Organometallic
Compounds in the
Environment

Second edition

Edited by P.J. Craig
School of Molecular Sciences,
De Montfort University,
Leicester, UK






Innodata
0470864885.jpg





Organometallic Compounds in the
Environment







Organometallic
Compounds in the
Environment

Second edition

Edited by P.J. Craig
School of Molecular Sciences,
De Montfort University,
Leicester, UK



First Edition published by Longman, 1986. ISBN:0582 46361 0

Copyright © 2003 John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester,
West Sussex PO19 8SQ, England
Telephone (+44) 1243 779777

Email (for orders and customer service enquiries): cs-books@wiley.co.uk
Visit our Home Page on www.wileyeurope.com or www.wiley.com

All Rights Reserved. No part of this publication may be reproduced, stored in a retrieval system or
transmitted in any form or by any means, electronic, mechanical, photocopying, recording, scanning
or otherwise, except under the terms of the Copyright, Designs and Patents Act 1988 or under the
terms of a licence issued by the Copyright Licensing Agency Ltd, 90 Tottenham Court Road,
London WIT 4LP, UK, without the permission in writing of the Publisher. Requests to the
Publisher should be addressed to the Permissions Department, John Wiley & Sons Ltd, The
Atrium, Southern Gate, Chichester, West Sussex PO19 8SQ, England, or emailed to
permreq @wiley.co.uk, or faxed to (+44) 1243 770620.

This publication is designed to provide accurate and authoritative information in regard to the
subject matter covered. It is sold on the understanding that the Publisher is not engaged in rendering
professional services. If professional advice or other expert assistance is required, the services of a
competent professional should be sought.

Other Wiley Editorial Offices

John Wiley & Sons Inc., 111 River Street,
Hoboken, NJ 07030, USA

Jossey-Bass, 989 Market Street,
San Francisco, CA 94103-1741, USA

Wiley-VCH Verlag GmbH, Boschstr. 12, D-69469
Weinheim, Germany

John Wiley & Sons Australia Ltd, 33 Park Road,
Milton, Queensland 4064, Australia

John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop #02-01,
Jin Xing Distripark, Singapore 129809

John Wiley & Sons Canada Ltd, 22 Worcester Road,
Etobicoke, Ontario, Canada M9W 1L1

Library of Congress Cataloging-in-Publication Data

Organometallic compounds in the environment/edited by P.J. Craig.—2nd ed.
p. cm.
Includes bibliographical references and index.
ISBN 0-471-89993-3 (cloth: alk. paper)
1. Organometallic compounds. 2. Environmental chemistry. I. Craig, P.J., 1944—

QD411 .0719 2003
547’.05-dc21
2002191061

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library
ISBN 0471 89993 3

Typeset in 10/12pt Times by Kolam Information Services Pvt Ltd, Pondicherry, India.

Printed and bound in Great Britain by Biddles Limited, Guildford, UK.

This book is printed on acid-free paper responsibly manufactured from sustainable forestry in which
at least two trees are planted for each one used for paper production.


http://www.wileyeurope.com
http://www.wiley.com

DEDICATION

This book is dedicated to my wife Carole Ruth Craig






CONTENTS

List of Contributors xiv

Preface xvi

1 Occurrence and Pathways of Organometallic Compounds in the
Environment—General Considerations 1
P.J. Craig, G. Eng and R.O. Jenkins

1.1
1.2
1.3
1.4
1.5
1.6

1.7
1.8
1.9

1.10
1.11

1.12

1.13

1.14

1.15
1.16

Scope of this Work 1

General Approach: Speciation, Concentration and Terminology 4
Types of Organometallic Compound 6

Thermodynamic Stability of Organometallic Compounds 7
Kinetic Stability of Organometallic Compounds 10

Stability of Organometallic Compounds to Atmospheric
Oxidation 12

Stability of Organometallics to Water 15

Stability of Organometallics to Light and Atmospheric Reagents 16
Coordination Preferences of Organometallic Species in the
Environment 20

Stability of Organometallic Compounds in Biological Systems 21
General Comments on the Toxicities of Organometallic
Compounds 22

General Considerations on Environmental Reactivity of
Organometallic Compounds 24

Microbial Biotransformation of Metals and Metalloids 25

1.13.1 Introduction 25

1.13.2 Reduction and Oxidation 26

1.13.3 Methylation and Alkylation 33

1.13.4 Mechanisms of Biomethylation 34

Correlation of Quantitative Structure—Activity Relationships with
Organotin Molecular Topology and Bioactivity 41

Practical Considerations 49

References 49

2 Organomercury Compounds in the Environment 57
R.P. Mason and J.M. Benoit
2.1 Introduction 57



viii Contents

2.2 Human Health Concerns Related to Methylmercury (MMHg) 58
2.3 Toxicity and Wildlife 61
2.4 Analytical Methods 63
2.5 Methylmercury Cycling at the Earth’s Surface 66
2.5.1 Methylmercury in Water 66
2.5.2 Methylated Mercury in the Atmosphere 69
2.6 Methylmercury Production, Decomposition, and
Bioaccumulation 72
2.6.1 Pathways of Mercury Methylation 72
2.6.2 Pathways of MMHg Demethylation 73
2.6.3 Environmental Factors that Affect MMHg Production 75
2.6.4 Factors that Affect the Bioaccumulation of MMHg 78
2.7 References 84

3 Organotin Compounds in the Environment 101
F. Cima, P.J. Craig and C. Harrington
3.1 Introduction 101
3.2 Use of TBT in Antifouling Preparations 104
3.3 Legislation on TBT 106
3.4 Distribution in the Environment 107
3.5 Biomethylation 111
3.6 Overview of Decay Rates of TBT and other Organotins
in Water and Sediments 112
3.7 Methods for the Analysis of Organotin Speciation in
the Environment 113
3.7.1 Sample Preparation Methods 114
3.7.2 Analytical Methods Based on Gas Chromatography 117
3.7.3 Analytical Methods Based on Liquid Chromatography 123
3.7.4 Analytical Methods Based on Other Techniques 125
3.7.5 Calibration Techniques 125
3.7.6 Certified Reference Methods 127
3.8 General Toxicology of Organotin Compounds 127
3.8.1 Human Toxicology 129
3.8.2 Bioaccumulation 130
3.8.3 Neurotoxicity 133
3.8.4 Hepatotoxicity 133
3.8.5 Haemolysis 134
3.8.6 Immunotoxicity 134
3.8.7 Mutagenicity/Genotoxicity 135
3.8.8 Carcinogenicity 136
3.8.9 Sterility 136
3.8.10 Embryotoxicity 137
3.8.11 Mechanisms of toxicity 139
3.9 References 141



Contents X

4 Organolead Compounds in the Environment 151
J. Yoshinaga
4.1 Introduction 151
4.2 Tetraalkyllead in Gasoline 153
4.3 Leaded Gasoline Phaseout 154
4.4 Analytical Methods for Organolead Compounds 157
4.4.1 Atmospheric Samples 160
4.4.2 Water Samples 161
4.4.3 Sediment and Soil Samples 163
4.4.4 Biological Samples 164
4.4.5 Analytical Quality Assurance 165
4.5 Occurrence in Nature 165
4.5.1 Air 165
4.5.2 Environmental Waters 170
4.5.3 Sediment and Soil 172
4.5.4 Organisms 172
4.6 Environmental Dynamics 172
4.6.1 Source of TALs in the Environment 172
4.6.2 Decomposition in the Atmospheric Environment 176
4.6.3 Decomposition in the Aquatic Environment 177
4.6.4 Decomposition in the Soil 179
4.6.5 Metabolism in Organisms 180
4.6.6 Natural Alkylation of Lead Compounds 183
4.7 Toxicity to Organisms 185
4.7.1 Toxicity to Aquatic Organisms 185
4.7.2 Toxicity to Terrestrial Organisms 186
4.7.3 Toxicity to Experimental Animals and Humans 186
4.7.4 Environmental Health Aspects 186
4.8 Conclusions 188
4.9 References 189

5 Organoarsenic Compounds in the Marine Environment 195
J.S. Edmonds and K.A. Francesconi
5.1 Arsenic Concentrations in Sea Water, Marine Algae and Marine
Animals 195
5.2 Chemical Forms of Arsenic in Marine Algae and Marine Animals 198
5.2.1 Introduction 198
5.2.2 Biosynthesis of Arsenosugars 203
5.2.3 Biosynthesis of Arsenobetaine: The Conversion
of Arsenosugars 205
5.2.4 An Alternative Scheme for the Formation of
Arsenobetaine 208
5.3 Other Organoarsenic Compounds from Marine Animals 210
5.4 The Microbial Degradation of Marine Organoarsenic Compounds 212



Contents

5.5 Electrospray Ionization Mass Spectrometry for

Determining Arsenic Compounds in Marine

Environmental Samples 213
5.6 Advantages of Electrospray Ionization MS over ICPMS 215
5.7 References 219

Organoarsenic Compounds in the Terrestrial Environment 223
D. Kuehnelt and W. Goessler
6.1 Introduction 223
6.2 Analytical Methods for the Identification and Quantification of
Organoarsenic Compounds 225
6.3 Organoarsenic Compounds Present in the Terrestrial Environment
6.3.1 Water 228
6.3.2 Soil and Sediments 229
6.3.3 Microorganisms 231
6.3.4 Freshwater Algae 234
6.3.5 Higher Fungi 236
6.3.6 Lichens 241
6.3.7 Green Plants 242
6.4 Presence and Transformation of Arsenic Species in Animals 244
6.4.1 Non-mammals 244
6.4.2 Mammals 248
6.5 Presence and Transformation of Arsenic Species in Humans 255
6.6 The Metabolism of Arsenic Compounds in Freshwater
Food Chains 265
6.7 Conclusions and Future Prospects 268
6.8 References 269

Organoantimony Compounds in the Environment 277
P. Andrewes and W.R. Cullen
7.1 Introduction 277
7.2 Chemistry 279
7.2.1 Terminology 279
7.2.2 Synthesis of Methylantimony Species 279
7.2.3 Stability of Trimethylstibine 280

228

7.3 Uses and Environmental Distribution of Antimony Compounds 282

7.4 Toxicology of Antimony Compounds 284
7.5 Analytical Methods for Environmental Antimony Speciation 285
7.5.1 Introduction 285
7.5.2 Sample Preparation and Storage 285
7.5.3 Gas Chromatography 286
7.5.4 Liquid Chromatography 287
7.5.5 Mass Spectrometry 288
7.6 Inorganic Antimony Compounds in the Environment 289



Contents

7.7 Organoantimony Compounds in the Environment 290
7.7.1 Volatile Organoantimony Compounds 290
7.7.2 Organoantimony Compounds in Waters and Sediment 291
7.7.3 Organoantimony Compounds in Soil 293
7.7.4 Organoantimony Compounds in Plants and Animals 293
7.8 Biological Production of Organoantimony Compounds in the
Laboratory 294
7.8.1 Introduction 294
7.8.2 Antimony, Microorganisms and Sudden Infant
Death Syndrome 294
7.8.3 Production of Trimethylstibine by Mixed
Anaerobic Cultures 295
7.8.4 Microbiological Production of Organoantimony
Compounds by Aerobic Cultures 296
7.8.5 Microbiological Production of Organoantimony
Compounds by Anaerobic Bacteria 297
7.8.6 The Mechanism of Antimony Biomethylation and
the Production of Soluble Organoantimony Species 297
7.9 Antimony and Algae 298
7.10 Antimony Metabolism in Mammals 299
7.11 Conclusions/Future Directions 299
7.12 References 300

8 Organosilicon Compounds in the Environment 305

A.V. Hirner, D. Flassbeck and R. Gruemping

8.1 Introduction 305
8.1.1 Polydimethylsiloxanes 308
8.1.2 Volatile methylsiloxanes 309
8.1.3 Silanols 310

8.2 Analytical Procedures and Techniques 311
8.2.1 Analysis of PDMS in Environmental Samples by

GC Techniques 312
8.2.2 Analysis of VMS and Silanols in Environmental
Samples by GC Techniques 314

8.2.3 Analysis of Environmental Samples by HPLC Techniques
8.2.4 Analysis of Biological Samples 316

8.3 Environmental Concentrations and Processes 320
8.3.1 PDMS in Soil, Sediment and Waste 320
8.3.2 VMS in Air, Soil, Sediment and Waste 321
8.3.3 Persistence of Silicones in the Environment: PDMS 324
8.3.4 Persistence of Silicones in the Environment: VMS 325
8.3.5 Persistence of Silicones in the Environment: Silanols 327
8.3.6 Transfer of Alkyl Groups to Other Species 329

8.4 Interactions with Organisms 330

Xi

315



xii

Contents

8.4.1 Colonization, Degradation and Transport of
Silicones in Organisms 330

8.4.2 Toxicology and Immunology of Silicones 332

8.4.3 Silicone Breast Implants 335

8.4.4 Silicon and Silicones in Body Fluids and Tissues 338

8.5 Summary and Outlook 341
8.6 References 343
9 Other Organometallic Compounds in the Environment 353
J. Feldmann
9.1 Organobismuth Compounds in the Environment 353

9.2

9.3

9.4

9.1.1 Introduction and Terminology 353

9.1.2 Uses and Environmental Distribution 353

9.1.3 Toxicology of Organobismuth Compounds 354

9.1.4 Synthesis of Organobismuth Compounds 355

9.1.5 Analytical Methods for Environmental Bismuth Speciation 356

9.1.6 Occurrence in the Environment 357

9.1.7 Biological Production of Organobismuth Compounds in the
Laboratory 359

Organothallium Compounds in the Environment 360

9.2.1 Introduction and Terminology 360

9.2.2 Uses and Environmental Distribution 360

9.2.3 Synthesis of Organothallium Standards 360

9.2.4 Analytical Methods for Environmental Thallium Speciation 364

9.2.5 Occurrence in the Environment 364

9.2.6 Biological Production of Organothallium Compounds in the
Laboratory 365

Organocadmium Compounds in the Environment 365

9.3.1 Introduction and Terminology 365

9.3.2 Uses and Environmental Distribution 365

9.3.3 Toxicology of Organocadmium Compounds 366

9.3.4 Synthesis of Organocadmium Standards 366

9.3.5 Analytical Methods for Environmental Cadmium Speciation 366

9.3.6 Occurrence in the Environment 367

9.3.7 Biological Production of Organocadmium Compounds in the
Laboratory 367

Organotellurium Compounds in the Environment 368

9.4.1 Introduction and Terminology 368

9.4.2 Uses and Environmental Distribution 369

9.4.3 Toxicology of Organotellurium Compounds 369

9.4.4 Synthesis of Organotellurium Standards 370

9.4.5 Analytical Methods for Environmental
Tellurium Speciation 370

9.4.6 Occurrence in the Environment 371



Contents Xiii

9.4.7 Biological Production of Organotellurium Compounds
in the Laboratory 371
9.5 Organomanganese Compounds in the Environment 374
9.5.1 Introduction and Terminology 374
9.5.2 Uses and Environmental Distribution 374
9.5.3 Toxicology of Organomanganese Compounds 375
9.5.4 Synthesis of Organomanganese Compounds 375
9.5.5 Analytical Methods for Organomanganese Compounds 375
9.5.6 Occurrence in the environment 376
9.6 Organogermanium Compounds in the Environment 378
9.6.1 Introduction and Terminology 378
9.6.2 Uses and Environmental Distribution 378
9.6.3 Toxicology of Organogermanium Compounds 378
9.6.4 Synthesis of Organogermanium Standards 378
9.6.5 Analytical Methods for Environmental
Germanium Speciation 379
9.6.6 Occurrence in the Environment 379
9.6.7 Biological Production of Organogermanium Compounds
in the Laboratory 380
9.7 Organocobalt Compounds in the Environment 381
9.7.1 Introduction and Terminology 381
9.7.2 Uses and Environmental Distribution 381
9.7.3 Synthesis of Organocobalt Standards 382
9.7.4 Analytical Methods for Environmental Cobalt Speciation 383
9.7.5 Biological Production of Organocobalt Compounds in the
Laboratory 383
9.8 Organopolonium Compounds in the Environment 383
9.9 Carbonyl Complex-Forming Transition Metals 384
9.10 References 385

10 Organoselenium Compounds in the Environment 391

P.J. Craig and W.A. M aher

10.1 Introduction 391

10.2 Uses and Distribution 391

10.3 Analytical Chemistry 392

10.4  Occurrence 393
10.4.1 Food Plants and Other Organisms 393
10.4.2 Body Fluids and Tissues 393
10.4.3 Environment 394

10.5 Toxicity 395

10.6 References 396

Some Standard Reference Sources on Organometallic and
Environmental Organometallic Chemistry 399

Index 401



CONTRIBUTORS

Paul Andrewes
Environmental Carcinogenesis Division, United States Environmental Protec-
tion Agency, Research Triangle Park, NC 27711, USA

Janina Benoit
Chesapeake Biological Laboratory, University of Maryland, Solomons,
MD?20688, USA

F. Cima
Dipartimento di Biologia, Universita di Padova, Via Ugo Bassi 58B, 35121,
Padova, Italy

P.J. Craig
School of Molecular Sciences, De Montfort University, Leicester LE1 9BH,
UK

William R. Cullen
Department of Chemistry, University of British Columbia, Vancouver, British
Columbia, Canada V6T 171

J.S. Edmonds
National Institute for Environmental Studies, 16-2 Onogawa Tsukuba, Ibaraki
305-8506, Japan

G. Eng
Department of Chemistry and Physics, University of the District of Columbia,
4200 Connecticut Ave, Washington, DC 20008, USA

Jorg Feldmann
Department of Chemistry, University of Aberdeen, Aberdeen AB24 3UE,
Scotland

O. Flassbeck
Institut fur Umweltanalytik, University of Essen, D45117, Essen, Germany



Contributors XV

K.A. Francesconi
Institute of Chemistry, Analytical Chemistry, Karl-Franzens-University Graz,
Universitaetsplatz 1, 8010 Graz, Austria

Walter Goessler
Institute of Chemistry, Analytical Chemistry, Karl-Franzens-University Graz,
Universitaetsplatz 1, 8010 Graz, Austria

B. Gruemping
GFA, Otto-Hahn Str. 22, D48161, Muenster, Germany

C.F. Harrington
School of Molecular Sciences, De Montfort University, Leicester, LE1 9BH

A.V. Hirner
Institut fur Umweltanalytik, University of Essen, D45117, Essen, Germany

R.O. Jenkins
School of Molecular Sciences, De Montfort University, Leicester, LE1 9BH UK

Doris Kuehnelt
Institute of Chemistry, Analytical Chemistry, Karl-Franzens-University Graz,
Universitaetsplatz 1, 8010 Graz, Austria

W.A. Maher
Ecochemistry Laboratory, Division of Science and Design, University of Can-
berra, Australia, ACT 2616

Robert P. Mason
Chesapeake Biological Laboratory, University of Maryland, Solomons,
MD20688, USA

Jun Yoshinaga
Institute of Environmental Studies, The University of Tokyo, Hongo 7-3-1,
Bunkyo, Tokyo 113-0033, Japan



PREFACE TO SECOND
EDITION

The aims of this second edition are similar to those of the first, published in
1986. As well as the normal requirements of updating, the fundamental purpose
of this edition is the same as that of the previous one.

Commercially, organometallic compounds have been used extensively over
the past 50 years and in many of these uses there is a direct interaction with the
natural environment. Some examples include their use as pesticides (organo-
mercury or organotin compounds), gasoline additives (methyl- and ethylleads),
polymers (organosicons) and other additives and catalysts. In addition there is
an increasing realization that organometallics also exist as natural products in
the environment (e.g. arsenic species). This has led to intensive research into
their biological properties, toxicities, pathways and transformations in the
environment and to their ultimate fate and disposal.

Although much material now exists in the literature, it is still often scattered
or in large-scale form and can be rather inaccessible to the reader who needs to
form an understanding of the topic as a whole. The present volume is designed
as a single-volume source of information for this area.

The use of the term ‘organometallic’ is discussed in Chapter 1, but it is
generally taken here for compounds with a direct metal to carbon sigma
bond. The work also emphasizes the importance of as full an identification of
the chemical substances present as possible, i.e. ‘speciation’. Uses, chemical
reactions in the environment, environmental pathways (biogeochemical cycles),
biological properties and toxicities are covered.

It is intended that the book is read either as a whole, or as a series of stand-
alone chapters which cover organometallic compounds of a single element
together. The purpose of Chapter 1 is to cover the underlying properties of
organometallic molecules that are relevant to their environmental behavior.
The reader can consider these aspects first and then go on to consider the role of
compounds of individual elements in the environment. Euqually, s/he may
consider the elements separately and then draw the topic area together by
using Chapter 1.

In order to allow this flexible use of the book a certain amount of redundancy
is built in to allow chapters to be meaningful on their own. This element of
repetition is intentional and it is hoped that it is helpful.

Finally, some other useful sources of information are given at the end of the
book.
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I Occurrence and Pathways of
Organometallic Compounds in the
Environment—General
Considerations

P.J. CRAIG

School of Molecular Sciences, De Montfort University, Leicester, UK

GEORGE ENG
Department of Chemistry, University of the District of Columbia, Washington, DC, USA

and

R.O. JENKINS
School of Molecular Sciences, De Montfort University, Leicester, UK

1.1 SCOPE OF THIS WORK

The compounds considered in this work are those having metal-carbon (nor-
mally metal-alkyl) bonds, and which have environmental implications or prop-
erties. There is limited reference to metal-carbon n systems (e.g. Mo(CO)y,
W(CO)c(n-CH3C5H4Mn(CO);) and mechanistic discussion of metal hydrides
and ethene (e.g. decomposition by B elimination). In terms of formation of
organometallics, methyl groups predominate but there is also reference to other
metal hydrocarbon compounds (e.g. ethyl or phenyl mercury, ethyl leads, butyl
tins). However, much of this work refers to metal methyl compounds as these
are formed naturally in the environment (biomethylation)

The thrust of the work involves a good deal of analytical chemistry, but that
is not the prime focus of the book. However, without the modern developments
in analytical chemistry of the past 50 years, knowledge of most of the chemistry
described in this book would barely exist. The analytical work that has led to
this chemistry is described in the appropriate chapter but it is not the main
theme. Several recent and comprehensive works that focus on the analytical
chemistry of the environment have recently appeared and the reader is referred
to those for the technical details of the analytical chemistry (see Standard
Reference Sources and References at the end of the book).

Organometallic Compounds in the Environment
Edited by P.J. Craig © 2003 John Wiley & Sons Ltd



2 Scope of this Work

Amongst these, therecent comprehensive work by Crompton [1]focuses almost
exclusively on the analysis of metal cations with minor consideration of organo-
metallic compounds, and as its title denotes, is concerned with analysis from
aqueous media. Similarly the work of Ure and Davidson [2] is mainly directed
towardsmetalcations. Therecent work edited by Ebdon et al. [3]also focusesmore
on analytical chemistry but takes full account of the complete molecular identity
of the metallic compounds present (not focusing exclusively on organometallic
compounds), i.e., speciation. (The importance of speciation is discussed later.)

Given that the stability, transport and toxicities of organometallic com-
pounds depends on the number and type of the metal alkyl or aryl groups
present, and that different compounds of the same or different metals may
coexist at the same location in the environment, then separate detection of each
species (speciation) is necessary. Separation and detection go together in so-
called interfaced or hyphenated analytical systems. This is of particular import-
ance because such species, although having real environmental and/or toxicity
effects, often occur at very low concentrations in the environment (ppb, ppm—
see later for definitions).

Nevertheless a broad statement on analysis needs to be made. There are two
considerations:

(i) The metal, organometallic fragment or full compound needs to be detected
by a sufficiently sensitive method (e.g. Hg, CH3Hg", CH3HgCl respect-
ively), and

(i) as a variety of organometallic compounds of the same element may be
present together in the same matrix (e.g. butyltins, butyl/methyltins) and
they each have different toxicity and environmental properties, then they
must be separated before individual detection.

The main methods of detection are as follows:

(i) Atomic absorption spectroscopy (flame, graphite furnace, Zeeman, hy-
dride generation/quartz furnace),

(i) atomic fluorescence spectroscopy (alone or via hydride generation),

(iii) atomic emission spectroscopy (usually inductively coupled plasma),

(iv) voltammetry,

(v) mass spectrometry (conventional or chemical ionization, electrospray,
tandem, isotope dilution, plasma),

(vi) X-ray and neutron methods.

The main methods of separation are:

(1) Gas chromatography (conventional or capillary),

(i) thermal desorption methods (which depend on boiling points),
(iii) high performance liquid chromatography,
(iv) flow injection methods,
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(v) ion exchange chromatography,
(vi) ion chromatography.

Many organometallic compounds, or cations are insufficiently volatile to
undergo gas chromatography, but may be induced to do so by derivatization.

This is generally achieved by (formally) SN, attack by hydride (from
NaBHj), ethyl (NaB(C,Hs),) or other alkyl group (e.g. from a Grignard
reagent), e.g. Equation (1.1)

As(CH3),X N2BH: Aq(CH3),H 1.1
X = environmental counter ion (in this case not riboside—see Chapter 5)

This has been widely achieved, even in the case of mercury where it
had been thought that mercury hydrides were too unstable for use in analysis [4].

Coupling of these separation and detection techniques is now ubiquitous and
provides an intensive battery of techniques for analytical work, well described
in Reference [3]. Without these, little knowledge of organometallic compounds
in the environment would be possible.

The present work is also not primarily a work of toxicology although the
toxicity properties of the compounds are discussed in the chapters element by
element. The reader is referred to several excellent works specifically dedicated
to toxicity studies of organometallic compounds [5].

The present work is a consideration of the inputs (natural and anthropo-
genic) and/or formation of organometallic compounds in the natural environ-
ment (sediment, water and atmosphere), their properties and behaviour there,
and their ultimate fate. Although much of our understanding in this field is
derived from analytical chemistry and the methods are described where needed,
the theme of the work is the overall behaviour of organometallics in the
environment, not their analysis. Compounds are covered by chapters on an
element-by-element basis.

Organometallic species (i.e. compounds, complexes or ions) may be found in
the natural environment either because they are formed there or because they
are introduced there. To date, the behaviour of the latter group is better
understood, and their environmental impact has been assessed by studies of
their direct toxicities, their stabilities and routes to decay, and by toxicity studies
of their decay products. Organometallic compounds entering the environment
may be deliberately introduced as products whose properties relate to the
environment (e.g. biocides) or they may enter peripherally to a separate, main
function (e.g. gasoline additives, polymer stabilizers). Compounds of arsenic,
mercury, tin and lead have important uses as organometallic compounds. Their
role and behaviour in the environment are covered in the appropriate chapters
of this work (Chapters 2 to 5). The behaviour of other organometallic species in
the natural environment is also covered (Chapters 6 to 10). However, not all
organometallics found in the environment are introduced—some are formed
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after entry as inorganic species and constitute the organometallic components
of global biogeochemical cycles. This process of environmental methylation is
usually termed biomethylation and is, as the name implies, almost exclusively
concerned with formation of metal-methyl bonds (although ethyl mercury has
been found in the environment in circumstances removed from likely input as a
product). Recent work has demonstrated the occurrence of transition metal
carbonyls, likely to have been formed in the environment (see below).

1.2 GENERAL APPROACH: SPECIATION, CONCENTRATIONS AND
TERMINOLOGY

This work considers those organometallic compounds that have relevance to
the natural environment. It is concerned with compounds that are found there,
or which may be formed there, or which may react or be transported within the
environment. Accordingly we discuss inputs, formation, transportation and
decay. The approach is to consider these processes element by element in each
chapter. The present chapter links the work by considering those fundamental
aspects of organometallic chemistry that are relevant to the environmental
chemistry of the elements discussed in each chapter, including stabilities, and
mechanisms of environmental formation and decay.

It is at this point that further consideration of the term ‘speciation’ should be
made. A generation ago, and indeed much legislation concerning pollution, etc.
still occurs in this context, chemists had to be content with discussing a con-
taminant by its defining element (e.g. total arsenic, mercury concentrations,
etc.). In parallel with many chemists becoming environmental chemists, tech-
nology and necessity prompted further identification into partial or complete
molecular identification of the contaminant (e.g. methylmercury, CH;Hg™,
arsenobetaine, (CH3)3+ASCH2COO’). Such full operational identification of a
compound within a larger matrix is now commonly termed ‘speciation’. Where
possible, to accord with a speciation approach, we will discuss the chemistry in
terms of compounds.

Additionally of course, speciation is now not only more possible, it is essential.
The main toxicity and environmental properties depend markedly on what com-
pound is present, not on what metal. Some arsenic compounds are notoriously
toxic (e.g. As;03), but some are effectively non-toxic (e.g. arsenobetaine). Tox-
icity also depends on the degree of alkyl substitution of a metal and the identity of
the organic (alkyl) group, and it varies also for the same compound towards
different (biological) species. Residence times may also vary with species (e.g.
CH;3;Hg™ (long) and ngJr (shorter) in biological tissue), and this can determine
toxic impact. In addition to toxicity, transportation parameters also vary for the
same element with its speciation, e.g. partition to atmosphere or water. Organo-
metallic cations (e.g. Bu3Sn™) tend to be more water soluble and non-volatile, but
saturated compounds (e.g. (CH3),Pb) are hydrophobic and volatile.
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Additionally, a generation ago analytical chemists had generally to accept
quantitative limits for their work of parts per thousand (ppt or mg g~ ') e.g. for
arsenic in a matrix (containing medium). At the time of the first edition of the
present work (1986) parts per million or billion (ppm, ppb or pg g~!, ng g')
were being achieved. The standard now is commonly ppb (or ng g~!; the
quantity present in 10° parts of the matrix), but parts per 10~'> (ppt or pico
grams per gram (fg g~!)) are now commonly reported. It should always be
borne in mind how relevant in practical terms such extreme measures of dilu-
tion might be, and analytical and environmental chemists should pause on
occasion to consider which chemical species may not be present in a matrix at
fg g~! or more dilute levels. Chemical analysis is usually targeted towards the
species of interest and much else present may be missed or ignored. The
question is, ‘if the level of a certain species is of the order of 10~'? parts per
gram, does it matter and if so, to whom?

The above considerations also bring forward another point of terminology.
Laboratory chemists usually express concentrations in molar terms, i.e.
mol dm—3. At greater levels of dilution parts per million (ppm) and similar
terms are often used. These terms are less precise, often because the matrix
in which the species of interest is present is not water or a similar solvent. It
is often a wet, amorphous sediment. Hence ‘ppm’ can mean one of the following:

(i) grams of the relevant atom present in 10° grams of the matrix,
(ii) grams of a defined part of the molecule in 10° grams of the matrix,
(iii) grams of the whole molecule in 10® grams of the matrix.

In some published work, ‘ppm’ is not even defined as above. To add to the
imprecision, the matrix (which may be a sediment or biological tissue) may
be taken as wet (heavier) or dried (lighter)—giving two possible figures for
the same measurement. Clarity of definition is not always present in quantita-
tive work in this field, and the matrix is rarely the simple defined volume of
known solvent that occurs in laboratory chemistry.

With regard to atmospheric or liquid measurements, terms such as ppm could
mean:

(i) grams of the molecule (or relevant atom) present in 10° cm? of atmosphere
(at STP?) or water, or

(i) volume (cm?®) of the molecule (or relevant atom) present in 10°cm?® of
atmosphere or water.

Care therefore needs to be taken when results from different laboratories or
groups are compared. Consistency is often absent (even orthodox molar con-
centrations are sometimes used, even at extremes of dilution).

To put this field into perspective—although ppm, ppb and similar con-
centrations can be of major physiological, toxicological or environmental
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significance, it will do little harm to repeat the comparison given in the first
edition of this work—a ppm is equivalent to a needle in a haystack; a ppb is
equivalent to a grain of sand in an Olympic-sized swimming pool (in checking
the calculation the reader is also invited to consider this as a not completely
outlandish example of the use of imprecise concepts to register concentrations).

Within the present work, full standardization of terms is not possible owing to
wide differences in practice, methods, matrices and analytical feasibility. To
overcome this as far as possible, a basic attempt at standardization has been
made and cross-referencing will then be used to clarify detailed points.

1.3 TYPES OF ORGANOMETALLIC COMPOUND

Most, but not all, organometallic compounds of environmental interest are
covalent, bound by a ¢ bond from a single carbon atom, to a main group
element. The term ‘organometallic’ is generally defined as a compound with a
bond (M—C) polarized M38t—C%- je. the metal is less electronegative than
carbon. A compound containing carbon atoms, but where the bonds to the
metal are not directly to the carbon atom (but may be via oxygen, nitrogen or
halogen atoms instead), is not considered to be organometallic, although such a
compound may be referred to as ‘metal organic’. In general then, the com-
pounds discussed in this book will involve carbon bound to a main group metal
via a single carbon atom—these are referred to as ‘monohapto’ compounds.
Despite the polarization above, in this work metal-carbon bonds are usually
shown as R,M to accord with common practice.

A vast organometallic chemistry of interest to synthetic and mechanistic
organometallic chemists exists outside the definition above, which is of little
significance (so far as is known) in an environmental context, other than by way
of input from manufacture or use, in which case the pollutant is a decomposition
product that is usually non-organometallic. (Transition metal organometallics
have hugely important uses as synthetic and catalytic intermediates, but there is
usually little pollution owing to the high cost of the metals concerned, e.g.
rhodium, ruthenium, etc.) Within the context of these transition-metal com-
pounds there are actually some instances of environmental significance, for
example, (A-CH3CsH4sMn(CO);) is used as an anti-knock agent in gasoline
(Chapter 9) and Mo(CO), and W(CO)4 have been detected in the environment
(Chapter 9).

Most of the ‘metals’ in the present work are clear cut main group elements
(mercury, tin, lead, etc.) but certain ‘metalloidal’ elements are included because
their environmental properties have so much in common (arsenic, antimony,
etc.). Some elements generally considered to be non-metallic have strong inter-
actions with this area of work and are mentioned as needed (e.g. sulphur,
selenium). Polymeric organometallic compounds are covered in the chapters
relating to siloxanes (Chapter 8) and tin (Chapter 3).
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1.4 THERMODYNAMIC STABILITIES OF ORGANOMETALLIC
COMPOUNDS

As noted above, most of the organometallic compounds in the present work
involve covalent bonds between a carbon atom (usually in a methyl, CHj3,
group) and a main group (non-transition element). Such bonds may have little
or much polarization (polarization is a measure of the drift in electronic charge
in a covalent bond from, in this case, the metallic element to the carbon atom,
viz. M®—C®"). Polarizations vary and affect stabilities considerably. In
general the M—C bonds can be considered as localized (albeit polarized) with
conventional o electron pair bonds similar to those occurring in organic
chemistry.

In considering stability, we have to ask stability with respect to what phe-
nomenon (hydrolysis, oxidation, thermal). We consider stability of a compound
with respect to decomposition into its own elements (this doesn’t usually
happen) and towards external chemical attack (the norm), e.g. by atmospheric
oxygen, water and microbial-mediated decay. We consider inherent (thermo-
dynamic) stability first because the general approach is helpful. However, in
general it can be said that where the compounds are unstable it is not because of
weak M—C bonds (thermodynamic) but because there are low energy path-
ways to decomposition (kinetic). A component is thermodynamically unstable
with respect to decay to elements if the standard Gibbs free energy for the
process is negative. In certain equilibrium reactions where this equals zero,
there can still be a driving force for the reaction.

Thermodynamic stabilities depend mainly on the strength of the bonds from
metal to carbon. They can be estimated by bond enthalpy (E,, M—C) measure-
ments; compounds with strong M—C bonds are, not surprisingly, more stable
than those with weaker M—C bonds. Although not inherently weak, M—C
bonds are less strong than M—N, M—O and M—X (X = halogen) bonds.
(Table 1.1). Free energies of formation (AG?) are not usually known for organo-
metallics as standard entropies are rarely known and so enthalpies of formation
(AHY) are usually used in comparing thermodynamic stabilities. Hence organo-
metallic reactions are exothermic or endothermic (AH? is negative or positive),
but free energies (AG?) are not known other than that they are negative and
hence, in a formal sense, neither are thermodynamic stabilities. For alkyl orga-
nometallics mean bond enthalpies for the whole molecule (E (M—C)) are usually
quoted, but there is a problem here in that stepwise bond dissociation energies
(D — D,) may deviate a lot from the mean values, viz

E= LS Dy (see Me,Hg below, Equation 1.2, 1.3)
(CH3),Hg — CH;Hg+CH; D;(Hg—C)=214kJ mol”'  (1.2)

CH;Hg — Hg+ CH; D,(Hg—C)=29kJ mol™ (1.3)
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Table 1.1 Bond dissociation energies” of diatomic molecules (in kJ mol~'). From Kerr
JA, 1983, Strengths of chemical bonds, Handbook of Chemistry and Physics, Chemical
Rubber Company, 65 edn, F171-181 Reprinted with permission. Copyright CRC Press
Inc, Boca Raton, Fla, USA

Main group elements”

Gp13 M-C M-O Gpl4 M-C M-O Gpl5 M-C M-O Gpl6 M-C M-O

B 449 806 C 605 1080 N 773 — (6] 1080 500
Al — 449  Si 437 790 P 517 596 S 701 521
Ga — 299  Ge 462 660 As — 479  Se 584 424
Ln — 323 Sn — 525 Sb — 391 Te — 382
Tl — — Pb — 416  Bi — 302  Po — —

4 D(M—X) =M* + X*, i.e. bond dissociation enthalpy; loosely, bond strength
® In kJ mol~' measured spectroscopically (mass spectrum) from transient molecules as above, at 25 °C

Hence E = 121.5KJ mol~!, but this does not reflect the difficulty of breaking
the first Hg—C bond [6].

What matters here is that some organometallic compounds are exothermic
towards decomposition to their elements, and some are endothermic, but not all
of the exothermic compounds decompose (kinetics again!). Also, when they do
decompose on heating they usually do so to a mixture of hydrocarbons,
hydrogen and the metal, not to the elements. Nevertheless, quantification
information from such measurements is a useful guideline and, is usually all
that is available. Data is given in Tables 1.2 to 1.4

The information in the tables relates to decomposition to the elements in their
standard states, but this is not what usually happens. Taking (CHj3),Pb for
example (Table 1.5) it can be seen that there are other routes than those to
elements. On this basis route 4 is apparently the most favoured.

Despite the apparent thermodynamics (we don’t know the entropy values),
(CH3),Pb is an important, readily available and commercial compound. The
reason is, again, kinetic stability. The reaction pathway at room temperature
does not have an activation energy low enough for it to happen at a measurable
rate. The activation energy in such cases may depend on the inherent M—C
bond strength and this appears to be strong enough to allow (CH3),Pb stored in
an inert atmosphere to be indefinitely stable.

In practice, in the environment, decay mediated by oxygen, water, free
radicals and biology is much more relevant. Many kinetically stable organo-
metallics in these terms may be very unstable in the environment, including
(CH3),Pb which decays in days in the atmosphere (Chapter 4).

So while all carbon compounds (including organometallics) are thermo-
dynamically unstable owing to the stability of the products (again assuming
entropy values), many are kinetically stable because there is no low energy route
to decomposition. This may be associated with there being a closed shell of
electrons, often of spherical symmetry, around the metal atoms, i.e. full use of
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Table 1.2 Standard enthalpies of formation AHg (kJ mol™") and mean bond enthal-
pies, E (M—C) (kJ mol~!) of CH3 derivatives in the gas phase”

MMGZ MM63 MMe4 MM63

M  AH? E M  AH? E M  AHY) E M  AH E

Zn 50 177 B -123 365 C —167 358 N —24 314
Cd 106 139 Al —81 274 Si —-245 311 P —101 276
Hg 94 121 Ga 42 247 Ge 71 249  As 13 229
Ln 173 160  Sn —19 217 Sb 32 214
T1T — — Ph 136 152 Bi 194 141

“ mean ‘bond strengths’. nE(M—CH;3) = AH}M ) + nAHQ(CH;O)g — AHJ(M(CH3),,

Notes

(i) Some compounds are exothermic, some are endothermic with respect to decomposition to elements n the
absence of air/water.

(i) E (M—C) decreases with increasing atomic number for main group elements (it is the opposite for
transition metal-methyl compounds) due to increasing orbital dimensions on M and poorer covalent overlap.

(iii) These bonds are weak compared to metal-oxygen, metal-halogen, carbon—oxygen bonds in weakness of
organometallic to oxidation.

(iv) Mean bond enthalpies can be misleading (see text).

(v) Analogous values of E for some transition metal carbonyls are Cr(CO)4, E = 107; Mo(CO)g, E = 152;
W(CO)g, E = 180. Note increasing bond strength down the group.

(vi) Mode of decomposition is via homolytic breakage of the M—C bond to produce radical species.
Reprinted with permission from Ref. 7

Table 1.3 Eggg Values for the first M—C bond in some polyatomic molecules (kJ mol~!)

CH3—GC(CH3)3 346 + 17
CH;—Sn(CH3); 297 + 17
CH—Pb(CH3), 238 + 17
CH;—As(CH3), 280 + 17
CH3;—Sb(CH3), 255+ 17
CH;—Bi(CH3), 218 + 17
CH;—CdCH3; 251 + 17
CH;—HgCH; 255 + 17
CH;—SH 312+42
CH3;—SCH3 272 £3.8
Notes

(i) Compare with Table 1.2. The above bonds are > E (M—C).
(ii) Measurement of bond strengths in polyatomic molecules is not straightforward, being hard to measure
(usually by kinetic methods). Some can be calculated at 298 ° from the following equation:

E'R—X) = AsH'R®) + AsH(X) — AsH(RX) or
E'R—R) = 2A;H°R?) — AsH(R—R)

Reprinted with permission from Ref. 8

Table 1.4 Mean bond enthalpies (E (M—C)) for oxides and halides

B—O 526 Si—O 452 As—O 301
B—Cl 456 Si—Cl 381 Bi—Cl 274
Al—O 500 Si—F 565

Al—Cl1 420 Sn—Cl (tin)323

Taken with permission from Ref. 9
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Table 1.5 Decomposition of (CH3),Pb

Decomposition route AH® AHper M—C*
(1) PB(CH3), — Py +4C,) + 6Hag) 136 34

(2) Pb(CH3 ), — Pbyy +2CoH 307 —7675

3) Pb(CH3)4(g) — Pbs) + 2CHy) + CoHy(g —235 —58.75

(4) Pb(CH3)y — Pb + 2Hog +2CoHae ~ —33  —8.25

+kJ mol™!

Taken with permission from Ref. 6

the metal orbitals allowing no easy access to attacking reagents. Where avail-
able empty orbitals do exist, the compound may still be kinetically stable unless
the metal-carbon (M—C) bonds are strongly polarized allowing, for example,
nucleophilic attack by an external reagent.

Organometallics are also thermodynamically unstable with respect to oxida-
tion to MO,, H,O and CO,. Again kinetic reasons may render such com-
pounds inert. Very reactive are compounds with free electron pairs, low-lying
empty valence orbitals and highly polar M—C bonds.

We now consider kinetic stability for organometallic compounds.

1.5 KINETIC STABILITY OF ORGANOMETALLIC COMPOUNDS

In order to decompose, homolytic breakage of the M—C bond must first occur
(Equation 1.4)

MR,;; — MR, +R (1.4)

In isolation this process is thermodynamically controlled by bond strengths (or
enthalpies)—see above. However, once the short lived and reactive radicals are
formed, further rapid reaction takes place to produce thermodynamically stable
final products. None the less an energy input is required to break the metal-
carbon bond. If the input is large (i.e. for a strong M—CHj3 bond) then a
thermodynamically unstable compound (AG® — ve) may be stable at room
temperature. The required energy input is known as the activation energy
(GY). This is illustrated in Figure 1.1.

However, even when AG? is negative, G* may be large if the metal-carbon
bond is strong. So thermodynamically unstable molecules may be kinetically
stable, but when exposed to external attack, say by oxygen, water or microbes,
they can soon decay. Strength of metal-carbon bonds is only a tendency
towards environmental stability.

Some stability is dependent on molecular architecture other than metal-
carbon bond strengths. Although many of the organometallics observed in
the natural environment are metal methyls, others such as ethylleads and
butyltins also exist and are observable in the environment. Organometallics
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Reactant R,M

Products M, RH,

L . other hydrocarbons
*= Transient intermediates

R, {M°+R°
AGsis negative, favouring decomposition

If AG is large there is no low energy pathway for
decomposition and the compound is kinetically stable under
normal conditions

Figure 1.1 Activation energy and decay of compounds.
Taken from this work, first edition, with permission

with metal alkyl groups other than methyl are susceptible to an important route
to decomposition and on this ground alone should be less stable and less
observed than metal methyls. This route is termed [ elimination and occurs
by migration of a hydrogen atom attached to a carbon atom at a remove of one
other carbon atom from the metal (e.g. in an M—CH,—CH3 grouping but not
limited to ethyl). The products are a metal hydride and ethenes (ethylene). That
ethene is frequently observed in the natural environment may be related (Equa-
tion 1.5). Blockage of B elimination by alkyl groups not having a B hydrogen
atom (e.g. —CH,C(CH3);, —CH,CF3, etc.) is not relevant to the environment.

CH;CH,MR! =HMR! CH,—CH, (1.5)

B elimination proceeds more rapidly down the groups in the periodic table
because at the intermediate stage the metal is, in effect, increasing its coordin-
ation number. It may be assumed that § elimination could be involved (even
when accompanied by hydroxide attack) in decay routes for compounds where
decay is known to occur (e.g. butyltins) in compounds inputted into the envir-
onment, and why few ethyls and no higher alkyl species appear to be formed
and stable in the environment. [ elimination requires an empty valence metal
orbital on M to interact with the electron pair on the Cg—H bond. Hence
elimination is more important for groups 1, 2 and 13 than for groups 14, 15 and
16. Empty orbitals can be blocked by ligands to increase stability. Two other
processes are feasible but have never been investigated as environmental routes.



12 Stability of Organometallic Compounds to Atmospheric Oxidation

These are a hydrogen elimination (clearly possible with metal-methyl group-
ings) and orthometallation (where a nearby ortho aromatic hydrogen is trans-
ferred to the metal). Methyl and phenyl mercury species do decay in the
environment and may do so by these routes. However in the presence of air,
water and microbes, the above routes are likely to be minor ones.

1.6 STABILITY OF ORGANOMETALLIC COMPOUNDS TO
ATMOSPHERIC OXIDATION

All organometallic compounds are thermodynamically unstable to oxidation
because of the much lower free energy of the products of oxidation (metal
oxide, carbon dioxide, water). Equation 1.6 gives an example.

(CH3),Sn(g) + 80, = SHOQ(S) + 4C02(g) + 6H20(g)
AH? = —3591kJ mol™!

6 ) ) (1.6)
AH = enthalpy change in reaction

Here again, we rely on AH not AG values because of lack of knowledge of AS’;
however, in view of the liberation of gaseous molecules, TAS will be an overall
positive input into AG = AH — T AS. This is very exothermic, but (CHj3),Sn is
quite stable in air. Some, but not all, organometallic compounds however are
spontaneously inflammable. Others, although thermodynamically unstable
((CH3),Sn) still do not oxidize in this way for kinetic reasons, as discussed in
Section 1.5 above. Interestingly and relevant, compounds which in bulk may
spontaneously oxidize (burn; ignite) may be stable or decay much more slowly
when they are attenuated (in dilute form, e.g. ppm or ppb in air). (CH3);Sb has
been noted in this respect.

Greater stability on attenuation follows from a consideration of the collision
theory of gases. The rate constant is related to a collision number Z (the
number of reactant molecules colliding per unit time) and the activation energy
E, the Arrhenius equation (Equation 1.7),

k=Zexp(—E/RT) (1.7)

where k = rate constant, £ = activation energy, R = gas constant and 7 =
absolute temperature.
Z can be derived from classical gas kinetic theory as (Equation 1.8)
1

mA—l—mB

Z = o [SnkT }2nA‘nB. (1.8)

mamp

oag is the collision cross section of A and B molecules with masses m and mpg
and, crucially, concentrations na and ng atoms as molecules per unit volume.
Where reaction depends on collision between two molecules then it is quicker
as concentration increases. This aspect is well discussed in Reference [10].
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For these reasons, organometallics which, by their pyrophoric nature, alarm the
laboratory chemist, may be much more stable in the environment.

The initial process of oxidation of organometallics by O, is a rapid charge
transfer interaction that occurs, involving electron donation from the organo-
metallic to oxygen [11]. This is shown in Equations 1.9-1.11.

R,M + 0, - R,M*.0; = R°+R_ ,MO; (1.9)
R?+ 0, — ROY (1.10)
RO +R M — RO,R, ;M"+R° (1.11)

The species R,M*.0; may decay by various routes, and peroxides may be
formed or coupling of the alkyl ligands may occur. Organocarbon and -mercury
compounds are oxidized by radical chain SH, processes as exemplified below,
following the initial charge transfer processes, (Equations 1.12 and 1.13); [11]

R;B + ROY—R,BOOR +R" (1.12)
R +0,—RO0), etc (1.13)

The comparative susceptibilities of some metal-carbon bonds to oxidation to

metal oxides are demonstrated in Tables 1.6 and 1.7. For main group elements

they suggest increasing liability to oxidation as the group is descended.
Atmospheric oxidation will tend to occur rapidly:

(1) Where metal-carbon bonds are very polar, the partial charges on M (8 + ) or
C(6 — ) may facilitate attack by external reagents including oxygen. This can
be observed indirectly by considering electronegativity values (Table 1.8).
Electronegativity is the ability of an atom in a molecule to attract a shared

Table 1.6 Comparative bond enthalpy terms for metal-carbon and metal-oxygen
bonds® (in kJ mol~!). Data gives an assessment of comparative bond strengths. (Repro-
duced with permission Johnson DA 1982 Some Thermodynamic Aspects of Inorganic
Chemistry (2™ edn). Cambridge University Press, pp 201-2).

Group 14 M—C M—O Group 15 M—C M—O Group 16 M—C M—O

C 347 358 N 314 214 o 358 144
632(NO)

Si 320 466 P 276 360 S 289 522(S=0)

Ge 247 385 As 230 326 Se 247

Sn 218 Sb 218 Te

Pb 155 Bi 141 Po

B—C =364 C—H =413 O—H =464 N—H = 391
B—O =520 H—H =436 CI—H =432 C—Cl =346

“ From thermodynamic data on the decomposition of the molecules, e.g. C,He. Calculated from
thermodynamic cycles
Definitions as in Table 1.3. M = elements listed
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Table 1.7 Stability of methylmetals to oxygen*

Stable Unstable?
(CH3)2Hg CH3PbX3
(CH3),Si, [(CH3),Si0],,(CH3),Si" ™", CH;TI*

(CH3),Si,
(CH3),Ge, (CH3)4Ge(47”)+, (CH3)¢Ge; (CH3),Zn(CH3Zn™" also)
(CH3),Sn (CH3),Cd(CH3Cd™ also)
(CH3),Pb* (CH3);B
CH3HgX(C¢Hs and C,Hs also stable) (CH3);Al
(CH3),_,SnX, (CH3);Ga
(CH3);PbX (CH3);In
(CH3),PbX; (CH3);T1
n(CH3CsH4Mn (CO);° (CH3)5As
CH3Mn(CO)4L" (CH3)3As¢
(CH3),AsO(OH) (CH3);Sb°
CH3;As(O)(OH), (CH3);Bi
(CH;3),S (CH3),AsH
(CH3)ZSC CH3ASX2
CH;COB;j; (solid state) (CH3),_,SnH,*
(CH3);SbO (CH3)¢Sn, (At RT gives [(CH3);Sn],0)
(CH3),SbO(OH) (CH3)¢Pby (to methyl lead products)
CH;3SbO(OH), (CH3)5sSb
(CH;),TI", (CH3),Gat (CH3);As0
(CH3);S" (CH3)5P
(CH3);Se™ (CH3),SiH,_,
(CH3);PO (CH3),GeH,_,

“ At room temperature in bulk (assume similar but lesser environmental stability for ethyls). As against
rapid (seconds, minutes) oxidation. Table to be read in conjunction with Table 1.6. Not necessarily stable
against water (see Table 1.9)

’ Variously unstable because of empty low lying orbitals on the metal, polar metal—carbon bonds and/or lone
electron pairs on the metal.

¢ Gasoline additive.

4 To exemplify ligand-complexed transition metal organometallics. Many of these synthetic compounds are
oxygen stable but none have been found in the natural environment.

Reprinted with permission from this work, first edition

¢ But stable in dilute form and detected in the environment (Ch.3).

(ii) electron pair to itself, forming a polar covalent bond. The values of electro-
negativity computed by Pauling (Table 1.8) still remain the best indicator of
polarity, as dipole moments apply to the molecular as a whole, not just to the
bond (whose dipole may therefore only be estimated indirectly).

(i) Where empty low lying (valence) orbitals on the metal exist, or where the
metal has a lone electron pair (non-bonding pair), then this also facilitates
kinetic instability to oxidation. The oxygen molecule (a diradical) can
attack empty orbitals on M, e.g. d orbitals.

(iii) Where the compound is thermally (thermodynamically) unstable anyway.

(iv) Where full coordination complexation with stabilizing ligands is not oc-
curring.
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Table 1.8 Some electronegativity values relative to carbon

Group 13 Group 14 Group 15 Group 16 Group 17
B 2.0 F 40
Al 1.5 Si 1.8 P 2.1 S 25 C13.0
Ga 1.6 Ge 1.8 As 2.0 Se 2.4 Br 2.8
Ln 1.7 Sn 1.8 Sb 1.9 Te 2.1 I 25

Tl 1.8 Pb 1.8 Bi 1.9 Po 2.0 Al2.2
Notes

1. The C—S bond is non-polar. The electrons are distributed midway between C and S.

2. For the other environmental main group elements (E) the electrons are closer in the covalent bond to carbon
(i.e. M¥~—C%7),

Taken from standard data in texts.

Conversely complexation requires available empty orbitals on the metal. It is a
competition between available ligands and atmospheric oxygen. (CH3),Sn is
quite stable in air (fully coordinated) whereas (CH3),Zn is pyrophoric (empty
orbitals, coordinatively unsaturated).

1.7 STABILITY OF ORGANOMETALLICS TO WATER

The first step in the hydrolysis of an organometallic compound is usually
nucleophile attack of the lone electron pair on the water oxygen atom to an
empty metal orbital on the organometallic. Hence hydrolytic instability is also
connected with empty low-lying orbitals on the metal and on the ability to
expand the metal coordination number. The rate of hydrolysis is connected
with the polarity of the metal-carbon bond; strongly polarized (M® —C?®")
bonds are unstable to water. These are found for example in groups I and II
organometals and for those of zinc and cadmium. The influence of polarity is
shown for alkylboron compounds which have low polarity and are water stable
although unstable to air. Low polarity compounds which cannot easily expand
their coordination number are expected to be water stable. Most metal alkyls
and aryls are thermodynamically unstable to hydrolysis to metal hydroxide and
hydrocarbon (Equation 1.14). Many, though, are kinetically stable. Examples
are given in Table 1.9.

R,M + nH,0—M (OH), +nRH (1.14)

To illustrate, SiCly is easily attacked by water, owing to the low lying 3d orbitals
on silicon being polarized (6+) by the electron attracting chloride ligands.
(CH3),Si is kinetically inert to hydrolysis at room temperature because the
Si—C bonds are less polarized than the Si—Cl1 bonds.
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Table 1.9 Stability of organometallic species to water

Organometallic Stability, comments

R,Hg, R4Sn, R4Pb Only slightly soluble, stable, diffuse to atmosphere. Higher
alkyls less stable and less volatile. Species generally
hydrophobic and variously volatile

CH;HgX Stable, slightly soluble depending on X

(CH_;),lSn(‘HZ)+ Soluble, methyltin units stable but made hexa- and penta-
coordinate by H,O, OH™. Species are solvated, partly
hydrolysed to various hydroxo species. At high pH poly-
nuclear bridged hydroxo species form for (CH3),Sn>"

(CH;);Pb™ Soluble, hydrolysis as methyltins above. Also dismutates to
(CH3),Pb and (CH3),Pb?* at 20°C
(CH3),Pb%* Soluble as for (CH3);Pb* above. Disproportionates to

(CH3)3Pb+ and CH3+ slowly. These reactions cause eventual
total loss of (CH3);Pb™ and (CH3),Pb?" from water.

(CH3),As™ Hydrolyses to (CH3), AsOH then to slightly soluble
[(CH3),As],0

CH;3As>" Hydrolyses to CH3As(OH),, then to soluble (CH3As0),

CH3),AsO(OH) Stable and soluble (330g dm~3). Acidic pKa = 6.27, i.e.
cacodylic acid, dimethlyarsonic acid. Detected in oceans

CH;AsO(OH), Stable and soluble. Strong acid pK; = 3.6, pK, = 83—

methylarsinic acid. Detected in oceans
(CH3);S*, (CH3);Se™ Stable and slightly soluble

(CH3),SiCly_, Hydrolyse and condense but methylsilicon groupings
retained

(CH3)nGe(4*n)+ Stable, soluble, have been discovered in oceans. Hydrolyse
but (CH3), Ge moiety preserved

(CH3),TI* Very stable, soluble, but not been detected as a natural

environment product
(CH3);As0, (CH3);SbO  Stable and soluble
(CH3)AsH, CH;AsH, Insoluble, diffuse to atmosphere, air unstable
(CH3)SbO(OH) Stable and soluble. Detected in oceans
CH;SbO(OH), Stable and soluble. Detected in oceans

Other species

Stable and insoluble: R4Si, (R,Si0),, CH3...H3HgSeCH, most C¢HsHg derivatives, (CH3),S, (CH3),Se,
(CH3),Ge, (CH;3);B

Unstable: CH3Pb* (has not been detected in the environment), R,Zn, R,Cd, R3Al, R3Ga, (CH3)sSn,,
(CH3)¢Pby, (CH3)5Sb, CH;3TI>*, CH3Cd*, (CH3),Cd, (CH3),Sb+, CH3Sb?t.

Solubility here refers to air-free distilled water, no complexing ligands. Range of solubilities is from mg dm~3 to
¢ dm~3. Data from references.

Reprinted with permission from this work, first edition.

1.8 STABILITY OF ORGANOMETALLICS TO LIGHT AND
ATMOSPHERIC REAGENTS

The primary radiolytic decomposition process for organometallic compounds is
electronic absorption leading to organic radical formation. The absorption may
lead to d—d electronic transitions in the case of transition elements, or to charge
transfer to or from metal orbitals. The former often causes the dissociation of
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metal-ligand bonds, and hence coordinative unsaturation, and the latter may
facilitate nucleophilic attack at the metal. For organometallic compounds photo
properties are more dependent on the wavelength of excitation radiation than is
the case for organic compounds. Light stability is more relevant for volatile, i.e.
R,M, species as it is they that enter the atmosphere, and not the organometallic
cationic derivatives that are complexed in sediments, water, etc. The most import-
ant of these are (CH3),Hg, R4Pb, R4Sn, (CHj3);As, (CH3); Sb, and (CHj3),Se.

Photolysis of (CH3),Hg at 254nm in the gas phase produces CH;Hg® and
CHY radicals, further reactions producing ethane and methane by hydrogen
abstractions. At normal temperatures ethene is formed; methane occurs at
higher temperatures. CH3;Hgl in organic solvents at 313nm forms CHg by
breaking of the mercury—carbon bond. In the gas phase, however, the mer-
cury-halogen bond breaks. Diphenylmercury in organic solvents is photolysed
to C6H(5) and also decomposes thermally [12].

Degradation of methyltin halides in water at about 200 nm was observed to
produce inorganic tin via sequential degradation, [13] and irradiation of alkyl-
lead compounds at 254nm also leads to breakdown [14]. These wavelengths
exist in the homosphere (see below) and hence these materials would be
expected to decay if they volatilize to the atmosphere. Atmospheric fates are
discussed in detail in the appropriate chapters.

Processes in the real atmosphere are more complex and, in general, lead to
much reduced stability from that suggested by laboratory experiments. There is
the additional presence of oxygen, other free radicals and surfaces on which
enhanced decomposition will take place. Where this has been measured the
lifetime of organometallics in the atmosphere may be in terms of hours or days,
rather than years. The lifetime of (CH3),Pb in the atmosphere, for example, has
been estimated as several days [15].

From Figure 1.2, laboratory processes using wavelengths shorter than
340 nm might be thought to be less relevant under normal conditions for the
lower atmosphere as radiation of these wavelengths hardly penetrates to the
earth’s surface [16]. However, at up to 85km the atmosphere is homogeneous
(homosphere) [17] and volatile materials released into it will, if stable, eventu-
ally circulate to that height and be subject to interaction with radiation pene-
trating to levels below 85km. A wavelength of 120nm is equivalent to
998kJ mol™!; 240nm is equivalent to 499kJ mol™' and 340nm equals
352kJ mol™!. These are generally sufficient to homolyse metal-carbon bonds.
The main absorbing medium at wavelengths below 340nm is ozone, whose
importance to biology is clear in view of the toxicity of short wavelength
radiation. It might, therefore, be inferred that (CH3),Hg, R4Pb and R4Sn,
etc. will photolyse in the atmosphere to methyl radicals and (CH3),M°, and
that further reactions to produce methane, ethane and other hydrocarbons will
occur. However this is not the main decomposition process.

In addition to direct photolysis, reactions with other species produced by
atmospheric photochemistry will also occur (e.g. OH®, O3P and O3). These



18 Stability of Organometallics to Light and Atmospheric Reagents

2001~

Heterosphere

100~

80f------q----{ f----1 b e

501 \/
3

10
0

1 UVA <120 nm, absorbed by Ny, O, 2 UVA =120 180 nm, absorbed by O,
3 UVA =180 340 nm, absorbed by O, 4 UV-vish = 340 700 nm
5 IRA => 700 nm, slight absorption by O,, H,O (near IR)

Height (Km)

Homosphere

Figure 1.2 Absorption of light in the atmosphere
Reprinted from this work, first edition, with permission

occur faster than alternative heterogeneous processes available after adsorption
on particles. (CH3),Pb has been most thoroughly investigated [18] from this
point of view (details are given in Chapter 4) but hydroxyl radical attack seems
to be the most important first step reaction [19] here, viz. Equations (1.15-1.17).
These chemical decomposition routes are much faster, in fact, than the photo-
Iytic decomposition processes described above when the real atmosphere is
considered.

(CH3),Pb + OH’—(CH3);PbCHY + H,0 (1.15)
(CH3),Pb + 03— (CH3);PbOOH + CH,0 (1.16)
(CH3),Pb + O('P)—(CH3);PbCHY + OH® (1.17)

In view of these being reactions of a general nature, i.e. abstraction of hydro-
gen from a methyl group; insertion of ozone into a metal—carbon bond, it is likely
that other volatile organometallics are decomposed chemically in the atmosphere
this way, and similar mechanisms are likely to exist for R4Sn, etc.

Thermal homolysis of metal alkyls leading initially to radical species
(R,M° 4+ R produces the radicals in their ground energy states. Photolysis
produces products in higher excited energy states and, therefore, more energy is
required to decompose compounds than is needed by the thermal route.

Photochemistry is, however, more effective than thermal decomposition in
promoting permanent decomposition as the excited product fragments are less
likely to recombine. The energy required for photochemical dissociation varies
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but for relevant organometallic molecules it will be of the order of
100-120kJ mol~! [20]. Taking D; values (Table 1.10) for mercury, tin and
lead, we should expect energies around 320, 370 and 300kJ mol~! to be required
for the photochemical decompositions of (CH3),Hg, (CH3),Sn and (CH3),Pb
respectively. This is easily accomplished by, for example, 240 nm solar radiation
(equivalent to 499kJ mol~!) which penetrates down to below 50km altitude.

The volatile organometallics considered here are heavy molecules and their
mixing ability in the atmosphere and consequent exposure to solar radiation
must be considered. Higher diffusion into the atmosphere will give greater
exposure to stronger intensities of radiation and faster photolysis. Higher
energy radiation at greater height will also produced higher energy fragments,
which are less likely to recombine. Mixing to cloud base level (varying from 0.5
to 12km) is a rapid but complex phenomenon dependent on seasonal factors,
temperature, inversions, maritime influence and the amount of atmospheric
pollution in the area. Diffusion to greater heights is a slower process. For a
fairly similar mass molecule CCI3F (MW 137.5 versus 178.7 for (CH3),Sn), it
has been calculated that 50 to 80 years elapse between the release of CCI3F at
ground level and photochemical destruction at over 25km altitude. (Boltzman
distribution is assumed, leading to varied lifetimes for molecules.)

It can be concluded that the photochemical processes alone would decompose
organometallics into radical species and the metals but that this might take
decades. However, it should also be considered that other processes are occur-
ring in the atmosphere, particularly where it is polluted. Atmospheric chemistry
is complex. Species involved include Os, O (triplet’P), OH°, ClOZ, HOZ,
NO;. All of these are highly reactive radicals particularly able to abstract
hydrogen atoms from hydrocarbons or organometallics. In addition, particle-
based heterogeneous decomposition may occur. Radical or singlet oxygen attack
on organometallic species in polluted atmospheres will actually decompose

Table 1.10 Bond energies in alkylmetal compounds (in kJ mol~")

Compound Mean bond enthalpy, D¢ D D,
(CH3),Hg 123 218 29
(Csz)zHg 101 179 25
(iCsH7),Hg 88 113 63
(CH,=CH),Hg 141 202 80
Hg(CN), 302 517 94

180 252 97"
(CH3)4Sn 218 270
(CH3),Pb 155 205
(CH3),Zn 172 197 147¢
(CH3),Cd 141 189 92°¢
ap P e

p)
b Separate estimates

¢ But note environmental instability despite D and D; values compared to (CH3),Hg
Reprinted from this work, first edition, with permission.



20 Coordination of Organometallic Species in the Environment

these molecules rather than direct photochemical decomposition alone. It can
be concluded that the lifetime of organometallic species in the atmosphere is of
the order of hours or days rather than decades, with metals and hydrocarbons
being produced. Actual measurements and estimates reinforce these conclu-
sions (see, for example, Chapter 4).

Actual decay rates will vary widely and have been studied under environ-
mental conditions, e.g. for lead where rates vary from 3 to 4 % per hour in
winter to 16 to 29 % in summer for (CH3),Pb [15, 18, 19]. For (C,Hs5),Pb the
corresponding rates are 17-23 and 67-93 %. These are upper limits but it can be
seen that organometallics are not persistent in the atmosphere, with direct
photolysis accounting for little of the decay. Even in the area of 340nm
radiation, where the atmosphere is fully transparent to light, the energy associ-
ated with the wavelength, (352kJ mol™!), is sufficient to break most metal-
carbon bonds (Table 1.2) to produce ground energy state products. Shorter
wavelengths are needed to produce higher energy state products, but normally
chemical decomposition processes predominate [21].

For (CHj3),Hg also, a relatively fast degradation by hydroxyl attack has been
deduced, with elemental mercury being produced and the rate constant for
hydroxyl attack calculated at 2 x 10'' cm® mol™' s™! [22]. Overall it should be
assumed that the common organometallic species emitted to atmosphere de-
grade rapidly and cannot be considered a serious environmental contaminant in
most locations owing to their low concentrations (see relevant chapters) and
relatively rapid rates of decay. The role and fate of their non-organometallic
products merges into the field of organic and metallic atmospheric chemistry in
general. That organometallics have a source and a transport role for metals in
the atmosphere is clear.

1.9 COORDINATION PREFERENCES OF ORGANOMETALLIC
SPECIES IN THE ENVIRONMENT

The general coordination preferences for metal cations has been understood by
the Hard and Soft Acid and Base Principle. Hard acid metals are small,
have higher oxidation states and are not easily polarized—they bond preferably
to hard donor bases. Soft acid metals are larger, have lower oxidation states and
are more polarizable, and prefer to coordinate to soft donor bases.

Inorganic metals in the environment tend to follow this principle—hard acid
metals such as magnesium, calcium, tin(IV), etc. are found in the earth’s crust as
oxides or carbonates, while softer metals such as mercury or lead are found in
sulphides. Methyl groups are more electronegative than metals and generally
withdraw electron density from metals (increasing hardness). Larger aliphatic
groups are more electron releasing and polarizable than methyl groups and tend
towards producing softer organometallic molecules overall, though the effect is
small. Table 1.11 gives details.



