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Abstract 

This thesis describes the preparation, manipulation and complexation of a number of 
novel organophosphorus cage compounds, with detailed solution and solid-state 
structural analysis. The project falls into three distinct parts; cage-fom1ing reactions 
and other main-group reduction chemistry; the manipulation and further reactivity of 
cage compounds; coordination chemistry and catalysis. 

During the mid-1980s a number of (Cp*P)n oligomers, including Cp*P=PCp*, were 
prepared by s-block reduction of Cp*PCh. In the research conducted as part of this 
thesis, similar chemistry was attempted using Cp*PCh but with the group 13 reagents 
"Gal" and InCl. This quantitatively affords a wholly different type of product forming 
asymmetric, cationic diphosphine cage species of the type [C IOMeIOP2CI] [InCI-+], 
produced by a cascade of P-P, P-C and C-C bond-forming reactions for which a 
mechanism has been proposed. The cages contain eight stereocentres, but each exists as 
a racemic pair of only a single diastereomer. The reactivity observed prompted the 
exploration of the chemistry of related systems, and cage formation has been achieyed 
using RPCh compounds with variations to the Cp* organic substituent. 

The halo-cage cations can be reduced to a 'naked' cage species, CIOMe IOP2, which is a 
structural isomer of Cp*P=PCp*. Although direct interconversion of these compounds 
has not been observed, cage formation from the P=P double bonded species can be 
achieved by protonation of Cp*P=PCp* using an acid with a stable, weakly
coordinating counterion. The mechanism of formation is proposed to be very similar to 
halo-cage formation. The 'naked' cage compound was found to react with elemental 
cha1cogens, borane-dimethylsulphide and methyl triflate to yield mono-substituted 
species, ligated at either of the two phosphorus centres. 31 p NMR spectroscopy showed 
that the two products are formed in a ratio of 10:1, which was explained by a DFT 
study illustrating that one of the phosphorus lone pairs is far more energetically 
accessible than the other. Subsequent X-ray crystallographic analysis confirmed the 
identity of the major structural isomer. 

The preparation of phosphine oxides was achieved by two different synthetic routes; by 
reaction of the 'naked' cage with elemental oxygen, and by reaction of the halo-cage 
compounds with water. Analogous to the synthesis of optically pure BINAP, 
enantiomeric resolution was achieved by chiral HPLC of the cage phosphine oxide 
compound, resulting in 100 % separation. 

Transition metal complexes were prepared using both halo-cage and "naked' cage 
compounds as ligands. For the halo-cages, cleavage of the P-P bond occurred to yield 
bidentate complexes (with bite angles of ca. 74°) with both phosphorus centres bound 
to a halide atom. The cage's carbon-framework remains intact. In the case of the 
"naked' cage. coordination is possible through either phosphorus centre, resulting in the 
formation of seyeral products with meso. rae, threo, and erythro diastereoisomerism. 
The "naked' cage was used as a ligand in complexes for hydroformylation. Heck and 
Suzuki catalysis but resulted in \cry poor product yields and selectiyities. This has been 
ascribed to the ligands yery poor a-donating ability as \\ell as a lack of steric bulk. both 
of \\hich haye been gkaned from DFT studies . 
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1 Phosphorus-carbon cage formation 

1 Phosphorus-carbon cage formation 

1.1 Introduction 

1.1.1 Molecular main group cluster chemistry 

Molecular cluster chemistry of the main group elements has witnessed some great 

discoveries in recent years and is an area of significant interdisciplinary interest. 1 

Clusters are inherently fascinating to the inorganic chemist on account of their beautiful 

symmetry, but have found a wide variety of applications in many fields, particularly 

materials science, where uses include metal clusters as nano-scale transistors and 

medicinal treatments such as boron-rich clusters for boron-neutron-capture-therapy, 

BNCT.2
,3 The discovery and development of the chemistry of fullerenes C60, C70, C78 

etc.4
,5 has motivated inorganic chemists to investigate related "naked" clusters of main

group elements. Much early work on main-group cluster chemistry focused on 

polyboranes, which obtain their extraordinary properties due to multi-centre bonding, 

rather than classical two-centre two-electron covalent bonds.6 This cluster bonding 

stabilises such compounds in a manner similar to aromaticity in organic chemistry.7 In 

1971 Wade recognised the relationship between the number of vertices in borane 

clusters and the number of skeletal electrons used in cluster bonding. Mingos then 

incorporated this theory into a "polyhedral skeletal electron pair approach". As a result, 

these electron-counting methods are known as "Wade-Mingos rules".8, 9 It was later 

shown that these rules apply to main group and transition metal clusters as well as 

polyhedral boranes. 1o 

Whereas polyhedral boranes are composed of BH fragments, other p-block elements 

form bare metal clusters with no extemalligands bonded to the vertex atoms. Anionic 

species, initially of tin, lead, antimony and bismuth were first observed by Zintl and 

co-workers and are thus known as Zintl phases (Fig. 1.1).11-14 
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Figure 1.1 The icosahedral polyborane, [B 12H 12f and the capped square antiprismatic anion of the Zintl 

phase, Sn/-. 

In order to stabilise some cluster compounds, bulky ligands are employed to form an 

organic periphery, thereby providing a protective layer for the metalloid core. 

Schnockel and co-workers have pioneered this particular area, using metastable GaBr 

or All with LiN(SiMe3)2 in various stoichiometries to achieve a plethora of metalloid 

clusters. This technique has culminated in the preparation of the staggering species 

[Al77 {N(SiMe3)2ho]2- and the largest known cluster to-date [Ga84 {N(SiMe3)2ho]4-

(Fig. 1.2).15, 16 

N atoms 

o Metalloid atoms 

• Ligand-bearing metal atoms 

Figure 1.2 The largest known metalloid cluster [A I 7{ ( iM eJ2h of and [Ga8~ { ( eJcbl( , 
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Compounds of this type are referred to as metalloid or elementoid as they represent the 

ideal atomic arrangement of these elements at the molecular level. They therefore 

provide great insight into the physical properties of metals on the nano-scale. )-

1.1.2 Low oxidation state group 13 chemistry 

The synthesis of low oxidation state p-block compounds often requires readily 

available low oxidation state element halide precursors. For the group 13 elements. 

halides of indium (I) and thallium(I) have been commercially available for some time 

and are thermally stable. They have been used with great success in areas ranging from 

organic synthesis to materials chemistry. 18 The stability of these compounds is ascribed 

to the "inert pair effect".19 However, this effect also accounts for the apparent 

instability in halides of aluminium(I) and gallium(I). 

Schnockel et al. have synthesised gallium(l) halide speCIes, but only by usmg a 

specially designed reactor for the generation of GaX, which is then trapped by 

co-condensation with coordinating solvents. This results in metastable, oligomeric 

complexes of the type [{GaX(L)}n], X = CI, Br, or I; L = ether, amine or phosphine and 

these are the species used to make the large clusters seen in the previous section.2o 

However, in order to be able to carry out this type of chemistry very specialized 

equipment is required, the type of which is not accessible to the everyday chemist. It is 

fortunate therefore, that in 1990 Green et al. developed a remarkably simple route to 

"Gal".21 

This anomalous material was first prepared in 1955 by Corbett and McMullan by 

heating the elements under vacuum at 350-500 °C for 3 days.22 It was also prepared by 

Wilkinson and Worral in 1975 by heating the elements in vacuo at 250°C for 24 

hours.23 This was shown by Raman spectroscopy to consist of Ga2l) and Ga214. Corbett 

and McMullan's "Gal" was discovered by Gerlach et al.24 in 1982 to have a powder 

diffraction pattern exactly the same as that of Ga2l) which was crystallographically 

characterised as a mixed-valence species [Ga h[Ga216] in the solid state. Green' s "Gal" 

was proven by Coban25 using Raman spectroscopy to be the same as that of \\"ilkinson 

.., 
.) 
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and Worral in that it consists of a mixture of gallium sub-iodides, predominated by 

[Gah[Ga216]. 

In Green's "Gal" synthesis, gallium metal is reacted with half an equivalent of 

di-iodine by sonication in toluene at> 30°C (Scheme 1.1). 

toluene 
"Galli 

Scheme 1.1 "Gal" preparation by Green et at. 

The resultant light grey/green precipitate is thermally stable but very oxygen- and 

water-sensitive and completely insoluble in non-coordinating solvents. It can be stored 

under dry toluene indefinitely without loss of activity. 

"Gal" has been used as a source of gallium(l) in a wide variety of ways from Lewis 

base reactions to organogallium synthesis, gallium heterocycle formation and C-C bond 

formation (Scheme 1.2).26-33 Examples of further reactivity can be found in a recent 

review by Baker et al. and will not be discussed further here. 34 



Ga 

R = Me or Et 

L = 1° 2° or 3° amine , , 

2° or 3° phosphine, 
ether 

"Gal" 

Scheme 1.2 Examples detailing the reactivity of "Gal" . 
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In coordinating solvents "Gal" decomposes by disproportionation yielding gallium(II) 

or gallium(III) iodide adducts and gallium metal. This is also the case in most reactions, 

with gallium metal always being produced along with gallium(II) or gallium(IIl) 

complexes. The stabilisation of gallium(I) complexes can be achieved with bulky 

ligands such as tris(pyrazolyl)borate, Tp (Scheme 1.2). 

Although "Gal" is an anomalous, poorly characterised material, it behaves as a source 

of galliUln(I). The variety of reactions described here demonstrate its great versatili ty, 

making it an extremely useful reagent for the synthetic chemist. 

5 
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1.1.3 Phosphorus-carbon cage chemistry 

Cage compounds, especially those which are highly symmetrical , have always been a 

major area of interest for chemists. In organic chemistry, all-carbon frameworks have 

been synthesised by complex multistep syntheses to give compounds such as cubane 

(CH)8 (Scheme 1.3), octahedrane (CH)12, adamantane C IOH 16, and even dodecahedrane 

(CH)20.35
-
37 

o 

1. NBS 

2. Br2 
3. Et3N 

1. SOCI2 

2. tBuCOOH 

3. heat in 

t ri-iso-propylbenzene 

Hooe 

Br .. 
0 

1. KOH/H20 

eOOH 2. H+ .. 

Scheme 1.3 The synthes is of cubane (where NBS = N-bromosuccinimide). 

0 
I Br 

uv 1 0 

Br 

0 

Br Br 

If one or more of the CH fragments are substituted by the isoelectronic P moiety, we 

enter the realm of phosphorus-carbon cage chemistry. 

There are many examples of classic phosphorus-containing cages, for example 

phobane, which is a bicyclic phosphorus-containing ring system (Fig. 1.3). Other 

systems include 1,3,5, 7 -tetramethyl-6-phenyl-2,4 .8-trioxa-6-phosphaadamantane. fir t 

prepared by Epste in and Buckler in 196 1.38 Thi s compound is remarkably useful as it i 

stab le to both a ir and moisture and is also a very effecti ve ligand in hydroformylati on 

catalysis when incorporated into rhodium complexes. 39 One of the most interesting 

classes of phosphorus cage li gands of recent years are phosphaazabarbara lane . trivi all y 

known as BABAR-Phos.4o These species have been shown to be particul arl y ac ti\·e a 

ligands in rhodiwn complexes for hydrosilylation and hydroborati on cataly i .~ I 
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1 Phosphorus-carbon cage formation 

Figure 1.3 Examples of classic phosphorus-carbon cage compounds; phobane, 1.3.5.7-tetramethyl-6-

phenyl-2,4,8-trioxa-6-phosphaadamantane and BABA R-phos. 

Complex cages incorporating multiple phosphorus centres are often prepared by the 

cyclooligomerisation of phosphaalkynes. These low coordinate phosphorus precursors 

were first observed in 1961 with the preparation of H-C=P by passing PH3 through an 

arc between carbon electrodes.42 However, this gaseous compound was only found to 

be stable below its triple point of -124 °C, above which polymerisation occurs. The 

first example of a phosphaalkyne stable at room temperature was 

2,2-dimethylpropylidynephosphine (tert-butylphosphaalkyne), which was reported by 

Becker et al. in 1981.43 Since then a variety of other species have been synthesised with 

substituents including methyl, 2,4,6-trimethylphenyl, 2,4,6-tri-tert-butylphenyl and 

adamantyl plus more recently triphenylsilyl and triphenylmethy1.44-46 The general 

synthetic route to most of these species involves base-promoted hexamethyldisiloxane 

elimination (Scheme 1.4). 

7 
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Il 
R-C 

"'CI 
+ P(SiMeb 

o 
II 

R-C-P(SiMe3h 

1,3-shift 

base 
R-C-P 

Scheme 1.4 General synthetic route for the preparation of phosphaalkynes. 

Phosphaalkyne oligomerisation to form phosphorus-carbon cages was first observed 

with the thermal cyclotetramerisation of tBuC=P, yielding a tetraphosphacubane 

described by Regitz et al. in 1989.47 Since this ground-breaking result many other 

cyclooligomers have been reported, culminating with a hexameric, lantern-like 

structure, which is the largest structurally characterised species of this type to-date.48 

Unlike the initial tetraphosphacubane preparation, this compound is not prepared by 

direct phosphaalkyne oligomerisation but by the reaction of the phosphacyclic mixture 

[P2C3tBu2r /[P3C2tBu3r with [PtCh(cod)] (Scheme 1.5). 

8 
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p / . 
130 °C, 65h / 1 

• I p 
• p .. (10 %) .--p 

p/ ./ 

• p""-- \ • 10 p /'--P ---- \ .-- / 
Me3Si '\. / OSiMe3 • jP--i-rj-Na [PtCI2(cod)] 

p = C .. + .. 
\ DME tBu DME 

....--p\ -----~p 
iO - \/-/ 
p __ 'I p~ • p 

Scheme 1.5 Synthetic routes towards phosphaalkyne oligomers C. = C t8u). 

While numerous phosphaalkynes are known, the syntheses involved are time 

consuming and difficult to access on a large scale. Isolated yields are often low and 

their stability towards oligomerisation is poor. Multiple step syntheses are required and 

the reagents involved are expensive. Many synthetic routes towards phosphorus-carbon 

cages have been developed from phosphaalkynes but for these reasons simpler 

alternatives are extremely desirable. This is one of the goals of the work described in 

this thesis . 

1.1.4 s-Block reduction chemistry of Cp*PCb and multiply-honded phosphorus 

species 

In two seminal publications in the mid-1980 ' s, Jutzi et al. managed to prepare a seri es 

of Cp*-containing phosphorus moieties by reducing Cp*PCb using s-block metal 

reagents (Scheme 1.6).49, 50 In all the products observed in these reacti ons, the Cp* 

fragment remains an innocent, spectator ligand, remaining coordinated through only 

one atom in the ring. Initially the group were unable to contro l the syntheses in order to 

obtain one product but in the second of these publications Jutzi de cribes the relatively 

fac ile and quantitative synthesis of Cp*P=PCp*. Thi was achi eved by reducing 

9 
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Cp*PCh with LiAlH4 fo llowed by elimination of hydrogen chloride from the resulting 

chlorodiphosphine by triethylamine. 

Cp* 
~ 

p=p 
~ 

Cp* 

1. LiAIH4 2. Et3N 

I 
Cp*PCI2 

Li , K, Li2C10Hs or Mg 

f 

Cp* Cp* Cp* Cp* Cp* Cp* Cp* (PCP*)n 

I I I I I 
I ~ I 

I p=p 
I 

'CP-P~yP_CP' p"'p/ p P~ P P-P ~ 
p/ I I 

Cp* 

P 
I P-P 

I P I Cp* 
CI / ""Cp* 

I 

Cp* Cp* 

Scheme 1.6 s-Block reduction of Cp*PCh yielding a number of Cp*P compounds. 

Yoshifuji and Inamoto ' s report on the first synthesis and isolation of a well 

characterised diphosphene, mes*P=Pmes* (mes* 2,4,6-tri -tert -butylpheny l), 

exploded the myth that such bonds could not exist under ambient conditions.
51 

These 

compounds require bulky organic substituents to provide steric protection, thereby 

preventing attack of the relatively weak phosphorus-phosphorus double bond. 

Subsequent work has resulted in the synthesis of a wide variety of species of this type 

and these are the subject of an in-depth review by Weber (Fig. 1.4).52 

10 
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F3C 

CF3 

CF3 

F3C 

F3C 

CF3 

(Me3SibC",p=p 

"'-C(SiMe3lJ 

Figure 1.4 Examples of multiply-bonded phosphorus compounds. 

Great effort over the past quarter of a century has gone into exploring the reactivity of 

this unusual class of compound. The steric bulk of groups such a 

2,4,6-tri-tert-butylphenyl (mes*) provides a great deal of kinetic stability to the P=P 

bond. Grutzmacher et al. have shown that electrophilic attack is possible on this 

compound using MeOS02CF3, however a thirty-five-fold excess is required to drive the 

reaction to completion. 53 Cowley et al. observed entirely different behaviour in the 

reaction of mes*P=Pmes* with HBF4, where protonation at low temperature results in 

C-H activation and formation of a phosphacycle (Scheme 1.7).54, 55 P-P bond cleavage 

is observed when this species is allowed to warm to room temperature. 
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tBu 
~ tBu 
~ ~ Me t 

Bu 1 ~ 
tB U .--::: 

tBu 

Scheme 1.7 Electrophilic addition reactions with a multiply-bonded phosphorus compound. 
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1.1.5 Aims of this work 

• To investigate the reduction chemistry of Cp*PCh and other related bulky 

dichloro-main group compounds. Reduction using s-block metals has been 

extensively studied by Jutzi et al. so here the idea is to use the low oxidation 

state, group 13 halide reagents "Gal" and InCI as an approach to novel cage and 

cluster chemistry. 

• To investigate the reactivity of Cp*P=PCp* towards electrophilic reagents such 

as MeOS02CF 3, HOS02CF 3 and HBF 4, thereby forming a comparison to the 

behaviour observed on mes*P=Pmes* by Grtitzmacher and Cowley. 

13 
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1.2 Results and discussion 

1.2.1 Cage formation by group 13 reduction of Cp*PCh 

While significant work has been carried out on the reduction chemistry of Cp*PCb 

using s-block reducing agents, there is no mention in the literature regarding the use of 

low oxidation state group 13 species as the reductant. Cp*PCh was prepared by the 

literature method developed by Jutzi et aI.56 There is no known molecular structure for 

this species due to it being an oily liquid at room temperature. However, when carrying 

out a distillation as the last step of the procedure, crystals were obtained on the cold 

surface of the receiving flask. These were found to be of suitable quality fo r X-ray 

crystallography and so the molecular structure was determined (Fig. 1.5 and Table 

1.1). 

CI(1 ) 

Figure 1.5 Molecul ar structure of Cp*PCI2 (101 ) (H atoms have bee n omitted for cl arity: ellip oid 

shown at SO % probability leve l). 

1-+ 
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Table 1.1 Selected bond lengths and angles for Cp*PC12 (101). 

Bond Lengths (A) 

P(1)-C(l) 1.852(7) C(4)-C(5) 1.34(1 ) 

C(I)-C(2) l.51(1) C(4)-C(3) 1.46(1 ) 

C(l )-C(5) 1.514(9) C(3)-C(2) 1.357(9) 

P( 1 )-CI( 1) 2.072(3) P(l)-Cl(2) 2.117(3) 

Angles CO) 

C(2)-C(1 )-P(l) 96.7(5) CI(1 )-P(1 )-Cl(2) 95.51(1) 

C(5)-C( 1 )-P(I) 96.7(5) C(1 )-P(l )-Cl(1) 103.3(3) 

C(l )-P( 1 )-Cl(2) 102.2(2) 

The molecular structure of Cp*PCh (101) clearly shows 171-coordination of the Cp* 

ring. Bond lengths of 1.34(1) and 1.357(9) A illustrate the diene character of the ligand. 

A bond angle of 95.5(1)° at CI(1)-P(1)-CI(2) is consistent with a lone pair creating a 

distorted pyramidal environment at the phosphine centre. The Cp* ring itself is not 

planar, with an angle of 8.4° between the plane of the olefin bonds {C(2)-C(5)} and 

that of C(2), C( 1) and C( 5). 

It was in attempting to prepare new complexes of groups 13 and 15 that a reaction was 

carried out between Cp*PCh and "Gal" resulting in intriguing observations. Dropwise 

addition of the phosphine to a toluene suspension of "Gal" resulted in the immediate 

formation of an immiscible red oil. Complicated IH, 31p and 71Ga NMR spectroscopy 

(Fig. 1.6) confirmed that the product was something more than a simple adduct, with 

the 71Ga NMR spectrum suggesting the presence of tetrahedral gallate anions and the 

31p NMR spectrum showing two inequivalent phosphorus centres coupling strongly to 

one another {I Jpp = 231.1 Hz}. However, a true explanation of the spectroscopic data 

only became apparent when X-ray crystallographic analysis showed a surprising and 

unexpected result. 

15 
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8 7 654 3 2 o 
Chemical Shift (ppm) 
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Figure 1.6 IH, 3 1p and 71Ga NMR spectra of[C,oMe,oP2I][GaCI,J '_n] (102) (where n = 0, 1 or 2) . 

The compound proved to be an asymmetric, cationic diphosphine cage containing two 

phosphorus centres and ten CMe units, eight of which are stereo centres (Scheme 1.8, 

Fig. 1.7 and Table 1.2). 

+ 

RT 

+ "Gal" 
toluene 

• = CMe 

102 

Scheme 1.8 Formation of the cage diphosphine [C, oMe iO P2I][GaCII/ I'/_I/] (where 17 = 0. I or 2) ( 102) by 

reduction ofCp*PC1 2 with "Gal" . 
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+ 

Blue denotes a stereocentre 

Figure 1.7 Molecular structure of [Cl oMel oP21f (102) ([Gal-lr counterion and H atoms omitted for 

clarity; ellipso ids shown at 50 % probability leve l). 
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Table 1.2 Selected bond lengths and angles for [C lOMe lOP2Ir (102). 

Bond Lengths (A) 

P(l)-P(2) 2.178(6) C(l)-C(5) 1.36(2) 

I(l )-P(l) 2.375(4) C(I)-C(2) 1.46(2) 

C(l O)-P(l) 1.88(2) C(2)-C(6) 1.59(2) 

C(4)-P(l) 1.89(2) C(2)-C(3) 1.59(2) 

C(3)-P(2) 1.95(2) C(7)-C(8) 1.43(2) 

C(7)-P(2) 1.91(2) C(7)-C(6) 1.59(2) 

C(9)-C(8) 1.36(2) 

C(3)-C(4) 1.62(2) 

C(5)-C(4) 1.45(2) 

Angles CO) 

C(l O)-P(l )-P(2) 98.1(6) C(7)-C( 6)-C( 1 0) 96(1) 

C( 4 )-P( 1 )-P(2) 85.8(5) C(3)-C(4)-P(l) 88.4(9) 

C( 4)-P(l)-C(l 0) 110.7(7) C( 6)-C(l O)-P(l) 99(1) 

C(7)-P(2)-C(3) 94.2(7) C(2)-C(3)-C(4) 99(1) 

C(7)-P(2)-P(l ) 88.4(5) 

C(3)-P(2)-P(l ) 72.8(5) 

The cage forms by a cascade of one P-P, one C-C and two P-C bond forming reactions. 

It is formally the result of the dimerisation of two Cp*P units but here the two diene 

rings have fused together (C-C bond formation) and as a result each ring loses a double 

bond and its near-planarity. This 'Cp* activation' is very different from the behaviour 

observed by Jutzi et al. in the corresponding reactions using s-block reducing agents, 

where the Cp* moiety always remained an innocent, spectator ligand. 50 Both 

phosphorus atoms and the six saturated carbon centres are formally chiral, and in 

addition, the cation possesses a helical twist. In this respect, it is of note that this 

species crystallises in the chiral space group P21 and that each individual crystal 

represents a single enantiomer {as is consistent with a Flack parameter of -0.09(5)}, 

although the overall mixture is racemic. The observation of just one enantiomeric pair 

from the many possible combinations is presumably a manifestation of both the 

reaction pathway to fom1 the P2CIO units (discussed further in 1.2A) and the geometric 

constraints of the cage. 

18 
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The cage itself is a very stable unit and can be exposed to air and moisture for se\'eral 

weeks without decomposition. This is surprising as several of the bond lengths and 

angles suggest a high degree of strain is present in the structure. This ring strain is best 

illustrated by elongated C-C bond lengths {C(2)-C(3) l.59(2), C(3)-C( 4) l.62(2). C(7)

C(6) l.59(2) A} and a particularly acute bond angle at one of the P-bound, saturated 

carbon centres {C(3)-C(4)-P(1) 88.4(9)O}. 

In solution this species remains intact giving two doublets in the 31 P NMR spectrum 

(<5 = 29.0 {P(2)} and 68.7 {P(1)} ppm, IJpp = 23l.1 Hz) (Fig. 1.6) and ten sets of peaks 

for the chemically inequivalent CMe centres in both IH and l3C NMR spectra. In 

addition, a single peak is observed by 71Ga NMR spectroscopy (<5 = -706 ppm), which 

is consistent with the literature value for [GaI4r {cf original reaction mixture with 

three peaks at <5 = -706 [GaI4r, -486 [GaI3Clr and -291 ppm [GahChr}.57 With the 

great help of Dr. Martin Murray (University of Bristol), both the l3C and 1H NMR 

spectra have been fully assigned by conducting a series of one- and two-dimensional 

NMR spectroscopy experiments. HMQC (heteronuclear multiple quantum coherence) 

was employed to observe direct C-H coupling, HMBC (heteronuclear multiple bond 

correlation) for longer range (2-4 bond) coupling and selectively 31 P-decoupled 

1H NMR spectroscopy was used to complete the problem by elucidation of P-H 

couplings. 

Due to its rather anomalous nature, it was decided that "Gal" was not the ideal reducing 

agent for the preparation of this cage species. This was mainly due to the presence of 

several mixed-halide counterions in the product {as illustrated by 71Ga NMR 

spectroscopy (Fig. 1.6)}, which leads to problems with determining molecular weight 

and hence stoichiometry in subsequent reactions (particularly in complexation reactions 

as discussed in 3.2.1). It was fortunate therefore that under identical conditions, InCI 

was found to yield the corresponding chloro-diphosphine cage (103) (Fig. 1.8 and 

Table 1.3). 

19 



1 Phosphorus-carbon cage formation 

Figure 1.8 Molecular structure of [C IOMe IOP2C lr (103) ([lnCI4r counterion and H atoms om itted for 

clarity; ellipsoids shown at 50 % probability level). 
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Table 1.3 Selected bond lengths and angles for [C IOMe IOP2Clt (103). 

Bond Lengths (A) 

P(l )-P(2) 2.153(2) C(l )-C(5) 1.346(7) 

Cl(l)-P(l ) 1.977(2) C(l)-C(2) 1.514(7) 

C(lO)-P(l) 1.855( 4) C(2)-C(6) 1.580(6) 

C(4)-P(l) 1.854(4) C(2)-C(3) 1.570(6) 

C(3)-P(2) 1.926( 4) C(7)-C(8) 1.513(6) 

C(7)-P(2) 1.911(4) C(7)-C(6) 1.583(6) 

C(9)-C(8) 1.340(7) 

C(3)-C(4) 1.585(7) 

C(5)-C(4) 1.491(6) 

Angles (0) 

C(l O)-P(l )-P(2) 99.1(2) C(7)-C(6)-C(l0) 97.9(3) 

C( 4 )-P(l )-P(2) 86.4(2) C(3)-C(4)-P(l) 87.3(3) 

C( 4 )-P( 1 )-C( 1 0) 111.3(2) C(6)-C(l O)-P(l) 99.3(3) 

C(7)-P(2)-C(3) 93.1 (2) C(2 )-C(3 )-C( 4 ) 102.1(4) 

C(7)-P(2)-P( 1) 88.3(2) 

C(3)-P(2)-P(l ) 71.2(2) 

The molecular structure of 103 is isomorphous with that of the iodocage (102). 

Interestingly, crystals of this species also grow in a chiral space group, P2 12121• Here 

however, each individual crystal represents both enantiomers in a racemic mixture 

{as is consistent with a Flack parameter of 0.485(7)}. While enantiomerically pure 

domains must exist to account for the chiral space group, the crystal as a whole is a 

racemate. 

In solution this species again gives two doublets in the 31 p NMR spectrum (6 = 24.7 

{P(2)} and 126.5 {P(1)} ppm, IJpp = 245.6 Hz) and ten sets of peaks for the chemically 

inequivalent CMe centres in both 1 Hand 13C NMR spectra. Once again, assignment 

was carried out by Dr. Martin Murray, who used a mixture of HMQC. HMBC and 

selectively 31 P decoupled 1 H NMR spectroscopy experiments to fully assign both 

IH and 13C NMR spectra. 

An alternative synthetic route has been developed by Scheer et al. for the preparation of 

a similar cage species. Here, Cp*PCb is sonicated with gallium metal at 50°C for a 
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period of ten days, yielding the neutral compound C IOMe lOP2GaCl3 (l 0-t ) 

(Scheme 1.9). This work, combined with the synthesis of the two compounds already 

discussed (102 and 103), is the subject of a joint publication between Scheer. Russell. 

the author and co-workers. 58 

+ Ga 
toluene 

Scheme 1.9 Preparation of C IOMe IOP2GaCI3 (104) by reduction of Cp*PCI2 with ga ll ium metal (methyl 

groups on C 1 - C 10 omitted for clarity). 

The molecular structure is very similar to the previously discussed cages (102 and 103), 

the only significant difference being the presence of a Lewis acidic Gael] moiety in 

place of a halide atom. The P-Ga bond length of 2.392(1) A is similar to the mean bond 

length of 2.424 A as obtained from the Cambridge Structural Database (CSD, version 

5.28, November 2006). The cage is now neutral compared to the cations of 102 and 103 

and this results in subtle differences in some bond lengths in the corresponding 

molecular structure (Table 1.4). X-ray data for 102 is of modest quality but the effect is 

clearly seen by comparing 104 to 103, with all bonds around P(1) elongated in the 

neutral structure. The electronic effect that accounts for this is discussed in more detai I 

in section 1.2.3. 

II 
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Table 1.4 Comparison of bond lengths and angles around P(l) in the cationic cages 102, 103 and the 

neutral species 104. 

Bond Lengths (A) 

P(1)-P(2) 

P(1 )-C(4) 

P(1)-C(10) 

Angles CO) 

C( 4 )-P(1 )-C(1 0) 

102 

2.178(6) 

l.89(2) 

1.88(2) 

110.7(7) 

1.2.2 Mechanistic implications 

103 

2.153(2) 

l.854(4) 

l.855( 4) 

111.3(2) 

104 

2.186(1 ) 

1.899(2) 

1.900(2) 

107.2(9) 

A mechanism for cationic cage forming reactions was proposed by the author in an 

attempt to understand the processes involved (Scheme 1.10). Of particular interest was 

to try to rationalise why group 13 reduction yields cage formation whereas s-block 

reduction results in Cp*P oligomerisation. 
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CI 
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Scheme 1.1 0 Propo ed mechani sm for the formation of[Cl oMe1 0P2 1][lnCI.j ] ( 103). 
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The proposed mechanism begins with the reductive coupling of two Cp*PCh 

molecules (P-P bond formation) by InCI, yielding the Lewis acidic species InCl3 in the 

process. This then abstracts a chloride anion, yielding the [lnCl4r counterion, and the 

resulting positive charge at the phosphorus centre is attacked by a C=C n-bond from 

one of the Cp* rings (P-C bond formation). A C=C n-bond from the second Cp* ring 

then attacks the positively charged carbon centre formed in the previous step (C-C bond 

formation). The final step is a nucleophilic attack involving the second phosphine lone 

pair on the remaining positively charged carbon site (second P-C bond formation). The 

geometric constraints imposed throughout this proposed mechanism account for the 

observed stereochemistry in the final product. 

Jutzi et al. proposed that Cp*P=PCp* is prepared by reduction of Cp*PCh with LiAIH-l 

to form an intermediate, Cp*P(H)-P(CI)Cp*. Triethylamine is then required for HCI 

abstraction to yield the final product. 50 Effectively, therefore, the two processes share a 

common first step, with the reductive coupling of two Cp*PCh molecules. It is 

plausible that the difference lies in the ability of both "Gal" and InCI to form stable 

anions by accepting three further halide atoms, thereby facilitating cationic cage 

formation. However, whereas potent s-block reducing agents would probably abstract 

both chlorine atoms extremely quickly to give oligomerisation, using the less reactive 

group 13 species removes only a single chlorine atom, and it is this that allows cage 

formation to take place. Mechanistic details of cage formation are discussed further in 

sections 1.2.4 and 1.2.5. 

1.2.3 Neutral 'naked' cage formation 

Both halo-cage diphosphines 102 and 103 proved to be difficult to obtain in a 

crystalline yield of sufficient quantity for further reaction. However, NMR 

spectroscopy studies showed that no impurities were present in either sample and for 

this reason the red oils were weighed and made into standard solutions. Various 

reagents were employed, mainly in an attempt to react the second phosphine site. 

Several reactions were carried out using halide sources such as ammonium iodide. but 

these proved completely unreactive. This has been ascribed to the insolubility of these 

reagents in suitable sol\'ents, the halo-cages 102 and 103 being unstable in coordinating 
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solvents such as THF. Attempts were also made at halide abstraction and this proyed 

more successful as treatment of either 102 or 103 with SiHCb and Et3 results in 

reduction of the cationic halo-phosphonium species to a new ' naked' cage, C1oMe l OP 2 

(105) (Scheme 1.11). In solution two doublets are observed in the 31p MR spectrum 

(£5 = 15.9 and -13 .3 ppm, lJp p = 147.9 Hz) and thi s motif is consistent with those seen 

for the halo-cages, although the reduced coulombic interaction between phosphoru 

centres results in a greatly reduced P-P coupling constant (ef lJ pp = 245 .6 Hz fo r 103). 

Elemental analysis and a molecular weight of 332 amu, as determined by EI-MS, were 

both consistent with the predicted ' naked ' cage formation. 

Scheme 1.11 Preparation ofC 10Me lOP2 (105) by reduction of halo-cages [CloMeI OP2Xr (102 and 103). 

This reaction is commonly used in the reduction of phosphine oxides, detai ls of whi ch 

are discussed further in section 2.1.1. 59 The preparation of the ' naked' speCIes IS 

quantitative by 31 P NMR spectroscopy and the inorganic by-products are easily 

removed by extraction of the product into n-hexane. Unlike its precursors, thi s cage can 

be prepared and isolated in a reasonable crystalline yield, although due to a high degree 

of solubility in all organic solvents this is still a rather moderate 35 0/0. Single crystals 

of suitable quality for X-ray diffraction are easily obtainable from a very concentrated 

n-hexane solution (ca. 2 g in 5 cm3
) at -18 °C (Fig. 1.9 and Table 1.5). 
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Figure 1.9 Molecular structure ofCJOMeloP2 (105) (H atoms omitted for clarity; ellipsoids shown at 50 

% probability level). 

Table 1.5 Selected bond lengths and angles for CJOMeJOP2 (105). 

Bond Lengths (A) 

P( 1 )-P(2) 2.230(2) C( 1 )-C(5) 1.32(1) 

C(10)-P(I) 1.905(6) C( 1 )-C(2) 1.532(9) 

C( 4)-P(1 ) 1.933(7) C(2)-C(6) 1.596(9) 

C(3)-P(2) 1.896(7) C(2)-C(3) l.584(9) 

C(7)-P(2) 1.888(6) C(7)-C(8) 1.504(9) 

C(7)-C(6) 1.561 (9) 

C(9)-C(8) 1.336(9) 

C(3)-C( 4) 1.53(1 ) 

C(5)-C( 4) 1.489(9) 

Angles CO) 

C( I O)-P( I )-P(2) 89.9(2) C(7)-C( 6)-C( 10) 97.2(5) 

C( 4 )-P( 1 )-P(2) 77.4(2) C(3 )-C( 4 )-P( 1 ) 97.3(4) 

C( 4 )-P( 1 )-C( 10) 101.9(3) C(6)-C( 1 O)-P( 1) 108 .5(4) 

C(7)-P(2)-C(3) 93.6(3) C(2)-C(3 )-C( 4) 101 . 1 (5) 

C(7)-P(2)-P( I) 92.6(2) 

C(3)-P(2)-P( 1) 78. 1 (2) 
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This species is remarkably stable to both air and moisture. Extremely slow oxidation 

will occur if stored under an oxygen atmosphere (see section 2.2.1) but no reaction is 

observed when stirred for several days in degassed water. This behaviour is surprising 

considering the degree of strain present in the cage architecture. This is exemplified by 

elongated C-C bond lengths {C(2)-C(6) 1.596(9) and C(2)-C(3) 1.584(9) A} and acute 

angles at saturated carbon centres {C(7)-C( 6)-C(1 0) 97 .2( 5) and C(3 )-C( 4)-P(l) 

97.3(4)O}. These are combined with some very acute bond angles at P(l) and P(2)~ 

although angles such as 77.4(2)° for C(4)-P(1)-P(2) are relatively commonly 

encountered for phosphorus (e.g. P4 accommodates 60° bond angles). 

The major difference between this structure and its precursors is an elongation in the 

P(1 )-P(2) bond length {2.230(2) A for 105, 2.l86(1) A for 104 and 2.153(2) A in 103}. 

Shorter P(1 )-P(2) bond lengths are ascribed to phosphonium character at P(l) as the 

positive charge generates a greater coulombic interaction between the phosphorus 

centres. Compound 104 also has some phosphonium character located at P(l) due to 

the formal dative covalency of the P-Ga bond, whereas the 'naked' cage (105) has no 

ionic character at all and thus exhibits the longest P-P bond. Increasing phosphonium 

character also equates to larger bond angles around P(1) {e.g. C(4)-P(1)-P(2) 77.4(2)° 

for 105 compared to 86.4(2)° for 103} (Table 1.6), although this is probably due to the 

steric effect associated with the phosphorus lone pair (105, non-bonded so increased 

repulsion of bond pairs at phosphorus; 104, formal dative covalent bond to GaCh so 

still relatively close to the phosphorus centre; 102 and 103, formally covalent so 

electrons are located further from the phosphorus centre, thus reduced steric effect and 

less crowding at the phosphorus centre). 

Table 1.6 Comparison of bond lengths and angles in [C IOMe IOP2Ir (102), [C IOMe IOP2Clr (103), 

CIOMelOP2GaC13 (104) and CIOMe lOP2 (105). 

102 103 104 105 

Bond Lengths (A) 

P(1 )-P(2) 2.178(6) 2.153(2) 2.186(1) 2.230(2) 

Angles CO) 

C( 4 )-P( 1 )-C(1 0) 110.7(7) 111.3(2) 107.2(9) 101.9(3) 

C( 1 O)-P( 1 )-P(2) 98.1(6) 99.1 (2) 94.2(1 ) 89.9(2) 

C( 4 )-P( 1 )-P(2) 85.8(5) 86.4(2) 81.6(1) 77"-+(2) 
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1.2.4 Cage formation by protonation of Cp*P=PCp* 

The neutral cage species (105) is a structural isomer of the low coordinate phosphorus 

species Cp*P=PCp* prepared by Jutzi , both having the empirical formula C20H30P2 

(Scheme 1.12). 

o 

Structurally 
isomeric 

~ ............................. ~ 

+ 2.5 kJ mor1 

Scheme 1.12 Structural isomerism and energy minimisation ofC lOMelOP2 (105) and Cp*P=PCp* . 

Density functional theory (DFT) calculations were carried out to assess the relative 

ground state energy configurations of these two species. Geometry optimisation was 

carried out at the B3L YP/6-31 G* level and a negligible energy difference of 

2.5 kJ mor l was calculated. This perhaps would be anticipated if one considers that the 

weak P=P bond in Jutzi ' s compound is countered by four strong C=C bonds and no 

steric congestion. In the cage, there is significant ring strain and steric crowding but no 

weak P=P double bond and so the overall energies are not too surprising. A more 

detailed theoretical study is presented in section 1.2.5. 

The fact that Cp*P=PCp* and 105 are structural isomers led to the idea that the 

kinetically stabilised P=P bond in Jutzi ' s compound could potentially be manipulated, 

resulting in cage fonnation. As introduced earlier (1.1.4), several studies have shown 

that electrophilic attack at P=P bonds can require relatively forcing conditions (e.g. a 

35-fold excess of MeOS02CF3).53 Cp*P=PCp* was prepared using the literature 

method developed by Jutzi and co-workers. 50 This, when treated with a single 

equivalent of triflic acid (HOS02CF3) quantitatively affords two doublets in the 

31p NMR spectrum (6 = 24.0 and 14.6 ppm, Ilpp = 178.6 Hz). It i clear that 

electrophilic attack had indeed taken place at one of the phosphoru centres a coupling 
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was observed by proton coupled 31p NMR spectroscopy {c5 = 24.0 ppm (dd. J pp = 178 .6 

Hz, IJpH = 425 Hz), 14.6 ppm (dd, J pp = 178.6 Hz, 2JpH = approx. 15 Hz)}. IH MR 

spectroscopy exhibited a spectrum almost identical to those seen for the cationic caaes 
b 

102 and 103 (Fig. 1.6), indicating that all ten CMe moieties were now chemically 

inequivalent. The product was confirmed as the desired protonated cage. 

[C IOMe IOP2Ht (106) when the 'naked' cage (105) was also subjected to protonation 

using HOS02CF 3, yielding the same product (Scheme 1.13) . 

. --p, 
.' \ \ ---
\\ . --p l \\ . ~ , . 

~. - . .'" 
•............................• 

+ 

Scheme 1.13 Preparation of [CIOMeloP2Hf (106) by protonation of two structural isomers ofCI OMeI OP2. 

It is also worth noting that when Jutzi ' s compound is treated with HBF4 , the same 

protonated cage product (106) is observed by 31p NMR spectroscopy. If HCl is u ed 

however, cage formation does not occur. An unidentified product is formed with a 31
p 

NMR spectroscopy signal at c5 = 123 ppm (singlet). This is not surprising, as Jutzi's 

compound is prepared by abstraction of HCl from a species proposed to be 

Cp*P(H)-P(CI)Cp* ,50 and it seems likely that a similar compound would be prepared 

by addition of HCI to Cp*P=PCp*. This is ascribed to the inability of the chlorid to 

form a suitable counterion for the cationic cage to fOl111. Attempts to replicate the 

behaviour seen by Grtitzmacher53 in methylating mes*P=Pme * by addition of m th\ I 

30 



1 Phosphorus-carbon cage fom1ation 

triflate (MeOS02CF3) to Cp*P=PCp* resulted in decomposition of the phosphorus 

species, yielding a multitude of unidentified signals by 31p NMR spectroscopy. 

1.2.5 Theoretical studies of cage formation reaction mechanisms 

With experiments showing that cage formation was promoted by simple protonation of 

Cp*P=PCp*, a DFT study was carried out by Professor John McGrady (University of 

Glasgow) to ascertain a possible reaction pathway and energy profile. This was with 

particular reference to why rearrangement from the low coordinate species to the 

' naked' cage requires protonation and does not occur spontaneously. Unfortunately, at 

the time of writing the study was incomplete and specific details cannot be given. 

However, provisional computational evidence suggests that the reaction may proceed 

via a mechanism remarkably similar to that discussed in section 1.2.2 (Scheme 1.14). 

-~\ /\ 
1 • -p . :::::--
• .::::::::- / ( \ / ---:::: ·1 • p-. 

\ :;:::::::-. • H+ 

+ 

-

p 
/\----n---\ HP~ 

II •• / -
- ~.f..- - \ 

-~ \~/ 
-

Scheme 1.14 Proposed mechanism for the cage-forming reaction from protonation of Cp*P=PCp*. 

Initial calculations also suggest that there is a large energy barrier preventing format ion 

of the ' naked ' cage (105) by spontaneous rearrangement of Cp*P=PCp*. Thi in it elf 

is Lmsurprising, but there is also evidence to suggest that the cause of thi n r ay barri er b. 
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is the possible involvement of an energetically unfavourable, zwitterionic intermediate 

(Scheme 1.15). This cannot be substantiated at this stage but detail s will hopefull y be 

published in the normal chemical literature in due course . 

• . ~ \ ~ 
I /.-P~I . ::::--....0 . ::::--.... \\ / --....::::::: . 

---.::::: • P - • I 
\ ~ . • 

• 

Scheme 1.15 A possible reaction pathway for the formation of the ' naked ' cage, Ci oMel OP2 (105), by the 

spontaneous rearrangement of Cp*P=PCp*. 

1.2.6 Applications to alternative systems 

The facile preparation of cage compounds as described here led to attempts to use this 

chemistry in alternative systems. The group 15 compounds Cp*AsCh60 and Cp*SbCh61 

were prepared using literature methods. However, reduction of both species afforded 

halide salts rather than any interesting cage species. It is apparent that the Cp* -As and 

Cp*-Sb bonds are significantly weaker than the Cp*-P bond and under reduction 

conditions cleavage of the C-As and C-Sb bonds occurs. This is consistent with trends 

in bond dissociation energies for EMe3 for example, where the E-C bonds decrease in 

the order E = P > As > Sb, which are 272, 238 and 224 kJ mor l respectively. 62. 63 

The most interesting product obtained was from the reduction of the cone ponding 

borane, Cp* BCb. 64 Reduction USl11g "Gar" afford the CUrIOl! pecIc 
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[CsMesBCl][GaI4] (107) (Scheme 1.16, Fig. 1.10 and Table 1.7). UnfOlwnately. thi s 

was not the first time a compound of this type had been observed. It was first prepared 

by Jutzi et al. as the bromide [CsMesBBr][BBr4] by reaction of Cp*GeMe3 v:ith an 

excess of BBr3.6S Schnockel and co-workers made the same cation by reaction of 

[(CsMes)Al]4 with BBr3 and structural characterisation by X-ray crystallography was 

then achieved.66 

+ 

Cp*BCI2 + "Ga I" 

Scheme 1.16 Reduction of Cp*BCI2 with "Gal" to form a nido-cationic chloroborane cl uster (107). 

CI(1 ) 

f [C M -BCI] '" ( t07) (H atoms and [Gal-l r counterion omitted for 
Figure 1.10 Molecular structure 0 5 e) 

clari ty; ellipso ids shown at 50 % probabili ty leve l). 
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Table 1.7 Selected bond lengths and angles for [CsMesBClr (107) compared to [CsMesBBrr (esd data 

unavailable for [CsMesBBrr). 

Bond Lengths (A) 

B-Halide 

B-Cp* centroid 

Longest C-C 

Shortest C-C 

Angles e) 
C(1 )-C(2)-Plane of Cp* ring 

C(5)-C(3)-Plane ofCp* ring 

C(6)-C(4)-Plane ofCp* ring 

1.73(1) 

1.222 

1.453(8) 

1.435(9) 

7.83 

8.05 

5.51 

1.870 

1.219 

1.370 

1.414 

7.70 

9.62 

2.32 

The structure is best described by Wade-Mingos rules as a nido-cluster8
, 9 with six 

skeletal atoms held together by 2n + 4 = 16 skeletal electrons. Except for the obvious 

difference in length of the B-halide bond, the structure of the chloroborane here is 

almost identical to that of the bromoborane prepared by Jutzi and Schnockel. One 

interesting feature of these clusters is the fact that all the methyl groups in the Cp* ring 

are raised out of the plane of the ring. This effect varies from 5.51 to 8.05° for the 

chloroborane system and is ascribed to the electron-deficient nature of the boron centre 

being compensated by the deformation of the ring methyl groups. An ab initio study 

into various Cp and Cp* boron moities has been carried out by Schnockel et al.
66 

This 

includes a geometry optimisation for the [Cp*BClt compound (107), the bond lengths 

of which (1.745 A for B-CI; 1.240 A for B-Cp* centroid; 1.429 A for C-C ring atoms) 

are consistent with those observed in the crystal structure. However, the calculation has 

slightly underestimated the angle between the methyl groups and the plane of the Cp 

ring {4.5° compared to observed values of 5.51°, 7.83° and 8.05°}. 

Other variations in starting material concerned the nature of the Cp* ligand in Cp*PCb. 

Initially, other Cp derivatives were employed, starting with Cp itself. CpPCb was 

prepared by literature methods.67
, 68 This species is considerably more difficult to use 

than the Cp* analogue due to its volatility, having a boiling point of only 38°C. 

Presumably this is a result of the less bulky Cp ligand. When treated with "Gar' or InCl 

an unidentified product was obtained e1p NMR (5 = 101 ppm (yery \\"eak singkt)}. :\s 

this product only generates a singlet in the 31 P NMR spectrum. it categorically cannot 
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be an asymmetric cage of the type prepared with the Cp* analogue . It foll ov;s that there 

is a need for a certain degree of steric bulk in the Cp ligand in order for cage formati on 

to occur. In response to this, attempts were made to prepare the previously unknO'v\TI 

compound pentaphenylcyc1opentadienyldichlorophosphine, CsPhsPCb. Lithiation of 

the pentaphenylcyc10pentadiene precursor is a simple literature procedure. 69 However. 

no reaction takes place between this lithiate and PCh, suggesting that the bulk of the 

CsPhs unit is too great to incorporate a PCb fragment. Pentabenzylcyclopentadiene 

{Cp(CH2Ph)s} could be an ideal replacement species for use in this system but this idea 

has not been pursued as part of this project. 

The commercially available Cp derivative Me4Cs(n-C3H7)H was also employed in thi s 

system and this time the dichlorophosphine analogue (108) was easily prepared by 

simple lithiation and reaction with PCb (Yield = 83 0/0; 3 1p NMR (5 = 124 ppm) 

(Scheme 1.17). 

2. PCI3 

The reaction with InCI was consistent with that seen with Cp*PCh. A red oil was 

obtained and a combination of 31p and IH NMR spectroscopy confirmed that cage 

fom1ation had indeed occurred. This time however, two species were shown to b 

present {(5 = 25.1 (d , Jpp = 242 Hz) , 128.2 (d, JPP = 242 Hz) and 25.0 (d, J pp = 244 Hz) , 

127.7 ppn1 (d , Jpp = 242 Hz)} . This is consistent with the presence of two i omer . 

which differ due to each ring having an n-propyl substituent (Fig. 1.11). 
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Figure 1.11 The two possible isomers (109) from the reaction of Me4C5(n-C3H7)PCI2 (108) with In CI 

([InCI4r counterions omitted for clarity). 

Unfortunately, and possibly as a result of the presence of isomers, any crystalline 

product proved elusive and so structural characterisation was not possible in thi s case. 

The isomeric mixture was reacted with SiHCh and Et3N as with the all methyl cage, 

discussed in section 1.2.3. Again, the red colour of the precursor immediately 

dissipated, yielding a pale yellow solution. 31p NMR spectroscopy revealed peaks in an 

almost identical environment to those of CSMeSP2 (105). Again, two compounds were 

present by 31 p NMR spectroscopy {J = 10.6 (d, J pp = 153 Hz), -1l.0 (d, J pP = 153 Hz) 

and 10.6 (d, J pp = 153 Hz), -12.75 ppm (d, Jpp = 153 Hz)}. The coupling constant is 

identical for both and is very similar to that observed for the ' naked ' all-methyl cage 

(105) (153 Hz for 110 cf 147.9 Hz for 105). This is consistent with the formati on of 

two corresponding 'naked' species, which differ due to the presence of n-propyl 

substituents (Fig. 1.12). 
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Figure 1.12 The two possible isomers (110) from the reduction of the halo-cage compound [MegC, o(n

C3H7)2P2CIHInCI4] (109). 

A crystalline product once again proved unobtainable. This is attributed to the very 

high solubility of these products in all organic solvents as well as the presence of two 

isomers, which may prevent crystallisation due to potential crystal packing problems. 

Several other systems were also employed, with limited success. In work carried out by 

Sam Keltie in a final year undergraduate project under the author's supervision, the 

Cp* analogue 2,3,4,5-tetramethylpyrrole was used to prepare Me4C4NPCh by literature 

methods. 7o When reacted with "Gal", a red oil formed and two doublets in the 

31 P NMR spectrum suggested that an asymmetric product had indeed been formed 

{J = 65.5 (d, J pp = 232 Hz) and 80.7 ppm (d, Jpp = 232 Hz) }. The coupling constant in 

particular is consistent with the one bond couplings observed for the halo-cages 102 

and 103 {cf 102; 231.1 Hz, 103; 245.6 Hz}. However, the presence of only one set of 

doublets suggests that if a cage has been formed , it is only one of the two pos ibl e 

structural isomers (Scheme 1.18). Unfortunately, no further evidence has been obtained 

to confirm the identity of these potentially interesting species. 
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I + I + 
PCI2 / / / 

N N--P, ·~r-i'N-. .-- \ "Gal" .~ \ \ .-. II j . 
.- + 

• ____ f ~ .-p,l \\ ~ N- p,l \\ • ~.-. N~ ,~.-.. ~ • = CMe 

Sch eme 1.18 Proposed products in the reaction ofMe4C4NPC12 with "Gal" . 
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1.3 Summary and conclusions 

This chapter has focused on the reduction chemistry of Cp*-main group halide 

compounds using low oxidation state group 13 reagents. The work described here has 

culminated in the development of extremely facile synthetic routes for the preparation 

and further manipulation of novel, asymmetric diphosphine cage compounds of the 

type [C lOMe lOP2CI] [lnCI4]. The process involves the simple reduction of Cp*PCb by 

group 13 reagents, thereby dimerising the phosphine units and activating the Cp* 

substituents. This is remarkable as the corresponding reactions using metals of groups I 

and II yield entirely different products, with the Cp* moiety remaining as an innocent 

spectator ligand. Although "Gal", gallium metal or InCI can be employed as the 

reducing agent in these reactions, the indium species is preferred as it is straightforward 

to use and reacts quickly. This also avoids the preparation of cationic cage compounds 

with several different mixed-halide counterions, which is the case when using "Gar~. 

As most examples of phosphorus-carbon cage compounds require the use of expensive 

and synthetically-challenging phosphaalkynes as precursors, this new route is of great 

interest. 

The cationic cages can be easily reduced to form a 'naked' cage species, which can be 

prepared on a multi-gram scale and is isolable in relatively high yield. This is a 

structural isomer of Jutzi's low-coordinate phosphorus compound Cp*-P=P-Cp*. 

Theoretical calculations show that there is only a very small difference in the ground

state energies of these two compounds. However, there is a large barrier to 

interconversion, which accounts for why no transformation between these species has 

ever been observed. Remarkably, it is possible to promote cage formation from the P=P 

compound by simple protonation using a strong acid with a stable non-coordinating 

counterion. 

Although a DFT study is being carried out in order to gain an insight into possible 

reaction intermediates and energy profiles, at the time of writing the study was 

incomplete and details cannot yet be given. 
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The reaction conditions conducive to cage formation have also been applied to 

alternative systems. A particularly interesting result was obtained with Cp*BCI2, which 

yielded the nido-cation, [CsMesBClt, by abstraction of a single halide. Although this is 

not the first example of such a compound, it is nevertheless a very simple and high 

yielding route to a fascinating species. Success was also achieved by varying the Cp* 

moiety, with similar cages prepared using the CsMe4(n-propyl) group illustrating that 

subtle variation in cage design is possible. However, cage compounds are not observed 

when using Cp as the organic substituent, suggesting that a certain level of steric bulk 

is required. 
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2 Manipulation of cage phosphines and phosphine chalcogenides 

2.1 Introduction 

In tandem with the exploration of the ligand properties of rJ, A3 phosphines themselyes 

has come the development of the synthetic potential of (j4, A5 phosphine chalcogenide 

complexes, R3P=E.
71 

Synthesis of these tertiary species has been well investigated for 

the whole chalcogen group. However, diphosphine chalcogenides of the type 

R2P-P(=E)R2 and E=P(R2)-P(=E)R2 are generally far less prevalent. 72 A large number 

of both tertiary and diphosphine compounds are known for both sulphur and especially 

oxygen, although few that are incorporated into chiral cage frameworks. 

2.1.1 Phosphine oxides 

Tertiary phosphine oxides are the most stable and amongst the least reactive of all 

phosphorus compounds. They are very easily handled, almost without exception, and 

they have very high thermal stability.73 Phosphine oxides are highly polar, and some 

have surprisingly high solubilities in water. Primary and secondary phosphine oxides 

are found in rather small numbers in comparison with tertiary species. 

The most useful syntheses of tertiary phosphine oxides generally involves constructing 

the desired carbon framework around the phosphine followed by simply oxidising the 

phosphine group to form the oxide.74 A great variety of oxidising agents can be 

employed for this task but commonly used reagents include hydrogen peroxide and 

gaseous oxygen. Similarly useful is the direct oxidation of phosphine-halogen adducts 

(halophosphines or halophosphonium halides) as these are easily hydrolysed with water 

to give the corresponding phosphine oxide. This is an excellent method for the 

preparation of cyclic systems like the five-membered phospholene and four-membered 

phosphetane oxides as illustrated in Scheme 2.1. 75
,76 
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n RPX2 0 H2O 0 .. X ... p 

R/ ~X 
P 
/~ 

R 0 

Me Me 

Me Me PhPCI2 H2O 
Me3CCH=CH2 ... AICI4 

... 
AICI 3 

+ 
P Me 

Ph/ ~CI P~ Me 
Ph/ ~o 

Scheme 2.1 Preparation of cyclic phosphine oxides via a halophosphonium intermediate. 

The most obvious way to prepare a secondary phosphine oxide IS to oxidi se a 

secondary phosphine. However, as the phosphine oxide can be oxidised to the 

phosphinic acid, most common chemical oxidising agents must be avoided. The most 

common oxidant used is O2, whereby air is bubbled through an aprotic solvent 

containing the secondary phosphine at 50 to 70 °C (Scheme 2.2). 

Primary phosphine oxides are rarely encountered in practical organophosphorus 

chemistry but may be prepared by careful oxidation of a primary phosphine usmg 

hydrogen peroxide at 0 °C.74 

~O 
Stronger chemica l 

~O O2 oxidising agents 

R2PH .- R2P" 
._--- --------- .- R2P "-

50-70 °C H OH 

Scheme 2.2 Preparation of secondary phosphine oxides using O2 as a mild ox idi sing agent. 

An in1portant chemical property of tertiary phosphine oxides is that they can be ea ily 

reduced to tertiary phosphines. In 1964, Fritzsche and co-workers reported the u e of 

silicon hydrides, in paIiicular trichlorosi lane and phenylsilanes, as extremely effici ent 

reducing agents fo r phosphine oxides.77 These reagents are now u ed a tandard 

practice in organophosphorus chen1istry. The reduction i hi gh yie lding and u uall) 
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takes place at ambient temperature without effect on other functional groups on the 

substrate. Trichlorosilane is commonly used in conjunction with a tertiary amine . 

usually triethylamine or pyridine. The latter forms a complex with the silane. whereas 

triethylamine seems to act by abstracting a proton, giving SiCh - as the active species.:9 

This reduction method is a constituent part of the synthesis of optically active BINAP. 

which is of great and current importance as a ligand in homogeneous catalys is 

(Scheme 2.3).78 

1. Seperation of 
enantiomers 

(+,-) (+) {or (-)} 

Scheme 2.3 The enantiomeric seperation and subsequent silane reduction of BINAP. 

In general, reduction of acyclic chiral phosphine oxides usmg trichlorosilane 

complexed with pyridine results in retention of configuration at the phosphine centre. 

Similar reduction using a base of greater strength such as triethylamine predominantly 

results in inversion of the stereochemical centre. The mechanisms for these reactions 

are unclear but suggestions and further discussion can be found in a recent book by 

Quin.74 This publication also details the further reactivity of phosphine oxides, which 

will not be discussed in detail here. 

Optically active phosphine oxides are of major importance as precursors to optical! 

active phosphines as illustrated in the synthesis of BINAP (Scheme 2.3). Optically pure 

BINAP is prepared by one of several routes but usually involves reaction of the 

phosphine oxide precw'sor with a chiral species such as camphorsulfonic ac id or 

2,3 -0-dibenzoyltartaric acid followed by fractional recrystall isation to eparat the 

enantiomers and reduction .79 Although this method works well in thi ca e. fracti nal 
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2 Manipulation of cage phosphines and phosphine chalcogenides 

recrystallisation of diastereomeric salts and subsequent work up can be extremely 

problematic. Due to their polarity, phosphine oxides often respond well to chiral 

column chromatography and this method appears to be the preferred one for 

enantiomeric resolution. Successful column packings include commercially available 

Pirkle chiral packing (CSP-l), which consist of the optically active group 

3,5-(N02)2C6H3CONHC*HPhCONHCH2CH2CHr bonded to silica gel (where * 
denotes the chiral centre). Others incorporate cyclodextrin or 

poly(tritylmethacrylate).80, 81 Successful solvent systems include various mixtures of 

2-propanol (or similar alcohols) and n-hexane. More recently, high optical purity has 

been achieved using a mixture of subcritical carbon dioxide and ethanol as the mobile 

phase but this requires a more advanced and expensive setup.82 

2.1.2 Other mono- and di-phosphine chalcogenides 

For the remaining members of the chalcogen group the number of known tertiary 

compounds decrease in the order E = 0 » S » Se » Te. For diphosphine 

chalcogenides, although a large number of sulphur species are known, only a handful of 

diphosphine selenides are present in the literature and there are no examples of 

diphosphine tellurides.83, 84 

The most useful synthesis of higher phosphine chalcogenides is again the most obvious 

one; the direct reaction of the elements with tertiary phosphines. Most reactions of this 

type proceed without difficulty. Tellurium is the exception, requiring more forcing 

conditions such as refluxing in a high boiling solvent, or use of an transfer agent such 

as TePPh3. Sulphides and selenides can also be prepared using transfer agents such as 

HSCN and KSeCN. 72 

Phosphine chalcogenides react with both oxidizing and reducing agents. As \\·ith 

phosphine oxides, metal and silicon hydrides can be used to reduce sulphides back to 

the original phosphine. However, as this reduction is easier than the corresponding 

reaction with phosphine oxides. alternative reducing agents may be used such as 

sodium naphthalene. metallic iron and Raney nickel. Reduction of selenid~s and 
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tellurides is particularly facile and can often be achieved by simply exposing the 

sample to air. 

One particular reason for studying phosphorus-selenium compounds is to glean 

information on the nature of the P-Se bond from their 1 Jpse coupling constants. It is well 

known that first order coupling constants between directly bonded atoms are mainly 

governed by the interaction between the s-orbitals of the atoms concerned.85 

Experiment and theoretical calculations have shown that an increase in the magnitude 

of the coupling constant corresponds to an increase in s-character of the bonding pair of 

electrons from phosphorus (the phosphorus lone pair in the uncoordinated phosphine). 86 

The size of the coupling constant and thus the s-character of the phosphine lone pair is 

very much dependent on the nature of the organic substituents bound to the central 

phosphorus atom. Electron-withdrawing groups cause the coupling constants to 

increase, whereas electron-donating and bulky groups cause it to decrease. This is in 

accordance with Bent's rule,87 which states that; 

"Atomic s-character concentrates In orbitals directed toward electropositive 

subsituents. " 

It has therefore been suggested that an insight into the donor properties of a particular 

phosphine, R3P, can be gained from the magnitude of its IJPse coupling constant in the 

corresponding R3P=Se, making it a useful measure of phosphine basicity.86, 88 It 

appears that steric properties related with a particular phosphine have little impact on 

the magnitude of the coupling constant. For example, IJPse for Ph3P=Se and 

I 89 
Ph2(o-Tol)P=Se are 732 and 730 Hz and yet the Tolman cone ang es are very 

different at 1450 and 161 0 respectively.88 Consequently, phosphorus selenides can be 

extremely useful in experimentally assessing the electronic properties of the parent 

phosphines. 
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2.1.3 Aims of this work 

• To attempt to oxidise both chloro- and iodo-phosphine cages to form the 

corresponding phosphine oxides. 

• To ascertain the reactivity of the phosphine centres in ClOMe lOP2 (105) towards 

elemental chalco gens by preparing the series of diphosphine chalcogenides. 

ClOMelOP2E (where E = 0, S, Se and Te). 

• To investigate the potential enantiomeric resolution of the phosphine oxide, 

ClOMelOP20, with chiral high-pressure liquid chromatography (HPLC) in 

accordance with literature precedents. 

• To relate the electronic properties of the cage phosphine (105) with other 

common examples by comparison of 1 Jpse coupling constants. 
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2.2 Results and discussion 

2.2.1 Phosphine oxide preparation 

[CIOMeIOP2CI][InCI4] (103) and its iodo analogue (102) are remarkably stable to both 

oxygen and moisture and can be stored as CH2Cb solutions in air for several 'Aeek 

without decomposition. However, reaction of a dark red CH2Cb solution of 103 with an 

excess of degassed deionised water instantly changes the colour of the organic layer to 

yellow; the 31 p NMR spectrum showed conversion was quantitative and gives two 

doublets (6 = 114.4, -31.1 ppm, IJpp = 111.7 Hz) characteristic of the cage topo logy 

already observed in previously discussed examples. Furthermore, infrared spectroscopy 

of the CH2Cb solution showed a resonance at 1261 cm'l characteristic of a p=o 

stretching frequency. Unequivocal characterisation was provided by a single crystal 

X-ray diffraction study which showed the complex to be CloMe lOP20 (201 ), where 

compound 103 had been selectively oxidised at P(2) (Fig. 2.1 and Table 2.1 ). 

Figure 2.1 Comparison of the molecu lar structures of C IOMe IOP20, 

[C loMeiO P2C1r (103), indicating se lect ive oxidation at P(2) rather than 

have been omitted for clari ty; el lip oids shown at 50 00 probabilit) le\ el) . 

.+7 

oxidi ed at P(2) (201 and 

ub tituti on at P( I) ( II atom,> 
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Table 2.1 Selected bond lengths and angles for CIOMelOP20 (201). 

Bond Lengths (A.) 

P(2)-O(I) 1.489(2) C(2)-C(6) 1.587(-+ ) 

P(2)-C(3) l.838(3) C(8)-C(9) 1.332(5) 

P(1)-P(2) 2.203(1) C(I)-C(5) 1.326(5) 

P(1)-C(4) 1.909(3) C(2)-C(3) 1.581(4) 

C(4)-C(5) 1.496( 4) 

Angles (0) 

C( 4 )-P( 1 )-P(2) 76.2(1) C(7)-C(2)-P(1 ) 98.1(1) 

C( 1 O)-P( 1 )-P(2) 86.3(1) C(3)-P(2)-C(7) 99.9(2) 

C( 1 O)-P( 1 )-C( 4) 101.0(1) O( 1 )-P(2)-P( 1) 126.7(1) 

C(3)-P(2)-P( 1) 81.5(1) C(4)-C(3)-P(2) 97.4(2) 

This compound crystallises in the centro symmetric space group P2 1/n and as a result 

each crystal contains a racemic mixture of the two enantiomers. This is in contrast to 

the halo-cage precursors, which both crystallise in chiral space groups. 58 In the 

molecular structure of 201, the cage dimensions are very similar to those of its cationic 

precursor. The only discernable change observed on going from a species with a 

positive charge formally localised on P(1) (103) to the neutral 201 is a subtle 

P-P bond length extension {201: P(1)-P(2) 2.203(1), 103: P(1)-P(2) 2.153(2)} due to 

the changing electronic environment. One other point of note is the strain around the 

P(2) centre as represented by a C(3)-P(2)-P(1) bond angle of 81.5(1)°. This is acute but 

not as tight as the corresponding angle of 71.2(1)° in the precursor, [ClOMelOP2Clt 

(103). However, as previously stated, such tight bond angles are not unusual for 

phosphorus as exemplified by the 60° bond angles in elemental P 4· 

In reactions of halophosphines with water the oxide typically forms by substitution of 

the halide in a single-step, SN2-type mechanism.74 In this case however, the oxide 

forms at P(2) rather than the original halide site. This has been attributed to the steric 

crowding of the backside of the halide substituted phosphine centre P( 1). which makes 

a SN2-type substitution impossible and so the reaction favours oxidation at the 

alternative phosphine site (Fig. 2.2). This is also likely to occur in a bimolecular 

mechanism, facilitated by the loss of HCl. As discussed later. a two-step. S" I-type 

process would probably result in the formation of two oxide products. predominated h) 

a species substituted at P( 1). 
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Figure 2.2 Space-fill comparison of the steric bulk in 103 hindering attack at PCI) compared to the 

relatively exposed P(2). 

The neutral, ' naked ' cage (105) is also remarkably stable to both oxygen and moisture 

considering the apparent steric availability of both phosphorus lone pairs . Unlike its 

precursor (103), when stirred in a biphasic, degassed dichioromethane/H20 mi xture 

oxidation of the phosphine centres does not occur. In this respect it has useful and 

desirable properties like the air- and water-stable trioxaphosphaadamantane cage 

mentioned in 1.1.2. However, oxidation of the ' naked' cage can be achieved by 

reaction with gaseous elemental oxygen. This proceeds very slowly, requiring a peri od 

of ca. 72 hours for full oxidation to occur. In contrast to the previously de cri bed 

quantitative oxidation of halo-cages, this reaction yields two product of differ ing 

proportions according to 3 1p NMR spectroscopy (ca . rat io of 10: 1 a e timated by 

integrati on of the 3 1p NMR resonances). The minor product has J lp MR pectro c pic 

shi fts consistent with 201 (both giving doubl ets at C5 = 114.4 and -31.1 ppm \\·ith J pp = 

111.7 Hz), with the ox ide fonning on P(2). X-ray cry ta ll ography ho\\·ed th maj r 
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product to be the isomeric phosphine oxide, oxidised at P(l ) (202) (Scheme 2A. 

Fig. 2.3 and Table 2.2). 

E 

\~ 
. -P1 ..... 

E / ~ / \P2 
• • \ \ . + 

E = O2 , Sa, Jose \\ I .~~. .-.---- '/ • 
• 

90 % major 10 % minor 

Scheme 2.4 General reaction ofC) oMelOP2 (105) with elemental cha\cogens. 

Figure 2.3 Molecular structure of C)oMe)oP20 , ox idi sed at P( I) (202) (H atoms have been omitted f r 

clarity; ellipso ids shown at 50 % probability leve l). 

50 
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Table 2.2 Selected bond lengths and angles for ClOMelOP20 (202). 

Bond Lengths (A) 

P(1)-O(1) 1.480(3) C(2)-C(6) 1.588( 4) 

P(2)-C(3) 1.899(3) C(8)-C(9) 1.339(5) 

P(1 )-P(2) 2.l99(1 ) C(1)-C(5) 1.327(5) 

P(1)-C(4) 1.841(3) C(2)-C(3) 1.579(5) 

C(4)-C(5) 1.503(5) 

Angles (0) 

C( 4)-P(1 )-P(2) 83.3(1) C(3)-P(2)-P(1 ) 73.7(1) 

C(1 O)-P(1 )-P(2) 93.6(1) C(7)-P(2)-P(1 ) 91.4(1) 

C( 4 )-P(1 )-C(1 0) 106.5(2) C( 4)-C(3)-P(2) 101.7(2) 

0(1 )-P(1 )-P(2) 129.1(1) C(3)-C(4)-P(1) 92.4(2) 

C(3)-P(2)-C(7) 94.3(2) 

This species also crystallises in the centro symmetric space group P2 1/n. Again the bond 

lengths and angles of the cage structure are almost identical to those of the previously 

described compounds {P(1)-P(2) 2.l99(3) A, cf 2.203(1) A for 201} except for the 

strained angle C(3)-P(2)-P(1) of 73.7(1)°, which more closely resembles that of the 

cationic precursor {103; 71.2(2)°, also with a substituent at P(l)} rather than the other 

phosphine oxide {201; 81.5(1 )O}. Evidently, it follows that more strain is present at 

P(2) when there is a substituent on P(1) than there is in the corresponding structure with 

a substituent on P(2) itself. 

The oxidation of the 'naked' cage compound (105) is quantitatively reversible. 

Reduction of both compounds 201 and 202 with SiHCb abstracts an oxygen atom, 

reforming the 'naked' cage. These reactions are summarised in Scheme 2.5. 
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• = CMe 

M = Ga, In 

X= CI , I 

105 

o 

\~ 
-, P1a..p I ,-2 

\\ r \.\~· --------- '/ -202 

Scheme 2.5 Formation and subsequent reduction of phosphine oxides 201 and 202 . 

2.2.2 Enantiomeric resolution 

As described previously (2.1.1) , there are many literature examples of enantiomeric 

resolution of phosphine oxides using chiral column chromatography_ Synthetic routes 

had now been developed to two phosphine oxide compounds, 201 and 202, both of 

which were ideal for attempting enantiomeric resolution_ Although obtaining bulk 

crystalline samples of these compounds had proven difficult, a small amount 

(ca. 1 mg) of pure, crystalline phosphine oxide 202 had been prepared . This was an 

adequate amount for conducting the experiment on an analytical scale . A glucose-based 

Chiralcel OD column was employed on a standard analytical high-pressure liquid 

chromatography (HPLC) setup_ 

Total resolution was observed, obtained using a heptane/2-methylpropan-1-01 mixture 

in the ratio 97:3 and at a flow rate of 0.7 cm3 min-I (Fig. 2.4). The mall impurity at 

Rj = 6.4 minutes is a small amow1t of . naked' cage tarting material (105). Thi ~ \\ a ' 
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confirmed by running a sample of pure 105 using identical parameters. which afforded 

the same retention time, Rj-

mV 
25 -1 

20 

15 

10 

Resolved enantiomers 

) ! 
: I 

: I 

I 
I 

I 

/ ' Naked ' cage impurity 

: I 

I__..'J\J V 
----1;0 ------,-'20 

50 

Figure 2.4 HPLC chromatogram detailing the enantiomeric resolution of CioMelOP20 (202). 

Minutes 

In future work, providing a bulk crystalline sample of either phosphine oxide 201 or 

202 can be prepared, this process could potentially be scaled up to yield a large amount 

of optically pure material. 

2.2.3 Sulphides, selenides and other related compounds 

Having succeeded in oxidising the ' naked ' cage, attention then turned to reactions with 

other elemental chalco gens in order to further explore the reactivity of th two 

phosphorus centres of the ' naked ' cage (105). 

In the case of sulphur, two stoichiometric equivalents of elemental S8 were requi r d for 

the reaction to go to con1pletion. Once again two products were ob erved by 31 P M R 

spectroscopy, one n1ajor (ca. 90 %) and one minor (ca. 10 0/0 ) (Scheme 2A ). H \\ \ er. 

colow"less single crystals obtained from a n-hexane solution proved to be neither r the 
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expected mono-substituted compounds but a P(1 ), P(2)-disulphide cage (203) 

(Fig. 2.5 and Table 2.3). 

5(1 ) 

Figure 2.5 Molecular structure of ClOMelOP2S2 (203) (H atoms have been omitted for clarity; ellip oid 

shown at 50 % probability level) . 
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Table 2.3 Selected bond lengths and angles for ClOMelOP2S2 (203). 

Bond Lengths (A) 

P(l)-S(l) 1.935(3) C(4)-C(5) 1.51(1) 

P(2)-S(2) 1.922(3) C(2)-C(6) 1.61(1) 

P(2)-C(3) 1.877(8) C(8)-C(9) 1.32(1 ) 

P(1)-P(2) 2.2l3(3) C(1 )-C(5) 1.33(1 ) 

P(1)-C(4) 1.871(7) C(2)-C(3) 1.58(1) 

Angles CO) 

C( 4 )-P( 1 )-P(2) 78.4(2) C(7)-P(2 )-C(3) 96.9(4) 

C( 1 O)-P( 1 )-P(2) 89.5(2) C(7)-P(2)-S(2) 122.9(3) 

C( 1 O)-P( 1 )-C( 4) 105.7(3) P(l )-P(2)-S(2) 129.1(2) 

C( 1 O)-P( 1 )-S( 1) 119.3(3) P(2)-P( 1 )-S( 1) 132.2(1) 

C(3)-P(2)-P(l ) 77.0(3) C(4)-C(3)-P(2) 99.0(5) 

C(7)-P(2)-P(l ) 95.3(3) C(3)-C( 4)-P(1) 97.4(4) 

This disulphide compound crystallises in the orthorhombic space group, Pna2 1 rather 

than the more common monoclinic space groups seen previously. Here, both 

phosphorus centres have been oxidised but the P-P bond {2.213(3) A} is still firmly 

intact. This is consistent with the P-P bond lengths observed for the monosubstituted 

cage compounds seen so far, indicating that the steric bulk of the sulphur atoms is not 

significant enough to cause bond lengthening. In fact, this P-P bond length is shorter 

even than the corresponding bond length In the 'naked" cage 

{cf 105 2.230(2)0}. This however is attributed to the changing electronic environment 

on oxidising a P(III)-P(III) species to a P(V)-P(V) compound, with greater interaction 

from the smaller P(V) centres more dominant than the increased steric repulsion 

generated by the double substitution. The strained angle C(3)-P(2)-P(l) is now 

77.0(3)°, falling midway between the corresponding angles for the phosphine oxides 

201 {81.5(l)0} and 202 {73.7(l)0} and can be attributed to the differing electronic 

properties associated with this P(V)-P(V) compound compared to the previous P(III)-

P(V) examples. 

The reaction solvent was removed in vacuo and the resulting solids were redissolycQ in 

toluene. 31 p NMR spectroscopy indicated that the whole sample now consisted of this 

disulphide compound and therefore neither of the original mono-substituted species 

were observed. It is proposed that this is due to the presence of excess Sg (\\'hich pron~J 
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impossible to remove) and that the disulphide cage althou ah not· +0 d ' h " I 
' b 11 nne m t e ongma 

reaction solution, is the thermodynamically favoured product in the olid tate 

(Scheme 2.6). 

+ 

Major Minor 
• = CMe 

Upon crystallisation 

Scheme 2.6 Formation of the disulphide species (203) from the crystallisation of both major and minor 

monosulphide compounds, 

Only one other compound was prepared where substituents ligate both phosphorus 

centres in the cage. This is the corresponding diborane species, which is easily 

synthesised by reaction of the ' naked ' cage (105) with a five-fold excess of BH3'SMe2 

(borane dimethyl sulphide complex). An excess of BH3'SMe2 is required as addition of 

a single stoichiometric equivalent affords a 31 P NMR spectrum similar to those 

observed with elemental chalco gens (with one major and one minor product), although 

not particularly cleanly. Adding further equivalents results in fom1ation of the diborane 

complex (204) in quantitative yield (Fig. 2.6 and Table 2.4), 
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Figure 2.6 Molecular structure of Cl oMel oP2(BH3)2 (204) (The H atoms of methyl group have been 

omitted for clarity; ellipsoids shown at 50 % probabili ty leve l). 
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Table 2.4 Selected bond lengths and angles for C IOMe IOP2(BH3)2 (204). 

Bond Lengths (A) 

P(l )-B( 1) 1.902(7) C( 4)-C(5) 1.487(8) 

P(2)-B(2) 1.914(8) C(2)-C(6) l. 613 (8) 

P(2)-C(3) 1.875(5) C(8)-C(9) 1.3 18(9) 

P(1 )-P(2) 2.176(2) C(1)-C(5) 1.332(8) 

P( 1)-C( 4) 1.874(5) C(2)-C(3) 1.590(8) 

Angles CO) 

C( 4)-P(1 )-P(2) 79.3(2) C(7)-P(2)-B(2) 122 .7(4) 

C( 4 )-P( 1 )-C( 1 0) 104.1(3) C(7)-P(2)-P( 1) 95 .6(2) 

C( 4 )-P(l )-B(1) 122.4(3) B(2)-P(2)-P( 1) 129.2(3) 

B(l )-P(l )-P(2) 132.6(2) C( 4 )-C(3 )-P(2) 97 .8(4) 

C(3)-P(2)-P(1 ) 78.8(2) C(3)-C( 4 )-P( 1) 97.2(3 ) 

C(7)-P(2 )-C(3) 97.4(3) 

This compound crystallises in the orthorhombic space group Pna2 ,. Both disubstituted 

structures crystallise in this space group, which is due to an indistinguishable packing 

motif caused by the presence of a second substituent (Figure 2.7). 

Figu re 2.7 Indi stingui shable packing diagrams of the disu lphide compound (203) (left) and diborane 

compound (204). 
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The two P-B bond lengths of 1.902(7) and 1.914(8) A are marginally shorter than the 

mean bond length of 1.950 as obtained from the Cambridge Structural Database (CS D. 

version 5.28, November 2006). Otherwise this diborane is isostructural with it 

disulphide analogue and has almost identical unit cell parameters. In solution. tv;o 

doublets are observed in the 31p NMR spectrum at 38.6 and 43.8 ppm with a relatively 

small coupling constant, IJpp of 46.0 Hz. No phosphorus-boron coupling is observed in 

either the 31 p or lIB NMR spectra (both are relatively broad but show no defined 

multiplicity). Additionally, only a single broad singlet is observed to account for both 

borane centres, which are in fact inequivalent. 

When the ' naked ' cage (105) is reacted with elemental selenium, the behaviour 

observed exactly follows the pattern described for the elemental oxygen reaction, with 

one major (ca. 90 %) and one minor (ca. 10 %) product clearly observed by 31p NMR 

spectroscopy (Scheme 2.4). Here, the presence of 77Se satellites on only one set of 31p 

doublets for each species, with characteristic P=Se coupling constants of 763 H z ,90,9 1 

confirms that in this case both products are indeed mono-selenides rather than di 

substituted compounds {2-bond 77Se satellites are barely visible on the peak generated 

for P(2) of the major species} (Fig. 2.8). This is consistent with elemental analysis . 

Minor product 

Major product 
P( 1) 

+ 
Major product 

P(2) 

+ 

Minor product 
P( 1) 

P(2) 2-bond (/ Se 
satellites just visible 

t ~ * ** ~ ~JL* '11:' ! I """""""" ' I" " ""' I" i" "" I""""'I""""'1""""'1' "";,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, , , ,' "'1""''''' 1''''' ' '''1'''''''''1 3'2 24 16 8 0 ·8 ·16 
96 88 80 72 64 56 48 40 

Chem,cal Sh,ft (ppm) 

Figure 2.8 3IPCH} MR spectra ofCIoMe iO P2 e (maj or and minor product ). 
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2 Manipulation of cage phosphines and phosphine chalcogenides 

A IJPse coupling constant of 763 Hz implies that the cage diphosphine (105) has a 

basicity comparable to that of tri(2-thienyl)phosphine (where thienyl is a sulphur

containing cyclopentadiene analogue) (Figure 2.9 and Table 2.5). The relatiyely high 

value of this coupling constant would suggest that the carbon framework of the cage 

acts as an electron-withdrawing rather than electron-donating substituent as would be 

expected. Consequently, it is perhaps more closely related to other electron

withdrawing ligands such as amino phosphines rather than the alkyl phosphines it more 

closely resembles. This observation and calculated electronic and steric properties 

affecting the ligand behaviour of the cage phosphine (105) are discussed further in 

section 3.2.4. 

Table 2.5 Comparison of IJPSe coupling constants. 

Phosphine IJpse (Hz) 

Se=PCY3 676 

Se=PPh3 733 

Se=P(2-thienyl}3 757 

Selenium cage phosphine (l05) 763 

Se= P(NMe2)3 797 

Figure 2.9 Tri(2-thienyl)phosphine. 

X-ray crystallography showed the colourless single crystals obtained from a toluene 

solution to be the major phosphorus selenide compound, C lOMe IOP2Se, with the 

selenium located on P(1) (205) (Fig. 2.10 and Table 2.6). 
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2 Manipulation of cage phosphines and phosphine hal ogenide 

Figure 2.10 Molecular structure of C IOMe IOP2Se, with the selenium located on P( l ) (205) (H atoms have 

been omitted for clarity; ellipsoids shown at 50 % probability level ). 

Table 2.6 Selected bond lengths and angles for CioMel OP2Se (205). 

Bond Lengths (A) 

P(J)-Se(l) 2.1 OO( 1) C(2)-C(6) 1.575(4) 

P(2)-C(3) 1.902(3) C(8)-C(9) 1.332(4) 

P(1)-P(2) 2.195(1) C( 1 )-C(5 ) 1.329(4) 

P( 1 )-C( 4) 1.876(3) C(2)-C(3 ) 1. 577( 4) 

C( 4 )-C(5) 1.494(4) 

Angles (0) 

C( 4 )-P( J )-P(2) 82 .3(1 ) C(7)-P(2 )-C(3) 93 .9( 1) 

C( 1 O)-P( J )-C( 4) 106.6(J) C(7)-P(2)-P( 1 ) 91 .8( 1 ) 

C( \ O)-P( 1 )-Se( I) 11 7.7(1 ) C( 4 )-C(3 )-P(2) 101 .4(2) 

See J )-P( 1 )-P(2) 129.2( \ ) C(3)-C(-+)-P( I) 92.3(2) 

C(3)-P(2)-P( \ ) 74 .5( 1) 
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2 Manipulation of cage phosph ines and phosphine chal ogen ide -

Crystals of ClOMel OP2Se (205) grow in the same monoclinic space group as 201 and 

202 (P2 1/c). This compound is isostructural with that of the P(1)-substituted phosphine 

oxide 202. As a result, the degree of strain in the cage architecture more closely 

resembles 202, with a C(3)-P(2)-P(l) bond angle of74.5(1)0. 

No reaction was observed between the ' naked ' cage speCIes (105) and elemental 

tellurium, which is not surprising as although there are many examples of R3P=Te 

compounds in the literature, there are none of the type R2P-P(=Te)R2.92 

Attempts were also made to break the P-P bond in the ' naked ' cage (105). Ini tiall y_ 

efforts focused around the use of the s-block metals Li, Na, K and Mg. However, 

except in the case of magnesium, where no reaction was observed, reactions always 

resulted in decomposition of the cage. Attention then turned to routes involvi ng 

dimethylation, using methyl triflate (MeOS02CF 3) followed by LiMe or MeMgBr. The 

second stage always resulted in decomposition of the cage, but the singly methylated 

product [C 1oMe 1OP2Met can be prepared from the first step. This exhibits the same 

solution properties as the cha1cogen complexes, with one major and one minor prod uct 

observed in the 31 p NMR spectrum (Scheme 2.7). 

Me 

\ 
. -P1-p 

/" / \( 2 . . \ '\ . 
\\ I .~~. .-.--- '/ • 

+ + 
Me 

.-P'\~p/ 
/ " / /' 2 + . • \ . 
\ ./(' 

\ . . -.--- '/ • 
• 

Major Minor 

Scheme 2.7 Reaction of C lOMelOP2 (l05) with methyl tritlate . 

Once again, single crystals obtained from a dichloromethaneln-hexane layer proved to 

be the major structural isomer (Fig. 2.11 and Table 2.7). 
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2 Manipulation of cage phosph ines and phosphine hal og nid _ 

Figure 2.11 Molecular structure of the cationic moiety of 206, [C10Me IOP2Met, with th e methyl group 

located on PCI) {H atoms, apart from those of the P-Me group and the [OS02CF3r counterion , have been 

om itted for clarity; ellipsoids shown at 50 % probability level }. 

Table 2.7 Selected bond lengths and angles for the cationic moiety of206, [CI OMeIOP2Mer. 

Bond Lengths (A) 

P( 1 )-C(SO) 1.799(3) C(2)-C(6) 1.580(3 ) 

P(2)-C(3) 1.910(2) C(8)-C(9) 1.331 (4) 

P( 1 )-P(2) 2.1S9(1) C( 1 )-C(S) 1.340(4) 

P( 1 )-C( 4) 1.8S7(2) C(2)-C(3) 1.581 (3) 

C(4)-C(S) 1.S07( 4) 

Angles (0) 

C( 4 )-P( I )-P(2) 84.2(8) C(7)-P(2)-C(3) 93.8(1 ) 

C(SO)-P( I )-P(2) 12S.4(I) C(7)-P(2)-P( 1) 89 .S( I) 

C( I 0)-P( I )-C( 4 ) 109.S(I) C( 4 )-C(3 )-P(2) 101 .5( :2 ) 

C( I O)-P(1 )-P(2) 96 .9(8) C(3)-C(4)-P( I) 90 .3( I ) 

C(3)-P(2)-P( I) 73.3(8) 
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2 Manipulation of cage phosphines and phosphine chalcog nide -

As expected, the cage architecture is isostructural with those of the cationic halo-cage . 

102 and 103. However, it is noteworthy that the P-CMe bond length {P(l )-C(50) 

1.799(3) A} is significantly shorter than the P-C bonds in the cage frame'v\'ork . A in 

the case with selenium, this is attributed to greater s-character in the phosphorus lone 

pair, resulting in better overlap with the methyl group. This combined with an increased 

coulombic interaction between the R3P+ and Me- moieties results in bond shortening. 

2.2.4 Structural comparison 

The solid-state structures described here contain subtle differences . A common 

numbering scheme has been adopted in all structures, and this is shown in Fig. 2.12 . 

The comparison of the various bond dimensions for 105, 201-203 and 205 are given in 

Table 2.8. 

Figure 2.12 Generic cage numbering scheme, with possibl e substi tut ions (E) at P( 1) and P(2) (Meth yl 

groups on C I - C 10 omitted for clarity). 

Table 2.8 Se lected bond lengths and ang les for compounds 105, 201 - 203 and 205. 

105 201 202 203 205 

' naked ' E=O on P2 E=O on PI E=S on PI and P2 E=Se on PI 

Bond Lengths (A) 

P( 1 )-E 1.480(3) 1.935(3) 2. 100( 1) 

P(2)-E 1.489(2) 1.922(3) 

P( 1 )-P(2) 2.230(2) 2.203( 1) 2.199(1 ) 2.213(3) 2.195(1) 

C( 4)-C(5) 1.489(9) 1.496( 4) 1.503(5) 1.5 1 (1) 1.49-+( -+ ) 

C(2)-C(6) 1.596(9) 1.587(4) 1.588(4) 1.61( 1) 1.575(-+) 

C( 1 )-C(5) 1.32( 1) 1.326(5) 1.327(5) 1.33( 1) 1 ." _ 9( -+) 

C(8)-C(9) 1.336(9) 1.332(5) 1.339(5) 1.32(1) 1."'3 _(-+) 

Angles (0) 

C(3)-P(2)-P( I) 78. 1(2) 81.5( 1) 73.7( 1) 77.0(3) -+.5 ( 1 ) 
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2 Manipulation of cage phosphines and phosphine chalcogenides 

Unsurprisingly, P=E bond lengths increase in the order 0 < S < Se whO h' . , IC IS conSIstent 

with the increasing covalent radii of the chalco gens involved. These bond lengths are 

consistent with mean literature values as found in the Cambridge Structural Database 

(CSD, version 5.28, November 2006). The position of the substituent has a small effect 

on the degree of ring strain, illustrated by the C(3)-P(2)-P(l) bond angle. This angle is 

more acute when substituted at P(l) rather than at P(2). Otherwise, altering the 

substituent seems to have negligible influence on the nature of the cage architecture. 

This also applies to the electronic environment of the two phosphine centres, as 

demonstrated by the similar 31 p NMR spectroscopic shifts for both major and minor 

species for all three chalcogen compounds (Table 2.9). 

Table 2.9 31pCH} NMR spectroscopic data (£5 in ppm) for major and minor products of compounds 202, 

203, and 205. 

202: E-O 

203: E=S 

205: E=Se 

t5 (Major product) 

76.6 

83.3 

71.1 

9.6 

12.7 

12.7 

t5 (Minor product) 

114.4 

108.9 

94.5 

2.2.5 Theoretical studies of the reactivity of CloMelOP2 

-31.1 

-16.1 

-11.6 

The presence of two products of differing proportions In these reactions clearly 

suggests that one phosphine centre is energetically more accessible than the other. In all 

cases the major product is substituted at P(l) and the ratio of major to minor products is 

approximately 10:1 e1p-eH} NMR spectroscopy). A density functional theory (DFT) 

calculation was carried out on 105 by the author in order to rationalise these 

observations. Geometry optimisation was carried out at the B3L YP/6-31 G* level. The 

study shows that the lone pair localised on P(2) resides in the HOMO-2. 0.68 eV lo\\er 

in energy than the lone pair localised on P(l), which resides in the HOMO (Fig. 2.13). 

This is consistent with the major products having substituents on the more reactin~ 

phosphine centre P(1). Interestingly, the LUMO consists of a (1* orbital of the P-P 

bond. However. efforts to break this bond through electrochemical and chemical 

oxidation, like the dimethylation route described earlier (2.2.3) proved to bc 

unsuccessful. The calculation shows that the HOMO-LUMO gap is 5.23 eV. \\hich is 

so large that it is unsurprising that efforts to break the bond han~ thus Lll' pro\"cLI 
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2 Man ipulation of cage phosphines and phosphine hal og nid 

unsuccessful. However, the P-P bond of the precursor halo-cage compounds 102 and 

103 can be broken and details of this can be found in section 3.2.1 . 

LUMO 

LUMO - HOMO = 5.23 eV 

1 HOMO 

HOMO - (HOMO-2) = 0.68 eV 

HOMO-2 

. OMO d HOMO-2 fronti er molec ul ar orbital Figure 2.13 Graphical representatIons of the LUMO, H an 

d th ' aked' cacre CO ll1pound . 10 e l OP 2 as ca lculated by a density functional theory (OFT) stu y on e n ~ 

(105). 
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2 Manipulation of cage phosphines and phosphine chalcogenides 

2.3 Summary and conclusions 

This chapter has focused on the manipulation of the cage diphosphine compounds 

described in Chapter 1, providing an insight into their reactivity and ligand properties. 

Extremely facile synthetic routes to a series of novel, chiral diphosphine chalcogenides 

have been described, formed from reactions of diphosphine cage compounds and 

elemental chalco gens. The syntheses used mirror the simple and commonplace 

techniques found in the literature for preparing similar species. 

Selective oxidation can be achieved at the phosphine centre P(2) on reaction of either 

cationic halo-cages (102 or 103) with degassed H20. The prepared species proved to be 

remarkably useful as complete enantiomeric resolution can be achieved by chiral 

column chromatography (analytical scale HPLC in this case). Reduction of this 

phosphine oxide to the 'naked' cage (105) can be accomplished by reaction with the 

commonly used reducing agent trichlorosilane. The process described here could be of 

future importance if a suitable application is found which requires the use of an 

optically active chiral cage phosphine species. 

In reactions of the 'naked' cage (105) with elemental chalogens, two products are 

formed in all cases, one major species with the chalcogen substituent at P(l) and one 

minor species yielding the corresponding chalcogenide at P(2). This is consistent with 

density functional theory calculations which clearly show the lone pair on P( 1) to reside 

in a higher energy orbital than that of P(2), rendering it more reactive. One exception is 

in the case of sulphur, where the presence of excess S8 (required to drive the reaction to 

completion) results in the formation of a P( 1), P(2)-disulphide in the solid state. 

The 'naked' cage species superficially resembles a trialkylphosphine. R3P and it was 

therefore assumed to be a bulky, a-donating ligand similar to tricycIohexylphosphine. 

PCY3. However, a relatively high IJPse coupling constant of 763 Hz in the phosphorus 

selenide compound described provides evidence that the cage may in fact have mor~ 

electron-withdrawing rather than electron-donating properties. This \\ill be discussed 

further in Chapter 3. 
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3 Coordination chemistry and catalysis 

3.1 Introduction 

3.1.1 Bonding in transition metal phosphine complexes 

Tertiary organophosphorus compounds are one of the most widely studied clas of 

ligands in coordination chemistry, this being mainly due to their great importance a 

ligands in metal complexes for homogeneous catalysis. A precise description of the 

metal-phosphorus interaction requires consideration of both the steric and electronic 

properties of the ligand in question. By varying the organic substituents on the central 

phosphorus atom with regard to these two parameters, phosphine li gands can be tuned 

to exhibit a vast number of specific and desirable bonding properties . 

Early descriptions of the metal-phosphorus bonding in transition metal complexe 

relies on the Dewar model of 0-donation and n-back-donation (Fig. 3.1 ).93. 94 Thi s 

concept describes how a phosphine ligand, PR3, 0-donates to a metal through its 

phosphorus lone pair, the metal then back-donating from a filled 3d orbital into an 

empty and " low-lying" phosphorus 3d orbital. The degree of each contribution to the 

overall M-L bond order is highly dependent on the metal, its oxidation state and the 

organic substituents on the phosphine ligand. 

z 

x 

Figure 3.1 The Dewar model for meta l phosphine bonding. 

Thi s bonding model has been challenged and i no longer th genera l I) llCC~pkd 

h I d o 11poncnts 'lr ' interpretat ion. Physical measurements have shown t at t le e 0 an IT I -
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present in widely varying proportions. However there is great debate " . , m mterpretmQ 

such data. For example, in complexes with PPh3, some author suggest that th ~ 
component plays a significant role, while others propose that it plays no part at aI 1. 9 ~ . 96 

Ab initio calculations have demonstrated that the LUMOs l'n s' I h h ' Imp e p osp me are a 

doubly degenerate pair of orbitals of n symmetry, which consist of phosphine 3d 

character but also contain a P-R a* component 97, 98 These h b 'd ' d . y n lse 7t-acceptor 

orbitals are of the correct symmetry for efficient overlap with metal 3d orbita l 

(Fig. 3.2). 

+ 

P 3d 

P-Ra* 
PRJ LUMO 

Figure 3.2 Phosphine P-R cr* and P 3d mixing resulting in two hybridised 7r-acceptor LUMO (one 

shown here), which overlap effectively with metal 3d orbitals, 

Orpen and Connelly have presented experimental evidence for the existence and 

involvement of this hybrid orbital by studying the M-P and P-R bond lengths in a erie 

of molecules whilst varying the overall charge on the complex ,99. 100 Oxidation of a 

patiicular metal complex results in an increase in the M-P bond length a expe ted 

from a reduction in n-backbonding. However, this is accompanied by a d cr a e in the 

average P-R bond lengths within the ligand, which illu trates the pr ence or 0' * 

character in the hybrid n-acceptor orbital. Further evidence was gl aned fr m a r\ -tal 

tructure database study of coordinated PPh3 fragments. \\'hich compared bond lengths 
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3 Coordination chemistry and catal: sis 

and angles in metal complexes with those in purely a-bonded species such as [RPPh
3
r 

(where R = alkyl).lOl 

The degree of P 3d and P-R a* mixing depends on the relative orbital energies plus the 

radial distribution of the a* orbitals. Orbital-mixing to generate the 7t-accepting hybrid 

is greatest when the a* orbital is low in energy and mostly concentrated on phosphorus. 

The more electronegative the phosphine substituents, the more phosphorus 3p character 

there is in the a* orbital, and the lower it is in energy. Therefore, electronegatiYe 

substituents result in the formation of very effective 7t-accepting orbitals and this 

accounts for the observed trend in n-acidity in phosphines (PR3 < P Ar3 < P(ORh < 

P(OAr)3 < PF3).99 The n-backbonding in phosphines is often considered to be much 

weaker than a-donation, but can become significant upon the introduction of 

electronegative substituents. l02 There is also a more obvious inductive effect associated 

with electron-withdrawing substituents, which results in poorer a-donation. 

3.1.2 Electronic and steric parameters 

The varying electronic effects phosphines exhibit at transition metal centres have been 

quantified by Tolman, who compared the v(CO) stretching frequencies in a series of 

Ni(CO)3(PR3) complexes.89 This so-called Tolman electronic parameter is a good 

gauge of the donating ability of phosphines, with strong donors causing more back

donation onto the CO ligands resulting in lower stretching frequencies. However, the 

precursor to such complexes, Ni(CO)4,103 is famous for its toxicity, which leads to 

severely restricted use in the synthetic laboratory and so in recent years this type of 

work has been conducted computationally. 104, 105 

The steric constraints a ligand imposes on the coordination sphere of a metal play an 

equally important part in determining the properties of a particular complex. For 

example, the use of bulky phosphine ligands can favour the formation of stable but 

coordinatively unsaturated complexes such as Pt(PCY3)2.
l06 

Steric bulk in phosphine 

ligands is often quoted in terms of the Tolman cone angle.
89 

This parameter is defined 

as '"the apex angle of a cylindrical cone, centered 2.28 A from the centre of the P atom. 

which just touches the van der Waals radii of the outermost atoms of the model" 
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(Fig. 3.3). This measurement has become so widely used that the clas ic Tolman 

review article from 1977 has been cited almost 3000 times. 

2.28 A 

Figure 3.3 Graphical representation of the Tolman cone angle (where M = a transition metal). 

Measuring the cone angle for symmetrical phosphines is a facile process but when the 

ligand is unsymmetrical it becomes more difficult. Tolman developed a model to 

calculate this by minimising the sum of half angles between the metal-phosphine bond 

and the van der Waals surface generated by the peripheral hydrogen atoms. 

Crystallographic coordinates are used and these can be directly related to the cone 

angle by using the geometric relationship illustrated in Figure 3.4. 
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2.28A 

Figure 3.4 Definition of the van der Waals surface for phosphine ligands which resul ts in the ca lcul ation 

of the Tolman cone angle (where M = a transition metal) . 

Crystallographic data is used to calculate the distance, d, from the metal to each of the 

hydrogen (or other) atoms on the first organic substituent on the phosphine. The 

corresponding angle, u, between the phosphorus centre, the metal atom and the 

hydrogen is then calculated. The half-angle, 8i, is calculated for each of these atoms 

using the following trigonometric relationship (where r H is the van der Waals radius of 

hydrogen): 

180 . _ I ( ) B, = a + - x SIll r Hi d 
7r 

The atom which gives the largest half-angle is identified, the procedure repeated for the 

other organic substituents and the crystallographic cone angle, 0 , is calculated from: 

2 
e=-~ B ,.., L.J I 

.) I 

Using this method, it is easy to calculate cone angles for species uch a P 1e Ph ~ ( I ~ 6°) 

and PMe2Ph (1 22°).89, 107 These fi gures fi t nicely in the serie a PPh3 and P~ k 3 ha\ ' 
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cone angles of 145
0 

and 1180 respectively. Cone angles of common pho phine ligand 

range from 87 0 for PH3 to 2120 for P(mesityl)3. 89 

Similar techniques can be used to measure the cone angle for bidentate phosphine . but 

a more useful parameter in describing such complexes is the P-metal -P bite angle 

(Fig. 3.5).108 Indeed, a study by Dierkes and van Leeuwen suggests that there i a 

correlation between the bite angle in bidentate phosphines and catal)1ic 

activity/selectivity. 109 This is discussed further is section 3.1.3 . 

................ ... • 0- -•• .... ·0. . . .... .. ' 

Figure 3.5 The phosphorus-metal-phosphorus bite angle in bidentate phosphines. 

Chelating ligands are often flexible and can accommodate various bite angles, but for 

common bidentate phosphines they range from 7] .7° for 

bis(diphenylphosphino)methane (dppm) to 97.7° for bis(diphenylphosphino)benzene. 

Other more specialised phosphines can have much larger bite angles, for example 

BISBI (122.2°) and DBFphos (131.1 0) (Fig. 3.6).1 08 

Figure 3.6 SISSI (left) and DB Fphos - bidentate phosphine ligands with large bite angle. 
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By varying the steric and electronic nature of the ligand it is possible to pro mot cenain 

properties in a transition metal complex, the most famous example being for 

activity/selectivity in homogeneous catalysis. Phosphines are particularly useful as it i 

possible to alter the electronic effects whilst keeping the steric constraints relati \'el \' 

constant [e.g. replacing pnBu3 with p (Oipr)3] or vary the steric constraint \\'ithout 

changing the electronic effects [e.g. replacing PMe3 with P(o-tolyl)3].I IO 

3.1.3 Phosphines as ligands in catalytic systems 

The discovery of Wilkinson's catalyst, [RhCI(PPh3)3], III in 1965 was a seminal 

moment in the history of inorganic chemistry and was the comerstone in the 

establishment of homogeneous catalysis incorporating phosphine ligands. At the time 

of this invention, catalytic processes such as hydroformylation and hydroboration were 

already well-established but the most famous system was that developed by Ziegler and 

Natta for olefin polymerisation. 11 2 This process was considered such a breakthrough 

that it subsequently won its two inventors the Nobel Prize for Chemistry in 1963. 

Phosphines have since been shown to be the best ligands for both metal-cata lysed 

hydrogenation and hydroformylation. 11 3 The main reason this is the case is the ease 

with which the electronic and steric properties of phosphines can be altered and 

therefore tuned to a particular system, as discussed earlier in the chapter. More modem 

challenges include the asymmetric hydrogenation of alkenes, for which DIP AMP 

(Fig. 3.7) is commonly used. ll3 

OMe 

/\ 
p p 

MeO 

Figure 3.7 DIPAMP: An extremely effic ient li gand as used in asymmetric hydrogenation , 
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As mentioned earlier (3.1.2), bite angles can have a profound effect in detennining the 

activity of a particular bidentate phosphine. This is the case for hydrofonnylation. 

where ligands with large bite angles (> 100°) such as BISBI (Fig. 3.6) afford much 

better results in the production of linear rather than branched aldehydes. 109 Although a 

clear correlation has been established and is the subject of much discussion. the 

complex steric and electronic reasons for this effect remain unc1ear. 114, 115 

Another area where phosphine ligands, and in particular bidentate phosphines, result in 

high catalytic yields is in palladium- and nickel-catalysed cross-coupling reactions. 

This area encompasses a large variety of different reactions but two of the most famous 

examples include the Heck (the coupling of an unsaturated alkyl halide with an alkene) 

and Suzuki reactions (the coupling of a boronic acid with an alkenyl, alkynyl or aryl 

halide ).112 Generic reaction schemes for both these reactions can be found in section 

3.2.4. Ligands such as bis( diphenylphosphino ) ethane (dppe) are often used in simple 

racemic systems but for asymmetric cross-coupling catalysis optically active BINAP 

{2,2'-bis( diphenylphosphino )-1,1 '-binaphthyl} (Scheme 2.3) has been shown to be one 

of the most active ligands in both the Heck and Suzuki reactions. 

3.1.4 Cage phosphine ligands in catalysis 

Cage phosphine ligands have found many applications in this wide-ranging field. 

Unlike trialkylphosphines, which can adopt a variety of geometries depending on the 

coordination environment, cage phosphines often have rigid backbones and are 

therefore relatively immobile. This affords them unique steric properties \\hen 

compared with their trialkylphosphine analogues. As mentioned in Chapter 1. one 

important example is 1,3,5, 7 -tetramethyl-6-phenyl-2,4,8-trioxa-6-phosphaadamantane. 

first prepared by Epstein et al. in 1961 (Fig. 3.8).38 This ligand has recently been shown 

to be remarkably active in rhodium complexes for hydroformylation catalysis..") \Vith a 

cone angle of ca. 200° (which varies from complex to complex by only ± 2° due to the 

rigidity of the cage), the ligand is bulky and is also relatively electron-poor due to tht? 

electron-withdrawing nature of the of the 0 atoms. In fact. this cage has been :-\!1o\vn to 

be electronically similar to a phosphonite, P(ORhR and has a comparable catalytic 

activity.39 However, the p-o bonds in these and other phosphik-type ligands art? pront? 
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to h drolysis (even reacting with the aldehydes formed b: hydroform: lation) and - 0 

although they are highly active, their suitability for indu trial application i minimal.:\ 

more robust cage unit is the adamantyl ligand. which is stable to both ai r and \\"ater 

making it ideal for potential use in industrial catalysis. 

Figure 3.8 I ,3,S,7-tetramethyl-6-phenyl-2,4 ,8-trioxa-6-phosphaadamantane and BABAR-Pho " 

Another cage ligand of CUlTent interest is the triviall y-named phosphaazabarbaralane 

(BABAR-Phos) (Fig. 3.8) .38, 40 Like the adamantane-type cage, this ligand is bulky 

(with a cone angle of 258°) and electron-withdrawing in nature. It has been ho\\"n to 

have a similar activity to PPh3 in rhodium complexes for both hydroborati on 11 6 and 

hydrosilylation 11 7, 11 8 catalytic systems.39
, 41 However, Wilkinson ' catal y t. 

[RhCl(PPh3)3], is prone to thermal decomposition in air, with oxidation of the li gands 

to Ph3P=O, whereas BABAR-Phos is stable in both its coordinated and uncoord inated 

li gand states. This makes it ideal for use in catalytic systems on a larger scale. Whether 

or not it is adopted industrially will depend on other commercial consideration . 

Details of the catalytic systems used and reactions carried out 111 thi s proj ect are 

discussed in the relevant parts of section 3.2.4. 
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3.1.5 Aims of this work 

• To investigate the coordination chemistry of the vanous diphosphine cage 

compounds described in chapters 1 and 2 by preparing a variety of transition 

metal complexes. 

• To explore detailed ligand properties by companng synthesised speCIes \\-ith 

representative theoretical systems. 

• To assess the catalytic activity of transition metal species of the 'naked' cage 

species (105) as well as any other suitable complexes. 
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3.2 Results and discussion 

3.2.1 Cationic halo-cage phosphines as ligands in late transition metal complexes 

The halo-cage cations 102 and 103 are prepared in quantitative yield and so are ideal 

for use as ligands in complexes with late transition metals. Due to their oily nature. the 

cages are difficult to crystallise in bulk. For this reason, standard 1 mol dm-3 solutions 

were prepared to use in further reactions. Initially, a dichloromethane solution of the 

iodide cage (102) was reacted at room temperature with a single stoichiometric 

equivalent of [PtCh( cod)], a common transition metal precursor. The initial red colour 

of the iodocage solution became even more intense over a period of ca. 2 hours, 

yielding a dark purple solution. A yellow precipitate was obtained by addition of 

n-hexane. Single crystals were grown by dissolving the precipitate in a minimum of 

dichloromethane and layering this solution with n-hexane. X-ray crystallography 

showed that these consisted of an all iodine-substituted bidentate phosphine complex 

(301) (Fig. 3.9 and Table 3.1). 

1(2) 

(301 ) (H t h ve been omitted for clnrir\ : Figure 3.9 Molecular structure of [(C1 0Mel OP212)PtI2] a oms a . 

ellipso ids shown at 50 % probab ili ty leve l). 
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Table 3.1 Selected bond lengths and angles for [(CIOMeIOP2I2)PtI2] (301). 

Bond Lengths (A.) 

Pt(1)-P(1) 2.247(3) P(2)-C(3) 1.88(2) 

Pt(1 )-P(2) 2.241(4) C(6)-C(10) 1.61 (2) 

P(1 )-1(3) 2.411(4) C(2)-C(3) 1.56(2) 

P(2)-1(4) 2.430( 4) C(2)-C(6) 1.58(2) 

P(1)-C(4) 1.86(2) C(1)-C(5) 1.34(2) 

P(l)-C(10) 1.90(1) C(8)-C(9) 1.33(2) 

P(2)-C(7) 1.88(1) C(6)-C(7) 1.55(2) 

P(1)···P(2) 2.790 

Angles (0) 

C(3)-C( 4 )-P(I) 101.6(9) C(10)-P(1)-1(3) 108.0(4) 

P( 1 )-Pt( 1 )-P(2) 76.8(1) Pt(1 )-P(l )-1(3) 119.3(2) 

P(1 )-Pt(1 )-1(2) 96.6(1) C(3)-P(2)-Pt(l ) 108.7(4) 

P(2)-Pt(1 )-1(1) 96.9(1) C(7)-P(2 )-C(3) 97.0(6) 

I(2)-Pt(1 )-1(1) 89.7(1) C(7)-P(2)-Pt( 1) 11 O.O( 4) 

C( 4 )-P( 1 )-pte 1 ) 104.1(5) C(7)-P(2)-I( 4 ) 110.3(4) 

C( 4 )-P( 1 )-C( 1 0) 105.0(6) C(3)-P(2)-1(4) 106.9(4) 

C(l 0)-P(1 )-Pt(1 ) 112.4(4) Pt(l )-P(2)-I( 4) 121.1(2) 

C( 4 )-P(1 )-1(3) 106.9(5) 

This Pt(II) complex crystallises in the monoclinic space group P2 1/n, with the metal 

adopting a distorted square planar geometry and the cage acting as a bidentate ligand. 

The P-P bond is broken {P(1)-··P(2) 2.790 VS. 2.178(6) A for 102} and the previously 

naked phosphorus is now also bound to an iodine atom. The bite angle at the metal 

centre, P(1 )-Pt(1 )-P(2) is relatively acute at 76.8(1 )0. This is comparable with that of 

the smallest known bidentate diphosphine, bis( diphenylphosphino )methane (dppm). 

which has a bite angle of 71.7°.109 Except for the broken P-P bond, all bond lengths in 

the cage architecture here are almost identical to those in the iodocage precursor (102). 

Due to cleavage of the P-P bond, acute angles such as 88.4(9)° for C(3)-C( -+ )-P(l) in 

the precursor are no longer as strained, the comparable angle being 101.6(9)° in this 

complex. 

As discussed in section 2.2.5, breaking of the P-P bond in the 'naked' cage (105) is 

thermodynamically disfavoured. It appears that bond cleavage in this cationic. halo-

79 



3 Coordination chemistr) and atah -i-

cage precursor IS a much eaSIer process, although the reason for thi s is unclear. 

Although the crystallographic data is unequivocal in identifying this complex. almo t 

no 31p NMR spectroscopy signal was observed in solution. The reason for this proyed 

to be due to the mixed halide counterions [GaClnI4-nf (where n = 0, 1 or 2) present in 

the starting halo-cage compound (102). A 24-hour 31p NMR spectroscopy experiment. 

conducted by Dr. Martin Murray (University of Bristol) on the platinum reaction 

mixture demonstrated that a number of different complexes were produced. thereby 

drastically diluting the intensity of the signals observed (Fig. 3.10). These complexes 

differ due to the four halide sites (two on Pt, one on each inequivalent P) and the 

mixture of chloride and iodide present. This gives a total of sixteen possible 

compounds. However, on the assumption that the original iodide from 102 does not 

exchange, this number is reduced to eight, at least seven of which are observed in the 

NMR spectrum. The following proposed mechanism accounts for the formation of 

these complexes (Scheme 3.1). Chlorine and iodine present in the complexes originate 

from either [PtCh(cod)] or the [GaClnI4-nf (where n = 0, 1 or 2) counterions present in 

the precursor (102). For the purpose of Scheme 3.1 , these anions are represented as 

[GaX4f (where X is either I or CI or a mixture of both). 

/ 1 I /1 , 
[GaX.J-~ GaX3 + X C~'I/I C[ p+) ~ .. .. Pt (\-PICI, p'/ "'CI 

• »x 
[GaX4r ~x-

I 
/1 I 

/ CI (P", / GaX3 ( P" / Pt 
Pt ... 

p' / "'CI / ""x 
P~ »x 

x 

. fl' b'd t te ca oe-pho phine comple:-.e . Scheme 3.1 Proposed mechanism for the formatIon 0 p atmum I en a :::> 

includin o the all-iodine substituted compound, 301 eX = 1 or CI). 
:::> 
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Of the seven distinct multiplets observed in the spectrum, all data is obseryed :\ ept 

for the platinum satellites of compound 7, which are presumably lost in the baseline. 

The P-Pt coupling constants (Jppt) are consistent with characteristic literature value fo r 

phosphorus trans to iodine, P-Pt-I (~ 3000 Hz) and phosphorus trans to chlorine. P-Pt

CI (~ 3300 HZ).119 This would suggest that compound 1, which is by far the major 

product, is in fact the all-iodine compound 301. It is therefore not surprising that this i 

the complex which crystallises over and above the others. 

An equivalent reaction was carried out with a 1: 1 stoichiometric mixture of the same 

iodide precursor (102) and [PdCb( cod)]. Stirring at room temperature for ca. 2 hours 

yielded a dark purple solution. X-ray analysis of crystals obtained fro m a 

dichloromethane solution afforded a dimeric and therefore dicationic, iodine-bridged 

complex, {[PdC,u-I)(C lOMe lOP2h)][GaCl4]h (Fig. 3.11 and Table 3.2). Once aga in, the 

P-P bond is broken and both P centres are now iodide substituted. 

I 
2+ 

., . f302 { [Pdf" I)(C Me P, I,)], ' > (H at m-Figure 3.11 Molecular structure of the dicatlOnJc mOiety 0 , 1jA - 10 10 - - - I 

. " 'd h at 50 00 probabi lir\ I \ I). and 2 x [GaC14r counterion have been omItted fo r clarI ty; elltpso l S sown -
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Table 3.2 Selected bond lengths and angles for {[Pd(u-I)(CIOMeIOP2I2)h[GaI4h} (302). 

Bond Lengths (A) 

Pd(1)-P(1) 2.250(3) P(2)-C(3) 1.88(2) 
Pd(1 )-P(2) 2.251(3) C(6)-C(10) 1.61(1) 

P(1)-I(1) 2.398(3) C(2)-C(3) 1.58(1 ) 

P(2)-1(2) 2.380(3) C(2)-C(6) 1.58(1) 

P(I)-C(4) 1.86(1) C(1)-C(5) 1.32(2) 

P(1)-C(10) 1.92(1) C(8)-C(9) 1.35(1) 

P(2)-C(7) 1.89(1) C(6)-C(7) 1.55(1 ) 

P(1)···P(2) 2.750 

Angles CO) 

C(3 )-C( 4 )-P( 1) 102.3(6) C( 4)-P(1 )-1(1) 108.7(3) 

P(1 )-Pd( 1 )-P(2) 75.3(1) C(1 O)-P(1 )-1(1) 110.3(3) 

P(I)-Pd(1)-1(3) 174.3(7) C(3)-P(2 )-C(7) 97.6(4) 

P(2)-Pd(1)-1(3) 99.1(1) Pd(1 )-P(2)-1(2) 116.0(1) 

1(3)-Pd(1 )-1(3)' 86.51(4) C(3)-P(2)-Pd(1 ) 110.7(3) 

Pd(1 )-P(1 )-1(1) 115.6(1) C(7)-P(2)-Pd(1 ) 109.0(3) 

C( 4 )-P( 1 )-C( 1 0) 106.1(5) C(3)-P(2)-1(2) 110.6(3) 

C( 4)-P(1 )-Pd(1 ) 105.5(3) C(7)-P(2)-1(2) 11l.4(4) 

C(1 O)-P(1 )-Pd(1) 110.1(3) 

This structure crystallises in the triclinic space group P-I and is the meso 

diastereoisomer (the two ligands are enantiomeric opposites). It is highly likely that the 

rae diastereoisomer also exists in solution but the 31 p NMR spectrum has not been 

assigned due to its complexity. The cage architecture here is more or less identical to its 

platinum analogue (301). The only appreciable difference is a slightly more acute bite 

angle of 75.3(1)° compared to 76.8(1)° for the platinum complex. As with the platinum 

example (301), it is also highly likely that several structural isomers are present in the 

reaction mixture, with varying iodide/chloride substitution patterns (Scheme 3.2). 
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/1 

(

P+ 

P • 
• 

Scheme 3.2 The formation of halo-bridged palladium complexes in the general case, where X = CI or l, 

including the all-iodine substituted species 302. 

As multiple complex formation seems unavoidable due to the presence of mixed halide 

counterions, an alternative starting material was sought. An ideal replacement was the 

chlorocage species [ClOMelOP2Cl][InCI4] (103). A dichloromethane solution of two 

stoichiometric equivalents of 103 was reacted with [PtCh( cod)] for 2 hours at room 

temperature, yielding a dark purple solution. Allowing this solution to evaporate to 

dryness in air affords crystals of an all chloride species (Fig. 3.12 and Table 3.3). 

Figure 3. t 2 Molecular structure of the dicationic moiety of 303, [Pt(C IOMe IOP2CI2)2f + (H atoms and 2 x 

[lnC1.J f counterions have been omitted for clari ty; ell ipsoids shown at 50 % probabi lity level). 
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Table 3.3 Selected bond lengths and angles for {[Pt(ClOMelOP2Cl2)2][InC14]2} (303). 

Bond Lengths (1) 

Pt(1)-P(l) 2.329(9) P(2)-C(3) 1.881(3) 

Pt(l)-P(2) 2.313(1) C(6)-C(10) 1.612(5) 

P(l)-CI(l) 2.056(1) C(2)-C(3) 1.570(4) 

P(2)-CI(2) 2.008(1) C(2)-C(6) 1.573(4) 

P(l)-C(4) 1.843(3) C(1)-C(5) 1.339(5) 

P(l)-C(lO) 1.895(3) C(8)-C(9) 1.332(5) 

P(2)-C(7) 1.889(3) C(6)-C(7) 1.578( 4) 

P(l)-"P(2) 2.785 

Angles e) 

P(l )-Pt(1 )-P(2) 73.74(3) C(3 )-C( 4 )-P( 1) 102.3(2) 

P(2)-Pt(1 )-P(1)' 106.3(3) C(3 )-P(2 )-C(7) 98.6(1 ) 

C( 4 )-P(1 )-CI(1) 106.7(1) C(3)-P(2)-CI(2) 107.3(1) 

C( 1 O)-P( 1 )-Cl( 1) 108.6(1) C(7)-P(2)-CI(2) 108.2(1) 

C( 4)-P(1)-C(1 0) 104.8(2) C(3)-P(2)-Pt(1 ) 109.3(1) 

C( 4)-P(1 )-Pt(1) 104.9(1) C(7)-P(2)-Pt(l ) 112.2(1) 

C( 1 O)-P( 1 )-Pt( 1) 112.3(1) CI(2)-P(2)-Pt(1 ) 119.1(1) 

CI(1 )-P( 1 )-Pt(1) 118.5(1) 

Crystallising in the common centro symmetric space group P21/ c, this structure is not 

the direct analogue of the iodo-species, 301, but a dicationic complex with two 

bidentate cage ligands. The two ligands are enantiomeric opposites, making the 

complex a meso (a.fJ) diastereoisomer. Once again, the molecular structure is a distorted 

square-planar, platinum(II) complex. The P(1)-Pt(l)-P(2) bite angle of 73.74(3)° is 

even tighter than those for both the iodo-complexes. This can be attributed to repulsion 

experienced by the phosphine centres due to the presence of a second bidentate ligand 

in the platinum coordination sphere. Otherwise there are no notable differences 

between the cage dimensions here and those for the iodo-complexes described 

previously, with the P-P vector being remarkably invariant {P(l)-··P(2) 2.785 \'5. 2.790 

A for 102}. 

In the reaction solution, a very complex, 2nd order 31p NMR spectrum is observed. The 

complexity is due to the fact that each phosphorus atom can be coupled to at least three 

other magnetically inequivalent phosphorus atoms as well as the platinum centre. There 
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is also the possibility of diastereoisomerism, with complexes containing identical 

ligands (rae) or ligands which are enantiomeric opposites (meso) as in the case above 

(Fig. 3.12). For these reasons, the spectrum has not been assigned. When only one 

stoichiometric equivalent of halophosphine ligand is used in the reaction, the same 

complicated 31 p NMR spectrum is observed, suggesting that the doubly-ligated, 

dicationic species is the thermodynamically favoured product. For the iodide species 

described previously (301), only singly-ligated species are ever observed. This 

difference can be attributed to steric constraints around the platinum centre. Iodine is 

significantly larger than chlorine and space-filling models suggest that there may only 

just be sufficient space to accommodate two chloride ligands (Fig. 3.13). 

Figure 3.13 Space-filling model from the molecular structure of the dicationic moiety of 303, 

[Pt(C lOMe IOP2CI2)2]2+, highlighting steric constraints of accommodating two ligands in the platinum 

coordination sphere. 
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Once agaIn, an identical reaction was also carried out with [PdCh( cod)] and an 

isomorphous structure was obtained (Scheme 3.3, Fig. 3.14 and Table 3.4). In solution, 

a similarly complex 2nd order 31 p NMR spectrum was observed, although with the 

obvious absence of platinum satellites. 

CI CI CI 

/ / \ 2+ 

(P+ [MCI2(cod)] (P"M~P) 
2x .. 2 x [lnC141 

p. 
p/ p 

• [lnC141 \ / 
CI CI 

Scheme 3.3 General scheme for the reaction of [C JOMe JOP2CI][InCI4] (103) with [MCli cod)] (where 

M = Pd or Pt). 

C(2) 

Figure 3.14 Molecular structure of the dicationic moiety of 304, [Pd(C loMeloP]Ci])lf + (H atom and:? x 

[InC1
4
r counterions have been omitted for clarity; ellipso ids shown at 50 % probability leve l). 
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Table 3.4 Selected bond lengths and angles for {[Pd(ClOMelOP2Ch)2][InCl4h} (304). 

Bond Lengths (1) 

Pd(1 )-P(1) 2.329(2) P(2)-C(3) 1.861(8) 

Pd(l )-P(2) 2.320(2) C(6)-C(10) 1.612(11 ) 

P(l)-Cl(1) 2.003(3) C(2)-C(3) 1.588(10) 

P(2)-Cl(2) 2.007(3) C(2)-C(6) 1.572(11 ) 

P(1)-C(4) 1.862(8) C(1)-C(5) 1.344(11) 

P(l )-C(l 0) 1.885(7) C(8)-C(9) 1.333(11 ) 

P(2)-C(7) l.885(7) C(6)-C(7) 1.561(11) 

P(1)"'P(2) 2.789 

Angles (0) 

P(1 )-Pd(1 )-P(2) 73.76(7) C(3)-C( 4)-P(1) 103.0(5) 

P(2)-Pd( 1 )-P( 1)' 106.3(1) C(3)-P(2)-C(7) 99.2(3) 

C( 4)-P(1 )-C(1 0) 1 04.4(4) C(3)-P(2)-Cl(2) 107.4(3) 

C(4)-P(1)-Cl(1) 106.8(3) C(7)-P(2)-Cl(2) 107.9(3) 

C(1 0)-P(1 )-C 1(1 ) 109.1(3) C(3 )-P(2)-Pd(1) 109.9(3) 

C( 4 )-P( 1 )-Pd( 1) 105.0(3) C(7)-P(2)-Pd(1 ) 111.2(2) 

C(1 O)-P(1 )-Pd(1) 111.5(2) C1(2)-P(2)-Pd(1 ) 119.4(1) 

Cl(1 )-P(1 )-Pd(1) 118.9(1) 

Also crystallising in the most common space group, P21/c, the molecular structure here 

is identical to that of its platinum analogue (303). This is unsurprising as palladium and 

platinum have effectively the same size in terms of both metallic and ionic radii.63 

Unfortunately, none of the complexes mentioned here have been prepared in bulk. This 

is due, in part, to the expense of the precious metals involved. The reactions described 

were also attempted with much cheaper nickel precursors, but no coordination was 

observed. This is possibly due to the steric bulk of the ligand, preventing complexation 

in nickel's smaller coordination sphere. Problems were also encountered in 

recrystallising the platinum and palladium complexes 301 - 304. Only a few crystals 

were ever obtained for each species, which is probably due to the mixtures of 

complexes formed in each reaction. 

Attempts were made to remove the phosphine ligands described here in order to give a 

ligand retaining the broken P-P bond. However. techniques such as the addition of 
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PMe3 yielded a multitude of unidentified signals by 31 P NMR spectroscopy, suggesting 

that the cage species had in fact decomposed. 

3.2.2 Neutral diphosphine 'naked' cage, ClOMelOP2 as a ligand in late transition 

metal complexes 

The preparation of the 'naked' cage compound, ClOMelOP2 (105) has been described in 

detail in section 1.2.3. This species is ideal for use as a ligand as it is easy to prepare 

and isolable in a relatively high crystalline yield. Due to the presence of two 

inequivalent phosphorus centres, more than one coordination mode is possible, as has 

already been demonstrated with the chalcogen species described in Chapter 2. 

When two stoichiometric equivalents of phosphine ligand are reacted with the common 

platinum precursor [CBuCN)2PtCh], a trans-diphosphine platinum(II) complex is 

formed. In solution, 31p NMR spectroscopy once again suggested the presence of 

several structural isomers. This is as expected due to the cage's ability to ligate through 

either phosphorus centre. Additional coupling is also likely due to the possible presence 

of diastereoisomers (rae and meso). A 31p NMR spectroscopy experiment conducted by 

Dr. Martin Murray (University of Bristol) on the reaction mixture found there to be six 

species present in the spectrum. It showed that complexes exist where both ligands 

complex through P(1) (30Sa), one where both ligate through P(2) (30Sb) and a third 

where one ligand bonds through P(1) and the other through P(2) (30Sc) (Fig. 3.15). The 

remaining three are the diastereomeric pairs of these, where one of the ligands is 

replaced by its enantiomeric opposite. For the symmetrical species 30Sa and 30Sc, 

these are meso and rae diastereoisomers. For the unsymmetrical species 30Sb, they are 

the threo and erythro diastereoisomers. 
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30Sa 
30Sb 

30Se 

Figure 3.15 The three structural isomers, which together with their diastereomeric pairs form the six 

species observed by 31p NMR spectroscopy. 

The 31 p NMR spectrum obtained from this complex mixture has been assigned as fully 

as possible (data for this can be found in the file ' Data Table for Compounds 

305a-c.xls' on the accompanying CD Appendix), revealing that the symmetrical 

complexes 305a and 305c adopt AA'XX' spin systems whereas the asymmetric species 

305b adopts an ABCD spin system. These systems are illustrated by looking at the 

region of the 31 P NMR spectrum representing all the platinum-coordinated phosphorus 

centres (Fig. 3.16). 
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For each of the symmetrical species 305a and 305c, two pseudo doublets of doublets 

are observed, where one represents the meso (with a centre of inversion) form and the 

other the rae (both ligands are the same enantiomer) diastereoisomer. For 305a, these 

are superimposed so that only seven signals are seen, with a large central peak 

accounting for the overlap. They are pseudo doublets of doublets as the AA'XX' spin 

system means that two further signals should be present for each set of resonances. 

However, due to their lack of intensity these are not observed in this case (Fig. 3.17). 

Low intensity 
peaks 

Pseudo doublet of doublets 

Figure 3.17 Typical resonance pattern observed for an AA'XX' spin system. 

195Pt satellites are only observed for the most intense signal In the spectrum. 

Presumably all the satellites for the lower intensity signals are lost in the baseline . 

For the unsymmetrical threo and erythro speCIes (305b), each resonance is two 

doublets of doublets of doublets (ddd), with each coordinated phosphorus centre being 

split by the other three inequivalent phosphorus atoms. 

Single crystals were obtained from a concentrated solution in THF. X-ray 

crystallography showed that these unsurprisingly consisted of the major meso species 

as observed by 31p NMR spectroscopy, with both ligands ligated through P(l ) (305a) 

(Fig. 3.18 and Table 3.5). 
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Figure 3.18 Molecular structure of [trans-(C lOMelOP2)2PtCI2] (305a) (H atoms and 2 x THF molecules of 

solvation have been omitted for clarity; ellipsoids shown at 50 % probability level ). 

Table 3.5 Selected bond lengths and angles for [trans-(ClOMelOP2)2PtCh] (305a). 

Bond Lengths (A) 

Pt(1 )-P( 1) 2.290(1) C(6)-C(10) 1.575(5) 

pte 1 )-CI( 1) 2.307(1 ) C(2)-C(3) 1.577(5) 

P( 1 )-P(2) 2.197(2) C(2)-C(6) 1.584(5) 

P(1)-C( 4) 1.884( 4) C(1)-C(5) 1.334(6) 

P(1)-C(10) 1.880(4) C(8)-C(9) 1.335(5) 

P(2)-C(7) 1.909(4) C(6)-C(7) 1.564(5) 

P(2)-C(3) 1.90 l( 4) 

Angles (0) 

P( 1 )-Pt( 1 )-CI( 1) 89.8(1) P(2)-P( 1 )-Pt( 1) 126.5(1) 

C( 4 )-P( 1 )-C( 10) 106.0(2) C(3)-P(2 )-C(7) 93.4(2) 

C( 4 )-P( 1 )-Pt( 1) 123.0(1) C(3)-P(2)-P(I ) 75.3( 1) 

C( 1 0)-P( 1 )-pte 1 ) 1 17 .9( 1) C(7)-P(2)-P( 1) 90. 7( 1) 

C( 1 O)-P( 1 )-P(2) 93.9(1) C(7)-C( 6)-C( 10) 97.5(3) 

C( 4 )-P( 1 )-P(2) 81.5(1) C(3 )-C( 4)-P( 1 ) 93.2(2) 
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With the presence of two THF molecules in the crystalline lattice per complex~ the 

structure crystallises in the centro symmetric, monoclinic space group P21/C. The 

molecular structure consists of two mono dentate diphosphine cage ligands with P( 1) as 

the donor atom. As with the labile ligands in the metal precursor, the phosphine cages 

are in a trans conformation. The Pt(l)-P(l) bond length of 2.290(1) A is similar to the 

mean bond length of 2.985 A as obtained from the Cambridge Structural Database 

(CSD, version 5.28, November 2006). The P(1)-P(2) bond length of 2.197(2) A is 

slightly shorter than the corresponding bond length of 2.230(2) A in the free ligand. 

ClOMelOP2 (105). This signifies a very subtle change in the bonding characteristics of 

the cage upon coordination, but otherwise there are remarkably similar bond lengths 

and angles throughout the cage architecture for both the complexed and free ligands. 

A calculation was carried out to obtain the Tolman cone angle for the ligand in this 

complex (where P(l) is the donor atom). Substituents on the ligand to include in the 

calculation had to be chosen so as to cover as much of the atomic density surrounding 

the metal as possible. For this reason, hydrogen atoms generating the greatest half 

angles on the methyl substituents at C(4), C(5) and C(9) were chosen, as well as the 

phosphorus centre P(2). Using the formulae detailed in section 3.1.2, a cone angle of 

153 0 was calculated for the ligand in this complex. This is consistent with other 

similarly calculated values and illustrates that the cage has a steric bulk similar to that 

of triphenylphosphine (Table 3.6).89,107 

Table 3.6 Comparison of calculated Tolman cone angles. 

Ligand Average calculated cone angle (0) 

PMe3 118 

PEt3 132 

PPh3 145 

Cage complexed at P(l) (305a) 153 

peY3 170 

When one stoichiometric equivalent of ligand is reacted with [(tBuCN)2PtCh], the same 

complicated 31p NMR spectrum is observed, suggesting that the doubly-ligated species 

is the thermodynamically favoured product. Similar experiments were carried out using 

the cis precursor [PtCh(cod)], but no coordination was observed with either one or two 
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stoichiometric equivalents of ligand. This may be attributed to the lack of space in the 

coordination sphere of the metal in accommodating two relatively bulky cage ligands in 

a cis conformation, although the fact that the corresponding complex, (Ph3PhPtCh. can 

be prepared in a cis conformation rather contradicts this argument. 120 However. the 

cage ligand is calculated to have a cone angle 8° larger than triphenylphosphine, and 

this may be sufficient to prevent the formation of cis products. Additionally. the 

bidentate nature of the labile (cod) ligand in the transition metal precursor means the 

vacation of two coordination sites rather than only one and so mono-ligation is also not 

favoured. 

The sequential addition of four ligand equivalents to the rhodium precursor 

[{Rh(CO)2(u-CI) }2] yields a similar complex. The reaction was carried out in 

dichloromethane and the mixture was stirred for an hour at room temperature after each 

addition. Progress was monitored by solution IR spectroscopy and ligand equivalents 

were added until a single carbonyl stretch was observed (v = 1967 cm-
1
). 

In solution, a complicated 31 p NMR spectrum was once again obtained, indicating that 

several structural isomers were present. This is due to the same reasons as before, with 

coordination possible through either P(1) or P(2) and extra multiplicity due to the 

presence of meso and rac as well as threo and erythro diastereoisomers. This structural 

isomerism obviously has little or no bearing on the stretching frequency of the C=O 

bond as only a single IR spectroscopy peak is observed for the reaction mixture. Single 

crystals were obtained by slowly evaporating a concentrated dichloromethane solution 

(ca. 2 cm3) to dryness, yielding another meso trans-diphosphine complex (306) 

(Fig. 3.19 and Table 3.7). 
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Figure 3.19 Molecular structure of [trans-(CIOMe IOP2)2Rh(CO)CI] (306) (H atoms have been omitted for 

clarity; ellipsoids shown at 50 % probability level). 

Table 3.7 Selected bond lengths and angles for [trans-(CIOMel OP2)2Rh(CO)CI] (306). 

Bond Lengths (A) 

Rh( 1 )-P( 1) 2.304(2) P(2)-C(3) 1.904(7) 

Rh( 1 )-Cl( 1 ) 2.302(14) C(6)-C(10) l.589(10) 

Rh(1 )-C(20) 1.95(6) C(2)-C(3) 1.577( 1 0) 

C(20)-O(1 ) 1.02(6) C(2)-C(6) 1.569(9) 

P( 1 )-P(2) 2.200(3) C( 1 )-C(5) 1.330(11) 

P( 1 )-C( 4) 1.900(7) C(8)-C(9) 1.327( 10) 

P(l )-C( 1 0) 1.902(7) C(6)-C(7) 1.579(9) 

P(2)-C(7) 1.913(8) 

Angles (0) 

P( 1 )-Rh( I )-CI( 1) 90.3(4) C( 4 )-P( 1 )-Rh(1) 125 .5(2) 

P( I )-Rh( 1 )-C(20) 90.9(2) C(3)-P(2)-C(7) 93.8(3) 

C( 4 )-P( 1 )-C( 10) 104.5(3) C(3)-P(2)-P( 1) 75.5(2) 

C( 1 O)-P( 1 )-Rh( 1) 118.7(2) C(7)-P(2)-P( 1) 91.7(2) 

C(4)-P(I)-P(2) 81.4(2) C(3 )-C( 4)-P( 1 ) 93.0(4) 

C( 1 O)-P( I )-P(2) 93 .0(2) C(7)-C(6)-C( 1 0) 97.0(5) 

P(2)-P( I )-Rh( 1) 124 .6(1) 
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The structure crystallises in the monoclinic space group P2t/c and disorder of the trans

chlorine/carbonyl ligands was solved by modeling each ligand with 50 % occupancy at 

each coordination site. The Rh(l)-P(l) bond length of 2.304(2) A is consistent with a 

mean bond length of 2.295 A as obtained from the Cambridge Structural Database 

(CSD, version 5.28, November 2006). The P(l)-P(2) bond length is almost identical to 

that of the platinum complex {305a; P(l)-P(2) 2.197(2) A}, but is again slightly shorter 

than that of the free ligand, ClOMelOP2 (105) {P(l)-P(2) 2.200(3) vs. 2.230(2) A for 

lOS}. In light of this, the cage architecture itself is no different from that of the 

uncoordinated ligand. Using the same method as previously described with platinum 

complex 305a, the Tolman cone angle was calculated at 151 0 , which is only subtly 

different from that of the platinum example. 

3.2.3 Computational analysis of the ligand behaviour of C lOMe lOP2 

In order to compare the ligand behaviour of the 'naked' cage species, C lOMe lOP2 (105) 

with other more commonly used phosphines a computational study was carried out. 

Work has been conducted by Fey, Harvey, Orpen and co-workers in establishing a 

ligand knowledge base (LKB), where phosphine ligands of various types are subjected 

to a DFT study in a range of representative complexes. lOS This enables predictive 

models to be established for metal complexes. These models take into account both 

bond energies in various complexes, as well as steric effects. Borane adducts are 

chosen to investigate a-electronic effects. [PdCbr and Cr(CO)s moieties are used as 

such species can involve both a- and n-bonding interactions with the ligand, and offer 

differing steric constraints associated with their coordination environments. As 

described earlier, steric effects are often quantified using Tolman's cone angle. 89 

However, in this case it is not employed as it can be difficult to calculate and its 

relationship to energy cannot be easily identified. Instead, they use a new steric 

parameter, calculated as "the interaction energy between the phosphorus(III) ligand and 

a ring of eight helium atoms". This helium ring has a fixed radius of 2.5 A and the 

phosphorus atom is "constrained to lie exactly 2.28 A above the ring centroid, 

perpendicular to the plane of the ring" (Fig. 3.20). 
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2.28 A 

Figure 3.20 Graphical representation of the geometry used to calculate the Hec steric parameter; the 

interaction energy between the phosphorus ligand (PR3) and a ring of eight helium atoms. 

The computational study described here was conducted by Alex Hamilton, a member of 

the Orpen research group, who works on the ligand knowledge base project. 

Interpretation of the data was aided by Dr. Natalie Fey, who is one of the creators of the 

ligand knowledge base. Calculations were performed with respect to both phosphorus 

centres, P(l) and P(2) in the 'naked' cage phosphine (105) and geometry optimisation 

was carried out at the B3L YP/6-31 G* * level (Table 3.8). Further detail s of the 

procedure involved in performing these calculations can be found in the relevant 

publication. 105 
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Table 3.8 Calculated steric and bond energies (in kJ mor l
) associated with the 'naked' cage, C

IOMe lOP2 

(105) when ligating through P(1) or P(2), compared to other common phosphines. 

Ligand Hes_steric BH3 PdCh Cr(CO)5 

PMe3 12.56 164.12 16l.19 171.87 

PEt3 25.12 163.29 154.91 

ptBU3 97.97 165.80 100.06 129.20 

PCY3 55.27 162.45 162.03 147.50 

PPh3 33.49 152.82 133.56 141.47 

P(CF3)3 12.56 110.11 135.23 141.43 

P(OMe)3 8.79 144.86 167.47 184.76 

PCh 9.21 97.97 125.19 116.98 

Methylphobane 20.10 164.12 168.73 

Cage at P(1) 11.39 121.79 116.72 130.66 

Cage atP(2) 23.43 116.51 129.40 128.79 

In terms of steric effects, the results suggest that P(1) is far less hindered than P(2), the 

energies of interaction with the Re8 ring being 11.39 and 23.43 kJ mOrl respectively. 

This is consistent with experimental observations of major structural isomers always 

being coordinated at P(1), and with the theoretical study seen in section 2.2.5, which 

looked at the energies of the orbitals in which each phosphorus lone pair resides. A 

graphical representation of the calculated Re8 ring structures shows the subtle 

difference between P(1) and P(2) in terms ofsteric interaction (Fig. 3.21). 
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Me groups creating 
added steric hindrance 

Figure 3.21 Space-fill comparison of computationally generated species of the ' naked ' cage, C loMe I OP 2 

(105) with a Heg ring around P(1) and P(2) respectively (contributions from H atoms have been om itted 

from the space-fill model for clarity). 

When compared with other common phosphines, the Hes_ steric interaction parameters 

are small. When coordinated through P(l), only PCh and P(OMe)3 have less steric 

interaction with the Heg ring. In fact, when complexed through P( 1), the cage is 

sterically similar to PMe3, whereas when complexed through P(2) it is comparable to 

PEt3. This bares stark contrast to the study seen earlier regarding Tolman' s cone angle, 

which suggests that the cage ligand has a similar degree of steric bulk to 

triphenylphosphine, PPh3. When considering the fact that cis conformations of two 

cage ligands in complexes with platinum and rhodium have not been observed, it may 

be best to regard the ligand as a relatively bulky species. However, the results are 

ambiguous and these contradictions illustrate that assessing the steric parameters 

associated with complicated unsymmetrical ligands can vary greatly depending on the 

model used. 

When calculated as a borane adduct, both complexes of the cage ligand have relative ly 

low bond energies with the boron centre. This is indicative of the cage li gand being a 

poor 0-donor. Indeed, the bond energies are comparable with cia ic lectron

withdrawing phosphines such as P(CF3)3. The adduct bonded through P( 1) ha a hi gher 

bond energy than that bonded through P(2) (121.79 \ 's. 11 6.51 kJ mor
l
). Thi 

consistent with theoretical studies calTied out in section 2.2.5, which how that the 
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lone pair of P(1) resides in a higher energy orbital than that of P(2), and is therefore 

more reactive. As calculated borane bond energies are directly related to a-donating 

properties in phosphines, it is evident that P(1) is a more efficient a-donor towards BH3 

than P(2). 

In square planar complexes with [PdChr moieties, ligands which are not overly bulky 

and which are good a-donors (as seen in the borane adducts) have the highest 

calculated bond energies (e.g. methylphobane at 168.73 kJ mOrl).IOS The cage is not 

excessively bulky but is a poor a-donor, so again the bond energies are relatively low. 

Here, the complex bonded through P(2) is more favoured. However, the reason for this 

may be complex and possibly a facet of n-back-donation from the electron-rich 

palladium centre. In sterically-crowded Cr(CO)s complexes, once again the cage 

ligands form relatively poor bonds (128.79 and 130.66 kJ morl 
VS. 171.87 kJ morl for 

PMe3), mainly due to their poor a-donating abilities. Here, P(1) and P(2) have very 

similar bond energies, comparable to that ofptBu3 (129.20 kJ morl), which balances its 

extreme steric bulk with good a-donating properties. 

Results observed here are consistent with those discussed in Chapter 2 regarding P-Se 

coupling constants, which suggest that when acting as a ligand, the cage is actually 

quite electron-withdrawing in nature and thus has poor a-donating properties. This 

seemed surprising, as the largely alkyl-architecture of the cage bears far more 

resemblance to trialkylphosphines than classic electron-withdrawing phosphines. 

However, this study has shown that whether bound through P(l) or P(2) the cage is 

indeed a poor a-donating ligand. Results regarding steric bulk are somewhat 

contradictory, but in comparison with classic sterically demanding ligands it is safe to 

say that the cage ligand is relatively small. 
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3.2.4 Catalysis 

Results discussed in the previous sections (3.2.1 - 3.2.3) show that the ' naked' cage 

ligand, CIOMelOP2 (105), is effective in coordinating with late transition metal s. It is 

also advantageous that this compound can be prepared without difficulty and in a 

reasonably high yield. Its stability to both air and moisture is also a great asset in terms 

of potential industrial applications. Consequently, it is an ideal candidate for evaluation 

as a ligand in catalytic systems. Details of the systems described here are taken from 

the publications ' Organometallics, 11 2 by Elschenbroich and 'Metal-Catalysed Cross

Coupling Reactions,121 , edited by de Meijere and Diederich unless otherwise stated. 

The calculated cone angle for the cage (151-153 °) suggests that it is a relati vel y bulky 

species, resembling ligands such as triphenylphosphine. However, evidence from the 

theoretical calculations discussed in section 3.2.3 seems to suggest that it may be 

significantly less bulky than it appears, perhaps comparable to trimethylphosphine. 

These calculations also suggest that the ligand is a poor a-donor, which is surprising 

considering the properties of other trialkylphosphines. In light of these observations, 

three different catalytic systems were chosen for ligand screening, some incorporating 

the need for steric bulk and electron-donating ligands, and others the requirement for 

more electron-withdrawing ligands. 

The hydroformylation of olefins is an incredibly important industrial process. In fact , it 

is the largest scale homogeneous catalysis process in industry, with a production scale 

of about 7 x I 0 6 t a-1.11 2 The general reaction involves the addition of H and HCO 

across the double bond of an alkene (Scheme 3.4). 

H 

Rh cat. 
+ R 

R 
H 

li nea r branched 

Scheme 3.4 Generic hydroformylation reacti on scheme. 
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The reaction was pioneered using cobalt catalysts at temperatures up to 250°C and 

pressures as high as 400 bar. 1 12 However, the use of rhodium catalysts, as developed by 

Wilkinson,122 requires only mild reaction conditions and leads to high yields of the 

desired linear products. Also, the relatively low pressures associated with this reaction 

mean that it is accessible to the everyday chemist for use on a small scale. 

The selective preference for formation of linear aldehydes is promoted by the use of 

bulky and reasonably electron-donating phosphine ligands. The active catalyst in these 

systems is usually a coordinatively unsaturated species (e.g. [RhH(CO)(PPh3hl in the 

case of Wilkinson's catalyst), which gain stability from bulky ligands. The benchmark 

for comparison is triphenylphosphine, PPh3, which combines relative bulk with good 

a-donating ability and is the ligand used in megaton industrial plants. 123 However, 

catalyst activity and selectivity has been shown to be even higher, especially for use 

with unreactive alkenes, when using more electron-withdrawing ligands such as bulky 

triarylphosphites rather than phosphines.124, 125 The cage ligand (105) is, in terms of 

cone angle, comparable to triphenylphosphine but is electronically more similar to 

classically electron-withdrawing ligands such as P(CF3)3 (as discussed in the previous 

section). Electron-poor, bulky fluoroarylphosphines have proved to have very low 

activity in catalysis but species of less bulk have activities comparable to PPh3.
126 

Therefore, it was thought that the cage might show some activity as a ligand in 

hydroformylation catalysis. 

Experiments were carried out using a standard literature method for the rhodium

catalysed hydroformylation of 1-hexene (Scheme 3.5).39 This involves reaction 

conditions of 

90°C and 20 bar pressure for 3 hours, USIng [Rh(acac)(CO)21 with varyIng 

stoichiometric equivalents of cage ligand. All reactions were carried out in toluene and 

alongside a blank {[Rh(acac)(CO)21 alone} and a standard {[Rh(acac)(COhl with 

PPh3} for comparison. Further experimental details can be found in Chapter 7. 
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H 

o 
[Rh(acac)(CO h ] + ligand 

+ 

H 0 

Scheme 3.5 Rhodium-catalysed hydroformy lation of I-hexene. 

The rhodium precursor, [Rh(acac)(CO)2J , is known be have some catalytic activity in 

the complete absence of phosphine ligands and this is evident in the results obtained 

(Table 3.9). Conversion and selectivity were measured by integrating IH NMR 

spectroscopy signals generated by the aldehyde products against residual I-hexene 

resonances. 

Table 3.9 Hydroformylation catalysis (where n = linear and iso = branched). 

Ligand Equivalents % Conversion 

None ca.20a 

PPh3 

Cage 105 

Cage 105 

4.50 

2.25 

4.50 

>95 

9 

15 

aAlthough the remaining 80 % was converted to 2-hexene. 

n : iso 

0.85 : 1 

3.25: 1 

1.79: 1 

1.74: I 

It is apparent that the cage ligand (105) is a poor species for use in hydroformylation 

catalysis, with the maximum conversion achieved being a mere 15 0/0. The rhodium 

precursor alone has a higher activity than this system, although it is accompanied by 

75 % isomerisation to 2-hexene due to the lack of bulk at the rhodium centre. The cage 

system seems to prevent isomerisation as no 2-hexene was observed in the I H MR 

spectrum. The cage system also provides limited selectivity, with a maximum lin ar to 

branched ratio of 1.79. However, PPh3 is far superior in both activ ity and se lect ivity 

and so the cage ligand is clearly of no potential use as a li gand in h drofo rmylation 

catalysis. The most likely reasons for this are the poor a-donating prop rtie of th 
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ligand as well as a possible lack of steric bulk in comparison to PPh3. The cage appears 

to be electronically similar to the fluorophosphine ligands screened for 

hydroformylation activity by Clarke et al .. 102 These were predicted to mimic phosphites 

as they have comparable electronic properties, but they proved to have unexpectedly 
. . . ··1 h . 105 126 . poor actIvItIes sImI ar to t e cage ligand.' It IS therefore unsurprising that poor 

activity was observed in this project. 

The lack of success in hydroformylation catalysis led to attempts to use the ligand in 

metal-catalysed cross-coupling reactions. The Suzuki reaction involves the palladium

catalysed cross-coupling of organoboron compounds with alkenyl, alkynyl or aryl 

halides (Scheme 3.6). 

Pd(OAch + ligand 
RB(OHh + R'X R-R' + BX(OHh 

base 

Scheme 3.6 General reaction scheme for the Suzuki reaction. 

Several factors affect the potential activity of catalysts in this system including the 

halide chosen as the starting substrate. Activity increases on descending the halide 

group and any catalysts that are able to effectively couple aryl chlorides are particularly 

useful. This is not just due to their relative inertness, but also because for use in larger 

processes, chlorides are much cheaper than other halide compounds. In general, air 

stable triarylphosphines are effective ligands for cross-coupling organic iodides, 

bromides and activated chlorides (i.e., heteroaryl chlorides and aryl chlorides that 

contain an electron-withdrawing group). For more inert chlorides, catalyst activity is 

promoted by the use of very bulky, electron-rich phosphine ligands such as PCBU)3. 

Although the cage is clearly a poor a-donating ligand, its stability in air and steric 

resemblance to triphenylphosphine (in tenns of cone angle) suggested that it may prove 

useful in Suzuki cross-coupling. 

The experiment was carried out with a variety of chloro- and bromo-substrates, 

5 mol % [Pd(OAc h], 7 mol % phosphine ligand and CS2C03 as a base. All reactions 
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were conducted in 1,4-dioxane at 110 °C for a period of 18 hours. Conversion \vas 

measured by integration of products against an internal standard in the I H NMR 

spectrum. Further experimental details can be found in Chapter 7. 

Table 3.10 Suzuki cross-coupling results. 

Halide substrate Boron substrate 0/0 Conversion 

Me ( ) Br 
PhB(OH)2 15 

MeO ( ) Br 
PhB(OH)2 4 

Me ( ) CI 
PhB(OH)2 0 

MeO ( ) CI 
PhB(OH)2 0 

Results show that the cage ligand is agam of little use in Suzuki cross-coupling 

(Table 3.10). Even with relatively easily coupled bromo-substrates, activity is very 

minimal and it is therefore apparent that the ligand is too poor a a-donor to facilitate 

satisfactory cross-coupling. In addition, the cage ligand obviously does not have the 

degree of steric bulk or a-donating ability required to promote cross-coupling of aryl 

chlorides in the way ligands like PCBU)3 do, but this is evident from the calculations 

seen in the previous section. 

Attempts were also made in the use of this ligand for Heck catalysis. The Heck reaction 

also involves palladium-catalysed cross-coupling but this time of an unsaturated alkyl 

halide with an alkene (Scheme 3.7). Once again the halide substrate is very important, 

with chlorides being far more difficult to couple than bromides . 

Pd(OAc)2 + ligand 

base 

Scheme 3.7 General react ion scheme for the Heck reaction. 
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Here, the experiment was conducted using 4-bromoacetophenone and n-butylacrylate 

as substrates and sodium acetate as the base. These were stirred for 18 hours in 

N-N-dimethylacetamide at 145°C, which is consistent with literature precedents. 127 

Further experimental details can be found in Chapter 7. However, no catalytic activity 

was observed, even at high catalyst loadings of 2 mol 0/0. It is assumed that as before, 

the ligand is too poor a a-donor for the Heck reaction to take place. 
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3.3 Summary and conclusions 

This chapter has focused on the coordination properties of the synthesised species 

discussed in Chapters 1 and 2. The three compounds used as ligands adopt a wide 

variety of coordination modes, which are evident from the observed, complex 31 p NMR 

spectra. 

The halo-cage species, [ClOMelOP2It (102) and [C lOMe lOP2Clt (103) react with metal 

centres to form several different bidentate phosphine complexes. For the iodo

precursor, only a single ligand coordinates per metal centre whereas for its chloro

analogue, di-ligation occurs. This is assumed to be for steric reasons. In all cases, the 

P-P bond is broken and the previously 'naked' phosphorus centre is bonded to a halide 

substituent. Otherwise, the cage architectures are fully retained in these complexes. 

Several structural isomers are formed in all cases. In the reaction of [PtCh(cod)] with 

the mixed-halide species 102, several compounds are formed due to the presence of 

both chloride and iodide ions. Due to the size of iodine, there is only space for one 

ligand to coordinate. However, when the all-chlorine compound 103 is used, two 

ligands coordinate resulting in the formation of both meso and rae isomers. This is due 

to the enantiomeric pairs present in the ligand precursor, although the meso form is 

always dominant. 

Problems persisted in the crystallisation of these complexes, meaning only very small 

solid yields were ever obtained for analysis. Therefore, no catalytic screening was 

carried out using any of these compounds. Additionally, due to the presence of reactive 

P-CI and P-I bonds, it is assumed that the complexes would not be particularly suitable 

for use in catalytic systems. 

The 'naked' cage compound (105), is more suitable as a ligand due to the ability to 

prepare it in a relatively high crystalline yield. It is moisture stable and requires several 

weeks exposure to air for oxidation to occur so has the type of attributes which make it 

interesting in terms of application. 
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This species coordinates effectively with late transition metals, with both platinum and 

rhodium complexes prepared and characterised. The ligand always behaves as a 

mono dentate species, but can coordinate through either phosphorus centre, P(l) or P(2). 

Again, several structural isomers were always observed, due to donation through either 

phosphine as well as the formation of meso/rae and threo/ erythro diastereomers. The 

dominant isomer in all cases was the meso species (with an inversion centre) with both 

ligands coordinated through P(1). This is consistent with calculations discussed in 

Chapter 2, which show that the lone pair of P(l) resides in a higher energy orbital than 

that of P(2) and is therefore more energetically accessible. 

Ab initio calculations show that whether coordinating through P(l) or P(2), the cage 

ligand is a very poor a-donating species. In fact, rather than mimicking other trialkyl

or triaryl-phosphines, it appears to be more electronically similar to classic electron

withdrawing ligands such as P(CF3)3. These calculations also show that the ligand is 

not as bulky as one might expect, with a Hes_ steric parameter similar to small ligands 

such as PMe3 and PEt3. However, this is in contrast to the average calculated cone 

angle of 1520
, which is more similar to triphenylphosphine. It is therefore evident that 

using different models to calculate the steric properties of complicated and 

unsymmetrical ligands can yield widely varying results. 

Despite its poor electronic properties, the cage ligand was screened for use in three 

different catalytic systems. However, in both Heck and Suzuki cross-coupling almost 

no activity was observed at all. This is almost certainly due to the very poor a-donating 

properties of the ligand. In hydroformylation catalysis, minimal activity was observed 

with a maximum conversion of 15 %. The bulk of the ligand enforced slight selectivity, 

with a maximum linear to branched aldehyde ratio of 1.79:1. When compared to PPh3• 

which promotes more than 95 % product conversion with a selectivity of 3.25, it is 

clear that the cage ligand is of no potential use in hydroformylation catalysis. 

Although the cage appears to coordinate effectively to late transition metals. it is 

evident through both calculations and catalytic screening that it is actually very electron 

poor. This is presumably an important factor causing the modest activities in catalytic 

results. A lack of steric bulk is also a contributing factor. but considering the high 

activity of ligands such as P(OPh)3 128
-
130 (which has a relatively small cone angle of 
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3 Coordination chemistry and catalysis 

128°)89,131 in hydroformylation catalysis, too much importance cannot be placed on this 

alone. The complex nature of the cage ligand, with multiple coordination modes and a 

'free' lone pair on the uncoordinated phosphorus centre, is sure to complicate any 

catalytic reactivity. Experiments such as these demonstrate that predicting ligand 

behaviour in catalytic systems is a complex and often fruitless business. 
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4 General conclusions 

Each of the three main chapters in this thesis contains a summary and some concluding 

remarks. This chapter highlights some more general conclusions: 

• The work described in this thesis stems from the rather surpnSIng and 

stereoselective preparation of phosphorus-carbon cage species {[C lOMe lOP2Xr, 
where X = I (102) or CI (103)} by the reduction chemistry of Cp*PCh. "Gal". Ga 

metal (to form the neutral, GaCb ligated species 104) or InCI can all be used to carry 

out these reactions, thereby triggering a cascade of P-P, P-C, C-C bond forming 

reactions which result in the facile formation of asymmetric, cationic diphosphine 

cage compounds with coupled five-membered rings as a carbon framework. The 

cages contain eight stereocentres but due to the constraints of the phosphorus-carbon 

framework they exist as single diastereomers. 

• The cage-forming reactions are particularly remarkable considering that analogous 

chemistry, conducted using s-block reagents, results in the preparation of vastly 

different compounds. In work carried out by Jutzi et al., Li, LhC lOH8, Mg and 

LiAIH4 were used as reducing agents, yielding several Cp*P oligomers, but most 

strikingly Cp*P=PCp*. However, in all cases the Cp* moiety remains an innocent, 

spectator ligand, unlike the species observed during this project. 

• Reduction of either 102 or 103 forms a 'naked' cage speCIes, C lOMe lOP2 (105), 

which is a structural isomer of Cp*P=PCp*. Although the barrier to interconversion 

between these compounds is very large, cage formation is achievable by protonation 

of the low coordinate phosphorus compound. This occurs even at very low 

temperature and the reaction mechanism has been rationalised by DFT calculations. 

• Reduction using group 13 reagents has been applied to several other systems, with 

mixed success. Similar results have been observed for precursor compounds with 

only subtle differences to Cp*PCh, such as CsMe4(n-propyl)PCh. In contrast, 

CpPCh does not mimic the observed reactions. suggesting that a degree of steric 

bulk is required as part of the organic substituent. 
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4 General conclusions 

• A number of chalcogenated diphosphorus cage compounds can be easily s)TIthesised 

by reaction of the 'naked' cage species (105) with the respective elemental 

chalco gen. Quantitative preparation of a mono-phosphine oxide {substituted at P(2)} 

can be achieved by reaction of either halo-cage (102 or 103) with water. In all other 

cases, a mixture of mono-substituted products is obtained, predominated in a ratio of 

ca. 10: 1 by a compound ligated at P( 1). This product preference has been 

rationalised by DFT calculations, which illustrate that the lone pair of pel) is more 

energetically accessible that that of P(2). Analysis and comparison of observed 

77Se-P coupling constants with literature precedents suggest that the "naked' cage 

species (105) is also a very poor a-donor ligand. Total enantiomeric resolution of the 

racemic phosphine oxide (202) mixture is possible by employing chiral high 

pressure liquid chromatography (HPLC). 

• The halo-cage compounds (102 and 103) can be used as ligands in complexes with 

late transition metals. A variety of species are produced depending on the halo

substituent, with chloro-species affording double-ligation and iodo-species only 

allowing coordination of a single ligand. In all cases the P-P bond breaks to give a 

bidentate ligand with both phosphorus centres bonded to halide substituents. Where 

mixed halide counterions are present in the ligand precursor, several isomers are 

formed, some of which have been assigned by 31 P NMR spectroscopy. 

• The 'naked' cage can also be used as a ligand with late transition metals, affording 

trans complexes due to the steric bulk of the ligand. The cage can coordinate 

through either P(1) or P(2), with P(1 )-ligated species predominating as would be 

expected from DFT calculations. The racemic nature of the ligand results in the 

formation of meso, rac, threo and erythro diastereoisomers, which for platinum 

complexes have been assigned by 31 P NMR spectroscopy. 

• The average cone angle of the 'naked' cage compound in complexes with platinum 

and rhodium has been calculated to be 1520
, which is similar to that of 

triphenylphosphine. However, DFT calculations using a Hes_ steric parameter 

suggest the bulk to be significantly less, perhaps similar to trimethylphosphine. It is 

obvious that using differing calculated parameters in complex systems such as this 
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4 General conclusions 

can lead to ambiguous results. The calculations also reinforced the suggestion that 

the cage compound is a very poor a-donating species. 

• A range of systems were employed for screening of the 'naked' cage ligand (105) in 

catalytic reactions but in all three cases, results suggested that the ligand is of little 

potential use. For the Heck reaction, no activity was observed at all and only 

minimal activity was recorded for the Suzuki reaction. Hydroformylation saw a little 

activity but very poor selectivity. These results are ascribed to the ligands very poor 

a-donating ability, as well as a lack of steric bulk, which is particularly required in 

the Heck and Suzuki systems. 

113 



5 Suggestions for further work 

5 Suggestions for further work 

• There is great scope for future work, the bulk of which should focus on the pursuit 

of further systems leading to cage formation. In particular, it should be possible to 

prepare a variety of Cp*PCh analogues incorporating steric bulk as well as added 

heteroatoms, as these may lead to syntheses of a series of cage species with a range 

of electronic properties and varying steric bulk. Figure 5.1 highlights three such 

compounds. 

Figure 5.1 Three compounds which may lead to the preparation of cage species with very different steric 

and electronic properties. 

• The synthesis of Cp analogues is a time-consuming business. However, a relatively 

simple synthesis of the bulky organic compound Cs(CH2Ph)sH can be found in the 

literature, which would make the dichlorophosphine compound in Figure 5.1 a 

viable target. This involves the reaction of sodium with benzylic alcohol, followed 

by the very slow addition of dicyclopentadiene. 132 Any cage-type molecule that 

could be prepared from this compound would probably be extremely bulky, and so 

this may lead to potentially interesting ligand properties. 

• Incorporation of a second PCh fragment may result in cage formation of a different 

kind. Preparation of such a compound may be possible using commerciall y available 

2,3,4,5-tetramethylcyclopentadiene (Scheme 5.1 ). 
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HCI 

Scheme 5.1 Proposed synthesis of a Cp-containing bis-dichlorophosphine species. 

• As cage fonnation is possible by the protonation of the P=P bond in Cp*P=PCp* , it 

would be equally interesting to attempt protonation of a series of other unsaturated 

species, including asymmetric RP=PR' compounds (Fig. 5.2). Precursor compounds 

of this type can be prepared by reaction of Cp*P=PCp* with organolithium reagents 

(LiR).5o 

R 
/ 

p===p 

/ 
Cp* 

Where R = Cp analogues and 
other unsaturated moieties 

Figure 5.2 Potential precursors for cage-forming protonation reactions. 

• The preparation of a large quantity of optically pure phosphine ox ide (202 or 203) 

could be possible using preparative scale apparatus. This would require a bulk 

sample of crystalline phosphine oxide, which due to its so lubility properti e i 

difficult but not impossible to prepare. Further work could then be carried out u ing 

either thi s compound, or by reducing the oxide back to an optically pur . naked' 
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cage specIes. In particular, this would make the study of transition metal cage 

complexes much simpler, as the complexity of their 31 p NMR spectra would be 

greatly reduced. 

• Although the 'naked' cage seems to have little value for use in catalytic systems, 

other species of a similar type may have more desirable properties. For example, if it 

is possible to prepare cage compounds with benzyl rather than methyl substituents, 

the steric and electronic properties of the ligand would be vastly different, which 

could result in the cage being more suited for use in catalysis. 

• The work described here focuses exclusively on the coordination chemistry of late 

transition metals. Further studies involving titanium, zirconium, chromium, 

molybdenum, tungsten and iron could be carried out, especially as these metals are 

all significantly cheaper than the ones used throughout this project. Additionally, 

preparation of a cage-ligated chromium complex should help to verify some of the 

computationally-derived electronic parameters seen in section 3.2.3. 

• Complexation of the halo-cage species 102 and 103 to platinum and palladium is the 

only current method of breaking the P-P bond in any of the cage molecules. More 

work must be carried out in this area by using a variety of transition metal 

complexes and by employing a number of methods for attempting to remove the 

ligands with retention of the broken P-P bond. It seems highly probable that the cage 

would only be of any potential use as a ligand in its bidentate coordination mode. It 

may be possible to introduce further substituents to such a species at the phosphorus 

centres, thereby establishing real control of the ligands ' steric and electronic 

properties (Fig. 5.3). 

Figure 5.3 The synthetic goal of future work; A bidentate cage phosphine li gand, with R substituent at 

each phosphorus centre. 
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6 General experimental details 

6.1 Inert atmosphere techniques 

The majority of the compounds prepared during this project are air- and moisture

sensitive and were handled using standard inert atmosphere techniques (Schlenk and 

glove box). Reactions were carried out in glass Schlenk tubes or round-bottomed flasks 

and these were evacuated, baked using a high-temperature heat gun and back-filled 

with nitrogen several times before any reagents or solvents were added. Liquids were 

added by syringe or cannula through a rubber septum. Solids were added rapidly 

against a positive pressure of nitrogen. 

All air- and moisture-sensitive compounds were isolated and stored in an argon-filled 

Saffron Beta glove box. All liquid air- and moisture-sensitive reagents were stored in 

glass Youngs tubes under nitrogen and sealed with PTFE taps. All solvents used were 

distilled HPLC grade and further dried and degassed using a commercially available 

solvent purification system (Anhydrous engineering). Diethyl ether and THF were 

passed through two alumina-packed columns, whilst dichloromethane, n-hexane and 

toluene were passed through an alumina-packed column followed by a copper redox 

catalyst. Solvents dispensed were stored (typically for a period of no more than two 

days) in Strauss flasks and sealed using PTFE taps. Diethyl ether and THF had the 

added measure of being stored over molecular sieves. 

Unless otherwise stated, all reagents were purchased from commercial sources 

(Aldrich, Alfa Aesar, Strem) and used without further purification. 

6.2 Melting point determination 

Melting points were determined on samples sealed in glass capilliary tubes using Stuart 

Scientific SMP3 melting point apparatus. 
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6.3 Elemental analyses 

Elemental analyses (C, Hand N) were determined using samples sealed in air-tight 

aluminium boats in an argon-filled Saffron Beta glove box and recorded on a Carlo 

Erba EAII08 CHN elemental analyser. 

6.4 Infrared spectroscopy 

Infrared spectra were recorded in dilute solution or in the solid state using a Perkin

Elmer Spectrum 1 FT -IR spectrophotometer. 

6.5 High pressure liquid chromatography (HPLC) 

HPLC data was recorded using a Varian Prostar 420 fitted with a UV (2 = 254 nm) 

detector and Varian ST AR Workstation version 4.5 software. Specific details are 

described in the text. 

6.6 Gas chromatography (GC) 

OC analysis was performed on a Varian 3800 OC fitted with a 25 m CP Sil 5CB 

column. Data was collected and recorded using Star workstation software. 

6.7 Solution nuclear magnetic resonance spectroscopy 

Samples were generally prepared using dry and degassed solvents, deuterated where 

necessary, in an argon-filled Saffron Beta glove box or in o-ring sealed glassware with 

a positive pressure of nitrogen. The samples were sealed in air-tight NMR spectroscopy 

tubes (Wilmad WO-5M economy) and were run on Jeol Eclipse 300 and 400 MHz 

multinuclear FT, Jeol Lambda 300 MHz multinuclear and Jeol OX270 spectrometers. 

31 p NMR spectra were often recorded using aliquots taken from reaction mixtures in 

non-deuterated solvents. IH NMR spectra were referenced to the internal solvent peaks. 
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31p NMR spectra were referenced to an external sample of 85 % H3P04. 71Ga NMR 

spectra were referenced to an external sample of aqueous gallium(III) nitrate. 

6.8 Single crystal X-ray diffraction 

Single crystal X-ray diffraction quality crystals were removed directly from the mother 

liquor under nitrogen and protected from air, moisture and solvent loss using a 

perfluoropolyether oil. Crystals were selected using optical microscopy and mounted 

on a glass fibre attached to a brass pin. The pin was then quickly transferred and 

mounted in the cold nitrogen stream on the diffractometer. X-ray measurements were 

made using Siemens SMART and Bruker APEX CCD area-detector, three circle 

diffractometers with Mo-Ka radiation (A = 0.71073 A) or a Bruker PROTEUM CCD 

area-detector, three circle diffractometer with Cu-Ka radiation (A = 1.54178 A) as 

indicated in the text. All structures were solved using direct methods and refined by 

least squares on F values for all reflections. Absorption corrections were applied, 

based on multiple and symmetry equivalent measurements. 

6.9 Quantum chemical calculations 

Specific details on calculational methods are described in the text. All calculations were 

performed using the JAGUAR 5.0 program. 
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7 Syntheses and experimental data 

7.1 Experimental data related to chapter 1 

7.1.1 Single crystal X-ray diffraction data for Cp*PCh (101) 

X-ray measurements were made uSIng a Bruker APEX CCD area-detector 

diffractometer using Mo-Ka radiation (Jo = 0.71073 A). Crystal size: 0.3 x 0.3 x 0.02 

mm, ClOHlSChP = 237.09, monoclinic, space group P2 1/n, Z = 4, a = 5.993(5) A, b = 

12.174(8) A, c = 16.03(1) A, f3 = 91.34(2)°, V= 1170(2) A3
, Dc = 1.347 Mg/m3

, ,lI(Mo

Ka) = 5.906 mm- l
, T= 100(2) K. The total data set was a hemisphere. Ofa total of5544 

reflections collected, 1928 were independent (Rint = 0.1081). The structure was solved 

by direct methods and refined by full-matrix least squares on P. Absorption 

corrections were applied based on multiple and symmetry-equivalent measurements. 

Final Rl = 0.1257 [for 1314 reflections with />2cr(l)] and wR2 = 0.3380 (all data). 
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7.1.2 Synthesis of [ClOMelOP2I] [GaXnY4_n] (X = Cl, Y = I; n = 0,1,2) 

(102) 

"Gal" was prepared by literature methods.21 h (1.26 g, 10 mmol) was added to a 

suspension of gallium metal (0.693 g, 10 mmol) in toluene (10 cm3) at 25°C. The 

mixture was warmed to 50 °C and then sonicated in an ultra-sonic bath for 30 minutes. 

To the resulting "Gal" suspension was added Cp*PCb (101) (0.237 g, 10 mmol as a 1 

mol dm-3 solution in n-hexane) dropwise and at room temperature. All volatiles were 

removed in vacuo and the resulting red oil was re-dissolved in dichloromethane (20 

cm3). The solution was left to precipitate gallium metal and then filtered (porosity 3 

sinter with Celite). 

The reaction is quantitative by 31p NMR spectroscopy, signifying that a single, pure 

cationic species had been obtained. However, the counterion in the reaction solution 

was shown by 71Ga NMR spectroscopy to be a mixture of [GaXn Y4-nr monoanions 

(X = Cl, Y = I), dominated by [GaI4r· 

A small yield of colourless [C2oH30P21][GaI4] as single crystals suitable for X-ray 

crystallography was obtained from a dichloromethaneln-hexane solution mixture kept 

at -18°C for two weeks. The following NMR spectroscopy data was taken from these 

isolated crystals. 

7lGa NMR (91.5 MHz, CDCb, 25°C) J = -706 ppm. 

31peH} NMR (121.4 MHz, CDCb, 25°C) J = 68.7 (d, Jpp = 231.1 Hz), 29.0 (d, Jpp = 

231.1 Hz). 

13e NMR (75.5 MHz, CDCb, 25°C) 8 = 146.3 (d, Jpc = 15.5 Hz, C(l)). 144.0 (d, Jpc = 

13.0 Hz, C(8)), 131.1 (dd, Jpc = 10.9 Hz, Jpc = 6.5 Hz, C(9)), 130.3 (dd, Jpc = 11.8 Hz, 

Jpc = 1.6 Hz, C(5)), 76.7 (dd, Jpc = 11.8 Hz, Jpc = 1.6 Hz, C(6)), 70.1 (dd, Jpc = 16.4 

Hz, Jpc = 3.1 Hz, C(10)), 69.6 (dd, Jpc = 29.2 Hz, Jpc = 4.0 Hz, C(7)). 68.5 (d, Jpc = 

4.3 Hz, C(4)), 67.8 (dd, Jpc = 4.7 Hz, Jpc = 3.1 Hz, C(2)), 65.7 (dd, Jpc = 14.0 Hz, Jpc 

= 7.4 Hz, C(3)), 20.0 (dd, Jpc = 34.8 Hz, Jpc = 26.4 Hz. C(31)). 18.7 (d, Jpc = 2.5 Hz. 

C(41)), 17.9 (d. Jpc = 2.8 Hz, C(21)). 16.1 (dd, Jpc = 26.4 Hz, Jpc = 4.7 Hz. C(71)). 

13.6 (d, Jpc = 5.3 Hz, C(1!)), 13.1 (d, Jpc = 5.0 Hz. C(81)). 12.6 (d, Jpc = 7.8 Hz. 
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C(61)), 12.4 (d, Jpc = 1.4 Hz, C(91)), 11.5 (d, Jpc = 1.6 Hz, C(51)), 11.0 (d, Jpc = 1.9 

Hz, C(101)). 
1 
H NMR (300.4 MHz, CDCh, 25°C) £5 = 1.77 (s, H(91)), 1.73 (s, H(11)), 1.69 (s. 

H(81)), 1.63 (s, H(51)), 1.60 (d, JHP = 17.8 Hz, H(71)), 1.39 (d, JHP = 25.2 Hz, H(41)). 

1.31 (d,JHP = 18.6Hz,H(101)), 1.30 (d,JHP = 15.9 HZ,H(31)), 1.14 (s,H(21)), 1.00(s, 

H(61)). 

Mp: 148-152 °C (decomposition to a black oil). 

Elemental Analysis: [C2oH30P2I][GaI4] requires C 23.17 H 2.92 %; found: C 24.20 H 

2.47 %. 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (2 = 0.71073 A). 

Crystal size: 0.2 x 0.2 x 0.05 mm, C2oH30GaIsP2 = 1036.6, monoclinic, space group 

P21, Z= 2, a = 8.0966(6) A, b = 18.984(2) A, c = 9.5427(7) A, fJ = 101.5180(10)°, V= 

1437.2(2) A3, Dc = 2.395 Mg/m3, ,u(Mo-Ka) = 6.446 mm-1
• T = 100(2) K, Flack 

parruneter = -0.09(5). The total data set was a hemisphere. Of a total of 10861 

reflections collected, 5977 were independent (Rint = 0.0490). The structure was solved 

by direct methods and refined by full-matrix least squares on Fl. Absorption 

corrections were applied based on multiple and symmetry-equivalent measurements. 

Final Rl = 0.0637 [for 4649 reflections with I>2(J(l)] and wR2 = 0.1836 (all data). 
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7.1.3 Synthesis of [ClOMelOP2Cl] [InCI4] (103) 

To a suspension of InCI (0.15 g, 1.0 mmol) in dichloromethane (10 cm3) was added 

Cp*PCb (101) (0.024 g, 1.0 mmol as a 1 mol dm-3 solution in n-hexane), dropwise and 

at room temperature. The mixture was stirred for half an hour and the resulting red 

solution was filtered (porosity 3 sinter with Celite). 

The reaction yields the above product quantitatively by 31 p NMR spectroscopy. Single 

crystals for X-ray crystallography were obtained from a concentrated solution in 

dichlorobenzene, layered with n-hexane and left for one month. 

31
p eH} NMR (121.4 MHz, CDCh, 25°C) <5 = 126.5 (d, Jpp = 245.6 Hz), 24.7 (d, Jpp = 

245.6 Hz). 

l3e NMR (75.5 MHz, CDCh, 25°C) <5 = 145.7 (d, Jpc = 15.5 Hz, C(1)), 144.2 (d, Jpc = 

12.4 Hz, C(8)), 129.4 (dd, Jpc = 13.0 Hz, Jpc = 1.9 Hz, C(5)), 128.9 (dd, Jpc = 12.1 Hz, 

Jpc = 6.8 Hz, C(9)), 78.6 (dd, Jpc = 8.4 Hz, Jpc = 2.2 Hz, C(6)), 73.3 (dd, Jpc = 6.4 Hz, 

Jpc = 3.6 Hz, C(4)), 69.8 (dd, Jpc = 28.9 Hz, Jpc = 3.1 Hz, C(7)), 69.4 (dd, Jpc = 9.9 

Hz, Jpc = 4.0 Hz, C(10)), 68.0 (dd, Jpc = 4.7 Hz, Jpc = 2.8 Hz, C(2)), 62.7 (dd, Jpc = 

14.6 Hz, Jpc = 9.6 Hz, C(3)), 17.7 (dd, Jpc = 39.1 Hz, Jpc = 27.3 Hz, C(31)), 17.6 (d, 

Jpc = 2.2 Hz, C(21)), 16.3 (dd, Jpc = 26.4 Hz, Jpc = 5.0 Hz, C(71)), 15.1 (d, Jpc = 4.7 

Hz, C(41)), 13.4 (d, Jpc = 5.6 Hz, C(11)), 12.8 (dd, Jpc = 4.4 Hz, Jpc = 0.9 Hz, C(81)), 

12.4 (dd, Jpc = 1.4 Hz, Jpc = 1.4 Hz, C(51)), 11.6 (d, Jpc = 8.4 Hz, C(61)), 11.5 (d, Jpc 

= 1.6 Hz, C(91)), 8.6 (d, Jpc = 2.8 Hz, C(101)). 

IH NMR (300.4 MHz, CDCh, 25°C) <5 = 1.83 (ddd, J HP = 7.6 Hz, J HP = 2.1 Hz, JHH = 

1.1 Hz, H(81 )), 1.81 (ddd, JHP = 10.6 Hz, JHP = 1.2 Hz, J HH = 1.2 Hz, H(11 )), 1.79 (dd, 

JHP = 5.1 Hz, JHH = 1.2 Hz, H(51)), 1.77 (d, J HP = 4.9 Hz, J HH = 1.0 Hz, H(91)), 1.70 

(dd, JHP = 17.3 Hz, J HP = 1.6 Hz, H(71)), 1.68 (d, JHP = 24.7 Hz, H(41)), 1.55 (d, J HP = 

18.6 Hz, H(101)), 1.43 (dd, JHP = 14.8 Hz, JHP = 1.1 Hz, H(31)), 1.22 (s, H(21)), 1.01 

(d, J HP = 2.0 Hz, H(61)). 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

PROTEUM CCD area-detector diffractometer using Cu-Ka radiation (I. = 1.54178 A). 

Crystal size: 0.2 x 0.1 x 0.05 mm, C2oH30CIsInP2 = 624.5, orthorhombic, space group 
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P2 12121, Z= 4, a = 12.787(1) A, b = 12.814(2) A~ c = 15.619(2) A. V= 2559.0(5) A3. 

Dc = 1.621 Mglm3
, p(Cu-Ka) = 13.408 mm- J

• T = 100(2) K. Flack parameter = 

0.485(7). The total data set was a hemisphere. Of a total of 19110 reflections collected. 

4539 were independent (Rint = 0.0509). The structure was solved by direct methods and 

refined by full-matrix least squares on F. Absorption corrections were applied based 

on multiple and symmetry-equivalent measurements. Final RJ = 0.0357 [for 4432 

reflections with I>2cr(l)] and WR2 = 0.0942 (all data). 

124 



7 Syntheses and experimental data 

7.1.4 Synthesis of ClOMelOP2 (105) 

To a solution of [ClOMelOP2Cl] [InCl4] (103) (20 cm3, 0.5 mol dm-3 in dichloromethane, 

10 mmol) was added SiHCh (0.51 cm3, 5.0 mmol) dropwise and at room temperature. 

This was followed by the addition of Et3N (0.70 cm3, 5.0 mmol), also dropwise and at 

room temperature. This second reagent causes an immediate colour change from deep 

red to bright yellow. The solvent was removed in vacu? and the product extracted into 

n-hexane (10 cm3). The resulting pale yellow solution was filtered (porosity 3 sinter 

with Celite), reduced in volume to ca. 5 cm3 and left to crystallise at -18°C. 

The product is produced quantitatively by 31 P NMR spectroscopy and isolable in a 

55 % crystalline yield. These crystals were of sufficient quality for X-ray 

crystallographic analysis. 

Alternatively; 

SiHCh (0.10 cm3, 1.0 mmol) was added dropwise and at room temperature to a 

solution of ClOMelOP20 (201) (1 cm3, 1 mol dm-3 in dichloromethane, 1.0 mmol) 

resulting in a bright yellow solution. The solvent was removed in vacuo and the product 

extracted into n-hexane (10 cm3). This afforded a pale yellow solution which was 

filtered (porosity 3 sinter with Celite), reduced in volume to ca. 0.5 cm
3 

and left to 

crystallise at -18°C. 

Yield: 0.557 g (34 %). 

31pCH} NMR (121.4 MHz, CDCb, 25°C) g = 15.9 ppm Cd, J pp = 147.9 Hz), -13.3 

ppm (d, Jpp = 147.9 Hz). 

EI-MS - mlz 332 (M), 166 (CsMesP), 135 (CsMes). 

Mp: 138-142 °C to a yellow oil. 

Elemental Analysis: ClOMe lOP2 requires C 72.27 H 9.10 0/0; found: C T2.~7 H 9.09 0/0. 
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Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (A = 0.71073 A). 

Crystal size: 0.2 x 0.1 x 0.05 mm, C2oH30P2 = 332.4, monoclinic, space group P21/n. Z 

= 4, a = 7.958(2) A, b = 16.827(3) A, c = 13.471(3) A, P = 92.55(3)°, V = 1802.1(6) A3. 

Dc = 1.225 Mg/m3, ,u(Mo-Ka) = 0.237 mm-I, T = 100(2) K. The total data set was a 

hemisphere. Of a total of 20248 reflections collected, 4133 were independent (Rint = 

0.0780). The stnlcture was solved by direct methods and refined by full-matrix least 

squares on Y. Absorption corrections were applied based on multiple and symmetry

equivalent measurements. Final Rl = 0.1323 [for 3481 reflections with 1>20"(1)] and 

wR2 = 0.2936 (all data). 
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Trifluoromethanesulphonic acid, HOS02CF3 (0.013 cm3
, 0.15 mmol) was added 

dropwise to a solution of Cp*p=PCp*50 (0.05 g, 0.15 mmol) in dichloromethane 

(4 cm
3

) at 0 °C. The intense yellow colour of the starting material immediately 

dissipated, yielding a yellow/brown solution. 

The product is produced quantitatively by 31 p NMR spectroscopy. 

Alternatively; 

Trifluoromethanesulphonic acid (0.044 cm3
, 0.5 mmol) was added dropwise to a 

solution of ClOMelOP2 (105) (0.166 g, 0.5 mmol) in dichloromethane (10 cm3
) at 0 °C. 

The bright yellow colour of the starting material immediately changed, yielding a 

yellow/brown solution. 

The product is produced quantitatively by 31 p NMR spectroscopy. 

3Ip{IH} NMR (121.4 MHz, CDCh, 25°C) J = 24.0 ppm (d, Jpp = 178.6 Hz), 14.6 ppm 

(d, JpP = 178.6 Hz). 

3lp NMR (162.0 MHz, dichloromethane, 25°C) J = 24.0 ppm (dd, Jpp = 178.6 Hz, IJpH 

= 425 Hz), 14.6 ppm (dd, J pp = 178.6 Hz, 2JpH = approx. 15 Hz). 
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7 Syntheses and experimental data 

7.1.6 Synthesis of [CsMesBCIl [GaI41 (107) 

A solution of Cp*BCh (0.2 cm3
, 1 mol dm-3 in n-hexane, 0.2 mmol) was added 

dropwise and at room temperature to a suspension of "Gal" (large excess ca. 5 mmol) 

in toluene (l0 cm3
). The resulting solution was stirred for an hour, resulting in a 

colourless solution and a metallic grey precipitate. This was then filtered (porosity 3 

sinter with Celite), reduced in vacuo to ca. 3 cm3 and left at -18°C, yielding colourless 

single crystals suitable for X-ray crystallography. 

llB{lH} NMR (96.2 MHz, toluene, 25°C) £5 = -37.6 ppm (s). 

IH NMR (300.4 MHz, CDC!}, 25°C) £5 = 2.29 ppm (s). 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (2 = 0.71073 A). 

Crystal size: 0.3 x 0.2 x 0.2 mm, ClOHlSBCIGal4 = 758.80, orthorhombic, space group 

Pnma, Z = 4, a = 17.063(3) A, b = 11.656(2) A, c = 9.655(2) A, V = 1920.3(7) A3
, Dc = 

2.625 Mg/m3, .u(Mo-Ka) = 7.984 mm- I
, T = 100(2) K. The total data set was a 

hemisphere. Of a total of 13754 reflections collected, 2320 were independent (Rint = 

0.0247). The structure was solved by direct methods and refined by full-matrix least 

squares on Y. Absorption corrections were applied based on multiple and symmetry

equivalent measurements. Final RI = 0.0413 [for 2261 reflections with ]>2a(J)] and 

wR2 = 0.0859 (all data). 
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7 Syntheses and experimental data 

LinBu (3.88 cm
3

, 1.6 mol dm-3 solution in n-hexane, 6.2 mmol) was added dropwise to 

a solution of Me4C5(n-C3H7)H (1.24 cm3
, 6.2 mmol) in THF (20 em3

) at -78 °C. This 

was then allowed to warm to room temperature and stirred for a further hour, yielding a 

pale yellow solution. The solution was again cooled to -78 °C and PCh (0.54 em3
, 6.2 

mmol) was added dropwise. The mixture was allowed to warm to room temperature 

and stirred for a further hour. All volatiles were removed in vacuo, the residue was 

redissolved in n-hexane and this was filtered (porosity 3 sinter with Celite) to remove 

LiCl. The product was then distilled (400 °C, 6 x 10-1 Torr) and made up to a 

1 mol dm-3 solution in n-hexane. 

Yield: 1.36 g (83 %). 

3Ip {IH} NMR (12104 MHz, n-hexane, 25 °C) J = 124 ppm (s). 

IH NMR (270.2 MHz, CDCh, 25 °C) J = 0.93 (t, 3He
, JHH = 7.26 Hz) , 1.24 (broad 

multiplet, 2Hd) , 1.85 (d, 6Hb
, JHP = 3.30 Hz), 1.92 (s, 6Ha

), 2.30 ppm (dt, 2H
c
, JHP = 

2.64 Hz, JHH = 7.84 Hz). 

EI-MS - mlz 264 (If) , 229 (If - Cl), 163 {CsMein-C3H7)} ' 
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7 Syntheses and experimental data 

Me4Cs(n-C3H7)PCh (108) (1 cm
3
, 1 mol dm-3 solution in n-hexane, 1 mmol) was added 

dropwise and at room temperature to a suspension of InCI (0.075 g, 0.5 mmol) in 

dichloromethane (10 cm
3
). The reaction mixture quickly turns dark red but on stirring 

for 30 minutes becomes an orange colour. 

31peH} NMR (121.4 MHz, n-hexane, 25°C) £5 = 25.1 (d, J pp = 242 Hz), 128.2 (d, J pp 

= 242 Hz) and 25.0 (d, J pp = 244 Hz), 127.7 ppm (d, J pp = 242 Hz). 

SiHCh (0.05 cm3, 0.5 mmol) followed by Et3N (0.07 cm3, 0.5 mmol) were added 

dropwise and at room temperature to the reaction mixture of both isomers of 

[MegClO(n-C3H7)2P2CI][InCI4] (109) (0.5 mmol) in dichloromethane (10 cm3). The red 

colour of the starting material dissipated immediately on adding the triethylamine, 

yielding a pale yellow solution. 

31peH} NMR (121.4 MHz, n-hexane, 25°C) £5 = 10.6 (d, J pp = 153 Hz), -11.0 (d, J pp = 

153 Hz) and 10.6 (d, J pp = 153 Hz), -12.75 ppm (d, Jpp = 153 Hz). 
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7.2 Experimental data related to chapter 2 

7.2.1 Synthesis of ClOMelOP20 (0 on P2) (201) 

De-ionised, degassed water (5 cm3
) was added dropwise to a stirred solution of 

[ClOMelOP2CI] [InCI4] (0.5 mmol, 0.25 mol dm-3 in dichloromethane) resulting in an 

immediate colour change from dark red to yellow in the dichloromethane phase. The 

two phases were separated and the dichloromethane layer was washed twice with water 

before being dried over MgS04 and filtered. 

The reaction yields the above product quantitatively by 31 p NMR spectroscopy. Single 

crystals for X-ray crystallography were obtained from a concentrated solution 

(ca. 0.5 cm3
) in toluene left at 5°C. 

31p eH} NMR (121.4 MHz, CDCh, 25°C) J = 114.4 (d, i pp = 111.7 Hz), -31.1 (d, ipp 

= 111.7 Hz). 

13e NMR (75.5 MHz, CDCh, 25°C) J = 134.8 (dd, ipc = 9.6 Hz, ipc = 3.7 Hz, C(1)), 

134.6 (dd, ipc = 8.6 Hz, ipc = 7.9 Hz, C(8)), 133.0 (dd, ipc = 11.1 Hz, 2.2 Hz, C(9)), 

131.0 (d, ipc = 19.3 Hz, C(5)), 66.7 (dd, ipc = 44.0 Hz, ipc = 2.3 Hz, C(3)), 62.6 (d, ipc 

= 11.0 Hz, C(2)), 61.8 (d, ipc = 29.1 Hz, C(10)), 61.2 (dd, ipc = 31.2 Hz, ipc = 2.5 Hz, 

C(7)), 56.3 (dd, Jpc = 39.1 Hz, ipc = 2.2 Hz, C(6)), 42.3 (dd, ipc = 8.6 Hz, ipc = 5.6 

Hz, C(4)), 18.5 (d, ipc = 25.4 Hz, C(41)), 17.0 (s, C(21)), 14.0 (dd, ipc = 16.0 Hz, ipc = 

3.9 Hz, C(3l)/C(10l)), 13.3 (d, ipc = 0.7 Hz, C(11)), 12.3 (d, ipc = 2.1 Hz, C(81)), 10.8 

(dd, ipc = 32.5 Hz, ipc = 1.1 Hz, C(71)), 10.6 (s, C(101)/C(31)), 10.4 (s, C(51)), 10.2 

(dd, ipc = 5.0 Hz, ipc = 4.1 Hz, C(91)), 10.1 (dd, ipc = 13.0 Hz, ipc = 0.7 Hz, C(61)). 

IH NMR (300.4 MHz, CDCh, 25°C) J = 1.63 (dd, iHP = 4.4 Hz, iHP = 2.9 Hz, H(81)). 

1.57 (dd, iHP = 6.8 Hz, iHP = 2.4 Hz, H(91)), 1.56 (s, H11), 1.41 (s, H(51)), 1.39 (d. iHP 

= 14.9 Hz, H(71)), 1.31 (dd, iHP = 16.4 Hz, iHP = 0.5 Hz, H(41)). 1.10 (s. H(21)). 1.00 

(d, i HP = 15.2 Hz, H(31)/H(101)), 1.00 (dd, iHP = 13.6 Hz, iHP = 1.6 Hz, 

H(31)/H(10l)), 0.75 (s, H(61)). 

EI-MS - mlz 348 (Nt), 332 (M" - 0), 166 (CsMesP), 135 (CsMes). 
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7 Syntheses and experimental data 

IR - v[cm-1
] = 1261 (P=O str.). 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (J. = 0.71073 A). 

Crystal size: 0.2 x 0.1 x 0.05 mm, C2oH30P20 = 348.4, monoclinic, space group P2 1/n, 

Z= 4, a = 7.942(2) A, b = 14.872(3) A, c = 15.776(3) A, f3 = 103.31(3)°. V= 1813.4(6) 

A3
, Dc = 1.276 Mglm3

, Jl(Mo-Ka) = 0.243 mm- I
, T = 100(2) K. The total data set \\"as a 

hemisphere. Of a total of 20526 reflections collected, 4169 were independent (R int = 

0.0672). The structure was solved by direct methods and refined by full-matrix least 

squares on Y. Absorption corrections were applied based on multiple and symmetry

equivalent measurements. Final Rl = 0.0794 [for 3486 reflections with />20"(1)] and 

WR2 = 0.1623 (all data). 
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7.2.2 Synthesis of ClOMelOP20 (Major product has 0 on PI) (202) 

02(g) was bubbled through a solution of ClOMelOP2 (0.166 g, 0.5 mmol) in toluene 

(10cm
3
) for 48 hours. Due to the length of time involved, the solvent was replenished at 

regular intervals. 

31
p NMR spectroscopy confirmed the presence of two isomers, one major and one 

minor as is consistent with an oxygen atom on P(1) and P(2) respectively. Single 

crystals of the major product, suitable for X-ray crystallography, were obtained from a 

very concentrated toluene solution (ca. 0.5 cm3) left to evaporate to dryness at room 

temperature. 

3l
peH} NMR (121.4 MHz, toluene, 25°C): Major species (0 on PI) J = 76.6 (d, J pp = 

141.4 Hz), 9.6 ppm (d, Jpp = 141.4 Hz); Minor species (0 on P2) J = 109.7 (d, Jpp = 

111.7 Hz), -31.3 ppm (d, Jpp = 111.7 Hz). 

EI-MS - mlz 348 (M), 166 (CsMesP), 135 (CsMes). 

HPLC - Crystalline sample of the major Isomer was run using a heptane/ 

2-methylpropan-1-01 mixture in the ratio 97:3 and at a flow rate of 0.7 cm3 min-I. Rj= 

6.4 mins (C2oH30P2, 'naked' cage 105), Rj = 11.5 mins (1 st enantiomer), Rj = 15.3 mins 

(2nd enantiomer). 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (;~ = 0.71073 A). 

Crystal size: 0.2 x 0.1 x 0.05 mm, C2oH30P20 = 348.4, monoclinic, space group P2 I /n. 

Z= 4, a = 8.275(2) A, b = 17.284(4) A, c = 13.021(3) A,jJ= 94.48(3)°, V= 1856.5(7) 

A3
, Dc = 1.246 Mg/m3, ,u(Mo-Ka) = 0.237 mm-I

, T = 100(2) K. The total data set \\as a 

hemisphere. Of a total of 20981 reflections collected, 4256 were independent (R int = 

0.0948). The structure was solved by direct methods and refined by full-matrix least 

squares on F. Absorption corrections were applied based on mUltiple and symmctry

equivalent n1easurements. Final RI = 0.0772 [for 3312 reflections \\ith /"20(1)1 and 

l1'R2 = 0.1798 (all data). 
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7 Syntheses and experimental data 

Elemental sulphur, Sg (0.016 g, 0.5 mmol), was added to a solution of CIOMeIOP:: 

(0.166 g, 0.5 mmol) in toluene (10 cm3) and left to stir overnight. 31 p NMR 

spectroscopy revealed only a 50 % conversion and so a further equivalent of elemental 

sulphur was added. All solvent was removed in vacuo and the residue taken up in 

n-hexane (10 cm3). 

31p NMR spectroscopy confirmed the presence of two isomers, one major and one 

minor as is consistent with a sulphur atom on P(1) and P(2) respectively. 

31peH} NMR (121.4 MHz, toluene, 25°C): Major species (S on PI) J = 83.3 (d, Jpp = 

154.5 Hz), 12.7 (d, Jpp = 154.5 Hz); Minor species (S on P2) J = 108.9 (d, Jpp = 124.7 

Hz), 16.1 (d, Jpp = 124.7 Hz). 

EI-MS - mlz 364 (M), 332 (M" - S), 166 (CsMesP), 135 (CsMes). 

Upon leaving a n-hexane solution (ca. 20 cm3) to stand overnight at room temperature, 

single crystals were obtained. However, these proved to be neither the major nor minor 

products, but the disulphide C2oH30P2S2. 

31p NMR spectroscopic data taken from these crystals confirmed that the whole sample 

now consisted of this disulphide, a compound not present in the original 31 P NMR 

spectra. 

31peH} NMR (121.4 MHz, toluene, 25°C) J = 97.5 (broad signal). 66.6 (broad 

signal). 

EI-MS - mlz 396 (M), 364 (M" - S), 332 (M" - 2S), 166 (CSMe5P), 135 (CsMes). 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

PROTEUM CCD area-detector diffractometer using CU-Ka radiation V = 1.54178 :\). 

Crystal size: 0.2 x 0.2 x 0.1 mm, C2oH30P2S2 = 396.5. orthorhombic, space group 
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7 Syntheses and experimental data 

Pna2] , Z= 4, a = 14.422(2) A, b = 16.958(3) A, c = 8.442(1) A. V= 2064.5(5) A3. Dc = 

1.276 Mg/m3
, p(Cu-Ka) = 3.782 mm- l

, T = 100(2) K. The total data set \\as a 

hemisphere. Of a total of 14621 reflections collected, 3540 were independent (Rim = 

0.1576). The structure was solved by direct methods and refined by full-matrix least 

squares on .f2. Absorption corrections were applied based on multiple and symmetry

equivalent measurements. Final R] = 0.0769 [for 2363 reflections with />2cr(1)] and 

WR2 = 0.1964 (all data). 
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A five-fold stoichiometric excess of BH3'SMe2 (5 cm3, I mol dm-3 solution in 

dichloromethane, 5 mmol) was added to a solution of ClOMelOP2 (0.166 g, 0.5 mmol) in 

dichloromethane (10 cm3) and stirred for two hours resulting in a colourless solution. 

The product is produced quantitatively by 31 p NMR spectroscopy. Single crystals 

suitable for X-ray crystallographic analysis were obtained from a very concentrated 

solution (ca. 0.5 cm3) in toluene at room temperature. 

31p {lH} NMR (12l.4 MHz, dichloromethane, 25°C) l5 = 38.6 (bd, JPP = 46.0 Hz), 63.8 

ppm (bd, Jpp = 46.0 Hz). 

llB NMR (96.2 MHz, dichloromethane, 25°C) l5 = - 44.2 ppm (bs). 

EI-MS - mlz 360 (M), 346 (M" - BH3), 332 (M" - (BH3)2), 197 (Nt - (BH3h - CsMes), 

135 (CsMes). 

Mp: 178 °C (decomposition to a black oil). 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (). = 0.71073 A). 

Crystal size: 0.2 x 0.1 x 0.1 mm, C2oH36B2P2 = 360.1, orthorhombic, space group 

Pna2
1
, Z= 4, a = 14.801(3) A, b = 16.861(3) A, c = 8.561(2) A, V= 2136.5(7) A3. Dc = 

l.119 Mg/m3, JJ(Mo-Ka) = 0.203 mm- I
, T = 100(2) K. The total data set was a 

hemisphere. Of a total of 23459 reflections collected, 4888 were independent (Rint = 

0.1102). The structure was solved by direct methods and refined by full-matrix least 

squares on Y. Absorption corrections were applied based on multiple and symmetry

equivalent measurements. Final R\ = O.l 026 [for 4039 reflections with J 2G(l)] and 

WR2 = 0.2108 (all data). 
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7.2.5 Synthesis of ClOMelOP2Se (205) 

Elemental selenium (0.039 g, 0.5 mmol) was added to a solution of ClOMelOP2 (0.166 g. 

0.5 mmol) in toluene (10 cm3) and left to stir overnight. The solution was filtered 

(porosity 3 sinter with Celite) to remove excess selenium. 

31p NMR spectroscopy confirmed the presence of two isomers, one major and one 

minor as is consistent with a selenium atom on P(l) and P(2) respectively. Single 

crystals of the major product, suitable for X-ray crystallography, were obtained from a 

concentrated toluene solution (ca. 3 cm3) at -18°C. 

31p eH} NMR (121.55 MHz, CDCb, 25°C): Major species (Se on PI) J = 71.1 (d, Jpp 

= 167.9 Hz; dd coupled to 77Se, Jpse = 763.0 Hz, J pp = 167.9 Hz), 12.7 (d, Jpp = 167.9 

Hz); Minor species (Se on P2) J = 94.5 (d, J pp = 137.3 Hz; dd coupled to 77Se, Jpse = 

763.0 Hz, JpP = 137.3 Hz), -11.6 (d, Jpp = 137.3 Hz). 

EI-MS - mlz 412 (M), 332 (Nt - Se), 166 (C5Me5P), 135 (C5Me5). 

Elemental Analysis: ClOMelOP2Se requIres C 58.40 H 7.35 %; found C 57.17 

H 7.30 0/0. 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (A = 0.71073 A). 

Crystal size: 0.2 x 0.2 x 0.05 mm, C2oH30P2Se = 411.3, monoclinic, space group P2 1/c, 

Z = 4, a = 12.646(3) A, b = 9.l78(2) A, c = 16.893(3) A, fJ = 94.42(3)°, V = 1954.9(7) 

A3, Dc = 1.398 Mg/m3, ,u(Mo-Ka) = 2.083 mm- I
, T= 100(2) K. The total data set \\3S a 

hemisphere. Of a total of 20715 reflections collected, 4445 were independent (R int = 

0.0876). The structure was solved by direct methods and refined by full-matrix least 

squares on f2. Absorption corrections were applied based on multiple and symmctr:

equivalent lneasurements. Final RI = 0.0448 [for 3331 reflections with 1--20(1)] and 

l1'R2 = 0.1312 (all data). 
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Methyl trifluoromethane sulphonate , MeOS02CF3 (0.034 cm3, 0.3 mmol), was added 

dropwise and at room temperature to a solution of ClOMelOP2 (0.100 g, 0.3 mmol) in 

dichloromethane (10 cm3). 

31p NMR spectroscopy confirmed the presence of two isomers, one major and one 

minor as is consistent with a methyl group on P(l) and P(2) respectively. Single 

crystals of the major product, suitable for X-ray crystallography, were obtained from a 

concentrated solution in dichloromethane (1 cm3) layered with n-hexane (7 cm3). 

31peH} NMR (121.4 MHz, CDCh, 25°C): Major species (Me on PI) J = 56.6 (d, J pp 

= 174.0 Hz), -0.8 ppm (d, Jpp = 174.0 Hz); Minor species (Me on P2) J = 84.1 (d, J pp = 

155.4 Hz), -27.6 ppm (d, Jpp = 155.4 Hz). 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (2 = 0.71073 A). 

Crystal size: 0.2 x 0.2 x 0.1 mm, C22H33F303P2S = 496.5, monoclinic, space group Cc, 

Z = 4, a = 9.217(2) A, b = 15.561(3) A, c = 16.557(3) A. fJ = 97.55(3)°, V = 2354.1(8) 

A3, Dc = 1.401 Mg/m3, Jl(Mo-Ka) = 0.319 mm- I
, T= 100(2) K. The total data set was a 

hemisphere. Of a total of 13179 reflections collected, 5380 were independent (Rint = 

0.0346). The structure was solved by direct methods and refined by full-matrix least 

squares on Fl. Absorption corrections were applied based on multiple and symmetry

equivalent measurements. Final RI = 0.0413 [for 5197 reflections with 1>20(1)] and 

wR2 = 0.0883 (all data). 
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7.3 Experimental data related to chapter 3 

7.3.1 Synthesis of [(ClOMelOP2IxCh-x)PtlyCh_y] (x = 1, 2; Y = 0, 1, 2) 

(301) 

[C lOMe lOP2I][GaClnI4-n] (0.25 cm3
, 1 mol dm-3 solution in dichloromethane. 

0.25 mmol) was added at room temperature to a solution of [PtCh(cod)] (0.094 g. 

0.25 mmol) in dichloromethane (3 cm3
) and stirred for 2 hours. The deep red colour of 

the ligand solution became darker, resulting in a very dark purple red solution. A 

yellow solid was precipitated from solution by addition of n-hexane (5 cm3
) and 

isolated. 

A small crop of single crystals of compound 7, [(C lOMe lOP2h)Pth], were obtained from 

a mixture of dichloromethane (7 cm3
) and n-hexane (1 cm3

), left at -18°C. 

Owing to low yields and the mixture of products, only a limited characterisation of the 

products of these reactions was achieved. 

31peH} NMR (mixture of 7 observed compounds): (121.4 MHz, dichloromethane, 

25°C); 

1: 93.6 (d, Jpp = 14.5 Hz, J pPt = 2895 Hz), 95.3 ppm (d, Jpp = 14.5 Hz, JpPt = 2995 Hz). 

2: 78.5 (d, Jpp = 13.9 Hz, J pPt = 3201 Hz), 97.0 ppm (d, Jpp = 13.9 Hz, JpPt = 3032 Hz). 

3: 81.0 (d, Jpp = 14.5 Hz, JpPt = 3314 Hz), 96.8 ppm (d, J pp = 14.5 Hz, JpPt = 2945 Hz). 

4: 86.8 (d, Jpp = 9.5 Hz, JpPt = 3271 Hz), 87.9 ppm (d, Jpp = 9.5 Hz, JpPt = 3370 Hz). 

5: 95.9 (d, Jpp = 15.1 Hz, JpPt = 3016 Hz), 111.3 ppm (d, JpP = 15.1 Hz, J pPt = 3480 

Hz). 

6: 93.2 (d, Jpp = 16.5 Hz, JpPt = 2967 Hz), 114.3 ppm (d, J pp = 16.5 Hz, J pPt = 3206 

Hz). 

7: g = 49.8 (d, JPP = 6.4 Hz, no P-Pt coupling observed), 63.9 ppm (d, J pp = 6.7 Hz. no 

P-Pt coupling observed). 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (I. = 0.71073 .\). 
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Crystal size: 0.3 x 0.2 x 0.2 mm, C2oH3014P2Pt = 1035.1, monoc1inic~ space group 

P2}/n, Z = 4, a = 9.7820(4) A, b = 16.0566(7) A, c = 16.6745(7) A, f3 = 104.932(1)°. r' 
= 2530.6(2) A3, Dc = 2.717 Mg/m3, ,u(Mo-Ka) = 10.557 mm- I

, T = 100(2) K. The total 

data set was a hemisphere. Of a total of 18962 reflections collected. 5625 \\t'rt' 

independent (Rint = 0.0649). The structure was solved by direct methods and refined by 

full-matrix least squares on P. Absorption corrections were applied based on multiple 

and symmetry-equivalent measurements. Final Rl = 0.0614 [for 4158 reflections with 

1>20(1)] and WR2 = 0.1544 (all data). 
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[ClOMelOP2I][GaClnI4-n] (0.25 cm3
, 1 mol dm-3 solution in dichloromethane. 

0.25 mmol) was added at room temperature to a solution of [PdCb(cod)] (0.072 g. 

0.25 mmol) in dichloromethane (3 cm3
) and stirred for 2 hours. The deep red colour of 

the ligand solution became darker, resulting in a very dark purple red solution. 

The solution was allowed to evaporate to dryness, yielding a small crop of single 

crystals of302, which were suitable for X-ray crystallographic analysis. 

31 P NMR spectroscopy suggests the presence of a mixture of compounds but the 

spectra has not been fully assigned due to its complexity. Owing to low yields and the 

mixture of products, only a limited characterisation of the products of these reactions 

was achieved. 

31peH} NMR (121.4 MHz, dichloromethane, 25°C): Complex multiplets at 

ca. 6 = -20, 50, 120 and 160 ppm. 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (A = 0.71073 A). 

Crystal size: 0.3 x 0.2 x 0.2 mm, C2oH30CI4GaI3P2Pd = 1031.0, triclinic, space group 

P-1, Z = 2, a = 9.550(2) A, b = 12.l55(2) A, c = 12.812(3) A. a = 90.29(3). fJ = 

104.932(1)0, Y = 90.40(3), V = 1483.9(5) A3
, Dc = 2.308 Mg/m

3
, ,u(Mo-Ka) = 5.112 

mm-1, T = 100(2) K. The total data set was a hemisphere. Of a total of 17262 reflections 

collected, 6799 were independent (Rint = 0.0480). The structure was solved by direct 

methods and refined by full-matrix least squares on Fl. Absorption corrections \\ere 

applied based on multiple and symmetry-equivalent measurements. Final R\ = 0.0589 

[for 5366 reflections with 1>20'(1)] and WR2 = 0.l635 (all data). 

141 



7 Syntheses and experimental data 

[C lOMe lOP2CI] [InCI4] (1.0 cm3, 0.25 mol dm -3 solution in dichloromethane, 0.25 mmol) 

was added at room temperature to a solution of [PtCh(cod)] (0.047 g, 0.125 mmol) in 

dichloromethane (3 cm3) and stirred for 2 hours. The deep red colour of the ligand 

solution became darker, resulting in a very dark purple red solution. 

A THF solution (ca. 2 cm3) was allowed to evaporate to dryness in air, yielding a small 

crop of single crystals of 303, which were suitable for X-ray crystallographic analysis. 

31 P NMR suggests the presence of a mixture of compounds but the spectra has not been 

fully assigned due to its complexity. Owing to low yields and the mixture of products, 

only a limited characterisation of the products of these reactions was achieved. 

31peH} NMR (121.4 MHz, dichloromethane, 25°C): Complex multiplets at 

ca. £5 = -10, 25, 62 and 125 ppm. 

ESI-MS - mlz 1258 (M" - [InCI4r), 1000 (M" - [InCI4h)· 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (A = 0.71073 A). 

Crystal size: 0.3 x 0.2 x 0.1 mm, C2oH30C16InP2Pto.5 = 757.5, monoclinic, space group 

P2
1
/c, Z = 4, a = 9.243(2) A, b = 12.867(3) A, c = 21.967(4) A, fJ = 97.45(3)°, V = 

2590.3(9) A3, Dc = 1.942 Mg/m3, Jl(Mo-Ka) = 4.350 mm-
I
, T= 100(2) K. The total data 

set was a hemisphere. Of a total of 29170 reflections collected, 5940 were independent 

(Rint = 0.0439). The structure was solved by direct methods and refined by full-matrix 

least squares on F-. Absorption corrections were applied based on multiple and 

symn1etry-equivalent measurements. Final R\ = 0.0285 [for 5531 reflections with 

j>2cr(l)] and wR2 = 0.0533 (all data). 
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[ClOMelOP2CI] [InCI4] (1.0 cm
3
, 0.25 mol dm-3 solution in dichloromethane, 0.25 mmol) 

was added at room temperature to a solution of [PdCh(cod)] (0.036 g, 0.l25 mmol) in 

dichloromethane (3 cm
3
) and stirred for 2 hours. The deep red colour of the ligand 

solution became darker, resulting in a very dark purple red solution. 

A THF solution (ca. 2 cm3) was allowed to evaporate to dryness in air, yielding a small 

crop of single crystals of 304, which were suitable for X-ray crystallographic analysis. 

31 P NMR suggests the presence of a mixture of compounds but the spectra has not been 

fully assigned due to its complexity. Owing to low yields and the mixture of products, 

only a limited characterisation of the products of these reactions was achieved. 

31peH} NMR (121.4 MHz, dichloromethane, 25°C): Complex multiplets at 

ca. £5 = 8, 25, 56 and 161 ppm. 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation ()., = 0.71073 A). 

Crystal size: 0.3 x 0.3 x O.l mm, C2oH30C16InP2Pdo.5 = 713.1, monoclinic, space group 

P2
1
/c, Z = 4, a = 9.323(2) A, b = 12.849(3) A, c = 21.961(4) A, f3 = 97.73(3)°, V = 

2606.9(9) A3, Dc = 1.817 Mg/m3, ,u(Mo-Ka) = 1.987 mm-
I
, T= 100(2) K. The total data 

set was a hemisphere. Of a total of 29343 reflections collected, 5985 were independent 

(RitH = 0.0701). The structure was solved by direct methods and refined by full-matrix 

least squares on F-. Absorption corrections were applied based on multiple and 

symmetry-equivalent measurements. Final RI = 0.0776 [for 5105 reflections with 

I>2a(l)] and wR2 = 0.1576 (all data). 
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A solution of C lOMelOP2 (0.332 g, 1.0 mmol) in dichloromethane (4 cm3) was added to 

a solution of [CBuCN)2PtCh] (0.216 g, 0.5 mmol) in dichloromethane (10 cm3) at room 

temperature and the mixture was stirred for 1 hour, yielding a yellow solution. 

31
p 

NMR spectroscopy confirmed the presence of a number of isomers. Single crystals 

of the major product, suitable for X-ray crystallography, were obtained from a 

concentrated solution in THF (ca. 2 cm3
). The structure co-crystallises with two 

molecules of THF per platinum complex, C4oH60P 4PtCh. 

31
p{lH} NMR (121.4 MHz, CDCh, 25°C) t5 - (details can be found on the 

accompanying CD appendix). 

EI-MS - mlz 930 (M), 894 (Ar - CI), 795 (Ar - C5Me5), 332 (C IOMe IOP2), 135 

(C5Me5). 

Elemental Analysis: (C lOMelOP2hPtCh requires C 51.62 H 6.50 %; found C 52.50 H 

6.88 %. 

Single crystal X-ray diffraction data: X-ray measurements were made using a Bruker 

APEX CCD area-detector diffractometer using Mo-Ka radiation (A = 0.71073 A). 

Crystal size: 0.3 x 0.3 x 0.05 mm, C48H76Ch02P 4Pt = 1075.0, monoclinic, space group 

P2 1/c, Z = 2, a = 14.610(3) A, b = 8.1080(2) A, c = 20.558(4) A, fJ = 104.96(3)°, r' = 

2352.6(8) A3
, Dc = 1.517 Mg/m3

, .u(Mo-Ka) = 3.270 mm-1
, T= 100(2) K. The total data 

set was a hemisphere. Of a total of 26055 reflections collected, 5405 were independent 

(R int = 0.0492). The structure was solved by direct methods and refined by full-matrix 

least squares on P. Absorption corrections were applied based on multiple and 

symmetry-equivalent measurements. Final Rl = 0.0354 [for 4661 reflections \\ith 

1>20"(1)] and l1R2 = 0.0927 (all data). 
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7.3.6 Synthesis of [trans-(CloMelOP2)2Rh(CO)CI] (306) 

Four stoichiometric equivalents of ClOMelOP2 (0.017 g, 0.05 mmol) were added 

sequentially to a solution of [{Rh(CO)2(u-CI) }2] (0.02 g, 0.05 mmol) in 

dichloromethane (5 cm3
). The mixture was stirred for an hour after each addition and a 

solution IR spectrum was taken at each stage. Little colour change was observed, with 

the solution remaining orange throughout. 

The dichloromethane solution (ca. 2 cm3
) was allowed to evaporate to dryness in air, 

yielding a small crop of single crystals suitable for X-ray crystallographic analysis. 

31 N P MR spectroscopy suggests the presence of a number of compounds but the spectra 

has not been fully assigned due to its complexity. Owing to low yields and the mixture 

of products, only a limited characterisation of the products of these reactions was 

achieved. 

IR-v[cm-1
] = 1967 (C=O str.). 

Single crystal X-ray diffraction data: X-ray measurements were made usmg a 

Bruker-Nonius FR591 rotating anode CCD area-detector diffractometer using Mo-Ka 

radiation (l = 0.71073 A). Crystal size: 0.2 x 0.2 x 0.1 mm, C2o.5H30Clo.50osP2Rho.) = 

415.57, monoclinic, space group P2 1/c, Z= 4, a = 13.7806(7) A, b = 11.2310(7) A, c = 

13.6734(8) A, fJ = 107.601(3)°, V = 2017.2(2) A3
, Dc = 1.735 Mg/m

3
, p(Mo-Ka) = 

1.155 mm- I , T = 120(2) K. The total data set was a hemisphere. Of a total of 17206 

reflections collected, 4693 were independent (Rint = 0.0921). The structure was sohed 

by direct methods and refined by full-matrix least squares on F2. Absorption 

corrections were applied based on multiple and symmetry-equivalent measurements. 

Final RI = 0.0738 [for 3620 reflections with ]>2a(l)] and ·WR2 = 0.2039 (all data). 

Atoms C(20), CI(1) and 0(1) were all refined at 50 % occupancy to account for 

disorder over the trans-chloride/carbonyl sites. The structure was refined against the 

Inerohedral twin law 0 0 -1 0 -1 0 -1 0 O. 
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7.3.7 Catalysis 

Hydroformylation: 

The experiment was conducted using a stainless steel autoclave with ten reaction 

chambers held at constant pressure and connected to a ballast vessel, from which a 1: 1 

mixture of CO/H2 was fed. Each reaction system was duplicated, with four different 

systems incorporated: 

1 - [Rh(acac)(CO)2J (6.5 mg, 0.025 mmol, 0.25 mol %) alone. 

2 - [Rh(acac)(CO)2J (6.5 mg, 0.025 mmol, 0.25 mol %) with 4.5 equivalents of PPh
3 

(26 mg, 0.11 mmol). 

3 - [Rh(acac)(CO)2J (6.5 mg, 0.025 mmol, 0.25 mol %) with 2.25 equivalents of cage 

ligand (105) (19 mg, 0.055 mmol). 

4 - [Rh(acac)(CO)2J (6.5 mg, 0.025 mmol, 0.25 mol 0/0) with 4.5 equivalents of cage 

ligand (105) (38 mg, 0.11 mmol). 

All reactants were dissolved in toluene (5 cm3) and added to the autoclave, which was 

then flushed with 1 : 1 CO/H2. The autoclave was then pressurised (10 bar) and stirred 

at 90°C for 1 h to allow the catalyst to form. 1-Hexene (1.2 cm3) was injected and the 

pressure adjusted to 20 bar. The experiment was allowed to progress for 3 hours, at 

which point the uptake of gas had ceased. An aliquot of each reaction solution was 

taken, CDCh added and the products determined by 1 H NMR spectroscopy. 

Suzuki cross-coupling: 

The experiments were conducted using standard schlenk apparatus, under inert an 

atmosphere ofN2. Each reaction was carried out in l,4-dioxane (6 cm3) at 110°C for 

18 hours. The reactions were quenched with HCl(aq) (5 cm3~ 2 mol dm-
3

• 10 mmol). 

extracted with dichloromethane, dried over MgS04 and evaporated to dryness on a 

rotary evaporator. A standard was added {0.33 mmol of either 1.3.5-trimethoxybenzene 

(0.056 g) or mesitylene (0.046 cm3)} and all the residues were dissolved in CDCl3 
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(2 cm
3
). Product conversion was ascertained by integration of 1 H NMR spectroscopy 

signals against the internal standard. 

In all cases PhB(OR)2 (146 mg, 1.2 mmol), CS2C03 (0.49 g, 1.5 mmol), cage phosphine 

(105) (23 mg, 0.07 mmol, 7 mol %) and [Pd(OAc)2] (11 mg, 0.05 mmol, 5 mol 0/0) 

were used. The halide substrates employed were 4-chloroanisole (0.12 cm3, 1 mmol). 

4-chlorotoluene (0.12 cm3
, 1 mmol) , 4-bromoanisole (0.13 cm3, 1 mmol) and 

4-bromotoluene (0.12 cm
3

, 1 mmol). All were degassed by bubbling N2(g) through 

them for 10 minutes prior to use. For anisole coupling reactions, 1.3.5-

trimethoxybenzene (56 mg, 0.33 mmol) was used as a standard and correspondingly 

mesitylene (0.05 cm3
, 0.33 mmol) was used for toluene coupling reactions. 

Heck cross-coupling: 

The experiment was carried out using standard schlenk apparatus, under an inert 

atmosphere of N2(g). NaOAc (246 mg, 3 mmol), a diethylene glycol di-n-butylether 

standard (0.11 cm3
, 0.46 mmol), n-butylacrylate (0.43 cm3

, 3 mmol) and 

4-bromoacetophenone (398 mg, 2 mmol) were all added to the reaction flask. 

N-N-dimethylacetamide (2 cm3
) was used as the reaction solvent. Initially. a 0.005 mol 

dm-3 catalyst solution was prepared using [Pd(OAch] (6.7 mg, 0.03 mmol) and cage 

phosphine (105) (20 mg, 0.06 mmol) in N-N-dimethylacetamide (6 cm3
). Therefore, 

0.04 cm3 equated to 0.01 mol % catalyst loading. The experiment was also conducted at 

2 mol % catalyst loading, which required the use of [Pd(OAc)2] (9 mg, 0.04 mmol) and 

cage diphosphine ligand (26 mg, 0.08 mmol). The catalyst solution was added to the 

reaction flask and this was heated at 145°C for 18 hours. The mixture was allowed to 

cool, washed with dilute RCI( aq), extracted with dichloromethane and dried OYer 

MgS04. Conversion was determined by gas chromatography relative to the internal 

standard. 
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