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Summary G.C. Hill

This thesis describes the preparation, properties and reactions
of some rhodium-group IVo (Si, Ge, Sn) complexes. The main emphasis

lies upon the preparation of compounds containing bonds between

.gernanium and rhodiume

Compounds of the type (Phju)enhn(cenj)cl (M =P, As; R = Me, Et)
can be prepared by the reaction of (Ph}M)SRh61 with an excess of
trialkylgermane; The products dissociate readily in solution to

give the free trialkylgermane and a rhodium(I) species.
(ph3m)2mm(ce33)01 + solvent —= (PhSM)ZRhCI(solven ) + RBGe_H

The reactions of (PhBP_)ZRhH( GeEt3)01 with CO, czﬁh, HC1 and

Mé2PhP are reported. The reactions of R5an and RSSnCI (R = Me, n=Bu)
with (Pth)thCI, and of RjGeH (R = Me, Et) with a variety of
rhodium( I)-phosphine complexes have also bsen studied,

In contrast to the analogous iridium complex, (PhsP)ZEh(GO)Cl

did not react with trialkylgermanes to form a rhodiun-germanium tond.

A similar lack of reactivity was shown by (Pth)BRh( CO)H and

(PrjP)Z-Rh(CO_)Cl. A five-coordinate complex, (Pth)th(C.O)ZGeEt
was prepared from the reaction between‘(Pth)th(CO)zNa and
triethylbromogeriane.

The reaction of (Pth)BRh01 with excess trichlorogermane gavé

the phosphonium salt of hexa(trichlorogermyl)rhodium(III),

[Ph3PH] 5 [Ru( esc1;)c ] . ' .

(PhyP);RACL + 6HGeCl;, ——— [Ph3H{]3 [R( Gec13)6] + H, + HC1

A similar salt was also formed when trichlorogermane was reacted with
(Eth)th(GO)Cl. Infrared spectral evidence has been obtained for
the existence of a neutral rhodium(III) intermediate in this reaction,

Rhodium(II1) salts have also been prepatred by the reactipn'of }



trichlorogermane or trimethylammonium trichlorogermanite with rhodium

trichlorides The rhodium(I) complexes (PhBP_) 2Rh( CO)G'e015 and

[MeSNI'X]2 [Rh( co)( GeC13)201] have been prepared by the reaction of
(Ph3P)2Rh( CO)Cl with caesium~ and trimethylammonium trichlorogermanite
respectively.

The reaction of trichlorogermane with [( CeH, 2)RhCl] , 8ave a

2
mixture of (Caﬂ1 2)Hh.h( Ge013)61 and a cyclopentadienyl complex. A

similar reaction with an excess of trichlcrosilane yielded
(08H1 2)Iih( 81013)201. By contrast trichlorosilane reacted with

~C.H , -
71=Cg 5Rh(CBH1a) to give the complex 77 65H5

The reaction of.[(PFj) \Fh]K with Et;GeBr 4id not yield a stable

triethylgermyl-rhodium(I) cemplex and an attempt to prepare a rhodium-

ém/e/(o.«é:n/ .
molybdenumn A 8 also inconclusives

Rh( §iC1, )2.CBH1 L

44Mﬂ
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Summaxry

This thesis describes ths prsparation, properties and reactions
of some rhodium-group IVb (Si, Ge, Sn) complexes. The main emphasis
lies upon the preparation of compounds containing bonds between
germanium and rhodiums

Compounds of the type (Pth)thH(GeRE)Cl (M =P, As; R = Me, Et)
can be prepared by the reaction of (Pth)thCI with an excess pf

trialkylgermane. The products dissociate readily in solution to

give the free trialkylgermane and a rhodium(I) species.
—,
(Ph}M)thH( GeR3)01 + solvent — (Pth)-thCI( solvent) + RsGeH

The reactions of (PhBP)thH(GeEtj)Cl with CO, CZHh? HC1 and

Me,PhP are reported. The reactions of R,SnH and R3Sn01 (R = Me, n=Bu)

2 3
with (Ph3P)5Rh01, and of RsGeH (R = Me, Et) ﬁith a variety of
Thodium( I)~phosphine complexes have also been studied.

In contrast to the analogous iridium complex, (PhBP)ZRh(CO)Cl
did not react with trialkylgermanes to form a rhodium-germanium bond,
A similar lack of reactivity was shown by (PhBP)BRh(CO)H and
(PrBP)ZRh(CO)Cl. A five-coordinate complex, (Ph}P)ZRh(co)zt;em;3
was prepared from the reaction between (Pﬁ;?)éﬁh(CO)ZNa and
triethylbromogermane.

The reaction of (Ph3P)5Rh01 with excess trichlorogermane gave
the phosphonium salt of hexa(trichlorogermyl)rhodium(III),
[PhBPH] 3 [Rn( GeC1,) 6]'

(PhBP)3Rhc1 + 6HGeC 1,

— [Ph5PH]3[Rh(Gec13)6] + Hy + HCL
A similar salt was also formed when trichlorogermane was reacted with
(PhsP)th(CO)Cl. Infrared spectral evidence has been obtained for

the existence of a neutral rhodium(III) intermediate in this reaction,

Rhodium{ III) salts have also been prepared by the reaction of




trichlorogermane or trimethylammonium trichlorogermanite with rhodium

trichloride. The rhodium(I) complexes ( Ph}P) 2Rh( C0)GeC 15 and

[Mejl\lH]z[Rh( co) Ge013)201] have been prepared by the reaction of
(PhBP)th( CO)C1l with caesium~ and trimethylammonium trichlorogermanite
respectively.

The reaction of trichlorogemrmane with [( 08H12)Rh01]2 gave a
mixture of (08H1 2)Rhl-l( Ge613)01 and a cyclopentadienyl complex, A
similar reaction with an excess of trichlorosilane yielded
(08H1 2)Rh( 81013)201. By contrast trichlorosilane reacted with

w—CBHSRh(CaH,lZ) to give the complex 77=C HsRh(31013)2.c

5 gtlyye

The reaction of [(PF3) l_'Rh]K with EtBGeBr did not yield a stable

triethylgermyl-rhodium(I) complex and an attempt to prepare a rhodium-
bonded coawpound was
molybdenum A also inconclusives
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INTRODUCTION

The introduction to this theais is divided into two parts.
The first is concerned mainly with the chemistry of rhodium(I) and
(III) complexes although comparisons will be made when necessary to
those of cobalt and iridium. Group IVb~transition metal complexes
are the subject of the second part of the introduction and particular

emphasis will be placed upon those of the cobalt group.

I ITHE CHEMISTRY OF RHODIUM

The importance of platinum metal complexes as homogeneous
catalysts has stimulated research in this field over the past decade,
Rhodium complexes have been found to be particularly effective
catalysts and a great deal of effort has been devoted both to
elucidating the mechanisms of the catalytic processes and in preparing
new compounds. The oxidative addition reactions of rhodium{I) '
complexes have attracted particular interest and have led to a number
of novel products. The general availability of modern spectral
techniques such as infrared and nuclear magnetic resonance spectroscopy
ggggff_phgyacterisation of complexés can be achieved using small

quantities of material) bhas also contributed greatly to the expansion '

of interest in this field.




1. of Cobalt., Rhodium and Iridium
1
TABLE 1
Element Atomic Atomic Configuration Ionisation Potentials (e.v.)
Number Weisht 1st 2nd 3rd 4th 5Hth th
Co 27 58,95  3al4s 7.86 17.05 33.49 55  B3.5 106
Rh 45 102,91 417532 7.7 18.1 31.0 L45.6 67 85
Ir 77 192.2 547652 9.2 16 27 39 57 72

In its general chemistry, rhodium resembles iridium much more
closely than cobalt although there are significant differences between
them, This is a typical feature of transition metal chemistry in
which the elements of a given group of the second and third transition
series show similar chemical properties and exhibit definite differences
from their counterparts in the first series. The cause of this is
the lanthanide contraction., The filling of the 4f orbitals in the
lanthanide series causes an increase in the effective nuclear charge
experienced by the outer électrons,due to a lack of shielding. This
causes a contraction of the 4f orbitals, thus ;esulting in a decrease
in the atomic radii increase which would normally be expected in
passing from the'2nd to the 3rd transition series. The net result
of this is that rhodium'and iridium have similar ionic and atomio
radii whilst that of cobalt is significantly smaller.

Another gemeral tendency is that the higher oxidation states are
generally more stable for the 2nd and 3rd series of elements than for
the 1at. This is reflected in the stability of IrIv and the relative

unimportance of RhII and Ir;I.




Oxidation States VI, V and IV

For cobalt the higher oxidation states are difficult to obtain
a;g::E: IV state is the only one which is found under normal conditions.
The V and VI oxidation states are also rare for rhodium and iridium
and are limited to the hexafluorides and salts of the MFé- ion, The

IV state is of little importance for rhodium but iridium has a fairly

extensive chemistry for the tetravalent state.

Oxidation State Cooxrd, No. Geometry Examples
v, & 6 octahedral  RhFg, IrFg
v, a* 6 octahedral  Cs[RhF], Cs[IrFG]
, & 6 octahedral [RhFG]Z—, [Irc16]2"
[FoFg]z_

Oxidation State III

This is a common state and cationic and anionic complexes are
known for all three metals. The simple CoIII ion is highly oxidising
and will even oxidise water, but many complexes of the type
[Co(Nﬂj)é]s* are known, Rhodium and iridium differ from cobalt in
forming octahedral complexes with halides such as [;r01é]5‘. They
also form an extensive range of neutral complexes with -bonding
ligands such as phosphines and carbonyls. A large number of hydride

species have besn prepared.

Oxidation State Coord. No. Geometry Examples
11, & 6 octahedral [Rh016]5' , [Irc16]5'
[Co(cN)GP‘,
[eoamy)g P

[Rh(NH5)501] 2




Oxidatien Stete Coord. No, Goometry Examples
111, af 6 octahedral [II(NH3)6 3+
(%P)jnhu},
(RSP)ZII'(CO)HZ(H
5 trigonal (R,P), IxH
bipyramidal R3 273
(PhBP)ZRhHCI2

Oxidation State II

This is the characteristic state for cobalt in aqueous chemistry

and a large number of tetrahedral and octahedral complexes are known,

RhII and IrII complekes are rare and relatively unimportant.

Oxidation State Coord. No. Geometry Exawples
— O
II, d 4 tetrahedral [CoClk] » CoBry(FR;),
5 cu' acetate [n( OCOR)2]2
structure 24
6 octahodral [0°(NH3)6]

Oxidation State I

This oxidation state is known for all three elements in compounds
stabilised by 7¢-acceptor ligands. For cobalt the chara.cteristic
coordination number is five, whilst for rhodium and iridium both square
planar and trigonal bipyramidal compounds are known, COI chemistry
tends to centre around the tetracarbonyl compounds (i.e. HCo{CO) l+)
whilst RhI and IrI are more effectively stabilised by phosphine ligands
[i.e. (Pn,P),Ir(CO)CY, (PhBP)SRhCI_].

Oxidation State Cooxrd. No.. Geometry Examples
I, a° L planar [fn( c0),,¢1],,

(Pth)le( co)ca

Fi
|
\




Qxidation State Coord, Nos Geometr Examples
1, a&° 5 " trigonal [@iphos ], ur
bipyramidal
i (Ph,P),Ix{CO)H
; 373
- HCO(GO)A

[d'nphos] 2 PhPCiHA PP,

! Oxidation States 0, ~I
These are less important for rhodium and iridium than for
. cobalt as their carbonyl chemistry has been less extensively
investigatede Examples of these compounds are:
0 coz(co)a, COZ(CO)S(PhBP)z, 004(00)1 6
i Rh)(C0), » Bh,(CO), ¢, Ir,(CO),,, Irg(CO),,

I [eo(c0), I, [Ru(co),]”, [ma(rr,),]”

2 Oxidative Addition Reactions of d8 Complexes

The chemlstry of d8 rhodium( I) phosphine complexés is dominated
by the oxidative addition reaction. This class of reactions has
been recently reviewed2 and so only the main features are presented
below,

Oxidative addition is the term used to describe the reaction
between & metal complex in the d8 electronic configuration and a
neutral covalent molecule to form & five or six-coordinate d6 complex,
The formal oxidation state of the metal atom is inereased by two units.,
This type of reaction and its converse, reductive elimination, are
extremely important as they are usually the key steps in homogeneous
catalysis by da transition metal complexes, A parallel can also be
i drawn between chemisorption of molecules on transition metal surfaces
and the oxidative addition reaction,

Addition reactions to planar coordinatively unsaturated d8




' jsolated’s The salt ocan then irreversibly eliminate a neutral 1ligand

o

Examples of both ¢cis and trang modes of additio y and reaction

with compounds with both polar and nonpolar bonds are known. (Fig, 1)

' :
\ / \\ /I \\ /
M + A-B — |« or M
N 7 7N

B
Fige 1

(A=B) can be, for example, oxygen, olefins, acetylenes, hydrogen,
nonmetal hydrides, hydrogen halides, protonic acids, alkyl halides,
acyl halides, halogens or metal halides,

Five~coordinate da complexes are coordinatively saturated and
usually have the trigonal bipyramidal configuration, In contrast
to the planar unsaturated complexes, they only appear to add pelar
or electrophilic molecules, Reaction can occur by .two pathways.
The first of these involves addition of a polar molecule to the five

coordinate complex to form an intermediate salt which can of‘ten be

(such as CO or Ph}P) to form a product which is usually.that resulting
from overall cis addition. (Fig. 2), The second pathway involves

the prior dissociation of a ligand to give a more reactive four
coordinate complex which then undergoes oxidative additiong. Reactions

of this type are usually facilitated by heating or irradiation,.

L sl [ | B
—¥ s A= W | F =Ly
[ T an /|\A
Fige 2

(A=-B) can be hydrogen halides, other strong acids, alkyl halides,

’




mercuriec halides, and perfluorocalkyl iodides,

The tendency for de complexes to undergo oxidative addition
depends upon the nature of the central metel ion and upon the ligands
attached to it. Because the ligands strongly influence the reactivity
of de complexes it is only valid to make direct comparisons of
reactivity between isostructural-compounds within a single triad
{e. &. (PhSP)th(CO)c;I. and (Pth)aIz( c0)c1]e It has been found7 that
ligands which increase electren density at the central metal atom
increase the tendency for the metal to undergo oxidative addition.

This tendency is also increased upon descending a triad or on passing
from right to left within group VIII. (see Fige. 3).

An illustration of this is to be seen in the reaction of molecular
hydrogen with the complexes (PhBP)zIr( co)c1, (Pth)2Rh( €0)C1 and
(PhBP)BRhCI. The iridium complex (Ph3P)2Ir(CO)Cl readily reacts
with hydrogen at atmospheric pressure to give a stable dihydrides,
but the isostructural rhodium complex does not. When the carbonyl
group is replaced by the less electron withdrawing triphenylphosphine
ligand the complex (Ph3P)3Rh61 is formed which readily reaots with

9

hydrogen at atmospheric pressure”, - T




Fe( 0) Col I)
PR ‘jl!li;
F,P 1L {’H5
31 pr Co
PF 3 N
3 0c co
mgp) Qﬁl)
PPh
I3 o Ph5P\ P
OC-———?n;;.. ’//,Rh\\\
Cco
PPh3 Ph}P PPh3
0s( 0) Ix(I)
N\ g .
i 0 Ph,P co
oc-—_o_f\ >Ir/
(I: cO cl \PPh3
0
Increasing tendency
to become five-coordinate
< .
<

Fige 3

3 ::::Pt

Increasing tendency to \V/4

//,H

\\\ |
PEt3

undergo oxidative

ff additions

Typical Group VIII complexes with d._8 configuretion,

Fig. 3 also illustrates the tendency for an element having a
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d configuration to become five-coordinate as a triad is ascended or
on passing from right to left along group VIII. In the extreme case
this can be illustrated by the tendency of Fe(0) complexes to be five-

coordinate whilst those of Pt(II) are four-coordinate.

3 Phosphine, Arsine and Stibine Complexes of Rhodium

(a) Complexes of the type (Ph,M) RhX

One of the most extensively studied and important derivatives

of rhodium(I) is the complex tris( triphenylphosphine)chlororhodium(I),

(PhBP)BRhCI. This compound was first reported in 1965 by two groups

of workersm’11

12,13
work "’ '“ goon showed the versatility of the complex which is of'ten

who prepared the compound independently. Subsequent

referred to as "Wilkinson's catalyst".

The compound is readily prepared by refluxing together rhodium
trichloride trihydrate and a large excess of triphenylphosphine in
ethanol. Reduction occurs and the dark burgundy-red crystals are
obtained in essentially 100% yield. The corresponding bromide and

iodide can also be made from ethanolic solutions of the trihalides.

Reduction does not occur in—the absence of an excess of triphenylphosphine

and it appears likely that triphenylpliosphine is the effective
reduoing agent.
RhCl3 + excess Ph5P + HZO-——a(Pth)thCI + Ph3P0 + 2HC1

This reaction involving triphenylphosphine appears to be unique
as other tertiary aryl alkyl-phosphines and -arsines react with
ethanolic solutions of rhodium trichloride to give mononuclear
rhodium{ III) complexes [(RBM)BRh013]1h'15, binuclear halogeno bridged
complexes [(RBM)Lhaclérh, and hydrido complexes [(RBM)3Rth2]15'
Compounds of the type (PhjL)BRhcl, (L = As, Sb) can be made from the




- 10 -~

bis—ethylene'complex [‘(Cth)thCIJ2 and an excess of the ligand in
the absence of airﬂe.

Tris( triphenylphosphine)chlororhodium(I) is air stable as a
solid but solutions in benzene or dichloromethane rapidly absorb
oxygen to give light brown crystals of (PhBP)znh(OZ)Ci (%CHé012)12.
The infrared spectrumconto.wsa band at ca. 900c;m_1 due to coordinated
oxygen but no bands attributable to ‘W(PO). The oxygen can be
displaced by donor ligands, e.g. CO reacts to give (Ph3P)2Rh(CO)Cl.

In solution dissociation of a phosphine group occurs, e.g.
solvent

Ph}P

The dissociated species (PhBP)ZRhCI has a vacant coordination site

(Pth)3RhCl (Ph P)ZRhCI + Ph,P

3 3

which can be occupied by a weakly bound solvent molecule {i.e. chloroform,
benzene etc.) or by another ligand. The existence of this vacant
site is essential to the catalytic activity of (Pth)BRhCI and it also
enables nucleophilic attack on rhodium to take place as well as the
more usual electrophilic additions to d8 complexes.

Molecular weight dete_rminations13 indicate that the dissociation
is essentially complete in chloroform or benzene solution. 31P NeM. T\

17

studies ' confirm that ligand exchange takes place by a dissociative
mechanism but show that the complex is not completely dissociated in
solution,

Donor solvents, such as pyridine, acetonitrile or dimethylsulphoxide,

react with (PhBP)3Rh01 to yield complexes of the type (PhBP)ZRhCI( L)e

Ph.P C1 PPh,

N /7 N
/Rh /Rh\
PhBP Cl PPh3

Fig. 4 Proposed structure of [LE@BE)ZBQQ;]Z__




Fig. 5 Bond lengths in (Ph31>_)3mxc1

In the absence of a donor solvent dimerisation may occur to give
the orange-pink complex [( Fh,P) 2121101]2 which is halogen bridged (Fig. 4)e
The dimer readily takes up oxygen to give a product showing a strong
band at 11500m.-1 in the isr, spectrum which can be attributed to
triphenylphosphine oxide,

The X-ray crystal structure of (FhsP)BRhCI shows that coordination
to rhodium is not strictly planar but that the ligands are distorted
slightly towards a tetrahedrsl arrangement (17a) (Fig. 5).

(b) Reactions of (Ph.M ﬂ

The ability of (Ph3P)3Rh01 to form adducts with donor molscules
is shown particularly clearly in its affinity for carbon monoxide.

(Ph5p)3mc1 + CO —>(Ph3P)ZRh(co)c1 + Ph3P

Saturation of benzene or chloroform solutions of the complex with




carbon monoxide at room temperaturs gives an immediate reaction to

yield the yellow complex chlorocarbonyl-bis( triphenylphosphine)rhodium(I),
This reaction appears to be irreversible and has led to the use of
(FhBP)thCl as a decarbonylating agent as carbon monoxide is readily
abstracted from such compounds as aldehydes, acyl halides and aroyl
halides1a-24; The reactions become catalytic at higher temperatures,

CIC6HLQHD + (PhBP)thCI———>66H501 + (Pth)ZRh(CO)CI + Ph3P

An analogous reaction is the abstraction of the thiocarbonyl
group from carbon disulphide to give a deep red solution from which
red crystals of bis(triphenylphosphine)(carbon disulphide)( 7 -carbon
disulphide)ohlororhodium( III) can be obtained. On boiling the complex
in chloroform orange crystals of j;ggg(Ph3P)ZRh(CS)Cl are obtained>’
which are analogous to (Pth)ZEh(CO)Cl.

An X-ray diffraction study26 has shown that the complex has a
square planar structure with trans phosphine groups. The Rh-C-S group
is linear and the C-S distance is only slightly shorter than in
carbon disulphide,

Ethylene, like carbon monoxide, reacts with solutions of

(Pth)jlihCl to give the bright yellow orystalline odmplex_ bis( triphenyl-
| phosphine)( ethylene)chlororhodium( I), (ph51>) th( °2H4)°113'

(Ph5p)5m:cl + GZH#-\_—_:‘ (Pth)ZRh(czl{k)CI + Ph5P

This is a reversible reaction and dissociation of the ethylene
complex can be accelerated by sweeping the solution with nitrogen.
Regeneration is quantitative on resaturating the solution with ethylene,
The compound is stable in the solid state. The ethylene molecule
is more firmly bound in the analogous arsine complex, (FhBAs)th(CZHL)Cl16,

and the passage of nitrogen through solutions of the complex does not

displace it so readily.
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A similar but mors stable complex is produced when sclutions
of (Pth)BRhCI react with tetrafluoroethylene to yield pale
yellow oz_'ysta.ls of (Pth)th(CzFb)Clw. The complex does not dissociate
in solution and treatment with triphenylphosphine does not displace
tetrafluoroethylene. Treatment with carbon monoxide yields (PhBP)th( c0)c1
however. An X-ray orystal structure determination of (Pth)zkh(cth)Gl
17a

shows that the CZFA. group occupies a position trans to chlorine ',

Both the phosphine and the arsine complexes, (PhBM)BRhCI, react

with diphenylacetylene to give a atable species (Ph3M)2Rh(Ph202)Cl,
(M =P or As)16.

A\ reversible addition reaction occurs with hydrogen to give a
dihydride complex (Ph3P) 2Rthcl1 5, ‘his is formally five-coordinate
but can be iselated in a solvated form from chlorinated hydrocarbons
i.e. (H:B_P)zmmzu (5052012).

It has been suggested that the dichloromethane is coordinated
through chlorine and acts as a bridging ligand. A six-coordinate
complex (PhBP)ERhHZCJ' has been isolated from solutions containing
an excess of triphenylphosphine15 . 1H n.m,r, studies at 100 atmospheres

pressure show that the hydrogen atoms are cis to one another (Fig. 6).

(PhBP)thCI(S) + H2=(Ph5P)ZRhH201(S)

e

Fige 6




A singlet (due to proton HB) and & doublet (due to H,) of equal 1
integrated intensities are observed in the high-field 1H n.m,r, spectrum.
The doublet is caused by the ﬂA hydride resonance being split by coupling
31

with the trans ~ P atom,. The analogqus triphenylarsine complex1
shows only two lines of equal intensity in similar pesitions to those
of the phosphine complex, The difference in the spectra provides
good evidence for the existence of a solvated six~coordinate species
in Solution.
In contrast to (Ph3P)2RhH261, there is no appreciable dissociation
of (Ph}As)thH Cl in so;ution as the bound hydrogen is not displaced

2
by a nitrogen stream,

Methyl iodide ( but not methyl chloride or bromide) will also add
to (PhBP)th01 to give a green solid which was formulated as
(PhBP)ZRhCI(Me)I.Melze. A crystallographic study29 showed, however,
that the compound had a square pyramidal structure (Fig., 7) when
recrystallised from bengzene and had the formula (PhBP)ZRh(Me)IZ.CGHB.

The benzene plays no part in the coordination about rhodium,

CH3
Ph3P,\

Fige 1

The complex reacts with carbon monoxide to give (PhSP)thMe(CO)IZ-

Hydrogen chloride reacts readily with solutions of (PhsP)jnhc1
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in dichloromethane to give (Ph P)2RhH012(%CH281 )20’15

3 2
is unstable in the solid state to loss of both hydrogen chloride and

. The ¢ompound

dichloromethane. Solutions of the complex in cold solvents are stable
however, and the equilibxrium
+HC1
(Ph.P)_RhC1L(S) <—— (Ph,P)_RhHC1.(S)

lies essentially completely to the right even for low concentrations

. of hydrogen chloride. 1H n.m,r. studies show that the hydrogen atom

is cis to two triphenylphosphine groups ( see page 41).
This compound is particularly interesting as it undergoes hydrogen
transfer reactions with ethylens, tetrafluoroethylene and acetylene

to give rhodiim(III) alkyl complexeszo.

(Ph}P)aRhHu2 + Czﬂh — (1='1131>)2Rh(E1:)012
+ Cpf, — (PhBP)th(CzFLH)Clz

+ CH, — (Hz3P)ZRh(c2H3)c12

These products are coordinatively unsaturated and the ethyl and
vinyl complexes undergo further reaction with CO to give acyl and
acryloyl complexes -respectively, The acyl derivative is identical-

to that formed by the addition of propionyl chloride to (Pth)BBhCI.

" Intermediate species containing terminal carbonyl groups attached to

rhodiun have been detected at low temperature (-60°C) by infrared
spectroscopy and the complex (Ph5P)2Rh(CO)(CzH3)612 has been isolated

but is not very stable at room temperature. (Fig. 8).
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. C,H COC1 .
nLAY L i N -/ An ) n
(Pth) jt\hu.l. : > ( Ph, P} ,Ra{ CO. c2115)t.12
HC1 60/ 30%
G H, co
(Ph,P),RhHC1 — (Ph,P) Rh(Et)C1, ——— (Ph,P), Rh(CO)C1L
3772 2 3 /2 2 555 35 /2
+ EtC1l
CH,
co
— N
(Ph3P)2Rh(CZH5)012 2% - (1=h§1=)212h(<:o.c2113)c12
co . 25%
-50 C
( Ph}P)th( co)( 02H3)012
: Fige 8
| Reactions of hydrido-dichloro-bis(triphenylphosphine)- and alkyl-rhodium
j complexes

Acyl and aroyl compleies have also been prepared by the direct

addition of the acid halide to (PhBP)BRhCI in solution20’21.

Reaction of (PhSP)thCI with allyl or 2-methylallyi-éﬁiéride
yields (Pth)ZRh(R%Hh_)Clz, (kR=8§H, Me)za. Each of tﬁle products is
known in two forms in the solid state (Fig. 9)e. The iH n.m. rs spectra
of the complexes suggest that in one case (A), the ally} group forms
both a o~ and a 7r bond to rhodium whilst in the other it is fully
m-bonded (C)e One of the forms of (Ph3p)23h(03ﬂ5)CI2 has structure
(A) in the solid state but is thought to be & o= =allyl complex in solution( B).
The carbonyl complex (PhBP)ZRh(CO)(CBH5)012’ which can be made by passing

carbon monoxide into solutions of (PhBP)ZRh(G3H5)012, also has this

structure (B).
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CH
22
R B
HoC — (7 CH,
PhaPrm—1-- | PhaPr == -4(s)
) / !
) Rh CH, /I l:?h i
Ph4P~--r--C| Cl'———l——-’PPh3
Cl Cl |
(a) | ()
0 +7v-allyl o-allyl
(R = H or Me) (S = solvent or CO)
R
HyCPT™CH,
Ph3P/=—~ —=Cl
! /
: / Rh /
PhaP=———— o]
I © -
‘ JFige 9

Possible Structures of ( _P_h}_lj)znhg Rcsf_{hﬁlz_

Butadiene reacts with (PhBP) thCl to give a chelating diolefin
complex of rhodium(I), (Pth)th( Ch_Hs)Cl}o. In contrast to this

hexafluorobutadiene reacts to give a complex of stoichiometry

(Ph,P),Rh(C, F, )C1 with loss of fluorine. On the basis of i.r, and
37727V )
19

F n.m.r, spectra the structures (A) or (B) (Fig. 10) have been
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suggssted for this complex.

E:E\ PPhy
PhaP. xF Clm~[~=-C =cF
/\Rh—lC__Z/_ | Rh | /
d Ph3Pt — — — & —cF
PhgP F
(4) (B)
Fig._ 10

A reaction of the bridged dimer species, [(Ph3P)2Rh01]2, with
i liquid sulphur dioxide to give the sulphur dioxide complex (Pth)th(SOZ)Gl
? has also been reported51.
l The reactions of (PhBP)BRhCI with hydrogen cyanide, hydrogen
sulphide, and 4~methylbenzenethiol have been studied52. Oxidative
addition reactions take place in each case to yield the products
(Ph3P)2Rh(HCN)201, (Pth)thH( SH)C1, and (Ph3p)2mm(sc-6nkcn5)c1
respectively,

(e) gatalytic activity of gph}gljggg;

In berizene or similar solvents (FhBP)th61 is a most efficient
catalyst for homogeneous hydrogenation by molecular hydrogen at low
temperature and pressure. The catalyst is specific for non-conjugated
olefins (but not ethylene) and acetylenes, Other groups such as
C=0 or NO, are unaffected. The hydrogenation is stereospecific for

2

cis-addition and generally takes place without isomerisation of the
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13,33,30  mo pa o

olefin lytic activily is general for the range of

complexes (Ph5P)5RhX and increases in efficiency in the order C1 €Br (I,
but the chloride is the most widely studied. The analogous arsine
complex (Ph3A5)5RhCI is less efficient than (Pth)BRh01 as are other
tertiary phosphine complexest.

The mechanism of catalytic hydrogenation involves three steps:

(a) hydrogen activation, (b) substrate activation and (e) hydrogen
transfer, For the reaction to occur a delicate balance of equilibria
must be maintained and the lability of the intermediates is critical.
Because of this, even small changes in the ligands coordinated to
rhodium greatly affect the catalytic activity. Thus for systems of

the type (Pth)thCI(L) hydrogen activation occurs readily if L is a
poor 7v-acceptor (benzene, chloroform, pyridine ete.) but not if L is

a good acceptor (ethylene, carbon monoxide, tetrafluoroethylene), Once
the cis~dihydrido complex (PhiP)aRhHZCI(S) has been formed a competitive
displacement of the weakly bonded solvent molecule (S) by the olefin
must tuke place, This is the rate determining step36. The existence
of the intermediate complex (PhJP)ZRhHZCI (olefin) has not been proved
directly but the evidence supports the existencg of a vacant coordination
site on the dihydride at which the olefin can be activated. As
stereospecific gis reduction of the olefin occurs, this vacant site
must be cis to the two metal hydrogen bonds,

The non-existence of a vacant site for olefin coordination in
the iridium complex, (PhBP)zlz( C0)Cl, is presumably the main reason
why it does not act as an efficient hydrogenation cetalyst although
it readily, and reversibly, activates molecular hydrogena.

The final hydrogen transfer step is thought to take place by the

simultaneous transfer of both hydride ligands to the olefin as no alkyl
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intermediates have been detected in the reaction.

Ph3P—-- -8 4 Ho Ph3|?,—’" - ==}
, 4 Rh // 5 / Rh ’/
PhgPs — —~-- c “H2 ol __]'—'"/;I
PPh3

Proposed Mechanism for the Homogeneous Hydrogenation of Olefins
by (Ph,P),BhCl,

(Pth)3Rhcl has also been used as a hydroformylation catalyst
but (Pth)th(CO)Cl is probably the active species. The use of

18-24, has already been briefly

(PEBP)SRECI as a decarbonylation catalyst
mentioned. Use has also been made of it as an oxidation catalyst
in the conversion of cyclohexene to c¢yclohexene-l-one and

38

cyolohexene—1-0157, and as an acetylene dimerisation catalyst™ .
(d) Comparison of (Ph 3213m01 with (mjg)_}nc__l
(Ph}P)BIr0139’59a differs from the analogous rhodium complex in

being only partly dissociated in organic solvents (molecular

weight measurements). On heating solutions of the complex in orgenic

solvents a hydrogen atom is lost from the ortho position of an aromatic

ring on the ligand, with the formation of a metal carbon and a metal

hydrogen bond,




‘ heat P
(o P . 4
\Fh,F;,IrCl > Ph,P Ir PPh
55 benzene 2 01/ \ 3 |
PPh3

Fig, 12

The affinity of the complex for the formation of metal hydrogen
bonds is also shown in its facile reactions with hydrogen chloride and
hydrogen to yield (Pth)BIrHCI2 and (PhBP)3IrH261 respectively. The
hydrogen addition reaction is irreversible, unlike that of its rhodium
analogue. When (Ph5P)5IrCI is heated in ethanol, hydrogen abstraction
takes place to yield the dihydride and acetaldehyde.

The iridium complex reacts with CO eand PF3 in a similar manner
to its rhodium analogue, One molecule of triphenylphosphine is displaced
to give (PhBP)ZIr(CO)Cl and (Ph3P)21r(PF3)Cl respectively. By contrast
however, no reaction oeccurs with ethylene.

(o) L&x}g)_thH and (Ph.P Bl

These compounds have been reported by a number of workersho_hs.

The easiest method of preparation seems to be the reduction of

(Pth)sﬁhel with -ethanolic potassium hy&roxide_—’h5. Both the -
tris{ triphenylphosphine)- and the tetrakis(triphenylphosphine)rhodium(I)
hydride can be formed depending upon the conditions of the reaction,
(PhsP)thH dissociates in solution to (PhsP)BRhH and triphenylphosphine, -
Phosphine exchange occurs with the chelating phosphine Ph2PCZHLPPh2 to

yield (chel)thH. Oxidative addition reactions do not occur with

iodine, methyl iocdide, or mercuric chloride but cleavage of the rhodium
hydrogen bond occurs, Addition of hydrogen chloride yields the known
hydridé?hloride complex, (PhBP)5RhH012, and treatment with nitric oxide

in benzene gives purple crystals of the nitrosyl compound (PhBP)BRhNO.
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+

2(Fn,P) FhH + I ~———>2(Ph.P).RhI + H, + 2Ph,P
n3 b 2 benzene 373 2 5
(PhBP)thH + CHI —— (PhBP)}RhI + CHlF + Ph5P

2(Ph5P)thH + H5012——)2(m3p)5mlc1+ Hg + 2Ph5P

(Pth)thH + 2HC1 ———) (Pth)BRhHCI2 + Hy, + Ph,P

2(Ph3P)thH + 2NO ——)2(1&5?)531:1«0 + 2Ph3P + H,

An Xeray diffraction stud.y'h6 on the tetrakis(triphenylphosphine)-
rhodium(I) hydride showed that the arrangement of the_phoaphorus atoms
around rhodium was tetrahedral, (Fig. 13). Although the hydride
hydrogen atom was not observed it is suggested that it lies along the

threefold axis through P(1) and the rhodium atom.

P
23458
2393A_ ()~ ._
QP2
P | N 23934
P>
Fige 13

(Pn.P), B

(f) Other phosphine~Rh(I) complexes

Compounds of.the type [(dppe)ZMJx, (dppe = Ph2P02H4 02
M = Co or Ir, X = C10,, BPhh? Cl, Br, I) are known to add hydrogen,
hydrogen halides, carbon monoxide and sulphur dioxide to give five-or
six~-coordinate complexesh7’48. The analogous rhodium complex
(Sdppe)th]Cl shows none of these reactions. Its aliphatic analogue
‘Kdmpe)th]Cl (dmpe = Me, PC_H PMez) is very reactive however, and will

2°727,
activate hydrogen, carbon monoxide, hydrogen halides and halogensh ,90.
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The hydrogen addition is reversible at rcom tempersature. This illustrates
the profound effect that a change of ligand can have upon the ability of
the metal atom to undergo oxidative addition reactions. The less
electronegative nature of dmpe apparently increases the electron
density at the metal atom thus making it more reactive,

It is of interest that [(dmpe)th(CO)]Cl does not activate
hydrogen although [(dmpe)zﬂh]CI and [(dppe)zlr(COX]Cl do. It will,
hoyever; react with hydrogen halides and halogens to lose carbon monoxide

and form compounds of the type trans-|(dmpe),RhHX [C1,
—_— 2 A

(PhyP) RCL + 2(dmpe) — [(dmpe)th]C'l
[(co),Rnc1], + I{dppe) --——->2[(dppe)23h]c1 + 400
[(co),mnca], + 1(dnpe) H—-)-.Z[(dmpe)th(CO)]Cl + 260
[(anpe),Bn|c2 —2— [(anpe),Run,]c1
I¢ d.ppe)th] cl + H, — -3 no reactien
[(ampe),Er]c1  + GO —— [(ampe),Bn(co)] c1
[(dppe)th c1 + GO — 5 no reaction
[(ampe),mrgofcr + X — [(anpe) mumx]c1 4 co
[(‘dmpe)zf&ﬂ'u + HX —y Kdmpe)znh'l‘n:]'cl -
[(ampe) Bn(co)]c1 + X, —_— [(dmpe)zmzxz']r:l + CO
[(ampe),mujc1  + x, —— [(ampe)Rux,] 1

Fig, 1

The preparation and some reactions of [tdmgelznh!01 and |Sdmge!2Rh§COE|01

Oxygen reacts with [ﬁdmpe)th]cl to form the oxygen adduct

[(dmpe)znhoz]c1l*9'5°. Iridium complexes of the type [( dppe),Ir|X

» 48a:

(X=¢1, I and PT%) form oxygen compounds readily but the
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corresponding rhodium adduct cculd orly be isolated as the [PFS]- salt,

[(dppe)thOZJPFGwa. EPhZAaCH = CHAsPh Rh]cl51 is also reported

2) 2
to undergo reactions with H2, hydrogen halides, halogens, 03H501, CHjI,

S0,» N02, CO and PF, to give five~ or six-coordinate adducts but not

2 3

all of these products are well characterised,

Reduction of Edppe)zm]x with LiAlH, or NaBH, yields (dppe)thH
52

which is soluble in benzene” s This compound can also be obtained
by phosphine exchange on (PhBP) l‘.RhHl"2 » Oxidative addition occurs with
hydrogen chloride and reactions also occur with perchloric acid and

carbon tetrachloride,
(dppe)thH + HC1 ——9[(dpp_e)2RhH01]01 + H,
. HCth-—-)[(dppe.)th]cmh + H,
+ CCL, —) Edppe)th]_Cl + CHCL,

Rhodium({ I)-alkyl complexes of the type (PhBP)BRhR, (R = alkyl)

are known and can be prepared by the action of Grignard reagents on

(PhBP)iRhClﬁ’sl". The rhodium-alkyl bond can be cleaved by hydrogen

(600 pesei.gs) to yield (Ph}P)BRhH, or by phenol to give (Ph}P)SRl@cslig.

Treatment of (Pth)BRhC6H5 with carbon monoxide yields (PhSP)zf!h( 00)06H555.

The action of heet on (PhBP)BRhMe liberates methane leaving an orange-

yellow compound, shown to be (PhBP)Z( Ph2P06H‘*)Rh. The hydrogen is

abstracted from the ortho position of one of the phenyl groupsB#o

i

The compounds (MePh,P) th.HM, (MePh, P) ;RaC1 6

and (I'thP)BRhC
have also been prepared but their reactions have not been reported.

Trifluorophosphine complexes of rhodium were first prepared by

57

& high pressure synthesis on rhodium trichloride”'s A more.convenient

low pressure synthesis from rhodium(I)-ethylene or -cyclooctene

378 29,

complexes has recently been describe Treatment of the olefin

complex [(olefin)thCl] 2 with trifluorophosphine at 25° and




1 stmoaphere pressure yields the red complex EPFS)ZRhCI]Z which can

be sublimed in vacuo, The reactions of this compound are summarised

in Fig. 15.
(olefin),RhC1
[ IPiB ]2 [Me h_N] [( PF, ) ,RhC 12]
Me, NC1

[("0) Rhﬂ]z — [( PY,) RhCl]

2 T1( acac)- y

+
K'/Hg T1C5H,
PhyP ¥,

[(pry) ol e 705",
and [(PF;) l‘_Rh]K

( PFB)ZRh( acac)

trans-( PF )2Rh( co)ci

tra.ns-(Ph P) oRA( 1-“F3)Cl
- Ph.SnC1
TPF 3
(P1x3p)33hc,1 (PI‘ ) thnPhi
Fig._15

Preparation and some reactions of [@52212@} o

Rhod i um( I)-phosph:.te complexes of the type KPhO)BP-I RhCl60

EPhO)BPJZRh( c0)c1® , [Ph0)5P]4 1 and {[(Pho)jpzllb } o are also
known,

(8) Rhodium{ ITI)-phosphine complexes

Many of these complexes are formed by oxidative addition reactions
on Rh(I) compounds and have already been discussed. This section will
concentrate on those compounds which are prepared directly from rhodium
trichloride,

Addition of tertiary phosphines or tertiary arsines to hot

alocoholic solutions of RhCl3 has been reported to gi\ie complexes of the
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form ger—(BBM)thX}, (X = halogen; M = As, P; R = alkyl or aryl) and

suall amounts of the isomeric complex fao~( R)M)BRhK5 (Fige 16) and of

X
X
Mi= == M
/I R|h /, / Rh ,/
ML—_f"/M I __ __/x
X M
mer-configuration fag-configuration

Fig. 16
14,56,63
ElezPhPH] [_(__MGZPhP)ZRhCII;J o The configurations of the isomers
have been assigned on the basis of 1H Nem.r,, far i,r,, and dipole

moment studies (see page 41),

Attempts to replace the chloro-groups with alkyl or aryl groups
failed, as also did attempts at reduction with LiAlH‘._ or Na.BHL“".

Because of their suitability for 1H n.m.r. characterisation the
dimethylphenylphosphine complexses have been the most extensively
studied.65. Metathetical replacement reactions on (MezPhP)-}Rh015 occur
readily under mild conditions to give ‘('MeZPhP)smicizf (¥ = 8r, I, NCO,,
NCS, NO, or NB)’ and also (Mc-:ZF‘l-xP):,’RhY3 under more vigorous conditions,
The chlorine in the trans-position to phosphorus in the compound

me:z'-(llazPhP')BRhCl5 is the most readily substituted.

Binuclear complexes of the type KM% )5Rh2X6] and. [(MR3 ) th2x6]

have also been p:repa::'ed.1 1".

The effect of the basicity of the tertiary phosphine on the
1
reaction with Rh(:l3 has been studied by Bacco et al 5. It was found
that on addition of more basic phosphines ( like trialkylph_osphines)

compounds of the type L3M3 were formed. With less basic phosphines
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(such as Et-zPh.P) a hydride can easily be isolated, With
triphenylphosphine reduction occurs- to give a rhodium(I) complex.

+L +H, =C1 -HX

BhX, — L,RhX, ————) L[, RhHX +——— L RhX
p) 73 b +HX 5

Treatment of ( EtPhZP)5Rh013 with oarbon monoxide gave the rhodium(I)
complex (EtthP)z__Rh( co)cl.

The complex (Iﬁ'.PhaP)}RhH(:l2 can also be prepared by the reduction of
(EtPhZP)Bmlcl3 with hypophosphorous acia'®,  This reaction has also
been used to prepare the analogous arsine complexesa"'65.

“The camplex (PhZMeAs)thHGIZ reacts with acrylonitrile to give a stable Rh(III)-
alkyl bond, (PhZMeAs)BRhCIZ.CH(Ma)CN“. The hydrido complex also reacts
with mercuric salts HgY, (Y=7F, C1 Br, I, oAc) to give
(PhZMeAs)3Rh012(HsY)67. The species (EtzPhP)3th2(ng_) are also

15

known “

Anionic complexes of the type EPh3P)thXLJ- have also been
prepared by the reaction of Ph,AsCl.HC1l with tris( triphenylphosphine)

A
rhodium(I) chloride®®,

Le Carbonyl Compounds

(a) Rhodium(0) carbonyls
Rhodium({ 0) carbonyls were first made in 1943 by Hieber who reported
. \ 69
the preparation of HRh(CO)L, ha(co)a, [Rh(co)i]n and th(co)“ Ze
X-Bay diffraction studies have shown the last twe compounds to be
th_( co) 1270 and Rh6( o) 1671 respectively, Recent publications have

12=7h but so far it

reported improved syntheses for these two compounds
has not been possible to reproduce the preparations of HRh(C_O)h and

ha( co) g8

(




Reduction of tetrahydrofuren soluticns of ha( co) #012 with alkali

metals in the presence of CO yields the anion [Rh('co)h_]- which is
unstable in solution and very sensitive to hydrolysis or oxidation75.
The anion has been isolated as the tetramethylammonium salt which is

a white crystalline solid stable to 1oo°c. The anions [Rh1 2(00)5()]2-',

[1!1’17(00)16_ 3-, [RhG(CO)“;ll'F and I:Rh3( 00)10]- have also been isolated
rec:ently7 ’ 77.

th_( c0) 12 reacts with triphenylphosphine to give the dimerio
ha( o) lo-( PhsP) X This compound will further react with oxygen to give

a carbon dioxide complex, ha( o) 2( 602)( Ph3P) 3° C6H678. Other phosphine

substituted carbonyl cluster compounds of rhodium have been reported77’ 78&.
The most stable rhodium carbonyl derivatives are the cluster

compounds. Comparison with the analogous cobalt derivatives shows

that for cobalt these are the least stable, (Fige 17)

Increasing Stability

< -
Na[Co(0), | €0,(C0), , Cog(€0), ¢
Na[Rh( co_)&] By (c0),, Rhy(CO),

V4

Inoreasing Stability

Fige 17

The mixed cobalt-rhodium carbonyl complex COZha( co) 42 has been
prepared by treating Eih(CO)ZCI]Z with one mole of Zn [CO( co)k]279.

(b) carbonyl halides

These are of the form IERh(CO)ZJ{]2 (x = €1, Br, I), made by the

69, 80,81
»

action of carbon monoxide on rhodium trihalides and

|:Rh(00)2x'2 " (X = Cl1, Br, I), made from I:Rh(co)zx] o and the halogen
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acid82’85. A binuclear species Iihz(co) x 1% (X = Br, I) haz also

27y |

been reported.82 but recent work85 suggests that this should be formulated
as [Rh(CO) ] Compounds of the type E%h( co)x5] 2- have also been
prepared

An X-ray crystal structure on [?h(co)zcj]z shows that two essentially
planar Fh(CO)ZCl groups are joined by two chloride bridges, with the
planes of the two groups inclined at an angle of 1249 (Fig. 18)s In
the solid the dimers are held together in an infinite chain by weak
metal-metal bonds, A bent metal-metal bond within the dimer has also

been suggested8 .

SRS eV e

FE;S. 18

| Rhodium carbonyl chloride

are of four main types:

| Reactions of [Rh( co)2c1]
H 85-87

2
(a) ©bridge splitting reactions
8.8 |Rh(C0),C + 2C_H_N — 2Rh(C0),Cl.C_H_N
| [ £, 555 2015l
[Rh(co)201:|26+ 4Pn,P — 2(Ph,P),RE(CO)CL + 200
' (b)  bridge replacement8

[Rh(co)201]2 + 2(CH;C00)Ag _9Ezh(co)zcrr3c02]2 + 2AgC1




(e) carbonyl replacemen

[Re(co),01], « 20gH,, —> [CgH, RuCL], + 460

(d4) adduct :E'ormai:-iona9

[Rh( co)2c1]2 + 2(oyolohexa=1,3~diens) —> [Rh( co)201] ,+diene
A redistribution reaction with I:Rh((:zﬂ'l")zcljl2 has also been
reported81
[Bh(_CO)ZCI] , * [Rh( °2H4)2°1]2—> 2[121;(co)(czﬁh)c1]2

(o) Carbonyl phosphine, arsine and stibine complexes
Complexes of the type trans-(P}ll)ZRh(CO)x (M=P, As; X = C1,Br,I;

R = alkyl or aryl) ha.ve‘been prepared by a variety of methods. The

85,87

compounds were first made by the action of RBM on solutions of

complexes
E?h(CO)ZC]] o+  Triarylphosphite ,can also be prepared by this method6°.

Ezh(co)zmjz + AR M — 2 RM),RA(CO)CL + 2C0

Reduction of ZEIhCl3 in boiling alcohol in the presence of carbon

monoxide followed by the addition of tertiary phosphine or arsine is
90

reported to give better yields in some cases” + An alternative method

is to treat complexes of the type (R5P)2Rh( (30)(:13 with base (potassium

hydroxide) in boiling ethanolgo.

(PhsP)lehC CO)C1 can be prepared readily by passing carbon monoxide

through solutions of (Eth)BRthj, or more conveniently by treatment

with formaldehyde in boiling alcoh0191.

It has been reported that the complexes prepered from the reaction

of triphenylstibine and [Rh( 00)261]2 are better formulated as
2 .
KHIBSb)3Rh(GO)C]]-05H69 than the previously reported (PhBSb)th(CO)CI
93 '

and (Phssb)th(CO)zcl .

All the ligands of (_Pth)th( CO)Cl are very labile and it has
been suggested that exchanges take place through a five-coordinate
94,95

intermediate In spite of the kinetic lability the compound is




u}‘l-

thermodynamicslly very steble however.

Addition of solutions of sodium iodide to (EszhP)ZRh(CO)Cl quickly
led to the formation of (EtzPhP)th(cO)I%. Attempts to alkylate the
chloro-complex with Grignard reagents or organolithium compounds were
unsuccessful and yielded only brown intractable productsgo. Similar
attempts to prepare a Group IVb derivative by the reaction of
triphenylsilyl-lithium with (PhBP)ZRh(CO)Cl also faile 96.

Compounds of the type Lth(CO)Cl (L = tertiary phosphine or arsine)
have been shown to undergo oxidative addition reactions to give
rhodium( III) complexes, Some typical addition reactions are shown
in Fig. 19.

A comparison of these reactions with those of the analogous
iridium complexes1°2 or complexes of the type L53h01 (see pages 11-18)

shows that oxidative addition occurs much less readily for LZRh(CO)CI.

(Pth)ZRh(CO)Cl + Cl, — (1=h}P)2m;(co)c:n3 97,98
(BuBP)ZRh(GO)Cl + Mel —— (BujP)aRh(CO)(Me)clI 98
(PhBP)ZRh(CO)Cl + HOl — (PhBP)th(CO)Hclz 20
(P'h3P')th(CU)'C'1 + 80, — (Pth)zmi(CO')(Soz)Cl 99,100
MeCOC1 — (uezPhP) 2Rh(co)(mmco)cl2 101

+

(MeZPhP)ZRh( c0)Cc1

(MezPhP)th( co)c1

+

MeS0,C1 —> (MezPhP)th( CO)(M9802)012 104

Fige 19
Some oxidative addition reactions of (E@BEQZRQSCOICl

Where similar Rh(II1I) products exist those formed from (PhBP)ZRh( C0)C1
are less stable than those formed from the analogous iridium complex,

(Ph.}P)ZRh( C0)C1l will not activate hydrogen and addition of hydrogen
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chloride gives (PhBP)th( CO)H012 {always contaminated with starting
material)?o which is stable in the solid state but not in solutiom,.
(PhBP)ZIr( CO)C1l forms stable products with both these add.en_d.aa' 105 .
Simil‘arly (PhBP)th( C0)C1 will not react with mercuric chloride although
the iridium complex gives (H15P)211( co)(chl)c121°‘*.

Alkyl halide additions to L,Rh(CO)X are h,°m98.105_.

Reaction
proceeds through an L2Rh( (:O)Mex2 intermediate to give eventually an

acyl product [e.g. (PhBP)th(MeCO)IZ:I. These products can often also
be made by addition of the acyl halide to (Ph3p)33h012° (see page 16).
Compounds of the type Lth( CO)(RCO)(:l2 which are not very stable when

2PhP1 01 +« The stereochemistry

L= Ph5P are more easily lisolated when L = Me
of the products formed by addition reactions to (MezPhP.)z'Rh(CO)CI has
been studied by an n.m.7T. mef.hodm‘I (see page 43 ) but no investigations -
have been made into whether cis- or trans-addition occurs.

The thiocarbonyl complex, (PhBP)ZRh( CS)C1l, has already been
mentioned (page 12 ). Oxidation by halogens gives Rh( III) complexes,
(Pth)th(CS)X}.

(Ph3P)2Rh( CO)Cl is an efficient hydroformylation catalyst106 and

is also 5596?51;; the active species “in catalytic decs-.rl;on:ylation_rea.ctions'.

(d) Q_h}f_’)_jgl;( CO)H

Hydridocarbonyl -tris( triphenylphosphine)rhodiun(I) was first
prepared by the reduction of (PhSP)ZRh( C0)C1 with hydrazine in the
presence of an excess of 1:riphenylphosphim;l 07. An improved synthesis
uses sodium borohydride as the reducing a.gent108. A crystal structﬁre1o9
shows that the compound has a trigonal bipyramidal structure with three
phosphorus atoms in the trigc;nal plane and hydrogen and carbonyl groups

in the axial positions, The rhodium atom is displaced 0..3552 below

the equatorial plane towards the carbonyl group, (Fig. 20)
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H
17"
P !
P - )
~<Rh |/
ARV R-H = 1,728
P
Bh-P = 2,348
¢ £
2. 1
e 3
2.328
Rh-CO= 1.81%
JFige 20
(_Pth_)th( CO)H
The complex dissociates in solution in twe stepswao
~Ph_P -Ph,P
( Ph,P),Rh(CO)H —2> (Ph,P), Ru(CO)H —=2= (Ph,P)Ra(CO)H
575 Eﬁ 372 +Ph. P 3

3

At concentrations of 10

% it is suggested that (Ph3P)2Rh( CO)H

is the predominant species. The reaction of (Ph)P)3Rh(CO)H with

carbon monoxide involves a complex series of equilibria:

(Pth)th(CO)H,T: (PhBP)th(CO)H + Ph,P

co
(Ph3P)2Rh( CO)H — (Ph3P)2Rh(CO)2H

c8
(HL}P)ZRh(GO)ZH H;-—‘[(Phs'P)th(CO)z:lz + H,
) _
. N .
EP}:}P)ZRh(co)Z:,2 —E——\[(ph}P)th(co)(3)]2 + 200
[S = solvent, e.ge benzene]

Solutions of (Pth)th( CO)H in dry, degassed benzene also undergo




a slow spontaneous desompositien reastion to give a dimeric species,
[(PngP) B0 co)] o

2(Ph3P)5Rh(CO)H —_ [(1=h3.1=)2121u(co)]2 + 2Ph3P + H,

(Pth)BRh(CO)H is an effective and highly selective catalyst for
the homogeneous hydrogenation and hydroformylation of alkhl—enes111.
Analogues, with less reactive metal-carbon bonds, of the spedies
which are involved in the catalytic processes have recently been prepared,

. 112
i.e. (Ph}P)th( CO)CZFLH

Se Organic Derivatives of Rhodium

Research in the field of organo-transition metal chemistry has
flourished in the past twenty years and many new types of compound have
been isolated, The chemistry of these compounds is well documented115.

Rhodium forms a number of organic derivatives, especially with
olefins, and only the more important complexes are mentioned below,

(a) Alkyl complexes

Several typical compounds have been discussed in other sections

arid will not be discussed further: (PhBP)ZRﬁ(ié)'éﬁz'(iag'e 14 )
(Bu}P)ZRh(CO)(Me)ClI (page 31); (Ph}P)amn(co)(una)u2 (page 16),
(1=h}1=)212h(1§1:)012 (page 15), (PhBP)th(CthH)CIZ (page 15), (Pth)th-
(cH = CH,)c1, (page 15), C5H5Rh( co)cF3I (page 37), (Pth)thR
(R = Me, Ph), (page 24), (Ph5P)ZRh(c0)02FL§ (page 34).

(b) Olefin complexes

The field of transition metal-olefin complexes has recently been

114

reviewed '« The passage of ethylene into aqueous methanol solutions

. 11
of rhodium trichloride gives orange crystals of [§02HL)2Rh01]2 %

2RNCl, + 2H,0 + 6CZHA_—-)[(02H“_)2RhCJ]2 + 20H,CHO + AHC1
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The complex is a chloro-bridged dimer Other mono-olefin

115

complexes can be prepared in a similar way (e.g. propylene ~,

1
cyclo-octens 17). Reaction of the ethylene complex with acetylacetone

and cyclopentadienyl-sodium yield (CZHA)ZRh( acac) and 7 =C_H_Rh( CZHA)Z

55
118.

respectively 18. Tertiary phosphines and arsines completely displace
the ethylene from [(Czﬁh)thc.l]z to give complexes of the type IthCl
(L = tertiary phosphine or a.rsine)16. Displacement of ethylene from
(CZHq.)th( acac) by vinyl chloride or propylene to form complexes of the
119 S

. Both { 0254)231“:1]2

and (c H ) Rh(e,cac) catalyse the dimerisation of ethylen"e120.

type (olefin)th( acac) has been reported

Reaction of CZHI.. and GZFI._ with (PhBP)thCI to yield olefin complexes

of the type (PhBP)ZRh( olefin)Cl has previously been discussed
(see pages 12 and 13).

Diolefin complexes of rhod.ium‘I 14,121

are well known and can be
obtained by refluxing solutions of rhodium trichloride trihydrate with
the diene. The complex formed with cyelo-1,5-diene is typical of this
122,123

class of compound, [(08H12)Rh01]2

1-7 o

_F_j_-S. 21
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[(08H12)Rh6'1]2 undergoes bridge splitting reactions to yield

products such as 7r—05H5Rh(08H12), (CBH12)Rh(acac), [KCBH12)Rh(CH3COO)]2

12
and (CgH, 2)BhC1( PhBP) 4,

(e) Allyl complexes

The chemistry of allyl transition metal complexes has been

extensively reviewed125’126

122

and the structures of complexes of the type

(Ph3P)2Rth:3HA)Cl2 (R = H, Me) have previously been discussed (page 16).

Some typical preparations are shown below,

[Rh(c0)201]2 + 603!-1561 + 4H,0 ——-)[(03H5)2Rh01]2 + 400, + 2C
(Phjp)jnhu + 031-1501
RiCl, + 30;HMgCl

—a(mjp)znh(cjn5)012 + Pth ’
——-—)(03115)3311 + 3MgCl,

(m59)3m01 + c5r15m5c1 ——>(Ph51>)jnh(c}H5) + MgCl,
[(CO)2RhC1]2 + 20,H MgC1 —— 2(00) i C,H, ) + PHgCl,

[(03H5)2m101] p * 2TICHH, — 2('rr-C5H5)Rh(03H5)2 + 2T1C1

Examples of pure 7r-allyl complexes, (Ph3P)3Rb(rr-CBH5);

asymmetrically bonded 7r-complexes, [(Tr—cjﬂs)thCl]z; and compounds
containing both /7= and o -allyl groups, ﬂ-65H5Rh(°‘ -cjﬂs)(rr-CBHs),
. are _known for rhodium,_.

Butadiene reacts with rhodium trichloride in methanol to give

130

04§7Rh012(0436)Rh0120hﬁ7 which is believed to have a bridging

butadiene group and twe s7-crotyl groups.

(d) Zcetylene complexes
131

Only a few rhodium-acetylene complexes are known ~ . Two
examples are shown below,

(PhBP)BRh01 + PhC=CPh — (Ph3P)2Rh(PhCECPh)Cl + Ph3P

(PhBP)ZRh(CO)Cl + HC==CCO H——-)(PhsP)ZRh( HC _-E-'_GCOZH)Cl

2

H6 + 6HC1 127

28
127

128

129

127

16

132
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The former has acetylene acting as a simple donor ligand
(NC=C, 19000m '), whilst the latter has the structure shown below
(Fig. 22) (v Cc=cC, 161.|Dcm-1).

OI

x
Ph3P\ ~ | hz ’ CCOZH
N
PhyP

0O—3A

OC

Fig, 22

(e) Cyclopentadienyl complexes

Reaction of sodium cyclopentadienide with E?h( 00)2Q1]2 glves the

133

orange liquid 7\'-C5H5Rh( ce)2 « Exposure of this compound to the

. ; ' 154 :
air glves red crystals of the dimer [n-csnsnh( co)2]2 . =G H;m(c0),
will undergo oxidative addition reactions with iodine to give

7_‘_-_05H5R_h( CQ)_I_z1 35. and with perfluoro-alkyl iodides to give

Lo H

and tin tetrahalides has been reported

(R = CF;» 02F5, CBF'_I)' The reaction with germanium

137 to give compounds of the type

N = . i i . -C.. . PhP )( C!
(:5HSRhJKMX3 although no details have been given. 7~ 65H5Rh(M92 P)(C0)

137

has been prepared by the action of Me,PhP on 7‘-C5H5Rh(_00)2 and its

oxidative addition reactions with Cl,, Br,, GH}COBr and CF30001 give
isolable salts of the type [7\'-05}[5Rh(CO)Lx]+X-. Alkyl halides react
with n-csflsRh(MezPhP)(co) to form neutral acyl derivatives,
7T-Cslfl:.‘l?h(MezPlnP)(COR)](, probably via an ionic intermediate,

118 122 .
Al 'csﬂsR,h(czﬂu)z and 7\--c51151m(c81111 2) have similarly been




prepared by the reaction of sodium cyclopentadlenids with the corresponding

chlorine-bridged olefin complex. 7‘_05H53h(02HL)2 reacts with sulphur
. . | 138
dioxide to give TT-CSHSRh(C2Hh)2(SOZ) « The mass spectra of some
cyclopentadienyl rhodium olef'in complexes have been reported139.
Polymeric halide complexes, ET-Csﬂéﬁh(halosen)é]x127’140 have

also been prepared,

6e Determination of the Stereochemistry of Rhodium Compounds

An attempt has been made in this section to gather together some
typical infrared data and to give a few illustrations of the uses of
physical techniques in determining the structures of rhodium éompounds.

The stereochemistry of many iridium complexes have been assigned
by a combination of physical techniques and confirmed by X-ray studies.
Generally a complete and unambiguous assignment of the stereochemistry
of iridium complexes can be made on the basis of the 1H n.m,r,, infrared
and far infrared spectra1h2. By contrast, apart from the work by
Shaw et al§5’101, little effort haé been made to determine the absolute
stereochemistries of rhodium compounds, Two main reasons can be
advanced for this: (a) the tendency for rhodium in the trivalent state
to form five-coordinate as well as six-coordinate complexes, (b) the
lack of reactivity of complexes of the type LGh(co)x (L = tertiary
phosphine or arsine, X = halogen) in the oxidative addition reaction
compared to their iridium analogues. A number of X-ray studies have

been made upon Rh(I) compounds but the information on Rh(III) compleies

is negligible.

Infrared Spectra

(a) Near infrared spectra

Rhodium-hydrogen and carbonyl stretching frequencies are observed

in the near infrared in a region clear of most other absorptions.




- 30 =

Some typical stretching frequency values are showm in Tabkles 2 and 3.

Table 2

Infrared data for hydrido complexes,

_Compound N ( Rh—Hchm-1 trans .liga-_nd reference

Rh(III)
Q&-[(dmpe)zﬂhﬂz}:l 1900, 1870 P 50
trans- [(ampe) 2RhHCl] c1 2050 c1 50
trans- Kdmpe) 2RhHBr] c1 2030 Br 50
(EtthP)5M201 2059, 1915 15
(PhBP)sRhHZCI 2082, 2012 15
(Ph3P)ZRhH261, 0.5CH,C1, 2099, 2065 13
(PhBP)ZRhHZBr, 0.5CH,C1, 2103, 2068 13
(m3A5)2M201, 0.5CH,C1, 2051, 2030 16
(PhSP)zl?hHCIZ, 0.5CH,C1,, 2105 20
(_Pths)ZRhHCIZ, 0.5CH,C1, 2069 16
(Pth) 3Rth12 =< 2220 15

A 2120 15
(Efpﬁ'zp')'jnhﬂclz — 2120 15

B 1982 15
(mmzP)5MHM2 =< 2110 15

R 1964, 15
(Pth) 2Rh( co)Hc12 2122 20
_tgﬁ-[menzm_:l]* 2100 c1 144
cis- [Rhenaﬂz:r 1969 N 144
BA(I)
( dppe) oBhH 1902 52
(PhBP)BRhH 2020 53
(PngP) ;Ru(CO)H 2004 107




Table 3

Infrared data for cerbonyl compounds

_Compound \) gco)c_m'1 trans ligand |reference

Rh( I)

(Pth)th( co)cl 1965 c1 105
(Et3p)2m;(co)cl 1958 cl 105
(MezPhP)th(CO)Cl 1970 c1 101

1II)

(Pth) 2Rh( co)Hc12 2049 20
(Pth)ZRh( CO)(Me)012 2062 20
( Et5P) 2Rh( co)cl5 2070 90
(MezPh'P) 2Rh( coX Me)laz-2 2068,2053 Br 101
(MezPhP)th( co)( GOMe)c12 2090,2067(1655) cl 104
(naq.zlfhp)zﬂh(co)(chH7)c_12 2056 | c1 101

The position of the iridium~hydrogen absorption has been found
to be dependent upon the frans ligand and the ranges quoted for
y(Ir-H) are 1750(:111-1 (trans hydrogen), 2000-2100cm | (trans phosphine
or carbonyl), 2189-2200cm | (trans chlorine)'*?.  Rhodium would be
expected to parallel this behaviour but as can be seen from Table 2
only a few cases are known where the trans ligand has been unambiguously
identified. Most of the rhodium~hydrogen stretching frequencies so
far assigned lie within the range 1900-21L40cam |

The frequency of terminal carbonyl groups for rhodium(III) compounds

lie about 1()0c:m“"I higher than the frequency range for rhodium(I) complexes

(Table 3). The increase in frequency on going from Rh(I) to Rh(III)




can be explained by a smaller back-donation of slectrons from Rh{III)

to the carbonyl ligand, due to the increased positive charge, leading

to an increase in the CO bond order and stretching frequency.

Carbonyl and rhodium~hydrogen stretching frequencies can be distinguished
by spectroscopic comparison with the corresponding deuterides.

(b) Far infrared spectra

Shaw has shown that for complexes of Rh(III) with
dimethylphenylphosphine and -arsine ligands, v(Rh-C1l) falls into two
ranges: 314.5-2930m-1 (two chlorines mutually trans), and 278—261.|.cm-1
(chlorine trans to phosphine or arsine)“. (Table 4)

Other workm'5 suggests that for 'square planar complexes v (Rh~Cl)
falls in the range 5_10-250<:m-1 and for octahedral complexes v(Eh-C1) =
350—2500m_1. Bridging metal chlorine stretching frequencies lie about
2O-l.£Jcm-‘I lower than the terminal vibrations. The ligand trans to

the chlorine atom- was found to influence y (Rh-Cl) in the order:

Cl >Br >1I ~(C0 7CH3~PR3~A5R3 >H

decreasing V(M-Cl) =—

Proton magnetic resonance spectroscopy

1H n.m.r. Spectroscopy is a valuable tool in structure determination.

As well as indicating the presence and relative amounts of phosphine,
organic and hydride groups attached to the transition metal it is of'ten
possible to deduce something about the stereochemistry.

It has been found for a number of octahedral hydride complexes

3

that H~-Rh- 1P coupling constants are of the order 80-150 Hz, for

H trans to P, whilst the couplings for H ¢is to P are about 15 Hz.
The <+ values for H trans to P are also usually lower than those when
N

H is trans to a ha‘lide1 .

In the high field H n.m.r. spectrum of (PhyP),RBHCL,, 0.5 CH,CL,




vy (Rh~C1l) for some

Table 4

rhodium-chlorine compounds,

( EtBP) 3RhCl
(Et,PhP) 5RhC1

(MezPhAs)3Rhci

Compound

[R( c0) 1],

[ czﬂh)ZRhCI.] )

Ecalﬁ 2)EC1],

(Ph}P) 2Rh( co)cl

( EtPh,P) ,Rh( €O)C1

(EtjP)th( co)cl

(PhyP) 5RAC1

[(PyP) Rec1],

[P [Rec0),0
-+ BR(111)

( PhsP)th( co)015

(EtBP) 2m;( co)cl3

cis( EtjP) BRhcl

3

(Pth)ZRh(CO)( Ph)c;l2
(Pth) th( CO)(Me)012
(MeZPhP) }Rh01

3

(Me,PhP) ;RhCL, Br

3

3

3

v (Rh--Cl)t:m“1 trans ligand [reference
284, 274 co 143
273, 259, 250 CZHA. 143
274, 254 CgH, 5 143
309 co 143
300 co 143
302 co 143
296 PP 143
303 Ph}P 143
320,290 20
344, 316 143
335, 321, 270 143
zgg:sgg, 268-256 Et;P 143
320, 283 20
308, 297 20
3539, 313 cl 63
273 Me,PhP
337, 311 cl 63
339, 293 C1 63
264 Et,P
345, 323 c1 63
270 Etz_PhP
337, 306 c1 63
275 MepPhAs |
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. s , . 10
coupling is observed with 3Rh (100%, I = nd

N=+

31P (100%, I = 3). The spectrum consists of an overlapping doublet

of triplets centred on 26.1 v with J(Rh-H) and J(P-Rh-H) = 17 Hz,.

The two phosphines must therefore be in equivalent or closely similar
positions and the value of the coupling constant suggests that they

are cis to the hydride. This has been interpreted in terms of the
structures shown below (Fig. 23) although structures with the phosphines

trans to each other cannot be ruled out on this evidencezo.

H
Ph3Pm == C Ph3P~ 1 - - +(s)
/ Rho /o or f R/
Ph3P=-+~-Cl PhaP™ - 4 - -
(S) Cl
Fige 23

This rather limited information can be supplemented if phosphines such

as MezPhP, MePhZP or Et3P are present in the molecule as it is then

possible to determine whether the phosphines are c¢is or trans to one

63

another 4 The 1H n.m.r, of free Me,PhP shows a doublet in the methyl

2
region due to spin-spin interaction ANp (1008, I = ). When two or
more phosphines are coordinated to rhodium, a 1:1 doublet is still

observed if the phosphines are .cig to one another, but if they are

mutually trans they exhibit a 1:2:1 triplet due to strong coupling
between the two trans phosphorus atoms, Further, if there is no

plane of symmetry along the P-Eh-P bond the methyl groups on the same

) and further coupling with



phosphorus atoms experience slightly different magnetic environments

and consequently resonate at different < values to gi've two 1:2:1

triplets,
Cl I
Me2PhF’/— ‘I— = —/Br‘ MezPhP’,— ——- - ‘/Cl
/
/' Rh /’ /' Rh |/
MesPhP~— — - __ / '
2Ph ,— PMesPh MesPhP— - T --’PMe2Ph
Ci Br
(4) - (3)
¢ cl
Ph\ ! /Me Ph : Me
P_—_Rh— _'_Br ’ P—;\_th/ CI
: ! \
| Me ¥
Cli é €
r

View along the P<Fh-P axis

Fig. 2l

?Br.

The spectrum consists of a well defined 1‘:2:1 triplet centred on 7.87 v

This is illustrated in the 'H n.m.r. spectrum of (Me,PhP) RhC1

[J(I-\-C-H), bet Hz.] and a 1:1 doublet centred on 8.74 ~

[J(P—G-H) s 1165 Hz.] . The compound can therefore be unambiguously

assigned the configuration (A), (Fig, 24) as this contains a plane

6
of symmetry along the line P-Rh-P 3.




II TRANSITION METAL - GROUP IVB COMPOUNDS
- BIVUNLS

Although relatively few compounds of this type were known in the
early 1960's, compounds containing silicon, germanium, tin or lead
bonded to most of the d-block transition elements have now been
prepared. This and the fact that the topic has been the subject of
145-148

four recent reviews indicates the amount of effort that has

been devoted to this field. Organogermanium-metal bonded complexes
have also been the subject of a separate review1h9. This upsurge
of activity is probably due to the intrinsic interest of compounds

possessing both main group and transition metal characteristics, and

also to the possible application of the compounds as catalysts,.

1¢ Synthesis of Transition Metel-Group IVb Bonds

A number of methods have been used for the preparation of these
compourids and the most important types are described below.

(a) Elimination of an alkali metal halide

This method can be further subdivided into two classes:
(i) those syntheses 1nvolving transition metal anions, and

(ii) those involving alkali metal derivetives of the group IVb element.

(1) n-.05H5Mo(CO)3Na. + RyGeCl — ﬂ.c5}15Mo(co)3(GeR3)
+ NaCl 150
_ (R = Me, Et or Pr )
(Ph5P)Ir(CO)5Na + MeySnCl —_— (Pth)Iz{CO)B(SnMeB)
' + NaCl 151
(ii) (Ph2 oH, FPh, )PtCl + 2(MePh SiLi) — (Ph ,PC,H, FPh, )Pt(S1MePh)
+ 2LiCl 152
PthAu01 + PthGeLi _ PhBRAuGePh5 + LiCl 153
(Et3P)2m012 + 2Ph,GeLi L (EtBP)ZPt(GePhB)z
+ 2LiCl 154
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The main limitations upon the general usze of these methods are
the availability of the transition metal anion and the ease of preparation
of the group IVb metal alkali derivative. Method (i) is particularly
useful for the Cr, Mn, Fe and Co groups, and method (ii) for the
Ti, Ni and Cu groups. Another drawback is that a competing side
reaction involving halogen-metal exchange is sometimes involved,

(b) Elimination of neutral molecules

This heading covers a broad group of reactions involving the
elimination of neutral molecules such as Hé, HC1, HNO}’ H20 and
MezNH. The elimination of H2 provides a particularly clean reaction,
whilst the presence of a base is sometimes necessary in the HC1

eliminations to give complete reaction.

(.'-702(00)8 + 2Et581H —_— 2EtBSiCo(co)lF + H, 155
2Mn(CO)H + Gk, Y H,‘,Ge[:mm(co')ﬂ2 + H 156
C5H5Fe(co)201 + HGeClb —_— c5}|5Fe(co)2Gec13 + HC1 157
(PhBP)Z_Pt'(H)Cl + PhySnNO, — (Pth)th(SnPhj)CI + Hmo3 158
(PhBP)th(H)Cl + MeBSnNMeZ——) (PhBP)ZPt(SnM%)Cl + Me,NH 159
Hzlre(co)l+ + 2Ph3Pb0H —_— (Phblﬂb)zli'e(co)‘+ + 21,0 160

(¢) Oxidative addition reactions

This method is restricted in its application but is particularly
useful for the preparation of iridium and rhodium complexes. The
transition metal increases its oxidation number by two units and its
coordination number by either one or two units depending on whether
or not a neutral ligand is eliminated.

(PhBP)ZIz(CO)Cl + 2Bt;GeH ———) (PhBP)ZIr(CO)( GeEtj)Hz + E-tBG—e01 164
(PhBP)BRhCI + HSicl _— (PhBP)zmﬂ-I(Si.01j)01+PhP 162,163

3 5

(PhBP)3Iz(CO)H + EtjsiH —_ (ph51>)211(co)(Sim;})ﬂ2 +Ph3P 16k

Fe(CO)5 + SnBr), _ BrSSnFe(CO)hBr+CO 165
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2Cbeco(GO)2 + 2Ga 1"_ —_— (.‘5!15!‘0\"0,\f‘e"ly2 3C0
+ CoCl, + (05H5) 166

(d) Insertion reactions of divalent group IVb halides
Divalent group IVb halides (e.g. GeIz) can often be inserted into

transition metal-metal bonds and metal-halogen bonds to form new
group IVb~transition metal bonds,. The method has been extensively
used but the main drawback is that GeIZ and the divalent tin and lead
halides are the only suitable group IVb metal halides available.

Insertion into metal-halogen bonds requires a large excess of MX, to

2

give complete reaction.

Co,(CO)g + Gel, ——  Ljge E:o(co)d2 167
E:S‘HS’Ni(co)]2 + SnCL, — CIZSn[Ni(co)05H5]2 167
(EtBP)ZPtHu + SnCl, —_— (E1:31=)2P1:(H)Snc13 168

(e) Reaction with metal-metal bonded complexes

Silyl- and germyl transition metal derivatives have been ﬁrepafed
from the reaction of bistrialkylsilyl- and bistrialkylgermylmercury
with transition metal complexes, This method is particularly useful
as it is difficult to prepare the corresponding trialkylsilyl- or
germyl alkali metal complexes in good yield.

Hexamethylditin reacts with (PhBP)ZPt( °2H4) in an oxidative
elimination reaction to yield (Phjl_’-)th( SnMes)z.

(Et5P)2Pt012 + (Me5Ge)2Hg _ (Et5p)zpt(ceue3)cl + Me,GeCl + Hg 169

3
E}5H5MO(CO)3]2 + (EtjGe), g ~—> 205H5Mo(00)3(GeEt5) + Hg 170
(Ph3P)2Pt(CZHh_) + MegSn, —_ (r>1131>)21>t(sm11e3)2 * czﬂi+ 171

2. Physical and Chemical Properties

Although there is obviously a great variation in their properties
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most of the transition metal-group IVb complexes oxhibit a considerabls
degree of stabilify to oxidation or hydrolysis under normal conditions.
Their thermal stability is ééneraliy greater than that of the analogous
organo-traﬁsition metal complexes which suggests that the metal-metal
bond is strengthened by r<-bonding.

The stability of a particular complex depends upen the transition
metal involved, the nature and nuﬁber of the ligands bound to it, the
group IVb metal, and the substituents attached to the group IVb metal.
Although further work needs to be done to determine the effects of
altering these variables some general trends are apparent and these are

summarised below,

(a) Influence of the transition metal
In the platinum group, when the transition metal is the only
variant, the stability of a series of compounds increases in the order

(Et;P),Ni(GePh, ), (not isolated) < (Et;P),Pd(GePh;), < (Et;P),Pt{GePh 315523;.1 :j

This parallels the increase in stability shown by organo=platinum complexeg
as compared with those of palladium17h;

The tendency to form more stable group IVb traﬁsition metal
complexes on descending a triad is also found in other groups. Iridium,
for example, forms stable compounds of the type (Ph3P)ZIr(CO)(SnMej)HCI175
and (Pth)zIr(CO)(GeMeB)ZCI161 but the analogous rhodium complekes have
not been prepared. The trend is again apparent in the series
C5H'5(CO)5M-M!R5 (M = Cr, Mo, W; M' =Ge, Sn, Pb; R = CHs, 06H5)176
where the chromium compounds decompose even under an inert atmosphere
af'ter several weeks although the molybdenum and tungsten compounds
are stable indefinitely.

(b) Influence of ligands bound to the transition metal

The effects of changes in the nature of the ligands upon the




ability of transition metal complexes to underge oxidative addition
reactions has been discussed, Similarly the number and nature of
the attached ligands has an effect upon the stability of the transition
metal-group IVb complex. For example, the complex PhBPAuGePh3 is
very stable to oxidation or hydrolysis but the methyl analogue
MejPAuGePh3 decomposes almost immediately on exposure to airﬂ77. The
copper and silver compounds, PhaPMGePh5 which are sensitive to aerial
oxidation and hydrolysis are more thermally stable and less reactive
in the tetra-coordinate state, (Pth)BM(GeEh}).

The addition of m}sm to (PhBP):,’Bhu yields (HLJP)ZRhH(S:IMe})Cl
but no product can be cbtained from reaction with (Pth)zﬁh(CO)01162.
Trimethylgermane reacts with (Pth)zIr( CO)C1 to give (ph3p)2n( co)(c;ca.u:e})n2

but reaction with (EtBP)ZII(CO)CI gives only the dihydride (EtBP)ZIr( co)Hzci‘63

(¢) Influence of the group IVb metal

Although much more work is needed before any firm conclusions
can be drawn it appears, on the basis of decomposition temperatures and
general chemical properties, that germanium and tin transition metal
derivatives are probably ﬁore stable than those of silicon and lead.
Care must be taken, however, not to draw conclusions about the metal-
metal bond strength on the basis of decomposition temperatures alone
as, for example, a weak carbon-lead bond could cause decomposition in
spite of the presence of a strong M=-Pb bond.

In the series of compounds Ph3M'Mn(CO)5, M' = Si, Ge, Sn, Pb, the
tin derivative is thermelly more stable than the lead compound and loses
carbon monoxide only at 19500. The melting points of the compounds
are in the order Si(160-163°C) ~ Ge(162-164°C) > sn{148-150°C)
~ Pb(146~148°C), but the oxidative stability is in the reverse order

Sn >Pb > Si1 78.
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A similar trend is found in the series of compounds C5H5(GO)3M—M'R3

(M = Cr, Mo, W; M' = Ge, Sn, Pb; R = CHg, 06H5)176

where the lead
compounds have been found to be less stable towards aerial oxidation
than their germanium and tin analogues. The correaponding silicon
compounds could not be prepared from the transition métal anion and
the silicon halide.,

The greater reactivity of the silicon derivatives is also shown
in the facile hydrolysis of (EtBP)th(SiMeB)Cl although the analogous
169

germanium compound is only slowly hydrolysed even in aqueous diglyme “.
(d) Effect of substituents on the group IVb atom
In a series of compounds containing the grouping R3M' (M' = group
IVb atom) the order of stability of the complexes is found to be
R = halogen >aryl > alkyl > hydride. This is particularly well
exemplified by the series of complexes (PhBP)ZRhH(8101nRS-n)x
(R=Me, Et; X =C1, Br; n=0, 1, 2, 3)162. The thermal stability

of the complexes decreases markedly with the increase in the number

of alkyl groups and a similar stability sequence is found in solution.

Table - 5 -
Complex decomposition stability in solution
temperature
(Pn,P) HRBH( 51C1,)C1 170% stable
(P, P), BEH( S1C1Me)CL 145% slowly decomposes
(Pn,P), BhH( S1C1Me, )G1 125°% slowly decomposes
(Ph,P),RhH( SiMe, )C1 95°C dissociates instantly

Stability of the complexes Qh}g)znhgﬂx SiC1 Me, . )C1

These variations in stability along the series may be caused

mainly by the change in the effective electronegativity of the




8llyl group but dn -d» bonding may alsc be involved.

Similarly Cl,Ge I-Fe( 00)205H5] o is resistant to air, MezGe[Fe( 00)205H5:|2

is less s0, and solutions of H2Ge[Fe(CO)205H5]2 are rapidly decomposed.

e Reactions of the Complexes

The reactions of the complexes are of three main types:
(a) those which cleave the metal-metal bond,
(b) replacement of ligands on the transition metal,and
(c) replacement of substituents on the main group metal,
With tin and lead derivatives the latter course is often preferred
to cidavage of the metal-metal bond because of the relative weakness
of tin-carbon and lead-carbon bonds.
(a) Halogens and hydrogen halides
With halogens attack generally occurs on the metal-metal bond
to give both thé transition metal and group IVb halide, e.g.
(E1;3P)21=1:(c;e1=115)2 + 20,— ('E.t3P)21>1;I2 + 2Ph5GeI 154
Similarly the tungsten-germanium bond is cleaved by an excess of iodine
to yield the tri-iodide.
CSHB(GO)}WGeMe} + 2, — 05115(co)2wI3 + MeBGeI + CO 150
By contrast the reaction of P'hBSnMn(CO)5 with bromine in CC1,
results in the cleavage of phenyl groups.

Ph}s:nMn(co)5 + 2Br -—-)Jaz-zplnsmm(co)5 + 2PhBr

2
PhBSnMn(CO)S + 3Br, ——)131-5311er(co)5 + 3PhBr 178
The behaviour of PhbGeMn(CO)Bto attack by bromine is different,
Both attack on the metzl-metel bond and the germanium~carbon bond can
occur under different conditions179.
Re Te
Ph3GeMn(CO)5 + Br, -—-—)BrMn(CO)5 + PhgGeBr

2-3 hours
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n( ) dibromoethane :
Ph,GeMn{O). + 3Br - Br,GeMn(CO). + 3PuBr
3 5 2 1300, 5 hours 3 >

Halogen acids generally cleave the metal-metal bond in a
straightforward manner, but again some cleavages of carbon-group IVb
metal bonds are known,

05H5(CO)3MoGeMe3 + HCL —— 05H5(00)5uon + Me, GeCl 150

3

(1-:1:5_P)21=d(c;ePh})2 + 2HC1 —— (Et31=)21=ac12 + 2Ph,GeH 180

Cleavage of the analogous platinum complex, (EtSP)th(GePhB) , which
2

exists in solution as a mixture of the cis- and trans isomers, is

154,181

thought to proceed via an octahedral intermediate

sis-, trans-(Et,P),Pt(GePh;),

HCl\l

cig--(Et:}P)ZPt:(c1)c;el>h3 + trang—(E_tjP)th(Cl)GePh} + Ph, GeH

3
HCll HCll

gis- or 1;mns-(Et31°)21=1:c12 trans—( EtBP)ZPt(H)Cl + Ph,GeCl

3
+ PhBGeH

Hydrogen halides are milder and more selective reagents than
halogens in their reactions with manganese compounds, Hydrogen chloride
does not react with Phjﬁaﬁn(éb)s at temperatures up to 7606179 but the
lead~-manganese bond is cleaved at 2500178. The tin analogue reaots
at 0°C to give largely the dichlorotin derivative whilst at higher

78

temperatures the trichlorotin compound can be obtained1 .

(b) Reaction with organic and inorganic halides

Cleavage of the metal-metal bond can be accomplished by a variety

of organic halides including RI, CHClB, CElL and CZHLBrz. The cleavage

of PhjEAuGePhjby CZHZLBr2 is believed to occur through a four-centre
intermediate153.
Pth.AuGePh3 + CC;h E— PthAu01 + Ph3G301 182
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qs(cg)}wnn ey + CoH Br, — "5u5\v0) WBr + C,H) + MesGeBr 150

Inorganic halides such as MgBr2 and HgCl2 have also been used

to cleave metal-metal bonds,

H5(CO)5WG-eEt3 + Hell, —C H5(C0)3WH501 + Et3Ge01 150
05H5(CO)5MoGeEt3 + Mgbr, — c H (co)3MoMgBr + Et;GeBr 150
2H;5iCo(C0), + HeCl, ——— 2H,5iC1 + Hg[Co(CO)l'_]z 183

(¢) Hydrogenation
The hydrogenolysis of Ge~Pt and Si-Pt bonds is a reversible

process, requiring a low activation energy and probably proceeding
through an octahedral intermediate, The trans- compounds are more

readily hydrogenated than their cis- analogues,

(Et P) Pt( GePh ) + H, ——— (Et P)ZP‘I:(H)GePh5 + PhBGeH 154,
trans~( Et P)2Pt( GeMeB)G-ePhB + H,— trans- (EtjP)thHGePhB " MeSGeH 189

(da) Ligand exchange reactions

Ligand exchenge reactions on the transition metal generally

resemble those of comparable compounds without the metal-metal bond.

Ph}c;eMn(co)5 + Ph3P ——— Ph GeMn(CO)h_PPh} + CO 179
05H5( CO)BWGeMej + Et2'P_H c H (co) (Et PH)WGeMeS + G0 150
(EtEP)th'(GeMe})Cl + Ph Pczﬁhpph (Ph FC,H PPh )Pt(Et P)( GeMe )]c1

+ Et3P 169
(Et5P),PAGePh;), + 2KCN ——— KiCN)ZPd(Ge'Pha)Z]*_ 28, P 180

Some examples of the cleavage of carbon-group IVb bonds were
discussed in section (a). The reverse process of alkylation of

group IVb-halogen bonds has also been used to prepare new complexes.

This method is particularly useful for preparing alkyl or aryl complexes

from SnCl2 and G-eI2 insertion products.
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(c SnC EtMaBr [c H (cO) Fel.S
1{5 co), ] nCl, + 2EtMgBr —— LGBHB\__ s |, 184
[ 5}15( CO)ZFe p6el, + 2Meli (co) Fe] GeMe,, 185
[c5H5(co)2Fe gGel, + NaBH, [ He(C0) Fe] GeH, 185
(thPcth_Pth)Pt( SiBrPh2)2 * 2MeLi—)(Ph oH, PPh, )Pt( SiMe. Ph )2 186
Redistribution reactions are also known:
2( CO_)SMnSnPhB + (C0)5MnSn013 — 3(co)5MnSnph201 178

Exchange reactions of the complete RSM' moiety are known for
platinum, These probably occur via a six~coordinate intermediate and
the reaction can be thought of as an oxidative addition followed by
a reductive elimination,

(EtSP)thCl( SiH 01) + ClGeH; — (EtjP)th01(GeH201) + 31}13c1 187

(Ph,FC, H, PPh, )P0 31M93) + MeSGeH —)(th oH, PPh,, )Ptc1(GeMe3)+Me3SiH 188

(e) Insertion into the metal-metal bond

Tin~-manganese and germanium-manganese compounds have been found
to react with fluoroolefins to give stable products containing the

fluoroolefin inserted between the transition metal-group IVb bond,

Me3GeMn(co) # °2F4 —— MeiGeC F Mn( co) 189
Me3SnMn(CO) + cth _— MeBSnc F Mn(CO) 190

Insertion products have also been found in the reaction of sulphur

dioxide with complexes of the type Me M'Fe(CO)205HS.

Me}GeFe( c0)205H5 + 80, ———— MesGe - s(0), - F-e(CO)265H5 194

When M' = Sn a polymer containing Sn=0=S(0)-Fe units was prepared.

Le The Nature of the Transition Metal-Group IVb Bond

The metal-metal bonds in transition metal-group IVb compounds

consist of a oo -bond and drr-bond combination. This is analogous to
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the = —-donor 7T-acceptor system of phosphine and arsine complexes
(RBGe'and RsAs are isoeleotromic). Further work is necessary to
establish the extent of the (d-»d),r contribution to the bonding but
the available evidence (X-ray, infrared and n.m.r. data.)“’6 suggests
that it is secondary energetically to the o~ bond,

Molecular structure data on a series of cobalt compounds of the
type R-Co(co)h (R = silyl or substituted silyl group) show a -
significant shortening in their metal-metal bond lengths compared with
the theoretical bond lengths calculated from metallic covalent radii
(Table 6)s This has been interpreted in terms of part;ial (d—d)y
bonding in the cobalt-silicon bond192. In compounds of the type
RSSnMn(CO)5 the observed Sn-Mn bond length iS independent of R and
about 0.1X less than the sum of the covalent metal radii, Substitution
of a ecarbonyl group by triphenylphosphiﬂe sﬁortens the Sn-Mn bond
still further, which is consistent with an inoredse in the multiple
bond character of the metal-metal bond, As the phosphine has lower

7t ~acceptor properties there is less competition by the phosphine

. sble § _
Bond lerigths for some transition metal-group IVb bonded complexes192
Compound Exptl. length Calcd. length Contraction

H,51Co( €0), 2.388 2,498 0.11%
0138100( co) " 2.25 2.48 0.23
.FBSi.Co( co) " 2.23 2.48 0.25
MessnMn( co)5 2.67 2,76 0.09
Ph3SnMn(co)5 2,67 2.76 0.09
Ph5SnMn( co) A_PhSP 2.63 2,76 0.13

group for d electrons from manganese and these are therefore used to
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a grsater sxtent in Sn~Mn bonding1h6.
Far infrared studies on ¥V (Pt-Cl) show that in platinum complexes

of the type (R3P)2PtCI(L), R3Si and R3Ge have very strong inductive

trans effects indicating a stronga’-bond169. PhBSn.and Phst are
comparable to the hydride ion whilst 0155n has a similar trans effect

1 1
to P'h3 58. Parshall 9 has used an n.,m.r. method to estimate the

relative o= and 77contributions in a metal ligand bond in square
planar complexes of platinume, Results show that the trichlorostannato

ion is a weak o -donor but a strong 7 -acceptor ligand,

5 Group IVb Derivatives of Cobalt, Rhodium and Iridium

The chemistry of group IVb derivatives of this group is of two
types. The cobalt compounds are nearly all carbonyls with properties
similar to those of the manganese and iron groups, whereas the rhodium
and iridium compounds resemble more closely the analogous platinum,
palladium and gold derivatives. Rhodium and iridium compounds are
generally stabilised by tertiary phosphine, halogen and carbonyl ligands
but no compounds having CO as the only neutral ligand are known, although -
it is possible that polynuclear rhodium carbonyl derivatives o£ group
IVb may be prepared in the future,

A number of cobalt-group IVb derivatives of the general formula
‘Rnw[co(co)lt]h_n (n=1, 2, 3; R=alkyl, aryl, halogen; M = Si, Ge,
Sn, Pb) have been prepared by the reaction between a group IVb organic
halide and the tetracarbonyl-cobalt anion, This method has mainly
been used for the preparation of the germanium and tin compounds.
BCo(CO)l: + 8nC1, —_—_ c1s::[Co(co)l;|3 + 301 194
Co(CO)l: + HyS1I —_— 5 HESiCe(CO)A_ + I 195

The reaction.:of group IVb hydrides with dicobalt octacarbonyl
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is particulerly useful for the preparation of cobalt-silicon and
cobalt-germanium bonds.

2uejsm + 602(00)8 _— 2Mb3SiCO(CO)L + H 196

2
Diphenylgermane reacts with 002( GO)8 to give a dicobalt heptacarbonyl
which contains both bridging germanium and carbonyl ligands,

PhGeH, + 002(00)8 —_— thGeCoz(CO)7 + H, + C0 197

2
The heptacarbonyl reacts with CO under pressure to give Ph,Ge I-E:o( co) 4]2.
Group IVb-cobalt compounds have also been prepared by the

oxidative elimination reaction between a metal halide and 051{500( 00)2.

05H500(00)2 + Gel, —_— 05H500( CO)IG-'e15 + CO 166
205}150<>(co)2 + 26eC1, —_— csﬁsco( co)( (;9013)2 + 3C0 +
CoCl, + (05115) 166

The reactions of the compounds have not been studied in detail

but cleavage of the metal-metal bond, and carbonyl substitution reactions

can occur,

H}smo(co)h + HC1 —_— H38i01 + Hco(co)lF 183
28,51G0( C0), + HeCl, > 25101+ Hg[Go( co)k]2 183
Me;8iCo(C0), + PhP - Me,S1iCo(CO);(Ph,P) + CO 198
Me,S1Co(C0), + Bt;P —_ '[MeBSiP'E'f}—T' [Col CO),F]' 198
Me;5iCo(C0), + MeN Y E493$M95]+ e c0),]” 198

Rhodium and iridium derivatives have a formal oxidation level
of I or III and the complexes can be 4-, 5- or 6-coordinate, Iridium
shows a greater tendency to 6-coordination than rhodium. Although
there are similarities between their group-IVb products the differences
in stability and ease of preparation are very marked.

A series of rhodium-silicon complexes of the type (Phsll)thH( sug)x,
(M =P, As, Sb; X = Cl, Br, I; R = Cl, OEt, Me, Et) has been prepared

by the direct reaction at room temperature of (PhBM)thx with an excess
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of silane162’163.

(Pth)thCI + Cl;8iH —_— (Pth)thH(SiCIB)Cl + PhyP |

The stability of the phosphine complexes to thermal decomposition !
and to dissociation in solution varies widely from R = €1, OEt (very stable)
te R = alkyl or phenyl (completely dissociated in solution) (see page 50).
The infrared spectra of the complexes show bands due to ) (Rh~H) in
the region 2020-2130 cml-"1 but no trends in the frequency values could
be discerned. 1H n.m.r, also indicates the presence of a direct Rh-H
bond for some of the more stable complexes in the region 21-27 1,

The coupling with 51P indicates that two phosphine ligands are cis to
the hydride. Reactions with CO, PTB or CZHL result in the loss of
the silane and the formation of the krown complexes (PhSP)ZBh(L)Cl

(L = co, PFy CZHI._). Trea.tme.nt with HC1l yields (Ph3P)23th12 and the
silane,

Similar oxidative addition reactions occur with the iridium complex
(PhBP)ZIr(CO)Cl. The reaction with trialkylstannanes has been reported

to give simple addition products of the type (Ph5P)zIr( CO)C1H( SnR3)175.

(.Pth)_z.I_r_(qo)u + MeySnH ———  (Ph,P),Ix(C0)C1H( Snife,) -

In contrast to this the reaction of (PhBP)ZIr(CO)Cl with triethyl-
or trimethylgermane ylelded & dihydrido complex presumably by an addition,
elimination, addition sequence161.

(Ph5P)21ﬂ00)01 + 2Bty6eH ——) (Pth)ZIr(CO)('H)zGeEtB + Et;GeCl

The reaction with silanes was also thought to proceed by a simple

164

reversible addition reaction but later studies showed that the

following seguence of reactions occurred,

(Pth)ZI:'(CO)Cl + RySiH — (PhBP)zIz(CO)CIH(SiRB)

s

(Phjp)j I{CO)H + R;SiH o ——— (Phjp)zn(co)(H)zs:LR5
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The analogous rhodium complex, (PhsP)ZRh(CO)Cl, will only react
with trichlorosilane after a prolonged period of time (12 months) at
SOOC to give a mixture of starting materisl and (Pth)th(GO)CIH(SiCIB).
Even in the solid state this product loses trichlorosilane162.

The extent to which the ligands influence the course of the
reaction is also shown in the reaction of (EtBP)ZIr(CO)Cl with
trimethylgermane, where a germanium-iridium bond is not formed.

(Et3P)211'(CO)Cl + 2Me,GeH ——) ('z-:*a31=)211(co)cm2 + MegGe,

The reaction of triphenylgermane with (thP)zIr(CO)Cl also
proceeds by & different course to give the five-coordinate
(Ph3P)Iz(CO)HCI(Gth3). Attempts to prepare four-coordinate Rh(I)
and Ix(I) compounds by the reaction of (Pth)ZM(CO)Cl with
triphenylsilyl- or germyl-lithium reagents have failed161’162.

The crystal structures of (PhBP)thCJ(H)81013199 and
(Pth)zIz(CO)(H)2G9M93161 have been reported and are shown in
Figs. 25 and 26. '

Reactions of (PhSP)zIr( CO)(H)ZGeR;, (R = Me or Et) with HeCl,,
HCL, I,y Hy» Opy C,H,, G,H,Br,, Et.P, and Ph,PC,H, PPh, have also been
reported. .-

» Et

(Pth)ZII(CO)(H)ZGeEt + I, ——>(ph3p)211(co)(ﬂ)21 + Et_Gel

b)
(Ph3P)ZIz( CO)(H)ZGeMe

3

5 + 2E4;P _> (EtBP)ZIz( co)(n)zt;em@3 + 2Ph,P

(Ph}P)zIr(ce)(H)ZGaMe3 + czﬂh ———)(Ph3'P')zIz(CO-)GeM93 + C,He
The reversible addition of the silicon hydrides (Me)nSEtO)B_nSiH

to [!dppe)zlr]BPhh, (dppe = bis-1,2-diphenylphosphino-ethane) has also

been studiedzoo. The only stable product which could be isolated

was that formed by the addition of triethoxysilane,

(Eto)3sm + '[(dppe)zIr.BPhh —_— Ir(appe)zlz(H)Si(m«:t);_]BPhl+

Anioniec rhodium and iridium carbonyl complexes have been prepared




~ Fig. 25
Crystal structure of (Ph,P),RhH(Sic1,)c1




by the reduction of \Ph P) M(C0)C1 with sodium amalgam in a CO

atmosphere. These have been used to prepare germanium and tin derivatives

of iridium and a trimethylstannyl-rhodium complex151.

-+
[(Phjp)n(co)j] Ne' 4 Ph,GeCl — (Ph;P)Ir{(C0);GePhy + NaCl

[(Pth)th(co)z] Na© + Me,SnCl ——) (1’1131=)21m(co)zsmae5 + NaCl

A number of tin compounds of rhodium and iridium have also been

prepared by the reaction of SnCl2 with metal halides. These reactions

146

have been extensively reviewed "~ + Although the rhodium-tin compounds
are nearly &ll in the +1 oxidation state iridium has a far greater
tendency to form compounds in the +3 state,

The reaction of SnCl2 with Rh013 yields two different anionic

speoies depending upon the reaction conditions. From solutions
containing a low concentration of the trichlorostannite ion the biniclear
anion [Rh,C1,(8nC1;) L]"" has been precipitated by the addition of
Meth12° , whereas tin rich solutions yield the ion [Rh( $01, ) ]‘7"'.

Under similar reection conditions [?rb016(3n013)4] and [?rCl (snCl )k]}-

have been isolated201.

Vhen alcoholic soluticns of RhClj and SnGl2 are treated with
- o . 20
triphenylphosphine the Rh(I) complex (Ph P) RhSnCl5 is prepared 1

20
Under similar conditions iridium salts yield (Ph P) IrHCl(SnCl ) 2.

The rhodium complex dissociates in solution with loss of Ph,P and SnCl,.

3 2

The reaction of SnCl, with [(co)zmm]z can give s series of

Rh(I) salts of general formula [:Rh(co)(SnC 3)5nCly 2 (n=0,1, 2)

203. No RhIII-Sn carbonyl

. depending upon the relative Rh:Sn ratios used
complexes have been isolated but the reactioq between Na21r016 and
SnCl2 in the presence of carbon monoxide gives the Ir{III) complex
E[z(co)c13(3nc1 )]Zand treatment of (Ph,P),Ix(C0)CL with 5nC1, in

acetone gives (PhBP)ZIr(CO)Hcl(Sn01 )202. A similar reaction of
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(Ph}P)ZRh(GQ)Gl with SaCl, is reversible and gives & product which is
146

3

The addition of norbornadiene ( NBD) to ethanolic solutions of

201

probably ( PhsP) 2m1( €0)snC1

RhCl3 and SnCl2 forms the tin compound (NBD)ZRhSn013 e This will
react with chlorine to form the insoluble RhIII complex (NBD)ZRhCIZSn015.

Iridium also forms diolefin complexes of the type

(cyclooctadiene)21r8n013201.




DISCUSSION
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Group IVb Darivatives of Rhodium

In recent years a great number of transition metal-group IVb
ocomplexes have been prepared and general methods for the preparation
of these complexes are now well established. By comparison, until
recently, relatively little effort had been devoted to studying the
chemical reactions of these complexes,

At the outset of this work cobalt and iridium ocomplexes with
bonds to the group IVb elements silicon, germanium and tin were known,
but much less was known about rhodium-group IVb metal complexes. For
some time the only known rhodium compounds of this class were those
formed by the insertion of SnCl2 into rhodium~-chlorine bond.szm_z03
Rhodium compounds such as [C ) RhC%]z were known to be effective

catalysts for the hydresilation of olef1ns16#

and prior to the
commencement of this work a brief report of the preparation of compounds
of the typs (Ph P) RhH( 3133)01 (R = €15, C1Me eto.) appeared in the
literature1 2. During the course of these studies a more detailed

description of these compounds has been given162s153

and the preparation
of the rhodium-tin complex ( Ph. P)_zm'_l(_c__o_)ZSnMe3 has been reported. 51

Most of the work reported in this thesis concerns the reactions
of complexes of rhodium with germanium compounds, although some reactions
with organo-silanes and -stannanes have alsc been studied. These
studies were undertaken in an attempt to provide additional information
about the influence of a change in the transition metal or of the
group IVb element upon the group IVb-transition metal bond. Work
carried out in these laboratories showed that the addition of
organogermanes to the iridium complex (FhBP)zIr(CO)Cl yielded compounds
of the type (PhBP)ZIr(CO)Hé(GeR3) (R = Me, Et) whilst the corresponding

reaction with organosilanes was, at that time, thought to give only
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a simple addition product of the type (-PhSP)ZII( CO)C1H( sm}),(n = 0Et, C1)
in an equilibrium reaction. This suggested a marked increase in
reactivity on going from silicon to germanium and it was of interest

to see if this behaviour would also be shown in the rhodium series.

It was also hoped that it would be possible to prepare rhodium-germanium
complexes comparable to those of iridium so that a comparison could

be made of their stability and of the reactivity of the metal-metal

bond.

Tris( triphenylphosphine)rhodium{I) chloride is an air-stable solid
and can be readlly prepared by thé. reaction of rhodium trichioride with
an excess of triphenylphosphine in boiling ethanol, The properties of
this compound and its ability to add various molecules oxidatively
have previously been discuased, The analogous arsine complex also
undergoes oxidative addition reactions,

The reaction of trimethylgermane or triethylgermane with
(Pth)thCI or (PhBAs)BRhCI gave a simple addition product of the type
(Ph_,’M)al?hH( GeRS)Cl (M = PorAs; R =Me or Et) with the loss of
triphenylphosphine or triphenylarsine e.g.

(PhyP) RECL + Bt Gell  — s (ﬁ;}P)zmm_(G—ei:g)'ci . Ph,P
The products could only be isolated in the presence of a good
excess of the trialkylgermane and it appeared that an equilibrium existed -
in the solution, Provided that only a small volume of solvent (benzene)

was used the compounds could be prepared..in a pure form, but if larger
amounts of solvent were used the compounds could not be isolated,
Presumably a rapid reaction occurs in the solvent and the product is
then protected by precipitation. Attempted recrystallisation always

led to the decomposition of the material, In a typical preparation

triethylgermane (0,5ml, 3.1 mmole) was added to a suspension of
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(Pths)BRhcl (€35mg., 0.6 mmols) to give a green solid, 492mg., (50%)
after twelve hours at room temperature.

The trimethylgermane reactions were carried out in a breakseal
apparatus which was separated into two parts by a glass sinter (por 3).
This meant that the precipitated product could be filtered from the
solution, washed with solvent and recovered in a pure form.

The rhodium-germanium compounds were, with the exception of
(Ph5P)2RhHKGeMeB)Cl, air-stable yellow or green complexes. The
trimethylgermyl compound, (PhBP)ZHKGeMe3)Cl decomposed in alir over a
period of three months- to give a light brown solid which showed a band
at 1188 em_1 which is characteristic of triphenylphosphine oxide,

The analogous triethylgermyl-complex appeared to be stable indefinitely
in air, The thermal stability of the complexes was moderately high
and they all decomposed without melting in the range 90—12000. The
triethylgermyl- compounds were considerably more stable to thermal
decomposition than their trimethylgermyl analogues but the replacement
of Ph}P by PhBAs did not seem to affect the stability significantly
(Table 7).

Dissociation of the complexes, with the loss of trialkylgermans,
occurred in selution and the compounds could not be reprecipitated
unchanged by the addition of light petroleum, This is in accord with
the fact that the compounds cannof be isolated in the pure form except
by crystallisation from solutions containing a good excess of the
trialkylgermane.

(PhBP)ZRhHKGeR3)Cl + solvent —— (PhBP)thCI(sélvent) + R3GeH

When (R = Me) the dissociation can be made complete by sweeping
the solution of the complex with nitrogen. The1H n.m.r. data showed

that free trialkylgermane was present in solutions of the complexes and

[



alse indicated the extent of the disscciation {see below).

In addition to the bands due to Ph,M (M =P, As) and GeR, (R = Me,
Et) the infrared spectra of the germyl-compounds showed bands in the
region 2025-2114 cﬁ-1. (Table 7 ) which can be assigned to the
RhisH stretching mode. These bands were different from the Ge-H stretching
frequencies of the free germanes and lay within the range observed for
other hydrido complexes of rhodium(III) (see Table 2). Each compound
showed two bands of similar intensity in this region. This may be
due to a crystallographic effect or it could be due to the existence
of isomerss A similar effect has been observed in the silyl-complexg§2’162
The frequency values of the Rh-H stretching mode lie higher in each case
for the triethylgermyl-complex than the trimethylgermyl-complex and this
could indicate the presence of a stronger Rh-H bond in the
triethylgermyl-compounds, The silyl-compounds were reported as
exhibiting no regular trends in their frequency values, The far infrared
spectra of the germyl-compounds also show two bands in the § (Rh~Cl)
region in each compound (Table 7).

Although 1H n.m,r, studies on the complexes were restricted by
extensive dissociation in solution signals characteristic of the
trialkylgermyl group could be observed ( Table 7 ). Two signals were
generally found in this region, ¢6ne could be attributed to the
trialkylgermyl group bonded to rhodium and another to the free
trialkylgermane. The integrated triphenylphosphine to total
trialkylgermyl proton ratio corresponded to the presence of two
triphenylphosphine ligands to one trialkylgermyl group. The relative
intensities of these two signals indicated that the complexes were
between 50 and 100% dissociated in dichloromethane solution, There

was no indication that the triethylgermyl-complexes were less prone
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to dissociation in solution than their trimethylgermyl—analogués or
vice versa, The triélkylgerm&l—derivatives of rhodium appear to

be slightly more stable in solution than their trialkylsilyl-analogues
as these are reported to dissociate instantly on dissolution161’162.

A weak Rh~H signal was detected for the complex (PhBP)thH( GeEtj)Cl
in the high-field region, which is unique to hydride ligands. The signal
was just detectable above the background noise but one would not expect
to observe a strong signal because of (a) the extent of the dissociation
of the compound in solution, and (b) the extent to which the signal of

3p ana 193

" the single'proton is split by coupling with Rhe The signal
consisted of an oveflapping doublet of triplets centred on 25.4 v, and
coupling was observed with 103Rh[ﬁ00%, I=%. J(Rh=H) = 19Hz| and
[31P 100%, I = &, J(P-Eh-H) = 15Hz]. In order to obtain the required
pplitting the two phosphine ligands must therefore be in equivalent or
closely similar positions. The value of the coupling constant also
suggests that they are cis to the hydride ligand, Furthermore, the
observed couplings demonstrated that the phosphine ligands do not
dissociate in solution. Although no 1H n.m.r, data havebeen reported
for the analogéus-triethyls{ibl-complex, due to & lack of stability in
solution, the high field Spectrum observed for the triethylgermyl-
complex was similar to that reported for the triethoxy- and trichlorosilyl
derivatives of rhodium which were more stable in solution

[e. 8o (Pth)thH( 31013)c1, v(Rh-H) = 24,30, J(Bh=H) = 21Hs,

J(P-Rh-H) = 14Hz].
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(A) H (=)
'Ph3 Ph3P H
Cl Ph3P
(C)
H
IPPh3
Ph3P | Cli
F?:3C5EB
Fig,e 27

Possible structures for ( gh}g)znhﬁg GeR, el

It might be expected, on purely steric grounds, that the complexes
of the type (Ph5P)2RhH( GeR3)61 would adopt the regular trigonal bipyramidal
configuration in which the phosphine and germyl ligands lay in the trigonal
plane (Struocture A, Fig. 27)s On the basis of the 1H n.m.r, evidence
for the compound (Ph}P)thH( GeE"EB)Cl any of these three structures
A, B or C could be proposed. Care must be taken, however, in interpreting
the 11{ n.m.r, data as the solution species need not necessarily have the
same configuration as that found in the solid state. In solution a
weakly bonded solvent molecule may occupy the sixth coordination site,

The infrared spectra of the compounds does not help in distinguishing
between the possible isomers. It is likely, however, that the compounds
will adopt a similar configuration to that of (PhBP)thH( 81615)01.

The structure of this compound has been determined by X-ray

orystallography199 (Fige 25) and is described as being a highly distorted
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trigonal bipyramid with apical phosphines and H, Cl and SiCl5 in the
trigonal plane, Alternatively the structure can be desecribed as a
distorted tetragonal pyramid. One of the hydrogen atoms from the ortho
position of a phenyl ring of one of the triphenylphosphine ligands also
makes a close approach to the rhodium atom (2.792) thus blocking the
sixth ooordination site.

The reaction of the compound (Ph3P)2RhH(GeEt5)Cl with carbon monoxide
in a bengene solution at room temperature resulted in the loss of

triethylgermane and the formation of the known compound (Pth)th(CO)Cl.

(Pth)thH(GeEfB)Cl + €0 — (PhBP)th(co)Cl + EtBGeH

The triethylgermane could be detected in a concentrate of the soléent
by mass spectroscopye

This behaviour is also shown by a number of other Rh(III) addition
compounds and indicates the stability of the lower oxidation state when
oarbonyl ligands are attached to rhodium, Attempts were also made to
react trialkylgermanes with (Ph3P)2Rh(CO)Cl and these will be discussed
later,

The reaction of carbon monoxide with the germyl-complex could occur
by the attack of the 7~-bonding ligand on the formally 3-coordinate
solution species formed by the dissociation of the germane (a), but it
is possible that attack also occurs on the 5-coordinate complex itself

to give an intermediate RhIII

carbonyl complex which immediately

decomposes (b),

(a) (Pth)thH(GeEtB)Cl + solvent :(H:BP)ZRhu(s) + EtjGeH
(PhBP)th(u( S) + CO —_— (Ph5P)2Rh(CO)Cl + (8)

(b)  (PhgP),RuH(GeEt;)C1 + CO — [(PhBP)ZRhH(CO)(GeEtB)Cl]

(S = solvent) (PhBP)ZRh(CO)Cl + Et;GeH

I1I
Rh carbonyl intermediates of this sort have been detected at
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20
2 L]

A small amount of (Ph3P)2Rh(CO)CIHK81013) has also been found in the mixture

low temperatures in the reaction of carbon monoxide with (PthOZRh(E%)Cl

formed by the prolonged reastion (5000, twelve months) of trichlorosilene
with (PhBP)th(CO)Cl162.

The reaction with ethylene followed a similar course to that with
carbon monoxide and the known compound (Pth)th(02H4)01 was isolated.
(PhsP)thH(GeEtB)Cl + 0, —— (Pth)th(CZHk_)Cl + EtyGell

The reaction of the triethylgermyl-complex and anhydrous hydrogen
chloride in dichloromethane resulted in a cleavage of the rhodium-germanium
bond to form triethylchlorogermane and the known rhodium{III) compound
(Pth)thHCIZ. The reaction differed from the analogous cleavage of
(PhSP)ZRhH[Si( 0Et)5] C1 which has been reported to give (Et0);SiH rather
than the chloeresilane, (EtO%SiCl. The mechanism proposed for the cleavage
of the silyl-complex162 may still apply for the germyl-ocompound and be
followed by the reaction of triethylgermane with hydrogen chloride to

give triethylchlerogermane,

’/,GeEtj
(1=h}1=)2(u)(c:_zL)RhGe-Et5 +H1I — (Ph3P)2(H)(01)Rh-\CIH
_ - ——9 (Phsp)z(ﬂ)(u)ﬁzc-l:—E_t;;en

Alternatively the bond may be cleaved in the opposite sense to
give triethylchlorogermane and the unstable d'ihydz!ide-,.(Ph}-R)thH.z.Cl y
which could lose hydrogen and then oxidatively add a molecule of hydrogen
chloride.

3

( Ph,P),,RhH( GeEt, )C1 + HC1 ——— (Ph,P), EhH_Cl + Et,GeCl
572 5 =H 3+H61 2
(PhyP),RhH,C1 + (5) —2 (PhyP),RCL(S) T (PhyP),RhECL,

(8) = solvent

Phosphine exchange with dimethylphenylphosphine also occurs readily.




It was hoped that the product would be less dissociated in solution and
that the stereochemistry of the complex could be determined by the
splitting pattern of the methyl resonance of the dimethylphenylphosphine
ligands, Neither the 1H n.m.r. nor the infrared spectrum of the
isolated solid indicated the presence of a rhodium-hydrogén bond however.
The 1H n.m.r. spestrum showed a broad resonance of low intensity centred
on 9.0 v« which could be assigned to the triethylgermyl group but the
spectrum could not be satisfactorily interpreted and it was obvious that
the solid was not a purs compound, The 1H n.n,r, data obtained for the
compound together with the relative integrated intensities weve as follows:
phenyl protons 2,2, 2.7 ¥ (relative intensity 15); methyl protons

8.2 T(2), 8.5 (6), B.7t (6); ethyl protons, 9.0 (4). The two
resonances at 8,51 and 8.7« are of equal intensity and are probably a
doublet due to the presence of two cis phosphine groups.

The reaction between an excess of trichlorogermane aqd (Pth)thcl
proceeds quite differently to those of the trialkylgermanes or of trichloro-
silane, The addition of trichlorogermane to a b@nzene suspension of
(PhBP)3RhCI gave an immediate reaction with the evolution of a gas to
form a yellow tar, This was purified by extraction with-Lenzene and
ether and dried to give a solid product which analysed as the
triphenylphosphéniun salt [PhBPH] 3 [Ru( GeC1;) ¢J Hydrogenand hydrogen
chloride were also found in the reaction products. The infrared spectra
showed bands characteristic of the triphenylphosphénium ien and the
trichlorogermyl group (Table 9 ). Further reactions of this type will

be discussed later,

(PhyP),RhC1 + 6HGeC1, — [_—Ph}l’fl]3 [Rh(Ge013)6] + H, + HC1

This product is best compared with the rhodium-tin compounds

with RhC1, in hydrochlorie acid solution.

formed by the reaction of SnCl2 3
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The ions [P.hZCJ.z(SnC-l}} k]lr and [‘Rh( Sn015) "_:IB-- have been prepared in
this manner and contain rhodium in the +1 oxidation state1h6’201.
Similar structures can be ruled out for thé rhodium~germanium compound
on the basis of its analysis and it appears to be in the +3 oxidation
state, The tendency for the trichlorogermyl group to stabilise the
upper oxidation st;ge of the metal has also been noted for a series of
platinum complexes h. A number of trichlorogermyl-platinum(IV)
compounds have been prepared but the trichlorostannyl complexes are
commonly found in the +2 oxidation state. Similarly it was found that
hexa~coordinate trichlorogermyl-platinum compounds could be prepared
although no anaiogous hexa-coordinate platinum-tin compounds were known,

The simple addition compound of trichlorogerwane, (PhBP)ZRhH(G9015)Cl
was prepared by the slow addition of an equimolar amount of
trichlorogermane in benzene to a solution of (Pth)BRhCJ, also in
benzene, Concentration of the solution followed by the addition of
petroleum ether precipitated a yellow-orange solid which was washed
with benszene, The compound prepared in this manner was probably slightly
contaminated by unreacted rhodium complex but showed infrared bands
characteristic of the rhodium~hydrogen bond and the trichlorogermyl
group (Table 7),

The compound was not as stable as its trichlorosilyl analogue
and could not be recrystallised unchanged from solution, The presence
of a direet rhodium~-hydrogen bond could not be demonstrated by 1H N, M. X,
spectroscopy in deuterochloroform and presumably dissociation occurred
in solution, The proton resonance for free HGeCl3 in deuterochloroform
has been measured and found to occur at 2,33+v. Any signal due to

dissociated HGeCl5 would therefore be hidden by the broad resonances

of the triphenylphosphine ligands of the complex (2.64 « broad).
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In contrast to the mild reaetion of trimethylgermane with
(Ph3P)5Rh01, trimethylstannane reacted extremely vigorously with this
complex under similar conditionss The reaction was very exothermic
and resulted in the complete decomposition of the rhodium compound
to give rhodium metal, triphenylphosphine and hexamethyldistannane,

The reactions with tri(n-butyl)stennane and the silicon compound
(MeESiO_)ZSiMeH prooceeded in a similar manner to the trialkylgermane
reactions with the formation of complexes of the type (Ph}P)thH(M:RB)Cl,
[M = 8i, Sn; R = By, (m95s10)2s'me]. The infrared spectrum of the
tin compound showed a rhodium-hydride stretching frequency at 2052 cm"1
and the butyl groups zppeared in the 1H n.m.r, spectrum as a series
of broad resonances in region 8,0-9.4v¥. In addition to v(Rh~H)
at 2122 c:mm1 the silyl compound showed bands characteristic of v(Si0)
at 1056, 1010 cm_1 and the 1H n.m,r, spectrum in deuterochloroform
showed two resonances due to methylsilyl groups at 10,0« and 10,35«
(relative intensities 7:9)s The corresponding infrared and 1H NeMeXs
data for the parent silane are: v (Si-H) 2143 cm-1; v (8i0) 1020-
1110 cm ! (broad); MeSi - 9.9+

The reactions of ]—Bu_,’SnCI and Me,SnC1 with (Pth)thCI were also
studieds In neither case could the product be positively identified
but the infrared spectrum of each compound showed bands characteristic
of the alkyl-tin group and two bands in the region where v (Rh-01)
and vy (Sn=Cl) would be expected, The product from the
tri( n=butyl)chlorostannane reaction also showed the presence of
butyl-tin groups in the 1H n.m.r, spectrum as a broad series of resonances
in the region 8.0-9.27, The integrated proton ratio corresponded

roughly to the presence of two triphenylphosphine ligands for each

three butyl groups. Both of the compounds gave very low carbon
analyses and it appears likely that cleavage of some of the alkyl




greups from tin cccurred in the reaction. The analysss could not
definitely be assigned to any formula but they approech the empirical
formula (Pth)ZRhRBClssn3 (R = Me, Bu),

The reactions of triethylgermane and trichlorosilane with
tetrakis( triphenylphosphine)rhodium( I) hydride, (Pth)hBhH are rather
different to the analogous reactions with (PhBP)BRhCl. In the reaction
of triethylgermane with a suspension of (PhBP)hﬁhH in benzene most of
the rhodium compound was recovered unchanged even after heating at a
temperature of 5006 for ten days. This was rather surprising as it
might have been expected that the greater electron releasing properties
of the hydrido group relative to the chloro group would have encouraged
an oxidative addition reaction. The difference in reactivity may be
related to the presence of a fourth triphenylphosphine group in the
hydride complex, although dissociation to (Pth)BRhH takes place in
solution, or it may be related to the instability of the dihydride
complex which would be the result of an oxidative addition reaction.

No evidence for the formetion of a rhodium-germenium species was obtained
but hydrogen and hexaethyldigermane were found amongst the reaction
‘producta. It is possible that a small amount of an intermediate
rhodium-germanium bonded complex plays a part in the process leading to
the formation of hexaethyldigermare. This could arise from the type

of scheme proposed below,

solution +Et_GeH
————— .
(Pth)uRhH _ (Ph5P)3RhH + PhyP ‘____5__‘ (Ph}P)thHZGeEt)+Ph3P
IS
+Et,GeH
EtgGe, + (PhBP)th(H)(S) ——— (Phjp)znhcentj(s) + H,
(S = solvent)
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The reaction of \Pr5 J, Bl with irichlorosilane is complete
within a matter of hours at room temperature, in the absence of solvent,
to give (Ph5P)2Rh( s:1c13)3 and hydrogen. Difficulty was experienced
in purifying the product because of its insolubility and the facile
hydrolysis of the Si-Cl bond, The difference in reactivity between
triethylgermane and trichlorosilaﬂe in this reaction may be solely
related to the stability of the product (c.f. page 50) but may also be
related to the more electropositive nature of the hydrogen atem in
trichlorosilane, Rhodium{I) hydride complexes are known to react

with acids with the loss of hydrogen in reactions of the type:

(Ph P) RbH + 2HC1 _— (Ph P) Rth.lz + Hy + PhyP
(Ph oFC,H, PPh, ) RhH + Hcml+ —_— [(Ph PcszPth)ZRh];%Cloh + K,

Once the species (Ph5P)nRhHé(81015), (n =2 or 3) was formed it would
be expected to lose hydrogen readily and enable further attack by
trichlorosilane to take place,

Irimethylgermane did not react with the complex [depe)th]CI,
(dppe = Ph PCZH#PPh ) even at 60° C, although the analogous iridium

complex underwent a reversible addztlon reaction with silanes and the
200

tr:.ethoxys:.lyl complex, [(dppe) IrH( Si [OEt] )] Cl, has been isolated
What was perhaps a 1little more surprising was the inability of the
rhodium{I) phosphine complex [kdmpe)thjpl, (dmpe = MBZPCZHLFMe )
to oxidatively add triethylgermane although it was knownso to activate
hydrogen in an equilibrium reaction. It was expected that the less
electronegative aliphatic diphosphine might have stabilised the upper
oxidation state sufficiently for a complex to be isolated,

The stability of the rhodium( III) coﬁplexeé formed by the reaction
of trialkylgermanes with (PhEP)BRh01 might als? be expected to increase

if a more basic ligand than triphenylphosphine was attached to rhodium,
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An increase of electron density at the rhodium atom would be expected to
stabilise the +3 oxidation state and hence to increase the tendency

for oxidative addition reactions to take place. The reactions of
trialkylgermanes with the complexes (MethP)35h01 and (MezPhP)thCI

were therefore studied. These two compounds were chosen because of
the usefulness of the methylphosphine 1H n.m.r, pattern in establishing
the stereochemistry of a complex, The compound. (MezPhP)BRhCI could

not be isolated in the solid form but was used as the red solution
formed by the addition of dimethylphenylphosphine (3 mol. per Rh atom)

in benzene to the ethylene complex [‘CZHA)ZRhC1] Both this solution

2*
and solutions of (MethP)th01 were e;tremely air-sensitives

The reaction of (MethP)thCl with triethylgermane under the
same conditions adopted for the preparation of (PhBP)thH(GeEtB)Cl did
not give the expected germyl-rhodium compound. The 1H n,m, r, spectrum
of the yellow solid showed the complete absence of the triethylgermyl
group and the methylphosphine resonance appeared as a doublet at 8.45~,
J(R-C-H) = 12,2Hz, This indicated that the compound only contained
two phosphine ligands and that these lay in the cis configuration,
The infrared spectrum of the solid showed two small bands in the
rhodium-hydrogen stretching region at 2080 and 1950 cm-1. These
disappeared on recrystallisation from benzens, The dihydrido-complexes
(PhBP)thH201 and (EtPhZP)thHéCI are reported to have Rh-H vibrations
at 2082, 2012 oﬁg1 and 2059, 1915 cﬁ-1 respective1y15. Both lose
hydrogen readily in solution, The analysis of the compound did not
distinguish between the two possible formulae (MePhZP)ZRhHé01 and
2 but the infrared evidence suggests that the dihydrido-

complex was formeds A similer reaction has been reported te occur

[(MethP)thCl]

between trimethylgermane and (EtBP)ZIr(CO)Cl to give (EtBP)ZIr(CO)H201

and hexamethyldigermane161.
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By contrast the reaction of (MethP)3m01 with trimethylgermane
at 50°C gave a mixture of polygermanium oxides and a yellow compound |
which contained the trimethylgermyl group bonded to rhodium, On
the basis of the infrared and 1H nem.r. spectra this compound could
best be formulated as (MethP)zﬂh(GeMe5)201 although the analytical
data were not very satisfactory. The 1H n.m.r. spectrum of the
methylphosphine groups consisted of a doublet centred on 8.53«,
J(P-C-H) = 12,5Hz, which showed that the compound contained two cis
phosphine ligands. The trimethylgermyl group appeared as a strong
resonance at 9,55 v, The. relative integrated intensities of the
trimethylgermyl and methylphosphine protons (15:6) suggested the structure
(MethP)th(GeMe5)201. Although the reaction was carried out in an
evacuated sealed tube and the solvents were carefully degassed before
seal off, the formation of polygermenium oxides indicated the presence
of residual oxygen in the system.
A similar reaction carried out between (MeZPhP)BRhCI and
trimethylgermane gave only an intractable oxidation product of the
rhodium complex,
In view of the relative stability of the compound (Pth)thH(SiCizﬁe)Ci_
it might have been expected that MeH51012 would give a facile reaction
with (MezRgP)BRhCI to form a fairly stable rhodium-silicon bond, In
fact only the known compound,gg;r(MezPhP)th013 could be isolated from this
reaction, The 1H n.m.r., and far infrared spectra of the compound
were identical to thet reported by Shaw63.
The reaction of (PhBP)th(CO)Cl with sodium amalgam in the presence
of carbon monoxide is reported té give a carbonylate anion from which
51

the compound (Ph3P)2Rh(GO)ZSnMe5 has been prepared1 We have used

the reaction of the carbonylate ion with triethylbromogermane to prepare
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the germyl-rhodium{I) compound (Phjp)th(CO)Z(‘reEt}, [\)(CO) = 1973, 1922 om-ii

EtjG, 8.76 1:]. Evidence for the formation of (J!:'l'x:,’P)leh(00)2(}eMe3 from
the reaction of the anion with trimethylbromogermane was also obtained
but the compound could not be satisfactorily purified.

The compound (PhBP)th( CO)2GeEt3 decomposed, with loss of carbon
monoxide, over a number of weeks under a nitrogen atmosphere,. The
decomposition could be followed by the decrease in intensity of the
carbonyl band at 1922 cm-1. The properties of the corresponding
trimethylstannyl-rhodium compound have not been described but the
germyl-iridium compound,(PhSP)Ir( CO)BGePh ,also decomposed over a period
of weeks a.ltlr;ough the tin analogue was atab1e151..

Attempts to precipitate further material from the (Ph3P)ZRh( CO)ZGeEt

5
reaction solution, by the addition of methanol, gave a mixture of

yellow solids with a very different infrared spectrum to (Ph_),P)ZRh( CO)ZGeEtB.
The intensity of the band at 1922 cm_1 had decreased relative to the

broad band at 1973 om-1, and a new band had appeared at 2030 cm_1. This

new band was probably due to the formation of a rhodium bydride speocies
such as (Pth)th( CO)ZH. This could have been formed by the hydrolysis
of the triethylgermyl-complex as hexaethyldigermoxane was found in a

concentrate of the solvent. The infrared spectrum of (thjP)th( 00)2H

is variously reported to show bands at 2038 cmﬂ' v (Rh=H), 1980, 1939 cm-1

9(c0); and 2050 om' v (Rb-H), 1980, 1942 on~' v(c0)'%. e

hydride readily loses hydrogen and carbon monoxide to form the dimer
[(PhBP)ZRh(CO)] e ¥(C0) 1965 cm-1. A competing halogen-metal exchange

reaction between the carbonylate anion and Et,GeBr could also possibly

3

occur to give (H13P)2Rh( CO)Br and Et_GeNa,

3
Unlike the analogous iridium complex (PhBP)ZRh( C0)C1 did not
react with trimethyl- or triethylgermane to give compounds containing

& rhodium-germanium bond. The reaction between (Ph5P)ZIr( co)C1
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and trimethyl- or triethylgermane proceeded readily during twelve hours
in refluxing benzene, or over a longer period at room temperature, to
form the complex (PhBP)zlr(CO)H2GeR3 (R = Me or Et) and the
chlorogermane, R3GeCl161. Under similar conditions the rhodium
compound was recovered unchanged,

Similarly (Pth)3Rh( CO)H and (PrjP)th(CO)Cl did not react with
trimethyl- or triethylgermane to form a stable metal-metal bond although
hexamethyl- or hexaethyldigermane could be detected in the reaction
products, The difference in behaviour between rhodium and iridium
in these reactions again illustrates the greater stability of the +3
oxidation state for iridium,

The complexes (PhBP)ZM(CO)Cl, (M = Rh, Ir) also behave differently
in their reactions with trichlorogermane. The iridium compound reacts
with an excess of trichlorogermane to give an immediate white precipitate
of (Pth)ZII(CO)HéG9013161. By contrast the addition of trichlorogermane
to a solution of (PhBP)th(CO)Gl in benzene gave an immediate reaction
with the evolution of a gas and the separation of an orange-yellow
tar, Attempts to recrystallise the compound from acetone or benzene
also gave an orange tar, The compound was washed with benzene and
ether and dried in vacuc to give an orange solid. The infrared
spectrum ( Table 9) showed that the compound was a triphenylphosphonium
salt containing the trichlorogermyl group bound to rhodium, The
presence of a strong carbonyl stretching band at 2099 cm-1 showed that
rhodium was in the ;3 oxidation state rather than the +1 state ( see
page 40). The compound could not be purified sufficienply to give
a good analysis but probably has the formula [PhBPH]z [R( co)( Ge013)5]

2- 8%a

analogous to the knovm compounds of the anion [ﬁh(CO)Cls] The

only known rhodium-tin compounds of this type contain rhodium in the
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+1 oxidation state, e.g. [?h(CG)(SnClB)B]zu 201, 205. The infrared

" data for these compoundsare given in Table 8,

Table 8

Compound Medium  V(CO) om
[MehN]z [Rh(co)c15] Nujol ~2090 br.
[EthN] o JRA( CO)BrB] Nujol 2070
[E6, 5], [ co)15] Nujol ~ 2040
[ie, 3], [Ra( co)cx( Snc13)2] - 2000

The difference in behaviour between rhodium and iridium -in this
reaction is probably due to the stability of the iridium dihydride
and its poér solubility in benzene. Precipitation of the compound
from solution may save it from further attaeck by trichlorogermane. If
the ?hodium compound had formed an analogous dihydride intermediaté
it would be expected to lose hydrogen readily and thus enable further
attack to take place,

An attempt was made to see if it was possible td isoiate any
intermediate species by the controlled addition of 1:1 and 2:1 ratios
of trichlorogermane to benzene solutions of (PhiP)th(CO)Cl. In
each case a mixture containing unreacted (PhBP)th(CO)CI and a rhodium(III)
species was formed but these could not be separated by fractional
crystallisation, The mixture showed infrared bands characteristic
of the trichlorogermyl group at 370 czm-1 and &:band at 2090 cm-'1 which
could be assigned t6 the carbonyl group of a rhoaium(III) speciés.

No bands characteristic of the triphenylphosphonium ion or of a rhodium

hydride were observed. On the basis of the infrared spectrum an
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A similar addition of 1:1 and 2:1 ratios of trichlorogermane
to benzene solutions of (PhsP)3Rh(CO)H also gave a mixture of products,.
Free triphenylphosphine was isolated from this mixture. The infrared
spectrum of the solid suggested that it consisted of a mixture of the
dimeric [kphjp)znh(coi]z, [o(co) 1990, 1970 cmf1]; and & rhodium(III)
carbonyl species EQ(CO) 2070 cm-1]. The spectrum also showed the
presence of trichlorogermyl groups Ev(Ge—Cl), 360 cm-1]. No
(Ph}P)EEh(CO)H was recovered unchanged and the infrared spectrum gave
no indication of the presence of a rhodium-hydrogen bond or of the
triphenylphosphonium ion,

Trichlorogermane is known to be highly polar and in some reactions
it behaves like germanium(II) chloride *.

HGeGl5 = GeCl, + HC1

The compound can therefore be regarded as a source of GeCl, or of the

2
GeClj- ion, In the two reactions which have previously been discussed
the addition of excess trichlorogermane to theé complexes (Pth)SRhCI
and (Fh3P)éBﬁ(507§1 displaced the triphenylphosphine groups from
rhodium with the formation of rhodium(III) triphenylphosphenium salts.
The initial stages of these reactions may involve simple oxidative
addition reactions but the displacement of Ph,P must involve attack

3

by the GeCl, ion. It is of interest to note that GeCl, is isoelectronic

3 3
with Ph_As,

3
Rhodium{III) trichlorogermyl-compounds were also prepared by the
direct addition of trichlorogermane or trimethylammonium trichloro-

germanite to rhodium trichloride trihydrate, This tendenoy for rhodium

to form hexacoordinate trichlorogermyl-complexes and to adopt the
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+3 oxidation state in these complexes, rather than the +i1 state favoured
for the trichlorostannlecomplexes, may be due to the smaller steric
requirements of the trichlorogermyl ligand.

The addition of trimethylammonium trichlorogermanite to a solution
of rhodium trichloride in hydrochloric acid gave an orange solution
from which bright orange needles were obtained. These were air-stable
and only decomposed at 25500. The crystals analysed as
[Me)NH] 3 E!h( Ge013)015] and showed a strong broad band in the far

1

infrared spectrum at 360 cm .

RhC1l, + 3Me,NHGeCl, —u 3 [MeBNH]B[Rh(GeClB)BCIB]

3 3 p)

The addition of trichlorogermane in hydrochloric acid (necessary
to prevent hydrolysis) to an alcoholic solution of rhodium trichloride
gave a red-orange solution. Addition of triphenylphosphine
precipitated an air-stable yellow-orange solid which analysed as
[Bn,H] [:Rh(Gec13)201d, 3(Ge-C1), 362 cu ',

RCl; + 2HGeCl, + HC1 + 3Ph,P —q@hBPH].B[Rh(Gem})zuh]

Trichlorogermyl-complexes of rhodium(I) were also prepared by
the reaction of caesium trichlorogermanite and trimethylammonium
trichlorogermanite with (PhéP)th(CO)Cl. The reaction of the rhodium
complex with caesium trichlbroéermanite in tetrahydrofuran gave an
orange solution from which a& small amount of (Ph5P)2Rh(CO)GeCl5 was
isolated. The infrared spectrum of the compound showed the presence
of a carbonyl group at 1978 cm-1 and of the trichlorogermyl group
at 380 cm-1. The compound could not be prepared entirely free of a
small amount of (Ph5P)2Rh(CO)Cl and it appears that some decomposition
to (Pth)th(CO)Gl may occur in solution. The analogous tin compound

146

could not be prepared in a pure condition either and the equilibrium

(Ph}P)ZRh( co)Snc13 b—— (Ph 3P) 2Rh(CO)Cl + SnCl,
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is known to occur in solution,

When solutions of (PhBP)ZRh(CO)Cl were refluxed in benzene with
trimethylammonium trichlorogermanite a red precipitate was formed.
This compound contained no triphenylphosphine ligands but a carbonyl
stretching frequency was observed in the infrared spectrum at 1970 cm-1.
This is in the range expected for a rhodium(I) carbonyl compound,
The infrared spectrum also showed the presence of the trichlorogermyl
group, V9 (Ge=C1l) 362 m{d. The compound could best be formulated
as [MesNH]z[Rh(CO)( Gec15)201] on the basis of the infrared and
anal&ticdl datas The reaction must involve attack at rhodium by

the GeClB- ion with the displacement of triphenylphosphine,

(PhyP),Ru(CO)CL + 2Me,NiGeCl, ——— [MeBNH]Z[Rh( co)(Ge013)201] + 2Pn P

All of the compounds ¢ontaining the trichlorogermyl group exhibit
a strong broad band in the far infrared spectrum in the range

360~-380 omh1 (Table 9)e This is possibly a combination band of the

Rh~Cl and GeCl3 stretching modeszos. Similar bands have been observed

in the spectra of trichlorogermylplatinum complexesaoA. Bands in
the region of 2380 cm | v (P=H), 900 om | (P-H bend), and 1100, 720 cm |
can be assigned to the triphenylphosphonium ionzoh' 206, 207.

The addition of one equivalent of trichlorogermane to a
tetrahydrofuran solution of the cyclooctadiene complex [(08H12)Rh01]2
precipitated a small amount of orange-brown solid. The mass spectrum
of this solid showed a molecular ion for the complex (08H12)RhH(G9013)Cl
with the most abundant ion in the isotope abundance pattern at nominal
mass 426, The isotope abundance pattern corresponded to that
calculated by a computer program (written by A. Carrick and modified

by A. McGregor) for the combination CgH RhGeClh (see Table 10).

13

-
The infrared spectrum showed bands attributable to v (Rh-H) at 2000 cm
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and to V{Ge=Cl) at 370 cm—1, but ailso indicated the presence of a
cyclopentadienyl impurity in the compound V(C-H), 3180 cm-1 .
Attempted recrystallisetion from THF led to the decomposition of
(CgH, o) RRH( 6eC1,)CL and the recovery of [(08H12)Rh01]2.

A cyclopentadienyl species was also reported to have been formed

in the reaction of iodine with [K08H12)RhC1]2 in ether at OOC. In

this case the only isolable product was 7T-CSHBRh12208. The fate

of the 3~carbon fragment in this curious reaction was not determined.

A similar process possibly occurred in the reaction of trichlorogermane

with [(CBH12)Rh01]2 to give the cyclopentadienyl impurity.

The additiorn of a good excess of trichlorosilane to a benzene
solution of [(CSH12)RhCI]2 gave an orange solid which showed only the
absorption bands characteristic of the cyclooctadiene and trichlorosilyl
groups. The SiCl3 absorption occurred as a series of unresolved bands
in the range 480-550 cm_1. No band attributable to a oyclopentadienyl
species was observed. The mass spectrum showed the ion (08H12)Rh(51013)2+
at 479 m/e and the isotope abundance pattern corresponded to that
predicted for CBH12016Rh812+ by the computer program (Table 11).

The analysis of the compound corresponded to its formulation as

(CSH12)Rh(Siclj)ZC1- " The compound was very moisture sensitive and

after exposure to air the infrared spectrum contained bands characteristic

of v(Si0).
The addition of trichlorosilane to the cyclopentadienyl-~
cyolooctadienerhodium(I) complex,7T=CSH5Rh08H12,gave an immediate

reaction with the precipitation of a brown solids Further reaction

gave a yellow-orange solid. The reaction was carried out in a
bregkseal tube and work up yielded no Hydrogen. As the solid was

only sparingly soluble in all the common solvents it was purified
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Table 10

Isotope combinations for the moleculg(ion CagﬂRhGeClL

Nominal Mass

A 122
423
L2k
425
426
427
428
429
430
431
432
433
L34
L35

Peak Mass

421.806223
422,809639
423,803,478
424, 80592
425.801739
426,803545
427.799889
128,801634

' 429,797845

130, 800065
b31.795715
432,798617
4334793514
L3l 796780

Relative Abundance

24,000
2,202
63.110
14, 88L
100,000
20,882
88,731
13.768
43,693
5.197
11,961
1.187
1.710

0.128




Table 1i

Isotope combinations for the molecule/ion CBH1 2Rh3126_]_.6

Nominal Mass Peak Mass Relative Abundange
477 476, 765684 49,436
478 ‘ 477.767069 - 94568
479 4,78, 762748 100,000
480 5794 764124 19,083
484 480, 759820 85+ 491
4,82 481,761183 16,005
483 482, 756902 39.882
484, 483, 758249 7.269
485 48, 754000 10,899
1486 485, 755322 14894
487 486.751115 1,682
: 1,88 487, 752393 0.219
1489 1488, 748238 0.115
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by extraction with benzene, and the solid recovered from the benzense
extract was washed thoroughly with light petroleum, The infrared
spectrum of the purified solid showed bands characteristic of the
cyclopentadienyl group, Vv (C-H) 3120 cm-1; and to the trichlorosilyl
group, V(Si-C1) 510, 478 cm 'v The structure of the bands for the
aliphatic C-H stretching modes [O(C-H) 2925, 2855 cmr1] differed from
those of the cyclooctadiene-complex and now corresponded in shape

to those of the ecyclooctene-complex [§08H1#)Rhci]2.

The mass spectrum of the compound showed a molecular ion at
546 m/e (Table 12) which established the compound as n-csﬁsRh( 81015)
The major ions in the spectrum were C5Hsﬂh(81013)2+ and CSHSRhSiCJ2fb
The other ions are shown in Fig, 26 together with a suggested breakdown
pattern, The mass quoted in each case corresponds to the most abundant
ion of the isotope abundance pattern.

The reaction of trichlorosilane with n-c5}153h(c21{4)2 also
yielded a similar brown solid, The mass spectrum showed a molecular
ion for rr-CSHSRh( 81613)202H s M = 464 (Table 13) and the suggested
breakdown pattern is shown in Fig. 27, These reactions may involve
an initial attack by trichlorosilane to give an allylic intermediate
which then undergoes further reaction with trichlorosilane to give

the mono~olefin complex i.e.

F-CH.RACGH,, + HSICL —— [7T-C5H5Rh(Sicl5)(08H13):,

H'SiCl3

7t =C_H_Rh( 8iC1, )2(°aH

575 1)

A m-cyolooctenyl-complex of the type suggested as an intermediate
has been isolated from the reaction of cycloocta~1,5~diene with

pentamethylcyclopentadienyl~rhodium({ I1I) dichloridezog.

2Cgly e



Table iZ2

Isotope combinations for the molecule[1on C 1 3‘I_-I,| 9Rh812016

Nominal Mass Peak Mass Relative Abundance
544 543,820,460 49.131
545 541, 822307 12.318
546 545.817574 100,000
547 546.819371 24,654
548 547.814710 86.184
549 548.816443 20,774
550 549.811875 40,641
551 550.813525 9. 496
552 551,809086 11.273
553 5524810620 2,494
554 553.806339 1.77%
555 5544807708 0,290
556 555.803607 0e124
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Fig. 26

Suggested fraggentation.pattern of IT-CEEERhS SiCl}lz_qaf_I,‘ "

C, . H, .RhSi c16+

13719794,
546
—Cl- ~H3iC1,
. + . +
G, 3H, gRNS,C1, ~CgH, , C,3H, gRhSiCL;
511 1412
4 _08H1l§-
. +
6 H BnS1,C1, l .
436 CoH, RhS1C1,
302
~C1
~SiC1,
-8ic1, | . .
d C5H; Bh, 81,01
. +
CHRhSiC1, 1401
303
-c1 <8iC1,
e+ +
gsnsRhslclz C5HRh
266 168
51014+ 170
sicr,t 135

3




Table 13

Isotope combinations for the molecule/ion c?-HSRhSiZ'CIE

Nominal Mass Peak Mass Relative Abundance
462 161, 742208 49.465
463 462, 743459 8.996
L6k 463.739269 100,000
465 46k, THO514 17931
466 1465, 736336 85.425
467 L66.737573 15.027
1468 467.733412 39.809
469 L68B. 734635 6.771
470 469. 730502 10.863
L7 470, 731700 1,728
472 4714727606 1.674
413 472,728764 04195

L4 473,724,718 0.114.
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| Fig, 27

Suggested fragmentation pattern of ﬂ-Ciil:Rh(Slcljlzgal_Ik

. +
C7I'19Rh31 20 16

464

-Gl —GZHA. -HSiCl.3
¥

: + : + cp o+

CTH9RhSIZC 15 C5H53h3120 16 (:71'1813}153.015

429 436 330
=CH,

v N

CSHIFRhSJ'C 13

302

3
L 4
C_H_Rhsicl,” C_H Rh Si.c17
i 55 3 55727275
| 303 1401
i
£c1 ~5i01,
chey *
CH; BhSiC1,
266 .
5l Rh
168
. +
sicy” 170

SiClzy 135
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E4OH/Ne,,00,
[7\' ~Cghie Rhulz]z + 20gH 9, 2[77 ~C Mo RHC1( Gy

8 13’]

The addition of trimethylgermane to 7\'-05H5Rhc8 4o Only gave |

mixkusre
unreacted starting mater1als even after the reactioahhad been heated

for one month at 50 C. This difference in reactivity shown towards

55

be interpreted in terms of metal-metal bond strengths but the more

si=C_H Rhc8 42 by trichlorosilane and trimethylgermane could simply |

electropositive nature of the hydrogen atom in CIBSiH may also play

a dominant role in the reaction course, The reaction could proceed

by the oxidative addition of ClBSiH to 7T-05H53hc to éive a

82
rhodium( III) :hydride which coiild then undergo hydrogen transfer to

form a 7r=allylic complex, Unless a metal-olefin bond was first

broken this route would involve a seven-coordinate rhodium intermediate,
Alternatively, the reaction may proceed yia a concerted electrophilic
addition of trichlorosilane across a rhodium—élefin bond.

The reaction of trimethylgermane with 7r-05H5Rh(CO)Ph3P did not
result in the formation of a rhodium-germanium bond and only unreacted
materials could be isolated from the reaction mixture.

Attempts were also made to form rhodium-silicon bonds by the
reaction of bis(trimethylsilyl)mercury with the rhodium complexes
(Pth)th( C0)C1 and (Ph3P)3Rh01. This type of reaction has been
successfully utilised for the preparation of a number of platinum
complexes (see page 47). When a solution of bis(trimethylsilyl)mercury
was added at room temperature to a benzene solution of (PhBP)ZRh(CO)Cl
in equimolar ratios a vivid dark red colouration was immediately
produced in the solution, Only a small amount of mercury was
precipitateds Removal of the solvent gave a réd-brown solid which

showed infrared bands characteristic of the trimsthylsilyl group

- -1
[P(Me), 798 cm 1] and a carbonyl stretching frequency at 1970 cm &




Attempts to recrystallise this material led to the recovery of
(Pth)th(CO)Cl and eventually to an oxidised decomposition product.

The presence of a carbonyl band at 1970 cm-1 tended to suggest
that the rhodium compound was not in the +3 oxidation state ( see page 40)
and should be regarded as an adduct of the type (Pth)th(CO)Cl.Hg(SiMej)z
rather than as (Ph31=)211h(co)( SJ'.Me3 X HgSiMeB)Cl. This interpretation
of the reaction is in accord with the fact that red adducts of the
type [$08H12)Rh01]2.2H5012 can be precipitated from methylene
chloride solutions of [(08H12)Rh01]2 by the addition of mercurie
chlorid3210. These complexes dissociate readily in solution,

It has also been found that (PhBP)th(CO)Cl does not oxidatively add
mercuric chloride although no details have been given and nor is

any mention made of the formation of adducts1oh, The same paper
reports that the iridium complex readily undergoes oxidative
addition with HgCl, to form (Pth)zlz(CO)Clz(Hg(H).

The analogous addition of (Me5Ge)2Hg to (Pth)ZII(CO)Cl was also
reported to give a red solution which faded on reflux, Unreacted
(Pth)ZIz(CO)C'l and a buff solid which was thought to be
(PhBP)zIr(Cb)(ﬁEESMei) were isolated from the reaction mixture

The only product which could be positively identified from the
reaction of (Pth)th01 with (Mejsi)zHg was the dimeric species

[(Pth)th01]2. An oxidative addition to (FhBP)SRhCI may have occurred

but if so the product was not stable enough for it to be isolated
under the conditions of the reaction,

The reaction of the potassium salt K[?h(PFB)h] with
triethylbromogermane was carried out in the hope that it would be
possible to prepare a stable Rh(I)-germanium bonded complex. On the

addition of triethylbromogermane to an ether solution of K[?h(PTB)h]

164 -
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a slight cloudiness was initially observed, The solution darkened on
concentration (by the removal of solvent under vacuum) and only a
brown intractable tar could be isolated. This material could not be
purified by recrystallisation or by wasﬁing with other solvents,

An attempt to form a rhodium~molybdenum bond by the reaction of
[?r-csﬂsuo(co)i]na with (PhSP)th(CO)Cl also gave inconclusive results.
A brown solid could be isolated from the reaction mixture and this
showed four strong carbonyl bands at 1967, 1876, 1777 and 1750 o 'y
The band at 1967 cd-1 is probably associated with the rhodium atom and
the others are in the region which would be expected for an anioehic
species such as [%T-C5H5MO(CO)5]-. The infrared spectrum also shows
the presence of the cyclopentadienyl and triphenylphosphine groups.
The so0lid was sparingly soluble in benzene and tetrahydrofuran but
could not be properly purified.

No (m3P)2Rh( C0)C1 could be crystallised from its solutions,

If a metal-metal bond has been formed in this reaction the frequencies
of the carbonyl groups assoclated with molybdenum tend to suggest

that it has a very ionic nature,

- : . e e mMen -







EXPERIMENTAL

1e The Preparation of

hosphine)rhodium{ IIT Ph,P) R GeEtBICl

Triethylgermane (0.5ml, 3.1 mmole) was added to a suspension
of (PhBP)th01 (843 mg,, 0,91 mmole) in benzene (5 ml) in a Schlenk
tube. The suspension was stirred at room temperature and after thirty
minutes the dark red solid began to turn yellow. Stirring was continged
overnight and then the bright yellow solid was filtered from the orange
solutions Free triphenylphosphine was found in the filtrate
(identified by infrared spectroscopy). The solid was washed several
times with light petroleum and dried in vacuo, This gave hydridochloro-
( triethylgermyl)bis( triphenylphosphine) rhodium(III), (Ph3P)ZRhHKGeEt3)Cl,
m.pe 117-119 dece, 587 mg. (78%). [o(Rh$H), (KBr), 2107,
2062 (sh) cm-1; v (Bh-C1), (CsI), 306, 284 on ',  Found:
Cy 61.25; H, 5,50; Cl, L.18; P, 7.82%, G, oH),gC16eP,Rh Tequires
C, 61.23; H, 5.59; Cl, 4.31; P, 7.53%)s

2 The Preparation of Hydridechlorg tr.imetgxlgermxllbisf triphenyl-

_EhEglzggﬂngﬁgilg;. _

(PhBP)BRhCI (633mg., 0.69 mmole) was placed in a breakseal

apparatus equipped with a glass sinter (por 3). Benzene (0.5 ml)

and trimethylgermane (about 5 liquid ml) were condensed into the apparatus
which was then sealed in vacuo. The apparatus was warmed to room
temperature and the suspension stirred. Reaction was first noticeable
after thirty minutes when the dark red solid began to lighten in

colour, The suspension was stirred overnight to give a dark yellow
solid which was filtered from the yellow solution. The apparetus

was opened to a vacuum line and the volatile materials removed.
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Fractionation of the volatiles yislded: hydrogen (2.44 N.cc., C.11 mmols),
unreacted trimethylgermane, and hexamethyldigermane (M, Me6 %Ge = 236).
Triphenylphosphine was extracted from the solid residue with light
petroleun and identified by infrared spectroscopy. The yellow

filtered solid was washed with light petroleum to give hydridochloro-

( trimethylgermyl)bis( triphenylphosphine)rhodium({ IXT), ( PhBP)thH( (}elile3 )cl,
meps 90-94°C dec., 511 mg. (96%).

[ (Bn-H), (KBr), 2080, 2035 cn™'; v (Ru-C1), GsI, 296, 290 (sh) cm .
Found: C, 59.21; H, 4.95; C1, 4O7%,
C, 59915 H, 5.12; C1, ka31% ]

39 mCIGeP Rh requlres

3 The Preparation of Hﬂridochlorog trietgxlgermxlzbisg triphenyl-
arsine)rhodiumg ITT 2, S Pths zthHS GeEt

Tristhylgermane (0.5 ml, 3.1 mmole) was added to a suspension
of (Pths)BRhCI (635 mg., 0.6 mmole) in benzene (} ml) in a Schlenk,
The suspension was stirred at room temperature and the brown solid
slowly turned yellow-green, Stirring was continued overnight and
then the so:!.:i.d. was filtered from the brown solution and washed several
times with light petroleum, The compound was dried in vacuo yielding
hydridochloro( triethylgermyl)bis( triphenylarsine)rhodium( III),
(Phyhs),BhH(GeEt,)C1, m.p. 118-121 °C dec., 492 mg. (90%).

[\)(Rh-H), (KBr), 2114, 2042; v(Rh~C1), (CsI), 331, 318 (sh) c_m'1.
FOM: C, 54e36; H, L4e59; Cl, 3.4T%. CthmASZCIGeRh required
C, 55.31; H, 5.05; Cl, 3.90% ],

be The Preparation of gxd_ridochlorog trimethxlgermxl!bisg trighegxlarsine)
rhodium( I1I), ( H13A322R_h_1£ Gelie, )C1

(PhBAs)BRhCI (1.,06g., 1 mmole) was placed in a breakseal
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apparatus equipped with a sinter (por 3) and sealed to a vacuum line,
Benzene (1 ml) and trimethylgermane (about 5 liquid ml) were condensed
into the apparatus which was sealed and stirred magneticallys On
warming to room temperature a gas was evolved and after a short time
the brown solid began to lighten in colour, After one hour the solid,
which was now completely olive green, was filtered and washed by back-
distillation of solvent, The tube was broken open to the vacuum line
to yield hydrogen (18,9 N.oc., 0.84 mmole), Fractionation of the
volatiles gave unreacted trimethylgermane and a small amount of

trimethylchlorogermane (M, Mez7# 35 .+

Ge"“Cl = 139). The green solid was
dried in vacuo and was identified as hydridochloro( trimethylgermyl)-
bis( triphenylarsine)rhodiun( II1), (PhyAs),RhH(Gelle;)C1, m.p. 90-95°¢
dec., 720 mg. (82%).

[9(#-H), (kBr), 2057 (m), 2025 (s) on™'; 3 (Ra=G1), (CsI), 334 (sh),
322 cmf1. Founa: Cy 53442; H, L4e4b; Cl, 3.85%. Required for

039Hh0A5201GeRh: C, 53.84; H, 4.60; C1, h.O&&]-

by

5 The Reaction between ‘Phjglth61 and an Excess of Triochlorogermane

Tris( triphenylphosphine)rhodium{ I) chloride (351 mg., O.38 mmole)
was added to one arm of a two-limbed breaskseal apparatus, Toluene
(0e5 ml) and trichloregermane (0.5 mle, 965 mg., 5.36 mmole) were
added to the other limb under nitrogen. The solvent and reactant
were degassed and the apparatus evacuated and sealed. The apparatus
used was designed so that effective degassing of the reactants could
be carried out without prior reaction,

On mixing the reactants an immediate reaction occurred. The
solid did not all go into solution but formed a red tar from which

bubbles of gas were evolved, After stirring for four hours the reaction




was almost complete and the tarry solid was now completely yellow
and the liquid colourless.

After a further twelve hours the tube was opened to a vacuum
line to yield, after fractionation, hydrogen (838 N.cc., O.37L mmole)
(identified by mass spectroscopy) and hydrogen chloride (11.23 N.cc.,
0.502 mmole) [infrared comparison, v (H-C1) P,R structure 2817,
2§hd cm—1]. The remaining volatiles were pumped off to give a
yellow solid (727 mg.)e The solid was completely insoluble in benzene,
petrol and ether but tended to form a tarry substance on coming inte
contact with them. It was extremely soluble in tetrahydrofuran
and o.cekone, Attempts to recrystallise the compound from these
solvents failed and the solid wes eventually thoroughly washed with
benzene and ether and pumped to dryness,

cbsorptions
The infrared spectrum of the solid showed , attributable to

the triphenylphosphonium ion at 2389 cm-1, 1111 cm-1, 881 cm-1 and
720 on ) (KBr) and to the trichlorogermyl group at 370 om | (cs1),
Band indicative of bridging rhodium chlorine groups were absent from
the spectrum, No free triphenylphosphine was found in the benzene
or ether washings. ‘The data suggests . that the compound should be

formulated as [fh PH]B[- III

(GeCl5)6], meps 138-141°C, yield 727 mg.,
(976)e [Found: C, 33.07; H, 2.73; Cl, 31.8; P, k72

5‘.'. )-}-80118G96P53h I‘equ.'l.res C’ 32.95. H, 2.‘#4’ Cl, 520’4—9’ P l{-.?%]

6e The Reaction Between Equivalent Amounts of (Ph.P RhCl and

T}nohlorogermane

Trichlorogermane (193 mg., 1.06 mmole) in benzene (20 ml) was

added :slowly to a solution of (PhBP)5Rh61 (998 mg., 1406 mmole) in

benzene(Dml) to give an orange-brown solution, The solution was
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conoentrated by the remcval of bengzene and an orange solid precipitated
| by the addition of petroleum ether. The solid was filtered, washed

; thoroughly with a small amount of benzene and petroleum ether and

| dried in vacuo, The infrared spectrum and analysis of the solid
identified it as hydridochloro( trichlorogermyl)bis( triphenylphosphine)
rhodiun( ITT), (Ph,P),RuH(GeCl,)C1, m.p. 148-152°C dec., 801 mg. (88%).
[\)(Rh-H), (KBr), 2125 (sh), 2098 (m) cm-1; v (Ge~C1), (CsI),

572 () om '«  Found: C, 48.32; H, 420; C1, 17.3%

C5gH;,CL, GeP,Rh requires C, 51.2; K, 3.68; (1, 16.85%],

- Te The Reaction Between (ph}gljnhcl and Trimethylstannane

Benzene (3 ml) and trimethylstannane (~2 ml) were condensed
into a breakseal tube containing (Ph3P)5RhCI (530 mg., 0457 mmoie).
The tube was cooled to -196°C, evacuated and sealed. On allowing
the tube to warm to room temperature an extremely vigorous reaction
occurred. The solid all dissolved to give an orange-red solution
with the evolution of gas. The reaction was very exothermic and had

_ to be cooled when the benzene began to boils After a few minutes

the solution turned brown and a metallic mirror formed on the walls
E of the tube. The rhodium complex completely decomposed and work up
% yielded hydrogen (168 N.cc., 74.8 mmole), hexamethyldistannane
|

(M, Me 2l"o.‘:‘.n - 315 triphenylphosphine and rhodium metal.
1 5 2 »

8. The Reaction Between (PhiP)thcl and Tri( n~butyl)stannane
4

Tri( n-butyl)stannane (390 mg., 1.3.4 mmole) was added to &

suspension of (PhsP)thCI (260 mg., 0.28 mmole) in benzene (3 ml), -

Over a period of two hours the solution turned orange and a few



http://minut.es

- 101 -

. orange~yellow crystals were deposited. After stirring overnight

petroleum ether was added in small amounts to precipitate a yellow
solide This was filtered, washed thoroughly with petroleum ether and
dried in vacuo. The infrared spectrum showed a band due to v ( Rh=H)
and bands characteristic of the BuBSn group. No band which could be
assigned to V(Sn-H) was observed, The'H nom, r, spectrum also showed
the presence of butyl groups. The compound is best formulated

as hydridochloro( tri n-butylstannyl)bis(triphenylphosphine)rhodium{III),
(PhyP), Rl Bu,Sn)C1, m.ps 110%C dec., 248 mg. (92%).

[\)(Rh-H), (KBr), 2052 om"1; v(Rh-C1), (CsI), 310 en . Found ;

C, 55.36; Hy 5.76%  C,gH (C1P,RhSn requires G, 60.3k; K, 6.08%.

9% The Preparation of Hydridochlorobis{ trimethylsiloxy)met -1siliq- -

bis( triphenylphosphine)rhodiun(IIT), (Ph,P),RhH [( Me,310),5iMe] 1

(Ph3P)BRh01 (594 mg.) was suspended in benzene (5 ml) and
(MeSSiO)ZSiMeH (0.5 ml) was addeds The rhodium complex reacted to
give a clear orange solution. The solution was concentrated by
removal of solvent and yellow crystals began to form. __ These were

collected and identified by their infrared spectrum and analysis as
(PhBP)ZRhH[(MeBSiO)ZSiMe C1, m.p. 1321 36°C dec., 368 mg. (65%).

The 1H n.m.r, spectrum in deuterochloroform showed two resonances in -
the range expected for methylsilyl compounds at 10,0 and 10,35

(relative intensity 7:9).

[Q(Rh-H), (kBr), 2122 cm_1; v (si0), (KBr), 1056, 1010 on s

Found: C, 58.65; H, 6.01; Cl, 4.26; P, 7,59%. C,.H €10,P,BhSi

L5752 5

requires C, 58.40; H, 5.88; Cl, 4.01; P, 7.02%].
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10, The Reaction

of (Ph,.P),BhCl with Tri(n-butyl)chlorostannana

Tri( n~butyl)chlorostannane (3 ml, 11,2 mmole) and benzene (0.5 ml)
were added to (FhiP)3Rh01 (257 mg., 0.28 mmole)s On stirring some
of the rhodium complex dissolved to give an orange solution but most
of the solid did not react even after a number of hours. The mixture
was heated to 80°C for fifteen minutes and all of the rhodium complex
dissolved to give an orange solution, On cooling a sticky orange
solid came out of the solution, The reaction was stirred for a further
two weeks and petroleum ether (16 ml) added to precipitate a golden-
yellow solid, The solid was filtered, extracted repeatedly with
petroleum ether to remove the tri(n-butyl)chlorostannane and dried
in vacuo, yield 465 mg, An attempt to recrystallise a portion of
the solid from dichloromethane did not yield any crystals but the
material could be recovered by the addition of ether,

The infrared spectrum of the solid Showed the presence of
aliphatic C~H groups. Two bands at 308 on | and 325 on ! (CsI) were
found in the far infrared spectrum and these could be due either to
v(Rn=C1) or possibly to v(Sn-Cl). The presence of aliphatic protons
was also shown in the 1H n.m,r, spectrum. The compound was not
sufficiently soluble to give an accurate integration but the phosphine
proton to butyl proton ratio appearsd to be of the order 30:24,

This corresponds roughly to the presence of three butyl groups for
every two triphenylphosphine molecules in the compound, The solid
analysed as C, 36.41, 36.45; H, 4.32, 3.89; Cl, 14.6%. This

gives a C:H:Cl ratio of 14477:20:2, No formula could be assigned
to this analysis but (Pth)thBu33n3016, CLIBH57016P2RhSn3 requires

C, 42.0; H, 4.16; C1, 15.5%%,
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1. The Reaction of Trimethylchlorostannans with (;132233h01

Trimethylchlorostannane (975 mg., 4.89 mmole) and (Ph3p)33h01
(272 mg., 0.29 mmole) were stirred together in dichloromethane (0.5 ml)
for one week. The addition of ether (8 ml) precipitated a yellow
solid which was filtered and extracted with ether to remove
triphenylphosphine and trimethylchlorostannans. The residual solid
was dried in vacuo, yield 138 mg. Bands in the aliphatic C~H region

(due to Me Sn‘) were observed in the infrared spectrum of the solid.

5

The far infrared spectrum (CsI) showed two bands at 282 on | and 320 on |

which could be due to y(Rh-Cl) or v(Sn-Cl)s The solid analysed
as C, 38.18, 38.29; H, L4L.89, 4L.98%. Although no formula could be
assigned on this evidence (PhBP)ZRhMSBSn3016’ 039H39016P'2Rh8n3 requires
C, 37.68; H, 3.,14%. The compound was too insoluble to enable its

1H n.m,r, spectrum to be examined,

12, The Reaction of (Ph}EZHRIﬂ{(GeEt,)Cl with Carbon Monoxide
< J

Carbon monoxide was passed through a suspension of
(Phjﬁjéﬁﬂﬁ(ﬁéEtsjai (209 mg., 0.25 mmole) in benzene (5 ml), The
solution gradually changed in colour from deep orange to yellow and
all of the solid material went into the solution. Removal of the
solvent yielded (PhBP)ZEh(CO)Cl (175 mge, 0.25 mmole)

[\)(co), (KBr), 1987, 1968 en ;9 (C0), (CHCL,), 1984 cm'1].

A concentrate of the volatiles was shown to contain triethylgermane

by mass spectroscopy (M, Et_.sm'(‘ze+ = 161).
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Ethylene was passed through- a suspension of (PhEP)thH(GeEt))Cl i
(97 mg., 0.118 mmole) in chloroform (5 ml), The solid gquickly
dissolved to give a yellow solution, The addition of ether (3 ml)
precipitated a yellow solid which was identified as the known compound
(Ph5P)2Eh(02HL)Cl by infrared spectral comparison with an authentic
specimum. Bands characteristic of (Ph5P)2RhH(GeEt3)Gl were absent
from the spectrum, A concentrate of the volatiles ﬁas shown to ocontain
hexaethyldigermoxane (M, Et5“*6GeO+ = 307). This presumably arises

from the hydrolysis or oxidation of triethylgermane.

14+ The Reaction of ‘Ph}lz)_ RhH(GeEt )C1 with Hydrogen Chloride
2 3

Hydrogen chloride gas was passed through a suspension of
(Ph3P)2RhH(GeEt5)Cl (59 mg., 72 mmole) in dichloromethane (0.5 ml),
The solid all dissolved to give a yellow-orange solution which was
concentrated in & nitrogen stream and resaturated with hydrogen chloride,
Addition of diethyl ether (1 ml) precipitated a bright yellow solid.
which was filtered and dried. =~ The infrared spectrum of the solid
showed it to be the known compound hydridodichloro-bis(triphenylphosphine)
rhodium(IIT), 38 mg. (76%), v(Rh-H), (KBr), 2105 o 'e  The remeining
solution was concentrated and shown to contain triethylchlorogermane by

Th, 35, +

mass spectroscopy (M, Et, Ge’”Cl = 196),

3

15, The Reaction of gph}gzzggggGeEt3201 with Dimethylphenylphosphine

A solution of dimethylphenylphosphine (344 mg., 2.4 mmole) in
benzene (3 ml) was added to (Pth)thH(GeEt5)Cl (197 mg., 0.24 mmole).

An immediate reaction took place and most of the solid dissolved to




give an orange-red solution, After stirring overnight the solvent
was removed to give a red tar which was repeatedly extracted with
petroleum ether to remove free phosphine.

The compound was then dissolved in a small amount of bengene
and reprecipitated with petroleum ether to give an orange-red solid.
The infrared spectrum of the solid showed that the compound contaihed
dimethylphenylphosphine as a ligand but showed no rhodium hydride
stretching frequency. The 1H n.m,r. spectrum in deuterobenzene could
not be sa#isfactorily resolved but the resonance at 9.0 ~ can be assigned
to the EtsGe moisety. [phenyl protons 2.2, 2,7+ (relative intensity
15); other protons 8.2 v (2); 8.5« (6); 8.7« (6); 9.01:. (1,)].

16e  The Reaction of (Ph,P) RhH with Triethylgermane

Triethylgermane (0.4 ml, 2.49 mmole) and benzene (5 ml) were
added to (PhBP)hﬁhH (534 mg., 0.51_mmole) in a breakseal tube, The
tube was heated to 50-60°C for ten days before opening to a vacuum
line, Hydrogen (6.62 N.cc., 0.30 mmole), unreacted triethylgermane

and. hexaethyldigermane (M, Et614663 t = 320) were found in the volatilese

8,
The residual solid was extracted with petroleum ether to give unreacted
starting material, 457 mg. [V (Rb-H), 2142 el (KBr)].

The petroleum extract contained a swall amount of soluble brown
material. The infrared spectrum of this material showed no hydride

band and contained only bands ohgracteristic of triphenylphosphine

and triphenylphosphine oxide.

17, The Reaction of (Ph‘,’ﬂh_RhH with Trichlorosilane

(PhBP)thH (297 mg., 0.28 mmols) was placed in a breakseal
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apparatus equipped with a sinter and trichlorosilane (10 ml) was
condensed into the apparatus from a vacuum line, The tube was evacuated
and sealed, On warming to room temperature bubbles of gas were evolved
from the suspension which was stirred magnetically. Reaction occurred
over a period of a few hours and the suspended solid changed in colour
from bright yellow to buff yellow. After one week the complex was
filtered through the sinter and washed with trichlorosilane by back-
distillation, The apparatus was opened to a vacuum line yielding
hydrogen (22.2 N.cc., 0.99 mmoie), unreacted trichlorosilane,
triphenylphosphine, and the buff solid, The solid was only very
sparingly soluble in the common solvents and an attempt to recrystallise
a portion of it from a large volume of sodium~-dried benzene yielded

only the known complex (PhBP)ZRhHCIZ’ [\) (Rh-H), 2142 on ) (KBr),

Found: C, 61.89; H, 5.11; Cl, 12,92%. 056H31012P2Rh requires
C, 61.80; H, 4.43; C1, 10.15%9. This was presumably formed by
hydrolysis of the trichlorosilyl complex by residual water in the solvent
as the infrared of the solid residue showed strong bands in the region
1000-1100 cﬁ-1 which could be assigned to v (Si0),

- The remainder of the solid was washed thoroughly with light
petroleum and dried in vacuo, The infrared spectrum of the solid
showed bands characteristic of coordinated triphenylphosphine and the
trichlorosilyl group, Y (Rh~H) was absent. The analysis of the
compound suggests that it should be formulated as tris( trichlorosilyl)-
bis( triphenylphosphine)rhodium( IIT), (Pth)th( 31015)5, 170% dec.,

243 ug. (91%).

[Pound: C, 44.10; H, 3.86; Cl, 23.05%  CygHy CloP,S1,Rh Tequires

C, 41.92; H, 2.91; C1, 31.0%].
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18, The Reagtion of [ Ph,PC H PPh,) Bh]G1 with Trimethylzermane

Trimethylgermane (0.5 liquid ml) and tetrahydrofuran (3 ml)
were condensed onto [( thPCZHAPth)ZRh—_\Cl (331 mg) in a breakseal
tube, No reaction took place even after a number of weeks at 60°C

and only unreacted [( Ph2PC2HhPPh2)2Rh—J Cl was recovered (319 mg. ).

19, The Reaction of |$ Mezﬂal_i! PMe2 ZRthl with Triethylgermane

Triethylgermane (0.2 ml) was added to a suspension of
[(MezPCZHthez)th]Cl (220 l;lg.) in benzene. The suspension was stirred
for twenty hours, filtered and the yellow solid washed with hexane,

The infrared spectrum of the dried solid showed it to be unreacted

¢ MeZPCZHh_PMez)ZRh]Cl (130 mg.).

20. The Reaction of §MePh2£23Rh01 with Triethylgermane

Triethylgermane (0.3 ml, 1.87 mmole) was added to a. suspension
of (MethP)5RhCI (380 mg., 0.51 mmole) in benzene (4 ml)., After
five hours_ Ene solid dissolved and the solution was stirred overnight.
The solution was concentrated by the slow removal of solvent in a nitrogen
stream to leave a solid residue which was washed with light petroleum
and dried. The 1H n.m,r, spectrum of the sample in deuterobenzene
indicated the complete absence of the triethylgermyl group. A doublet
centred on 8,45 v, J(P-C-H) = 12,2 Hz, could be assigned to the presence
of two cis methyldiphenylphosphine ligands, No high~field protons
(te 30 ) were observed in the 1H n.m,r. spectrum but the infrared

spectrum showed two bands at 2080 cm-1 and 1950 cm-1 (KBr) which were

in the region expected for v (Rh-H). On dissolution of the product
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in benzene and reprecipitation by the addition of pstrolsum ether these
bands disappeared. Analysis of the yellow solid also tended to suggest
that the compound should be formulated as (MethP)thHZCI rather than
as [(MethP)lehCl]z but the differences involved were small,

[Found: C, 57.48; K, 5.26; C1, 5.07%.

C,gH,gC1P,Rh requires C, 57.72; H, 5.18; Cl, 6.57%.

C5oH;oCL,P, B,y Tequires C, 57494; Hy, 483; Cl, 6.59% .

21, Ihe Reaction of §MePh22233h01 with Irimethylgermane

Trimethylgermane( ~1 liquid ml) and dry benzene (0.6 ml) were
condensed onto (MethP)thCI (302 mgs, O.41 mmole) in a breakseal tube,
The system was degassed and sealed under vacuum, The tube was heated
at 50°C for one week and the yellow solid darkened to give a brown
solution. Work up yielded 97 N.ce. of non-condensible gas, unreacted
trimethylgermane, a benzene solution of MeGGe2 and polygermanium
oxides, and a brown tar. The benzene solution was concentrated by
distillation and was shown to contain MeéGez, M36G920 and MeGGe
by the presence of the ions Me 146 146

- 5 —- 5-
and Me5218G-9503+ (M = 341) in the mass spectrum.

303

932+_(M = 221), Me G920+ (M = 237),

The brown tar was extracted with light petroleum to give a
yellow-brown solid and an orange solution. The solution was concentrated
to give a brown oil which was vacuum distilled in a microcup apparatus.

The mass spectrum of the distillate showed that it consisted of a

436

mixture of polygermanium oxides. The presence of the ions Me15 G360+

564c 290

(M = 647), Me )

1 5
218 +
M35 G9305 (M = 341) and Me

Me1hGe60, MGSGehpAP M36G3505

The infrared spectrum of the yellow-brown solid showed that it

o* (M = 545), Me,

146
5

and MeGGeZO were present in the mixture,

o+
Ge,0, (M = 459),

G-e20+ (M = 237) suggested that

ol
contained bands characteristic of the MeBGe - group [e(Me), 810 cm ]
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but no band due to V(Rh-H) was present. The 'y NeM.r. spectium
(deutercbenzene) showed resonances at 2,33~ and 3,01 (phenyl groups);
8.53 v doublet, J(P-C-H) = 12,5 Hz (methyl-phosphine); 9,55
(methyl-germane). The relative intensities of these resonances

were 18.5: 6 : 15, The 1H n.m.r. and analytical data suggested that
the ocompound was best formulated as (MethP)th(GeMGB)ZCI.

[Found: C, 46.66; H, 4.98; Cl, 2.90%

€4, ,C1Ge,PyRh requires G, 49.63; H, 5.69; Cl, 4.59%]._

22, Reaction between ‘MezPththCl and Trimethylgermane

The complex (MezPhP)5Rh01 was prepared in situ by the addition of
dimethylphenylphosphine (688 mg., 4.98 mmole) and benzene (6 ml)

under a nitrogen atmosphere to [KCZHZ)ZRhcl]Z (324 mge, 0.833 mmole),

The solid dissblved to give a red solution with a vigorous evolution

of ethylene, The breakseal tube was transferred to a vacuum line,
evacuated and degassed, and trimethylgermane (117 N.cc., 5.22 mmole)
condensed ine, Over a period of three months the solution turned brown

and work up gave a brown tar, The brown solid produced by

crystallisation from cyclohexane showed rnio bands dus &to the MesGe

group either in the infrared or 1H n.m.r, spectra. The presence of

an infrared band at 1180 cm-1 suggested the presence of triphenylphosphine
oxide,

A similar experiment between (MezPhP)sRh01 and triethylgermane

gave identical results and no product could be isolated.

23, The Reaction of fMezPhPlaRh01 with Methzidichlorosilane

(MezPhP)BRh01 was prepared in situ by the addition of
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dimethylphenylphosphine (688 mg., 4.98 mmole) and benzens (6 ml) under
a nitrogen atmosphere to [(CZHI'_LRI:CI:'2 (325 mg., 0.833 mmole). Methyl~
dichlorosilane (552 mg., L¢80 mmole) was added to the red solution and
the reaotion was stirred for one week before work up. The resultant
yellow-brown solution was filtered and light petroleum was added to

the filtrate to precipitate a yellow solid. The far infrared and

1H n.m,r. spectrum of this solid were identical to that reported

for m_er-(MezPhP)iRhCIB. [\) (Bn-C1), 339, 317, 273 cm-1; triplet 8411+,
J(P-C-H) = 442 Hz; doublet 8,78 T, J(P-C-H) = 11,4 Hz (in dichloro-
methane)] .

2he The Preparation of gPh3 22 SCO! GeEt

A solution of (Pth)ZRh(CO)Cl (1,04 mg., 1.51 mmole) in THF (90 ml)
was added to 1% sodium amalgam (2 gn in 218 gm mercury) contained in
a round bottomed flesk fitted with a "Rotaflo" teflon tap. The whole
system was evacuated and purged twice with carbon monoxide before
being pressurised to 5 atm, with CO, The reaction was heated at 60°C
and shaken overnight to give a pale yellow-solution of- the- sodium salt
of & phosphine-rhodiun-carbonyl complex. [q (co) 1995 (sh), 1978,

1949 (sh), 1901, 1872 cm ' (THF solution)].

The solution was filtered into a flask under nitrogen and -
triethylbromogermane (0.5 ml, 743 mg., 3.1 mmole) added to give an
immediate cloudiness in the solution, This solution was filtered
and concentrated,and the addition of a small amount of methanol gave
a pale yellow microcrystalline solid. The infrared and 1H NeMe T
spectrum of the solid showed bands characteristic of the triethylgermyl
group and the compound was identified as (Ph.sP)th( CO%GeEtB, Me Do
132°C dec., 115 ne. (33) [4(C0), (KBr), 1973, 1922 oa™';
2965-2840 (br), 1020-1005 (br), 800 (br) om ' (bands characteristic

L)
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of EtBGe); 2.5k v and 2,98« (intensity 2), (phenyl-phosphine groups);
8.76 ¢ (intensity 1), (triethylgermyl group). Found: C, 58.57;

H, 4e49; P, Te14%, chhﬁL5GeOP2Rh requires C, 62.7; H, 5.34;

P, 7.36%]. '

Attempts to recover more product by the removal of THF and the
addition of methanol gave an impure compound which contained the EtBGe
group but showed the band at 1922 cﬁ_1 only as a shoulder of a much
larger band at 1970 cm-1. A small band at 2030 cm-1 was also observed
in the spectrum, A third sample showed the complete absence of the
EtBGe group but contained strong bands at 2053 oﬁ-1 and 1968 cm-1.

A concentrate of the solvent showed the presence of EtjGeBr and EtéGeZO.

A similar reaction to the above using (Pth)ZRh(CO)Cl
(3:0 8¢y 14439 mmole) and MeiGeBr (1 ml, 7.79 mmole) gave an impure
product, 1.89 g, which could not be satisfactorily purified, The
infrared spectrum of the solid showed that it contained the trimethyl-

-1 -1 ,
germyl group. [ﬁ (CO0) 1976, 1926 om ; 817 cm fe@Me)].

25,  The Reaction of (Ph,P),Rh(CO)C1 with Trimethylgermane

A good excess of trimethylgermane (3=4 liquid ml) was condensed
onto (Pth)th(CO)Cl (362 mge, 0.52 mmole) in a breakseal tube and
the tube evacuated and sealed. No visible signs of reagtion were
observed afiter one day at room temperature and so the tube was heated
to 60°C. After two weeks at 60°C the solution was brown although
not all of the yellow solid had dissolved, Work up yielded hydrogen

146

(53.6 N.cce, 2439 mmole), hexamethyldigermane (M, Meg " Ge, = 236) and

o+
2
a brownish seolid. The solid was washed with a small amount of bengene
to give a brown solution and unreacted (Pth)th(CO)Cl, 305 mg, The

solution was concentrated to give a small amount of sticky solid,
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Mass spectroscopy shewed that this contained polygermanium oxides,

The mass spectra were confusing but the presence of the lons

146

+ 218 + _ . 290 + _
N85290G820 (M = 237), Moy 36c;e3o3 (u = 311), Mg, Gzhoh (M = 459),
Meg Ge40+ (M = 41), Me,, ‘*Ge50+ (¥ = 545), Me1;’3 G960+ (M = 647)

suggested that MesGezo, MeGGe505, MeBGehph and Me14§e60 were present

in the mixture,
A repeat reaction in benzene solution in which the reactants

were not heated for a prolonged period yielded only (Pth)2Rh(CO)Cl,

hydrogen and hexamethyldigermane (M, M36“+6Ge2+ = 236).

26,  The Reaction of (Ph,P),Rn(C0)C1 with Triethylgermane

A mixture of triethylgermane (0.5 ml, 3.1 mmole) and (PhBP)ZRh( co)C1
(498 mg., 0.72 mmole) in benzene (10 ml) was stirred under nitrogen

at room tempereture for one day aﬂd briefly refluxed (30 minutes)

to give a brown solution, The solvent was removed and recrystallisation
of the brown solution yielded only (PhBP)th(CO)Cl, 438 mg, A

concentrate of the volatiles showed the presence of triethylgermane

(M, Et;w*(;e" = 161), hexaethyldigermane (M, Et6“'5(;e2+ = 320) and -
hexaethyldigermoxane (M, Et5146G920+ = 307).
27 The Reaction of (Phjfizﬁh(CQ)Cl with Hexamethyldigermane _ -

Freshly distilled ﬁexamethylaigemane (0e75 ml) and (PhiP)th( co)C1
(139 mg., 0.20 mmole) were heated together in benzene (2 ml) for two
days, The yellow solution turned brown and removal of the volatiles
left a brown solid from which only (PhBP)th(CO)Cl was obtained,
The volatiles were concentrated by removal of benzene and mass

146

spectroscopy now showed the presence of Me6G920 (u, M95 Ge20+ = 237)

in addition to Me6G82.
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28, The Reaction of (n;fgjflﬁRh(CO)Cl with Trimethylgermane

Trimethylgermane (5-6 liquid ml) was condensed onto a degassed
solution of (anTBP)ZRh(CO)Cl (760 mg., 0.20 mmole) in benzene (2 ml)
and the tube was.evacuated and sealed, After heating for three days
at 80°C work up yielded hydrogen (15.18 N.cc., 0,68 mmole) and removal
of the volatiles gave an oily yellow product. The infrared spectrum
of the oil was identical to that of the starting material
[v(co), 1960 om '; v (Rn=C1), 301 cm‘1] and the 'H n.mer. spectrum
showed no bands characteristic of the trimethylgermyl group. The
mass spectrum of a concentrate of the volatiles showed the presence of

hexamethyldigermane (M, M86“'6Ge2+ = 236) and trimethylchlorogermane

(M, Mezmeecf = 139).

29. The Reaction of gphjg)_jm CO)H with Trimethylgermane

Trimethylgermane (2 liquid ml) was condensed onto (PhBP)3Rh(CO)H

(706 mg,, 0,77 mmole) in a breakseal tube, On warming to room.
temperature evolution of gas was observed as some of the solid went
into solution., Work up, after six months at room temperature, yielded
after fractionation: hydrogen (12,35 N.cce, 0,55 mmole), unreacted
1l|.6G82+
residual yellow solid (678 mg.) was shown to be a mixture of unreacted

trimethylgermane, and hexamethyldigermane (M, Meg = 236). The

(PhyP)Ri(CO)H and the known compound [(Ph3P)2Rh(CO)]2 by infrared

spectroscopy [\)(Rh-H), (KBr), 2040 em"1; vy(co), (xBr), 1974, 1928 cm-1].

30. The Reaction of (Ph}glthSCO}H with Triethylgermane

Triethylgermane (0.1 ml, 0.62 mmole) was added to & solution of

(Ph3P)3Rh(CO)H (355 mg., 0.37 mmole) in benzene (8 ml)e On heating
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to reflux tempereture the orange-yellow solution turned red and heating
was discontinued. The solution was concentrated and a small amount

of petroleum ether was added to precipitate a yellow solid (306 mg.)
which was identified by infrared spectroscopy as a mixture of unreacted
(PhyP) Ri(CO)H and the known compound [(Ph3P)2Rh(CO)]2.

[V (Re-n), (KBr), 2041, 2010 en™'; v (CO), (KBr), 1974, 1927 o' |,

The band at 2044 cm-1 is absent in benzene solution,

31. The Reaction ofALEh5§23§§§COQH with Trimethylstannane

Trimethylstannane (2 liquid ml) was condensed from a vacuum line

onto (PhBP)BRh(CO)H (539 mg., 0.59 mmole) in a breakseal tube, On
warming to room temperature a vigorous evolution of gas was observed
and some of the yellow solid dissolved to give an orange~brown solution.
Work up after four months at room temperature yielded hydrogen

(129 Necce, 5.8 mmole) and a sticky solid. The solid was washed
repeatedly with petroleum ether to give an orange solution and a petrol
insoluble yellow solid (170 mg.) which was shown to be unreacted
(Pth)th( CO)H by its infrared spectrum, Removal of the solvent from
the petroleum solution gave a tar which showed infrared bands due to
the trimethylstannyl group and v(CO0), (KBr), at 1590 on ), Attempts
to recrystallise this materiel from benzene, petroleum ether, alcohol
and diethyl ether yielded only very small amounts of a yellow solid.
This also showed bands due to the trimethylstahnyl group and a broad
weak carbonyl band but did not contein triphenylphosphine. The solid

gave a carbon analysis of only 15%. [Found: C, 15.38%; H, hoBQ%].

32, The Reaction of (Ph}glthSCOQCl and an Excess of Trichlorogermane

Trichlorogermane (0.5 ml, 965 mg., 5.36 mmole) was added under
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nitrogen to (Ph}P)Z"( €l (516 mg., 0.75 mmols) in benzens (2 ml).

An immediate reaction took place at room temperature with the evolution
of a gas. The mixture separated into a lower orange-yellow layer,
which contained the rhodium complex, and a colourless upper layer.
After stirring for one hour the volatile materials were removed under
vacuum to leave a tar which on further pumping gave a yellow-orange
solid, The solid wes insoluble in petr&leum ether, benzene or
diethyyétﬁer but became tarry when brought into contact with them.

It was extremely soluble in acetone but attempts to recrystallise it
from the solvent failed. Even the slow evaporatlion of solvent by a
nitrogen stream yielded only & yellow tar, The compound was finally
precipitated as a yellow tar by the addition of diethy%éther to the
acetone solution. The tar was thoroughly washed with ether and pumped
to dryness to give a yellow-orange solid (958 mg.) m. p. 112-11400.

No triphenylphosphine was found in the ether washings, The infrared
spectrum of the solid showed bands characteristic of the triphenyl-
phosphonium ion at 2401 cﬁ-1, 1114 om-1, 888 gm~1, and 723 cn ! ( xBr),
and_t6 the trichlorogermyl group at 368 o ! (CsI)e No bands indicative
of bridged rhodium-chlorine bonds were observed. A strong band at ~
2099 o (KBr) could be assigned to V(CO)s Analysis did not
distinguish between the possible formulae [PthH]z[Rh(CO)( Gec13)5] ,
[PhBPH]z[Rh( CO)(GeClj)h_Gl]a.nd [Ph3mJ [PhBPRh(GO)(GeCIB)h]. All of -
these formulae would fit the spectral evidence although the former

is perhaps the most likely, The possibility of solvation of the

complex also exists. [_Found: C, 33.44; H, 2,77; C1, 29.46%.

037H3201 G950P Rh requires C, 28,59; H, 2,06; C1, 34.29%

037H32 . 5Ge OP,Bh requires C, 31.51; H, 2.27; Cl, 32.75%

OPéRh requires C, 32.35; H, 2.25; C1, 31.04%‘]

37 31 h




Trichlorogermane (97 mg., 0.54 mmole) in benzene (40 ml) was
added slowly to a solution of (PhBP)th( c0)C1 (373 mg., 0.54 mmole)
in benzene (60 ml), The solution was stirred for two hours before
solvent was removed to give a yellow solide This was shown to be a
mixture of (Pth)th(CO)Cl and a rhodium(III) compound by its infrared
spectrum and analysis. Attempted reorystallisation frem benzene
produced no separation of the two species, [-v(po), (KBr), 1990,
1970 oo, (PnyP),RE(CO)C1; v (CO), (KEr), 2090 em | (BT species);
v (Ge=C1), (CsI), 370 cm'1; v (Rh=C1), (CsI), 308 cm"1. Found:
C, Shokb; - H, 6.15; CL, 11.0%. (Pn,P), R CO)CL, G, H, (C1OP,Rh Tequires
C, 64.30; H, L4.34; C1, 5.14%. (PhBP)th(CO)HCI(GeCIS),
037H31C.1LGe0P23h requires C, 50.99; H, 3.,56; Cl, 16.31%,
(PhsP)ZRh(CO)Cl(GeCIB)z, 037H50017Gé20P2Rh requires C, 42,34; H, 2.86;
C1, 23.7%).
(b) 1:2

Trichlorogermane (193 mg., 1,08 mmole) in benzene (25 ml) was
added dropwise to (Pth)th( CO)C1 in benzene (25 ml). The solution
was filtered from a small amount of tar which had formed and was
pumped to dryness. The infrared spectrum of the yellow solid showed
that it was again a mixture of two products but that the concentration
of the RhIII species had increased. The infrared spectrum of the
tar showed that it contained a phosphonium cation.
[yellow solid: ~(C0), (KBr), 1990, 1970 om 1, ( Ph,P),Rh(C0)C1;
3(€0), (KBr), 2095 om ' (RR™™Y species); < (Ge-C1), (CsI), 365 om ';
v (Re=C1), (CsI), 308 cm s

yellow tar: < (C0), (KBr), 2100 ean 15 v (Ge=Cl), (CsI), 365 em s
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bands characteristic of LrnBPH] 2595, 1110, 880, 720 cm ]

34 The Reaction between (Ph}ﬂiRhg CO)H and Trichlorogermane

(a) 121

Trichlorogermane (97 mg., O.54 mmole) in benzene (25 ml) was
added slowly to a solution of (Pth)BRh(CO)H (495 mg., 0.54 mmole) in
benzene (25 ml), The solution was stirred for onme hour, decanted from
a small amount of orange tar which had formed and the solvent removed
to give a yellow solid, Extraction of the solid with petrol gave
triphenylphosphine (90 mg. ). The infrared spectrum of the yellow

solid suggested that it was a mixture. [*J(CO), (xBr), 1990, 1970 on !

(Ra' species; v(CO0), (KBr), 2070 cw | (RhIL

species); v (Ge-Cl),
CsI), 360 cﬁ_1]. The infrared spectrum of the tar showed bands
characteristic of the triphenylphosphonium ion,
(b) 1:2
Trichlorogermane (193 mg., 1.08 mmole) in benzene (25 ml) was
added to (PhBP)BRh( CO)H (495 mg., 0,54 mmole) in benzene (25 ml),
Work up, as before, gave a similar mixture with an increase in. the. -

concentration of the RhIII species,

35

The Reaction between Rhodium Trichloride and. Trimethylammonium -

Irichlorogermanite

Trimethylammonium trichlorogermanite (3.32 gn., 13.9 mmole)
was added to a solution of rhodium trichloride tyihydrate (536 mg., .
2.03 mmole) in a mixture of concentrated hydrochloric acid (50 ml) and
distilled water (20 ml). The dark red solution turned orange on
reflux, Reduction of the volume of the solution by distillation gave

bright orange needles which were filtered, washed with ether and dried.
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Analysis of the compound indicated the formulas LMSBNqJBLHn\hebl5)3C15]
which fits spectral observations, yield 1.52 g (55%) m.p. 255°% dec.,
[4(Ge—01), (csI), 360 em 's  Found: C, 11472; H, 3.01; Cl, 4b6.12;
N, 4.78%. Required for C9H300112G95N3Rh: C, 11.65; H, 3.24;

C1, 45.96; N, L.53%].

36, The Reaction of Rhodium Trichloride with Trichlorogermane and

-Iriphenylphosphine

Trichlorogermane (309 mg., 1.72 mmole) in concentrated hydrochloric
acid (6 ml) was added dropwise to a solution of rhodium trichloride
trihydrate (411 mg., 1.56 mmole) in ethanol (6 ml), On the addition
of trichlorogermane the original Burgundy red solution lightened in
colour to red-orange. The solution was stirred at room temperature
for thirty minutes and further diluted by the addition of ethanol (10 ml)
and concentrated hydrochloric acid (10 ml). The addition of
triphenylphosphine (1.23 g, 4469 mmole) precipitated an orange-yellow
solid., The suspension was stirred for a further two days and brlefly
refluxed before filtration. The solid was washed with conc, hydrochloric ~
acid, ether, and petroleum ether. The infrared spectrum of the solid |
showed bands attributable to the triphenylphosphonium ion at 2382 cﬁ-1,
1115 om ', 885 oo ! and 720 om ! (KBr) and to the trichlorogermyl
- group at 362 em ! (CsI). Bands indicative of bridging Rh~-Cl groups
were absent from the spectrum. Spectral and analytical data indicated
that the compound had the composition [fhsPHJB[?QIII(GeCIB)zclh],
m.pe 137-139°C dec., 660 mg. (55%). [Found: C, 46.13; H, 3.69; ,
Cl, 22.35%. Required for CSAHABCl1OGGZRh: C, 46.55; H, 3.45;
c1, 25.4&%]5




37« Tae Reaction betweei (P'n31=‘¢,,“' CO)C1 and Caesium Trichlorogermanite
[ -9

(2) A solution of (PhBP)ZRh(CO)Cl (520 mg., 0,75 mmole) in bensene
(40 ml) was refluxed for three days with caesium trichlorogermanite
(472 mg., 151 mmole)s The solution was filtered and the benzene
removed to give unvescted (Ph,P),Rh(C0)CL, 490 mg. [N(co), (xar),

1970 cmd1]_._

(v) (PhBP)th(CO)Gl (285 mg., 0.41 mmole) and caesium trichlorogermanite
(503 mg., 1.61 mmole) were refluxed together in tetrahydrofuran (20 ml).
The yellow solution turned oranée after only five minutes, After
refluxing for four hours the solvent was removed and the rgsidual
orange solid extracted with benzene, Addition of petroleum ether

to the benzene extract gave trichlorogermyl(carbonyl)bis(triphenyl-
phosphine)rhodiun(I), (Ph,P),RH(C0)GeC1y, 196-200°C dec., 116 mg. (34%).
[\)(CO),(KBr)_, 1978 om (br); V(Ge-Cc1),(CsI), 385 em .

Found: C, 50.29; H, 4.26; Cl, 12.4%. 036H50015G9P23h requires

C, 53.23; H, 3.59; Cl, 12.7%]. The benzene-insoluble yellow solid

also contained a rhodium complex as well as unreacted CsGeCl, but

3

pa— - -

this could not be isolated,

38, The Reaction of QPhEP)ERhg 00101 with Trimethylammonium

Trichlorogermanite -

(PhBP)ZRh(CO)Cl (304 mge, Okl mmole) and trimethylammonium

trichlorogermanite, Me NHGeCls, (211 mg., 0,88 mmole) were refluxed

3
together in benzene (30 ml) and after the first few minutes of reflux

an orange species precipitated from the solution., The reaction was
refluxed for a further four days and the orange solid filtered, thoroughly
ﬁashed with benzene and dried in vacuo, yield 226 mg. The solvent

was removed from the yellow solution to give unreacted (Ph5P)2Rh( co)cl.
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The infrared spectrum of the orange solid showed the complste absence

of bands due to triphenylphosphine ligands but bands due to the MesNH,
C0, and GeCl3 groups were present. The compound was insoluble or

only sparingly soluble in most of the common solvents but could be
reprecipitated Qs a yellow solid by the addition of ether to a nitro-
methane soiution. The infrared and anaiytioal data suggest the
formulation [MeBNH]Z[Rh(CO)( 6eC1,),01], m.p. 200-204°C.

[9(00), KBr, 1970 om '; 9(Ge-C1), 362 om '; v (RE-C1), 310 cm '
Found: C, 15.17, 11.16; H, 3.81, 3.60; Cl, 36.06%. G7H20c17GezN203h
requires C, 13.03; H, 3.10; Cl, 38.5#].

39 The Reaction of |§CS§12)Rh01|E with Trichlorogermane

Trichlorogermane (193 mg., 1.08 mmole) in benzene (10 ml) was
added slowly to a solution of [(08H12)Rh01]2 (381 mge, 0,77 mmole) in
benzene (30 ml). After one hour the solution was filtered from the
orange-brown crystals which had formed, Removal of solvent from
the yellow filtrate gave a yellow solid (257 mg.) which was identified
as ugrgacted_[(Caﬁhzl§§g112_by_in{ggged spectroscopy. The infrared _
and mass spectra of the oﬁngebrom solid (203 mg,) indicated that
it contained (CBH12)RhH(Ge013)Cl although a cyclopentadienyl speocies
was also present as an impurity. Attempted recrystallisation from.
THF resulted in the decomposition of the sample and only [(08H12)Rh0%]2

could be recovered from the solution.

[\)(Bh-H), KBr, 2000 om '; v(Ge-Cl), CsI, 370 'y M, CBHHGIAGeRh* =

426, Found: C, 25.71; H, 3.32%. Required for 08H13014§eRh=
C, 22.50; H, 3.05%].
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40, The Reaction of |5 c81_1'12‘th01| awith Trichlorosilane

Trichlorosilane (1.34 g.. 9.9 mmole) was added to a solution of
B08H12)Rhci]2 (650 mgs, 1.32 mmole) in benzene (30 ml), Removal of
solvent after five hours gave a tarry solid which was washed with light
petroleum to give a yellow solid (1.25 g.). The infrared spectrum
showed no hydride stretching frequency gut showed the characteristic
absorption bands of the cyclooctadiene and trichlorosilyl groups. The
mass spectrum did not show a molecular ion but the (CSH;Z)Rh(SiCIB)2+
ion was present M, CBH12C16RhSi2+ = 479, The analysis suggested that
the compound should be formulated as (CBH12)Rh(SiCIB)201.

[Found: C, 18.45; H, 2.78; 08H12017Sith requires C, 18.64; H, 2.35&&-

L1, The Reaction between 7r-05§5RhCa§12 and Trichlorosilane

Trichlorosilane (5 ml) was condensed onto 7r-CSH5Rh68H12 (330 mg.,
1,20 mmole) in a breakseal apparatus equipped with a glass sinter, On
warming to room temperature the yellow crystals dissolved to give a
yellow solution from which a dark brown solid quickly begen to precipitate.
Over a period of thirty minutes the colour of the solid ii;héehéd—;é-- S
give a yellow-orange precipitate and solution, The solution was
filtered and the precipitate washed by back-distillation of trichlore-
silane., Work up yielded no hydrogen, The precipitate was only very
sparingly soluble in the common solvents and was extracted with benzene.
The solvent was removed from the benzene extract and the brown solid was
washed with light petroleum and dried in vacuo,. The infrared spectrum
of the solid contained no V(Rh-H) band but showed bands characteristie
of the 05H5, CSH1L and SiCl5 groups. The mass spectrum showed a

moleoular ion (M, c15H1-90168:i.2Rh+ = 546) which identified the compound
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E es bis( trichloresilyl)cyclopentadienyl-cyclooctens rhodium { III),
. o
7T-CsH;R(84615) 5. CH, ., darkens at 140°C. [ Founa: ¢, 26.09;

H, 3.20ff  C,5H, 0131 Rh. JHSICL, requires C, 26.34; H, 3.21% ).

42, The Reaction between s=~C_H_Rh(C H#lngand Trichlorosilane
Reagtion st5 Rl Coll) dp lane

The addition of trichlorosilane (4.02 g., 29.7 mmole) to
rr-C5HSRh(02HL)2 (290 mg.,1.29 mmole) gave an immediate exothermic -
reaction with the evolution of a gas, Removal of trichlorosilane
left a brown solid which was only sparingly soluble in organic solvents.
The compound was purified by extraction with benzene, The infrared
spectrum of the solid showed bands due to the trichlorosilyl group in
addition to those due to coordinated ethylene and the cyclopentadienyl

group. No rhodium~hydrogen stretching frequency was observed, The

mass spectrum of the solid showed a molecular ion for 7r-C5H'5Rh(SiCl5)202H4
(M, C7H90168i23h+ = 464). The compound darkened without melting

at 150°c,

43+  The Reaction of 77-C/H Rh 081_{1,_,,) with Trimethylgermans

Trimethylgermane (0.5 liquid ml) and benzene (3 ml) were condensed

onto ;F-CSHSRh(C ) (376 mge, 1.36 mmole) in a breakseal tube, The

g2
tube was frozen to -196°c and evacuated before seal off, Heating
at 50°C for one month produced no visible sign of reaction and work
up yielded only hydrogen (1,33 N,cc., 0.06 mmole), unreacted

trimethylgermane and 7r-C_H Rh(CSH12) (344 mg.)e

55

Ly, The Reaction between rT-C5§5Rh§COEPh3P and Trimethylgermane

rr-c5H53h( CO)Ph3P (344 mg., 0.75 mmole) was placed in a breakseal
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tube end benzene (3 ml) and trimsthylgsrmane (0.5 liquid mi) were

condensed into the tube, The tube was sealed and heated at 50°C

for one months Work up yielded only hydrogen (0.81 N.cc., 0.4 mmole),

unreacted trimethylgermane and unreacted s7=C

95%).

5H5Rh(CO)Ph3P (328 mg.,

45. The Reaction of (Ph}gzthSCOZCI with bis—strimethzlsilxl!mercurz

| .

t Bis-( trimethylsilyl)mercury (740 mg., 2,14 mmole) in benzene

(10 ml) was dripped slowly into a solution of (PhBP)th(CO)Cl (1.40 g.,
2,03 mmole) in benzene (60 ml) at room temperature. A vivid dark

red colouration formed immediately and the solution was stirred for

three hours, The solution was filtered from the small amount of
mercury which had been deposited and solvent was removed to give a
red-brown solid. The infrared spectrum of this solid showed bands
characteristic of the trimethylsilyl group and also a carbonyl band
at 1970 cm-1 (KBr)s Attempted recrystallisation from benzene gave a
small amount of (PhBP)ZRh(CO)Cl and eventually led to the complete
decomposition of the sample, The infrared spectrum of the residue .
showed a strong band at 1185 cn”| which ocould be assigned to vV (PO)

of triphenylphosphine oxide,

46, The Reaction of (Ph,P).RhCl with bis-(trimethylsilyl)mercury
)

Bis~( trimethylsilyl)mercury (410 mg., 1.2 mmole) in benzene (10 ml)
was added slowly to a solution of (Pth)thCI (840 mg., 0.91 mmole) in
benzene (50 ml) without any noticeable colour change. The solution
was stirred for three days at room temperature to give a red-brown

solid which was filtered from the solution (330 mg.). The solid was
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ontaminated by a small amount of mercury but the infrared spectrum showed
that it was [(Phjp)ZRhCIJZ' On standing the solution yielded more
orange-pink solid (120 mg.) which was also identified as [(Ph3P)2Rh01]2

by analysis. [Found: C, 65.66; H, 5,08%. GlzPhBh requires

C52%60
C, 65.4; H, 4.&%]. Removal of the solvent yielded a brown intractable
solid which could not be purifiede The infrared spectrum indicated

that it did not contain the trimethylsilyl grouping.

47, Attempted Preparation of (PT}'llpRhGeEt3

A solution of [KPF})23h01]2 (810 mg., 1.3 mﬁole) in dried degassed
diethyl ether (85 ml) was added under nitrogen to 1% potassium amalgam
(18 in 100g. mercury) in a flask equipped with "Rotaflo" taps. The
system was frozen and evacuated, An excess of trifluorophosphine
(600 N.co., 26.8 mmole) was condensed into the flask which was sealed
and shaken for three days to form the potassium salt (PFB)ARh-K?.

The flask was opened under nitrogen and the yellow solution
filtered from the potassium amalgam into a Schlenk. Triethylbromo-
germane (560 mg.,, 2.3 mmole) was added to the filtrate from a syringe.
The colour of the solution did not change but a slight clouding of the
solution was observed. Filtration followed by concentration of the
solution under vacuum led to a darkening of the solution and cooling
did not give any crystals. - Removal of the solvent gave an intractable
brown tarry material which could not be purified by recrystallisation
or washing with other solvents. [Infrared data, (KBr): 2950 (m),

2920 (m), 2870 (m), 1330 (sh), 1320 (m), 1193 (m), 4142 (m), 800 (s,br),
525 (sh), 500 (s), 375 (m) om
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48. e Reaction of [r=C_H.Mo{CO).|N h_(Ph,P),Rh(C0)C1

Freshly cracked cyclopentadiene (0.8g., 12 mmole) was added to
a stirred suspension of sodium (0.24 g., 10 mmele) in tetrahydrofuran
(THF) (20 ml). The suspension was stirred for 18 hours to give a
pale pink solution of cyclopentadienylsodium. Molybdenum hexacarbonyl
(2.63 g, 10 mmole) was added and the mixture refluxed for ten hours,
Upon the addition of Mo(CO), the solution turned yellow and the colour
deepened on reflux.

A portion of the solution (2 ml, 1 mmole) was added under nitrogen
to a solution of (PhBP)ZRh(CO)Cl (690 mg., 1 mmolé) and an immediate
colour change from yellow to orange~brown was apparent, After stirring
for 14 hours the solvent was removed to give a red-brown solid, This
material was completely insoluble in cyclohexane but could be extracted
with benzéﬁe to give a brown solution. Concent}ation of the benzene
solution did not give any crystals and the solvent was again removed
to give a brown solid (672 mg.)s The compound could not be properly
recrystallised from benzene or THF and was recovered as a brown powder
by the slow addition of ether to a THF solution.

The infrared spectrum of the solid showed four strong bands which
could be assigned to 3(CO) at 1967, 1876, 1777, and 1750 on s In
addition to these the spectrum alsoc showed the presence of the
cyclopentadienyl [X(C-H), 810 cm-1] and triphenylphosphine groups.

The compound was toc insoluble for 1H n.m.r. characterisation and
analysed as C, 62,26; H, L.36%. (PhBP)ZRh(CO)Mé(‘71-0555)(00)3,

Cy5 35M00 P,Rh requires C, 60,0; H, 3.8%%,
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Experimental Methods

Nitrogen

A1l reactions and operations involving air-sensitive compounds
were carried out in an atmosphere of dry, oxygen-free nitrogen.
Commercial "white spot" nitrogen was further purified by passing the
E gas through copper turnings at hOOOC, to remove oxygen, and then
through a column of molecular sieve and a spiral trap at -19600 to
remove water,

Solvents

Benzene, toluene, petroleum ether, diethyl ether and cyclohexane

were redistilled from phosphorus pentoxide and dried by standing over

sodium wire for one week, Methyl and ethyl alcohol were dried by

treatment with magnesium activated with iodine. The dried solvents
were distilled and stored over molecular sieve. Acetone was dried
using molecular sieve. Tetrahydrofuran was distilled from lithium
aluminium hydride immediately before use.
Analysis

_ Analyses were carried out in the microanalytical_laboratories

! of Durham and Queen's Universities or by Drs. Weiler and Strauss,
Banbury Road, Oxford.

- Infrared Spectra

Spectra in the region 2.5-25, were recorded on either a Grubb-
Parson's Spectrbmaster, G.S.2A, or Perkin Elmer 457 spectrophotometer.
Solids were examined as pressed discs in KBr or as Nujol Mulls. The
region 20-50/‘ was recorded on either a Grubb-Parson's DM2 or DML

spectrophotometer, The solids were generally examined as pressed

dises in CsI.
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1, e - s . s
H Nuciear Magneiic Resonance Spectra

The spectra were recorded on either a Perkin-Elmer Ri0 or a
Varian H. A. 100 spectrometer.

Mass Spectra

These were recorded on an A.E,I. M. S, 9 instrument.
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Preparation of Starting Materials

Most starting materials could be prepared by standard literature

methods (see Table 14) or were available in the department.

Table 1k

Compound Ref. Compound Ref,
(PhSP)BRhCI 9 (PhBP)th( co)cl 91

(Ph5As)5RhCI 16 (Pth)th( CO)H 108
(PnP), RuH L [(c8H12)Rhc1] ’ 122
(MePh,P), RhC1 41 [(CZHLF)ZRhCI]z 115

(PryP),Rh(C0)C1 90 [(canw_)znhc1]2 117

[(d.mpe)th]Cl 50 -G H RR(CgH, ) 122

7F-C5H5Rh(CZHL)2 118

1e Bisg1,2-bisdighenzlghosnhinoethanelrhodiumsI2 chloride

1,2-bisdiphenylphosphinoethane (1.33 g., 3.34 mmole) was added
to a solution of (Phjp)thCI (790 mg., 0.854 mmole) in benzene (25 ml)
and the solution refluxed. The yellow bis-chelate rhodium( I) complex
precipitated from the solution and was filtered, washed with ether

and dried in vacuo,

2. mm=Cyclopentadienyl( triphenylphosphine)carbonyl rhodium(I)

A solution of cyclopentadienylsodium in tetrahydrofuran
(3 ml., 0.50 molar) was added to a suspension of (Pth)th(CO)Cl in
THF (20 ml) to give an orange solution. Orange crystals formed and
these were collected and recrystallised from benzene to give
(PhsP)Rh,(CO)( rr-65H5), 540 mg., 83%.

3. y~Dichlorotetra( trifluorophosphine)dirhodium(I 258’59

Trifluorophosphine211 (600 N.cc., 26.8 mmole) was condensed into
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a "Rotaflo" flask containing a suspension of iICBH14)Rh01]2 (3.26¢.,
6.56 mmole) in diethyléther (100 ml)s An immediate reaction took
place to give a red solution, Removal of the ether gave a red solid
which was sublimed to give dark-red needles of [(PFB)ZRhCIJZ’ 2.10g.,
51%.

L., Organogermanium compounds

These were all prepared by stendard literature methods1h9’212.
Tetraorganogermanes were prepared by reacting an excess of Grignard

reagent with germanium tetrachloride, Trimethyl- and triethylbromogermane
were prepared by refluxing bromine with the tetra-alkylgermane in

n-propyl bromide. The tiialkylgermanes, MeBGeH and Et3GeH, were

prepared by reduction of the corresponding trialkylbromogermane with

lithium aluminium hydride in dioxane or di=n~butyl etherxs

5e Trichlorogermane

This was prepared by the method of Petrov et a1215. A fast

stream of dried hydrogen chloride was passed over a mixture of powdered
germanium (50g., ) and finely divided copper (10g.) heated in a silica

tube to h50°C. Trichlorogermane was formed and was collected in a
cooled fecéivér (—7800). A fast flow of hydfogen-chloride was essential
for the reaction to ococur at a reasonable rate. The yield of
redistilled product was 98g. (80%).

214

6. Caesium Trichlorogermanite

Germanium tetrachloride (9.48., 5.1 ml,) was added to a stirred
mixture of H5P02(23.35.) and 3M hydrochloric acid (60 ml)a The
solution was heated to 85°C for five hours, and then allowed to cool
to 50°C before the addition of caesium iodide (11.9g.)s A Fluffy

white precipitate formed and filtration gave white caesium trichlorogermanite

(11.28-, 7%).
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. . ., 21
Trimethylammonium trichloroperianite

Te

This was prepared in a similar manner to GsGeCl3. Germanium
tetrachloride (14g.) was reduced by hypophosphorous acid (35g.) in
3¥ hydrochloric acid (50 ml) and the complex precipitated by the
addition of trimethylammonium chloride (6.23g.)e 'The complex was
filtered and dried in vacuo, yield 15.7g., 86%.

The compound is more soluble in benzene or tetrahydrofuran

than its caesium analogue,
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