Reactivity and Structure
Concepts in Organic Chemistry 9

J.R.Blackborow D.Young

Metal Vapour
Synthesis

in Organometallic
Chemistry

Springer-Verlag Berlin Heidelberg New York



J. R. Blackborow D. Young

Metal Vapour Synthesis
in Organometallic Chemistry

With 36 Figures and 32 Tables

Springer-Verlag
Berlin Heidelberg New York 1979



John R. Blackborow

Université Louis Pasteur
Institut de Chimie

4, rue Blaise Pascal
F-67008 Strasbourg Cedex

Dennis Young

N.T.D.

BP Research Centre
Chertsey Road
Sunbury-on-Thames
Middlesex TW16 7LN
Great Britain

ISBN 3-540-09330-3 Springer-Verlag Berlin Heidelberg New York
ISBN 0-387-09330-3 Springer-Verlag New York Heidelberg Berlin

Library of Congress Cataloging in Publication Data. Blackborow, J. 1942 —.
Metal vapour synthesis in organometallic chemistry; (Reactivity and structure;
v. 9). Bibliography: p. Includes indexes. 1. Organometallic compounds. 2.
Chemistry, Organic — Synthesis. I. Young, Dennis, 1949— joint author. II. Title.
II1. Series. QD411.B55 547'.05. 79-9844

This work is subject to copyright. All rights are reserved, whether the whole or
part of the material is concerned, specifically those of translation, reprinting,
re-use of illustrations, broadcasting, reproduction by photocopying machine
or similar means, and storage in data banks. Under § 54 of the German Copy-
right Law where copies are made for other than private use, a fee is payable

to the publisher, the amount of the fee to be determined by agreement with
the publisher.

© by Springer-Verlag Berlin Heidelberg 1979
Printed in Germany

Typesetting: Elsner & Behrens, Oftersheim
Printing and binding: Konrad Triltsch, Wiirzburg
2152/3140-543210



Reactivity and Structure
Concepts in Organic Chemistry

Volume 9

Editors:

Klaus Hafner Jean-Marie Lehn
Charles W. Rees P. von Ragué Schleyer
Barry M. Trost Rudolf Zahradnik



For Hilary and La Tendre Poulet



Preface

Metal Vapour Synthesis (MVS) can be defined as; “The use in synthesis of high temper-
ature gaseous species such as metal atoms by their reactions with themselves or other
materials in a condensed phase.” This short book, covering the literature up to the
middle of 1979, describes MVS in organic chemistry; i.e. the reactions of metal atoms
with various, predominantly organic, substrates in the synthesis and reactivity studies of
organic and organometallic compounds. In order to effectively describe all the underlying
principles and to present a coesive picture of pertinent metal atom processes in condensed
organic phases, some inorganic substrates such as rare gases, dinitrogen, dioxygen, dihalo-
gens, and inorganic halides have been included. For similar reasons, we have used, where
relevent, information provided by the closely related technique of Matrix Isolation Spec-
troscopy (MIS).

After an introductory chapter which gives the basis principles and includes a brief
critique of the technique, the book is divided into three further chapters dealing respec-
tively with
(a) experimental techniques,

(b) behaviour of metal atoms in matrices, and
(c) results of preparative experiments.

While not being encyclopaedic the book describes or refers to all noteworthy areas
if not in the deliberately short text in the many tables and figures. Therefore we hope
that chemists, fresh or experienced, will find this book useful as a comprehensive intro-
duction to the technique, a starting point for the setting up of MVS equipment, a guide
to the metal atom processes, and a synopsis of metal atom reactions to date.

On the present evidence we can see a considerable future for MVS both in the re-
search laboratory and in the commercial production of catalysis and related metal coated
systems.

J. R. Blackborow
D. Young
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1 The Basic Pinciples

1.1 Introduction

It is now possible to use vapours such as atoms of transition metals®?, carbon atoms®
and molecules which may only exist in the gaseous state, e.g. SiF,?, Cr-Fe®, or TiO®
as routine reagents in synthesis™ 2 catalysis®, or other reactivity studies”). Recent re-
search has already shown that interesting and novel compounds such as (Cod),Fe®,
(Bd);Mo B (PhH),Ti'?, and C4FsPdBr!Y, which have not been prepared by conven-
tional methods may be readily made by vapour synthesis.

The technique owes its origins to experiments conducted by Pimentel'? and others
in the late 1950s who showed that highly reactive species such as radicals could be trapped
in rare gas matrices at liquid H, (20 K) and liquid He (4 K) temperatures, and their spec-
troscopic properties determined at leisure. Following this, Linevsky'® and others showed
that species generated only at high temperatures could be similarly trapped, while Skell s
and collaborators found that species such as carbon atoms when trapped in reactive ma-
trices at liquid N, temperatures (77 K) formed compounds in gram quantities. Timms
logically extended the scope to syntheses using transition metal atoms'®> 10,

The highly reactive atoms or molecules are generated at high temperatures in a vacu-
um and then brought together with the chosen coreactants on a cold surface. The use of
species such as atoms can provide synthetic advantage from both kinetic and thermody-
namic considerations. Indeed atoms have virtually no kinetic barrier towards ligand addi-
tion whereas, even for a spontaneous reaction, the massive metal may be inert due to a
relatively low surface area, inhibition by thin oxide films, or the strong cohesive forces of the
metal lattice. Figure 1.1 shows the synthetic advantages of metal atoms compared with
the solid metal. For example gaseous Cr or Ti atoms with benzene form bis(n-benzene)
chromium in 60% yield!® or bis(n-benzene)titanium in 40% yield'®. These compounds
cannot be made directly from the solid metal: (n-PhH),Cr must be synthesised by a cir-
cuitous route'?, while (n-PhH),Ti cannot even be similarly prepared'®).

It is not firmly known at what stage the isolated products are formed, but the gener-
ally held belief is that there is some initial reaction between atom and coreactant in the
nascent cocondensate, otherwise solid metal will be formed. Reaction is presumed to con-
tinue through a series of non-isolable intermediates, either at the cocondensation tempera-
ture or on warming, till sufficiently inert or stable products are formed which are then
extracted. These points are considered in further detail in Chap. 4.

>



The Basic Principles

C 0 Transition state

\Gj

B B) M(g) + 2C¢He(g)

Gsub(M)

2AG“,,(C6H6)

AG

A A) M(s) + 2CHq(D) A) M(s) + 2CHe(D)

D D) (CsHo)zM(S)

Comparison of energetics of:
(i) M(s) +2CeHs(1) —= (CgHe),M(s)
(ii) M(g) + 2C¢He(g) —= (C¢Hg),M(s)

Reaction ———

Fig. 1.1. Synthetic advantage of metal atoms

AG:is the energy required to activate reaction (i).

AG; is the energy required to activate reaction (ii).

AGE < AG: therefore reaction (ii) is more favourable kinetically.

AGg is the energy gained by forming (CgHg) ;M(s) in reaction (i).

AGg is the energy gained by forming (CgHg),M(s) in reaction (ii).

AGg > AGg therefore reaction (ii) is more favourable thermodynamically.

- (AGE - AG:‘) = AGg — AGg = AGgyp, the sublimation energy of the metal (to a reasonable approxima-
tion) and is a reflection of the synthetic advantage of the metal atom over the massive metal

1.2 The Method

The principle of the technique is simple. The metal atoms (e.g., Cr atoms) are brought
into contact with the other reactants (e.g., PF; molecules) at a reaction site where the
product (i.e. Cr(PF3))'® is formed and extracted. This is shown in Fig. 1.2.

1.2.1 Metal Atom Source

The most convenient and attractive source of metal atoms is a furnace inside a vacuum
system. The furnace is heated to the required vaporisation temperature and in the low
pressure environment (pressure lower than 10~3 to 10~ % torr) the metal atoms will pro-
ceed by essentially collision-free paths from the furnace to the reaction site. Furnaces
which have been successfully used in vapour synthesis include electron beam guns® 1% 29,

2



The Method

Metal atom source \)

Source of coreactant
species

Reaction site

Product Spectroscopic
extraction examination

Fig. 1.2. The principal requirements of the method

resistance heated furnaces'” 21> 2, laser beam heating®® 2%, hot filaments (resistance
heating)'® 22, electric arcs> 2%, and sputtering®®. Each source may have special advan-
tage for a particular situation but the first two methods are likely to prove to be the most
versatile and convenient. A fuller discussion can be found in Chap. 2.
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Fig. 1.3. Variation of reaction velocities with temperature

—AGH/RT

AST/R . o AH'/RT
—AH*/RT

k (reaction velocity) = const. e = const. e

= const. e (at constant AS*)
ky/ky = const. exp [(AHS — AHY)/RT]

as T increases, k/k, decreases



