22 (8H, m), 4.64-4.79 (4H, m), 6.25-8.15 (24H, m). 

Preparation of (S, S)-cis-[Rh(cod)((1,1'-binaphthyl-2,2'-diyl)o- 

anisylphosphonite]2]BF4 (2.39) 
This complex was prepared following the procedure for (2.36) to give a yellow 

solid (172 mg, 75%), Sp (CDC13): 168 (br); m! z (FAB): 1056 (M-BF4), 947 (1056- 

cod). 

Preparation of (S, S)-cis-[Rh(cod)[(9,9'-biphenanthryl-10,10'- 
diyl)methylphosphoniteJ2JBF4 (2.40) 

This complex was prepared following the procedure for (2.36) to give a yellow 
solid (165 mg, 72%), Sp (CDC13): 190 (d, 1J(PRh) 186 Hz); 8H (CDC13): 1.32-1.38 
(6H, m), 2.1-2.25 (8H, m), 4.55-4.75 (4H, m), 7.25-8.25 (24H, m). 

Preparation of (S, S)-cis-[Rh(cod)((9,9'-biphenanthryl-10,10'-diyl)tert- 
butylphosphoniteJ2JBF4 (2.41) 

This complex was prepared following the procedure for (2.36) to give a yellow 
solid (193 mg, 78%), 8p (CDC13): 184 (d, 1J(PRh) 219 Hz). 

Preparation of (S, S)-cis-(Rh(cod)[(9,9'-biphenanthryl-10,10'-diyl)o- 

anisylphosphoniteJ2]BF4 (2.42) 
This complex was prepared following the procedure for (2.36) to give a yellow 

solid (220 mg, 82%), Sp (CDC13): 171 (d, 1J(PRh) 215 Hz); m/z (FAB): 1255 (M- 
BF4), 1148 (1255-cod). 

Preparation of (S, S)-cis-[Rh(cod)[1,2-bis[(1,1'-binaphthyl-2,2'- 
diyl)phosphonitoJethaneJJ (2.43) 

To a stirred solution of 1,2-bis { (1,1'-binaphthyl-2,2'-diyl)phosphonito } ethane 
(131.7 mg, 0.2 mmol) in CH2C12 (6 cm3) was added [Rh(cod)2]BF4 (80 mg, 0.2 
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mmol, 1 mmol equiv). After stirring for 30 min, a pale yellow precipitate was 
produced. Et20 (10 cm3) was added and the reaction mixture stirred for 20 min. The 

precipitate was filtered off, washed with Et2O and dried in vacuo to yield a yellow solid 
(145 mg, 76%), 6p (CDC13): 204 (d, 1J(PRh) 226 Hz); ÖH (CDC13): 1.9 (4H, m), 1.6- 
2.2 (8H, m), 4.1-5.7 (4H, m), 6.2-8.4 (24H, compl. m). 

E. 2.4 Synthesis of monophosphites 

E. 2.4.1 Synthesis of (ArO)2PC1 species 

Preparation of (S)-(1,1'-binaphthyl-2,2'-diyl)chlorophosphite (2.47) 
To a solution of PC13 (6.71 cm3,76.9 mmol, 10 mol equiv) in THE (20 cm3) at 

-40 OC was added NEt3 (2.14 cm3,15.4 mmol, 2 mol equiv. A solution of (S)-1,1'- 
binaphthyl-2,2'-diol (2.2 g, 7.7 mmol) in THE (40 cm3) was then added dropwise over 
40 min whilst the temperature was maintained at -40 0C. The thick white suspension 
that formed was then stirred at -40 °C for 2h at room temperature. The precipitate of 
triethylammonium chloride was removed by filtration under nitrogen through oven- 
dried celite and the solvent and excess PC13 were removed in vacuo. The white residue 
was triturated with pentane (10 cm3) to yield (S)-(1,1'-binaphthyl-2,2'- 
diyl)chlorophosphite (2.47) (1.95 g, 74%) as a fine white solid, Sp (CDC13): 178; 6H 
(CDC13): 7.23-8.06 (12H, compl. m); 8C (CDC13): 120.1-147.8 (m). 

Preparation of (S)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (2.48) 
To a solution of PC13 (4.5 cm3,51.6 mmol, 10 mol equiv) in THE (35 cm3) at 

-40 °C was added NEt3 (1.45 cm3,10.4 mmol, 2 mol equiv. A solution of (S)-9,9'- 
biphenanthryl-10,10'-diol (2.00 g, 5.2 mmol) in THE (35 cm3) was then added 
dropwise over 1h whilst the temperature was maintained at -40 °C. The thick white 
suspension that formed was then stirred at -40 °C for 1 h, warmed to room temperature 

and then stirred for a further 2 h. The precipitate of triethylammonium chloride was 
removed by filtration under nitrogen through oven-dried celite and the solvent and 
excess PC13 were removed in vacuo. The yellow residue was triturated with pentane 
(20 cm3) to yield (S)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (2.48) (2.150 

g, 92%) as a fine yellow solid, Sp (CDC13): 180.9; 8H (CDC13): 7.27-7.34 (2H, m), 
7.38 (2H, dd, 3J(HH) 8.4 Hz, 4J(HH) 1.1 Hz), 7.57-7.64 (2H, m), 7.71-7.85 (4H, 

m), 8.30 (1H, dd, 3J(HH) 8.1 Hz, 4J(HH) 1.1 Hz), 8.42 (1H, dd, 3J(HH) 8.1 Hz, 
4J(HH) 1.1 Hz), 8.77 (2H, d, 3J(HH) 8.6 Hz), 8.81 (2H, d, 3J(HH) 7.0 Hz); 8c 
(CDC13): 121.19 (s), 121.23 (s), 122.58 (s), 122.67 (s), 122.93 (s), 123.02 (s), 
123.77 (s), 126.24 (s), 126.46 (s), 126.60 (s), 126.70 (s), 126.75 (s), 126.92 (s), 
127.21 (s), 127.63 (s), 128.05 (s), 128.14 (s), 128.18 (s), 128.23 (s), 128.62 (s), 
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128.69 (s), 129.04 (s), 130.88 (s), 130.97 (s), 131.39 (s), 131.83 (s), 144.74 (d, 
2J(CP) 4 Hz, C-O), 145.08 (d, 2J(CP) 6 Hz, C-O'). 

(R)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (R)-(2.48) was also 
prepared using this procedure starting with (R)-9,9'-biphenanthryl-10,10'-diol. 

E. 2.4.2 Synthesis of monophosphites 

Preparation of (S)-(1,1'-binaphthyl-2,2'-diyl)(2 phenylphenyl)phosphite (2.7n) 

To a solution of (S)-(1,1'-binaphthyl-2,2'-diyl)chlorophosphite (500 mg, 1.4 

mmol, 1 mol equiv) in THE (25 cm3) at -40 °C was added NEt3 (0.199 cm3,1.4 
mmol, 1 mol equiv). To the resulting white cloudy suspension, a solution of 2- 

phenylphenol (242.7 mg, 1.4 mmol) in THE (25 cm3) was then added dropwise over 
30 min whilst the temperature was maintained at -40 0C. The reaction mixture was then 
stirred for 1.5 h, warmed to room temperature. The precipitate of triethylammonium 
chloride was removed by filtration under nitrogen through oven-dried celite and the 
solvent was removed in vacuo. The white residue was triturated with pentane (10 cm3) 
to yield (S)-(1,1'-binaphthyl-2,2'-diyl)(2-phenylphenyl)phosphite (2.7n) (529 mg, 
79%) as a fine white solid, (1.5% of POP by 31P { IH) NMR), Sp (CDC13): 145.5; SH 
(CDC13): 6.95 (2H, d, 3J(HH) 8.3 Hz), 7.05 (2H, d, 3J(HH) 8.3 Hz), 7.15-7.52 
(12H, m, 1.1 Hz), 7.81 (2H, d, 3J(HH) 8.3 Hz), 7.91 (2H, d, 3J(HH) 8.3 Hz), 7.95 
(2H, d, 3J(HH) 8.3 Hz); 8c (CDC13): 120.87 (s), 120.99 (s), 121.71(s), 121.73 (s), 
121.75 (s), 124.63 (s), 124.93 (s), 125.16(s), 125.22 (s), 126.10 (s), 126.30 (s), 
126.95 (s), 127.05 (s), 127.11 (s), 127.31 (s), 128.18 (s), 128.24 (s), 128.28 (s), 
128.35 (s), 128.37 (s), 128.62 (s), 129.30 (s), 129.74 (s), 129.92 (s), 129.99 (s), 
130.35 (s), 130.93 (s), 131.31 (s), 131.37(s), 131.62 (s), 131.63(s), 144.14 (s), 
160.19 (s), 161.92 (s); rn/z (FAB): 485 (M+), 315 (M-169). 

Preparation of (R)-(9,9'-biphenanthryl-10,10'-diyl)(2 phenylphenyl)phosphite (2.7p) 
To a solution of (R)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (168 mg, 

0.37 mmol, 1 mol equiv) in THE (15 cm3) at -40 °C was added NEt3 (0.052 cm3,0.37 
mmol, 1 mol equiv. To the resulting yellow cloudy suspension, a solution of 2- 

phenylphenol (63.5 mg, 0.37 mmol) in THE (15 cm3) was then added dropwise over 
30 min whilst the temperature was maintained at -40 °C. The reaction mixture was then 
stirred for 3 h, warmed to room temperature. The precipitate of triethylammonium 

chloride was removed by filtration under nitrogen through oven-dried celite and the 

solvent was removed in vacuo. The yellow residue was triturated with pentane (10 cm3) 
to yield (R)-(9,9'-biphenanthryl-10,10'-diyl)(2-phenylphenyl)phosphite (2.7p) (1.77 

mg, 89%) as a fine yellow solid, (3% of POP by 31P{ 1H) NMR), Sp (CDC13): 148.3; 
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8H (CDC13): 7.17-7.85 (19H, compl. m), 8.72-8.8 (9H, compl. m); m/z (FAB): 584 
(M+), 415 (M-169). 

Preparation of (S)-(1,1'-binaphthyl-2,2'-diyl)(1-naphthyl)phosphite (2.8n) 
To a solution of (S)-(1,1'-binaphthyl-2,2'-diyl)chlorophosphite (300 mg, 0.85 

mmol, 1 mol equiv) in THE (20 cm3) at -40 °C was added NEt3 (0.119 cm3,0.85 
mmol, 1 mol equiv. To the resulting white cloudy suspension, a solution of 1-naphthol 
(123.3 mg, 0.85 mmol) in THE (15 cm3) was then added dropwise over 20 min whilst 
the temperature was maintained at -40 °C. The reaction mixture was then stirred for 40 

min, warmed it to room temperature. The precipitate of triethylammonium chloride was 
removed by filtration under nitrogen through oven-dried celite and the solvent was 
removed in vacuo. The white residue was triturated with pentane (10 cm3) to yield (S)- 
(1,1'-binaphthyl-2,2'-diyl)(1-naphthyl)phosphite (2.8n) (364 mg, 89%) as a fine 

white solid, Sp (CDC13): 144.4; 6H (CDC13): 7.18-7.33 (6H, m), 7.35-7.56 (10H, m), 
7.56-7.68 (2H, m), 7.80-7.87 (2H, m), 7.88-7.98 (5H, m), 7.99-8.06 (2H, m), 8.11- 
8.19 (2H, m); m/z (FAB): 459 (M+H+), 315 (M-143). 

E. 2.5 Coordination Chemistry of monophosphites 

E. 2.5.1 Platinum(II) complexes 

Preparation of (S, S)-cis-[PtC12((1,1 '-binaphthyl-2,2'-diyl)(2- 

phenylphenyl)phosphitej2J (2.51) 
To a stirred solution of (S)-(1,1'-binaphthyl-2,2'-diyl)(2- 

phenylphenyl)phosphite (50 mg, 0.103 mmol) in CH2C12 (5 cm3) was added 
[PtC12(cod)] (19.3 mg, 0.052 mmol, 0.5 mmol equiv). After stirring for 5h, the solvent 
was removed under reduced pressure to give a white solid (2.51) (55 mg, 84%), 8p 

(CH2C12): 86.8 (s, 1J(PPt) 5797 Hz; 8pt (CDC13): 161.4 (t), 1J(PtP) 5810 Hz; 8H 

(CDC13): 5.81 (2H, t, 3J(HH) 7.5 Hz), 6.03 (2H, d, 3J(HH) 8.8 Hz), 6.61 (2H, d, 
3J(HH) 7.5 Hz), 6.72 (2H, t, 3J(HH) 7.6 Hz), 6.90 (2H, m), 7.05-7.49 (20H, m), 
7.55 (2H, d, 3J(HH) 8.8 Hz), 7.65 (2H, d, 3J(HH) 8.3 Hz), 7.78 (2H, d, 3J(HH) 8.1 
Hz), 7.84 (2H, d, 3J(HH) 8.8 Hz), 7.93 (2H, d, 3J(HH) 8.1 Hz), 8.24 (2H, d, 
3J(HH) 9.0 Hz). 

Preparation of (S, S)-cis-[PtCl2((9,9'-biphenanthryl-10,10'-diyl)(2- 

phenylphenyl)phosphiteJ21(2.52) 
This complex was prepared following the procedure for (2.51) to give a white 

solid (64 mg, 86%), Sp (CDC13): 80.1 (s, 1J(PPt) 5740 Hz); Spt (CDC13): 194 (t, 
IJ(PPt) 5740 Hz); Sg (CDC13): 5.78 (2H, t, 3J(HH) 7.2 Hz), 5.96-6.05 (2H, m), 6.22 
(2H, dd, 3J(HH) 8.3 Hz, 4J(HH) 0.9 Hz), 6.32-6.46 (8H, m), 6.75-6.80 (4H, m), 
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6.95-7.76 (12H, m), 8.01 (4H, m), 8.28 (2H, d, 3J(HH) 8.5 Hz), 8.36-8.42 (2H, m), 
8.68-8.77 (4H, m), 8.92 (2H, d, 3J(HH) 8.2 Hz), 8.92-9.05 (2H, m), 9.14-9.21 (2H, 

m). 

Preparation of (R, R)-cis-[PtC12((1,1'-binaphthyl-2,2'-diyl)(1-naphthyl)phosphite)2] 
(2.53) 

This complex was prepared following the procedure for (2.51) to give a white 

solid, 8p (CDC13): 85.9 (s, 1J(PPt) 5790 Hz); m/z (FAB): 1147 (M+-Cl), 1112 (M+- 

2C1). 

E. 2.5.2 Rhodium(I) complexes 

Preparation of (S, S)-cis -(Rh(cod)((1,1'-binaphthyl-2,2'-diyl)(2- 
phenylphenyl)phosphiteJ2JBF4 (2.54) 

To a stirred solution of (S)-(1,1'-binaphthyl-2,2'-diyl)(2- 

phenylphenyl)phosphite (119.3 mg, 0.246 mmol) in CH2C12 (5 cm3) was added 
[Rh(cod)2]BF4 (50 mg, 0.123 mmol, 0.5 mmol equiv). After stirring for lh, Et20 (10 

cm3) was added and the reaction mixture stirred for 20 min. The yellow precipitate was 
filtered off, washed with Et20 and dried in vacuo to yield a yellow solid, Sp (CDC13): 
125.3 (d, 1J(PRh) 201 Hz). 

Preparation of (S, S)-cis-(Rh(cod)((9,9'-biphenanthryl-10,10'-diyl)(2- 

phenylphenyl)phosphiteJ2J (2.55) 
This complex was prepared following the procedure for (2.54) to give a yellow 

solid, Sp (CDC13): 127.4 (br d, 1J(PRh) 258 Hz); 8H (CDC13): 2.1-2.2 (8H, m), 4.0- 
4.8 (4H, m), 5.8-8.8 (42H, compl. m), mlz (FAB): 1380 (M+H+), 1271 (M+-cod). 

Preparation of (S, S)-cis-(Rh(cod)((1,1 '-binaphthyl-2,2'-diyl)(1-naphthyl)phosphite]2] 

(2.56) 
This complex was prepared following the procedure for (2.54) to give a yellow 

solid, Sp (CDC13): 127.2 (d, 1J(PRh) 259 Hz); 6H (CDC13): 2.2-23 (8H, m), 4.2-4.4 
(4H, m), 6.32 (2H, d, 3J(HH) 9.0 Hz), 6.81 (2H, dd, 3J(HH) 7.4 Hz, 4J(HH) 1.1 
Hz), 6.98-7.41 (22H, m), 7.52 (2H, d, 3J(HH) 8.3 Hz), 7.58 (2H, d, 3J(HH) 8.4 
Hz), 7.71-7.86 (6H, m), 7.85 (2H, d, 3J(HH) 8.8 Hz), 8.01 (2H, d, 3J(HH) 8.3 Hz), 

8.08-8.13 (4H, m), 8.22 (2H, d, 3J(HH) 9 Hz). 
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E. 3 Chapter 3: Rhodium(I) catalysed asymmetric hydrogenation of 
a-enamides with Phosphonite and Phosphite Ligands 

Asymmetric rhodium(I) catalysed hydrogenation of a-enamides with 
phosphonite and phosphite systems were carried out in the Department of Inorganic and 
Physical Chemistry at the University of Tarragona, under the supervision of Dr. Elena 
Fernandez. 

Substrate methyl-2-acetamido acrylate (3.37) was commercially available from 
Aldrich Chemical Company and used without purification. Methyl-(Z)-2-acetamido 

cinnamate (3.8) was prepared by a modification of the literature method45 as described 
in E. 3.2.1. The autoclaves used were Berghof autoclaves with electric heating and 
magnetic stirring. The temperature of the autoclaves was kept constant by a flow of 
water around the vessel which was maintained at a set temperature. 

E. 3.2 Asymmetric hydrogenation with phosphonite and phosphite 
systems 

E. 3.2.1 Preparation of methyl-(Z)-2-acetamido cinnamate (3.8) 

By a modification of a literature method, 45 a-acetamidocinnamic acid (10g, 
48.7 mmol) was dissolved in THE (150 cm3) and water (10 cm3) was added to the 

solution. CsCO3 97.94g, 24.4 mmol) was then added, resulting in the evolution of 
C02 and the mixture was stirred for 30 min. The solvent was removed, the orange 

residue was dissolved in DMF (50 cm3) and MeI (3.64 cm3,58.5 mmol) was added. 
After stirring for 2.5 h, the solvent was removed and water (30 cm3) was added to the 

residue. The solid was collected, recrystallised from THE/water and dried in vacuo to 

yield the product as a cream solid (8.2 g, 77%). 

E. 3.2.2 Standard experimental procedure 

A 50 cm3 glass vessel was place in the steel autoclave and the reactor was 

sealed. The reactor was evacuated and filled three times with H2, and then evacuated 

and sealed under vaccum. A yellow/orange solution with the Rh-phosphonite or 
phosphite complex (0.0073 mmol) and the substrate (3.5 mmol) in the appropriate 
solvent (7.5 cm3) was syringed into the glass vessel. The desired pressure of H2 was 

applied, the reactor sealed and the temperature set. The solution was stirred for the 
length of time specified. After this time, the pressure was released and the reactor 

opened. The reaction mixture was filtered through celite to remove the catalyst and the 

solvent removed. Conversion and ee were determined by chiral GC using a Hewlett- 
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Packard 5800A with L-Chirasil-Val column (isothermic 100°C for methyl-2-acetamido 
acrylate (3.37) and isothermic 1500C for methyl-(Z)-2-acetamido cinnamate (3.8)). 

E. 4 Chapter 4: Copper(I) Catalysed Asymmetric 1,4-Addition of 
Diethylzinc to Enones and Nitro-olefins with Phosphonite 
Ligands 

Asymmetric copper(I) catalysed conjugate addition of diethylzinc to enones and 
nitro-olefins with phosphonite systems were carried out in the Department of Organic 

and Molecular Inorganic Chemistry at the University of Groningen, under the 

supervision of Prof. Ben L. Feringa. 

The following compounds were comercially available and used without 
purification: Cu(OTf)2, Et2Zn, cyclohexenone, benzylidenacetophenone, trans- 
nitrostyrene and p-methyl-trans-nitrostyrene were all purchased from Aldrich Chemical 
Company. Cyclohexenone was distilled under N2 and Cu(OTf)2 was dried under 
vaccum before use. 

E. 4.2 Enantioselective conjugate addition of diethylzinc to enones 

E. 4.2.1 Diethylzinc additions to cyclohexenone 

To a toluene (5-10 cm3) solution of Cu(OTf)2 (1-2 mol%), chiral phosphonite 
(2-4 mol%) was added. The resulting clear solution was stirred at room temperature 

under argon for 1 h. After this time, cyclo-2-hexen-l-one (0.5-1 mmol) and n- 
dodecane (0.02-0.04 cm3) were added and the reaction mixture cooled down to -40°C. 
Diethylzinc (1.1M, 1.4 equivalent) was added and stirring was continued at -40°C. 
Aliquots of the solution (0.2 cm3) were taken at t=0h, 1 h, 3h and 16 h, and 
quenched with HCl (1N, 1cm3). After extraction with diethyl ether (1 cm3) and 
filtration through a short silica column, the conversion and ee were determined by GC. 
GC analysis were carried out using HP5890 II GC equiped with a HP3396 series II 
integrator and a Chiraldex G-TA column (isothermic 100°C). 

E. 4.2.2 Diethylzinc additions to chalcone 

To a toluene (10 cm3) solution of Cu(OTf)2 (2 mol%), chiral phosphonite (4 

mol%) was added. The resulting clear solution was stirred at room temperature under 
argon for 1 h. After this time, benzylidenacetophenone (0.5 mmol) was added and the 

reaction mixture cooled down to -400C. Diethylzinc (1.1M, 1.4 equivalent) was added 
and stirring was continued at -400C for 16 h. An aliquot of the solution (0.2 cm3) were 
taken and quenched with HCl (1N, 1cm3). After extraction with diethyl ether (1 cm3) 
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and filtered through a short silica column, the conversion was checked by TLC 
(hexane/diethyl ether: 5/1). The mixture was poured into HCl (1N, 25 cm3) and 
extracted with diethyl ether (3 x 20 cm3). The combined organic layers were washed 
with brine (25 cm3), dried (MgSO4), filtered and evaporated to give the crude 1,4- 

product. Ee was determined by HPLC. HPLC analysis were carried out using a Waters 
600E HPLC with a 99 diode array detector and a Chiracel OD column. 

E. 4.3 Enantioselective conjugate addition of diethylzinc to nitro- 
olefins 

Typical procedure for substrates given in Table 4.3 and Table 4.4. To a toluene 
(10 cm3) solution of Cu(OTf)2 (2 mol%), chiral phosphonite (4 mol%) was added. The 

resulting clear solution was stirred at room temperature under argon for 1 h. After this 
time, substrate (1 mmol) and n-dodecane (0.02 cm3) were added and the reaction 
mixture cooled down to -400C. Diethylzinc (1.1M, 1.4 equivalent) was added and 
stirring was continued at -40°C. Aliquots of the solution (0.2 cm3) were taken at t=0 
h, 1 h, 3h and 16 h, and quenched with HCl (1N, 1 cm3). After extraction with diethyl 

ether (1 cm3) and filtration through a short silica column, the conversion and ee were 
determined by GC analysis. 1H NMR of the crude 1,4-products were in good 
agreement with the data reported. 178, after work-up as E. 4.2.1.2. GC analysis were 
carried out using HP5890 A GC equiped with a HP3393A series II integrator and an A- 
TA column. 
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