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SUMMARY

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 was undertaken partly
in order to provide comparisons between platinum and palladium.

Two methods of preparation were investigated.

(1) (RBP)zpdx2 + 2Ph_GeLi -———4>(R3P)2Pd(GePh3)2 + 2LiX

3

(2) (RSP)Zdez + (Me Ge)zHg-——4>(R3P)2de(GeMe3) + Hg + Me_GeX

3 3

Only the first was successful and this gave the complexes
where R = triethylphosphine and tri-n-propylphosphine. The
Ge-Pd complexes are extremely sensitive to oxidation and decompose
at about 1000. Reactions with HCl1l, 1,2-dibromoethane, KCN, H2
and CO are described.

Palladium Hydride Complexes

In contrast to platinum which forms many stable hydride
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-

P LT
g G‘k ' Vaes E””’P,
kz {1 SEP 1967
i .‘-

catalysed reactions.

7
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An observation on the cleavage of Ge-~Pd complexes by HCl led to
the development of an almost guantitative reaction for preparing

palladium hydride complexest
50°

trans-(Etsp)apdx2 + Me GeH — 3 trans—(EtBP)ZPd(H)X

3

By=products suggested that the reaction was taking place by a free
radical mechanisme. This evidence was supported by reactions
carried out in the presence of a radical initiator and a radical
inhibitor. The hydride (PrgP)zpd(H)Cl was formed but was too
unstable to allow isolation, as also was a nickel hydride obtained

from (EtBP)zNiBr « PReactions of (Et3P)2Pd(H)X with KI, HCl/Etzo,

2

NHB/HZO’ CCl,, Me,Sn.NMe,, KCN/MeSH and KCN/MeOH are described.

3

The latter two are of interest in that an intermediate hydridocyanide,
(EtBP)de(H)CN reacted with the solvents liberating hydrogen.
Unsaturated compounds, CHz = CHCN, PhC=CH, C2F4 and C4H6 reacted

with (EtBP)de(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.
Lithium diphenylphosphide reacts with Ph

GeCl giving Ph,GePPh,

3 3

and a few reactions of this compound are described. thPLi reacts
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with all four chlorine atoms of GeCl4 giving polymeric
material instead of the expected (Ph2P)4Ge. The polymer
was shown to contain phosphorus as PhZP-groups only, and

was probably formed by halogen-metal exchange reactions since

PhZP.Pth was 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 of palladium 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 Comglexes

Each of these metals is known to form zerovalent complexes
but all compounds involve stronglymbonding ligands which
remove electron density from the metal atom. Examples are
Ni (co)4, Ni(PFs)l*, (Ph3P)4Pd and (Ph3p)31>t. Complexes of
palladium (0) and platinum (O) with phosphine, phosphite and
isonitrile ligands were prepared by reduction of divalent

complexes in strongly alkaline media (1),
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(RNC) 2de2 + D2RNC + 2KOH —> Hzo + 2KI 4+ D>2RNC + (RNc)zpd.

The products react with trialkylphosphites:
(RNC) ,Pd + 3(R0)3P—>[(R0)3P]3(RNC)Pd + RNC,

The chelate nickel complex, (PhZPCHZCH Pth)2 Ni was made by

2

replacement of carbon monoxide from Ni(C0)4 (2). A series of

complexes, MLZ’ MLL' and ML'2 where M = Niy, Pd or Pt, L =

chelating ditertiary phosphine and L! chelating ditertiary
arsine have also been reported (3)., Claims (4,5) to the
preparation of the compounds (Ph3P)3Pt(O), (PhBP)4Pt(O) and
palladium analogues were later contested by Nyholm and co-workers

(6) who suggested that these were in fact dihydrides, (Ph3P)5‘

PtHz and (Ph3P)4PtH2, but this has now been disproved (157).

2, The +4 Oxidation State

Relatively few compounds of nickel in this valence state are
known, Stabilisation by coordination with highly electronegative
elements such as oxygen and fluorine is necessary as in, for
example, KzNiFG' The +4 oxidation state becomes increasingly
important as one proceeds down the triad. Palladium(IV)
complexes are of two types, (8) halo~complexes Mz(de6) where M
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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gstate may play a more important part in the chemistry of simple
compounds of palladium than was previously thought (9). Crystallis-
ation from a solution obtained by dissolving palladiuﬁ in nitric
acid gave a product reported to be Pd(IV)(NO3)2(OH)2 which was
previously described as hydrated Pd(NOB)z. Platinum forms a
much larger number of stable 4-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_s?ructure. Each platinum atom adopts an octahedral
environment by coordination with three methyl groups, the two
oxygens of an acetylacetonate ligand and the 03 carbon atom

of the second acetylacetonate. An important series of platinum
(IV) complexes is the range from halo complexes through ammino-

halo complexes to the hexammines, e.g. Na Pt016 through

2
intermediates Na [PtNH301s] ' |_pt(NH3)zc14] ) ....[Pt(NH3)5C1] c1,
to [Pt(NH3)6:]CI4. 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 PtF6 2- which is much

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

Oxidation states other than O, +2 and +4 are not of great
importance. Compounds of nickel (I) are very rare indeed
but include K3Ni(CN)4 and Ks{Niz(CECPh)B]. Palladium (I)
and platinum (I) compounds are unknown. Tervalent halides of
palladium and platinum have been claimed, but these may contain
the metal in mixed oxidation levels +2 and +k. Nickel, on the
other hand forms a few well defined Ni(III) complex. Oxidation
of trans-bis(triethylphosphine)nickel bromide, (EtBP)zNiBr2
with nitrosyl bromide yields a compound of composition
(EtBP)zNiBr3 (11). Only platinum forms compounds with the metal
in oxidation state above +k4, These are few in number and include
PtF_ and PtFS.

5

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 &=
or 6-coordinate and may have square planar, tetrahedral or
octahedral structures (8). Square planar 4-coordinate complexes

of nickel include [Ni(CN)A]Z- and the
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chelate bis(N,N,N',N', =tetramethylethylenediammine)nickel
(11), Such complexes are coordinatively unsaturated and
coordination with strong donor ligands, e.ges H20, 02H50H

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 now known to be
quite numerous. Several classes have been characterised
including [NiX,]*", [NilX,]” and [NiL,X] where L = a
neutral ligand and X = halogen. In some cases the idaentity
of the ligand is important. The complex (EtBP)zNiBr2 is
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.ge bis(allyldiphenylphosphine)nickel bromide, (CH =CH-CH2-

2
Pth)zNiBr2 which exist inh solution as an equilibrium mixture
of the tetrahedral and square forms. The d8 electronic

configuration of palladium (II) and platinum (II) gives rise
to complexes which are characteristically square planar, In
only a few cases is the coordination number increased beyond

four, All types of mononuclear complexes of palladium and

platinum, [MLJ 2+' [ML3X:I+' [bEZXé], [MLX3] " and [-MXIJ )
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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_,P bridging groups exist

2
(R represents an alkyl or aryl groups). Examples are: (14)

R

\/\/ i /\/

/\/\ /\/\:‘.
3

Rz

E

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 m=-bonds between filled metal d orbitals
(dxz, dxy and dyz) and vacant ligand d orbitals. 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

configurations
c1
B A |
Pt(1I) + c12 —_— Pt(1IVv)
D c D I c
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5. Structure and bonding

The electrostatic crystal field theory predicts that
if four ligands, either ionic or dipolar, lie two on each x and y
axis with the metal atom at the centre, the d orbitals (4d

for Pa>" and 5d for Pt=*), d.2 2, d 2, d_, d
X =y z xy' xz

and d
yz

will no longer be of equal energy (degenerate) since an electron
in each of these orbitals would feel the influence of the four
ligands to a differing degree. The theory predicts that the

orbitals will be in the following order of increasing energy:

y

\O, NP, A, QU
JINEE\® NS

d d d 2 d d2 2
Yz X2 z Xy X -y

Fig. 1a
Diagram of d atomic orbitals

da ~d <d2<d <d2 2, Hund's rule states that orbitals
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 dxz_yz
orbital. Thus, in d8 square planar palladium(II) and
platinum(II) complexes the dyz’ dxz’ dzz and dxy orbitals

each contain two electrons while the dxz_yz orbital remains
vacant. The result is that the four ligands can approach

the 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 4dx2_y2 palladium orbital

can hybridise with the 5s, 5px and Spy orbitals forming dsp2
square planar orbitals with which the ligands can overlap more

effectively.

6. (a) The Trans Effect

The square planar structure of PA(II) and Pt(II) complexes
allows the possibility of geometrical isomerism in compounds of

general formula ML These can exist in cis or trans forms

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

respectively. The rates and isomeric products of ligand



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)s The synthesis of cis and trans isomers of (NHS)QPtC12
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-:

c1 c1 c1 c1 c1 NH

\\\bf/// -—fﬁée> \\\pf// s \\\bé/// ’
—_— 2

o Da cr/// NH, 01’// NH,

Treatment of [Pt(NH3)4] 2+ Jith chloride ions gives the trans

isomer, as indicated beloiv, .. 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_. Study of similar substitution

3

NH NH
\é\pé/// 3——911> \2\\p//// 2 N Pt
PN ”‘{\“3 TN

NH Cl NH Cl

NH3 NH3

reactions has enabled a correlation of the trans effects of
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various ligands to be made. The usual sequence is H20<f0H?fNH3,
pyridine, RNH2<c1‘ <Br <I, SCN-<N02-<SC(NH )or R sPs RS

<CN , CO, C oH,s» NO<Me< Ph, He

It would appear to be a geﬁeral 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
R3P;>Cl-, so the cis and trans isomers of (R P)thCI2 should be

3

given by the following reactions

R3P Cl RBP Cl
N e NG e NS
_> ——
/ \PR R3P/ \PR3 R3P/ \Cl

N o N N,
Cf// .\\\Cl /// \\\ /// \\\

Both sequences assume that R_P has a greater trans labilising

3

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 two

forms, probably via a cationic intermediate:

N . \ S N
W N \ — N

The less soluble cis form crystallises on cooling and the

R_P

3 ) §

equilibrium is displaced to the right. The addition of a
2a

slight excess of [PtClg] stops the equilibration by

removal of the catalyst, trialkylphosphine, and then the

thermodynamically more stable trans form crystallises.

(b) Kinetics and Mechanism

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)SX + Y — Pt(A)BY + X

is given by the expression
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Rate =  k; [Pt(A)X] + k, [Pt(A)Bx] [¥]
where k1 is a first order rate constant for a solvent
controlled reaction and kz 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 lower, 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:

NH3
L NH L NH
N/ ° w I/IDy <t N/ °
/t — L—P{ —_ /Pt
H_N Cl | c1 H_N \py
3 o 3

(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-
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[PtAzLx] is due to a weakening of the Pt=-X bond, the length

of that bond should increase as the trans effect of L increases,
However, 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 casese For example, the Pt-Br distances in the complex

K [Pt(NHB)Br3] have been measured (19)s The Pt-Br bond

length for bromine trans to NH, is 2.42A, which is approximately

3
the sum of the covalent radii, but that for Br trans to Br

is 2.70A, The structure of Zeise's anion, [Pt(C2H4)Cls:]-
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

[} s 0 & - . ]
the sum of the atomic radii. A gimilar increase was observed

in the corresponding bromo complex, rPt(CZH4)Br3] T

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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The structure of trans- [Pt(CZHA)NH(CHB)ZCIZJ

has a Pt=N bond length 2.02A which is normal (2.03A), despite
the very high trans effect of ethylene (21). The explanation
has been put forward that the ligand which has high trans
effect modifies the m-bonds of the system but has little
effect on the o-honds. If the trans ligand has certain
m-bonding character the strongly w-bonding ethylene will
remove d electrons from the platinum atom. These will not
then be available for bonding with the trans ligand and the
result it that the trans bond to ethylene is longer than
usuale. This explains the lengthening of platinum-halogen
bonds trans to ethylene, since Pt-Cl and Pt-Br bonds may

have some T character, Nitrogen, however, has no vacant
orbitals of suitable energy with which it can 7r-bond with

the platinum dxz’ dyz or dxy orbitals and so is not influenced
by the presence or absence of etlilene. This theory does not
reconcile the observed high trans effect of hydrogen which
does not have orbitals for w-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 f-electron donors (22,23,24), 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, (EtBP)Z—
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 2.,26A
. 937
H Pt o 56A Br
9l '
2.,26A
E
t3P

The Pt-Br distance, 2.56A is appreciably greater than the sum

of the atomic radii (2.43A) while the Pt-P distances are shorter
than expected (2.26A as opposed to 2.42A). The long Pt-Br
distance may be the result of two effects, the high trans effect
of hydrogen and the influence of the cis phosphorus atoms. The
platinum dxy orbital is available for f-bonding to bromine, as

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 m-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-
(EtsP)thBrz (26)s 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 2.43A,

(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- [PtLCla(NHRR')]. This gave information
on the Pt=N bond strength by the following argument, In the
absence of hydrogen bonding, the N-H bond strength increases
as V-(N-H) increases because the nitrogen atom is
more negatives 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!
< | - '
L Tt N H
c1i R vt

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
frequencye. Observations showed a decrease in VY{N=-H) as the
ligand L is changed in the order R_P D R_Sb > (RO)P > RoAs>

3 3
R_Te > CZH4 > R2$e > RZS > piperidine > k-n-pentylpyridine.

2
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-

egative R3As and R3Sb groupse.
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Measurement of V-(Pt-N) in the far infrared spectra
of a few complexes trans- [PtL(NH3)C12] gives results in
agreement with the above order (28). The Pt-N stretching

frequency increased in the series L = C2H4-< Etzs-< NH3.

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-[(RBP)2 Pt(H)x](29,30). Such

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

X I NO3 I Cl ‘ Br l I | NO2 l SCN l CN

(PE;H) | zz&zl 2183| 2178 |z156| 2150 | 2112 | 2041
chn .

The values observed show that v(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 <'PEt2Ph < PEtPh

3 2

< PPh3.
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Chatt'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-L,PtClX (31),

These absorptions are found in the far infrared region. There
are two difficulties in relating V-(Pt-Cl) or v-(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 ofher 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
v-(Pt-X) and v-(Pt-Cl) may couple and show a frequency which
is displaced from the true value, but the heavy platinum atom
should minimise this. The results are in agreement with 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-1,5-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
19

A study of ‘F nuclear shielding parameters has been carried
out (22, 23, 24) with the object of correlating the trans

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

PEt PEt
P 3 3
-Pt X F Pt X
F PEt PEt
3 3
(1) (11)
The 19F shielding parameters of these are very sensitive

to the electronic effects of the other substituent of the ring,
[-Pt(PEtB)XJ . 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 which donate or withdraw electrons by m-bonding

19

can further shiéld or deshield the F nucleus of para-substituted
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complexes by contributions such as

PEt PEt
3 -3
F Tt*—x <«—> F- ptt—x
PEt PEt
3 3

The 19

F nem.r. spectra of complexes (I) and (I1) show large
positive shielding parameters indicating that the group
[-FKPEtB) X] is an electron donor by both inductive and
2

7 -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, > Ph > PhC=C > CN > Cl1 > Br > I parallels

3
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 o-bonds of the

complex by the trans ligand.
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Para-Fluorophenyl Complexes

19

The I 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 sr-bonding to the metal so the shielding parameter of

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

' T —acceptor parameter' for each ligand. Results were, in
most cases, in agreement with those obtained by other methods.

Phenylethynyl, cyanide and SnCl ~ have strong w-acceptor

3
properties whilst aryl, substituted aryl and thiocyanate are

modest w-acceptors. Halide ions actually show negative

parameters and may therefore be fr=electron donors.

1
195Pt-3 P coupling

Richards and co-~workers have studied
constants of tertiaryphosphine platinum halide complexes and
the results have been interpreted in terms of the 8 character

. (32)

of the platinum-phosphorous bonds. The coupling constant
of the cis isomer of (BuBP)ZPtCIZ is about 1.5 times greater
than that of the trans isomer (3508 as opposed to 2380 c.p.s.),
implying that the 8 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.
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(RBP)zptCIZ
cis isomer trans isomer
J (Pt-P) 3508 Cepese 2380 CepeSe
1(Pt-P) 2.25A 2.31A
V(Pt;P) ka2 cm T 519 cm t
427 cm'i
_1(Pt-C1) 2.,42A 2.324
¥(Pt=c1) 303 cm 339 cm
281 cm-1 .

If the W -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 g-effect only, and even if the phosphorus atom trans to
chlorine in the compound cis (RBP)ZPtCIz formed strong W-=bonds
to platinum, this would 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 o-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 reviewed by
Basolo and Pearson (15) and were divided into two general
classes, the polarisation theory and the 7=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 PtLX3

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

has greater polarisability

Fig.2s Dipoles induced in PtlLX, by polarisation of ligand L

3




-25=-

Thus the ligand X which is trans to L experiences a

repulsive force which weakens and lengthens this Pt-X bond.

The polarisation theory accounts for the high trans
effects of methyl and hydride ligands (29) where ir-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 where the ligand is
itself polarisable. Thus the trans effect is more pronounced
in platinum(II) than in the less polarisable palladium(I1I)
or platinum(IV) complexes. The nem.r. spectra of
parafluorophenyl complexes (page 20) shows that halogens
can act as weak f1-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 C1 < Br < I, the order of their polarisabilities.,

T -Bonding Theory

The high trans effects of such ligands as ethylene,
and carbon monoxide is explained in terms of mr-~bonding in
which electrons are donated from the metal d orbitals into

ligand orbitals (33). These may be d orbitals as in phosphorus
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2

or MM antibonding orbitals as in ethylene, ethynyl or carbon
monoxide. The type of bonding in olefin complexes is
described later (page 49 ). If the activated complex of a

substitution reaction

L Pt Azx + Y—->LPtA2Y + X
has trigonal bipyramidal structure, Chatt proposed (33)
that removal of electrons from the metal by 7-=bonding to

the ligand L will favour the approach of the substituting

ligand Y to form the 5-coordinate intermediates

>

////,Y
N

L —/———Pt

A
Orgel prefers to regard it as stabilisation of the
transition state by m-bonding since the electron density
is reduced in the Pt-X and Pt-Y directions (34), This theory
correctly predicts that both X and Y influence the rate of

substitution.

It has been shown 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 mr-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 lower energy and are not so available for f=bonding

as are the platinum d orbitals.

To summarise, the trans effect can be transmitted by an
inductive mechanism, a w=bonding mechanism or a combination
of the two. The inductive mechanism is transmitted through
the o-bonds and usually involves weakening of the Pt-X bond.
The Tr-bonding mechanism is transmitted through the platinum
d orbitals and the ligand orbitals which may be d orbitals
or vacant T7 orbitals. This mechanism may wgaken the Pt=X
band if the ligand X can also form TT=bonds to platinum
or it may operate by stabilisation of the transition state for

a 5-coordinate intermediate.



=28

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 orbitalse.
Metal - halogen bonds are polar and any dissociation would

be ionice.

LN <+ -
LZPdCI2 — L2Pd01 + Cl

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
d’ antibonding orbital. It is suggested, therefore, that the
méin factor influencing the stability of metal to garbon bonds
is the difference in energy, AE, between the highest energy
occupied orbital and the lowest energy antibonding orbital.

dsp2 antibonding orbitals

9
AE
JL——ﬁ— d
xy
° -o- d , d
xz' “yz
—— dz
e 2
>—s > } dsp bonding orbitals
—————

Fige 3 Simplified energy level diagram showing molecular orbitals
in square planar Pt(II) complexes.
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In the case of nickel(II), palladium(II) and platinum(II)
complexes the relevant orbital energies are indicated in
Fig. ( 2 ). If AE is amall, electrons can be promoted from
the highest energy occupied d orbital to a’ antibonding
orbitals of the metal = carbon bond. In many cases 4E 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 m=-bonding ligands increases 4E by lowering the

‘energy of the highest occupied orbital (d*y).

Organic derivatives of nickel, palladium and platinum
have been prepared which have 7r-bonding ligands such as
tertiary phosphines and arsines, carbon monoxide, fm-cyclo-
pentadiene, complexed with 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 o-bonded
organic derivatives increases in the series nickel -~ palladium

- platinum.

242. Preparations (a) Grignard and Organo-lithium reagents

The method of preparation most frequently encountefed 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, 40, 41, 42).

(RBP)ZNiBr

+ 2 PhMgBr ——> (R3P)2Ni Ph, + MgBr

2
trans-(EtBP)lecl

2 2

o * MesitylMg Br-——>trans(EtBP)ZNi(mesityl)Cl + MgBrcCl.

trans-(EtBP)ZPdBr + MeMgBr ——> trans-(EtBP)ZPdMeBr + MgBr

2

trans-(PhBP)deBr2 + 2 Meli —— c1s-(Et3P)2PdMe2 + 2LiBr

trans-(EtBP)ZPdBrz + PhMgBr —» trans-(EtSP)dePhBr + MgBr

2

2

trans-(EtBP)ZPdBrz 4 2 PhLi —— trans-(EtBP)deth + 2 LiBr

cis or trans-(Et3P)2PtC12 + MeMgBr-—9trans-(Et3P)2PtMeCI + MgBrCl

cis or trans-(EtBP)ZPtBr + 2PhLi-——9:..cis»(EtsP)thth + 2LiBr

2

(EtsP)thCIZ + c6F5Mgc1-———+ (Et3P)2Pt(06F5)Cl + MgCl

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 were probably formed but too unstable to be isolated.
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Recently o-bonded organometallic compounds of nickel stabidised
by both cyclopentadiene and either tertiary phosphines, arsines
or stibines have been described (43), Complex halides of the

type (7-C )Ni(PPh3)01 were made either by reaction of nickelocene

H
55
with bis (tertiary phosphine) nickel dihalides

(-n'-CSHS)z Ni + (ph3p)2Nic1z--—> Z(ﬂ-CSHS)Ni(PPh3)_Cl

or by reaction of m-cyclopentadienylnickel carbonyl dimer with

triphenylphosphine and iodine.

[(ﬂ-CSHS)Ni(CO)] g *+ 2PhP + I,—>2(mw-C_H)Ni(PPh,) I1+2C0

3 5

Reaction between complex halides of this type and Grignard
reagents gave organonickel derivatives.

(m=C HS)Ni(L)x + RMgX —— (77-C

5 HS)NJ.(L)R + MgX

5 2

(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 lowe. A better method (38, 39) was the
reaction between fhe tertiary phosphine nickel or platinum dihalide

complex with the appropriate sodium acetylide in liquid ammonia.

c1s—(R3P)2 Pt x2 + 2RC=C.Na —)trans-(RBP)th(CECR)z + 2NaX
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Stone and co-workers have prepared perfluoro-alkyl nickel
complexes by treatment of dicyclopentadienyldinickel dicarbonyl

with perfluoroalkyl iodidesg in benzene at room temperature

(b4, 45).
[(m-cuInico)], + C.FT —> (M-CHINI(COIC,F, +
( fr-csﬂs)m(co)x
Triphenylphosphine reacted with (rr-CSHS)Ni(CO)CzF5 displacing
carbon monoxide to form (Tr-CSHS)Ni(PPh3)C2F5'

The monomethylplatinum derivative, trans-(PhBP)ZPtMeI can
be prepared most conveniently by the addition of methyl iodide

to tris(triphenylphosphine)platinum(0) (37, 38).

(Ph3P)3Pt + 2Mel ——>(Ph3P)2PtMeI + PhB?MeI

The ethyl complex, trans-(EtSP)2 Pt(Et)Cl has been made
by reaction of bis(triethylphosphine)platinum hydridochloride

with ethylene at 95°/40 atm.. (29).

As mentioned previously, the reaction between cis platinum
dihalide complexes and 2 moles of Grignard or organo~lithium
reagent usually gives 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.

€ege cis—(Pr;)th Me. + HCl —> cis—(Pr;P)z Pt(Me)Cl + CH

2 Y

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-(EtBP)ZPt(CHZPh)Cl
and cis—(EtBP)apt(CHZPh)2 are more easily formed but are more

reactive.

A new type of organoplatinum carbonyl compound was described
recently (46). Lithium tetrachloroplatinite warmed with
1-octene and formic acid in dimethyl-formamide gave the product

(C8H17)Pt(CO)C1. The infrared spectrum showed no sign of

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

intense CO stretching band was observed at 20600m-1. This

complex reacted with triphenylphosphine giving (C CO)Pt-

gf17
(PPh3)2C1 in which the carbonyl stretching frequency had

disappeared and was replaced by an acyl C=0 band at 1639 cm-i.
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2,3+ Properties

(a) Infrared Spectra

The far infrared spectra of methyl-palladium complexes have
been examined (40) and bands in the range 435 to 534 cm-l were
assigned to Pd-C stretching vibrations. One absorption was
observed in the spectra of monomethyl derivatives, and two
in dimethyls. The Pt-C stretching frequencies of platinum
alkyls have been observed in the region 500-600 cm-i. (47, 48),
A comparison of analogous platinum and palladium compounds is
interesting. The M=C stretching frequencies of (EtBP)ZPdMe_2
(457 and 491 cm-l) are lower than those in (EtBP)ZPtMe2 (506
and 523 cm-l). 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 palladium-carbon bond is
considerably weaker than the platinum-carbon bond, which is in
agreement with the chemical evidence. The low value of
V(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

(EtSP)ZM RX and (EtBP)zM R, (M = Ni, Pd, Pt; R = Me, Ph, C6F5)

2

-1
have been observed (49, 50) in the far infrared region 410-440 cm .
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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)-

palladium(II) complex, (EtzP)ZPd(C6F5)2 has been identified.

(b) Dipole Moments

Dipole Moments of organopalladium and organoplatinum
complexes have been measured in order to elucidate the stereo-
1

chemistry. A cis complex (R3P)2de2 should have a high dipole

moment 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,

e.gs (Et,P) PdMe, (m.p. 46-47°) 4.68D, (EtSP)ZPtMe 5.65Ds

2’
On standing for six months under nitrogen the dipole moment

and melting point of the palladium complex changed to 1.4D,

(m.p. 66—670) 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-(EtSP)ZPtMeCI, 3.4D,

The cis isomer of this complex has moment 8.4D.
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Aryl derivatives

All non-fluorinated aryl palladium complexes had the
trans structures of the original dihalides (40) but cis and
trans forms of (EtSP) oPtPh, and (EtBP) 2Pt(Ph)C1 have been
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

T -bonding factor favouring cis complexes. In addition,
ring to ring conjugation through appropriate metal d orbitals

could stabilise the trans isomers of aryl complexes (40).

Chelate Complexes

As would be expected, complexes with chelating ligands

have necessarily cis configuration, e.g. (MeSCH_CH SMe)PdMe2

2 2
has dipole moment 6.4D. However, the magnitude of the dipole
moments of the chelate platinum complexes (EtZPCHZCHZPEtz)Ptth

and the dimethyl analogue is a matter of some interest. They
are both about 1.2 D greater than the corresponding non-chelate
complexes, €.g. cis (EtBP)ZPtth which has moment 7.2 D. Chatt
and Shaw (38) suggest that complexedé 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

negative end of the dipole in complexes cis—(RBP)ZPtRz. The
Ph:-—CH; moment opposes the molecular moment in the complex

cis-(EtSP)ZPt(p-tolyl)2 and the moment is less (6.75D) than
that of the diphenyl analogue (7.2D). When the Ph:—-CH;

moment reinforces the molecular moment as in cis-(EtBP)th-
(ertolyl)z, the molecular moment is increased (7.5D). By

similar reasoning it can be shown that the dipole moments of
monosubstituted complexes trans-(R;P)ZPtRx 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,
1
trans-(RBP)thRX 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



that bromine and iodine are weak 1r-electron acceptors

whereas chlorine acts as a Tr-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 make a

+—
contribution to the dipole moment in the direction R - Pt - X,

2,4, 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 nickel and palladium complexes.,

Effect of Organic Group

1 '

The stability of nickel complexes (RBP) pNiRX and (RBP) 5
NiR2 were found to increase in the order R = alkyl < phenyl ~
m ~ and p- substituted phenyl <ethynyl and phenylethynyl £ 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 fr-bonding ligands such as carbon

monoxide.

———“

Qi o
I ©

Fig.4. Overlap of metal dxy orbitals with ethynyl 7Tlg* antibonding

orbital
The ethynili group has two unoccupied ﬂb. antibonding orbitals which
can overlap with the metal d orbitals, One is shown in Fig.4
and the other, which can overlap with the metal dxz orbital, is in

the xz plane and situated similarly with respect to the
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C & C axis. The energy of these metal orbitals is thereby
reduced and stability is imparted to the complex by an increase

of AE (Fig.3, section 2,1.)

Arxls

Although sable 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
derivative (EtBP)zpd(p-Cng*NMez)2 was so unstable as to be
difficult to purify. The dimethiodide, [(EtBP)ZPd(p-CG—
H4NMe3)2] 12’ 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-(EtBP)zNi(m-tolyl)Br, the product had much the same
low thermal stability as the upsubstituted phenyl derivative.
When the phenyl ring had large substituents in the ortho position,

however, the complex was considerably more stable and the

mesityl derivative, trans{EtBP)zNi(mesityl)Cl which has two



ortho substituents in the ring, was extremely stable.

Phenyl groups have available ﬂ, antibondiné orbitals
which can interact with the metal d or’bitals 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 ‘ﬁ‘ antibonding orbital overlaps with the d!z or
the critical dxy orbitals, depending on the plane of the phenyl
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 (Fige.5.)

Y
l

ficlewlo

————— M —— e Comm Coommmm C e (e —— —— ——
&1\
ANSIEDIO
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Fige5e Diagram showing overlap béetween metal dxy orbital and the 1T*

component of the metal bonded carbon atom.

the critical dxy orbital energy is lowered and AE is raised (Fig.3.)
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If the ring is in the plane of the complex the dxz orbital

can overlap with the aromatic ‘ﬂ’ orbital, the energy of the

dxy orbital rises and - AE is lowered so the complex will
decompose most readily at this point. The average of free
rotation of the phenyl ring is therefore a small increase in AE
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
x2 plane. This configuration confers maximum stability by
reducing the energy of the important dxy orbital.

Fluorinated organic derivatives of nickel and palladium
e.g.(EtsP)zNi(CéFs)Cl, (EtBP)th(C6F5)2 prepared by Stone and
co-workers were generally more stable than unsubstituted derivatives.
(49, 52).

The complex (bipy)PdMe2 showed extraordinary stability; no

decomposition was apparent after six months at room temperature

(40).
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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

)
of type (RBP) oM R Xe

(a) Metathesis
The halogen ligands of monosubstituted derivatives can be
replaced on treatment with alkali-metal halides and pseudchalides

in acetone solution, e.g.:
(EtBP)zNi(o-tolyl)Br + LiIl — (EtSP)ZNi(o-tolyl)I + LiBr

(EtSP)deMeBr +4KCN —o (EtBP)de(Me)CN + KBr

(Pr;P)zpt(Me)Cl +KCNS — (Pr;P)Pt(Me)CNS + Kc1

(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.ge.

cis=-(Et_P) Pt Me_ + HC1 —— cis-(Et_P)_PtMeCl + CH
3 °2 32 4

2
The perfluoroarylcomplex cis—(EtBP)zpt(CGFs)2 does not react
withhydrogen chloride under the conditions which cause cleavage

of non-fluorinated phenyl groups (49).
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(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 platinum(IV) complex.
Iodine can react either way, depending on the organic groups
involved. Methyls are cleaved but phenyls give octahedral

complexes (38).

cxs-(EtBP)ZPt Me, + I, —> trans-(EtBP)zptMeI + Mel

2

trans-(Et P)ZPtMeI +1I

5 —_— trans-(EtBP)zptIZ + Mel

2

cis-or trans-(EtBP)thPh2

+I,—> (EtBP) oPtPh, I,

The analogous reaction between iodine and pentafluorophenyl
platinum derivatives, e.g. cis-(EtSP)th(CGFS)z did not take
place (48),

Chlorine reacts by oxidative addition to both dimethyl} and

diphenyl-platinum complexes.

c:.s-(Et,),P)z Pt Me, + Cl, —07 (Et3P)2PtMe cl

2 22

(d) Reactions with Organic Halides

Methyl iodide oxidatively adds to the monomethyl

derivatives at 100° giving platinum (IV)compounds.
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(RBP)th Me I +' Mel —— (RBP)ZPtMezIz

(R = Et, Pr'). The methyl iodide is loosely held and can be
removed by pumping for 3 hours at 800/10-%m. 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 yiéld. The adduct loses
ethane when heated to 100° for 20 hours.

22

(EtBP)ZPtMe I, — (Et31=)21>1;12 + C2H6

The dimethyl complex, (EtSP)ZPtMe reacted with methyl iodide

2

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

(e) Reactions with 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
(37). A precipitate was formed immediately when magnesium
iodide and the dimethyl, cis-(EtsP)thMe2 were mixeds This
suggested that an intermediate platinum (IV) complex was
involved, since the starting materials and products, trans-

(EtSP)ZPtIZ’ trans-(Et P)2Pt MeI and MeMgl were all soluble

3

in ether.
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o r—
ngz + c1s-(Et3P) thMez — (EtBP) 2PtMe2(MgI)I
(EtBP)?‘PtMez(MgI)I + MgL, —— (EtBP)thMe(MgI)Iz

—
(EtBP)ZPtMe(MgI)Iz — (E1:3P)zptlwe(lvxgl)l2

(£f) Reaction with Carbon Monoxide

Organoplatinum compounds of type (EtSP)thRx (R=Me, Ph;
X = halogen) react with carbon monoxide at 950/50 to 100 aﬁné
(53). The products are colourless or pale yellow acyl
derivatives, (EtBP)aPt(COR)x having in the infrared spectrum
a strong band between 1600-1700 eml, 3(C=0). Metathetical

replacement of the halogen by other anions readily takes place.
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Chapter 3., Olefin , Acetylene and 71r-Allyl Complexes

In addition to the o~bonded organometallic complexes
described previously, some transition metals, especially nickel,
palladium and platinum form complexes with olefins, acetylenes
and allylic ligands in which m-~bonds are of great importance.
These will be dealt with very briefly here, since they have

been described in detail in two reviews (54,55).

8.1. 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 [PdClzun]2 where un = olefin.

2(PhCN)2PdCI +2un —>» [Pdc12 un] o *+ 2PhCN

2
Complekes having cyclohexene, styrene, ethylene and isobutene
ligands have been made and their stabilities decreased in this
order.
Chelating diolefins e.g. hexa-1,5-diene (58),
cycloocta-1,5-diene and dicyclopentadiene (59) gave

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

de2 + diene —_— [dezdiene] (X«C1,Br).

They can be converted by alcohols in presence of anhydrous
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sodium carbonate into complexes [?dx(dene OR)j 2 and the
halogen bridge can be split by amines giving [Pd X(diene OR)-

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

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 x3un] y trans- [Ptxzunz]
and cis- and trans- [?txz(am)(un)J where X = halogen, am = amine

and un = olefin.
Nickel olefin complexes are few and unimportant.

(b) Structure.
The structure of platinum - olefin complexes is exemplified

by that of Zeise's anion [?t(CZH4)013] T (61).



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 two parts in which the metal forms o and
|
NW~-type bonds with the olefin T2p bonding and the T 2p

antibonding orbitals respectively.

Fige7. Bonding in platinum-olefin complexes
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In the case of platinum the ¢-bond is formed between the
metal dsp2 orbital and the olefin TT2pu orbital. This is
described as a‘/Abond. A T-type ' back bond' is formed
between the platinum 5dxz orbital (which may heve some 6p
hybrid character) with the ethylene ‘I'T.Zpg orbital, The
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).

3,20 Acetylene Complexes

Nickel, palladiwn and platinum form acetylene complexes
in which the acetylene structure is retained.

Preparations

Acetylene and substituted acetylenes (1 mol;,) will displace
2 carbonyl groups from di-fTr-cyclopentadienyl-dinickeldicarbonyl

giving the corresponding acetylene complex (62).

]
[ m-c H_Nico] o *+ RCECR —» (M-C_H_) Ni, (RCECR') + 2C0

H
55 552 "2
The unsubstituted complex has also been made from acetylene and
nickelocéne (63).
W -C_H_)_Ni + HCSCH —— (m-C_H_) _Ni_(HC=CH
( 5 5)2 5 5)z o )
Acetylenes (ac) of the type But—CECR (R=Me, Et, Prl, But) react



~51-

with PtCléz- or displace ethylene from olefin complexes as

follows: (64)
Na,PtCl, + 2ac —> [Ptc12(ac)]2 + 4 NaCl

[Pt c12(c2H4)] , +2ac —>[Ptc12(ac) ]2 + 26 H.

A different type of acetylene complex, [(Phsp)zpﬂ?cﬂ was
obtained by reduction of an alcoholic suspension of cis-

(PhBP)ZPtCI with hydrazine hydrate in presence of an acetylene

2
(65).

2 c1s-(Ph3P)2PtC12 + NH, + 2ac—> 2(Ph3P)2Pt(ac) + N, + 2HCl
Acetylenes will displace one another from complexes of this
type in the following series: CH, < alk C=CH <Cza.lk2 ~

Ph CSCH ~ Czth.

The analoguus palladium complex with diphenyl-acetylene,
(thP)dethc2 has recently been prepared from (PhBP)4Pd and
PhC=CPh (66).

(PhBP) LR thcz-—> (PhBP)dePh c2 + 2Ph_P

2 3

393e T1=Allyl Complexes

7v=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 o-type metal - carbon bond. The

bonding in 4vr-allyl complexes is analogous to that in olefin
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complexes in so far as the allyl group donates 7T7electrons to
the metal in a o-bond and accepts electrons from the metal d

L 3
orbitals into a TV antibonding orbital.,

(a) Preparations

Nickel tetracarbonyl reacts with allyl bromide giving the

violet complex, [(TT-CBHS)NiBr]_2 (67).

H -C_H iB
2 C;HBr + 2Ni(cO), —> [« CgH )N r], +8co
Cyclopentadiene reacts with nickel tetracarbonyl giving a red

‘compound of empirical formula C Ni which was first thought

10H12
to be dicyclopentadienyl-nickel(Q), Ni(C5H6)2 (68).
Proton magnetic resonance, which has been extremely useful in the

investigation of 1r-allyl complexes, has shown that this complex

is afr-allyl-f~cyclopentadienylnickel(II) (69).

Ni

This compound can also be made by treatment of nickel dibromide
successively with cyclopentadienylsodium and cyclopentenylmagnesium

chloride (70).,
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Palladium forms the largest number of mr=allyl complexes
of any metal and some of these will bg described shortly.
Platinum, in contrast, forms re1a£ive1y few fr=allyls. Treatment
of propyleneplatinous chloride with allylmagnesium bromide
(1 mol.) and cyclopentadienylsodium (1 mol,) gives rr-allyl-sm-

cyclopentadienylplatinum(II) as yellow crystals (71).

1
s [(C3H6) Ptc1,] , + (CoH IMgBr+ CoH Ne-»(17-CoH )Pt(r ~C

515 3 Hg)

5

+ C3H6 + MgBrCl + NaCl

f(=Allyl palladium compounds are usually halogen-hridged dimers
of the type [Pd Ccil(all) ] o where 'all' represents the allylic
ligand. By far the best and most versatile preparation is that
described by Dent, Long and Wilkinson (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
cﬁloride, whereas commercial material (usually the dihydrate)
gave yields greater than 80%. Allyl chloride, methallyl
chloride and 3-chloro—1-£utene 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.

c1 B Cl 7]
I CH, l CH,

H 0 —Pd “ Pd—”
I CH —> | CH
c | H—0—C l A
I CH,C1 Ic! Hy=c1
0 i ]

c1 cH,

\Pd >CH +H 4 co, + ci
/
CH,

Hydroxyl migration gives the carboxylate complex which breaks
down to form hydrogen chloride, carbon dioxide and m-allylpalladium
chloride monomer which then dimerises.

The preparation of olefin complexes [PdCl2 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
3.1a). The complexes with isobutene, diisobutene, cyclohexene,
l=methylcyclohex-1~ene and eot-methylstyrene lose HCl on heating

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

o 50-100°
200 -
2-PdCl, + 2C H = [PdC1,(C_H ) 1, :E) [Pacrcn 1,
brown yellow

Butadiene reacts with bis(benzonitrile)palladium dichloride
giving an unstable yellow complex of empirical formula C4H6-
PdCl, (743. The fact that the infrared spectrum did not show
an isolated C=C absorption was difficult to explain and led
to a controversy concerning the structure. The proton magnetic

resonance spectrum of this complex has recently been interpreted

in terms of a M=allyl structure (75).

TH2c1

CH  c1 \ CH,
CH{—— Pd Pd } JCH

\ rd

\ \ ’,
\H c1 / CH

° |
CH,C1

(b) Reactions of m=allylpalladium complexes

Metathesis

The bridging chlorine atoms of fr-allylpalladium chloride



-56=

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 Tt-allylpalladium chloride dimers is
that with donor ligands, amines and trialkylphosphines. These
result. in splitting of the halogen bridges, and monomeric products

result,.

[ ( -CBHS)PdCI:] . + 2Bt P —> 2(77 -C,H )PA(C1)PEL,

There has been speculation (77) as to whether the product is a
rr=allyl complex, a o-1t complex (a) or (b), or even a hybrid of

the two forms:

QHZ
//PEtS Aé(\\\\'. ’///Cl
fa cH P4
Nex \ / -
CH2 3
(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 fr-allylpalladiumchloride with cyclopentadienyl-
sodium gives -W-ailyl- v -cyclopentadienylpalladium(II) as dark
red crystals, The n.m.r. spectrum indicates a sandwich
structure in which palladium has the electronic configuration
of xenon (71).

CH

' 2
!
/:
CH,
1
]
\\‘
CH2

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

J
Proton Magnetic Resonance

The proton magnetic resonance spectra of mw=allyl complexes
show a characteristic pattern in the region 7=97 and this
has been used widely as a diagnostic feature of the bonding in
fM=allyls. The usual numbering and the pattern produced by

coupling is shown below$

s
/N
4“""'T T H,
H, Hy iy Ll
9 lines J J
H, 1.5 2wy

Fig.8. PsMeR. Spectra of mr-allyl complexes
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The protons 1 and 4 are magnetically equivalent, as are protons
2 and 3. If, however, the bridge is split by a donor ligand
and the complex becomes a o=-rr type, the spectrum changes.
Chlorine is a relatively wealkk o-donor, therefore the carbon atom

trans to it is bonded more strongly to the metal.

/c\ /PRs
L]
\*§§ o \\\\ Al l

Fige9. P.M.R. spectrum of ‘'o-+r' metal tertiaryphosphine
complexes

Each allyl proton becomes unigque and the spectrum is shown in

Fig.9.
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Chapter 4, Summary of the chemistry of germanium,

4y1. Organogermanes

Germanium tetrachloride reacts with Grighard reagents
with the formation of Ge-C bonds (78). The reactions are
difficult to stop at intermediate stages giving alkyl or aryl
germanium halides. These can be prépared 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 (79) by the reaction of GeCI4 with phenylmagnesium
bromidee Tetraphenyl germane is obtained if the Grignard
reagent is filtered, or hexaphenyldigermane together with
tetraphenylgermane if the reaction takes place in presence of
excess magnesium. The formation of hexaphenyldigermane

probably involves the formation of organogermyl Grignard reagents:-

3 PhMgBr + GeCI4 — PhBGeCI + 3MgBrCl

PhMgBr + Ph3GeCI-——e»PhQGe +  MgBrCl

With free magnesium:-

PhBGeCI + Mg —o PhBGeMgCI

PhBGeMgCI + Ph GeCl-——-;»PhGGe2 + MgCl

3
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4,2, Organogermanium halides

Tetraphenylgermane reacts with bromine giving first Ph_GeBr

3

and then thGeBrz, whereas tetraethylgermane reacts with excess

bromine giving only EtBGeBr. Redistributiomns of tetra-alkyl

or -aryl germanes with germanium tetrachloride give any of three

organogermanium halides, RGeClS, RzGeCI2 or RGeCl depending

3’

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.,

4,3, Germanium Hydrides

Germane itself, GeH4, is conveniently prepared in up to

75% yield by reducing GeO, with sodium borohydride in acid

2
solution (80). The product is carried frqm the reaction vessel
in a stream of nitrogen and trapped at -1960. Fractional
condensation under high vacuum removes water and higher
germanes. Germane can also be made by reduction of GeC14 with
lithium aluminium hydride in ethereal solvents but the yield
is much lower, 28% (81),

Organogermanium hydrides are most easily prepared from

organogermanium halides, R_GeX, R,GeX_  and RGeX, and lithium

3 22 >
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aluminium 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-alkali 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 predipitaté becomes grey when
equimolar amounts of germane and sodium have reacted. The

grey precipitate is solvated GeH,_Na.

3
Germane also reacts with lithium in liquid ammonia (83).
When the solution is decolorised the excess ammonia can be

removed leaving a grey solid having constitution GeH_Li.-

3

2NH,_ . On warming to room temperature the ammonia is evolved and

3

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

on standing at 20° or on heating to 2500.

The reaction between potassium amide and germane in liquid

potassivm
ammonia has also been used to prepare germyl-iwbhaus (84).

The product reacted with bromobenzene giving benzene, GeH2

potaserum .
and seddwm bromide,



Organogermanium-alkali metal compounds, e.g. Ph

3

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

3

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

GeNa,

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 (Monoglyme) (85, 86).

Ph4Ge + 2li — » PhsGeLi + PhlLi
PhGGe2 + 2li @ — 2Ph3GeLi
Phenyl-lithium formed in the first example usually reacts
quickly with the solvent so the second method of the two is
preferred.
The cleavage of hexaphenyldigermane by lithium gives a brown
solution containing triphenylgermyl-lithium, It has never been

isolated in the solid state, and slowly reacts with the solvent,.

PhBGeLi + T.H.F. —— ph3

PhBGeLi + Monoglyme —» PhBGeMe

Ge(CH2)4OH

An even better method of preparation is the hydrogen-metal
exchange reaction which takes place between n-butyl-lithium
in hexane and triphenylgermane in diethyl ether, Butane is

evolved and side reactions are minimised,
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PhGeH + Bu'li — s PhGeli + C

. 3 w810 (90%)

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 with lithium (87).
Organogermyl-lithium compounds undergo a variety of

reactions. They are hydrolysed to the hydride, R_GeH and

3
lithium hydroxide. Bromination gives the digermane in
80% yield. Reaction with R; SiX gives RsGe.SiR;, L

and with germanium tetrachloride, (R3Ge)469.
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Chapter 5. Metal-Metal Bonds

In the past few years there has been increasing interest
in molecular compounds containing metal-metal bonds. At one
time these were thought to be very rare, but it is now known

that they are quite common, especially in transition elements.

5,1. Metals 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 which there is only weak
coupling of electron spins as in, for example, cupric acetate

dimer, Cuz(OCOCH3)4 . 2H_O, to those which have an authentic

2
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metal-metal o-bond, e.ge.

an(co)10 (8).

592+ Weakly Bonded Compounds

The two main techniques used to identify cases of metal-
metal bonding, whether these bhe weak or strong, are structure
determination by X-ray crystallography and the measurement of
the magnetic susceptibility. Both require care to be exercised

in their interpretation.

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 which contain weak metal-
metal bonds include acetates of copper(II), chromium(II)
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. Niobium 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
here. The anion Re2C12- has a very short Re-Re bond length
(2.24A) implying a fairly strong metal-metal bond. The

chlorine atoms are situated 4 on each metal in the eclipsed

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

3 12
are bonded directly to each metal while the remaining chlorines

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

strong metal-metal interaction but not so strong as in Rezclg- (91),

593« Compounds Incorporating Metal-Metal o-Bonds

This type of compound is much more numerous and can occur
with a wide variety of metalse. 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 51 atom becomes 652

5

and in hexaphenyldigermane the 4524p configuration becomes

48241)6 .
Metal-metal bonding occurs in transition metal carbonyls
. 10 2 6 . .
so that the metal achieves 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(CO)6, Fe(CO)5
and Ni(CO)k, but the intervening metals in the period achieve

the krypton configuration by dimerisation in an(CO)10 and

COZ(CO) 8.
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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 two monomer unitse.

Sylte Main Group Metal-Main Group Metal Compounds

These most frequently involve the group IVb elements,
silicon, germanium, tin and lead. Gilman -and co-workers have
prepared a range of analogues of hexaphenylethane PhSM-MiPh3
(86, 93, 94, 95, 96) where M and M} are combinations -of silicon,

germanium and tin, These were prepared by reaction between an

alkali-metal derivative and an organometal halide.

’ ] ]
Ph_MLi Ph_.M X Ph_M-M Ph + LiX
3 * T —> T 3

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:
—_—
Ph6Ge2 + Br2 2Ph3GeBr

. .
PheGe2 + a2Li —m———> 2PhsGeL1

The reactivity of this bond increases as the atomic weight of

the metals increases.

595 Transition Metal-Transition Metal 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.ge an(C0)10 (see section 5,3)
and also polynuclear cluster compounds e.g. COL(CO)iz. There
may be bridging carbonyl groups between the metal atoms in
addition to the metal-metal bonds. There are three bridging
carbonyls in Fez(CO)9 for example. +w-Cyclopentadienylmetal
carbonyls also dimerise to achieve the closed shell configuration
(cyclopentadiene as Cp donates 6 eléctrons) Cege [:(Cp)Cr(CO)3 ]2,

[(cpIretco), ], ana [(cpINi(co)],.

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 (97,98):



Coa(CO)B + 2NO ——> ZCo(C0)3N0 + 2C0
The monomeric product has closed shell configuration.
Other reactions which cleave the metal-metal bond are shown below:

an(co)10 4 Br —> 2Mn(CO)SBr

2

Fe,(CO)y  + ANaOH — Na,[Fe,(CO)g] + Na,CO; + 2H,0
T.H.F. -

Co,(CO)g + Na/Hg = —"*» Na+[Co(C0)4:]

Disproportionation takes place on treatment with ammonia or
pyridine:

2 ]2+ -

2 M-nz(co)10 + 6py —> [pyGMn [Mn(C0)5 ]z + 5CO
Complexes having bonds between different transition metals
are known e.g. (Cp)(CO)zFe-Mn(CO)5 (99) and

[n- Fez(C0)12]- (100) .

Nyholm and co-workers have recently reported compounds
having Pt-Au, Pt-Pt and Pt-Ni bonds (101), prepared from
tetrakis(triphenylphosphine)platinum (0) and metal halide
complexes.

(Ph3p)4Pt + Ph_PAuCl ——> (Ph3P)2Pt(C1)AuPPh + 2Ph_P

3 3 3

(PhBP)l*Pt + (PhBP)ZPtCIZ-—>(PhBP)ZPt(Cl)Pt(Cl)(PPh3)2 + 2Ph3P

(PhSP)4Pt + (PhSP)zNiIZ——>(PhBP)ZPt(I)Ni(I)(PPhB)z + 2Ph3P
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5464 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 metals
are usually of group IV, and the chemistry of these compounds
has in many cases been developed alongside that of o=-bonded
organometallic compounds of the transition metal.

5,6.(1i) Preparations

(a) One of the most versatile preparations of complexes
having Pt-M bonds where M is a grouplV element is the reaction
between a platinum halide complex and an alkali metal derivative
of the grouplV element:

R_P)_PtX + R!MM' — (R_P) _Pt(MR!)X + M'X

( 3 )2 ¢ 32 3

2 3
2R MM! (R_P)_Pt(MR!) M'X

(RBP)thx2 +. 2RIMM —( 5 )z t( 3)2 +
M = grouplV eiement; 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-platinum-silicon/have been
prepared. The usual method is to prepare the alkali metal
derivative of the grouplV element in an ethereal solvent and
then to add a solution of the platinum halide complex in ether.
Examples are given below.

(EtBP) 2ptc12 + 2Ph_GelLi —>(Et31>) 2Pt(GePh3) o ¥ 2LiC1 (102)

3
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015-(Ph.tv‘le2P)2Pt012 + 2Ph MeGeL1—>(PhMe2P) ZPt(GeMeth)z + 2LiCl (103)

2

c:Ls-(PhMezP) thCI o * 2Ph2MeS:LL1 -—>(PhM92P) 2Pt(S1MePh2) g * 2LiCl (103)

cis-(PhBP)ZPt012 + PhBSnLi —>(Ph3p)zptc1(5nph3) + Licl (104)

Copper, silver and gold-germanium complexes have also been
made by this method (105).

R,P) MX + Ph_GeLi —> Ph_GeM(PR + LiX

( 3 )n 3 3 ( S)n
M= Cu(1), Ag(1), Au(1); n =1 for Au and 1 or 3 for Cu and Ag.

Triphenylgermyl-lithium in diglyme reacts with the complex
PhsGe. Au PPh3 giving a precipitate which, on addition of
tetramethylammonium iodide, yielded Et,N [ (PhBGe)zAu] « This

remains the only known compound in which germanium is bonded to

a transition element not stabilised by -bonding ligands.-

Limitations

Equimolar amounts of the platinum dihalide complexes and
either triphenylgermyl-lithium, diphenylmethylsilyl-lithium or
diphenylmethylgermyl-lithium did not give monosubstituted
derivatives, The product in each case was 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 was
that trialkylgermyl-lithium reagents could only be made in
ligquid 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 mentioried below.

The reaction between triphenylgermyl-lithium and a
monosubstituted platinum=germanium or platinum-silicon
compound can be used to obtain 'mixed metal' compounds (106)

(EtBP)Zpt(c1)(SiMe3) + Ph GeLiA——>(EtBP)th(GePh3KS1Me3) + Licl

3

GeLi-——>(Et3P)2Pt(GePh3)(GeMe3)+ LiCl

(Et39)2P§(01)(GeMe3) + Ph3

(b) A convenient method for the prepération of monosubstituted
trimethylsilyl complexes ig the reaction between a platinum
dihalide complex and bis(trimethylsilyl)mercury (106), The
trimethylgermyl analogue can be prepared in the same waye.

-—)trans-(EtBP)zpt(Cl)(SiMe5)+Hg+

(Me S1)2Hg + c1s-(Et3P)2PtCI2

3

M935161

(Me Ge)ZHg + 01s-(Et3P)2PtCI

3 ——>trans-(Et3P)2Pt(C1)(GeMe3)+Hg+

2

Me . GeCl
e5Ge
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Two moles of the mercury reagent did not substitute both
chlorine atoms but gave an oil from which only a low 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 1V metal halide.

PhBGeBr + Na Mn(CO) 5—> PhBGeMn(CO)S + NaBr (107)

R, MCl_ + nNaMn(CO) —> R,_ M[ Ma(CO)_ ] + nNaCl

M=Si, Sn, Pb; n =1 or 2; R = alk 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),.

(CpXCO)zFeNa + R

3mx ——->(Cp)(CO)2Fe.MR + NaX

3

R_MX = Me_SiCl; Ph

GeBr or Ph_5nCl.
3 3

3 3
Tin-iron compounds of a different type are known. The
reaction between dimethyldiphenyltin and iron pentacarbonyl gave

a cluster compound, [Me,SnFe(co), ], (110).

Tributyltin chloride reacts with iron pentacarbonyl giving
[BuZSn.Fe(CO)4 ]2, Bu,Sn, [Fe(CO)Q ]4 and Sn [Fe(CO)4 ]4 in

varying amounts depending on the temperature conditions (111),



These are also cluster compounds and the latter two have

crystal structures involving SnFelt unitse.

The reaction between a transition metal carbonylate ion
and a metal halide has been used to obtain a new compound
having hydrogen atoms attached to the grouplVb element (112),

SiH.I + [Co(c0),T ——> H

5t + [Colc0),] 3

Other compounds having silicon=cobalt bonds were made from

s:'L-Cc:(co)lt + I

organosilicon hydrides and octacarbonyldicobalt (113).

2R_SiH + Coz(CO)B —— 2R

3 SiCo(co)4 + H

3 2

The reaction between the iridium(I) complex, (PhBP)zIr(CO)Cl
and silanes having electronegative substituents resulted in

addition: (113b)

PhBEL\ //CO SiCl3
Ir PhBP\\I///CO
\\ + C1351H — Ir

Ph,P c1 PhsP// '\\\

Cl

Organohalosilanes e.g. EtCIZSiH and PhCl_SiH behaved similarly.

2
The reaction of.germane with manganesepentacarbonyl hydride

in a sealed tube gave a compound having a bridging-GeH_-group (114).

2

GeH, + __zHMn(co)5 —_— HzGe[Mn(CO)S ]2 + 2H,
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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 GeI2 in T.H.F, by inertion of
the germanium atom between the cobalt-cobalt bond, giving red

crystals of IzGe[ Co(CO)l* ]2.

The carbonylate ion-metal halide reaction has been used
to prepare metal-metal bonded compounds having bonds between

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

[(cp)(CO) M ]Na + R;M'X —>(Cp)(CO) M.M'R; + NaX
M=Cr, Mo, W35 M' = Ge, Sn, Pby R = Me, 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 accordingly
classed as a transition element. The reactions are similar
to those above and are therefore included here.

Ph,PAuCl  + [Co(CO), |7 —> Ph PAuCo(CO), + C1°

3 3
2Ph,PAuCl + [Fe(cCO) 4]2' —-)(PhBPAu)zFe(CO) b * ac1”
Ph,PAUCL '~ + [Mn(CO) ]" ~—>Ph,PAuMN(CO), + C1”

PhPAuCl + [(Cp)lJ(CO)B]-—»Ph

31>Am-r(co)3(0p) + Cl1



-7 =

(d) Tetrakis(triphenylphosphine)platinum(Q) reacts with a
variety of metal halides (101). Triphenylphosphine is displaced
and metal=-metal bonded compounds are formed:

(pn3p)4pt + Ph_SnCl —-)(Ph3P)2Pt(C1)(SnPh3) + 2Ph_P

3 3
(Ph3p) WPt o+ PhBPAuCI——>(Ph3P) 2Pt(C1)(AuPPh3) + 2Ph3P
(PhBP)l*Pt + HgCl, —> (PhBP)ZPtCI(HgCI) + 2Ph3P

These are analogous reactions to those which gave platinum-
platinum and plétinum—nickel bonded complexes described in
section 5,5,

(e) Platinum hydridohalide complexes react with triphenyltin
nitrate and triphenyllead nitrate as follows: (104).
(PhBP)ZPt(H)Cl + Ph_SnNO ————>(Ph3P)2PtC1(SnPh3)

3 3

(Ph3P)2Pt(H)Cl + Ph3PbN03——>(Ph3P)2PtC1(PbPh3)

Platinum-tin complexes

Such a wide variety of platinum-tin complexes containing
SnClS- ligands is known that these compounds can be regarded
as a class of their own. 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
with stannous chloride dihydrate in methanol (23).

trans-(EtBP)th(H)Cl + SnClz——>(EtBP)ZPt(H)(Sn013)
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The infrared spectrum of (EtBP)ZPt(H)SnCI3 showed

J(Pt=-H) at 2105cm-.1 and the low value indicates that SnC13-
is a ligand of fairly high trans effect, intermediate between
thiocyanate and cyanide (30). The proton magnetic resonance

showed coupling of the CH, protons of the ethyl groups with

3

the two phosphorus nuclei as well as with the CH_ protons (23),

2
This resulted in the appearance of a five-line pattern which
partially collapsed into a 13231 triplet by irradiation
with the methylene signal, confirming the trans configuration
of the complexe.

An octahedral platinum(IV) complex has been isolated
from a reaction between trans-bis(triphenylphosphine)platinum

dichloride and stannic chloride (104).

(Ph3P)2Pt(H)Cl + ZSnC14—> (PhBP)thCIZ(SnCIB)z + HC1

The addition of triphenylphosphine in ethanol to a
solution of potassium tetrachloroplatinite and stannous chloride
in HC1 gave (1,»}:513)21>t(5nc1:,’)2 (118). The complex with one
Pt=Sn bond has also been described (119),

cis-(PhBP)zptCIZ + SnCl, —> (PhBP)ZPt(Cl)(SnCIB)
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Anionic complexes containing platinum-tin bonds are
also known. Wilkinson and co=-workers have isolated salts
of [Ptc12(5n013)2]2' by direct replacement of ligands of
Zeise's salt (119, 120)

KKCZHA)PtCI3] + 28nCl, + KCl— K, [Pt012(5n013)2] + CH,

2
A palladium-tin complex, [PdCl(SnClB)z]z_ has been reported
(120b). This is thought to be a binuclear complex imhaving
Pd-Cl-Pd bridges.

Methyltriphenylphosphonium chloride reacts with a
methanolic solution of chloroplatinic acid in stannous chloride
(Sn:Pt-631) to give a quantitative yield of [PhSPMe]3 [Pt(SnCl3)5]
(121). A crystal structure determination has shown that this

" is one of the rare examples of 5-coordinate platinum, The

structure is a trigonal bipyramid with a central platinum atom

3

surrounded by five SnCl 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, MeBSi[ Co(CO)Q] decomposes above=-30° (122),
but HzGe[ Mn(CO)S] is air stable and sublimable under high

vacuum (114), Hydrolytic stability varies greatly even in closely
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related compounds. Trans-(EtBP)ZPt(Cl)(SiMeB) is a very
rapidly hydrolysed in moist air but the germanium analogue can be

recovered unchanged from aqueous diglyme (106).

Measurement of the platinum-hydrogen stretching frequency

of trans platinum hydride complexes shows that the ligands

SnCl_~ and GePh_
5 3

Similarly, the platinum-chlorine stretching frequencies in

have high trans effects (30, 102, 118).

the far infrared spectra of trans halide complexes shows that

SiMeth' and GeMeth' also have high trans effects (31, 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:

(PhBP)th(Cl)AuPPh + Br2—>(Ph3P)2Pt(Br‘)Cl + Ph_AuBr (101)

3 3

(R3p)zpt(eeph3)2 + Iz—>(R3P)2Pt12 +2Ph3GeI (102)

(PhBPAu)zFe(CO)4 + 212—>2Ph3PAuI + Fe(C0)412 (92)

One exception was the reaction of chlorine with Ph SnMn(CO)S.

3

Phenyl groups were cleaved in preference to the metal-metal bonds:

PhBSan'm(CO) 5 * 3C1 2—>c13

The Sn-Mn bond resisted further chlorination.

SnMn(CO) 5 * 3PhC1 (108)
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(b) Halogen Acids

Hydrogen halides cleave the metal-metal bonds.
(PhMezp)2Pt(51MePh2)2 + HCl-—>trans-(PhMezP)ZPt(Cl)(SlMeth)

+ Ph_MeSiH (103)

2
trans-(PhMeZP)ZPt(Cl)(SiMeth) + HCl—+(PhMe2P)2Pt(H)Cl + thMeSiC1
(103)
PhBPAuMn(CO)S + HC1-——’-Ph3PAuC1 + l-an(co)5 (92)

The platinum complex, (EtBP)th(GePhB)2 reacted with HCl giving
a mixture of products suggesting that an octahedral intermediate
was involved.
P
(EtBP)ZPt(GePhB)z + HC1—>Ph_GeH + Ph_GeCl + (Et31=)2 tC1,

3 3
+ (EtSP)ZPt(H)Cl (102)

(c) Organic_ Halides

1,2=dibromoethane reacts with métal-metal bonded complexes
giving ethylene.
Ph3§eM(pph3) + C,HBro—CJH + Ph,GeBr + PhBPMBr (105)
M = cu(1), Ag(I), Au(I).

(Et3P)2Pt(GePh3)2 + CH Br§—+(Et3P)2PtBrz + 2Ph_GeBr + 2C2H4 (102)

2L 3

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
(Et3P)2Pt(Cl)(SiMe3), probably on account of partial hydrolysis

of the platinum-silicon complex (106).
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Methyl iodide reacted with (EtBP)th(GePhB)z giving

Ph_GeI, Ph

5 GeMe, (EtBP)zptIZ, methane and ethane.

3

(d) Magnesium Iodide reacted with (PrgP)ZPt(GePhB)2 giving

many products, some of which were suggestive of intermediate

platinum-Grignard reagents of type (Pr;P)zpt(MgI)(GePh3) (123).

(e) Hydrogenolysis

An interesting feature of the chemistry of some metal-
metal bonded complexes is the reaction with hydrogen, often under
very mild conditions. One Ge-Pt bond of the complex (Et3p)é-
Pt(GePh3)2 was cleaved in ethyl acetate solution at room temperature/
20 mm. partial pressure.

(Etsp)zpt(GePhB_)2 + Hz—a(EtBP)th(H)GePhB + PhBGeH (102)

Pt-Si bonds are just as reactive as Pt-Ge bonds. Both
the trimethylsi%ﬁand trimethylgermyl-platinum halides react
at room temperature/1 atmosphere (106).

trans-(EtBP)th(Cl)MMe3 + Hz———> trans-(LtBP)th(H)Cl + MeBMH

M = Si, Ge
The reaction is reversible and therefore it probably
involves equilibria giving an intermediate platinum(IV) complex (124).

(EtBP)ZPt(H)Cl + Me GeHE=3(Et3P)2Pt(C1)(H)z(GeMeS)

3

H, + (EtBP)ZPt(Cl)(GeMeB)
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Hydrogenations of the mixed alkyl-aryl substituted
compounds were very rapid at Oo and the alkyl substituted group
was displaced exclusively: (106)

(EtBP)th(GePhB)(MMeB) + H ——)(EtjP)th(H)GePh + Me_MH

2 3 3

M= Si, Ge

A methanolic solution of (EtBP)zptCI containing 2 mols.

2
stannous chloride rapidly absorbed hydrogen at 250/1atm. The
addition of tetramethylammonium chloride gave yellow crystals

of Me, N[ (Et,P) _Pt(H)(SnCl,)_ ] which showed ¥(Pt-H) at 2108 emt
L 3 2 3°2

(121).,

The 5-coordinate platinum complex (MeéN)B[Pt(Sn013)5]
reacts with hydrogen at 30°/3 atm. to form (MeqN)B[ Pt(H)SnCl5 ]4

(121),

The complex, (PhSP)z(CO)ClzIr-HgCI in benzene solution
reacted with hydrogen giving mercury metal, mercurous chloride
and the hydride (PhBP)z(CO)CIZIr-H. (126). This took place

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

(f) A few ligand exchange reactions are known which do not

result in cleavage of the metal-metal bond. Tr;phenyltinmanganese-
pentacarbonyl reacts with triphenylphosphine and CO is displaced
(108)

SnMn(CO)QPPh + CO.

Fh SnMn(co)5 + Ph_P —>» Ph 3

3 3 3
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The chelating phosphine, 1,2-bis(diphenylphosphino)ethane

displaces triethylphosphine from (EtBP)th(GePhs)z (125).

Ph

2
P GePh
e /// 3
(EtSP)th(GePhB)z + Ph,PC_H, PPh,  CH,
l Pt + 2Et3P
QEE\ ////
P GePh
Ph 3

Potassium cyanide reacted with (EtSP)th’.(GePhB)2 giving an
ionic platinum-germanium complexs

(Et,P) Phi(GePh,), + 2KCN — K, [ (PhjGe) Pt(CN),] + 2Et,P
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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
the trensition metal e.g. Reﬂgz- and TcH_ 2~ (128, 129, 130).
These are unusual, however, 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 7m=bonding, which 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

turne

6,1. Preparations

(a) Hydridometallates

Reduction of potassium perrhenate, KReO4, in an
anhydrous mixture of ethylenediamine and alcohol using excess
potassium metal gave KzReH9. The prepafation of the technetium analogus
is similar,.

(b) Tertiary phosphine and arsine hydrides

The elements for which this class of compounds is important

are Pt(11), Ir(III), Rh(III), Os(IX), Ru(II), Fe(II) Re(II1), Re(IV)
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and Re(V). Most are monohydrides e.g. trans-(EtBP)ZPt(H)Cl,

but polyhydrides are also known, e.g. trans-(EtZPCHchZPEtz)‘

OsH, (131), (PhBP)zReHB (132). 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)

. N_H
c1s-(R3P)2PtC12 2L trans-(RBHEPt(H)leNH4CI + N2 + NH3

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 Shaw reduced cis-(Ph3P)2ptc1 with hydrazine

2
hydrate in ethanol at 78° and obtained trans-(PhBP)th(H)Cl (29).
Re-examination of this reaction has shown that the cis isomer is
the main product when the reaction is carried out in refluxing

methanol-ether solution and at intermediate temperatures a

mixture of the two isomers is obtained (133).

Reduction of the iodide complex (PhSP)ZPtI with anhydrous

2

hydrazine in refluxing ethanol gave a platinum(Q) complex and a
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hydrazine complex which was inadequately described (134):

4(1>h3?)2pt12 + 3N2H4—+2(Ph3P)3Pt + Pt214(N2H4)2(PPh3)z + N,

+ 4HY
With excess triphenylphosphine:

Z(PhBP)thI + 5N2H4 + 4Ph P—-)Z(PhBP)lth + N

3 + 4N2H I

2 5

2

(ii) With Alcoholic KOH

Alcoholic potassium hydroxide reduces cis platinum
dihalide complexes on heating. Ethanol is oxidised to acetyldehyde
(29).

c1s-(Et3P)2Pt012 + czﬂ OH + KOH—)trans-(EtBP)ZPt(H)Cl 4+ CH_CHO

5 3

+ KCl + Hao

This reaction is considered to take place by hydride ion transfer
from the o carbon atom:

AN

- | -
CHOH+0H+-171‘.-C1 -3 Cl + HO + - Pt

25 2 le\/ .
“H CH
l 3
|
CH,CHO + —Pt —H
|

This mechanism is supported by tracer studies in the following

reactions which give (PhBP)BIr(III)HCI2 (135, 136).

K, Ir(IV)- 4CH,CH OH+H,0 —(Ph,P) IrHC1,+ CH,CHO + HCl
-Clg + +CH,CH,0D+D,0 ——»(Ph,P) IrHC1,,+CH,CHO+DC1
excess ,
Ph_P +CH,CD OH+H,0 —(Ph,P),IrDC1,+CH,CDO+HC1

3
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The tris-and tetrakis(triphenylphosphine)platinum(0) complexes
mentioned earlier were also prepared by the reduction of
potassium tetrachloroplatinite by alcoholic KOH in presence of

triphenylphosphine (134).

(iii) With Formic Acid

The reduction of cis platinum dihalides with hot formic

acid also proceeds by a hydrogen transfer mechanism (29)

c1s-(Et3P)2Pt012 + HCOOH-—ﬁ>trans-(Et3P)2Pt(H)C1 + HC1 + co2

(iv) With Trialkylsilanes

Trialkylsilanes have been used to reduce cis-platinum
dihalide complexes to traqs-hydridohalides (113b). It is
thought that the organosilane oxidatively adds to the platinum
(II) complex giving an octahedral platinum(IV) intermediate which
eliminates halotrialkylsilane:
cis-(R;P) PtC1, + R'SiH-e{KRBP)zpt(SiR%)Hc1é]—+trans-(n3p)apt(ﬂ)c1

2 3

+ R_SiCl
3 i

This reaction gave only red polymeric material when triaryl=-

phosphine platinum complexes were used.

(v) With Metal Hydrides

Lithium aluminium hydride in ether or tetrahydrofuran (T.H.F.)
is used to prepare the more reactive transition metal hydrides.

However, as a method of preparation of platinum hydrides, it
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suffers from the disadvantage that some platinum metal is
also formed (29).

Chatt and Shaw reduced a palladium dihalide complex,

1

(EtSP)ZPdCI and obtained a product with J(Pd-H) at 2035 cm.

2
which could not be purified (30). Decomposition was rapid

in solution.

Sodium borohydride in T.HeF. was used in an attempt to

prepare a nickel hydridochloride from (PhBP)zNiCI (137).

2
. 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

digphosphine is a chelating digphosphine, e.g. thP.CBZCHz.Ptho

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) With 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.

o]
(Et31=)2?1;((;.e1>113)2 + H M(EtBP)ZPt(H)GePh + Ph_GeH (102)

2 3 3

[+]
cis-(Et3P)2PtC12 + Hz Mtrans-(EtzP) th(H)Cl-t-HCl (29)
(o]
. . 20" /1atm. i ) .
trans-(LtSP)th(Cl)SlMe3+H2—> trans-(nt3p)2Pt(H)c1 + Meflﬂ (106)

(vii) From Platinum(Q) Complexes

Some unusual platinum hydrides have been prepared by
reaction of platinum(@) phosphine complexes with acids (139).
Tris(triphenylphosphine)platinum(©), (PhSP)BPt reacts with
acids and the products are of two types according to the
acid or reaction medium used. When a suspension of the
platinum(@) compound reacted with aqueous or dilute alcoholic
acid, an ionic platinum(II) hydride wgs formed:

(Ph,P) Pt + HX —s [(Ph P)_PtH 1x
3

X = C10,, BF,, HSO,, CH,0SO

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(0) complex,

a diamagnetic and non-conducting platinum hydride was produced:
(Ph3P)3Pt + HX ——>(Ph3P)2Pt(H)x + PnpP
X=cC1, CN

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 power. 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-1vr -cyclopentadienyl hydride complexes of Re(I), Mo(II),
Ta(III), W(II), Fe(0) and Ru(O) are known which are all iso-
electronic in the valence shell,

Treatment of metal chlorides ReCls, MoCls, W015 and TaCl5

with sodium cyclopentadienide and sodium borohydride in

TeH.F. gives respectively (Cp)zReH, (Cp)zMoHZ, (Cp)z'HHz and

(Cp)zTaH where Cp = fr~cyclopentadiene (140, 141, 142),

3

Dilute mineral acids react with rhenium, molybdenum and
tungsten cyclopentadienylhydrides giving cationic hydrides,
+ + . + .
[(Cp)zReﬂz] ’ BCP)ZM°H3] and [(Cp)ZWH3] which can be
pre€ipitated 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)zReHz] + OH —> HO + (Cp)zReH
(d) Carbonyl Hydrides

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, With
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 known,

There is a wide variety of metal carbonyl hydrides and only

a few examples can be given here, including H Cr(CO)S, HMn(CO)S,

2

HRe(CO)S, HzFe(CO)4, H (co)a, HCo(CO)é, H2N12(00)6 and

oFey

H2N13(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.

(1) Alkali Metal

The reduction of metal carbonyls in liquid ammonia or T.H.F.
by alkali metal amalgam frequently gives the carbonylmetallate:

an(co)10 + Na NH3 » Na Mn(co)5 (143)

Re,(CO),, + Na — > Na Re(co)5 (144)

The pentacarbonylhydrides can best be obtained by treatment

of these anions with concentrated phosphoric acid.



Hexacarbonyls of chromium, molybdenum and tungsten are
reduced by alkali metals giving the mononuclear carbonylmetallate-
(II) (145).

M(co)6 + 2Na ——> NazM(CO)s + CO (M= Cr, Mo, W)

Precipitation with large cations from aqueous solutions of

Na, M(CO)5 (M = Cr, W) gives anionic hydrides:

[M(CO)S] 2= HO —> [HM(CO)S]- + OH

Nickel tetracarbonyl is unique in that reductions with
sodium in liguid ammonia or lithium amalgam in T.H.F. give

polynuclear anions (146, 147).

NH

. 3 .
2Ni(co), + 2Na — = » Naz[ma(co)6 ] + 2CO

This is immediately solvolysed to the hydrides

Na, [ Ni (CO), |+ 6NH,—> 2NaNH, + H,Ni (CO) . 4NH

3 3

T.H.F.
3Ni(C0), + 2Li(Hg) —> Li, [NiS(CO)B] + kco

(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. In a few cases, however, the weaker
reducing properties give different products. For instance,

the reduction of hexacarbonyls of chromium, molybdenum and
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tungsten by NaBH4 give polynuclear species where alkali

NaBH, NH

metals give mononucl;Er complexes (145, 148).
3

M(co)6 > Na, Mz(c:o)10 + 2C0 (M = Cr,Mo,W)

(iii) Bases.
Treatment of Fe(CO)5 with aqueous alkali gives [HFe(CO)Q] -
or [Fe(CO)lL ]2-, depending on the amount of alkali (149).

Fe(0) is reduced to Fe(-Ii) and one coordinated CO is oxidised

O
to CO3 .
- - O
Fe(CO), + 30H —» [HFe(CO),]” + CO,™" + H,0
- 2= O
Fe(co)5 + L4LOH —> [Fe(C0)4] + co3 + 2H20

Ammonia gives an analogous reaction (150). Acidification of

the above tetracarbonylferrate ions gives H Fe(CO)qo

2
The action of bases on polynuclear iron carbonyls gives

polynuclear carbonylferrates: (151)

2=

- 2=
Fe2(00)9 + LOH _>[r-‘e2(co)8] - co3

+ 2H20

(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(CO)_-

3
(PPhs) and H.Mn(CO)A(PRS). 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. HIF.

[C<>(co)3(PR3)J2 + 2Na(Hg) ——> 2Na[Co(C0)3PR3

Metal mn-cyclopentadienylcarbonyl hydrides may be either
neutral or cationic. The neutral chromium, molybdenum and
tungsten compounds may be prepared by treatment of the metal
hexacarbonyls with sodium cyclopentadienide in a poiar solvent,

followed by acidification.

M(CO)6 + NaCSHS———a-Na L(Qp)M(CO)S] + 3CO

Na[(Cp)M(CO)B.] + CHBOOH——>(Cp)M(CO)3H + CH,COONa

M = Cry Mo, W, Cp= m=cyclopentadiene

Cationic hydrides of this class are obtained by protonation

of binuclear Tf-cyclopentadienylmetal carbonyls with strong

. .. + +
acid (152) giving, e.g. [(Cp Mo(CO)B)zH ] and [(CpFe(CO)z)ZH ]

The proton magnetic resonance spectra showed the characteristic

metal-bonded hydrogen resonance to high field,



-96-

Properties of Transition Metal Hydrides.

The thermal and oxidative stability of transition metal
hydrides varies greatly. Decomposition of HCo(CO)h takes
place above -200, for example, but platinum 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, linked by a
o-bond formed by the H(18) and the appropriate metal (n~1)d(n)-
s{n)p hybrid orbital. The hydrogen atom can only be ;ocated
in structural studies by neutron diffraction and this has been
done in only a few cases. The hydrogen is not detectable
unambiguously by X-ray diffraction, but its position can
sometimes be inferred as in a study of trans;(EtBP)ZPt(H)Br (25)
reported earlier (page 15 ).

-
9

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

The structure of the enneahydridorhenate ion, ReH

&

Structure of Reﬂ,z-
4




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 ReH§ prism
is surrounded by a prism of 9 potassium ions rotated through

60° with respect to the first prism.

The molecular structure of Os(H)Br(CO)(PPh3)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 (2.568) was longer than the other two (2.34f).
This, and the long Pt-Br distance in trans—(EtBP)ZPt(H)Br

(25) indicate that hydride has high trans effect.

The position of the hydrogen atom in RhH(CO)(PPhS)3
has been determined (154) and the Rh-H bond length was

found to be approximately the sum of the covalent radii.

H
1.60 p-
P Rh/<2.34
2.31——')' \\\\\ ' Structure of
1.81 \\ P
2.32 RhH(CO) (PPh,)
c 33
1. 18
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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 Magnetic 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 between about

T 12 to 45 (11.63 in (Cp) _TaH_ to 44.3 in trans-(Et_PCH_CH_-

3 2 2 2
PEtz)FeHCI). In some cases, e.ge [(CpMo(CO)S)ZH ]+ (152),
(PhBP)ZNi(H)Cl (137), this criterion has been used to show

that metal-bonded hydride species exist in solution, even

when 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. Triftriphenylphosphine)platinum(0),
(PhBP)BPt was prepared in 1958 by Malatesta (134) but was
refuted by Nyholm et. al. who suggested that the compound is

a dihydride, (Ph3P)3PtH2 (155)¢ The Pt-H pemer. signal

was not observed, but a band in the infrared spectrum at
1670cm-.1 was attributed to a very low 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



=90~

carbonatoplatinum complex having an abnormally high C=0
stretching frequency (157). This was formed acidentally
by the reaction:

(Ph_),P)BPt +0, + CO, —> (Ph31=)2ptco3 + Ph,P=0,
The platinum hydride complexes, trans-(EtBP)apt(H)x show a
metal-bonded hydrogen resonance of very characteristic pattern.
The molecule contains two equivalent 31? nuclei (I = 4, abundance
100%) which split. the Pt-H resonance into a 1:2:1 triplet.

In addition, the 195

Pt nucleus (I = %, abundance 34%) further
splits the triplet into two, while the remaining platinum

isotopes with zero spin leave the central triplet unsplit.

J is extraordinarily large and the result is an easily
195Pt-H

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 1750-22000m-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)h behaves as an acid in aqueous solution, (Cp)zReH
behaves as a base, (EtBP)th(H)Cl does not react with water

but KzTcH9 decomposes liberating hydrogen.

A more general reaction is that with halogenated
hydrocarbon solvents. Hydrogen transfer takes place and
carbon tetrachloride, for example, is reduced to chloroform.

CpMo(CO)BH + ccy — CHc13 + CpMo(C0)301

Reactions of platinum hydride complexes

(a) Hydrogen transfer.

Replacement of hydrogen by halogen takes place with
decreasing ease when platinum hydridohalide complexes are
treated with halogen, hot aqueous acid and aliphatic halogeno -

carbon (29).

Cl2 ~—> HC1

trans-(EtBP)th(H)Clt~Hot aqueous HC1->H_ 5 + (EtsP)zptCI

2 2

CC14 _— CHC.I3

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,jP)zpt(H)Cl + HCl —» (Et3P)2PtH2C12

The infrared spectrum has bands at 2245 and 2265 cm-io

(b) Metathetical Reactions.

Hydrogeﬁ 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).

(Et,P) Pt(H)C1 + NHy ———> [(Etsp)apt(H)NHs]C1

3

The reaction with diphenylphosphine has been used as a route to

a binuclear hydride of platinum (159).
c1 Et_P HPPh_] Et_P P

PEt H PEt

+ Et_P

v, UNIVER
s VPN

G
214 SEP 1941

Lﬁﬁﬁh

. z\t/ ? - NN\



=102~

. -1
The low Pt-H stretching frequency of this complex (2005cm.”)
suggests that the phosphido group has a higher trans effect
than cyanide, since V(Pt-H) of trans-(Et3P]2Pt(H)CN is

at 2041cm--1 (30).



DISCUSSION
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Chapter 7

Germyl-Palladium Complexes

The first compound described having germanium bonded to a
transition metal was (Cp)(CO)zFeGePhB, prepared in 1956 by
Wilkinson and co-workers (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
€eQe tranS-(EtSP)ZPdCIZ. The first method was to react the
palladium dihalide with triphenylgermyl-lithium which should
eliminate lithium halide and form the triphenylgermyl-palladium
complex, eo.gt

(E$5P)2Pd012 + 2Ph_Geli —— (EtBP)ZPd(GePhB)z + 2LiCl1

3
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 follows:

(EtsP)ZPdCI + (MezGe)ZHg —_— (EtSP)ZPd(Cl)GeMe + Hg + Me_GeCl |

3 3

The third method is analogous to the first in that a germanium=-

2

alkali metal compound is used. In this method, germyl-potassium,

GeHBK or germyl-lithium (82, 83, 84) 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 One of the

3.
following reactions should take place: -

cis-(Et3P)th012 + GeH K ——» (EtzP)th(Cl)(GeHS) + KC1

3

cis—(EtBP)2Pt012 + zGeHSK —_— (EtsP)zpt(GeHB)z + 2KC1

1, Triphenylgermyl-lithium

Triphenylgermyl-=lithium was prepared for the first
of these experiments by cleavage of hexaphenyldigermane with
lithium shot in 1,2-dimethoxyethane (monoglyme). This reaction
was often difficult to start and initiation periods ranged from

10 minutes to 4 hours at room temperature. Ethereal solvents



are cleaved by triphenylsilyl-lithium and triphenylgermyl-
lithium (160, 161, 162) and quantitative information on the
yields of triphenylgermyl=lithium in various solvents after
stated times was desired. Ph3GeLi reacts with tetrahydrofuran
(TeH.F.) probably giving PhBGe(CHz)EOH by analogy with the
silicon compound (161) and with monoglyme giving PhsGeMe and
PhBGe(Cl-!‘)I2 OMe. The rate of reaction of triphenylgermyl~
lithium with TeH.F. has been determined (160) and pseudo-first
order kinetics with a rate constant 1.8 x 1072 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 of the reactions of triphenylgermyl-lithium
with monoglyme and T.H.F. was planned and the products were
to be examined by vapour phase chromatography on a Pye model
104 chromatograph. The most difficult spearation of products
which this involved would be the separation aﬁd 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 which could be achieved was in 5' columns
packed with 1% S.E. 30 on chromosorb Z at an oven temperature

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-lithium in
monoglyme for the following reactions were assumed to be

between 60% 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 unreacted-
lithium shot but invariably small particles of lithium passed
through the glass wool, Triphenylgermyl-1lithium in'monoglymg
reacted at -20° with solutions of palladium halide complexes,

(EtSP)ZPdBr2 and (EtBP)ZPdCI giving yellow or orange solutions

2

and a pale yellow precipitate,

trans-(EtSP) oPdX, + 2Ph GelLi —> (Et3P)2Pd(GePh3)2 + 2LiX

3
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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, however, if the
solution consisted of more than % benzene and isolation was by
low temperature crystallisation from the:hydrolysed solution,

The above method which gave (EtBP)de(GePh3)2 as a
precipitate had the disadvantage that the product was contaminated
with hexaphenyldigermane, This could have been starting material
which was not cleaved by lithium shot or it could have resulted
from decomposition of (Et3P)2Pd(GePh3)2o

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 and also
eliminates the necessi£y for removal of excess lithium by filtration.
The two methods were very similar after the preparation of
triphenylgermyl=lithium. However, by this method the bis(tri-n-
propylphosphine)complex,

(Pr;P)zpd(GePh3)2 was obtained from (Pr;P)ZPdCI and triphenylgermyl=-

2
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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, (PhBP)deCIZ’ (bipy)PdCl2
and (PhZPCHzCHZPPhZ)PdCI2 have been treated with triphenylgermyl-
lithium at -200. Reaction took place in each instance, but pure
germyl-palladium complexes were not obtained. The triphenylphosphine
palladium dichloride complex was almost insoluble in ether-
benzene (3:1) at -20°,  The mixture became orange and then
decomposed progressively to dark grey on adding triphenylgermyl-
lithiume Only hexaphenyldigermane was isolated.

Bipyridylpalladium dichloride and triphenylgermyl-lithium
decomposed even more rapidly. The colour changed from buff
to black as half of the triphehylgermyl-lithium was added.
Hexaphenyldigermane was recovered in about 60% yield.

The reaction with the chelate phosphine complex,
(thpcn CH Pth)PdCI

2 2 2

(thPCHZCHZPth)Pt(GePh3)2 has been made (102b) both by

showed more promise. The platinum complex

displacement of triethylphosphine from (EtSP)ZPt(GePhB)2 with
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
of (thPCH2CH2PPh2)PdCI2 in monoglyme at -30° giving a brown

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 élemental analysis; to be the impure complex, (Ph2PCH2CH2PPh2)—
Pd(GePhB)a. Recrystallisation from ether at low temperature

was attempted but the complex decomposed.

The nickel complexes, (EtBP)zNiBr (square planar) and

2
(PhBP)zNiCI2 (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 stability of .compounds having germanium
bonded to these group VIII metals parallels the stability of

o=bonded organic derivatives which increases in the series

Ni € Pd < Pt

2 Bis(trimethylgermyl)mercury, (MesGe)zHg.

The reaction between equimolar quantities of a platinum

dihalide complex e.g. cis-(EtsP)thCI and bis(trimethylgermyl)-

2
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 between bis(triethylphosphine)palladium
dichloride, trans-(EtSP)zpdCI2 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, EEt3P)Pd612 ]2
was the only pure substance isolated.

In a similar reaction with the dibromide, (EtBP)ZPdBrz,
the deposition of mercury was slow. Starting material,
(EtBP)zder2 was recovered (91%) together with a trace of
(EtBP)ZPd(H)Br which might have been formed by hydrolysis of
the desired product, (EtSP)ZPd(Br)(GeMes). The infrared
spectrum of the products showed no evidence of Ge-CH3 rock
or the Ge-C stretching frequency,

The nickel complex, (Cp)Ni(PPh3)01 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 triphenylpﬁosphine, on the metal.l A
solution of bis(trimethylgermyl)mercury was added dropwise to
(Cp)Ni(PPhB)Br in ether. The colour changed from maroon to
dark brown 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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Ze Germxl-alkali metal compounds.

Metal~metal bonded complexes are known having hydrogen

atoms attached to the grouplV metal e.g. H SiCo(CO)b (112)

3
and HaGe[ Mn(CO)5 ]2. Reactions were carried out with the

aim of preparing GeHB- complexes of platinum, palladium
and possibly nickel. Platinum was chosen for the initial

investigation since it was thought that M=GeH_, bonds were likely

3

to be more stable when M is a heavier metaly and the complexes
would then be of the type (RBP)ZPt(GeHB)z or (RBP)zpt(GeHB)x
where X is halogen.

Germyl-potassium, GeH_K was prepared by reaction of germane

3
(40% excess) with potassium in liquid ammonia at -78%3
ZGeHlE + 2K ——— ZGGHBK + Hzo

The solvent was removed to leave a grey powder which is,
by analogy with the lithio derivative (83), GeHBK.ZNH3. This

was treated with cis-(EtsP)ZPtCI2 in benzene. No reaction
took place when the mixture was stirred for 4 hours at room
temperature, At 60o the mixture began to decompose and an
intractable black tar was formed.

ITwo possible reasons for this behaviour were considered.

Germanium-alkali metal compounds having three organic compounds
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groups on the germanium atom béhave as 'gegen-ion' compounds,
i.e. solved ion pairs. This has been demonstrated by the

fact that the asymmetric lithium derivative., R_R_R_GelLi

1723

where R1 = Me, R2 = Ph R3 = «=naphthyl undergoes substitution

reactions without racemisation (163),

R.R_ R_G 'Li coz R._ R R_G .CO Li Hzo R.R.R_G 'CO H
17273 T Fytghighe Wk > RyFpRshe By

If germyl-potassium is also a gegen ion compound, the large

potassium ion might hinder approach of the GeH, group to the

3
platinum atom and prevent the formation of a o=bond. This can
be checked by replacing potassium by a smaller alkali metal
ion, eege lithium. The second possibility 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—potassiﬁm 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 decomposition again took place when

the benzene was warmed above 60°,

Properties_of triphenylgermyl-palladium complexes.

Bis(triethylphosphine)bis(triphenylgermyl)palladium(II),

(EtBP)de(GePhB)z is moderately stable, thermally and oxidatively,
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in the solid state. 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 materiale. Another sample of the complex was recovered
unchanged from diethyl ether after dry oxygen had been bubbled
through the solution for 3 hours at -40°, Heated under vacuum,
the pale yellow complex, (EtBP)zpd(GePhs?2 began to decompose

at 97o and was completely black at 1070. The tri=-n~propylphosphine
apalogue was somewhat less stable and decomposed over the range

86 to 1000. The platinum analogues of these complexes were
considerably more stable and began to decompose at 155° and 120o
respectively (102),

Infrared Spectra,

The near and far infrared spectra of (EtBP)de(GePhB)2
showed the following absorptions:.
3096sh, 3040m (aromatic C-H stretch), 2967m, 2933m, 2865 (aliphatic
C-Hstretch), 1949w, 1880w, 1818w, 1575m(aromatic C=C stretch),
1477m, 1449m, 1429s, 1379w, 1302w, 1253m, 1235sh, 1186w, 1155w,
1087m, 1075m, 1065w, 1030s, 997m, 909w, 852w, 762s, 729s, 700s,
629w, 480s, 457s (Ge=Car stretch), 403w(Pd-P stretch), 315s, 298 s,

ZBOSQ
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Reactions of bis(tripheny;germyl)palladium complexes.

Pyrolysis of the complex (EtBP)ZPd(GePhB)Z in a vacuum
apparatus gave palladium metal, hydrogen, ethylene, benzene,
triethylphosphine, hexaphenyldigermane and tetraphenylgermane,
This indicates that not only were the Pd-Ge and Pd-P bonds
cleaved, the stronger Ge=C, 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 followss
(RBP)ZPd(GePhB)z —> 2R,P  + P4+ Phgle,

The products isolated strongly suggest that a variety of free
radical processes take place, probablylhaving.been initiated

by triphenylgermyl radicals. Pyrolysis of the platinum analogue
yielded a similar mixiure of products (102).

Chemical reactions of the platinum complexes (RBP)ZPt(GePhB)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 igolated.
Reactions of the palladium complex (Ets_P)de(GePhs)2 sﬁowed 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 4d 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 electrons 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 (EtBP)apt-
(GePh3)2 giving triphenylgermane, chlorotriphenylgermane,
bis(triethylphosphine)platinum dichloride and bis(triethylphosphine)-
platinum hydridochloride (102). These products could originate
from addition of HC1l to the complex followed by elimination
of Ph_GeH or Ph_GeCl from the octahedral intermediate. This

3 3

does not preclude the possibility that direct cleavage also

occurred.
(Etsp)zpt((iePhB)z + .HCI —> Ph,GeH + trans-(EtzP)aPtC12
(Et,P) Pt(H)(C1)(GePh,), —» Ph,GeCl + [(Ei;.BP_)ZPt.(H)(GePhB)]
HC1
Ph GeH  + (l;tsp)zpp(ﬂ)m :

In contrast, dry hydrogen chloride in diethyl ether reacted
with bis(triethylphosphine)bis(triphenylgermyl)palladium(II) giving

only two products:
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(Et3p)zpd(eeph3)2 + 2HC1L — trans-(EtBP)ZPdCIZ + 2Ph3GeH

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 species. This observation
led to the separate investigation reported later,

Platinum-germanium and gold-germanium complexes reacted
with 1,2=dibromoethane with the formation of ethylene,
bromotriphenylgermane and the corresponding metal-=halide complex
(102, 105):

M = GePh, + czHQBr

5 —> Ph _GeBr + M=Br + CZHA'

2 3

The palladium complex, (EtBP)ZPd(GePhB)z reacted with
1,2~dibromoethane in the expected manner. Ethylene
was formed (90%), bromotriphenylgermane and the palladium
dibromide complex.

B P
(EtSP)zpd(GePh3)2 + 2C2H4Br2-——>- 202H4 + ZPhSGe r+(Et3 )2PdBr2

Ligand exchange reactions 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, (EtsP)ZPt(GePhs)z were fairly strongly held (102b).
Refluxing a solution of this complex with triphenylphosphine
did not promote ligand exchange, but 1,2-bis(diphenylphosphino)ethane
displaced triethyl phosphine giving the chelaté complex.
Excess potassium thiocyanate did not react with (EtBP)Z-
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. Howev'er, the sterecochemistry of (E1:3P)2Pd(GePh3)2
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 concentration of the
cis isomer in solution. The complex, _(Et3P)2Pd(GePh3)2
and 1,2-bis(diphenylphosphino)ethane in toluene solution
were stirred together at room temperature. Decomposition
tock place over_30 minutes and products other than triethyl-
phosphine and hexaphenyldigermane were not identified.
Potassium cyanide (2 molss.) reacted with a suspension
of the complex in ethanol, A white precipitate of “

Kz[(PhBGe)de(CN)z] was formed. The triethylphosphine liberated



-118~

was characterised by reaction with methyl iodide giving
methyltriethylphosphonium iodides

Addition of tetramethylammonium bromide (2 molse.) in
methanol to a suspension of dipotassium bis(triphenylgermyl)—
palladium dicyanide gave a solution from which a low yield of
(MehN)z[ (PhsGe)an(CN)z] crystallised on concentrating and
cooling the solution. The thermal stability of the potassium
salt Kz[ (Ph,Ge) P(CN) , ]is greater than that of the original
complex, (Et3P)2Pd(GePh3)2, as indicated by the decomposition
ranges, 112° = 120° and 970 - 107° regspectively,

Booth and Chatt have studied the reactions of organoplatinum
complexes (EtBP)ZPtRz ( R = Me, Ph) with carbon monoxide, but
products were isolable only in the case of the dimethyl complex
(161). Biacetyl , (MeCO)2 and a novel platinum carbonyl complex
[ Pt,(C0), (PEL,) ,*] (n = 3 or 4) which contained only bridjing
carbonyl groups ( v-(CO) 1766, 1773sh, cmﬁi) were obtained.

Carbon monoxide at 70 atmospheres reacted with (EtBP)zr
Pd(GePh3)2 in benzene solution over 5 days at 20°.  The
products were hexaphenyldigermane (80%) 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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spectrum 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 (102, 106), The platinum
complex (EtSP)ZPt(GePhB)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
and (EtBP)aPt(H)(GePhS). The low value of the Pt-H stretching
frequency (2051 cmTi) indicated that the group trans to
hydrogen had a high trans effect. Furthermore the tri-n=-
propylphosphine analogue showed ¥ (Pt-H) 1957 cm:'1 and the
large difference suggests that one complex was of cis configuration
and the other trans.
The chelate platinum=germanium complex, (PhZPCHZCHzPth)-
Pt(GePh3)2 and the palladium-germanium complex (EtsP)ZPd(GePhB)2
can be effectively hydrogenated only at a higher pressure.

(PhZPCHZCH Pth)Pt(GePhB)z was recovered after stérring

2
a suspension in xylene for 3 weeks in hydrogen at a pressure

of just below 1 atmosphere (164). However, in benzene solution
the complex reacted with hydrogen at 100 atmospheres over three

days at 509. Triphenylgermane and a platinum hydride showing

Y (Pt-H) 1998 cm-.1 were obtained, together with a little
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hexaphenyldigermane. The hydride, (PhZPCHZCHéPth)Pt'-
(H)GePh3 could not be obtained analytically pure, but the

mass spectrum showed the molecular ion and the following

calculated (165) and observed masses were recordedt

Calculated Observed
895,1496 895, 1446
896, 14467 896, 1460
897.1469 897, 1443
898,1463 898, 1457
899,1468 899, 1464
900, 1467. 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 hydrogen throuéh a toluene . solution
of (EtBP)ZPd(Geth)2 at 0° at atmospheric pressure for 19
hours gave only brown tarry material. This did not contain
triphenylgermane, indicating that hydrogenation did not
preceed decomposition. The complex was hydrogenated at 100
atmospheres over 7 days giving triphenylgermane and the
unstable germyl-hydridopalladium comblex,‘_(.EtBP)ZPd.(H)GePh3
which, as a semi~-solid, showed V(Pd-H) 1890 cm-.1 compared with

2035 cm--1 for a hexane solution of (EtSP)de(H)CI. 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 (164), Trimethylgermane reacts with
bis(triethylphosphine)platinum hydridochloride giving hydrogen

and (Et3P)2Pt(C1)GeMe This strongly suggests that the

e
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,

and (EtBP)de(GePhB)z.
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Chapter 8

Palladium Hydride Complexes

During the previous investigation, separation by sublimation
of a mixture 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 (EtBP)anCI2 with trimethylgermane
would be worthwhile since any germanium-containing products would
be volatile and easily removed by pumpinge.

Methods of preparation of platinum hydride complexes usually
involve a basic or an acidic environment (29, 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 Harrdd 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 35o

giving a brown solution from which large colourless crystals of
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trans-(EtBP)ZPd(H)Cl were obtainede The analogous bromide

has been prepared but the reaction took longer (4 weeks at 350).
Other products, hydrogen, hexamethyldigermane and a trace

of palladium metal suggested that the reaction took place by

a free radical mechanism,

trans-(Ei-,31=)21=dc12 + Me_GeH (excess)

3
|

trans-(EtBP)de(H)Cl + H, + Me,GeCl + Me Ge, + Pd

3

Mechanism of the reaction

The first process which takes place is probably
decomposifion 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-(Et3P)2Pd012 R Me,GeH — trace of Pd (1)

Pd + MesGeH —> (Pd-H) + Me3Ge'(2)

Two observations support this proposals. The first is that

the reaction between bis(triethylphosphine)palladium dichloride

and trimethylgermane to form the hydridochloride complex was

accelerated by the addition of a small guantity 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 350 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_Ge radicals escape into the solution.

3
(Et:,’P)dem2 + Me,Ge" —> Me,GeCl + (EtBP)deCI (3)
(EtSP)ZPdCI .+ Me,GeH —> MeGe + _(EtBP)ZPd(H)Cl (&)

The formation of hexamethyldigermane could be accounted

fér in two ways:

[ ] i [
MeBGeH + MeBGe —> MeGe, + H (5)

[ ]
2 Me,Ge" ——> MegGe, (6)
Step (5) is feasible only if it takes 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 expected. Hydrogen is probably formed as in step (7),

again at the metal surface,
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Me,GeH + H® ——s H, + Me36e° (7)

In further support of this theory that the reduction of
(EtBP)ZPdCI2 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 ip solution in equilibrium with triphenylmethyl
radicals (166) and the inhibitor was 2,6ditertiary butyl =)=
methyl phenol (167). The initiated reaction was complete after
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 aé palladium black which promoted complete reaction
within 24 hours at 200..

Finally, it has been shown that 9,10=~dihydroanthracene
can act as a free radical trap forming, transiently,

hydroanthranyl radicals C ® (168, 169), Opinions in the

14144

literature are divided concerning the nature of the final products.
Anthracene or 9,9!', 10, 10'-tetrahydrobianthranyl, produced

by coupling of two C ¢ radicals, have been reported.

14M11

[ ) ' [ ]
R + c14H12 —_— RH + 014H11

[ ] [ ]
CopHyy —_— H® + 014H10 (anthracene)
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When the reaction between bis(triethylphosphine)palladium
dichloride and trimethylgermane was repeated in the presence
of 9,10-dihydroanthracene a greater proportion of hydrogen
was produced. Anthracene formed was isolated by column
chromatography and hexamethyldigermane was not detected by
mass spectrometry, 9, 9', 10, 10'=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 freferentially attack the
hydrocarbon rather than trimethylgermane,

Preparations

Trans-bis(triethylphosphine)palladium dichloride reacted
with trimethylgermane at 350. 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, (EtBP)aI’dBr2 reacted more

slowly than the dichloride with trimethylgermane but a much

¢leaner product was obtained.

The complexs(Pr,P),PaCl,, [(Et,P)PACL, ],, PhMeP(CH.,)

2! 2’2 7
PPhMe.PdBr,, and (phBP)zbdc12 did not give isolable hydridohalides.
The bis(tri=-n-propylphosphine)complex gave a brown viscous-
oil which showed Y(Pd-H) 2005 cm-1; 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
in trimethylgermane, gradually blackened over 1 week at 350.
Attempts to prepare three different nickel hydrides were
made. The green tetrahedral complex (PhBF;)zNiCI2 was almost
iqsoluble in trimethylgermane and did not form the hydride after
16 days at 350. Colourless crystals which.were'isoiated
were identified as triphenylphosphine, and the other starting
materials were recovereds The complex, (Cp)Ni(PPhS)Br
was soluble. in trimethylgermane at 35o and decomposition took

place progreesively over 6 hours giving a black residue
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and brown viscous oil, neither of which contained nickel hydride
species,

The purple square planar complex, (EtsP)zNiBr was freely

2
soluble in trimethylgermane at 20° and reacted over 4 days
at 20o giving a brown solution from which colourless crystals
were obtained on cooling. The nickel containing product was
liquid at room temperature and showed V(Ni-H) 1937 cm_1. The
product smelled strongly of triethylphosphine and could not be
purified. The impure nickel hydride reduced carbon tetrachloride
to chioroform 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 halotrialkyisilane giving the
palladium hydridohalide.
Reduction of (EtSP)ZPdCI2 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(triethylphosphine)palladium dichloride and excess
trimethylsilane did not appear to change during periods of 1-4
weeks at temperatures between 20 and 500. Then in half an
hour reaction took place giving palladium metal and alarming
volumes of hydrogen. The residue after removal of volatile
material showed 7Y{Pd-H) 2033 cm-i. The volatile products
contained chlorotrimethylsilane but no hexamethyldisilane.

One mixture of (EtBP)ZPdCI and trimethylsilane gave traces of

2
colourless crystals after 9 months at 200.

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. 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

The complexes (EtBP)de(H)Cl and (EtBP)de(H)Br are
colourless, crystalline solids. The chloride began to decompose
at 55o in a nitrogen atmosphere and melted over the range 84-
87° (platinum analogue 82-83°). The bromide was somewhat more
stable; it darkened at 64° and melted between 91 and 95°
(platinum analogue 94-97°), Bis(triethylphosphine)palladium
hydridochloride did not decompose in vacuum during 10 months
at 200. 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 quickly on contact with air at room temperature
although the bromide was somewhat less reactive than the chloride.

Infrared Spectra

The rate of reaction of (Et3P)2Pd(H)Br was sufficiently low
to allow measurement of 3 (Pd-H) in chloroform solution. The
values of V(Pd-H) observed were 2029(KBr), 2025(CH013) and
2002 cmt (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 1453s, 1414m, 1376m, 1263m,
1248sh, 1052s, 1042sh, 1001m, 779sh, 765s, 691s and 630m, cm. .
were observed.

Bis(triethylphosphine)palladium hydridochloride showed Y (Pd-H)
at 2035 (KBr),.2031 (CHC13), 2009 (hexane), §(Pd-H) 721 (KBr),
¥(Pd-Cl) 338 (Nujol mull) and the triethylphosphine absorptions
mentioned above.

The iodide complex, (EtBP)de(H)I which was prepared by
metathetical replacement of halogen but which was not analytically
pure showed Y(Pd-H) 2004 cm-.1 (KBr).

Proton Mggnetic Resonance

The proton magnetic resonance spectrum of a 0,3M solution

of (EtBP)zpd(H)Cl in benzene recorded at 60 Mc/s, is shown

overleaf, The areas of the peaks are not in the direct ratios

shown on the photograph; the signal level was changed from 20
Mvolts to 1 m.volt for the Pd-H resonance and 400 uvolts for the

expanded methyl proton resonances. The triethylphosphine proton

resonances were located at T8.3 and 8.9 relative to the internal

standard, tetramethylsilane T,10. The metal=-bonded hydrogen shows

the expected resonance at very high field, T, 23.6 having
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a half height line width 3 c.p.se In contrast with the

platinum ynalogue (see page 99), coupling with the metal was

5

’ 1
not observed, nor was coupling with phosphorus ( 0 Pd abundance

1

22%, spin 7/2; 31p abundance 100%, spin %#). The hydridobromide

complex, (Et3P)2Pd(H)Br showed the Pd-H resonance at T 22.5

The triethylphosphiné resonances provide a simple means
of determining the stereochemistry of molecules (170, 171).
A phenomenon known as virtual coupling has been observed in
the pe.me.r. spectra of tertiary phosphine complexes of platinum(II)
and palladium(II), 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 J and
CH -CH2

3

J -3 P are not resolved at 60 Mc/s.

CH3 - CH2

Coupling of the CH3 with the CH2 protons produces a 1:2:1

triplet and each of these lines is further split into a 1:2:1

105 31

P - P4 =

triplet by long range coupling with the two phosphorus nuclei, -

Superimposition of these patterns produces a-134:63411 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 132:1 triplet lines produced by CH3 - CH2

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 show the
higher field (7T 8.9) methyl proton resonances as a 134363431
quintet if allowance is made for the 'house roofing! effect.
This indicates that (EtBP)de(H)Cl and (EtBP)ZPd(H)Br have
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 Y(Pd-H)
at the lower value of 2004 cm .- (KBr) showed the greater trans
effect of iodines

Ammonium nitrate in acetone did not react with the

hydridochloride complex and starting materials were recovered,
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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 —-(EtBP)zpd(CN)a 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 formation of
this quantity of hydrogen, but methanol alone did not react
with (EtBP)ZPd(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, (Et3p)2pd(CN)z’

Et_P Cl Et_P CN
T Y
Ty
H \PEt H v FEt
3 3
+ KC1
Et_P CN Et_P CN
3 3
MeOH KCN
— >d/ —_—> \Pd/
MeO \\\PEtB NC/// \\\PEt3
+ H + KOMe
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The pem.r. spectrum of the dicyanide complex showed a

1:416:431 quintet attributable to the CH3 protons of the

triethylphosphine ligands which, by the criteria described

previously, indicates a trans configuration.

To support

this scheme, the reaction between (EtBP)ZPd(H)Cl and 1 mol,

of potassium cyanide was carried out in methanethiol solution.

Sulphur is a much stronger ligand to palladium than is oxygen

and the methylthiopalladium cyanide complex was isolated.

Et_P CN
N S KCN 3 \\\bd///

H/// \\\PEt
3
VesH Et3p\\\> ///CN
—D d
Mes/// \\\PEtB'
+ H2

H/// \\\PEt

+ KC1

3

This behaviour contrasts with the lower reactivity

of the analogous platinum hydridochloride.

Potassium cyanide

in aqueous methanol caused metathetical replacement of the

chlorine ligand and the stable hydridocyanide, (EtBP)ZPt(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, (EtBP)thHZCIZ (29, 139).

This is sufficiently stable to allow isolation but slowly
decomposes giving starting materials. Hot aqueous hydrochloric
acid reacts giving hydrogen and (Et3p)2pt012°

Dry hydrogen chloride in diethyl ether reacted rapidly at
20° with bis(triethylphosphine)palladium hydridochloride
cleaving directly the Pd-H bond giving (EtBP)ZPdCI2 and hydrogen,
This explains the failure to obtain palladium hydridohalides
from the reaction of hydroéen halides with tertiary phosphine
palladium(0) 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 chromatographye.

Ammonia reacted with (EtsP)zpt(H)Cl to form an ionic
water-soluble salt, [(EtBP)th(H)NHBJCI (29)s, The palladium
analogue reacted with concentrated ammonia solution giving
immediately at room temperature a yellow solutiony which quickly
decomposed to a colourless solution over a black residues

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 followss

(EtsP)ZPd(H)Cl + NH,—> [(EtBP)ZPd(H)NHB]Cl —>2Et,P + Pd + NH,C1

3
(Et3P)2Pd(H)Br was treated with trimethyltindimethylamine, Me_—

3
Sn.NMe2 (1 mol.) in hexane. Although the mixture appeared
to react and changed from colourless to light brown, only the
original hydridobromide complex was isolated. The platinum
hydridochloride complex, trans-(EtBP)th(H)Cl reacted with
MeSSn.NMe2 liberating dimethylamine and forming the platinum=-
tin complex, (EtBP)ZPt(Cl)(SnMeS). (172)e¢ 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

(PhBP)de (PhCECPh) could not be prepared by reduction of (PhSP)zpd-

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 (EtSP)de(H)Br giving an
0il 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 (°8H6)7-
Pd(REtB)(H)Cl. The reaction could not be reproduced when
an attempt was made to obtain material for further study.

Tetrafluoroethylene reacted with (EtBP)ZPd(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 aluminha
separated the mixture into yellow and white components; the

yellow crystals were identified as (EtBP)deCI The mass

2.
spectrum of the colourless crystals indicated that they were

a mixture containing (Ets?)apd(_:l (EtBP)ZPd(C2F4)H and (EtSP)a"‘

2’
Pd(C3F5)Cl. 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, (EtBP)th(H)Cl with tetrafluoroethylene also
gave a complexity of products (173) including (EtBP)th(Cl)-
CF=CE2 by elimination of HF.

Butadiene reacted with (EtBP)ZPd(H)Cl giving an orange oil
and pale yellow crystals which both showed ¥(C=C), 1610¢m-1.
The crystals melted sharply without decomposition, 24-250.
Butadiene reacts with cobalt carbonyl hydride, HCo(CO)Q to give
two geometrical isomers of Tr=-crotyltricarbonylcobalt (54), It
was thought that the reaction of (Etsp)apd(H)CI with butadiene
might follow an analogous course to give (Tf-crotyl)Pd(HEts)Clo
An independent preparation of the latter compound from
w~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 chlorine, although a trace of (EtBP)deCI2
was detected. Elemental analysis corresponded to an empirical

formula C30H66P Pd_ which can be formulated (Et_P)_Pd _(C,H_)

H
32 3°3 27473
The ne.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 r=-allyl complexes such as bis

(Tt=allyl)nickel and ( TT-allyl)Ni(PEt3)Cl bring about trimerisation
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of butadiene to form cyclododecatriene (174). Biallyl was

displaced from (TV~C H5)2Ni and intermediate nickel complexes

3

were isolated.

3 Cylg + (TT=CoH) Ni—> (CJH) ) + 74

A

Further reaction with butadiene gave cyclododecatriene.



EXPERIMENTAL
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Germyl-Palladium Complexes

(1) (EtBP)de(GePhj)z Method (1).

A solution of triphenylgermyl=lithium in monoglyme was prepared
from hexaphenyldigermane (9.5 g.) and lithium shot (1.8g). The
solution was filtered through glass wool and cooled to —200.
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 0o to remove excess
lithium, triphenylgermyl-=lithium and precipitated lithium -bromide.
The yellow solid, bis(triethylphosphine)bis(triphenylgermyl)-
palladium(II) was filteéred from the solution. Yield 43 g, 55%.
Purification was by .extraction with toluene at 20° followed by
filtration, rapid cooling to -200, dilution with light petroleum
(bepe 40-60°) until the mixture became turbid and allowing the
solid to crystallise overnight at low temperatures (Found
C,60.3; H, 6.13 P, 6.4, C48H60Ge2P2Pd requires Cy 60063 H, 6.4;

P, 6.5%). The crystals decomposed without melting, 96-1070. The
solution from the filtration was dried over anhydrous magnesium
sulphate but darkened on standing at -20o and deposited a white

solid, hexaphenyldigermane.
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Method (2).

Triphenylgermyl-lithium was prepared from tripheRylgermane
(70.3g.) and n-butyl=lithium (12.8ccs. 1.87M) 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 ccs) was added dropwise at room temperatures A pale yellow
precipitate was formed and the solution became orange but darkened
rapidly as the last 10 ccs. of palladium dihalide solution were
addedo. The mixture was cooled rapidly to -780, stirred for 1%
hours and then filtered. The residue was washed with ether and
dried. The infrared spectrum, flame and Beilstein tests showed
that it contained lithium chloride and hexaphenyldigermane (4e0g.)e
The solution from the filtration was hydrolysed with water (50 ccs)
and dried over anhydrous magnesium suphate. By .this time the
solution had become dark brown. Yellow crystals formed overnight
at -200. The solution was decanted from the crystals which were
washed with ether at -780. The infrared épectrum and decompostion
range were identical with those of a sample of (EtBP)ZPd(GePhB)Z
prepared previously. Yield 3¢5g.y 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 (1.0g) which consisted largely of hexaphenyldigermane.
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(2) (Pr;P)zpd(GePhB)z.

Bis(tri-n~propylphosphine)palladium dichloride (1.6g) in
ether (75ccs) was added to a solution of triphenylgermyl-=lithium
made from triphenylgermane (2,1g) and n-butyl-lithium (3.35ccs.
2,01M). The orange solution and precipitate were stirred for
1 hr. at -400. Work up similar to that described previously
gave pale yellow crystals (1.2g). (Found C, 65.2; H, 6,643
P, 5.1 C54H726e2PZPd requires C, 62.5; H, 6.96; Pe6s0%)s The
complex decomposed without melting 86-100°. The analytical
data suggests that the product was contaminated with

hexaphenyldigermane (C requires C, 71¢1; H, 4.94; P, 0%).

36H30692
Purification by recrystallisation from ether at low temperature

was attempted but decomposition took place.

(3) (PhBP)ZPdCIZ + PhBGeLi.

A solution of triphenylgermyl-=lithium from hexaphenyldigermane
(6.4gd and lithium shot (1.5g) in monoglyme and filtered through
glass wool) was added to a suspension of bis(triphenylphosphine)-
palladium dichloride in ether (150 ccs) and benzene (50 ccs)
at -200. The solution, which was grey immediately after the

addition of Ph_GeLi, was treated as before and kept at temperatures

3

between -15° and -50° except during hydrolysis and filtration.
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Only hexaphenyldigermane and a black deposit containing palladium
metal (X-ray fluorescence spectrum) were obtained.

(4) Bipyridylpalladium dichloride + PhBGeLi.

Bipyridylpalladium dichloride (3.4g) in monoglyme (100 ccs)

at -20° was treated with a filtered solution of Ph_Geli prepared

3

from hexaphenyldigermane (9.5g) and excess lithium shot. The

mixture was black by the time half of the PhsGeLi had been added.

Hexaphenyldigermane was the only pure material isolated.

(5) (PhZPCH2CH2PPh2)Pd012 + PhBGeLl.

PhBGeLi (from hexaphenyldigermane (5.0g) and excess lithium
shot) was added to a suspension of the chelate.phosphine palladium
dichloride complex (2.6g) in monoglyme (50 ccs) at -30°.  The
brown solution was filtered and the residue (O.4g) consisted largely
of lithium chloride and hexaphenyldigermane, Benzene (50 ccs) and
ether (100 ccs) were added to the solution which was hydrolysed
and dried over magnesium sulphate, Solvent was partly removed
by pumping and hexaphenyldigermane (0.7g) was filtered off. The
solution was decolorised with charcoal and brown crystals (0O.2g)
formed on standing overnight at -200. The crystals decomposed
without melting 130-1340. (Found C, 65.4; Hy, 5.1; P, 6.1,

(PHzPCH Pd requires C, 6649;

2

ZCHZPth)Pd(GePh3)2 iees C62H546e2P

Hy, 4¢9; P, 5.6%)s Decomposition took place when recrystallisation
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from ether was attempted. The mother liquors then yielded starting

material, (PhZPCH CH Pth)PdCI2 (0e1g) and a brown intractable tar.

2 2
(6) (EtBP)zNiBr2 + PEBGeLi.

Bis(triethylphosphine)nickel dibromide (1.9gJ) in ether (25 ccs)
was added to a solution of PhBGeLi made from hexaphenyldigermane
(5.0g) and excess lithiume. The mixture at =40° rapidly became
dark brown and the emergent nitrogen smelled strongly of
triethylphosphine. Solvent was removed after hydrolysis and a
brown oil remained which showed Y(Ge-H) 2033 cm-l. (thGeH
formed by hydrolysis of excess PhBGeLi). Extraction of the
oil successively with benzene and light petroleum (bepe £0-60°)

gave hexaphenyldigermane (O.1g) and impure starting material

(EtBP)zNiBrZ (11mgd«

(7) (thp)zmm2 + PhBGeLi.

Triphenylgermyl=lithium, prepared from hexaphenyldigermane
(5.0g) and excess lithium shot in monéglyme, was édded to a
suspension of bis(trietﬁylphosphine)nickel dichloride (2.7gJ in
a mixture of ether (75 ccs) and benzene (75 ccs) at -20°,  The
brown solution was hydrolysed and filtered, Only hexaphenyldigermane

(1.7gd and black tarry material were obtained.
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(8) (EtBP)de012 + (MeBGe)zﬂg.

A solution of bis(trimethylgermyl)mercury (0e9 ge, 2¢1 m.moles.)
in benzene was added dropwise to a solution of bis(triethylphosphine)-
palladium dichloride (0e¢85gey 2.1 mmoles) in 60 ccs. benzene-
ether (1:5) at -100. After stirring for 30 minutes at room
temperature the yellow solution was filtered from the deposit of
mercury formed. On standing overnight at -20o decomposition

set in, 5mg.of the binuclear complex [(EtBP)PdCI identified

2 ]2’
by infrared spectrum and M.pe 2352 could be hand sorted from

the grey deposit of palladium and only brown tar was recovered from
the solution.

(9) (Efz?)zpdnr + (Me,Ge) Hg.

2 2

A mixture of bis(trimethylgermyl)mercury (1.15ge, 2.6mmoles)
and (Et3P)2PdBr2 (1432ge, 246 mmoles) in ether (200 ccs.)
deposited mercury over 2 hours at temperatures between -300 and
-780. The mercury was removed by filtration, Starting material,

(EtSP)ZPdBr (1.2g, 91%) was recovered with a trace of

2
(EtBP)ZPd(H)Br on removal of solvent., The infrared spectrum

showed no evidence for Ge-CH_ rock around 810 or Ge=C stretch

3
at 550 cm_i.
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(10) (EtBP)ZPtCIZ + GeHBK.

Potassium (0.175ge, 45 m moles) was dissolved in liquid
ammonia which had been dried over sodium in a vacuum apparatuse
Germane (6,2 m moles) was condensed into the trap and the mixture
was cautiously allowed to warm to -20° and the blue colour of the
solution was discharged. The solvent was removed by pumping
for 5 hours at -78o and 30 minutes at 20° to leave a grey powder,
GeH3K=.2NH3. A suspension of cis-(EtBP)ZPtCI2 (1¢1ge 422 m moles)
in warm benzene (150 ccs) was added. On stirring the mixture
for 4 hours with occasional warming to 40° the solution became
pale yellow, but a grey solid settled out on standing. The solvent
was removed from the filtered solution and starting material,

(EtBP)thCI was recovered (1,0ge, 91%).

2

This reaction was repeated and the solution of (EtBP)zptC12

and GeHBK was heated. At_60° the mixture began to darken.
The solution was rapidly cooled to -78o and the solvent was
removed by pumping at low temperature. Further decomposition

took place and an intractable black tar was obtained.

(11) (E@BP)Zpt012 + GeHBLi.

Germyl-lithium was prepared from lithium (14mg., 2 m moles)
and germane (3 m moles) in liquid ammonia. The solvent was
removed and the residue became yellow on pumping for 1 hr. .at 200.

Cis-(Et3p)2Pt012 (1e0ge, 2 m moles) in benzene was added and the
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mixture was stirred and warmed. Decomposition began at 55o
and only tarry material was obtained when the solvent was removed.

Reactions of (EfsP)de(Gepys)z.

(12) Pyrolysis.
Bis(triethylphosphine)bis(triphenylgermyl)palladium(II)
(0e242 g.) was heated in a vacuum apparatus. The colour began
to change from yellow to pale grey at 97o and was dark charcoal
grey at 1070. The wolatile products were separated by
fractional condensation and identified as hydrogen (0.9 cc.
at NeTeP.; mass spectrum), ethylene (4.9 cc. at N,T.P. infrared
spectrum), benzene (8 mg) and triethylphosphine (33 mg) (mass
spectra)le The solid residue was fractionally sublimed and
gave tetraphenylgermane and hexaphenyldigermane at 140° and
180o respectivelyy 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 obtainede The black residue (32 mg) consisted
of finely divided palladium (X-ray fluorescence spectrum).

(13) Reaction with hydrogen chloride.

Dry hydrogen chloride was passed through a suspension of
the complex (0,249 g.) in ether (20 ccs) at -20°.  The
solvent was removed and a mixture of triphenylgermane and trans-

(EtBP)ZPdCIZ was obtained ( Y (Ge=H), 2038, Y(Pd-Cl) 35k;



=149

characteristic triphenylgermane bands at 318 and 290 cm-lq.

(EtBP)deCI Me Do 135-136° was obtained by crystallisation from

2
light petroleum (b.p. 40-60°)s The residue from the mother

liquors was sublimed at 700/10-4 mms. The sublimate consisted

of triphenylgermane with a small amount of palladium hydride

showing V(Pd-H) 2012 as a shoulder on the Ge-H stretching

frequency, 2035 cm-l. The residue which contained chlorotriphenyl-

germane, V¥(Ge-Cl), 378 cmti, decomposed at 90°,

(14) Triphenylgermane and trans-(Et3P)2Pd012

A finely ground mixture of Ph3
4

sublimed at 500/10- mme The first sublimate consisted of pure

GeH and (EtBP)deCIZ was

triphenylgermane but the second fraction showed, in addition

to VY(Ge-H), a shoulder at 2011 em™l due (Pd-H) stretch in the

complex (Et3P)2Pd(H)C1. The residue showed only(Ge-H)stretch

in the 2000 cm :1 region so the palladium hydride complex

sublimed as it was formed. Further sublimation and recrystallisation
from hexane gave chlorotriphenylgermane, m.pe 112-1140.

(15) (EtSP)ZPd(GePhB)z and 1,2~dibromoethane.

(EtSP)ZPd(GePhB)Z (0.107g) was stirred with 1,2=-dibromoethane
in a vacuum apparatus. Ethylene (4.54 ccs. at N.TeP., 90%)
was removed by pumping through a trap at —78o and was identified

by its infrared spectrum. Lxcess 1,2=dibromoethane was removed
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leaving a yellow residue which was extracted with methanole.

The solution was filtered from white insoluble material which
was identified by far infrared spectrum as hexaphenyldigermane
(10 mg)e A mixture of yellow trans-(EtBP)ZPdBr2 (mepe 135-136°)
and colourless bromotriphenylgermane (m.pe 133.5-134.5) crystals
was obtained from the solution and these were separated by

hand. They were further characterised by their infrared
spectrae

(16) (Et3p)2pd(eeph5)2 + KCNS.

(EtBPZPd(GePh3)2 (9.5 mg) in acetorewas treated with
excess potassium thiocyanate in methanol. The mixture was
stirred at room temperature for 30 minutes but the germanium-
palladium complex was only partly soluble, The solvent was
removed by pumping and the residue was washed with water leaving

starting material (EtBP)de(GePhB)zo

(17) (EtBP)ZPd(GePhB)z + Ph,PCH.CH,PPh,.

The palladium complex (0.5g) was treated with 1,2-bisdiphenyl-
phosphindethane (0,2g) in toluene (15 mls.)s The precipitate
which formed was filtered off and recrystallised from toluene
giving hexaphenyldigermane (0O.2gJ. The deep red solution darkened
as the solvent was removed by pumping at 20° and an intractable

brown oil remained.
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(18) (EtBP)de(GePhB)z + 2KCN.

(EtBP)ZPd(GePhS)Z (0e295 g) in suspension in ethanol was
treated with potassium cyanide (0.Okg) dissolved in the minimum
volume of water, A white precipitate formed as the mixture
was stirred for 45 minutes. The precipitate was filtered off,
waéhed with ethanol and dried. The solid decomposed without
melting, 112-120°. (Found C, 5446; H, 4¢O; N, 3.0§

K, [(CN)ZPd(GePh3)2 iees c38"306eszszd reqﬁires C, 54.0; H, 3.63
Ny 343%) The infrared spectrum showed Y(CEN) 2084 cm-i.
and characteristic PhSGe absorptions at 1477, 1425, 1074, 736

and 699 cm-i. Yield Oe25g., 96%. The ethanolic filtrate
containing triethylphosphine was distilled onto excess

methyl iodide, giving methyltriethylphosphonium iodide after
removal of excess methyl iodide and ethanol. Yield Os104 g.,

64%. 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 molse.
tetramethylammonium bromide in methanol,. A low yield

(15%) of colourless needles of (MeQN)z[ (CN)2Pd(GePh3)2]

was obtainede (Found Cy 59.6; H, 5.8¢ C46H54GeéN4Pd requires

Cy 60e4; Hy 5.9%)e The infared spectrum showed V(C=N) 2088 cm-.1

and on recrystallisation from isopropanol, two additional cyanide

-1
bands were observed at 2109 and 2123 cm
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(19) (EtsP)de(Geth)z + H,.

(i) Atmospheric pressure

A slow stream of hydrogen was bubbled through a solution
of (EtBP)ZPd(GePhB)2 in toluene at 0° for 19 hrs. Extensive
decomposition occurred giving a black residue which did not contain
triphenylgermane, indicating that hydrogenation probably did not
preceed decomposition,

(ii) 100 atmospheres

(EtsP)de(GePhs)2 (0e2 g.) in benzene (100 ccs) was hydrogenated
for 7 days at 20° at a pressure of 100 atmospherese. A dark green
solution was obtained which, on removal of solvent, left a
black residue showing (Pd-H) 1890 and ¥(Ge-H) 2037 cm  rs
Repeated extraction with pentane at -20° gave a brown solution from
which an oil was obtained. Triphenylgermane sublimed from the oil
at 500. The residue which was ibsoluble in pentane had an infrared

spectrum similar to (EtBP)th(H)GePh e Recrystallisation at

3

low temperature was attempted but the complex began to decomposes.

(Found C, 57.05 H, 6.0; (EtSP)ZPd(H)GePhB i.ee C30H46GeP2Pd
requires C, 55.6; H, 7.2%)

(20) (Ph_PCH CHZPth)Pt(GePrB)2 + H

2 2 2

The chelate platinum-germanium complex (thPCHZCHzPth)—

Pt(GePh3)2 (0s4 g.), prepared by Dr. Cross, was hydrogenated in
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benzene (15 ccs) 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 ccs) giving triphenylgermane (0.15 ge),

characterised by its infrared spectrum; V(Ge-H) 2036 cm—i. The
residue was washed a further 3 times to remove triphenylgermane,

and recrystallised from benzene. The product showgd Y(Pt-H)

1998 cm-} (Nujol Mull) and the analytical data given below was

obtained after repeated recrystallisation from benzene gnd then
ethanols (Found C, 57.4; H, 4.38; (Ph_PCH_CH Pth)Pt(H)GePh

2 272
i.es C, H GeP Pt requires C, 58.7; H, 4.47%) Mp. 221-223°

5

(dec)s Satisfactory accurate mass measurements on the molecular
ion of the platinum hydride were obtained.

(21) (Etsp)zpd(GePhs)z and carbon monoxide,

The complex (1.0g) in benzene (29 ccs) was treated with carbon
monoxide at 20° (70 atmospheres) for 6 days. A red solution
and white solid were obtained. The solid was filtered off,
washed with benzene and identified by infared spectrum as
hexaphenyldigermane (O.49g., 80%). Benzene was removed from
the solution by pumping at o° leaving a brown oil which showed
characteristic triethylphosphine absorptions at 1453, 1412,

1377, 1260, 1038, 998, 764, 735 and carbonyl bands at 2040, 1960,
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1923, 1852 and 1808 cm-i. The residue was extracted with
pentane and cooled repeatedly to -780. Each time an oil

was obtained which slowly decomposed.
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Palladium deride Comglexes

(1) Preparation of (Et,P) Pd(H)C1

Bis(triethylphosphine)palladium dichloride (2.76g) and
trimethylgermane (1.8g) sealed in an evacuated tube fitted
with a break-seal were warmed to 40° and the yellow crystals
partly dissolved. After two days a faint palladium mirror was
observed and the solution became progressively more brown,.
During a further two days at 40° the yellow palladium dichloride
complex was totally replaced by colourless crystals. The tube
was opened to a vacuum apparatus into which hydrogen (32.8 ccs.
at NoT.P.) and volatile products were removed leaving a dark
brown residue. The volatile material was examined by mass
spectrometry and shown to contain chlorotrimethylgermane (Ge-Cl
pattern with most abundant mass 154), hexamethyldigermane
(Ge2 pattern centred on 236 m.u.) and unreacted trimethylgermane.
Vapour phase chromatography indicated that the liquid mixture
contained Me3GeCI and Me6Ge2 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
at -78° to wash impurities through the sinter. The solution

could easily be kept above the sinter or forced through it by
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manipulation of the nitrogen pressures on each side of the sinter.
Yield of bis(triethylphosphine)palladium hydridochloride 1.7 ge,

65%. (Found C, 38.0; H, 8.00; C ClP,Pd requires C, 38403

12H31
H, 8.24%). The crystals began to decompose at 55° and melted
over the range 84-870.

One reaction was stopped after the mixture had become brown
but before the yellow crystals of (EtBP)de(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) (EtBP)deCIZ, Me,GeH and palladium black

3

(EtBP)deCI2 (1.0g), trimethylgermane (1.4g) and palladium
black (0.1g) which had been heated and pumped for 4 hours (800/10-4mm3.
were sealed in an evacuated tube. After 7 hours at room
temperature the yellow dichloride complex had not completely
dissolved but colourless crystals formed when the solution was
decanted and cooled to -200. The reaction was complete after
24 hours at 180. Volatile products were removed by pumping.
The hydridochloride complex was dissolved in diethyl ether (15 ccsJ),
filtered through a sintered disc (porosity 3) to remove palladium

metal and crystallised on cooling to -50°,  Yield Oeb6ge, 65%.
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(3) Trimethylgermane and palladium black

Trimethylgermane (0.8g) and de~-gassed palladium black
(88 mg) were sealed in an evacuated tube. After 4 days at 200,
permanent gas was removed and identified as hydrogen (mass
spectrum). Tﬁe mass spectrum of the liquid product showed
that hexamethyldigermane was present. (The Ge2 isotope
pattern was oﬁserved having the most abundant isotope combination
at 236 mass units, due to the molecular ion MeGGez. The MeSGe2

ion was also observed having most abundant mass 221.)

(4) Preparation of (EtBP)de(H)Br

Bis(triethylphosphine)palladium dibromide (1.5g), trimethyl-
germane (2.2g) and de-gassed palladium black were sealed together
in an evacuated tube. After 1 day at 450 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 -780 (Fig.11). The best crystals
were selected for analysis and the last traces of palladium
were removed mechanically, (Found C, 34.2; H, 6.9k, CisziBrzszd
requires C, 34.0; H, 7.3%). Yield of crude product 1.2ge., 95%.

The reaction between bis(triethylphosphine)palladium

dibromide and trimethylgermane in the absence of palladium black



took place much more slowly. It was complete after 4 weeks
at 350 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.

(5) (Etjp)zpda2 + Me3GeH + radical initiator and inhibitor.

Bis(triethylphosphine)palladium dichloride (1,0ge., 2.4 mmoles),
hexaphenylethane (O.24ge., Oo5 mmole) and trimethylgermane (2.2g.)
were sealed together in vacuume. The initiator completely
dissolved in the solvent at room temperature. After 3 weeks
at 18° the first colourless crystals of (EtSP)de(H)Cl had
formed and the reaction was complete after 5 weeks. Concurrently,
a tube was sealed containing (EtSP)ZPdCI2 (1.0gey 2¢4 m moles),
trimethylgermane, (2.2g) and erethyl-z,thertiary butyl phenol
(0e11gse, 0s5 mmole)e The two tubes were kept under identical
temperature conditions and this tube containing iphibitor
showed no sign of reaction after 15 weeks at room temperature,

(6) (Et3p)2pd012, Me_GeH and 9,10-dihydroanthracene

3

Bis(triethylphosphine)palladium dichloride (2.0g.),
trimethylgermane (4.8g.) and 9,10-dihydroanthracene (0.3g) were

sealed in an evacuated tube. The reaction had gone to



-159~

completion after 2 days at 200. 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 --78o 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 palladium hydridochloride
complexe. The residue from the filtrate was chromatographed on
alumina using light petroleum (bepe. 40-60°) followed by benzene

as eluents, Anthracene, identified by its ultraviolet spectrum
('Amax 245 (sh) and 253%p ) and dihydroanthracene were recovered
in combined yield 0O.21g.

(7) (Et P)ZPdCI and Me_SiH

2 2 3

Bis(triethylphosphine)palladium dichloride (3.0g) was sealed
in an evacuated tube with trimethylsilane (2.5gJ in which it was
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 és the palladium dichloride complex dissolved and reacted.
Volatile products were removed by pumping. Hydrogen (101 ccs. at

NoTePs) 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 MeBSiCI isotope pattern at 108, 109 and 110 mass units
and the Me_SiCl pattern at 93, 94 and 95 mass units.) A black

2
residue remained which showed Y(Pd-H) 2033 cm-i. An attempt
to isolate (EtBP)ZPd(H)Cl by fractional sublimation at 40°/1o'5mm.
was not successful and led to further decomposition.

A mixture of (EtBP)deCI2 and Me,SiH which had been kept

3
at 20o for 4 wgeks was heated to 450 for 2 hours without change
but during the next 30 minutes extensive decomposition occurred
giving a similar mixture of products. A tube containing
(EtBP)deCI2 (0.5g) and excess trimefhylsilane gave a slight
palladium mirror inside the tube after 4 months at 18° and the

first colourless crystals of (Et P)2Pd(H)C1 were observed after

3
9 months at 180.

(8) (Etjp)zpdm2 and EtBSnH

Bis(triethylphosphine)palladium dichloride (0.5g) and
triethyltin hydride (4.3ge, 21 m moles) were .sealed together.
During 2 weeks at 18° the yellow crystals almost completely
dissolved to give a viscous solution which darkened progressively
from yellow to brown. Hydrogen (230.5 ccs. at No.TeP., 10*3 m moles),

which accounted for all the hydridic hydrogen, was removed.
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The solution was separated 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 412 m.u. respectively. (the molecular ion Et35n01

was obscured). The infrared spectra of both liquid and solid
products indicated that tin hydride and palladium hydride.species

were not present.

(9) (thp)zpd012 and MeBGeH

Bis(triphenylphosphine)palladium dichloride (2.0g) and
excess trimethylgermane were seadled togethere. The solid
was almost insoluble in trimethylgermane and darkened progressively
at 350 until after 1 week it was black, Hydrogen (62.6 ccse
at NeTsP.) and voltatile products (chlorotrimethylgepmane 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.
(10) (MePhPCH,CH,PPhMe)PdBr

s Me_GeH and palladium black

2 3

1,2=-bis(methylphenylphosphinec)ethane palladium dibromide
(1.0gJd, palladium black (0O.1g) and trimethylgermane (1.2g) were

sealed together. After 1 week at 20° and 1 week at 45° the
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mixture had changed colour from yellow to deep red. Hydrogen
(6348 ccs. at NeTeP.) was removed. The colour of the residue
changed back to yellow on removal of the volatile products

and only palladium and the original dibromide complex were
obtained.

(11) [(EtjP)PdC12] 5 and Me_GeH

A solution of the bridged binuclear complex [(Et3P)Pd012] 2

(1479) in trimethylgermane (1 cc) 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;p)zpdc12, Me_GeH and palladium black

3

Bis(tri-n-propylphosphine)palladium dichloride (1.0g),
trimethylgermane (0.9g) and palladium black (0O.1g) were
sealed together, During 2 days at 20° a dark brown viscéus:
solution was obtaineds Hydrogen (41 ccs. at N.T.P,) and volatile
products were separated leaving the impure hydride (Pr;P)de(H)Cl
as a brown oil. The infared spectrum in hexane solution showed
v (Pd-H) 2005 cm-1. Purification by low temperature crystallisation
from ether solution was attempted, but was unsuccessful and

decomposition occurred.
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(13) (Et3P)2NiBr2 and MeBGeH

Bis(triethylphosphine)nickel bromide (1.0g) and trimethylgermane

(140 cc.) changed colour from red to brown during 4 days at
room temperatures. Large, almost colourless crystals formed on
cooling the solution to -200. Volatile products were separated
and identified by mass spectrometry as hydrogen (16,2 ccs at N.T.P.),
chlorotrimethylgermane and unreacted trimethylgermane.
Hexamethyldigermane was not detecteds. Extraction with light
petroleum (bepe 40-60°) and cooling to -78° gave light brown
crystals which were recrystallised from.petroleum at low

temperature. The crystals melted at room temperature and
decomﬁosed to a dark brown liquid which smelled strongly of
triethylphosphine. The infrared spectrum of the liquid showed

¥ (Ni=H) 1937 cm--1 (contact film)s Carbon tetrachloride was

added to the light brown crystals and after 24 hours at 18o the
volatile products were removed by pumpinge Vapour phase
chromatography of the liquid using 10% apiezon L suspended

on celite in 5 foot columns at 65° showed that it contained
chloroforme

(14) (thp)2N1012 and MeBGeH

The tetrahedral complex, bis(triphenylphosphine)nickel
dichloride (0.5 g) and trimethylgermane (2.3g) were sealed together

and heated to 350 for 2 weeks, After that time a small amount of
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colourless 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 (EtBP)ZPd(H)Cl and (Et3P)de(H)Br

(15) (EEBP)ZPd(H)Cl + KI

Bis(triethylphosphine)palladium hydridochloride (52 mg.) a
2-fold excess of potassium iodide (4.4 mg.) and acetone (2 ccs)
were sealed in an evacuated tube. A flocculent yellow precipitate
and a small amount of grey material were rapidly formed at room
temperature, Hydrogen (0.31 cc. at N.TePo) and acetone were
removed. The infrared spectrum of the crude solid product showed
y(Pa-H) at 200k cw.' (KBr disc)s Extraction of the solid with
pentane at -30o followed by filtration and cooling to —78o gave
colourless crystals of bis(triethylphosphine)palladium hydridoiodide

4

which were washed with cold pentane and pumped at -200/10- mme,

for 3 hours. (Found C, 32.8; H, 6.36; C IP_Pd requires C,

12M131F3
30463 H, 6.64%)

(16) (EtBP)ZPd(H)Cl + NH4N03

The hydride complex (50¢6 mg.) ammonium nitrate (21.1 mg.)

and acetone (2 ccs.) were sealed together. After 1 week at room



-165-

temperature volatile products were removed leaving a semi-
solide Only the original complex, (EtBP)de(H)Cl was isolated
on extraction with pentane.

(17) (E§5P)2Pd(H)C1 and methanol

(EtBP)zpd(H)Cl (0.22g.) was treated with methanol (1.5 ccs.)
for 4 days at 180. A negligible volume of hydrogen was formed
(0,08 cc. at NeT.P:) and methanol was removed leaving the original
hydridochloride complex (0420 g., 91%).

(18) (E#SP)ZPd(H)Cl and methanolic KCN

Bis(triethylphosphine)palladium hydridochloride (0,205ge,
0e542 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 NeT.P.)
0.50 m mole) and methanol were removed by pumpinge The residue
was extracted with benzene and yielded bis(triethylphosphine)-
palladium dicyanide which was recrystallised from a mixture of
propanol and pentane at -30°. (Found C, £2.6; H, 7.45; N, 7.12;
014H30N2P2Pd requires C, 42.6; H, 7.66; N, 7.10%), VY(C=aN),

2128 cmﬁ? (benzene solution)s The pr;ton maghetic resonance
spectrum showed a 1:4:6:L21 quintet attributable to coupling
of the CH3 protons with the methylene protons and virtual

31

coupling with the two “ P nuclei (see Fig.10), indicating that the

complex had trans configuration.
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(19) (EtsP)de(H)Cl, potassium cyanide and methanethiol

(EtSP)ZPd(H)Cl (0,187 gey 0.49 m mole), potassium cyanide
(32 mge, 0.49 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
ccse at NeTePs. Ookd m mole) and excess methanethiol were removed.
The residue was extracted with pentane and yellow crystals of
bis(triethylphosphine)methylthiopalladium cyanide (0.13ge., 63%)
were obtained on cooling the solution to -50°.  (Found C, 40.6;
Hy 773 Ny 3076 (EtBP)de(SMe)CN, ice. C14H33NP2PdS requires
Cy 40e5; Hy 7095 Ny 3o4%).

(20) (EtsP)zpd(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
VePeCe and shown to contain chl#roform (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) (EtBP)ZPd(H)Cl and hydrogen chloride

(EtBP)ZPd(H)Cl (84 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 NeTeP., 91%)
and solvent were removed, The solid product was recrystallised
from ethanol giving (EtBP)ZPdCIZ, mepe 139° (73 mg., 80%).

(22) (EtBP)ZPd(H)Cl and aqueous ammonia

The hydride comflex (51 mg.) and 0,880 ammonia (2.0 ccs.)
gave a yellow solution at room temperature which 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 waters White
crystals of triethylphosphine oxide (identified by infrared
spectrum) sublimed. Ammonium chloride was expected but was not
detected,

(23) (EtBP)ZPd(H)Br and MeBSn.N Me,

The hydridogromide complex (0.6 g.) was sealea in a tube with
trimethyltindimethylamine (0.25g.) and pentane (5 ccs.)e 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.

(24) (EtBP)ZPd(H)Cl and acrylonitrile

The hydridochloride complex (50.8 mg.) was sealed with
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 ve.pece A yellow 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 palladiume. The infrared spectrum
of the yellow plastic showed V(C=N) 2237 em 1, Ignition

left a residue of palladium.

(25) (EtBP)ZPd(H)Cl and phenylacetylene.

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 Y(CSC) 2105 em™ !,  Extraction with light petroleum
(bepe 40-60°) and cooling of the solution to -30° gave a small
amount of orange crystalline material, m.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 when 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) (EtBP)ZPd(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 20o considerable decomposition
had occurred giving palladium metal and a mixture of white and
yellow crystals was observed inside the bulb. Hydrogen
(3.6 ccs. at NeT.P.) was removed. Crystallisation from pentane
at -78° gave a mixture of crystals (0.2g). The yellow crystals
were separated by hand sorting and identified as (Et3p)2PdCI2'
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: (EtBP)deCI2 (PdCl_ isotope pattern with

2
most abundant mass 414),(Et3P)2PdCZF4H (Pd isotope pattern

with most abundant mass 443), (EtsP)ZPdCIC F\ (PdC1 pattern,

3

491) and (Et3p)zpdc103F5 (PdCl pattern 510). Chromatography

of the colourless crystals did not give a further separation.

(27) (EtsP)ZPd(H)Cl and butadiene

The hydride complex (2.0g.) was sealed in a tube with
butadiene (2.3gJ. 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 was removed
leaving a yellow oil. Fractional crystallisation from pentane
at low temperature gave first a yellow oil and then pale yellow
crystals, m.p. 24—2505 The infrared spectrum showed
triethylphosphine absorptions and ¥C=C, 1640 cm-l. The mass
spectrum showed a minute trace of (EtBP)deCl2 as the only
chlorine containing component, Ions having the palladium
isotope pattern with most abundant masses at 332, 278 and 224

were thought to be (Et P)Pd(c4 6 ar (Et p)Pdc4H and (EtBP)Pd

6
respectively. Found C, 49.4; H, 8.97; P, 12.6%. If the

crystals do not contain chlorine, this leads to an empirical
formula C,,H. P, Pd, which can be formulated (Et P) Pd (C4H7)

The pemer. 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 400° to remove
oxygen . and through a éolumn 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. Weiler and Strauss, Banbury Road, Oxford.

Infrared Spectra in the region 2.5-2;» were recorded on a Grubb=-
Parsons Spectromaster or GeS. 2A. Spectrophotometer. Solids
were examined as pressed discs in KBr or KI or as Nujol Mulls.
Liquids were examined as contact films between KBr plates, A
Grubb=Parsons DM2.spectrophotometer was used to examine the
region 20-59# . Solids were examined as Nujol Mulls between

CsI plates protected by thin polythene.
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Proton Magnetic 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

(1645 ge, Oe1l4 mole) was added dropwise with stirring to a
solution of sodium chloropalladite, Na2Pd014.2H20 (23.2g.,

0,07 mole) in water (500 ccse)e The yellow precipitate was
filtered off and recrystallised from ethanol containing a

little triethylphosphine. Yield 23.8 ge., 82%. M.p. 139°.

Other phosphine palladium halide complexes were prepared similarly.

(2) Hexaphenyldigermane (79) Phenylmagnesium bromide was prepared

from bromobenzene (886 g., 4.1 moles) and magnesium (155ge, 6.5
moles) in 25 litres of diethyl ether, Germanium tetrachloride
(100 ge, 0.47 mole) in toluene (1 litre) was added slowly

to the Grignard reagent in the presence of free magnesiume The
solid was filtered off in air and washed with dilute acetic acid
to destroy magnesium. The hexaphenyldigermane was purified

b& 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 gey 0,063 mole) in 1,2-dibromoethane (250 ccs.) at reflux
temperature, The solvent was removed by distillation and the

product was reduced without purification,
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(4) Triphenylgermane (176) The crude bromotriphenylgermane, dissolved

in ether and benzene (1:1; 400 ccs), was added to lithium aluminium
hydride (5g.) in ether (500 c¢ccs.)s The mixture was refluxed

for 2 hours and then hydrolysed with 2N sulphuric acid.
Triphenylgermane was separated by ether extraction and purified

by vacuum distillation (140-1470/10—3mm.) and recrystallisation
from light petroleum (b.p. 40-60°), |

(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
PhBGeLi were assumed to vary between 70% and 60% respectively, to allow
for any loss by reaction with the solvent. The solution was

filtered through glass wool before use.

(v) (177). Triphenylgermane (7.3g., 0,024 mole) was dissolved in
ether (50 ccs.) and the solution was cooled to 0°. n-Butyl-

lithium (0.024 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., 4.9 moles) and methyl bromide (380g., 4.0
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
Me4Ge was distilled from the mixture without hydrolysis, and the
product was separated from di-n-butyl ether by fractionation,
Boiling range 41.5—440; Yield 66g., 71%.

(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

then MeSGeBr, bepe 1140. Final traces of bromine were removed

by shaking the product with mercury. Yield 102g., 89%.

(8) Irimethylgermane. Dioxane was dried by refluxing with sodium

and distilled on to lithium aluminium hydride (3.0g.)
Bromotrimethylgermane (45g.) was added dropwise and the apparatus
was arrangéd so that dioxane refluxed and trimethylgermane distilled
as it was formed into a flask at -780. Yield 22.4g., 83%. The
product was separated from dioxane by passage through two traps

at -78o and condensation at -196o in a vacuum apparatus.
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(9) Bis(trimethylgermyl)mercury.(178) Sodium amalgam,

prepared from mercury (230g.) and sodium (1,15g., 0.05g.atom),
was shaken for three weeks in a sealed flask with cyclohexane
(20 ccs.) and bromotrimethylgermane (9,7g., 0.049 mole).

The organic layer was extracted with cyclohexane and filtered
from mercury, Solvent was removed hy pumping and the yellow

product was purified by sublimation at 830/10-2mm. Yield

3- 69' 3 34%.
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APPENDIX

Diphenylphosphinoe-organogermanes

The object of this work was to study the preparation
and properties of compounds in which germanium is bonded to
phosphorus and to prepare tetrakis(diphenylphosphino)germane,
(Ph,P), Ge.

Introduction

All of the group (IVb) elements form covalent bonds to
phosphorus in compounds of the type RBM.PRé and RZM.(PRé)2
(M = si (179, 180), Ge, Sn (180, 181, 182) and Pb (179).

Three methods of preparation have been used:

' PY.4 PR 3
(1) R3M01 + RzPLl —_— RBHPRZ + LiCl
. , , .
(2) R,MLi  + RiPCL —> R,M.PR) 4+ LiCl
R_MC1 R!PH Et,.N —> R_M.PR' + Et_N.HC1
(3) Ry + RpPH + Et, 3 PRy 3

The first method has been used to prepare a variety of silicon
phosphorus compounds in ethereal solution (179, 180).

MeBSiCI + EtZPLi —_— MeBSi._PEt2 + LiCl

Me251012 + 2Et_PLLi —> Me251(PEt2)2 + 2LiCl

2
Sodium diphenylphosphide has been used successfully, instead of

lithium diethylphosphide.

Me351C1 + PhZPNa —_— Me351.PPh2 + NaCl
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The reaction of silicon tetrachloride with lithium-~
diethylphosphide (1:4) 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,SiCi, + Et PLi ——> Me,Si(Cl)PEt, + LiCl

2
$iC1, + nMe PLi —> 51(01)4_n(1>r~1e2)n + nLiCl
n= 1-3
This type of reaction has been used to prepare
triethylgermyldiphenylphosphine from bromotriethylgermane and
lithium diphenylphodphide in tetrahydrofuran (T.H.F.) (184),
EtBGeBr + thPLi ——n EtBGe.Pth + LiBr
Kuchen and Buchwald (180) prepared the first tin-
phosphorus compound by reaction of sodium diphenylphoSphide
with triethyl tin bromide in ether.
Et,),SnBr + PhZPNa —_— Et3

Compounds having both germanium-and tin-phosphorus bonds have

Sn.Pth + NaBr

recently been made (185) e.ge

(PhBSn)zPPh + BulLi —> [PhBSn.PPh] Li

3

PhBSn.P(Ph)GePh3

l Ph_GeCl
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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, Kopﬁénd Schmidt (182, 186) claimed that the reaction

PhBSnLi + thPCI — PhBSn.PPh2 + LiCl1

gave a good yield of the tin-phosphorus compound, but they

also claim to have isolated a cyclic trimer (Ph Sn.PPh)3

2
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.

thPCI + Ph_SnNa -————> Ph_SnCl + PhZPNa

3 3
Ph35n01 + PhBSnNa — PhGSn2 + NaCl
These workers were able to isolate PhBSn.Pth from

diphenylphosphinomagnesium bromide and triphenyltin chloride
in ether-benzene. The melting points reported do not agree
(103-105° (181), 127-130°, (182, 186)h A reaction in liquid
ammonia was more satisfactory for the preparation of liquid
trialkyltin compounds.

Et_SnBr + PhZPNa —> Et

3 3

Any unreacted triethyltin bromide was removed as the solid

Sn.Pth + NaBr

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 Sn)zPPh. Attempts to

3

make compounds having P=-Sn-P links were successful only
in the case of PhZSn(Pth)z. Diethylbis(diphenylphosphine)tin,
EtZSn(Pth)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).

3Ph36e01 + PH3 + 3Et3N-—>(ph36e)3P + 3Et3N.HC1

2Ph_GeCl + PhPH 2Et_N —> (Ph_Ge)_PPh + 2Et_N.HC1
300 a2 " 3 3¢e)g 3

Compounds having 1 to 4 tin-phosphorus bonds have been mades

R.SnCl + PhPH + Et N-—>»R_Sn.PPh + Et_N,HC1l
3 2 3 - 3

Mep. (R= Ph) 127-130°; (R = n-Bu) 90-96°,

R25n012 + 2Ph2PH + 2Et_N ——4>R25n(PPh2)2 + 2Et_N.HC1

3 3

M.p. (R = Ph) 78-80° (R = n-Bu) 98-102°,

PhSnCl3 + SPhZPH + 3Et

M.p. 115-117°,

N—>PhSn(PPh2)2 + 3Et_N.HC1

3 3

SnC14 + 4ph2PH + kLEt N-——4>Sn(PPh2)4 + LEt_N.HC1

3 3

Organolead-phosphorus compounds were prepared in benzene

solution by reaction of stoichiometric amounts of the lead chloride,
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diphenylphosphine and triethylamine (183, 185).

Ph_PbCl + thPH + Et_N——>Ph Pb.Pth + Et_N.HC1

3 3 3 3
Ph,PbCl, + 2Ph,PH + 2Et,N—>PhPb{PPh ), + 2Et,N.HCL
Ph_PbCl PH Et N—>»(Ph_Pb)_P Et_N.HC1l

3Ph, + PHy o+ 3RE, (Ph,Pb) P+ 3B,

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
low-melting solids.

These compounds are very sensitive to oxidation and hydrolysise.

Oxidation by dry oxygen gave characteristic phosphorus(V)
esters, e.ge

EtBGe.Pth + O ——3 Et Ge-?;Pth

2 3
&

Ph_Sn.PPh + 0 —————> Ph_Sn-0-PPh
3 2 2 3 // 2
o]

- - P =0=P g
2Ph35n P(Ph) SnPh3 + 302 — 2 h3Sn 0 v (Ph)-0 SnPh3
0

Ph2P-Sn(Ph) 2-PPh2 + 202-—> PhZP\-\-g-Sn(Ph) 2-0/-/PPh2
0

PhSn(PPh2)3 + 302

; =0=P,
— o PhSn( o/ Ph2)3
0
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Tetrakis(diphenylphosphine)tin is oxidised to tintetrakis(diphenyl-
phosphonate), a white solid m.p. 168-1750.

Sn(PPh2)4 + 402 _— SnGO-PPh2)4
o

Triphenylleaddiphenylphosphine was gquantitatively oxidised to
triphenylleaddiphenylphosphonate on standing in dry air .
or on treatment with alcoholic hydrogen peroxide.

Ph_Pb.PPh + 0 ———————3 Ph_FPb=0-PPh
3 2 2 3 / 2

Hydrolysis in the absence of air liberated dialkyl- or
diarylphosphine from these compounds.

51(13131;2)4t + LH0 ———> LEtPH + [Si(OH)lJ

|

S:‘LO2 + ZHZO
This hydrolysis was guantitative 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.
2Et3Ge.PPh2 + H20 —_— (EtSGe)ZO + BPhZPH

Oxidative Hydrolysis. Simultaneous oxidation and hydrolysis

by heating compounds with :aqueous caustic soda in the presence
of air caused cleavage of tin-phosphorus bonds

Ph_Sn.PPh + HO <+ 02——4> Fh

3 a o SnOH + PhZP(O)OH.

3
Mo pe 118° diphenylphosphinic acid,

M.p. 193°.
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The lead compound, Ph PbPth gave analogous products.

3
Ph_Pb.PPh + H20 + 02—) Ph_PbOH + PhZP(O)OH

3 2 3
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.
PhZSn(Pth)z + H0 + 20,—> Ph S0 + 2Ph2P(0)0H
PhSn(PPh2)3 + 2H0 + 30, —> PhSn(0)OH + 3Ph2P(0)OH

Sn(PPh2)4 + 2H20 + 402 —» Sno

o * Athp(o)on

The same products could also be obtained by successive
oxidation and hydrolysis.
Bromine in carbon tetrachloride rapidly cleaved the germanium-
phosphorus bond.

Et,Ge.,PPh, + Br, ——> Et _GeBr + Ph_PBr

5 2 2 3 2

Methyl iodide also cleaved the Ge-P bond of EtBGe.Ptha-

Gel + [théMgJ I

EtsGe.Pth + 2Mel —m > Et3

In contrast, a 1:1 adduct with triphenyltindiphenylphosphine

was obtained.,

Ph Sn.PPh, + Mel ——> [Ph3Sn-P(Me)Ph2]I

The product was readily oxidised to methyldiphenylphosphine oxide

and triphenyltin iodide

[Ph3Sn-P(Me)Ph2] I + 30,—Ph,SnI + Ph MeP=0
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Silver iodide gave a tetrameric 1:1 adduct with

triethylgermyldiphenylphosphine.
- .
LBt,Ge.PPh, + bAgl -—>[ut39e.pph2,Agx] \

These addition reactions show 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 organophosphinogermanes
with the elimination of lithium halide.
R, GeX + nPh,PLi ——»R, Ge(PPh,) + nLiX
However, the reaction was.not general and applied only to the
cases where n = 1 and 2.

PhBGeBr + PhZPLi _— PhBGePth + LiBr
Triphenylgermyldiphenylphosphine, a white crystalline solid
M.pe 153-156° was obtained in reasonable yield.

Ph,GeBr, + 2Ph,PLi -—-)thGe(Pth)z + 2LiBr,
Diphenylbis(diphenylphosphino)germane was obtained in smaller
yield and tetraphenyldiphosphine (10%) was also isolated (188).
Complications occurred in the cases where n = 3 and &,

Neither of the expected products, phenyltris(diphenylphosphino)germane

or tetrakis(diphenylphosphino)germane were isolated.



-184~

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 was also formed.

The reaction between germanium tetrachloride and lithium
diphenylphosphide showed distinct peculiarities. The reaction
mixture remained colourless until 1.9 equivalents of PhZPLi
had been added and it was not possible to isolate intermediate
halophosphinogermanes by stopping the reaction at this stage.

As the addition of lithium diphenylphosphide continued the solution
changed colour, passing through yellow and orange to deep red-
browne. Estimation. of the lithium diphenylphosphide before

and after reaction showed that all four chlorines of GeC14
reacted. Hydrolytically stable but air-sensitive polymeric
material of va;ying composition was produced. No tetrakis-
(diphenylphosphino)germane was obtained. Analytical data

on one sample of the polymer indicated the approximate composition
Ph6P4Ge5 while material from another preparation approximated

to PhZPGe. Reactions between germanium tetrachloride or
phenyltribromogermane and lithium diphenylphosphide both

gave tetraphenyldiphosphine which may be formed by halogen-

metal exchange.
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Gec14 + PhPLi —>Ge(L1)c13 + pthc1

Ph2P01 + thle —_— PhZP-Pth + LiCl
Other reactions e.ge.

(thp)zc;em + Ph,PLi —>Ph,P-PPh, + thpee(m)mz

2 2 2

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
Ph6P4Ge5. 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_P) GeCl

+ Ph2PLi — 3 Ph_PC1 + (PhZP)zGe(Cl)Li

2 2

followed by coupling
(Ph,P) GeCl, + (Ph,P) Ge(Cl)Li — (Ph, P)Ge(C1)-Ge(C1)(PFh,),
and so on.
In only two cases, however, has cleavage of a phenyl group
from thP- under mild conditions has been reported. Schumann
et. al. observed that the reaction between triphenyltin lithium
and chlorodiphenylphosphine gave a cyclic trimer (PhZSnPPh)3 (186)

and Issleib and Frohlich described the reaction:

3FeBr2 + 6KPPh2——————§-2Ph3P + P(FePth)B. (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 phosphoruse.
Oxidative hydrolysis/giscaustic soda solution in the presence of
air or hydrogen peroxide, Diphenylphosphorus—germanium
bonds are cleaved giving diphenylphosphinic acids .(187)

thPGePh3 + HO + 0, — Ph2P(O)0H + PhBGeOH
(Ph3Ge)20 + HO
Phenylphosphorus-germanium groups hydrolyse to give phenylphosphonic
acid.

| (
PhP ( =Ge=) + 130, + 2H 0—>PhP(0)(OH)2 + 2 —GeOH

| 2 2 [
Phosphorus=germanium groups hydrolyse giving phosphoric acid.
| |
P( =Ge= ), + 20, + 3HO—H,PO, + 3-GeOH
l 3 2 3 2 3 Tk 3 0
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_P- groups are present in the polymer and casts

2
doubts on the analysis Ph6P4Ge5 in favour of (thPGe)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 was 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:

Ph PGeCl, + thpn —> Ph PC1 + pthee(H)m2

3

pthee(u)012 + (thp)zsec12——> Ph p-Ge-(c1)2-Ge(01)(Pph2)2

2
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Oxidative hydrolysis of this polymer led to the isolation
of only diphenylphosphinic acide. This shows that the polymer
contained only the original thP- groups.

Hydrolysis of triphenylgermyldiphenylphosphine, PhBGePth.

A dilute solution of Ph_GePPh, in monoglyme was mixed with

3 2

a solution of water in monoglyme in the correct proportion to

effect complete hydrolysis. The reaction was followed

spectrophotometrically by measuring the appearance of Y(P=H) at

be374He

PhsGe.Pth + Hzo-————> PhZPH + PhBGeOH

(Ph3ée)20 + HYO

The absorption became maximum after 6 hours from the time

of mixinge. This contrasts with the hydrolysis of

triethylgermyldiphenylphosphine which was complete within

5 minutes from the time of mixing (188).

Oxidation of triphenylgermyldiphenylphosphine.

PhBGe.Pth was oxidised by bubbling dry oxygen through the

solution. The ester, triphenylgermyldiphenylphosphonate was
formed.

PhBGe.Pth + 02_-—-——~> PhBGe-O-P(O)th

-l

The infrared spectrum of the product showed W Ge-0-P), 947 cm.
1
)

which is close to that in Et,Ge-O-P(0)Ph, (954 cm. ) (188) and



-189=

) (P=0), 1198 e 1,

Triphenylgermyldiphenylphosphine and methyl iodide.

Ph3GePPh2 reacted with excess methyl iodide. Cleavage of

the Ge~P bond took place giving iodotriphenylgermane and
dimethyldiphenylphosphonium iodide.
PhsGe.Pth + Mel —————a-PhsGeI + (Me2

This contrasts with the behaviour of silicon and tin compounds

Pth)I

in which the phosphorus atom retained its donor character.

MeBSi.PEtz + EtI —-——>(Me3Si.PEt3)I (179)

PhBSn.Pth 4+ Mel —»(PhBSn.P(Me)th)I (182)

Hydrogenation of triphenylgermyldiphenylphosphine.

Hydrogen was bubbled through a solution of Ph3G90PPh2
containing Adams' catalyst for 4 hours at room temperature/1
atmosphere. No reaction took place and starting material was

recovered,

Triphenylgermyldiphenylphosphine and silver ijodide.

A solution of Ph GePPh"2 in methylcyclohexane was stirred

3

for 3 days with a suspension of freshly prepared dry silver

iodide. No reaction took place and Ph Ge.Pth was recovered

3
from the solution.
This contrasts with triethylgermyldiphenylphosphine which

formed a 1:1 adduct with silver iodide (188).

LEt GePPh, + LAgI —— (Et,GePPh
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Experimental

1. Preparation of triphenylgermyldiphenylphosphine

Bromotriphenylgermane (13.2g., 34.4 mmoles) was dissolved in
T.H.F. and lithium diphenylphosphide (34.4. m moles) was added
to the colourless solution. The cherry red colour of lithium
diphenylphosphide was immediately discharged in an exothermic
reaction, The bulk of the solvent was removed by distillation
and the crude triphenylgermyldiphenylphosphine, a colourless solid,
was dried at 1300/10-4mm. The product was purified by
recrystallisation from methylcyclohexane at -20°. Yield
846 gey 51%. Mep. 153-156°,

2. Hydrolysis of triphenylgermyldiphenylphosphine

Triphenylgermyldiphenylphosphine (O.4g., 0.82 m mole) was
dissolved in 1,2-dimethoxyethane (monoglyme) (11,5g.) to give
a 3.5 weight % solution. 4,0 mls. of a 10% solution of water
in monoglyme was mixed with the triphenylgermyldiphenylphosphine
solution and immediately an infared cell with KBr windows
(1,0 mm spacer) was filled with the mixture. The cell was quickly
placed in the beam of an infrared spectrometer which had previously
been set at wavelength 4.37%}( - Y(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 triphenylgermyldiphenylphosphine

Triphenylgermyldiphenylphosphine (0.5g., 1.02 m moles) was
dissolved in benzene (30 ccs.) Oxygen, dried by passage through
a spiral trap at —78° was bubbled through the solution and
a péle yellow colour developed. The solvent was removed by
pumping leaving a yellow viscous oil from which crystals would
not be obtained. Found, C, 69.7; H, 5.28:'.030H256e02P
requires C, 69.2; H, 4.84%, The infrared spectrum of the
product showed the Ge-0O-P absorption at 947 and Y(P=0) at

1198 Cm-io

4, Triphenylgermyldiphenylphosphine and hydrogen

PhSGePth (0¢3 9.y 0.61 m mole) was dissolved in 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 brown 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. Iriphenylgermyldiphenylphosphine and methyl iodide

PhBGePth (O.hg., 0.82 m mole) was dissolved in

benzene (15 ccs.) and excess methyl iodide was added (0.5 cc.)

After 24 hours a white precipitate had formed. This was filtered,
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washed with benzene and recrystallised from methanol. Yield
0.20 ge M.p. 255-256"Found C, 48.5; H, 4.63.
(thPMez)I, i.e. 014H161P requires C, 49.,1; H, 4.67%

3

The infrared spectrum of this solid was identical with that of

(Ph GeP(Me)th)I, ice. 031H28GeIP requires C, 59.0; H, 4.L4%,

dimethyldiphenylphosphonium iodide. The benzene solution
was 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
¥(Ge-1), 282 cm-i. M.p. 153-154° Yield O.3ge, 85%e

6. Triphenylgermyldiphenylphosphine and silver iodide

Silver iodide (O.43g., 1.84 m moles), which had been dried
by pumping overnight and then heating for 1 hour in vacuum, was
gstirred with a small volume of methylcyclohexane. PhSGePPh2
(049gey 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 taken
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 1:85). A solution of lithium diphenylphosphide

in TeH.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 O.1 N HZSO In this

L
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 (4.2g.,
0,02 mole) in TeH.F. (40 mls.) and the solution was stirred
magnetically. The emergent nitrogen was passed through a trap

at -1960 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 43 mls.
of the lithium diphenylphosphide had been added the solution
became yellow (i.e. after the addition of 1.89 moles Ph2PLi

per mple of GeClé). The addition of Ph2PLi 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 4.23 moles of Ph_PLi reacted per mole of

2
GeCl4. 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 (thp)kGe, and was identified

as lithium chloride. The organic layer was hydrolysed with
de~gassed water (100 ccs.) which did not destroy the colour.

Toluene and diphenylphosphine (k.3g.) were removed by

distillation first at atmospheric pressure and then at 1300/10_4mm.
Tetraphenyldiphosphine (about O.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. Light petroleum (b.p. 40-60°) was

added and a red-brown polymer precipitated. (Found C, 41495 H, 3e¢k&;

P, 13.8% which approximates to Ph6P4Ge5).

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 GeC14 (3.36g., 16 m moles) and thPLi

(65 m moles) was oxidatively hydrolysed with aqueous alkaline
hydrogen peroxide (100 mls. 3% H202 containing 10 g. sodium
hydroxide)., After stirring overnight a white solid was filtered
from the solution. This was later identified as diphenylphosphinic
acid. Yield 1.7ge. 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, thP(O)OH. Mep. 195.5-196,.5.

M.p. of a sample prepared ifidependently, 194,5-195,5, Mixed
m.Pe 19545-196,5. A sample of the acid filtrate was warmed
with excess ammonium molybdate solution. The non=-appearance

of a yellow precipitate indicated that phosphoric acid was not
formed. The remainder of the solution was 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 (3.7ge, 17.4. m moles) was added
dropwise to a solution of pyridine (6.0g.) in benzene (50 ccs.)
A white complex was formed exothermically. Diphenylphosphine
(13.0g., 70 m moles) was added dropwise. The solution was
refluxed but no reaction was 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 (triethylammoniumbhloride) and solvent was removed
from the solution by pumping. Heating at 1100/10_4 mme. caused
the excess diphenylphosphine to distil and condense higher up the

walls of the Schlenk tube. On further heating a white sublimate
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appeared on the wall of the tube which had near and far infrared
spectra identical with tetraphenyldiphosphine. The dark brown
residue did not yield tetrakis(diphenylphosphino)germane.

A repeat experiment was performed with a different order
of addition of the reactants to see if halogen-hydrogen exchange
reactions of the type Ph2PH + GeClQ———aPh2PCI + HGeCl3 were
taking place leading to the formation of polymer at the expense
of (PhZP)AGe. Triethylamine (2.02g., 20 m moles) was added
dropwise with stirring to germanium tetrachloride (1.0ge, 4.7
m moles) and then diphenylphosphine (3.7ge, 20 m moles) was added
slowly. The colour gradually darkened through yellow to red brown,
and a white precipitate was filtered off and identified as
Et3NHCI (liberated triethylamine on treatment with NaOHL Solvent
was removed by pumping leaving a red brown solid which was
oxidatively hydrolysed by adding 50 mls. 10% sodium hydroxide
and bubbling air through the solution for 24 hours. The mixture
was acidified to congo red and the white precipitate was filtered
off and recrystallised from methanol. This was identified
(infrared and mep. 193-194,5) as diphenylphosphinic acid.
The aqueous solution was evaporated to dryness leaving a white

solid which had no infrared structure and which was insoluble in

methanole. 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 o0il 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)

P113P + 2Li -éPhZPLi + PhLi
Triphenylphosphine (70g.,) in T.H.F. (150 ccs.) was added

dropwise to a stirred suspension of lithium shot (10g.) 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 lithium shot. The solution was

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) which was added to the organic layer. The organic
layer was then washed with de-gassed water, dried over solid
caustic soda and flash distilled to remove solvent, Yacuum
distillation at 740/10-4mm. gave diphenylphosphine, Yield

369+, 73%.

Lithium diphenylphosphide. Lithium chips (0.25g., 0.038 g.atom)

were placed in a 250 ml. 3-necked flask containing T.HsF. (70 ccs.)
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Diphenylphosphine (7.0g. 38 m moles) in T.H.F. (15 ccs.) was
added dropwise with stirring. The solution was stirred for

3 hours and filtered through glass wool before use.
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