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Abstract

Batch catalytic and high pressure infra-red studies of catalytic systems have provided
detailed information about the homogeneous rhodium-chloride catalysed
hydrocarbonylation of ethene to form propanoic acid in CH;COOH/c.HCI at 180°C
and 60 bar pressure. [Rh(CO),Cl,]~ was shown to be an active catalyst for this
process. Tin(II) chloride as a co-catalyst was shown to have an effect on the rate of
propanoic acid production for a rhodium-chloride catalytic process, but a clear
promotional effect was only observed for systems employing a Sn:Rh molar ratio of
2:1. Sn:Rh molar ratios higher than 2:1 lead to a decrease in the selectivity for
propanoic acid, while those lower than 2:1 result in catalytic activity consistent with
[Rh(CO),Cl,]~ being an active species.

The reactions of rhodium(l) carbonyl chlorides with tin(II) chlorides were carried out
~ at atmospheric pressure to investigate the reaction chemistry between species present
in the catalytic process. [Rh(CO),Cl,]™ and Rh,(CO),Cl, react with SnCl, and SnCl;~
in both THF and CH,Cl, to form Rh(I)-CO-SnCl; complexes. Infra-red and 11°Sn
NMR data identified the S-coordinate complex [Rh(CO),(SnCl;);}>~ as the favoured
species formed in solution. Its crystal structure is reported. However, it appears to be
related by a series of facile reactions, involving dissociation of SnCl;~ and CO groups,
to several other 4 and 5-coordinate Rh(I)-CO-SnCl, complexes. [Rh(CO)(SnCl;),]~,
[Rh(CO)(SnCl;),CI]?~, and [Rh(CO),(SnCl;)X]~ (X = CI~ or SnCl;™) have been
isolated from solution, often as mixtures along with [Rh(CO),(SnCl,),]%.
Spectroscopic and X-ray crystallographic data indicated that SnCl;~ is a significant 7t~
acceptor ligand, thus explaining its ability to form 5-coordinate 18-electron rhodium(I)
complexes. The effect of tin(II) chloride on the rhodium-chloride catalytic reaction is
attributed to changes in m-acceptor and trans effect properties when SnCl;™ replaces
chloride ligand(s).

High pressure infra-red studies are consistent with both [Rh(CO),Cl,]~ and a Rh(I)-
CO-SnCl,; complex being catalytically active in a rhodium-tin-chloride system, and the
carbonyl absorptions observed are consistent with [Rh(CO)(SnCl,),]3—,
[Rh(CO),(SnCl;);]>~ and [Rh(CO)(SnCl,;),C1]2~ as catalytic precursors. The general
predominance of [Rh(CO),(SnCl;),]2~ in solution at atmospheric pressure and room
temperature, suggests that it may be the favoured catalytic precursor, undergoing
conversion to a catalytically active 16-electron Rh(I)-SnCl; complex such as
[Rh(CO),(SnCl,)X]~ (X = CI~ or SnCl;™) via dissociation of SnCl,™.



Notes on abbreviations and terminology

The following is a list of chemical symbols and formulae which are reporied in an
abbreviated form throughout this thesis:

COD
NBD

[Bz(Et),N]*

Bz(Et),NCI
[PPN]+
PPNCI
THF
Ph
EtOH
Me

Et
FT-IR
NMR
GC
GCMS

Infra-Red

1,5-cyclooctadiene

Norbornadiene

[(CH5)CH,(C,Hq),NT*
[(C¢Hs)CH,(C,H,);N]Cl

i (C6H5)3P= } NJ*

[{(CHs),P=],N]Cl

Tetrahydrofuran

C,H,

C,H;OH-

CH,

C,H,

Fourier Transform Infra-Red Spectroscopy
Nuclear Magnetic Resonance Spectroscopy
Gas Chromaibgraphy

Gas Chromatograph Mass Spectroscopy

The following are abbreviations used to describe the intensity-of infra-red absorptions:

vw - very weak

ms - medium strong

NMR

w - weak mw - medium weak m - medium

S - strong sh - shoulder

The following abbreviations are used to state the mutiplicity of NMR signals:

s - singlet

d - doublet  t - triplet q - quartet
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Chapter 1
Introduction and Literature Review

Transition Metal - Tin Chemistry




1.1 Introduction

The aim of this thesis is to probe the fundamental chemistry occurring in the
rhodium-tin-chloride homogeneously catalysed hydrocarbonylation of ethene to form
propanoic acid. In doing so it is intended to investigate the nature of the active
catalytic species, to rationalise the observed activity, and ultimately to improve the
performance of the catalytic process using model systems.

B.P. Chemicals is the major company in the United Kingdom involved in
carbonylation chemistry, and manufactures acetic acid and acetic anhydride at Hull
using homogeneous rhodium catalysts. Propanoic acid is a by-product of the acetic
acid process and there is a growing world market for it. Consequently, there is a

desire to find new and efficient processes to produce it on an industrial scale.

It has been found recently that rhodium will catalyse the hydrocarbonylation of
ethene to form propanoic acid in a chloride system, rather than the usual iodide
system, although at much lower rates of reaction. Reactivity is only found to occur,
however, when tin(II) chioride or other metal chlorides e.g. ZnCl,, NiCl,, etc. are
present(). This process utilises rhodium complexes as homogeneous catalysts at
typically 180°C and 80 atm pressure of carbon monoxide and ethene pressure.

CH,=CH, + CO + H,0 — CH,CH,COOH

The high catalytic activity and selectivity found when tin(II) chloride is used as a
promoter is the reason for the studies undertaken in this thesis, since the nature of the
active catalyst remained unidentified and the role of tin(II) chloride was speculative.
It is known, however, that the optimum rhodium:tin molar ratio is 1:2, and that high
tin content will lower the selectivity of the reaction. It is also known that under the
conditions employed for the catalytic reaction, RhCl;.3H,0, the usual rhodium
catalytic precursor, will react to form the rhodium(l) complex [Rh(CO),Cl,]—, and
that tin(Il) chloride will react with chloride ions present in the system as 37%HCl,,,
to form SnCl,~. As a result the catalytic species is thought to be formed by a possible

reaction of species of this kind.

The ability of tin(II) chloride to form M-SnCl; complexes with transition metals is
well documented, and many of these complexes play a key role in many
homogeneously catalysed organic transformations. The role of tin(II) chloride as a



co-catalyst has been attributed to the nature of its bonding with transition metals. A
full discussion of this chemistry is outlined later in this chapter.

The work described in this thesis was divided into several parts, with the common
aim of exploring the chemistry involved in the catalytic process.

1. FT-IR and 11%Sn NMR spectroscopic studies of the reaction chemistry of
rhodium(I) carbonyl chlorides and tin(Il) chlorides were carried out, with the
aim of investigating the type of chemistry which may be occurring under
more forcing conditions in the catalytic process, and to provide information
on the bonding and properties of the trichlorostannate ion in such systems.

2. FT-IR spectroscopic studies of rhodium-chloride and rhodium-tin-chloride
systems at high temperature and pressure, to investigate the chemistry

occurring under catalytic conditions.

3. Synthesis and isolation of Rh-SnCl,; complexes which have been observed by
spectroscopic methods under ambient and high temperature and pressure
conditions. The solid state structural properties and reaction chemistry of
several complexes were investigated, paying particular attention to the
bonding of the trichlorostannate ligand and its possible effect on the catalytic
process. The use of these model Rh-SnCl, complexes to develop the catalytic
process is also discussed.

4, Batch catalytic studies were carried out with the aim of investigating and
improving the rhodium-chloride and rhodium-tin-chloride catalytic

processes.

5. The effect of other co-catalysts e.g. PPh,, ZnCl, on the rhodium-chloride
catalytic process was also investigated.



1.2 Industrial Processes

It has been estimated that approximately 70% of all chemicals produced by the
chemical industry will involve the use of a catalyst somewhere along the production
process®. Most industrial processes, however, have involved the use of
heterogeneous rather than homogeneous catalysts to produce, in the main, petroleum
based products. The relatively low use of homogeneous catalysts has been mainly
due to problems of their stability at higher temperatures and the difficulties of
catalyst separation and regeneration®, This is surprising, considering the advantages
offered by homogeneous catalysts, which are gradually causing an increasing interest
in their activity. It is possible to tailor homogeneous catalysts to provide a specific
coordination site for a particular reacting group, thus giving them a higher selectivity
than heterogeneous catalysts. Homogeneous catalysts also show a higher catalytic
activity, with all metal atoms theoretically being available for reactivity, in contrast
to heterogeneous systems where reactivity is restricted to particular active sites.
Another advantage of homogeneous catalysts is the greater control of temperature on
the catalyst site®, and in general the much lower temperature required for catalytic
activity. For certain processes it has been deemed that the advantages of these
catalysts outweigh the economic problems associated with catalyst recovery. There
are relatively few industrial processes in operation which employ homogeneous
catalysts. Several warrant consideration at this point, however, since the catalytic
systems involved and organic species formed have an influence on the work
described in this thesis.

1.2.1 Acetic acid production

Acetic acid has been produced in large quantities for more than 100 years® and is a
major industrial chemical used in the manufacture of vinyl acetate, cellulose acetate,
pharmaceutical products, dyes and pesticides. The various changes in production
technology throughout this period reflect the changes in available raw materials and
also the increasing impact of homogeneous catalysis in modern industrial chemistry.

Early synthetic methods involved the 'distillation' of various forms of wood or the
fermentation of grains. Indeed, fermentation processes are still retained for vinegar
production®. The first major industrial process for production of acetic acid was
based on the hydrolysis of acetylene to acetaldehyde catalysed by the mercury(Il)
ion. This process was used until the late 1950's® at which time two processes were
developed which have since monopolised the world acetic acid market. Celanese and
British Petroleum developed short-chain paraffin oxidation using manganese or



cobalt catalysts, while Wacker Chemie introduced the palladium-copper catalysed
oxidative hydration of ethene to acetaldehyde.

1965 saw the introduction of the B.A.S.F high pressure process for the carbonylation
of methanol to acetic acid using a cobalt-iodide promoted catalystG:9, and in 1968
Paulik and Roth of the Monsanto company introduced the low pressure
carbonylation of methanol utilising a rhodium or iridium iodide promoted catalyst(®.
This was more efficient than the cobalt process and in 1973 a patent was filed
relating to it®, The cobalt process required conditions of 230°C and 500-7C00 atm
and only had a selectivity for acetic acid of 90% whereas the rhodium process
operated at 180°C and 30-40 atm and had a selectivity for acetic acid of greater than
99%. The process can utilise almost any form of rhodium. The rhodium species
identified in solution during the catalytic process is the diiododicarbonyl rhodium(I)
anion [Rh(CO),I,]= @10, The. iodide promoter can also be employed in several
different forms, thus methyl iodide, iodine or even alkali metal salts can be used.
ForsterD found that when a solution containing [Rh(CO),l,]~ was reacted with
excess methyl iodide the 5-coordinate acyl complex [Rh(CH;CO)CO)1;]~, isolated
as a dimer, is formed, and can be reacted to give the 6-coordinate acyl complex
[Rh(CH,CO)CO),1;]~ upon introduction of carbon monoxide. This species
decomposes at room temperature to give the starting rhodium(I) complex
[Rh(CO),l,]~ and acetyl iodide. Kinetic studies have shown that the rate determining
step for tﬁe reaction is the oxidative addition of methy! iodide to the rhodium
complex [Rh(CO),l,]™ with the rate equation

Rate = k[Rh]![I]![MeOH][CO]°
applying, thus showing that the reactants carbon monoxide and methanol have no

influence on the rate of reaction. The catalytic cycle proposed for the Monsanto
process, based on the known reaction chemistry, is shown in Figure 1.1,
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Figure 1.1  Catalytic Cycle for the Monsanto Process

1.2.2 Acetic anhydride

Since 1983 Tennessee Eastman have operated a commercial process for the
conversion of acetic acid to acetic anhydride. The process typically employs a
rhodium catalytic system promoted by lithium iodide and methyl iodide to
carbonylate methyl acetate to acetic anhydride, and is carried out in acetic acid as
solvent(12), The process has produced selectivities for acetic anhydride of greater than
95%. Kinetic studies have shown that the dependence of the rate on rhodium and
methyl iodide concentrations is a function of the lithium iodide concentration. At
high lithium concentrations the rate shows first order dependence on both rhodium
and methyl iodide concentrations, and is consistent with a rate limiting step
involving the oxidative addition of methyl iodide to the active rhodium(I) species
[Rh(CO),L,]1~, which has been observed by infra-red spectroscopy. At low lithium
concentrations the rate approaches zero order dependence on rhodium and methyl
iodide concentrations, with the rate limiting step believed to involve consumption of
acetyl iodide by methyl acetate or lithium acetate. A proposed mechanism for the

process is shown in Figure 1.2.
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Figure 1.2  Proposed mechanism for the rhodium/iodide catalysed
carbonylation of methyl acetate

1.2.3 - Hydrocarbonylation
This thesis concerns the hydrocarbonylation of ethene to form propanoic acid:

C,H, + H,0 + CO > CH,CH,COOH

Throughout this thesis it will be referred to as hydrocarbonylation. Alternative names
include hydrocarboxylation, hydroxycarbonylation, and carboalkoxylation.

Thus, at this juncture, other hydrocarbonylation processes, in particular those used to
form. propanoic acid and other organic acids deserve consideration. The nickel
catalysed hydrocarbonylation of ethene to form propanoic acid has been operated as
an industrial process by B.A.S.F. The nickel species is nickel propanoate which is
converted to nickel tetracarbonyl under the reaction conditions of typically
270-320°C and 200-240atm®. The problems associated with this process are due to

the high presshres involved, catalyst instability, and low selectivity and reactivity,



with a mixture of polyketones and polycarboxylic acids obtained if the reaction is
carried out in the presence of tetracyanonickelate(13.14.15),

Nickel catalysts can also be employed for the hydrocarbonylation of other alkenes,

for example propene

/—CMeCHyCH,COOH

MeCH=CHy + CO + H,0
e,CHCOOH

and also strained alkenes which can be more readily carbonylated, such as methylene

cyclobutene(16),

COLH

+CO+EOH — &

The problems associated with the nickel catalysed carbonylation process were
overcome to a large extent by the use of rhodium and iridium-iodide promoted
catalytic processes, involving the hydrocarbonylation of primary alkenes which were
patented by Monsanto(17.18.19.20, This process utilises more reactive and more stable
catalyst compositions, thus enabling the use of lower temperatures (140-180°C) and
lower pressures (400-700psi), which led to a much more efficient and highly
selective process, which could be operated in both liquid and vapour phases. Like the
methanol to acetic acid process many forms of rhodium, iridium and iodide may be
used. The iridium-iodide system had a preferred molar ratio of these components of
1:3 to 1:300 with preferred rhodium-iodide ratios being very similar. The preferred
solvents used were linear carboxylic acids containing between 2 and 20 carbon
atoms, with C; to C,; carboxylic acids produced by hydrocarbonylation of the
appropriate olefins. Selectivities for these acids were generally in the range of 75-
90% with an 85% selectivity for propanoic acid. The suggested reaction mechanism
for the rhodium-iodide promoted process is shown in Figure 1.3.

Oxidative addition of hydrogen iodide followed by coordination of an ethene ligand
is followed by hydride cis-migration, and then addition of carbon monoxide to the
vacant site. Alkyl cis-migration to CO then occurs, and the catalytic cycle is
completed by reductive elimination of the acid iodide which is hydrolysed to produce
the desired product, and regeneration of HI. Work carried out by Forster2) showed
that at 125°C and 35bar pressure ethyl iodide gave an 80 times greater rate of
reaction than when HI was employed as initiator, and that addition of HI to the ethyl



iodide promoted system decreased the rate. It was proved, however, that ethene
hydrocarbonylation did proceed predominantly by a 'HI addition' mechanism,
although it was also shown that high concentrations of HI inhibited the rate by
poisoning the catalyst to give the rhodium(III) species [Rh(CO),1,12~.

[Rh(CO),L,]~ + HI — [HRh(CO),L;]~
[HRh(CO),1,]~ + HI — [RW(CO),l,]~

EtCO,H

Etcor |\ HI
Hp0

[Rh(CO),lo]"

© [EtCORN(CO),l3]" [HRh(CO)5lg]"
B co
[EtRh(CO),l3] [HRh(CO)(CH,CH5) 3]
co

Figure 1.3  Catalytic cycle for the Rhodium-lodide Catalysed
Hydrocarbonylation of Ethene

Improvements in the propanoic acid process were later outlined in patents filed by
Paulik et al!® and Craddock et al?® of the Monsanto company, which detailed the
iridium-bromide and rhodium-bromide promoted hydocarbonylation of ethene. The



optimum ratio of iridium:bromide was found to be in the range of 1:3 to 1:300 with
the preferred range being from 1:3.1 to 1:150. The catalytic precursors used were
iridium trichloride and ethyl bromide with acetic acid as solvent. Water was also
present. Hydrocarbonylation was found to occur at 195°C and 400psi total pressure
with a selectivity for propanoic acid of greater than 99%. The rhodium-bromide
promoted system had an optimum rhodium:bromide ratio in the range of 1:40 to
1:350 with the preferred range being from 1:80 to 1:250. Rhodium trichloride and
HBr, /bromoethane were used as catalytic precursors with acetic acid present as
solvent. Hydrocarbonylation occurred at 175°C and 400psi total pressure with a
selectivity for propanoic acid of greater than 99% being achieved. The Water Gas

Shift reaction
CO + H, O =—— CO, + H,

was not a feature of the bromide promoted systems, reflected by the absence of
aldehyde moieties as by-products. This is in contrast to the rhodium-iodide promoted
system where the selectivity can be lowered due to the formation of products
instigated by the production of hydrogen via the Water Gas Shift reaction, which is
catalysed by a rhodium-carbonyl-iodide promoted system(?2), via initial formation of
[Rh(CO),L,]™.

1.3 Transition Metal - Tin Complexes

1.3.1 Introduction

In recent years there has been an increased interest in transition metal-tin chemistry
and many experimental probes have been used to study the properties of these
complexes. Considerable spectroscopic information has been obtained, providing not
only structural information, but also information on transition metal-tin bonding and
the nature of various species in solution, which can often involve multistage
equilibria®®. There has been an increasing use of these species, particularly
platinum-tin complexes, in the homogeneous catalysis of organic transformations
such as hydroformylation, hydrocarbonylation, olefin hydrogenation and
isomerisation. It has been possible to explain some of this chemistry by considering
the nature of the structure and bonding of transition metal-tin complexes. Recent
work(D has found that a rhodium chloride system in the presence of excess chloride
ions will catalyse the hydrocarbonylation of ethene to form propanoic acid, but only
if tin(IT) chloride is included as a co-catalyst. The development and rationalisation of
this chemistry is described in this thesis. At this point, therefore, a review of
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transition metal-tin chemistry, the nature of the bonding in these complexes, and
their ability to catalyse organic transformations is considered appropriate. Particular
emphasis will be placed on the reason why tin(II) chloride will promote certain
organic transformations and also the known chemistry of rhodium halides and
rhodium carbonyl halides with tin(II) chloride, which is of direct relevance to this

thesis.

1.3.2 Synthetic Routes to Transition Metal - Tin Complexes
Many synthetic routes to transition metal-tin complexes have been utilised and
examples of these are shown below:

1. Salt elimination (Nucleophilic attack)
Me,SnCl + Na[Mn(CO);] — Me;SnMn{CO); + NaCl24
2. Elimination of small molecules
SnCl, + H,0s(CO), — HOs(CO),SnCl,; + HC1Z>
3. Oxidative addition
Me,SnCl + Pt(PR;), — Me;SnPtCI(PR;),(26.27)
4. Oxidative elimination
SnCl, + (CsH)Co(CO), — (CsHs)(CO)CoCl(SnCl,) + COE8)
5. Insertion of Tin (II)
SnCl, + [(CsH)Fe(CO),]l, — [(CsHs)Fe(CO),],SnC1,@9
SnCl, + (CsHg)Fe(CO),Cl — (CsHs)Fe(CO),SnCl1,303D)
6. Activated tin addition
Sn + 2Co,(CO); — Sn[Co(CO),),B
7. Transmetallation
SnX, + Hg(ML,), — Hg + (ML,),SnX,3%

Oxidative addition reactions have been used to synthesise complexes for all
transition metal groups and are only limited by the availability of low-valent metal
complexes. Tin nucleophiles usually operate with early to middle transition metals.
Transition metal anionic species provide a route to transition metal-tin complexes via

nucleophilic attack on tin.

1.3.3 The Trans Effect and the Trans Influence

Much of the discussion in this chapter and throughout this thesis refers to the ability
of the trichlorostannate ligand to promote many catalytic transformations due to its
ability to behave as a frans influencing ligand or ability to cause a trans effect. At
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this juncture, therefore, a discussion of the two and a distinction between them is of

relevance.

It has long been known that ligand exchange reactions in square complexes show a
preference for the site trans to one ligand rather than the other. Consider a reaction of

the type:

L X _ L X L Y
>P< | +Y —> X 4 \PL/ or \Pt/
R X L,/ \Y ! / \X

Two isomeric products are possible. From results on this and other related reactions,
a series of ligands has been arranged in order of their tendency to facilitate
substitution in a position trans to themselves. This is known as the trans effect. The

approximate ordering of ligands is

CO, CN—, C,H, > PR,, H- > CH, > C;H,~, NO,~, I-, SCN~ > Br—, CI~ > py, NH,,
OH-, H,0

This order spans a factor of 106 in rate and holds for square planar platinum
complexes. The trans effect is a kinetic effect, depending on activation energies, with
the stability of the ground state and the activated complex being relevant factors. It is
in principle possible for the activation energy to be affected by changes in one or the
other of these energies or by changes in both.

The influence of one ligand on the strength of the bond of the ligand trans to it is
called the trans influence. It is a ground state property and can be evaluated from
bond lengths or M-C stretching frequencies. Trans influence is attributed to the fact
that two trans ligands will both depend on the participation of one metal orbital, and
the more one ligand preempts this orbital, the weaker the bond to the other will be.
The general order of trans influencing ligands is

H™>PR, >SCN~>I17,CH;~, CO, CN~ > Br~—>Cl~ >NH, > OH™
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This is similar to the trans effect sequence, except for the positions of CN™ and CO,
due to these having the ability to cause a trans effect by participating in ®-bonding in
the transition state. A general trend for the ©t-bonding ability of some ligands is

C,H,, CO > CN~ > NO,~ > SCN- > I~ > Br~ > CI~ > NH, > OH~

Discussions in this chapter indicate that SnCl;™ is a strong m-acceptor, and has the
ability to labilise CO and lengthen the M-CO bond. Thus, it will occupy a position
high in the trans influencing series and is therefore likely to have a significant trans
effect if the similar trend is applicable.

1.3.4 Formation of Transition Metal - Tin Complexes by Insertion

Tin(II) compounds have the ability to insert into metal-metal, metal-halogen, metal-
hydride and metal-carbon bonds. Of particular interest to this thesis is the insertion
of tin(Il) halides into a transition metal-halide bond to form transition metal-
trichlorostannate complexes. Sections 1.3.3.1-1.3.3.3 contain a general review of the
formation of transition metal-tin complexes by such insertion reactions.

1.3.4.1 Insertion in to a Metal - Carbon Bond

Reports of insertions of tin(II) chloride into transition metal-carbon bonds have been
confined to iron complexes. SnCl, inserts®4 into the iron-carbon G bond of
MeFe(CO),(CsHs) in methanol or THF to give MeCl,SnFe(CO),(CsH;), but with
EtFe(CO),(CsHs), a mixture of the insertion product, Cl;SnFe(CO),(CsHs) and
CL,Sn[Fe(CO),(CsHs)], is formed. Insertion of SnCl, was not observed for
molybdenum and manganese complexes MeMo(CO);(CsHs) or MeMn(CO)s.

1.3.4.2 Insertion in to a Metal - Metal Bond
Insertion of tin(II) chloride into metal-metal bonds is much more common than into
metal-carbon bonds:

Chromium, Molybdenum, and Tungsten
Tin (II) chloride will insert(2935.3637) into the Mo-Mo bond of [(CsHs)Mo(CO);,], to

give the insertion product [(CsHs)Mo(CO);],SnCl,. Likewise, insertion can also
occur with the analogous tungsten and chromium complexes®?), with the extent of

reaction depending on the degree of exposure to light.
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Iron, Rutheni n mium

Bonati and Wilkinson?% showed that tin(II) chloride inserts into the Fe-Fe bond of
[(CsHs)(CO),Fe], forming [(CsHs)(CO),Fel,SnCl,. Barrett and Sun®® studied the
kinetics of this reaction and indicated that they are consistent with a two stage
mechanism involving the formation of a carbonyl bridged intermediate (1) followed
by nucleophilic attack of SnCl, on this intermediate (2).

\ e/lg\Fe/ F Fe
TN AN
0y _ @)

Barrett and Jacobs®® studied the insertion of SnCl, into the metal-metal bonded
complex (CsHs),Fe,(CO);P(OCsH;s); indicating that this proceeds via an
intermediate in which the Fe-Fe bond breaks, but the carbonyl bridges remain. There
is also an example of insertion of SnCl, into the Os-Os bond of Os,(CO),,(u-CH,) to
form the planar cluster Os3SnCl,(CO),,(1-CH,) which contains a pentacoordinate

tin atom®9,

Rhodium _

An interesting example of insertion into a Rh-Rh bond involves the insertion of
SnCl, into the rhodium metallocycle Rh,(CO),Cl,[pu-(Ph,P),py], to form
Rh,Sn,(CO),Cl4[(Ph,P),py],“V. One tin is present as a trichlorostannate group while
the other resides within the cavity of the metallocycle and is coordinated to two
nitrogen atoms, two rhodium atoms and one chloride as shown in Figure 1.4. The
structural aspects are indicative of a high trans influence caused by the Rh-SnCl,
bond.
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Figure 1.4 A perspective view of hasn‘z(C@)ZCﬂﬁ[w(]thlP’)Zpy]z

Crystals of mer-[{Rh(CNCng)3(SnCl3)(u-SnC12)}2](42) have been isolated from the
reaction of [Rh(CNCgH,);Cl] with SnCl,. The two edge sharing octahedral rhodium
centres are linked by two bridging SnCl, groups. The reaction of SnCl, with
[Rh(PMe3)3Cl](“3) ylclded the diamagnetic complex [Clzsn[Rh(PMe3)3Cl]2] with the
tin group bridging the two rhodium atoms.

Nickel, Palladium, and Platinum -

There are several examples of the insertion of SnCl, into the metal-metal bond of
nickel, and platinum complexes. Patmore and Graham“# have reported that SnCl,
will insert into [(CsHs)(CO)Ni], to yield [(CsHs)(CO)Ni},SnCl,, while SnCl, will
also insert into the Pt-Pt bond of [(n-Bu),N],[Pt,Cl,(CO),]“%,

1.3.4.3 Insertion into Metal-Chloride Bonds )

The insertion of tin(II) chloride into a transition metal-chloride bond is of relevance
to this thesis and will be discussed with respect to the known formation of rhodium-
trichlorostannate complexes described in Chapters 2 and 3. The insertion of SnCl,
into a transition metal-halogen bond is a well known reaction which has been used
extensively to prepare M-SnCl; complexes of various transition metals. Many
trichlorostannate complexes'of ruthenium, rhodium, iridium and platinum"have been
formulated“®), including {RuCl,(SnCl;),]>~, [Rh,Cly(SnCl;),]4~, [Ir,Cle(SnCl,),]14—,
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and cis and trans-[PtCl,(SnCl,),1%~. The chemistry which takes place to form species
such as these is discussed in more detail in Section 1.4 which relates specifically to
rhodium, iridium and platinum trichlorostannate complexes.

There are, however, examples of the insertion of SnCl, into other transition metal-
halide bonds. SnCl, will insert into the cobalt-halide bond to yield the trihalostannate
complexes®?, More unusual, however, is the formation of trichlorostannate
complexes of the earlier transition metals. For example, the rhenium and manganese
complexes of fac-[M(CO),(S,(PR;)Cl] (M=Mn or Re; R=cyclohexyl or isopropyl)
will react with ‘SnClz in THF to give the wichlorostannate complexes fac-
[M(CO),(S,(PR4)(SnCl,)]“®, Insertion into the metal-chloride bond of vanadium
and niobium complexes can also occur. Carbon monoxide has been shown to
promote the insertion of SnCl, into the V-Cl bond of [V(cp),Cl]¥®, and a
trichlorostannate complex can be obtained by insertion of SnCl, into the Nb-Cl bond
of (CsH;),Nb(CO)CI®9, A molybdenum trichlorostannate complex has also been
formed, by insertion of SnCl, into the Mo-Cl bond of (C;H,)Mo(CO),Cl, yielding
(C;H,)Mo(CO),(SnCl;). Mixed trihalostannate complexes have been similarly
prepared®b.

The mechanism of transition metal-tin bond formation by insertion of tin(II) halides
into transition metal-halide bonds has been the subject of much deliberation, with
information not easily obtained. Although it has not been proven, there is evidence
for the mechanism shown in Figure 1.5 (52.53), which proceeds via an intramolecular

rearrangement.
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M-Y + SnX2
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Figure 1.5  Mechanism of Insertion of a Tin(Il) Halide into a Metal-Halide

Bond
1.4 Transition Metal - Trichlorostannate Complexes

Transition metal-trichlorostannate complexes have been used extensively as catalysts
for organic transformations (Section 1.5). Much work has also been carried out to
investigate the formation, synthesis, bonding and properties of these complexes, and
is described in this section. This review covers the trichlorostannate complexes of the
transition metals rhodium, iridium, platinum and palladium, whose chemistry is
relevant to catalytic work which is reported in this thesis and to other related

catalytic processes.

1.4.1 Rhodium and Iridium Trichlorostannate Complexes

Rhodium-tin complexes can exist in the rhodium(I) and rhodium(III) oxidation states
and the tin may also be in two oxidation states, tin(II) and tin(IV). Reaction can
occur for both organotin compounds®4, tin(II) halides®% and mixed systems, e.g.

R,SnBr + Na[Rh(PPh,),(CO),] — (R;Sn)Rh(PPh,),(CO), + NaBr
[RhCI(NBD)], + SnCl, + 2PPNCI — [PPN],[Rh(NBD)(SnCl,),]

Rhodium(III) chloride reacts with tin(I) chloride in acidic solution to produce the

rhodium(l) complex [Rh,Cl,(SnClL,),]4~, which was precipitated using
tetraalkylammonium salts as shown by Young et al®®. Neutral complexes of
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rhodium(I) and iridium(I) have also been prepared by Young et al5®), with an SnCl,~
group bound to the metal along with diolefin ligands, for example (C;Hg),RhSnCl,.

A series of rhodium(I) carbonyl trichlorostannate complexes have been
prepared®657), [Rh(CO)CI(SnCl,),]2~ was synthesised by reaction of Rh,(C0O),Cl,
and SnCl, in ethanol by Young et al®6), while in 1971 Kingston and Scollary
synthesised complexes of the general type [Rh(CO)(SnX)X,]>~ (X=Cl, D),
[Rh(CO)(SnX,),X]?~ (X=Cl, Br), and [Rh(CO)(SnX,);]*~ (X=Cl, Br), by reacting
halogenocarbonyl rhodium(I) solutions containing for example [Rh(CQO),Cl,]1™ with
the respective tin(Il) halide?. Addition of a 1 molar equivalent of SnCl, to a
solution of [Rh(CO),Cl,]™ yielded salts of [Rh(CO)(SnCl;)Cl,}>~ upon precipitation.
Increasing the amount of SnCl, by 2-fold formed [Rh(CO)SnCl,),CI]>~, whilst 3
molar equivalents of SnCl, gave the tri-trichlorostannate rhodium(I) species
[Rh(CO)(SnCl,);1>~, with formation of the trichlorostannate ligands presumably due
to insertion of SnCl, into the Rh-Cl bond, and by displacement of CO by SnCl;~
nucleophilic attack. The order of stability towards decomposition was found to be,

Monotin < Ditin < Tritin

Addition of triphenylphosphine replaces all the tin groups from [Rh(CO)(SnCl,),]1*~
yielding Rh(CO)(PPh,),Cl. Kingston and Scollary were surprised to find that in the
chloro and bromo series, the carbonyl infra-red stretching frequencies of the
rhodium-trihalostannate species formed did not vary upon successive replacement of
X by SnX,™. Successive replacement of CI~ by a stronger wt-acceptor group such as
SnCl;~ would normally be expected to be accompanied by a shift of the carbonyl
infra-red bands to a higher frequency. '

More recently, rhodium-trichlorostannate complexes have been subjected to
extensive NMR studies. 119Sn NMR studies of solutions of RhCl, with various molar
equivalents of SnCl, in aqueous hydrochloric acid®® indicated that a redox process
operates between rhodium(III) and tin(II) species to form a rhodium(I) complex with
five trichlorostannate ligands, Rh(SnCl;)s4~ :

RhM+ 6Sn! — Rh!(SnT); + Snlv
Rhodium(I) and iridium(I) complexes of diolefins [M(SnCl,),(diolefin)}?~,

[M(SnCl,),(diolefin)(PR;)]~ and [M(SnCl,)(diolefin)(PR,),] have been prepared
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with the diolefin being NBD or COD and their NMR parameters studied(55.59.60), This
data is discussed in more detail with reference to the relevant studies reported
throughout this thesis. 119Sn, 13C and 3'P NMR studies were indicative of SnCl;~
behaving as a moderate G-donor and having an unusually high trans influence. NMR
studies in this area have also been carried out by Garralda et al(61.62.63), Studies of the
reaction chemistry of [Rh(SnCl,),(diolefin)(PR,)]™ indicated that reaction with CO
yielded [Rh(SnCl,),(CO),(PR,)]™ if the diolefin is COD, whereas if the diolefin is
NBD then SnCl,~ displacement is effected to give Rh(SnCl;)(CO)(NBD)(PR,).

Synthetic and spectroscopic studies of hydrido and carbonylhydrido complexes of
iridium containing the trichlorostannate ligand®¥, for example, IrHCIXL,, IrH,XL,,
IrH,XL; and IrtHCIX(CO)L,, where X=8SnCl,~ or CI~ and L=PPh,, indicated that the
SnCl,~ ligand is a weak ¢-donor and a strong m-acceptor, exhibiting a large trans
effect. Extensive 119S8n, 2!P and 'H NMR studies have also been carried out on
iridium trichlorostannate complexes of this nature, and iridium trichlorostannate

mixed ligand systems by Pregosin et al(63.66),

1.4.2 Palladium and Platinum Trichlorostannate Complexes

Early work on the chemistry of tin(II) chloride with platinum and palladium salts
focused on the intense colours formed. Later work concentrated on the assignment of
structures to these species. The interaction of platinum metal salts with tin(Il)
chloride(55;67) led to the formation of cis and trans-[PtCl,(SnCl;),]?2~ with the d,-d,

bonding between platinum and tin, thought to be the reason why the cis isomer is
more stable than the trans. The trans isomer was found to be kinetically favoured
with the cis form thermodynamically preferred. A series of equilibria are thought to

exist in solution:

SnCl, + CI~ SnCl;~
PtCl,2~ + SnCl;~ =—= PtCl,(SnCl;)>~ + CI~
PtCL,(SnCl;)?~ + SnCl;~ =——= s-PtCl,(SnCl,),2~ + CI~
trans-PtCl,(SnCl,),2~ == (is-PtCl,(SnCl,),2~

Several 5-coordinate platinum complexes were also isolated®® including
[Pt(SnCl,)s]3~ and [HPt(SnCl;),]3~. These S-coordinate Pt(II) complexes were
stabilised by the m-acceptor properties of the trichlorostannate ligand which
withdraws electron density from the central platinum atom thus preventing reduction
to platinum(0).
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It was shown using the criteria of Chatt(6?, through a series of studies of the Pt-H
infra-red stretching frequencies for a series of Pt(II) hydrides, that SnCl;~ is a
strongly trans activating ligand7®. The SnCl;~ ligand is also a weak G-donor and a

strong T-acceptor(’l), with vacant 5d orbitals of the correct size and symmetry to
form w-bonds with the filled 5d orbitals of platinum. Thus, it has the ability to
stabilise 5-coordinate d® transition metal species whilst also favouring a trigonal

bipyramidal arrangement of ligands.

The formation of Pt-SnCl,; complexes by insertion of SnCl, in to the Pt-Cl bond is
well documented23.67.72-76) and NMR studies have been carried out on the reactions
of SnCl, with platinum(Il) complexes containing mixed ligand systems(75.77.78.79),
- Reaction of SnCl, with ¢is-PtCl,(PR,),(7> proceeds via insertion into the Pt-Cl bond,
followed by isomerisation to the trans species:

cis-PICL(PR,), + SnCl, — ¢is-PtCI(SnCL)(PR,), — trans-PtCI(SnCly)(PR,),

Addition of a second mole of SnCl, leads to further insertion,
trans-PtCI(SnCl;)(PR,), + SnCl, — trans-Pt(SnCl,),(PR;),
whilst addition of a third mole of SnCl, gives rise to a 5-coordinate complex(77:
trans-Pt(SnCl,),(PR;), — Pt(SnCl,);(PR;),~

It has become clear™ that SnCl,~ promotes 5-coordination in the chemistry of
Pt(II) and that its role in catalysis (Section 1.5) with Pt(I) species can be due to its
ability to stabilise 5-coordination and also to its ability to labilise other ligands. Pt-
SnCl; complexes promote the activation of molecular hydrogen such that hydride
complexes are formed, thus making them beneficial hydrogenation and
hydroformylation catalysts (Section 1.5).

Although solid state structures are known for a number of platinum and palladium
complexes the identification of the M-SnCl; unit in solution is complicated by the

equilibria:

MCI + SnCl, === MSnCl,
MSnCl;, =—= M+ + SnCl;~
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In the presence of excess SnCl, poly SnCl;~ complexes can be formed(.

Insertion of SnCl, into a palladium-chloride bond also occurs. For example, the
addition of SnCl, to Pd,(dppm),Cl, (dppm=Ph,PCH,PPh,) to produce
Pd,(dppm),(SnCl,)CI®® indicates that SnCl, will insert into a Pd-Cl bond in
preference to a Pd-Pd bond in this stereochemically confined complex.

1.4.3 Bonding in Transition Metal - Trichlorestannate Complexes

Transition metal-trichlorostannate complexes have the ability to catalyse many
organic transformations (Section 1.5). The formation of trichlorostannate-transition
metal bonds, or the introduction of tin(Il) chloride into many of -these systems has a
promotional effect on the chémistry taking place. Tin(II) chloride also has a
promotional effect on the homogeneous rhodium catalysed hydrocarbonylation of
ethene, the subject of this thesis(), clearly implying a synergy between rhodium and
tin, and suggesting that the nature of the transition metal-trichlorostannate bond has
an effect on the chemistry and transformations taking place at the transition metal
centre. Two excellent reviews concerning the nature and structural aspects of this
bond have been published@3.8D,

The bonding in molecular tin(1I) compounds is explained by considering the use of
only two of the valence shell electrons for bonding. This means that in its II+
oxidation state the outer electronic configuration of the element must contain a
completely filled s orbital and empty p and d orbitals that could be used in compound
formation. The bonding can be described from either a covalent or an electrostatic
viewpoint, although it will be an intermediate of both with the best argument
depending on the electronegativity between the tin and the bound atom. Based on its
outer electronic configuration it is possible to predict four possible ways for tin to
form bonds in the II+ oxidation state:

1. By loss of two Sp electrons to form Sn2+,
By use of the two Sp electrons for covalent bond formation.

3. By complex formation with the empty 5p and 5d orbitals being
included in the hybridisation.

4. By overlap of a directed lone pair orbital on the tin atom with an
empty orbital on the acceptor species.
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If tin(II) molecules and complex ions contain sterically active lone pairs, they can act
as g-donor species. The ability of a lone pair orbital to act as a donor generally
decreases as the atomic mass of the atom increases, and thus the g-donor strength of
the 5s orbital on tin should be small. It is possible, however, for the orbital to act as a
donor towards a very powerful acceptor, especially if the empty d orbitals or other
orbitals on the tin can also act as ®w-acceptors to increase the strength of the resulting

bond.

The bonding in tin-transition metal species contains both 6 and ©t components. The ©
-bonding can extend to any of the substituent groups on tin. Coordination via the tin
lone pair to a transition metal removes electron density from the tin atom, lowering
the energy of its empty orbitals and thus enhancing tin's potential ®-backbonding
capability with the transition metal and/or the lone pairs of tin's substituent groups.
Detailed studies of the behaviour of the trichlorostannate ion as a ligand have shown
that it is a weak G-donor(24.70.71.82) but that it exhibits a large trans effect(70.7D because
of its ability to form strong d -d; bonds, especially in the case of platinum group
metals. Graham et al?482 analysed carbonyl force constants and concluded that the
SnCl,~ group was a poor G-donor but an excellent w-acceptor. Parshall707D studied
119F NMR shielding parameters of fluorophenyl platinum complexes as a sensitive
criterion for the ¢-donor and ®-acceptor properties of a ligand frans to the phenyl

group. The results obtained with the trichlorostannate group in the trans position
characterised it as a weak o-donor and a strong m-acceptor. The m-acceptor
properties of SnCl,~ were found to be comparable to those of the two moderate 7-
acceptor ligands NCS™ and CN~9, The ability of the SnCl;~ ligand to shift the Pt-
H infra-red stretching frequency and the hydrogen NMR line in trans-
[(C,H;);P],PtHSnCl; compounds also shows that it is strongly trans activating(70.
The d-orbitals of SnCl,™ are of the correct size and symmetry to form n-bonds with
the filled d orbitals on the platinum metals.

The strength of transition metal-tin bonds and an explanation of why SnCl;™ has
such a strong w-acceptor ability can be rationalised by a consideration of metal-tin
bond lengths as shown in Table 1.1.

For R;SnMn(CO), complexes there is no change in the tin-manganese bond length
when R is changed from phenyl to methyl, since the o-donor and m-acceptor
properties of Me;Sn™ and Ph,Sn™ are similar. In contrast, when R is chlorine the tin-
manganese bond is significantly shorter than when R is Ph or Me, due to the
enhanced w-bonding of SnCl,~. This enhanced transition metal-tin ©-bonding results
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from the removal of electron density from the tin by the electronegative chlorines
and the subsequent donation of electron density from the manganese d orbitals to the

tin.

Compound Bond Length/A Reference
(CO)sMnSnPh, 2.674 (4) 83, 84
(CO)sMnSnMe, 2.674 (3) 85, 86
(CO)sMnSnCl, 2.590 (5) 87

Table 1.1 Selected Manganese-Tin bond lengths

Tin has also been shown to compete for n-electron density with other ligands co-
ordinated to a transition metal. An example occurs in the case of
[Ru(CO);(SnMe,)],(|-SnMe,), where the Ru-Sn bond trans to the SnMe; group is
longer than that trans to CO®88.89), When two tin groups are trans to one another they
will compete for electron density from the same metal d orbital, but when CO, which
is a weaker m-acceptor ligand, is trans to a tin group, then the n-electron density is

preferentially donated to tin, thus shortening the metal-tin bond.

The strong m-acceptor properties of the SnCl,~ group(07D can be used to explain the
trigonal bipyramidal coordination of the platinum(Il) species Pt(SnCl,)s3~. Five
SnCl;~ groups can be placed in the environment of the platinum metal atom without
an excessive build-up of electrons around the platinum atom, thus stabilising Pt(II) in
its 5-coordinate state.

The strong trans influence of the SnCl;~ ion has been confirmed by a study of the
hydrido and carbonyl hydrido complexes of iridium containing SnCl,;~ 64, The high
metal carbonyl infra-red stretching frequency in trichlorostannato-monocarbonyl
bis(1,2-bisdiphenylphosphino-ethane) rhodium(I) also indicates the strong -
acceptor properties of the SnCl,~ ion®®, It should be pointed out that there is also
significant T-bonding between the tin and the chloride atoms in SnCl;~(3,
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1.5 The Catalytic Activity of Transition - Metal
Trichlorostannate Complexes

Tin compounds and transition metal-trichlorostannate complexes have been shown to
be important co-catalysts and catalysts respectively for many organic
transformations, in many cases with tin compounds acting as very efficient
promoters. The effectiveness of tin ligands, in particular trichlorostannate ligands in
aiding catalytic transformations is generally regarded as being due to their strong
labilising effect on the trans ligand and also due to the inherent lability of M-SnCl,
complexes. Thus,. trichlorostannate ligands promote migratory insertions or provide
vacant coordination sites on the transition metal by dissociation(0.71),

There are many examples of brganic transformations which can be effected by
transition metal-trichlorostannate complexes, in particular those of platinum,
palladium, rhodium, iridium and ruthenium. These processes are discussed in the
following sections with particular reference to the role of the trichlorostannate ligand
and the comparisons and similarities with the rhodium-tin catalysed
hydrocarbonylation of ethene, discussed later in this thesis.

1.5.1 Hydrogenation and Isomerisation of Olefins

Early interest in the use of tin(II) halides as co-catalysts was sparked by the
discovery ‘that solutions of chloroplatinic acid and tin(II) chloride qualitatively
reduced ethene and acetylene at room temperature and atmospheric pressure of
hydrogen®192), The reaction is first order with respect to platinum with tin:platinum
ratios of at least 5:1 required for maximum rates. A hydride species [PtH(SnCl;),]3~
has been detected®® under the conditions of catalysis, while the action of ethene
alone forms Zeise's salt K[PtCl;.C,H,].H,002), with rapid exchange between free
and co-ordinated ethene observed in solution. The high trans effect of the SnCl;~

ligand is thought to be responsible for the chemistry taking place, with the ability of
the platinum-tin(II) chloride species in solution to cleave the hydrogen molecule and
to coordinate a hydrogen atom, along with the olefin, probably taking place at the
metal centre via an alkyl intermediate. SnCl, also prevents, due to its high m-acceptor
ability, the reduction of platinum(Il) to platinum metal, and thus prolongs the
catalyst life and retention of catalytic activity.

Bond and Hellier®» have shown that in methanol H,PtCls:5SnCl, catalyses the
isomerisation of 1-pentene to 2-pentene under hydrogen to form trans:cis forms in a
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ratio of 85:15. Very little hydrogenation occurs in this system, although 1-hexene
can be hydrogenated but with competition from isomerisation®4,

Jardine and McQuillin®% found that (PPh,),PtHCI along with SnCl, is an effective
catalyst for the reduction of norbornadiene, although a similar iridium system was
not_found to be catalytically active. Bailar et al6979%) also studied platinum-tin
hydrogenation catalysts extensively, examining the effects of solvent, halide,
phosphine, temperature and hydrogen pressure on catalytic activity. They found that
for polyenes double bond migration to form conjugated dienes, thought originally to
precede hydrogénation(99), is not required. The isomerisation of 1,5-
cyclooctadiene®® was effected by [PtCl,(PPh,),] but only in the presence of
SnCl,.2H,0, with isomerisation occurring by stepwise migration of the double
bonds, via-an hydridoplatinum olefin complex as an intermediate. It was suggested
that tin(II) chloride activates the catalyst by being coordinated to it through the
SnCl,~ ligand. The =®-acceptor properties of the ligand are thought to make the
platinum atom susceptible to attack by nucleophiles such as the hydride ion or olefin
double bond by removing electron density from the metal centre, and also by
stabilising the intermediates formed, thus preventing reduction of the platinum(Il)

atom.

Studies have also shown that rhodium chloride and platinum chloride systems will
effect the isomerisation of butene in the presence of SnCl, and hydrogen as co-
catalysts, via formation of a metal hydride(109), Rhodium and iridium compounds(101),
MCl;.3H,0 with SnCl, have also been used to catalyse hydrogen transfer from 2-
propanol to cyclohexanones.

Recent studies(192) have also shown that complexes of the type LL'PtCl, (L. and L’ are
triarylphosphines) are, in the presence of SnCl,, efficient catalysts for the reduction
of styrene. Unlike most cases where high (>10:1) tin:platinum ratios are required for
good catalysis, these complexes have maximum efficiency at ratios of 2:1. The two
phosphine ligands show opposite dependencies on the electronic properties of the
para substituents of the aryl group, suggesting that the ligands have different
functions in the catalytic cycle. It has been proposed that SnCl,™ labilises the weaker
base towards substitution, thus providing a vacant coordination site(19%, In support of
this, ligand scrambling occurs readily in the reaction of (R;P),PtCl, with SnCl, to
produce several species(1%), Thus, the following equilibria are probably important:

25



(L),PtCl, + SnCl, === [(L),PtCI]*[SnClL]~
[(L),PtCI]*[SnCL,]~ === (L),P(SnCl,)* + CI—

Studies of this transformation have also been carried out for
[PtCL(L)(PR,)}/SnCl,.2H,0 systems where L=SR,, p-XC H,NH,; R=aryl(105),

1.5.2 Reductions Under Water Gas Shift Conditions
An active catalytic system for the Water Gas Shift Reaction

H,0+CO =—= H,+CQO,

is K,PtCl, and SnCl, in a mixture of acetic and hydrochloric acid(199). A proposed
mechanism for this reaction is shown in Figure 1.6.

Several species have been identified including [PtCI(CO)(SnClL),]™,
[PtC1,(CO)XSnCl,)]~ and [SnCl]>~. The mechanism shows that the formation of
CO, is catalysed by a tin(IV) species:

Pt species

CO + H,0 + SnCl?>~ CO, + 2H* + SnCl,~ + 3CI1—

while formation of hydrogen is catalysed by a tin(Il) species:

Pt species

2H* + SnCl;~ + 3C1~ H, + SnClg2~

Ethene can be reduced to ethane under these conditions with no added hydrogen.
Propene is also hydrogenated, though hydrogen formation lowers the yield(19D,

1.5.3 Polymerisation

Examples of polymerisation processes affected by transition metal-trichlorostannate
complexes are rare, although there are notable exceptions. A catalyst prepared from
anhydrous SnCl, and RuCl,;.3H,0 in nitromethane catalyses the trimerisation of 2-
methylpropene to hexamethylcyclohexane(108),

Also, the rhodium-trichlorostannate complex [Rh(SnCl,),Cl,]3~, when supported on

AV-17-8 anion exchange resin, is a highly active, stable and selective catalyst for the
dimerisation of ethene to cis and trans-2-butene(199,
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Figure 1.6  Mechanism for the platinum-tin catalysed water gas shift
reaction

1.5.4 Hydroformylation of olefins

Hydroformylation generally refers to the reactions of olefins with carbon monoxide
and hydrogen. Many transition metals catalyse the hydroformylation of olefins with
a sizeable proportion utilising the trichlorostannate ligand or tin(II) chloride as a
catalyst.

Clark and co-workers(7273.105110) extensively studied the hydroformylation
mechanism for platinum-tin systems and identified several catalytically active
species. Using 3P, 195Pt and !'9Sn NMR spectroscopy. they have shown that
PtPh(SnCl;)L, (L=PPh;, PPh,Me) complexes react with CO to yield
[Pt(CO)PhL,}*[SnCl;]~, which then goes on to form Pt(COPh)(SnClL,)L, via a

migratory insertion reaction, as shown in Figure 1.7.
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Figure 1.7 The reaction of PtPh(SnCl;)L, complexes with CO

The ability of tin(Il) chloride to promote the reactions taking place at the metal
centre was attributed to the trans influence and trans effect of the SnCl;~ ligand and

its ability to stabilise 5-coordinate species.

Reaction of Pt(CO)(PR;)Cl, with SnCl,.2H,002.73.105) yielded several species, as
shown in Figure 1.8, via insertion reactions into the Pt-Cl bonds and also via
displacement reactions. The species shown in Figure 1.8 are themselves
hydroformylation catalysts, catalyst precursors(!11), or reaction intermediates(!12),
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Figure 1.8  The reaction of Pt(CO)(PR,)Cly with SnCL,.2H,0

The work of Clark indicated the complex role of the trichlorostannate ligand, with
factors such as solvent type and coordinated ligand affecting reactivity. The work
also demonstrated that species in solution under catalytic conditions can differ from

those at room temperature and pressure.
Asymmetric hydroformylation employing transition metal catalysts has also been

carried out. Optical yields have been modest, being typically 35-50%. The
asymmetric hydroformylation of straight chain butenes(!1®) using a [(-)-DIOP]
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P1Cl,-SnCl, sysiem showed that asymmetric induction took place after formation of
an intermediate metal alkyl complex. The [(-)-DBP-DIOP]PtCl,/SnCl, system had
optical yields of 70% although reaction rates were slow(114),

Kawabata et al(115116117) have shown that diphosphine derivatives of bis
(diphenylphosphino)butane (DPPB) can be part of an efficient catalyst system along
with PiCL,(PhCN),/SnCl,.2H,0 in the hydroformylation of 1-pentene. These
systems were found to compare favourably with the important industrial
hydroformylation catalyst HRh(CO)(PPh;);. In accordance with the results using
monophosphines, steric effects are thought to be more important than electronic
effects. It is thought that the rigid skeletons of species such as

><0:K\ PPh, ~ “een, PPh,
o) : PPhy ‘

v, ‘./,/Pth ,,’/Pth

increase the instability of the chelate ring and promote the dissociation of one of the
phosphines, probably the one trans to the SnCl,™ ligand, thus providing a vacant

coordination site.

Hydroformylation of butenoic acid esters(1!® using cis-Pt(PPhs),Cl,/SnCl, catalysts
gave a 95.9% yield of five-carbon ester aldehydes in a linear:branched ratio of
3.93:1. Propene has been hydroformylated using a Pt(acac),/SnCl,.2H,0/PPh,
system as catalyst, resulting in a 95% yield of a mixture of 96% linear/4% branched
butanals(19),

1.5.5 The rhodivm-tin-chloride catalysed hydrocarbonylation of ethene to
form propanoic acid

Hydrocarbonylation refers to the reaction of olefins with CO and water to form

carboxylic acids. Esters are produced by the carbonylation of an olefin in the

presence of an alcohol, rather than water.

Several industrial processes employing transition metal catalysts to hydrocarbonylate

alkenes have been reported in Section 1.2.3. Recent studies()), which form the basis
for the work described in this thesis, have shown that rhodium(Il) chloride
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trihydrate is an active catalytic precursor for the hydrocarbonylation of ethene to
form propanoic acid, but only when tin(I) chioride is present as a co-catalyst. A
summary of the important data obtained from these studies is shown in Table 1.2.

A comparison of Reactions 1 and 2 in Table 1.2 shows that addition of an alkyl
ammonium salt, benzyltriethylammonium chloride, to the rhodium-tin-chloride
catalytic system, led to an approximate six-fold enhancement in the rate of propanoic
acid production. A comparison of Reactions 3, 4 and 5 shows that optimum rates and
selectivities for propanoic acid were achieved for the rhodium-tin-chloride systems
when a 1:2 molar ratio of rhodium:tin was employed, as in Reactions 2 and 4. Lower
tin content led to a decrease in rate and higher tin content lowers both the rate and
selectivity. A comparison of Reactions 6, 7 and 8 shows that the optimum
temperature for propanoic acid production is 180°C, with the majority of by-product
formation occurring at temperatures lower than this. It is interesting to note that in
Reactions 2 and 4, both of which were carried out in the same reaction vessel and
which are apparently identical systems, the rate of gas uptake and selectivity
observed for Reaction 4 are significantly lower than those observed for Reaction 2,
but the rate of propanoic acid production is strangely higher for Reaction 4 than for
Reaction 2. Although activity was not found to occur for a rhodium-chloride system
in the absence of tin(II) chloride, no data has been made available to verify this.

The major organic by-products obtained from the rhodium-tin-chloride catalytic
systems were chloroethane, ethyl acetate and ethyl propanoate, and the butyl
moieties, butyl acetate, butyl propanoate and 2-chlorobutane. Studies indicated that
these products were primarily formed by initial reaction at the catalytically active
rhodium centre, but that tin(II) chloride had the ability to generate ethyl moieties
such as chloroethane via formation of C,HsSnCl, in solution.
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Table 1.2 A summary of the important features of the rhodium-tin-
chloride catalysed hydrocarbonylation of ethene taken
from the data obtained by a previous worker®
Mioles of Rate Rate of % Selectivity Rh:Sn Temperature
propanoic acid bar.hr!  propancic acid for :Bz(Et);NCI °C
produced production propanoic  Molar Ratio
mol.Kg-L.hr-1 acid

1. Components:  RhCly.3H,0, SnCl,.2H,0, 37%HCl,,,;, CH;COCH, CO,

C,H,
0.101 21.0 0.89 80.1 1:2:0 180

2. Components: RhCl,.3H,0, SnCl,.2H,0, Bz(Et);NCl, 37%HCl, ),

CH,COGH, CO, C,H,
0.121 137 5.4 88.6 1:2:3 180

3. Components:

Same as Reaction 2

of reagents and in the same reaction vessel.
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0.115 63.0 297 91.4 | 1:1:3 180
4. Components: Same as Reaction 2*
0.116 . 88.0 5.72 79.6 1:2:3 180
5. Components: Same as Reaction 2
0.016 160 1.69 50.7 1:4:3 180
6. Components: RhCl;.3H,0, SnCl,.2H,0, Bu,NCl, 37%HC],,,,,
CH,COOH, CO, C,H,
0.088 220 8.97 44.2 1:2:2 180
7. Components: Same as Reaction 6
6 x 104 240 0.097 0.5 1:3:2 150
8. Components: Same as Reaction 6
5.6 x 103 102 0.17 10.1 1:3:2 120
For Reactions 1-8  CO pressure = 40 bar, C,H, pressure = 40 bar
* Reactions 2 and 4 are essentially the same, carried out with similar quantities



Studies also showed that no catalytic activity occurred in the absence of HCl from
the systems(), A decrease in the HCI concentration accompanied by an increase in
the amount of water in the system led to a decrease in the rate of propanoic acid
production (see Table 1.3 below). A completely anhydrous system gave an extremely
fast though poorly-selective reaction (see Reaction 3, Table 1.3 below):

Table 1.3 The effect of HCI concentration on the rate of propancic acid
production and the selectivity for propanoic acid (data taken
from ref.1)

Moles of Rate/ Rate of propaneic % Selectivity
propanoic acid  bar.hr-! acid production/ for propancic
produced Mol.Kg-Lhr! acid

1. Components: 2.4ml.2M.HCl,,

0.047 66.2 0.97 88.1

2. Components: 2.4ml.2M.HCl,,,, + 7.6ml H,0

10.013 15.0 0.27 t
3. Components: HCl ;
0.053 236 5.55 46.5

Standard components for each reaction were RhCl3.3H0, SnCly.2H50, Bz(Et)3NCl, CH3COOH -
34mi, CO - 40bar, CoHy - 40bar. Reaction 3 also contained (CH3CO)70 to maintain anhydrous

conditions. T The percentage selectivity was not reported.

The results in Table 1.3 indicate that an amount of water is detrimental to the yield
of acid, but is beneficial to achieve a highly selective production of propanoic acid.
Increasing the amount of water above a certain volume, i.e. lowering the HCl
concentration, lowers the selectivity for propanoic acid, and leads to an increase in
the formation of other organic products. The large quantities of water were
interpreted as destabilising the complexes involved in the catalytic reaction, thus
leading to by-product formation.
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Tin(IV) complexes such as [Bz(Et);N],SnCl; were also found to catalyse the
hydrocarbonylation of ethene to form propanoic acid.

The data obtained under the optimum conditions clearly suggested a synergy
between rhodium and tin. The data was found to be consistent with the formation of
species such as [Rh(CO),(SnCl;),]™ and [Rh(CO),(SnCl;);]>~ as potential catalysts
or catalytic precursors. The reaction was then thought to proceed via initial oxidative
addition of species such as HCl, HSnCl,;, C,H;Cl or C,HsSnCl,. However, the exact
nature of the active catalyst was unclear, and the role of the tin was deemed

speculative.

1.5.6 Other transition mef:ml/ftﬁn carbonylation reactions to form acids and
esters

Esters are produced by the carbonylation of an olefin in the presence of an alcohol,
whereas water is used in the hydrocarbonylation of olefins to form acids.

Knifton et al(120-123) jnvestigated the reactions of a-olefins to form carboxylic acids
and esters using platinum and palladium phosphine, arsine and stibine complexes
with SnCl, as a co-catalyst. For the platinum systems(120.122) phosphine complexes
generally proved to be better catalysts than arsine and stibine analogues, although
Ph,As-Pt éomplexes were very good catalysts in certain cases. Co-catalyst activity
decreased in the order

SnCl, > SnBr, > GeCl, >> Snl, ~ PbCl, ~ SiCl, ~ SbCl,

Up to 98 mol % selectivity for linear esters can be achieved with SnCl, as co-catalyst
with hydrogenation and isomerisation acting as competing reactions. Complexes
such as HPt(PPh,;),CO(SnCl;) and (PPh,),PtCI(SnCl;) have been isolated from
solutions under carbonylation conditions. The addition of SnCl, to solutions of the
complex (Ph,As),PtCl, in non or moderately polar solvents generates an active and
very regiospecific carbonylation catalyst which is highly sensitive to co-ordinated
ligand structure and the structure of the olefin.

Amongst stabilised Pt(II)-SnCl, catalysts, the highest yields have been obtained with
ligands of low basicity and high m-acceptor strength such as AsPh,;, AsCIPh,, and
P(OPh); and the co-catalysts with a high m-acceptor strength i.e. SnCl,~. These
ligands lower the electron density of the platinum favouring platinum hydride
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formation('?) and attack by nucleophiles such as CO and the olefin®®.
PtH(SnCL,)(CO)(PPh,), has also been found to be catalytically active for the
hydroformylation of 1-pentene to hexanal showing 95% selectivity(129),

Studies of palladium systems(!21.123) indicated that the catalyst activity was related to
the steric and electronic nature of the phosphine ligands, although simple
_ correlations proved difficult to formulate(12D, Again SnCl,, as co-catalyst, gave the
best selectivity, GeCl, was equally efficient whereas PbCl, and Snl, proved to be
worse than no catalyst at all. In general both linear and branched carbonylation
products are obtained, depending on the nature of the Pt or Pd catalyst used.

The selectivity of linear:branched esters obtained by using Pt(PPh;),Cl,/SnCl, as a
carbonylation catalyst system has been enhanced to approximately 150:1 by using a
polymer support®® although a long catalyst life could not be achieved. Knifton
improved this reaction. Carbonylation of acetylenes allowed formation of
unsaturated esters in >65% yield with 81% linear selectivity. High CO pressures of
136atm were necessary for fast rates, whereas a lower temperature(295K) and
pressure(latm) increased selectivity at the expense of only slightly lowering the
percentage conversion(126), A proposed mechanism is shown below(127),

Scheme 1
M-CO + ROH — MCO,R + H*
MCO,R + C,H, —» M(C,H,)CO,R
M(C,H,)CO,R + H* — (C,H;)CO,R + M
Scheme 2

M-H + C,H, — M(C,H,)
M(C,H,) + CO — M(COC,H,)
M(COC,H,) + ROH —» (C,H,)CO,R + MH

Kehoe and Schell(128) have used mixture of chloroplatinic acid and tin(II) chloride to
hydrocarbonylate terminal olefins to acids in water and to carbonylate them to esters
in alcohols. Forcing conditions of 363K and 3000psi CO were required although
high conversions of up to 98% were obtained. Yields of up to 90% could be reached
depending on the olefin employed. Linearity of the products was generally around
85% with the alkenes used including 1-hexene, 1-dodecene and 1,7-octadiene.
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1.5.7 Coupling Reactions
Reductive coupling of vinyl chloride to butadiene is effected at 25°C by tin (II) in

solutions containing catalytic amounts of PtCl,(129). The reaction is co-catalysed by
caesium fluoride:

(CyHs)4NSnCly
PCl,, CsF
CH,=CHC!] — CH,=CHCH=CH,
DMF-H,0

Under the best conditions conversion to butadiene is nearly quantitative but falls
rapidly with Sn:Pt ratios greater than 5:1.

1.5.8 Other Reactions

The addition of SnCl, to solutions of PtCl,>~ and ethene increases the rate of
formation of Zeise's salt, K[(C,H,)PtCl,].H,0(39, This has been attributed to the
high trans effect of SnCl;™. Tin(II) will also catalyse the insertion of ethene into the
platinum hydride bond of HPtL,Cl (L=P(C,H);)13D. Kinetic studies are in
accordance with the following mechanism:

PtHCIL, + SnCl, =—= PtH(SnCl,)L,
SnCl, + CI~ SnCl,~
PtH(SnCl,)L, + SnCl,— === P{H(SnCl,,L,~
PtH(SnCl,)L, + C,H, Pt(C,H)(SnCl,)L,  Rate Determining
PY(C,H)(SnCl)L, === Pt(C,H,)CIL, + SnCl,

A homogeneous catalyst mixture of RhCl,.3H,0/SnCl,.2H,0 and LiCl is well
known to dehydrogenate propan-2-ol yielding acetone and dihydrogen(!32:133) with
119Sn and '"H NMR studies showing that the complexes [RhCl (SnCl;), . ]*~ (n=1 to
5) and [RhH(SnCl,;)s]3~ exist in solution, with the hydride ligand stabilised only by
the SnCl,;~ ligands(134),
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Chapter 2

The Reaction Chemistry of Rhodium(Il) Carbonyl
Chlorides with Tin(II) Chlorides



2.1 Imtroductiomn

Homogeneous catalytic work has been carried out to investigate the rhodium(l)
catalysed hydrocarbonylation of ethene promoted by tin(II) chloride(V). During the
heating process of the reaction, rhodium(Ill) chloride triﬁydrate reacts with carbon
monoxide® to produce dichlorotetracarbonyldirhodium(I) which reacts quickly with
the excess chloride ions present in the catalytic system to form the
dichlorodicarbonylrhodium(I) anionic species, [Rh(CO),Cl,]= G4, In the tin(Il)
promoted reaction(!) further reaction occurs with SnCl, and/or SnCl;~ to form
complexes implic‘ated in the catalysis. Under the reaction conditions used, tin(Il)
chloride, in the presence of chloride ions, will be in equilibrium with the
trichlorostannate species SnCl;™,

SnCl,~ =—— 8nCl, + CI™

with the equilibrium being highly in favour of the trichlorostannate species as
indicated by 119Sn NMR studies discussed in Section 2.3 of this chapter.

Catalytic work has shown that the optimum rhodium to tin molar ratio for the
hydrocarbonylation process is 1:2, with a large cation, typically
benzyltriethylammonium chloride, also giving a significant six-fold increase in the
rate of reaction when in combination with tin(IT) chloride.()

The chemistry achieved during the catalytic process has prompted an investigation of
the reaction chemistry of the rhodium(l) carbonyl chlorides,
dichlorotetracarbonyldirhodium(I) and the benzyltriethylammonium salt of
dichlorodicarbonylrhodium(I) with tin(II) chlorides, which is reported in this
chapter. The reactions were carried out at atmospheric pressure with the intention of
probing the fundamental chemistry occurring between the species, and of relating
this to chemistry which occurs during the catalytic process.

The reactions were primarily followed by the use of Fourier Transform Infra-Red
spectroscopy to monitor changes in the stretching frequencies of the carbonyl
absorptions as the reactions progressed. The solution samples were contained within
a liquid cell having CaF, windows. Each spectrum was recorded using 16 scans and
a resolution of 2cml. Several reactions were also monitored using !19Sn NMR
spectroscopy. Table 2.1 summarises the known infra-red data in various solvents for
the rhodium(I) carbonyl chloride starting materials used throughout this work, and
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also the infra-red data for various known rhodium(I) carbonyl trichlorostannate

complexes, reported in later chapters.

Table 2.1 Carbonyl infra-red stretching frequencies of various
rhodium(l) carbonyl chioride and rhodium(l) carbenyl
trichlorostannate complexes.

Complex Solvent V(CO)/cm-!
?[Rh(CO),Cl,)- THF 1984, 2062,
CH,Cl, 1994, 2071,
CH,COOH 2001, 2076,
Nujol 1991, 2081,
O[Rh(CO),CL ]~ Nujol® 1982 2060
Rh,(CO),Cl, THF* 2034, 2090, 2107,
CH,Cl, 2035, 2092, 2108,
CH,COOH 2037, 2093,
Nujol 203420882104,
Hexane® 2035, 2089, 2105,
?[Rh(CO)(SnCl;),C1}>- | Nujol 2013,
(Chapter 3, Sec. 3.2.2)
+[Rh(CO)(SnCl,),Cl]?- | Nujol 2000 ©)
*+[Rh(CO)(SnCl,),Cl}]>~ | KBr 2005 ©
?[Rh(CO)(SnCl,), 13- Nujol 2012,
(Chapter 3, Sec. 3.2.1)
?[Rh(CO),(SnCl,),}>- | THF 2011,2072,,
(Chapter 3, Sec. 3.2.5) | CH,Cl, 2018, 2069,
°[Rh(CO),(SnCl;);]*>> | KBr 2010 2060 ™
¢ [Bz(EnsN]t o [PPN]* +[MegN1* O [PhgAs]*

* The absorptions at 2034, 2090 and 2107cm1 are only seen when Rhy(CO)4Cl5 is in a higher molar

quantity than THF. Addition of Rh(C0O)4Cl5 to a molar excess of THF leads to immediate cleavage
of the Rh-CI-Rh bridges by the solvent molecule to give Rh(CO)ZCl(THF)(S) which has strong
carbonyl absorptions at 2004 and 2080cm™1. As a result all of the reactions described in this chapter
with Rh(C0O)4Cl5 dissolved in THF, can be envisaged as reactions of Rh(CO),CI(THF).

Dichlorotetracarbonyldirhodium(I) and benzyltriethylammonium dichlorodicarbonyl
rhodium(l) were prepared by methods similar to those used by Wilkinson et al®, and
Cleare et al™® respectively, and are described in Appendix 1, where the preparation of
benzyltriethylammonium trichlorostannate from Bz(Et);NCl and SnCl, is also
reported. [Bz(Et);N],[Rh(CO),(SnCl;);] was prepared by bubbling CO through



solutions of [Bz(Et);N],[Rh(COD)(SnCl;);] to remove the 1,5-cyclooctadiene
ligand. This, along with the syntheses of [Bz(Et);N},[Rh(CO)(SnCl,;),Cl] and
[Bz(Et);N]; [Rh(CO)(SnCl,),] is described in detail in Chapter 3.

The reactions reported in this chapter were carried out in glassware which was
evacuated and then flushed with nitrogen prior to the addition of reactants. A counter
current of nitrogen was maintained through the systems at all times while the
reactions were proceeding. Samples were withdrawn from the reaction mixtures at
intervals using a syringe, and injected into the infra-red solution cell.

2.2 [Fourier Transform Infra-Red Studies of the Reaction
Chemistry Occurring Between Rhodium(l) Carbonyl
Chlorides and Tin(II) Chlorides

The reactions were mostly carried out in THF since it aided the solubility of both the
rhodium and tin starting materials at ambient temperatures. Reactions in
dichloromethane and acetic acid were affected by the relative insolubility of SnCl,,
and have thus been used less extensively. All solvents were dried and degassed prior

to use.

The carbonyl stretching frequency of free carbon monoxide at ca. 2140cm! is
shifted to a lower frequency on bonding to a transition metal. This can be explained
in terms of molecular orbital theory®. A c-bond is formed by donation of o©-
electrons of CO to an empty orbital of the metal. This tends to raise V(CO) since the
¢ orbital is slightly anti-bonding. A m-bond is also formed by back donation of the
dn electrons of the metal to empty anti-bonding orbitals, the 2pn* orbitals of CO.
This tends to lower V(CO). The two bonding components are synergic, the net result
in the case of bonding to a metal such as rhodium in a low oxidation state being a
drift of electrons from rhodium to CO. Thus, the overall effect is to lower the
carbonyl stretching frequency, e.g. Rh(CO)(PPh,;),Cl, v(CO) 1977cm-! in nujol.(0

The formation of a Rh-SnCl; bond in place of a Rh-Cl bond is expected to shift
v(CO) to a higher frequency, since the strong w-acceptor ability of the SnCl;~
groupU1-19 compared with Cl~ is likely to cause a decrease in the Rh-CO =n-
backbonding.
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2.2.1 Reactions of [Rh(C0),Cl, ]~ with SnCl,
These reactions were carried out in various solvents, and employed different molar

ratios of rhodium to tin.

Reactions in THIF

Table 2.2 summarises the reagents, conditions and infra-red data for the reactions of
[Rh(CO),Cl,}~ with various molar equivalents of SnCl, in THF at 20°C, and clearly
shows that, as the amount of SnCl, in the system is increased, there is an increase in
the intensity of a new absorption at 2011cm-l, assigned to Product A. This is
accompanied by a decrease in the amount of [Bz(Et);N][Rh(CO),Cl,] present, until
at a Rh:Sn molar ratio of 1:3, all of the [Bz(Et);N][Rh(CQO),Cl,] has completely
reacted, and only a single strong symmetrical absorption at 2013cm-! and a very
weak absorption at 2072cm-1, also assigned to Product A, remain. Unfortunately, the
very weak V(CO) stretching frequency at 2072cm’!, assigned to Product A, was not
observed at Sn:Rh molar ratios lower than 3:1. The weak intensity of this absorption,
and the presence of other complexes e.g. [Rh(CO),Cl,]~ and Rh(CO),CTHEF),
having absorptions in the same region at these molar ratios, all contribute to its lack
of detection at Sn:Rh molar ratios less than 3:1. These arguments may also be used to
explain the inability to detect this weak absorption for other similar reactions in both
THF and CH,Cl, reported throughout this chapter, although the possibility that this
absorption is not present at Sn:Rh molar ratios less than 3:1 cannot be ruled out.
Nevertheless, since their frequencies compare so closely the absorptions at 2011 and
2013cm™! are assigned to the same species, Product A. The absorptions observed at
2013, and 2072,,cm™! when the Rh:Sn molar ratio is 1:3 are shown in Figure 2.1.
Figure 2.2 clearly illustrates the changes in the intensities of the carbonyl absorptions
as the Rh:Sn molar ratio is changed from 1:1 to 1:3, and the appearance of the new
absorption at 2011cm-!.

Several rhodium(I) carbonyl trichlorostannate complexes have carbonyl absorptions
in the region 2010-2013cm-! (see Table 2.1), and therefore although the new
absorptions at 2011/2013; and 2072,,,cm-! appear to be consistent with the formation
of a Rh(I)-CO-SnCl; complex, they cannot be categorically assigned to one
particular species purely on the basis of infra-red data, particularly since the very
weak high frequency absorption is only observed in certain reactions. However, the
data is possibly consistent with the formation of a rhodium(I) complex containing
two carbonyl groups and several SnCl;~ groups, and since all of the starting material
is consumed when a Rh:Sn stoichiometry of 1:3 is used, the product complex may be
of the type [Rh(CO),(SnCl,);]?~. Indeed, the infra-red data for Product A when



-

using a Sn:Rh molar ratio of 3:1 {v(CO) 2013, 2072,,,cm-1} compares very closely
with that observed for [Bz(Et);N],[Rh(CO),(SnCl;);] in THF {v(CO) 2011,
2072,,,cm-!, see Table 2.1 and Chapter 3, Section 3.2.5}, which is prepared from the
reaction of [Bz(Et);N],[Rh(COD)(SnCl,),] with CO by a method similar to that of
Pregosin et al™. ' '

Addition of higher molar equivalents of Sn:Rh to the system, (i.€. Reactions 22.1E
and 2.2.1.F) where the Rh:Sn molar ratio is 1:4 and 1:6 respectively), produced no
change in the frequency position or the intensity of the absorption at 2011/13cm-L.
The sequence of reactions indicate that the reaction is complete when a Rh:Sn molar
ratio of 1:4 is reached, although the very weak absorption at 2072cm-! was not
obscrved for a Rh:Sn molar ratio of 1:6. Reactions 2.2.1.A-2.2.1.C showed a
decrease in the intensity of the new absorption at 2011/2013cm-! on storing over a 2
day period, coupled with a small increase in the intensity of the absorptions
corresponding to [Bz(Et);N][Rh(CO),Cl,], indicatiné loss of tin from the product

complex.

Figure 2.1  Carbonyl absorptions observed for the 1:3 reaction of
[Rh(CO),CL,]~ with SnCl, in THF at 20°C
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Table 2.2

Reagents, conditions and infra-red data for the reactions of [Rh(C0),Cl,]~ with SnCl, in THF at 20°C

Reaction Reactants Rh:Sn Solvent Reaction - Colour V(CO)/cm-! Assignment
Code Molar Ratio Time Changes Observed
22.1.A *[Rh(CO),ClL,]~ 2:12 THFa! Instantaneous | Yellow—Pale orange | 19842062, [Rh(CO),CL,}-
SnCl, 200442080, Rh(CO),CI(THF)
2011, Product A
22.1B *[Rh(CO),CL,I- 1:1b THEFV! Instantaneous Yellow—QOrange 1984 2062 . [Rh(CO),Cl,]-
SnCl, 20044 2081,,  Rh(CO),CI(THF)
_ 2011, Product A
221.C *[Rh(CO),Cl,]- 1:2¢ THF<! Instantaneous Yellow—QOrange 1984, 2061, [Rh(CO),Cl,]-
SnCl, 2004, 2081, Rh(CO),CI(THF)
2011, Product A
221D *[Rh(CO),Cl,]- 1:3d THFY! | Instantaneous | Yellow—Deep orange | 2013,2072,,  Product A
SnCl,
22.1E *[Rh(CO),CL,]- 1:4e THF¢! Instantaneous | Yellow—sDeep orange | 2013, 2972, Product A
SnCl,
22.1.F *[Rh(CO),ClL, - 1:6f THF! Instantaneous | Yellow—Deep orange | 2013 Product A
SnCl,

* Cation = [Bz(Et);N]J*

a-32.1mg(0.076mmol):6.5mg(0.034mmol),al-5ml
d-19.8mg(0.047mmol):30.1mg(0.159mmol),d1-5m!

b-19.8mg(0.047mmol);9.7mg(0.051mmol),b1-5ml
€-19.8mg(0.047mmol):40.3mg(0.21mmol),e1-5m}

¢-19.8mg(0.047mmol)18.8mg(0.099mmol),c1-5ml
£-19.8mg(0.047mmol):58.7(0.310mmol),f1-5ml







Table 2.3

Reagents, conditions and infra-red data obtained for the reactions of [Rh(C0),Cl,1- with SnCl, in CH,Cl, at 20°C

Reaction Reactants Rh:Sn Solvent - Colour Reaction v(CO)/cm-! Assignment
Code Molar Ratio Changes Time Observed
221G *[Rh(CO),Cl,1- 1:1g CH,Cl,g! Yellow—Orange 2 hours 1994, 2072, [Rh(CO),Cl,1-
SnCl, 2036, 2092, Rhy(CO),Cl,
2018, Product B
22.1H *[Rh(CO),Cl,]- 1:3n CH,ClI,M Yellow—>Pale orange 1 min 1994, 2071 [Rh(CO),CL, ]
SnCl, 2036,,2092,, Rh,(CO),Cl,
2012, Product B
Ye]]ow—)Orange 8 min 1995w 2072w []Rh(CO)zClz]‘
2035,2092, 2108, Rh,(CO),Cl,
2018, Product B
16 min 2035,2092,2107, Rhy(CO),Cl,
Yellow—Red 2018 Product B
. 2035, 2091, 2107, Rhy,(CO),Cl
YEHOW—)DCCp red 30 min 201 8; Pr(:duct ﬁ 2
120 min 203542091, Rh,(C0O),Cl,
Deep red 2018, Product B

* Cation = [Bz(Et);N]*

£-52.1mg(0.123mmol):24.9mg(0.132mmol),g1-3ml

h-37.4mg(0.089mmol):51.5mg(0.272mmol),h1-10m}




Reactions in CH,Cl,

Reactions carried out in dichloromethane, summarised in Table 2.3, were much
slower than in THF, mainly due to the insolubility of SnCl, which slowly dissolved
as the reaction progressed, thus allowing the changes in the intensities of the
carbonyl absorptions to be measured as a function of time.

The absorption observed at 2018cm-! in CH,Cl, in Reactions 2.2.1.G and 2.2.1.H
(Table 2.3), and assigned to Product B, is consistent with the presence of a
rhodium(I) carbonyl complex. The other ligands are probably SnCl;~ groups, and
since a only small amount of starting material remains when a Rh:Sn stoichiometry
of 1:3 is used, the product complex may contain either 3 or 4 SnCl;™ ligands, and is
probably the same species which gave an absorption at 2011/13cm-! in THF in
Reactions 2.2.1.A-E. This difference in the position of the carbonyl absorptions is
likely to be due to solvent effects and is not uncommon, e.g. see Table 2.1, V(CO) for
[Rh(CO),ClL,]~ : 1984, 2062cm-! in THF, 1994, 2071cm! in CH,Cl,. Thus, Product
A and Product B appear to be the same.

The data show that an increase in the amount of tin(II) chloride added to the system
leads to an increase in the intensity of the absorption at 2018cm-! coupled with a
decrease in the intensity of the absorptions due to [Rh(CO),Cl,]~. Interestingly,
absorptions due to Rh,(CO),Cl, were also observed. Reaction 2.2.1.H, employing a
Rh:Sn molar ratio of 1:3, stopped after a 2 hour period, but did not go to completion
with [Rh(CO),Cl,]~ still present in solution. On standing, this solution became

darkly coloured due to decomposition.

Reaction in acetic acid

Reaction of [Bz(Et);N][Rh(CO),Cl;] and SnCl, was also studied in acetic acid
because this was the solvent used for the rhodium catalysis of the
hydrocarbonylation of ethene. No reaction was observed at ambient temperature,
however, probably due to the insolubility of tin(II) chloride under these conditions.
The yellow colour of [Rh(CO),Cl,]™ and its accompanying carbonyl absorptions at
2001 and 2076cm! were retained throughout the reaction, with no other carbonyl
absorptions observed. Attempts to achieve reaction by heating the solution gave a
black colouration due to decomposition.
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222 Reaction of [Rh(CQO),Cl,]~ with SnCl, at Low Temperature

Reaction in THIF

The reaction of [Bz(Et);N][Rh(CO),Cl;] with SnCl, in THF at room temperature
was too rapid to follow using the standard FT-IR spectroscopic procedure.
Consequently, the reaction was carried out at low temperature in an attempt to
identify reaction intermediates. The reaction was initially attempted using a
methanol bath cooled to —40°C, but at this temperature, however, the reaction was
still found to proceed too quickly for any intermediates to be observed.
Consequently, the reaction was camried out at ~78°C by first dissolving
[Bz(Et);N][Rh(CO),Cl,] in THF and cooling the solution in solid CO,. A CaF,
liquid cell was also cooled in solid CO,. Solid SnCl, was then added to the solution,
and the reaction monitored by following the changes in the carbonyl absorptions. By
using a cooled CaF, liquid cell it was possible to ensure very little warming of the
solution, and as a consequence, no significant further reaction occurred while the
spectra were recorded. Table 2.4 summarises the data obtained for the reaction.

Table 2.4 Summary of infra-red data obtained for the reaction of
[Bz(Et);N][Rh(CO),Cl,]* with SnCl,P in a 1:1 melar ratio,
carried out in THIF* at low temperature

Reaction Reaction New absorptions
Code Time observed+
V(CO)/cm!

2.22.A 2min {2010,
12min | 2010,
25min | 2010,
53min | 2011,

200 min | 2011,

a-21.0mg (0.05Smmol) b- 12.0mg(0.063mmol) c¢-6ml
t Absorptions at 1984 and 2062cm™1, due to [Rh(CO),Cly]~, remained strong throughout
the reaction. Unassigned weak shoulders were also observed at 1989, 2008, 2066 and

2077cm-1 from a period of 25 minutes onwards.
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There was a colour change from yellow to pale orange as the reaction progressed
over a period of 200 minutes. This was accompanied by a gradual increase in
intensity of the absorption at 2011cm-! as observed in previous reactions (see Table
2.2) which is assigned to the same rhodium(I) carbonyl trichlorostannate complex,
Product A. A small decrease in the amount of the starting material
[Bz(Et);N][Rh(CO),Cl,] was detected. Several unassigned weak shoulders were aiso
observed at 1989, 2008, 2066 and 2077cm-!, those at 2008 and 2077cm-! probably
being due to Rh(CO),CI(THF), {v(CO) - 2004, 2080cm-! in THF}. Figure 2.3 shows
the carbonyl absorptions observed after 53 minutes. The absorption at 201 1cm-! due
to the product was lost after 1 day leaving only absorptions due to [Rh(CO),CL,]™.
This is consistent with loss of tin from the complex, the reasons for which are
unclear, but which is common to solutions of other tin complexes on ageing e.g.
Reactions 2.2.1.A-C.

No reaction intermediates were identified, the reaction proceeding similar to that at

room temperature, but at a much slower rate.

Figure 2.3 Infra-red spectrum of the reaction of [Rh(C0O),Cl,]- with SnCl,
in THF at -78°C after §3 minutes
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2.23 Reaction of [Rh(C0),ClL 1~ with SnCl;=

In the catalytic reactions investigated previously(!), and in Chapter 4, SnCl, is added
to a solution containing a molar excess of concentrated hydrochloric acid, and thus
will form SnCl,~. It is therefore relevant to investigate the reaction of SnCl;~ with
[Rh(CO),Cl,]~, which is also formed in the catalytic process as indicated by infra-
red studies of the carbonylation of RhCl,.3H,0 in the presence of additional chloride
ions (see Chapter 5).

Reactions in THF and acetic acid

Due to the insolubility of [Bz(Et);N][SnCl,], reactions of [Bz(Et);N][Rh(CO),Cl,]
with [Bz(Et);N][SnCl,] in acetic acid or THF as solvents proved unsuccessful even
when the reaction mixtures were heated.

Reaction in CH,Cl,

CH,Cl, was a more suitable solvent than THF and acetic acid due to the solubility of
both reactants. Table 2.5 summarises the infra-red data obtained for the reaction of
[Bz(Et);N][Rh(CO),Cl,] with [Bz(Et);N][SnCl;] in CH,Cl,.

Table 2.5 Summary of infra-red data for the reaction of
[Bz(Et);N][Rh(CO),Cl,]* with [Bz(Et);N][SnCl;]* in a Rh:Sn
molar ratio of 1:2, carried out in CH,Cl,¢ at 20°C

Reaction Colour Reaction V(CO)/cm-!  Assignment
Code Changes Time Observed

1994.,2072,  [Rh(CO),CL]-
223.A | Yellow—Red | Instantaneous | 2036, 2092,  Rh,(CO),Cl,
2018, Product B

a - 50mg (0.12mmol) b- 99mg (0.237mmol) c¢-10ml

Based on the frequency of the v(CO) absorption, the reaction product is identical to
that of Reactions 2.2.1.G and 2.2.1.H between [Rh(CO),Cl,]~ and SnCl, carried out
in CH,Cl, at room temperature (see Table 2.3), both infra-red spectra showing the
same strong absorption at 2018cm-l. The fact that the product absorptions are
identical indicates that the reactions are related by the equilibrium:

SnCl,~ =—= SnCl, + CI~
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with both insertion of SnCl, into a Rh-Cl bond, and substitution of SnCl;~ for CI™
being possible modes of formation of Rh-SnCl; bonds:

[Rh(CO),CL,]™ + SnCl;~ —— [Rh(CO),CI(SnCly)]~ + CI™

Interestingly, scavenging of chloride ions, causing the formation of Rh,(CO),Cl,
from [Rh(CO),Cl,]~, also occurs, as observed previously.

2.2.4 Reaction of Rh,(C0),Cl, with SnCl,

Reaction in THEF
Infra-red data obtained for the reaction of Rh,(CO),Cl, with SnCl, in THF is shown
in Table 2.6. '

Table 2.6 Summary of infra-red data for the reaction of Rh,(C0),Cl,? with
SnCLP in a 1:2 melar ratio, carried out in THIF¢ at 20°C

Reaction Colour Reaction V(CO)/cm-!
Code‘ Changes Time Observed
Yellow 1 day (2004-2009), (2081-2086),
224.A !
Black 7 days No change

a-25.1mg (0.065mmol) b -26.6mg (0.140mmol) c - S5ml

Reaction in THF, effectively of Rh(CO),CI(THF) {v(CO)/cm-! - 2004, 2080,} and
SnCl,, was accompanied by small fluctuations in the positions of the maxima for the
carbonyl absorptions, indicating interaction of the rhodium complex with SnCl,
possibly by a reversible insertion of SnCl, into the Rh-Cl bond, or displacement of
THF by SnCl,.THF. However, spectral changes were small.

Reaction in CH,Cl, and acetic acid

No reaction was observed in dichloromethane with only carbonyl absorptions for
Rh,(CO),Cl, observed {v(CO)/cm! - 2035, 2092, 2108,}. A pale yellow
colouration was retained throughout. Likewise, no reaction was observed in acetic
acid, with only the carbonyl absorptions for Rh,(CO),Cl, observed yet again
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(V(CO)/em-! - 2037, 2093,). After 7 days, however, there was a colour change from
orange to brown, with only a single weak carbonyl band at 2079cm-! remaining, its
position suggesting the formation of a monocarbonyl rhodium(III) complex.

Reaction of Rh,(C0),Cl, and SnCl, in Ethanol

This reaction, originally carried out by Young et al®, for which the final stage was
addition of (CH,),NCl to precipitate [(CH,),N],[Rh(CO)(SnCl,),ClI], was not
reported in detail. Infra-red data collected for the same reaction is summarised in
Table 2.7.

Table 2.7 Summary of infra-red data for the reaction of Rh,(C0),Cl,? with
SnCl, in ethanol® at 25°C

Reaction Rh:Sn Reaction v(CO)/cm-! Assignment

Code Molar Ratio Time Observed
2.24.B 1:2 3 minutes | 2010, 2085,, Rh(CQO),CI(EtCH)
2014, Product A
2075, Product A?
7 minutes | 2010, 2085, Rh(CO),CI(EtOH)
2017, Product A
2075,,, Product A?

a-26.4mg (0.068mmol) b-51.4mg (0.271mmol) c¢-5ml

Initial addition of Rh,(CO),Cl, to ethanol resulted in absorptions at 2010, and
2085,cm'! due to formation of Rh(CO),CI(EtOH) via cleavage of the Rh-CI-Rh
bridge in Rh,(CO),Cl,. Addition of SnCl, produced a steady decrease in the intensity
of these absorptions coupled with the appearance of absorptions at 2017, and
2075,,,cml. It is interesting that this reaction occurs in ethanol but not in THF,
acetic acid or dichloromethane. Addition of Bz(Et);NClI to this solution precipitates
[Bz(Et);N],[Rh(CO)(SnCl,),Cl} {v(CO) - 2013cm™! in nujol }as outlined in Chapter
3, Section 3.2.2. The main product {v(CO) - 2017cm-1} produced in solution after 7
minutes is possibly the same anionic complex as Product A and Product B referred
to earlier, and although the nature of the very weak absorption {v(CO) - 2075cm-!}
is not altogether clear, it may be due to the same complex as the absorption at
2017cm1.  This would suggest formation of a rhodium(I) dicarbonyl
trichlorostannate complex in solution.
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2.2,5 Reaction of Rh,(C0),Cl, with a mixture of Bz(Et);NCI and SnCl,

There is a high probability that Rh,(CO),Cl,, SnCl, and Bz(Et);NCI will be present
together in solution at some time in the rhodium-tin-chloride catalytic system.
Therefore, the reactions of these compounds together were studied and are reported

as follows.
Table 2.8 Summary of infra-red data for the reactions of Rh,(C0),Cl, with
SnCl, and Bz(Et);NCI in THF at 20°C
Reaction Reagents Rh:Sn: Reaction V(CO)/cm!  Assignment
Code Bz(Et);NCl Time Observed
Molar Ratio
2.2.5.A | Rhy(CO),Cl,, 1:1:12 2 min 1989,2067, [Rh(CO),Cl, )
SnCl,, 2004, 2080, Rh(CO),CI(THF)
Bz(Et),NCli 1994, 2070,, Product C
2010, Product A
10 min 1989,,, 2067,, [Rh(CO),CL]-
2077, Rh(CO),CI(THF)
19942070, Product C
2010 Product A
180 min 1989, 2067, [Rh(CO),CL )
2077, Rh(CO),CI(THF)
1994, 2070, Product C
2010, Product A
2 days 1984,2062, . [Rh(CO),Cl,]
2004,,2081 ,  Rh(CQ),CKTHF)
2.25B | Rh,(CO),Cl,, 1:2:10 Instantaneous | 19842062, [Rh(CQO),Cl,]-
SnCl,, 2004,,2081,, Rh(CO),CKTHF)
Bz(Et);NCl 2011, Product A

a - 11.30mg (0.029mmol) : 9.10mg (0.048mmol) : 12.30mg (0.054mmotl), THF - 8ml
b - 12.30mg (0.032mmol) ; 26.10mg (0.138mmol) : 1.40mg (0.063mmol), THF - 5ml

Notes

For Reactions 2.2.5.A and 2.2.5.B THF was added to a solid mixture of Rhy(CO)4Cly, SnCl, and
Bz(Et)3NCL
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Figure 2.4  Changes in the carbonyl absorptions for the 1:1:1 reaction of
Rh,(C0),Cl, with SnCl, and Bz(Et);NCI in THF
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Reactions in THF .

Table 2.8 summarises the infra-red data for the reactions of Rhy(CO),Cl, with
Bz(Et);NCI and SnCl, carried out in THF at 20°C. Changes in the infra-red spectra
in the carbonyl stretching region for Reaction 2.2.5.A are shown in Figure 2.4. A
strong absorption at 2010cm™! (Product A) was initially observed, along with weaker
absorptions at 1994 and 2070cm™! (Product C). Initial formation of
Rh(CO),CK(THF) and [Rh(CO),Cl,]~ also occurred, with their absorptions
decreasing in intensity over 3 hours, as the intensity of the absorptions due to
Product C increased. This increase in the amount of Product C during this period
was also seemingly accompanied by a decrease in the intensity of the strong
absorption at 2010cm’!, assigned to Product A. Upon ageing (2 days) the absorptions
at 1994, 2011 and 2070cm-! were completely lost, being replaced by absorptions due
to Rh(CO),CI(THF) and [Rh(CO),Cl,]~, consistent with loss of tin from the

complexes.

The products absorbing at 2010 and at 1994, 2070cm-! appear on the basis of the
data collected to be Rh(I)-CO-SnCl,; complexes, the first complex being the same as
that observed in the reaction of [Rh(CO),Cl,]~ with SnCl, in THF {v(CO) -
2011/2013cm"1}, assigned to Product A. As indicated in Table 2.1, the three Rh/Sn
complexes [Rh(CO)(SnCl,),CIJ]>~, [Rh(CO)(SnCl;),13~ and [Rh(CO),(SnCl;),12~
have absorptions in the 2010-2013cm-! region of the infra-red spectrum, and
although the reaction was 1:1:1 Rh:Sn:[Bz(Et);N]*, the identity of the product
cannot be categorically determined from the available infra-red data. The second
product, assigned as Product C, has a pattern of V(CO) frequencies consistent with
the formation of a Rh(I) cis-dicarbonyl complex of the type [Rh(CO),XY]™ where X
and Y may be the same or different anionic groups. The data is consistent with both
[Rh(CO),CI(SnCl,)]~ and [Rh(CO),(SnCl,),]™, though the small increase in V(CO)
compared with [Rh(CO),Cl,]~ is more consistent with the former than the latter
complex. Also, due to the presence of two bulky SnCl;~ ligands
[Rh(CO),(SnCl;),]~ is most likely to prefer a square planar conformation with trans
CO ligands. However, the identity of Product C cannot be categorically determined
from infra-red data alone. Interestingly, the formation of Product C, at the apparent
expense of Product A, could be explained by the following sequence of reactions:

1. Initial reaction favouring formation of [Rh(CO),(SnC13)y](Y")‘ x=1,
y=3,4;x=2,y=3)or [Rh(CO)x(SnCl3)yClz]3’+Z'1 x=2,y=2,z=1).

2. Reaction of the complex formed in 1. with [Rh(CO),Cl,]~ or
[Rh(CO),CI(THF)] to form a complex having a lower Sn:Rh ratio.
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This may be illustrated as follows:
[Rh(CO),CTHF)] + 3SnCl, + 2CI~ —— [Rh(CO),(SnCl;);]>~ + THF

[Rh(CO),(SnCl,), ]2~ + 2[Rh(CO),CI(THF)] + CI- ——  3[Rh(CO),CI(SnCl,)]~
+ 2THF

or, Rh(CO),C(THF) + 2SnCl, + 2ClIm —— [Rh(CO),(SnCl,),Cl1]2~ + THF
[Rh(CO),(SnCl,),Cl112~ + Rh(CO),CI(THF) — 2[Rh(CO),C1(SnCl,)]~ + THF

‘Though this remains purely speculative, and the precise identity of the complex
cannot be determined from the available infra-red data, the model is consistent with
the data.

When the reaction was undertaken using a 1:2:1 ratio of Rh:Sn:[Bz(Et),N]*
(Reaction 2.2.5.B), the only new carbonyl absorption observed was at 2011cm-!.
Product C was not observed. Reaction 2.2.5.B, however, gave a stronger absorption
at 2011cm-! than Reaction 2.2.5.A and weaker absorptions due to [Rh(CO),Cl,]~
and Rh(CO),CI(THF). This is due to the increase in the amount of tin(II) chloride in
the system, and implies that a Sn:Rh molar ratio of 2:1 favours completion of the
reaction, and that the final complex contains Sn:Rh in a ratio of 2:1 or higher.

Reaction in CH,Cl, and acetic acid

Reaction of Rh,(CO),Cl, with SnCl, and Bz(Et);NCl was also undertaken using
dichloromethane and acetic acid as solvents. Reaction in acetic acid gave no
observed formation of a rhodium(I) carbonyl trichlorostannate complex, probably
due to the poor solubility of SnCl,. There was, however, chloride ion cleavage of the
Rh-CI-Rh bridges of Rh,(CO),Cl, to form [Rh(CO),Cl,]~ as indicated by the strong
carbonyl absorptions at 2000 and 2076cm-1. Data for the reaction of Rh,(CO),Cl,
with SnCl, and Bz(Et);NC1 in CH,Cl, is summarised in Table 2.9.
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Table 2.9 - Summary of infra-red data for the 1:1:1 reaction of

Rh,(CO),Cl,?* with SnCL>and Bz(Et);NCI¢ in CH,CL,¢ at 20°C

Reaction Rh:Sn: Reaction V(CO)/cm-! Assignment
Code Bz(Et),NCl | Time Observed
A Molar Ratio
225.C 1:1:1 3hours | 1995, 2071, [Rh(CO),CL}-
2035, 2092, 2107, Rh,(CO),Cl,
2017, Product B

a-5.4mg (0.014mmol)  b-6.5mg (0.034mmol) c¢-7.4mg (0.032mmol) d-3ml

For Reaction 2.2.5.C solid SnCly and Bz(Et)3NCl were added as a mixture to a solution of
Rh3(C0)4Cl; in CHyCls. )
The reaction was accompanied by a colour change from yellow to deep red over the 3 hour

period of reaction.

Figure 2.5  Infra-red spectrum for the 1:1:1 reaction of Rh,(C0),Cl, with
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Reaction 2.2.5.C gave a strong absorption at 2017cm-! which is consistent with the
formation of Product B. Initially, strong absorptions at 1995 and 2071cm-! due to
[Rh(CO),Cl,]~ replaced absorptions due to the starting complex, and were then
themselves steadily replaced by the strong absorption at 2017cm-!. The weak
intensity of the Rh,(CO),Cl, carbonyl absorptions remained constant throughout the
reaction, with the final spectrum after 3 hours showing trace amounts of
Rh,(CO),Cl, but residual [Bz(Et);N][Rh(CO),Cl,] present (see Figure 2.5). The
1:1:1 Rh:Sn:[Bz(Et),N]* ratio does not therefore correspond to the stoichiometry of
the reaction taking place.

2.2.6 Reaction of Rh,(C0O),Cl, with [Bz(Et),N][SnCl,]

There is a probability that Rh,(CO),Cl, and SnCl;~ will be present together at some
stage during some rhodium-tin-chloride catalysed reactions to hydrocarbonylate
ethene (see Chapter 4). Therefore, their reaction chemistry and the nature of the
following equilibrium are of relevance, and are the subject of this section.

SnCl,~ === SnCl, + CI~

Reactions in THIF
The data obtained for the reactions of Rh,(CO),Cl, with [Bz(Et);N][SnCl;] in THF
are summarised in Table 2.10.

Table 2.10  Summary of infra-red data for the reactions ¢f Rh,(C0O),Cl, with
[Bz(Et);N][SnCl,] in THF at 20°C

Reaction Rh: Sn v(CO)/cm! Assignment
Code Molar Ratio Observed ‘ i
22.6.A 1:1s 1984 2062, [Rh(CO),Cl,]-
1995, 2070, Product C
- 2011, Product A
2.2.,6.B 1:3b 1984, 2062, [Rh(CO),Cl,]-
1994, . 2070, Product C
2011 Product A

a - 8.7mg (0.022mmol) : 16.0mg (0.038mmol), THF - Sml
b - 0.8mg (0.0021mmol) : 5.1mg (0.012mmol), THF - 4ml

1. For Reactions 2.2.6.A and 2.2.6.B, THF was added to a mixture of [Bz(Et)3N][SnCl3] and
Rh7(CO)4Cl5 in the solid phase.
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2. Reactions 2.2.6.A and 2.2.6.B were instantaneous, complete within 30 seconds, and were

each accompanied by a colour change from yellow to orange.

The absorptions at 1994/5, 2011 and 2070cm-! in Reactions 2.2.6.A and 2.2.6.B
have been observed before in Reaction 2.2.5.A and are assigned to the rhodium(l)
carbonyl trichlorostannate complexes, Products A and C. The absorptions at 1995
and 2070cm-! are assigned to the same complex since a 3-fold molar increase of
SnCl;~ in the system, leads to a coupled decrease in their intensities as the
absorption at 2011cm-! increases in intensity. In both reactions strong absorptions
were observed at 1984 and 2062cm! corresponding to [Rh(CO),ClL]~, but
Rh(CO),CI(THF) was not observed. Figure 2.6 shows the infra-red absorptions
observed for Reaction 2.2.6.A, upon completion.

Figure 2.6  Infra-red spectrum for the 1:1:1 reaction of Rh,(C0O),Cl,
with Bz(Et),NSnCl, in THF
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Interestingly the relative ratio of Product A:Product C has varied for reactions
reported in this chapter. In some reactions A is the sole product and in others C is the



major product (Reactions 2.2.5.A, 2.2.6.A and 2.2.6.B). Products A and C, with

other complexes, are believed to be related by a sequence of facile reactions (see later
Chapter 3), and here reaction conditions appear critical in the formation of C rather
than A.

Reaction in THEF at low temperature
The reaction of Rh,(CO),Cl, with [Bz(Et);N][SnCl;] in THF was also attempted at
—78°C in an attempt to observe reaction intermediates, the method being as described

in Section 2.2.2. The data obtained are summarised in Table 2.11.

Table 2,11  Summary of infra-red data for the reaction of Rh,(CQ0),Cl, with
[Bz(Et),N][SnCl,] in THF at -78°C

Reaction Rh: Sn Reaction V(CO)/cm-! Assignment
Code Molar Ratio Time Observed
2.2.6.C 1:1¢ 3hours | 1984, 2062, [Rh(CO),Cl,1-
2005,,, 2080, Rh(CO),CI(THF)
2010, Product A
¢ - 20.5mg (0.053mmol) : 45.1mg (0.108mmol), THF - 5ml
Notes:
1. For Reaction 2.2.6.C, THF was added to a mixture of [Bz(Et)3N]{SnCl3] and Rhy(CO)4Cly
in the solid phase.
2. Reaction 2.2.6.C was accompanied by a colour change from yellow to orange

A gradual increase in the intensity of absorptions due to [Rh(CO),CL,]~ was
observed with an increase in time. Also, an increase in the intensity of the absorption
at 2010cm-! (Product A) was accompanied by the steady decrease in the intensity of
Rh(CO),CI(THF) absorptions. No reaction intermediates were observed, nor were
absorptions at 1995 and 2070cm-! (Product C), as observed in Reactions 2.2.6.A and
2.2.6.B.

A reaction of Rhy(CO),Cl, with a mixture of Bz(Et);NCl and [Bz(Et);N][SnCl,] in
THF was also explored in an attempt to investigate whether Rh,(CO),Cl,
preferentially reacts with SnCl,™ or the CI~ anion. The data obtained for this

reaction are summarised in Table 2.12.



Table 2.12  Summary of infra-red data for the 1:1:1 reaction of Rh,(C0),Cl,
with Bz(Et);NCI and [Bz(Et);N]{SnCl,] in THIF at 2¢0°C

Reaction Rh:Sn: Reaction V(CO)/cm! Assignment
Code BZ(Et)3NC1 Time Observed
Molar Ratio
226D 1:1:14 1 min 1984, 2062, [Rh(CO),Cl,]-
2012, Product A

60 mins As above

24 hours | 1984, 2062, [Rh(CO),Cl,]-
2011, Product A
d - 11.8mg (0.030mmol) : 27.7mg (0.066mmol) : 13.4mg (0.059mmol), THF - Sm}
Notes:
1. A solid mixture of Bz(Et)3NCl and [Bz(Et)3N]{SnCl3] was added to a solution of
Rhy(CO)4Cl5 in THF.
2. Reaction 2.2.6.D was accompanied by a colour change from yellow to orange.

The large amount of [Bz(Et);N][Rh(CO),Cl,] formed in Reaction 2.2.6.D indicates
that Rh(CO),CI(THF) reacts with CI~ in preference to SnCl; and SnCl;™ under the
conditions used here. The concentration of [Rh(CO),Cl,]™ remains unchanged in the

presence of an equi-molar proportion of SnCl,~ over a long period.

The large amount of [Bz(Et);N][Rh(CO),Cl,] formed in the series of reactions
2.2.6.A-C confirms the existence of the following equilibrium in THF:

SnCl,~ === 8n(Cl], +CI™

since it is the chloride ions generated which become bound to the metal by
displacement of the THF ligand of Rh(CO),CI(THF).

Reactions in CH,CIl, and acetic acid

Reaction of Rh,(CO),Cl, with [Bz(Et);N][SnCl,] was undertaken in both acetic acid
and CH,Cl,. Reaction in acetic acid at room temperature yielded only chloride ion
cleavage of the CI-Rh-Cl bridges in Rh,(CO),Cl, to give [Rh(CO),Cl,]~, with no
formation of a Rh(I)-CO-SnCl; complex observed under these mild temperature
conditions. Reaction did occur, however, in CH,Cl,, as summarised in Table 2.13, to
form Product B, |
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Table 2.13 Summary of infra-red data for the 1:1 reaction of Rh,(C0),Cl,
with [Bz(Et),N][SnCl;] in CH,Cl, at 20°C

Reaction Rh: Sn v(CO)/cm'! Assignment
Code Molar Ratio Observed
2.2.6.E 1:1e 19942071, [Rh(CO),CL}~
2035,, 2092, 2107, Rh,(CO),Cl,
2018 Product B

e - 9.4mg (0.024mmol) : 21.9mg (0.052mmol), CH5Cl5 - Sml

1. Reaction 2.2.6.E was instantaneous, complete within 30 seconds, and was accompanied by a

colour change from yellow to red.

2.2.7 Reaction of Rh,(C0O),Cl, with SnCl, and HCl,

As discussed previously in this chapter, reactions involving hydrogen chloride are of
relevance to chemistry which could occur in the catalytic work, which is the subject
of Chapter 4. Rh,(CO),Cl,, SnCl, and HCI are all species which may be present
together at some stage during the heating process. The infra-red data obtained are

summarised in Table 2.14.

Table 2.14  Summary of infra-red data for the reactions of Rh,(C0O),Cl, with
SnCl, and HCl, in THF at 20°C

Reaction Rh: Sn Reaction V(CO)/cm-! Assignment
Code Molar Ratio Time Observed
227.A 1:1a 1 min 1996, 2071, Product C
or [Rh(CO),Cl, 1~
2010, Product A
2.2.7.B 110 1 min 2009, Product A
22.7.C 1:1¢ 1 min 2003, 2084, Rh(CO),CI(THF)
2009, Product A
2035,,2094,, Rh,(CO),Cl,
15 mins | 2004, 2081, Rh(CO),CI(THF)
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Notes: -
a-7.5mg (0.019mmol) : 7.5mg (0.040mmol), THF - Sml
b - 17.8mg (0.046mmol) : 16.8mg (0.089mmol), THF - 6ml
¢ - 26.7mg (0.069mmol) : 27.4mg (0.144mmol), THF - 10ml
1. In Reaction 2,2.7.A a mixture of Rhy(C0)4Cl3 and SnCl; in THF was bubbled with HCl ).
2. ' InReaction 2.2.7.B a solution of Rhy(CO)4Clp in THF was bubbled with HClg), followed
by dry nitrogen to remove excess HCl(g), and then solid SnCly was added.
3. In Reaction 2.2.7.C, the HSnClj3 intermediate, a species previously prepared by Hutton(13)
and stable at room temperature, was synthesised using his method, by dissolving SnCl, in

THF and bubbling hydrogen chloride through the resultant solution:

THF, 20°C
SnCly + HClgy ——  [HSnCl3]

Excess HCl(g) was removed by bubbling the solution with dry nitrogen, since its presence in
solution would probably cause immediate cleavage of the Rh-Cl-Rh bridges in
Rhp(CO)4Cly. The solution of HSnCl3 was then added to solid Rhy(C0O)4Cl5.

4. Bubbling a THF solution of Rhy(CO)4Cly with HCl(g) gave strong carbonyl absorptions at
1992 and 2069cm™!, assigned to [Rh(CO)»ClH]™.

The absorptions at 2009 and 2010cm-! (Reactions 2.2.7.A and 2.2.7.B respectively)
are consistent with the formation of the same Rh-CO-SnCl, species (Product A) as
that formed in reactions of [Bz(Et);N][Rh(CO),Cl,] and Rh,(CO),Cl, with
SnCl,/SnCl,~. It is interesting that there is little change in the frequency of the
Product A absorption upon replacing [Bz(Et),N]* with [Hg, ]*, which suggests
weak but similar bonding interactions between the Rh-SnCl, anionic complex (as in
Product A), with each of the cations, either [Hg,), 1T or [Bz(Et);N]*.

Assignment of absorptions at 1996 and 2071cm-! (Reaction 2.2.7.A) to either

Product C or [Rh(CO),Cl,]~ may be possible through a consideration of previous
infra-red data summarised in Table 2.15.
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Table 2.15 Summary of infra-red data to aid the assignment of absorptions
at 1996 and 2070cm-! for the reaction of Rh,(C0),Cl, with

SnCl, and HCI
Reaction Reagents Solvent V(CO)/cm-1 Assignment
Code
225.A Rh,(C0O),Cl, THF 1994, 2070_* Product C
SnCl,
Bz(Et),NCI
227.A Rh,(CO),Cl, THF 1996, 2071, See below
SnCl,
HCl
— T[Rh(CO),Cl,]~ THF 1984, 2062, —
—_— Rh,(CO),Cl, THF 1992, 2069, ¢ [Rh(CO),CL,]-
HCI
+ [Bz(Et),N]t+ * -[Bz(Et)3N][Rh(CO)2C12] also present in solution
0 [Hsolv]+

The absorptions observed for Reaction 2.2.7.A are similar to those assigned to the
Rh-SnCl; complex, Product C, in Reaction 2.2.5.A, but are also similar to those
observed when a THF solution of Rh,(CO),Cl, is bubbled with HCI to yield
[Hgo1y][Rh(CO),CL,]. The absorptions observed for [Bz(Et);N][Rh(CO),Cl,] in THF
are significantly lower than those for [Hg,,J[Rh(CO),Cl,], suggesting that the
bonding of [Bz(Et)3N]+ to [Rh(CO),Cl,]~ is significantly weaker than the bonding
of [Hggy]t to [Rh(CO),Cl,1~. Thus, the absorptions observed for Reaction 2.2.7.A
may be due to:

1. Product C - This interpretation implies weak [Hg,]* bonding with the Rh-
SnCl; anionic complex, and also that the bonding of [Hgg, ] is similar to that of
[Bz(Et);N]*, as in the case of Product C.

2. [Rh(CO),Cl,]~ - This interpretation implies that [Hg,,]J* bonding to the
anion is strong, and is significantly stronger than the bonding of [Bz(Et);N]* to
[Rh(CO),CL,]™, as indicated by the v(CO) frequencies.

The observed frequencies for Reaction 2.2.7.A fall very close to those of Product C,
which contains SnCl,™ ligands, and [Hgy,[Rh(CO),Cl,], the largest difference
between observed frequencies being 4cm-!. Thus, it is not possible to differentiate
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between the two possibilities, and indeed, both complexes may be present together in

solution.

In Reaction 2.2.7.C absorptions corresponding to Rh(CO),CI(THF) and
Rh,(CO),Cl, were observed after 1 minute, along with the absorption at
2009cm! (Product A). Upon standing only Rh(CO),CI(THF) remained. Further
bubbling of this solution with HCl,, yielded absorptions at 1995 and 2071cm-! due
to [Rh(CO),Cl,]~.

2.3 119Sp NMR Studies of Rhodium(l) Carbonyl Chloride/Tin
Chloride Reaction solutions

23.1 Intreduction

Tin has three naturally occurring isotopes of spin 1/2, !5Sn, 117Sn and 19Sn. Two of
these, !'7Sn and !'9Sn are reasonably naturally abundant, (7.61 and 8.58%
respectively) and are important in determining NMR spectra. Due to its high
receptivity, however, 119Sn is usually the isotope that is observed(16),

119Sn chemical shifts show a strong dependence on

1. Coordination number of tin
2. Temperature

3. Solvent

4. Bond angles at the tin atom

Information about the electron cloud surrounding the tin nucleus and thus the
environment around the nucleus is obtained through the chemical shift by a
consideration of the nuclear shielding. Following Ramsey's terminology(1?), the
nuclear shielding &, results from diamagnetic (0;) and paramagnetic (Gp)

components, where
0=04+0,

The shielding is mainly due to a sum of diamagnetic and paramagnetic local and
non-local contributions:

o=(C dloc + o-ploc) + (o-dnon-loc + Gpnon-loc)
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The non-local contributions may include solvent molecules and other atoms in a
molecule. Equations exist for the calculation of G, and G, but Ramsey's theory has
not yet been sufficiently developed such that reliable values can be calculated for
heavy nuclei such as tin. In general terms, there is a shift of the !1°Sn resonance to
lower frequency as the coordination of groups around tin is increased. There are,
however, other factors to be considered. These are mainly due to the presence of
low-lying excited states and to the effective nuclear charge of the tin atom. The
aforementioned influences can mask each other, however, and their separation is
difficult. As a result 119Sn chemical shift data is qualitative at best. Tin coupling
constants are much more useful in assigning structures to tin(II) complexes,
depending strongly on the geometry of the metal complex. The one bond coupling
constant 1J(119SnM) (M=Transition metal) has been studied extensively for the
complexes M-SnCl,(18), the presence of 'J(1°SnM) demonstrating the kinetic
stability of the M-Sn bond(16). The magnitude of 1J(119SnM) depends strongly upon
the polarizability of the transition metal nucleus. Thus 1J(11?SnM) will increase with
a decreasing frans influence and is therefore dependant on the ligand trans to the
SnCl,~ group.

However, the nature of the transition metal-tin bond depends on various factors
which may be reflected by the magnitude of the 1J(119Sn, M) coupling constant.
Changes in coupling constants with large and polarizable nuclei are, however,
difficult to interpret and predict.

2.3.2 19Sn NMR studies of the stability of SnCly™ in solution
The equilibrium

SnCl,~ =—= SnCl, + CI~

is of importance to the homogeneous rhodium-tin-chloride catalysed
hydrocarbonylation of ethene described in Chapter 4 along with the reaction
chemistry described in this chapter, and has thus been investigated using 19Sn NMR
spectroscopy. Studies were carried out in THF.
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08 Table 2.16 119Sn NMR data for the addition of differing molar

amounts of SnCl, to THF
Mole Fraction of SnCl, Shift §/ppm
0.0590 -213.7
0.0390 ' -211.0
0.0294 -210.9
0.0196 -209.6
0.0098 : -208.0

(2) = Table2.17 19Sn NMR data for Bz(Et),;NCUI/SnCl, mixtures in THF

Moles Bz(Et),NCl/Moles SnCl, Shift §/ppm
0.000 -209.7
0.190 -171.4
0.383 -131.0
0.577 -89.7
0.785 -44.1
0.976 -12.6
1.177 -104
1.369 -104

(3) Table 2.18 1195n NMR data for Bz(Et),NCV[Bz(Et),;N][SnCl,]
mixtures in THEF

Moles Bz(Et),NCl/Moles Bz(Et),NSnCl, Shift §/ppm
0.000 -1.7
0.201 -7.5

Only single resonances were observed for each of the 119Sn NMR spectra recorded
indicating rapid exchange of the chloride ion in the equilibrium

SnCl,~ SnCl, + CI~
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A comparison of the results shown in Tables 2.17 and 2.18 shows that the
equilibrium lies more or less totally in favour of the SnCl,;~ species when the
SnCl,:Cl~ molar ratio is 1:1, with little change in the position of the signal as the

chloride ion content is increased.

2.3.3 119§n NMR solution studies of the reactions of Rhodium(l)

Carbonyl Chlorides and Tin(II) Chlorides
119Sn NMR spectroscopic studies were carried out for several of the reactions studied
using FT-IR spectroscopy and reported earlier in this chapter. The data are
summarised in Table 2.19.

2.3.4 Discussion of 119Sn NMR Data

Success in obtaining good quality 119Sn NMR spectra was limited, although a large
number of reactions were attempted, and useful information was obtained only for
those reactions reported in Table 2.19. The major problem was the decomposition of
Rh-SnCl, complexes in solution over the long periods of time that were required for
accumulation of spectra (usually around 12-24 hours). Poor signal to noise ratio was
a notable feature which was difficult to improve. 11Sn NMR spectra were recorded,
however, for several solids isolated from the preparative reactions and are discussed

in the context of the synthesis studies in Chapter 3.

It is notable that all of the spectra recorded in Table 2.19 consist of one doublet only,
suggesting the formation of only a single Rh-SnCl; complex in solution for each of
the reaction mixtures studied. Infra-red data indicated the formation of Rh(I)-CO-
SnCl; complexes absorbing at 2011cm-! (Product A) and 1995, 2010cm-! (Product
C) in THF (Reactions 2.3.3.A, C, D) and at 2017cm! in CH,Cl, (Product B)
(Reaction 2.3.3.B). The !"9Sn NMR data provide further strong evidence which
indicates that Products A and B, produced in THF and CH,Cl, solutions
respectively, are the same (similar chemical shifts and Rh/Sn coupling constants),
and that the small differences arise from different solvent effects. No 119Sn NMR
data consistent with the formation of Product C was observed, indicating that
conditions are critical for its formation, and that Products A and B are the favoured
solution species. The "Sn NMR data also demonstrates that no non-carbonyl
containing Rh-SnCl; complexes e.g. [Rh(SnCl;)s]*~ are formed in solution. Thus,
the product absorbing in THF at 2011cm-! (designated Product A) and in CH,Cl, at
2017cm"! (designated Product B) are considered to be the same complex.
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Table 2.19  Summary of 1%Sn NMR data for the reactions of rhodium(I) carbony! chloride complexes with tin(Il) chlorides at 25°C

Reaction Reagents Rh:Sn: Solvent 3(119Sn)/ppm 1J(193Rh, 11°Sn) Assignment
Code (Bz(Et);NCI) [Hz
Molar Ratio
233.A | *[Rh(CO),CL]I 1:12 THFal 92.5d 873 [Rh(CO),(SnCl,),]2-
SnCl,
233B | *[Rh(CO),CLJ 1:1b CH,CL}! 89.5d -~ 876 [Rh(CO),(SnCl,),J2-
SnCl,
233.C | Rh,(CO)Cl, 1:1:1¢ THF! 92.6d . ~ 960% [Rh(CO),(SnCl,),]*
SnCl,
Bz(Et),NCl
233D Rh,(C0O),Cl, 1:3d THF4! 92.2d 838 [Rh(CO),(SnCl,);]1*-
Bz(Et),NSnCl,
233E | o[Rh(COD)(SnCl,),]?- — CH,Cl, 89.7d 879 [Rh(CO),(SnCly); 12
CO
T Estimated from a noisy spectrum having a low sxgnal to noise ratio. Any discrepancy is accounted for by uncertainty in the position of the signal maxima.
* Cation = [Bz(Et)3N]+ ¢ Cation = [PPN}J* a- 54.0mg (0.128mmol) : 28.9mg (0.152mmol), al - 5ml b - 52.1mg (0.123mmol) : 25.3mg (0.133mmol), bl - 5ml
¢~ 19.8mg (0.051mmol) : 20.1mg (0.106mmol), c1 - 4ml d - 20.5mg (0.064mmol) : 162mg (0.390mmol), d1 - Sml
Notes:
1. All of the above reactions 2.3.3.A-2.3.3.E were carried out under a nitrogen atmosphere in a 10mm NMR tube.
2. All chemical shifts were measured relative to Me4Sn as an external reference.

had

The spectra were recorded on a Bruker AC-250 operating at 93.275MHz.

~

No 21(1 19Sn, 1 19Sn) or 2J (1 19g n, 1 17Sn) coupling was observed for any of Reactions 2.2.3.A-E, possibly due to the poor signal to noise ratio.



However, it is of relevance that 1'9Sn NMR data is accumulated over a 24 hour
period whilst infra-red data is obtained over approximately a 1 minute scan. Thus,
although the data obtained from the two techniques can be correlated to provide
information about a particular reaction, there exists the possibility that some further
chemistry may occur over the long period of time required for accumulation of 119Sn
NMR spectral data.

The 119Sn NMR data for Reactions 2.3.3.A-E relates closely to Pregosin's data on the
product of carbonylation of [Rh(COD)(SnCl,);12~ {6(11°Sn)/ppm 89.1d, 1J(103Rh,
1198n)/Hz 864, CDCl;, RT ™}, which using 117Sn/!19Sn satellite data he assigned as
[Rh(CO),(SnCl;);]>~. On the basis of relative intensities of satellite signals, he
eliminated complexes containing Rh:Sn ratios of 1:1, 1:2, 1:4 etc. and categorically
assigned the solution species as the 1:3 complex. Though the signal to noise ratio did
not allow observation of satellites for the reactions reported here, ‘the close
correspondence of 119Sn NMR data obtained in this work, with Pregosin's data, leads
to the conclusion that the doublets observed in Reactions 2.3.3.A-E are due to
[Rh(CO),(SnCl,);]>~.

The 11%Sn NMR single doublets observed indicate that either the Rh/Sn complex is
fluxional, or equivalent trichlorostannate groups exist over the NMR time scale.
Previous studies have indicated that ligands coordinated to transition metals are often
mobile, and that 5-coordinate rhodium d8 complexes are non-rigid on the NMR time
scale, due to Berry pseudorotation(!9:29), which has activation energies of the order
7.5-12 kcal/mol for a rhodium(I) trichlorostannate system(D. This pseudorotation of
ligands is found to be rapid at room temperature and can still be observed at
temperatures as low as -90°C. This implies that for the Rh/Sn complexes formed in
this work, no distinction will be detected between trichlorostannate groups in
different environments, Thus, the observed 11Sn NMR signal and !'J(193Rh, 119Sn)
coupling constant at room temperature will each be an average comprised of the
component signals and coupling constants of the trichlorostannate ligands in their
various positions. This seems to be the case for Reactions 2.3.3.A-E. Several of the
119§n NMR experiments were carried out at temperatures down to =50°C, in an
attempt to remove the possibility of Berry pseudorotation, and thus distinguish
between trichlorostannate groups which may be in different chemical environments.
Both equatorial and axial ligands for example, are present in the trigonal bipyramidal
complex [Rh(CO)SnCl,;),]3~, synthesised and isolated in the crystal form, as
described in Chapter 3, from the components used for Reaction 2.3.3.C. No 119Sn
NMR signals were observed at low temperature for any of the systems 2.2.3.A-E,
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however, probably due to the relative insolubility at low temperature of both the

starting materials and species formed in solution.

An additional 9Sn NMR singlet was observed at -8.3 ppm for the reaction of
Rh,(CO),Cl, and [Bz(Et);N][SnCl,] (Reaction 2.3.3.D). A comparison of this value
with data shown in Tables 2.17 and 2.18 for SnCl;~ in THF, Section 2.3.2, indicated
that this signal was due to [Bz(Et);N][SnCl;], the starting material. Reaction appears
not to have gone to completion. Free SnCl;~ was not detected in solution for other

reactions.
2.4 Discussion of Results

Infra-red and '19Sn NMR studies described in this chapter have shown that the
rhodium(l)-carbonyl-chlorides, ' Rh,(CO),Cl, and [Rh(CO),Cl,], react with the
tiﬁ(H) chlorides SnCl, and SnCl;~, to form rhodium(I)-carbonyl-trichlorostannate
complexes. A summary of the data obtained for these reactions, along with
assignments to Products A, B and C, is shown in Table 2.20, together with other data
for Rh(I)-CO-SnCl, species of relevance to this work.

In THF, infra-red data indicate the formation of a complex absorbing at
2011/2010,cm~! (Product A), whilst in CH,Cl, an absorption is observed at
2017/2018,cm-! (Product B). A very weak absorption {0(CO) 2072cm-!} apparently
due to the same complex as the absorption at 2010/2011,cm! (Product A), was also
observed on two occasions in THF (see Reactions 2.2.1.D and E). 119Sn NMR data
indicate the presence of one Rh-SnCl; complex only in each solvent, and the similar
chemical shift and 1J(193Rh, '19Sn) coupling constants demonstrate that the complex
in the two solvents is the same. The small difference in the strong vV(CO) absorption
in the two solvents is ascribed to solvent effects, comparable differences occurring
for other complexes as illustrated for [Rh(CO),Cl,]™ in Table 2.1. The 11*Sn NMR
data relates closely to Pregosin's data on the product of carbonylation of
[Rh(COD)(SnCl,);]12~ @, which using 117Sn/1198n satellite data he assigned as
[Rh(CO),(SnCl;);]2~. On the basis of relative intensities of satellite signals, he
eliminated complexés containing Rh:Sn ratios of 1:1, 1:2; 1:4 etc. and categorically
assigned the solution species as the 1:3 complex. Though the signal to noise ratio did
not allow observation of satellites for the reactions reported here, the close
correspondence of 11Sn NMR data obtained in this work, with Pregosin's data, along
with v(CO) data leads to the conclusion that Product A/B is [Rh(CO),(SnCl;),]2~.
Unfortunately, the weak v(CQO) stretching frequency at 2072cm™! associated with
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The data collected during the reaction studies are consistent with the favoured
complex being [Rh(CO),(SnCl;);1?~, the complex forming rapidly in THF from
reaction of both [Rh(CO),Cl,]~ and Rh,(CO),Cl, with SnCl,/ClI~ and SnCl;™.
Though reactions were undertaken using a variety of molar ratios of Rh:Sn (i.e. 1:1
to 1:4), the sole product detected in THF solution for most reactions was
[Rh(CO),(SnCl,);]>~ irrespective of the Rh:Sn molar ratio of the starting complexes.
Interestingly, a second species, Product C, was detected only in THF, from reaction
of Rh,(CO),Cl, with SnCl;~ or SnCl,/CI~, and not in CH,Cl,, and forms along with
[Rh(CO),(SnCl;);]2~, sometimes in a much greater quantity than this complex. It
appears to predominate in reactions which are 1:1 Rh:Sn, but not exclusively. It is
also detected as a major product in a 1:3 Rh:Sn reaction, and appears to be closely
related to [Rh(CO),(SnCl,);]2~, either as an intermediate-in its formation, or as a
product of its dissociation or decomposition, and is also observed to form on ageing
of [Rh(CO),(SnCl;);]1%~ solutions. However, reaction to form Product C at room
temperature was too fast to differentiate between the two routes, and infra-red
studies at lower temperature also did not provide information about formation of
Product C or indeed other reaction intermediates. Product C was not detected by
119Sn NMR spectroscopy, and reactions to form it are not reproducible, with
[Rh(CO),(SnCl,);]2~ often formed as the sole product.

Product C has a pattern of v(CO) absorptions (1994, 2070,cm-!) which is consistent
with the formation of a cis-dicarbonyl complex of the type [Rh(CO),XY]~, where X
and Y afe either SnCl;~ or CI~ groups (c.f. [Bu,N][Rh(CO),(OAc),] v(CO) 1986,
2066cm™! (terminal CO) in CH,Cl,, and n-[Bu,N][Rh(CO),(OAc)I] v(CO) 1979,
2058cm™! (terminal CO) in THF, reported by Maitlis et al??}, The increase in the
frequency of the carbonyl absorptions compared with those for [Rh(CO),Cl,]™
(1984, 2062,cm-!) indicate that the data is consistent with both
[Rh(CO),(SnCl;)CI]™ and [Rh(CO),(SnCl,),]~ in the square planar arrangements
shown below, though the relatively small increase in V(CO) compared with
[Rh(CO),Cl,]~, is probably more consistent with the former than the latter complex.
Also, since it has two bulky SnCl;~ ligands, [Rh(CO),(SnCl,),]™ is more likely to
prefer a square planar conformation with CO ligands in positions trans to each other.
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Unfortunately, however, it is not possible to differentiate between these two
possibilities purely on the basis of solution infra-red data.

Reaction of Rh,(CO),Cl, with SnCl, and Bz(Et);NCI (see Section 2.2.5), indicated
that Product C, although immediately formed in solution upon reaction, was also
formed at the apparent expense of [Rh(CO),(SnCl;);}?>~. This could be explained by

the following:

1. Initial reaction favouring formation of [Rh(CO),(SnCl,);]>~.
2. Reaction of [Rh(CO),(SnCl,);]*~ with [Rh(CO),Cl,]~ or
Rh(CO),CI(THF) to form product C.

The following series of reactions are an illustration of this:

Rh(CO),CI(THF) + 3SnCl, + 2ClI~ —— [Rh(CO),(SnCl;);]*~ + THF
[Rh(CO),(SnCl3),]?~ + 2Rh(CO),CI(THF) + CI~ —— 3[Rh(CO),C1(SnCl,)]~
+ THF

or
2[Rh(CO),(SnCly); 1>~ + [Rh(CO),Cl,]~ —— 3[Rh(CO),CI(SnCl,)] + 2CI~

The relative ratio of [Rh(CO),(SnCl);]>:Product C varied from reaction to
reaction, and reactions to give Product C were not reproducible.
[Rh(CO),(SnCl;);]>~ was often produced alone, but in some reactions (Reactions
2.25.A, 2.2.6.A, 2.2.6.B), C was the major product, and in Reaction 2.2.5.A was
apparently formed at the expense of [Rh(CO),(SnCl;);]?~. It was never observed in
reactions of [Rh(CO),Cl,]~ with SnCl,. [Rh(CO),(SnCl;);]2~ and Product C, along
- with other Rh(I)-CO-SnCl; complexes, are believed to be related by a series of facile
reactions (see Chapter 3) involving the dissociation of SnCl;~ and CO ligands. Here,
the reaction conditions (e.g. temperature, concentration of species in solution) appear
to be critical for its formation and [Rh(CO),(SnCl,);]2~ appears to be the more
favoured product in solution, which is in keeping with the recognised tendency of
the SnCl;™ ligand to stabilise 5-coordination(23-27),
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The reactions studied by infra-red and 119Sn NMR spectroscopy were, in the main,
extremely fast at room temperature, indicating that the rhodium(I) carbonyl chlorides
are very reactive towards the tin(Il) chlorides. Slower reactions were only afforded
by the relative insolubility of the starting materials (usually those in CH,Cl, in which
SnCl, was taken into solution as the reactions progressed). Attempts to follow the
reactions at ~78°C using infra-red spectroscopy were not successful since no
reaction intermediates were observed, suggesting that any such complexes formed in
solution were short lived. Nevertheless, based on infra-red spectral data the reaction
pathway shown in Figure 2.6 is proposed for the reactions carried out in THF.

Rh(CO)oCls™ + SnCly + THF <—— Rh(CO),CI(THF) + SnCig™

Rh(CO)»(SnCl3) 327/ Product C

:

Product C

Figure 2.6  Proposed scheme for the reactions of rhodium(I) carbonyl
chlorides with tin(II) chlorides in THF

The reactions of [Rh(CO),Cl,]™ and Rh,(CO),Cl, with SnCl, and SnCl;~ in THF
may be explained as follows:

(a) Reaction of [Rh(CO),Cl,]™ with SnCl, which involves initial abstraction of
a chloride ligand from [Rh(CO),CL,]~ by SnCl,, and the vacant coordination
site taken by THF to form SnCl,~ and Rh(CO),CI(THF) in solution {v(CO)
- 2004, 2081cm~1}. Small quantities of Rh(CO),CI(THF) are always
observed for reactions of [Rh(CO),Cl,]~ with SnCl, in THF (see Reactions
2.2.1.A-D).

(b)  Rhy(CO),Cl, undergoes reaction to form Rh(CO),CI(THF) via cleavage of
the Rh-Cl-Rh bridges by THF.

The reaction to form [Rh(CO),(SnCl;);]2~ and Product C may then proceed by two
separate routes from either Rh(CO),C(THF) or [Rh(CO),ClL,]~.
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Route I By ligand substitution involving displacement of THF and the
chloride ligand by SnCl;™ ligands.

Route IT By ligand migration such as insertion of SnCl, into the Rh-Cl bonds
of [Rh(CO),Cl,]~ or Rh(CO),CI(THF).

Each of the routes could possibly operate at the same time and may be competing
with each other. The formation of Product C could occur by the series of insertion
and displacement reactions described above, but the formation of
[Rh(CO),(SnCl,);]>~ via further reaction of SnCl;~ with an initially formed
complex, such as [Rh(CO),(SnCl,),]~, consistent with Product C, seems more
favourable, and is in keeping with the tendency of the SnCl,~ ligand to stabilise 5-
coordination3-21), along with the general preference for the formation of
[Rh(CO),(SnCl,),]2~ over Product C. A similar reaction scheme to that shown in
Figure 2.6 is appropriate for reactions undertaken in CH,Cl,, except that the solvent

containing complex does not feature.

The formation of S-coordinate complexes can be attributed to the strong ®-acceptor
ability of the SnCl,~ group(!1-14), This allows formation of such complexes by a large
back donation of w-electron density from the occupied rhodium d-orbitals to the
vacant tin 5d orbitals. Thus, the 5-coordinate state is 'stabilised' due to a
strengthening of the metal-ligand bonds (i.e. increase in bond energy). Removal of
electron density from the metal centre is favourable for a metal such as rhodium(l) in
a low formal oxidation state, since electron density built up via the G-system is
dispersed through the m-system. The removal of n-electron density from rhodium
effectively makes the metal centre more electropositive. Therefore, addition of
further ligands becomes more favourable, and hence the ability of strong ®-acceptor
ligands such as SnCl;~ to form 5-coordinate rhodium(I) complexes such as
[Rh(CO),(SnCl;);]>~. 5-coordination would not be favoured by chloride ligands,
which are predominantly G-donors.

119Sn NMR data for SnCl,/Cl~ and SnCl,~/CI~ mixtures in THF (see Section 2.3.2),
showed that the equilibrium:

SnCl,~ === SnCl, + CI~

lies more or less totally in favour of the SnCl;~ ion when the ClI7:SnCl, molar ratio
is 1:1 or greater. However, reactions of Rh,(CO),Cl, with SnCl;~ in both THF and
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CH,Cl, (see Reactions 2.2.6.A-E) resulted in the formation of [Rh(CO),Cl,]™. Also,
the same tin-containing complexes were obtained from the rhodium(I) carbonyl
chloride complexes whether SnCl, or SnCl,;~ were used, demonstrating the
importance of the equilibrium. This illustrates that both insertion of SnCl, into a Rh-
Cl bond and ligand substitution, SnCl;~ for CI~ and THF, may lead to Rh(I)-CO-

SnCl; complexes.
2.5 Conclusions

The rhodium(T) carbony! chloride complexes, [Rh(CO),Cl,]~ and Rh,(CO),Cl,, react
with the tin(II) chlorides, SnCl; and SnCl;~, in both THF and CH,Cl, to form Rh(I)-
SnCl, complexes. Infra-red and !1°Sn NMR data identified the S5-coordinate complex
[Rh(CO),(SnCl,);])?~ as the favoured species formed in solution. However, reactions
of Rh,(CO),Cl, with SnCl,/C1™ and SnCl;~ in THF indicated that a 4-coordinate
species, possibly either [Rh(CO),(SnCl,),]~™ or [Rh(CO),CI(SnCl;)]~, is -also
formed. The reaction conditions appear to be critical towards the formation and/or
stability of this second product, which appears closely related to
[Rh(CO),(SnCl;);]?, either as an intermediate in its formation, or as a product of its

dissociation or decomposition.
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Chapter 3

Symnthesis, Characterisation and Properties of
Rhodium(l) - Trichlorostannmate Complexes



3.1 Ilntroduction

The studies reported in Chapter 2, relating to the fundamental chemistry occurring in
solution between rhodium(I) carbonyl chlorides and tin(II) chlorides were extended
to include the synthesis and characterisation of Rh(I)-SnCl, complexes, using
standard laboratory techniques, with the aim of isolating species observed in solution
by FT-IR and NMR spectroscopy. The complexes, along with other rhodium(I)-
tin(II) complexes, synthesised by known methods, were later used to develop the
catalytic process for the hydrocarbonylation of ethene (see Chapter 4). The synthesis
and study of these complexes is necessary for further understanding of the chemistry
occurring in the hydrocarbonylation process.

The synthesis, reaction chemistry and structural properties of complexes isolated
may reveal much about the chemistry of the rhodium(I) carbonyl trichlorostannate
complexes formed in solution (see Chapter 2), and may therefore provide
information about the reaction chemistry occurring in the catalytic process, and the

role of the trichlorostannate ligand in this reaction.
3.2 Experimental

All solvents used for the reactions described in this chapter were dried and degassed

prior to use. Acetone was also distilled.

3.2.1 Preparation of [Bz(Et);N];[Rh(CO)(SnCl,),]

Anhydrous tin(II) chloride(0.0102g, 0.054mmol) and solid benzyltriethylammonium
chloride(0.0208g, 0.091mmol) were added to dichlorotetracarbonyldirhodium(I)
(0.0107g, 0.0275mmol) in 5ml of THF under dry nitrogen in a Schlenck tube at
20°C. An instantaneous colour change from orange to bright red was observed. The
solution was stored at approximately 0°C for 24 hours, giving deposition of bright
red crystals. The bulk of the solution was removed by syringe and the residual
solvent removed under vacuum. The red crystals of [Bz(Et);N];[Rh(CO)(SnCl;),]
were then transferred and stored under a dry nitrogen atmosphere, although exposure
to air suggested that they were not particularly air or moisture sensitive.

{Infra-red: v(CO)/cm! - 2012, in nujol; Found: C 2942, H 4.15, N 2.44%;
[Bz(Et);N];[Rh(CO)(SnCl,),] requires C 29.85, H 4.10, N 2.44%}

A crystal structure determination was carried out by Prof. J.A.K. Howard and J.
Cole on a crystal of [Bz(Et);N];[Rh(CO)(SnCl,),].
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Structure De ination Summ

Empirical Formula CaoHaz sCIgN| 5O sRhg sSn;
Formula Weight 803.5

Colour Red

Space Group P3,, Trigonal
a 13.125(4)A
b 13.125(4)A
c 30.6114(5)A
o 90°

B 90°

Y 120°

Volume 4566.8(13)A3
Temperature 298K

R 0.0390

Rw 0.0390

wR 0.0413
Goodness of fit 3.11

N arameters(TOt1) 420
NparameierstMax refined) 420

Niefiections 4306

Largest residual peak 0.60eA-3
Largest residual trough -0.51eA3

Figure 3.1 shows the solid state crystal structure of the anion [Rh(CO)(SnCl,),]3~
and Figure 3.2 shows the complete structure of [Bz(Et);N];[Rh(CO)(SnCl,),] with
the spatial arrangement of the benzyltriethylammonium cations around the central

rhodium anion.

The anion is essentially trigonal bipyramidal in nature with three trichlorostannate
ligands in equatorial positions and the other trichlorostannate ligand along with the
carbon monoxide ligand in axial positions. Tables 3.1-3.2 summarise the atomic
coordinates, bond lengths and bond angles of [Bz(Et);N],[Rh(CO)(SnCl,);],.
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Figure 3.1  Crystal structure of [Rh(CO)(SnCl,),]3~

CI12) o e
Sn(3) (@L

Cl13)

Prof. J.A K. Howard and Jason Cole, unpublished data.
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Figure 3.2  Crystal structure of [Bz(Et);N];[Rh(CO)(SnCl,),]

Prof. J.A K. Howard and J. Cole, unpublished data.
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Table 3.1. Bond lengths (&) for [Bz(Et),N],[R(CO)(SnCly),]

Rh-Sn(1) 2.553(2) Rh-Sn(2) 2.559(2)
Rh-Sn(3) 2.543(1) Rh-Sn(4) 2.535(2)
Rh-C(01) 1.840(18) Sn(1)-Cl(13) 2.363(7)
Sn(1)-Cl(12) 2.348(6) Sn(1)-Ci(11) 2.371(6)
Sn(2)-C1(23) 2.351(7) Sn(2)-C1(22) 2.370(6)
Sn(2)-Cl(21) 2.374(5) Sn(3)-ClI(33) 2.397(4)
Sn(3)-Cl(32) 2.390(7) Sn(3)-C1(31) 2.406(5)
Sn(4)-Cl(43) 2.361(6) Sn(4)-Cl(42) 2.380(7)
Sn(4)-Cl(41) 2.394(3) C(01)-0(01) 1.144(23)
N1)-C(1) 1.516(25) N()-CA7) 1.506(22)
N(1)-C(19) 1.529(15) N(D)-C(111) 1.510(23)
C()-C11) 1.518(20) C(17)-C(18) 1.512(27)
C(19)-C(110) 1.544(28) C(111)-C(112) 1.523(19)
N2)-C(2) 1.555(21) N(2)-C(27) 1.531(22)
N(2)-C(29) 1.509(18) N(2)-C(211) 1.501(19)
C(2)-C(21) 1.504(20) C(27)-C(28) 1.501(21)
C(29)-C(210) 1.505(26) C(211)-C(212) 1.519(30)
N@3)-C(3) 1.528(20) N@3)-C(37) 1.479(20)
N(@3)-C(39) 1.501(29) N(3)-C(311) 1.520(24)
C(3)-C(31) 1.507(18) C(37)-C(38) 1.546(26)
C(39)-C(310) 1.497(29) C(311)-C(312) 1.518(36)
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Table 3.2 Bond angles (°) for [Bz(Et);N};[Rh(CO)(SnCl,),]

Sn(1)-Rh-Sn(2) 91.1(1) Sn(1)-Rh-Sn(3) 121.9(1)
Sn(2)-Rh-Sn(3) 90.9(1) Sn(1)-Rh-Sn(4) 126.0(1)
Sn(2)-Rh-Sn(4) 88.4(1) Sn(3)-Rh-Sn(4) 112.2(1)
Sn(1)-Rh-C(01) 89.9(7) Sn(2)-Rh-C(01) 178.2(6)
Sn(3)-Rh-C(01) . 89.8(5) Sn(4)-Rh-C(01) 89.8(6)
Rh-Sn(1)-CI(13) 128.2(2) Rh-Sn(1)-Cl(12) 111.9(3)
C1(13)-Sn(1)-CI(12) 96.7(4) Rh-Sn(1)-CI(11) 123.5(2)
C1(13)-Sn(1)-Ci(11) 92.93) C1(12)-Sn(1)-CI(11) 96.9(3)
Rh-Sn(2)-ClI(23) 120.4(2) Rh-Sn(2)-Cl1(22) 121.2(2)
Cl1(23)-Sn(2)-C1(22) 97.1(3) Rh-Sn(2)-Cl(21) 119.7(2)
Cl1(23)-Sn(2)-Cl(21) 96.3(2) C1(22)-Sn(2)-Cl(21) 96.3(2)
Rh-Sn(3)-CI(33) 125.7(2) Rh-Sn(3)-CI(32) 113.9(1)
CI1(33)-Sn(3)-C1(32) 94.2(2) Rh-Sn(3)-ClI(31) 125.5(1)
C1(33)-Sn(3)-C1(31) 94.3(2) Cl(32)-Sn(3)-CI(31) 95.4(2)
Rh-Sn(4)-Cl(43) 121.6(1) Rh-Sn(4)-Cl(42) 117.2(1)
Cl1(43)-Sn(4)-C1(42) 96.0(2) Rh-Sn(4)-Cl(41) 125.4(1)
Cl(43)-Sn(4)-Cl(41) 92.4(2) Cl(42)-Sn(4)-Cl(41) 97.7(2)
Rh-C(01)-O(01) 176.710) | C(1)-N(1)-C(17) 109.5(13)
C(1)-N(1)-C(19) 108.0(12) | C(A7)-N(1)-C(19) 111.012)
C(1)-N(1)-C(111) 110.9(13) | C(17)-N(1)-C(111) 108.2(13)
C(19)-N(1)-C(111) 109.2(12) |N(D-C(1)-C(11) 117.012)
C(1)-C(1)-C(12) 119.9(7) C(1)-C(a1)-C(16) 120.0(6)
N(1)-C(17)-C(18) 115.1(15) | N(1)-C(19)-C(110) 113.6(14)
N(1)-C(111)-C(112) 114.3(14) | C(2)-N(2)-C(27) 109.5(14)
C(2)-N(2)-C(29) 105.910) [ C(27)-N(2)-C(29) 112.1(10)
C(2)-N(2)-C(211) 109.4(11) | C(27)-N(2)-C(211) 106.8(11)
C(29)-N(2)-C(211) 113.0(14) [ N(2)-C(2)-C(21) 117.0(11)
C(2)-C(21)-C(22) 121.9(9) C(2)-C(21)-C(26) 118.1(8)
N(2)-C(27)-C(28) 115.0(12) | N(2)-C(29)-C(210) 114.0(12)
N(2)-C(211)-C(212) 115.5(13) [ C(3)-N(3)-C(37) 105.3(12)
C(3)-N(3)-C(39) 110.2(15) [ C(37)-N(3)-C(39) 111.6(12)
C(3)-N(3)-C(311) 113.0(11) 1 C(37)-N(@3)-C(311) 112.4(16)
C(39)-N(3)-C(311) 104.5(13)  {N(@3)-C(3)-C(31) 117.3(11)
C(3)-C(31)-C(32) 119.0(9) C(3)-C(31)-C(36) 120.9(9)
N(@3)-C(37)-C(38) 114.2(14)  [N@3)-C(39)-C(310) 117.0(16)
N(3)-C(311)-C(312) 114.2(15)

3.2.2 Attempted preparation of [Bz(Et),N],[Rh(CO)(SnCl,),Cl]

A method similar to that of Young et al!) was used to prepare this complex. Solid
anhydrous tin(II) chloride(0.277g, 1.46mmol) was added to a solution of
dichlorotetracarbonyldirhodium(l) (0.1399g, 0.36mmol) in 15ml of absolute ethanol
at 20°C under a nitrogen atmosphere. Stirring for 20 minutes afforded a colour
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change from yellow/orange to deep red. Solid benzyltriethylammonium
chloride(0.3306g, 1.45mmol) was then added to this solution giving immediate
deposition of a red solid. This solid was removed by filtration under a nitrogen
atmosphere, and, due to its instability to both air and vacuum was dried under a
stream of nitrogen at atmospheric pressure. The orange/red product(0.25g, Yield
35%) was transferred and stored under a nitrogen atmosphere. Analysis of the
product, however, did not correspond closely with the data expected for
[Bz(Et);N],[Rh(CO)(SnCl;),Cl] {Found: C 34.23, H 4.86, N 2.90, Sn 23.16%;
[Bz(Et);N],[Rh(CO)(SnCl,),Cl] requires C 32.36, H 4.39, N 2.80, Sn 23.72%}.
However, the infra-red spectrum consisted of only one v(CO) absorption at
2013,cm(nujol) which appears to be consistent with the published data value,
{(v(CO) - 2000cm-Y(nujol)(V}, taking into account that the latter was recorded on a
grating instrument, and the peak maximum determined from a chart. The 2013,cm!
absorption band was symmetrical and sharp, with no shoulders. The major
component is considered to be the desired complex though the reasons for the
discrepancies in the analytical data are not obvious. Interestingly, Young's own
sample, of [Me,N],[Rh(CO)(SnCl,),Cl], also gave poor analytical data
{% Found(Calc) - C 13.6(14.5), H 3.03.2), N 3.5(2.2), Cl 34.3(33.2), Sn
35.6(31.1)}, indicating the possible presence of minor rhodium-carbonyl impurities
which may not have been detected by the infra-red measurements.

The complex was stored with rigorous exclusion of air which led to rapid
decomposition. Interestingly, in some attempts to synthesise this complex, a mixture
of carbonyl products was obtained as indicated by a broad infra-red absorption at
2016,cm-! (nujol) and associative weak absorptions at 2029, 2069 and 2079cm'!, as
shown in Figure 3.3. Carbonyl absorptions for [Rh(CO),(SnCl;),]>~ are observed at
2017, 2069,,(CH,Cl,), 2016, 2065,,cm™! (nujol) (see Section 3.2.5), and are
reported by Pregosin et al at 2010 2060cm-! (KBr)®@, The major component of these
mixtures is considered to be [Bz(Et);N],[Rh(CO),(SnCl,),], although the presence
of [Bz(Et);N],[Rh(CO)(SnCl;),Cl] and/or [Bz(Et);N];[Rh(CO)SnCl,),] is also
likely because of the broadness of the 2016cm-! absorption. Thus Young's
preparation can lead to  both [Bz(Et);N],[Rh(CO)(SnCl,),Cl] and
[Bz(Et);N],[Rh(CO),(SnCl;);]. The 2029 and 2079cm-! absorptions remain
unattributed. '

In an attempt to obtain further information on the components of the above product
a '19Sn NMR spectrum (see Table 3.3 and Figure 3.4) was recorded using a mixed
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solvent system of CH,Cl,/CDCl, at 298K. The solution was maintained under a
nitrogen atmosphere throughout the acquisition time.

Table 3.3 19§ NMR data® for the mixture of complexes isolated from the
reaction of Rh,(C0),Cl, with SnCl, and Bz([Et),NCI

8(119Sn)/ppm | Multiplicity Relative 1J(193Rh, 119Sn)/Hz
intensity
93.9 Doublet 2 872
61.2 Doublet 1 804

¥ Solvent : CH,Cl,/CDC]; mixture.

The doublet observed at 93.9 ppm is assigned to [Bz(Et);N],[Rh(CO),(SnCl;),] by
reference to data for the authentic material prepared by the method of Pregosin et
al® {d(11%Sn) 89.1ppm, 1J(119Sn, 193Rh) 864Hz, CDCl,, RT}. The doublet observed
at 61.2 ppm indicates coupling to rhodium but remains unassigned. The relative
intensity indicates that this doublet is associated with a species present in a lower
concentration than that of [Bz(Et);N],[Rh(CO),(SnCl,),]. Since minor products are
also indicated by the infra-red absorptions at 2029 and 2079cm-!, the 61.2 ppm
signal along with either or both of these infra-red absorptions may arise from the
same complex. Alternatively, a non-carbonyl containing Rh-SnCl,; species such as
[Rh(SnCl,)5]4~ @ or either of [Rh(CO)(SnCl,),Cl1]?2~ and [Rh(CO)(SnCl,),]*~ may
be assigned to the signal at 61.2 ppm. '

Thus, Young's method for preparing [Rh(CO)(SnCl,),Clj~ appears not to be a
reliable route for the synthesis of this complex alone, and complexes other than the
target material are obtained, sometimes with none of the desired complex apparently
present. Even for the most successful preparations, it has not proved possible to a
obtain a material which analyses precisely for the desired complex.

3.2.3 Preparation of [PPN],[Rh(COD)(SnCl,),]

This complex was prepared by the method of Pregosin et al®, Tin(Il)
chloride(0.0785g, 0.41mmol) was added to a suspension of dichlorobis(1,5-
cyclooctadiene)dirhodium(I), Rh,(COD),Cl,(0.0509g, 0.10mmol) in 10ml of
acetone. Stirring of this mixture at room temperature for 15 minutes resulted in a
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Figure 3.3  Infra-red spectrum showing the carbonyl absorptions as a nujol
mull for a mixture of complexes isolated from an attempted
preparation of [Rh(CQO)(SnCl,),CI]2~
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Figure 3.4  119Sn NMR spectrum recorded in CH,Cl,/CDCI, at 298K of a
mixture of complexes isolated from an attempted preparatlon of
[Rh(CO)(SnCl,),CI]2~
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deep red solution. A solution of bis(triphenylphosphoranylidene)ammonium
chloride, PPNCI(0.1254g, 0.22mmol) in 5Sml of acetone and 1ml of dichloromethane
was added by syringe, with the deep red colouration still persisting. Approximately
half of the solvent was removed under vacuum and 5ml of methanol added slowly,
giving deposition of a deep red solid. The red solid [PPN],[Rh(COD)(SnCl;),]
(2.29g) was removed by filtration, washed with methanol, and dried under vacuum,
The complex was recrystallised from acetone-dichloromethane mixtures.

Data

Yield : 72%

Found: C 4829, H 422, N 1.25, Cl 16.23%;
[PPN],{Rh(COD)(SnCl,),] requires: C 48.89, H 3.67, N 1.43, Cl 16.25%
115Sn NMR &/ppm in CH,Cl, -  23.4 Doublet

1J(103Rh, 119Sn)- 664 Hz
Data reported by Pregosin et al®:  3(11%Sn) in CDCl, 28.7 ppm,

1J(103Rh, 119Sn) 651Hz,

2J(1198n, 17Sn) 1681Hz

The ""Sn NMR data appears in good agreement with that of Pregosin et al®
indicating formation of the desired complex [PPN],[Rh(COD)(SnClL;);]. 117Sn
satellites were not observed, probably due to poor S/N ratio. However, data reported
by Pregosin et al® revealed that the relative intensities of the 117Sn satellites and the
main 11”Sn signal were consistent with the formation of the tri-SnCl; complex in
solution. The reaction of Rh,(CO),Cl, with SnCl, and PPNCI:

Rh,(COD),Cl, + 6SnCl, + 4PPNClI —— 2[PPN],[Rh(COD)(SnCl;),]

probably occurs via cleavage of the Rh-CI-Rh bridges during or after which tin
coordinates to rhodium. Attempts to form mono- or bis-trichlorostannate complexes
using the appropriate stoichiometric amounts of SnCl, were unsuccessful, 11°Sn
NMR spectra and microanalytical data being consistent with the formation only of
[PPN],[Rh(COD)(SnCl;);], both in solution and in the solid state. The various
equilibria present in solution therefore seem to favour the formation of the tri-SnCl,
complex. This is in keeping with the known tendency of SnCl,~ to stabilise 5-

coordinate complexes.®-8)
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The preparation of [Bz(Et);N],[Rh(COD)(SnCl,),] was carried out in the same way
giving formation of a paler red solid (1.87g) {Yield: 91%; Found: C 31.31,
H 4.37, N 1.87%; [Bz(Et);N],[Rh(COD)(SnCl,);] requires C 32.10, H 4.41, N
2.20%}.

3.2.4 Preparation of Rh(COD),SnCl,

This complex was prepared by the method used by Pregosin et al®. Tin(Il)
chloride(1.24g, 0.27mmol) was added to a suspension of Rh,(COD),Cl,(0.15g,
0.30mmol) and 6ml of 1,5-cyclooctadiene in 25ml of absolute ethanol, giving an
immediate red colouration. The mixture was refluxed at 85°C for 15 minutes until a
clear orange/red solution was formed. This was allowed to cool and then filtered
under nitrogen to remove unreacted Rh,(COD),Cl,. The volume of the solution was
then reduced under vacuum by approximately a half, giving deposition of a bright
red solid which was removed by filtration and dried under vacuum. The complex
was not found to be air or moisture sensitive. Attempts to recrystallise the material
were unsuccessful because of its poor solubility at room temperature. At higher
temperatures loss of SnCl, occurs resulting in the partial reformation of the starting
complex and cyclooctadiene. {Yield: 30%; Found: C 33.86, H 433, N 0, Cl
20.20%; Rh(COD),(SnCl,) requires C 35.27, H 4.41, N 0, Cl 18.34%}. The
product is considered to be mainly composed of Rh(COD),(SnCl,) with probable
contamination from very small amounts of Rh,(COD),Cl, and SnCl, explaining the
discrepancies in the microanalytical data.

3.2.5 Preparation of [PPNL[Rh(CO),(SnCl,),]

This was prepared by a method similar to that used by Pregosin et al®,
[PPN],[Rh(COD)(SnCl,);1(0.97g, 0.494mmol) was dissolved in 20ml of
dichloromethane to give a cherry red solution. This was bubbled with carbon
monoxide for 30 minutes to give an orange solution. The reaction was monitored by
FT-IR spectroscopy. v(CQO) absorptions, observed at 2017, and 2069,cm-! (see
Figure 3.5), gradually increased in intensity as the reaction progressed and the
cyclooctadiene ligand was displaced, to give [Rh(CO),(SnCl;),;]2~. When no further
increase in intensity of vV(CO) absorptions was detected 30ml of hexane was added
to the orange solution to give deposition of bright orange/red crystals upon cooling
in ice. The remaining solution was then removed by syringe. The crystals were
washed with hexane, and dried under a stream of nitrogen. The dry orange/red
crystals (0.84g) were stored under nitrogen, although prolonged exposure to the
atmosphere did not indicate that they were either air or moisture sensitive. Attempts
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to follow the procedure of Pregosin et al by evaporating the dichloromethane
solution of [PPN],[Rh(CO),(SnCl;),] to dryness yielded only formation of a red oil.

Attempts to isolate [Bz(Et),N],[Rh(CO),(SnCl;);] in the solid state by the same
method were unsuccessful, yielding only a red oil. However, reaction of
[Bz(Et);N],[Rh(COD)(SnCly);] with CO leads to the apparent formation of
[Bz(Et);N],[Rh(CO),(SnCl;);] in solution {uv(CO)- 2018, 2069, .cm(CH,Cl,),
2011, 2072,,cm }(THF)}. The identical frequencies of the carbonyl absorptions for
[PPN]* and [Bz(Et);N]* salts of [Rh(CO),(SnCl;);]>~ in CH,Cl, indicates that
anion-cation interactions are similar, in agreement with studies reported in Chapter 2
where interactions of Rh(I)-CO-SnCl; anions with counter ions are concluded to be
weak.

Data for reaction of [PPNL[Rh(COD)(SnCl,),] + CO in CH,Cl,, Reaction 3.2.5

Infra-red : V(CO)/cm-! - 2017, 2069,, (see Figure 3.5)
119Sn NMR d/ppm, 298K - 89.7 Doublet
1J(103Rh, 119Sn)/Hz - 879

Pregosins data for [PPN],[Rh(CO),(SnCl,;);]:
V(CO)/cm! - 2010, 2060 (KBr)
8(119Sn) 89.1ppm in CDCl, at RT,
1J(103Rh, 119Sn) 864Hz, 2J(117Sn, 19Sn) 9341Hz

Data for the solid product obtained from Reaction 3.2.5
Found: C 45.43, H 3.19, N 1.28, CI 17.05%; [PPN],[Rh(CO),(SnCl,),] requires
C 46.46, H 3.14, N 1.46, Cl 16.69%

Infra-red : v(CO)/ecm ! - 1989, 2016, 2039, 2065,,, in nujol
(see Figure 3.6)
This solid is named SAMPLE 1 for later reference
119§n NMR &/ppm in CH,Cl,, 298K- 89.4 Doublet
| 1J(103Rh, 119Sn)/Hz 879

Pregosins data for [PPN],[Rh(CO),(SnCl,;),]@:
V(CO)/cm! - 2010, 2060 (KBr)
&(119Sn) 89.1ppm in CDCl, at RT,
1J(103Rh, 119Sn) 864Hz, 2J(117Sn, 119Sn) 9341Hz -

Figure 3.6 shows the carbonyl absorptions as a nujol mull for the solid product

precipitated from the reaction of [PPN],[Rh(COD)(SnCl,);] with CO in CH,Cl,,
Reaction 3.2.5. A crystal structure determination was carried out by Prof J.AK.
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Howard and J. Cole on a crystal of [PPN],[Rh(CO),(SnCl;);].CH,Cl,, obtained
from the isolated sample. The following is a summary of the data obtained.

Structure Determination Summary

Empirical Formula C,sHg,Cl;;N,O,P,RhSn,
Formula Weight 1998.1

Space Group P2,/n Monoclinic
a 18.184(4)A

b 18.661(4)A

c 25.086(5)A

a 90°

B 90°

Y 106.32(3)°
Volume 8169(3)A3
Temperature 298K

R 0.0532

Rw 0.0547

wR 0.0612

Goodness of Fit 1.47

N arameters (TOtal) 878

Nparameters (Max refined) 520

N frections 8110

Largest Residual Peak 1.39¢A-3

Largest Residual Trough -1.58A-3

The solvent molecule present (CH,Cl,) was found to be highly disordered and hence
remains undefined. Figure 3.7 shows the solid state crystal structure of the
[Rh(CO),(SnCl,);]2~ anion and Figure 3.8 shows the complete structure of
[PPN],[Rh(CO),(SnCl;);], (CH,Cl, not included). The anion is essentially square
pyramidal in shape with two CO ligands and two trichlorostannate ligands forming
the square base. The rhodium atom sits slightly above the plane of the square base,
essentially in a central position. The third trichlorostannate ligand is at the apex of
the pyramid directly above the rhodium atom. The structure seems to be borne out of
distortion of a trigonal bipyramidal arrangement, with the CO ligands bent slightly
from axial positions. The Sn(1)-Rh(1)-Sn(2) bond angle is higher than the 120°
expected for atoms in the trigonal arrangement, with Sn(1)-Rh(1)-Sn(3) and Sn(2)-
Rh(1)-Sn(3) angles smaller as a result. Tables 3.4-3.5 summarise the atomic
coordinates, bond lengths and bond angles for the complex.

97



Figure 3.5
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Figure 3.6  Infra-red spectrum in nujo! showing the carbony! absorptions
for the solid product isolated from the reaction of
[PPNL[Rh(COD),(SnCl,),] with CO in CH,Cl, (Reaction 3.2.5)
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Crystal Structure of [R(CO),(SnCl,),]12~

Figure 3.7
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Prof. J. A. K. Howard and Jason Cole, unpublished data.



Figure 3.8  Crystal Structure of [PPN]L[RR(CO),(SnCl,),]

Prof. J. A. K. Howard and Jason Cole, unpublished data.
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Table 3.4 Bond lengths (A) for [PPN][Rh(CQ),(SnCl,),]

Rh(1)-Sn(1) 2.547(1) Rh(1)-Sn(2) 2.540(1)

Rh(1)-Sn(3) 2.605(1) Rh(1)-C(101) 1.877(12)
Rh(1)-C(102) 1.895(14) Sn(1)-CI(11) 2.355(4)

Sn(1)-Cl(12) 2.357(3) Sn(1)-Cl(13) 2.358(5)

Ci(31)-Sn(3) 2.404(4) CI1(32)-Sn(3) 2.385(3)

CI(33)-Sn(3) 2.399(3) Sn(2)-Cl(21) 2.359(7)

Sn(2)-CI1(2A) 2.357(7) Sn(2)-Cl(22) 2.365(8)

Sn(2)-C1(2B) 2.353(6) Sn(2)-Cl1(23) 2.352(6)

Sn(2)-C1(2C) 2.363(7) CI(21)-CI(2A) 0.309(11)
C1(22)-C1(2B) 0.831(10) C1(23)-C1(20) 0.856(11)
C(101)-O(101) 1.151(15) C(102)-0(102) 1.144(18)
P(1)-N(1) 1.577(7) P(1)-C(1) 1.810(10)
P(1)-C(7) 1.808(9) P(1)-C(25) 1.808(10)
P(2)-N(1) 1.580(7) P(2)-C(13) 1.800(8)

P(2)-C(19) 1.803(10) P(2)-C(31) 1.809(9)

C(1)-C(2) 1.399(13) C(1)-C(6) 1.356(15)
C(2)-C(3) 1.386(17) C(3)-C4) 1.353(20)
C4)-C(5) 1.359(19) C(5)-C(6) 1.405(17)
C(1)-C(8) 1.379(13) C(7)-C(12) 1.383(12)
C(8)-C(9) 1.401(14) C(9)-C10) 1.343(16)
C(10)-C(11) 1.383(16) C(11)-C12) 1.379(15)
C(13)-C(14) 1.392(14) C(13)-C(18) 1.391(13)
C(14)-C(15) 1.375(13) C(15)-C(16) 1.374(15)
C(16)-C(17) 1.380(16) C(17)-C(18) 1.386(13)
C(19)-C(20) 1.385(13) C(19)-C(24) 1.382(14)
C(20)-C(21) 1.372(17) C(21)-C(22) 1.370(16)
C(22)-C(23) 1.379(17) C(23)-C(24) 1.391(18)
C(25)-C(26) 1.371(15) C(25)-C(30) 1.396(12)
C(26)-C(27) 1.398(16) C(27)-C(28) 1.355(16)
C(28)-C(29) 1.376(20) C(29)-C(30) 1.394(16)
C(31)-C(32) 1.369(13) C@31)-C(36) 1.383(14)
C(32)-C(33) 1.369(15) C(33)-C(34) 1.365(17)
C(34)-C(35) 1.379(16) C(35)-C(36) 1.381(16)
P(3)-N(2) 1.580(7) P(3)-C(37) 1.816(10)
P(3)-C(61) 1.795(8) P(3)-C(67) 1.796(10)




P(4)-N(2) 1.569(7) P(4)-C(43) 1.802(10)
P(4)-C(49) 1.817(9) P(4)-C(55) 1.799(10)
C(37)-C(38) 1.381(12) C(37)-C(42) 1.370(14)
C(38)-C(39) 1.392(17) C(39)-C(40) 1.378(20)
C40)-C(41) 1.335(17) C41)-C(42) 1.404(17)
C43)-C44) 1.373(15) C(43)-C(48) 1.417(13)
C(44)-C(45) 1.406(16) C(45)-C(46) 1.378(17)
C(46)-C47) 1.369(18) C(47)-C(48) 1.379(16)
C(49)-C(50) 1.377(15) C(49)-C(54) 1.397(13)
C(50)-C(51) 1.399(14) C(51)-C(52) 1.381(17)
C(52)-C(53) 1.359(18) C(53)-C(54) 1.391(13)
C(55)-C(56) 1.402(12) C(55)-C(60) 1.379(15)
C(56)-C(57) 1.395(16) C(57)-C(58) 1.371(18)
C(58)-C(59) 1.347(15) C(59)-C(60) 1.409(17)
C(61)-C(62) 1.381(15) C(61)-C(66) 1.392(15)
C(62)-C(63) 1.372(15) C(63)-C(64) 1.382(19)
C(64)-C(65) 1.341(17) C(65)-C(66) 1.387(13)
C(67)-C(68) 1.399(13) C67)-C(72) 1.389(14)
C(68)-C(69) 1.366(15) C(69)-C(70) 1.378(17)
C(70)-C(71) 1.365(16) C(71)-C(72) 1.395(16)
C1(25)-C(15) 1.622(17) CI(1S)-C(1S) 1.778(20)
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Table 3.5 Bond angles (°) for [PPN],[Rh(CO),(SnCl,),4]

Sn(1)-Rh(1)-Sn(2) 155.8(1) Sn(1)-Rh(1)-Sn(3) 102.7(1)
Sn(2)-Rh(1)-Sn(3) 101.5(1) Sn(1)-Rh(1)-C(101) 87.6(3)
Sn(2)-Rh(1)-C(101) 86.5(3) Sn(3)-Rh(1)-C(101) 104.9(3)
Sn(1)-Rh(1)-C(102) 86.3(4) Sn(2)-Rh(1)-C(102) 90.1(4)
Sn(3)-Rh(1)-C(102) 97.9(3) C(101)-Rh(1)-C(102) 157.2(5)
Rh(1)-Sn(1)-CI(11) 119.1(1) Rh(1)-Sn(1)-C(12) 120.2(1)
CI(11)-Sn(1)-CI(12) 100.7(1) Rh(1)-Sn(1)-CI(13) 116.7(1)
CI(11)-Sn(1)-CI(13) 97.9(1) C1(12)-Sn(1)-CK(13) 97.9(2)
Rh(1)-Sn(2)-Cl(21) 120.3(2) Rh(1)-Sn(2)-CI(2A) 117.4(2)
C1(21)-Sn(2)-C1(2A) 7.5(3) Rh(1)-Sn(2)-C1(22) 116.7(2)
C1(21)-Sn(2)-C1(22) 96.1(3) C1(2A)-Sn(2)-C1(22) 92.0(3)
Rh(1)-Sn(2)-CI(2B) 129.3(2) C1(21)-Sn(2)-C1(2B) 98.6(3)
CI(2A)-Sn(2)-CI(2B) 96.9(3) C1(22)-Sn(2)-C1(2B) 20.3(2)
Rh(1)-Sn(2)-C1(23) 124.5(2) C1(21)-Sn(2)-C1(23) 96.7(2)
CI(2A)-Sn(2)-C1(23) 103.5(2) C1(22)-Sn(2)-C1(23) 96.5(3)
CI(2B)-Sn(2)-Cl(23) 76.2(3) Rh(1)-Sn(2)-C1(2C) 113.7(2)
C1(21)-Sn(2)-C1(2C) 89.3(2) CI1(2A)-Sn(2)-C1(2C) 96.7(2)
C1(22)-Sn(2)-Cl(2C) 116.8(3) C1(2B)-Sn(2)-C1(2C) 96.6(3)
C1(23)-Sn(2)-C1(2C) 20.9(3) Sn(2)-C1(21)-C1(2A) 85.9(17)
Sn(2)-Cl(2A)-CI(21) 86.6(17) | Sn(2)-C1(22)-C1(2B) 79.0(7)
Sn(2)-CI(2B)-Cl(22) 80.7(6) Sn(2)-C1(23)-C1(2C) 80.2(6)
Sn(2)-C1(2C)-C1(23) 78.9(6) Rh(1)-Sn(3)-CI(31) 119.5(1)
Rh(1)-Sn(3)-Cl(32) 122.4(1) C1(31)-Sn(3)-C1(32) 98.7(1)
Rh(1)-Sn(3)-Cl(33) 119.7(1) C1(31)-Sn(3)-C1(33) 95.1(1)
C1(32)-Sn(3)-CI(33) 95.5(1) Rh(1)-C(101)-O(101) 177.2(10)
Rh(1)-C(102)-O(102) 176.7(11) | N(1)-P(1)-C(1) 116.5(4)
N(1)-P(1)-C(7) 109.4(4) C(1)-P(1)-C(7) 107.6(5)
N(1)-P(1)-C(25) 108.5(4) C(1)-P(1)-C(25) 106.5(4)
C(7)-P(1)-C(25) 107.9(4) N(1)-P(2)-C(13) 109.7(4)
N(1)-P(2)-C(19) 113.2(4) C(13)-P(2)-C(19) 106.8(4)
N(1)-P(2)-C(31) 111.6(4) C(13)-P(2)-C(31) 106.2(4)
C(19)-P(2)-C(31) 108.9(4) P(1)-N(1)-P(2) 138.6(6)
P(1)-C(1)-C(2) . 118.2(8) P(1)-C(1)-C(6) 121.8(7)
C(2)-C(1)-C(6) 120.0(9) C(1)-C(2)-C(3) 118.9(11)
C(2)-C(3)-C(4) 120.7(11) | C(3)-C(4)-C(5) 120.6(12)
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C(4)-C(5)-C(6) 119.8(12) C(1)-C(6)-C(5) 119.8(10)
P(1)-C(7)-C(8) 120.3(7) P(1)-C(7)-C(12) 120.0(7)
C(8)-C(7)-C(12) 119.7(9) C(7)-C(8)-C(9) 119.5(9)
C(8)-C(9)-C(10) 119.9(10) C(9)-C(10)-C(11) 121.4(10)
C(10)-C(11)-C(12) 119.2(10) C(7)-C(12)-C(11) 120.3(9)
P(2)-C(13)-C(14) 119.5(6) P(2)-C(13)-C(18) 121.4(7)
C(14)-C(13)-C(18) 118.9(8) C(13)-C(14)-C(15) 120.2(9)
C(14)-C(15)-C(16) 120.9(11) C(15)-C(16)-C(17) 119.6(9)
C(16)-C(17)-C(18) 120.1(9) C(13)-C(18)-C(17) 120.3(10)
P(2)-C(19)-C(20) 121.1(7) P(2)-C(19)-C(24) 118.3(8)
C(20)-C(19)-C(24) 120.0(10) C(19)-C(20)-C(21) 118.6(9)
C(20)-C(21)-C(22) 121.3(10) C(21)-C(22)-C(23) 120.9(12)
C(22)-C(23)-C(24) 117.9(11) C(19)-C(24)-C(23) 121.1(10)
P(1)-C(25)-C(26) 119.1(6) P(1)-C(25)-C(30) 120.4(8)
C(26)-C(25)-C(30) 120.5(9) C(25)-C(26)-C(27) 119.6(9)
C(26)-C(27)-C(28) 120.7(12) C(27)-C(28)-C(29) 119.8(12)
C(28)-C(29)-C(30) 121.1(10) C(25)-C(30)-C(29) 118.3(10)
P(2)-C(31)-C(32) 120.8(7) P(2)-C(31)-C(36) 119.5(7)
C(32)-C(31)-C(36) 119.5(9) C(31)-C(32)-C(33) 119.4(10)
C(32)-C(33)-C(34) 122.3(10) C(33)-C(34)-C(35) 118.5(10)
C(34)-C(35)-C(36) 120.0(10) C(31)-C(36)-C(35) 120.3(9)
N(2)-P(3)-C(37) 110.8(4) N(2)-P(3)-C(61) ' 114.6(4)
C(37)-P(3)-C(61) 106.6(4) N(2)-P(3)-C(67) 109.2(4)
C(37)-P(3)-C(67) 106.1(4) C(61)-P(3)-C(67) 109.2(4)
N(2)-P(4)-C(43) 111.2(5) N(2)-P(4)-C(49) 113.0(4)
C(43)-P(4)-C(49) 108.9(4) N(2)-P(4)-C(55) 109.2(4)
C(43)-P(4)-C(55) 107.4(4) C(49)-P(4)-C(55) 107.0(4)
P(3)-N(2)-P(4) 143.0(5) P(3)-C(37)-C(38) 118.3(8)
P(3)-C(37)-C(42) 120.0(7) C(38)-C(37)-C(42) 121.5(10)
C(37)-C(38)-C(39) 118.4(10) C(38)-C(39)-C(40) 120.2(10)
C(39)-C(40)-C(41) 120.6(13) C40)-C(41)-C42) 120.9(12)
C(37)-C(42)-C(41) 118.4(9) P(4)-C(43)-C(44) 119.9(7)
P(4)-C(43)-C(48) 121.3(8) C(44)-C(43)-C(48) 118.8(9)
C(43)-C(44)-C(45) 120.9(9) C(44)-C(45)-C(46) 119.0(11)
C(45)-C(46)-C(47) 120.9(11) C(46)-C(47)-C(48) 120.5(10)
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C(43)-C(48)-C(47) 119.8(10) P(4)-C(49)-C(50) 117.0(7)
P(4)-C(49)-C(54) 122.4(7) C(50)-C(49)-C(54) 120.6(8)
C(49)-C(50)-C(51) 118.6(10) C(50)-C(51)-C(52) 120.7(12)
C(51)-C(52)-C(53) 120.4(10) C(52)-C(53)-C(54) 120.3(10)
C(49)-C(54)-C(53) 119.5(10) P(4)-C(55)-C(56) 118.3(8)
P(4)-C(55)-C(60) 122.3(7) C(56)-C(55)-C(60) 119.4(9)
C(55)-C(56)-C(57) 119.0(10) C(56)-C(57)-C(58) 120.0(9)
C(87)-C(58)-C(59) 122.2(11) C(58)-C(59)-C(60) 118.8(12)
C(55)-C(60)-C(59) 120.7(9) P(3)-C(61)-C(62) 123.4(8)
P(3)-C(61)-C(66) 118.3(7) C(62)-C(61)-C(66) 118.2(8)
C(61)-C(62)-C(63) 120.6(11) C(62)-C(63)-C(64) 119.8(12)
C(63)-C(64)-C(65) 121.0(10) C(64)-C(65)-C(66) 119.5(11)
C(61)-C(66)-C(65) 120.8(10) P(3)-C(67)-C(68) 120.1(8)
P(3)-C(67)-C(72) 120.6(7) C(68)-C(67)-C(72) 119.2(9)
C(67)-C(68)-C(69) 120.6(10) C(68)-C(69)-C(70) 119.8(10)
C(69)-C(70)-C(71) 120.8(11) C(70)-C(71)-C(72) 120.3(10)
C(67)-C(72)-C(71) 119.3(9) CI1(25)-C(15)-CI(1S) 116.2(10)

Thus, infra-red data indicates that [A],[Rh(COD)(SnCl,),] reacts with CO to form
[ALL[Rh(CO),(SnCl,);] (where A = [Bz(Et);N]* or [PPN]*) as the favoured complex
in solution, no changes being observed in the carbonyl stretching region of the infra-
red spectrum over a lengthy period of time (ca. 24 hours). The data is in close
agreement with that reported by Pregosin et al@® for this complex. 1'Sn NMR data
collected are also in extremely close agreement to those of Pregosin et al?),
confirming the formation and apparent stability of this tri-tin complex in solution.
Through a comparison of the relative intensities of the !17Sn satellites and the main

1198 n signal Pregosin categorically assigned the complex as the tri-tin species(®.

119Sn NMR data in CH,Cl, at 25°C for the solid product precipitated from the
reaction of [PPN],[Rh(COD)(SnCl;);] with CO (Sample 1, Reaction 3.2.5),
consisted of only one doublet, indicating the presence of only one Rh(I)-SnCl,
complex in solution. The frequencies and coupling constant are very similar to data
assigned to [PPN],[Rh(CO),(SnCl,),] reported by Pregosin et al@, thus confirming
it as apparently the only Rh(I)-SnCl; complex in solution. The formula is consistent
with the recognised tendency of the SnCl,™ ligand to stabilise 5-coordination-). An
infra-red spectrum of this solution was also consistent with the presence of
[PPN],[Rh(CO),(SnCly),] {v(CO)- 2017 2069,,cm! in CH,Cl,; 2010 2060cm-!
(KBr)@}, as the sole [PPN],[Rh(CO),(SnCl;);] complex in solution.
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However, further infra-red studies of samples of the solid isolated from the solution
state, indicate that the chemistry is more complex than that indicated by Pregosin et
al®, and that [Rh(CO),(SnCl;);]>~ is not the only component of the samples. Infra-
red data for a sample of the solid as a nujol mull (Sample 1, see page 96) showed 4
carbonyl absorption bands (1989, 2016, 2039, 2069, ,cm'l, see Figure 3.6).
Also, addition of separate samples of the same batch of solid to CH,Cl, resulted in
differences in the observed carbonyl absorptions e.g.:

Sample2  w(CO)em! 19912016, 2044, ,, 2069, ,
Sample3  v(CO)cm! 2016, 2069,

The infra-red data for the solid as a nujol mull {v(CO)/cm-! - 1989, 2016, 2039,
2065,,, (Sample 1)} was clearly consistent with a mixture of complexes, the weaker
absorptions at 2016 and 2065cm! arising from [PPN],[Rh(CO),(SnCl;),] as the
minor component. The infra-red data obtained when a further sample of this solid
(Sample 2) is added to CH,Cl, is consistent with that obtained for Sample 1, with
[PPN],[Rh(CO),(SnCl;),] again implicated as the minor component. However,
infra-red data obtained for another sample of the same batch of solid added to
CH,Cl, (Sample 3) showed only two carbonyl absorptions, which were consistent
with [PPN],[Rh(CO),(SnCl,),] as the only Rh(I)-CO complex present in solution.

Clearly, infra-red data for Sample 1 indicates that precipitation of a solid from a
solution of [PPN],[Rh(CO),(SnCl,),] in CH,Cl, has resulted in the formation of a
second rhodium-carbonyl complex. Initial microanalytical data on the product were
consistent with [PPN],[Rh(CO),(SnCl,);] and were certainly not in keeping with it
being the minor component of a mixture as indicated by the infra-red data for
Sample 1. However, microanalyses of further portions of this sample were more
consistent with a mixture, the carbon content being lower than found for 'previous
samples. On the basis of microanalytical data it is not possible to determine the
identity of the complex having carbonyl absorptions at 1989, 2039 ,cm-! in nujol
and 1991, 2044, cm! in CH,Cl,, but they appear to originate from the dissociation
or decomposition of [Rh(CO),(SnCl;);]2~. These absorptions appear to arise from
the same complex and not two different rhodium monocarbonyl complexes. The
pattern of vV(CO) frequencies, compared with those for [Rh(CO),(SnCl,);]*~ (in
CH,Cl, both are lower than the respective higher and lower frequencies of
[Rh(CO),(SnCl;);]*~ by an almost identical value), would be consistent with the
formation of one of the Rh(I)-SnCl, trans-dicarbonyl complexes shown below,
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Infra-red data reported for samples of this mixture of solids in CH,Cl, (Samples 2
and 3) implies that the conditions are critical for the formation and stability in
solution of the complex having absorptions at 1991 and 2044cm-!. The relative ratio
of the intensities of these absorptions to those of [Rh(CO),(SnCl,),]2~ varies. In one
case [Rh(CO),(SnCl,);]?>~ is the minor component (Sample 2), but in most cases
studied it is the sole component (e.g. Sample 3). Interestingly, upon addition of
either Sample 2 or 3 to CH,Cl,, the initial infra-red spectrum obtained is not
followed by any subsequent change in either the relative intensities or the frequency
positions of the absorptions.

Thus, in attempting to isolate [Rh(CO),(SnCl,),]*~ from solution, it appears that tin
is lost from the complex by some means to form the 4-coordinate complex
[Rh(CO),(SnCl,)X]~ X = CI™ or SnCl;™):

ie.  [Rh(CO),(SnCly);]2~ — [Rh(CO),(SnCly)X]~ + SnCl,~

3.2.6 Reaction of [Bz(Et);N][Rh(C0),Cl,] and SnCl, in THF
[Bz(Et);N][Rh(CO),C1,](0.2632g, 0.623mmol) was dissolved in 10ml of dry THF
under a nitrogen atmosphere to give a yellow solution. Solid anhydrous tin(II)
chloride(0.3736g, 1.97mmol) was then added to this solution at room temperature. A
clear deep red solution was formed almost instantaneously upon stirring. Addition of
hexane (7ml) to the solution and cooling to 0°C, gave a red oil over 2 days. The
remaining solution was removed from the oil by syringe and stored in a Schlenck
tube under nitrogen. 3ml of methanol was added to the red oil causing it to solidify.
The red solid (0.45g), called Product A, was then removed by filtration, washed with
a small amount of hexane, and dried under vacuum.

Data for Product A _
Analysis % C 2840, H 4.09, N 2.35, Sn 27.10, Rh 7.91
Infra-red : v(CO)/cm'! - 2013, in nujol
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The solvent was removed from the remaining orange solution leaving an orange/red
residue which was extracted with 5ml of methanol and the solution filtered. Addition
of hexane to the filtrate gave separation of a red solid, Product B, which was filtered
under nitrogen and dried under vacuum.

Data for Product B
Analysis % C 27.25, H 3.69, N 2,70
Infra-red : V(CO)/cm-! - 2016, 2028, 2070,,,, 2079,, in nujol

Product A was formed upon repetition of this reaction, but more usually Product B
was the sole product. Product B was isolated from the reaction irrespective of the
original Rh:Sn molar ratio (ranging from 1:1 to 1:4) employed. Table 3.6
summarises the infra-red and microanalytical data for materials isolated from further
reactions of [Bz(Et),N][Rh(CO),Cl,] with SnCl, in THF Products C, D and E),
along with calculated microanalytical data and infra-red frequencies for relevant
Rh(I)-CO-SnCl, complexes.

Infra-red and microanalytiéal data are consistent with Products A and C being
[Bz(Et);N]5[Rh(CO)(SnCl;),], and Products B, D and E being [Bz(Et);N],
[Rh(CO),(SnCl,),] as the main product. By examination of the infra-red data and
expected microanalytical data for pure samples of [Bz(Et);N];[Rh(CO)(SnCl,),] and
[Bz(Et);N],[Rh(CO),(SnCl,);] the difficulties encountered in establishing the nature
of Rh(I)-CO-SnCl, products are readily appreciated. On the basis of the broad non-
symmetrical carbonyl absorption at 2016cm-! it is not possible to eliminate with
confidence either [Rh(CO)(SnCl;),]3~ or [Rh(CO)(SnCl;),CIJ2~ as minor
components of Products B, D and E, since both of these complexes have a carbonyl -
absorption in this region at an almost identical frequency. Furthermore, the
benzyltriethylammonium salts of [Rh(CO)(SnCl,),]3~, [Rh(CO),(SnCl;);]2~ and
[Rh(CO)(SnCl,),ClI)?2~ give similar C, H, N and Cl microanalytical data, and
consequently, it is difficult to derive further information about possible Rh(I)-CO-
SnCl, product mixtures by assessment of such data. Theoretically, rhodium analysis
could differentiate between the possible complexes, and tin analysis should
distinguish [Rh(CO)(SnCl,),Cl]Z~ from [Rh(CO)SnCl,), >~ and
[Rh(CO),(SnCl;),]2~. However, microanalytical data for these elements is not
sufficiently reliable for this purpose. Other techniques used to analyse these solids,
such as %Sn and 13C NMR spectroscopy generally did not provide any useful
information due to either the insolubility or decomposition of species in solution

over the long periods of time necessary to acquire spectra.
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Table 3.6 Infra-red and micreanalytical data for Rh(I)-CO-SnCl, products
and calculated data for relevant complexes
Rh:Sn
Product ratio of
code reagents V(CO)/emtinnujol | % C H N Cl Sn Rh
Found -
C 12 2016, 2028, 2079, 27.89 | 3.83 | 2.29 - 27.86 -
D 1:4 2016, 2028, 2067, {2726 { 3.83 | 2.25 - 2891 | 9.15
2078,
E 1:4 2016, 2028, 2068, 125.87 | 3.48 | 2.12 - - -
2079,,,
Complex Calculated values
*[Rh(CO)(SnCl,), 13- 2012 nujol 29.84 | 410 | 2.61 | 2645 | 29.52 | 6.40
See section 3.2.1
*[Rh(CO),(SnCl,);]>- 2011, 2072, THF 27.57 | 3.61 | 2.30 | 26.18 | 29.22 | 8.45
See section 3.2.5 2018, 2069,,, CH,Cl,
2016, 2065, nujol ¥
°[Rh(CO),(SnClL),]>- [2017,2069,,CH,CL, | — | — | — | — | — | —
See section 3.2.5 2016, 2065,, nujol
*[Rh(CO)(SnCl,),Cl1}2- | 2013 nujol 3236 | 439 | 2.80 | 2479 | 23.72 | 103
See section 3.2.2 ]
* [Bz(Et);N]+ o [PPN]*

t The infra-red data for solid [Bz(Et)3N]>2[Rh(CO)>(SnCl3)3] as a nujol mull is derived from that
assigned to solid [PPN]9[Rh(CO),(SnCl3)3] as a nujol mull, since the benzyltriethylammonium salt
of [Rh(CO)2(SnCl3)3]2” has not been isolated as a pure solid. There is no change in the positions of
the carbonyl absorptions for [Rh(CO)z(SnCl3)3]2"in CH,Cly with either [PPN]* or [Bz(Et)3N]+ as
the counter ion. Therefore, the carbonyl absorptions for solid [Bz(Et)3N]»[Rh(CO)o(SnCl3)3] as a
nujol mull are expected at 2016 and 2065cm-! ie. at the same frequencies as those for

[PPN1,[Rh(CO)5(SnCl3)3] as a nujol mull.

However, a 119Sn NMR spectrum in CH,Cl,/CDCl; was obtained for an apparently
identical product (on the basis of infra-red and microanalytical data) to Products B,
D and E (see Section 3.2.2), thus confirming the presence in solution of
[Bz(Et);],[Rh(CO),(SnCl;);] as the major component. A weaker signal consistent
with a further Rh-SnCl, complex was also observed, and could possibly be assigned
to either [Bz(Et);N],[Rh(CO)(SnCl,),Cl} or [Bz(Et);N];[Rh(CO)(SnCl,),].
Consequently, infra-red and microanalytical data, along with 119Sn NMR data for an
apparently identical product appear to be consistent with Products B, D and E
containing [Bz(Et),N],[Rh(CO),(SnCl,);] as the main component, although the
presence of a further Rh-SnCl; complex e.g. [Bz(Et);N],[Rh(CO)(SnCl,;),Cl1] and
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[Bz(Et);N1;[Rh(CO)(SnCl,),], purely on the basis of such data, is also likely. Mass
spectroscopic studies did not provide any useful information about these products, or
indeed any of the other products reported in this chapter.

3.2.7 Reaction of [Bz(Et);N][Rh(C0),Cl,] with [Bz(Et);N][SnCl,] and
37%HCl ,q in acetic acid

This experiment was carried out in an attempt to investigate the chemistry which

occurs between species known to be present in the rhodium-tin-chloride catalytic

reaction, described in Chapter 4.

[Bz(Et);N][Rh(CO),C1,](0.105g, 0.25mmol) was dissolved in 10ml of acetic acid at
50°C under a nitrogen atmosphere to give a pale yellow solution.
[Bz(Et)3N][SnCl3](O.2845g, 0.682mmol) was dissolved in a mixture of 7ml of acetic
acid and 0.5ml of 37%HCl,;,, and added by syringed to the warm solution of
[Bz(Et);N][Rh(CO),Cl,]. Immediate precipitation of an orange/red solid occurred, |
which was separated by filtration of the warm mixture under nitrogen, and then
dried under vacuum. The orange/red product (0.08g), which decomposed in air to
give a black solid, was transferred and handled under nitrogen.{Found C 28.21, H
3.83, N 2.20, Sn 29.79%; [Bz(Et);N],[Rh(CO),(SnCl;),] reﬁuires C 2757, H
3.61, N 2.30, Sn 29.22%; Infra-red : v(CO)/cm! - 1997, 2016, 2028, 2068,,,,
2079,,}.

Infra-red and microanalytical data for this product are similar to those reported in
previous reactions, and indicate that it is [Bz(Et);N],[Rh(CO),(SnCl,),], with slight
contamination from a complex or complexes absorbing at 1997, 2028 and 2079cm-!.

In the absence of 37% aqueous HCI from the reaction in acetic acid, decomposition
of the carbonyl complex occurred to form a brown/black non-carbonyl solid at
temperatures close to 50°C.

3.2.8 Reaction of Rh,(C0O),Cl, and [Bz(Et),N][SnCl,] in acetic acid

As for Reaction 3.2.7 this was attempted to determine the chemistry which occurs in
the rhodium-tin-chloride catalytic process to hydrocarbonylate ethene (described in
chapter 4).

[Bz(Et);N][SnCl,](0.3346g, 0.802mmol) in 8ml of acetic acid was heated to 80°C
under a nitrogen atmosphere until it dissolved to give a pale yellow solution. The
. solution was allowed to cool and then added to a warm solution of Rh,(CO),Cl,
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(0.0496g, 0.128mmol) in 5Sml of acetic acid. Immediate precipitation of the
red/orange solid [Bz(Et);N],[Rh(CO),(SnCl;);] occurred, which was separated by
filtration of the warm mixture under a nitrogen atmosphere and then dried under
vacuum. The product (0.31g) was transferred and handled under a nitrogen
atmosphere. {Found : C 2947, H 413, N 249, Sn 29.90%;
[Bz(Et);N],[Rh(CO),(SnCl,),] requires C 27.57, H 3.61, N 2.30, Sn 29.22%;
Infra-red : v(CO)/cm’! - 2000, 2014, 2028, 2068, 2078,,}.

Reactions of Rh,(C0O),Cl, with SnCl;~ or SnCL,/Cl~, and [Rh(CO),CL ]~ with
SnCl;~ apparently produce the same complex, [Rh(CO),(SnCl;);]*~ having
absorptions at 2016, / 2014, 2068, cm-1.

3.3 Discussion

3.3.1 Crystal Structure Information

Table 3.7 summarises the relevant bond lengths for the two complexes discussed in
this chapter for which X-ray crystal structures have been determined by Prof. J.A K.
Howard and J. Cole (Department of Chemistry, Durham University), and also for
other reported Rh-CO and Rh-SnCl; complexes.

The Rh-CO bond lengths for [PPN],[Rh(CO),(SnCl,),] are longer than those for the
rhodium-carbonyl-halide complexes Rh,(CO),Cl, and [Rh(CO),Cl,]~ and also for
the [Rh(CO),(OAc),]~ complex. The distances found are shorter than the Rh-CO
distance of 1.92A (CO trans to SnCl,™) in Rh,Sny(CO),Cl¢[u-(Ph,P),pyl,. The long
length of the Rh-Carbon bonds for [Rh(CO),(SnCl;);]>~ is consistent with the
trichlorostannate ligand being a strong m-acceptor and certainly a stronger -
acceptor than carbon monoxide. In general a shortening of the Rh-CO bond would
be the consequence of attachment of an additional ligand to convert a 16e™ e.g.
planar complex, to an 18¢~ complex. Clearly, in the square pyramidal arrangement
of the [Rh(CO),(SnCl,),]2~ anion there will be strictly speaking no direct trans
influence since there are no SnCl;~ or CO ligands directly trans to each other, and
thus competition for n-electron density will not involve all the same orbitals. The
Rh-CO bond lengths obtained will reflect an effect from all the trichlorostannate
groups present competing for m-electron density from metal orbitals. Aithough there
will be no single large contribution of n-electron density from one particular metal
orbitals to an empty 5d orbital of a trichlorostannate ligand, the net contribution of ©t
-electron density from several metal orbitals to the vacant tin 5d orbital of more than
one trichlorostannate group is enough to cause an increase in the Rh-CO bond
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length. The short Rh-Sn distances for the trichlorostannate ligands which form the
square base of the pyramid with the two carbonyl ligands (Rh-Sn : 2.547(1),
2.540(1)A) are indicative of groups strongly withdrawing electron density from the
metal orbitals to a greater extent than the trichlorostannate group above the plane of
the square base, which has a significantly longer Rh-Sn bond length of 2.605(1)A.

Table 3.7 Summary of the relevant bend lengths for various Rh-CO and
Rh-SnCl, complexes.

Complex Rh-CO/A | Rh-Sn/A Reference
*[Rh(CO)(SnCl,), 13- 1.840(18) | 2.553(2) Section
2.559(2) 3.21
2.543(1)
2.535(2)
¢ [Rh(CO),(SnCl,),]* 1.877(12) | 2.547(1) Section
1.895(14) | 2.540(1) 3.25

2.605(1)

Rh,(CO),Cl, 1.841 — 9

1.854 "
[n-Bu,N]{Rh(CO),(OAc),] 1.826 — 10
1.817

Rh(CO),Cl,- 1.800 — 11

Rh,Sn,(CO),Cl4[u- 1.850 2.601 m 12
(Ph,P),pyl, 1.920 2.588 m

2.587

mer[ { Rh(CNCzH,),(SnCl,) 2.606 13
(u-SnCly) },] — 2.645b
2.616b

14

Rh(SnCl,)(NBD)(dppp) — 2.637

* = [Bz(Et);N]* ¢ = [PPN]* b-Bridging m - in macrocycle

The Rh-CO bond length (1.840(18)A) in the trigonal bipyramidal anionic complex
[Rh(CO)(SnCl,),]3~ is longer than those in the ([Rh(CO),Cl,]= and
[Rh(CO),(OAc),]~ complexes but is similar in length to those in Rh,(CO),Cl, and
considerably shorter than the Rh-CO bond length for the carbonyl group trans to a
trichlorostannate group in Rh,Sn,(CO),Cl[u-(Ph,P),pyl, (1.920A). The Rh-CO
bond length of 1.840(18)A in [Rh(CO)(SnCl,),]3~ is, however, subject to a
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significant error, with the actual length possibly being approximately +/-0.05A of
this quoted value. Nevertheless, the quoted value does indicate an increase in the Rh-
CO bond length compared with the anionic complexes [Rh(CO),Cl,]~ and
[Rh(CO),(OAc),], although possibly not as much as for [Rh(CO),(SnClL),]?~.
Further, it is also indicative of the SnCl;~ ligand being a strong ®-acceptor and
exerting a significant frans influence. In this case the shortening of the Rh-CO bond
length is caused by a single trichlorostannate ligand trans to the carbonyl ligand, and
competition for m-electron density between these ligands. The trichlorostannate
ligand, being a stronger m-acceptor than the carbonyl ligand will remove a greater
share of electron density from the metal and thus causes a lengthening of the Rh-CO
bond.

The Rh-Sn bond length of the trichlorostannate group trans to the carbonyl ligand is
2.559(2)A whilst those in the equatorial positions are 2.553(2), 2.543(1) and
2.535(2)A. Thus, there is no shortening of the Rh-Sn bond of the trichlorostannate
ligand trans to CO, compared with the other Rh-Sn distances, although all of the Rh-
Sn distances in this complex are significantly shorter than those quoted for other
complexes in Table 3.7. Bonds to ligands in axial positions are normally longer than
those to equatorial ligands and the fact that similar Rh-Sn lengths in both axial and
equatorial positions are observed may reflect the enhanced n-bonding contribution to
the bonding of the trichlorostannate ligand in the axial position.

A general feature of SnCl;™ ligands coordinated to transition metals is that M-Sn-Cl
bond angles are greater than the ideal tetrahedral value of 109.4° and that Cl-Sn-Cl
angles are smaller than 109.4°(13.15.16), This is interpreted as being due to a greater s
orbital character in the M-Sn bonding orbitals than in the Sn-Cl bonding orbitals,

which have a greater p orbital character and consequently Cl-Sn-Cl angles are - -

smaller.

This bond angle trend is upheld for the complexes reported in this chapter. The Rh-
Sn-Cl bond angles in [Rh(CO),(SnCl;);]>~ range from 129.3(2)° to 113.7(2)°,
whilst the CI-Sn-Cl angles range from 107.7(1)° to 95.5(1)°. The Rh-Sn-Cl bond
angles in [Rh(CO)(SnCl;),]3~ range from 128.2(2)° to 111.9(3)°, whilst the C1-Sn-
Cl angles range from 97.7(2)° to 92.4(2)°. "
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3.3.2 Rationalisation of the formation of complexes isolated from solution

The 5-coordinate rhodium(l) complexes [Rh(CO),(SnCl;),]1>~ and
[Rh(CO)(SnCl,),]3~, isolated from reactions of rhodium(I) carbonyl chloride
complexes and tin(II) chlorides, and reported in this chapter, are in keeping with the
well documented ability of the SnCl;™ ion to form and stabilise such 18-electron 5-
coordinate transition metal complexes-®), This is supported by the fact that the 5-
coordinate Rh(I)-SnCl; complexes formed are extremely air and moisture stable
species, whereas the 4-coordinate Young's complex [Rh(CO)(SnCl,),Cl]?~ is very
unstable and decomposes quickly when exposed to the atmosphere. Even when
stored under apparent anaerobic conditions in a glove box this complex will
decompose over one week. The formation of the 5-coordinate complexes can be
attributed to the strong m-acceptor ability of the trichlorostannate group(!7-19), which
is confirmed from infra-red studies reported in Chapter 2 and crystal structure data
in Section 3.2.1. This allows formation of 5-coordinate complexes by a large back
donation of n-electron density from the occupied rhodium d-orbitals to the vacant tin
5d orbitals. Thus, the 5-coordinate state is stabilised due to a strengthening of the
metal ligand bonds, i.e. an increase in bond energy. Removal of electron density
from the metal centre is favourable for a system containing a metal in a low formal
oxidation state such as Rh(I), since electron density built up via the G-system can be
dispersed through the ®-system. The removal of m-electron de'nsity from rhedium
effectively makes the metal more electropositive. Therefore, addition of further
ligands becomes more favourable and hence, the ability of strong m-acceptor ligands
such as SnCl;~ to form 5-coordinate 18 electron rhodium(I) complexes such as
[Rh(CO),(SnCl,);]2~ and [Rh(CO)(SnCl;),]3~. This S-coordination is not favoured
by an arrangement of chloride ligands which are primarily ¢-donors and have no &-

acceptor ability.

The reactions described in this chapter have been studied in solution using FT-IR
and NMR spectroscopy, and the chemistry reported in detail in Chapter 2. Infra-red
and '""Sn NMR studies indicate that [Rh(CO),(SnCl;);]>~ is the favoured species
formed in solution. However, in some circumstances a 4-coordinate complex, either
[Rh(CO),(SnCl;),]~ or [Rh(CO),(SnCl,)CI]™, is formed in THF. This complex
appears to be closely reiated to [Rh(CO),(SnCl;),;]2~, either as an intermediate in its
formation or as a product of its decomposition. The m-acceptor properties of the
SnCl;~ ligand explain its ability to form S5-coordinate 18-electron rhodium(I)
complexes, such as [PPN],[Rh(CO),(SnCl;);] and [Bz(Et);N]3[Rh(CO)(SnCl,),],
isolated and characterised in this work. However, although [Rh(CO),(SnCl,);]%~ is
the predominant species in solution, it appears to be related, probably by a series of
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equilibria, to other Rh-SnCl; complexes. The conditions, i.e. temperature, amount of
solvent, concentration of reactants in solution, removal of solvent, appear critical
towards the isolation of other complexes. For instance, for the apparently similar
reactions, shown below, which both form [Rh(CO),(SnCl;);]>~ in solution, different
solid complexes were isolated.

THF
1. Rhy(CO),Cl, + SnCl, + Bz(Et);NCl — [Bz(Et);N],[Rh(CO)(SnCl,),]

(See Section 3.2.1)

THF
2. [Bz(Et);N][Rh(CO),Cl,] + SnCl, —> [Bz(Et);N],[Rh(CO),(SnCl,),]

(See Section 3.2.6)

The isolation of [Bz(Et);N],[Rh(CO),(SnCl;);] from Reaction 2 as a single species
was unusual, since a mixture of rhodium carbonyl products was usually obtained.
Infra-red, 1"Sn NMR and microanalytical data indicated that this mixture, along
with the products of Reactions 3-5 shown below

3. Rh,(CO),Cl, + SnCl, + Bz(Et);NCl in ethanol (See Section 3.2.2)

4. [Bz(Et),N][Rh(CO),Cl,] + Bz(Et);NSnCl, + 37%HC1(aq) in acetic acid
(See Section 3.2.7)

5. Rh,(CO),Cl, + Bz(Et);NSnCl, in acetic acid (See Section 3.2.8)

contained [Bz(Et);N],[Rh(CO),(SnCl;);] as the main component, together with
small quantities of [Bz(Et);N]L[RR(CO)SnCl,),] and/or [Bz(Et);N],
[Rh(CO)(SnCl,),Cl]. 1"Sn NMR data in CDCl,/CH,Cl, for the solid product
obtained from Reaction 3 were consistent with the presence of an additional Rh(I)-
SnCl,; complex together with than [Bz(Et);N],[Rh(CO),(SnCl;),]. The additional
signal may be due to the Rh-CO species giving the weak infra-red absorptions at
2028 and 2079cm-!, to [Rh(CO)(SnCl,),]3~ or [Rh(CO)(SnCl,),Cl]%, or to a non-
carbonyl containing complex such as [Rh(SnCl,;)]4~®. It is relevant that Reaction 3,
on several attempts, formed  the desired Young's  complex
[Bz(Et);N1,[Rh(CO)(SnCl,),Cl] rather than the mixture of species described above,
demonstrating that the same reaction may lead to different products.

Consequently, since similar reactions of rhodium(I) carbonyl chlorides with tin(II)
chlorides give the formation of different solid Rh(I)-CO-SnCl; complexes, and in
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several cases the formation of mixtures rather than single complexes, it appears that
the various Rh(I)-CO-SnCl; complexes are related by a series of equilibria as
illustrated in Figure 3.9:

Rh(CO)(8nClg) 2 ™ =——="Rh(CO)(SnClg) 2 "———= Rh(CO)(SnCI3)2C‘2‘

1L

Rh(CO) 5(SnClg) 42~

TL

Rh(CO)»(SNClg)CI~ =——=" Rh(CO)4(SnClg) 5™

Figure 3.9  Proposed series of equilibria relating 5- and 4-coordinate Rh(I)-
CO-SnCl; complexes

In solution, the equilibria appear to be highly in favour of [Rh(CO),(SnCl;);]2~ (see
Chapter 2), and this complex appears to predominate in the products isolated,
suggesting that it may be more stable than other Rh-SnCl; complexes. However,
conditions appear critical towards the precipitation of [Rh(CO)(SnCl;),]*~ and
[Rh(CO)(SnCl,),C1}?~. The formation of these latter species apparently occurs via
the dissociation of CO and SnCl;~ ligands from [Rh(CO),(SnCl;),]2~ as the
equilibrium concentrations of the complexes are disturbed upon removal of solvent
and/or precipitation of a particular complex. Upon crystallisation, it is likely that the
equilibria are displaced to a complex that does not have notable stability in solution,
and therefore conditions of temperature, solvent and concentration of species in
solution are all important. The dissociations apparently occurring may arise because
of the labilising ability of SnCl,™. Its ability to cause weakening of both Rh-SnCl,
and Rh-CO bonds, through competition between ligands coordinated to rhodium for
n-electron density from filled rhodium d-orbitals, possibly causes the relative ease of
dissociation of such ligands. Thus, though the SnCl,~ ligand stabilises the formation
of 5-coordinate complexes in the solid state, it appears that in solution the SnCl,~
ligands of such éomplexes can be labile e.g. for [Rh(CO),(SnCl,),]2~, as illustrated
in Figure 3.9.
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The influence of the w-electron acceptor properties of SnCl;~ on the formation of a
particular complex can be illustrated by a consideration of the equilibrium (given
below) between [Rh(CO)(SnCl;),]’~ and [Rh(CO),(SnCl,);]*~. The m-electron
acceptor properties of SnCl,~ will favour 5-coordination, and complexes containing
many SnCl;~ ligands, since higher numbers of SnCl,™ groups coordinated to
rhedium would be expected to remove more n-electron density from the occupied
rhodium(I) d-orbitals and offset the G-donation from the five ligands. This therefore
implies that an equilibrium between the two would be in favour of the tetra-tin

complex:
[Rh(CO)(SnCL,), ]~ + CO =—= [Rh(CO),(SnCl;);]>*~ + SnCl;~

However, increasing numbers of SnCl;~ groups attached to rhodium may also
decrease the strength of the Rh-SnCl; and Rh-CO bonds, since there is increased
competition for m-electron density from the same rhodium d-orbitals, e.g. the 3
equatorial SnCl;~ groups in [Rh(CO)(SnCl,),]3~ will compete for w-electron density
from the same occupied rhodium d-orbitals. Thus, a balance exists between
maximising the number of m-acceptor ligands and the weakening effect on metal-
ligand bonds of strong competition between ligands. Therefore, although the strong
n-acceptor ability of SnCl;™ may weaken the Rh-CO bonds of [Rh(CO),(SnCl,);]%~,
thus labilising CO and promoting formation of [Rh(CO)(SnCl,),]3~, the indication
is that [Rh(CO),(SnCl;),]?~ formation is preferred, probably because the increased
ability of SnCl,~ ligands to labilise each other in a complex such as
[Rh(CO)(SnCl;),]*~ has a greater destabilising effect. The ability of SnCl;~ to
labilise other SnCl;~ and CO ligands, and hence favour the formation of one
complex over another, is most likely dependant on the geometry of the species, i.e.
the arrangement of the occupied rhodium d-orbitals with respect to the position of
the SnCl;~ groups. However, the above equilibrium must be disturbed during
precipitation since [Bz(Et);N];[Rh(CO)(SnCl,),] is the only solid complex produced
in Reaction 3.2.1.

The formation of [PPN],[Rh(CO),(SnCl,),] by reaction of
[PPN],[Rh(COD)(SnCl,),] with CO (Section 3.2.5) is also a reflection of the ability
of SnCl;~ to form 5-coordinate 18-elecron Rh(I)-CO-SnCl,; complexes. This
complex was identified by comparison of infra-red and °Sn NMR spectral data
with that reported by Pregosin et al®. However, although reaction with CO favoured
the initial formation of the 5-coordinate complex [Rh(CO),(SnCl;);]>~ in THF and
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CH,Cl,, the complex appears to change upon an attempt to precipitate it, and
[Rh(CO),(SnCl,),;]2~ along with either a single rhodium(l) dicarbonyl complex or
two rhodium(I) monocarbonyl complexes is precipitated from CH,Cl,, as indicated
by infra-red spectroscopy (v(CO) (nujol) 1989, 20164, 2039 ., 2065, cm-1}.
Infra-red studies of the behaviour of the solid product upon addition of CH,Cl,
(Section 3.2.5) indicate that the solution species produced is determined by the
conditions. [Rh(CO),(SnCl;);]?~ is usually the sole species, but in one case the
species with the absorptions at 1991 and 2044cm-! in CH,Cl,, usually the minor
species, predominated. Although the absorptions at 1991 and 2044cm-! may be due
to two different rhodium monocarbonyl complexes, the infra-red pattern is
consistent with a single trans-dicarbonyl rhodium(I) 4-coordinate complex.
[Rh(CO),(SnCl;);]2~ appears to be related to the complex having absorptions at
1991 and 2044cm-1, which seems to be formed at its expense upon precipitation.
Consequently, [Rh(CO),(SnCl;);]>~ and the 4-coordinate rhodium(I) complex are
possibly related by the following equilibrium:

— - 2_ _ -
Cco
OoC.,,, — \ / _
Rh - SnC|3 = /Rh\ + SnCls
/
Clasn \’o c | oc Y
2017, 2069cm'! 1991, 2044cm'! (CH,Cl,)
(CH,CL) X = SnCly~, Y = SnCl,~ or CI~

Precipitation of this apparently 4-coordinate complex over [Rh(CO)z(ShCl3)3]2" was
favoured under particular conditions, indicating that such species can also exist in a
stable solid form. The results suggest that although [Rh(CO),(SnCl,);]>~ is the
species initially favoured in solution, the position of the equilibrium can be disturbed
upon precipitation or removal of solvent, and dissociation of SnCl;~ occurs,

resulting in formation of the 4-coordinate complex.

Reaction of [Rh(COD)(SnCl,;);]2~ with CO in CH,Cl, would be expected to initially
give adjacent carbonyl groups upon displacement of the 1,5-cyclooctadiene ligand.
However, the carbonyl absorptions observed at 2016, and 2065,,cm-! in CH,Cl,
suggest rapid isomerisation to give a complex containing trans carbonyl groups,
possibly in a trigonal bipyramidal arrangement with CO groups in axial positions.
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The precipitation of the [Rh(CO),(SnCl;);]*~ complex in the square pyramidal
arrangement shown in Figure 3.8 (p 99) {v(CO) - 20164 2065 ,cm-1, see Section
3.2.5}, suggests that such an arrangement will be thermodynamically preferred in
the solid state. This structural conformation is consistent with bulky SnCl,~ groups

preferring not to be adjacent to each other.

The difficulties involved in distinguishing between the possible Rh(I)-CO-SnCl,
products [Rh(CO),(SnCl;);12~, [Rh(CO)SnCl,),]*~ and [Rh(CO)(SnCl,),Cl]2~
purely on the basis of the frequencies of their infra-red carbonyl absorptions and
microanalytical data were discussed in Section 3.2.6. In Table 3.8 their similar
carbonyl absorptions are illustrated.

Complex V(CO)/cm! in nujol
*[Rh(COXSnCl,), 13- 2012
*[Rh(CO)(SnCl,),Cl]2- - 2013
#{RR(CO),(SnCLy).J* 2016 2065

* Cation = [Bz(Et);N]+ t Cation = [PPN]*
Table 3.8 Frequencies of carbonyl absorptions for isolated
Rh(I)-CO-SnCl, complexes recorded with a resolution of 2cm-t

The carbonyl frequencies shown in Table 3.8 indicate that the number of SnCl,~
groups attached to rhodium has little effect on V(CO) positions, the data being in
agreement also with that obtained for the series of monocarbonyl Rh(I)-CO-SnCl,
complexes obtained from the reactions of [Rh(CO),Cl,]~ with SnCl, as reported by
Kingston et al*%) (Table 3.9).

Rh:Sn molar Complex formed - (CO)/cm! V(CO)/cm-!
ratio of KBr CH,(Cl,
reactants
1:1 a[Rh(COXSnCl,)CL, ]2~ | 2005 —
1:2 b[Rh(CO)(SnCl,),Cl]?- | 2005 —
1:3 a[Rh(CO)(SnCl,);]>- 2005
¢[Rh(CO)(SnCl ), 1>~ 2005 2060, 2010 2064,,

a[E,N*  b[MeN]* c[Ph,As]*
Table 3.9 Infra-red data for a series of Rh(f)-CO-SnCl, complexes

obtained from reactions of [Rh(CO),Cl,]~ with SnCl, reported
by Kingston et al
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Generally, an increase in the number of SnCl,~ groups attached to rhodium is
expected to increase the frequency of the carbonyl absorption for a monocarbonyl
complex due to a weakening of the Rh-CO bond. However, this is based on the

assumption that each attached SnCl,~ group will receive the same amount of 7-
electron density for d,-d, backbonding from filled rhodium d-orbitals which also

contribute 7t-electron density to Rh-CO d,-d, backbonding. The extent of Rh-Sn 7t-
bonding, and therefore competition with carbonyl groups, will depend on the extent
of d-d. overlap, which will also depend on the geometry of the complex i.e. the
degree of m-electron donation to SnCl;~ groups from filled rhodium d-orbitals also
contributing to Rh-CO backbonding, will be dependant on the geometry of the
complex and the positions of the tin 5d orbitals relative to the relevant filled rhodium
d-orbitals. It is therefore possible that contribution of wt-electron density to Rh-SnCl,
bonding from filled rhodium d-orbitals also contributing to Rh-CO backbonding,
will vary from an important contribution down to little contribution at all, depending
on the geometry of the complex. The latter is governed by factors such as
thermodynamic stability and steric crowding. As a result the position of the carbonyl
frequency will depend on the net overall contribution of m-electron density from
filled rhodium d-orbitals also involved in Rh-CO backbonding, to all of the
coordinated SnCl;~ groups. In the case of [Rh(CO)(SnCl3)2C1]2“ and
[Rh(CO)(SnCl,),]*>~ the overall contributions seem to be similar and suggest similar
Rh-CO bond strengths.

The data reported by Kingston also indicated that the Rh:Sn stoichiometry of each
product was directly proportional to the Rh:Sn molar ratio of the reactants, thus
indicating that a 1:1 reaction was complete before the 1:2 reaction commenced. Data
reported here and in Chapter 2 is in disagreement with this feature, and indicates
that [Rh(CO),(SnCl;);]2~ forms irrespective of the Rh:Sn molar ratio of the
reactants. Also, the assignment of infra-red data reported by Kingston to salts of
[Rh(CO)(SnCl,),}>™, is questioned. The frequencies of the two carbonyl absorptions
for the [Ph,As]* salt indicate that their product is in fact [Rh(CO),(SnCl,);]>~ which
cannot be easily distinguished from the monocarbonyl complex by the limited
analysis above. Also, the isolation of the [Et,N]* salt of [Rh(CO)z(SnCl3)3]2“ must
be questioned, a more likely interpretation being that [Rh(CO),(SnCl;);]2~ was
formed. The weak absorption at 2060cm-1, expected for [Rh(CO),(SnCl,),;]2~, was
not observed, not surprisingly as the sensitivity of the infra-red spectrometer used
was poor. Since the formation of [Rh(CO)(SnCl,),]*~ by Kingston is doubtful, it has
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not been proposed as a possible component of the mixtures of solid species isolated

in this work.
3.4 Conclusions

The reactions of rhodium(I) carbonyl chlorides with tin(II) chlorides have led to the
isolation  and  characterisation of  [Bz(Et);N];[Rh(CO)(SnCl,),] and
[PPN],[Rh(CO),(SnCl;),] as stable 5-coordinate 18-electron rhodium(I) complexes
in the solid state. The production of these complexes is in keeping with the
recognised ability of SnCl;™, as a m-acceptor ligand, to stabilise such 5-coordinate
species. Bond length data for crystals of [Bz(Et);N];[Rh(CO)(SnCl,;),] and
[PPN],[Rh(CO),(SnCl;);] confirmed the significant m-acceptor ability of SnCl;~.
Infra-red and NMR data for solution studies of reactions of rhodium(I) carbonyl
chlorides with tin(II) chlorides, reported in Chapter 2, indicated that
[Rh(CO),(SnCl;),;]2~ was the favoured species formed in solution, but that it was
also closely related to a 4-coordinate Rh(I)-CO-SnCl,; complex, which was formed
either as an intermediate in the formation of [Rh(CO),(SnCl;);]>~ or as a product of
its dissociation or decomposition. Further, the isolation of solid materials from these
solutions indicates that although [Rh(CO),(SnCl,);]?~ is isolated in significant
quantities, it is related by a series of equilibria to other Rh(I)-SnCl,; complexes. The
other species which precipitate include [Rh(CO)(SnCl,),]3~, [Rh(CO)(SnCl,),C112—,
and a species consistent with the 4-coordinate rhodium(I) dicarbonyl complex
[Rh(CO),(SnCl1,)X]~ (X=SnCl;~ or CI7), and are obtained often as mixtures along
with [Rh(CO),(SnCl,),]2~.

Although [Rh(CO),(SnCl,),]*~ is isolated ih the crystalline form, it does not appear
to be wholly robust in solution e.g. [Rh(CO)(SnCl,),]*~ and [Rh(CO),(SnCl;),]2~
are possibly linked by related equilibria such as those shown below, and indeed the

same reaction procedure leads to either product.

[Rh(CO),(SnCl,),2~ === [Rh(CO),(SnCl,),]~ + SnCl,~
or [Rh(CO),(SnCly), ]2~ === [Rh(CO)SnClL,),]*~ + CO
and [RR(COX(SnCly), "~ =—= [Rh(CO)(SnCly);]*~ + SnCl,~

The isolation of solid material from solution relies upon the disturbance of the

equilibria in favour of one particular product complex, and therefore conditions of
temperature, solvent, concentration of species in solution, history of the solution (i.e.
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loss of dissolved carbon monoxide, loss of SnCl;™ ligands by aerial/glass hydrolysis)
etc. all contribute to the nature of the product material. The results are therefore
consistent with the main solution species being [Rh(CO),(SnCl;);]2~, but also with
the lability of the SnCl;~ ligand.
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Chapter 4

The Hydrocarbonylation of Ethene Using
Rhodium(I)-Tin(Il)
Catalytic Systems



4,1 Introduction

The ability of the trichlorostannate anion SnCl;~ to act as a co-catalyst with
transition metal complexes has been studied previously and is reported in detail in
Chapter 1. Recent studies(), the details of which are shown in Table 4.1, have shown
that rhodium(IIl) chloride tihydrate is an active catalytic precursor for the
hydrocarbonylation of ethene to form propanoic acid, but only when tin(II) chloride
is present as a co-catalyst.

A comparison of Reactions 1 and 2 in Table 4.1 shows that addition of an alkyl
ammonium salt, benzyltriethylammonium chloride, to the rhodium-tin catalytic
system, led to an approximate six-fold enhancement in the rate of propanoic acid
production. There was only a small difference, however, in the total amount of
propanoic acid produced. Reactions 3,4 and 5 in Table 4.1 show that optimum rates
and selectivities for propanoic acid were achieved for the rhodium/tin systems when
a 1:2 molar ratio of rhodium:tin was employed, as in Reactions 2 and 4. Lower tin
content leads to a decrease in rate and higher tin content lowers both the rate and
selectivity. The data obtained for Reactions 6,7 and 8 also show that the optimum
temperature for propanoic acid production was 180°C. At temperatures of 150°C or
less the reactions were shown to be 90-95% selective for butyl compounds. It is
interesting to note that in Reactions 2 and 4, both of which were carried out in the
same reaction vessel and which are apparently identical systems, the rate of gas
uptake and selectivity observed for Reaction 4 are significantly lower than those
observed for Reaction 2, but the rate of propanoic acid production is strangely higher
for Reaction 4 than for Reaction 2. Studies also showed that no catalytic activity
occurred in the absence of HCI from the systems, and once again it is stressed that no
activity was found to occur for a rhodium-chloride catalytic system in the absence of
tin(IT) chloride, although no data has been made available.

The data obtained under the optimum conditions clearly suggested a synergy
between rhodium and tin. The nature of the active catalyst was, however, unclear,
and the role of the tin was speculative. The aim of the work reported in this chapter
was, initially, to duplicate previous work carried out on this process in order to test
the authenticity of the results obtained, and then to improve upon and explore the
catalytic process utilising previous knowledge and known chemical processes.
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Table 4.1 A summary of the important features of the rhodium-tin-
chloride catalysed hydrocarbonylation of ethene taken
from the data obtained by a previous worker(®
Moles of Rate Rate of % Selectivity Rh:Sn Temperature
propanoic acid bar.hr! propanoic acid for :Bz(Et),NCI °C
produced production propanoic Molar Ratio
mol.kg-Lhr1 acid

1. Components: RhCl,.3H,0, SnCl,.2H,0, 37%HCl,;,, CH,;COOH, CO,

0.101 21.0 0.89 80.1 1:2:0 180

2. Components: RhCl;.3H,0, SnC12.2H*20, Bz(Et);NCl, 37%HCl(aq),

CH,COOH, CO, C,H,

0.121 137 54 88.6 1:2:3 180
3. Components: Same as Reaction 2
0.115 63.0 297 914 1:1:3 180
4, Components: Same as Reaction 2* .
0.116 88.0 5.72 79.6 1:2:3 180
5. Components: Same as Reaction 2
0.016 160 1.69 50.7 1:4:3 180
6. Components: RhCl;.3H,0, SnCl,.2H,0, Bu,NCl, 37%HCl,,,
CH,COOH, CO, C,H,
0.088 220 8.97 - 442 1:2:2 180
7. Components: Same as Reaction 6
6 x 104 240 0.097 0.5 1:3:2 150
8. Components: Same as Reaction 6
5.6x103 102 0.17 10.1 1:3:2 120

For Reactions 1-8
* Reactions 2 and 4 are essentially the same, carried out with similar

CO pressure = 40 bar, C,H, pressure = 40 bar

quantities of reagents and in the same reaction vessel.
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4.2 Experimental procedures, summary of data obtained, and
calculation of rate data, propanoic acid production and
selectivity for propancic acid

Table 4.2 summarises the quantities of reagents used, and the data obtained for all of
the high pressure catalytic runs described throughout this chapter.

42.1 Experimental procedures

The high pressure reactions described in this chapter were carried out in a 120 ml
Hastalloy C autoclave which is described in detail in Appendix 2. The same
autoclave was used for previous studies of similar systems(!, the results of which are

summarised in Table 4.1.

In all reactions degassed glacial acetic acid (99-100%) was used as solvent, the
volume of which was measured by syringe, to an estimated precision of +/- 0.3 ml.
In most cases, except for the odd exceptions which are noted throughout this chapter,
a small volume of 37%HC1(aq) (either 2.4 ml or 1.2 ml), was added to each system,
since previous studies() showed that the presence of HCl was a necessary
requirement for hydrocarbonylation to occur. The volume of 37%HCl,, was
measured by pipette. Acetic and hydrochloric acid used throughout the work were
taken from the same batches of chemical which were restricted for the use of high

pressure catalytic runs.

The same batch of rhodium(IIl) chloride trihydrate as supplied by Johnson Matthey
plc was used for all of the reactions. Anhydrous tin(II) chloride, 99.99% purity,
supplied by the Aldrich Chemical Co., was taken similarly from the same batch
throughout the series of reactions shown in Table 4.2.

For each reaction the reagents were loaded via the inlet at the head of the autoclave.
The solid reagents were added first, followed by the liquid reagents, usually acetic
acid and concentrated hydrochloric acid. After sealing, the autoclave was flushed by
pressurising the vessel twice with nitrogen and once with carbon monoxide. It was
then pressurised with the appropriate amounts of reactant gases, in most cases 30 bar
of ethene followed by 30 bar of carbon monoxide to give a total pressure of 60 bar.
The autoclave was stirred at the same preset speed for all reactions using an internal
magnetic follower and heated by a thermocouple controlled external heater to a
temperature of 180°C. The reactions were followed by manual reading of gas uptake
using pressure gauges. Upon reaching a temperature of 180°C, each reaction was
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monitored for a period of 1 hour, with a pressure reading normally taken after 5
minute periods. After 1 hour, the heater was turned off and the autoclave allowed to
cool to room temperature. A final pressure reading was recorded at a temperature of
25°C. Any remaining pressure due to unreacted gases was released from the
autoclave and the liquid contents were removed by syringe and stored in a sealed

container.

Experimental restrictions meant that the autoclave could not be dismantled for
cleaning purposes upon completion of every reaction. Thus, an alternative method
for removing non-liquid residues and general cleaning was developed, and was used
after every catalytic run; The autoclave was stirred overnight with approximately
50ml of acetone in order to dissolve any solid residues. Upon removal of these
washings the autoclave was repeatedly washed with further amounts of acetone until
the washings removed were completely colourless. Prior to each catalytic run, the
remaining traces of acetone were removed from the system by flushing it with a
pressure of nitrogen gas. Additionally, after approximately every ten catalytic runs,
the autoclave was washed for a period of 24 hours with a mixture of acetic and
hydrochloric acid maintained at a temperature of 180°C.
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Table 4.2  Summary of Data, Reagents and Conditions for High Pressure Catalytic Processes
Notes: 1. The reaction systems in Table 4.2 each contained 1) 34ml of CH;COOH 2) 2.4ml of 37%HC1(aq) 3) CO - 30 bar C,H, - 30
bar, unless stated otherwise in the Reagents section of the table. There are notable exceptions to this, however:
a) Reaction 4.3 had C,H, missing b) Reaction 4.20 had 37%HC],, , missing
¢) Reaction 4.21 had both 37%HCl,;, and CH;COOH missing
d) Reactions 4.22, 4.23 and 4.24 each contained 135ml of CH;COOH. These reactions were carried out at BP Chemicals, Hull
e) Reaction 4.32 had 37%HCl(aq) missing
2. * = [Bz(Et),N]}* ¢ = [PPN]*
Reaction Reagents Temperature/ Rate (A) Rate (B) Moles of %
Code °C bar.hr! Mol.Kg1.hr! propanoic acid | Selectivity for
produced _propanoic acid
4.1 SnCl, 0.220 mmol 180 -2 0 0 —
4.2 37%HCl, 24 ml 180 0 0 0 —
CH,COCH 34 ml
4.3a RhC1;3H,0 0.108 mmol 180 0 0 0 —
SnCl, 0.214 mmol
Bz(Et);NCl1 0.322 mmol
4.4 RhCl;3H,0 0.104 mmol 180 33 1.88 0.072 95.0
4.5 RhCl;.3H,0 0.107 mmol 180 38 1.89 0.073 910




Reaction | Reagents Temperature/ Rate (A) Rate (B) Moles of %
Code °C bar.hr! Mol.Kg-1.hr! propanoic acid | Selectivity for
produced propanoic acid
4.6 RhCl,.3H,0 0.103 mmol 180 26 1.45 0.044 85.6
SnCl, 0.103 mmol
4.7 RhC1,.3H,0 0.103 mmol 180 52 2.71 0.104 85.1
SnCl, 0.206 mmol
4.8 RhCl,.3H,0 0.105 mmol 180 50 2.06 0.079 71.5
SnCl, 0.331 mmol
4.9 RhCl,;.3H,0 0.103 mmol 180 58 273 0.105 73.0
SnCl, 0.220 mmol
Bz(Et);NCl 0.312 mmol
4.10 RhCl,.3H,0 0.107 mmol 180 28 1.58 0.061 88.8
Bz(Et);NCl 0.0319 mmol
4.11 *[Rh(CO),Cl,]- 0.133 mmol 180 26 1.48 0.057 95.1
4.12 *[Rh(CO),ClL,]- 0.108 mmol 180 61 3.33 0.128 72.0
SnCl, 0.215 mmol
4.13 *[Rh(CO),Cl,}- 0.106 mmol 180 30 1.50 0.058 97.6
’ *[SnCl,]- 0.105 mmol




Reaction Reagents Temperature/ Rate (A) Rate (B) Moles of %
Code °C bar.hr-! Mol.KgL.hr! | propanoic acid | Selectivity for
produced propanoic acid
4.14 *[Rh(CO),Cl,]- 0.108 mmol 180 72 1.66 0.064 65.8
*[SnCl,]- 0.206 mmol
4.15 *[Rh(CO),CL]- 0.106 mmol 180 62 0.16 0.006 10.2
*[SnCl,]- 0.527 mmol '
4.16 *[Rh(CO),Cl,]- 0.105 mmol 180 24 1.15 0.044 97.6
SnCl, 0.217 mmol
CO 30 bar
CH, 20 bar
4.17 *[Rh(CO),Cl,]- 0.105 mmol 180 43 2.14 0.082 98.0
SnCl, 0.217 mmol
CO 30 bar
C,H, 25 bar
4.18 *[Rh(CO),CL]- 0.111 mmol 180 66 2.83 0.109 96.4
SnCl, 0.217 mmol
CO 30 bar
CH, 30 bar
4.19 *[Rh(CO),Cl, ]~ 0.106 mmol 180 78 2.76 0.106 68.7
SnCl, . 0.217 mmol
CO 30 bar
CH, 40 bar




Reaction Reagents Temperature/ Rate (A) Rate (B) Moles of %
Code °C bar.hr-1 Mol.Kgl.hr! | propanoic acid | Selectivity for
produced propanoic acid
4.20b RhCl,.3H,0 0.111 mmol 180 46 1.26 0.049 19.8
SnCl, 0.219 mmol
Bz(Et),NCl 0.332 mmol
37%DCl,,,, 2.4 ml
in D,0O (99%D)
4.21¢€ RhCl;.3H,0 0.061 mmol 180 20 1.77 0.036 96.0
SnCl, 0.129 mmol
Bz(Et);NCl 0.181 mmol
37%DCl,,,, 1.2 ml
in D,O (99%D)
CH,COOD 17 ml
CO 20 bar
: C,H, 20 bar
4.22d RhCl,.3H,0 0.628mmol 180 35 1.03 0.146 82.8
SnCl, 1.200mmol
37%HCl,,,, 9ml
4.23d *Rh(CO),CL,]- 0.298mmol 180 42 0.087 0.029 19.7
SnCl, 0.708mmol
37%HCl,,,, S5ml
H,0 5ml




Reaction Reagents Temperature/ Rate (A) Rate (B) Moles of %
Code °C bar.hr-! Mol.Kg-1.hr! propanoic acid Selectivity for
produced propanoic acid
4.24d *[Rh(CO),Cl, ]~ 0.600mmol 180 43 1.120 0.158 77.2
SnCl, 1.270mmol
37%HCl,,, 9ml
4.25 Rh(COD),(SnCl,) 0.054 mmol 180 14 1.51 0.029 84.3
37%HCl,,, 1.2 ml
CH,COOH 17 ml
4.26 *[Rh(CO)(SnCl,),CI]?- 0.108 mmol 180 24 1.08 0.042 91.8
4.27 Rh(I)-CO-SnCl; mixture  122.8 mg 180 46 2.35 0.090 97.3
(see Section 3.2.2)
4.28 *[Rh(COD)(SnCl,),]%- 0.103 mmol 180 47 2.99 0.115 99.2
4.29 ¢ [Rh(COD)(SnCl,),]> 0.102 mmol 180 71 243 0.093 87.0
4.30 0 [Rh(CO),(SnCl,),]%- 0.042 mmol 180 16 0.65 0.025 89.3
37%HCl,,, 1.2 ml
CH,COCH 17 ml




Reaction Reagents Temperature/ Rate (A) Rate (B) Moles of %
Code °C bar.hr! Mol.Kg-1hr! propanoic acid Selectivity for
produced propanoic acid
4.31 Rh,(C,H,),Cl, 0.057 mmol 180 33 1.39 0.054 81.2
4.32¢ Rh-CO-SnCl; mix 121.7 mg 180 0 0 0 —
H,0 2.4 ml
433 RhCl;.3H,0 0.106 mmol 180 45 2.46 0.095 80.0
Ph,SnCl 0.194 mmol
Bz(Et);NC1 0.305 mmol
4.34 RhCl;.3H,0 0.104 mmol 180 33 2.14 0.082 88.0
Ph,Sn 0.207 mmol
Bz(Et),NCl1 0.302 mmol
4.35 RhCl1,.3H,0 0.105 mmol 180 8 0.82 0.032 89.1
SnCl, 0.225 mmol
Bz(Et);NCl1 0.325 mmol
CH,CCOH 10 ml
CH,Cl, 24 ml
436 RhCl,.3H,0 0.114mmol 180 72 2.87 0.110 97.8
SnBr, 0.229mmol
































































































































































































































































































































































































