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SUMr.1ARY 

This thesis describes the preparation, properties and reactions 

of germyl-palladium complexes and palladium hydride complexes. An 

appendix is concerned with some germanium-phosphorus compounds. 

Germyl-Palladium Complexes 

Germanium and other group IV metals form metal-metal bonds 

to platinum. The stability and reactivity of these compounds 

show many peculiarities, and the present work \fas undertaken partly 

in order to provide comparisons between platinun1 and palladium. 

~~o methods of preparation were investigated. 

( 1) (R
3

P) 
2

PdX
2 + 2Ph

3
GeLi , (R

3
P)

2
Pd(GePh

3
)
2 + 2LiX 

(2) (R
3

P)
2

PclX
2 + (Me

3
Ge)

2
Hg ~ (R

3
P)

2
PdX(GeMe

3
) + Hg + 

Only the first was successful and this gave the complexes 

where R = triethylphosphine and tri-n-propylphosphine. The 

Ge-Pd complexes are extre1nely sensitive to oxidation and decompose 

0 
at about 100 • Heactions with HCl, 1,2-dibromoethane, KCN, H

2 

and CO are described. 

Palladium Hydride Complexes 

In contrast to platinum which forms many stable hydride 

Me
3

GeX 

complexes, palladium has not hitherto yielded any isolable compounds 

containing a palladium hydrogen bond. Such compounds are of 

considerable interest since they are postulated in several palladium-

catalysed reactions. 
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An observation on the cleavage of Ge-Pd complexes by HCl led to 

the development of an almost quantitative reaction for preparing 

palladium hydride complexesl 
4:.00 

+ ----~>• trans-(Et
3

P)
2

Pd(H)X 

By-products suggested that the reaction l~as taking place by a free 

radical mechanism. This evidence \'il'as supported by reactions 

carried out in the presence of a radical initiator and a radical 

inhibitor. The hydride (Pr;P)
2

Pd(H)Cl was formed but was too 

unstable to allo\~ isolation, as also was a nickel hydride obtained 

from (Et
3

P)
2

NiBr
2

• Reactions of (Et
3

P)
2

Pd(H)X with KI, HC1/Et
2
o, 

NH
3
/H20, CClq,, t-te

3
sn.NMe2 , KCN/MeSH and KCN/MeOH are described. 

The latter two are of interest in that an intermediate hydridocyanide, 

(Et
3

P) 2Pd(H)CN reacted with the solvents liberating hydrogen. 

Unsaturated compounds, CH2 = CHCN, PhCECH, c
2

F'q, and Cq,H6 reacted 

ldth (Et
3

P)
2

Pd(H)Cl giving a complexity of products. 

Appendix 

Chronologically this work, concerned with the formation and 

reactivity of germanium-phosphorus compounds, was carried out first 

and gave experience in handling air- and water-sensitive compounds. 

Lithiwn diphenylphosphide reacts with Ph
3

GeCl giving Ph
3

GePPh2 

and a fe\~ reactions of this compound are described. Ph
2

PLi reacts 



(x) 

with all four chlorine atoms of Gec14 giving polymeric 

material instead of the expected (Ph
2

P) 4Ge. The polymer 

was shO\II'n to contain phosphorus as Ph
2
P-groups only, and 

was probably formed by halogen-metal exchange reactions since 

Ph
2

P. PPh
2 

\ll'as also formed. 
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The introduction to this thesis is concerned essentially 

with the chemistry of palladium (II) complexes. It will 

at times be necessary to make comparisons with nickel and 

platinum compounds, so the chemistry of these metals will 

be reviewed but particular emphasis is placed on the divalent 

state ofpalladium and platinum. 

Although specific differences exist, the chemical 

properties of palladium and platinum are generally similar, 

but those of nickel are somewhat different. The dominant 

oxidation state of nickel is the +2 state, but the +~ 

oxidation state becomes increasingly important down the group. 

1. Zerovalent Complexes 

Each of these metals is known to form zerovalent complexes 

but all compounds involve strongly~bonding ligands which 

remove electron density from the metal atom. Examples are 

Complexes of 

palladium (0) and platinum (0) with phosphine, phosphite and 

isonitrile ligands were prepared by reduction of divalent 

complexes in strongly alkaline media (1). 
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(RNC) 
2
Pdi

2 
+ )2RNC + 2KOH --.... H

2
0 + 2KI + >2·RNC + (RNC) 

2
Pd. 

The products react w·i th trialkylphosphi tes: 

+ 

The chelate nickel complex, (Ph
2

PCH
2

CH
2

PPh
2

)
2 

Ni \ias made by 

replacement of carbon monoxide from Ni(Co) 4 (2). A series of 

complexes, t-fL
2

, ~U..L 1 and r-fL' 
2 

\ihere M = Ni, Pd or Pt, L = 

chelating ditertiary phosphine and L1 = chelating ditertiary 

arsine have also been reported (3)o Claims (41 5) to the 

preparation of the compounds (Ph
3

P)
3
Pt(O), (Ph

3
P) 4Pt(O) and 

palladium analogues were later contested by Nyholm and co-workers 

(6) who suggested that these were in fact dihydrides, (Ph
3

P)
3
-

PtH2 and (Ph
3

P) 4PtH
2

, but this ~as now been disproved (157). 

2. The +4 Oxidation State 

Relatively fe,., compounds of nickel in this valence state are 

lmown. Stabilisation by coordination with highly electronegative 

elements such as oxygen and fluorine is necessary as in, for 

example, K
2

NiF6• The +4 oxidation state becomes increasingly 

important as one proceeds down the triad. Palladium( IV) 

complexes are of two types, (8) halo-complexes r-1
2 

( PdX
6

) where :1).1 

is an alkali-metal, and ammino-halo complexes, e.g. Pdpy2c14• 

Both types are octahedral and readily lose halogen forming palladium 

(II) compounds. It has been pointed out recently that the 4-valent 
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state may play a more intportant part in the chemistry of simple 

compounds of palladium than was previously thought (9). Cry stall is-

ation from a solution obtained by dissolving palla~ium in nitric 

acid gave a product reported to be Pd(IV)(No
3

)
2

(0H) 2 which l\'as 

previously described as hydrated Pd(No
3

)2• Platinum forms a 

much larger number of stable ~-valent compounds. These are 

6-coordinate and usually octahedral, but extraordinary structures 

are sometimes adopted for the metal to achieve 6-coordination. 

Trimethylplatinum iodide, first prepared in 1907 (10), has 

a tetrameric structure with the iodine and platinum atoms 

at the corners of a cube. Each platinum is coordinated to the 

three adjacent iodine atoms. Trimethylplatinum acetylacetonate 

has a dimeric structure. Each platinum atom adopts an octahedral 

environment by coordination \-:i th three methyl groups, the tl\'o 

oxygene of an acetylacetonate ligand and the c
3 

carbon atom 

of the second acetylacetonate. An important series of platinum 

(IV) complexes is the range from halo complexes through aoonino-

halo complexes to the hexammines, e.g. Na2PtC16 through 

intermediates Na [PtNHJClS] , [Pt(NHJ) 2c1~] , •••• [Ft(NHJ) 5c1) ClJ 

to [Pt(NH
3

)6 ] Cl~. Combinations of various amines, ammonia, 

hydrazine, hydroxylamine and halogens or pseudohalogens 

including chlorine, bromine, iodine and thiocyanate are possible. 

Fluorine is found only in the complex ion 2-
PtF6 which is much 

more stable than the palladium analogue. 
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3. Other Oxidation Levels 

Oxidation states other than 0, +2 and +4: are not of great 

importance. Compounds of nickel (I) are very rare indeed 

but include K
3

Ni(CN)4: and K6[Ni2 (C:CPh) 8]. Palladium (I) 

and platinum (I) compounds are unknO\m. Tervalent halides of 

palladium and platinum have been claimed, but these may contain 

the metal in mixed oxidation levels +2 and +4:. Nickel, on the 

other hand forms a few well defined Ni(III) complex. Oxidation 

of trans-bis(triethylphosphine)nickel bromide, (Et
3

P) 2NiBr2 

with nitrosyl bromide yields a compound of composition 

Only platinum forms compounds with the metal 

in oxidation state above +4:. These are few in number and include 

PtF
5 

and PtF6• 

4:. Divalent Complexes 

The complex chemistry palladium (II) and platinum (II) 

is rather similar, although palladium(II) complexes are kinetically 

more labile. Nickel shows distinct differences, however. 

Palladium (II) and platinum (II) complexes are usually 4:-coordinate 

and square planar whereas nickel(II) complexes are commonly 4:-

or 6-coordinate and may have square planar, tetrahedral or 

octahedral structures (8). Square planar 4:-coordinate complexes 

of nickel include [Ni(CN)4:]
2

- and the 
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chelate bis(N,N,N 1 ,N 1 , -tetramethylethylenedianwine)nickel 

(II) • Such complexes are coordinatively unsaturated and 

coordination with strong donor ligands, e.g. H2o, c2H
5

0H 

can increase the coordination number to six. A change in 

structure from square planar to octahedral results. Only 

relatively recently has the existence of tetrahedral nickel 

complexes been established, but these are no,, known to be 

quite numerous. Several classes have been characterised 

including [NiXz.] 
2
-, [NiLX

3
]- and [NiL2X:J where L = a 

neutral ligand and X = halogen. In some cases the identity 

of the ligand is important. 

square planar, for example, while the triphenylphosphine 

analogue is tetrahedral (12). A number of compounds 

containing mixed alkyl-aryl phosphines have been prepared (13) 

e.g. bis(allyldiphenylphosphine)nickel bromide, (CH2=CH-~H2-

PPh2)2NiBr2 which exist in solution as an equilibrium naixture 

of the tetrahedral and square forms. The d
8 

electronic 

configuration of palladium (II) and platinum (II) gives rise 

to complexes which are characteristically square planar. In 

only a fe\IT cases is the coordination number increased beyond 

four. All types of mononuclear complexes of palladium and 
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have been prepared where L represents a neutral ligand and 

X an anionic ligand. In addition, bridged binuclear complexes 

having halogens, thiocyanate, RS and R
2

P bridging groups exist 

(R represents an alkyl or aryl groups). Examples are: (14) 

R2 

Pr~" /p" /Cl 

/Pt"" /Pt" n 
Cl P PPr

3 
R2 

Nitrogen, halogens, cyanide ion and the heavy atom 

donors including phosphorus, arsenic, sulphur and selenium are 

the ligands for which palladium(II) and platinum(II) have 

the strongest affinity. The preference for heavy atoms is due 

largely to the formation of ~-bonds between filled metal d orbitals 

(d , d and d ) and vacant ligand d orbitals. 
xz xy yz 

Platinum( II) 

complexes are generally more inert than palladium(II) complexes, 

kinetically and thermodynamically. This is reflected in the 

fact that certain reagents, e.g. chlorine, bromine, methyl iodide, 

oxidise platinum(II) to platinum(IV) complexes with retention of 

configuration: 

Cl 

A B 

""-/ Pt( II) 

/ "-c 
A"'--1/B 

Pt(IV) 

o/l "-c 
Cl 
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s. Structure and bonding 

The electrostatic crystal field theory predicts that 

if four 1 igands 1 either ionic or dipolar 1 1 ie t\'fO on each x and y 

axis with the metal atom at the centre, the d orbitals (~d 

2+ 2+ for Pd and Sd for Pt ) 1 d 2 2 1 d 2 1 d 1 d and d 
x -y z xy xz yz 

will no longer be of equal energy (degenerate) since an electron 

in each of these orbitals would feel ~h~ influence of the four 

ligands to a differing degree. The theory predicts that the 

orbitals will be in the following order of increasing energy: 

z z z y y 

yz xz 
d 2 

z 
d xy d 2 2 

X -y 

Fig.l. 
Diagram of d atomic orbitals 

d -d <d2<d <d2 2. Hund 1 srulestatesthatorbitals 
yz xz z xy x -y 

shall be occupied singly as far as possible, but applies to 
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orbitals of equal energy. In the situation envisaged it is 

energetically more favourable for electrons to pair, leaving one 

vacant orbital, than for one electron to remain in the d 2 2 
X -y 

orbital. Thus, in d
8 

square planar palladium(II) and 

platinum(!!) complexes the d , d 1 d 2 and d orbitals yz xz z xy 

each contain two electrons while the d 2 2 orbital remains 
X -y 

vacant. The result is that the four ligands can approach 

~he central atom more closely in the- x and y directions since 

electrostatic repulsions are reduced. The ligand field 

theory is a modification of the electrostatic crystal field 

theory which takes into account a moderate amount of covalent 

bond formation by overlap of metal and ligand orbitals. 

Expressed in these terms, the 4d 2 2 palladium orbital 
X -y 

2 
can hybridise with the 5s, 5p and 5p orbitals forming dsp 

X y 

square planar orbitals ltith which the ligands can overlap more 

effectively. 

6. (a) The Trans Effect 

The square planar structure of Pd(II) and Pt(II) complexes 

allows the possibility of geometrical isomerism in compounds of 

general formula tviL
2

X2• These can exist in cis or trans forms 

which have L groups at adjacent or opposite corners of the square 

respectively. The rates and isomeric products of ligand 
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replacement reactions are often dependent on the group trans 

to the leaving group. The theory of the trans effect has been 

developed to explain this and has proved quite useful as a guide 

to the preparation of isomers of complexes. The trans effect 

has been defined as the effect of a coordinated group on the 

rate of substitution reactions of ligands diagonally opposite 

( 15). The synthesis of cis and trans isomers of (NH
3

)2PtC12 

can be taken as an illustration of the operation'of the trans 

effect. The cis isomer can be made by the action of buffered 

ammonia solution on [PtC14:] 
2
-: 

Cl Cl 

""'/ Pt 

c/ "'-c1 
Treatment of [Pt(NH

3
)4:] 

2
+ with chloride ions gives the trans 

isomer, as indicated below. These reactions are explained 

by saying that chloride ion has a greater labilising effect on 

the group opposite than does ammonia, that is to say Cl- has a 

greater trans effect than NH
3

• Study of similar substitution 

Cl-. 

reactions has enabled a correlation of the trans effects of 
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various ligands to be made. 

pyridine, RNH
2

<Cl- <Br- <I-, SCN- <No
2

- <SC(NH
2

) 21 a
3
P, R

2
S 

<CN- 1 CO, c
2

H4, NO<Me<Ph, H. 

It would appear to be a general rule in substitutions of 

the above type that if the entering group has a greater trans 

effect than the groups already present, the product will be the 

trans isomer. Conversely, if the trans effect of the entering 

group is less than those groups present, the product will be the 

cis isomer. However, other factors may influence the situation, 

as will be seen from the following example. The relative trans 

effects of trialkyl-phosphines and chloride ion are in the order 

a
3
P)Cl-, so the cis and trans isomers of (R

3
P)

2
PtC1

2 
should be 

given by the following reactions& 

Cl 

Cl .,. / 

Cl PR'!J 

"'-./ 
Pt 

c~ "'c1 

Both sequences assume that a
3

P has a greater trans labilising 

effect than Cl • In practice, each isomer can be obtained from 
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either system (16), the reason being that the trans form is 

thermodynamically more stable, but the cis form is less soluble 

in the solvent, benzene (17). A trace of free tertiary 

phosphine causes an equilibrium to be set up between the tlotO 

forms, probably via a cationic intermediate: 

-R p 
3 ... 

The less soluble cis form crystallises on cooling and the 

equilibrium is displaced to the right. The addition of a 

slight excess of [PtC14 J 2- stops the equilibration by 

removal of the catalyst, trialkylphosphine, and then the 

thermodynamically more stable trans form crystallises. 

(b) Kinetics and ~1echanism 

A considerable amount of work on the kinetics of 

substitution reactions has been done to give quantitative 

data on the trans effects of ligands and to establish a 

mechanism. The rate of substitution reactions of type 

Pt(A)JX + y + X 

is given by the expression 



-12-

Rate = + 

where k
1 

is a first order rate constant for a solvent 

controlled reaction and k
2 

is the·second order rate constant 

for direct substitution by Y (18). The solvent controlled 

reaction. becomes more pronounced when the rate constant for 

direct substitution is lm~er, i.e. when the ligand Y is not 

a very good substituting reagent. It has been found that a 

ligand with high trans labilising ability is usually a very 

effective substituting reagent for platinum(II) complexes. 

This suggests that the activated complex of a substitution 

reaction is a trigonal bipyramid and the reaction can be 

represented as, for example: 

(c) Structure Determination by X-ray Crystallography 

The technique of X-ray diffraction is extremely useful 

for the determination of structures of metal complexes. 

Bond lengths and angles can be measured by this method. If 

the trans effect of a ligand L in complexes of type trans-



-13-

[PtA2~J is due to a weakening of the Pt-X bond, the length 

of that bond should increase as the trans effect of L increases, 

Ho\fever, such changes may be small and would require very 

accurate measurement of Pt-X distances. A correlation has 

not yet been attempted in detail, but the evidence available 

at present suggests that such trends do in fact take place in 

many cases. For example, the Pt-Br distances in the complex 

K [Pt(NH
3

)ar
3
] have been measured (19). The Pt-Br bond 

length for bromine trans to NH
3 

is 2.42A, which is approximately 

the sum of the covalent radii, but that for Br trans to Br 

is 2.70A. The structure of Zeise's anion, (Pt(C
2

H4)cl
3 
]-

shows a lengthening of that Pt-Cl bond which is trans to the 

ethylene ligand of high trans effect (20). The C-C bond is 

normal to the plane of the complex, and the mid point of this 

bond and each Cl atom form the square round platinum. The 

Pt-Cl bond trans to ethylene is 2.42A,. compared with 2.32A for 

the sum of the atomic radii. A similar increase \'las observed 

in the corresponding bromo complex, [Pt(C2H4)ar
3
J -. 

Although olefins have this tendency to lengthen trans 

platinum-halogen bonds, they do not increase platinum-nitrogen 

bond lengths in the same way. 
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has a Pt-N bond length 2.02A which is normal (2.03A) 1 despite 

the very high trans effect of ethylene (21). The explanation 

has been put fonYard that the ligand which has high trans 

effect modifies the 11'-bonds of the system but has little 

effect on the ~-bonds. If the trans ligand has certain 

~-bonding character the strongly ~-bonding ethylene will 

remove d electrons from the platinum atom. These \Yill not 

then be available for bonding with the trans ligand and the 

result it that the trans bond to ethylene is longer than 

usual. This explains the lengthening of platinum-halogen 

bonds trans to ethylene, since Pt-Cl and Pt-Br bonds may 

have some -rr character. Nitrogen, ho\tever, has no vacant 

orbitals of suitable energy with which it can ~-bond with 

the platinum d , d or d orbitals and so is not influenced xz yz xy 

by the presence or absence of et~ene. This theory does not 

reconcile the observed high trans effect of hydrogen which 

does not have orbitals for ~-bonding. Recently Parshall 

has shown by comparison of the nuclear shielding parameters of 

meta - and para-fluorophenylplatinum complexes that halogens 

do not accept d electrons from the metal, and that they may 

even be n-electron donors (22,23,2~). This obviously conflicts 
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with the above theory explaining the anomaly of Pt-Cl and Pt-N 

bond lengths. It may be that the distances have not been measured 

with sufficient accuracy and will require further study. 

The crystal structure of the platinum hydride, (Et
3

P)
2

-

PtHBr has been determined and shows that the ligands are 

coplanar in a distorted square planar arrangement {25). The 

position of the hydridic hydrogen can only be inferred. 

Et P 
3 

H---

Et P 
3 

e56A Br 

The Pt-Br dis'tance, 2. 56A is appreciably greater than the sum 

of the atomic radii {2.~3A) while the Pt-P distances are shorter 

than expected {2.26A as opposed to 2.q2A). The long Pt-Br 

distance may be the result of b~o effects, the high trans effect 

of hydrogen and the influence of the cis phosphorus atoms. The 

platinum d orbital is available for rr-bonding to bromine, as 
xy 

are the two phosphorus atoms. Partial removal of electrons from 
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the metal d orbital into a phosphorus d orbital will reduce 

their availability to bromine. The Pt-Br rr-bonding is therefore 

reduced, resulting in an increase in this bond length. 

Conversely the Pt-P double bond character is increased and this 

is manifest in the short Pt-P distance. Support for this 

theory that the platinum 5d orbitals can interact with phosphorus 

3d orbitals is obtained from the crystal structure of trans-

The observed Pt-P distances, 2.31A 

are shorter than the sum of the covalent radii whereas the 

observed Pt-Br bond lengths had the normal value of 2.~3A. 

(c) Infrared Spectra· 

Three methods have been used by Chatt and co-workers to 

investigate the trans effects of ligands and these will be 

considered in turn. The first, and last direct method 

(27 ) was a study of the N-H stretching frequencies of complexes 

of the type trans- [PtLC1
2

(NHRR 1 )]. This gave information 

on the Pt-N bond strength by the following argument. In the 

absence of hydrog~n bonding, the N-H bond strength increases 

as ~-(N-H) increases because the nitrogen atom is 

more negative. As a consequence, the Pt-N bond is weaker since 

the nitrogen atom witholds its electrons from platinum. 
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The results can be interpreted by reference to the diagram 

Cl R' 

~ I 
L----Pt 

I 
N ---H 

I I 
Cl R 

Increasing electronegativity of L causes the ligand to 

withold its electrons from platinum. This in turn increases 

the attraction of the platinum atom for the electrons in the 

Pt-N bond and the less negative nitrogen does not bind the 

proton so strongly. The result is a decrease in the N-H stretching 

frequency. Observations showed a decrease in ~{N-H) as the 

ligand L is changed in the order R
3

P ) a
3
sb ) (Ro)

3
P ) R

3
As) 

R2Te > c2H4: > R2Se > R2S > piperidine > 4:-n-pentylpyridine. 

With the exception of ethylene and tertiary phosphines, the 

results indicate that the Pt-N bond strength increases as the 

tendency of the ligand to donate electrons to platinum decreases 

and this roughly parallels the decreasing trans effect of L. 

Ethylene and trialkylphosphines are anomalous. The latter 

cause higher N-H stretching frequencies than the less electron-
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._1easurement of v- ( Pt-N) in the far infrared spectra 

pf a fe,., complexes trans- [PtL(NH
3

)cl2 ] gives results in 

agreement ''fi th the above order ( 28). The Pt-N stretching 

frequency increased in the series L = c
2

H4 < Et
2
s < NH

3
• 

More direct evidence on the trans effects of ligands 

was obtained by measurement of the Pt-H stretching frequencies 

of a series of hydrides trans- [<R
3

P)
2 

Pt(H)X] (29,30). Such 

complexes have sharp bands in the region 2000 - 2200 cm-1
• 

X 

(Pt-H) 
-1 em 

N03 I Cl 
Br 

2178 
I SCN I CN 

2150 2112 2041 

The values observed show that ~(Pt-H) decreases and 

therefore the Pt-H bond strength decreases as the trans 

effect of the ligand X increases. This supports a theory 

that the trans effect is due to a weakening of the.Pt-H bond. 

The ligands in the cis positions also influence the Pt-H 

stretching frequency, but to a much lesser extent. The 

frequency increases with increasing electron withdrawal by the 

phosphine ligands, i.e. in the series PEt
3 

< PEt2Ph <PEtPh2 
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Chatt 1 s third type of spectroscopic study of the trans 

effects of ligands was the measurement of Pt-Cl and Pt-Br 

stretching frequencies of complexes e.g. trans-L2ptClX (31). 

These absorptions are found in the far infrared region. There 

are two difficulties in relating >J-(Pt-Cl) or 11-(Pt-Br) to the 

platinum-halogen bond strength. To be rigorous, force constants 

and not stretching frequencies should be compared in order to 

obtain information about bond strengths. Since other bonds and 

angles may take some part in each vibration, a complete vibrational 

assignment of the molecule would be preferred. This is a 

formidable task with such a complicated molecule, but nevertheless, 

conclusions about trends in bond strengths of a closely related 

series of molecules should be correct, even if these trends are 

deduced from frequencies only. Another difficulty is that 

~-(Pt-X) and "-(Pt-Cl) may couple arid show a frequency which 

is displaced from the true value, but the heavy platinum atom 

should minimise this. The results are in agreement l'li th those 

from platinum hydride complexes and they also show that methyl, 

phenyl and hydride ligands have high trans effects. An exception 

was the complex (cycloocta-1 1 5-diene)platinum chloride. Although 

this ligand is known to have high trans effect, the Pt-Cl 

stretching frequency was one of the highest recorded. This 
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supports the view that the trans effect is the result of more 

than one cause. 

(d) N.M.R. Spectra 

A study of 19F nuclear shielding parameters has been carried 

out (22 1 23 1 24) with the object of correlating the trans 

effects of the ligands X in complexes (t) and (II): 

-Pt-X F Pt X 

F 

(I) (II) 

The 19F shielding parameters of these are very sensitive 

to the electronic effects of the other substituent of the ring 1 

[ -Pt (PEt
3 

)X] • Inductive electron donors increase the 

shielding of the 19F nucleus (positive chemical shift relative 

to fluorobenzene) and vice versa. This inductive mechanism 

operates on both meta- and para-substituted complexes. In 

addition, groups li'hich donate or ,.,i thdraw electrons by 11'-bonding 

can further sh·ield or deshield the 19F nucleus of para-substituted 
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complexes by contributions such as 

r, ~t, 

. J 

F Pt+--x ~ !IIi F-
O=r-x I 

PEt
3 

PEt
3 

The 19F n.m.r. spectra of complexes (I) and (II) show large 

positive shielding parameters indicating that the group 

(-~PEt3 ) X] is an electron donor by both inductive and 
2 

~-bonding mechanisms, but the actual value depends on the trans 

ligand, X. 

Meta-Fluorophenyl Complexes 

Alkyl and aryl ligands have larger inductive electron 

donating effects than halide and pseudohalide ions. The 

observed sequence, CH
3 

> Ph ) Phc:c ) CN ) Cl > Br > I parallels 

the basicity of the ligand in non-polar solvents. This is 

reasonable since the shielding parameter should vary directly 

with the electron density induced in the a-bonds of the 

complex by the trans ligand. 
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Para-Fluorophenyl Complexes 

The 19F shielding parameters of these complexes are 

much larger since both inductive and resonance effects are 

important. The methyl ligand does not have orbitals available 

for ~-bonding to the metal so the shielding parameter of 

this complex was separated from each of the others to give a 

1 1T -acceptor parameter' for each ligand. Results were, in 

most cases, in agreement with those obtained by other methods. 

Phenylethynyl, cyanide and SnC1
3 

have strong ~-acceptor 

properties whilst aryl, substituted aryl and thiocyanate are 

modest ~-acceptors. Halide ions actually sho\,. negative 

parameters and may therefore be rr-electron donors. 

. . 195 31p . R1chards and co-workers have stud1ed Pt- coupl1ng 

constants of tertiaryphosphine platinum halide complexes and 

the results have been interpreted in terms of the s· character 
(32) 

of the platinum-phosp~orous bonds. The coupling constant 

of the cis isomer of (Bu
3

P) 2PtC1 2 is about 1.5 times greater 

than that of the trans isomer (3508 as opposed to 2380 c.p.s.), 

implying that the s character of the Pt-P bond in cis complexes is 

greater than in trans isomers. The Pt-P bond strengths are 

greater in cis than in trans complexes, shown by the shorter 

bond distances and higher stretching frequencies. 



J (Pt-P) 

l(Pt-P) 

~(Pt-P) 

l(Pt-Cl) 

"(Pt-Cl) 
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cis isomer 

3508 c.p.s. 

2.25A 

44-2 cm-1 

4-27 cm-1 

2.4-2A 

-1 
em 

trans isomer 

2380 c.p.s. 

-1 
4-19 em 

339 em 

If the '91' -component of a platinum-chlorine bond is small 

the data in the table can only be explained in terms of a 

directed inductive effect. The differences in the Pt-Cl 

bond lengths in the cis and trans complexes would then be due 

to a a-effect only, and even if the phosphorus atom trans to 

chlorine in the compound cis (R
3

P) 2PtC12 formed strong 11"-bonds 

to platinum, this \fOuld have little effect on the platinum 

-chlorine bond strength which would then be approximately 

the same as in the trans isomer. Thus, observations on 

bond lengths and stretching frequencies lead to the conclusion 

that phosphorus has a greater trans effect than chlorine, both 

operating through the d'-bonds. Unfortunately, this still leaves 
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open the question of why the "-bonding ligand, ethylene, 

causes lengthening of trans chlorine ligands but not trans 

amines (page 14). 

(e) Theory of the Trans Effect 

A satisfactory interpretation of the trans effect . 

is by no means complete, but evidence available at present 

suggests that it is the result of more than one process. 

The theories which have been proposed were reviel17ed by 

Basolo and Pearson (15) and were divided into two general 

classes, the polarisation theory and the 7T-bonding theory. 

Polarisation Theory 

This theory gives an explanation of how induced dipoles 

and polarisability of the ligands weaken to trans ligand. If 

the ligand L of a complex PtLX
3 

has greater polarisability 

than X, the orientation of induced dipoles will be as shown 

G) 
GO 
0 

Fig.2. Dipoles induced in PtLX
3 

by polarisation of ligand L 
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Thus the ligand X which is trans to L experiences a 

repulsive force which weru~ens and lengthens this Pt-X bond. 

The polarisation theory accounts for the high trans 

effects of methyl and hydride ligands (29) where '71"-bonding 

is not possible. It also explains the correlation between 

the polarisability and trans effects of ligands and correctly 

predicts that the effect is most important l1There the ligand is 

itself polarisable. Thus the trans effect is more pronounced 

in platinum(II.) than in the less polarisable palladium(II) 

or platinum( IV) complexes. The n.m.r. spectra of 

parafluorophenyl complexes (page 20) shO\V'S that halogens 

can act as \V'eak TT-electron donors, so the inductive effect 

may be important in the mechanism of the trans effect of these 

atoms. To support this, their trans effects increase in the 

series Cl < Br < I, the order of their polarisabilities. 

11' -Bonding Theory 

The high trans effects of such ligands as ethylene, 

and carbon monoxide is explained in terms of Tf -bonding in 

\1Thich electrons are donated from the metal d orbitals into 

ligand orbitals (33). These may be d orbitals as in phosphorus 
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1(11 

or 1T antibonding orbitals as in ethylene, ethynyl or carbon 

monoxide. The type of bonding in olefin complexes is 

described later (page 4:9 ) • If the activated complex of a 

substitution reaction 

L Pt A2X + Y ~ L Pt A2Y + X 

has trigonal bipyramidal structure, Chatt proposed (33) 

that removal of electrons from the metal by n-bonding to 

the ligand L will favour the approach of the substituting 

ligand Y to form the 5-coordinate intermediate& 

L 

Orgel prefers to regard it as stabilisation of the 

transition state by rr-bonding since the electron density 

is reduced in the Pt-X and Pt-Y directions (3~). This theory 

correctly predicts that both X and Y influence the rate of 

substitution. 

It has been sho\m that the trans effects of ligands 

bonded to palladium are influenced more by the inductive electronic 
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properties of the ligands than by rr-bonding (35). Since 

Pd(II) is not so readily oxidised to Pd(IV) as Pt(II) is 

oxidised to Pt(IV) it is likely that the palladium d orbitals 

lie at a lmter energy and are not so available for tr-bonding 

as are the platinum d orbitals. 

To summarise, the trans effect can be transmitted by an 

inductive mechanism, a ~-bonding mechanism or a combination 

of the two. The inductive mechanism is transmitted through 

the a-bonds and usually involves weakening of the Pt-X bond. 

The 11'-bonding mechanism is transmitted through the platinum 

d orbitals and the ligand orbitals which may be d orbitals 

or vacant Tf orbitals. This mechanism may weaken the Pt-X 

bond if the ligand X can also form rr-bonds to platinum 

or it may operate by stabilisation of the transition state for 

a 5-coordinate intermediate. 
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Chapter 2. Organic Derivatives of Divalent Nickel, Palladium 
and Platinum 

2,1. Compared with non-transition metals, simple organic 

derivatives of transition metals are normally thermally unstable 

(36) and the reason must be connected with the fact that the 

energy of the d orbitals of transition metals in the penultimate 

shell is close to the energy of the valency s and p orbitals. 

Metal - halogen bonds are polar and any dissociation would 

be ionic. 

The electrostatic attraction tends to keep those ions together 

and recombination would be likely. Metal - carbon bonds are 

more "likely to dissociate by a radical mechanism and this would 

be enhanced if an electron could transfer to a metal - carbon 

• 
~ antibonding orbital. It is suggested, therefore, that the 

main factor influencing the stability of metal to carbon bonds 

is the difference in energy, AE, between the highest energy 

occupied orbital and the lowest energy antibonding orbital. 

• • • 

2 dsp antibonding orbitals 

d 
xy 

dj 
dxz' dyz 

} dsp
2 

bonding orbitals 

Fig. 3 Simplified energy level diagram showing molecular orbitals 
in square planar Pt(II) complexes. 



-29-

In the case of nickel(II), palladium(II) and platinum(II) 

complexes the relevant orbital energies are indicated in 

Fig. ( 2 ). If AE is small, electrons can be promoted from 

• the highest energy occupied d orbital to CT antibonding 

orbitals of the metal - carbon bond. In many cases 6 E is 

too small for stable M-C bonds to be formed, but Chatt and 

Shaw (29, 37, 38) realised that coordination of the metal 

with ~-bonding ligands increases 6E by lowering the 

·energy of the highest occupied orbital (~y)• 

Organic derivatives of nickel, palladiwn and platinum 

have been prepared lfhich have 1T-bonding ligands such as 

tertiary phosphines and arsines, carbon monoxide, 1T-cyclo-

pentadiene, complexed ldth the metal. Ligand field splittings 

caused by these ligands generally increase as one proceeds 

from light to heavier transition metals in the same group. 

This may explain the observation that stability of a-bonded 

organic derivatives increases in the series nickel - palladium 

- platinum. 

2,2. Preparations (a) Grignard and Organo-lithium reagents 

The method of preparation most frequently encountered is 

the reaction between metal dihalide complexes and Grignard 
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or organo-lithium reagents. Grignard reagents are to be 

preferred for the preparation of monosubstituted complexes, but 

the more reactive organolithium reagents gave the best yields 

of disubstituted derivatives. One exception is benzylmagnesium 

chloride which gives disubstituted derivatives where purely 

aliphatic Grignards give monosubstituted complexes. Examples 

are given below (37, 38, 39, ~0, ~1, ~2). 

(R
3

P)
2

NiBr
2 

+ 2 PhMgBr ~ (R
3

P)
2

Ni Ph
2 

+ MgBr
2 

trans-(Et
3

P) 2NiC1
2 

+ MesitylMg Br -trans(Et
3

P)
2
Ni(mesityl)Cl + MgBrCl. 

trans-(Et
3

P)
2

PdBr
2 

+ MeMgBr trans-(Et
3

P)
2

PdMeBr + MgBr2 

trans-(Ph
3
P) 2PdBr

2 
+ 2 MeLi ~ cis-(Et3P) 2P~te2 + 2LiBr 

trans-(Et
3

P) 2PdBr2 + PhMgBr ~ trans-(Et
3

P) 2PdPhBr + MgBr2 

trans-(Et
3

P) 2PdBr
2 

+ 2 PhLi ~ trans-(Et
3

P)
2

PdPh
2 

+ 2 LiBr 

cis or trans-(Et
3

P) 
2

PtC1
2 

+ MeMgBr......,. trans-(Et
3

P) 
2

PtMeCl + ~fgBrCl 

cis or trans-(Et
3

P)
2
PtBr

2 
+ 2PhLi ~-- .cis--(Et

3
P) 2PtPh2 + 2LiBr 

(Et
3

P) 
2

PtC1
2 

+ c
6

F 5~1gCl----+ (Et
3

P) 
2
Pt(C

6
F 

5
)Cl + MgC1

2 

These methods of preparation were used for the preparation of 

mono- and dimethyls, phenyls and substituted phenyls of nickel, 

palladium and platinum, with the exception of nickel methyls 

which 1~ere probably formed but too unstable to be isolated. 
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Recently a-bonded organometallic compounds of nickel stabiised 

by both cyclopentadiene and either tertiary phosphines, arsines 

or stibines have been described (~3). Complex halides of the 

type (~-c5H5 )Ni(PPh3 )Cl were made either by reaction of nickelocene 

with bis (tertiary phosphine) nickel dihalides 

or by reaction of rr-cyclopentadienylnickel 

triphenylphosphine and iodine. 

carbonyl dimer with 

Reaction between complex halides of this type and Grignard 

reagents gave organonickel derivatives. 

(b) Other methods of preparation 

Although Grignard reagents RC := C MgX could be used for 

the preparation of diethynyl derivatives of nickel and platinum, 

yields were usually very low·. A better method (38, 39) was the 

reaction between the tertiary phosphine nicl~el or platinum dihalide 

complex with the appropriate sodium acetylide in liquid rurunonia. 
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Stone and co-workers have prepared perfluoro-alkyl nickel 

complexes by treatment of dicyclopentadienyldinickel dicarbonyl 

with perfluoroalkyl iodides in benzene at room temperature 

( 4,4, I 4:5 ) • 

[ ( 1T -c
5

H
5

)Ni(CO)] 2 + c
3

F
7

I ~ ( 1T-C
5

H
5

)Ni(CO)C
3

F
7 

+ 

( rr-c
5

H
5

)Ni(CO)I 

Triphenylphosphine reacted \d th ( rr -c
5

H
5

) Ni (CO )C
2

F 
5 

displacing 

carbon monoxide to form (rr-c
5

H
5

)Ni(PPh
3

)c
2

F
5

• 

The monomethylplatinum derivative, trans-(Ph
3

P)
2

PtMei can 

be prepared most conveniently by the addition of methyl iodide 

to tris(triphenylphosphine)platinwn(O) (37 1 38). 

(Ph
3

P)
3
Pt + 2t>1ei ~(Ph3P) 2PtMei + Ph

3
;-I-1ei 

The ethyl complex, trans-(Et
3

P)
2 

Pt(Et)Cl has been made 

by reaction of bis(triethylphosphine)platinum hydridochloride 

with ethylene at 95°/4:0 atm •• (29). 

As mentioned previously, the reaction between cis platinum 

dihalide complexes and 2 moles of Grignard or organo-lithium 

reagent usually giv~the disubstituted derivative of cis 

configuration, whereas equimolar mixtures give the trans mono-

substituted derivative. 
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Organoplatinum halides of cis configuration have been 

prepared by cleavage of one Pt-C bond with dry halogen acid 

(1 mol.), but the reaction is difficult to control. 

Trans-dimethyl derivatives are difficult to obtain, but on a 

small scale this can be done by vacuum distillation of the cis 

form followed by chromatography of the distillate on alumina. . 

Benzyl complexes of these configurations, trans-(Et
3

P)
2

Pt(CH2Ph)Cl 

and cis-(Et
3

P) 2Pt(CH2Ph)
2 

are more easily formed but are more 

reactive. 

A new type of organoplatinum carbonyl compound was described 

recently (~6). Lithium tetrachloroplatinite warmed with 

1-octene and formic acid in dimethyl-formamide gave the product 

The infrared spectrum showed no sign of 

unsaturated C=C stretch in the 1500-1600 cm-1 region, but an 

-1 intense CO stretching band was observed at 2060cm • This 

complex reacted with triphenylphosphine giving <c
8

H
17

co)Pt

(PPh3)2Cl in which the carbonyl stretching frequency had 

-1 disappeared and was replaced by an acyl C=O band at 1639 em • 
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2,3. Properties 

(a) Infrared Spectra 

The far infrared spectra of methyl-palladium complexes have 

-1 
been examined (4o) and bands·in the range 435 to 534 em were 

assigned to Pd-C stretching vibrations. One absorption was 

observed in the spectra of monomethyl derivatives, and b1o 

in dimethyls. The Pt-C stretching frequencies of platinum 

alkyls have been observed in the region 500-600 cm-1• (47, 48). 

A comparison of analogous platinum and palladium compounds is 

interesting. The M-C stretching frequencies of (Et3P) 2PdM~2 

-1 
and 523 em ). If the methyl group is regarded as an atom of 

atomic weight 15, the force constants of the M-C bonds may be 

calculated. These indicate that the palladiwn-carbon bond is 

considerably weaker than the platinum-carbon bond, which is in 

agreement with the chemical evidence. The low value of 

~(Pt-X) observed in monosubstituted derivatives indicates that 

the alkyl and aryl groups have high trans effects, as noted 

previously (31). 

The metal-phosphorus stretching frequencies of some complexes 

(Et
3

P) 2M RX and (Et
3

P) 2M R2 (M = Ni, Pd, Pt; R 

have been observed (49, 50) in the far infrared 

= Me, Ph, c6F
5

) 

-1 
region 410-440 em . 
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and they have been used to determine the stereochemistry. 

Trans complexes have only one Pt-P absorption, whereas cis 

isomers have two infrared active vibrations. By this means 

the stereochemistry of the first cis-bis(triethylphosphine)-

(b) Dipole Moments 

Dipole ft.1oments of organopalladium and organoplatinum 

complexes have been measured in order to elucidate the stereo-

I 

chemistry. A cis complex (R
3

P) 2PdR2 should have a high dipole 

momant whereas that of the trans isomer should be zero. 

Methyl deriviatives 

Freshly prepared palladium and platinum dimethyls have 

high dipole moments (37, 40) and therefore cis configuration, 

On standing for six months under nitrogen the dipole moment 

and melting point of the palladium complex ch~nged to 1.4D1 

(m.p. 66-67°) indicating that isomerisation to the trans form 

was taking place. The trans form of the platinum complex 

was difficult to obtain. Monomethyl derivatives of palladium 

and platinum prepared by the Grignard method have trans configuration 

with the low dipole moments, e.g. trans-(Et
3

P) 2PtMeCl, 3.4D. 

The cis isomer of this complex has moment 8.4D. 



Aryl derivatives 

All non-fluorinated aryl palladiwn complexes had the 

trans structures of the original dihalides (~) but cis and 

obtained (38). Cis diarylpalladium complexes were very 

unstable and attempts to prepare them were unsuccessful. It 

has been shown (51) that the stereochemistry of non-chelate 

tertiaryphosphinepalladium dihalide complexes depends on the 

balance of an electrostatic factor favouring trans and a 

~-bonding factor favouring cis complexes. In addition, 

ring to ring conjugation through appropriate metal d orbitals 

could stabilise the trans isomers of aryl complexes (LkO). 

Chelate Complexes 

As would be expected, complexes with chelating ligands 

have necessarily cis configuration, e.g. (MeSCH
2

CH
2
SMe)PdMe

2 

has dipole moment 6.4D. However, the magnitude of the dipole 

and the dimethyl analogue is a matter of some interest. They 

are both about 1. 2 D greater than the corresponding non-ch-elate 

complexes, e.g. cis (Et
3
P) 2PtPh

2 
which has moment 7.2 D. Chatt 

and Shaw (38) suggest that complexes involving the strongly 

- + dipolar Pt - P bonds are very sensitive to changes in the angle 
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between these bonds and that a smaller P-Pt-P bond angle 

in chelate complexes is responsible for the increase in dipole 

moment. 

Direction of the Dipole Moment 

Comparison of the moments of phenyl and tolyl complexes 

enables the direction of the dipole moments of organoplatinum 

complexes to be deduced. The organic groups are at the 

I 
negative end of the dipole in complexes cis-(R

3
P)

2
PtR

2
• The 

- + Ph -cH
3 

moment opposes the molecular moment in the complex 

cis-(Et
3

P)
2
Pt(p-tolyl) 2 and the moment is less (6.75D) than 

- + that of_ the diphenyl analogue (7.2D). When the Ph-CH
3 

moment reinforces the molecular moment as in cis-(Et
3
P)

2
Pt

(o-tolyl)2, the molecular moment is increased (7.5D). By 

similar reasoning it can be shown that the dipole moments of 

I 
monosubstituted complexes trans-(R

3
P)

2
PtRX are oriented such that the 

organic group is at the positive end of the dipole and that 

the Pt-P moment is polarized in the direction Pt---P+. 

The dipole moments of methylplatinumhalide complexes, 

I 

trans-(R
3

P)
2
PtRX show an increasing moment along the series 

Cl < Br < I, which is the reverse order to that found in carbon-

halogen compounds. Parshall and co-workers (22, 23, 24) have found 
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that bromine and iodine are we&~ ~-electron acceptors 

whereas chlorine acts as a ~-electron donor in complexes 

of this type. Hence, if the electron drift from the metal 

to halogen increases in the series Cl < Br < I, this could 

reverse the order of decreasing electronegativity and explain 

the paradox. Another explanation is that the heavier halogen 

atoms could distort the phosphorus atoms away from the halogen. 

This would cause the strongly dipolar Pt-P bonds to m~e a 

I ~ 
contribution to the dipole moment in the direction R - Pt - X. 

2,~. Stability relationships 

Ligand field splittings caused by tertiary phosphines, for 

example, decrease as one proceeds from heavy to light transition 

metals in the same group. Organic derivatives of platinum 

are nearly all very stable thermally, so useful conclusions about 

stabilisation by different ligands are best drawn from a study 

of nicl~el and palladium complexes. 

Effect of Organic Group 

' ' The stability of nickel complexes (R
3

P)
2

NiRX and (R
3
P)2: 

NiR
2 

were found to increase in the order R =alkyl <phenyl~ 

m- and p- substituted phenyl<ethynyl and phenyleth~yl ( o-

substituted phenyl. 
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Palladium compounds differed in that the most stable 

compounds were methyls, phenylethynyl and aryls having an 

electron attracting substituent, the position of which was immaterial. 

Ethynyls 

The stability of ethynyl derivatives is due to overlap 

between the appropriate metal d orbitals and antibonding orbitals 

of the ethynyl groups, causing a drift of electrons from the 

metal in a similar manner to ·~-bonding ligands such as carbon 

monoxide. 

y 

I 

~:~ 
M- -- c:= c- - - x 

Fig.4. Overlap of metal d orbitals with ethynyl rfg• antibonding 
X 

orbital 

• The ethyrrjl. group has b10 unoccupied 1T'g antibonding orbitals which 

can overlap with the metal d orbitals. One is shown in Fig.L.~: 

and the other, which can overlap with the metal d orbital, is in 
xz 

the xz plane and situated similarly with respect to the 
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C a C axis. The energy of these metal orbitals is thereby 

reduced and stability is imparted to the complex by an increase 

of L\E (Fig.3, section 2,1.) 

Although~able platinum phenyl complexes are relatively 

easy to prepare, simple phenyls of nickel and palladium could 

not be purified. 

Stability is imparted to aryl palladium complexes if 

the aryl group is substituted by electron attracting groups. 

This is illustrated by the fact that. the p-dimethylaminophenyl 

difficult to purify. 

H4NMe
3

>
2

] 1
2

, in which electron attracting substituents replace 

electron releasing groups, was much more stable. 

Steric effects were more important for the stabilisation 

of nickel complexes than were electronic effects. If the 

phenyl ring was substituted in the meta or para position, e.g. 

trans-(Et
3

P) 2Ni(m-tolyl)Br, the product had much the same 

low thermal stability as the unsubstituted phenyl derivative. 

lihen the phenyl ring had large substituents in the ortho position, 

ho\..rever, the complex was considerably more stable and the 

mesityl derivative, trans1Et
3

P) 2Ni(mesityl)Cl which has two 
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ortho substituents in the ring, was extremely stable • 

• Phenyl groups have available ~ antibonding orbitals 

which can interact with the metal d orJbitals and remove electron 

density from the metal. If the phenyl group, in the x direction 

say, rotates about the metal-carbon bond, the lowest energy 

• unoccupied 'M' antibonding orbital overlaps with the d or 
p 

the critical d orbitals, depending on the plane of the Pbenyl 
xy 

ring relative to the plane of the complex. The effect of such 

a rotation of the plane of the ring about the metal-carbon 

bond will now be considered. When the plane of the ring is 

normal to the xy plane of the complex (Fig.5.) 

y 

I 
I 

~ ! fEJ (...._____) 8 
----- 'M --- c-c---c- c---- x 

(;} i \Be_~ )8 
I 

Fig.5. Diagram showing overlap between metal d orbital and the .,.. 
. . X 

component of the metal bonded carbon atom. 

the critical d orbital energy is lowered and ~E is raised (Fig.3.) 
xy 



If the ring is in the plane of the complex the d orbital 
xz 

• can overlap '"i.th the aromatic 1T orbital, the energy of the 

d orbital rises and · 4 E is lowered so the complex will xy 

decompose .most readily at this point. The average of free 

rotation of the phenyl ring is therefore a small increase in 6E 

and a small stabilisation of phenyl complexes for this reason. 

In addition, the "-bonding introduced between the metal and 

metal-bonded carbon atom increases the M-C bond strength. 

The extra stability of ortho substituted phenyl derivatives 

may be due to steric effects. Ortho substituents interfere 

with the coordinated tertiary phosphine ligands and in order 

to minimise these repulsions the phenyls become fixed in the 

xz plane. This configuration confers maximum stability by 

reducing the energy of the important d orbital. 
xy 

Fluorinated organic derivatives of nickel and palladium 

co-worlters were generally more stable than unsubstituted derivatives. 

(Lj,9, 52). 

The complex (bipy)PdMe
2 

showed extraordinary stability; no 

decomposition was apparent after six months at room temperature 

(40). 



2,5. Chemical Reactions 

Reactions of organic derivatives of nickel, palladium 

and platinum are usually of two types, cleavage of the organic 

groups and metathetical replacement of halogens in complexes 

(a) J.l.1etathesis 

The halogen ligands of monosubstituted derivatives can be 

replaced on treatment with alkali-metal halides and pseudohalides 

in acetone solution, e.g.: 

(Pr~) 2Pt(Me)Cl + K C N S ~ (Pr~)Pt(Me)CNS + KCl 

(b) Reactions with halogen acids 

Dry ethereal hydrogen chloride cleaves the metal-carbon 

bonds. This has already been mentioned as a method of preparation 

of cis-monosubstituted platinum complexes (37) e.g. 

The perfluoroarylcomplex cis-(Et
3

P)
2
Pt(c

6
F

5
)
2 

does not react 

with~drogen chloride under the conditions which cause cleavage 

of non-fluorinated phenyl groups (~9). 



(c) Reactions with halogens 

Organoplatinum compounds react with halogens and the 

products were dependent on the compounds involved. The 

possibilities were cleavage of the platinum-carbon bonds and 

oxidative addition giving an octahedral platinwn(I~ complex. 

Iodine can react either way, depending on the organic groups 

involved. Methyls are cleaved but phenyls give octahedral 

complexes (38). 

cis-(Et
3

P)
2
Pt Me

2 
+ I

2 
) trans-(Et

3
P)

2
PtMel + ~tel 

trans-(Et
3

P) 2PtMei + I 2 --:..> trans-(Et:t> 2Ptl2 + ~tel 

The analogous reaction between iodine and pentafluorophenyl 

platinwn derivatives, e.g. cis-(Et
3

P)
2
Pt(c6F

5
) 2 did not take 

place (48). 

Chlorine reacts by oxidative addition to both dimethy~and 

diphenyl-platinum complexes, 

(d) Reactions with Organic Halides 

ll-1ethyl iodide oxidatively adds to the monomethyl 

derivatives at 100° giving platinum {.I'V)compounds. 



n 
(R = Et, Pr ). The methyl iodide is loosely held and can be 

0 -2 removed by pumping for 3 hours at 80 /10 mm. That the methyl 

iodide is not held as solvent of crystallisation was shown by 

the fact that the adduct was not obtained at the boiling point of 

methyl iodide, except in very poor yield. The adduct loses 

ethane when heated to 100° for 20 hours. 

The dimethyl complex, (Et
3

P)
2
PtMe

2 
reacted with methyl iodide 

to give a mixture of products which could not be separated. 

(e) Reactions l'li th Magnesium Iodide 

Magnesium iodide reacts with.disubstituted derivatives 

of platinum in a manner which indicates that the Grignard method 

of preparation of organoplatinum compounds involves equilibria 

(3?). A precipitate was formed immediately when magnesium 

iodide and the dimethyl, cis-(Et
3

P) 2PtMe
2 

were mixed. This 

suggested that an intermediate platinum (IV) complex was 

involved, since the starting materials and products, trans-

in ether. 
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f.2gi
2 

+ cis-(Et,P) 
2
PU1e

2 

(Et
3

P)
2
PtMe

2
(Mgi)I + Mgi

2 

(Et
3
P)

2
PtMe(Mgi)I

2 

(f) Reaction with Carbon Monoxide 

(Et
3

P)
2
PtMe

2
(Mgi)I 

(Et
3

P)
2
PtMe(Mgi)I

2 

(Et
3

P)
2
PtMe(Mgi)I

2 

Organoplatinum compounds of type (Et
3
P)

2
PtRX (R=Me,Ph; 

X = halogen) react with carbon monoxide at 95°/50 to 100 a~e 

(53). The products are colourless or pale yellow acyl 

derivatives, (Et
3

P)
2

Pt(COR)X having in the infrared spectrum 

a strong band between 1600-1700 cm-.1, J(C=O). f.1etathetical 

replacement of the halogen by other anions readily takes place. 



Chapter 3. Olefin , Acetylene and n-Allyl Complexes 

In addition to the ~-bonded organometallic complexes 

described previously, some transition metals, especially nickel, 

palladium and platinum form complexes with olefins, acetylenes 

and allylic ligands in which ~-bonds are of great importance. 

These will be dealt with very briefly here, since they have 

been described in detail in t\fO reviews (54:, 55). 

,,1. Olefin Complexes 

(a) Preparations 

Olefins react with bis(benzonitrile)palladium dichloride 

(56) or with palladium dichloride in 50% acetic acid at room 

temperature (57) giving complexes [PdC12un] 
2 

where un =olefin. 

2(PhCN)
2
PdC1

2 
+ 2 un ---;. [PdC1

2 
un] 

2 
+ 2PhCN. 

Complexes having cyclohexene, styrene, ethylene and isobutene 

ligands have been made and their stabilities decreased in this 

order. 

Chelating diolefins e.g. hexa-1 1 5-diene (58), 

cycloocta-1 1 5-diene and dicyclopentadiene (59) gave 

far more stable complexes than the mono-olefins described above. 

PdX
2 

+ diene (X•Cl,Br). 

They can be converted by alcohols in presence of anhydrous 
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sodium carbonate into complexes [PdX(dene OR)] 
2 

and the 

halogen bridge can be split by amines giving (Pd X(diene OR)

amine J. The structures of these are represented below. (60). 

OR OR 

X 

/""-
Pd Pd 

am 

/ 
"X/ 

Platinum - olefin complexes are generally more stable 

and less reactive than the palladium analogues. In addition 

to mono - olefin complexes of the type described, platinum 

also forms stable complexes of types [Pt x
3

un J -, trans- [ PtX2un2] 

and cis- and trans- QPtx2(am)(un)] where X = halogen, am = &nine 

and un = olefin. 

Nickel olefin complexes are fe\¥' and unimportant. 

(b) Structure. 

The structure of platinum - olefin complexes is exemplified 
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\\-_ ,cl----~Cl 
: \''H/ "Pt / 
:~ c,~' ----- _':c/ 
I -~-
1 : 

~/c\: 
' I 

' I 
', I 

'H 
Fig. 6. Structure of Zeise's anion 

The square plane of the complex is formed by the three 

chlorine atoms and the mid point of the C-C bond. Ethylene 

is situated with the C-C axis perpendicular to the plane of 

the complex. The hydrogen atoms lie in one plane which is 

displaced from the C-C axis, away from the platinum atom. 

(c) Bonding 

·The bonding in transition metal - olefin complexes is 

believed to involve bro parts in \'lhich the metal forms o- and 

• 'If-type bonds 'd th the olefin 1T2p bonding and the 'IT 2p 

antibonding orbitals respectively. 

z 
I 

~~ c 
-----G>Ft ---·x 

Oi c 
!II 

'f'1 2p 

I 

Fig.7. Bonding in platinum-olefin complexes 
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In the case of platinum the d-bond is formed between the 

metal dsp2 orbital and the olefin 1T2p orbital. 
u 

This is 

described as a j)- bond. A 1T -type 1 ·. back bond 1 is formed 

between the platinum 5d orbital (which may have some.6p xz 
• hybrid character) with the ethylene 1f 2p orbital. The 

g 

infrared spectra of platinum olefin complexes show that the 

olefinic double bond is retained intact, if of somewhat 

reduced order. This is indicated by a reduction in the C=C 

stretching frequency (61). 

3,2. Acetylene Complexes 

Nicltel, palladiwn and platinum form acetylene complexes 

in which the acetylene structure is retained. 

Preparations 

Acetylene and substituted acetylenes ( 1 mol .• ) uill displace 

2 carbonyl groups from di-fT-cyclopentadienyl-dinickelcJicarbonyl 

giving the corresponding acetylene complex (62). 

The unsubstituted complex has also been made from acetylene and 

nickelocene (63). 

( 1'f -c
5

H
5

)
2

Ni + HCiiCH -+ ( 1'T-C
5

H
5

)
2

Ni
2

(HC5CH) 

t i t Acetylenes (ac) of the type Bu -CECR (R=Me, Et, Pr , Bu ) react 
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with PtC1~2- or displace ethylene from olefin complexes as 

follows: (6~) 

Na2PtCl~ + 2ac 

[Pt Cl2 (c2H~)] 2 

~ [PtC12(ac) ] 2 + 

+ 2ac ~[PtC12(ac) J 2 

~ NaCl 

A different type of acetylene complex, [(Ph3P)2P~c)] \'las 

obtained by reduction of an alcoholic suspension of cis-

(Ph
3

P) 2PtC1
2 

with hydrazine hydrate in presence of an acetylene 

(65). 

2 cis-(Ph
3

P) 2PtC1
2 

+ N2H~ + 2ac~ 2(Ph
3

P) 2Pt(ac)+ N
2 

+ 2HC1 

Acetylenes will displace one another from complexes of this 

type in the following seriesz c
2

H2 ( alk C5CH <c
2
alk

2 

Ph C:CH ,_ c
2

Ph
2

• 

The analogous palladium complex with diphenyl-acetylene, 

(Ph
3

P) 2PdPh2c2 has recently been prepared from (Ph3P)~Pd and 

PhCiiCPh ( 66) • 

(Ph
3
P\Pd + Ph2C?----+ (Ph

3
P) 2PdPh2c2 + 

3,3.rr-Allyl Complexes 

rr-Allyl complexes of all three metals, nickel, palladium 

and platinum are known (55). They are distinguished by the 

type of bonding from allyl complexes exemplified by allylmagnesium 

bromide, which have a purely ~-type metal - carbon bond. The 

bonding in ~-allyl complexes is analogous to that in olefin 
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complexes in so far as the allyl group donates 1Telectrons to 

the metal in a ~-bond and accepts electrons from the metal d 

• orbitals into a 1T' antibonding orbital. 

(a) Preparations 

Nickel tetracarbonyl reacts with allyl bromide giving the 

violet complex, [< 1T-C
3

H
5

)NiBr ]. 2 (6?). 

Cyclopentadiene reacts with nickel tetracarbonyl giving a red 

-compound of empirical formula c
10

H12Ni which was first thought 

to be dicyclopentadienyl-nickel(O), Ni(C
5

H6)
2 

(68). 

Proton magnetic resonance, which has been extremely useful in the 

investigation of ~-allyl complexes, has shown that this complex 

is a 11"-allyl-TT-cyclopentadienylnickel (II) ( 69). 

This compound can also be made by treatment of nickel dibromide 

successively with cyclopentadienylsodium and cyclopentenylmagnesium 

chloride (70). 
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~alladium forms the largest nwnber of ~-allyl complexes 

of any metal and some of these will be described shortly. 

Platinum, in contrast, forms relatively few rr-allyls. Treatment 

of propyleneplatinous chloride with allylmagnesium bromide 

( 1 mol..) and cyclopentadienylsodium ( 1 mol.J gives 1T-allyl-tr

cyclopentadienylplatinum(II) as yellow crystals (71). 

~ [ (C
3

H6) PtC1
2

) 
2 

+ (C
3

H
5

)MgBr+ c
5

H
5

Na -+( 1T -C
3

H
5

)Pt(.,-r -c
5

H
5

) 

+ c
3

H6 + MgBrCl + NaCl 

~-Allyl palladium compounds are usually halogen-bridged dimers 

of the type [Pd Cl(all)] 2 where 'all 1 represents the allylic 

ligand. By far the best and most versatile preparation is that 

described by Dent, Long and lvilkinson (72). The method involves 

the passage of carbon monoxide at atmospheric pressure through 

methanol solutions of allylic chlorides containing sodium 

chloropalladite. Water is involved in the mechanism since dry 

sodium chloropalladite gave only 20% yield of the allylpalladium 

chloride, whereas commercial material (usually the dihydrate) 

gave yields greater than 80%. Allyl chloride·, methallyl 

chloride and 3-chloro-1-butene gave respectively allyl, methallyl 

and crotyl-palladium chloride complexes. 

The mechanism of this reaction has been investigated (73) 

and it was found that one molecule of carbon monoxide per palladium 
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atom is oxidised to carbon dioxide. Allyl chloride, carbon 

monoxide and water coordinate to the palladium atom. Since 

water coordinated to this type of complex is known to be fairly 

acidic, it is proposed that some of the first species shown below 

is formed, which then reacts as indicated. 

Cl 

I CH
2 

H-0-Pd II 
I CH 

I c 
Ill CH

2
Cl 

0 

Cl CH2 " '~ Pd ---1~ CH 

/ 
CH

2 

--)> 

Cl 

I CH2 

(Pd-11 
~ 1\. CH 

H-0-C "' II tH2lcl 
0 

/ 
+ + 

Hydroxyl migration gives the carboxylate complex which breaks 

down to form hydrogen chloride, carbo~ dioxide and ~-allylpalladium 

chloride monomer which then dimerises. 

The preparation of olefin complexes [PdC12 olefin ] 2 

by reactions of olefins with palladium dichloride in 50% acetic 
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acid at room temperature has already been mentioned (section 

31 1a). The complexes with isobutene, diisobutene, cyclohexene, 

1-methylcyclohex-1-ene and ~-methylstyrene lose HCl on heating 

to give the more stable ~-allyl complexes (57). 

50-100° 
0 

2-PdC12 + 2C H ~ (PdC1
2

(c H ) ] 2 ) [PdClC H _1 ]
2 X y X y -HCl X y 

brown yellow 

Butadiene reacts with bis(benzonitrile)palladium dichloride 

giving an unstable yellow complex of empirical formula c4H6-

The fact that the inf~ared spectrum did not show 

an isolated C=C absorption was difficult to explain ~nd led 

to a controversy concerning the structure. The proton magnetic 

resonance spectrum of this complex has recently been interpreted 

in terms of a «-allyl structure (75). 

(b) Reactions of ~-allylpalladium complexes 

Metathesis 

The bridging chlorine atoms of ~-allylpalladium chloride 
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complexes can be readily replaced by heavier halogens or thiocyanate 

by treatment with alkali-metal salts in a suitable solvent such as 

acetone (76). 

Bridge Splitting 

An important reaction of ~-allylpalladium chloride dimers is 

that \dth donor ligands, amines and trialkytphosphines. These 

result in splitting of the halogen bridges, and monomeric products 

result. 

There has been speculation (77) as to whether the product is a 

11"-allyl complex, a 0"-11 complex (a) or (b), or even a hybrid of 

the tlo.ro forms: 

/PEt3 
----Pd 

"Cl 

(a) (b) 

The proton magnetic resonance spectrum and measurement of the 

palladium-carbon bond lengths by X-ray crystallography favour 

structure (b). 
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Treatment of fl'-allylpalladiumchloride l'fith cyclopentadienyl-

sodium gives -~-allyl- rr-cyclopentadienylpalladium(II) as dark 

red crystals. The n.m.r. spectrum indicates a sandwich 

structure in which palladium has the electronic configuration 

of xenon (?1). 

CH
2 /l 

cH: -----

\\ 
CH

2 

The platinum complex described on page 53 has a similar structure. 
) 

Proton Magnetic Resonance 

The proton magnetic resonance spectra of ~-allyl complexes 

show a characteristic pattern in the region 7-9~ and this 

has been used widely as a diagnostic feature of the bonding in 

:rr -allyls. The usual numbering and the pattern produced by 

coupling is shown below: 

f5 
c /" 4H-~ ~-H1 

H3 H2 II II 

Fig.8. P.M.R. Spectra of 1T-allyl complexes 



-58-

The protons 1 and ~ are magnetically equivalent, as are protons 

2 and 3· If, however, the bridge is split by a donor ligand 

and the complex becomes a a-n type, the spectrum changes. 

Chlorine is a relatively werut a-donor, therefore the carbon atom 

trans to it is bonded more strongly to the metal. 

c 

/""' II II II II 
HCs> 

Fig.9. P..M.R. spectrum of 'CT--rT' metal tertiaryphosphine 
complexes 

Eac~ allyl proton becomes unique and the spectrum is shown in 
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Chapter 4. Summary of the chemistry of germanium, 

4 1 1. Organogermanes 

Germanium tetrachloride reacts with GriQnard reagents 

with the formation of Ge-C bonds (?8). The reactions are 

difficult to stop at intermediate stages giving alkyl or aryl 

germanium halides. These can be prepared by other methods, but 

the Grignard method is good for the preparation of fully substituted 

derivatives. Various side reactions take place, illustrated 

in one case (?9) by the reaction of GeC14 with phenylmagnesium 

bromide. Tetraphenyl germane is obtained if the Grignard 

reagent is filtered 1 or hexaphenyldigermane together \d th 

tetraphenylgermane if the reaction takes place in presence of 

excess magnesitim. The formation of hexaphenyldigermane 

probably involves the formation of organogermyl Grignard reagents:-

3 PhMgBr 

PhMgBr 

+ 

+ 

With free magnesium:

Ph3GeCl + 

Ph
3

GeMgCl + 

GeC14 ~ Ph
3
GeCl 

Ph:;GeCl --. Ph4 Ge 

Mg :l!li Ph
3

Gef.tgCl 

Ph
3

GeCl ~ Ph6Ge2 

+ 

+ 

+ 

3MgBrCl 

MgBrCl 
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~,2. Organogermaniun1 halides 

Tetraphenylgermane reacts with bromine giving first Ph
3

GeBr 

and then Ph
2

GeBr
2

, whereas tetraethylgermane reacts with excess 

bromine giving only Et
3

GeBr. Redistributiomof tetra-alkyl 

or -aryl germanes with germanium tetrachloride give any of three 

organogermanium halides, RGeC1
3

, R
2

GeC1
2 

or RGec1
3

, depending 

on the stoichiometry. 

Organogermanium halides are not so ·sensitive to hydrolysis 

as are organosilicon halides. Alkylgermanium halides are 

less stable in this respect than aryl compounds. 

~,3. Germanium Hydrides 

Germane itself, GeH4, is conveniently prepared in up to 

75% yield by reducing Geo2 with sodium borohydride in acid 

solution (80) o The product is carried from the reaction vessel 

0 in a stream of nitrogen and trapped at -196 • Fractional 

condensation under high vacuum removes water and higher 

germanes. Germane can also be made by reduction of GeC14 with 

lithium alwninium hydride in ethereal solvents but the yield 

is much lol,rer 1 28% (81) o 

Organogermanium hydrides are most easily prepared from 

organogermaniUlD halides, R
3

GeX 1 R2GeX2 and RGeX
3 

and lithium 
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almninium hydride. They are also obtained by hydrolysis 

of the organogermyl Grignard reagents mentioned previously, 

and the organogermanium-alkali metal compounds mentioned 

below. The hydrides are stable in air for short periods and 

moderately thermally stable.in the absence of oxygen. 

4,4. Germanium-all~ali metal compounds 

Germane reacts with sodium in liquid ammonia giving a 

yellow-green precipitate of germylene disodium (82). Germane 

is further taken up until the precipitate becomes grey when 

equimolar amounts of germane and sodium have reacted. The 

grey precipitate is solvated GeH
3

Na. 

Germane also reacts with lithium in liquid ammonia (83). 

\1hen the solution is decolorised the excess ammonia can ~e 

removed leaving a grey solid having constitution GeH
3
Li.-

On warming to room temperature the ammonia is evolved and 

a melt is formed over a solid phase. The solid decomposes 

on standing at 20° or on heating to 250°. 

The reaction bet1·1een potassium amide and germane in liquid 

t.••AHiu .. 
ammonia has also been used to prepare germyl-lil*lti:1iiR (8l.~:). 

The product reacted with bromobenzene giving benzene, GeH2 
poto&elUitl 

and se&i:.- bromide. 
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Organogermanium-alkali metal compounds, e.g. Ph
3

GeNa, 

Me
3

GeLi can be prepared by cleavage of Ge-C or Ge-Ge bonds 

using solutions of the alkali metal in ammonia or an amine. 

The reactivity of the solvents limited the-use of these 

reagents but recently their versatility was greatly extended 

by the introduction of ethereal solvents such as tetrahydrofuran 

(T.H.F.) and ethylene glycol dimethyl ether (:t-tonoglyme) (85 1 86). 

+ 2Li -----:)>,. Ph
3
GeLi + PhLi 

-----:~• 2Ph3GeLi 

Phenyl-lithium formed in the first example usually reacts 

quicldy \'l~th the solvent so the second method of the tl'lo is 

preferred. 

The cleavage of hexaphenyldigermane by_lithium gives a brown 

solution containing triphenylgermyl-lithium. It has never bee~ 

isolated in the solid state, and slm'lly reacts with the solvent. 

Ph
3

GeLi 

Ph
3
GeLi 

+ T.H.F. 

+ 

An even better method of preparation is the hydrogen-metal 

exchange reaction \'lhich takes place between h -}?utyl-1 i thium 

in hexane and triphenylgermane in diethyl ether. Butane is 

evolved and side reactions are minimised. 



+ (90~6) 

The above methods in ethereal solutions are not satisfactory 

for the preparation of trialkylgermyl-alkali metal compounds. 

These have recently been made by the reaction of bis(triethylgermyl)

mercury 1..ri th li thiwn ( 87) • 

Organogermyl-lithiwn compounds undergo a variety of 

reactions. They are hydrolysed to the hydride, R
3

GeH and 

lithium hydroxide. Bromination gives the digermane in 

80% yield. Reaction with R~ SiX gives R3Ge.SiR~, 
and with germanium tetrachloride, (R

3
Ge) 4Ge. 



-6~-

Chapter 5· Metal-Metal Bonds 

In the past few years there has been increasing inter-est 

in molecular compounds containing metal-metal bonds. At one 

time these were thought to be very rare, but it is no\f kno\m 

that they are quite common, especially in transition elements. 

5,1. Hetals in the solid state show one type of metal-metal 

bonding. The high electrical and thermal conductivities 

presented problems to the authors of the several theories 

which have been proposed to explain the nature of the bonding. 

Metals do not have enough valence electrons to form covalent 

bonds with all the neighbours. Sodium, for instance, has 

body centred cubic structure and therefore each atom has 8 

near neighbours, but only one valence electron. The most 

reasonable explanation of the bonding in metals is that the 

electrons are situated in multicentre orbitals and delocalisation 

can occur through a very large system. These electrons can be 

made to move under the influence of an electric field. 

Transition metals form metal-metal bonded compounds of 

great diversity, ranging from those in \'thich there is only \ieak 

coupling of electron spins as in, for example, cupric acetate 

dimer, cu2(0COCH3 )~ • 2H2o, to those which have an authentic 
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metal-metal a-bond, e.g. 

(8). 

5,2. Weru~ly Bonded Compounds 

The two main techniques used to identify cases of metal

metal bonding, whether these be weak or strong, are structure 

determination by X-ray crystallography and the measurement of 

the magnetic susceptibility. 

in their interpretation. 

Both require care to be exercised 

X-ray crystallography allows the measurement of bond 

lengths and angles. If the distance between the metal atoms 

is shorter than usual in complexes of the same type, and if 

there are no bridging groups in the molecule, the molecule 

must contain a metal-metal bond. This criterion is useful 

even when bridging groups are present, and the degree of metal

metal interaction can sometimes be related to the bond shortening 

but the bond length also depends on the oxidation states of 

the metals and the nature of the other ligands. 

Magnetic susceptibilities of complexes are easily measured 

and they have been used to investigate cases of metal-metal 

bonding. The magnetic moments are reduced compared with those 

of free ions of the same type, due to pairing of electron spins. 
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One must again proceed with caution and be sure that spin-

pairing is not due to some other cause. 

Examples of complexes \'lhich contain \'leak metal-

metal bonds include acetates of copper(II), chromium(!!) 

molybdenum(II) and rhodium(II). These show shortening 

of the metal-metal bond lengths and electron spin pairing 

but the bond energy is very low. 

Halides of certain transition metals show evidence of 

weak metal-metal bonding. Niobiwn tetraiodide has a structure 

of infinite chains of octahedra formed by the iodine atoms. (88). 

The metal atoms are distorted from· the centres of the octahedra, 

adjacent pairs of atoms moving towards each other to form the 

weak metal-metal bonds, 

Another important class of metal-metal bonded compounds 

are the cluster compounds consisting of halides of niobium, 

tantalum, molybdenum, technetium and rhenium in low 

oxidation states (89). There are many examples involving 

widely differing structure and only two cases will be described 
2-

here. The anion Re2c18 has a very short Re-Re bond length 

(2.2~A) implying a fairly strong metal-metal bond. The 

chlorine atoms are situated ~ on each metal in the eclipsed 

configuration along the Re-Re bond (90). The metal atoms 
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3-in the ion in Re
3
c112 form a triangle and three chlorine atoms 

are bonded directly to each metal while the remaining chlorines 

each bridge 2 metal atoms. The Re-Re bond lengths indicate 

2-strong metal-metal interaction but not so strong as in Re2c18 (91). 

51 3. Compounds Incorporating Metal-Metal ~-Bonds 

This type of compound is much more numerous and can occur 

with a wide variety of metals. Compounds are known having 

main group metal to main group metal bonds, transition metal 

to transition metal bonds also main group metal to transition 

metal bonds. These compounds are formed when the metal contains 

one electron less than a closed shell or sub-shell (92). Thus, 

in the mercurous ion the formal mercury 6 s 1 atom becomes 6s2 

and in hexaphenyldigermane the 4s24p5 configuration becomes 

2 6 4s 4p • 

Metal-m:etal bonding occurs in transition metal carbonyls 

. 10 2 6 so that the metal ach1eves the d s p configuration of the next 

noble gas. Chromium, iron and nickel achieve this configuration 

without metal-metal bonding in the compounds Cr(C0) 6 , Fe(Co)
5 

and Ni(Co) 4 , but the intervening metals in the period achieve 

the krypton configuration by dimerisation in Mn2(co) 10 and 
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The charge on the metal atoms also determines whether a 

metal-metal bond is formed, or two paramagnetic monomers. 

Increasing charge on the metal causes contraction of the metal 

d orbital containing the unpaired electron and if this is drawn 

away from the bonding region, stable monomers will be formed in 

preference to the dimer. 

Other features which favour paramagnetic monomers are 

compounds having ligands which delocalise the unpaired electron, 

and steric repulsion which forces apart the tllfo monomer units. 

5,4. Main Group Hetal-Main Group Metal Compounds 

These most frequently involve the group IVb elements, 

silicon, german-ium, tin and lead. G-i-lman and co-workers have 

1 
prepared a range of analogues of hexapheny~ethane Ph

3
t-f-M Ph

3 

(86, 93, 94, 95, 96) where M and M
1 

are combinations_·of silicon, 

germanium and tin. These were prepared by reaction between an 

alkali-metal derivative and an organometal halide. 

+ + LiX 

The distinction between the coordination number of the 

metal and its oxidation state must be pointed out. In hexaphenylditin 

for example, the tin atoms are 4-coordinate but in oxidation state 

+ 3· The characteristic centre of reactivity of such compounds 
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is the metal-metal bond, but this is not invariably the case. 

Halogens cleave the metal-metal bonds, as do alkali metals: 

+ 

+ 

2Ph
3
GeBr 

2Ph
3

GeLi 

The reac·tivity of this bond inc:reases as the atomic weight of 

the metals increases. 

5 1 5. Transition Metal-Transition Netal Compounds 

Transition metal carbonyls form one of the most 

important classes of compounds containing metal-metal bonds. 

These include the dimer obtained when metals try to achieve 

the inert gas configuration e.g. ~m2(co) 10 (see section 5,3) 

and also polynuclear cluster compounds e.g. Co~(C0) 12• 

may be bridging carbonyl groups bet\~reen the metal atoms in 

addition to the metal-metal bonds. There are three bridging 

carbonyls in Fe
2

{co)
9 

for example. ~-Cyclopentadienylmetal 

carbonyls also dimerise to achieve the closed shell configuration 

{cyclopentadiene as Cp donates 6 electrons) e.g. [<cp)Cr{Co)
3 

] 2 , 

[(cp)Fe(co) 2 J 2 and [<cp)Ni(Co)] 2• 

Reactions of metal-metal bonded carbonyls. 

The metal-metal bond itself is the main reactive centre 

of these compounds. Nitric oxide acts as a 3-electron donor 

and can displace carbon monoxide from binuclear carbonyls (97 198)& 
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The monomeric product has closed shell configuration. 

Other reactions which cleave the metal-metal bond are shown below: 

Mn2(C0)10 + Br
2 

2 Mn(Co)
5
Br 

Fe
2

(co)
9 

+ lt-NaOH ----+ Na
2

[Fe2(co> 8] + Na2co
3 

+ 2H
2
0 

Co
2

(co)
8 Na/Hg 

T.H.F. Na +(Co(CO) it-]-+ 

Disproportionation takes place on treatment with ammonia or 

pyridine: 

Complexes h~v~ng bonds between different transition metals 

are knmm e.g. (Cp)(Co)
2

Fe-Mn(Co)
5 

(99) and 

[Mn-Fe2 <co> 12r <too>. 

Nyholm and co-workers have recently reported compounds 

having Pt-Au, Pt-Pt and Pt-Ni bonds (101) 9 prepared from 

tetrwtis(triphenylphosphine)platinum (0) and metal halide 

complexes. 

(Ph
3

P)q.Pt + 

(Ph
3

P)q.Pt + 

(Ph
3

P)I:i-Pt + 

Ph
3

PAuCl ~ (Ph
3

P) 2Pt(Cl)AuPPh:5 + 2Ph
3

P 

(Ph3P) 2PtC12~(Ph3P) 2Pt(Cl)Pt(Cl)(PPh3 ) 2 + 2Ph
3

P 

(Ph
3

P)
2
Nii

2 
~ (Ph3P~pt.(I)Ni(I)(PPh3 ) 2 + 2Ph

3
P 
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51 6. Main Group. - Transition Metal Compounds 

During the last 10 years or so, a wide variety of 

compounds of this type has been described. The main group me.tals 

are usually of group IV, and the chemistry of these compounds 

has in many cases been developed alongside that of ~-bonded 

organometallic compounds of the transition metal. 

5,6.(i) Preparations 

(a) One of the most versatile preparations of complexes 

having Pt-M bonds where M ~s a groupiV element is the reaction 

between a platinum halide complex and an alkali metal derivative 

of the groupiV element: 

(R
3

P)
2

PtX
2 + R1 MM 1 

3 
~ (R

3
P) 2Pt(MRj)X + 111'X 

(R
3

P)
2

PtX
2 + 2RjMM' ~(R3P) 2Pt(MRJ)·2 + M1X 

M = grouplV element; M' = alkali metal; R and R' are alkyl or 

aryl groups. 

By this means, compounds having germanium-platinum, silicon
bonds 

platinum, tin-platinum and germanium-plat-inum-silicon/have been 

prepared. The usual method is to prepare the alkali metal 

derivative of the groupiV element in an ethereal solvent and 

then to add a solution of the platinum halide complex in ether. 

Examples are given belOl..r. 

(102) 
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+ LiCl (104,) 

Copper, silver and gold-germanium complexes have also been 

~ade by this method (105). 

(R
3

P)nM X + Ph
3

GeLi 

M = Cu(t), Ag(t), Au(t); 

Ph3Ge~1(PR3 ) n + LiX 

n = 1 for Au and 1 or 3 for Cu and Ago 

Triphenylgermyl-lithium in diglyme reacts with the complex 

Ph
3

Ge. Au PPh
3 

giving a precipitate which, on addition of 

tetramethyl~mn1onium iodide, yielded Etl.I,N [ (Ph
3

Ge) 2Au]. 'fhis 

remains the only l<:nO\'In compound in which germanium is bonded to 

a transition element not stabilised by rr-bonding ligands. 

Limitations 

Equimolar amounts of the platinum dihalide complexes and 

either triphenylgermyl-lithium, diphenylmethylsilyl-lithium or 

diphenylmethylgermyl-lithium did not give n1onosubstituted 

derivatives. The product in each case \'las a mixture of the 

original platinum dihalide complex and the disubstituted 

derivative which was difficult to separate. Monosubstituted 

complexes can be made by cleavage of one Pt-M bond using hydrogen 

or hydrogen chloride. 
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Another restriction in this method until recently \'las 

that trialltylgermyl-lithium reagents could only be made in 

liquid ammonia or amine solvents which are themselves very 

reactive. Triethylgermyl-lithium and trimethylgermyl-lithium 

have now been made from lithium and bis(triethylgermyl)mercury 

or bis(trimethylgermyl)mercury (87). In the meantime, however, 

trimethylgermylplatinum complexes have been prepared by another 

method mentioned below. 

The reaction between triphenylgermyl-lithium and a 

monosubstituted platinu~germanium or platinum-silicon 

compound can be used to obtain 'mixed metal' compounds (106) 

(Et
3

P) 2Pt(Cl )(SH1e'3) + Ph'3GeLi -----+ (Et
3

P) 2Pt(GePh:!SiMe'3) + LiCl 

(Et3P) 2P~(Cl){GeMe3 ) + Ph'3GeLi--+(Et
3

P) 2Pt(GePh'3)(GeMe
3

)+ LiCl 

(b) A convenient method for the preparation of monosubstituted 

trimethylsilyl complexes is the reaction between a platinum 

dihalide complex and bis(trimethylsilyl)mercury {106). The 

trimethylgermyl analogue cari be prepared in the same way. 

(Me
3
si)

2
Hg + cis-(Et3P) 2PtC1 2 ~trans-(Et3P) 2Pt(Cl)(SiMe'3)+Hg+ 

Me
3
SiCl 

(Ne
3

Ge) 
2

Hg + cis-(Et
3

P) 2PtC12~trans-(Et'3P) 2Pt(Cl) (GeMe'3)+Hg+ 

Me
3

GeCl 



-74:-

~ro moles of the mercury reagent did not substitute both 

chlorine atoms but gave an oil from which only a lo\, yield 

of the monosubstituted complex was obtained. 

(c) Another versatile method which has similarities to (a) 

is the elimination of alkali metal halide from salts of transition 

metal carbonylate anions and a group IV metal halide. 

Ph
3

GeBr + Na Mn(C0)
5 
~ Ph

3
Gel'1n(C0)

5 
+ NaBr ( 107) 

R4:-nMC1 + nNaMn(CO) 
5 

____. R4:-nM [ Mn(CO) 
5 

) n + nNaCl 
n 

M = Si, Sn, Pb; n = 1 or 2; R = an;'yl or aryl. (108) 

Oxidative stability increased in the order Si < Pb < Sn. 

Silicon-, germanium- and tin-iron complexes have been prepared 

by similar reactions (107, 109). 

Tin-iron compounds of a different type are known. The 

reaction bebreen dimethyldiphenyl tin and iron pentacarbonyl gave 

a cluster compound, [ Me
2
SnFe(CO\ ]

2 
( 110). 

Tributyltin chloride reacts with iron pentacarbonyl giving 

varying amounts depending on the temperature conditions (111). 
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These are also cluster compounds and the latter bro have 

crystal structures involving SnFe~ units. 

The reaction bebreen a transition metal carbonylate ion 

and a metal halide has been used to obtain a new compound 

having hydrogen atoms attached to the groupiVb element (112). 

Other compounds having silicon-cabal t bonds w·ere made from 

organosilicon hydrides and octacarbonyldicobalt (11,3). 

+ 

The reaction between the iridium(!) complex, (Ph
3

P)
2

Ir(CO)Cl 

and silanes having electronegative substituents resulted in 

addition: (113b) 

SiC1.3 

Ph3P"-.. 1/co 
/Ir 

Ph3P I "H 

Cl 

Organohalo.silanes e. g. EtC1
2

SiH and PhC1
2

SiH behaved similarly. 

The reaction of :.germane lfi th manganesepentacarbonyl hydride 

in a sealed tube gave a compound having a bridging-GeH2-gro~p (11~). 

GeH~ + ~Hl\1n(CO) 5 
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Germanium(II) can expand its covalency by two, and this has 

been used in the synthesis of germanium-cobalt bonds. ( 115) 

Octacarbonyldicobalt reacts with Gei
2 

in T.H.F. by inertion of 

the germanium atom between the cobalt-cobalt bond, giving red 

The carbonylate ion-metal halide reaction has been used 

to prepare metal-metal bonded compounds having bonds between 

groupVIa (Cr, Mo, W) and grouplVb metals (Ge, Sn, Pb) (116, 117). 

M = Cr, Mo, iv; M1 = Ge, Sn, Pb; R = Ne, Ph. 

Phenyl derivatives are more stable than methyls. 

Nyholm and co-workers have used this type of reaction 

to synthesise gold-transition metal complexes (92). Gold can 

lose d electrons· to form Au(III) complexes and is ac~ordingly 

classed as a transition element. The reactions are similar 

to those above and are therefore included here. 

(Co(CO) l:t:r .___,.. Ph:~tAuCo(CO) 1:!: -Ph
3

PAuCl + + Cl 

2- -2Ph
3

PAuCl + (Fe(CO)~:t,) --.(Ph
3

PAu) 2Fe(CO)I:t: + 2Cl 

Ph
3

PAuCl + (Mn(CO) 
5
r ·~ Ph

3
PAuMn(CO) 

5 
+ Cl 

[(Cp)\v(CO) 
3 
r-Ph

3
PAu\f(CO) 

3 
(Cp) -Ph

3
PAuCl + + Cl 
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(d) Tetrakis(triphenylphosphine)platinum(O) reacts with a 

variety of metal halides (101). Triphenylphosphine is displaced 

and metal-metal bonded compounds are formed: 

(Ph
3

P)4,Pt + Ph
3

SnCl ----+ (Ph
3

P) 2Pt(Cl) (SnPhJ) + 2Ph:l 

(Ph
3

P)4,Pt + Ph,PAuCl~(Ph3P) 2Pt(Cl)(AuPPh3 ) + 2Ph
3
P 

(PhJP\Pt + HgC1
2 

~ (Ph
3

P)
2
PtCl(HgCl) + 2Ph:l 

These are analogous reactions to those which gave platinum-

platinum and platinum-nickel bonded complexes described in 

section 5,5. 

(e) Platinum hydridohalide complexes react with triphenyltin 

nitrate and triphenyllead nitrate as follO\'ls: (104:). 

(Ph
3

P)
2
Pt(H)Cl + Ph

3
SnNo

3 
~(Ph3P) 2PtCl(SnPh3 ) 

(Ph,P) 2Pt(H)Cl + Ph,PbN0
3 

--.(Ph
3

P)
2
PtCl(PbPh

3
) 

Platinum-tin complexes 

Such a wide variety of platinum-tin complexes containing 

SnC1
3

- ligands is known that these compounds can be regarded 

as a class of their Ol'l'n. The stability is greatly increased 

when the tin atom is bonded to three chlorine atoms as opposed 

to organic groups such as phenyl. 

Trans-bis(triethylphosphine)platinum hydridochloride reacts 

\'lith stannous chloride dihydrate in methanol ( 23). 
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The infrared spectrum of (Et
3

P) 2Pt(H)SnC1
3 

showed 

-1 -~(Pt-H) at 2105cm. and the low value indicates that snc1
3 

is a ligand of fairly high trans effect, intermediate between 

thiocyanate and cyanide (30). The proton magnetic resonance 

showed coupling of the cu
3 

protons of the ethyl groups with 

the two phosphorus nuclei as well as with the CH
2 

protons (23). 

This resulted in the appearance of a five-line pattern which 

partially collapsed into a 11211 triplet by irradiation 

with the methylene signal, confirming the trans configuration 

of the complex. 

An octahedral platinum(IV) complex has been isolated 

from a reaction between trans-bis(triphenylphosphine)platinum 

dichloride and stannic chloride (10~). 

The addition of triphenylphosphine in ethanol to a 

solution of potassium tetrachloroplatinite and stannous chloride 

The complex with one 

Pt-sn bond has also been described (119). 
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Anionic complexes containing platinum-tin bonds are 

also known. l'iilkinson and co-worlters have isolated salts 

of [PtC1
2

(sncl
3

)
2

]
2

- by direct replacement of ligands of 

Zeise 1 s salt (119, 120) 

K((c2HJ,.,)PtC1.3) + 2SnC1
2 

+ KCl-+ K2 [ PtC12 (SnC1
3

)
2

] + C2H
4 

A palladium-tin complex, [PdCl(SnC1
3

)
2

]
2

- has been reported 

(120b). This is thought to be a binuclear complex itDhaving 

Pd-Cl-Pd bridges. 

Methyltriphenylphosphonium chloride reacts with a 

methanolic solution of chloroplatinic acid in stannous chloride 

(Sn:Pt-6:1) to give a quantitative yield of [Ph
3

PMe]
3 

(Pt(SnC1
3

)
5

] 

( 121). A crystal structure determination has shO\'In that this 

is one of the rare examples of 5-coordinate platinum. The 

structure is a trigonal bipyr~mid with a central platinum atom 

surrounded by five Snc1
3

- ligands, each attached by a Pt-Sn 

bond. 

5,6(ii) Properties and Reactions 

Metal-metal bonded compounds show a wide variety of thermal, 

oxidative and hydrolytic stabilities. The silicon-cobalt 

complex, for example, He
3
Si( Co(CO)J,.,] decomposes above-.30° (122), 

but H2Ge [ Mn(CO) 
5

] is air stable and sublimable under high 

vacuum (114). Hydrolytic stability varies greatly even in closely 
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related compounds. 

rapidly hydrolysed in moist air but the germanium analogue can be 

recovered unchanged from aqueous diglyme (106). 

1'-ieasurement of the platinum-hydrogen stretching frequency 

of trans platinum hydride complexes shows that the ligands 

SnC1
3

- and GePh;have high trans effects (30, 1021 118). 

Similarly, the platinum-chlorine stretching frequencies in 

the far infrared spectra of trans halide complexes shows that 

SiMePh; and GeMePh; also have high trans effects {31 1 103). 

The characteristic centre of reactivity of metal-metal 

bonded complexes is the metal-metal bond itself. This is 

cleaved by reaction with halogens, organic halides and halogen 

acids. 

(a) Halogens 

Halogens usually react in a straightforward manner, 

cleaving the metal-metal bonds: 

(Ph
3

P)
2

Pt(Cl)AuPPh
3 + Br2~(Ph3P) 2Pt(Br)Cl + Ph

3
AuBr (101) 

(R
3

P)
2
Pt(GePh

3
)
2 + 1

2 
--+(R

3
P) 

2
Pti

2 
+ 2Ph

3
Gel (102) 

(Ph
3

PAu) 2Fe(CO)I:i: + 2I
2
----+2Ph

3
PAui + Fe(CO)I:i:I2 (92) 

One exception was the reaction of chlorine with Ph
3

SnMn(C0)
5

• 

Phenyl groups were cleaved in preference to the metal-metal bondsa 

Ph3Sn¥m(CO)S + 3Cl2~cl3SnMn(CO)S + 3PhCl 

The Sn-~m bond resisted further chlorination. 

(108) 



-81-

(b) Halogen Acids 

Hydrogen halides cleave the metal-metal bonds. 

(Phl1e2P) 
2

Pt(SiMePh
2

) 
2 

+ HCl--. trans-(PhMe
2

P) 
2
Pt(Cl )(SiMePh2 ) 

+ Ph2MeSiH (103) 

trans-(PhMe
2

P)
2
Pt(Cl) (SHiePh2 ) + HCl--+(PhMe

2
P)

2
Pt(H)Cl + Ph

2
MeSiCl 

(103) 

Ph
3

PAuMn(CO) 
5 

+ HCl ~ Ph
3

PAuCl + 1-lMn(CO) 
5 

( 92) 

The platinum complex, (Et
3

P) 2Pt(GePh
3

)2 reacted with HCl giving 

a mixture of products suggesting that an octahedral intermediate 

'"as involved. 

(Et
3

P)
2

Pt(GePh
3

)
2 

+ HCl-.Ph
3

GeH + Ph
3

GeCl + (Et
3

P)
2

PtC1
2 

+ (Et
3

P)
2
Pt(H)Cl (102) 

(c) Organic Halides 

1 1 2-dibromoethane reacts with metal-metal bonded complexes 

giving ethylene. 

Ph
3

Gef-1(PPh
3

) + C2HJ,.,Br~C2HJ,., + Ph
3

GeBr + Ph
3

PMBr ( 105) 

M = Cu(I), Ag(I), Au(I). 

(Et
3

P) 2Pt(GePh
3

)2 + c2HJ,.,Br~(Et3P) 2PtBr2 + 2Ph
3

GeBr + 2C2HJ,., (102) 

This can sometimes be used for quantitative estimation of 

metal-metal bonds if the ethylene is measured. The stoichiometric 

amount of ethylene was not obtained from the reaction with 

(Et
3

P)
2
Pt(Cl)(SiMe

3
), probably on account of partial hydrolysis 

of the platinum-silicon complex (106). 
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l-1ethyl iodide reacted with (Et
3

P) 2Pt(GePh
3

)
2 

giving 

Ph
3
Gei, Ph

3
GeMe, (Et

3
P) 2Pti

2
, methane and ethane. 

(d) Magnesium Iodide reacted with (Pr~) 2Pt(GePh3 ) 2 giving 

many products, some of which were suggestive of intermediate 

platinum-Grignard reagents of type (Pr;P)
2

Pt(Mgi)(GePh
3

) (123). 

(e) Hydrogenolysis 

An interesting feature of the chemistry of some metal-

metal bonded complexes is the reaction with hydrogen, often under 

very m~ld conditions. One Ge-Pt bond of the complex (Et
3

P) 2-

Pt(GePh
3

)
2 

was cleaved in ethyl acetate solution at room temperature/ 

20 mm. partial pressure. 

Pt-Si bonds are just as reactive as Pt-Ge bonds. Both 

the trimethylsi~and trimethylgermyl-platinum halides react 

at room temperature/1 at~osphere (106). 

trans-(Et
3

P)
2

Pt(Cl)I-1Me
3 

+ H2~ trans-(Et
3

P) 2Pt(H)Cl + l-1e
3

MH 

M = Si, Ge 

The reaction is reversible and therefore it probably 

(102) 

involves equilibria giving an intermediate platinum(IV) complex (12~). 
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Hydrogenations of the mixed alkyl-aryl substituted 

compounds ,.,.ere very rapid at 0° and the alkyl substituted group 

was displaced exclusively: (106) 

M = Si, Ge 

A methanolic solution of (Et
3

P)
2

PtC1
2 

containing 2 mols. 

stannous chloride rapidly absorbed hydrogen at 25°/1atm. The 

addition of tetramethylammonium chloride gave yellOl'l crystals 

-1 
of Me1.tN [ (Et

3
P)

2
Pt(H)(SnC1

3
)
2

) \'lhich shO\'led i(Pt-H) at 2108 em. 

( 121). 

The 5-coordinate platinum complex (Me4N>
3
[Pt(Sncl

3
)
5

] 

reacts with hydrogen at 30°/3 atm. to form (~te4N) 3 [ Pt(H)SnC1
3

] 4 

( 121). 

The complex, (Ph
3

P)
2

(CO)Cl
2
!r-HgCl in benzene solution 

reacted with hydrogen giving mercury metal, mercurous chloride 

This took place 

in the absence of catalyst over 20-30 hr. at room temperature. 

(f) A few ligand exchange reactions are kno,.,.n which do not 

result in cleavage of the metal-metal bond. Triphenyltinmanganese-

pentacarbonyl reacts with triphenylphosphine and CO is displaced 

(108) 
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The chelating phosphine, 1,2-bis(diphenylphosphino)ethane 

Potassium cyanide reacted with (Et
3

P)
2

Ft{GePh
3

)
2 

giving an 

ionic platinum-germanium complexl 
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Chapter 6. Molecular Hydrides of Transition Metals. 

Several types of transition metal hydrides are known (127). 

The simplest are those which contain only hydrogen bonded to 

2- 2-the transition metal e.g. ReH
9 

and TcH
9 

(128, 129, 130). 

These are unusual, ho\'lever, and most transition metal hydrides 

have other ligands attached to the metal, including tertiary 

phosphines and arsines, cyclopentadiene, ·carbon monoxide and 

cyanide. In most cases 1f-bonding, \.rhich reduces the electron 

density on the metal atom, makes an important contribution to 

the stability of these hydrides. A convenient classification 

of transition metal hydrides is into groups having same types 

of ligands attached to the metal. These will be considered in 

turn. 

6,1. Preparations 

(a) Hydridometallates 

Reduction of potassium perrhenate, l{Reo4, in an · 

anhydrous mixture of ethylenediamine and alcohol using excess 

potassium metal gave K2ReH9• The preparation of the technetium analogu• 

is similar. 

(b) Tertiary phosphine and arsine hydrides 

The elements for which this class .of compounds is important 

are Pt{II), Ir{III), Rh{III), Os{II}, Ru(II}, Fe(II} Re(III), Re(IV} 
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and Re(V). Most are monohydrides e.g. trans-(Et
3

P)
2
Pt(H)Cl 1 

but polyhydrides are also lmolm, e. g. trans-(Et
2

PCH
2

CH
2
PEt

2
)-

Platinum hydrides of this 

type have greater relevance to the work described in this 

thesis and more attention is devoted to them. 

(i) Reduction with Hydrazine 

Platinum hydridohalides are prepared most conveniently 

by reduction of the cis dihalide complex with hydrazine hydrate 

in aqueous or alcoholic solution: (29) 

The trans dichloride is not reduced under the same 

conditions, and the difference in reactivity is probably due to 

the high trans effect of tertiary phosphine ligands. 

Chatt and Sha'" reduced cis-(Ph
3

P)
2

PtC1
2 

with hydrazine 

hydrate in ethanol at 78° and obtained trans-(Ph
3

P)
2
Pt(H)Cl (29). 

He-examination of this reaction has shO\m that the cis isomer is 

the main product when the reaction is carried out in reflUxing 

methanol-ether solution and at inter1nediate temperatures a 

mixture of the two isomers is obtained (133). 

Reduction of the iodide complex (Ph
3

P) 
2
Pti

2 
ld th anhydrous 

hydrazine in refluxing ethanol gave a platinum(o) complex and a 
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hydrazine complex which was inadequately described (13~)1 

~(Ph3P) 2Pti2 + 3N2H~ -+2(Ph
3

P)
3
Pt + Pt2I~(N2H~) 2 (PPh3 ) 2 + N2 

+ ~HI 

\'lith excess triphenylphosphine: 

(ii) With Alcoholic KOH 

Alcoholic potassium hydroxide reduces cis platinum 

dihalide complexes on heating. Ethanol is oxidised to acetyldehyde 

(29). 

cis-(Et
3

P) 2PtC12 + C2H
5

0H + KOH~trans-(Et3P\Pt(H)Cl + CH
3

CHO 

+ KCl. + H
2

0 

This reaction is considered to tru(e place by hydride ion transfer 

from the et carbon atom: 

I Ao~ /H 
-Pt C 
1',,~/ ' 

'·H 7 'cH 
3 

CH3CHO + - ~t - H 

This mechanism is supported by tracer studies in the following 

reactions which give (Ph
3

P)
3

Ir(III)HC1
2 

(135, 136). 

K
2

Ir(IV)- +CH3CH2 0H+H20 ---+(Ph3P) 3IrHC12+ CH
3

CHO + HCl 

-Cl + 6 +CH
3

CH20D+D
2
0 ---.(Ph

3
P)

3
IrHC12+CH

3
CHO+DCl 

+CH
3

CD20H+H20 ~{Ph3P) 3IrDC12+CH3CDO+HCl 
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The tris-and tetra.kis(triphenylphosphine)platinum(O) complexes 

mentioned earlier \1ere also prepared by the reduction of 

potassium tetrachloroplatinite by alcoholic KOH in presence of 

triphenylphosphine (134). 

(iii) l'l'i th Formic Acid 

The reduction of cis platinum dihalides l'lith hot formic 

acid also proceeds by a hydrogen transfer mechanism (29) 

cis-(Et
3

P)
2

PtC1
2 

+ HCOOH~trans-(Et3P) 2Pt(H)Cl + HCl + C0
2 

(iv) \vith Trialkylsilanes 

Trialkylsilanes have been used to reduce cis-platinum 

dihalide complexes to trans-hydridohalides (113b). It is 

thought that the organosilane oxidatively adds to the platinum 

(II) complex giving an octahedral platinum( IV) intermediate w·hich 

eliminates halotrialkylsilane: 

cis-(R
3

P) 
2

PtC1
2 

+ RjSiH -[(R
3

P)
2
Pt(SiR:5)HClJ -trans-(R

3
P) 2Pt(H)Cl 

+ R
3
SiCl 

This reaction gave only red polymeric material when triaryl

phosphine platinum complexes were used. 

( v) \vi th Metal Hydrides 

Lithium aluminium hydride in ether or tetrahydrofuran (T.H.F'.) 

is used to prepare the more reactive transition metal hydrides. 

Hcny-ever, as a method of preparation of platinwn hydrides, it 
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suf'fers from the disadvantage that some platinum metal is 

also formed (29). 

Chatt and Shalt reduced a palladium dihalide complex, 

-1 (Et
3

P)
2

PdC1
2 

and obtained a product with ~(Pd-H) at 2035 em. 

which could not be purified (30). Decomposition was rapid 

in solution. 

Sodium borohydride in T.H.F. was used in an attempt to 

prepare a nickel hydridochloride from (Ph
3

P)
2

NiC1
2 

(137)• 

The required product was not isolated but the presence of Ni-H 

species was suggested by a low intensity resonance to very 

high field in the proton magnetic resonance spectrum of the 

mixture. 

Iron, ruthenium and osmium hydrides have general formula 

MHx (diphosphine)
2 

where X = H, Cl, Br, I, SCN, CN and 

di.phosphine is a chelating di-phosphine, e.g. Ph2P.CB2CH2.PPh2• 

The trans hydridohalides are prepared by reduction of 

the corresponding cis dihalide with lithium aluminium hydride 

in T.H.F. followed by treatment with ethanol to convert any 

dihydride into the monohydride (127, 131, 138). 

(vi) lofith Hydrogen 

Gaseous hydrogen.-.is absorbed by certain platinum complexes 
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with the formation of platinum hydrides. Reaction conditions 

are variable but can be very mild. 

25°/20~ (Et P) Pt(H)GePh + Ph-..:GeH ( 102) 
0 3 2 3 ~ 

(29) cis-(Et
3

P)
2

PtC1
2 

+ H
2 

95 /SOatm,trans-(Et
3

P)
2
Pt(H)Cl+HCl 

trans-(Et
3
P)

2
Pt(Cl)SiMe

3
+H

2 
200

/ 1atm.trans-(Et
3

P)
2
Pt(H)Cl + M~iH (106) 

(vii) From Platinum(Q) Complexes 

Some unusual platinum hydrides have been prepared by 

reaction of platinum(O) phosphine complexes ''lith acids (139). 

Tris(triphenylphosphine)platinum(G), (Ph
3

P)
3
Pt reacts with 

acids and the products are of two types according to the 

acid or reaction medium used. lfuen a suspension of the 

platinum(O) compound reacted with aqueous or dilute alcoholic 

acid, an ionic platinum(II) hydride w~s formed: 

(Ph
3
P)

3
Pt + HX -----+_ [(Ph

3
P)

3
PtH) X 

X = C104, BF4, HS04, CH
3
oso; 

The molar conductance in nitrobenzene showed that the 

complex was a uni-univalent electrolyte. If gaseous HX was 

bubbled through a benzene solution of the platinum(O) complex, 

a diamagnetic and non-conducting platinum hydride was produced: 

+ 

Ionic platinum hydrides are formed if X is an anion of low 

coordinating power and covalent hydrides if X has high 
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coordinating po,,er. Donor solvents such as ethanol give 

rise to the ionic hydride, even if the acid is HCl. 

Similar reactions with zerovalent palladium and nickel 

complexes did not give the metal hydrides. 

(c) Cyclopentadienyl Hydrides 

Di-1T -cyclopentadienyl hydride complexes of Re( I), t-Io( II), 

Ta(III), ltf(II), Fe(O) and Ru(O) are kno\m which are all iso-

electronic in the valence shell. 

Treatment of metal chlorides Rec1
5

, Moc1
5

, wc1
5 

and Tac1
5 

with sodium cyclopentadienide and sodium borohydride in 

T.H.F. gives. respectively (Cp)
2

ReH, (Cp)
2

MoH
2

, (Cp)a~2 and 

(Cp) 2TaH
3 

where Cp = 11'"-cyclopentadiene (14:0 1 14:1, 1~2). 

Dilute mineral acids react \'fi th rhenium, molybdenum and 

tungsten cyclopentadienylhydrides giving cationic hydrides, 

[<cp) 2ReH2J+, [<cp)
2

MoH
3 
J + and [<cp) 2\m

3 
J + which can be 

precipitated by large anions. The cations act as conjugate 

bases and the addition of alkali to an aqueous solution liberates 

the neutral hydrides which are insoluble in water. 

[(Cp) 
2

ReH
2

] + + OH----+ H
2

0 + 

(d) Carbonyl Hydrides 

(Cp)
2

ReH 

Carbonyl hydrides of chromium, molybdenum, tungsten, 

manganese, technetium, rhenium, iron, cobalt, rhodium and nickel 

are known. 
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The inert gas rule is obeyed by carbonyl hydrides. \ofi th 

the exception of manganese and rhenium, metals of odd atomic 

number form only mononuclear carbonyl hydrides but metals of 

even atomic number can also form polynuclear complexes of this 

type. Cationic carbonyl hydrides of some of these metals are 

also knO\'In. 

There is a wide variety of metal carbonyl hydrides and only 

a few examples can be given here, including H
2

Cr(Co)
5

, r~m(Co) 5 , 

HRe(Co)
5

, H
2

Fe(C0)4:' H
2
Fe

2
(co) 8, HCo(C0)4:' H

2
Ni

2
(C0) 6 and 

H
2

Ni
3

(co) 8• 

Preparations 

The most general method of preparation of carbonyl hydrides 

is the hydrolysis of carbonylmetallate salts. Several reducing 

agents have been used to obtain the salts. 

(i) Alkali Metal 

The reduction of metal carbonyls in liquid ammonia or T.H.F. 

by alkali metal amalgam frequently gives the carbonylmetallatel 

Mn
2

(C0)
10 

+ Na NH3 ~ Na Mn(CO)S (14:3) 

Na Re(Co)
5 

( 14:4:) 

The pentacarbonylhydrides can best be obtained by treatment 

of these anions ,,d th concentrated P,hosphoric acid. 
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Hexacarbonyls of chromiwn, molybdenwn and tungsten are 

reduced by alkali metals giving the mononuclear carbonylmetallate-

(II) ( 1~5). 

+ co (M = Cr 1 f>1o, W) 

Precipitation ldth large cations from aqueous solutions of 

Na
2 

f>1(CO) 
5 

(M = Cr, W) gives anionic hydrides: 

( M(C0)
5

) 2
- + H

2
0 ~ (liH(C0)

5 
r + OH-

Nickel tetracarbonyl is unique in that reductions with 

sodium in liquid ammonia or lithium amalgam in T.H.F. give 

polynuclear anions (1~6 1 1~7). 

2Ni(CO)~ + 2Na 
NH:5 

This is immediately solvolysed to the hydridea 

T.H.F. 
3Ni(CO)~ + 2Li(Hg) + ~co 

(ii) Sodium Borohydride 

Sodium borohydride in T.H.F. can often be used instead 

of alkali metals as the reducing agent for the preparation of 

carbonylmetallate ions. ln a fe'" cases, hol'lever, the \'leaker 

reducing properties give different products. For instance, 

the reduction of hexacarbonyls of chromium, molybdenum and 
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tungsten by NaBHL.t: give polynuclear species where alkali 

metals give 

(iii) Bases. 

mononucler,r complexes 
NaBH'4'~H3 Na

2 

(1l.t:5, 1l..:8). 

2CO ( M = Cr, Mo, llT) 

Treatment of Fe(CO) 
5 

with aqueous alkali gives [HFe(CO) L.t:] -

or [Fe (CO) L.t: J 2-, depending on the amount of aU:al i ( 1l.t:9). 

Fe(O) is reduced to Fe(-II) and one coordinated CO is oxidised 

2-to co
3 

. 

Fe(Co)
5 

+ 30H ~ (HFe(CO)l.t:)- + co
3

2- + H
2
0 

- ri 2- 2-Fe(CO) 
5 

+ l.t:OH _____. LFe(CO) l.t: ) + co
3 

+ 2H20 

Ammonia gives an analogous reaction (150). Acidification of 

the above tetracarbonylferrate ions gives H
2

Fe(CO)L.t:. 

The action of bases on polynuclear iron carbonyls gives 

polynuclear carbonylferrates: (151) 

+ co 2-, + 

(e) Phosphine and Cyclopentadiene Carbonyl Hydrides. 

In addition to the carbonyl hydrides mentioned above, 

complexes are known having carbon monoxide and either tertiary 

phosphines or cyclopentadiene bonded to the metal. 
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The former are quite numerous and are exemplified by HCo(C0)
3
-

They can be obtained by preparations 

similar to those of metal carbonyl hydrides, e.g. reduction 

of the phosphine substituted carbonyls by sodium amalgam, followed 

by acidification of the sodium salts: 
T.H.F. 

Netal n-cyclopentadienylcarbonyl hydrides may be either 

neutral or cationic. The neutral chromium, molybdenum and 

tungsten compounds may be prepared by treatment of the metal 

hexacarbonyls ~ith sodium cyclopentadienide in a polar solvent, 

follO\·Jed by acidification. 

:r.t(co) 6 + Nac
5

H
5
--+ Na [_ (Cp)i"l(Co)

3
] + .:;co 

Na ( (Cp)~1(Co) 3 .] + CH
3

00H ~ (Cp)~f(CO).:;H + CH
3

coONa 

M = Cr, No, lv. Cp= ~-cyclopentadiene 

Cationic hydrides of this class are obtained by protonation 

of binuclear ~-cyclopentadienylmetal carbonyls with strong 

The proton magnetic resonance spectra showed the characteristic 

metal-bonded hydrogen resonance to high field. 
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Properties of Transition Metal Hydrides. 

The thermal and oxidative stability of transition metal 

hydrides varies greatly. Decomposition of HCo(Co)~,., tal~es 

place above -20°, for example, but platinunt hydride complexes 

are thermally stable crystalline solids, remarkably resistant 

to oxidation and hydrolysis. 

Structure Determination. 

It appears that the metal-bonded hydrogen atom occupies a 

normal coordination position at the metal atom, liru~ed by a 

a-bond formed by the H(ls) and the appropriate metal (n-l)d(n)-

s(n)p hybrid orbital. The hydrogen atom can only be located 

in structural studies by neutron diffraction and this has been 

done in only a fe\"1 cases. The hydrogen is not detectable 

unambiguously by X-ray diffraction, but its position can 

sometimes be inferred as in a study of trans-(Et
3

P)
2
Pt(H)Br (25) 

reported earlier (page 15 ). 

The structure of the enneahydridorhenate ion, ReH
9

2-

has been determined by neutron diffraction by a single crystal (129). 

2-Structure of Re~ 
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Six hydrogens are at the corners of a trigonal prism having 

the rhenium atom at the centre, and the remaining three 

extend from the centre of each face as shown. Each ReHL· prism 
9 

is surrounded by a prism of 9 potassium ions rotated through 

60° ''lith respect to the first prism. 

The molecular structure of Os(H)Br(CO)(PPh
3

)
3 

has been 

determined by X-ray crystallography, although the position 

of the hydrogen was not determined (153). The structure 

is an octahedron with three equatorial phosphines and axial 

bromine and CO ligands. The Os-P bond length trans to 

hydrogen (2.56i) was longer than the other two (2.3~K). 

This, and the long Pt-Br distance in trans-(Et
3

P)
2
Pt(H)Br 

(25) indicate that hydride has high trans effect. 

The position of the hydrogen atom in RhH(CO)(PPh
3

)
3 

has been det~rmined ( 15~) and the Rh-H bond leng·th was 

found to be approximately the sum of the covalent radii. 

H 

1.601 p· 

p ·-=-- Rh~2. 3~ 
2.31_.....,.. . ~ 

1.81 I , p 
2.32 

c 

1.18 

0 

Structure of 
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The structure is a trigonal bipyramid having axial 

H and CO ligands. In this case the Rh-CO distance was 

not increased by the high trans effect of the hydrogen. 

Proton :[\1agnetic Resonance 

By far the most useful diagnostic property of transition 

metal-hydrogen bonds is the low intensity high field resonance 

of the metal-bonded hydrogen. This varies beb.reen about 

~ 12 to ~5 (11.63 in (Cp) 2TaH
3 

to ~~.3 in trans-(Et2PcH2cH2-

PEt2)FeHCl). In some cases, e.g. [(CpMo(Co)
3

)2H ]+ (152), 

(Ph
3

P)
2

Ni(H)Cl (137), this criterion has been used to show 

that metal-bonded hydride species exist in solution, even 

\'lhen they could not be isolated. The high-field proton 

resonance is so characteristic that any new claim to the 

preparation of a metal hydride without this supporting evidence 

must be suspected. TrU(tr~phenylphosphine)platinwn(o), 

(Ph
3

P)
3
Pt ltas prepared in 1958 by Malatesta ( 13~) but was 

refuted by Nyholm et. al. who suggested that the compound is 

The Pt-H p.m.r. signal 

was not observed, but a band in the infrared spectrum at 

1670cm~ 1 was attributed to a very lm'l Pt-H stretching frequency. 

Malatesta and Ugo replied that both compounds exist (156), but 

recently it was established that the 'dihydride' is in fact a 
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carbonatoplatinum complex having an abnormally high C=O 

stretching frequency (157). This was formed aaadentally 

by the reaction: 

+ 

The platinum hydride complexes, trans-(Et
3

P)
2
Pt(H)X show a 

metal-bonded hydrogen resonance of very characteristic pattern. 

The molecule contains two equivalent 31P nuclei (I = i, abundance 

1000~) which split. the Pt-H resonance into a 1&2: 1 triplet. 

In addition, the 195Pt nucleus (I = i, abundance 3~%) further 

splits the triplet into two, while the remaining platinum 

isotopes with zero spin leave the c~ntral triplet unsplit. 

J 
195Pt-H 

is extraordinarily large and the result is an easily 

recognisable pattern of a central triplet with a smaller triplet 

on either side (158). 

The metal-hydrogen stretching frequency is another 

characteristic property of transition metal hydrides. These 

vary with the other ligands attached to the metal but are usually 

within the range 1750-2200cm-1• The M-H stretching frequency 

increases on going from light to heavy transition elements in 

the same group, if the other ligands are the same. This is 

the converse of the behaviour of main group elements and it 

indicates that transition metal-hydrogen bonds of the heavier 

metals are stronger. 
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Chemical properties of metal hydrides depend very much 

on the other ligands bonded to the metal. For example, 

HCo(CO)~ behaves as an acid in aqueous solution, (Cp)
2

ReH 

behaves as a base, (Et
3

P)
2
Pt(H)Cl does not react with water 

but K2TcH
9 

decomposes liberating hydrogen. 

A more general reaction is that l'li th halogenated 

hydrocarbon solvents. Hydrogen transfer takes place and 

carbon tetrachloride, for example, is reduced to chloroform. 

Reactions of platinum hydride complexes 

(a) Hydrogen transfer. 

Replacement of hydrogen by halogen tal<:es place with 

decreasing ease when platinum hydridohalide complexes are 

treated with halogen, hot aqueous acid and aliphatic halogeno-

carbon (29). 

The reaction with dry hydrogen chloride in ether gave an 

octahedral platinum(IV) complex which is unstable and slowly 

reverts to starting materials. 
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trans-(Et
3

P)
2
Pt(H)Cl + HCl ~ (Et

3
P)

2
PtH2Cl2 

The infrared spectrum has bands at 2245 and 2265 cm-1• 

(b) Metathetical Reactions. 

Hydrogen has high trans effect and a consequence is the 

lability of the chlorine atom of trans hydridochlorides. The 

appropriate alkali metal salt in a suitable solvent replaces 

chloride by bromide, iodide, cyanide, cyanate, thiocyanate 

and nitrite. This extends the range of known platinum 

hydrides. 

(c) Reactions with neutral ligands. 

Ammonia reacts with platinum hydride complexes giving an 

ionic product (29). 

+ 

The reaction with diphenylphosphine has been used as a route to 

a binuclear hydride of platinum (159). 

NaOE~ .... 
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-1 
The 10\¥' Pt-H stretching frequency of this complex (2005cm. ) 

suggests that the phosphido group has a higher trans effect 

than cyanide, since ·.J(Pt-H) of trans-(Et
3

P)
2

Pt(H)CN is 

at 20l..:1cm-.1 (30). 



DISCUSSION 



Chapter 7 

Germyl-Palladium Complexes 

The first compound described having germanium bonded to a 

transition metal was (Cp)(C0) 2FeGePh
3

, prepared in 1956 by 

Wilkinson and co-liorkers ( 109). Since then complexes have been 

prepared which feature a wide variety of germanium-transition metal 

bonds including copper, silver and gold (105), platinum (102, 102b, 

106), manganese (107, 114, 116), chromium, molybdenum and tungsten 

(116, 117). 

This study was undertaken with the aim of preparing 

compounds having nickel- and palladium-germanium bonds in order 

to compare their stability, properties and reactivity with germyl

platinum complexes and the other germanium-transition metal compounds. 

There were in mind three possible routes to germanium-

palladium complexes, all starting from palladium dihalide complexes 

The first method was to react the 

palladium dihalide with triphenylgermyl-lithium which should 

eliminate lithium halide and form the triphenylgermyl-palladium 

complex, e.gl 

This method has been used to prepare the platinum analogue (102). 

The second type of reaction has also been used to make platinum 

complexes (106), but in this case stable compounds are formed with 

only one Pt-Ge bond in the molecule. This reaction involves 
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treatment of a solution of the dihalide complex with one 

mole of bis(trimethylgermyl)mercury and by analogy would proceed 

as followsa 

(Et
3

P)
2

PdC1
2 

+ (Me
3

Ge) 2Hg ~(Et3P) 2Pd(Cl)GeMe3 + Hg + Me
3

GeCl 

The third method is analogous to the first in that a germanium-

alkali metal compound is used. In this method, germyl-potassium1 

GeH
3

K or germyl-lithium (82 1 83 1 8~) is treated with the transition 

metal dihalide complex and elimination of alkali metal halide 

should again take place. In view of the novelty of this method, 

preliminary experiments were carried out with platinum dihalide 

complexes since experience had shown by that time that Pt-GeH
3 

bonds were more likely to be stable than Pd-GeH
3

• One of the 

following reactions should take place: 

cis-(Et
3

P)
2

PtC1
2 

+ GeH
3

K ~ (Et
3

P) 2Pt(Cl)(GeH
3

) + KCl 

cis-(Et
3

P)
2

FtC1
2 

+ 2GeH3K~ (Et
3

P)
2

Pt(GeH
3

)
2 

+ 2KC1 

1. Triphenylgermyl-lithium 

Triphenylgermyl-lithium was prepared for the first 

of these experiments by cleavage of hexaphenyldigermane with_ 

lithium shot in 11 2-dimethoxyethane (monoglyme). This reaction 

was often difficult to start and initiation peri~ds ranged from 

10 minutes to ~ hours at room temperature. Ethereal solvents 
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are cleaved by triphenylsilyl-lithium and triphenylgermyl

lithium (190 1 161 1 162) and quantitative information on the 

yields of triphenylgermyl-lithium in various solvents after 

stated times was desired. Ph
3

GeLi reacts with tetrahydrofuran 

(T.H.F.) probably giving Ph
3

Ge(CH
2

)4oH by analogy with the 

silicon compound (161) and with monoglyme giving Ph
3

GeMe and 

Ph3Ge(C~ 2 OMe. The rate of reaction of triphenylgermyl-

lithium with T.H.F. has been determined (160) and pseudo-first 

order kinetics with a rate constant 1.8 x 10-3 hr.-1 (corresponding 

to a half-life 385 hr.) are followed for the first part of the 

reaction. Thereafter the rate of reaction increased in a 

manner which suggested that catalysis by one of the products 

was taking place. 

An examination ~f the reactions of triphenylgermyl-lithium 

with monoglyme and T.H.F. was planned and the products were 

to be examined by vapour phase c~romatography on a Pye model 

104 chromatograph. The m~st difficult spearation of products 

which this involved would be the separation and estimation of 

methyltriphenylgermane and triphenylgermane, the latter being 

formed after hydrolysis of triphenylgermyl-lithium. This was 

attempted using a variety of column packings and oven temperatures. 
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The best separation 1thich could be achieved was in 5' columns 

packed with 1% S.E. 30 on chromosorb Z at an oven temperature 

0 of 175 with a nitrogen flow rate 45 mls. per minute. Retention 

times of triphenylgermane and methyltriphenylgermane under these 

conditions were 4.6 and 5.2 minutes respectively. Although 

separate peaks were visible, the amount of overlap was such 

that it was impossible to determine the concentration of each 

compound by integration. For this reason the investigation 

was abandoned and yields of triphenylgermyl-lithiwn in 

monoglyme for the following reactions were assumed to be 

between 6o% and 70%, depending on the time required for the 

preparation to go to completion. 

Solutions of triphenylgermyl-lithium in monoglyme were 

difficult to filter through a glass sinter. Instead a rough 

filtration through a plug of glass wool :··removed unr.!!acted··! 

lithium shot but invariably small particles ~f lithium passed 

through the glass wool. Triphenylgermyl-li thium in "monoglyme_ 

reacted at -20° with solutions of palladium halide complexes, 

(Et
3

P)
2

PdBr
2 

and (Et
3

P)
2

PdC1
2 

giving yellow or orange solutions 

and a pale yellow precipitate. 
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The composition of the precipitate depended on the solvent 

used to dissolve the palladium dihalide complex. If the solvent 

was largely diethyl ether, the precipitate contained bis(triethyl

phosphine)bis(triphenylgermyl)palladium(II) which was isolated 

by filtration. This complex was soluble, hmtever, if the 

solution consisted of more than ! benzene and isolation was by 

low temperature crystallisation from the_· hydrolysed solution. 

The above method which gave (Et
3

P)
2

Pd(GePh
3

)2 as a 

precipitate had the disadvantage that the product was contaminated 

l'li th hexaphenyldigermane. This could have been starting material 

which was not cleaved by lithium shot or it could have resulted 

from decomposition of (Et
3

P) 2Pd(GePh
3

)
2

• 

A modification of the preparation gave a product almost 

entirely free from hexaphenyldigermane. Triphenylgermyl-lithium 

is more conveniently prepared by metallation of triphenylgermane 

using n-butyl-lithium. This reaction is quicker, cleaner, minimises 

contamination of the product by hexaphenyldigermane ~d also 

eliminates the necessity for removal of excess lithium by filtration. 

The two methods were very similar after the preparation of 

triphenylgermyl-lithium. Bolfever, by this method the bis(tri-n-

propylphosphine)complex, 

(Pr~)2Pd(GePh3 ) 2 was obtained from (Pr;P) 2PdC12 and triphenylgermyl-
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lithium. This compound was not isolable from a reaction 

using hexaphenyldigermane as the source of triphenylgermyl-

lithium. 

Other palladium halide complexes, (Ph
3

P)
2

PdC12 , (bipy)PdC1
2 

and (Ph2PCH2CH2PPh2 )PdC12 have been treated with triphenylgermyl-

lithium at -20°. Reaction took place in each instance, but pure 

germyl-palladium complexes were not obtained. The triphenylphosphine 

palladium dichloride complex was almost insoluble in ether-

) 
0 . 

benzene (3:1 at -20 • The mixture became orange and then 

decomposed progressively to dark grey on adding triphenylgermyl-

lithium~ Only hexaphenyldigermane was isolated. 

Bipyridylpalladium dichloride and triphenylgermyl-lithium 

decomposed even more rapidly. The colour changed from buff 

to black as half of the triphenylgermyl-lithium was added. 

Hexaphenyldigermane was recovered in about 60% yield. 

The reac~ion with the chelate phosphine complex, 

The platinum complex 

(Ph
2

PCH
2

CH2PPh2 )Pt(GePh
3

)2 has been made (102b) both by 

displacement of triethylphosphine from (Et
3

P)
2

Pt(GePh
3

)2 with 

1 1 2-bis(diphenylphosphino)ethane and directly from the chelate 

platinum chloride complex and triphenylgermyl-lithium. A 

solution of triphenylgermyl-lithium was added to a suspension 

mixture. 
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Work-up procedure similar to those described previously 

gave hexaphenyldigermane, a small amount of starting material 

(palladium dihalide complex) and a similar quantity of a 

compound which was thought, on the basis of its infrared spectrum 

and elemental analysis, to be the impure complex, (Ph
2

PCH
2
cH

2
PPh

2
)

Pd(GePh3)2. Recrystallisation from ether at low temperature 

was attempted but the complex decomposed. 

The nickel complexes, (Et
3

P) 2NiBr
2 

(square planar) and 

(Ph
3

P) 2NiC12 (tetrahedral) both reacted with triphenylgermyl

lithium at low temperature but decomposition set in very rapidly. 

Brown solutions were obtained which yielded only hexaphenyldigermane 

and dark coloured tarry material. 

The sequence of stabilit~ of .compounds having germanium 

bonded to these group VIII metals parallels the stability of 

~-bonded organic derivatives which increases in the series 

Ni < Pd ( Ft;.· 

2. Bis(trimethylgermyl)mercury, (Me
3

Ge)
2

Hg. 

The reaction between equimolar quantities of a platinum 

dihalide complex e.g. cis-(Et
3
P)

2
PtC1

2 
and bis(trimethylgermyl)-

mercury gave the derivative with one Pt-Ge bond (106). Reactions 

with 2 mols of the mercury reagent did not give the bis(trimethyl

germyl)platinum complex and the yield of monosubstituted derivative 

obtained from such a reaction was considerably reduced. 
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The reaction betw·een bis( triethylphosphine)palladium 

dichloride, trans-(Et
3

P)
2

PdC12 and bis(trimethylgermyl)mercury 

gave the expected yellow solution and deposit of mercury. 

Decomposition took place at -20° during the work-up procedure 

and a small quantity of the binuclear complex, ~Et3P)PdC·l2 ] 2 

was the only pure substance isolated. 

In a similar reaction with the dibromide, (Et
3

P)
2
PdBr2 , 

the deposition of mercury was slow. Starting material, 

(Et
3

P)
2

PdBr2 was recovered (91%) together with a trace of 

(Et
3

P)
2
Pd(H)Br which might have been formed by hydrolysis of 

the desired product, (Et
3

P) 2Pd(Br)(GeMe
3
). The infrared 

spectrum of the products showed no evidence of Ge-CH
3 

rock 

or the Ge-e stretching frequency. 

The nickel complex, (Cp)Ni(PPh
3

)Cl has recently been 

shown to form stable organic derivatives (43) when treated 

with Grignard reagents. It was hoped that nickel-germanium 

bonds would similarly be stabilised by the other ligands, 

cyclopentadiene and triphenylphosphine, on the metal. A 

solution of bis(trimethylgermyl)mercury was added dropwise to 

(Cp)Ni(PPh
3

)Br in ether. The colour ~anged from maroon to 

dark broMn as the first few drops of the mercury reagent were 

added. An intractable black tar remained after the solvent 

was removed. 
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3• Germyl-alkali metal compounds. 

Metal-metal bonded complexes are known having hydrogen 

atoms attached to the groupiV metal e.g. H
3

SiCo(Co)4 (112) 

Reactions were carried out with the 

aim of preparing GeH
3
-- complexes of platinum, palladium 

and possibly nickel. Platinum was chosen for the initial 

investigation since it was thought that M-GeH
3 

bonds were likely 

to be more stable when M is a heavier metal, and the complexes 

where X is halogen. 

Germyl-potassium, GeH
3

K was prepared by reaction of germane 

(~~ excess) with potassium in liquid ammonia at -78°a 

+ + 

The solvent was removed to leave a grey powder which is, 

by analogy with the lithio derivative (83), GeH
3

K.2NH
3

• This 

was treated with cis-(Et
3

P)
2

PtC1
2 

in benzene. No reaction 

took place when the mixture was stirred for 4 hours at room 

temperature. At 60° the mixture began to decompose and an 

intractable black tar was formed. 

Two possible reasons for this behaviour were considered. 

Germanium-alkali metal compounds having three organic compounds 
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groups on the germanium atom~ as 1 gegen-ion 1 compounds, 

i.e. solved ion pairs. This has been demonstrated by the 

fact that the asymmetric lithium derivative~ .. , R1R
2
R

3
GeLi 

where R
1 

= Me, R2 = Ph R
3 
=~-naphthyl undergoes substitution 

reactions without racemisation (163). 

• C02 • 
R1R2R

3
Ge Li R1R

2
R

3
Ge C02Li 

If germyl-potassium is also a gegen ion compound, the large 

potassium ion might hinder approach of the GeH
3 

group to the 

platinum atom and prevent the formation of a a-bond. This can 

be checked by replacing potassium by a smaller alkali metal 

ion, e.g. lithium. The second poss~bility is that the ammonia 

of solvation reacted with the complex as it was formed, causing 

decomposition. This problem is less easy to overcome since 

germyl-potassium is difficult to obtain free from ammonia and 

is very unstable in that state. 

A reaction was carried out using equimolar quantities of 

germyl-lithium and cis-bis(triethylphosphine)platinum dichloride 

in benzene. Progressive deco~position again took place when 

0 the benzene was warmed above 60 • 

Properties of triphenylgermyl-palladiwn complexes. 

Bis(triethylphosphine)bis(trip~enylgermyl)palladium(II) 1 

(Et
3
P) 2Pd(GePh

3
)
2 

is moderately stable, thermally and oxidatively, 
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in the solid state. 0 
One sample has been kept in air at -20 

for six months, but it showed signs of surface decomposition after 

two weeks at room temperature in a nitrogen atmosphere. A 

solution of the complex in benzene was completely oxidised 

within two minutes in air at room temperature giving intractable 

tarry material. Another sample of the complex was recovered 

unchanged from diethyl ether after dry oxygen had been bubbled 

0 through the solution for 3 hours at -40 • Heated under vacuum, 

the pale yellow complex, (Et
3

P)
2
Pd(GePh

3
)
2 

began to decompose 

0 0 
at 97 and was completely black at 107 • The tri-n-propylphosphine 

analogue was somewhat less stable and decomposed over the range 

0 86 to 100 • The platinum analogues of these complexes were 

0 0 considerably more stable and began to decompose at 155 and 120 

respectively (102). 

Infrared Spectra, 

The near and far infr~red spectra of (Et
3

P)
2

Pd(GePh
3

)2 

s~owed the following absorptions•. 

3096sh, 3040m (aromatic_C-H stretch), 2967m9 2933m, 2865 (~liphatic 

c.~stretch~ 1 1949w, _1880w, 181~w, 1575m(aromatic C=C stretch), 

1477m, 1449m, 1429s, 1379w, 1302w, 1253m, 1235sh, 1186w, 1155w9 

1087m, 1075m9 1065w, 1030s, 997m, 909w1 852w, 762s, 729s, 700s9 

629w, 480s, 457s (Ge-Car stretch), 403w(Pd-P stretch), 315s, 298 s, 

280se 
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Reactions of bis(triphenylgermyl)palladium complexes. 

Pyrolysis of the complex (Et
3

P)
2

Pd(GePh
3

)
2 

in a vacuum 

apparatus gave palladium metal, hydrogen, ethylene, benzene, 

triethylphosphine, hexaphenyldigermane and tetraphenylgermaneo 

This indicates that not only were the Pd-Ge and Pd-P bonds 

cleaved, the stronger Ge-e, C-H and P-C bonds were also broken. 

This is very surprising, since the Ge-Pd bonds are clearly 

much weaker than the others and decomposition might be expected 

to proceed as followsa 

+ Pd 

The products isolated strongly suggest that a variety of free 

radical processes take place, probably having been initiated 

by triphenylgermyl radicals. Pyrolysis of the platinum analogue 

yielded a similar mixtUre of products (102). 

Chemical re~ctions of the platinum complexes (R
3

P) 2Pt(GePh
3

)2 

often gave mixtures of products which suggested that the 

reactions were taking place via octahedral platinum(IV) intermediates, 

although in no case has such an intermediate been isolated. 

Reacti~ns of the pall~dium complex (Et
3
P)2Pd(GePh

3
)2 sJ:I.Ol'l~d no 

such evidence that a palladium(IV) intermediate was involved, 

but this possibility was not disproved. 

The lower stability of palladium(IV) compared with platinum(IV) 

complexes may be due to the stronger attraction of the palladium 
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nucleus for the ~d electrons as compared with the attraction 

of the platinum nucleus for the more diffuse 5d electrons. The 

result is that it will be energetically easier to remove outer. 

d elec~rons from platinum(II) complexes than from palladium(II) 

complexes, and this is probably the reason for the difference 

in chemical behaviour of platinum-germanium and palladium-

germanium complexes. 

Hydrogen chloride, for example, reacted with (Et
3

P)
2
Pt-

(GePh3)2 giving triphenylgermane, chlorotriphenylgermane, 

bis(triethylphosphine)platinum dichloride and bis(triethylphosphine)-

platinum hydridochloride (102). These products could originate 

from addition of HCl to the complex followed by elimination 

of Ph
3

GeH or Ph
3

GeCl from the octahedral intermediate. This 

does not preclude .the possibility that direct cleavage also 

occurred. 

(Et
3

P)
2

Pt(GePh
3

)
2 + HCl ~ Ph

3
GeH + trans-(Et

3
P)

2
PtC12 

~ 
(Et

3
P)

2
Pt(H)(Cl)(GePh

3
)
2 ~ Ph

3
GeCl + ((Et

3
P.> 2Pt.(H) (GePh

3
>j 

!HCl 

Ph
3

GeH + (Et3P) 2P~(H)Cl 

In contrast, dry hydrogen chloride in diethyl ether reacted 

with bis(triethylphosphine)bis(triphenylgermyl)palladium(II) giving 

only two productsa 
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This could take place by direct cleavage or by oxidative 

addition giving the palladium(IV) intermediate followed by 

elimination of triphenylgermane exclusively. 

Separation of the products by fractional crystallisation 

could not be effected and the mixture reacted further on 

sublimation giving palladium hydride s~ecies. This observation 

led to the separate investigation reported later. 

Platinum-germanium and gold-germanium complexes reacted 

with 1 1 2-dibromoethane with the formation of ethylene, 

bromotriphenylgermane and the corresponding metal-halide complex 

(102, 105): 

M.-GePh' + C2H4Br2~ Ph,GeBr + M-Br 

1 1 2-dibromoethane in the expected manner. Ethylene 

was formed (90%), bromotriphenylgermane and the palladium 

dibromide complex. 

Ligand exchange reaction~ of bis(triethylphosphine)bis(tri

phenylgermyl~palladium(II) have been carried out with varying 
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degrees of success. The phosphine ligands of the platinum 

analogue, (Et
3

P) 2Pt(GePh
3

)
2 

were fairly strongly held (102b). 

Refluxing a solution of this complex with triphenylphosphine 

did not promote ligand exchange, but 11 2-bis(diphenylphosphino)ethane 

displaced triethyl phosphine giving the chelate complex. 

Excess potassium thiocyanate did not react with (Et
3

P)
2
-

Pd(GePh3)2 in acetone solution and starting materials were 

. ·recovered. It was thought that the triphenylgermyl group 

which has high trans effect might labilise the phosphine 

ligands and allow displacement by thiocyanate giving an ionic 

complex. 

is not known with certainty (it is probably trans on infrared 

spectral evidence) and. the above hypothesis would only apply 

if there is at least a small equilibrium ~oncentration of the 

cis isomer in solution. 

and 1,2-bis(diphenylphosphino)ethane in toluene solution 

were stirred together at room temperature. Decomposition 

took place over 30 minutes and products other than triethyl-

phosphine and hexaphenyldigermane were not identified. 

Potassium cyanide (2 mols •. ) reacted with a suspension 

of the complex in ethanol. A white precipitate of " . 

K2 [(Ph
3
Ge)

2
Pd(CN) 2] was formed. The triethylphosphine liberated 
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was characterised by reaction with methyl iodide giving 

methyltriethylphosphonium iodide. 

Addition of tetramethylammonium bromide (2 mols.) in 

methanol to a suspension of dipotassium bis(triphenylgermyl}-

palladium dicyanide gave a solution from which a low yield of 

cooling the solution. The thermal stability of the potassium 

salt K
2 

[ (Ph
3

Ge)
2

Pd(CN)
2

] is greater than that of the original 

complex, (Et
3

P)
2

Pd(GePh
3

)
2

, as indicated by the decomposition 

0 0 0 0 
ranges, 112 - 120 and 97 - 107 respectively. 

Booth and Chatt have studied the reactions of organoplatinum 

complexes (Et
3

P)
2
PtR

2 
( R = Me, Ph) with carbon monoxide, but 

products were isolable only in the case of the dimethyl complex 

(161). Biacetyl , (MeC0) 2 and a novel platinum carb~nyl complex 

[Pt3(co)n(PEt3 )~] (n = 3 or~) which contained only bri~ng 
-1 carbonyl groups ( 'll-(CO) 1766, 1773sh, em . ) were obtained. 

Carbon monoxide at 70 atmospheres reacted ~ith (Et
3

P) 2-

Pd(GePh3)2 in benzene solution over 5 days at 20°. The 

products were hexaphenyldigermane (8~~) and a burgundy-red 

solution. On removal of the solvent a brown oil remained 

from which crystals could not be obtained. The infrared 
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spectru1n of the oil showed characteristic triethylphosphine 

absorptionsand 5 carbonyl bands. Aromatic C-H was absent. 

Hydrogenolysis of platinum-germanium complexes has been 

studied in considerable detail (1021 106). The platinum 

complex (Et
3

P)
2

Pt(GePh
3

)
2 

in ethyl acetate reacted with 

hydrogen at room temperature and 20 mm. pressure. Only 

one Pt-Ge bond was cleaved and the products were triphenylgermane 

The low value of the Pt-H stretching 

frequency (2051 cm71 ) indicated that the group trans to 

hydrogen had a high trans effect. Furthermore the tri-n-

-1 propylphosphine analogue showed i(Pt-H) 1957 em. and the 

large difference suggests that one complex ~as of cis configuration 

and the other trans. 

The chelate .Platinum-germanium complex, (Ph2PCH2CH2PPh2)

Pt(GePh3)2 and the palladium-germanium complex (Et
3

P)
2

Pd(GePh
3

)2 

can ~e effectively hydrogenated only at a higher pressure. 

(Ph
2

PCH2CH
2

PPh
2

)Ft(GePh
3

)2 was recovered after st~rring 

a suspension in xylene for 3 weeks in hydrogen at a pressure 

o~ just below 1 atmosph~re (16~). However, in benzene solution 

the complex reacted with hydrogen at 100 ~tmospheres over three 

0 
days at 50 .• Triphenylgermane and a platinum hydride showing 

-1 i(Ft-H) 1998 em. were obtained, together with a little 
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hexaphenyldigermane. 

(H)GePh
3 

could not be obtained analytically pure, but the 

mass spectrum showed the molecular ion and the following 

calculated (165) and observed masses were recordedl 

Calculated 

895.1L.:96 
896.1L.:67 
897.1469 
898.1463 
899.1L.:68 
900.1467-

Observed 

895.1446 
896.1460 
897.1443 
898.1457 
899.1464 
900.1497 

This establishes without doubt the identity of the ion if 

allowance is made for the fact that the masses were measured 

by comparison with the heptacosafluorotributylamine 

613.96473 peak. 

The passage of hydr~gen through a toluene . solution 

of (Et
3

P)
2

Pd(GePh
3

)2 at 0° at atmospheric pressure for 19 

hours gave 9nly brown tarry material. This did not contain 

triphenylger~ne, indicating that hydrogenation.dic;l not 

preceed decomposition. The complex was hydrogenated at 100 

atmospheres over 7 days givi~g triphenylgermane and the_. 

unstable germyl-hydridopalladium complex, .~Et3P) 2Pd(H)GePh3 
which, as a semi~solid, showed ~(Pd-H) 1890 cm7

1 compa~~d with 

-1 2035 em . for a hexane solution of (Et
3

P) 2Pd(H)Cl. The low 
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value indicates that the Pd-H bond is very weak and the 

instability of this complex could be due to the easy promotion 

of an electron from this bond into an antibonding orbital 

(see page 28 ). 

Recently it has been shown that hydrogenations of this type 

are reversible (16~). Trimethylgermane reacts with 

bis(triethylphosphine)platinum hydridochloride giving hydrogen 

This strongly suggests that the 

first step of the hydrogenation reaction is addition of 

hydrogen to given an octahedral platinum(IV) complex. This 

could explain why forcing conditions are necessary to hydrogenate 

the stereochemistry more rigid chelate phosphine platinum complex, 
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Chapter 8 

Palladium Hydride Complexes 

During the previous investigation, separation by sublimation 

of a mi~ture of triphenylgermane and bis(triethylphosphine)palladium 

dichloride showed evidence that a reaction was taking place giving 

chlorotriphenylgermane and a palladium hydride complex. 

Difficulty experienced in removing excess triphenylgermane resulted 

in decomposition of the palladium hydride. This suggested 

that a study of the reaction of (Et
3

P)
2

PdC1
2 

with trimethylgermane 

would be worthwhile since any germanium-containing products would 

be volatile and easily removed by pumping. 

Methods of preparation of platinum hydride complexes usually 

involve a basic or an acidic environment (29 1 30). Ethanolic 

potassium hydroxide, lithium aluminium hydride, hydrazine hydrate, 

hydrogen (which reacts forming HX) and formic acid have been used. 

One exception to this generalization is the preparation by Chalk 

and Harrod of bis(triethylphosphine)platinum hydridochloride using 

a trialkylsilane as the reducing agent (113b). 

Trimethylgermane reacted with trans-bis(triethylphosphine)

palladium dichloride in periods ranging from 4 to 9 days at 35° 

giving a brown solution from which large colourless crystals of 
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trans-(Et
3
P)

2
Pd(H)Cl were obtained. The analogous bromide 

has been prepared but the reaction took longer (4 weeks at 35°). 

Other products, hydrogen, hexamethyldigermane and a trace 

of palladium metal suggested that the reaction took place by 

a free radical mechanism. 

trans-(Et,P)2PdC12 l+~0Me,GeH (excess) 

trans-(Et
3

P)
2
Pd(H)Cl + H

2 
+ Me

3
GeCl + Me6Ge

2 
+ Pd 

Mechanism·of the reaction 

The first process which takes place is probably 

decomposition of a small amount of the.palladium dichloride 

complex in the presence of the reducing agent, trimethylgermane, 

to give the observed palladium mirror. The ,free radical 

reaction can then be initiated at the metal surface. 

trans-(Et
3

P)
2

PdC1
2 

Pd 

+ Me
3

GeH ---. trace of Pd (1) 

+ Me
3

GeH ____. (Pd-H) + Me
3

Ge" (2) 

Two observations support this proposal. The first is that 

the reaction between bis(triethylphosphine)palladium dichloride 

and trimethylgermane to form the hydridochloride compiex was 

accelerated by the addition of a small quantity of de-gassed 
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palladium black. A large proportion of the hydridochloride 

was then formed after 7 hours at 20° instead of ~ to 9 days 

at 35° in the absence of added palladium. The second observation 

which supports this initiation is that trimethylgermane was 

partly decomposed by palladium black at 20° giving hydrogen 

and hexamethyldigermane. 

Having produced trimethylgermyl radicals, the following 

chain propagation stages could take place if a :proportion 

of the Me
3

Ge radicals escape into the solution. 

(Et
3
P)

2
PdC1

2 + Me
3
Ge • ----+ Me

3
GeCl + (Et

3
P)

2
PdCl 0 (3) 

(Et,P) -;/dCl • . + Me
3

GeH ~ Me
3
Ge• + (Et

3
P) 2Pd(H)Cl (~) 

The formation of hexwnethyldigermane could be accounted 

f6r in tlfO ways 1 

+ (5) 

(6) 

Step (5) is fea1;3ibleonly if it t~es place at the palladium 

surface. If the highly reactive hydrogen radicals were formed 

in solution, a much larger variety of germanium-containing products 

would be e~pectedo Hyd~ogen is probably formed as in step (?), 

again at the metal surface. 
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+ 

In further support of this theory that the reduction of 

(Et
3

P)
2

PdC1
2 

proceeds by a free radical mechanism the reactions 

have been carried out in the presence of a radical initiator and 

also a radical inhibitor. The initiator used was hexaphenylethane 

which exists in solution in equilibrium with triphenylmethyl 

radicals {166) and the inhibitor was 2 1 6~ertiary butyl •4-

methyl phenol (167). The initiated reaction was compl~te after 

0 5 weeks at 20 but the inhibited reaction showed no sign of 

reacting after 4 months under the same conditions of temperature. 

It appears that hexaphenylethane is by no means as effective 

an initiator as palladium black which promoted complete reaction 

within 24 hours at 20°. 

Finally, it has been shown that 9 1 10-dihydroanthracene 

can act as a tree radical trap forming, transiently, 

hydroanthranyl radicals c 14H11• {168, 169). Opinions in the 

literature are divided concerning the nature of the final products. 

Anthracene or 9 1 9 1
1 101 10 1 -tetrahydrobianthranyl, produced 

by coupling of two c 14H11 
• radicals, have been reported. 

R• + C148 12 RH + c14811 
• ~ 

c14H11 
• > H• + c1481o (anthracene) 
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When the reaction between bis(triethylphosphine)palladium 

dichloride and trimethylgermane was repeated in the presence 

of 91 10-dihydroanthracene a greater proportion of hydrogen 

was produced. Anthracene formed lfas isolated by column 

chromatography and hexamethyldigermane was not detected by 

mass spectrometry. 9, 9', 10, 10 1-Tetrahydrobianthranyl 

was not detected. The increased quantity of hydrogen 

formed, and the appearance of anthracene are not in themselves 

evidence to support the radical mechanism since palladium 

metal is an effective dehydrogenation catalyst. However, the 

absence of hexamethyldigermane is significant in that 

trimethylgermyl radicals must preferentially attack the 

hydrocarbon rather than trimethylgermane. 

Preparations 

Trans-bis(triethylphosphine)palladium dichloride reacted 

with trimethylgermane at 35°. A faint palladium mirror was 

the first sign of reaction and then the yellow crystals were 

replaced by colourless prisms of bis(triethylphosphine)palladium 
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hydridochloride. Mixtures which contained palladium 

black reacted more quickly, but this convenience was offset 

by the difficulty of removing the metal. 

The dibromide complex, (Et
3
P)

2
PdBr

2 
reacted more 

slowly than the dichloride with trimethylgermane but a much 

cleaner product was obtained. 

The complexes(Pr~)2PdC12 , ((Et
3

P)PdC1
2

) 
2

, PhMeP(CH·
2

)
2

-

PPhMe.PdBr
2 

and (Ph
3
P)

2
PdC1

2 
did not give isolable hydridohalides. 

The bis(tri-n-propylphosphine)complex gave a brown viscous 

-1· 
oil which showed ~(Pd-H) 2005 em • Other complexes were 

reduced to the metal. The chlorine bridged binuclear complex 

began to decompose as the mixture was warmed to room temperature, 

but the triphenylphosphine complex, which was almost insoluble 

0 in trimethylgermane, gradually blackened over 1 week at 35 • 

Attempts to prepare three different nickel hydrides were 

made. The green tetrahedral complex (Ph
3

P)
2

NiC1
2 

was almost 

insoluble in trimethylgermane and did not form the hydride after 

0 
16 days at 35 • Colourless crystals which.were 'isolated 

were identified as triphenylphosphine, and the other st·arting 

materials were recovered. The complex, (Cp)Ni(PPh
3

)Br 

was soluble.in trimethylgermane at 35° and decomposition took 

place progressively over 6 hours giving a black residue 
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and brown viscous oil 1 .neither of which contained nickel hydride 

species. 

The purple square planar complex, (Et
3

P)
2

NiBr
2 

was freely 

soluble in trimethylgermane at 20° and reacted over 4 days 

at 20° giving a brown solution from which colourless crystals 

were obtained o~ cooling. The nickel containing product \faa 

liquid at room temperature and showed ~(Ni-H) 1937 cm-1• The 

product smelled strongly of triethylphosphine and could not be 

purified. The impure nickel hydride reduced carbon tetrachloride 

to chloroform which was identified by vapour phase chromatography. 

This is an established reaction of transition metal hydrides (127)• 

Trialkylsilanes have been used to reduce platinum dihalide 

complexes giving platinum hydridohalides (113b) and at first-

sight this seems analogous to the reduction of palladium dihalides 

by trimethylgermane. The analogy is quickly dispelled, however, 

since that reaction was considered to proceed via oxidative 

addition of trialkylsilane to form an octahedral platinum(IV) 

complex which eliminated halotrialkylsilane giving the 

palladium hydridohalide. 

Reduction of (Et
3
P) 2PdC1

2 
by trimethylsilane was attempted. 

Obvious advantages would be that trimethylsilane is much more 

readily available and less expensive than trimethylgermane. 
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However, up to the present time it has not been possible to 

prepare a useful quantity of bis(triethylphosphine)palladium 

hydridochloride by this method. The reaction has been examined 

over a range of temperature conditions and also in a quartz vessel 

with irradiation by ultraviolet light. Individual mixtures 

of bis(triethylphosphinelpalladium dichloride and excess 

trimethylsilane did not appear to change during periods of 1-4 

0 
weeks at temperatures between 20 and 50 • Then in half an 

hour reaction took place giving palladiwn metal and alarming 

volumes of hydrogen. The residue after removal of volatile 

-1 material showed ~(Pd-H) 2033 em • The volatile products 

contained ch~orotrimethylsilane but no hexamethyldisilane. 

One mixture of (Et
3

P)
2
PdC1

2 
and trimethylsilane gave traces of 

0 
colourles~ crystals after 9 months at 20 • 

The tin hydrogen bond is weaker than either the Si-H or 

Ge-H bond so trialkyltin hydrides ought to be much more effective 

than either organosilanes or organogermanes for the reduction 

of palladium dihalide complexes by a free radical mechanism. 

The reaction between triethyltin hydride and bis(triethylphosphine)-

palladium dichloride was investigated. 
0 

After 7 days at 18 

a dark brown viscous oil was obtained which did not contain 

palladium hydride or tin hydride species. Hydrogen gas 
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accounted for all the Sn-H hydrogen. The liquid contained 

triethyltin chloride and hexaethylditin. 

Properties of Palladium Hydrides 

colourless, crystalline solids. The chloride began to decompose 

at 55° in a nitrogen atmosphere and melted over the range 84-

87° (platinum analogue 82-83°). The bromide was somewhat more 

0 0 
stable; it darkened at 64 and melted between 91 and 95 

(platinum analogue 94-97°). Bis(triethylphosphine)palladiwn 

hydridochloride did not decompose in vacuum during 10 months 

0 at 20 • The crystalline complex was sufficiently stable in 

air to allow operations such as weighing to be done rapidly 

without any sign of decomposition. Solutions of the hydrides 

decomposed quiclcly on contact with air at room temperature 

although the bromide was somewhat less reactive than the chloride. 

Infrared Spectra 

The rate of reaction of (Et
3

P)
2

Pd(H)Br was sufficiently low 

to allow measurement of ~(Pd-H) in chloroform solution. The 

values of i(Pd-H) observed were 2929(KBr), 2025(CHC1
3

) and 

-1 2002 em . (hexane). These solvents were chosen since a particular 

transition metal hydride usually shows its highest (M-H) stretching 
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frequency in chloroform and its lowest (M-H) stretching 

frequency in hexane, which is non-polar (127). In the form of 

a KBr disc the (Pd-H) deformation at 712 cm~1 and characteristic 

triethylphosphine absorptions at 1~53s, 1~1~m, 1376m, 1263m, 

-1 
12~8sh, 1052s, 10~2sh, 1001m, 779sh, 765s, 691s and 630m, em. 

were observed. 

Bis(triethylphosphine)palladium hydridochloride showed ~(Pd-H) 

at 2035 (KBr), 2031 (CHC1
3

), 2009 (hexane), 6(Pd-H) 721 (KBr), 

~(Pd-Cl) 338 (Nujol mull) and the triethylphosphine abso~ptions 

mentioned above. 

The iodide complex, (Et
3

P)
2
Pd(H)I which was prepared by 

metathetical replacement of halogen but which was not analytically 

-1 
pure sholfed -1(Pd-H) 200~ em. (KBr). 

Proton Magnetic Resonance 

The proton magnetic resonance spectrum of a 0.3M solution 

of (Et
3

P)
2

Pd(H)Cl in benzene recorded at 60 Mc/s, is shown 

overleaf. The areas of the peaks are not 1n the direct ratios 

shown on the photograph; the signal level was changed from 20 

p.volts to 1 m.volt for the Pd-H resonance and ~00 ,.uvolts for the 

expanded methyl proton resonances. The triethylphosphine proton 

resonances were located at ~8.3 and 8.9 relative to the internal 

standard, tetramethylsilane T,1o. The metal-bonded hydrogen shows 

the expected resonance at very high field, ~' 23.6 having 
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a half height line lddth 3 c.p. s. In contrast \'lith the 

platinum analogue (see page 99), coupling with the metal was 

105 not observed, nor was coupling with phosphorus ( Pd abundance 

22%1 spin 5/2; 31P abundance 100%, spin t>• The hydridobromide 

complex, (Et
3

P)
2

Pd(H)Br showed the Pd-H resonance at l 22.5 

The triethylphosphine resonances provide a simple means 

of determining the stereochemistry of molecules (170 1 171). 

A phenomenon known as virtual coupling has been observed in 

the p.m.r. spectra of tertiary phosphine complexes of platinum(!!) 

and palladium(!!)~ In complexes of trans configuration the 

methyl protons of triethylphosphine can couple with the 

methylene protons and both phosphorus nuclei (see Fig.10). It 

so happens that the coupling constants JCH -CH and 
3 2 

JCH - CH - 31p - 105Pd - 31P are not resolved at 60 Mc/s. 
3 2 

Coupling of the CH
3 

with the CH
2 

protons produces a 1:211 

triplet and each of these lines is further split into a 1&211 

triplet by long range coupling with the two phosphorus nuclei. 

Superimpos~tion of these patterns produces a·1a4:6a4a1 quintet. 

In cis complexes the methyl protons couple with the 

methylene protons and only the adjacent phosphorus nucleus. 
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Each of the 11211 triplet lines produced by CH
3 

- CH
2 

coupling is split by the phosphorus nucleus into a symmetrical 

doublet. This gives as an overall pattern a 2:6:6:2 

quartet. 

The photograph of the actual p.m.r. spectrum sho\'1 the 

higher field (~8.9) methyl proton resonances as a 1:~:6:~11 

quintet if allowance is made for the 'house roofing' effect. 

trans configurations. The methylene proton resonances 

at 'T 8.3 are not well resolved and an analysis has not been 

possible. 

Reactions of Palladium Hydrides 

A few reactions of bis(triethylphosphine)palladium hydrido-

chloride were carried out with the aim of metathetically 

replacing the chlorine ligand. An acetone solution of potassium 

iodide reacted giving the corresponding iodide which could 

not be obtained pure. The infrared spectrum with ~(Pd-H) 

-1 
at the lower value of 200~ em. (KBr) showed the greater trans 

effect of iodine. 

Ammonium nitrate in acetone did not react with the 

hydridochloride complex and starting materials \"lere recovered. 



-13J.i:-

Potassium cyanide in acetone did not react with the 

hydridochloride, possibly because of the low solubility of the 

salt. However, in methanol an interesting series of reactions 

occurred with 2 mols. potassium cyanide. The palladium dicyanide 

complex, trans --(Et
3

P)
2

Pd(CN)
2 

was formed together with 1 mol. 

of hydrogen per mol. of palladium hydridochloride used. Methanol 

must have taken part in the reaction to explain the fornmtion of 

this quantity of hydrogen, but methanol alone did not react 

0 
with (Et

3
P)_

2
Pd(H)Cl over 4 days at 20 • This suggested 

that the hydridochloride complex reacted with potassium cyanide 

giving initially the trans cyanohydride in which the hydrogen 

atom is labilised by the high trans effect of the cyanide ligand. 

The cyanohydride then reacted with methanol giving hydrogen and 

the methoxycyanide which reacted with the second mol. of potassium 

cyanide to form the dicyanide complex, (Et
3

P)
2

Pd(CN)
2

• 

MeOH 
~ 

KCN ~ 

KCN 
)o 

+ KCl 

+ KOMe 
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The p.m.r. spectrum of the dicyanide complex showed a 

1:~:6:~:1 quintet attributable to the CH~ protons of the 
;) 

triethylphosphine 1 igands llt'hich, by the criteria described 

previously, indicates a trans configuration. To support 

this scheme, the reaction between (Et
3

P)
2

Pd(H)Cl and 1 mol. 

of potassium cyanide was carried out in methane~ol solution. 

Sulphur is a much stronger ligand to palladium than is oxygen 

and the methylthiopalladium cyanide complex was isolated. 

KCN 

+ KCl 

MeSH Et3P~/CN 

/"' MeS PEt
3 

· 

+ H2 

This behaviour contrasts with the lower reaetivity 

of the analogous platinum hydridochloride. Potassium cyanide 

in aqueous methanol caused metathetical replacement of the 

chlorine ligand and the stable hydridocyanide, (Et
3

P)
2

Pt(H)CN 

was isolated (29). 
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Dry hydrogen chloride in ethereal solution reacts with 

bis(triethylphosphine)platinum hydridochloride to form an 

octahedral platinum(IV) complex, (Et
3

P) 2PtH2Cl
2 

(29, 139). 

This is sufficiently stable to allow isolation but slowly 

decomposes giving starting materials. Hot aqueous hydrochloric 

acid reacts giving hydrogen and (Et
3

P)
2

PtC1
2

• 

Dry hydrogen chloride in diethyl ether reacted rapidly at 

20° with bis(triethylphosphine)palladium hydridochloride 

cleaving directly the Pd-H bond giving (Et
3

P) 2PdC1
2 

and hydrogen. 

This explains the failure to obtain palladium hydridohalides 

from the reaction of hydrogen halides with tertiary phosphine 

palladium(O) complexes (139). 

Carbon tetrachloride reacted with the palladium hydridochloride 

complex during 5 minutes at 20°. The products were 

bis(triethylphosphine)palladium dichloride and chloroform which 

was identified by vapour phase chromatography. 

Ammonia reacted with (Et
3

P)
2
Pt(H)Cl to form an ionic 

water-soluble salt, [<Et
3

P) 2Pt(H)NH
3 
J Cl (29) • The palladium 

analogue reacted with concentrated ammonia solution giving 

immediately at room temperature a yellow solution, which quickly 

decomposed to a colourless solution over a black residue. 

No hydrogen was formed. Palladium and triethylphosphine oxide 
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(after distillation and sublimation in air) were obtained. 

Ammonium chloride was expected but was not detected, possibly 

on account of the small scale of the reaction. The reaction 

probably proceeds as follows. 

(Et
3

P) 2Pd(H)Cl + NH
3
-+ (CEt

3
P) 2Pd(H)NH

3
] Cl-+2Et

3
P + Pd + NH4:Cl 

(Et
3

P)
2

Pd(H)Br was treated with trimethyltindimethylamine, Me
3

-

Sn.NMe
2 

(1 mol.) in hexane. Although the mixture appeared 

to react and changed from colourless to light bro,rn, only the 

original hydridobromide complex was isolated. The platinum 

hydridochloride complex, trans-(Et
3

P)
2
Pt(H)Cl reacted with 

.f.te
3

sn.NMe2 liberating dimethylamine and forming the platinum

tin complex, (Et
3

P) 2Pt(Cl)(SnMe
3

) • ( 172). More forcing 

conditions were used, and it may be possible to prepare the 

palladium-tin analogue if the mixture is refluxed in a higher 

boiling solvent. 

Reactions with unsaturated compounds, acrylonitrile, 

phenylacetylene, tetrafluoroethylene and butadiene were carried 

out. In several cases the reactions appeared to be more 

complicated than those discussed previously. 

Palladium complexes are good ·free radical polymerisation 

catalysts for unsaturated compounds. For this reason the complex 

(Pb
3

P)
2

Pd (PhCaCPh) could not be prepared by reduction of (Ph
3

P) 2Pd

Cl2 with hydrazine in the presence of diphenylacetylene (66). 
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Acrylonitrile was polymerised by bis(triethylphosphine)-

palladium hydridochloride giving a yellow plastic product. 

This incorporated triethylphosphine groups and left a residue 

of palladium on ignition. 

Phenylacetylene reacted with (Et
3

P) 2Pd(H)Br giving an 

oil from which a small quantity of orange crystals were obtained. 

This compound melted sharply without decomposition and the 

formula which best fitted the analytical data was (C8H6>
7
-

Pd(P.Et3)(H)Cl. The reaction could.not be reproduced when 

an attempt was made to obtain material for further study. 

Tetrafluoroethylene reacted with (Et
3

P) 2Pd(H)Cl at 

room temperature. There was considerable decomposition with 

the formation of palladium metal and a mixture of white and 

yellow crystals was also formed. Chromatography on alumina 

separated the mixture into yellow and white components; the 

The mass 

spectrum of the colourless crystals indicated that they were 

a mixture containing (Et3~) 2Pd~l2 , (Et
3

P)
2

Pd(C2F4 )H and (Et
3

P) 2-

Pd(C3F5)Clo The latter product suggested that the tetrafluoro

ethylene contained hexafluoropropene. The mixture could not 

be separated by further chromatography. Reaction of the 



-139-

platinum hydride, (Et
3

P)
2
Pt(H)Cl with tetrafluoroethylene also 

gave a complexity of products (173) including (Et
3

P) 2Pt(Cl)

CF=CF2 by elimination of HF. 

Butadiene reacted with (Et
3

P) 2Pd(H)Cl giving an orange oil 

.:\ -1 and pale yellow crystals which both showed v(C=C), 1610cm • 

The crystals melted sharply without decomposition, 24-25°. 

Butadiene reacts with cobalt carbonyl hydride, HCo(Co) 4 to give 

two geometrical isomers of rr-crotyltricarbonylcobalt {54). It 

was thought that the reaction of {Et
3

P)
2

Pd(H)Cl with butadiene 

might follow an analogous course to give {Tf-crotyl)Pd{F&t
3
)cl. 

An independent preparation of the latter compound from 

~-crotylpalladium chloride dimer and triethylphosphine 

established that these products were not identical. The mass 

spectrum indicated that the main component of the yellow crystals 

did not contain chlori~e, although a trace of {Et
3

P)
2

PdC1
2 

was detected. Elemental analysis corresponded to an empirical 

The n.m.r. spectrum was examined but was very complicated due 

partly to overlap of the triethylphosphine and the other proton 

resonances. 

It has been shown that n-allyl complexes such as bis 

( T1-allyl)nickel and ( T1-allyl)Ni(PEt
3

)cl bring about trimerisation 
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of butadiene to form cyclododecatriene (174). Biallyl was 

displaced from (~-c3H5 ) 2Ni and intermediate nickel complexes 

were isolated. 

Further reaction with butadiene gave cyclo~odecatriene. 



EXPERIMENTAL 
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Germyl-Palladium Complexes 

A solution of triphenylgermyl-lithiwn in monoglyme was prepared 

from hexaphenyldigermane (9.5 g.) and lithium shot (1.8g). The 

solution was filtered through glass wool and cooled to -20°. 

Bis(triethylphosphine)palladium dibromide (4.1 g.) in a mixture 

of diethyl ether (100 ccs) and benzene (30 ccs) was added dropwise 

with stirring. The colour changed from brown to orange and a 

pale yellow precipitate was formed. The mixture was hydrolysed 

with de-gassed water (50 ccs.) just above 0° to remove excess 

lithium, triphenylgermyl-lithium and precipitated lithium-bromide. 

The yellow solid, bis(triethylphosphine)bis(triphenylgermyl)-

palladium(II) was filtered from the solution. Yield 4.3 g, 55~~. 

0 Purification was by .extraction with toluene at 20 followed by 

filtration, rapid cooling to -20°, dilution with light petroleum 

(b.p. 40-60°) until the mixture became turbid and allowing the 

solid to crystallise overnight at low temperature. (Found 

The crystals decomposed without melting, 96-107°. The 

solution from the filtration was dried over anhydrous magnesium 

sulphate but darkened on standing at -20° and deposited a white 

solid, hexaphenyldigermane. 



Method (2). 

Triphenylgermyl-lithium was prepared from trip~ylgermane 

(?.3g.) and n-butyl-lithium (12.8ccs. 1.87~) in ether (50 ccs.) 

After stirring for 30 minutes, bis(triethylphosphine)palladium 

dichloride (5.0g.) in a mixture of ether (100 ccs.) and benzene 

(50 ccsJ was added droPl'lise at room temperature. A pale yellow 

precipitate was formed and the solution became orange but darkened 

rapidly as the last 10 ccs. of palladium dihalide solution were 

added. The mixture was cooled rapidly to -78°, stirred for 1t 

hours and then filtered. The residue was washed with ether and 

dried. The infrared spectrum, flame and Beilstein tests shol'lled 

that it cont~ined lithium chloride and hexaphenyldigermane (4.ogJo 

The solution from the filtration ,,as hydrolysed with water (50 ccs.) 

and dried over anhydrous magnesium suphate. By.this time the 

solution had become dark brolm. Yellow crystals formed overnight 

0 at -20 • The solution was decanted from the crystals which were 

washed with ether at -78°. The infrared spectrum and decompostion 

range were identical with those of a sample of (Et
3

P)
2

Pd(GePh
3

)
2 

prepared previously. Yield 3e59•t 31~. The solution was treated 

with de-gassed decolorising charcoal which changed the colour 

from dark brown to pale yellow. Removal of the solvent left a 

semi-solid (1.0gJ which consisted largely of hexaphenyldigermane. 



Bis{tri-n-propylphosphine)palladium dichloride (1.6~) in 

ether {?SccsJ was added to a solution of triphenylgermyl-lithiurn 

made from triphenylgerJnane (2.1gJ and n-butyl-lithium (3e35ccs. 

2e01M). The orange solution and precipitate were stirred for 

0 
1 hr. at -40 • Work up similar to that described previously 

gave pale yellow crystals (1.2gJ. (Found c, 65.2; H, 6.6~; 

complex decomposed without melting 86-100°. The analytical 

data suggests that the product was contaminated with 

hexaphenyldigermane {c
36

H
30

Ge2 requires C, 71e1; Ht ~-9~; P, O%). 

Purification by recrystallisation from ether at low temperature 

was attempted but decomposition took place. 

A solution of triphenylgermyl-lithium from hexaphenyldigermane 

{6.4gJ and lithium shot {1.5gJ in monoglyme and filtered through 

glass wool) was added to a suspension of bis(triphenylphosphine)-

palladium dichloride in ether (150 ccsJ and benzene {SO ccsl 

0 
at -20 • The solution, which was grey immediately after the 

addition of Ph
3
GeLi, was treated as before and kept at temperatures 

between -15° and -50° except during hydrolysis and filtration. 
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Only hexaphenyldigermane and a black deposit containing palladiwn 

metal (X-ray fluorescence spectrum) were obtained. 

(~) Bipyridylpalladium dichloride + Ph
3

GeLi. 

Bipyridylpalladium dichloride (3.~gJ in monoglyme (100 ccal 

at -20° was t~eated with a filtered solution of Ph
3

GeLi prepared 

from hexaphenyldigermane (9e5gJ and excess lithiunt shot. The 

mixture was black by the time half of the Ph
3

GeLi had been added. 

Hexaphenyldigerntane was the only pure material isolated. 

Ph
3

GeLi (from hexaphenyldigermane (5.0gJ and excess lithium 

shot) was added to a suspension of the chelate phosphine palladium 

0 dichloride complex (2.6gJ in monoglyme (50 ccsJ at -30 • The 

brown solution was filtered and the residue (O.~gJ consisted largely 

of lithium chloride and hexaphenyldigermane. Benzene (50 ccsJ and 

ether (100 ccsJ were added to the solution which was hydrolysed 

and dried over magnesium sulphate. Solvent was partly removed 

by pumping and hexaphenyldigermane (0.7gJ was filtered off. The 

solution was decolorised with ch~rcoal and brown crystals (0.2gJ 

formed on standing overnight at -20°. The crystals decomposed 

without melting 130-134°. (Found c, 65.~; H, 5e1; P, 6.1. 

Decomposition took place when recrystallisation 



from ether \fas attempted. The mother liquors then yielded starting 

material, (Ph2PCH
2

CH2PPh
2

)PdC12 (o.lg.) and a brown intractable tar. 

(6) (Et
3
P)

2
NiBr2 + Ph

3
GeLi. 

Bis(triethylphosphine)nickel dibromide (1.9gJ in ether (25 ccsJ 

was added to a solution of Ph
3
GeLi made from hexaphenyldigermane 

(5.0gJ and excess lithium. The mixture at -40° rapidly became 

dark brown and the emergent nitrogen smelled strongly of 

triethylphosphine. Solvent was removed after hydrolysis and a 

brolm oil remained which showed ~(Ge-H) 2033 cm-
1

• 

formed by hydrolysis of excess Ph
3
GeLi). Extraction of the 

oil successively with benzene and light petroleum (b.p. 40-60°) 

gave hexaphenyldigermane (O.lg.) and impure starting material 

Triphenylgermyl-lithium, prepared from hexaphenyldigermane 

(5.0gJ and excess lithium shot in monoglyme, was added to a 

suspension of bis(triethylphosphine)nickel dichloride (2.7g~ in 

0 
a mixture of ether (75 ccsJ and benzene (75 ccsJ at -20 • The 

brown solution was hydrolysed and filtered. ~y hexaphenyldigermane 

(1.7gJ and black tarry material were obtained. 
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A solution of bis(trimethylgermyl)mercury (0.9 g., 2.1 m.moles.) 

in benzene was added dro~~ise to a solution of bis(triethylphosphine)-

palladium dichloride (0.85g., 2.1 mmoles) in 60 ccs. benzene-

ether (laS) at -10°. After stirring for 30 minutes at room 

temperature the yellow solution was filtered from the deposit of 

mercury formed. On standing overnight at -20° decomposition 

set in, 5mg. of the binuclear complex [<Et
3

P)PdC12 J 2, identified 

0 
by infrared spectrum and M.p. 235, could be hand sorted from 

the grey deposit of palladium and only brown tar was recovered from 

the solution. 

A mixture of bis(trimethylgermyl)mercury (1.15g., 2.6mmoles) 

and (Et
3

P)
2

PdBr
2 

(1.32g., 2.6 Mnoles) in ether (200 ccs.) 

0 deposited mercury over 2 hours at temperatures between -30 and 

0 -78 • The mercury was removed by filtration. Starting material, 

(Et
3

P)
2

Pd(H)Br on removal of solvent. The infrared spectrum 

shO\ied no evidence for Ge-CH
3 

rock around 810 or Ge-C stretch 

-1 
at 550 em 
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Potassium (0.175g., 4.5 m moles) was dissolved in liquid 

ammonia which had been dried over sodium in a vacuum apparatus. 

Germane (6.2 m moles) was condensed into the trap and the mixture 

was cautiously allO\\'ed to warm to -20° and the blue colour of the 

solution was discharged. The solvent was removed by pumping 

for 5 hours at -78° and 30 minutes at 20° to leave a grey powder, 

in warm benzene (150 ccsJ was added. On stirring the mixture 

for 4 hours with occasional warming to ~0 the solution became 

pale yell0\\' 1 but a grey solid settled out on standing. The solvent 

was removed from the filtered solution and starting material, 

(Et
3

P) 2PtC1
2 

was recovered (1.0g., 91%). 

This reaction was repea~ed and the solution of (Et
3

P) 2PtC12 

and GeH
3

K was heated. At. 60° the mixture began to darken. 

The solution was rapidly cooled to -78° and the solvent was 

removed by pumping at low temperature. Fur~her decomposition 

took place and an intractable black tar was obtained. 

Germyl-lithium was prepared from lithium (14mg., 2m moles) 

and germane (3 m moles) in liquid &nmonia. The solvent was 

removed and the residue became yellow on pumping for 1 hr. at 20°. 

Cis-(Et
3

P)
2

PtC1
2 

(t.og., 2m moles) in benzene was added and the 



-14:8-

mixture was stirred and warmed. Decomposition began at 55° 

and only tarry material was obtained when the solvent was removed. 

Reactions of (Et
3

P) 2Pd(GePh
3

)
2

• 

(12) Pyrolysis. 

Bis(triethylphosphine)bis(triphenylgermyl)palladium(II) 

(0.24:2 g.) was heated in a vacuum apparatus. The colour began 

0 
to change from yello\'1 to pale grey at 97 and was dark charcoal 

0 
grey at 107 • The volatile products were separated by 

fractional condensation and identified as hydrogen (0.9 cc. 

at N.T.P.; mass spectrum), ethylene (4.9 cc. at N.T.P. infrared 

spectrum), benzene (8 mg.) and triethylphosphine <:n mg.} (mass 

spectra). The solid residue was fractionally sublimed and 

gave tetraphenylgermane and hexaphenyldigermane at 140° and 

180° respectively, and these were characterised by their far 

infrared spectra. The bhck residue was Soxhlet extracted with 

benzene and a mixture of tetraphenylgermane and hexaphenyldigermane 

(0.139 g.) was obtained. The black residue ( 32 mg.) consisted 

of finely divided palladium (X-ray fluorescence spectrum). 

( 13) Reaction ldth hydrogen chloride. 

Dry hydrogen chloride was passed through a suspension of 

the complex (0.249 g.) in ether (20 ccsJ at -20°. The 

solvent was removed and a mixture of triphenylgermane and trans-
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characteristic triphenylgermane bands at 318 and 290 cm-1~. 

(Et
3

P) 2PdC12 m.p. 135-136° was obtained by crystallisation from 

light petroleum (b.p. 40-60°). The residue from the mother 

liquors was sublimed at 70°/10-~ mms. The sublimate consisted 

of triphenylgermane with a small amount of palladium hydride 

shO\'Iing HPd-H) 2012 as a shoulder on the Ge-H stretching 

-1 
frequency, 2035 em • The residue which contained chlorotriphenyl-

-1 0 germane, v(Ge-Cl), 378 em. , decomposed at 90 • 

(1~) Triphenylgermane and trans-(Et
3

P)
2

PdC1
2 

A finely ground mixture of Ph
3

GeH and (Et
3

P)
2

PdC12 was 

0 -~ sublimed at 50 /10 mm. The first sublimate consisted of pure 

triphenylgermane but the second fraction showed, in addition 

to -1 
~ (Ge-H), a shoulder at 2011 em • due (Pd-H) stretch in the 

complex (Et
3

P)
2

Pd(H)Cl. The residue showed only(Ge-H)stretch 

-1 in the 2000 em • region so the palladium hydride complex 

sublimed as it 1otas formed. Further sublimation and recrystallisation 

from hexane gave chlorotriphenylgermane, m.p. 112-11~0 • 

(15) (Et
3

P)
2

Pd(GePh
3

)
2 

and 1 1 2-dibromoethane. 

(Et
3

P)
2

Pd(GePh
3

)
2 

(0.107gJ was stirred with 11 2-dibromoethane 

in a vacuum apparatus. Ethylene (~.s~ ccs. at N.T.P., 90%) 

was removed by pumping through a trap at -78° and was identified 

by its infrared spectrum. Excess 1,2-dibromoethane was removed 
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leaving a yellow residue which was extracted with methanol. 

The solution was filtered from white insoluble material which 

was identified by far infrared spectrum as hexaphenyldigermane 

( 10 mg.). 

and colourless bromotriphenylgermane (m.p. 133·5-134.5) crystals 

was obtained from the solution and these were separated by 

hand. They \fere further characterised by their infrared 

spectra. 

(16) (Et
3

P)
2
Pd(GePh

3
)
2 

+ KCNS. 

(Et
3

P
2

Pd(GePh
3

)
2 

(9.5 mg.) in aceton:nfas treated with 

excess potassium thiocyanate in methanol. The mixture was 

stirred at room temperature for 30 minutes but the germaniwu-

palladium complex \fas only partly soluble. The solvent was 

removed by pumping and the residue was washed with water leaving 

starting material (Et
3

P) 2Pd(GePh
3

)2• 

(17) (Et
3

P)
2
Pd(GePh

3
)
2 

+ Ph
2

PCH
2

CH
2

PPh
2
. 

The palladium complex (0.5gJ \fas treated with 1·,,2-biS:diphenyl-

phosphinqethane {0.2gJ in toluene (15 mls.). The precipitate 

which formed was filtered off and recrystallised from toluene 

giving hexaphenyldigermane (0.2g.). The deep red solution darkened 

as the solvent was removed by pumping at 20° and an intractable 

brown oil remained. 
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(Et
3

P) 2Pd(GePh
3

)2 (0.295 gJ in suspension in ethanol was 

treated with potassium cyanide (o.o~gJ dissolved in the minimum 

volume of water. A white precipitate formed as the mixture 

was stirred for ~5 minutes. The precipitate was filtered off, 

washed with ethanol and dried. The solid decomposed without 

melting, 112-120°. (Found c, 5~.6; H, ~.o; N, 3.0; 

K2 [(CN) 2Pd(GePh
3

)
2
] i.e. c38H30Ge2K2N2Pd requires C, 5~.0; H, 3.6; 

N, 3e3%) The infrared spectrum showed ~(CEN) 208~ cm-1• 

and characteristic Ph
3

Ge absorptions at 1~77, 1~25, 107~, 736 

-1 and 699 em • Yield Oe2$g., 96%. The ethanolic filtrate 

containing triethylphosphine was distilled onto excess 

methyl iodide, giving methyltriethylphosphonium iodide after 

removal of excess methyl iodide and ethanol. Yield 0.10~ g., 

6~%. Characterisation was by comparison of the infrared spectrum 

with an authentic sample. The experiment was repeated and the 

potassium complex in suspension in acetone was treated with 2 mols. 

tetramethylanwonium bromide in methanol. A low yield 

(15%) of colourless needles of (Me~N) 2 [ (CN) 2Pd(GePh
3

>2 ] 

was obtained. (Found c, 59.6; H, 5.8. c~6H54Ge~N4Pd requires 

-1 c, 60.4; H, 5o9%). The infared spectrum showed ~(CEN) 2088 em. 

and on recrystallisation from isopropanol, two additional cyanide 

-1 
bands were observed at 2109 and 2123 em • 
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(i) Atmospheric pressure 

A slow stream of hydrogen was bubbled through a solution 

Ext'ensive 

decomposition occurred giving a black residue which did not contain 

triphenylgermane, indicating that hydrogenation probably did not 

preceed decomposition. 

(ii) 100 atmospheres 

0 
for 7 days at 20 at a pressure of 100 atmospheres. A dark green 

solution was obtained which, on removal of solvent, left a 

black residue showing i(Pd-H) 1890 and ~(Ge-H) 2037 cm-
1

• 

0 Repeated extraction with pentane at -20 gave a brown solution from 

which an oil was o~tained. Triphenylgermane sublimed from the oil 

0 
at 50 • The residue \'lhich was i~soluble in pentane had an infrared 

Recrystallisation at 

10\'i temperature \'las attempted but the complex began to decompose. 

(Found C, 57o0; H, 6.0; (Et
3

P)
2

Pd(H)GePhJ i.e. c30H~6GeP2Pd 

requires c, 55.6; ~~ 7o2%) 

The chelate platinum-germanium complex (Ph2PCH2CH2PPh
2

)

Pt(GePh3)2 (0.~ g.), prepared by Dr. Cross, was hydrogenated in 
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benzene (15 ccsJ at 100 atmospheres for 2 days at 20° and 2 days at 50°, 

A clear, colourless solution was obtained which gave a 

white powder on removal of the solvent. The powder was extracted 

with pentane (10 ccsJ giving triphenylgermane (0.15 g.), 

-1 characterised by its infrared spectrum; ~(Ge-H) 2036 em • The 

residue was washed a further 3 times to remove triphenylgermane, 

and recrystallised from benzene. The product showed ~(Pt-H) 

1998 cm-.1 (Nujol Null) and the analytical data given below was 

obtained after repeated recrystallisation from benzene and then 

ethanol. 

Satisfactory accurate mass measurements on the molecular 

ion of the platinum hydride were obtained. 

The complex ( 1.0g.) in benzene (20 ccsJ was treated with carbon 

monoxide at 20° (70 atmospheres) for 6 days. A red solution 

and \'lhite solid were obtained. The solid was filtered off 1 

washed with benzene and identified by infared ·spectrum as 

hexaphenyldigermane (0.49g., 80%). Benzene was removed from 

the solution by pumping at 0° leaving a brown oil which showed 

characteristic triethylphosphine absorpti~ns at 1453, 1412, 

1377, 12601 1038, 998, 764, 735 and carbonyl bands at 2040 1 19601 



192J, 1852 and 1808 -1 
em • The residue was extracted with 

0 
pentan~ and cooled repeatedly to -78 • 

was obtained which slowly decomposed. 

Each time an oil 
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Palladium Hydride Complexes 

Bis(triethylphosphine}palladium dichloride (2.76gJ and 

trimethylgermane (1.8~} sealed in an evacuated tube fitted 

with a break-seal were warmed to 4.0° and the yello\,r crystals 

partly dissolved. After two days a faint palladium mirror \fas 

observed and the solution became progressively more brown. 

• t.n° • • Dur1ng a further tl,ro days at ':tV the yellow pallad1um dichlor1de 

complex was totally replaced by colourless crystals. The tube 

was opened to a vacuum apparatus into which hydrogen (32.8 ccs. 

at N.T.P.} and volatile products were removed leaving a dark 

brown residue. The volatile material \fas examined by mass 

spectrometry and shown to contain chlorotrimethylgermane (Ge-Cl 

pattern with most abundant mass 15~), hexamethyldigermane 

(Ge2 pattern centred on 236 m.u.} and unreacted trimethylgermane. 

Vapour phase chromatography indicated that the liquid mixture 

contained Me
3

GeCl and ~1e6Ge2 in the ratio 1:2.35 using a 

flame ionisation detector. The solid residue was transferred 

quickly in air onto the sintered disc of the apparatus shown 

in Fig.11 and washed with the minimum volume of diethyl ether 

0 
at -78 to wash impurities through the sinter. The solution 

could easily be kept above the sinter or forced through it by 



FIG . II. ~L""""'O:.....;W;...!....__T~E~Mc..:....!..!...P-=E:.:....:R~A'-'-T-=U.._....R-=-E 

FILTRATION APPARATUS 

GRADE 3 
SINTER --+~=~ 



-156-

manipulation of the nitrogen pressures on each side of the sinter. 

Yield of bis(triethylphosphine)palladium hydridochloride 1.7 g., 

0 The crystals began to decompose at 55 and melted 

0 
over the range 84-87 • 

One reaction was stopped after the mixture had become brown 

but before the yellow crystals of (Et
3

P)
2

Pd(H)Cl had been 

completely replaced by colourless palladium hydride complex. A 

mixture of crystals remained, therefore, after removal of the 

volatile products and laborious hand sorting was necessary to 

obtain pure hydride. 

(2) (Et
3

P)
2

PdC1
2

, Me
3

GeH and palladium black 

(Et
3

P) 2PdCI
2 

( 1.0g.), trimethylgermane ( 1.l.l-g.) and palladium 

black (0.1g.) which had been heated and pumped for l.i- hours (80°/10-l.l-~. 

were sealed in an evacuated tube. After ? hours at room 

temperature the yellow dichloride complex had not completely 

dissolved but colourless crystals formed when the solution was 

decanted and cooled to -20°. The reaction was complete after 

2l.i- hours at 18°. Volatile products were removed by pumping. 

The hydridochloride complex was dissolved in diethyl ether (15 cc&) 1 

filtered through a sintered disc (porosity 3) to remove palladium 

metal and crystallised on cooling to -l.i-0°. 
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(3) Trimethylgermane and palladium black 

Trimethylgermane (0.8gJ and de-gassed palladium black 

(88 mg.) were sealed in an evacuated tube. After~ days at 20° 1 

permanent gas was removed and identified as hydrogen (mass 

spectrum). The mass spectrum of the liquid product showed 

that hexamethyldigermane was present. (The Ge
2 

isotope 

pattern was observed having the most abundant isotope combination 

at 236 mass units, due to the molecular ion Me6Ge2• 

ion was also observed having most abundant mass 221.) 

(~) Preparation of (Et
3

P)
2
Pd(H)Br 

Bis(triethylphosphine)p~lladium dibromide (1.5gJ, trimethyl-

germane (2.2gJ and de-gassed palladium black were sealed together 

in an evacuated tube. 0 After 1 day at ~5 the yellow crystals 

had been completely replaced by large colourless crystals of 

bis(triethylphosphine)palladium hydridobromide. Volatile 

products were removed by pumping and the crystals were washed 

with ether on a sinter at -78° (Fig.11). The best crystals 

were selected for analysis and the last traces of palladium 

were removed mechanically. (Found c, 3~.2; H, 6.9~. c12u
31

Br2P2Pd 

requires C1 3~.0; H, 7•3%). Yield of crude product 1.2g., 95%. 

The reaction between bis(triethylphosphine)palladium 

dibromide and trimethylgermane in the absence of palladium black 
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took place much more slowly. It was complete after ~ weeks 

at 35° giving the hydridobromide crystals as large, highly 

refracting crystals. The inconvenience of the long reaction 

time was offset to some extent by the fact that by far the 

cleanest products were obtained from these reactions. 

Bis(triethylphosphine)palladium dichloride (1.0g., 2.~ mmoles), 

hexaphenylethane (0.2~g., 0.5 mmole) and trimethylgermane (2.2g.) 

were sealed together in vacuum. The initiator completely 

dissolved in the solvent at room temperature. After 3 weeks 

at 18° the first colourless crystals of (Et
3

P)
2

Pd(H)Cl had 

formed. and the reaction was complete after 5 \'leeks. Concurrently, 

a tube was sealed containing 

trimethylgermane, (2.2gJ and 

(Et
3

P) 2PdC1
2 

(1.0g., 2.~ m moles), 

d' 
~-methyl-2 1 6~tertiary butyl phenol 

(0.11g., 0.5 mmole). The two tubes were kept under identical 

temperature conditions and this tube containing inhibitor 

showed no sign of reaction after 15 weeks at room temperature. 

Bis(triethylphosphine)palladiwn dichloride (2.0g.) 1 

trimethylgermane (~.8g.) and 91 10-dihydroanthracene (0.3gJ were 

sealed in an evacuated tube. The reaction had gone to 
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completion after 2 days at 20°. A large volume (192.3 ccs. at 

N.T.P.) of hydrogen was formed (identified by mass spectrum). The 

mass spectrum of the volatile products indicated that chlorotrimethyl-

germane and unreacted trimethylgermane were present. Hexamethyl-

digermane was not detected. The residue was transferred to a 

sintered disc at -78° and washed repeatedly with ethanol at -78° 

until infrared examination of the residue showed that anthracene 

and dihydroanthracene were no longer present. The colourless 

crystals remaining on the sinter were palladiun1 hydridochloride 

complex. The residue from the filtrate was chromatographed on 

alumina using light petroleum (b.p. 40-60°) follo\ted by benzene 

as eluents. Anthracene, identified by its ultraviolet spectrum 

( A 245 ( sh) and 253mLl ) and dihydroanthracene were recovered 
max r· 

in combined yield 0.21go 

Bis(triethylphosphine)palladium dichloride (3.0gJ was sealed 

in an evacuated tube with trimethylsilane (2.5gj in which it \'las 

almost insoluble. The tube was heated to 40° for 1 week with no 

obvious change but after a further 2 days at 60° the mixture became 

black as the palladium dichloride complex dissolved and reacted. 

Volatile products were removed by pumping. Hydrogen (101 ccs. at 

N.T.P.) was identified by mass spectrum. The vapour which condensed 
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at -196° contained chlorotrimethylsilane and unreacted 

trimethylsilane but no hexamethyldisilane. (The mass spectrum 

showed the Me
3
SiCl isotope pattern at 108, 109 and 110 mass units 

and the Me
2
SiCl pattern at 93, 9~ and 95 mass units.) A black 

residue remained which showed -1 
~(Pd-H) 2033 em • An attempt 

to isolate (Et
3

P) 2Pd(H)Cl by fractional sublimation at ~0/10-5mm. 

was not successful and led to further decomposition. 

A mixture of (Et
3

P) 2PdC1
2 

and Me
3

SiH which had been kept 

at 20° for ~ weeks was heated to ~5° for 2 hours without change 

but during the next 30 minutes extensive decomposition occurred 

giving a similar mixture of products. A tube containing 

(Et
3

P) 2PdC12 (0.5~) and excess trimethylsilane gave a slight 

palladium mirror inside the tube after ~ months at 18° and the 

first colourless crystals of (Et
3

P)-2Pd(H)Cl were observed after 

0 9 months at 18 • 

Bis(triethylphosphine)palladium dichloride (0.5gJ and 

triethyltin hydride (~.3g., 21m moles) were .sealed together. 

0 During 1 weeks at 18 the yellow crystals almost completely 

dissolved to give a viscous solution which darkened progressively 

from yellolt to brown. Hydrogen (230e5 ccs. at N.T.P., 10•3 m moles), 

which accounted for all the hydridic hydrogen, was removed. 
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The solution was s~parated from the dark semi-solid by pipette. 

The mass spectrum of the liquid showed the ion patterns of 

diethyltin chloride and hexaethylditin with most abundant peaks 

at 213 and ~12 m.u. respectively. (the molecular ion Et
3
snCl 

was obscured). The infrared spectra of both liquid and solid 

products indicated that tin hydride and palladium hydride species 

were not present. 

Bis(triphenylphosphine)palladium dichloride (2.0gJ and 

excess trimethylgermane l'lere sealed together. The solid 

was almost insoluble in trimethylgermane and darkened progressively 

at 35° until after 1 week it was black. Hydrogen (62.6 ccs. 

at N.T.P.) and voltatile products (chlorotrimethylgermane and 

trimethylgermane, identified by mass spectra) were separated 

leaving the black solid, the infrared spectrum of which did not 

show a Pd-H stretching frequency. 

The reaction was repeated in the presence of de-gassed 

palladium black. Decomposition again took place and the 

palladium hydride was not formed. 

11 2-bis(methylphenylphosphino)ethane palladiwn dibromide 

(1.0gJ, palladium black (0.1gJ and trimethylgermane (1.2gJ were 

sealed together. After 1 \'leek 
0 0 

at 20 and 1 week at ~5 the 
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mixture had changed colour from yellow to deep red. Hydrogen 

(63.8 ccs. at N.T.P.) \~7as removed. The colour of the residue 

changed back to yell0\17 on removal of the volatile products 

and only palladium and the original dibromide complex were 

obtained. 

(11) ((Et
3

P)PdC12 ] 2 and Me
3

GeH 

A solution of the bridged binuclear complex [<Et
3

P)PdC1
2

] 2 

(1.7gJ in trimethylgermane (1 ccJ darkened immediately at 20°. 

After 2 days hydrogen (256 ccs. at N.T.P.) and volatile products 

were removed. The black residue did not contain palladium 

hydride species. 

(12) (Pr~) 2PdC12 , Me
3

GeH and palladium black 

Bis(tri-n-propylphosphine)palladium dichloride (1.0gJ, 

trimethylgermane (0.9gJ and palladium black (0.1gJ were 

sealed together. During 2 days at 20° a dark brown visceus' 

solution was obtained. Hydrogen (~1 ccs. at N.T.P.) and volatile 

products were separated leaving the impure hydride (Pr~) 2Pd(H)Cl 
as a brown oil. The infared spectrum in hexane solution sho,,red 

( 
-1 

~ Pd-H) 2005 em • Purification by lo\,r temperature crystallisation 

from ether solution was attempted, but was unsuccessful and 

decomposition occurred. 



Bis(triethylphosphine)nickel bromide (1.ogJ and trimethylgermane 

(1.0 cc.) changed colour from red to brown during 4 days at 

room temperature. Large, almost colourless crystals formed on 

cooling the solution to -20°. Volatile products were separated 

and identified by mass spectrometry as hydrogen (16.2 ccs at N.T.P.) 1 

chlorotrimethylgerrnane and unreacted trimethylgermane. 

Hexamethyldigermane was not detected. Extraction with light 

petroleum (b.p. 4o-60°) and cooling to -78° gave light brown 

crystals which were recrystallised from petroleum at low 

temperature. The crystals melted at room temperature and 

decomposed to a dark brown liquid which smelled strongly of 

triethylphosphine. The infrared spectrum of the liquid shm~ed 

-1 
~(Ni-H) 1937 ern· (contact film). Carbon tetrachloride was 

0 
added to the light brown crystals and after 24 hours at 18 the 

volatile products were removed by pumping. Vapour phase 

chromatography of the liquid using 1~~ apiezon L suspended 

on celite in 5 foot columns at 65° showed that it contained 

chloroform. 

The tetrahedral complex, bis(triphenylphosphine)nickel 

dichloride (0.5 gJ and trimethylgermane (2.3g.) were sealed together 

0 
and heated to 35 for 2 weeks. After that time a small amount of 
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CQlQurless crystals formed on cooling the solution. No hydrogen 

was formed. The colourless crystals were separated and identified 

as triphenylphosphine (infrared spectrum). Other than this, only 

unreacted trimethylgermane and bis(triphenylphosphine)nickel 

dichloride were isolated. 

Reactions of (Et
3

P)
2

Pd(H)Cl and (Et
3

P)
2

Pd(H)Br 

(15) (Et
3

P)
2

Pd(H)Cl + KI 

Bis(triethylphosphine)palladium hydridochloride (52 mg.) a 

2-fold excess of potassium iodide (4.4 mg.) and acetone (2 ccsJ 

\fere sealed in an evacuated tube. A flocculent yellow precipitate 

and a small amount of grey material \'lere rapidly formed at room 

temperature. Hydrogen (0.31 cc. at N.T.P.) and acetone were 

removed. The infrared spectrum of the crude solid product sho\fed 

-1 HPd-H) at 2004 em. (JCBr disc). Extraction of the solid with 

pentane at -30° followed by filtration and cooling to -78° gave 

colourless crystals of ·bis(triethylphosphine)palladium hydridoiodide 

0 -4 
which were washed with cold pentane and pumped at -20 /10 mm. 

for 3 hours. 

30.6; H, 6.6Mb). 

(16) (Et
3

P)
2

Pd(H)Cl + NH
4

No
3 

The hydride complex (50.6 mg.) ammonium nitrate (21.1 mg.) 

and acetone (2 ccs.) were sealed together. After 1 week at room 
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temperature volatile products were removed leaving a semi-

solid. Only the original complex, (Et
3
P)

2
Pd(H)Cl was isolated 

on extraction with pentane. 

(17) (Et
3

P)
2
Pd(H)Cl and methanol 

(Et
3

P)
2
Pd(H)Cl (0.22g.) was treated with methanol (1.5 ccs.) 

0 for 4 days at 18 o A negligible volume of hydrogen was formed 

(0.08 cc. at N.T.Po) and methanol was removed leaving the original 

hydridochloride complex (0.20 g., 91%). 

Bis(triethylphosphine)palladium hydridochloride (0.205ge, 

0.542 m mole), potassium cyanide (70 mg., 1.08 m mole) and 

methanol (1.0 cc.) were sealed together. At room temperature 

the solution rapidly became yellow and then changed to colourless 

as a white precipitate formed. Hydrogen (11.2 ccs. at N.T.P.) 

0.50 m mole) and methanol were removed by pumping. The residue 

was extracted with benzene and yielded bis(triethylphosphine)-

palladium dicyanide which was recrystallised from a mixture of 

0 propanol and pentane at -30 • 

-1 ( 2128 em , benzene solution). 

(Found C1 42.6; H1 7.45; N1 7o12; 

The proton magnetic resonance 

spectrum showed a 1:4:6a4:1 quintet attributable to coupling 

of the CH
3 

protons with the methylene protons and virtual 

coupling with the b1o 
31P nuclei (see Fig.10) 1 indicating that the 

complex had trans configuration. 
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(19) (Et
3
P)

2
Pd(H)Cl, potassium cyanide and methanethiol 

(Et
3
P)

2
Pd(H)Cl (0.187 g., 0.49 m mole), potassium cyanide 

(32 mg., o.49 m mole) and methanethiol (1.5 cc.) were sealed 

in an evacuated tube. At room temperature the solution rapidly 

became yellow and_a grey precipitate formed. Hydrogen (9.89 

ccs. at N.T.P •. 0.44 m mole) and excess methanethiol were removed. 

The residue was extracted with pentane and yellow crystals of 

bis(triethylphosphine)methylthiopalladium cyanide (0.13g., 63%) 

were obtained on cooling the solution to -50°. (Found c, 40.6, 

H, 7•7; N, 3•7• (Et
3

P) 2Pd(SMe)CN, i.e. c14H
33

NP2PdS requires 

c, 40.5; H, 7e9; N, 3.~%). 

(20) (Et
3

P)
2

Pd(H)Cl and carbon tetrachloride 

The complex (51 mg.) and carbon tetrachloride (0.2 cc.) 

reacted during 5 minutes at 20° giving a yellow solution. No 

hydrogen was formed. The volatile products were examined by 

v.p.c. and shown to contain chloroform (0.136 m mole, 63%). 

Extraction of the residue with ethanol gave bis(triethylphosphine)-

palladium dichloride (49 mg., 88~) m.p. 139-139.5°. 

(21) (Et
3

P) 2Pd(H)Cl and hydrogen chloride 

(Et
3

P) 2Pd(H)Cl (8~ mg.) was sealed in vacuum with excess 

dry hydrogen chloride in ether. The solution rapidly became yellow 
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at room temperature. Hydrogen {4.47 ccs. at N.T.P., 91%) 

and solvent were removed. The solid product 111as recrystallised 

from ethanol giving (Et
3

P) 2PdC12 , m.p. 139° (73 mg., 80%). 

(22) (Et
3

P)
2

Pd(H)Cl and aqueous ammonia 

The hydride complex {51 mg.) and 0.880 ammonia (2.0 ccs.) 

gave a yellow solution at room temperature 111hich then decomposed. 

After 12 hrs. there was a colourless solution above a black 

metallic residue. No hydrogen was formed. The solution 

was distilled to low volume in air and the residue was heated 

after it had been pumped to remove final traces of water. \•lhite 

crystals of triethylphosphine oxide {identified by infrared 

spectrum) sublimed. Ammonium chloride was expected but was not 

detected. 

The hydridobromide complex {0.6 g.) was sealed in a tube with 

trimethyltindimethylamine (0.25g.) and pentane {5 ccs.). The 

mixture appeared to have reacted;. during 10 minutes at 20° giving 

a brown solution and pale cream crystals but only the original 

hydridobromide complex {0.55 g.) remained on removal of the solvent. 

The hydridochloride complex {50.8 mg.) was sealed with 

0 
acrylonitrile (2.0 ccs.) and after 14 hours at 20 a pale yellow 

precipitate was observed. The only volatile product was unreacted 
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acrylonitrile (0.16g.) identified by v.p.c. A yello,., plastic 

remained which was Soxhlet extracted with pentane and then 

benzene. A grey solid (2 mg.)was obtained which was infrared 

inactive and which contained palladium. 

of the yellow plastic showed ~(C=N) 2237 

left a residue of palladium. 

(25) (Et
3

P) 2Pd(H)Cl and phenylacetylene. 

The infrared spectrum 

-1 
em • Ignition 

The hydridochloride complex (51.3 mg.) was sealed in a 

tube with phenylacetylene (0.6 cc.) Removal of volatile 

material (phenylacetylene only) from the brown solution left 

an orange oil. The infared spectrum showed characteristic 

triethylphosphine bands and phenylacetylene absorptions 

including ~(c:c) 2105 cm-
1

• Extraction with light petroleum 

(b.p. 40-60°) and cooling of the solution to -30° gave a small 

amount of orange crystalline material, rn.p. 69-70° without 

decomposition. Found, c, 77.8; H, 6.21% and a satisfactory 

formulation has not been made. The Beilstein test for halogen 

was positive and the crystals left a residue of palladium on 

ignition. The infiared spectrum showed that triethylphosphine 

was present. The reaction was not reproducible \~rhen attempts 

were made to repeat the reaction to obtain material for further 

study. A brown oil was obtained and efforts to induce crystallisation 

from various solvents, light petroleum, methylcyclohexane, ethanol 
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and methanol were not successful. 

(26) (Et
3

P)
2

Pd(H)Cl and tetrafluoroethylene 

The hydridochloride complex (0.38g.), tetrafluoroethylene 

(0.5 g.) and pentane (3.0 ccs.) were sealed together in a 

250 ml. bulb. After 2 days at 20° considerable decomposition 

had occurred giving palladium metal and a mixture of white and 

yell0l1T crystals was observed inside the bulb. Hydrogen 

(3.6 ccs. at N.T.P.) was removed. Crystallisation from pentane 

at -78° gave a mixture of crystals (0.2gJ. The yell0\1T crystals 

were separated by hand sorting and identified as (Et
3

P) 2PdCl2• 

The remainder was chromatographed on alumina using benzene-

pentane 1:1 as eluent. Yellow crystals and a colourless 

fraction (0.16g.) were obtained. The mass spectrum indicated 

that the colourless fraction was a mixture. The following 

ions were identified: (Et
3

P)
2

PdC1
2 

(PdC1
2 

isotope pattern with 

most abundant mass ~1~),(Et3P) 2PdC2F~H (Pd isotope pattern 

with most abundant mass ~~3) 1 (Et3P) 2PdClC3F~ (PdCl pattern, 

~91) and (Et
3

P)
2

PdClC
3

F
5 

(PdCl pattern 510). Chromatography 

of the colourless crystals did no~ give a further separation. 

The hydride complex (2.0g.) was sealed in a tube with 

butadiene (2.3QJ. The solution slowly became yellow at room 

temperature. No hydrogen was obtained from this reaction but 
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in other cases hydrogen has been obtained accounting for up 

to 11% of the hydridic hydrogen. Excess butadiene l\'as removed 

leaving a yellow oil. Fractional crystallisation from pentane 

at low temperature gave first a yellm\' oil and then pale yellow 

0 
crystals, m.p. 2~-25 • The infrared spectrum sho\\'ed 

-1 triethylphosphine absorptions and iC=C, 16~ em • The mass 

spectrum showed a minute trace of (Et
3

P)
2

PdC1
2 

as the only 

chlorine containing component. Ions having the palladium 

isotope pattern with most abundant masses at 332 1 278 and 22~ 

respectively. Found C, ~9.~; H, 8o97; P, 12.6%. If the 

crystals do not contain chlorine, this leads to an empirical 

The p.m.r. spectrum was too complicated for interpretation due 

to overlapping of the triethylphosphine and other protons. 
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Experimental Methods 

Nitrogen. All operations on air-sensitive compounds were carried 

out in an atmosphere of dry oxygen-free nitrogen. Commercial 

nitrogen was passed through copper turnings at 4.oo0 
to remove 

oxygen. and through a column containing molecular sieve and then 

a spiral trap at -196° to remove water. 

Solvents. Hydrocarbon solvents, benzene, toluene, light petroleum, 

methylcyclohexane and also diethyl ether were dried by standing 

over sodium wire for 1 week. Methanol was refluxed with, and 

then distilled from magnesium .methoxide immediately before use. 

Tetrahydrofuran and 1,2-dimethoxyethane were distilled from 

potassium and benzophenone and then from lithium aluminium 

hydride before use. 

Analyses. Carbon, hydrogen, phosphorus and nitrogen analyses 

were carried out in the microanalytical laboratory of Durham 

University or by Drs. \feiler and Strauss, Banbury Road, Oxford. 

Infrared Spectra in the region 2.5-25JU were recorded on a Grubb

Parsons Spectromaster or G.s. 2A. Spectrophotometer. Solids 

'"ere examined as pressed discs in KBr or KI or as Nujol ~lulls. 

Liquids l'iere examined as contact films bet\'leen KBr plates. A 

Grubb-Parsons DM2.spectrophotometer was used to examine the 

region 20-5~ • Solids were examined as Nujol Mulls between 

Csi plates protected by thin polythene. 
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Proton Nagnetic Resonance spectra were recorded, usually in 

benzene solution, on a Perkin-Elmer R10 spectrometer. 

Preparation of Starting Materials 

(1) Bis(triethylphosphine)palladium dichloride (175) Triethylphosphine 

( 16.5 g. , o. 14: mole) was added dropl'lise w·i th stirring to a 

0.07 mole) in water (500 ccs.). The yello\t precipitate was 

filtered off and recrystallised from ethanol containing a 

little triethylphosphine. 
0 

Yield 23.8 g., 82%. M.p. 139 • 

Other phosphine palladium halide complexes were prepared similarly. 

(2) Hexaphenyldigermane (79) Phenylmagnesiuan bromide was prepared 

from bromobenzene (886 g., 4:.1 moles) and magnesium (155g., 6.5 

moles) in 2•5 litres of diethyl ether. Germanium tetrachloride 

( 100 9•, o.47 mole) in toluene ( 1 litre) was added slO\dy 

to the Grignard reagent in the presence of free magnesium. The 

solid was filtered off in air and washed with dilute acetic acid 

to destroy magnesium. The hexaphenyldigermane was purified 

by Soxhlet extraction with chloroform. Yield 93.8 g., 66%. 

(3) Bromotriphenylgermane. Bromine (10.0g., 0.063 mole) was added 

dropwise with stirring to a solution of hexaphenyldigermane 

(38 g.·, 0.063 mole) in 1, 2-dibromoethane (250 ccs.) at reflux 

temperature. The solvent \'las removed by distillation and the 

product \'Tas reduced without purification. 
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(~) Triphenylgermane (176) The crude bromotriphenylgermane, dissolved 

in ether and benzene (1:1; ~00 ccsJ, was added to lithium aluminium 

hydride (5g.) in ether (500 ccs.). The mixture was refluxed 

for 2 hours and then hydrolysed \d th 2N sulphuric acid. 

Triphenylgermane was separated by ether extraction and purified 

by vacuum distillation (1~0-1~7°/10-3mm.) and recrystallisation 

from light petroleum (b.p. ~0-60°). 

(5) Triphenylgermyl-lithium (a) (86) Hexaphenyldigermane (10.0g~ 

was added to freshly prepared lithium shot (5g.) in thoroughly 

dry apparatus. The crystals were moistened with 1,2-dimethoxyethane 

(monoglyme) and the appearance of a yellow colour was awaited. 

The mixture was then stirred slowly and monoglyme was added (up to 

20 ccs.) as the colour of the solution deepened. The reaction was 

deemed complete when no crystals settled to the bottom of the solution 

on standing. Reaction times varied from 3 to15 hours. Yields of 

Ph
3

GeLi were assumed to vary between 70% and 6o% respectively, to allow 

for any loss by reaction with the solvent. 

filtered through glass wool before use. 

The solution \•tas 

(b) ( 177). Triphenylgermane (7.3g., 0.02~ mole) \tas dissolved in 

ether (SO ccs.) and the solution \.ras cooled to 0°. n-Butyl-

lithium (0.02~ mole) in hexane was added dropwise and the mixture was 

stirred at room temperature for 30 minutes to ensure complete reaction. 

A yield of 95~' was assumed. 
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{6) Tetramethylgermane. Methylmagnesium bromide was prepared 

from magnesium {120 g., lj,.9 moles) and methyl bromide (380g., lj,.O 

moles) in di-n-butyl ether. The mixture was cooled in ice-

water during the addition of the halide and then refluxed for 

3 hours. Germanium tetrachloride (150 g., 0.70 mole) in 200 

ccs. di-n-butyl ether was added dropwise and the mixture was 

maintained at 60° for a further 3 hours. The fraction containing 

Melj,Ge was distilled from the mixture without hydrolysis, and the 

product was separated from di-n-butyl ether by fractionation. 

{7) Bromotrimethylgermane. Tetramethylgermane (76g., 0.58 mole) 

was sealed in a tube with excess bromine {115g., 0·72 mole). After 

1 week at 20° the mixture was fractionated giving first bromine 

0 then Me
3

GeBr, b.p. 114 • Final traces of bromine were removed 

by shaking the product with mercury. Yield l02g., 89~6. 

(8) Trimethylgermane. Dioxane was dried by refluxing with sodium 

and distilled on to lithium aluminium hydride (3.0g.) 

Bromotrimethylgermane (lj,5g.) was added dropwise and the apparatus 

was arranged so that dioxane refluxed and trimethylgermane distilled 

0 as it was formed into a flask at -78 • Yield 22.4g., 83%. The 

product was separated from dioxane by passage through two traps 

at -78° and ~ondensation at -196° in a vacuum apparatus. 
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(9) Bis(trimethylgermyl)mercuryo(178) Sodium amalgam, 

prepared from mercury (230g.) and sodium (1.15g., o.osg.atom), 

was shaken for three weeks in a sealed flask with cyclohexane 

(20 ccs.) and bromotrimethylgermane (9,7g., 0.0~9 mole). 

The organic layer was extracted with cyclohexane and filtered 

from mercury. Solvent was removed by pumping and the yellow 

product was purified by sublimation at 83°/10-2mm. Yield 
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APPENDIX 

Diphenylphosphino-organogermanes 

The object of this work was to study the preparation 

and properties of compounds in which germaniwn is bonded to 

phosphorus and to prepare tetrakis(diphenylphosphino)germane, 

Introduction 

All of the group (IVb) elements form covalent bonds to 

phosphorus in compounds of the type R
3

M.PR2 and R
2
M.(PR2) 2 

(M = Si (179, 180), Ge, Sn (180, 181, 182) and Pb (179). 

Three methods of preparation have been used: 

(1) R
3

MC1 + R2PLi )I R l·1PR 1 

3 2 + LiCl 

(2) R
3

MLi + R1 PC1 2 . ~ R3M.PR2 + LiCl 

(3) R
3

1'1Cl + R2PH + Et
3

N --+ a3M.PR2 + Et
3

N.HC1 

The first method has been used to prepare a variety of silicon 

phosphorus compounds in ethereal solution (179, 180). 

Me
3

SiC1 + Et
2
PLi 

Me2SiC12 + 2Et
2

PLi 

__ _,.,. Me
3
si,PEt

2 
+ LiCl 

--~)1~ Me2Si(PEt
2

) 2 + 2LiC1 

Sodium diphenylphosphide has been used successfully, instead of 

lithium diethylphosphide. 

+ + NaCl 
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The reaction of silicon tetrachloride with lithium-

diethylphosphide (1z~) showed the complication that tetraethyl-

diphosphine was formed in addition to tetrakis(diethylphosphino)-

silane. 

Partially substituted halophosphinosilanes have been 

isolated by reaction of halosilanes with less than the amount of 

lithium dimethylphosphide required for complete replacement 

of the halogens (179). 

Me
2

SiC1
2 

+ Et
2

PLi 

SiC!~ + nMe2PLi --~ 

~1e2Si(Cl)PEt2 + LiCl 

Si(Cl),_ (PMe
2

) + nLiCl 
~-n n 

n = 1-3 

This type of reaction has been used to prepare 

triethylgermyldiphenylphosphine from bromotriethylgermane and 

lithium diphenylphodphide in tetrahydrofuran (T.H.F.) (18~). 

+ + LiBr 

Kuchen and Buchwald (180) prepared the first tin-

phosphorus compound by reaction of sodium diphenylpho&phide 

with triethyl tin bromide in ether. 

+ + NaBr 

Compounds having both germanium-and tin-phosphorus bonds have 

recently been made (185) e.g. 

( Ph
3

Sn) 
2

PPh + BuLi ____....,.. [Ph
3
Sn. PPh ] Li 

l Ph3GeC1 

Ph:;Sn.P(Ph)GePh
3 
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Reactions of type 2, using a chlorophosphine and an 

organotin-alkali metal compound, have been carried out but 

there is some doubt ·about the nature of the products. 

Schumann, Kopffnd Schmidt (182, 186) claimed that the reaction 

Ph
3

SnLi + Ph
2

PC1 )I Ph
3
sn. PPh

2 
+ LiCl 

gave a good yield of the tin-phosphorus compound, but they 

also claim to have isolated a cyclic trimer (Ph2Sn.PPh)
3 

formed by the cleavage of phenyl-tin and phenyl-phosphorus bonds. 

This must be suspected since alkali metals in T.H.F. cleave only 

one phenyl group from triphenylphosphine. Campbell, Fowles 

and Nixon obtained only hexaphenylditin from a similar reaction 

by halogen-metal exchange. 

+ --_;>~ Ph
3

SnCl 

--_;:;..~ Ph
6
sn

2 

These workers were able to isolate'. Ph
3
Sn.PPh

2 
from 

diphenylphosphinomagnesium bromide and triphenyltin chloride 

in ether-benzene. The melting points reported do not agree 

(103-105° (181), 127-130°, (182, 186)l A reaction in liquid 

ammonia was more satisfactory for the preparation of liquid 

trialkyltin compounds. 

+ + NaBr 

Any unreacted triethyltin bromide was removed as the solid 

ammoniate before distillation. 
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Treatment of phenylphosphine sodium, PhPHNa, with 

triethyltin bromide did not give the expected hydride but 

phenylbis(triethyltin)phosphine (Et
3
sn)

2
PPh. Attempts to 

make compounds having P-Sn-P links were successful only 

Diethylbis(diphenylphosphine)tin, 

Et
2

Sn(PPh
2

)
2 

was probably formed but distillation caused 

disproportionation. 

The third type of reaction using triethylamine as a base 

to eliminate HCl from diphenylphosphine and the organometal 

halide has been used to prepare germanium, tin and lead compounds. 

(187, 182, 183). 

3Ph
3

GeCl 

2Ph
3

GeCl 

+ 

+ 

Compounds having 1 to 4 tin-phosphorus bonds have been made. 

R
3

SnCl + Ph
2

PH + Et
3

N ____. R
3
sn. PPh

2 
+ Et

3
N. HCl 

M.p. (R= Ph) 127-130°; (R = n-Bu) 90-96°. 

+ 

l>t.p. (R = Ph) 0 
78-80 ; (R = n-Bu) 

0 
98-102 • 

+ 

PhSnCl:S + 3Ph2PH + 3Et
3

N ~ PhSn(PPh2 ) 2 + 3Et
3

N.HC1 

0 
J>t.p. 115-117 • 

Organolead-phosphorus compounds were prepared in benzene 

solution by reaction of stoichiometric amounts of the lead chloride, 



-180-

diphenylphosphine and triethylamine (183, 185). 

+ + 

EtJN~Ph3Pb.PPh2 + 

2Et
3

N-----+ P~Pb~PPhJ2 + 

JEtJN~(PhJPb)JP + 

Et
3

N.HC1 

2Et
3

N.HC1 

3Et
3

N.HC1 

Organolead-phosphorus compounds were less stable than the 

analogous tin compounds. 

Properties and Reactions 

Silicon-,germanium-, tin-and lead-phosphorus compounds are 

colourless or very pale yellow. Purely aliphatic compounds are 

usually liquids at room temperature, purely aromatic compounds 

are solids and mixed aliphatic-aromatics are intermediate, usually 

lo\t-mel ting solids. 

These compounds are very sensitive to oxidation and hydrolysis. 

Oxidation by dry oxygen gave characteristic phosphorus(V) 

esters, e.g. 

+ 

+ 

+ 

Et Ge-0-PPh 
3 /j 2 

0 

PhozSn-O-PPh2 ~ 1/ 
0 

20 ._____.,. Ph P-0-Sn(Ph) -0-PPh 
2 2~ 2 1/ 2 

0 0 

PhSn( -O~Ph2 ) 
3 

0 
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Tetrakis(diphenylphosphine)tin is oxidised to tintetrakis(diphenyl

phosphonate), a white solid m.p. 168-175°. 

Triphenylleaddiphenylphosphine was quantitatively oxidised to 

triphenylleaddiphenylphosphonate on standing in dry air·. 

or on treatment with alcoholic hydrogen peroxide. 

Ph'%Pb-O-PPh2 
J II 

0 

Hydrolysis in the absence of air liberated diall<:yl- or 

diarylphosphine from these compounds. 

This hydrolysis was quantitative on warming the mixture. 

Triethylgermyldiphenylphosphine was hydrolysed in less 

than 5 minutes at room temperature in a 10% solution of water 

in 1,2-dimeth: oxyethane. 

+ + 

Oxidative Hydrolysis. Simultaneous oxidation and hydrolysis 

by heating compounds with ·aqueous caustic soda in the presence 

of air caused cleavage of tin-phosphorus bonds 

0 
M.p. 118 

+ 

diphenylphosphinic acid, 

0 
M.p. 193 • 
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The lead compound, Ph
3

PbPPh
2 

gave analogous products. 

+ + + 

Higher substituted organotin-diphenylphosphines always gave 

diphenylphosphinic acid as one product of oxidative hydrolysis 

but the tin-containing product varied according to the number 

of tin-phosphorus bonds in the original compound. 

Ph
2

Sn(PPh
2

)
2 + H

2
0 + 202-----+ Ph

2
Sn0 + 2Ph

2
P(O)OH 

PhSn(PPh
2

)
3 

+ 2H
2

0 + 30
2 
~ PhSn(O)OH + 3Ph

2
P(O)OH 

Sn{PPh2 \ + 2H20 + IR>2 ·--+ SnO 2 + ~Ph2P(O)OH 

The same products could also be obtained by successive 

oxidation and hydrolysis. 

Bromine in carbon tetrachloride rapidly cleaved the germanium-

phosphorus bond. 

+ 

Methyl iodide also cleaved the Ge-P bond of Et
3

Ge.PPh
2
:-

Et3Ge.PPh2 + 2Mel lit Et
3

Gel + (Ph2PMeJ I 

In contrast, a 1:1 adduct with triphenyltindiphenylphosphine 

1V"as obtained. 

The product was readily oxidised to methyldiphenylphosphine oxide 

and triphenyltin iodide 

+ 
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Silver iodide gave a tetrameric 1:1 adduct with 

triethylgermyldiphenylphosphine. 

These addition reactions sholf that the phosphorus atom retains 

its donor character in the metal-phosphorus compounds. 

Discussion 

Organohalogermanes have been found to undergo substitution 

reactions with lithium diphenylphosphide to give organophosphinogerrnanes 

with the elimination of lithium halide. 

R,_ GeX + nPh
2

PLi 
":t-n n --• R,_ Ge ( PPh2 ) + nLiX 

":t-n n 

However, the reaction was not general and applied only to the 

cases where n = 1 and 2. 

+ + LiBr 

Triphenylgermyldiphenylphosphine, a white crystalline solid 

M.p. 153-156° was obtained in reasonable yield. 

+ + 2LiBr. 

Diphenylbis(diphenylphosphino)germane was obtained in smaller 

yield and tetraphenyldiphosphine (1QI) was also isolated (188). 

Complications occurred in the cases where n = 3 and 4:. 

Neither of the expected products, phenyltris(diphenylphosphino)germane 

or tetrw~is(diphenylphosphino)germane were isolated. 
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This is remarkable since tetrakis(diethylphosphino)silane 

and tetrakis(diphenylphosphine)tin are known (179, 182) although 

in the preparation of the former compound a considerable quantity 

of tetraethyldiphosphine \"las also formed. 

The reaction bet,.,een germanium tetrachloride and li thiwn 

diphenylphosphide shO\V"ed distinct peculiarities. The reaction 

mixture remained colourless until 1.9 equivalents of Ph
2

PLi 

had been added and it was not possible to isolate intermediate 

halophosphinogermanes by stopping the reaction at this stage. 

As the addition of lithiwn diphenylphosphide continued the solution 

changed colour, passing through yellO\V' and orange to deep red-

brown. Estimation-of the lithium diphenylphosphide before 

and after reaction shO\.,ed that all four chlorines of GeC14-

reacted. Hydrolytically stable but air-sensitive polymeric 

material of varying composition was produced. No tetrakis-

( diphenylphosphino) germane \fas obtained. Analytical data 

on one sample of the polymer indicated the approximate composition 

Ph6P4Ge
5 

1.rhile material from another preparation approximated 

to Ph
2

PGe. Reactions between germanium tetrachloride or 

phenyltribromogermane and lithium diphenylphosphide both · 

gave tetraphenyl~iphosphine which may be formed by halogen-

metal exchange. 
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Ph
2

PC1 + Ph2PLi 

Other reactions e.g. 
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--~ Ge(Li)ClJ + Ph2PC1 

----~Ph2P-PPh2 + LiCl 

may also give tetraphenyldiphosphine. Attempts to show the 

presence of Ge-Li groups proved inconclusive. (188) 

The empirical formula (based on C,H and P analyses) of the 

red polymer from one preparation corresponded approximately to 

The high germanium to phosphorus ratio is indicative 

of a high degree of metal-metal bonding and the phenyl to 

phosphorus ratio (1.5 rather than 2), if correct, requires the 

cleavage of phenyl groups from phosphorus at some stage of the 

reaction. Germanium-germanium bond formation is readily 

accounted for by processes of the type 

(Ph
2

P)
2

GeCl
2 

+ Ph
2

PLi 

followed by coupling 

(Ph
2

P)
2

GeC1
2 

+ (Ph
2

P)
2
Ge(Cl)Li ·--+ (Ph

2
P)lGe(Cl)-Ge(Cl)(PPh

2
)2 

and so on. 

In only t\V"o cases, however, has cleavage of a phenyl group 

from Ph
2
P- under mild conditions has been reported. Schumann 

et. al. observed that the reaction between triphenyltin lithium 

and chlorodiphenylphosphine gave a cyclic trimer (Ph
2

SnPPh)
3 

(186) 

and Issleib and Frohlich described the reaction: 

3FeBr2 + + (189) 
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These are most unusual since alkali metals in ethereal solvents 

cleave only one group from triphenylphosphine. On the 

available evidence there is little point in speculating on 

processes which could involve cleavage of Ph-P bonds during 

the formation of the polymer and give the above mean composition. 

It must be pointed out that there is no evidence to suggest that 

the polymer is homogeneous. 

Oxidative hydrolysis of the polymer was carried out to 

investigate the nature of the organic groups bonded to phosphorus. 

was 
Oxidative hydrolysis/by caustic soda solution in the presence of 

air or hydrogen peroxide. Diphenylphosphorus-germanium 

bonds are cleaved giving diphenylphosphinic acid: .(187) 

+ + 

Phenylphosphorus-germanium groups hydrolyse to give phenylphosphonic 

acid. 
I 

PhP ( - Ge- ) + 1}02 + 2H
2

0---+PhP(O) (OH)
2 

+ 
I 

2 -GeOH 
I 

Phosphorus-germanium groups hydrolyse giving phosphoric acid. 

I 
P( -Ge- ) 

I 3 
+ + + 

I 
3-GeOH 

I 

A sample of the polymer was stirred with aqueous alkaline hydrogen 

peroxide. Acidification of the mixture produced a copious 

white precipitate. Investigation of the filtrate and residue 

showed that diphenylphosphinic acid only was formed. This means 
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that only·Ph
2
P- groups are present in the polymer and casts 

doubts on the analysis Ph6P4Ge
5 

in favour of (Ph
2

PGe)n. 

The method of purification was thought to be a possible reason 

for the unsatisfactory analysis. This was by precipitation from a 

concentrated benzene solution by petroleum; attempts to induce 

crystallisation at low temperature were not successful. 

Germanium tetrachloride will not react with diphenylphosphine 

alone but the reaction in the presence of a base was investigated 

as another possible route to tetrakis(diphenylphosphino)germane. 

A strong base was required to remove HCl and cause the reaction 

to proceed. Pyridine was not sufficiently basic but 

triethylamine \ll"as effective in promoting the reaction between 

germanium tetrachloride and diphenylphosphine. Again, however, 

tetrakis(diphenylphosphino)germane was not obtained. Addition 

of the base to the reaction mixture caused the solution to become 

a dark red-brown colour. A precipitate appeared which was 

identified as triethylammonium chloride. Tetraphenyldiphosphine 

and a red-brown polymer were obtained. The latter was air-

sensitive but hydrolytically stable. A suggested method for 

the formation of the polymer includes hydrogen-halogen exchange 

reactions to give Ge-H intermediates: 

Ph2PGeClJ + 

Ph
2

PGe(H)Cl
2 

Ph
2

PH ~ Ph
2

PC1 + Ph
2

PGe(H)Cl
2 

+ (Ph
2

P)
2

GeC1
2
--. Ph

2
P-Ge-(Cl)

2
-Ge(Cl)(PPh2 ) 2 
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Oxidative hydrolysis of this polymer led to the isolation 

of only diphenylphosphinic acid. This shows that the polymer 

contained only the original Ph
2
P- groups. 

Hydrolysis of triphenylgermyldiphenylphosphine, Ph
3

GePPh
2

• 

A dilute solution of Ph
3
GePPh

2 
in monoglyme was mixed with 

a solution of water in monoglyme in the correct proportion to 

effect complete hydrolysis. The reaction \fas followed 

spectrophotometrically by measuring the appearance of ~(P-H) at 

+ 

The absorption became maximum after 6 hours from the time 

of mixing. This contrasts with the hydrolysis of 

triethylgermyldiphenylphosphine which \fas complete within 

5 minutes from the time of mixing (188). 

Oxidation of triphenylgermyldiphenylphosphine. 

Ph
3

Ge.PPh
2 

was oxidised by bubbling dry oxygen through the 

solution. The ester, triphenylgermyldiphenylphosphonate \fas 

formed. 

+ 

-1 The infrared spectrum of the product showed ~(Ge-0-P), 9~7 em. 

-1 ) which is close to that in Et
3

Ge-O-P(O)Ph
2 

(95~ em.) (188 and 
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Triphenylgermyldiphenylphosphine and methyl iodide. 

Ph
3

GePPh
2 

reacted with excess methyl iodide. Cleavage of 

the Ge-P bond took place giving iodotriphenylgermane and 

dimethyldiphenylphosphordum iodide. 

+ Mel + 

This contrasts with the behaviour of silicon and tin compounds 

in which the phosphorus atom retained its donor character. 

Me
3
si.PEt

2 

Ph
3

Sn.PPh
2 

+ Etl 

+ Mel 

--- (Me3si. PEt3) I 

--- ( Ph3Sn. P( Me) Ph2 ) I 

(179) 

(182) 

Hydrogenation of triphenylgermyldiphenylphosphine. 

Hydrogen \i"as bubbled through a solution of Ph
3

Ge.PPh
2 

containing Adams' catalyst for ~ hours at room temperature/1 

atmosphere. No reaction took place and starting material was 

recovered. 

Triphenylgermyldiphenylphosphine and silver iodide. 

A solution of Ph
3
GePPh

2 
in methylcyclohexane was stirred 

for 3 days with a suspension of freshly prepared dry silver 

iodide. No reaction took place and Ph
3

Ge.PPh
2 

was recovered 

from the solution. 

This contrasts with triethylgermyldiphenylphosphine \thich 

formed a 1:1 adduct with silver iodide (188). 
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Experimental 

1. Preparat·ion of triphenylgermyldiphenylphosphine 

Bromotriphenylgermane (13.2g., 3'*·'* JMioles) was dissolved in 

T.H.J:t~. and lithium diphenylphosphide (3'*·'*· m moles) was added 

to the colourless solution. The cherry red colour of lithium 

diphenylphosphide was immediately discharged in an exothermic 

reaction. The bullt of the solvent was removed by distillation 

and the crude triphenylgermyldiphenylphosphine, a colourless solid, 

0 -'* was dried at 130 /10 mm. The product was purified by 

recrystallisation from methylcyclohexane at -20°. 

8.6 g., 51%. 
0 

M.p. 153-156 • 

2. Hydrolysis of triphenylgermyldiphenylphosphine 

Yield 

Triphenylgermyldiphenylphosphine (O.'*g•, 0.82 m mole_) was 

dissolved in 1,2-dimethoxyethane (monoglyme) (11.5g.) to give 

a 3·5 weight % solution. '*·0 mls. of a 1~~ solution of water 

in monoglyme was mixed with the triphenylgermyldiphenylphosphine 

solution and iu~ediately an iniared cell with KBr windm~s 

(1.0 mm spacer) was filled with the mixture. The cell lfas quickly 

placed in the beam of an infrared spectrometer which had previously 

been set at wavelength '*·37'*JU - ~(P-H). The same thickness of 

monoglyme was used to compensate the reference beam. The 

absorption at this frequency increased with time and reached a 

maximum after 6 hours from the time of mixing. 
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3. Oxidation of triphenylgermyldiphellylphosphine 

Triphenylgermyldiphenylphosphine (0.5g., 1.02 m moles) was 

dissolved in benzene (30 ccs.) Oxygen, dried by passage through 

0 
a spiral trap at -78 was bubbled through the solution and 

a pale yellow colour developed. The solvent was removed by 

pumping leaving a yellow viscous oil from which crystals would 

not be obtained. 

requires c, 69.2; H, 4.84%. The infrared spectrum of the 

product showed the Ge-0-P absorption at 9~7 and ~(P:O) at 

-1 
1198 em • 

4. Triphenylgermyldiphenylphosphine and hydrogen 

Ph
3

GePPh
2 

(0.3 g., 0.61 m mole) w·as dissolved i11 benzene 

(10 ccs.) A few milligrammes of Adams' catalyst were added 

and a slow stream of hydrogen was passed through the solution 

for 4 hours. The solution became dark brO\•Tn in colour, 

presumably due to colloidal platinum from the catalyst. Solvent 

was removed by pumping leaving a residue which had an infrared 

spectrum identical to that of the starting material. 

5· Triphenylgermyldiphenylphosphine and methyl iodide 

Ph
3
GePPh

2 
(0.4g., 0.82 m mole) was dissolved in 

benzene (15 ccs.) and excess methyl iodide was added (0.5 cc.) 

After 2~ hours a ,,.hi te precipitate had formed. This was filtered, 
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washed with benzene and recrystallised from methanol. Yield 

0 
0.20 g. M.p. 255-256 Found C, ~8.5; H, ~.63. 

(Ph2PMe
2
)I, i.e. c1~H16IP requires C, ~9.1; H, ~.67% 

(Ph
3
GeP(Ne)Ph

2
)I, i.e. c

31
H

28
GeiP requires c, 59.0; H, ~.~4'}(,. 

The infrared spectrum of this solid was identical with that of 

dimethyldiphenylphosphonium iodide. The benzene solution 

\'las pumped dry and left a white solid. This was purified by 

sublimation and had near and far infrared spectra identical 

with iodotriphenylgermane. Particularly characteristic is 

) -1 
~(Ge-l , 232 em • 

0 
M.p. 153-15~ Yield 0.3g., 85%. 

6. Triphenylgermyldiphenylphosphine and silver iodide 

Silver iodide (0.43g., 1.84 m moles), which had been dried 

by pumping overnight and then heating for 1 hour in vacuum, was 

stirred with a small volume of methylcyclohexane. Ph
3
GePPh

2 

(0;9go 1 1.8 m moles) was dissolved in methylcyclohexane (40 ccs.) 

and the solution was added to the suspension of silver iodide. 

After stirring for 2 days it appeared that no reaction had t&~en 

place. Benzene (20 ccs.) was added and the mixture was stirred 

for a further day. Filtration and removal of solvent from the 

solution left triphenylgermyldiphenylphosphine (i.r. characterisation). 

7• Germanium tetrachloride and lithium diphenylphosphide. 

(Molar ratio 1:89). A solution of lithium diphenylphosphide 

in T.H.F. was prepared as indicated on page 197. The solution was 
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standardised by hydrolysing a 2.0 ml. aliquot and potentiometrically 

titrating the lithium hydroxide against 0.1 N H2so~. In this 

way it was shown that the total volume of solution (202 mls.) 

contained 0.173 mole of lithium diphenylphosphide (99% based 

on diphenylphosphine used). The lithium diphenylphosphide 

solution was added dropwise to germanium tetrachloride (~.2g., 

0.02 mole) in T.H.F. (~0 mls.) and the solution was stirred 

magnetically. The emergent nitrogen was passed through a trap 

0 
at -196 to condense solvent vapour and allow measurement of its 

volume. At first the red colour of lithium diphenylphosphide was 

immediately discharged in an exothermic reaction. After ~3 mls. 

of the lithium diphenylphosphide had been added the solution 

became yellow (i.e. after the addition of 1.89 moles Ph2PLi 

The addition of Ph
2
PLi was continued and 

the colour passed through the red colour of lithium diphenyl-

phosphide to a deep red-brown. The solution was stirred for 

three hours and unreacted lithium diphenylphosphide was estimated 

as before. The new volume of the reaction mixture was estimated 

and thus it was shown that ~.23 moles of Ph
2

PLi reacted per mole of 

GeCl~. Solvent was removed by distillation and pumping. The 

brown residue was extracted with toluene (50 ccs.) and the solution 

was filtered from the white solid. The latter did not change on 
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exposure to air, did not contain (Ph2P)~Ge, and was identified 

as lithium chloride. The organic layer was hydrolysed \'lith 

de-gassed water ( 100 ccs.) \ihich did not destroy the colour. 

Toluene and diphenylphosphine (~.3g.) were removed by 

distillation first at atmospheric pressure and then at 130°/10-
4

mm. 

Tetraphenyldiphosphine (about 0.2g.) then sublimed onto a cold 

finger at -78° (near and far infrared characterisation). The 

residue was dissolved in boiling benzene (80 ccs.) giving a 

dark brown solution. 0 
Light petrolewu (b. P• ~0-60 ) was 

added and a red-brown polymer precipitated. (Found c, ~1.9; H, 3.~; 

8. Oxidative hydrolysis of polymer This was carried out to 

determine whether cleavage of phenyl groups from phosphorus took 

place during the formation of the polymer. The polymer, prepared 

as described above from GeCl~ (3.36g., 16m moles) and Ph2PLi 

(65 m moles) was oxidatively hydrolysed with aqueous alkaline 

hydrogen peroxide (100 mls. 3~ H
2
o

2 
containing 10 g. sodium 

hydroxide). After stirring overnight a white solid \ll'as filtered 

from the solution. This was later identified as diphenylphosphinic 

acid. Yield 1.7g. The solution was acidified to congo red 

and a copious white precipitate appeared, which was filtered and 

recrystallised from methanol. Yield 6.2g. 
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The infrared spectra of both solids were identical with that 

of diphenylphosphinic acid, Ph
2

P(O)OH. 

M.p. of a sample prepared independently, 19~.5-195·5• f-"lixed 

A sample of the acid filtrate was warmed 

with excess wru~onium molybdate solution. The non-appearance 

of a yellow precipitate indicated that phosphoric acid was not 

formed. The remainder of the solution \ofas evaporated to dryness 

leaving a white solid which had no infrared structure and which 

was totally insoluble in methanol. Phenylphosphonic acid was 

therefore not formed. 

9. Germanium tetrachloride, diphenylphosphine and base 

Germanium tetrachloride (3o7go 1 17.~. m moles) was added 

dropwise to a solution of pyridine (6.0g.) in benzene (50 ccs.) 

A lfhite complex was formed exothermically. Diphenylphosphine 

(13.0g., 70 m moles) was added dropwise. The solution was 

refluxed but no reaction \'fas apparent. Triethylamine (15 ccs.) 

was added and the solution became orange and then brown in colour. 

After refluxing for 2 days a white water and air stable solid was 

filtered off (triethylammoniUIJlbhloride) and solvent wa.s removed 

from the solution by pumping. 0 -~ Heating at 110 /10 mm. caused 

the excess diphenylphosphine to distil and condense higher up the 

walls of the Schlenk tube. On further heating a \thite sublimate 
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appeared on the \v-all of the tube which had near and far infrared 

spectra identical with tetraphenyldiphosphine. The dark brmm 

residue did not yield tetrakis(diphenylphosphino)germane. 

A repeat experiment was performed \V'i th a different order 

of addition of the reactants to see if halogen-hydrogen exchange 

reactions of the type Ph
2

PH + GeCl~ ~Ph2PC1 + HGeCl~ were 

taking place leading to the formation of polymer at the expense 

Triethylamine (2.02g., 20m moles) was added 

dropwise with stirring to germanium tetrachloride (1.0g., ~.7 

m moles) and then diphenylphosphine (~.?g., 20m moles) was added 

slowly. The colour gradually darkened through yellow to red brown1 

and a white precipitate was filtered off and identified as 

Et~NHCl (liberated triethylamine on treatment with NaO .... Solvent 

\'fas removed by pumping leaving a red brO\,n solid ,,hich \'fas 

oxidatively hydrolysed by adding 50 mls. 1~' sodium hydroxide 

and bubbling air through the solution for 2~ hours. The mixture 

was acidified to congo red and the white precipitate was filtered 

off and recrystallised from methanol. This was identified 

(infrared and m.p. 19~-19~.5) as diphenylphosphinic acid. 

The aqueous solution was evaporated to dryness leaving a white 

solid which had no infrared structure and which was insoluble in 

methanol. No evidence was obtained to suggest that phosphoric acid or 
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phenylphosphonic acid were present. 

An attempt to repeat the preparation of the polymer for 

analysis showed that the reaction was not reproducible. A 

brown oil was consistently obtained from hydrocarbon solvents. 

Fresh samples of triethylamine and diphenylphosphine were used 

but other conditions appeared to be identical. 

Preparation of starting materials 

Diphenylphosphine (190) 

+ 2Li + PhLi 

Triphenylphosphine (70g.,) in T.H.F. (150 ccs.) \f'as added 

dropwise to a stirred suspension of lithium shot (lOg.) in T.H.F. 

The solution became an intense cherry red colour. After 

stirring overnight the solution was filtered through glass 

wool to remove excess lithiwn shot. The solution \Y'as 

hydrolysed with dilute HCl until the pH was :reduced to 7-7·5· 

The layers were separated and ·the aqueous layer was washed with 

ether (50 ccs.) \11'hich was added to the organic layer. The organic 

layer was then \..rashed with de-gassed water, dried over solid 

caustic soda and flash distilled to remove solvent. Vacuum 

0 -4: distillation at 74: /10 mm. gave diphenylphosphine. Yield 

36g., 73%. 

Lithium diphenylphosphide. Lithimn chips (0.25g., 0.038 g.atom) 

were placed in a 250 ml. 3-necked flask containing T.H.F. (70 ccs.) 
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Diphenylphosphine (?.Og. 38m moles) in T.H.F. (15 ccs.) was 

added dropwise with stirring. The solution '"as stirred for 

3 hours and filtered through glass wool before use. 



-199-

References 

1. L. Malatesta. J.c.s. 1955, 392~. 

2. J. Chatt and F.A. Hart. J.c.s. 1960, 1378. 

3· J. Chatt, F.A.Hart and H.R.Watson J.c.s. 1962, 2537. 

4:. L. Malatesta and M. Angoletta. J.c.s. 1957, 1186. 

5· L. Mala:testa and c. Cariello J.c.s. 1958, 2323. 

6. J.A. Chopoorian, J.Lewis and R.S.Nyholm. Nature, 1961, 190, 528. 

7· L. Halatesta and R. Ugo J.c.s. 1963, 2080. 

8. F.A.Cotton and G.Wilkinson. Advanced Inorganic Chemistry 
2nd. Edition. Interscience. 1966. 

9• C.C.Addison and B •. G.l-/ard. Chern. Conunun. 1966, 155• 

10. W.J.Pope andS.J.Peachey. Proc. Chern. Soc. 1907, 23, 86. 

11. K.A.Jensen, B. Nygaard and C.T.Pedersen. Acta Chem.Scand. 
1963, 17, 1126. 

12. L.M.Venanzi. J.c.s. 1958, 720. 

13. M.C. Browning, J.R.Mellor, D.J.Morgan, S.A.J.Pratt, L.E.Sutton 
and L.I•I. Venanzi J.c.s. 1962, 693. 

1~. J.Chatt and J .r-t.Davidson. J .c.s. 196~, 2l.a,33· 

15. F. Basolo and R.G.Pearson. Progress in Inorg.Chem. 1962,~, 381. 

16. K.A.Jensen. z. Anorg. Chern. 1936, 229, 225 

17. J.Chatt and R.E.\ofilkins J.c.s. 1956, 525. 

18. F. Basolo and R.G.Pearson. Adv. in Inorg.Chem. and Radiochem. 
1961, z, 4:8. 

19. s.s. Batsanov. Zhur Neorg. l{him. 1959, ~' 1715 Chem. Abs.1960,2!, 1163: 

20. J.A.Wunderlich and D.P.Hellor. Acta-Cryst. 1954:, z, 130. 



-200-

21. P.R.H. Alderman, P.G.O\'i'ston and J.M.Rowe. Acta. Cryst. 1960, _u, 14:9. 

22. G.w. Parshall. J.A.c.s. 1964:, 86, 5367. 

23. R.V.Lindsay, G.w. Parshall and U.G. Stolberg. J.A.c.s. 1965, ~~ 658. 

24:. G.llT. Parshall. J .A.c.s. 1966, ~~ 704:. 

25. P.G.Owston, J.M.Partridge and J.M.Rowe.Acta. Cryst. 1960 1 ll1 24:6. 

26. G.G. 1>1essrner and E.L.Anuna. Inorg. Chem. 1966, ,21 1775• 

27. J. Chatt, L.A.Duncanson, B.L.Shaw and L.M.Venanzi. Disc. Faraday 
Soc. 1958, 26, 131. 

28. D. B. PO\II'ell. J .c.s. 1956, 4:4:95• 

29. J. Chatt and B.L. Shaw.J.c.s. 1962, 5075· 

30. J. Chatt,.-L.A. Duncanson and B.L. Shaw. Chern. & Ind. 1958 1 859. 

31. D.M. Adams, J. Chatt, J.Geratt and A.D.Westland.J.c.s. 1964:, 734:. 

32. A. Pidcock, R.E.Richards and L.N.Venanzi. J.c.s. 1966, A, 1707. 

33. J. Chatt, L.A. Duncanson and L.M.Venanzi. J.c.s. 1955 1 4:456, 4:461. 

34:. L.E. Orgel, J.Inorg. & Nucl. Chern. 1956, ~~ 137. 

35. J. Chatt, L.A. Duncanson & L.M.Venanzi.J.c.s. 1958, 3203 

36. F.A. Cotton. Chern. Rev. 1955, 221 551. 

37• J. Chatt and B.L. Shaw.J.c.s. 1959, 705. 

38. J. Chatt and B.L. Shaw.J.c.s. 1959, 4:020. 

39. J. Chatt and B.L. Shaw. J.c.s. 1960, 1718. 

4:0. G. Calvin and G.E.Coates. J.c.s. 1960, 2008. 

4:1. G. Calvin. Ph.D. Thesis, Durham, 1959. 

4:2. F.J. Hopton, A.J. Rest, D.T.Rosevear and F.G.A.Stone.J.c.s. 1966,(A), 
1326. 



-201-

~3. H. Yarnarz&<i, T. Nishido, Y. Matsumoto, s. Sumida and N.Hagihara. 
J.Organornetallic Chern. 1966, ~~ 86. 

~~. D.\-1. f\1cBride, S.L. Stafford and F.G.A.Stone. J.c.s. 1963, 723. 

~5. D.W. f.1cBride, E. Dudek and F.G.A.Stone.J.c.s. 196~, 1752. 

~6. D. \o/right. Chern. Conuuun. 1966, 123. 

~7• C.R. Kistner, J.H.Hutchinson, J.R.Doyle and J.C.Storliee 
Inorg. Chern. 1963! · ~~ 1255• 

~8. D.H. Adams, J.Chatt and B.L.Shaw. J.c.s. 1960, 2047. 

~9. D.T. Rosevear and F.G.A. Stone. J.c.s. 1965, 5275• 

so. P.L.Goggin and R.J.Goodfellow. J.c.s. 1966,(A), 

51. J. Chatt and R.G.\ofilkins. J.c.s. 1952, 273; 1953, 70. 

520 J.R.Phillips, D.T.Rosevear and F.G.A.Stone. J.Organometallic 
Chem. 196l.1:, ,g, ~55• 

53. G. Booth and J. Chatt. J.c.s. 1966,(A), 63~. 

5~. R.·G.Guy and B.L.Sha\'1. Adv. in Inorg. Chern. and Radiochem. 
1962, ~~ 77. 

55• M.L.H.Green and P.L.I.Nagy. Adv.in Organometallic Che1n. 196~, 325. 

56. R.N.Keller. Chern. Revs. 19~1, ~~ 229. 

57• R. Huttel, J.Kratzer and M. Bechter. Chem.Ber.1961, 94, 766. 

58. K.A.Jensen Acta. Chem.Scand. 1953, z, 866. 

59. H. Avram, E.Sliam and C.D.Nenitzescou. Ann. 1960, 636, 18~. 

60. J.Chatt, L.M.Vallarino and L.M.Venanzi. J.c.S.1957, 2~96, 3~13. 

61. J.Chatt and L.A.Duncanson. J.c.s. 1953, 2939. 

62. II.L.Boston, D.W.A.Sharpe and G.Willdnson. Chern. & Ind. 1960, 1137• 
J.F. Tilney-Bassett and o.s.Mills. J.A.c.s. 1959, 81, ~757• 

63. M. Dubecl<. J .A.c.s. 1960, ~~ ·502. 

6~. J.Chatt, L.A.Duncanson and R.G.Guy. J.c.s. 1961, 827. 



-202-

65. J.Chatt, G.A.Rowe and A.A.l'lilliarns. Proc.Chern.Soc. 1957, 208. 

66. E.O.Greaves and P.N.Mait-J.is. J.Organornetallic Chern. 1966, §., 104:. 

67. E.O.Fisher and G.Burger. z. Naturforsch 1961, 122, 77• 

68. E.O.Fisher and H. \·Ierner. Chern.Ber. 1959, ~~ 1L.t:23. 

69. D.Jones, G.W.Parshall, L.Pratt and G.Wilkinson. Tetrahedron 
Letters 1961, l.t:B. 

70. H.Dubeck and A.H.Filbey. J.A.c.s. 1961, 83, 1257• 

71. B.L.Shaw and N.Sheppard. Chern. and Ind. 1961, 517o 

72. \v.T.Dent, R.Long and A.J.lYilkinson. J.c.s. 196L.t:, 1585. 

73• J.K.Nicholson, J.Powell and B.L.Shaw. Chern.Co~nun. 1966, 17L.t:. 

7L.t:. P.E.Slade and H.B.Jonassen. J.A.c.s. 1957, Zi• 1277• 

75• S.D.Robinson and B.L.Shaw. J.C.S. 1963, l.t:806. 

76. M.Srnidt and w.Hafner. Angew Chern. 1959, 1!• 2Bl.t:. 

77. F.A.Cotton, J.w·.Faller and A.t-1usco. Inorg.Chern. 1967, §., 179• 

78. F.Glockling. Q.Rev. 1966, ~' L.t,5. 

79o FoGlockling and K.A.Hooton. Inorg.Syntheses 1966, !!• 32. 

Bo. T.S.Piper and fvl.Kent \wilson. J. i.N.c. 1957, ~' 22. 

81. A.E.Finholt, A.C.Bond, K.E.lofilzbach and H.I.Schlesinger. 
J.A.c.s. 19L.t:7, §.2, 2692. 

82. H.J.Erneleus and K.M.Mackay. J.c.s. 1961, 2676. 

83. E. Amberger and H.Boeters. Angew. Chern. 1963, 686. Int.Ed. 

Bl.t:. S.N.G-larurn and C.A.Kraus.J.A.c.s. 1950, ll• 5398. 

85. H.Gilman, M.B.Hughes and C.W.Gerow. J.· Org.Chem.1959, 2l.t:, 352. 

86. H.Gilrnan and C.lv.Germ'I.J.A.c.s. 1955, 71., l.t:675, 5509; 1956, .:z!!, 5823. 



-203-

87. N.S. Vyazankin, G.A.Razuvae:v , E.N. Gladyshev and S.P.Korneva. 
3. Organometallic Chern. 1967, z, 353. 

88. L.F.Dahl and D.L.I•/ampler. J.A.c.s. 19!;9, 81, 3150. 

89. F.A.Cotton.Q.Rev. 1966, ~~ 389. 

90. F.A.Cotton and C.B.Harris. Inorg. Chern. 1965, ~~ 330. 

91. J.A.Bertrand, F.A.Cotton and W.A.Dollase. Inorg.Chern.1963,g, 1166. 

92. C.E.Coffe·:y, J.Lewis and R.S.Nyholm. J.c.s. 1964:, 174:1. 

93· A.G.Brook and H. Gilman. J.A.c.s. 1954:, 1§., 77• 

91:1:. H.Gilrnan and C.\-l.Gerow. J.Org.Chem. 1957, B 1 334:. 

95. A.G.Brook, H.Gilman and L.S.Miller.J.A.c.s. 1953, 12, 4:759· 

96. T.C.Wu and H. Gilman.J.A.c.s. 1953, Z21 3762. 

97. E.w. Abel. Q.Rev. 1963, !Z1 133· 

98. J.S.Anderson. Q.Rev. 194:7, ! 1 331. 

99. R.B.King, P.M.Triechel and F.G.A.Stone. Chern. & Ind. 1961, 74:7. 

100. U.Anders and W'.A.G.Graham. Chern. Commun. 1966, 292. 

101. A.J.Layton, R.S.Nyholm, G.A.Pneumaticakis and M.L.Tobe. 
Chern. & Ind., 1967, 4:65. 

102. R.J.Cross and F.Glockling. J.c.s. 1965,54:22. 

102b. R.J.Cross. Ph.D. Thesis, Durham, 1965. 

103, J.Chatt, C.Eaborn and S.Ibelcwe. Chem.Commun. 1966, 700. 

104:. M.C.Baird.J.I.N.C. 1967, ~~ 367. 

105. F.Glockling and K.A.Hooton,J.c.s. 1962, 2658. 

106. F.Glockling and K.A.Hooton.J.c.s. in press. 

107. D.Seyferth, H.P.Hofmann, R.Burton and J.F.Helling. Inorg.Chem. 
1962, !t 227. 



-204-

108. R.D. Gorsich. J.A.c.s. 1962, 84, 2486. 

109. T.S.Piper, P.Lemal and G.\iilkinson. Naturwiss. 1956, f!i., 129. 

110. R.B.King and F.G.A.Stone. J.A.c.s. 1960, 82, 3833. 

111. J.D.Cotton, S.A.R.Knox, I.Paul and F.G.A.Stone. J.C.S. 1967,A, 264. 

112. B.J.Aylett and J.l'i.Carnpbell. Chern. Communs. 1965, 217. 

113. A.J.Chalk and J.F.Harrod. J.A.c.s. 1965, 87, 1133. 

113b. A.J.Chalk and J.F.Harrod. J.A.c.s. 1965, §Z, 16. 

114. A.G.Massey, A.J.Park and F.G.A.Stone. J.A.c.s. 1963, §2, 2021. 

115. D.J.Patrnore and W.A.G.Graharn. Inorg.Chem. 1966, .2,, 1405. 

116. H.R.H.Patil and W.A.G.Graham. Inorg.Chern. 1966, .2,, 140~, 

117. A.Carrick and F.Glockling. Unpublished observations. 

118. R.D.Crarner, E.L.Jenner, R.V~Lindsay and U.G.Stolberg? J.A.C.S. 
1963, 85, 1691. 

119o J.F.Young, R.D.Gillard and G.Wilkinson. J.c.s. 1964, 5176. 

120. A.G.Davies, G.rlilkinson and J.F'.Young. J.A.c.s. 1963, §2, 1692. 

120b. M.A.Khattak and R.J.Magee. Chem. Communs. 1965, 400. 

121. R.D.Cramer, R.V.Lindsey, C.T.Prewitt and U.G.Stolberg,J.A.c.s. 
1965' !!Z,, 658. 

122. W.Hieber, O.Vohler and G.Braun. z. Naturforsch 1958, 13b," 192. 

123. R.J.Cross and F.Glockling. J.Organornetallic Chern. 1965, z, 253. 

124. K.A.Hooton. Private co~nunication. 

125. R.J.Cross. Private Communication. 

126. R.S.Nyholrn and K. Vrieze. J.c.s. 1965, 5337• 

127. A.P.G~insberg. Transition Metal Chemistry. 1965, l• 111 
Published by Arnold. 



-205-

128. K.Knox and A.P.G:insberg. Inorg.Chern. 1962, ,!, 945; 1964, .2_, 555· 

129. S.C.Abrahams, A.P.G:insberg and K.Knox. Inorg.Chem.1964,.2_, 558. 

131. J.Chatt and R.G.Hayter. J.c.s. 1961, 2605. 

132. L.I>ialatesta, Z..I.Freni and V. Valenti. Angew Chern. 1961, 12.1 273. 

133. J.C.Bailar and H.Itatani. Inorg.Chem. 1965, ~' 1618. 

134. L.Malatesta and c.Cariello. J.c.s. 1958, 2323. 

135. L.Vaska. J.A.c.s. 1961, 83, 756. 

136. L.Vaska and J.l~.Di Luzio. J.A.c.s. 1962, 84, 4989. 

137• N.L.H.Green, C.N.Street and G.vlilkinson. z.Naturforsch. 
1959, 14b, 738. 

138. J.Chatt and R.G.I-Iayter. J.c.s. 1961, 5507. 

139. F.Cariati, R.Ugo and F.Bonati. Inorg, Chern. 1966, 21 1128. 

140. I>t.L.H.Green, L.Pratt and G.lofilkinson. J.c.s. 1958, 3916. 

141. r>t.L.H.Green, J.A.McCleverty, L.Pratt and G.\ll"ilkinson J.c.s. 
1961, 4854. 

142. J.A.McCleverty and G.Wilkinson. Chem. & Ind. 1961, 288. 

143. W.Hieber and G.l'!agner. z. Naturforsch. 1958, 13b, 339. 

144. W.Hieber and G. Braun. z. Naturforsch. 1959, 14b, 132. 

145. H.Behrens and R.l'Ieber. Z.Anorg. Allgem.Chern. 1957, 291, 122. 

146. H.Behrens and F.Lohofer. Ber. 1961, 94, 1391. 

147. W.Hieber and J.Ellerrnann. Z.Naturforsch. 1963, 18b, 595· 

148. H.Behrens and \f.Haag. Ber. 1961, 94, 312. 

149. P.Krumholz and H.M.A.Stettiner. J.A.c.s. 1949, 1!' 3035• 

150. H.Behrens and H.Wakarnatsu. Z.Anorg.Allgem.Chern. 1963, 320 1 30. 



-206-

151. W.Hieber and G.Brendel. Z.Anorg.4llgem. Chern. 1957, 289, 324. 

152. A.Davison, W.McFarlane, L.Pratt and G.Wilkinson. J.c.s. 1962, 3653• 

153. P.L.Orioli and L.Vaska. Proc. Chern. Soc. 1962, 333. 

154. s.J.LaPlaca and J.A.Ibers. J.A.c.s. 1963, §2, 3501; Acta Cryst. 
1965, .!§., 511. 

155• J.A.Chopoorian, J.Le,iis and R.S.Nyholrn. Nature. 1961, 190, 528. 

156. L.Malatesta and R.Ugo. J.c.s. 1963, 2080. 

157• C.J.Nyman, C.E.Wymore and G.Wilkinson. Chern. Co~nuns. 1967, 407. 

158. J.Chatt • Proc. Chern. Soc. 1962, 318. 

159. J.Chatt and J.M.Davidson. J.c.s. 1964, 2433· 

160. &.Gilman, F.K.Cartledge and S.Y.Sim. J.Organomet.Chem. 1965,~,332. 

161. H.Gilman and D.\olittenberg. J.A.c.s. 1958, 80, 2677·• 

162. D.Wittenberg, D.Aoki and H.Gilman. J.A.c.s. 1958, 80, 59)3. 

163. R.G.Brook and G.J.D.Peddle. J.A.c.s. 1963, ~~ 1869, 2338. 

164. K.A. Hooton. Private Communication. 

165. A.Carrick and F.Glockling. J.c.s. 1967, A, 40. 

166, t-1.Gornberg. J.A.c.s. 1914, 36, 1144. 

167. H.Low. I. & E.C. Product Research & Development. 1966, 21 80. 

168. E.A.Braude, A.G. Brook:. and R.P.Linstead. J.c.s. 1954, 3574. 

169. K.c. Bass. Nature. 1964, ~~ 700. 

170. J.t-1.Jenkins and B.L.Shaw. Proc. Chem.Soc. 1963, 279• 

171. G.\i.Parshall. J.A.c.s. 1965, 87, 2133. 

172. D.J.Cardin and M.F.Lappert. Chern. Comrnun. 1966, 506. 

173. H.C.Clark and W'.S.Tsang. Chern. Cornmun. 1966, 123. 



-207-

17~. G.Vilke. Proceedings of the R.A.Welch Foundation Conferences. 
Houston, Texas, 1965. 

175. F.G.Mann and D. Purd:ia. J.c.s. 1935, 1559. 

176. O.H.Johnson, \iol-l.Nebergall and D.l'l.Harris. Inorg.Synth. 1957 1.2,1 76• 

177. H. Gilman and C.\V'.Gerow. J.A.c.s. 1956, :z!!, 5~35· 

178. 

179. 

180. 

181. 

182. 

186. 

188. 

190. 

~¥.A. Dutton, c. Eaborn, F. Glockl ing and K. A. Hooton. J. Organomet. 
Chern. In Press. 

G.Fritz and G.Poppenburg. Angew. Chern. 1960, ~~ 208; 196,~.§., 
262 Int. Ed. 

lv.Kuchen and H.Buchwald. Ber. 1959, 92, 227. 

I.G.M.Campbell, G.W.A.Fowles and L.A.Nixon. J.c.s. 196~, 1389. 

H.Schumann, H.Kopf and M.Schmidt. J.Organomet.Chem. 196~, g, 159. 

H.Schumann, P.Sch\tabe and M.S~!'unidt. J.Or~anomet.Chem. 196~ 1 ,! 1 366. 

F.Glockling and K.A. Hooton. Proc. Chern. Soc. 1963, 1~6. 

H. Schumann, P.Schwabe and M.Schmidt. Inorg. Nucl-- .• Chem.Lett.1966,~, 
313. 

H.Schumann, H.Kopf and M.Schmidt. Ber.196~, 211 2395. 

H.Schumann, P.Sch\.rabe and N.Schmidt. Inorg.Nucl.Chem.Lett. 1966,.§. 
309. 

K.A. Hooton. Ph.D. Thesis, Durham. 1963. 

K.Issleib and H.O.Frohlich .. Ber. 196~, 2.Z,1 1659. 

H.Gilman and Do\ofittenberg. J.Org.Chem. 1958, 23 1 1063. 


