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SUMMARY

Homogeneous catalysis of organic reaotioiis by transition 
metal complexes, is thought to involve some or all of 
the following:-

1) Formation of M-H bonds
2) Formation of M-C sigma bonds (M-C-)
3) Formation of M-C " ole finie" bonds (M-]j )
4 ) C(o") <— > C(îT) equilibria, and hydrogen transfers

5) Coordination of small molecules.

Structural information relevant to these processes has 
been obtained by study of the crystal structures of some 
appropriate model compounds.

In the system

Ru( C ̂ ̂ Hg ) (MegP . C . PMe g ) g ;=± RuH (0- C ̂ ) ( Me . C . PMe ̂ ) g

i
Ru (Me gP . C^H^ . PMe 2)2^  (CH^.Me.P.C . PMe ̂ ) (Me^P .C .PMe^)

RuH(C^qH,^ ) (Me^P . CgĤ  ̂.PMe^) 2 is octahedrally coordinated,
with cis hydride and (ctC^qH,̂ ). Ru -C is 2.16.S and Ru-P

(average) 2 .3OA; the phosphine ligands are disordered.
oThe Ru-H observed distance of 1.7A agrees with other 

reported Ru-H bond lengths. The is ostruetural 

GsH(C^qH,^) (Me^P . CgH^ .PMe^) 2 has Os-C 2 . I3A. The structure 
analysis of Ru(Meg .PC^H^^ .PMe^) ̂  was unsuccessful.

The structure of a dihydride complex, FeH^(Ph^P.CpH^.PPh^)^ , 
could not be solved.



A spectral reinvestigation of the solvated complex.
■ ' OsHCl (PhgP . Cl-Ig . PPh^) p . CgHg 5 has shown that the 
reported interaction between the hydridic hydrogen 

’ ’and the benzene molecule, does not occur.

The structure of . [lrI-l(COOMe ) (Me^P . . PMe^) 2 ] BPĥ j ,
formed by addition of MeOH across
IrCO (Me^P . 0211̂ 1 • PMe^) 2’*', shows the cation to have 
a trans octahedral configuration with Ir-C 2 .1o2 ,
Ir-F (average) 2 .3IA. Ir-H was not measured.

The structures, at -70°C, of the isomorphous NiHCl(PPrp)_ 
iand PdHCl(PPr^)^, are trans-planar, and exhibit the

typical distortions found in transition metal complex
hydrides. Ni-P is 2.19A; Ni-Cl 2.21A; Pd-P 2 .30X; 

oPd-Cl 2 .39A. These results are discussed in terms of
cis and trans effects. The observed Ni-H distance,

, o1.4A, is short compared to reported M-H bonds.

The structures of MoCl^ (Ph2P . Ĉ Ĥ  ̂. PPh^ ) ̂  and 

[MoOCI (PhgP . Ĉ Hĵ  .PPhg) 2 ] £ ZnCl^ . acetone^ were studied 

,at -70°C. MoClg(Ph^P.C^H2̂ .PPhg)2 is the product of N2 

loss from the dinitr ogenyl complex. Mo (N2) Cl2(Ph2P . C2Hjĵ .PPh^) 2 j 
while [MoOCl(Ph^P.C2H^.PPh^)^] [znCl^.acetone] is - 

an intermediate in the formation of Mo (N^) Cl2(Ph2P.C2H^ .PPh^) 2 • 
The cation is trans octahedrally coordinated, with
Mo=0 I.69A, Mo-Cl 2.46a, Mo-P (average) 2.37A. The

. . o otetrahedral anion has Zn-Cl (average) 2.23A, Zn-0 2.12A.
The complex is solvated with one molecule of acetone.
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CHAPTER 1.1 
INTRODUCTION

The research for this thesis has been carried out in 
Imperial Chemical Industries Limited, Petrochemical 
and Polymer Laboratory, largely in conjunction with 

other studies on homogeneous catalysiso Chemists 
seeking new routes to industrially important compounds 
are concerned with understanding the factors affecting 
catalytic activity « The stereochemistry of a 
catalytically active transition metal, complex, probably 

plays an important part in helping to position an 
incoming substrate molecule for reaction » Structural 
information may also help in understanding the 
distribution of electron density likely to favour 
reaction and, similarly, structural knowledge about 

intermediate species is desirable» Although these 
intermediates are usually too unstable to be isolated, 

certain general features have emerged as being important ; 
one is that the intermediates very often contain M-H or 

M-C bonds » The work described in this thesis was under
taken to provide background structural information on 
transition metal complexes containing these types of 
bonds » While the actual complexes described are not 
catalytic intermediates, it is hoped that the results 
obtained may be related to general principles of catalytic 

behaviour »



Homogeneous Catalysis by Transition Metal Complexes 
The function of metal ions in organic reactions has 
for some time been the subject of kinetic, mechanistic 
and structural studies « The metal may act either 
stoicheiometrically or catalytically; only the latter 
will be discussed in this thesis.
A metal may act catalytically by providing an electronic 
surface as the reaction site (heterogeneous catalysis). 
Very often, however, it is more convenient to perform 
a reaction in solution, in which case the catalyst is 
introduced in the form of completed ions, (homogeneous 
catalysis).
The studies of hetero- and homogeneous catalysis have 
to a great extent been separate until quite recently, 
when it has become apparent, that many of the ideas 
developed in the one field, for example the relation 
between chemisorption and metal (o) complexes, ' 
have relevance to the other. However, in this thesis I 
shall be considering only those aspects of homogeneous 
catalysis which can be related to structural results.
It is a very broad generalisation to state that a 
catalyst acts by perturbing the electronic state of an 
organic substrate. Acids, and « bare' metal ions in high 
oxidation states, do this by electrostatic polarisation 
of the molecule:-

E.g. activation of alkyl halides to nucleophilic attack

R—I + Ag — ---- ) R —I Ag



E.g. catalysis of the hydrolysis of amino acid esters^

Cu^*
D R  OR O

. _ c (  _ c ^  . c u -f (li)-ROH \
OH

HgO

This is a short-term inductive effect, and is also 
shown by small molecules such as the Lewis acids 
AlCl^ and BP These are the so-called 'hard* acids 
acting as hard catalysts. A characteristic of transition 
metals is that, although they do form ions of high 
formal oxidation state and polarising ability, they 
also, in their lower oxidation states, have the ability 
to interact much more profoundly with a substrate. In 
these lower oxidation states, the ion is much more 
diffuse and the d orbitals usually contain several 
non-bonding *d* electrons. In this case, the inter
action with ligands, e.g. substrates, is much more than 
just an electrostatic perturbation, and will be helped 
by the presence of other ligands which can also alter 
the electronic distribution about the substrate, by 
acting as regulators of the electron density at the 
metal. Evidence that transition metals affect the 
organic ligands bound to them, is provided by the 
stabilisation of otherwise highly unstable or non-existent



species, as metal complexes; 
E.g. Pe(C0)«(cyclobutadiene)

E.g. Pe(CO). C(CH)2(CHPh)

Also, coordination to a transition metal makes many 
interesting reactions possible : -
E.g. the hundreds of reactions of Pe( Cp)

6E.g. in situ oxidations:-

Cl

NO

I O  
.R u— II 

/  I O
CO

NO, CO

Coordination very often leads to internal isomérisations 
and rearrangements which may be useful synthetically:-
E.g. (2-allyIphenyl.P.Ph )

^ Mo(CO)^L 0 ^ P
Vie
/ \  CHIVIe
IVIot-S^

L is norbornadiene

The phosphine has rearranged to the (2-propenyl.P.Ph )
7form.

E.g.
L—  Ni 3C0

+ L-Ni(CO),



Many exotic coupling reactions are knowni

B . g /  + ICo(CO)^ I ^Zn

norbornadiene^ "Binor-S"

In all these examples, the central metal is 'soft' 
and tends to be complexed to soft ligands, e.g, CO, 
phosphines, which contain diffuse, highly polarisable 
atoms o

The discussion of catalytic reactions may be further 
divided into several categories; two such categories 
are considered here : -

(i) Those which involve reactions of organic molecules, 
e.g. defines, acetylenes, aldehydes; these have 
been widely applied in the petrochemical industry 
for the production, from natural petroleum feed- 
stocks, of larger organic molecules of high 
moleculELT weight;

(ii) Those which are thought to be simple analogues of 
the biological processes whereby very simple 
molecules e.g. 0^, N2 » taken up by metal ions,
and are utilised by the enzymes in a biochemical 
system.

The first part of this thesis will be concerned mainly 
with type (i); the second part will be concerned with one 
particular aspect of type (ii).



Factors affecting Catalytic Activity

The following, brief review of some of the factors 
'thought to affect catalytic activity in transition, 
metal ions, is divided into electronic, and other, 

factors o

Electronic Factors
1o Electron density on the metal atom
.The electron density at the metal is very sensitive

to the number of d electrons round the metal; by
Pauling:g Electroneutrality Principle, the charge on
the metal will be dispersed into ligand orbitals until
very little excess charge remains on the metal » Towards
the end of each transition series this is often
achieved by coordination with ligands with empty
antibonding orbitals, which can accept electron density
from the metal » This concept of 'back donation' , first
formulated by Chatt &  Duncanson, and independently by 

10 .Dewar, is generally accepted as fundamental to an 
explanation of the stability of metal ions in very low 
oxidation states, which would otherwise have improbably 

high electron densities at the central métal atom» The 
ability of pi-bonding ligands to control this electron 

density, is almost certainly relevant to the phenomenon 
of transition metal catalysis »

2 » Availability of d orbitals
The geometries observed in transition metal complexes 
are generally associated with regular 4- or 6-coordination



6-COordinate complexes are usually octahedral, while
in 4-coordinate complexes both square-planar and
(less often) tetrahedral arrangements occuc » 5-coordinati.on ,
associated with trigonal bipyramidal or square

pyramidal arrangements, is less common, but is,
however, of extreme importance as an activated
configuration in catalytic intermediates » In a simple
ligand field model, an octahedral or square-planar
arrangement of ligands splits the initially equivalent
'd : orbitals into three nonbonding to_ (d ,d ,d )2g ' xy yz xz
and two antibonding e ' (d^2_^2 and d^2) orbitals «

The d electrons will therefore go first into t ,2g’
and only reluctantly into ej*̂  orbitals » (in square-& ■
planar complexes the d^g is probably also nonbonding,
only the d^2 ^2 being antibonding if the z axis is
taken as that perpendicular to the plane of the molecule»)

In a molecular orbital description, combination orbitals
are formed from the metal ns, np, and (n-1)d , and the

ligand sigma orbitals, and electrons from the sigma M-L
bonds go into the bonding combinations » For square-planar
complexes, the lowest empty orbital is the d^2 ^2
combination, and the splitting between d^^, the highest
nonbonding, and d^2 ^g , the lowest antibonding orbital
will be increased for good sigma donors like phosphines,

which possess lone pairs of electrons » Good pi-acceptors
can also interact with the d , d , d orbitals, thusxy' yz' xz ’
lowering their energies, increasing A E , and stabilising 
the complex.



The stereochemistry of the available d orbitals may 
also affect the electronic properties of the complex, 
e.g. an M-C bond is generally stabilised when the 
organic part is aryl, acyl, or alkynyl, rather than 
alkyl, since pi-bonding is possible ; with empty pTT 
ligand and filled dlf orbitals.

p. P"'
0 , ^  o
Z2>C =  X

The so-called 6-effect whereby metal *d* orbitals can 
interact with an orbital on a 6 -atom, may also affect 
the stability, as it may provide a low energy path
for dissociation of the complex to metal hydride and

11free define,

\/

In some cases, a hydrogen atom several atoms removed 
from the coordinated atom, may approach quite close to 
the metal, and if the stereochemistry of the metal *d'



ôrbitals is favourable, some interaction may occur,

' XEbg. Ru(PPh^)^Cl^ Ru

Ky
E.g. Pd(PMe2Ph)2l Pd

" - 6

3 o Electronic properties of the other ligands 
A very important factor is the resultant electronic 
effect of the other ligands. Catalytically important 
complexes usually contain good pi-bonding ligands, 
e.g. CO, CN , phosphines, which will absorb some 
excess electron density into their antibonding (CO) 
or d (phosphines) orbitals. They thus stabilise the 
organometallic complexes that will be seen to be 
important reaction intermediates,
Cis and trans effects will affect the reactivity of a 
particulEir complex, in the sense that a strongly trans 
weakening ligand will labilise the bond trans to it.

Other Factors
1. Coordinative unsaturation and ease of 

alteration of coordination number, CN
A very important concept is that of coordinative
unsaturation The preferred coordination number



10

decreases with increasing number of d electrons, 
i.e. across a transition series or with decreasing 
formal oxidation state of a given metal ion. This 
is a consequence of the fact that, with increasing 
numbers of nonbonding d electrons, then the higher 
the coordination number, the larger the number of d
electrons which will be forced into antibonding

7 10orbitals, e.g. for d to d configurations some 
will have to go into the strongly antibonding d^2_y2 
(in square-planar and octahedral) or d g (octahedral) 
orbitals. A common coordination number for d^ and 
complexes is therefore square-planar GN4 or even 
linear CN2. However, d complexes (e.g. Ir(l), Pe(o), 
Ru(o) ) and d̂ *̂  complexes (e.g. Pt(o) ), also readily 
and reversibly add further ligands, increasing their 
coordination number by one or two, and their oxidation 
state by two.
In general:-

+ XY L^(X)(Y)

where X = H,R, aryl
Y = H, halogen, acetylide etc.

Obviously this property is of great value in providing 
sites for attachment of a substrate, and thus, by 
bringing reacting species into close proximity, increasing 
their chances of reaction.
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2 o Ligands cind solvent effects

The stereochemistry of the siorrounding ligands, also 
the presence of solvent molecules completing an 
otherwise incomplete coordination sphere, probably 
affects the ease of substrate attack. For example, 
RhCl(PPh^)^ catalyses double bond hydrogenation, but 
with rhodium complexes containing smaller phosphines, 
the first step of dissociation, is not sterically so 

favourable, and these complexes are not effective as

catalysts.

There may be weak electronic interactions between high 
energy ligand orbitals and those of incoming substrate, 

which could in turn provide a lower energy path for 
the reaction.

Metal complexes therefore act by their:-

(i) ability to add and give up electrons, thus 
changing their coordination number and 
oxidation state ;

(ii) ability to reduce the activation energy of 
reaction, thus providing a low energy 
reaction path;

(iii) ability to organise reactants b y  forming 
coordination bonds which are at the same 
time not so strong that they prevent further 

dissociation and reaction. This leads to a 

description of a generalised catalytic scheme.
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General Stops Observed in Homof^eneous Catalysis
1, Generation of a coordinatively nnsatnrated

complex by heat, dissociation of ligands, if 
necessary;

2« Metal activation by formation of reactive 
bonds, generally M-H or M-(cr)C, often by 
reaction with a co-catalyst, 
e*go reduction with AIR^, NsLBH^ 

oxidative addition 
hydrogen abstraction;

3. Activation of substrate by coordination, to 
form a metastable complex susceptible to 
further reaction ;

4 o Reaction of substrate with II or C from the
activated M-H or M-(0")C bond. This is often 
referred to as the ’cis insertion’ reaction ; 
(k is the substrate) : -

vacant
M     X -M’ /  site

Y

This stage, as well as actually forming the 
product, has the function of generating 
further vacant sites^

5» Dissociation of the product from the metal
complex, which is left ready for further cycles.
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Some examples of proposed mechanisms of various 
reactions will illustrate these general observations:

(a) hydrogenation catalysed by Rh complexes ;
(b) olefine isomérisation;
(c) olefine dimérisation catalysed by 

Ni complexes.

Hydrogenation of Olefines
This takes place at room temperature and pressure, 
and, depending on the catalyst, is often very 
stereospecific, usually giving a cis product:-

E.g.

AcO
RhCl(PPh

AcO H

This type of reduction is invaluable in steroid chemistry, 
RuHC1(PPh^)^ is the most active and specific catalyst 
found so far, but does not reduce isolated double bonds:-

RuHCl(PPh )
29% 3%

PtClg(R»P)g/SnClg similarly reduces dienes to monoenes,*^
The most studied catalyst system is that using 'Wilkinson's'



M

catalyst RhCl(PPh^)^, The effectiveness is
similar to that of Adam's catalyst, which acts 
heterogeneously *
The related complex RhCl(AsPh^) is $0x less effective 
as a catalyst for hydrogenation, illustrating the 
specificity of ligand requirements for catalytic 
activity.

16 19RuHCl(PPh ) and RhH(CO)(PPh^) selectively
hydrogenate terminal double bonds, while IrH^(PPh^)
selectively hydrogenates ally1 bromides to alkyl
bromides.
The steps involved in the proposed mechanism:-

step 1 step 2

RhCKPPh

H H

steps 4 & 5 step 3
correspond to the general reaction scheme just outlined.
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However, there is no direct evidence tliat complexation 
of the olefine is necessary for its activation; this 
is assumed in the above mechanistic scheme. The 
crystal structure of a complex containing both hydride 
and the stabilised olefine fumaronitrile ( (CN)CH=CH(CN) )

< p , p

CO

^ C N  
lr<-------

H
CN

21showed that they occupy cis positions, which suggests
that complexation does in fact take place in the actual 
hydrogenation,

Isomérisation of Olefines
In most catalytic reactions involving unsaturated
hydrocarbons, isomérisation from terminal to internal 
C=C occurs as an undesirable side reaction. As this 
occurs before the main reaction step, and hence leads 
to branched-chain products, much research effort has 
been devoted to understanding the mechanism of 
isomérisation, and hence to preventing its occurrence.

Virtually all transition metal complexes catalyse 
isomérisations, and although this spans a wide range 
of electronic situations, it is thought that a common 
mechanism is involved. Two distinct mechanisms have 
been proposed, however, to account for the fact that
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in some systems a co-catalyst, containing hydrogen 
(as , II , or H^), is necessary, while other 
catalysts which have no obvious source of hydrogen
are equally effective without a co-catalyst.

22The mechanism suggested for co-catalysed 
isomérisations, grouped into the steps outlined 
previously, is as follows:-

steps 1 &  2 step 3r

1 MLn
H source 

------------^ □ —
- l i

....\  ^

L

H
I
ML

C H 3 o  

H C  ML^

>==(

Ç H ,

4 '  III g'MLn
CHR

step 5

C H ^
step 4

This probably corresponds to those cases where a metal 
22such as Rh(l) is used, which readily adds hydrogen 

to form an Rh(lll) complex; also in isomérisations 
accompanying hydroformylation with HCo(co)^ as catalyst.
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An ailyllc mechanism is postulated for those 
isomérisations in which there is no hydrogen source, 
e,g. with Pe(CO) ; in this case, it is thought 
that the hydrogen comes, either from the olefine 
itself, or, if there is no allylic hydrogen available 
from another ligand. Hydrogen abstraction from a 
neighbouring ligand is well-known, and is considered 
in more detail in Chapter 2.2.

steps 2 & 3

O MLn I  >MLn

/:
H C -
\

RHC

M L,

L
step 4

Ç H 3
HC  
II— >MLn 

RHC

step 5

There is little direct evidence for either theory, 
because of the inherent instability of the inter
mediates. No metal-alkyl or allyl complexes have been 
isolated from these reactions, although metal allyl 
complexes are stable enough to be characterised, and
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many have been studied crystallographically, 
e.g. iRhCl(allyl)^ ^ |PdCl(bismethallyl)2 1 ' ' 'I 2.
Several complexes of rearranged olefines have been 
isolated and their crystal structures studied:-

2 7E.g. 1,3-cyclo-octadiene (COD)  » 1,5-COD

RhCl(l,5-COD)

|pe(C0)4 Xl,5-COD) (CO)^Fe F e (C O \

Similarly, although many metal-hydride complexes are 
known and characterised, there is little direct 
evidence for their formation as transient intermediates 
in isomérisations.

Olefine Dimérisation, Co-dimerisation, and Dienylation 
Dimérisations and polymerisations of olefines are 
catalysed by different metals, the end product being 
determined by the stability of the intermediates. Ziegler 
Natta polymerisation involves titanium chloride/aluminium
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30alkyl catalysts , while dimérisation is catalysed
31by complexes of Group VIII metals, e.g. RhCl ,

2_ 32 33PdCl^ , CoCl . The active catalyst in the
dimérisation of butadiene to 3-methylhepta-l,4,6-
triene has been isolated and shown to contain a
methylheptadienyl radical and a butadiene coordinated
to cobalt. The structure analysis also supported the
postulated mechanism involving hydride shifts.

Recently, certain nickel complexes, which can form 
Ziegler-type systems, have also been found to be
effective catalysts, combined with a Lewis acid, and

35a Lewis base as co-catalyst. An effective combin- 
ation is AlEtClg/PR /TMCB.NiClg (TMCB is tetramethyl- 
cyclobutadiene), and the active catalyst is thought 
to be a nickel-ethyl:-

(TMCB)Ni-CI ♦

N i '^  \ l E t .

inactive

AIEtgCI %
(TMCB)N

CH:.Al:

active

.Cl
Et

(TMCB)Ni-Et + A lEtCI:

active
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The mechanism postulated is (for propylene
dimérisation); -

-  2methy|- 
\  penfene

H

Ni

♦ sssjf
~2hexene

4-methylpentene-2 and 2 ,3-dimethylbutene-l are also 
formed by isomérisation at the first step.
Nickel alkyl complexes would be expected to be even 
less stable than Pd or Pt alkyl complexes, and no 
intermediates have been isolated. The role of nickel 
hydrides and alkyls as possible intermediates is 
discussed in Chapters 2,8 and 2,9, where their 
instability is considered.

In all these examples, it can be seen that the important 
reactions are:- 
1 » formation M-H bonds;
2, formation M-C(<r) bonds;
3, formation M-C(f) bonds ('sideways on*);
4, ^  TC equilibria;
5, hydrogen transfers



These may therefore be considered to be the 
fundamental processes involved in transition 

metal catalysis, for which Structural information 
is required. The problems studied for this 
thesis were chosen to illustrate as many as 

possible of these reactions, and the structural 
results will be related to this scheme in the 
appropriate chapters.
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CHAPTER 1o 2 
CRYSTALLOGRAPHIC THEORY AND TECHNIQUES 

USED IN THIS RESEARCH

The completed- structures described in this thesis were 

all solved by, standard Patterson and Fourier syntheses, 
and were refined by least squares methods. All the 

data were collected on a Picker Four circle automatic 
diffractometer: the general procedure followed for each
problem can therefore be collected into one chapter to 
eliminate unnecessary repetition of experimental details. 
The mathematical background to structure analysis has 
been set out in standard texts, e,g,

1, Arndt & Willis "Single Crystal Diffractometry"
2, Buerger "Crystal Structure Analysis"
3o "International Tables for X-̂ -Ray Crystallography" 

Volumes 1-3,
and will only be explicitly discussed where relevant to 

the particular programs used in this work.

(a ) Crystal Preparation and Photography 

The crystals examined were generally of good enough 
quality for single crystal diffractometry. They were 
examined under polarized light for any peculiarities in 
their optical properties, and their densities measured 

by flotation in cadmium tungstoborate/water mixtures.
The crystals were mounted on quartz fibres with, araldite; 
if the complex, was likely to react with, this adhesive, 
then Edwards high, vacuum silicone grease was used. The 
quartz fibres were, stuok with araldite onto brass' pins
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made to fit onto the Picker goniometer head. If the 
crystals were sufficiently stable to air.they were 
then immediately photographed, but generally they had 
to be bandied under nitrogen in a dry box. and mounted 

in thin (0,01 mm, walls) Lindemann glass 2 mm, diameter- 
capillary tubes. Where possible, and consistent with 
absorption factors, large crystals were therefore used, 
to minimize the loss of intensity due to the capillary 
tube « Preliminary photographs were taken on Weissenberg 
(Unicam) and Precession (Supper) cameras, from which, 
the space groups and rough, cell dimensions were worked 
but. The brass pins were then inserted into the special 
goniometer head made for the ItC',1, Picker, see Pig 1, 
on which, centring and height adjustments are made by 
warping and raising the central shaft.

(b ) Collection of Data
The data were collected on a Picker diffractometer 

equipped with, scintillation counter and pulse height 
analyser; 0,002" of niobium or zirconium foil were used 
as filters for MoKcx radiation, and aluminium disc 
attenuators were used when necessary. These reduced 
the diffracted intensity by factors of;

0 .2309, 0 ,06397, 0 .01935, 0.001

Picker Geometry
The Picker is a goniostat with. 3 circles(chi, phi and 
omega) for orienting the crystal, and a fourth, (two theta)
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Brass pin locking screw

Height adjustment
^;%Z2Centrinq screws

c

Figure 1.2.1 
Goniometer Head

X=0

Figure 1.2.2
The Picker Axes
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carrying the detector arm. The axes of the instrument 
(the so-called laboratory axes XYZ), are defined in 
Pig 2; they remain constant;
X  =  90 points vertically upwards, and in the direction 
of the Z axis, the X axis lies in the horizontal plane 
through the circle, and the direction of the Y axis 
completes a right handed set of axes, A point a* (hkl 
in reciprocal space) is represented in laboratory space 
by xyz.

h X
k X  = y
1 z

T T Tthen X = h S where x is the transpose of x, and S is
the orientation matrix;A

V
""a
V
X *

• a , , ,  ( 1 )

This equation therefore relates reciprocal to real space:

a (xyz)

X

*2

S is required to calculate reflection positions.

Only 2 (]( ( p  )  o f  the 3 circles (% ( p  u i  ) are necessary

to bring a into a reflecting position » However, the
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extra c i r c l e ,  k), coaxial with, and in the 29 plane, is 
useful for manual setting or when multiple reflections 
are a problem. In terms of this geometry, the normal 
to the plane hkl must lie along the ^  axis for aT to 
be in a reflecting position. This is achieved by 2 
rotations, about ̂ , then ^  . The 9 circle (carrying 
the detector) must then be moved through 29 in the 
horizontal plane. At the same time the reference 
axial system XYZ is moved through 8 .

ZD
If the W  circle is being used, then the cf> rotation 
orients the crystal about the normal, and this is 
followed by the X and w rotations;

w

cos4> - sin 4» 0 "
= sin^ COS(|> 0

- 0 0 1 _
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w .

H

cos% sin%
0 1 0

sinX 0 cos]

cosw - sinw 0 "

sinw cosw 0
0 0 1 _

ed the rotation S

<P

cos4> - s i n ^  0  

s in (^  coscfi 0

0 0 1

X

cos% 0 
0 1

sinX 0

CJ

-sinX
0

cos%

ZainG
0

L 0
C O S W

sin^,
0

"2(costocosX c o s < j >  -  sinujsinc^ )sinB 
2(coswcosX sin<^ + sinu^cosc^ )sin0 
2 COSw  sin X sin8

-sin w 0 

cos^ o 

0 1

2sinP
0
0

—  •

Normally w is set at 180 , and is not altered during 
automatic data collection.
Now, X Th\s.

Determination of cell dimensions
S may be determined from the angle settings of any 3 
non-coplanar vectors. However, the accuracy is improved, 
by using more than 3 observations and standard deviations
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on the cell parameters may be calculated. If there 
are n observations, a least squares method reduces 
the summation

n
- X.T) ( s V  -

to a minimum when

n

The matrix CT^(s) gives the variance in each element 
of S;

Since S =

S E  (s- .

A l l  ^12

^21 ^22 ^23

\^31 ^32 ^33/

P", V*

2 + S 2 11 12 * ^13 (from (1) ) ,

oos o( - + Sgg + Sg^ S^^

= determinant of S,

Hence a, b , c , « , p,  ̂Y  ̂V may be found;
e.g. a = X b*̂  c^ sin c</V

V = X q/V* ( is mean peakX)
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"L— T e l e s c o p e  
— Perspex window 
-;::::iOGaS out

gf n f \  -n
\ \ \ Detector

Crystal

X-RAYS
Quartz fibre 
Capillary tube

Phi circle
Cooled nitrogen gas

Chi circle

Figure 1.2.3 
Section through Cold Sphere 36
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Ttœ standard deviations in the real emd reciprocal 
cell dimensions (D) are then given by:-

where D = «.S

The cold sphere

Data for four structures NiHCl(PPr^)2 , PdHCl(PPr^)g, 
(MoOCl(dppe)g)(ZnClgacetone) and MoCl2 (dppe)g were 
collected at -?0°C using a brass sphere specially 
designed by R H B Mais and made for the I.C.Z. Picker. 
This encloses the goniometer head and has portholes for 
the X-Ray collimator and the detector arm (see Figure 3)• 
A temperature of -70°C is readily obtainable without any 
further apparatus, by maintaining a steady flow of 
nitrogen (cooled by passing through a Dewar of liquid 
nitrogen) into the sphere. To prevent frosting of the 
portholes in the sphere, an external stream of air is 
directed at these windows. If precautions are taken to 
reduce the humidity of the surrounding air, by enclosing 
the entire goniostat in a dry box, lower temperatures 
may be reached. However, manual operations become very 
hampered and previous experience had shown that a
difference of 90°C would make a significant improvement

36
in structural accuracy, so this dry box was not used.
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Proceduro followed for data collection
(1) Initial reflections
Initial reflections were obtained whenever possible by 
diffraction from a principal face of the crystal, brought 
into the reflecting position manually by moving the % 
and ^  circles, and then scanning up a row in 20 , The 
position for reflection is:-

X-roy

3 non-collinear reflections having been chosen, these 

have to be correlated for consistency of sign « This is 
best illustrated by an example. Given 3 reflections,

%
ih 0 0 110 10
0 0 + 1  ig$ 197

0 tk tl 190 79

The Picker axes have been shown in Fig 2, and hence the
directions of the - h 0 0, 0 0 -1 , and 0 -k tl
vectors are defined as in Pig k ,  (Por simplicity these 

are represented in 2 dimensional space.) To complete a 
rhs., 0 k 0 must lie at ~ ^ = +  0 in the fourth quadrant, 

and therefore 0 -k t 1 is 0 +k -1.

An initial orientation matrix is now generated, from 
which the positions of additional strong reflections 
are calculated. These are then measured accurately,
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Assignment of Sign to Initial Measurements 
(2-dimensional illustration - see text)

180

0

90

define thoO : and 00+1:

ĥOOi^ I ( 155'\
197* \\V )

O^k^l remains O k l ^ _ 190* ^  ^
unsigned: r^ -j

hoc and 001 define a 
right handed set of 
axes; OkO lies in 
fourth quadrant, almost 
in plane of * circle.

0*k±l is Okl OkO hOO
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their JC ,(ji w  and 28 values noted, and the most 
convenient segment of reciprocal space is chosen for 
collecting data* Because of the mechanical limitations 
of the Picker, hkl and hk-1 are collected separately to 
minimize large jumps in % or ^ . To obtain the best 
orientation matrix for generating reflection positions, 
initial measurements are made i.n the relevant quadrants 
of reciprocal space. Por accurate cell dimensions emd 
best esds*, on the other hand, 3 or 4 general reflections 
are each measured in all 4 quadrants. This is advisable 
because the computer program is qialte general and 
assumes a triclinic cell* Hence any symmetry-enforced 
90 or 120° angles are calculated and refined* This 
artificial refinement reduces the accuracy of the other 
derived parameters, but this method minimizes the error 
introduced*

(2) Card generation
The program Gonioset (see Appendix 1) is used to 
generate the control cards for each reflection within a 
specified shell of reciprocal space* The method used
is to scan from (20 — A 2 d, ) to (2 8 + A 2 ) ; the
limiting 20 values are given hy:-

2 6. = 2sin ̂  ( sin 6 • + A20

2Dg = 2sin ̂  (sin0̂ . _^) + A 20^
° X(,

X and\^ are 0*7093 and 0.7135 for molybdenum radiation ;
G is the peak position. The space group absences for



particular symmetries are input as subroutines, 
which, allow absent reflections to be omitted from 

the input listing.

(3) Measurement of data

The goniometer is card controlled and each, reflection 
corresponds to a control card punched with, h k i x ^ x ^  2 9 ^  2 9 ^  

'followed by a data card which records hkl-X cf to (net
count)(bg^)(bg^). The detector scans up 20, measures 

the upper background for a fixed time, and then the 
lower background for the same time. Two standard 
reflections, of similar 29 value and intensity, are 
measured every 2 hours as, an indicator of crystal 
movement and/or decomposition. The data was generally 

collected in shells or half shells, of increasing 26 , 

and each batch, of intensities was checked using the 
program Data Check (See Appendix. 1). This is a data 

reduction routine and enables any anomalous background 
counts ; or bad measurements, to be spotted and repeated 

if necessary.

(4) Measurement of crystal .
A special micrometer eyepiece fitted to a microscope• 
was used to measure the crystals accurately for absorption 
corrections. . A E-code programme MEII96 (See Appendix, l) 

was used to calculate the surface equations of the crystal 
(and also the JC and values of each, face, from which the 
faces could be identified).

Except where stated, all further calculations were done 

using the E-code Cosmos master program of. R H B Mais, in which 
most crystal structure calculations are standard routines.
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(c) Initial Treatment of Data 
The Lp factor is given hy:-

Lp = 2 sin 20/(1 + cos^ 26)

also, if N = peak count
n = upper background
n = lower background
A = attenuation factor
t = fixed time
T = time spent on peak

then the intensity (l) and its deviation are given by;- 

I = (N/A) - (n + n 2 ) T/ 21A

<T^(l) = (N/A^) + (n^ + n2)T^/4t^A^

The amplitude (P) and its deviations are given by:- 

|p| = (Lp"^ .1)?

(T^(P) = (Lp"^/4I)(T^(I)

If the backgrounds are high or uneven then the measurement 
is rejected, the test being:-

reject if t (n - n )T/2tA ^ I 1 1  2
where t^ is a constant*

To eliminate statistically insignificant reflections,
one of two tests is applied:- (t are constants)n ^

a* reject if l4 t + t_ (r (l)2 j

b. if I <t^ + t 0- (I) 

then set I = t^ + t (r (l)



Test (a) was used for all data collected for this 

thesis; usually all positive amplitudes were accepted 
(t^ = t^ = O), hut when a large amount of good data 
was collected, t was set to 2 or 3. The scale factor 
was initially set to unity, and refined during analysis.

No corrections were made for extinction, as no computer 
programs were available.

Absorption
The intensity I of a beam is reduced by an amount
dl = yu-l^dt on passing through a crystal of thickness dt,

— u tand linear absorption coefficient , ie I = I^e

With. MoKo< radiation, the reduction in intensity is 
less serious than with CuICcx , but is still sufficient to 
make a correction desirable, if any dimension of the 
crystal is more than the optimum thickness' t = 2/^ .
A Gaussian correction was used based on that of Busing

3 7 . 38and Levy, modified by R H B Mais to give a more even
distribution of sample points.

Collate and soft routine

The common reflections were averaged according to the 
symmetry of each, crystal, and the signs inverted where 

appropriate to obtain (hkl) in positive quadrants if 
possible. (This is a valid operation provided one does 

not intend utilising anomalous dispersion effects, or 

correcting for AK )
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(D) Structure Analysis

(1) Patterson syntheses
The unsharpened Patterson function

xyz hkl cos 2Rhx

was calculated for each problem. The heights of peaks 
are proportional to the products of the atomic numbers 
of the 2 atoms concerned, and in most cases it was 
possible to deduce the heavy atom position from the 
Harker vectors between symmetry related pairs of these 
heavy atoms. Usually, no attempt was made to find any 
ligf^ atom positions from khe Patterson maps.

(2) Electron density and difference syntheses 
The functions

f xyz V h k 1

,xyz V h k 1

hkl

hkl

cos [ 2TThx - o( (hkl) ] 
(acentric)

cos 2#hx
(centric)

P o - f c  = 2 *5 %

were calculated, generally at ^ or ^ A resolution.
A fourier analysis routine was used to obtain peak 
positions, by taking the 19 grid points round each
map point in turn, testing if this represented a peak,

39and calculating its position and height.



38

(3) structure factor calculations iMid refinement 

The structure factor
This is expressed by the equation:-

P = A + iB = ^  f exp 2iri (hx)
n

where A = ^  f . cos 2fhx

n
B = ^  f.sin 2rhx(= 0 for centric 

i=l . space groups)

Planes lists
The P^ values used in refinement were selected by a 
"minimum amplitude" or "minimum amplitude to deviation 
ratio" test on the observed amplitudes (scale unity)«
The actual threshold values were therefore only determined 
after refinement of the scale factor « The minimum 
amplitude to deviation ratio was preset as 3 «0 unless 
a directive was put in.

Planes lists could be edited by the program MK 1533, 
which enabled modifications to be made to the existing 
list.

Formfactors
4 0

These were used in the form:-
n 2

f(S ) = ax exp (-bx S ) + c for n = 4
* i=l *

where a. b^ and c are constants particular to each atom.

Approximate corrections for , the real part of the 
anomalous scattering, were made for the heavier atoms

41in each structure, by altering the constant c .
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Thermal Parameters
The expression expj.1T i(hx) takes no account
of the fact that atoms vibrate, and hence the diffracted 
intensity is reduced by the amount of out of phase 
vibration:-

f = f e"^o

where M = 81T̂  u^sin^^X^ = B sin^/\ ̂

(B = 8 u^ assuming a Debye-Waller type of isotropic
2vibration, and u is the mean square amplitude of

o 2vibration of the atom in A .)

The corresponding expression for anisotropic vibration 
is that the mean square amplitude in the direction

i (^1’ ^2’ ^3)

is u^ = ^  U. .R.l .
i=l j=l ^ J

where ^ is a symmetrical tensor. U and 1 are defined 
with respect to a* b* c so that the component of U 
in the (lOO) direction, i.e. parallel to the a axis, is

A  =

The full expression for the scattering factor then 
becomes:-

f = f^ exp -2lT̂

+ ZUggklb'c* + U^jl^ c'^ + ZU^ihlaTc*
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These are related to h values by tide equations:

b^i = 2ir̂  a* ^ U etc.

b_ = 4ir b̂ c"̂  U etc.2J 23

The Cosmos routine calculates U . . values; their 
02dimensions are A . Isotropic Us were initially set 

to 0.04 unless otherwise stated, and the initial U..s 
were set at the refined U values, while initial Û .̂ s 
were set zero.

The normal equations of least squares refinement 
The function to be minimised is:-

(R^) =EwA^ =^''h(kil h - kclh)^h h " " I c in

Where Zl = %  Fn

are the observational equations and w, is a weighting 
term. If p. (j = 1,2, .......n) are the parameters
in to be adjusted (i.e. a trial set of parameters)
then: -

— f (Pĵ  Pg oooooaoQooo P^ )

Iand R is a minimum when —Y" = 0 (j = 1 ...». n)dPj

i.e. when



If tlie values of pj are nearly correct, th.en Taylor's 
series may be used to find tbe effect on of a 
small change E in the parameter p : -

Now, if ^ is very small, the changes will tend t< 
make A^(p + g ) = 0

a P4

Substituting in (1):

IVu 4 ,-» # «

These are the normal equations, and there are n of 
them; expressed in matrix form these are:-

3. f = b
i ij i j

^  _ Mfcl h . ^kcl hwhere a ^ ^ ^  = h ^ Pj "

"j = I  "

The conventional "R factor" is defined asi

& k o |  / ^ k c l

and the "Convergence factor" as:
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Weighting scheme and standard deviations
The weighting schemes used were of the form:

Af = 1 + 1  % I

where c, and c^ are constants determined from plots
A 2 I I  I Iof W A  against P^jfor ranges of | P | the best

function chosen as that in which average values of
A 2 ,,2w A  remained constant when w A  was analysed over 

sine theta or IP^| ranges. The standard deviation, 
using this type of weighting scheme, is given by:-

(Pi) = (a / (m - n)

where (a ).. is the inverse of the matrix a.. in theXX XX
normal equations, m is the number of observations, and 
n is the number of peirameters determined, i.e. we 
assume that:-

cr I P I c< I Po I —  I Pc I

This will only represent true esds. when the correct 
weighting scheme has been applied.

Approximations made in computing
Because of the high costs involved in computing, 
approximations were necessary. In the initial stages 
of each analysis full matrixes were used, but as more 
atoms were added, these matrixes were subdivided into 
smaller blocks each containing those groups of atoms 
that were expected to be correlated, i.e. chemical 
groupings such as P-C-C-P systems, and naphthyl groups
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These were further split into positional and thermal 

blocks, whenever anisotropic refinements were 
attempted. Occasionally the block diagonal approx
imation was used, i ,e, only recognising correlations 

between parameters in the same atom, all off-diagonal 

terms in the a^^ matrix, being ignored. Hydrogen 
atom parameters were not refined, being included as 

constant contributions in structure factor calculations. 

Occupancies were.always unity except in the calculation 
on the disordered structure,

A rigid body program became operational in time to be 
used for the 2 structures with, dppe groups; the 
phenyl rings were constrained to their known geometry,

43and refined as rigid bodies; this reduced the number 
of parameters from Z k (6 x 4 for isotropic Us) to 7 
(3 to define the position and orientation, and 1 for a 
group U) for each, ring. Any 3 atoms may be used to 

define the plane of the ring (using Moleg - See Appendix 1), 
which is described in an orthogonal system of axes, and 
fixed with, respect to the cell axes by an orientation 
matrix, Por the calculation of structure factors, the 
X.; y and z parameters of all atoms are necessary, but 
for refinement, all the separate derivatives are combined, 

so that only the 7 rigid body parameters are refined and 
hence a great saving in computer time is achieved, 
together with a more realistic description of the geometry 
of phenyl rings,

For each structure analysis, the calculations are tabulated
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with details of R factors, type of matrix used, 
weighting, and number of terms. It is hoped this 
will avoid unnecessary repetition of refinement 
procedure. Tables of structure factors and agreement 
analyses, also final positional and vibrational para- 
meters, are listed in Appendix 2.

Molecular geometries and standard deviations
(l) Cosmos. Bond distances and angles were normally 

calculated within Cosmos ; their esds are given 
by : -

+(T^(x2)

where x^ and x^ are the atomic coordinates
measured in the direction of the bond, and the
atoms are independent. The torsion angle (T)
about the bond B-C is defined by four atoms
A-B-C-D, and is the angle between the directions
B-A and C-D projected onto the plane perpendicular 

44
to the bond B-C. A clockwise rotation is defined 
as positive.

(11) Moleg was used to calculate best planes and 
dihedral angles.

(ill) Hcoord was used to calculate the theoretical 
positions of hydrogen atoms bonded to sp and
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2sp carbon atoms, as in the methyl groups of 
dmpe, and for aromatic hydrogens. It was also 
used to calculate terminal methyl positions in 
disordered dmpe (see Chapter 2.2), by assuming 
tetrahedral phosphorus coordination.

Drawings of structures
The Galcomp plot program Ortep was used for drawing 
molecules and prejections of the intermolecular

45
packing.

Direct Methods
The symbolic addition method was used for 1 analysis 
and will be described.in the relevant chapter."*"̂

Crystal Geometries
The surface equaticns for those crystals whose surfaces 
were accurately measured, are of the form:-

Ix. + my + nz = p

where p is the perpendicular distance (in microns) from 
the centroid of the crystal.to each face.
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CHAPTER 2 o1 

TRANSITION METAL. COMPLEX HYDRIDES

The key intermediates in the catalytic reactions 

described in Chapter 1,1 are probably complexes which 
contain M-H and M-C bonds, and the factors affecting 
their stability have been briefly considered. Up till 
c 01960, very few of these complexes were known, and it 
was believed that the reason was the low covalent energy

of these bonds. It is perhaps because of their
relative instability, that this type of complex, is
involved in catalytic reactions, but the corollary of
this is that it is difficult to obtain direct information 

about such, intermediates, since isolation is necessary 
for their study, eg when attempting an X-ray analysis. 

Generally speaking, the more stable analogues of 
catalytic intermediates are examined, in the expectation 
that, the results may be extrapolated to the actual inter

mediates, and in some cases a likely intermediate has 
been synthesised, rather than- isolated. For example, 
IrH(CO) (PPh.^)^ is a hydrogenation catalyst for fumaron-
itrile, and therefore IrH(CO)(PPh ) (CN,CH;CH,CN) is

-probably an intermediate. This is a rare example of 
hydride and olefin simultaneously complexed to the same 
metal, and the X-ray analysis showed . t'HÊt' they occupy 

cis positions, ... - h'" ■ ■

Bridging hydrides are thought to be involved in hydro
genation reactions, and so studies on complexes such as 
(CO)^Cr-H-Cr(CO)^ may be helpful.
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48Transition Metal Hydrides

Complex. Hydrides are now known for all transition 
metals except niobium and Hafnium. At the top left 
of the d block, they are generally stabilised by CO 
or TTCp, at the bottom right by tertiary phosphines 
and arsines: the complexes usually conform to the I8e 
rule (or l6e in Pt(ll) complexes).

They may be prepared from almost any source of H, and 

the complexes studied in this thesis represent examples 
of all the main preparative routes:-

1. From Hg

Hg
Pe(dppe)^(C^H^) ------- ^ PeH^(dppe)^

Chapter 2,5

2, From

IrCO(dmpe)^    ■ . IrH(COOMe) (dmpe)

Chapter 2.7

From »H“"

. NaBHf, .
NiCl (PPr^) ------------NiHCl(PPr^)2 3 2 3 2

Chapter 2,8

h .  From C-H bonds

Na(C4nHo)
RuCl^(dmpe)^ -------- ^  RuH(C^QH^)(dmpe)

Chapter 2,2



Hydride formation competes in many cases with.
oreduction, and several presumed M complexes are 

now correctly formulated as hydrides.

The stability of transition metal hydrides follows 
opposite trends to that of covalent main group 
hydrides, ie it increases down each, series (see 
Chapters 2,2 and 2,8 particularly). Most hydrides 

are air and moisture sensitive, and decompose on 
heating.

They are generally neutral, but may be acidic or 
basic; early studies gave conflicting results, eg. 
Pel-Ig(CO)^ is acidic, but ReH('7ï'Cp)̂  is basic.

51Theoretical calculations are not conclusive, though.
they suggest a negatively charged hydride. Dipole

52measurements indicate a net positive charge on H,
Probably a whole range of polarities exists, with, the 

net polarity dependent on the electronegativities of 
the other ligands, The resultant polarity is undoubtedly 
important in determining, for example, the direction 

of addition of- M-H across an unsymmetrical olefin, eg, 

CoIi(CO)^ changes in its behaviour towards defines, 
when CO groups are replaced by phosphines. The electronic 
properties of H are very similar to (Me) because in the, 
case Cf hydrogen, the Is orbital is a good sigma donor,
For (Me), also, only sigma bonding is possible. Since H 

is so small and simple it is an ideal model for studying 
M-L bonding, but, also because of this, it is not 
strictly typical of most ligands,
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The chemical reactions of II are similar to, those of
, 54a normal anionic ligand, e.g.;~

PtHCl(PEt^)g — ----> HCl + PtClp,(PEt^)^

It appears to have a trans lahilising effect, i.e. 
promotes reaction at the trans position, e.g.:-^^

for tr-PtLCl (PR^ ) 2 H- (pyridine) ---)tr-Pth( pyridine) (PR^)^

The order found was PMe^>PEt^#i'HJ>PPr”>Me7Ph>Cl 

It also adds across double bonds, e.g.:-^"*’

PtHCl(PEt^)g + ----> PtCl(CgH )(PEt^)g

The most extensive studies of M-H have, however, been 
on its physical properties, which are readily measured. 
Also, it is difficult to detect H by chemical analysis 
or stoichiometry of reaction because of its small 
percentage in compounds, and its low molecular weight. 
Accordingly, physical properties are used diagnostically.

All well-defined hydrides are diamagnetic. (One reported
/ n \paramagnetic hydride OsHCl^(PBu^Ph) , was later shown to

57 :be a nitrogen complex. ) The M-H stretching vibration 
mode is a pure vibration which occui-s in the IR between 
1700 and 2250 cm ^ ,as a broad but strong band, unless 
masked by v(C=o) or v(N=N). It can usually be confirmed
by the deuteration shift to lower frequency (ratio

/  581.4 ). A previously reported exception to this
is discussed in Chapter 2.6. The bending mode, at
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• *-1.650-850 cm ; (a weak to medium band) is usually 

masked by ligand vibrations. Bridging hydrides have 
a, band at IOOO-I25O cm~^.

Trans dihydrides, and cis when trans to similar

groups, have one broad band, usually at lower

frequency than corresponding monohydrides (1615-I75O cm’'̂ )
59Cis dihydrides have two bands In the normal range.

v (M-H) in some complexes, is sensitive to solvent
(lowest in n-hexane, highest in CIICl^) , and also to

other groups in the molecule. It increases on descending
a series, corresponding to increasing M-H strength, and
it has been shown that for Pt-H, decreases with increasing
trans effect of the trans ligand. For Ru-H the order

6 0differs in detail but not in overall sense. Incoherent

inelastic neutron scattering can be used for studying
hydrogen vibrations and complements IR as it, also, gives

61information about vibrational energy levels. The ■ 
disadvantage of this technique is that huge samples are 
required.

d-d transitions in hydride complexes are often obscured
in •the UV by charge transfer bands, but for RuHC1(dmpe)^ ,

62

the large hypsochromic shifts suggest that H has a 
strong ligand field,'similar to CN . However, studies 
on. RhH(Niy)^̂ '̂  suggest a rather weak ligand field,

6 3similar to H^O or NH^.
The very large positive NMR shift is the main diagnostic 
test for M-H (there are no known exceptions) since there 
is ho interference in the range under observation. The 

shifts are between 10 and 4-5T (solvent dependent ) ,' and
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the mag-nitude of S was used as evidence for the early
6 4theory that hydx’ide was huried in the electron shell 

of; the metal. There is no general relationship 
between lî and trans effect, though high v are often 
partnered by high d  values. The splittings of d  by 
other nuclei', and j(p-H) , the coupling constant 
between H and P, have been used to elucidate the 
stereochemistry of complexes, particularly as in the 
case of Ir hydrides, when there are many isomers 
(j is 10-20 ops, for H cis to P , 120-160 ops, trans 
to Pc)

The most valuable tool for studying M-H however, is 

diffraction analysis, since this is the only physical ' 

.technique which provides information about the whole 
molecule, Since the effect H has on the rest of the 
molecule is possibly more important from the catalytic 

viewpoint than the M-H bond length itself, this is 
invaluable. Before considering the results obtained, 

mainly by X-ray studies, it is worth setting out some 
of the disadvantages of X-ray structure analysis for 
characterising hydrogen atoms, .......

Since X-rays are scattered by electrons, hydrogen is 

the most ineffectual scatterer. In electron diffraction 
the scattering is caused by the electric potential at an 

atom, and at small Bragg angles hydrogen is not swamped 
so much, (The electron density at the centre of a 
hydrogen in an organic crystal is 0,6-0,? e/A^, cf,?-10 

e/A for carbon. The electric potential at the centre
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65.of hydrogen is 30-35 volts, cf 130 volts for carbon » )

The scattering by neutrons is composed of two parts, 
the potential scattering which <% (A is mass number); 
the resonance scattering which varies randomly in 
magnitude and sign, and for H is comparable to C«
At zero theta, the coherent elastic scattering 
amplitudes (in 10  ̂ cm.) are:-**

electron X-ray neutron

H 5300 0.28 -0.38
C 24500 1.69 0.66

Other factors being equal, therefore, neutron studies 
would be best, but few nuclear reactors are available, 
and it is generally difficult to obtain large enough 
hydride crystals «

X-ray studies are thus more feasible, and, even if 
the M-H bond cannot be measured, the hydride position 
can often be deduced.

Because of its small size and its one electron, the 
scattering factor falls off very rapidly with theta; 
also, since hydrogens are almost always in terminal 
positions, they vibrate rapidly and so the scattering 
falls off even more quickly. Therefore the low angle 
reflections are most important when studying the M-H 
bond.



53

Bpcau.se of tli.e greater stability of 2nd and 3rd 

row hydrides, these are most often studied, but 
befcause the heavier metal will dominate the scattering, 
one is even less likely to see the hydrogen than in 
an organic molecule, or first row complex.

The other factors affecting the problem are : - 

1o Errors in the data,
(a) Absorption, Mo is better than Cu radiation 

since it is absorbed,less ,

(b) . Extinction, This affects low angle spots most
and so could be an important source of error in 
searching for hydrogens,

(c) Choice of radiation, Cu is better than Mo 
because there is less white radiation streaking 

to hamper measurements at low angles,
(d) Completeness of data,
(e) A good crystal',

2, Crystal oompositicn,

(a) An even distribution between heavy, medium and 
light atoms is the most favourable situation.,

(b) A rigid structure, eg, PPh^ groups rather than 
PPr", since these can help to tie down the 

hydrogen,

3o Errors in the model,

(a) Scattering factor curves. These are strictly
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only accurate for the free, spherically 
symmetrical atoms. Any errors will be 
particularly important for hydrogen, and 

lead to errors in U values.
(b) Anomalous scattering. When the inner 

shell electrons scatter with frequency 
comparable to that of the X-rays, then 
this has to be allowed for.

f = f + A f  + i A f"

(A f* is the real, and A f" the imaginary 
part of the anomalous scattering.)

This is most important for polar space
groups, and leads to errors in the positional

6 7parameters of the anomalous scatterer.
(c) Anharmonic vibrations. This will introduce

68errors into the positional parameters.

Structural results are now available for hydrides 
of most transition metals, with some gaps in the first 
series. These will be discussed in Chapter 2.10.
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CHAPTER 2.2

: THE CRYSTAL AND MOLECULAR STRUCTURE OF
C is -Ru. (H) (C ̂ qH^ ) (dmpe )g

Transition metal hydrides are often formed by 
hydrogen abstraction from an organic molecule, which 

may be a coordinated ligand. However, a hydride is 
not always formed; the abstraction may result in : -

lo loss of hydrogen, and formation of an 
M-C(cr) bond;

2. ■ irreversible formation of M-H and M-C((T) 

bonds ;

■3 o an equilibrium in which, a hydridic structure 

(high, coordination number and oxidation 
state) coexists with, a coordinatively 
unsaturated structure of lower formal 
oxidation state,

4, in some cases hydrogen abstraction does not 
occur; in which case we have the borderline 
situation in which there is a weak inter

action between the metal and a ligand hydrogen 
atom.

It is apparent that hydrogen abstraction and c(cr) bond 

formation do not occur with, saturated hydrocarbons, 
but only when some stabilising substituent, e,g, phenyl, 
is also present in the organic molecule. This is



consistent with current ideas on the formation and 
stability of M-C((T) bonds in general. Activation 
of CH, is a problem of importance since the advent 
of natural gas as a petroleum feedstock, but 
abstraction of hydrogen to form H-M-CH» has not3
been reported.

Examples of these types of abstraction reactions 
are given below : -

1. Pd- and Pt- carbon sigma bonded complexes are 
formed by reaction of the halides with amines,
e.g.
is eliminated as H+;

69 70benzylamine, azobenzene. Hydrogen

PhNzNPh 
(PtClf^)  ^

PhApH PEt. PE, 

Pt— Cl

PEt,

The structure of PdCl(PEt )^(azobenzene) has been
71confirmed by an X-ray analysis.

A series of platinum complexes formed by the - 
reaction:

Li(Carb.R)+PtClg(PEt^)g ^Pt(PEt^)g(R.Carb)

where (R-carb) is R.C.B.^^gHj^g or R . C ^ -  have
B H 10̂  10



been shown to contain Pt-C bonds which
, 72complete the 4-coordination round Pt.

Spectral data show the absence of M-II bonds 
and the postulated structures are:-

R-carb,

ENP

.CH,
-Pt 'CH.

Further examples are : -

RhMe(PPh^)^
-C H ,

'Rh
,P6

73

Cl

RulIC 1 ( P ( OPR) p  3 _  j
-H,

o

74

In these cases there is no change in formal 
oxidation state.

This is one case of oxidative addition (See
Chapter 2.7), e.g. if benzene is added to
IrCl(PPh^)^, a phenyl hydrogen is abstracted,
irreversibly, to form the 6-ooordinate Ir(ill)

75complex who structure is thought to be:-



Tills illustrates liow very readily some 
hydrogen abstractions take place ; similar 
behaviour is shown by other iridium compounds 
containing at least one phenyl group.

58

Two examples of complexes where X-ray 
structure determinations have shown that a 
pheny1 hydrogen approaches a metal, making it 
pseudo 6-coordinate are:-

12

(a) RuClg(PPly)^ (b) Ir(CO)(dppe) Cl

Cl Ru Cl/
H

(
CO

143'

/ A

The closest approaches in RhCl(SO^)(CO)(PPh )  ̂
2.94 and RhHCl(SiCl^) (PPh ) 2.?9&,are
attributed to packing rather than any actual 
interaction.

The largest class of hydride abstraction reaction 
is that in which the equilibrium is mobile, and 
further examples are continually being reported. 
This is also probably the most useful class of 
reactions from the catalytic point of view, in
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that the hydride, once formed, is not too stable 
to react further*
Some examples are : -

*T’ —N P(a) C o ^ ( N 2)(PPh^)^ \Z
+N .

p  ..   Co

’’ V
(b) (PEtPb^)^ ̂

hi)
*2 H\ ,./■

P F e -----

Et^P

80

(c) Pe°(dppe)^(CgH^)_2^^ 81

This example is examined later (See Chapter 2,5)

(d) Ru°(C^QHg)(dmpe)^;=±: Ru^^(C^QH^)(dmpe)2
la

A

R u ° ( d m p e ) 2 "T-
Ila

Ib

^  (CHgP =Me.C^H^^,P,Me^) (dmpe)
Ilb

82

This last example constitutes an interrelated 
system since Ila is readily obtained by pyrolysis
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of la. Tlie evidence given by Cliatt and 
Davidson in their extremely thorough investi- 
gation of the tautomerism of (I), is that 
chemically the compound behaves as %a, e.g. 
it loses napthalene giving Ila. However, in
the solid, there is a strong v(M-H) band in

-1the IR at 1802 cm Also, the characteristic
bands at '-"lôOO cm due to napthyl, are

-1observed, and those a t ,^800 cm for 2-naphthyls. 
The NMR shows the high-field group of bands, 
diagnostic of M-H, at 18.6T. In the same way, 
the compound II contains v(Ru-H) at 1791 cm ^, 
and it has been shown that the hydrogen originates 
from one of the phosphine methyl groups. The 
constancy of v(Ru-H) has been cited as good 
evidence of its complete transfer from carbon 
to ruthenium. An NMR spectrum could not be run 
on II, because of its insolubility and instability. 
The structures proposed by Chatt and Davidson were, 
on the basis of this and other evidence, e.g. 
deuteration studies:-

/"l

Ru

P'--- r— 'H

la Ib
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R- P—IVIe
Ru

pz------- /p

lia

and it was suggested that the solid state 
structures are Ib and lib, and that in solution 
these predominate, together with small amounts 
of the reactive la and Ila.

These two systems have been examined crystallo- 
graphically; the naphthyl compound has been 
shown to have the proposed structure (See this 
Chapter), whereas the compound II appears
to be disordered - no solution has been found, 
(see Chapter 2.3).

The naphthalene originates from the reductant, 
and the preparation of these compounds is as 
follows : -

MClg(dmpe) ------------  ̂M(arene)(dmpe) +NaCl
Na(aryl) 

eg. No* [  {

M = Ru, Os

aryl = naphthyl, phenyl, anthryl, phenanthryl

i.e. arene abstraction has taken place. All 
other metals form the predicted zerovalent
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83complexes without arene abstraction:-

metal halide complex --------> M (dmpe)
(dmpe)

M = Co, Ni, Pd, Pt tetrahedral 
M = V, Or, Mo, ¥ octahedral 
M = Pe sq. planar

Furthermore, dmpe is the only ditertiary 
phosphine for which this has been observed; 
the stabilisation of an M-C((r) bond has in 
this case been attributed to the increased
basicity of drape corapared with dppe, i.e. the 
metal retains a high electron density which 
is not so easily delocalised within the 
phosphine d orbitals, and hence may be dispersed 
into the arene TT orbitals by formation of a 
strong M-C bond. It will be seen later 
(chapter 2.7) that dmpe is a unique ligand in 
several of its reactions.

The preparations of the osmium analogues of I and II 
were repeated; the structure of O s H ( C )(dmpe)^ is 
found to be very similar to that of RuH(C^gHy)(dmpe)^, 
(See Chapter 2,4), while Os(dmpe)^ proved too unstable 
to isolate. (See Chapter 2.4). The preparation of 
the iron analogue - Pe(dmpe)g - was repeated by 
S D Ibekwe, but was also too unstable to crystallize.
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Pr e 1 iinin â ry Ob s ervat i on s
A crystalline sample of RuH(C^qH^)(dmpe)^, prepared

by J M Davidson in 1962/ was available, and so these
crystals were examined for their suitability for

structure determinationo They were large honey

coloured prisms, bounded by several faces, and
preliminary photography indicated that they had not
decomposed. The IR spectrum of the sample contained 

-1the strong l802 cm band. The crystals were handled 

and mounted under nitrogen. The orystal used is shown 
in Figure 1.

Cr^^stal Data

022^40^^4’ M = 529o2; monoolinic, a = 13 o 2^4 t 0.002,
b = 10.136 ± 0.001, G = 18.729 ± 0 . 0 0 2  A, p =  114.00
+ 0.01; U 2642.0 Djjj = 1 .30 (flotation) ^ = 4,
Dc = lo30, F(OOO) = 1104; Space Group P2^/c (C^^ No.l4),

Mo-KtX radiation (Nb filter) , =8.2 cm  ̂.

Data Collection

Temperature R.T; scan range -0.7° to +0.6°;

Scan speed 2 20/minute; fixed time 10 seconds;
Standards (O 4 O) and (5 0 0)remaining constant to 
within il^o of initial intensity; reflections 

measured in octants {hkl} and |hkl|- , to a maximum

20 = 55 ; cell dimensions from 19 reflections giving •
o oangles (X = 89.98(1) , = 89.99 ( 1 ) ; total number of

independent structure amplitudes obtained after data
reduction and collation of equivalent reflections

545I0
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X "500p 440f.

no 110

Î

I

Figure 2.2.1 
RuH(Ĉ QĤ )(dn;pe)g Crystal

The Equations of the Bounding Surfaces 
of the Crystal

1 tn n P (hkl)
1 0.8504 0.4840 -0.2063 -220.38 Ï10
2 0.7646 -0.6274 0.1473 -247.50 110
3 0.6029 0.3678 0.7080 192.51
4 -0.6783 0.7345 -0.0194 -263.80 ÏÏO
5 0.8508 0.4580 -0.2578 222.25 1Ï0
6 0.2028 -0.0478 0.9780 -218.283
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Structure Solution and Refinement
Pormfactors for Ru and P were corrected for A f '.
The Ru position was found by inspection of tbe Harker 
sections of the Patterson ; -

2% 2y 2z
0 &-2y 2̂
-2% ^ ^-2z

which result from the vectors between the positions 
in P2 /c:-

- (x, y, z)

-  (%, i - y ,  i+ z )

The initial position of (0,299 0.22^ 0.1205) was
refined to R=30.5^ (cycles 1-5), see accompanying 
table (Table 1). The corresponding P(obs) map showed 
four peaks in the expected positions for two cis 
diphosphine ligands. 450 extra terms were included
in refining these positions, (cycles 6-8; R=19ol^).
An P(diff) map clearly revealed the naphthyl group, 
also all of the phosphine carbons, although some of 
these (c4l particularly) were not prominent, and many 
were elongated peaks, (e.g. C13, 012, 0^3), Accordingly, 
cycles 9-12 only included Ru, Pl-4, naphthyl carbons, and 
some of the phosphine carbons. After cycle 12 the U 
values of the bridging carbons were all considerably 
higher than those for Ru and P, e.g. Ru 0.048, P2 O.O??,
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Gil 0.371, C13 0.251.

In order to try and. determine more precisely the 
'Positions of tli.ese ill -defined atoms, one cycle (13) 
was calculated in which. Us were not refined (they 
were held at the refined values for Ru, P and naphthyl 
atoms and at O.O7 for C(phosphine) atoms), and only 
some of the phosphine carbons were included. The 

resulting P(diff) map again revealed the other carbon 
atoms", so it was decided to attempt to refine this 
structure. The centres of elongated peaks were chosen 

as atomic positions, and cycles l4 and I5 - all 
isotropic - and cycles I6 and 17 - Ru anisotropic - 
gave R=11.7/^o The weighting scheme was now adjusted 
and refinement with, Ru and P atoms anisotropic gave 
R=8.0^ with, this weighting scheme. During these 

calculations the isotropic Us of atoms Oil, 012, C32,

C33, C4l and C k Z  continued to rise, although at 8.0^
(cycle 21) they had apparently converged at abnormally 

high values.

This behaviour was suggestive of disorder in the phosphine 
ligands, and so cycle 22 and an P(diff) map on Ru, P 
and naphthyl atoms was calculated, and the map was 

drawn out on perspex, sheets. The superimposed contour 
maps are shown in Figure 2a and 2b. Peaks due to 021,

022, 023, 031, 032, 033 were compact and well shaped, 
though, slightly elongated, but those for 012, 013, C42
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X

g

Figure 2.2.2a 
RuH( ^)(dmpe)2

Projection of F(diff) map phased on Ru, P atoms and naphthyl
group, illustrating the disordered ligand PI P2 . Contours
at intervals of 0.35 e/A , lowest at 0.7 e /% ^ . The calculated 
positions for terminal carbon atoms are indicated ®  .
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V

■41b

Pf- - 43 b

A2b

Figure 2.2.2b 
RuH(CiqH7)(dmpe)2

Projection of F(diff) map phased on Ru, P atoms, and naphthyl
group, illustrating the disordered ligand P3 P4. Contours
at intervals of 0.35 e/A^, lowest at 0.7 e/%^. The calculated 
positions for terminal carbon atoms are indicated ®  .
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and CA'3 were very elongated„ Xn. addition to Cl 1 and 
C4l (labelled Clla and C4la) there were two other, 
smaller peaks (labelled Cllb and C4lb)o Cllb was well 
formed, but C4lb was merely a suggestion of electron 
densityo However, it was possible to visualise a 
type of disorder in which, one end of each, phosphine . 

ligand remains fixed (P2 - C21 - ) and (P3 - C31 - ), 
while the other end is free to move ,(P1 - Cll - ) and 

(P4 - C4l - )o The splitting between Clla and b , C4la 
and b, is quite smallo The corresponding splitting of 
C12, C13 j C h -2 and c43 is consequently'- also small, and 
in these latter atoms, which additionally will be 

vibrating more vigorously, the two peaks have merged*

To test this hypothesis, the positions Clla and Cllb, 

and C4la and C4lb, were taken in turn, and the
theoretical alternative terminal positions calculated,

oassuming an angle of 106 at phosphorus, and P-C 
distances of 1*82 A* In each, case the theoretical 
positions fell within the elongated areas of electron 
density (see Figure 2)* It was also noted that in the 
phosphine Pl*ooP2, the positions C12 (a and b),
C13 (a and b), were almost equally displaced from the 

observed centres of the peaks* In P3oooP4, the C4-2a 
and C43a positions lay almost on the centres of their 
observed peaks, while C42b and C43b lay appreciably to 

one side* In both, phosphines, this was. consistent 

with, the apparent heights of Cll and C4l; Clla and b 

were almost of equal height, whereas the centre of C4lb
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was much, less well-defined than that of C4la, and 

therefore its exact position was not easy to judge* 

Structure factors were calculated on the final 

parameters from cycle 21 , including contributions 
from both, conformations in a disordered structure, 
but without refining these parameters * Their relative 
contributions were estimated as Clla:b - 1:1, and 

C4la;b - 7:3} as a rough, approximation* The R value 
was 12*8^ (cycle 23), but, allowing for the fact that 
it was difficult to be precise in accounting for the 
disorder, and also that the disordered structure was 
not refined to convergence, this discrepancy in final 

R values is not unreasonable* Limitations on computer 
time prevented exhaustive trials of different 

disordered models from being practicable; the extra 
cost would have been out of all proportion to the 

probable value of the results*

All the tables therefore refer to the structure at 
8*0^, in which, only the predominating conformation is 
included, and so the geometry involving the phosphine 

carbon atoms is necessarily approximate* Unobserved 
reflections were calculated - none was greater than 

twice the minimum observed* The P(diff) map at R=8*0^ 

showed all. the H(naphthyl) atoms, as peaks of height 
0*4 to 0*6 e/A^ at, or near, their calculated positions* 

(These were not refined). There was some residual electron 
density round Ru possibly due to unaccounted-for anisotropy



of vibration, but there was a distinct peak of
height ̂ 0.4 Ln a position almost trans to PI

oapproximately 1,7A from the Ru atom.

Characterisation of Hydrogen Position 
In order to test whether this peak did, in fact, 
represent the hydridic hydrogen, Ibers* method of 
calculating successive P(diff) maps on limited 
sets of data, was applied. This is based on the 
fact that light atoms, in presence of heavy atoms, 
do not contribute significantly to the scattering 
at high theta. The suspected hydride peak remained 
reasonably constant in position, while other features 
round Ru shifted as the resolution was reduced.

The "noise level" (standard deviation of the electron 
density) increases with theta, and there exists an 
optimum limiting theta for characterising light atoms, 
Assuming that the data set is complete, the peak 
height of an atom is:-

^ 2
f / ( 1 + a s 4 ) exp, -Bs 

16^2 s ds

where a is the Bohr radius = 0.5292 À 
where s = 4lT sin 8/ \

^ approaches a limiting value as s^ increases. The 
standard deviation of the electron density is given byi

o-(p) = [ E  (r* -
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It follows that p v \ w i l l  pass tinrough, a 
maximum at some value of s* However, if a peak is 
spurious, it will vary randomly in position and 
height, as the number of teimis (i.e* s) is varied*
This criterion therefore provides a means of 
characterising a peak which is suspected to be 
caused by a hydrogen atom* Structure factors and 
an P(diff) map are oalculated for data sets in which.
Sq is gradually reduced* The «best* map for obtaining 
an M “H distance is then that for which is a

maximum* Prom Table 7 it can be seen that the map to 
sin 0 / = 0*5 is best, giving Ru-H = 1*67A* No
attempt was made to refine this position*

Results and Discussion

The final positional and vibrational parameters for 
the predominating structure are shown in the Appendix 

(Tables 2 and 3)0 Parameters affected by disorder 
are marked (#)* The molecular geometry is shown in 
Table 4; there are no close intermo1ecular contacts* 

Table 5 lists some torsion angles* The final agreement 
analysis is listed in Table 6* Figure 3 is a drawing 
of one molecule, with, the numbering system used and 
Figure 4 is a stereo pair of the crystal packing*

The coordination arrangement about Ru is slightly 
distorted octahedral, with, the naphthyl group and 

hydridic hydrogen cis to each, other in the plane defined
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Tî pjure 2.2.3
RuHCCĵ QĤ Xdrope),

View of one
molecule illustrating the numbering system used.
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P2

2.30

c e
2.16

162"
&30

^.33
P4

2.28

Figure'2.2.3(a) 
RuH(C^QH^)(dmpe)

The geometry round ruthenium

Figure 2.2.4 
RuH( C ) ( dmpe ) ̂

Stereo drawing of the packing viewed down y axis,



Table 2.2.4

Bond distances (A) and angles ( ), with their 
estimated standard deviations
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Around Ruthenium

Ru-P(l)
Ru-P(2)
Ru-P(3)Ru-P(4)
Ru-C(2)Ru...C(l)
Ru...C(3)

2.333(3)
2.303(3)
2.280(3)
2.301(3)
2.160(10)
3.]̂ a
3.112

P(l)-Ru-P(2)
P(l)-Ru-P(3)
P(l)-Ru-P(4)P(2)-Ru-P(3)
P(2)-Ru-P(4)
P(3)-Ru-P(4)

82.5(1)
102.9(1)
98.4(1)
172.9(1)
98.5(1)
85.4(1)

P(l)-Ru-C(2)
P(2)-Ru-C(2)
P(3)-Ru-C(2)
P(4)-Ru-C(2)

99.3(3)
88.7(3)
85.9(3)
161.6(3)

Naphthyl Group

C(l)-C(2) C(2)-C(3) 
C(3)-C(4) 
C(4)-C(10) 
C(10)-C(5) C(5)-C(6) 
C(6)-C(7) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(l) 
C(9)-C(10)

.38(1) C(l)-C(2)-C(3) 116(1

.43(2) C(2)-C(3)-C(4) 120(1
,45(2) C(3)-C(4)-C(10) 122(2
.28(2) C(4)-C(10)-C(9) 121(1
.54(2) C(9)-C(10)-C(5) 116(1
.30(2) C(10)-C(5)-C(6) 116(2
.33(2) C(5)-C(6)-C(7) 127(2
.41(2) C(6)-C(7)-C(8) 123(2
.44(2) C(7)-C(8)-C(9) 115(1
.44(2) C(8)-C(9)-C(10) 123(1
.40(2) C(10)-C(9)-C(l) 119(1

C(9)-C(l)-C(2) 122(1
C(l)-C(2)-Ru 125(1
C(3)-C(2)-Ru 119(1
C(l)-C(9)-C(8) 118(1
C(4)-C(10)-C(5) 123(1



Table 2.2.4 (contd.)
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Phosphine Groups
*P(D-
*P(D-
*P(l)-P(2)-
P(2)-
P(2).P(3).
P(3).
P(3).
*P(4).
*P(4).
*P(4).

C(ll)
C(12)
C(13)
C(21)
C(22)
G(23)
C(31)
C(32)
C(33)
C(41)
C(42)
C(43)

*C(11)-C(21)*C(31)-C(41)

*Ru-P(l).
*Ru-P(l).
*Ru-P(D-
Ru-P(2)-
Ru-P(2)-
Ru-P(2)-

1.93(4)
1.80(3)
1.88(3)
1.82(2)
1.82(2)
1.83(2)
1.83(2)
1.81(2)
1.80(2)
1.87(3)
1.84(2)
1.80(2)
1.50(3)
1.44(3)

C(U) 108(1) 
0(12) 125(1)
0(13) 130(1)
0(21) 112(1) 
0(22) 120(1) 
0(23) 121(1)

*0(11)-P(1)-0(12) 117(1
*0(11)-P(1)-0(13) 76(1
*0(12)-P(1)-0(13) 93(1
0(21)-P(2)-0(22) 103(1
0(21)-P(2)-0(23) 101(1
0(22)-P(2)-0(23) 98(1
0(31)-P(3)-0(32) 101(1
0(31)-P(3)-0(33) 105(1
0(32)-P(3)-0(33) 101(1
*0(41)-P(4)-0(42) 95(1
*0(4l)-P(4)-0(43) 99(1
*0(42)-P(4)-0(43) 99(1
*P(1)-0(11)-0(21) 106(2*P(2)-0(21)-0(11) 114(2
*P(3)-0(31)-0(41) 113(2
*P(4)-0(41)-0(31) 118(2
Ru-P(3)-0(31) 111(1
Ru-P(3)-0(32) 118(1
Ru-P(3)-0(33) 118(1
*Ru-P(4)-0(41) 108(1
*Ru-P(4)-0(42) 131(1*Ru-P(4)-0(43) 119(1

* involving atomic positions affected by disorder 

Table 2.2.5
Selected Torsion Angles (°), positive values 

indicating clockwise rotation

* P(1)-0(U)-0(21)-P(2) 44
* P(3)-0(31)-0(41)-P(4) -25
0(l)-0(2)-Ru-P(l) -20
0(l)-0(2)-Ru-P(2) -102
0(l)-0(2)-Ru-P(3) 83

ifivolving atomic positions affected by disorder
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: Table 2.2.7

Hydrogen peak heights and related quantities for the 
hydride searching maps

Cut-cff oWU.Î-h p"/»(p) RU-H(?)
(1 1 sin e)

0.3 539 0.25 0.072 3.44 1.59
0.4 1208 0.30 0.080 3.68 1.72
0.5 2189 0.40 0.088 4.54 1.67
0.63 3513 0.40 0.090 4.49 1,64

(all data)

Reference 84 explains the meaning of the quantities 
presented in this table.



by Ru-Pl-P^l -C2 o As is commonly observed in hydride
: 85 84

complexes, e.g. OsIIBr(CO)(PPh.^)^, Rhll(CO)(PPh.^) ,
the other ligands are bent towards the hydride 

position, i.e. Pl-Ru-P4 98°, C2-Ru-P4 162°, probably 
as a steric effect of the small hydride ligand.

The Ru-P bonds (2.28 to 2.33A) are similar to, or 
perhaps slightly shorter than, those in other ruthenium 
phosphines, through there is often quite a large 

variation in the individual Ru-P lengths in one molecule 
Table 8 shows reported Ru-P distances. Ru-Pl, trans 
to hydride, is the longest (2.33A), presumably by a 
slight trans effect of hydride. (However, in 
RuC 1 g(PPh.^)^ Ru-P trans to the hydrogen from a phenyl 
group is considerably shorter than the others 
Within each, phosphine, the ordered atoms have a 
reasonable geometry, the P-CHg and P-CH^ distances^ 

average i.82A^being similar to those observed in 
other phosphine complexes. Because of the disorder, 
it is difficult to comment meaningfully on the 

conformations of the phosphines. The bridging systems 
in both, groups have staggered conformations about the 
C-C bond, as is generally observed in cbmplex.es with, 

bidentate phosphines. In each, case, one C(methylene) -  

C21 and C4l - lies nearly in the Ru-P plane, while the 
other - Cll and C3I - lies out of this plane.

Table .5 shows some torsion angles. The conformations 

of ordered (dmpe) are discussed further in Chapter 2.?.



TABLE 2.2.8
Ru-P Distances
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RuH ( c  ̂) ( dmpe ) 2
RUClg(PPhg)g
RuHCl(PPhg)g
RuH(acetate)(PPhg)^
RuClg(PhMe.P .CgH ̂ .P .MePh)
Ru2Clg(PBUĝ )̂ ^
Rü2Cl^(PEt2Ph)g
Ru2Clg(PEtgPh)g RuClg(PEt2Ph)

Ru-P
2.28-2.33
2.23-2.41 
2.21-2.36
2.23-2.36 
2.34
2.32-2.36
2.26-2.34
2.26-2.39

Reference

a
b
c
d
e
f
g

a . S J LaPlaca & J A Ibers, Inorg.Chem., 1965, 4_, 778

b. A C  Skapski & P G H Trough ton, Chem.Coim., 1968, 1230
c. AC Skapski & F A Stephens, JCS(D), 1969, 1008
d. I Kawada, Tetrahedron Letters, 1969, 793
e. G Chioccola, J J Daly & J K Nicholson, Angew.Ch.Int.Ed., 

1968, 2, 131
f. N W Alcock & K A Raspln, JCS(A), 1968, 2108
g.' K A Raspln, JCS(A), 1969, 461



The electron density contours of the phosphine
ligands show that for each, ethane bridge there are
two possible conformations differing only in the
positions of Cll and C4l. The conversion from one
isomer to the other can he achieved by a rotaticn 

oof approximately gO about the Ru-P bond. The 
position of the phosphorus atom in the crystal 
remains constant whereas the carbon atoms bonded to 
that phosphorus move. Both, conformations probably 
have similar energies, as the partial conformation 

about the Ç-C bridge remains staggered. It is 
noticeable that both. Ru-P bonds involved in the 
disorder lie in the plane of the naphthyl ring. In 
contrast the intermolecular packing perpendicular to 
the aromatic ring is apparently sufficient to 

determine the positions of the methyl groups C22, C23, 
C32 and C33o This flexibility of the molecule, 
observed even in the solid state, may be related to 
the ease of losing naphthalene from the complex.

o ’ 0 — 1The Ru-H distance, 1.7A, deduced from the 0.5A map,
oagrees with, other known Ru-H distances, i.e. I.7A in

/ . 8 6 . 87RuHCl (PPh^ ) ̂  and in RuH( acetate ) (PPh.̂  ) ̂  . The
significance of this distance will be discussed later^
in Chapter 2.10.

The Ru-C2 distance, 2.16&, is slightly longer than is 

usual for M-C(aryl) bonds (see Table 9)? but is within



the range of observed distances. If the octahedral
radius of Ru(ll) is taken as 1.33A, and allowance

is made for sp^ hybridisation of carbon, then the
theoretical Ru-C length, is R.OyA. The lengthening
observed in the present structure may not be
significant, but the ready loss of naphthalene by 

oheating to 15O C, supports the suggestion of a long. 
Weak M-C bond.

The bond lengths' in the coordinated naphthyl group

rangé from 1.28 to lo5^A, but the variation is not
88systematic as it is, for example, in free G^gHo»

The standard deviations are too large to make a '
meaningful comparison with the geometries of other

beta-substituted naphthalenes. However, the angle
C1-C2-C3 (116 ), agrees with other observations that
this angle in M-C(aryl) complexes is generally
nearer 115° than 120°, e.g. Il4° in CrCl2 (p-tolyl)(THP)  ̂

o 90116 in Ni(irCp) (PPh^) (cr-c^H^).

oThe torsion angle Cl-C2-Ru-Pl is 20 . This rotation

of the naphthyl group out of the plane Ru.Pl.P4 is

probably caused by the presence of the Ru-H bond of

lo?A; the contact distance Il(C31 ) 0 . . oH(Ru) is 2.3A,
which, is just the van der Waal's radius sum. If the
naphthyl group were to lie in the coordination plane
(symmetrically positioned between 022 and C32), then

, 0this contact would be extremely short (~-2A).



TABLE 2.2.9

M-C(aryl) Distances
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M-C Refers
Cr(p-tolyl)Cl2(THF)g 2.01 a
Mo(CgFg)(C0)2(TT'C.^H^) 2 .2 4 b
W(CgH^)(CO)g(TTCgHg) 2 . 32 . c
Re(p-CgH^Cl)(CO)g 2 .2 8 d
Fe(CgHg)(CO)(PPhg)(TrCgHg) 2.11 e
Ru(C^QH^)(H)(dmpe)2 2 .1 6 f
Os(C^QH^)(H)(dmpe)2 2 .1 3 g
Co(mesityl)2(PEt2Ph)2 1 .9 6  ' h

1,93 i
Rh(CgHg)Cl(tetraphenylporphine) ' .2.05 j
Ni(CgHg)(PPhg)(TTCgHg) 1.90 k
Ni(CgFg)(PPhg)(TTCgHg) 1.91 , 1
Ni(CgFg)(CgCl^)(PPh2Me)2 1.91,1.98 m
Pd(azobenzene)Cl(PEtg)2 2.CW n
Hg(p-tolyl)g 2.08 o

a. J J Daly & R P A Sneeden, JCS(A), 1967, 736
b. M D Rausch et.al., JAGS, 1968, 90.» 3242
c. V A Semion et al., Chem.Comm., 1968, 666
d. Yu T Struchkov, 4th International Conference on 

Organometallic Chemistry, Bristol 1969 (abstract A15)
e. R L Avoyan, Yu A Chapovskii & Yu T Struchkov,

. J.Struct.Chem.(Russ.), 1966, 2; 300
f. U A Raeburn et al., JCS(D), 1969, 433
g. See Chapter 2.4
h. P G Owston & J M Rowe, JCS, 1963, 3411
i. S Bruckner et al., JCS(D), 1970, 152
j. E B Fleischer & D Lavailee, JACS, 1967, 8_9, 7132
k. M R  Churchill & T A  O ’Brien, JCS(A), 1969, 266
1 . M R  Churchill & T A O ’Brien, JCS(A), 1968, 2970

m. M R  Churchill & M V Veidis, JCS(D), 1970, 1099
n. D L Weaver, Inorg.Chem., 1970, £, 2250
o. M Mathew & N R Kunchur, Canad.J.Chem., 1970, 48, 429



Sigma-pi Equilibrium
RuH(C^QH^)(dmpe)g has been shown to contain an 
Ru-C(cr) bond; the naphthalene molecule in
R u ( C ) (dmpe)2 ‘is probably attached in some
manner involving pi-bonding. There has been much

91. 92discussion recently about the mechanism of 
such Sigma-pi shifts, in view of their probable 
catalytic importance (Chapter l,l), but little is 
known for certain about whether the shifts occur
by a concerted or a multi-step mechanism. The

93earliest reported example is;-

irCp — Fe-CHgCHzzCHg 

CO

Fe.
"CH,

The most studied system is claimed to be that of 
♦Hein’s complexes’, but this is just one of several 
well-authenticated cases, and the mechanism does 
not seem to have been any more thoroughly rationalised 
than in others. Hein’s complexes are chromium
TT-arene species, e,g, ICr(Ph)(Ph-Ph)
PhMgBr

from

and CrClg, and intermediates, e.g. Cr.3THP,(y-Ph)^
have been isolated. The mechanism proposed for these94rearrangements involves radical ions. The sigma 
complexes undergo a great variety of reactions which 
are presumed to involve hydrogen abstraction from the
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95aromatic ligands, e.g.:-

Cro%THP«(p-C^QlIy)^ + Me-C=C-Me— ^1,2,3,4-tetrameth.ylanthracene

Cr.xTHP.(o(-C^QH + Me-C=C-Ne— ^1,2,3,4-tetramethyl-
phenanthrene

Aryne intermediates were postulated for the above
reactions. The 'TT-arene complexes are very readily
formed, but no structural results are reported so
that it is not known how they are bonded. However,
the crystal structure of one of the intermediates,

CrCl^.3THP(ptolyl) confirms that it contains (r-bonded
89tolyl.(Cr-C = 2.10A).

Sigma-pi rearrangements have also been extensively 
studied in metal-allyl systems, particularly using 
variable temperature NMR, which can detect changes 
in conformational land rotational fï^edom by observing

96changes in the equivalence of protons, e.g.:-

C H ,C H = C H , C H ^ rH  H C .

-  - I A c h .  ^

Cl I P 0 3  I reflux i

Cl ( I
in solution solid

Sigma-pi rearrangement is often induced by protonation,
e.g. as above, as well as by the presence of a strongly 
trans-weakening ligand in a C-bonded complex.



Tsutsui has discussed those at length, hut 
without suggestions as to mechanisms. Parshall.

92in a related review, proposes a mechanism for
the hydrogen abstraction reaction of RuHCl(P(OPh) )2,:-

^ R u
-P(0(%

H

Ru (o:

P - O

Cl

Ru-T3>I
P -O

n

p
-Ho

/HP(0%  Cl I /r

/
■o

%n the present system:-
ZIRu (H)(C^oH^)(dmpe)g - ' Ru (C^QHgïfdmpeïg

la

Ru^^(ll) (dmpe) (CHg.PMe.CgH^^.PMe ) -—  & Ru°(dmpe)

Ib

150 naphthalene

II a Ilb
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la tautomei'ises to a small extent, in solution, to 
Ib, its chemical properties being consistent with 
Formula Ibo For example, it readily loses naphthalene 
to give Ilbo However, this in turn is also in 
tautomeric equilibrium with an Ru(ll) hydride, IIa« 
Since naphthalene cannot be added to II, this 
equilibrium probably also favours the Ru(ll) hydride ; 
physical measurements support its formulation as Ila,
e.g. the IR contains V(Ru-H) at 1791 cm ^. The 
conversion is intramolecular as the hydrogen has been 
shown to come from the naphthalene, and also since 
naphthalene cannot be added to lib to give Ib.

A mechanism analogous to Parshall's seems unlikely, 
as the phosphine groups would themselves need to 
undergo considerable rearrangement to accommodate a
naphthalene ring system either as a 'half sandwich*

/ . , 97as in Cr(CO)^(naphthalene), or a pi-allyl as in
/ X 982SbCl (naphthalene): -

2.6

Ag
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It is more likely that an olefine bond is formed,
99asin4AgC102^(naphthalene), This would only 

necessitate a slight shift of tlbe naphthalene rings 
to bring one of the aromatic C-C bonds to a 
coordinating position. It is significant that the 
disorder in the phosphine ligands is connected with 
the two atoms, PI and P4, in the equatorial plane; 
flexibility about these atoms would facilitate this 
type of shiftè The distance from Ru to the midpoint 
of C1-C2, i.e. Ru-(C1-C2), in the cr complex is 3 .O7A; 
Ru-(C2-C3); though, is only 2.6$2, so that the 
movement necessary is slight if the IT complex is:-

Ruo (2/3)

The hydridic hydrogen has, however, to move onto C2, 
and a simple concerted mechanism for this is not easy 
to visualise. This hydride shift would be easier if 
the ring rotates in the opposite direction, when a 1/2 
complex could result; either structure would be 
analogous to complexes of silver and copper:-
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Complex ( C - C ) Reference

AgClO^^ (benzene) 2.55 100
AgAlClr(benzene) 2.57 101
AgClOr(m-xylene)_ 2.55 102
4AgC 1 Oju (naphthalene) 2.60 99
AgClO.(cyclohexylbenzene)2 2.48 103
CuAlClr (benzene) 2.13 104

If, on the other hand, the conversion is two-step, 
either of these could be formed, via a solvated 
intermediate, possibly Ic. Similarly, if an aryne Id 
is formed, either a l/2 or a 2/3 complex could be 
formed.

solvent

Ru H

C R u — s

Ic
Ib  (1 /2 )

Ib 2/3)

Unfortunately, the form Ib is too unstable, and probably 
exists in too small amounts, for this to be tested.



CHAPTER 2.3 

THE ATTEMPTED STRUCTURE ANALYSIS OP Ru (dmpe)2

The product, Ru (dmpe) , (ll), of pyrolysis of
Ru (C^gHg)(dmpe)-, (l), is also postulated to have an
Ru(ll) hydride structure in the solid. The tautomerism 
■was demonstrated, as for (l) , by reaction with HCl and 
DCl, which gave mixtures of products corresponding to 

reaction of both tautomers. The hydrogen was shown to 
have come from a phosphine methyl group, by deuteration 
studies using C^^Dg and Me^P.C ,PMe . V(Ru-H) occurs 
at, 1791 cm  ̂ (shoulder at I8I5 cm ^); no NMR could be 
obtained.

The structure postulated by Chatt and Davidson is 
analogous to that of cis- RuHg(dmpe) , but is highly 
strained; the angle P-Ru-C is -^50°.

1.85

I t  may be compared to the ITallyl type of structure:

Ru 50

p

H,C

Ru cf- C-  > Pd
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le Here we have a lOe system:

cf. the 6e

If true, this would be a highly novel structure, and 

so a crystal structure analysis was attempted.

Preparation
Crystals of the complex had been prepared by Chatt and 
Davidson

C _ H V T H P  . Na+(C^()Hg)10 8 3 hrs

NaC H /THP
tr. - (RuCl (dmpe) ) ____ ;_________ Ru(C^oHg)(dmpe)^

A 155°/10  ̂ mm,
24 hrs

Ru(dmpe),

The crystals were large yellow prisms which came down 
rapidly on recrystallisation from pentane. A sealed 

sample of the original preparation was available, and



so these crystals were examined. At first sight they 

presented no apparent difficulties, as they gave 

excellent photographs showing triclinic symmetry, and 
were not too unstable in air. Crystals were, however, 
mounted under nitrogen in tubes.

Crystal Data
RuP^, M = 401.7; triclinic, a = 10,035 O.OO5 , 

b = 10.724 ±  0,005, o  =  9.716+ 0,005 A, Of = 94,32 ± 0.04, 
f) = 114,84 t  0 ,03, ' i  =  96.22 ± 0.04°; U = 934.9 A^,

^m = 1«^3 (flotation), Z = 2, D^ = 1,43, p(000)= 4l6; 
Space Group PI (Ch^; no,2)probably, MoE# radiation 
(Zr filter), \ = 0,7107 A, jjl = 10,87 cm"*.

Data Collection
Temperature R,T,; scan range -0,6° to +0,6°; 

oScan speed 2 20/minute; fixed time 10 seconds for 
shell to 20 = 30°,
Scan speed -g-° 29 /minute, fixed time 20 seconds for 

remainder ;

Standards (O 7 O) and (6 0 O) falling to 92^ and 73% 
of initial intensity; reflections measured in the 

hemisphere | | , to a maximum 20 = 5^ 5
cell dimensions from 12 reflections;
total number of independent structure amplitudes obtained 
after data reduction and collation of equivalent 

reflections, assuming Space Group PÎ , 2764.

The crystal used is shown in Figure 1,
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Attempted Solution of Structure

A Patterson map was first calculated, over half the 
uhit cell, (this is necessary for either PI or PÎ), 
at a resolution of ̂ ^  A in each direction. The 
projection of the main features of this map is shown 
in Figure 2,

For PI, the expected vector pattern is formed by 
combination of Ru-Ru, Ru-P, P-P vectors. If Ru is at
+X|, ty,. ±Zp and P is at t=2' t?2' } then if

S  =  (%g - x^) and (T = ( cross vectors
are; -

=1 =1 -(=1 h  "i> ""2 ^2 "2 -(-2 ^2 "2>

^1 0 0 0 2Xj2y^2Zi -( <f J  é  ) <r O' cT

- h i  y. -(2x^2y^2z^ ) 0 0 0 -(r <r r ) I  é  ^

*2 ?2 ^̂ 2 (  / i < r  < r  o~ 0 0 0 2=22?22=2

-(=2 ^2) -(<r <r <r ) —(<f / ^ ) -(2x^2y^2zg) 0 0 0

and the relative expected peak heights will be; 

2% 2y 2z Ru - Ru ̂  9 

Ru - P * 3  

2x 2y 2z P - P

<r <r <r 
J J

One would therefore expect to see a Ru-Ru vector peak in 
a general position in the Patterson cell (2x^ 2y^ 2z ), 
surrounded by { a -  <r < r  ) type peaks from interraolecular 

Ru-P vectors. These Ru-P peaks should be confirmed by 
the occurrence of Ru-P peaks {  é  é  é )  o f  intramolecular 

type, round the origin peak. Of the 3 highest peaks 
(1, 4, 12) - see Figure 2 - 2  were too near the origin
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Origin

0

20

y (44ths)

Figure 2.3.2 
RuCdmpe)^

Projection of the Patterson map down the z axis. (In this, and 
all other projections in this chapter, no correction is made for 
non orthogonality of the unit cell.) z heights (UOths) shown in 
small type, numbering of peaks in larger type.
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to be Ru-Ru vector peaks, (Ru-Ru distances of 1.95
and 2o3 A respectively)„ Interpretation of either 
of these as Ru-Ru vectors would have raised diffi
culties in accounting satisfactorily for the many 
peaks in the vicinity of peak 12, in the centre of 
the cell. This peak was at (13/40, ih/kh, 12/4o), 
and it appeared to correspond to the most reasonable 
Ru-Ru vector. It was surrounded by 5 ((Tcrcr) type peaks 
whose positions, heights and distances from the 
central peak, are shown ; also their approximate 
positions in the real cell, assuming a Ru position of
^ ( 7 /4 0 ,  7 /4 4 , 6 /4 o ) .

Peak Atom Hgt. Patterson position Ru-pk. Real position
12 Ru 13 13/40 14/44 12/40 7 7 6
9 PI 7 8 19 7 1.9 2 12 1

10 P2 6 4 8 11 2.4 -2 1 , 5
13 P3 5 21 19 12 2.3 13 12 6
17 P4 7 18 9 17 1.9 12 2 11
20 P3 6 13 18 21 2.3 7 11 13

The disposition of peaks being: -
10

P2
17
P4

P1 20
P5

2 distances (Ru -P1,p 4) seemed very short, and more
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plausible as Ru-C vectors. However, if these are
genuine Ru-P vectors, then one expects ( / / i )  peaks 
as' follows : -

Peak

Ru-Pl
Ru-PZ
RU-P3
Ru-P4
RU-P5

Position

3 -3
9 6
-8 —5

3 -3
-4 -9

Weight Giving

^ 1 pk.wgt. 2 
1 pk.wgt. 2

1 pk.wgt. 1

Because peaks from PI to P4 are nearly centrically 
arranged around Ru, these will superpose to give 
double weight peaks since the Patterson cell always 
has a centre of symmetry at the origin.

These (///) peaks were observed, at approximately 
their expected heights:-

Peak Vector Height Position

1 Ru - P2,P3 11 -8 -3 0
4. Ru - P1,P4 13 3 -3 3
6 Ru - P3 7 0 3 8

(0 0 O)-(pk)

2.3 
1.9
2.3

The majority of the other peaks were accounted for 
by P-P vectors, and this accounted for all the highest 
peaks on the map (1, 2, 3, 4, 5, 6, 9, 10, 11, 12, 13, 
l4, 17, 20). At this stage there was no evidence to
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suggest that the true space group might be PI, 
as the three strong vectors round the origin were 
the only peaks near the origin. The Patterson map 
of a PI crystal would be expected to be much less 
clear-cut. The appeeirance of theoretical Patterson 
maps for various triclinic crystals is summarised 
in Table 1.

<------400{*.'----- >

loo
001

010
001 ^400]

Figure 2.3.1 
Ru(dmpe)g Crystal
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Case 3a is equivalent to 3 but in this case the 
link between Rul and Ru2 should be apparent. This 
possibility was considered very carefully; of t h e  

3  peaks round ( 0 , 0 , 0 ) ,  peak 4  would correspond to 
a very short ( 1 . 9 5  A )  metal-metal bond, peak 1 to 
a fairly short (2,3 bond, and no peaks would be 
observed in the centre of the Patterson cell; 
peak 12 would arise from a metal-metal bond of ̂ 5  A, 
so that the link would have to be through phosphine 
bridges,

Summarising, the evidence all seemed to support a 
transplanar symmetrical arrangement of four ligand 
atoms, plus one atom in one of the two octahedral 
positions. A t  this stage, these all looked like P 
atoms, as the distances between peaks were a l l  rather 
long for P-C bonds, (Distances not shown are> 3 A,)

1.96
2,37

2.97
2.311.93

3.0

2,29
3.0
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Attempts to Refine Trial Structure
Pormfactor s were not initially corrected for /If.
The position (peak 12) 0,l6l7 0,1589 0,15 was chosen
for the Ruthenium atom, and after cycles 1-3 (see 
Table 2), an P(obs) map showed the same pattern of 
five peaks round Ru, as the Patterson, Their heights 
and positions were:-

Peak Height X y z
Ru 99
PI 38 0.0445 0.2744 0.0222
P2 26 -0.0490 0.0368 0.1333
P3 25 0.3665 0.2791 0.1667
P4 34 0.2830 0.0392 0.2665
P5 23 0.1625 0.2610 0.3625

Apart from the many peaks round the assumed ]
large parts of the cell were quite devoid of density, 
and all electron density seemed to be concentrated round 
the origin. Three cycles (4-6) of refinement of Ru and 
P1-P4 positions led to R = 30.7^, with acceptable 
position and temperature factor shifts. In this, and 
all subsequent calculations on this compound, full matrix 
refinement was used. The F (diff) map phased on this set 
of planes appeared reasonable (See Figure 3), except that 
again, all density was concentrated in the first octant 
of the unit cell, PI and P4 positions were in slight 
troughs ; P2 and P3 approximately on points of zero 
electron density. ?5 csune up strongly, as did several 
possible carbon atom positions, but these latter lay on
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C 2 3
O

10

O
C41O

C22

X ( 4 0  ths)

P2
P41

C24 C51
C32Ru

C21

P3
;

p i ^

C12

C31Cil

y(44th^]

Figure 2.3.3 
RuCdmpe)

Projection down z of F(diff) map at cycle 6. Input atoms 
marked x; contours at intervals of 2 e/A^ (lowest at 4 e/A^), 
z heists (40ths) shown in small type.
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a suspiciously regular grid (Cll, C5I, C21, C22, C31, 
032*)o Since P2 seemed to lie too near to its 
centrically related atom, it was omitted from the next 

calculation, (Cycles 7-9 on Ru, PI, P3-P5 , taking 
initial positions from the first P (obs) map), R was 
reduced to 31=2^ and, again, all the vibrations were 
reasonable, (See table)

Ruthenium formfactors were now corrected for A f '.
The four phosphorus atoms in Chatt and Davidsons' 
postulated structure were unlikely to occupy a square 
plane, so there were grounds for believing that some 
of the positions PI to P4 might be spurious, whereas 
P5 probably represented a genuine phosphorus atom. Of 
the four planar atoms, P2 and P3 always came up lowest 
on maps, so refinement was attempted on Ru, PI, P4 and 
P5 only. Cycles 10 to 12 gave R = 35.5^. However,
P2 and P3 reappeared on the corresponding F (obs) map. 
The peak heights were; Ru 99

PI 34 M

P2 25
P3 22
p 4 31
P5 23 *

This suggested that possibly P5 might really be a 
carbon atom; also suggested by its (relatively) high 
U value (0 .032). The molecular geometry now calculated 
still indicated two very short bonds, and the distance 
from P2 to the centrically related P2' was rather short, 

3Â. Possible phosphine links were suggested by the 
eingles, eg P2-Ru-P3 86°, Cycle 13 and an P (diff) map 
were now computed on Ru and all five possible P positions,
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The three highest 'carbon' peaks were chosen:- 

Peak Height (electrons) P-C
f 021 8 1.71

031 7 1.68
032 6 1.68

and these were added to the refined positions after 
two more cycles (l4 and 15). After cycles l6 and 17, 
the U values of these ’carbons* were widely different, 
and on the corresponding P (obs) map, the only other 
peak to come up was ’022*. (All these ’carbon’ peaks 
are indicated as they occurred on the first P (diff) 
map, in Figure 3). A slightly different approach was 
next tried; cycles 18 to 20 were calculated in which 
only occupation numbers were refined. However, no 
definite conclusion could be drawn from the refinement,

An P (diff) map was next computed, based on the,Ru 
position found on the Patterson, in which it was hoped 
to cut out everything except contributions from Ru.
Tte criteria reject if P <13, and if amplitude/ 
deviation< 0.5, were set. This gave a planes list of 
1772 terms. The same pattern of peaks was observed, 
but P3 came up weaker than the others.

1.83^C22 
(14) (15)

C32
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X
C21

C235

0

10
C24

,C22

Origin

1  + 
^P2, %

P4

9 X ( 3 6  ths)

C12

C l l

Ru

P5
11 x P 3

6

C33

C31

4

10

y(38thsj)

Figure 2.3.4 

dmpe) 2

Projection down z of F(diff) map at cycle 35. Input atoms 
marked x; contours at intervals of 0.4 e/A^ (lowest at 0.8 e/A^). 
z heights (36ths) shown in small type.



Since PI held a strong claim to be a genuine P atom, 
it was decided to systematically test the various 

combinations of PI with other atoms:-

Ru PI P2 (Cycles 21-2])
then Ru PI P] (Cycles 24-2?)

& then Ru PI P4 (Cycles 28-]l)

The calculations, which were inconclusive, are shown 
in Table 2.

A molecular geometry was now calculated on two, more 
reasonable, positions for PI and P4 (PTl and P4l), 
together with several possible carbons. Pil and P4l 
are at peaks on the far side (from Ru), of PI and P4, 
on the first P (diff) map. In other words, if PI and 
P4 are disordered, then Pll and P4l correspond to atoms 
at the most chemically sensible distances from Ru. Ru, 

Pll, P2, P], P4l, P], Cll, C12, C]l, C]2, C4l, C51 were 
put into one cycle (cycle ]2), but the resulting U values 
were nonsensical, some of those for 'carbon' atoms being 
negative (see table).

Next, four different 'carbon* atoms were tried; C21,
C22, C25, C33 - three of these had appeared on the 
Patterson map as peaks 3, 17 and 9 - but after 3 cycles 
(33-35)> the U values were again meaningless. An P (diff) 
map (see Pigure 4) after cycle 35 showed no new, sensible 
peaks round any of the P positions. One cycle (36) on 
these same parameters, setting the minimum amplitude as 
25 (2133 terms) gave R = 25.6# and the corresponding
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Origin 

P2 V

O '"

C21
0

I
I

y (38ths|)

l-

Ru
5 X

P5
n

C41
14

x(36ths)

P4

C32

O
P3

Figure 2.3.5 
Ru(dmpe)

Projection down z of F(diff) map at cycle 39. Input atoms 
marked x; contours at intervals of 3 e/%^ (lowest at 3 e/A^). 
z heights (36ths) shown in small type.



p (diff) map was very similar to the previous one.

Finally, three cycles (37-39), were calculated on 
Ru, P2, P3 and P5, all of which have reasonable Ru-P 
lengths; the F (diff) map is shown in Pigure 5 , 
Nothing new appeeured, and there was nothing abnormal 
about any of the input atom peaks. PI and P4 still 
appeared at distances 1.97 and 1.99 A from Ru.

Calculations in PI
Concurrently with attempted refinement in pT , the 
alternative solution, in PI, was tested. The atoms 
were renumbered:-

0 0 0 2x 2y 2 z ^ P 2 4

Initially, four cycles (l-4) of refinement were 
computed for Rul (fixed at 0,0,0), Ru2 (at 2x,2y,2z, 
where x,y,z was the Ru position in PÏ), and PI3 and 
P21. The temperature factors refined to widely differing 
values (see Table 3)• The P (obs) map computed over 
the whole cell, is shown in Pigure 6. A large part of 
the cell was again empty. The heights at which peaks 
came up were: Rul 80 # Ru2 99 *

Pll 29 P21 66 *

P12 16 P22 14
PI3 38 * P23 22
Pl4 11 P24 19
PI3 15 P23 15
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P14

P12
P15

(40 ths)Rul

O rig in

Pll

P13
P22 P24

Ru2

P25
20P21

P23

O '
0“ 0

y (44ths)

Figure 2.3.6 
RuCdmpe)^

Projection down z of F(obs) map in PI, at cycle 4. Input atoms 
marked x; contours at intervals of 10 e/A^ (lowest at 10 e / % ^ ) .  

z; heights (40ths) shown in small type.
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Schematic drawing of F(obs) map at cycle 9,



Two peaks came up near PI3 - at distances 1.71 and 
1.77 A, corresponding to C31 and C32 in PÏ, and 
these were called CI3I and CI32, Similarly, a peak 
1.87 X from P22 was named C222, and structure factors 
were computed for all these atoms. Refinement proved 
impossible, as the temperature factors of the carbon 
atoms increased rapidly, and the refinement diverged. 
Three cycles (7-9) on Rul, Pll, PI3 , Ru2, P21, P24 
led to R = 19.6^, with very improbable U values. The 
corresponding P (obs) map, had the geometry shown in 
Pigure 7.

The heights were

Rul 39 Ru2 37*^
Pll 23 * P21 24 *
P12 15 P22 13
PI3 24 P23 17
Pl4 18 P24 19 *
PI5 7 P25 13

Since Pll and Pl4 were both too close to Rul, whereas
all the P atoms round Ru2 were at reasonable distances.
cycles 10 and 11 were calculated on Rul, P12, PI3 , Ru2,
P21-4. This reduced R to 25.1*, but the refinement
diverged. No further calculations were made in PI,

Direct Methods
46A direct methods package for centrosymmetric structures, 

which uses the symbolic addition method, see Appendix,



116

was used in an attempt to solve this structure, 
(The space group PI was assumed.)

The statistical tests for centrosymmetry are : - 

Centro- Noncentro- Pound

(K) 
<l>=l> 

( K -  »l)

1.0
0.798
0.968

1.0
0.886
0.736

^ data with Calc
lE| > 1 

^l|>2

|E|>3

32.0
5.0
0.3

1.030
0.745
1.058

Pound

31.4
5.88
0.3

These together suggested that the original choice of 
PI was correct and that a well behaved set of E values 
had been generated by the program.

Two hundred and fifty (250) of the largest E values 
are chosen, and, by symbolic addition of the arbitrary 
signs given to six of these E valües, a trial set of 
the most probable signs is obtained.

In triclinic symmetry, there are insufficient sign 
relationships to determine a unique most probable set 
of signs. In the present case, only three signs could 
be assigned and this gave eight equally probable sets 
followed by three groups of eight sets, of lower 
probability, and it was necessary to compute E maps 
for these lower probability sign sets as well as for 
those in the most probable group.
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O rig in

Figure 2.3.8 
RuCdmpe).

Projection down z of 11th E map, showing the origin shift, 
z heists are shown in small type.
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The eight first sets were each, tried, but in every 

case there was no sensible structural unit, and all 
'peaks’ were of approximately the same heighto 
Generally the pattern of peaks was similar to that 
observed in all the P maps already calculated* The 
Patterson solution corresponded to the 11th set of 

signs, in the 2nd most probable group, with an origin 

shift to y 9 0* This. E map showed the regular grid 
of peaks seen on all P maps (see.Pigure 8 for a 
projeotion of the E map)*

Purther Attempts '
Apart from the attempts to refine trial structures, 
the following tests and calculations were performed;-

1 « Delaunay Reduction* This was done on the

triclinic cell that had been chosen, to check 
that no symmetry was hidden by the author’s 
choice of axes* No relation was found 

between any of the cell parameters*

2* A sharpened Patterson was calculated, using 
appropriate factors to give point atoms 

(M = loO), and reducing the U values by 0*02 

(u = 0,02)* The sharpening function used was :-

exp.(BP^Usin^O/X^)/ [c + ̂  a^exp.(-b^Msin^8/X^)j
i=l

c, a^ and b^ are normalized exponential form- 
factors for Iridium; this map was not signifi
cantly different from the unsharpened map *
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3» The photographs were checked for signs of 
crystal decomposition or disorder. No 
evidence was found to support this,

4, A new sample of the complex was kindly 
prepared by J M Davidson at Cambridge; 
crystals from this batch gave photographs 
identical to the original set, so it was 
decided not to re-collect any data,

5, An analysis was performed on the original 
sample to check the chemical composition.

Results - found P 27.8 C 36.26 H 8.38?^
Calc, for C^gH^gP^Ru P 30.9 C 35.9 H 8 .O59G

6, To check the probable number of Ru (dmpe) 
units in the cell, Kitaigorodskii* s formula 
for molecular packing was calculated;-

k = z. V 
V

where V is the molecular volume o
V is the cell volume
z is the number of molecules/cell
k is the coefficient of molecular packing.

The cell volume for Ru(c^gHg)(dmpe) 238O
0 , 1  molecule occupies 645 

The cell volume for Ru(dmpe) ^  935



for (c gHg), k"~' 0.7, and the volume occupied 
by (c^^Hg)=:70.'°‘

in Ru (C^QHg)(dmpe) 0.7 = 4 x
2580

the volume of 1 molecule, V # 4 5 0o

Subtracting 70 for a naphthalene fragment 

gives 380

V for Ru (dmpe)2 <^380 x  1/0.7 *5^0 for 

1 molecule

, 6 2 molecules require ~ 1080, and so the 

chosen cell probably contains two 

Ru (dmpe)g units.

Possible Structures

Considering the structure as a monomer, with possible 
disorder affecting all atoms, this would explain the 
persistent appearance of five peaks ; their observed 
weights are generally (relative to Ru height 99)

34

Ru

P3
25

but it is not clear what combination of structures
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would give rise to thiLs pattern, as three of the 
five peaks would be predicted to be stronger than 
the other two;-

Por example :

,CH

H

tH , %

H,C

CH

P2/TV)
P3^ r-T1

1%
1%



Considering a dimeric structure, some possibilities 
are ; -

H—Ru Ru — H

( A \  ■

H CHz-p

ÇH3

P

ÇH,

CH,

\/
CH,

/\/ 
H,Q RuV

CH,

C H 3

P 

C H 3

However, the very careful and detailed chemistry which 
was carried out by the original authors, apparently 
ruled out the possibility of a dimer, and it does not 
seem likely that one of the above, elaborate, structures 
exists, only in the crystalline state.

A long time was spent trying to solve the structure of 
Ru(dmpe)g, because it describes, with that of Ru(c,gHg)(dmpe) 
a novel type of tautomerisra. The difficulties
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have been described in this chapter, but it is 

■worthwhile summarising here their, possible 
explanations and the reasons for eventually abandoning 
the problem. When a structure cannot be solved, the 

crystal used may be disordered, so that discrete 
atomic positions no longer exist„ In such, cases, 
disorder is sometimes detected on photographs, as 
blurred spots, and on a diffractometer trace as broad 
peaks. Also, characteristically, attempts to refine 
disordered atoms lead to artificially high U values, 
and the disorder causes blurred, elongated peaks on 
Fourier maps, in which it is impossible to locate 
atomic centres » In the present case, this is not 
observed. All the peaks are very well shaped, and 

sharply defined; there are no banana-shaped peaks 
spanning possible phosphorus atom positions, and no 
indication wh.a,tever that the observed peaks are not 

genuine atomic peaks.® Even if there is only partial 

disorder, such that, say, two distinct orientations of 
the molecule exist, in PI, one would expect some indi
cation »of this on the maps, The fact that five peaks 

always come up round Ru, almost necessitates an 
explanation in terms of disorder, as there is no evidence 
that the assumed composition of the crystals is wrong.

If the crystals had, even partly, decomposed during the 
four year period prior to X-ray work, this should have 
been obvious from initial photographs, and oertainly 
from the first' electron density maps. The new batch of



crystals was closely examined and the photographs 

compared with, those of the original crystals; they 
were identical. Also, the chemical analyses were 
the same ® .

If, on the other hand, the crystal is not disordered, 
but twinned',it has not been possible to detect it®
There are no pseudo-symmetry elements on any of the 
Weissenberg photographs - indeed, what twinning oould 
give rise to a pseudo-triclinic cell? Examination of 
the reflections, by sine theta, showed no regularities, 
and the Delaunay reduotion confirmed the original choice 
of axes,® ■ i

Possibly the wrong space group was chosen® However, 

all calculations in PI (and this should give a solution, 

even if the symmetry is really Pi) led to erratic TJ 

value shifts, and refinements were impossible because 
of divergence® Refinements in PI generally led to very 
reasonable U values®

Finally, the suspicious features of the apparent 
structure ares-

1®. The Patterson of a triclinic crystal has no 
■Harker vectors apart from 2x,2y^2z, to make 
interpretation difficult ® The Ru position 
chosen seems the only reasonable solution, 
but is suspect ini the light of having failed 
to lead to a complete structure®



2e All maps show the almost regular grid of
peaks:-

2.31.95

1.951.95 2.3

2.3
1.95

231.952.3

2.31 952.3

3o PI and P4 are too close to Ru to be phosphorus
atoms. They each have satellite peaks that 
may be the result of disorder, but PI and P4 
have sensible U values.

4. P2 is too near to its symmetry-related position 
at -X, -y, -z.

5. The whole structure lies too close to the 
origin, leaving a large part of the cell empty.

6. Four planar P atoms do not correspond to the ' 
likely structure, but P5 always comes up lower 
than the other P atoms.

7. PI always comes up too high in relation to the 
Ru peak height. (Atomic numbers : Ru44, Pig), 
whereas Pg is always low relative to other ip*
peaks.

8. There is no electron density between any of the 
peaks, and the possible carbon atom peaks also 
lie on the grid, rather than at tetrahedral
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angles to the P atoms.

E'o'go 031 - P3 - 032 = 176°.

The angles , between peaks make it impossible 
to reconcile the observed and the model 

structure, as all, peak-peak distances are 
too long for P-0 bonds.

lOo' Direct methods failed to give an independent 
solution, and even the Patterson solution 
was only one of the 2nd most probable.
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CHAPTER 2.4
THE PREPARATION OP Os(C,QHg)(dmpe)g AND Os(dinpe)^:

THE CRYSTAL AND MOLECULAR STRUCTURE OF 

OsIl(C^QlI.^)(dmpe)^

After prolonged attempts at solving the structure of 

Ru(dmpe)2 , various possible analogues of this system 
were considered:-

1. The closest analogues may be the corresponding osmium
82

complexes mentioned briefly by Chatt and Davidson. 
However, only Os(C^^Hg)(dmpe)  ̂was reported, not 

Os(dmpe)2 . It was likely that the two naphthyls 
would be isomorphous, in which case Os(dmpe)^ might 
be as difficult to solve as Ru(dmpe)^ , if it 
exhibited similar disorder.

2. The corresponding iron complexes could not be isolated 
by Chatt and Davidson. The preparation had been 
repeated by S D Ibekwe, who obtained black oils. It 
is possible that naphthalene is too bulky to 
coordinate to the much smaller iron, and that reduction 

proceeds direct to the expected planar Fe°(dmpe)^.
This would be interesting in its own right if it were 
planar Pe(o). Another possibility might be to try and 

reduce PeCl2(dmpe)2 with K^C^Hg , which contains a 
smaller organic part.

3. The formation of these CT naphthy1 complexes appears to 
be unique to dmpe. This may be a steric effect of 
the ligand having exactly the right *bite’ to form a



hydride, and also small terminal groups; or it 
could be the increased stabilisation of M-C(cr) 
by the ligand, which withdraws less electron 
density from the metal than other phosphines, 

e o go PhgPoCgll^ oPPh.^(dppe ) o It might be possible 
to 'tailor' a ligand to give similar behaviour : '

(a) (Et^PoC^H^^pptg)(depe). This has very nearly 

equivalent electronic properties, but is decomposed

■ . by Na'‘'Cio\o

(b) (MePhP.C^Hj^oPMePh) o The phenyl groups might
have steric requirements which make the overall
geometry unsuitable for hydride formation.

(c) (Me^PoC^H^.PMe^) P R, This would probably be

too rigido r— \

(d) (Me^PoC^H^^PMe^) R R. This retains' the

conformation about the central C-C bond, and 
would be expected to behave similarly to dmpe.

(e) (Me^-^s oC^H^ oAsMe^) . This is a yellow crystalline 

solid. As some crystals were available, a reduction 
was attempted, but the ligand decomposed (sodium 

naphthalene is well Icnown as an extremely powerful 

reducing agent).

It was decided to reprepare Os(C^^Hg)(dmpe)^ , and prepare

Os(dmpe)2 « This work was done by myself with S D Ibekwe.



Preparations

The reaction scheme is shown in Figure 1. Either the

cis or trans dichloride may he used, but reduction of

the cis form gave the cis-dihydride (mp.l99°) ; )J(Os-Il)
1980; 2020 cm )o, Analysis confirmed the product 1

owhich, came down as large pale rhombs, mp.186 . Found, 
0 41.1#, II 6 .7# Calculated for C gK^^P^Cs; C 42.8#,
H 6 .5#.
The IR in nujol showed v>(Os -H) at 1880 cm  ̂̂ il(C-C) 

(naphthyl) at 1570, I610 cm ^, p(C-H(naphthy1)) at
740,815 cm“ ô

Os(dmpe)2 could be obtained as a white feathery solid
by prolonged heating to 220°. ij(Os-H) had shifted to 

I860 cm , and complete, loss of naphthalene was indicated 
by the disappearance of the aromatic bands. The reaction 
always involves substantial losses, and there was not 
enough, product to recrystallize, even after combining 

the yields from several preparations (eventually some 
fine needles were obtained from pentane, but these were 
very fragile); it has therefore not been possible to 
study the structure, though, it appears that Os(dmpe)^ is 
very similar to Ru(dmpe)^ from comparison of IR traces. 
(See Figure 2)

N'.M'oR'.' of Os(C^oHg) (dmpe)p

The NMR was run, in C^D^, to confirm that the complex 

exists as a hydride. A doublet of quartets was observed 
at 19.1 aud 19.4 T  , which was interpreted as coupling of 

the hydridic hydrogen to three equivalent cis phosphorus



atoms, (quartet), plus coupling to the trans P atom 

giving a doublet. J(P-H) = 70 cycles, (typical of 

cis phosphines). In the phosphine region (-“8.5T), the 
spectrum was complex; all CH groups are equivalent; 
each CH_ couples strongly to its nearest P atom, and 
weakly to the other P in the same ligand. This gives 
a doublet of doublets. Six CH groups are equivalent 
with respect to the electron density in the naphthyl 
group. Each couples strongly to its P atom, and weakly 

to the two other P atoms in its plane giving a doublet 
of triplets. The methyl groups on P4,trans to naphthyl, 
only couple appreciably to the nearest P atom, giving a 

doublet. The ratio of these splittings indicated that 
the three P atoms were not quite symmetrical with 
respect to the naphthyl, and thus the phosphorus skeleton 
is very similar to that of RuH(CjqH^)(dmpe)^. In the 

naphthyl region (~2t), ^-attachment was confirmed by the 
presence of one singlet, corresponding to the Cl proton 
which has no o<-protons to couple with, as well as doublets 

from all those protons with one neighbouring ©(-proton, and 
two triplets from the two protons with two neighbouring 
«-protons ;

doublet; triplet 
singlet rT" d̂oublet

oublet
doublet

It was therefore expected that the crystal structure 
would be closely analogous to that of RuH(C ) (dmpe)^,



Figure 2.4.1
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(ÛsClg)(NH^)g ^pe/HgO-----  ̂ tr-OsClg(dmpe)g
reflux 5 hrs

reflux 8 hrs. 
PEtgPh

[Os2Clg(PEt2Ph)g]ci

THF

(dry)A 200
cis-0sCl„(c3mpe),

THF

cis-OsH_(dmpe)g

220°/10"̂  mm. 
72 hrs.

H/
Os (dmpe).

1)
2)
3)

4)
5)

[ 0 8 g C l g ( P E t g P h ) g ] c i

cis-Os Cl.(dmpe).
tr-OsClgCdmpe)^

cis-OsH ( C ) ( dmpe ),

Os(dmpe>2

mpt. 178-180 recryst. EtOH.
mpt. 312°. sticky solid, extracted EtOH.
mpt. 300°. eluted over Al.Og/CgHg with 
1:9 EtgO/CgHg, recryst. methylcyclohexane,
mpt. 186°. recryst. n-heptane.
recryst. pentane.
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MICRONS ,

çls - [ R u H ( c , o H C H ,  - CH,  PMeJ J

VfWEMUMBER (CM‘‘)
[RuH (cH , Ph/It CH,CH, PM(:)(Me,P CH,CH, PlVleJ ]

100

WAVENUMBER (cM'l)
[  OsH (c»H,)(fVle,P CH, CH, P M e ,),]

Figure 2.4.2

Infra Red Spectra of the related ruthenium and osmium compounds.
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Preliminary Photography
Initial photography showed the long, honey-coloured 
prisms to he isomorphous with, the Ru analogue; th.e 
crystal used for collecting data, mounted about the 
b axis, is shown in Pigure 3o

Crystal Data

’ —  ~ 6 1 8 , 3 ;  raohoolinic, a = 15o339 + 0 , 0 1 0 ,  

b = 10.136 t  0.006, _c = 18.709 1 0.010 A, ^ = 114.l4 + 
0.04°; U = 2654 A^, Dm = 1.52 (flotation), Z = 4,

Dç = 1.52, P (000) = 1232; Space Group P2/c(02h No.l4), 
Mo-Kcy radiation (Nb filter), X = 0.71070 2, jx = 52,4 cm ^,

Data Collection
o oTemperature R.T; scan range -0.8 to +0.7 ;

Scan speed 2 29/minute; fixed time 20 seconds;
Standards (O 4 O) and (o 0 8) falling to 100# and 
82# of initial intensity; reflections measured in 
octants -j hlclI and { hhl } , to a maximum 29 = 47° 5

cell dimensions from 3 reflections (12 measurements) 
giving angles # =  90.00(5)°, X = 90.03(5)°, 

total number of independent structure amplitudes 
obtained after data reduction and collation of equivalent 

reflection's 3965°

Each, reflection was measured twice, in two positions, 

giving a total of 8460 measurements, which were then 
combined. Absorption corrections were applied to all 

reflections with P / 5 d"P| using a 0,055 cm mesh.
(222 points)o
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540p

250p

110

001
110

240;^

Figure 2.4.3 
OsH(Ĉ oH.y)(dnpe) Crystal

The Equations of the Bounding Surfaces 
of the Crystal

1 m n P (hkl)
1 -0.3221 -0.9302 0.1759 119.704 001
2 0.3060 0.9517 0.0259 124.357 00Î
3 0.7909 -0.0738 -0.6075 309.379 100
4 0.8638 -0.2056 0.4599 268.236 110
5 -0.0612 -0.0742 0.9954 126.604 Ï10
6 -0.7431 0.1780 0.6451 309.945 Ï00
7 -0.8864 0.2447 -0.3931 271.573 ÏÏO
8 0.0645 0.1138 -0.9914 131.217 1Ï0
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Solution and Refinement of Structure

Since it appeared that OsH(C^oH )(dmpe)^ might be
iso structural with RuH (dmpe) , the refined
coordinates for the Ru complex (at R=8^), were input 
as initial parameters for the Os complex. Details of 

the structure factor calculations and refinements are 
given in Table 1, The atoms which had been disordered, 
or affected by the disorder, in RuH(C^gH^)(dmpe)^ - 
Cll, C21, C31, C4l, C12, C13, 042, 04] - were omitted 
from the first few cycles; unit scale factor and 
weighting were used.

At R=9o8^, an P(diff) map was calculated. The scale 
of this map was 3.2 so that the C (phosphine) atoms 
were appearing at up to three electrons. It was 

apparent that Cll was disordered, as in the Ru complex, 
but that C4l was only slightly disordered:-

% » .
JZC21

Cl3 ^ ^ C l I c T ^

P3 -!::^C31 -L22-C41 -J:!L_p4 ̂
' \ l - 8 4

^ C 4 3
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O

C ( 1 1 a )

C ( 1 2 b )0

Figure 2.4.4a 
OsH(C^^H^)(dmpe)g

Projection of F(diff) map phased on Os, P atoms, and naphthyl
group, illustrating the disordered ligand PI P2. Contours
at intervals of 0.35 e/A^, lowest at 0.7 e/A^. The calculated 
positions for terminal carbon atoms are indicated ®  .
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mC(41b)

Figure 2.4.4b 
OsH(CioH7)(dinpe)2

Projection of F(diff) map phased on Os, P atoms, and naphthyl 
group, illustrating the disordered ligand P3.....P4. Contours 
at intervals of 0.35 e/A^, lowest at 0.7 e/A^. The calculated 
positions for terminal carbon atoms are indicated ©  .
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The appearance of this map was very similar to the 

corresponding map of the ratheninm complex. All 

atioms (talcing Cl la and the 'average* C12 and CI3 
positions) were now included in the final refine
ment - cycles 4 to 8 - which reduced R to 7,2^,

(See Table 1) The final scale was 1.0; an P(diff) 
map revealed the positions of all but one of the 
H(naphthyl) atoms, at heights of 0,5 to 0,9 e/A^, 

near their calculated positions. No attempt was 
made to search for the hydridic hydrogen, which did 
not show on this map, because of considerable residual 
electron density round the osmium position. Structure 
factors for the unobserved reflections (amplitude < 10e) 
were calculated - the highest calculated as 26, most 
others being < 20e,

Finally, structure factors were■calculated, omitting 
the entire phosphine ligands and using the refined 
parameters for the remaining atoms (cycle 9). The 
corresponding F(diff) maps for the two phosphines are 

shown in Figures 4a and 4b« These are comparable to 
Figures 2,2,2 a and b for the ruthenium analogue, and 
illustrate the disorder.

Results and Discussion

The final parameters are given in the Appendix. 

(Tables 2 and 3), while the molecular geometry is



MO

(M

T —

c:

r-

CM

10

CO
C9
U

O

Figure 2.̂ .5 
OsH(Cĵ QĤ )(dmpe),

View of one molecule, illustrating the numbering system used,
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Table 2.4.4

Bond distances (A) and angles (°), with their 
estimated standard deviations

Around Osmium
Os-P(l)
Os-P(2)
Os-P(3)
Os-P(4)
Os-C(2)
Os...0(1)
Os...0(3)

2.325(6)
2.297(5)
2.285(5)
2.301(5)2.134(17)
3.13
3.12

P(l)-0s-P(2)
P(l)-0s-P(3)
P(l)-0s-P(4)
P(2)-0s-P(3)
P(2)-0s-P(4)
P(3)-0s-P(4)

82.4(2)
102.3(2)
97.8(2)
173.9(2)
98.2(2)
84.9(2)

P(l)-0s-0(2)
P(2)-0s-0(2)
P(3)-0s-0(2)
P(4)-0s-0(2)

99.5(5)
88.6(5)
87.0(5)
162.1(5)

Naphthyl Group
0(l)-0(2) 1.37(2) 0(l)-0(2)-0(3) 116(2)0(2)-0(3) 1.47(3) 0(2)-0(3)-0(4) 118(2)0(3)-0(4) 1.50(3) 0(3)-0(4)-0(10) 122(2)0(4)-0(l0) 1.33(3) 0(4)-0(l0)-0(9) 121(2)0(l0)-0(5) 1.52(4) 0(9)-0(10)-0(5) 123(2)0(5)-0(6) 1.39(4) 0(10)-0(5)-0(6) 108(3)0(6)-0(7) 1.27(4) 0(5)-0(6)-0(7) 133(3)0(7)-0(8) 1.44(4) 0(6)-0(7)-0(8) 121(3)0(8)-0(9) 1 .4 4 ( 3 ) 0(7)-0(8)-0(9) 114(2)0(9)-0(l) 1.49(3) 0(8)-0(9)-0(10) 122(2)0(9)-0(10) 1.35(3) 0(10)-0(9)-0(l) 120(2)

0(9)-0(l)-0(2) 123(2)0(l)-0(2)-0s 125(1)
0(3),0(2)-0s 118(1)
0(l)-0(9)-0(8) 118(2)0(4)-0(10)-0(5) 117(2)
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Table 2.4.4 (contd.)

Phosphine Groups

*P(1)-C(11) 1.87(4) *C(11)-P(1)-C(12) &K2)
*P(1)-C(12) 1.81(4) *C(11)-P(1)-C(13) 105(2)*P(1)-C(13) 1.79(4) *C(12)-P(1)-C(13) 92(2)P(2)-C(21) 1.87(3) C(21)-P(2)-C(22) 103(1)
P(2)-C(22) 1.90(3) C(21)-P(2)-C(23) 100(1)P(2)-C(23) 1.90(3) C(22)-P(2)-C(23) 100(1)
P(3)-C(31) 1.92(3)
P(3)-C(32) 1.82(4) C(31)-P(3)-C(32) 98(2)P(3)-C(33) 1.79(3) C(31)-P(3)-C(33) 102(1)*P(4)-C(41) 1.93(4) C(32)-P(3)-C(33) 100(2)*P(4)-C(42) 1.83(3) *C(41)-P(4)-C(42) 99(1)
*P(4)-C(43) 1.83(3) *C(41)-P(4)-C(43) 105(2)*C(42)-P(4)-C(43) 96(1)
*C(11)-C(21) 1.61(4)
*C(31)-C(41) 1.45(4) *P(1)-C(11)-C(21) 103(2)

*P(2)-C(21)-C(11) 108(2)*P(3)-C(31)-C(41) 105(2)
*P(4)-C(41)-C(31) 118(3)

*Os-P(l)-C(ll) 109(1) Os-P(3)-C(31) 113(1)*0a-P(l)-C(12) 126(1) Os-P(3)-C(32) 120(1)
*08-P(l)-C(13) 128(1) Os-P(3)-C(33) 121(1)Oa-P(2)-C(21) 111(1) *0s-P(4)-C(41) 106(1)
Oa-P(2)-C(22) 119(1) *0s-P(4)-C(42) 129(1)
Os-P(2)-C(23) 121(1) *0s-P(4)-C(43) 119(1)

* involving atomic positions affected by disorder

Table 2.4.5
Selected Torsion Angles (°), positive values 

indicating clockwise rotation

* P(l)-C(ll)-C(21)-P(2) - 52
* P(3)-C(31)-C(41)-P(4) - 40
C(l)-C(2)-0s-P(l) - 25
C(l)-C(2)-0s-P(2) -J07
C(l)-C(2)-0s-P(3) 77

* involving atomic positions affected by disorder
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shown in Table 4 * Parameters marked ( ^ < ) correspond 

to atoms affected by the disorder. The standard 
deviations are larger than in the Ru. complex.
Selected torsion angles are listed in Table 5j the 
only intermoleoular contact (other than those 

between hydrogens) is C4l-C8, The final
agreement analysis is listed in Table 6, Figure 5 
shows one molecule, with, the numbering system; as 
the intermolecular packing is essentially identical 
to that of RuH(C'j|̂ QĤ  ) (drape ) 2 , no diagram is given.

The complex, is almost exactly iso-structural with, 

its Ru analogue; the only difference occurring in 

the conformation of the disordered ph.osph.ines,
From a comparison of Figures 2,2,2 and 2,4,4, it can 

be seen that the dominant conformation about PI is 
reversed in the osmium complex, and that there is 
much, more disorder about P4 in the ruthenium complex. 

The observation that the torsion angles about C-C in 
the phosphines (both, -ve, i,e, as defined in 

reference 218 ) allow one of the ligands to adopt the 
opposite conformation relative to RuII(C^qH^) (dmpe) ̂ , 
confirms that dmpe has minimal steric requirements, 
even when two dmpe groups are cis to one another.
This contrasts with, dppe, which is much, less flexible,

The Os-P distances (average 2,30&), are slightly 

shorter than other measurements of Os-P (see Table 7), 
The P-G and C-C parameters are almost identical in
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TABLE 2.4.7
Os-P Distances

Os-P
OsH( ( dmpe ) 2 2.29-2.33
OsHBr(CO)(PPhg)g 2.34-2.56
08Cl2(N0)(HgCl)(PPhg)g 2.39,2.40
OsClg(NHg)(PPhg)g 2.41
Os(CO)g(PPhg)g 2.32-2.42
OsCl̂ (PMegPh)2 2.45
08Clg(PMegPh)g 2.35-2.41
OsĤ (̂PEt2Ph)g 2.30-2.34

Reference

a
b
c
d
e
e
f

a. P L  Orioli & L Vaska, Proc.Chem.Soc., 1962, 333
b. G A Bentley et al., JCS(D), 1970, 998
c. D Bright & J A Ibers, Inorg.Chem., 1969, £, 1078
d. J K Stallck & J A Ibers, Inorg.Chem., 1969, 419
e. L Aslanov et al., JCS(D), 1970, 30
f. quoted by L Aslanov et al., JCS(D), 1970, 30 

(unpublished data of R Mason & F 0 Whinp)
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both, complexes; plainly the effect of changing Ru 

to Os is negligible on the structure in the solid. 
This accords with, the well Icnown observation that 

second and third row complexes often have very 
similar properties, differing from their first row 
analogues, (in this case,.FeH(C^QHy)(dmpe)^ has 
not been isolated, if indeed it exists,)

The Os-C length. (2 .13(2) A) is not significantly 
different from Ru-C (2,l6(l) 2), and almost certainly 

insuffic.ient to account, for the fact that, the 
naphthalene is much more tightly held in the Os 
complex.® If these are assumed to be pure sigma 
bonds, these distances give values for covalent 
Ru(ll) and Os(ll) radii of 1,39 - 1,42A (sp^ carbon 
0,74a), They are thought to be the first measure
ments of Ru-C(cr) and Os-C (cr) bonds.
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CHAPTER 2. 5 
THE ATTEMPTED STRUCTURE ANALYSIS OP

Pe(H)g(Ph2P.C2Hg.PPhg)g

Iron Dihydride Complexes
The system Pe°(dppe)g#Pe^^(C^H 2̂ .PhP.C2H 2̂ .PPhg)(dppe)
was reported by Hata as an example of a complex

containing a labile ligand hydrogen which reversibly
forms an Pe-H bond. IR and NMR spectra were given as
evidence for the M-H bond:- v(Pe-H) 1893 cm~^,
^(Pe-H) 2 h . 2 T  . Whereas Ru° (dmpe)», - and probably
Os°(dmpe) - exhibits this type of tautomerism, attempt:

83 „to prepare the iron complex, failed. Pe (dppe)» is
thus the nearest analogue. The complex is formed by 
UV irradiation of Pe°(dppe)(ethylene): -

Pe (accc) g   ----- -— > — F e r -^
A0Ef)Et] o

H

>=< UV light
k

—  rKp) G"0
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Ttm coordinated ethylene was thought to be derived
from homolytic fission of the Fe-C bond of an Pe 
ethyl intermediate, cf. the reduction of Nitacac)»:

107

o o /\
Pe (dppe) is very unstable; it reacts with hydrogen
to give a solvated dihydride, for which the only

-1evidence is an IR band at I85O cm . This is within 

the range for V(Fe-H) for monohydride complexes, cf;-

tr- PeHCl(dmpe) I8IO cm ̂
tr- PeHCl(depe) 1849 cm ̂
tr- PeHl(depe)g 1872 cm

and is -~100 cm higher than the only previously 
reported iron dihydride PeH^( o ( P E t ) g)2 ^^ich has 
been assigned a trans structure because of the low

_ j[
stretching frequency (v(Pe-H) 1725 cm ). It was 

therefore suggested that PeH»(dppe)2 might be a cis 
dihydride complex. The preparation was repeated by 
A H Mawby, using different reducing systems; he could 
not isolate Pe (dppe)» but he obtained a dihydride as 
an intermediate in the preparation of a nitrogen complex, 
which also suggested that the configuration might be 

cis : -
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The nitrogen complex is always formed as a red oil 
from which crystals could not be isolated, V(N=N)
was observed at -^2100 cm Nitrogen complexes of

1 0 9

iron with ditertiary phosphines have been reported, 
in which Pe is coordinated to and H, e.g. 
trans- |^PeH(Ng) (depe)^ 1 BPh^, where depe is 
(EtgP'CgH^^.PE^ . These are crystalline solids with 
V(N=N) at 2090 cm"^, y(Pe-H) at I87O cm"^, J(Pe-H) 
at 28,2T. Green has reported the preparation of 
black oily Pe-(Ng) complexes, e.g. Pe°(Ng) (PEt»)^^ and 
these are probably rot hydrides; v(N=N) 2100 cm *
This lends support to the idea of an Pe(o) complex 
in the present case, since there is no reaction with 
anions such as BPh^^.

The bidentate phosphines: dppe (PhgP.C .PPh^)
dppm (PhgP « CHg.PPb2) 
dpp (PhgP.CgHg.PPhg)(ois form) 

were used in these experiments, and the dihydrides 
obtained are listed on the next page.
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C.'ômple.x Colour Stability to light v’(Fe-H)

PeH^(dppe)^ yellow unstable, turning 
brown

I85O

Fell2(dpp)^ golden-
yellow

unstable, not much, 
colour change

I860

PeHg(dppm)^ ' red stable 1710

Only two crystal structures are known for iron-group
dihydrides; Pell^(PoPh.(GEt)g)^ and %rH^(CO) (PPh.^)g(GeMe)^^^^

and it seemed worthwhile to make a structural comparison
to determine whether the difference in V(Ee-H) is
related to qis-trans isomerism. The trans octahedral

configuration of EeH2 (o-C^H^(PEt)g)2 is assumed from IR
.data; an alternative structure (hut less likely in view
of the Icnown steric requirements of hydride) is a
tetrahedral metal phosphine skeleton with, the small
hydrogen atoms occupying the spaces. This type of

113structure was suggested from powder photographs of 
Pd(pPh^)^, RhH(pPh^)^, and RuH^(PPh )^, which indicated 
possible isomorphism. Pd(PPh^)^ is thought to be 
tetrahedral; the tetrahedral geometry of RhH(PPh.^) 
was confirmed, and although the hydrogen was not 

located, it was required by symmetry to lie on one of 
the threefold axes through. Rh and each phosphorus atom, 
and is probably disordered between these four positions. 

It is not Icnown whether PeHg (P oPb.(OEt ) ̂ ) ̂ is octahedral 
or tetrahedral; however, by analogy with, trans hydride 
halides, EeHg(diphosphin0)2 might reasonably be expected
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to be octahedral. As these are first row complexes, 
there would be a reasonable chance of locating the 
hydridic hydrogens, and therefore of measuring a 
trans effect of hydride, on phosphorus, if these are 
cis complexes. No trans effect was noted in 
ReH^(PPh^)2 ( d p p e ) o T h e r e  is also the possibility 
that these are not genuine dihydrides, rather that 
there is once again an interaction between the metal 

and a phenyl hydrogen.

Because of the very poor photographs obtained from 

FeH2(dppe)2 , even from quite large crystals (0.5 mm 
across), PeH^(dpp)^ was chosen for detailed study, 
though, in this case also the photographs were very 

weak, and disorder was suspected.

Preliminary Observations ’
Photography indicated the coexistence of two crystalline 
forms. One was very unstable indeed; oscillation photos 
showed a long axis (^25A). Possibly there is an 
equilibrium  ̂  ̂( stable ) /~7 (unstable ) , similar to
that f or Fell ( dppe ) ̂  o The more stable form was mono clinic 
with the a and c axes inclined to the crystal faces.
The largest possible crystal was selected for data 
collection, mounted about the b axis (See Figure 1),

Crystal Data

“ 850.3 ; monoclinic, a = ±4.226 t O.OI3 ,
b = 12.219 ± 0.025, _c = 28.321 t  0.034 i, p,= 99.20 t  0.09°;

U = 4860.0 A^, Dm »  1.3, Z = 4, Dg = I.16, P(OOO) = 1776,
5Space Group P2 _c, (Cg^ N6.l4), MoKoi radiation (Nb filter), 

. o I — 1A =  0.71070 A, 4.82 cm .
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Data Collection

Temperature RoTo; scan range -0.8° to +0.5°;
Scan speed 2 20/minute; fixed time 20 seconds;
Standards (O 0 4) and (o 3 Î) both, falling to 
of initial intensity; reflections measured in 
octants |hlcl| and | hkl j-, to a maximum.20 = 30°; 
cell dimensions from 3 reflections (l2 measurements) 
giving angles # =  90.03(13)°, X = 89.84(l4)°; 
total number of independent structure amplitudes 
obtained after data reduction and collation of 
equivalent reflections 1519o

Attempted Structure Determination
fPormfactors for Pe and P -were corrected for Af .

All measured intensities were processed, but only 
353 had observed amplitudes _> 5® on the initial scaling. 
A Patterson map was calculated on these 353 terms only, 

since many of the remainder were statistically insigni
ficant and could lead to confusion in interpretation.
The map did not contain much, detail, but a consistent, 
solution could be found, involving the highest peaks, 

and giving an Pe and one P position:-

Pe 0.281 0.014 0.113
PI - 0.344 0.111 0.167

However, refinement of a trial structure phased on these
two atoms led to widely different temperature factors.
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H:Tb- 
I y=3/4

20

Figure 2.5.2
Projection down z of F(obs) map at cycle 3. Input atoms 
marked x; contours at intervals of 0.8 e/Â  (lowest at
0.8 e/A ). z heights (84ths) shown in small type.



(0.021 and 0,095)» and a high R value, (See Table I)
The Pe-P distance from the P(obs) map calculated on

othese planes was 1,82 A; there were pseudo-mirror 
effects about y=0 but there were other peaks round 
the Pe atom. Although the positions of these seemed 
chemically reasonable, the overall appearance of the 
map was very ill-defined, (See Figure 2), The scale 
was very high, so that the Pe integrated peak height 
was only 8|- e/A^, PI was 3t e / A ? ,  Two of the highest 
peaks were chosen as P atoms:-

Peak X y z Pe-peak Height

P2 0.348 -0.099 0,171 2.37 2l
P3 0.217 -0.101 0.053 2.42 2

After three cycles (4-6), the refinement had not
reduced R, and Pe had a negative U (-0,036), The
geometries were also somewhat uncertain:-

After Cycle 5 After Cycle 6

Pe-Pl 1.36 1.29
Pe-P2 2.55 2.63
Pe-P3 2.68 2.61
Pl-Pe-P2 83° 87°
Pl-Pe-P3 168° 157°

oP2-Pe-P3 98 93

At this point it was decided that further refinement
would be pointless, unless better data became available



and so this structure was abandoned.
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PeHg(dppm)2

Very small crystals of PeHg(dppm)^ were obtained 
by the reaction;-

6 hours 
.1'

Fe(acac)^ + dppm
Al(Bu3^)_

C6»6

FeH-(dppm)

These were red hexagonal plates and photography gave 

the following cell data;-

a = 18,54 A 

b = 10.08
c = 22,52

90

P2j/c

However, in common with the other dihydrides, the 

photographs were very weak indeed, and after the 
failure to solve the structure of FeHg(dpp) , it 
seemed unlikely that this complex would provide 
better data, so the problem was abandoned.
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CHAPTER 2.6

THE PREPARATION AND CHARACTERISATION OF 
TRAHS-OsHCl(dppm)g AND TRANS-OsH^(dppm)^

The trans- MHX(PP)'^ hydrides, where M = Ru, Os;
X = Cl, Br, I, CN; PP = bidentate ditertiary phosphine, 

can be prepared from the corresponding cis- MX^Cp p )^
58complexes by LiAlH^ reduction. The osmium complexés

tend to be more stable thermally than the ruthenium
complexes, but less stable in air; they also show a

tendency to solvate, particularly with benzene, In the
case of trans- OsHCl(dppn)^ , where dppm i s Ph^P ■. CH.̂  „ pph.^,

—1the characteristic Os-H stretching vibration a t -^2000 cm
was reported to be completely suppressed when the complex.
was crystallised from benzene. It appeared that, one
molecule of solvent was bound in some way to the hydride
complex, as it could not be removed except under vigorous

oconditions, (50p remained even after evacuation at 100 
for 48 hours, after which a weak (Os-H) band appeared at 
2077 cm ^,) With ethyl acetate as solvent, no abnormal 
behaviour was noted.

This suggested the possibility that a weak steric inter
action is taking place, whereby the benzene in some manner 
(blocks* movement of the hydridic hydrogen and hence 

partially suppresses the Os-H vibration. This could be
caused by tight locking of ligand phenyl groups trapping

!the benzene molecules-
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Os

If current theories of transition metal catalysis are 
correct, and a sigma-pi equilibrium is a vital part of 
many mechanisms, then one might expect a continuous 
gradation in structure from:-

1. metal hydride cis to a (T-bonded carbon in

e.g. RuH(CioH )(dmpe)g, through
, 1162. tr-bonded complexes, e.g. Cr(CO)«VC^H^, to

3. complexes which contain benzene or toluene
of crystallisation, where the aromatic
molecule is entirely independent of the
complex, e.g. Rhl^Me(PÎPh^)^ ,

118e.g. IrCl(C0 )2(PPh^)g.C^Hg

The anomalous properties of OsHCl(dppm) suggested that 
a structure analysis might be worthwhile, giving
information about the extreme case of a very weak ring- 
hydride interaction, on the borderline between 2 and 3»



Experimental Work
l̂ h.e preparation was repeated, by S D Ibekwe and myself,

np•following Chatt and Watson's method, and it was soon
rèalised that the product depends critically on the
exact amount of excess LiAlI-|̂  used in the final reduction «

The, reaction scheme is shown in Figure 1 o'
Os^Cl2̂ (Et^PhF)^ j was prepared by adding the phosphine

in EtOH to the dark red solutj^on of ammonium chloro-
osmate in water* The mixture was re.flux.ed for 6 hours
by which, time the solution had turned yellow. The

product came down overnight; washing in petroleum ether
removed any excess phosphine, followed by washing with
benzene. The second stage is a dry reaction between
(dppm) and the osmium salt, in a Schlenck tube under
nitrogeno A brown colour developed at ^l40°C: otherwise
the only visible indication of reaction was condensation
of (PEt Ph.) on the sides of the tube. The mixture fused

■ ■

at 200 , and after cooling,excess phosphine was removed 
with petroleum ether; the pale yellow, feathery crystals 
were recrystallised from nitrobenzene, and washed with 

MeOHo The far IR spectrum showed two broad bands due to 
cis chlorines. The reduction was performed in dry THE
under nitrogen, using 2x. excess LiAlH^p» The crude

-1 . ,product showed a band at ' ^ 2 0 J 0  cm o Recrystallisation

form EtOAc gave fine yellow needles, mpt. 273-2?^ ,

with sharp bands for î (Os-H) at 20?^ cm , v'(Cs.O) at
-1 -1 1735 cm and V(acetate) at 1235, 1048 cm . The other

portion, after recrystallisation from benzene, gave



Figure 2.6.1

(OsClg)(NH^)g
PEt Ph '

tr-OsHCl(dppm)g <-
LlAlHit
THF

^Cl\
( PEtgPh)g-0s-Cl-0s-(PEt Ph)̂

c /

dppm

Cis-OsClg(dppm)g

Cl

T ah le 2 « 6 ■ 1
Analytical Figures for Osmium Complexes

C
found
H Cl C

calc.
H Cl

OsHCl(dppm)2 ■ 5̂ 3̂ 48°® ̂4*̂ ^ 61.8 4.75 4.17 61.6 4.7 3.44
OsDCl(dppm)g . 61.5 4.78 3.13 61.6 4.7 3.44
OsHCl(dppm)g ,. iEtOAc CggĤ gOsP̂ ClO 60.1 4.92 3.25 60.1 4.75 3.42
OsHg(dppm)g 63.1 4.92 - 62.5 4.8 -
OsHCl(dppm) . 
OsHCl(dppm)g ' ̂ 6̂ 6 C56"51°=V1

(:50\5°=V1
62.3̂ ' 4.9* 62.7

60.3
4.75
4.52

3.31
3.57

(* detennined by Chatt and Hayter)



V'"-■ ■ IG'

large yellow prismatic needles mpt* 286-288 with, a

single sharp band for V(Os -H) at 2088 cm  ̂* There

were no indications of any bands due to benzene in
this spectrum; the intense normal frequencies should
be present; only very slightly shifted, if there is

)20an interaction with, the metal* The far IR of both 
ethylacetate and benzene solvates showed three bands, 
at 40.0, 42.0, 43.5 p  The NMR showed cf(Os-H) = 2?T 
(quintet) with J(P-H) = I5 ops,, typical of coupling 

to four equivalent phosphorus atoms cis to hydride.
The phosphorus methylene resonances appeared at 6.5T 
and the phosphorus phenyls at 2.4-3.2T» The corres

ponding deuterochloride was also prepared, using LiAlD.^
121as reducing agent to test Chatt's suggestion that the 

-12088 cm band might be a benzene vibration.

On recrystallisation from benzene, pale yellow crystals
of trans'- OsDCl (dppm) ̂  o-|-CgHg , mp. 280°, were obtained.

"1p(Os-D) = 1494 cm . The ratio. i^(Os-H)/(Os -D) = 1.398 
which is close to the theoretical,value of \ J 2 »

If a large (tenfold) excess of LiAlH^ is used (as in 
our early attempts to reproduce Chatt and Hayter*s 
results),pale yellow brittle hexagons of trans- OsH^(dppm)^ 
mp. 255°, are formed with. v(Os-H) at 1712 cm ^. This was 
confirmed by preparation of the dideuteride, 

trans- OsD2 (dppm)g mp. 226 , vi(Os-D) at 1228 cm .

(y (Os-H)/ (Os-D) = 1.39^0 0 -4 trans assignment is probable
from the occurrence of only one Os-H stretching frequency;



this is thought to be the first preparation of 
OsH^(dppm)^ and compares with trans- 0sH^(E t -o C ) 

which has v (Os -H) at 1720 cm ^. No NMR spectrum could 
be obtained because of the insolubility of the dihydride 
in or DMSO. Analytical details for the various
complexes are summarised in Table 1.

The original work reported anomalous behaviour which
122

our work has shown to be incorrect,. Possibly Chatt and 
Hayter obtained a different solvate, with. 1 molecule 

C^Hg, which, did have v (Os -H) suppressed; however, their 
analytical figures are not significantly different from 
ours.(see Table l). ¥e can therefore re-affirm the 
generalisation that y (M-H) is always observed for metal- 

hydrogen bonds, unless it is masked by v(chO) or v(Nhn),

However, the corollary to this is that the complex was 

no longer directly relevant to X-ray studies on ̂ 
catalytically interesting hydrides. Although the 
structure might show cis effects due to hydride ligands, 
a full structure analysis was not undertaken. The-

crystals of OsHCl(dppm)^ were, however, photographed
o oand. found to be orthorhombic; a = 21.10 A, b = 10.05 A,

c = 42,46 A.
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CHAPTER 2.7 

THE CRYSTAL AND MOLECULAR STRUCTURE OP 
TRANS-(lr(H)(COOMe)(dmpe)g)BPh^

The important step of activation may take place by 
addition of a substrate molecule to a metal in a 
low formal oxidation state. Coordinatively unsaturated 

planar d® complexes add polar or homonuclear molecules
e.g. Hg, HCl, Og, CgHr, to give d^ complexes (in the 

case of addition of 0^, C^H^, the complex remains 
formally d®.) '

M
A -B

A
|m*2.. B 
M or

A
m+2,

ML: (1)

The products may be either cis or trans.

Coordinatively saturated 5-coordinate complexes add 

polar molecules either by a two-step mechanism:-

a- 1
m . L A--B ... jm . L—X

^  ^ A

“L
(2)

or by initial dissociation (by heat or light), to form



a reactive 4-coordinate complex. The products 
are always cis.

This type of reaction is commonly referred to as 
oxidative addition. Reactions of type 1 have
been exhaustively studied particularly with

124Yaska's compound, IrCl(CO)(PPhg)g, which is a 
typical Ir(l) complex, e.g. (L = PPh«): -

H

c c r ^
Ir.

-Cl

L

,L H/ VCl r -L
CO

/' 
CO-----

-0

125

Sn
SnCU

Cl r— L
127

After oxidative addition has occurred, the complex 
now contains a substrate molecule which is in an 
activated condition ready for further reaction. For 
example, hydrogenation of olefines is favoured by 
initial formation of a hydride. This may.be derived
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1 2 5 1 2 8 1 2 9 , 3 0from Ilg gas, acids, alcohols, silanes etc,

but when an alcohol (ROH) is the source, true 
oxidative addition does not occur and only the 
hydrogen appears in the adduct, not the OR.

The addition of alcohols to ĵ Ir (CO) (drape)^ 1 Cl by
131a type 2 reaction is the first reported example 

where both H and OR become coordinated. This was 
discovered during research in the Petrochemical and 
Polymer Laboratory into the reactions of coordinated 
dmpe, since this ligand is known (see Chapter 2.2) 
to enhance the activity of metals to oxidative 
addition. The reaction is:-

tr- IrCl(CO)(PPh_)_ — :--- x tr-rir(CO)(dmpe)»lci
2(dmpe)

20
ROH
NaBPh,

tr- IrH(COOR) (dmpe)^ 1 BPh^

This may be contrasted with the more usual reactions of
iridium to form carboalkoxy compounds which do not

1 33yield hydrides, e.g.t-

Ir(CO) (PPh2)2 MeO Ir(COOMe)(CO)g(pPh^)g

H

dmpe is the only phosphine known to cleave alcohols 
in this manner; with the dppe analogue the reaction is:

[lr(C0)(dppe)2j 01 r
aqu.EtOH

j^ I r ( d p p e ) 2  1 C l
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and this difference may be due, as in the case of 

RuIl(C (dmpe)g, to the increased electron
density on the metal atom, which could be dispersed 
into ligand orbitals by increasing the oxidation 
state and coordination number.

Properties

The complex jlrH(COOMe)(dmpe)^1 (BPh^), mpt. l80°, 
is stable towards base, but reacts with acids:-

tr- IrH(COOMe) (dmpe)^   tr- IrH(CO) (dmpe)^
MeO"

The origin of the hydridic hydrogen was confirmed
by deuteration. The IR spectrum has strong bands,

*“ 1 -“Iv(lr-H) at i960 cm , and V(>C=0) at I625 cm ,
The NMR shows the phosphine methyls at 8.2T,

methylenes at 7 o8t , ester protons at 6.8T, and the
BPh. protons at 2.7 - 3.2T with j(H-H) 7 ops.
The hydridic hydrogen appears as a quintet of bands 
at 25.5T with J(P-H) 18 ops, which is characteristic 
of hydride cis to phosphorus. The proposed structure 
was therefore a trans carboraethoxy hydride. This 
has been confirmed by the structural analysis.

Preliminary Observations

White, platey crystals of |^IrH(COOMe)(dmpe)glBPhf^
were prepared by S D Ibekwe. The analogous BPk or 
PPx complexes could not be obtained crystalline;
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possibly a bulky anion is necessary for the 

formation of good crystals. The crystals were 
thin and brittle; they showed, slight pleochroism 
even under ordinary light , and e%.tinguished 

polarized light in two perpendicular directions. 
Preliminary photographs showed the symmetry to be 
orthorhombic, and that the space group absences 

were consistent with, two space groups; Pna2^ (No.33) 
and Pnma (No.62) if the indices are suitably inter
changed. Pna2^ is noncentric, and in general has
four molecules in the unit cell. The'cell volume 

, o3is ~4000A and so one unit would occupy just less 
o3'bhan lOOOA . Pnma is a centric space group with, 

eight general positions. This did not seem to 

provide enough, space per molecule. If the molecular 
unit had a mirror plane or centre, then z = h ,  but
this was Icnown to be impossible. The space group
Pna2^ was therefore chosen.

Crystal Data

^38^^56^^^4^2^ ’ M = 871 o3; orthorhombic, a = 12.752 -
0 .0 0 6 , b = 3 I 0852 ± 0.012, ^  = 9o988 ± 0 . 0 0 6  A,

U = 4057.0 A^, Dm = 1.45 (flotation) Z = 4,
Dg = 1.43, F(OOO) = 1 7 6 8 , Space Group Pna2^(C2 , no„33)î

Mo-Ko^ radiation (Nb filter), X =  O.7IO7O A,
-1K = 37«5 cm
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Figure 2.7.1a 
Ir«(COOMe)(dmpe)g+.BPĥ  ̂Crystal 1

The Equations of the Bounding Surfaces 
of Crystal 1

1 m n P
1 0.2283 0.0275 0.9732 224.90
2 -0.4208 0.8895 0.1780 183.95
3 -0.7585 0.4790 -0.4418 141.62
4 0.7026 -0.6965 -0.1459 180.99
5 0.0084 -0.3308 -0.9437 264.58
6 0.5923 0.8022 -0.0747 53.34
7 -0.5922 -0.7981 0.1108 53.69

(hkl)

201

010
010
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100

001

Figure 2.7.1b
IrH(COOMe)(dmpe) . BPh Crystal 2

1

The Equations of the Bounding Surfaces 
of Crystal 2

m n p (hkl)
1 -0.6507 0.3078 -0.6941 231.89
2 0.4662 -0.1689 -0.8684 155.23
3 -0.6124 -0.3331 0.7170 150.40

. 0.8376 0.0113 0.5461 175.92
5 0.1051 -0.9945 0.0030 103.65
6 0.2652 0.9486 0.1726 83.45 0Ï0
7 -0.2136 -0.9671 -0.1382 66.01 010
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400i

001

Figure 2.7.1c 
Ii4i(C00Me)(dirpe)ĝ .BPĥ  Crystal 3

The Equations of the Bounding Surfaces
of Crystal'3

500,

1 m n P (hkl)
1 0.0204 -0.9728 -0.2308 202.11 001
2 -0.9140 -0.2090 -0.3476 41.59 010
3 0.9102 0.2563 0.3253 41.73 0Î0
If • -0.2202 0.8539 0.4715 206.83
5 -0.3548 0.3934 -0.8482 208.17
6 -0.0566 -0.1470 -0.9875 207.15
7 -0.1871 -0.4475 0.8745 288.00



I/I

Data' Collection

Temperature R,T; scar range .to +0o5°;
S.can speed 2° 20/minute; fixed time 15 seconds; 
Standards (O 0 6) and (O 18 2); maximum 20 = 60°;

cell dimensions from 7 reflections (28 measurements) 
giving angles o< = 89.99(5)°, a = 90.01(5)°,

. = 90.09(̂ 1) ; total number of independent
structure amplitudes obtained' after data reduction 
and collation of equivalent reflections 4256.

Data collection was complicated by the fact that 

the crystals decomposed, under molybdenum irradiation, 
and so three crystals were necessary® The first 

(Xl) lasted for 24 hours, decomposing slowly at 
first, then very rapidly® It turned orange but 
remained transparent® The second crystal (X2) 
decomposed more gradually over 2-g- days® The third 
crystal (X3) survived till all the data had been 
collected (ten days); details of the size and shape 
of crystals are given in Figures■la-c® Seven 
Reflections from the first crystal were used to 
obtain the cell, dimensions® The reflections (o 0 6) 

and (0 18 2) were used for scaling; their 

intensities fell by 11^, 11^ and 25^ during the 
respective periods of data collection®

Chirality of Crystals

As Pna2^ is a polar space group I originally intended
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preserving the distinction between blcl and hid 

for each, crystal, in order to allow for the effect 

'pT A f" on the structural parameters® However, 
this was clearly unrealistic since the results 
from three rather unhealthy crystals would certainly 

not be accurate enough, to justify this ® It was 
noted, however, that there wepe detectable 

differences, on photographs, between - (O 5 5) 

(0 2 2 ) (0 5 3 ) (0 3 7 ) and, by measuring these
accurately in all four quadrants, that the original 

choice of axes for X2 was the inverse of those for 
x i , i o e ® hkl(2) = hkl(1)o The reasons for not 
preserving the handedness were;-

lo The decomposition was different for each, 

crystal (worst for X3)#

2o The awkward shape of the crystals (very 
platey) would result in an inaccurate 
absorption correction®

3® The three crystals may not all be of the 

same hand - it could be incorrect to 
assume that they are all the same®

Scaling of the Data

Priedel*s Law was therefore assumed to hold. In 

order to scale the three sets of data, the measure
ments common to all three sets were corrected for 
Lp factors and absorption:-
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Crystal Volume Mesh No® of Points
(cm3) (cm)

“5XI 1.61 X 10 0.004 208
X2 2.01 X  lO"^ 0.00] 491
X] 1.72 X  10"^ 0.004 216

The corrected amplitudes were next compared for 
the three crystals, and it was apparent that for 
the undecomposed crystals, if all values for XI 
were multiplied by 1.08 and all for X] by I.0 7, 
they would be comparable to those for X2« Also, 

the ratios of totals, for 1:2, and for 2 :] checked, 
as did 3:1. (ratio = 1.01 a, 1.08/1.0?). Comparison 
of the anomalous pairs measured at the end of each 
crystal’s life showed that there was no need to 
correct for decomposition for XI and X2, and that 
slightly more decomposition had occurred with X], 
i.e. at the end of data collection the ratio 2:3 = 
1.065. Scale factors were thus applied to the 
complete data (raw intensities) as follows;-

(a) for XI no correction;

(b) for X2 all intensities multiplied by

1/ 1.08^= 0 .876;
(c) for X] all intensities multiplied by

1/ 1.01^= 0.980;
and Lp and absorption corrections were applied to 
all measurements.



Solution and Refinement of Structure 
Pormfactors for Iridium and phosphorus were
corrected for A f >. The Patterson of PnaZ , 
which has equivalent positions;-

- X

contains Barker planes at;-

- 2x - 2y
4*

s  — "2 T

z is indeterminate, therefore all that need be 
calculated are the two sections at z = 0,-|, Three 
peaks appeared, consistent with an Ir position at 

(0,2115, 0 ,1398, 0), and so this position was 

refined, cycles 1 - 3  (see Table l) , The z
coordinate was held constant throughout the analysis,

/ \ oAn P(obs) map computed over a cube of 5A edge,
centred on the Ir position, contained a pseudo

mirror plane at z = 0, all peaks appearing at +z 
and also -z. Weaker ghost peaks also appeared at 
symmetrical positions round the Ir atom, at 
X = Ir-a^, y = a^, z =-a_, where a genuine peak is 
probably at x = Ir+a^, y = a^, z = a». There were 

several possible P atom positions, of which two
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were chosen, both on PI was given a small

negative z value, P3 a small positive z, and 
cycles 4 - 6, and an P(diff) map were calculated®
The strong ghosts mirrored by z = 0 still came up, 
but not the weaker ones® P2 and p4 were assigned 
negative and positive z values respectively, by 

choosing the stronger of the two peaks in each 
case® On refining these positions, R was reduced 
to 14®2^ after three cycles (7 -9)® An P(diff) 
map computed over the entire asymmetric unit still 
had pseudo mirror symmetry, but two rings and the 
PI - P2 bridge appeared clearly® Prom this stage 
Ir and P atoms were refined anisotropically, and 
at R = 10®6% (cycle 13), an P(diff) map showed the 
carbomethoxy group and its ghost® Refinement was 
continued, including all atoms (see table), but 
the geometry of one of the borate rings remained 

irregular® This was attributed to insufficient 
data, (2039 out of a possible 4256 terms), and so 

one cycle (l7)was calculated on 3169 terms® The 
distorted ring immediately refined to a reasonable 

configuration, at an R value of 6®2^® On the final 
P(diff) map, small peaks were observed, associated 

with carbon atom anisotropy, but none of these 

were higher than 2 e/A^® One peak, of height 0®4 e/A^ 
appeared 1 ® 5-̂  from Ir ® Although this was near the 

expected position' for the hydridic hydrogen, the
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ratio of peak height to background, was not 

significant. The unobserved reflections were 
calculated; none were greater than twice the 
minimum observed®

Results and Discussion
The final positional and vibrational parameters are

shown in the Appendix, in Tables 2 and 35 the molecular
geometry is listed in Table 4® The only carbon-

ocarbon inter-molecular contact less than 3»5A is that 
between C23 and CI35 (3o42A)o The final agreement 
analysis is listed in Table 5 , Figure 2 shows the

geometry of the cation. Figure 3 that of the anion
(these also indicate the numbering system used), and 
Figure 4 shows the inter-mo1ecular packing®

The ions in the complex, are quite separate® The cation 
has the trans-hydrido-carbomethoxy structure predicted

from the trans addition of MeOH across Ir(g o )(drape), 012
The stereochemistry round iridium is only slightly
distorted from octahedral if one assumes the hydride
position, trans to the COOMe group, the slight deviations 

o ofrom, 90 and I80 being associated with the usual effect
of a small ligand, i®e® all four Ir-P bonds"are bent

o otowards the hydride position by 2 -3 » The equation of

the plane through the four P atoms is:-

7o88x + l6®21y - 5o99z - 3.75 = 0

the maximum deviation from this being 0o02A® (Ir lies

'0®1OA out of this plane®)
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C(31) C(33)

0(1)

C(2)2.31 ,C(1)
P(2]1.39

2.102.31

2.33 C(22)

2.32
C(23)

P(1)

C(13)
C(ll)

Figure 2%7.2 
3)2+, illustra 

system and the geomstry round iridium.
View of IrH(C00Me)(dmpe)2+, illustrating the numbering

Figure 2.7.4
Stereo drawing of the oackinp viewed dnwn ? avi c
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C114

iC 115
C U3

c n 2

C  111

C 126
C 125

C 121
C M l C 132

C 122 C 123t  131

C 133C 146

C 136

C 135

Figure 2.7.3 
IrH(COOMe)(dmpe)g.BPĥ '̂

View of BPh , showing the numbering system used.



181

Table 2.7.4

Bond distances (X) and angles (°), with their 
estimated standard deviations

Around Iridium
Ir-P(l) 2.318(4) P(l)-Ir-P(2) 83.3(2)Ir-P(2) 2.326(6) P(l)-Ir-P(3) 176.1(2)Ir-P(3) 2.308(5) P(l)-Ir-P(4) 96.1(3)
Ir-P(4) 2.306(8) P(l)-Ir-C(l) 91.9(6)Ir-C(l) 2.098(22) P(2)-Ir-P(3) 96.3(2)

P(2)-Ir-P(4) 173.9(2)P(2)-Ir-C(l) 93.5(7)
P(3)-Ir-P(4) 83.9(3)
P(3)-Ir-C(l) 92.1(6)
P(4)-Ir-C(l) 92.6(7)

Phosphine Groups
P(l)-C(ll) 1.87(3) Ir-P(l)-C(ll) 108.2(8)P(l)-C(12) 1.85(2) Ir-P(l)-C(12) 119.4(7)P(1)-C(13) 1.85(3) Ir-P(l)-C(13) 115.5(9)
P(2)-C(2l) 1.85(3) Ir-P(2)-C(21) 107.6(11)
P(2)-C(22) 1.84(4) Ir-P(2)-C(22) 119.1(11)
P(2)-C(23) 1.86(4) Ir-P(2)-C(23) 118.3(13)
P(3)-C(31) 1.81(3) Ir-P(3)-C(31) 108.9(10)
P(3)-C(32) 1.86(4) Ir-P(3)-C(32) 117.3(11)
P(3)-C(33) 1.92(4) Ir-P(3)-C(33) 116.7(12)P(4)-C(41) 1.75(5) Ir-P(4)-C(4l) 109.4(17)
P(4)-C(42) 1.87(3) Ir-P(4)-C(42) 121.8(11)
P(4)-C(43) 1.90(5) Ir-P(4)-C(43) 115.6(15)
C(11)-P(1)-C(12) 108.1(16) C(31)-P(3)-C(32) 104.3(15)
C(ll)-P(l)-C(13) 105.4(13) C(31)-P(3)-C(33) 102.9(14)
C(12)-P(l)-C(13) 99.3(14) C(32)-P(3)-C(33) 105.2(16)
C(21)-P(2)-C(22) 107.3(15) C(41)-P(4)-C(42) 102.9(18)
C(21)-P(2)-C(23) 103.1(15) C(41)-P(4)-C(43) 106.4(22)C(22)-P(2)-C(23) 99.9(17) C(42)-P(4)-C(43) 99.1(18)
C(ll)-C(21) 1.43(4) P(l)-C(ll)-C(21) 108.3(21)C(31)-C(41) 1.48(5) P(2)-C(21)-C(ll) 111.9(22)

P(3)-C(31)-C(41) 111.0(25)
P(4)-C(41)-C(31) 116.5(32)

Carbomethoxy Group
C(l)-0(1) 1.23(3) Ir-C(l)-0(1) 128.0(19)
C(l)-0(2) 1.39(3) Ir-C(l)-0(2) 117.8(15)
C(2)-0(2) 1.45(3) 0(l)-C(l)-0(2) 113.8(21)

C(l)-0(2)-C(2) 120.7(19)



Table 2.7.4 (contd.)

Bond distances (8) and angles (°), with their 
estimated standard deviations
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Tetraphenylboron Group
B-C(lll) 1.68(4) C(lll)-B-C(121) 107.8(19B-C(121) 1.67(4) C(lll)-B-C(131) 107.3(19B-C(131) 1.66(4) C(lll)-B-C(141) 107.8(19B-C(141) 1.62(3) C(121)-B-C(131) 109.9(19C(121)-B-C(141) 111.2(19

C(131)-B-C(141) 112.6(18
C(111)-C(112) 1.41(3) C(121)-C(122) 1.43(3C(112)-C(113) 1.47(4) C(122)-C(123) 1.39(4C(113)-C(114) 1.42(4) C(123)-C(124) 1.40(4C(114)-C(115) 1.32(4) C(124)-C(125) 1.33(3C(115)-C(116) 1.49(3) C(125)-C(126) 1.42(3C(116)-C(111) 1.38(3) C(126)-C(121) 1.45(4
B-C(lll)-C(112) 122.0(22) B-C(121)-C(122) 119.9(22B-C(lll)-C(116) 123.8(22) B-C(121)-C(126) 121.3(21C(112)-C(111)-C(116) 114.2(22) C(122)-C(121)-C(126) 118.7(22C(111)-C(112)-C(113) 125.4(24) C(121)-C(122)-C(123) 118.0(26C(112)-C(113)-C(114) 114.7(26) C(122)-C(123)-C(124) 122.7(29C(113)-C(114)-C(115) 123.8(33) C(123)-C(124)-C(125) 120.2(28C(114)-C(115)-C(116) 118.2(29) C(124)-C(125)-C(126) 121.7(27C(lll)-C(116)-C(115) 123.3(24) C(121)-C(126)-C(125) 118.5(26
C(131)-C(132) 1.42(3) C(141)-C(142) 1.41(3C(132)-C(133) 1.34(6) C(142)-C(143) 1.39(4C(133)-C(134) 1.44(5) C(143)-C(144) 1.37(4C(134)-C(135) 1.38(4) C(144)-C(145) 1.39(5C(135)-C(136) 1.44(4) C(145)-C(146) 1.44(4C(136)-C(131) 1.41(3) C(146)-C(141) 1.44(3
B-C(131)-C(132) 124.6(19) B-C(141)-C(142) 122.8(22B-C(131)-C(136) 118.7(20) B-C(141)-C(146) 121.7(20
C(132)-C(131)-C(136) 116.6(23) C(142)-C(141)-C(146) 115.4(22C(131)-C(132)-C(133) 123.8(22) C(141)-C(142)-C(143) 123.9(26C(132)-C(133)-C(134) 120.4(27) C(142)-C(143)-C(144) 120.2(29C(133)-C(134)-C(135) 117.9(32) C(143)-C(144)-C(145) 118.3(31C(134)-C(135)-C(136) 121.4(28) C(144)-C(145)-C(146) 122.8(29C(131)-C(136)-C(135) 119.8(27) C(14l)-C(146)-C(145) 119.3(23
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oThe Ir-P bonds (average 2o3lA) are all significantly 
shorter than is generally found in Ir phosphine 
c,omplex.es (see Table 6)0 However, most reported Ir 
structures contain Ir(l), also there are no reports 
of Ir-P(alkyl)bonds, nor are there any rhodium alkyl

phosphine complexes for comparisono With, the
r 1 134exception of |j;r (0^) (dppe) ̂  PP^ and IrH(CO) (PPh.̂ ) ̂ -

(fumaronitrile) both, of which, involve back bonding
from Ir to a pi-bonded system, and in which, the short
ness of the Ir-P bonds may be attributed to a general 
flow of eleotron density into the bond, the
average Ir-P distanoe is about 2,36A, (However, a 

reoent determination of Ir-P in a TONE complex gives
O 135

2o40A )o In the present complex, the short distances 

may be related to the higher electron density maintained 
at the metal atom, by dmpe, and therefore available 
for back-bonding to phosphorus o In ligands such as 
dppe or PPh^, the excess electron density is delocalised 
among the phenyl groupso

The two phosphine systems have 'bites' of 83° and 84° 

and adopt the conformation often observed in complexes 

of bidentate phosphines, ioCo one C(methylene) atom - 
(C21 and C4l) - of each, phosphine lies almost in the 
equatorial plane, while the other - (Cll and C31) - 

lies further from the planeo This conformation has been
136

calculated for ethylenediamine complexes, to be as 
stable as the symmetrical arrangement with, all C(methylene) 

atoms displaced equal amounts from the metal-nitrogen 
plane, and this is borne out by structural analys-es (see 
Table 2 of reference I36) . This same flexibility of the



TABLE 2.7.6(a)
Ir-P and Ir-C(carbonyl) Distances

184

IrH(COOMe)(dmpe)_
IrCl(CO)(Og)(PPhg)g
IrCl(C0)(S02)(PPhg)g
IrCl(CO)(NO)(PPhg)g+
IrCl(CO)g(PPhg)g.CgH^

IrH(CO)g(PPhg)g
IrH(CO)(CN.CH:CH.CN)(PPh )
IrBr(CO)(TCNE)(PPhg)g
Ir(CO)(TCNE)g(PPhg)g
IrI(C0)(02)(PPhg)g.CHgClg
IrI(CO)(NO)(PPhg)g+
Ir(NO)g(PPhg)g+

Ir-P Ir-C Refere
2.31 (2.10)
2.36,2.38 disordered a
2.36,2.33 1.96 b
2.41 1.86 c
2.32,2.34 2.04

(disordered)
d

2.37,2.38 1.83,1.86 e
2.32 1.98 f
2.40 disordered f
2.40 1.79 g
2.39 disordered h
2.35,2.37 1.70 i
2.34 — j

a. S J LaPlaca & J A Ibers, JACS, 1965, 21* 2581
b. S J LaPlaca & J A Ibers, Inorg.Chem., 1966, 5_» *̂05
c. D J Hodgson & J A Ibers, Inorg.Chem., 1968, J7> 2345
d. N C Payne & J A Ibers, Inorg.Chem., 1969, 2» 2714
e. M Ciechanowicz, A C Skapski & P G H Troughton,

8th International Congress Crystally., 1969, (Abstract s172)

f. L Manojlovic-Muir, K W Muir, & J A Ibers, Discuss. Faraday 
Soc., 1969, 47, 84

g. J S Ricci et al., JACS, 1970, ĝ , 3489
h . J A McGinnety, R Doe dens & J A Ibers, Inorg.Chem., 1967, 2>

2243
i. D J Hodgson & J A Ibers, Inorg.Chem., 1969, 2» 1282
j. D M P Mingos & J A Ibers, Inorg.Chem., 1970, 9, 1105
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TABLE 2.7.6(b)
Ir-P and Ir-C(carbonyl) Distances

Ir-P Ir-C Reference
Ir(dppe)2^ 2.27-2.33 - k
Ir(Og)((%)pe)g''̂ 2.28-2.45 - 1
Ir(CO)(dppe)2^ 2.35-2.39 1.82 m
Ir(C0)(dppm)2^ 2.32-2.41 1.81 n
(NO)(PPhg)IrXKIr(PPhg)(NO) 2.31 - o
Ir2Cl̂ M̂e2(C0)̂ - 1.74,1.76 P
Irl2(C0)(C00Me)(bipy.) - 1.80 q

k. B T Kilboum, unpublished data
1. J A McGinnety, N C Payne & J A Ibers, JACS, 1969, 91, 6301
m. J A J Jarvis et al., Chem.Coiran., 1966, 906
n. B T Kilboum & A M Wood, unpublished data
o. P Carty et al., JCS(D), 1969, 1374
p. N A Bailey et al., Chem.Comm., 1967, 1051
q. V G Albano, P L Belion & M Sansoni, Inorg.Chem., 1969,

8, 298
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5-membered ring system is observed in complexes of 
cbelating diphosphines; tbe exact equilibrium 
conformation appoEirs to be governed by packing 
considerations, tbe only constant factor being tbe 
torsion angle T(C-C) about the central C-C bond,
Tbis is generally less than tbe ideal staggered 60 , 
ranging from 4$° to 5^°. T(M-P) and T(P-C) vary 
over a wide range, Tbe only instance of the totally 
symmetrical arrangement T(M-Pl) =%(P2-M) is in tbe

/ .115complex ReH^(PPb )g(dppe) wbere tbere is only one 
dipbospbine and therefore presumably tbere are no 
steric reasons for a distortion. The various possible 
configurations are : -

1. p./!\^.yP %(M-P1)='[(P2-M) e.g. ReH^(PPb^)g(dppe)
botb same sign

2. p.f^Tv .yP T(M-Pl)>T(P2-M) e.g. IrH(COO^fe)(dmpe)., ^
botb same sign

137

3 . P..̂ .. ...P T(M-Pl)>T(P2-M) e.g. RuCl (PbMeP.C Hr.PMePb)
\ / opposite signs

The commonest arrangements are 2 and 3 (see Table J and 
Table 9 of Chapter 3.2). In tbe present complex,
(Case 2), both T(C-C) have the same sign ; this 

corresponds, other factors being constant , to the most
favourable steric arrangement of two trans dipbospbine 
ligands.

Angles round coordinated phosphorus tend to vary widely 
from tetrahedral, because of non-bonded interactions



Table 2.7.4
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Indicating clockwise rotation

P(l)-C(ll)-C(21)-P(2) +50P(3)-C(31)-C(41)-P(4) + 36
Iz-C(l)-0(2)-C(2) -1730(l)-C(l)-0(2)-C(2) + 10(1)-C(l)-Ir-P(l) -137
B-C(111)-C(112)-C(113) -178B-C(121)-C(122)-C(123) -177B-C(131)-C(132)-C(133) -178B-C(141)-C(142)-C(143) -177

Table 2.7.7
Torsion Angles ( ) in dmpe Complexes

T(M-P) T(P-C) T(C-C) T(C-P) T(P-I

RuH(C^gH^)(dmpe)^ +22 -43 +44 -28 - 1
- 2 +22 -25 +17 - 9

OsH( ) ( dmpe) -25 +51 -52 + 34 - 2
- 7 +32 -40 + 33 -11

XrH(COOMe)(dmpe)2̂  +14 -41 +50 -38 + 8
+ 3 -31 +36 -25 +13

(+ corresponds to 6
- corresponds to X 

on the convention defined in; Inorg.Chem., 1970, 9, 1)
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between tbe different substituents. In tbe present 
example tbese angles range from 99° to 122°, and 
tbere is also considerable variation in P-C bond 
lengths. Tbe average, I.865A, is long compared to 
most measured phosphine P-C(sp^) bonds, but is close
to tbe theoretical radius sum (l.lO + 0.77 A),

2Usually these, and also P-C(sp ) bonds, are about 
1.83A. Tbe C-C bonds in each ligand (l«43 and 1.48 
are shorter than in complexes of dppe. Tbis seems to 
be a feature of dmpe - compare C-C bonds of I.50 and 
1.44a in RuH(C^qH^)(dmpe)2 witbl.38 and I.60X in
^ Ir(dppe)2lci

o"*Pauling gives an Ir(lll) octahedral radius of 1.32A. 
However, studies on Ir-C(o“) bonds suggest that the 
true radius is longer than this.

Complex Ir-C derived Ir radius reference
Ir(C0 )l2 (C00Me)(bipy) 2.03(2) I.3I sp^ 139

+ _ , 2IrH(COOMe)(dmpe)g 2.10(2) I.36 sp
Ir(Me2S0 )gClg(C^^H^ 0 ) 2 .16(2) I.39 sp^ l4o
IrgCl^Meg(CO)^ 2.10 1.33 sp^ l4l

Tbe Ir-C bonds in the two carbomethoxy complexes are 
probably not pure sigma bonds, because of contributions
from tbe form;-

/O-

O
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(in IrH(COOMe)(dmpe) tbe bydridle bydrogen may
exert a trans weakening influence wbicb would 

explain tbe longer bond length.) Tbe most reasonable 
Ir(lll) radius is therefore likely to be 1.36 - 1.39A,

Tbe Ir-C bond is'^0.3A longer than an average Ir-C 
(carbonyl) bond (see Table 6). It is interesting 
to speculate on the mechanism of the reaction:-

Dc
♦

M e O "------ >
H* C ' l o

L H -J
Since tbe structure of Ir(CO)(dmpe)_ is unknown

+tbe closest analogues are Ir(CO)(dppe)_ and 
M2

Ir(CO)(dppm)2 . In botb these complexes, there
is considerable distortion away from regular geometry 
Tbis may be necessary to accommodate phenyl groups.
Ir(CO)(dmpe)^ would probably be quite stable in a 
square pyramidal form.

In fact a compromise might be achieved, with phosphine 
groups bent away from tbe CO position, but not so close 

"that entry of hydrogen is prevented, as it is with dppe 
and dppm. (These will not even form dibydrides, whereas 
Rb(dmpe) adds Hg to form cis-RbH^(dmpe)g *)

Possibly Ir(CO)(dmpe)_* has a geometry somewhat similar 
to RuH(C g H y (dmpe)g , with hydride removed and CO taking 
tbe place of CjqH^. In any case, tbe formation of 
IrH(COOMe)(dmpe)2 should be easy sterically.



Tbe geometry witbin tbe ester group is normal 
compared botb to organic and coinplexed COOMe (see 
Table 8), tbe raetbyl group and ketonic oxygen 01 
being cis to one another. Tbere are no close 
contacts to force it out of tbe planar configuration 

which is generally adopted, since this allows a 
contribution from the form:-

<
♦

The torsion angles Ir-Cl-02-C2 and 01-Cl-02-C2 are 
173° and 0° respectively. Tbe ester grouping in 
tbis complex is well separated from tbe phosphine 
methyls, and has a staggered relationship to the 
phosphine ligands, e.g. (Ol-Cl-Ir-Pl) = -137°.
Since IrH(cOOMe)(dppe)g cannot be isolated, tbis 
may also be partly a result of tbe steric limitations 
of dppe.

Tbe vacant position trans to the carbomethoxy group 
is certainly occupied by tbe hydridic bydrogen; none 
of tbe methyl groups approaches close to tbis bole, 
so there is no reason to expect much distortion away 
from tbe expected position. Prom tbe only observed

144
Ir-H bond, in IrH(C0)g(PPb«)2 , the distance is 
assumed to be in tbe range 1.65 to 1.7A. The peak on 

the final P(diff) map tends to suggest a shorter bond 
length, but the evidence is not substantial.
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TABLE 2.7.8
Ester Geometries

Cl=0 ^1~0 0-C2 Reference

IrH(COOMe)(drape)̂ 1.23 1.39 1.45
Irl2(C0)(C00Me)(Ĉ QN2Hg) 1.18 1.28 1.48 a
Co( CHgCOOMe ) ( ) % 1.22 1.34 1.46 b
(MeOOC)2C-C(COOMe)2 1.19 1.32 1.45 c
MeOOC-COOMe 1.19 1.31 1.46 d
Me-COOMe 1.22 1.36 1.46 e

a. V G Albano, P L Bellon & M Sansoni, Inorg.Chem., 1969, 
8,298

b. F G Lenhert, Chem. Coiira., 1967, 980
c. J F Schaefer & C R Cos tin, J.Org.Chem., 1968, 1677
d. M W Dougill & G A Jeffrey, Acte Cryst., 1953, 831
e. J M 0'Gorman, W Shand & V Schomaker, JACS, 1950, 72, 4222
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134 145

As in (Ir (O^) (dppe)^)PF^ and (ir (CO)Cl (NO) (PPh.̂  )^BF^ ,

the anion plays no part in the coordination about the
metal; it is drawn in Figure 3 « It has a regular
geometryo The economical way in which. BPh,̂  ̂ completes 
the crystal packing may explain the lack of success 

in crystallizing the present complex, with, other, smaller 
anions, e o g« BF^^, PF^ There is no evidence of disorder, 
as there sometimes is with, smaller spherically 

symmetrical anions, e «g, in Fe (n(C2H^N=CHC^H^N) ̂ ) (BFĵ  ) 2 
and in (irl (CO ) (NO ) (PPh.̂  ) ̂ )BF^ „C^Hg

146
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CHAPTER 2 o 8

THE CRYSTAL AND MOLECULAR STRUCTURE OF TRANS - 

Ni(H)Cl(PPr^)g:

iCELL DATA FOR TRANS-Ni(Me)Cl(PPr3)g

Although, platinum hydrides are very stable and

palladium hydrides moderately stable, their nickel
analogues have proved difficult to isolateo For 

n 148
example, NiHCl(PPr3)g is unstableo This instability
was attributed to the general trend for first row
complexes to be less stable than their second or

i  149

third r ow analogues, until N i H C l ( P P r 3 )^ and
150

NiHCl(P(cyclohexy1)3)2 were prepared. It then 
became evident that the reason for the instability 
of NiHCl(PPr3)2 might be partly steric. In a complex, 
containing bulky ph.osph.ines attack along the z axis 
(perpendicular to the molecular plane) is hindered, 
as is rearrangement to a tetrahedral configuration 

which, would be more susceptible to attack»
Other stable nickel hydrides have since been discovered,

151also containing bulky phosphines,

Ni-H bonds, also Ni-C (<r) bonds, are almost certainly
35

involved in nickel catalysed dimérisations of olefines, 

and it is possible that a reaction analogous to : -

PtHCl(PEt3)2 + C2H4 ;--  ̂ PtCl(C2H^)(PEtj)^
54

takes place » Nickel complexes are also involved in
152 153

hydrosilylation and dienylation catalysts» There are
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no reports of struotnral studies on nickel complex, 
hydrides and so the effect of an Ni-H. bond on 

other bonds in the molecule is unknown» Consequently 
it seemed that a structural analysis of one of these 
stable hydrides would be valuable. All published, 
reliable M-H bond lengths fall in a very narrow 
range, regardless of the metal involved; a slightly 
shorter Ni-H distance would be predicted from summing 
covalent radii, and so it was hoped that a crystal 

structure determination would show whether this 
constancy of M-H distances is fortuitous or not »
No M-H distances are known for any of the platinum 
group, However, Pd-H and Pt-H bonds are known to 
exert significant trans weakening influences on Pd-Cl 
and Pt-Cl bonds, and this influence probably extends 
to nickel » Workers in the Petrochemical and Polymer 
Laboratory have studied the crystal structures of two 
nickel isopropyl phosphine complexes (trans-NiCl„(PPr!̂ )p

i  154 i
and trans-Ni(SCN)2 (PPr^)2) and so NiHCl(PPr^)g was 
chosen for detailed study »

i
Cr y stals of the m e t h i d e - c h l o r i d e  t r a n s - N i ( M e )C l ( P P r ^ )2 

were also exa m i n e d  and p h o t o g r a p h e d » U n f o r t u n a t e l y  

the complex, is, excee d i n g l y  unstable ; the crystals 

de c o m p o s e d  rapidly, even in capillary t u b e s , so no' 

d e t a i l e d  analysis was possible.



lya

Preliminary Observations
XCherry red crystals of tr-NiHCl(PPr^)g were kindly

prepared by T Saito in Oxford, by the reaction 
(performed under argon)

tr-NiCl2(pPr3)2 ) NiHCl(PPr^)2
20°

(The Br and I analogues can be easily prepared by
displacement of Cl);

i. LiBr 4NiHCl(PPr^)g --------   ̂NiHBr(PPr^)2
Eton

The crystals (m.pt. 65-6?°C) show V(Ni-H) at 193? cm"^,
6(Ni-H) 3^ o3T, J(P-H) 77e8 ops. They were large 
hexagonal prisms up to 1mm, across, and were mounted 
with silicone grease in argon filled capillary tubes.
The crystal used for data collection is shown in 
Figure 1,

Crystal Data
^18^43^^^2^^' — ” ^15o3i monoclinic, a = 16,350 + 0 .007, 
b = 8.961 ± 0 .002, o = 15.904 + 0.003 p = 93.73 + 0.03'
U = 2325,1 , Dm «% 1.13 (difficult to measure because
of decomposition in air), Z = 4, D^ = 1,167, P(OOO) = 904, 
Space Group P2^/c^, (C2ĵ; no, l4) , Mo-K« radiation
(Nb filter), O.7IO7O X, u= 10.62 cm"^.

Data Collection
Temperature -70°C; scan range -0.55° to +0.55°; 
Scan speed 2° 28/minute ; fixed time 20 seconds ; 
Standards (O 1 7) and (O 6 5) both falling to 94̂  

of initial intensity ; reflections measured in
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octants , |hkl} and jhkl}, to a maximum 

2 9 = 27o7°;
total number of independent structure amplitudes 

obtained after data reduction and collation of 
equivalent reflections 5125o

The crystal was unfortunately lost in an explosion 

which, occurred when the cold sphere was accidentally 

allowed to warm up, so it was not possible to 
measure the dimensions for absorption corrections »
The cell dimensions are also approximate, as the 
accident occurred before they had been accurately 
measured »

Structure Solution and Refinement
Formfactors for Ni, P, Cl were corrected for h f « ,
The Patterson (calculated on 3^6 terms ^50© on 
initial scaling) gave a nickel position of 

(0o25 0 00089 0»0052)o After two cycles of refine
ment of this position (see Table 1), an F(obs) map 
was computed, and this produced four peaks of. 
approximately the same height, in a square-p1anar 
arrangement around Ni » This was because of its 
special position in the cell (y = z~0)» Since it 
was impossible at this stage to decide which, were 
genuine, two peaks in a cis configuration were chosen, 
and structure factors calculated» These were refined 

as phosphorus atoms (cycles 3 and 4), and at R=34^ 
an F(obs) map showed which was a phosphorus and which 
a chlorine atom» The refinement was therefore continued
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with the correct labelling of atoms, and two 

cycles (5 and 6) reduced R to 6.4^, on all atoms «
A weighting scheme was now applied with constants 
c^ = 4o and c^ = 0, and after cycles 7 and 8 
R was

The P(diff) map calculated on these planes showed 
the H(propyl) atoms clearly; in order to obtain the 
best geometry about each carbon, the position of 
the highest H peak was chosen in each case, and used 

to calculate the positions of the remaining two : -

H

C input

The hydrogen on the o(-carbon in each propyl group 
was similarly calculated. In all cases the calculated 
positions were at, or very near, the observed positions 
Structure factors and one cycle of refinement (cycle 9) 
using the calculated H positions, were computed. This 
was a more approximate refinement, as block diagonals 

were used for all atoms except hydrogens, which were 
added as constant contributions, R was 7  o C y f and the 

corresponding P(diff) map showed areas of electron 

density near some of the carbon and H(propyl) peak 
positions of height -^0,3 e/A^, Apart from two peaks
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o3of height,^1 e/A (one near H23 and one in an 

empty part of the cell), the highest peak (peak l) 
was near the nickel (height 0,7 e/A^, and 1,37^ 
away) at (0,256 -0,085 -0,050), This was
almost trans to the chlorine position (Cl-Ni-Peak = 
i77°) ; another peak (peak 2), 2,56A away from the

Ni position, also appeared. This was height 0.5 ,
and 1,2% away from peak 1, To ascertain whether these 
peaks were genuine or spurious, a series of F(diff) 
maps was calculated, in a similar manner to those 
computed for RuH(C^QH_)(dmpe)^ , For these maps the 
calculated planes at R=7,0^ were used, i,e, structure 
factors were not calculated for each separate set of 
data. At the lowest resolution (maximum sin 0 / X = 0,3) 
the two peaks 1 and 2 merged together, but at all 
higher resolutions the nearer of the two remained 
consistently higher than the farther one, and constant 
in position:-

Resolution t Ni-H(A)
Peak 1 Peak 2

0,66 0.52 1.37
0.64 0.54 1.37
0.62 0,48 1.37
0.52 0.35 1.37

all data 

0,6 
0.5 
0,4

0.3 0.33
Assuming that Peak 1 represents the hydride scattering, 
the derived Ni-H distance is 1,42,
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The unobserved reflections were calculated 
(those with amplitude <20e, and amplitude: 

deviation <5)j all were sensibly small,

Results and Discussion.
Final positional and vibrational parameters are 
listed in the Appendix (Tables 2 and 3)0 The 
molecular geometry is given ip Table 4, and 
Table 5 lists the agreement analysis at R=5°5^o 
A  drawing of one molecule is shown in Figure 2 
with the numbering system used, and a stereo 

drawing of the crystal packing in Figure 3 o

The structure consists of discrete molecules with 

the closest non-hydrogen contacts Cl-025 3 » 65 ;
G16-C21 3 063; C22-C28 3 o62A. The nickel and
coordinated atoms form a nearly regular square 
plane, the maximum deviation from the plane, 
through N i , Cl, PI, P2:-

15 o l l x  + 2.46y - 5 .I5Z - 3o79 = 0

being 0,Ol2, The Ni-P distances (average 2,193^),

are considerably shorter than in other square planar
Ni(ll) complexes - see Table 6, Though in other

Ni(ll) geometries, e ,g, 5 coordinate and octahedral,
a wide variety of Ni-P bond lengths is observed, in
tetrahedral and square planar Ni these are generally

oin the range 2,25 - 2,28A, (These are all trans
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Figure 2.8.2 
NiHCl(PPrg)g

View of one molecule, illustrating the numbering system 
and the geometry round nickel.
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Figure 2.8.1 
NiHCl(PPr̂ )g Crystal

Figure 2.8.3 
NiHCl(PPrg)g

Stereo drawing of the packing viewed down y axis



Bond distances (%) and angles (°). with their 
estimated standard deviations
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Around Nickel
Ni-P(l)
Ni-P(2)Ni-Cl

2.193(2)
2.192(2)
2.207(2)

Phosphine Groups
P(l)-C(ll) 1.86(1)P(l)-C(14) 1.85(1)P(l)-C(17) 1.87(1)
C(11)-C(12) 1.56(1)C(ll)-C(13) 1.54(1)C(14)-C(15) 1.56(1)
C(14)-C(16) 1.56(1)C(17)-C(18) 1.52(2)C(17)-C(19) 1.55(1)
P(2)-C(21) 1.86(1)
P(2)-C(24) 1.86(1)P(2)-C(27) 1.85(1)
C(21)-C(22) 1.54(2)C(21)-C(23) 1.55(1)
C(24)-C(25) 1.53(1)C(24)-C(26) 1.56(1)C(27)-C(28) 1.57(1)C(27)-C(29) 1.58(1)

P(l)-Ni-P(2) 163 5(1)P(l)-Ni-Cl 98.3(1)P(2)-Ni-Cl 98.2(1)

Ni-P(l)-C(ll) 113 7(3)
Ni-P(l)-C(14) 110.3(3)Ni-P(l)-C(17) 114.6(3)
Ni-P(2)-C(21) 112.9(3)Ni-P(2)-C(24) 110.5(3)Ni-P(2)-C(27) 114.1(3)
C(ll)-P(l)-C(14) 103.3(4)
C(U)-P(1)-C(17) 110.8(4)C(14)-P(l)-C(17) 102.9(4)C(21)-P(2)-C(24) 103.2(4)C(21)-P(2)-C(27) 111.6(4)C(24)-P(2)-C(27) 103.6(4)
P(l)-C(ll)-C(12) 116.1(6)
P(1)-C(11)-C(13) 112.1(7)
C(12)-C(ll)-C(13) 111.4(8)P(1)-C(14)-C(15) 109.5(7)
P(l)-C(14)-C(16) 111.8(6)C(15)-C(14)-C(16) 108.4(8)
P(l)-C(17)-C(18) 110.9(7)P(l)-C(17)-C(19) 117.6(7)C(18)-C(17)-C(19) 110.6(8)
P(2)-C(21)-C(22) 110.6(8)P(2)-C(21)-C(23) 116.4(7)
C(22)-C(21)-C(23) 113.0(9)P(2)-C(24)-C(25) 111.5(6)
P(2)-C(24)-C(26) 109.5(6)
C(25)-C(24)̂ C(26) 109.3(8)P(2)-C(27)-C(28) 112.1(6)P(2)-C(270^(29) 116.7(7)
C(28)-C(27)-C(29) 108.5(8)
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156

complexes o) Values ranging from 1.10 to 1.26^
155

have been suggested as Ni(ll) radii. However, 
oif 2.28A is assumed to irepresent a pure Ni-P 

sigma bond length., then a covalent radius of 
1.18A is derived. In trans-Ni(C=C.Ph)^(PEt^)2 , 
a complex, with, P cis to C(<r) , Ni-P is 2.1?A, 
and this is analogous to the present case, in 
which. P is cis to hydride. Both. H and C(cr) are 
known to exert strong static trans weakening 
effects (see later), and it appeajps that they may 
also have considerable cis strengthening effects.
This will also be discussed later.

The Ni-Cl bond, 2.207&, is longer than the radius 
sum (2.182,), and, like other platinum group 
hydrides, is longer than in the corresponding 
trans dihalide. (See Table 7) It is compared 
to other square planar Ni(ll) halides in Table 8.
Many hydride complexes of square planar or octa
hedral symmetry show this effect but it is not 
generally observed for other geometries, perhaps 
because of the strongly directional nature of such, 
bond-weakening effects.

The two phosphine groups are related by a pseudo centre
of symmetry(see Figure 2), indicating that replace
ment of 01 by H has very little effect on the ligand

igeometries. (NiCl^(PPr^)g is centrosymmetric,)
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TABLE 2.8.6

Ni-P Distances in square planar complexes

tr-NiHCKPPrg)^
Ni-P
2.19

Refera

tr-NiClg(PPri)2
tz-Ni(SCN)g(PPrg)2

2.28 a
2.27 a

tr-NiClg(P(C^H^) g)g 2.27 b
tr-NiBrg(PEtg)g 2.28 c
tr-Ni(C=C0)g(PEtg)g 2.17 d
tr-Ni(Se.o-CgH,̂ .PPh ) 2.17 e
trrNiBrgCPPhg.CgHgCHg)g 2.26 f
tr-NiBr_(PMe_Ph) 2.25 g
Ni(C2Hy)(PPhg)2 2.18,2.20 h

M C Hall, B T Kilbourn & R H B Mais, unpublished data

P L Bellon et al., Ric.Sci., 1963, 21, 1213
V Scatturin & A Turco, J.Inorg.Nucl.Chem., 1958, 2, 447
G R Davies, R H B Mais & P G Owston, JCS(A), 1967, 1750
R Curran, J A Cunningham & R Eisenberg, Inorg.Chem.,
1970, 2, 2749
B T Kilbourn & H M Powell, JCS(A), 1970, 1688 
D W Meek et al., JACS, 1969, 91, 4920
C D  Cook et al., Chem.Comm., 1967, 426
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TABIf 2.8.7
Comparison of trans dihalides with 

' ■ trans hydride halides
M-X Reference

tr-NiHCl(PPrg)2 2.21
tr-NiClgCPPr̂ )̂  2.16 a
tz-PdHCKPPri)^ 2.39 b
tr-PdClgCDMSO) 2.29 c
tr-PtHBKPEtg)^ 2.56 ' d
tr-PtBrg(PEtg) 2.43 e

TABLE 2.8.8
Ni-Cl Distances in square planar complexes

Ni-Cl Reference
tr-HiHCKPPrg)^ 2.21
tr-NiClgCPPri)̂  2.16 a
tr-NiCl2(P(C^^H^)g)2 2.18 f

a. M C Hall, B T Kilboum & R H B Mais, unpublished data
b. See Chapter 2.9
c. H J Bennett et al., Acta.Cryst., 1967, _23> 788
d. P G Owston, J M Partridge & J M Rowe, Acta.Cryst.,

. 1960, 13, 246
e. G G Messmer & E L Airana, Inorg.Chem., 1966, 2» 1755
f. PL Bellon et al., Ric.Sci., 1963, 33, 1213
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1Within each PPr^ group, the distances appear
. onormal, with an average P-C bond of l.SbA, and

oC;-C bonds of lo52 to lo58A. These values are 
all slightly longer than in the other two nickel
isoprppyl phosphine complexes (P-C all 1„85A,

o , iC-C average 1.52A in NiClg(PPr^)g , P-C average
1 .83!, C-C average 1.522 in Ni(SCN)2(PPr^)g. )

The Ni-H distance of .1.42 is among the shortest 
observed using X-rays; it is consistent with the 
radius sum (1.18 + 0.26 A). This is the first 
reported platinum group M-H bond length, and 
its significance will be discussed further in 
Chapter 2,10.

The cis and tar ans effects of the hydridic hydrogen
157

The trans influence has been defined as the static 
weakening effect of one ligand on the bond trans to 
it, as distinct from the trans effect which is 
principally a factor in influencing the rates of 
substitution reactions, mainly of Pt(ll) complexes. 
Various theories have been advanced to explain the 
order of ligands in a trans-(effect or influence-) 
series ; (the order is very similar for both, series).

158
lo the electrostatic polarisation theory,

159 ,16 02. the IT-bonding theory,
161, 162

3o the o'-bonding theory.
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There is general agreement nowadays that the 
main factor is the degree of sigma bond strength, 
of the labilizing bond, since it is otherwise 
impossible to explain why H and Me have such 
large trans influences (see e.g. Table 7)5 which 
illustrates that a trans influence is generally 
reflected in bond distances. An alternative 
view would be that static trans influences are 
recognised ^  their effects on bond lengths. 
Following from calculations on ligand-metal p

163orbital overlap integrals, (Gray and Langford,
155aand extended by Mason) it has been shown that 

the degree of p orbital overlap in the M-L bond 
is directly correlated with the trans influence 
of L.

It is thought that good TT-acceptor ligands, e.g. CO, 
CN, which exert a large trans influence, do so 
mainly because of a high (T-trans influence which is 
actually reduced by their TT-trans influence, and 
that ligands such as ethylene have no static trans 
influence, their trans effects operating entirely 
through stabilisation of a transition state.

In the case of nickel the overlap integral for
155a.

Ni(4pcr) with H(1s) was shown to be O.5 6, higher 
than for any other Ni-L(sp hybrid) bond « While the 
H(1s) orbital also has good overlap with Pd and Pt 
p orbitals, the integral is lower than for Ni; this
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may be a factor contributing to the stability of 
the Ni-H bond in NiHCl(PPr^)g . This seems 
intuitiveiy reasonable, in view of the polarisability 
of the hydrogen atom, and the small, compact nature 
of its Is orbital, which can form a very strong, 
highly directed sigma M-H bond,

161

According to Syrkin, the trans influence of a 
ligand L is due,' not to favourable p orbital overlap, 
but to an increase in the s character of the bond M-L 
i « e o there is a re-hybridisation of the metal orbitals 
to give a predominantly sd orbital for this bond.
This results in the trans bond having more p character, 
and in a simultaneous strengthening of the cis bond, 
■which can also use an orbital of greater sd character, 
This suggestion that a large trans weakening influence 
is accompanied by a cis strengthening influence, is 
supported by the bond lengths in NiHCl(PPr^)g »

(Cis weakening effects are less easy to explain, 
except on a straightforward polarisation theory. The 
effects of trans directing properties can be measured 
using physical properties such, as IR force constants 
and NMR coupling constants and shifts, which are 
sensitive to trans ligands, but cis influences, being 
usually smaller, are more difficult to detect. One 
property which, has recently been shown to be affected

35by cis ligands is the Cl NQR frequency. Recent
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. 1 6 4
studies by Fryer on Ni(ll), Pd(ll), and Pt(ll) 
complexes only considered ligands cis tc chlorines, 
P was shown to have a very small effect and there
fore in NiHCl(PPr^)^ the trans effect of hydride 
is more important than the cis effect of P.)

In the present complex the cis bonds are each,
o ishortened by 0.O87A whereas the trans bond is only •
olengthened by 0 .O27A, so that the cis strengthening 

is the more important result of replacing chloride 
by hydride. Since one would expect a cis weakening 
by hydride, Syrkin rehybridisation is presumed to 
be the factor that reverses this lengthening effect. 
However, this cannot account for the entire short
ening observed, as one would still expect the cis 
influence to be less noticeable than the trans 
influence. In this case the most likely reason for 
the additional shortening of Ni-P is the possibility 
of It-bonding into P(d) orbitals. In this way the 
excess charge concentrated on Ni by the hydrogen can 
be dissipated by back bonding rather than remaining 
on the Ni atom and thus' enhancing the polarity of 
the cis bond, as is the case with. Fryer*s complexes.

Summarising, in the present complex, the hydridic

hydrogen probably forms a very strong, highly 
concentrated bond to nickel, which weakens the trans 
Ni-Cl bond, and also the cis Ni-P bonds. The
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resultant concentration of electron density on 
the nickel atom is dispersed hy back bonding 
into the phosphorus d orbitals, which, shortens 
the Ni-P bonds. The cis effect of hydride 
appears to be larger than the trans influence, 
and is in fact quite significant.

The Stability of NiHCl(PPr^)^

In the absence of structural, information the 
stability of the Ni-H bond was assumed to be 
partly steric, as PPr^ is a very bulky ligand, 
which could hinder rearrangement of the square 
planar complex, to a tetrahedral configuration, 
and also hinder attack of reagents along the z 
axis, by folding in around the Ni-H region.
NiHCl(P.cyclohexy1^)2 is also stable, for the same

150 n \reason. NiHCl(PPr^ )2 is unstable ;. molecular
models show that this can just exist in the 
tetrahedral form, whereas the isopropyl complex, 
cannot. N iHC 1 ( PE t ̂ ) 2 cs.n easily exist in a tetra
hedral form. These are undoubtedly important 
contributing factors, but the structure analysis 
reveals that the hydride ligand has a very 
pronounced effect on the electron density round 
the nickel atom, and hence on the ligand orbitals, 
so that this is seen to be a factor contributing 
to the stability of this complex.



Trans- Ni(Me)Cl(PPr^)g

The compound tr- Ni(Me)Cl(PPr contains the
tirans chloride-methyl grouping, in which the treins 
influence of a methyl should he observable in the 
Ni-Cl bond length. Methyl is known to exert a 
weakening effect comparable to hydride,
The crystals were transparent khaki coloured 
needles up to 2 mm. in length, which turned gradually 
red in the dry box, under nitrogen. They were 
mounted with silicone grease in tubes, but the 
majority had decomposed before photographs could 
be taken. Prom photographs of those that had not 
decomposed, the symmetry appeared to be triclinic, 
with no evidence of the twinning suggested by the 
crystal shape (long clefts down the middle).

// ///

Prom photographs of an a axis mounted crystal:

a = 8.7 A
b = 8.3 A R*A»108°.

oc = 15 o 2 A

Further photography indicated the occurrence of a
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mondclinic modification (twinned?) whose c axis, 
only, was consistent with that of the triclinic 
crystals:-

h = 13.2 A 106°,
c = 15*2.%

No more pictures could be obtained from the sample 
so it was decided to wait until a better sample 
could be prepared, to resolve this ambiguity.
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CHAPTER 2.9 

THE CRYSTAL AND MOLECULAR STRUCTURE OF
TRANS-PdHCl(PPro)g

Palladium is involved in several industrially important 
catalytic reactions but there is less structural 
information about its complexes than about either nickel 
or platinum complexes. This has probably arisen because 
the palladium and platinum analogues tend to behave 
similarly, and are expected to be isostructural in many 
cases. However, palladium is relatively less likely to 
obscure the observation of very small electron densities 
such as hydride ligands. The crystal structure of the 
stable hydride PdllCl (PPr^ ) ̂  "wa.s studied for this reason.
It was .hoped to locate the hydridic hydrogen in order to 
provide more evidence on the length of an M-H bond, and 
particularly to confirm whether the short Ni-H bond is 
part of a general trend to contraction at the end of 
the transition series.

Furthermore, the structural influence of the hydride 
ligand on stereochemistry and on neighbouring metal-ligand 
bonds, could be observed and compared.with, nickel and 
platinum structures.

Preparation
i ^PdllCl (PPr^ ) 2 cannot be prepared in the same way as

. iNiHCl(PPr^)P; it has to be reached via the cyclohexy1



phosphine derivative, and purified by a cyclic
165procedure ; -

PdHCl(P.Cy^)2 -
(contains some 
NlHCl(P.Cy«)2 )

NaBH,
NaBH.

^PdH(BH 2̂ )(p.Cy^)2 PdHCl(PPr )g

(i) PdClg(PEt^)2 
(ii) PPr^

Cy = Cyclohexy1

The colourless crystals were prepared by H Munakata 
in Oxford, as large hexagonal prisms, almost perfectly 
shaped. These were fairly stable under nitrogen, but 
were mildly photosensitive. The crystal used is shown 
in Figure 1,

Crystal Data
~ 463.0; monoclinic, a = 16,335 + 0.00?,

b = 8 .9#  + 0.004, Ç = 16.343 + 0.011 p =  93.41 + 0 .05°;
03u = 2383.3 A , Dg; = 1.29 (flotation), Z = 4, D(. = 1.30, 

P(ooo) = 976;
5Space Group P2j/£, (C211» no. l4) , Mo-Kcx radiation

r(Nb filter), X =  O.7IO7O A, Lu= 10.13 cm"^
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240,

on

001 100

Figure 2.9.1
PdHCl(PPr̂ )g Crystal

420,

The Equations of the Bounding Surfaces 
of the Crystal

1 m n P (hkl)
1 .̂6415 .5795 -.5026 123.56 Ï00
2 .5887 -.6171 .5221 122.92 100
3 -.5807 -.7486 -.3201 201.00 00Ï
4 -.7539 -.2386 .6122 222.65 oil
5 -.1783 .4359 .8821 225.35 oil
6 .5531 .7927 .2563 199.17 001
7 .5758 .3937 -.7166 214.73 oil

8 .(#62 -.3398 -.9356 218.89 oil
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Data Collection
Temperature -70°; scan range -Oo5° to i-0„5° ;
Scan speed 2° 20/minute; fixed time 10 seconds;
Standards (0 0 12), (10 0 o) and (o 6 o) falling
to 78^, 94^ and 95^ of initial intensity;
reflections measured in octants |hlcl|and {hkl} ,

oto a maximum 20 = 27 ; cell dimensions from 5 
reflections (20 measurements) giving angles 

= 89.99(4 )°, y = 90o06(4)°; total number of 
independent structure amplitudes obtained after 
data reduction and collation of equivalent 
reflections 4325.

Solution and Refinement of Structure
XPreliminary photography had indicated that PdHCl(PPr^)2 

would be isostructural with, the nickel analogue, and 
so the final parameters for the nickel hydride were 
input and refined; Pd, Cl, P were corrected for A f ’, 
and were given anisotropic Uijs, while the carbon atoms 
were given isotropic U values. Hydrogen atoms were 
not included.

Cycles 1 - 3  (see Table 1) reduced R to 8.8^, at which, 
point an improved weighting scheme was introduced. The 
final refinement (Cycles 4,5) used the 1936 terms with, 
observed amplitude 35 and ratio of amplitude to 
deviation >8, so that the number of planes refined was
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comparable for the palladium and nickel complexes.
This refinement proceeded smoothly to convergence at 
R = 6 .lfo, when an P(diff) map was computed. There 
was considerable residual electron density round the 
metal; but all the Il(propyl) atoms could be seen.
The programme HCOORD was again used to check the 
positions, and these were then included, as constant 
contributions, in a final cycle.. This was based on 
4025 terms / lOCT, and used the same block diagonal 
approximation as had been used for 3iiHCl;(PPx'̂ ) ̂ . The 
corresponding P(diff) map again showed evidence of 
unaccounted-for anisotropy around Pd (maximum peak 
height 1 .5e), and so it was not possible to locate the 
hydridic hydrogen. A small peak was visible-, 1.88& 
from Pd and almost trans to chlorine, but it was 
surrounded by residual density. As with the Ni structure 
a neu’fer'on study would be very worthwhile. Unobserved 
reflections were calculated; none were greater than 
1.3x the minimum observed.

Results and Discussion
Pinal positional and vibrational parameters are listed 
in the Appendix in Tables 2 and 3, the molecular 
geometry is shown in Table 4. The agreement analysis 
at R = 6 ,1^0 is listed in Table 5* The molecule, which 
has an almost identical shape to Nil-ICl (PPr^) ̂ , is 
shown in Figure 2. The packing of molecules is also
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G)

?CM

C4.CM

CM

FiRure 2.9.2 
PdHCl(PPrg)g

View of one molecule, illustrating the numbering system 
and the geometry round palladium.
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Table 2.9.4

Bond distances (%) and angles (°), with their 
estimated standard deviations

Around Palladium
Pd-P(l) 2.299(3) P(l)-Pd-P(2) 167.4(1)Pd-P(2) 2.312(3) P(l)-Pd-Cl 95.9(1)Pd-Cl 2.390(4) P(2)-Pd-Cl 96.7(1)

Phosphine Groups
P(1)-C(U) 1.87(2) Pd-P(l)-C(ll) 112.7 5)P(l)-C(14) 1.84(2) Pd-P(l)-C(l4) 111.1 6)P(1)-C(17) 1.85(2) Pd-P(l)-C(17) 112.6 5)
C(dl)-C(12) 1.55(2) Pd-P(2)-C(2l) 111.4 5)C(ll)-C(13) 1.53(2) Pd-P(2)-C(24) 110.4 4)C(14)-C(15) 1.59(3) Pd-P(2)-C(27) 113.4 5)C(14)-C(16) 1.55(3)
C(17)-C(18) 1.56(3) C(ll)-P(l)-C(14) 103.9 7)
C(17)-C(19) 1.59(3) C(ll)-P(l)-C(17) 112.0 7)C(14)-P(1)-C(17) 103.8 7)P(2)-C(21) 1.85(2) C(21)-P(2)-C(24) 104.4 7)P(2)-C(24) 1.89(1) C(21)-P(2)-C(27) 112.7 7)P(2)-C(27) 1.85(1) C(24)-P(2)-C(27) 103.9 6)
C(21)-C(22) 1.57(3) P(l)-C(ll)-C(12) 116.2 11)C(21)-C(23) 1.54(3) P(l)-C(ll)-C(13) 113.3 12)C(24)-C(25) 1.52(2) C(12)-C(11)-C(13) 110.1 14)C(24)-C(26) 1.55(2) P(1)-C(14)-C(15) 110.0 13)C(27)-C(28) 1.56(2) P(1)-C(14)-C(16) 110.7 12)C(27)-C(29) 1.59(2) C(15.)-C(14)-C(16) 108.0 16)P(l)-C(17)-C(18) 111.6 12)P(i)-C(17)-C(19) 115.9 13)C(18)-C(17)-C(19) 111.5 16)

P(2)-C(21)-C(22) 109.5 12)P(2)-C(21)-C(23) 116.8 11)C(22)-C(21)-C(23) 111.1 15)P(2)-C(24)-C(25) 112.3 10)P(2)-C(24)-C(26) 108.4 9)
C(25)-C(24)-C(26) 110.1 12)P(2)-C(27)-C(28) 113.0 10)P(2)-C(27)-C(29) 114.6 11)C(28)-C(27)-C(29) 108.7 13)



222

■very similar and is not given as, a separate drawing»

The c omp l e x  is isos true ttiral -with. N i H C l ( P P r  )2 »

'c bn sis ting of well-separated molecules <> No inter-
omolecular contacts are less than 3 o^A, except some 

involving hydrogens» The best plane through. Pd, P, 
Cl atoms is;-

15.10% + 2.52y - 5.09Z - 3.77 = o

" ■ . .  ̂ , o 'and Pd lies only 0.OOgA from this plane. The structure
/ \ 166may b e  compared chiefly with, the similar PdHGl(PEt^)^

and the analogous Ni and Pt hydrides (NiHGl(PPr^)p,
167 168 ^

PtHBr(PEt^)2 , PtHGl(PEtoPhg)2 ); also with, analagous
169

Pd-G(cr) complexes ( PdBr (pyridine)2 (G_lIgOMe) , and , 
PdCl(C^2^ 9^ 2 )(PBt^)2 ).

Pt- and Pd-P distances tend to be very similar, and
these bonds are always shorter than the theoretical

138 o oradius sum (2.^2A). In the present case, Pd-P = 2.3OA,
and so the shortening is not exceptional (see Table 6 ). 
This length, is identical to that in PdHCl(PEt• )p , and, 
by analogy with, the nickel hydride, this may be attributed 
to a cis strengthening effect of hydride. However, in 
the two Pt hydrides the same effect is observed to a 
significantly greater extent (2.26A PtlIBr (PEt^) ̂  ̂

2.27A in PtnGl(PEtPh.2)20 )

Pt- and Pd-Gl distances are usually in the range 2 .3O 
to 2 .38A (radius sum 2 .3 OA), and so the Pd-Gl bond of
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TABLE 2.9.6
Pd-P Distances

Pd-P Reference
i

tr-PdHCl(PPrg)g 2.30
tr-PdHCl(PEtg) 2.31 a
tr-PdCl(Ĉ 2HgNg)(PEtg)g 2.30-2.32 b
cis-PdClgCPhgP.NEt.PPhg) 2.22 c
cis-Pd(NCS)(SCN)(dppe) 2.26, 2.25 d
cis-Pd(NCS)(SCN)(Ph2 P.CgHg.NMeg) 2.24 e
Pd(iT-CgHg)(SnClg)(PPhg) 2.32 f
PdCl(Me-CgĤ )(PPhg) 2.,31 g
Pd(CSg)(PPhg)g 2.32, 2.42 h
tr-PdlgCPMegPh)̂  2.34

a. H
b. D
c. D
d. G
e. G

f. R

g- R
h. T

i. N

1



TABLE 2.9.7
Pd-Cl Distances in square planar complexes

tr-PdHCKPPrg)^ 
tr-PdHCl(PEtg) 
tr-PdCl(C^gHgNg)(PEtg)2 
tr-PdCl (DMSO)g 
tr-PdClgCCgĤ QNOH)̂  
cis-PdClgCPhgP.NEt.PPhg) 
cis -P dCl g ( norbom adiene ) 
PdClg(benzonitrile)_ 
PdCl(ir-CĤ gĤ )(PPhg)
PdC1^2-

Pd-Cl Refera
2.39
2.43 a
2.38 b
2.29 c
2.24 d
2.37 e
2.31 f
2.32 g
2.38 h
2.30 i

a. H M M Shearer, personal communication

b. D L Weaver, Inorg.Chem., 1970, 2» 2250
c. M J Bennett et al., Acta.Cryst., 1967, 23.» 788
d. M Tanimura, T Mizushima & Y Kinoshita, Bull.O.S.Japan,

1967, 40, 2777
e. D S Payne, J A A Mokuolu & J C Speakman, Chem.Comro., 

1965, 599
f. N G Baenziger, J R Doyle & C Carpenter, Acta.Cryst., 

1961, 14, 303
g. W L Duax, Diss.Abs., 1968, 28, 3239-B
h. R Mason & D R Russell, Chem.Comm., 1966, 26
i . R H B Mais, P G Owston & A M Wood, unpublished data
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o
2.39A in the present complex is not lengthened so 
much as in the comparable Pd and Pt complexes (2.43A 
in PdHCl(PEt )g, 2.42& in PtHCl(PEtPb2)g ). This 
suggests that the trans weakening influence is not 
so strong in PdllCl (PPr^) ̂ , and this fits in well with 
an order of increasing trans and cis effects of hydride 
in this series; it may also provide some insight into 
the effectiveness of palladium complexes as catalysts. 
Platinum hydrides are generally very stable, whereas 
nickel hydrides are often unstable. It appears that 
palladium complexes may lie in the middle range of 
reactivity and the particular balance between the 
strengths of the different bonds could be favourable 
for catalytic activity.

M-P Radius
Sum A M-Cl Radius

Sum
2,19 2,28 -0,09 2,21 2,18 +0,03

2,30 2.42 -0,12 2,39 2,30 +0,09

2,27 2,42 -0,15 2,42 2,30 +0,12

NiHCltPPr^ig

PdHCl(PPr2)2

Similar trans effects are noted in Pd-C(CT) complexes,
e.g. Pd-Cl 2.38A in PdCl(C^gHgNg)(PEt^)g, Pd-Br 2.58A 
in PcŒrfPyridineïgtCyHgOMe); Pd-halide distances are 
listed in Table 7.
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Tlie angles at the metal are distorted from 90°
180 , as is always observed with transition metal
hydrides. The size of the distortion is,as expected, 
in proportion to the size of the central atom, and is 
greatest for the smallest metal.

P-M-P P-M-X
NiHCl(PPr^) 163° 98, 98°

PdHCl(PPr )g 168 96, 97
PdHCl(PBt^)g 169 95, 95

PtHClfPEtPhgïg 171 93, 95

PtHBr(PEt )g 172 94, 94

However, the slight increase in distortion in P-M-P from 
Pt to Pd is unexpected, since the sizes of these two 
metals are almost the same. (cf. in the ruthenium and 
osmium naphthyl complexes the angles are nearly identical.) 
This again suggests that apparently similar palladium 
and platinum complexes may show slight structural 
differences which are just large enough to influence 
catalytic behaviour.

The configurations of the two phosphine groups are very 
close to those in the nickel analogue. Again, there is 
very nearly a centre of symmetry. Within each group the 
geometries are unexceptional: the average P-C bond 
(I.865A), is longer than in PdHCl(PEt^)g (1.844a), as is
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the average C-C of 1.55A compared with The
values are similar to^ those in NiHC.l (PPr^ ) ̂  ,

Th‘,0 hydridic hydrogen was not observed, and in view
of the residual density round P d , no attempt was
made to locate the hydrogen by successive P(diff)

omaps. It is assumed to lie about 1.7A from the 
metal, in the vacant site tran.s to chlorine.
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CHAPTER 2.10

SUMMARY OF RESULTS ON' HYDRIDE COMPLEXES :

COMPARISON WITH OTHER WORK

Within the last few years there has been a 
proliferation in crystallographic studies on 
transition metal hydrides. The complexes studied 
for this thesis illustrate some of the problems 
encountered in obtaining accurate results. The 
known crystal structures are listed in Table 1, and 
these show that in almost all cases the hydridic 
hydrogen occupies a normal coordination position.
The only reported exceptions to this generalisation

' . 114
are RhH(PPh^)^ (and its mixed arsine analogue), in 
which the hydrogen appears to be mobile, and CoH(PE^)^. 
There are some gaps in the coverage of each transition 
series, and,in particular a general scarcity of data 
on first row complexes. This is because, although 
there is a greater chance of locating the hydrogen, 
first row hydride complexes are less stable than their 
heavier analogues.
The hydrogen atom is very small and so a distortion is 
often observed in the surrounding angles, leading to a 
reduction in crowding in other parts of the molecule, 
for example:-
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PtHBr(PEt Br-Pt-P 94

NiHClfPPrgig Cl-Ni-Pl 98

IrH(COOMe)(dmpe)g P2-Ir-Cl 94

85OsHBr(CO)(PPh^) P 1-0S-P2 158

NiHCl(PPr^)g P 1-N1-P2 163

PdHCl(PPr^)g Pl-Pd-P2 167

RuH(C ) (dmpe)g Cl-Ru-P4 162

• M-

All known M-H distances are consistent with, covalent
radius sums(assuming 0.26 - O.3A as the covalent radius
of H ), if one hears in mind the very wide variation in
covalent radii assigned to transition metals. An
•average* radius, derived from M-M distances in metal-

ometal bonded compounds, is 1.1 - 1.3A, and this leads 
to prediction of a 'normal* M-H distance of 1.4 - l.?A; 
this range does indeed cover all reported distances. 
Spectral information for diatomic hydrides also predicts

172distances in this range.

There has been much controversy over the question of 
whether a hydride ligand is buried in the electron cloud 
of the metal atom, because of some early calculations

Slfc 64b, 173and claims of very short distances. ' The argument 
over MnH(CO)^, in particular, has only recently been 
resolved by accurate X-ray and neutron analyses, which



Table 2.10.1
Transition Metal Complex Hydride 

Structure Determinations
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Complex Reference M-H
Cr(BgHg)(CO)̂ " a 1.75 observed
CrgH(CO)̂ -̂ b 1.70 inferred
MOgH(TTCp)g(PMeg)(C0),̂ c (1.80) inferred
MoHg(TrCp)g d — —
WH(CO)g e -

MnH(CO)g f 1.6 observed
MngH(CO)g(PPhg) g (1.86) observed
MngH(CO)̂ (̂BHg)g h (1.65) inferred
MnHReg(CO)̂ ^ i 1.7 inferred
ReHgZ- j 1.6-7 observed
ReH g(PPh g)g(dppe) k - -
Re3H(CO)i^2- 1 1.7 inferred
Re3Hj(C0)i^- m 1.6 inferred
Rê H6(C0)i22- n 1.6 inferred

cis-FeHg(PPh(OEt) o 1.5 ?
FeH(SiClg) (irCp)(CO) P — —
FesHCCO)̂ -̂ q -
FeRUgHg(C0)̂ ĝ r - -
RuHCl(PPhg)g 8 1.7 observed
RuH(COOMe)(PPhg)g t 1.7 observed
cis- RuH ( ) ( dmpe ) U 1.7 observed

V - -
OsHBrCCOXPPhg)^ X - —
cis-OsH(Cĵ gHy)(dmpe) y — —
OsH (PEt Ph) z - —
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Complex Reference M-H

tr-CoH(Ng)(PPhg)g aa 1.65 observed
QoHCPFg)^ bb - -
^H(CO)(PPhg)g cc 1.60 observed
RhHCl(SiClg)(PPhg)g dd (1.5) observed
RhH(NHg)g2+ ee - _

RhH(PPhg)^ ff - -
RhH(PPhg)g(AsPhg) Eg - -
RhgH(TiCp)^^ hh (1.57) inferred
IrH(CO)g(PPhg)g
tr-IrH(COOMe)(dmpe)2^

ii
ii

1.7 observed

IrH(C0)(PPhg)2(C,^H2N2) kk - -
IrH (CO)(PPhg)g(GeMeg) . 11 - -
IrHClgCMegSOg
Ir«(NO)(PPhg)g'*'

mm
nn - -

tr-NlHCKPPrb oo 1.4 observed
tr-PdHCl(PPri)_ oo - -
tr-PdHCl(PEtg) PP — -
tr-PtHBKPEtg)^ qq — -
tr-PtHCKPEtPhg)^ rr - -

ZngHgCMeN.CgĤ .NMeg)̂

Table 2

ss

.10.2

1.6 observed

Transition Metal Hydrogen Distances

Ti V Cr Mb Fe Co Ni Cu Zn
1.7 1.6 1.5 1.6 1.4 1.6
(b) (f) (o) (aa) (oo) (ss)

Zr Nb Mo Tc Ru
1.7

Rh
1.5-6

Pd Ag Cd

(s,t,u) (ccjdd)

Hf Ta W Re Os Ir Pt Au Hg
1.6-7 1.7
(i J ) (ii)

The references refer to Table 2.10.1
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showed that the Mn-lt distance is 1.6A, in the same 
range as all the others. (See references 51b, 1?4, 175) 
The evidence is thus wholly in support of a normal 
covalent bond.

Almost all the most reliable M:-H distances are from 
o1.6 to I.7A, and there seems to be a remarkable 

constancy, extending from chromium to zinc, for metals 
in their normal oxidation states. The only exceptions 
are Pe-H (l.̂ -S.), and Ni-H (1.4A). These* metals are 
both in the first row, and there is a tendency for M-H 
to lengthen from first to second row, and then to 
remain constant from second to third. This is probably 
a size effect rather than an indication that stronger 
bonds are formed with first row metals. The Pe-H 
distance may be anomalous in that it occurs in the only 
example,of a cis dihydride (excluding the rhenium 
hydrides) and there may in this case be some cis effect 
operating to shorten both bonds. There is no discernible 
trend along each series, or paralleling the number of 
d electrons. Neutron studies on NiHCl(PPr^)^ and 
PdHCl(PPr^)g would be worthwhile, to verify the short 
Ni-H distance, and to establish whether Pd-H is also 
short. If the short distance were confirmed this would 
suggest that there is a trend to contraction of M-H at 
the completion of a *d* shell. This could arise if a 
stronger bond is formed at the end of a series , using 
predominantly s and p orbitals/ after the d orbitals have



235

sunk into tlie core,

The only metal for which, there are reliable M-H 
distances in two common oxidation states, is rhodium^

O W  O 78Rh(l)-H is 1.6 - 1o7A, while Rh(lll)-H is 1.5A 
(though this is not such, an accurate determination).

The M-H bond seems to be exceptionally strong, because
of the very polarisable Is orbital. This highly
directed bond is very sensitive to its environment
(e.g. the influence of trans ligands on v (M-H) ), and
also apparently strongly perturbs the metal orbitals,
as judged by changes in the rest of the molecule. The
most obvious effect is that of polarisation which weaken;
all the other bonds. This is most noticeable in the
trans bond and an additional explanation is provided in

161terms of rehybridisation. (See Chapter 2.8) The effect 
is most■noticeable in regular geometries.

Square planar complexes;-
NiHCl(PPr )g 

PdHCl(PPr^)2 

PdHCl(PEt^)2 

PtHCl(PEtPh2) 

PtHBr(PEt )2

Ni-Cl .2.21 (2.16 in NiCl2 (PPr_)2 )

Pd-Cl • 2.39 (2.30 in PdCl^^”)

Pd-Cl 2.43

Pt-Cl 2.4-2 (radius sum 2.30)

Pt-Br 2.56 (radius sum 2.43)

It can be seen that the trans lengthening increases 
markedly from Ni to Pd. ^



Octahedral complexes;- 

liuH ( C ̂ ) ( dmp e ) 2 Ru -P

08lIBr(C0) (PPh ) Os-P

j^IrH(COOMe) (dmpe)2j'̂  Ir-C

%rHCl2(Me2S0) Ir-S

Roll (acetate) ( PPh^ ) ̂  Ru-0

BUT

MnH(CO)

2.33 (2.28-2.30 in cis positions)

2.56 (2.34 " " " )

2.10 (2.05 in Irl2(C0)(COOMe)
(hipy) 13*

2.39 (2.25 in cis positions)

2 . 2 6  (2 . 2 1  " " '' )

Mn-C 1.82 (1.85 in cis positions)

In the bonds cis to hydrogen the polarisation effect is 
cancelled by formation of a very strong bond, in agreement 
with Syrkin•s theory. -

NiHCl(PPr )^ Nii-P 2 . 1 9  (2.28 in NiCl2 (PPr )g )

RhHCl(SiCl^)(PPh ) Rh-Si 2.20 (radius sum 2.49)

PtHBr(PEt )g Pt-P 2.26 (radius sum 2.42)

In each, case the cis ligand contains suitable orbitals for 

back donation, and this may explain the marked strengthening 
effect of cis hydrogen.

In a more general way, hydrogen may perturb the electron 

clouds round other atoms because of the build-up of 
electron density at.' the metal, and it is possible that
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the energies of.the bonding orbitals in, say, a C-C 

system may be altered by the presence of a hydride, 
so that a reaction can take place. It is thought 
that in catalytic hydrogenations the substrate must 
be cis to the hydrogen and this suggests that some 
direct interaction occurs between substrate orbitals 
and the hydrogen Is orbital. However, the cis bond 
seems to be strengthened, which could inhibit reaction.
The trans bond, while weakened, is less favourably 
placed for further reaction.

All these effects appear to be more pronounced at the 
ends of each, series. Possibly the d shell is more 

susceptible to such, influences when it is nearly full.
This suggests that metals at the end of each, series are 
most affected by the formation of M-H, and the observation 

that the trans effect increases from Ni to Pt suggests 
that the heavier metals are more affected. Possibly, this 
could be correlated with, a stronger M-H bond at the lower 
right hand side of the d block caused by greater orbital 
overlap. The catalytically important metals lie in this 
region; presumably a strong M-H bond is necessary in order 
for hydrogen to remain on the complex long enough, for 
reaction. Also, since these metals are most susceptible 
to changes in their electronic environment, they should be 
most effective catalytically.
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CHAPTER 3 o1

ACTIVATION OE SMALL MOLECULES BY 
. TRANSITION METALS:

THE ATTEMPTED STRUCTURE DETERMINATION OF 

A MOLYBDENUM DINITROGENYL COMPLEX

T r a n s i t i o n  metal i n t e r mediates are probably important 

in bio l o g i c a l  reactions, p a rticularly those i n v o l v i n g 

small molecules, e.g. O g , Ng. These may be taken up 

by m e t a l l o - p r o t e i n s  and uti l i s e d  in bioch e m i c a l 

processes; an example is the uptake of oxygen by the 

ir on r- c on t ain in g protein haemoglobin. Simple analogues 

of these systems may be found among certain. t r a n s i t i o n
124

metal complexes, and Vaska*s compound, IrCl(CO) (PPh.^) ̂  , 

in particular, reacts with small gaseous molecules in 
several ways:-

1. The small m o l e c u l e  is dissociated, and the atoms 

b o n d  separately to the metal atom, e.g. addition
125

of H g  to give a cis dihydride I r ( h ) ^ c i ( C O ) ( P P h ^ )^ »

2. B o t h  atoms b o n d  to the metal but the m o l ecule
.. . ' 126

r e m ains associated, e.g. I r (O g ) C l (C O ) ( P P h  )^ ;
176

P t ( O g ) ) 2 o T h e s e  may be compared to d e f i n e
21

and acet y l e n e  adducts, e.g. Ir (TCNE)Br (co) (PPh.^) g °
(Case 1 is re a l l y  the extreme of Case 2; the strength, of
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tli.e completed 0=0 bond, depends on the electron 
density at the metal.)

3. One atom bonds to the metal, e.g. in addition of 

CO,. SOg, Np, NO. In some of these adducts, the 
small molecule x-etains the same shape as in its' 
uncompleted form (e.g. Ir(S0p)Cl(C0)(PPh^)g ),2'
whereas in others a distortion in geometry occurs

178
Cl . Also, some diatomice.g. [Ru(S0g)Cl(Niy)2̂

molecules bond linearly (e.g. Ir(CO)Cl(CO)(PPh )3'2 '
Fe(NO)(SgCNMeg)g), others at an angle

(e.g. Ir (NO)c i (c o ) (PPh.„ ) „ ) . It has been
. in,  ̂ ^

suggested from these and related observations
that the electronic effect of bonding to a metal 
can be equivalent to raising the molecule to an
excited state. There is some support for this

.180 , \ I  nun 1
181

(PtCl^)g(butadiene)
from the geometries of, e.g. Pt(CSg)(PPh ) ,

181(NMe Bt) 2

The small molecule is linearly coordinated to two 

Co (NH„)metal atoms, e.g. , ( 0 g ) R u (N lI  )g 2(^2'
Bridging dinitrogenyl complexes will be discussed 

in the following section as the two molybdenum 

structures to be described arose out of work on
Mo-(Ng) complexes
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Transition Metal Dinitrogenyl Complexes 
Nitrogen is classically described as an inert gas; 
however, biological systems can convert atmospheric 
nitrogen at normal temperatures and pressures into 
ammonia and thence into useful nitrogen-containing 

compounds. The equivalent industrial process,
(Haber-Bosch), though economic, requires extreme

184
conditions. The nitrogen-fixing enzyme is now known 
to contain iron and molybdenum fractions, and so it is 
possible that an inorganic compound might exist which, 
would perform the same function. Attempts to achieve 
fixation using transition metal catalysts have been

185— 188
widely reviewed.

The existence of M-(Ng) complexes was predicted in 196O,
although, it was thought that they would be less stable
than complexes of the isoelectronic CsO. It was also
suggested that the sideways mode of bonding would be

Crelatively more stable than M-||[ , but this argument did
O

not take into account the fact that the orbitals are 

less favourably disposed for sideways bonding to a metal.

The first M-(Ng) complex, was not isolated until I965 - 

Ru(NH^(Rg) ) but probably many had been unwittingly 
prepared before. Examples are now Icnown fox'many Group VIII

191 192 193 194
metals, also Mo, Re, and ¥, as well as bridging 

195 196
dinuclear , and bis~(N2) complexes, and many of these



have been prepared directly from atmospheric nitrogen„ 
Electronic factors influence the stabilities of such 
compounds; good donor ligands help to stabilize a 
Mh(Ng) bond, and the complexes, once formed, are

usually very stable indeed* This is particularly true 

of the heavier metals where the larger d orbitals 
provide better overlap, and the most stable complexes 
lie on the Ni-¥ line*

In free nitrogen,the stretching vibration is only Raman-
active,, at 2331 cm , but. all M-(Np) complexes have a

-1band in the IR, usually 200-̂ -300 cm lower than this*
This corresponds to a slightly weaker N=N bond, still 

much stronger than N=N in eg.. Ph-N=N-Ph ( v>(n =:N) 1510 cm~^). 
The lowest V(NEN) yet observed for a mononuclear complex.

-1 ’97
is 1922 cm for ReCl (N^) (PMe^Ph)^^ , but significant
lowering of v’(NSN) occurs in the dinuolear compounds
which are consequently thought to be more readily
reducible, given the appropriate conditions*

I ■ .

So far no complexes have been reduced to ammonia,
and it has been suggested that the end-on structure is

too stable* (All known nitrogenyl complexes contain ehd-

on bonded nitrogen*) There is no evidence, however, that
reducible species need contain sideways-bonded nitrogen,

except by analogy with catalytic hydrogenations of defines*
It is hoped that the N=N bond will be weakened and activated
by complexes. Structural studies have been reported for
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c o m p l e x e s

M - N  N = N  M - N - N  R e f e r e n c e

Ru(NH.,) (N ) Clp 2 .10(1) 1.12(8) d 8 0 °  1?8
J fd±Aordered^( d i s o r d e r e d )

Rn(NH^)^lg(Ng) 1.93(1) 1.21(1) 178° 18]
,0 199CoH(N2 )(PPh2 ) 1.81(2) 1.11(1) 178

R u ( N  ) ( N  ) ( e n ) _ l  P P ,  n o  d a t a  a v a i l a b l e  2 0 0

T h e s e  results show that the b o n d  length i s  almost t h e
, O .  2 0 ’

s a m e  a s  i n  f r e e  g a s e o u s  ( I . I A ) ,  i . e .  s t i l l  e s s e n t i a l l y  

a  triple b o n d .
202

A l t h o u g h  t h e r e  were some early claims that complexed 
n i t r o g e n  had b e e n  successfully reduced to NH^, t h e r e  is 
n o  authenticated example o f  t h i s  happening. Various 
Z i e g l e r - N a t t a  t y p e  s y s t e m s  h a v e  b e e n  f o u n d  t o  g e n e r a t e  

ammonia, but always in strongly r e d u c i n g ,  n o n - a q u e o u s
203

c o n d i t i o n s .  Some of these are c a t a l y t i c  reactions,
188b

and there is some e v i d e n c e  (ESR) for hydride inter
mediates. This correlates with t h e  observation t h a t  all 
n i t r o g e n - f i x i n g  b a c t e r i a  c o n t a i n  h y d r o g e n a s e s , and it is
possible that cis c o o r d i n a t e d  H and N_ would be in the

most favourable o r i e n t a t i o n  for reduction. The r e c e n t l y

discovered heterodinuclear complexes may be t h e  closest,
197

so far, to a n i t r o g e n a s e  model; if h a s  b e e n  s u g g e s t e d

t h a t  the Re (l)-(Ng)-Mo system in ( P M e 2P h ) z i C l R e - ( N 2 ) - M 0C I 4 

( P E t P h  ) i s  analogous to Ee(II)-(N^)-Mo. A  b o n d i n g

scheme h a s  been postulated in which the Mo acts as an
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electron sink to polarise the N=N bond* In the ex'.treme 
case this would give ReSN-Naio, which could then break 
up giving Niy „

There have also been studies on nitrogen fixation on

metal surfaces, e.g. with nickel a strong band at 
-12202 om in the IR indicates that the bonding is probably

2 0 4

end-on, and that chemisorption has occurred *

Molybdenum-Nitrogen System

D C Smith and co-workers in Petrochemical and Polymer 
Laboratory have been studying routes to molybdenum

2 0 5

dinitrogenyl complexes, starting from Mo(v)* The
precise course of the reduction to Mo(l) and Mo(o) was,

however, unclear because of difficulties in chai’acterising,

the intermediates* The reaction scheme, as finally

elucidated, is shown in Figure 1* The yellow, air-stable
Mo(l) complex gave variable analyses, the nearest formula
being MoCl (N̂ .) (dppe ) ̂  „ (The analysis was complicated by
the presence of co-product Mo (N^) 2 (d-ppe) ̂  ) Different
samples always had one, sometimes two, bands at 1970 and 

-1 .1950 cm , which were assigned to v(N=N)o Far IR (single 
v(Mo-CI) at 313 cm ^) and ^epf(2«l BM) were also in 

agreement with this structure* The complex reacts with 
MoCIj^(THF)^ to give a blue product with v(N=N) at 1770,

2̂:1720 cm ^, and this probably contains the Mo-(Np)-Mo
1 9 7

grouping, by analogy with Chattes Re-Mo nitrogen complex* 

Crystals were prepared by D C Smith, and recrystallised
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Ip.y Mrs V C Adam far om 98^ acetone/2^ pentane* They 
■were very thin, brittle yellow flakes of irregular 
shapeo The crystal used for collecting data was one 
of the largest obtainable, and is shown in Figure 2o .

Crystal Data
C H^gMoP^Cl^ ̂ M = 963, monoclinic; a = 49,l6l i 0.076,

b = 10.938 ± 0 .012, ^ = 18,171 + 0.019 A, ^ =99,1 1 0 .1°
U = 9666 Z = 8, Dc = 1.33, F(OOO) = 3968,
Space Group 02/c

X  = 0.7107 A, ^ = 3 . 3

Space Group 02/c (O^g^; no. 13), MoKcx (Nb filter)
-1cm

Data Collection .

Temperature -?0°; scan range -0.8° to +0.5 ;
Scan speed 2° 20/minute; fixed- time 20 seconds;

Standards (O 0 2) and (12 0 o) falling to 97^ and 
100^ of initial intensity; reflections measured in 
octants -jlikl} and |hkl[ , to a maximum 
29 = 39°; cell dimensions firom 4 reflections

(16 measurements) giving angles o< = 90.00(l0),
'X = 8 9 o 9 7 ( 1 2 ) ;  total number of independent structure 
amplitudes obtained after data reduction and collation 
of equivalent reflections 3260.

Solution of Structure
Form factors for Mo, 01, P atoms were corrected for A  f ' . 
After averaging equivalent reflections, only 270 terms 

had observed amplitudes >10eo All terms> Be were used in
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the analysis, giving a total of 455, The Patterson
map of C2/c has Marker vectors at:-

2% 2y 2z
0 2y i

^-2x i i-2z

corresponding to the equivalent positions at : -

% y z -X -y -z

X -y ^+z -X y i-z
^+y z ^-y -z

^+x Y~y &+Z ^-x ^+y i-z

A consistent solution was found for Mo at (0,134 

0.180 0 .0505), and after three cycles (see Table 1)
the R value for this position was 34.5#, though the
U value had decreased to 0,014, The F(obs) map on 
these planes showed the positions of three possible 
P atoms, but after two more cycles R had only decreased 
to 31*1#* The corresponding P(diff) map showed that 
one P atom (P3) had been wrongly identified; it also 
indicated a Cl atom and the positions of the phosphine 
links. There was a blur of electron density in the 
area of the wrongly placed P atom, but it was not 
possible to identify this as a nitrogen molecule. 
Further calculations are shown in the table (Cycles 6 

and 7); during which more carbon atoms were added.



It appeared from the maps.computed that P3 was In 

fact a second chlorine atom. Accordingly, the rigid 
body parameters for the phenyl rings were calculated, 
and two cycles (8 and 9) of refinement assuming the 
formula M o C l  (dppe)^ were computed. The P(obs) map 

at R=i4o5# showed quite conclusively that there is 
no space to accommodate a nitrogen molecule so that 

must have been lost during reerystaliisation, The

geometry of the molecule was not very clearly defined, 
although the positions of the two chlorine atoms and 

the phosphine groups could be seen, Since the nitrogen 

had been lost, and the data was so weak, further 
refinement did not seem to be justifiable, and so was 

halted at R=l4,5#o

Results

The molecular geometry is listed in Table 4, (This is, 
however, not very accurate, because of lack of data.
No standard deviations are give.n, ) The final positional 
and vibrational parameters are given in Tables 2 and 3 
in the Appendix., A drawing of one molecule is shown in 

Figure 3 «
It is not possible to comment usefully on the coordination

around Mo: the bond lengths vary considerably, but this
is probably due to the low resolution, Mo-P distances

o
vary from 2,38 to 2,76A; the average being close to that 
in MoOCl(dppe) (2,35^), The two Mo-Cl bonds ax̂ e
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*35 0|4    .

350(L

100

Figure 3.1.2 
MoClg(dppe) Crystal

C(21)

P(3)P ( 1 )
C(41)

P ( 4 ) C(31)

Cl(2)

Figure 3.1.3
View of Molybdenum and ligand skeleton, with the numbering 
system used.



Table 3.1.4 

Bond distances (A) and angles (°).

250

Mo-CKl) ■2.42 P(l)-Mo-P(2) 73
Mo-Cl(2) 2.48 P(l)-Mo-P(3) 172
Mo-P(l) 2.60 P(l)-Mo-P(4) 101
Mo-P(2) 2.76 P(l)-Mo-pKl) 104
Mo-P(3) 2.38 . P(l)-Mo-Cl(2) 78
Mo-P(4.) 2.49 P(2)-Mo-P(3) 107

P(2)-Mo-P(4) 174
P('l)-C(ll) 2.14 P(2)-Mo-Cl(l) 92
P(2)-C(21) 1.58 P(2)-Mo-Cl(2) 83
C(11)-C(21) 1.85 P(3)-Mo-P(4) 78

P(3)-Mo-Cl(l) 84
P(3)-.C(31) 2 . æ P'(3)-Mo-Cl(2) 94
P(4)-C(41) 1.53 P(4)-Mo~Cl(l) 87
C(31)-C(41) 2.16 P(4)-Mo-Cl(2) 98

P(l)-C(lll) 1.79 P(3)-C(311) 2.04
P(l)-C(121) 1.90 P(3)-C(32l) 1.75
P(2)-C(211) 1.79 P(4)-C(411) 1.98
P(2)-C(221) 1.81 P(4)-C(42l). 1.96



251

9 / M O

XR

XP

—  1

Figure 3.1.4 
MoClg(dppe)

Projection down z of F(diff) map at cycle 9. Contours at 
intervals of 0.5 e/%̂ ; z heights (48ths) shown in small type.
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similar to that in MoOCl (clppe) , (2«46&). All the

angles round Mo are approximately 9 0 ° ,  the largest
heing P1-Mo -P4, 101°; Pl-Mo-Cll, 104°; P2-Mo-P3, 

o107 0 None of these gaps is large enough to 
accommodate an extra ligand, nor is there any 

suggestion of electron density in any of the gaps„
(See Figure 4) It is therefore impossible to decide 

where the nitrogen molecule was situated before it 

was lost from the complex* The geometry of the 

phosphine ligands is very approximate; the linking 
C(methylene) atoms, and some of the phenyl rings appear 

as smears of density*

Postscript
This structure analysis and that of MoOCl (dppe) g"*" 

(described in the following cha.pter) , show that the 
reduction of Mo(v) species follows a complicated route, 
of which the main stages are;- •

Mo(v) — --- > Mo(iv) -----5. Mo(II)

and that the intermediate stage probably involves a

delicate equilibrium between several different complexes.
The analysis of MoCl (dppe) has shown that the nitrogen-

. . .

containing complex is a 7-coordinate Mo(ll) species, 

since it probably has the formula Mo^^C12(N2)(dppe)^ 

rather than Mo^Cl(N2)(dppe)^o The nitrogen is readily
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lost to give Mo^^ClgCdppe) as the stable product *
A sample of MoCl^(dppe)^ , prepared independently 
by D C Smith, was photographed, and shown to be 
identical, with the crystals analysed* . This confirms 
the composition of the sample studied*
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CHAPTER 3.2

THE CRYSTAL AND MOLECULAR STRUCTURE OP
TRANS-[Mo(o)Cl(dppe)^ ] [ZnCl^(acetone)] ,acetone

Tt^ route to molybdenum nitrogeuyl complexes involving 
reduction of Mo(v) oxychloro complexes has been 
described in the preceding Chapter. Starting from 
MoCl_, addition of tetrahydrofuran and then a phosphine,
e.g. dppe, gives MoOCl (dppe). If a reducing agent is 
now added, many different low-valent complexes cEin be 
formed, depending on the agent used. jLt eeurly stage 
in these investigations, the postulated reaction scheme 
was : -

Mo^OC 1 ( dppe ) — — Ef—  ̂ Mo^^^OC 1 ( dppe ) ̂  + MOg0j|^Clg(dppe) ̂
(rust red) (green solution) (lilac solution)

Zn/Hg
V

Mo^Cl(N2)(dppe)g 
(yellow solution)

(dppe is the bidentate phosphine PhgP.CgH^^ .PPh^)

The lilac compound was thought to be a dimer of Mo(v) 
formed by a disproportionation of Mo(lV) to Mo(v) and 
Mo(lll), (The oxidation state and composition of the 
yellow complex were also uncertain at this time.)



Crystals could not be isolated from the green solution 
but purple crystals could bo obtained from either the 
l^lac or the yellow solutions. However, these could 
not be satisfactorily characterised, and so the 
crystal structure of the purple compound was studied.

r MoOCl(dppe)gl ^ j^ZnCl^ (acetone)

The structure analysis revealed the unexpected reason 
for poor analytical figures. The compound is not a 
dimer, but is a solvated ionic Mo(lV) complex -

, The presence of 
zinc was later confirmed by elemental analysis? 
conductivity measurements showed the compound to be a 
lêl electrolyte. Chemical analysis gave good agreement 
with the calculated values for crystals after allowing 
for the acetone molecule of solvation.

Observed

Mo
Zn
Cl
P.

0
C
H

11.68
10.32

55.8
5.14

Calc, for 
MoOCl(dppe, ZnCl^(acetone)|.acetone

7.8 
5.3
11.53
10.07
3.9 

56.5
4.88

By hindsight, this structure is also interesting because 
of the rarity of simple No(lV) oxo species; the only
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other crystal structure is that of
206

NaE_ 6H^0o It is also an example ofMoG^fCN)^
chemical analysis by crystallographyi

The reaction scheme finally elucidated, is shown in
207

Figuj?e 1 of the preceding chapter (Chapter 3 * 1 ) *
This scheme also gives the method of preparation of 

the crystals used in the structure analysis*

Preliminary Observations

Two forms of the crystals were examined:-
(a), triclinic needles from the lilac or green 

solution; and

(b) orthorhombic prisms from the yellow 
solution 0

The orthorhombic crystals were much better formed and 
were therefore chosen for detailed study* (Chemical 
analysis confirmed that both forms were the same 
compound*) The crystal used is shown in Figure 1*

Crystal Data

“ 1231*3 ; orthorhombic,

a. = 25*377 ± 0 *030, b = 18*337 ± 0.0l4, _c = 24*558 ± 0.011 A,
U = 11428 A^ , Djii = 1*40 (flotation), Z = 8 , Dq = lo43,

15F(OOO) =7456, Space Group Pbca (Dg^; no * 61), MoF.<x
O — 1radiation (Nb filter), X= 0*7107 A, lx= 9»9 cm *
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Data Collection
o o oTemperature -70 ; scan range -0*8 to +0*5 ;

Scan speed 2° 20/minute; fixed time 20 seconds;

Standards (0 0 12) and (o 8 O) falling to 87/̂

and 89/> of initial intensity; reflections measured
in the octant | hkl| to a maximum 2 0 = 46°;

cell dimensions from 5 reflections (20 measurements)

giving angles oC = 89*96(5),  ̂ = 89*99(6), X = 90*07(8);
total number of independent,structure amplitudes

obtained after data.reduction and collation of
equivalent reflections 3822*

Solution and Refinement of Structure

Formfactors for Mo, P, Cl were corrected for A  f* ;
also those for Zn, when the presence of zinc was
discovered* '

A modified planes list, containing only those terms
with observed amplitude > 30e on initial scaling, was

generated for the Patterson, which was solved for a
Mo atom in the general position (0*158 0*1385 0*222)

oThis corresponds to a Mo-Mb distance of ‘~14A, s o  that 

a binuclear structure was ruled out* Cycles 1-4 (see 

Table 1) gave R=49*l^o The subsequent F(obs) map 
clearly revealed the positions of six. atoms round the 

metal atom, but when refinement was attempted on Mo, 
and the five highest peaks, it diverged at 38*8^* The 

temperature factor of the atom labelled chlorine
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increased to 0.16 - (this was later seen to be a P 
atom) - and so three cycles omitting this atom were
computed (Cycles 7-9), and an P(obs) map. All the 
vibrations were low, but not unreasonable. This map 
revealed a large peak a long way from the Mo coordination 
sphere, surrounded by three peaks. At the time, I did 
not know that zinc dust had been used in the reduction, 
and thought possibly that this extra atom (which was 
too high to be A 1 , Li, or C), might be another Mo, 
possibly part of a complex anion « When it was discovered 
that zinc had been in the reaction mixture, it seemed 
most likely that the anion was (ZnCl X) , with X as 
yet unknown. The peak heights on this map were:-

Mo 99* Zn 37PI 24* C12 19P2 32* C13 15
P3 27 Cl4 13P4 28*
Cl 26*
0 9

* input atoms

Prom some possible phenyl carbon positions, and bridging 
carbons, all the coordinated atoms were now identified 
and renumbered. Two further cycles (lO, 11) were 
calculated using the block diagonal approximation, and 
an P(obs) map. As well as showing all the ring atoms, 
this suggested that the zinc was tetrahedrally coordinated, 
to three chlorine atoms, and to a trigonal planar molecule, 
possibly acetone.
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At this stage, the phenyl rings were constrained to 
rigid bodies, and their group parameters were calculated, 
All atoms except the possible coordinated acetone were 
included in the first cycle (12) of rigid body refine
ment (as described in Chapter 1.2), and an F(obs) map 
was computed, over the area occupied by the acetone.
This confirmed that it was a coordinated acetone, and 
it was included in the next cycle (13), which reduced 
R to 12.5^0 A better weighting scheme was next intro
duced, and anisotropic refinement of the heavy atoms 
(Mo, P , Cl, Zn atoms), was attempted. However, after 
the first cycle (l4), R was 13.0^, but all the shifts 
in Uii were large and negative ; the new values

were : -

Mo .01 Zn .03
PI .01 C12 .02
P2 -.00 C13 .02
P3 .01 Cl4 .03P4 .01
Cll .02

After Cycle 15, R increased to 16,8#, and all the

anisotropic vibrations had regained their original values

Mo .03 Zn .05PI .04 C12 .06
P2 .04 C13 .05P3 .05 Cl4 .08
P4 .05Cll ,06

The cause of this behaviour is not clear, but a

contributing factor could be that the block diagonal



refinement used did not allow sufficiently for the 

Correlations between chemically interdependent atoms; 
the shifts in Cycles l4 and 15 were in each case as 
■large as the expected U values, and the parameters 

showed signs of oscillating* Accordingly, it was 
decided not to refine anisotropically, to use larger 
blocks, and to apply fractional shifts to a.ll parameters, 
i*e* the atoms Mo, 01, Pl-4, Cll; Zn, Cl2-4 ; acetone; 
and bridging carbons, were put into four separate 
blocks in which positions and vibrations were refined 
together, and 0*8 of the calculated shifts were applied* 
After three cycles (16-18) of refinement, R was 8*3#, 
and the shifts were small compared to the standard 
deviations'* The agreement analysis seemed reasonable, 

and so an P(diff) map was computed* This showed small 
variations of electron density at or near most of the 
atoms, corresponding to unacco.unted-for anisotropy of 
vibration, and also several peaks due to hydrogen atoms* 

However, there was a very pronounced group of four peaks 
in an otherwise empty part of the cell, and this is 
presumed to be an acetone molecule of solvation* (The 

atoms appeared at heights o,f*^2e*) Refinement of the 
whole structure gave R=6*6# after two further cycles 
(19 and 20), and was not continued any further*
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Table 3.2.4
Bond distances (%) and angles (°), with their estimated 
standard deviations.

MoOCl(dppe) 2

Mo-Cl(l) 2.462(6) CKl)-Mo-P(l) 85.3(2)
Mo-P(l) 2.554(7) Cl(l)-Mo-P(2) 8 6 .1 (2 )Mo-P(2) 2.569(7) Cl(l)-Mo-P(3) 89.1(2)Mo-P(3) 2.575(6) Cl(l)-Mo-P(4) 8 6 .2 (2 )Mo-P(4) 2.574(7) P(l)-Mo-P(2) 78.7(2)Mo-O(l) 1.687(16) P(l)-Mo-P(3) 100.0(3)

P(l)-Mo-P(4) 171.4(2)P(l)-C(ll) 1.81(3) P(2)-Mo-P(3) 175.1(3)
P(l)-C(lll) 1.85(2) P(2)-Mo-P(4) 1 0 1 .6 (2 )
P(1)-C(121) 1.85(2) P(3)-Mo-P(4) 79.0(2)
P(2)-C(21) 1.87(2) O(l)-Mo-CKl) 176.8(6)
P(2)-C(211) 1.84(2) O(l)-Mo-P(l) 97.2(6)
P(2)-C(22l) 1.83(2) 0(1)-M6-P(2) 96.4(6)P(3)-C(31) 1.82(3) O(l)-Mo-P(3) 88.5(6)
P(3)-C(311) 1.85(2) O(l)-Mo-P(4) 91.4(6)
P(3)-C(32l) 1.83(2)
P(4)-C(41) 1 .8 8 (2 ) P(l)-C(ll)-C(21) 112.6(18)P(4)-C(411) 1.85(2) P(2)-C(21)-C(11) 111.8(17)
P(4)-C(421) 1.84(2) P(3)-C(31)-C(41) 109.9(15)C(ll)-C(21) 1.51(4) P(4)-C(41)-C(31) 105.2(14)C(31)-C(41) 1.62(3)
Mo-P(l)-C(ll) 105.8(10) Mo-P(2)-C(2l) 108.6(7)Mo-P(l)-C(lll) 125.6(7) Mo-P(2)-C(2U) 119.1(8)
Mo-P(l)-C(l2l) 112.8(7) Mo-P(2)-C(221) 117.6(7)
C(ll)-P(l)-C(lll) 101.9(12) C(21)-P(2)-C(211) 98.7(11)
C(ll)-P(l)-C(12l) 105.3(12) C(21)-P(2)-C(221) 104.8(10)
C(111)-P(1)-C(121) 103.5(9) C(211)-P(2)-C(221) 105.6(10)
Mo-P(3)-C(31) 105.6(9) Mo-P(4)-C(41) 108.8(7)
Mo-P(3)-C(31l) 113.3(7) Mo-P(4)-C(411) 128.1(7)
Mo-P(3)-C(321) 121.8(7) Mo-P(4)-C(421) 110.7(8)
C(31)-P(3)-C(311) 101.4(11) C(41)-P(4)-C(4U) 99.8(9)
C(31)-P(3)-C(321) 106.2(11) C(41)-P(4)-C(421) 104.1(11)
C(311)-P(3)-C(321) 106.4(10) C(411)-P(4)-C(42l) 102.7(11)



ZnClg.acetone

Table 3.2.4 (contd.)
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Zn-Cl(2) 2.235(8) Cl(2)-Zn-Cl(3) 117.6(3)Zn-Cl(3) 2 .2 2 1 (8 ) Cl(2)-Zn-Cl(4) 113.2(3)Zn-Cl(4) 2.233(8) Cl(2)-Zn-0(2) 99.1(6)
Zn-0(2) 2 .1 2 1 (2 0 ) Cl(3)-Zn-Cl(4) 116.6(3)

Cl(3)-Zn-0(2) 1 0 0 .6 (6 )
0(2)-C(l) 1.24(4) Cl(4;-Zn-0(2) 106.2(6)C(l)-C(2) 1.52(5)
C(l)-C(3) 1.48(4) Zn-0(2)-C(l) 131.2(18)

0(2)-C(l)-C(2) 118.4(26)
0(2)-C(l)-C(3) 125.5(26)
C(2)-C(l)-C(3) 115.8(26)

Free Acetone
0(3)-C(4) 1.21(4) 0(3)-C(4)-C(5) 123.1(31)C(4)-C(5) 1.51(5) 0(3)-C(4)-C(6) 120.9(31)C(4)-C(6) 1.47(5) C(5)-C(4)-C(6) 115.9(28)

Figure 3.2.1 
MoOCl(dppe) 2 .(ZnCl.acetone) Crystal

-400

'120

300
110

001

110
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C11
C21

2.55

2.57P2 2.57

2.57

C31

C41

Figure 3.2.2 
Mo(O)CKdppe),

View of the cation, showing the geometry round molybdenum.
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06m
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CO

Figure 3.2.3 
Mo(0)Cl(dppe) . ZnClg(acetone) .acetone

One asymmetric unit viewed down the z axis



Results iMid Discussion
j'he final positional and vibrational parameters are 
listed in Tables 2 and 3 in the Appendix, and the 
geometry of the complex in Table 4* The agreement 
analysis is shown in Table 5. Figure 2 shows the 
cation; Figure 3 shows one asymmetric unit of the 
structure, projected down the c axis. (This figure 
also shows the numbering scheme used.)

The cation has a nearly regular octahedral geometry, 
while the anion is distorted tetrahedral. The free 
acetone molecule of solvation plays no part in the 
coordination.

Considering first the Mo(lV) cation, the Mo=0 bond
(I.69A) is very comparable to other non-bridging Mo=0
bonds, in which there is some double bonding. Similar
M=0 distances are observed with other heavy metals, 

o 2-:w o oe.g. I.75A in OsCl^Og , 1.7&A in ReClO. and I.89A in
210

WOCl^(diars). Bridging Mo-0 bonds are longer, and 
terminal Mo-0 single bonds (as in MogO (oxalate)g(HgO)g ) 
are <~'2. lA. Molybdenum is a metal for which there is 
extensive bond length data in all its oxidation states,
and it can be seen that the Mo=0 distance is not very 
sensitive to changes in the Mo oxidation state:- 
(See also Table 6)

1.9-

M o  =  0  1.8-

1.7 

1.6

o o
o o

o 8o „
o

1 2 3 4 5 6 oxidation state
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TABLE 3.2.6
Mo-Ù Distances in mononuclear complexes

Mo-0 Refers
1.65 a
1.75 b
1 . 6 8 c
1.74 d
1.71 e
1.63 f
1.64,1.83 g
1.78 h
1.60 i
1 . 6 6 j
1.83 k
1.69 1

VI Mo 0 F_
VIMo 0 Cl (gas)VTMo*"̂ 0_Cl_(NN-DMF).
VIMo''̂ Og(NHg.CgĤ .NH.CgĤ .̂NHg)

Mo'̂ Ô (Et_NCS_)VT
%  V(:l0"8«2)«:'2Mo OBr̂ (HgO)-
Mô OCl.,

V o Mo OFgZ-
Mô ÔgCCN)̂ '*'"
Mo^^OCl(dppe)_^

a. A J Edwards & B R Steventon, JCS(A), 1968, 2503
b. A F Wells, "Structural Inorganic Chemistry", p. 387

c. L R Florian & E R Corey, Inorg.Chem., 1968, l_i 722
d. FA Cotton & R C Elder, Inorg.Chem., 1964, 397
e. L G  Atovmyan & Y A Sokolova, JCS(D), 1969, 649
f. A Kopwillen & P Kierkegaard, Acta.Chem.Scand.,

1969, 21, 218'+
g. R H Fenn, JCS(A), 1969, 1764
h . J G Scane, Acta.Cryst., 1967, 23., 85
1. G Ferguson, M Mercer & D W A Sharp, JCS(A), 1969, 2415
j. D Grandjean & R Weiss, Compt.Rend., 1966, 263(C), 58
k. V W Day & J L Hoard, JACS, 1968, 3374
1. VC Adam, U A Gregory & B T Kilboum, JCS(D), 1970, 1400
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AÀ octahedral radius of 1*6A has been derived for
Mo(o), from Mo-C sigma bonds but is probably not
applicable to Mo(lV)* Nevertheless, the correct
radius for Mo(lV) is presumably greater than the

o usPauling ionic value of

The oxygen and chlorine are almost exactly trans to 
each other (O-Mo-Cl = 177°)> with Mo-Cl 2«462&.
This fits in well with the trend of Mo-Cl distances 
for different oxidation states. It is not possible 
to say that the short Mo=0 bond has a weakening 
effect on the bond trans to it, but there is a slight 
lengthening of Mo-Cl relative to Mo(lIl)-Cl of 2,4^. 
If the interpolation is reliable:-

2.5
2.4.

2.3

2.2 oxidation state

Mo(lV)-Cl should be about 2.40A. (See also Table 7)

The Mo-P bonds (average 2.57^) a H  very similsur and
longer than in other Mo phosphine complexes (see Table 8)
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TABLE 3.2.7

Mo-Cl Distances

Mo-Cl Reference
Mo^^O C l.(g a s )  2.28 à
VT

Mo OgClg(m -DMF) 2 .3 4  b

Mo^Cl^ 2 .2 4 ,2 .2 5  : c
V  ̂ 'M oOClg 2 .2 8  d

Mo^^OCl(dppe) J" 2 .4 6
IV 2-M o^C lg  2 .3 1  e

Mo^^^Clg®" . 2.43-2.49 f
MOg^^Clg^" ' 2 .4 4 -2 .4 6  g

MOg^Clg^- 2 .3 8  . h

MoI(CO)_(TrCp)Cl 2 .5 4
I '

1

Mo'^(CO)('iïCp)Cl(dppe) 2.55 j

a. A F Wells, "Structural Inorganic Chemistry", p.387
b. L R Florian & E R Corey, Inorg.Chem'., 1968, _7, 722
c. D E  Sands & A Zalkin, Acta.Cryst., 1959, 723

• d. G Ferguson, M Mercer & D W A Sharp, JCS(A), 19.69, 2415
e. A G  Edwards, R D Peacock & A Said, JCS, 1962, 4643
f. Z Amilius, B van Laar & H M Rietveld, Acta.Cryst.,

1969, 400

g. J V Brencic & F A Cotton, Inoi^g.Chem., 1969, _8, 7
J V Brencic &.F A Cotton, Inorg.Chem., 1969, 2698

h. M J Bennett, J V Brencic & F A Cotton, Inorg.Chem., 
1969, 1060

i. S Chiawasie & R H Fenn, Acta.Cryst., 1968, B24, 525
j. J H Cross & R H Fenn, JCS(A), 1970, 3019
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Mo-P Distances
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MoOCl(dppe)g 
Mo(CO)̂ (̂PEt)g
Mo(CO)^(PhgP.CgH^^.CH:CHMe) 
Mo(CO) (Ph P .NEt.PPh ) 

Mo(CO)g(TTCp)(COCHg)(PPh.g)

MOg(TrCp)gH(PMeg)(C0)^

Mo(CO) g(PhgP.NEt.PPh.NEt.PPh )

Mo( CO ) Cl( irCp) ( dppè )

Mo-P

2 .5 1 ,2 .5 3

2 .5 2

2.51
2.47
2.43

(bridging)
2 .4 3 -2 .5 3

2 .4 4 ,2 .5 0

Reference

a. M A  Bush & P Woodward, JCS(A), 1968, 1221
b. H Luth, M R Truter & A Robson, JCS(A), 1969, 28
c. D S Payne, J A A Mokuolu & J C Speakman,

Chem.Comm., 1965, 599

d. M R  Churchill & J P Fennessey, Inorg.Chem.,
1968, 2 ,  953

e. R J Doedens & L F Dahl, JACS, 1965, 8%, 2576
f. K K Cheung, T F Lai & S Y Lam, JCS(A), 1970, 3345
g. J H Cross & R H Fenn, JCS(A), 1970, 3019
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these other complexes contain the metal in a very 

low oxidation state which is not really comparable*
If there is no pi-bonding in the present example,

o o.a radius of l*47A^is derived for Mo (P l*10A)o

Since there will probably be some double bonding
ocontribution, a radius of/v̂ l *5A would be a reasonable 

value for Mo(lV)„

The four P atoms and the metal are almost co-planar, 
oMo lying 0*15A out of the plane;'

-2*99% + I7.99y - 3.75Z + 1.3 = 0

In the phosphine groups, each ligand has one short 
(1*81A) and one, long (l*87&) P-C(bridging) bond. The

average of the P-C(phenyl) bonds is 1*843A* The angles
round P range from 99 to 125°* The 'bites* of both 

oligands are 79 , and within each ligand the torsion 
angles are comparable to those in other dppe complexes 

(see Table 9). It is noticeable that this is the only, 
structure in which both ligands have the same ( X \ )  

conformation, i,e, the most favourable sterically for 
trans diphosphine groupings*

The phenyl groups were refined as rigid bodies, so no
comment can be made on their geometries* The dihedral

n  O o oangles between rings are 83 , 82 , 75 5 79 '* This
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TABLE 3.2.9
Torsion angles ( ) in dppe complexes

T(M-P) T(P-C) T(C-C) T(C-P) T(P-M) Référé
MoOCl(dppe) ^ +51 -51 +26 + 2-19 +52 -62 +42 - 1 0

ReHg(PPhg)g(dppe) +14 -45 +55 -46 +14 a
Rh(dppe)g CIÔ ^ -32 +52 -43 +18 + 1 0 b

+26 -51 +51 -31 0
Ir(dppe)g Cl +30 -49 +42 -18 -9 c-26 +50 -48 +25 +3
IrCO(dppe)g Cl -17 +45 -54 +38 - 8 d+ 31 -47 +38 -13 - 1 2

Rh(Og)(dppe)g PFg -29 +52 -49 +24 + 6 e+27 -46 +43 - 2 1 - 6

Ir(Og)(dppe)g PFg -26 +49 -50 +28 +3 e+24 -50 +53 -30 0
NiBr(dppe)(CH^CMeCH^) +31 -54 +48 - 2 2 - 8 f

a. V Albano, P Belion & V Scatturin, 1st Lombardo (Rend.Soi.)A, 1966, 100. 989
b. M C Hall, B T Kilboum & K A Taylor, JCS(A), 1970, 2539
c. M C Hall & B T Kilboum, unpublished data
d. J A J Jarvis et al., Chem.Comm. 7 1966, 906
e. J A McGinnety, N C Payne & J A Ibers, JACS, 1969, 91, 6301
f. MR Churchill & T A O'Brien, JCS(A), 1970, 206
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again fits in with other dppe geometries, e*g* in 
Rh(dppe)^^ th#se angles are ^4°, 59°, 63°, 88°,

The anion in this complex, is derived from ZnCl^^~ 

by replacement of one chlorine by a neutral molecule.

In the crystals examined, this is acetone, though 

analogous compounds containing ZnCl^(THP) and 
ZnCl^(CHCl^) have also been prepared. This is thought 
to be the first reported structure of a ZnCl„X ion,5
although ZnBr^X and Z n I X  have been described, (See

Table lO), Zinc readily forms anions with neutral
ligands, and the geometries are usually distorted

2- 214tetrahedral, as in ZnCl^ itself. The zinc and

acetone lie in a plane and the acetone forms a donor
obond through its lone pair, at an angle of 131 and 

oa distance of 2,12A, This is longer than other reported
O , . 2 1 5Zn-0 distances which range from 2,03A in Zh(NH^oNH,CO^)^

O , ,to 2,09A in (MeZnOMe)^ , and this may be related to the 
ease, of replacement of acetone by other solvent molecules.

The acetone geometry is regular; the best plane being:-

3 ,0 8% - 5.^3y - 22o84z + 0 , 3  = 0

The distances are 0=0 1,24, C-C 1,48, 1,52A, and these 

are very similar to those in the free molecule of 

solvation (C=0 1,21, 0-0 1,47, 1,51A), The best plane 
through the free acetone is:-

16,13% - 2o40y - 18,672 + 2,4 = 0
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TABLE 3.2.10 

, ZnCl^ and related entities

Zn-X Reference
(ZnClg.acetone)" 2.23
(ZnCl̂ )(NMê )̂g 2.27-2.30 a
(ZnCl̂ )(Ng-pCgĤ -̂Ng) 2.28 b
(ZnCl̂ )(Co(NHg)g)Cl 2.22-2.36 c
(ZnBr .H 0)" 2.36-2.39 d
(ZnIg.((CgĤ ĵ )gSCHg)((CgĤ )̂ SMe) 2.62-2.68 e
ZnClg(terpyridyl) 2.25-2.27 f
ZnClg(SC(NH2)NHNHg) 2.24 g
ZnClg(1 ,1 0 -phenanthroline) 2.20,2.21 h
ZnClg(C.yHgNO)g 2.25 i

a. J R Wiesner et al., Acta Cryst., 1967, 23, 565
b . A Mostad & C Ramming, Acta.Chem.Scand., 1968, 22.» 1259
c. D W Meek & J A Ibers, Inorg.Chem., 197,0, 465
d. H Follner & B Brehler, Acta.Cryst., 1968, B24, 1339
e. B T Kilboum & D Felix, JCS(A), 1969* 163
f. F W B Einstein & B R Penfold, Acta.Cryst., 1966, 20, 924

L Cavalca, M Nardelli & G Branchi, Acta.Cryst., 1960, 6 8 8

C W Reimann, S Block & A Perloff, Inorg.Chem., 1966, 1185
R S Sager & W H Watson, Inorg.Chem., 1968, 7, 1358
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and the geometry is comparable with other solvated 

acetone molecules, e,go in an iron complex.
217

CSg(Tr-(])-l,2-B CgH^^)gPeg(CO)^.acetone.

There are no abnormally close contacts and so the 
intermolecular contacts are not listed.
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APPENDIX I
Programs used routinely in structural analyses

Program Name Language Author Description.

Gonioset Fortran R H B Mais Generates control cards
punched;
hkl%düi28i282, and blank 
data cards, for automatic 
data collection on Picker 
diffractometer.

Data check

Crystal
geometry

Cosmos

Fortran

K-code

K-code

Edit planes 

Moleg

Hcoord

Ortep

Refsys

K-code

Fortran

Fortran

Fortran

Fortran

R H B Mais

A Wood

R H B Mais

J A J Jarvis.

E T H 
(Zurich)

B T Kilbourn j 
E T H

C Johnson 
Oak Ridge

R H B Mais

Checks measurements during 
course of data collection, 
for crystal movement, 
uneven backgrounds.
Converts readings of x and y 
coordinates of the comers 
of a crystal, to surface 
equations for use in Cosmos 
absorption routine.

Master Crystal Structure 
Analysis program containing 
routines for:-

data reduction 
absorption
collating and sorting 
,SF calculation 
LS refinement 
analysis of SF tables 
planes tabulation 
Fourier.calculations 
molecular geometries

Produces a modified planes 
list for use in Cosmos.
Calculates molecular geometries 
esds.3 best planes, dihedral 
angles between planes .

Calculates atomic positions 
from known geometries, 
e.g. aromatic hydrogens.

Calculates molecular 
geometries, and plots any of 
a large variety of structural 
drawings, with vibrational 
ellipsoids if desired.
Retrieves crystal structure 
references using a keyword 
system.
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APPENDIX II

The final positional and thermal parameters 
are tabulated, for each completed structure 

analysis.
The tables of observed and calculated structure 
factors are arranged in the form;

1) centric structures: F^ (sign of cos of )
2) acentric structures: F^ F^ oC

1 is the running index., and all the values are 
on the absolute scale.
Tables of the agreement between F^ and F^, follow 
the structure factor tables.



CHAPTER 2.2
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Table 2.2.2

Final Positional Parameters (fractional coordinates, X 10 
for the ruthenium and phosphorus atoms, X lo'̂ for the 
remainder) with estimated standard deviations, and mean 
square atomic vibrations (A^,X 10̂ ) for carbon atoms, with
estimated standard deviations.

Atom X y z U
Ru 29769(5) 21965(8) 11775(4)P(l) 22779(25) 41342(35) 05189(19)P(2) 42400(22) 28765(33) 08915(18)P(3) 17669(23) 12651(35) 14247(20)P(4) 35209(23) 29860(33) . 24363(15)
*C(11) 2918(25) 4610(38) -0144(21) 253(14)*C(12) 1864(18) 5470(29) 0933(17) 189(9)*C(13) 1272(21) 4361(34) -0471(18) 217(12)
C(2 1 ) 3968(12) 4408(17) 0340(10) 114(5)C(22) 4665(11) 1821(15) 0311(9) 102(4)C(23) 5411(12) 3275(18) 1671(10) 1%X5)
C(31) 1992(14) 1398(21) 2456(12) 137(6)C(32) 1561(13) -0485(20) 1264(11) 133(6)C(33) 0574(16) 1898(23) 0907(13) 155(7)
*C(41) 2651(19) 2445(26) 2848(16) 175(9)*C(42) 3632(13) 4680(20) 2810(11) 131(6)*C(43) 4596(13) 2298(18) 3171(11) 121(5)
C(l) 1310(7) 1076(10) -0524(6) 64(2)C(2) 2553(7) 0863(10) 0195(6) 64(2)C(3) 3058(10) -0351(15) 0279(8) 96(4)C(4) 2786(11) -1263(16) -0375(9) 105(4)C(5) 1791(13) -1977(18) -1731(11) 121(5)C(6 ) 1093(13) -1590(19) -2371(10) 121(5)C(7) 0590(13) -0480(20) -2475(11) 129(6)C(8 ) 0804(9) 0487(14) ' -1890(8) æ(3)C(9) 1568(8) 0148(12) -1155(7) 79(3)C(10) 2087(9) -1027(14) -1029(7) 85(3)

* atomic positions affected by disorder



Table 2.2.3
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Mean square atomic vibrations (Â , X 10^) for ruthénium
and phosphorus atoms, with estimated standard deviations

Atom "il 2"l3 "22 2"23 " 3 3

Ru
P(l)
P(2)
P(3)
P(4)

543(3)
898(21)
703(16)
779(18)
854(19)

032(7)
353(33)
-037(30)
-416(32)
138(30)

436(5)
609(31)
869(28)
960(32)371(26)

611(4)
830(20)
906(21)
915(22)
863(21)

016(7)
231(30)
096(31)
-145(33)-157(26)

403(3)
673(17)
748(17)
847(19)
470(13)
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Table 2.2.6
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Analysis of Agreement between Observed and Calculated

Av.w|Af | '

2.78
2.71
4.05
3.27
3.10
4.41
3.33
3.47
1.59
2.70
2.99
3.49

Structure Factors at R=8 .p%

Range No. Z|AF
|F 1' o '

0 - 1 1 611 5946 5925 86511-23 1318 2 1 1 2 1 20780 209223-34 632 17455 17323 146534-45 350 13564 13300 96845-56 2 2 1 1 1 0 0 1 10969 71856-68 131 8047 7931 57568-79 77 5634 5573 34479-90 51 4336 4259 27090-101 39 3732 3693 163101-113 27 2881 2770 148113-135 28 3429 3344 187135-338 28 5021 4782 329
all data 3513 102167 100649 8124

S™ 8 /X
0 .0 -0 . 1 17 2498 23M 195
0 .1 -0 . 2 140 9270 8852 1018
0 .2 -0 .3 384 2 1 0 1 0 21159 15750.3-0.4 671 23982 23646 19140.4-0.5 986 24526 23670 19260.5-0. 6 1046 17595 17605 1242
0 .6 -0 .7 269 3284 3378 253

6.33
12.86
5.98
4.022.54
1.27
0.91

0.1450.099
0.084
0.071
0.065
0.071
0.061
0.062
0.044
0.051
0.054
0.064
0.080

0.078
0.110
0.075
O.CWO
0.079
0.071
0.077
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CHAPTER 2.4
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Table 2.4.2

Final Positional Parameters (fractional coordinates, 
X 10̂  for the osmium and phosphorus atoms, X 10̂  for 
the remainder) with estimated standard deviations, 
and mean square atomic vibrations (%̂ , X 10^) for 
carbon atoms, with estimated standard deviations.

Atom X y z_ U
Os 29665(5) 22557(7) 11772(3)
P(l) 22682(44) 41844(63) 05201(33)P(2) 42202(41) 29570(61) 09026(32)
P(3) 17588(45) 13370(64) 14256(34)P(4) 34936(44) 30599(61) 24346(28)
*C(11) 3230(29) 5380(41) 0599(23) 211(15)
*0(12) 1710(25) 5447(38) 0879(22) 185(13)
*0(13) 1385(25) 4363(38) -0459(21) 185(13)
0(21) 3916(20) 4514(29) 0320(17) 138(9)
0(22) 4666(20) 1856(29) 0301(17) 138(9)
0(23) 5404(18) 3462(28) 1711(15) 129(8)
0(31) 1970(24) 1431(35) 2508(20) 166(11)
0(32) 1536(23) -0429(34) 1290(19) 162(11)0(33) 0562(22) 1952(31) 0952(18) 148(10)
*0(41) 2508(28) 2638(35) 2788(24) 179(13)
*0(42) 3733(21) 4771(30) 2779(18) 151(10)
*0(43) 4589(21) 23%K25) 3190(18) 130(9)
0(1) 1799(13) 1091(18) -0496(11) 84(5)
0(2) 2571(12) 0941(17) 0205(10) 78(4)0(3) 3087(18) -0322(25) 0316(15) 119(7)
0(4) 2845(20) -1193(28) -0385(17) 135(9)
0(5) 1864(22) -2027(29) -1682(19) 138(9)
0(6) 1088(22) -1580(33) -2339(18) 143(9)
0(7) 0592(22) -0536(34) -2477(19) 152(10)
0(8) 0776(18) 0441(25) -1878(15) 118(7)
0(9) 1566(14) 0131(19) -1148(11) 89(5)
0(10) 2082(15) -0985(23) -1046(13) 102(6)

* atomic positions affected by disorder



Table 2.4.3

M̂ 'an square atomic vibrations (Â , X 10̂ ) for osmium 
and phosphorus atoms, with estimated standard deviations

289

Atom "ll "̂l2 2"l3 . , “22 2"23 " 3 3

Os
P(l)P(2)P(3)
P(4)

723(4)
1041(41)
925(34)
1071(40)
1088(40)

059(7)
354(64)
-020(60)-503(68)
270(64)

595(5)
568(60)
983(56)
1164(65)
587(53)

763(4)
1086(41)
1158(42)
1190(45)
1133(42)

042(6)
328(58)
186(57)
-196(62)
099(52)

490(3)
786(33)
808(31)
878(35)
595(26)
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Table 2.4.6

Analysis of Agreement between Observed and Calculated
Structure Factors at R=7.2%

Range No. £|Fol Z|AF| Av.w|AF|2 R
|F o l

0-17 226 3431 2520 1087 31.68 0.31717-34 1172 28409 27022 3154 12.87 O^^L34-51 649 27003 27121 1568 9^# 0.05851-68 371 21547 21605 1175 0.05568-84 222 16679 16755 766 8^0 0.04684-101 110 10105 10166 456 9^# 0.045101-118 94 10330 10172 581 12.89 0.056118-152 92 12213 12124 607 9.63 0.050152-203 71 12163 11831 743 12.80 0.060203-507 .37 9782 9155 837 19.93 0.073all data 3044 151662 148471 10974 - 0.072

Sin 8/1 
0.0-0.1 18 3939 3513 480 36.380.1-0.2 154 16273 15554 1397 29.300.2-0.3 398 33761 33649 2136 15.780.3-0.4 698 39039 38609 2246 9̂ 110.4-0.5 1036 38168 37614 2648 10.390.5-0.6 740 20481 19532 2067 13.66

0.1220.086
0.063
0.058
0.069
0.101
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TRANS- IrHCCOOMejCdmpeig.BPhy

CHAPTER 2.7



Table 2.7.2

Final positional parameters (fractional co-ordinates, x 10̂  
for Iridium and phosphorus atoms, x 1 0 for the remainder) 
with corresponding standard deviations and mean square atomic 
vibrations x 10^) for carbon atoms, with estimated 
standard deviations

Atom X y z U
Ir 21143(4) 14042(2) 00000(0)P(l) 31448(31) 08061(14) -01299(74)P(2) 12363(45) 10958(19) -17887(70)P(3) 10081(43) 19736(17) 02168(82)P(4) 28747(65) 16670(23) 19192(78)C(ll) 2865(20) 0541(8) -1761(27) 68(6)C(12) 4583(15) 0853(6) 0050(48) 66(5)C(13) 2892(20) 0404(8) 1168(28) 65(6)C(21) 1761(25) 0558(10) -1997(34) 89(9)C(22) 1282(28) 1351(10) -3436(36) 100(10)C(23) 4800(27) 3992(11) -1635(40) 95(11)C(31) 1557(25) 2333(9) 1434(32) 98(8)C(32) 4655(27) 3130(10) 0836(36) 110(10)C(33) 0832(31) 2321(12) -1335(40) 103(12)C(41) 2166(37) 2103(15) 2466(51) 174(17)C(42) 4261(24) 1860(9) 1943(34) 100(9)C(43) 2936(36) 1290(15) 3392(53) 145(17)C(l) 3141(17) 1740(7) -1244(24) 51(5)C(2) 4437(20) 1724(8) -3068(29) 72(7)0(1) 3452(16) 2105(6) 1109(22) 91(6)0(2) 3633(15) 1524(5) -2271(19) 74(5)
B 2468(20) 4003(8) 3494(29) 50(6)C(lll) 2576(21) 3528(8) 4204(28) 64(7)0(112) 1695(20) 3278(8) 4481(25) 75(7)0(113) 1717(21) 2867(8) 5141(41) 97(8)0(114) 2715(29) 2742(11) 5615(37) 111(12)0(115) 3591(24) 2951(9) 5368(32) 95(10)0(116) 3516(19) 3356(7) 4623(25) 70(7)0(121) 3556(19) 4271(7) 3842(25) 63(6)0(122) 4441(21) 4245(8) 2964(29) 72(7)0(123) 5356(23) 4453(9) 3334(31) 88(8)0(124) 5422(24) 4703(9) 4479(30) 85(9)0(125) 4620(18) 4724(7) 5328(25) 73(7)0(126) 3658(16) 4510(6) 5075(44) 60(5)0(131) 2371(15) 3931(6) 1856(23) 46(5)0(132) 2119(18) 3542(7) 1237(23) 65(5)0(133) 2007(18) 3492(7) -0085(56) 81(7)0(134) 2145(22) 3842(9) -0977(31) 82(7)0(135) 2364(22) 4228(9) -0423(28) 75(8)0(136) 2478(22) 4281(9) 1002(30) 78(7)0(141) 1445(17) 4231(7) 4123(22) 49(5)0(142) 1172(20) 4199(8) -4515(24) 72(7)0(143) 0326(24) 4407(10) -3940(33) 74(8)0(144) -0301(23) 4661(9) -4708(31) 113(9)0(145) T0095(23) 4688(9) 3926(30) 84(7)0(146) 0765(16) 4489(7) 3331(23) 53C5)



Table 2.7.3

Mean square atomic vibrations x 10^) for 
iridium and phosphorus atoms, with corresponding 
standard deviations

"ll 2"l2 :"l3 %22 2"23 "33
Ir 342(2) - 24(6) 151(14) 397(2) - 34(15) 531(3)
P(l) 35(2) 11(4) - 5(6) 51(2) - 16(7) 53(3)
P(2) 39(3) - 1(5) - 1(6) 60(3) - 13(6) 68(4)
P(3) 57(3) 23(5) 27(7) 45(3) - 18(7) 99(6)
P(4) 76(5) - 23(8) 31(9) 75(4) - 31(7) 67(4)
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Table 2.7.5

Analysis of Agreement between Observed and Calculated
Structure Factors at R = 6.2%

Range No. £|F„I F|Fj t|AF| Av.w|AF|2 R
IFoI
0-28 666 15619 15185 2910 32.20 0.186
28-42 788 27159 27337 2661 17.86 0.098
42-56 508 24738 24839 1531 13.64 0.06256-70 335 21006 20835 999 12.59 0.048
70-84 266 20399 20240 837 12.78 0.041
84-98 188 17021 16968 611 11.73 0.036
98-112 111 11568 11540 384 14.94 0.033112-126 69 8194 8206 228 10.23 0.028
126-140 62 8209 8205 252 14.70 0.031
140-168 75 11547 11464 390 22.15 0.034
168-224 72 13676 13684 435 20.45 0.031
224-420 29 8019 8098 349 43.15 0.041

Sin 8/X 
0.0-0.1 20 3854 3917 178 29.70 0.046
0.1-0.2 131 6155 15901 897 38.93 0.056
0.2-0.3 326 32411 32841 1279 16.60 0.0390•3—0•4 577 42017 41785 1808 12.47 0.043
0.4-0.5 808 45029 44580 2493 13.39 0.055
0.5-0.6 942 36850 36791 . 3228 18.97 0.088
0.6-0.7 365 10838 10789 1702 35.47 0.157
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Table 2.8.2

Final positional parameters (fractional co-ordinates, x 10" 
for Nickel, Phosphorus and Chlorine atoms, x 10^ for the 
remainder) with corresponding standard deviations and mean 
square atomic vibrations (A x 10^) for carbon atoms, with 
estimated standard deviations.

Atom X y z U
Ni 25205(7) 02693(11) 01340(6)
P(l) 30703(13) -14774(23) 09546(12)P(2) 19413(12) 14816(23) -09444(12)Cl 25312(23) 20951(29) 10657(14)C(ll) 3731(6) -2797(10) 0405(6) 36(2C(12) 4080(7) -4142(12) 0937(7) 52(3C(13) 4409(7) -1988(12) -0040(6) 50(3C(14) 2262(6) -2697(10) 1344(6) 36(2C(15) 1629(8) -1728(15) 1797(8) 67(3C(16) 1795(7) -3567(13) 0613(7) 52(3C(17) 3611(6) -0775(10) 1950(6) 37(2C(18) 4374(8) 0097(15) 1763(8) 67(3C(19) 3807(8) -1918(15) 2667(8) 70(3C(21) 1323(6) 3109(11) -0626(6) 39(2C(22) 0593(9) 2585(16) -0136(8) 73(4C(23) 1076(8) 4260(15) -1327(8) 69(3C(24) 2730(5) 2348(9) -1575(5) 30(2C(25) 3277(7) 1166(12) -1952(6) 47(2C(26) 3272(7) 3426(13) -1006(7) 55(3C(27) 1356(6) 0284(12) -1712(5) 39(2C(28) 0702(7) -0686(12) -1287(7) 51(3
C(29) 0927(7) 1085(12) -2507(6) 51(3

Table 2.8.3 
?2Mean square atomic vibrations (R x 10^) for Nickel, Chlorine 

and Phosphorus atoms, with estimated standard deviations.

^11 -2"l2 2"l3 " 2 2 2̂ 23 " 3 3

Ni 282(5) 49(11) - 42(7) 222(4) 18(10) 224(4)
P(l) 265(12) 73(18) - 58(16) 222(9) 1(17) 257(9)
P(2) 219(12) 10(18) - 35(15) 236(9) - 7(17) 235(9)
Cl 1186(27) 583(31) 365(28) 359(14) -176(21) 293(12)
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la 114 uo

I13 . ma 3?

10 l?0 110 -

“îl 59 61 -

-l 195 206 '

-2 163 145 -
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I H H
u 25 25 -

-1 6  SO 10 -

! X :: 
: : g

1 201 19S ■

-4 125 129
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a 102 152

-16 27 27 *
-15 27 28 -

-IS 48 50 -

-8 25 3 3 ♦

3 ITT i l l  -
-2 128 116 -

T 104 102 -
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H- 16 Km 7 H* Ifk Km 3

H= 19 Km 3

H- 20 Km 3

H« 21 K» 0

M- 17 Km 5

H. 20 Km 0
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Table 2.8.5

Analysis of Agreement between Observed and Calculated 
Structure Factors at R=5.5%

Range

|!ol

No. £|Fol FiFel E|AF| Av.w|AF|2 R

0-25 429 9987 9905 737 3.65 0.074
25-34 601 17627 17491 1030 3.40 0.058
34-42 307 11614 11526 617 3.74 0.053
42-51 218 10067 10056 489 3.90 0.049
51-59 130 7137 7084 356 5.27 0.050
59-68 87 5517 5485 235 3.65 0.043
68-76 53 3802 3759 139 2.74 0.037
76-85 34 2741 2696 154 7.48 0.056
85-102 37 3415 3391 189 8.91 0.055

102-119 21 2307 2308 110 4.81 0.048
119-254 29 4517 4387 265 6.93 0.059

Sin 8/X 

0X)-0.1 11 1267 1304 86 8.60 0.068
0.1-0.2 95 6206 6016 489 12.99 0.079
0.2-0.3 245 13904 13797 968 7.96 0.070
0.3-0.4 431 19644 19477 990 3.73 0.050
0.4-0.5 524 18698 18620 867 2.61 0.046
0.5-0.6 482 14906 14758 701 2.15 0.047
0.6-0.7 158 4105 4116 221 2.23 0.054
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Table 2.9.2

Final positional parameters (fractional co-ordinates, x 10' 'for Palladium, Chlorine and Phosphorus atoms, x 10 for the 
remainder) with corresponding standard deviations and mean 
square atomic vibrations (R x 10 ) for carbon atoms, with 
estimated standard deviations

Atom X y , z U
Pd 25083(6) 01951(10) 01066(5)
P(l) 30897(21) -15771(40) 09789(19)
P(2) 19082(20) 15499(40) -09747(18)Cl 25077(36) 21586(51) 10985(23)C(ll) 3730(10) - 2955(18) 0443(9) 47(4
C(12) 4102(12) - 4250(22) 0975(11) 66(5C(13) 4394(12) - 2225(22) - 0043(11) 66(5C(14) 2300(11) - 2735(19) 1426(10) 51(4
c(is) 1695(15) - 1706(28) 1909(14) 88(7C(16) 1784(14) - 3577(26) 0746(13) 85(6
C(17) 3654(10) - 0740(19) 1882(10) 51(4
C(18) 4411(16) 0185(29) 1631(14) 94(7C(19) 3894(15) - 1852(28) 2615(14) 93(7
C(21) 1319(10) 3162(18) .- 0607(9) 46(4
C(22) 0570(13) 2578(24) - 0137(12) 70(5C(23) 1045(13) 4349(24) - 1249(12) 77(6
C(24) 2720(8) 2420(15) - 1595(8) 38(3
C(25) 3279(11) 1256(20) - 1950(10) 56(4
C(26) 3233(11) 3519(21) - 1035(10) 61(4
C(27) 1304(9) 0386(18) - 1724(8) 43(3
C(28) 0659(11) - 0618(21) - 1319(11) 63(5C(29) 0855(12) 1295(21) - 2458(11) 63(5

Table 2.9.3

Mean square atomic vibrations (R^ x 10*̂ ) for Palladium, 
Chlorine and Phosphorus atoms, with estimated standard 
deviations

"ll :"i2 2"l3 " 2 2 2"23 " 3 3

Pd 237(3) 57(12) 34(6) 346(4) - 14(11) 257(3)
P(l) 267(21) 78(30) 62(25) 375(18) - 8(30) 315(15)
P(2) 236(20) 69(30) 6(23) 411(19) 20(29) 257(14)
Cl 1130(43) 589(54) -304(44) 506(26) -167(37) 348(19)
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Table 2.9.5

Analysis of Agreement between Observed and Calculated
Structure Factors at R=6.1%

Range
Ifol

No. £|Fol clFcl Z|AF| Av.w|AF|2 R

356 11043 11010 804 7.03 0.07333-44 656 24905 24810 1626 8.71 0.06544-55 341 16703 16700 965 10.21 0.058
55-66 203 12114 12057 664 14.06 0.05566-77 119 8479 8460 433 12.28 0.05177-88 56 4623 4510 248 18.16 0.05488-99 56 5223 5066 321 31.95 0.062
99-110 38 3989 3954 194 18.64 0.049
110-132 48 5725 5625 383 35.72 0.067
132-154 25 3510 3455 208 27.80 0.059
154-176 15 2450 2369 137 30.43 0.056176-199 12 2232 2248 129 43.87 0.058199-331 11 2689 2671 203 74.83 0.086

Sin 8/X 
0.0-0.1 14 1960 2024 138 50.66 0.071
0.1-0.2 90 8250 7994 660 39.55 0.0800.2-0.3 236 18386 18396 1104 19.71 0.0600.3-0.4 430 25389 25000 1415 11.43 0.056
0.4-0.5 592 27676 27637 1574 8.41 0.057
0.5-0.6 455 17860 17723 1104 8.23 0.0620.6-0.7 119 4160 4161 319 9.95 0.077
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Table 3.1.2
Final Positional Parameters (fractional coordinates, 
X 10̂ ) with estimated standard deviations, and mean 
square atomic vibrations (A , x 10 ), with estimated 
standard deviations.

Atom X y z U
Mo 1351(3) 1779(15) 0509(11) 8(4)P(l) 0880(8) 1707(48) -0375(25) 45(13)P(2) 1448(9) 0718(42) -0799(32) 29(15)P(3) 1786(13) 2121(58) 1260(43) 43(23)P(4) 1211(10) 2669(43) 1651(33) 31(16)Cl(l) 1373(9) -0164(40) 1147(28) 32(15)Cl(2) 1362(10) 3700(40) -0203(32) 40(17)
C(ll) 0902(38) 1842(202) -1540(120) 59(73)C( 21) 1141(28) 0583(132) -1208(96) 7(51)
C(31) 1847(52) 2530(241) 2517(174) 79(114)C(41) 1409(18) 2184(75) 2320(58) - 9(24)
C(lll) 0254(20) -1345(82) -0287(64)
C(112) 0202(17) -0313(104) -0737(57)
C(113) 0404(25) 0579(75) -0733(57)
C(114) 0659(20) 0440(82) -0279(64)C(115) 0711(17) -0593(104) 0171(57)C(116) 0509(25) -1484(75) 0166(57)
C(121) 0663(25) 3125(112) -0317(91
C(122) 0508(30) 3093(108) 0262(80)C(123) 0358(24) 4117(157) 0416(68)C(124) 0364(25) 5174(112) -0008(91)
C(125) 0519(30) 5205(108) -0588(80)
C(126) 0669(24) 4181(157) -0742(68)
C(211) 1571(22) -0821(72) -0794(60)C(212) 1846(19) -1115(88) -0802(63)
0(213) 1933(15) -2326(103) -0725(63)
0(214) 1744(22) -3246(72) -0639(60)0(215) 1469(19) -2952(88) -0631(63)0(216) 1382(15) -1741(103) -0709(63)
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Table 3.1.2 (contd.)

Atom X y z
C(221) 1879(26) 1936(118) -2393(51)C(222) 1705(21) 1256(89) -2014(75)C(223) 1704(21) 1460(101) -1257(75)C(224) 1876(26) 2344(118) -0878(51)C(225) 2050(21) 3024(89) -1258(75)C(226) 2051(21) 2820(101) -2014(75)
C(311) 2362(23) 5406(94) 0732(73)C(312) 2474(17) 4235(113) 0808(72)C(313) 2325(24) 3284(81) 1058(73)C(314) 2063(23) 3503(94) 1234(73)C(315) 1951(17) 4675(113) 1158(72)C(316) 2101(24) 5626(81) 0907(73)
C(321) 2017(29) 0922(145) 1205(129)C(322) 2197(44) 0954(144) 1878(105)C(323) 2392(33) 0032(214) 2053(73)C(324) 2406(29) -0924(145) 1554(129)C(325) 2225(45) -0956(144) 0880(105)C(326) 2031(33) -0034(214) 0706(73)
C(411) 0844(25) 0979(126) 2139(84)C(412) 0604(31) 0519(92) 2349(87)C(413) 0401(22) 1314(138) 2519(85)C(414) 0439(25) 2572(126) 2479(84)C(415) 0680(31) 3032(92) 2268(87)C(416) 0882(22) 2236(138) 2098(85)
C(42l) 1205(23) 4418(75) 1863(89)C(422) 1092(20) 5140(132) 1260(60)C(423) 1076(20) 6402(123) 1342(68)C(424) 1173(23) 6942(75) 2028(89)C(425) 1285(20) 6219(132) 2632(60)C(426) 1301(20) 4958(123) 2549(68)
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TABLE 3.1.3
Group vibrational parameters for ligand phenyl rings 

X 10̂ ) with estimated standard deviations.

Ring
PI: C(111)-C(116)

C(121)-C(126)
47(20)
66(29)

P2: C(211)-C(216)
C(221)-C(226)

59(21)
40(25)

P3: C(31l)-C(316)
C(321)-C(326) 59(25)

112(41)
P4: C(411)-C(416)

C(42l)-C(426)
118(33)
44(23)
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Table 3.2.2
Final positional parameters (fractional coordinates,
X 10 for Mo, Zn, P, Cl atoms, x 10*̂  for the remainder) 
with estimated standard deviations, and mean square 
atomic vibrations (X̂  x 10̂ ), with estimated standard 
deviations.

Atom X y z U
Mo 15821(8) 13720(11) 22094(9) 18(1)Cl(l) 14927(26) 26926(33) 20534(25) 31(2)P(l) 17642(26) 12965(39) 11883(28) 27(2)P(2) 25814(25) 15925(35) 21823(29) 26(2)P(3) 05703(24) 12631(35) 22062(31) 24(2)P(4) 13696(26) 16524(35) 32127(26) 21(2)0(1) 1615(7) 0470(9) 2340(6) %(5)C(ll) 2360(12) 1816(15) 1076(12) 38(8)C(21) 2801(8) 1596(12) 1457(9) 17(6)C( 31) 0381(10) 1138(13) 2915(10) 21(7)C(41) 0639(9) 1773(11) 3285(9) 17(5)
Zn 41315(12) 15365(16) 05878(13) 33(1)Cl(2) 34378(31) 19278(36) 01090(28) 42(2)Cl(3) 48332(29) 11579(38) 01272(32) 46(2)Cl(4) 42864(31) 22008(40) 13331(32) 48(2)0(2) 3824(8) 0526(11) 0864(8) 56(6)C(l) 4044(11) - 0014(16) 1065(12) 45(8)C(2) 3722(15) - 0706(20) 1146(15) 74(12)C(3) 4614(12) - 0074(17) 1188(13) 51(10)
0(3) 3749(9) 0292(13) 4502(10) 92(7)C(4) 3817(13) 0942(20) 4470(15) 68(10)C(5) 3479(13) 1434(18) 4121(12) 71(9)C(6) 4232(13) 1306(18) 4789(13) 67(9)
C(lll) 0632(7) 1448(10) - 0008(8)0(112) 0617(7) 2195(10) - 0117(7)0(113) 0957(8) 2668(7) 0155(8)0(114) 1313(7) 2396(10) 0536(8)0(115) 1329(7) 1649(10) 0645(7)0(116) 0989(8) 1176(7) 0374(8)
0(121) 2065(8) - 1067(7) 0594(8)0(122) 1649(7) - 0903(9) 0945(8)0(123) 1577(7) - 0190(11) 1127(7)0(124) 1920(8) 0360(7) 0959(8)0(125) 2336(7) 0195(9) 0608(8)0(126) 2409(7) - 0518(11) - 0426(7)
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Table 3.2.2 (contd.)

Atom X y z
C(21l) 2865(7) 0157(13) 2465(9)C(212) 3026(8) 0883(11) 2442(10)C(213) 3550(10) 1065(9) 2547(10)C(214) 3913(7) 0520(13) 2676(9)C(215) 3752(8) - 0206(11) 2699(10)C(216) 3228(10) - 0388(9) 2594(10)
C(221) 2828(7) 2452(8) 2463(8)C(222) 2848(8) 2527(9) 3028(8)C(223) 3006(8) 3185(11) 3259(6)C(224) 3145(7) 3770(8) 2925(8)C(225) 3126(8) 3695(9) 2360(8)C(226) 2967(8) 3036(11) 2129(6)
C(31l) 0044(8) - 0894(9) 1388(8)C(312) - 0101(8) - 0227(12) 1160(7)C(313) 0042(8) 0423(9) 1416(9)C(314) 0331(8) 0406(9) 1899(8)C(315) 0476(8) - 0261(12) 2126(7)C(316) 0333(8) - 0911(9) 1871(9)
C(32l) 0256(7) 2280(11) 1426(8)C(322) 0149(8) 1991(10) 1939(8)C(323) - 0290(8) 2231(11) 2231(6)C(324) - 0622(7) 2759(11) 2009(8)C(325) - 0515(8) 3048(10) 1496(8)C(326) - 0076(8) 2809(11) 1205(6)
C(41l) 1600(8) 2429(9) 3630(8)C(412) 1400(7) 3123(11) 3527(7)C(413) 1541(8) 3706(8) 3862(8)C(414) 1883(8) 3595(9) 4299(8)C(415) 2084(7) 2901(11) 4401(7)C(416) 1943(8) 2318(8) 4067(8)
C(42l) 1520(10) 0861(10) 3647(9)C(422) 2031(9) 0585(13) 3609(9)C(423) 2182(7) - 0006(13) 3931(10)C(424) 1823(10) - 0320(10) 4291(9)C(425) 1312(9) - 0044(13) 4329(9)C(426) 1161(7) 0547(13) 4008(10)
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TABLE 3.2.3

Grjoup Vibrational Parameters for Ligand Phenyl Groups 
% 10^)5 with estimated standard deviations.

Ring
PI: C(111)-C(116)

C(121)-C(126)
46(3)
44(4)

P2': e(211)-C(216)
C(221)-C(226)

58(5)
40(4)

P3: C(311)-C(316)
C(321)-C(326)

51(4)
44(4)

P4: C(411)-C(416)
C(42l)-C(426)

44(4)
56(5)
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Table 3.2.5

Analysis of Agreement between Observed and Calculated
Structure Factors at R=6.6%

Range No Z|F 1 Z|F 1 Z|AF| Av.w|AF|Z R' o ' ' c '
|Fol
0-66 1 60 59 1 1.70 0.02266-98 164 15005 14988 1609 149.26 0.10798-131 612 70530 69240 5793 139.92 0.082131-164 439 64102 63056 4382 156.81 0.068164-197 233 41760 40892 2385 167.30 0.057197-230 133 28263 27838 1686 256.89 0.060230-262 72 17597 17253 869 228.28 0.049262-295 45 12507 12363 586 240.70 0.047295-328 33 10286 10064 449 280.52 0.044328-394 39 13792 13584 577 373.64 0.042394-722 27 12308 12585 472 467.20 0.036

Sin 8/1
0.00-0.10 37 8833 8673 470 642.60 0.053
0.10-0.20 210 43599 41696 2940 312.65 0.067
0.20-0.30 477 82804 82225 5101 183.62 0.0620.30-0.40 487 74046 72902 4786 152.42 0.0650.40-0.50 435 60878 59559 4329 151.06 0.0710.50-0.60 153 17634 17714 1320 112.51 0.075



)38

APPENDIX III 

FURTHER STRUCTURES STUDIED

The structures of the following complexes 
were also solved during the period covered 
by my Studentship;

o(- PtCl(PPr") (SON) 2

p- PtCl(PPr")(SON) 2

Pe(CO)^(PPh^H)

For these three compounds, the preliminary 
work was done by Miss M C Barrett, and the 

diffractometer data was collected by 
Dr J A  J Jarvis.
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, APPENDIX IV
■ p u b l i c a t i o n s

■1. J. The struct lire of a hy dr i d on aph t hy 1 -rather i um 
(ll) complex:
S.D. Ihekwe, B.T. Kilbourn, U.A. Raeburn, and 
D.R. Russell; Ghem. Comm., 1969, 433.

2. Hydrido complexes of osmium (ll) :
trans-OsHg (PBpP-CII^-PPhp ) 2 and the Os-H bond
in trans-OsHCl(Ph^P-CHp-RPh ) C^H^:
S.D. Ibelcwe and U.A. Raeburn; J. Organometal.
C h e m ., ( 1969 ) ,  447 .

3. Structures of hydrides formed by addition of an
organic molecule to a transition-metal complex.
Part I. The crystal and molecular structure of
bis (1,2-bis(dimethylphosphino)ethane)naphthyl-
hydrido-ruthenium (ll) and its osmium analogue :
S.D. ibelcwe, B.T. Eilbourn, U.A. Raeburn, and 
D.R. Russell; J. Chem. Soc. (A), Paper 0/573 in 
press. ,

4. Oxochlorobis-(1,2-bis(diphenylphosphino)ethane)-
molybdenum (iv) Triohloro(acetone)zincate:
(M o O C l (P h g P  ( CH^ ) gPPhg ) g ) "*" ( Z n C l . OC ( CH ) g ) "  :

V.C. Adam, U.A. Gregory, and B.T. Kilbourn;
J. Chem. Soc. (d), 1970, l400.

5 . Crystal and molecular structure of diphenyl- 
phosphinetetracarbony1 iron;
B.T. Kilbourn, U.A. Raeburn, and D.T. Thompson;
J. Chem. Soc. (A), 1969, I906.

6. The molecular structure of dinuclear complexes of 
platinum (ll), Part II, cX- and p- forms of dichloro- 
p-dithiccyanatobis tx’i-n-propyIphosphine diplatinum 
(II):
U.A. Gregory, J.A.J. Jarvis, B.T. Kilbourn and 
P.G. Owston; J. Chem. Soc. (a ), 1970, 2770.
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