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ABSTRACT 

Chapter I contains a review of phosphonites in asymmetric catalysis and recent 
developments in asymmetric hydrogenation and asymmetric hydroformylation catalysis. 

Chapter 2 is concerned with new phosphonite ligands for asymmetric catalysis. 
A new three-step synthesis of 9,9'-biphenanthryl-10,10'-diol (biphenanthrol') in 36% 

yield from phenanthrene is reported. The ligands PhP(OR)2, PhP(OR')2, 
(RO)2PCH2CH2P(OR)2 and Ph2PCH2CH2P(OR)2 derived from 'biphenanthrol' 
(HOR)2 and dimethyl-1,1'-binaphthyl-2,2'-dihydroxy-3,3'-dicarboxylate (HOR')2 
have been synthesised and their Pt(O, II) and Rh(I) chemistry is discussed. The crystal 
structures of two complexes of the type [PtC12(phosphonite)2] have been determined. 
The monoPhosphonite, diphosphonite and phosphinophosphonite complexes 
[Rh(cod)P2]BF4 derived from (S)-'biphenanthrol' are described. 

In Chapter 3, the chemistry of some new diphosphites is described. The 
diastereomeric mixture of (RO)2P(ORRO)P(OR)2 ('biphenanthrite') is formed by 
reacting (±)-'biphenanthrol' with PC13- Optically pure (R, R, R)-'biphenanthrite' is 

similarly prepared from (R)-biphenanthrol'. The side-products and intermediates in 
this reaction are identified by their independent syntheses: CIP(OR)2, H(O)P(OR)2, 
(RO)2POP(OR)2 and (HORRO)P(OR)2. Dehydration of 'biphenanthrol' also occurs to 
give a furan, which was characterised by X-ray crystallography. Two equivalents of 
(R)-CIP(OR)2 react with (R)- or (S)-'binaphthol' (HOR")2 to give (R, R, R)- and 
(R, S, R)-(RO)2P(OR"R"O)P(OR)2 ('pnp'). The disodium salt of (±)-'biphenanthrol' 

reacts with two equivalents of (±)-CIP(OR)2 to yield the single ((R, SR) / (SR, S))- 
diastereomer of 'biphenanthrite. The Pt(II), Pd(11I) and Rh(I) coordination chemistry of 
these new diphosphites is reported. The complexes [MC12(diphosphite)] are fluxional 
due to the conformational flexibility of the nine-membered chelate ring and the crystal 
structures of (R, R, R)- and (SR, S)-[PtC12('biphenanthrite)] show very different ring 
conformations. The hydroformylation of styrenes catalysed by rhodium(I) complexes 
of (R, R, R)-'biphenanthrite', (R, S, R)-'pnp' and (R, R, R)-pnp' is reported. The 
'biphenanthrite' complex gives 50% branched aldehyde and no asymmetric induction. 
The complex of (R, SR)-'pnp' gives 91-96% branched aldehyde and up to 72% ee. 
The differences in the catalytic properties of the diastereomers is discussed. 

In Chapter 4, the asymmetric hydrogenation of oc-enamides with rhodium(I) 
complexes of the new phosphonites and diphosphites as catalysts is discussed. The 
diphosphonite complex shows low activity and a modest ee (up to 41%) but the 
analogous phosphinophosphonite complex is highly active and gives high ee's (up to 
88%). This is the first phosphinophosphonite to be used in asymmetric hydrogenation. 
The monophosphonite complex is very active and the ee's of up to 92% are the highest 
obtained with a monodentate ligand in asymmetric cc-enamide hydrogenation. 

Chapter 5 gives the experimental details for the chemistry reported in this thesis. 
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Chapter 1: Introduction 

1.1 Introduction 

This thesis is concerned with the development of new catalysts for the 

asymmetric hydrogenation of a-enamides and the asymmetric hydroformylation of 
styrene derivatives. The ligands reported herein contain the phosphacycle moieties 
(1.1) and (1.2) derived from the corresponding biphenols. 

C02Me 

0 

0 

C02Me 

(1.1) (1.2) 

There is a marked twist about the central biaryl C-C bond and rotation about this 
bond is prevented by steric interactions between the peri protons. Thus, these diols are 
chiral. Chirality in biphenols such as 9,9'-biphenanthryl-10,10'-diol (1.3) (referred to 
hereafter as biphenanthrol) is assigned by viewing the biphenol group along the central 
biaryl C-C bond, aligning the oxygen on the aromatic ring in the foreground so that it is 
pointing downwards and following the atom priorities down from top to bottom, see 
Figure 1.1. 
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Chapter 1: Introduction 

(R)-biphenanthrol (1.3) (S)-biphenanthrol (1.3) 

Figure 1.1: Assignment of chirality in biphenols such as biphenanthrol (1.3) 

In the first part of this Chapter the importance of the asymmetric hydrogenation 

of a-enamides is discussed but the mechanism of this reaction and the state-of-the-art 
ligand systems are treated in depth in Chapter 4. A summary of the use of chiral 
phosphonites in asymmetric catalysis will be presented, including a review of the few 

monodentate phosphorus(III) ligands that are successful in this area. This will be 
followed by an examination of the use of phosphites in asymmetric hydrogenation. 

In the second part of this Chapter the asymmetric hydroformylation reaction of 
styrene derivatives is discussed in terms of the importance of this process and recent 
developments in this area with special attention given to cyclic diphosphites. 

This Chapter concludes with a summary of the aims of this project. 

3 



Chapter 1: Introduction 

1.2 The importance of the asymmetric hydrogenation reaction of 
(x-enamides 

Enantiornerically pure compounds are increasingly important in the 
pharmaceutical, agrochernical and cosmetics industry because for several applications 
only one of the enantiomers exhibits the desired biological activity, whilst the optical 
antipode is inactive or may even cause the reverse or an alternative, detrimental 

effect. 1,2,3 In general, for commercial purposes catalysts inducing a selectivity 
exceeding 90% are required. 4 

Unnatural a-amino acids (i. e. those that are not one of the twenty genetically- 
encoded L-amino acids) are playing an increasingly prominent role in pharmaceutical 
research since they surmount many of the limitations associated with proteinogenic 
amino acids. Peptide properties such as potency, transport, resistance to proteolytic 
breakdown and absolute bioavailability may be vastly improved through incorporation 

of unnatural a-amino acids. 5,6 Thus, unnatural a-amino acids are employed in the 
design of novel biologically active peptides and peptidomimetic therapeutics. 7.8 In 

addition, they are also valuable synthetic intermediates9,10 and auxiliariesl I in their own 
right for the production of other chiral compounds and have recently been employed in 
the generation of diverse combinatorial libraries. 12 With such practical application, the 
need for more convenient synthetic access to these compounds continues to escalate. 
Indeed it was the desire to obtain enantiornerically pure a-amino acids that provided the 
initial impetus for the research into asymmetric catalytic hydrogenations over thirty 
years ago. 13,14 The goal is clear: to develop a catalyst that will allow the 
enantioselective addition of hydrogen to the C=C double bond of an a-enamide 
substrate, see Equation 1.1. 

R2 

002R' 
-. eC02R' H2, cataiyst 

NHCOR 

-10- 

Equation 1.1 

NHCOR 

Despite the significant challenges presented by this goal, continuous refinement 
of catalysts and ligands has led to the emergence of asymmetric hydrogenation as one of 
the most practicable and cost-effective routes to unnatural a-amino, acids in essentially 
enantiornerically pure form. Cationic rhodium(I) complexes of the type 
[Rh(diene)(diphosphine)]X (diene = cis, cis-1,5-cyclooctadiene or cis, cis-2,5- 
norbornadiene, diphosphine = chiral diphosphine, X= non-coordinating anion such as 
BF4_, SbF6-, OTf- etc. ) are the most efficient and enantioselective catalysts for this 

4 



Chapter 1: Introduction 

process, see Chapter 4. Indeed, asymmetric hydrogenation has now advanced to the 
level where it has been exploited by industry; examples include Monsanto's commercial 
production of L-Dopa (1.4) for the treatment of Parkinson's disease15 and the multi- 
ton synthesis of (S)-phenylalanine for use in the sweetener Aspartame (1.5). 16 

HO 

OH 

L-Dopa (1.4) 

0 

H02C 

Bn H X 

C02Me 

Aspartame (1.5) 

Despite these successes, cumbersome optical resolutions still operate to a large 
extent in industry for the production of fine chemicals. This is at least partly due to the 
fact that the chiral diphosphine ligands are generally synthesised via challenging, 
multistep sequences with the result that few are commercially available or, for those that 
are, tend to be expensive. With this in mind, there is a continual search for new ligands 
for this process that can be easily synthesised in high yields from cheap, readily 
available starting materials. 

Recently, readily synthesised chiral phosphonites17,18 and phosphites19,20 for 
asymmetric hydrogenation have been reported. In principle the many commercially 
available chiral diols allow the synthesis of a wide range of these ligands (Scheme 1.1). 

OH RPCI2,2 eq base, 

'OH low temperature 

OH 
OH 

RP(NM02)2, 

-b- 
high temperature 

C OH 0.67 eq PC13,2 eq base, 

OH low temperature 

C OH 2 eq base, low temperature, 

LJ - (1% 1 ON 
%J" -rl %Of 

eq 

OH 

%. o ý, Z 

0 "P 

ROPC12,2 eq base, 

'OH low temperature 

- C), ý ', c0ý 

Cýo, ', / 
0P 

olýp/o 0. " P.. *IOD co I-e 'N. 0 

. CO, P"o 
o', 

�o Po 

0) 

0, /OR Co 
IP 

* 

Scheme 1.1: General methods for the synthesis of phosphonites and phosphites 
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Chapter 1: Introduction 

The application of chiral phosphonites as ligands for asymmetric catalysis and 
the use of chiral phosphites for the asymmetric hydrogenation of a-enamides are still 

relatively unexplored areas. The examples that have appeared in the literature to date 

will now be discussed in detail. 

1.3 Chiral phosphonites as ligands in asymmetric catalysis 

1.3.1 Monophosphonites 

In 1981, Richter reported the syntheses of the first chiral phosphonites (1.6) 

and (1.7) by reaction of PhPC12 with diethyl tartrate or 2-(R)-3,3-dimethyl-1,2- 
butanediol respectively in the presence of pyridine. 21 

Et02C 0 ****ý O\ r \- 

M02C'-ý% 
0 

tBLi 0 

(1.6) (1.7) 

Later, in 1993, the Taddol-derived phosphonites (1.8) were synthesised by 
Seebach and reported to give useful catalysts. 22 

0 
Ar = phenyl; 2-naphthyl 

P-R R =Me; Ph; C6H4Me-4; 
C6H2Me3-2,4,6; 2-naphthyl 

0 

Taddol-derived phosphonites (1.8) 

Rhodiurn complexes of these phosphonites were tested for the asymmetric 
hydroformylation and hydroboration of styrene and the asymmetric hydroformylation 

of 2-butene, whilst palladium complexes were tested for the asymmetric hydrosilylation 

of styrene. 23 The catalysts were very regioselective (no product resulting from I -butene 
was observed and for all cases with styrene the product resulting from Markovnikov 

addition was greatly favoured) but the enantioselectivities were poor. However, the 
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rhodium complexes gave excellent ee's (87%) for the asymmetric hydrosilylation of 
aromatic ketones, see Scheme 1.2. 

0--, 
ý, - 

Ph2HSO, 
_ 

HQ, 

Reaction conditions: 
(i) 0.01 eq [(Rh(cod)CI)21,0.1 eq (1.8) (R. = Ar = 2-naphthyl), 

Ph2SiH2(l. 2 eq), benzene, 0-20 IC, 10-15 h 
(ii) TsOH in MeOH 

(i) (ii) 

87% ee, 
92% 

Scheme 1.2: Asymmetric hydrosilylation of aromatic ketones catalysed by rhodium(l) 
complexes of Taddol-derived monophosphonites (1.8) 

More recently, Scharf et al. have published the synthesis of a series of chiral 
cyclic monophosphonites (1.9), (1.10) and (1.11). 24 

OR 

(1.9) 

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

(1.11) 

(1.10) 

Ph 

7 



Chapter 1: Introduction 

Rhodium(l) complexes of these ligands have been evaluated in the asymmetric 
hydrosilylation of ketones, with the attainment of enantioselectivities up to 82% for 

acetophenone (1.12) and 86% for pivalophenone (1.13). 24 

0 

(1.12) 

0 

(1.13) 

It therefore seems that there is great potential for the use of monophosphonites 
in the asymmetric hydrosilylation reaction of alkyl aryl ketones. However, it should be 

noted that asymmetric hydrosilylation appears to be an exception to the rule that 

enantioselective catalysis is generally much more effective with bidentate, preferably 
C2-symmetric ligands since high enantioselectivities have been observed using 

monodentate phosphorus(III) ligands for several hydrosilylation reactions. 25-31 

Further, it has been shown that the use of bidentate phosphorus ligands normally does 

not lead to better enantioselectivities for this process. 32-35 However, to the best of our 
knowledge monophosphonites had not been previously employed in the asymmetric 
hydrogenation of a-enamides until recent work in our group36 showed that a 
rhodium(I) complex of the cyclic aryl monophosphonite (1.14), derived from 
binaphthol and PhPC12,37 was an efficient catalyst for the asymmetric hydrogenation of 
methyl-2-acetamidoacrylate (1.15), see Equation 1.2. 

C02Me C02Me 
H2, catalyst (1.17) 

40- Me-- 
CH2CI2,25 OC, 20 h NHCOMe 

NHCOM9 H 

(1.15) (1.16) 

100% conversion, 73% ee 

Ph co, / 

Rh 
O. -pr ýP 

h 

Catalyst: (1.17) 

+ 

BF4* 

Ph 

(1.14) 

Equation 1.2 
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This was the highest enantioselectivity for the asymmetric hydrogenation of 
methyl-2-acetamidoacryl ate (1.15) obtained using a monodentate phosphorus(III) 
ligand. This exciting result is discussed in more detail in Section 4.2.1. However, it is 
appropriate now to mention briefly the few other monodentate phosphorus(III) ligands 
that have been successfully employed in asymmetric catalysis. 

1.3.1.1 Monodentate phosphorus(III) ligands in asymmetric catalysis 
Perhaps the most successful monodentate phosphorus(III) ligand to date is 

Hayashi's monophosphine MOP (1.18). 38,39 A palladium complex of this ligand 

catalyses the asymmetric hydrosilylation of alkyl-substituted terminal olefins with 
excellent regio- (favouring Markovnikov addition) and enantioselectivities (>94% ee), 39 

see Scheme 1.3. 

HSiC13 

ome 
PPh2 

SiC13 

"-' 
ý*R 

(i) EtOH, NEt3 
(ii) H202 

OH 

MOP (1.18) "' 
ý* 

Scheme 1.3: The asymmetric hydrosilylation of alkyl-substituted terminal olefins 
catalysed by a palladium complex of MOP (1.18) 

Wills has recently reported the synthesis of a range of diazaphospholidines 
(1.19) which are P-N analogues of the P-0 phosphonites. 40 

Me 

N 

A 
P\ 

N 

Me 

(L19) 

(< 0.1 mol %) 
[[PdCl(il3-C3H5)121 

MOP (1.18) 
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These ligands have been employed in asymmetric allylic substitution reactions, see 
Equations 1.3 and 1.4, resulting in high yields and enantioselectivities. 40 

OAc OAc 
I 

970/, o vield. 89% ee 

Ph"ýýýý Ph P Ph 

Reaction conditions: 
[(Pd(113 -C3H5)CI)21, dimethyl malonate, (Me3Si)N=CMe(OSiMe3). 
NaOAc, CH202, (1.19) (Ar = C6H4OMe-2) 

Equation 1.3 

OAc 
68% yield, 78% ee 

HN 
Bn 

Ph"""ýýý Ph 

Reaction conditions: 
[[Pd(T, 3 -C3H5)CI)21, BnNH2, NaOAc, 
CH202t (1-19) (Ar = C6H4OMe-2) 

Equation 1.4 

The monophosphonites of Seebach22.23 and Scharf24 and their application in 

asymmetric hydrosilylation have already been mentioned. However, the only two 
monodentate phosphorus(III) ligands in the literature to have been successfully 
employed in asymmetric hydrogenation are the monodentate phosphine Camp (1.20) 

and the monophosphinite (1.21). 

ome 

P\,, 
Me 

(1.20), Camp (1.21) 
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Enantioselectivities of 86% and 67% respectively were obtained in the asymmetric 
hydrogenation of (Z)-2-acetamidocinnamic acid (1.22). 

C02H 

NHAc 

(1.22) 

These results are considered in more depth in Section 4.1.3. 
It is apparent that there are only a few successful applications of monodentate 

phosphorus(III) ligands in asymmetric catalysis. This makes the discovery of the 

monophosphonite (1.14) as a ligand for effecting the hydrogenation of (X-enamides 
with high enantioselectivity all the more exciting and this result is the basis for the 

monophosphonite work that will be described in Sections 2.3.1 and 4.2.1. 

1.3.2 Diphosphonites 

Very little has been reported concerning chiral diphosphonites as ligands in 
transition metal-catalysed asymmetric reactions. Until recently, the enantioselectivities 
obtained were poor (0-32%). 41 However, in 1998 Dahlenburg et al. reported the 
synthesis of a range of chiral diphosphonites (1.23)-(1.26) from optically pure trans- 
1,2-bis(dichlorophosphino)cyclopentane (1.27), 17 see Equation 1.5. 

P012 

PC12 

(S, S)-(1.27) 

41- 

P(OR)2 

P(OR)2 

(1.23), ROH = (S)-butan-2-ol 
(1.24), ROH = phenol 
(1.25), ROH = methanol 

Equation 1.5 

(1.26), (RO)2'ý 
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Cationic rhodium(I) complexes of these ligands were tested as catalysts for the 

asymmetric hydrogenation of (Z)-2-acetamidocinnamic acid (1.22) with 
enantioselectivities up to 78% being reported. 17 

Reetz has also recently reported the syntheses of two optically pure 
diphosphonites (R, R)-(1.28) and (R, R)-(1.29). 18 

pp 1-7 IN 0Q 

(R, R)-(1.28) 

-Iizp 

(R, R)-(1.29) 

The rhodium(l) complexes of these chiral diphosphonites are excellent catalysts for the 
hydrogenation of the prochiral olefins (1.30) and (1.15), see Scheme 1.4, with 
complete conversion of substrate to product occurring with enantioselectivities in the 

range 90-99.5%. 18 
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Me02O 
C02Me 

(1.30) 

H2, catalyst 

0 ý11 
(0'ý 

1--, 
0 (1.28); 100% yield, 97-99% ee 

o -., 
p pl-ý 

0 (1.29); 100% yield, >99.5% ee 

ý 

Catalyst: 

0,, ý 10 
RO 

L 

000' 

1K 

R A 
00 

BF4- 

Me 

Me02G_ W -Me 
H 

(1.15) 

0 
ýý ('ý OlOD 

0 1-Ilp 
p 

N-1 0 

H2, catalyst 

Me 

Me02O 
C02Me 

Me02O N '11ý Me 
H 

(1.28); 100% yield, 90% ee 
(1.29); 100% yield, 99.5% ee 

Scheme 1A Hydrogenation reactions catalysed by rhodium(I) complexes of Reetz's 
diphosphonite ligands (1.28) and (1.29) 

Pastor has recently reported upon an extension of this work involving the 

synthesis of a range of sterically congested ferrocenyl diphosphonite ligands for use in 

transition metal-catalysed reactions. 42 However, the results obtained with the 

rhodium(l) catalyst derived from ligand (1.28) have prompted our research into 
diphosphonite chemistry, which is described in Sections 2.3.1 and 4.2.2. 

13 
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1.3.3 Phosphinophosphonites 

Non C2-symmetric bidentate phosphorus ligands have become the focus of 
attention in recent years for application in transition metal-catalysed. asymmetric 
synthesis. 43 Notable examples include the phosphinophosphite ligands (RS)-Binaphos 
(1.31)44,45 and (S, R)-Biphemphos (1.32). 46 The rhodium(I) complexes of these 
ligands are efficient catalysts for the hydroformylation of a variety of olefins44-47 
providing enantioselectivities up to 97%. These will be considered in more detail in 
Section 1.5. 

(R, S)-Binaphos (1.31) (S, R)-Biphemphos (1.32) 

A range of aminophosphinephosphinite ligands such as (R, S)-Ephos (1.33)48 
and (S)-Valnop (1.34)48.49 derived from naturally occurring amino alcohols has been 
tested for the asymmetric hydroformylation of styrene. These ligands give high 
conversions (82-86%), good regioselectivity for the branched isomer (>90%) and 
moderate enantioselectivity (30%). 48 

MeN. OPPh2 
\ 

PPh2 

(R, S)-Ephos (1.33) 

MeN OPPh2 

PPh2 

(S)-Valnop (1.34) 

However, there were no examples of chiral mixed phosphinophosphonite 
ligands until 1998, when Harrison and Pringle synthesised the ligands (1.35) and 
(1.36). 50 Due to the extreme moisture-sensitivity of these ligands no applications in 
asymmetric catalysis have been achieved to date. 
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PPh2 

(S)-(1.35) 

PPh2 

(R)-(1.36) 

In 1998, Carraz and Pringle synthesised the mixed phosphinophosphonite 
ligand (1.37). 51 This ligand has not yet been tested for asymmetric catalysis but the 
ease with which it can be synthesised has led to the phosphinophosphonite work that 
we have undertaken, which is reported in Sections 2.3.2 and 4.2.2. 

0--/P 
PPh2 

0 

(R)-(1.37) 

Very recently Knight independently reported the synthesis of the chiral 
phosphinophosphonite ligands (1.35) and (1.38). 52 Again no applications in 
asymmetric catalysis have been reported to date. 

C02Me 

bo, me 

(2R, 3R)-(1.38) 
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1.4 Chiral diphosphites as ligands for asymmetric hydrogenation 

Although chiral diphosphites have been extensively used in hydroformylation 

and hydrocyanation catalysis, there have been very few reports of their application to 

the asymmetric hydrogenation of a-enamides. In 1990, Wink reported the syntheses of 

several chiral diphosphites (1.39) and their application in the asymmetric 
hydrogenation of enamides. 19 However, whilst conversions were excellent (>90% after 

a few hours in acetone at atmospheric pressure and ambient temperature with a 

substrate: catalyst ratio of 200: 1), the enantioselectivities obtained were poor (2- 10%). 

R 

rl""*) 

RRR 0000 ?\ 
"Op 

?\ 
'P PPR P\ 

R00R R'. % 00R 

(1.39) 

a, b; R= C02Et, C02 ipr R= Ph 

In a recent paper20 Reetz has reported the synthesis of a range of chiral 
diphosphites (1.40) with the C2-symmetric diol 1,4: 3,6-dianhydro-D-mannite 

(1.41)53 as a backbone, see Equation 1.6. 

HQ (RO)2PQ 
': 

(RO)2PCI, NEt3 

F1 

OH OP(OR)2 

(1.41) 

Equation 1.6 

(1.40) 

These chiral diphosphites were tested in the asymmetric hydrogenation of dimethyl 
itaconate (1.30). When RO is the achiral 2-naphthoxy (1.42) the enantioselectivity 
was poor (21%) indicating that the transfer of chirality from the backbone to the 

terminal positions is inefficient. When the optically pure chlorophosphite derived from 

optically pure binaphthol was reacted with (1.41), the resulting diphosphites, 

(R, R)-(1.43) and (SS)-(1.43) where the (R) and (S) labels refer to the absolute 
configurations of the binaphthyl moieties, gave excellent enantioselectivifies of 95% (R) 
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and 88% (S) respectively in the hydrogenation reaction but, interestingly, opposite 
enantiomers of the product were obtained and it appears that the (R)-selective catalyst is 

the 'matched' case. Clearly the chirality of the product is determined by the chirality of 
the terminal rather than the bridging diol. The significance of this observation will be 
discussed later in Section 4.3. In fact enantioselectivities up to 98% were obtained 
when using diphosphite (1.44), formed by reaction of (1.41) with the racemic 
chlorophosphite derived from 1,1'-biphenyl-3,3'-dimethyl-2,2'-diol. 

(1.42), RO = 

(1.43), (RO)2: -- 

(1.44), (RO)2 ": 

H 
P(OR)2 

The diphosphites (R, R)-(1.43) and (1.44) were also tested in the asymmetric 
hydrogenation of methyl-2-acetamidoacrylate (1.15) resulting in complete conversion 

of substrate and excellent enantioselectivities (89% and 81% ee respectively in favour of 
the product with the (R)-configuration). Reetz postulated that in the case of (1.44) one 

of the three diastereomeric metal complexes (corresponding to (RR), (SS) and (R, S) 

in the biphenyl moieties), which are in equilibrium via rapid rotation about the biphenyl 

axis, 54 is a much more active catalyst than the other two and that it is this diastereomer 

that is responsible for the high enantioselectivities observed. However, (SS)-(1.43) 

afforded a lower conversion (77%) and a much lower enantioselectivity (23% ee in 
favour of the (S)-product), again indicating that the (R)-selective catalyst derived from 
(ARX1.43) is the 'matched' case. 

These results obtained by Reetz have certainly shown the potential of chiral 
diphosphites for application in the asymmetric hydrogenation of cc-enamides, an area 
which has been almost completely unexplored to date. With this in mind, the chiral 
diphosphites that we have synthesised primarily for use in asymmetric 
hydroformylation (see Chapter 3) have been tested for asymmetric hydrogenation and 
the results are described in Section 4.3. 

(R 0) 2 R, 

0-v 
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The asymmetric hydroformylation of styrene derivatives 
The importance of the asymmetric hydroformylation reaction of 
styrene derivatives 

The hydroformylation of alkenes is one of the most important reactions in 
industrial organic chemistry55-62 and several reviews have been published dealing with 
this process. 59,63-67 The asymmetric modification of this reaction has been widely 
studied since the first report in 197268 and this area has also been extensively 
reviewed. 43,69-74 This Section will concentrate on the asymmetric hydroformylation of 
styrene derivatives since this process gives (after oxidation of the optically pure 
aldehyde products) a range of 2-arylpropionic acids, which are an important class of 
anti-inflammatory agents, 71,75-78 see Scheme 1.5. Indeed, (S)-(+)-1buprofen (1.45) is 
believed to have a sales potential of one billion US dollars per year as an over-the- 
counter drug. 

Ibuprofen (1.45) 

meo moo 

Naproxen (1.46) 

Reaction conditions: 
(i) CO, H2. catalyst 
(ii) oxidation 

Scheme 1.5: Asymmetric synthesis of anti-inflammatory drugs via asymmetric 
hydroformylation followed by oxidation 
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Only one enantiomer of these species is responsible for the biological activity. The 
enantioselective syntheses of these compounds is therefore desirable. Indeed this goal is 
part of a growing trend within the pharmaceutical7l and the agrochemical79 industries; 
for example only 11 % of chiral pharmaceuticals were produced 'in the single 
stereoisomeric form before 1983. This fraction increased to 26% in the period 1983- 
1987 and it is believed that by the end of the century the figure will have leapt to 80%. 

1.5.2 General features of asymmetric hydroformylation 

Among the many enantioselective reactions catalysed by transition metals, 
asymmetric hydroformylation is one of the most challenging. This is because there are 
several possible selectivity problems, see Equation 1.7. 

Enantioselectivity 

Regioselectivity 

Chemoselectivity 

Equation 1.7 

Although almost all transition metals have been examined for catalytic activity in 
hydroformylation, as far as the asymmetric process is concerned only rhodium and 
platinum-tin catalysts are useful. Rhodium catalysts are usually active even at 
atmospheric pressure, whilst platinum-tin catalysts are normally only active at fairly 
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high pressures (greater than 80 bar). Further, chemoselectivity is more of a problem 
when platinum-tin catalysts are used than when rhodium. catalysts are employed. 

The use of styrene derivatives as substrates eliminates double bond migration, 
which is another process catalysed by these complexes and is a serious side-reaction 
with substrates such as 2-hexene. 

Regioselectivity is critical for asymmetric hydroformylation since the branched 

aldehyde is required. As far as the hydroformylation of vinylarenes is concerned, the 
linear achiral aldehyde is usually the major product with platinum-tin catalysts, whilst 
rhodiurn catalysts favour production of the branched isomer. A further problem of 
platinum-tin systems is that they also racemise the aldehyde products. 

Thus, for activity and selectivity rhodium complexes of phosphorus ligands are 
the most efficient catalysts. However, up to the end of 1992 the highest 

enantioselectivity obtained with this metal was 31% using (R, S)-Ephos (1.33). 48 

whereas a 96% ee had been claimed with platinum-tin complexes of BPPM (1.47) and 
BPPM-DBP (1.48). 80,81 

Ph 

MeN OPPh2 

PPh2 

(R, S)-Ephos (1.33) 

C02tBu C021BU 

N\ 

I BPPM (1.47) 

DBP = 

PPh2 DBPO' DBP 

BPPM-DBP (1.48) 
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Consequently, at the end of 1992 it was only possible to attain high enantioselectivities 
at the expense of the chemical yield of the branched aldehyde or vice versa. The most 
significant advances in this area have appeared in the last six years, particularly with 
respect to the use of chiral chelating phosphites and phosphinophosphites. These will 
now be dealt with in more detail. 

1.5.3 Recent developments in the asymmetric hydroformylation of 
styrene derivatives 

The beneficial effect of phosphites on the catalytic activity and/or regioselectivity 
of rhodium-catalysed hydroformylation is well documented in the patent literature82,83 
but the use of phosphite ligands in catalysis was not widespread on account of their 

susceptibility to hydrolysis. However, in 1986 Union Carbide patented the rhodium- 
phosphite catalysed hydroformylation of butene based on a catalyst system containing 
monophosphite ligand (1.49). 84,85 This was replaced in 198g82,86 by a wide range of 
diphosphites closely related to (1.50) in order to obtain better regioselectivities but 

these ligands all have a P(OCCCCO) ring in common. Union Carbide claim that these 

phosphites are very stable to hydrolysis and this has been attributed to a stabilising 
effect of this seven-membered ring. 

MeQ OMe 

IBU 
/\ 

(1.49) (1.50) 

There is little doubt that this is not the only factor in determining the stability of 
these phosphites to hydrolysis. Van Leeuwen has employed the bulky, acyclic 
phosphites (1.51) and (1.52) in the rhodium-catalysed hydroformylation of long- 
chained olefins and found high activities; these ligands are significantly more stable to 
hydrolysis than triphenylphosphite despite the lack of a seven-membered P(OCCCCO) 
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ring. 87-91 it is likely that the tBu groups provide steric protection and a hydrophobic 

environment which confers stability to hydrolysis. 

(1.51) (1.52) 

The discovery of kinetically stable phosphites led to a surge of interest in their 

potential applications in catalysis and thus many publications have appeared since 1988 

from several groups. 
At the outset, the asymmetric hydroformylation of styrene with chiral 

diphosphites was far from encouraging since the first attempt by Wink produced a 

stereorandorn reaction with the diphosphite (1.39) 09 

A 

, 4*-r 0, p py , 
0p 

(1.39) c, R= Ph 

However, in 1991 Pringle et al. reported the synthesis of (R, R, R)-'binaphthite' 
(1.53)92 and a rhodium(l) complex of this ligand was tested in the asymmetric 
hydroformylation of styrene and p-methoxy styrene. High activities (86% and 70% 

conversions respectively under mild conditions) and regioselectivities (81% and 69% 

respectively in favour of the branched aldehyde) were observed but the 
enantioselectivities were modest (23% and 46% respectively). 93,94 Similarly, high 
branched regioselectivities were obtained by van Leeuwen et al. using the chiral 1,2- 

and IA-diphosphites (1.54) and (1.55) but the enantioselectivities with styrene were 
again low (up to 20%). 95 
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0 

Oýlp P. V-0 

(R, R, R)-'binaphthite'(1.53) 

Et02Q C02Et 

(ArO)2P(j OP(OAr)2 

(ArO)2PO 

(1.54), R=H or R= 'Bu 

(ArO)2 *ý 

OP(OAr)2 

(1.55), R=H 

In 1992, Takaya et A published the syntheses of the aryl diphosphites (1.56)- 
(1.59) and reported on the application of their complexes with [Rh(CO)2(acac)] to the 

asymmetric hydroformylation of vinyl acetate. Regioselectivities up to 94% (in favour 

of the branched aldehyde) and enantioselectivities up to 49% were achieved. 96 Further, 

the activity shown by these complexes was much higher than that exhibited by the 

corresponding rhodium(I) complex of Binap (1.60), which gave similar 
enantioselectivities. 
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(ArO)2PO OP(OA02 

(1.56), Ar = Ph 
(1.57), Ar = p-tolyl 
(1.58), Ar = 3,5-xylyl 

(1.59), (ArO)2 "': 

Ph2P PPh2 

(1.60) 

An important breakthrough was reported in 1992 by Union Carbide in a patent 

on the preparation of the set of bulky diphosphites (1.61), (1.62) and (1.63). 97 The 

rhodium(I) complexes of these ligands catalyse the hydroformylation of styrene at room 
temperature and moderate pressure in up to 90% ee with more than 98% regioselectivity 
in favour of the branched aldehyde. 97 The diphosphites (1.62) with a 2,4-pentanediol 

chiral backbone were the most efficient. 

(ArO)2PO OP(OAr)2 (ArO)2PO OP(OA02 

(1.61) 

(ArO)2 ý-- 

OP(OAr)2 

(1.63) 

(a) R, = R2 = H, or 
(b) R, = R2 = 'Bu, or 
(c) R, = 'Bu; R2 = OMe 

Since this patent appeared, numerous other chiral diphosphites have been 
described in the literature98-100 but none have improved upon the enantioselectivities 
obtained by Union Carbide for the hydroformylation of styrene. 

(1.62) 
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RajanBabu has synthesised a series of vicinal carbohydrate phosphinites 
(1.64)-(1.67). 101 For the hydroformylation of 6-methoxy-2-vinylnaphthalene, the 
enantioselectivity was significantly improved when electron-withdrawing substituents 
were present on the aryl groups, e. g. two trifluoromethyl groups (1.65) or two 
fluorine atoms (1.66). This clearly illustrates how significant electronic effects can be 
in determining the asymmetric bias of a catalyst. 102 Whilst high enantioselectivities and 
regioselectivities were obtained with 6-methoxy-2-vinylnaphthalene as substrate, see 
Equation 1.8, it was found that these ligands are sensitive to the olefin structure and 
give unusually large differences of ee with similar substrates; for example the 
enantioselectivities did not exceed 39% with either 2-vinylnaphthalene, 4-methylstyrene 
or styrene. 

CHO 

MeO- -": "' -N5ý- MeO 

Reaction conditions: 
[Rh(cod)2]BF4 / (1.65) (1: 1,0.15%), 
Et3SiH, CO / H2 (1: It I 10 bar), 25 OC 

Ph 

OPh 

Equation 1.8 

Regioselectivity 95%, ee 72% (S), 
20% conversion (18 h) 

(1.64) Ar = Ph 
(1.65) Ar = C6H3(CF3)2-3,5 

(1.66) Ar = C6H3F2-3,5 
(1.67) Ar = C6H3Me2-3,5 

No discussion on asymmetric hydroformylation would be complete without 
mentioning the phosphinophosphite ligands Binaphos (1.31) and Biphemphos (1.32) 
synthesised by Takaya et al. 44,46 These ligands are the best that are currently available 
for the asymmetric hydroformylation of styrene derivatives, with enantioselectivities up 
to 95% and regioselectivities of 86-90% being routinely obtained. 44,46,47,103,104 
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PPh2_ 0 
O-pl- 

0 

(R, S)-Binaphos (1.31) (S, R)-Biphemphos (1.32) 

1.5.4 Mechanistic features of the asymmetric hydroformylation of 

styrene derivatives 

The catalytic cycle for the asymmetric hydroformylation of a styrene derivative 

catalysed by a rhodium-diphosphite complex is shown in Scheme 1.6. It should be 

noted that only the reaction pathway leading to formation of the branched aldehyde is 
illustrated and only one of the two possible diastereomers of (1.71), (1.72) and 
(1.73) (corresponding in each case to si-face coordination of the styrene derivative 

which leads to formation of the (S)-enantiomer of the aldehyde product) is shown. 
Moreover, only the main equilibria occurring in solution are considered. Despite these 

simplifications, Scheme 1.6 provides a meaningful picture of the mechanism. 
The catalytic species (1.68) is generated from the precursor [RhP2*(acac)] 

under standard hydroformylation conditions and is in equilibrium with the trigonal 
bipyramidal hydridorhodium-diphosphite complexes (1.69) and (1.70), step (i). Van 
Leeuwen et al. have performed detailed analyses on the solution stuctures of these 

complexes containing diphosphite ligands. 95,98-100,105,106 They have concluded that 
either structure (1.69) or structure (1.70) is stabilised depending on the length and the 
flexibility of the bridge between the two phosphorus atoms. 105 Brown and Kent have 
illustrated for the analogous trigonal bipyramidal hydridorh odium- diphosphine 

complexes that structure (1.69) is the least sterically hindered since the two phosphine 
moieties are both in equatorial positions and the P-Rh-P bond angle is therefore close to 
1200 whilst in (1.70) the axial-equatorial geometry of the two phosphine species 
brings them closer together with the requirement for a P-Rh-P bond angle of 900.107 
Van Leeuwen concluded99,105 that short-bridged diphosphites such as (1.61) forming 

seven-membered chelate rings coordinate in an equatorial-axial manner (structure 
(1.70)), presumably because they have bite angles closer to 900. In contrast, longer- 
bridged diphosphites such as (1.62) and (1.63) which form eight- and nine-membered 
chelate rings respectively have larger bite angles and are therefore able to adopt the 
preferred, less sterically congested bisequatorial configuration (1.69). 
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"llyý0,10* 
(ArO)2PO 

(1.61) 

(ArO)2 

OP(OAr)2 

(1.63) 

(a) R, = R2 = H, or 
(b) R, = R2 = tBu, or 
(c) R, = tBu; R2 = OMe 

Binaphos (1.31) and Biphemphos (1.32) form trigonal bipyramidal 
hydridorhodium complexes (1.80) with the phosphine equatorial and the phosphite 
axial. 44 This has been attributed to geometry restrictions imposed by the small natural 
bite angle (Pn)108 of these ligands f e. g. Pn = 90.40 for (R, S)-Binaphos (1.31)) and 
the electronic requirement that the weaker cy-donor (the phosphite) is trans- to the 

strongly cr-donating hydride. 44 This electronic constraint effectively eliminates the extra 
diastereomeric transition states that are possible on account of the CI-symmetry of these 
ligands. 

H 
OC. ", f Rh-CO 

Ph2P'Oop I 

ý*-OP(OAr)2 

(1.80) 

Step (ii) in Scheme 1.6 is coordination of the substrate to (1.68) to give two 
diastereomers (corresponding to si- and re-face coordination of the olefin) of species 
(1.73) and similarly two diastereomers of each of the species (1.71) and (1.72). This 
is followed by P-hydride migration, step (iii), to form the diastereomeric mixture of 
alkylrhodium species (1.75). The regioselectivity of the asymmetric hydroformylation 

reaction is determined by this P-hydride migration, which is irreversible under standard 
hydroformylation conditions. 62,103,109-111 Only the pathway leading to the branched 

aldehyde is shown which, in the case of styrene and its derivatives, is appropriate 
because the branched alkylrhodium species (1.75) is favoured due to coordination of 
the benzyl group in a 113-fashion, see Figure 1.2. 

OP(OAr)2 (ArO)2PO OP(OA02 

(1.62) 
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I-' -S 

, ý-P*` - "'Wco 
Figure 1.2: 113 -coordination of the benzyl group in the branched alkylrhodium 

species (1.75) of styrene-derived substrates 

The enantioselectivity of this process is also determined by the P-hydride 

migration, step (iii). 62,103,109-111 In trying to rationalise the enantioselectivities 
obtained, we therefore need to consider the various diastereomeric transition states that 
lead to formation of the branched alkylrhodium species (1.75). The possible species 
are illustrated in Figure 1.3. 

It has been postulated that the formation of a single pair of diastereomeric 
catalytic intermediates is conducive to higher enantioselectivity. 112,113 For example, if a 
mixture of species (1.73), (1.71) and (1.72) is formed then there is no guarantee that 
all three transition states A, B and C will be preferred over A', B' and C' respectively. 
This may therefore result in opposing enantioselectivities for the different reaction 
pathways and a resultant low overall enantioselectivity. 

29 



Chapter 1: Introduction 

P. "' R h%Z 
H 

c* PV' Co 

Si-face coordination -ý (S)-aldehyde 

(1.73)li 

H 

H 
C P, // RI h- *pv I 

uu Ar 

tin 

Ar 
(1.71)" 

H 
P-1z 

RI 
OCý *I 

,P ""Ar 
(1.72) 

10 

B 

C 

Me 

H 
Ar 

Me 

H 
Ar 

Me 

H 
Ar 

Re-face coordination -ý (R)-aldehyde 

H 
C P""R I 

pvI 
h- 

oc Ar"%ý 

(1.73)le 

H 
P. "* I Rh 

oc 
p Ar' 

(1.71)"- 

H 
OCII/V I ct Rh- 

pv, I Q*-. 
/ p Ar*"\Il 

(1.72)re 

Me 

Ar 

[Rh]--ý Ar 

Me 

[Rhl'-ýýH Ar 

Figure 1.3: The possible transition states leading to formation of the branched 

alkylrhodium species (1.75) 
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The model of Pino and Consiglio, I 14 see Figure 1.4, is useful to consider these 

transition states in more detail assuming the formation of a single hydridorhodium- 

dicarbonyl species (1.69) or (1.70) (or (1.80) for phosphinophosphite ligands) is 

representative of the formation of a single configuration (i. e. bisequatorial or axial- 
equatorial) in the rhodium-substrate complexes (1.73) or (1.71) / (1.72) respectively. 

Q1 Q2 

-S 

,, ýJN"N 
Q3 z Q4 

Figure 1A The model of Pino and Consiglio for rationalisation of the 

enantioselectivities obtained in the asymmetric hydroformylation of 
olefins 

In order to form the branched aldehyde the aryl group must be in either Q3 or Q4. For 
bisequatorial species (1.73), Z is a carbonyl ligand and L and S are the two phosphite 
groups. L refers to the phosphite group that presents the more, and S the less, sterically 
demanding environment. Thus in the case of styrene, the aryl group of the substrate 
will prefer to be in the least crowded of the lower two quadrants, Q4. 

The situation is more complicated for ligands which adopt the axial-equatorial 
configuration, where L and Z refer to the phosphorus moieties and S the carbonyl 
ligand, The Cpsymmetry of (1.70) gives rise to two diastereotopic sites for the 

substrate to bind, see Figure 1.5. 

Diastereotopic 
sites 

H 

P/l, I Rh-CO 
oc 

(1.70) 

Figure 1.5: Diastereotopic equatorial sites in the hydridorhodium-dicarbonyl 

complex (1.70) 

Consequently, there are potentially two diastereomers present, (1.71) and (1.72), for 

each mode of substrate coordination which correspond to B, B' and C, C' respectively 
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in Figure 1.3. The model of Pino and Consiglio predicts that only one diastereomer is 
feasible for each mode of coordination of the substrate (C, C' in Figure 1.3) where the 
aryl group occupies Q4 where it is furthest from the equatorial phosphorus moiety. 

It is significant to note that for all the most successful diphosphite ligands (the 
C2-symmetric Union Carbide diphosphites (1.61), (1.62) and (1.63)) and Takaya's 

phosphinophosphites (Binaphos (1.31) and Biphemphos (1.32)) a single catalytically 
active species, namely one diastereomer for each of si- and re-face coordination, is 
formed. This corresponds to (1.73) (A and A' in Figure 1.3) for bisequatorial ligands 

and (1.72) (C and C' in Figure 1.3) for axial-equatorial ligands. It is also significant 
that the best diphosphite ligands J(1.62) forming eight-membered chelate rings) 
occupy bisequatorial configurations whilst Takaya! s ligands form axial-equatorial 
chelates. Thus, it seems more important to form a single configuration than to form any 
particular one. 

NMR and IR spectroscopic data for the trigonal bipyramidal hydridorhodium 

complexes of ligands (1.61) (b) and (c), (1.62) (b) and (c) and (1.63) (b) and (c) 

show that a fluxional process operates that exchanges the two phosphorus atoms. 99 
Van Leeuwen has proposed106 that this is occurring via the low-energy rearrangement 
mechanism postulated by Meakinl 15,116 for phosphorus exchange in [MHL4-x(CO)x] 
complexes (M = Rh or Ir, x= 1-4, L= monophosphite). This could easily occur 
without changing the P-Rh-P bite angles appreciably and is illustrated for diphosphite 

complexes in Figure 1.6. 

H oc 
ýf- 

I 
Path P, 

OC R 
.41 

R 
H 

I V%j --- 
P2 

H 
Co 

P2 
Co 

H 
P2 Co 

hn 

Figure 1.6: a. Equatorial-axial phosphorus exchange 
b. Equatorial-equatorial phosphorus exchange 

H 

P2-R 
1 
111; 

Uu 

The energy barriers for these processes have been calculated. 106 The lowest 

energy barriers correspond to equatorial-axial phosphorus exchange in the complexes of 
ligands (1.61) (a) and (b), which contain seven-membered chelate rings. This seems 
logical since this process involves movement of two carbonyl ligands, which would be 

06 P2 

H 

oc- %1%%*'P2 
1 Co 
Pl 

Path b \. 
-,. "Co 
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expected to be easier than the movement of the two phosphite moieties that is required 
for equatorial-equatorial exchange. Further, on going from eight- (ligands (1.62) (a) 

and (b) I to nine- f ligands (1.63) (a) and (b) I membered chelate rings, lower energy 
barriers for phosphorus-phosphorus exchange were observed. This has been attributed 
to reduced steric congestion in the nine-membered bis equatorial chelate rings. Finally, 
it was found that increasing the steric bulk of the ortho- substituents increased the 
energy barriers for this exchange process. 

The lower the energy barrier for phosphorus-phosphorus exchange, the more 
flexible the complex will be. There appears to be an inverse correlation between 
flexibility and efficiency at asymmetric induction since the most flexible complexes 
(those derived from ligands (1.61) (a) and (b) and ligands (1.63) (a) and (b)) induce 
low enantioselectivities in the asymmetric hydroformylation of styrene (19%, 25%, 1% 
and 7% respectively at 40 OC) whilst the more rigid complexes [those derived from 
ligands (1.62) (a) and (b)) induce higher enantioselectivities (50% and 67% 
respectively at 40 OC). Significantly, it has been shown that the trigonal bipyramidal 
complex (1.80) derived from (R, S)-Binaphos (1.31) does not exhibit such 
fluxionality, presumably by virtue of the electronic requirement that the weaker a-donor 
(the phosphite moiety) is trans- to the strongly a-donating hydride, and thus forms a 
very rigid environment around the rhodium. 44 This ligand has the best 
enantioselectivity known for the asymmetric hydroformylation of styrene (94% at 
60 OC). 

Another important factor in determining the efficiency of a ligand at asymmetric 
induction is the principle of chiral cooperativity explored by van Leeuwen et al. 100 They 
found that the three possible diastereomers of diphosphite (1.81) exhibited greatly 
different catalytic properties. 

(1.81. ) 
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For example, in the asymmetric hydroformylation of styrene catalysed by rhodium(l) 
complexes of these ligands, the (Sax, 2R, 4R, Sax)-diastereomer (where the ax subscript 
refers to the axial chirality of the binaphthol units) effects a conversion of 38%, a 
regioselectivity of 88% and an enantioselectivity of 69% (S) after 24 h at 25 OC. The 
(Rax, 2R, 4R, Rax)-diastereomer gives a more active catalyst (18% conversion after 5h at 
25 OC) which effects a higher regioselectivity (95%) but a much lower 

enantioselectivity, 38% (S). Finally, the (Rax, 2R, 4R, Sax)-diastereomer has extremely 
low activity (2% conversion after 5h at 25 OC) and exhibits high regioselectivity (9 1 %) 
but poor asymmetric induction, 23% (S). 

Consequently, it appears that for diphosphite (1.81) the optimal, 'matched' 

configuration for asymmetric induction and catalytic activity has the terminal units with 
the same absolute configuration but opposite to the chiral backbone. 

The Binaphos ligand (1.31) also shows chiral cooperativity. 104 Whilst 

rhodium(l) complexes of both (SR)- and (R, R)-(1.31) have been found to exhibit 
high catalytic activity and regioselectivity for the branched aldehyde in the asymmetric 
hydroformylation of styrene, the enantioselectivities obtained are very different. The 

catalyst derived from (SR)-(1.31), the 'matched' diastereomer, effects the highest 

reported enantioselectivity for this reaction, 94% (S), but the catalyst derived from the 
(R, R)-diastereomer, the 'mismatched' case, gives a much lower enantioselectivity of 
25% (R). From these results it can be concluded that the sense of enantioface selection 
is predominantly controlled by the phosphine moiety in Binaphos (1.31). 

It is interesting to note that there appears to be a correlation between the stability 
of the hydridorhodium-dicarbonyl complexes derived from the diphosphite ligands 
[ (1.61), (1.62), (1.63) (see Page 28) and (1.81)1 and from the phosphinophosphite 
ligand Binaphos (1.31) and the enantioselectivities obtained in the asymmetric 
hydroformylation of styrene. For example, the (Sax, 2R, 4R, Sax)-diastereomer of 
(1.81) forms the most stable hydridorhodium-dicarbonyl complex (1.69) with the 
diphosphite in a bisequatorial configuration. 100 The corresponding complex with the 
(Rax, 2R, 4R, Sax)-diastereomer is significantly less stable, 100 whilst that of the 
(Rax, 2R, 4R, Rax)-diastereomer does not even formlOO because in this case a complex 
mixture of rhodium-diphosphite species is formed including an hydridorhodium- 
tricarbonyl species in which the diphosphite is acting as a monodentate ligand; 91 the 
low enantioselectivity and relatively high reaction rates observed for this diastereomer 
have been attributed to this species. 100 

Similarly, stable hydridorhodium-dicarbonyl complexes are formed by ligands 
(1.62) (a) and (b), containing an eight-membered chelate ring, and as mentioned 
earlier these gave the best enantioselectivities. The corresponding complexes fortned by 
ligands (1.61) (a) and (b) and (1.63) (a) and (b), containing seven- and nine- 
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membered chelate rings respectively, undergo significant decomposition under 
hydroformylation conditions. 99 

Finally, the hydridorhodium-dicarbonyl complex of the 'mismatched' (R, R)- 
diastereomer of Binaphos (1.31) is believed to show significant distortion from the 
ideal trigonal bipyramidal structure104 and it is possible that this distortion is at least 

partly responsible for the lower enantioselectivity obtained with this diastereomer. 
In summary, the following features should be incorporated into the ligand in 

attempts to design a new catalyst for the asymmetric hydroformylation of styrene 
derivatives: 
I. The ligand should form a stable hydridorhodium-dicarbonyl complex under 
hydroformylation conditions. From previous results with diphosphites, it appears that 
eight-membered chelate rings are prefeffed. 99 
2. The ligand should adopt a single configuration in the hydridorhodium- 
dicarbonyl complex, i. e. bisequatorial or axial-equatorial. It appears that the formation 

of just one configuration is the key factor, rather than which particular one is formed. 
This goal can be achieved by variation of the natural bite angle of the ligand to suit the 
required configuration; 900 for axial-equatorial and 1200 for bisequatorial. 
3. The ligand should possess a rigid backbone so that a rigid dissymmetric 

environment is created for effective enantioface discrimination. This has been achieved 
for axial-equatorial coordinating ligands such as Binaphos (1.31) by having two 
phosphorus functionalities with different electronic properties. 104 Alternatively, for 
diphosphite ligands it has been shown that bulky ortho-substituents lead to reduced 
flexibility in the chelate ring. 106 
4, The 'matched' diastereomer of the ligand must be obtained in order that chiral 
cooperativity is exhibited. 

1.6 Project aims and thesis outline 

The overall aim of this project was the design and synthesis of a range of bulky 

phosphonites and diphosphites derived from the chiral biphenols 9,9'-biphenanthryl- 
10,10'-diol (1.3) and dimethyl- 1, l'-binaphthyl-2,2-dihydroxy-3,3' -dicarboxyl ate 
(1.82) for application in the asymmetric hydrogenation of (X-enamides and, for the 
diphosphites, the asymmetric hydroformylation of styrene derivatives. 

35 



Chapter 1: Introduction 

(1.3) (1.82) 

The format of the thesis is outlined below: 
Chapter 2 starts with a description of the literaturel 17 synthesis of (1.82) and a 

new synthesis and a modification of the literaturel 18 resolution of (1.3). The 

syntheses, characterisation and properties of racemic and optically pure phosphonites 
derived from these diols is followed by a detailed discussion of the coordination 

chemistry of these new ligands with platinum(II), platinum(O) and rhodium(I). 
Throughout the Chapter, the properties of these phosphonites and their complexes are 

compared to the analogous compounds derived from 1,1'-binaphthyl-2,2'-diol since it 

was hoped that the increase in steric bulk of the organic backbone of these ligands 

would be reflected in a difference in the properties of these species. 
Chapter 3 describes the syntheses, characterisation and properties of several 

cyclic aryl phosphites derived from (1.3) and (1.82). The coordination chemistry of 
these phosphites with platinum(II), platinum(O), palladium(II) and rhodium(l) is 

discussed. The diphosphites described herein are analogues of 'binaphthite' (1.53) and 
have been specifically designed for the asymmetric hydroformylation of styrene 
derivatives, with the intention of improving the selectivities in this reaction by the 

creation of a larger chiral cavity. Consequently, the results obtained in the asymmetric 
hydroformylation of styrene and p-methoxystyrene using the rhodium(l) complexes of 
these ligands are presented and compared with those obtained using 'binaphthite'. 

Chapter 4 starts with an introduction to the asymmetric hydrogenation reaction 

of (x-enamides. A description of the results that have been obtained in the asymmetric 
hydrogenation of methyl-2-acetamidoacrylate (1.15) and methyl-(Z)-2- 
acetamidocinnamate using rhodium(l) complexes of the phosphonites described in 

Chapter 2 and the diphosphites described in Chapter 3 is then presented. 
Chapter 5 reports the experimental procedures that have been used throughout 

the project. 
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Chapter 2: Phos honites: Synthesis and Coordination Chemis 

This Chapter starts with a description of the literature 117 synthesis of dimethyl- 
1, l'-binaphthyl-2,2'-dihydroxy-3,3'-dicarboxyI ate (2.1) and a new synthesis and 
modified literature118 resolution of 9,9'-biphenanthryl-10,10'-diol (2.2). This is 
followed by the syntheses, characterisation and properties of racernic and optically pure 
phosphonites derived from these diols and a detailed discussion of the coordination 
chemistry of these new ligands with platinum(II), platinum(O) and rhodium(I). 
Throughout the Chapter comparisons are drawn with the analogous compounds derived 
from 1,1'-binaphthyl-2,2'-diol which have already been described in Section 1.3. This 

enables the effect of the steric bulk of the organic backbones upon the properties 
exhibited by the ligands and their complexes to be assessed. 

2.1 Syntheses of 9,91-biphenanthryl-10910'. diol (2.2) and 
dimethyl - 1,1'-b inaphthyl-2,2'-dihyd roxy-3,3-dicarboxy late 

( 2.1 ) 

The synthesis of (-)-(S)-biphenanthrol (2.2) via a stereoselective oxidative 
coupling of 9-phenanthrol (2.3) has been reported by Yamamoto, l 19 see Equation 2.1. 

2 eq Cu(N03)2.3H20, 

6 eq (-)-(R)-PhCH(NH2)Bn, 

(2.3) 

MeOH, I h, -5 OC 

Equation 2.1 

(-)-(S)-(2.2) 

We initially hoped to utilise this methodology and therefore embarked upon the 
synthesis of 9-phenanthrol by the route previously reported by Bacon120 in three stages 
from phenanthrene (2.4) employing electrophilic bromination, 121 copper(l) iodide- 

catalysed nucleophilic substitution of the bromide (2.5) with methoxide122 and, finally, 

acid-catalysed hydrolysis of the resultant aryl. methyl ether (2.6), see Scheme 2.1. 
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Br2, CH202, A 

(2.4) 

-, 
I,, 

o 

NaOMe(MeOH)s CUL 

2,4,6-collidine, A 

IM HBr in aqueous 
acetic acid 

too 
(2.3) (2.6) 

Schemell: Bacon's synthesis of 9-phenanthrol (2.3) from phenanthrene (2.4) 

Bromination of phenanthrene in the 9-position was carried out using the 
procedure of Coleman. 121 The product was obtained in 78% yield after distillation, but 
impurities were still present and recrystallisation from ethanol was essential which 
lowered the yield to 38%. The 9-bromophenanthrene (2.5) underwent a slow 
photochemical decomposition and hence was stored in the dark. 

All attempts to replicate the substitution of bromide by methoxide122 failed in 

our hands, Consequently, an alternative method for the transformation of an aryl halide 
to a phenol was required. One such method reported in the literature involves the 
formation of the corresponding Grignard reagent, reaction with trimethyl borate and 
subsequent oxidation. 123 Using this route 9-bromophenanthrene (2.5) was converted 
to 9-phenanthrol (2.3) in 94% yield, see Scheme 2.2. 

(2.5) 

rl 
, 

OH 1*%;. " 1*-ý; ý -Ome 
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szzze2s 
1 

Mg, THF, A 

(2.5) 

(i) AcOH 
(ii) H202(aq) 

B(OMe)3, THF 

-10 OC 

t 
'I' ,, 

ý", 
ri "*ý 

, 
OH B(OMO)2 

(2.3) 

Scheme 2.2: Synthesis of 9-phenanthrol (2.3) from 9-bromophenanthrene (2.5) 

It is important to note that in all the literature examples glacial acetic acid had to 
be added after reaction of the Grignard reagent with trimethyl borate, but before 

peroxide oxidation, to prevent conversion to AtH. 
Having achieved the successful synthesis of 9-phenanthrol, the next step was 

the oxidative coupling, 119 see Equation 2.1. This employs two equivalents of 
copper(II) nitrate trihydrate as a one-electron donor and six equivalents of (-)-(R)-1,2- 
diphenylethylamine to induce enantioselectivity. Thus the racemic ligand was resolved 
by fractional crystallisation of its tartrate salt according to the procedure of 
S6derquist. 124 

The coupling reaction (see Equation 2.1) is reportedl 19 to proceed in 86% yield 
after one hour at -5 OC but in our hands no coupling was observed after 24 h at room 
temperature and, therefore, alternative coupling methods were sought. We discovered 
that 9-phenanthrol was coupled in quantitative yield upon treatment with two 
equivalents of copper(II) nitrate trihydrate and six equivalents of benzylamine. Care 

must be taken to ensure complete dissolution of the copper(II) nitrate trihydrate for 

reaction to proceed smoothly. It also proved essential to wash the solution of the 
extracted product with 2M ammonium hydroxide solution to remove any remaining 
copper salts before purification by silica column chromatography since otherwise 
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decomposition appeared to occur. Further, the column was eluted with toluene since the 
biphenanthrol formed 1: 1 solvates with ether and chloroform. 

The biphenanthrol was resolved by a slightly modified version of the method of 
Toda. 118 This involved the diastereoselective formation and crystallisation of a 1: 2 
inclusion complex of (S)-(-)-biphenanthrol with (R, R)-(+)-NNN', N'-tetramethyl- 
2,2-dimethyl-1,3-dioxolane-trans-4,5-dicarboxamide (2.7), 118 an optically active 
amide host derived from (R, R)-(+)-diethyl tartrate (2.8). 118,125 In our hands more 
ethanol was required to dissolve the biphenanthrol than was reported by Toda (see 
Experimental) and consequently less of the 1: 2 inclusion complex crystallised, We did 

not isolate the other enantiomer optically pure, which is reported to crystallise from the 
mother liquor as a 1: 1 inclusion complex. However, (R)-(+)-biphenanthrol (2.2) was 
obtained optically pure by replication of this procedure using (S, S)-(2.7), which was 
readily prepared from (S, S)+)-diethyl tartrate, 118,125 see Scheme 2.3. 

1 
02 t CONMe2 H 

HO- H (i) HO- H (ii) Me2NOC -0 
-14C- 

H--OH H--OH I- 
0-`CMe2 

C02Et 60NMe2 H 
GONMe2 

(2.8) (2.9) (2.7) 

Reaction conditions: 
(i) Me2NH, MeOH 
(ii) 2 eq 2,2-dimethoxypropane, 0.05 eq p-TsOH. H20, toluene, A 

Scheme2.3: Synthesis of (S, S)-(-)-N, N, N', N-tetramethyl-2,2-dimethyl-1,3- 
dioxolane-trans-4,5-dicarboxamide (2.7) 

The 2,2-dimethoxypropane needs to be freshly distilled before the final step in 
this sequence in order for the reaction to proceed to completion since it appears that 
water drives the equilibrium to the left, favouring the diol (2.9). 

In summary, a synthesis of racemic biphenanthrol (2.2) has been achieved in 
three steps from phenanthrene (2.4) in 36% overall yield and the biphenanthrol (2.2) 
has been resolved by a modified version of Toda's procedurel 18 in 25% yield 
(maximum theoretical yield = 50%), see Scheme 2.4. 
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(2.4) 

Br2, CH202, 

A, 38% 

(2.5) (i) B(OM03i 

-10 OC 

(ii) AcOH 
(iii) 30% 

H202(aq) 

2 eq Cu(N03)2.3H20, 
6 eq benzylamine, 

-le 
MeOH, R. T. 

(2.3), 94% 

(2.2), quantitative 

(ii) Silica column, toluene 

(i) 2 eq (SS)-(-)-(2.7), 
ethanol 

(+)-(R)-(2.2), 25% 
and 49% 
(S)-enriched (2.2) 

(-)-(S)-(2.2), 25% 
and 49% 
(R)-enriched (2.2) 

Scheme 2.4: Synthesis of optically pure biphenanthrol (2.2) from phenanthrene 
(2.4) 

(i) 2 eq (RR)-(+)-(2.7), ethanol 

Mg, THF, 

A 

(ii) Silica column, toluene 

42 



Chapter 2: Phosphonites: Synthesis and Coordination Chemistry 

Dimethyl- 1, F-bin aphthyl-2,2'-di hydroxy-3,3'-dic arboxyl ate (2.1) was 
synthesised as a racemic mixture in 73% overall yield from 3-hydroxy-2-naphthoic acid 
by acid-catalysed esterification followed by oxidative coupling, according to a 
modification 117 of literature procedures, 126 see Scheme 2.5. 

C02H (i) , *ý lzý rin': 
002Me 

OH `; ý, '17, -OH 

(2.10) 

(ii) 

(2.1) 
Reaction conditions: 
(i) MeOH, H2SO4, A 
(ii) 2 eq CUC12,4 eq 'BuNH2, MeOH, 50 IC 

Scheme2.5: Synthesis of dimethyl-1,1'-binaphthyl-2,2'-dihydroxy-3,3'- 
dicarboxylate (2.1) from 3-hydroxy-2-naphthoic acid 

2.2 Synthesis of phosphonites derived from 9,91-biphenanthryl- 
10,101-diol (2.2) and dimethyl-1,1'-binaphthyl-2,2'- 
dihydroxy-3,31-dicarboxylate (2.1) 

In this Section the preparation, characterisation and properties of a 
monophosphonite, a diphosphonite and a phosphinophosphonite derived from (2.2) 

and a monophosphonite derived from (2.1) are described. 

2.2.1 Mono- and diphosphonite syntheses from RPCI2 species 

Phosphonites have the general formula RP(OR')2, where both R and R' can be 

alkyl or aryl. An efficient, established procedure for the synthesis of phosphonites is 

the condensation of RPC12 reagents with an alcohol in the presence of a base, such as 
triethylamine, to remove the HCI produced. 21 Under these conditions the reactions are 

very exothermic and so are controlled by cooling. Thus, (±)-(2.11), (±)-(2.12) and 
(S)-(2.12) were prepared by reaction of PhPC12 with (±)-(2.1), (±)-(2.2) and (S)- 

(2.2) respectively in the presence of triethylamine at -10 OC. These reactions are 
depicted in Equations 2.2 and 2.3. The change of solvent from TFIF to CH202 for the 

synthesis of (2.11) was because the diester (2.1) is insoluble in THF. 
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(2.2) 

1 eq PhPC12, 

OH 2 eq NEt39 

OH THF, -10 OC-ýR. T. 

Equation 2.2 

(2.1) 

C02Me 

OH 
OH 

I eq PhPCI. 2, 
2 eq NEt3, 

]IN 
CH202, 

-IOC--+R. T. 

(2.12), 81% +2 [HNEt3]Cl 

a 
ii C, y 

ý-: 
C02Me -C02Me 

(2.11), 33% +2 [HNEt3]Cl 

Equation 2.3 

In both reactions (Equations 2.2 and 2.3), upon addition of the triethylamine to 

a solution of the PhPC12 a copious precipitate formed. At first it was thought that this 

may be due to the formation of triethyl ammonium chloride by reaction of the 
triethylamine with any HCl produced by reaction of the PhPC12 with traces of water in 

the solvent and / or the triethylamine. However, neither PhP(O)(OH)H (2.13) (from 
hydrolysis of the PhPC12) nor PhP(O)(OH)2 (2.14) were observed in the 31p[IH) 

NMR spectrum of the product. We now propose that the precipitate is due to reaction of 
the triethylamine with the PhPC12 to form the salt (2.15). This salt would be a much 
more reactive electrophile than PhPC12 and would react with the phenol to give the 
monophosphonite, i. e. a form of nucleophilic catalysis. 

p 
I 

NEt3+ Cl* 

(2.15) 
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The reactions (Equations 2.2 and 2.3) need to be monitored closely and the 
monophosphonites (2.11) and (2.12) should be separated from the [HNEt3]Cl by 
filtration as soon as the reactions are complete in order to prevent decomposition 

catalysed by the acidic byproduct. Phosphonites (2.11) and (2.12) have been isolated 
in pure form and have been fully characterised by 31p{IH1,13C {I H) and IH NMR 

spectroscopy as well as mass spectrometry, see Table 2.1 and Experimental. 

Table 2.1: 31pIIHI and IH NMR data for monophosphonites (2.11) and (2-12) 

Compound Sp (CDC13)a 8H (CDC13)b 

(2.11) 184.4 3.58 (3H, s, MeO) 

3.95 (3H, s, MeO') 

7.24 (1 H, d, 3J(HH) 7.6) 

7.27 (IH, d, 3J(HH) 7.0) 

7.31-7.41 (5H, m) 
7.45 (1 H, d, 3AHH) 8.2) 

7.47 (1 H, d, 3J(HH) 8.8) 

7.49 (1H, d, 3J(HH) 7.9) 

7.51 (IH, d, 3J(HH) 8.2) 

7.94 (1 H, d, 3J(HH) 7.6) 

8.03 (1H, d, 3J(HH) 8.6) 

8.32 (IH, s, H4) 

8.69 (IH, s, H4') 

(2.12) 186.5 7.07-7.13 (2H, m) 
7.22-7.30 (2H, m) 
7.31-7.37 (2H, m) 

7.40 (1 H, d, 3J(HH) 8.2) 

7.47 (1 H, d, 3J(HH) 8.2) 

7.50-7.63 (6H, m) 
7.69-7.75 (IH, m) 
7.77-7.83 (IH, m) 

8.42 (IH, d, 3J(HH) 8.2) 

8.63 (IH, d, 3J(HH) 8.2) 

8.73 (IH, d, 3J(HH) 8.5) 

8.80 (1 H, d, 3J(HH) 8.2) 

8.84 (1 H, d, 3J(HH) 8.5) 
a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (5) in p. p. m. (±O. I) to high 

frequency of 85% H3PO4. 
b Spectra recorded at 400 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±0.01) to high 

frequency of tetramethylsilane. Coupling constants (J) in Hz (±O. I). 
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It is interesting to note at this point that both monophosphonites, in contrast to 
the C2-symmetry of the starting diols, belong to the C1 point group (see Figure 2.1) 
and that, consequently, the hydrogen and carbon atoms are inequivalent, as is borne out 
by NMR spectroscopy. For example, the two methoxy groups of monophosphonite 
(2.11) are assigned resonances at 3.58 p. p. m. and 3.95 p. p. m. in the 1H NMR 
spectrum, see Table 2.1, and are also readily distinguishable in the 13C II H) NMR 
spectrum, see Experimental. 

C2 

C%1; 1 %%ýI, 1 

11 
oo& 

0! 5ý "Fw, F'f002Me 'N4; 0ý V002Me O'ý 

(2.1) (2.11), Cl-symmetry 

Figure 2.1: The different symmetry properties of (2.1) and (2.11) 

These monophosphonites are exceptionally moisture-sensitive and, even in the 
solid state, they undergo significant hydrolysis upon exposure to air for just a few 
minutes, forming phenylphosphinic acid (2.13). We have thus not obtained 
satisfactory elemental analyses for (2.11) and (2.12). 

00 

II II R, Rz-, 
Ph --' 

ýý OH Ph,, ' 
X\' OH 

H OH 

(2.13) (2.14) 

The diphosphonite (2.16) was obtained by reaction Of C12PCH2CH2PC]2 
(2.17) with biphenanthrol (2.2) in the presence of triethylarnine at -10 OC, Equation 
2.4. 
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(2.2) 

(i) 0.5 eq C12PCH2CH2PCI2, 

2 eq NEt3, THF, -10 IC 

Equation 2.4 

(2.16), quantitative 

Provided moisture was rigorously excluded and the [HNEt3]Cl was removed by 
filtration as soon as the reaction was completed, the diphosphonite (2.16) could be 

obtained in quantitative yield. Once again, a precipitate was observed after the addition 
of the triethylamine to the solution of (2.17). It is postulated that this is due to reaction 
of the triethylamine with (2.17) to form an electrophilic salt analogous to (2.15). 

Addition of racemic (2.2) to C12PCH2CH2PCI2 at -10 OC led to a surprising 
degree of diastereoselectivity. Statistically, a 1: 1 mixture of the (R, R) / (SS)- and the 
(R, S)-diastereomers would be expected but instead a ca. 3: 1 mixture in favour of the 
(RA-diastereomer was obtained. This diastereomeric mixture has been characterised 
by 31pjI H) NMR spectroscopy, see Table 2.2 and Experimental. 

Addition of optically pure (S)-(2.2) to C12PCH2CH2PCI2 gave (S, S)-(2.16) 

and this has been fully characterised by 31p(IH), 1H and 13C(IH) NMR 

spectroscopy, see Table 2.2 and Experimental. Once again, the extreme moisture- 
sensitivity of this compound has precluded the attainment of satisfactory elemental 
analysis. 

Overall (SS)-(2.16) is C2-symmetric and therefore the carbon atoms in one 
biphenanthryl moiety are equivalent to those in the other biphenanthryl moiety and the 
two carbons of the ethane bridge are equivalent which is consistent with the 13C [I H) 
NMR spectrum (see Experimental). However, within each biphenanthryl group the 
carbon atoms are inequivalent as in the monophosphonites (2.11) and (2.12) and 
hence twenty-two signals are observed in the aromatic region of the 13C( 1H) NMR 

spectrum of (SS)-(2.16). 
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Table 2.2: 31pII H) and IH NMR data for diphosphonite (2.16) and intermediate 
(2.18) 

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

(S, S) - (2.16) 211.7 1.94-2.08 (2H, m) 
2.93-3.06 (2H, m) 
7.24-7.36 (8H, m) 
7.53-7.76 (12H, m) 

8.17 (4H, d, 3J(HH) 8.2) 
8.69-8.77 (8H, m) 

(R, S)-(2.16)c 212.6 ------ 
(2.17) 192.5 ------ 
(2.18)d 191.7 (d, 3j (pp) 9, PB) ------ 

209.9 (d, 3j (pp) 9, PA) 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. 1) to high 
frequency of 85% H3PO4. Coupling constants (J) in Hz (±3). 

b Spectra recorded at 400 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±0.01) to high 
frequency of tetramethylsilane. Coupling constants (J) in Hz (±O. 1). 

C Spectra recorded in CDC13 / THF (1: 4). 
d Spectra recorded in CDC13 / THF (2: 3). 

The formation of diphosphonite (2.16) was followed by 31pi IH) NMR and an 
intermediate was detected with inequivalent 31p signals at Bp 209.9 and 191.7 and 
3j(pp) 9 Hz. This can be unambiguously assigned to (2.18) by comparison of the 

chemical shifts with those of RPC12 and RP(OR)2 species. 

(2.18) 

The synthesis of (2.18) is a desirable goal, since this compound should be 

readily converted to a series of CI-symmetric diphosphonites upon reaction with one of 
a wide range of cheap, readily available optically active diols, see Equation 2.5. 
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- 

(2.18) 

COH 

Equation 2.5 

2.2.2 Phosphinophosphonite synthesis from RP(NMe2)2 species 

Another convenient method for the synthesis of P-0 bonds is by the reaction of 
alcohols with R(3_x)P(NMe2)x. 51,127 one advantage of this route is that no base is 

required and the by-product of the reaction is the volatile dimethylamine. However, the 
P-N bonds are less reactive than the P-CI bonds and, consequently, the reactions often 
require elevated temperatures. Other researchers in this laboratory showed that the 
mixed phosphinophosphonite (2.19) could be synthesised by reaction of binaphthol 

with Ph2PCH2CH2P(NMe2)2 (2.20), 51 which was synthesised according to the 
method of King, 128 Scheme 2.6. 

OH 

catalvst HP(NMe2)2 
Ph2P P(NMe2)2 

(2.20) 

OH 
OH 

(2.20), toluene, A 
lift 

Ph2P p 
\ý 

0 

(2.19) 

Scheme 2.6: Synthesis of the phosphinophosphonite ligand (2.19) 

Thus, by a similar procedure the mixed phosphinophosphonite derivative of 
biphenanthrol (2.21) was synthesised in 97% yield. 

PPh2 
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(2.21) 

This compound is much more stable to hydrolysis than the monophosphonites (2.11) 

and (2.12) and the diphosphonite (2.16) and can be briefly handled in air. It has been 
fully characterised by 31pi IHI, 1H and 13C[ 111) NMR spectroscopy, see Table 2.3 

and Experimental. 

Table 2.3: 3 Ip ( IH) and IH NMR data for the phosphinophosphonites (2.21) and 
(2.19) 

. 
Compound 8p, (CDC13)a 8H (CDC13)b 

(2.21) -12.8 (d, 3APP) 28, PB) 1.67-1.79 (2H, m) 
215.5 (d, 3APP) 3 1, PA) 2.06-2.18 (IH, m) 

2.30-2.40 (IH, m) 
7.14-7.39 (14H, m) 
7.53-7.62 (2H, m) 

7.66 0 H, td, 3AHH) 7.6,4AHH) 1.0) 

7.73 0 H, td, 3AHH) 7.4,4AHH) 1.0) 
7.75-7.81 (2H, m) 

8.19 (1 H, dd, 3AHH) 8.1,4J(HH) 1.1) 
8.35 0 H, dd, 3AHH) 7.8,4AHH) 1.4) 
8.76 (2H, dd, 3AHH) 8.2,4J(HH) 2.5) 

8.79 (2H, d, 3AHH) 8.2) 
(2.19)c. d -12.7 (d, 3j(PP) 24, I! Ph2) ------ 

210.3 (d, 3j(PP) 24, P(OR)2) 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4. Coupling constants (J) in Hz (±3). 

b Spectra recorded at 400 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±0.01) to high 
frequency of tetramethylsilane. Coupling constants (J) in Hz (±O. 1). 

C ReL 51 
d Spectra recorded at 162 MHz in THF / C6D6 (5: 1) at 25 OC. Chemical shifts (8) in p. p. m. 

(±O. I) to high frequency of 85% H3PO4- Coupling constants (J) in Hz (±3). 
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The assignment Of PA to the phosphonite phosphorus and PB to the phosphine 
phosphorus is from the chemical shifts. The 13C(IH) NMR spectrum of (2.21) (see 
Experimental) shows thirty-five resonances in the aromatic region due to the carbon 
atoms of the biphenanthryl moiety being inequivalent [as we have seen already for the 
diphosphonite (2.16)1 and also because the two phenyl rings of the 
diphenylphosphino group are diastereotopic. 

2.3 Coordination chemistry of phosphonites derived from 9,9'- 
biphenanthryl-10,101-diol (2.2) and dimethyl-1,1'-binaphthyl- 
2,2'-dihydroxy-3,3'-dicarboxylate (2.1) 

In this Section the complexation of the phosphonites (2.11), (2.12), (2.16) 
and (2.21) to platinum(II), platinum(O) and rhodium(l) is discussed. 

2.3.1 Dichloroplatinum(11) complexes 

The preparation of dichloroplatinum(II) complexes serves as a simple first 

method for probing the coordination chemistry of these new phosphonite ligands since 
these complexes are generally stable to hydrolysis and oxidation. 

2.3.1.1 Monophosphonites (2.11) and (2.12) 
Addition of two equivalents of racemic monophosphonites (2.11) and (2.12) 

to [PtC12(cod)] in THF gave complexes (2.22) and (2.23) respectively. 

Co Ph 

ojýP/ 1 p\ ZC 

1/ 
Pt 

\ 
ci co/pý 

Ph 

(2.22), when = (2.11) 

(2.23), when 

co 

vo, 
Pý-, 

Ph 
= (2.12) 

Use of racemic monophosphonite (2.12) might be expected to give a 1: 1 
mixture of the (R, S)- and (SS) / (R, R)-diastereomers of (2.23). However, we were 
surprised to discover that a high degree of stereoselectivity is exhibited in the 
complexation reaction since a 10: 1 mixture is obtained. This diastereomeric mixture has 
been characterised by 31pl IH) NMR spectroscopy, see Table 2.4 and Figure 2.2. 
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iso 140 130 PPM 120 110 100 9 

Figure 2.2: 31p(IH) NMR spectrum of the diastereomeric mixture of 
dichloroplatinum(II) complexes (SS) / (RR)- and (R, S)-(2-23) 

It appears that even greater selectivity is exhibited in the formation of (2.22), 

since only one diastereomer is observed in the 31pf 111) and 195ptj 1H) NMR spectra, 
see Table 2.4 and Experimental. This complex has been further characterised by 
13C [I H) and IH NMR spectroscopy and mass spectrometry, see Experimental. 

Table 2A 3 Ip (I H) and 195pt (I H) NMR data for dichloroplatinum(II) complexes 
(2.22) and (2.23) 

0 
Complex Ligand 8pa lj(ppt)b 8ptc 

(R, R) I (S, S)-(2.22)d (±)-(2.11) 123.1 (S) 4979 162.7 W 

(2.23)e-f (±)-(2.12) 122.3 (s) 4943 ------ 
(2.23)f,. g (±)-(2.12) 122.9(s) 4908 ...... 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4- 

b Coupling constants (J) measured in Hz (±3). 
C Spectra recorded at 85.6 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high frequency 

of = (195Pt) 21.4 MHz. 
d Single product formed, which was identified as the (R, R) / (SS)-diastereomer by X-ray 

crystallography. Spectra recorded in CD2Cl2. 
e Minor isomer. 
f Spectra recorded in CDC13. 
9 Major isomer. 
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Single crystals of (2.22) have been grown from CD2CI2 and the structure determined 
by X-ray crystallography carried out by Miss A. Gillon in this department (see Figures 
2.3 and 2.4). 

The structure was solved in the space group P- I with two independent formula 
units, four molecules of chloroform and one molecule of THF per unit cell. Elemental 
analysis has been obtained for these crystals which is consistent with the formula 
C6oH42012P2PtCI2.0.5(CHC13). 0.5(C4H80), see Experimental. It can be seen from 
Figure 2.3 that the stereochemistry of both binaphthyl moieties is (R) and we can 
therefore conclude that it is the (R, R) / (S, S)-diastereomer of (2.22) that is 
predominantly formed. It is possible that the (R, R) / (SS)-diastereomer of (2.23) is 
also the one that is preferentially formed but this is pure speculation at this stage. 
Figure 2.3 also clearly illustrates that the coordination geometry at platinum is square 
planar with the two monophosphonite ligands in a cis-arrangement, which is consistent 
with the high 1APPt) value obtained (see Section 2.4). The Pt-Cl and Pt-P bond lengths 
(shown in Table 2.5) are similar to those in cis-[PtC12[P(OC6H4OMe-2)3)21 (2.343 A 

and 2.346 A for the Pt-Cl bonds; 2.207 A and 2.199 A for the Pt-P bonds), 129 which 
is consistent with this phosphonite (with an aryl group bound to the phosphorus) 
exerting a similar trans influence to a phosphite. 

Table 2.5: Selected bond lengths and interatomic distances for the 
dichloroplatinum(II) complex (RR) / (SS)-(2.22) 

Bond Length( ) 

Pt(l l)-Cl(l 1) 2.3349(18) 
Pt(l I)-CI(12) 2.3339(18) 
Pt(Il)-P(12) 2.1969(18) 
Pt(l I)-P(l 1) 2.2007(19) 

Pt(l 1), H(102)a 3.065 
Pt(l 1), HO 08)a 3.054 

a Interatomic distances. 

Selected bond angles for the complex (2.22) are shown in Table 2.6 and show 
that there is some deviation from the ideal values of 900 and 1800. This can be 
attributed to steric congestion between the two bulky cis-monophosphonite ligands 
which, as can be seen from Figure 2.3, also results in P(2) being displaced from the 
coordination plane. 
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I 

x 

�I 

Figure 2.3: Molecular structure of dichloroplatinum(II) complex (R, R)-(2.22). All 

except for the ortho-hydrogen atoms are omitted for clarity 
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Table 2.6: Selected bond angles in the dichloroplatinum(II) complex (RR) / (SS)- 
(2.22) 

Bonds Angle (0) 

P(I 2)-Pt(I I)-P(I 1) 101.25(7) 

P(l 2)-Pt(I I)-CI(I 2) 85.05(7) 

P(l l)-Pt(I I)-Cl(l 1) 84.74(7) 

CI(12)-Pt(I I)-CI(I 1) 89.34(7) 
P(12)-Pt(I I)-Cl(I 1) 172.69(7) 

P(I I)-Pt(I I)-CI(12) 172.18(7) 

An alternative view of the structure from above the coordination plane is shown 
in Figure 2.4. From this perspective it can be seen that the P-phenyl groups are aligned 
in an orientation that is 'edge-on' to the platinum center. The 'edge-on' and 'face-on' 

orientations and their significance in asymmetric hydrogenation are discussed in more 
detail in Section 4.1.2. One possible factor involved in stabilising the 'edge-on' 

conformation of P-phenyl groups in rhodium-diphosphine complexes is an agostic 
interaction130 between C-Hortho of the phenyl groups and the rhodium. 131 The 
interatomic Pt-Hortho distances (see Table 2.5) of 3.065 A and 3.054 A are 
considerably larger than those normally associated with agostic interactions but are near 
to the sum of the van der Waals' radii of platinum (1.720 A) and hydrogen (1.2 A) so it 
is feasible that some interaction between the platinum and the C-Honho bonds, similar to 
a hydrogen bond, is taking place and contributes to stabilisation of the conformation. 

The interatomic distances between the platinum and the oxygen atoms of the 
ester groups, 3.953 A-6.614 A, are long enough to rule out the possibility of any 
interaction between these atoms. 
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Cs4" 

Figure 2.4: Molecular structure of dichloroplatinum(II) complex (R, R)-(2.22) 

showing the 'edge-on' alignment of the P-phenyl groups with respect to 
the platinum. All except for the ortho-hydrogen atoms are omitted for 

clarity 
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2.3.1.2 Diphosphonite (2.16) and phosphinophosphonite (2.21) 
The addition of one equivalent of optically pure diphosphonite (SS)-(2.16) or 

racernic phosphinophosphonite (2.21) to [PtC12(cod)] gave dichloroplatinum(II) 

complexes (SS)-(2.24) and (±)-(2.25) respectively. These complexes have been fully 

characterised by 31p[ IH), 13C [I H), 195Pt (I H) and IH NMR spectroscopy, see Table 
2.7 and Experimental. 

O', ý, 
/---\ 

I'll, ON", 0 
"-- \ /Plý-Io 

D 
"', 

F 
Nlýl co R 

Pt 0 

co 

0 

cl 
/ 

cl (2.16) 

(2.24) 

o', ', 
F--\ 

R PPh2 
Co 

-- \ 
Pt 

/ 

CI-/ \CI 
01ý', / Co 
1--, 

(2.21) 

PPh2 

(2.25) 

Table 2.7: 31pf IH) and 195pti IH) NMR data for dichloroplatinum(II) complexes 
(S, S)-(2.24) and (±)-(2.25) 

Complex Ligand 5pa 8ptb IAPPOC 

(S, S)-(2.24)d (S, S) - (2.16) 159.4 (s) 186.1 (t) 4868 

(2.25)e (2.21) 44.3 (S, PB) 84.3 (dd) 3463 (PtPB) 

160.5 (s, PA) 5063 (PtPA) 

(2.26)d, f (2.19)f 42.5 (END ------ 3504 (PtPPh2), 

152.8 (P(OR)2) 5030 (PtP(OR)2) 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4- 

b Spectra recorded at 85.6 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high frequency 
of --- (195Pt) 21.4 MHz. 

C Coupling constants (J) measured in Hz (±3). 
d Spectra recorded in CD2Cl2. 
e Spectra recorded in d6-dmso. 
f Ref, 51 

The 31p(IHI NMR spectrum of (2.25) is shown in Figure 2.5. 
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.M0e 16F9 '09 ý 
150 PPM 160 50 

Figure 2.5: 31pjI H) NMR spectrum of dichloroplatinum(II) complex (2.25) 

The height of the platinum satellites is much lower than expected due to chemical shift 
anisotropy. No coupling was observed between the two inequivalent phosphorus 
atoms. The lower frequency chemical shift and smaller IJ(PtP) allows us to assign PB 
to the phosphine phosphorus and thus PA to the phosphonite phosphorus; the values of 
these NMR parameters are in close agreement with those obtained for the binaphthol- 
derived analogue (2.26), 51 see Table 2.7. 

Complex (2.25) has been characterised by mass spectrometry (see 
Experimental). However, this complex is insoluble in most organic solvents and only 
sparingly soluble in hot dmso. Consequently attempts to recrystallise this compound for 

elemental analysis and to grow crystals for X-ray crystallographic studies have been 
fruitless. 

Single crystals of (SS)-(2.24) have been grown from THF I CDC13 (3: 2) and 
the structure determined by X-ray crystallography carried out by Miss A. Gillon in this 
department (see Figure 2.6). 
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j £um, 
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Figure 2.6: Molecular structure of dichloroplatinum(II) complex (S, S)-(2.24). All 
hydrogens are omitted for clarity 

8) 

59 



Chapter 2: Phosphonites: Synthesis and Coordination Chemistry 

The structure was solved in the space group P212121 with a single formula unit, 
three molecules of THF and two molecules of chloroform present in the unit cell. 
Elemental analysis has been obtained for these crystals which is consistent with the 
formula C58H3604P2PtCI2.2.5(C4H80). 1.5(CHC13), see Experimental. Figure 2.6 

shows that the coordination geometry at platinum is square planar, with the ethane 
backbone of the five-membered chelate ring in aX conformation, see Page 141. The 

selected bond angles in Table 2.8 show small deviations from those of the ideal 

geometry of 900 and 1800. Presumably this deviation and the displacement of P(2) 
from the coordination plane, see Figure 2.6, minimises steric interactions. 

Table 2.8: Selected bond angles for the dichloroplatinum(II) complex (SS)-(2.24) 

Bonds Angle (0) 

P(2)-Pt(l)-P(l) 85.93(9) 
P(2)-Pt(l)-CI(l) 91.87(10) 
P(l)-Pt(l)-CI(2) 91.36(10) 
CI(2)-Pt(l)-CI(l) 91.16(10) 
P(2)-Pt(l)-CI(2) 173.31 (11) 
P(l)-Pt(l)-Cl(l) 176.22(11) 

The Pt-CI and Pt-P bond lengths, see Table 2.9, are similar to those in cis- 
1PtCl2[P(OC6H4OMe-2)3)21129 and monophosphonite (R, R)-(2.22), which is 

consistent with this phosphonite (with an alkyl group bound to the phosphorus) 
exerting a similar trans influence to a phosphite. 

Table 2.9: Selected bond lengths in the dichloroplatinum(II) complex (SS)-(2.24) 

Bond Length (A) 

Pt(l)-Cl(l) 2.351 (2) 
Pt(l)-CI(2) 2.337(3) 
Pt(l)-P(2) 2.183(3) 
Pt(l)-P(I) 2.189(2) 

2.3.2 Rhodium(l) complexes 
2.3.2.1 Monophosphonites (2.11) and (2.12) 

Treatment of two equivalents of monophosphonite (S)-(2.12) with 
[Rh(cod)2]BF4 in CH202 gave the rhodium(I) complex (SS)-(2.27), which is of 
particular interest as it is a potential catalyst for asymmetric hydrogenation. It has been 

characterised by 31p(IHI NMR spectroscopy, see Table 2.10 and Experimental. 
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Whilst this complex appears to be stable to hydrolysis and can be briefly handled as a 
solid in the air, its solutions should be handled under nitrogen to prevent formation of 
an adduct, (SS)-(2.28), with oxygen. This adduct has been observed in the 31pII H) 
NMR spectrum of a sample of (SS)-(2.27) left in solution for several days. 
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The 31pi IH) NMR spectrum of a THF / C6D6 (3: 2) solution of (SS)-(2.27) 
is shown in Figure 2.7. A broad doublet (IJ(PRh) 214 Hz) can be observed indicating 
that the complex is fluxional. 

4w 

190 lio ---- Pim .... lio -I 160 

Figure 2.7: 3 Ip I IH I NMR spectrum of rhodium(I) complex (SS)-(2.27) 
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Two possible sources of the fluxionality are: 
i. Steric hindrance impeding rotation about the rhodium-phosphorus bonds. 
ii. Rapid association and dissociation of chloride ions present in solution to the metal 
centre; chloride impurity may be present in the [Rh(cod)2]BF4 starting material as a 
result of the route by which it is synthesised, see Scheme 4.1. 
However further work, including variable temperature 31pf 1H) NMR spectroscopy, 
needs to be carried out to provide insight into this fluxionality. 

Treatment of two equivalents of (±)-(2.11) or (±)-(2.12) with 
[Rh(CO)2(dpm)] (where dpm. is dipivaloylmethane) in THIF did not yield diastereomeric 
mixtures of the expected bis(monophosphonite) species (2.29) and (2.30); rather it 
was found that only one equivalent of monophosphonite was bound to the metal to 
form the complexes (2.31) and (2.32) which have been characterised by 31p(I H) and 
1H NMR spectroscopy, mass spectrometry and IR spectroscopy, see Table 2.10 and 
Experimental. This conclusion is based on the following evidence: 
i. IH NMR spectroscopy shows aromatic : tert-butyl integration ratios of 15: 18 and 
21: 18 for compounds (2.31) and (2.32) respectively. In each case, two singlets are 
observed at low chemical shifts indicating that the tert-butyl groups are inequivalent, see 
Experimental. 
ii. Mass spectrometry shows the presence of the parent ions [M+Na+ for (2.31) and 
M+H+ for (2.32)) and, in each case, a fragment (M-21 1+) consistent with loss of the 
dprn group, see Experimental, 
iii. IR spectroscopy shows the presence of metal carbonyl stretches at 2007.5 cm-1 and 
2005.0 cm-1 for (2.31) and (2.32) respectively. 
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These complexes are stable to hydrolysis and they can be handled in air, even in 
solution, without formation of adducts with oxygen. Consequently they can be 
separated from any hydrolysed monophosphonite (2.13) that might be present by 
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digestion with methanol and filtration. The hydrolysis product (2.13) is soluble in 

methanol whereas the rhodium complexes are insoluble. 
The formation of these monocomplexes may reflect the very bulky nature of the 

organic backbones of these monophosphonites. Similar behaviour has been observed in 
the coordination chemistry of bulky calix[4]arene monophosphites. 127 

2.3.2.2 Diphosphonite (SS)-(2.16) 
Treatment of one equivalent of diphosphonite (S, S)-(2.16) with 

[Rh(cod)2]BF4 led to the formation of complex (SS)-(2.33), which is of particular 
interest because of its potential as a catalyst for asymmetric hydrogenation. This 

complex has been characterised by 31p[IH) and 111 NMR spectroscopy, see 
Table 2.10 and Experimental. In the presence of an excess of ligand, further reaction 
occurs to form the bis(chelate) (SS), (SS)-(2.34) which has been characterised by 
31pI 1H) NMR spectroscopy, see Table 2.10. Whilst it is prudent to store and handle 

complex (2.33) under nitrogen to prevent any possibility of the formation of a 
dioxygen adduct, it appears that it is stable to hydrolysis and, even in solution, to 

oxygen. 
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2.3.23 Phosphinophosphonite (2.21) 
Treatment of one equivalent of phosphinophosphonite (S)-(2.21) with 

[Rh(cod)2]BF4 gave complex (S)-(2.35), which is of special interest because of its 

potential use in asymmetric hydrogenation. The complex was found to be stable to 
hydrolysis and could be handled in air, although it was stored in an inert atmosphere to 
prevent any possibility of reaction with oxygen. It has been characterised by 31P(I H) 
NMR spectroscopy, see Table 2.10 and Experimental. The assignment of PA to the 
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phosphonite phosphorus and PB to the phosphine phosphorus is ftom the chemical 
shifts. 

Complex (S)-(2.35) can potentially react with an excess of 
phosphinophosphonite (S)-(2.21) to form a mixture of the two bis(chelates) (SS)- 
(2.36) and (SS)-(2.37). In practice only one of these two species has been observed 
and has been assigned as (SS)-(2.36) from analysis of the 31PI 1111 NMR spectrum, 
see Table 2.10. The large 2j(pp) value (305 Hz) is indicative of a trans relationship 
between the phosphine and the phosphonite moieties, which have been assigned as PB 

and PA respectively from their chemical shifts. The exclusive formation of bis(chelate) 
(2.36) is in accordance with the antisymbiotic principle which predicts a preference for 

a strong a-donor to be trans to a weak a-donor. 132 
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of phosphinophosphonite (±)-(2.21) with 
[[RhCI(CO)2)21 resulted in the formation of a mixture of species which have been 

characterisedby 31p(IH) NMR spectroscopy, see Table 2.10 and Figure 2.8. 
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Figure 2.8: 31p[I H) NMR spectrum of the product mixture obtained by reaction of 
phosphinophosphonite (±)-(2.21) with [(RhCI(CO)2)21 

Whilst the unidentified compound (2.38) may correspond to a small proportion of 
regioisomer (2.39) present in the product mixture, the major product has been 
identified as (2.40) by comparison of the spectroscopic data obtained with those of the 
binaphthol-derived analogue (2.41), 51 see Table 2.10. The selectivity for regioisomer 
(2.40) can be rationalised in terms of both steric and electronic arguments. 
Electronically, one would expect that the thermodynamically favoured isomer would 
contain the phosphorus moiety with the higher trans influence (presumably the 
phosphine) in the position trans to the carbonyl, whilst steric considerations predict the 
same selectivity since Tolman's cone angles133 for chloro and carbonyl ligands are 
1020 and 950 respectively and thus one might expect formation of the regioisomer with 
the large phosphonite group trans to the chloro ligand. 
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The other products of the reaction are the two diastereomers I(RR) / (SS) and 
(R, S) ca. 2.5: 1) of the cationic bis(chelate) complex (2.36), except here chloride is the 
counter-ion. 

Table 2.10: 3 1p (1 H) NMR data for the rhodium(l) complexes of monophosphonites 
(2.11) and (2.12), diphosphonite (S, S)-(2.16) and 
phosphinophosphonite (S)-(2.21) 

Complex Ligand 5pa 1J(PRh)b 2j(pp)b 

(S, S)-(2.27)c (S)-(2.12) 
(2.31)d (2.11) 
(2.32)d (2.12) 

(S, S) - (2.3 3) e (S, S) - (2.16) 
(S, S), (S, S) - (S, S) - (2.16) 

(2.34)e 
(S)-(2.35)c (SX2.21) 

(S, S) - (2.3 6) c (S)-(2.21) 

(R, S)-(2.36)d (2.21) 53.1 (dd, PB)f 
222.7 (dd, PA)g 

(2.38)d, h (2.21) 77.6 (dd) 
209.8 (dd) 

(2.40)d (2.21) 52.0 (dd, P]3)f 
216.3 (dd, PA)g 

(2.4 1) Q (2.19) 49.4 (dd, PB)f 
214.0 (dd, PA)g 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4- 

b Coupling constants (J) measured in Hz (±3). 
c Spectra recorded in CH202 / C6D6 (3: 2). 
d Spectra recorded in CD2Cl2- 
e Spectra recorded in CDC13. 
f PB assigned as PPh2. 
9 PA assigned as P(OAr)2- 
h Unidentified species. 
i Ref, 51 
i Spectrum recorded in THE 

173.1 (br d) 214 
187.0 (d) 250 
189.2 (d) 248 
205.7 (d) 229 
227.0 (d) 183 

153 28 
220 30 
125 305 
190 305 
130 370 
192 368 
201 42 
276 45 
133 34 
222 36 
135 36 
218 36 

56.1 (dd, PB)f 

207.3 (dd, PAY 
52.7 (dd, PB)f 

222.3 (dd, PAY 
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2.3.3 Platinum(O) complexes - NMR studies 

2.3.3.1 Monophosphonite (2.12) 
NMR studies have been carried out to investigate the reaction between racemic 

monophosphonite (2.12) and [Pt(nb)31 (nb = norbornene). Reaction of one equivalent 

of racemic (2.12) with [Pt(nb)3] resulted in the formation of a diastereomeric mixture 

of [Pt(nb)L2] species (2.42) (where L represents the monophosphonite ligand) as 

shown by the 195ptl 1H) NMR spectrum (Figure 2.9) which contained two triplets and 

a doublet of doublets. Surprisingly, none of the complex (2.43) with just one 

phosphonite bound to the metal was formed. Initially it was feared that this was due to 

an error in the stoicheiometry but the 195Pt [ 1H) NMR spectrum also revealed the 

presence of unreacted [Pt(nb)31, thereby eliminating this possibility. 
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It can be seen from the 31pf 1H) NMR spectrum of this diastereomeric mixture, 
see Figure 2.9, that there are two singlets (each with platinum satellites) and a pair of 
doublets (again each with platinum satellites). This implies that there are two 
diastereomers where the phosphorus atoms are equivalent and one diastereomer where 
the phosphorus atoms are inequivalent. 
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Figure 2.9: 31p(IH) and 195Pt(IH) NMR spectra of the diastereomeric mixture of 
[Pt(nb)L2] species (2.42) 
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It is important in understanding this phenomenon to take note of the effect of the 

remaining norbomene ligand upon the symmetry of the molecule. If we consider first of 

all the square planar platinum(II) complex (2.23), it can be seen that in both the (RS)- 

and the (S, S)-diastereomers the two phosphorus atoms are equivalent, see Figure 2.10. 
In the former diastereomer they are equivalent by virtue of the miffor plane which is 

perpendicular to the coordination plane and in the latter diastereomer they are related by 

the C2-axis. 

(R, S)-(2.23) (S, S)-(2.23) 

Figure 2.10: Symmetry properties of the (R, S)- and (S, S)-diastereomers of the 

square planar dichloroplatinum(II) complex (2.23) 

When we consider the bis(monophosphonite)platinum(O) complexes (2.42) 
(see Figure 2.11), whilst the mirror plane still exists in the (R, S)-isomer there is no 
C2-axis in the (S, S)-isomer due to the presence of the remaining norbornene. 
Consequently, the (SS)-diastereomer no longer has equivalent phosphorus atoms and 
hence this diastereomer would account for the two doublets. Rotation about the Pt-nb 
bond would equilibrate the two phosphorus atoms, so we can conclude that there is no 
rotation on the NMR timescale at 28 OC. 
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(R, S)-(2.42) (S, S)-(2.42) 

Figure 2.11: The effect of the norbomene upon the symmetry properties of the (RS)- 

and (S, S)-diastereomers of the trigonal planar 
bis(monophosphonite)platinum(O) complex (2.42) 

The existence of the mirror plane explains why the two phosphorus atoms of the 
(R, S)-diastereomer are equivalent and hence why a singlet is observed. However, it 

does not explain the presence of the second singlet. This is in fact due to the presence of 
the (SR)-diastereomer, which one might initially believe to be simply the enantiomer of 
the (R, S)-compound. However, as is shown in Figure 2.12 the mirror image of the 
(R, S)-diastereomer is in fact the (R, S)-species itself which is clearly not 
superimposable upon the (SR)-species. As non-superimposable, non-mirror images 

they are diastereomers and hence two singlets are observed. Again, the two 
diastereomers would be interconverted by rotation about the Pt-nb bond and so the 

presence of the two singlets indicates that such rotation is hindered on the NMR 

timescale at 28 OC. 
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(R, S)-(2.42) 

(S, R)-(2.42) 

Reflection (R, S)-(2.42) 

Figure2.12: Inequivalence of the (R, S)- and (S, R)-diastereomers of the 
bis(monophosphonite)platinum(O) complex (2.42) 

Figure 2.9 shows that considerable diastereoselectivity is taking place since, 
statistically, we would expect a 1: 2: 1 ratio of the MS) : f(RA / (SA) : (S, R) 
diastereomers of (2.42) but a ratio of 1: 3: 6 is observed (although the assignment of the 
two singlets; is arbitrary). 

Reaction of the mixture of diastereomers with an extra two equivalents of 
racernic monophosphonite (2.12) (i. e. three equivalents in total) resulted in a 
complicated mixture of species centred around 220 p. p. m. with complete consumption 
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of the diastereomers of (2.42). These new species have platinum satellites and may 
correspond to the diastereomers of the trigonal planar complex with all three norbomene 
ligands substituted by phosphonite ligands. However, further investigation should be 

carried out in the future. 
These complexes are all oxygen-sensitive. Further, these NMR studies were 

undertaken in CDC13 and it was observed that, after long periods, peaks corresponding 
to the dichloroplatinum(II) complex (2.23) started to appear and it can be surmised that 
this is due to oxidative addition of traces of HCI in the CDC13 to (2.42). 

Table 2.11: 3 Ip, II H) and 195Pt II H) NMR data for the three diastereomers of the 
bis(monophosphonite)platinum(O) complex (2.42) 

Compound 8p (CDC13)a 2j(pp)b 8pt (CDCli)c lj(ppt)b 

(S, S)-(2.42) 196.6 (d) 76 -556.1 (dd) 4920 

200.6 (d) 76 4950 

(R, S)-(2.42)d, e 198.6 (s) ------ -503.1 (t) 5045 

(S, R)-(2.42)d, f 198.5 (s) ------ -538.5 (t) 4976 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% 113P04, 

b Coupling constants measured in Hz (±3). 
C Spectra recorded at 85.6 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high frequency 

of .7 (195Pt) 21.4 MHz. 
d The relative assignment of these two diastereomers is arbitrary. 
e Minor diastereomer 
f Major diastereomer 

2.3.3.2 Phosphinophosphonite (2.21) 
NMR studies have been carried out on the reaction between racemic 

phosphinophosphonite (2.21) and [Pt(nb)31. Reaction of one equivalent of racemic 
(2.21) with [Pt(nb)3] resulted in the formation of a complicated mixture of species as 
shown by 31p(I H) NMR spectroscopy; the phosphonite region of this spectrum is 

shown in Figure 2.13. It is postulated here that the signal around 183 p. p. m. consists 
of two overlapping doublets corresponding to the two possible diastereomers ((2.44) 

and (2.45) in Figure 2.14) of the mono(chelate) complex. Since these two 
diastereomers would be interchanged by rotation about the Pt-nb bond, the presence of 
these two doublets indicates 

' 
that such rotation is impeded on the NMR timescale. 

It is also believed that the complicated signals observed around 198-204 p. p. m. 
correspond to the two possible diastereomers [(R, S)- and (R, R) / (SS)-) of the 
bis(chelate) complex (2.46) (see Figure 2.14), each of which would exhibit an 
AA'XX' spin system. Reaction of the optically pure phosphinophosphonite (2.19) 
derived from binaphthol with [Pt(nb)3] has been shown to form only the bis(chelate) 
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Figure2.13: The phosphonite region of the 31p(IH) NMR spectrum of the product 
mixture obtained upon reaction of I equiv of (±)-phosphinophosphonite 
(2.21) with [Pt(nb)31 
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which exhibits a multiplet in this region (200-205 p. p. M. ). 51 The presence of some 
mono(chelate) with ligand (2.21) would be consistent with the increased steric bulk of 
this ligand. However, this system has not been further analysed since it should be 
readily understood when optically pure ligand is used instead of racernate. 
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Figure 2.14: The proposed products of the reaction between phosphinophosphonite 
(2.21) and [Pt(nb)31; only one enantiorner is shown for (2.44) and 
(2.45) 

2.4 Discussion of 31P and 195Pt NMR chemical shifts and coupling 
constants 

A trend is apparent for the chemical shift values of these cyclic 
bis(aryloxy)phosphonites. Where the phosphorus is bound to an alkyl group (as in 
(2.16), (2.18) and (2.21)1, the chemical shift lies between 210 and 220 p. p. m. but 
when it is bound to an aryl group f as in (2.11) and (2.12)), the phosphorus nucleus 
is shielded and the chemical shift falls around 185 p. p. m., see Table 2.12. The 
chemical shifts (5p) of (2.47), 36,37 (2.48)18.36 and (2.19)51 (the binaphthol 

74 



Chapter 2: Phosphonites: Synthesis and Coordination ChemiVq 

analogues of the monophosphonites, diphosphonite and phosphinophosphonite 
respectively) are included in Table 2.12 for comparison and lie in similar regions. 

Table 2.12: Chemical shift values (5p) values for aryl- and alkyl- 
bis(aryloxy)phosphonites 

Compound 

(2.11) 
(2.12) 
(2.47)b 

(S, S)-(2.16) 
(S, R)-(2.16)c 
(R, R)-(2.48)d 

(2.18)e 

(2.19)f 

(2.21) 

8p (CDC13)a 

184.4 
186.5 
183.5 
211.7 
212.6 
207.5 

191.7 (PC12) 
209.9 (P(OAr)2) 

-12.7 (PPh2) 
210.3 (P(OAr)2) 

-12.8 (PPh2) 
215.5 (P(OAr)2) 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p, p. m. (: tO. I) to high 
frequency of 85% H3PO4- 

b (2.47) is the binaphthol analogue of (2.11) and (2.12). 36.37 
C Spectrum recorded in CDC13 / THF (1: 4). 
d (2.48) is the binaphthol analogue of (2.16). 18,36 
e Spectrum recorded in CDC13 / THF (2: 3). 
f Spectrum recorded in THIF / C6D6 (5: 1). 51 (2.19) is the binaphthol analogue of (2.21). 

The 31pl IH) and 195PQ IH) NMR data for the dichloroplatinum(II) complexes 
that have been synthesised are shown in Table 2.13. Again it can be seen that there are 
two chemical shift (8p) ranges depending upon the substituent bound to phosphorus. 
Complexes of aryl phosphonites possess chemical shifts around 123 p. p. m, whilst the 

chemical shifts of the complexes derived from alkyl phosphonites are close to 
160 p. p. m. However, the coordination chemical shifts (, &8)133 are similar for both sets 
of ligands (between -52 and -64 p. p. m. ). The high IJ(PPt) values are consistent with 
the cis conformation that complexes (2.22) and (2.24) have been shown to adopt (by 
X-ray crystallography), i. e. the phosphonite ligands are trans to the chloride ligands 

which have a low trans influence. These values fall in the range 4850-5100 Hz, 
between those of cis-dichloroplatinum(II) phosphite complexes (cf. IJ(PPt) 5793 Hz 
for cis- [PtC12(P(OPh)3)21)134 and those of cis-dichloroplatinum(II) phosphine 
complexes (cf. IJ(PPt) 3618 Hz for [PtC12(dppe)]. This observation reflects the trend 
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in values of IJ(PtP) which increase from M-PR3<M-P(OR)R2<M-P(OR)2R<M- 
P(OR)3 due to differences in the s-electron density at the phosphorus nucleus. 135 

Table 2.13: 31pjI H) and 195pt (I H) NMR data for dichloroplatinum(II) complexes 

Complex Ligand Spa A8 lj(ppt)b 8ptc 

(R, R) / (S, S)-(2.22)d (±)-(2.11) 123.1 -61.3 4979 162.7 
(2.23)e, f (±)-(2.12) 122.3 -64.2 4943 ------ 
(2.23)f-9 (±)-(2.12) 122.9 -63.6 4908 ------ 

(S, S)-(2.24)d (S, S)- 159.4 -52.3 4868 186.1 

(2.16) 
(2.25)h (2.21) 44.3 (PPh2) +57.1 3463 84.3 

160.5 (P(OAr)2) -55.0 5063 

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

b Coupling constants (J) measured in Hz (±3). 
C Spectra recorded at 85.6 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. 1) to high frequency 

of E (I 95Pt) 21.4 MHz. 
d Spectra recorded in CD2Cl2. 
e Minor isomer. 
f Spectra recorded in CDC13. 
9 Major isomer. 
h Spectra recorded in d6-dmso. 

The 31pill-11 NMR data for the rhodium(I) complexes that have been 

synthesised are shown in Table 2.14. It can be seen that the chemical shift values (8p) 

are strongly dependent on the group bound to the phosphorus and the nature of the 
ancillary ligand. The values of 1J(PRh) for the phosphonite groups are between those 
of rhodium(I) phosphite and rhodium(I) phosphine complexes. The higher values of 
1j(PRh) for complexes (2.31) and (2.32) (ca. 250 Hz) compared to that of complex 
(2.27) (214 Hz) reflect the lower trans influence of the dprn ligand compared to that of 
the cod ligand. Similarly, the lower values of 1J(PRh) for the phosphonite groups in the 
bis(chelates) (2.34) and (2.36) (180-195 Hz) compared to those in the mono(chelates) 
(2.33) and (2.35) (220-230 Hz) reflect the higher trans influences of the phosphonite 
and phosphine groups respectively compared to that of the cod ligand. 

76 



Chapter 2: Phospho Mes. - 
_Synthesis 

and Coordination Chemistry 

Table 2.14: 31pf IH) NMR data for the rhodium(l) complexes of monophosphonites 
(2.11) and (2.12), diphosphonite (S, S)-(2.16) and 
phosphinophosphonite (S)-(2.21) 

Complex Ligand 8pa 

(S, S)-(2.27)c (SX2.12) 173.1 (br d) 
(2.31)d (2.11) 187.0 (d) 
(2.32)d (2.12) 189.2 (d) 

(S, S) - (2.3 3) e (S, S) - (2.16) 205.7 (d) 
(S, S), (S, S) - (S, S) - (2.16) 227.0 (d) 

(2.34)e 

lj(pRh)b 2j(pp)b 

214 
250 
248 
229 
183 

(S)-(2.35)0 (S)-(2.21) 56.1 (dd, PB)f 153 
207.3 (dd, PA)g 220 

(S, S) - (2.3 6) c (S)-(2.21) 52.7 (dd, PBY 125 
222.3 (dd, PA)g 190 

(R, S)-(2.36)d (2.21) 53.1 (dd, PB)f 130 
222.7 (dd, PAY 192 

(2.40)d (2.21) 52.0 (dd, PB)f 133 
216.3 (dd, PA)g 222 

28 
30 
305 
305 
370 
368 
34 
36 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4- 

b Coupling constants (J) measured in Hz (±3). 
C Spectra recorded in CH202 / C6D6 (3: 2). 
d Spectra recorded in CD2C12- 
e Spectra recorded in CDC13. 
f PB assigned as PPh2. 
9 PA assigned as P(OAr)2. 
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3.1 Introduction 

The importance of asymmetric hydroformylation and hydrogenation and the role 
of chiral diphosphites in these processes has already been discussed (see Chapter 1). 
Further, the importance of the seven-membered P(OCCCCO) rings and the bulky, 
hydrophobic aromatic groups in conferring kinetic stability to hydrolysis upon cyclic 
aryl diphosphites such as 'binaphthite' (3.1)92 has also been considered. 

(3.1) 

A rhodium(l) complex derived from (SSS)-(3.1) was tested in the asymmetric 
hydroformylation of styrene and p-methoxystyrene. High activities (86% and 70% 

conversions respectively under mild conditions) and regioselectivities (81% and 69% 

respectively in favour of the branched aldehyde) were observed but the 
enantioselectivities after optimisation of the reaction conditions were modest (23% and 
46% respectively). 93,94 

We therefore set about the synthesis of a range of cyclic aryl diphosphites 

containing bulkier organic backbones in the hope that this would create a more sterically 
discriminating environment and thereby improve the regio- and enantioselectivities 
obtained, whilst maintaining the high catalytic activities. It was also hoped that the 
kinetic stability to hydrolysis would be improved by increasing the hydrophobicity of 
the environment around the potentially labile P-0 bonds. 

This Chapter describes the preparation, characterisation and properties of cyclic 
aryl phosphites derived from binaphthol, 9,9'-biphenanthryl-10,10'-diol (3.2) 
(biphenanthrol) and dimethyl - 1, F-bi n aphthy I -2,2-d i hydroxy-3,3' -d ic arb oxy I ate 
(3.3). These phosphites have been prepared as diastereomeric mixtures, as racernates 
and optically pure. The coordination chemistry of the two diphosphites that have been 
successfully synthesised with platinum(II), platinum(O), palladium(II) and rhodium(I) 
is then discussed. Finally, the rhodium(l) complexes of these diphosphites have been 
tested for the asymmetric hydroformylation of styrene and p-methoxystyrene and the 
results are reported herein. 
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C02Me 

OH 
OH 

C02Me 

(3.2) (3.3) 

3.2 Synthesis of cyclic aryl phosphites derived from 9,91- 
biPhenanthryl-10,101-diol (3.2) 

In this Section the attempted syntheses of a range of diphosphites derived from 
biphenanthrol (3.2) are discussed. The dissymmetry of the biphenanthrol means that 
three diastereomers of 'biphenanthrite' (3.4) are possible. The successful syntheses of 
(i) the mixture of diastereomers, (ii) the single (R, SR) / (SR, S)-diastereomer and 
(iii) the optically pure (RR, R)-diastereomer are described. 

The diphosphite (3.5) (referred to hereafter as 'pnp) derived from 
biphenanthrol (3.2) and binaphthol has been successfully synthesised (i) as a mixture 
of diastereomers, (ii) as the optically pure (R, SR)-diastereomer and (iii) as the optically 
pure (RRR)-diastereomer and these syntheses are reported here. 

The characterisation and properties of these diphosphites are reported in detail. 

(3.4) (3.5) 
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3.2.1 Synthesis of the diphosphite lbiphenanthrite' (3.4) from 
biphenanthrol 

It was initially hoped that 'biphenanthrite' (3.4) could be synthesised by a 
similar procedure to that for 'binaphthite' (3.1), see Equation 3.1. 

OH 
OH 

(i) 0.67 eq PC13,2 eq NEt3, 
THF, -40 'C 

00 

O-P P%- o 00 

(3.1) 

Equation 3.1 

Disappointingly, application of the reaction conditions of Equation 3.1 to the 

synthesis of the diastereomeric mixture of 'biphenanthrite' (3.4) starting with racemic 
biphenanthrol (3.2) led to a complicated mixture of products. A typical 31P(I H) NMR 

spectrum of the crude reaction mixture is shown in Figure 3.1. Changes in solvent 
affected the absolute values of the chemical shifts of the species present by up to 
0.5 p. p. m. and thus in subsequent discussion and interpretation of spectra of crude 
reaction mixtures it is the relative chemical shifts of the species that are used. 
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B 

D 

A 

C C 

147 146 145 144 143 142 141 

Figure 3.1 A typical 31p(IH) NMR spectrum of the crude reaction mixture 
obtained upon reaction of racemic biphenanthrol (3.2) with PC13 and 
NEt3 in TUF at -40 OC 
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As Figure 3.2 illustrates, four signals would be expected in the 31p(IH) NMR 

spectrum of the diastereomeric mixture of 'biphenanthrite' (3.4), corresponding to the 
four different types of phosphorus atom in the three possible diastereomers. 

SPISPIS 
enantiomers 

Rp, Rp, R 

diastereomers 
) 

Sp2RnS -4 
enantiomers 

)p RP2Sp2R 

SP3SP4R enantiomers 
-it )m- RP3RP4S 

Figure 3.2: The relationship between enantiomers, diastereomers and the number of 
expected 31plIH) NMR resonances for 'biphenanthrite' (3.4). The 
four different types of phosphorus atom are labelled PI -P4 

Indeed, these four signals can be identified in Figure 3.1 (species A-C). In the 

case of the (R, R, R) / (S, S, S)- and the (R, S, R) / (S, R, S)-diastereomers the two 

phosphorus atoms are equivalent and the singlets in Figure 3.1 are assigned to these 
symmetrical isomers. These have been assigned as species A and B respectively since 
optically pure (RRR)-(3.4) has been obtained as a single diastereomer from optically 
pure (R)-biphenanthrol (see Pages 101-102) and is unambiguously assigned to the 

signal at 143.3 p. p. m. In the case of the (R, R, S) / (S, SR)-diastereomer the two 

phosphorus atoms are inequivalent and the pair of doublets labelled species C is 

therefore assigned to this isomer. The 7J(PP) value varies from 20-40 Hz depending on 
the solvent. Seven-bond coupling of this magnitude has precedent in the literature. It 

was first observed by Pastor and Rodebaugh in 1988 for the biaryl bis(1,3,2- 

oxazaphospholidine) (3.6). 136 The inequivalent phosphorus atoms in the (R, R, S) 
(S, S, R)-diastereomer of this compound had a 7J(PP) of 30 Hz. 

(3.6) 
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The same workers have also reported 8App) values in the sterically congested 
diphosphite (3.7) and in the phosphorodichloridite intermediate (3.8) of 73 Hz and 
136 Hz respectively. 137 

'Bu 

R= PhO, (3.7) 
R= Cl, (3.8) 

Although the magnitude of these long-range coupling constants was not 
explained by these workers, several theories have now emerged to explain this 
phenomenon. One such theory invokes the through-space mechanism. 138 Szalontai and 
co-workers139 have argued that even if crystallographic data shows that in the solid 
state the interatomic P-P distances are larger than the sum of the van der Waals' radii, a 
through-space contribution to coupling can still be significant since the translational and 
vibrational energies in solution may lead to shortened time-averaged P-P interatomic 
distances. 

The restricted geometry possessed by bulky diphosphite (3.7) may favour other 
mechanisms for the long-range transmission of coupling. For example, coupling 
through the it-system of the aromatic rings 140,141 or through the lone pairs of electrons 
on the phosphorus atoms142 is also possible. It is not known at present which one of 
these mechanisms is operating for (RRS) / (SSR)-'biphenanthrite' (3.4); indeed the 
coupling may be the result of several different contributions. The solvent-dependence of 
the coupling constant suggests that the conformation of the diphosphite is critical to the 
size of the coupling. 

One might expect the (R, R, R) / (S, S, S)- : (R, R, S) / (S, S, R)- : (R, S, R) / 
(S, R, S)- ratio to be 1: 2: 1. However, it is clear from Figure 3.1 that the (R, R, R) / 
(S, S, S)-diastereomer has been formed in a much lower proportion than the (RSR) / 
(S, R, S)-diastereomer and therefore some diastereoselectivity is being exhibited. 

To elucidate the identity of the remaining species observed in Figure 3.1, it is 
instructive to consider the mechanism of the 'one-pot' procedure for forming 
diphosphites from PC13 shown in Scheme 3. L 
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OH PC13 0", 
"ý 

? 

OH (i) 

Co 

1--*ý 

OH 

OH 

(ii) 

00 OH 
-, 'F7 

Co 

1--*, 

("') PC13 

o', ' ýp O\ 
p "-*, OD Co 

"-Ilp 
"*-, 0 

OH 

OH r-4ý 
0�� ? O\ 

p 1--*lci 
Co 

1--Ilp ci 

Scheme 3.1: The course of the 'one-pot' diphosphite-forming reaction and the 
intermediates involved in this process 

The first step is the reaction of the diol to form the chlorophosphite (step (i)). 
This then reacts with a further equivalent of diol Istep (ii)) to produce a 
hydroxymonophosphite (a phosphite with a pendant hydroxyl group referred to 
hereafter as a 'dangler' phosphite). Depending upon the rate and order of addition this 
species will then react either with PC13 to form a phosphorodichloridite (step (iii)) or 
with a molecule of chlorophosphite to form a diphosphite I step (iv) 1. The former then 
reacts with a molecule of diol to produce the diphosphite (step (v)). 

Species D and E (Figure 3.1) have been identified as the two diastereomers of 
the 'dangler' phosphite (3.9). The (R, R) / (SS)-diastereomer has been identified as 
species D since optically pure (S, S)-(3.9) has been synthesised as a single 
diastereomer from optically pure (S)-biphenanthrol (3.2) (see Pages 92-94) and has 
been unambiguously assigned to the signal at 146.2 p. p. m. 

A result of the formation of the 'dangler' side-product (3.9) is that there 
remains some unreacted chlorophosphite (3.10) in solution. This will react with an 
excess of water present to form the phosphonate (3.11). However, if only traces of 
water are present then two equivalents of the chlorophosphite react with one equivalent 
of water to form the 'POP' pyrophosphite (3.12). Two singlets in the 31P(I H) NMR 
spectrum at 141.9 p. p. m. and 139.4 p. p. m. have been assigned to the (R, R) / (S, S)- 
and (R, S) / (SR)-diastereomers of this species respectively, since the optically pure 
diastereomer (SS)-(3.12) has been synthesised from optically pure (S)-biphenanthrol 
(3.2) (see Pages 91-92) and has been unambiguously assigned to the signal at 141.9 
P. P. M. 
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(3.11) (3.12) 

The final side-product of this reaction that has been identified is the furan 
(3.13), which is fonned by dehydration of biphenanthrol (3.2), see Equation 3.2. 

-H20 

(3.2) 

Equation 3.2 

(3.13) 

This species has been characterised by X-ray crystallography carried out by Dr D. Ellis 
in this department, see Figure 3.3. The structure was solved in the space group P21/c 
(No. 14) and shows that the compound is nearly planar, with an angle between the two 
phenanthryl planes of 14.30. The bond length and bond angle geometries are all within 
normal ranges. 143 The minimum and maximum deviations of the carbon atoms from 
planarity are -0.021 A/0.193 A and 0.006 A/ -0.154 A for the two phenanthryl rings. 
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Figure 3.3: Molecular structure of the furan (3.13), formed by dehydration of 
biphenanthrol (3.2), showing the skewing of the two phenanthryl 
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The following Sections will illustrate how the assignment of the signals in 
Figure 3.1 has been achieved and the syntheses of all the individual species discussed 

will be reported. 

3.2-1.1 Synthesis of chlorophosphite (3.10) from biphenanthrol (3.2) 
Chlorophosphites have been prepared by the addition of diols to a large excess 

Of PC13 in the presence of a base to remove the HCI produced. 93 These reactions are 
highly exothermic and are therefore carried out at low temperature. Thus, 

chlorophosphite (3.10) has been prepared both as a racernate and optically pure by 

reaction Of PC13 with racemic or optically pure biphenanthrol (3.2) respectively in the 

presence of triethylamine at -400C, see Equation 3.3. 

(3.2) 

Equation 3.3 

(3.10) + 2[HNEt3]Cl 

Addition of the NEt3 to the PC13 solution in THIF led to the formation of a 
copious precipitate. At first it was thought that this may be due to the formation of 
triethylammoniurn chloride by reaction of the triethylamine with the HCI produced by 

reaction of the PC13 with traces of water in the solvent and / or the triethylamine. 
However, neither H3PO3 (from hydrolysis of the PC13) nor H3PO4 were observed in 
the 31pIIHI NMR spectrum of the product. We now postulate that the precipitate is the 
salt (3.14). This salt would be a much more reactive electrophile than PC13 and would 
react with the biphenanthrol to give the chlorophosphite; a form of nucleophilic 
catalysis. 

(3.14) 
cl 

p ,, - 
NEt3 +Cl" 

cl 
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Provided air and moisture were rigorously excluded from the reaction mixture 
chlorophosphite (3.10) could be isolated in pure form in 92% yield and has been 

characterised by 31pl IH), 13C[ IHI and IH NMR spectroscopy, see Table 3.1 and 
Experimental. 

The 13CIIHI NMR spectrum of (3.10) shows twenty-eight carbon signals, 
not the fourteen that would be expected if the chlorophosphite was C2-symmetric. The 
inequivalence is caused by the position of the chlorine atom, which lies closer to one of 
the phenanthryl moieties than the other rendering the molecule CI-symmetric. This 
phenomenon has also been observed for (3.15), the analogous chlorophosphite 
derived from binaphthol, 93 as well as for the monophosphonites (2.11) and (2.12) 
described in Section 2.2.1. 

(3.15) 
Cl 

0 

Table 3.1: 31P and IH NMR data for chlorophosphites (3.10) and (3.15) and 
phosphonates (3.11) and (3.16) 

Compound 8p (CDC13)" 8H (CDC13)b 

(3.10) 180.9 7.27-7.34 (2H, m) 
7.3 8 (2H, dd, 3j (HH) 8.4,4j (HH) 1.1) 

7.57-7.64 (2H, m) 
7.71-7.85 (4H, m) 

8.30 (1 H, dd, 3j (HH) 8.1,4j (HH) 1.1) 
8.42 (1 H, dd, 3j (HH) 8.1,4J(HH) 1.1) 

8.77 (2H, d, 3J(HH) 8.6) 
8.81 (2H, d, 3J(HH) 7.0) 

(3.15)c 178.5d 
(3.11) 13.1 (d, IJ(PH) 731) 7.29-7.44 (411, m) 

7.51 (111, d, IAPH) 732, IIP) 
7.60-7.67 (2H, m) 
7.75-7.88 (4H, m) 
8.41-8.47 (2H, m) 
8.75-8.84 (4H, m) 

Continued, 
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Table 3.1 continued: 

Compound Sp (CDC13)a 

(3.16)c 13.8 (d, IJ(PH) 732)d 

8H (CDC13)b 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (5) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4. Coupling constants (J) in Hz (±3). 

b Spectra recorded at 400 MHz at 28 OC. Chemical shifts (5) in p. p. m. (±0.01) to high 
frequency of tetramethylsilane. Coupling constants (J) in Hz (±O. 1). 

C Ref. 93 
d Spectra recorded at 36.2 MHz at 28 OC. Chemical shifts (5) in p. p. m. (±O. 1) to high frequency 

of 85% H3PO4- Coupling constants (J) in Hz (±3). 

Chlorophosphites are generally very moisture sensitive and this cyclic example 
is no exception. As a solid it can be briefly handled in air but in the presence of traces of 
water solutions rapidly show the formation of the phosphonate (3.11). This 

susceptibility to hydrolysis has prevented the attainment of satisfactory elemental 
analysis and characterisation by mass spectrometry. The phosphonate (3.11) has been 
isolated and characterised by 31P and IH NMR spectroscopy as well as by mass 
spectrometry, see Table 3.1 and Experimental. The proton-coupled 31P NMR spectrum 
displays a characteristically large IJ(PH) value associated with phosphorus(V); 144 both 

the chemical shift and the IAPH) coupling constant are very similar to those observed 
for the phosphonate derivative of binaphthol (3.16), 93 see Table 3.1. 

(3.16) 

0., 0 pý 
H 40 

(3.11) 

Chlorophosphites such as (3.10) are valuable intermediates and can be 
converted to cyclic aryl phosphites by reaction with anhydrous ROH. The use of 
optically pure (R)- or (S)-(3.10) allows these new ligands to be synthesised optically 
pure. 
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3.2.1.2 Synthesis of 'POP' pyrophosphite (SS)-(3.12) from optically pure 
biphenanthrol (S)-(3.2) 

The formation of the 'POP' pyrophosphite (3.12) as a side-product during 

efforts to synthesise 'biphenanthrite' (3.4) has already been mentioned. 'POP' 

pyrophosphites have been well documented in the literature 145-147 since the first 

synthesis of pyrophosphite (3.17) in 1931.148-150 

EtO \/0\/ OEt 

EtO OR 

(3.17) 

Since (3.17) has a rich coordination chemistry, forming binuclear151-157 and 
trinuclearI58 complexes, the synthesis of 'POP'pyrophosphite (3.12) was attempted. 

(S, S)-(3.12) has been synthesised in quantitative yield from the optically pure 
chlorophosphite (S)-(3.10) and water (Equation 3.4) and has been characterised by 
31pfIHI and IH NMR spectroscopy, see Table 3.2 and Experimental. 

(S)-(3.10) 

'cl (i) 

(i) 0.5 eq H20, I eq NEt3, THF 

Equation 3.4 

(S, S)-(3.12) 
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Table 3.2: 31pf1HI and IH NMR data for 'POP' pyrophosphites (R, S)- and 
(S, S) - (3.12) 

Compound 8p (CDC13)a 8" (CDC13)b 

(R, S)-(3.12) 139.4 ------ 
(S, S)-(3.12) 141.9 7.01 (2H, d, 3AHH) 8.6) 

7.04-7.09 (2H, m) 
7.14 (2H, d, 3J(HH) 8.2) 
7.17 PH, d, 3J(HH) 8.5) 

7.30-7.39 (4H, m) 
7.41 PH, d, 3J(HH) 7.6) 
7.44 (2H, d, 3J(HH) 7.6) 

7.50-7.65 (4H, M) 
8.16 (2H, d, 3J(HH) 8.2) 

8.18 (2H, dd, 3J(HH) 8.1,4AHH) 1.1) 

8.37 (2H, d, 3J(HH) 8.2) 
8.43 (2H, d, 3AHH) 8.2) 
8.50 (2H, d, 3AHH) 8.2) 
8.53 PH, d, 3AHH) 8.9) 

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

b Spectrum recorded at 400 MHz at 28 OC. Chemical shifts (5) in p. p. m. (±0.01) to high 
frequency of tetramethylsilane. Coupling constants (J) in Hz (±O. 1). 

Pyrophosphite (3.12) decomposes readily to the phosphonate (3.11) in the 

presence of alumina but can be briefly handled in air as a solid or in solution. 

3.2.1.3 Synthesis of 'dangler' monophosphite (S, S)-(3.9) from optically pure (S)- 

biphenanthrol (3.2) 
The 'dangler' monophosphites are interesting ligands in their own right and 

therefore the synthesis of (S, S)-(3.9) was undertaken. Dropwise addition of the 

chlorophosphite (3.10) derived from (S)-biphenanthrol (3.2) to a solution of (S)- 

biphenanthrol (3.2) in THF at -40 OC in the presence of one equivalent of triethylamine 

yielded the desired monophosphite (SS)-(3.9). Provided the chlorophosphite was 

added slowly to the biphenanthrol solution, no diphosphite formation was observed in 

this reaction but the monophosphite was always formed as a mixture with the 'POP' 

pyrophosphite (SS)-(3.12), see Equation 3.5. 
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(S)-(3.2) 

1.0 eq (S)-(3.10), 
I eq NEt3, 

THF, -40 T 

(S)-(3.10) = Chlorophosphite 
derived from (S)-(3.2) 

Equation 3.5 

k\ A 

0 
OH 

(SS)-(3.9) 

+ 

(S, S)-(3.12) 

The 'dangler' phosphite (3.9) can be briefly handled in air as a solid and in 

solution but gradual hydrolysis does occur; for example a solution of (3.9) in CDC13 

undergoes ca. 60% hydrolysis to the phosphonate (3.11) after two days. Furthermore, 
(3.9) is moderately stable to alumina while 'POP' pyrophosphite (3.12) is, as 
mentioned in Section 3.2.1.2, significantly more sensitive. Consequently, stirring a 
solution of the product mixture over alumina and subsequent filtration through a short 
alumina plug gave pure (SS)-(3.9) in 14% yield. This low yield is a consequence of 
the formation of the side-product (3.12) and also the fact that the 'dangler' 

monophosphite is itself sensitive to hydrolysis and that partial decomposition therefore 
occurs during the time required for complete hydrolysis of (3.12). (SS)-(3.9) has 
been characterised by 31pjI H) and IH NMR spectroscopy, see Table 3.3 and 
Experimental. 
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Table 3.3: 31p(IHI and IH NMR data for the 'dangler' monophosphites (3.9) and 
(3.18) 

Compound 5p (CDC13) 5H (CDC13) 

(R, R)-(3.18)a 145.0b 5.50 (IH, br s, OH)c 

6.51-7.98 (24H, m, Ph)d 

(R, S) / (S, R)-(3.18)a 144.7b 

(S, S) - (3.9) 146.2e 5.86 OH, br s, OH) 
7.22 G H, d, 3J(HH) 7.6) 

7.25-7.33 (2H, m) 
7.27 (IH, d, 3J(HH) 7.0) 

7.33-7.40 (4H, m) 
7.40-7.47 (3H, m) 
7.47-7.57 (3H, m) 
7.58-7.67 (3H, m) 

7.73 OH, d, 3J(HH) 7.0) 
7.76 (1 H, d, 3J(HH) 7.3) 

7.80-7.92 (2H, m) 
7.93 0 H, d, 3J(HH) 8.2) 
8.13 (1 H, d, 3AHH) 8.2) 
8.63 (IH, d, 3J(HH) 8.2) 
8.65 OH, d, 3AHH) 8.2) 
8.71 OH, d, 3AHH) 7.0) 
8.79 (4H, d, 3AIIH) 8.2) 
8.81 OH, d, 3AHH) 8.2) 
8.92 (111, d, 3AHH) 7.9)f 

(R, S) / (S, R)-(3.9) 146.4e 

a Ref. 93 
b Spectra recorded at 36.2 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high frequency 

of 85% H3PO4- 
C On shaking the sample with D20, the OH resonance disappeared and a broad signal appeared at 

8 4.80 p. p. m. corresponding to DHO, 
d Spectrum recorded at 270 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±0.01) to high 

frequency of tetramethylsilane. 
e Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. 1) to high frequency 

of 85% H3PO4- 
f Spectrum recorded at 400 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±0.01) to high 

frequency of tetramethylsilane. Coupling constants (J) in Hz (±O. 1). 

The chemical shifts 8p of the two diastereomers of (3.9) are characteristically93 

slightly downfield (by 0.7-4.6 p. p. m. ) of those of the diastereomers of 'biphenanthrite' 

(3.4). The IH NMR spectrum shows that there are thirty-two aromatic signals and a 
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single OH resonance at 5H 5.86 p. p. m., similar to 8H 5.50 p. p. m. for the OH in 
biphenanthrol (3.2). 

In contrast to the experience with biphenanthrol, none of the corresponding 
'dangler' (3.18) was observed in the synthesis of 'binaphthite' (3.1) and efforts to 

synthesise the 'dangler' (3.18) by reaction of the chlorophosphite (3.15) with one 
equivalent of binaphthol (Equation 3.6) gave mixtures of (3.18) and 'binaphthite' 
(3.1). 93 

0 OH 
1 

0 

OH 
OH 

/ 
cl 

O. -P 

(3.15) 

1.0 eq (3.15), 
1 eq NEt3, 

THF, -40 OC 

+ 

(3.1) 

Equation 3.6 

The stability of (3.9) may be due to the bulky biphenanthryl units providing 
steric protection and inhibiting reaction with the chlorophosphite (3.10). This would 
also explain why (3.9) can be synthesised free of 'biphenanthrite' under the conditions 
of Equation 3.5, whilst attempts to make the less bulky 'dangler' (3.18) always result 
in the formation of mixtures with 'binaphthite' (Equation 3.6). 

As illustrated in Scheme 3.1, the 'dangler' (3.9) may react with PC13 remaining 
in solution to form the phosphorodichloridite (3.19). Signals consistent with the 
formation of two diastereomers of (3.19) (from the two diastereomers of the 'dangler') 
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have been observed in the 3 Ip I IH) NMR spectra of the crude reaction mixtures, see 
Table 3.4. A similar species (3.8) has been observed by Pastor and Rodebaugh137 and 
the 31pf IH) NMR data for this compound are included in Table 3.4 for comparison. 

tBu 
tBu- 

., 
'Bu 

'Bu 

(3.19) (3.8) 

Table 3A 31pfI H) NMR data for the phosphorodichloridites (3.8) and (3.19) 

Compound 

(3.8)b 

8p (CDC13 / THF 1: 2)a 

140.4 (d, 8j(pp) 136, PA) 

202.4 (d, 8j(pp) 136, PB) 

(3.19), c 143.9 (d, 7j(pp) 289 PA) 

201.7 (d, 7J(PP) 27, PB) 

(3.19)lc 144.0 (d, 7J(PP) 70, PA) 
201.0 (d, 7APP) 70, PB) 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4. Coupling constants (J) in Hz (±3). 

b Spectrum recorded at 202.33 MHz in C6D6- Chemical shifts (5) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4. Coupling constants (J) in Hz (±I), 137 

0 The assignment of these signals to specific diastereomers; of (3.19) remains ambiguous. 

In the 31plIH) NMR spectrum there are two doublets in the cyclic aryl 
phosphite region and two doublets in the phosphorodichloridite region. The values of 
the chemical shifts are in close agreement with those obtained for (3.8) and the large 

phosphorus-phosphorus coupling is presumably occurring by a similar mechanism to 
that observed for (R, R, S) / (SSR)-'biphenanthrite' (3.4) which has been discussed 

previously, see Pages 83-84. 
If the phosphorodichloridite (3.19) could be prepared by reaction of the 

'dangler' (3.9) with PC13, it might prove to be a very useful synthon since it would be 

expected to react with alcohols to form a range of unsymmetrical diphosphites, see 
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Equation 3.7, though we have not attempted such syntheses. Thus, by reaction of 
optically pure (SS)-(3.19) with (R)-biphenanthrol it might prove possible to obtain the 

optically pure (SSR)-diastereomer of 'biphenanthrite' (3.4). 

2 eq ROH, THF, 
2 eq NEt39 

-40 OC 

(3.19) 

Equation 3.7 

3.2.1.4 Synthesis of the (R, SR)- / (SRS)-diastereomer of 'biphenanthrite' (3.4) 

The formation of the 'dangling' phosphiteand the 'POP' pyrophosphite side- 

products, (3.9) and (3.12) respectively, has proved a major obstacle in the synthesis 

of 'biphenanthrite' (3.4). 'Biphenanthrite' is air- and moisture-stable but decomposes 

to biphenanthrol (3.2) on a silica column. It can be filtered through a short alumina 

plug to remove [HNEt3]Cl, the phosphonate (3.11) and the pyrophosphite (3.12) but, 

like the 'dangler' (3.9), exposure to alumina for longer periods to carry out column 

chromatography resulted in decomposition to biphenanthrol (3.2). Recrystallisation 

was unsuccessful and hence the diphosphite (3.4) could not easily be obtained pure. 
Consequently, efforts focused upon driving the reaction to completion. It was 

reasoned that more nucleophilic aryloxide species may eliminate the formation of 
'dangler' (3.9). Several attempts at the synthesis of 'biphenanthrite' (3.4) by reaction 

of (±)-biphenanthrol (3.2) with PC13 in various solvents using different bases have, 

unfortunately, shown that this is not the case. However, the reaction of the disodium 

salt of (±)-biphenanthrol with 0.5 eq (±)-chlorophosphite (3.10) in THF at -40 OC 
(Scheme 3.2) unexpectedly produced a single diastereomer of 'biphenanthrite' (3.4), a 
single diastereomer of 'dangling' phosphite (3.9) and a single diastereomer of the 
'POP' pyrophosphite (3.12). 

Throughout the course of these investigations it was discovered that 
'biphenanthrite' (3.4) is remarkably stable to base and much more stable than either 
triphenylphosphite, the 'dangling' phosphite (3.9) or the 'POP' pyrophosphite (3.12). 
Thus, solutions of (3.4) are stable for months in the absence of base and for at least 
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21 h in the presence of aqueous IM potassium hydroxide solution. This stability can be 

attributed to a combination of the stabilisation imparted by the seven-membered rings 
and the hydrophobic organic backbone. The lower stability of the 'dangler' (3.9) can 
be ascribed to the hydrophilic hydroxyl group in the vicinity of the phosphite 
functionality which can 'direct' water molecules towards the labile P-0 bonds. 

This difference in stability to base led to a method for the isolation of pure 
(R, S, R) / (S, R, S)-'biphenanthrite' (3.4), see Scheme 3.2. The reaction of the 
disodium salt of (±)-biphenanthrol with 0.5 eq (±)-chlorophosphite (3.10) in THIF at 

-40 OC and subsequent purification by stirring a dichloromethane solution of the 
isolated reaction mixture with potassium hydroxide solution overnight gave pure 
(RAR) / (SR, S)-(3.4) as a single diastereomer in 46% yield. This compound has 
been characterised by 31p(IH) NMR spectroscopy, see Table 3.6 and Experimental. 

The formation of a single diastereomer of 'biphenanthrite' (3.4) starting from 

racernic biphenanthrol (3.2) is quite remarkable and it was subsequently hypothesised 

that an excess of sodium hydride catalysed isomerisation reactions to produce the 
thermodynamically most stable diphosphite (3.4) and 'dangler' phosphite (3.9). To 

provide evidence that such an isomerisation reaction was occurring, an NMR sample of 
the diastereomeric mixture of the 'dangler' phosphite (3.9) was prepared and 7.2 mol 
equiv of sodium hydride were added. The reaction was followed by 31P(IH) NMR 

spectroscopy and it was observed that the intensity of the (R, S) / (SR)-diastereomer 

gradually fell relative to that of the (R, R) / (SS)-diastereomer (see Table 3.5) whilst no 
other phosphorus-containing products were observed. 

Table 3.5: Sodium hydride-catalysed isomerisation of the diastereomeric mixture of 
'dangler' phosphite (3.9) 

Time (h) Percentage compositiona 
(R, S) / (S, R) - (3.9) (R, R) / (S, S) - (3.9) 

Start 66 34 
()b 59 41 
2 53 47 
4 46 54 
22 46 54 
24c 18 82 

a Percentage compositions calculated from integration of the two resonances in the 31PI 111) 
NMR spectra. Spectra recorded in CDC13 at 162 MHz at 28 OC. 

b Immediately after sodium hydride was added. 
C 7.8 mol equiv sodium hydride added immediately prior to this measurement. 
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2 eq NaH 
OR- 

(±)-(3.2) 

(3.10) = 
Chlorophosphite of 
(±)-biphenanthrol 

(R, S) / (SR)-(3.12) 

+ 

(R, S, R) / (SRS)-(3.4) 

(R, R) / (SS)-(3.9) 

(R, S, R) / (SR, S)-(3.4) 

ORGANIC LAYER 

+ (±)-(3.11) 
AQUEOUSLAYER 

Scheme 3.2: Synthesis of (R, S, R) / (S, R, S)-biphenanthrite' (3.4) as a single 
diastereomer in 46% overall yield 
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This result is consistent with the occurrence of the isomerisation reaction shown in 
Equation 3.8. 

(R, S)-(3.9) 

J+ (SR)-(3.9)) 

NaH 

(R, R)-(3.9) + (SS)-(3.9) 

Equation 3.8 

From these experiments it appears that the (RR) / (SS)-dangler' (3.9) and the 
(RAR) / (SAS)-diphosphite (3.4) are the thermodynamic diastereomers. This would 
explain the significant diastereoselectivity in favour of the (R, S, R) / (S, R, S)- 
diastereomer in the original attempted synthesis of 'biphenanthrite' (see Section 3.2.1). 
No such diastereoselectivity was observed with 'binaphthite' (3.1)93 and, indeed, 

efforts to form (R, S, R)-'binaphthite' (3.1) failed due to isomerisation of this 
diastereomer to a mixture containing predominantly the (RR, R)-diastereomer. 93,159 

This suggests that the thermodynamic product for 'binaphthite' (3.1) is the (R, R, R)- 
diastereomer. 

3.2.1.5 Synthesis of the diastereomeric mixture of 'biphenanthrite' (3.4) 
The diastereomeric mixture of 'biphenanthrite' (3.4) was synthesised in 66% 

yield by reaction of (±)-biphenanthrol (3.2) with PC13 in the presence of triethylamine 
in THF at -40 OC and subsequent decomposition of the side-products formed (Equation 
3.9). It should be noted that the purification procedure in this case employs first an acid 
and then a base wash since it was found that acid-catalysed hydrolysis was the most 
effective way to remove the pyrophosphite (3.12) and base-catalysed hydrolysis was 
the most effective way to remove the 'dangler' (3.9). 
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(3.2) 

66% 

Reaction conditions: 
(i) 0.67 eq PC13,2 eq NEt3, THF, -40 OC 
(ii) 2M HCI(. p 
(iii) 2M KOH(, q) 

Equation 3.9 

(3.4) 

The diastereomeric mixture has been characterised by 31pfI H) NMR spectroscopy, see 
Table 3.6 and Experimental. 

3.2.1.6 Synthesis of optically pure (R, R, R)-'biphenanthrite' (3.4) from 
(R)-biphenanthrol (3.2) 

Optically pure (R, R, R)-'biphenanthrite' (3.4) was synthesised in 56% yield 
from (R)-biphenanthrol (3.2) (Equation 3.10) using a similar procedure to that used for 
the synthesis of the diastereomeric mixture and has been characterised by 31P(I H) and 
IH NMR spectroscopy, see Table 3.6 and Experimental. 

Table 3.6: 31plIHI NMR data for the three diastereorners of 'biphenanthrite' 
(3.4) 

Compound 8p (CDC13)a 

(R, R, S) / (S, S, R)-(3.4) 141.8 (d, 7j(PIP 40) 

145.3 (d, 7J(PP) 40) 
(R, S, R) / (SR, S)-(3.4) 145.5b 

(R, R, R)-(3.4) 143.3 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (5) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4. Coupling constants (J) in Hz (±3). 

b Spectrum recorded in CD2Cl2- 
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(R)-(3.2) 

56% 

Reaction conditions: 
(i) 0.67 eq PC13,2 eq NEt3, THF, -40 IC 
(ii) 2M HCI(aq) 
(iii) 2M KOH(M) 

Equation 3.10 

(R, R, R)-(3.4) 

3.2.2 Synthesis of mixed diphosphites derived from biphenanthrol 
(3.2) and binaphthol 

3.2.2.1 Synthesis of the mixed diphosphite 'pnp' (3-5) 
The diastereomeric mixture of the mixed diphosphite 'pnp' (3.5) has been 

synthesised by reaction of (±)-binaphthol with 2.2 equivalents of the chlorophosphite 
(3.10) derived from (±)-biphenanthrol (3.2) in the presence of triethylamine. An acid 
wash was utilised in this synthesis to hydrolyse the pyrophosphite side-product (3.12) 
and the excess of chloroPhosphite. The resultant phosphonate (3.11) was extracted 
with a base wash, enabling the isolation of the diastereomeric mixture of 'pnp' (3.5) in 
53% yield, see Equation 3.11. 

(: t)-(3.10) 

0.45 eq (±)-binaphthol, 
2 eq NEt3, THF, -40 *C 

Equation 3.11 

(3-5), 53% yield 
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Significantly, no 'pn' 'dangler' phosphite side-product (3.20) was produced during 

this reaction. 

(3.20) 

The diastereomeric mixture of 'pnp' (3.5) has been characterised by 31P(I H) 
NMR spectroscopy and mass spectrometry, see Figure 3.4, Table 3.7 and 
Experimental. 

-T-- 
148 146 PPM 144 142 

Figure 3A 31pf IH) NMR spectrum of the diastereomeric mixture of mixed 
diphosphite 'pnp' (3.5) 
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Table 3.7: 3 Ip (IHI NMR data for the diastereomeric mixture of mixed diphosphite 
dpnp' (3.5) 

Compound 5p (CDC13)a 

(R, R, R) (S, S, S) - (3.5) 143.1 

(R, S, R) (SR, S)-(3.5) 147.7 

(R, R, S) (S, SR)-(3.5) 144.3 (d, 7j(PP) 28) 
146.1 (d, 7j(PP) 27) 

a Spectrum recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4- Coupling constants (J) in Hz (±3). 

The diphosphite 'pnp' (3.5) is also remarkably stable to hydrolysis. It appears 
to be indefinitely air- and moisture-stable in the solid state, with no hydrolysis products 
observed after 4 months. It is also air- and moisture-stable in solution and is stable 
upon exposure to base (2M KOH) for 4h and to acid (2M HCI) for 10 min (the times 
are those used in the synthesis to purify the diphosphite). 

It is also significant to note that no isomerisation of the diphosphite to 'npp' 
(3.21) was observed under these reaction conditions. Under similar reaction conditions 
(R, S, R)-'binaphthite' (3.1) undergoes an isomerisation to form (R, R, R)- and (SS, S)- 
'binaphthite'. 93,159 This suggests that 'pnp' is thermodynamically more stable than the 
4npp' isomer. 

gnpp' 

The origin of this greater stability may be in steric interactions between the 
terminal and bridging groups. The diphosphite with the least bulky bridging group 
appears to be favoured. This is consistent with the fact that the reaction to form the 
bulky 'biphenanthrite' (3.4) always results in formation of mixtures containing 
'dangler' (3.9). The (R, SR) / (SR, S)-diastereoselectivity in the 'biphenanthrite' may 
also be a result of bridging-terminal steric clashing being minimised in this isomer. 

The optically pure diphosphites (R, SR)-'pnp' (3.5) and (R, R, R)-'pnp' (3.5) 

were synthesised as single diastereomers following similar procedures using optically 

104 



_ 
Chapter 3: Cyclic Aryl Diphosphites: Synthesis, coordination Chemistry and Catalysis 

pure (R)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (3.10) and (S)- or (R)- 
binaphthol respectively. These species have been characterised by 31p( IH) NMR 

spectroscopy and mass spectrometry, see Table 3.7 and Experimental. 

3.2.2.2 Attempted synthesis of mixed diphosphite 'npn' (3.22) 

It was envisaged that the mixed diphosphite 'npn' (3.22) could be synthesised 
from the disodium salt of biphenanthrol (3.2) and two equivalents of the 

chlorophosphite (3.15) derived from binaphthol. However, the reaction was found to 
be much more complicated, as the 31p(IH) NMR spectrum of the crude product 
mixture (Figure 3.5) shows. The three diastereoisomers of the desired product are 
assigned to singlets A, B and C. The (R, R, S) / (SSR)-diastereoisomer should have 
inequivalent phosphorus atoms but, in this case, they are coincident. The signals D and 
E have been tentatively assigned as the two diastereoisomers of the 'np' 'dangler' 
(3.23). The two diastereoisomers of the binaphthol-derived 'POP' pyrophosphite 
(3.24) formed by reaction of chlorophosphite (3.15) with 0.5 equivalents of water are 
not present in Figure 3.5 but have been observed on occasion during such reactions. 

'np' 'dangler' 
(3.23) 

(3.24) 

The proportion of F (see Figure 3.5) formed was found to be a function of the 
exact reaction conditions; it was greatly increased if the chlorophosphite was added 
slowly to the disodiurn salt instead of adding the disodiurn salt slowly to the 
chlorophosphite. It might be that F is 'nnp' (3.25), formed either by isomerisation of 
'npn', see Equation 3.12, or by isomerisation of the 'np' 'dangler' (3.23) to the 'pn' 
'dangler' (3.20) and subsequent reaction with the binaphthol-derived chlorophosphite 
(3.15). This deserves further investigation. 
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Figure 3.5: 31p(IH) NMR spectrum of a typical product mixture obtained during 
the attempted synthesis of diphosphite 'npn' (3.22) 
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0,0 r, PNý. n-I--\ 

00 

lýý 

0-0 
lnpn' (3.22) lnnp' (3.25) 

Equation 3.12 

The product mixture has been characterised by 31p(I H) NMR spectroscopy, see 

Table 3.8. 

Table 3.8: 31pII H) NMR data for the product mixture containing 'dangler' 

phosphite (3.23), diphosphite 'npn' (3.22), pyrophosphite (3.24) and 
isomerisation product 'nnp' (3.25) 

Compound 8P (CDC13)a 

Diastereomeric mixture (3.23) 146.7(s) 
147.1 (s) 

Diastereomeric mixture (3.22) 143.3 (s) 
144.2(s) 
144.7(s) 

Diastereomeric mixture (3.24) 135.7 
136.6 

(3.25) 143.8 (d, 7j(pp) 18) 
145.3 (d, 7j(pp) 18) 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4- Coupling constants (J) in Hz (±3). 

3.3 Synthesis of cyclic aryl phosphites derived from dimethyl- 
1,11-binaphthyl-2,21-dihydroxy-3,31-dicarboxylate (3.3) 

Preliminary studies have been undertaken into the synthesis of cyclic aryl 
phosphites derived from dimethyl- 1, l'-binaphthyl-2,2'-dihydroxy-3,3'-dicarboxyI ate 
(3.3). Hence, racemic chlorophosphite (3.26) was prepared by reaction Of PC13 with 
racemic (3.3) in the presence of triethylamine at -40 OC, see Equation 3.13. 

107 



_Chapter 
3: Cyclic ArylDiphosphites: Synthesis, Coordination Chemistry and Catalysis 

(3.3) 

Equation 3.13 

(3.26), +2 [HNEt3]Cl 

The reaction was carried out in dichloromethane because of the insolubility of 
the diester (3.3) in THIF. Provided air and moisture were rigorously excluded from the 

reaction mixture chlorophosphite (3.26) could be isolated in pure form in a yield of 
88%. This compound has been characterised by 31p(IH), 13C( IH) and IH NMR 

spectroscopy, see Table 3.9 and Experimental. 
As has already been discussed in Section 3.2.1.1, chlorophosphites derived 

from C2-symmetric diols are CI-symmetric and, thus, the 13CI IH) NMR spectrum of 
(3.26) shows sixteen aromatic signals (rather than the expected ten) and there are two 
resonances at 52.78 and 52.92 p. p. m. corresponding to the two inequivalent methoxy 
carbons of the ester functionalities. 

Chlorophosphite (3.26) is very moisture sensitive. Whilst it can be briefly 
handled in air as a solid, solutions show the presence of the phosphonate (3.27), see 
Table 3.9, in the presence of traces of water. This susceptibility to hydrolysis has 

prevented the attainment of mass spectral data and satisfactory elemental analysis for 
(3.26). 

(3.27) 

Chlorophosphite (3.26) is a valuable precursor to cyclic aryl phosphites by 
reaction with anhydrous ROM This is exemplified by the synthesis of the 
monophosphite (3.28) in 91% yield by reaction of (3.26) with one equivalent of 

2 eq NEt3, CH2CI2, 

10 eq PC13, -40 IC 

a 
I 

C02Me -N; " -C02Me 
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phenol in the presence of triethylamine at -40 OC, see Equation 3.14. This 

monophosphite can be handled in air as a solid and in solution and has been 

characterisedby3lp(IH) and IH NMR spectroscopy, see Table 3.9 and Experimental. 

oNý, 11 eq PhOH, 1 eq 

ND3, THF, -40 OC 

(3.26) 

EalUation 3.14 

(3.28) 

The reaction of two equivalents of a chlorophosphite with one equivalent of 
water to form 'POP'pyrophosphites and the interest in this class of ligands has already 
been discussed, see Section 3.2.1.2. Consequently, the diastereomeric mixture of 
'POP' pyrophosphite (3.29) was synthesised by the reaction shown in Equation 3.15 

and characterised by 31p[I H) NMR spectroscopy, see Table 3.9 and Experimental. 
Pyrophosphite (3.29) is similar in stability to (3.12). For example, it can be briefly 
handled in air as a solid or in solution (although it is hydrolysed if left exposed to air for 
longer periods) but decomposes readily in the presence of alumina. 

(3.26) 

Reaction conditions: 
(i) 0.5 eq H20, I eq NEt3, CH2CI2 

Equation 3.15 

P02Me 
, 

Me02c, 

P7 0 
00 

C02Me 

Me02C 

(3.29) 
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Table 3.9: 31ptIHI and IH NMR data for chlorophosphite (3.26), phosphonate 
(3.27), monophosphite (3.28) and pyrophosphite (3.29) 

Compound 8p (CD2CI2)a 5H (CD2CI2)b 

(3.26) 180.7 4.02 (3H, s, CH30) 

4.04 (3H, s, CH30') 

7.26 (1 H, dd, 3J(HH) 8.6,4J(HH) 0.9) 

7.30 (1 H, dd, 3J(HH) 8.6,4J(HH) 0.6) 

7.38-7.45 (2H, m) 
7.55-7.61 (2H, m) 

8.10 (2H, d, 3J(HH) 8.2) 

8.70 0 H, s, H4) 

8.73 OH, s, H4) 

(3.27)c 14.0 ------ 
(3.28)c 145.4 ------ 

Diastereomer I of 138.8 ------ 
(3.29)c, d 

Diastereomer 2 of 136.6 ------ 
(3.29)c, d 

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

b Spectrum recorded at 400 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±0.01) to high 
frequency of tetramethylsilane. Coupling constants (J) in Hz (±O. I). 

C Spectra recorded in CDC13. 
d The assignment of these two signals to the specific diastereomers I (RR) / (SS)- and (RS)-) 

has not been achieved. 

3.4 Discussion of 31P NMR chemical shifts 

The values of the chemical shifts (8p) for the cyclic aryl phosphites and 

chlorophosphites that have been synthesised are collected in Table 3.10. The chemical 

shifts of the various diastereorners of diphosphites (3.4) and (3.5) and that of 

monophosphite (3.28) all lie within the narrow range 141.8-147.7 p. p. m. This range 
lies downfield from the normal region for triarylphosphites (127-133 p. p. m. ). 160 A 

similar phenomenon was observed for 'binaphthite' (3.1) (Sp 144.7 for the (R, R, R)- 

diastereomer) and it was proposed93 that the deshielding of the phosphorus nucleus is 
due to a twist in the seven-membered P(OCCCCO) ring causing an increase in the 
O-P-0 bond angle. It is well known for phosphines that the larger the C-P-C angle, the 

greater the p-character in the lone pair and hence the greater the deshielding of the 

phosphorus nucleus. 133,135,144 
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Table 3.10: Chemical shift (8p) values for cyclic aryl phosphites, pyrophosphites 
and chlorophosphites 

Compound 

(3.10) 
(3.26)b 

(S, S)-(3.12) 
(R, S)-(3.12) 
(R, S)-(3.29)c 

(R, R) / (SS)-(3.29)c 
(S, S)-(3.9) 

(S, R) / (R, S)-(3.9) 
(3.28) 

(R, R, R)-(3.4) 
(R, S, R) (SR, S)-(3.4)b 

(R, R, S) (S, S, R) - (3.4) 

8p (CDC13)a 

180.9 
180.7 
141.9 
139.4 
136.6 
138.8 
146.2 
146.4 
145.4 
143.3 
145.5 

141.8 (d, 7APP 40) 
145.3 (d, 7j(PP) 40) 

(R, R, R)-(3.5) 143.1 
(R, S, R)-(3.5) 147.7 

(R, R, S) / (S, S, R)-(3.5) 144.3 (d, 7J(PP) 28) 
146.1 (d, 7j(PP) 27) 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (3) in p. p. m. (±O. 1) to high 
frequency of 85% H3PO4- Coupling constants (J) in Hz (±3). 

b Spectra recorded in CD2CI2. 
c The relative assignment of these two diastereomers to the two resonances is arbitrary. 

The chemical shifts of the chlorophosphites (3.10) and (3.26) are also 
downfield of the normal range by ca. 20 p. p. m. (cf. 8p 160.5 p. p. m. for 
PCI(OPh)2). 161 

The chemical shifts of the various diastereorners, of pyrophosphites (3.12) and 
(3.29) all lie within the narrow range 136.6-141.9 p. p. m., upfield from the 
phosphites, whilst the two diastereomers of the 'dangler' (3.9) have chemical shifts 
that are characteristically93 slightly downfield (by 0.7-4.6 p. p. m. ) of those of the 
various diastereomers of diphosphite (3.4). 
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3.5 Coordination chemistry of cyclic aryl diphosphites 

This Section describes the preliminary complexation studies that have been 

carried out on the diphosphites (3.4) and (3.5). 

3.5.1 Complexes of tris (9,9'-biphen an thryl- 10 9 10 diy I) 
diphosphite Ibiphenanthrite' (3.4) 

3.5.1.1 Dichloroplatinum(II) complexes 
The preparation of platinum(II) complexes of cyclic aryl phosphites serves as a 

useful initial guide to the reactivity of these ligands. Reaction of one equivalent of the 
diastereomeric mixture of 'biphenanthrite' (3.4) with [PtC12(cod)] results in the 
formation of the three possible diastereomers of the dichloroplatinum(II) complex 
(3.30) and these have been characterised by 31p[IH) and 195Pt(IH) NMR 
spectroscopy, see Table 3.11 and Experimental. 

P. 
o" 

cl 
'11/w- 

PVK '*C1 
(3.30) 

Table 3.11: 31p(IHI NMR data for the diastereorneric mixture of the 
dichloroplatinum(II) complex (3.30) 

Diastereomer Spa A8 IAPPO 

(R, R, R) / (SSS)b 8 8.6 (s)c -54.7 5700 
(R, R, S) / (S, S, R)d 89.4 (d, 2J(PP) 24) ------ 5716 

90.2 (d, 2j(PP) 24) 5667 
(R, S, R) / (S, R, S) d 87.0 (br s) -58.5 5783 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (: to. l) to high 
frequency of 85% H3PO4- Coupling constants (J) measured in Hz, (: 0). 

b 8pt: 144.6 (t); spectrum recorded in CDC13 at 85.6 MHz at 28 IC. Chemical shift (8) in 
p. p. m. (±O. I) to high frequency of --- (195Pt) 21.4 MHz. 

C Spectrum recorded in CDC13. 
d Spectra recorded in CH202 / CDC13 (5: 2). 

The signals for the three diastereomers are: a sharp singlet, a broad singlet and a pair of 
doublets. The latter can be unambiguously assigned to the (R, R, S) / (S, S, R)- 
diastereomer on account of the inequivalence of the two phosphorus atoms in this 
species. The sharp singlet has been identified as the (R, R, R) / (SSS)-diastereomer by 
synthesis of the optically pure (R, RR)-complex by reaction of optically pure (R, R, R)- 
'biphenanthrite' with [PtC12(cod)]. This enables us to assign the broad singlet as the 
(R, S, R) / (S, R, S)-diastereomer. The broadness observed for the (R, S, R) / (S, R, S) - 
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diastereomer is indicative of a fluxional process. Unfortunately, the low solubility of 
this complex has foiled our efforts at low temperature NMR studies but such studies 
have been performed on the (RRR)-diastereomer of the dichloroplatinum(II) complex 
derived from (RRR)-'binaphthite. At room temperature a broad singlet is observed, 
which becomes a pair of doublets at low temperature. 93,162 It has been proposed that 
this fluxionality is due to interconversions of different conformations of the nine- 
membered Pt(POCCCCOP) chelate ring. 93,162 

The 31pf 1H) chemical shifts lie in the range 87-91 p. p. m. This is a similar 
range to that observed for the three diastereomers of the analogous dichloroplatinum(II) 

complex of 'binaphthite' (66.6-95.3 p. p. m. )93 and, in the same way as it affected the 

chemical shifts of the ligands themselves, the twist in the seven-membered ring causes 
deshielding. Chemical shifts in cis-dichloroplatinum(H) complexes of phosphite ligands 

which do not contain this seven-membered ring are much lower (ca. 30 p. p. m. upfield; 
cf. 59.3 p. p. m. for 1PtCl2[P(OPh)3)2D-134,163 However, the coordination chemical 
shifts (A8) for the diastereomers of complex (3.30) are very similar to those of 
dichloroplatinum(II) complexes for normal aryl phosphite ligands (cf. A8 -68.8 p. p. m. 
for [PtC12[P(OPh)3)21) and the 1J(PPt) values are typical of cis-dichloroplatinum(II) 
phosphite complexes (cf. IJ(PPt) 5793 Hz for cis- 1PtC12 (P(OPh)3) 21), 134 indicating 

that the nine-membered Pt(POCCCCOP) chelate ring has no effect on either the 

phosphorus chemical shifts or the 1J(PPt) values. 
The 195pt(IH) NMR spectrum of (R, R, R)-(3.30) has been recorded. The 

chemical shift is 144.6 p. p. m., which is ca. 80 p. p. m. upfield of those of complexes of 
phosphites which do not contain the seven-membered ring. (cf. 224 p. p. m. for cis- 
1PtCl2[P(OPh)3)2D-163,164 However, the analogous dichloroplatinum(II) complex 
derived from (R, R, R)-'binaphthite' possesses a chemical shift of 310.2 p. p. m., 
downfield of the chemical shift for cis-[PtC121P(OPh)3)21, and the reason for the 
discrepancy in these values is presently unclear. 

Single crystals of the (SR, S) / (R, S, R)-diastereomer of (3.30) have been 

grown from a solution of the diastereomeric mixture in CH202 I CDC13 (5: 2) and the 
structure determined by X-ray crystallography carried out by Dr D. Ellis in this 
department (see Figure 3.6). The structure was solved in the P- I (No. 2) space group 
with a single formula unit, two molecules of dichloromethane and four molecules of 
chloroform in the unit cell. The complex was found to contain the (SRS)-diastereomer 
of 'biphenanthrite' (3.4). The coordination geometry at platinum is square planar with 
the diphosphite ligand in a cis arrangement. Selected bond lengths and angles are 
shown in Table 3.12. 
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Figure 3.6: Molecular structure of dichloroplatinum(II) complex (S, R, S)-(3.30). 
All hydrogen atoms are omitted for clarity. The nine-membered chelate 
ring is shown in orange 
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Table 3.12: Selected bond lengths (A) and bond angles (0) in dichloroplatinum(II) 

complex (SR, S)-(3.30) 

Atoms Bond length 

Pt-P(I) 2.224(4) 

Pt-P(2) 2.212(4) 

Pt-cl(l) 2.313(4) 

Pt-CI(2) 2.339(4) 

Atoms Bond angle (0) 

P(l)-Pt-P(2) 97.61(16) 
CI(i)-Pt-P(I) 88.44(16) 
CI(2)-Pt-P(2) 89.57(15) 
CI(l)-Pt-CI(2) 85.66(15) 

The platinum coordination plane is distorted by 12.30 with a twist between the 
PtP2 and PtCl2 planes, which causes the observed deviation of the two chlorine atoms 
in opposite directions from the PtP2 plane; Cl(l) = 0.385 A and C1(2) = -0.284 A, see 
Figure 3.6. It is also apparent from Figure 3.6 that the phenanthryl unit containing 
Q301) is shielding one of the vacant axial sites at platinum. 

Single crystals of the optically pure complex (RR, R)-(3.30) have been grown 
from CDC13 and the structure determined by X-ray crystallography carried out by Miss 
A. Gillon in this department (see Figure 3.7). The structure was solved in the P212121 

space group with a single formula unit and six molecules of chloroform in the unit cell. 
The coordination geometry at platinum is square planar with the diphosphite ligand in a 

cis arrangement. Selected bond lengths and angles are shown in Table 3.13. 

Table 3.13: Selected bond lengths (A) and bond angles (0) in dichloroplatinum(II) 

complex (R, R, R)-(3.30) 

Atoms Bond length 

Pt-P(I) 2.234(2) 
Pt-P(2) 2.206(2) 
Pt-cl(l) 2.330(2) 
Pt-CI(2) 2.335(2) 

Atoms Bond angle (0) 

P(l)-Pt-P(2) 101.00(7) 
CI(l)-Pt-P(I) 82.70(8) 
CI(2)-Pt-P(2) 89.29(8) 
CI(l)-Pt-CI(2) 87.47(9) 

Tables 3.12 and 3.13 show that, in both diastereomers, the Pt-Cl bond lengths 

are similar to those of other cis Pt(Il)-CI bonds129 and the Pt-P bond lengths are similar 
to the mean value taken from a range of Pt-P(OPh)3 complexes (2.226 A). 143 
However, the chelate structures are notably different, see Figures 3.6 and 3.7. The 

nine-membered chelate is completely below the coordination plane in Figure 3.6 but it is 
both above and below the plane in Figure 3.7. The difference is even more pronounced 
when the two structures are overlayed with the Pt-CI(2) bonds overlapping, Figure 3.8. 
Such differences in ring conformation may explain the different catalytic properties of 
the rhodium(I) complexes of (R, SR)- and (R, R, R)-'pnp' (3.5) (see Section 3.6). 
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Figure 3.7: Molecular structure of dichloroplatinum(II) complex (R, R, R)-(3.30). 
All hydrogen atoms are omitted for clarity. The nine-membered chelate 
ring is shown in orange 
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Figure 3.8: Overlay of the (S, R, S)- and (R, R, R)-diastereomers of the 
dichloroplatinum(II) complex (3.30). Hydrogen atoms are omitted for 

clarity and the two structures are overlayed with the Pt-CI(2) bonds 

overlapping 

117 



Chapter 3: Cyclic Aryl DiphoEhites: Synthesis, Coordination Chemistry and Catalysis 

3.5.1.2 Platinum(O) complex of the (RSR) / (SRS)-diastereomer 

Reaction of one equivalent of the (R, S, R) / (S, R, S)-diastereomer of 
'biphenanthrite' (3.4) with [Pt(nb)3] resulted in the formation of the monochelate 
complex (3.31), as shown by the 195pt( IH) NMR spectrum which shows a doublet 

of doublets with a 8pt value of -666.0 p. p. m. This is in the range typical for 

platinum(O)-alkene complexes of aryl phosphites (475 to -755 p. p. m. ). 165,166 The two 
Ij(PPt) values of 5981 and 6232 Hz are also in the range typical for platinum(O)-alkene 
complexes of aryl phosphites (5135-6270 Hz). 165,166 

r-'ý 
qQ 

lk xII 
c 0. --. ' 

00 PVIO" 

0 OD 
2 Co 

', 
PPý, 

0 
(JO 

(3.31) 

(R, S, R) / (SR, S)-(3.4) 

The 31pf IH) NMR spectrum of this species comprises a pair of doublets, each 
with platinum satellites. The inequivalence of the phosphorus atoms may be due to 
hindered rotation about the Pt-nb bond, which would confer CI-symmetry upon 
the complex. The Sp values of 180.1 and 172.6 p. p. m. are about 30 p. p. m. 
downfield of those of platinum(O)-alkene complexes of normal aryl phosphites 
(133.4-149.1 p. p. m. )165,166 and, as in the dichloroplatinum(II) complexes, this is 

attributed to deshielding of the phosphorus nucleii by twists in the P(OCCCCO) rings. 
The formation of this mono(chelate) is a reflection of the bulk of the organic 

backbone since the less bulky ligand 'biphenite' (3.32) has been shown to form, under 
similar conditions, the bis(chelate) (3.33). 93 The mono(chelate) (3.34) was 
synthesised by an alternative route93 and the 31p( IH) and 195PQ IH) NMR data for 
this compound are in close agreement with those obtained for (3.31), see Table 3.14. 

C 
Pt 

P or 

(3.34) (3.33) (3.32), ("-ý 
pp 
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Table 3.14: 31p(I H) and 195pt (I H) NMR data for the platinum(O) complexes 
(3.31), (3.33) and (3.34) 

Compound 5P 5p, a ij(ppt)b 

(R, S, R) / (S, R, S)-(3.31)c 172.6 (d, 2J(PP) 156) -666.0 (dd) 6232 

180.1 (d, 2J(pp) 156)d 5981 

(3.33)e 137.1 (major) -1149.9 (quin) 5703 

140.4 (minor)f - 1135.5 (quin)g 5693 

(3.34)e 177.4f -726.5 (t)h 6060 

a Spectra recorded at 85.6 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. 1) to high frequency 
of -- (195Pt) 21.4 MHz. 

b Coupling constants V) measured in Hz (±3). 
C Spectra recorded in C6D6 / CH202 (1: 2). 
d Spectrum recorded at 162 MHz at 28 OC. Chemical shifts (5) in p. p. m. (±O. I) to high 

frequency of 85% H3PO4. Coupling constants Q) measured in Hz (±3). 
e Ref. 93 
f Spectra recorded at 36.2 MHz in CDC13 at 28 OC. Chemical shifts (8) in p. p. m. (±O, I) to 

high frequency of 85% H3PO4- 
9 Spectrum recorded in CDC13. 
h Spectrum recorded at 19.2 MHz in CD2CI2 at 28 OC. Chemical shift (5) in p. p. m. (±0.5) to 

high frequency of --- (195Pt) 21.4 MHz. 

3.5.2 Complexes of bis(9,91 - biphenanthryl - 10,101 

binaphthyl-2,21-diyl)diphosphite lpnp' (3.5) 

3.5.2.1 Dichloroplatinum(II) complexes 
Reaction of one equivalent of the diastereomeric mixture of the mixed 

diphosphite 'pnp' (3.5) with [PtC12(cod)] resulted in the formation of the three 

possible diastereomers of the dichloroplatinum(II) complex (3.35), which have been 

characterised by 31p[IH) and 195Ptj1H) NMR spectroscopy as well as by mass 
spectrometry, see Table 3.15, Figure 3.9 and Experimental. 

cl 

PV' 
piýý 

cl 
(3.35) 

In a similar fashion to the 31p(IH) NMR spectrum obtained for the 
diastereomeric mixture of (3.30), three species are observed; a sharp singlet, a broad 

singlet and a pair of doublets. The latter can be unambiguously assigned to the 
(R, R, S) / (SSR)-diastereomer. The broad singlet has been identified as the (R, R, R) / 

(S, S, S)-diastereomer by synthesis of the optically pure (R, RR)-complex by reaction of 

optically pure (R, R, R)-'pnp' (3-5) with INC12(cod)]. This enables us to assign the 

sharp singlet to the (R, SR) / (S, R, S)-diastereomer. The broadness observed for the 
(R, R, R) / (SSS)-diastereomer is attributed to fluxionality caused by interconversions 
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Table 3.15: 31pf IH) and 195pt( IH) NMR data for the diastereorneric mixture of the 
dichloroplatinum(II) complex (3.35) 

Diastereomer 8p (CDC13)" 

(R, R, R) (S, S, S) 80.1 (br s) 
(R, R, S) (S, S, R) 71.7 (d) 

90.8 (d) 

(R, S, R) (S, R, S) 77.6(s) 

2j(pp)b 

15 
15 

6pt (CDC13)c lj(ppt)b 

323.2 (t) 5916 
318.6 (dd) 5905 

6049 
291.1 5857 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4- 

b Coupling constants (J) measured in Hz (±3). 
C Spectra recorded at 85.6 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high frequency 

of E (I 95Pt) 21.4 MHz. 
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Figure 3.9: 31p(I H) and 195pt (I H) NMR spectra for the diastereomeric mixture of 
dichloroplatinum(H) complex (3.35) 
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of different conformations of the nine-membered Pt(POCCCCOP) chelate ring. The 
low solubility of this complex has thwarted our efforts to probe this further via low 
temperature NMR studies. 

The 8p values and 8pt values, see Table 3.15, are similar to those of the 
analogous dichloroplatinum(II) complex of (R, RR)-'binaphthite' (8p 79.8 p. p. m. and 
5pt 310.2 p. p. m. )93 and, in the same way as it affected the chemical shifts of the 
ligands themselves, the twist in the seven-membered ring causes deshielding. Chemical 

shifts in cis-dichloroplatinum(II) complexes of phosphite ligands which do not contain 
this seven-membered ring are much lower (Sp ca. 30 p. p. m. upfield; cf. 59.3 p. p. m. 
for cis- INC12 f P(OPh)3121; 8pt ca. 70-100 p. p. m. upfield; cf. 224 p. p. m. for cis- 
1PtCl2jP(OPh)3)2D. 134,163,164 

3.5.2.2 Dichloropalladium(II) complexes 
Reaction of one equivalent of the diastereomeric mixture of diphosphite 'pnp' 

(3.5) with [PdC12(NCPh)21 resulted in the formation of the three possible 
diastereomers of the dichlorop all adium (II) complex (3.36), which have been 

characterised by 31pf IH) NMR spectroscopy and mass spectrometry, see Table 3.16, 
Figure 3.10 and Experimental. 

P. 
'Cl 

PO,, 
P 

cl 
(3.36) 

Table 3.16: 31pII H) NMR data for the diastereorneric mixture of 
dichloropalladium(II) complex (3.36)a 

Diastereomer Sp (CDC13) 2j(pp) 

(R, R, R) (SSS) 105.6 (br s) ------ 
(R, R, S) (S, S, R) 97.0 (d) 70 

115.9 (d) 73 

(R, S, R) (S, R, S) 103.4(s) ------ 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4. Coupling constants (J) measured in Hz (±3). 

The two doublets correspond to the (R, R, S) / (SSR)-diastereomer and the broad 
singlet has been assigned to the (R, R, R) / (SSS)-diastereomer by synthesis of the 
optically pure (RRR)-complex using optically pure (R, R, R)-'pnp' (3.5). Hence it is 
apparent that in complexes (3.35) and (3.36) of the 'pnp' ligand the signal for the 
(R, R, R) / (SSS)-diastereomer is broad at room temperature whilst in complex (3.30) 
of 'biphenanthrite' it is the (RSR) / (SRS)-diastereomer which gives rise to a broad 
signal at room temperature. 
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The Sp values are similar to that of the analogous dichloropalladium(II) complex 

of (S, S, S)-binaphthite' (8p 105.0 p. p. m. ). 93 Typical chemical shifts in cis- 
dichloropalladium(II) complexes of phosphite ligands which do not contain a seven- 

membered ring are ca. 20 p. p. m. upfield; cf. 8p 83.4 p. p. m. for cis- 
[PdC12 ( P(OPh)3) 21-134 

120 110 PPM 100 90 

Figure3.10: 31p(IH) NMR spectrum for the diastereomeric mixture of 
dichloropalladium(II) complex (3.36) 

3.5.2.3 Rhodium(I) complexes 
Reactionof one equivalent of the diastereomeric mixture of 'pnp' (3.5) with 

[Rh(CO)2(dpm)] gave the rhodium(l)-diphosphite complex (3.37). This complex, 
which is of particular interest since it is a potential catalyst for asymmetric 
hydroformylation, has been characterised by 31p(IH) NMR spectroscopy. see Table 
3.17 and Experimental. 
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tBu 

(3.37) 
C p\ 

R7 

tBu 

Table 3.17: 31plIH) NMR data for the diastereomeric mixture of rhodium(I) 
complex (3.37) 

Diastereomer 8p (CDC103 2j(pp)b IJ(PRh)b 

(R, R, R) / (S, SS)c 142.4 (d) ------ 290 

(R, R, S) / (S, S, R) 139.5 (dd) 119 299 

150.2 (dd) 117 297 

(R, S, R) / (S, R, S)c 143.3 (d) 299 

a Spectra recorded at 162 MHz at 28 OC. Chemical shifts (8) in p. p. m. (±O. I) to high 
frequency of 85% H3PO4- 

b Coupling constants (J) measured in Hz (±3). 
C The relative assignment of these two diastereomers is ambiguous. 

The 31pII H) NMR spectrum shows two doublets and a pair of doublet of 
doublets. The species containing the inequivalent phosphorus atoms is assigned to the 
(R, R, S) I (S, S, R)-diastereomer whilst the assignment of the two doublets is 

ambiguous. 

3.6 Asymmetric hydroformylation of styrene derivatives catalysed 
by rhodium(I) complexes of cyclic aryl diphosphites 

This Section describes the preliminary results we have obtained in the 

asymmetric hydroformylation of styrene and p-methoxystyrene using rhodium(I) 
complexes of the optically pure diphosphites (R, R, R)-'biphenanthrite' (3.4), (R, R, R)- 
6pnp' (3.5) and (R, SR)-'pnp' (3.5), see Scheme 3.3. The results are compared with 
those obtained using (R, R, R)-'binaphthite' (3.1)94 in order to assess the effect of the 
bulkier organic substituents upon the catalytic activities, the regioselectivities and the 
enantioselectivities. 
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Scheme 3.3: Asymmetric hydroformylation (and subsequent oxidation) of styrene 
and p-methoxystyrene catalysed by rhodium(l)-diphosphite complexes 

The aldehyde products are susceptible to racernisation via enolisation. 
Consequently, the reaction mixtures are immediately plunged into a buffer solution 
upon removal from the autoclave and are subsequently converted to the corresponding 
carboxylic acids via Jones oxidation. The acids do not undergo racernisation, enabling 
analysis to be performed. The results are shown in Table 3.18. It has already been 

mentioned in Section 1.5.3 that the catalyst derived from (R, R, R)-'binaphthite' (3.1) 
is highly active and regioselective (towards the branched aldehyde) but effects only 
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modest enantioselectivities, Entries I and 2. The analogous catalyst derived from 
(RAR)-tipherianthrite' (3.4) is also an active catalyst (70% conversion) but it is 

significantly less regioselective (50% of the branched isomer) and effects no observable 
enantioselectivity, Entry 3. The lower regioselectivity is not surprising since the ligand 
is bulkier and hence we might expect to form a higher proportion of the linear aldehyde 
via the less sterically demanding linear alkylrhodium species. However, the failure of 
this ligand to effect asymmetric induction was very surprising and this experiment 
should be repeated and confirmed. 

The rhodium(l) catalyst derived from (R, R, R)-(3.5) was also tested for the 
asymmetric hydroformylation of p-methoxystyrene but, disappointingly, this complex 
was found to be inactive under the reaction conditions, Entry 4. This is very surprising 
in view of the results obtained with (RR, R)-'binaphthite' and (R, R, R)-'biphenanthrite' 

and the experiment should be repeated to check the validity of the result obtained. 
Finally, the rhodium(I) complex of (R, S, R)-(3.5) was tested for the 

asymmetric hydroformylation of p-methoxystyrene and styrene. We were pleased to 
discover that this is a very efficient catalyst for these reactions, Entries 5 and 8. High 

activities (68% and 57% conversions respectively), excellent regioselectivities (92% 
and 96% respectively in favour of the branched aldehyde) and high enantioselectivities 
(71% ee and 72% ee respectively) were exhibited. Preactivation of the catalyst, by 

stiffing a solution of the complex under CO / H2 for 16 h prior to introduction of the 
substrate, led to higher conversions (83%) but a slightly lower enantioselectivity 
(66%), compare Entries 5 and 6. Use of the [Rh(CO)2(dpm)] starting material had very 
little effect upon the selectivity of the catalyst although the activity was significantly 
lower, compare Entries 5 and 7. 

The results obtained with (R, S, R)-(3.5) show that it is a very promising 
catalyst and further work is required in order to optimise the reaction conditions and 
realise its full potential. The reason for the success of this ligand is not yet fully 
understood but it is apparent that the (R, SR)-diastereomer of the 'pnp' diphosphite 
(3.5) is the 'matched' one, whilst the (R, R, R)-diastereomer is the 'mismatched' case. 
It has already been shown in Section 3.5.1.1 that the (R, R, R) / (SSS)- and (R, SR) / 
(S, R, S)-diastereomers of 'biphenanthrite' (3.4) adopt very different conformations in 
the dichloroplatinum(II) complex (3.30) and it seems plausible that the various 
diastereomers of the 'pnp' diphosphite (3.5) will exhibit similar differences in 
conformation upon coordination to a metal. This could well be a contributing factor to 
the observed difference in catalytic properties. 
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Chapter 4: Asymmetric Hydrogenation of a-Enamides 

4.1 Introduction to the transition metal-catalysed hydrogenation of 
olefins 

The addition of hydrogen to olefins occupies an important position amongst 
transition metal-mediated transformations. For example, the importance of developing 

catalysts for the asymmetric hydrogenation of oc-enamides leading to a diverse array of 

unnatural ot-amino acids has already been discussed in Chapter 1. Consequently, this 

process has been the most extensively studied asymmetric catalytic reaction yet 
developed. A wide range of ligands and catalysts has been examined and, currently, the 
best systems employ cationic rhodium(I) complexes of optically active C2-symmetric 

diphosphines. These complexes are of the type [Rh(diene)(diphosphine)]X; where the 
diene is cis, cis-1,5-cyclooctadiene or cis, cis-2,5-norbornadiene and X is a 

non-coordinating anion such as BF4-, SbF6_, Mfý etc. In this Section the current 
theories regarding the mode of action of these cationic rhodium(l) complexes will be 

presented. The mechanism of hydrogenation of a simple olefin such as 1-hexene is 

discussed first in Section 4.1.1 and the complications that arise for more elaborate 

substrates such as (X-enamides are presented in Section 4.1.2. The mechanism accounts 
for the asymmetric induction obtained with these prochiral substrates when optically 

active diphosphines are employed as ligands. Finally, a summary of the state-of-the-art 

systems that are currently available is given in Section 4.1.3. 

General mode of action of cationic rhodium(l) complexes 
[Rh(diene)L2]X in the hydrogenation of simple olefins 

The cationic rhodiurn and iridium complexes of the general formula 
[M(diene)La]X (L = monodentate phosphine ligand; a=2 or 3) were first made by 
Osborn and Schrock167-171 and fulfil the basic criteria that a complex requires in order 
to act as a catalyst; namely that they possess free coordination sites, that different 

coordination numbers exist for a given oxidation state and that several oxidation states 
can be easily accessed. They were synthesised from the binuclear complexes 
[(M(g-Cl)(diene))21 in a variety of ways, 172,173 including that shown in Scheme 4.1 

which was our chosen route. 
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Scheme4.1: Synthesis of [Rh(cod)L2]BF4 from[ I Rh(g-Cl) (cod)) 21 

A plausible mechanism for the hydrogenation of a simple monosubstituted 
olefin such as 1-hexene in a solvent S catalysed by a cationic rhodium(l) complex of a 
monodentate phosphine ligand L is shown in Scheme 4.2.174 This shows two major 
pathways A and B by which an olefin can be hydrogenated. In Path A the cationic 
dihydride (RhH2L2S2]+ (4.1) is the active catalytic species, the generation of which 
from [Rh(diene)L2]X (4.10) and hydrogen was first investigated by Schrock and 
Osborn. 167-171 The suggested pathway for the formation of (4.1) is shown in 
Scheme 4.3. 
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Scheme4.3: Generation of the catalytic species [RhH2L2S2]+ (4.1) via 
hydrogenation of the precursor [Rh(diene)L2]+ (4.10) 

The first step is oxidative addition of H2 to the complex [Rh(diene)L2]+ (4.10), 

affording the dihydride species cis-[RhH2(diene)L21+ (4.11). This intermediate would 
be short-lived and partial hydrogenation of the diene subsequently occurs under 
hydrogen in the presence of a solvent S to yield the species [RhH2L2S2]+ (4.1), 

possibly via the cationic dihydrogen complex [RhH2(T, 2-H2)2L2]+ (4.12). 174 

Simple alkene substrates enter the coordination sphere by displacing a solvent 

molecule from [RhH2L2S2]+ (4.1), to give [RhH2L2(olefin)S]+ (4.2) in which the 

olefin substrate is cis- to one hydride and trans- to the other [step (i)). 174 Then 
P-hydride migration to the olefin (of the cis-hydride) occurs I step (ii)). This would 
generate a trans-alkyl-hydride complex [RhRHL2S2]+, from which reductive 
elimination of the product is not feasible. Hence, either the migration is accompanied by 

a stereochemical rearrangement or a rapid rearrangement occurs after the migration and 
the cis-alkyl-hydride complex [RhRHL2S2]+ (4.3) is formed. Reductive elimination of 
the product (step (iii)) then occurs to yield [RhL2S2]+ (4.4), which can then either 
oxidatively add hydrogen to regenerate [RhH2L2S2]+ (4.1) (step (iv)), thereby 

completing pathway A, or an incoming substrate can displace a solvent molecule 
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[step (v)J to form [RhSL2(olefin)]+ (4.5) which can then oxidatively add hydrogen 

step (vi) I to give [RhH2L2(olefin)S]+ (4.2) and thence rejoin pathway A. 

Pathway B has the rhodium monohydride complex [RhHL2S] (4.6) as the 

central catalytic species, which is formed by the deprotonation of the dihydride species 
[RhH2L2S2]+ (4-1), see Equation 4.1. 

L 
H *. #/ ý.,. 

S 
Rtý 

Hv IS 
L 

+ 

-S, -H+ Hq L 

+S, +H+ Cr 
Rtý; 

S 

(4.6) 

Equation 4.1 

Evidence from deuterium labelling experiments supporting the existence of this species 
has been obtained by Schrock and Osborn. 171 

Hydrogenation then proceeds via olefin displacement of the solvento ligand 
from (4.6) (step (vii)) to form [RhHL2(olefin)] (4.7). Again this process must be 

accompanied by a simultaneous stereochernical rearrangement or a rapid rearrangement 
must subsequently occur in order that the olefin is cis- to the hydride in species (4.7) 

so that step (viii), P-hydride migration to the olefin to form the metal alkyl complex 
[RhRL2S] (4.8), can occur easily. After this migration has occurred, oxidative addition 
of hydrogen (step (ix)) yields the dihydride complex [RhRH2L2S] (4.9) and the cycle 
is subsequently completed by the reductive elimination of the product (step (x)), 

regenerating the catalytic species [RhHL2S] (4.6). 
The monohydride complex (4.6) is a much more efficient hydrogenation 

catalyst than the dihydride complex (4.1). 174 It also accounts for the significant amount 
of isomerisation of olefins such as 1-hexene that occurs during these reactions. Acidic 

conditions clearly favour pathway A, whilst basic conditions and basic phosphine 
ligands bring pathway B into play. 

One feature of this system is that the catalytic species, [RhH2L2S2]+ (4.1) and 
[RhHL2S] (4.6), both bind solvent well. Dissociation of solvent from (4.1) is 

necessary before the olefinic substrate can bind to the metal and therefore the rates of 
reduction are very solvent dependent. 175,176 Further, this system differs from 
Wilkinson's catalyst [RhCI(PPh3)31 in that dissociation of a phosphine ligand is not 
required for reaction to proceed. Consequently, the steric pressure exerted by the bulky 
triphenylphosphine ligands that facilitates dissociation ([RhCI(PEt3)3] and 
[RhCI(PPhEt2)31 are both catalytically inactive) is unnecessary for these cationic 
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rhodium. complexes and hence a much wider range of ligands can be utilised. This 
opens up the possibility of employing phosphonites and phosphites for hydrogenation, 
both of which have smaller cone angles (0) than the analogous phosphines; 
e. g. 0= 1450 for PPh3 whilst 0= 1280 for P(OPh)3.133 

The overall picture is complicated and the rates of hydrogenation and 
isomerisation will depend strongly on the reaction conditions. Certainly the effect of 
changing the ligands from pbosphines to phosphonites or phosphites can hardly be 
predicted, although the less basic nature of phosphonites and phosphites makes it likely 
that the significance of Pathway B will be diminished. 

4.1.2 The mechanism of asymmetric induction in hydrogenation 

reactions catalysed by cationic rhodium(l) complexes 
[Rh(diene)L2]X 

In Section 4.1.1 the likely course of the hydrogenation of a simple 
monosubstituted olefin such as 1-hexene was described. The situation becomes much 
more complicated when prochiral substrates are hydrogenated using complexes of 
optically active ligands since the issue of enantioselectivity needs to be considered. The 
hydrogenation of cc-enamides will be discussed since this class of substrates has the 
best understood mechanism. This is largely due to the relentless efforts of the groups of 
Landis and Halpern, 177,178 Brown 131,179,180 and Bosnich. 181 The accepted 
mechanism proposed by Landis and Halpern177,178 for the asymmetric hydrogenation 
of methyl-(Z)-2-acetamidocinnamate (4.13) catalysed by a cationic rhodium(l) complex 
containing an optically pure bidentate diphosphine ligand such as (R, R)-Chiraphos 
(4.14) is illustrated in Scheme 4.4, 

Ph2P PPh2 

(R, R)-Chiraphos (4.14) 

Throughout this Section we have arbitrarily chosen the (RR)-Chiraphos enantiomer; of 
course if the (SS)-isomer was used then all the stereochernical arguments in the 
discussion below would be (literally) inverted. 

Several key features of this mechanism and the manner in which it differs to that 
for simpler substrates, Scheme 4.2, will now be dealt with in turn. The first is that the 
reaction initially proceeds via the coordination of the (x-enamide substrate to 
[RhP2*S2]+ (4.15), itself generated by the partial hydrogenation of the diene in the 
precursor [Rh(diene)P2*]+, see Section 4.1.1. It is significant that the substrate chelates 
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to the metal with coordination occurring via both the carbon-carbon double bond and a 
lone pair of electrons on the oxygen of the amide carbonyl. 182-184 This generates a 
mixture of the two diastereomeric compounds (4.16)si and (4.16)re, which 
correspond to si- and re-face coordination respectively. A vital part of the mechanism 
that accounts for the asymmetric inductions is that this coordination is reversible and, 
consequently, a pre-equilibrium is set up between the two diastereomers, strongly 
favouring formation of (4.16)si when (R, R)-Chiraphos (4.14) is the ancillary ligand. 
It is due to the predominance of species (4.16)si that the left-hand cycle in Scheme 4.4 
is labelled as the "Major Manifold". 

Recent work by the groups of Brown179,185 and Bender186,187 has shown that 
an intramolecular pathway also exists for the interconversion of the two diastereomers 
(4.16)si and (4.16)re via an intermediate (4.19) in which the (X-enamide substrate is 
bound to the metal solely by the lone pair of electrons on the amide carbonyl, see 
Scheme 4.5. 

+ 
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(4.15) 1 
Scheme 4.5: Interconversion of the two diastereomeric rhodium-substrate complexes 

(4.16)'i and (4.16)re 
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The next step in the catalytic cycle is oxidative addition of hydrogen to generate 
the diastereomers (4.17)si and (4.17)re. The existence of these diastereomeric 
dihydride intermediates has not been verified by direct observation despite the efforts of 
the groups of Brown and Halpern but their existence is consistent with the currently 
available data. This step is irreversible178 and rate-limiting at ambient temperatures 
under moderate hydrogen pressures. Furthermore, since this is the first irreversible step 
in a cycle involving diastereomeric transition states, the structural origins of the 
enantioselectivity are completely defined by this step. Therefore this crucial step will 
now be discussed in detail. 

Perhaps the most fascinating feature of these reactions is the fact that the major 
enantiomer of the product that is formed is produced via the "Minor Manifold" of 
Scheme 4.4, which implies that the minor diastereomer present in the pre-equilibrium, 
(4.16)re, is very much more reactive than the major diastereomer 
(4.16)si. 177,182,183,188,189 Further, for this higher reactivity to translate to high 

enantioselectivity, it is important that the equilibration between (4.16)si and (4.16)re is 

much faster than the oxidative addition. Needless to say much work has gone into 

examining the cause of the higher reactivity of (4.16)re and a summary of the 
conclusions to date will now be presented. This phenomenon has been found to be 
general irrespective of the ligand structure, though most of the investigations have 
centred on the Chiraphos ligand (4.14). This bidentate diphosphine ligand binds the 
metal to form a five-membered chelate ring with four pendant phenyl groups. Knowles 
and co-workers have proposed that the orientation of these aryl rings is imposed by the 
ligand chirality and that it is their orientation that is responsible for the stereochernical 
control in asymmetric hydrogenation. 190,191 It is well known that saturated 
five-membered chelate rings adopt puckered chiral conformations 192 (labelled, % and 8) 

which rapidly invert in the absence of ring substituents. 193 In the case of 
(R, R)-Chiraphos (4.14) the two methyl substituents fix the ring into a 2, conformation 
where the substituents are in equatorial positions, see Figure 4.1. 
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Figure 4.1: Possible conformations of the five-membered ring formed by chelation 

of (R, R)-Chiraphos (4.14) to rhodium 

One consequence of the ring being fixed in this single chiral conformation is that 

there are two different types of phenyl groups: pseudo-axial and pseudo-equatorial. The 

many X-ray crystal structures of rhodium-diphosphine complexes show that, in 

general, the pseudo-axial aryl rings are 'edge-on' to the metal, whilst the pseudo- 
equatorial rings are 'face-on' with an overall C2-symmetry, see Figure 4.2. 

'Edge-on' Ph. Equatorial Ph 
group - 'face-on' 

V- to Kn 
mn 

IV 

Hodho 

Axial Ph group - 
'edge-on' to Rh 

Figure 4.2: 'Edge-face' array of axial and equatorial phenyl substituents on 
phosphorus in a five-membered thodium-diphosphine chelate ring 

The aryl rings are defined131 as being pseudo-axial or pseudo-equatorial 
depending on the value of the torsion angle 0 about P-Rh-P-Caryl, see Figure 4.3, and 
are in an 'edge-on' or a 'face-on' conformation depending on the value of the torsion 

angle 0 about Rh-P-Caryl-Cortho, see Figure 4.3. The idealised arrangement is where a 
pseudo-axial 'edge-on' ring has a value of 0= 00 and 1000 and a pseudo-equatorial 
'face-on' ring has a value of 0= 700 and 0= 1300.131 

.-P Ph eq""' Rh Ph Me eq 
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Figure 4.3: Parameters defining the conformation of the pendant aryl rings 

This 'edge-face' array seems to be a general feature of these species and it has 
been proposed that one contributor to this favoured conformation is an agostic 
interaction130 between C-Honho bonds, see Figure 4.2, of pseudo-axial aryl groups and 
the rhodium. 131 

It was originally suggested190 that the 'edge-on'pseudo-axial phenyl groups are 
more sterically demanding than the 'face-on' pseudo-equatorial phenyl groups. 
However, in subsequent work Brown131 argued that the Cipso, Cortho and Hortho atoms 
(starred in Figure 4.2) of the pseudo-equatorial aryl groups present a more sterically 
demanding environment. Whichever is the case, there is definitely a difference in stcric 
bulk between the two environments and hence the chirality in the backbone of the ligand 
has generated a chiral array of the donor atom substituents. The faces of a prochiral 
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olefin will be discriminated largely by this chiral arrangement of the phenyl groups, 
despite the fact that the actual chiral centers are on distant carbon atoms. 194 Pendant aryl 
groups are a key feature of many of the successful ligands for asymmetric 
hydrogenation and this principle is likely to operate in all of those systems where 
substituents in the backbone make the chelate ring conformationally rigid. 

Apparent exceptions to this conformational rigidity are the o-anisyl ligands 
Dipamp (4.20) and Camp (4.21). 

OMe 

M 

Dipamp (4.20) Camp (4.21) 

These two ligands are chiral at phosphorus but, at first sight, it seems unlikely that 
Dipamp195 and Camp should adopt a single rigid chiral conformation. However, it has 
been proposed that the chelate ring chirality is fixed in the Dipamp system by weak 
coordination of the oxygen atoms of the methoxy groups of the pseudo-equatorial 
o-anisyl rings to the rhodiurn in the two apical positions making Dipamp a pseudo- 
tetradentate ligand, 196,197 see Figure 4.4. A similar argument may explain the 

effectiveness of the monodentate Camp ligand. 198 

+ 

BF4" 

Figure 4A Conformational rigidity imposed by the Dipamp ligand. (4.20) 

One other class of ligand deserves mention at this stage on account of 
its remarkable success199-201 in the asymmetric hydrogenation of (x-enamides. 
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Et-Duphos (4.22)199,200 is fixed in a rigid five-membered chelate ring, but here the 

rigidity is imposed by the planarity of the phenylene backbone, see Figure 4.5. 

Figure 4.5: The rigid five-membered rhodium-chelate of (SS)-Et-Duphos (4.22) 

From the pictures presented in Figures 4.1,4.2,4.4 and 4.5 for the rhodium- 
diphosphine chelates, we can account for the observed higher reactivity of the minor 
diastereomers. For example, molecular graphics have been used to identify the 
difference in enthalpy between the two diastereomers (4.16)Si and (4.16)re with the 
main destabilising interactions in (4.16)re being between the C02Me group of the 
substrate and the CipO, Cotho or Hortho of the adjacent 'face-on' pseudo-equatorial aryl 
group, see Figure 4.2.131 The C02Me group is in an uncongested region of space for 
(4.16)si. Further, on going to the corresponding enamide dihydrides (4.17)si and 
(4.17)re it was found that the steric energies are reversed, with (4.17)li being much 
less stable due to van der Waals' repulsions between the P-aryl groups and both the 
C02Me group and the amide methyl group. These repulsions are largely absent for 
(4.17)re. 
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The higher energy of (4.16)re compared to (4.16)si, the reversal in these 
relative energies for the enamide dihydrides (4.17) and the fact that the oxidative 
addition reaction has a late transition state account for the fact that the minor 
diastereomer present in the pre-equilibrium, (4.16)le, is much more reactive than the 
major one, (4.16)si, and gives rise to the ma or product of hydrogenation. Many 

studies support the idea that the presence of the C02Me group is vital for a high optical 
yield and if it is replaced by H then the enantioselectivity is poor. 202 

It now remains to explain why (R, R)-Chiraphos (4.14), (R, R)-Dipamp (4.20) 

and (SS)-Et-Duphos (4.22) give (S)-amino acid derivatives. Kagan has proposed that 
rhodium-diphosphine chelates of % configuration (as illustrated in Figure 4.6) give 
(S)-amino acid derivatives during hydrogenation. 203 For these systems si-face 
coordination is preferred but the minor diastereomer present (re-face coordination) is 

much more reactive and thus the (S)-product is formed predominantly. By the same 
arguments the enantiomeric 8 configuration would give (R)-amino acid derivatives. 
Whilst Kagan's rule is entirely empirical, there are no exceptions to it. The 
% configuration is favoured for (R, R)-Dipamp (4.20) due to the requirement that the 
o-anisyl rings adopt a pseudo-equatorial conformation. 196,197 

8- preferred conformation 
for (SS)-Chiraphos 

X- preferred conformation 
for (R, R)-Chiraphos 

Figure 4.6: The chiral 8 and X conformations of the rhodium(Chiraphos) chelate 
ring 

The rule predicts but does not explain the absolute stereochernistries of the 
products. Moreover, for important ligands like Et-Duphos (4.22), which has a planar 
backbone, this rule does not apply. Quadrant diagramS204 can be used to explain the 
origin of the optical inductions. Considering (R, R)-Chiraphos (4.14) and 
(R, R)-Dipamp (4.20) first and assuming Brown's postulate that a 'face-on' aryl ring is 
more sterically demanding than an 'edge-on' one, 131 then it is apparent from Figure 4.7 
that one 'diagonal' is more sterically congested than the other. 
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Phax 

Ph ax 

-IuIIuIuIIIuIuIIIIIIIII-1 

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

Figure 4.7: Quadrant blocking in the preferred X conformation of (R, R)-Chiraphos 
(4.14) and (R, R)-Dipamp (4-20) 

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

acetamidocinnamate (4.13), then it is apparent that the same diagonal is more hindered 

for re-face coordination and less hindered for si-face coordination, see Figure 4.8. 

Thus, si-face coordination is the more energetically favoured. 

_I 
I 11111111111 III 1111111111 I 

III II milt- 

(a) (b) 

Figure 4.8: Quadrant blocking by the substrate methyl-(Z)-2-acetamidoc inn amate 
(4.13) for (a) si-face and (b) re-face coordination 

Halpern showed 177,182,189 that the less stable rhodium-substrate complex is the 

one that reacts to form the major product enantiomer. From the quadrant arguments 

presented above, this corresponds to re-face coordination. Hence the quadrant model 

correctly predicts that the (S)-amino acid derivative will predominate. 
If we now consider Burk's proposed quadrant diagram for (R, R)-Et-Duphos 

(4.22), 199 see Figure 4.9, it is apparent that the diastereomer of the rhodiurn-substrate 

complex that is most hindered, and consequently least stable, is the one in which the 

substrate is bound to the re-face, cf. Figures 4.8 and 4.9. 

N C02Me 

11111111111111 I liii I 111111 I_ 

00, Ah 

---------- in 

I 11111 I III III I 111111 I III II II 

lp Cý"Ph. 
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111111111111111111111111111111111 III_ 

Et 

Et 
11111111111 lit 1111111 I liii I 11111 I 

--- 

Figure 4.9: Burk's proposed quadrant blocking by (RR)-Et-Duphos (4.22) 

Thus, it might be expected that the (S)-amino acid derivative would be 

produced. The observed production of the (R)-enantiomer implies one of two 

possibilities; either the reaction is proceeding via the more stable rhodium-substrate 
complex for this ligand system or the quadrant diagram proposed does not accurately 
represent the steric blocking of the Et-Duphos ligand. Preliminary mechanistic work by 
Burk and Brown205 has indicated that this system is in fact no different from the other 
rhodium-diphosphine catalysts and that the minor, less stable rhodium-substrate 
diastereomer present is the one that gives the major enantiomer of the product. If the 
quadrant diagram for (RR)-Et-Duphos (4.22) were as shown in Figure 4.10 then the 
observed results with this ligand would be explicable. 

11111111111 IIII 1111111111 I 1111111 

Eteq ýax 

z 

--- .- L-J. ...... I. 

iiiiiiiiiiiiiiiiiiiiilitillililillir 

Figure4.10: Proposed quadrant blocking by (R, R)-Et-Duphos (4.22) 

Using the following reasoning this proposal can be justified. The ethyl groups 
may be fixed in pseudo-equatorial positions in the five-membered rings, which place 
the ipso-hydrogens in pseudo-axial positions, see Figure 4.10. It may be that it is these 
atoms that are sterically limiting, thereby causing the diastereomer of the thodium- 
substrate complex in which the substrate is bound to the si-face to be the most hindered 
and consequently less stable. Hydrogenation of this species would then lead to the 
observed (R)-amino acid derivative. 
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The crystal structure of [Rh(cod)((S, S)-Me-Duphos)] is shown in 
Figure 4.11.199 Considering the phospholane ring in the foreground, it can be seen that 
the hydrogen atom H(18A) is in an axial position whilst the methyl group H3C(19) is in 

an equatorial position. They appear to be of similar steric bulk and it is clear that 
detailed molecular modelling is required to study the exact interactions that occur when 
the substrate binds to the complex. It is suffice to say that at this point a quadrant 
diagram cannot be predicted with any certainty. 

Brown131 and Bosnich181 have modelled in detail the side-on (parallel) 

approach of H-H. The two Rh-H distances are kept equal throughout the addition since 
the reaction has a late transition state and the work of DedieU206 has shown that end-on 
(perpendicular) H-H approach is only energetically feasible during the early stages of 
the reaction. The H2 molecule was positioned such that its midpoint was located on the 

axis perpendicular to the square plane, with the H-H bond parallel to either the P-Rh-O 

or the P-Rh-C axes. This leads to four possible trajectories of H2 approach for each of 
the diastereomers (4.16), two above and two below the square plane, 207 see 
Figure 4.12. 

Both Brown and Bosnich came to the same conclusion utilising different 

molecular graphics procedures that, of the four possible trajectories per diastereomer, 

only one route is sterically feasible for each diastereomer: trajectory C in Figure 4.12 

where the H2 molecule approaches from below the square plane along the P-Rh-O axis 
resulting in formation of the diastereomers (4.17)li and (4.17)re which have one Rh-H 
bond aligned in such a fashion that transfer to the P-olefinic carbon is 

stereoelectronically favoured, see Equation 4.2.208 This P-hydride migration proceeds 
rapidly and irreversibly 178,209 to form the alky1hydride species (4.18)si and (4.18)re 

respectively, which have been observed spectroscopically at low temperatures. 210 

HN"'o N 

Me 
+ 

O-Hydride 
M0020 Ph 

\ 
-s-. 
* 

s . ZZ HNP C02Me 

R 
I 

PD H 

(4.17P 

migration 

Equation 4.2 

me 

(4.18)re 

+ 

The final step in the cycle is reductive elimination209 of the (S)- and the 
(R)-products from (4.18)re and (4.18)si respectively, regenerating the species 
[RhP2*S2]+ (4.15) and completing the catalytic cycle. 

'Ooe-ýO'V` pv 
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AIM6,7=u 

ý-T 
H(18A) 

/\ 

Figure 4.11: Molecular structure of [Rh(cod)j (S, S)-Me-Duphos)]. All hydrogen 

atoms except H(l 8) and H(l 9A-C) are omitted for clarity 
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Figure 4.12: The possible trajectories of the H2 molecule during its oxidative addition 
to the major and minor diastereomers of complex (R, R)-(4.16) 
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4.1.3 State-of-the-art asymmetric hydrogenation systems 

More than a thousand chiral diphosphines have been synthesised and most of 
these have been tested for asymmetric (x-enamide hydrogenation. 72,211,212 

Consequently there have been several surveys of the available ligands and 

substrates. 213 In this Section diphosphines with the greatest potential for the 

manufacture of (x-amino acids via asymmetric hydrogenation are reviewed. These chiral 
diphosphine ligands; are illustrated in Figure 4.13 and the enantioselectivities obtained in 

the hydrogenation of a set of (Z)-(x-enamide derivatives using cationic rhodium(I) 

catalysts derived from these diphosphines are depicted in Table 4.1. 

Most of the ligands listed perform well with (Z)-2-amidocinnamic acid derived 

substrates which have a P-phenyl substituent. However, the enantioselectivities usually 
fall sharply when substituted P-phenyl groups are present215 or, as can be seen from 

Table 4.1, if P-alkyl substituted a-enamides are hydrogenated. It can also be seen from 

Table 4.1 that the hydrogenation of methyl-2-acetamidoacrylate (4.31) proceeds with 

roughly the same or slightly lower enantioselectivity than the hydrogenation of methyl- 
(Z)-2-acetamidocinnamate (4.13). The significance of this final observation will be 

apparent when the results obtained for our ligands are considered in the next Section. 
It is evident that the best (and most general) hydrogenation system for this type 

of substrate is the rhodium(Et-Duphos) complex which also has the ability to 
hydrogenate a wide variety of (x-enamides bearing P-aryl and P-alkyl substituents with 
high enantioselectivities. 199,200 The cationic rhodium(Et-Duphos) catalyst has many 
other advantages. It is extremely efficient (substrate to catalyst ratios of 50000: 1), 

robust and tolerates a wide range of solvents and functionality within the substrate. 
Further, in contrast to virtually all the other systems in Table 4.1, little or no 
temperature and pressure dependence is shown. Finally, the rhodium(Et-Duphos) and 
rhodium(BPE) catalysts will hydrogenate P, P-disubstituted oc-enamides with high 

enantioselectivities. 201 
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PPh2 

RN 

2 

(4.22), Et-Duphos 

OMe MeQ 

slý 

(4.20), Dipamp 

(4.27), 2,3-Carbophos 

OMe 

P\\, 
Me 

(4.29), 3,4-Carbophos (4.21), Camp 

OPPh2 

(4.30) 

Figure 4.13: The best diphosphine ligands for the asymmetric hydrogenation of 
(x-enamides 

(4.24), Me-BPE 

(4.28), BPPM 

(4.25), Deguphos 

(4.26), Propraphos 

Ph2P PPh2 

(4.14), Chiraphos 

148 



Chapter 4: Asymmetric Hydrogenation of a-Enamides 

Table 4.1: Enantioselectivities obtaineda in the asymmetric hydrogenation of a 

range of (Z)-(x-enamide derivatives using cationic rhodium(I) complexes 

of ligands (4.22)-(4.30) 

Substrate 4.22b 4.24c4.25d4.20e 4.26f 4.27/ 4.28h 4.14i 4.21 4.30 
4.299 

\ ý'CONe 99 86C --- 95 --- 91 82 79 
Ac(H)N H 

Ph C 02 H 
Ac(H)N 

99 85J 99 94 88 99 91 89 86 67k 

Ph"ýC%Me 99 --- 93 96 86 96 93 85 
Ac(H)N 

Ph -1kr C02Me 99 --- --- 95 93 87 82 
Boc(H)N 

\\rC02Me 

Ac(H)N 

C02Me 

N(H)Ac 

-"\ý-C%Me 

Ac(H)N 

96 --- --- 80 82 99 

99 --- --- 65 --- 86 57 71 

98 15 55 --- 26 0 

a Data from the indicated literature references. Hydrogenations were, unless otherwise noted, 
carried out using cationic catalyst precursors of the type [Rh(cod)(diphosphine)]X, (X=13F4'. 
PF6-, SbF6*, OTf-). 

b Ref. 199,200 
C Ref. 201 
d Ref. 214 
e Ref. 190,215,216 
f Ref. 217-219 
9 Ref. 220,221 
h Ref. 215,216,222 
i Ref. 194,216 
i Ref, 223 
k Catalyst prepared in situ from Rh(g-Cl)(diene)) 21. 
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However, the main drawback of these ligands is the fact that they are 
synthesised via lengthy and challenging procedures. For example, the syntheses of the 
Duphos and BPE ligands are shown in Scheme 4.6. 

OH 

(4.32) 

OH 

H2P PH2 

(i) SOC129 

(ii) RuC13, Na104 

(iii) 2 eq "BuLi, 
(iv) 2 eq (4.33), 

(v) 2 eq 'BuLi 

02 

(4.33) 

BPE ligands 

PH2 

PH2 

(iii) 2 eq 'BuLi, 
(iv) 2 eq (4.33), 

(v) 2 eq nBuLi 

Duphos ligands 

Scheme 4.6: The syntheses of the Duphos and BPE ligands 

The two primary diphosphines are exceptionally air sensitive and difficult to 
handle. Further, the optically active diols (4.32) are themselves prepared via a three 
step procedure. Consequently, the price of both these, and other, commercially 
available ligands is high, even compared to the high costs of the rhodium precursors, 
see Table 4.2. 
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Table 4.2: Typical pricesa for the chiral ligands (4.22), (4.24) and (4.14) 

Ligand Quantity Price 

RhC13 250 mg E40 

Et-Duphos (4.22) 500 mg E220 

Me-BPE (4.24) 500 Mg E240 

Chiraphos (4.14) 1g E125 

a Prices from the 1998/1999 Strem catalogue. 

This highlights one of the key features of phosphite and phosphonite chemistry 

and one of the advantages of employing these types of ligands where possible, namely 

that they are comparatively easy to synthesise by reaction of one of a wide range of 

cheap, readily available optically pure diols with the appropriate phosphorus 

electrophile. A more detailed discussion of the syntheses of phosphonites and 

phosphites is presented in Chapter 1. 

The phosphine ligand Camp (4.21) and the phosphinite (4.30) have been 

included in Table 4.1 since they represent the best enantioselectivities obtained in the 

asymmetric hydrogenation of (x-enamides employing cationic rhodium(l) complexes of 

monodentate phosphorus(III) ligands. Camp (4.21) is chiral at phosphorus but, 

importantly, contains the ortho-anisyl group which, as discussed in the previous 
Section, has been proposed to be important for asymmetric induction. 196-198 The 

monophosphinite (4.30) on the other hand is a monodentate version of the 
diphosphinites (4.27) and (4.29). 220,221 However, the enantioselectivity achieved 

with (4.30) is significantly lower than with the diphosphines above; a demonstration of 

the observation that enantioselective catalysis is generally much more effective with 
bidentate, preferably C2-symmetric, ligands. 

4.2 Cationic rhodium(l)-phosphonite complexes as catalysts for 

asymmetric hydrogenation 

This Section will describe the preliminary studies that we have undertaken to 
investigate the potential of rhodium(I)-phosphonite complexes as catalysts for 

asymmetric hydrogenation. Due to both time constraints and the preliminary nature of 
this work we have endeavoured to screen the rhodium(l) complexes of several ligands 
in the asymmetric hydrogenation of several substrates in order to gain an overview of 
their potential rather than concentrate on optimising the conditions for one particular 
ligand with one given substrate. 

The results are broken down into two subsections. The first describes the 
catalysis using the rhodium(l) complex (SS)-(4.34) of monophosphonite (S)-(4.35) 
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derived from (S)-biphenanthrol and includes, for comparison, the unpublished results 
obtained in our group by Martorell and Pringle using the rhodium(I) complex 
(S, S)-(4.36) of monophosphonite ligand. (S)-(4.37) derived from (S)-binaphthol. 

+ 

c0 Ph 
\1 

% 
Gý 

-P-)ID 0 
[)rl th 

Ph 

(S, S)-(4.34) when 
(S, S)-(4.36) 

0ýP, 

o Ph 

BF4- 

(S)-(4.35) 
(S)-(4.37) 

Ph 

OOOOP 

(4.35) (4.37) 

This comparison allows the influence of the more bulky ligand (4.35) upon 
both the catalytic activity and the enantioselectivity to be studied. 

The second subsection describes the results obtained using the rhodium(l) 
complex (S, S)-(4.38) of diphosphonite ligand (S, S)-(4.39) derived from 
(S)-biphenanthrol and includes, for comparison, those obtained by ReetZ18 using the 
rhodium(I) complex (R, R)-(4.40) of the binaphthol analogue (R, R)-(4.41). 
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r-*ý 
00 

WC%% LI 

00 ý-j 

(4.38) when 
(4.40) 

(4.39) 

0-1 
/--\p 

(4.41) 

Once again this comparison allows the influence of the increased steric bulk of 
the biphenanthrol-derived ligand (4.39) upon the catalytic activity and the 
enantioselectivity to be studied. 

This subsection also includes the catalytic performance of the rhodium(I) 
complex (S)-(4.42) of the mixed, CI-symmetric phosphinophosphonite ligand 
(S)-(4.43) derived from (S)-biphenanthrol. The results from this system offer the 
opportunity to examine the influence upon catalysis of both the mixed electronic 
properties of the two phosphorus atoms and the CI-symmetry of the ligand. 

+ 

BF4- 

-(4.39) ( 

00, PN%. OD 
(4.41) 
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Ph2 

Roooo 
00 

ý, ' p PPh2 
Co 

. 001 

4.2.1 Monophosphonites 

(S)-(4.42) 

+ 

BF4- 

(S)-(4.43) 

As discussed in Chapter 1, the asymmetric catalytic hydrogenation of 
a-enamides has emerged as one of the most practicable and cost effective routes to a 
diverse array of both (D)- and (L)-a-amino acids. In fact the asymmetric hydrogenation 

of cc-enamides such as methyl -2-acetami doacryl ate (4.31) now often serves as a 
benchmark for assessing the relative effectiveness of new chiral ligands. Hence, the 
rhodium(l) complex (S, S)-(4.36) was tested by Martorell and Pringle for the 
asymmetric hydrogenation of methyl-2-acetamidoacrylate (4.31) in order to examine 
the effectiveness of the monophosphonite ligand (S)-(4.37), 36 see Equation 4.3. 
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(R)-(4.44) 

BF4- 
19 P, 

Cov' 
Ph 

Catalyst: (SS)-(4.36) 

Equation 4.3 

(S)-(4.37) 

. fPh 

The optical yield for this reaction is 73% and conversion is quantitative. The high 
enantioselectivity is significant because enantioselective hydrogenation catalysis is 
generally only effective with bidentate, preferably C2-symmetric, ligands where the 
conformation is fixed by a rigid backbone. To the best of our knowledge this is the 
highest enantioselectivity for the asymmetric hydrogenation of methyl-2- 
acetamidoacrylate (4.31) obtained using a monodentate phosphorus(III) ligand and the 
first example of a monophosphonite effecting asymmetric induction in hydrogenation. 

Why does the rhodium(l) complex (4.36) of monophosphonite (4.37) induce 
such high enantioselectivity? One possibility is that this coordinated ligand adopts a 
favoured conformation which leads to steric hindrance of one diagonal of the quadrant 
diagram. This conjecture relies on restricted rotation about the M-P bonds, which is 
consistent with the broad 31pIIHJ NMR spectrum obtained for complex 
(S, S) - (4.3 6) ' 

36 
Heartened by this result, the thodium(l) complex (SS)-(4.34) was tested for 

the hydrogenation of both methyl-2-acetamidoacryl ate (4.31) and methyl-(Z)-2- 
acetamidocinnamate (4.13), see Equation 4.4, so that a comparison between the 
ligands derived from biphenanthrol and binaphthol could be made. 
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0***/" Co 
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(S)-(4.35) 
. 

Equation 4.4 

. #Ph 

The results are presented in Table 4.3. Entries 1-4 are the results obtained by Martorell 

and Pringle36 with complex (SS)-(4.36) whilst Entries 5-10 are the author's work 
with complex (SS)-(4.34). 

From Table 4.3 it is clear that the increased bulk has a positive effect on the 

enantioselectivity in the hydrogenation of methyl-2-acetamidoacrylate (4.31), compare 
Entries I and 5. The same enantiomer of the product (4.44) is produced by 
(S, S)-(4.34) and (SS)-(4.36), which is consistent with the ligands (S)-(4.35) and 
(S)-(4.37) adopting favoured conformations in complexes (S, S)-(4.34) and 
(S, S)-(4.36) respectively in which the same diagonal of the quadrant diagram is 

sterically hindered. As mentioned above, this conjecture relies on restricted rotation 
about the M-P bonds and it is interesting to note that a broad signal is also observed in 
the 31pl 1H) NMR spectrum of complex (SS)-(4.34), see Section 2.3.2.1. 

Comparison of Entry 4 with Entry 9 shows that the reaction is significantly 
slower with the rhodium(l) complex (4.34) of the more bulky ligand (4.35). It is 
likely that the decrease in rate is due to a decrease in stability of the rhodium-substrate 
complexes (4.16)si and (4.16)re leading to a reduced equilibrium concentration of 
these species. 
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Table 4.3: Catalytic results for the asymmetric hydrogenation of methyl-2- 

acetamidoacrylate (4.31) and methyl-(Z)-2-acetamidocinnamate (4.13) 

using rhodium(I) complexes (SS)-(4.36) and (SS)-(4.34) 

Entrya 

je (S, S) - (4.3 6) 

2e (S, S) - (4.3 6) 

3e (S, S) - (4.3 6) 

4e, f (S, S) - (4.3 6) 
5 (S, S)-(4.34) 
6 (S, S) - (4.3 4) 

7 (S, S)-(4.34) 
8 (S, S) - (4.3 4) 

gh (S, S) - (4.3 4) 

ioi (S, S) - (4.3 4) 

Solvent-' % Conversiond % eed 

CH202 100 73 (R) 

1,2-dichlorobenzene 100 78 (R) 

1,2-dibromoethane 87 80 (R) 

CH202 100 73 (R) 

CH202 100 78 (R) 

1,2-dichlorobenzene 90 75 (R) 

1,2-dibromoethane 62 92 (R) 

1,2-diiodoethaneg 0 

CH202 47 84 (R) 
CH202 97 59 (R) 

a Reaction conditions: methyl-2-acetamidoacrylate (4.31) (497.4 mg, 3.475 mmol), catalyst 
(9.4 mg, 0.0073 mmol, 0.0021 mol equiv) and solvent (7.5 cm3) were placed in a stainless 
steel autoclave, which was pressurised to 1,5 atm with H2 and the reaction mixture was stirred 
for 20 h at 25 OC. 

b Complexes were preformed in all cases. 
C Solvents were deoxygenated thoroughly before use by bubbling N2 through them for 10 min. 
d Calculated by GC. 
e Ref. 36 
f Reaction mixture was stirred for 3h at 25 OC. 
9 The solution (1.7 M in CH202) was prepared by the addition of 1,2-diiodoethane (3.6 g, 12.8 

mmol) to deoxygenated dichloromethane (7.5 cm3). 
h Reaction mixture was stirred for 12 h at 25 OC. 
i Reaction conditions: methyl-(Z)-2-acetamidocinnamate (4.13) (497.4 mg. 2.271 mmol), 

catalyst (6.1 mg, 0.0048 mmol, 0.0021 mol equiv) and solvent (4,9 CM3) were placed in a 
stainless steel autoclave, which was pressuriscd to 1.5 atm with 112 and the reaction mixture 
was stirred for 20 h at 25 OC. 

Solvent effects on the enantioselectivity of hydrogenation reactions have been 

observed before and have been attributed to changes in the precise conformation 
adopted by the rhodium-substrate complex caused by the secondary solvation 
sphere. 194 Table 4.3 shows that the solvent can have a dramatic effect on the 
enantioselectivities obtained with the monophosphonite complexes (SS)-(4.34) and 
(S, S)-(4.36). In 1,2-dibromoethane an enantioselectivity of 92% is obtained with 
complex (SS)-(4.34), see Entry 7, which is the highest enantioselectivity obtained in 
the asymmetric hydrogenation of an a-enamide using a monodentate phosphorus(III) 
ligand. Further, this is an improvement on the enantioselectivity obtained by Reetz18 
(see Section 1.3.2) using the bidentate diphosphonite (4.41). The reason for the acute 
sensitivity of these systems to solvent effects is not clear but perhaps solvation 
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influences the rate of M-P bond rotation which earlier we speculated may be the source 
of the high enantioselectivities. 

Entry 10 shows the result obtained in the asymmetric hydrogenation of methyl- 
(Z)-2-acetamidocinnamate (4.13). The conversion is excellent (97%) but the 
enantioselectivity is moderate (57%). The same sense of enantioface discrimination is 

observed with this substrate i(S, S)-(4.34) favouring formation of (R)-(4.45)) as 
with methyl-2-acetamidoacrylate (4.31). 

4.2.2 Bidentate phosphonites 

The rhodium(l) complex (SS)-(4.38) of diphosphonite (SS)-(4.39) has been 
tested as a catalyst for the asymmetric hydrogenation of methyl-2-acetamidoacryl ate 
(4.31) in order to compare the results with those obtained by Reetz 18 for the less bulky 
diphosphonite (4.41). 
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The results are shown in Table 4.4. 

BF, ý 

P. -Oo 
0 (4.39) 

**-.. (4.41) 

, /--\p 
o1 

(4.41) 

158 



Chapter 4: Asymmetric Hydrogenation of a-Enamides 

Table 4.4: Catalytic results for the asymmetric hydrogenation of methyl-2- 
acetamidoacrylate (4.31) using rhodium(l) complexes (4.40) and 
(S, S) - (4.3 8) 

Entrya Complexb Solventc Temperature (OQ % Conversiond % eed 
jef (R, R)-(4.40)9 CH202 25 100 90 (R) 
2 (S, S)-(4.38) CH202 25 13 41 (R) 

3h (S, S) - (4.4 0) CH202 25 100 89 (R) 

a Reaction conditions: methyl-2-acetamidoacrylate (497.4 mg, 3.475 mmol), catalyst (8.5 mg, 
0.0073 mmol, 0.0021 mot equiv) and solvent (7.5 cm3) were placed in a stainless steel 
autoclave, which was pressurised to 1.5 atm with H2 and the reaction mixture was stirred for 
20 h at the specified temperature. 

b Complexes were preformed unless otherwise indicated. 
C Solvents were deoxygenated thoroughly before use by bubbling N2 through them for 10 min. 
d Calculated by GC. 
e ReL 18 
f Reaction conditions: methyl-2-acetamidoacrylate (c = 0.1 mot dm-3), catalyst 

(substrate: catalyst = 1000: 1) and solvent were placed in an autoclave, which was pressurised to 
1.3 atm with H2 and the reaction mixture was stiffed for 20 h at the specified temperature. 

9 Catalyst prepared in situ with ligand: rhodium = 1: 1. 
h ReL 36 

Entry I shows the result obtained by Reetz18 for the rhodium(I) complex 
(4.40) of diphosphonite (4.41). Complete conversion of substrate to product occurs 
with excellent enantioselectivity, 90%, with (R, R)-(4.40) favouring formation of the 
(R)-product. The rhodiurn(I) complex (4.38) of the more bulky diphosphonite (4.39) 

results in a large fall in reaction rate and enantioselectivity, see Entry 2. 
Although X-ray crystallographic data is not available for the rhodium(I) 

complexes (4.38) and (4.40), a structure has been obtained for the platinum(II) 
complex (4.46) of diphosphonite ligand (SS)-(4.39), see Figures 4.14 and 4.15, and 
we will use this to attempt to explain the poorer selectivity of our new diphosphonite 
(4.39) in terms of quadrant diagram arguments. 

It is apparent from Figures 4.14 and 4.15 that there is considerable steric 
hindrance of all four quadrants by the phenanthry) moieties, which would explain the 
fall in reaction rate and enantioselectivity. If the binaphthol-derived analogue was to 
adopt a similar conformation then the quadrant diagram would be as shown in 
Figure 4.16. The 'extra' phenyl rings of the biphenanthryl system, shaded in purple for 
the phenanthryl moieties in the foreground in Figures 4.14 and 4.15, occupy the two 
unhindered quadrants of Figure 4.16. 
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Figure 4.14: Molecular structure of the dichloroplatinum(II) complex (S, S)-(4.39). 
All hydrogen atoms are omitted for clarity. The 'extra' phenyl rings of 
the biphenanthryl system are shaded in purple for the phenanthryl 
moieties in the foreground 
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Figure 4.15: Molecular structure of the dichloroplatinurn(II) complex (S, S)-(4.39). 

All hydrogen atoms are omitted for clarity 
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Figure 4.16: Predicted quadrant blocking by diphosphonite ligand (SS)-(4.41) 

From Figure 4.16 and the arguments presented in Section 4.1.2, we would 

expect the binaphthol-derived rhodium(I) complex (SS)-(4.40) to favour formation of 
the (R)-product. This is indeed the preferred enantiomer obtained using the 
biphenanthrol-derived rhodium(l) complex (SS)-(4.38). However, Reetz reports 

preferred formation of the (R)-enantiomer when (R, R)-(4.40), not (SS)-(4.40), was 
utilised. 18 This result contradicts our current understanding and so the work carried out 
on complex (4.40) was repeated by Martorell and Pringle, 36 who found that 
(S, S)-(4.40) gave (R)-(4.44), see Entry 3, which suggests that Reetz is in error. 

The rhodium(I) complex (S)-(4.42) derived from phosphinophosphonite ligand 

(S)-(4.43) has been tested as a catalyst for the asymmetric hydrogenation of methyl-2- 
acetamidoacrylate (4.31) and methyl-(Z)-2-acetami doc inn amate (4.13), see 
Equation 4.5. The results are shown in Table 4.5. 

Hindered 
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C02Me 

R NHCOMe 

R=H, (4.31) 
R= Ph, (4.13) 

H2. catalyst 

Ph2 
PL-11 

R 0C % 
ROO*" 

00 

Catalyst: (S)-(4.42) 

PPh2 
0 0-1 

Equation 4.5 

RH2C 

+ 

, 
c02Me 

NHCOMe 

R=H, (4.44) 
R= Ph, (4.45) 

BF4* 

(S)-(4.43) 
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Table 4.5: Catalytic results for the asymmetric hydrogenation of methyl-2- 
acetamidoacrylate (4.31) and methyl-(Z)-2-acetamidocinnamate (4.13) 

using rhodium(I) complex (S)-(4.42) 

_ 
Entrya Complexb SolventO % Conversiond % eed 

- 
le (S)-(4.42) CH202 100 84 (R) 
2e (S)-(4.42) 1,2-dichlorobenzene 62 82 (R) 
Y (S)-(4.42) 1,2-dibromoethane 97 88 (R) 
49 (S)-(4.42)h CH202 too 88 (R) 
5i (S)-(4.42)h 1,2-dibromoethane 100 86 (R) 

a Reaction conditions: methyl-2-acetamidoacrylate (4.31), catalyst (0.0021 mol equiv) and 
solvent were placed in a stainless steel autoclave, which was pressurised to 1.5 atm with H2 

and the reaction mixture was stirred for 20 h at 25 OC. 
b Complexes were formed in situ by addition of [Rh(cod)2]BF4 and phosphinophosphonite 

(S)-(4.43) (1.1 mol equiv with respect to the rhodiurn) to the reaction mixture. 
c Solvents were deoxygenated thoroughly before use by bubbling N2 through them for 10 min. 
d Calculated by GC. 
e Scale: methyl-2-acetamidoacrylate (4.31) (994.8 mg, 6.950 mmol), [Rh(cod)2]BF4 (6.0 mg, 

0.0146 mmol), phosphinophosphonite (S)-(4.43) (10.0 mg, 0.0161 mmol) and solvent 
(15 cm3). 

f Scale: methyl-2-acetamidoacrylate (4.31) (746.1 mg, 5.213 mmol), [Rh(cod)2]BF4 (4.5 mg. 
0.0110 mmol), phosphinophosphonite (S)-(4.43) (7.5 mg, 0.0121 mmol) and solvent 
(11.3 cm3). 

9 Reaction conditions: methyl-(Z)-2-acetamidocinnamate (4.13) (480.0 mg, 2.192 mmol), 
catalyst (0.0048 mmol, 0.0027 mol equiv) and solvent (5.9 cm3) were placed in a stainless 
steel autoclave, which was pressurised to 1.5 atm with H2 and the reaction mixture was stirred 
for 20 h at 25 OC. 

h Catalyst formed in situ from [Rh(cod)2]BF4 (2.4 mg, 0,0048 mmol, 0,0027 mol equiv) and 
phosphinophosphonite (S)-(4.43) (4.0 mg, 0.0053 mmol, 0.0030 mol equiv). 

i Reaction conditions: methyl-(Z)-2-acctamidocinnamate (4.13) (180.0 mg, 0.822 Mmol), 
catalyst (0.0048 mmol, 0.0072 mol equiv) and solvent (5.9 cm3) were placed in a stainless 
steel autoclave, which was pressurised to 1.5 atm with H2 and the reaction mixture was stirred 
for 20 h at 25 OC. 

It can be seen from Table 4.5 that the rhodium(I) complex (S)-(4.42) is an 
excellent catalyst for asymmetric hydrogenation, with high activity and high asymmetric 
inductions (up to 88% ee for both substrates). The rates and enantioselectivities of the 
hydrogenation reactions with this catalyst are less sensitive to solvation effects than 
those catalysed by the rhodium(l) complex (S, S)-(4.34) of monophosphonite 
(S)-(4.35). Complex (S)-(4.42) shows the same sense of enantioface discrimination 
for both substrates and produces products ((4.44) or (4.45)1 with the 
(R)-configuration. The absence of X-ray crystallographic data or molecular modelling 
studies precludes further rationalisation. 

This is the first example of the use of a phosphinophosphonite ligand in 
asymmetric catalysis and the promising results that have been obtained bode well for the 
potential of this class of ligands. 
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4.3 Cationic rhodium(l)-diphosphite complexes as catalysts for 

asymmetric hydrogenation 

The application of chiral diphosphites in the asymmetric hydrogenation of 
a-enamides is a largely unexplored area. However in a recent publication, Reetz 

showed the potential for this class of ligands with the attainment of enantioselectivities 
up to 89% in the asymmetric hydrogenation of methyl -2-acetamidoacryl ate (4.31) 
using a rhodium(I) complex of diphosphite (4.47), 20 see Section 1.4. 

(4.47) 

Consequently it was decided to test the rhodium(l) complexes (R, S, R)- and 
(R, R, R)-(4.48) of the cyclic aryl diphosphite ligands (R, SR)- and (R, R, R)-(4.49) in 
the asymmetric hydrogenation of methyl-2-acetamidoacrylate (4.31), see Equation 4.6. 
The results are presented in Table 4.6. 
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(4.44) 

+ 

BF4, 

(4.49) 
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Table 4.6: Catalytic results for the asymmetric hydrogenation of methyl-2- 
acetamidoacrylate (4.31) using rhodium(l) complexes (R, S, R)- and 
(R, R, R) - (4.4 8) 

Entrya Complexb Solventc 

I (R, S, R) - (4.4 8) CH202 

2 (R, S, R) - (4.4 8) 1,2-dichlorobenzene 

3 (R, S, R) - (4.4 8) 1,2-dibromoethane 

4 (R, R, R)-(4.48) CH202 
5 (R, R, R) - (4.4 8) 1,2-dibromoethane 

% Conversiond % e-vd 
Be 68(S) 
81 43(S) 
8 26(S) 

100 38 (R) 
1.5 8 (R) 

a Reaction conditions: methyl-2-acetamidoacrylate (746.1 mg, 5.217 mmol), catalyst 
(0.0111 mmol, 0.0021 mol equiv) and solvent (11.3 CM3) were placed in a stainless steel 
autoclave, which was pressurised to 1,5 atm with H2 and the reaction mixture was stirred for 
20 h at 25 OC. 

b Complexes were formed in situ by addition of [Rh(cod)2]BF4 (4.5 mg, 0.0111 mmol, 
0.0021 mol cquiv) and diphosphite (4.49) (13.5 mg, 0.0121 mmol. 0,0023 mol equiv) to the 
reaction mixture. 

C Solvents were deoxygenated thoroughly before use by bubbling N2 through them for 10 min. 
d Calculated by GC. 
e The low conversion in this reaction appears anomalous and the experiment should be repeated. 

The low conversion observed in Entry I appears anomalous and this reaction 
should be repeated. The results show that the rates and enantioselectivities are highly 

sensitive to solvation effects and that, of the solvents studied, the reactions carried out 
in dichloromethane give the highest enantioselectivities. 

Further, it is apparent from Table 4.6 that the stereochernistry of the major 
enantiomer of the product (4.44) is controlled by the absolute configuration of the 
bridging binaphthyl moiety in diphosphite (4.49). This is the opposite situation to that 
reported by Reetz for diphosphite (4.47) where the stereochernistry of the major 
enantiomer of the product is determined by the absolute configuration of the terminal 
binaphthyl moieties. 20 It also appears that the (S)-selective catalyst, derived from 
(R, S, R)-(4.49), is the 'matched' case. 
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E. 1 General experimental details 

Unless otherwise stated, all reactions were carried out under a dry nitrogen 
atmosphere using standard Schlenk line techniques. Glassware was flame-dried and 
allowed to cool in vacuo before use. Syringes and needles were oven-dried overnight 

and allowed to cool in a desiccator prior to use. Solvents were dried and degassed by 

refluxing under a nitrogen atmosphere over appropriate drying agents; calcium 
hydride (for dichloromethane), magnesium (for ethanol and methanol), sodium wire / 

benzophenone (for THF and 2,2-dimethoxypropane) and sodium (for toluene). Dry 

pentane and methanol were purchased from Aldrich Chemical Company, stored over 
4A and 3A activated molecular sieves respectively and were degassed by freeze- 

pump-thaw methods prior to use. Commercial reagents were used as supplied unless 
otherwise stated. PC13 was distilled under a nitrogen atmosphere and NEt3 was dried 
by refluxing under a nitrogen atmosphere over potassium hydroxide. Both reagents 
were degassed by freeze-pump-thaw methods prior to use. 

Starting materials prepared by literature methods were 
Ph2PCH2CH2P(NMe2)2,128 [PtC12(cod)1,224 [Pt(nb)31,225 [PdC12(NCPh)2], 226 

[Rh2CI2(CO)41,227 [Rh2CI2(cod)2]228 and [Rh(cod)2]BF4.172,173 The rhodium 
complex [Rh(CO)2(dpm)] was supplied by Du Pont. 

Elemental analyses were carried out by the Microanalytical Laboratory of the 
School of Chemistry, Bristol University. Electron Impact and Fast Atom 
Bombardment mass spectra were recorded on an MD800 and an Autospec by the 
Mass Spectrometry Service, Bristol University. Infrared spectra were recorded on a 
Perkin Elmer 1600 series by the author. Optical rotations were recorded by the author 
using a PE 241 MC polarimeter. 

31plIH), 13C(IH), 195pt(IH) and 1H NMR spectra were recorded by the 
author at the ambient temperature of the probe unless otherwise stated. Deuterated 

solvents, which were dried over 4A molecular sieves and degassed by freeze-pump- 

thaw methods prior to use, were used to provide the field / frequency lock. An 

external D20 source was used in the case of the Jeol EX90 NMR spectrometer, 
The following spectrometers were used: 

1H NMR spectra; Jeol GX270 (270 MHz) or Jeol GX400 (400 MHz) 

with chemical shifts to high frequency of internal 
tetramethylsilane. 

13C(IH) NMR spectra; Jeol GX270 (67.9 MHz) or Jeol GX400 (100 MHz) 

with chemical shifts relative to the solvent used. 
31pt 1H) and 31P NMR Jeol FX90Q (36.2 MHz), Jeol EX90 (36.2 MHz) or 
spectra; Jeol GX400 (162 MHz) with chemical shifts to high 

frequency of H3P04, 
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195Pt IIHI NMR spectra; Jeol GX400 (85.6 MHz) with chemical shifts to high 
"(I 95Pt) = 21.4 MHz. frequency of -'w 

E. 2 Chapter 2: Phosphonites: Synthesis and Coordination 
Chemistry 

E. 2.1 Syntheses of 9,91-biphenanthryl-10,101-diol (2.2) and 
dimethyl-1,1'-binaphthyl-2,2'-dihydroxy-3,3'-dicarboxylate 
(2.1) 

Preparation of 9-bromophenanthrene (2.5) 

A stirred suspension of phenanthrene (2.4) (99.2 g, 0.557 mol) in 
dichloromethane (100 CM3) was heated to reflux in a flask fitted with a condenser 
which was vented to a 2M solution of sodium hydroxide to quench the HBr produced 
during the reaction. Once dissolution had been effected, a solution of bromine 
(29 CM3,0.563 mol, 1.01 mol equiv) in dichloromethane (70 CM3) was added 
dropwise over 2h to the refluxing solution, during which time much fuming, due to 
the evolution of HBr, was observed. The solution was maintained at reflux, for a 
further 4 h, after which the fuming had ceased. The solution was allowed to cool to 

room temperature and the dichloromethane was removed by distillation under 
nitrogen. The dark yellow, oily residue was purified by reduced pressure distillation to 

give a pale yellow liquid (b. p. 1.0 169-178 OC (Lit. 121 b-P-2.0 177-190 OC)). Upon 

cooling the liquid to room temperature, the crude 9-bromophenanthrene (2.5) 
(111.7 g, 78%) was obtained as a yellow solid. Recrystallisation from hot ethanol 
afforded, after collection of three separate crops, 9-bromophenanthrene (2.5) (55.0 g' 
38%) as pale yellow needles, m. p. 59-61 OC (Lit. 121 m. p. 65-66 OC); 41 (CDC13): 
7.58 (IH, td, 3J(HH) 7.5 Hz, 4J(HH) 1.2 Hz), 7.64 (IH, dd, 3J(HH) 8.2 liz, 4j(1111) 

1.4 Hz), 7.67-7.71 (2H, m), 7.78 (IH, d, 3J(HH) 7.8 11z), 8.09 (111, s, 1110), 8.35-8.37 
(IH, m), 8.61-8.67 (2H, m); m/z (EI): 258 (8lBrM+-, 100%), 256 (79BrM+-, 100%), 
177 (M-Br+, 35%), 176 (M-HBr+., 44%). 

Preparation of 9-hydroxyphenanthrene (2.3 ) 
Magnesium shavings (4.14 g, 0.171 mol, 1.1 mol equiv) were activated by 

vigorous stirring overnight under nitrogen to produce a fine black powder. A dropping 
funnel was charged with a solution of 9-bromophenanthrene (2.5) (40.0 g, 0.155 mol) 
in tetrahydrofuran (130 CM3). Enough of this green solution was added to cover the 
magnesium powder and the resulting suspension was stirred vigorously until 
spontaneous reflux occurred, The remainder of the s olution was added dropwise over 
50 min at such a rate as to maintain reflux without external heating. After the addition 
was completed, the reaction mixture was heated to reflux for a further 2h and the 
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resulting grey solution of the Grignard reagent was then allowed to cool to room 
temperature. A separate solution of trimethyl borate (19.3 CM3,0.171 mol, 
1.1 mol equiv) in tetrahydrofuran (85 CM3) was cooled to -10 OC and the Grignard 

solution was added dropwise over 2h to this solution keeping the temperature at 
:9 -5 OC. The thick white suspension produced was stirred at -5 OC for Ih and was 
then cooled to -10 OC Glacial acetic acid (14 CM3) was added, followed by the 
dropwise addition over 15 min of a solution of 30% aqueous hydrogen peroxide 
(17.4 CM3) in distilled water (15.7 CM3) whilst keeping the temperature at: 5 0 OC. The 

resultant brown solution was allowed to warm to room temperature and stirred for 
40 min. Saturated ammonium chloride solution (200 cm3) was added, followed by 
tetrahydrofuran (100 CM3) and the organic layer was separated. The organic layer was 
washed with saturated sodium bicarbonate solution (200 CM3), distilled water 
(200 cm3) and brine (3 x 200 CM3), dried (MgS04), filtered and the solvent was 
removed under reduced pressure to yield a brown oil. This oil was dissolved in 
toluene and the solvent was removed under reduced pressure to yield 
9-hydroxyphenanthrene (2.3) (28.4 g, 94%) as a light brown powder, m. p. 135 OC 
(Lit. m. p. 139-141 OC); nilz (EI): 194 (M+-, 100%), 165 (M-29+., 69%). 

Preparation of 9,9-biphenanthryl-10,10'-diol (2.2 ) 
To a stiffed solution of 9-hydroxyphenanthrene (2.3) (14.5 g, 75 mmol) in 

methanol (300 CM3) at room temperature was added copper(II) nitrate trihydrate 
(36.1 g, 0.149 mol, 2 mol equiv). To the resulting deep blue solution was added 
dropwise benzylamine (49 CM3,0.449 mol, 6 mol equiv) to give a thick brown 
suspension. This reaction mixture was stirred under nitrogen overnight and then 
quenched with 2M hydrochloric acid (250 CM3) to afford a thick blue-white 
suspension. The layers were partitioned by the addition of brine (200 CM3) and 
dichloromethane (200 CM3). The organic layer was separated and washed with 
2M ammonium hydroxide solution (3 x 300 CM3) until the aqueous layer remained 
colourless, rather than the deep blue colour that formed if copper salts were still 
present in the organic phase. The organic layer was then washed with brine 
(2 x. 300 CM3), dried (MgS04), filtered and the solvent was removed under reduced 
pressure to yield (±)-9,9'-biphenanthryl-10,10'-dioI (2.2) (14.4 g, quantitative yield) 
as a yellow solid, m. p. 232 OC (Lit. 119 m. p. 234-236 OC); 811 (CDC13): 5.50 (211, s, 
OH), 7.27 (2H, dd, 3J(HH) 8.4 Hz, 4j(IIH) 1.2 Ift), 7.35 (211, ddd, 3J(1111) 8.2 Ift, 
3j'(HH) 6.9 Hz, 4J(HH) 1.2 Hz), 7.54 (2H, ddd, 3j(1111) 8.3 11z, 3j, (1111) 6.8 liz, 
4J(HH) 1.5 Hz), 7.72 (2H, ddd, 3J(HH) 8.2 Hz, 3j'(IIH) 7.0 Hz, 4J(HII) 1.2 11z), 7.82 
(2H, ddd, 3J(HH) 8.3 Hz, 3j(HH) 7.0 Hz, 41(HH) 1.4 11z), 8.46 (211, dd, 3j(1111) 
8.1 Hz, 4J(HH) 1.1 Hz), 8.75 (2H, d, 3j(HII) 8.3 Hz), 8.81 (211, d, 3j(11H) 8.3 11z); 
nVz (EI): 386 (M+., 100%), 368 (M-18+-, 24%), 165 (M-221+., 55%). 
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Preparation of (RR)-(+)-NNN, N-tetramethyltartaric acid diamide (2.9 ) 

Dimethylarnine (35 CM3,0.544 mol, 4.7 mol equiv) was condensed into a 

round-bottomed flask at -78 OC that was protected from atmospheric moisture by a 

silica gel drying tube. Freshly distilled methanol (20 cm3) was added to afford a pale 

green solution, which was allowed to warm to room temperature and then 
(R, R)-(+)-diethyl tartrate (2.8) (20 CM3,0.117 mol) was added. The reaction mixture 

was swirled to effect complete dissolution and was then allowed to stand for 4 days. 

Removal of the solvent under reduced pressure yielded an oily white solid, which 
formed a fine white suspension upon the addition of toluene. The solvent was 

removed under reduced pressure and the product was dried overnight in vacuo to yield 
(R, R)-(+)-N, N, N', N'-tetramethyltartaric acid diamide (2.9) (22.2 g, 93%) as a white 
solid, m. p. 191 OC [Lit. 125 m. p. 189-190 OC); I(XID +440 (c, 2.5 in ethanol) (Lit. 125 

I(XID +430 (c, 3.0 in ethanol)). 
(S, S)-(-)-N, N, N', N'-tetramethyltartaric acid diamide (2.9) was also prepared 

using this procedure starting from (SS)-(-)-diethyl tartrate (2.8 ). 

Preparation of (RR)-(+)-NNN, N-tetramethyl-2,2-dimethyl-1,3-dioxolane-trans-4,5- 
dicarboxamide (2.7) 

(R, R)-(+)-NAN'ýN'-tetramethyltartaric acid diamide (2.9) (10 g, 49 mmol) 
was suspended under nitrogen in toluene (100 CM3). The reaction mixture was heated 
to reflux in order to achieve complete dissolution and distilled 2,2-dimethoxypropane 
(18 CM3,0.146 mol, 3 mol equiv) and p-toluenesulphonic acid monohydrate (500 mg, 
2,5 mmol, 0.05 mol equiv) were added. The reaction mixture was maintained at reflux 
for 45 min and was then allowed to cool to room temperature. It was then washed 
with 2M potassium carbonate solution (100 CM3), dried NOW, filtered and the 
solvent was removed under reduced pressure. Co-evaporation with pentane (50 CM3) 
to remove the last traces of toluene and drying overnight in vacuo yielded 
(R, R)-(+)-N, N, N', N'-tetramethyl-2,2-dimethyl-1,3-dioxolane-trans-4,5-dicarboxamide 
(2.7) (7.1 g, 59%) as a white solid, m. p. 83 OC (Lit. 118 m. p. 86-88 OC); I(XID +2.40 
(c, 4 in chloroform) [Lit. 118 BXID +2.50 (c, 1.4 in chloroform)). 

(S, S)-(-)-NAN', M-tetramethyl - 2,2 - dimethyl - 1,3 - dioxolane - trans - 4,5 - 
dicarboxamide (2.7) was also prepared using this procedure starting with 
(S, S)-(-)-N, N, N', N'-tetramethyltartaric acid diamide (2.9). 
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14 

Resolution of 9,9-biphenanthryl- 10,1 0'-diol (2-2 ) 

A suspension of (±)-9,9'-biphenanthryl-10,10'-dioI (2.2) (0.895 g, 2.3 mmol) 
in ethanol (40 CM3) was heated to give a cloudy solution. (RR)-(+)-NNN, N- 

tetramethyl-2,2-dimethyl-1,3-dioxolane-trans-4,5-dicarboxamide (2.7) (1.128 g, 
4.6 mmol, 2 mol cquiv) was added and the hot solution was filtered to remove any 

remaining undissolved (±)-9,9'-biphenanthryl- 10,1 0'-diol (2.2). The clear filtrate was 
left to cool to room temperature and then left undisturbed overnight to allow 
crystallisation to occur. The mother liquor was decanted off and the colourless prisms 
that had formed were washed with ethanol (2 x5 cm. 3) and dissolved, with warming, 
in benzene (5 CM3). The resulting solution was filtered through a short silica column 
and the solvent was removed under reduced pressure to yield (S)-9,9'-biphenanthryl- 
10,10'-diol (2.2) (224 mg, 0.6 mmol, 25%) as a yellow solid, [(XID -65.40 (c, 0.9 in 
CHC13) [ Lit. 119 ICCID -7 1.00 (c, 1.0 in chloroform)). The mother liquor was combined 
with the ethanol washings, concentrated to ca. 20 cm3 and left to stand at room 
temperature for 48 h. The resulting colourless prisms that formed were isolated by 
filtration, washed with ethanol (2 x5 CM3) and dissolved, with warming, in benzene 
(5 CM3). The resulting solution was filtered through a short silica column and the 

solvent was removed under reduced pressure to yield (R)-enriched 9,9-biphenanthryl- 
10,10'-diol (2.2) (440 mg, 1.1 mmol, 49%, 34% ee) as a yellow solid, ICXID +22.00 
(c, 1.0 in CHC13) [Lit. 119 RXID +7 1 . 00 (c, 1.0 in chloroform)). 

Optically pure (R)-9,9-biphenanthryl-10,10'-dioI (2.2) and (S)-enriched 
9,9'-biphenanthryl-10,10'-diol (2.2) (34% ee) were also obtained following this 

procedure using (SS)-(-)-NNN, N' - tetramethyl - 2,2 - dimethyl - 1,3 - dioxolane - 
trans - 4,5 - dicarboxamide (2.7 ). 

Preparation of methyl. 3-hydroxy-2-naphthoate (2.10 ) 
3-Hydroxy-2-naphthoic acid (94 g, 0.5 mol) was suspended in absolute 

methanol (1.0 dm3) with stirring under nitrogen. Sulphuric acid (25 CM3) was added 
dropwise over 5 min and the reaction mixture was then heated to reflux for 5 h, when 
thin layer chromatography indicated the reaction was near completion. The reaction 
mixture was concentrated to ca. 300 cm3 and then poured into ice-water (600 CM3). 
The solid precipitate was isolated by filtration and washed with water (2 x 100 CM3). 
This solid was dissolved in dichloromethane (500 CM3) and washed with aqueous 
potassium carbonate (2 x 100 CM3) and water (2 x 100 CM3), Separation and 
evaporation of the dichloromethane layer gave methyl-3-hydroxy-2-naplithoate 
(2.10) (95 g, 94%) as an off-white solid, 8H (CDC13): 4.03 (311, s, MeO), 7.30-7.40 
(2H, m), 7.53 (IH, t), 7.70 (IH, d), 7.81 (IH, d), 8. 

_50 
(111, s), 10.43 (111, s). 
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Preparation of dimethyl-1, I-binaphthyl-2,2 ý-dihydroxy-3,3'-dicarboxylate (2.1 ) 

Methyl-3-hydroxy-2-naphthoate (95 g, 0.47 mol) was dissolved under nitrogen 

in absolute methanol (1.0 dm3) containing anhydrous copper(II) chloride (135 g, 

1.0 mol, 2.1 mol equiv). tert-Butylamine (210 CM3,2.0 mol, 4.3 mol equiv) was 

added dropwise over I h, keeping the temperature below 30 OC. The resulting solution 

was heated to 50 OC for 14 h, when thin layer chromatography indicated the reaction 

was complete. The mixture was cooled to 10 OC and acidified to pH 4 over Ih by 

dropwise addition of 6M HCI (335 CM3,2.0 mol, 4.3 mol equiv). The resulting yellow 

precipitate was collected by filtration and washed with water (3 x 100 cm3) and 

diethyl ether (3 x 50 cm3). The crude product was dissolved in dichloromethane and 

washed with 2M ammonium hydroxide solution (3 x 300 CM3) until the aqueous layer 

remained colourless, rather than the deep blue colour that formed if copper salts were 

still present in the organic phase. The organic layer was then washed with brine 

(2 x 300 CM3), dried (MgS04), filtered and the solvent was removed under reduced 

pressure to yield dimethyl- 1, l'-binaphthyl-2,2-dihydroxy-3,3'-di carboxyl ate (2.1) 

(73.4 g, 78%) as a yellow solid, 8H (CDC13): 4.04 (6H, s), 7.10-7.18 (211, m), 

7.28-7.36 (4H, m), 7.88-7.94 (2H, m), 8.67 (2H, s), 10.70 (2H, s). 

E. 2.2 Synthesis of phosphonites derived from 9,9'- 

biphenanthry I- 10,1 O'-diol (2.2) and dimethyl-1,1'- 

binaphthyl-2,2'-dihydroxy-3,3'-dicarboxylate (2.1) 

E. 2.2.1 Mono- and diphosphonite syntheses from RPC12 species 

Preparation of (-+)-(9,9-biphenanthryl-10,10'-diyl)phenylphosphonite (2.12 ) 

To a stirred solution of dichlorophenylphosphine (70 gl, 0.52 mmol, 
1.0 mol equiv) in THF (10 CM3) at -10 OC was added triethylamine (144 [fl, 
1.03 mmol, 2.0 mol equiv). To the resulting cloudy white suspension at -10 OC a 

solution of (±)-9,9'-biphenanthryl-10,10'-dioI (2.2) (200 mg, 0.52 mmol) in TIIF 

(10 CM3) was added dropwise over 10 min. After stirring the reaction mixture at 

-10 OC for I h, the resulting thick white precipitate of triethylammoniurn chloride that 
had formed was removed by filtration through celite to leave a pale green solution, 
The solvent was removed in vacuo to afford a pale green foam which was triturated 

with pentane (10 cm3) to yield (±)-(9,9'-biphenanthryl-10,10'-diyl)phenylphosphonite 
(2.12) (207 mg, 81%) as a pale green solid, 8p (CDC13): 186.5; 811 (CDC13): 
7.07-7.13 (2H, m), 7.22-7.30 (2H, m), 7.31-7.37 (211, m), 7.40 (111, d, 3AIIII) 

8.2 Hz), 7.47 (IH, d, 3J(HH) 8.2 Hz), 7.50-7.63 (6H, m), 7.69-7.75 (111, m), 7.77-7.83 
(1H, m), 8.42 (IH, d, 3J(HH) 8.2 Hz), 8.63 (111, d, 3j(1111) 8,2 11z), 8.73 (11-1, d' 
3J(HH) 8.5 Hz), 8.80 (IH, d' 3J(HH) 8.2 11z), 8.84 (111, d, 3j(1111) 8.5 11z); 

174 



Chapter 5: ýýxperimental 

8C (CDC13): 121.19 (s), 121.23 (s), 122.00 (s), 122.05 (s), 122.11 (s), 122.87 (s), 

122.91 (s), 122.95 (s), 123.11 (s), 125.53 (s), 125.74 (s), 126.26 (s), 126.33 (s), 

126.51 (s), 127.08 (s), 127.17 (s), 127.23 (s), 127.41 (s), 127.74 (s), 127.85 (s), 

127.88 (s), 127.92 (s), 128.29 (s), 128.73 (s), 130.15 (s), 130.43 (s), 130.86 (s), 

131.38 (s), 131.54 (s), 131.94 (s), 132.14 (s), 138.98 (d, IJ(CP) 35 Ift, C-P), 145.73 

(d, 2J(CP) 7 Hz, C-0), 146.48 (d, 2J(CP) 4 Hz, C-O'); nz/z (NH3, CI): 493 (M+11+, 

100%), 415 (M-Ph+, 22%). 

(S)-(9,9'-biphenanthryl-10,10'-diyl)phenylphosphonite (2.12) was also 

prepared using this procedure starting with (S)-9,9'-biphenanthryl-10,10'-dioI (2.2), 

Preparation of (±) - (dimethyl - 1,1' - binaphthyl - 3,3' - dicarboxylate - 2,2' - 
diyl)phenylphosphonite (2.11 ) 

To a stirred solution of dichlorophenylphosphine (169 gi, 1.25 mmol, 
1.0 mol equiv) in dichloromethane (5 CM3) at -20 OC was added triethylamine (347 gl, 
2.49 mmol, 2.0 mol equiv). The solution was warmed to -10 OC and a solution of 
dimethyl - 1,1' - binaphthyl - 2,2' - dihydroxy - 3.3'- dicarboxylate (2.1) (500 mg, 
1.24 mmol) in dichloromethane (13 CM3) was added dropwise over 10 min, The 

reaction mixture was allowed to warm to room temperature and stirred for I h. After 
this time the solvent was removed in vacuo to afford an off-white solid residue. TIlF 
(25 CM3) was added and the resulting thick white precipitate of triethyl ammonium 
chloride was removed by filtration through celite to leave a yellow solution. The 

solvent was removed in vacuo to afford a yellow foam which was triturated with 
pentane (10 CM3) to yield (±)-(dimethyl-1,1'-binaphthyl-3,3'-dicarboxylate-2,2'- 
diyl)phenylphosphonite (2.11) (209 mg, 33%) as a yellow solid, 8p (CDC13)'. 184.4; 
5H (CDC13): 3.58 (3H, s, MeO), 3.95 (3H, s, MeO'), 7.24 (IH, d' 3J(HH) 7.6 Hz), 
7.27 (IH, d' 3J(HH) 7.0 Hz), 7.31-7.41 (5H, m), 7.45 (111, d, 3j(IIH) 8.2 Hz), 7.47 
(IH, d' 3J(HH) 8.8 Hz), 7.49 (IH, d, 3J(HH) 7.9 Hz), 7.51 (111, d, 3j(IIH) 8.2 11z), 
7.94 (IH, d' 3J(HH) 7.6 Hz), 8.03 (IH, d, 3J(HH) 8.6 Hz), 8.32 (111, s, 114), 8.69 
(IH, s, H4'); 8C (CDC13): 52.13 (s, MeO), 52.68 (s, MeO'), 124.19 (s), 124.90 (s), 
125.89 (s), 126.12 (s), 126.75 (s), 126.82 (s), 128.14 (s), 128.21 (s), 128.52 (s), 
128.72 (s), 129.67 (s), 129.76 (s), 129.80 (s), 129.95 (s), 130.00 (s), 130.60 (s), 
130.88 (s), 132.43 (s), 133.11 (s), 133.35 (s), 134.48 (s), 134.95 (s), 137.40 (S), 
138.10 (d, IJ(CP) 37 Hz, C-P), 146.47 (d, 2ACP) 6 Hz, C-0), 148.12 (d, 2j(CP) 4 Ift, 
C-O'), 166.06 (s, C=O), 170.77 (s, C=O'); in/z (NI13, CI): 509 (M+11+9 100%), 402 
(M-106+, 55%), 371 (M-137+, 88%). 
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Preparation of the*diastereomeric mixture 1,2-bist(9,9'-biphenanthryl-10,10'- 
diyl)phosphonitolethane (2.16 ) 

To a stirred solution of C12PCH2CH2PCI2 (2.17) (97 gl, 0.64 mmol, 
0.5 mol equiv) in THF (15 cm3) at -15 OC was added triethylamine (361 41, 
2.59 mmol, 2 mol equiv). A solution of (±)-9,9'-biphenanthryl-10,10'-dioI (2.2) 
(500 mg, 1.30 mmol) in THF (15 CM3) was added dropwise over 10 min to the 

resulting cloudy white suspension at -15 IDC. The reaction mixture was allowed to 

warm to -10 OC and stirred for I h. After this time, the thick white precipitate of 
triethylammoniurn chloride that had formed was removed by filtration through celite. 
The solvent was removed in vacuo to afford a green foam which was triturated with 
pentane (10 CM3) to yield the diastereomeric mixture 1,2-bisj(9,9-biphenanthryl- 

10,1 0'-diyl)phosphonitol ethane (2.16) I(R, R) / (SS) : (R, S) ca. 1: 3) (550 mg, 99%) 

as a green solid, 8p (THF / CDC13 4: 1): 211.8 1 (R, R) / (SS)), 212.6 ((R, S)). 

(S, S)-1,2-bisf (9,9-biphenanthryl- 10,10'-diyl)phosphonito) ethane (2.16) was 
also prepared using this procedure starting with (S)-9,9'-biphenanthryl-10,10'-dioI 

(2.2), 8p (CDC13): 211.7; 8H (CDC13): 1.94-2.08 (2H, m), 2.93-3.06 (2H, m), 
7.24-7.36 (8H, m), 7.53-7.76 (12H, m), 8.17 (4H, d' 3J(HH) 8.2 11z), 8.69-8.77 
(8H, m); 8C (CDC13): 27.20 (dd, IJ(CP) 44 Hz, 2j(CP) 20 Hz, PCH2), 121.13 (s), 
121.94 (s), 122.83 (s), 122.93 (s), 123.07,123.13 (s), 125.87 (s), 125.92 (s), 
126.73 (s), 127.13 (s), 127.30 (s), 127.42 (s), 127.83 (s), 127.94 (s), 128.10 (s), 
128.41 (s), 128.83 (s), 131.39 (s), 131.61 (s), 132.03 (s), 145.80 (s, C-0), 146.93 
(S' C-O'). 

E. 2.2.2 Phosphinophosphonite synthesis from RP(NMe2 )2 species 

Preparation of (±) -I- ((9,9' - biphenanthryl - 10,10' - diyl)phosphonito] -2- 
diphenylphosphinoethane (2.21 ) 

To a stiffed solution of Ph2PCH2CH2P(NMe2)2 (2.20) (315 mg, 0.95 mmol, 
I mol cquiv) in toluene (15 CM3) was added a solution of 9,9'-biphenanthryl-10,10'- 
diol (2.2) (366 mg, 0.95 mmol) in toluene (15 CM3). The reaction mixture was heated 
to reflux under nitrogen for 16 h and then allowed to cool to room temperature. The 
solvent was removed in vacuo, to afford a pale green foam which was triturated with 
pentane (10 CM3) to yield (±)-l-[(9,9-biphcnanthryl-10,10'-diyl)phosphonito)-2- 
diphenylphosphinoethane (2.21) (578 mg, 97%) as a pale green solid, Sp (CDC13): 

-12.8 (d, 3J(PP) 28 Hz, END, 215.5 (d, 3J(PP) 31 Ift, P-(OAr)2); 811 (CDC13): 
1.67-1.79 (211, m), 2.06-2.18 (IH, m), 2.30-2.40 (IH, m), 7.14-7,39 (1411, m), 
7.53-7.62 (2H, m), 7.66 (1 H, td, 3J(HII) 7.6 liz, 4J(HH) 1 .0 liz), 7.73 (111, td, 3j(I 111) 
7.6 Hz, 4J(HH) 1.0 Hz), 7.75-7.81 (2H, m), 8.19 (IH, dd, 3j(jjIj) 8.1 11z, 4j(1111) 
I-I Hz), 8.3 5 (1 H, dd, 3AHH) 7.8 Hz, 4J(HH) 1.4 Hz), 8.76 (211, dd, 3J(HI 1) 8.2 Ift, 
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4J(HH) 2.5 Hz), 8.79 (2H, d, 3J(HH) 8.2 Hz); SC (CDC13): 19.56 (t, IJ(Cp), 2J(Cp) 

15 Hz, H2CPPh2), 31.77 (dd, IACP) 37 Hz, 2J(CP) 13 Hz, H2CP(OAr)2), 121.28 
(d, 2J(CP) 4 Hz, H-CCPPh2), 123.10 (s), 125.50 (s), 125.87 (s), 125.90 (s), 126.72 (s), 
126.80 (s), 127.29 (s), 127.38 (s), 127.44 (s), 127.89 (s), 127.95 (s), 128.06 (s), 
128.13 (s), 128.44 (s), 128.55 (s), 128.61 (s), 128.66 (s), 128.81 (s), 128.85 (s), 
128.88 (s), 129.25 (s), 131.50 (s), 131.70 (s), 131.77 (s), 132.12 (s), 132.65 (s), 
132.76 (s), 132.83 (s), 132.94 (s), 138.01 (d, IJ(CP) 15 Hz, C-P), 145.80 (s, C-0), 
146.93 (s, C-O'). 

(S)-1-1(9,9'-biphenanthryl-10,10'-diyl)phosphonito)-2-(diphenylphosphino)- 

ethane (2.21) was also prepared using this procedure starting with 
(S)-9,9'-biphenanthryl-10,10'-dioI (2.2 ). 

E. 2.3 Coordination chemistry of phosphonites derived from 9,91- 
biphenanthryl-10,101-diol (2.2) and dimethyl. 1,1'. 
binaphthyl-2,2'-dihydroxy-3,3'-dicarboxylate (2.1) 

E. 2.3.1 Dichloroplatinum(II) complexes 

E2.3.1.1 Monophosphonites(2.12)and(2.11) 
Preparation of the diastereomeric mixture cis-[PtCI2((9,9ý-biphenanthryl-10,10'- 
diyI)phenyIphosphoniteJ21 (2.23 ) 

To a stirred solution of (±)-(9,9'-biphenanthryl-10,10'-diyl)phenylphosphonite 
(2.12) (124 mg, 0.25 mmol) in THF (5 cm3) was added INC12(cod)] (47 mg, 
0.13 mmol, 0.5 mol equiv). The yellow solution was stirred for 14 h during which 
time a white precipitate formed. The solvent was removed in vacuo to yield the 
diastereomeric mixture Of ci s-[PtC12((9,9'-biphenanthryl-10,10'-diyl) 
phenylphosphonite 121 (2.23) 1 major : minor ca. 10: 1) (158 mg, quantitative) as an 
off-white solid, 8p (CDC13): 122.3 (s, IJ(PPt) 4943 Ift, minor isomer), 122.9 
(s, IJ(PPt) 4908 Hz, major isomer). 

Preparation of f(R, R)I(SS)I-Cis-[PIC12((ditnethyl. ], I'-binqphtjjyI. 3'3 '-dicarboxylate. 
2,2'-diyl)phenylphosphonite)21(2.22 ), 

To a stirred solution of (±)-(dimethyl-1,1'-binaphthyl-3,3'-dicarboxylate-2,2'- 
diyl)phenylphosphonite (2.11) (125 mg, 0.25 mmol) in TIIF (5 CM3) was added 
[PtC12(cod)] (40 mg, 0.11 mmol, 0.43 mol equiv). The solution was stirred for 2h 
during which time a white precipitate formed. The solvent was removed in vacuo to 
yield I(R, R) / (S, S))-cis- [PtC121 (dimethyl- 1, I-binaphthyl-3,3' -d icarboxylate-2,2'- 
diyl)phenylphosphonite)21 (2.22) (126 mg, 92%) as a yellow solid, Bp (CD2CI2): 
123.1 (s, IJ(PPt) 4979 Hz); 5H (CD2CI2): 3.89 (611, s, MeO), 3.96 (611, S, MeO')' 
6.80-6.87 (4H, rn), 6.94 (2H, d, 3J(HH) 7.0 Hz), 6.97 (211, d, 3j(jjII) 7.3 11z), 
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7.20-7.33 (4H, m), 7.41 (2H, dd, 3J(HH) 8.2 Hz, 4J(HH) 0.9 Hz), 7.42 (211, dd, 

3J(HH) 6.7 Hz, 4J(HH) 1.2 Hz), 7.52-7.58 (2H, m), 7.79 (2H, d, 3J(HH) 7.9 Hz), 7.87 

(2H, d, 3J(HH) 9.5 Hz), 7.98 (2H, s), 8.12 (2H, d, 3J(HH) 8.2 Hz), 8.56 (2H, s, H4), 

8.62 (2H, s, H4'); 5C (CD2CI2): 51.53 (s, MeO), 53.11 (s, MeO'), 123.39 (s), 

124.30 (s), 124.83 (s), 126.77 (s), 126.97 (s), 127.41 (s), 127.45 (s), 127.81 (s), 

127.96 (s), 128.00 (s), 128.38 (s), 128.98 (s), 129.53 (s), 129.68 (s), 130.12 (s), 

130.45 (s), 131.20 (s), 131.58 (s), 131.76 (s), 132.80 (s), 133.08 (s), 133.33 (s), 

134.10 (s), 134.18 (s), 137.39 (s), 144.08 (d, 2J(Cp) 9 Hz, C-0), 145.14 (d, 2j(CP) 

17 Hz, C-O'), 166.08 (s, C=O), 170.94 (s, C=O'); 8pt (CD202): 162.7 (t, IJ(PtP) 

4989 Hz); m1z (FAB): 1246 (M-Cl+, 100%); elemental analysis (calculated for 

C6oH42012P2PtCI2.0.5(CHC13). 0.5(C4H80)): C, 54.85 154.45); H, 3.38 [3.40). 

E2.3.1.2 Diphosphonite (SS)-(2.16 ) and phosphinophosphonite a). (2.21 ) 

Preparation of (SS)-cis-[PtCI2(1,2-bis[(9,9'-biphenanthryl-10,10'-diyl)phosphonitoj 

ethane)] (2.24 ) 
To a stirred solution of (SS)-1,2-bis((9,9'-biphenanthryl-10,10'- 

diyl)phosphonito I ethane (2.16) (136 mg, 0.16 mmol) in THF (5 CM3) was added 
INC12(cod)] (45 mg, 0.12 mmol, 0.76 mol equiv). The solution was stirred for 
30 min, during which time a white precipitate formed. The solvent was removed in 

vacuo to yield (S, S) -Cis- INC120,2-bis J (9,9'-biphenanthryl- 10,10' -diyl)phosphonito) 
ethane)] (2.24) (128 mg, 94%) as a white solid, Sp (CD2CI2): 159.4 (s, IJ(PPt) 

4868 Hz); SH (CD202): 1.91-2.14 (4H, m), 7.28 (8H, dd, 3j(IIH) 3.7 Hz, 4J(Hii) 

1.5 Hz), 7.57-7.64 (4H, m), 7.67-7.80 (1 OH, m), 8.24 (2H, dd, 3J(HII) 7.9 Hz, 4J(HII) 

1.2 Hz), 8.52 (2H, d, 3J(HH) 9.5 Hz), 8.72 (2H, d, 3J(HH) 8.6 11z), 8.76 (2fl, d, 
3J(HH) 8.9 Hz), 8.78 (2H, dd, 3J(HH) 7.9 Hz, 4J(HH) 1.2 Hz); 8C (CD2C12): 29.89 
(dd, IJ(CP) 51 Hz, 2J(Cp) 18 Hz, PCI12), 119.30 (s), 121.65 (s), 121.73 (s), 
123.12 (s), 123.50 (s), 123.74 (s), 123.88 (s), 124.16 (s), 126.08 (s), 127.08 (s), 
127.47 (s), 127.74 (s), 128.36 (s), 128.64 (s), 128.86 (s), 128.89 (s), 129.13 (s), 
129.46 (s), 129.53 (s), 131.03 (d, 2j(CP) 22 Hz, C-0), 132.16 (d, 2J(Cp) 

17 Hz, C-O'); 8pt (CD2CI2) 186.1 (t, IJ(PtP) 4877 Hz); elemental analysis (calculated 
for C58H3604P2PtCI2.1.5(CHC13). 2.5(C4H80)): C, 56-31 (56.24); H, 3.86 (3.90). 
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Preparation of (±)-cis-[PtCI2(1-[(9,9'-biphenanthryl-10,101-diyl)phosphonitol. 2- 
diphenylphosphinoethane)] (2.25 ) 

To a stirred solution of (±)-I-((9,9'-biphenanthryl-10,10'-diyl)phosphonitol- 
2-diphenylphosphinoethane (2.21) (141 mg, 0.22 mmol) in THF (3 CM3) was added 
IRC12(cod)] (71 mg, 0.19 mmol, 0.85 mol equiv). The solution was stirred for Ih 
during which time a thick white precipitate formed. The solvent was removed in 

vacuo and the residue was digested in dichloromethane (10 CM3) and isolated by 
filtration to yield (±)-Cis-[PtCI2(1-1(9,9'-biphenanthryl-10,10'-diyl))phosphonito-2- 
diphenylphosphinoethane)) (2.25) (107 mg, 63%) as a white solid, 5p (d6-dmso): 
44.3 (s, IJ(PPt) 3465 Hz, P-M2), 160.5 (s, IJ(PPt) 5066 Hz, P-(OAr)2); 8H (d6-dmso): 
2.23-2.41 (2H, m), 2.67-3.09 (2H, m), 7.17 (IH, d, 3J(HH) 8.6 Ift), 7.25 (IH, d, 
3AHH) 8.2 Hz), 7.37 (IH, d' 3J(HH) 7.6 Hz), 7.42 (IH, d, 3J(HH) 7.9 11z), 7.61-7.74 
(8H, rn), 7.80 (IH, d, 3J(HH) 6.7 Hz), 7.83 (1H, d, 3J(HH) 6.7 Hz), 7.89 (2H, d, 
3AHH) 7.6 Hz), 7.92 (2H, d' 3J(HH) 7.6 Hz), 7.94-8.04 (2H, m), 8.17 (111, d, 3J(HII) 

7.9 Hz), 8.43 (IH, d' 3J(HH) 8.2 Hz), 8.97-9.00 (3H, m), 9.06 (IH, d, 3J(HH) 8.5 11z); 
5C (d6-dmso): 119.20 (s), 120.10 (s), 122.33 (s), 123.04 (s), 123.35 (s), 123.70 (s), 
123.77 (s), 125.29 (s), 126.31 (s), 126.73 (s), 126.92 (s), 127.06 (s), 127.21 (s), 
127.39 (s), 127.52 (s), 128.43 (s), 128.52 (s), 128.63 (s), 128.69 (s), 128.74 (s), 
128.87 (s), 129.00 (s), 129.04 (s), 129.15 (s), 130.10 (s), 130.26 (s), 131.38 (s), 
131.43 (s), 132.07 (s), 132.53 (s), 133.26 (d, IJ(CP) II Hz, C-P), 133.85 (d, IJ(CP) 

11 Hz, C-P'), 144.04 (d, 2j(Cp) 13 Hz, C-0), 144.76 (d, 2j(Cp) 9 Hz, C-O'); 
8pt (dOmso): 84.3 (dd, IJ(PtPPh2) 3463 Hz, IJ(PtP(OAr)2) 5063 Hz); Wz (FAB): 
894 (M+, 6%), 859 (M-Cl+, 55%), 368 (M-526-*, 65%), 307 (M-587+, 100%), 289 
(M-605+, 50%), 213 (M-671+, 80%). 

E-2.3.2 Rhodium(l) complexes 

E2.3.2.1 Monophosphonites (2.12 )and (2.11 ) 
Preparation of (SS) - cis - [Rh (cod) [(9,9' - biphenanthryl - 10,10' - dlyl) 
phenylphosphonite)2]BF4 (2.27 ) 

To a stiffed solution of (S)-(9,9'-biphenanthryl-10,10'-diyl)phenylphosphonite 
(2.12) (309 mg, 0.63 mmol, 2 mol equiv) in dichloromethane (10 CM3) was added 
[Rh(cod)2]BF4 (127 mg, 0.31 mmol). The reaction mixture was stirred for Ih and the 
solvent was then removed in vacuo to yield (S, S) -cis - [Rh(cod) ((9,9-biphen anthryl- 
10,10'-diyl)phenylphosphonite)2]BF4 (2.27) (325 mg, 82%) as an orange solid, 
Sp JCH202 / CA (3: 2)1: 173.1 (br d, IAPRh) 214 Ift). 
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Preparation of (±) - [Rh (CO) (dpm) 1(9,9' - biphenanthryl - 10,10' - diyl) 

phenylphosphonite]] (2.32 ) 
To a stirred yellow solution of (±)-(9,9'-biphenanthryl-l0, l0'- 

diyl)phenylphosphonite (2.12) (171 mg, 0.35 mmol, 2 mol equiv) in THF (5 CM3) 

was added [Rh(CO)2(dpm)] (59 mg, 0.17 mmol); vigorous bubbling was observed. 
The resulting dark red solution was stirred overnight and the solvent was then 

removed in vacuo. The dark red solid residue was digested in methanol (5 CM3) and 
isolated by filtration to yield (±)-[Rh(CO)(dpm)1(9,9'-biphenanthryl-10,10'- 

diyl)phenylphosphonite 1] (2.32) (80 mg, 58%) as a cream solid, Sp (CD2C12): 189.2 

(d, IAPRh) 248 Hz); 5H (CD2CI2): 0.86 (9H, s, Mu), 1.15 (9H, s, tBu), 5.84 (IH, s), 
7.16 (2H, td, 3J(HH) 7.6 Hz, 4J(HH) 2.4 Hz), 7.29-7.40 (5H, m), 7.45 (IH, d' 3J(IiH) 

7.9 Hz), 7.58-7.69 (411, m), 7.79 (IH, d' 3J(HH) 8.2 Hz), 7.83 (1 H, td, 3J(HH) 7.8 Hz, 
4J(HH) 1.2 Hz), 7.97 (1H, d, 3J(HH) 7.3 Hz), 8.00 (IH, d, 3J(HH) 7.3 Hz), 8.58 (IH, 

d, 3J(HH) 7.3 Hz), 8.67 (IH, d, 3J(HH) 8.6 Hz), 8.75 (IH, d, 3J(HH) 8.2 Hz), 8.87 

(2H, t' 3J(HH) 9.2 Hz); nilz (FAB): 807 (M+H+, 28%), 794 (M-12+, 44%), 778 

(M-CO+, 100%), 623 (M-dpm+, 32%), 595 (M-dpm-CO+, 92%), 455 (M-351+, 52%), 

368 (M-438+, 40%); IR (CH202): 2005 cm-1 fuco (Rh-CO)I. 

Preparation of (±)-[Rh(CO)(dpm)[(dimethyl-1,1'-binaphthyl-3,3'-dicarboxylate-2,2'- 
diyI)phenyIphosphonitej] (2.31 ) 

To a stirred yellow solution of (±)-(dimethyl-1,1'-binaphthyl-3,3'- 
dicarboxylate-2,2'-diyl)phenylphosphonite (2.11) (67 mg, 0.13 mmol, 2 mol equiv) in 
THF (5 CM3) was added [Rh(CO)2(dpm)] (23 mg, 0.067 mmol); vigorous bubbling 

was observed. The resulting dark red solution was stiffed overnight and the solvent 
was then removed in vacuo. The dark red oily residue was dissolved in methanol 
(2.5 cm3) and allowed to stand for 5 min, during which time a cream precipitate 
formed. This product was isolated by filtration to yield (±)-[Rh(CO)(dpm)[(dimethyl- 

1,1'-binaphthyl-3,3'-dicarboxylate-2,2'-diyl)phenylphosphonite)] (2.31) (28 mg, 
51%) as a cream solid, 5p (CD2CI2): 187.0 (d, IJ(PRh) 250 Hz); 811 (CDC13): 0.70 
(9H, s, tBu), 1.18 (9H, s, tBu'), 3.70 (3H, s, MeO), 4.04 (3H. s, MeO'), 5.77 (111, s), 
7.24-7.54 (911, m), 7.78 OH, d, 3J(HH) 7.0 Hz), 7.81 (111, d, 3j(IIH) 7.3 11z), 7,94 
(IH, d' 3J(HH) 8.2 Hz), 8.05 (IH, d' 3J(HH) 7.9 Hz), 8.35 (111, s, H4), 8.69 (111, 
s, H4')-, rnIz (FAB): 845 (M+Na+, 8%), 794 (M-CO+, 100%), 639 (M-dpm+, 52%)-, 
IR (CH202): 2008 cirr I[ i)CO (Rh-CO)). 
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E2.3.2.2 Diphosphonite (SS)-(2.16 ) 

Preparation of (SS) - [Rh (cod) (1,2-bisl(9,9' - biphenanthryl - 10,10' - diyO 

phosphonitojethane)] (2.33 ) 
To a stirred red solution of [Rh(cod)2]BF4 (58 mg, 0.14 mmol) in 

dichloromethane (5 CM3) was added dropwise over 5 min a solution of (SS)-1,2- 
bisf(9,9'-biphenanthryl-10,10'-diyl)phosphonito) ethane (2.16) (116 mg, 0.14 rnmol, 
I mol equiv) in dichloromethane (10 CM3). The resulting yellow solution was stirred 
for a further 30 min and the solvent was then removed in vacuo to yield 
(S, S) - [Rh (cod) (1,2-bis [ (9,9'-biphenanthryl- 10,1 0'-diyl)phosphonito I ethane)] (2.33) 
(156 mg, quantitative) as a red solid, 8p (CDC13): 205.7 (d, IJ(PRh) 229 Hz); 
SH (CDC13): 1.47-1.64 (4H, rn, CH2(cod)), 1.91-2.04 (2H, m, PCIIH'), 2.20-2.50 
(4H, m, CH2[codl), 2.53-2.63 (2H, m, PCHII'), 5.30 (2H, br s, CH[codj), 5.59 (211, 
br s, CH{ cod 1), 7.30-7.44 (8H, m), 7.61-7.70 (4H, m), 7.81-7.96 (6H, m), 8.06 (2H, t, 
3J(HH) 7.5 Hz), 8.72 (2H, d' 3J(HH) 8.2 Hz), 8.74-8.88 (10H, m). 

E2.3.2.3 Phosphinophosphonite (2.21 ) 

Preparation of (S)-[Rh(cod)(I - [(9,9'- biphenanthryl - 10,10'- diyOphosphonitol-2- 
diphenylphosphinoethane)] (2.35 ) 

To a stirred red solution of [Rh(cod)2]BF4 (64 mg, 0.16 mmol) in 
dichloromethane (5 cm3) was added a solution of (S)-I-((9,9'-biphenanthryl-10,10'- 
diyl)phosphonito)-2-diphenylphosphinoethane) (2-21) (98 mg, 0.16 mmol, 
1 mol equiv) in dichloromethane (10 CM3) dropwise over 5 min. The resulting yellow 
solution was stirred for a further 30 min and the solvent was then removed in 

vacuo to yield (S) - [Rh (cod) (I - (9,9' - biphenanthryl - 10,10' - diyl)phosphonito-2- 
diphenylphosphinoethane)] (2.35) (145 mg, quantitative) as a red solid, 8P (CH2CI2 / 
C6136 (3: 2)): 56.2 (dd, IJ(PRh) 153 Hz, 2j(PP) 28 Hz, P-PhD, 207.3 (dd, IJ(PRh) 
220 Hz, 2J(PP) 30 Hz, P-(OAr)2). 

Reaction of two equivalents of (±)-]-[(9,9'-biphenanthryl-10,10'-diyl)phosphonitol-2- 
diphenylphosphinoethane (2.21 ) with [[RhCI(CO)2]21 

To a stirred solution of (±)-I-[(9,9'-biphenanthryl-10,10'-diyl)phosphonito)- 
2-diphenylphosphinoethane (2.21) (183 mg, 0.29 mmol, 1.9 mol equiv) in TIlF 
(3 CM3) was added f[RhCI(CO)2)21 (57 mg, 0.15 mmol). Vigorous bubbling was 
observed and the resulting dark red solution was stirred for I h, during which time a 
red precipitate formed. The solvent was removed in vacuo, THF (2 CM3) was added 
and the solvent was removed in vacuo to afford a red solid. 31p(III) NMR 
spectroscopy showed this to be a mixture of the two diastereomers ((R, R) / (SS) 
and (RS) ca. 2.5: 1) of [Rh(I - [(9,9' - biphenanthryl - 10,10' - diyl)phosphonito) - 2- 
diphenylphosphinoethane)2]Cl (2.36), 5p (CD2CI2): 53.1 (dd, IJ(PRh) 126 Ift, 
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2J(PP) 305 Hz, P-Ph2), 222.7 (dd, IJ(PRh) 190 Hz, 2J(PP) 307 Hz, P. (OAr)2) 
f(R, R) / (SS)); 53.1 (dd, IJ(PRh) 130 Hz, 2J(PP) 370 Hz, P. Ph2), 222.7 (dd, IJ(PRh) 
192 Hz, 2j(PP) 368 Hz, 'P-(OAr)2) ((R, S)), and [RhCI(CO)(1-1(9,9'-biphenanthryl- 
10,10'-diyl)phosphonitol-2-diphenylphosphinoethane)] (2.40), 8p (CD2C, 2): 52.0 
(dd, IJ(PRh) 133 Hz, 2J(PP) 34 Hz, P-Ph2), 216.3 (dd, IJ(PRh) 222 Hz, 2J(PP) 36 Hz, 
1! (OAr)2); ( (2.36 ): (2.40 ) ca. 3.5: 13 1. 

E. 2.3.3 Platinum(O) complexes - NMR studies 

E2.3.3.1 Monophosphonite (2.12 ) 
Reaction of one equivalent of (±)-(9,9-biphenanthryl-10,10'-diyl)phenylphosphonite 
(2.12 ) with [Pt(nb)31 

To an NMR solution of (±)-(9,9'-biphenanthryl- 10,1 0'-diyl)phenylphosphonite 
(2.12) (15.0 mg, 0.030 mmol) in CDC13 (0.5 CM3) was added [Pt(nb)31 (14.5 mg, 
0.030 mmol, I mol equiv). The reaction was followed by 31p(IH) and 195Pt(IH) 

NMR spectroscopy, which showed the formation of the three diastereomers of 
[Pt(nb)f(9,9'-biphenanthryl-10,10'-diyl)phenylphosphonite)21(2.42), 8p (CDC13): 
196.6 (d, IJ(PPt) 4920 Hz, 2J(PP) 76 Hz), 200.6 (d, IJ(PPt) 4950 Hz, 2J(PP) 76 Hz) 
J(R, R) / (S, S)-); 198.5 (s, IJ(PPt) 4976 Hz) f(S, R)-); 198.6 (s, IJ(PPt) 5045 liz) 
f(R, S)-I; 5pt (CDC13): -556.1 (dd, IAPPt) 4920 Hz, IJ'(PPt) 4950 Hz) f(R, R)I(SS)-); 

-538.5 (t, IJ(PPt) 4976 Hz) ((SR)-); -503.1 (t, IJ(PPt) 5045 Hz) ((RS)-). 

E2.3.3.2 Phosphinophosphonite (2.21 ) 
Reaction of one equivalent of (. ±)-1-1(9,9'-biphenanthryl-10,10'-diyl)phosphonito)-2- 
diphenylphosphinoethane (2.21 ) with [Pt(nb)31 

To an NMR solution of (±)- I- ((9,9-biphenanthryl- 10,1 0'-diyl)phosphonito) - 
2-diphenylphosphinoethane (2.21) (22 mg, 0.035 mmol) in CDC13 (0.5 CM3) was 
added [Pt(nb)31 (17 mg, 0.036 mmol, I mol equiv). The reaction was followed by 
31p(IH) NMR spectroscopy, which showed the formation of a complicated mixture 
of species (see Section 2.3.3.2 for more details). 

182 



Chapter 5: Experimental 

E. 3 Chapter 3: Cyclic Aryl Diphosphites: Synthesis, 

Coordination Chemistry and Application in Asymmetric 
Hydroformylation 

E. 3.2 Synthesis of cyclic aryl phosphites derived from 9,9. 
biphenanthryl-10,10'. diol (3.2) 

E. 3.2.1 Synthesis of the diphosphite lbiphenanthritel (3.4) from 
9,91-biphenanthryl-10,101-diol (3.2) 

Preparation of (. t)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (3.10 ) 

To a solution Of PC13 (4.5 cm3,51.6 mmol, 10 mol equiv) in TIM (35 CM3) at 

-40 OC was added NEt3 (1.45 CM3,10.4 mmol, 2 mol equiv). A solution of 
(±)-9,9'-biphenanthryl-10,10'-dioI (3.2) (2.00 g, 5.2 mmol) in THF (35 CM3) was then 

added dropwise over Ih whilst the temperature was maintained at -40 OC. Tile thick 

white suspension that formed was then stirred at -40 OC for I h, warmed to room 
temperature and then stirred for a further 2 h. The precipitate of triethylammonium 

chloride was removed by filtration under nitrogen through oven-dried celite and the 

solvent and excess PC13 were removed in vacuo. The yellow residue was dissolved in 

toluene (20 CM3) and the insoluble precipitate of triethyl ammonium chloride was 
removed by filtration under nitrogen through oven-dried celite. The solvent was 
removed in vacuo to afford a pale yellow oil which was triturated with pentane 
(20 CM3) to yield (±)-(9,9-biphenanthryl-10,10'-diyl)chlorophosphite (3.10) 
(2.150 g, 92%) as a fine yellow solid, 8p (CDC13): 180.9; 8H (CDC13): 7.27-7.34 
(2H, m), 7.3 8 (214, dd, 3J(HH) 8.4 Hz, 4J(HH) 1.1 Hz), 7.57-7.64 (211, rn), 7.71-7.85 
(4H, m), 8.30 (111, dd, 3J(HH) 8.1 Hz, 4J(HH) 1.1 Hz), 8.42 (111, dd, 3AIIH) 8.1 liz, 
4J(HH) 1.1 Hz), 8.77 (2H, d, 3J(HH) 8.6 Hz), 8.81 (2H, d, 3J(HII) 7.0 Hz); 
8C (CDC13): 121.19 (s), 121.23 (s), 122.58 (s), 122.67 (s), 122.93 (s), 123.02 (s), 
123,77 (s), 126.24 (s), 126.46 (s), 126.60 (s), 126.70 (s), 126.75 (s), 126.92 (s), 
127.21 (s), 127.63 (s), 128.05 (s), 128.14 (s), 128.18 (s), 128.23 (s), 128.62 (s), 
128.69 (s), 129.04 (s), 130.88 (s), 130.97 (s), 131.39 (s), 131.83 (s), 144.74 (d, 2j(CP) 
4 Hz, C-0), 145.08 (d, 2j(CP) 6 Hz, C-0). 

(S)- and (R)-(9,9'-bjphenanthryl-I 0,1 0'-diyl)chlorophosphite (3.10) were also 
prepared using this procedure starting with (S)- and (R)-9,9-biphenanthryl- 10,1 0'-diol 
(3.2 ) respectively. 
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Formation of (. ±)-(9,9'-biphenanthryI-10,10'-diyl)phosphonate (3.11 ) 

Exposure of (±)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (3.10) to 
moisture resulted in gradual hydrolysis to form (±)-(9,9'-biphenanthryl-10,10'- 
diyl)phosphonate (3.11) as a yellow solid, 8p (CDC13): 13.1 (d, IJ(PH) 731 Hz); 
SH (CDC13): 7.29-7.44 (4H, m), 7.51 (IH, d, IJ(HP) 732 Hz), 7.60-7.67 (2H, m), 
7.75-7.88 (4H, m), 8.41-8.47 (2H, m), 8.75-8.84 (4H, m); m1z (NH3, Cl): 433 
(M+H+, 100%). 

Preparation of (SS)-bis(9,9-biphenanthryl-10,10'-diyl)pyrophosphite (3.12 ) 

To a solution of (S)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (3.10) 
(202 mg, 0.45 mmol) in THF (15 CM3) at 0 OC was added NEt3 (62 gl, 0.45 mmol, 
I mol equiv), affording a cloudy white suspension. A solution of distilled H20 (4 A], 
0.22 mmol, 0.5 mol equiv) in THF (5 CM3) was then added dropwise over 10 min 
whilst the temperature was maintained at 0 OC. The reaction mixture was warmed to 

room temperature and stiffed for I h. The thick white precipitate of triethylammoniurn 

chloride that formed during the reaction was removed by filtration under nitrogen 
through oven-dried celite and the solvent was then removed in vacuo to yield 
(S, S)-bis(9,9'-biphenanthryl-10,10'-diyl)pyrophosphite (3.12) (190 mg, quantitative) 
as a yellow solid, 5p (CDC13): 141.9 (s); 8H (CDC13): 7.01 (2H, d, 3J(HH) 8.6 Hz), 
7.04-7.09 (2H, m), 7.14 (2H, d, 3J(HH) 8.2 Hz), 7.17 (211, d, 3J(HII) 8.5 Hz), 
7.30-7.39 (4H, m), 7.41 (2H, d, 3J(HH) 7.6 Hz), 7.44 (2H, d, 3j(1111) 7.6 Hz), 
7.50-7.65 (4H, m), 8.16 (2H, d, 3J(HH) 8.2 Hz), 8.18 (2H, dd, 3J(HH) 8.1 Hz, 
4J(HH) 1.1 Hz), 8.37 (2H, d, 3J(HH) 8.2 Hz), 8.43 (2H, d' 3J(HH) 8.2 Ift), 8.50 (211, 
d, 3J(HH) 8.2 Hz), 8.53 (2H, d' 3J(HH) 8.9 Hz). 

Preparation of (SS)-(9,9ý-biphenanthryl-10,10'-diyl)(10ý-liydroxy-9,9'. biphenantliryl- 
10-yl)phosphite (3.9) 

To a solution of (S)-9,9'-biphenanthryl-10,10'-dioI (3.2) (257 mg, 0.67 mmol) 
in THF (10 CM3) at -40 OC was added NEt3 (93 gl, 0.67 mmol, I mol equiv). 
A solution of (S)-(9,9-biphenanthryl-10,10'-diyl)chlorophosphite (3.10) (300 mg, 
0.67 mmol, I mol equiv) in THF (15 CM3) was added dropwise over 5 min and the 
reaction mixture was then stirred at -40 OC for I h. The thick white precipitate of 
triethylammoniurn chloride that formed during the reaction was removed by filtration 
under nitrogen through a plug consisting of oven-dried celite and alumina. The 
solvent was removed in vacuo and the pale yellow solid residue was dissolved in 
dichloromethane (20 CM3). Alumina was added and the mixture was stirred for 30 min 
and then filtered through a short alumina plug. The solvent was removed under 
reduced pressure and the oily residue was triturated with pentane (10 CM3) to yield 
(S, S)-(9,9'-biphenanthryl-10,10'-diyl)(10'-hydroxy-9,9'-biphenanthryl-10-yl)phosphite 

184 



Chapter 5: Experimental 

(3.9) (72 mg, 14%) as an off-white solid, 8p (CDC13): 146.2 (s); 8H (CDC13): 5.86 

(IH, br s, OH), 7.22 (IH, d, 3J(HH) 7.6 Hz), 7.25-7.33 (2H, m), 7.27 (IH, d, 3j(1111) 

7.0 Hz), 7.33-7.40 (4H, m), 7.40-7.47 (3H, m), 7.47-7.57 (3H, m), 7.58-7.67 (3H, m), 
7.73 GH, d, 3AHH) 7.0 Hz), 7.76 (IH, d' 3J(HH) 7.3 Hz), 7.80-7.92 (2H, m), 7.93 

(IH, d, 3J(HH) 8.2 Hz), 8.13 (IH, d' 3J(HH) 8.2 Hz), 8.63 (IH, d, 3J(HH) 8.2 Hz), 

8.65 (IH, d, 3J(HH) 8.2 Hz), 8.71 (1H, d, 3J(HH) 7.0 Hz), 8.79 (4H, d, 3J(HII) 

8.2 Hz), 8.81 (IH, d, 3J(HH) 8.2 Hz), 8.92 (IH, d, 3J(HH) 7.9 Hz). 

Preparation of f(RSR)I(SRS)I-tris(9,9'-biphenanthryl-10,10'-diyl)diphosphite (3.4) 

'hiphenanthrite' 
To a solution of (±)-9,9'-biphenanthryl-10,10'-dioI (3.2) (300 mg. 0.78 mmol) 

in THF (40 cm3) was added a suspension of sodium hydride (42 mg, 1.75 mmol, 
2.2 mol equiv) in THF (5 CM3) and the reaction mixture was stirred under nitrogen for 

50 min, The resulting deep yellow solution was added dropwise over 20 min to a 

solution of (±)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (3.10) (870 mg, 
1.93 mmol, 2.5 mol equiv) in THF (40 CM3) at -40 OC. The resulting fine white 

suspension was allowed to warm to room temperature and stirred for 75 min. The 

reaction mixture was then plunged into saturated sodium bicarbonate solution 
(40 CM3) and distilled water (40 cm3) was added. The monophasic solution was 

extracted with diethyl ether (80 cm3) and the organic extract was separated, dried 

(MgS04), filtered and the solvent was removed under reduced pressure to yield a fine 

yellow solid (955 mg). This crude product mixture was dissolved in dichloromethane 

(40 CM3) and IM potassium hydroxide solution (40 CM3) was added. The biphasic 

mixture was stirred vigorously for 17 h and the two layers of the resulting emulsion 

were allowed to separate. The organic layer was removed, dried (MgS04), filtered 

and the solvent was removed under reduced pressure to yield ((R, SR) / (SR, S))- 

tris(9,9'-biphenanthryl-10,10'-diyl)diphosphite (3.4) (435 mg, 46%) as a fine yellow 

solid, 8p (CD2C12): 145.5 (s). 

Isomerisation of the diastereomeric mixture (9,9-biphenanthryl-10,10'-diyl)(10'- 

hydroxy-9,9'-biphenanthryl-10-yl)phosphite (3.9 ) 

To a solution of the diastereomeric mixture of (9,9'-biphenanthryl-10,10'- 
diyl)(10'-hydroxy-9,9'-biphenanthryl-10-yl)phosphite (3.9) (30 mg, 0.04 mmol) in 
CDC13 (0.6 CM3) was added sodium hydride, (6.5 mg, 0.27 mmol, 7.2 mol equiv). The 

resultant grey suspension was monitored by 31p(I H) NMR spectroscopy. After 24 h, 

extra sodium hydride (7 mg, 0.29 mmol, 7.8 mol equiv) was added and the reaction 
mixture was again monitored by 31pII H) NMR spectroscopy. 
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Preparation of the diastereomeric mixture tris(9,9-biphenantilryl-10,10'- 
diyl)diphosphite (3.4) 

To a solution of (±)-9,9'-biphenanthryl-10,10'-dioI (3.2) (1.155 g, 2.99 mmol) 
and triethylamine (834 [tl, 5.98 mmol, 2 mol equiv) in THIF (13 cm3) at -40 OC was 
added a solution Of PC13 (174 gl, 1.99 mmol, 0.67 mol equiv) in THF (5 CM3) 
dropwise over 7 min. The resulting thick white suspension was stirred at -40 OC for 

10 min, warmed to room temperature and then stirred for a further 50 min. The 

reaction mixture was poured into 2M hydrochloric acid (20 CM3) and the organic layer 

was separated. The organic extract was washed with 2M potassium hydroxide 

solution (20 CM3) and distilled water (20 CM3), dried (MgS04), filtered and the 

solvent removed under reduced pressure to yield the diastereomeric mixture tris(9,9'- 
biphenanthryl-10,10'-diyl)diphosphite (3.4) (804 mg, 66%) as a fine yellow solid, 
Sp (CDC13): 141.8 (d, 7J(PP) 40 Hz), 145.3 (d, 7j(PP) 40 Hz) I(R, R, S) / (S'SR)-j-, 
143.3 (s) f(R, RR) I(SSS)-I; 145.3 (s) f(RSR) I(SRS)-). 

(R, R, R)-tris(9,9'-biphenanthryl-10,10'-diyl)diphosphite (3.4) was prepared in 
56% yield using this procedure starting with (R)-9,9'-biphenanthryl-10,10'-dioI (3.2), 
8p (CDC13): 143.3 (s); 5H (CDC13): 6.50 (IH, t, 3J(HH) 7.5 Hz), 7.10 (1 H, t, 3J(HH) 

7.5 Hz), 7.14-7.26 (3H, m), 7.29 (414, dd, 3J(HH) 8.1 Hz, 4J(HH) 1.4 Hz), 7.36 (2H, 
dd, 3J(HH) 6.9 Hz, 4J(HH) 1.1 Hz), 7.38 (2H, dd, 3J(HH) 8.2 Hz, 4J(HH) 1.2 Hz), 
7.45 (114, d' 3J(HH) 8.2 Hz), 7.47-7,53 (IH, m), 7.55 (214, dd, 3AHH) 7.0 Hz, 4j(wi) 

1.5 Hz), 7.57 (2H, dd, 3J(HH) 8.2 Hz, 4J(HH) 1.5 Hz), 7.59-7.62 (211, m), 7,69 (111, t, 
3J(HH) 7.2 Hz), 7.73 (2H, dd, 3J(HH) 7.0 Hz, 4J(HH) 0.9 Hz), 7.75 (2H, dd, 3j(HII) 

8.1 Hz, 4J(HH) 1.1 Hz), 7.83 (2H, dd, 3J(HH) 7.0 Hz' 4J(HH) 1.2 Hz), 7.85 (211, dd, 
3J(HH) 7.0 Hz' 4J(HH) 1.5 Hz), 8.02 (IH, d, 3J(HH) 8.5 Hz), 8.48 (411, dd, 3J(HII) 

8.2 Hz, 4J(HH) 0.9 Hz), 8.58 (IH, d, 3J(HH) 8.5 Hz), 8.63 (111, d, 3J(HH) 7.6 Hz), 
8.65 (IH, d, 3J(HH) 8.5 Hz), 8.71 (114, d, 3J(HH) 7.9 Hz), 8.74 (IH, d' 3j(IiH) 

7.3 Hz), 8.77 (411, d' 3J(HH) 8.2 Hz), 8.83 (411, d, 3J(HH) 8.5 Hz). 

E. 3.2.2 Synthesis of mixed diphosphites derived from 9,91- 
biphenanthryl-10,101-diol (3.2) and binaphthol 

Preparation of the diastereomeric mixture bis(9,9'-biphenanthryl-10,10'-diyl). p- 
(], ]'-binaphthyl-2,2'-diyl)diphosphite 'pnp'(3. S) 

To a solution of (±)-(9,9-biphenanthryl-lo, 10'-diyl)chlorophosphite (3.10) 
(748 mg, 1.66 mmol, 2.2 mol equiv) in THF (40 cm3) at -40 OC was added 
triethylamine (210 [tl, 1.51 mmol, 2 mol equiv). A solution of (±)-binaphthol 
(216 mg, 0.75 mmol) in THIF (30 cm3) was then added dropwise over 30 min whilst 
the temperature was maintained at -40 OC. The resulting thick white suspension was 
warmed to room temperature and stirred for I h. The precipitate of triethyl ammonium 
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chloride was removed by filtration through oven-dried celite and the solvent was 

removed in vacuo. The yellow residue was dissolved in dichloromethane (80 CM3) 

and 2M potassium hydroxide solution (80 CM3) was added. The biphasic mixture was 

stirred vigorously for 4 h. The resulting emulsion was partitioned and the organic 
layer was separated and washed with distilled water (80 CM3). 2M Hydrochloric acid 
(80 CM3) was added and the resulting biphasic mixture was stirred vigorously for 

10 min. The resulting emulsion was partitioned and the organic layer was separated, 

washed with distilled water (80 cm3), 2M potassium hydroxide solution (80 CM3) and 
brine (80 cm3), dried (MgS04), filtered and the solvent was removed under reduced 

pressure to yield the diastereomeric mixture of bis(9,9'-biphenanthryl-10,10'-diyl)-g- 

(1,1'-binaphthyl-2,2'-diyl)diphosphite 'pnp' (3.5) (447 mg, 53%) as a fine yellow 

solid, 8p (CDC13): 143.1 (s) f(RR, R) / (SSS)-); 144.3 (d, 7j(pp) 28 Hz), 146.1 (d, 

7j(PP) 27 Hz) f(R, R, S) / (SSR)-); 147.7 (s) f(R, SR) / (SR, S)-); ndz (FAB): 1137 

(M+Na+, 20%), 1115 (M+H+, 35%), 683 (M-43 I +, 100%). 

Optically pure (R, SR)-bis(9,9'-biphenanthryl-10,10'-diyl)-g-(I, I'-binaphthyl- 

2,2'-diyl)diphosphite 'pnp' (3.5) has been synthesised using this procedure starting 

with (R)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (3.10) and (S)-binaphthol, 

8p (CDC13): 147.7 (s); nVz (FAB): 1137 (M+Na+, 20%), 1115 (M+11+, 35%), 683 

(M-431+, 100%). 
Optically pure (RRR)-bis(9,9'-biphenanthryl-10,10'-diyl)-R-(I, I'-binaphthyl- 

2,2'-diyl)diphosphite 'pnp' (3.5) has been synthesised using this procedure starting 

with (R)-(9,9'-biphenanthryl-10,10'-diyl)chlorophosphite (3.10) and (R)-binaphthol, 

8p (CDC13): 143.1 (s); m1z (FAB): 1137 (M+Na+, 20%), 1115 (M+H+, 35%), 683 

(M-431+, 100%). 

3.3 Synthesis of cyclic aryl phosphites derived from dimethyl. 
1,11-binaphthyl-2,21-dihydroxy-3,3'-dicarboxylate (3.3) 

Preparation of (±) - (dimethyl - 1,1' - binaphthyl - 3,31 - dicarboxylate - 2,2, - dlyl) 

chlorophosphite (3.26 ) 
To a solution Of PC13 (3.1 CM3,35.5 mmol, 10 mol equiv) in dichloromethane 

(20 CM3) at -40 OC was added NEt3 (1.0 CM3,7.2 mmol, 2 mol equiv). A solution of 
(±)-dimethyl - 1, V- binaphthyl - 2,2' - dihydroxy - 3,3' - dicarboxylate (3.3) (1.411 g, 
3.5 mmol) in dichloromethane (40 CM3) was then added dropwise over 25 min whilst 
the temperature was maintained at -40 OC. The reaction mixture was warmed to room 
temperature and stirred for I h. The solvent and excess PC13 were removed in vacuo, 
and the residue was dissolved in toluene. The insoluble precipitate of 
triethylammonium, chloride was removed by filtration under nitrogen through oven- 
dried celite and the solvent was removed in vacuo to afford a pale yellow foam which 
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was triturated with pentane (20 cm3) to yield (±)-(dimethyl-1,1'-binaphthyl-3,3'- 

dicarboxylate-2,2'-diyl)chlorophosphite (3.26) (1.440 g, 88%) as a fine yellow solid, 
Sp (CD2CI2): 180.7; 5H (CD2C12): 4.02 (3H, s, MeO), 4.04 (311, s, MeO'), 7.26 (111, 

dd, 3J(HH) 8.6 Hz, 4J(HH) 0.9 Hz), 7.30 (111, dd, 3J(HH) 8.6 Hz' 4J(HH) 0.6 Hz), 

7.3 8-7.45 (21f, m), 7.55-7.61 (211, m), 8.10 (211, d, 3J(HH) 8.2 Hz), 8.70 (1 H, s, 144), 

8.73 (114, s, H4'); 5C (CD2C12): 52.78 (s, MeO), 52.92 (s, MeO'), 123.32 (s), 
124.07 (s), 125.00 (s), 126.19 (s), 126.73 (s), 126.94 (s), 129.06 (s), 129.24 (s), 

129.99 (s), 130.65 (s), 131.01 (s), 134.34 (s), 134.60 (s), 134.69 (s), 145.27 (s, C-0), 

145.99 (s, C-O'), 165.46 (s, C=O). 

Preparation of (±) - (dimethyl - I, ]'- binaphthyl - 3,3'- dicarboxylate - 2,2' - dlyl) 

phenylphosphite (3.28 ) 
To a solution of (±)-(dimethyl-1,1'-binaphthyl-3,3'-dicarboxylate-2,2-diyl) 

chlorophosphite (3.26) (400 mg, 0.86 mmol) in THF (10 CM3) at -40 OC was added 
triethylamine (120 gl, 0.86 mmol, I mol equiv). To the resulting cloudy solution was 

added a solution of phenol (81 mg, 0.86 mmol, I mol equiv) in THF (10 cm3) 
dropwise over 10 min whilst the temperature was maintained at -40 OC. The reaction 
mixture was warmed to room temperature and stirred for 50 min. The thick white 
precipitate of triethylammonium chloride was removed by filtration under nitrogen 
through oven-dried celite and the solvent was removed in vacuo to afford a pa)e 
yellow foam. This foam was triturated with pentane (10 CM3) to yield (±)-(dimethyl- 
1,1'-binaphthyl-3,3'-dicarboxylate-2,2'-diyl)phenylphosphite (3.28) (411 mg, 91%) 

as a fine off-white solid, Sp (CDC13): 145.4 (s); 8H (CDC13): 3.86 (3H, s, MeO), 4.03 

(3H, s, MeO'), 7.11-7.20 (3H, m), 7.23 (IH, dd, 3J(HH) 8.6 Hz, 4j(HII) 0.6 11z), 
7.29 (IH, d' 3J(HH) 8.5 Hz), 7.31-7.40 (2H, m), 7.33 (111, d, 3J(HII) 8.2 Ift), 7.35 
(I H, d, 3J(HH) 7.9 Hz), 7.46-7.54 (2H, m), 8.02 (2H, t, 3J(HH) 8.8 11z), 8.63 (1 H, s), 
8.68 (IH, s). 

Preparation of the diastereomeric mixture b is(dim ethyl-], P-b inaph thyl-3,3'- 
dicarboxylate-2,2ý-diyl)pyrophosphite (3.29 ) 

To a solution of (±)-(dimethyl-1,1'-binaphthyl-3,3'-dicarboxylate-2,2'-diyl) 
chlorophosphite (3.26) (200 mg, 0.43 mmol) in THF (15 CM3) at 0 OC was added 
NEt3 (60 gl, 0.43 mmol, I mol equiv). After addition a cloudy white suspension was 
formed. A solution of distilled H20 (4 gl, 0.22 mmol, 0.52 mol equiv) in TIIF (5 co) 
was then added dropwise over 10 min whilst the temperature was maintained at 0 OC. 
The reaction mixture was warmed to room temperature and stirred for I h. The thick 
white precipitate of triethyl ammonium chloride that formed during the reaction was 
removed by filtration under nitrogen through oven-dried celite and the solvent was 
then removed in vacuo to yield the diastereomeric mixture bis(dimetliyl-1,1'- 
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binaphthyl-3,3'-dicarboxylate-2,2'-diyl)pyrophosphite (3.29) (188 mg, quantitative) 
as a yellow solid, 8p (CDC13): 136.6 (s); 136.8 (s). 

E. 3.5 Coordination chemistry of cyclic aryl diphosphites 

E. 3.5.1 Complexes of tris (9,91-biphenanthryl-10,101-diyl) 
diphosphite (3.4) 

Preparation of the diastereomeric mixture cis-[PtCI2(tris(9,9! -biphenanthryl. 10,10'. 
diyl)diphosphite)] (3.30 ) 

To a solution of the diastereomeric mixture of tris(9,9'-biphenanthryl- 10,10'- 
diyl)diphosphite (3.4) (87 mg, 0.072 mmol) in dichloromethane (5 CM3) was added 
INC12(cod)] (27 mg, 0.072 mmol, I mol equiv). The reaction mixture was stirred for 
Ih and the solvent was removed in vacuo to yield the diastereomeric mixture of 
cis - [PtC12(tris(9,9' - biphenanthryl - 10,10' - diyl) diphosphite)] (3.30) (106 mg, 
quantitative) as a yellow solid, 8p (CH2CI2 / CDC13 5: 2): 87.0 (br s, IJ(PPt) 5783 Hz) 
((R, S, R) / (SR, S)); 88.6 (s, IJ(PPt) 5700 Hz) f(R, R, R) / (SSS)); 89.4 (d, 2j(pp) 
24 Hz, IJ(PPt) 5716 Hz), 90.2 (d, 2J(PP) 24 Hz, IJ(PPt) 5667 Hz) f(RRS) / (SSR)). 

Optically pure (RRR) - cis - [PtCI2(tris (9.9' - biphenanthryl - 10,10' - diyl) 
diphosphite)] (3.30) was synthesised following the same procedure starting 
with optically pure (R, R, R)-tris(9,9'-biphenanthryl-10,10'-diyl)diphosphite (3.4), 
5p (CDC13): 88.6 (s, IJ(PPt) 5700 Hz); 8pt (CDC13): 144.6 (t, IJ(PPt) 5700 11z). 

Preparation of f(RAR) / (SAS)j - [Pt(nb)(tris(9,9' - biphenanthryl - 10,10' - diyl) 
diphosphite)] (3.31 ) 

To a solution of (R, SR) / (S, R, S) - tris(9,9' - biphenanthryl - 10,10' - diyl) 
diphosphite (3.4) (80 mg, 0.066 mmol) in dichloromethane (5 CM3) was added 
[Pt(nb)31 (31 mg, 0.065 mmol, I mol equiv) and the reaction mixture was stirred 
under nitrogen for 80 min. The solvent was removed in vacuo to yield f(R, SR) / 
(S, R, S))-[Pt(nb)(tris(9,9'-biphenanthryl-10,10'-diyl)diphosphite)] (3.31) (99 mg, 
quantitative) as an off-white solid, 6P (C6D6 / CH202 1: 2): 172.6 (d, 2J(PP) 156 liz, 
li(PPt) 6232 Hz), 180.1 (d, 2j(pp) 156 Hz, IJ(PPt) 5981 11z); 8Pt (C6D6 / CH202 
1: 2): -666.0 (dd, IJ(PPt) 5981 Hz, IJ'(PPt) 6232 Hz). 
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E. 3.5.2 Complexes of bis(9,9' - biphenanthryl - 10,101 - diyl). R- 
(1,1 1-binaphthyl-2,21-diyl)diphosphite lpnp' (3.5) 

Preparation of the diastereomeric mixture cis-[PtCI2(bis(9,9-biphenanthryl-10,10'- 
diyl)-ii-(], ]'-binaphtliyl-2.2'-diyI)diphosphite)I (3.35 ) 

To a solution of the diastereomeric mixture of bis(9,9-biphenanthryl-10,10'- 
diyl)-g-(I, I'-binaphthyl-2,2'-diyl)diphosphite (3.5) (100 mg, 0.090 mmol) in 
dichloromethane (10 CM3) was added [PtC12(cod)] (31 mg, 0.083 mmol, 
0.9 mol equiv) and the reaction mixture was stirred for 6 h. The solvent was removed 
in vacuo to yield the diastereomeric mixture Of cis-[PtC12(bis(9,9'-biphenanthryl- 
10,10'-diyl)-g-(I, I'-binaphthyl-2,2'-diyl)diphosphite)] (3.35) (114 mg, quantitative) 
as a yellow solid, 8p (CDC13): 71.7 (d, 2j(pp) 15 Hz, IJ(PPt) 5905 Hz), 90.8 
(d, 2J(PP) 15 Hz. IJ(PPt) 6049 Hz) J(RRS) / (SSR)); 77.6 (s, 1J(PPt) 5857 Hz) 
((R, S, R) / (SRS)); 80.1 (br s, IJ(PPt) 5916 Hz) ((R, R, A) / (SSS) 1; 5pt (CDC13): 
291.1 (t, IJ(PPt) 5857 Hz) f(RAR) / (SRS)); 318.6 (dd, IJ(PPt) 5905 Hz, IJ'(PPt) 
6049 Hz) J(RAS) / (S, S, R)); 323.2 (t, IJ(PPt) 5916 Hz) f (RAR) / (SSS)); 
mAz (FAB): 1344 (M-Cl+, 100%). 

Following a similar procedure, optically pure (R, R, R)-ciS-1PtC12(bis(9,9- 
biphenanthryl-10,10'-diyl)-g-(I, I'-binaphthyl-2,2'-diyl)diphosphite)] (3.35) has 
been synthesised using optically pure (RRR)-bis(9,9'-biphenanthryl-10,10'-diyl)-g- 
(1,1'-binaphthyl-2,2'-diyl)diphosphite (3.5), Sp (CDC13): 80.1 (br s, IJ(PPt) 
5916 Hz); 8pt (CDC13): 323.2 (t, IJ(PPt) 5916 Hz); nVz (FAB): 1344 (M-Cl+, 100%). 

Preparation of the diastereomeric mixture cis-[PdCI2(bis(9,9'-biphenanthryl-10,10'- 
diyl)-. u-(], ]'-binaphthyl-2,2'-diyt)diphosphite)I (3.36 ) 

To a solution of the diastereomeric mixture of bis(9,9'-biphenanthryl-10,10'- 
diyl)-g-(I, I'-binaphthyl-2,2'-diyl)diphosphite (3.5) (100 mg, 0.090 mmol) in 
dichloromethane (10 CM3) was added [PdC12(NCPh)21 (33 mg, 0.086 mmol, 
1.0 mol. equiv) and the reaction mixture was stirred for 6 h. The solvent was removed 
in vacuo to yield the diastereomeric mixture of cis- [PdC12(bis(9,9'-biphenanthryl - 
10,10'-diyl)-g-(I, I'-binaphthyl-2,2'-diyl)diphosphite)] (3.36) (111 mg, quantitative) 
as an orange solid, 5p (CDC13): 97.0 (d, 2J(PP) 70 Hz), 115.9 (d, 2J(PP) 73 Hz) 
f(R, R, S) / (SSR)); 103.4 (s) J(RSR) / (SR, S)); 105.6 (br s) J(RAR) / (SSS)); 
mAz (FAB): 1256 (M-Cl+, 84%), 683 (M-608+, 100%). 

Following a similar procedure, optically pure (RR, R)-cis-[PdC12(bis(9,9- 
biphenanthryl-10,10'-diyl)-tL-(I, I'-binaphthyl-2,2'-diyl)diphosphite)] (3.36) has 
been synthesised using optically pure (R, R, R)-bis(9,9-biphenanthryi-lo, lo'-diyl)-g- 
(1,1'-binaphthyl-2,2'-diyl)diphosphite (3.5), Sp (CDC13): 105.6 (br s); m1z (FAB): 
1256 (M-Cl+, 84%), 683 (M-608+, 100%). 
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Preparation of the diastereomeric mixture [Rh(dpm)(bis(9,9'-biphenanthryl-10,10'- 
diyI)-p-(I, l'-binaphthyl-2,2'-diyl)diphosphite)I (3.37 ) 

To a solution of the diastereomeric mixture of bis(9,91 -biphenanthryl- 10,10'- 
diyl)-g-(I, I'-binaphthyl-2,2'-diyl)diphosphite (3.5) (50 mg, 0.045 mmol) in 

dichloromethane (5 cm3) was added (Rh(CO)2(dpm)] (16 mg, 0.047 mmol, 
1.0 mol equiv) and the reaction mixture was stirred for 6 h. The solvent was removed 
in vacuo to give a red solid. This was dissolved in dichloromethane (5 cm3) and 
the solvent again removed in vacuo to yield the diastereomeric 

mixture of [Rh(dpm)(bis(9,9-biphenanthryl-10,10'-diyl)-[L-(I, I'-binaphthyl-2,2'- 

diyl)diphosphite)] (3.37) (63 mg, quantitative) as a yellow solid, 8p (CDC13): 139.5 
(dd, 2j(pp) 119 Hz, IJ(PRh) 299 Hz), 150.2 (dd, 2j(pp) 117 Hz, IJ(PRh) 297 11z) 
f(R, R, S) / (SSR)); 142.4 (d, IJ(PRh) 290 Hz); 143.3 (d, IAPRh) 299 Hz). 

E. 3.6 Asymmetric hydroformylation of styrene derivatives 

catalysed by rhodium(l) complexes of cyclic aryl 
diphosphites 

The asymmetric hydroformylation reactions were carried out at the University 

of Tarragona under the supervision of Dr. Elena Fernandez. 

The rhodium(l) complexes were generated in situ by stirring a solution of the 
diphosphite (1.1 mol equiv with respect to the rhodium) with the appropriate 
rhodium(l) starting material in toluene. The toluene was deoxygenated thoroughly 
before use by bubbling nitrogen through it for 10 min. Percentage conversions, 
regioselectivities and ee's were calculated by GC. A typical experimental procedure is 
described: 

The appropriate rhodium(I) complex (8.1 gmol, 0.00138 mol equiv) was 
dissolved in toluene (4 CM3) and a solution of the diphosphite (8.9 ptmol, 
0.00152 mol equiv) in toluene (4 CM3) was added. The resulting yellow solution was 
stirred for 10 min. A solution of the substrate (5.87 mmol) in toluene (2 CM3) was 
added and the reaction mixture was placed in an autoclave, which was charged with 
CO (3.5 atm) and then with H2 (3.5 atm). The reaction mixture was stirred at 25 OC 
for 22 h. The reaction mixture was then removed from the autoclave and immediately 

plunged into a buffer solution of H3PO4 / H2PO4- (pII .25.5,1.25M). This mixture 
was then stirred for I min and added to KMn04 (10 CM3, IM). The reaction mixture 
was then stirred vigorously for 2 h, after which time a brown suspension was 
observed if hydroformylation had been successful. Saturated Na2SO3 solution was 
added (5 cm3) and the reaction mixture was acidified with concentrated hydrochloric 

acid. The resulting white suspension was extracted with diethyl ether (2 x 10 CM3) and 
the solvent was removed under reduced pressure, Sodium hydroxide solution 
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(10 CM3,2M) was added, the aqueous layer was washed with diethyl ether (10 cm3), 
acidified with concentrated hydrochloric acid, extracted with diethyl ether (10 CM3) 
and the organic extract was washed with distilled water (10 CM3), dried (MgS04), 
filtered and the solvent removed under reduced pressure to afford a white solid. This 
product mixture was dissolved in toluene (2 CM3) and then analysed by Gas 
Chromatography. 

EA Rhodium(l) complexes of phosphonites and phosphites as 
catalysts for the asymmetric hydrogenation of a-enamides 

The asymmetric hydrogenation reactions were carried out at the University of 
Tarragona under the supervision of Dr. Elena Fernandez. 

The rhodium(l) complexes of the monophosphonite (S)-(4.35) and the 
diphosphonite (SS)-(4.39) were preformed whilst those of the phosphinophosphonite 
(S)-(4.43) and the diphosphites (RRR)- and (RSR)-(4.49) were generated in sitts by 
stiffing a solution of the ligand (1.1 mol equiv with respect to the rhodium) with 
[Rh(cod)2]BF4 in the appropriate solvent. The solvents were deoxygenated 
thoroughly before use by bubbling nitrogen through them for 10 min. Percentage 
conversions and ee's were calculated by Gas Chromatography. See Tables 4.3-4.6 in 
Sections 4.2 and 4.3 for the exact reaction conditions, but a typical reaction procedure 
is described: 

To a solution of the phosphinophosphonite (S)-(4.43) (7.5 mg, 12.1 gmol, 
0.00232 mol equiv) in dichloromethane (7.5 CM3) was added [Rh(cod)21BF4 (4.5 mg, 
11.0 gmol, 0.00211 mol equiv). The resulting yellow solution was stirred for 10 min 
and then a solution of methyl -2-acetamidoacryl ate (746.1 mg. 5.213 mmol) in 
dichloromethane (3.8 cm3) was added, The reaction mixture was placed in a stainless 
steel autoclave, which was pressurised to 1.5 atm with H2 and the reaction mixture 
was stirred for 20 h at 25 OC. The reaction mixture was removed from the autoclavc 
and then analysed by Gas Chromatography. 
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