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Summary of Thesis

Reaction of chlorodiphenylphosphine with the lithium enolate derived from the

treatment of (1R)-cndo-(+)-3-bromocamphor (camphor = bornan-2-one) with /i-butyl

lithium gives (lR)-e«do-(+)-3-diphenylphosphinocamphor (L). This new chiral

(J-ketophosphine ligand reacts with nickel diiodide to give paramagnetic [NiL^J,

[Pd(CH3CN)2Cl2] to give trans-i^fiL^CX?}, and in a 1:1 ratio to give the chloro-bridged

dimer [{PdL(|i.-Cl)Cl}2]. The ligand L reacts with [Pt(CH3CN)Cl2] to give

tra«5-[PtL2Cl2]. Thermolysis of [ML2CI2] (M=Pd or Pt) in refluxing xylene gives

mixed phosphine-phosphinite complexes with mutually cis chlorides. The complex

r/vmv-tPdl^Cy reacts with an excess of AgBF4 to give [Pdl^HRF^ which is shown

to contain binding through the phosphorus and keto-oxygen atoms. L reacts with

RI1CI3 in ethanol to give trans, mer-tRhl^C^] and in thf to give cis, mer-tRhl^Cy.

Both isomers show both unidentate binding and bidentate binding of the ligand. The

molecular structure of cis, mer-[RhL2Cl3] has been determined by X-ray diffraction:

triclinic, space group PI, a=10.724(4), b=12.958(5), c=10.251(3) A, a=87.05(3),

P=116.40(3), y=94.97(3)°, Dm=1.46 gem-1. The three chloride ligands have

meridional geometry and the ligand phosphorus atoms are cis to one another. The

coordinated ligand oxygen atom is trans to the unidentate ligand phosphorus atom. The

Rh-P bond length for the bidentate ligand is 2.339 A and for the unidentate ligand is

2.268 A indicating that the keto-oxygen atom is a relatively poor a-donor. L reacts with

IrCl3 in ethanol to give trans, mer-flrL^C^] containing both unidentate and bidentate

ligands.rra/w, mer-[IrL^Cy reacts with an excess of AgBF4 to give cis,trans-[IrL^C^]



[BF4] which is shown to contain bidentate binding through the phosphorus and

keto-oxygen atoms. [Ni(cod)2] reacts with L in the presence of benzyl chloride at

-30°C to give [NiLClO^-CF^CgH^] which is highly air-sensitive. A solution of

[NiLClCrp-Ct^CsH-j] and AgBF4 in CH2CI2 catalyses the oligomerisation of styrene

to give oligostyrene with 60% isotactic content, M„ = 900. The mixed

phosphinc-phosphinitc complex of palladium catalyses the Grignard cross coupling of

bromobenzene and sec butylmagnesium chloride giving 2-phenylbutane with 6.3% e.e.
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CHAPTER 1

PHOSPHINE LIGANDS CONTAINING OXYGEN DONOR ATOMS

IN TRANSITION METAL COORDINATION CHEMISTRY AND

HOMOGENEOUS CATALYSIS - LITERATURE REVIEW
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1.1 Introduction

Homogeneous catalytic reactions now play a major role in many important industrial

processes covering a wide range of areas including pharmaceuticals synthesis,

agrochemicals synthesis, polymerisation and oligomerisation reactions, flavours and

food additives synthesis and oxidation reactions.1
For the year 1988 the estimated value of processes requiring homogeneous catalytic

reactions, in the United States alone was 25 billion dollars2 and Table 1.1 shows the

top five groups of chemicals manufactured using a homogeneous catalytic process in

the U.S. Current thinking is that many more processes relying at some stage on

homogeneous catalysis will be developed in the near future, particularly in the areas of

asymmetric synthesis and the production of speciality chemicals.

Table 1.1

Thousand Metric Tonnes (1988)

propene oxide 509

acetic acid 1088

adiponitrile 405

aldehydes 780

a-olefins 564

A large proportion of homogeneous catalytic reactions involve catalysts based on

organo-transition metal complexes and in particular those which contain coordinating

tertiary phosphines as ligands. The phosphine ligand is ubiquitous in organometallic

chemistry and is typical of a 'soft' or polarizable ligand which is able to stabilise low
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oxidation states of the transition metals by means of its o donor and it acceptor

properties and both the steric and electronic properties of a particular ligand can be

tailored allowing a certain amount of control over selectivity in catalytic reactions.

Phosphines can also be modified by 'functionalisation' i.e.attaching functional

substituents to the phosphine allowing the group to participate in reactions of catalytic

relevance. Thus the coordination chemistry of phosphines with alkene3"5, alkyne6,

nitrile7, ether**, ester^.10 ancj ketone11 functional groups have all aroused interest in the

past.

Recently, functionalised phosphines containing oxygen have received attention partly

due to the success of the Shell Higher Olefin Process (SHOP), which relies on a nickel

(II) catalyst containing a bidentate phosphino-enolate ligand, and this complex

catalyses the oligomerisation of ethene to give highly linear polyethene12.
The following chapter is a review of the coordination chemistry of phosphines

containing oxygen donor atoms willi vaiions transition metals and their applications in

homogeneous catalysis.
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1.2 Metal complexes containing ether-phosphine ligands

1.2,1 Coordination chemistry of ether-phosphines.

Much of the work done on the coordination chemistry of ether-phosphine complexes

of the transition metals has centered around the ligand behaviour and in particular, the

ability of the ligand to act in a 'hemilabile' fashion. The phosphine-ether ligand contains

both hard and soft donor atoms and can coordinate to a soft metal centre in a bidentate

chelate manner . As a result of this, facile dissociation of the hard donor atom is

expected and results in an incipient coordinatively unsaturated species containing a

vacant site for substrate binding in a homogeneous catalytic process. The soft donor

atom binds well enough to allow isolation of the catalyst precursor. The hemilabile

coordination of a methoxy group to rhodium(I) is often invoked to explain the catalytic

behaviour of the Monsanto asymmetric hydrogenation catalyst (see section 1.2.4).

Rauchfuss has prepared ruthenium(ii),36 palladium(II), and platinum(II)13

complexes containing the ligand o-(diphenylphosphino)anisole (PO).

The ruthenium chelate complexes derived from the PO ligand are precursors to active

hydrogenation and isomerisation catalysts*4and are related to the well known Monsanto

catalysts. [Ru(PO)2Cl2] as shown by X-ray crystallography^ contains two chelate

bound ether-phosphine ligands and reacts readily with carbon monoxide at room

temperature to give the monocarbonylated species [RuC12(CO)(PO)2] containing

one monodcntatc and one bidentatc ether phosphine ligand, and then the dicarbonylated
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species [RuCl2(CO)2(PO)2] containing two monodentate ligands, carbon monoxide

displacing the weakly coordinated ether oxygen atom. Facile decarbonylation of

[RuCl2(CO)2(PO)2l can occur regenerating the monocarbonylated species.

[Ru(PO)2Cl2] does not react with molecular oxygen and therefore represents a very

unusual example of a complex that reacts readily with carbon monoxide, but is

completely air-stable. Several other ether-phosphine carbonyl complexes of

ruthenium(II) have been prepared including the o-diphenylphosphinobcnzylmcthyl

ether analogues of the above complexes.13

[RuCl2(C0)(Ph2PCH2CH20CH3)2l contains one bidentate and one monodentate

bound ether-phosphine ligand and is an active catalyst for the homogeneous

hydrogenation of acetaldehyde to ethanol with yields of up to 60%.15 The

homogeneous catalytic hydrogenation of aldehydes is of considerable interest in

connection with industrially important reactions such as those involved in the oxo and

aldox processes.16

Platinum(II) complexes containing the diphenylphosphinoethylmethyl ether have been

prepared which show both monodentate and bidentate binding of the ligand.17

cis- [PtCl2(Ph2PCH2CH2OMe)2] can be synthesised from PtCl2(COD) and two

equivalents of ligand. Bidentate binding can be demostrated by halide abstraction

(Figure 1.1).

MeO.

MeO

2 Ag+
Ph2P. OMe

^pt2^

Ph2P^ ^OMe
Figure 1.1



5

Again the hemilabile nature of the ligand is illustrated by displacement of the

ether-oxygen atom by carbon monoxide, dimethyl sulphide, pyridine and benzonitrile.

The ability of the ether-phosphine methoxy group to act as a donor ligand which

enhances the nucleophilicity of a transition metal centre and hence the rate of oxidative

addition, has been described by Shaw and co-workers. ^ The reactivity of compounds

of the type fra/tf-[IrCl(CO){PMe2(MeOC6H,4)}J was compared for both o-anisyl and

p-anisyl phosphincs. It was discovered that oxidative addition of methyl iodide to the

two isomeric compounds proceeded at different rates, the omethoxy derivative reacting

approximately five thousand times faster than the corresponding p-methoxy derivative.

It was suggested that a neighbouring-group effect, i.e. anchimeric assistance, similar to

that found in classical organic chemistry, was occuring. The o-anisyl phosphine

methoxy group coordinates to the iridium(I) centre acting as a donor ligand and

increases the electron density on the metal. Oxidative addition thus occurs at a faster

rate. (Figure 1.2)

,ch3

\
ch3

Figure 1.2

A potentially terdentate ligand is l,5-bis(diphenylphosphino-3-oxopentane) (POP)

and the coordination of this ligand to rhodium has been studied by Alcock et

al.19 An X-ray crystal structure of the complex [Rh(POP)CO]+PF6" prepared by
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reacting [Rh(POP)(CO)Cl] with AgPF6 reveals binding to rhodium via both

phosphorus atoms and the ether oxygen atom. (Figure 1.3) The complex

[Rh(POP)(CO)Cl] does not undergo oxidative addition reactions with, for example,

molecular hydrogen, oxygen or carbon monoxide, although a reversible reaction

occurs with sulphur dioxide to give a six-coordinate adduct.

The polyether ligand l,ll-bis(diphenylphosphino) - 3,6,9 -trioxoundecane (POOOP)

was also prepared19 and coordinated to rhodium in the complex

[Rh(P000PTl20)C0] rr6. The polycthcr chelates to the rhodium(I) centre through

both phosphorus donors but also binds water through hydrogen bonding to two of the

ether oxygen aloms.(Figure 1.4) Compounds of this type may have applications in

reactions which involve hydration or are influenced by inter-ligand hydrogen bonding.

Ph2P Rh+—PPh2 PF6~

CO

Figure 1.3

Ph2P Rh+ PPh2 PF6

CO

Figure 1.4
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Macrocyclic ligands containing both oxygen and phosphorus functionalities are rare,

and this is surprising in view of the potential such ligands have in coordinating

transition metals. The first crown-ether type phosphorus containing macrocycle, 4, 7,

13, 16 -tetraphenyl-l,10-dioxa-4,7,13,16-tetraphosphacyclooctadecane, ([18]aneP402)

was synthesized in 1982.2(1 The ligand is potentially hexadentate and exists as five

basic structural forms, which are interconvertible diastereoisomers; two of the more

easily available isomers have been used as ligands for cobalt(II) and nickel(II). The

complexes are easily synthesized by addition of the ligand to an ethanol solution of

M(BF4)2*6H20. Figure 1.5 shows the structure of Co(|5-[18]aneP402)2+ in which the

cobalt ion is hexacoordinate, a rather rare stereochemistry for low-spin cobalt(II)

complexes. The four phosphorus atoms occupy the four equatorial positions while the

two oxygens fill the axial sites.

Since the discovery of [18]aneP402 several other phosphorus containing crown-ether

macrocycles have been prepared21 and their coordination chemistry studied, but as to

date, there have been no reported applications of these to homogeneous transition metal

catalysis.

Figure 1.5
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1.2.2. Catalytic methanol carbonvlation

Homogeneous catalytic methanol carbonylation is an important industrial process and

the homologation ofmethanol to ethanol may be useful for the production of synthetic

fuels in the future22. The reaction involves the treatment of methanol with synthesis

gas at high temperature and pressure in the presence of a cobalt catalyst. Selectivity is

important and ethanol, higher alcohols and formate esters are all possible products.

Lidner2^ has shown that the ether-phosphine ligands Ph2PCH2C4H70 and

PhP(CH2C4H70)2 react with [M(CO)5(thf)], (M= W, Mo) with substitution of the thf

to give the corresponding pentacarbonyl complexes. (Figure 1.6)

(OC)4M

Figure 1.6

Irradiation of the ether solutions of these complexes results in bidentate coordination

via the phosphine phosphorus and ether oxygen atoms, and in the presence of carbon

monoxide the reactions are reversible. The lability of the W-O bond was demonstrated

by addition and subsequent coordination of trimethyl phosphite.(Figure 1.7)

Ph

\ o
/

(OC)4M

\o „
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Ph Ph

VP(OMe)3 / \
(OC)4W \

P(OMe)3

Figure 1.7

The ether-phosphine ligands were used in the catalytic homogeneous homologation of

methanol using cobalt as the catalyst component and iodine as the promoter.

Depending on the ratio of H2/CO used conversions of 50-70% were achieved with

good selectivity for either ethanol ormethyl acetate.

Rhodium complexes also containing the (tetrahydrofurfuryl)phosphane ligand have

been used as models in the homogeneous catalytic carbonylation ofmethanol24 and it is

suggested that an "opening and closing mechanism" of the ether-phosphine ligand is

important in promoting the formation of catalytic intermediates.26

1.2.3 Selective catalytic transfer hvdrogenation of a.B-unsaturated aldehydes and

ketones.

The selective reduction of the carbonyl group in a, (3-unsaturated aldehydes and

ketones has been achieved using an iridium/ether-phosphine system.26'27 Previously,
no complexes containing phosphine ligands had been reported which could efficiently

reduce the carbonyl functional group of a, (5-unsaturated ketones or aldehydes.

Graziani el al have investigated the reduction of cinnamic and crotonic aldehydes to the
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corresponding unsaturated alcohols using a [Ir(COD)Cl]2/phosphine system where the

phosphine involved is the P(o-MeOPh)3 (Equation 1.1) and in both cases high

selectivity results.28

The selectivity appears strictly related to the presence of the methoxy group in the ortho

position and Graziani has suggested that coordination of the ether oxygen atom to

iridium enhances the hydridic nature of the hydride intermediate making the system

similar to aih4- in terms of reactivity. (Figure 1.8) This is undoubtedly related to the

observation made by Shaw regarding the enhancement of nucleophilicity of the iridium

metal on coordination of the o-methoxy group as discussed in Section 1.2.1.

rch= chcho
propanol

rch=chch2oh
catalyst

Equation 1.1

y

S
h Ir O

r

Figure 1.8
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The highly selective reduction of the a, 0 unsaturated ketone, benzylideneacetone

using the same catalyst system has also been reported.29

1.2.4 Monsanto asymmetric hvdrogenation catalyst.

The first large scale industrial application of a functionalised phosphine ligand in a

homogeneous transition metal catalysed reaction was introduced by Monsanto in

1972.30,31 The asymmetric hydrogenation of acylamino acrylic esters with good

enantioselectivity was achieved using a rhodium (I) catalyst containing a chiral

ether-phosphine ligand, cyclohexylanisylmethylphosphine, PCC^HuMo-C^ITiOCHj)

-CH3 (CAMP). Monsanto have used this catalyst system for the synthesis of /-DOPA,

(3,4-dihydroxyphenylalanine) which is a rare amino acid used in the treatment of

Parkinson's disease. Equation 1.2 shows the hydrogenation step of the process.

Equation 1.2

A subsequent refinement by Knowles et al resulted in the application of a system

based on the ether phosphine 1,2 R,R bis(phenylanisylphosphino)ethanc (DIPAMP),

the synthesis of which is itself a significant achievement.31 (Figure 1.9) The catalyst is

prepared in situ from two equivalents of phosphine and one equivalent of
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[Rh(COD)Cl] dimer or preferably as the air-stable solid [Rh(bis-ligand)-(diene)]+ BF4.

As a result of the industrial success of the Monsanto catalyst, the mechanism of

asymmetric hydrogenation catalysis has been one of the most extensively studied,32
however the role of the methoxy group which is present on the ligand still remains

uncertain. Undoubtedly the functional group is crucial to the performance of the

catalyst since its replacement by substituents which are sterically comparable results in a

substantial decrease in enantioselectivity.33 The enantioselection in this and related

systems is thought to have its origins in the higher reactivity toward oxidative addition

ofmolecular hydrogen of the minor, less stable, diastereomer of the catalyst-substrate

adduct 34>35 and the enantioselectivity is almost certainly due to the steric features of

the catalytic intermediates. Knowles has suggested that the role of the ether

oxygen is to fix the conformation of the four phenyl rings in an alternating edge

face array around the metal and although the oxygen is not within bonding distance

of the rhodium, it is close enough to cause some interaction. The catalytically active

species in the Monsanto reaction is [Rh(phosphine)2(ethanol)2]+, and workers have

demonstrated that the oxygen atom in ether-phosphine ligands competes effectively

with ethanol as ligands for ruthenium(II),36 rhodium(I)37 and rhodium(III).38
Rauchfuss has suggested that the Monsanto catalyst contains P-O chelates in solution

and that these can dissociate in a hemilabile manner. The conclusion drawn from this

work is that the P-O chelate provides a rigid phosphine framework which is more

stereochemically discriminating than the freely rotating counterpart.Recently, Halpern39
has suggested a weak rhodium oxygen interaction in a related catalytic intermediate

[Rh(DIPAMP)(MPAA)]BF4 and has reported the X-ray crystal structure of this

complex, although again the Rh-0 distances (Rh-O = 2.9A) are sufficiently longer than

normal bonding distances that a bonding interaction has to be excluded (Rh-O =

2.1A).(Figure 1.10)
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Figure 1.10

Indirect support for the suggestion of a methoxy oxygen - metal intermediate in

the catalytic cycle is demonstrated in an iridium analogue of the transient alkyl rhodium

hydride intermediate based on a resolved enamide R- menthyl ester which is the first

observable intermediate in the catalytic cycle subsequent to rate determining H2 addition

and has been described by Brown and Maddox.40 The structure was elucidated using

nmr and n.O.e. experiments and shows that one methoxy group of DIPAMP is

bound to the metal and occupying the trans Ir-H site.(Figure 1.11)

Me

Me

Figure 1.11
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1.2.5 Chiral ferrocenvl ether phosphines in asymmetric catalysis

Catalysts based on the chiral ferrocenylphosphine ligand have found increasing

popularity in asymmetric synthesis32 and the initial impetus in this area has come from

the groups of Hayashi and Kumada. There are now very many reported examples of

functionalised chiral ferrocenylphosphines which have found an application in

homogeneous catalysis and the majority are based on amino- and alkoxy

alkyl ferrocenylphosphines.(S)-l-[(R)-2-(diphenylphosphino)ferrocenyl]ethylmethylet-

her ((S)-(R)(PPFOMe)) is an ether phosphine ligand which, on coordination to

nickel(II), catalyses the Grignard cross-coupling of 1,1-binapthyls with high

conversion and stereoselectivity. (Figure 1.12)

(S)-(R)PPFOMe
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Figure 1.12

Optically active 1,1 binapthyl derivatives are an important class of compounds which

have found use as chiral auxiliaries in asymmetric synthesis, and optical resolution of

racemic compounds has been the only alternative process to date.

The presence of the ether functionality on the side chain of the ligand is essential for

the high selectivity of product and Hayashi41 has suggested that ether group

coordination with the magnesium atom of the Grignard reagent at the transmetallation

step forming the diorganonickel intermediate, greatly enhances the stereoselectivity.

(Figure 1.13) The mechanism and catalytic cycle of asymmetric Grigard cross-coupling

are discussed more fully in Chapter 5.

NiCl2/[(S)-(R)-PPFOMe] has also been used in the asymmetric Grignard

cross-coupling of 1-phenylethylmagnesium chloride with vinyl bromide to give

3-phenylbut-l-ene with 57% e.e 41



Figure 1.13
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1.3 Metal complexes containing hydroxy -phosphine ligands

1.3.1 Coordination chemistry and catalytic behaviour

The chemistry of hydroxyphosphine complexes of transition metals has not been

studied as extensively as that of the carbonyl and ether phosphine complexes,42-43 but

recently there have been considerable advances made in this area.44 Because of the

possible hydrophilic nature of hydroxyphosphine ligands initial studies were directed

towards obtaining water-soluble complexes of transition metals for use in

homogeneous catalysis. These studies were hampered by the difficulty in isolating the

phosphines, and also in obtaining complexes in pure form. Leigh45 however,

succeeded in obtaining complexes of rhodium(I), rhodium(III), palladium(II) and

platinum(II) with tris(hydroxymethyl)phosphine; a mixture of

[{RhCl(cyclohexene)2}2l and P(CH20H)3 was found to catalyse the hydrogenation

and isomerisation of oct-l-ene in ethanol rapidly, but when using water as a solvent the

mixture was found to be catalytically inactive.

Pringle has reported46 that the platinum complex [Pt{P(CH20H)3}4]H20 catalyses

the addition of PH3 to formaldehyde in water to give P(CH2OH)3 Spectroscopic

observations suggest that aqueous solutions of this complex are an equilibrium

mixture of a zero-valent platinum complex and a five-coordinate hydridoplatinum(II)

complex (Figure 1.14).

The first X-ray crystal structure of a water-soluble palladium(O) complex,

[Pd{P(CH20H)3)4]-Me0H was also reported and its solubility in water was attributed

to the highly hydrophilic surface of twelve alcohol groups which is presented to the

approaching solvent molecules 46
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Figure 1.14
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As part of an investigation into the reactivity of alkoxo-platinum bonds, Pringle has

synthesised several platinum and palladium complexes containing monodentate and

bidentate hydroxyphosphine ligands.44 The complex [PtC^Pl^PC^CM^OH^]

was prepared and shows monodentate binding of the phosphine. Treatment of this

complex with AgC104 generates a dicationic bis-chelate complex (Figure 1.15) in

which the hydroxyphosphine ligands are bound to the metal center in a bidentate

fashion through the phosphine and hydroxy-oxygen atom. The alkoxyphosphine

complex, [Pt(Ph2PCH2CMe20)2] was also prepared by addition of base to

[PtCl2(Ph2PCH2CMe2OH)2], and initial studies indicate that this complex contains
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Pt-0 bonds which are extremely stable and readily undergo insertion of sulphur dioxide

and carbon monoxide.

cis- [PtCl2(PPh2CH2CMe2OH)2]

2 AgC104

Figure 1.15

Platinum, palladium, nickel and cobalt complexes containing tertiary

2-hydroxyphenylphosphines have been prepared by Shaw47 and both unidentate and

bidentate binding of the ligands has been described. For example, treatment of

PPh2(C6H4OH-2) with K^tPtCm gives the complex trans-[PtCl2-

{PPh2(CgH40H-2)}2]. Hydrogen chloride is readily lost from this complex with the

formation of the five membered chelate ring system shown in Figure 1.16. This type of

system is also formed by demethylation and O-metallation of 2-methoxyphenyl

phosphine complexes of iridium and interestingly the iridium (II) state in the complex



21

[Ir{P(But)2C6H40)2] is stabilised by the formation of the P,0 bidentate chelate.48

Figure 1.16
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1.4 Metal complexes containing carbonvl phosphine ligands

1.4.1 Coordination chemistry of carbonvl phosphines

In Section 1.2 the coordination chemistry of ether-phosphine complexes was

described, and particular emphasis was placed on the 'hemilabile' nature of such

functionalised phosphines. Carbonyl phosphine ligands also have the potential to bind

in a unidentate or bidentate chelate fashion through phosphorus and the carbonyl

oxygen atom with the phosphorus acting as the soft donor atom and the carbonyl

oxygen acting as the hard donor atom. There exists a large variety of potential carbonyl

phosphine ligands and the coordination chemistry of such ligands is expected to be

wide and varied. Much of the work involving the coordination chemistry of carbonyl

phosphine ligands has been achieved by the groups of Shaw and Braunstein and has

centered particularly around (3-keto-phosphine, 0-ester-phosphine and (3-phosphino-

ketonate complexes.

Shaw has synthesised the tertiary (1-ketophosphines PBu^CF^COPh) and

PBu^CH^COBu1), and has demonstrated unidentate binding in the palladium(II) and

platinum(II) complexes, rr<ms-[MCPO^Cy where (PO) = p-ketophosphine.49 The

corresponding nickel complex, however, contains the ligand in the bidentate binding

mode. Proton loss is occuring in the formation of this complex to give the

phosphino-enolate ion.(Figure 1.17)

Bul2

BU12

Figure 1.17
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The neutral bidentate form of the ligand in which the keto-oxygen acts as a donor

atom was found in both complexes of rhodium and iridium.5® Figure 1.18 shows the

rhodium complex containing the ligand in both neutral and enolate bidentate forms and

the keto group is strongly coordinated as inferred from the lack of ligand displacement

by carbon monoxide. On treatment of the complex with base the blue paramagnetic

rhodium(II) complex, [Rh{But2PCH=C(0)Ph}2] is formed in which both coordinating

phosphinoenolate ligands exist in the bidentate, chelate, form.

Neutral complexes of the type [MCl2(Ph2PCHC(0)Ph)2] where M= nickel,

palladium or platinum have been prepared by Braunstein.51 Unidentate binding was

found for the ligand for all three metal complexes, but treatment with silver triflate

yielded the dicationic complexes [M(Ph2PCHC(0)Ph)2]2+where the ligand was bound

in the bidentate mode. The X-ray crystal structure of [NiCl2(Ph2PCHC(0)Ph)2] was

reported.52

Braunstein has also prepared the ester-phosphine ethyl diphenylphosphinoacetate and

complexes of conventional structure were obtained with iron(O), gold(I), nickel(II),

CI

CI

R

Figure 1.18
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palladium(II) and platinum(II)55 where the ligand binds in a monodentate fashion.

With rhodium and iridium however, bidentate binding is exhibited, and no reduction to

rhodium(II) occurs as found by Shaw with the ligand Bu^PCF^COOEt.54 Figure 1.19

shows the rhodium complex prepared from rhodium trichloride and two equivalents of

ethyl diphenylphosphinoacetate. A variable temperature nmr study revealed

stereochemical behaviour without rhodium-phosphorus bond cleavage, and an

intramolecular mechanism was suggested as being responsible for this phenomenon.

Fluxional behaviour was also revealed in a ruthenium complex containing the ethyl

diphenylphosphinoacetate ligand.55

CI

CI-

CI
/

PhnP.

Rh O'

-CHn

*OEt

Ph2PCH2COOEt

CI

Ph2PCH2COOEt

CI-

CI
/

Rh -O

II
c.

Ph2P—CH^ X°Et

Figure 1.19

The carbonylphosphine, diphenylphosphinoacetic acid (DPA) is a potential chelating

bidentatc ligand which can bind to a transition metal through the phosphorus donor

atom and either the carboxylic keto-oxygen or hydroxyl-oxygen. Ruthenium(II) and

(III) complexes of this ligand have been prepared56 and binding to the metal is

exclusively through phosphorus and the hydroxyl-oxygen. [RuC^CPPl^^] reacts with

DPA in a 1:3 ratio to give the square pyramidal five-coordinate complex,
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[Ru(P0)2(DPA)] in which two of the ligands are chelate bound and one is non-chelate.

Facile addition of carbon monoxide, DMSO, and triphenylphosphine gave the

corresponding octahedral complexes.

One of the more unusual aspects of the chemistry of carbonylphosphine complexes

is the reactivity of the coordinated ligand, and transition metal complexes containing a

chelating carbonyl-phosphine ligand have been used to generate new functionalised

ligands by reaction with a substrate molecule.This undoubtedly changes the molecular

properties of the complex.

The phosphinoketonate complex [(o-C6H4CH2NMe2)Pd{Ph2PCHC(0)Ph}] readily

reacts with phenylisocyanate to give isomeric products which are in equilibrium at room

temperature.-''7 (Figure 1.20)
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Figure 1.20
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The product results from the addition of the PC-H bond of the phosphinoketonate

across the C=N bond of phenylisocyanate and this reaction was found to be

irreversible. (The addition of carbon dioxide was also found to occur but in this case

the reaction was reversible and will be discussed more fully in Section 1.4.4) The

ambident reactivity of the [Ph2PCHC(0)Ph]~ ligand is demonstrated in Figure 1.21

where the palladium phosphino-enolate complex reacts with chlorodiphenylphosphine

to give a new mixed phosphine-phosphinite ligand.58 In this example the oxygen atom

of the coordinated ligand now reacts with the substrate. The generation of a mixed

phosphine-phosphinite ligand has also been achieved by thermolysis of

[PdCl2{ Ph2PCH2C(0)Ph} 2] ,59

Figure 1.21

The double coupling between the phosphorus atom of dichlorophenylphosphinc and

the transition metal bound oxygen atoms of m-[Ni{Ph2PCHC(0)Ph}2] has also been

achieved, with the formation of a polyfunctional terdentate ligand.58 (Figure 1.22) This

type of synthetic reaction is known as a 'template condensation'.
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1.4,2 Compartmentalised keto-phosphine complexes

Compartmentalised ligands have received interest as possible binucleating chelating

agents which have the potential to bind two or more metals, which are coordinatively

unsaturated, in close proximity. Such complexes may then have an application in

homogeneous transition metal catalysis although to date, no catalytic reactions have

been reported.

Rauchfuss has developed a compartmentalised diketo-phosphine ligand66

[o-(diphenylphosphino)benzoyl]pinacolone (DBP), which allows the binding of two

metal ions in reactive oxidation states. The ligand was synthesised in three steps from

o-chlorobenzoic acid via methyl o-diphenylphosphinobenzoate and possesses two

metal binding sites provided by the acac chelate and phosphine moeity. The

homometallic complex [Cu(DBP)]2 was prepared61 and possesses a structure

consisting of two copper(I) coordination spheres which are mutually cofacial and

planar. (Figure 1.23) [Cu(DBP)]2 is a representative of the class of complexes known

as 'dimetallophanes'.
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Figure 1.23

Heterobimetallic complexes have also been assembled62, and Figure 1.24 shows the

three step synthesis of [Pt{Cu(DBP)}](BF4)2 and an X-ray crystal structure reveals

that the platinum and copper ions are square planar and bind to that part of the ligand

which best suits their hard or soft nature.Ruthenium, iridium, and palladium analogues

have also been prepared.6^ The red, crystalline /ra«s-fIrCl(CO){Cu(DBP)2}] is

representative of a square planar complex containing the /ra«s-spanning ligand

cw-[Cu(DBP)2] and readily undergoes addition reactions with small molecules, for

example hydrogen chloride, sulphur dioxide and methyl iodide.
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1.4.3 Shell Higher Olefin Process

Alkene oligomerisation reactions are commercially important and are widely used on

a large scale for the conversion of olefinic by-products from such processes as

Fischer-Tropsch synthesis and catalytic cracking to high added value products.The

Shell Higher Olefin Process (SHOP) is a homogeneous catalytic process which is

currently operated in two large plants by Shell, for the preparation of highly linear

detergent-range a-alkenes (C\ 1-C15) from ethene. Previous methods for this type of

process relied on the extensive use of Ziegler-Natta polymerisation technology

requiting a Liethylaluminium catalyst. However, a large proportion of products arising

from the Ziegler-Natta process are outside of the detergent range alkenes required and

are of relatively low commercial value. The SHOP reactions improve the selectivity for

the required a-olefinic oligomers utilising a novel catalyst based on a nickel (0)

P-keto-phosphine complex. The process also requires heterogeneous catalytic

isomerisation and disproportionation stages which converts the low value lighter and

heavier a-alkenes to the more valuable internal C11-C15 alkenes. Detergent-range

primary alcohols are then obtained by Shell's homogeneous ligand modified cobalt

hydroformylation/hydrogenation process and Shell claim a lower cost, reduced

environmental impact and flexibility over previous alternatives technologies. Exact

details of the catalytic process have not been published by Shell although an

understanding of the nature of the catalytic species and mechanism has been provided

by the work ofKeim et al.

Keim has prepared many nickel p-keto-phosphine complexes of the type shown in

Figure 1.25 and has demonstrated that these are very active catalyst precursors for

ethene oligomerisation.64 The complex consists of a coordinating chelate

keto-phosphine donor ligand, a o-coordinated phenyl ligand and a tr-coordinated

tertiary phosphine.
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Figure 1.25

The preparation of these complexes involves the reaction of an a-keto ylide with a

zero-valent nickel precursor such as nickel bis(cyclooctadiene), [Ni(COD)2], or nickel

tetrakis(triphenylphosphine), in the presence of a tertiary phosphine. e.g. Equation 1.1

Ni(COD)2 + Ph3P=CHC(0)Ph + PPh3

Ph

Xc^-\ /PPh3I: Ni

HC-~ / \
: P Ph
/\

Ph Ph

Equation 1.1
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The mechanism for this reaction involves the coordination of the keto-ylide and

phosphorus bond cleavage followed by phenyl group migration and coordination. The

structure shown in Equation 1.1 was confirmed by X-ray diffraction and shows a

square planar arrangement of the ligand and a delocalised system.The migration of the

phenyl group is assumed to occur via a three-membered phosphorus-carbon-nickel

ring. The phenyl nickel bond is crucial to the performance of the catalyst and has been

found to be quite reactive, with ethene, carbon monoxide and carbon dioxide all

inserting into the Ni-Ph bond. The mechanism proposed for the catalytic

oligomerisation of ethene is shown in Figure 1.26.

The active species is thought to be the nickel hydride intermediate A, which inserts

ethene to form a nickel alkyl complex B, followed by succesive insertions of ethene

and finally (3-elimination of the oligomer product with regeneration of the nickel

hydride species A. However, attempts to isolate an active nickel hydride complex have

so far all failed.

Recently Du Pont have developed a series of homogeneous catalysts based on the

original SHOP catalyst for use in ethene copolymerisation with a-olefins and more

importantly, with polar monomers or carbon monoxide to yield high value

functionalised polymers.^5

1.4.4 Telomerisation of carbon dioxide and butadiene.

One of the most intensively researched areas of homogeneous catalysis at the present

time is the activation of small molecules with a view to the potential exploitation of Cj

feedstocks. Carbon dioxide is a chemical which exists essentially in unlimited supply

and the synthesis of high value products from carbon dioxide and other cheap

feedstocks is a challenging prospect for the future. Homogeneous catalytic reactions

which involve carbon dioxide are comparatively rare, but the telomerisation of CO2 and

butadiene has been achieved with moderate success.



Figure 1.26
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Telomerisation is a process involving the oligomerisation of dienes with the

incorporation of a nucleophile HX. (Figure 1.27)
X

Figure 1.27

This is an excellent synthetic route to functionalised products which can be used as

building blocks for fine chemicals and there are many examples of homogeneous

catalytic telomerisation reactions. The catalytic telomerisation of carbon dioxide and 1,3

dienes was first achieved by Inoue et al66 in the late 1970's and small quantities of

lactones and esters were isolated as the products. One of the problems facing workers

in this area is the development of a catalytic process which gives a good yield of

product which will allow large-scale synthesis. The best activity and selectivity have

been obtained using butadiene as the monomer and Figure 1.28 shows the cycle for the

palladium catalysed telomerisation of 1,3 butadiene with carbon dioxide.

The bis-rj 3-allyl complex 2 is formed by the addition and dimerisation of two

molecules of butadiene to the palladium(O) precursor 1. The allyl carboxylate

intermediate 3 is then formed by insertion of carbon dioxide into one of the allyl bonds.

Ring closure leads to the 8 lactone 2 ethylidene 6 hepten 5 olide 4 and regeneration of

the catalyst PclL*.
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The y-lactones 5 and 6, and the esters 7 and 8 are obtained by the addition of two

further molecules of butadiene. By varying the ligand L the selectivity of the

telomerisation products can be manipulated, for example, phosphine ligands such as

triisopropylphosphine or tricyclohexylphosphine give the lactone 4 in high yield.

Triethylphosphine or triphenylphosphine yield a mixture of the two esters 7 and 8 in

small amounts. It seems to be the case that all of the ligands which are highly active for

the synthesis of lactone 4 , contain the CHR2 fragment adjacent to the phosphine

phosphorus, and it is assumed that it is this group which is responsible for the carbon

dioxide activation.

Braunstein^7 has produced supporting evidence for this with a series of catalytically

active palladium complexes containing a phosphinoenolate ligand. (e.g. Figure 1.29)

The complex shown consists of a bidentate chelate C,N ligand 8-methylquinoline,

coordinated to palladium. Also coordinated is the bidentate P,0 chelate ligand, ethyl

diphenylphosphinoacetate.

C02 insertion occurs into the a-phosphino C-H bond to give a new five-membered

ring in which chelation of the oxygen atom of C02 now replaces the oxygen atom of

the ester.(Figure 1.30) This complex has been characterised by X-ray diffraction, and

Figure 1.29
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is a rare example of a molecular complex which inserts carbon dioxide, resulting in a

C-C coupling. The Pd-0 bond is labilised by the strong trans influence of the o-bonded

carbon of the cyclometallated ligand which favours a 1,3 dipolar form allowing the

phosphino-enolate ligand to bind in either monodentate or bidentate mode in moderately

coordinating solvents such as tetrahydrofuran. This 'hemilability' allows both insertion

and deinsertion of carbon dioxide. (Figure 1.30)

THF

Ph Ph

+ co2

Ph Ph I
OC2H5

C N = 8-methylquinoline

Figure 1.30

Braunstein has also shown68 that the reversible C02 carrier complex catalyses the

telomerisation of butadiene and carbon dioxide with yields of up to 8%. This is the
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first reported example of a reversible CO2 carrier complex which is catalytically active

for reactions involving the incorporation of CO2. Behr69 has also prepared a

(3-ketophosphorus ylide which behaves as an activator for the reaction of butadiene and

CO2 when used in conjunction with [Pd(acac)2]. Yields of up to 59% of the 6-lactone

4 have been obtained. Behr suggests that these results indicate that in the reaction of

butadiene with CO2 neither the electronic nor the steric properties of the ligand are

important, but only the ability of the ligand to bind carbon dioxide temporarily.



CHAPTER 2

SYNTHESIS OF p- CARBONYL PHOSPHINE COMPOUNDS
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2.1 Synthesis of (3-carbonyl phosphine compounds - A literature survey.

2.1.1 Introduction

Although there are many reported synthetic routes available to tertiary phosphincs,70
the need for more elaborate functionalised phosphine ligands by organometallic

chemists requires the development of new synthetic strategies as the existing methods

become limited.These constraints are imposed, more often than not, as a direct result of

the functional group which can interfere with many reactions.

The following is a review of the reported methods for (3-carbonyl phosphine

synthesis.

2.1.2 Synthesis of ot-phosphinoesters and p-ketophosphines via phosphonium salts.

The first use of phosphonium salts as precursors to a-phosphinoesters was

reported by Issleib and Thomas in 1961.71 Phosphonium salts were isolated from the

reaction of diethylphosphine with several different a-haloesters and the corresponding

phosphinoesters were then obtained by the addition of base.(Equation 2.1)

(C2H5)2PH + X- CH2CO2C2H5

[(C2H5)2P(H)-CH2-C02C2H5] + X -

j NaOC2H5
(C2H5)2P-CH2-C02C2H5 + C2H5OH + NaX

Equation 2.1
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Shaw et al 72 obtained the (3-ketophosphines PBu^CCK^COPh) and

PBut2(CH2COBut) by treating the corresponding a-bromoketone with

ditertiarybutylphosphine to give the p-ketophosphonium salt and subsequent treating

with sodium acetate. The phosphines were isolated by distillation and characterised as

their quarternary salts with methyl iodide.

2,1.3 Synthesis of ethyl diphenvlphosphinoacetate by the reduction of ethyl diphenvl-

phosphinvlacetate.

a) The silane reduction of phosphine oxides to the corresponding phosphines is a

commonly employed reaction,73'74 and is particularly useful when the direct synthesis

of a phosphine is not easily achieved and the phosphine oxide is readily available. Both

amine-moderated chlorosilanes and phenylsilane have been used for phosphine oxide

deoxygenation; however, the only reported procedure for p-carbonylphosphine oxide

reduction involves the use of phenylsilane which was first used to reduce phosphine

oxides to phosphines by Fritsche et al in 1964.75 Phenylsilane has many advantages

over the dichlorosilanes giving superior yields and clean stereochemistry as well as

being commercially available or may be made readily from phenyltrichlorosilane by

lithium aluminium hydride reduction.76 Marsi has made the observation that both water

and hydrogen are produced during the reaction and has suggested the mechanism

shown in Figure 2.1.74 The reduction also occurs with retention of configuration at

phosphorus and this has been made use of in the synthesis of optically active

phosphines.77

The a-phosphinoester ethyl diphenylphosphinoacetate was obtained by the direct

reduction of ethyl diphenylphosphinylacetate by phenylsilane in toluene.78
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(Equation 2.2) The carbonyl functional group is unaffected by the reducing agent.

PhSiH3 A
Ph2P(0)CH2COOEt ► Ph2PCH2COOEt

Toluene

Equation 2.2

b) The phosphinoester described in a) was also obtained by a reduction-complexation

reaction utilising the phosphiiie sulphide derived from ethyl diphenylphosphinylacetale,

and subsequent reduction at nickel. The phosphine was released from the metal centre

by displacement with cyanide.(Equation 2.3)78

Ph2P(0)CH2C00Et
p4s4°10

Ph2P(S)CH2COOEt

cp2Ni

C3H5I

/
PPh2(S)CH2COOEt

cp Ni
V

NaCN

i r

Ph2PCH2COOEt

Equation 2.3
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2,1.4 Nucleophilic displacement bv phosphide anion at saturated carbon

a-diphenylphosphinoesters and a-diphenylphosphinocarboxylic acids have been

synthesised by the reaction of sodium, lithium and potassium diphenyl phosphide on

the corresponding a-halocarbonyl.79"82 (Equation 2.4) Secondary phosphines are very

weak acids and the phosphide anion can be prepared by reaction with a suitable base

e.g. sodium in liquid ammonia.

Ph2PK + ClCH2C(0)0Et ► Ph£CH2C(0)Et + NaCl

Equation 2.4

Phosphide anions are powerful nucleophiles and are capable of displacing halide ion

from alkyl halides, and are frequently used in the synthesis of phosphines.70
The reactivity of alkali phosphides is determined by the organic substituents, by the

degree of association and by the polarity of the alkali metal-phosphorus bond, i.e.)

K+PPh2~ > Na+PPh2" > Li+PPh2"
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2.1.5 Synthesis ofDiphenvlphosphinoacetone from ethvlpropenvl ether.

Lutsenko reported in 1955 the synthesis of diphenylphosphinoacetone via an

organomercury compound formed from mercury oxide and ethylpropenyl ether.83
The resulting mercurydiacetone complex was treated with diphenylphosphine to form

the (3-ketophosphine in 37% yield. (Equation 2.5) The application of this unusual

synthetic method to a wider range of (3-ketophosphines was not reported.

OC2H5
O

/
ch2=C^

HgO II
Hg(CH2CCH3)2

CH3

2 HP(C6H5)2

Ph2PCH2CCH3
II
O

Equation 2.5
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2.1.6 Synthesis of P-carbonvlphosphines by nucleophilic displacement at trivalent

phosphorus.

The synthetic route to [3-carbonylphosphines described in section 2.1.4

illustrated the way in which phosphorus can act as a nucleophile.Phosphorus can also

behave as an electrophilic centre and this is demonstrated in the following series of

reactions.

Chlorodialkylphosphines react readily with compounds having mobile hydrogen atoms

and the malonic acid ester phosphine derivatives were prepared by Kolodyazhnyi using

this method.84 (Equation 2.6)

CH2(COOR)2 + (C2H5)2PC1 ► (C2H5)2PCH(COOR)2 + HC1

R = CH3, C2H5

Equation 2.6

Tertiary phosphines having alkoxycarbonyl groups have also been prepared from

triethylstannylacetic acid esters86 (Equation 2.7) and sodio-derivatives of carboxylic

acid esters having the enolate structure.86 (Equation 2.8)
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2 (C2H5)3SnCH2COOC2H5 + RPC12 ► RP(CH2COOC2H5)2

R = CH3, C2H5

Equation 2.7

NaN[SiCH3)3]2 •/
(3-n )CH3COOC2H5 (3-n )CHj^C Na+

OC2H5

RnPCl3.n

RnP(CH2COOC2H5)3_„

Equation 2.8
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The first one step synthesis of the (3-ketophosphine (diphenylphosphino)

acetophenone, from a trivalent phosphorus precursor was achieved by Braunstein in

1986 by reacting PhCOCH2Li with chlorodiphenylphosphine in THF.87 (Equation

2.9)

JV- Lr + ph2pci ^ Ph2P-^YPhPh-^^ o

Equation 2.9

This methodology was applied to the synthesis of the first chiral (3-ketophosphine

(lR)-e«cfo-(+)-3-diphenylphosphinocamphor by the author.88
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RESULTS AND DISCUSSION

Introduction

The chiral (3-ketophosphine (lR)-en<io-(+)-3-diphenylphosphinocamphor was

successfully synthesised from (+)-3-bromocamphor using the method of Braunstein87
as described in the previous section, with a view to using it as a hemilabile, bidentate,

chelating ligand for transition metals. (+)-3-bromocamphor is an ideal starting point for

the synthesis of a chiral functionalised phosphine being inexpensive, easily purified and

obtained in single enantiomeric form.The phosphine was isolated in optically pure form

and was fully characterised using 1H, 13C, and 2D-COSY nmr studies.

The ligand exhibited some interesting spectroscopic features and the corresponding

methyl phosphonium salt was synthesised by the direct reaction with methyl iodide and

was used as a comparison.

2,2 (1R)-endo -(+)-3-diphenvlphosphinocamphor

2.2.1 Synthesis of (1 R)-endo -(+)-3-diphenvlphosphinocamphor

(1R)-endo -(+)-3-diphenylphosphinocamphor (Figure 2.2) was prepared by treatment

of optically pure (1R)-endo -(+)-3-bromocamphor with a solution of n -butyl lithium at

-78°C in THF and subsequent treatment of the lithium enolate formed with

chlorodiphenylphosphine. Lithium chloride is formed in the reaction. Usual work up

procedure gave the crude phosphine which was recrystallised from ethanol (see

experimental section).
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9 8

6

10 o

PPh2

Figure 2.2

2.2,2 Mechanism of [3-ketophosphine formation

The enolate formed from the bromocamphor is a resonance stabilised anion which can

act as an ambident nucleophile and attack the chlorophosphine with displacement of

chloride.(Figure 2.3)

No enol-phosphinite is formed as a result of attack at phosphorus by oxygen, and this

suggests that carbon is the most electronegative atom of the reagent.

--£> *£?
o 0 o

PPh2Cl

O

PPh2

Figure 2.3
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In contrast, ethylacetoacetate reacts with chlorodiethylphosphite to give a vinyl

phosphite.89 (Equation 2.10)

.CHC02Et

(Et20)2PCl + 0 C ^ (Et20)2P0C =CHC02Et

Me Me

+ CI

Equation 2.10

The synthesis of (+)-3-diphenylphosphinocamphor was first attempted by using the

method described in section 2.1.4. (+)-3-bromocamphor was reacted with lithium

diphenylphosphide generated from diphenylphosphine and butyllithium at low

temperature. The (3-ketophosphine however, was not found in the reaction mixture, but

tetraphenylphosphine was isolated in high yield. This suggests that a possible lithium

halogen exchange reaction may be operating in which bromodiphenylphosphine is

first formed but then reacts with lithium diphenylphosphide to give the diphosphine.

Thomas80 has observed that the reaction of a-bromobutyric ethyl acid ester gives high

yields of tetraphenyldiphosphine and explains the reaction in terms of a lithium halogen

exchange process.(Equation 2.11)
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2 CH3CH2CH(Br)C02C2H5 + 2 KP(C6H5)2 *-

(C6H5)2P-P(C6H5)2 + H5C202C(C2H5)C(H)C(H)(C2H5)C02C2H5 + 2KBr

Equation 2.11
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2.2.3 Spectroscopy of (1R)-endo -(+)-3-diphenylphosphinocamphor

Infra-red

An intense absorption band at 1734 cm-1 is assigned to the C=0 infra-red stretching

vibration.

3lp NMR

The 31p nmr spectrum of the ligand contains a singlet at 8 -0.5 ppm. This value is

typical for the chemical shift of a tertiary phosphine (c.f. diphenylcyclohexylphosphine,

8 -4.4ppm).

The absence of any further peaks suggests that only one epimer has been formed.

13C NMR

The complete assignment of the nmr spectrum of (1R)-endo

-(+)-3-diphenylphosphinocamphor was made with the assistance of a DEPT sequence

(Figure 2.4) and by making useful comparisons with the spectra of (+)-camphor and

(+)-3-bromocamphor.90 The DEPT sequence allowed the identification of methyl,

methylene, methine and quaternary carbons. The quaternary carbon signals disappeared

from the spectrum and the methylene carbon signals were inverted, however, the

methyl and methine carbons could not be distinguished with this particular sequence.



Figure 2.4 13C DEFT spectrum of (lR)-endo-(-+'>-3-diDhenvlDhosphinocamphor (CD?Cb)
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Phosphorus nuclei have 1=1/2, and 13C-31P couplings occur in the 13C spectra of

phosphorus containing compounds, with the coupling constants determined directly

from the doublet splittings in the spectra.

The doublet at 218.2 ppm is due to the carbonyl C(2) resonance, and the chemical shift

is typical for the sp2 hybridised carbon atom of a ketone. The coupling constant 2J(PC)

of 7.27Hz is typical for a (5-ketophosphine.91 The resonances due to the phenyl rings

fall between 128 and 142 ppm and the aromatic ipso carbons are doublets

1J(PC)=16.6Hz.The two resonances at 59.2 and 47.06 have been assigned to the

quaternary carbons C(l) and C(7) respectively by direct comparison with camphor and

3-bromocamphor. The higher chemical shift of carbon 1 is caused by the a-effect of

the adjacent carbonyl group.

The doublet at 48.27 ppm is due to the methine carbon C-4 with 2J(PC) =2.59Hz
and the methylene carbons C-5 and C-6 resonate at 30.57 and 30.36 ppm respectively

with C-5 occuring as a doublet 3J(PC) = 2.4Hz. These two carbon resonances are

inverted in the DEPT sequence, confirming the assignment.

The remaining resonances are due to the three methyl groups C-8, C-9, and C-10.

The two geminal methyls C-8 and C-9 resonate at 20.65 and 22.85, C-9 being split into

a doublet 4J(PC) =22.9Hz.Tliis is an unusually large value for a long-range coupling

and is discussed below. The lack of a pronounced shielding effect on the syn methyl

carbon nucleus due to the carbonyl it electron system is noted and Gahagan92 has also

observed this in the 13C spectrum of (lR)-e/iii<9-(+)-3-(diethylphosphinyl) camphor

and has suggested that the syn methyl group is tilted away from the influence of the tt

electron system. C-10 resonates at 10.13ppm and is the most shielded of the methyl

carbons due to the 1-4 influence of the keto-oxygen atom.
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Geminal carbon -phosphorus coupling

Two bond 13C-31P coupling in tertiary phosphines with rigid frameworks is known

to be under steric control93 and it has been suggested that 2J coupling is controlled by

the dihedral angle relating the lone pair orbital on the phosphorus atom to the (3-

carbons, with a small angle being associated with a large coupling. Quin et al cite steric

crowding in the endo 2-position of norbornylphosphines as causing a prefered

population of rotameric forms (Figure 2.4) with phosphorus substituents projecting

away from the ring framework and that such forms could place the lone pair orbital

closer to C-3 than to C-l causing2J(PC-3) to be greater than2J(PC-l).

The low value for 2J(PC-4) in camphordiphenylphosphine might be explained in

this way and may be more prononced due to the steric bulk of the two phenyl rings.

Vicinal carbon -phosphorus coupling

Three bond 13C-31P coupling in many rigid ring systems has been shown to be

dictated by the dihedral angle relating these atoms, and the Karplus relationship has

been applied successully to a-hydroxyphosphonates94, phosphonates95 and phosphine

oxides93.

Figure 2.4
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The carbon phosphorus coupling constants may be analysed in terms of the

generalized Karplus equation which relates the coupling constant J to the dihedral angle

in the four atom fragment involved.The Karplus effect allows maximum values at 0=

0° and 180° and little or no coupling at 0 = 90° . However, in tricovalent phosphorus

compounds the additional role of the lone-pair appears to dominate the Karplus effect.

Quin has obtained Karplus plots for 2-norbornylphosphines which show deviations

from the predicted plots and this phenomenon has yet to be explained.93 It has also

been suggested that it would be entirely inappropriate to employ Karplus curves to

predict 3J(PC) couplings in phosphines until such a time as the combined dihedral angle

lone-pair effect becomes better understood.93

The three bond carbon-phosphorus coupling constants in 3-camphor

diphenylphosphine are small as compared to 3-(diethoxyphosphinyl)camphor92 and

2-norbornyl dimethylphosphine93, but the relative magnitudes are similar with a

minimum value of 0 Hz found for C-l and C-7 and a maximum value of 2.4Hz found

for C-5.

Long range carbon-phosphorus coupling

One of the more interesting features of the 13C spectrum of

3-diphenylphosphinocamphor is the unusually large four bond coupling of 22.85Hz

which is found for the and methyl carbon, C-9. Such long range couplings are known

and are found for example in bicyclic phosphonates with well defined geometry.95 A

'zig-zag' arrangement of bonded atoms is usually required A useful analogy here may

be the 'W' coupling of 1,3 diequatorial protons in rigid cyclohexanes which is thought

to be due to favourable a bond overlap.96'97 (Figure 2.5)
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Figure 2.5

The structure of 3-diphenylphosphinocamphor does indeed contain the W shape and

this interpretation is thus quite convincing.(Figure 2.6)

Figure 2.6
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Strong through space orbital interactions found in rigid bicyclic molecules have

recently been reported by Delia et al" in describing the extraordinarily enhanced rate of

solvolysis of l-bromobicyclo[3.1.1] heptane when compared to t-butyl bromide. The

enhanced rate of solvolysis was attributed to stabilisation of the transition state (Figure

2.7) by strong through space interaction between bonding orbitals centered on the

bridgehead carbons. A similar interaction may be operating in

camphordiphenylphosphine giving rise to the large long-range coupling.

On quarternization of the phosphine with methyl iodide the long range coupling is

reduced to 0Hz and therefore the W-arrangement of bonds is not be the only

contribution to the spin-spin coupling transmission. However, the positive charge

which now exists on the phosphorus atom may result in a less favourable bonding

interaction.The presence of the lone pair may also have an effect although the nature of

this effect is unclear, and it cannot be overlooked that a change in geometry on

quarternization may reduce favorable G-bond overlap and consequent reduction in the

coupling.

Through space coupling is often invoked to explain exceptionally large coupling

between phosphorus and carbon in phosphines, whereby the proximity and

directionality of the lone pair of electron on phosphorus influences the extent of

coupling." This explanation has been dismissed for 3-diphenylphosphinocamphor as

Br-

Figure 2.7
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molecular models* indicate that the lone pair is not close enough to C-8 to cause such a

large coupling.

The proton nmr spectrum is complex and requires a correlation plot to

assign the resonances fully (Figure 2.8), and again, useful comparisons were made by

studying the spectrum of ewi<?-(+)-3-bromocamphor. The three methyl resonances

occur as singlets and are the most shielded protons in the molecule. Methyl protons

CH3-IO are assigned unambiguously from the correlation plot and resonate at l.lppm.

CH3-8 and CH3-9 however cannot be distinguished and the shielding effect of the

carbonyl group is invoked to assign CH3-8 protons to the high field resonance at

0.95ppm ; molecular models indicate that CH3-8 protons lie in the plane above the

anisotropic carbon-oxygen double bond and will experience a shielding effect.(Figure

2.9) Gahagan has described this effect and has assigned the methyl proton resonances

of 3-(diethoxyphosphinyl)camphor using this argument.92

!HNMR

+

l \\

0

+

+ shielding

deshielding

Figure 2.9
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Figure 2,8 13C-1H correlation spectrum of (lR)-e/i^<?-C+'>-3-diDhenvlphosphinocaiTiphor
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CH-3 resonates as a singlet at 3.1ppm and does not experience geminal phosphorus

coupling. Two bond proton-phosphorus coupling has been found to be sensitive to

geometry, and studies on vinylic tricovalent organophosphorus derivatives indicate that

the coupling value changes considerably due to stcric effects on conformational

populations, with J(HP) being at a minimum when there exists an and lone-pair proton

relationship.101 This is in agreement with the conformation proposed for

3-diphenylphosphinocamphor and shown in Figure 2.4. CII-4 occurs as a doublet of

doublets at 1.93ppm due to coupling with CH-5 exo and phosphorus and this

assignment is confirmed by the correlation plot. No coupling to CH-5 endo is

observed and this is in agreement with the Karplus equation for vicinal

proton-proton coupling:

J(HCCH) = lOcos2^

CH-5 and CH-6 exo and endo protons all resonate as multiplets and assignment was

based on both ^C-iH and COSY plots. Figure 2.10 shows the iH-iH COSY

plot of 3-diphenylphosphinocamphor and the spectrum consists of diagonal and

off-diagonal or cross peaks indicating spin-coupled nuclei. CH-4 is spin-coupled to

CH-5 exo as mentioned above and the assignment of CH-5 exo to the resonance at

2.1ppm is based on this observation. As CH-5 endo occurs on the same carbon atom,

the multiplet at 1.55ppm is assigned to this proton. The two remaining camphor

skeleton protons CH-6 exo and endo resonate as multiplets at 1.8 and 1.7ppm

respectively.



Figure 2.10 ]H !h correlaiion spectrum of (1 R) endo-(■11 3 diphonvlphosDhinocamphor
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2.3 (1RVendo -(+V3-methvldiphenvlphosphonocamDhor Iodide

2.3.1 Synthesis of (1RYendo -(-t-V3-methvldiphenvlphosphonocamphor Iodide

The phosphonium salt (1R)-endo -(+)-3-methyldiphenylphosphonocamphor iodide

was prepared by the well documented method100 of quaternization of the phosphine

(1R)-endo -(+)-3-diphenylphosphinocamphor with methyl iodide in toluene (see figure

2.11). The reaction was complete in 12 hours and the phosphonium salt was isolated as

white microcrystals.

2.3.2 Spectroscopy of (\R)-endo -(+V3-mcthvldiphenvlphosphonocamhor Iodide

An intense absorption band at 1735cm-1 is assigned to the C=0 infra-red stretching

vibration.

IIP nmr

The 31P nmr spectrum of the phosphonium salt contains a single resonance at S 20.3

ppm and the chemical shift value is typical of a quaternary phosphonium salt.70

Figure 2.11

Infra-red
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13C nmr

The assignment of the 13C nmr spectrum of (lR)-ettdo-(+)-3-methyl-

diphenylphosphonocamphor iodide was made with the aid of comparisons with the 13C

spectra of (lR)-endo-(+)-3-bromocamphor and (lR)-ertdo-(+)-3-diphenylphosphinyl-

camphor.92
The carbonyl C(2) nucleus resonates to low field as a doublet at 210.5 ppm with a

two-bond coupling to phosphorus, 2J(PC) = 1.90Hz. The aromatic protons of the two

phenyl rings fall between 118.77 and 134.68 ppm with the phenyl ipso carbons

occurring as doublets, ^(PC) = 6.81 and 8.94Hz. A singlet at 60.52 ppm corresponds

to the quaternary carbon C(l) and the doublet at 48.22 ppm is assigned to the remaining

quaternary carbon C(7).

The one bond P-C coupling constant for the methine carbon C-3 is higher for the

phosphonium salt compared with the corresponding phosphine (^(PC) = 28.42Hz)

and this value is comparable to that found in the phosphine oxide,

(lR)-mi0-(+)-3-diphenylphosphinylcamphor (^(PC) = 69.25Hz).92

The phosphorus substituted methyl carbon resonates as a doublet at 9.33 ppm, 2J(PC)
= 54.37Hz. The geminal methyl carbons C-8 and C-9 resonate as singlets at 19.95

and 18.08 ppm respectively and the methyl C-10 is the most shielded of the carbon

nuclei, resonating at 8.89 ppm.

1H nmr

The proton nmr spectrum of (1R)-cndo (I) 3 methyldiphenylphosphonocamphor

iodide is complex but assignments were easily made by comparison with the spectrum

for the corresponding phosphine.

The most striking difference between the two spectra is a large down field shift

experienced by H(4) to 8 5.15 ppm. This phenomenon has been attributed to a specific
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orientation of the phenyl rings, due to a change in geometry on the phosphorus atom,

resulting in a deshielding effect on H(4) caused by the ring current effect. This effect

also occurs in (lR)-en<i(9-(+)-3-diphenylphosphinocamphor complexes, but is not

observed for e.g. (lR)-ewfo-(+)-3-(diethoxyphosphoryl)camphor or its molybdenum

complexes102 confirming that the phenyl rings and four-coordinate phosphorus atom

are required for this downlield sliift. Related interactions account for the high-field shift

of the Yi(5)-endo proton in the phosphonium salt and models indicate lhat this proton

sits directly above one of the phosphorus substituted phenyl rings.
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2,4 Experimental

2.4.1 (1R)-endo -(+V3-diphenvlphosphinocamphor

To a solution of (1R)-endo -(+)-3-bromocamphor (1.16g, 5 mmol) in thf (10 cm3) was

added dropwise at -78°C a solution of n -butyllithium (3.44 cm3, 1 mol dm"3 in

hexane, 5.5 mmol). After the mixture was stirred for 1 h at -78°C, a solution of

chlorodiphenylphosphine (0.9 cm3, 5 mmol) in thf (5 cm3)was added via a catheter.

The mixture was allowed to warm to room temperature and stirred for a further 72 h.

The solvent was removed in vacuo and the residue extracted into diethyl ether.

Removal of the solvent and recrystallisation from degassed ethanol afforded pure

(1R)-endo -(+)-3-diphenylphosphinocamphor as colourless prisms.

Mp 82-84°C. Yield 0.62g, 37%.

Analysis

Microanalysis: Found C 78.1, H 7.7%. C22H25OP requires C 78.6, H 7.5%.

Infra-red: v(C=0) 1719 cm"1

Mass spectrum: M/e (relative intensity): 108(50), 186(77), 199(47), 242(25),

336(100) M+

Optical rotation: [a]D= + 17.04° (c = 5g/100cm3, MeOH).

31P nmr: 0.1 ppm
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2.4.2 (YRYendo -(+V3-methyldiphenvlphosphonocamphor iodide

To a solution of (1R)-endo -(+)-3-diphenylphosphinocamphor (0.60g, 1.79 mmol),

in toluene (10 cm3) was added an excess of iodomethane (0.25 cm3, 4 mmol).The

mixture was stirred for 12 hours and the resulting white crystals were filtered and

washed with diethyl ether and dried in vacuo .Mp 190-192°C Yield 0.46g, 73%.

Analysis

Microanalysis: Found C 57.4, H 5.8%. C22H25OP requires C 57.8, H 5.9%.

Infra-red: v(C=0) 1735 cm-1

31P nmr: 20.3 ppm
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Table 2.1 }H nmr data for (1R)-endo -(+V3-diphenylphosphinocamphor (CDCI3)

chemical shift (ppm)

7.3-7.7

3.10

2.10

1.93

1.80

1.70

1.55

1.25

1.10

0.95

multiplicity

m

s

m

dd

dt

m

m

integral

10

3

3

3

assignment

C(ar)-H

H-3

H-5 exo

H-4

H-6 exo

H-6 endo

H-5 endo

CH3-9

CH3-IO

CH3-8

Table 2.2

*H nmr data for (1 RVeftdo-l+Kl-methvldiphenylphosphonocamphorCCDC^)

chemical shift (ppm) multiplicity integral assignment

7.2-8.0 m 10 C(ar)-H

5.15 d 1 H-4

2.95 s 3 P-CH3

2.90 s 1 H-3

1.85 m 1 H-5 exo

1.63 dt 1 H-6 exo

1.38 m 1 H-6 endo

1.25 s 3 CH3-9

1.00 s 3 CH3-8

0.95 s 3 CH3-IO

0.85 m 1 H-5 endo
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Table 2.3 13C nmr data for (1R)-enclo -(+)-3-diphenylphosphinocamphor (CPC13)

chemical shift fppml J(PC) Hz DEPT assignment

218.20 7.27 quaternary C-2

141.10 17.16 quaternary P-C-l(ar)

138.29 15.99 quaternary P-C-l(ar)

135.45-128.56 CH P-CH(ar)

59.20 quaternary C-l

54.16 28.42 CH C-3

48.27 2.59 CH C-4

47.06 quaternary C-7

30.57 2.40 methylene C-5

30.36 methylene C-6

22.85 22.90 methyl C-9

20.65 methyl C-8

10.13 methyl C-10

Table 2.4 13Cnmr data (IRi-ewto-f+i-S-methvldiphenvlphosphonocamphorfCDCE)

chemical shift (ppm) J(PC) Hz DEPT assignment

210.50 1.90 quaternary C-2

134.68 - 129.58 CH P-CH(ar)

119.90 6.81 quaternary P-C-l(ar)

118.77 8.94 quaternary P-C-l(ar)

59.86 1.88 quaternary C-l

48.22 13.32 quaternary C-7
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chemical shift (ppm) JfPO Hz DEPT assignment

47.58 62.79 CH C-3

46.51 2.10 CH C-4

29.00 methylene C-6

22.88 5.75 methylene C-5

19.95 methyl C-8

18.08 methyl C-9

9.33 54.37 methyl p-ch3

8.89 methyl C-10



CHAPTER 3

(IR)-END0 -(+)-3-DIPHENYLPH0SPHIN0CAMPH0R COMPLEXES

NICKEL(II), PALLADIUM(II) AND PLATINUM(II)
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3.1 Introduction

The coordination chemistry of p-ketophosphine ligands to nickel(II), palladium(II)

and platinum(II), and various catalytic applications of the complexes have been

previously reported103-104 and these have been discussed in some detail in Chapter 1.

However, all ketophosphine ligands prepared so far have been achiral.

Recent work by Cole-Hamilton103>10^ and coworkers has shown that molybdenum

and titanium complexes of the chiral chelating p-ketophosphonate ligand,

(lR)-en<io-(+)-3-(diethoxyphosphinyl)camphor (Figure 3.1), derived from (1R)-endo

-(+)-3-bromocamphor, are active alkene epoxidation catalysts. In light of these results,

and as part of ongoing research into the coordination chemistry of ligands based on the

camphor skeleton, the ligand behaviour of the chiral (1R)-endo-( + )-

3-diphenylphosphinocamphor, (+)-3-DPPC, with nickel(II), palladium(II) and

platinum(II) was investigated with a view to develop new asymmetric homogeneous

catalysts, with particular attention being focussed on asymmetric Grignard

cross-coupling and the stereoregulation of styrene oligomerisation.

CI
EtO

Figure 3.1
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It is anticipated that the new chiral (3-ketophosphine ligand will co-ordinate to the

platinum group metals through the phosphine moiety in a unidentate fashion and also in

a bidentate mode through the phosphorus atom and the carbonyl oxygen donor atom,

providing a stable five-membered chelate ring structure.

The complexes are also expected to show hemilabile behavior, an important

requirement for catalysts based on the P-ketophosphine ligands.

3.2 RESULTS AND DISCUSSION

3.2.1 Diiodobisr(1RVgnfiU-(V)-3-diphenvlphosphinocamphorl nickel (TP

When a solution of (+)-3-DPPC was added to nickel diiodide in ethanol in a 2:1 ratio

and the resulting mixture refluxed for 8 hours, a red-black solution was obtained. On

cooling, this solution yielded red-black air-stable crystals of [Nil2{(+)-3-DPPC}2],

which were soluble in thf and CH2CI2.

The infra-red spectrum contained an intense carbonyl absorption band at 1736 cm-1,

indicating a unidentate mode of binding of the phosphine to the nickel centre. There

was no evidence in the infra-red spectrum for the formation of a chelating tertiary

phosphine enolate ion demonstrated in the complex rran5-[Ni{ But2PCH=C(0)Bul}2l,

as reported by Shaw.49 This complex was prepared by reacting the P-ketophosphine

ligand But2PCH2C(0)But with nickel dichloride in ethanol at room temperature. Both

nickel dichloride and nickel dibromide do not react with the ligand (+)-3-DPPC even

after refluxing in butanol for several days.
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Both the 31p and nmr spectra of [Nil2{(+)-3-DPPC}2] recorded in CDCI3 show

very broad peaks indicating that the complex might be paramagnetic in solution.

The magnetic susceptibility of [NiI2{(+)-3-DPPC}2] was measured in solution by

the Evans' method1®7 an(j from this, a magnetic moment of 2.48 BM was calculated

(see experimental section).

The magnetic susceptibility of [NiI2{(+)-3-DPPC}2] was also measured in the solid

state using a magnetic susceptibility balance, and the mass susceptibility at 295 K was

determined as 5.69 x 1(H> giving a magnetic moment of 3.71 BM.

The calculated magnetic moment suggests that in the solid state,

[NiI2{(+)-3-DPPC}2] has the high spin configuration, and has two unpaired electrons.

It is therefore predicted to have a configuration approaching tetrahedral geometry and

this is quite usual for complexes of the type [NiL2X2] where L is an aryl containing

tertiary phosphine ligand. e.g. [Ni(PPh3)2Br2]108 The tetrahedral nickel(II)

configuration gives rise to a 3Ti(F) ground state, which has much inherent angular

momentum and a truly tetrahedral nickel(II) complex should have a magnetic moment

of 4.2 BM at room temperature resulting from the contribution of magnetic moment

arising from both the spin angular momentum S and the orbital angular momentum

L.1®® However, orbital angular momentum 'quenching' often reduces this value

and fairly regular tetrahedral nickel complexes have moments of 3.5-4.0 BM. The

amount of quenching is related to the asymmetry of the ligand field.

The tetrahedral configuration of [NiI2{(+)-3-DPPC}2] is therefore assumed to exist

for the complex in the solid state. It is tentatively suggested that in solution the

tetrahedral form of the complex is in equilibrium with the square planar form.

Braunstein has recently reported11® the X-ray crystal structure of

[NiCl2{Ph2PCH2C(0)Ph}2] and the complex was shown to be square planar.
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In solution however, the diamagnetic square planar form existed in equilibrium with a

paramagnetic tetrahedral form which decomposed at room temperature releasing free

ligand. Such decomposition behavior was not observed for [NiI2{(+)-3-DPPC}2]

The complex [NiBr2(PEtPh2)2] also exhibits a square planar-tetrahedral equilibrium.111

It must be noted that paramagnetic nickel(II) complexes are usually blue or green,

resulting from the transition from ^Tj(F) to ^Tj(P) occuring in the visible region at 15 x

103 cm-1. It is suggested therefore that the red-black colour of [Nil2{ (+)-3-DPPC }2] is

probably due to ligand to metal charge transfer occuring in the visible region of the

spectrum.

3.2.2 Dichlorobisl(lR)-<?/7<7<?-(+)-3-diphenvlphosphinocainphor| palladium(II)

Addition of 2 equivalents of (+)-3-DPPC to a suspension of 1 equivalent of

[Pd(CH3CN)2Cl2] in degassed ethanol resulted in the rapid precipitation of a bright

yellow complex dichlorobis[(lR)-<?«rfo-(+)-3-diphenylphosphinocamphor]palladium

(II), [PdCl2 {(+)-3-DPPC }2], in good yield.

A value of 1734 cm-1 for the carbonyl absorption band, v(C=0), in the infra-red

spectrum implies that the keto group is uncoordinated and the ligands are bound in

unidentate fashion to the palladium. The complex probably has the square planar

structure, typical of palladium d8 complexes, as shown in Figure 3.2.
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Figure 3.2

An increase in the carbonyl stretching frequency of 15 cm*1 from the free ligand can be

explained by considering the electron density on the phosphorus atom on co ordination

to the palladium(II) centre. The coordinating phosphorus atom donates electron density

to the metal with subsequent decrease in electron density on phosphorus. This would

have the effect of increasing the stretching frequency of the carbonyl group which is (3

to the phosphorus atom. It is a common observation that an increase in carbonyl

stretching frequency accompanies the replacement of an atom, which is more electron

attracting, in the position (3 to the carbonyl group.112 Small increases in the carbonyl

stretching frequency for the palladium complex containing the (3-ketophosphine

ligand Ph2PCH2C(0)Ph were also observed by Braunstein and coworkers.110

The far infra-red spectra of transition metal complexes are particularly useful for

establishing the geometry of the complexes, as the metal-halogen absorption bands

usually occur in this region. The infra-red spectra of [PdCl2{(+)-3-DPPC}2] shows

one intense absorption at 355 cm*1, and this is a typical value for a palladium chlorine

stretching frequency.113 Replacement of the chloride ligands with bromide (see Section

3.2.3) results in the disappearance of this absorption, suggesting that the geometry of

the complex is trans. The trans geometry is usually favoured on steric grounds for
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[PdL^Cy complexes having bulky phosphine ligands.114

The !H nmr spectrum of [PdCl2{(+)-3-DPPC}2] is complex, but useful comparisons

can made with the spectrum of the free ligand. Most of the proton resonances occur

with chemical shifts and splitting patterns not too dissimilar from those found in

the free ligand and small changes are likely, due to the changes in bond lengths and

angles, on coordination of the ligand to the metal. However there are two notable

exceptions, H-3 and H-4. H-3 resonates as a virtual triplet at 3.0ppm with 2/(PH) +

4/(PH) = 8.6Hz.The splitting pattern is due to a system of the type XnAA Xn where

J(AA) is large. 1J5 The presence of this type of second order coupling confirms the

trans configuration of ligands. The resonance due to H-4 occurs at 4.35ppm, a

downfield shift of 2.42 ppm.

One possible explanation for this phenomenon is that one of the phosphorus

substituted phenyl rings is brought closer to H-4, due to a change in geometry around

the phosphorus atom on coordination to the palladium atom This results in a

deshielding of proton H-4 due to the ring current effect of the phenyl ring. It is

interesting to note that a similar deshielding effect is found for the phosphonium salt

(lR)-ertdo-(+)-3-camphormethyldiphenylphosphorus(V) iodide) as described in

Chapter 2.

3.2.3 DibromobisrilRTert^o-t+VS-diphenvlphosphinocamphor] palladium(II)

The addition of excess lithium bromide to an acetone solution of

[PdCl2 {(+)-3-DPPC)2] resulted in the metathetical replacement of the chloride

ligands by bromide. The white lithium chloride formed in the reaction was filtered off

to leave an orange solution of dibromobis[(lR)-enrfo-(+)-3-diphenylphosphino-

camphor]palladium(II), [PdBr2((+)-3-DPPC}2], from which the pure complex was
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isolated.

The infra-red spectrum of the bromide complex is identical to the spectrum of the

chloro analogue, except for the notable absence of the intense palladium-chloride

stretching band at 355 cm-1. The stretching frequency of the metal-bromide bond in

[PdL2X2] complexes occurs much lower than the analogous metal-chloride bond113

and for [PdBr2 {(+)-3-DPPC} 2] is not observed above 200 cm-1.

The 3H nmr spectrum of the bromide complex is also very similar to the chloro

analogue with small changes in chemical shift, however, the virtual triplet pattern due

to H-3 is unresolved.

Di-u-chlorobisdichlorofrlRl-endQl-l+l-S-diphenylphosphinocamphorldipalladiumdD

When (lR)-e«rfo-(+)-3-diphenylphosphinocamphor is added to a suspension of

[PdCCHgQST^Cy in degassed ethanol, in a 1:1 ratio, an orange complex is formed.

The composition of this new complex, as shown by microanalysis, is

[Pd{(+)-3-DPPC}Cl2]n which suggests that a dimer is one possible structure for the

complex (Figure 3.3). Halogen-bridged dimer formation is common for

palladium(II) complexes of the type [PdLGy.110)114 A FAB ( Fast Atom

Bombardment) mass spectrum of the complex indicated that no species of higher

nuclearity were present.

3.2,4

~k
Figure 3.3
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The infra-red spectrum shows an intense absorption at 1730 cm-1 due to v(C=0),

again indicating unidentate binding of the ligands.The far infra-red spectrum contains

two intense absorptions at 348 and 250 cm-1 due to the terminal and bridging

palladium-chloride bonds respectively.

The iH nmr spectrum for [Pd{(+)-3-DPPC}Cl2] is unremarkable and chemical shifts

and splitting patterns are similar to those for the complex [PdCl2{(+)-3-DPPC}2]. The

31P nmr spectrum, however, contains a single resonance at 29.8 ppm, a downfield

shift of ca. 12 ppm from [PdCl2((+)-3-DPPC}2] , and this is thought to be a result of

the difference in the trans influence of the two ligands.

Tertiary phosphine ligands have a greater trans influence than chloride ligand in

square-planar palladium(II) complexesancj a phosphorus nucleus trans to chloride

will resonate to a lower field than one trans to a tertiary phosphine ligand.

3.2.5 Dichlorobisr(lR")-gft(7o-(+y3-diphenvlphosphinocamphor| platinum(Il)

When [Pt(CH3CN)2Cl2] was treated with 2 equivalents of (+)-3-DPPC in ethanol, a

pale yellow powder was formed, which has been characterised as

trans-[Pt{(+)-3-DPPC)2Cl2]. The infra-red spectrum shows the presence of

uncoordinated ligand and one intense absorbtion in the far infra-red at 333 cm-1

indicating a trans geometry. From the 31P nmr data it can be seen that only one isomer

is formed and this resonates as a singlet with 195Pt satellites.

195Platinum has a nucleus with 1=1/2 and occurs in 33.8% natural abundance, and

the 31P nmr spectra of platinum complexes have the form of a triplet occuring in an
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approximately 1:3:1 ratio. The coupling constant /(PtP) however, can vary according

to the ligand which is trans to the phosphorus atom in the complex. Again this

phenomenon is associated with the trans influence of the various ligands concerned. If

the ligand trans to phosphorus has a high trans influence (eg.phosphine), the coupling

constant /(PtP) is lower than the case where the complex contains a ligand trans to

phosphorus with a low trans influence (e.g. chloride).116

The coupling constant '/(PtP) for [Pt{(+)-3-DPPC)2Cl2] is 2581Hz and is typical

for a trans P-Pt-P arrangement. Shaw and coworkers have synthesised the complex

tran5-[PtCl2{PBut2(CH2COPh)}2] for which a value of '/(PtP) = 2590 Hz was

found.49

3.2,6 BisKl R)-CAtJc;l-(+)-3-diphenvlpliosphiiiocaiiiphoilpalladiuiii(lI) Tetiafluoio-

borate

Addition of a excess of silver tetrafluoroborate to a solution of

[Pd{(+)-3-DPPC)2Cl2] in dichloromethane resulted in chloride abstaction from the

complex and formation of the bright yellow dicationic complex [Pd{(+)-3-DPPC)2]

2BF4. (Figure 3.4)

The infra-red spectrum shows shows a fall in the v(C=0) stretching frequency from

1734 to 1651cm'1 and indicates coordination of both keto-oxygen atoms to the metal

centre. The value of Av is typical for the chelate coordination of a fkketophosphine

ligand to a palladium centre.116
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Figure 3.4

AgBF4

CH2C12

2+

(BF4)

The absense of an absorbtion band in the far infra-red region of the spectrum

demonstrates that the two mutually trans chloride ligands have been removed from the

starting complex and an intense broad band at 980-1100 cm-1 is present, due to the

tetrafluoroborate anion.

Thc31P nmr spectrum contains two singlets at 56.6 ppm and 45.8 ppm ,which

have been assigned as the trans and cis isomers respectively ocurring in a 3:2

ratio(based on integration of nmr spectrum ). The significant shift upfield

from 18.0 ppm in [PdCl2{(+)-3-DPPC}2] is in keeping with the formation of a
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five-membered chelate ring structure.117 The trans isomer occurs at a higher chemical

shift than the cis isomer and this is consistent with other phosphorus, oxygen donor

chelate complexes of palladium recently reported by Pringle.118

The Iff nmr spectrum of [Pd{(+)-3-DPPC)2] 2BF4 is complex with many signals

obscured. The H(3) proton for the trans isomer again occurs as a virtual triplet with

2+4J(PH) = 8.6 Hz and the H(3) proton for the cis isomer is not observed.Some of the

proton shifts are arbitrarily assigned although the three methyl groups for both isomers

are separate and easily identified.In the trans isomer, one methyl group on each ligand

resonates to very high field (< 0 ppm). Models indicate that methyl group CH3-IO sits

directly above the centre of a phenyl ring on the phosphorus atom of the other ligand so

the high field resonance has been assigned to this methyl group (Figure 3.5).

3.2,7 Dichloro(3-diphenylphosphino-2-diphenvlphosphinoxo- 1 , 7 .7-trimethvlbicvclo

f2.2.1) hept-2-ene) palladiumdl)

When a solution of [PdCl2K+)-3-DPPC}2] in xylene was refluxed for 4 hours, the

yellow colour of the solution disappeared, and on cooling, white microcrystals of

dichloro(3-diphenylphosphino-2-diphenylphosphinoxo-l,7,7-trimethylbicyclo(2.2.1)-

hept-2-ene) palladium(II), [PdCl2{(+)-3-DPPT}], were formed.(Figure 3.5a)

Figure 3.5
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The infra-red spectrum of [PdCl2((+)-3-DPPT}] shows the disappearance of the

absorption band due to v(C=0) of [PdCl2{(+)-3-DPPC}2] and the appearance of a

new intense band at 1592 cm"1 indicative of a newly formed carbon - carbon double

bond. The far infra-red spectrum contains two new absorptions at 310 and 290 cm"1
which suggests that the new complex has cis geometry.

The 31 p nmr spectrum shows a typical AX splitting pattern with a doublet at 121.9

ppm due to PA^ and a doublet at 3.3 ppm due to Pg.These are typical values for

coordinated phosphinite11^ and phosphine ligands respectively. The relatively small

coupling constant ( J(PaPb) = 7.3Hz ) between the two phosphorus nuclei confirms

the cis geometry.

The If! nmr spectrum for [PdCl2{(+)-3-DPPT}] is unremarkable except for the

fact that H(4) has moved to a lower chemical shift value (2.35 ppm) consistent with the

proposition that the ring current effect of one of the phenyl groups is causing the down-

field shift of this proton in the complexes previously mentioned. In the new complex

[PdCl2{(+)-3-DPPT}], due to the sp2 geometry of C(3), the phenyl rings will

undoubtedly be in a different orientation relative to H(4) , and therefore the influence

of the ring current effect is removed.
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3.2.8 DichIoro(3-diphenylphosphino-2 - diphenvlphosphinoxo - 1.7.7-trimethvlbicycIo

(2.2.1) hept-2-ene) platinum(II)

The corresponding platinum phosphine-phosphinite complex, dichloro(3-

diphenylphosphino-2-diphenylphosphinoxo-l,7,7-trimethylbicyclo (2.2.1) hept-2-ene)

platinum(II), [PtCl2{ (+)-3-DPPT)], was also obtained by refluxing a solution of trans-

[Pt{(+)-3-DPPC)2Cl2] in xylene for 5 hours. The product was formed as white

crystals in reasonable yield.

The infra-red spectrum of [PtCl2((+)-3-DPPT}] is similar to the analagous

palladium complex and strong absorptions at 290 and 310 cnrHndicate cis chlorides.

An AX splitting pattern is shown in the 31p spectrum of [PtCl2((+)-3-DPPT}](Figure

3.6), with both doublets having the associated 195Pt satellites.

3.3. Mechanism of the thermolytic transformation of tratts-rM{(+)-3-DPPC)2Cl21.

(M = Pd or Pt)

There are two possible mechanisms for the transformation of the complexes of the

type, rr£ms-[MCl2{(+)-3-DPPC}2], to the mixed phosphine-phosphinite complexes

c/s-[M{(+)-3-DPPC}2Cl2l discussed in Section 3.2. Figure 3.7 shows a mechanism

based on a mechanism originally proposed by Braunstein for the thermal transformation

of a mixture of cis and trans-[PdCl2(Ph2P C H 2COPh)] to cis-

[PdCl2 {Ph2PCHC(Ph)OPPh2} ]59.
The thermally induced heterolytic cleavage of the phosphorus-carbon C(3) bond

generates the camphor anion which acts as a nucleophile and rapidly removes proton

H(3) from the second ligand, generating a phosphino-enolate anion and liberating



Figure 3-6 3XP nmr Spectrum of rPtCbff+V3-DPPTIl
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camphor in the process. The characteristic smell of camphor was detected during

isolation of the product and its presence was later confirmed by mass spectroscopy and

proton nmr spectroscopy. A cis-trans isomerisation is then required to take place before

the intramolecular coupling of the phosphorus and oxygen atoms can occur, generating

the new phosphinite ligand.Such isomerisations are known for complexes of the type

[Pd(PR3)2X2].120
A second alternative mechanism is proposed and shown in Figure 3.8 and requires the

coordinated |3-ketophosphine ligand to exist in the phosphinoenolate form. Following a

cis-trans isomerisation the nucleophilic enolate anion attacks the phosphine moiety of

the second coordinated ligand generating the new phosphorus-oxygen bond and

liberating camphor. Braunstein also suggested the possibility of a radical process

occuring in the transformation but found no evidence for this type ofmechanism.59
The addtion of a weakly nucleophilic base, [l,8-bis(dimethylamino)napthalene]

(Figure 3.9) , to a refluxing solution of rran5-[PdCl2{(+)-3-DPPC}2] in xylene results

in an increase in the rate of conversion of starting complex to

c/s-[M{(+)-3-DPPC}2C121. The reaction is complete after only 30 minutes and is

supporting evidence for the mechanism described in Figure 3.8 where the formation of

the coordinated phosphino-enolate anion is the rate-determining step.

Figure 3.9



Figure 3.7



Figure 3.8
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3.4 Experimental

3.4.1 DiiodobisrflRVgmfe>-f+V3-diphenvlphosphinocamphorl nickelQD

A solution of (lR)-e/ido-(+)-3-diphenylphosphinocamphor (1.68g, 5 mmol) in

ethanol (ca 10 cm3) was added to a suspension of [Nil2] (0.78g. 2 mmol) in ethanol

(ca. 40 cm3). The mixture was refluxed for 8 hours after which a red-black

solution had developed. On cooling to room temperature, red-black crystals of

diiodobis[(lR) endo ( i ) 3 diphenylphosphinocamphor]nickel(II) formed. These were

collected and dried in vacuo.. Recrystallised from CF^Cl^petroleum-ether. (Two

equivalents of CH2C12 were found to be present and could not be removed from the

sample.) Mp. 195°C. Yield 0.98g, 50%.

Analysis

Microanalysis: Found C 48.0, H 4.9%. C46H54Cl4l202P2Ni requires C 47.8, H

4.7%.

Infra-red: v(C=0) 1736 cm-1

3.4.2 Dichlorobisr(lR)-e»<io-(-t-')-3-diphenvlphosphinocamphorl palladiumflD

A solution of (lR)-emfo-(+)-3-diphenylphosphinocamphor (0.84g, 2.5 mmol) in

ethanol (ca 10 cm3) was added to a suspension of [PdCl2(CH3CN)2] (0.32g.

1.25mmol) in ethanol (ca. 25 cm3). After stirring for 1 min. a yellow precipitate

appeared. The latter was filtered off and washed with diethylether.
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Recrystallisation from CH2Cl2 - light petroleum afforded pure air stable yellow

crystals of dichlorobis[(lR)-emfo-(+)-3-diphenylphosphinocamphor]palladium(II).

Mp. 192°C. Yield l.OOg, 94.1%.

Analysis

Microanalysis: Found C 62.2, H 5.4%. C44H5oCl202P2Pd requires C 62.5, H

5.9%.

Infra-red: v(C=0) 1734 cm-1

v(Pd-Cl) 355 cm*1

3lPnmr: 18.0 ppm

3.4.3 DibromobisKTRVenfifo-f+VS-diphenvlphosphinocamphorl palladium(II)

An excess of lithium bromide (0.114g, 1.31mmol) was added to a

solution of dichlorobis[(lR)-mic> -(+)- 3 -diphenylphosphinocamphor] palladium(II)

(0.186g , 0.22mmol) in acetone (ca. 25 cm3) and stirred overnight. The resulting

orange solution was filtered and concentrated, Addition of light petroleum produced an

orange powder which was washed with further portions of light petroleum and dried in

vacuo to give air-stable dibromobis[(lR)-en<i<9-(+)-3-diphenylphosphinocamphorj

palladium(II). Mp.> 130°C (slow dec.) Yield 0.13g, 62.5%.
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Analysis

Microanalysis: Found C 54.6, H 5.6%. C44H5oBr202P2Pd requires C 56.3, H

5.4%.

Infra-red: v(C=0) 1734 cm"1

31P nmr: 16.8ppm

3.4.4

Di-p.-chlorobisdichloroHlR)-eni7<9l-(+)-3-diphenvlphosphinocamphorldipalladium(II)

A solution of (lR)-ert<7o-(+)-3-diphenylphosphinocamphor (0.423g, 1.26 mmol) in

ethanol (ca 20 cm3) was added to a suspension of [PdCl2(CH3CN)2l (0.327g.

1.26mmol) in ethanol (ca. 20 cm3). After stirring for 5 min. an orange precipitate

appeared. The latter was filtered off and washed with diethylether.

Recrystallisation from CH^C^-light petroleum afforded pure air stable orange crystals

of di-p.-chlorobisdichloro[(lR)-e«<io]-(+)-3-diphenylphosphinocamphor]dipalladium

(II). Mp. >185°C(slow dec.) Yield 0.65g, 83.7%.

Analysis

Microanalysis: Found C 51.5, H 4.5%. C44H50CI4O2P2PCI2 requires C 51.4, H

4.9%.
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Infra-red: v(C=0) 1730 cm-1

v(Pd-Cl) 348,250 cm"1

31P nmr: 29.8ppm

3.4.5 Dichlorobisr(lR)-end<9-(+)-3-diphenylphosphinocamphorl platinum(II)

A solution of (lR)-e«do-(+)-3-diphenylphosphinocamphor (0.73g, 2.17 mmol) in

ethanol (ca 10 cm3) was added to a suspension of [PtCl2(CH3CN)2i (0.38g.

1.08mmol) in ethanol (ca. 25 cm3). After stirring for 30 min. a pale yellow precipitate

appeared. The latter was filtered and washed with diethylether. Recrystallisation from

CH2Cl2-light petroleum afforded pure air stable yellow crystals of

dichlorobis[(lR)-end(9-(+)-3-diphenylphosphinocamphor]platinum(II). Mp. 240°C.

Yield 0.64g, 63%.

Analysis

Microanalysis: Found C 56.1, H 5.3%. C44H5oCl202P2Pt requires C 56.3, H

5.4%.

Infra-red: v(C=0) 1734 cm-1

v(Pt-Cl) 333 cm-1

31P nmr (CD2C12): 15.0 ppm !j(PtP) = 2581Hz
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3.4,6 Risr(lRW/itfol-(+y3-diphenv1nhosphinocamphorlpalladiumfin Tetrafluoro-

borate

An excess of AgBF4 (0.43g, 2.2mmol) was added to a solution of

dichlorobis[(lR)-en<io-(+)-3-diphenylphosphinocamphor] palladium(II) (0.85g,

lmmol) in dichloromethane (20 cm3). After stirring for three hours, the solution was

filtered and concentrated. On standing for 2 days at room temperature, bright yellow

needles of air-sensitive bis[(lR)-endo]-(+)-3-diphenylphosphinocamphor] palladium

(II) Tetrafluoroborate were deposited and were filtered and dried in vacuo.

Bis[(lR)-ercd<?]-(+)-3-diphenylphosphinocamphor]palladium(II) Tetrafluoroborate was

also obtained by crystallisation from a CF^C^-light petroleum solution. (One

equivalent of CH2CI2 was found to be present by nmr, and could not be removed

from the product.) Mp. >235°C(dec.) Yield 0.6g, 63%.

Analysis

Microanalysis: Found C 53.3, H 5.0%. C45H52B2Cl2Fg02P2Pd requires C 52.1, H

5.0%.

Infra-red: v(C=0) 1651 cnr1

31P nmr (CD2C12): cis 45.8 ppm

trans 56.6 ppm
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3.4.7 Dichloro(3-diphenvlphosphino-2-diphenv1phosphinoxo-1.7.7-trimethvlbicvclo

(2.2.11 hept-2-enel nalladiumQIl

A solution of dich1omhis[(lR)-em£?-(+)-3-diphenylphosphinocamphor] palladium(TI)

(0.86g, lmmol) in xylene (40 cm3) was refluxed for 4 hours. Slow

cooling resulted in the formation of white air-stable microcrystals of pure

dichloro(3-diphenylphosphino-2-diphenylphosphinoxo-l,7,7-trimethylbicyclo(2.2.1)h

cpt 2 cnc) palladium(II). The crystals were filtered off, washed with light petroleum,

and dried in vacuo . Mp.>215°C(dec.) Yield 0.3g, 43%.

Analysis

Microanalysis: Found C 58.5, H 4.5%. C34H34Cl20P2Pd requires C 58.5, H 4.9%.

Infra-red: v(C=C) 1592 cm"1

v(Pd-Cl) 310,290 cm"1

31P nmr: 3.3, 121.9 ppm J(PP) = 7.3Hz

3.4.8 Dichloro(3-diphcnvlphosphino-2-diphenvlphosphinoxo-1.7,7-trimethvlbicvclo

(2.2.11 hept-2-enel platinumQIl

A solution of dichlorobis[(lR)-enJ<9-(+)-3-diphenylphosphinocamphor] platinum(II)

(1.44g, 1.53mmol) in xylene (ca. 40 cm3) was refluxed for 5 hours. Slow

cooling resulted in the formation of white air-stable crystals of pure

dichloro(3-diphenylphosphino-2-diphenylphosphinoxo-l,7,7-trimethylbicyclo(2.2.1)
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hept-2-ene) platinum(II). The crystals were filtered, washed with light petroleum, and

dried in vacuo . Mp.288°C Yield 0.68g, 57%.

Analysis

Microanalysis: Found C 52.1, H 4.3%. C34H34Cl20P2Pt requires C 51.9, H 4.4%.

Infra-red: v(C=C) 1596 cm"1

v(Pt-Cl) 310,290 cm"1

3lPnmr: -21.5 ppm !j(PtP) = 3280 Hz

92.9 ppm 1J(PtP) = 4081 Hz

J(PP) = 7.3 Hz
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Calculation of the magnetic moment of INilof (+V3-DPPO2I using the Evans' method

The Evans' method is a simple technique for obtaining accurate values for the mass

susceptibility of a paramagnetic material, using nuclear magnetic resonance. The shift

in resonance frequency caused by a paramagnetic material in solution is directly

proportional to the difference in volume susceptibility between the solution containing

the paramagnetic material and that of the solvent alone. The mass susceptibility X of

the dissolved substance is then given by Equation 3.1, in which Av is the shift in

resonance frequency v, m is the mass of complex per cm3 of solution, XQ is the mass

susceptibility of the solvent and d0 and ds are the densities of the solvent and solution.

The last term is small for highly paramagnetic substances, and is ignored. The magnetic

moments are corrected for diamagnetic contribution.

3Av X0(d0-ds)
X = + ^ 4- *

4nv m m

Equation 3.1

The mass susceptibility is then related to the magnetic moment by Equation 3.2

where/icj-fis the effective magnetic moment in Bohr magnetons and Xm is the molar

susceptibility

jle(f= 2.S28 (XJ )"2

Equation 3.2
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Table 3.1. Proton nmr data for palladium and platinum complexes3

[PdCl2(DPPC)2] [PdBr2(DPPC)21 [Pd2Cl4(DPPC)2] [PtCl2(DPPC)27b

H(3) 3.0(t) 3.05(s,br) 3.05(s,br) 3.05(t)

H(4) 4.35(d,br) 4.63(d) 4.38(d) 4.30(br)
H(5x) 1.92(m) 1.85(m) 1.95c 2.04(111)

H(5n) 0.60(m) d 0.65(m) d

H(6x) 1.55(dt) 1.48(dt) 1.53(dt) 1.65(dt)

H(6n) 2.1(m) d 1.95c 2.30(m)

CH3(8) 0.93(s) 0.77(s) 0.90(s) 0.93(s)

CH3(9) 1.00(s) 1.25(s) 0.99(s) 1.06(s)

CH3(10) O 00 W v—s 0.94(s) 0.80(s) 0.84(s)

Phenyl 7.2-8.0 7.2-8.0 7.2-7.9 7.3-8.2

cis-[Pd(DPPC)2]2BF4 b trans-[Pd(DPPC)2]2BF4 [PdCl2(DPPT)] [PtCl2(DPPT)]

H(3) d 2.35(t)

H(4) 5.0-5.6e 5.0-5.6e 2.35(s,br) 2.30(s,br)

H(5x) 1.6(m,br)f 2.1(m,br)f 1.4-1.7C 1.20f

H(5n) d 0.75(m) 0.3(dt) 0.2(dt)

H(6x) 1.9(m)f 1.9(m)f 1.4-1.7C 1.4-1.7c'f

H(6n) d 2.42(m) 1.4-1.7C 1.4-1.7c»f

CH3(8) 0.93(s) 0.78(s) 0.60(s) 0.55(s)

CH3(9) 1.32(s) 1.05(s) 0.99(s) 0.96(s)

CH3(10) 1.14(s) -0.20(s) 0.68(s) 0.67(s)

Phenyl 7.1-8.2 7.1-8.2 7.2-7.9 7.0-7.8

aRecorded in CDCI3 at 298K unless otherwise stated; x=exo, n=endo. For assignments see page 49.

^Recorded in CD2CI2 cOverlapping multiplets. ^Signal not observed.eSignal obscured by solvent peak,

fAssignments are arbitrary.
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(\R)-ENDO -(+)-3-DIPHENYLPHOSPHINOCAMPHOR COMPLEXES

RHODRJM(III) AND IRIDIUM(III)
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4.1 Introduction

In Chapter 1 the coordination chemistry of P, O chelate ligands to rhodium and

iridium was reviewed and it can be seen that ether-phosphine ligands have received

much of the attention, as a direct result of their extensive application in homogeneous

catalytic reactions. The coordination chemistry of certain achiral (3-ketophosphines

ligands to rhodium and iridium has been studied by Shaw50, and Braunstein has

reported the coordination of the ethyl diphenylphosphinoacetate ligand to these

metals51.

In the previous chapter the behaviour of the (lR)-e/ido-(+)-3-diphenylphosphino

camphor ligand with nickel(II) palladium(II) and platinum(II) was described and

attention was then turned to investigating the interaction of this new chiral ligand with

rhodium(III) and iridium(III). It was anticipated that the ligand would show both

monodentate binding through the phosphorus atom, and bidentate binding to the metal

centres through phosphorus and the keto-oxygen atom.

4.2 Results and Discussion

4.2.1 trans. mer-fRltf f+V3-(DPPQ)2Cl3l*

When a solution of (+)-3-DPPC in warm ethanol was added to an ethanolic solution

of hydrated rhodium trichloride and stirred for 10 mins, the yellow complex trans, mer-

[Rh{(+)-3-(DPPC)}2Cl3] was formed, and isolated in moderate yield. The new

complex is air stable and soluble in dichloromethane, chloroform and benzene.

*

trans, mer refers to the relative orientations of the P atoms and the CI ligands respectively.
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The infra-red spectrum of trans, mer- [Rh{(+)-3-(DPPC)}2Cl3] recorded as a nujol

mull, shows two intense bands in the carbonyl stretching frequency region of the

spectrum at 1736 and 1667 cm"1. These have been assigned to the carbonyl groups of
the ligands acting in both the monodentate and bidentate binding modes and occuring in

the same complex. The stretching frequency for the carbonyl group of the

uncoordinated ketophosphine ligand is comparable to that found in the palladium and

platinum complexes, [Pd{(+)-3-(DPPC)}2Cl2] and [Pt{(+)-3-(DPPC)}2Cl2] (1734

cm-1). The frequency of the coordinated keto group is comparable to that found for the

dicationic palladium complex which contains both ligands in the bidentate binding mode

(1651 cm-1).

The far infra-red spectrum shows three bands at 362, 343 and 303 cm-1 and these

values are typical for an octahedral six-coordinate rhodium(III) complex having

meridional geometry121 (2Aj + B).

3lp nmr

The 31P nmr spectrum for the complex trans, mer- [Rh{(+)-3-(DPPC)}2Cl3] is

shown in Figure 4.1. The two phosphorus atoms are non-equivalent and are

spin-coupled to each other with each phosphorus resonance being further split due to

coupling with 103Rh (1=1/2). The spectrum shows the AB portion of an ABX splitting

pattern where the ratio Sp^p^/JpAPs is small. The low field resonance at 24.29 ppm

has been assigned to the bidentate chelate ligand and this is consistent with the

accepted view that phosphorus chemical shift value is shifted to high field on formation

of a five-membered chelate ring.117 Minor resonances between 30 and 33 ppm are due

to an impurity of cis, mer- [Rh{(+)-3-(DPPC)}2Cl3].
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A coupling constant of 611 Hz between the two phosphorus nuclei, although high, is

consistent with the assignment of the trans geometry to the phosphine

ligands122 and the one bond phosphorus-rhodium coupling constants of 90.30 Hz (!j

(RhP^)) and 86.81 (^(RhPg)) are typical values for six-coordinate rhodium(III)

complexes containing mutually trans tertiary phosphine ligands122

The structure of trans, mer- [Rh{(+)-3-(DPPC)}2Cl3j is shown in Figure 4.2.

Figure 4.2

1H nmr

The proton nmr spectrum of trans, mer- [Rh{(+)-3-(DPPC))2Cl3] is complex with

many signals overlapping, and assignments were made with the aid of direct

comparison with the spectra obtained for the palladium and platinum complexes

(Chapter 3). The chemical shift values are listed in Table 4.2.
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The six methyl proton resonances occur as singlets between 0.60 and 0.83 ppm and are

easily identified although the assignments made are arbitrary. The most shielded of the

methylenic protons, H-5 endo , for both unidentate and bidentate ligands resonate as

overlapping multiplets at 1.13 ppm. Both the H-5 exo and H-6 exo and endo protons

occur as overlapping multiplets between 1.5 and 1.8 ppm. H-3 resonates as a broad

singlet at 3.75 ppm for the unidentate ligand and as a doublet to lower field at 2.80 ppm

for the bidentate ligand (2J(PH) = 8.0 Hz). Protons H-4 for the unidentate and

bidentate ligand resonate at 4.45 and 4.47 respectively and the aromatic protons

resonate as multiplets between 7.6 and 8.0 ppm. The protons for both the unidentate

and bidentate ligands were distinguished by a direct comparison with the *H nmr

spectra of [PdCDPPC^ClJ and [Pd(DPPC)2] 2BF4 respectively.

Shaw has reported50 the ligand behaviour of the P-ketophosphine ligand

PBut2(CH2COPh) with rhodium trichloride in ethanol and demonstrated the formation

of a complex containing both a bidentate P-ketophosphine ligand coordinated through

both phosphorus and the keto-oxygen group, and a coordinated bidentate

phosphinoenolate ligand (Figure 1.18). There is no evidence for the formation of this

type of complex following the interaction of the ligand (+)-3-DPPC with rhodium

trichloride. Braunstein has reported51 the reaction of the phosphinoester, ethyl

diphenylphosphinoacetate, with rhodium trichloride and observed the formation of a

rhodium(M) complex containing the ligand in both monodentate and bidentate binding

modes (Figure 1.19).

4.2.2 cis. mer- rRhf(+)-3-(DPPCM2Cl3l

The ligand (+)-3-DPPC also reacts slowly with rhodium trichloride in tetrahydrofuran

to give the cis isomer, cis, mer- [Rh{(+)-3-(DPPC))2Cl3]. The reaction is complete
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after 24 hours at room temperature and the new complex slowly precipitates out of

solution as an air-stable orange-red solid. Suitable crystals for X-ray crystallographic

analysis were grown by the slow diffusion of pentane into a solution of cis, mer-

[Rh{(+)-3-(DPPC)}2Cl3] in chloroform.

The infra-red spectrum of cis, mer- [Rh{(+)-3-(DPPC)}2Cl3] shows two intense

bands at 1736 and 1667 cm-1 due to the coordinated and uncoordinated keto-oxygen

groups and the far infra-red spectrum contains three bands at 385, 346 and 303 cm*1

due to v(Rh-Cl). As in the situation with trans, mer- [Rh {(+)-3-(DPPC)} 2CI3], the

three bands indicate a meridional geometry for the chloride ligands (2Aj + B).

31P nmr

The 31P nmr spectrum of cis, mcr-[Rh{(+)-3-(DPPC))2Cl3] recorded at 298K

indicates that the complex exhibits interesting dynamic behaviour in solution. Figure

4.4 shows the spectrum of cis, mer-[Rh{(+)-3-(DPPC))2Cl3] recorded at 328K in

CDCI3 and resembles a typical AMX type spectrum where X is 103Rh although one set

of doublets is more intense and sharper than the other. The chelating bidentate

phosphine P^ resonates to low field at 33.16 and is spin-coupled to phosphorus Pg

with 2J(PaPb) = 23.98 Hz. This coupling constant value is characteristic of a cis

arrangement of phosphine ligands. P^ is further coupled to rhodium with ^(RhP) =

123.33 Hz. Pg resonates to high field and is coupled to P^ and further coupled to

rhodium, !j(RhP) = 114.40 Hz. The rhodium-phosphorus coupling constants are also

typical of the cis arrangement of phosphine ligands. It can be noted from the 31P nmr
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spectrum that there is also a small amount of the trans isomer present in solution. The

complex is therefore assigned the cis,mer geometry and the structure is shown in

Figure 4.3.

Figure 4.3

As the nmr sample was cooled to 303K(Figure 4.5) the resonance due to Pb began to

broaden and coalesce. Further cooling to 288K(Figure 4.6), resulted in the sharpening

of the peaks and finally at 243K the spectrum was again fully resolved(Figure 4.7).

Clearly the dynamic behaviour of the complex cis, mer- [Rh{(+)-3-(DPPC)}2Cl3] is

centred around the phosphinc PB nucleus and it is assumed that the coordinated chelate

ling structure of the phosphinc PA remains intact, as no peak broadening is observed

and therefore does not take part in the fluxional process. The dynamic behaviour of the

unidentate ligand is not easily explained but it is tentatively suggested that the

phenomenon may be due to the existence at two different temperatures of two distinct
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rotameric forms, 1 and 2. (Figure 4.8) At 288K, one of the rotameric forms is

preferred and gives rise to the expected splitting pattern; at 328K, the other rotamer is

preferred and gives a nearly identical spectrum.

Figure 4.8

1 2

The chemical shift of PA changes by 0.46 ppm over the temperature range and the

rhodium-PA coupling constant does not change significandy (ca. 0.5 Hz). Similarly the

chemical shift of PB changes by 1.06 ppm over the temperature range and 1 J(RhP)

changes by only 0.47 Hz. This observation leads to the suggestion that the dynamic

behavior of the uncoordinated ligand does not involve the breaking of the

rhodium-phosphorus bond. The existence of rotamers in rhodium complexes

containing both monodentate and bidentate bound phosphine ligands has been

suggested previously by Shaw to account for unusual fluxional processes observed by

31P nmr in solution.123

The behavior of the small amount of trans isomer in the sample with varying

temperature is also particularly unusual; the intensity and line width of individual peaks

changes as the sample is cooled from 328 to 243 K and this phenomenon is not easily

explained. It is tentatively suggested that two different rotamer populations also exist

for the trans isomer and that these differ only very slightly in chemical shift resulting in

peak overlap and consequent variation in peak intensity and line width.
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Figure 4.6



243

108

1 . 1 , r r t r t—-> ! 1 i i !' '• • 1

4U 3S 30 25 20 - 15



109

1H nmr

From Table 4.2, it can be seen that the proton nmr spectrum of cis, mer-

[Rh{(+)-3-(DPPC))2Cl3] shows some similarities to that of the isomer trans, mer-

[Rh{(+)-3-(DPPC))2Cl3]. The six methyl group protons resonate as well separated

singlets between 0.65 and 1.13 ppm and two broad multiplets are found to high field at

0.10 and -0.80 ppm. These resonances are assigned to protons H-5 endo for both

coordinated and coordinated ligand by comparison with the spectra of

[Pd{(+)-3-DPPC}2Cl2] and [Pd{(+)-3-DPPC}2](BF4)2. Protons H-6 endo also

resonate as multiplets at 1.10 and 1.35 ppm and one proton, H-6 exo , resonates at

1.60 ppm, the same proton for the second ligand is not observed. Overlapping

multiplets at 1.95 have been assigned to H-5 exo. H-3 and H-4 for both ligands have

again been assigned with the aid of comparisons with the spectra for the palladium

complexes; H-3 protons resonate as broad singlets at 2.10 and 3.65 ppm and H-4 as

doublets at 5.25 and 5.80 ppm.
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4.2.3 X-rav Crvstallographic analysis of cis. mer- rRhff-t-l^-lDPPQ^Cty^CHC^

Figure 4.9 shows the solid state structure of cis, mer- [Rh{(+)-3-(DPPC)}2Cl3] as

determined by X-ray crystallography with the chloform molecules omitted. The bond

lengths and angles are listed in Tables A3 and A4 in the appendix.

The structure of cis, mer- [Rh{(+)-3-(DPPC)}2Cl3] is typical of a neutral trichloro-

rhodium(III) complex which has six-coordinate octahedral geometry124. The terminal
chloride ligands Cl(l), Cl(2) and Cl(3) have meridional geometry and the ligand

phosphorus atoms P(l) and P(2) are cis to one another. The coordinated ligand oxygen

atom 0(2) is trans to the uncoordinated ligand phosphorus atom P(2).

The bond lengths for the chloride ligands Cl(l)-Rh and Cl(3)-Rh which are trans to

each other are 2.349 and 2.327 A respectively giving a mean value for the bonding

distance of 2.338 A. This value can be compared to distance of 2.34 A for the trans

Rh-Cl bonds in trichlorobis-[(o-methoxyphenyl)dimethylarsine]rhodium(HI)125 and a

distance of 2.34 A in tra«5-[Rh(py)4Cl2]N03, HNO3.126 The value is also in the range

found for Cl-Rh-Cl arrangements in rhodium(III) phosphine complexes e.g.

[RhCl3(PEt2Ph)3] in which Cl-Rh = 2.362 A124. The Rh-Cl(2) distance is 2.390 A and

the bond lenghthening caused by the higher trans influence of the phosphine ligand is

0.052 A. The rhodium-phosphorus bond length for the uncoordinated p-ketophosphine

ligand. P(l)-Rh is 2.339 A and for the coordinated ligand, P(2)-Rh is considerably

shorter at 2.268 A. This shortening of the P(2)-Rh bond is probably related to the low

trans influence of the keto-oxygen atom 0(2) which is a relatively poor G-donor.

The Rh-0(2) bond length is 2.255 A and compares with the value of 2.25 A for the

Rh-O bond length in trichlorobis-[(o-methoxyphenyl)dimethylarsine]rhodium(III).125



Figure 4.9
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The Rh-0 bond is much longer than the sum of the covalent radii (1.99 A)127 and

suggests that the keto-oxygen atom is rather weakly bound to the rhodium(III) centre.

The bonding distances within the diphenylphosphinocamphor ligand are normal and

compare with those found (+)-camphor.128 The C=0 bond distance for the coordinated

ligand, C(28)-0(l), is 0.01A longer than the bond distance for the uncoordinated

ligand, C(6)-0(2) and this is to be expected.

The ideal angle for the octahedral coordination of the P, O chelate ligand is 90* and a

value of 81.8° for 0(2)-Rh-P(l) shows a distortion from the ideal. The bite angle is

slightly larger than that found for the P-ketophosphine in the complex

rra/w-RuCl2[Ph2PCH2C(0)C2H5]3.129 Small distortions from the ideal geometry are

also found for Cl(3)-Rh-Cl(l) (171.6°) and P(l)-Rh-Cl(2) (168.5°) and these are

probably due to the minimisation of non-bonding interactions with the phenyl groups.

The bond angles within the camphor structure are normal.128

In conclusion:

1. The complex cis, mer- [Rh{(+)-3-(DPPC))2Cl3] has a six-coordinate distorted

octahedral mode of coordination.

2. There are two mutually trans chloride ligands, and a third chloride ligand which is

trans to phosphorus and has a longer bond distance due to the weaker trans influence

of the phosphine ligand.

3. The complex contains one unidentate and one asymmetric bidentate (+)-3-DPPC

ligand which has a bite angle of 81.8°.
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4.2.4. cis. mgr-rir((+V3-DPPCIoChl

When an excess of the ligand (+)-3-DPPC in ethanol solution, was added to a

suspension of iridium trichloride in ethanol and refluxed for 5 hours, a yellow solution

was obtained. From this a yellow precipitate of cis, mer-\\x{(+)-3-DPPC}2CI3] formed

on cooling (Figure 4.10) . The new complex was formed in moderate yield and is

air-stable.

Figure 4.10

The reaction was also repeated several times using an exact ratio of 2 moles of ligand

to 1 of iridium trichloride, and cis, mer-[Ir{(+)-3-DPPC}2Cl3] was isolated in a lower

yield, along with a small crop of pink crystals which could not be identified.

p-carbonylphosphine complexes of iridium have been previously reported; the

complex /ac-[Ir(Ph2PCH2COOEt)2Cl3], in which the ligand is found in both
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monodentate and bidcntatc binding modes, was prepared by the direct interaction of the

phosphinoester with iridium trichloride.51 The hydrido-carbonyl complex shown in

Figure 4.11 containing one unidentate ketophosphine ligand and a bidentate

phosphino-enolate ligand was prepared by Shaw et al by the reaction of the

p-ketophosphine PBu^CCf^COBu1) with a carbonylated ethanolic solution of

Na2[IrCl6].50

H

OC.%
Bu'2
P.

V > \
Ir CH

II
^CR

PhCOCHoPBu1
CI

Figure 4.11

When a solution of the complex cis, mer-[Ir{(+)-3-DPPC}2Cl3] in CH2C12 is

treated with an excess of silver tetrafluoroborate, chloride abstraction takes place and

the cationic complex c/,s,rran.y-[Ir{(+)-3-DPPC}2Cl2] BF4 can be isolated as bright

yellow, air-sensitive needles (Figure 4.12). The same reaction when performed using

either cis, mer- [Rh {(+)-3-DPPC}2Cl3] or trans, raer-[Rh{(+)-3-DPPC}2Cl3] does not

occur cleanly, and a mixture products was obtained from which a pure compound could

not be isolated. The reason for this difference in reactivity of the two metals is

unknown.

cfs,rraHS-[Ir{(+)-3-DPPC}2Cl2]BF4 contains two diphenylphosphinocamphor

ligands which are both bound to the iridium centre in a bidentate, chelate fashion. The

phosphorus ligands are cis to one another, as are the oxygen ligands.
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Figure 4.12

+

(BF4)

Infra-red

The infra-red spectrum of cis, mer-[Ir{(+)-3-DPPC}2Cl3] is similar to the rhodium

analogue and shows two intense bands at 1733 and 1645 cm"1 for the uncoordinated

and coordinated diphenylphosphinocamphor ligands.

Three bands are located in the far infra-red region of the spectrum at 370, 300 and

260 cm-1. These are due to the iridium-chloride stretching frequencies, and the presence

of these three bands confirms that the geometry of the complex is meridional.

The infra-red spectrum of cis, trans-[\x{ (+)-3-DPPC}2CI2] BF4 shows two intense

bands in the carbonyl region of the spectrum at 1645 and 1630 cm-1. The presence of

two bands corresponding to both coordinated (i-ketophosphine ligands suggests that

the keto-oxygen atoms are mutually cis. For trans oxygen atoms, although both
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stretches vsym and vasym are formally infra-red active, vsym (Figure 4.13) is expected
to cause only a small change in dipole moment and thus the absorption is expected to be

very weak.

cis, fr<ms-[Ir{(+)-3-DPPC}2Cl2] BF4 only has one intense band in the far infra-red

region of the spectrum at 330 cm-1 and this observation confirms that the chloride

ligands are mutually trans.

The ^P spectrum of cis, w£/"-[Ir{(+)-3-DPPC}2Cl3] contains two doublets, typical

of an AX splitting pattern, and unlike cis, /7jer-[Rh{(+)-3-DPPC)2Cl3] is not fluxional

in solution at room temperature . The bidentate coordinated ligand P^ resonates at

-17.20 ppm and Pg resonates to high field at -29.39 ppm. The two inequivalent

phosphorus nuclei are spin coupled, 2J(PaPb) = 14.95Hz and this relatively low

coupling constant confirms that the phosphorus atoms are cis.

Figure 4.13

31P nmr
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The spectrum of cw-[Ir{(+)-3-DPPC}2Cl2]BF4 is much simpler and contains only

one resonance, a singlet at -17.84 ppm indicating that P^ and Pg are now equivalent

and consequently have the same chemical shift. It also follows that the two phosphorus

ligands have the same substituent in the trans position.

1H nmr

The proton nmr spectrum of cis, mer-[Ir{(+)-3-DPPC}2Cl3] is unremarkable and is

essentially the same as that recorded for cis, mer-[Rh{(+)-3-DPPC}2Cl3] with slight

differences in the chemical shift The chemical shift values are listed in Table 4.2

The assignment of the proton resonances for cis, rra/w-[Ir{(+)-3-DPPC}2Cl2] BF4

was made by comparison with the spectrum of the cationic palladium complex

[Pd{(+)-3-DPPC)2]2BF4. H-4 is the most deshielded of the camphor skeleton proton

nuclei and resonates as a multiplet at 5.00 ppm. H-3 resonates as a broad singlet at 2.83

ppm. The H-6 and H-5 exo and endo protons all resonate as multiplets and have similar

chemical shift values to those found for the complex [Pd{(+)-3-DPPC)2]2BF4. The

methyl protons 013(8), CIl3(9) and CltylO) all resonate as singlets at 1.00, 1.08 and

0.95 ppm respectively.
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4.3 Experimental

4A1

mer.trans- TrichlorobislYlRyeftdft-f+l^-diphenvlphosphinocamDhorlrhodiumllll)

A solution of (lR)-endo-(+)-3-diphenylphosphinocamphor (0.42g, 1.25 mmol) in

warm ethanol (10 cm3 ) was added to a solution of [RI1CI3.3H2O] (0.165g. 0.625

mmol) in warm ethanol (ca.10 cm3). After stirring for 10 minutes a yellow precipitate

of rra/zs-[Rh{(+)-3-DPPC}2Cl3] appeared which was filtered off and washed

thoroughly with diethyl ether. Dried in vacuo . Mp. 144°C. Yield 0.33g, 59.66%.

Analysis

Microanalysis: Found C 59.9, H 5.7%. C44H5oCl302P2Rh requires C 59.9, H

5.4%.

Infra-red: v(C=0)unco_orcj 1736 cm-1

v(C=0)co.ord 1667 cm"1

v(Rh-Cl) 362(w)

343(s)

303(w) cm-1

ner.cis- TrichlorohisrnR)-e/2^(+)-3-diphenvlphosphinocamphorlrhodiiimfln)

A solution of (lR)-en^o-(+)-3-diphenylphosphinocamphor (1.48g, 4.4 mmol) in thf
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(30 cm3 ) was added to a suspension of [RI1CI3.3H2O] (0.526g. 2.00 mmol) in thf (30

cm3). After stirring for 24 hours an orange solution was formed from which an orange

precipitate of mer,czs-[Rh{(+)-3-DPPC} 2CI3] accumulated after standing for 3

days.Thc latter was filtered off and washed thoroughly with diethyl ether. Dried in

vacuo and recrystallised from CHCtypentane to give mer,cis-[Rh [ (+)-3-DPPC} 2CI3]

. 2CHC13 Mp. 212°C. Yield 0.63g, 35.70%.

Analysis

Microanalysis: Found C 49.6, H 4.7%. C46H52Cl9C>2P2Rh requires C 49.3, H

4.7%.

Infra-red: v(C=0)uncoK)rd 1736 enr1

v(C=0)co_ord 1667 cm*1

v(Rh-Cl) 385(m)

346(s)

303(m) cm"1

4.3.3 mer.cis- Trichlorobisr(lRVg«^-(+V3-diphenvlphosphinocamphorliridium(irD

(lR)-emfo-(+)-3-diphenylphosphinocamphor (0.50g, 1.68 mmol) was added to a

suspension of iridium trichloride (0.20g. 0.67 mmol) in ethanol (ca.50 cm3). After

refluxing for 5 hours a yellow solution formed.Partial evaporation of the solvent led to
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the precipitation of pale yellow /ner,cii-[Ir{(+)-3-DPPC}2Cl3] which was filtered off

and washed with a small portion of cold diethyl ether. Dried in vacuo . Mp.

246°C(dec.). Yield 0.29g, 44.3%.

Analysis

Microanalysis: Found C 54.1, H 5.3%. C44H5oCl302P2h" requires C 54.4, H 5.2%.

Infra-red: v(C=0)unco_ord 1733 cm-1

v(C=0)co_ord 1645 cm-1

v(Ir-Cl) 370(m)

300(m)

260(m) cm*1

4.3.4

cis- DichlorobisrflRVg»d<?-('+)-3-diphenvlphosphinocamphorliridium(T[D

Tetrafluoroborate

An excess of AgBF4 (0.2mmol, 0.039g) was added to a solution of mer,cis-

trichlorobis[(lR)-e«do-(+)-3-diphenylphosphinocamphor]iridium(III) (0.178g, 0.183

mmol) in dichloromethane (20 cm3). After stirring for two hours, the solution was

filtered and concentrated. Addition of petroleum ether resulted in the formation of

bright yellow crystals of c/5-[Ir{(+)-3-DPPC}2Cl2] BF4. The latter were filtered off,

washed with petroleum ether and dried in vacuo. Mp. >280(dec.)°C Yield 0.126g,

68%.
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Analysis

Microanalysis: Found C 51.6, H 5.0%. C44H5oBCl2F402P2lr requires C 51.7, H

4.9%.

Infra-red: v(C=0) 1645

1630 cm-1

v(Ir-Cl) 330(m)
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Table 4.1 31P nmr data for rhodium and iridium complexes.8

complex S/ppm 2J(PP) Hz UfRhP) Hz

trans, mer-[Rh(DPPC)2Cl3] PA 24.29 611.18 90.30

PB 20.05 86.81

cis, mer-[Rh(DPPC)2Cl3]b PA 33.62 24.60 122.77

PB 28.58 114.87

cis, mer-[Rh(DPPC)2Cl3]c PA 33.16 23.98 123.33

PB 27.52 114.40

cis, mer-[Ir(DPPC)2Cl3]d PA -17.20 14.95

PB -29.39

cis-[Ir(DPPC)2Cl2] (BF)4 -17.84

aRecorded in CDCI3 at 298K unless otherwise stated. ^Recorded at 243K. cRecorded at 328K.

^Recorded in CD2C12.
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Table 4.2. Proton nmr data for rhodium and iridium complexes3

trans,mer-lRhCljLq] ^ trans,mer-[RhCl3L2] c cisjner-fRhCl^L^] cis/ner-[RhCl^L2] c

H(3) 2.8(d) 3.75(s,br) 2.10(d) 3.65(s,br)

H(4) 4.47 (dd) 4.45(dd) 5.80(d) 5.25(d)

H(5x) 2.14(m) 2.20(m) 1.95(m) 1.95(m)

H(5n) 1.13(m) 1.13(m) -0.80(m)d -0.10(m)d
H(6x) 1.5-1.8 1.5-1.8 1.60d 1.60d

H(6n) 1.5-1.8 1.5-1.8 1.35(m) 1.10(m)

CH3(8) 0.79(s) 0.67(s) 1.07(s) 0.87(s)

CH3(9) 0.83(s) 0.70(s) 1.13(s) 0.90(s)

CH3(10) 0.76(s) 0.60(s) 1.04(s) 0.65(s)

Phenyl 7.6-8.0 7.6-8.0 7.6-8.0 7.6-8.0

cis,mer-[IrCl^L2] ^ cis,mer-[IrCI3L2] c cis,trans-[IrClL,2] BF2e

H(3) 2.65(s,br) 3.40(s,br) 2.83(s,br)
H(4) 5.05(d) 4.57(d) 5.00(m)

H(5x) 1.80(m)d 1.80(m)d 1.55(m)

H(5n) f f 0.40(m)

H(6x) 1.95(m) 1.65(m)d 1.65(m)d
H(6n) 1.45(m)d 1.45(m)d 2.40(m)

CH3(8) 1.10(s) 0.80(s) 1.00(s)

CH3(9) 1.20(s) 0.85(s) 1.08(s)

CH3(10) 0.90(s) 0.30(s) 0.95(s)

Phenyl 7.2-8.3 7.2-8.0 7.2-8.0

aRecorded in CDCI3 at 298K unless otherwise stated; x=exo, n=endo. For assignments see page 49.
bAssignment for bidentate ligand. cAssignment for unidentate ligand. dAssignments are arbitrary.
eRecorded in CD2CI2 • 'Not observed.



CHAPTER 5

1. THE USE OF CHL0R0[(1R)-E7VD<9 -(+)-3-DIPHENYLPHOSPHINO-

CAMPHOR](r|3-BENZYL)NICKEL(n) AS A CATALYST PRECURSOR FOR THE

OLIGOMERISATION OF STYRENE

2. THE USE OF DICHLORO(3-DIPHENYLPHOSPHINO-2-DIPHENYL-

PHOSPHINOXO-1,7,7-TRIMETHYLBICYCLO(2.2.1 )HEPT-2-ENE) PALLADIUM

AS A CATALYST FOR THE GRIGNARD CROSS-COUPLING OF

BROMOBENZENE AND SEC-BUTYLMAGNESIUM CHLORIDE
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5.1 The use of rNifn3-CHoCAHsV(V)-3-DPPOCll as a catalyst precursor for the

oligomerisation of stvrene

5.1.1 Introduction

Oligomerisation reactions of unsaturated substrates represent a particularly useful

application of homogeneous transition metal catalysis and are utilised widely in

industry, examples include: the Shell Higher Olefin Process for the oligomerisation of

ethene which has been discussed in some detail in Chapter 1, and the Dimersol

process130 in which a nickel(II) complex is used in conjunction with a Lewis acid

promoter to convert propene into a mixture of di, tri and tetramers containing all

possible isomers. These products are mainly used as precursors to plasticiser alcohols.

Oligomerisation reactions also provide high added value chemicals or are used to

upgrade the by-products obtained from the cracking of hydrocarbons or hydrocarbon

forming processes.

t|3- allyl complexes of nickel have been used previously for carbon carbon bond

forming transformations131 and the cationic nature of the metal centre is thought to be

essential for increasing catalytic activity. Consequently, the addition of aluminium

halides or organoaluminium halides to r|3-allyl nickel halides promotes the catalytic

polymerisation of such monomers as butadiene and isoprene132. The polymerisation of

styrene has been observed for the complexes bis(t)3-allyl nickel trifluoroacetate)133 and

[Pd(MeCN)4] [BF4]2134.

Tkatchenko and coworkers have recently shown that the cationic allyl nickel

complex, [(r)3-methylallyl)(ri4-cycloocta-1,5-diene)nickel]hexafluorophosphate (Figure

5.1) is capable of dimcrizing alkenes such as ethene and propene without the addition
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of a Lewis acid and ihe addition of phosphines prevents an induction period and also

results in a different distribution of products135. This complex has also been used as an

efficient catalyst for the oligomerisation of styrene and the effect of adding different

phosphine ligands was studied in relation to molecular weight distribution and polymer

microstructure.

Figure 5.1

An isotactic content of 69% was observed for oligostyrene prepared by using

[(ri3-methylallyl)(ii4-cycloocta-1,5-diene)nickel]hexafluorophosphate in conjunction

with tributylphosphine.

il3-benzyl nickel complexes have also been screened for catalytic activity and

Tkatchenko has reported136 that the complex [Ni(r)3-CH2C5H5)(PCy3)2] catalysed the

oligomerisation of styrene with 90% isotactic content when one equvalent of TIPFg was

added to the reaction mixture i.e. the cationic species was generated in situ. Previously,

high stereoregular polymers have only been obtained with the use of Ziegler-Natta type

catalysts137. Neutral precursors to the cationic complexes were found to be catalytically

inactive suggesting that the electrophilic character of the metal centre is important for the

activation of the styrene double bond.

The complex [Ni0i3-CH2C6H5)((+)-DIOP)] PF6 (Figure 5.2) was also prepared by

Tkatchenko with a view to evaluating the chiral diphosphine potential as a stereo-

regulating agent in the styrene oligomer chain growth process 136 However, this

complex is catalytically inactive, probably as a result of the low lability of the
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phosphinc ligand which prevents insertion of a styrcnc molecule into the nickel benzyl

bond, which results in polymer growth.

With this in mind, the new chiral chelating phosphine, (+)-3-diphenyl-

phosphinocamphor ((+)-3-DPPC), provided an opportunity to assess the role that a

chiral phosphine would have on the polymer stereoregulation.

(+)-3-DPPC has been shown previously to behave as a bidentate chelating ligand

which can bind to the nickel metal centre. It is predicted that the ligand will act in a

'hinge-like' fashion, the labile keto-oxygen atom allowing the insertion of a styrene

molecule into the nickel benzyl bond.

+

Figure 5.2



127

5.1.2 Results and Discussion.

The complex [Ni(-r|3-CFl2C6H5)((+)-3-DPPC)Cl] was prepared by the addition of

one equivalent of (+)-3-DPPC and one equivalent of benzyl chloride to a suspension of

nickel bis(l,5-cyclooctadiene) in diethyl ether at -50°C. On wanning the solution to

-30°C, an intense violet colour due to the formation of the complex

[Ni(-n3-CH2C6H5)((+)-3-DPPC)Cl] had developed. (Figure 5.3) The product was

extracted into diethyl ether at -30 °C and partial evaporation of the solution yielded a

highly air-sensitive violet solid which was unstable at room temperature.

The infra-red spectrum of [Ni(ir|3-CFl2C(3H5)((+)-3-DPPC)Cl] shows the presence of

uncoordinated ligand at 1725 cm-1 and an intense absorption at 690 cm*1 has been

assigned to the coordinated benzyl group.138 The visible spectrum recorded in

dichloromethane contains a very intense band at 550 nm. An intense absorption in this

region of the spectrum is characteristic of complexes of the type

Ni(Cl)(Ti3-CH2CgH5)(L)138'139 where L= triphenylphospine, tricyclohexylphosphine).

Figure 5.3
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The low temperature 31P and nmr spectra of [Ni(ii3-CH2C6H5)((+)-3-DPPC)ClJ

show very broad peaks indicating that the new complex may be paramagnetic, although

the instability of the complex prevented further study.

The microanalytical data for the complex, although correct for % hydrogen, indicates

an error in the value for % carbon. The microanalysis was perfomed in a glove box

under strictly anaerobic conditions at room temperature, however, decomposition under

these conditions was observed.

The addition of AgBF4 to a solution of [Ni(q3-CH2C6H5)((+)-3-DPPC)Cl] in

dichloromethane at -30 °C resulted in the formation of an intense red colour. A solution

infra-red spectrum was recorded and showed the presence of a new absorption band at

1670 cm-1 indicating that bidentate chelation of the diphenylphosphinocamphor ligand

was occuring in solution. The solution was stable for several hours at room

temperature.

The oligomerisation reaction was carried out at 22°C in dichloromethane and the

catalyst was prepared in situ by addition of silver tetrafluoroborate to

[Ni(-r}3-CH2C6H5)((+)-3-DPPC)Cl]. A solution of the catalyst was then added to

styrene and stirred at a constant rate for 2.5 hours; the temperature was kept constant

within 0.5°C using a water bath. The reaction was quenched by flushing the solution

with air and after isolation (see Experimental section), both a heavy and a light oligomer

fractions were obtained. The light fraction is a colourless viscous liquid and the heavy

fraction is isolated as a white powder.

The total styrene conversion was 37% giving a turnover number of 2.5 min"1. This
value is comparable to the rates obtained when using the catalyst

[(r|3-methylallyl)(Ti4-cycloocta-l,5-diene)nickel]hexafluorophosphate (2.2 min"1)135,

and is higher than the rate obtained for the catalyst [Ni(T)3-CH2C<5H5)(PCy3)2]PFg

(0.25 min"1)136.
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The methanol insoluble fraction was analysed for both number average molecular

weight and isotactic content.

The number average molecular weight was determined by comparing the intensities of

the in-chain protons with the terminal group protons in the lH nmr spectrum

i.e.comparison of the terminal methyl and in-chain methylene protons (Figure 5.4). The

number average molecular weight of oligostyrene determined using this method is 900.

Figure 5.4

The neutral precursor complex, [Ni(Ty*-CH2C6H5)((+)-DPPC)Cl], was found to be

catalytically inactive and a catalytic run using silver tetrafluoroborate alone showed no

evidence for oligomerisation of styrene

5.1.2,1 Nmr spectroscopy of oligostvrene

13 C nmr

The 13C nmr spectrum of the styrene oligomer was obtained from a solution of

oligostyrene in deuterated tetrachloroethane at 95°C, using hexadimethyldisiloxane as

an internal reference (2.0 ppm from TMS) and is shown in Figure 5.5. The assignment
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Figure 5.5
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of 13C nmr resonances are based on those reported by Tkatchenko135 and Sato140 and

are show in Table 5.3 (Experimental section).

The main resonances of the aromatic ipso C-l carbons occur at 142.8 -146.5 ppm

and correspond to the individual pentads and tetrads of polystyrene135. From the

intensity of the 13C resonances, the tacticity of the polystyrene can be evaluated (see

Section 5.1.2.3). The methylenic carbons of the pentads and tetrads resonate at 39.7 -

47.3 ppm and are also used to evaluate polystyrene tacticity.

The resonance at 19.0 ppm is characteristic of a terminal methyl group of the type

-CH(CgH5)-CH3 and the terminal methine group resonates at 35.5 ppm. The peaks

corresponding to the disubstituted vinyl moiety occur at 127.5 and 132.0 ppm but there

is no evidence for the presence of a terminal group of the type

CH2=C(C6H5)CH(C6H5)CH2- reported for oligostyrene prepared using the catalyst

[(ri3-methylallyl)(Ti4-cycloocta-l,5-diene)nickel]hexafluorophosphate/PCy3135. This

suggests that the growing oligomer chain is not terminated by a primary mode of

insertion (see section 5.1.2.2). In fact the oligostyrene obtained is similar to those

obtained by Tkatchenko using the catalyst [NiO^-CP^CgF^XPPI^^] PF6136

1H_nmr

The !H nmr spectrum of the oligostyrene was also obtained at 95°C from a solution

of the oligomer in deuterated tetrachloroethane using hexamethyldisiloxane as an

internal standard (0.058 ppm from TMS) and the assignments made are shown in Table

5.4 (see Experimental section) All of the peaks in the spectrum are broad and mostly

unresolved; the assignments are based on those for oligostyrene reported

previously135.
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The terminal methyl groups resonate at 0.8-1.2 ppm and are the most shielded of

the protons; this is a typical value for oligo- and polystyrene. A very broad resonance

occurs at 1.4-2.3 ppm and is assigned to the in-chain methylenic protons. The in-chain

methine protons resonate at 2.4-3.6 ppm and to low field are found the peaks

corresponding to the terminal vinylic protons and phenyl protons, resonating at 5.9-6.3

and 6.4-7.3 ppm respectively.

5.1.2.2 Mechanism of cationic nickel benzyl complex catalysed oligomerisation of

stvrene

A mechanism for the oligomerisation of styrene giving oligostyrene of the type

obtained by us when using the catalyst [Ni(Ti3-CH2C6H5)((+)-3-DPPC)]BF4, has been

proposed by Tkatchenko135 and the catalytic cycle is shown in Figure 5.6

The active species is thought to be a nickel hydride generated by the reaction of

styrene with the cationic t|3-benzyl species although there is no direct evidence for its

formation. Another molecule of styrene then inserts into the nickel-hydride bond

giving a Ni-C2 addition species. The growing polymer chain is produced by further

secondary insertion steps and it is suggested that the ligand (+)-3-DPPC now exists in

the unidentate mode allowing this step to proceed. Non-labile bidentate diphosphine

ligands e.g. DIOP are somehow thought to prevent the secondary insertion steps,

resulting in the lack of catalytic activity136. At a certain point the oligomer is released

through a |1-elimination step regenerating the hydrido-nickel intermediate. A secondary

mode of addition in the termination step is common for cationic nickel benzyl catalysts

containing phosphincs with a moderate cone angle such as triphenylphosphine and

tributylphosphine135. The use of ligands of much larger cone angle such as

tricyclohexylphosphine result in a final primary insertion step giving an oligomer with

an end group of the type CH2=C(C6H5)CH(C6H5)CH2- The oligomer formed when



133

Figure 5.6

~P = (+)-3-camphordiphenylphosphine i

/'«'wwww = oligomer chain 1
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using the ligand (+)-3-DPPC does not have this type of end group which is consistent

with these findings.

5.1.2.3 Tacticitv determination of polystyrene bv 13C nmr

The polystyrene microstructure is particularly difficult to analyse but 13C nmr intensity

measurements have been shown by previous workers to provide a reasonably reliable

method for ascertaining the tacticity of the styrene oligomers141'136. It has been

demonstrated that the methylenic carbon atoms are sensitive to stereochemical

configuration and a few authors have attempted to make specific assignments of these

resonances. Figure 5.7 shows the expanded methylenic carbon region of the 13C nmr

spectrum of oligostyrene and the assignment of the individual 13C methylenic

resonances based on those reported previously by Tkatchenko135.
A vinyl polymer is defined as a copolymer consisting of meso and racemic dyads;

adjacent monomer pairs with the same relative methine configurations are called meso

(m) dyads and those with opposite configurations are called racemic (r) dyads.(Figure

5.8)

I>h I1 ] >h

H H H H H Ph

meso racemic

Figure 5.8

Thus the distribution of m and r configurations describes the polymer tacticity. The

initial assumption is made that the isotactic sequence distributions i.e mmm are
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Bernoulliaii and subsequently the relative area under the peak assigned to the tetrad

mmm can be used to calculate a value for Pm142 For the oligostyrene prepared from

[Ni(-n3-CH2C6H5)((+)-3-DPPC)]BF4 the relative area under the peak is 0.22 therefore:

Pm = (0.22 )F3 = 0.6

From this value the relative concentrations of the remaining configurational sequences

can be calculated using the following expressions142:
Tetrad Probability

mmm Pm3

mmr 2Pm2(l-Pm)

rmr Prad-Pn,)2

mrm Pm20-Pm)

rrm 2Pm0-Pm)2

rrr (1-Pm)3

The calculated values for these sequences are listed in Table 5.1 along with the

actual intensity measurements for the sequences, obtained by cutting and weighing of

the peak areas. For a measured value for Pm = 0.60 i.e an isotactic content of 60%,

there is a reasonable fit between expected and observed values although there is some

deviation from the Bernoullian model.

The 13C phenyl ipso carbon resonances have also been used for calculating polymer

tacticity and the individual assignments of pentad sequences have been made. Figure

5.9 shows the expanded 13C nmr spectrum of oligostyrene with the assignment of

pentad sequences based on those reported previously135. Again the calculated values

for these sequences are shown in Table 5.2 along with the observed values.
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The concentration of pentad sequence distributions are calculated from the following

expressions142:

Pentad Probability

mmmm Pm4

mmmr 2Pm3(l-pm)

rmmr Pm2(l-pm)2

mmrm 2Pm3(l-Pm)

mmrr 2Pm2(l-Pm)2

rmrm 2Pm2(l-Pm)2

rmrr 2Pm(l-Pm)3

mrrm Pm2(1"pm)2

rrrm 2Pm(l-Pm)3

nrr (l-pm)4

The value obtained for Pm calculated from the pentad sequence is (0.12 )1/4 = 0.60

which is identical to the value obtained from the methylenic tetrad sequence.

The isotactic content of 60% for oligostyrene is higher than that obtained for

polystyrene prepared using radical initiators such as benzoyl peroxide or anionic

initiators such as butyllithium (atactic, Pm = 0.50)143. However, the isotactic content is

considerably lower than that obtained when using the catalyst

[Ni(ri3-CH2C5H5)(PCy3)2]PF6 (Pm = 0.90). The high isotacticity obtained using this
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catalyst is thought to be due to two reasons136: the bulkiness of the tertiary phosphine

ligand is important and a phosphine with a particularly high cone angle gives an

oligomer with high isotactic content. Thus tricyclohexylphosphine with a large cone

angle results in oligostyrene with an isotactic content of 90% but tributylphosphine or

triphenylphosphine with smaller cone angles yield oligostyrene with 67%

isotacticity136. The ligand (+)-3-camphordiphenylphosphine is thought to fall into this

category. This correlation of tacticity with ligand size is thought to result from steric

crowding in the nickel coordination sphere within which the styrene insertion process

occurs. Tkatchenko et al have also cited ligand basicity as a factor which inflences

oligomer tacticity, although no reasons for this phenomenon are given.136
In conclusion it is felt that although the bidentate chelating ligand

(+)-3-camphordiphenylphosphine allows the styrene oligomerisation to proceed,

probably by acting as a unidentate ligand in the styrene insertion process, it plays only a

minor role in influencing the stereoregulation of the insertion process and behaves

much like the ligands triphenyl- and tributylphosphine.



140

Table 5.1 Observed and calculated intensities of insoluble oligostvrene 12C methylene resonance

Tetrad Sequence Observed Intensity in % Calculated Intensity in %

(weight) (Pm = 0.60)

mmm 22 22

mrm 15 14

mmr 20 28

rrm 14 19

rrr 6 6

rmr 23 10

Table 5.2 Observed and calculated intensities of insoluble olifrostvrene HC phenyl C-l resonance

Pentad Sequence Observed Intensity in % Calculated Intensity in %

(Pm = 0.60)

mmmm 12 13

mmmr 25 17

rmmr + mmrm + mmrr 31 35

rmrr + rmrm 23 19

..rr.. 10 16
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5.1.3 Experimental

5.1.3.1 rNi(n3-CHoCJd<l«+V3-DPPC)Cll

(+)-3-Diphenylphosphinocamphor (0.35g, 1.04 mmol) and benzyl chloride (0.12 cm3,
1.04 mmol) were added to a suspension of bis(l,5-cyclooctadiene)nickel (0.28g, 1.04

mmol in diethyl ether (ca. 30 cm3) at -50°C. The mixture was allowed to warm to

-30°C and stirred for 1 hour . An intense violet solution was obtained which was then

evaporated to dryness. The product was extracted into cold (-30°C) diethyl ether and

on partial evaporation, a violet solid was obtained. The latter was filtered off, dried in

vacuo, and stored at -25°C. Yield 0.2lg, 39%.

Analysis

Infra-red

v(C=0) 1725 cm-1

Microanalysis: Found C 62.8, H 6.18%. C29H32C10PNi requires C 66.8, H

6.18%.

5.1.3.2 Catalytic run

Styrene monomer(17.57g, 169 mmol) was dissolved in 10cm3 of CH2C12 in a Schlenk
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flask immersed in a water bath at 22°C. [Ni(Ti3-CH2C6H5)((+)-3-DPPC)] (0.088g,

0.169 mmol) was dissolved in CH2C12 (ca. 10cm3) and added via a catheter to the

solution of styrene once thermal equilibrium had been reached. AgBF4 (0.033g, 0.169

mmol) was then added and the solution immediately changed colour from deep purple

to red-orange.

After 2.5 hours, the reaction was terminated by flushing the solution with air to

decompose the catalyst.

Isolation of styrene oligomers:

The reaction mixture was then filtered through a bed of silica gel to remove the

decomposed catalyst and the resulting clear solution was evaporated to dryness,

removing the solvent and unreacted styrene monomer. The products were then

redissolved in the minimum volume of CH2C12 and methanol was added to precipitate

the heavier oligomer fraction. This was collected by filtration as a white powder,

thoroughly washed with methanol and then dried to constant weight in vacuo. Yield

3.88g, 22.1%. The lighter oligomer fraction was recovered from the methanol/ CH2C12

washings by evaporation to dryness giving a clear viscous liquid. Yield 2.65g,

15.05%. Total yield 37.15%.



Table 5.3 nmr data for methanol insoluble oligostvrenea

Chemical shift*3 8 Assignment0

142.8 - 146.5 phenyl C-l

127.5 CI

132.0 C2

39.7 - 47.3 C4

35.5 C5

39.5 C3

19.0 C6

^Recorded in cdci2cdci2 at 368K. hshifts are to high frequency of hexamethyldisiloxane.cFor

assignments see figure 5.10.

cfiH

C1!!.

CfiH
/ A

6"5

c3h

6n5 c2h
/ \C*h2-

c6h5
I
c5h
/

Figure 5.10
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Table 5.4 3H nmr data for methanol insoluble oligostyrene3

Chemical shift^ 6 Assignment0

0.8 - 1.2 h6

1.4-2.3 h4

2.4 - 3.6 h3 + h3

5.9 - 6.3 h1 + h2

6.4 - 7.3 phenyl

aRecorded in CDCI2CDCI2 at 368K. ^Shifts are to high frequency of hcxamethyldisiloxane.cFor

assignments see figure 5.11.

CfiH6rl5

CH1
/ 'CH2'

c6h5

CH3
/ \

ch24_

c6h5

ch5

ch-

Figure 5.11
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5.2 The catalytic application of criTPdlDPPTriCFI to Grignard cross-coupling.

5.2,1 Introduction

Asymmetric carbon-carbon bond forming reactions catalysed by organo-transition

metal complexes have received much attention in recent years and in particular those

that involve elimination reactions.144 The asymmetric Grignard cross-coupling reaction

in which a chiral secondary Grignard reagent RMgX reacts with an organic halide in the

presence of a chiral nickel or palladium catalyst, is a specific carbon-carbon bond

forming reaction which is currently being investigated as a potential route to products

which have a high enantiomeric excess.(Figure 5.12)

Asymmetric Grignard cross-coupling reactions have been studied extensively by the

groups of Kumada145 and Hayashi146 and catalysts based on chiral

ferrocenylphosphines (see Chapter 1) and chiral amino-phosphines have received the

most attention. For example, a nickel complex with the amino acid derived phosphine

Leuphos (Figure 5.13) catalysed the cross-coupling reaction of l-(4-iso

butylphenyl)ethylmagnesium chloride with vinyl bromide to give 3-(4-iso

butylphenyl)-l-butene with 94% e.e., the highest reported for this type of reaction.147

RMgX + R'-X
cat

R-R' + MgX2

Figure 5.12

H

\
PPh2Me^

Figure 5.13
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Chiral 3-aryl-l-butenes can then be converted to anti-inflammatory drugs. (Figure

5.14)

\ /
I

-CHMgBr Br/V

f-Leuphos-Ni

94% e.e

Ibuprofen

Figure 5.14

High yields and enantiomeric excesses are continually reported for such catalytic

reactions, but the asymmetric cross-coupling of secondary butylmagnesium halides
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with aryl halides has been less successful, although an enantiomeric excess of 99% was

recently reported for the coupling of s-butylmagnesium bromide with bromobenzene,

with albeit a very low yield (5%), using a ligand based on a diphenylphosphine

derivative ofD-glucose.148(Figure 5.15)

A problem associated with the cross-coupling of secondary butyl Grignard reagents

is one of isomerisation of products, and when using chiral tertiary phosphines as

ligands, very low ratios of secondary to primary products have been reported.149

Phosphinite ligands however, have been used with greater success e.g. the asymmetric

cross-coupling of s-butylmagnesium chloride with bromobenzene using a

diphenylphosphinite derivative of D-glucose and nickel chloride as a catalyst (Figure

5.16) gives an s-butylbenzene/n-butylbenzene ratio of 4.7/1.148

CH2PPh2

Figure 5.15

CH2OPPh2

Figure 5.16
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The new complex, c/5-[Pd(DPPT)2Cl2]i discussed in Chapter 3, contains a chiral

mixed phosphine-phosphinite ligand. This type of ligand, to our knowledge, has not

been investigated for use in asymmetric Grignard cross-coupling reactions.

cis- [Pd(DPPT)2Cl2] was investigated as a possible catalyst for the cross-coupling of

s-butylmagnesium chloride with bromobenzene.

5.2.2 Results and Discussion

5.2.2.1 Cross-coupling reaction

The catalytic Grignard cross-coupling of sec-butylmagnesium chloride and

bromobenzene was studied at two different temperatures using cis-[Pd(DPPT)2Cl2]

as the catalyst.

The Grignard reagent was prepared using the literature method150 by the slow

addition of a solution of the alkyl halide onto magnesium turnings. After the reaction

was complete, the resulting solution was filtered to remove any unreacted magnesium

and stored under nitrogen at 0°C. The coupling reaction (Equation 5.1) was performed

in a Schlenk flask by the addition of two equivalents of Grignard reagent to one of

bromobenzene.

C6H5Br + C2H5-CH-MgX
I
CH3

c6h5-ch-c2h5 + c6h5-(ch2)3ch3
I
ch3

Equation 5.1

The solvent used was a 50/50 mixture of diethylether and thf and the ratio of

bromobenzene to catalyst was 50/1. The reaction was perfomed both at 0°C and 50°C.
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The resulting products were isolated by GLC and identified by GC/MS and *H nmr.

Table 5.5 summarises the results for both catalytic runs.

Table $.5

T/°C Chemical Yield/%a Conversion/%b

j-butylbenzene n-butylbenzene benzene biphenyl

0 2.0C 15.8 31.6 30.8 88.7

50 17.6 32.9 7.1 42.3 100

aGLC yield and calculated on the basis of bromobenzene reacted. ^Calculated on the basis of

bromobenzene recovered. c[q]d = + 0.033° (c=1.8g/100 cm3, benzene).

As can be seen from Table 5.5 an increase in temperature results in both an increase

in % conversion and the ratio of s-butylbenzene to n-butylbenzene formed in the

reaction. The % conversion at 50°C shows an improvement on that previously reported

for palladium complexes with carbohydrate based phosphinite ligands (Conversions

range from 76-96%)151 and is more typical of palladium catalysts based on chelating

diphosphine ligands e.g. the cross-coupling of s-butylmagnesium chloride with

bromobenzene using the catalyst dichloro[l,l'-bis(diphenylphophino)ferrocene]

palladium(II) at room temperature results in 100% conversion.152 The chemical yields
of the two products are comparable to those obtained previously with catalysts based on

phosphinite ligands151 but are substantially less than those found for systems based on
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diphosphine ligands.152

Also isolated from the reaction mixture were substantial amounts of benzene and

biphenyl. Benzene is a commonly observed by-product in the coupling reaction152 and

is formed as a result of the reductive elimination of a hydride moiety, formed as a result

of a (3-elimination process, and the coordinated phenyl group; biphenyl is a by-product

which has not been previously reported for this type of reaction and its origin is

unclear, (see Section 5.2.2.2). The optical yield of the product s-butylbenzene, isolated

from the cross-coupling reaction performed at 0°C, was found to be 6.3% (S)

indicating a rather poor asymmetric induction but typical of coupling reactions

performed using palladium/phosphinite catalysts.

5.2,2.2 Catalytic cycle for Grignard cross-coupling reaction

The proposed catalytic cycle144 for the cross-coupling of s^c-butylmagnesium

chloride and bromobenzene is shown in Figure 5.17. The essential steps are:-

1. Activation of bromobenzene leading to the formation of a palladium G-bond.

2. Activation of the secondary Grignard reagent, leading to the formation of a

palladium-alkyl complex.

3. Reductive coupling of the two organic fragments bound to palladium.

The formation of asymmetric cross-coupling products in the presence of a chiral

palladium catalyst has been proposed to arise from a kinetic resolution of the Grignard

reagent, which should always exist in the racemic form, since its inversion rate should

be high in comparison with the rate of the coupling reaction; 144 i.e. one enantiomer of
the racemic Grignard reagent will participate in asymmetric cross-coupling

while the other inverts before reaction and the alkylation stage defines the overall
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stereoselectivity. It is assumed that the reductive elimination step occurs with retention

of configuration.

Figure 5.17

LnPdCli + 2RMgCl LnPdR2

R-R

[LnPd]
PhBr

R-Ph

R

LnPd
^Ph

Br

LnPd
^Ph

MgClBr RMgCl

The isomerised product n-butylbenzene and benzene result from a P-hydrogen

abstraction which is thought arise from the diorgano-palladium intermediate (Figure

5.18), and model studies have indicated that this proceeds through dissociation of one

phosphorus ligand.153
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V'

Ph

/
,ph

v*
/'

L,,fJ
a

a
\
X = ch2

/
I

\

Ph

CH2CH2Et

j-butylbenzene benzene n-butylbenzene

Figure 5.18

The low optical yield measured for the coupling reaction catalysed with

ci\s-[Pd(DPPT)Cl2] is consistent with the high degree of isomerisation which is

ocurring. Low yields of isomerisation product have been reported for palladium

catalysts containing ligands with particularly large bite angles152 and it is thought that

the reductive elimination process is accelerated in such species. It is predicted that the

ligand 3-DPPT would have a large bite angle consistent with the presence of the

six-membered chelate ring, but clearly the (3-elimination process is ocurring much faster

than reductive elimination. It is suggested therefore that one of the phosphorus ligands

may be dissociating from the palladium centre promoting p-elimination by formation of

an unsaturated species. A degree of (3-elimination is found during the coupling of alkyl

Grignard reagent when using triphenylphosphine-nickel or palladium catalysts.154
The origin of biphenyl is much less certain and it is tentatively suggested that it arises
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due to the formation of a palladium(IV) intermediate following the formation of the

diorgano-palladium species, by the further oxidative addition of bromobenzene. (Figure

5.19) Reductive coupling of the two phenyl moieties would lead to the formation of

biphenyl. Further alkylation followed by reductive elimination of 3,4-dimethylhcxane

results in regeneration of the coordinatively unsaturated palladium(O) species. Biphenyl

is not found when the reaction is performed in the absence of Grignard reagent. The

modified catalyic cycle is shown in Figure 5.20. It is also intersting to note that similar

quantities of the other coupling product, 3,4-dimethylhexane were detected, although

this may also arise from the homocoupling of the Grignard reagent

Stille has proposed155 a triorgano-palladium(IV) intermediate during the formation of

ethylbenzene from ci>bis(triphenylphosphine)dimethylpalladium(II) and benzyl

bromide.(Figure 5.21)

Ph

( "Pd
o,\\ CH(CH3)C2H5

Figure 5.19

CH2Ph

PPh3/v x^\CH3"

Pd'

Br

Figure 5.21
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Lj,PdCl2 + 2RMgCl LnPdR2

R-R

MgClBr

RMgCl

.R
l^Pd \

Br

L„Pd

Ph

,R

Ph-Ph UPd ^Ph

R-R [L,Pd]

R

MgClBr RMgCl

Br

R = .s-butyl

Figure 5.20
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5.2.3. Experimental

Catalytic Run fat 0°Q

In a 100 cm3 Schlenk flask, equipped with a stirrer bar, was placed

cw-[Pd(DPPT)2Cl2] (1.32 g, 1.8 mmol). Thf (160 cm3) was added followed by

bromobenzene (14.8 g, 94 mmol). The flask was cooled to 0°C in an ice bath and to

the solution was added a 1.3M ether solution of butylmagnesium chloride (140 cm3,

188 mmol) via a catheter. The reaction was stirred for 40 hours at 0°C and hydrolysed

with 10% hydrochloric acid at this temperature. The product was extracted with diethyl

ether and the organic layer washed with aqueous sodium hydrogen carbonate and dried

over magnesium sulphate. The solvent was removed on a rotary evaporator and the

crude product analysed by GLC using toluene as an internal standard. Distillation of the

products provided s-butylbenzene for the measurement of optical yield. Optical yield

was based on the specific rotation of (S)-2-phenylbutane [a]D = +29.26° (neat). Figure

5.22 shows the *H nmr spectrum of 2-phenylbutane.



Figure 5.22
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Appendix 1

The following chapter presents the results obtained from the determination* of the

single crystal molecular structure of cis.mcr [trichlorobis((lR) endo (i) 3 diphenyl

phosphinocamphor}rhodium(III)]-2CHCl3. Suitable crystals were obtained by the

slow diffusion of pentane into a solution of the complex in chloroform at ambient

temperature.

Crystallography

Crystal Data: C44H5oCl302P2Rh-2CHCl3, M=1120.85 triclinic a=10.724(4),

b=12.958(5), c=10.251(3) A, a=87.05(3), (3=116.40(3), y=94.97(3)°; V=1271.09

A3, space group PI, Dm=l .46 gem"1, Mo-K alpha radiation, X=0.71069 A, }l=9.047

cm*1, F(000)=572.

4711 unique reflections were recorded on a CAD4 diffractometer measuring to

0max=21°. Psi-scan absorption corrections were made and the structure was solved by

Patterson and Fourier methods. The positions and anisotropic vibrational parameters of

all non-hydrogen atoms were refined. The final R factor was 0.069 and Rg

(={ l/[a2(Fo)+0.013426Fo]}) 0.091 for 3529 reflections having Fo>66F(o)

* The data was collected and the structure solved by M.B.Hursthouse and M.Harman, Queen Mary

College, London.



Table A.l Fractional Atomic Coordinates (xlO4) 158

X y z

Rh (1) 0 0 0

Cl(l) -349 5) -760 3) -2178 4)
CI (2) 1833 4) -1136 3) 1208 4)
CI (3) 691 4) 747 3) 2256 4)
CI (4) 11725 7) 5605 5) 10851 9)
CI (5) 13694 9) 6211 6) 9701 9)
CI (6) 14333 8) 6741 7) 12596 8)
P(l) -1560 4) 1205 3) -1467 4)
P( 2) -1512 4) -1157 3) 394 4)
0(1) -2570 11) -3389 8) 1342 11

0(2) 1541 11) 1132 8) -359 11

C(l) -553 12) 1694 10) -2452 12

C( 2) -604 14) 2663 12) -3392 15

C( 3) -219 18) 3635 12) -2435 17

C (4) 1337 16) 3541 11) -1403 16
C (5) 1687 13) 2550 11) -1968 14
C (6) 990 12) 1699 10) -1410 13
C (7) 3290 16) 2459 15) -1452 19
C (8) 670 16) 2593 12) -3623 15
C (9) 1034 19) 3551 14) -4421 19

C(10) 790 18) 1578 13) -4392 16

C(ll) -4419 14) 664 12) -2646 15

C( 12 ) -5712 15) 257 14) -3710 18
C (13) -5789 17) -73 17) -5073 19
C (14) -4628 19) 1 16) -5264 15

C( 15 ) -3340 15) 402 12) -4225 14

C( 16 ) -3245 12) 744 10) -2904 12
C (17 ) -815 17) 2791 11) 557 15
C (18) -984 23) 3701 13) 1045 18
C (19 ) -2187 20) 4255 14) 271 19
C (20) -3231 19) 3805 12) -1016 23
C (21) -3067 14) 2887 10) -1536 18
C (22) -1868 14) 2347 11) -740 14

C (23) -676 12) -2017 9) 1987 11
C (24) 221 14) -1611 10) 3607 12
C (25) -667 14) -1102 10) 4098 14

C (26) -1671 15) -2003 12) 4231 14
C (27 ) -1091 15) -2959 10) 3897 14

C( 28) -1626 13) -2877 9) 2262 13

C( 29) -1548 18) -4031 12) 4347 16
C (30) 444 15) -2669 11) 4415 12
C (31) 1236 17) -3448 14) 3995 16

C( 32) 1277 19) -2464 15) 6111 14

C(33) -1573 16) -2925 11) -1084 12

C( 34) -2134 19) -3625 12) -2190 16

C( 35) -3434 20) -3493 13) -3345 17
C (36) -4146 19) -2619 15) -3421 15
C (37) -3603 15) -1936 13) -2269 15
C (38) -2307 12) -2077 9) -1061 12

C( 39) -4164 12) -1220 11) 250 14
C (40) -5281 14) -828 12) 354 17

C (41) -5129 15) 193 15) 848 17

C( 42) -3888 15) 797 12) 1182 15

C( 43) -2777 13) 413 10) 1044 12
C (44) -2943 13) -635 11) 567 13
C (45 ) 13000 17) 6583 11) 10873 16
C (46 ) 4812 29) 3693 26) 3066 28
CI (7 ) 3469 13) 2521 11) 2755 14
CI (8) 5828 18) 3586 14) 2572 18
CI (9) 5429 19) 3871 15) 4952 19



Table A.2 Anisoptropic Temperature Factors (A2 x 104).

u u u u u u
11 22 33 23 13 12

Rh(l) 15 19 17 0 8 3

Cl(l) 53 2) 34 2) 27 2) -10 1) 25 1) 2 2

CI (2) 28 2) 36 2) 45 2) 12 1) 19 1) 13 1
Cl (3) 39 2) 28 2) 25 1) -4 1) 11 1) -1 1

CI (4) 88 2) 72 3) 159 3) -40 2) 69 2) -7 2

Cl (5) 117 3) 106 3) 110 3) -20 3) 60 2) -27 3
Cl (6) 92 3) 121 3) 81 3) -8 3) 0 3) 3 3

P(l) 25 2) 25 2) 20 1) 2 1) 9 1) 8 1

P (2) 23 1) 25 2) 24 1) 4 1) 16 1) 3 1

O(l) 57 3) 32 3) 38 3) 0 3) 15 3) -8 3

0( 2) 30 3) 18 3) 34 3) -6 3) 6 3) 6 3

C(l) 27 3) 25 3) 25 3) 14 3) 6 3) 11 3
C (2) 32 3) 46 3) 53 3) -3 3) 26 3) 5 3
C (3) 83 3) 29 3) 69 3) 13 3) 48 3) 14 3
C (4) 64 3) 29 3) 63 3) 2 3) 45 3) 13 3
C (5) 30 3) 32 3) 37 3) 0 3) 21 3) -10 3

C (6) 22 3) 25 3) 29 3) 3 3) 12 3) 5 3
C (7) 38 3) 79 3) 98 3) 8 3) 46 3) 0 3

C( 8) 57 3) 44 3) 37 3) 29 3) 24 3) 12 3

C(9) 104 3) 40 3) 85 3) 0 3) 67 3) -8 3

C(10) 94 3) 50 3) 62 3) -17 3) 65 3) -23 3

C(H) 36 3) 42 3) 41 3) 6 3) 12 3) 9 3
C (12) 25 3) 61 3) 68 3) 15 3) -3 3) 8 3

C( 13 ) 31 3) 99 3) 53 3) -4 3) -15 3) -6 3
C (14) 65 3) 79 3) 20 3) -4 3) -9 3) -21 3
C (15) 41 3) 41 3) 34 3) -7 3) 4 3) -4 3

C( 16) 26 3) 29 3) 24 3) 4 3) 11 3) 4 3
C (17 ) 66 3) 23 3) 36 3) -10 3) 12 3) -2 3
C ( 18 ) 154 3) 34 3) 60 3) 4 3) 54 3) 15 3

C( 19) 101 3) 42 3) 80 3) -9 3) 47 3) 26 3

C( 20) 91 3) 13 3) 167 3) 13 3) 72 3) 25 3

C( 21) 36 3) 14 3) 93 3) -1 3) 26 3) 13 3
C (22) 35 3) 43 3) 37 3) 0 3) 20 3) 5 3

C( 23) 35 3) 19 3) 21 3) 1 3) 18 2) -3 3
C (24) 52 3) 35 3) 17 3) 15 3) 16 3) 10 3

C( 25) 46 3) 25 3) 42 3) -5 3) 23 3) -7 3

C( 26) 60 3) 41 3) 43 3) -4 3) 38 3) -3 3

C( 27) 66 3) 20 3) 36 3) 5 3) 32 3) 8 3

C( 28) 50 3) 12 3) 45 3) 4 3) 34 3) -2 3
C (29) 78 3) 32 3) 43 3) 6 3) 18 3) -8 3

C( 30) 57 3) 47 3) 12 3) 0 3) 6 3) 10 3
C (31) 73 3) 82 3) 51 3) 45 3) 38 3) 41 3

C( 32) 87 3) 89 3) 14 3) 18 3) 0 3) 13 3



Table A.2 (contcD
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C (33 84(3) 34(3) 16(3) -5(3) 23(3) 7(3)
C (34 101(3) 30(3) 53(3) -10(3) 38(3) 5(3)
C (35 100(3) 44(3) 56(3) -18(3) 22(3) -7(3)
C (36 71(3) 80(3) 23(3) -12(3) -12(3) -2(3)
C (37 40(3) 56(3) 42(3) 7(3) 11(3) 1(3)
C (38 31(3) 16(3) 23(3) 4(3) 14(3) -11(3)
C (39 20(3) 42(3) 47(3) 9(3) 15(3) 2(3)
C (40 32(3) 35(3) 76(3) 10(3) 30(3) 3(3)
C (41 40(3) 94(3) 71(3) 41(3) 39(3) 26(3)
C (42 61(3) 48(3) 42(3) 13(3) 28(3) 38(3)
C (43 41(3) 33(3) 20(3) 7(3) 9(3) 19(3)
C (44 31(3) 35(3) 33(3) 11(3) 17(3) -5(3)
C (45 64(3) 26(3) 47(3) -3(3) 0(3) 11(3)
C (46 93(3) 88(3) 86(3) -3(3) 28(3) 2(3)

The temperature factor exponent takes the form:

-2 (U„.h .a* + ... +2U .h.k.a*.b*)
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CI(1)-Rh(1) 2.349 6) Cl(2)-Rh(1) 2.390

CI(3)-Rh(1) 2.327 6) P l)-Rh(l) 2.339

P(2)-Rh(1) 2.268 6) 0 2)-Rh(1) 2.255

C(45)-CI(4) 1.776 20) C 45)-Cl(5) 1.775

C(45)-CI(6) 1.716 16) C 46)-Cl(7) 1.935

C(46)-CI(8) 1.410 43) C 46)-Cl(9) 1.763

C(1)-P(1) 1.837 18) C 16)-P(1) 1.824

C(22)-P(1) 1.809 19) C 23)-P(2 ) 1.843

C(38)-P(2) 1.803 13) C 44)-P(2) 1.811

C(28)-0(1) 1.205 15) C 6)-0(2) 1.215

C(2)-C(1) 1.533 22) C 6)-C(1) 1.518

C (3)-C(2 ) 1.547 24) C 8)-C(2) 1.497

C (4)-C(3 ) 1.540 23) C 5)-C(4) 1.574
C (6 ) —C (5 ) 1.508 22) C 7)-C(5) 1.571
C ( 8)-C(5) 1.558 19) C 9)-C(8) 1.567
C (10)-C(8) 1.611 27) C 12)-C(11) 1.406
C (16)-C(11) 1.392 24) C 13)-C(12) 1.448

C( 14)-C(13 ) 1.338 31) C 15)—C(14) 1.392

C( 16)-C(15 ) 1.405 22) C 18)-C(17) 1.361

C( 22)-C(17 ) 1.416 18) C 19)-C(18) 1.415
C (20)-C(19 ) 1.410 24) C 21) -C (2 0) 1.383

C(22)—C(21) 1.405 20) C 24)-C(23) 1.594

C(28)-C(23) 1.545 21) c 2 5 ) -C (2 4) 1.471

C(30)-C(24) 1.545 21) c 26)-C(25) 1.562

C(27)-C(26) 1.552 25) c 28)-C(2 7) 1.512

C(29)-C(27 ) 1.549 23) c 30)-C(2 7) 1.506

C(31)-C(30) 1.563 29) c 32)-C(30) 1.586

C(34)-C(33) 1.369 21) c 38)-C(33) 1.413

C(35)-C(34) 1.388 22) c 36)-C(35) 1.400

C(37)-C(36) 1.387 24) c 3 8)-C(3 7) 1.410

C(40)-C(39) 1.389 24) c 4 4)—C(39) 1.367

C(41)-C(40) 1.410 26) c 42)-C(41) 1.395

C(43)-C(42) 1.394 25) c 44)-C(43) 1.437

6)
6)
14
25
36
35
12
13
18
16
17
26
25
23
27
19
30
20
27
28
26
17
25
23
20
24
19
22
30
16
19
23
20



Table 4 Bond Angles (dee.)
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CI(2)-Rh(1)-CI(1) 86.6 2) CI(3)-Rh(1)-CI(1) 171.6 2)
CI(3)-Rh(1)-CI(2) 87.1 2) P 1)-Rh(1)-Cl(1) 86.5 2)
P 1)-Rh(1)-CI(2) 168.5 2) P 1)-Rh(1)-CI(3) 98.9 2)
P 2)-Rh(1)-CI(1) 94.3 3) P 2)-Rh(1)-Cl(2) 90.2 2)
P 2)-Rh(1)-CI(3) 91.2 3) P 2)-Rh(1)-P(1) 99.4 2)
0 2)-Rh(1)-CI(1) 85.9 4) 0 2)-Rh(1)-Cl(2) 88.6 4)
0 2)-Rh(1)-CI(3) 88.5 4) 0 2)-Rh(1)-P(1) 81.8 4)
0 2)-Rh(1)-P(2 ) 178.8 3) C 1)-P(1)—Rh(1) 96.5 5)
C 16)-P(1)-Rh(1) 119.3 5) C 16 )—P(1) -C(1) 104.0 7)
C 22)-P(1)-Rh(1) 122.6 5) C 22 ) -P (1) -C (1) 104.8 8)
C 22)-P(1)-C(16) 106.2 7) C 23)-P(2)-Rh(1) 114.1 5)
C 38)-P(2)-Rh(1) 110.9 6) C 38)-P(2)-C(23) 101.5 6)
C 44)-P(2)-Rh(1) 116.7 6) C 44)-P(2)-C(23) 106.6 8)
C 44)-P(2)-C(38) 105.7 7) C 6)-0(2)-Rh(1) 112.9 9)
C 2)-C(1)-P(1) 133.5 11) C 6)-C(1)-P(1) 108.5 10)
C 6)-C(1)-C(2) 102.1 11) C 3)-C(2)-C(1) 109.1 13)
C 8) -C (2 ) —C (1) 101.5 13) C 8)-C(2)-C(3 ) 102.5 13)
C 4)-C(3)-C(2) 103.0 14) C 5)-C(4)-C(3) 103.0 12)
C 6)-C(5)-C(4) 101.3 14) C 7)-C(5)-C(4) 114.0 12)
c 7) -C (5 ) -C (6) 114.7 12) C 8)-C(5)-C(4) 101.5 12)
c 8)-C(5)-C(6) 102.4 11) C 8)-C(5)-C(7) 120.3 16)
c 1)-C(6)-O(2) 127.2 13) C 5)-C(6)-0(2) 127.6 12)
c 5)-C(6)-C(1) 105.2 10) C 5)-C(8)-C(2) 94.6 13)
c 9)-C(8)-C(2) 115.2 15) C 9)-C(8)-C(5) 112.5 12)
c 10)-C(8)-C(2 ) 118.5 14) C 10 ) -C( 8 ) -C (5 ) 109.2 12)
c 10)-C(8)-C(9 ) 106.5 16) C 16)-C(11)-C(12) 120.5 16)
c 13)-C(12)-C(11) 118.4 18) C 14)-C(13)-C(12) 119.1 14)
c 15)-C(14)-C(13) 123.3 18) C 16)-C(15)-C(14) 118.6 17)
c 11)-C(16)-P(1) 119.6 11) C 15)-C(16)-P(1) 120.2 12)
c 15)—C(16)—C(11) 120.0 12) C 22)-C(17)-C(18) 120.7 15)
c 19)-C(18)-C(17) 122.0 15) c 20)-C(19)-C(18) 116.8 18)
c 21)-C(20)-C(19) 121.8 17) c 22)-C(21)-C(20) 120.2 14)
c 17)-C(22)-P(1) 120.1 12) c 21)-C(22)-P(1) 121.0 11)
c 21)-C(22)-C(17) 118.4 15) c 24)-C(23)-P(2) 123.7 9)
c 28)-C(23)-P(2) 117.0 8) c 28)-C(23)-C(24) 99.7 11)
c 25)-C(24)-C(23 ) 110.3 11) c 30)-C(24)-C(23) 98.5 10)
c 30)-C(24)-C(25) 104.1 13) c 26)-C(25)-C(24) 104.1 13)
c 27)-C(26)-C(25) 101.6 14) c 28)-C(27)-C(26) 102.3 11)
c 29)-C(27)-C(26) 116.5 16) c 29)-C(27)-C(28) 110.7 11)
c 30)-C(27)-C(26) 104.8 12) c 30)-C(27)-C(28) 101.6 14)
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Table A.4 (contd.1

C(30)-C(27)-C(29) 118.7 13) C(23)-C(28)-0(1) 126.0 14)
C (2 7)-C(28)-0(1) 128.1 14) C(27)-C(28)-C(23) 105.9 10)
C(27)-C(30)-C(24) 94.4 11) C(31)-C(30)-C(24) 116.4 14)
C( 31)-C(30)-C(27) 114.7 13) C(32)-C(30)-C(24) 108.2 13)
C(32)-C(30)-C(27) 114.3 15) C(32)-C(30)-C(31) 108.4 13)
C(38)-C(33)-C(34) 121.5 13) C ( 35)-C(34)-C(33) 120.1 18)
C(36)-C(35)-C(34) 120.2 16) C(37)-C(36)-C(35) 119.4 14)
C(38)-C(37)-C(36) 121.0 16) C(33)-C(38)-P(2) 120.0 9)
C(37)-C(38)-P(2) 122.2 12) C(37)-C(38)-C(33) 117.5 12)
C(44)-C(39)-C(40) 121.9 15) C(41)-C(40)-C(39) 118.8 14)
C(42)-C(41)-C(40) 119.9 18) C(43)-C(42)-C(41) 121.3 16)
C(44)-C(43)-C(42) 117.9 13) C(39)-C(44)-P(2) 121.1 12)
C(43)-C(44)-P(2) 118.8 11) C(43)-C(44)-C(39) 120.2 15)
CI(5)-C(45)-CI(4) 108.5 10) CI(6)-C(45)-CI(4) 111.2 11)
CI(6)-C(45)-CI(5 ) 108.9 11) CI(8)-C(46)-CI(7) 116.1 23)
CI(9)-C(46)-CI(7) 100.6 19) CI(9)-C(46)-Cl(8) 116.6 18)
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Appendix 2 Experimental Techniques and Starting Materials

NMR Spectroscopy

nmr were recorded on a Bruker AM300 spectrometer (300 MHz) or on a Bruker

WP80 (80 MHz). 13c (75.4 MHz) and 31P nmr (121.4 MHz) were recorded on the

Bruker AM300 instrument operating in the pulse Fourier Transform mode. 31P nmr

spectra were also recorded on a Varian CFT-20 at 32.2 MHz. Chemical shifts are

relative to external TMS unless otherwise stated for *H and 13C spectra, and external

85% D3PO4 for 31P spectra.

Infra-red Spectroscopy

Infra-red spectra of organic compounds were recorded on Perkin Elmer 1420

(Dispersion), and Perkin Elmer 1710 (Fourier Transform) spectrometers as Nujol mulls

between sodium chloride plates. Spectra of complexes were recorded as Nujol mulls

between caesium iodide plates on Perkin Elmer 1420 (Dispersion), and Perkin Elmer

1710 (Fourier Transform) spectrometers.

Gas-Liquid Chromatography

The detection and quantatative determination of 2-phenylbutane was effected using a

Pye-Unicam PU4500 chromatograph using a column with 10% Carbowax 20M

terminated with TPA on Chromosorb W.AW 80/100 at 130°C (column) and 150°C

(injection). Peak integration was performed using a Burke Electronics SP4290

Integrator. Detection was by flame ionisation.
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U.V./Vis Spectrophotometry

The uv/vis spectrum of [Ni{(+)-3-DPPC}(ri3-CH2C6H5)Cl] was recorded in

dichloromethane on a Perkin-Elmer Lambda 5 uv/vis spectrophotometer.

Mass Spectrometry

Mass Spectra were recorded on a Finnegan-MAT INCOS 50 quadrapole mass

spectrometer with the sample being introduced by direct insertion probe. The FAB

mass spectrum of di-p.-chlorobisdichloro[(lR)-e«do]-(+)-3-diphenylphosphino-

camphor]dipalladium (II) was recorded at the SERC Mass Spectrometry Service

Centre.

Microanalysis

Microanalyses were performed by the University of St.Andrews Microanalytical

Service.

Solvents

Tetrahydrofuran, light petroleum (40-60° boiling range), diethyl ether and toluene

were dried by distillation over sodium benzophenone ketyl. Dichloromethane was dried

by treatment with phosphorus pentoxide, decanted and distilled from CaH2. Xylene

was dried over sodium wire and distilled prior to use. All distillations were carried out

under nitrogen and all solvents were thoroughly degassed before use.
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Vacuum Lines

The majority of the work described in this thesis was carried out under nitrogen using

standard Schlenk line and catheter tubing techniques. Oxygen-free nitrogen was further

purified by passing through a column containing chromium(II) adsorbed on silica. Two

types of vacuum line were employed. One was a standard greased tap line lubricated

with Dow Corning High Vacuum grease. The other employed only

poly(tetrafluoroethene) ball and socket compression joints.

Melting Points

Melting points were determined on Gallenkamp and Electrothermal Digital melting point

apparatus in air and are uncorrected.

Polarimetrv

Optical rotations were measured on an Optical Activity AA-100 polarimeter using a 1

dm cell.

Starting materials

Chlorodiphenylphosphine was obtained from Lancaster, distilled under reduced

pressure, and stored under nitrogen at -25°C. Xylene and bromobenzene were obtained

from Fisons. The nickel diiodide and 2-chlorobutane were obtained from BDH. The

sodium metal was obtained from Riedel-de Haen and 1, 1,2, 2-tetrachloroethane-d2

from MSD isotopes. All other starting materials were obtained from Aldrich and, unless

otherwise specified, were used without further purification.
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Preparation of rMCWCHgCN^l fM=Pd or Pt)

Dichlorobis(acetonitrile)palladium(II) and dichlorobis(acetonitrile)platinum(II) were

prepared by the literature method.156 The appropriate MCI2 (2g) was stirred in

refluxing acetonitrile until a clear solution was obtained (about 1 hour). This was

filtered hot and reduced to small volume on a rotary evaporator, and then the product

was filtered off, washed with diethyl ether and dried in vacuo. Yield 85-90%.

Preparation of NiCloCpv)/!

A solution of pyridine (100 cm-') in warm ethanol (50 cm1) was added to a solution

of hydrated nickel chloride (30g) in warm ethanol (200 cm3) and stirred for 5 mins.

The resulting light blue precipitate was filtered off, washed with a mixture of cold

ethanol and pyridine, and finally diethyl ether. The product was dried in vacuo.

Preparation of NKcodio

Small pieces of sodium (5.8g) and 1,5-cyclooctadiene (40.9g) were added to a

suspension of NiCl2(py)4 (28.lg) in thf and stirred for 4 hours. The solution was

concentrated and filtered to remove sodium chloride. Methanol was added to aid

crystallisation and the resulting bright yellow crystals were collected, washed

thoroughly with methanol and cold (-50°C) diethyl ether. The product was dried in

vacuo and stored at -25 °C.
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