The Chemistry of the Metal —Carbon Bond, Volume §
Edited by F. R. Hartley
© 1989 John Wiley & Sons Ltd

The chemistry of the
metal—carbon bond
Volume b



THE CHEMISTRY OF FUNCTIONAL GROUPS

A series of advanced treatises under the general editorship of
Professor Saul Patai

The chemistry of alkenes (2 volumes)
The chemistry of the carbonyl group (2 volumes)

The chemistry of the ether linkage
The chemistry of the amino group

The chemistry of the nitro and nitroso groups (2 parts)

The chemistry of carboxylic acids and esters
The chemistry of the carbon-nitrogen double bond
The chemistry of amides
The chemistry of the cyano group
The chemistry of the hydroxyl group (2 parts)
The chemistry of the azido group
The chemistry of acyl halides
The chemistry of the carbon-halogen bond (2 parts)
The chemistry of the quinonoid compounds (2 parts)
The chemistry of the thiol group (2 parts)
The chemistry of the hydrazo, azo and azoxy groups (2 parts)
The chemistry of amidines and imidates
The chemistry of cyanates and their thio derivatives (2 parts)
The chemistry of diazonium and diazo groups (2 parts)
The chemistry of the carbon—carbon triple bond (2 parts)

The chemistry of ketenes, allenes and related compounds (2 parts)
The chemistry of the sulphonium group (2 parts)
Supplement A: The chemistry of double-bonded functional groups (2 volumes, 4 parts)
Supplement B: The chemistry of acid derivatives (2 parts)
Supplement C: The chemistry of triple-bonded functional groups (2 parts)
Supplement D: The chemistry of halides, pseudo-halides and azides (2 parts)
Supplement E: The chemistry of ethers, crown ethers, hydroxy! groups and
their sulphur analogues (2 parts)

Supplement F: The chemistry of amino, nitroso and nitro compounds
and their derivatives (2 parts)

The chemistry of the metal—carbon bond (5 volumes)

The chemistry of peroxides
The chemistry of organic selenium and tellurium compounds (2 volumes)
The chemistry of the cyclopropyl group
The chemistry of sulphones and sulphoxides
The chemistry of organic silicon compounds (2 parts)

The chemistry of enones (2 parts)

UPDATES
The chemistry of a-haloketones, a-haloaldehydes and «-haloimines
Nitrones, nitronates and nitroxides
Crown ethers and analogs

O
O
<




The chemistry of the
metal—carbon bond
Volume b

Organometallic compounds in
organic and biological syntheses

Edited by

FRANK R. HARTLEY

Cranfield Institute of Technology,
Cranfield, England

1989
JOHN WILEY & SONS

CHICHESTER - NEW YORK - BRISBANE - TORONTO - SINGAPORE

An Interscience ® Publication




Copyright © 1989 by John Wiley & Sons Ltd.
All rights reserved

No part of this book may be reproduced by any means, or
transmitted, or translated into a machine language without the
written permission of the publisher

Library of Congress Cataloging-in-Publication Data:
Organometallic compounds in organic and biological syntheses / edited
by Frank R. Hartley,
. cm.—(The Chemistry of the metal-carbon bond
{The Chemistry of functional groups)
‘An Interscience publication.’
Bibliography: p.
Includes index.
ISBN 0471915564
1. Organometallic compounds. 2. Chemistry, Organic—Synthesis.
I. Hartley, F. R. IL Series. IIL Series: The Chemistry of
functional groups.
QD410.C43 1982 vol. 5
[QD411]
547 s—dc20
[547.2] 89-5794
CcIp

;o V. 5)

British Library Cataloguing in Publication Data:

The Chemistry of the metal-carbon bond.
Organometallic compounds in organic and biological
syntheses.

1. Organometallic compounds
I. Hartley, F.R. (Frank Robinson), 1942—
547.05

ISBN 0471915564

Typeset by Thomson Press (India) Ltd, New Delhi
Printed and bound in Great Britain by Courier International, Tiptree, Essex



Volume 5—Contributing authors

David Bremner

Henri Brunner

Peter J. Craig

George O. Doak

W. James Feast

Leon D. Freedman

Vernon C. Gibson

Conor Long

Gary A. Molander

Kieran C. Molloy

Frank Neumann

Department of Molecular and Life Sciences, Dundee
College of Technology, Bell Street, Dundee DDI 1HG,
Scotland, UK

Institut fiir Anorganische Chemie, Universitdt Regens-
burg, Universitatstrasse 31, D-8400 Regensburg, FRG

School of Chemistry, Leicester Polytechnic, P.O. Box 143,
Leicester LEl 9BH, UK

Department of Chemistry, North Carolina State Univer-
sity, Raleigh, North Carolina 27695-8204, USA

Department of Chemistry, University of Durham, South
Road, Durham DH1 3LE, UK

Department of Chemistry, North Carolina State Univer-
sity, Raleigh, North Carolina 27695-8204, USA

Department of Chemistry, University of Durham, South
Road, Durham DH1 3LE, UK

School of Chemical Sciences, National Institute for
Higher Education, Dublin 9, Ireland

Department of Chemistry and Biochemistry, University
of Colorado at Boulder, Campus Box 215, Boulder,
Colorado 80309-0215, USA

School of Chemistry, University of Bath, Claverton
Down, Bath BA2 7AY, UK

Institut fiir Anorganische Chemie, Rheinisch-West-
filische Technische Hochschule Aachen, Templer-
graben 55, D-5100 Aachen, FRG



vi Volume 5—contributing authors

Jean-Francois Petrignani Institut de Petroleochimie et de Synthése Organique
Industrielle, CNRS UA 126, Faculté des Sciences de Saint
Jéréme, Université d’Aix Marseille, Rue Henri-Poincaré,
13397 Marseille Cedex 13, France

Gabor Speier Institute of Organic Chemistry, Veszprém University of
Chemical Engineering, Schonherz Z.u. 8, Veszprém 8200,
Hungary

Georg Suss-Fink Institut de Chimie, Université de Neuchitel, Avenue de

Bellevaux 51, CH-2000 Neuchitel, Switzerland



Foreword

The Chemistry of the Metal-—Carbon Bond is a multi-volume work within the well
established series of books covering The Chemistry of Functional Groups. It aims to cover
the chemistry of the metal—carbon bond as a whole, but lays emphasis on the carbon end.
It should therefore be of particular interest to the organic chemist. The general plan of the
material is the same as in previous books in the series with the exception that, because of
the large amount of material involved, this is a multi-volume work.

The first volume was concerned with (a) the structure and thermochemistry of
organometallic compounds, (b) the preparation of organometallic compounds and (c) the
analysis and spectroscopic characterization of organometallic compounds. The second
volume was concerned with cleavage of the metal—carbon bond, insertions into metal —
carbon bonds, nucleophilic and electrophilic attack of metal—carbon bonds, oxidative
addition and reductive elimination. It also included a chapter on the structure and
bonding of main group organometallic compounds. The third and fourth volumes were
concerned with the use of organometallic compounds to create carbon—carbon,
carbon—hydrogen and other carbon—element bonds.

The present volume is also concerned with the use of organometallic compounds in
organic and biological synthesis. It includes chapters on synthetic techniques such as
sonochemistry, photochemistry and phase-transfer catalysis, on synthetic reactions such
as asymmetric synthesis, oxidation and metathesis, on synthetic reagents such as metal
clusters, organo-lanthanide, -antimony and -bismuth reagents and chapters on biological
alkylation and bioorganotin compounds.

In classifying organometallic compounds we have used Cotton’s hapto-nomenclature
(n-) to indicate the number of carbon atoms directly linked to a single metal atom.

In common with other volumes in The Chemistry of the Functional Groups series, the
emphasis is laid on the functional group treated and on the effects which it exerts on the
chemical and physical properties, primarily in the immediate vicinity of the group in
question, and secondarily on the behaviour of the whole molecule. The coverage is
restricted in that material included in easily and generally available secondary or tertiary
sources, such as Chemical Reviews and various ‘Advances’ and ‘Progress’ series as well as
textbooks (i.e. in books which are usually found in the chemical libraries of universities and
research institutes) is not, as a rule, repeated in detail, unless it is necessary for the balanced
treatment of the subject. Therefore, each of the authors has been asked not to give an
encyclopaedic coverage of his subject, but to concentrate on the most important recent
developments and mainly on material that has not been adequately covered by reviews or
other secondary sources by the time of writing of the chapter, and to address himself to a
reader who is assumed to be at a fairly advanced postgraduate level. With these restrictions,
it is realised that no plan can be devised for a volume that would give a complete coverage

vii



viii Foreword

of the subject with no overlap between the chapters, while at the same time preserving the
readability of the text. The Editors set themselves the goal of attaining reasonable coverage
with moderate overlap, with a minimum of cross-references between the chapters of each
volume. In this manner sufficient freedom is given to each author to produce readable
quasi-monographic chapters. Such a plan necessarily means that the breadth, depth and
thought-provoking nature of each chapter will differ with the views and inclinations of the
author.

The publication of the Functional Group Series would never have started without the
support of many people. This volume would never have reached fruition without Mrs
Baylis’s and Mrs Vitale’s help with typing and the efficient and patient cooperation of
several staff members of the Publisher, whose code of ethics does not allow us to thank
them by name. Many of our colleagues in the UK, Israel and elsewhere gave help in solving
many problems, especially Professor Z. Rappoport. Finally, that the project ever reached
completion is due to the essential support and partnership of our wives and families.

Cranfield, England FRANK HARTLEY
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4 D. Bremner

I. INTRODUCTION

The use of ultrasound in a number of industrially important processes is well known!, but
it is only relatively recently that great interest has been kindled in the application of
ultrasound to chemical reactions®. It has been found that some reactions which are
sluggish or, sometimes, extremely unreactive can be facilitated by irradiating the reaction
mixture with ultrasonic waves. This technique has been applied most successfully to
heterogeneous reactions, particularly those involving metals, where transient organomet-
allic species are formed in situ. It is the purpose of this chapter to review some of the
background to the phenomenon of sonochemistry, indicating the origins of the effect and
examining, specifically, recent research involving ultrasound in organometallic and
organometalloid reactions.

Il. BACKGROUND TO SONOCHEMISTRY

A. Ultrasound

The human ear is sensitive to frequencies between 16 and 16 000 Hz; at frequencies above
16 kHz lies the region of ultrasound. For mainly economic reasons, the most common
frequency range used in sonochemistry lies between 20 and 50kHz and I Mhz usually
represents the upper frequency limit. Mechanical devices, such as tuning forks and hi-fi
speakers, are able to produce audible frequencies with considerable power but are
incapable of generating high power in the region of ultrasound. The requirements of
20kHz and, say, 100 W (the power levels commonly used in sonochemical experiments)
are produced by using either piezoelectric crystals or magnetostrictive devices. Most
commonly, a piezoelectric material such as lead zirconate titanate ceramic is subjected toa
high voltage alternating current and the piezoelectric source expands and contracts in the
field. The ultrasonic energy so produced is passed into the reaction vessel using techniques
which depend on the type of reactor chosen.

B. Ultrasonic Equipment

An ultrasonic cleaning bath is the most easily accessible source of ultrasound and many
successful reactions have been reported wherein a round-bottomed flask containing the
reactants has merely been immersed in water in the bath, stirred and irradiated for an
appropriate length of time, and the products isolated in the usual manner. Not
surprisingly, for a reactor system as simple as this, there are a number of drawbacks: the
acoustic intensity is not consistent, the position of the flask in the bath is often critical, and
temperature control is difficult. A superior alternative is the cup-horn sonicator?, which
was originally designed for cell disruption, but has been used by several research groups.
Finally, an ultrasonic horn can be immersed in the reaction medium3. This type of
equipment can deliver the greatest amount of energy and temperature control is relatively
facile. It does, however, suffer from the problem of pitting of the horn with possible
contamination by titanium, particularly if reactive organometallics are used.

C. Ultrasonic Effects

When ultrasonic waves are passed through a liquid a number of effects can occur.
Firstly, there is rapid movement of the fluid caused by the variation of sonic pressure which
subjects the liquid to compression and rarefaction. Secondly, and by far the most
important phenomenon, cavitation occurs when gas bubbles are formed in the liquid by a
variation in sonic pressure. The sound waves cause microbubbles to oscillate in size about
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an average. Some bubbles only oscillate but others are perturbed so much by the
ultrasound that they reach a critical size and then violently implode, generating
shockwaves which can give rise to sonoluminescence and electromagnetic radiation. The
force of the implosion may also generate, momentarily, localized pressures of several GPa
and temperatures, at the centre of the bubble, of 10*-10*K.

The third important effect is microstreaming, where a large amount of vibrational
energy is put into a small volume with little resultant heating. The results of the sonication
of any liquid are similar to those obtained from pyrolysis and radiolysis.

When a solid-liquid interface is subjected to ultrasound, transient cavitation can still
occur but the micro bubbles are no longer spherical but direct themselves towards the
surface of the solid. This jet is responsible for pitting (often observed on ultrasonic horn
tips), ultrasonic cleaning, and deformation of the solid surface. Highly reactive solids are
produced, which are kept clean by constant abrasion, and extreme pressures and
temperatures are generated in the cavitating liquid.

These properties, coupled with the effect of microstreaming on the liquid transport from
the solid—liquid interface, all contribute to the striking enhancement of reactivity caused
by ultrasound. With immiscible liquids these phenomena manifest themselves in increased
emulsification and account for the similarity between sonochemical reactivity and phase-
transfer catalysis.

D. Sonochemistry—Historical Perspective and Scope

The pioneering work on the use of ultrasound in chemistry, sonochemistry, was carried
out by Richards and Loomis in the 1920s*. They studied the effects of ultrasound on a
variety of solutions, solids, and pure liquids and showed that ultrasound had a number of
positive effects. Surprisingly, little follow-up work has been reported and most of the
reactions studied in the following 20 years concentrated on aqueous systems. Part of the
difficulty at this time was the lack of suitable inexpensive equipment which was capable of
delivering the required energy and frequency. In spite of this, the first truly organic
reaction carried out in the presence of ultrasound was reported in 1938 by Porter and
Young?®. Benzazide (1) was shown to undergo the Curtius rearrangement when irradiated
with ultrasound (equation 1).

10-50 kHz

PhCON,

)

However, it was not until the early 1950s that suitable equipment became available
which allowed routine investigations of ultrasonic effects on chemical reactions.
Miyagawa® reported that the nitration of m-xylene, the saponification of fats, and the
hydrolysis of esters were all accelerated by ultrasound.

Aqueous sonochemistry has been extensively studied2® probably owing to the interest in
the effects of ultrasound on biological systems. During sonication in the presence of water,
hydroxyl radicals and hydrogen atoms are produced in a process similar to that observed
in radiolysis. The primary products are hydrogen peroxide and hydrogen (equation 2).

)

PhNCO + N, (1)

2H,0 2HO" +2H - H,0, + H, 2

A considerable number of inorganic oxidations and reductions in aqueous media have
also been reported, most of them occurring as a result of the initial formation of H,0,
and H, 2% Even organic compounds are not immune from reaction on sonication in the
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presence of water. Most products arise from oxidation processes but the yields are low for
synthetic use. Amino acids, although relatively stable, decompose under sonication to give
a variety of simpler products resulting from both oxidation and reduction processes’
(equation 3).

)

2

RCH(NH,)COOH H, + CO + NH, + HCHO + RCH,NH, +etc. (3)

Ultrasound enhances the rate of acid-catalysed hydrolysis of esters®3 and a number of
studies have shown that the rate enhancements are inversely proportional to temperature.
Base hydrolysis® and solvolysis of haloalkanes!® are also greatly influenced by ultrasonic
irradiation.

This brief introduction to sonochemistry sets the scene for the review of the use of
ultrasound in the formation and reactions of metal—carbon bonds. Recently there has
been a plethora of publications concerning the reactions of metals with organic
compounds in the presence of ultrasonic waves. These reactions do not necessarily
generate specific discrete isolable organometallic compounds, but certainly involve metal—
organo interactions in the reaction scheme. Such reactions will be included together with
the reactions of organometallic complexes in homogeneous solution, catalytic reactions,
and the generation of reactive metal powders.

IIl. HOMOGENEOUS REACTIONS INVOLVING METAL COMPLEXES

A. Stoichiometric reactions

In 1981 Suslick et al.'! reported the first example of the effect of ultrasound on iron
carbonyls in alkane solutions. The carbonyls were selected because the corresponding
thermal and photochemical reactivities had been well characterized. Their study illustrates
the unique effects that homogeneous sonication can have on the course of the reaction of
an organometallic. Thermolysis of [Fe(CO)s] above 100°C gives pyrophoric, finely
divided iron powder whereas ultraviolet photolysis produces [Fe,(CO),] via Fe(CO),,
and multiple infrared photolysis in the gas phase yields isolated Fe atoms. Ligand
dissociation, generating Fe(CO),, Fe(CO),, etc., does not occur in ordinary thermal or
photochemical processes, although it has been identified during gas-phase laser photolysis
and in low-temperature inert matrices.

Sonication!? of [Fe(CO)s), neat or in alkane solutions, yields [Fe4(CO),,] in an
unusual clusterification reaction, together with finely divided iron. The kinetics were
found to be first order, which the authors suggested as being consistent with a simple
dissociative process activated by the intense local heating generated by acoustic
cavitation. This view is supported by the fact that the logarithm of the observed first-order
rate coefficient is linear with respect to the solvent vapour pressure. This effect has
interesting consequences in that the ratio of the [Fe,(CO),,] to Fe can be varied with the
solvent vapour pressure. The production of [Fey(CO),,] is strongly favoured by
increasing solvent volatility (heptane gives the best yields). The proposed mechanism by
which [Fe,(CO), ,] is formed during sonolysis is shown in Scheme 1 and does not involve
[Fe,(CO),] as an intermediate. Sonolysis of [Fe,(CO),] actually yields only [Fe(CO);]
and finely divided iron.

The production of [Fe,(CO),,] arises from the initial dissociative loss of CO from
cavitational heating of [Fe(CO)s], followed by secondary reactions with excess
[Fe(CO)s]. On the basis of ligand trapping experiments, the authors favour sonochemical
production of Fe(CO); and reaction with [Fe(CO)5] but they do not rule out dimerization
of Fe(CO),.
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[Fe(CO)s] —)LFe(CO)s _n+nCO (n=1-5)
Fe(CO); + [Fe(CO)s] —— Fe,(CO),

2Fe(CO), — Fe,(CO)g

Fe,(CO)g + Fe(CO); —— [Fe4(CO),,] + CO

SCHEME 1

In addition to clusterification, sonochemical ligand substitution also occurs in
[Fe(CO),] (and in most metal carbonyls). Sonication of [Fe(CO),] in the presence of
phosphines or phosphites® in various alkanes produces [Fe(CO),L], [Fe(CO),L,], and
small amounts of [Fe(CO),L,]. The ratio of the products is independent of the period of
sonication and multiply-substituted products increase with increasing initial con-
centration of L. Interestingly, [Fe(CO),L] is not sonochemically converted into
[Fe(CO),L,] at a rate comparable to its production from [Fe(CO)s]. The general
mechanism proposed to account for these products is shown in Scheme 2.

[Fe(CO)s] ) Fe(CO);_, +nCO (n=1-5)
Fe(CO), + L —— [Fe(CO),L]
Fe(CO); + L — Fe(CO),L
Fe(CO),L + CO —— [Fe(CO),L]
Fe(CO),L + L —— [Fe(CO),L,)
SCHEME 2

Sonochemical ligand substitution also occurs with other metal carbonyls such as
[Cr(CO)s], [Mo(CO)¢], and [W(CO),]. In these compounds ligand substitution origi-
nates directly from the parent carbonyl and the rates of sonochemical ligand substitution
follow their relative volatilities.

A synthetic application of sonochemical substitution has been described (equation 4)'3.
n*-Allyltricarbonyliron-lactone complexes (3) are usually prepared by treatment of
alkenyl epoxides (2) with coordinatively unsaturated iron carbonyl species under
somewhat forcing conditions. However, when nonacarbonyl diiron ([Fe,(CO),]) in
tetrahydrofuran (thf ) is reacted with a series of alkenyl epoxides (2) the corresponding iron
complexes (3) are obtained in moderate to excellent yields. These reaction conditions are
satisfactory for most substrates but a complementary process which would allow room
temperature reaction was desired. Alkenyl epoxides (2) do not react with [Fe,(CO),] in

o o]
(CO)Fe

R _/
rR* @)
(2) (3)
R%=Me,R*=H 94%
R2=Me, R¥=Ph 60%
RZ=Me, R*=n-CgH 3 62%
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hydrocarbon solvents even after 2 weeks at room temperature but are readily converted
into the corresponding complexes (3), in acceptable yields, on sonication in a cleaning
bath. In this instance the use of thf, in the quiet, actually gives better yields than those
obtained by ultrasound, although this is one of the few cases where the ultrasonic tech-
nique has been bettered.

In control experiments in hydrocarbon solvents neither [Fe(CO)s] nor [Fe,(CO),] was
found to react with alkenyl epoxides under sonochemical conditions. Exposure of
[Fe»(CO),] to sonication gave [Fe(CO);], Fe, and CO. The authors'? were surprised that
under their conditions [Fe(CO),] and [Fe,(CO), ,] did not undergo substitution reactions
and suggested that Suslick’s conclusions were debatable. However, Suslick?® believes that
this is due to the low intensities of ultrasound present in the ultrasonic cleaning bath,
which are sufficient to induce cavitation in heterogeneous slurries of [ Fe,(CO),] but which
are not sufficient in homogeneous solutions of [Fe(CO);] or [Fe,(CO),,].

The sonication of [Mn,(CO),,] and [Re,(CO),,] has also been described'*. These
systems were chosen because the thermal and photochemical behaviour of these carbonyl
complexes is well known and provides a comparative basis for the study of reactivity under
sonication. When phosphines or phosphites are present, ultrasonic irradiation of
[Mn,(CO),,] produces ligand substitution which is independent of the ligand or its
concentration and the mechanism does not involve metal—metal bond cleavages.
Surprisingly, [Re,(CO),,] does not undergo sonochemical substitution at appreciable
rates. Both of these carbonyl complexes do undergo rapid sonochemical halogenation in
halocarbon solvents via homolysis of the solvent, resulting in generation of halogen atoms
and alkyl radicals. Scheme 3 describes the proposed reaction mechanism which accounts
for the observed products.

))))

R,C —R,C+X
2R,C" —— R;CCR,
X —— X,
[M(CO),0] +2X* —— 2[M(CO);X]
[M,(CO),0] + X, — 2[M(CO)sX]
SCHEME 3

A further example of a secondary sonochemical reaction was described by Suslick?"
Lengthy sonolysis of [Co,(CO)g] in n-alkanes produces acetylene complexes of cobalt
carbonyls. Surprisingly, the expected product [Co,(CO),,] is formed only in small
amounts, the principal products being [Co,(CO)s(C,H,)] and [Co,(CO),o(C.H,)].
Isotopic labelling confirmed that the acetylene is produced from the alkane solvent. The
rate of formation of the acetylene complexes is relatively slow and comparable to that of
acetylenes from alkanes alone'S, Further, cobalt carbonyls undergo easy thermal
reactions with alkynes, so these results indicate that the reaction does not proceed via
organometallic activation of the alkane but merely by a secondary reaction between
sonochemically induced alkane decomposition products and the metal carbonyl. Ley
et al.*® described a related reaction, the preparation of [ (n*-diene)Fe(CO);] complexes by
sonolysis of [Fe;(CO),] in the presence of dienes.

The sonochemistry of organometallic compounds per se is still in its infancy and few
reports exist of the study of such a potentially highly interesting area of organometallic
chemistry. The exposure of organotin compounds-4, 5 and 6 to ultrasonic irradiation has
been described '7 and leads to the formation of free radicals. Electron spin trapping, with
nitrosodurene, proved to be a reliable method for the detection of alkyl and acyl radicals
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generated during the sonolysis. Scheme 4 was proposed to account for the ESR spectra
which are obtained.

R,SnSnR, RiSnR% CISn(CH,Ph),
C)] (5) 6)
R =Me, Bu, Ph  R!=Buy; R?=Ph
R!=R?=Meg, Et, Bu

)

R,;Sn — R+ R+ R,Sn’
R"+ C¢HMe,NO —— (CsHMe,)(R)NO
R;Sn" + C¢Hg —— R3SnCgHy'
R,;SnC¢Hg" + C¢HMe,NO + [OX] —— "ON(C4H,SnR,)(CsHMe,) + [RED]
SCHEME 4

B. Catalytic Reactions

The transient coordinatively unsaturated species produced by sonolysis of metal
carbonyls would appear a priori to be possible homogeneous catalysts since similar species
produced photochemically are highly effective in this role. Sonication!? of [Fe(CO);],
[Fe,(CO),), or [Fe;(CO), ,] in pent-1-ene solution produced trans- and cis-pent-2-ene in
a thermodynamic ratio of 3.5:1. The rate of isomerization is enhanced by a factor of 103 by
ultrasonic irradiation of the iron carbonyls compared with control experiments. Terminal
alkenes are readily isomerized, although increasing steric hindrance diminishes the rate.
Other metal carbonyls also produce similar isomerizations, although [Re(CO);] and
[Ru,(CO),,] produce a higher trans/cis ratio. The exact nature of the catalytic species is
unknown but the results are indicative of a mechanism similar to that proposed for photo-
and thermal catalysis.

An interesting regioselective hydration of alkynones catalysed by palladium occurs in
the presence of ultrasonic waves!®. In acetonitrile—water solution [PdCl,(MeCN),]
catalyses the hydration of hept-5-yn-2-one (7) to the 1,4-diketone (8) in preference to the
1, 5-diketone (9). Cyclic intermediate 10 is postulated to give rise to the observed
regioselectivity. Sodium aurate (Na[AuCl,]) is also effective as a catalyst for similar
hydrations of acetylenes (equation S).

RZ o
R1\ /// )))) Rl C/\/U\/RZ
NS /AR
[ pa't I
o
(7) (8)

)

\n/\/\n/R2 Pd
1
R —C\\6

(9) (10)
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IV. HETEROGENEOUS REACTIONS INVOLVING METALS

A. Stoichiometric Reactions

1. Introduction

The reaction of organic compounds with metals to form organometallics or to produce
transient ‘organometalloid’ species is the area of chemistry in which ultrasound has had
the most dramatic impact. Materials which show no evidence of reaction under normal
conditions produce high yields of novel organometallics under very mild conditions. Even
more noteworthy is the use of uitrasound and metals to form organometallic intermediates
which allow a vast range of organic synthetic manipulations to be facilitated. Here the
reactions involving metals are sectionalized according to the metal involved and only
where an organometallic compound has been isolated and characterized is it described
in detail. This section concentrates on the use of organic compounds in the presence of
metals and ultrasound in the synthesis of other compounds.

2. Lithium, sodium and potassium

The first use of ultrasound in the synthesis of organometallic compounds was reported
in 1950 by Renaud!®, who described the reaction of haloalkanes with lithium, magnesium,
and aluminium in undried diethyl ether using ultrasound. Similar reactions with beryllium,
calcium, zinc and mercury were unsuccessful. Later in the 1950s, ultrasound was employed
in an improved method for the preparation of metal addition complexes with aromatic
systems2®. Even at this early stage solvents such as dioxane and 1,2-dimethoxyethane
were identified as being effective in the preparation of sodium addition complexes of the
isomeric benzoquinolines. Using ultrasound the preparation time is 45min whereas a
similar reaction in the absence of ultrasound requires 48 h. The authors commented that
‘for other reactions involving metals where bond rupture is involved, as in Wurtz or
Grignard reactions, the use of ultrasonics should likewise prove useful’. This statement is
an impressive prophecy, although it was some 25 years later that these ultrasonic reactions
were described?!. Ultrasonically dispersed sodium was found?? to be highly effective for
the production of phenylsodium from chlorobenzene. A comparison of the reactivities of
sodium dispersed mechanically and ultrasonically is illustrated by the steady rate of
reaction achieved with ultrasound as opposed to the violent, uncontrollable reaction seen
with mechanical dispersions. A similar report on the facile preparation of aromatic anion
radicals by ultrasonic irradiation appeared in 198223, Using a common ultrasonic
laboratory cleaner, a metallic alkali cube, and commercial thf, naphthalene is readily
converted into its radical anion on sonication for 30 min. Naphthalenelithium, anthra-
cenesodium, and biphenylsodium can be prepared in a similar manner in commercial thf.
Lithium and naphthalene also react in non-ethereal solvents to afford lithium naphthalide
under ultrasonic conditions2*. The resulting anion can be used to oligomerize isoprene.

The preparation of the useful synthon sodium methyl sulphinyl carbanion is another
example of an early use of ultrasonics in an organometallic preparation?®. When a sodium
hydride suspension in mineral oil was stirred in dmso with ultrasonic irradiation, the
temperature rose to 50 °C and after 1 h a clear solution of methylsulphinyl carbanion was
obtained. This solution is relatively stable when protected by a 1cm layer of mineral oil.
For synthetic work the reagent is drawn off by pipette.

The arrival of ultrasonically assisted reactions as highly useful chemical tools can be
dated to the early 1980s and to the work of Luche and coworkers in particular?6:2”, They
began a systematic study of the use of metals in conjunction with ultrasound in the
synthesis of organic compounds. Surprisingly, their first report2® on the use of uitrasound
on the formation of Grignard reagents was not particularly encouraging. However, they
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found that lithium metal in the presence of ultrasound was extremely reactive in the
Barbier reaction. The aldehyde 11 is converted into the alcohol 12 in 1009 yield after
ultrasonic irtadiation for 10 min in the presence of lithium metal. Furthermore, ultrasonic
reaction provides considerable advantages over normal conditions. Commercial, undried
thf can be used and unwanted reduction and enolization are minimised. Also, Wurtz
coupling, which is a major problem in non-ultrasonic methods, is eliminated with
ultrasound (equation 6).

—@7%0 + Mel 1—0-))?27» /o\ (6)

(%)
OH
(1) (12)

This type of reaction has been utilized?” in a study of the mechanistic consequences of
the retention of optical activity in Barbier reactions using (S)(+)-2-octyl halides. When
haloalkanes 13 are reacted with lithium and cyclohexanone in thf with sonication,
optically active alcohols 14 are obtained in every case {equation 7). However, the yield of
14 varies, depending on the halide, the temperature, the time, and even the energy of the
ultrasonic bath. The optical activity of 14 is attributed to a stereoselective reaction
pathway wherein an initial single-electron transfer from the metal to the carbon—halogen
bond forms a tight ion pair adsorbed on to the metal surface. The fate of this radical ion
pair depends mainly on the halogen and the temperature. This reaction is the first report of
stereochemical information being obtained from organometallic reactions starting from
chiral alkyl halides and gives a more accurate picture of the complex Barbier reaction
mechanism.

Me n-Cehyzn  M®

O
N

n-CgHys:

7
n- CGH13\< O ’/,//H H
+
o T N D)) oH oM 7
[(5)(+)-13] [(RY(+)-14] [(s)1(-)-14]
X=Cl,Br,I

Metallic lithium is also involved in the Bouveault reaction?8. Aldehydes 16 are readily
obtained in high yield via intermediate 15 by ultrasonic treatment of alkyl and aryl halides
in the presence of lithium and DMF (equation 8).

oLi
/ .
RX —))>-> RLi —‘1—'&'—» R—CH M0 o ReHo + HNMe, ®)
P)
NMe2
(18) (16)

The solvent used for the reaction and the frequency of the ultrasound have a marked
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effect on the yield2®. With diethyl ether as solvent and with a variety of amides, the yield of
aldehyde is much lower than when thf or tetrahydropyran is used in a 50 kHz ultrasonic
cleaning bath. With 500 kHz ultrasound the reaction in diethyl ether is effected and the
yield is increased to ca 75%. When intermediate 15 (R =Ph) is prepared under
sonochemical conditions it can be further ortho-lithiated®®. The use of thf as solvent
increases the rates and yields of metallation which is achieved by in situ generation of
alkyllithium. Thus, bromobenzene (17) and amide 18 in thf containing lithium metal are
sonicated to give the Bouveault intermediate 19. Treatment of 19 with butyllithium gives
the ortho-lithiated species 20 which is reacted with dmf or Mel, followed by hydrolysis, to
give the ortho-substituted aldehyde 21 in 699 yield (Scheme 5).

CHNMeCH,CH, NMe,,
Li, tht |
PhBr + Me,NCH,CH,NMeCHO =5 @oLi

a7 (18) (19)
- CQ\!(I)VILe.CHZCHZNMeZ CHO
e ! B —
))))
Li R
(20) (21)
SCHEME 5

This ortho-reaction may be further simplified®! by sonication of the amide, aryl halide,
and excess lithium metal for 15min followed by the addition of 1-bromobutane and
sonication for a further 30 min. The butyllithium thus formed in situ ortho-lithiates the
phenyl ring and reacts readily with an electrophile to give excellent yields of the 2-
substituted aldehydes (21). An example of the synthetic use of the ultrasonically mediated
intramolecular Barbier reaction is provided by the cyclization®? of ketone 22 to the
exomethylene derivative 23. Conventional methods of organometallic generation with
lithium or magnestum failed to give satisfactory results; also, the use of low-temperature
halogen—metal exchange (t-BuLi, — 120°C) did not yield any closure products.

Q HO Me

Li,tht

Br

(22) (23)

Butyllithium reagents are some of the most useful organometallics in organic synthesis.
They are utilized as strong bases, as precursors to lithiated reactive intermediates or other
organometallics, and as initiators in many polymerization reactions. Since butyllithium
reacts with ethereal solvents it is commonly supplied in hydrocarbon solution and this
necessitates standardization and solvent exchange. Einhorn and Luche3? described the
replacement of butyllithium reagents by their inexpensive and safer precursors, the
corresponding butyl halides and lithium metal under sonochemical conditions directly in
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TABLE 1. Reactions of substrates with lithium

Substrate Organolithium Time (min) Electrophile = Product Yield (%)
PhC=CPh  PhC(Li)==CPhCPh= 10 MeHSiCl, 3™ 68
C(Li)Ph Pl
Me' H
PhC=CH PhC=CLi 5 Mel PhC=CMe 95
CH,Br @(CH:B:
@(cﬂlm CH,Li 60-90 80
§
- 9
QRO 045 10 ’
2~
w (@) @'@ %
@@ @@ 2 60-90  MeOH

ethereal solvents. It is also possible to generate lithium diisopropylamide (LDA) from
diisopropylamine, lithium metal, and butyl halides by sonication at 15°C in dry thf.
Further, the LDA can be reacted in situ with a number of species to produce anions which
can be further reacted with a variety of electrophiles. For example, the phosphonium salt
24 reacts readily with s-BuCl and lithium wire under sonication to form the ylid which may
be quenched with benzophenone to give alkene 25 in 879 isolated yield (equation 9).

Significant rate enhancements are produced by ultrasound when a number of substrates
are treated with lithium (Table 1)34.

Ph

+ - - i + - Ph,C=0
PhPCH,Me BT it g [ph PCHMe] —2 >=>\
D) Ph ©)

(24) (2%)

The reaction of o, a’-dibromo-o-xylene (26) with lithium is interesting because it does not
lead to o-xylylene (27), the major product when zinc is used?3, but to the ionic intermediate
28 which is trapped as a, o’-bis(trimethylsilyl)-o-xylene (29) when chlorotrimethylsilane is
present (equation 10).

Ultrasound may also be used to couple organic halides in the presence of lithium wire3¢,
Alkyl, aromatic, benzylic and benzoyl halides have been successfully coupled in good
yields using lithium wire suspended in thf. For chlorobenzene sonication for 12h is
required to give a 70% yield of biphenyl. This type of reaction has been extended to
chlorosilanes and chlorostannanes’’, while under similar conditions chlorotriphenyl-
silane (30) can be coupled using lithium dispersed in oil. A catalytic amount of anthracene
is added to promote the reaction (equation 11).



14 D. Bremner

@iCHZB' /H/' (27) (10)
CHaBr o
!/ CH,BI CH,SiM
(26) JJJ\‘ 2= 1L|, 2SiMeg
2 Me SICI
CH,Li CH,SiMe,

(28) (29)

Ph,SiCl —=®_, ph,SiSiPh, 1)

_)))> ,10h
30) 73%,
The sonochemical reaction of lithium with simple dichlorosilanes (31) gives high yields
of cyclopolysilanes (32) and the hexa-alkyldichlorosilanes (33) react with ¢-BuLi, lithium,

and naphthalene in a mixture of thf and pentane under sonication to give cyclic trisilanes
such as 34 (equations 12 and 13)38,

R,SiCl, —= (R,Si),

N 70-95% (12)
31 32
R, 4
’- BuLl Li, thf Si
Sl / \
R,Si SiR, (13)
(33) (34)
R= ; X=Cl

When a solution of 35 in thfis irradiated with ultrasonic waves in the presence of lithium
wire, a yellow colour is produced immediately, and within 20 min all of the 35 and most of
the lithium is consumed. Thereafter the highly substituted tetramesityldisilene (36) is
isolated in 90%, yield (equation 14)°,

The use of low-intensity ultrasound also leads to increased yields and a reduction in
reaction time from 48 to 6h in the preparation of tris(phenyldimethylsilyl)methane*®

mes mes mes
Li,tht
siCl, ————» Si=Ssi (14)
mes/ ')))) 20 min mes mes
(35) (36)
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Lithium, sodium, or magnesium metal are also involved in the generation of
cyclopropylidenes (38) from gem-dihalopropanes (37) under the influence of ultrasound**.
The use of metals to generate carbenoids is well known, as is their subsequent
rearrangement into allenes or insertion into C—H bonds. Under sonochemical con-
ditions cyclopropylidenes are generated without induction periods in reasonable yields;
the solvent is found to be important, with thf being superior to n-pentane (equation 15).

R R
Br Li or Mg (15)
Br ;))) ,15 min

(37) (38)

A number of reports have indicated that in certain instances potassium is superior to
other alkali metals in ultrasonic reactions. Potassium, suspended in dry toluene underargon
at 10°C, forms a fine suspension of metal on ultrasonic treatment*? (no such suspension is
observed using thf as solvent). When diethyl adipate (39) in toluene is added, rapid
cyclization occurs and ethyl 2-oxocyclopentane carboxylate is obtained (equation 16). No
similar reaction occurs with lithium or sodium sands.

(o]
/COZEf CO,Et
Li,PhCHy (16)
(CH,), — 3,
Nco,t )
(39)

Similarly, ultrasonically dispersed potassium promotes the extrusion of SO, from di-
and tri-substituted 3-sulpholenes (40) to give the corresponding dienes (41) stereoselec-
tively*? (equation 17). Ultrasonically dispersed potassium is also effective in reactions of
some brominated hydrothiophene S,S-dioxides*.

S0,
(40) (41)

A one-step synthesis of the organometallic [Fe(CsMe) (dppe)X] (42) starting from
Cs;MegH, 1,2-bis(diphenylphosphino)ethane (dppe), and potassium under ultrasonic
activation has been described®®. When the reaction is carried out at — 10°C the chloro
compound 42 (X = Cl) is obtained in 50, yield, whereas at 50 °C the new iron hydride 42
(X = H)is isolated. Treatment of 42 (X = Cl) with LiAlH, gives 42 (X = H) and the reverse
reaction may be carried out in CH,Cl, (Scheme 6).

Ultrasound can also accelerate the reductive cleavage of phosphorus—carbon bonds
using lithium metal*S, The procedure provides a clean source of dialkylphosphide anions
(44) from dialkylphenylphosphine (43). These anions may be subsequently alkylated with a
variety of haloalkanes (equation 18).
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[FeCi(P_P)] + CqMegH

PhCHg/tht | K
(80:20) ((((~
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LiAlHg

.. Fe,
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L J L
(42;X=H) (42;x=Cl)

J

P__P=PhyPCH,CH,PPh,
SCHEME 6

Li, thf
))))
43) (44) 70-85%

Dialkylphosphines (46) may also be prepared from the reaction of 45 with an alkali
metal, under ultrasonic irradiation, followed by alkylation*” (equation 19).

.
R'R2PPh R'R?P-Li* ——R!R?PE (18)

a, thl, ),
Ph,P(CH,),PPh, %(L))) RPhP(CH,),PPhR (19)
(45) n=2-6 46)

Treatment of diphenyldiselenide with sodium metal in thf under sonication conveniently
produces a suspension of sodium phenylselenide*®, Transfer by syringe or cannula allows
further reactions with sulphonates, halides, and epoxides.

3. Boron

Most organoboranes are readily available from the desired olefins by facile hydrobor-
ation. However, some important organoboranes require either long reaction periods or
prolonged heating to achieve reasonable yields. Ultrasound dramatically enhances the
rates of many slow heterogeneous hydroborations and has a modest accelerating effect on
slow homogeneous hydroborations*°. Alkyldibromoboranes (47) are usually prepared by

HBBry*SMe, \\\\\BBI’Z'SMGZ
—_— N
CHClz, ) 1 (20)

(47)
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hydroboration of alkenes with HBBr,SMe,. These hydroborations normally require
5-12h at room temperature or 4—6 h at 40 °C. The application of ultrasound achieves the
required reaction in 1-2 h (equation 20).

Brown and Racheria®® reported the use of ultrasound in the preparation of symmetrical
trialkylboranes such as PriB and hindered (1-naphthyl),B. The former is obtained in
higher purity than from normal hydroboration. The synthesis of triorganylboranes
directly from organic halides with or without ultrasound is not a very effective process.
However, such boranes can be prepared in a rapid and quantitative manner by reaction of
organic halides with a mixture of magnesium and boron trifluoride dietherate under
ultrasound. In this instance the appropriate Grignard reagent is formed, first, in situ
(equation 21).

Mg, BF3-Et20
Et,0, ,»)) . 15-30 min

90-100%,

(21)

4. Magnesium

The effect of ultrasound on the preparation of organomagnesium reagents was first
reported by Luche and Damiano?. Their results indicated that ultrasound did not
significantly affect the rate of formation of the organometallic. However, a later study®!
investigated the effects of absorbed water and alcohol on the magnesium surface. It was
found that with standard anhydrous diethyl ether, application of ultrasound markedly
reduces the time required for initiation. Even in diethyl ether with larger amounts of water
and alcohol, ultrasonic waves promote initiation in less than 8 min. The reaction is not
purely thermal but a result of the ultrasound removing the surface-adsorbed water or
alcohol. Sonication does not, however, significantly alter yields.

The kinetics of the formation of n-butylmagnesium bromide in toluene in the presence of
diethyl ether with ultrasonic irradiation have been studied’?. Under sonication the
induction period is reduced considerably and reaction rate greatly increased. The rate
constant of the slow step, in particular, is nearly doubled. The dependence of the reaction
rate on the molar ratio of diethyl ether and the yield of Grignard reagent do not change
under the influence of ultrasound.

An example of a positive effect of ultrasound on a Grignard reaction has been
described®*. Sonication of a solution of ketone 48 with three equivalents of the Grignard
reagent derived from 2-(2-bromoethyl)-2-ethyl-1, 3-dioxolane in thf at 25 °C for 1.5 h gives
a mixture of isomeric tertiary alcohols 49 and 50 in a combined yield of 939 (equation 22).
In the absence of ultrasound the Grignard reaction is slow and gives only a 61% yield.

RMgX
—_— +
MeO MeO | ¥R { WOoH
o 1 ]
R

OH
(48) (49) (50)

(0]
= —_CHZCHZ‘_K j
[o]
Et

(22)
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The cross-coupling of allylic chlorides with tri-n-butyltin chloride, in the presence of
magnesium, is promoted by ultrasound**. The predominant products are trans- or trans,
trans-allystannanes (51). In some cases the rearranged olefin 52 is obtained (equation 23).

Me

cl
Mo '+ Busnci T» Mo~~~ S8’ Bu"3sn/v
)

(s1) (52)
(23)

5. Aluminium

Organoaluminium compounds prepared from aluminium and mono- and poly-
haloalkanes, alkenes, and cycloalkenes are formed only if the aluminium is previously
irradiated ultrasonically®®. Thus, treating allylic bromide 53 with activated aluminium in
dioxan gives a 73% yield of 54 (equation 24).

Al dioxane

))))

(83) (54)

Liou et al.’® found that, with the application of ultrasound, the formation of
ethylaluminium sesquibromide (55) from ethyl bromide and aluminium could be
efficiently achieved within 20 min at room temperature. Similarly, methyl iodide and
aluminium powder, when irradiated with ultrasound, form methylaluminium sesqui-
iodide, which can be subsequently treated with triethylaluminium to give trimethyl-
aluminium in 86% yield and 95% purity3”; triethylaluminium etherate has also been
prepared in this way>®

3MeCH=CHCH,Br (CH,=CHCHMe),Al,Br,  (24)

N
/\/\

(5%) (R=Et;X=Br)

6. Transition metals (copper, zinc, manganese)

Organocopper reagents are notoriously difficult to prepare and react consistently with
carbonyls and «, f-unsaturated carbonyls. Formation of organocopper reagents has been
shown®® to occur with remarkable ease using alkyl or aryl halides and ultrasonic
irradiation. These lithium organocuprates react in situ with enones to give high yields of
f-alkylated ketones (equation 25).

0 + Bu'Li — o 0
o) (25)
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One of the difficulties with organocopper reagents is their thermal instability, but the
development of an ultrasonic route to organozinc reagents has now overcome this
problem. Reaction of a haloalkane®®-¢! with lithium forms an organolithium intermediate
which is then converted by trans-metallation into an organozinc compound
(equation 26).

))))

Further reactions of this type indicate that temperature, reactive site, and solvents all
have to meet specific requirements for successful reaction. Thus, the ultrasonically
accelerated reaction of the dialkylzinc derivative 56 with an enone is catalysed by
[Ni(acac),] in toluene—thf (85:15) solvent mixture (equation 27)5%-63,

ZnBr,

RX + Li RLi R,Zn (26)

PhMe-~thf R.Zn nLlX enone
e .
0))) . 10min, 0°C 2 [Nifacac);]

(56)

The synthesis of B-cupranone (58) from 2-methylbut-2-ene via the enone 57 using an
organozinc intermediate is illustrativeS* of the synthetic potential of such ultrasonic
reactions (equation 28). Whereas the enone 57 proved resistant to several copper-assisted
conjugate addition techniques for the introduction of the p-tolyl group, nickel
acetylacetonate-catalysed conjugate addition of di-p-tolylzinc (lithium, C,H,Br-ZnBr,,
diethyl ether, ultrasonic irradiation) proceeded smoothly to give 58 in 679 yield.

RX + Li+ ZnBr, adduct (27)

(o] ]

Me Me
4 steps (Me_—@*z-z"’ Et,0
>—_—/ AL L >
Me

)))) ,Nilacac),

(87) (28)

Me
(88)

An unexpected reaction occurs when allylic halides are stirred in the presence of zinc and
aldehydes or ketones in aqueous media®®. Stirring a suspension of benzaldehyde with
alkyl bromide and zinc powder in 5ml of distilled water and 1 ml of thf for 4 h at room
temperature produces 1-phenylbut-3-en-1-ol (59) in 48Y, yield. When the solvent system
contains saturated aqueous ammonium chloride instead of water, a quantitative yield of
59 is obtained. Use of ultrasound alone leads to reduced yields of 59 (equation 29).

th, aq.NHCI Ph
PhCHO + =\—Br + Zn _sTi:_RT_A—.
R 9) (29)

OH
(89)
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When the reaction is performed using metallic tin instead of zinc under sonication in a
water—thf mixture, the desired rearranged homoallylic alcohol is obtained®® in slightly
better yields than with activated zinc and stirring. Also of interest is the fact that aldehydes
undergo preferential allylation in the presence of ketones by both the tin- and zinc-
mediated method. This early work indicated that the reaction is limited to the addition of
allylic groups only and that use of saturated alkyl halides left the reactants, including the
metal, unchanged. However, this lack of reactivity has been overcome®’ by alloying the
zinc with copper. Surprisingly, such reactions run in anhydrous solvents gave poor results
whereas in water without organic solvent a virtually quantitative yield of adduct was
obtained. The authors suggested that, in this instance, a free organometallic species is
highly improbable and that a radical pathway is most likely (as shown in equation 30).

—o R H [o} R (o}
RX ——z')')gc“) R+ X~ ———.—>= \/\f — \/\f (30)
)

The stereochemical implications of selective allylation of carbonyl compounds in
aqueous media have also been discussed 8. Allylic halides, tin, and aldehydes or ketones in
the presence of mannitol or camphoric acid (as chiral inductors) with sonication failed to
induce any asymmetry even when the chiral auxiliaries were used in high concentrations.
Nevertheless, important improvements in yields are obtained from reactions involving
water-soluble carbonyl compounds and, further, there is no need to protect functional
groups (such as OH) which are normally incompatible with organometallic reagents.

An interesting difference in regioselectivity occurs in the reaction of 3-bromo-2,3-
dihydrothiophene S, S-dioxide with acetone in the presence of metals and ultrasound®®.
With zinc amalgam, reaction occurs at the 3-position whereas the use of magnesium
provides a 2-substituted product (equation 31).

/ OH

cew“e 0 2

&)
502 )))) 2 Oce,oa —

SO,
OH
Use of allylzinc compounds under ultrasonic conditions has been reported in the
synthesis of functionalized 1,4-dienes by addition to alkynes with further cyclization to
heterocycles and carbocycles’®. Although not strictly organometallic, an aqueous zinc—

nickel chloride system has been used’! in the ultrasonically improved selective reduction
of a, B-unsaturated carbonyl compounds (equation 32).

Zn=NiCl,,EtOH~H0 (32)

»)) ,2h

86°
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Other organometallic reactions involving zinc have shown remarkable enhancements
when irradiated with ultrasound”2. The Reformatsky reaction is a generally applicable
method for converting aldehydes and ketones to B-hydroxy esters. When mixtures of zinc
dust, ethyl bromoacetate, and aldehydes or ketones are irradiated at room temperature
with ultrasound for 5-30min, 90-100% yields of the B-hydroxy esters are obtained
(equation 33). Since the reaction is run at room temperature, no dehydrated products are
obtained and isolation and purification of the product are simplified.

)))> , dioxane
5-3

R,C=0 + BrCH,CO,Et + Zn R,C(OH)CH,CO,Et (33)

94-100%

A related modification of this reaction is to utilize an imine (Schiff’s base) instead of a
ketone’3. Under the usual conditions ethyl bromoacetate, zinc, and the Schiff base yield
only 25-50% of B-lactam but sonication for 4-6h at room temperature gives a 70-95%,
yield of the desired f-lactam (equation 34). This type of reaction has been extended to give
a stereoselective f-lactam synthesis’*.

ar'! ,Ar'
Br(|2H2 N “/ Zn, 1, - _.|/
N _»)) ,dioxane, 25 °C " (34)

CO,Et a2 —N
2 Ar O% ~ar?

70—95%

When «, «’-dibromo-o-xylene (60) and zinc powder are irradiated with ultrasonic waves
at room temperature in the presence of dienophiles, high yields of cycloaddition products
(60) are obtained (equation 35)35. The reactive intermediate, o-xylylene (27), is generated in

situ.
E

Br Zn mE
Q%+ | =

(26) (27) (60)

The Simmons-Smith cyclopropanation does not proceed unless the zinc is first
activated”®. This is normally accomplished by forming zinc-copper or zinc—silver couples
and/or by employing iodine or lithium. Even the reaction of zinc with diiodomethane
tends to show a delayed exotherm, which can be especially violent with large-scale
preparations. Ultrasonic irradiation also activates zinc to such an extent that its reaction
with diiodomethane proceeds rapidly but smoothly to give, in the presence of olefins, high
yields of cyclopropanated products’®. Dibromomethane is less expensive and easier to
purify and store than diiodomethane and gives yields comparable to CH,I, reactions
when ultrasonicated with zinc, copper(I) bromide and the required alkene in diethyl
ether’®. The (2 +2) cycloaddition of dichloroketene, generated ultrasonically from
trichloroacetyl chloride and zinc, to alkenes provides a direct route into cyclobutanones
(equation 36)"".

A number of ultrasonic reactions have been described in which perfluoroalkyl groups in
the presence of zinc add to a variety of functional groups. Trifluoromethylation of
carbonyl compounds with trifluoromethylzinc generated in situ is readily achieved using
dimethylformamide as solvent’® (equation 37).
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R R 0
Zn,Et,0 /
+ C|3CCOC| _— (36)
R ) ci
R
Cl
Zn|pd®, df
PhCHO + CF,l PhCH(OH)CF, 37

)))) .05h
72%
Fluorinated f-keto-y-butyrolactones are obtained from the ultrasonically mediated

cyclization of trimethylsilyl cyanohydrins with fluorinated a-bromoesters in thf in the
presence of zinc (equation 38)"°. Without ultrasound there is no evidence of any reaction.

X
, X

OSiMe o)
. / 3 | 1.Zn,thf,-)))) rR2
R'CH + Br—C—CO,Et —

2 2.H,0"
CN 3 R'
R2 0 0 (38)

R'=Me or F’h;R2=H or Me; X=F or CFy4

Ultrasound has also been shown to promote asymmetric induction with perfluoroalkyl
groups by reaction of perfluoroalkyl halides with optically active enamines in the presence
of zinc powder and dichlorobis(n®-cyclopentadienyljtitanium®®, Similarly, a 30-60%,
asymmetric induction is obtained during the addition of perfluoroalkyl iodide on a chiral
arene—chromium tricarbonyl complex (61) using ultrasonically dispersed zinc at room
temperature to give both enantiomers of the perfluoroalkylarylcarbinols (62)
(equation 39)!,

CF,l,2n
—»
))))
Cr(CO)4 Cr(co),
(61) (62)

CHO CH(OH)CH,

(39)

Perfluoroalkylzinc iodide, generated ultrasonically from zinc and the corresponding
perfluoralkyl iodide, has been shown to react with a variety of functional groups®?~83,
These reactions include the palladium-catalysed cross-coupling reactions with allyl, vinyl,
or aryl halides (equation 40)®2, the copper iodide-catalysed hydroperfluoroalkylation of
alkynes (equation 41)%3, and the ultrasonic-promoted direct carboxylation of perfluoro-
alkyl iodides (equation 42)84-8%,

A closely related reaction is the preparation of perfluoroalkyl compounds using
perfluoroalkyl-manganese or -silver complexes under ultrasound irradiation. The orga-
nometallic compounds are useful as potential Grignard-type perfluoroalkylating
agents®®, Perfluoroalkyl alcohols may also be prepared by carrying out a Barbier reaction
of fluorinated aldehydes with alkyl or allyl Grignard reagents generated in situ with
ultrasound (equation 43)%7.
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. Pd [
CHZ—CHZ + CF3an _— (40)

) CFs

11n,¢ul,rhf,‘))>> R

2.H,0* e R_//vvva “h

Zn,CO,

Ryl + RC=CH

F.C(CF,),I FL,C(CF,) COOH
3 2'n )))) 3 2'n (42)
75%
1. Mg, ))»
CF;CHO + RX —————— CF,CH(R)OH (43)
. Hj

Aldehydes are readily methylenated with zinc-diiodomethane and ultrasonic irradi-
ation. Benzaldehyde is converted to styrene in 70% yield in 20 min but ketones give poor
yields (equation 44)88,

PhCHO + CH,I, — =™ __, phCH=CH, (44)

,)))) ,RT
70%

Zinc in conjunction with ultrasound has made possible the reduction of certain organic
halides. The penicillanate ester 64, used as an intermediate in the synthesis of a f-lactamase
inhibitor, is readily prepared by debromination of the 6-bromopenicillanate ester 63 with
zinc (equation 45)®°. The usual debrominating agents such as Bu}SnH or Pd/C-H, are
less effective and more expensive. Ultrasound also facilitates the reductive dehalogenation
of aromatic halides with nickel chloride and zinc in aqueous hmpa (equation 46)°°.

9] o~
B '+ '+
n,,,,l S - . S
]< .Zn,1,, dioxane, - ]< (45)
N ", 2.NH,Claog. N »
0 7+CO,R 0 ’//CQZR
(63) (64)
« NiCl,,Zn
.)))> ,hmpa—=H,0,60 °C (46)
X=Ci,Br, 1

The reductive silylation of diketones with Me;SiCl and zinc in diethyl ether or thf is
significantly accelerated by ultrasound®!. Thus, the Z-silylated compound 66 is prepared
from the diketone 65in 739 yield in less than 30 min with ultrasonic irradiation but in only
45%, yield in 3 h without ultrasound (equation 47).

Ph Me

Me,SiCl , tht
PhCOCOMe —2'— o .
)))) ,30 min Me,Si0 OSiMes 47)

(65) (66)
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7. Mercury

A seminal publication on the use of ultrasound with metals involves the reduction of
o, o’-dibromoketones with mercury. In this instance the mercury is dispersed using an
ultrasonic cleaner and no reaction occurs in the absence of ultrasound (equation 48)°%-23,

0
R R Hg,HOAc, NaOA
2 b — )); — ey

Br Br

When a similar reaction is carried out in aliphatic ketones as solvent the intermediate is
converted into 4-isopropylidene-1, 3-dioxolanes (equation 49)°*,

OHgBr OHgBr /\
2
Hg _Rcor? 'cor? R
-— NN
))))
(87)
1
o R
-—
%RZ
>jo

The intermediate 67 can be trapped by other nucleophiles such as alcohols®s.
Ultrasonically dispersed mercury is also utilized in the reduction of the dibromosulphide
68 to trans-stilbene (69) in excellent yield (equation 50)°°.

(49)

Br Br
I |
Ph— C —S— C —Ph— PhCH=CHPh (50)
I |
H H
(68) (69)

B. Catalytic Reactions

It is common practice to activate catalysts prior to hydrogenation reactions but the use
of ultrasonic irradiation produces even better results®’. With continuous irradiation the
palladium-catalysed hydrogenation of olefins with formic acid is completed in 1 h whereas
in the absence of ultrasound the reactions normally require 2—-3 h or heating at 80 °C. The
hydrogenation of alkenes can also be achieved with ultrasound using hydrazine in
conjunction with Pd/C in ethanol®8. Further, ultrasonic waves dramatically increase the
activity of a Pt/C catalyst in the hydrosilylation of alkenes and alkynes®®. Prior to the use
of ultrasound such reactions required a platinum catalyst at 100-300 °C and pressures of
silylating agent of 45-115 psi. However, ultrasound allows the reaction to occur at 30°C
and at atmospheric pressure (equation 51).
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R,SiH + \c——c/ . eve —l—c/
3 /N .»)),30 °C,1-2h | N\ (51)
RySi H

A number of other heterogeneous catalytic reactions enhanced by ultrasound have been
reported. The activity of platinum black, obtained by reduction of chloroplatinic acid with
hydrogen under ultrasonic conditions, is higher than that obtained under normal
conditions!??. For the synthesis of ammonia from aqueous mixtures of N, and H,
ultrasound gives 2-6 times higher yields in the presence of platinum, rhodium, or
palladium black!®!. Much of the early Russian work on the effect of ultrasound on
heterogeneous catalysts and heterogeneous catalytic reactions has been reviewed'©2,

Ultrasonic irradiation of nickel powder increases its activity as a hydrogenation catalyst
by more than 10° as a result of altering the particle aggregation, surface morphology, and
thickness of the surface coating'®3. Simple nickel powder is an inactive catalyst for the
hydrogenation of alkenes but if it is first irradiated with ultrasound for 1 h hydrogenation
of alkenes is rapid and independent of the alkene structure. No reduction of aldehydes or
ketones is observed.

Powdered coal is liquefied by hydrogenation with Cu/Zn in the presence of ultra-
sound'?*. The products include coal gas (24%), light oil (58%), and heavy oil (14%), which
compare with 15, 30 and 40%, respectively, in the absence of ultrasound. Alkenes are more
efficiently hydroformylated using a two-phase system with a rhodium catalyst. The use of
ultrasound increases the efficiency and turnover!°3,

Organotin and organoantimony halides catalyse the reaction of carbon dioxide with
epoxides' 8. Ultrasound accelerates this reaction giving a 70%, total yield of the cyclic
carbonate 70 compared with only 46%, without ultrasound (equation 52).

/O\ Et
Bu,SnBr,, NEt
E1cH——CH, + CO, ——2 2, > \
-)))),35°C,7h o o}
(0]
(70)

C. Reactive Metals

A more recent use of ultrasound in organometallic chemistry is the production of highly
reactive metals often by reduction of transition metal salts. These metal powders have very
high surface areas and a large number of surface dislocations, which ensure that the metal
is extremely reactive. In addition, the use of ultrasound ensures efficient mass transport to
and from the metal surface, and constant cleaning and erosion of the metal. Starting from
the observation that addition of a catalytic amount of anthracene to magnesium powdet in
thf produces the highly reactive organically solvated complex 71 when the mixture is
irradiated with low-intensity ultrasound, a simple preparative route to transition metal
complexes has been devised!?”. This method (equation 53) allows magnesium powder to
be used for the reductive synthesis of all preparatively important transition metal
complexes.
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,,;Wg-:’nhf
+fhf,')))> - ’,I
Mg + -~ (53)

(71

Complex 71 can be considered to be a source of highly reactive Mg*, which may be
utilized in the synthesis of [(cod)CoCp] complex 72 (equation 54)!°7 and in the metallo-
ene reaction of (2-alkenylallyl)magnesium chlorides (73) (equation 55)'°8.

3 O + 2 @ + 2[Colacac)y] + 3Mg* —— @‘(bié

(ra2) (59
) ) )
| | " Mg* —» ‘/QK L. Dﬁn
(35)

(73)

= L
E

Ultrasound also greatly accelerates the lithium reduction of a variety of metal halides to
metal powders'®. Highly reactive metallic zinc, magnesium, chromium, copper, nickel,
palladium, cobalt and lead can be prepared by reduction of the metal halide with lithium
or potassium under ultrasonic irradiation for less than 40 min. Corresponding reductions
without ultrasound require stirring for at least 12 h. The reactivities of these metal powders
are significantly greater than those of commercially available powders and appear to rival
those produced by the Rieke method!!?, The ultrasonically produced powders show
enhanced reactivity in the Reformatsky and Ullman coupling reactions. In the latter case
the effectiveness of the coupling of benzyl bromide to bibenzyl is not solely dependent on
the powder itself but also on the presence of iodide salts'®®. Improvements in Ullmann
coupling reactions are also observed'!' when commercial copper-bronze in dmf is
ultrasonicated at 60 °C. Ullmann coupling of aryl sulphonates to biaryls is also catalysed
by low-valent nickel complexes generated in situ from nickel(II) chloride, PPh,, sodium
iodide and zinc powder under ultrasonic irradiation in dmf?!2,

Reduction of ruthenium chloride with zinc dust!!3 in the presence of cycloocta-1, 5-
diene with sonication produces the ruthenium complex 74 in 939 yield. Using an
alternative non-ultrasonic method the yield of 74 is only 35%.

N
AN e

--—_',:—RU ‘::_ -

N/

(74)
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The use of high-intensity ultrasound dramatically enhances the reactivity of transition
metal dispersions!!4. The preparation of transition metal carbonyl complexes from the
bulk metal is difficult and high pressures of carbon monoxide and high temperatures are
normally required. However, the use of ultrasonic irradiation facilitates the reduction of a
variety of transition metal salts to such an active form that they react readily with carbon
monoxide at low pressures to form simple carbonyl anions. Carbonyl complexes of
tungsten, molybdenum, chromium, tantalum, niobium, and vanadium are prepared by
sonication of the corresponding chlorides for 100 min with excess sand in thf in the
presence of a CO atmosphere. The yields vary from 6 to 54%; using 4.4 atm of CO.

V. MISCELLANEOUS REACTIONS

The intercalation of organic or inorganic molecules into layered inorganic hosts is very
slow. Syntheses are often lengthy (weeks) and require elevated temperatures. In the
intercalation with organometallic guest molecules the use of ultrasound significantly
increases the rates of intercalation reactions!!*'16, Table 2 shows the comparison of
thermal and sonochemical conditions for the synthesis of (guest), host. The mechanism
does not involve enhanced mass transport but, rather, the ability of the ultrasound to
generate very small particles.

TABLE 2. Comparison of thermal and sonochemical conditions for intercalation reactions

(Guest), host Thermal Sonochemical
(Cp,Co)y.25Z1S, 50h, 20°C 2h, 20°C

(Bu"NH,), ,¢TaS, 50h, 20°C 15 min, 20°C
(Pyridine) MoQO, 30days, 180°C 3 days, 80°C

The synthesis using ultrasound of a new diiron-anthracene complex is a rare example of
an ultrasonic reaction leading to a product unobtainable via traditional chemistry!!”.
When [Fe,(CO),] and an excess of anthracene are suspended in n-hexane at —20°C and
subjected to ultrasound for 12h, two products can be isolated, [Fe;(CO),,] and the
orange complex [(C,,H,,)Fe,(CO)s]. X-ray crystal data indicate that the ‘sawhorse’
Fe,(CO), fragment is g, n°, n3-bound to the anthracene, which may be regarded as being
divided into two with an isolated carbon—carbon double bond at one end and a benzene
ring at the other (75).

Fe
©08
T
Fe
(75)

VI. CONCLUSION

Ultrasound has become an extremely useful and important technique for the synthetic
chemist. Most chemical reactions have their rates enhanced by ultrasonic irradiation, but
itisin the area of organometallic chemistry where the most impressive reactions have been



28 D. Bremner

observed. The theory behind the effect of ultrasound on these reactions is only now being
developed, although comprehensive studies are hampered by the number of effects
involved, particularly at metal surfaces. Metals are altered in a number of ways: particle
size is reduced, surface defects are exaggerated, and oxide or impurity layers are rapidly
removed. Other contributions include increased mass transport of reactants, cavitation,
and generation of considerable local heat. The effects of ultrasound have been compared to
that obtained from flash photolysis, photochemistry, and radiolysis but, as research
continues, many unique ultrasonic reactions are being discovered and soon ultrasound
will be as accepted as these techniques in the chemist’s armoury.
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I. INTRODUCTION

The photochemistry of organometallic compounds continues to be an important area of
research because of the wide variety of chemical transformations which can be photoin-
duced. Indeed, many such transformations can be achieved at low temperatures, and this
permits the study of compounds which are thermally unstable. However, the particular

31
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techniques required to induce these reactions are not those which are normally available
to the experimental organic chemist, and for the most part photochemical methods remain
exotic. The purpose of this chapter is to outline some of the reaction types that can be
achieved photochemically, and to indicate the present theories as to their mode of
operation. As a result, this chapter is not intended to be a comprehensive review of the
photochemistry of organometallic chemistry, but rather to outline the general reactivity of
a range of organometallic compounds and attempts to classify the types of reactions which
can be photoinduced. For a comprehensive treatment of the area of organometallic
photochemistry the reader is referred to the reviews of the topic which will be cited here,
and also the excellent book by Geoffroy and Wrighton?.

The chapter is divided into two sections. The first deals with the photochemistry of the
various classes of organometallic compounds, from metal carbonyls to compounds
containing metal to metal bonds, and describes the general photochemistry observed for
these systems. The second part outlines some classes of reactions which can be
photoinduced. In particular, those reactions which induce a change in the organic moiety
on the metal will be discussed, and this rather than the nature of the metal will form the
basis of the classification. Those reactions which simply result in ligand-exchange
processes will not be covered, even though such reactions may be of fundamental
importance to the understanding of organometallic photochemistry.

II. THE PHOTOCHEMISTRY OF COMPOUND TYPES

A. The Photochemistry of Metal Carbonyl Compounds

One of the most widely studied areas of organometallic photochemistry is that of the
metal carbonyl compounds. Indeed, it was with the mononuclear metal carbonyls that the
early workers realised the considerable photosensitivity of this class of compound?. In
general, the primary photoinduced reaction of metal carbonyls involves the monodecar-
bonylation process (reaction 1)3,

[M(CO),] — [M(CO),_,] +CO (1)

Although such a reaction has little importance as far as the transformation of organic
ligands is concerned, its importance lies in the high quantum efficiency of these processes®,
and also in the reactive nature of the decarbonylated complex®. The high quantum
efficiency can be explained in simple terms by examining the nature of the bonding
between the metal and the carbon monoxide ligand (Fig. 1). From a simplified molecular
orbital diagram it can be seen that the highest occupied orbital set are principally the
metal-based t,, orbital sub-set, and the lowest unoccupied orbitals are strongly
antibonding with respect to the o-interaction of the carbonyls. The photoinduced
promotion of an electron from the t,, orbital sub-set to the o* orbital removes electron
density from those orbitals contributing to the back-bonding interaction (Fig. 2) and
populates an orbital which is strongly antibonding with respect to the carbonyl
o interaction. The net result of this is the efficient labilization of the metal-carbonyl
interaction.

One such system which has received considerable attention is that of the Group 6
hexacarbonyls®~!°. These studies have indicated that the coordinatively unsaturated
metal pentacarbonyl species produced following photolysis of the parent hexacarbonyl is
capable of binding relatively inert compounds such as alkanes®*'® and also dinitrogen'*. It
is the exceptional reactivity of the 16-electron species that makes their study of such
importance to many transformations of organic materials such as olefin isomerization and
hydrogenation (see Section IIL.C). Indeed, picosecond flash photolysis studies on
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FIGURE 1. A simplified molecular orbital energy diagram indicating the interaction of a carbon
monoxide molecule with a d® metal

¥

FIGURE 2. Diagrammatic representation of the interaction of a carbonyl ligand with a metal centre

[Cr(CO)s]indicated that the expulsion of the carbon monoxide ligand occurs within 25 ps
of excitation®. The reactivity of the metal pentacarbonyl complex has been investigated by
flash photolysis!'® and liquified noble gas techniques''. [Cr{CO);] has been shown to react
with carbon monoxide, dinitrogen and alkanes with rate constants which approach the
diffusion-controlled limit.

Vibrational spectra of the [M(CO);] species (M = Cr, Mo, or W) in low-temperature
matrices confirmed that they have square pyramidal symmetry!?'3, The significant
spectral differences observed for the [M(CO)s] and [M(CO)s] species in the ultra-
violet-visible region can be explained in terms of the simplified energy level diagram
(Fig. 3)'4. The lowest energy absorption band has been assigned to the 'A,(e*b3)
— 'E(e3b2al) transition. In a low-temperature matrix the reverse carbonylation of the
[M(CO);] species can be photoinduced (reaction 2)!*, but the quantum efficiency of the
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FIGURE 3. Anenergy level diagram for both a Group 6 metal hexacarbonyl and a monosubstituted
derivative of a Group 6 metal carbonyl

forward and reverse reactions depends on the nature of the isolating matrix. This suggests
that the isolating material affects the efficiency of the reverse photochemical reaction and
further highlights the considerable reactivity of the coordinatively unsaturated [M(CO);]
species.

[M(CO)s] —— [M(CO)s] + CO )

The photochemistry of monosubstituted derivatives of the Group 6 hexacarbonyls is
strongly influenced by the nature of the unique ligand. In compounds such as [M(CO)sL]
(L = pyridine or substituted pyridine), the direction and efficiency of the photochemical
processes depend on the electronic nature of any substituent on the pyridine ring
system '€, For substituents which do not affect the energy of the n* orbital on the pyridine
ligand, the lowest energy transition is thought to be principally a metal-centred ligand-
field transition. Population of the ligand-field state in these materials tends to result in the
efficient photoexpulsion of the unique ligand. In the case of substituents which lower the
n* orbital energy, the lowest energy transition assumes some metal-to-ligand charge-
transfer character (MLCT). In general, population of MLCT states in organometallic
compounds results in photochemical reactions of low quantum efficiency.

The photochemistry of other mononuclear carbonyls has also been investigated, and in
particular an excellent review of the photochemistry of [Fe(CO),] has been published'”.
Low-temperature matrix photochemistry of [Fe(CO);s] indicated that [Fe(CO),] is
formed efficiently, and this species is assumed to have a ground-state triplet configur-
ation, [Fe(CO),] is less reactive to alkanes than is [Cr(CO)s]"®*%. Nickel carbonyl also
exhibits considerable carbonyl photolability, and its photochemistry has been studied in
the gas phase??, in solution?!, and in low-temperature matrices?2. The quantum yield for
the decarbonylation of nickel carbonyl is high, but does exhibit some variation with
excitation wavelength, being 0.22 at 366 nm and 0.5 at 240nm?>. The matrix isolation
experiments confirm that the structure of [Ni(CO),] has C,, symmetry.

B. The Photochemistry of Metal Alkyl Compounds

1. Simple metal alkyls which do not contain carbonyl! groups

The photochemistry of simple metal alkyl systems continues to attract interest
principally because of the thermal stability of the metal—carbon bond. Alkyl groups
which contain no B-hydrogens have no low-energy route to thermal decomposition.
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However, photochemical reactions of such compounds do present interesting templates
for mechanistic studies. In this section, the principal photoreactions of some simple metal
alkyls will be introduced. Again, this is by no means a comprehensive treatment of the
topic!-24.

The analysis of the gaseous alkane products formed following photolysis of
[Cp,Ti(CH,),] indicated the formation of methane?®, It is tempting to suggest that this
reaction involves a simple homolytic cleavage of the metal—carbon bond, producing free
methyl radicals which can abstract a hydrogen atom from the solvent to produce methane.
However, analysis of the metal-containing product of this reaction indicated that the
complex had a dimeric structure (1)>¢. Deuteration studies confirmed that the hydrogen
abstraction occurred exclusively from the Cp ring?”28, Such studies indicate that the
product observed following homolytic cleavage of a metal—carbon bond reflects the
stability of the radical species produced, and have their ability to escape from the radical
pair cage. As a further example, photolysis of [AgBu"(PBu"),] produced principally but-
1-ene, presumably via a f-hydrogen elimination reaction process (see Section IT1.B), but
also significant amounts of butane and octane?®. The octane is produced as the result of
the combination of two butane radicals which have escaped the radical pair cage. These
experiments indicate that while homolytic cleavage of the metal—carbon bond usually
results following irradiation of metal alkyl compounds, the nature of the products depends

on the stability of the radicals produced.

(1)

2. Metal alkyl compounds containing carbonyl groups

Photolysis of metal alkyls containing carbonyl groups usually results in car-
bonyl expulsion as the primary photochemical reaction. However, photolysis of
[CpM(CO);Me] (M = Cr, Mo, or W) produced methane as the gaseous product®®. The
methane production probably arises from a secondary photochemical reaction, possibly
involving the dicarbonyl compound (Scheme 1)*', or perhaps a dimeric species formed by

[comicorgme] ——» [coMCOIMe] + CO

lhu
[comicora + me']

M=Cr, Mo, or W
SCHEME 1
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the reaction of the dicarbonyl with the parent tricarbonyl compound. Such a dimerization
has been observed following photolysis of the isoelectronic [CpMn(CO);] complex32,
One example of an apparent homolytic cleavage of the metal—carbon bond following
irradiation of a metal alkyl compound containing carbonyl ligands is obtained from the
photochemical reactions of [Os(CO), Me,]*3. In this case the methane is assumed to arise
from the homolytic cleavage of the metal—carbon bond, followed by hydrogen
abstraction from the alkene solvent.

C. The Photochemistry of Metal Carbene Compounds

The interest in the photochemistry of metal carbene compounds lies not in the
photochemistry of the carbene chromophore, but rather in the chemistry induced
following loss of other ligands such as carbonyls from metal carbene complexes. For
instance, the ultraviolet—visible absorption spectrum of [M(CO); (carbene)] (M =Cr,
Mo, or W) exhibits an intense band near 400 nm3*~37, with a shoulder on the high-energy
side. This band is thought to have a considerable MLCT character, and in general such
transition do not induce efficient photochemical processes. The shoulder, however, is
thought to arise from a ligand-field (LF) transition and population of this state induces a
decarbonylation reaction (reaction 3).

[M(CO)(C(OMe)Ph)] —~ [M(CO), {C(OMe)Ph}] + CO &)

The quantum efficiency of this reaction is low (® =0.01-0.02) and this presumably
results from the efficient internal conversion from the LF to the inactive MLCT state. In
the presence of an entering ligand (L), the cis-substituted product is formed following
photolysis (reaction 4)¢.

OMe /OMe
| ,

CO)W=C —2(CO,W=C +CO @)
| t T\
Ph L Ph

The vacant coordination site cis to the carbene moiety provides an ideal environment
for thermal chemistry of the carbene with added ligands. One such example is given in
Scheme 237, in which metathesis of the olefinic species is observed. Also in the presence of
dihydrogen the hydrogenation of the carbenic ligand can occur, although in low yield>®.
As a result, photolysis of 2 under a hydrogen atmosphere produced principally tetra-
hydrofuran (reaction 5). Interestingly, the synthesis of fB-lactams has also been
reported following photolysis of chromium carbene complexes in the presence of imines
(reaction 6)3°.

D. The Photochemistry of Carbyne Compounds

The photoinduced reactions of metal carbynes has not attracted a great deal of
attention2®, Their chemistry is dominated by the presence of a low-energy MLCT
transition which in general has a relatively long lifetime*°. Population of this MCLT state
has been shown to induce protonation of the carbyne ligand*!, carbyne rearrangement*?,
and also photoinduced carbonylation*?44, For instance, photolysis of the carbyne 3
results ultimately in the formation of 4**. The proposed mechanism is outlined in
Scheme 3.
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Ph Ph Ph
hv
(C0)5W—_‘C + CHx=—==C —» (CO)gW—=C + CO
Ph i \Ph

1
1
'
t
! Ph
1
CHy—C
OMe

OMe
OMe l

Ph

(CO)gW—C,
(CO)5W—C\ ‘W Ph
Ph Ph H

\c_c/
+
\H
HaC==CPh,
MeO
SCHEME 2
[0}
(CO)5Cr;© + H, -, § ; 5
(2)
s OMe Rr?
OMe H R
1
(CO)50r=C/ + \C=N/ —s R H (6)

\r! r2/” N

o] g3

These results may be useful in elucidating the mechanism for the photoinduced
conversion of a carbyne to the hydroxyalkyne derivative (reaction 7)*3. Such a reaction
may involve the formation of the n-ketenyl intermediate 5, which ultimately yields the
hydroxyalkyne compound.
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h + - %
Cp(COIaW==CTol —— . [cpcoraw=C70l]
(3) l
0 0
Cp(CO)p W—CTol 'T Cp(COW—=CTol
l-{-a l‘f-B
Tol Tol
~ e __
Cp(CO), W——W(CO)oCp + co CPCOW—CTol
(4) Cp (COY,W==CTol
SCHEME 3
C/OH
trans-[CI{CO)qW ==CTol] + Hacac —'E,'N_o—’ trans=- |CHCO)facac)W <«— ||
2
C
\Tol
M
0
CI(CO)3W=C—TOI
(5)

E. The Photochemistry of Cyclopentadienyl-containing Compounds

The photolysis of [Cp,Fe] in halocarbon-ethanol mixtures induces substitution into
the Cp ring and formation of [Cp,FeCl] (reaction 8)*¢~ 4%, The reaction is thought to
proceed via the initial photochemical formation of the halocarbonsubstituted ferrocene
derivative 6 followed by ethanolysis (Scheme 4). There has been a great deal of interest in
the photochemistry of substituted ferrocene derivatives and, in general, the chemistry of
these systems simply involves the normal photochemistry of the substituent groups.
However, the ferrocene moiety can influence the observed chemistry if the organic
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R =CCly, CHCl,,CH,Cl; R' =CO,Et, CHO, CH,OEY

CH,X,,

Fe

(6)
n=0,1,2
¥Y=1,2,3
X=halogen

hv .
CpoFe —— [CpoFe]Ci + CCl5

CCiz

% i]
x
.|

[cpaFe]” + ccly — Fe

G

base

Q CCly

AN\

OEt

EtOH
-—

G

SCHEME 4
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chromophqre can be conjugated with the cyclopentadienyl ring. For instance, the
photochemistry of 7, which is the ferrocene derivative of benzophenone, does not undergo
the transformation to the pinicol derivative*°.

o]
V
C/
\Ph
Fe
(W @]

F. The Photochemistry of Compounds Containing Metal to Metal
Bonds

A typical example of a simple compounds containing a metal to metal bond is
[Mn,(CO),,]. The near-ultraviolet absorption of this compound exhibits polarization
along the M—M bond axis and is assigned to a o—¢* transition®®'. In general,
irradiation into such bands induced the homolytic cleavage of the M—M bond producing
M(CO); species (reaction 9).

[Mn,(CO),5] —— 2Mn(CO)s’ ®

The d” species thus produced is very substitution labile. This is presumably because of
the electron configuration in which the e, orbital subset is populated (Fig.4). The
d,.orbital has directed o* character with respect to the carbonyl interactions, thus
rendering M(CO);" labile to ligand substitution processes (Scheme 5)32.

In the presence of donor solvents such as pyridine, ionic products can be isolated
following photolysis of [Mn,(CO),,]. It is tempting to propose a direct heterolytic
cleavage of the M—M bond to explain these observations. However, a more complex
mechanism involving homolytic cleavage and a 19-electron intermediate is more probably
correct (Scheme 6)33-34,

—— dy2,2

o*—t—d,2

== 9z dr:

% iy

FIGURE 4. A molecular orbital energy diagram for [Mn(CO),"] indicating the partial population of
a ¢ antibonding orbital
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[Mn,(CO), 4] 2Mn(CO)y’

Mn(CO),’ + L — [Mn(CO),L] + CO
Mn(CO);" + [Mn(CO),L]— [Mn,(CO),L]
[Mn(CO),L] + [Mn(CO),L]— [Mn,(CO),L,]

SCHEME 5

[Mn,(CO), ] — 2Mn(CO)s’

Mn(CO);’ + S — [Mn(CO),S] + CO
[Mn(CO),S] + S— [Mn(CO),S,] + CO
[Mn(C0),S,] + S— [Mn(CO),S,]
[Mn(CO)3S3] + [Mn;(CO); ] — [Mn(CO)3S33" + [Mn;(CO)y]”
[Mn,(CO),0]~ —[Mn(CO);]"~ + Mn(CO)s’

S = amine solvent

SCHEME 6

lll. PHOTOCHEMICAL REACTION TYPES

A. o-Elimination Reactions

In general, a-elimination reactions are not very common in organometallic photo-
chemistry. This reaction involves the elimination of a substituent a to the metal atom,
producing a carbene fragment which may remain attached to the metal (reaction 10)3
There are a few examples of such processes which can be photochemically induced, and
these systems have considerable uses in syntheses>$

R‘ RZ
2 hv 1 .
L,M—C=aR® —— L, MR + :C (10)
”’R3 g3

An a-hydride elimination reaction has been observed following photolysis of
[CpCr(CO),;(CH,)] in low-temperature matrices (Scheme 7)%7. Spectroscopic investig-
ations in the carbonyl stretching region of the infrared spectrum indicated that the
methylene and hydride ligands are in the trans position relative to each other.

Y .9

C—Cr -—= O0C—Cr
prrere—
C Me I \Me H l\
0 o« CHz
C C c
(0] (0] (0]

SCHEME 7
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A reversible a-hydride transfer is thought to be involved in the photochemistry of
[CpWMe,][PF4]°8. In this case the primary photoproduct is the coordinatively
unsaturated complex 8 which is in equilibrium with the carbene hydride 9 (Scheme 8). The
carbene can react with any added ligand (L = PMe,Ph), ultimately producing the
hydride 10.

+

M CH,1*
/ ¢ hv + // 2
CpW T [CpWMe] CpW.
\Me \H
(8) (9)
lL
L +
c w/ - . CHZL
p \ L [CPWH] ~CHyL Cpw,
H H
(10)

SCHEME 8

a-Hydrogen elimination can be promoted following irradiation of the iridium(III)
dialkyl derivative 115%. Two iridium complexes were isolated from this reaction in the ratio
55:45 (compounds 12 and 13, respectively), together with 3-methylbut-1-ene and
neopentane. X-ray structural information on these materials was also presented®%-6!,

Ph Ph
Me Me
\Si/\pI::/Ph \Si/\sL/Ph
Me/\ I/CH3 Me/\ |/H
Me N—Ir Me N—TIr
\Si/ L\CHZCMeZ \sa/ 'L\H
Me/ \/I\Ph Me/ \/l\Ph
Ph Ph
(11) (12)
Ph
Me
Ph
\Si/\'l:,/
Me/ \N [ C
M —Ir=CH
e\s/ 2
i
Me~” \/T\Ph
Ph

(13)
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B. B-Elimination Reactions

There are numerous examples of f-elimination reactions in organometallic photo-
chemistry®5. The general mechanism is presented in reaction 11.

[L.MCX,CY,Z] — [L,MZ] + X,C=CY, 1)

One example of this reaction class involves the irradiation of [Cp,ThR] (14), which
exhibits considerable thermal stability (R = CHMe,). Photolysis of this complex results in
the formation of [Cp;Th], propane and prop-1-ene®?'53, The mechanism proposed
involves an initial hapticity change of one of the Cp ligands, following irradiation into the
Cp—M charge transfer band. This opens a vacant coordination site on the metal and
permits the f-hydride transfer (Scheme 9). The quantum yield of this process was found to
be greater than unity, inferring a further reaction of the hydride (15) with 14, liberating the
alkene and generating two molecules of [Cp,Th]. The photochemistry of the correspond-
ing [Cp;UR] compounds also induces f-hydride elimination®2. However, the mechanism
in this case seems to be more complicated than that proposed for the thorium analogue.
Here the hydrogen atoms of the Cp ring are susceptible to extraction, as are the hydrogen
atoms in the solvent molecules.

Y %ﬂ

(14)

©, ‘i»x
G QY

(13)
SCHEME 9

Similar f-hydride elimination processes were observed in the photochemical reactions
of [CpW(CO);R1%*%* and [CpFe(CO),R]%® compounds (R = alkyl group). Again, the
initial photochemical process involves the opening of a vacant site on the metal by the loss
of a carbonyl group. The B-hydride transfer can then occur, producing the appropriate
alkene hydride complex. Confirmation that the f-hydride only was involved in the transfer
was obtained by partial deuteration studies. In the case of [CpW(CO),(CD,Me)], only
[CpW(CO),H] is obtained following photolysis®’. The production of alkanes from these
systems is thought to involve a second photochemical reaction of the metal hydride with
the parent compound (reaction 12).

[CPW(CO)4(H)] + [CpW(CO)4 (alkyl)] —— alkane + [Cp,W,(CO)s]  (12)
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A f-hydride elimination process is also thought to be involved in the photochemical
decomposition of some tungsten metallacycle compounds®3-5°. For example, photolysis of
16 yields both 1,2- and 2,3-disubstituted-prop-1-ene. The mechanism is thought to
involve the initial homolytic cleavage of one M—C bond, followed by a hydride transfer
and reductive elimination of the olefin producing ‘tungstenocene’ (Scheme 10).

R R!
Ri
R? R?
Cp W —_ szw\ — [co W] + RrZ
H
IN

Ri

Cp W R

(18)

lnu

R!
/H
2
CpW. R® — CpW o2

L
[szw] + /(
R2

SCHEME 10

C. Photochemical Reactions of Metal Olefin Compounds

1. Olefin rearrangement reactions

There is a large body of data on the photochemical reactions of olefin complexes with
rhodium and copper. Many system exhibit photocatalytic behaviour, involving hydrogen-
ation and rearrangement reactions, in which the metal—olefin interaction plays an
important role in the observed chemistry. One system which has received extensive
investigation is that of the rhodium complexes of cycloocta-1, 5-diene. In the case of the
cycloocta-1, 5-diene-rhodium chloride dimer (17), photolysis in diethyl ether solution
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(4 =353nm) resulted in the deposition of a brown material, while the supernatant
contained three isomers of cyclooctadiene (18-20) in addition to the cycloocta-1,5-
diene’®. Addition of excess of cycloocta-1, 5-diene to the solution prior to photolysis
resulted in the formation of the same organic products, while the precipitation of the
brown inorganic material was suppressed. This confirmed that the photochemical process
involved the metal complex and did not arise from the direct photolysis of the diene.

S>> O

“an (18)
(19) (20) (21)

A closer examination of this system revealed that the bicyclic product 21 and also
cyclooctene were produced” The mechanism of these rearrangements was further
investigated by examining the rate of disappearance of the cycloocta-1,5-diene when
photolysed in the presence of rhodium chloride’2. The disappearance of the 1, 5-diene was
accompamed by the formation of the 1,4-isomer, confirming that the 1,4-isomer is the
primary product and that the other isomers produced are the result of further
rearrangements of this isomer. Deuterium labelling experiments confirmed that the
mechanism of the isomerization involved an intramolecular 1, 3-hydride shift. The positive
deuterium effect confirmed that rupture of the allylic C—H bond is involved in the rate-
determining step.

Two mechanisms can be postulated for the production of the 1,4-isomer. In one case an
oxidative addition of the allylic CH to the rhodium atom may be the primary route, and
the rhodium simply acts as a hydride transfer agent. The second mechanism would involve
the cleavage of a rhodium—olefin bond, producing a highly reactive coordinatively
unsaturated complex which would yield the 1,4-diene by a reductive ellmmatlon pathway.
Studies on acyclic dienes have confirmed the latter dissociative mechanism’2

The mechanism of olefin rearrangements using copper salts appears to differ
significantly from those of the rhodium systems. Here, photoinduced rearrangements
occur predominantly by intramolecular pathways. One important example of such a
reaction is that of the transformation of norbornadiene to quadricyclene (reaction
13)73776, This reaction has received considerable attention as a possible chemical store for
photochemical energy. The photocatalytic transformation of norbornadiene (nbd) to
quadricyclene in the presence of [Cu(PPh,),]BH, compounds is thought to involve a
sensitization process rather than a mechanism involving a direct coordination of the nbd
to a copper atom’¢

—d (13
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CuCl

(22)

(23)
SCHEME 11

Photolysis of the cycloocta-1,5-diene salt of Cu' has been investigated in both diethyl
ether solution’® and pentane suspension’”. These studies indicate that the photochemical
conversion of the diene to the tricyclooctane 23 occurs via the initial dissociation of the
copper complex. The copper salt acts as a template to stabilize the excited state of the
diene, upon which further photochemical or thermal reactions may occur (Scheme 11).
Both cis—trans and trans-trans isomers of 22 have been isolated””. Indeed, the stability of
[(trans-cyclooctene)CuCl] has been demonstrated by its use in the conversion of cis- to
trans-cyclooctene (reaction 14)’%. The mechanism of this transformation might best be
explained in terms of the formation of a copper—carbenium ion (Scheme '?)’%. Such a
mechanism can also be used to explain the photodimerization of two olefins coordinated
to a single copper(I) ion (Scheme 13), and also the formation of tricyclooctane from
cycloocta-1,5-diene (Scheme 14)8%-81,

O+ QG -
Yoo X L S

SCHEME 12
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SCHEME 14

Evidence has been presented for the photoinduced cycloadditions of dienes to cyclic
alkenes. These reactions occur in the presence of Cu! salts such as copper(l) trifluorometh-
anesulphonatbenzene adduct [CuTfO)]7°'82, In general, such reactions are analogous to
vapour-phase photoreactions sensitized by mercury. However, some reactions are not
observed in mercury-sensitized systems; thus, methylenecyclopropanes such as 24, when
photolysed in the presence of [Cu(TfO)], produce the corresponding cyclobutene
compound (25). Other olefin isomerization reactions have been observed following
photolysis in the presence of copper(l) salts®3

= (3

(24) (28)
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Metal carbonyl complexes have also been investigated as useful agents in olefin
isomerization and other transformations such as dimerization®*. Norbornadiene has
again been studied and a variety of compounds have been investigated for their usefulness
inits dimerization. For instance, the thermal reaction of norbornadiene with [Ni(CO),]%%,
[(PPh3),Co,(CO)s1%¢, [Fe(NO),(CO),]%", [Co(CO);(NO)]®*", and [Fe,(CO)]** in-
duced dimerization, while the photoinduced dimerization can be achieved in the presence
of [Fe(CO),]%°. Photolysis of norbornadiene in the presence of [Cr(CO),] produced the
[(nbd)Cr(CO),] compound as the primary photoproduct®®. A secondary photochemical
reaction is involved in the dimerization process which produced three isomers of the
dimer, 26,27, and 28 in the ratio 1.8:1.0:1.4.

N

(26) 27

(28)

Many photoassisted olefin reactions with derivatives of [Fe(CO)s] can result in
carbonylation or decarbonylation of the organic ligand®!. For instance, the unstable
norbornadiene-7-one compound 29 can be synthesized as the iron tricarbonyl derivative
(30). Irradiation of 30 induces decomplexation, producing 29, which rapidly undergoes a
disrotatory ring cleavage extruding carbon monoxide and producing benzene®?.
Examples in which carbonylation occurs following photolysis of the olefin in the presence
of iron carbonyls are common. The photolysis of diphenylacetylene in the presence of
[Fes(CO),,] or [Fe,(CO),] results in the formation of the cycloaddition product 31°3,
while the photolysis of the dimethylacetylene with [Fe(CO);] results in the production of
the quinone derivative 32°%,

[o]

’
]
" ’

\ ‘\ l’
v
Fe (CO)3

(29) (30)
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R /R 67 /R
Fe(CO)5 Fe(CO)3
(31) (32)
R=Ph R=Me

Isomerization reactions of simpler diene compounds can be achieved via the formation
of the [M(CO)s(diene)] complexes (M = Cr, Mo, or W)®*. The overall process in forming
these complexes and the subsequent isomerization process requires two photons. This is
consistent with observations on several metal—olefin systems, in which photolysis results
in the transformation of the olefin®-26~°8, It seems likely that in the excited state of the
metal—olefin complex the C=C bond order in the olefin is significantly reduced, allowing
the isomerization to proceed. Whether the mechanism follows the course involving the 7>-
allyl hydride species 33 (reaction 15) or the formation of a o-bonded diradical is a matter of
some doubt. It is most likely that the mechanism will depend on the nature of the olefin as
some olefins which do undergo isomerization do not possess allylic hydrogens (e.g.
stilbene), which would preclude reaction 15 in their case.

i v i
M(CO), T=——= H-M(CO),_, + CO (15)
(33)

Catalytic isomerization of pent-1-ene was also observed following substitution of cis-
cyclooctene in (cis-cyclooctene)iron tricarbonyl by pent-l1-ene in neat pent-1-ene at
temperatures above — 50°C98. Turnover numbers in excess of 2000 can be achieved,
producing both cis- and trans-pent-2-ene. This observation, coupled with the activity
towards isomerization of the photoproducts of [Fe(CO)s], confirmed that light is not
required in the catalytic reaction®®71%0, The reaction does require a vacant site on the
metal, which can either be photogenerated or produced by loss of a labile ligand such as
cis-cyclooctene.

There has been some discussion as to the catalytic activity of polynuclear metal
compounds towards olefin transformations'®!. Such materials are thought to exhibit
some structural features similar to metallic surfaces. Evidence for the hydrogenation of
alkynes to trans-olefins has been presented, in which a dirhodium catalyst was
utilized!°2-1°3, The effectiveness of the dirhenium carbonyl derivative (u-hydrido) (u-
alkenyl)dirhenium octacarbonyl as an agent for olefin dimerization has also been
demonstrated'°3. Ethylene dimerization produced but-1-ene whereas propylene pro-
duced hex-2-ene (reaction 16). There is no evidence that the product olefin further reacts

R'

R! R3
>—':—< + RCH=CH, —= RCH,CH, / (16)
R? R3

R2
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with the dirhenium centre to produce polymeric materials, presumably because of the
reduced reactivity of the product olefin, possibly for steric reasons.

In all cases of olefin transformation mentioned so far, the olefin at some stage of the
reaction is thought to bind directly to the metal centre. However, isomerization reactions
can be induced in ligands whose mode of interaction with the metal is not through the
olefin moiety. The photochemistry of [W(CO),(trans-4-styrylpyridine)] has been inves-
tigated and found to differ significantly from that of the simple pyridine derivatives'®4.
Isomerization from the trans- to the cis-styrylpyridine occurs if the complex is irradiated
with light with a wavelength of 313 nm. This isomerization is thought to proceed via an
intra-ligand excited state. Irradiation of [ReX(CO),L,] (X=Cl or Br; L =trans-3-
styrylpyridine) induced trans to cis isomerization, which is thought to proceed via a triplet
intra-ligand excited state, which is relatively unperturbed by coordination to the metal?3.

2. Hydrogenation of olefins

Stromeier and coworkers!®®7''% have investigated the activity of a variety of
[IrCl(CO)L,] complexes (L = phosphine-containing ligand) towards the hydrogenation
of various olefins. The activity of the catalyst was found to depend strongly on the nature
of the ligand L. In all cases the activity of the catalyst was enhanced by irradiation, and this
increased activity was found to continue after the light source had been removed. The
efficiency of these catalysts is impressive and in the case of the hydrogenation of cyclohexa-
1, 3-diene to cyclohexane using [IrCI(CO)(PPh;),] a turnover of approximately 100000
was obtained! 'S, The mechanism of the photoreaction is not clear, but it is known that
photolysis of [IrCl(CO)(PPh 3),] does not result in a simple decarbonylation, and there is
some evidence that PPh, loss is the primary photochemical process'!’.

Chromium hexacarbonyl has been shown to be a good catalyst for the light-induced
hydrogenation of olefins!!®. For example, 2,3-dimethylbutadiene and cyclohexa-1,3-
diene can be hydrogenated to 2, 3-dimethylbut-2-ene and cyclohexane, respectively. The
hydrogenation occurs exclusively on the 1,4-position. The rate of hydrogenation was
found to be fastest for those dienes which contain carbon—carbon double bonds which
are capable of binding to the same metal centre!!®. Thus, cyclohexa-1, 3-diene can be
rapidly hydrogenated to cyclohexane whereas the equivalent reaction with 1,3-
cyclooctadiene did not proceed, also the trans, trans isomer of hexa-2,4-diene can be
selectivity hydrogenated in a mixture of hexa-2,4-dienes'2%!2!, Again, these reactions were
shown to require photoinitiation and once the initial photochemical step, i.e. production
of [Cr(CO);], has been achieved the subsequent reaction with the diene to form [Cr(CO),
(diene)] proceeds thermally (Scheme 15). It is possible, however, that a further photon is
required to activate the [Cr(CO), (diene)], producing a vacant coordination site and
permitting the H, to bind to the metal.

[Cr(CO)] —”C—o» Cr(CO); — =™, [Cr(CO)s(diene)]
-CO
[Cr(CO),(diene)
SCHEME 15

The nature of the hydrogenation process has been investigated by a number of
workers!227125 A number of possible routes exist for this process, one involving the
photojection of another CO ligand from the [Cr(CO), (diene)], producing [Cr(CO),
(H,)(diene)] from which the hydrogenation reaction can proceed'?2. This reaction
sequence seems to be supported by the observation that [Cr(CO),(CH, CN)3] exhibited
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catalytic action in the hydrogenation of 1,3-dienes. This suggested that the Cr(CO),
nucleus in involved in the hydrogenation process. However, there is some evidence which
supports the opening of the norbornadiene chelate in [Cr(CO), (norbornadiene)] as the
principal photochemical reaction'23.

D. Coupling and Insertion Reactions with Alkynes

Apart from simple coupling reactions which occur following homolytic cleavage of
metal—alkyl or metal—aryl bonds,'?¢'27 photolysis of some organometallic com-
pounds in the presence of acetylenes can produce metallacylic compounds formed by the
coupling of the acetylene molecules. For instance, photolysis of [Cp,M(CH,)] (M = Ti,
Zr, or Hf) in the presence of diphenylacetylene produced the metallacycle 34'28. A similar
reaction using [Cp,Hf(CO),] also afforded 34 (M = Hf) in good yield (> 50%)*2°.

Ph
cp XN Ph
N
M M=Ti,Zr, or Ht
c =
P Ph
Ph
(34)

Other reactions involving alkynes to produce insertion products have been described.
For example, irradiation of [Cp,Fe,(CO),], in the presence of hexafluorobut-2-yne
produces a ferrocyclohexadienone compound (35)* 3%, whereas in the case of the ruthenium
analogue the monomeric products 36 and 37 were formed. However, photolysis of

Ry
— o
o/ H
o¢ :
R=CFy

(38)
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[(tetramethylcyclobutadiene)Fe(CO),] in the presence of CF,C=CCF, involved the
cyclobutadienyl ligand in the final insertion product. In this case compounds 38 and 39 are
formed'3!. Pruitt et al'’? conducted some experiments designed to elucidate the
mechanism of the insertion reactions of (cyclobutadienyl)Fe(CO), compounds.

FsC F( ():F3 v
N7

°(CO)s O Fe(COly
(38) (39)

A cyclicdienone derivative (40) was produced following irradiation of [CpCo(CO), ] in
the presence of substituted acetylenes! 33, The primary photochemical reaction was shown
to be the decarbonylation of the dicarbonyl, allowing coordination of the acetylene. This is
followed by an insertion into the metal—CO bond coordination of a second ace-
tylene molecule. A binuclear species (41) was also observed following photolysis of
[CpCo(CO),]. This compound, in the presence of dimethylacetylene, forms the metalla-
cycle 42, which acts as a catalyst for the trimerization of alkynes (reaction 17).

(e

o

o
(2]

Cp—Co——Co—Cp
oC

(41)

Me Me
MeC==CMe (17)

(42)

Alt and coworkers!3#7137 examined the photoinduced reactions of {CpW(CQO);CH,]
in the presence of acetylenes. The primary photoproduct is the dicarbonyl compound,
which coordinates the alkyne and, following two insertion reactions, yields the methyl
vinyl ketone derivative 43.

Irradiation of (Me;Si);SiPh in the presence of acetylenes yields the silacyclopropane
derivative 44"38, Further irradiation of 44 produces 45 by a 1,2-hydrogen shift from the
carbon to the cyclic silicon.
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Si
R R'
RC==CSi(H)(Ph)SiMe3
(44)
(43) R= n-Bu or MesSi; R'=H 48)

E. Photoinduced Polymerization Reactions

Tetraneopentyltitanium has been shown to initiate polymerization of both styrene and
methyl methacrylate to produce polymers with a bimodal distribution of molecular
weight!3%. This indicated that two different propagation mechanism are in operation. The
evidence presented suggested that the propagating species is a caged radical (Scheme 16).
The addition of radical scavengers such as diphenylpicrylhydrazyl increased the rate of
polymerization by suppressing the termination process represented in reaction 18.

(Neo);TiP,=[(Neo);Ti" + P,"]
(Neo);TiP, ., ; =[(Neo);Ti’ + P, "]
P, = polymer; M = monomer

SCHEME 16

[(Neo);TiP,] + P,," - [(Neo),Ti] + P,(+ H) + P,(— H)

or
[(Neo);Ti] +(P,+ P,) (18)
OMe o OMe OMe
(CO)\W = —® (CO),W=—C ————p (CO),W=—C
5 = 2\ —
\Ph co \Ph RC=CH 4T \Ph
(46) RC==CH

|

|
(CO)W=CC=C

M OMe

Ph
R

SCHEME 17
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Polyalkynes were produced following photolysis of 46 in the presence of n-BuC=CH or
PhC=CH"*°. The proposed mechanism involves the initial photodecarbonylation of 46
producing a vacant site to which the alkyne can bind (Scheme 17). The alkyne can then
insert into the carbene, regenerating the coordinative unsaturation on the metal. When
either diphenylacetylene or methylphenylacetylene is utilized the organic product is not
polymeric in nature, but is the appropriate indene compound (47).

OMe
QL
H R
(47)

R=Ph; R'=Ph or Me

There are many examples of photoinitiation of polymerization by free-radical processes
involving metal carbonyl compounds. In many instances the mechanism involves a co-
initiator, usually an alkyl halide (RX), which undergoes a reduction with the photogen-
erated metal carbonyl radical to produce MX and the free organic radical R*!4!. In a few
cases, such as with [Re,(CO),,] and [Os3(CO),, ], polymerization can be affected in the
absence of an alkyl halide'*2. In these cases polymerization is initiated by abstraction of
hydrogen from the monomer by the metal carbony! photoproducts. [Mn,(CO),,]1,
[Re,(CO)y5], and [Os3(CO), ,] have been shown to induce polymerization of C,F, at
ambient temperature and at pressures close to atmospheric'#3. The initiation occurs via a
direct interaction between the metal carbonyl radical, e.g. Mn(CO)s’, with the
monomer (48).

(CO)sMnCF,CF,’

(48)

Bamford et al.'** investigated the polymerization of methyl methacrylate following

photolysis of [(arene)Cr(CO),] in the presence of CCl,. The primary photochemical
reaction for [ (arene)Cr(CO), ] is the loss of one carbonyl group, but these workers propose
the formation of an exciplex [M:--(arene)Cr(CO),]* (M = methyl methacrylate) as the
initiating species.

Many photoinitiators can provide a facile means of controlling the rate of polymeriz-
ation, and also the molecular weight distribution of the end polymer. For instance, in the
polymerization of isobutene, photoinitiation can be used in the preparation of butyl
rubbers with widely differing physical properties'**. Marek and coworkers investigated
the photoinduced polymerization of isobutene’*®'*7 and the copolymerization of
isobutene and isoprene!*® in the presence of Group 5 halides. They concluded that the
polymerization was induced by the formation of a radical cation, formed as an
intermediate following the photolysis of the monomer—MCI, charge-transfer complexes
(reaction 19). However, a study utilizing the bulky 2,4,4-trimethylpent-1-ene (2 non-
polymerizable model for isobutene) indicated that its dimerization, induced by photolysis
in the presence of TiCl,, yields the conventional head-to-tail C ¢ olefins'*®. This
observation is incompatible with a radical chain mechanism and can be explained by the
photodecomposition of TiCl, to give TiCl; and CI'. The chlorine atom then abstracts a
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proton from the protic solvent, producing HCI, which is known to act as a co-initiator with
TiCl, '3%1%! Ferrocene is also known to act as a co-initiator with either aluminium or
titanium chloride in the polymerization of epichlorohydrin (49)'*2. The polymer yield was
found to increase dramatically on irradiation. The nature of the polymerization process is
thought to be cationic.

[monomer—MC],] - MCI;* + [monomer*] (19)

(49)

A mixture of ferrocene and CCl, is an efficient initiator for the polymerization of methyl
methacrylate!33!34, The efficiency of the process can be further enhanced if the FeH*
produced is removed into the aqueous layer in a bilayer system'3%.

F. Oxidative Addition Reactions

1. C—H bond activation

Many photoproduced organometallic fragments are sufficiently reactive to activate
C—H bonds in hydrocarbon compounds, and in some cases the C—H bond to be
activated is that which has the highest bond dissociation energy. The deposition of
aluminium atoms in a methane matrix at 12K followed by photolysis at wavelengths
below 400 nm resulted in the formation of MeAIH '35, This was confirmed by ultraviolet—
visible, infrared, and electron spin resonance spectroscopy. No evidence was found for a
ground-state reaction. Similar experiments with copper atoms also indicated activation of
the C—H bond in methane, in this case forming [CMeCuH]"*¢.

SCHEME 18
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Activation of C—H bonds can also be achieved following photolysis of [Cp,WH,] in
neat substrate. Thus, photolysis of the dihydride in benzene lead to the formation of the
phenyl hydride derivative (50) in good yield (up to 60%)"3”. The mechanism proposed is
outlined in Scheme 18. The initial photochemical step involves the loss of molecular
hydrogen to produce the very reactive tungstenocene, a 16-electron intermediate which
presumably binds to the benzene forming an 52-complex. Irradiation of the dihydride in
toluene gave the p-tolyl derivative as the principal product. Insertion into uncoordinated
and saturated C—H bonds is also observed in these systems when p-xylene or mesitylene
is utilized'®. In these cases the insertion occurs at the methyl C—H bonds to yield
compounds 51 and 52, respectively. Photolysis of [Cp,WH,] in the presence of S-
methoxyanisole gave the analogous bisalkyl derivative, which indicated that the methoxy
methyl group is inert to attack by the tungstenocene intermediate!*®. Photolysis of the
dihydride in the presence of methanol produced two principal products, the methoxy
hydride [Cp, WH(OMe)] and the methoxy methyl [Cp, W(CH,)(OMe)] derivatives, in a
ratio of 1:5'°, The mechanism for the production of the latter compound is outlined in -
Scheme 19, involving the initial insertion into the C—H bond in methanol. The
photoinduced insertion of a tungsten atom into a C—H bond in tetramethylsilane has
also been observed!®!. The 16-electron intermediate tungstenocene can also be generated
from the monocarbonyl derivative [Cp, W(CO)]'%2.

(31) (52)

SCHEME 19
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The [Cp,MH] compounds (M = Nb, Ta), which are isoelectronic to [Cp, W], are also
known to activate C—H bonds'%3. These materials can be generated photochemically
from the 18-clectron trihydride or from the monocarbonyl hydride species!'®*.
[CpRe(PMe),], [CplIr{C(p-CICcH,)=NOC(=0)}(CO)], and [('15 C. Mes)lr(CO)z]
have also been investigated for their ability to activate C—H bonds'¢

2. Hydrosilation of alkenes

Recent work by Randolph and Wrighton'%® has indicated that metal—silicon bonds
are susceptible to olefin insertion reactions. The previously proposed mechanism for the
transition metal-catalysed hydrosilation of olefins involves the reaction of the metal-
olefin complex with silane, followed by the reductive elimination to produce the
alkylsilane (Scheme 20)!°. However, an alternative mechanism is possible, involving the
insertion of the olefin into the metal—Si bond followed by a reductive elimination yielding
the silylated derivative (Scheme 21). This mechanism accounts for the significant
production of vinylsilane in these reacions. The plausibility of Scheme 21 is supported by
the observation of the insertion of an olefin into the Fe—Si bond in Scheme 22.
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I. INTRODUCTION

The application of two-phase systems to catalysis, known as ‘phase-transfer catalysis’
(PTC) since the 1970s, is one of the most important new techniques to become widely
accepted in organic chemistry both in the laboratory and in industry. This catalytic
method has been intensively applied because it often provides many advantages, such as
milder reaction conditions, facile work-up, higher yields, modification of selectivities, use
of cheaper and less dangerous reactants or solvents, and in some cases, a means of
performing new reactions.

PTC is firstly of great importance in chemical synthesis, but also in chemical analysis
and biological studies; extensive information on the scope of the technique can be found in
books' ™ and reviews covering special fields such as triphase catalysis®, the preparation
and chemical modification of polymersS, PTC in heterocyclic chemistry’, industrial
applications®, drug synthesis®, and applications iri organometallic chemistry'°~'%. Before
covering the recent developments in the application of PTC to organometallic com-
pounds, general principles and different types of catalysts will be briefly summarized.

A. General Principles

The phase-transfer process involves a charged species, which is normally an anionic
(A7) and is based on the catalytic formation of lipophilic ion pairs (Q* A ™), soluble in non-
polar organic solvents, with lipophilic cations (Q*). This occurs especially when reactions
are carried out in systems where two immiscible phases are presents, with an aqueous (or
anhydrous solid) inorganic phase as the source of anions and an organic phase where the
chemical reaction takes place (Scheme 1). In a-solid-liquid system, anhydrous solid salts
form the inorganic medium and the phase-transfer catalyst brings the anion into the
organic solvent. The catalysts can be classified in different groups.

organic o=

RA + Q'X~ «—— Rx + qQ'a~
phase
aqueaous -

AT+ o*xT ————» x~ *aA—
phase *-— + Q7A

SCHEME 1
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B. Catalysts

The catalyst must supply the system with lipophilic species to form ion pairs with the
desired anions, in order to solubilize them in an organic medium. The most common
catalysts are tetraalkyl onium salts, mainly ammonium (R,N*X ) but also phosphonium
(R4P*X "), their lipophilic properties depend on the length of the alkyl groups. Those most
commonly used are tetra-n-butylammonium bromide (tbab), triethylbenzylammonium
chloride (teba), cetyltrimethylammonium bromide (ctab), and methyltrioctylammonium
chloride (Aliquat 336).

A variety of neutral organic ligands coordinate to cations or anions and can also act as
phase-transfer catalysts. From a topological point of view, they are divided into three
principal groups'® (Scheme 2):

1. Open-chain compounds, called ‘podands’ (1), including glymes (1a)'%, polyethylene
glycols (PEG) (1b)'” and tris(dioxa-3,6 heptyl) amine (TDA-1) (1¢)'3.

2. Simple cyclic ethers, named ‘coronands’, including the three most common crown
ethers (2a, 2b, and 2c) and ca 4000 compounds of this type'®.

3. Oligocyclic spherical compounds or ‘cryptands’?° (3), showing a three-dimensionally
surrounded cavity of varying sizes corresponding to the bridge length.

The principal function of all these compounds in phase-transfer catalysis is to complex
the cation of a salt, thereby solubilizing it in organic solvents; the corresponding anion,
which is not complexed, is weakly solvated in the organic phase. This ‘naked’ anionisin a
very active state, enhancing its nucleophilicity and ability to initiate unusual reactions.

Complexation of neutral species has also been achieved. Cyclodextrins are cyclic
oligomers of D-glucose classified on the basis of the number of glucose units where a-, §-
and y-cyclodextrins correspond six, seven, and eight monomers, respectively. These
compounds form host—guest complexes with suitable organic substrates via the distinct
cavity of variable dimensions for each class of cyclodextrins?!. The presumed function of
these reagents is to complex the organic molecules and transfer them into the aqueous
phase.

Considerations of costs and toxicity are of prime importance with these types of
compounds, and the use of these sequestering reagents in both organic and organometallic
chemistry has often been limited to cases in which oniums were unsuitable?2, with some
exceptions (e.g. PEG).

C. Organometallic Phase-transfer Catalysis

The formation of organometallic anions and the generation, in situ, of active
homogeneous catalysts from inorganic anions has been of considerable significance; it was
only in 1975-76, however, that the first examples of the application of phase-transfer
catalysis to organometallic compounds were reported?®. Since then, the number of
publications in which phase-transfer and organometallic catalysis are combined (Figure 1)
has increased considerably. .

As mentioned already, several reviews have appeared on this subject'®~** and the
purpose of this chapter is to give to the reader an overview of the topic based on the most
recent result. Consequently, it is subdivided into sections, depending on the role of the
metal species in the system, reacting either as a homogeneous catalyst, as a reactant for
organometallic synthesis, and finally as a phase-transfer reagent itself. Figure 2 shows how
these studies are divided according to the nature of the reaction.
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RO’ ‘oE ‘o]n “oRr HO(-CH2CHZ0),H

(1) (1)
N/_\o/_\o/_\om
\_/O Q OMe
_/\/
ouo\_/om
(1e)
[ [

J o O
o o
[
L O
e

(2¢)

v\ o/ NN\ 0N\ N
QAP e
(30) (30)

SCHEME 2

II. HOMOGENEOUS CATALYSIS

Homogeneous catalysis is the most important in terms of the number of publications and
potential applications in industry. Among these reactions, the focus will be on
carbonylations, oxidations, reductions, and alkylations.
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FIGURE 2. Relative numbers of publications on applications of phase-
transfer catalysis to different reaction types.

A. Carbonylation Reactions

1. Organic halides

The carbonylation of organic halides to carboxylic acids has been the most studied
application of PTC in organometallic catalysis. The two major reasons for that interest are
the facile separation of the product (aqueous phase) from the starting halide and metal
catalyst (organic phase) and the easy generation of the active catalytic species under mild
conditions.
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a. Benzylic halides. Benzylic chlorides or bromides react in the presence of dicobalt
octacarbonyl under phase-transfer conditions [e.g. room temperature, atmospheric
pressure, teba, sodium hydroxide (5 M), benzene] to give phenylacetic acid in reasonably
good yield (85%)?*2® compared with the same transformation effected under monophasic
conditions (equation 1)26.

[Co,(CO)g]

teba, SM NaOH,
RT, latm

ArCH,X + CO ArCH,COOH (1)

The mechanism of this reaction?’-2® involves the ‘classical’ first step in PTC of
formation of the required ion pair (R{qN"OH™) in the aqueous phase (equation 2).

RN*X~ +Na*OH~ »R,N*OH™ + Na*X"~ )

In this case, the ion pair will react with the metal carbonyl complex at the interfacial
area, according to Scheme 3.

NR4* OH™ NR4+ —
[copcOrg] ———— [(COI3Co—Co(COl4| ——» [(COIzCoH—Co(CO)a

NR,Y

o] OH 0 (]

l

[Heolcor,] + NRgt[cotcors] + cop

l @ 1
co 2NR4OH
NRa*OH™

Ry [Cotcory] T——= [Heotcory] Ho0 + (NR4V)C03
H0 -

4)
SCHEME 3

The organometallic ion pair (4) was shown to be located in the organic phase where the
reaction with the halide occurs, via an alkyl (5) and then an acylcobalt tetracarbonyl
complex (6); cleavage of 6 by NR OH ~ will then occur at the interface, regenerating the
complex 4 and expelling the carboxylate in the aqueous phase (Scheme 4).

This phase-transfer process has been applied in polymer chemistry to the carbonylation
of chloromethylated and partially quaternized chloromethylated polystyrene resins?°.

The reaction was extended to the less reactive aryl bromides in a photochemical phase-
transfer process by using UV light (350 nm). This aromatic carboxylic acid synthesis
occurs under mild conditions (65 °C, 1 atm carbon monoxide), probably through a single
electron-transfer pathway3%-3!. Benzoic acid can also be obtained, albeit in modest yields,
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- —NR,X co
NRoT[CotcOl]  + ArCHax ———» [ArCHaC0(C0)s] ——» [ArCH2COCO(CON)
(4) (8) (e)
organic phase
_____________________________________ _ NRGYOH™
aqueous phase ArCHZCOO—

SCHEME 4

by effecting the reaction in the presence of methyl iodide with acetophenone as a co-
product (equation 3)*2,

[Co,(CO)g], CgHg

tMNaOH,Q*x ™,
RT, 1aum

2ArBr + Mel + 2CO ArCOOH + ArCOMe (3)

Benzyl halides also react in PTC with iron pentacarbonyl to give ketones (7),
hydrocarbons (8) and phenylacetic acid with a selectivity degending on the base
concentration and the presence of carbon monoxide (equation 4)>3-34,

ArCH,X + CO — {40k}, base

 ArCH,COCH,Ar + ArMe + ArCH,COOH  (4)

™ @ ®

Poor selectivities and the formation of acid as the major product were reported when
using a strongly alkaline aqueous solution (NaOH, pH14) under carbon monoxide,
whereas an inert atmosphere and a less basic medium [Ca(OH),, pH 12.6] provided
mostly ketones. In all cases the reaction remains stoichiometric with respect to iron
pentacarbonyl. This reaction, however, was shown to be catalytic*>~>” under specific
phase-transfer conditions (e.g. CH,Cl, or PhMe, Fe(CO);, 1M NaOH, CO,
(BuyN),80,].

It was demonstrated that in such a system, the iron tetracarbonyl dianion (10) may be
the active catalyst®®. More recently Des Abbayes et al.>® proposed an acyltetracarbonyl-
iron anion (11) as the true catalyst for both ketone and acid formation (Scheme 5).

In the case of benzyl halides (R = R’), base cleavage (at the interface) would produce the
carboxylate anion, whereas ketone could arise from reductive elimination of the complex
12. This reaction was extended to other activated halides in combination with benzyl
chloride (R #R’).

Metal carbonyls are not the only catalyst precursors available for effecting this
carbonylation reaction, and investigations with zero-valent palladium complexes have
given interesting results*®-*!: first, the fact that a phase-transfer agent is not required (the
presence of a quaternary ammonium salt only slightly increases the yields of carboxylic
acids) implies an interfacial mechanism for such a biphasic system; second, the selectivity is
closely related to the nature of the ligand coordinated to the palladium (Scheme 6).

If dibenzylideneacetone (dba) is used as a bidentate acceptor ligand, coupling and
dehalogenation occur instead of carbonylation. In the presence of a bidentate donor
ligand such as 1, 2-diphenylphosphine (diphos), a carbalkoxylation reaction leading to an
ester takes place. These transformations are true phase-transfer process since in the
absence of tetraalkylammonium hydrogensulphate no reaction occurs with dba and
carboxylic acid is formed (instead of ester) with diphos.
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[Fetcor,]

|

2NRg [Focor,)
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NR, [(CO)“FGTJ—R] ~ o
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[Pdtdbal;]

/_\ ArMe + ArCH,CHpAr

[PatPPhy) ], (Cotnsdan*HSOT

ArCHX + CO ArCH,COOH

CH,Cly, 5M NGOH

RT,1atm

v ArCH>COOCHAr

[Patdiphos)]

SCHEME 6
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In order to rationalize these results, Alper et al.*! proposed a mechanism involving an
anionic palladium hydroxide (13) generated from the palladium precursor with the
quaternary ammonium hydroxide. Successive reactions of this anion (oxidative addition,
CO insertion and base cleavage or reductive elimination) give the acid (Scheme 7).

(PdL,]
NRg*OH™
NRg* [PdL,-p 1™ /ArCHZX
ArCH,COOH OH
(13) NR4"'X"/
OH /-
[ArCH,PdL -]
NRFOH™
OH
(14)
co
[ArCH,COPdL,_,]
I
OH
n=2—4;m=0.5 (diphos)-1(PPh,)
SCHEME 7

The ester formation is probably based on the potential reductive elimination of 14,
depending on the nature of L, to give the benzylic alcohol required for the carbalkoxyl-
ation. Although somewhat speculative, such a zero-valent palladium anion as the active
species in this reaction has recently been supported by a study of the effect of a new kind of
chiral phosphine ligands on that process, in order to effect the enantioselective
carbonylation of 1-bromo-1-phenylethane under phase-transfer conditions*2. Simple
aminophosphine or 2-substituted-3, 1,2-oxazaphospholanes (15) give significant enan-
tiomeric excesses whereas the classical mono- or bidentate optically active phosphines*?
are inefficient (equation 5).

Me Me
Pa-L"
@—-‘-m + co —Lb sctod @+COOH
NoOH, 1 atm
H H
()]

%/

(13)
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The reaction was shown to be a kinetic resolution process with a discriminative slow
oxidative addition step, but the more interesting feature is that the presence of the phase-
transfer agent is necessary to achieve enantiomeric discrimination, even though it is
known that the acid is formed in an interfacial process. This was rationalized in terms of a
second-order interaction involving the formation of a hydrogen bond between the
nitrogen atom of the oxazaphospholane and the hydroxo group bound to palladium prior
(16) to the addition of the substrate.

0

|
P\
/
Ned N

7 No—#h

(16)

Under specific solid-liquid phase-transfer conditions, palladium-catalysed carbonyl-
ation of benzyl halides was extended to aryl, phenacyl, and aliphatic halides, affording
esters in the presence of alcohol (equation 6)**.

[Pd(PPha),Cl;)

BugN*X ™, NaHCO,,
70°C, 2atm

RX + CO + EtOH RCOOEt (6)

56-95%

Tetra-n-butylammonium iodide was shown to be more efficient than the bromide and
chloride analogues and the presence of the phase-transfer agent increases the yield of the
reaction; the most striking example was the carbonylation of ethyl chloroacetate, which
afforded 70%, of diethyl malonate when the onium salt was present, whereas no reaction
occurred without it.

b. Vinylic halides. The palladium complex-catalysed carbonylation of vinylic dibro-
mides has been investigated and it appears that, in contrast to benzylic bromides, the effect
of the ligand does not affect the selectivity of the reaction whereas the natures of the solvent
and the substrate do*>.

For example (Scheme 8), when the polar solvent tert-amyl alcohol is used as the organic
phase, no coupling reaction affording diynes (17) occurs but the halide is carbonylated to a

[Pd(diphos); ], CgHg -~

tebo, 5 M NaOH, > ArC=CC=CAr
85 °C 56—74%

ArCH=CBr, + CO “ar)

\ [Pdtdiphos),], #-AmOH COOH
teba, 5 MNoOH, ArCH
50 °C COOH
80%
(18)

SCHEME 8
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diacid (18) in good yield. Starting from a vinyl dibromide bearing an alkyl group (19), the
major product is the mono acid 20 (with some diacid 21 as a by-product) (equation 7).

[Pd(diphos),], C¢Hg
5mM NaOH, teba

(19) (20) (21)

It is interesting that under an inert atmosphere, in the presence of a polyethylene glycol
(‘podand’ phase-transfer agent), vinylic dibromides can be converted into monoacids*S.
This reaction is catalysed by [Pd(diphos),] through a possible hydroxopalladium anion
(22), which could induce an oxidative addition—reductive elimination sequence affording
the enol form 23 of the acid bromide 24, followed by a subsequent hydrolysis to give the
acid 25 (Scheme 9).

RCH==CBr, + CO

RCH=CHCOOH + RCH=C(COOH), (7)

| B >,___< R Br
—+ |HO—pPd— | (Ng,PEG)" R Br , N’ /
| R/ Pd—
|
(22) l OH
R Br
+
R': :OH
(23)
R o)
R': jBr
(24)
R O
R': iOH
(29)
SCHEME 9
The same systems have been extended to vinylic bromides-(equation 8)*7.
[Pd(PPh3),),CHg
(E)-PhCH=CHBr + CO (E)-PhCH=CHCOOH (8)

5MNaOH, teba,
50°C

91%

The reaction can be stereospecific, since (E)-bromostyrene reacts with CO in the
presence of [Pd(PPh;),] to give only (E)-cinnamic acid, but the nature of the phase-
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transfer reagent and the solvent modify the stereoselectivity. It should be noted that
alkynes are never formed in these reactions and this different behaviour compared with the
dibromides is explained in terms of the relative acidities of the benzylic protons in the two
substrates*,

¢. Allylic halides. The carbonylation of allyl chlorides under phase-transfer conditions
(e.g. L atm, Co, 25-45 °C, Aliquat 336), using nickel tetracarbonyl as the catalyst leads to a
mixture of unsaturated acids*®. More recently, Joo and Alper*® reported the carbonylation
reaction of allylic halides with cyanonickel complexes as catalysts (equation 9). While a

i + 5= COOH COOH
WX + co Ni(CN)3 ,NRg* X . /\/ W (o]0]
5MNoOH,RT, +
1atm (9)
X =Br, Cl (£) 60—98%

(26) (27)
quaternary ammonium salt is beneficial to carbonylation, the reaction can occur in the
absence of any phase-transfer agent (interfacial process). Different solvents have been used,
isobutyl methyl ketone being the best. The base concentration influences both the yield

and selectivity and under specific conditions a remarkable stereospecificity with respect to
both 26 and 27 can be achieved (Scheme 10).

isobutyl methyi ketone

1.5 MNoOH > 26 + 27
7 : 93
\ toluene . 26

5 M NaOH

)
A 4 co

93 : 7

SCHEME 10

High yields of acids were obtained using a substituent at the 1- or 3- but not the 2-
position of the allyl unit. The active nickel catalytic species has been characterized as
[Ni(CO),CN] ™ and isolated as a bis(triphenylphosphine)iminium (PPN) salt. A possible
mechanism for formation of this complex is outlined in Scheme 11. The key steps could be
the addition of 2mol of carbon monoxide on the nickel cyanide followed by the
nucleophilic addition of hydroxide ion on the dicyanodicarbonylnickel (28) to obtain 29,
leading to 30 by hydrogen transfer. The final active species may result from the elimination
of HNCO under a carbon monoxide atmosphere.

The mechanism of the carbonylation process (Scheme 12) can be rationalized as a
displacement of the halide ion by the cyanotricarbonylnickel anion giving the n'-allyl
complex 31 (n3-allyl species can also be involved, especially in the formation of isomeric
acid products in some cases); a CO migration insertion sequence would transform 31
and 32 and the acid is then obtained by hydroxide cleavage of the acylnickel complex 33.
Regeneration of the catalyst occurs by carbonylation of 33.
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. NR4OH T
Ni(CN), + 2C0 —— [Ni(CN),(CO),]———> R N'INI(CO),]

N OH
(29)

H

R4N*[Ni(CO),CN]

. - cO
NR *[Ni(CO}CN]™ *— tes
HN o~
(30)
SCHEME 11
RgN" [Ni(CO),CN]™ y
NS
co
CO,RN"X™
RyN* [Ni(CO),CN]™ /\/N.(co)zcn
/\/ﬁ\ (33) /L(zm
- Nn(CO)ZCN}
(32)
RqNTOH™
SCHEME 12

2. Unsaturated organic compounds

Different mechanisms for the carbonylation reactions described above show the
importance of acyl complexes [RCOM(L),] as key intermediates. Such transient species
can react with suitable unsaturated organic compounds and the results are outlined in
Scheme 13. These interesting mild, ‘one-pot’ syntheses are usually run with dicobalt
octacarbonyl as the catalyst precursor and methyl iodide as the halide according to
equation 10. High selectivities are usually obtained even in the bimetallic phase-transfer
carbonylation where addition of [Ru,(CO),,] gives the saturated y-keto acid (36) rather
than the hydroxybut-2-enolide 35.

(0]
NRyYOH™ Mel

|
[Co,(CO)g] [Co(CO),]~ —= [CH,Co(CO),]Z2[MeC—Co(CO),] (10)

(34)
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OH OH
COMe
(o} + [0}
Me Ph N
W \R
OH
NR
_/_//
.t
New,
Me Me Ph
/k/\ N = -
COMe ———o [MeCOCo(C0)4] _ﬂc;cn_’ [¢] OH
o} Me
(34)
(33)
o PhC =CH,
Vi Ph [RuglcO),]
COMe oH
Ph C
Ph §o
" N\pn Me
(o}
(36)
SCHEME 13

Reactions of the acylcobalt complex 34 with organic compounds are faster than the
cleavage leading to the carboxylate anion. This is not the case when benzyl bromide is used
instead of methyl iodide and phenylacetic acid is the only product. However, under specific
solid—liquid phase-transfer conditions, the corresponding acylcobalt tetracarbonyl can be
trapped by phenylacetylene to give the lactone 37 (equation 11)°S.

Ph
[Co,(COY, ], tolusne = OH
PhCH,Br + PhC==CH + CO —>
TDA-1,NoOH soln ,60 °C CH,Ph
0 0

(1)

(37)

The carbonylation of alkynes with manganese carbonyl complexes has been reported®”.
The stoichiometric reaction of [Mn,(CO),Br]~, generated from bromopentacarbonyl-
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Ph Ph
[Mn(CONBr ], toba  H™ Me  HW H
—_— -] ) . W N
PhC==CH + MelCH,1 +C0O S MNGOW,CHCl,, ~ O \ H +0 \ Ve
35°C,1atm 0 o
(£)
(12)

manganese’® and phenylacetylene, gives the y-butyrolactone in 78% yield with a E/Z ratio
of 57:31 (equation 12). A comparable yield and slightly higher selectivity with respect to
the E isomer was observed when a polyethylene glycol (PEG 400) was used instead of the
ammonium salt.

It is important to note that in all these reactions involving acyl-metal complexes, the
halide precursor is used in a stoichiometric amount as a reactant. However, in some cases,
these acyl species can be considered as the true catalyst of the carbonylation reaction. For
example, the use of methyl iodide as the halide and styrene oxide as the organic receptor in
a cobalt carbonyl-catalysed carbonylation under PTC results in the incorporation of two
molecules of carbon monoxide in the strained ring to give the enol 38 of the a-keto

lactone®®.
Ph [ %)
N Co,{C0),], Mel, CoHg 1
+ co ctab, 0.5 M NaOH,RT, / 0 (13)
[¢] tatm OH

0
(38)

Such double carbonylation reactions have been extensively investigated in recent
years®? and syntheses of phenylpyruvic acid derivatives from substituted benzylic halides

under PTC have been reported (equation 14)24:23:61,
Me
[Co,(CO,], €O,CqHg
CH,Br febo, 5 M NaOH, RT, > CHZCOOH + CHCOCOOH
1otm I
CH,
Me Me
Me
(14)

The enol structure of the lactone 38 largely supports the mechanism proposed for the
double CO insertion through the ability of a transient phenacyl cobalt carbonyl complex
(39) to undergo enolization, thereby promoting the second incorporation of CO in a
vinylic cobalt—carbon bond (40) (Scheme 14).

The carbonylation of styrene oxide is a true phase-transfer process (no reaction without
ammonium salt) and does not occur without methyl iodide or an aqueous phase
(monophasic conditions). The base concentration is of prime importance. Whereas other
types of oxiranes (aliphatic epoxides) do not react, carbonylation of the sulphur analogue

71
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[Co(CON,1™

COlMe_l
Ph

[Me—C—Co(CO),

] Ph
g
HO [o]
(38)
0
Phw/\

O

Ph
0—C—Me o—lcl—Me
Co(COJq (CO),Co o
HO
0
co
co L
Ph Ph
O0— C—Me O0—C —Me
l I = I
HO ° 0 Co(CO),

CO(CO)4
(40) (39)

SCHEME 14

of styrene oxide (thiirane) does proceed to give a monocarbonylation product
(equation 15)%2,

Ph Ph
v Mel,3 M KOH,PEG 400,CqHe
+ CO > >j (15)

S Co,(CO)g,RT,1atm
HOOC SH

(41)

Thus, 2-phenylthiirane (styrene sulphide) was treated with carbon monoxide in the
presence of the ‘in sitw’ generated acylcobalt tetracarbonyl to give the f-mercapto acid 38
in 75% yield. Polyethylene glycol (PEG) as the transfer agent was found to be superior to
ammonium salts; sodium hydroxide is inferior to potassium hydroxide and the
concentration effect is not as important as in the epoxide case. An interesting result is that
the transformation of thiiranes to mercapto acids can be achieved by an acylcobalt catalyst
formed from benzyl bromide (instead of methyl iodide) with lower yield; this is the first
example of trapping such a complex in a liquid-liquid PTC%2.

Two contrasting features for oxiranes and thiiranes were observed. First, the reaction
occurs for episulphides bearing either aromatic or aliphatic (linear or cyclic) substituent
groups. Second, although the initial steps of both reactions may be analogous (generation
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of acylcobalt, addition on the ring compound and CO insertion), the oxygen intermediate
39 can be enolized and promote a second CO insertion, whereas the thioester function of
the sulphur analogue 42 undergoes rapid hydrolysis, affording the thiolactone which, in
these specific conditions (base is present), is cleaved to give the mercapto acid 41
(Scheme 15).

It should be noted that under these phase-transfer conditions aziridines are only N-
acylated without CO insertion®3,

o
Ph Il Ph Ph
S—C—Me | on- S— \I'j
« ’ LS
0 ColCO), 0 (-)00(00)4 0
(42) (43) Hzolm‘_
Ph
HOOC SH

(41)

SCHEME 15

B. Oxidation Reactions

1. Alkenes

Many inorganic oxidants can be transferred to an organic solvent by a phase-transfer
catalyst, and the role of the latter can be to generate and stabilize active organometallic
complexes for oxidation processes. For example, the industrially important palladium-
catalysed conversion of ethylene to acetaldehyde (Wacker process) has been investigated
under phase-transfer catalysis in order to allow the oxidation to occur under mild
conditions®*. Indeed, olefins are oxidized to ketones by oxygen, using palladium chloride
as the catalyst, copper(II) chloride as a re-oxidant in a liquid—liquid system (80 °C, 1 atm),
in the presence of a phase-transfer reagent. The nature of the latter is very important: when
an ammonium salt is used, the reaction occurs only in the case of large lipophilic cations
(e.g. at least one long alkyl chain with more than twelve carbon atoms). Further, only
terminal olefins are converted into methyl ketones.

PdCl,, CuCl;-2H,0
RN'X T, CgHg, 80°C, latm

48-78%,

Different palladium complexes can be used, including zero-valent species, and the
catalyst can be recycled after reaction with only a slight reduction (5%) in activity.

Complexes of rhodium, e.g. bis[(chloro)(hexa-1, 5-diene)rhodium()], or ruthenium,
including dichlorotris(triphenylphosphine)ruthenium(Il) and ruthenium(III) chloride,
catalyse the same reaction in lower yields, with both small or large quaternary ammonium

RCH=CH, + O, —RCOMe (16)
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salts. When tetrabutylammonium sulphate was used, an isomerization reaction was
reported and in the case of dienes the oxidation was not selective; these findings are in
contrast with the results obtained in the presence of palladium species®’.

As mentioned previously, the nature of the phase-transfer catalyst is important and
Alper et al.®® reported the conversion of both internal and terminal olefins, simply by
replacing the ammonium salt with a polyethylene glycol (PEG). It is interesting that 2- and
3- but not 4- and 5-ketones are generated by oxidation of cis-dec-2-ene or trans-non-2-ene
and that the rate of oxidation of terminal olefins is greater than with the use of an onium
salt as the phase-transfer agent.

When B-cyclodextrin was used as the phase-transfer reagent in palladium-catalysed
oxidation, ketones from both internal and terminal olefins were formed in good yields. The
reaction is applicable to a variety of olefins and, for instance, butanone is produced from
either but-1-ene or both cis- and trans-but-2-ene. The use of such a cycloamylose
(compared with an ammonium salt and PEQG) is justified in the case of allylbenzene (no
reaction with other types of phase-transfer reagents) and styrene, which affords
benzaldehyde when oxidation is attempted using PEG or an ammonium salt but leads to
acetophenone in 80% yield with the B-cyclodextrin system®”.

Selective epoxidation of olefins has been extensively studied®®-° even under phase-
transfer conditions, with or without a metal catalyst*, where an ammonium salt or a crown
ether extracts the HO, ™ ion (from hydrogen peroxide) in the organic medium. Hydrogen
peroxide can also be used as the oxidant in a molybdenum- and tungsten-catalysed
epoxidation reaction of olefins (and organic sulphides) in a biphasic system (equation 17).
It was proposed that neutral lipophilic monodentate ligands (e.g. pyridine N-oxides,
HMPT) play the role of phase-transfer catalysts’®.

OH
+ H.O 1, 2-dichloroethane _ + 17
2°2  4MPT,50 °C,Noy[Mo0,), 17
H,50,4 OH

The presence and the nature of the ligand affect the product yield and the decomposition
of the oxidant. The acidity of the aqueous phase also has to be taken into account.
Increasing the amount of sulphuric acid improves the reaction as a result of neutralization
of anionic peroxo complexes in the aqueous phase followed by better ligand extraction of
the catalytic species. On the other hand, the selectivity with respect to the epoxide tends
to decrease owing to the acid-catalysed hydrolytic cleavage of the epoxide to the diol.

Hydrogen peroxide also promotes the oxidation of styrene to benzaldehyde in the
presence of ruthenium chloride and a quaternary ammonium salt (dodecyldimethy-
lammonium bromide) (equation 18).

Hy0,, RuCly 3H,0
PhC=CH, —————2 2 4 PhCHO + PhCOOH + Ph /‘
1, 2-dichloroethane, o (18)

Q*x",80°C,pH<4 —5

64°% 6% 4%

The true role of the phase-transfer agent was shown to be important for extracting both
the peroxide and the metal into the organic medium’!. Interestingly, when palladium
chloride was used as the metal catalyst, a different selectivity was observed, since
acetophenone was the main product (equation 19).
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PhC=CH, "2°2"\|‘f"°‘:'3 ;“zc" »PhCOMe + PhCHO + PhCOOH  (19)
iqual

56% 129, 149,

The use of hydrogen peroxide, especially at high concentrations, may be potentially
hazardous’® and other kinds of safer single-oxygen donors were investigated. Among
these, sodium hypochlorite (NaOCI) appears to be a cheap, easy to handle, strong oxidant
in basic media’® able to oxidize (stoichiometrically) organic substrates”®.

Synthetic metalloporphyrins are efficient models of the cytochrome P-450 family of
monooxygenase enzymes and have been widely used a catalysts in oxidations of organic
substrates’>7%. Thus, catalytic epoxidation of simple olefins by NaOCI under phase-
transfer conditions occurs with [Mn(TPP)OAc] (44) as the metal catalyst’* 7. The nature

(44)

of the metal is important and only the manganese(III) complex leads to significant amount
of styrene oxide (36, after 3 h) (equation 20).

o)~ o]
Ph X + NoOCI —e RN T Ph/<, + NoCl (20)

CH,Cl,, H0

The reaction rates and selectivities are increased by addition of pyridines’” " or N-
aryl-substituted imidazoles”®-®°, which behave as axial ligands on the complexed metal.
The phase-transfer agent is necessary in the reaction since less than 5% of styrene is
converted without the ammonium salt, and only a small amount of the latter is needed to
extract the hypochlorite anion into the organic phase.

A mechanism involving a high oxidation state oxomanganese complex (46) is outlined in
Scheme 16. In the presence of the phase-transfer agent, the hypochlorite anion is extracted
into the organic phase allowing a substitution reaction to occur with the axial ligand to
give 45. The electrophilic property of the oxygen atom in this transient complex is
probably too weak to be transferred to the olefin, but the heterolytic cleavage of the
oxygen—chlorine bond may occur to afford the oxomanganese(V) complex, which is
potentially able to epoxidize the alkene?”.

2. Alcohols

The oxidation of alcohols under phase-transfer catalysis has been investigated using
many transition metal compounds as catalysts. Using the same system as mentioned



82 J.-F. Petrignani

OAc
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above involving manganese—porphyrin complexes and hypochlorite anion as the oxidant,
benzyl alcohols were catalytically oxidized in benzaldehyde with good selectivity
(equation 21)82, The presence of both the manganese complex and the trioctylmethy-
lammonium salt considerably accelerates the reaction. Note that saturated hydrocarbons
(e.g- adamantane) can be oxidized in this way, affording a mixture of chlorides, alcohols,
and ketone32. The anionic iron complex K,[FeO,] was shown to be able to achieve such
an oxidation of benzyl alcohol to benzaldehyde under phase-transfer conditions®>.
[Mn(tpp)], CH,Cly
PhCH,0OH + NaOCl ————— PhCHO (21)
{CgH17)3CNH; * Q)

The oxidation of alcohols by chromium(VI) compounds under PTC was also
studied®+®* and generally involved strongly acidic conditions incompatible with acid-
sensitive substrates. More recently, a stoichiometric oxidation reaction with CrO, under
mild conditions was reported®® in which primary and secondary benzylic alcohols were
converted into ketones or aldehydes, through an ammonium chlorochromate intermedi-
ate (equation 22).

Ar

CH,Clg, NH,CI Ar\
! 2
CH—OH + Croy — 25 c=0 (22)
R r”
50-75%
R=Me,H

Chromium is not the only transition metal able to perform this transformation. Thus,
under PTC, dilute hydrogen peroxide oxidizes primary and secondary alcohols to the
corresponding carbonyl compounds with a catalytic amount of molybdenum(VI) and
tungsten(V1) oxides with high yields and selectivities®” (equation 23). The efficiency of the
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oxidant is closely related to the pH of the aqueous phase. High acid concentrations slow
the reaction, whereas at low acidities the selectivity is reduced owing to the peroxide
decomposition. It is important to note that in contrast to the similar catalytic system
applied to olefins, described previously, the phase-transfer reaction is performed with a
classical ammonium salt (Aliquat 336) instead of a neutral lipophilic compound (HMPT).
The authors explained this in terms of anionic peroxo compounds as the extracted active
catalysts, since such species have already been employed as effective oxidants for
alcohols®8, The other important differences is that in the case of alcohols, tungsten in much
more efficient than molybdenum.

Analogous reaction can also be catalysed by palladium acetate [Pd(OAc),] in solid—
liquid phase-transfer conditions (e.g. tetrabutylammonium chloride, DME, NaHCO;,
PhIO, RT, 48h) with comparable yields (75-95%)%°, depending on the nature and
concentration of the ammonium salt (tbac > tbab > tbai > tetracthylammonium chloride
and tetramethylammonium bromide). Finally, ruthenium tetroxide generated in situ from
ruthenium dioxide and periodate®® or hypochlorite®! can promote the oxidation of
secondary alcohols to ketones®2.

+
Na,(MO,), H,0, H RR'CO (23)

RR'CHOH + H,0,

1, 2-dichloroethane,
75°C, Aliquat 336

85-100%
M = Mo, W

3. Aromatic hydrocarbons

Oxidation of aromatic compounds is probably one of the most widely used processes on
an industrial scale. The homogeneous transformation of alkyl aromatics to carboxylic
acids is usually carried out in acetic acid solvent with cobalt or manganese complexes in
the presence of bromide ions®®. This reaction is effective for activated aromatic
compounds and can be initiated by phase-transfer catalysis. Thus, in the presence of an
ammonium salt, cobalt bromide catalyses the oxidation of p-xylene and maximum
absorption rates of oxygen depend on the nature of the transfer agent®2. The role of the
latter could be to promote the formation of new active anionic cobalt(III) complexes and
to stabilize them in the organic medium. Decomposition of the cobalt species could
produce bromine radicals, initiating the oxidation process (equation 24).

(L—Co"™—Br)"NR} —(L—Co") + Br’ RMe, O,

RCH,00' + H*Br~ (24)

However, these oxidation systems are inefficient for deactivated compounds such as
nitrotoluene®*. Note that in the presence of a phase-transfer agent (Bu,NHSO,), the
mediated electro-oxidation of 4-nitrotoluene to 4-nitrobenzoic acid was achieved by
hexavalent chromium complexes in a sulphuric acid medium a 80°C®>.

More important, from a catalytic point of view, is the oxidation of deactivated methyl-
benzenes by aqueous sodium hypochlorite, using ruthenium tetraoxide as the
catalyst under PTC®®. RuO, was introduced as a good oxidant in 1953 by Djerassi and
Engle®’; it is able to oxidize alcohols under PTC in combination with NaOCI
(equation 25).

RuCly 3H,0

ArMe + 3NaOCl ArCOO~Na* + 2NaCl+ HOCI + H* (25)
tbab, RT, pH 9,

1, 2-dichloroeth
ichlorocthane 92_99%
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Ruthenium tetraoxide is formed in situ by the action of sodium hypochlorite on RuCl,
and stays in the organic phase as long as NaQCl is present. When all the hypochlonte has
been consumed, black RuO, precipitates, stopping the reaction. This is a true phase-
transfer process since no reaction occurs without a quaternary ammonium salt. The pH of
the aqueous phase has to be maintained between 8.0 and 10.5, corresponding to a range
where NaOCI solutions are neither easily decomposed nor too stable.

Results of kinetic experiments show that the reaction is a overall first order in metal and
phase-transfer catalyst, each being from zero to first order, depending on their relative
concentrations. These kinetic results, the indirect detection of benzyl alcohol (trapped by
the acid to form ester as a by-product), and the effect of various substituents led to the
suggestion of a mechanism involving a carbonium intermediate, giving the alcohol,
followed by fast oxidation to the isolated acid (Scheme 17).

Me
RUOQ
slov + HRU04
X
CH,OH COOH
fost @ fost @ fou @

SCHEME 17

The oxidation of alcohols to aldehydes?® and transformation of the latter to carboxylic
acids®® had been previously reported by Sasson and coworkers in a classical phase-
transfer system (without metal catalyst) with sodium hypochlorite.

Aromatic dicarboxylic acids were prepared by oxidation of arenes (€.g. phenanthrene)
with hydrogen peroxide under PTC at 80 °C in the presence of tungstic acid [H,WO,] and
a quaternary ammonium salt!?°,

4. Ketones

Oxidation of ketones to diacids is an important process of industrial value in which
several transition metals, including rhenium!?!, were shown to be active catalysts. The
same transformation of cyclic ketones was studied by Osowska-Pacewicka and Alper!®?
by means of phase-transfer and rhenium catalysis using oxygen as the oxidant under
milder conditions (RT, 1 atm versus 98 °C, 300—500 psi), leading to diacids in good yields
(Scheme 18). Oxidation of a bicyclic ketone (e.g. 1-decalone) affords the keto diacid (5-
ketodecane-1, 10-dioic acid) (47), whereas hydroquinone (2-hydroxy-1,4-naphtho-
quinone) (48) was obtained starting either from 1- and 2-tetralone.

Low product yields were attained in the absence of the phase-transfer agent but
quaternary ammonium salts or the podand TDA-1 (1¢) can be used instead of PEG-400.
The role of potassium hydroxide is believed to be promotion of the deprotonation of the
ketone while potassium carbonate may be a dehydrating agent. These two salts, which are
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COOH
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(Y (Re(COYy0], dme ((l:Hz)s
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SCHEME 18

more efficient than their sodium analogues, are solubilized in dimethoxyethane (dme) by
the phase-transfer catalyst. The effect of the rhenium complex is important (ReCl, is an
inefficient catalyst for this process) and it could be involved in hydroperoxide decompo-
sition. Although the mechanism is still unknown, this is the first example of a rhenium- and
phase-transfer-catalysed reaction.

C. Reduction Reactions

1. Hydrogenation of unsaturated compounds

Hydrogenation of olefins in a biphasic system has been reported using rhodium
catalysts located in the phase in which the organic substrate was not soluble!?3. More
recently, Blum et al.'®* reported the hydrogenation of a variety of unsaturated com-
pounds (olefins, alkynes, arenes) under mild conditions (room temperature and atmo-
spheric pressure) using PTC and RhCl, as the catalyst. The presence of both water and an
ammonium salt is essential and labelling experiments indicated that the hydrogen atoms
of the water are not involved in the hydrogenation reaction. The different reaction rates
between these various unsaturated compounds are well illustrated by the phenylacetylene
case (equation 26).
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&
e —> —
(26)
(49) (30) (81) (82)

Although olefins were shown to be reduced faster than alkynes, phenylacetylene (49) is
not converted directly into ethylbenzene (51) or a cyclohexane derivative (52); instead, the
first step of the reaction affords styrene (50), which is further reduced only when complete
conversion of the acetylene has occured. As long as 50 was present, no ring hydrogenation
was detected. This suggests that each reaction step could be achieved by a different
transient transition metal complex.

The phase-transfer- and rhodium-catalysed reduction of arenes was also reported in the
presence of the bis[chloro(hexa-1, 5-diene)rhodium] complex!®® (equation 27).

[t1,5-HdIRNCI],
+ - 7
@ H2 buffer, Bu,N*HSO, @)

RT,1atm

100°%

Table 1 shows how this very mild process is efficient for a large variety of aromatic
compounds and the specificity of the arene reduction was demonstrated when using
benzamide, methyl benzoate, and phenyl acetate. Under homogeneous monophasic
conditions (THF, cyclodextrin), the same rhodium catalyst promotes the reduction of
acetophenone to ethylbenzene without any hydrogenation of the aromatic ring!°®.

The stereoselectivity of the process is illustrated by the conversion of naphthalene into
either tetralin or cis-decalin, depending on the reaction conditions, and for p-
methylanisole, which gives cis-4-methylcyclohexyl methyl ether as the only product. Note
that heterocyclic such as quinoline easily undergo exclusive hydrogenation of the
heterocyclic ring. No reaction occurs without a phase-transfer agent, the pH of the buffer

TABLE 1. Hydrogenation of arenes by hydrogen catalysed by a [(l,5-
Hd)RhCI],/PTC system'%%

Reactant Product Yield (%)
PhCONH, C¢H,,CONH, 79
PhCOOMe C¢H,,COOMe 69
MeCOOPhO MeCOOC4H,, 31
Naphthalene® Tetralin 73
Decalin Trace
Naphthalene® Tetralin 20
Decalin 80
p-Methylanisole cis-4-Methylcyclohexyl methyl ether 92
Quinoline 1,2,3,4-Tetrahydroquinoline 100°

2Benzene as the organic solvent.
bHexane as the organic solvent.
°Yield for reaction effected at 75°C (15% at RT).
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(7.4-7.6) is critical, and under these conditions RhCl;-3H,O is inefficient, since
Rh(OH),-3H,0 would be formed.

Rhodium is not the only transition metal that is potentially active in hydrogenation
reactions under PTC. Thus, reduction of anthracene and nitrogen heterocyclics is
catalysed by iron pentacarbonyl under drastic biphasic water gas shift conditions
(KOH/H,0, 300°C, CO, NBu,I or 18-crown-6)'°7.

Cobalt carbonyl was shown to be a good reactant for hydrogenation of activated olefins
under specific acidic phase transfer conditions'®8, with sodium 4-dodecylbenzenesulpho-
nate as the transfer agent (equation 28). Both cobalt and the phase-transfer catalyst are
necessary to obtain high yields of ethane derivatives, and carbonium ion and hy-
dridocobalt tetracarbonyl are involved as intermediates in this reduction process!®®.

R R

] (CaH24CH4504) Na*
87  HBF,,CgHg,55 °C,4h

C==CH, + [Co,(CO) HMe (28)

o
Bl

99%
R=R'=H

Conjugated dienes can be hydrogenated by phase-transfer catalysis with hydrated
cobalt chloride as the catalyst precursor, using a mixture of potassium chloride, potassium
cyanide, sodium hydroxide, benzene, hydrogen and a quaternary ammonium salt (micelles
also work)!1°7114 (equation 20). The active catalyst may be the hydridopentacyanocobal-
tate [HCo(CN);]*~.

Me Me Me
(|: - CoCly  6H;0,CqHg " | "
+ H > e e
Hch Nenw# 2 2 KGN, KCI,NoOH, HZC/ \CHz/ + M°/C%CH/
NRJCIT

87% 29)

The reduction of &, f-unsaturated ketones can be achieved by the same cobalt-catalysed
process involving [HCo(CN),]* ™ under biphasic conditions, where the role of the phase-
transfer agent is to stabilize the anionic complex in the organic phase!!3 (equation 30).

CoCly 6H,0,CeHg
KCN,KCI,NaOH,
o) PnCH P PYCI™ 0

+ H, (30)
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Methyl sorbate is also hydrogenated under such conditions and the results show that the
presence of the phase-transfer catalyst changes the reaction pathway from a predominant
1,2-addition process to mostly 1,4-addition (Scheme 19).

Et Pr
“X—CooMe Megh*Ci™ \/\\CHZCOOMe + P coome
+Hy————»
Me

740 ° 26.0
without Me,N'CI™: 34.6 : 65.4
SCHEME 19

The reaction of «, f-unsaturated ketones and esters with sodium formate in PTC has
been described as a dichlorotris(triphenylphosphine)ruthenium(Il)- and phase-transfer
(Aliquat 336)-catalysed process!!® (equation 31).

{RuCl,(PPh3)3]
2PhCH=CHCOPh + 2HCOONa + H,0 —MM—

Aliquat 336,
o-dichlorobenzene,
109°C

2PhCOCH,CH,Ph + CO, + Na,CO, 31)

A transient ruthenium hydride, generated by formate substitution of a chloro ligand of
the ruthenium complex, is assumed to be the true catalyst in this reduction reaction.
Considering the high temperature required (109 °C) in this method, another catalytic
system circumventing this drawback was recently reported by Azran et al.'!”, based on the
powerful activity of the solvated ion pair [(CgH,,);NCH;]*[RhCl,]"; this hydrogen-
ation reaction occurs under mild conditions (30°C, 1 atm, PTC). The presence of water
was found to be essential to the catalysis and replacement of the ammonium salt by a
quaternary phosphonium salt accelerates the metal extraction and the reduction process
(equation 32). It is interesting to note the selective olefinic reduction by this phase-transfer
and rhodium catalysis which does not affect the C=0 function at all.

(o] o]

= ot
Ph)J\/\Ph -+ H2 [R"C|—°]°-§ Ph)]\/\Ph (32)

Hz0, CH,Cly

The selective hydrogenation of olefinic double bonds in unsaturated nitro compounds
using the rhodium trichloride and Aliquat 336 catalysts system was also reported' '8 No
reduction of the nitro group leading to amino products was detected as long as complete
hydrogenation of the double bond was not achieved. Under these conditions, nitro-
benzene gives a mixture of aniline and nitrocyclohexane.

2. Carbonyl compounds

' Hydrogenation of the carbonyl group on saturated aldehydes and ketones is possible
under PTC with sodium formate and ruthenium or rhodium complexes'*® (equation 33).

RR'Co + HCOONa + H,0 —2° _,RR'CHOH + NaHCO, (33)

R, R’ =H, alkyl, aryl



3. Phase-transfer catalysis in organometalilic chemistry 89

The reduction of aldehydes was shown to be more efficient when [RuCl,(PPh,),] was
used as the catalyst in the presence of Aliquat 336 as the phase-transfer agent. Complete
conversions of the substrates usually resulted, whereas almost no transformation took
place when the ammonium salt was absent. Further, the nature and concentration of the
salt are also important'2°. This catalytic system was reported to proceed much more
slowly when applied to ketones, and chlorotris(triphenylphosphine)rhodium was found to
be more active than a ruthenium complex. A large excess of triphenylphosphine was
required to prevent reduction of the rhodium catalyst to inactive free metal. Aromatic and
alicyclic ketones may be converted to alcohols in good yields and the presence of the
phase-transfer agent is beneficial but not so crucial as for the aldehyde reaction.

Iron carbonyl complexes were shown to be able to catalyse transfer hydrogenation of
ketones under phase-transfer conditions'?! (equation 34). Triiron dodecacarbonyl

e H OH

[Fes(C0),,], teba

+ Me,CHOH r
28°C,1MNQOH

(34)
60%

[Fe4(CO),,] is more efficient than [Fe,(CO)s] or [Fe(CO)s], and among the phase-
transfer agents teba and 18-crown-6 are better than long-chain salts such as Aliquat 336.
When the reaction is run without a phase-transfer agent, the yield of cyclohexanol drops
from 60 to 20%,. Finally, 1-phenylethanol is a better hydrogen donor than isopropanol.

3. Organic halides

The property of primary or secondary carbinols such as benzyl alcohols of being
excellent hydrogen donors has been used in a palladium- and phase transfer-catalysed
reduction of aryl halides'2? (equation 35). Almost quantitative yields were obtained after
4h, indicating a true intermolecular hydrogen transfer rather than a dehydrogenation—
hydrogenation process. Non-polar solvents (benzene, n-alkanes) gave higher rates in the
catalytic process and the best onium salts were the most lipophilic ones combined with the
most hydrophilic counter anions.

[PAC!(PPh;),, PPhy

ArBr + PhCH,OH + NaOH —M8M8™
CgHg, H,0, 70°C,
Aliquat 336

ArH + PhCHO + NaBr + H,0 (35)

4. Thiols

Desulphurization reactions have been effected stoichiometrically by phase-transfer
catalysis with organometallic compounds'?3. Thus, treatment of o-methyl-
phenylmethanethiol with triiron dodecarbonyl in benzene under PTC (NaOH,
BuiN*HSO,~, 16 h, 60 °C) afforded o-xylene in 879, yield (equation 36). No desulphuriz-
ation reaction was observed in the absence of the ammonium salt and a variety of benzene-
diarylmethane- and triphenylmethanethiols were converted into hydrocarbons. The
trinuclear iron hydride [HFe;(CO),,]~ stabilized as an NR,* salt could be a key
intermediate in the mechanism of the reaction involving electron transfer pathways. The
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[Fegtco),,]

CHaSH W NoOH, Bugn'Hsoe Me (36)

CqHgs 60 °C

87°%

same reaction was performed using dicobalt octacarbonyl instead of the iron cluster,
giving better yields of hydrocarbons.

5. Nitro compounds

Stoichiometric reductions with triiron dodecarbonyl are not limited to ketones or thiols
and one of the first reported organometallic and phase-transfer processes was reduction of
nitro compounds to amines with iron complexes'2#, This transformation was obtained
catalytically, shifting from iron to ruthenium as the metal catalyst under phase-transfer
catalysis.

The first investigation was carried out on a zero-valent ruthenium cluster, [Ru4(CO),,],
giving excellent yields of amines, starting from aromatic or aliphatic nitro compounds??23,
under milder conditions (RT, 1 atm) than those involved in the water gas shift reaction
(100°C, 500 psi)' 26 (equation 37).

€0, [Ru3(CO), 2], teba

RNO, »RNH, (37)
5M NaOH, RT, 1 atm

85-100%
(53) (54)

It is assumed that the same type of hydridocarbonyl cluster [HM4(CO}),,]"
(M = Ru, Fe) is the active species, but the presence of a carbon monoxide atmosphere
increases the product yields, whereas its influence was negative when iron carbonyl was
used, suggesting the formation of different species as intermediates in the ruthenium and
iron reduction processes.

When sodium methoxide was used instead of sodium hydroxide, formamides were
obtained as the main products of this reaction, in which carbon monoxide was replaced by
synthesis gas (CO-H,)' 7. Note that substitution of [Fe;(CO), ,] for [Ru;(CO), ,] results
in the preferential formation of carbamate esters. The same gas mixture was used in a
catalytic reduction of nitro compounds by a ruthenium(II) complex, [RuCl,(PPh,),],
affording amines in reasonable yields'2®,

More recently, the use of bimetallic phase-transfer catalysis for the reduction of nitro
compounds (53) under a carbon monoxide atmosphere has been described, assuming a
synergistic effect of cobalt carbonyl and bis[(chloro)(hexa-1, 5-dienejrhodium] in the
amine formation (50-91 yield) (equation 38); under the specific phase-transfer conditions
employed, no reaction occurred when only one metal was present'Z2°,

5M NaOH, CgHg

[Co,(CO)g]. [(1,5-Hd)RhCT],,
RT. 2.5h

(38)

It was then shown that rhodium carbonyl clusters are able to catalyse the reduction
reaction in a biphasic system in the absence of a phase-transfer agent and cobalt carbonyl.
The bimetallic effect was established to be a coincidence of inhibition and reactivation of
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the true catalyst by the quaternary ammonium salt and cobalt carbonyl, respectively!3°.
When rhodium was used alone, the true catalytic species, probably anionic polyrhodate
clusters {such as [Rhg(CO),]~ or [Rh,4(CO),]* "}, are soluble in water and the
reduction occurs at the interface. The presence of a phase-transfer agent leads to
ammonium polyrhodates {NR, * [Rh¢(CO),,] ™ }, which are insoluble in both phases and
consequently inefficient for the reduction reaction. In the bimetallic system, the role of
[Co,(CO)s] was presumed to be to trap the phase-transfer cation as NR, *[Co(CO),] ",
leaving the rhodium catalyst free to perform the reaction.

The mechanism for such reductions of nitro compounds has not been clarified, although
nitroso compounds and nitrene complexes have been postulated!?8. However, it is
noteworthy that hydrogenation of an isolated molybdenum-nitrene complex (56),
generated from [Mo,(C;H;),(CO),] (55) and nitrotoluene, affords p-toluidine under
phase-transfer conditions in a quantitative yield (Scheme 20)'*!,

(co), 0\0
Il
(C5H5)hl/IoEMo(C5H5) + ArNO,~———# (CgHg)Mo Mo (CgHy)
(co), o T
(35) Ar
(36)
56 CgMg, teba
+ He % MNoOH,RT,latm ArNH,

(84)
SCHEME 20

D. Vinylation Reactions

Vinylation reactions of organic halides catalysed by a palladium complex!32 have been
achieved under solid-liquid phase transfer catalysis (equation 39). This process has been

R

< + "\ / PA(OAC),, dmf

R NoHCO,,BuN*CI= / \_

(39)

well described in homogeneous monophasic systems by Heck!?? and the advantage of
using the mild conditions of PTC was to control the stereospecificity of the reaction. Thus,
highly stereoselective palladium-catalysed alkylation of vinylic halides!*? or acetylenic
iodides!?® can be performed at room temperature in DMF in the presence of a quaternary
ammonium salt (Table 2).

It has been observed that the vinylation reaction can be accelerated by using potassium
carbonate instead of sodium hydrogencarbonate as the inorganic base. The stereospecific-
ity is also improved by the enhancement of the reaction rate. The advantages of the
synthesis of methyl (E)-enynoates and (E)-enynones by vinylation of acetylenic iodides are
the availability of the starting materials, the simple work-up, and the extremely high
stereoselectivity for such useful synthetic intermediates.
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TABLE 2. Palladium catalysed vinylation of halides under solid-liquid PTC!34:133

Vinylic Yield
Halide substrate Product (%)  Selectivity
(E)-C{HyCH=CHI CH,=CHCOOMe CH,CH=CHCH=CHCOOMe 90 94/6°
(2)-C,H,CH=CHI CH,CHCOOMe C,H,OH=OHCH—=CHCOOMe 93 77/23°
(E}-C,H,CH=CHI CH,=CHCOOMe CH,CH=CHCH=CHCOMe 97" 99/7%0
C H,C=Cl CH,=CHCOOMe C,H,C=CCH=CHCOOMe 53° 100/0%<
C¢HC=CI CH,=CHCOMe C¢H,C=CCH=CHCOMe 60* 100/0"¢

“(E, E)/(E, Z) ratio.
*Using K,CO, instead of NaHCO,.
‘(E)(Z) ratio.

TABLE 3. Ligand exchange in metal complexes under phase-transfer

conditions

Metal L Product Ref.
[M(CO)]* bipy [M(CO),bipy]® 137
[M(CO)]° diphos [M(CO),diphos]® 137
[M(CO)¢1° AsPh, [M(CO),AsPh,] 137
[M(CO)¢]° Bu'NC [M(CO)sCNBu‘]}® 138
[M(CO)sJ° OH"™ [M(CO);OH] ¢ 139
[M(CO))° F~ [M(CO);F]~ 140
[M(CO)¢1* §2- [M(CO),SH] ¢ 141
[M(CO)]1° SH™ [M(CO),SH] ¢ 142
[Mn,(CO),6] Br~ [Mn,(CO)¢Br]¢ 143
[M(CO);PPh,]** OH~™ [M(CO),HPPh,]* 144,145
°M = Cr, Mo, W.

*Liquid-liquid PTC.

‘M=Cr, W.

9Solid-liquid PTC.

‘M = Mn, Re.

M. ORGANOMETALLIC SYNTHESIS

Phase-transfer catalysis is an excellent method for promoting the synthesis of new
transition metal complexes in organometallic chemistry!©~!2,

A. Ligand Exchange

A large number of ligand substitution reactions under PTC have been described. As
shown in Table 3, this reaction has been applied to metal carbonyls in the presence of
hydroxide anion, which could induce the formation of a transient hydroxycarbonyl
complex (57) (equation 40). According to Brown and Bellus!3¢, the substitution by the
entering ligand L occurs with the CO group in the labilized cis position in the
hydroxycarbonyl species 57.

Ligand substitution can be promoted by PTC on complexes other than metal carbonyls.
Thus low-valent nickel cyanide K [Ni(CN),] reacts with diphenylacetylene in a solid—
liquid phase-transfer system in the presence of 18-crown-6 to give the first example of an
anionic alkyne adduct of a cyano nickel complex 6 (equation 41). An unexpected reaction
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0
o*oH~ Y
Mco),] 2 o (CO),,-,M—C/ —L»[(CO),,_,ML] + CO + OH™
OH
(s7) (40)

occurs when K,[Ni(CN),] is treated with benzaldehyde in acetonitrile under the same
conditions. The same species can be obtained starting directly from (E)-cinnamonitrile
using the same phase transfer method (equation 42).

[K,Ni(CN),] + PhC=CPh — =™ __, 2K -crown)* [Ni(CN),(PhC=CPh)] (41)

18-crown-6

PhCHO + K [Ni(CN),] - 2(K-crown)* [n--PhCH=CHCN)Ni(CN),]~  (42)

B. Allyl Complexes

The first example of an n3-allylcobalt complex synthesis in PTC was reported in
1976'47. As discussed before, the tetracarbonylcobalt anion, [Co(CO),]”, is easily
generated from [Co,(CO)s] and OH ~ under phase-transfer conditions and extracted into
the organic solvent as an ammonium salt, where reaction with the halide takes place, as
outlined in Scheme 21. Good yields (72-80%) of n3-allylcobalt complexes (e.g. 58) were

+ O~ - Br
[Co(COlg ] — 2" o NRy*[Co(cO)y]”™ 2 s [(c0)4co/\/]

—NR,*Br™

/\\

Co(CO)3
(38)
SCHEME 21

obtained by using allyl halides with a substituent at the 2- or 3-position of the allyl unit.
More recently, this organometallic synthesis was extended to other allyl complexes using
metal carbonyl halides instead of metal carbonyl. Gibson and coworkers'*8-14? showed
that 53-allyl complexes (Table 4) are the usual reaction products, although n*-allyl species
were isolated in some cases.

n3-Allyl complexes could be synthesized through a metallocarboxylic acid intermediate
(59) followed by the attack of the allyl halide on the cis-position of 59 to give 60, as
illustrated for [BrMn(CO);] in Scheme 22%8,

C. Metallation

Phase-transfer catalysis is a valuable method for the metallation of organic ligands.
Ferrocenes are easily synthesized under solid-liquid PTC using a crown ether
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TABLE 4. n*-Allyl generation from metal carbonyl halides with allyl halides under PTC

Metal carbonyl Allyl Yield

halide halide n-Allyl complex (%)  Ref.
[Mn(CO),Br] C,H,Br [7%-C5H Mn(CO),] 80 148
[Mn(CO)Br] 2MeC;H,Cl  [2-Me-n’-C;H,Mn{CO),] 48 148
[Mn(CO),PPh,Br] C;H,Br [7*-C;H Mn(CO);PPh,] 90 148
[7*-C;HFe(CO);Br] C;HBr [(7°-C;H,),Fe(CO),] 76 148
[CPMo(CO),CI) C,H,Br [7°-CsH(Cp)Mo(CO), ] 95 148
[CpFe(CO),Br) C,H.Br [73-CH {(Cp)Fe(CO), ] 60 148
[CpRU(CO),Cl] C,H,Cl [7*-C3H,(Cp)Ru(CO)] 80°  149-

?1.1 exo~endo.

Br

B |
__f}/_r. (CO)4MnM

[Brmn(cO),] =, [Brhllln(CO).;]' “or-

COOH COOH
(89) (60)
l—co,
Br - Br

I - I
(COIMnF |+ + Hpo <2 (cousl/lnM

" !

SCHEME 22

(equation 43). This mild and useful reaction (especially for 1, 1’-disubstituted ferrocenes)
can be achieved without anhydrous conditions or alkali metals!*°,

i R
18-crown-6

——
2CHaR  + FeCl, o Fe (43)

R =H,Me,PhCH,, n-Pr,cyclohexyl
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The synthesis of ortho-metallated complexes of sulphur-donor ligands (61) usually
requires long reaction times, but PTC appears to be a facile route to these important
products.

Ph
|
H—C—S
CoHa 2MNGOH Fe(CO)
PhLS + [FeglCO),) — o 30 min * / 3 “4)
Fa(CO)4
(61)

Elemental sulphur is also able to react with a metal carbonyl halide, [Mn(CO);Br], to
give a polysulphur—metal complex (63)!*! under phase-transfer conditions, probably via
the binuclear anion 62'4+146 (Scheme 23). The carbon atom of the SCS unit arises from a
carbonyl carbon and not from CH,Cl,.

CH,Cly, 3 M NoOH

[BrMn(CcO),] e

» teba* [(CO}MaMn(CO)Br]”

(62)

SCHEME 23

Phase-transfer catalysed metallation of meso-tetratolylporphyrin, by Zn?*, Cu?’ and
Mn?7 in water—oil media was described!32. The system offers a model for porphyrin
metallation in geochemical sediments and biological environments. The metallation
process is promoted by long-chain carboxylic acids as the phase-transfer reagents, which
function as surfactants. Thus the metal species, initially present as inert, water-soluble salts
(ZnCl,, CuCl,, MnCl,), are extracted into the organic phase, where they become labile.
Such a phase-transfer labilization has been reported in the synthesis of a very reactive
oxopentacyanomolybdenum(IV) anion (64) (equation 45). The analogous hydrated salt
was generated in a monophasic aqueous medium!*3!4 and shown to be inert towards
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molecular oxygen, whereas an unprecedented reaction occurred between 64 and oxygen,
leading to an oxoperoxo molybdate (65)'%° (equation 46).

MoCl; + SKCN C::i‘fc‘:? 3(PPh,)*[Mo(O)(CN),]>~ 45)
¢ (64)
2_
3- (o]
[MO(O)(CN)5] Tcl-'g‘—. [E>MO(O)(CN)4] (46)
(64) (63)

D. Ylid Complexes

Sulphur ylid-metal complexes can be prepared very easily under phase-transfer
conditions'3%. Trimethyloxosulphonium iodide reacts with [Pd(PPh,),Cl,] in the
presence of a quaternary ammonium salt (tbai) to give the sulphur ylid compound 66 in
60% yield (equation 47). No ylid complex was detected in absence of the phase-transfer
agent and the reaction rate was increased by using 18-crown-6 instead of tbai. The base
concentration appears to be of prime importance since a different palladium sulphur ylid
(67) was obtained at lower NaOH concentrations (0.2 m). The mild conditions, high yield,
and use of NaOH instead of NaH favour the phase-transfer method to form this type of
complex.

Ph,P. CH, 0
CHCly,2.8 M NaOH N\ \zs/
d

MeySO*1™ + [Pd(PPhy),Cl,] - P 1~ (47
3 3'2-'2 RT,1h,tboi
Ph3P/ \CH/Z e
(66)
P CH 0
1PN e s
P S -1/2CHClg
(67
[Fe(CO),] + 2PPh CHaCl [(CO),FeCH,PPh,]
5 3 1 NaOH, (BugN);S0,, 4 L
10°C, 20 min
+[(CO) FePPh,] (48)

An iron ylid adduct synthesis was reported by Weinberger et al.'*” starting from iron
pentacarbonyl and dichloromethane under PTC in the presence of triphenylphosphine
(equation 48). Evidence for the formation of the tetracarbonylferrate anion [Fe(CO), 1%~
was established since the ylid adduct 68 was obtained starting from this preformed anion
either under anhydrous monophasic conditions or in a liquid-liquid phase-transfer
system, whereas the hydrido anion [HFe¢(CO),]~ was unable to perform this reaction.
These results support the generation of [Fe(CO),]? from [Fe(CO);] under such
conditions; the role of the phase-transfer agent is to stabilize the anion in the organic
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phase, preventing protonation or coupling {leading to [HFe(CO),]~ and [Fe,(CO)s)*",
respectively}, but also promoting the formation of anionic hydroxycarbonyl species (69)
(equation 49).

[Fe(CO)]™+"%"", NR, * [(CO),FeCOOH]" NR—HZH—»
(NR, *),[(CO),FeCOO]?~ 7 (NR,*),[(CO),Fe]*~ 49)
- 2

The tetracarbonyl ferrate anion can react with CH,Cl, to afford the ylid complex 66.
Two pathways have been proposed for the synthesis (Scheme 24), either a nucleophilic
displacement on the anionic intermediate 70 (path A), or via the transient carbene 71 (path
B). Although the carbene intermediate 71 is still unknown, binuclear transition metal
methylene complexes (€.g. 78) have already been isolated! *® and phase-transfer catalysis is
an efficient method for obtaining such iron complexes!*®. The reaction is effected in good
yield (76%) and the same intermediate as in the ylid adduct (68) formation can be invoked
(equation 50).

2~
2NR,* [Fe(CO),]

CHCly
parn 8 _— NRa* [(CO)FeCH,CI]™
NR4+CI"\/ path A
(71)
,_.\
Pph3 [(co L Fe CHzPPhS] \. NRg' CI™
(68)
SCHEME 24
(BuN"),50,2"
(Fe(cO)s] + ChpBr, — NaOH. 0% CO4Fe——Fe(CO), (50)
(r2)

E. Polymetallic Compounds

Phase-transfer catalysis can be employed in a facile ‘one-pot’ cobalt cluster synthesis.
Tri- or tetrahalogenoalkanes react with dicobalt octacarbonyl to give the trimetallic
compound 736 (equation 51). Although the mechanism is unknown, the reaction
probably proceeds via the ‘in situ’ generated tetracarbonyl cobalt anion [Co(CO),],
which then reacts with the halide.
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R
|

CeHe,tob /C\

8,10ba
RCXy + [Coy(COlg) S NGOH,RT. 21 (CO)3C0\ /Co(CO)3 (51)
(CO)SCo
11-53“/«:
R=Cl,Br,Ph,CO,t-Bu; X=Cl,Br (73)

There has been a steady development of interest in organometallic polymers and the
synthesis of some polyarenyl platinum ethers was achieved by using a liquid-liquid
biphasic system with dibenzo-24-crown-8 as the phase-transfer catalyst!¢!.

IV. ORGANOMETALLIC PHASE-TRANSFER AGENTS

In all the examples showing the advantages of phase-transfer catalysis with organometallic
compounds, the synergism involved both the presence of a metal catalyst and a phase-
transfer agent. However, a new concept has been developed in parallel, in which a unique
active species could play, at the same time, the role of both the homogenous and the phase-
transfer catalyst. Different approaches were investigated based on the crucial properties
that a good phase-transfer catalyst should have, including either a salt structure, as we
found in quaternary ammonium salts, a sequestering agent as in crown ethers, or
hydrophilicity using water-soluble ligand complexes.

A. Salt Structure

In order to mimic an efficient onium salt, the catalyst must contain a relatively lipophilic
cation associated with a hydrophilic anion. From that role, Goldberg et al.'6? developed
an approach involving the use of cationic transition metal complexes bearing lipophilic
ligands for biphasic processes. The cationic rhodium (74, 76), iridium (75), and iron (77)
complexes with 2,2’-bipyridyl (bipy) or 1,10-phenanthroline (phen) were shown to
catalyse classical phase-transfer substitution reactions (Scheme 25).

[Rh(bipy),Cl,]*Cl1~ [Ir(phen),C1,]*C1~
(74) (75)
[Rh(phen),Cl,]*CI~ [Fe(phen),Cl,]*CI-
(76) 77
C.HoCl + KSCN —222 ", ¢, H,SCN
SCHEME 25

In order to demonstrate that these new phase-transfer agents could also act as
homogeneous catalysts, the iridium complex 75 was tested in the hydrogenation reaction
of phenylacetylene to styrene followed by :CCl, addition under PTC (equation 52). The
reduction of cinnamaldehyde to hydrocinnamaldehyde and subsequent transformation of
the latter into the alcohol 78 has also been described (equation 53). :

cl ¢l
(52)
78 ,CHCl,. NaOH (50%)
PhC=CH+H, 10 otm, 60 °C, 2 h‘=PhCH=CH2 —————012“, 20 5C PhCH—CHz
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PhCH=CHCHO + H, -+ PhCH,CH,CHO — !

PhCH,CH,CH(OH)CCl,

(78) (53)

These catalysts present the advantage of being potentially recycled after the reactions
without loss of activity, but are limited in catalysing only consecutive reactions such as
hydrogenation followed by the phase-transfer transformation.

B. Sequestrating Agent

A second possibility of bifunctionalization of the catalyst was to synthesize transition
metal complexes bearing phosphine ligands having polyether units (e.g. crown ethers).
Such ligands are difficult to prepare!®3164 or unstable!®*!6%, decreasing the potential
activity of the complex. Nevertheless, Okano et al.!% described the synthesis and
reactivity of palladium complexes having crown functionalized triarylphosphines
(Scheme 26), this ligand being more efficient than phosphine-bearing linear polyethers!6”.
These complexes were used in phase-transfer organometallic synthesis for ligand
exchange, leading to dibromo complexes (equation 54). Complete conversion was
observed after 1 h at 40 °C when 79 was used, and the yield of the dibromo compound was
estimated to be 30% after 10h in the case of PPh,. The catalytic properties of these species
was tested in the reduction of 1-chloromethylnaphthalene by formate salts under, either
solid-liquid or liquid-liquid biphasic conditions (equation 55).

o
Php L/OL)O_

(79)
CQHQ
[PdCI(NCPR),] + 2L 20°C 5 mim (PaciL ;)
L=79
SCHEME 26
trans-[PACl,L,] — =%, trans-[PdBr,L,] (54)
L =PPh,, 79
CH,CI Me
QO = =z QO
60 °C
solid or aq.soln 86°%

L=79(n=2)
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It is interesting to emphasize that [PdCl,(PPh,),] had no significant activity under the
specific two-phase conditions, and a mixture of this complex and 2 equivalents of benzo-
18-crown-6 was reported to be less efficient than the preformed catalyst.

C. Hydrophilic Ligands

As noted earlier, an important asset of PTC is the easy separation of the product,
especially in the case of acids present in the aqueous phase. However, most of the organic
compounds obtained by organometallic phase-transfer catalysis are found in the organic
medium and, from an industrial point of view, separation of both products and catalysts is
of prime importance.

This can explain why homogeneous catalysis in aqueous or aqueous—organic media
have been developed since 1973, when Chatt etal.!%® reported the first transition metal-
catalysed reaction in aqueous solution in the presence of alkylphosphine. Improvement of
the technique was then investigated by functionalization of the phosphine ligands. Water
solubility of the latter was achieved by introducing highly polar substituents (OH NH,,
SO,H, COOH) in the phosphine unit. Transition metal complexes bearing such ligands
have been tested in catalysis and the results have been reviewed'6°~!7! In this system, the
aqueous phase contains the metal catalyst whereas the organic medium can be the starting
substrate or the reaction product, either with or without an organic solvent. Thus,
hydrogenation of alkenes can be effected in a biphasic system in the presence of water-
soluble phosphine complexes of rhodium (80) or ruthenium (81).

{RhCIL,4] (RuHCIL4] L= PPh,

(80) (81) oo

Rhodium was shown to be more active than ruthenium and terminal olefins are
preferably reduced (with some isomerization). According to Borowski et al.!’?, the
reaction may occur without the organic solvent as an interfacial process, whereas Dror
and Manassen'?? assumed that the important role of the solvent is to solubilize the olefin
in the aqueous phase.

Hydroformylation of propene!”® or hex-1-ene is catalysed by [RhH(CO)L,], L being
P(4-NaSO,C¢H,); (82), with formation of less than 1% of hydrogenated products (e.g.
propane). Excellent yields (99%) and high selectivities (9% of n-butanol and 4% of
isobutanol) were observed in this process, which has been applied on industrial scale; the
presence of alcohol enhances the reaction rate owing to better solubilization of the olefin in
the aqueous phase and an immiscible solvent such as toluene allows an easy separation of
the catalyst. The use of a quaternary ammonium salt increased the conversion to
aldehydes in'the case of hex-1-ene (41% versus 22%), but slightly decreased the n-to iso-
ratio (95:5 versus 98:2)!74.

R
2 N +RH —[:"2—]» /\/\/\/\R+/\/\/|\V

R = OH,OMe,OPh, Et,N, MeCO,, O N (56)
—/
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Telomerization of dienes (e.g. butadiene) with small molecules can be effected by a
palladium-phosphine complex (82)'7* in a water—organic solvent mixture (miscible with
water) (equation 56).

In all these processes, the role of the organic solvent is either to solubilize the substrate in
water or to help in the separation and recycling of the catalyst. Therefore, they cannot be
described as real ‘phase-transfer’ systems. Nevertheless, Okano et al.!”® reported the
catalytic reduction of allyl chlorides and acetates with sodium formate in a two phase-
system with water-soluble phosphine complexes (equation 57). They proposed that the
metal complex reacts as a phase-transfer reagent to transport the substrate into the
aqueous phase, in which reaction with sodium formate takes place (Scheme 27). Although
ligand 83, owing to its polyether chains, can act as a normal phase-transfer catalyst, it was
demonstrated by trapping propene from the reduction of allyl acetate that the reaction
occurred in the aqueous phase.

[PdCI,L,]
RCH=CHCH,CIl + HCOONa

heptane, H,0, 61
RCH,CH==CH, + RCH=CHCH, (57)
R=C.H,, 82% 17%
R=C¢H, 95% 4%

(PaL,] I
PdL,] X~
organic phase [ T— "]
" aqueous phase i
+
[PaL,] A
X~
PdL,

SCHEME 27
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Phosphines are not the only hydrophilic ligands used in organometallic biphasic
catalysis. The synthesis of an amphiphilic porphyrin manganese complex (84) reacting as a
phase-transfer and epoxidation catalyst has been reported!”’”. In addition to the
simplification of the system (two functions in one reactant), the catalyst appeared to be
more efficient than a system including a quaternary ammonium salt and a classical
manganese—porphyrin complex. For example, styrene oxidation using 84 reached a
turnover number of 1200 instead 240 for the normal system.

(864)

V. CONCLUSION

Phase-transfer catalysis is an excellent technique and, rather than providing a universal
methodology, we have to consider it as a tool, especially in organometallic chemistry and
homogeneous catalysis. The scope of this field is still wide open and, as good craftsmen, we
have to understand how the tool can be best used by investigating the mechanisms
involved in these processes and elaborating improvements to it in order to discover new
concepts and applications.
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I. INTRODUCTION

A. Significance of Optically Active Compounds

L-Asparagine, one of the 20 natural amino acids which build up the proteins, has a bitter
taste whereas D-asparagine tastes sweet; (- )-estrone is a female sex hormone whereas
(—)-estrone has no hormone activity; the metabolites of (+ )-benzopyrene are carcinogens
whereas those of (—)-benzopyrene are not; there are barbiturates one enantiomer of which
is a narcotic whereas its mirror image is inactive. In these and similar cases, a given amount
of a racemic mixture has the same biological effect as half of the amount of the pure
enantiomer, the inactive enantiomer being only ballast.

The R-isomer of thalidomide is a sleeping aid whereas the S-isomer is teratogenic. The
commercial application of the racemic mixture in the 1960s caused the Contergan scandal,
which established a new ‘enantiomer consciousness’ as far as drugs are concerned. For
thalidomide, the enantiomer that is not active as a sleeping aid is a formidable hazard, not
only ballast.

In the class of barbiturates there are compounds one enantiomer of which stimulates
whereas the other deactivates the central nervous system. In such cases the effects of the
two enantiomers compensate each other and there is no overall effect of the racemic
mixture, the biological activity being due to the separate enantiomers.

The examples enumerated above demonstrate that the enantiomers of chiral com-
pounds behave differently in biological systems. The reason for this is that metabolism in
all living beings uses optically active compounds and not racemic mixtures, e.g. L-amino
acids in the proteins. Therefore, biological systems should not be approached with
racemic mixtures but with optically pure compounds to avoid side-effects such as those in
the Contergan case and to guarantee that minimum amounts give maximum effects. This is
the present strategy for the development of additives to human food, supplements to
animal food and the application of drugs and agrochemicals. Thus, L-phenylalanine is
part of the new sweetener aspartame used in cola-mix beverages. Food for pigs and poultry
based on corn is supplemented with about 20 000 tons per annum of L-lysine. About 60%
of all the drugs in the market contain chiral molecules. However, only about 60% of these
chiral drugs are available in optically active form, which means that 40% of them are still
used as racemic mixtures, irrespective of the fact that the pharmaceutical activity may be
due to only one of the two enantiomers. The same situation holds for agrochemicals, e.g.
insecticides based on chrysanthemic acid. Compared with the racemic mixture, the
application of the biologically active enantiomer of an insecticide reduces the amount
needed to achieve a certain effect in agriculture and diminishes environmental pollution.
These examples demonstrate the growing importance of optically active substances.

B. Synthesis of Optically Active Compounds by Enantioselective
Catalysis with Transition Metal Complexes

Optically active compounds can be prepared by transformation of other optically active
compounds provided in the natural pool or obtained by resolution. If a new element of
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chirality, e.g. an asymmetric carbon atom, is to be generated from a prochiral precursor, an
optically active auxiliary is required for optical induction. There are many reactions in
which stoichiometric amounts of a chiral auxiliary are used; superior are syntheses which
require substoichiometric amounts, e.g. an enantioselective catalysis using an optically
active catalyst. The enzymes which produce all the optically active substances needed for
life in man, animals and plants, are perfect enantioselective catalysts, combining stereo-
specificity with high catalytic activity and working under mild conditions. However, they
are confined to their natural substrates or closely related compounds. Nevertheless, the
use of enzymes is becoming increasingly popular in organic synthesis.

For a long time there have been efforts to mimic the enzymes by chemical catalysts, e.g.
alkaloids'. A relatively new and promising approach is the use of optically active
transition metal compounds as synthetic enantioselective catalysts, with the help of which
not only natural optically active substances but also optically active products not
available in nature can be prepared.

Enantioselective catalysis is an elegant and economical concept because it results in a
multiplication of the chirality contained in the optically active catalyst. As the catalyst
introduces its chiral information into each new catalytic cycle, large amounts of optically
active products are accessible using small amounts of optically active catalysts. This aspect
demonstrates the superiority of systems working with sub-stoichiometric amounts of an
optically active auxiliary compared with systems which require stoichiometric or
overstoichiometric amounts. With simple, durable, and efficient catalysts, e.g. the
transition metal systems to be discussed here, synthetic enantioselective catalysts enter
into competition with enzymes.

C. Scope and Subdivision of the Review

This review deals with the synthesis of organic compounds in which new chiral centres
are built up starting from prochiral precursors. The discussion is limited to catalytic
reactions with optically active transition metal compounds applied in sub-stoichiometric
amounts. There are no examples requiring stoichiometric amounts of optically active
catalysts.

In this chapter emphasis is placed on practical organic synthesis. Therefore, only
procedures for established reaction types and only effective systems giving high chemical
and optical yields have been selected. In the first, shorter, part a general discussion of the
catalysts is given. In the second, larger, part specific reactions are presented, including the
specific catalysts necessary to achieve high enantioselectivities. The chapter ends with a
mechanistic discussion examplified with two prominent enantioselective catalyses.

Recent comprehensive reviews are available in refs 2-9 covering the whole field.

Il. CATALYSTS

A. Optically Active Ligands

Inenantioselective catalysis with transition metal compounds, the optical activity in the
organic products to be synthesized derives from the ligands used. Bound to the transition
metal, the optically active ligands transfer their chiral information to the metal
coordination sites where the prochiral precursors are converted into the optically active
products. In the first heterogeneous enantioselective catalysis, the palladium-catalysed
hydrogenation of prochiral keto groups'®, the protein of silk fibroin was used as the chiral
matrix. The first example of homogeneous enantioselective catalysis was the cyclopropan-
ation of olefins with ethyl diazoacetate using soluble copper complexes of salicylaldimine
ligands, prepared from optically active primary amines''. Subsequently the optically
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TABLE 1. Frequently employed optically active ligands, with abbreviations and references to their

synthesis
S =
Me
%, MR st e MeO OMe
) Sl N
Ph,P PPh, Ph,P PPh,

(R)~(+)~prophos
Ref.15

PPh,

7

”I
“PPh,

(R,R)-(—)-norphos
Refs 19, 20

(Re,Spc)-(—)-bppfa
Refs 24,25

(R,R)-(+)-tartaric
acid

(25,385)-(—)-chiraphos
Ref. 16

(R,R)-(—)-dipamp
Refs 17,18

PPh,

CH,PPh,

N
L
\O—'CMG3

(R,R)=(~)~diop
Refs 21,22

(25,45)-(—)-bppm
Ref.23
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(8)-(—)-binap
Refs 26,27
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Il
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(R,R)-(+)-pyrphos
Refs 28,29

(R,R)-(+)-diethyl
tartrate

(4R)-(+)-pythia
Refs 30, 31
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active phosphines with their steric and electronic variability became the ligands of choice
and have dominated the field of enantioselective catalysis with transition metal
compounds in the last two decades. In pioneering studies, the monodentate Horner
phosphines PPhPrMe, containing a chiral P atom, were introduced as ligands into the
rhodium-catalysed enantioselective hydrogenation of C=C bonds'?:!3, Soon, however,
bidentate phosphine ligands took over. Owing to the bidentate binding, a chelated ligand
can adopt only a limited number of conformations compared with two unidentate ligands,
this reduction being advantageous for the optical induction on product formation®14,

The nine most frequently used bisphosphines are shown at the top of Table 1, arranged
according to increasing C,H content. In all of them, two PPh, groups are attached to
chiral backbones by P—C bonds, except dipamp, which contains chiral P atoms attached
to an achiral skeleton. Most of these bisphosphines are air-stable solids which are
commercially available. Literature references to the best syntheses are given below the
formulae. The prototype is diop, routinely applied in most studies dealing with enan-
tioselective catalysis.

In addition to the phosphines, tartaric acid, used to modify heterogeneous
catalysts®273%, diethyl tartrate, used in Sharpless and coworkers’ epoxidation of allyl
alcohols*¢™*! and Kagan and coworkers’ oxidation of sulphides*?*3, and the pyridine-
thiazolidine ligand pythia, used for the hydrosilylation of ketones!#3%-31:44 are included in
Table 1. These ligands are also commercially available. In contrast to most of the
phosphines, pythia is readily accessible in a one-step condensation of 2-acetylpyridine and
(S)-methyl cysteinate®!. Therefore, pythia is a cheap ligand in comparison with the
optically active phosphines, which are expensive because their syntheses usually involve
many steps.

In recent years, hundreds of optically active ligands have been prepared and used in
enantioselective catalysis. Many of them are bisphosphines similar to those shown in
Table 1. Usually they are classified with respect to their elements of chirality*®. They can
be chiral at the phosphorus atom, in the P substituents or in the chelate backbone,
including combinations. Another important classification criterion is the size of the chelate
ring formed with a metal atom. Depending on the number of carbon atoms separating the
PR, groups, chelate ligands may be able to form five-, six-, or seven-membered chelate
rings with a transition metal. The bisphosphines prophos, chiraphos, dipamp, norphos,
and pyrphos in Table 1 form five-membered chelate rings, whereas diop, bppm, and binap
form seven-membered chelate rings.

In addition to ligands having exclusively P-—C bonds, a variety of phosphorus ligands
has been reported containing P—N and P-—O bonds. They are usually prepared by
phosphinylation of optically active NH and OH compounds, such as amino alcohols or
carbohydrates. Unfortunately, these compounds easily undergo P—N and P—O bond
cleavage, rendering them optically inactive, especially in the alcoholic solvents frequently
required, e.g. for hydrogenation reactions. Although the ligands which bind to the metal by
P atoms still dominate the field, there are promising developments of ligands which bind to
the metal atom by N atoms, such as pythia, and to a lesser extent also by S or O atoms. A
compilation of ligands useful for enantioselective catalysis is given in ref. 45, and ref. 3
contains the formulae of 330 optically active ligands recently used in asymmetric catalysts.

B. Homogeneous Catalysts—/n Situ Catalysts

For some of the enantioselective catalyses it is well known which compounds are the
true catalysts or their immediate precursors entering the catalytic cycle. Sometimes these
compounds can be isolated, stored, and used directly in catalytic enantioselective
syntheses. If commercially available, these catalysts undoubtedly will be accepted by the
preparative organic chemist. However, if these catalysts have to be synthesized in extra
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steps prior to the actual catalysis, their routine application will be limited. For the typical
organic chemist, the handling of organometallic compounds with exclusion of air and
moisture will be impossible owing to a lack of the necessary laboratory facilities or
undesirable owing to the extra work with unfamiliar compounds.

Fortunately, there is an alternative, viz. the in situ preparation of the catalyst for an
enantioselective synthesis by combining a procatalyst and a cocatalyst. The procatalyst
usually is a stable transition metal compound, such as Cu(OAc),, NiCl,, [Rh(cod)Cl],,
[Rh{nbd),]BF,, [Pd(dba),], or [Co(dmg),], present in most laboratories, commercially
available, or readily accessible. The cocatalyst is an optically active ligand which, most
conveniently, should also be commercially available or easy to prepare. In solution the
procatalyst and cocatalyst combine to give the active catalyst—a simple procedure for
routine application. The preparation of such in situ catalysts is straightforward and takes
only a few minutes before the actual reaction is carried out. Henceforth in situ catalysts are
represented by the formulae of a procatalyst and a cocatalyst joined with a solidus; thus,
[Rh(cod)Cl1],/diop is the in situ catalyst consisting of the procatalyst [Rh(cod)Cl], and the
cocatalyst diop.

Another argument in favor of in situ catalysts is the possibility of varying the ligand to
metal ratio, which may have an impact on the optical induction, e.g. an increase in the
ligand to metal ratio may suppress an achiral reaction path. However, as outlined in
Section IV, for kinetic and mechanistic studies isolated compounds of known composition
are superior to in situ catalysts.

C. Heterogeneous Catalysts—Heterogenized Homogeneous Catalysts

Compared with homogeneous catalysts, heterogeneous catalysts are less selective,
particularly with regard to optical induction. Ideally, an enantioselective homogeneous
catalyst should be present in solution exclusively as one definite species, which could be
adapted to a specific substrate by tailoring the optically active ligand. A heterogeneous
catalyst, on the other hand, inevitably contains different catalytically active sites on its
surface, each of which has its own selectivity, resulting in a low overall selectivity. The
advantage of a heterogeneous catalyst is its easy separation from the reaction products
and its potential reusability, whereas the recycling of a homogeneous catalyst with respect
to the metal and especially with respect to the ligand is difficult.

For a heterogeneous enantioselective catalyst, the optically active modification of the
surface introduces the optically active ligand into the coordination sphere of a
homogeneous enantioselective catalyst. The chiral surface modification is carried out by
treating the solid catalyst with a solution of an optically active compound, e.g. an amino
acid or a hydroxy acid. (R, R)-( + )-Tartaric acid is the most frequently used optically
active modifier, e.g. in tartaric acid—NaBr-modified Raney nickel, an advanced hetero-
geneous asymmetric catalyst*®™*%, The pH and the temperature of the modification
and also pre- and post-treatment of the heterogeneous catalyst distinctly influence its
enantioselectivity3? 3%,

There are other ways of preparing asymmetric heterogeneous catalysts. Optically active
transition metal compounds can be impregnated on surface-rich supports, e.g. char-
coal*® or silica gel®?, so that they do not dissolve during the catalysis. Frequently, these
immobilized catalysts give an optical induction similar to their soluble counterparts. Also,
transition metal salts with optically active anions, such as copper tartrate®! and zinc
tartrate®2, are heterogeneous catalysts, provided that they are insoluble in the reaction
medium.

Heterogenized homogeneous catalysts combine the properties of heterogeneous and
homogeneous catalysts. A heterogenized homogeneous catalysts contains a ligand co-
valently bonded to a surface to which a metal fragment can coordinate. A spacer
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between surface and the catalytically active metal complex makes such a heterogeneous
catalyst closely resemble its homogeneous counterpart. Although combining the advan-
tages of a homogeneous and a heterogeneous catalyst, a heterogenized homogeneous
catalyst may lose its activity and enantioselectivity owing to metal leaching®3™%¢ (see also
Chapter 14 in Volume 4 of this series).

ll. REACTION TYPES

A. Reduction

In most optically active compounds one of the substituents at the asymmetric carbon
atom is a hydrogen atom. This hydrogen atom can be delivered to a prochiral carbon
atom by hydrogenation of C=C bonds. Therefore, this reaction is of fundamental
importance in the synthesis of optically active compounds.

1. Dehydroamino acid derivatives

Dehydroamino acids were introduced as substrates into enantioselective catalysis
in 197157:38, They could be hydrogenated to amino acids in high enantiomeric excess (ee).
The field has been reviewed frequently; some recent and comprehensive references are refs
2-5, 8,9 and 59-67.

The model reaction is the hydrogenation of (Z)-¢-acetamidocinnamic acid giving N-
acetylphenylalanine according to equation 1. As a rule, this reaction is chosen to test the
efficiency of a newly developed ligand or catalyst.

(Z)-PhCH=CCOOH + H, - PhCH,CHCOOH

I | M
NHCOMe NHCOMe

Table 2 lists a series of catalysts which have been applied in the hydrogenation
according to equation 1. The first nine entries in Table 2 represent catalysts containing the
nine optically active chelate phosphines lig* shown in Table 1. Some of them are isolated
catalysts of the type [Rh(olefin),lig*]X and some are in situ catalysts of the type
[Rh(olefin),Cl],/lig*. Most are rhodium compounds, but ruthenium compounds are also
good hydrogenation catalysts. Entry 8 in Table 2 shows an example where a Ru~binap
complex is superior to the corresponding Rh—-binap complex2%-¢?-7%. In addition to the
optically active phosphines, the catalysts usually contain olefin ligands, such as cod, nbd,
1, 5-H4, coct or ethylene. These olefin ligands are removed on hydrogenation, generating
the vacant coordination sites necessary for catalytic activity.

The hydrogenations are carried out under mild reaction conditions. In alcoholic
solvents, room temperature and 1 bar of hydrogen are sufficient for rapid quantitative
hydrogenation, although an increase in temperature or hydrogen pressure usually does
not harm the optical yields. In the hydrogenation in equation 1 the ligand diop gives the
lowest optical induction, with 819 ee. The enantiomeric excess obtained with the other
ligands is above 90% or even 95% ee. Whereas prophos, chiraphos, dipamp, norphos, and
pyrphos form five-membered chelate rings, diop, bppm, and binap form seven-membered
rings. Chelate ligands which form six-membered rings have been considered unsuitable to
induce high optical inductions’®; bdpp forms six-membered chelate rings but still gives
high optical inductions’®. The rhodium catalyst in entry 11, containing the cationic ligand
A, is water soluble and allows the hydrogenation of N-a-acetamidocinnamic acid in
aqueous suspension’!. Ligand B in entry 12 is a new organometallic molecule, the chirality
of which is due only to an asymmetric Re atom’?. It extends the series of organometallic
ligands for which the ferrocene derivatives of the type bppfa are well known examples’®.
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TABLE 2. Hydrogenation of (Z)-a-acetamidocinnamic acid according to equation 1

Me H PhaPa, "
e \ P /e K Me
~C ¢ N\ BF 4
Me
Ph,P
PPh, PPhp
bdpp A
A Ph o
e
phap” | “PPhy 0 OPh
NO thP/
B8 PPhy
Ph-R-glup
Entry Catalyst % ee Reaction conditions Ref.
1 [Rh(nbd)prophos]CIO, 918 thf, 25°C, 1 bar H, 15
2 [Rh(nbd)chiraphos]CIO, 89 R EtOH, 25°C, 1 bar H, 16
3 [Rh(cod)dipamp]BF, 96 S MeOH-NaOH, 25°C, 4 bar H, 17, 18
4 [Rh{cod)norphos]BF, 978 MeOH, 20°C, 1.1 bar H, 19,20
5 [Rh(coct),Cl],/diop 81R EtOH-C¢Hg, 20°C, 1.1 bar H, 21,68
6 [Rh(1, 5-Hd)Cl1],/bppm/NEt, 91R EtOH, 20°C, 50 bar H, 23
7 [Rh(1, 5-Hd)CI1],/bppfa 938 MeOH, 20°C, 50 bar H, 24
8 [Ru,Cl (binap),NEt,] 86S EtOH-thf, 35°C, 2 bar H, 69
9 [Rh(cod)pyrphos]BF, 9S MeOH, 20°C, 40 bar H, 28,29
10 [Rh(nbd)bdpp]CIO, 96 R MeOH, 30°C, 1 bar H, 70
11 [Rh(cod)A](BF,), 878 H,0, 22°C, 50 bar H, 71
12 [Rh(nbd)B]PF 93R thf, 20°C, 1 bar H, 72
13 [Rh(cod)Ph-$-glup)BF, 978 MeOH, 25°C, 1 bar H, 73

The ligand Ph-f-glup (entry 13) is a carbohydrate-derived phosphinite ligand which is
stable towards hydrolysis under hydrogenation conditions in alcoholic solvents”3. When
immobilized on an ion-exchange resin it gives an enantiomeric excess several per cent
higher than its soluble counterpart’’. With a rhodium catalyst containing a ligand of the
pyrphos type (entries 9 and 11) heterogenized on silica, the same optical induction is
achieved as with the homogeneous pyrphos catalyst®.

Most of the optically active phosphines used in asymmetric hydrogenation are
bisphosphines containing a chiral backbone and two diphenylphosphino groups attached
to it*3:7°, It is well established that the puckering of the chelate ring and the arrangement
of the phenyl rings at the phosphorus atoms transmit the chiral information from
the chiral centres in the ligand skeleton to the catalytically active sites of the catalyst,
allowing a correlation of the product configuration with the inducing chirality of the
ligand?'3:8:16.65.80.81,

In addition to (Z)-a-acetamidocinnamic acid, other amino acid precursors are
frequently used as substrates. Table 3 provides a selection of catalysts based on the
conventional optically active phosphine ligands which give a high enantiomeric excess in
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the hydrogenation of (Z)-a-benzamidocinnamic acid (entry 1), methyl (Z)-a-acet-
amidocinnamate (entry 2), a-acetamidoacrylic acid (entry 3), and methyl «-acet-
amidoacrylate (entry 4). With a heterogenized Rh—pyrphos system instead of the
corresponding homogeneous catalyst virtually complete optical induction was obtained
in the hydrogenation of methyl (Z)-a-acetamidocinnamate”®. Entry 4 shows that the
noble metal rhodium can be replaced in hydrogenation catalysts by 3d metals such as
cobalt, and that the phosphme ligands used throughout Tables 2 and 3 can be replaced
by nitrogen ]1gands

Table 4 gives examples for the hydrogenation of a-acylamidoacrylic acid derivatives
with additional B-substituents which can be in an E- or Z-orientation®3°, Provided that
the a-acylamidoacrylic acid moiety is kept constant to ensure bidentate binding, high
optical inductions are obtained. Entry 1 in Table 4 shows the hydrogenation of a
precursor of the anti-Parkinson drug L-Dopa, needed in amounts of 200 tons per annum.
This enantioselective hydrogenation with an Rh~dipamp complex was the first industrial
process using the concept of enantioselective catalysis with transition metal compounds
(Monsanto amino acid process)'7-88.

In entries 2 and 3 in Table 4 the f-substituents in the a-acetamidoacrylic acids are
indolyl and isopropyl, the hydrogenation leading to the amino acids tryptophan and
leucine?®-847%¢_In entry 4 an exotic f-substituent is used because the hydrogenation
shown is part of the synthesis of the natural product chlamydocin®’. This example is
representative of the enantioselective steps in the synthesis of other biologically active
molecules, such as the cyclopeptide alkaloid mucronin B8 and the dopamine agonist
PHNO??. Similarly, asymmetric hydrogenation of dehydroamino acids is a method to
introduce *H or '*C labels conveniently into optically active amino acids®!™93,

In dehydrodipeptides, a dehydroamino acid can be combined with an optically active
amino acid, the dehydroamino acid being in the N- or C-terminal position (Table 5). In the
hydrogenation with an enantioselective catalyst there is double stereoselection®’ consist-
ing of a contribution from the optical activity of the catalyst and a contribution from the
optically active amino acid in the substrate®®™1°°, Sometimes, the asymmetric catalyst
only slightly modifies the contribution of the amino acid chirality (substrate con-
trol)! 1192 However, frequently the contribution of the catalyst dominates, allowing the
introduction of a new S or R configuration in a dipeptide depending on the ligand
enantiomer used in the catalyst (catalyst control)®*~%¢,

The dehydrodipeptide derivatives in entries 1 and 2 in Table 5 differ only in the
configuration of the phenylalanine component. (R, R)-dipamp as the optically active
ligand in the rhodium catalyst induces predominantly the S configuration in the APhe
component (catalyst control), resulting in a diasterecomeric excess of 98.8 and 91.6%,
respectively®®. Another example of catalyst control in the asymmetric hydrogenation of a
dehydrodipeptide is shown in entries 3 and 4. Hydrogenation of the APhe moiety with in
situ catalysts containing ( — )- and ( + )-bppm gives the dipeptide in 88%; (RS) and 84%, de
(8, S), de = diastereomeric excess, the contribution of the (S)-Leu component present in the
substrate being negligibleS. Enantioselective hydrogenation has also been extended to
dehydrooligopeptides®®%°. Entry 5 in Table 5 shows an example of a pentapeptide which
has been obtained in 939 de.

2. Other olefins

The more the substitution pattern of an olefin departs from that of the acylaminoacrylic
acids or their esters, discussed in the preceding section, the more difficult it is to obtain high
optical inductions in the catalytic hydrogenation®*°. The replacement of the COOH or
COOR substituents with other electronegative groups such as cyano or benzoyl does not
lead to a large decrease in enantiomeric excess on hydrogenation (entries 1 and 2,
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Table 6)!°3. Entry 3 shows that enantioselective hydrogenation also could be successfully
transferred from dehydroamino acids to dehydrophosphonic acids!%4.

An exchange of the acylamido substituent in the dehydroamino acid moiety is critical.
High enantiomeric excesses on hydrogenation are obtained only when the substituent
replacing the acetamido group is able to coordinate to the rhodium atom. Such
substituents are OC(O)R and CH,COOH having a f-carbonyl for chelation (entries 4 and
5 in Table 6). In particular, itaconic acid has been frequently used as a substrate in
asymmetric hydrogenation and entry 5 gives a selection of results with various catalysts.
The highest optical induction was achieved with an Rh—capp catalyst!®® and the highest
reaction rates with an Rh—bcpm catalyst'°8, Both ligands are bppm derivatives, depicted
at the bottom of Table 6.

Tetrahydroisoquinolines with an exocyclic double bond at ring carbon C, are
enamides having the structural requirements for bidentate binding to a catalyst by the
double bond of the olefin and the oxygen atom of the N-acyl substituent. Therefore, in
their hydrogenation (equation 2) with an Ru(OAc),binap catalyst 1-substituted tetrahy-
droisoquinolines are obtained in optical yields close to 100%,''°.

MeO MeO

NCOMe ‘/NCOMe
MeO MeO C

I H
: OMe OMe
OMe OMe
@

This reaction represents the stereospecific step in the newly established commercial
production of tetrahydropapaverine, tretoquinol, laudanosine, norreticuline, and sal-
solidine. The same method was applied to the synthesis of morphine-based analgesics such
as benzomorphans and dextrorphans!!!, Enamides similar to the starting material in
equation 2 have been hydrogenated previously with Rh—diop and Rh—dipamp catalysts in
optical yields of 82-92%, ee'!2,

Until recently, «, f-unsaturated carboxylic acids lacking the acylamino or a related
substituent in the a-position could not be hydrogenated with high optical induction. A
representative example is a-methylcinnamic acid (entry 1, Table 7). Its hydrogenation with
conventional catalysts such as the Ru—diop catalyst in entry 1 gives optical inductions in
the middle range. Only special approaches, e.g. transition metal catalysts modified by
enzymes, lead to high enantiomeric excesses!'®. Similarly, the substrates atropic acid and
tiglic acid (entries 2 and 3) have been difficult to hydrogenate with high optical yields. The
situation changed with the recent development of the catalyst Ru(OAc),binap, which
induces > 90% ee in the hydrogenation of atropic acid and tiglic acid (entries 2 and 3) in
addition to similar substrates, inctuding the precursor to the drug naproxen'!4,

Hydroxyl substitution of the substrate may direct asymmetric hydrogenation!!”~1% A
new success of this concept has been reported for the enantioselective hydrogenation of
prochiral allyl alcohols, e.g. geraniol (entry 4, Table 7) and nerol. Citronellol is obtained in
96—99%; ee using a Ru—binap catalyst!!*. In the same reaction, Rh—binap catalysts have
achieved only 66%, ec!2°.

Enantioselective hydrogenation is most difficult for olefins containing non-
functionalized double bonds such as a-ethylstyrene, which at best can be reduced with
enantiomeric excesses in the middle range (entry 5). Only with heterogeneous catalysts at
low conversion higher enantiomeric excesses have been achieved'??,
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3. Ketones and imines

For the hydrogenation of prochiral C=0 bonds, the conventional rhodium catalysts
are less efficient than for the hydrogenation of C—=C bonds, with respect to both rate and
enantioselectivity. The catalysts can be improved by adding amines'22 or by using optically
active phosphine ligands with alky! substituents at phosphorus, e.g. the cyclohexyl
derivatives of diop and bppm!237126,

Table 8 gives examples for the enantioselective hydrogenation of prochiral keto groups.
Acetophenone has been hydrogenated in 829 ee to 1-phenylethanol with a rhodium
catalyst of bdpp (entry 1)7°. Acetophenone functionalized in the methyl group by a
diethylamino moiety gives an increased enantiomeric excess on hydrogenation, probably
owing to additional coordination of the diethylamino substituent (entry 2)!27. a-Keto
esters, such as methyl pyruvate (entry 3), can be reduced in high enantiomeric excess,
using rhodium complexes with ligands of the bppm family. The best results are obtained
with mecpm, a compound in which the OCO-t-Bu group of bcpm (bottom formula in
Table 6)is replaced with OCNHMe!28. Benzil is hydrogenated to benzoin using a cobalt—
dimethyl glyoximate/quinine system with 78% ee (entry 4)*2°.

Ketopantolactone, which has an a-keto group similar to the a-keto ester and a, f-
diketone in entries 3 and 4 in Table 8, has become one of the standard substrates
for the enantioselective hydrogenation of keto groups (equation 3)!?°. With an
[Rh(cod)Cl],/bppm catalyst 879, ee!>!-*32 and with a rhodium catalyst of bcpm (bottom
formula in Table 6) 92% ee are achieved in the hydrogenation of ketopantolactone*33-134,

O + Hp —» HOHC 0 (3)

7 T

0

B-Hydroxy acids play an important part in the biosynthesis and metabolism of fatty
acids and in the synthesis of natural products. The enantioselective hydrogenation of 8-
keto esters, e.g. methyl or ethyl acetoacetate to give 3-hydroxybutyrates (equation 4), is a
model reaction for the preparation of these key intermediates, intensely studied since 1958
mainly with heterogeneous catalysts of the Raney nickel type modified with tartaric acid
and NaBr32735, The reaction has already been used in the enantioselective steps of natural
product syntheses, e.g. the sex attractant of the pine sawfly!33.

MeCOCH,COOR + H, » MeCH(OH)CH,COOR 4
R = Me, Et

As usual, the separation of the heterogeneous catalyst from the reaction mixture is much
easier than for a homogeneous catalyst. However, it is a problem to reuse the
heterogeneous catalyst, because it loses its activity and stereoselectivity. Recently,
heterogeneous Raney nickel-tartaric acid—NaBr systems have been stabilized by amine
modification!3® or by embedding them in silicone rubbers!3’ to make them keep their
original performance even after repeated use, storage or exposure to air.

So far, optically active -hydroxycarboxylic esters have been prepared primarily by
heterogeneous enantioselective hydrogenation of acetoacetates using tartaric acid—NaBr—
modified Raney nickel. However, according to a recent finding, these important com-
pounds can also be obtained by homogeneous hydrogenation of 3-oxocarboxylic acid
derivatives with catalysts of the type RuCl,(binap) in up to 100% ec'®. Importantly, the
new approach is superior to biotechnological approaches, e.g. the use of baker’s yeast, in
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being clean, operationally simple, economical and allowing high substrate concen-
trations!38,

For the hydrogenation of the C=N bond in prochiral ketimines, which gives secondary
amines, examples are scarce. According to entry 5 in Table 8 the imine of acetophenone
and benzylamine can be reduced with 73% ee using a Rh—bdpp catalyst’®.

4. Transfer hydrogenation

In transfer hydrogenation a hydrogen donor, e.g. isopropanol or formic acid, takes the
place of molecular hydrogen. Two hydrogen atoms are transferred from the hydrogen
donor to the substrate. A typical transfer hydrogenation is the reduction of acetophenone
with isopropanol to give the chiral a-phenylethanol and acetone (equation 5).

PhCOMe + Me,CHOH — PhCH(OH)Me + Me,CO %)

For the system isopropanol-aluminium isopropanolate this reaction type is known as
the Meerwein—Ponndorf-Verley reduction!3®. In recent years transition metal catalysts
have been developed which catalyse transfer hydrogenations enantioselectively and more
effectively than Al(i-PrO), in homogeneous and heterogeneous systems!4%-141,

Rhodium and iridium catalysts with optically active P or N ligands transform prochiral
ketones into secondary alcohols with optical inductions lying in the middle range!427148,
The activation of the transfer hydrogenation catalysts may be such a critical step that an
inversion of the direction of optical induction is observed under different conditions"**.
The transfer hydrogenation of keto groups can also be accomplished by other hydrogen
donors and catalysts. Thus, the reduction of the a-keto group in methyl phenylglyoxylate
by nadh to yield methyl mandelate in up to 55% ee is catalysed by the optishift reagents
[Eu(tfc);] and [Eu(hfc);]*%°.

Hydrogen donors also can tranfer hydrogen to C=C bonds'*!. Recently, the systems
HCOOH-HCOONa and the commercial azeotrope HCOOH-NEt, (5:2) have been
introduced for the enantioselective transfer hydrogenation of the C=C bond in (Z)-a-
acetamidocinnamic acid (equation 6) and other dehydroamino acids'’2''%3. Some of
the systems give higher enantiomeric excesses than the hydrogenation with gaseous
hydrogen.

PhCH=C(NHCOM¢)COOH + HCOOH-NEt, - PhCH,CH(NHCOMe)COOH
+ CO,-NEt, (6)

5. Hydrosilylation

The Si—H bond in silanes is activated more readily than the H—H bond in molecular
hydrogen. Many transition metal compounds catalyse the Si—H addition to C=C,
C=N, and C=0 bonds. Only the hydrosilylation of carbonyl compounds, the most
important of these reactions, is dicussed in detail'#:6%:154.155,

In the hydrosilylation of a carbonyl compound, the oxophilic Si fragment regiospecifi-
cally adds to the O atom and the H atom to the C atom of the C=0 bond. As O—Si
bonds in silyl ethers hydrolyse easily, the hydrosilylation of a prochiral ketone and the
subsequent hydrolysis result in a reduction to the corresponding alcohol. The most
frequently used substrate, also the first substrate used in an enantioselective hydrosilyl-
ation' 3, is acetophenone, giving a-phenylethanol. Its hydrosilylation with diphenylsilane
and the subsequent hydrolysis is shown in equation 7.

PhCOMe + H,SiPh, - PhCH(Me)OSiHPh, —22_ PhCH(Me)OH (7
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In the hydrosilylation of prochiral ketones only medium optical inductions can be
achieved, irrespective of the choice of substituents at the carbonyl group and the silicon
atom, as long as the conventional bisphosphine ligands in Table 1 are used, which have
done such a good job in enantioselective hydrogenation. For the hydrosilylation of
acetophenone with diphenyisilane, the highest reported enantiomeric excess is 77%,
obtained with a rhodium catalyst containing glucophinite, a derivatized glucose converted
into a bisphosphinite ligand!*’. The situation changed with the advent of nitrogen ligands,
such as pyridine imines'38!5° and especially pyridine thiazolidines?:3!-'6%, Rhodium
complexes of the commercially available pyridine thiazolidine ligand pythia (Table 1) give
much higher optical inductions in the hydrosilylation of prochiral ketones than the
bisphosphines used up to now*!, the highest reported enantiomeric excess for the system
acetophenone—diphenylsilane being close to 100%;. To improve enantioselective catalysis
with transition metal compounds it is obvious to replace expensive phosphorus ligands,
accessible only in many-step syntheses, with readily available nitrogen ligands, such as
pythia, accessible in one-step condensations.

Entries 1 and 2 in Table 9 show two prochiral aryl alkyl ketones which have been
reduced by hydrosilylation and subsequent hydrolysis in high optical yield!¢°. One of
these, 2-acetylpyridine (entry 2), had previously been difficult to reduce enantioselec-
tively!82. The examples were selected from a series of 58 prochiral ketones which have been
subjected to the standard procedure for the hydrosilylation with diphenylsilane using
catalysts of the [Rh(cod)Cl],/pythia type, giving high enantiomeric excess in most
cases!5C. Even alkyl alkyl ketones such as hexan-2-one in entry 3 can be reduced with
reasonably high optical inductions.

In contrast to ketones, keto esters can be hydrosilylated in high optical yields using
rhodium complexes of the conventional bisphosphines. The best success is achieved when
the hydrosilylating agent diphenylsilane is replaced with a-NpPhSiH,, containing a
prochiral silicon atom. With this special silane n-propyl pyruvate is reduced with 85% ee
{entry 4)'5!, Interestingly, the catalysts successful for a-keto esters can also be applied to §-
keto esters. Thus, with a Rh—diop catalyst, n-propyl acetoacetate gives the reduction
product in 83% ee (entry 5), which can be cyclized to the corresponding y-lactone!®!. The
reaction can be extended from a-keto esters to a-keto amides and a-keto acylamino acid
derivatives. For substrates containing optically active amino acid derivatives,
double stereoselection is possible and many examples of efficient catalyst control are
knOWn60'154'155.

Besides the addition to the C=0O bond discussed above, the Si—H bond can be
enantioselectively added to olefins and imines!34. Also, oximes can be enantioselectively
reduced by catalytic hydrosilylation!63-164, The reactions can be conducted such that
optically active silicon compounds are formed® 3*. Asymmetric 1,2- and 1,4-additions to
a, -unsaturated carbonyl compounds are possible!3#165. All these hydrosilylation
variants are mentioned only briefly here because the optical inductions do not exceed the
medium range. The reader is referred to recent reviews for further information?™®.

B. Oxidation

Unlike reduction, oxidation of organic compounds tends to remove chiral centres. In
specific oxidation reactions, however, new asymmetric centres can be formed during
transition metal catalysis, one of which, the Sharpless epoxidation, has become a valuable
tool in enantioselective organic syntheses.

1. Epoxidation

C=C bonds are catalytically oxidized to epoxides with a variety of oxidants, e.g. tert-
butyl hydroperoxide. The reaction is known as Sharpless epoxidation if the C=C bond is
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part of an allylic alcohol moiety. Titanium alkoxides—tartaric acid esters are used as
enantioselective catalysts (equation 8).

RCH=CHCH,OH + t-BuOOH —» RCH—CHCH,OH + t-BuOH 8)
\O/

Sharpless epoxidations of allylic alcohols have usually been carried out with stoich-
iometric amounts or even an excess of titanium alkoxides—tartaric acid esters®®™4!,
Therefore, the applications of the stoichiometric and over-stoichiometric variants do not
belong to the scope of this review, which is confined to sub-stoichiometric amounts of
catalyst.

Already in the first publications on the Sharpless epoxidation the possibility of carrying
out the reactions with sub-stoichiometric amounts of catalyst was apparent!5%167 and
occasionally catalytic variants of the Sharpless epoxidation with sub-stoichiometric
amounts of catalyst and inductor have been used3°40-168.16% More recently, a procedure
allowing the asymmetric epoxidation of allyl alcohols with 5-10 mol-%; of catalyst was
developed by Sharpless and coworkers, the key feature of which is the use of molecular
sieves! 70171 The new procedure facilitates the work-up and gives optical inductions close
to those of the stoichiometric systems.

Table 10 gives seven representative examples!’!. In entry 1 the epoxidation of allyl
alcohol to the corresponding epoxide is shown. Up to now, such low molecular weight
allyl alcohols have presented problems in the work-up. It is one of the many cases where
the catalytic variant is superior to the stoichiometric reaction. The epoxidation of the

TABLE 10. Sharpless epoxidation of allylic alcohols with tert-butyl hydroperoxide using sub-
stoichiometric amounts of Ti(i-PrO),—diethyl tartrate or diisopropyl tartrate catalyst in the presence
of molecular sieves'”!

Chemical Optical

Entry Reaction yield (%)  yield (% ee)
1 H,C=CHCH,0OH - HZC\-—/CHCHZOH 65 90
O
2 (E)-C3H,CH=CHCH,OH - C3H7CP{—/CHCHZOH 85 94
O
3 (E)-PhCH=CHCH,OH —» PhCl\-I—/CHCH ,OH 89 >98
O
4 (2)-C,H,;CH=CHCH,OH—-CH, 5CH\S7CHCHZOH 74 86
5 H,C=C(Pr)CH,OH —» HZC\—/C(Pr)CHZOH 88 95
O
6 (E)-PhCH=C(Me)CH,OH - PhClil(?C(Me)CHZOH 79 >98
7¢ (E)-RCH=CHCH,0OH - RCH—/—CHCHZOH 95 91

“R = Me,C=CHCH,CH,.



128 H. Brunner

E-configured epoxy alcohols in entries 2 and 3 is rapid and complete, whereas the Z-
configurated allyl alcohol in entry 4 is epoxidized only slowly. Entry 5 is the epoxidation of
an unsymmetrically disubstituted allyl alcohol. It reacts slowly but gives the epoxide in
high chemical and optical yield. For such substrates the stoichiometric reaction is
accompanied by extensive ring opening. Entries 6 and 7 demonstrate that trisubstituted
allyl alcohols react rapidly with optical inductions slightly lower than those in the
stoichiometric reaction. Also, kinetic resolutions of secondary allylic alcohols with
10mol-%; of catalyst have been reported!”?.

These developments have set the stage to make sub-stoichiometric variants of the
Sharpless epoxidation increasingly popular. Thus, the epoxidation of (E)-nona-2, 3-dien-
1-o0l, in which only the double bond of the allylic alcohol moiety was attacked, with tert-
butyl hydroperoxide gave a 96%ee'’2. Similarly, the catalytic epoxidation of the
corresponding allylic alcohols provided the enantioselective steps in the synthesis of
anthracyclines'”?, anthracyclinone!’*, digitoxose'’, endo-brevicomin!’é, and cyclo-
sporins'””. Also, the C, unit of insect pheromones was synthesized by catalytic asym-
metric epoxidation'’8.

In contrast to the Sharpless epoxidation of the C=C bond in allylic alcohols, the
enantioselective epoxidation of the C—=C bond in simple olefins is still a problem. Thus,
the epoxidation of p-chlorostyrene with iodosylbenzene at best gives about 509, ee using
chirally modified iron porphyrin catalysts!'7°:18°,

2. Sulphide oxidation

Sulphides can be oxidized to sulphoxides, which are configurationally stable molecules.
The oxidation of methyl phenyl sulphide is shown in equation 9.

PhSMe + t-BuOOH — PhSOMe + t-BuOH ©)

All the transition metal systems used to catalyse the sulphide —sulphoxide reaction
gave limited optical inductions'®! until the system Ti(i-PrO),—diethy] tartrate brought a
breakthrough®243:1827186 Recently it has been demonstrated that cumene hydroper-
oxide is superior to tert-butyl hydroperoxide and that the reaction can be carried out
catalytically using 25 mol-% of catalyst*23, All the other recent transition metal systems
are less efficient than the Ti(i-PrO),~diethyl tartrate system in the enantioselective
oxidation of sulphides!'®7!88,

C. C—C Bond Formation

The catalytic formation of new C—C bonds with concomitant introduction of optical
activity is a concept which tackles two major problems in modern synthetic organic
chemistry. As far as transition metal catalysis is concerned, enantioselective C—C bond
forming reactions subdivide into a number of totally different types.

1. Hydroformylation and hydrocarboxylation

Hydroformylation of olefins is an industrially important reaction, which is usually
carried out with a 1:1 mixture of carbon monoxide and hydrogen. In the olefin
hydroformylation a hydrogen atom and a formyl group are added to the C—C bond.
Usually two regioisomers, linear and branched, result; these may be chiral depending on
the structure of the olefin used'8971%2. A detailed review is available in Chapter 8 of
Volume 3 of this series as well as elsewhere!?3,

In the hydroformylation of styrene, the usual model reaction (equation 10), only the
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branched chain product is chiral.
PhCH=CH, + CO-H, - PhCH(Me)CHO + PhCH,CH,CHO (10)

The first enantioselective hydroformylation of styrene with low optical induction was
described in 19721%4. The optical yields have been increased steadily over the years by
improving the catalyst, usually rhodium and platinum compounds, the latter frequently in
combination with SnCl,'?3. An example is the [ (bppm)PtCl,1/SnCl, catalyst, which for
the branched isomer gives up to 96%ee on low conversion and 70-80%ee on high
conversion (entry 1, Table 11)!°%*97, Under similar reaction conditions substituted
styrenes, e.g. 4-acetylstyrene (entry 2), are hydroformylated in up to 85% ee. High optical
inductions are obtained in the hydroformylation of vinylnaphthalenes, some of which
can be converted into the drugs ibuprofen, naproxen, and suprofen!?6. With the success-
ful catalyst [(bppm)PtCl,]/SnCl,, substrates such as allyl acetate (entry 3) and vinyl-
phthalimide yield 82 and 73% ee, respectively'®S,

In the hydroformylation of dimethyl itaconate (entry 4, Table 9) with the catalyst
[(diop)PtCl,]1/SnCl, the 2-formyl product is the only hydroformylation product obtained
in 82% ee!®8. The competitive hydrogenation, a frequent side-reaction in hydroformyl-
ation, gives dimethyl 2-methylsuccinate in 51% ee. Rh—diop catalysts form both com-
pounds in only low enantiomeric excess!®®.

Usually, hydroformylation reactions are carried out in solvents such as benzene or
toluene. Special success has been reported recently for enantioselective hydroformylation
in triethyl orthoformate. In this solvent the hydroformylation of styrene at 100%
conversion yields the optically pure acetal of the branched aldehyde, which can be
hydrolysed to the aldehyde without racemization'®s. Similarly, 6-methoxy-2-
vinyl-naphthalene, N-vinylphthalimide, and vinyl acetate are hydroformylated to give the
optically pure acetals of the corresponding branched oxo-aldehydes!?°.

In addition to hydrogenation, the hydroformylation reaction has mainly been used to
test many heterogeneous catalysts, e.g. the PtCl,/SnCl, complexes of polymeric diop- and
bppm-derived systems. Usually they give enantioselectivities comparable to those with the
corresponding homogeneous systems!89:197:200-204 A gyadrant rule has been developed
to predict the direction of optical induction in the hydroformylation reaction which most
of the systems obey!92-193.198.205

In the hydrocarboxylation or hydroesterification reaction an olefin is converted into a
carboxylic acid ester by treatment with carbon monoxide in an alcohotlic solvent. Control
of the regioselectivity is possible by proper choice of the alcohol'®!-192, An example is the

TABLE 11. Hydroformylation of olefins with CO-H,°

Entry Reaction Catalyst %ee  Ref.
1 PhCH=CH, + CO-H, [(bppm)PtCl,]/SnCl,/bppm 9% 196

— PhCH(Me)CHO [(bppm)PtCl,1/SnCl, 80 197
2 4-AcC,H,CH=CH, + CO-H,

—4-AcCcH,CH(Me)CHO [(bppm)PtCl,1/SnCl, 85 196
3 CH,=CHOAc + CO-H,

—+MeCH(OAc)CHO [(bppm)PtCl,]/SnCl, 82 196
4 CH,=C(COOM¢e)CH,COOMe

+ CO-H, - MeC(CHO)(COOMe)-

CH,COOMe [{diop)PtCl1,}/SnCl, 82 198

“The chiral aldehyde shown is accompanied by its regioisomer and usually by some hydrogenation product. For the
formulae of the ligands se¢ Table 1.
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hydroesterification of a-methylstyrene, shown in equation 11, which gives 69%, ee206-207,
PhC(Me)=CH, + CO-Me;COH — PhCH(Me)CH,COOCMe, (11

2. Grignard cross-coupling

The reaction of vinyl halides and aryl halides with Grignard reagents can be catalysed
by transition metal compounds. On modification of the catalysts with optically active
ligands enantioselective product formation is observed, ferrocenylphosphines and f-
dimethylaminoalkylphosphines being the most successful ligands usually applied in nickel
and palladium complexes’®2°8-2!1 The cross-coupling of 1-phenylethyl-Grignard with
vinyl bromide (equation 12) is a frequently studied model reaction.

PhCH(Me)MgCl + BrCH=CH, - PhCH(Me)CH=CH, + MgBrCl  (12)

Reaction 12 was the first (1973) enantioselective Grignard cross-coupling?!2-213, The
reaction type can be extended to other Grignard and organozinc reagents and alkenyl
halides. Sometimes the optical purity and even the configuration of the products change
with an exchange of the halide in the Grignard reagent or its coupling partner®'*. The
Grignard cross-coupling reaction is an asymmetric transformation involving racemiz-
ation of the chiral Grignard reagent during the reaction?°®. An impressive number of
examples have been accumulated??®, the most spectacular of which are summarized in
Table 12.

In entry 1 the results for the system of equation 12 are shown using powerful nickel and
palladium catalysts with ligands A, B, and C, depicted in the footnote; leuphos (A) is
derived from the amino acid leucine?!5-2!° and ppfa (B) is a member of the bppfa
family’6-216:2!8 poth PN ligands which are especially suitable in the Grignard cross-
coupling reaction.

New families of macrocyclic ligands with sulphide and amine binding sites have been
synthesized. Their nickel catalysts give high optical inductions in the cross-coupling of
equation 12. The best enantiomeric excess of 88% is obtained with a NiCl, catalyst
containing ligand C (homomethphos), designed to act as a tricoordinate ligand?'”. The
idea is supported by the observation that ligands with shorter spacers between the PN
moiety and the S atom are much less enantioselective.

TABLE 12. Grignard cross-coupling of various racemic Grignard reagents and alkenyl halides

Entry Reaction Catalyst® %ee Ref.
1 PhCH(Me)MgCl + BrCH=CH,
— PhCH(Me)CH=CH, + MgBrCl NiCl,/A 94 R 215
PQCIZ/B 95R 216
NiCl,/C 88R 217
2 PhCH(SiMe,)MgBr + BfrCH=CH,
— PhCH(SiMe,)CH=—CH, + MgBr, PdCl,/B 95R 218
3 PhCH(SiMe;)MgBr + BrCH=—CHPh
— PhCH(SiMe,)CH=CHPh + MgBr, PdCl,/B 95R 218
H,‘ Me
o q SHzCHMe, ""C<
= >:—l§ ) 8= Q " Pes M.\S/W\Ppn
thP NMeo PPhy EM 2
©Q

{leuphos} (ppta) (homamethphos)
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Asymmetric Grignard cross-coupling has been extended to silyl derivatives. The
reaction of 1-(trimethylsilyl)benzyl Grignards with alkenyl bromides (entries 2 and 3) gives
optical inductions up to 95% ee with palladium catalysts containing ferrocenylphosphine
ligands of type B236-2!8 The coupling products are useful intermédiates in organic
synthesis with the asymmetric centre directly bonded to the silicon atom.

A series of chiral and prochiral allylic electrophiles have been cross-coupled with
Grignard reagents, leading to the allyl alkylations discussed in the next section. Nickel
complexes of the ligand chiraphos give up to 90.4% ee in the methylation of the cyclic allyl
phenyl ether according to equation 13229, The reaction has been used to prepare olefins
from allylic alcohol derivatives and Grignard reagents in high optical yields*2':222,

- -
CH—OPh + MeMgBr —— CHMe + MgBr(OPh) (13)

Allylic alkylations with hard nucleophiles such as Grignard reagents or organozinc
compounds follow mechanisms different from that of the palladium-catalysed substitution
of allylic acetates by soft nucleophiles, discussed in the next section. They involve the
formation of a bond between the transition metal atom of the catalyst and the nucleophile.
The product is formed from this intermediate by a reductive elimination in which the
nucleophile approaches the allylic moiety from the side of the n*-coordinated metal
atom?%8, contrary to the mechanism of allylic alkylation with soft nucleophiles considered
in Section IV.

3. Allyl alkylation with soft nucleophiles

The alkylation of allyl acetates with soft nucleophiles such as sodium acetylacetonate
{equation 14) is best catalysed by palladium complexes2°®. It involves the formation of an
n3-allyl palladium complex inverting the configuration of the asymmetric carbon atom. As
the soft nucleophile attacks the 5>-allyl complex from the side opposite to the palladium
atom, another inversion takes place, giving the product with formal retention compared
with the chiral allyl acetate used as a starting material. For R = R’ in equation 14 the »°-
allyl palladium substructure is symmetrical and the optical induction in the product comes
solely from the optically active ligand bound to the palladium atom.

RCH(OAC)CH=CHR' + NaCH(COMe), » RCH[CH(COMe),]CH=CHR’
+RCH=CHCH[CH(COMe),]R’

(14)

Table 13 contains recent examples spectacular with respect to a high degree of optical
induction. One of the most developed systems, triphenylpropenyl acetate—sodium
dimethylmalonate, gives optical inductions up to 86% ee (entry 1)>23. The mechanism of
this palladium-catalysed allylic alkylation is discussed in Section [V208.223.226.227

The special ferrocenylphosphine A, depicted in the footnote to Table 13, is an advanced
ligand derived from bppfa (Table 1). Designed to interact with the substrate within the
catalyst, it gives high optical inductions for a variety of propenyl acetates (entries 2 and
3)*24:225 In a kinetic resolution, palladium catalysts of ferrocenylphosphine A (Table 13)
have been applied to give up to 99%ee for the recovered allyl acetate and 98%ee for the
substitution product??8,

4. Cyclopropanation

In the reaction of an olefin with a diazo compound, such as diazo acetate, nitrogen is
eliminated and cyclopropanes are formed when catalysed with copper or other transition
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metal catalysts, as shown in equation 15 for styrene.
PhCH=CH, + N,CHCOOEt—+PhCH—CH, + N, (15)

CHCOOEt

Cyclopropane derivatives based on chrysanthemum acid are used as insecticides
(pyrethroids), the activity being strongly dependent on the configuration of the asym-
metric centres in the three-membered ring??°. It was a cyclopropanation reaction
which in 1966 was the first enantioselective homogeneous catalysis using a transition
metal compound to be described. Meanwhile cyclopropanation has become one of the
standard reactions in enantioselective catalysis. Recently, new olefins and diazo com-
pounds have been introduced as substrates23°~232 including compounds which allow the
synthesis of ring B of the steroid skeleton®!. Almost complete optical induction was
obtained in the reaction of styrene with 2-diazodimedone using an immobilized copper §-
diketonate catalyst23°. Reviews are available2337233,

Efficient copper catalysts have been developed for the cyclopropanation of styrene with
diazoacetates. The new semicorrin ligand 1, derived from L-pyroglutamic acid, gives up to
97% ee for the cis and trans isomers of phenylcarbalkoxycyclopropanes, the trans isomer
being formed in excess?*®. The substrates butadiene and hept-1-ene also allow enan-
tiomeric excesses exceeding 90%;2°6,

(1

5. Diels—Alder reactions

The enantioselective Diels—Alder reaction, a domain of organic chemistry, has recently
been opened up to transition metal catalysis?3”. In the Diels—Alder reaction in
equation 16 the optical purity of the adduct increases from 9 to 91%ee when, in addition to
10 mol-%, of the titanium reagent 2, molecular sieves are added?38:23%,

MeCH=CHCO—N&0 + @ —_— EbCHMa JOL

CHCO—N ¢}

\ -

(16)
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Europium optishift reagents catalyse the enantioselective cycloaddition of aldehydes
with oxygenated butadienes (equation 17). The combinations of optically active europium
shift reagents with achiral dienes and achiral europium shift reagents with optically active
dienes give only modest enantioselectivities. Surprisingly, the combination of optically
active dienes with (+)-[Eu(hfc);] exhibits striking interactivities and results in optical
inductions of up to 95%24%. The cycloadducts can be converted into L-glycolipids and L-

glucose.
tbsO tbsO y
CH—OR
>/—\' + PhCH=—=0 —» \(\I (17)
\ OR /o

CH

v—

h

In the Diels—Alder reaction of 1-substituted butadienes with carbonyl dienophiles,
catalysed by optishift reagents, the cycloadducts were obtained in up to 64%, ee?*!,

6. Aldol reaction

In recent years enantioselective variants of the aldol reaction catalysed by transition
metal systems have been reported?42-243 In a recent approach, close to 100, ee was
obtained in the aldol reaction of benzaldehyde with methyl isocyanoacetate using
gold/bppfa-type catalysis (equation 18)24¢, The additional diethylamino group present in
the ferrocenylphosphine ligand 3 specifically interacts with the substrate and participates
in the enolate formation of the coordinated isocyanoacetate. High enantioselectivities and
high trans selectivities are obtained with other secondary and tertiary alkyl aldehydes and
o, f-unsaturated aldehydes?44,

PhCH=—=—0 + CNCH;COOEt —» PhCH—CHCOOMe (18)

(o) N

7. Cyanohydrin formation

Me,SiCN can be added to C=0O bonds. In an enantioselective approach, the sub-
strate 3-methylbutyraldehyde gives the cyanhydrin adduct in 82%ee according to
equation 21242, As the catalyst 20 mol-%, of the chiral Lewis acid 2 is used.

Me,CHCH,CHO + Me,SiCN —» Me,CHCH,CH(CN)OSiMe, (19)
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8. Olefin dimerization

The dimerization or oligomerization of olefins is characterized by a low selectivity
giving rise to a variety of products. For the hydrovinylation of olefins such as cycloocta-
1,3-diene, norbornene, or norbornadiene with ethylene using [(n3-C;Hs)NiCl],/
AIEtCl,/menthylphosphine catalysts, up to 70-80%ee were obtained in the early
1970s245-246, The record for the hydrovinylation of cyclohexadiene with ethylene
(equation 20) at present is 93%; ee using [Ni(cod),]/AlEt,Cl catalysts together with the
aminophosphine ligand 4247,

X
@ + CHp==CHp; —— ©/\ (20)

thP(Me)N,,Il/CHZOPPhZ

oC
me"'/ opph,

H

(4)

D. Carbon—Heteroatom Bond Formation

1. Isomerization of functionalized olefins

In 1976, the isomerization of prochiral allylic alcohols to optically active aldehydes in
low enantiomeric excess with an Rh—diop catalyst was the first transition metal-catalysed
enantioselective olefin isomerization?*8, A recent example is the rearrangement of
diethylgeranylamine to the corresponding enamine (reaction 21). Such reactions are
catalysed by cobalt and rhodium phosphine complexes?4®~2%2, the Rh~binap system
being unrivalled in showing high catalytic activity and selectivity?3*~233 In reaction 21
the optical induction is virtually quantitative, provided that a pure geometrical isomer
with respect to the allylamine double bond is used. Hydrolysis of the enamine gives
optically pure citronellal, whereas natural citronellal has an optical purity of only 75—
80%254.

Me,C=CH(CH,),C(Me)=CHCH,NEt, —
Me,C=CH(CH,),CH(Me)CH=CHNE, 1)

The enantioselective catalytic isomerization of diethylgeranylamine with Rh—binap
catalysts is the key step in the commercial production of 1000 tons per annum of menthol,
one third of the present world production. In this reaction a nitrogen-triggered 1,3-
hydrogen shift takes place in the allylamine part of diethylgeranylamine; the other double
bond is not affected.

The isomerization of the allyl alcohol moiety has been used for a kinetic resolution
(equation 22). A Rh-binap catalyst gives a 5:1 enantiomeric discrimination, allowing the
recovery of the starting material 4-hydroxycyclopent-2-enone, a key chiral building block
in prostaglandin synthesis, in 919 ee?3%.
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2. Sulphonylation of allyl acetates

Racemic allyl p-toluenesulphinates can be rearranged with [Pd(PPh,),]. Addition of
chiral ligands such as diop gives optically active allyl sulphones in up to 87% ee?*”. These
compounds can also be prepared in the same optical purity from allylic acetates and
sodium p-toluenesulphinate using a [Pd(PPhj;),]/diop catalyst (equation 23).

MeCH=CHCH,OAc + TolSO,Na - TolSO,CH(Me)CH=CH, + NaOAc (23)

E. Future Prospects

For all the reactions discussed up to now, exceedingly high optical inductions have been
reported. In addition to these ‘show-window’ reactions, many other reaction types have
been subjected to enantioselective transition metal catalysis. An example from the author’s
laboratory is the monophenylation of meso-diols. cis-Cyclopentanediol is monopheny-
lated with Ph,Bi(OAc), to give cis-1-phenoxycyclopentan-2-ol (equation 24). In situ
catalysts consisting of [Cu(OAc),] and the pyridineoxazoline ligand 5 give 50%; e¢ in this
reaction, in which two new chiral centres are formed?38. However, the optical induction
has to be raised.

CH—OH CH—OPh
| + PhaBi(OAc); —» | + PhyBiOAc + HOAc
CH—OH CH—-OH

(24)

",
2

”I
CHMeE?t

(8)

The same is true for a variety of other transition metal-catalysed reactions, the
optical inductions of which up to now do not exceed the medium range. Recent examples
are the hydrocyanation of olefins?%®, cyclization of unsaturated aldehydes
(hydroacylation)2°°=262, chlorosulphonylation of olefins?3:2%4, carbon dioxide
fixation with halohydrins?¢%, decarboxylation of substituted malonic hemiesters?¢®,
ring opening of epoxides with amines and thiols*%2¢7, oxidative cyclization of
allylphenols?68~27°, Michael-addition of 1, 3-dicarbonyl compounds to o, f-unsaturated
carbonyl compounds?”!'2’?, reduction of cyclic anhydrides to lactones?’3"*"%, and
hydrosilylation of oximes'®3-164 For further details the reader is referred to the references
cited or to recent reviews?™®,
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IV. MECHANISMS

For some of the reactions discussed in Section I1I detailed information concerning the
mechanisms is available. The two most prominent examples, hydrogenation and allylic
alkylation, are discussed below. However, for most of the reactions the mechanisms are
either not known in detail or are completely unknown.

A. Hydrogenation of Dehydroamino Acid Esters

The mechanism of the enantioselective hydrogenation of dehydroamino acid deriva-
tives has been unravelled in the last decade, especially by the work of Halpern2767282 The
present status of the mechanism is shown in Scheme 1.

The catalytically active species is a rhodium(I) complex I containing an optically active
bisphosphine, abbreviated to P2P, and two solvent molecules S. The two solvent
molecules are replaced by the substrate, methyl (Z)-a-acetamidocinnamate (II), which
binds in a bidentate way through the olefinic double bond and the oxygen atom of the N-
acetyl group. Two diastereoisomers, IIla and IIIb, are formed which differ only in the face
of the olefin bonded to the rhodium atom. Via dissociation of the olefin there is
equilibration between the two diastereomeric rhodium complexes IIla and ITIb. The next
step is the oxidative addition of the hydrogen molecule to the two diastereomers, normally
the rate-determining step, to give the octahedral cis-dihydro species IVa and IVb. IVa and
IVb undergo a rearrangement to the g-alkyl species Va and Vb, which reductively
eliminate the hydrogenation products VIa and VIb, regenerating the catalytically active
species which re-enters the catalytic cycle.

In the diastereomer equilibrium I1la==I1Ib, diasterecisomer IIla dominates, if PP is
(R, R)-dipamp (Table 1). The pure diastereoisomer IIla has been isolated and character-
ized by X-ray crystallography. Surprisingly, diastereomer IIla is not the species which in
the hydrogenation reaction forms the major product enantiomer VIb. Therefore, it must
be assumed that diastereomer IIIb present in the equilibrium in only small amounts is so
much more reactive than Illa in the rate-determining hydrogen addition that the major
product enantiomer VIb originates from it. The situation can be reversed by increasing the
hydrogen pressure. Then, the rate of the oxidative addition step is increased and the
equilibration Illa=IIIb may become the slow step in Scheme 1.

B. Alkylation of Allyl Acetates With Soft Nucleophiles

The mechanism of the palladium-catalysed allylic alkylation with soft nucleophiles has
been elucidated by Bosnich®+208:223.226.227 By reaction with the nucleophile the catalyst
[(73-C,Hs)Pd(S, S-chiraphos)]CIlO, is converted into the Pd®/P-*-P species I (Scheme 2).

Pd%/P-2-P reacts with the substrate triphenylprop-2-enyl acetate (R = Ph) (Ila/IIb) to
give the new n*-allyl complexes Illa and IIIb. The attack of Illa and IIIb by the
nucleophile, e.g. the acetylacetonate anion, regenerates Pd°/P-2-P (I), leading to the
enantiomers IVa and IVb of the substitution product, in which the 3, 3-diphenyl group
directs the nucleophile to the less hindered position.

It has already been mentioned in Section I11.C.3 that the formation of the x3-allyl
complexes Illa and ITIb occurs with inversion of configuration, if chiral allyl acetates are
used and that the nucleophile attacks the n3-allyl intermediates I1la and ITIb from the side
opposite to the palladium atom leading to another inversion. Hence the palladium-
catalysed allylation actually is a double inversion223-226.283-285

In the catalytic cycle shown in Scheme 2, the rate-determining step is the reaction of the
n-allyl intermediates I11a and IIIb with the nucleophile. This step is slow compared with
the oxidative addition of the allyl acetate I1a/IIb to Pd°/P-*-P and also compared with the
epimerization of the diastereomers Illa and IIIb.
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The two diastereomers Illa and IIIb in Scheme 2 differ only in the face of the allyl group
bonded to the palladium atom. There is equilibration between the two diastereomers Illa
and ITIb and, similarly to the hydrogenation mechanism, the equilibrium is shifted to one
side. For P-£-P = (§, §)-chiraphos, it is IIIb that dominates the equilibrium IIla = ITIb. As
the reaction of the two diastereomers IIla and IIIb with the nucleophile is strongly
exothermic, the chiral discrimination in the ground-state intermediates IIla and IIIb is
reflected in the corresponding diastereomeric transition states. For Scheme 2 it has been
established that the major product enantiomer IVb originates from the major dia-
stereomer IITh. Hence the enantioselective step in the palladium-catalysed alkylation is
under reactant control, whereas the rhodium-catalysed hydrogenation discussed before is
under product control. Hence both mechanisms are based on two equilibrating
diastereomers, but in the hydrogenation the major product enantiomer arises from the
minor diastereomer whereas in the allylic alkylation the major product enantiomer arises
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from the major diastereomer. The lesson is that generalizations are dangerous and each
individual mechanism has to be checked carefully.
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. INTRODUCTION

The oxidation of organic compounds catalysed by metal complexes constitutes a large
part of the field of homogeneous catalytic processes used in either laboratory or industrial
reactions. The discovery of the Mid-Century process® for the production of terephthalic
acid, the Wacker process? for the production of acetaldehyde, and the Celanese process®
for the liquid-phase oxidation of n-butane to acetic acid gave an enormous impetus to the
pursuit of research on metal-catalysed oxidations. Although much information had been
gathered before on the autoxidation of organic compounds with radical chain mechan-
isms, the application of metal catalysts afforded more selectivity to these processes and
opened up new non-radical routes for diverse oxidation reactions. The scope of these
reactions is wide and is still being extended. They can be classified in different ways, by
organic substrate, by the type of primary oxidants, or by the type of catalyst used. The role
of the catalyst can also be diverse, activating either the oxidants or the substrate, and
catalysing the decomposition of the primary products formed initially. Almost all of the
special topics of metal-catalysed oxidation reactions have been covered by more or less
recent reviews and books, which will be cited at the appropriate places. The aim of this
chapter is to discuss the most important aspects and recent developments in homogeneous
metal-catalysed oxidation reactions involving oxidative change(s) at carbon atom(s) of the
substrate, or having a metal carbon association during either a stoichiometric or a
catalytic process.

Il. PRIMARY OXIDANTS AND THEIR MOST COMMON
MECHANISTIC ASPECTS

In metal-catalysed oxidations of organic compounds a variety of primary oxidants are
suitable. By definition they are reagents consumed and expressed in the overall
stoichiometry in a catalytic process. In this part, the oxidants are classified in terms of the
main characteristics of the mechanism of oxidation, bearing in mind both catalytic and
stoichiometric reactions. Some species are therefore only intermediates in the catalytic
cycles, but their structure is a key factor in the whole process.

A. Dioxygen as Primary Oxidant

Many liquid-phase autoxidations proceed under relatively mild conditions. The reac-
tion of simple hydrocarbons with dioxygen provided the basis for the development and
understanding of free radical chain theory*~S. Autoxidations lead to thermodynamically
stable products but they are unfavourable kinetically, requiring high activation energies’.
They are often subject to autocatalysis by the products. The primary products are
hydroperoxides from alkanes and peracids from aldehydes. In these autoxidations, metal
catalysts are used only to influence the product distribution and selectivities by means of
catalytic decomposition of the primary hydroperoxides (see below).

The direct participation of dioxygen in the oxidation of organic compounds is possible
only via its activation by metal complexes®~!°. The successive one-electron transfer from
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the metal species to dioxygen gives superoxo and peroxo complexes (equation 1). The
superoxo complexes play an important role in biomimetic oxygenation reactions!!, while
those of peroxo complexes with low-valent ions (Pt, Pd, Co) attack substrates in a
nucleophilic manner!2, whereas high-valent metal peroxide complexes (Mo, V, Co) tend to
give electrophilic attack!>.

mMy—o—o0—mt
m' + o,= m'—o0—0" (1)
0
P o]
\ Mlll | (M“"’/ \o_)
\o

B. Peroxidic Primary Oxidants

Among the peroxidic primary oxidants, the most important are hydrogen peroxide!*
and alkyl hydroperoxides'3, Fundamentally, metal-catalysed reactions of H,0, involve
homolytic, one-electron processes in which free radicals are intermediates. The best
known of this class of reaction are those with Fenton’s reagent!4, consisting of iron(Il)
and H,O0, generating hydroxyl radicals via a radical chain process (equation 2). In the
presence of organic substrates, organic free radicals are produced, which undergo
dimerization, oxidation by iron(III), or reduction by iron(II). In the reaction of HO" with
iron(III) ferryl species can also be formed (equation 3), which have relevance in
biochemical oxygen transfer reactions'®,

Fe + H,0, — Fe"OH + OH" )]

Fe" + HO'— O=Fe"Y + H* (3)

With alkyl hydroperoxides, metal ions act as initiators either by reduction (equation 4)

or by oxidation (equation 5), generally catalysing autoxidations by generating chain-

initiating radicals'>. The relative rates depend on the redox potential of the M™/M"
couples'”.

RO,H + M" — RO’ + M + HO" ()]

RO,H + M"— RO, + Ml + H* )

Acidic metal oxides, such as MoO,, WO,, V,0,, and SeO,, catalyse oxygenation with

H,0, by forming inorganic peracids'8. These are formed by addition of H,0, to an

M=0 group (equation 6), where the latter renders the peroxidic oxygens more electro-

philic. They resemble organic peracids!®. Other per compounds, such as peracids,
dialkyl peroxides, organometallic peroxides, and persulphates, are of minor importance.

OH
-~ ©)
\O—OH

M=0 + H0, —> M

C. ‘Oxenoid’-type Primary Oxidants

Oxometal reagents such as permanganate?®, chromic acid and chromyl compounds?!,
Se0,2223 0s0,%%, Ru0,?5, MnO,%%?7, and oxoiron species'® are well known
stoichiometric oxidants for organic substrates. The dioxo species of Os, Ru, and Mn form
cyclic esters as intermediates with olefins and acetylenes2®, which give glycols on



150 G. Speier

N,

@ x > O/ \O \

OH OH HO\ /o /O
)——l< + . M\ 2 =0+ M A
HO/ \O \O

SCHEME 1

hydrolysis or carbonyl compounds by C—C bond cleavage. Alternatively, [2+ 2]
cycloaddition followed by reductive insertion by OsO, has also been proposed?®
(Scheme 1). Oxometal groups are also capable of effecting hydroxylation of alkanes and
aromatics, transferring oxygen to phosphines, sulphides, and sulphoxides, and epoxidizing
olefins to oxiranes!® (equation 7).

— R oM + ROH

0=M ——+——» M+ LO Q)

Oxometal species of iron, manganese, the chromium with porphyrin ligands are formed
in catalytic reactions with molecular oxygen, iodosylbenzene, NaOCl, amine oxides, and
hydroperoxides?®.

D. High- and Low-valent Metal Complexes as Primary Oxidants

These metal-catalysed oxidation reactions can be designated as homolytic or hetero-
lytic. The former are characterized by recycling of several oxidation states of metal catalyst
ions by one-equivalent changes, forming free radicals as intermediates (Mn, Co, Fe, Cu)
(equation 8)%3!. These oxidants are strong electrophiles, attacking the substrate
electrophilically or by way of one-electron transfer (equation 9).

RH+M'"—>R'+M"+H+ (8)
R’ + M'":R* + Mll (9)

Hard ligands favour electron transfer (acetate), whereas soft ligands favour ligand
transfer®? (equation 10).

R*+ MPX=2RX + M! (10)

Oxidative processes with metal oxidants in a low oxidation state with a soft centre
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[palladium(II)], which are not strong electrophiles, react with the substrate, in most cases
with olefins, through n-complex formation. In this way the substrate is activated toward
nucleophilic substitution of hydrogen and a two-electron heterolytic reduction of the
metal ion involving organometallic intermediates!3.

INl. METAL-CATALYSED OXIDATIONS
A. Alkanes

The most important large-scale industrial metal-catalysed oxidations are used for the
production of acetic acid from n-butane® and of adipic acid from cyclohexane??, Alkanes
are generally not readily susceptible to oxidative attack owing to the strength of their
C—H bonds. The role of the metal catalysts in these reactions lies (i) in the controlled
decomposition of peroxides (H,O,, RO,H) resulting in either the products or active
metal species capable of reacting with alkanes, or in homolytic attack by high-valent
metal ions or in (more or less) the activation of alkanes by oxidative addition of C—H
bonds towards soft metal centres; (ii) in forming oxometal species with different primary
oxidants mimicking biological oxygenations; and (iii) in miscellaneous oxygenations and
dehydrogenations.

1. Peroxide decompositions and homolytic reactions

The metal-catalysed homolytic decomposition of alkyl hydroperoxides is the most
common pathway of homogeneous oxidation®#3%. The metal acts here as an initiator
rather than as a catalyst. The two principal reactions are reactions 4 and 5. t-BuO,H
decomposes thermally to yield t-BuOH almost quantitatively®® (equation 11). With a
catalytic amount of cobalt(II) salt, the decomposition to t-BuOH (86%), (t-Bu),O (12%),
and dioxygen (93%) is rapid at 25°C?7. The activity of the metal cation in the
decomposition of -BuO,H is related to its redox potential®8. The one-step conversion
of alkanes to alcohols could be feasible under conditions where hydroperoxides also
decompose. At higher temperatures and metal catalyst concentrations the intermediate
alkoxy radicals undergo B-scission to give ketones (equation 12). Liquid-phase oxidation
of isobutane showed that Mn(OAc), increased the selectivity for HCO,H and AcOMe
at the expense of Me,CO formation. A lower conversion of isobutane was obtained with
Mn(OAc), *°. Alkyl hydroperoxide decompaosition to the corresponding alcohol is also
catalysed by selenium*® and boron*! compounds. In the presence of H,BO,, HBO,,
or B,0; the intermediate hydroperoxides are reduced to alkyl borates, dioxygen, and
water*? (equation 13), and the alkylperoxy radicals react with boron(III) compounds to
give alkylperoxyboron(III) compounds, which are subsequently transformed to alkyl
borates and then hydrolysed to the alcohol and boric acid*3. A great variety of catalysts
have been tested for product distribution. Cobalt naphthenate affects the hydroperoxide
accumulation by the autoxidation of cyclododecane and phenylcyclohexane*4. Cobalt
salts affect the rate and selectivity of the oxidation of octane at 1-100 ppm concen-
trations*>, Metal stearates (St) also greatly influence the product compositions, .g. AlSt,
interacts with the hydroperoxide, formed initially from cyclohexane, to yield cyclohexanol
and cyclohexanone, while CoSt, accelerates oxidation by the simultaneous formation
of hydroperoxide, alcohol, and ketone*®.

2RO,H —2ROH + O, (11)
Me,CO' —> Me,C=0 + Me¢’ (12)

6RO,H + B,0, —2(RO),B + 3H,0 + 30, (13)
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The oxidation of cyclohexane to cyclohexanol and cyclohexanone is important
industrially*”-*8, In the Dutch State Mine process*® cyclohexane is oxidized by air at
155°C and 8-10 bar in the presence of a cobalt catalyst (equation 14). Cyclohexane
conversion is approximately 10%, the selectivity is 70%, and the cyclohexanol to
cyclohexanone ratio is 1-2:1 with by-products such as n-butyric, n-valeric, succinic,
glutaric, and adipic acids. Boric acid addition increases the cyclohexanol to cyclo-
hexanone ratio to 10:1 and the selectivity to 90%,*7-4%.

03 0 OH
(

The primary products, alcohols and ketones, can be oxidized further to carboxylic
acids by C—C bond cleavage. The C—C bond scission can occur in a stepwise reaction
sequence as shown in equation 15a or by fragmentation of the alkoxy radicals (equation
15b). Acetic acid is produced industrially by the autoxidation of n-butane at 180 °C and
60 bar in acetic acid with cobalt acetate as the catalyst>°. Above 90% conversion of
n-butane the selectivity for acetic acid is 57% with by-products such as formic acid,
acetaldehyde, methanol, acetone, methyl ethyl ketone, and esters.

14)

RCHCH,R’ — RCOCH,R' — RCO,H + R'CO,H (15a)
|
OH

RCH,CH,R’
\ RCHO — RCO,H

RCHCH,R’ (15b)
|
o R'CH," — R'CO,H

Simple alkanes can be selectively oxidized by dioxygen in the presence of high
concentrations of cobalt(IT) acetate in acetic acid®'-32. For example, the oxidation of
n-butane with methyl ethyl ketone as promoter proceeds at 100~125°C to afford acetic
acid with 839 selectivity and 80%, conversion. The maximum rate is attained after the
oxidation of cobalt(I) to cobalt(III), which is in accord with a mechanism involving
direct homolytic oxidation of n-butane by cobalt(III).

Cyclohexane is also readily oxidized by cobalt(III) acetate in acetic acid at 80°C,
resulting in cyclohexyl acetate and 2-acetoxycyclohexanone as the main products’2. If
dioxygen is present adipic acid is the major product formed with 80% conversion and
75% selectivity33:34,

In these reactions no deuterium kinetic isotope effect is observed, which is in agreement
with a mechanism of a reversible one-electron transfer®!32, This is followed by loss of
proton to give an alkyl radical. The sequence of reactions under such conditions is
outlined in Scheme 2. The relative rates of various cycloalkane oxidations by cobalt(IIT)
in acetic acid suggest that complex formation between cobalt(IIT) and alkane is rate
determining, strongly influenced by steric factors®334. Cobalt(IIT) acts as the chain-
transfer agent in these reactions. The rate of oxidation of alkanes (e.g. cyclohexane) by
cobalt(I1I) is enhanced in the presence of bromide ions®3:% in acetic acid and also in
the presence of strong acids such as trifluoroacetic acid. When n-heptane is oxidized at
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k
RH + co™ -k—‘_- RH* + Coff (16)
-1
RHY — %2 o R* + W' 17)
u
Co . Rt M, RoAC (18)
R
02 . R
+ RO; * products (19)
SCHEME 2

25°C by cobalt(ITI) in a mixture of trifluoroacetic acid and acetic acid, 2-heptyl acetate
is the major product (819 selectivity). In the presence of dioxygen heptan-2-one is formed
with 83% selectivity’”. Alkyladamantanes afford adamantyl trifluoroacetates in high
yields when oxidized by cobalt(III), manganese(Ill), or lead(IV) acetates®® (equation
20). Anodic oxidations give fragmentations, where the ¢-Bu group is substituted by

0,CCF4

colll
Bur tta 8u I3 (20)

O,CCF,. The product distributions suggest the absence of cation radical intermediates
in the metal-catalysed oxidations. These were regarded as electrophilic substitutions at
saturated carbon centres (at the C—H bond) with a trigonal transition state as shown

in Scheme 339761,
+
| | H ~H* l
—C—H + CoXzg —= |—Come X~ —C—CoX, + HY
| | “CoX, |
(21)
| |
—C—CoX, —» —C" + CoX, (22)
|
SCHEME 3

The oxidation of adamantane, norbornane, and cyclohexane can be accomplished
photochemically, promoted by cerium(IV) ammonium nitrate in acetonitrile at room
temperature (equation 23-26)°2. Both processes are extremely efficient and selective with
adamantane.

Ce'YNO, —» Ce + NO,' (23)
RH + NO, — R’ + HNO, (24)
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IV.

Ce' 'NO
— 2, RNO, + Ce' (25)
R—
(e
2 RO, (26)

Oxidations with the Fe(ClO,),~H,0,-MeCN system were compared with the
corresponding alkyl hydroperoxide system®?, Adamantane underwent more extensive
oxygenation at its secondary carbon atoms through a radical process than in the
Fe{acac);-RO,H systems. The reaction here involves both radical and non-radical
processes.

The vanadium complexes 1 and 2 are efficient for the biomimetic hydroxylation of
alkanes®*. The mechanism of the reaction is believed to proceed as shown in equation 27.

o] -
N\”/O> (N\ /O>
\") \'
(s 070
L L N\_/O

1) (2)

o* | 0—o0 v |
-V =0
vlV—o + —C—H — VIV~ % ——C—OH

| H |

|
—c* 7

|
The activation of alkanes by transition metals could also be feasible by the oxidative
addition reaction of sp*-hybridized C—H and C—C bonds, as found with dihydrogen
in many cases (equation 28)%%-%6, The C—H bond in alkanes can also be cleaved by
strong electrophiles (equation 29) since M—C bonds are almost as stable as M—H
bonds®’. This type of reaction has been discussed before; electrophile attack on the
C—H bond by low-valent, e.g. palladium(II) and platinum(II), complexes will be treated

later when considering alkane dehydrogenation.

I I
___(I:_H + Mll _’_(I:_-MIV_H (28)

I I
—(|3—H + M"*.—_-—(IZ—M""”* +H* (29)

C,-C, olefins are oxidized to alcohols by dioxygen in the presence of a stoichiometric
amount of SnCl, at 25 °C in MeCN®®. The product distribution is close to those found in
free-radical reactions. Therefore, a free-radical mechanism with a key step as shown in
equation 30 has been suggested®®. The industrially important syntheses of acetic and
adipic acid have been thoroughly discussed in the pertinent literature!3:7°.

RH + Sn™0," — R’ + HO,Sn™ (30)

Alkanes are also susceptible to oxidation by chromium(VI) and manganese(VII)
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complexes, usually under acidic conditions. The order of reactivity is tertiary > secondary
> primary. With n-alkanes the reaction rate is proportional to the number of methylene
groups in the molecule” and the acidity. Protonated species participate in the oxidation
and the reaction seems to proceed by abstraction of a hydrogen atom by the oxygen
attached to chromium (equation 31). The radicals formed remain in the cage, which is
supported by rentention of configuration in the oxidation of optically active hydrocar-
bons, e.g. (+)-3-methylheptane’.

RH + O=Cr(OH);* — R + HOCrV(OH)3 + (31

Permanganate in trifluoroacetic acid interacts with alkanes at room temperature’3, The
rate increases with increase of acidity, which implies that the MnO;* cation, which is
a strong electrophile, is the active species. The rate constants of KMnQO, oxidations with
n-alkanes, isoalkanes, and cycloalkanes were determined in aqueous acidic solution’4,
HMnO, is ca 10® times more active than MnO, ~. The substrate selectivity and H/D
isotope effects are similar with both species, although cycloalkanes and methylcyclo-
alkanes react more rapidly with HMnO, than with MnO, ~. Ruthenium(IV)’* and
iridium(IV)"® complexes also catalysed the oxidation of alkanes by manganese(IIl) in
sulphuric acid and by chromic acid, respectively. Other oxidants such as HNO; and
HCIO, may also be used. The role of the catalyst is the formation of an oxidant-catalyst
complex. In the case of chromium(VI) a two-centre Cr¥'-Ru'Y complex is formed, which
attacks the C—H bond of the alkane, with the OCr group (in a similar way to that in
equation 31) abstracting a hydrogen atom via an oxidative homolytic mechanism.

The oxometal species of ruthenium(IV) cis-[Ru'v (6, 6-Cl,(bpy),0,]*" is also capable
of oxidizing the unactivated C—H bonds in cyclohexane to yield cyclohexanone (57%)"".
The transition metal-substituted heteropolytungstate complexes [PW,,(M)O;,]°~ with
M = Co", Mn", Cu®!, or Fe", catalyse the oxo-transfer oxidation of alkanes by t-BuO,H®,
With cyclohexane mainly cyclohexanol and cyclohexanone (in the ratio ca 2:1) and with
adamantane adamantan-1- and -2-o0l and adamantan-2-one (in the ratio of 49:7:14) are
formed. The primary kinetic isotope effect of 6.5 for cyclohexane suggests a mechanism
(equation 32) involving abstraction of H from the alkane to the oxometal species, resulting
in R°, which in a further reaction of the hydroxo metal species forms alcoho! and the
catalyst. The intermediate oxometal species .can be regenerated by homolytic O—O
cleavage in [—Co™—O,R] or by a mechanism proposed by Mimoun et al.®%.

[—Co"—0"]+ RH - [—Cu"—OH] + R’ > [—Co™"] + ROH (32)

2. Oxometal complexes

Oxometal complexes, especially those containing porphyrin ligands, have attracted
intense interest owing to their relevance to metal-containing enzymes involved in the
oxidation of biological systems’®. The immense importance of the use of metallo-
porphyrins as catalysts in the oxygenation of hydrocarbons leads to an understanding
of the chemistry of enzyme-catalysed reactions (mainly cytochrome P-450) through
studies of chemical models and the search for catalyst systems able to catalyse the
hydroxylation of saturated hydrocarbons selectively under ambient conditions. A series
of metalloporphyrins were prepared and tested as catalysts using primary oxidants such
as PhIO, NaOCl, O,,RO,H, H,0,, amine N-oxides, and other inorganic per compounds.
The common feature of these reactions is the formation of a M==O species as the reactive
entity interacting with hydrocarbons. In alkane hydroxylations equation 33 is useful to
account for removal of H' from the substrate’® 7, The catalytic cycles in these reactions
are shown in Scheme 4. The formation of oxometalporphyrins either from single oxygen
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donors or dioxygen can proceed directly or by the use of electron donors’®.
M1 =0=M"—0O" (33)
0 donor
P —Fol P —FeV =0
P —Fel! C . P—Fe"(OZ)
0
SCHEME 4

Groves and Nemo’s system®°, PhIO—[ Fe(tpp)Cl], oxidizes cyclohexane to a mixture of
cyclohexanol and cyclohexanone (in the ratio 15:1). Atropoisomers a, a, «, § and a, a, 8, B
of the [Fe(tpp)Cl] complex catalyse the hydroxylation of cyclohexane better than
[Fe(tpp)Cl], hinting at control of complex periphery resulting in retention of configu-
ration®!. cis-Decalin gives a mixture of decal-9-ol (cis-to-trans ratio 9:1). The kinetic
isotope ratio ky/kp is 12.9 + 1 for cyclohexane. These results support a two-step mechanism
of abstraction of H' and then the recombination of R' with P—Fe'Y—OH without
racemization of R’ (equation 34). The [Mn(Por)CI]-PhIO system hydroxylates
norcarane and other alkanes in both benzene and chlorinated solvents to give the
corresponding alcohols (equation 35) and some alkyl halides (Cl stemming from either
the solvent or the iron complex)®2-83, The halogen incorporation occurs via a norcarane
radical not involving carbocations. Ruthenium porphyrins with PhIO are also capable
of hydroxylating hydrocarbons, but their catalytic activity and the number of catalytic
cycles are small compared with those for iron or manganese porphyrins®4

P—FeY=0 + RH — P—FeV—OH------ R' — P—Fe" + ROH (34)

OH(Ch) CHLO0H(C1)

Phlo,
O> [Mn(tpp)Cl] (35)

Cyclohexane can be tosylamidated with catalysis by iron and manganese porphyrins
(equation 36)®°. With [Mn(ofpp)Cl] or [Mn(tfpp)Cl] and NaOC], adamantane is
hydroxylated mainly at the tertiary C—H bond®®. This is reminescent of a radical
mechanism. Comparative studies with PhIO and NaOC] showed the latter to be less
effecective owing to deterioration of the catalysts and the need for a more pronounced
‘cage effect’®”.

C¢H,, + PAI=NSO,CsH Me-p — C4H,; NHSO,C¢H Me-p (36)

The [Mn(tpp)Cl]-O,-H,-Pt system is capable of hydroxylating adamantane®®. The
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primary kinetic isotope effect of the tertiary C—H bond is 3.3. The [Mn(tpp)]-O,-
ascorbate system oxidizes alkanes to the corresponding ketones®®. Secondary and tertiary
C—H bonds (in the ratio 2.3:1) are attacked in methylcyclohexane whereas primary
C—H bonds are not affected. Iron porphyrin with superoxide ion and the subsequent
use of carboxylic acid halides also gives a ferryl oxo species, which hydroxylates alkanes®®;
70% retention in the case of cis-dimethylcyclohexane has been found®'. Hydrogen
persulphate associated with [Mn(tfpp)Cl] in aqueous solution or in dichloromethane is
a potent oxidizing agent, showing 33-55% conversion with cyclohexane and 50-94%,
with adamantane. The latter gives mainly adamantan-1-ol (32%) and to a lesser extent
adamantan-2-ol (4%) and adamantanone (5%)°2. [Mn(tpp)Cl] irradiated in the Soret
band or the LMCT bands in the presence of ClO, ~ or 10, ions is able to transform
cyclopentane into cyclopentanone®3.

3. Miscellaneous oxidations and dehydrogenations

Yakovlev et al.®* studied the reaction of alkanes with ozone in the presence of transi-
tion metal catalysts. It was found that cyclohexane is oxygenated by ozone when metal
complexes are present. The activity of the catalysts used decreased in the order [Cr(CO)g]
> [Co(acac); 1> [CrSt;] > [Cr(OAc);] > [Mn(acac);] > [CoSt,].  [Cr(CO)¢] and
[CrSt,] are particularly selective for cyclohexanone formation. With [Cr(CO)¢] cyclo-
hexanone is formed with a selectivity of 84-89% at 8.7% conversion®®. Chromium(III),
chromium(IV), and chromium(VI) species are present in the system.

a. Oxidation by ‘Gif -type systems. The oxidation of adamantane can be achieved with
unusual efficiency using dioxygen and a system consisting of hydrogen sulphide, iron
powder, pyridine, acetic acid, and a small amount of water®®. The products are
adamantan-2-ol, adamantan-1-ol (ratio ca 3:1), and adamantanone. Cyclohex-
ane, methylcyclohexane, 2-methylpentane, and cyclooctane are also effectively
oxygenated®”. In this system the reducing agent is not the sulfide but the iron metal. It was
also shown that iron powder is not only the reducing agent but also serves as the source of
iron for the formation of an iron cluster [Fe,O(OAc)spy;.s1°8. The iron cluster could be
isolated and it was shown that it is the catalyst in a similar system consisting of zinc
powder, acetic acid, (aqueous) pyridine, and dioxygen. Total yield is 13.8% with a.turnover
number of over 2000.

The selectivity of products in the oxidation of saturated hydrocarbons by dioxygen in
pyridine—acetic acid in the presence of the iron catalyst [Fe;O(OAc);py; ],py and zinc
is strongly dependent on the reaction mixture and reaction conditions®”. Using air and
slow stirring, attack is almost exclusively at secondary positions in adamantane and
trans-1,4-dimethylcyclohexane.

The high selectivity of the Gif system for hydrocarbon oxidation was shown to depend
on the capture of tertiary radicals by pyridine'°®. Coupled products such as 2,2'-
bipyridine and adamantylpyridines could be detected. The mechanism for the secondary
oxidation products has only a minor radical component. The mechanism of the Gif
system is shown in Scheme 5. In the Gif system for selective hydrocarbon oxidation,
the zinc can be replaced with a cathodic electrochemical reaction'®!. It gives largely
ketones with only a small amount of aldehyde. The yields (20-30%;) and selectivities
obtained are very similar to those in previous systems.

The ‘Gif-Orsay’ system!°2 uses cathodic reduction and paraquat or bipyridine as
electron-transfer reagent. In this case the reduction of O, to O, is mediated by the
electron-transfer reagent and the latter oxidizes iron(II) to oxoiron(IV) as the oxidizing
species. In another example methylviologen as a mediator and acetic anhydride as the
acylating agent have been used with Zn-Hg as reducing agent!®3. Hydroxylation of
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alkanes using dioxygen and zinc as reducing agent was achieved by using manganese
porphyrin catalyst in the presence of 1-methylimidazole and acetic acid with yields of
up to 50%,'°4

0z
Fo!l —22e Fo'l-00H — Fe'=0
/e l
OH
v R=H v .
= _ — —
Fe C\ ‘m—ajor_ c CH,
C—R |
AN
e | ~OH
0=¢C_ «— CHOOH Fe — C—CHp—
“\00CH |
\ / | OH
HO—CH
SCHEME $

b. Dehydrogenations. Some metal compounds dehydrogenate alkanes, usually cyclo-
alkanes, by concomitant reduction of the metals. Palladium(II) trifluoroacetate oxidizes
alkanes (n-hexane or cyclohexane) in trifluoroacetic acid at 92°C!3. Palladium(II) is
reduced to palladium(0) and cyclohexane is oxidatively dehydrogenated to benzene
(equation 37). Palladium(II) phosphate in H;PO,-BF, and also in sulphuric acid effects
similar dehydrogenations!©®.

3PA(CF,CO,), + C¢H, , — 3Pd(0) + C4Hg + 6CF,CO,H (37)

H,PtClg in the presence of platinum(II) complexes can attack alkanes in benzene at
100-120°C'°7. Cycloalkanes (cyclohexane, decalin) give high yields of aromatic hydro-
carbons (benzene, naphthalene) when oxidized with H,PtClg—Na,PtCl, in aqueous
solutions! 98,

Crabtree et al.'®® reported the dehydrogenation of a number of alkanes by
[IrH,(Me,CO),L,]BF, (L = PPh;) and tert-butylethylene in chlorinated solvents (e.g.
equation 38). The reaction is believed to proceed through successive oxidative addition
of C—H bonds on the metal to give metal hydrides, which are then dehydrogenated

by tert-butylethylene!!%-!!1,
+

[1rH,(Me ,CO),(PPhy), ] +A+—\\ +® - [@_ IrHL, ¥ l \

(38)

This type of tert-butylethylene chemistry could be extended to [ReH,(PPh,),]'!2.
With cyclohexane the same products as obtained with iridium are formed. C4-Cg
cycloalkanes gave olefins in stoichiometric!!® and also in catalytic!'* reactions.

+
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B. Side-chains in Aromatics

1. Oxidation of alkylbenzenes to carboxylic acids

The autoxidation of methylbenzenes to carboxylic acids in the presence of metal
catalysts is a poor, inefficient process. The cobalt-catalysed autoxidation of p-(tert-butyl)-
toluene to p-(tert-butyl)benzoic acid results in only 69%, conversion and 67% selectivity at
168 °C'13, The oxidation of xylene to terephthalic acid is an even more difficult problem
owing to the electron-withdrawing effect of the carboxy group. The kinetic data obtained
for the oxidation of a mixture of p-xylene and p-toluic acid catalysed by cobalt(Il) at
160°C are consistent with a free-radical mechanism. The abstraction of H from the
methyl group by RCO," is rate determining''®. Carboxylic acid formation in the
liquid-phase oxidation of p-xylene with dioxygen catalysed by cobalt salts proceeds via
two different mechanisms, namely the oxidation of the aldehyde either by a primary
hydroperoxide or to peracid and subsequent oxidation of aldehyde to the latter!!’.

Bromide ions promote cobalt-catalysed autoxidations of alkylbenzenes!!8. Generally
they are carried out using low cobalt concentrations at ca 200 °C and 30 bar. The cobalt-
catalysed autoxidation of p-xylene using bromide as promoter is used for the industrial
manufacture of terephthalic acid''®12% The oxo-centred, trinuclear cobalt(ITl) clusters
[Co;30(OAc)spy;]PF¢ and [Co;O(0OAc)sOHpy,]PF¢ have been prepared, character-
ized, and utilized as catalysts in the presence of LiBr for the oxidation of xylene!2!.
They are better catalysts than CoBr,. During the autoxidation Br~ is oxidized first to
Br,, which acts as a chain initiator and abstracts hydrogen from the toluene
to give a radical which forms a hydroperoxide on reacting with dioxygen and then the
final oxidation product.

p-Xylene can be oxidized to terephthalic acid in acetic acid at 110°C when high
concentrations of cobalt(IIT) acetate are used either in the absence!?? ir in the presence
of promoters such as bromide'23, ethyl methyl ketone!24, or ozone!23, With acetaldehyde
as the co-substrate and in the presence of high cobalt concentrations the p-xylene
oxidation is also efficient!2®, In these cases there is a homolytic reaction of the substrate
with cobalt(ITI) leading to the corresponding aldehyde and subsequently to the carboxylic
acid (equations 39-43). The function of the promoters is to effect the oxidation of
cobalt(IT) to cobalt(III).

ArCH, + Co™ — ArCH,*" + Co" (39)
ArCH,* — ArCH, — + H* (40)
ArCH," + 0, — ArCH,0, — @1)
ArCH,0," + Co" — ArCHO + Co™OH @2)
ArCHO + O, — — ArCOOH 43)

Mixed-metal catalysts show synergistic effects. Replacing one fifth of the cobalt for
manganese by the catalyst Co(OAc),-NaBr gives a 5-fold increase in reaction rate!26. The
addition of zirconyl acetate'?” in the oxidation of alkylaromatic compounds by
Co(OAc),, or of metal acetate additives (Na, K, Ba, Zn, Co, Mn)'28 when the catalyst is
CoBr,, or of diethylaniline!2%13° to the Co(OAc),—NaBr system all result in shortened
induction periods and significantly enhanced reaction rates.

The relative rates of reaction of primary and secondary side-chains depend on the
catalyst system used. For example, using the Co(OAc),—ethyl methy! ketone system*3?
toluene is more reactive than cumene since the rate-determining step is electron transfer of
the substrate by cobalt(ITI), whereas with the Co(OAc),~NaBr system, where bromine acts
as a chain-transfer agent, the reverse activity order has been found®*. The combination of
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Co(OAc), with Mn(OAc), is an appropriate catalyst for the autoxidation of isopro-
pylbenzenes to the corresponding carboxylic acids via ketone intermediates'32. The role of
the manganese is believed to be to catalyse the autoxidation of the ketones to carboxylic
acids'3. In a similar way, alkylpyridines can be oxidized in acetic acid in the presence of
cobalt(III) acetate to the corresponding carboxylic acids!'34,

Methyl-substituted benzene derivatives are oxidized to the corresponding carboxylic
acids in yields of over 90%; under phase-transfer conditions with NaOCl as the oxidant and
ruthenium salts and quaternary ammonium salts as co-catalysts. The RuQ, abstracts
hydride ion from the methyl group as the initial step!33,

A great number of heterogeneous catalytic processes are applied industrially in which
oxometal catalysts are utilized for the oxidation of the alkyl chain in aromatic compounds,
but they are outside the scope of this chapter!3.

2. Oxidation of alkylbenzenes to aldehydes and ketones

In the autoxidation of methylbenzenes the benzaldehydes first formed are oxidized
further to carboxylic acids owing to their greater reactivity. Using high concentrations of
the cobalt catalyst the rate-determining step is electron-transfer oxidation of the substrate
by cobalt(III) (equations 44 and 45). Because of the electron-withdrawing effect of the
carbonyl group the benzaldehyde intermediate is less reactive than the substrate and
reaction 44 takes place faster than reaction 45. This makes the selective oxidation of
alkylbenzenes to benzaldehydes possible.

ArCH,

— ArCH,*" + Co" + X~ (44)
xcolll_
LACHO  ArCHO** + Col' + X~ 45)

Alkoxy- and aryloxytoluenes are selectively oxidized (50-75%; at 40-80%, conversion)
to the corresponding aldehydes in acetic acid at ca 100 °C using high concentrations of
Co(OAc), 3¢, Under similar conditions p-methoxytoluene and m-phenoxytoluene are
efficiently oxidized to p-anisaldehyde and m-phenoxybenzaldehyde, respectively. Toluene
is oxidized to benzaldehyde (71%) and benzyl acetate (24%) when stoichiometric amounts
of Mn(OAc),-H,SO, are used in acetic acid under dioxygen!?’. The autoxidation of
ethylbenzene in the presence of high concentrations of Co(OAc), in acetic acid at 60°C
gives mainly acetophenone and small amounts of a-phenylethyl acetate and the
corresponding alcohol! 38, Ketones are the major products in the autoxidation of primary
alkylbenzenes catalysed by Co(OAc),Br. a-Tetralone is formed from tetralin under mild
conditions!23,

Methylbenzenes give benzaldehydes and p-methoxytoluene gives p-anisaldehyde when
oxidised by manganese(I1I) sulfate in sulphuric acid'*°. Oxidation of tetralin by dioxygen
in the presence of Co(acac), is inhibited by free-radical inhibitors. Using Co(acac), as
catalyst the inhibitors increase the rate of the oxidation. This effect is believed to be due to
the change in the catalyst by the initiator'*®. Polymeric Schiff-base complexes of
vanadium(II) and manganese(II) bind dioxygen reversibly as peroxide and catalyse the
oxidation of cumene to acetophenone and 2-phenylpropan-2-ol'4!. Only traces of the
hydroperoxide can be detected. At higher temperatures the amount of acetophenone rises.

Benzylic methylene groups can be oxidized to carbonyl functions by t-BuO,H in
CH,Cl, with cyclic chromate esters as catalysts. Alkyl tert-butyl peroxides are assumed to
be intermediates'*2. Tetralin derivatives are oxidized by t-BuO, H catalysed by [Cr(CO)¢]
to give the corresponding a-tetralones in good yields. The presence of active chromium(0)
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species is assumed**3. Xylene oxidations by acidic [Fe(CN)¢]?~ yielding aldehydes as the
main products are first order with respect to substrate, oxidant, and acid. Es.r.
spectroscopy revealed the presence of radical intermediates. [HFe(CN)¢]?~ reacts with
the substrate to yield a radical, which is oxidized by iron(III) to R* 144,

Cerium(IV) in aqueous methanesulphonic acid and trifluoromethanesulphonic acid
are excellent reagents for the oxidation of alkyl and polycyclic aromatics to aromatic
aldehydes, ketones, and quinones. The cerium(III) is then regenerated by anodic oxidation
to cerium(IV)'*%, Dimethylanisoles in which one of the methyl groups is meta and the
other is ortho or para are regioselectively oxidized in good yields to the corresponding
ortho- and para-substituted aldehydes by copper(Il) and S,042~ '*5. Subsequent
oxidation of the aldehydes with NaClO, furnishes the corresponding carboxylic acids.

Using 70% t-BuO,H and catalytic amounts of chromic anhydride, benzylic methylene
groups are oxidized at room temperature to carbonyl functions in fair yields'*’. Indans
and tetralins are oxidized to indan-1-ones and tetral-1-ones by Jones’ reagent’“8, Selective
oxidation of doubly benzylic secondary carbons to ketones, of doubly benzylic tertiary
carbons to alcohols, and of singly benzylic secondary alcohols to ketones in a biphasic
system with KMnO, using a phase-transfer catalyst can be achieved!*®,

3. Oxidation of alkylbenzenes to benzylic acetates

The oxidation of methylbenzenes can lead to benzylic acetates in the presence of high
concentrations of cobalt(III) and manganese(II) catalysts. Equations 18 and 19 in
Scheme 2 are competitive. Benzyl acetate is derived from the subsequent reaction of the
benzyl radical with cobalt(III) acetate and then with acetic acid. Using Co(OAc)Br as the
catalyst in the autoxidation of alkylbenzenes in the presence of NaOAc under anhydrous
conditions benzylic acetates are the main products!?3. Methylbenzenes give benzyl
acetates on oxidation at 100 °C in acetic acid in the presence of a Pd(OAc),-Sn(OAc),
catalyst! 5%, Side-chain oxidation of 5-substituted 1,2,3-trimethylbenzenes by cerium(IV)
ammonium nitrate and cobalt(III) acetate gives benzylic acetates. The regioselectivity
of the reactions shows that the cobalt containing system operates by electron transfer
while the other abstracts a hydrogen atom®3!. Substituted biphenylenes are oxidized by
Mn(OAc), in AcOH to give 2-substituted biphenylenes and biphenylene-2,3-dione!%2.
Methyl substituents are transformed to formyl and acetoxymethyl groups.

Oxidation of xylenes by palladium(II) complexes in acetic acid was found to proceed
by two different mechanisms. One involves an organometallic intermediate leading to
a chain arylated product and palladium(IV), and the other involves a cation radical
which again gives chain arylated products with aromatics or benzyl acetates'®3. The
mixed metal acetate complex K,[Pd(OAc),] is an efficient catalyst for the benzylic
acyloxylation of toluene with dioxygen in carboxylic acid solvents at ca 170 °C. Minor
by-products are benzaldehyde, benzoic acid and carbon dioxide! 34, Cu(OAc), increases
the efficiency of Pd(OAc), as a catalyst for benzylic acetoxylation of methylbenzenes at
170 °C under dioxygen in carboxylic acids. Benzylic carboxylates are the main products
with minor amounts of by-products such as aromatic aldehydes and carboxylic acids' 33,

The mixed-metal complex PdPb(OAc),-AcOH or mixtures of palladium and lead
acetates catalyse the benzylic acyloxylation of toluene at 170 °C with a selectivity 98%' 3.
Methylbenzenes are oxidized to the corresponding benzyl acetates with S,042" in the
presence of copper(Il) and sodium acetate!3’. 9-Methylanthracene is oxidized with
S,042" catalysed by copper(Il) in MeCN-AcOH and aqueous MeCN to give lepido-
pterene (a dimer) and OAc- and NHAc-substituted side-chain products'*8. The initially
formed radical cation undergoes competing proton loss and reversible nucleophilic
addition to form an anthracenylmethyl radical and the nucleophile adduct radicals. The
oxidation of the latter by copper(Il) or S,052~ gives the products.



162 G. Speier

C. Aromatics

1. Oxidative substitution

Electron-poor arenes, such as benzene, are oxidized at room temperature by cobalt(III)
in trifluoroacetic acid to aryl trifluoroacetates' 3. In acetic acid no reaction occurs. The
mechanism, shown in Scheme 6, based on e.s.r. and kinetic studies is consistent with
two one-electron transfers, probably preceded by a charge-transfer complex'6°. The
analogous oxidation with lead(IV) trifluoroacetate in trifluoroacetic acid can be
understood in terms of an electrophilic substitution mechanism (equations 46 and
47161.162) Phenyl acetate is also formed in the reaction of benzene with Pd(OAc),!5>.
In this case a more stable aryl—metal bond results with soft metals such as lead(IV),
thallium(III), and palladium(II), which gives arylmetal intermediates. Nucleophilic
displacement at the a-carbon of o-arylpalladium complexes is feasible.

@ + Co(0,CCFy)y T—= + Co(0,CCFy), + CF3CO5™
+ CFyCOH ——» ©<ozcc+'3+ HY
H

0oCCF3 +Co{0,CCF3)y — +CF3CO,H + Co(0,CCFy)
33 0,CCF3 32 evria2
H

SCHEME 6
ArH + Pb(O,CCF ), —» ArPb(O,CCF}), + CF,CO,H (46)
ArPb(O,CCF,); —» ArOCCF, + Pb(0,CCF), @7

Oxidative substitution with X = OAc, N, Cl, NO,, CN, and SCN using oxidants such
as K,Cr,0,, Pb(OAc),, KMnO,, NaClO,, and NaNO, according to equations 48 and 49
have been reported!®%. It has been found that acetoxylation of arenes is promoted by
palladium(II) in the presence of dioxygen and the absence of excess acetate!63:165,

ArH + PdX, ——+ ArPdX —— ArX + PdX, (48)
oxidant
PdX, + oxidant ~— PdX, —"1, ArX + PdX, + X~ 49)

Oxidative acetoxylation of aromatic substrates can be carried out with S,04%~ in acetic
acid using silver'®” or copper!®® salts as catalysts. The reactions involve SO, " attack
on the substrate and formation of a cation-radical by electron transfer. Direct alkoxyl-
ations of anthracene with some lower alcohols and ethylene glycol monoalkyl ethers can
be achieved in the presence of cerium(IV) trifluoroacetate, giving the corresponding 9-
alkoxy anthracenes!®®. The yields range from 10 to 75% with the side-product
anthraquinone. Benzene is trifluoroacetylated with the oxidants H,O,, peracetic acid,
trifluoroperacetic acid, or acetalaldehyde and dioxygen in trifluoroacetic acid in the
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presence of cobalt(I1l) trifluoroacetate according to the net equation 50179,

PhH + MeCHO + CH,CO,H + O, —» PhO,0CF; + MeCO,H + H,0  (50)

2. Oxidative dimerization

Benzene is oxidatively coupled to bipheny! in the presence of PdCl, and NaOAc in
acetic acid at 90°C!7! (equation 51). The reaction rate is strongly enhanced by strong
acids such as perchloric!®® and trifluoroacetic acids'’2. The proposed mechanism, as
shown in Scheme 7, involves an arylpalladium(Il) intermediate, which undergoes either
1,2-addition to the arene or homolysis of the arylpalladium(II) intermediate, followed by
addition of the aryl radical to the arene and electron transfer of the resulting
cyclohexadienyl radical to palladium(Il)*73. Arenes with electron-releasing substituents
are oxidatively dehydrodimerized in the presence of thallium(IIl) trifluoroacetate in
trifluoroacetic acid!’* (equation 52).

2PhH + PdCl, 4+ 2NaOAc — Ph, + Pd + 2NaCl + 2HOAc (1)

OMa
R
eeg
MeO

OMe + T10,CCF3+ 2CF,COH  (52)
R @@
—HX
R‘—@ + PdX, ———= R@—de
PdX Ar® + PdX
H
©
H
R H
—0—=G" = I
R
Ar@ + P!+ ot

SCHEME 7
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Thallium(III} trifluoroacetate’ '* and ruthenium trifluoroacetate!’* are good catalysts
for the synthesis of some isoquinoline alkaloids such as ocoteine, neolitsine, aporphine,
and homoaporphine. The autoxidation of 5,6-dihydroxyindole-2-carboxylic acid in the
presence of metal ions, e.g. cobalt(Il), leads to a mixture of oligomers, the major of which
has been isolated and identified as $5,6,5,6'-tetraacetoxy-2,2'-dicarbomethoxy-4,4'-
biindolyl! ¢,

3. Hydroxylation (and O-functionalization)

The aromatic ring has only a low reactivity and alkylperoxy radicals do not effect
hydrogen abstraction from the nucleus. On the other hand, phenolic products are more
reactive than the starting aromatic nucleus.

Udenfriend’s et al. classical system, consisting of iron(II), EDTA, ascorbic acid, and
dioxygen at neutral pH, hydroxylates arenes to phenols under mild conditions!’”. The
ascorbic acid can be replaced with other hydrogen donors. Similar systems containing
low-valent transition metals, dioxygen, and hydrogen donors have been developed!’®,
The mechanism of these reactions is uncertain. The formation of H,0, and then hydroxyl
radicals is probable but they are not the only hydroxylating species in view of the isomer
distribution in the hydroxylation of arenes'”®. It does not induce an NIH shift, which may
suggest a different mechanism than that for enzymatic hydroxylation!8°,

Oxygenation of benzene to phenol with air is catalysed by copper(I) salts in dilute
sulphuric acid with an 8.3% yield based on the catalyst. Addition of H,O, increased the
yield!8!, Oxidation of benzene to phenol and hydroquinone with dioxygen in the presence
of copper(I) ions can be effected when the copper(Il) is continuously regenerated
electrochemically'®2. Aerial oxidation of benzene in a mixture of CuCl, H,SO,, and
MeOH-H,O0 yields phenol and, through a direct route, 1,4-dihydroxybenzene under
ambient conditions according to equation 53'83. At pH S the hydroxylation efficiency is
42%,. Tracer studies using '2O show no scrambling in either phenol and hydroquinone.
This is consistent with a mechanism, as shown in equations 54-56, in which hydroquinone
is derived from the oxygen adduct of a hydroxycyclohexadienyl radical almost exclu-
sively!®*. Arenes, such as benzene, chlorobenzene, and toluene, are effectively monohydro-
xylated with a system consisting of [Mn({tpp)], N-methylimidazole, colloidal platinum,
O,, and H,!'85, Addition of benzoic anhydride and/or HCl favoured ortho- and para-
hydroxylation. Water-soluble iron porphyrin complexes with quaternary ammonium
functionalities catalyse the hydroxylation of phenylalanine to tyrosine and dihydroxy-

phenylalanine in ca 70% yields'®S.
PhH + 2Cu' + 2H,0* + O, — PhOH + 2Cu" + 3H,0 (53)
2Cu'+ 0, + 2H* — 2Cu" + H,0, (54)
Cu'+H,0,+H* — Cu" + H,0 + HO— (55)

H
@ + HO® —» ©<OH — products (56)

Arene hydroxylation has been established in a dinuclear copper complex system as
shown in equation 5787,

Aromatic substrates undergo nuclear hydroxylation with Fenton’s reagents, which
consist ofiron(II) salts and H,0O,. In these systems hydroxyl radicals are produced via free-
radical chain processes'®3:!8% (equation 58). Copper salts can also be used'®® or their
addition enhances the yield of phenols in the iron-containing system. Higher iron(III)
concentrations favour phenol formation. Aromatic compounds are also hydroxylated
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]2+ ]2+
N N D2 N Y N 57
INYONI TS

with the related Fe"-S,0,2 " system'%?. Here the reactive species is the SO, ™" formed
in equation 59. The mechanisms operating in these systems are shown in Scheme 8. The
key intermediate is the hydroxycyclohexadienyl radical. In the hydroxylation with
Fenton’s reagent under aprotic conditions high-valent oxoiron complexes as hydroxylat-
ing species may also be involved!®!.

Fe' + H,0, —> Fe"OH + HO' (58)
Fe!' + 8,042~ — Fel' + SO,%" +50, (59)
R
HO' +

\ R R

Cu“ or
——— + H*' + cul or Fell
Fe :
H OH OH
H’:—Hzoj [“20
R R
-— g-
S0,~" + 3%
SCHEME 8

The role of oxygen in the hydroxylation of benzene with Fenton’s reagents has also been
studied. The phenol to benzoquinone ratio is 10:1. The phenol selectivity is low, and
conversion of H,0, is unexpectedly high. Incorporation of **0 in phenol is ca 20%
whereas in benzoquinone it is 100%'%2 In the presence of quinones as co-catalysts the
iron(III}-catalysed hydroxylation of benzene with H,0, provides phenol in up to 30%
yield. Only traces of biphenyl and hydroquinone as by-products are formed!?3.
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Benzene can be also hydroxylated with H,O, in a benzene—water two-phase system in
the presence of iron(III) and a variety of catechols. The efficiency of the catalyst is
enhanced by the use of more hydrophobic catechols!?*. Benzene, toluene, and mesitylene
are hydroxylated by complexes 1 and 2 to give hydroxylated products in good yields.
Using benzene-dg in MeCN no kinetic isotope effect was observed, indicating that
C—H bond cleavage is not rate determining®*.

Anthracene is oxidized to anthraquinone by dioxygen in the presence of [Cu,(OAc),]
and LiCl in AcOH. The kinetics of the reaction at 90 °C using chlorocopper(Il) complexes
show that the reaction is first order in anthracene, 0.5-0 order with respect to the catalyst,
and 0-1 order in NaCl'?3:196, 2.Methylnaphthalene is oxidized to 2-methyl-1,4-
naphthoquinone in acetic acid with 60% H,O, in the presence of palladium(II)-
polystyrene sulphonic acid resin at 50°C in 50-60% yield'®”. With [RhCI(PPh,),] as
catalyst anthracene'®® and 2-substituted anthracenes!®® are oxidized to anthraquinones
by t-BuO,H in benzene at 70 °C in good to excellent yields. Indenopyrene is transformed
into the quinone by first treating it with OsO, in pyridine and then oxidizing the resulting
diol with activated MnO,2°. Polynuclear aromatic hydrocarbons are oxidized by
8,042 with catalytic amounts of cerium(IV) and silver(I) in a two-phase system using
(Bu,N)HSO, as the phase-transfer catalyst2°!,

4. Oxidative cleavage

The aromatic ring is fairly stable and can only be cleaved with powerful oxidants.
Industrial processes generally use heterogeneous catalysts.

Aromatic rings are oxidatively cleaved by RuQ, under ambient conditions. The
cleavage of naphthalene to phthalic acid by NaOCIl and RuQ, as catalyst proceeds in ca
65%, yield2°2. In an analogous manner nitro- and hydroxynaphthalenes are converted to
the corresponding phthalic acids (equation 60).

R R
CO,H

o0 —
CO,H

Aromatic rings can be converted to a carboxyl group by oxidation with NalO, or
NaOCl in the presence of catalytic amount of ruthenium compounds (equation 61)293:204,
The addition of MeCN results in significantly enhanced yields2°%.

NalO4 or NaOCI
RuQ4

D. Olefins

Olefins are the most important building units in organic synthesis and their conversion
to oxygen-containing derivatives constitutes a basic process applied on both laboratory
and industrial scales.

1. Epoxidation

Ethylene and propylene oxide are important raw materials for a wide range of
chemicals. Ethylene oxide is prepared industrially by the gas-phase oxidaion of ethylene



5. Organometallic oxidation catalysts 167

with dioxygen or air over a supported silver catalyst2°¢, Higher olefins under these.
conditions give only low yields of epoxides (e.g. propylene oxide, ca 25%). There are
continual efforts to utilize dioxygen as the primary oxidant for homogeneous catalytic
olefin epoxidations.

The epoxidation of olefinic alcohol acetates such as geranyl acetate by O, is catalysed by
[Fe,0(0,CCMe,)s(MeOH),]Cl at 60°C. Dioxygen is required at twice the ideal
stoichiometry because half the oxygen is consumed in oxidative degradation of the
substrate?®7 (equation 62).

WOM — WOM (62)

In the presence of colloidal platinum and H, [Mn(tpp)CI] catalyses the epoxidation of
olefins by O,. The role of the platinum is to catalyse electron transfer from H, to
[(tpp)Mn™] to form [(tpp)Mn'"], which activates O,%8, The [Mn(tpp)CI]-O,-ascorbate
system is also suitable for epoxidizing olefins, where about 100 mol of ascorbate are
consumed per mole of epoxide formed2°8, Norbornene and its derivatives are epoxidized
by O, in the presence of [Pd(MeCN),CI(NO,)]%%. In a stoichiometric reaction a
metallocycle is formed from norbornene which decomposes to exo-epoxynorbornene
(equation 63). In the presence of air the reaction is catalytic2!©.

ci
/
pd
+ [Pd(MeCN),CI(NO,)] — o/\NO

an A

—_— o+ [PacinoO)], (63)

Hydrogen peroxide in the presence of metal catalysts, generally referred to as Milas
reagents, interacts with olefins and is used extensively for the synthesis of glycols'*. Acidic
metal oxides such as OsO,, MoO,, WO,, V,0;, and CrO, and non-metal oxides such as
SeO, are used as components?!!, Many of these reactions proceed via epoxides which,
under the acidic conditions employed, undergo subsequent hydrolysis. Under neutral and
basic conditions selective epoxidations occur?!?.

The epoxidation of allyl alcohol to glycidol using H,0,-Na,WO, is used industri-
ally?!2. The epoxidation of &, B-unsaturated carboxylic acids can be carried out with H,O,
in the presence of metal catalysts since they are inert towards alkyl hydroperoxides2!3-214,
Non-functionalized and simple olefins also give good epoxide yields when the retarding
effect of water is circumvented by its removal from the reaction medium. In this way, for
example, propylene is epoxidized with H,O, in 85% yield in the presence of molyb-
denum?!'3, boron2!®, and arsenic?!” catalysts. The selective epoxidation of eight- and
twelve-membered cyclic olefins with H,O, in the presence of WO,, H,WO,, H,M0O,,
V,0s, and SeO, catalysts is also feasible, whereas smaller rings result in glycols under the
same conditions?!®. Organometallic hydroperoxides formed from R,SnOH and H,O, are
capable of epoxidizing olefins (equation 64)2'°. [(dppe)Pt(CF,)(OH)] catalyses the
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epoxidation of terminal alkenes with 35% H, O, in the presence of water with a selectivity
of over 39%22° The palladium-superoxo complex [AcOPdO,] [prepared from
Pd(OAc), and H,0,] oxidizes ethylene to ethylene oxide and propene to propylene oxide
and acetone??!.

MVI
RySNOH + H,0, —» R,SnOOH + H,0 ——— + R,SnOH

(64)

A plausible mechanism for these epoxidations is, after the formation of inorganic
peracid, similar to that proposed for organic peracids as shown in Scheme 9'°. Other
suggestions have been also made for mechanistic consideration?'!. Covalent metal
peroxides (3) are formed from inorganic peracids in the presence of bases (equation 65).

< o<
( S

0
H/ (\o H/ ({ o
o DN,
| | o
R 0
SCHEME 9
0
?\l}l/o M= Mo, W
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L

L
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o 0

OH

A series of molybdenum and tungsten peroxides are now available?22:223 which
selectively epoxidize olefins?2*. For these epoxidations a cyclic mechanism involving 1,3-
dipolar addition to the double bond after coordination of the olefins has been
suggested?2*, 180 labelling studies have shown that the epoxide oxygen arises exclusively
from the peroxo oxygens when [MoOs(hmpa)] is the oxidant?2%. Molybdenum(VI) and
tungsten(V1) peroxide complexes also act as catalysts for the epoxidation of olefins with
H,0,2%5 The use of concentrated H,QO, is necessary and side-products such as glycols are
also formed.

The most important primary oxidants for the epoxidation of olefins are alkyl
hydroperoxides in the presence of metal catalysts. Alkyl hydroperoxides are decomposed
homolytically by certain metal complexes yielding radicals as discussed previously. In

(65)
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heterolytic reactions of alkyl hydroperoxides, the metal catalysts withdraw electrons from
the O—O bond, making it more susceptible to heterolysis by attacking nucleophiles.
Utilizing these systems a great number of chemoselective, regioselective, and enantioselec-
tive epoxidation reactions can be performed?!3-1%-:211-227.228 ‘Thijs method is also suitable
for the industrial production of propylene oxide from propene?2°.

Alkyl hydroperoxides have been widely used as primary oxidants for epoxidation
reactions. The most important of these is t-BuO,H, which has many advantages over
other primary oxidants'3. t-BuO,H epoxidizes 2,4, 4-trimethylpent-1-ene at 25°C in the
presence of molybdenum, vanadlum and chromium acetylacetonates in high yields?3°,
Epoxy alcohols can be synthesized by the treatment of allylic hydroperoxides with a
catalytic amount of a vanadium, molybdenum, and tungsten compound??*. :-BuO,H-
metal catalyst reagents are especially useful in the case of acid-sensitive olefins and those
with functional groups that react with peracids. Citral is selectively epoxidized with t-
BuO,H (equation 66)32,

0

#-BuO, H
w

(66)
Ti

A wide variety of olefin epoxidations with alkyl hydroperoxide~metal catalysts?33 and
with the t-BuO,H-[Mo(CO),] system!® in good yields have been published. Double
bonds with increasing alkyl substitution exhibit higher reactivities. Non-conjugated
dienes show selective monoepoxidation??7233 (equation 67). Electron-withdrawing
groups retard the rate of epoxidation. Propene is about ten times more reactive than allyl
chloride??4, and acrylic esters and acrylonitrile?3? cannot be epoxidized by t-BuO,H-
MoV!. When the electron-withdrawing group is sufficiently far from the double bond, e.g.
4-cyanocyclohexene, the yields are good (e.g. 88%)?". Isolated double bonds are more
reactive than conjugated ones. Monoepoxides are selectively formed227-233, The stereo-
chemistry of these epoxidations is similar to that observed with peracids. There are,
however, in cases of olefins with functional groups, great differences in the regio- and
stereoselectivities.

(67)

AN

Reactions of allylic alcohols catalysed by vanadium compounds proceed with better
yields and higher rates than those catalysed by molybdenum compounds?®?® (e.g.
equation 68). The high reactivity and selectivity in this case is due to a facile intramolecular
oxygen transfer from the coordinated alkyl hydroperoxide to the double bond of an allylic
alcohol coordinated to vanadium(V) through its OH group. The exploitation of this
behaviour led to the regioselective epoxidation of geraniol and linalool?**. High
regioselectivities are also observed with homoallylic alcohols?3#233 (e.g. equation 69).

’- Bqu
/Y\/ Toteea]” ‘)Y\/ + /W (68)
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OH OH

s (69)

(o)

In the epoxidation of acyclic allylic alcohols with the alkyl hydroperoxide—metal
catalyst system, in some cases high erythro- and threo-selectivities could be achieved. The
erythro-epoxides are formed almost exclusively with allyl alcohols in equation 70 in
comparison with those with m-chloroperbenzoic acid23%-237, High diastereoselectivities
are achieved in the vanadium(V)-catalysed epoxidation of acycllc allylic alcohols by ¢-
BuO,H?*® (equations 71 and 72).

OH o OH

R Q \
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The enantioselective epoxidation of olefins using vanadium, molybdenum, and titanium
compounds as catalysts, t-BuO,H as primary oxidant, and chiral ligands has been
achieved satisfactorily?3°, Complexes of the structures 4, 52°, and 624!:242 have been used
with combination of chiral ligands of types 7-12 and t-BuO,H as the primary oxidant. The
most effective epoxidation catalysts of this type involve [Ti(i-Pr),] or [Ti(t-Bu),] and
chelating ligands of C, symmetry, mostly L-( + )-or L-(—)-diethyl tartrate. Enantiomeric
excesses approaching 100% could be achieved?3%-242,

0 OR
IJ\ o\“lnlo/on L\Tli/OR
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]
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Studies concerning mechanistic aspects of the epoxidation reaction disclosed some
feature of oxygen transfer and possible intermediates. Evidence concerning the nature of
peroxometal intermediates in the epoxidation of olefins by H,0, or t-BuO,H in the
presence of vanadium(V) compounds as catalysts indicates that H,O, forms a side-
bonded peroxometal complex (13), whereas t-BuO,H forms a vanadium u-perester
(14)243,

~, 1 ~, o
PARN /|\o/ “Nauf
(13) (14)

The complexes [MoO(O,)L,Cl,] (L = dmf, hmpa) epoxidize olefins to the epoxides and
consecutively to cleaved products. Olefins are epoxidized by Ph;COOH in the presence of
[MoO,L,Cl,] catalysts, where the peroxo complexes are possibly intermediates in the
catalytic process44.

For the oxo transfer alternative mechanisms have been proposed. The metal—peroxide
mechanism (equation 73) suggests the formation of metal peroxide intermediate which
reacts directly with the olefin?24-245, The metal-alkyl hydroperoxide complex mechanism,
based on '80 labelling studies, is similar to that proposed for the Prileschajew reaction 19
or alternatively those shown in equations 74 and 7524,

4 sk A

Porphyrins have been also applied as catalysts for olefin epoxidations using different
primary oxidants”®. [Mo(tpp)(O)OMe] and [Ti(tpp)O] catalyse the epoxidation of
olefins using -BuO,H?*” and cumyl hydroperoxide?*®. PhIO and C;F;IO are suitable
oxygen donors for epoxndatlon reactions in the presence of [Fe(dcpp)Cl]249
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cis-Olefins are more reactive than their trans-isomers?°°. Kinetic studies revealed that
oxygen transfer is the rate-determining step23!232, There is some deactivation of the
catalysts due to the formation of N-alkylporphyrin?*3, A mechanism via oxametallacy-
clobutane intermediate as shown in equation 76 has been suggested2+%:234,

R
R
0
= éf -
Fe - . Fe R R (76)
X X N Ho)ﬁ
N

Fe — /

Picket-fence porphyrins having binaphthyl groups alternating on the sides of the
macrocyclic H,T(a, B, a, f-binap)PP can be used for asymmetric epoxidation with PhIO
reaching 48 ee (equation 77)2°%. Manganese porphyrins catalyse olefin epoxidation in a
radical reaction leading to loss of stereochemistry?3®. Oxygenation of olefins is also
observed when potassium hydrogen persulphate is used as the oxygen donor, and data
support the role of oxometal species in these oxygen transfers mediated by manganese and
iron bleomicin complexes?*”. The [Mn(Por)X]-NaQClI system is also able to epoxidize
olefins?38, especially when improved by adding pyridine?*°.

0

p/h= + Ph1Q —FlefnptinepPPC] A @

Ph

Olefins are epoxidized by PhIO in the presence of copper(Il) in MeCN. Both stilbene
isomers give trans-stilbene oxide. Using copper(I) an induction period and lower yields
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result?°°, Using tripodal and nitrogen-containing crown ethers for binuclear copper(l)
complexes with PhIO in MeCN better epoxidations are achieved than with mononuclear
complexes2®!. Oxidation of styrene and stilbene by PhIO in the presence of FeCl,,
[Fe(acac);], and [Fe(tpp)CI] gives mainly epoxides2®2. If O, is present autoxidation to
benzaldehyde is predominant. The epoxidation of olefins is effected with NaIO,, as oxidant
in the presence of RuCl;-nH,0 and 2, 2'-bipyridine as catalyst. It is well suited for internal
olefins showing syn-stereospecificity without isomerization?%3, Styrene is catalytically
oxidized in the presence of iodosoarenes and square-planar cobalt(III) complexes of
polyanionic chelating ligands. Possible intermediates in these oxygen atom-transfer
reactions include cobalt(V) oxo complexes5*,

2. Allylic oxidation

Oxometal compounds are the choice of reagent for the allylic oxidation of olefins. These
reactions are conducted industrially using heterogeneous catalysts, e.g. over bismuth
molybdate for the production of acrolein and acrylonitrile?®3266, For laboratory
purposes selenium dioxide is an alternative primary oxidant?3. Both reactions seem to
have a common mechanism involving an ene addition and sigmatropic rearrangement
according to Scheme 10.

H o
o OH ~

-_— M,
N —HgO
H,0,
AN l—m(ou)2
\QOH c
SCHEME 10

Terminal olefins yield primary allylic alcohols and disubstituted olefins are oxidized at
the methylene group. Unsaturated carbonyl compounds and conjugated dienes are also
formed in some cases. Allylic oxidation of olefins with -BuO,H using SeO, as catalyst
gives allylic alcohols in moderate to good yields26”. Enones are formed in the oxidation of
olefins by t-BuO,H in the presence of [Cr(CO)s] or [Cr(CO);(MeCN);], even in the
presence of oxidizable groups such as OH?%8, Treatment of cyclic olefins with t-BuQ,H in
AcOH and [Rh,O(OAc)s(H,0),]OAc as catalyst gffords the corresponding a,f-
unsaturated carbonyl compounds?®°. Allylic acetates are by-products. The oxidation of
cyclic olefins in AcOH to the corresponding allylic acetates by t-BuQ,H is catalysed by
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PdCl,, AgOAc, and TeO,27°. Cyclohexene is transformed to 3-acetoxycyclohexene in
889 yield with t-BuO,H in the presence of CuCl12”! (equation 78). Good yields of allylic
acetates can be obtained in the reaction of olefins with peroxy esters in the presence of
copper salts?72:273,

4
<;> + #-BuO,H + AcOH —L » Qom + 7-BuOH + H,0

(78)
Olefins are converted to allylic acetates when treated with 1 equiv. of benzoquinone as
the oxidant in the presence of catalytic amount of Pd(O,CCF,),. There is good selectivity
for terminal methy! groups®™*. Metal acetates such as Pb{OAc),, Te(OAc),, Hg(OAc),, and
Pd(OAc), are also effective for the allylic acetoxydation of olefins2”5. Of these only the
latter is catalytic. Alkenes undergo stoichiometric and catalytic oxidation (air as primary
oxidant) in the presence of [(MeCN),Pd(NO,)CI] to give allyl alcohols, «, f-unsaturated
ketones, ketones, and epoxides with good selectivities?”®. Some cyclohexenones are
oxidized by K,Cr,O, and air in the presence of molybdophosphoric acid and
CuS0O,-5H,0 to cyclohexenediones in ca 60% yield??”. Cationic rhodium complexes,
[Rh(LL)]BF, [LL = dppe, Ph,P(CH,),SPh], promote the air oxidation of cycloolefins
and branched terminal olefins to yield allylic oxidation products2’8,

3. Glycol (ester) formation

H,0, in combination with acidic metal oxides as catalysts (Milas reagent) are generally
used for the hydroxylation of olefins to glycols. The intermediate formation of a cyclic
osmate ester is assumed (equation 79), which after cleavage by H,0, gives the glycol and
0s0,**. The formation of the osmate ester may be the result of a nucleophilic and
electrophilic attack of OsO, on the double bond (further discussion is given in Section E).

Tiglate esters of chiral alcohols are hydroxylated with OsO, to give the diols
(equation 80). The ratio of stereoisomeric products varies between 0.25 and 5, depending
on the structure of the alcohol*”®. Other oxidants such as t-BuQ,H?28%28! NaClO,2%2,
NaOCI?®3, and amine oxides (N-methylmorpholine oxide)?®* may be used. OsO,
catalyses efficiently the oxidation of olefins to glycols by O, in the presence of organic
selenoxides as co-oxidants. The co-oxidant oxidizes soluble osmium(VI) to osmium(VIIT)
(equation 81) and the selenides can be reoxidized to selenoxides by photochemically
generated singlet oxygen?®®. Terminal olefins are oxidized by [Pd(MeCN),(NO,)CI] in
acetic acid to a mixture of glycol monoacetate isomers as the main products. In the
presence of O, the reaction is catalytic?®®. A mechanism involving an acetoxonium
intermediate (15) has been proposed?8”.

| l

—Cc—0 0 —C—0H
| >,/< %, + 030, + H0 (79)
—c—0 No —C—O0H
[ |
OH
Me COOR" COOR"
Me H Me H

OH
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R,Se0 + 0s0,%~ + H,0 — R,Se + OsO,(OH)2 - (81)

(13)

Meso-Tetra(2, 6-dichlorophenyl)porphinatoiron(III) chloride is an unusually efficient
catalyst for alkene hydroxylation by CgFIO. The turnover numbers are ca 10000. The
high activity of the complex is attributed to its resistance against u-oxo dimer formation
and oxidative destruction?®8, Yields of cis-cyclohexane-1, 2-diol formed by the reaction of
a KMnO, solution in MeOH-water with cyclohexene increased from nearly zero to 849,
with efficient stirring and dilution. This is due to the formation of an intermediate
hypomanganate ester which is hydrolysed by water to glycol but is further oxidized by
excess MnO, ~ 28°. Oxidations of cis- and trans-2, 5-dihydro-2, 5-dimethoxyfurans with
KMnO, proceed at comparable rates in aqueous ethanol or acetone. If aqueous thfis used
as the solvent, only the cis-isomer is oxidized exclusively to the diol2°°. Oxidation of y-
butenolides with KMnO, in CH,Cl, in the presence of a crown ether affords the
corresponding 2, 3-cis-dihydroxy-y-butyrolactones in 27-88% yields?®'. Treatment of
alkenes with cetyltrimethylammonium permanganate in CH,Cl, at 20 °C results in the
corresponding cis-hydroxy compounds??2.

Oxidation of C,—C, olefins with HIO, in AcOH solution and in the presence of
Pd(OAc), yields glycol acetates with high selectivity. From ethylene mainly ethylene
glycol diacetate is formed whereas higher olefins give glycol monoacetates as the main
products?®3, Alkenes are oxidized to glycol derivatives in AcOH with Pd(OAc), and
LiXO, (X =Cl, Br, I). The selectivity for glycol derivatives is 82%2%¢. The oxidation of
ethylene with nitric acid in acetic acid solutions to ethylene glycol monoacetate was
studied in the presence of palladium(II) compounds as catalysts. An intermediate
containing nitrite ion and ethylene coordinated to palladium is assumed??%,

Oxidation of various aryl-conjugated olefins such as styrene with Co(OAc); in wet
AcOH under nitrogen gives the corresponding glycol monoacetates in good yield*°®. The
oxidation of propene to propylene glycol acetates is catalysed by CuCl, and I, in AcOH
solution. The results indicate that CuCl,-I,-C;Hg and CuCl-CuCl, I, C,Hg are formed
as intermediates®®7-2?%, Oxidation of ethene with SeO, in acetic acid at 100-125°C in the
presence of mineral acids affords ethylene glycol diacetate?3:2%°, Styrene and butadiene
similarly give 1,2-addition products3°°,

4. Oxidative cleavage

Oxometal reagents effect the oxidative cleavage of double bonds when a cis-dioxometal
functionality is available. The cleavage can occur via a [442]- or a [2+2]-
cycloaddition!3. When reoxidation of the reduced form of the oxidant is feasible, the
process can be made catalytic. Olefins are cleaved at the C=C bond to yield aldehydes as
main products with KMnO, in a dilute thf solution. Conjugation increases, whereas bulky
substituents decrease, the yield°!. The kinetics and mechanism of the permanganate ion
oxidation of thienyl propionates show that the rate-limiting step is the formation of a
metallacyclooxetane (16) or a cyclic manganese(V) diester (17)3°2,
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l I a o/ \o
[0} Mn
| \\o \Mn/
0 O// -
(18) (1?)

Oxidative cleavage of olefins to carboxylic acids can be accomplished in good yield with
RuO, in CCl,~H,0 when MeCN is added®°3. Oxidation of enolic olefins can be carried
out in CCl,—H,O (1:1) with NaIO, and catalytic amounts of RuO,. The actual oxidizing
agent is RuO . Increasing the amount of NalO, favours the formation of carboxylic acids
at the expense of aldehydes3°?,

Allylic double bonds can be cleaved with KIO, in the presence of dibenzo-18-crown-6
and OsO, to give the aldehydes®°®. Oxidation of alk-2-enyl and alk-4-enyl-di-tert-
butylphenols promoted by [Co(salpr)] leads selectively to the corresponding carbonyl
compounds due to oxidative cleavage3°S, Rhodium(I) complexes such as [Rh(PPh,),Cl]
catalyse the oxygenation of olefins to give carbonyl compounds by C=C bond cleavage.
2,3-Dimethylbut-2-ene is transformed to acetone3°”.

Styrene derivatives undergo C==C bond scission to give benzaldehyde and
acetophenone when treated with (-BuO,H in AcOH in the presence of
[Rh;O(0Ac),(H,0);]JOAc*?8. The oxidative cleavage of styrene to benzaldehyde and
formaldehyde by acidic [Fe(CN)s]®~ is first order in each of the substrate, oxidant, and
acid. In the rate-determining step the formation of a cationic intermediate is assumed>°°.
RuO, in conjunction with NaOCI is a potent oxidant system®!°. Olefins undergo
oxidative cleavage to ketones or carboxylic acids in the presence of catalytic amounts
of ruthenium salts®!!. Cyclohexene affords adipic acid in 86-95% yield in a similar
manner3!'!, Potassium oleate can be converted to a mixture of azealic and pelargonic
acids?83,

Cycloolefins are oxidized to dicarboxylic acids with NaOCl and RuCl; xH,0O as
catalyst in a two-phase system. The best results are obtained with cyclopentene, where
the yield of glutaric acid is 82%3!2. Cycloolefins are also oxidized to the corresponding
dicarboxylic acids using dilute nitric acid in the presence of a vanadium(V) catalyst®'*.
The oxidative cleavage of cyclododecene to dodecane-1,12-dioic acid eould be
accomplished3!* using a mixture of Re,0, and H,0, in acetic acid at ambient
temperature in a yield of 30%.

5. Oxidative ketonization

The Wacker process, the palladium-catalysed oxidation of ethene to acetaldehyde,
involves the smooth conversion of ethene by aqueous solutions of PdC1,2:3157318 This is
followed by reoxidation of the palladium(0) by molecular oxygen in the presence of copper
salts. The reactions shown in equations 82-84 have been proposed. The yield of
acetaldehyde is 95%, with minor by-products such as acetic acid (ca 2%), CO, (ca 1%,), and
chlorinated compounds (ca 1%,)3!°.

C,H, + PdCl, + H,0 —> MeCHO + Pd + 2HCl (82)
Pd + 2CuCl, —> PdCl, + 2CuCl (83)
2CuCl + 2HC1 + 0.50, —> 2CuCl, + H,0 (84)
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Propene and but-1-ene or but-2-ene are similarly oxidized by dioxygen in the presence
of PdCl1,-CuCl, to give acetone and ethyl methyl ketone®!®-320:321 The yields vary
considerably with higher olefins owing to olefin isomerization®2°. Olefins branched at the
double bond cannot give ketones but undergo allylic oxidation. Since isomerization of
terminal olefins is an unwanted side-reaction, Wacker-type reactions can be achieved by
using alcohols®22:323, dmf®24, or sulpholane®?3 as cosolvents. On the other hand,
copper(I) chloride is superior to copper(II) chloride as cocatalyst since chlorination of the
ketones is hampered?26.

The kinetic data of the palladium(Il)-catalysed oxidations of olefins support a
mechanism involving the basic steps shown in equations 85-89*27. The most important
aspects of this mechanism are the enhanced electrophilicity of the coordinated double
bond of the olefin, the n—¢ rearrangement of the olefin, and the subsequent f-hydride
elimination of the hydroxyethylpalladium(IT) intermediate. The most recent mechanistic
studies support a mechanism of n—¢ rearrangement or hydroxypalladation (equation 87),
which proceeds with trans stereochemistry by distal attack of nucleophile (H,0) and not
by rearrangement of the coordinated ligand (H,O or OH)328-329 The failure to deserve a
significant isotope effect with C,D 321339 and the absence of deuterium incorporation in
the acetaldehyde formed in D,03%?7 support the mechanism shown in Scheme 11.

PdCl, 2" + C,H, — [PdCl4(C,H)]™ + CI~ (85)
[PACI4(C,H,)]™ + H,0 — [PACl,(H,0)(C,H,)] + CI~ (86)
[PACl,(H,0)(C,H,)] + H,O0 — [HOCH,CH,PdCl,(H,0)]" + H*  (87)
[HOCH,CH,PdCl,(H,0)]~ — HOCH,CH,PdCI(H,0) + CI~ (88)
HOCH,CH,PdCI(H,0) — MeCHO + Pd + HCl + H,0 (89)
o ct
| Ho |
HyO~—|| —Pa—cI == _\—Pd—CI + H*
H20 H,0
ci o
HO
| /
J Pd—Hy0 *— «— x—Pd + CI-
HO e L \HZO

/"\/Cl
Pd —= MeCH + Pd + HCI
/‘>_ \ eCHO
H—0 Ho0

SCHEME 11
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Hexa-1, 5-diene is converted catalytically to acetone in an aqueous solution of
[Pd(PhCN),Cl,], CuCl, and CuCl at 60 °C in the presence of O,. A mechanism involving
the formation of a (#3-allyl)Pd(II) complex and the conversion of the 2-allyl ligands to
acetone has been suggested (equations 90 and 91). The Wacker oxidation of higher alk-1-
enes to ketones proceeds also through #3-allyl intermediates, in contrast to the case with
ethene, where a n-bonded olefin is involved in the reaction with OH ™ 33!, Terminal olefins
can be converted to ketones by O, at 80°C in a benzene-water two-phase system using
PdCl, and CuCl, as catalysts and cetyltrimethylammonium bromide as phase-transfer
agent*32 [Mn(tpp)Cl] catalyses the oxidation of olefins to ketones by air in the presence of
(Bu,N)(BH,) in CH,Cl, at room temperature. High O, concentrations inhibit the
oxidation and the ketones are partly reduced to alcohols by (Bu,N)(BH,)?*3,

/N

OH
on | HO
72 CH -
CH(/_ /7N CHz
\I\'CHz — CH, /C“z — e/ | —> MeCO
—Pd— Npg ——Pd—
I Z N | o1

The hydride [HIrCl,(COD)(DMA)] catalyses the co-oxidation of cyclooctene and H,
to cyclooctanone and water (equation 92). No oxygenation occurs in the absence of H,.
An iridium(II) hydroperoxide is a likely intermediate®34, Cyclooctane-1,4-dione is
formed from cod and O, in benzene containing PPh, and catalytic amounts of
[Rh(PPh,),Cl1] or Rh(PPh,)4(O,)CI] (equation 93). The major product is the result of
a homo-co-oxygenation at two olefinic centers in one molecule. The monoketone and
Ph,PO are formed in a hetero-co-oxygenation®3®. The complexes [Rh(CN)(PPh,),],
[Rh(OCN)(PPh,),], and [Rh(SCN)(PPh,),] are catalysts for the co-oxidation of
oct-1-ene and PPh, in benzene solution at 20-60 °C. Styrene shows a lower reactivity?3¢
(equation 94).

CgH 4 + O, + Hy — CgH,,0 + H,0 92)
[0} (e} [0}
RCH=CH, + PPh, + O, —"L, RCOMe + Ph,PO (94)

The oxygen adducts [Rh(PPh,),(0,)X](X = Cl, NCO, NCS) decompose in benzene
solution in the presence of oct-1-ene to yield hexyl methyl ketone and Ph,PO. This is a
stoichiometric model reaction for the rhodium-catalysed hetero-co-oxygenation of
terminal alkenes3”. Oxidation of hex-1-ene to hexan-2-one by O, in i-PrOH as solvent is
catalysed by RhCl;-3H,0 or [Rhy(CO),Cl,] as shown in equation 9533
[Pd(MeCN),CINO,] also catalyses the oxidation of olefins to ketones. The catalytic cycle
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is based on a nitro—nitrosyl redox couple?3® (equation 96).
CH,=CHC,H,, + O, + MeCHOHMe — MeCOC,H,, + Me,CO + H,0 (95)

[Pa(MeCN),CI(NO,)] + R/_ —22 4 [PaciNO)], + 4< (96)
T O2 l R

E. Acetylenes

The autoxidation of acetylenes has not been studied in much detail compared with the
olefins. The propagation step involves competition between addition and hydrogen
abstraction, the latter being favoured, giving a-acetylenic hydroperoxides as the primary
products®4?, Straight-chain octynes are attacked at the C—H bond adjacent to the triple
bond to yield ketones and acetylenic hydroperoxides in addition to a, f-unsaturated
ketones through oxirene intermediates34!.

Terminal acetylenes undergo facile oxidative dimerization with dioxygen in pyridine at
30-40°C catalysed by copper(I) chloride (equation 97)342:343_ Similarly, the same
reactions can be accomplished with copper(IT) salts*** for the preparation of a wide range
of acetylenic compounds. The reaction involves deprotonation by amine to give a
carbanion, which dimerizes to diacetylenes (equation 98). In the catalytic process the
dioxygen reoxidizes copper(I) to copper(Il).

CuCl-py, O,

RC=CH RC=CC=CR 97
or Cu''-py
RC=CH — RC=C~ ————RC=C'— RC=CC=CR  (%8)

Acetylenes undergo allylic oxidation by selenium dioxide (equation 99)**%. These
reactions can also be accomplished catalytically using selenium dioxide as the catalyst and
t-BuO,H as the primary oxidant3*®. Internal acetylenes undergo a,«'-dihidroxylation346
showing a reactivity order of CH, ~ CH > CH,, allowing selective monohydroxylation
by compounds having a methyl group. With acetylenes bearing a CH and a CH,
substituent enynones are the major products (equation 100).

l SeO, l
—C—C=C——%,_C—C=C— (99)

[ I
OH

c=c—/ s:o::':; o —i——c—-c—< \>—c—c—<\
(100)

Acetylenes with no active CH and CH,, groups undergo oxidation at the triple bond.
The carbon—-carbon triple bond is less accessible toward electrophilic attack than the
double bond. Alkynes can easily be transformed to 1,2-dicarbonyl compounds
(equation 101) either in stoichiometric reactions with SeO,3%5 or with oxometal reagents
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such as Ru0,3*7, KMnQ,348:34° cetyltrimethylammonium permanganate??2, OsQ,2%,
and [(hmpa)MoO(0,),]133°. More drastic conditions lead to the formation of cleavage
products (equation 101). In these reactions cyclic esters are assumed to be intermediates.
Cyclic osmate esters could be isolated from the reaction of [OsO4L] (L = quinuclidine)
with acetylenes (equation 102)351.

A1
N\

2-COOH or —COOH + CO,

—c=c¢ (101)

R
[0} 0 [0} o]

RC=CR' + 2[0s04L] —» L ——\Os/ \Os//—- L (102)

7 NoTo” X,
RI

In the reaction of permanganate with acetylenes, nucleophilic33? (path a) and

electrophilic3®3 (path b) attack of MnO,~ on the triple bond (equation 103) have been

suggested, the latter leading to the manganate(V) diester, via an organometallocycle,

which decomposes to 1,2-dicarbonyls and manganese(III). The catalytic oxidation of

acetylenes to 1,2-dicarbonyls by use of OsO, with H,0,*%¢, t-BuO,H?%2, N-methyl-

morpholine oxide??2, and KClO,3%5, or ruthenium(ll) compounds with iodosylben-
zene>*¢, and [Co(salpr)] with dioxygen®°® have been reported.

_c__cl_
O\Mn/O
2l N

|
O
[

C— + MnOg4” —C—C— + MnO;~

SO T
| [

Mn (103)

Terminal acetylenes undergo oxidative carbonylation catalysed by PdCl, in the
presence of CuCl, (equation 104)**”. This shows a close resemblance to the analogous
reactions with olefins.

RC=CH +CO +R’OH +2CuCl, — RC=CCO,R’+2CuCl+2HCl  (104)

F. Heteroatom-containing Compounds

1. Alcohols

Transition metal ions act as either catalysts or inhibitors of alcohol oxidations. Low
copper concentrations inhibit the autoxidation of cyclohexanol®*® whereas copper—
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phenanthroline complexes catalyse the autoxidation of MeOH to HCOH3%%. Strong
one-electron oxidants such as cobalt(I1I) and manganese(III) effect one-electron oxidation
of the alcohol by M as shown in equation 105. This is the case in the oxidation of
secondary alcohols to ketones by O, in the presence of cobalt(IIT)36°. The overall result
is reasonably explained by equation 105. There are, however, further possibilities for the
formation of the alkoxy radical, e.g. the homolytic cleavage of the alkoxymetal
intermediate, formed in equation 106, according to equations 107-109.

MT 4 NcHon —— mit 4 Now + w* (105)
/ /
MUx & crow NcHom™ 4 wx (106)
/
v cHo® + mt (107)
/
\CHOMm —_— \c=o + HmM (108)
/ /
-+ =0 +H + (109)
/

The oxidation of alcohols by palladium(II) and platinum(1I) compounds often results
in dehydrogenation products and metal hydrides through f-hydride elimination of the
alkoxymetal speciesS!. The regeneration of M" proceeds by reaction of the metal hydride
with dioxygen. A similar mechanism also operates in some hydrogen-transfer reactions,
e.g. using [RuCl,(PPh;),] as the catalyst3%2. Such a mechanism has been proposed for
the ruthenium-catalysed oxidation of coordinated alcohols by dioxygen343-364. H,0, is
formed during the reaction utilizing a Ru''~Ru'Y couple. For the galactose oxidase-
catalysed oxidation of galactose an analogous mechanism with a Cu™-Cu' couple has
been assumed?®%,

The copper(Il) complex 18 catalyses the oxidation of aliphatic alcohols to aldehydes
by O, in the presence of KOH3%%, Benzoyl peroxide oxidizes primary and secondary
alcohols to the corresponding carbonyl compounds in the presence of NiBr,3¢". Primary
alcohols are oxidized to aldehydes in good yields using Pb(O,CMe), in combination

o\cu/o
_N/ \N—

OH
(18)
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with Mn(OAc),. The method is also suitable for the oxidation of olefinic and secondary
alcohols®¢®. ZrO(OAc), catalyses the selective oxidation of primary alcohols with
t-BuO,H in aldehydes with very good yields without the formation of carboxylic acids.
Allylic alcohols are transformed to a,B-unsaturated aldehydes®®®. Aromatic and o, -
unsaturated acyl cyanides can be prepared by the oxidation of cyanohydrins with
t-BuO,H in the presence of [Ru(PPh,),Cl,] {equation 110)37°.

ArCH(OH)CN — ArCOCN (110)

Oxometal reagents, such as oxochromium(VI)?!, oxovanadium®’! compounds are well
suited for many stoichiometric alcohol oxidations. Furthermore, oxo complexes of
ruthenium(IV) and ruthenium(VII) are used to oxidize organic compounds. RuO,2~ and
RuO, ~ oxidize primary alcohols to carboxylic acids and secondary alcohols to ketones.
(Ph,P) [RuO,Cl,] and [RuO,(bpy)Cl,] cleanly oxidize a wide range of alcohols to
aldehydes and ketones without attack on the double bond3’2, Tetrabutylammonium
ruthenate in an organic solvent is an efficient and selective oxidant for converting primary
alcohols into aldehydes and secondary alcohols into ketones®’3. Primary alcohols are
preferentially oxidized over secondary alcohols with OsO, in EtOH-py solution374,
RuO, or RuO,2~ can be used in catalytic amounts with NaOCI37% or K,S,0,376 as the
primary oxidants under phase-transfer conditions.

2. Glycols

Glycols can be transformed to ketones and aldehydes by oxidative C—C bond
cleavage. Aldehydes may be oxidized further under the reaction conditions. Pb(O,CMe),
and IO, " are generally used under mild conditions®?7-378, Glycols are selectively cleaved
by molecular oxygen in the presence of cobalt(Il) salts in aprotic solvents, resulting in
aldehydes or carboxylic acids as the major products®’®. The complexes [MoO,L,] and
[Mo,0,L,] with sulphur-containing ligands (L =S-deprotonated cysteine ester or
amides, Et,NCS,) catalyse the oxidation of benzoin to benzil by O, in dmf at 30°C.
Proton transfer from OH to MoO is followed by elimination of the methine proton to give
the product®8°. Dezoxybenzoin is converted by Cu"-py-Et;N-MeOH-O, to benzil,
bidesyl, PhCHO, and PhCO,H. A product study comparing reactivities of benzil and
bidesyl under identical conditions established 1) that the conversion of desoxybenzoin to
bidesyl is effected by copper(Il) alone, 2) that PhCHO is generated only from
desoxybenzoin, in a reaction that requires both copper(II) and O,, and 3) that benzil
undergoes C—C bond cleavage only in the presence of H,0, forming PhCO,H
exclusively, in a reaction that requires copper(II) but not O,38!,

Glycols can be oxidized stepwise via a-ketols as intermediates to the corresponding 1,2-
diketones (equation 111)*82, Copper(l]) salts oxidize a-ketols, for example benzoin is
oxidized to benzil in the presence of a copper(II) catalyst and ammonium nitrate as the
primary oxidant383:38¢ Acyloins are oxidized to 1,2-dicarbonyls by dioxygen using
[CuClpy], as catalyst in CH,Cl, or CHCI,3®%, Silver-catalysed oxidative cleavage of
glycols by potassium peroxysulphate can be achieved3®¢-387. Vanadium(V) catalysts can

be used for the oxidation of cyclohexane-1,2-diol to adipic acid by nitric acid3®”.
OH OH OHO 0] (I?
[ [ I
—C—C——+—C—C——s—C—C— (111)

(I I

The molybdenum peroxide-catalysed oxidation of alcohols by dmso has been a useful
route to 1,2-diols. Monooxidation, dioxidation with C—C bond cleavage, and the
formation of 2-methylthiomethoxy-1-ols are observed (equation 112)388. Oxidation of
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benzoin to benzyl by p-benzoquinone can be catalysed by [Fe S,(SR),]*~ complexes
having cysteine-containing peptides or bulky thiolates as the RS group?®%.

>—<\ + Me,S
/’

OH 0
>——< + dmso —» >—< (112)
OH OH \ SH OCH,SMe

2 \”/ + Me,S
o]

The oxidative cleavage of 1-phenylethane-1,2-diol into benzaldehyde by 4-cyano-N,N-
dimethylaniline N-oxide (equation 113) is catalysed by [Cr(tpp)Cl]. In the stoichiometric
reaction the intermediacy of [OCr(tpp)Cl] could be demonstrated?*°. Under irradiation
the same reaction gives benzaldehyde and formaldehyde??.

+
@CH(OH)CHZOH + NC —@TMeZ ——NC 4©>—NMez
o-

4+ PhCHO + CH,0 + H,0 (113)

3. Aldehydes and ketones

Aldehydes are susceptible to autoxidation even at ambient temperatures. In the radical
chain process organic peracids are formed, which oxidize the aldehyde.

Acetaldehyde oxidation is used for the production of peracetic acid®®?, acetic
anhydride3®?, and acetic acid®®*. For the acetaldehyde oxidation batch autoxidation and
a continuous process3?® have been developed using catalytic amounts of manganese(IT)
and cobalt(IT) acetates. The metal catalyst initiates the oxidation through a one-electron
transfer (equation 114) from the aldehyde to manganese(I1I), which is later regenerated. In
the production of acetic anhydride®®3, cobalt(Il) and copper(Il) acetates are used as
catalysts. Copper(II) oxidizes the acyl radical (equation 115) and in a subsequent reaction
(equation 116) acetic anhydride is formed. In the autoxidation of aldehydes the
decarbonylation of the intermediate acyl radicals (equation 117) is a competing side-
reaction, which is favoured at high temperatures and low oxygen concentration when the
R group is branched at the a-position. Reaction 117 is also promoted in the presence of
metal catalysts (cobalt and manganese).

MeCHO + Mn'" — MeCO + Mn" + H* (114)
MeCO + Cu"' — MeCO + Cu! (115)
MeCO + MeCO,H —» (MeCO),0 +H* (116)
RCO — R +CO (117)

Aromatic aldehydes are also readily autoxidized to the corresponding benzoic acids.
Cobalt(IT) salts are often the catalysts of the reaction95:3%7, Acrolein can be selectively
oxidized to acrylic acid using [Co(acac),] as catalyst and acetaldehyde as promoter at 30—
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40°C3%8, Methacrolein is converted to methacrylic acid in 96% yield using Cu(OAc),
catalyst in toluene or benzene solution at 30°C and 14 bar oxygen pressure3°?. In the
ammonoxidation of anisaldehyde with NH, and O, in the presence of NaOH, with
CuClAz(;gHZO as catalyst in MeOH at 30°C, p-methoxybenzonitrile is obtained in 90%
yield*°°,

Aldehydes can be oxidized to the corresponding carboxylic acids using stoichiometric
amounts of inorganic oxidants, such as chromium(VI) compounds, permanganate, and
MnO,. Aldehydes with protected hydroxy groups can be oxidized to the corresponding
carboxylic acids with KMnOQ, in over 95% yields using a mixture of t-BuOH and aqueous
NaH,PO, 40! _

Ketones undergo facile metal-catalysed autoxidation with C—C bond cleavage to give
carboxylic acids. In these reactions the direct oxidation of the ketone enolate by the metal
oxidant is involved. The rate of oxidation of acetophenone in acetic acid and butyric acid
at 130°C catalysed by manganese(II) acetate is equal to the rate of enolization under the
reaction conditions*%2,

Ketones are oxidatively cleaved to carboxylic acids with stoichiometric amounts
of MnO,~ and chromium(VI) compounds. SeQ, is the stoichiometric reagent for the
oxidation of aldehydes and ketones to 1,2-dicarbonyl compounds
(equation 118)373:4037305  Acetic acid and alcohol solvents are generally used at 80—
100 °C. The SeO,-catalysed oxidation of cyclic ketones with H,O, in t-BuOH results in
ring contraction (equation 119) with ca 30%, yields*°#%7, The same reagent oxidizes
acrolein to acrylic acid selectively*°8,

SeO
RCOCH,R' ——— RCOCOR’ (118)
0 CO,H
H20,
Se0, (119)

n
n

Catalytic Baeyer—Villiger oxidations using concentrated (90%) H,0O, have been
reported (equation 120). Arsonated polystyrenes catalyse the oxidation of ketones with
H,0, to esters or lactones*®®. Biphasic and triphasic systems are used and the active
oxidant is the polymer-bound peroxyarsonic acid. Peroxomolybdenum(VI) complexes
stabilized by picolinato or pyridine-2,6-dicarboxylato ligands catalyse the Baeyer—
Villiger oxidation of cyclic ketones with H,0, (Scheme 12)*'°.

H,0,
RCOR’ ——— RCOOR’ (120)

4. Phenols

Phenols are readily susceptible to oxidation with almost any oxidant. These oxidations
are of synthetic importance and also implicated in many biogenetic reactions. Phenols are
also used as inhibitors in free-radical autoxidations because of their facile reaction with
alkylperoxy radicals. The key feature of metal-catalysed oxidative transformations of
phenols is the oxidation of phenolate to the corresponding phenoxy radical
(equation 121). Depending on the nature of the catalyst and the reaction conditions,
phenols undergo a variety of oxidative transformations in the presence of metal
compounds as shown in Scheme 13,

ArOM"™ — ArQ" + M@~ 1)+ (121)
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SCHEME 12
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SCHEME 13

2,6-Disubstituted phenols are oxidized by O, at room temperature in the presence
of copper(I) salts and a tertiary amine (usually CuCl-py) to give the corresponding
polyphenylene ethers and/or diphenoquinones*!!~*!3 (equation 122). The ratio of C—O
and C—C coupling is mainly determined by the size of the group R, the molar ratio of
the amine to copper(I), and the temperature. When R is bulky diphenoquinone is the
sole product*!!-*12, With small substituents, low catalyst concentrations, and/or low
molar ratios of pyridine to copper(I), C—C coupling predominates*'**!3, Copper(II)-
amine complexes are active catalysts only in the presence of strong bases such as KOH
or NaOMC412'413'416.
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R
R 0 + nH0
n OH +0.50 0, 5= R da
R R
R
R R
(122)

The key step in the oxidative coupling reaction is the formation of a phenoxy radical via
one-electron oxidation of phenolate by copper(Il) (equation 123). The phenoxy radical
undergoes C—C or C—O coupling, depending on the reaction conditions. Anaerobic
oxidation of 2,6-dimethylphenol by stoichiometric amounts of a copper(II)-phenyl-
ethylamine complex gives predominantly the dihydroxybiphenyl*!?. The oxidation of
thymol with O, catalysed by CuCl, leads to 19, which has both a p-quinoid structure and a
phenyl ring, Novel coupling products can be achieved with other substrates*!®. Oxidation
of 2,6-dimethylphenol by O, and catalysed by copper(Il) complexes of 4-(N,N-
dimethlyamino)pyridine gives diphenoquinone and polyether. Both mono- and dinuclear
complexes are active, the most active species being [Cu(dmap),CI(OH)]*'°.

R R
ocyl ——» 0o* + cu! (123)
R R
0
)y~
0
(19)

Autoxidation of phenols can give high yields of p-benzoquinones or diphenoquinones
depending on the conditions (equation 124). The salen Co"-catalysed autoxidation of
phenols gives good yields of p-benzoquinones or diphenoquinones*2°. Phenol itself is
selectively oxidized to 1,4-benzoquinone with O, at 70 bar in MeCN at 40°C, and in the
presence of catalytic amounts of CuCl or CuCl,*2*. The oxidation of phenols by O, in the
presence of [Cu,Cl,0,(MeCN),] gives oxidative coupling products selectively if the
copper-to-phenol ratio is low, or para-hydroxylation products if this ratio is high. In the
latter case phenols unsubstituted in the para position yield p-quinones whereas p-
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substituted phenols are transformed into p-quinols*?? (equation 125) 2,3,5- Trlmethyl-
phenol is oxidized to 2,3,5-trimethyl-1,4- benzoqumone with salen Co" as catalyst in 94%
selectivity at 949 conversion®23. Phenols blocked in the para position, e.g. 2,4-di(tert-
butyl)phenol, can be selectively oxidized to the corresponding o-benzoquinones in the
presence of salen Co" '3, When both ortho and para positions are blocked in the phenol, p-
quinols results*24. 2,6-Dimethylphenol is oxygenated to the corresponding p-quinone
catalysed by Schiff base complexes of cobalt. Initial rates and turnover numbers depend on
the substitution of the Schiff base**. Oxidation of 2,6-di-(tert-butyl)phenol by O, in the
presence of cobalt(IT) chelates of several polyammes give the corresponding quinone and
diphenoquinone*2$. Oxidation of phenols to quinones by cobalt-Schiff base complexes
gives good yields in different solvents*?”. 2,4,6-Tri(tert-butyl)phenol reacts with O, and
[Co(dmg),py] to give an organic peroxo—metal complex, which on reaction with H*
results in 2,6-di(tert-butyl)-p-benzoquinone*28. [CuClpy], catalyses the oxidation of 3,5-
di(zert-butyl)catechol by O, to the corresponding quinone without ring cleavage. The
formation of a dinuclear peroxo complex has been proposed for the rate-determining
step*2°. The oxidation of phenol in the presence of morpholine and copper(IT) produces
dimorpholino-substituted o-benzoquinone*3°.

o~ =)
R /
R R
0
R
R
OH 0 (o)
[eE e Eh o g
o OH

Many of the copper- and iron-catalysed oxygenations of phenols are reminescent of
biochemical reactions mediated by copper- and iron-containing oxygenases. The
oxidative ring cleavage of 3,5-di(zert-butyl)catechol by dioxygen is catalyzed by 2,2'-
bipyridineiron(IT)**! (equation 126). Oxygenation of 3,5-di(tert-butyl)catechol in the
presence of an Fe''-bpy—py complex formed from FeCl, gives the products 20, 21, and 22.
The reaction proceeds by formation of a catecholate complex; the reaction with O, gives a
peroxidic intermediate, which breaks down to the final products by ring scission®?2,

o
—2 . + (126)
""VF" 07 NCH,CO,H o

(124)
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=0 — —
Z

\o e} [0}
K

X0 0" CH,COH 0 cHo
(20) (21) (22)

The oxidation of phenol catalysed by Cu'-py in MeOH affords the monomethyl ester of
cis,cis-muconic acid by oxidative C—C bond scission, involving catechol and o-
benzoquinone as intermediates*32~437, Similar ring cleavage of catechols and o-quinones
can be achieved with [CuCl(OMe)py,]**® and the CuCl-py system*3°. The key steps in
these reactions are believed to be oxidation of catechols to o-quinones and then
nucleophilic attack of coordinated MeO ™ or oxygen—copper complexes at the C—=0O
carbon.

The iron(I1T)-nitrilotriacetate system is a good model for the active centre of non-haeme
iron(IIT) dioxygenase. It catalyses the oxygenation of 4-tert-butylcatechol in EtOH-H,0
to the lactones formed via oxidative ring cleavage (equation 127)*3%, Oxygenation of 3,5-
di(tert-butyl)catechol to the corresponding muconic anhydride, 2-pyrone, and o-quinone
(equation 128)is catalysed by vanadium(III) or vanadium(I'V) complexes at 20 °C*4°. The
quinone is not oxidized under these conditions. When [Ru(PPh,),Cl,] is the catalyst the
anhydride and pyrone are the products*4!.

OH — —
OH CH,CO,H(Et) 0" CH,CO,H(Et)

(127)

OH 0 = /0

— — C>0

OH 0 X0
1 (128)

= =~ 0
0 —_—
e A o

o]
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I. INTRODUCTION

Olefin metathesis is a relatively new addition to the armoury of transition metal-mediated
reactions available to the synthetic organic chemist. It is generally agreed that the first
example of the reaction, which was identified as such with the wisdom of hindsight, was the
ring-opening polymerization of bicyclo[2.2.1]hept-2-ene (equation 1) described in a
DuPont Patent as recently as 1955!. Shortly after this a series of patents relating to the

/ TiCla/EtMgBr :é 9
—_—
50 °C n
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catalysed exchange or disproportionation reactions of acyclic olefins appeared
(equation 2).

2RCH=CHR’ = RCH=CHR + R'CH=CHR’ (2)

The term ‘olefin metathesis’ which is now in general use was not introduced in the
literature until 1967, when it appeared in an unattributed news item describing the work of a
Goodyear research group led by Calderon?. The word metathesis is in common use in
chemistry, carrying the implication that during a metathesis reaction two units which
individually comprise part of a larger entity are interchanged between pairs of such larger
entities. In the case of ‘olefin metathesis’ it is alkylidene units, pairs of which constitute an
olefin, which are exchanged. Calderon is credited with introducing the term and with the
more important realization that the ring-opening polymerization of cycloalkenes and the
olefin exchange or disproportionation reactions of acyclic olefins are, in fact, examples of
the same general reaction type.

In this chapter we describe the mechanism of the reaction, the types of catalyst or
initiator systems which can be used, the range of substrates which are susceptible, and the
applications of the reaction which have been established both in academic research and in
commercial industrial practice. The subject is vast and at the time this chapter was in
preparation some parts of it were expanding rapidly; inevitably, in these circumstances, the
view presented here is selective rather than comprehensive, with emphasis on more recent
results. More detailed reviews of particular aspects of the subject are referenced at
appropriate points in the text, and Ivin’s book® provides an authoritative and
comprehensive review of the literature through to the end of 1982.

Readers resorting to the original literature should be wary in their evaluation of some of
the early experimental reports and the mechanistic rationalizations which have been
published. Some aspects of the experimental work appear to have suffered from an element
of irreproducibility, and some unsustainable mechanistic rationalizations were espoused
long after their experimental refutation. These problems are by no means unique to the
field of olefin metathesis, of course.

In this chapter we deal exclusively with the metathesis of carbon—carbon double
bonds; other multiple bonds undergo metathesis and their chemistries are covered
elsewhere*.

il. THE MECHANISM

The generally accepted mechanism for the olefin metathesis reaction is shown in
equation 3. First proposed by Herisson and Chauvin in 1970, it involves a reversible
[2 + 2] cycloaddition of a carbon—carbon double bond to a metal carbene with the
formation of a metallacyclobutane intermediate 1.

CHR  CHR! RHC—CHR! RHC=CHR!
Il + = [ ] = 4+ 3)
[M] CHR? [M]—CHR? [M]=CHR?

)

Fragmentation of 1 can then either regenerate the starting olefin and carbene or lead to
a new carbene complex and olefin. The latter is termed productive metathesis, which is
readily distinguishable by the observation of new olefinic species. A second commonly
occurring process is one in which an identical olefin is generated. Such a process is called
degenerate metathesis and can only be detected by isotope labelling (equation 4).
Degenerate metathesis is particularly prevalent for terminal olefins which consequently
appear to undergo metathesis at a much slower rate than internal olefins. Observations of
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the chain carrying alkylidene species®” and labelling studies® suggest that the substituted
alkylidenes formed during the process are more stable than their methylidene counter-
parts, favouring addition in the direction shown in equation §, i.e. with the substituted
carbon adjacent to the metal centre.

RHC CD, RHC=CD,
I+l = + @)
H,C CHR!' H,C=CHR!

RHC=CD, |RHC—CD, RHC CD,
+ = [ = N+ )
[M]=CHR [(M]—CHR [M] CHR

Another commonly encountered metathesis process is self-metathesis, which arises when
two identical unsymmetric olefins undergo metathesis to yield a pair of symmetric olefins
(equation 6).

R'CH=CHR” RCH CHR"
+ = | + | (©)
R'CH=CHR” RCH CHR"

As the metathesis process is essentially thermoneutral for acyclic olefins, a statistical
distribution of all the olefin alkylidene fragments eventually results. Furthermore,
metathesis catalysts also often promote isomerization of the olefin substrates and so, for a
mixture of two olefins in which all the alkylidene end-groups possess different substituents,
an extremely complex mixture of product olefins could be formed. In practice, for simple
olefins such a mixture is avoided since the number of possible combinations is limited, and
for terminal olefins the situation may be simplified further by removal of the volatile
ethylene component to drive the equilibrium of equation 7 to the right.

2RCH=CH, = RCH=CHR + CH,=CH, 0

The two most commonly occurring side-reactions of the metathesis process arise owing
to alternative decomposition pathways for the intermediate metallacycle. In one case,
reductive elimination of the metallacycle C, fragment (equation 8) affords three-
membered rings (cyclopropanation). In the other, rearrangement of the metallacycle occurs
to give a homologated olefin (equation 9). The mechanism of the latter is not well
understood but is believed to proceed via f-hydrogen elimination from the metallacycle
followed by hydrogen transfer to what is most likely to be a transient allyl intermediate.
The stability of the metallacycle to such side-reactions can be controlled, and so generally
they do not prove troublesome in metathesis reactions.

/CH2 CHz
[M]\ /CHz — [M] + CHz—CH; @8)
CAp
CH\2 T Hz
[M]\ /CH2 — [M] ")/CH —— [M] + CH=—=CHMe (9)

CH2 CHz
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If the carbon—carbon double bond is contained within a ring then, depending on the
‘polymerizability’ of the ring system, a polymer containing unsaturated C=C linkages
will result. The first ring-opening polymerizations of this type to be clearly documented
were the conversion of cyclopentene to polypentenamer (equation 10), a finely balanced
equilibrium process, and the more thermodynamically favourable ring opening of
bicyclo[2.2.1]hept-2-ene (norbornene) derivatives to polynorbornenes
(equation 11)*-27'!. Only the second of these reaction has so far been commercialized!?,
although several companies have also developed the ring-opening polymerization of
cyclopentene to the pilot plant stage. The product, polypentenamer, is a good general-
purpose elastomer but, as yet, economic conditions have not justified the investment
necessary for its production.

@ — (10)

A7 ooy o

For efficient metathesis, the metallacycle and carbene—olefin complex should be close in
energy with a low energy barrier between them. Experimentally determined rates indicate
activation barriers in the range 30-60kJ mol ! !3718 and the process also appears to be
favoured by the presence of n-donor ligands such as oxo or imido®7'?. Ab initio
calculations by Rappé and Goddard?° on the addition of C,H, to a Mo=—CH, fragment
in the presence of a ‘spectator oxo’ ligand show that the process is considerably more
favourable than when the oxo ligand is absent, an effect which has been attributed to the
ability of z-donor ligands such as oxo or imido to form pseudo-triple bonds and thus
stabilize the more oxidized metallacycle form (equation 12). The oxo ligand is effectively
acting to reduce the barrier between carbene and metallacycle form and provides a
rationale for the beneficial effect of trace amounts of oxygen in classical catalyst
formulations. Indeed, some of the most active well defined carbene catalysts possess
ancilliary oxo®7 and imido ligands!?-2!.

A Vi
[M]\ [M=CH; — [M] (12)
\CHZ CH>

/4

CH2

It is only in relatively recent years that both discrete carbene and metallacyclobutane
complexes have been synthesized and shown to be active in olefin metathesis. However,
studies of their reactivity have reinforced many of the previously held beliefs concerning
the involvement of carbenes and metallacycle intermediates in classical formulations.
Studies on the carbene catalysts [M(CHBu’) (NAr) (OR),] (M==Mo, W) have shown that
the difference in energy between the carbene and metallacycle may indeed be very small
and strongly influenced by the nature of the metal and attendant ligands. Thus, the
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tungsten metathesis catalyst 2a containing OCMe(CF,), ligands reacts with excess
vinyltrimethylsilane to give the tungstacyclobutane complex 2d containing «- and
B-trimethylsilyl groups'® (equation 13).

14
NA NAr u
r
\ / +CHa ==CHSiMe, |
———— |RFO—W
R / \\\\CHB 4
FO Y OfR
F SiMes
(2q, 30) (2b, 3b)
13
(2) Rp =0CMe(CF3), (3
— 4
(3) Rp =0CMe,(CF3) —CHz ==CHBu
SiMe
Nar 77003 RpO NAr
F
Il +CHy ==CHSiMay AN //
RpO—W SiMe; —M8M8M /w\\
ORF RgO CHSiMey
(2d, 3d) (2¢,3¢)

Neohexane is the only metathesis product observed at 25 °C, suggesting that the initial
WC, ring containing a-Bu’ and «-SiMe; groups (2b) is unstable to loss of neohexene.
However, if the alkoxide ligands are exchanged for the less electron-withdrawing
OCMe,(CF,), the trimethylsilylcarbene complex 3c is favoured over the metallacycle form
3d; hence the stability of the metallacycle correlates well with the electrophilicity of the
metal centre. A similar effect is seen on changing the metal to molybdenum, where the
trimethylsilyl carbene 4 (equation 14) forms in preference to the metallacyclobutane.

\MO// +CHy ==CHSiMae, \ // (14)
—CHy ==CHBu’
R,,o/ cHBu' : / CHS|Me3
(4)

These observations suggest that olefin is lost more readily from the molybdacyclobutane
than the tungstacyclobutane?!, consistent with the decreased -electrophilicity of
molybdenum.

There is some evidence for an equilibrium between the carbene 3c and metallacycle 3d in
the presence of excess vinyltrimethylsilane. Such an equilibrium is observed readily in a
related tantalum system, where the carbene 5 is observed to be in equilibrium with the
metallacyclobutane complex 622 (Scheme 1). In contrast, styrene reacts with 7 to give 8,
and no carbene is observed in this case, or in the reaction with C,H, to give the
tantalacyclobutane 9.
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Ph
SiMez
(dipp)3Ta Bu’ (dipp)a(th) To==C
- () H
Ph SiMey SiMey
+—/ —:/ ] [+=/
SiMey
(dipp)3(thf) Ta==CHBu' (dipp)3Ta SiMey

(Y9
%a ==CH; €
(dipp)3Tc<> dipp=0-2,6-PrbCgHz

(9)
SCHEME 1
Dramatic effects on carbene and metallacycle stability have also been seen on changing
from O- to S-based ancillary ligands. The tantalum complexes 10 and 11 will both initiate
the ring-opening polymerization of norbornene. However, a metallacycle chain-
propagating species prevails in the case of 10 (equation 15) whereas a carbene propagating

species is found for 1122 (equation 16). This may be attributed to the reduced
electrophilicity of the metal centre in the presence of the soft phenyl thiolate ligands.

!

e,

(dipp)3(thf)To=C\ —— (dipp)3Ta (15)
H

(10)

e i,
(tipt)3(thf)To-——"C\ E— (tipf)3(thf)Ta=ﬁ—=CHBu'
H

an

dipp=0-2,6-Pr’aCgHx

tipt=S-2,4,6-Pr'3C6H-2 (16)

The simultaneous presence and co-existence of carbene and metallacyclobutane
complexes has recently been observed in a catalytic olefin metathesis reaction. On reaction



6. Olefin metathesis 205

of [W(CHBu') (OCH,Bu),Br,] with norbornene in the presence of GaBr;, n.m.r. signals
attributable both to chain-propagating carbene and metallacycle species were
observed?3-24,

lll. THE CATALYSTS

A wide variety of homogeneous and heterogeneous formulations will catalyse the olefin
metathesis reaction. The most commonly used catalysts are based on molybdenum,
tungsten, and rhenium, although metals from Groups 4, 5, 8, and 9 of the transition series
have also been shown to be active.

A. Classical Catalyst Systems

These catalysts were the first to be established and typically involve two or more
components (often a Lewis acid and an alkyltin co-catalyst). They can be divided into
heterogeneous and homogeneous systems, although the distinction between truly
homogeneous systems and those involving fine particulate suspensions has not always
been easy to discern. Heterogeneous formulations include those based on mixed metal
oxides such as Re,0,-Al,0,25728 M0O,;-Co0-A1,0,2%3%, and WO,-Si0,3'733 and
supported systems obtained by treatment of SiO, or Al,0, with soluble organometallic
precursors such as [(73-C,H),M] (M = Mo03473%, W49) or [M(CO)s] (M = Mo*!™%4,
W4, Many more complex multi-component formulations have also been investigated
with a view to controlling selectivity, and the reader is referred to Ivin’s book? for further
details. Examples of homogeneous catalyst formulations are [Mo(NO),(L),Cl,]-
[R3Al,Cl1,]*57%8 (L =py, PPh,; R=Me, Et), WCls—EtAICl,~-EtOH**5°, WOCI,-
SnMe,*!, MeReO,-AICl,%2, and [Re(CO)sCI]-EtAICI,*3. Many of these and closely
related species have also been supported on polymer resins®*~%7.

Most of our early understanding of the metathesis reaction relied on empirical findings
using classical catalyst formulations. Unfortunately, the activity of a given formulation
was often found to be dependent on a number of factors, including its chemical, thermal,
and mechanical history, and the order and rate of mixing of catalyst, olefin, and co-
catalyst. This consequently nurtured the development of something approaching ‘black
art’ in the preparation of such catalysts and contributed to the early difficulties associated
with studying the intricacies of the olefin metathesis process. It is therefore to the credit of
the many dedicated workers in this field that the essential details of the metathesis process
were elucidated against these odds, and many of the early conclusions are now being
confirmed by studies on well defined initiator systems.

B. Carbene Catalysts

Since the discovery of metal carbenes in 1964°8, a wide variety have been isolated and
many have been shown to be reactive in olefin metathesis, although not usually at rates
approaching classical formulations. The first carbenes to be isolated, the heteroatom-
stabilized Fischer carbenes of the type [(CO)sM=C(OR)R] (M=Cr, W, R=Meg;
R’ = Ph)showed disappointingactivity as olefin metathesis catalysts, reacting only with strained
cyclic olefins such as cyclobutenes and norbornenes®®. Their activity may be increased
considerably by addition ofa Lewis acid co-catalyst, buttheroleand fate of the carbeneligand are
no longer certain.

The diphenylcarbene complex 12, first reported by Casey and Burkhardt®® in 1973, is
considerably more active. It will initiate the ring-opening polymerization of a range of
cyclic olefins and catalyse the metathesis of enol ethers cleanly (equation 17) to give the
methoxycarbene 136!
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MeO PhaC==CH,
C=—CH2
Ph
+ — + (7

OMe

(CO)5W=CPh2 (CO)5W=C
Ph

(12) (13)

A clean metathesis appears to be favoured by the formation of the energetically favoured
heteroatom-stabilized carbene 13. When the reaction is carried out with isobutene,
cyclopropanation becomes competitive®! (equation 18).

The second type of transition metal complex containing metal—carbon double bonds,
the high-valent nucleophilic carbenes (or alkylidenes), were discovered by Schrock®? in
1974, the first example being [Ta(CHCMe,)(CH,CMe,),]. Many are now known for
the metals Ta, Nb, W, and Ti®3 containing a variety of ancillary ligands, but again, most
show disappointing activity as metathesis catalysts. Nevertheless, together with their
heteroatom-stabilized counterparts, much has been learnt about the metathesis reaction
from a study of these first carbene complexes. Most of the niobium and tantalum
alkylidene complexes were found to react with olefins, but metathesis was not observed;
instead, homologated products were formed as a result of rearrangement of intermediate
metallacyclobutanes. An example is the reaction of [CpTa(CHBU’)Cl, ] (14) with styrene
to give a stable metallacyclobutane (15), which then rearranges via f-hydrogen abstraction
to the homologated olefin®* (equation 19).

Me2C=CH2 ; ;
+ _— (CO)sW—Phy | ——» Php + PhpC==CH, (18)

(CO)sW==CPh,

@) 2 )
PhCH==CH
/Ta=CHBu’ — /To —» PRhCH==CHCHpBu' (19)
cl | o |

ol

Bu

Ci

(14) (195)

The complexes [M(CHR)L,X,] (M = Nb, Ta; R = Bu', Ph; L = phosphine; X = Cl, Br)
were found to react similarly®3. However, by changing two of the halide ligands for tert-
butoxide, the rearrangement of the intermediate metallacyclobutane is slowed sufficiently
to allow clean metathesis to give the new olefin and alkylidene complex 16 (equation 20).
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[Ta(CHBu')(OBu?),CI(PMe,)] + PhCH=CH, — [Ta(CHPh)(OBu"),CI(PMe;)],
(16)

lPMe
3

CH,=CHBu' + Bu'CH=CHPh + [Ta(CHPh)(OBu"),Cl(PMe3,),]
a7 20

The benzylidene complex 17 may be isolated by addition of PMe, but the tantalum—
methylidene species did not prove sufficiently stable for isolation. This system demons-
trates well the influence of ancillary ligands on metathetical activity, since exchanging just
one of the halide ligands for a tert-butoxide gives a mixture of metathesis and
rearrangement products.

The first example of a well defined carbene complex in which olefin incorporation could
be observed in n.m.r. was reported by Tebbe et al.°® in 1979. They reacted the methylene-
bridged titanium—-aluminium complex 18 (Tebbe reagent) with '*C-labelled 1,1-
disubstituted olefins and showed that the !3C label of the olefin methylidene unit
exchanges, albeit slowly, into the bridging methylene site of the complex (equation 21).

3CH, CH,
13
CHp CH»
VRN ~ 7 X
CppTi AlMe> CpaTi AlMe2 (21
.~ BeHT SCH, AN
c I c
AN A
Me Me Me Me
(e ([*3c)18)

In the same year, Schrock et al.%” isolated a far more active catalyst from the transfer of a
neopentylidene group from tantalum to tungsten, resulting in the oxo neopentylidene
complex 19 (equation 22).

[Ta(CHBu)X,L,] + [W(O)OBu),] — [Ta(OBu'),X] + [W(O)(CHBu)X,L,]
19) (22)
L = PMe,, PEty; X =Cl, Br

In the presence of AICl, co-catalyst, 19 will metathesize terminal olefins (equation 23)
and cis-pent-2-ene’.

L L
X | 0 X 0
Y |
>w< + RCH=CH, :;2’ >w/< + Bu'CH==cH, (23)
X i\\CHBJ X i\\CHR
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All of the new alkylidenes including methylidene are observable by n.m.r. The role of the
Lewis acid co-catalyst is believed to involve removal of either halide or phosphine,
resulting in cationic or neutral 5-coordinate species, respectively. There is evidence for the
existence of both of these types of species’, and the cationic complexes have been shown to
be productive in the metathesis of cis-pent-2-ene83, The oxo ligand of 19 is thought to have
an important influence on the reactivity of the alkylidene ligand and the stability of the
intermediate metallacycles. Thus, whereas the electron-deficient tantalum-
neopentylidene complexes give rise to metallacycle rearrangement, the good n-donating
ability of the oxo ligand, potentially acting as a 4-electron donor, may stabilize an 18-
electron-metallacycle complex and disfavour rearrangement pathways. It has also been
noted from these studies that the presence of ancillary phosphine ligands may not be
particularly advantageous for metathesis since there is some indication of their involve-
ment in termination®? (equation 24).

[W(O)(CH,)(PEL,),Cl,] + C;Hy — [W(O)(C,H,)(CH,PEL,)(PEL;)Cl,]  (24)

Tungsten—neopentylidene complexes (22) without phosphine ligands have recently
been prepared®® according to equation 25.

[W(O)(OCHZBu')z(gﬁzBu')Z] + AIX, —> [W(OAlxg)(OCHzB;J‘)Z(CHZBU‘)Z] (25)
0) 21

[W(CHBu')(OCH,Bu"),X,]
(22) X =Cl,Br

Aluminium halides bind to the terminal oxo ligand of 20 to give the intermediate 21
before rearrangement occurs to the neopentylidene species 22. In the presence of MX4 (M
= Ga, Al; X = Cl, Br), these are found to be extraordinarily active metathesis catalysts. It
has been suggested that the equilibria shown in equation 26 are set up in solution®%-7°,
with the tetracoordinate cationic complex 24 being the most active species.

[W(CHBu')(OCH,Bu'),X,] + GaBr, = [W(CHBu")(OCH,Bu"),X,].GaBr,
(22) (23) 26

[W(CHBu")(OCH,Bu'),Br] *[GaBr,]~
(24)

An X-ray structural study on a cyclopentylidene analogue’! of 22 revealed two weakly
associated pentacoordinate tungsten units with weak tungsten—bromine bridges (25).
N.m.r. studies indicate that the molecule is dissociated in solution.

OR OR

Bra| .- )3 B'\l,x'a'\ A
\T\Br' \Br vlv\Br/G
OR OR G%OR

(28) (26)

An analogous structure prevails in the presence of GaBr; (26), where one of the tungsten
units is effectively replaced by the tricoordinate GaBr;. However, a much stronger
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interaction of Ga with the Br of the tungsten unit is apparent, consistent with previous
suggestions that it readily dissociates into GaBr,~ and the highly reactive 4-coordinate
cationic complex; The structures of these species offer some useful insight into the nature of
the catalyst—co-catalyst interactions in classical multi-component formulations.

Basset and doworkers’?7® have reported the related phenoxide complexes
[W(OAr),Cl,(CHBu")(OEt;)] and [W(OAr),C{CHBuY)(CH,Bu')(OEt,;)] (Ar=2,6-
Me,C¢H,;, 2,6-Ph,CgH,, 2,6-X,CgH,; X = Cl, Br) from reactions of [W(OAr),Cl,] with
Mg(CH,;Bu'),(dioxane) in diethyl ether and found that their stability in the presence of
various co-catalysts is dependent on the nature of the ortho phenoxide substituents
(activity decreases in the order Br > Cl> F > Ph > Me).

In 1986, neutral four coordinate alkylidene complexes of tungsten were isolated which
are highly active olefin metathesis catalysts even in the absence of Lewis acids’. The
complexes are of the general type [W(CHBu')(NAr)(OR),], possessing the bulky imido
ligand N-2,6-Pri,C¢H, and alkoxide groups varying from the relatively electron-
donating tert-butoxide to the highly electron-withdrawing OC(CF,),(CF,CF,CF,). The
benzylidene analogue, [W(CHPh)(NAr){OCMe(CF,),}] has been shown to possess a
peseudo-tetrahedral geometry!®.

The ligand orientations appear to be dominated primarily by steric interactions
between the bulky imido and alkoxide ligands. However, the substituents on the
alkylidene carbon lie in the same plane as the tungsten, alkylidene carbon, and imido
nitrogen in order to avoid competition between W=—=C and the W=N pseudo-triple bond
for dn orbitals. The W=C and W==N distances are also relatively short, possibly owing
to the low coordination number or the influence of the electron-withdrawing alkoxide
ligands.

Closely related molybdenum complexes have recently been prepared by a similar
method and n.m.r. data suggest that they are essentially analogous to their tungsten
counterparts?!. They are also active metathesis catalysts for a variety of olefins, although
less active than their tungsten analogues, consistent with the reduced electrophilicity of the
metal centre.

Surprisingly, neutral 4-coordinate rhenium alkylidenes of the type
[Re(NBu*),(CHBu*)(CH,Bu")]"® and [Re(CHBu")(NAr),(OR)]’¢ have been found to be
unreactive towards ordinary and strained cyclic olefins. Here, it is believed that the
rhenium centre is not sufficiently electrophilic in these neutral complexes and that cationic
derivatives may be required for this metal.

C. Metallacyclobutane Catalysts

Although numerous methods now exist for preparing metallacyclobutane complexes, it
is only relatively recently that these important intermediates of the olefin metathesis
reaction have been observed in active metathesis systems. Consequently, it was thought
that metallacyclobutanes were formed only as transient intermediates in olefin metathesis
transformations. We now know that metal carbenes and metallacyclobutanes are very
close in energy and may, in at least one case, even be observed simultaneously in
metathesis reactions, and the metallacycle form may be the resting state of the catalyst.

The first metallacycle complexes to be isolated which are active metathesis catalysts
were prepared by Grubbs and coworkers. The reaction of Tebbe reagent 27 with various
olefins in the presence of nitrogen bases resulted in titanacyclobutane complexes’”:7®
(equation 27).

The titanacycles 28 readily exchange with added olefins’® via rate-determining loss of
olefin from the titanacyclobutane ring to generate the transient methylidene species
Cp,Ti=CH, (30). This is in broad agreement with the results of general valence bond
calculations by Upton and Rappé®?, although recent kinetic investigations have also
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CH

2
d
cp2T< >AIMe2 + RCH==CHp —t 4 szTi<>—R
¢ (27)
R=H,Me,Bu’,Pr’
27) (28)
RI
:R’ -
szTi<>—R = CpoTi==CH> ,—2 szTi=CH2]
P )
(30)
:<R,
(29) R" (8)
=<

shown that an energy well exists for the olefin-titanocene methylidene adduct 298!
(equation 28), which was not predicted by calculation.

Grubbs and coworkers have also probed the relative energetics of the metallacycle and
methylidene form through studies on the rate of metallacycle cleavage as a function of
metallacycle and cyclopentadienyl ring substitution®2, Both steric and electronic effects
are found to play a role, although the electronic component appears dominant. For
example, substituting electron-donating groups on to the Cp ring leads to destabilization
of the metallacycle due to a build-up of electron density on the metal centre, which
destabilizes the transition state in the pseudo-reductive transformation of the metallacycle
to carbene—olefin form. Significant steric interactions are found between the cyclopen-
tadienyl rings and p-carbon substituents, which will also tend to destabilize the
metallacycle. The strain is partially relieved by ‘rocking’ of the f-carbon fragment rather
than ring puckering as shown by the X-ray structures of {Cp,TiCH,CH(Bu")CH,] and
{Cp,TiCH,CH(Ph)CH,]%3. The structures also reveal planar, symmetrical TiC, rings,
suggesting that the metallacycle is not distorted towards the carbene—olefin form.

Metallacycle complexes have recently been isolated by Schrock et al.!® from the neutral
4-coordinate carbene catalysts 31. The tungstacyclobutane 32, formed on treatment of
{{{CF;CF,CF,)(CF,),CO},W(NAr)(CHBu")] with slightly in excess of 2 equivalents of
ethylene gives a flat WC, ring (equation 29).

A small bending of the ring is observed in the X-ray structure of 33'%; it is presumably
due to an unfavourable steric interaction between the f-SiMe, group and the imido ligand.
These tungsten complexes are close to trigonal bipyramidal, a geometry which is thought to
be particularly suited to the stabilization of metallacycles in these systems®*. The stability
of the metallacycle also appears to be dependent on the electron withdrawing nature of the
attendant ligands: the greater the electron-withdrawing capacity, the more electrophilic is
the metal centre and consequently the less inclined it is to release olefin from the
metallacycle. This is supported by the observation that changing the attendant
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ArN cH
| e
RgO—W CH2
[ Nedz
CH2
ReO NAT (32)
N7
w RF =(CF 3)2(CF2CFCF3) (29)

7N\

RgO cHBu' p— SiMes
(31) \ ArlNI
RFo-—I SiMe 5
ORg

SiMey

(33)

Re=CMe(CF3)p

fluoroalkoxide ligand from C(CF,),(CF ,CF,CF,) to CMe(CF,), in 31 does not give a
stable metallacycle, but rather the trimethylsilyl carbene 34'® (equation 30).

The degree of substitution of the metallacycle ring also has an important influence on
stability, which decreases in the order unsubstituted > f-substituted > o, f-substitute >
trisubstituted, and pseudo-equatorial substitution appears to be preferred, certainly on the
a-carbon and probably also on the -carbon. Similar conclusions have been drawn from
analysis of the product distribution arising from metathesis of (Z)-prop-1-ene-d by the
heterogeneous catalyst system MoQ,/TiO,-SnMe,5°.

RFO\W/NAr R RFO\W//NAr "
RFO/\\ ~Bu’CH==CH, RFO/ \CHSiMe3

cHBu'

(31) (34)

RF=(CF3)2(CH3)C_

The closely related neutral 4-coordinate tantalum carbene 35 reacts with styrene to give
the tantalacyclobutane complex 36 via the benzylidene species 3722 (equation 31).

An X-ray structure of 36 revealed a slightly bent TaC, ring with the metallacycle
elongated in the Ta—C, direction. The overall geometry, somewhere between trigonal
bipyramidal and square pyramidal, is believed to be strongly influenced by crystal packing
forces.

The flow of structural and mechanistic information on metallacyclobutane complexes
has increased considerably in recent years, and it should not be long before the influence of
ring geometry and substitution on metallacycle stability and stereochemistry of the
metathesis reaction is closely understood.
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Ph
Bu'
(dipp)s(fhf)To—":C\ + CHy=—=CHPh + (dipp)Ta + thf
H
(3% Bu’
S (1)
Ph
8u’ Ph
(dipp)3To B «————— (dipp)3(th)Ta==C
H
+ tht
(36) (37)

D. Ligand-Activity Relationships

The availability of well defined metathesis catalysts has offered an opportunity to
correlate activity with the electronic and steric influences of various attendant ligands.
Although these studies are at an early stage, trends are already becoming apparent. Not
surprisingly, significant differences have already been found between comparable systems
with different metals. In general, the tungsten complexes of the type
[W(CHBu)(NAr)(OR),] tend to be more electrophilic than analogous molybdenum
species, leading to rates for metathesis by the tungsten complexes approximately an order
of magnitude greater than those for their molybdenum counterparts'®-2!. Surprisingly, the
4-coordinate rhenium complex [Re(CHBu‘)(NAr),(OR)]7¢ is inactive as a metathesis
catalyst, owing, it is believed, to an insufficiently electrophilic metal centre.

Comparing the effect of ancillary alkoxide ligands in [M(CHBu‘)(NAr)(OR),]
complexes, metathesis activity is found to decrease in the order R =C(CF,),Me >
C(CF;Me, > CMe;. Thus, whereas [W(CHBu')(NAr){OCMe(CF,),},] will metathesize
cis-pent-2-ene at a rate of 103 turnovers min~ !, [W(CHBu)(NAr)(OBu"),] is inactive as a
metathesis catalyst for ordinary olefins. Complexes with C(CF;)Me, ligands are usually
found to have an activity intermediate between these two. The trend correlates well with
the electron-withdrawing ability of the alkoxide ligand, C(CF;),Me being the most
electron-withdrawing, leading to a more electrophilic metal centre. Steric influences
appear to be overshadowed in these complexes as the Bu'O would be expected to be the
least crowded yet displays negligible metathesis activity. However, steric effects can
become the more dominant factor since when R =OC(CF,),(CF,CF,CF,), the
activity is reduced dramatically and limited to ethylene and pent-1-ene.

The activity of the phenoxide systems [W(OAr),Cl,]-PbBu",, varies according to the
nature of the ortho substituents of the phenoxide ligands’273, Activity is found to increase
in the order CH, < Ph < F < Cl < Br, which correlates fairly well with the Brgnsted
acidity or electron-withdrawing nature of the corresponding phenol.

Changing from O- to S-based ligands also has a dramatic effect. Thus, whereas
[(dipp);(thf)Ta==CHBu'] will metathesize cis-pent-2-ene rapidly, [(tipt);(thfiTa=
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CHBu'] is inactive towards ordinary olefins?2. With bulky phenyl thiolates, the metal
centre is no longer electrophilic enough to react with ordinary olefins. Similar observ-
ations have been made for alkylidyne acetylene metathesis catalysts®* and, in general, it
appears that electron-donating ligands can deactivate the metal towards reaction with
carbon—carbon multiple bonds and possibly destabilize the metallacycle intermediates.

Controlling the metathetical activity of a given complex towards ordinary or cyclic
olefins has proved to be immensely beneficial for ring-opening metathesis polymerizsation
of strained cyclic olefins where a complex is required to be reactive towards the double
bond of the cyclic olefin but not the ordinary double bonds of the growing polymer.

The review of the olefin metathesis reaction presented above has necessarily been
selective rather than comprehensive and we have attempted to focus primarily on recent
developments. There have been several other reviews of this subject from which more
detailed information can be extracted concerning particular aspects of the
Subject3'13'16'86'87.

IV. APPLICATIONS OF THE OLEFIN METATHESIS REACTION

The discovery and development of the olefin metathesis reaction opened up new routes to
industrially important products such as ethylene, propylene, butenes and others
associated with the traditional petrochemical industry. Most large-scale industrial
applications involve heterogeneous catalyst systems'2-88, although homogeneous systems
are beginning to find applications in the production of smaller volume, high-value
chemicals for use in the pharmaceutical, agrochemical and perfume industries. Advances
continue to be made in the metathesis of functionalized olefins using formulations of
relatively low Lewis acidity such as WClg—Me,Sn and Re,0,-Al,0,-Me,Sn8%9°,
Commercialization possibilities, however, remain limited owing to the slow reaction rates
for the metathesis of functionalized olefins. The metathesis polymerization of cyclic olefins
has seen the development of industrial processes for the preparation of polynorbornene
(Norsorex, CdF Chimie), polycyclooctene (Vestenamer, Chemische Werke Hiils), and
polydicyclopentadiene (Metton RIM process, Hercules) and industrial processes based on
the metathesis of functionalized cyclic olefins appear to be significantly more promising.

A. Acyclic Olefins

The first industrial-scale process exploiting the olefin metathesis reaction came on
stream in 1966. The Phillips Triolefin Process?! was used to produce high-purity ethylene
and but-2-ene from propene (equation 32).

CH,=CHMe CH, CHMe
+ =1 +| (32)
CH,=CHMe CH, CHMe

The plant was operated for 6 years, until the increased value of propene no longer made
the process economically viable. However, the versatility of the equilibrium olefin
metathesis reaction also allowed the process to be operated in the reverse direction to give
propene, by employing excess ethylene, if market prices dictated.

Shifting the metathesis equilibrium by controlling the concentration of a volatile
component such as ethylene has been exploited in a number of other processes. For
example, a process operated by Phillips®>? uses excess ethylene to cleave 2,4,4-
trimethylbut-2-ene to isobutene and neohexene (equation 33), an important intermediate
in the perfume industry.

Bu'CH==CMe, + CH,=CH, = BW'CH=CH, + CH,CMe, (33)
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A related process, developed by Monsanto®*, converts stilbene to styrene (equation 34)
in 999 yield.

PhCH=CHPh + CH,=CH, —» 2PhCH=CH, (34)
2Me(CH,);CH=CH, — Me(CH,);CH=CH(CH,);Me + CH,=CH, (35)

Alternatively, removal of a volatile component such as ethylene has been used to
prepare long-chain internal olefins such as tetradec-7-ene from oct-1-ene (equation 35),
and offers scope for the preparation of high-octane fuel components such as isopentene
(equations 36 and 37) from abundant C, olefins such as isobutene and but-2-ene produced
by steam cracking of petroleum®®.

Me,C=CH, + MeCH=CHMe = Me,C—CHMe + MeCH=—CH, (36)
Me,C=CH, + MeCH=CH, = Me¢,C=CHMe + CH,=—CH, 37

Combining the olefin metathesis reaction with other transition metal-catalysed
reactions has proved particularly successful. In the Shell Higher Olefin Process (SHOP)®S,
ethylene is first oligomerized to a mixture of pure, linear a-olefins using a nickel-
phosphine catalyst (equation 38).

CH,=CH, —=5 CH,CH(CH,),Me (38)
n=1->17

The a-olefins are separated into three ranges (C,—Cg, C,o-C,5, and >C,,) by
distillation and then isomerized to a mixture of internal olefins over a heterogeneous
catalyst (equations 39 and 40). The lighter and heavier fractions of the internal olefins are
combined over a heterogeneous metathesis catalyst to give linear C, ,—C, g internal olefins
(equation 41). These are simultaneously isomerized to terminal olefins and hydroformy-
lated by a cobalt catalyst to give C,,—C, o primary aicohols, which are used as components
of plasticisers and in the detergent industry.

CH,=CHR! = R2:CH=CHR? (39)
(R =R? + R® = C,~Cy)
CH,=CHR* = R’CH=CHR® (40)

(R*=R*+ R®=C,,—C,,)

R:CH=CHR® CHR? CHR?
+ = + | (41)

R’CH=CHR® CHR®> CHRS®
In 1986, Shell introduced a second process utilizing metathesis technology. The FEAST
process uses excess ethylene to convert cyclooctene and cyclooctadiene to a range of a, w-
dienes (equations 42 and 43) for use in speciality product markets. Several variants of this

basic process gives access to a wide variety of di- and polyenes.

Cross-metathesis reactions have been used to prepare olefins which are difficult to
synthesize by other methods. For example, the sex pheromone of the common housefly,
cis-tricos-9-ene (38), has been obtained in 95 purity from the co-metathesis of the readily

= &
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I
N
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CHz _— CzH4 ._—_/¥
CHz p— _\_/=

available olefins dec-1-ene and tetradec-1-ene®’ (equation 44).

Me(CH,),CH=CH,  Me(CH,),CH Me(CH,),,CH Me(CH,), CH
+ — W+ I+ | (44)
Me(CH,),,CH=CH,  Me(CH,),CH Me(CH,),,CH Me(CH,),,CH

(38)

B. Functional Olefins

In recent years, much effort has gone into developing catalysts capable of metathesizing
functionalized olefins. Olefins possessing a variety of pendant functionalities have been
successfully metathesized but catalyst activities are generally lower than for the metathesis
of ordinary olefins89:9°,

1. Esters

0 0
I I l~— I
RO—C\ /C-—OR ROC COR
|+l — + (45)

e A

.

R

Unsaturated esters of the general type shown on the left-hand side of equation 45 are
readily available from natural sources such as olive oil, linseed 0il, soya bean oil, and
sunflower seed oil, and metathesis has provided a convenient method for converting them
to useful precursors for the perfume and polymer industries. An example is the synthesis of
civetone (39), which is an important constituent of many perfumes®”%, The first step
involves the metathesis of methyl octadec-9-enoate (40) to a mixture of octadec-9-ene (41)
and dimethy! octadec-9-enedioate (42) using WClg—Me,Sn®?1° (equation 46).

(CHz )7
| C=—=0

(CHa)7
(39)

IMe(CH,),CH=CH(CH,),CO,Me = Me(CH,),CH==CH(CH,),Me

(40) 41
+MeO,C(CH,),CH=CH(CH,),CO,Me (46)
(42)
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For polyunsaturated fatty acid esters such as methyl linoleate (43), a mixture of products
is obtained owing to statistical scrambling of the alkylidene units'®*~'%3, In addition,
intermolecular elimination of cyclohexa-1,4-diene is also observed, which may arise
according to equation 47.

1 2
R\_/\_/R R R®
—50C -
1/—_—\/=\ ] o o2
(43)

Similar elimination of cyclohexa-1,4-diene is also found for methyl linolenate and a
substantial proportion of higher cyclic olefins. In practice, using tungsten catalysts, it is
found that the olefinic bond must be at least one methylene unit removed from the ester
functionality in order for metathesis to occur!%,

2. Alkenyl esters

Q 0y

i i i |

R—C— 0—C—-R R—C—0 0—C—R
=

B - D
e A

Alkenyl esters, in which the unsaturated linkage lies in the hydrocarbon chain attached
to the oxygen of the ester functionality (equation 48), can be metathesized in modest yield
using tungsten-based catalysts!®3, but again the catalyst appears to be deactivated if only
one methylene group separates the olefin from the functional group. However, this
drawback may be overcome by using the heterogeneous rhenium formulation Re,O,—
Al,0,-Me,Sn!06,

In the metathesis of dec-9-enyl acetate with but-1-ene, removal of ethylene allows the
synthesis of dodec-9-eny! acetate (44) (equation 49), the sex pheromone of the western
pine-shoot borer (Eucosma sonomana)*®’. A considerable range of insect pheromones have
been prepared by similar techniques and successfully exploited as pest control agents.!°”

CH,=CH(CH,);OAc + CH,=CHEt » EtCH=CH(CH,)sOAc + CH,=CH, (49)
(49

Co-metathesis of unsaturated esters and alkenyl esters has facilitated the synthesis of
macrocyclic lactones or macrolides'®. A more direct approach involves macrocyclic ring
closure of an ester unsaturated in both hydrocarbon chains (equation 50)'°°.

/(CHz)ecHchz /(CHZ)B

o=—c¢ 0=—¢ CH Ha
| — | L+ 1] (50)
0 0\ CH CHz

\ (CHp) 4 CH==CH,
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3. Ethers

Unsaturated ethers are also metathesized by tungsten catalysts?? with elimination of
ethylene (equation 51), although the heterogeneous rhenium formulation is again
necessary for allyl ethers'®”. It has also been shown that diallyl ethers may be converted to
unsaturated cyclic ethers with 100%, selectivity (equation 52)!'°.

Ro\ /OR Ro/\::/\or?

f+f1 — + (1)

CH2=—=CH3

=

CHy
9 — o I+ | (52)

\/= CHjp

To date, acyclic substrates possessing hydroxy functionalities all appear to deactivate
the catalyst. However, olefins possessing trimethylsiloxy'*! and OTs®® functionalities can
be metathesized and offer convenient methods of protecting the OH group.

4. Nitrogen-containing olefins

X fx x\::rx
I+

+
CHa==CHg (53)

X =NR3,NHR,NR 2 ,CN

A number of unsaturated ammonium!*2, amine!'¥!'4 and nitrile'**-!15 substrates

have been metathesized according to the general equation 53. However, for allyl cyanide,
isomerization to crotonitrile appears to be favoured over self-metathesis, although in
metathesis experiments with symmetrical olefins up to 25%, of co-metathesis products can
be obtained.

5. Halogen-containing olefins

The Re,0,-Al,0;-Me,Sn catalyst system has been used to metathesize a number of
halogen-containing olefins. Allyl bromide undergoes 50% conversion to dibromobut-2-
ene with 95% selectivity!®% (equation 54).

2CH,=CHCH,Br = BrCH,CH=CHCH,Br + CH,=CH, (54)

Olefins in which the halide is attached to the double bond give very slow rates of
metathesis'’5, although co-metathesis with ordinary olefins proceeds rapidly!!”. These
observations are attributed to the unfavourable formation of a 1,2-dihalide-substituted
metallacyclobutane!'é.
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C. Polymerization

The olefin metathesis reaction can be used in two different ways for polymer synthesis.

(i) Chain-growth polymerization

When mono- or poly-cyclic alkenes are used as monomers the polymer is formed by a
chain-growth process in which the chain-carrying species alternates between a metal-
lacarbene and metallacyclobutane and the microstructure of the polymer backbone
provides a detailed record of the propagation steps in the reaction which produced it,
provided, of course, that the record can be read.

(ii) Step-growth polymerization

Step-growth polymerization processes are also possible. A divinyl monomer, for
example, may undergo polymerization via the stepwise elimination of ethylene initiated by
a metathesis catalyst. In this kind of process the metathesis steps have the characteristics of
a chain reaction but the growth of the polymer backbone occurs in a stepwise fashion. So
far this step-growth approach to polymer synthesis via olefin metathesis chemistry has not
attracted as much attention as chain-growth ring-opening polymerization. It has been
shown that, with some catalysts and under appropriate reaction conditions penta-1,4-
diene is converted in 70%, yield to octa-1,4, 7-triene!!8, or alternatively to the distribution
of telomers shown in Table 1'%, There have been very few reports of attempts to apply this
reaction to polymer synthesis, although at the time of writing the concept is receiving some
attention'2°, 1t seems likely that careful regulation of this type of reaction will eventually
yield genuine high polymers.

Applications of olefin metathesis in polymer science are not restricted to polymer
synthesis. Earlier in this chapter we described several useful monomer syntheses, and the
degradation of unsaturated polymers via cross-metathesis with acyclic alkenes is also
potentially useful in academic investigations of unsaturated networks and as a potential
method for recycling scrap elastomers'?*. The idea is illustrated in Scheme 2. Separation
and identification of the fragments provides information about the structure of the
original network. With simple elastomers degradation may yield significant amounts of
useful monomers for recycling.

Simple ring-opening polymerization of cycloalkenes has led to the most activity as far
as applications of metathesis in polymer science are concerned. A wide range of possible
monomers have been investigated and several interesting materials have been prepared. At
the time of writing three ring-opening metathesis polymerizations are being commercially
exploited. The features of this kind of polymerization which make it interesting and
potentially useful are as follows: the olefinic unsaturation of the monomer is retained in the
polymer, the kinds of isomeric incorporation of monomer residues which are possible are

TABLE 1. Telomer distribution in penta-1,4-diene
metathesis

(i)

@ WCl,—Et;Al,Cl;-MeCC(OH)CH,CI-PPh,
(1:2:1:1) at 0°C for 6h

n wt-% n wt-%
1 15.7 4 1.8
2 7.9 5 1.6
3 4.1 6 0.6
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SCHEME 2. Schematic representation of metathesis degradation of unsaturated
networks.

many and hence novel stereoregularities are available; a variety of substituent groups can
be tolerated (and the range of groups is constantly expanding), copolymerization is
possible; and the recent demonstration of living metathesis allows good control of
molecular architecture.

The synthesis of polymers with olefinic unsaturation along the backbone initially
focused attention on the possibility of making elastomers; indeed, speciality elastomers are
the major commercial success of metathesis polymerization so far established’?2.

1. Polymers from monocyclic unsaturated hydrocarbons

Consideration of thermodynamic factors leads to the prediction that three-, four-, and
eight- or larger membered rings will undergo ring-opening polymerization with a large
negative free energy change and will therefore be favoured, provided a mechanism is
available. In contrast, the ring-opening polymerizations of five- and seven membered rings
are predicted to be associated with significantly smaller negative free energies and
consequently small changes in structure or reaction conditions may completely inhibit
polymerization. Six-membered rings are expected to be unpolymerizable by ring
opening!23. This analysis has been justified by the experimental evidence available to date.

Cyclobutene, cyclooctene, and larger cycloalkenes are polymerized to high polymers by
a range of conventional metathesis catalysts. The polymers from cyclobutene and
1-methylcyclobutene are polybuta-1,4-diene and polyisoprene, respectively, and the
polymerization of 1-methylcycloocta-1, 5-diene gives an alternating copolymer of buta-
1,4-diene and isoprene units. All these reactions have been established and thoroughly
investigated but none of them is operated commercially since equivalent products may be
obtained more cheaply by previously established technologies.

Metathesis polymerizations were investigated initially at a time when the nature of the
initiator for most commonly used catalyst formulations was essentially unknown. Many of
these catalyst systems have been found to be sensitive to a wide range of common organic
structural units which appear to act as inhibitors or poisons for these conventional
catalysts. Consequently, a folklore about polymerizable monomers in metathesis devel-
oped and; for example, it was widely held that groups containing heteroatoms and
conjugated dienes were polymerization inhibitors. A reapparaisal of these views is made
necessary by the results of recent work, particularly from the research groups of Osborn,
Grubbs and Schrock, on structurally well defined catalysts of the kind discussed earlier in
this chapter.

It is clear that, if the appropriate initiator is used, the variety of polymerizable
monomers is limited only by the imagination of the synthetic chemist. Thus, for example,
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Swager and Grubbs!'?* recently reported that 3,4-diisopropylidenecyclobutene may be
polymerized using a bis{cyclopentadienyl)titanacyclobutane derivative as initiator
(Scheme 3).

SCHEME 3

The cross-conjugated polymer product of this reaction is colourless, soluble and
susceptible to oxidative degradation, all of which are to be expected. Solution-cast films of
this polymer are insulators in their pristine state but display electrical conductivity of up to
200Q~ ! cm ™! after exposure to iodine. When this result was published it was well known
that polymers containing long sequences of conjugated double bonds could be reduced or
oxidized and converted from insulators to conductors, but this observation that a cross-
conjugated system behaved in a similar fashion was a surprise.

More recently Grubbs’ group reported that the tungsten—carbene complex discovered
by Schrock polymerizes cyclooctatetraene to polyacetylene.!2*

Cyclobutene-derived polymers have been investigated but have not yet merited
commercial development. On the other hand, for several years cyclopentene appeared to
be an attractive possibility for a successful route to a synthetic elastomer via metathesis.
Cyclopentene is readily available via hydrogenation of cyclopentadiene, and its ring-
opening polymerization has been investigated in detail. The product, a polypentenamer, is
a good general-purpose rubber which can be vulcanized to give products comparable to
those obtained from polyisoprene and polybutadiene. The physical properties of the raw
gum depend on the frequency and distribution of cis and trans double bonds: the high-
trans, natural rubber, and high-cis materials have glass transition temperatures of —90,
—70,and — 14 °C, respectively, and melting points of 20, 30 and —41 °C, respectively. The
cis-polypentenamer has the lowest glass transition temperature known for any hydrocar-
bon polymer.

Several companies have developed polypentenamer synthesis to the pilot-plant
manufacture, tyre fabrication, and testing stages; however, the materials produced have
not yet been commercially exploited because of prevailing market conditions since their
development!26,

Methyl substitution at the vinylic and allylic positions in cyclobutene does not inhibit
polymerization, but cyclopentene is more sensitive to substituent effects. Thus,
1-methylcyclopentene has not been polymerized whereas, at the 3-position, a methyl
substituent can be tolerated but an isopropyl group cannot. Polymerization of cyclopen-
tene is reversible and the reaction constitutes a good example of equilibrium polymeriz-
ation. This has been the subject of detailed discussion?, and Schrock'2” recently reported
that polymerization of this monomer under living conditions can be regulated to allow the
production of narrow molecular weight distribution polypentenamer at — 60 °C which can
be completely reversed to give a mixture of initiator and monomer at+ 60 °C.

Cyclohexene is not polymerized by metathesis catalysts to any significant degree.
Cycloheptene has not been studied in any detail; its polymer seems unlikely to have
sufficiently interesting properties to justify its cost, even in speciality markets.

In contrast, cyclooctene is readily available and easily polymerized. Since 1980 the
product of its polymerization has been commercially exploited by Chemische Werke Hiils
as a speciality elastomer under the name Vestenamer!2°. It has a low molecular weight (ca
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60 000) for an elastomer, it shows a glass transition temperature of — 65 °C, it is fairly hard
at room temperature owing to its crystallinity (ca 33%), and it melts at 55°C to a low-
viscosity fluid, which aids in its processing into blends. The major outlet for Vestenamer is
reported to be in blends with more common elastomers, and these products find specialist
applications!28, At the time of writing Vestenamer is probably the most successful
methathesis polymer in terms of production tonnage with Hiils operating a plant with a
capacity of 12000 tonnes per annum!2¢,

2. Polymerization of polycyclic alkenes and polyenes

Polycyclic monomers are more easily polymerized than monocyclic alkenes. This is
usually attributed to increased ring strain®, although this rationalization has been
challenged!2®. Generally, all metathesis catalysts will effect the polymerization of
bicyclo[2.2.1]heptene (indeed, many research groups use polymerization of this monomer
as a check for the presence of active metathesis catalysts), whereas cyclopentene is
significantly less reactive. Tt is not surprising that bicyclo[2.2.1]heptene was the first
monomer shown to undergo metathesis ring-opening polymerization®. This monomer is
also cheap but the polymer was not commercialized until 1976, ca 20 years after its
discovery. A polymer having ca 90% trans double bonds is sold by CdF Chimie under the
name Norsorex. This material has a molecular weight above 106, a glass transition
temperature of 35 °C, a melting point in excess of 170 °C, and a capacity to absorb large
volumes of oil and plasticizers. It is very compatible with fillers and, not surprisingly in
view of the two tertiary allylic C—H bonds per repeat unit, it is susceptible to oxidative
degradation and requires protection by antioxidants. The highly extended and vulcanized
compounds obtained from Norsorex show good tear strength and a high dynamic
damping, which makes them useful in noise and vibration applications.

Many bicyclo[2.2.1]heptenes have been polymerized by methathesis catalysts and
many patents have been issued!2¢. This activity is a consequence of the relatively low cost
and ease of synthesis of such monomers and the ease of their polymerization. Streck ! 26 has
recently reported that in a S-year period two Japanese companies took out 127 patents in
this field. Poly(5-cyanonorbornene) seems to have been the most energetically pursued
product of this activity (Showa Denko) and was reported to show promise as a
thermoplastic!3°, Silyl and tributylstannyl substituents have been reported to impart
improved adhesive bonding and biocidal activity, respectively, and such materials have
been claimed to be potentially useful speciality polymers'3?,

Ring-opening polymerization of bicyclo[2.2.1]Theptene, a symmetrical monomer, leads
to a polymer with two chiral centres per repeat unit. If the centres on each side of the
double bond have the same chirality, a racemic dyad is generated, and centres with
opposite chirality give a meso dyad. When the monomer is unsymmetrically substituted,
head-head (HH), tail-tail (TT), and head-tail (HT) incorporation of repeat units is
possible. As a consequence, ring opening of simple substituted norbornenes can give rise,
in principle at least, to a very wide range of microstructures defined by the frequency and
distribution of the cis- and trans-vinylenes, the meso and racemic dyads, and HH, TT, or
HT placements. The outcome of a specific polymerization depends on the interplay of
many factors, including the structure of the monomer, the nature of the catalyst, and the
reaction conditions (solvent, temperature, and concentrations). Establishing the structures
of the polymers depends almost completely on the analysis of high-resolution '3C n.m.r.
spectra and Ivin has been the major contributor to this field®. In many cases a total
specification of the microstructure has been demonstrated and several totally stereore-
gular polymers have been characterized-'32, An excellent example of this area of synthesis
is provided in the polymerization of racemic 1-methylnorbornene, initiated by rhenium
pentachloride, which gives a polymer with an all head-tail-cis-syndiotactic micro-
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structure; this result can only be achieved if the enantiomers of the racemic monomer are
incorporated into the polymer in a strictly alternating sequence, (Scheme 4).

@ . M
n
SCHEME 4

The nature and location of substituents on the norbornene skeleton have consequences
for the polymerizability of the monomer. Catalyst approach to monomer is believed to
occur from the exo face, and so it is not surprising that substituents at C ;, which are syn to
the double bond prevent polymerization, whereas anti-C,, substituents are tolerated.
More surprising is the observation that endo substituents at C 5, and Cg, often inhibit
polymerization whereas exo substituents do not, this has been reported for both anhydride
and chlorine!®3:'34 Tt is necessary to treat dogmatic classifications of polymerizable and
non-polymerizable monomers with some scepticism since the continuing development of
new initiator systems seems likely to invalidate them. Substituents which are not inhibitors
of the easily prepared conventional metathesis catalysts include fluorine, giving rise to the
possibility of making stereoregular fluoropolymers and aryl, ester (including carbonate),
and fulvene derivatives!337!38,

Cyclopentadiene dimer (dcp) {tricyclo[5.2.1.0(2, 6)]deca-3,8-diene} is a cheap mono-
mer which has been thoroughly studied. The linear polymer obtained by ring opening
exclusively at the vinylene in the bicyclo unit was reported to be about to be launched as a
thermoplastic by Goodrich under the name Telene in 1982'3°, but this does not seem to
have happened. In 1985, Hercules established a production unit using dcp in a metathesis
reaction injection moulding (RIM) process (Scheme 5). The catalyst which presumably
initiates the ring-opening of both the vinylenes of the bicyclo[2.2.1]- and the 3,4-
disubstituted cyclopentene units of dcp is generated when a transition metal compound
and an activator are combined in the two monomer streams which are mixed prior to
injection into the mould. The solutions of the individual catalyst components in the
monomer are stable, and the delay between mixing and initiation of network formation
can be controlled allowing the kinetics of the process to be regulated to fit the requirements
of the object being made. The cycle times for making large items by this technique can be
low, and the polydicyclopentadiene product, which is sold under the trade-name Metton,
has an unusual and advantageous balance of mechanical properties!*®. The structure
shown in Scheme 5 has a high concentration of tertiary allylic C—H bonds and
consequently the mouldings develop an oxidatively cross-linked surface fairly quickly
after their formation. This oxidation layer serves two useful purposes, first as a barrier to
the ingress of further oxygen into the bulk of the polymer and second as a surface suitable
for painting directly.

Earlier in this section we emphasized that the retention of monomer unsaturation was
one of the useful features of metathesis polymerization. Conjugated polymers have been a
major target in polymer synthesis since the first theoretical predictions concerning their
electrical properties were published about 50 years ago. The physics of conjugated
polymers such as polyacetylene has proved difficult to study in a satisfactory way because
the materials are air sensitive, insoluble, and infusible, and consequently not easily purified
or processed. A common solution to the problem of making intractable but desirable
polymers involves the synthesis and subsequent conversion of a processable precursor.
With polyacetylene an unsaturated precursor provides a start on the path to the required
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matertal and hence a metathesis polymerization is an obviously attractive option. A
successful solution to the polyacetylene synthesis problem is outlined in Scheme 6. The
monomer, a tricyclic triene, undergoes ring opening exclusively at the cyclobutene double
bond to give the soluble precursor polymer, whhich can be purified and characterized (by
gel permeation chromatography, spectroscopy, etc.) prior to its conversion, via a
symmetry-allowed elimination, to polyacetylene. The process has been the subject of
detailed study and provides access to materials of high purity and in a variety of
morphologies'4!.

Ra2
Ry Rs
R Ra
R3 R3 + Ra
R, R,
Rg _—> Ra I / 'n
n
l n
SCHEME 6

Some very exciting developments have occurred in this field recently. These results
follow advances made in solving the problem of defining the structure and mechanism of
action of metathesis catalysts, and are particularly dependent on the introduction of the
well defined initiators which were described earlier in this chapter. The papers by Grubbs,
Schrock, and coworkers demonstrate that trueliving polymerization is possible, providing
access to narrow molecular weight distributions and block copolymers'42~!44, Grubbs
has also demonstrated the possibility of switching from metathesis to other propagation
mechanisms!?%, and it is clear that a much wider range of monomers are polymerizable
than was previously thought to be the case.

Until very recently there has been an ‘entry fee’ to be paid for the intending participant in
this exciting area of activity, in that the synthesis and use of these newer catalysts places
experimental skill at a premium, requiring a high level of competence in glove-box and
vacuum-line techniques. Perhaps the most significant recent advance is the demonstration
that some ruthenium initiators work very efficiently with heteroatom-containing mono-
mers such as derivatives of 7-oxanorbornene, and that these metathesis reactions can be
conducted in aqueous solution and without the need to exclude oxygen'*>. The future for
this subject looks very rosy.
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I. INTRODUCTION

The past two decades have seen a rapidly growing chemistry of transition metal complexes
containing more than one metal atom. Such complexes are generally referred to as
‘transition metal clusters’, and several definitions have been proposed for the term ‘cluster’.
The most generally accepted one is that given by Cotton®, according to which a metal
cluster consists of a finite group or skeleton of metal atoms held together completely,
mainly, or at least to a considerable extent by bonding directly between those atoms, even
though some other atoms may be associated intimately with the cluster. More restrictive
definitions such as that offered by Johnson?, in which a cluster compound is regarded as a
discrete unit containing at least three metal atoms with metal-metal bonding being
present, are questionable, because they exclude important classes of compounds: dinuclear
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transition metal complexes can exhibit chemical and spectroscopic properties similar to
those of tri- and tetra-nuclear systems, and heteronuclear systems containing a central
M X, cube in which there may be strong, weak, or no metal-metal bond interactions
should not be divided into cluster-type and non-cluster-type species. Hence, metal-metal
bond interactions and nuclearities of at least three are doubtful criteria for the cluster
terminology. In order to avoid delimitation problems, such definitions should not be used
in a strict sense of the term.

Representatives of metal cluster compounds have been known for a long time: the first
transition metal cluster reported in the literature is probably [Fe,(CO),,], composition-
ally described as ‘iron tetracarbonyl’ in 19053, The structure of this compound, however,
remained controversial until the resolution of the X-ray crystal data by Wei and Dahl*,
With the progress in X-ray crystailography and neutron diffraction methods, structural
information of more and more complicated cluster compounds became available.
Although a general theory accounting for all the structural features of metal clusters is still
lacking, the topologies of metal cluster compounds have been rationalized on the basis of
different electronic and geometric approaches; particularly noteworthy are the skeleton
electron pair theory>~®, graph theory®:!°, perturbed spherical shell theory'?!, isolobal
concept!?13, extended Hiickel molecular orbital calculations'*~!6, Fenske—Hall appro-
ximation, Hartree-Fock calculations! 7', SCG-Xa-SW calculations!®-2%, ligand packing
theory?! and the topological electron counting theory??

A. The Challenge of Clusters in Catalysis

The rapid development of transition metal cluster chemistry was stimulated by the
prospects of catalytic applications. Although these optimistic expectations have been met
only in part, the possible catalytic potential has remained a major impetus in this
chemistry.

1. The cluster-surface analogy

As oligonuclear species, metal clusters occupy the no-man’s-land between mononuclear
clusters on the one hand and polynuclear metal surfaces on the other. Most metal clusters
are soluble molecular compounds which react in homogeneous phases with substrates,
and which can be isolated and characterized like mononuclear metal complexes. On the
other hand, metal clusters show typical phenomena known for polynuclear metal surfaces
such as polycentric ligand-metal bonds and delocalized metal-metal bonds. Chini?3
was the first to realise the common features of metal cluster ligand shells and molecules
chemisorbed on metal surfaces, and to suggest metal clusters as models for catalytic
reactions on metal surfaces. In 1975 Lewis and Johnson?*, Ugo?®, and Muetterties?S
pointed out with many examples the striking analogy between metal clusters and metal
surfaces. Muetterties?” formulated what is known as the ‘cluster—surface analogy’ by
regarding metal clusters as small pieces of metal with chemisorbed species on the
periphery. Consequently, one of the main interests in cluster chemistry arises from

\I/ —_— /—M'/——M/—
NV O ViVl
A KK AT
N AN

mononuclear oligonuclear polynuclear
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studying fundamental transformations of ligands on a cluster skeleton as models for steps
discussed in heterogeneous catalysis.

2. Clusters—a new generations of catalysts?

As mentioned above, oligonuclear metal clusters can be placed between mononuclear
metal complexes and polynuclear metal surfaces. Because of this intermediate position
between typical homogeneous and typical heterogeneous catalysts, transition metal
clusters may not only be discussed as models for heterogeneous catalysts, but they may
equally serve as homogeneous catalysts themselves. The potential of transition metal
clusters as homogeneous catalysts was pointed out by Johnson and Lewis?®. Muetterties
and Krause?® were the first to claim unique catalytic properties for transition metal
clusters, raising expectations that transition metal clusters might provide a new generation
of soluble catalysts.

B. Reactivity of Coordinated Substrates on Clusters

There are numerous examples of transformations of organic substrates on transition
metal clusters. These reactions have been reviewed from many facets3°~%; two recent
reviews concentrated on organometallic cluster chemistry relevant to catalytic path-
ways3?40, In this section only a few topical examples will be selected.

1. Transformation of carbonyl ligands into carbide and hydrocarbon fragments

One of the most fascinating developments in organometallic cluster chemistry was
launched by recent studies on tetranuclear iron carbide clusters, pioneered by Muetterties,
Shriver and Bradley. Unlike metal clusters with interstitial carbide atoms, in these systems
the carbide ligand, originating from a carbonyl group, is structurally exposed towards the
cluster surface and therefore accessible to various reactions (Scheme 1). The tetranuclear
dianion [Fe,(CO),;]*> (1), possessing a triple-bridging carbonyl ligand on a slightly
distorted tetrahedral metal skeleton, can be protonated at the iron framework to give the
anion [HFe,(CO),;]~ (2)*"*2. In this reaction the iron tetrahedron is opening up to an
iron butterfly arrangement held together by an n2-CO ligand. A second protonation step
takes place at the oxygen atom of the carbonyl bridge resulting in the formation of the
neutral cluster 3*2. Further protonation leads to the elimination of H,O, generating the
anionic carbide cluster [HFe,(CO),,C]~ (4)*>~*5, also accessible by protonation of the
dianion [Fe,(CO),,C]*~ (6)*>"*°. The carbide cluster 4 further protonates to the
methylidine cluster 5*37*5, which alternatively can be synthesized by hydrogenation of
[Fe4(CO),C] (7)*®. This reaction sequence mimics fundamental reduction steps assumed
in heterogeneous Fischer-Tropsch chemistry*’.

The carbido ligand in [Fe,(CO),,C] (7) is attacked by methanol to give a CCOOMe
ligand in the anionic cluster 8 (Scheme 2)*5, also accessible by oxidation of the hexanuclear
cluster anion [Fe4(CO),¢C]*~ containing an encapsulated carbide ligand*’-*®. The
reaction presumably proceeds through the intermediacy of the ketenylidene intermediate.
This transformation clearly demonstrates the reactivity of a carbide enveloped by a metal
skeleton provided that it is structurally exposed.

2. Coordination and reduction of n-systems

A reaction sequence particularly related to catalysis was studied by Andrews and
Kaesz*°. By a complete series of isolated and structurally characterized intermediates, the
stepwise reduction of acetonitrile on the face of a triangular iron cluster was demonstrated.
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Acetonitrile reacts with the cluster anion [HFe,(CO),,]~ (10) with replacement of two
carbonyl groups (Scheme 3); the hydride is transferred from the metal framework to the
incoming acetonitrile to give a MeC==NH ligand coordinated in a u;—#? fashion to the
metal triangle*®-3°. The resulting cluster anion 11 may be protonated at the metal skeleton
to give the neutral acetimidoyl cluster 12, which is isomerized irreversibly at 65 °C to give
the ethylidenimido cluster 13*°~%!, Under a pressure of hydrogen 13 is reversibly
converted into the ethylnitreno cluster 1439:32:53 also accessible from 10 with nitroethane
followed by protonation of the intermediate anion 154°. Although all efforts to make this
reaction sequence catalytic failed®, the stepwise conversion of MeCN and H, into the
coordinated MeCH,N and H fragments of ethylamine on a triangular cluster face is an
expressive example of the substrate conversion capability of transition metal clusters.

3. Coupling of n-systems with polyhapto ligands

Many reactions are known in which two organic systems are coupled together on
coordination to a transition metal cluster. A remarkable example was worked out recently
by Keister and coworkers.

The u,-methoxycarbyne cluster 17, obtained from the methylation of the cluster
anion [HRu4(CO),,]” (16) with either MeSO;F*3 or [Me,;O][BF,]%%, reacts with
hydrogen to give the u,-methoxycarbene cluster 18 (Scheme 4)33%6. In this cluster the
1#3-COMe ligand can be coupled with an alkyne to give a MeOCCHCH ligand; a second
alkyne molecule is required to remove two hydride ligands, producing the corresponding
olefin®7-%8, The resulting cluster 19 undergoes hydrogenation to give the uy,n*-MeOC=
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CMe cluster 20°°; the main product, however, is the u5-ethylcarbyne cluster 21°7+%%. The
conversion of the alkylidene cluster 18 into the alkylidyne cluster 21 with a longer carbon
chain has been suggested as a model for Fischer-Tropsch carbon chain growth®’.

il. STOICHIOMETRIC REACTIONS

A. General Considerations

The number of organic syntheses involving stoichiometric amounts of transition metal
clusters is limited. Useful synthetic reactions that have been reported employ almost
exclusively inexpensive iron and cobalt clusters. Two of the drawbacks in stoichiometric
applications are the high cost and the inefficient preparation of precious metal clusters®®.
Many reactions of transition metal clusters leading to organic compounds are known, but
they are of no synthetic value since the organic compounds in question are more easily
accessible by conventional methods. This problem is exemplified by the formation of
amides, imidates and carbamates from the trinuclear iron nitrene clusters 22-25 reported
by Geofiroy et al.®! (Scheme 5). Of more synthetic interest are stoichiometric reactions of
transition metal clusters leading to more sophisticated organic systems such as
heterocycles. In this fashion the nitrene cluster [Ru;(CO), o(NPh)] (29) can be used via 30
as a precursor to pentaphenylpyridone and 1, 3,4-triphenylmaleimide®%® (Scheme 6).
However, these compounds are also accessible in a more efficient way via mononuclear
nickel complexes®. In general, stoichiometric reactions of transition metal clusters to give
organic products can only compete with other synthetic routes if these clusters are
inexpensive and easily accessible, or if the organic products formed are difficult to make by
alternative methods.

B. Reactions Involving Co,C, Clusters

The most useful stoichiometric cluster reactions for organic synthesis involve pseudo-
tetrahedral Co,C, clusters of the type [Co,(CO)¢(R*C,R?)], which can be prepared from
[Co,(CO)g] and alkynes.

1. The Khand—-Pauson reaction

The Khand—Pauson reaction is the formation of cyclopentenones in a single step from
the clusters [Co,(CO)(R'C,R?)] and alkenes. The utility of this reaction®*°¢ is due to the
facile formation of the clusters [Co,(CO)g(R'C,R?)] from dicobaltoctacarbonyl and the
alkyne. Although in most synthetic applications these clusters have been isolated, it has
been established that this is not essential®’. In many cases the cyclopentenones can be
built up in a one-pot preparation from the alkyne, the alkene and carbon monoxide
with [Co,(CO),] being present in an equimolar ratio (equation 1).

\ i

C

~._

—c=c— VARN A \c/c\c/
[coplcOlg] ———— (COI3Co—|—Co(CO)3 —— A F
—~c—cC

i /TN

(

This reaction sequence occurs with a high degree of both regio- and stereo-selectivity:
The carbonyl group inserts mostly in vicinity to the larger substituent of the alkyne, and by
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the addition of cyclic olefins the exo product is formed. The remarkable stereoselectivity is
demonstrated by the annelation to cyclobutenes using acetylenehexacarbonyldicobalt

clusters (equation 2)8.
Me OMe Me
C Ph OMe
(CO)3C0—-—\7C0(CO)3 + —_— ()
c 0 1
H
Ph H

The scope of the Khand—Pauson reaction is remarkable; it has been widely used in the
synthesis of natural products and its synthetic applications have been reviewed several
times®®-7°, two recent reviews 72 covering the literature up to 1986. Therefore, only a few
topics will be selected here as examples. Specially designed Co,C, clusters have been used
as prostaglandin synthons: Pauson et al.”® developed a synthesis of (+)-11-desoxy-
10a, 11a-trimethyleneprostaglandine E, (36), starting from the alkyne 33 (Scheme 7). The
key step is the annelation of cyclopentene to the cluster 34.

G
COOMe
(33) (34)
0
H
S~ COOMe COOMe
—
H
(35)
SCHEME 7

The total synthesis of the antitumour sesquiterpene d,l-coriolin (40) is based on a
stereoselective intramolecular cyclization involving the appropriate Co,C, cluster 387475
(Scheme 8). This step yields 15% of the desired stereoisomer of the bicyclic system 39,
which can be converted in a series of consecutive steps into 40.

The fate of the metal carbonyl moiety in the Khand—Pauson reactions remains unclear;
since [Co,(CO)q] can be easily recovered from almost every cobalt residue under CO
pressure, there is no recycling problem for the metal carbonyl.
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. (CO)4
Bu'MezSio Bu’Me,Si0 T
== (CO,tc0)q] C—\—CMe
Co
\ N\ (€O
(37) (38)

SCHEME 8

2. Miscellaneous

A number of synthetic applications of Co,C, clusters use the dicobalt hexacarbonyl unit
as an alkyne-protecting group. The principle of this strategy is based on the facile
coordination of the carbon—carbon triple bond to the dicobalt unit and the possibility of
removing the metal fragment with oxidizing agents such as [Fe(NO,),]-9H,0. Anefficient
functionalization of olefinic bonds without affecting the reactive C=C bonds present in
the same molecule was achieved with this method?® (Scheme 9). In the complex 42 and 43
the alkyne moiety is protected while the olefinic bond is hydrolysed. A similar reaction
sequence resulting in both the hydrolysis and the methanolysis of the olefin moiety of
enynes has been reported’”. The strategy can be extended to other transformations of
functionalized alkynes; e.g. alcoholic groups can be removed by reduction with sodium
borohydride without reducing the C==C triple bond in the presence of the Co,(CO)¢
protecting group (Scheme 10)78. The steroid 48 can be obtained from 45 in an overall yield
of 85% with a stereoselectivity greater than 90%,.

Protonation of Co,C, clusters containing an alcohol function in the a-position of the
side-chain with HBF, or HSbF ¢ leads to carbonium cations of the type [Co,(CO)4(R!C=
CCR?R3]*, which can be isolated as stable salts®. These cationic clusters have been used
for electrophilic substitution reactions with aromatics®® or ketone derivatives®!
(Schemes 11 and 12). In this way aromatic compounds with alkyl substituents containing a
C==C triple bond in the B-position can be prepared; thus 53 is accessible from the
acetylene 49 in an overall yield of 43% via the carbonium ion 517°. In this example only the
para- derivative 53 was obtained. With less bulky substituents in the a-position of the
acetylene there is a considerable amount of the meta product in addition to the para-
product®®. Alternatively, 51 can be transformed with the O-trimethylsilylated cyclohex-
anone into the alkyne 55 in an overall yield of 57%2*. The opening of the cyclopropene ring
containing a 2-yn-1-ol substituent with HBr-ZnBr, to give the corresponding E and Z
olefins can be controlled to give almost exclusively the E isomer by going through the
intermediacy of the Co,C, clusters (Scheme 13)%2. The cyclopropane 56, which on
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reaction with HBr-ZnBr, yields 1-bromoct-3-en-5-yne (59) with an E/Z ratio of 33:67,
can be converted into cluster 57. After treatment with HBr-ZnBr,, resulting in the
formation of 58, the compound can be demetallated with [Fe(NO,),]-9H,0; in this case
the E/Z ratio of the product 59 is 99:182,

Another synthetic use of Co,C, clusters was reported by Seyferth and Wehman®®:
whereas diphenylacetylene is not accessible to Friedel-Crafts reactions, the cluster
[Co,(CO)6(C,Ph,)] undergoes facile acylation with MeCOCI-AICl, in the para position
of one (51%) or both phenyl substituents (36%). Oxidative work-up with ammonium
cerium(IV) nitrate gives phenyl(p-acetylphenyl)acetylene (75%) and bis(p-acetylphenyl)-
acetylene (72%,), respectively.

C. Reactions Involving Other Cobalt Clusters

The pseudotetrahedral clusters [Co,(CO)g(R'C,R?)] (60) can take up acetylenes to give
complexes of the general formula [Co,(CO),(R*C,R?%),]8%84, These compounds contain
a six-carbon atom flyover bridge formed by the head-to-tail-head-to-head trimerization
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of three alkyne molecules®’. The thermal or chemical decomposition of these compounds
gives substituted benzenes; sterically strained 1,2, 4-tri-tert.-butylbenzene (62) has been
synthesised for the first time by this method (Scheme 14)8°.

A major class of cluster compounds with considerable interest for organic synthesis are
the alkylidyne tricobalt nonacarbonyl complexes of the general type [Co;(CO)o(CR)].
The first representative, [Co;(CO)o(CCH,)]%7, was prepared by acidification of
[Co,(CO)(C,H,)]; X-ray crystal structure analysis established the pseudo-tetrahedral
Co,C cluster®®. A more general preparative route to such clusters is the reaction of
[Co,(CO)g] with the trihalides RCX3%°7®!. The chemistry of these compounds has been
reviewed several times®2~%¢, By decomposition of the Co,C clusters the alkylidyne unit is
released from the metal framework and can be used for synthetic applications.
Decomposition of [Co4(CO)4(CR)] with ammonium cerium(IV) nitrate mainly yields the
acetylene RC=CR®7; with an excess of the oxidizing agent the carboxylic acid RCOOH is
formed cleanly®®°®, The ethylidyne cluster [Co3(CO)s(CMe)] has been reported to give
the ester MeCH(COOMe), on reaction with sodium methanolate in methanol in 50%
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yield'°?, or to give propionaldehyde under hydroformylation conditions°°, The benzyl-
methylidyne unit in [Co,(CO)s(CCH,Ph)] can be removed as PhEt with sodium
borohydride®”, or as PhCH,CBr, with bromine!°!. The benzylidyne cluster
[Co;(CO)o(CPh)] (63) has been used for the preparation of para-acylated benzoic acids;
the phenyl substituent in this cluster readily undergoes Friedel-Craft-acylation with
acetyl chloride or benzoyl chloride and the organic unit modified in this way can be
released by oxidation with ammonium cerium(IV) nitrate in acetone to give 65 or 67,
respectively®® (Scheme 15).

D. Reactions Involving Iron Clusters

Dodecacarbonyltriiron can be used as an effective reducing agent for the conversion of
nitroaryls into the corresponding amines (Table 1). The reaction is carried out either in
methanol-benzene'® or under phase-transfer conditions (PhCH,NEt,Cl in aqueous
sodium hydroxide)!°* 9%, The source of hydrogen is methanol or water, respectively, and
the active species formed in both cases seems to be the cluster anion
[HFey(CO),, ] 1037195,

TABLE 1. Reduction of nitroaryls to anilines by [Fe,(CO),,]

RC;,H,NO, — RC,H,NH,

Yield (%)!°? Yield (%)!%4
R (method a)® (method b)®
H 77
p-Me 73 85
p-OMe 84 92
p-Cl 86 88
p-COMe 91 60°
p-NH, 63
p-COOEt 83
p-OH 38
p-NHCOMe 77
o0-Me 87
0-Cl 83
m-NH, 95
m-NO, 77

“Method a: MeOH, CgHg, reflux, 10-17h!°3,
®Method b: H,0, NaOH, C¢Hg, PhMeNE!Cl, 20°C, 2h!%4,
‘4,4-Azoxyacetophenone formed as a byproduct (16%).

Methanolic solutions of [Fe,;(CO),,] also reduce carbon—nitrogen double bonds. By
this method Schiff bases can be converted into amines with high yields'°5; a special
application is reduction of phthalazine to 1, 2-dihydrophthalazine (equation 3)!°6.

\li] Fey(CO)y, r‘llH (3)
—_—
N MeOH/CgHg _N

The anionic diiron cluster [HFe,(CO)g] ™ has been used for the selective hydrogenation
of C=C bonds in conjugation with C=O bonds; e.g. ethyl carbonate with
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Na[HFe,(CO)g] and MeCOOH gives selectively ethyl butyrate (92% yield within 3 h)
equation 4)!9°,

0 0

/%/U\ost + 2No[HFe,(COlg] + MeCOOH —» /\"J\oa

+ Fe(CO)s + Na[HFes(CO),]

+ Na[MecC00)
@

Episulphides have been reported to undergo a desulphurization reaction to give the
corresponding olefins with either [Fe4(CO),,] or [Fe,(CO)g] in refluxing benzene
(equation 5)!97,

H

H s H H, K
[Festcor ] or [Feplcor) %, )
Coe 7N

Nonacarbonyldiiron has been used in the synthesis of novel heterocycles. The
thiolactone 68 reacts with [Fe,(CO),] to give the complex 69 in 39% yield (Scheme 16).
Oxidative demetallation with ammonium cerium(IV) nitrate in acetone results in the
formation of the tricyclic thiolactone 70; the yield was not given!®

s FO(CO)3

[F.,(co).] (CO)5F
(69)

(68)

(NH4)2C0(N05 s)

(70)

SCHEME 16

A number of C-C coupling reactions have been reported with di- and tri-nuclear
ironcarbonyls: Benzyl chloride reacts with [Fe,(CO)g] at 30 °C to give mainly dibenzylke-
tone (56%); with [Fe;(CO),,] benzyl chloride reacts with acrylonitrile at 67°C in thf
solution to give mainly 4-phenylbutyronitrile*®
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lll. CATALYTIC REACTIONS

The implication of transition metal clusters in catalytic reactions has been addressed in a
general context by several workers'92-199-113 and the use of the cluster compounds as
homogeneous catalysts has been reviewed?8:2%-1147116_ Qpecial aspects of clusters in
catalysis can be referred to!!7"12!, There are also a considerable number of reviews on
supported metal clusters as heterogeneous catalysts!!3-1227127, The most comprehensive
recent diﬁscussion of homogeneous catalysis by metal clusters is that by Marké and Vizi-
Orosz! 'S,

A. Classical Applications: Conventional Catalytic Reactions Using
Transition Metal Clusters as Catalytic Precursors

There are a large number of catalytic reactions such as hydrogenations or hydroformy-
lations which are catalysed by many different catalysts, partly homogeneous and partly
heterogeneous. Some of these processes play a major role in industrial chemistry. It is not
surprising that many of these reactions are also catalysed by transition metal clusters.
Although transition metal clusters have not succeeded in replacing traditional homog-
eneous or heterogeneous catalysts in technical processes, they may have advantages over
other catalysts in the small-scale synthesis of special compounds or fine chemicals.

The catalytic applications cited in this section are regarded as cluster-based reactions in
as far as these reactions are catalysed on addition of a transition metal cluster; whether or
not the cluster is a catalyst precursor or a catalytically active species will not be discussed
here. The question of cluster disintegration throughout the reaction remains a debatable
point, since in most catalytic reactions the mechanism is not clear; special attention is
drawn to this problem in some selected cases Section IIL.D.

One of the major problems encountered in reviewing catalytic applications of transition
metal clusters is the need for comparable data describing the catalytic activity of the
clusters employed. There is no consistency in the use of the term ‘catalytic turnover’. Very
often it means the number of catalytic cycles irrespective of the time, sometimes it is related
to the time unit. In general it is calculated on the basis of the product formed, sometimes on
the basis of the starting material assumed, not taking into account side products. Several
authors only give yields based on the organic starting material; in many cases the necessary
data are missing completely. Throughout this text the term ‘catalytic turnover’ is defined
as ‘the number of moles of product per mole of catalyst’. For continuous reactions it is
more useful to describe the activity by the ‘number of moles of product per mole of catalyst
formed in unit time; this will be referred to as ‘catalytic turnover rate’. Wherever possible
all published data have been recalculated to the units moles of product per mole of catalyst
(‘catalytic turnover’); the reaction time is given as complementary information.

1. One-component reactions

a. Cyclization of acetylenes and olefins. The trimerization of diphenylacetylene to give
hexaphenylbenzene (equation 6) is catalysed by a number of metal carbonyl derivatives

C
3 PhC==CPh ——» Il | ©)
c c
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TABLE 2. Trimerization of diphenylacetylene to give hexaphenylbenzene

Catalytic
Catalyst Conditions Time Yield (%) turnover Ref.
[Fe4(CO),.] Neat, 266-280°C  seconds 75 ca 3-4 128
[Fe,(CO)4(C,Ph,),] Neat, 270°C seconds 60 ca 3-4 128
[Mn,(CO),0) Neat, 270°C seconds S5 ca 3-4 128
[Co,(CO)s) Neat, 280°C seconds 60 ca 3-4 128
[Co,(CO)¢(C,Ph,)] Neat, 150°C seconds 70 ca 34 128
[Co,(CO)¢(C,Ph,)] Dioxane, 100°C th 95 31 128
[Co04(CO),o(C,Ph,)] Dioxane, 100°C ih 80 26 128
[Co,(CO)y(HC,CH,N,P,Cl,)] Octane, 150°C 24h 20 14 129

(Table 2). In general, the yields were higher with cluster compounds than with
mononuclear metal carbonyls: [Fe4(CO), ,] gave 75%, whereas with [Fe,(CO),] and with
[Fe(CO);] only 25% and 20% were obtained, respectively!28,

The tetranuclear nickel cluster [Ni,(CNBu’),] has also been reported to catalyse the
trimerization of acetylene to give benzene!3%; it also catalyses the synthesis of cycloocta-
1,5-diene from buta-1,3-diene (equation 7)!3%13!, The dimerization takes place at 20°C;

ZN_—’O ™

after 27h the solution contains 76%, of the 1,5-isomer and 4%, of the 1,3-isomer,
corresponding to a catalytic turnover of 33.

b. Isomerization of olefins. The isomerization of terminal olefins to a mixture of internal
olefins (equation 8) has been studied mainly with ruthenium and osmium clusters.

2 NN/ RN+ NS ®)

Pent-1-ene is converted to (E)-pent-2-ene and (Z)-pent-2-ene when refluxed in hexane
with [Ru4(CO),,]; the equilibrium 3% pent-1-ene-74% (E)-pent-2-ene-23%, (Z)-pent-2-
ene is reached within a few hours'3®. Similar results were obtained with
[H,Ru,(CO),,]"3¢ and the phosphorus derivatives [H,Ru,(CO),,L]; the isomerization
rate decreases in the sequence L = P(OEt), > P(OPh),>PPh,> CO!3". The influence of
the solvent on the isomerization rate decreases in the order chlorobenzene > benzene
> toluene > cyclohexene > mesitylene! 8, The catalytic turnovers were not given. The
same isomerization was also studied with [H,Ru,(CO),,] and [HRu,(CO),C4Hz]'>°
and with [Os,(CO),,]'*°; by comparing several metals the Z/E ratio was found to vary
from 0.4-0.5 for [Os,(CO),,1**%,0.3-0.4 for [Ru,(C0O),,]1'3%,0.35 for [Fe;(CO),,]'*! to
0.26 with [Co,(CO)¢(PBu,),]'*2. By analogy with pent-1-ene, other terminal olefins can
be converted into the corresponding isomers: hex-1-ene yields (Z)- and (E)-hex-2-ene by
reaction with [Ru,(CO),,] at 70°C'¢7 and with [H,0s,(CO),,] at 32.5°C'*3; the Z/E
ratio was not given. Hept-1-ene is converted at 90°C in dioxane solution by [NEt,]
[HRu,4(CO),,] into the expected mixture of heptene isomers-(E)-2-, 40.5%; (2)-2, 13.9%;
(E)-3-, 34.8%,; (Z)-3-, 8.6%); after 15 h the convertion is 98%, corresponding to a catalytic
turnover of 104'*%, The isomerization of pent-1-ene using [Fe,(CO),,], [Rus(CO),,],
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[Ru;(CO)o(PPh;)];!4%, or [H Ru(CO),,1'*¢ has also been studied under photolytic
conditions. By comparison with the mononuclear catalysts [Fe(CO);] and
[Ru(CO),PPh,] under photocatalytic conditions, the Z/E ratio of the pent-2-enes formed
was shown to be substantially different, suggesting different active species'*>.

There are only a few reports on synthetic applications of the double-bond isomerization
reaction. Methyl linoleate (Z, Z isomer) has been isomerized to a mixture of the Z, E and
E,E isomers with a number of ruthenium, iron, osmium and cobalt clusters!7-148, The
highest conversion was observed with [H,Ru,(CO),,], but there was a substantial
amount of the hydrogenation product, methyl oleate. An enantio-face discriminating
isomerization process has been reported with the chiral cluster [H,Ru4(CO)4(R, R-diop), ]
(Scheme 17)!4%. The prochiral substrate 71 was heated with [H,Ru(CO)s(R, R-diop),] at
80 °C under 130 bar of hydrogen. After 23 h the reaction mixture contained 12.5% of the E
isomer of the chiral olefin 74; its optical purity was 0.5%!45.

PhCH, CH»C==CHCH5 t4))
Ha
PhCHzCHa CCHCHy (72)
CHp
PhCHp CH===CCH, CH3 (T3)
CHy
*
PhCH==CHCHCHCH3 (149)
CH3
SCHEME 17

¢. Refunctionalizations. The isomerization of olefinic bonds can lead to a refunctionali-
zation of the molecule if it contains the appropriate substituents. In this fashion allyl
alcohol is not isomerized to methylvinyl alcohol but to propionaldehyde (equation 9);
the reaction can be catalysed (32.5°C) by the osmium cluster [H,0s4(CO),,]'**. The
effect of substituents on the isomerization has also be studied: but-2-en-1-ol and
but-3-en-2-ol react similary to give butan-1-al and butan-2-one, respectively (equation 10),
but 2-methylprop-2-en-1-ol does not react; substituents at C,, lead to a complete
suppression of the isomerization. The isomerization of monodeuterated allyl alcohol,
CH,=CHCH,0D, leads to CH;CHDCHO, thus demonstrating the shift of the
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[H;053(CO);0)
—_—_—

CH,=CHCH,OH CH,CH,CHO ©)

CH,=CHCHCH, %22, cy cH,CCH,
| l (10)
OH o)

CH,=CHCHCH, —2¢hsl_, cy,CH,CH,0CH,
I (11)

OH

alcoholic hydrogen!43. By using [Rhg(CO),¢] as the catalyst but-3-en-2-ol is isomerized
to give not butan-2-one but methyl propyl ether (equation 11)*5°.

d. Miscellaneous. A carbon—carbon coupling of aromatic amines has been reported to
occur in the presence of [Os3(CO),,] or [H,Os,(CO),,]. N,N-Dimethylaniline (75)

converted into bis(p-N,N-dimethylaminophenyl)methane (76) and N-methylaniline (77)
(equation 12). The fate of the hydrogen eliminated in this reaction is not clear, the

(7%) (76)

(7

(12)

stoichiometry of the reaction not being precisely established!?®. The catalytic reaction
proceeds in refluxing N,N-dimethylaniline solution (140°C); after 36 h the catalytic
turnover is 742mol of 76 per mole of [Os;(CO),,]. The reaction is inhibited by CO
pressure!3°,

2. Two-component reactions

a. Cyclocarbonylation reactions. Acetylene reacts with carbon monoxide in the pre-
sence of [Co,(CO)g] with cyclization to give bifurandiones. The C—C coupling occurs
with either a cis or trans configuration; both isomers 78 and 79 have been isolated and
separated by fractional crystallisation'®! (Scheme 18). The synthesis can be controlled in
its stereochemistry; with acetonitrile—methanol as solvent and a pressure of 600 bar (90 °C,
17 h) the reaction yields the E isomer (78) with 59% conversion (catalytic turnover 45). The
Z isomer (79) is obtained by using tetramethylurea as solvent and a pressure of 275-315
bar at 90°C; the convertion after 15.8 h is 30% (catalytic turnover 20)!32. Interestingly,
Mills and Robinson'*? isolated a cobalt complex (80) from the reaction of carbon
monoxide with [Co,(CO)¢(HC,H)] accessible from [Co,(CO)g] and acetylene. Complex
80 contains a u,-C-coordinated lactone ring formed from acetylene and two CO units; the
intermediacy of such complexes in the bifurandione synthesis has been demonstrated by
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2HC=CH + 4CO

H H H H H
Ao [T\
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O—C\O/C——C /C—-—O o= C\ /C C\O/C [o]
c=—cC
H
(78) (79)
H
i \
OC\ C /
OC\\ \ // (80)

ANAN

SCHEME 18

Pauson et al.'3*. The cyclocarbonylation reaction can be extended also to mono- and
disubstituted acetylenes; however, complex isomeric mixtures are formed'32.

b. Hydrogenation reactions.

(i) Hydrogenation of C==C double bonds. Numerous clusters have been reported to
catalyse the hydrogenation of olefins to alkanes (equation 13). Catalytic turnover and
practicability vary a great deal; the details are presented in Table 3.

>c=c< + Hy —— HC—CH (13)

Photocatalytic hydrogenatlon of olefinic carbon—carbon double bonds has also been
studied with several transition metal clusters. [H,Ru,(CO),,] catalyses the hydrogen-
ation of ethylene to ethane in heptane at 35 °C, the ethylene and hydrogen partial pressure
being 0.13 bar; the catalytic turnover in these experiments was less than 1'68, Kinetic
studies indicate that photodissociation of CO from [H,Ru,(CO),,] is the first step of the
catalytic cycle!%®. The iron cluster [Fe,(CO),(NSiMe,)] has been used for the photo-
catalytic hydrogenation of several olefins; the resulting cluster [H,Fe,(CO)o(NSiMe,)] is
assumed to act as the catalyst!’°, In this fashion methyl acrylate can be converted into
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methyl propionate in toluene solution; the catalytic turnover is 100 after 106 h, whereas
without irradiation it is only 0.37 after 72 h.

Examples in which clusters have been used as selective catalysts in the hydrogenation of
complicated structures are rare. The anionic ruthenic cluster [HRu,(CO),,]" catalyses
specifically the terminal C=C double bond of cis-nerolidol (81); under mild conditions
(dmf, 20°C, 40 bar) exclusively 82 is obtained with 51% conversion (equation 14)!72,

l “rom
(14)

(81) (82)

The tetranuclear cluster [H,Ru,(CO)g4(R, R-diop),], in which the metal framework is
modified by two chiral diphosphine ligands, is the main cluster candidate for asymmetric
hydrogenation reactions (Scheme 19). This cluster catalyses the enantioselective hydro-
genation of mesaconic acid (83) to methylsuccinic acid (84); the reaction proceeds in
toluene—diethyl ether (2: 1) at 20 °C and a hydrogen pressure of 130 bar giving 88.7% of 84
with an enantiomeric excess (ee) of 8.1%, for the S-enantiomer, the catalytic turnover being
200. The hydrogenation of citraconic acid (85), the E-isomer of 83, under the same
conditions gives 83.3% of 84 with an optical purity of only 1.1%!7*'7%, Saturated and
unsaturated lactones were observed with small yields as side-products in this reaction.
This example shows that the different steric arrangement of the carbonyl groups around
the double bond in 83 and 85 plays a fundamental role in determining the extent of
asymmetric reduction.

Using the same catalyst prochiral ketones and ketimines have been hydrogenated:
acetophenone (86) gives the corresponding alcohol 87 with an ee of 8.19 for the
S-enantiomer. The best reaction conditions are toluene solution, 130 °C, 100 bar and Sh.
The conversion is 40%, corresponding to a catalytic turnover of 280; it is essential that the
chiral ligand R,R-diop is present in excess'’>.

For the hydrogenation of 2-phenylbut-l1-ene (88) to 2-phenylbutane (89)
[H,Ru,(CO)4(R, R-diop),] was used at 80°C and 100 bar to give 89 with 74% yield
(catalytic turnover 203) and an optical purity of 4.5% (S-enantiomer)!’¢. a-
Methylcinnamic acid (90) was hydrogenated in toluene-ethanol (1:1) at 100°C and 130
bar to give preferentially the S-enantiomer of 91; with [H,Ru,(CO)g(R, R-diop),] as the
catalyst the ee is 58.0%; with a cluster formulated as [Rug(CO),4(R, R-diop),] the ee is
45.3%, or 61.4% with trimethylamine present!?”. The hydrogenation of tiglic acid (92) was
used to study the enantiomeric discrimination by a whole series of dinuclear and
tetranuclear carboxylato complexes: [Ru,(CO)z(OOCCH,COO),(R,R-diop),] in
toluene~ethanol (1:1) at 80°C and 130 bar gives (S)-2-methylbutanoic acid (93) with a
conversion of 99% after 65h and an optical purity of 419 (catalytic turnover 248).
[Ru,(CO),[S-OOCH(CH,C,H,],(R, R-diop),] under similar conditions gives 95, of 93
after 4h with an optical purity of 37.3% (catalytic turnover 622)'7%. There is also a report
that [Ru,(CO),,] has been used as an enantioselective hydrogenation catalyst precursor
in the presence of chiral diphosphinites without isolating or characterizing the modified
clusters; with glucophenite 90 can be converted to 91 in 85% yield and ee 38 (thf, 120°C,
40 bar, 100 h, catalytic turnover 62); for the conversion of 92 to 93 the yield is 747, with an
optical purity of 11%, (catalytic turnover 34)!7°.

Rhodium clusters modified with chiral diphosphines have been reported to catalyse the
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HOOC COOH

/ Ha

(89%) =cC
H/ \Me _\ Me H

»*
HOOC—C—C——COOH (84)

H\ /COOH / l!i l!|
(83) C_—-—C\

Hz
HOOC Me

OH
Ha *
Ph——C~—Me —» Ph—C~—Me

H
(86) 87)

Ph Ph

Ha »*
Et—C==CHp; —» Et—C-—CH3

(88) (89)
Ph COOH HooH
c=—c Lt BV S COOH
\ T
H Me H Me
(90) (91)
Me Me H  Me
Ha »*
c=cC —2 » Me—C——C——COOH
H COOH Lo
(92) (93)
SCHEME 19

enantioselective hydrogenation of prochiral dehydroamino acids (Scheme 20). In ethanol
as the solvent 94 is hydrogenated by [Rh4(CO), o(R, R-diop),](80°C, 1 bar, 24 h) giving the
R-enantiomer of 95 with ee 47% (100% conversion; catalytic turnover 100)!8°. With
[Rh,(CO),(R,R-diop)] (70°C, 1 bar, 3h) (R)-95 is formed in an optical purity of 65%
(100%, conversion, catalytic turnover 220)!8°, Similar results were obtained by using a
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Ph NHCOMe A
c=—C 2y pp——C—2C—NHCOMe
H COooMe H  COOMe
(94) (93)
\ »*
H2
—_
CHO OH
(96) (7
SCHEME 20

mixture of [Rhg(CO),¢] and R, R-diop!®!. A catalytic system derived from [Rhg(CO), 6]
or [Rh,(CO),,] and (E)-1,2-bis(methylenephosphino)cyclobutane can be used for the
enantioselective hydrogenation of neral (96) to citronellal (97) in toluene at ambient
temperature and normal pressure. The conversion is quantitative with a catalytic turnover
of ca 120. For the hexanuclear cluster the enantiomeric excess was determined to be 59%,
and for the tetranuclear cluster 66%; use of the (—)-enantiomeric ligand leads to (§)-97,
whereas the (+)-enantiomer produces predominantly (R)-97'82. In all the cases where
rhodium clusters have been used with chiral ligands the asymmetric hydrogenation could
also be performed using the mononuclear complex [HRh(CO)(PPh,),] and the same
ligand with even better results, suggesting that the tetra- or hexa-nuclear cluster is only a
precursor for the formation of a mononuclear catalytic species'8°7182,

(ii) Hydrogenation of C=C triple bonds. Most of the catalytic systems derived from
transition metal clusters catalyse the hydrogenation of acetylenes to give predominantly
olefins (equation 15), the corresponding alkane being only a side product (Table 4).

RC=CH —2 ,RCH=CH, (15)

Since most of the clusters used for hydrogenation also catalyse the double bond shift (cf.
Section 1I1.A.1.a), the situation is complicated by isomerization: for acetylenes with an
internal C=C unit also an E/Z problem arises. The examples reported demonstrate that
carbon—carbon triple bonds are more readily reduced than carbon—carbon double
bonds. However, in most cases further hydrogenation and isomerization lead to complex
product mixtures.

(ifi) Hydrogenation of C=O bonds. Several rhodium and ruthenium clusters are
reported to catalyse the reduction of carbonyl compounds (Table 5). The hydrogenation of
aldehydes and ketones yields the corresponding primary and secondary alcohols
(equation 16); in the case of carbonic acids the reduction to the alcohol is often followed by
the esterification of the alcohol with unreacted acid (equation 17).

A special case is lactone formation after the partial reduction of a dicarbonic acid
(equation 18). Esters of dicarbonic acids are partially reduced with the elimination of
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H
RCHO  —— RCH,OH (16)
H
2 RCOOH —2—» RCOOCH,R (17)
_0 0
CHZ—C< CHy—c7Z
OH Ha \\
e 0 + 2Hp0 (18)
A°
CHa—C CHa—CH3
OH

Q OMe
O\C/OMe \\c %
I Hz I (19)
— + MeOH
O¢C\ CHoOH

alcohol; in this fashion methyl glycolate is obtained from dimethyl oxalate (equation 19).
The fact that carbon monoxide is required for the hydrogenation of aldehydes catalysed by
Rhg and Rh, clusters'?!:*92 has been interpreted in terms of a cluster breakdown to give
the mononuclear complex [HRh(CO),], which is the active catalyst. This is supported by
kinetic studies!®>.

(iv) Hydrogenation of N=O, C=N, and C=N bonds. Whereas trinuclear iron
clusters have been used in the stoichiometric reduction of aromatic nitro compounds (cf.
Section I1.D), the tetranuclear iron cluster [Cp,Fe4(CO),] can be used for the catalytic
hydrogenation of nitrobenzene to aniline (equation 20; Table 6).

The hydrogenation of nitriles and isonitriles (equations 21 and 22) has been achieved
with a tetranuclear nickel cluster, but the reduction is not very efficient (Table 6).
Quinoline (98) was formed to give tetrahydroquinoline (99) on pressurising with hydrogen
in the presence of trinuclear osmium clusters (equation 23)2°!-2°2, The two clusters
isolated from this reaction, [HOs,(CO),o(NC,Hg)] and [HOs;(CO),o(NC,Hg)] are
regarded as intermediates?©3,

@—Noz BLLINS @NHZ + Hp0 (20)

H
RC=N —2 » RCH2NHp 21
+_ - H
RN==C —2 % RNHCHy (22)

00 =00 =
i H

(98) (99)
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(v) Hydrogen transfer reactions. Catalytic hydrogen transfer from a hydrogen donor
molecule to an unsaturated substrate sometimes presents advantages over hydrogenation
by molecular hydrogen. This type of reaction can be catalysed by a number of ruthenium
or rhodium catalysts. Cycloocta-1,5-diene and hexa-1,5-diene can be selectively reduced
1o cyclooctene and a mixture of hexenes, respectively, by [Rhg(CO),4] via hydrogen
transfer from iso-propanol. The reaction proceeds at 145°C and a CO pressure of 45 bar.
For cycloocta-1,5-diene (equation 24) the conversion is 99% after 23 h (catalytic turnover
150) and for hexa-1,5-diene and hexa-1,5-diene the conversion is 979, after 55 h (catalytic

turnover 162)2%4,

Me2CHOH  Me,C==0

Cyclohexanone can be reduced to cyclohexanol by using 1-phenylethanol as hydrogen
donor in the presence of [Fe4(CO), ,] or [Fe,(CO),] (equation 25). The reaction proceeds
under phase-transfer conditions (benzyltriethylammonium chloride and 18-crown-6) at

0
M — M\ 29)

Me(Ph)CHOH Me(Ph)C=—=0

28 °C. After 2.5 h cyclohexanol is formed with 78% conversion by [Fe,(CO),,] and 64%, by
[Fe,(CO)o] (catalytic turnover 20 and 16, respectively)?®®. With [Ru;(CO), ,] methanol
can be used as the hydrogen source for the cyclohexanone reduction; a large excess of
triphenylphosphine increases the conversion considerably. After 18 h at 150 °C 449, of
cyclohexanol was formed, corresponding to a catalytic turnover of 442°6,

Ruthenium carbonyl catalyses the oxidative coupling of alcohols to esters via hydrogen
transfer to diphenylacetylene, chalcone or maleic anhydride (equation 26). For instance,

2 RCH,OH /\ - R|c|OCH2R
26
(26)

PhaCa PhaCaHa

propanol is converted into propyl propionate (93%, conversion, 98Y, selectivity) in acetone
at 145°C with [Ru4(CO),,] and diphenylacetylene, the catalytic turnover being
140297208 This reaction can be extended to other alcohols with exellent yields and
selectivity?°®.  The intermediacy of the unsaturated mononuclear complex
[Ru(CO),(C,Ph,CO)] seems to be the key step in this cata]yms”9 1,4- and 1,5-diols give
rise to lactones; 1,6- and 1,10-diols are polymerized in this reaction?°.

Water can be used as the hydrogen source in reduction of p-benzoquinone to p-
dihydroxybenzene in the presence of the anionic platinum cluster [Pt,,(CO),,1%"
(equation 27). The reaction proceeds in acetonitrile at 30°C; after 5h ca 50%, of the
quinone is converted, corresponding to a catalytic turnover of 25. The interesting point is

<= O e
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that molecular oxygen is developed from water in this reaction?! '212, Spectroscopic data
suggest the involvement of [Pto(CO),¢]%~ and [Pt,,(CO),,]>" as active intermediates in
the catalytic process?!2.

Hydrogen transfer reactions have also been carried out in an asymmetric variant using
the chiral cluster [H,Ru,(CO)g(R,R-diop),] as the catalyst. A racemic mixture of 1-
phenylethanol can be used as hydrogen donor for the reduction of isobutyl phenyl ketone
to give 1-phenyl-3-methylbutan-1-ol with the S configuration in an optical purity of 6.8%.
The reaction takes place at 120°C with 18.3% conversion after 112h (catalytic turnover
244)2'3, With isopropanol as hydrogen donor isobutyl phenyl ketone gives under the same
conditions 1-phenyl-3-methylbutan-1-ol (equation 28) with an enantiomeric excess of

Ph—C—Bu’ > Ph—CH—Bu/
I 7N | (28)

Me,CHOH Me,C=0 OH

9.8% (S enantiomer), the yield being 37.1% after 86 h (the catalytic turnover was not
given)?14,

For the asymmetric reduction of tiglic acid (92) to 2-methylbutanoic acid (93)
isopropanol can also be used as the hydrogen source. In the presence of
[H,Ru,(CO)g(R,R-diop),] at 120 °C 42.4% of 92 was converted after 227 h, giving (R)-93
(catalytic turnover 210) with 5.4%; optical purity (cf. Scheme 19)2!3, Similar results for this
reaction with optical yields up to 26.4% have been obtained with the dinuclear ruthenium
complex [Ru,Cl,(R,R-diop),]?'672!8,

If the Cannizzaro reaction of racemic 2-methylbutanal is catalysed by
[H,Ru,(CO)g(R,R-diop),], an enantiomeric selection takes place for 2-methylbutanoic
acid (equation 29); the S configuration is prefered with an enantiomeric excess of 1.7%,. The

*
2EtCHCHO + H,0 —» EtCHCOOH + EtCHCH,OH
| | | (29)
Me Me Me

alcohol formed, however, is found to be racemic. The reaction proceeds in dioxane at
120°C over 103 h with a conversion of 18.1%, corresponding to a catalytic turnover of
296219, The different discriminating ability of the catalyst in the dehydrogenation and
hydrogenation steps of the reaction on the same substrate may be explained by assuming
that the molecule which is dehydrogenated is the hydrated form of the substrate, which
may enter as a bidentate ligand in the intermediate complex, while the hydrogen acceptor
acts as a monodentate ligand.

c. Syngas reactions. A series of reactions involving carbon monoxide and hydrogen
(synthesis gas) as building blocks for basic organic chemicals are commonly referred to as
‘syngas reactions’. These reactions, based on the catalytic hydrogenation of carbon
monoxide, involve the formation of oxygenates, mainly methanol, ethanol, ethylene glycol
and methyl formate, and hydrocarbons, mainly methane, higher alkanes and olefins
(equations 30-37). The catalytic synthesis of hydrocarbons from syngas is also represented
by the Fischer—Tropsch synthesis?®” (described in Chapter 9 of volume 2 of this series).

CO +2H, — CH,0H (30)

2CO + 4H, —» CH,CH,OH + H,0 @1)
2CO + 3H, — HOCH,CH,OH (32)
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2CO +2H, — HCOOCH, (33)

nCO +(@4n—1)H, — C,H,,,,OH + (n — 1)H,0 (34)
CO +3H, — CH, +H,0 (35)

nCO +2nH, — C,H,, + nH,0 (36)
nCO+(2n—-1)H, — CH,,,,+nH,0 (37)

With the exception of the methanol synthesis, which is a major industrial process,
heterogeneously catalysed syngas reactions are very unselective and yield a variety of
products. Much effort has therefore been invested in a homogeneous process to produce
mainly ethanol and ethylene glycol with high selectivity. Metal clusters are thought to play
a key role in these reactions. Syngas chemistry is of less interest for organic synthesis, but of
great commercial potential, particulary since the oil crisis has revealed the need for basic
chemical feedstocks independent of primary resources. The generation of ethylene glycol
and ethanol from syngas has been reviewed in great detail??°. The potential of metal
carbonyl clusters in the catalytic hydrogenation of carbon monoxide has also been
reviewed!'?, and the industrial aspects of cluster chemistry with regards to syngas
reactions have been summarized?22-226, Therefore, only a few typical examples have been
selected in this section.

Most of the catalytic systems used for syngas reactions are based on rhodium or
ruthenium, but there are also some reports on the use of cobalt and, to a lesser extent, iron
complexes (Table 7). Of special interest is the selective synthesis of ethylene glycol, which
has attracted intense industrial activity. Several patents were disclosed in the 1970s
describing a high-pressure ethylene glycol synthesis using rhodium carbonyl
catalysts?237225:236.254 A process based on the procedure of Pruett?23 reached the stage
of a pilot plant2*3. This process operates with rhodium clusters; the reactor is charged with
the mononuclear complex [Rh(CO),(acac)], which is converted into various rhodium
clusters depending on the reaction conditions. Infrared studies of the catalyst solution
under pressures of 550—1030 bar and temperatures up to 200 °C suggested the presence of
anionic rhodium clusters. The v i.r. bands were initially assigned to an antonic species
described as [Rh,,(CO).;,]? ™ #*7-2*8 which is in a CO pressure-dependent equilibrium
with the isolated and structurally characterized anion [Rh, ,(CO),,]%~ 24°. Later studies
by high-pressure i.r. spectroscopy?22:2%° and high-pressure *3*C n.m.r. spectroscopy?3!
showed that the species present under the catalytic conditions is [Rh4(CO),s]~, which
finally could be isolated at low temperatures232. However, the presence of other anionic
rhodium clusters at conditions generally employed for catalytic experiments cannot be
excluded. In particular, [H;Rh,;(C0),,]%~, [H,Rh,3(CO),,]1*~, [Rh,,(CO),5]*~, and
[Rh,4(CO),,]3~ are under discussion?2°. Up to now the role of these anionic rhodium
clusters remains uncertain; because of the labile fragmentation and rearrangement
processes, the identity of the active species is not apparent.

A particularly broad potential for application in syngas reactions is shown by
ruthenium carbonyl clusters. Iodide promoters seem to favour ethylene glycol®37-238; the
formation of [HRu,(CO),,]”™ and [Ru(CO);I,]~ was observed under the catalytic
conditions. These species possibly have a synergistic effect on the catalytic process.
Imidazole promoters have been found to increase the catalytic activity for both methanol
and ethylene glycol formation24°~242, Quaternary phosphonium salt melts have been
used as solvents; in these cases the anion [HRu,(CO),,]~ was detected in the mixture244,
Cobalt iodide as co-catalyst in molten [PBu,]Br directs the catalytic synthesis towards
acetic acid?#3. With cobalt catalysts the clusters seem to break down to monomolecular
species?22-230_ It is believed that in these cases clusters are of no importance?2®,
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d. Water gas shift reaction. The term ‘water gas’ shift reaction’ denotes the conversion of
carbon monoxide and water into carbon dioxide and hydrogen (equation 38). This
reaction is of considerable commercial interest because the hydrogen content of synthesis
gas can be increased by this equilibrium. Current methods for effecting this reaction
inv