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The Chemistry of the MetuI-Carbon Bond is a multi-volume work within the  well 
established series of books covering The Chemistry of Functional Groups. It aims to 
cover t h e  chemistry of the mctal-carbon bond as a whole, but lays emphasis on the 
carbon end. It should therefore be of particular interest to thc organic chemist. The 
gcneral plan of the matcrial will be the same as in previous books in t h c  series with 
the exception that, because of the large amount of material involved, this  will be a 
multi-volume work. T h e  first volume was concerned with: 

(a) Structure and thermochemistry of organomctallic compounds. 
(h) Thc preparation of organometallic compounds. 
(c) The analysis and spectroscopic characterization of organometallic compounds. 

The  present volume is concerned with clcavage of the metal-carbon bond. It also 
includes the chaptcr o n  the structure and bonding of main group organometallic 
compounds dcferred from the first volume. T h e  chapter o n  the photochemical 
cleavage of metal-carbon bonds has not  yct been completed and will be included in  
a later volume. Subsequent volumes will be concerned with the use of organomctallic 
compounds for the formation of new carbon-carbon, carbon-hydrogen, and 
othcr carbon-element bonds. I n  classifying organomctallic conipounds we havc 
used Cotton’s hapto-norncnclature (q - )  to indicatc tlic number of carbon atoms 
directly linked to a single metal atom. 

In common with other volumes in  The Chemistry o f  ihe Fzirzctional Groups series, 
the emphasis is laid on the functional group treated and on the effects which i t  exerts 
o n  the chemical and physical properties, primarily in the immediate vicinity of the 
group in qucstion, and sccondarily o n  the behaviour of the wholc molecule. The 
coveragc is restrictcd in that material included in easily and generally available 
secondary or  tertiary sources, such as Clteinical Reuiews and various ‘Advances’ and 
‘Progrcss’ scries as well as textbooks (i.e. in books which are usually found in the 
chemical libraries of univcrsities and rcsearch institutes) is not, as a rule, repeated in 
detail, unless i t  is necessary for the balanced treatment of the subject. Thercforc, 
each of the authors has bcen asked not to give an cncyclopaedic covcrage of his 
subjcct, but to concentrate on the most important reccnt devclopments and mainly 
on material tha t  has not been adcquately covercd by reviews or other sccondary 
sources by the time of writing of the chapter, and to address himself to a reader who 
is assumed to be at ii fairly advanced postgraduate level. With these rcstrictions, i t  is 
realised that n o  plan can be deviscd for ii volume that would give a complete 
covcragc of the subject with no ovcrlnp between the chapters, while at the samc timc 
preserving the readability of the text. T h e  Editors set thcmselves t h e  goal of attaining 
reasonable coverage with moderate overlap, with a minimum of cross-refercnces 
between the chapters of each volume. In ihis manner sufIicicnt freedom is givcn to 
each author to producc readable quasi-monographic chapters. Such a plan necessar- 
ily means that the breadth, dcpth and thought-provoking nature of each chapter will 
ciiffer with the views and  inclinations of the author. 

The publication of the Functional Group Series would never havc started without 
the support of many people. Foremost among thcse is Dr Arnold Weissbcrgcr, 
whose reassurance ancl trust encouraged the start of the task and w h o  continues to 
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help and advise. This volume would never have reached fruition without Mrs 
Trembath’s and Mrs Baylis’s help with typing and the efficient and patient coopera- 
tion of several staff members of thc Publisher, whose code of ethics does not allow us 
t o  thank them by name. Many of our  colleagues in England, Israel and elsewhere 
gave help in solving many problems, especially Profcssor Z. Rappoport. Finally, that 
the project ever reached completion is d u e  to the essential support and partnership 
of our wives and families. 

Shrivenham, England 

Jerusalem, Israel 

FRANK H A R T L E Y  
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1. INTRODUCTION 

Elcctron-transfer reactions of organometallic compounds can be studied in great 
detail by thc application of modern elcctrochemical methods. Thermodynamic data 
can be obtained, products prepared by electrosynthesis, unstable intcrmediatcs 
generatcd, and  their decay rates o r  spectroscopic properties measured. Tn addition, 
rates of heterogeneous electron transfer froni or to a substrate in solution can bc 
estimatcd and adsorption phenomena studied. 
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2 C. J. Pickett 

There arc several excellent reviews and texts on the fundamentals and application 
of electrochemical methods t o  the study of the electrode reactions of moleculesId; 
in particular the recent book by Bard and Faulkner is recommended’. The 
electrochemical reactions of coordination and organometallic compounds have 
been the subject of scvcral reviews, although mctal-carbon bond cleavage reactions 
have no t  been discussed specifically*-”. 

11. THE METAL-CARBON SIGMA BOND 

A. Introduction 

Transition metal a n d  main group metal-carbon rr-bonds are  commonly cleaved 
on electrochemical oxidation or  reduction, and the organic products of such cleavage 
reactions depend on the nature and fate of the organic moiety produced. Anodic 
oxidation can lead to the formation of an organic free radical, to  a carbonium ion, or 
to nucleophilic attack o n  thc activated carbon centre. Similarly, cathodic reduction 
can give a radical or a carbonium ion or result in electrophilic attack. Generally, the 
anodic or cathodic reactions involve electrochemically irreversible one- or two- 
electron transfer as the primary oxidation or reduction step. There are some 
examples of metal-carbon bond cleavage preceded by electrochemically reversible 
charge transfer in cascs where an electron is removed from, or added to, an orbital 
with little metalL-carbon bond character. 

Aryl and alkyl radicals, gcnerated by anodic or cathodic cleavage reactions of 
organometallic compounds, often undergo independent oxidation or reduction 
chemistry to Sive carbonium ions or carbanions. Whether such electron-transfcr 
reactions takes place is determined by t h e  redox potentials of the R’/R’ and R’/R- 
couples relative to that imposed at the  anode or cathode, respectively. Data for 
siniply alkyl and nryl radicals are limited, although there have been several attempts 
to cstiniate oxidation and reduction potentials of such radicals: El,* for the 
CH3*/CH3.- couple is reportcd” to be -1 .47V us. SCE and that for the 
CC,HSCHZ /CGHsCH2- couple to be -1.35 V. 

B. Main Group 

7. Oxidation 

a. Mechariisrns. Electrochemical oxidation of a range of honiolcptic main group 
mctal nlkyls has been studied by  Klirigcr and Kochi‘”. The metal alkyls listed in 
Table 1 undergo anodic oxidation at a Pt electrode in acetonitrile containing 0.1 M 

[NEt.,l[CIO,] in an overdl  two-electron process which lcads to thc formation of a 
carboniuni ion (equation 1). Analysis of cyclic voltaninictric data Icd to the authors 
to conclude that the primary electron transfcr step wiis ;I totally irreversible single 
electron transfer (equation 2). 

‘The heterogeneous rate constant. kl:. cictcrniincd tor thc ratc-liriiitin~ step (equation 
3 )  at various electrode potentials. E. \\’:IS found to mrrclatc \vitIi the homogeneous 



1. Electrochemical cleavage of metal-carbon bonds 

TABLE 1. Cyclic voltammetric oxidation peak 
potentials (E,) and ionization potcntials ( I D )  
for mctal alkyls'3 

3 

Corn pound 

Et,Si 
Me,Ge 
Et,Ge 
Me,Sn 
Et,Sn 
EtSnMe, 
Bu",Sn 
Bui,Sn 
Pr',Sn 
neopen t y1,Sn 
R u ',Sn Me, 
Me,Pb 
Et,Pb 
Et,PbMc, 
Pr",Mg 
Et HgMc 

2.56 
2.64 
2.24 
2.48 
1.76 
1.96 
1.45 
1.77 
1.51 
1.80 
1.25 
1.80 
1.26 
1.56 
1.39 
1.70 

9.78 
10.02 
9.41 
9.69 
8.93 
9.10 
8.45 
8.76 
8.46 
8.67 
8.22 
8.90 
8.13 
8.45 
8.29 
8.84 

% 
M-R -----+ M-R" 

c 
(3) 

rate cohstants nicasured using various Fe' oxidants of known formal potentials. It 
had been established carlier that the  homogeneous oxidation for these alkyls was an 
outer-sphere process, independent of steric effects, and  it was therefore concluded 
that t he  electrochemical oxidation at t he  electrode also involved simple outer-sphere 
electron t r a n ~ f e r ' ~ .  This  conclusion was reinforced by the observation that t he  cyclic 
voltammetric oxidation peak potcntial, E,, correlatcd linearly with ionization potcn- 
tial data,  ID (Table l), and  showed no  apparent deviation attributable to stcric 
effccts. 

The overall two-electron oxidation for the metal alkyls according to cquation 1, 
listed in Table 1, is a consequencc of the  rapid one-clectron anodic oxidation of the 
organic radical (reaction 4), generated in thc  irreversible step shown in reaction 2. 

R' "c R' - products (4) 

From Table 1, it can bc seen that the  neutral metal  alkyls oxidize at relatively positive 
potentials. T ~ U S  one-electron oxidation of' t h e  alkyl radical rcadily takcs place at t h e  
potentials neccssary to achieve the  honlolytic cleavage. 

T h e  primary oxidation of anionic homoleptic alkyls  and  aryls is more facile than 
the oxidation of neutral homoleptic alkyl spccics. At thc potentials necessary to 
:ichieve anodic metal-carbon bond cleavage, t hc  alkyl or aryl radicals generated arc 
gencrally clectro-iizactivc. Thus,  electrochemical oxidation of tetra-alkyl or-aryl 
:ilurninates is an overall one-electron process which leads to t h e  formation of organic 
radicals which a rc  not oxidized at t he  anode (equations 5 and  6)"-'''. 

[AIEtJ 2 [AIEt,]+ Et' ( 5 )  
. 

[AIPh,]- --U [AIPh-J-I- Ph' 
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The tetrapheny1bora:e anion shows intercsting bchaviour. At a Pt electrode in an 
aqueous clcctrolytc i t  undergoes an irreversible two-electron oxidation with in- 
tramolecular carbon-carbon bond formation (equation 7). 

(7) 
- 2.2 

PI 
MR2 ---+ M".' + R-R 

Electrolysis of a mixturc of [B(C,H,),]- and [B(C,D,),]- produces only C6Hs-C6HS 
and ChDS-C6D5 with n o  cross-coupled C6H5-C6D5. In the presence of water the 
two-electron oxidation proceeds according to reactions 8 and 9". 

(8) 
-2e 

[BPh4]- [BPhJ'-+ Ph-Ph 

> [BPhzOI-I] + H' (9) 
k p  

[BPhZl' 

b. Organic products. One-electron oxidation of main group alkyls and aryls ac- 

(i) Hydrogen abstraction from a solvent molecule to produce a n  alkane (reaction 
cording to reaction 2 gcnerates a radical which can havc a variety of fates (i-v). 

10): 

R' RH (10) 

(ii) Dirnerization (rcaction 11): 

2 R  R-R (1 1) 

(1 2) 

(iii) Disproportionation (reaction 12): 

2RCHZCHz' A RCH=CHz+ RCHzCH3 

(iv) Organometallic formation uia attack o n  the electrode (reaction 13): 

nR' 2 [MR,,] (13) 

(v) Attack o n  a solution substrate (e.g. reaction 14): 

R'+CHz=CHz RCHZCHZ' - > products (14) 

Here it can be noted that a radical gcncrated by cathodic reduction will havc t h c  
samc independent solution chemistry. 

The fate of radicals generated by one-electron oxidation of Grignard reagents 
{MgRX} (rcaction 15) has been well 

(15) 
-1e 

{MgRX} - R' - products 

Although the carlier invcstigations of product distributions were not carried ou t  
potentiostatically, and t h e  electroactive specics present in {MgRX} solutions are not 
wcll dcfined, t h e y  do illustrate some of t h c  factors which determine which of the 
pathway(s), (i-v), predominate. Whether or  not  t h c  clcctroactivc species present in 
Grignards are [MgRJ, [MgRzX]-, [MgRXz]-, [MgRJ, and/or [MgnX], all of which 
have bcen suggested as Schlcnk equilibria specics", therc is l i t t le doubt that anodic 
oxidation of Grignard solutions generates radicals rathcr than carbonium ions. 

Oxidation of {MgBrMe) in an ethcreal electrolyte at a Pt anode gives CH, and 
CzHc, (reaction 16). T h e  yields of methane and ethane formed by pathways (i) and (ii) 
arc sensitive to t h c  nature of the ether and to the concentration of the Grignard. Di- 
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{MgBrMe} CH3' 
d 

C*HG 

n-butyl cthcr gives a highcr yield of methane thxn does diethyl ether, presumably 
because H' abstraction from the former is more facilc'". Oxidation of ca. l . G  ivi 

solutions of {MgBrMe} in EtzO gives predominantly CH4 whereas ca. 3.0 M solutions 
give predominately C21-16'',. Here, higher current densities and hence conccntrations 
of CH3* at the  anode favour the  sccond-order dimerization reaction. 
In contrast, electrooxidation of ethyl- or n-propyl-magnesium bromides at a Pt 
electrode in Et,O gives mainly disproportionation products according to pathway (iii) 
(reactions 17 and 18)20. 

(17) 
--e 

{MgBrEt} - Et' - C,H,i- CH2=CHz 

{MgBrPr") 2 Pr"' --+ CH3CH=CHz+ CH3CHzCH3 

Longer chain and branched alkylmagnesium Grignards were fouiid to oxidize in 
EtzO at a Pt anode to give predominantly dimcrization products according to (ii) 
(reactions 19 and 20)". 

PI 

(18) 
(111) 

1'1 

(20) 
-e 

{MgBrBu'} - 3,4-dimethylhcxane 

Anodic oxidations of {MgBrR} on anodes such as Au, Ag, Cu, Fc, Ni, or Co proceed 
similarly to those on Pt. They may be considcrcd as inert, although not necessarily 
indifferent anodes'. The formation of chemisorbed intcrmcdiates such as alkyl or 
hydrogen radicals and alkencs on the electrode surface may influence the kinetics of 
t h e  dimerization (ii) or disproportionation (iii) pathways and hencc the  product 
distribution'. Anodcs such as Hg, Sn, Pb, Cd, Zn, Al, and Mg are not inert and arc 
attacked by t h c  anodically generatcd radicals to givc organometallic products. Thus 
oxidation of ethylmagnesiuni chloride at a sacrificial Pb anode yields tetraethyllead 
(reaction 21)'~. 

PI 

1'1, 
{MgCIEt} - -.'. [PbEt,] 

( iv )  

The anodic discharge of organo-magnesium and -aluminium conplcxes at sacrificial 
anodes has received considerable attcntion as such processes have been of comnier- 
cial interest in terms of lead tetraalkyl production and, in combination with cathodic 
deposition, metal refining'*. 

The anodic oxidation of Grignard reagcnts in thc presence of olcfins has been 
studied by Sch5fer and Kiint~cl*~.  Electrolysis of {MgBrBu"} in Et,O containing 
LiCIOJ as a supporting clectrolyte i n  the prescncc of styrene produccs diphenyl- 
dodccanes at Pt or Cu anodes (reactions 22 and 23). Employing a diaphragm-less 
flow ccll and working at currcnt densities of ca. 10 niA cm-', current yields of 10 and 
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(22) 

(23) 

rc.-c 

+9lYTC"C 
{MgBrBu"} - C6H5CH(n-pentyl) + C6HSCH(Bu")CHz' 

CH,(CHz),CH(Ph)CHzCH(Ph)(CH,),CH, + CH3(CHz)4CH(Ph)CH(Ph)(CH,!;CH3 

5% for the  6,8- and 6,7-diphenyldodccanc isomcrs, respectively, were obtained at Pt 
anodes. The current yield for the 6,7-isomer was found to be considerably higher o n  
a Cu anode, although the rcasons for this are not undcrstood. 
Oxidation potentials of the electroactive specics present in solutions of Grignard 
rcagents have not been adequately assessed by potentiostatic techniques. Empirically 
it  has bccn found that decomposition potentials decrcasc as the branching of the 
alkyl group increases and that mcthyl magnesium Grignards arc hardcr to oxidize 
than their ethyl analoguesz4. T h e  latter observation is paralleled by E, data listed for 
the various homolcptic methyl and ethyl metal alkyls listed in Table 1. 

Electrochemical oxidation of main group alkyls to generate carbonium ions has 
been poorly studicd in terms of the idcntification of the organic products of 
clectrolysis (reaction 4). It has bcen shown that thc electrochemical oxidation of 
alkane boronates, [B(OH),R]-, proceeds according to reactions 2 and 4 at a Pt 
clcctrode in an aqueous electrolytc (reaction 24)". 

[B(OH),R]' - [B(OH),R]' ---+ [B(OH),]+ R' R' 
"r - products (24) 

In this cleavagc rcaction the organic product distribution is similar to that observcd 
in the  Kolbe rcaction which is known to proceed via carbonium ion formation 
(reactions 25 and 26). 

RCOO- 2 R'-t-COZ (25) 

R' --c R '  --+ products (26) 

T h c  organic products derivcd from carbonium ions, generated by electrochemical 
oxidation of various organic molcculcs, have bccn thoroughly investigated25 and 
thcse studies should well servc to illustratc the types of product to bc expected from 
electrooxidation of metal alkyls and aryls according to reaction 1. In this, we assumc 
that t h e  fatc of thc frce carbonium ion is independcnt of the nature of its prccursor. 
The 3,3-dimcthylbutyl cation'" undergoes quenching reactions typical of a car- 
bonium ion. 'I'hcsc arc as follows: 

(vi) Nucleophilic attack (c.g. rcaction 27): 

(27) 
0 1  I -  

Me3CCHzeHz - Me3CCH2CH20H 

(vii) Rase attack (e.g. reaction 28): 

(viii) Fragmentation (c.g. rcactions 29 and 30): 

Me3CCH2CH,& - > Mc2C=CMe, + Me&' (29) 

M c ~ C '  Me2C=CHz + Me,COH (30) 
H p  
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(ix) Rcarrangement (c.g. reaction 31): 

+ + (vi)  or (vii) Me3CCH2CH2 - Me,CCHME - products 

In CH3CN clcctrolytes, 
(rcaction 32). This is 
clectrooxidation of the 

(vi) or (vii) 
Me2kCHMe2 ----+ products 

7 

carbonium ion attack on the solvent gives N-alkylacetamides 
presumably the fate of thc carbonium ions produced b y  
homoleptic alkyls listed in Table 1. 

(32)  R’ +McCN - RN=CMe 2 RNHCOMe 

T h e  reaction of alkcnes with aqueous Hg” salts (S042-, C10,- or NO,-) leads to 
Hg-C c+-bond formation (rcaction 33) .  Anodic oxidation of hydroxyalkyls of this 

I3 0 

~ g ~ +  + H ~ O  -I- R’CH=CHR, - R ~ C H ( O H ) C H ( H ~ + ) R ~  (33 )  

type has becn investigatcd by in situ gcneration of the organometallic in an 
electrochemical cell. T h e  rcaction of propenc with Hg2’ in 1 M HC10, generates an 
alkyl complex which is oxidized at a Pt anode to a range of carboxylic acids (reaction 

[MeCH(OH)CH,Hg’] 2 McCOOH + HCOOH + EtCOOH (34) 

34)27.?x. 

-,tc 

33% 3 0 ‘/o 24%) 

T h e  primary s tcp in this conversion is believed to involve a two-elcctron oxidation of 
the metal alkyl with the formation of a carbonium ion (reaction 35) .  

[MeCH(OH)CH,Hg’] 5 M e C H ( O I i i ~ I 3 ,  + Hg“ (35) 

T h c  carboxylic acid products of the anodic oxidation were explained by invoking 
hydride or  alkyl shifts followed by furthcr oxidation of the carbonyl intermediates to 
the acid products (reactions 36 and 37). 

- 1 1 ’  
[MeCH(OH)kH,] --+ M e C H 2 C H 0  - EtCOOH 

(36) 
-13. 

[McCH(OH)CH,] - MeCOMe - - M e C O O H + H C O O H  (37) 

2. Reduction 

a. Mechanisnis and products. The electrochemical reduction of organo-Hg” com- 
pounds has bccn investigated more thoroughly than any other main group or- 
ganometallic species”’-”. Their cathodic reactions therefore provide a useful starting 
point for a discussion of the factors pertinent to mctal-carbon bond clcavagc. In 
addition, organomercury intermediates are often formcd in the reduction of other 
metal alkyls and aryls at a Hg carhode (see below). 

Dialkyl and diary1 Hg” compounds of the type [HgR,] generally reduce in. an 
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irreversible two-electron process a t  a dropping mercury electrode with concomitant 
metal-carbon bond cleavage (reaction 38)29.3”. 

2e 
[HgRz] Hg+2RH 

‘1rnf.I 1,o 
2H’ 

In protic media, the carbanions are probably not produced in the free state 
according to reaction 39. It is more likely that protonation of carbon occurs in the 

(39) 
2 C  

[HgR2] ---+ Hg+2R- 

activated complex and is concerted with Hg-C bond cleavage. T h e  polarographic 
EIl2 values for the reduction of a wide range of [HgR2] compounds a re  listed in 
Table 2. Butin et and Denisovich and Gubin.”’ have analysed E,/2  values in 
terms of the nature of R. Butin et al. suggest that there is a linear correlation 
between C Z E , , ~  and the pK, values of RH, where a is the electron-transfer coefficient 
for t h e  heterogeneous electron-transfer step. Denisovich and Gubin point out, 
however, that EIl2 and the p K ,  of RH directly correlate since (Y shows little variation 
in a range of [HgR2] species. Both groups used thcir relationships t o  estimate 
unknown pK,s of RH acids2”.”‘. A linear correlation betwccn Hammett’s a-constant 
and EIt2 has been observed for compounds of the type [Hg(CH2C6HJX-p),]; as is 
usually the case, the more withdrawing the substituent the easier the complex is to 
reduce. In addition, El/, values for various [HgR-J have been shown to correlate with 
the electron affinity of the R’ radical”. 

Organomercury compounds of the type [HgRX], whcrc X = CI, Br, I, and their 
solvated cations [HgR]’ arc generally reduced in two singZe-electron steps which 
usually have well separated values (reactions 40-42)20.2‘-’’ . The  Hg’ radicals 

[HgRX] - [HgR]-+X- (40) 

[HgR]’ G==== [HgR]’ 
- u 

[HgR]’ Hg+ RH (42) 

formed in reaction 41 are unstable and have been shown to undergo disproportiona- 
t ion reactions via dimeric intermediates (reaction 43). 

2.88 
2.68 
2.69 
2.67 
2.58 
2.51 
2.13 
0.72 

1.96 
1.84 
1.81 
1.83 
1.78 
1.65 
1.62 
0.75 

* Conditions: 90% dioxane. 0.1 M Th’Et,lTClO.,l. 
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Dimcrization is, however, a rclatively slow proccss and reduction at the  potential 
associated with the second electron transfer (reaction 42) produces RH. It should be 
noted that [HgR,] species formed according to reaction 43 arc harder to reduce than 
the corresponding [HgR]' intermediates, hence t h e  irreversible two-electron reduc- 
tion process associated with the former (Table 2). El,2 for the  sccond-electron 
transfer of the compounds [HgCl(p-XC6H4)] correlates with Hammett's up con- 
stant; again, t h e  more withdrawing thc substituent X, the easier is t h e  reduction of 
[HgRIs3'. 

T h e  conclusions which have bcen drawn from the various reiationships between 
the electron affinity of R ,  and pK,, values of RH are that for the [Hg2R2] 

species, an electron is added to an orbital which has predominantly Hg-C antibond- 
ing character and, for Hg'R specics, an electron is added to a half-filled Hg-C 
orbital. Following the analysis of Klinger and Kochi13 (sce above), it is reasonable to 
suggest that o n  a mercury cathode the intimate mechanism of reduction of the 
[HgRJ and [HgR]' species is also an outer-sphere proccss. 

Certain organo-mercury compounds show a modified cathodic behaviour whereby 
reduction in a single one-electron proccss to give a free-radical (reaction 44) or in a 

I C  

[Hg(CCI,)Cl] -c1- Hg'(CCI3) Hg + CC13' (44) 

single two-electron process to give Hg and a stable organic species (reaction 45) 
takes p l a ~ c ~ ~ .  

+ l C  + Ic 

-c1- -c1- [Hg(CH=CHCI)Cl] - {Hg'CH=CHCI} - Hg+ C H S H  (45) 

In t h e  former case, we can suppose that if the Hg'-alkyl is formed, it decays at a 
rate considerably faster than t h e  dimcrization-disproportionation pathway (reaction 
43). Similarly, if {Hg'(CH=CHCl)) is formed it is either at least as facile to reduce as 
the parent compound or rapidly loses CH=CH to generate an electroactive Hg' 
species (reaction 46). 

Hg'(CH=CHCI) - Hg' + C H X H  + Cl.- 

i .c  fast I 
Hg 

T h e  reduction of [MgR2] species has been investigated at a mercury electrode in 
dimethoxycthanc-0.1 M [NBu4][BF4]. Complexes in which R = Me, Et, Pr', or Ph 
were reduction clectro-inactive but for R = C5H5, PhCH2, or CH2=CHCH2 reduc- 
tion was accessible in this medium (Table 3)3'. It was proposed that these or- 
ganomagnesium specics underwent irreversible one-electron reduction according to 
reactions 47 and 48, although the fates of the carbanion and radical were not 
determined. 

[MgR2] k {MgR}+R- (47) 

WgR) - + Mg+R'  (48) 

Solutions of Grignard reagents, {MgRX}, whcrc R = Me, Et,  Pr', Bu', or Ph, were 
found to show the same polarographic behaviour as a mixturc of [MgR2] and 
iMgBr,]. T h u s  both the natural and the synthetic Grignard showed two reduction 
waves, the first attributable to [MgBr,] and the second to [MgBrR]. It was suggested 



10 C. J .  Pickett 

TABLE 3. Half-wave potentials 
(E,,,) for ti1c reaction M ~ R ,  + 
products in dirnethoxyethanc con- 
raining [NBu,][CIO,] 

R E,/2" 

C,H,CH, 2.74 
CH,=CHCH, 2.65 
CS", 2.50 

E,, us. 10-3 M A ~ C I O J A ~ .  

that reduction of [MgBrR] took place according to reactions 49 and 50, although 

{MgBrR} {MgR}+Br- (49) 

(MgR) - Mg+ R' (50) 

again the organic products of controllcd potcntial clcctrolyses were not identifictl". 
Evidently, at the potentials necessary for t h e  reduction of [MgRX], R' attack on Hg 
did not take place although further rcduction of R' to a carbanion was not 
established. 

Participation of a mcrcury cathode in the electrochemical reduction rcactions of 
nictal alkyls and aryls is, however common, and is well illustrated by thc cathodic 
reduction of [SbPh,]''4. At -0.9V us. SCE, reduction take splace according to 
rcactions 51-53 (cf. rcaction 43). 

[SbPh,,]' - --(1.Y v [SbPhJ + Ph' (51) 

Ph'+Hg - HgPh' (52) 

HgPh' - $Hg+iHgPh, ( 5 3 )  
At -1.4V, howevei-, benzene W;IS produced via further reduction of thc Hg'Ph 
intermediate (rcaction 54) (cf. reaction 42). 

[HgPh]' - > Hg+PhH (54) 
kI 

T h e  complex [Pb(OAc),Ph,] shows a similar potentinl-dependcnt behaviour3'. T h u s  
one-electron rcduction alTords the Pb"' organomctallic according to rcaction 55: 

[Pb(OAc),Ph,1 [Pb(OAc)Ph2]+ AcO (55) 
I I V  
t iF 

whcrcas two-electron reduction on Hg affords thc trans-rnetallated aryl (reaction 
56). 

2c 

- I .<> v 
t.lF 

[Pb(OAc)2Phz] Pb -I- [HgPh,]-t 2AcO- (56) 

[PbCI,Ph,] and [BiCIPh,] both undergo overall two-electron reduction o n  1 - l ~  to givc 
the rrms-metallnted product [HgPIiJ and t h c  metal". 
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C. Transition Metal Alkyls, Aryls, and Acyls 

7. lntroduction 

Electrochcrnical clcavagc of transition nietal-carbon a-bonds parallels that of 
main group electrochemistry in so far as the products depend o n  the fate of radicals, 
carbonium ions, or carbanions generated free in solution or incipiently bound to the 
metal centre. An additional feature of the  electrochcmistry of certain transition 
metal complexes containing a-bonded carbon is that single electron transfer can lead 
to the formation of relatively stable intermcdiatcs with slow homogeneous decay 
kinctics to the organic and metal-bascd products; however, irrevcrsible one- or 
two-electron transfer processes tcnd to dominate the electrode reaction of transition 
mctal alkyls, aryls, and acyls, as thcy  do main group electrochemistry. Considerablc 
attcntion has been paid to t h c  gcncration of nucleophilic transition metal coniplcx 
anions in the presence of organic substrates, e.g. alkyl halides, as this can result in  
thc  formatioil of more or less reactive M-R intermediates which decompose to give 
radical, carbanion, or carboriium ion derived products. Much of t h e  work in this area 
is based upon the studies relevant to the cobalamin coenzymes. 

2. Reduction 

Table 4 shows rcduction potential data obtained by Dcnisovitch and Gubin for a 
range of complcxes of the  general formula [FeR(~'-C,H5)(CO),] which undergo 
irrcversible two-electron reduction according to reaction 57 in a CH3CN electrolyte 
at a dropping mercury electrode'". 

It is not clear whether or not a carbanion is rclcased and scavenges protons from the 
solvent or whether protonation is concerted with the formation of an incipient 
carbanion. A s  with reduction potentials for the irrcversiblc reduction of Hg-C 
compounds, El12 for the Fe series appears to correlatc reasonably well with t h e  p K ,  
values of the respective hydrocarbons. 

Irreversible two-electron reduction with hydrocarbon formation and the formation 

TABLE 4. Potentials (.EI,J for the re- 
duction of [FeR(~s-C5H5)(C0,] iic- 

cording to rcaction 57 

R -El/," 

iso-C, H7 2.27 

G H 5  2.16 
'2.13 
1.96 

CbHSCH, 1.03 
CSHS I .32 

n-C3H, 2.22 

CH, 

CH,=CHCH, 1.96 

E,,, :it a mcrcury clccrrode us. SCE: 
CI+,CN-O. 1 M ~NEI,]~cIO,~: 25 "c. 
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of a generally stable metal carbonyl anion has becn observed in many cathodic 
reactions of transition metal alkyl and aryl carbonyl complcxcs (c.g. reaction 58)". 

[Mn(CO),CHJ [Mn(CO),]- + CH, (58) 

Varying the ligands around a given transition metal centre can changc the 
mechanism of cathodic cleavage. Thus, whercas complexes [Fe(C6H,X - p)(qs- 
CSH5)(CO),] reduce in an irrcversible two-electron step according to reaction 57, 
substitution of one carbonyl ligand by a tertiary phosphine results in irreversible 
one-electron transfer and homolytic clcavagc as the primary step (reaction 59)38.39. 

[Fe(CGH4X)(q5-CsHs)(CO)(PR3)] - [l;e(~s-CsH,)(CO)(PR,)I- + [C6H4X]' 

(X = ring substituent) 
(59) 

The electrode reactions of scvcral alkyl and aryl complexes of the early transition 
metals of the type [M(qS-CsHs)2R2], whcre M = Ti, Zr, Hf, have becn investigated 
at Pt, vitreous carbon and Hg electrodes in non-aqueous electrolytes. Onc-electron 
irreversible reductions are observed and, pcrhaps surprisingly, a cyclopentadicnide 
ion is released (rather than R') and relatively stable M"' radicals result (reaction 

(60) [Ti(qS-C5HJ2Mc21 - [Ti(q5-CSHs)MeJ + [CsH,] 

Electrochemical formation and seduction of complexes containing a Co-C  u- 
bond have been investigated extensively, principally because such reactions may bcar 
upon those of t h e  BI2 coenzymes. Thc mechanisms of Co-C bond scission, t h e  role 
of co-ligands and supporting electrolytc, and the  products of cleavage have been 
studied in detail for complexes of the type 1 and mazy interesting conclusions have 
becn drawn. 

60)4". 
I C  

PI. ll,f 
ClC'lrOI\1C 

(1) 
[CoR(salen)(L)] 

Complexcs 1, in which L = solvent or other base and R = alkyl or aryl, and related 
species with tetradentate Schi Ws base ligands in the equatorial plane, [CoR(chcl)(L)], 
generally undergo reversible one-electron reduction to gcncratc more or less stable 
Co"-R species (reaction 61)41.42 

The reversible reduction potentials for this process are sensitive to thc nature of R, 
L, and chel, and in addition, the cation of the supporting clcctrolyte can have a sniall 
influence o n  El,?. I t  is found that El,, for thc Co"'--R/Co"-R (and Co"-R/Co'- 
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R) couples depend on the pK., of the corresponding carbon acid, RH (cf. Fe-C, 
Hg-C discussed T h e  role of axial ligands L in determining the redox 
potentials and C-C bond stabilities in these compounds has rcceived attention in 
thc context of the  base-on, base-off chemistry of the cobalamin coenzymes. For 
example, it has been suggested that for  L = 1,5,6-trimethylbenzimidazole, in a 
weakly coordinating solvent medium, the base-on, base-off equilibrium (rcaction 62) 
cxists. 

L-Co"-R L+Co"-R (62) 

At high concentration of the base, L, the decomposition of [Co"Me(salen)]- species 
via a trans-methylation pathway is T h e  Co"-C bond cleavage and 
products depend to a large extent on the nature of R. For example, when R = Ph an 
effective carbanion is developed, whereas when R = M e  homolytic scission takes 
place (reactions 63 and 64)43. 

(63) 

[CoMe(salen)(dmf)]- - [Co'(salen)(dmf)] + Me' (64) 

T h e  [Co'(salen)(L)]- spccies a re  powerful nuclcophilcs and can react with alkyl 
halides, aryl halides, sulphoniuni compounds, and cvcn quaternary ammonium 
cations to give stable Co"'--R complexes (reaction 65)43.u. Electrocatalytic reduc- 
tion of R X  to R' products can be achieved (reactions 64 and 65), thc overall rate of 

[Co'(salen)(L) J- + RX - [Co"'R(salen)(L)] + X- (65) 

which is determincd by the homogeneous Co-R formation and cleavage steps. TWO 
competing pathways appear to operate in the reaction of [Co'(salen)(L)]- with NK'.  
In addition to nucleophilic attack by the Co' on the quaternary ammonium cation, 
electron transfer can also take placc (reaction 66). 

13 - 
[Co"Ph(salen)(drnf)]- - [Co"(salen)(dmf)] + PhH 

[ Co"'R(salen)(L)] 

(66) 
/ 

\ 
[Co'(salen)(L)]- + N&' 

[Co"(salen)(L)] + NR3 + R' 

Electrochemical reduction of certain Ni" complexes to thc Nil oxidation state 
gencrates powerful nucleophiles which react with alkyl  and aryl halides to form 
Nil''-C bonds. T h c  Ni"'-C bond is generally thermally labile and homolytically 
cleaves to give a Ni" product and a radical. For example, the Ni" square-planar 
complexes 2 and 3 rcduce in  a reversible one-electron stcp in a CH3CN electrolyte to 
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give stable Nil species; however, if such rcductions are  carried o u t  in the prcsence of 
an alkyl bromide or iodide, reactive Ni"'-alkyls are formed via an oxidative 
addition (reaction 67). Homolytic cleavage can rcgcnerate the Nil' precursor complex 

R'+ X 

and an alkyl radical, thus effecting the catalytic reduction of the alkyl halide. 
However, in certain cases (3, Bu"I) the Ni"'-R bond is sufficiently stable for further 
clectron transfer to take place with the generation of a carbanion precursor (reaction 
68). 

Nil' Nil - RNil"X RNi"X - R-+{Ni"} (68) 

Apparently, in this casc the Nil' spccics is clectroinactive and is not capable of 
partaking in further reduction cyclcs of RX, and the reduction therefore terminates 
with an overall two-electron stoichiometry via the electron transfer<hemical step- 
further electron transfer (ece) mechanism (reaction 68). Products arising from the 
electrolysis of RX in the presence of 2 or 3 have been identified a s  those normally 
arising from R' and R-. intermediates. Interestingly, RCHzCN is formed during the 
clectrolysis of 2 or 3 in the presence of RX, presumably via reactions 69-7245.4". 

R' + CH3CN - RH + 'CHzCN (69) 

'CI-I,CN+R' - RCHzCN (70) 

R-- + CH3CN - RH + -CHZCN (71) 

--CH2CN + R X  - RCHZCN + X- (72) 

[NiX2(PR,),], where X = halide and R = alkyl or aryl, similarly electrocatalyse the 
rcduction of alkyl and aryl halidcs in non-aqueous 

RX 

- c  

3. Oxidation of transition metal alkyls, aryls, and acyls. 

Electrochemicnl oxidation of transition meta!--carbon a-bonded species is gcncr- 
ally less well studied than clcctrochemical reduction, although this is being redressed. 
As a part of a more general study of the kinetics of thc heterogeneous oxidation of 
organometallic compounds, the irreversible oxidations of Co"'-alkyls and Pt"- 
alkyls at a Pt clectrode have bccn investigated and kinetic and activation energy 
paramctcrs dctcrmincd5". 

Co"'-alkyls and --aryls with tetradentate Schiffs base ligands, e . g .  1 and 2, 
undergo reversible one-electron oxidation to generate labile Co'" compounds, which 
rcadily transfer the cr-bonded organic group to nucleophiles or undergo homolytic 
cleavage. One-electron oxidat ions of [Co"'Et(salen)] and a range of related Shiffs 
base and glyoxime complexes were shown by cyclic voltammetry to be elcctrochenii- 
cally reversible in a CH3CN electrolyte at a Pt elcctrode. It was found that pyridinc 
reacts rapidly with the Co'v--alkyl complexes to displace the alkyl group via 
nuclcophilic substitution at the &-carbon atom. Kinctic results suggestcd tha t  an SN2 
mechanism was operative for thc glyoxime complexes whereas the salcn complexes 
reactcd via a n  intcrnnl nuclcophilic displacemcnt Sxi (reaction 73). In  some cases the 
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(73) Colll ---+ --c CorV - Prr RCo'VPyr - Col'+RN 3 
CoiV-C bond undergoes rapid unimoleculai- scission, thus [C~~~'(Me),(chel)]  
(chel = macrocyclic N-donor ligand), undergo irreversible one-clectron oxidation in a 
CH3CN electrolyte with the concomitant homolytic cleavage of m e  Co-C bond. In 
the absence of H OJ C1 donors, the predominant organic product is ethane, formed 
via radical-radical coupling (reaction 74)51.s2. 

MeCo"'Mc MeCoIVMe f:lst MeCo"'+Me' - EtH 
CI 1xCN (7 4) 

cICE1rOIyIC 

Electrochemical oxidation of [Fe(q5-C5HS)(CH3)(C0)2] in CH,CN leads to CO 
insertion rather than to radical o r  carbonium ion products (reaction 75). In contrast, 

--k 
[Fe(r15-CSHs)(CH3)(CO)zl CFc(rls-CsHs)(COCH3)(CO)(CH~CN)I' 

CICElr',lS.lC. (75) 0.xx v,;c SCF..I'l 

oxidation of [Fe(~s-Cs~ls)(COCH,)(CO),l in the presence of EtOH as a nuc- 
leophile affords ethyl acetate and unidentified metal products (reaction 76)s3."4. 

EtOCOCH, (76) 
-3c [Fe(rl'-C~~~~)(cocH~)(co)~I 1.3 s c ~ .  

CI IlCN clccirolsic 
-CIW%, I ~ I V H .  1'1 

The anion [Fe(r,'-C5Hs)(CN)(COCH3)(CO)]- oxidizes to the neutral Fc"' species in 
an electrochemically reversible one-electron step. The  paramagnetic product is stable 
below 0 ° C  but at 20°C  under an atrnospherc of CO, Fe-C cleavage takes place 
liberating acetone and acetaldehyde (reaction 77ls3. 

20 "C, co (77) I 
CH3COCH3 + CH3CH0 +unidentified metal products 

40 yo 6 '10 

Oxidation of [Cr(COPh)(CO),]- gives a stable hydroxycarbene product without 
CJ-C bond scission (reaction 78)". 

[CJ(COPh) (CO) SI -e 

[Cr(COPh)(CO)SI- - [,.4;(,,cs, SCE. - 
CH.CN clcclrokle. I 

111. TPBONDED HYDROCARBON LIGANDS 

The electrochemical behaviour of a vast range of closed-shell transition metal 
complexes containing r-bonded hydrocarbon ligands has been studied in more or 
ICSS detail; in particular, those complexes containing q'-cyclopentadicnyl or  qh-arene 
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ligands are amongst the most well studied. Cyclopcntadienyl and arene complexes of 
the transition metals are gencrally incrt with respect to anodic metal-carbon bond 
cleavage and one-elcctron oxidations of their closed-shell complexes tend to give 
stable 17-electron products (reactions 79-81). 

Such oxidations are metal centred rather than ligand based. Although complexcs 
with these rr-bonded hydrocarbon ligands are robust with respect to one-electron 
oxidation, at more extreme potentials multi-electron anodic reactions are possible 
which can lead to metal-carbon bond cleavage (reaction 82)s6. 

Closed-shell tertiary-phosphine, -phosphite, and carbonyl complexes of Groups 
VI, VII, and VIII possessing q6-arcne, qs-cyclopcntadienyl, q'-diene, or q2- 
acetylene ligands generally undergo electrochemically reversible one-electron oxida- 
tions at Pt electrodes in  non-aqueous solvents to give more or less stable 17-electron 
metallo-radicals. Whereas the q4-compounds show interesting chemical reactions 
subsequent to the electron-transfer step, metal-carbon bond cleavage has not been 
o b ~ e r v e d ~ ~ ~ ~ ~ .  

Electrochemical reductions of closed-shell complexes containing cyclopentadienyl, 
arcne, and other rr-bonded hydrocarbon ligands give rise to several interesting types 
of reaction involving 'partial' or full metal-hydrocarbon ligand bond cleavage. 
One-electron reduction of rr-bonded hydrocarbon ligand compounds generally in- 
volves the addition of the electron to  a rr"-antibonding orbital which in certain cases 
gives rise to fairly stable radical anions which can be studied by epr, ir, and, wherc 
appropriate, Mossbauer spectroscopy (reactions 83(a) and (b)50-6'. 

[Fe(CO),(olefin)] [Fe(CO),(olefin)]- (834 
-.e 

[Fe(CO),(dienc)] [Fe(CO),(diene)]- 
-c 

The cobaltocenium cation undergoes two successive reversible one-electron reduc- 
tions in aprotic media to give the neutral and anionic spccies (reaction 84)63.""; 
[Ni(qs-CsH5)2]2.'- behaves analogously". 

[Co( 7) '-CsH5)2] ' A [Co(v s-CSHs)z]" =&=== [Co(q 5-CsH5)Z]- (84) 

Reversible one-electron reduction of arene and cyclohcptatriene closed-shell coni- 
plexes to give reactive metallo-radicals in  aprotic media is also well establishcd 
(reactions 85 and S6)6'-1'8. 

--c 

[ I;c( q '-C5HS)( q "--C6HO)]+ [ Fc(q '-CsHs)(q "-C,H,)]" (S5) 

[Cr(q 5-CsH,)(q '-C7H7)]- [ W q  '-C5HS)(q7-C7H7)l0 (86) 

--u 

-..2 
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Although one- and two-electron electrochemical reductions of 7i-bonded hydrocar- 
bon ligated spccics give rise to more or less stable neutral and anionic specics, the 
addition of electrons makes the ligand susceptible to electrophilic attack at a carbon 
centre and conscquent 'partial' metal-hydrocarbon ligand bond cleavage, e.g. 
7' + q4 conversions. Thus, reduction of the  cobaltocenium cation in the presence of 
c02 as an electrophile proceeds according to icaction 8769. 

2c 
[Co(q5--CsI~s)21' [Co(~s--C5H5)(~4-CsHsC02-)] (57; 

- I .90 v US. SCE 

Similar electrophilic attack has also been observed in the clcctrochemical reductions 
of [Ni(qs-C5H5)2] and [Fe(qS-csH~)(q6-c6H6)]+ (reaction 88)70'71. 

(88) 
2 C  

[Fc(q 5-C~H5)(q"-C&L)I' 7 [Fc(~s-C,Hs)(~S-C,H7)] 

Partial metal-hydrocarbon ligand cleavage can also occur via intermolecular 
carbon-carbon bond formation as in the q 7  + q6 conversion in reaction 8972. 

- 

2c 
2[Cr(.r17-C7H7)(~~),I+ - 

Full reductive cleavage of cyclic hydrocarbon ligands from the metal is rare, although 
the electrochemical reduction of certain Group 1V metallocenes is reported to lead 
to the release of the cyclopentadienide anion (reaction 

[Til"(q 5-CSHs)2Me2] [Ti"'(q S-CSHS)Me21 + CsH5- (90) 
clcctrolytc 

This is surprising as reduction of [TiCl2(qS-C5H5),] results in expulsioii of C1- 
(reaction 91). 

-CI- 
[TiC12(q5-CSHs)2] 2 [TiC12(qs-CsH5)2]- [TiCNq s-CsHs)21 

-c 
ihf. 

elcclrolyle 

(91) 

Electrochemical reduction of the  v-ally1 complexes [~e(q3-CSHS)(C0)2(N0)] and 
[Co(q "-C,H,)(CO),] is an overall two-electron process with clcavage of the hyd- 
rocarbon ligand from the metal (reaction 92). In contrast, reduction of 

[FC(~~-C~H,) (CO)~(NO)I  + [Fe(CO)2(NO)1- + C& (92)  

[Fe(q'-C,H,)(CO),X], where X = CI, Br or I, results in halide expulsion rather than 
the loss of the ally1 ligand; the Ru analogues behave similarly (reaction 93)74'75 

[Fe(q 3-CjHs)(C0)3X] A [ Fe(q 3-C3Hs)(CO),l' + CI- (93) 
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There are numerous studies conccrncd with the relationships between structure 
and oxidation or reduction potentials of cyclopentadicnyl and arcne ligand com- 
plcxcs. T h e  easc of r educhn  of 1 %electron rnetallocenes is determined largely by 
thc net chargc o n  the complex, for examplc rcduction becomes morc difficult by ca. 
1.5-2.0 V in the following order (--EYiD): [Ni(qs-CsHs>J2 * < [Co(q'-CsHs)J+< 
[Fe(qs-CsHs)2]76. Oxidation potentials for the 18e/17e couplcs, not unexpectedly, 
show thc oppositc trend. 

IV. TRANSITION METAL CARBONYL, CARBENE, CARBYNE, AND 
ISOCYANIDE COMPLEXES 

A. Introduction 

The electrode reactions of metal carbonyl complcxes are amongst the most 
thoroughly studied of organometallic electrochemical processes. Anodic and cathodic 
M-CO bond cleavage reactions are well established and factors influencing pro- 
ducts, pathways, and mechanisms moderatcly well understood. Little attention has 
been givcn to the elcctrochemical behaviour of isocyanidc or carbenc complcxes and 
detailed clectrochcmical studies are few. The following sections thcrcfore dcal almost 
exclusively with thc behaviour of transition metal carbonyl complexes. 

B. Oxidation 

Thc anodic oxidation of 1 S-electron mononuclear carbonyl complexes can usually 
be achievcd at Pt or vitreous carbon anodes in non-aqueous clcctrolytcs at potcntials 
up to ca. +2.5 V us. SCE. T h e  primary electrochemical evcnt is usually t h e  rcmoval 
of a single electron from ;i metal-based orbital to give a morc or less stable 
17-clectron metallo-radical. T h e  stability of this species is determincd by t h e  nature 
of the  metal centre, t h e  co-ligand environment, and t h e  clectrolytc rnediq. These are 
discussed in morc detai: bclow. 

The removal of an electron from a metal-based orbital can rcsult in dissociation of 
the M-CO bond as a consequence of diminishcd Mdrr-COn:': back-bonding: 
qualitatively thc increased effcctive nuclear charge at tlic metal ccntre lowers thc 
energy of the drr orbitals thereby decreasing drr-rr*' ovcrlap. This weakening of 
drr-.rr%: back-bonding is not sufficiently compensated by a corresponding increase in  
M-CO tr-bond strength, hence t h e  CO ligand is invariably more Inbile in its 
17-clectron complexes than in its 1 8-elcctron precursors. For example, [Mo(CO) 
(SzCNEt2)2(dppe)] is indefinitely stable in a thf electrolyte and shows v ( C 0 )  at 
1790 cm-'. Controlled potential oxidation of this spccies gencrates the unstable 
radical cation, v(C0)  1930 cm- I ,  which decays via CO loss with a first-ordcr rate 
constanf of 0.22 s- ' a! 25 "C (reaction 94)77. M-CO hond cleavage following singlc 

--c 

[Mo(CO)(S2CNEt,),(dppe)J - CMO(CO)(S~CNE~~)~(~PPC)] '  
., L. 

1 Se - [Mo(S,CNEt,),(dppe)]' + CO (94) 

clcctron transfer also takes place via a disproportionation pathway, thus [Cr(CO),] 
oxidizes reversibly in a CH3cN electrolyte to give the unstable [Cr(CO)6]+' radical 
cation7". Decomposition of this specics takes place via disproportionation (reaction 
95). Furthcr irrcversiblc one-clectron oxidation of [Cr(CO!,]" is observed at more 
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positive potentials7". [Cr(CO),J+' is also susceptible to attack by nucleophiles and 
this species and other radical cations arc generally more stable when electrolytically 
generated in trifluoroacetic acid media which has low nucleolnhilicitv (reaction 
~ , ) U O . U l  . .. 

- c  
CI.,COOH 

First-row mononuclear binary carbonyls give 17-electron products upon elec- 
trochemical oxidation with stabilities which decrease in the order [V(CO),] > 
[Cr(CO),]'->[Fe(C0)5]+'>[Ni(C0)4]+.. Electrochemical oxidation of [Mo(CO)&] 
and [W(CO),] are totally irreversible processes which lead to M-CO bond cleavage, 
in a multielectron step (reaction 97)7". However, substitution 

[ Mo( CO),] c'"'CN, Mo" + 6CO 
- sc 

(97) 

of the carbonyls by more basic ligands such as dppc or 2,2'-bipyridyl can stabilize 
17-electron Mo and W carbonyls with respect to M-CO bond cleavage. For 
examplc, ci~-[Mo(CO),(dppe)~] undergoes single electron transfer to give the  cis 
radical cation, which rapidly isornerizes to the trans-isomer via an intramolccular 
process (reaction 98)",. This radical cation is isolable and undergoes furthcr electron 
transfer in the 

cis-[Mo(CO),(dppe),] frun~-[Mo(CO)~(dppc),l" (98) 

presencc of a nucleophilc such as F-. to give a stable Mo" dicarbonyl, an 1 %electron 
closed-shell species (reaction 99) 

trun~-[Mo(CO)~(dppe),]" -'2 [M~F(CO)~(dppe)~ l '  (99) 

The  stability of truns-[Mo(CO),(dppe),l"' uis h -uis fMo(CO),]" must be attributed 
largely to the relatively good electron donating diphosphine ligands preserving 
M o d r  +  COT'^ back-bonding capacity and to the lower clectrophilicity of thc metal 
centre. It has also been suggested that charge is dclocalized over the  diphosphine 
ligands in such compounds, i.e. t h e  oxidation is substantially ligand based*'. It is 
possible that the bulky dppe ligands substantially protect the metal ccntre from 
nucleophilic attack except by the srnallcst of nuclcophiles (such as F-) and that this 
contributes to their relative stabilities: this is consistent with the relatively greater 
stability of [Cr(CO),]" compared with [Mo(CO),]" (metal atom size) and with 
[Fe(CO),]" (potential coordination site). Electrochemical oxidation of complexes 
[Cr(CO),(L)] iit Pt or vitreous carbon electrodes in non-aqueous electrolytes give 
radical cations thc stability of which dcpcnds upon the nature o f  L'". Decomposition 
pathways may involve M-CO bond cleavage such a s  those discussed for 
[Cr(CO),]'. etc. or may proceed via dissociation of L or other pathways. What is 
fairly well established is that the  stability of rCr(CO)S(L)]'' increases as the donicity 
of L incrcases, for example, cyclic voltammetric studies indicate t h e  following 
stability order L = I -  > CH3CN > CO. This trend parallels the formal oxidation 
potentials for the Cr'/Cr" couples, the more negative the oxidation potential of the 
18-electron complex, the more stable is the radical cation". Again this can be 
rationalized in terms of d r r - ~ ' "  back-bonding and  metal centre electrophilicity. 
Oxidation potentials of various octahedral complexes of the type [M(CO), ,,(L),$]'- 
have been discussed in terms of the L.cwis basicity of I,, the degree of substitution n 
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and the net  charge y ;  howcvcr, kinetic and thermodynamic data relating M-CO 
bond cleavage to these parameters are gerierally lacking""-x". The carbonyl anions 
such as [Mn(CO),]-, [Re(CO),]-, and [Mo(q5-C,Hs)(CO),]- undergo single clec- 
tron irreversible oxidations to give dimcric products, c.g. reaction 1 0O7'. 

[Re(CO)s]- --$+ f[Rc,(CO)l~l (100) 

Dinuclear metal carbonyls tend to undergo irreversible two-electron oxidation at 
Pt o r  vitreous carbon electrodes in non-aqueous electrolytes which leads to M-M 
bond cleavage rather than M-CO bond cleavage, e.g. reaction m7". 

[Mn2(CO)lol 2[Mn(C0)5(CHKN)l ' (101) 

Although there have bcen several studies of the  electrochemical oxidation reac- 
tions of various carbene, carbyne, and isocyanide complexes generally in non- 
aqueous electrolytes, metal-carbon ligand bond cleavage reactions of such species 
have not been recognized. Investigations have primarily bcen concerned with rela- 
tionships between redox potentials for the 18-electron/l7-clectron couples and 
structure rather than with product identification after controlled potential electrolysis 
in the cases whcre the 17-electron species are known to be un~table~"."~~"-"'. 

C. Reduction 

Electrochemical reduction of certain transition metal carbonyls in  non-aqueous 
electrolytes can involve M-CO bond cleavage if an electron is added to a primarily 
M-CO anti-bonding orbital (cf. photolytic cleavage of M-CO species). T h e  addi- 
tion of a single electron to a closed-shell, 18-electron complex must result in a 
heterolytic metal-ligand cleavage reaction of somc sort unless the  charge can be 
delocalised over an accessible ligand rr" system (cf. reduction of arenc and cyclopen- 
tadienyl complexes discussed above; phthalocyanines, porphyrins, and 2,2'-bipyridyl 
also 'stabilize' 19- and 20-electron mononuclear systems). Binary mononuclear 
carbonyls undergo irreversible one-electron reductions in tegrahydrofuran electro- 
lytes to give dinuclear, and in some cases polynuclear, metal carbonyl anions via 
M-CO bond cleavag~".'~. For example, [M(CO),] complexes, where M = Cr, Mo, 
or W, reduce at potentials of ca. -2.1 V us. SCE accordinq to reaction 102. 

[M(CO)J --% i[M2(CO)l0]'-+CO (102) 

Similarly, [Fe(CO)J and [Ni(CO),] show analogous rcduction processes (reaction 
103)79.92.Y,-9S Cyclic voltammctry of [M(CO),] in thf and CH,CN electrolytes at a Pt 

[Fe(CO),] k ~[Fez(CO)x12-+ CO (103) 
electrode reveals the formation of an intermcdiate in t h c  reduction process which is 
not  the final product of electrolysis, i.e. [M2(C0)10]2-, and which has a lifctime of 
several milliseconds. I t  has been suggested that this intermediatc is t h e  17-elcctron 
pcntacarbonyl (reaction 104), although this has not been confirmed by independent 

[M(CO),] [M(CO),I-' f.l\t [M(CO)J'+ C O  - [M2(CO)lo]2 (104) 

spectroscopic detection, e.g. by epr. Nevcrtheless, reduction of [Mo(CO),] in the 
presence of an alkyl halide, RX, results in the formation of radical-dcrived hydrocar- 
bon products and [Mo(CO),X]- in an overall two-electron process consistent with 
reactions 104 and 105"". 

[M(CO),]-' I-RX [M(CO),X]-+R' (105) 
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Electrochemical reduction of substitutcd metal carbonyls need not necessarily in- 
volve M-CO hond cleavage, indced the addition of nn electron to an orbital other 
than one  with M-CO antibonding character might be expected to lead to an 
increase in d.rr-.rr* back donation and hence a strengthening of thc M-CO bond. 
For example, clectrochcmical reduction of [Mn(CO),X], where X = halidc o r  
[Mn(CO)SR] and R = alkyl o r  aryl, proceeds via Mn-X or Mn-R bond cleavage 
rathcr than Mn-CO scission (reaction 106)97. 

[Mn(CO),CI] & [Mn(CO)J + Cl- 
t h f  

An interesting example of a complex with a multiplc choice of metal-ligand 
clcavage reactions is provided by the electrochemistry of [FeH(CO)(dppe)Z]'. Two- 
electron reduction of this species in a thf clectrolyte at a Pt electrode leads to the 
cleavagc of an Fe-P bond rather than to  Fc-CO or  Fe-H scission (reaction 
107)". 

Ligand-centred electrochemistry of carbenc, carbync or  isocyanide complexes 
remains largely unexplored. 

V. CONCLUSIONS 

T h e  electrochemistry of organometallic compounds has long promised to be an area 
in which interesting reactions might be achieved, complementary to those involving 
thermal or photochemical activation of the metal-carbon bond. I n  so far as anodic 
or cathodic reactions of certain organometallic alkyls and aryls lead to the generation 
of incipient or free carbonium ions, carbanions, or radicals as rcactive intermediates, 
and hence give rise to metal-carbon bond cleavage products derived from these, 
this promise has in part been rcalised. However, synthetically useful electrochemical 
cleavage rcactions of metal alkyls and aryls remain clusive. This can be attributed to 
thc preponderance of radical formation reactions over those of carbonium ion o r  
carbanion generating pathways. Also, electrochcmical studies of organometallic 
compounds have tended to  bc  physico-chemically orientated rathcr than preparative, 
although in the last few ycars this imbalance has been somewhat redressed. In 
particular, electrode reactions of cyclic r -bonded hydrocarbon ligands such as 
cyclopentadienyls and a r e n a  have recently been shown to give intcresting ligand- 
based chemistry which will no doubt be extended to othcr hydrocarbon ligands. 
Stepwise electrochemical reduction of coordinated CO to  formaldehyde, methanol, 
etc., e.g. rcaction 108, also remains to  be cxplored. Interestingly, electrochemical 

4e, 4H* 
M(C0)  - - M+CH,OH u 

CO 

reduction of CO, to CO mediated by certain Co" and Ni'' macrocyclic 
complcxes has been demonstrated; whethcr or  not such rcactions involve 
bond formation and cleavage remains unclear"". 

(108) 

ligand 
M-C 
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I n  conclusion, electrochemical metnl--carbon ligand bond cleavage reactions and 
related ligand centred electrochemistry still hold considerable promise for the futurc. 
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I.  INTRODUCTION 

A. General Introduction 

T h e  non-transition metal-carbon bond is polarized i n  tlic sense M"'-C' and  thus 
heterolytic cleavage of such a bond can formally t ake  place by electrophilic attack at 
t he  carbon centre, although a n  elcctrophile will actually first interact with the  filled 
m e t a l - c a r b o n  cr-bond. The main typcs of electrophilic reagents that have becn 
studied in some detail are the  halogens, various acids, and metal  salts and  esters; t hc  
latter reagents lead to the  well known mctal-for-metal exchange reactions. A number 
of books'-s and important r c ~ i c w s " - ~  hnvc  becn devoted to accounts of the various 
types of elcctrophilic substitution and to thc  mechanism of those substitutions in 
organometallic compounds of t h e  non-transition metals. 

Throughout this w o r k ,  the organometallic substrate is denoted as IIMX,,, where R 
is the  group cleaved from the non-transition metal atom, M. T h e  en t i ty  MX,, is the  
leaving group where X may or mag not b e  equal t o  R. In many cases i t  is useful to 
consider the  clcctrophilic reagent BS E-N, where E and N :ire electrophilic and  
nuclcophilic centres, and  to  rcprcscnt the substitution :is N1-E R-MX,,. 

If R is an  nlkyl group, a fully dcvcloped carbanion, K, may b e  formed, but niorc 
gcncrally the  alkyl group may simply display 'carbanion character'  during the  
substitution. Aryl groups, of course, are very unlikely to exist as simple carbanions 
under normal circumstances. A carbanion dcrivcd from a n  alkyl group, if fully 
developcd and  free in solution, will be pyraniidnl in shape (sp'), and, l i k e  the 
isoelectronic nitrogcn (nniinc) derivatives, will invert rapiclly. T h e  tendcncy of ;I 

C-1-1 bond to undergo carbanion formation, and  hence t o  bc susccptiblc to 
electrophilic attack, will very largely be  a function of thc  nature of the  metal 
concerned. Approximate enthalpics of reaction for a number  o f  mcthyl-nietal 
conipouncis arc given' in  TatJIe I and sliow, ;IS cxpcctcc~, that formation o f  the 
mcthyl anion is favoured when the  met;il is electropositivc such :is lithium. and  when 
the  reaction is carried out  in a polar solvent. However, the alkyls of thcse clectro- 
positive nictnls are no t  easy t o  hancilc, and a r c  not  simplc ii? t e rms  ot' structurc, being 
polymeric i n  most solvents i n  which they arc reasonably stable. Thus consiclcrablc 

7 
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TABLE 1. Standard enthalpy changes4, AH", for the formation of the 
methyl anion from various organometallic compounds at 25 "C 

Reaction AH(' (kcal mol-I) 
- 

MeH(d - Me-(g) + H W  
iMe,Hg(g) - Me-@ + $Hgz4 (g) 
+Me,Zn(g) - Me-@ + $Zn2'(g) 
MeLi(g) - Me-(g) +Li+(g) 
McH(aq.) - Me-(aq.) + H'(aq.) 
$Me,Hg(aq.) - Me-(aq.) i - l H  "'(aq.) 
$Me,Zn(aq.) - Me-(aq.) + &C%(aq.) 
MeLi(aq.) - Me-(aq.)+Li'(aq.) 

392 
340 
332 
158 
54 
45 
10 

-17 

effort has gonc into the  design of organometallic compounds of t h e  less clectro- 
positive metals, for instance mcrcury, in which t h e  potential carbanion is stabilized 
through suitable substituents in the  alkyl group. In this way, kinetics of carbanion 
formation from compounds such as [PhCH(CO,E:)IHgBr] may be  studied without t h e  
complications that arise in the  study of lithium or magnesium compounds. 

W e  briefly survey t h e  various mechanisms that have been postulatcd for elec- 
trophilic substitution at saturated carbon, and then a t  aromatic carbon. Until 
recently, relatively few mechanisms had been put fonvard for clectrophilic substitu- 
tion of alkyls of non-transition metals, in contrast to alkyls of transition metals for 
which a number of mechanisms based o n  one-  o r  two-clectron oxidation of t h e  
organometallic substrate have been suggestcd. There  seems now, however, t o  be not 
so much distinction between non-transition metals and  transition mctals, with respect 
t o  organometallic reaction mcchanisms, and  it seems likely that in the  future a 
number of mechanisms originally dcvised to  account for observations on alkyls of 
transition metals will be applied t o  compounds of the  non-transition metals. 

Throughout this work, rate constants are givcn in units of s-' or 1 moI-'s-l,  a n d  
activation parameters calculated from second-order rate constants arc expressed on  
the  molar concentration scale. 

B. Mechanisms of Electrophilic Substitution at Saturated Carbon 

1.  Unirnolecular electrophilic substitution (SE7) 

This mechanism is characterized by an  initial slow, reversible ionization t o  form a 
carbanion, which can then react rapidly with the  elcctrophile. When  the  back- 
reaction of the ionization step can be neglected, and when t h e  substrate a n d  
electrophile a re  present in rcasonably low concentrations, thcn t h e  kinetic form is 
expected to b e  first o rde r  with respect t o  RMX,,. 

If t h e  carbanion, R-, is a relatively long-lived species in solution. then the  stcreo- 
chemical outcome will be predominant racemizaticii if the  cjrganometallic substrate is 



2. Heterolytic cleavage of main group meta l -cxbon bonds 29 

optically active due to an asymmetric a-carbon atom. However, if the carbanion is 
shielded by the leaving group, or  held in some preferred configuration by sub- 
stituents on the alkyl group, then the product RE may be formed with inversion or 
retention of configuration. 

2. Bimolecular electrophilic substitution (SE2) 
This is a general mechanism which can further be subdivided. Various notations 

have been suggeted for the subdivisions; we shall use a systcmatic description in 
which thc subdivisions are all regarded as variants of thc general SE2 mechanism. 

a. S,2 (open). Dominant electrophilic attack, formally at the a-carbon atom, but 
actually at the mctal--carbon a-bond, may proceed via an open transition state in 
which four pairs of electrons arc  involved with the a-carbon atom. Inversion and 
retention of configuration at the CY -carbon atom arc both energetically possible 
(equations 3 and 4), and both stereochemical outcomes havc been observed.“’.” 

RMX,,+EN-~NTEGLMX,,~L N-+ER++MX, (3) 

Regardlcss of stercochemistry, t h c  kinetic form of thc S,,2 (opcn) mechanism will be 
that of second-ordcr kinetics, first order in RMX,, and first order in EN, when the 
two reactants arc present in dilute solution at the sanie order of concentration. 
Because of the charge separation involved in formation of thc transition statcs, 
reactions proceeding by mechanism SE2 (opcn) should be accelerated by polar 
solvents and by  thc presence of inert salts. 

b. SE2 (cyclic). More or  lcss synchronous electrophilic and nuclcophilic attack 
results in a cyclic transition state (cquation 5), where retention of configuration at the 

a-carbon atom is the only possible stereochemical outcome. Other notations that 
havc bcen used to describe this mechanism include Sl-j, S1;2 and SI32. Under the same 
conditions as mcntioncd for the SE2 (open) mechanism, the kinetic form second 
order in each reactant will be observed, so that on simple kinetic and stereochemical 
grounds it is not easy to distinguish between mechanisms S1:2 (open) and SE2 (cyclic). 
However, the latter would bc  expected to respond rather lcss to polar solvents and to 
inert added salts. 

It has been suggested” that four-centre conccrtcd reactions of type 5 are forbidden 
on grounds of orbital symmctry. However, the nucleophilic part of thc reagent EN 
invariably posscsscs a non-bonding pair of elcctroris and the transition statc is more 
correctly written as i n  equation 6. 

R MX,, * 
RMX,, + E N  - --+ RE+NMX,,  

lE*:) I 
These typcs of processes are termed pscudoperic)dic and arc not orbital symmetry 
forbiddenI3. 
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Thc cyclic mechanism is not restrictcd to four-centre transition states, but may 
take place through six-ccntrc transition states, as in the acidolysis of organometallic 
compounds (equation 7)l4. 

c. S E 2  (coord). A strongly nucleophilic centre in the rcagcnt may first coordinate 
to the substrate RMX,,. Electrophilic cleavagc then follows, with stereochemical 
retention of configuration at the a-carbon atom (equation S). 

RMX,, + E N  RMX, - RE+ NMX, (8) 

T 
EN 

The kinetic situation i s  not simple, and  depends o n  the various rate constants for the 
three clementary rcnctions involved. I f  the cornplcx is present in but very small 
concentration, application of the steady-state approximation reveals that second- 
order kinet ics  will be observed". Should t h c  cornplcx be formed rapidly and 
irrcversibly, the kinetic form will be first order in whichever of RMX,, or E N  is 
present at thc lower initial concentration. I n  gcneral, however, thc kinetics are 
cornplicatcd; Chipperfield'" has  discussed in sonic detail thc situation in which an 
irreversible biomolccular clementary reaction is followed by a uniniolecular decom- 
position of ihc interrncdiate complex (equation 9). 

RMX,, + E N  - C ---+ R E +  NMX,, (9) 

3. Mechanisms involving rearrangement 

If an allylic substrate undergoes clectrophilic substitution, t h c  possibility of rear- 
rangement of the ally1 en t i ty  has t o  be considcred. When an allylic anion is formed, 
the  electron rich centre will not solely be the a-carbon atom, but also the y-carbon 
atom, for example, as in cquation 10.  

CI-13CH=CI-ICI-I,MX8, - CI-13Cl-I=Cl--ICH2 t--3 CH3CHCH=CH2 
(10) 

Attack of the elcctrophile at the  a-carbon atom will lead to nicchanism SEl, or if 
attack takes place o n  thc RMX,, substrate to one of the SE2 variants described 
above. Elcctrophilic attack a t  the y-carbon atom will lead to substitution with 
rearrangement, dcnoted as Sl-.l', &2', etc. There is a fundamcntal diffcrence between 
these substitutions with rearrangement and thosc without, namely that attack at the 
y-carbon atom involves an unsaturated carbon atom, whcreas attack at a-carbon 
remains ;i substitution at saturatcd carbon. Mechanisms SET (open) and S1;2' (cyclic) 
are illustratcd by reactions of a crotyl compound (cquations 11 and 12). 

CH,CH=CH-CH,-MX,, n CH3CH-CHdH2 + N- + 'MX, (1 1) 
I 
E 

J 
E-N 
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4. Mechanisms involving catalysis 

Nucleophiles may intercede in electrophilic substitutions either by coordinating t o  
the substrate or to the electrophile itself. This ‘external’ nucleophilic effect must be 
distinguished from the effect of the nucleophilic part of the electrophilic rcagent in 
mechanisms such as those shown in equations 5 ,  6 ,  and 8. 

The nucleophilc may complex reversibly with the substratc (equation 13) and the 
new complex may then react by an S131 type of mechanism (equation 14), where B 
denotes the nucleophilic catalyst. 

R’+EN 5 R E + N . -  (1 5 )  

In  a sequence such as equations 13-15, the rate of formation of RE will be 
proportional to [RMX,,}[B]. 

If  a reartion taking place by nicchanism S22 (open) is catalysed by a nucleophile, 
and if i t  is concluded that one molecule of the nucleophilc is involved in the 
transition state, then in  principle the nucleophile may bc  carried into the transition 
state either by the substrate, as RMBX,,, o r  by the electrophilic reagent, as EBN. 
Generally, it is expected that the formcr will be the case, 

RMX,,+B RMBX,, (16) 
RMBX,, + E N  - R E  + NMX,, + B (17) 

because RMBX,, will be more reactive than RMX,, towards an clectrophilc, whereas 
EBN will b c  less reactive than E N  towards the substrate. 

E N + B  EBN (1 8)  

(19) 

If the transition state is cyclic, with ‘internal’ nucleophilic assistance, thc above 
argument will be revcrscd because RMBX,, will bc less susceptible than RMX,, to 
internal nucleophilic attack, whilst EBN will be more powerful than E N  in complet- 
ing the cyclic transition state. Thus the expected mode of catalysis will now bc via 
equations I S  and 19. This will also be true for nucleophilic catalysis of a reaction 
proceeding by mcchanism SE2 (coord). 

I t  has been suggested by Gielen et at.” that a solvent molecule may function as a 
nudeophilic catalyst and might formally be incorporated in the transition statc 
(equation 20). 

RMX,, + EBN - R E +  NMX,, i B 

,R5SnR3 +--- OHMe,+ - RRr + BrSnR, + MeOH (20) 
MeOH 

&Sn+Br, - 
Br-r 
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Thcy suggested that the solvent plays a major rolc in influencing the mechanism of 
SE2 rcactions: in polar, nucleophilic, solvents, cxtcrnal nucleophilic catalysis by the 
solvent leads to SE2 (open) mechanisms, but in  solvents with littlc nucleophilic 
power, internal nucleophilic a4s tancc  hy E N  now competes effectively with the 
sslvent and results in the S,2 (cyclic) mechanism. Unfortunately, therc secm to  be 
few direct methods of testing these suggestions; although mcchanism 20 results in 
inversion of configuration at the tin atom, whereas a cyclic mechanism would lead to 
retcntion of configuration at the tin atom, no  experiments o n  these lines have been 
reported. 

5. Electron transfer mechanisms 

In reccnt years, Kochi and co-workers have published numcrous papers concern- 
ing the elcctrophilic clcavayc of metal-carbon bonds via electron transfer mechan- 
isms. They dealt initiallyIx with alkyl transfers from a series of organolead(IV) 
compounds to hexachloroiridatc(lV), a compound known to participate in outer- 
sphere oxidations involving one-electron changes. More recently, Fukuzumi and 
Kochi have described charge-transfer complexes betwen alkylmetal compounds and 
typical electrophilic rcagents such as  halogen^'^ and mercury(J1) halides2".2', and 
have suggested that the cleavage of the organomctallic substrate involves thc 
formation of a charge-transfer complex. Their general nicchanism"' for electrophilic 
cleavage is given in equations 21-23, whcre KD,, is thc formation constant for the 

[RMX,, EN] --% [RMX,, EN J 

charge-transfer complex, and  k E  represcncs the rate constant for conversion of t h e  
charge-transfer species to the ion pair [KMX,,EN] by the elcctron-transfer step 22. 
T h e  final products in equation 23 arise through fragmentation of the cation RMX,, 
and recombination within a solvent cage. 

Fukuzunii and Kochi'".'" correlated thc effects of various alkyl groups, R, thc 
effects of solvent, and the effects of the clectrophile in a series of substitutions of 
tetraalkyltins, R,,Sn, by the  electrophiles bromine, iodine and mercury(I1) chloride, 
through the general equations 24 and 25. 

A G T  = Aliuc7.+AG: 

A G f = A E + I , + A G :  

In equation 24, AG: is obtained through -RTIn(k/k,,),  where k and k,, arc the rate 
constants for substitution of R.,Sn and Me,% by a given elcctrophile in a given 
solvent; AIrv,,. is the relative charge-transfer transition encrgy of R,Sn with the 
electrophilc in the solvcnt concerned; A G ;  in the relative solvation energy of R,Sn 
on oxidation to RSii.',  again with respect to the standard Me,Sn. Fukuzumi and 
Kochi were able to obtain values of A G :  in solvent acctonitrile'2, and then estimated 
those in other solvents through a modified Born equation"'. Equation 25 may then 
be used, since A E  =Ahuc:,.- I,,, in order to express the steric effect of the tetra- 
aIkyltins, AE,  provided that f,,, the corresponding ionization potential, is known. 
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C. Mechanisms of Electrophilic Substitution at Aromatic Carbon 

No examplc of a unimolecular electrophilic substitution of an aryI organomctallic 
compound has yct  been reported, and the elcctrophilic cleavage of metal-aryl bonds 
usually proceeds through mcchanisms analogous to the familiar bimolecular clectro- 
philic aromatic substituted mechanism. Demetallations of metal-aryl compounds 
are thought to involve specks such as [I-E-1-(MX,,)-C,H,]' (l), where E is the 
electrophile, similar to the Wheland intermediates (a-complexcs) postulated in thc 
common aromatic substitutions. 

T h c  rate-detcrmining step can bc either the formation of thc intermediate 1 or the 
subsequent cleavage of the metal-aryl bond. When the elcctrophile is an acid or is a 
halogen, formation of species 1 is often rate determining. For example, the acidolysis 
of various aryl-metal compounds by HCI is slower in D,O/dioxanc than in 
H,O/dioxaneZ3, and other isotope studies also indicate the rate-determining formation 
of 1 2 4 . 3 .  

It is possibk for aromatic elcctrophilic substitutions to procecd via a r-complex 
instead of, or as well as, t he  a-complex. Hasliimoto and Morimoto2" have suggested 
that in the substitution of ArSnEt, compounds by mcrcury(1I) acetatc in tetrahydro- 
furan a .rr-coniplex is involved. I t  is well known that potential electrophiles such as 
Ag' and bromine form r-complcxes with aromatic compounds, and Fukuzumi a i d  
Kochi2' have described charge-transfer complexes between mercury(I1) salts and 
hexamethylbenzenc. If the transition state for electrophilic substitution does resemble 
a r-complex, t h e n  i t  would be expcctcd that substituent effects i n  the aryl systcm 
would be appreciably less marked than in cases where the transition state rcscmbles 
a o-complex. 

II. ELECTROPHILIC CLEAVAGE OF NON-TRANSiTION 
METAL-CARBON BONDS BY METAL COMPOUNDS 

A. General Introduction 

The  electrophilic substitution of an organomctallic substrate by a metal salt o r  
ester, that is the metal-for-metal cxchange reaction, is one of the most common 
general reactions in organometallic chemistry. Many of these reactions are rapid 
under normal laboratory conditions and are of considcrable preparative valuc. Thus 
aryl or alkyl compounds of the more electropositive metals such as lithium or  
magnesium are used extensively to prepare the corresponding aryl or alkyl coni- 
pounds of less electropositive metals such as zinc, cadmium, mercury, boron, silicon, 
germanium, tin, and lead. Detailed procedures for thc prcparation of organomctallic 
compounds by the metal-for-metal exchange reaction are well documented (see, for 
example, refs."-2Y) and so will not  be listed here. 

B. Cleavage of Group IA Metal-Carbon Bonds 

7 .  CIeavage of lithium-carbon bonds by siliconflV) cornpounds 

of configuration at the site of substitution. 
Seyferth and Vaughan'" have reported that reaction 26 takes place with retention 

(26) tram-McCH=CHLi + Me3SiC1 - tmn.s-MeCH=CHSiMc, + LiCl 
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C. Cleavage of Group IIA Metal-Carbon Bonds 

7 .  Cleavage of magnesium-carbon bonds by mercury(l1) compounds 

retention of configuration at the carbon atom undergoing substitution. 

(2-MgBr)bicyclo[2.2. llhcptane + MgBr, 

It was reported by Jensen and Nakamaye,’ that reaction 27 in ether occurs with 

- (2-HgBr)bicyclo[2.2. llheptane + MgBr, (27) 

2. Cleavage of magnesium-carbon bonds by boron(ll1) compounds 

Breuer” has studied the stereochemistry of the reaction of the steroidal Grignard 
reagent 2 with diborane in tetrahydrofuran, to yield the corrcsponding organo- 
borane. The reaction took place with retcntion of configuration at the  carbon atom 
undergoing substitution. 

BrMg 

H H 

(2) 

3. Cleavage of magnesium-carbon bonds by silicon(lV) compounds 

Reaction 28 was found by Reid and Wilkins”” to follow second-order kinetics in 
ether solvent; activation parameters are given in Table 2. A cyclic, four-centred 
transition state was suggested3”. 

MeMgX + R3SnX - MeSiR, + h4gXX‘ (28) 

TABLE 2. Activation p:iramcters”3 at 0 “C for the  reaction 

McMgX + R,SiX’ ---+ MeSiR, -1- MgXX’ 

CI 
CI 
Br 
Br 
Br 
Br 
I 
I 
I 
I 
I 
I 
I 

Me,SiCi 
CICH,SiMe,CI 
Me,SiF 
MezSiCl 
Me,SiBr 
CICH,SiMc,CI 
Me,SiF 
Mc,SiCI 
Me,SiBr 
Me,SiI 
CICH,SiMe,CI 
PhSiMe,CI 
p-tolylSiMe,CI 

21.2 
19.4 
20.86 
21 ’ 17 
20.21 
19.72 
21.04 
20.34 
19.32 
18.46 
20.52 
20.12 
20.19 

5.0 
8.3 
5.5 
8.1 

10.6 
11.5 
13.5 
10.6 
11.3 
9.2 
9.8 

11.2 
10.1 

-45 
-42 
- 44 
- 45 
-35 
-30 
-27 
- 34 
-29 
- 34 
-39 
-33 
- 37 
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D. Cleavage of Group IIB Metal-Carbon Bonds 

7. Cleavage of zinc-carbon bonds by mercury(ll) compounds 

Abraham and R ~ l f e ~ ~  investigated reaction 29 in ether and tetrahydrofuran. They 
showed that the kinetic form was first order in cach reactant, and recorded the 
second-order rate constants for reaction of Et,Zn at 0 "C as 6.0 1 mol-'s-' in ether 
and 0.641 mol-' s-' in tetrahydrofuran. At 35 "C relative rate constants in ether were 
Mc,Zn 100, Et,Zn 450, n-Pr,Zn 1700 and i-PrzZn 2200; it was suggested that 
reaction took place via a cyclic four-centred transition state. In tetrahydrofuran at 
35 "C, all four  dialkylzincs reacted at about the same rate, however. 

RzZn + PIiHgCl --+ RHgPh + RZnCl (29) 

2. Cleavage of mercury-carbon bonds by palladium(l1) and iron(ll1) 
compounds 

The action of [PdCI,(PhCN),] on threo- or eryfhro-MeCH(NMe2)CH(HgC1)Mc in 
tetrahydrofuran was reported by Backvall and Akermark3' to yield the correspond- 
ing threo- or erythro-MeCH(NMe,)CH(PdCI)Me compound, that is with retention of 
configuration at the carbon atom undergoing substitution. 

Wong and Kochi" havc studicd the rcaction of dialkylmercurys with various 
iron(II1) complexes in acetonitrile; howcver, these reactions seem to be outer-sphcre 
electron transfer processes and are not simplc electrophilic substitutions. 

3. Cleavage of mercury-carbon bonds by mercury(l1) compounds 

These rcactions are amongst the bcst known clectrophilic substitutions, and have 
been discussed in detail a number of  time^'.'.^.^." . The earlier work will therefore bc  
dealt with briefly, and attention will b c  focused o n  t h c  more recent investigations and 
reports. 

Thc one-alkyl mercury-for-mercury exchange rcaction has bccn the subjcct of 
extcnsive kinetic and mechanistic studies, in particular by Reutov and coworkers and 
by Hughes and Tngold and coworkcrs. Since the products and reactants are chemi- 
cally identical, thc  cxchange is usually followed b y  the transfer of radioactive 

mercury ('"'Hg, denoted by Erg) from the mercury(I1) salt to the organomercury(I1) 
salt: 

RHgX + HgX2 - KHgX + HgX2 

Following earlier studies by Ncfcdov and Sir~tova"~",  a re-invcstigation by Hughes 
el d4' establishcd that reaction 30 [R = (-)-sec-butyl; X = OAc) took place with 
retention of configuration at the carbon atom undergoing substitution, and that 
reaction 30 (R = Me; X = Br) followed a kinctic form first order in each reactant in 
cthariol at 100 "C. Addcd lithium nitrate and addcd water accelerated the reaction, 
and the rate constants increased along thc scqucnce X = Br < I < OAc<< NO3. It  wiis 
concluded that in ethanol, these one-alkyl exchange reactions took place by a simple 
birnoleciilar S,2 (open) mechanism with retention of configuration. Hughes and  
Volger4' obtaincd rate constants for substitution of a number of alkylmercury(I1) 

Bu' as due to stcric nonbondcd compressions in thc transition state. The various 
recordcd ratc constants and activation parameters arc collectcd in Tablc 3 .  

Abraham et a/." latcr calculated the steric effect of various alkyl groups in RHgBr 

salts by I-IgBr, and explaincd thc ordcr  of decreasing reactivity R = M e >  Et =I'c""' > 
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TABLE 3. Sccond-order rate constants, 10'k, and activation energies in ethanol 
for the reaction 

mgx + H$X~ - R H ~ X  + H ~ X ,  

R X lo5 k, (1 mol-' s-l) AHf (kcal mol- ') Ref. 

Mc Br 35" 17.7 38 
Et Br - 10.9 37 
Pr" Br 9.7" 19.4 40 
Me Br 12.8"; 0.5'; 0.0007d 19.2 41, 42 
Me I l O l b  41, 42 
Me OAc 500' 41, 42 
Me NO, 169d 41, 42 
Et Br 5.4h 41, 42 
peW0 Br 4.2'' 41, 42 
Bus OAc 30.9' 41, 42 

" At 100°C. 
At 100.2"C. 
At 593°C. 
At 0.0"C. 

on the rate constants for substitution by HgBr,, using both an open transition state 
model and a cyclic four-centred model; only in the former case could agreement b e  
obtained between calculated and observed rate constants (Table 4). Interestingly, the 
steric effect of a-methyl groups (as in R = E t ,  Pr', Bu') is much more pronounced 
than the effect of @-methyl groups (as in Pr", Bu', Pe"'") in the open transition state 3 

TABLE 4. Calculated and obscrvcd rclativc ratc constants for 
the  substitution of RHgBr by  HgBr243 

60 "C 100 "C 

R Calc." Obs. Calc." Obs. 

Me 
Et 
Pr" 
Bu' 
pen'." 

Pr' 
Bus 
B u' 

1 1 I 1 
0.5 15 0.502 0.42 
0.461 0.45 1 
0.413 0.405 
0.387 0.377 0.33 
0.068 0.076 
0.049 0.062 0.056 
2 x  10-6 0 x 10-6 

" Based on the tr?nsition state (3) with each C....Hg bond length 2.288 8, 
and with the HgCI-lg angle 84". 
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so that the  alkyl sequence of reactivity in this substitution with retention is different 
to that in typical SN2 (inv) reactions. 

The effect of added bromide ions on reaction 30 (R = Me, X = Br) in ethanol was 
later s t ~ d i e d ’ . ~ ’ , ~ ,  and the pronounced catalytic effect of bromide ion was suggested 
to be due to formation of the species HgBr,- (when added bromide ion was less than 
the concentration of HgBr,) which allows the formation of a cyclic transition state 
with a bridging bromine atom (4). When the concentration of added bromide ion is 

(4) (5) 

greater than that of HgBr,, formation of the species RHgBr,- as well as HgBr,- 
leads to two-anion catalysis via a bridged cyclic transition state such as 5. Ions other 
than Br- also catalyse the one-alkyl exchange, the  catalylic power being in the  order 
of increasing coordinating ability towards HgX, or RHgX, viz. NO3- < OAc- < C1- < 
Br- < I-44. Lucchini and Wells4’ later suggested that in’ the one-anion catalysed 
reaction the bromide ion is brought into the transition state, not as HgBr,-, but as 
the species RHgBrz-, and that in t h e  two-anion catalysed reaction the species 
RHgBr,’- reacts with HgBr,. Abraham er dJ6 then extended their calculations of 
steric effects to thcse anion-catalysed exchanges and showed that a model based on 
transition state 5 for the two-anion catalysis yielded rate factors in good agreement 
with experiment. However, for the one-anion catalvsis, their calculations did not 
support the unsymmetrical transition state 4, but were in accord with the symmetrical 
transition state 6 suggested by Jensen and Rickborn‘. 

# 

It should be noted that whereas there is little controversy over the possibility of 
bridged transition states in the anion-catalysed reactions, the assumption of open 
transition states such as 3 has been criticized’.’ on the grounds of violation of the  
principle of microscopic reversibility. It has been however, that an unsym- 
metrical transition state 3 does not necessarily violate thc principlc, and that reaction 
paths can be constructed that are of overall symmetry with respcct to forward and 
back reactions and ye t  still include transition state 347. 

I’hc one-aryl cxchange reaction 30 (R = 1’11) has been investigated by Reutov and 
coworkers4”. In anhydrous toluene reaction 30 (R = Ph; X = Cl) was found to be 
second order overall4”; the second-order rate constant at 30.1 “C was 
0.071 I mol-’ s-’ and the activation energy reported as 6.09 kcal mol-I. A four- 
centred cyclic transition state was tentatively suggested‘”. Previous workers4’ had 
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found that in benzene saturated with water reaction 30 ( R = P h ;  X=C1) was 
kinetically of first order with respect to HgCI, and of order 1.7 with respect to 
PhHgCl; an activation energy of only 3.5 kcal mol-' was reported4". 

Reutov and coworkers"' showed also that reaction 30 (R = Ph; X = Br) in methanol 
was kinetically of first order with respect to each reactant. At 22 "C the rate constant 
was reported to be 0.117 1 mol-' s-' with E ,  = 12.8+ 1 kcal mol-' and A S #  = 
-22 cal K-' mol-' 'I). From the kinetic results in Table 3 it may be calcuiated that for 
the one-alkyl exchange 30 (R = Me; X = Br) in ethanol at 22 "C t h e  rate constant is 
only 1.1 X lo-' 1 mol- ' 5 -  '. T h e  difference in solvent (methanol/ethanol) cannot lead 
to a rate factor larger than about 5 at the most, and hence it may be deduced that t h e  
rate factor Ph/Me in the exchange reaction 30 (X = Br) in methanol or ethanol is at 
least 2 x  10'. 

T h e  aryl exchange reaction 31 (X=Br ,  CIO,; X = B r ,  OAc, C104) has been 
studied'" using aqueous methanol as solvent; rate constants are given in Table S. 

PhHgX i- HiX; - P h H i X  + HgXX' (31) 

Unlike the above aryl exchange reactions, that between ChF,HgBr and HgBr, in 
dimethyl sulphoxide was reported" to  be first order overall (first order in CaFSHgBr 
and zero order in  HgBr,) with a first-order rate constant of 8.5 x s- '  at 30 "C. It 
was suggesteds1 that coordination of the solvent to the mercury atom in C6F5HgBr 
helps to stabilize the carbanion centre. Thus in benzene, practically n o  exchange 
takes place unless bromide ion (in the form of Bu,NBr) is added, when a rapid 
second-order exchange occurs, possibly via thc intermediate 7". 

In  a novel study, Peringer and Winkler" studied thc cxchange between PhHg' and 
Hg2' and found that the second-ordcr exchange was faster in methanol than in 
dimethyl sulphoxide. The two mcrcury(I1) species were introduced as their trifluoro- 
mcthanesulphonatc salts solvatcd by dimethyl sulphoxide. 

TABLE 5 .  Second-order rate constants"' in methanol + 10% water for 
the reaction 

PhHgX + FGXi P h F i f X  + HgXX' 

X x Temperaturc ("C) k, (1 mol-' s-') 

Br Rr 20 0.157 
Br OAc 4 2.71 
Rr CIO, 4 Very fast 
CIO, Br 4 0.684 
CIO, c10, 4 Very fast 
ClO, c10, -20 Very fast 
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TABLE 6. Second-order rate ~onstants~"'~, 104k2 (1 mol-' s-I), at 70°C 
for t h c  reaction 

p-XC&I,CH,HgBr + H&r, - p-XC,H,CH,H!p + HgBr, *. .-._. 

X 

Solvent F CI I-I Me Pr' 

Quinoline 0.34 0.36 0.411" 0.57 0.66 
dmso 0.83 0.83 1.03 1.22 1.22 

AH* = 18.2*0.9 kcal mol-'. 

Thcrc have been a large number of investigations i n t o  benzyl exchange rcactions. 
Thc exchange 30 (R = benzyl; X = Br) has been studied b y  Reutov et LZ~.'".'~ using 
quinoline as thc solvent; thcy showed that the kinetic form was second order ovcrall 
and first order in each reactant. I n  dimethyl sulphoxide thc same reaction was again 
shown to be kinetically of first order in each reactant". Ratc  constants werc obtaincd 
for rcaction of a number of p-substitutcd benzylmercury(I1) bromides, and arc given 
in Table 653.s5. As with the relatcd one-alkyl cxchangcs above, the bcnzyl exchange 
reaction was also accelerated by added bromide ion in dimethyl sulphoxide. With the 
p-NO:! substituent, the mechanism of the benzyl exchange changcd from S12 to SEl 
in dimethyl sulphoxide'", the reaction now being overall of first order in p-nitro- 
benzylmercury(I1) bromide. The  first-ordcr rate constant at 70 "C was reported as 
3.78X lO-'s-' with an activation cncrgy of lS* 1 kcal mol-'. This SEl  process is also 
accelerated by added bromide ion". 

The exchange between a-tarbethoxybenzylrercury(I1) bromide and mercury(I1) 
bromide (reaction 32) has been studied intcn~ively~"-~". In 70% aqueous dioxane, 

PhCH(C0,Et)HgBr + HgBr, - PhCH(C0,Et)HfiBr i HgBr, (32) 

the exchange takes place with retention of configuration at  the carbon atom 
undcrgoing substitutionh2, and follows sccond-order kinetics", thus indicating an SE2 
mechanism. T h e  same kinetic form was observed""~"'~"'-C" using a number of other 
solvents; the results arc collected in Tablc 7. Howcver, in dimcthyl sulphoxidc, the 
exchangc proceeds with racemization of optically active (- )-PhCH(C02Et)HgBr, the 
rate of racemization being identical with the rate of cxchange"', and both following a 
kinetic form first order only  i n  the organomercury substrate"'."". T h e  effcct of 

* * 

TABLE 7. Seconcl-order rate constants, 10"k,, at 60°C and activation paramctcrs for thc 
reaction 

PhCH(CO,Et)MgBr+ H*gBr, - Ph(C0,Et)H;Br + HgBr, 

Sotvcnl 
IO'k, E:, AH" A S +  
( I  mol-'s-') (kcal mot-') (kcal mol-') (cat K-' mot-') Ref. 

70% ~ 1 .  dioxane 28 62 
Pyridine 660 16.3 15.7 -17 60,63 
dnif 2.35 16.1 1 5.5 -29 64 
80% aq. ethanol 10.3 25.1 24.5 + I  65 
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introducing p-substituents into the  bcnzyl group is to  accelerate the rate through 
electron-withdrawing groups: relativc rate constants in dimethyl sulphoxide a t  30 "C 
are" p-N02 4.04, p-I 1.31, H 1 and pMc 0.71, and rep!acement of bromide by 
chloride in equation 32 reduces the rate at 58.9"C by a factor of 1.Sfi2. All these 
experimental observations are in accord with an S,,1 mechanism for the exchange in 
dimethyl sulphoxide. T h e  SEl exchange is accelerated by the presence of lithium 
nitrate but decelerated by potassium o r  lithium perchlorate. These effects a r e  very 
mild in comparison with the very large accelerating effect of added bromide ion; 
detailed experiments indicate that two bromide ions may be incorporated into the 
transition state", n o  doubt introduced as PhCH(CO,Et)HgBr,-. 

It seems established that in t he  one-alkyl exchange of saturated alkyl groups, 
retention of configuration at t he  carbon atom undergoing substitution is the 

. This seems also to be the case for exchange between cis-(or trans)-P- 
chlorovinylmercury(I1) halides and mcrcury(I1) halides, retention of geometrical 
configuration being 

Kitching et aL7" have uscd n.m.r. spectroscopy t o  study the one-alkyl exchange of 
allyl- and p-methylallyl-mercury(I1) halides; exchange was very rapid, probably via 
an S,<2' mechanism involving allylic rearrangement. 

Thc  two-alkyl mercury-for-mercury exchange rcaction, o r  syn-proportionation, 
may be reprcsentcd by the general equation 33. As for the one-alkyl exchange, the 
stereochemistry 

rulc41 .44.67 

RzHg+ HgXZ 2RHgX (33) 

of reaction 33 indicates retention of configuration at the carbon atom undergoing 
substitution for the cases R = Bu' 10.71, PhCH(C02Me)72.73, 1 ,4-dirnethyl~entyl~~,  and 
cis-2-methoxycyclohexy114~75, so that this may b e  regarded as an SE2 rule for reaction 
33. 

Charman et aL"' showed that reaction 33 (R = Bu'; X = Br) in acetone or ethanol 

TABLE 8. Second-order rate constants and activation parameters for the reaction 

R,Hg+HgX, - 2RHgX 

k ,  Ternpcraturc AH+ A S  
(kcal mol-') (cal K -  ' niol ') Ref. K X Solvent (I mof - ' s - ' )  ("c) 

Bu' 
Bu' 
BUS 
BU' 
Me 
Et 
Pr" 
Pr' 
cyclo-Pr 
Pr" 
Mc 
Me 
Mc 
Mc 
Mc 
Me 

Br 
Br 
OAc 

NO, 
1 
I 
I 
I 
I 
I 
CI 
Br 
I 
CI 
Br 
1 

Acetone 
Ethanol 
Ethanol 
Ethanol 
Dioxane 
Dioxanc 
Dioxane 
Dioxanc 
Dioxanc 
Hcnzcnc 
Dios;inc 
Dinsmc 
Dioxane 
Mcthanol 
Methanol 
Methanol 

2.4 
0.39 
s.3 
7.6 
Very slow 
0.0163 
0.0186 
0.0160 
0.0767 
0.112 
0.00259 
0.003.54 
0.00154 
1.05 
0.30 
0.05 

25 
25 
0 

-46.6 
25 
25 
25 
25 
25 
25 
36 
36 
36 
36 
36 
36 

12.3 -26 
12.0 -28 
12.0 -29 
12.8 -22 
1 1 .o -28 

10 
10 
10 
10 
76 
76 
76 
76 
76 
77 
78 
78 
78 
78 
78 
78 
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TABLE 9. Second-order rate constants7' at 20 and 40 "C and activation parameters in 
methanol for the reaction 
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R,Hg+HgX, - 2KI-IgX 

k, ( I  mol-' s-') 
~~ 

R X 20 "C 40 "C A H #  (kcal mol'-') ASf (cal K-' rno1-I) 

Me CI 0.65 2.7 
Et CI 6.0 19.6 
Pr" CI 4.5 15.6 
Pr' C1 0.6 3.3 

Me Br 0.30 1.1 
Et Br 2.9 9.9 
Pr" Br 2.3 8.5 
Pr' Br 1.5 5.7 

12.01t0.7 
10.1 *0.3 
10.8Lt0.3 
14.4+0.7 

10.5 *0.4 
9.5 Lt0.4 

10.9*0.5 
1 1.2*0.3 

-18*2 
-2oIt 1 
-19* 1 
-!0*2 

-2SItl 
-24* 1 
-20*2 
-19It 1 

was first order in each reactant and that for reaction of BuSzHg with mercury(I1) salts 
the rate constant increased in value along the series HgBr, < Hg(OAc), < Hg(N03),, 
thus suggesting'" an open transition state, mechanism S,2 (open); however, for a 
criticism of this assignmcnt see refs. 2 and 4. 

T h e  two-alkyl exchange has also been studied by Dessy and c o ~ o r k e r s ~ ~ . ~ ~  and by 
Rausch and van W a ~ e r ' ~ ;  their kinetic data are assembled in Table 8. More recently, 
Rcutov and coworkers7' have studied both the effect of the alkyl group, R, and the 
halide, X, o n  the rate  of the two-alkyl exchange in solvents methanol and dimethyl- 
formamide. They observed that the reactivity sequence in R was temperature 
dependent in methanol, as was also the  relative reactivity of mcrcury(I1) chloride and 
bromide. T h e  kinetic results are summarized in Tables 9 and 10. Reutov and 
coworkers7' suggested that these two-alkyl exchange reactions proceed by mechan- 
ism SE2, although the effect of dimethylformamide solvent is complex. 

Diarylmercurys react readily with mercury(I1) halides; this aryl exchange reaction 
has been studied by Dessy and  coworker^^".^^, who investigated both solvent effects 
and substitutent effects; the results are summarized in Table 11. A four-centred 

TABLE 10. Second-order rate constants7" at 20 and 40°C and activation parameters in 
methanol and dimethylformamide for t h e  reaction 

Et,Hg+HgX, - 2EtHgX 

k, (I mol-' s-.') 

X Solvent 20 "C 40 "C AHf (kcal mol-I) AS' (cal K-' mol-') 

CI Me014 6.0 19.6 10.1 It0.3 -20* 1 
Br MeOH 2.9 9.9 9.5 * 0.4 -24It 1 
I Me014 0.3 1.2 12.7 * 0.5 -18Lt2 
MeCO, MeOIi 110 
CI dmf 6.4 14.3 7.2k0.7 -30*3 
Br dmf 6.1 15.8 8.1 *0.4 -27* 1 
I dmf 0.9 2.9 9.9It0.2 -2s * 1 
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TABLE 11. Second-order rate constants at 25 "C and activation parameters for the reaction 

(XC6H4),Hg + HgI, -2XC6H4HgI 

X Solvent 
AS+ 
(cal K-' mol-') Ref. 

4-Me0 
4-Me 
4-PI1 
H 
4-F 
4-CI 
H 
H 
H 
H 
H 

Dioxane 
Dioxane 
D i o x a n e 
Dioxane 
Dioxane 
Dioxane 
Dioxane (5% H,O) 
Dioxane (10% H,O) 
Ethanol 
Benzene 
Cyclohexane 

71.5 
13.1 
2.25 
1.97 
0.42 
0.092 
3.5 
6.8 

62.8 
29.2 
15.9 

10.6 
12.0 
12.8 
12.9 
14.5 

11.7 
7.6 
7.6 

- 20 
-19 
-16 
-19 
-17 

- 13 
-28 
-31 

76 
76 
76 
76 
76 
76 
77 
77 
77 
77 
77 

cyclic transition state was suggested for the two-aryl exchange bctween diphenyl- 
mercury and mercury(I1) iodide7', although i t  was recognized that elcctrophilic 
attack at  carbon must be the dominant feature of the mechanism. In dioxane, di- 
phenylmercury is about 120 times as reactive as diethylmercury towards mcrcury(l1) 
iodide (see Tables 8 and 11). Reutov and coworkersX" have studied the two-alkyl 
exchange between dibenzylmcrcury and mercury(I1) halides using pyridine as solvent 
(Table 12), but it is not possible from their results to assess the cornparativc 
reactivity of thc benzyl group. This can be achicvcd, however, from thc results of a 
general survey of organomercury reactivity carried out by Reutov and coworkers" 
using dimethylforniarnide as solvcnt and using as reactant HgC12 in both the absence 
and prcscnce of added chloride ions. T h e  latter considerably retard thc rate of 
reaction [except with (C,F,),Hg], thc most probable explanation being that the 
reactants are now R,Hg and the ion HgC13-. Rate constants for reaction with HgCI, 
itself are given in 'I'ablc 13, i t  now being clcar that dibenzylmercury is not particu- 
larly reactive. 

The  action of mcrcury(l1) chloride on mixcd alkylarylmercurys has been studicd by 
various groups, who have shown that when alkylphenylmcrcurys arc allowed to rcact 
with labelled mercury(I1) chloride, all the  radioactive label appears in the phenyl- 
mcrcury(l1) chloride (reaction 34, R = Et ,  ~-BU)~,.*~- ' '  . T h e  reaction is thus an 
electrophilic aromatic substitution. 

PhHg,R+H:CI, 
* - PhHgCl + RHgCI (34) 

TABLE 12. Second-order rate constants*", IO'k,, :it 46 "C in pyricline and activation 
parameters for the reaction 

(PhCH2)lHg + HgX, - > 2PhCH2HgX 

CI 4.05 
Ur 3.33 
1 1.19 

11.6 
14.9 
19.5 

-28 
- 24 
-12 
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TABLE 13. Second-order rate constand' in dimethylformamide for 
the reaction 

R,Hg+HgCI, - 2RHgCI 
~~ 

R Temperature ("C) k ,  ( 1  mol -' s - I )  

Ph 20 Fast 
CH2=CH 20 Fast 
Et 25 8.2 
PhCH, 25 0.028 
CJ=S 25 2.5 x lo-" 
CH2C0,CH3 25 1.7 x lo-" 
(CF,),CH 70 Slow 

Reaction 33, the  sytz-proportionation reaction, is in principle reversible, and the 
interaction of two molecules of an organomercury(I1) halide is known as a symmetri- 
zation reaction. Usually agents such as ammonia are used to bring about the 
symmetrization reaction, and there have been several studies on these induced 
symmetrizations. Reutov and showed using diastcreoisomeric (-)- 
menthyl esters of a -carboxybenzylmercury(II) bromide that reaction proceeded with 
retention of configuration at the carbon atom underoing substitution, and also 
showed that the stoichiometry of the  symmetrization was that in equation 35, with 

(35) 2RHgBr + 2NH3 - R2Hg + HgBr2-2NH3 

chloroform as the ~ o l v e n t ~ ~ ~ ~ ~ .  Both Rcutov and coworkers8Cr9' and Jensen and 
~ o w o r k e r s ~ ~ . ~ ~  are agreed that the symmetrization of a -carbalkoxybenzylmercury(II) 
bromides in chloroform is a fourth-order process, second order in RHgBr and second 
order in ammonia. As suggested b e f ~ r e ~ . ' ~ ,  there arc two possible mechanisms in 
accord with the kinetics and stoichiometry, either reactions 36 and 37, or reactions 
38 and 39. 

1il.l 

RHgBr+ NH3 RHgBr.NH, (36)  

40,V 

2RHgBr.NH3 RzHg + HgBr2-2NH3 (37) 

k,>l 

RHgBr + 2NH3 RHgBr.2NH3 (38) 

.IOU 

RHgBr.2NH3 + RHgBr R2Hg + HgBr2-2NH3 (39) 

Reutov and c o w ~ r k e r ~ ~ ~ - ~ ~ '  have studied the effect of variation of X and R in the 
symmetrization of XC6H4CH(C02R)HgBr by ammonia in chloroform. Details are 
given in Table 14, but it should be noted that the observed rate constants given by 
k20h\= k4[NH3I2 when an excess of ammonia is used, contain an equilibrium con- 
stant, either for reaction 36 or  reaction 38 as well as the rate constant for reaction 37 
or reaction 39. T h e  co-symmetrization of two cx -carbcthoxybenzylmercury(II) 
bromides carrying different substituents in the aromatic ring has also been studied by 
Reutov and C O W O ~ ~ ~ ~ S ' ' . ' ~  using ammonia in chloroform. AS for the other synimetri- 
zations of this type, ;L four-centred transition state of thc S1,2 (cyclic) type was 
s ~ g g e s t e d ~ ' . ~ ~ .  
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TABLE 14. Sccond-order rate constantsa in chloroform at 
20°C for the rea~tion”~”‘ 

2XC,H,CH(CO,R’)HgBr + 2NH, - [XC6H,CH(C02R’)],Hg+ HgBr2-2NH, 

H 
H 
H 
H 
H 
H 
P-NO, 
m -Br 
P- I  
p-Br 
p-c1 
o-Br 
P-F 
H 
rn -Mc 
p-Pr‘ 

p-Me 
p-Et 

o -Mc 
~ - B u ‘  

Me 
Et 
Pr‘ 
Bu‘ 
Nonyl 
Menthyl 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
El 
Et 

181 
110 
25.9 

10.2 
6.9 

Slow 

17 730‘ 
1415 

676 
540 
470 
426 
148 
110 
71 
41 
40 
34 
3 2 
28 

“ Reactions were carried out in the presence of a largc cxccss of 
ammonia, and under these condiiions !he fourth-order rate equarion 
(raw = k,[RHgBr]2[NH,]’) J C ~ U C C S  lo a second-order cxprcssion 
(rate = k‘;h’[RHgRr]2). 
’ Approximate value. 

Exchange reactions between two different organomercurys (reaction 40) have been 
studied in a limited number of cases. 

R H ~ X  + R*H*~X - R H ~ X  + R ’ H ~ X  (40) 

Reutov and coworkers’” rcported that reaction 40 [R = Ph(C0,Et)CH; R’ = Ph; 
X = B r )  followed second-order kinetics in pyridinc and was first order in each 
reactant. Reaction 40 (R = p-YC{,H,; R = p-Me,NC,H,; X = CI) also had an overall 
kinetic order of two, but had fractional orders in each reactant, thus suggesting a 
complex reaction’”; the rate constant decreased along the series Y = M e 0  > H  > C1> 
C0,Et but increased when the organomercury chlorides were replaced by o r p n o -  
mercury acetates. Rcplacement of the phenyl group in PhHgX by the  ally1 group 
resulted in thc  isotopic equilibrium being established very quickly’””. 

The threc-alkyl mercury-for-mercury cxchangc reaction 41 has been studied by 
Reutov and  coworker^'(''-"^^ and by Hughes and Ingold and their  coworker^"'^, using 
the techniquc,of double labelling. As before, thc radioactive mercury i,sotope ’(I3Hg is 
denoted as Hg, whilst an optically active alkyl group is denoted as R. Reaction 41 
may be considered a: a 2  electrophilic substitution of thc substrate R2Hg by thc 
electrophilic reagent RHgX. Paulik and D C S S ~ “ ’ ~  madc use of reaction 41 (R = Ph; 
R’ = C0,Me) to prepare unsymmetrical RHgR’ compounds. Reaction 41 
(R  = R = 1,4-diniethylpentyl; X = Br) and reaction 41 (R = R = Bu’; X = Br) were 
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B ~ s , H ~ +  R H ~ X  - B ~ S H E R  + B ~ S H ~ X  

45 

TABLE 15. Second-order rate constants, lO'k,, in ethanol for the reaction 

R X Temperature ("C) 10'k, ( I  mol" s-') Ref. 

Bus Br 35 4.7 105 
Bus OAc 35 27 105 
Bus NO3 0 3400 I05 
Me,CH(CH,),CHMe Br 35 5.0" 104 

a Valuc calculated by extrapolation of values at higher temperatures. AH* = 14.7 kcal mol-'. 

both shown to proceed 

R2Hg + RHLX - RH*gk' + RHgX (41) 

with completc retention of configuration at the  carbon atom undergoing substitution, 
in ethanol as ~olvent'"'-'""."'~ . Rate constants for reaction 41 (R = R =Bus;  X = Br, 
OAc, NO,) are given in Table 15; since the order of increasing reactivity is 
X=Br<OAc<NO, ,  and since addcd lithium salts increased the value of the ratc 
constants when X = Br, NO,, Hughes, Ingold and coworkers'"s suggested mechanism 
S1:2 (open) via the transition state 8. I t  is probable, however, that the mechanism is 

# 

morc complicated than just a single elementary bimolccular reaction. Reutov and 
 coworker^'"^ have studied rcaction 41 (R = PhCH,; R = CF,, CCI,; X = CI, I, 
OCOCF,). They showed that the reaction was first order with respect to each 
reactant and obtained second-order rate constants in a variety of solvents (Table 16). 
For this set of reactions, a cyclic transition state was proposed'"'. 

TABLE 16. Second-order rate constants'"', 103k,, at 31 "C for the reac- 
tion 

(PhCH,),Hg + CF,HgX - PhCH,HgCF, + PhCH,HgX 

Solvent X = OCOCF, x= I X = C I  

Tetrachloroethylene 720 2.10 1.70 
Dichloromethane 53.7 0.062 0.035 
Dms 61.2 0.082 0.032 
Dmf 59.8 0.119 0.023 
Acetone 39.4 0.086 0.0086 
Benzene 11.4 0.042 0.0065 
Pyridine 0.65 0.002 0.0005 
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Jcnscn and Miller"'* reported that the thrcc-alkyl exchange 42 occurred almost 
instantaneously, with precipitation of PhHgBr, but that the subscqucnt three-alkyl 
exchange 43 took place much more slowly. Since all the radioactive mcrcury in 

Ph2Hg + Ph(C0,Et)CHH;Br - Ph(C0,Et)CHHLPh + PhHgBr (42) 

Ph(C0,Et)CHHgPh + Ph(C0,Et)CHHgBr - [Ph(CO,Et)CH],Mg+ PhHgBr (43) 

rcaction 42 remains in solution as Ph(CO,Et)CHFfgBr, presumably transition state 9 
is i n v ~ l v e d ' " ~ .  However, in reaction 43 the radioactive mcrcury is found t o  be 

9+ 

PhCHCO2Et 

distributed evenly over both Transition state 10 would givc rise to such an 
even distribution, but would yield no new products, whereas transition state 11 
would give the correct products but with no radioactivc scrambling. Clearly, neither 
10 nor 11 alonc can account for the experimental observations, and it secms as 
though therc is a rapid equilibrium via 10, followed by a slow reaction through 11. 

* 

L PhCHC0,Et 
(10) (11) 

There has been considerablc speculation over the four-alkyl (or four-aryl) ex- 
change reaction, written as 44 or 45. Charman et al."" ruled out the four-alkyl 

R2Hg + R;HL - RSHg 1- R2Hi 

R , H ~ +  R ; H ~  - R ~ H > R + R ' H ~ R  (45) 

(44) 
A 

exchange altogcther, and suggested that when such a stoichiomctric exchange reaction 
was observed, t h e  reaction sequence actually involved onc  of the other alkyl- 
cxchangc reactions; in their vicw, the four-alkyl cxchange was not an elementary 
reaction at all"". Reutov ef dl", howevcr. have observed a facile exchange bctween 
Hg(CH,CH0)2 and a number of diarylnicrcurys in acetonc under mild conditions, 
and Pollard and Thonipson'12 have reported a similar cxchangc between diphcnyl- 
mercury and di(p-chlorophenyl) mercury in pyridine. Both sets of workers found 
oniy the symmctricaI products (reaction 44) and it was suggested that the four-alkyl 
or  aryl exchange 44 took place via a six-centred transition state 12 in which the two 
mercury atoms wcre equivalent"' ' 1 . 1 1 2 .  
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O n  the other hand, unsymmetrical products have been observed by Rausch and 
van Wazer7* (reaction 45) (R = PhCH,; R = Ph) and by Dessy et a1.'I3 (reaction 45) 
(R = CH,; R' = CD3), in both cases under severe conditions. Thorpe and cowor- 
k e r ~ " ~  followed a number of four-alkyl or aryl exchanges, using p.m.r. in dimethyl 
sulphoxide and pyridine and U.V. spectroscopy in ethanol, under mild conditions 
(dilute solutions at room temperature). For the  cases whcre R =  CH2CH0 and 
R' = CH2CH0,  Ph, p-MeOC6H4, p-Me3NC6H,, p-MeWC6H,, p-BrC,H,, p- 
EtC,H4, and where R = Ph, p-CIC6H4, p-MeC,H, and R' = p-Me,NC,H,, a facile 
exchange was observed, shortly after mixing the reactants, that led to the formation 
of the unsymmetrical products (reaction 45). Thorpe and coworkers'14 suggested that 
reaction 4 4  should more properly be represented as two successive unsymmetrical 

TABLE 17. Second-order ratc constants"", k,,  at 25 "C and activation parameters in di- 
methylfomamide for the reaction 

Ar,Hg+R,Hg ---+ 2ArHgR 

k 2  AH* ASf  
AT I< (I mol- s ') (kcal mol-I) (cal K-' mol- I )  

P-McOC~H, Phc=C 0.55 9.5zt0.5 -28+ 1 

P-PhCbH, P h G C  0.20 10.1 *0.5 -27 f 1 
C6H5 P h S C  0.16 9.35c0.5 -31 * 1 
6 -Naphthyl Ph=C 0.09 8.5 *o.s -33rtl 

P-MCC~H, PhC.=C 0.25 

9-Anthryl P h G C  2.9" 
p-CIC,H, PhC+C 0.024 
P -BrC,H, P h G C  0.016 
p-EtOCOC,H, P h G C  0.002s 
p-MeOC6H4 CN 9.1 
p-MeC6H, CN 2.0 10.9 *0.5 -21 *l  
t?1 -McC,,H~ CN 0.97 
P-PhC,H, CN 1.2 
C6H5 CN 0.s9 9.5*0.5 -28* 1 

p-BrC"I-1, CN 0.012 

P - M c O C ~ H ~  CBr, 10.2h 

p-MeOC,H, C6FS 0.002h.c 
p-McOC,H, (CF,),CH < 0.0004"~' 

p-CIC6H, CN 0.039 11.8zt 0.6 -25* I 

p-EtOCOC,H, CN 0.0046 
C,H, cci, 0.61" 

p-MeOC,H, CF,CHCOOEt 0.76'' 

'' At 67°C 
Ref. 115.  

' At 60°C. 
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exchange reactions: 

(46) 

Thcrc is thus no need to postulatc transition state 10 bccause the four-alkyl 
exchange 45 could take place via a four-centred transition state 13, according to 
Thorpe and coworkers' 14. However, such a transition s a t e  would certainly be 
forbidden o n  grounds of orbital symmetry (see Section 1.A.2.b.) and it is still possible 
that reactions proceeding with the overall stoichiometry 45 are themselves com- 
posed of a series of one-, two-, or three-alkyl (or aryl) exchange reactions. 

The  exchange reaction 47 has been studied by Reutov and  coworker^^'^^^'" using 
dimethylforrnamide solvent. T h e  various exchanges were second order overall, first 

Ar2Hg + R,Hg 2ArHgR (47) 

order in each reactant, and the recorded rate constants are collected in Table 17. The 
reactions were d e ~ c r i b e d " ~  in terms of electrophilic attack of R,Hg on an aromatic 
carbon (of Ar,Hg) and it was conc1uded1l6 that the transtiion state for this aromatic 
electrophilic substitution was intermediate between a cr- and a n-complex. 

4. Cleavage of mercury-carbon bonds by thallium( 1 1 1 )  compounds 

Hart and I n g ~ l d ~ . " ~  reported that the carbanion, s-Bu-, was formed in the 
reaction between di-sec-butylmercury and diethylthalliurn(II1) bromide at 70 "C in 
dimethylformamidc, but Jensen and HeymanIl8 later showed that this was not 
correct. 

5. Cleavage of mercury-carbon bonds by /ead(lV) compounds 

solvent. 
Reaction 48 was reported by Kalman et Q I . ' ' ~ ,  who used trifluoroacetic acid as 

E. Cleavage of Group IllB MetalXarbon Bonds 

7 .  Cleavage of boron-carbon bonds by mercury(l1) compounds 

T h e  preparative scope of this set of reactions has been studied by Larock and 
, who showed that towards mercury(I1) acetate in tetrahydrofuran the 

order of reactivity of R-B bonds was R = n-Butyl>cyclopentyl>cyclohexyl> 
cyclooctyl> sec-butyl > norbornyl. Thc benzyl-boron bond had about the same 
order of reactivity as n-alkyl-boron bonds. Change in the mcrcury(I1) salt gave the 
reactivity sequence nitrate 2 trifluoroacetate> benzoate> n-butyrate 2 fluoride> 
acetate >phthalate. Larock and Brown'21 also showed that reaction of tri-exo- 
norbornylboron with mercury(I1) benzoate proceeds with almost complete retention 
of configuration, apparently in agreement with the earlier report of Matteson and 
Bowie'" that the action of nicrcury(I1) chloride on  ( R ) - (  -)-dibutyl-l-phenylethane- 
boronate yielded the corresponding organomcrcury(I1) chloride with net retention of 
configuration. Gielen and F o s . ~ y ~ ~ ~ ,  however, showed later that (erythro- 
B u ' C H D C H D ) ~ B  with mercury(I1) acetate in tetrahydrofuran gave the threo pro- 
duct, with inversion of configuration, and this has subsequcntly been confirmed by 

Brown12(1.121 
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Bcrgbreiter and R a i n ~ i l l e ' ~ ~ .  There seems, therefore, to be n o  general stereo- 
chemical rule governing these mercury-for-boron cleavages. 

Matteson and Waldbillig'25.126 showed that both the exo isomer 14 and t k s  endo 
isomer 15 react with mercury(I1) chloride to yield nortricyclylmercury(I1) chloride, 
the boron isotope effect, '"B/"B, being 1.033 and 1.027, respectively126, thus 
suggesting that the boron atom in 14 and 15 is involved in the rate-determining step, 
Using as thc reaction medium a 75% aqueous acetone mixture buffered with 
phthalate, Matteson and Talbot"' obtained rate constants for the  substitution of 14 
and 15 by mcrcury(II) chloride: at 25 "C the values are 2.08 x 1 mol-' s-' for 14 
and 4.9x 1 mol-'s-' for 15. A proposed mechanism for reaction of the more 
active exo isomer 14 involves attack of HgC12 at the  double bond together with 
skeletal rearrangement with inversion of configuration at the a-carbon atom128. 

Matteson and  coworker^^^^.'^" also reported relative rate constants for the sub- 
stitution of a number of boronic acids by mercury(I1) chloride in ethanol-water- 
glycerol (88 : 8 : 4) buffered with sodium acetate and acetic acid and using an excess of 
chloride ion (Table 18). A detailed analysis4 suggests that electron-donating sub- 
stituents in the benzylboronic acid accelerate the  actual electrophilic substitution of 
the negatively charged glycerol esters of the boronic acids. In a related study, 
Matteson and Allies'31 obtained rate constants for substitution of another series of 
boronic esters by rnercury(I1) chloride using methanol as the solvent, again buffered 
with sodium acetate and acetic acid; rate constants are given in Table 19. 

An aromatic substitution has been studied by Kuivila and M ~ l l e r ' ~ ~ ,  who showed 
that the substitution of benzeneboronic acid by phenylmercury(I1) perchlorate in 

TABLE 18. Relative rate constants12y.13(1 at 40 "C for 
the reaction 

RB(OH), + HgCI, -RHgCI + CIB(OH), 

in ethanol-water-~lgcerol (88: 8:4) 

R Relative ra te  constant 

PhCH, 1 
PhCHMe 0.5 
p-CIC6H4Ck-IMc 0.04 
p-CF3C6H4CHMc 0.0015 
Bus 0 
p-MeC,H,CH, 0.76 
p-CIC,H4CH, 2.15 
111 -CF,ChH,CHZ 2.43 
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TABLE 19. Second-order rate cons~ants’~’, lo4&’, 
for the reaction between boronic estcrs and mer- 
cury(1l) chloride in mcthanol at 30°C 

lo4&, ( I  nm-’ S - ’ )  

6.7 
7 370 
2700 
1600 

20 
2.4 

TABLE 20. Second-order raw constants‘”’ for the 
reaction of PhHgC10, with PhB(OH), in aqueous 
ethanol at 25°C 

Water in solvent (%) 

70 13.3 
60 8.56 
50 8 5.21 
40 3.00 

k ,  (1 moi-’ s- ’) 

aqueous ethanol (reaction 49) was first ordcr in the boronic acid and first order in thc 

PhB(OH),+ PhHgCI04+ H20-  Ph,Hg+ B(OH),+ HC10, (49) 

mercury(I1) rcactant. The actual substitution was thought to involve thc species 
PhB(OH)3- and PhHg’; rate constants are given in Table 20. 

2. Cleavage of thallium-carbon bonds by lead (IV) compounds 

acetic acid. 
Kalman et d.’“ reportcd that reaction 5 0  (X = I;, C1, Br) took place in trifluoro- 

p-XC6HjTI(OCOCF3)2 + Pb(OCOCF3), 
0 p-XCGHjPb(OCOCF3)” + TI(OCOCF3)3 (50) 

F. Cleavage of Group IVB Metal-Carbon Bonds 

7 .  Cleavage of silicon-carbon bonds by lithium(1) compounds 

Organolithium compounds have bccn found to cleave silicon-carbon bonds, in 
what amounts to alkyl-exchange reactions. In this way, the cxchangc of organic 
groups between silicon and lithium may lead to  the formation of preparatively useful 
reagents. Some typical examples are shown in reactions 51’33, 52 (X=CI, F)13J.‘3s, 
and 53”“, and other similar reactions have bcen 

Ph,Si=CPh + ) I  -BuLi - n-BuSiPh3 + P h B C L i  

Ph3SiGCSiPh3 + Ph,SiLi - Ph3SiSiPh3 + P h 3 S i e C L i  

(51) 

(52) 

(53) 
PhzHSiC6Xs i- PhLi A Ph3SiH + C6XsLi 
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Although n-BuLi will not easily cleavc tetraorganosilicons, McLi will cleavc the 
Si-Ph bonds in Ph,Si, Ph3SiMe, and Ph2SiMc2''". O n e  of the few cases in which a 
s i l i c o n 4 a r b o n  bond is broken b y  a non-organometallic lithium compound is the 
cleavage of the S i G C C H = C H 2  bond in Me3SiC%CCH=CH2 by lithium 
piperidide in ether14'. 

2. Cleavage of silicon-carbon bonds by beryllium(ll ) and magnesiurn(l1) 
compounds 

Beryllium chloridc in benzenc clcaves a silicon-carbon bond according to equa- 
tion ~ 4 ' ~ ~ .  

2Me3SiCH(COMe)CO2Et + BeCI, - Bc r : i > C I i l  + 2Mc3SiC1 (54) 

Cleavagc of silicon-benzyl bonds takes placc when either (PhCH,),SiH or 
(PhCH2)2SiH2 is treated with allylniagnesiuni chloride in tetrahydrofuran (sce rcac- 
tion 55);  tctrabenzylsilicon does not rcact in this way'43. 

(PhCH,)3SiH + CH2=CHCH2MgCI 

OEt 2 

- (PhCH7),Si(I-I)CH2CH=CH2 + PhCH2MgC1 (55) 

3. Cleavage of silicon-carbon bonds by iron(ll) and iron(ll1) compounds 

Eaborn and coworkcrs144 havc reported that the clcctrophilic rcagent 
[(C6H7)Fe(CO),]' readily removes an aryl group from silicon or  tin compounds 
(reaction 56) (M = Si, Sn; Ar  = Ph, p-MeOChH4, p-Me2NC6H,, 2-fury1, 2-thienyl) in 
acetone or acctonitrile. 

ArMMc, + [(C6H,)Fe(CO),JBF4 - [tri~arbonyl(~~-5-arylcyclohexa- 1,3-dicnc)iron] + Me3MBF4 (56) 

Rate constants for reaction 56 (M=Si) in acetonitrile at  45" werc reported as 
A r =  Ph p-McOC,H4 (1.1 x lo-'), p-Me2NChH, (5.8~ lo-')), 2-fury1 (1.4x 

and 2-thienyl (1.9 X 10 -' 1 mol-.' S-I). T h e  corresponding tin compounds wcrc 
appreciably morc reactive than thc  silicon compounds. 

T h e  reaction of tetraethylsilicon with various iron(IT1) compounds has been 
reported by Wong and Koch?, but thcsc are  outcr-sphere electron transfer proces- 
ses and are not simple electrophilic substitutions. 

4. Cleavage of silicon-carbon bonds by rnercury(l1) compounds 

T h c  aromatic substitution 57 was reported by Combes'ns as long ago as 1896. 
Sincc then. Manulkin''" has shown that rncrcury(II1 chloridc will clcavc a n  ethyl group 

(p-Mc2NC6H&SiCl + HgCI, - p-Mc2NC,H,HgCI + ( ~ - M C ~ N C ~ H ~ ) ~ S ~ C ~ ,  
(57)  

from Et4Si to yield EtHgCI, and will preferentially cleavc a n  aryl group from mixed 
arylalkylsilicon compounds. T h e  silicon-alkynyl bond in the compounds 
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Me3SiC=CPh, Et,Si-CPh, and Mc,Si-CSiMe3 is broken preferentially by 
mercury(I1) sulphate and a little sulphuric acid in methanol'". 

D ~ S i m o n e ' ~ '  has reported that trimethylsilyl salts commonly used as n.m.r. 
reference compounds are demethylated very readily by mercury(I1) salts in aqueous 
solution (e.g. see reaction 58). Thc order of reactivity of mercury(I1) salts in aqueous 
solution was HgCI,<< Hg(OAc),< Hg(N03),; in methanol solution only the nitrate 
reacted. 

Me3Si(CH2)3S03Na + H ~ ( O A C ) ~  
---+ MeHgOAc+ Mc2Si(OAc)(CH2),S03Na (58) 

Mechanistic studies have been carried out o n  the aromatic substitution reaction 59 
using acetic and 20% aqueous acetic acid's1-1s3 as solvents; kinetic results 
are given in Table 21. Reaction 59 (X = p-Me) was later re-investigated by Webster 

XC6H4SiMe3 + Hg(OAc), - XC6HaHgOAc + Me3SiOAc (59) 

and c o ~ o r k e r s ' ~ '  in an attempt to uncover the reasons for inconsistences in the 
kinetic resuits previously reported. In this carcful study, Webster and coworkers 
showed that both the species &OAc and H ~ ( O A C ) ~  arc active in the mercuridesily- 
lation, thc former being about 15 times more reactive, and suggested a cyclic 
transition state for reaction through Hg(OAc),. Rate constants for a number of 
XC6H4SiMe3 compounds were reported, the order of reactivity being"' X = H < 2- 
Me, 4-Me (see Table 22). 

TABLE 21. Pseudo first-order rate constants", lO'k,, in acctic acid at 25°C for 
the  reaction 

ArSiMe,+ Hg(OAc), - ArHgOAc f Me,SiOAc 

Ar lo%, (s- I)" 105k' ( s - ' ) C  

2-MeC6HJ 19.8 11.6 

4-MeC6H4 21.2 11.0 
2,3-Me2C& 42.5 
3,4-Me,C,FI 3 28.0 
2,4-Me,c,H 3 165.0 
2,6-Me,C,H3 v.  fast 
3 ,s-Me,C6li 3 3.6.5 

Cd-1, 1.83 1.03 

3-MeCbHA 3.75 2.67 

2,5-MczC,kf3 25 .0 
3-Pr'CJI 
~ -BLI 'C ,HJ  
4-EtC,H 4 

~ - B U ' C ~ H J  
4-Pr'C,H J 

2.5 1 
10.6 

3.96 
5.50 

11.5 
12.0 
14.0 

" Raws were mcasurcd undcr pseudo first-order conditions, wiih each reagent in turn  in  
cxccss. Sincc the second-order rate con~ t i in t~  calculated from Imth sets of conditions do not 
agree, t h e  results should not bc considered :iccur:ite. 

' Ref. 150: [silanc] = 0.400 XI, [I I ~ ( O A C ) ~ ] =  0.04 h i .  

Ref. 150; [ssil:lne]= MI17 hl. rl-Ig(OAc)Z]= 0. ITS8 M. 

Ref. 152: the elcctraphilc was not identified and it  is not clear which reagent is in excess. 
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TABLE 22. Second-order rate 
acid for the  reaction 

at 25 "C in glacial acctic 

XC,N,SiMe, + Hg(OAc), - XC,H,HgOAc-!- Me,SiOAc 

X [Sil" [ H d '  IO'/C;~" (1 rnol-' s-') 

I3 0.4 0.04 
H 0.8 0.04 
H 9.2 x 10-3 0.18 
2-Me 0.4 0.04 
2-MC 0.55 0.057 
2-Me 9.2 X lo.-' 0.18 
4-MC 0.2 0.02 
4-Me 0.4 0.02 
4-MC 0.8 0.02 
4-MC 9.2 X 1 OF' 0.18 

*' Concentrntion (niol I - ' )  of XC,I-I.,SiMc,. 
" Conccntration (niol 1.')  of Hg(OAc)?. 

- _ _ _  

I .77 
1.20 
6.17 

16.1 
13.1 
48.3 
21.8 
14.2 
10.4 
46.2 

Roberts's5 has studied the substitution of trimcthylallylsilicon by mercury(I1) salts 
i n  acetonitrile, the reaction being thought to proceed by t h e  slow step 60. With 

Me3SiCH2CH=CH2 + HgX, - CH,=CH-CH,HgX + Me3SiX (60) 

HgCI,, the observed second-order rate constant at 25 "C was 0.042 1 mol-l s-l with 
E;, = 12.0 kcal mol-I. Relative rate constants for reaction of a number of mercury(I1) 
salts increased along the  series X = I  (O.lS)<Br (O.B)<CI (l.O)<OAc (29), and 

suggested an  open transition state for thesc reactions. 

5. Cleavage of silicon-carbon bonds by galliurn(lll) and tha//ium(lll) 
compounds 

Alkyl groups are cleaved from tetraalkylsilicons and polydimcthylsiloxanes by 
galliuni(II1) c h I ~ r i d e ' ~ " ~ ' ~ ' .  A method of preparing a wide rangc of arylthallium bis- 
trifluoroacctates in good yield has been reported by Bell et al.lsa, who studied 
reaction 61 using trifluoroacetic acid as solvent, with a wide range of substituents, X. 

XC6H4SiMe3 +TI(OCOCF,), - XC6H4TI(OCOCF& + Mc,SiOCOCF, 
(6 1) 

6. Cleavage of si/icon--carbon bonds by si/icon(lV) and /ead(lV) compounds 

Redistribution reactions of organosilicon compounds have been extensively 
investigated' s"-'6h . For exarnplc, when tetraethylsilicon and tetra-n -propylsilicon are 
heated together in t h e  presence of a little alurninium(II1) chloride, an equilibrium 
mixture of n-Pr,Et,-,Si compounds is obrained"".'"" Usually t h e  smaller alkyl 
groups exchange more easily, but exchange is inhibited by the prcsencc of chlorine 
atoms o n  silicon. 

A study of the exchange 62 showed the order of increasing reactivity X = p-Cl< 
H < p-Me, as expected for an electrophilic aromatic substitution'"". 

(62) XC6H4SiMC3 + CIMe,SiSiMe, - XC6H,SiMe,SiMe, + Me,SiCl 
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Kalman and coworkers"' have reported the cleavage of a number of aryltri- 
methylsilicons by lead(1V) trifluoroacetate in solvent trifluoroacetic acid (compare 
reaction 50). 

7. Cleavage of silicon-carbon bonds by antimony(ll1) and antimony(V1 
compounds 

The formation of tetrafluorosilicon from the cleavage of compounds containing 
silicon-arbon by antiniony(II1) fluoride in solvents xylene or ether has been 
reported by Muller and Miillcr'67. Antimony(V) chloride will remove one  aryl group 
from Ph2SiC12 and (p-CICC,H,),SiCl2 to yield compounds of type ArSbCI,; these then 
decompose to Arc1 and SbC13'"'. 

8. Cleavage of germanium-carbon bonds by iron(ll1) compounds 

Kochi and coworked6 have reported rate constants for the reaction of tctraethyl- 
germanium with various iron(TI1) compounds in acetonitrile; these reactions, how- 
ever, are outer sphere electron transfer processes rather than Sl+ reactions. 

9. Cleavage of germanium-carbon bonds by mercury(l1) compounds 

Roberts"' has studied t h e  action of mcrcury(I1) salts o n  allylgermanium com- 
pounds in soIvents acetonitrile and ethanol (reaction 63) ( R = H ,  Me; X=CI ,  Br); 
rate constants are given in Table 23. 

RCH=CHCHZGeEt3 + HgX, ---& RCH=CI-TCH2HgX + Et3GeX (63) 

When the central metal atom in RCH=CHCH2MEt, was varied, the order of 
increasing reactivity towards HgX, was M = Si < Ge<< Sn'"". 

10. Cleavage of germanium-carbon bonds by germaniurn(lV) and tin(lV) 
compounds 

Tetraalkylgermaniuins and hexaalkyldigermaniums are dealkylated by ger- 
manium(1V) chloride (reaction 64) ( n  = 0, 1) ;  thc process is accclerated by polar 
soIvents' 7".'7'. 

R,Gc(GcR2),,R + GcCI, - RGeCI, + R,Ge(GeR,),,CI (64) 

Similar dcalkylations take place with tin(1V) chloride (reaction 65) ( n  = 0, l),  the 

TAR1.E 23. Second-ordcr rate constants'"" a t  25 "C for  thc rcac- 
tion 

E~,G~Ct12CI-I=CHR -1- HgX, - Et-,GeX 1- XHgCH2CH=CHR 

I< X Solvcnt k, ( I  moi-' s - ' )  

H R r  Acctonitrilc 39 
H CI Ace t on i t rilc 45 
M c  U r  Acetonitrile 110  
1-1 Rr  Ethanol 0.035 
Me R r  Ethanol 0.140 
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ease of dealkylation increasing with increase in polarity of the solvent and generally 
decreasing with incrcasc in the size of t h c  alkyl g r ~ u p ' ~ ' - ' ~ '  . Reaction 65 (R = Et, 

R3Gc(GeR2),, R +  SnCI, - RSnCI, + R3Gc(GeR2),,C1 

t i  = I )  in acetyl chloride was found to be kinetically first order in each reactant, with 
a second-order rate constant of ca. 2 x lo-" 1 rnol-' s-' ' 7 3 .  

7 7. Cleavage of t in-carbon bonds by lithiurn(1) compounds 

There have been a largc number of prcparative invcstigations of transmetallations 
between tetraorganotins and organolithiums. Vinyl-tin and allyl-tin bonds are 
readily broken in this way, and preparative details have been published for reactions 
66 (R = Ph)'74.'7' and 67 (R = Ph)'7".177. 

(CH2=CH),Sn + 4RLi - 4CH2=CHLi + &Sn (66) 

CH2=CHCH2SnPh3 + RLi - CH2=CHCH2Li + Ph,SnR (67) 

With mixed tetraorganotins, the vinyl and ally1 groups are transferred to lithium 
preferentially over phcnyl or alkyl  group^'^'. Perfluorovinyllithium has been pre- 
pared by the cleavagc of phenyl tripcrfluorovinyltin by phenyl lithium'79, and 
bcnzyllithium may similarly be prcpared via a transmetallation reaction'"". 

A stereochcmical investigation showed that both cis- and traiis-propcnyltintri- 
mcthyl were cleaved by n-butyllithium to yield the cis- and trans-propcnyllithium 
with retention of configuration3", and traits-P-styryllithium ha5 been obtaincd from 
the corresponding tin compound'"'. 

Scyferth and Cohen'"' have used the transmctallation between tetracyclopropyltin 
and n -butyllithium to prepare cyclopropyllithiuni, and have described a number of 
othcr relatcd reactions. 

The mechanism of the transmetallation reaction is not yet fully understood; 
various equilibria are involvcd, and t h c  controlling force in these rcactions sccms to 
be the  relativc electroncgativity of thc organic groups3". 

12. Cfeavage of rin-carbon bonds by copper(II), si/ver(l), potassium(l), 
titanium(lV), vanadium(V), and palladium(l1) compounds 

A n d c r ~ o n " ~  has investigatcd the cleavage of tctraethyltin brought about by 
rcfluxing the liquid with various metallic halides for various lengths of time. In all 
cases but one, tricthyltin halidc was formcd; the exccption was in the reaction with 
silver(1) chloridc, when dicthyltin dichloride was formed. 

73. Cleavage of t in-carbon bonds by iron(ll), plarinurn(ll), iron(lll), and 
iridium( I I I ) compounds 

The aryl group is clcaved from various aryltrimethyltins by [C6H7Fe(CO),]BF4 (see 
reaction 56)"" and by chloroplatinum(I1) complexes"' to yield [ArPt(cod)Cl] or 
[Ar,Pt(cod)] compounds. Analogous reactions werc carried out with aryl compounds 
of the othcr Group IV metals, the reactivity increasing along the series Si<Ge<< 
Sn < Pb'"'. Chloroplatinum(11) complexes have also bccn used to cleave Ph-C, 
CF2=CF, and CH2=CH groups from organotintriinethyl compounds with formation 
of the  corresponding organo-I't bonds'"'.'"" . King and Stonclx7 havc reported that 
when ironpentacarbonyl is allowed to react with ti -BuzSn(vinyl),, n-Bu2SnPhZ, or 
ti-Ru,SnPh, thc compound [n-Ru2SnFe(CO)J]2 is formed. 
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Kochi and coworkers36.188 have reported that iron(II1) complexes, [FeL,],', where 
L = 2,2'-bipyridine or  various substituted 1 ,lo-phenanthrolines, cIeave a variety of 
organometallic compounds including tetraalkyltins. The rate-determining step is the 
electron transfer process 68, and the overall stoichiometry of the reaction sequence is 
given by equation 70. 

R4Sn + 2[FeL3](C10,)3 - RCIO, + R3SnCI0, + 2[FeL3](C10,), (70) 

For a particular alkylrnetal, log kFe varied linearly with the standard reduction 
potential, Eo, of a series of iron(II1) complcxcs as expected for an outer-sphere 
mechanism, and for a particular iron(II1) complcx thc  log k,  values were linearly 
correlated with the ionization potentials, I,,, of a scrics of alkylrnetal compounds. 
Rate constants are given in Table 24. With unsyrnmctrical tetraalkyltins, t h e  selcctiv- 
ity of the group cleaved takes place in step 69, and with methylethyltin compounds 
the ethyl group is prefcrcntially clcavcd. 

In the analogous reaction of R4Sn compounds with hexachloroiridate(IV), the 
stoichiomctry of the overall process was found to bc as in equation 71. Thc proposed 

mechanism is similar to that suggested for the iron(I1I) cleavages reaction 72 now 
being the ratc-determining stcp, followed by rcaction 69. Rate constants for step 72, 

TABLE 24. Second-order rate constants36.1HR ( I  mol-I S-' )  for electron transfer from tetralkyl- 
tins to iron(lI1) complexes [FeL,]" in acetonitrile at 25 "C 

L 

R,Sn 4.7-Di-Ph-phen Bipy Phcn 5-CI-phcn 5-NO2-phen 

Mc,Sn 0.000166 0.0005 15 0.00154 C.0172 0.256 
Et,Sn 3.45 5.17 13.2 99.5 774 
Pr",Sn 10.7 19.3 46.1 290 3 200 
Pr',Sn 6 900 
Bu",Sn 360 
Bu',Sn 867 1150 4 500 35 200 162 000 

Pe""',Sn 57.4 111 353 2 660 17 800 
EtSnMe, 1.6" 

Bu" SnMe, 0.85 

Ru',Sn 43 79.3 257 1580 9 220 

Pr"SnMc, 0.79 

Bu' SnMc, 760 
Et,SnMe, 1.23 2.24 5.68^ 48.3 449 

Pr',SnMc, 2 300 

Bu',SnMe, 78 000 

Pr",SnMe, 170 

Bu",SnMe, 190 

Selectivity. k , , , l k , , ,  = 27&2. 
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TABLE 25. Second-order rate  constant^^".'^^, 104k,, for electron transfer from 
tetraalkyltins to hexachloroiridata(1V) in acetonitrilc at 25 "C 

R,Sn 

;\ile,Sn 
Et,Sn 
Pr",Sn 
Pr',Sn 
Bu",Sn 
Bu",Sn 
Bu',Sn 
Pc""",Sn 
EtSnMe, 

m 4 k 2  (I rno1-I s-') 

0.52 
6.3 
4.6 
9.9 

5.9 
1.4 

-10-2 
1.4" 

32  

R,Sn 

Pr" SnMc, 
Pr' SnMe, 
B u" SnMe, 
Rut  SnMc, 
Et,SnMe, 
Pr",SnMc, 
Pr',SnMe, 
Bu",SnMe, 
Bu',SnMe, 

0.53 

0.3 

6.9" 

65 

7R0 

13 
64 

3.6 
9.4 

" Selcclivity, k, , /k , ,  = 11 *Z, 

given in Table 25, 

R.&n + [IrCIJZ 'Ir z R,Sn"+ [IrC1J3- 

are no longer correlated with E,, and I,, but a r e  related to the steric properties of the 
alkyl group R, a n d  it was concluded that a n  inner sphere contribution to electron 
transfer was taking place. 

14. Cleavage of tin-carbon bonds by mercury(i1) compounds 

Extensive studies have been carried out by Abraham and coworkers o n  the  
elcctrophilic substitution of tctraalkyltins by mercury(I1) salts (reaction 73)1s9-210 and 

EtSn + HgX, - RHgX + R,SnX (73) 

second-order ra te  constants have been  obtained for the  cleavage of a series of 
tetraalkyltins by mercury(l1) salts in several solvents. Reported r a t e  constants at  
25 "C are given in Table  26 for a numbcr  of solvent systems. In addition, Abraham 
and J o h n s t ~ n ' " ~ . ' " ~  have determined rate constants using a number  of water- 
methanol mixtures as solvent, and Abraham a n d  B e h b a h a n ~ ' ~ '  havc similarly used a 
range of methanol-tert-butanol solvents. Activation parametcrs fo r  many of these 
systems havc been obtained and havc been detailed b ~ f o r e ~ . ~ " ;  in general, rcaction 
73 in t h e  various solvents studied is characterized by negative entropies of activation, 
ranging from about -20 to -40cal K - '  mol-I, depending on  the  alkyl group and  
solvent . 

T h e  substitution by mercury(I1) iodide is interesting, in that t h c  rate-determining 
step 73 is followed b y  a rapid reversible ionization s tep  74, involving a reactant a n d  a 

R3SnI + Hg12 R,Sn ' + Hg13 (74) 

product I". This leads to a kinetic situation that had not previously been reported,  
but a method of solution of t h e  kinetic equations was dcvised in o rde r  t o  obtain thc  
required rate constant for rcaction 73 (X= I)"". 

For substitution by t h e  thrcc mcrcury(l1) salts with X = I ,  CI, and  OAc, there is a 
very pronounced effect of t h e  alkyl group in t h e  tetraalkyltin on  the ra te  constant 
(see Table 26). Studies with unsynimetrical tetraalkyltins of type Pr iSnR in which 
only the  group R is cleavcd (?'able 27) show conclusively that t he  ma jo r  steric effect 
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T A B L E  26. Sccond-order ratc constants, 103k2, at 25 "C in various solvents for the reaction 

R,Sn + HgX, _i, RHgXi- R,SnX 

R,Sn X MeOH 96% MeOH Ru'OH MeCN 

Mc,Sn 
Et,Sn 
Pr",Sn 
Pr',Sn 
Bu",Sn 
Bui4Sn 
Pe"e"jSn 
Me,Sn 
Et,Sn 
Pr",Sn 
PriSn 
Bu",Sn 
Bu',Sn 
Bu',SnMc 
Me,Sn 
Et,Sn 
Pr",Sn 
Pr',Sn 
Bu",Sn 
Bui4Sn 
Pe"e04Sn 

CI 
CI 
CI 
C1 
CI 
CI 
CI 
I 
I 
I 
1 
1 
I 
I 
O A c  
OAc 
O A c  
O A c  
O A c  
O A c  
O A c  

1550" 2590" 
3.33b 6.3' 
0.62s" 1.13" 

< 1 0--s <I 

0.615" 1.04" 
0.08'' 0.1 38" 

<10-s (1 

<0.0025'.d 
71OV 

2.53' 4.75" 
0.72' 

<2x10.J '  
0.75SY 
5.03x lor2 ' 

7-13" 
2.33 X 10' 

1023d.k 1180' 
208d.k 

0.0013".k 
173d.k 

43.7d.k 
0.183".k 

0.032l.1 

2821)' 
18.7' 

<1.6x 10-sc 
4.25' 

4.57' 
1.17' 

34.3' 

83.7f 

" Ref. 193. 
I' Ref. 292. 

At 40 "C. 
'' Rcf. 202. 

Ref. 200. 
' Ref. 198. 

Ref. 190. 
'' Ref. 1S9. 
' Ref. 197. 
' Estimated from value iit higher temperiiturc. 

At 30°C. 

o n  thc  r a t e  constant is d u e  to the  g roup  being transferrcd from tin to mcrcury and  
that t hc  alkyl groups in t h e  SnR, entity have  little effect2'". It was suggestedzn2 that 
t he  'steric' effect of alkyl groups leading to the  reactivity scquence R = M e > E t >  
Pr" > Bu' > Pe"'" > Pr' is d u e  to interactions between (a) thc moving g roup  and the  
incoming HgX, group a n d  (b) the  moving group a n d  t h e  leaving SnC" group. 

T A B L E  27. Second-order rate constants'"', 10"k,, at 30 "C i n  mcthanol 
for thc  reaction 

Pr',SnR -t Hg(OAc), - RHgOAc + Pr',SnOAc 

R 1O3k, ( I  niol-' s-I) R 103k2 ( I  moi.-'s-I) 

MC 36 so0 U U '  8.57 
Et 8 280 Pe""" O.OS78 
Pr" 15.9 Pr' 0.00034 
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TABLE 28. Second-order rate constants, 103k2 (1 niol-.' s-I), at 30°C for the reaction 

Et,Sn 4- Hg(OCOR'), - EtHgOCOR'+ E1,SnOCOR' 

R 

Solvent R U '  EL Me CICH,CH, McOCH, CICH, 

MeOH" 44s 870 1150 1490 3880 5480 
Bu'OH" 3.0 11.2 19 21.2 66.0 347 
MCCN" 175 155 17s 550 833 Fast 
MeCOMe" 193 20.3 24.0 128 176 Fast 
MeCO,Et".' 3.17 4.17 5.0 37.3 - - 

(' Ref. 204. 
" Ref. 207. 

At 3 ° C .  

The effect of thc mercury(I1) salt is pronounced; from the results in  Table 26 i t  can 
be seen that the order of reactivity is Hg12<HgCI,< Hg(OAc),, and further studies 

that for a serics of mercury(I1) carboxylatcs the effect of clectron- 
attracting substituents is to incrcase t h e  rate constant (Table 28), as expected for an 
electrophilic substitution. Earlier work had shown t h a t  in  metlimo1 or aqueous 
methanol solvents t h e  species Hg1,- W R S  unrcactive'*', and i t  was shown also that in 
methanol there is no catalysis by C T  (i.e. that HgCI,- is unreactive)'"'. The latter 
studies sliowcd also that thc spccics HgCl' was not an actrvc reagent, and  t h a t  the 
attacking ent i ty  was the simple I-lgCI, molecule. 

Salt effect studies revealed that in solvents such as methanol, aqueous methanol, 
tert-butanol, and acetonitrile, tltcrc werc pronounced accelcrating effects of added 
inert salts o n  reaction 7 3  ( R  = Et; X = C1 or I ) .  In  some c i ~ s c s ' ~ ~ ~  t h c  results werc 
analyscd through equation 75, in which k and ko are the rate constants in  the 

S110wed2(1~.207 

presence and in the absence of added salt, respectively, I is thc ionic strength, and .I is 
a constant for a particular solvent at a given temperature. It is therefore possible to 
calculate the term Z'd that refers to a transition state dipole in  which charges +Z 
and -Z  are located a distance d apart. Values of Z'd thus ylculated for reaction 7 3  
( R =  Eir X =Cl) were vcry large and if d W;IS taken ;IS 3.1 A led to values of Z from 
0.75 to 0.91 in hydroxylic solvents and 0.47 i n  acetonitrile, thus leading to the 
sugFestion o f  mechanism Sli2 (open) for thesc s~hsti t i i t ioris"~~. 

Another method of examining transition states in reaction 73 (R = alkyl) has been 
to disscct solvcnt effects o n  rate constants into initial-state and transition-state 
contributions2". For transfers from methanol to aqueous methanol therc are vcry 
large transition-state effects, and an electrostatic analysis by Abraham and John- 
ston"' suggcsts that the transition state for reaction 73 (R = Et; X = C1) behaves 
towards change of solvent as though i t  contained ii charge separation of about k0.72 
unit  in the mcthanol-water solvent system. Abraham and DorrellZ0' later carried out  
a similar analysis for reaction 73 (R = Et; X = Cl) in the solvent sysrcm mcthanol- 
tert-butanol, and from the Kirkwood equation dcduced for t h e  transition state a 
dipole moment of n o  less than about 14 D. If a correction for thc contribution of the 
IHgCl, group is applied, then  this lcads to charge separation of 0.86-0.91 unit, with 
the ciipolar distance again taken as 3.1 A. 
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Thus for reaction 73 (R = Et; X = Cl), in hydroxylic solvents, estimates of the 
charge separation in the transition state are 0.75-0.91 unit from kinetic salt effects, 
0.72 unit from an electrostatic analysis of solvent effccts, and 0.86-0.91 unit from the 
Kirkwood equation applied to solvent effects2", so there secms no doubt that the 
transition state is highly polar in nature, and that reaction proceeds by mechanism 
S,2 (open). Abraham and Grellier2"2 have discussed the stereochemistry of these 
reactions, and havc pointed out that the steric cffccts of alkyl groups are  more 
compatible with retention of configuration than with inversion of configuration. 
Unfortunately, no experimental stereochemical studies havc been reported, and since 
there is no  gencral stereochemical rulc for Se2 substitutions it is not possible t o  
assign a stcrcochcmical course unambiguously. 

Rate constants for reaction 73 (R = Me, Et; X = CI, I, OAc) were latcr reported 
using a series of alcohols as solvents (Table 29)206. T h e  ordcr of reactivity is always 
HgI,< HgC12< Hg(OAc),, and towards a given electrophilc in a given alcohol, the 
Mc,Sn compound is always more rcactivc than thc Et,Sn compound. 

R o b e r t ~ ~ ' ~ . ~ ' ~  has also studied thc clcavage of Me,SnR compounds by mercury(I1) 
iodide in mcthanol, acctonitrile and dimethyl sulphoxide. Except for 6-(trimethyl- 
stannyl)-2-norbornene, the methyl group was cleaved in all cases to yield mcthyl- 
mercury(I1) iodide. Activation parameters and rate constants for the Me,Sn reactions 
are given in Table 30. T h e  effect of the above three solvents on rate constants and 
activation parameters was later dissected into initial-state and transition-statc con- 
t r ibu t ion~~ '~ .  

An interesting general survey of the cleavage of another series of Me3SnR 
compounds by mercury(I1) chloride in methanol and dimethyl sulphoxidc has been 
r e p ~ r t e d ; ~ ' ~ . ~ ' '  ratc constants for cleavagc of the R or of thc mcthyl group are given 
in Table 31. As usual, the groups Ph, CH,=CH, and CH2=CHCH2 are removed 
fastcr than are simple alkyl groups. Activation parameters for a number of the 
substitutions in mcthanol wcrc also given (SCC Table 31). In a later paper2", it was 
shown that in presence of an cxccss of chloride ion in dimethyl sulphoxide or di- 
mcthylformamidc, thc ncutral species HgCI, does not take part in thc actual cleavage 
reaction, thc transition statc bcing formed with participation of two chloride ions. I t  

TABLE 29. Second-order ratc constants"'", 103k2, at 25 "C in alcohol solvents for thc  reaction 

R,Sn + HgX, - RHgX + R3SnX 

Reactants MeOI-I EtOH Pr"0H Bu"0I-I Bu'OH 

Me,Sn 4- HgCI, 1550" S48 709 529 104 
Me,Sn + HgI, 310" 154 94.2 74.8 7.0 
Me,Sn + HgfOAc), 1.1 x 10s s 2 s  

Et,Sn + Hg(OAc), 470 238 228 202 7.7 

Et,Sn + HgCI, 3.33" 1.24 0.990 0.785 828 
Et,Sn + HgI, 2.53" 0.968 0.615 0.453 0.032 

Scc Table 26 
Ref. 209. 
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TABLE 30. Activation parameters2" at 25 "C for the reaction 

Me,SnR + Hg12 - Me,SnI + RHgl 

R Solvent AHf (kcal mol-') ASf (cal K-' mol-') 

Me MeCN" 
MeOH" 
dmso 
MeCN 
MeOH 
dmso 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
McCN 

9.6 * O . l  
10.8 f 0.5 
10.0*0.5 
9.3k0.4 

10.0*0.5 
10.0 *0.6 
10.0 *0.2 
7.8k0.2 
7.5*0.1 
8.4*0.3 

11.1 *0.4 
10.5k0.6 
6.3 f 0.5 

-27 .8~t0 .5~  
-26.9k 1.7d 
-23.9f 1.7d 
-22.3 f 1.5 
-29.0 k I .8 
-23.8rt 1.9 
-25.5k0.6 
-33.4rt0.5 
-34.0*0.3 
-31.4k 1.4 
-22.2 f 1.4 
-24.4*2.1 
-36.121.8 

a k,= 1.91 I mol-ls-' at  25.2"C; ref. 213.  
I' k2=0.47 I mol-'s- ' at 25.2"C; ref. 213. 
' k 2 = 7 . 5 l m o I ~ ~ ' s "  at 25.2"C; ref. 213. 
'I Statistic:illy corrected for the four methyl groups. 

was suggested2'" that in this case, the complex MgC13- reacts with a complcx between 
RSnMe, and C1-. 

There is some disagreement ovcr the ratc constants and, especially, the activation 
parameters for the kcy reaction of tetramethyltin with mercury(l1) chloridc in 
methanol. Abraham and coworkers have twice1y3..z0' examincd this reaction and have 
concluded that AH+ is about 11 kcal mol-' and A S f  about -20 cal K-I mol-', 

TABLE 31. Second-ordcr rate constants, 10'k2, at 25 "C in dimethyl s ~ l p h o x i d e ~ ~ ~  and 
methanol2" and activation parameters in methanol2" for the reaction 

RSnMe, + HgCI, - RHgCl + Me,SnCI 

R 

Me 
Bu" 
CN 

CH2=CH 
CH ,=C H C H 

Ph 

PhCH, 
P h G C  

CF, 

C-CsH, 

CtFS 

5 000 
3 200 

IS 
112 000 
Very fast 

50 000 
960 

2 160 

4 500 970 16.0 -5 
3 470h 

Very fast 
18b 

188 000 660 000' 8.2 -18 
Very fast Very fast 
Vcry fast 

58 000 135 000 6.7 -26 
960 1010" 5.5 -40 

1950b Very fast 
Very P ~ s t  

'' Rare constants for the reaction in rhc prcscncc of CI- (ref. 216). 
Rates for cleavage of a methyl group. 
Extrapolated from values ar lower tcmpcraturcs. 

'' Extrnpol;ited from v;ilues at higher temperatures. 
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TABLE 32. Second-order rate constants, 103k, ( I  mol-' lip'), for the rcaction betwcen tet- 
ramethyltin and nicrcury(I1) chloride in methanol 

Temperature Ref: 193 209 209 214 217 
("C) Ionic strcngth: 0 0 0.1 0.1 

15 
25 
30 
35 
40 
45 

1260 
1550 1400 2540 970 910 

2000 3560 1440 
2550 

3840 3680 6520 3690 
5560 

AH+ (kcal rnol-') 10.6 11.3 11.2 16.0 18.2" 
AS# (cal K-.' niol -I) -22 -20 -19 -5 +2" 

(' Approxirnatc values calculated hy the present authors froni the two nte  constants. 

whereas Reutov and coworkers"" found values of 16 kcal mol-' and 
-5 cal K-' mol-.'. A rcccnt rc-invcstigation by Reutov and coworkers2" did not resolve 
the problem (see Table 32); all that can be said is that the value of -20 cal K-' mol-' 
for A S *  is morc compatiblc with other activation entropics for t h c  same reaction in 
methanol-water mixtures and for the corresponding reaction between tctramethyltin 
and mercury(I1) iodide in methano1. 

Roberts"' has studied the cleavage of tin-ally1 bonds in some detail, using 
ethanol as solvent and Hg12, HrBr2, and HgCI, a s  t h c  mcrcurv(I1) salt. Ratc 
constants for thc removal of various ally1 groups from tin are given in Table 33. The 
rate constant for rcaction of CH2=CHCH2SnEt3 with Hg12 obtained by Roberts, 
26401mol-'s-' at 25"C, may be compared with the valuc found by Abraham and 
Grellier2"" for the corresponding reaction of Et,Sn, viz. 9.68 x 1 mol-' s-' at 
25 "C; after corrcction for the statistical effect, it is found that the  allyl-tin bond is 
cleavcd 1.1 lo7 times as rapidly as is the ethyl-tin bond. Roberts"" suggested 

TABLE 33. Second-order rate constants"" and AHf in ethanol for the reaction 

R,SKl-12CH=CH R' -1- HgX, - RCH=CHCH,HgX + R,SnX 

Temperature k ,  AH+ 
K R' X ("C) (1 niol ' s-I) (kcal mol-') 

Et 
Et 
Et 
R U "  

Ei 
Et 
Et 
Ph 
Ph 
Ph 
Ph 
PI1 

H 
Me 
Pi1 
H 
Ph 
Ph 
PI1 
Id 
Me 
PI1 
H 
l-1 

I 3 0 
I 30 
I 30 
1 30 
CI 2.5 
Rr  25 
I 25 
I 25 
I 2s 
I 25 
CI 25 
Br 25 

2900 5.2 
15 

1020 
178 

3.36 

13.6 
2.8 7.8 

25 3.4 
0.54 
0.46 

1500 
330 
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transition statc 16 for allylic cleavagc reactions, that is via an S,:2 process and not an 
S12' with rcarrangement. 

(16) 

Although Reutov and  coworker^^^^.^^^ included the benzyl compound 
PhCH2SnMe2 in their reactivity survey (scc Table 31), they were unable to deduce 
the benzyl group reactivity because in dimethyl sulphoxide o n l y  the methyl group 
was cleaved by HgCI? and in methanol, whcrc thc benzyl group was reported to be 
cleaved, thc compound reacted too rapidly for kinctic studies to b e  carried out. 
Abraham and Andonian-Haftvan"" therefore re-investigated this reaction, and also 
studied a number of other benzyl derivatives, PhCH2SnR3. When R = Et, Pr", and 
Bu" only the benzyl group was removed by HgClll or Hg(OAc), in methanol, but 
when R = M e ,  only tlic methyl group was rcmoved from tin. A recent report by 
Reutov and coworkers2" confirms that difficultics over the polarographic method of 
analysis led to the previous incorrect conclusion that in methanol o n l y  the bcnzyl 
group was removed from PhCH,SnMc,. Rate constants for reaction of PhCH2SnR3 
compounds arc given in Table 34, and lead to thc conclusion that towards rner- 
cury(l1) salts in methanol, the benzyl group is less reactive than the methyl group, 
but is about 11 times as reactive as is thc e thy l  group2'". 

The  aryl group is rcnioved from tin much more rapidly than are simple alkyl 
groups (see Table 31), so that in unsymnietrical tetraorganotins, ArSnIi,, only t h e  
aryl group is substituted by meicury(I1) salts. Thus I-Iashimoto and Morimoto" were 
able to study the cleavage of ii series of compounds XC,H,SnEt, by niercury(I1) 
acetate in tetrahydrofuran, and by a compctitive method establish thc influence of 
the substituent X on thc reactivity (Table 35).  It was suggested that thc transition 
state did not rcsemble ii o-complex, but either resembled a n-complex or involved 

TABLE 34. Second-order rate constants"", 
103k,, at 25°C in methanol for the  reactions 

PhCH2SnR2X + RI-IgX 

Y 
PhCH,SnI<, + HgX, 

R,SnX + PhCM,HgX 

Me" 598 3.33 x loF 
ct" 10.8 3670 

6.53 2250 Pr" h 

7.67 1900 B"" h 
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TABLE 35. Relative rates'" at 20 "C in tetrahydrofuran for 
the reaction 

XC,H,SnEt, + Hg(OAc), - XC,H,HgOAc + Et,SnOAc 

X k,,lk,l X k x l k ,  
~~ 

4-Mc0 8.30 3-Me 1.21 
4-Me 1.76 3 - M c 0  0.72 
4-C1 0.25 3-CI 0.029 
H 1 .OO 

concerted bond-making and -breaking. A more detailed kinetic study of the reaction 
of PhSnEt, with mercury(I1) salts in methanol was later carried out  by Abraham and 
Sedaghat-Herati", who obtained rate constants and activation parameters for sub- 
stitution by mercury(I1) chloride and niercury(I1) iodide (Table 36).  Salt effects 
showed that only the neutral species HgC12 is active, and that neither HgC13- nor 
HgCI" contribute to the overall rate in methanol. T h e  phenyl group is cleaved from 
tin about 4 x  10' times as fast as is a methyl group and about 1 x 10' times as fast as 
is an ethyl group. The  cffect of added watcr is to increase the rate constant, although 
not t o  any great cxtent, whereas added incrt salts generally decreased the rate 
constant, indicating a transition statc that is not particularly polar. T h e  activation 
enthalpies for this aromatic substitution arc very low (Table 36),  and  it was suggested 
that the substitution took place via a .rr-complex intermediate, with the transition 
state resembling the ~ r -compIcx '~ .  

Although the cleavage of tin-carbon bonds by mercury(I1) salts has traditionally 
been considered to b e  an clectrophilic substitution reaction, Fukuzumi and Kochi2".21 
have recently treated these cleavages in  terms of their general charge-transfer 
mechanism (equations 21-23). These workers also dctermincd rate constants for a 
considerable number of substitutions by mercury(I1) chloride in acetonitrile, 
methanol, and dichloromethane, and these arc given in (Table 37).  Values of the rate 
constants for the symmetrical tctraalkyltins in methanol were taken from previous 
work, but those for symmetrical tctraalkyltins in acetonitrile were redetcrrnined. In 
the event, therc is reasonable agreement between the values of Fukuzumi and 
Kochi2" (Table 37) and those of Abraham and c o ~ o r k e r ~ ' ~ * ~ ~ " ~ )  (Table 261, except for 
the case of the Pr;Sn/HgCI, reaction, for which the two values arc 5 X lo-" 1 mol-' s-l 

TABLE 36. Second-order rate constants for the aromatic substitution of PhSnEt, by mer- 
cury(1l) salts'5 

Reactants 
k ,  at 25°C AMf AS ' 

Solvent (I mol-' s-') (kcal mol I ) "  (cal K-' mol-')" 

PhSnEt, + HgClz Me013 103.4 7.6 - 23 
PhSnEt,+ HgCI, 98%) McOH 130.8 8.3 - 20 
PhSnEt, + HgCI, 94% McOH 147.8 4.4 - 33 
PhSnEt, + HgI, MeOH 23.9 9.4 -20 
PhSnEt, + Hg(OAc), MeOH Very fast 
PhSnMc, -!- MgCI, MeOH 1 35.0h 6.71' - 2 6 h  

" Activation parametcrs on the usual molar sc:llc. Note that in rcf. 15 thcy arc given on the rnol fraction 
sc:1Ic. 

Sec Tablc 31 
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TABLE 37. Second-order rate constants2”, IO’k,, in various solvents at 
25°C for the reaction 

R,Sn + HgCI, - R,SnCI + RHgCl 

R,Sn 

Mc,Sn 
Et4Sn 
Pr”.,Sn 
Pr’,Sn 
Bu“,Sn 
Ru”,Sn 
Bu’,Sn 
Bu”SnMc, 
Pri,SnMe2 
Bu“,SnMe, 
Bu‘,SnMe2 

10”k2 (1 n1ol-l s-l) 

MeCN“ 

2400 
16 
3.7 
0.005 
3.8 
0.0007 
0.56 

1100 
2500 
500 
46 

CM,C12 

66 
1.7 
0.9 
0.003 
1.4 
0.0008 
0.37 

100 
130 
150 
26 

MeOH“ 

1550 
3.33 
0.628 

0.61 5 
< 1 0 - S  

0.08 
1000 
230 
640 

1.4 

Compare values in Tablc 26. 
” Values For symmetrical R,Sn from Table 26. 

(ref. 20) and ( 1  .G x lo-” 1 mol-’ s.-’ (ref. 200). Ratc constants” for substitution of 
tetramethyltin and tetra-n-butyltin by various mercury(I1) salts in dichloromethane 
arc given in Table 35, together with results from a prcvious study by Abraham et 

Fukuzurni and Kochi’” analysed their results in terms of the charge-transfer 
transition enegies, hv,,., of the tetraalkyltin-mercury(I1) chloride charge-transfer 
absorption bands. The  absorption maxima wcre found to be indepcndent of solvent, 
and Fukuzumi and Kochi2’ were ablc to determine values of Alivcr, these being 
defined as hvcr(%Sn) - hv,-(Me&). Fukuzumi and Kochi”’ also dcfined rclative 

a1.207. 

TABLE 38. Second-order rate constants2(’, 103k,, in 
nicthylene chloride at 25 “C for t h e  reaction 

R,Sn +- HEX, - R,SnX+ RHgX 

X 

10”k, ( I  rnol-’s-’) 

Mc,Sn Bu“,Sn 

c1 
Br 
CN 
0,CMe 
02CCHMe, 
O,CCMe, 
0,CBu” 
O,CCH,CI 
O,CCHCI, 
OzCCHF2 
02CCF, 

66 
12 

480 
330 

54 
35 
82 

1600 
48 

40 000 
260 000 

1.4 
0.48 
2.5 
7.4 
9.1 

59 
38 

8.9 
0.83 

50 000 
160 000 
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solvation energies of the excited ion pair (R,Sn'HgCl2-)*, formed in the charge- 
transfer step, going to the thermal ion  pair (R,Sn'HgCI,-) as AG:= 
AG'(R,Sn) -AG'(Me,Sn). Thus for the energetics of ion-pair formation relative to 
that for the Me,Sn compound, scheme 76 applies. 

> (R.,Sn'HgCfz-) (76) 
AIU*cl AG; 

(R4SnHgC121 + (R4Sn' HgCI2-)" 

Now if it is assumed that the thermal ion pair (R4Sn'HgC12-) is a good model for the 
transition state in  the  electrophilic substitution of R,Sn by HgC12, it  follows that the  
relative value of AG: = AG#(&Sn)-AG'(Me,Sn) will be given by equation 77. 

AG:'(calc) = AG:+Ahvcr (77) 

Values of AhvLT for the (%Sn* HgCI,-)* charge-transfer complexes are given in Table 
39, after conversion from electron volts to kcal mol-'. Fukuzumi and Kochi deter- 
mined AG: values in acetonitrilc*', calculated those in other solvents through a 
simple Born-type electrostatic expression"', and then compared values of AG - 

Ahvo with values of AG:zO. However, from the point of view of solvent effects o n  
the relative reaction rates of tetraalkyltins, it is more pertinent t o  compare the AG: 
values calculated through equation 77  with those determined experimentally using 
equation 78. In Table 39 are given observed and calculated values of AG: in 

AGf(obs) = -RT In(k"JS"/kM'~"") (78) 

acetonitrilc, methanol, and dichloromethaneZ0, and also for the more polar solvent 

TABLE 39. Comparison of observed values of AG? with those calculated b y  t h e  method of 
Fukuzumi and Kochi2" for the  R,Sn/HgCI2 reaction" 

R,Sn A I1 VC1 

M c S n  0.0 
Et,Sn -4 4 
Pr",Sn -3.9 
Bu",Sn -3 5 
13u'4sn -3.9 
Pr'& -3.0 
Bu'.,Sn -3.4 
Bu"S~lMC, -2.3 
Bu"2SnMe, -5.8 
PrL2SnMcz -6.7 
13u'zSnMe, -9.5 

85% MeOl-I McOH McCN B u' 0 1 - 1  CH2CI~ 

Ohs.' Cilc. Obs." Colc. 

0.0 0.0 0.0 0.0 
3.4 3.0 3.6 3.0 
4.5 4.1 4.6 4.1 
4.6 5.1 4.6 s. l  
5.8 s.4 5.8 5.4 

>11.2 s.3 >10.9 8.3 
8.0 

0.3 3.7- 
0.5 2.4 
1.2 .3.7 
4.2 4.2 

- 

Ohs." C:ilc. 

0.0 0.0 
3.0 3.0 
3.8 4.1 
3.s 5.1 
4.6 5.4 

> I  1.2' s.3 
8.9 s.0 
0.5 3.2 
(1.9 2.4 
0.0 3.7 
2.3 4.2 

Ohs.' (3:iIc.' Obs." Cilc. 
~~ ~ 

0.0 0 0 0.0 0.0 
3.9 2.6 2.2 2.3 
4.9 3.7 2.5 3.4 
5.2 4.1 2.3 4.5 
6.1 4.8 3.1 4.5 

>8.3 7.7 5.9 7.4 
6.7 7.0 

-2.5 2.7 
-4.9 1.7 
-4.0 2.7 

0.6 3.0 

' I  All v:ilucs in kcal niol-' a1 25 "C. Obscrwd quantities found through cqu;rrion 78 : i d  calculotcd quantities 
through equation 77. 
" Refs. 20 antl 2 1. 

Ref. 193. 
Refs. 20 antl 193. 

" Refs. 20 and 2W. 
' From rate cons1:ints 31 40°C given in Ref. 200, using the equation AG; 7 - 1.9872 X 29s. 15 In (ktk,,). Wcrc 
rule conslants a\*;iilablc at 25 "C, the observed AG? values \socild a11 be slightly grcarer than those qtrolcd. 

" Ref. 20. 
' Ref. 200. 

Calc1tla1cd ill 25 "C. 
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methanol-water ( S 5  : 1 5)19", and terr-butanoI2'". For the reactions of the symmetrical 
tetraalkyltins, observed and calculated AGF values are in reasonable agreement, but  
t h e  unsymmetrical methylalkyltins nearly always react very much fastcr than 
calculated. It is possible that in general the transition state does rescmble a thermal 
ion pair (&Sn 'HgCl2-), but that solvation of the unsymmetrical tetraalkyltin transi- 
tion states with 13u"SnMe3 and R2SnMe2 more resembles the solvation of the 
(Me4SnHgC12)# transition state than a large thermal ion pair. Thus Fukuzumi and 
Kochi2" suggest that solvation energy of the (Bu;SnMc2'HgC12-) ion pair lies 
betwecn thosc of the (Pr;Sn'HgCl,-) and (Hul;Sn'HgCI,-) ion pairs, whereas from 
the results in Table 39 it seems as though the solvation energy of t h e  (Buy%- 
Me2HgCI2)# transition state is somewhcre between thosc of the (Me4SnHgClJf and 
(Et,SnHgC12)* transition states. Nevcrthelcss, the approach of Fukuzumi and 
Kochi2" is a most interesting new dcveloprnent in the long-standing area of the effect 
of solvents o n  the  relative rcactivities of alkyl-metal compounds. 

Finally, in an interesting paper by Brinckman and coworkers220 the methylation of 
Hg2' by Me,Sn+ in aqueous solution is cxamined from the point of view of the bio- 
methylation of metals. From the cffect of added perchlorate and chloride ion, it was 
concluded that reaction takes place between Me3?+9q.) and HgC12(aq.); a t  25 "C 
t h e  sccond-order rate constant is 6 . 0 2 ~  I mol s with AHf = 13.6 kcal mol-' 
and A S #  = -23.0 cal K - ' niol-'. 

75. Cleavage of tin-carbon bonds by boron(lll), a/urniniurn(lll), and 
thallium (111) compounds 

A number of preparative studies have been reported on the alkylation of 
boron(II1) compounds by tctraorganotins. Boron(l11) halides will cleave one or two 
alkyl groups from tetraalkyltins, yielding the corresponding alkylboron di- 

, but all four phcnyl groups may be cleaved from tetraphenyltin22". Vinyl 
boron dihalides have been prepared by thc action of boron(II1) chloride or boron(IJ1) 
brom i dc on t c t ravi n y 1 t i n  22J. 

Similarly, aluminium(II1) chloride is reported to  cleave one or two tin-alkyl bonds 
in tctraalkyltins, but all four tin-phenyl bonds in tetraphenyltin"5. Van Egmond et 

have studied t h e  rcac t i o n  bet ween tetra isobu t y I t i n and aluminium (1 I I) chloride 
in dichloromethane in some detail and report that the degree of dealkylation depends 
o n  thc amount of the reagent used. 

Good yields of organothallium chlorides are obtained by t h c  action of thallium(I1T) 
chloride on tetraorganotins'"', and Okawara and have developed 
the reaction betwecn tetramethyltin and organothallium dicarboxylates i n t o  a synthe- 
tic route to unsymmetrical thallium compounds (equation 79) (X = McC02, 
Me2CHC02). Reutov and coworkcrs"' have investigated polarographically thc kine- 
tics of t h c  related rcaction SO (X = CI, R'CO?) in mcthanol containing Rul;NCIO, as 
the supporting elcctrolytc. 

hal  idc22 1.222 

a1-226 

Me.,% i- RTIX, - McRTIX i Me'SnX (79) 

The reactions werc found 10 be second ordcr overall, first order in each reactant, and 
i t  was concluded that both the free ion  [PhTIX]' and the ion pair [PhTIX', X-] werc 
involved. Rate constants arc given in I'able 40. In a subscquent study of the common 
io~i effect of Bu!iNOAc on reaction SO (X = OAc) in mcthanol and acctjc acid, it was 

Me4Sn + PhTIX2 - MePhTIX -1- Me3SnX 

shown'" that in methanol thc rcaction took place via the free ion and the ion pair (see 
:Ibovc, X = O h ) .  the free ion beins about 25 times as rcactive as the ion pair. I n  
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TABLE 40. Approximate" sccond-order rate 
for the reaction 

at 20 "C in methanol 

Me,Sn + PhTlX, - PhMeTIX + Me,SnX 

X k, (I mol-' s-l) X k ,  (I rnol-'s-') 

CF,CO, 1.10 
CICH,CO, 0.63 
HCO, 0.47 

MeC02 0.20 
Pr' CO, 0.19 
CI 0.10 

'' The rcaction rate dccrcased as rcaction proceeded, so rate constants wcrc extrapolated to 
zero time. Such values depend on the initial reactant concentrations, so that valucs in this 
table must be trcarcd as approximations only. 

glacial acetic acid reaction proceeds via a solvent separated ion pair, [PhTIOAc', 
CH3C02H, OAc-] T h e  complex ion PhTI(OAc),- is unreactive in both solvents2". 
Jewett and Brinkman (see ref. 200) have studied the methylation of TICl,(aq.) by 
Me,Sn'(aq.) in aqueous solution; at 25 "C the rate constant is 4.34 x lo-, 1 niol- s- 
with A H f  = 18.5 kcal mol-' and ASt  = -7.4 cal K--' mol-'. 

76. Cleavage of t in-carbon bonds by silicon(lV), germanium (IV), and tin(IV) 

Although not very widely studied, it is known that tetraalkyltins may be dealky- 
lated by various chlorosilicon(1V) and chlorogermanium(1V) compounds to give 
alkylsiIicon(W) and aIkylgermanium(1V)  product^'^^.^^'^^'". 

T h e  cleavage of tin-alkyl or tin-aryl bonds by organotin(1V) halides or  tin(1V) 
halides is the  wcll known redistribution reaction, widely used to prepare R,,SnCI,-,, 
compounds where t i  = 1, 2, or 3 .  A recent example of this reaction is due to Kuivila 
et who prepared a series of organochlorotins, RSnMe,CI, through reaction S l  

compounds 

RSnMe, + Me,SnCI - RSnMe2CI + Me,Sn 

[R = MeCO(CH2)2 and MeCO(CH,),]. Tin(I1) halides have also bcen uscd to cleave 
tetraethyltin, yielding the corresponding triethyltin halide'*'. 

have studied in detail the redistribution reaction S2, 
and in Table 41 arc given the rate constants and activation parameters reportcd in 

Tagliavini and 

MeSnR, + Me2SnC12 - Mc,SnCI + R3SnCI (82) 

TABLE 41. Second-order raic consiants, 104k2, at 25 "C and activation parametcrs in 
methanol for the reaction2'" 

MeSnR, + Me,SnCI, - RSnMe2CI + Me,Sn 

McSn R, 10"k2 ( I  mol-' s-') AHf (kcal mol - I )  AS+ (cal K-' mol--') 

McSnMc, 8.1 16.0 - 17 
McSnEt, 3.5 17.6 -13 
MeSn(Pr" )3 2.7 14.1 -26 
MeSn(Bu"), 2.2 12.1 -32 
McSn(Pr'), 1.3 14.2 -27 
MeSnMe2Et 6.8 
MeSnMeEt, 7.0 
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TABLE 42. Second-order rate constants", 104k2, at 30 "C and activation par-ametcrs for the 
rc:ictjo~i~"~ 

Mc,Sn + Me,Sn(NO,), - 2Me,SnNO, 

Solvent 1 0 4 k p  (I rnot-'s-') AH:!,, (kcal mol-') ASS,, (cal K-' mol-') 

MeOH 20.4 12.2 -30.4 
EtOH 10.6 13.0 -29.2 
Pr" 01-1 8.1 14.7 -24.1 

Me,CO 21.9 13.3 -26.7 
Pr'OH 2.5 13.4 -30.8 

~~ 

'' All measurements were carried out with excess of Mc,SN, i.e. undcr pseudo firs-order conditions. 
k l h  = k',""/[Me,Sn]. 

methanol2,". Addition of inert salts such as NaCIO, increascd t h e  rate constant 
value, but addition of NaCl or  of water decreased the  valuc. It was suggested'"' that 
reaction actually takes place through the Me2Sn2' entity, formation of which is 
inhibitcd by CI-. Thc decelerating effect of watcr was thought to be due to formation 
of lcss reactive species Me2Sn(H20)42A. Tagliavini and coworkers23" intcrpretcd the  
reactivity scquence shown in Table 41 as arising from a prior coordination of 
methanol to t h c  MeSnR, compound. However, Abraham pointed out that if t h c  
observed rate constants are statistically corrected, cleavage of a Mc-Sn bond in 
Me4Sn takes place lcss readily than such a cleavagc in most of the MeSnR, 
compounds; this is not really in accord with a prior coordination step. 

In a subsequent paper'39, the related redistribution 83 was studied; rate constants 
and activation parameters are givcn in Table 42. Unlike the case of reaction 82, the 
redistribution 83 takes place readily in acetone, presumably because the nitrate 

Mc,Sn + Me2Sn(N03), - 2Me,SnNO3 (83) 

dissociates to some cxtcnt even in this solvent. As for the chloride reaction, added 
water and added common ion (NO,-') both inhibit reaction 83, again for similar 
reasonsz3Q. 

77. Cleavage of lead-carbon bonds b y  lithium(1) compounds 

lithium in ether to yield tetraphcnyllead and vinyllithium. 
Juenge and Se~fer th '~"  havc reported t h e  cleavage of tetravinyllead by phenyl- 

78. Cleavage of lead-carbon bonds by iridium(1V) and iron(ll1) compounds 

Kochi and  coworker^''^^^ have obtaincd rate constants for dealkylation of tetra- 
alkylleads by hexachloroiridate(1V) and by a numbcr of iron(II1) complexes. These 
reactions take place by elcctron transfcr proccsses, rathcr than by Sr mechanisms, 
but rate constants are collcctcd in Table 43. 

79. Cleavage of lead-carbon bonds b y  coppedll), silvedl), and gold(ll1) 
cornpounds 

Coppcr(l1) nitrate reacts readily with tetralkyl- and tctraaryl-leads; one organo 
group is cleaved from lead, and compounds R3PbN03 are p r o d ~ c e d ~ ~ ' - ~ ~ " .  Numcrous 
workers havc reported on the reactions bctween tetraorganoleads and silver(1) 
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TABLE 43. Second-order ratc constants'" (I  mol-' s 
transfer from tetraalkylleads to liexachloroiridate(1V) and iron(II1) complexes, [FeL3I3' 

) in . acetonitrilc at 25°C for electron 

Species" Me,Pb Me,PbEt Me,PbEt, MePbEt, PbEt, 

[IrCI6I2- 0.02 0.57 3.3 1 1  25 
J-I 5.06 566 1.19x 10, 

9.09 1410 3.19x 104 L. 
L4 166 2.76 x 10' 9.3 x 10' 
L3 25.5 3530 1.07x 10' 

L5 1490 1.96x 10' 
~~ ~~~ ~~ 

'I L, = 4.7-di-Ph-phen; I <  = bipy; L, = phen; I, = 5-CI-phen; L, = S-NO,-phcn. 

nitratc, again leading to compounds of type R3PbN0, (see, for example, refs. 
241-244 and 247-250) and l'agliavini and havc shown that gold(II1) 
chloride will dcalkylate tetramethyllead to form dimethyllead dichloride. 

20. Cleavage of lead-carbon bonds by mercury(l1) and mercury(1) 
compounds 

Compounds of type RJPb are  dealkylated by mcrcury(I1) chloride to yield the 
corresponding RHgCl product; one or  two organo-lead bonds may bc brokcn, and 
in mixed arylalkylleads, the aryl group is prcfcrentially transferred to mercury2s'.2'". 
Mercury(I1) acctate will also dealkylate tetraethyllcad, although the product seems to 
b c  a lead(I1) compound"" (equation 84). Kochcshkov and coworkers, however, 
reportcd that mcrcury(I1) acctate in acetic acid reacts with diphenyllcad diacetatc to 
yicld thc cxpcctcd Icad-containing product, phenyllead(TV) t r i a c c t a t ~ * ~ ~ ~ " ~  . Mcr- 
cury(1) nitratc is reported to dcalkylate tetraalkylleads according to equation 85 
(R = Me, Et)*'". 

(84) E t , p b + 3 H g ( O A ~ ) ~  - 3EtHgOAc+ Pb(OAc)2+ EtOAc 

27. Cleavage of lead-carbon bonds by tha/lium(lll) compounds 

Goddard and GoddardZ6c'.26' have studicd the dcalkylation and dearylation of 
R,Pb compounds by thallium(T11) chloride, and have shown that one  or two 
organo-lead bonds may be broken. 

22. Cleavage of lead-carbon bonds by germanium(lV), tin(lV), and /ead(lV) 
compounds 

Germanium(1V) chloridc is rcported to rcact with tetraethyllead to give ethyl- 
germanium trichloride and triethyllead chlorideZG2. Tin( IV) chloride also reacts with 
R,Pb compounds and is reported to rcniovc two phcnyl groups from Ph4PbZG3. 

Rcdistribution reactions between tetramethyllead and tetraethyllead, catalyscd by 
aluniinium(II1) chloride, have been studicd by Calingaert et d2"' and otliers'"3~"25~26', 
and arc thought to proceed by a scries of reactions i n  which alkyl groups are 
transfcrred from lead to aluminium, and back again to Icad. 

23. Cleavage of lead-carbon bonds by antimony(lll), antimony(V), and 
bismuth (I I I compounds 

Goddard er d.'"' reported that in the clcavage of tetraphenyllcad by antiniony(ll1) 
chloride and by antimony(V) chloride, two phenyl groups are removed to Icove di- 
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phcnyllead dichloridc. Antimony(II1) chloride cleaves all four groups from tetra- 
ethyllead, according to equation 86"", but with tetravinyllead the products are 
divinyllead dichloridc and vinylantimony dichlorideZh7. 

(86) Et4Pb + 3SbC13 3EtSbCI,+ PbCIz+ EtCl 

Bismuth(II1) trichloridc and tribromide both dearytatt tetraphenyllead, following 
equation 87 (X = C1, Br)zh"zh8. 

(87) Ph4Pb + 2BiX3 ---+ Ph2BiX + Ph,PbX, 

G. Cleavage of Group VB Metal-Carbon Bonds 

7. Cleavage of antimony-carbon bonds by antimony(ll1) compounds 

Weingarten and van Wazer"' have shown that reaction 88 in dirnethylformarnide 
is second order, first ordcr in each reactant. The second-order rate constant was 
(6.7 -10.5) X lo--' 1 mol-' s-' at 72 "C and (5.3 f 0.5) x 1 mol-' s-' at 100 "C, and 
the reported activation parameters were AH$ = 18 kcal mol-' and A S #  = 
-25 cal K-' niol-'. A four-centrcd cyclic transition state was suggestedzh9. 

Mc3Sb + SbCI3 ---+ MeSbCI, -I- MczSbC1 (88) 

H. Inversion of Primary Metal-Alkyl Compounds 

The proton magnetic resonance spectra of a nurnbcr of metal-alkyl compounds 
have been found to bc ternperaturc dependent, and a detailcd examination showed 
that for primary alkyl compounds inversion of configuration at the metal-CH2 
centre was taking p l a ~ c ~ ' " - ' ~ ~ .  Witanowski and showed that for a series of 
3,3-dimethylbutyl (R) compounds, the invcrsion rate increased along the  series 

TABLE 44. Activ:ition energies for the invcrsion of some primxy Akyl--metal com- 
pounds in various solvents 

~ ~~ -~ ~ 

Compound Solvcn t AHf (kcol mol-') Ref 

MeCI-I,CHMeCHzMgBr Anisolc 
McCHzCI~IMeCH2Mg13r Ethcr 

Mc,CCI-f ,CH,MgCI Ethcr 
Mc,CHCI-IPhCH,MgCI Ether 

(MeCH,CHMeCI-I,),Mg Dioxane 

IMcCH,CI-IM~CH,MCI~~ t h f  

Me,CHCI-IPhCH2MgCI thf  

(MeCH~CHMcCI-I,),M~ th f  
(McCI-I,CHMeCI-I,),Mg Ether 
Mc,CCI-f,CH,Li Ethcr 
(Me,CCH,CH,),M~ Erhcr 
(Me,CCH,CH,),%n Ether 
(Mc,CCH,CI-I,),H~ Ethcr 
(Mc,CCH ,CH,),AI Ether 

MeCl-I,CHMcCH,Li Elhcr 
McCHzCHMcCH,Li Tolue nc 
( i -Hc~~ l )3 i \ l  To1 iicne 
(i-Hcsyl),Al Ethcr 

bleCl-l,CHMeCH21-i !I -Pentane 

--__ 

9.6 
12.0 
16.6 
10.4 
11.4 
17.4 
4.9 

10.5 
1 s.2 
14.4 
19.4 
25.4 
Very slow 
Vcry hlO\V 

4.5 
8.0 

10.5 
28.0 
Vcry slow 

270,271 
270, 271 
270, 271 
272, 275 
272, 275 
272, 275 
270, 271 
270, 271 
270, 271 
274 
274 
274 
274 
274 
275 
275 
275 
275 
275 
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R,Hg< R3AI < R2Zn < R2Mg < RLi, and suggested that the inversion took place via 
an SEl process, a carbanion being formed in an initial rate-determining step. 
Intcrestingly, the above sequence of reactivity is exactly that predicted on the basis 
of results given in Table I, viz. R,Hg<R,Zn<IUi.  Activation enthalpies are listed 
in Table 44. 

111. HALOGENOLYSIS OF ORGANOMETALLIC COMPOUNDS 

A. General Introduction to Halogenolysis 

according t o  the general equation 
Halogens will oftcn cleavc non-transition meta l -carbon bonds quite cleanly 

RMX,, +Y2 - RY +YMX,, (89) 

Although halogenolysis is not preparatively as useful as the metal-for-metal ex- 
changes, for exarnplc, therc have been a large number of investigations rcported on 
the kinetics of halogcnolysis. In such cascs, the reactions are  mostly carried out in the 
presence of an exccss of halide ion which converts thc halogen to the trihalidc ion 
according to equilibrium 90. 

Y,i-Y- - Y3-  (90) 

In the solvents used for the kinctic studies, the equilibrium constants for equation 90 
are large, and since an excess of halide ion is prescnt, the approximation that 
[Y,] = [Y3-] can be made. Giclcn and Na~ie lsk i"~  treated the situation in which 
second-order kinetics arc observed as follows, where k;'" is thc observcd second- 
order rate constant and where the concentration of the organometallic substrate is 
denotcd as [R]. Lct thc velocity of halogenolysis bc  u. Then, 

Various terms may contribute to the overall kinetic expression SO that 

u = u' + u"+ u'". (92) 

Then, following thc notation of Abraham4, 

u' = k;[R][Y,] 

u" = k![R][Y,- ] 

u"' = k3[R][Y,][Y-] 

Combining equations 91-95 leads to 

However, the  equilibrium constant for equation 90 is given by cquation 97, so that 
the final expression for kyh' is cquation 98. 

K = [YC]/ [YJY -1 (97) 
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Thus at constant ionic strength, a plot of k;'" against l/[Y-] should yield a straight 
line of slope k2lK and of intercept (k!+ k31K).  It is thereforc possible to dissect the 
overall rate into contributions corresponding to u' on the onc hand and u"+ u"' on 
the othcr, but thcrc is no  kinetic treatment that will further scparate o u t  the u" and 
v''' terms. 

B. Chlorinolysis of Organomercury(l1) Compounds 

A stercochemical showed that 2-X-3-(HgC1)-5,6-(di-MeC02)-7-oxabi- 
cyclo[2.2.llheptane 17 (X = OH, C 0 2 M e )  reacted with chlorine in acetic acid and in 
chloroform with retention of configuration a t  the carbon atom undergoing substitu- 
tion to yield the corresponding chloride together with rncrcury(I1) chloride. 

C. Chlorinolysis of Organothallium(lll) Compounds 

Bsckvall et dZ7' reported a preference for retention of configuration at the carbon 
atom undergoing substitution when threo-RHC(OMe)CDHT1(OAc)Z (R = Ph) was 
allowed to react with CuCI-KCI in acetonitrile at 80"C, the ratio of threo to erythro 
product being 2: 1. With R =  n-octyl, the erythro compound was convcrted into thc 
product with a prefcrence for inversion, howcver. It was suggested that the 
chlorinolysis followed both radical and polar reaction paths. 

D. Chlorinolysis of Organosilicon(1V) Compounds 

The aromatic substitution 99 has been found'79 to be kinetically of t h e  second 
ordcr in 98.5% aqueous acctic acid. Howcvcr, the observed rate constant decrcased 
during thc course of reaction. 

PhSiMe, + Clz - PhCl + Me3SiCI (99) 

Stock and Spector"" carried out the same reaction in glacial acetic acid and found 
the system to be kinetically well bchavcd. T h e  second-order ratc constant at 25 "C 
was reported to be 1.57 x 1 0-2 1 mol I s- '. 

It has becn observed281 that at fairly low temperatures chlorine will clcavc a 
silicon+arbon bond in (Me3Si)2C=CHZ to form Me3SiCCI=CHz and Me,SiCI. 

E. Chlorinolysis of Organotin(1V) Compounds 

Reaction 100 was carried out using chloroform as solvent at room temperature, 
with a slight deficiency of chlorine; a methyl group was clcavcd from tin in 

2x2 preference to the trifluoroniethyl group . 

Me,SnCF, + CIz MeCl+ MczCISnCF3 (100) 

F. Brominolysis of Brganolithium(1) Compounds 

Stereochemical studies have shown that the rcaction betwccn optically active 1 - 
metliyl-2,2-diph~nyIcyclopropyHithium and bromine in ethcr takes place with 95%) 
retcntion of optical activity and configuration"-'. The  brominolysis of cis-2-methyl- 
cyclopropyllithium by brominc pentane-ether (94: 6 )  is non-stereospecific at -70 "C, 
although in pure pentane at 30 "C 93% retention of configuration was 
However, the cleavage of exo-2-norbornyllithium by bromine in pentane at 70 "C 
results in inversion of configuration2". 



74 Michael H. Abraham and Priscilla L. Grellier 

G. Brominolysis of Organomercury(l1) Compounds 

T h e  stereochemical course of the brominolysis of cis- and trans-4-methylcyclo- 
hcxylmercury(l1) bromide and of optically active sec-butylmercury(I1) hromide in 
various solvents has been extensively studied2X"-2X" . It was concluded that in non- 
polar solvents such as CS2, brominolysis takes place by a non-stcreospecific free- 
radical mechanism, whereas in more polar solvents reaction proceeds through some 
combination of free-radical and polar mechanisms with various degrces of retention 
of configuration at the carbon atom undergoing substitution. In pyridine, complete 
retention of configuration was observed. 

Reutov and co-workers2"n.29' also studied the stercochemistry of the brominolysis 
of sec-butylmercur)r(II) bromide and reported, in accord with the  results of 

, that the stereochemical outcome depends on the solvent used and the 
experimental conditions. Other workers have also examined the stereochemical 
course of brominolysis; thus Larock and Brown'" observed that in reaction 101 the 
exo-mercury(I1) salt was converted into the corresponding exo-bromide. 

Jensen'8"-2"v 

klr2 exo-3-(HgCO,Ph)bicyclo[2~2.l]hcptanc > exo-3-bromobicyclo[2.2.l]hcptnne 

(101) 

Giclcn and Fosty'23 reported that fhreo-rert-BuCHDCHDHgCl was converted by 
bromine in pyridinc to the tlireo-bromide, again in agreement with results of Jensen 
and Reutov on  the alkylmercury(I1) reactions, above. 

In  all the above cases, the product of the brominolysis reaction is the correspond- 
in? alkyl bromide: this is the expected. or 'normal', product. Reutov and co- 
workerszv2, however, have shown that in certain cases other 'abnormal' products are 
formed. The main brominolysis reaction studied was t h a t  between benzylmcrcury(I1) 
chloride and bromine, using a number of solvents. T h e  expected product, benzyl 
bromide, was formed in  yields from 35-95%, depending on the solvent ,  thc  other 
products being various 'anomalous' products including benzyl chloride, benzyl ethyl 
ether (when ethanol was used a s  thc solvent), and bcnzyl formatc (when dimcthyl- 
formamide was used as the solvcnt). Details of the various experiments are  given in 
Table 45. In separate cxperimcnts i t  was shown that the anomalous products are not 
formed in secondary rcactions but  are  produced as a result of the direct involvcnient 
of the solvent in the brominolysis reaction. Reiitov and coworkcrs'"' also observed 

TA13LE 45. Products 
20 "C 

in the  broniinolysis of bcnzylmercury chloritlc b y  bromine at  

Products (niol-Yo) 

Solvcnr rime (niin) PtiCH,Br PhCl-I,CI Otticr 
Dccolorizat ion 

Dime t h y I formamiclc 
Dimet hylformamidc- 

Acctonc 
Acetic acid- 

Ethanol-bcnzenc (4 : 1 ) 
Dioxanc 
Dicliloronictli~inc 
Rcnzcne 

water (2: 1) 

benzene (4: 1 )  

8 
2.5 

0.66 
1 1  

- 

45 
3 

27 

59.0 
3.5.1 

55.1 
68.5 

74.6 
94.6 
65.2 
69.3 

2.2 
2.7 

2.3 
21.0 

6.0 
3.3 

31.8 
28.7 

38.8 (PhCF1,OCHO) 
30.0 (PhCH,Otl) 
32.1 (PhCH,OCHO) 
42.2 (PhCH,OH) 
10.4 (I'hCH,OAc) 

19.4 (I'liCH,OEt) 

- 
2.0 (Ph,CH,) 
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TABLE 46. Second-order rate at 15 "C and activation parameters for the reaction 
13r- 

PhCH2HgCI + Br, - PhCH,Rr+ l-IgCIBr 

Solvent kgh' (I mol-' s - ' )  E, (kcol mol-I) ASf (cal K-' mol-I) 

Dioxanc-water (7 : 3) 6.6 13.2 -9 
Dimethylforrnamide 0.79 15.3 -6 
Methanol 10.3 11.4 -14.5 

the  formation of anomalous products in the brominolysis of cyclohexytmercury(I1) 
bromide (8.7% cyclohexyl formate) and  of cyclohcxylcarbinylmercury(I1) bromide 
(8.1 '/o cycohexylcarbinol) using dimethylformaniidc and aqueous dimethylforrnamide 
as solvents, respectively. 

T h e  kinetics of brominolysis of sec-butylmercury(I1) bromide were investigated by 
Reutov a n d  coworkers'"", who  used carbon tctrachloride plus a small amount of 
methanol as the  solvent. T h e  kinetic form, in t h e  absence of bromide ion, was 
second-order and it was concluded that t he  substitution involved bromine complexed 
in some  way with ether.  

Rather  more  detailed kinetic studies were carried out o n  benzylmercury(1I) 
chloride, in both the  presence and t h e  absence of bromide ion (reaction 102)2'3- R a t e  

PhCH,HgCI + Br, - PhCH,Br + HgClBr 

constants were reported for reaction in the  presence of a 20-fold excess of bromide 
ion (as NH,Br) in dimcthylformamide, dioxanc-water (7 : 3). and methanol: these 
second-order rate constants and associated activation parameters are givcn in Tablc  
46. Reaction 102 was  also studied2'" in the  absence of bromide ion, using carbon 
tetrachloride as the  solvent. Under  these conditions, the reaction was free-radical in 
nature with thc  ra te  depending on  the  degree of illumination, but in the  presence of 
small quantities of additives such as water, aliphatic alcohols, or ethers it was found 
that t he  reaction r a t e  did not depend o n  the degree of illumination and that overall 
second-order kinetics were observcd2"5.2'". 

Reutov and  coworkers297 later studied the  aromatic substitution reaction 103; even 
in the  prescnce of bromide ion the  reaction was very rapid in dimcthylformamidc, 

PhHgBr+  Br2 ---+ PhBr + HgBr2 (103) 

dioxane-water (4: l) ,  and  methanol. Although the order  with respcct to the indi- 
vidual reactants was  not established, t he  reaction WBS found to be overall second 
order ;  ra te  constants and activation paramcters a re  given in Table 47. 

TABLE 47. Sccond-order rate constants297 and activation parameters for the reaction 
13r 

PhHgBr t- Br, - PhBr + 14gRr2 

Solvent k, (I mol s -  I )  E,,(kcal mol-I) AS# (cal K-  mol-I)  

Dinietliylformamidc 4.22" 13.4 - 12.0 
80% aqueous dioxane 89.4" 14.0 -3.3 
Methanol 129.9" 8.2 -2 1.7 
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TABLE 48. ReIativc rates29x for the one-anion catalysed 
brominolysis of alkylrnercury(I1) bromide (RHgBr) in methanol at 
25 "C 

RI-IgBr k,,, RI-IgBr k r e l  

MeHgRr I 
EtHgBr 10.8 
Pr" HgBr 4.42 
Bu"1lgBr 4.95 
Bu'HgBr 1.24 

Pe""'HgBr 0.173 
Pr' HaBr 780 
Bu"HgBr 605 
Bu' HgBr 3370 

The one-anion catalysed brominolysis of alkylmercury(I1) bromides has been 
studied in some detail by Sapre and Jensen2"". T h e  brominolyscs of (-)-sec-butyl-, 
(+)-sec-butyl-, and ery~hro-1,2-dideuterio-3,3-dimethylbutylmercury(Il) bromides 
by bromine in methanol were shown to take place with 90% retention of config- 
uration, irrespective of the concentration of added bromide ion. Rclativc rate con- 
stants for the one-anion catalysed brominolysis are givcn in Table 48 and show 
two opposing trends: successivc methyl-for-hydrogcn replacement at t h e  a-carbon 
(Me, Et, Pr', and Bu') leads to a marked rate enhancemcnt due to an electronic 
effect, whereas similar replacement at the @-carbon (Et, Pr", Bu', and Pence) leads to 
a diminution of rate. It was suggested that these results reflect a balance of electronic 
and steric effects; in t h c  a-mcthylatcd series electronic cffects outweigh stcric effects, 
but in the 0-methylated series the steric effects of the large groups are more 
powerful than the electronic effects. It is interesting that calculations by Abraham et 
,1.43."" have shown that for SE2 reactions proceeding by retention of configuration, as 
in thc case under study, thc steric effect of a-methyl groups is much more pro- 
nounccd than steric effccts of @-methyl groups. It may thcreforc be dcduced that thc 
electronic effect of a-methyl groups, as expected, is vcry much larger than of 
p-methyl groups in the reaction studied by Sayre and Jenscn'"', so that in the 
a-rnethylated scries a very large electronic effect overcomes a largc steric eltect, b u t  
in thc P-methylated series, a smaller steric effect is sufficicnt to dominate a very 
small or non-existent electronic effect. 

H. Brominolysis of Organoboron(ll1) Compounds 

Brown and coworkers"1.2"9 havc shown that t h c  brominlysis of tri-exo-norbornyl- 
boron by bromine in tetrahydrofuran procceds slowly, bu t  with rctention of config- 
uration, to  yield thc corresponding exo-norbornylbromidc. O n  the other hand, 
brominolysis in the  presence of mcthanolic sodium methoxidc in tctrahydrofuran 
takes place more rapidly with inversion of configuration. 

Similarly, brominolysis of the acyclic compound (threo-Me,CCHDCHD),B by 
bromine in thc presence of rnethanolic sodium methoxidc again takes place with 
invcrsion of configuration12". 

Kinetic studies have bccn carried out on the brominolysis of a numbcr of 
bcnzcncboronic acids in aqueous acctic acid in thc presence of bromidc ion (reaction , 04)~oo .3~11  

ArB(OH)? t Br2( + H,O) ArBr + B(OH)3 + HBr 

The kinetic form was first order in  each reactant, i.e. the boronic acid and bromine, 
and thc reported sccond-order ratc constants are givcn in Tablc 49. 
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TABLE 49. Second-order rate ~onstants""~'~~"' , 105k2, at 25°C in 80% aqueous 
acetic acid for thc reaction 

f3r- 
XC,H,B(OH):, + Br,(+H,O) - XC,H,Br+ HBr + B(OH), 

X 

4-Me0 
4-Me 

3-Me 
4-F 
H 
4-C1 
4-1 

4-Ph 

>7 x 108 
38 000 
10 500 

1610 
1360 

484 
26 1 
24 1 

X 

4-Br 

3-Br 
3-CO2Et 
3-F 
3-C1 
4-COZEt 
3-NO2 

3-1 
200 

34.6 
21.3 
21 .0 
18.7 
16.9 
5.04 
I .46 

1. Brominolysis of Organothallium(lll) Compounds 

Backviill et ~ l . ~ ' '  have rcportcd that brominolysis of threo- 
PhH(OMe)CCDHTI(OAc), by CuBr-KBr in acetonitrile at 80 "C leads to a mixture 
of threo- and erythro-bromides in the ratio 2.3: 1. 

J. Brominolysis of Organosilicon(1V) Compounds 

A number of stereochemical studies have been reported on the brominolysis of 
organosilicon(rV) compounds, not only with respect to the configuration at the 
carbon atom undergoing substitution, but also with respect to the configuration at  the 
silicon atom. Kumada and c o ~ o r k c r s ~ ~ ) ~  investigated the cleavage of the silicon- 
carbon bond in exo- and endo-norbornylsilicon(1V) pcntafluoridcs by various 
brominating agents. With bromine in polar solvents such as methanol and tetrahydro- 
furan, reaction took place with ca. 95% inversion of configuration at the exo- or  
erzdo-a-carbon atom, but in thc non-polar solvents the ertdo-isomer reacted with 
99% inversion and the exo-isomer with predominant inversion only. N-Bromo- 
succinimidc yielded the norbornyl bromidc with a high degrec of inversion in all the 
solvents studied, but with copper(T1) bromide as the brominolysis reagent, stcreo- 
chemical scrambling took place. Kunada  and coworkers suggested that reaction 
with bromine took place through an electron-transfer step (equation 105), in which 
the bromide ion was formed, followcd by an SN2 substitution (equation 106) with 

RSiF,"+ Br2 - [RSiF5-', Br', Br-] (105) 
.+ p. 

Br R-SiF5-' ---+ BrR+SiF$-' (106) 

Br' + SiFs2-' - BrSiFs'-' (107) 

inversion of configuration at the a-carbon atom. The brominolysis of N-bromo- 
succinimide w a s  suggested to occur by an SIs2 (inversion) mechanism, whilst thc loss 
of stereospecificity with CuBr, was attributed to  formation of the norbornyl radical as a 
reaction intermediatc3"'. 

In anothcr type of stercochcmical investigation, Eaborn and Steward3"' showed 
that bromine cleaved thc silicon-p-methoxyphenyl bond in optically active p- 
niethoxyphenylmethyl- 1-naphthylphenylsilicon with inversion of configuration at the 
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TABLE 50. Relative  rate^^^^^^^^^^^^^^(^^ at 25 "C in 1.5% aqucous acetic 
acid for the reaction 

ArSiMe, + Ur, - ArBr + Me,SiRr 

Ar 

195 
81.5 
48.8 
45.5 
32.5 
29.2 
12.5 
11.5 
42' 
2.9 

1.8 
1.5" 
1.0 
0.68 
0.41 
0.092 
0.088 
0.071 
0.003 

~~ ~ ~ ~~ 

* Statistically corrccrcd for thc prcscncc of two silicon atoms. 

asymmetric silicon atom. Such a result was felt to be inconsistent with the four- 
centred transition state 18 that had previously been proposed279, but the six-centred 
cyclic transition state was thought to be more 

(18) (19) 

also studied the aromatic substitution 108 kineti- 
cally, in both acetic acid with 1.5% water and glacial acetic acid, both in the presence 
and in the absence of bromide ion. 

Eabrr l  and Co,vorkerS"1.~~~..'7'~.3'U 

ArSiMe3 + Br2 - ArBr + Me,SiBr (108) 
At low bromine concentrations, reaction 108 was first order with respect to cach 
reactant, but at higher brominc concentrations the order with respect to bromine 
increased. Relative rate constants for substitution of a number of aryl groups were 

Relative rate constants were also reported for the related reaction 109 in the moist 

(109) 
Bromine is reported to cleave silicon-unsaturated carbon bonds as in equations 

for reaction in the moist acetic acid and are given in Table SO. reportedlS1.152.3(14 

acetic acici and are given i n  -raidc 5 1 ' s 1 ~ ' 5 2 ~ 3 1 1 s .  

p-MeOCc,H4SiR3 + Rr - p-MeOC6HABr + R3SiBr 

1j0"' and  I I I~"" .  

(Me3Si),C=CH2 + Br, __j Me3SiCB-CH2 + Me,SiBr (1 10) 

(111) PhCH=CHSiMe, + Ur, __j PhCH=CHBr + Me3SiBr 

K. Brominolysis of Organogermanium(1V) Compounds 

A variety of reactions are known in which germanium-alkyl bonds are broken by 
bromine under a variety of conditions. Thus tetramethylFcrmanium with bromine 
gives a good yicld of trimethylbromogermanium after 1 week at room temperature 
(reaction 112) (13 = Mc),"~. 

R4Ge + Rr, - RBr -I- R,GeBr (112) 
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TABLE 51 Relative rates151.1s2~3"s in 1.5% aqueous acetic acid at 
25°C for the reaclion 

p-McOC,I-i,SiR,+ Br, - p-MeOC6M,Br+ R,SiBr 

'I Statistically corrcctctl va111c. 

The corresponding tetraethyl compounds rcact similarly with bromine in refluxing 
ethyl whereas Pr",Ge with one  equivalent of bromine also gave a fairly 
high yield of the R,GeBr compound; in the presence of an  excess of bromine, the 
reaction becomes complcx. It is reported3'" that reaction 113 takes place with iron 
powder as a catalyst. 

Pr",GcF + Br2 - Pr",GeFBr 1113) 

Arylgcrmanium compounds react more easily than do alkylgermanium com- 
pounds, and with bromine onc or two aryl groups may be cleaved"'-"". Thus in 
mixed alkylaryl compounds, i t  is expected that aryl groups would be cleaved 
preferentially. T h c  spiro compounds in reactions 114 and 1 1 5  arc readily broken by 

(1 14) 

/ (CH3,Br 

'Br 

, but in the mixed compounds (reactions 116-119) only thc action of b r ~ m i n e ~ ' ~ - ~ ' ~  
thc phenyl group is removcd by b r ~ m i n c ~ " . ~ ~ " . ~ ~ ' .  

Et,Ge +Br, ---+ Et,Gc (1 15) 3 
GePh, + Er, - + PhBr (1 16) C Rr 

GeBr, + PhBr 

+ PhBr 

C +Br, - 
'Rr 

GcPh,+Br, --+ 

Br 

+PhBr 

C 
+Br, - 0 /Et 

b G y p h  
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Ally1 groups are also very readily cleaved by bromine; tri-n-butylallylgermanium 

(120) 

Similarly32”.321, tri-n-butylstyrylgermanium forms styryl bromide, PhCH=CtIBr- 
Substituted ally1 groups may be activated, as with rz-Bu,GeCH,C02Me where 

formation of BrCH2C0,Mc takes place o n  b romin~ lys i s”~~ ,  although tctrabenzyl- 
germanium docs not secm espccially reactive towards bromine3z3. 

yields a l l y l b r ~ m i d e ~ ~ ~ ;  compare also reaction l2O3*”. 

Et,GeR(R = 2,4-cyclopentadien-l-yl) + Br, ---+ Et3GeBr+ RBr 

L. Brominolysis of Organotin(1V) Compounds 

Preparative aspects of the brominolysis of organotin compounds have been studied 
by numerous workers. Griittner and K r a ~ s e ” ~  showed that at -40°C bromine 
cleaves o n e  alkyl group from tetraalkyltins, but that at room temperature two alkyl 
groups could be removed. Usually, thesc cleavage reactions were carried out in 
solvents such as chloroform or carbon tetrachloride, or sometimes even in the 
absencc of solvent. At highcr temperatures, monoalkyltintribromides may be formed 
as in reaction 121”’. Tetraaryltins also react readily with bromine, and in pyridine 
bromine gives the triaryltin bromide in good yield. 

EtzSnBr2+ Br, ---+ EtSnBr, + EtBr (121) 

With mixed tetraorganotins, bromine removes groups in the following sequence of 
decreasing preferen~e’~“’~~:  o-tolyl, ni -tolyl, phenyl, benzyl, methyl, ethyI, n -  
propyl, n-hexyl, n-heptyl. Othcr  investigator^""'-^'" have shown that secondary alkyl 
groups and the neo-pentyl group are much less reactive than primary alkyl groups, 
whcreas the perfluorovinyl group is cleaved by bromine cven more easily than the 
phenyl group. Spirotin compounds have also bcen studicd; rcaction 122 (R = Me, Et) 
takes place at 0 ° C  in acetic acid,,’. 

n 
R 2 S r ( (  + Br2 ---+ R2Sn(Br)(CH2),Br 

The I-adamantyl group sccms to bc very unreactive; Roberts3” showed that 
bromine in CDCI-, clcaves o n l y  the methyl group from 1 -adamantyltintrimethyl, and 
that tetra-1-adamantyltin did not react with brominc over a pcriod of weeks. 

Gielen and coworkers339 have uscd the selective cleavage of alkyl and aryl groups 
by bromine in mcthanol or cthanol to prepare various R,Sn compounds with four 
different groups linkcd to tin through a very elegant and rapid synthesis. 

Scvcral groups of workers have studied the stercochemistry of brominolysis 
rcactions. Nasielski and c o ~ o r k e r s ” ~  reported that brominolysis of cis- and trnris-2- 
methyIcyclopropyltintrimethy1 in acetic acid and in chlorobenzcne took place with a 
very high degree of retention of configuration to yield the corresponding cis- and 
trans-2-methylcyclopropyl bromides. Thc brominolysis of optically activc sec- 
bufyltin compounds has been studied in considerable detail. Jensen and Davis” 
showed that reaction 123 in methanol at 45°C proceeded with inversion of config- 
uration at thc carbon atom undcrgoing substitution. Rahm and Pcreyn?’ later 
reported o n  t h c  brominolysis of a series of sec-butyltin compounds, Bu“SnR,, in  a 
mixturc of methanol and cyclohexane at -10°C. They observed that when the 
leaving SnR3 group contained smaller alkyl groups such as Bus and Pr‘, the sec-butyl 
bromide was formed with predominant retention of configuration, but with thc 
Pe”“’3Sn leaving group, t h e  stereochemical result was mainly inversion of configura- 
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tion in the  sec-butyl group. In a later report, McGahey and Jensedq2 demonstrated 
that the stereochemical outcome of brominolysis of sec-butyltin compounds de- 
pended o n  thc choice of solvent and of leaving group, and concluded that there is n o  
preferred stcrcochemistry for this reaction. Seemingly, there is a delicate balance 
between retention and inversion pathways. The results of Jcnscn and McGahey are 
given in Table 52. 

(123) B U ' S ~ ( P ~ " ~ ~ ) ~ + B ~ ~  - Bu'Br+ Pe"'",SnBr 

Gielen and Fosty'"' examincd the stcrcochemical outcome of the brominolysis 
reaction 124 ( R = M e  or Pr'), in chlorobenzene. They showed that at low bromine 
concentrations the product Me,CCHDCHDBr was formed with retention of config- 
uration but at higher bromine concentrations inversion of configuration was observed. 

Me3CCMDCHDSnR, + Br2 - Me,CCHDCHDBr + R3SnBr (124) 

Reutov and c o ~ o r k e r s " ~  have shown that brominolysis of S - (  +)-(3- 
methylindeny1)trimethyltin by BrCN in dimcthoxyethane proceeds with apparent inver- 
sion of configuration to give R-(  -)-l-bromo-3-methylindene. This result, however, 
was intcrpreted as due to two consecutive processes: 

U r  

The actual reaction with BrCN takes place by an S,,2' process, that is, substitution with 
rearrangement, involving anti-attack by the electrophilic reagent. 

The  kinetics and mechanism of brominolysis have been cxtensively studied, 
especially by Gielen and Nasielski, although only for thc brominolysis of sec-butyltin 
compounds in methanol (see later) have both stereochemical and kinetic studies been 
carried o u t  on the same system. One  of thc earliest kinetic investigations in this area 
was that of Gielen and N a ~ i e l s k i " ~ ~  o n  thc  brominolysis of tetraalkyltins in dimethyl- 
formamide (rcaction 126), carried o u t  in the  presencc of bromide ion. If the 

R4Sn + Br2 - RRr + R,SnBr (126) 

TABLE 52. Stereochemica l  ou tcornc  (%) of t h c  broni inat ion of Ru"SnR, in var ious 
s o h e n  ts'"' 

R, 

Solvent  Pr', Pri2( Pc""') I'r' ( pe''vn3 

CCI, 70"/0 ret. 74% ret. 76% ret. 89% ret. 
MCOI-1 22% rct .  I %  re[. 35% inv. 40-65'% inv. 
M e O H "  12% ret. - 100% inv. 
McOHh 9% ret. 4% inv. 
M e O l J "  10% ret. 
M e C N  9O/u inv. 60% inv. - 100% inv. -100% inv. 

'I With 0.2 XI Nd3r 
" With 0.4 hl NaBr. 
' Wltll 0.9 h1 N;1CI04. 
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equilibrium constant for tribromide ion formation in dimethylformamide at 20 "c is 
taken as 2 . 3 ~  lo6 1 mol-I, rate constants for reaction 126 at 20 "C are as follows: 
R = Me, 240; R = Et, 110; and R = Pr", 14.5 1 mol-' s - I ;  t h e  reaction is kinetically 
first order in R,Sn and in bromine. Giclen and Nasiclski showed also that increase of 
ionic strength brought about an increase in the second-order rate constants, and 
suggested that reaction took place through an 'open' transition state. 

Reactions 126 and 127 were also studied in acetic acid; the  reported second-order 
rate constants are given in Table 53",'. For reaction 126 the reactivity sequence 
observed for R was Me > Et >Pr" = Bu" > Pr' ; this (steric) sequence differs from that 
in reaction 127: Et > Me > Pr" 344. The same workers later rate constants 
for the brominolyses of various unsymmetrical tetraalkyltins in acetic acid with added 
bromide ion, and those are given i n  Table 53 .  

R,SnBr + Br, - RBr + RzSnBrz (127) 

Gielen and N a ~ i e l s k i " ~ ~  also studied the brominolysis of an extended series of 
tetraalkyltins, in chlorobcnzene, in thc absence of added bromidc ion and in the 
absence of light. They initially felt that the rcaction was a simple second-order 
electrophilic substitution, but later studies34s showed that t h e  rate law was made up 
of a second- and a third-order term; the latter term, however, was important only in 
the  case of tetraisopropyltin. The kinetic results are assembled in Table 54. The same 
workers also reported similar studies on thc brominolysis of a series of RSnMe, 
compounds, for which a second-order rate law was found; dctails arc given in Table 
54. 

Reaction 126 has been shown to follow a second-order law in carbon tctra- 
chloride, and values of the rate constants are given in Table 5 5 .  The change in the 

TABLE 53. Second-order rate constants"4J at 20°C in acctic acid 
for brominolysis of tctraalkyltins" and trialkyltin bromides 

R,S n k, ( I  niol-' s.")'' k, ( I  mol-' s-')' 

Me,% 
Et,Sn 
Pr",Sn 
Ru",Sn 
Pr',Sn 
Me,SnBr 
Et,SnRr 
Pr',SnUr 

. Me-SnMe, 
Et-SnMc, 
Pr"-SnMe, 
Bu"-SnMe, 
1%' -Sn Mc, 
Me-SnMe,Et 
Me-S n Mc,l'r'' 
Me-SnMc,Bu" 
Me-SnMe,Pr' 

9.6" 1.16 
S.l<l 0.98 
1.15 0.141 
1 .OO 0.121 
0.25 
7.37 x l o r 4  

1.29 X lo-' 
2.92 
1.21 
0.36 
0.55 
0.03 
4.33 
3.46 
3.40 
3.20 

1 0 . 8 ~  10- -4  

" For unxyninlc1i-icul tctrxilkyllin~ valucs arc the statistic:illy corrected 
second-ordcr rate cons1ants for c lc ;~\-a~c of tile indicotcd :ilkyl group""'. 
I* 111 tlic ahwncc o f  added bromide ion.  
' 111 ihc Ixescncc of iicldsd bromide ion. 
'I  Calcul;itcd by ii conip:irisoii wit11 valucs for brominolysis hy BrJBr-. 
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TABLE 54. Second-order rate constants at 20 "C in chlorobcnjrcrle for rhc brominolysis of 
s y m m e t r i c a F  and unsymmetrical" tetraalkyltins 

Me,Sn 

P r",S n 
Bu",Sn 
Octyl",Sn 
Dodecyl",Sn 
Pr',Sn 
Me-SnMc, 
Et-SnMe, 

E1,Sn 
0.1 16 (0.1 12)h 
1.42 (1.40)" 
0.54 
0.5 1 
0.62 
0.49 
1.61 (0.35)" 
0.0285 
0.0208 

Pr"-SnMe, 
Bu"-SnMc, 
Pr' -SnMe, 
Bu'-SnMe, 
Me-SnMe,Et 
Mc-Sn Me,(Pr" ) 
Mc-SnMe,(Bu") 
Mc-Sn Me,(Pr' ) 
Me--SnMc,(Hd) 

0.0090 
0.0090 
0.0206 

-0.0550 
0.0550 

0.0617 
0.060 

-0.04 
~~ 

'I Values arc statistically corrcctctl second-orclcr rate constants for the clcav:igc of thc indicated nlkyl 
croiip3J5. 
" Values from ref. 345. and include ;I third-order term in the rate cquation. 

sequencc of rcactivity in K S n  with the group R on varying the solvent from more 
polar to thc less polar media is very pronounccd (see Tables 53-55 and the above 
results in dimethylformamide). Giclen and Nasiclski have interpretcd such reactivity 
changes (sec also rcf. 4) as due to a change in mechanism from SE2 (open) in the 
more polar media to SE2 (cyclic) in thc less polar media. Fukuzumi and Kochi (SCC 
later), however, have interpretcd such changes using their gcneral mcchanism of 
substitution throughout. 

Faleschini and Tagliavi~ii'~' also studied the brominolysis of unsymmetrical com- 
pounds, RSnR;, in carbon tctrachloride and reported overall rate constants (Table 
55). Thcy then calculatcd rate constants for the cleavage of given alkyl groups, but in 
these calculations thcy assumed that in thc RSnR; compounds only thc smaller alkyl 
group was cleaved; this assumption is not generally valid. However, an analysis of 
the availablc rate constants in carbon tetrachloride rcveals that thc effect of the 
substituted group is to increase the rcaction ratc in thc order  M e <  Et <Pr" <Pr',  
whercas thc effect of the alkyl group o n  the leaving SnR; entity is to increasc the ratc 
in the order SnMe,< Sn(n-alkyl),< Sn(Pr'),. 

Reutov and co-workers3" have investigated the kinctics of reaction 128 in 
diniethyl sulphoxide, usin9 several tetraalkyltins. T h e  reaction was found to be 

RSEMe3 + Br, - R B r +  Me,SnBr (128) 
nr 

TABLE 55. Second-order rate constants, lO'k,, in carbon tctrachloride for the  
broniinolysis of tetranlkyltins 

Mc,Sn 0.0 18 
E t .,Sn 1.70 
Pr",Sn 030 

Octyl",Sn 1.25 
Dodecyl",Sn 1.44 
W,Sn 15.5 

Bu",Sn 0.97 

Mc,Sn 0.05 
MeSnEt, 1.24 
McSn(Pr"), 0.70 
MeSn(Bu"), 0.80 
MeSn(Pr'), 9.90 

Pr"Sn(Uri"), I .s3 
EtSn(Bu"), 2.47 
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TABLE 56. Rate constants3"R at 25 "C in dirncthyl sulphoxidc for the  brominolysis" of 
RSnMe, in thc presence of bromide ion  

R 1 0 4 , 4 y / ~  (s  - 1 )  R 10JkYp/K (s' I )  

~ ~~ ~ 

M c  1.6 
Ph 12.7 
CH,=CH 20.1 

C H ,=CHCH 2.7X10'" 
C I P S  1.68 
PhCH, 4.10 

For all groups except PhCH,, clcavagc of thc R-Sn lionti occurs. For R = PhCH, ii methyl group is 

A1 20°C. 
clc;ived. 

sccond order overall, but since the equilibrium constant for formation of Br3- in 
dimethyl sulphoxidc was not known, the actual sccond-order rate constants could not 
bc evaluated. In Table 56 are given values of k y " / K  for a series of RSnMe, 
compounds. Thc  related reaction 128 where R = CN was also s t ~ d i e d ' ~ '  in dimethyl 
sulphoxide, but in this case thc reaction was found to be zero order in bromine and 
first ordcr in (CN)SnMe3. At 20°C the first-order rate constant is 0.30s-'. In a 
similar type of investigation using as the  solvent dimethylformamide-carbon tetra- 
chloride (I : l), the cffect of a number of electron-withdrawing groups, R, on reaction 
128 was studied''". Again, on ly  relative rate constants could be obtained (Table 57) 
for the various S,,2 substitutions by molecular bromine. When R = cyclopentadienyl, 
reaction 128 was found to be a first-order process, the suggcsted mechanism being 
S,:l; comparc also (CN)SnMe,. T h c  results in Table 56 follow a general pattern in 
halogenolysis of organotin compounds, in that not only the phcnyl group but also 
ally1 and vinyl groups are  cleaved from tin more rapidly than a re  the simplc alkyl 
groups. 

The  only example of a reaction that has been studied both stereochemically and 
kinetically is the bromination of BusSn(Pc"eo)3 in  methanol (reaction 123). Jensen 
and Davis" showed that in mcthanol at 45 "C reaction proceeded with inversion of 
configuration at the Bus group. Thcy also reported second-order rate constants for 
reaction of the Bu' compound and for a serics of RSn(Pc""'), compounds (Table 58).  
It was suggestcd that the combination of kinctic and stereochemical results leads only 
to the possibility of an SI32 reaction with invcrsion, through transition state 20. It 

[ ~ ~ - - B r - - ~ - - - s n ( P e " ' ~ ~ ~ ~ , #  

(20) 

TABLE 57. Rate constants ;it 25°C for  the hroniinolysis of 
RSnAlc, in  d~nic thyl formnni ide- tc t rachlorornc th~ne  ( 1  : 1 )  in the 
presence of hroniidc ion"50 

R k , / K  (s- ' )  k 2  ( I  moi-' s-')'' 

CJ-15 6.75 x 10-3 1.35~ 10" 
9-Methyllluorcnyl 2.05 x 1 0  4.1 x 10' 
Indcnylh 6.0 1 . 2 ~  10" 
Cyclopcntadienpl k ,  = 1.7s-' 
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TABLE 58. Second-order rate constants at 45 "C for the 
brominolysis of Pe"""3SnR compounds in methanol" 

k, ( I  nio1-I s-'1 Relative k," K 

Me 16.6 1 
Et 2.39 0.144 
Pr" 0.797 0.048 
Pr' 0.125 7.53 x 10-3 
peW0 3.88 x S.84X 10-"h 

'' Relative v;ilues f o r  the cleavage of the I'e""',Sn--K bond. 
" Statistically corrcctcd. 

should be pointed out, though, that since there sems such a fine balance between SE2 
reactions with retention and inversion, i t  cannot be taken for granted that because 
BusSn(Pe"En)3 undergoes substitution with inversion at the Bu' group, other 
RSn(Pe""')3 compounds will also undergo substitution with inversion at the alkyl 
group, R. 

T h c  most recent work o n  broniinolysis of tetraalkyltins is duc to Fukuzumi and 
Kochi3". These workers observed that on mixing the reactants, transient charge- 
transfer bands were formcd, which then disappeared as the actual brominolysis took 
place. Rate  constants for brominolysis in the  absence of added bromide ion were 
obtained for reactions in solvents hcxane and carbon tetrachloride, and arc given in 
Table 59. Reactions were carricd out in the dark in order to eliminate light-induced 
radical chain proccsses. The  results were analyscd in terms of the charge transfer 
mechanism, and will be discusscd together with thc iodinolysis kinetic results later. 

TABLE 59. Second-order ratc constants, at  25 "C 
for the brominolysis of tetraalkyltins in hexanc and 
in carbon ~etrachloridc"~ 

li,Sn I-Iexnrie CCI, 

Mc,Sn 0.43 1.9 
EtSn: xi 2.1 9.9 
Pr" Sn Mc, 1.2 5.0 

I'r",SnMe, 4.1 18 
Pr',SnMe, 96 210 

Bu',SnMe, 7.1 0.5 
Et,SnMc 2s s 4  
Et.,Sn 51 250 
Pr",Sn 25 110 
Pr',Sn 2500 2700 
Ru",Sn 35 130 

Ru',Sn 350 650 

Ru"SnMc, I .2 3.8 
Et,SnMe, 5.5 27 

Bu"2SnMc, 3.3 17 

B d,Sn 6.4 24 
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M. Brorninolysis of Organolead(1V) Compounds 

Depending on  the experimental conditions, one or two organic groups may .be 
cleaved from tetraorganoleads"'. With tetraalkylleads one group is removed at 
-70 "C and the second alkyl group at -25 "C, reactions 129 and 130 usually being 
carried out using an organic solvent. With cleavage of aryl groups, the step-wise 
stoichiometry of these reactions is less pronounced. 

K P b  + Br, - RBr i- R3PbBr 

R3PbBr -1- Br2 - RBr + R,PbBr2 

Kinetic studies have been carried ou t  o n  reaction 129 in methanol in t he  presence 
of bromide ion". When R = Me or Et the reactions were found to be first order in 
each reactant. Rate constants at an ionic strength of 0 . 2 0 ~  were found to be 
1 1  x lo4 1 mol-' s - '  for brominolysis of tetramcthyllead and 9.4x lo4 1 mol-'s-' for 
brominolysis of tetraethyllead. These rate constants decreascd with decrease in ionic 
strength, and an S,2 (open) mcchanism was postulated. 

N. lodinolysis of Organolithiurn(1) Compounds 

The optically active compound 1-mcthyl-2,2-diphenylcyclopropyllithium was 
found to react with iodine in ether to yicld the corresponding cyclopropyl iodide with 
almost complete retention of optical activity and configuration2s3. 

0. lodinolysis of Organomercury(l1) Compounds 

Early work by Keller"3 showcd that thc iodinolysis of phcnyl- and alkyl- 
mercury(l1) iodides by iodine in dioxane was free-radical in naturc, with a kinetic 
form second ordcr in iodinc and zero order in organomcrcury(I1) iodide. In  the 
presence of added iodide ion, t h c  free-radical path was suppressed and the kinetic 
form changed to first ordcr in substratc and first order in 13- .  Winstein and Tray10r"~ 
then studied the  iodinolysis of 4-camphylmercury(II) iodide in dioxane-water (95 : 5 )  
with iodine in the presencc of iodide ion and reported a second-ordcr rate constant 
of 1.27 x 1 mol-' s-' at 5 5  "C. Reaction 131 was also studied in dioxane-water 

(131) 
I -  

RHgl + l2 ---+ RI + Hg12 

(90: 10) and relative rate constants at 55 "C were found to be as follows: R =  Bu", 
66; R = 4-camphyl, 3.1; and R = ncophyl, 1; Winstein and T r a y l ~ r ~ ~ "  suggested that 
reaction took place by a four-centred Sl,2 (cyclic) transition state. In another early 
study. Lord and Pritchard"' reportcd that reaction 132 when carried out  with the 

TABLE 60. Sccond-ordcr rate constants, 103k2, at  28°C and acti- 
vation cncrgies for the iodinolysis of Mc,Hg in various s o l ~ ~ c ~ i t s ~ ~ ~  

Solvcnt I W k ,  ( I  nioI I s-l) E:, (kcal mol-~) 

Cgclohexanc 1.15 
CCI, 1.22 
Benze nc 6.67 
CI-ICI, 24.8 
EtOH 116 

7.1 
7.7 
8.5 
8.0 
7.4 
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TABLE 61. Second-order rate constants at 20 "C and activation pararneicrs for the reaction 

PhCH,HgCI + I, & PhCH,I + HgClI 

Solvent 

Dioxane-water (70 : 30) 
Dirnct hylforrnamide 
Met hanol 
Ethanol 
Butanol 
Acetonitrile 
Dimethyl sulphoxide 
Benzene 

0.366 
0.215 
0.807 
0.279 
0.072 
0.590 
0.145 
6.6 

10.8 - 23 
15.3 -8 
9.6 -26 

11.6 -20 

10.1 -27 
15.2 -10.5 
9.7 - 24 

356 
357 
357 
357 
358 
358 
35s 
358 

rigorous cxclusion of light was hrst ordcr in each reactant. Kinctic results are given in 
Table 60. 

MezHg + 12 - McI+ M c H ~ I  (132) 

Reutov and coworkcrs carricd out several investigations on the kinetics of 
iodinolysis of organomcrcury(I1) compounds, using cither bcnzyl- or aryl-mercury(I1) 
halides as substrates. Reaction 133 was studied using dioxane-watcr (70 : 30) as 

PhCH2HgCl + I? 2 PhCH21 + HgClI (133) 

solvent and cadmium(I1) iodide as the source of iodide ion"". The  kinetic form was 
first ordcr in 13-, and the value of k:)" was found to be independent of iodide ion 
concentration. It therefore follows from equation 98 that o n l y  the terms in k ;  and k ,  
contribute to the ovcrall rate. Table 61 shows the quoted ratc constants for rcaction 
in aqueous dioxane3'" and various other ~ o l v e n t s ~ ~ ~ ~ ~ ~ '  . Reutov E L  ~ 1 . ~ ' ~  put forward 
two possible transition states 21 and 22, arising from attack of 1,- on PhCH2HgCl. 
This corresponds to the k ;  term in cquation 98; the k ,  tcrm would involve attack of 
l2 o n  PhCH,HgCII-, possibly through a transition state such as 23. 

Substituent effccts in the benzgl group wcre also investigated3"" in methanol and 
dimethylformamide; again cadmium(I1) iodide was the source of iodide ion. Rate 
enhancements were found both for the electron-attracting p-NO, substituent and for 
the  electron-donating p-Me group (see Table 62). It was suggested'"" that the 
mechanism approached SEl for the p-NO,-substituted compound and approached 
S,,2 for the methyl- and halogen-substituted compounds. 

Rcutov and coworkers'"' also studied substituent effects in reaction 134 in 
methanol-toluene (Table 63). 

XC6H,CH(C0,Et)HgBr + I2 2 XC6H,CH(C0,Et)T + HgBrI (134) 

T h e  mcchanism was suggested to be in the boundary rcgion betwen S,1 and SE2. 
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TABLE 62. Relative second-order rate constants"" at 20°C in methanol and dimethyl- 
formaniide for the reaction 

XC6H4CH2HgCl + 1, - XC<,H4CH,I + HgCll 

X MeOH Dmf X MeOH Dmf 

P-NO, Very fast p-Br 0.76 
p - M e 0  11.1 11.1 p-CI 0.95 0.64 
~ - M c  2.57 2.04 t i t  -Br 0.61 0.48 
o -Me 2.33 1.80 ti1 -I; 0.56 0.48 
P-F 1.12 0.75 0 -Cl 0.31 0.32 
t i 1  -Me 1.1 1 0.92 0-F 0.29 0.32 
H 1 .0 1 .o 

It should bc notcd that the  rate constants found for reactions 133 and 134 are 
composite constants, since k;"'= k i +  k 3 / K  for the case in which the observed rate 
constant is independent of [I-]. Furthcr, k ,  will itself be a composite constant and 
will include the  equilibrium constant for formation of the complex [RHgXII-. Thus 
substitucnt effects on k;h' may reflect possible variations in the k; to k 3 / K  ratio and 
possible substituent effects on the [RHgXII- formation constant as well as on the 
rate constant for reaction of RHgCl with I,-. 

Substitution of arylmercury(I1) compounds have been reportcd; Reutov and 
studied the iodinolysis of phenylmcrcury(I1) iodide by 12/1- in 80% 

TABLE 63. Relative second-order rate constants3" (probably at 
20°C) in toluene+ 1.5% methanol for the reaction 

XC,H,CI-I(COOEt)HgBr+ I, - XC,H,CH(COOEt)I I- HgBrI 

X k 7' X k 7' 
~~ ~ ~ ~ _ _ _ _ _ _ _  

P-NO, 61.5 kI 1 .0 

p -Cl 3.34 P-Bu' 0.353 

n - B r  7.96 tn -Me 0.7 
P -1 4.36 p-Pr' 0.457 

P -F 1.4 

TABLE 64. Second-order rate constants297 at 20 "C and activation parameters for the reaction 

I -  
Phl-Igl + I, - Phl+ HgI, 

Solvent k, ( I  mol-'s-') E;, (kcal niol-') ASf (cal K-' mol-I) 
~ 

dmf 20.2 
80% aq. dioxane 78.0 
MeOH 148.1 

9.8 -20.2 
11.2 - 13.9 
11.1 -12.9 
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TABLE 65. Second-order rate constants362.3h3 in ethanol at 30 "C and activation 
pararnetcrs for the reaction 

o-XC,H,MgCI 4- 1, - o-XC6H41 + HgClI 
~ ~~ ~~ 

X k, (1 mol-' s-') E:, (kcal mol-I) ASf (cal K-' rnol-')" 

H 5.67 
Me 1.50 
OH 11.8 
NO2 0.014 

1 1.04 -21.0 
11.1s -20.0 
8.10 -29.2 

15.96 -11.0 

TABLE 66. Second-order rate constants at 25 "C in carbon tetrachloride for the 
iodinolysis of dialkylmerc~rys'~ 

R,Hg k ,  (I mol-" s- I )  R,I-Ig k 2  (1 mol-' s-.') 

7.5 x 10-4 Bu",Hg 0.62 
EtHgMe 6.5 x 1 O-' Bu',Hg 0.26 
Pr",Hg 0.63 

aqueous dioxane, methanol, and dimethylformamide. T h e  reaction was very rapid, 
and although it was shown to b e  kinetically of the second order overall, the order 
with respect to each reactant could not be established; rate constants are  given in 
Table 64. Jha and coworkers3"2.363 have studied the substituent effect on a related 
aromatic substitution, that of arylmercury(I1) chlorides with iodine in ethanol. T h e  
overall kinetic order was found to be two, and the reportcd rate constants and 
activation parameters are given in Table 65. 

More recently, Fukuzumi and Kochi'" have reported second-order ratc constants 
for the iodinolysis of dialkylmercury(I1) compounds in carbon tetrachloride (see 
Table 66). The mechanism of the iodinolysis was described by Fukuzumi and Kochi 
in terms of their charge-transfer mechanism, as discusscd for  the halogenolysis of 
tetraalkyltins (see Section 1II.W). 

P. lodinolysis of Organoboron(ll1) Compounds 

Alkylboron(II1) compounds are  rather inert towards iodine, but aryl-boron bonds 
a re  easily broken by the action of iodine. Brown et a[.'" have studied the kinetics of 
iodinolysis of arylboronic acids in aqueous methanol at constant ionic strength and in 
the presence of an excess of iodide ion (reaction 135). Thc  reaction was first order 

ArB(OH),+ Iz + H 2 0  k ArI  + H 3 B 0 3  -t HI 

both in boronic acid and in iodine. Rate constants and activation parameters are 
given in Table 67. As had previously been shown for the iodinolysis of p-methoxy- 
bcnzene boronic acid3"', the reacting species arc  molecular iodine and the boronate 
anion. 
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TABLE 67. Activation parameters a n d  second-order ra te  constants at 25 "C in sodium 
acetate buffer solution for the reaction363 

ArB(OH),+ I,(+H,O) I ArI-I- R(OH),+ HI 

Phenyl 42.8 15.3 -1.7 
Thien-3-yl 30 000 8.6 -11.0 
Ttiien-2-yl 416 000 7.5 -9.8 

Q. lodinolysis of Organosilicon(1V) Compounds 

A number of preparativc studies have been rcportcd o n  these iodinolyses. 
Eaborn'"' showed that iodine in the presence of catalytic amounts of aluminium(II1) 
iodidc will cleave two ethyl groups from tetraethylsilicon, at the boiling point of the 
mixturc, to form Et,SiI, and EtI. Clark et uscd the same catalytic systcm in 
toluene solvent to form n-C3F71 from (n-C3F7),SiMe2. CH2=CHCH2Si(OEt)Me2, 
CH2=CHCH2Si(OEt),Mc, and CH,=CHCH,Si(OEt),Ph were all reported by 
Grafstein3"' to react with iodine yielding mixtures of alkyl iodide and ethyl iodide. 

The action of iodine chloride on  phenyltrimcthylsilicon was studied by Stock and 
Spector'*" (reaction 136) using acetic acid as the solvent. Good second-order kinetics 

PhSiMe, + ICI - PhI + Me3SiC1 (136) 

were found, t h e  ratc constant at 25 "C being 0.133 1 mol-I s-l. This is faster than the 
analogous chlorodesilylation reaction, and a cyclic four-centred transition state was 
suggested by Stock and Spector. 

R. lodinolysis of Organogermanium(1V) Compounds 

A number of product analyses have been reported o n  these r ca~ t ions~~ ' ;  in the 
presence of AH3, iodine and tetraalkylgermaniums react according to either reaction 
137 when R = Me and Et or to reaction 138 when R = Bu", Bu', and Pe". For R = Pr" 
a combination of both reactions takes place. 

K G e  + I2 > R,GeI+RT (137) 

> R-,GcI+RR (138) 

T h e  uncatalysed reaction of Bu",Gc and iodine yields tr i-n-butyli~dogermanium~~", 
and it is reported that in refluxing decahydronaphthalenc iodine will cleave one 
phenyl group from tctraphenylgermanium to give a poor yield of Ph3GeI"71. 

All, 
&Gc + 12 

S. lodinolysis of Organotin(1V) Compounds 

There is increasins usc of t h e  dcstannylation reaction as a mcans of introducing 
substitucnts into carbon skeletons; Seitz and coworkers have obtained iodo and 
125-iodo derivatives of tamoxifen through iodinolysis of the corresponding tri- 
butyltin compound3". Baekelmans er have reported that the iodinolysis of cis- 
or  trans-2-methylcyclopropyltintrimcthyl in either mcthanol or acetic acid takes place 



2. Heterolytic cleavage of main group metal-carbon bonds 91 

TABLE 68. Second-order rate constants at 20 "C for iodinolysis of tetraalkyltins 

Me,Sn I .67 6.8 6.55 

Pr",Sn 1.30 0.1 0.136 

Pr',Sn 9.4 0.004d 
Bu',Sn 0.07 1 
Pe"'*,Sn 0.086 (0.03)' 

I n  chloroben~cne~'~. 
I' In  the presence of iodide ion in nietlianol"". 

In the presence of iodide ion in  nietlianol"'. 
'I Ref. 34.5. 

Different values from dilfcrent sets of experiments. 

Et,Sn 10 0.8 0.833 

Bu",Sn 1 .o 0.04 

with complete retention of configuration to  yield the corresponding cyclopropyl 
iodide. As may be seen from stcreochemical studies of thc brominolysis reaction (see 
Section L), however, this cannot be taken as a general stereochemical rule. 

A very large number of kinetic studies have been reported on the iodinolysis of 
alkyl- and aryl-tin compounds, starting with thc work of Gielen and Nasielski. Thcy 
showed that in the presence of a large excess of iodide ion, reaction 139, where 
R = several alkyl groups, followed second-ordcr kinetics in methanol. AnaIysis as 
indicated in Section 1II.A indicated that molecular iodine was the electrophilic 
rcagent and that the rate constant increased with increasing ionic strength of the 
medium. Thcy concluded that alkyl-tin bonds were broken by an S,2 reaction 
involving an 'opcn' transition state2". 

R,Sn+I, - RI+R,SnT (139) 

Rate constants for cleavage of symmctrical tetraalkyltins are given in Table 
. Combination of similar kinet ic  studies, together with rclevant product 

analyses, also enabled rate constants for cleavage of alkyl-tin bonds in unsymmetri- 
cal tetraalkyltins to bc obtained345 (Table 69). Also given in Table 69 are rate 

TABLE 69. Statistically corrected second-order rate constants345 for iodine cleavage of the 
indicated alkyl group from tetraalkyltins in the presence of iodide ion at 20 "C in methanol 

68276.345.346.373 

R,Sn k ,  ( I  moI s-') R,Sn k2 ( I  moI-'s--') 

Me-SnMe, 1.77 Pr" -Sn (Bu" ), 0.16" 
El-SnMe, 0.256 Bu"-Sn(Bu"), 0.01 
Pr" -%Me, 0.056 Me-SnMe,Et 2.34 
B u" -Sn Me, 0.132 Me-S nMe,(Pr" ) 1.95 
Pr'-SnMe, 0.01 Me-SnMc,(Bu") 1.95 
But-SnMc, 0.00 Me-SnMe,(Pr') 1.51 
Mc-SnEt, 3.58 Me-SnMe,(Bu') 0.01 
Et-SnEt, 0.22 Me-Sn(Pr"), 1.68" 
Pr"-SnEt, 0.065 Me-Sn(Pr'), 0.17" 
Bu"-St1 Et, 0.060 Et-SnEt,(Pr") 0.245 
Pri-SnEt3 0.004 Et-SnEt,(Bu") 0.247 
Me-Sn(Bu"), 1.42" Et-SnEt,(Pr') 0.255 
Et-Sn(Bu"), 0.58" 

a Values :ire t;ikeii  from ref. 347 and m a y  not hc t o t a l l y  reliable (see text). 
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constants calculated by  Abraham from the work of Faleschini and T a g l i a ~ i n i ~ " ~ ,  in 
the light of subsequent criti~ism'~' of these workers' product analyses. From the 
kinetic data listed in Tables 68 and 69 it seems that thcrc is a very strong steric efiect in 
the alkyl group that is cleaved, but that alkyl groups o n  the leaving SnR, entity exert 
much less powerful steric effects. If these substitutions in methanol d o  proceed with 
retention of configuration at the site of substitution, through a transition state such as 
24, then following the analysis given b y  Abraham and Spalding"" for other SE2 

(24) 

reactions, it seems probable that the main steric interactions in 24 are between the 
moving R' group and the incoming iodine molecule, and between the moving R' 
group and the SnR, group. However, it should be noted that no experimental 
determination of the stereochemical course of these iodinolyses of simple aliphatic 
alkyltin compounds has been reported. 

Gielen and Na~ielski"~, have also studied the iodinolysis of alkyltin compounds 
using various other solvents. In dimethyl sulphoxide, with no  added iodide ion, a 
second-order rate equation was followcd, and rate constants at 20 "C were given as 
0.48 1 mol.-' s-' for Me,Sn and 0.021 1 mol-' s-' for Et.,Sn37J. Studies using acetic 
acid wcre carried o u t  again in the absence of iodide ion, and the given rate constants 
are collected in Table 70344. In ehlorobenzene, a different sequence of reactivity was 
observed (see l a b l c  68); this was attributed to formation of a cyclic transition state', 
rather than the open transition state in methanol or acetic acid. 

Robertszi2 has studied the iodinolysis of a series of trimethyltin compounds 
(RSnMe,) in methanol, acetonitrile, and dimethyl sulphoxidc and has shown 
that when R = Bu", Pe", -(CH,),Pli, -(CH2)2CH=CH2, -(CH2),CH=CH2, 
-(CH2)2C02Mc, and a variety of cyclic groups, on ly  the methyl-tin bond was 
brokcn with formation of methyl iodide. The exceptions were when R = 7-norborn- 
adicnyl and anri-7-norbornadicny1, for which C,-tin bond fission took place. 
Activation parameters for reaction of Mc,Sn and Me3Sn(CH2),CO2Me with iodine in 
acetonitrile were reported2I2. 

T h e  iodinolysis of tetra-n-butyltin by iodine in a number of non-polar solvents was 

TABLE 70. Second-order rate constants in acetic acid at 20°C: for the iodinolysis 
of t ~ t r a a l k y l t i n s ~ ~ ~  and (statistically corrected) values for thc iodine cleavage of 
the  indicated alkyl group from unsynimetrical substrates34s 
~ 

R,Sn k ,  ( I  mol-' s - ' )  R,Sn 

Me,% 
Et,Sn 
Pr",Sn 
Bu",Sn 
Pr',Sn 
Me-SnMe, 
Et-SnMe, 
Pr"-SnMe3 

0.22 
0.082 
9.4 x 10-3 
7.8 x 10-3 

0.061 
0.5 x 10-3 
1.66 x lo-' 

-10-4 

Bu"-%Me, 
Pr'-%Me, 
Bu-%Me, 
Me-SnMe,Et 
Me-SnMe,(Pr" ) 
Me-SnMc,(Bu" ) 
Me-SnMe,(Pr' ) 
Mc-Sn,Mc,( Eu') 

3.17X 
4.6 X 1 0-', 

-5 x 10-5 
0.0872 
0 .O63 5 
0.0635 
0.058 

-0.005 
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TABLE 71. Fourth-order rate c o n ~ t ~ i n t s ' ~ ~ . ' ~ ~  , k,, at 20°C for the reaction 

Bu",Sn + I, - Bu" I + Bu",SnI 

Solvent k, (I' r n ~ l - ~  s-I) Solvent k ,  ( I 3  rnol-' s-.') 

93 

n-ButyI bromide 0.625 Toluene 0.0333 
a-Methylnaphthalene 0.333 Ethylbenzene 0.020s 

Bcnzcne 0.0417 Mcsitylene 0.0022 

Carbon tetrachloride 0.125 p-Xylene 0.0067 
Cyclohexane 0.050 ,ti-Xylene 0.0063 

found by Jungers and c o w o r k c r ~ ~ ~ ~ ~ ~ ~ "  to  follow a fourth-ordcr rate law, first-order in 
Bu,Sn and third-order in iodinc; values of thc fourth-ordcr rate constants are given 
in Table 71. More recently, Isaacs and J a ~ a i d " ~  have studied the pressure depen- 
dence of the rate constant for iodinolysis of tctramethyltin in di-n-butyl cthcr at 
29.1 "C. At 1 atm pressure, the second-order ratc constant was 9.03 1 mol-'s-' and 
the volume of activation was calculated to bc -50cm". Abraham and Grcllicr*"" 
have dctermincd ratc constants for iodinolysis of tetramcthyl- and tetraethyl-tins in 
several alcohols in the prcscncc of iodidc ion;  rate constants arc given in Table 72. 

Recently, a number of detailed kinetic and mechanistic invcstigations on the 
iodinolysis of simple tetraalkyltins havc been rcportcd. Abraham et havc 
reinvestigated the iododemetallation of symmctrical tetraalkyltins in methanol in the 
presence of iodide ion (see Table 68). Through a combination of product analyses 
and kinetic salt effect studies, i t  was shown that the two-stcp mechanism proposed by 
M a t h i c ~ " ~ '  for the broniodemetallation of tetraalkyltins did no t  apply to thcsc 
systems. I t  should bc noted that the Mathieu mechanism, reactions 140 and 141, is 
indistinguishable on simple kinetic grounds from a single elementary bimolccular 
reaction bctwccn substrate and molccular halogcn. 

R,Sn + X, F====== FL,SnX-'. t- X- 

X- + RSnR,X' - X R  + R3SnX 

Fukuzumi and Kochi" have determined rate constants for the iododcmetallation 
of tetraalkyltins using a wide range of solvcnts, in thc abscncc of light. The  various 
reported second-order rate constants are  collected in Table 73. The results were 
analysed by Fukuzumi and Kochi in terms of thcir chargc-transfcr mechanism, 

TABLE 72. Second-order rate 
k,,  ;it 25 "C for the 

iodinolysis of tctrnalkyltins in the 
presence o f  iodide ion 

Sol vc n t Mc,Sn Et,Sn 

McOH 6.84 1.26 
EtOl--I 1.325 0.265 
i'r" OM 0.43s 0.095 
Pr'OH 0.476 0.170 
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TABLE 73. Second-ordcr ratc constants'2, 103k,, at 25 "C in various solvents for the 
iodinolysis of tetraalkyltins 

1O-'li2 ( I  mol- ' s- I) 

I -CI-2-Br- 
R,Sn MeCN CH2C12 EtOH Me,CO PhCl CCI," benzene dcph CHCIJ 

6300 5.8 1100 17 0.17 0.023 - - - Mc,Sn 
EtSnMc, 6300 7.9 340 16 0.93 0.15 46' 14' 35' 
Pr"SnMc3 6600 7.8 210 - 0.68 0.14 4.2c - 32' 

320 22 0.68 0.14 4.5' lo '  32' Hu" SII Me, 7200 8.9 
Bu' Sn Me3 - 9.3' 
Et2SnMe2 11000 I S  1300 - 0.84 0.42 8.7' 15' - 

PrwsZSnMc, 8900 13 950 26 0.74 0.38 5.3' - - 
Pr',SnMc, 9200 22 630 17 - 1.1 
Ru",SnMe, 9300 14 990 - 0.72 0.32 6.1' 9.s' - 
Hu',SnMc, - 22' 
Bu',SnMc, 830 6.2 1.7 - o. 19 0.40 - 1.7' 0.45' 
Et .,%Me 10000 20 1100 27 1.1 0.80 6.5' 16' - 
Et,Sn 1300 38 280 
Pr",Sn 270 17 44 1.1 0.13 0.61 - - - 

- 0.94 1.9 - - - Pr',Sn 14 2.2 12 
Bu",Sn 270 15 34 0.57 - 0.61 
Bu',Sn 210 8.3 2.8 0.27 - 0.26 
Ru',Sn 3.2 0.65 4.8 - - 1.5 

- - - - - - - 

- - - 

- - - - - - - 

- - - - 1 .0 0.96 

- - - 
- - - 

- - - 

" At 50°C. 
I' dcp = 1,2-dichloropropane. 

(from rcf. 19). 
Ref. 19. Additional \*alucs of 10"k2: Et,SnMc, in 0-CIC,H,Cl-I,, 1.0; EtSnMe, i n  n-Bu20,  0.043 

TABLE 74. Second-ordcr rate c o n s i a n t ~ ~ ~ " ,  k , ,  and activation paranieters at 25 "C in 
dirncthyl sulphoxide for the alternative reactions (A) and (B) 

RSnMe,+I, 2 RI+Me,SnI (A) 

RSnMe,-t-12 L MeI+Me,RSnl (B) 

R" k ,  (1 niol s ') AHf (kcal mol-') ASf (cal K ' mol-I) 

Me 
Ph 
CH,=CH 
CH,=CHCH, 
C F ,  
PhC = C 
C-C& 

C N  
C4HVh 
PhCH,1' 
CF," 

52.5 
416 
628 

2 . 3 ~  10' 
46.7 

3.4x 106 
Very fast 
Very fast 
4s 

153 
1 .o 

11.6 
11.2 
10.5 

11.9 
7.8 

- 

- 
12.9 
11.6 
10.2 

- 37 
-34 
-36 

-4 1 
-28 

- 

- 
- 
-34 
-35 
- S O  

~~ 

Clcavace of R-Sn bond. rcactian (A). cxcept whcre othenvisc indicated. 
I' Clc;wage of Me-Sn hond. rc:iction (B). 
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considered in detail in Section W. In  the case of unsymmetrical tetraalkyltins, they 
carried out product analyses in  order to be ablc to obtain thc selectivity with respect 
to the alkyl group cleaved, that is for a compound of type R,SnMeZ or RSnMe,, t h e  
ratio of rate constants for cleavage of the group R compared with the group Me. The 
observed selectivities varied widely with solvent, even showing reversals in some 
cases. 

Reutov and coworkers have publishcd scveral papcrs on the iodinolysis of mixed 
tetraorganotins. T h e y  investigated the kinetics of iodinolysis of trimethyltin com- 
pounds, RSnMe,, in dimethyl sulphoxide in the presence of iodide ion; rate constants 
and activation parameters are collccted in Table 74. Product analyses were carricd 
out  to determine the alkyl-tin bond that was cleaved; details are also given in Table 
74379. Similar studies were carried o u t  with methanol solvent; again reactions were 
second order overall, and details arc given in Table 75"". Different results were 
found in carbon tetrachloride'x1: firstly for a similar range of RSnMe, compounds, thc 
R-Sn bond was invariably brokcn, and secondly the kinetic form was variable. For 
RSnMe, compounds containing strongly electron-withdrawing groups, the kinetic 
form was first order in each reactant, but for other groups it became third order 
overall and second order in iodine. The latter behaviour WHS interpretcd as being due 
to the formation of an initial complex, RSnMe,.I,, which then reacts with a second 
moleculc of iodine in the kinetic-determining stage. Results are given in 'Table 76. 

By suitable choice of alkyl group and solvent, Reutov and coworkers were able to 
observe SEl processes in the iodinolysis of tetraorganotins. Thus in dimcthyl sul- 
phoxide. (CN)SnMe, undergoes iodinolysis at a rate independent of iodine concent- 
ration, with a first-order rate constant of 0.33 5-l at 20 0C349. An ion-pair type  of 
SN1 mechanism was suggested: 

(CN)SnMe3 
,I'>\\ - CN-SnMe,.' 

CN-SnMc,'. + I2 2 ICN + Mc3SnI (143) 

T A B L E  75. Second-order rate 
methanol for the  alternative reactions (A) a n d  (B) 

kZ, and  activation parameters at 25 "C in 

RSnMe, + 1, --!-- > RI-tMe,Snl (A) 

RSnMe, i. I, 2 Mcl -i- Mc,RSnI 

R k Z  ( I  n i o l - ' ~ - ~ )  AM'(kcal mol-I) AS'. (cal K-I mol-') 

(B) 

Me 7.47 5.1 - 37 
Ph 425 2.7 -46 
CH,=CH 214 2.8 -40 
CHZ=CHCH, 1 . 8 ~  107" - - 

CtJ ,  

C4I-I9C 7.68 1.8 -4s 
PhCH," 24.6 2.7 --43 

- - PhC = c 
C N  Very fast 

2.5 x 10" 
s .o - - 

- - 

' I  Clcnvagc o f  R-Sn hond, reaction (A), cxccpl where othenvisc indicntcd. 
" Ratc at 20°C. 
' Clc:wagc of Me-% bond, rcaclion (B). 
'I Clc;i\qe of Mc-Sn hond. rcactioii (B) ,  hut see ref. 364 and 'I'nhlc 70. 
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TABLE 76.  Rate constants, k 2  and k ,  at 20°C and sonic 
activation parameters for thc reaction in carbon tetra- 
chloridcs8' 

RSnMe,-1- I, - > RI+Me,SnI 

R k 2  ( I  niol-.' s-') k ,  (I' mol-2 S .  ' ) 

Mc - Very slow 
C,F, - 15.0 
PhCH, - 27.6 
CH,=CI-I" - 31.2 
Ph" - 232 
PhC = c - 1770 
CI-I,=CHCH, - 1.92 x 10' 
C9H7 
C-C,% 500 

160 - 

CN 2300 - 

" AH' = 2.7 k m l  n m l  I :  AS" = --44 cal I< ' mol- ' _  
" AH' = 2.2 kcal m o l  I :  AS" = -42 cal K-'  n i o l - ' .  

- 

An SEl proccss was also observcd for the iodinolysis of (CN)SnMe, and 
CF-13COCH2SnEt, in 1 : 1 dimethyl sulphoxide-carbon tetrachloride. In t h e  case of 
cyclopentadienyltintriniethyl, thc first-order rate constant varied with iodide ion 
concentration and the mechanism was thought to be intermediate between S,l and 
SE2, whilst the indenyl compound CPI-17SnMe3 followed the usual second-order rate 
law for an S,<2 process3"2 (see Table 77). 

Allyltin compounds have been found to react extremely rapidly with iodine, due 
no doubt to the possibility of substitution with rearrangement. Gielen and 
Nasielski"" showed that in t he  iodinolysis of tetraallyltin by I J -  in acetone the 
second-order rate constant could be dissccted into a term corrcsponding to k ;  (attack 
by molecular iodine) and one corrcsponding to ( k t +  k, /K) ,  that is, direct attack by 
i3.- or nucleophilic assistance of I - .  Gielen and Nasi~lski"~'  showed also that 
tetraallyltin was about 4 x  lo7 timcs as reactive as tetraethyltin towards iodine and 
proposed an SE2' mechanism (rcaction 144). 

R ,Sn--CM,-CH=~ n I T :  - R,Sn+ + CH,=CH-CH,I + 1- (144) 

TABLE 77. Rntc const;ints3s2, k , ,  at 20°C in 
I : 1 dimethyl sulplioxidc-c;irbon tetrachloride 
for the rcoction 

RSnR; i- I, 2- RI + R;SnI 

RSnR; k ,  (5-') 

(CN)SnMc, 0.20 
CH 3cocr~2st1 Et , 0.25 
(C-C5HS)SIlMe, 0.8-4.0" 
C,l-17Sn Me, 24 000" 

'' l h c  \ d u e  o f  k ,  var ied  with [ I -  1. 
'l'liih is t h e  valur: o f  kyr'/K, wlicrc K is t h c  cqitilih- 

riurn cons tant  for tlic forni:irion of 1; (unkiio\vn in 
[his solvent). 
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TABLE 78. Second-order rate consiants"H', k ,  at 

25 "C for rhe reaction 

Ph3SnR+ l2  RI i- Pti3SnI 

R Solvent k ,  ( I  mol-' s - I )  

CH2CH=CH2 
CH,CH=CHPh 
CH,CH=CM, 
CH,CH=CH Ph 
CH,CH=CHMe 
CH,CH=CH, 
CH,CH=CI-IPh 
CH,CH=CHMe 

McCN 
MeCN 
MeOH 
MeOH 

dmso 
dniso 
dmso 

McOI-l 

1.6 x 10" 
9.5 x 10" 
9.6x 105 
4.4 x lo4 
3.5 x 10' 
4.5 x 10' 

3.6x 10' 
5.7 x 104 

Roberts383 has also studied the iodinolysis of allyltin compounds in a variety of 
solvents and has disscctcd the observed ratc constants into contributions from k ;  and 
(ki + k 3 / K ) .  The various second-order ratc constants arc givcn in Table 78, and show 
again the very high reactivity of allyl-tin bonds. T h e  iodinolysis of allyltintrimethyl 
in dimethyl sulphoxide has been studied by Reutov and coworkers3'", who rcported a 
second-order rate constant of 2.3x lo7 1 mol-' s - ' .  After correction for the  statistical 
e fkc t ,  this corresponds t o  a reactivity about 2 x 10" times that of a methyl-tin bond 
(see Table 74), comparablc to the cnhanced reactivity reported by Giclen and 
Nasielski"" for the allyl-tin bond. 

T h e  benzyl-tin bond is brokcn by iodine also rather rapidly, although by n o  
means as rapidly as is the allyl-tin bond. Abraham and Andonian-Haft~an""~ 
showed that in thc iodinolysis of benzyltrialkyltins by I,/I- in methanol, only the 
benzyl-tin bond was broken (rcaction 145), when R=Et,  Pr" and Bu", but that 
both the bcnzyl-tin and methyl-tin bonds wcrc broken (reactions 145 and 146), 
when R=Me.  

PhCH21 + R3SnI (145) 
n 

PhCH2SnR3 -+ I2 

RI + PhCH,SnR,I (146) 

Kinetic results are given in Table 79, and by comparison with previous studies show 
that the bcnzyl group is intcrmediate in rcactivity between phenyl and methyl. 

Vinyl-tin bonds are also broken vcry easily by the elcctrophilic iodine molccule, 
as shown by Nasielski and coworkers"85. Values of the second-order ratc constants 
obtaincd for a number of compounds i n  methanol and chlorobenzene are givcn in 
Table 80 and show that in methanol at 20 "C the vinyl group from vinyltintrimcthyl is 
cleavcd about 170 times as rapidly as the methyl group in tetramethyltin. Compare 
thc  results of Reutov and coworkcrs3Xo (Table 7 3 ,  where the factor may be 
calcuiated as 11 5, again allowing for the statistical cffcct in tetramethyltin. 

T.he results of Rcutov and  coworker^^^‘^^^^" show also that the phenyl-tin bond is 
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TABLE 79. Sccond-order ratc 
conslants3x4, k ,  a t  25°C in 
methanol for thc iododemet- 
allation of PhCH,SnR, in thc 
presencc of iodide ion 

R k ,  ( I  mol-' s I )  

Bu" 6.74" 
Pr" 5.90" 
Et 8.86" 
Mc 10.57" 

'I Only the  benzyl group is clcavcd 
in these cases. 
" Overall total rate; the rate con- 
stant for cleavage of the bcnzyl 
group is 7.61 1 mol-'s '. 

rapidly broken in the iodinolysis reaction (Tables 7 4  and 75). In methanol the factor 
Ph-SnMe3/Me-SnMe3 is 230, but falls to 32 in dimethyl sulphoxide. 

As well as studies that yield the reactivity of the  aryl-tin bond compared with the 
alkyl-tin bond, there have been numerous investigations o n  the mechanism of 
substitution of aryl-tin bonds by iodine. Eaborn and coworkers3xh studied t h c  
iodinolysis of a number of aryltin compounds (reaction 147) in carbon tetrachloride, 

YC6H4SnR3 + i2 - YCGH,I + R3SnI (147) 

and observed third-order kinetics, first order in the substrate and second order in iodine. 
The third-order rate constants are given in Table 81. !t was suggesicd"" that the 
transition state resembled a m-complcx, which would account for the small spread of 
rates with variation of the substituent Y. O n  t h e  othcr hand, reaction 147 ( R =  Me), 
which was studied by Nasielski and  coworker^^^^^^^^ using methanol as solvent in the 
presence of iodide ion, was thought not to involve m-complex formation. In 
methanol, however, the kinetic3 were second-order overall, first order in 
substrate and iodine; second-ordcr rate constants are given in Table 82. Further 
studies were carried out with a series of substrates ArSnR33H9.390; the ratc constants 

TABLE SO. Sccond-order rate constants3x5, k,,  at 20 "C for thc iododemctal- 
lation of vinyltrialkyl1ins i n  the presence of iodidc ion 

Compound k2" ( I  niol-' s - ' )  kzf' (1 niol-' 5 - l )  

H,C=C(Et)SnMe, 
H2C=CHSnMc3 
cis-McCH=C(Me)SnMe, 
trotis -MeCH=C(h.le)SniMc, 
Me,C=CHSnMe, 
CH,=CHSnEt, 
CH2=CHSn(Pr"), 
CH,=CHSn(Pr' )3 

In methanol. 
'' I n  chlorobcnzcnc. 

15s 
306 

14 000 
53 000 

334 
164 
49 

-- 107 

2.8 

23 
20 
29 
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TABLE 81. Third-order rate constants3R6, lO-'k,, in carbon tetrachloride at 
25 "C for the reaction" 

XC,H,SnR, 4- I, - XC,N,I + R,Snl 

99 

X X 10-,k, (I2 rnol-'s-I) 

4-MeO 
4-(C,H I ,)3Sn 
4-Bu' 
4-Pr' 

4-Me 
3-Me 

4-Et 

4-Ph 

1145, 1.19" 
33 1 
232 
20 1 
167 
125,23.4' 

70 
47.7 

3-Me0 
H 
2-Ph 
4-F 
4-C1 
4-Br 
3-c1 
4-HOOC 

37.2 
16.6,0.057", 3.lC, 16" 
5.75 
3.71 
1.67,0.209' 
1.325 
0.642, 0.05 16' 
0.242 

'I R = cyclohexyl except where otlwxwisc indicated. 
" R = Ph. 

R = M c .  
" R-Et .  

TABLE 82. Second-order rate ~ o n ~ t a n t ~ ~ ~ ~ ~ ~ ' ~ ,  k,, at 25 "C and acti- 
vation parameters for the reaction in  methanol 

ArSnMe,+ I ,  ---+ ArI 1- Me,Snl 

Ar k, (I mol-' s-') E;, (kcal mol-") Log A 
~~ 

4-MeOCJ-I, 
4-MeC6H, 
Naphth- 1-yl 
Naphth-2-yl 
4-Me3SnC,H, 

Phenanthr-9-yl 
4-Me,SiC6H, 

4-BrC,H4 

3-McC6H4 

C6H5 

32 400 
2510 
1100 
1020 
870" 
759 
740 
513 
507 
121 

3.9 
5.0 
6.3 
5.5 

5.5 
6.0 

6.0 
6.7 

- 

- 

7.4 
7.0 
7.7 
7.0 

6.9 
7.2 

7.1 
7 .o 

- 

- 

'I Statistically corrected 

TABLE 83. Second-order constants389, k', at 25 "C and activation 
parameters in methanol for the reaction 

ArSnR3+I2 - > Arl+R,SnI 

Ar R k, ( I  mol-' s-I) E;, (kcal niol-') Log A 

Phenyl Me 
I3U" 

Pr' 
Naphth-1-yl Me 

Bu" 
Pr' 

Naphth-2-yl Me 
BU" 
Pr' 

Pylen-3-yl" Bu" 

437 
107 

1100 
398 

1020 
257 

1320 

15.9 

64.6 

28.8 

5.7 
5.9 
6.8 
6.3 
7.5 
4.6 
5.5 
5.4 

10.3 

6.8 
6.3 
6.2 
7.7 
8.1 
5.2 
7.0 
6.4 
8.6 

" Ref. 390. 
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obtained show that as the leaving group SnR3 increases in sizc, so thc rate is 
decreased (see Table 83). Combination of the rate constant for iododemctallation of 
PhSnMe, at 25 “C, 437 1 mo1-I s- ’ (Table 82), with that for iododemetallation of 
McaSn at 25”C, 6.841mol-’s-’ (Table 72), yiclds another value for the Ph- 
SnMc,/Me-SnMc, ratio of 256 in methanol. 

T. Halogenolysis of Organotin(1V) Compounds by Interhalogens 

McLean and cow~rkcrs’~’ have investigated the action of ICI and IBr on tetra-ti- 
butyl- and tetraphcnyl-tin in carbon tetrachloride with a view to establishing a good 
preparativc routc to compounds of type R,SnX and R2SnX,. In all cases, the more 
negative halogen atom in ICI or IBr became attached to the tin atom in t h c  organotin 
halide. Both interhalogens yicldcd R,SnX quickly, followed by a slower second step 
giving R,SnX2. With IBr, the second step was very slow and the action of IBr on 
Bu,Sn to yield Bu,SnBr was considered to be a successful preparative route. 

The action of IBr on tctramethyl- and tetra-ri-propyl-tin in carbon tetrachloride and 
cyclohcxane yields alkyl iodide and trialkyltin bromidc3‘’. Complex kinetics were 
obscrved, with both a second-order and a third-order term in the total ratc cquation 
148; values of the rate constants obtaincd are given in Table 84. 

u = k,[R,Sn][IRrl + k,[%Sn][IBr]’ (148) 

TABLE 84. Values”2 of k ,  and k, a t  25°C for t h c  rcaction 

R,Sn + IBr RI + R,SnBr 

R,Sn Solvent k ,  ( I  mol-’ s - ’ )  k ,  (I’mol-’s-’) 

Mc,Sn Cyclohexanc 1.1 x lo-’ 0.25 

Me,Sn CCI, 1.7x10 2.2 
Pr,Sn CCI, ( 5  x 10.1 

Pr,Sn Cyclohcsanc No rcaction 

U. lodinolysis of Organolead(1V) Compounds 

Riccoboni and  coworker^^'.'^'-^"^ have studied the kinetics of iodinolysis of tetraalkyl- 
leads using various solvents in the prcscnce of iodidc ion (reaction 149). Through 
cxperiments in which the concentration of iodide ion was varicd, they werc able to 
establish that reaction 149 in the solvents studied is a bimolccular reaction between 

R,Pb+I, - RI+R,PbI (149) 

tctraalkyllcad and iodine (see Section 1II.A). Rate constants arc given in Table 85. 
Giclen and N a ~ i e l s k i ” ~ ~  also investigated reaction 149 using an excess of iodidc ion 
and their determined ratc constants are also given in Table 85. For thc iodinolysis of 
tetramethyllead in acctonitrile, there is some as to whether or not thcrc 
is a term in (k;+ k J K )  (see Scction 1II.A). Abraham has discusscd t h e  experimental 
results and suggcsts that thcrc is a small contributing term, attributed3” to nucleo- 
philic catalysis by I-. Pilloni and Tagliavini“‘” cxtendcd kinetic studies to iicctonc and 
their results arc also given in Table 85. 

Reaction 149 has also been studied in benzene and carbon t e t r a ~ h l o r i d e ~ ” ~  in the 
absence of added iodide ion, and the rate constants for iodinolysis of tetraalkyllcads 
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TABLE 85. Second-order rate constants, k,, and relativc second-order rate constants, k,,,, for 
the reaction 

R,Pb+ I, 2 R1+ R,PbI 

k ,  (1 mol-' S C , )  k,, 

Solvent T ("C) Mc,Pb Et,Pb Pr",Pb Me,Pb Et,Pb Pr",Pb Ref. 

MeCN 25 2.41 X 10' 
MeOH 25 1 . 0 3 ~  lo4 
EtOH 25 2.80 X lo3 
Pr"0H 25 1.61 x lo3 
Me,CO 35 4.4 x lo4 
C&," 35 1.9 
CCI," 31 0.0355 
MeCN 20 2.7 x 10' 
MeOH 20 1 . 0 4 ~ 1 0 ~  
dmso 20 9.5 x 10' 
McCOOH 20 2~ 1 0 4  

I n  absence of added iodide ion. 

100 36.6 8.3 
100 38.9 13.4 
100 47.5 1.2 
100 45.3 6.2 
100 37.6 

22.8 7.1 
1.08 0.43 

100 55.5 
100 35.3 
100 23.6 
100 56.6 

TABLE 86. Second-order rate con- 
stants'", k, at 25°C in carbon tetra- 
chloride for the iodinolysis of tetraalkyl- 
leads 

EtPbMc, 0.10 

Et,Pb 0.89 

Et,PbMe, 0.33 
Et3PbMe 0.76 

395 
395 
395 
395 
396 
396 
306 
374 
374 
314 
374 

are  given in Table 85. More recently, Fukuzumi and Kochi" have reported sccond- 
o rde r  ra te  constants f o r  iodinolysis of s o m e  mixcd methylethyllead compounds in 
carbon tctrachloride; results a r e  given in Tablc  86. 

As usual for electrophilic substitutions, t he  phcnyl group is cleaved more  rapidly 
than a rc  simple alkyl groups. Nasielski a n d  c o w ~ r k c r s ' ~ ~  report that thc  second-order 
ra tc  constant for iodinolysis of phenyltrimcthyllead by iodine in rncthanol at 23 "C is 
20 900 I mol-' s-', so that after taking into account the statistical factor, the Ph- 
PbMc' bond  is about 8 times as rcactive towards iodine in methanol as is the  
Mc--PbMe3 bond. Another value for t h e  Ph--PbMc,~Mc-PbMe, reactivity in 
mcthanol is 26, again due  to Nasiclski's group371. 

V. Fluorinolysis of Organotin(1V) Compounds 

A recent intcresting report indicates that  tluorinolysis of Ph,Sn or PhSnBu, is a 
preparatively uscful route to fluorobenzene. Thus  with a dcficicncy of fluorinc in 
CFCl3 at -7S"C, yields of 15%) and 70%) fluorobenzcnc, rcspectively, were ob- 
tained, and  with fluorine in CCI, at 0 "C yields of 56% and  48% wcre reported3". 
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W. The Fukuzurni-Kochi Analysis of Halogenodemetallations 

In the  electron-transfer, or charge-transfer, mechanism of elcctrophilic substitution 
(see section 1.B.5), t hc  organometallic substrate and  t h e  electrophile first form a 
charge-transfer complex or excited ion pair, in which an electron is transferred f rom 
the  substrate to the  electrophile. Because of the  Franck-Condon principle, t he  
excited ion pair  is not in equilibrium with t h e  solvent, and  it may then be supposed 
that the excited ion pair becomes solvated to yield a 'thermal' ion-pair, that is, an  ion 
pair that is in thermal equilibrium with the solvent. Fukuzumi and K o ~ h i " ~ ~ " . ~ ~ . ~ ~ '  
then arguc that if such a thermal ion pair is a good model for the  transition s ta te  in 
an  electrophilic substitution, t he  calculation of thc cffcct of change of solvent, o r  of 
substrate o r  of electrophilc in terms of the  thcrmal ion pair  will provide an estimate 
of such a change o n  the electrophilic substitution transition state. In Section 1I.F.14 it 
was shown that solvent effects on  thc  %Sn/HgC12 reaction could thus be analysed, 
see equation 150. A n  analogous equation may be written for the  halogenolysis 
reaction (equation 151);  in both of these equations, thc  Me,Sn compound is taken as 

(1 50) 
Al,Vcr AG; 

(%SnHgCM > (%Sn 'HgC12-)* - (R,Sn'HgCIJ 

a reference. Fukuzumi and Kochi determined Ahucl values for the charge-transfer 
complexes between tetraalkyltin~".~".~" and  the  elcctrophiles HgC12, 12, and Br2. 
Then ,  in o rde r  to obtain relative energies for transformation of (RSnX,) t o  the  
thermal ion pair  (&Sn'X2-), it is nccessary t o  obtain an  estimate of the  solvation 
energy, AG:. In this way, 6 A G f  may be calculated (equation 152) and compared 
with the  obscrvcd value (equation 153). 

AG: (calc) = AG:+Ahvcr (152) 

Thc rc  are a number of ways of comparing observed and  calculated values; 
Fukuzumi and  Kochi, for example, obtained 'cxperimental' values of A G :  through 
equation 154 and then compared the  A G ;  values with those calculated using the  

AG:=AG:' ( o h ) - A h u , -  (154) 

Born equation2'. Another approach is to regard Ahvc-]. as  being made  u p  of an 
electronic term, given by the  ionization potcntial o f  the  tetraalkyltin, AID, and  a steric 
term, AE,  so that A h u , = A l , + A E ;  again, all quantitics refer to values for the  
tetramethyltin process as a reference standard.  Then ,  knowing Ahu,,. and AID, t he  
steric term A E  can be e v a l ~ a t e d ~ ~ . ~ ~ ' .  

We use equations 152 and  153 to compare  calculated and  observed A G F  values, 
and  in Table  87 a re  collectcd results for iodinolysis in several solvents. As pointed 
ou t  before, there is a pronounced inversion of reactivity with solvent. In the  polar 
solvcnts the  reactivity sequence is Me,Sn > Et,Sn > Pr",Sn 3 Bu",Sn 3 Bu',Sn > 
Pr',Sn, but in the  less polar solvents sequences such as the  following (in tetrachloro- 
methane) are observed, Me,Sn < Et,Sn > Pr",Sn = Bu",Sn > Bu',Sn < Pr',Sn. Gielen 
and  Nasielski6 have suggested that thcsc various sequcnccs arise because the transi- 
tion state in polar solvents and  in nonpolar solvents does not have the  samc structure 
o r  charge separation, the mechanism changing from SE2 (open) in  polar solvents to 
S,2 (cyclic) in non-polar solvents. Fukuzumi and Kochi22, however, attribute the  
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TABLE 87. Comparison of observed values of ACT wi th  those calculated by the  methods of 
Fukuzumi and Kochi for the  R,Sn/l, reaction" 

Me01 1 McCN EtOH MeCOMe 

Compound A l i t ~ ~ . ,  Obs Calc C;lk Obs Calc Calc Obs Calc Calc Obs Calc Calc 

Me.,Sn 
Et,Sn 
Pr",Sn 
Bu",Sn 
Bu',Sn 
Pr',Sn 
Bu',Sn 
B u'* S :i tvf e,  
Bu"?Sn Mez 
Pr',SnMc, 
I3 dzSn Me, 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-7.4 1.2 0.0 0.3 0.9 0.0 0.3 0.8 -0.1 0.2 -0.2 0.2 
-7.4 2.5 0.7 1.6 1.9 0.7 1.6 1.9 0.6 1.5 1 . 6  0.5 1.4 
-6.7 3.1 1.9 3.6 1.9 1.9 3.6 2.1 1.8 3.5 2.0 1.7 3.4 
-S.5 2.7 0.7 1.8 2.0 0.7 1.8 3.5 0.6 1.7 2.5 0.5 1.6 
-9.0 4.3 2.3 4.4 3.6 2.3 4.4 2.7 2.2 4.2 2.1 4.1 
- 10.4 1.1 2.2 4.5 I.: 2.2 3.2 0.9 2.0 0.8 1.9 
-2.3 0.1 3.1 -0.1 3.1 0.7 3.1 -0.2 3.0 
-5.5 2.1 -0.2 2.7 0.1 2.5 2.5 
-7.4 3.0 -0.2 3.0 0 .3  2,s 2.5 

-11.3 2.3 1.2 2.3 3.8 2.2 2.0 

Me,Sn 
El,% 
Pr"& 
Ru",Sn 
Bu',Sn 
Pr',Sn 
Bu',Sn 
Bu"SnMc, 
Bu'&SnMez 
Pr'?SnMe2 
Bu'2SnMc, 

McCOOH PhCl CH2C12 CCI, 

Obs Calc C;ilc Obs Colc Calc Obs Calc Calc Ohs Calc Calc 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

-7.4 1.9 -0.4 0.4 0.2 -0.6 0.2 -0.6 0.0 0.8 -1.9 -2.7 -2.3 
-7.4 0.7 -1.0 -0.7 -1.0 -1.2 -0.9 -1.1 -0.7 -0.3 -2.2 -3.2 -3.0 

-6.7 2.0 0.7 2.2 0.3 0.6 2.0 -0.6 1.2 2.7 -1.9 -1.S -0.8 
-8.5 -0.5 -0.7 0.2 -0.2 0.1 -1.4 -3.2 -2.6 
-9.0 4.7 0.S 2.6 -1 .0  0.6 2.3 0.6 1.4 3.3 -2.6 -2.6 -1.4 

-10.4 -0.7 0.3 1.3 0.1 1.1 -2.5 -3.8 -3.2 
-2.3 -0.8 2.3 -0.3 2.7 -1.1 0.8 
-5.5 -0.9 1.4 -0.5 2.0 -1.6 -0.9 
-7.4 1.4 -0.8 2.0 -2.3 -1.5 

-1 1.3 -0.1 0.2 0.0 1.1 -1.7 -3.5 

" All values in kcal rnol-' at 25 "C. Obsenwl quantities found through equation 153 usin!: rate constants in 
Tables 68, 69. 70 and 73. Ca1cul;ited quantities found through equation 152: for each sol\w~t the values in 
the first Calc column were obtained by use of  AG; values in :icetonitrile" and corrcctins these to other 
solvents by a Born-type expression"', and the \,altics in thc second Calc column were obtained directly 
through the modified Born equation of Fukuzumi and Kochi". 

change in sequence to  the  variation of AG: with solvent, the  transition s ta te  
throughout being regarded as close to the model ion pair. T h e  reason for the  
alteration in sequence for iodinolyses, but not for reaction with HgC12, is due  to the 
much more  negative values of AhucT in the former case; compare the  results in 
Tables 39 and  87. With, for example, a very negative Ahvcl. value of, -9.0 kcal mol-' 
for the  (Pr',SnI,) charge-transfer complex, relative to (Me,Sn12), the positive AG: 
value is large enough to yield a positive AG: value in polar solvents, but in 
non-polar solvents AGf is less positive and so (Ahvcl.+ AG:) becomes negative. 
However, for the  complex (Pr',SnHgCI2) as against (Me,SnHgCl,), Ahvct- is 
-3.0 kcal mol-.', so that even in non-polar solvents t h e  term (Ahv,,-+AG';) is still 
positive. T w o  methods of obtaining AG: valucs have been advancedzo.22. The first 
method was described in Section I1.F.14 and applied t o  the (R,SnHgC12) rcactions, 
and  exactly the  same proccdurc was used to dcducc A G :  and then the  AGr (calc) 
values given in Table S7 (first Calc column under each  solvent) through equation 
152; in this first method"" AG: values for R4Sn- in acetonitrile were obtained from 
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experiments on outer-sphere oxidation in acetonitrile, and corresponding AG: values 
in other solvents then calculated from those in acetonitrile by the Born equation. The  
sccond method2' simply used a modified Born equation to  calcuIatc AG: using the 
solvent dielectric constant as the only solvent parameter. In Table 87 (second Calc 
column under each solvent) are listed the A G f  (calc) values obtained in this way. 

As for the (%SnHgC12) processes, the general trends in AG: are reproduced for 
the (R4Sn12) systems using either of the methods of Fukuzurni and Kochi; in 
particular, the sequence inversion mentioned above can for the first time be 
accounted for in a unified approach". Since both methods rely on a modified Born 
equation to  obtain relative solvation energies of the KSn '  entities, an exact 
agreement would not be expected. Indeed, one of the main dcficicncies can be seen 
from results in acetic acid ( E  = 6.195) and chlorobenzene ( E  = 5.62). Any calculation 
based on the Born equation will yield similar AG: values in these two solvents, and 
hence similar AG: (calc) values-thus the same sequence of reactivity should obtain 

'TABLE 88. Comparison of observcd values of AG: with those calciilated by the 
methods of Fukuzumi and Kochi for the R,Sn/Br2 reactiona 

dmf McCOOH PhCl 

Compound Ahvc7- Obs Calc Calc Obs Calc Calc Obs Calc Calc 

Me,Sn 
Et,Sn 
Pr",Sn 
Bu",Sn 
Bu',Sn 
Pr',Sn 
Bu",Sn 
Bu"SnMc, 
Bu",SnMe, 
Pr',SnMc, 
Bu',SnMe, 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-6.9 0.5 0.4 0.8 0.1 -0.6 -0.3 -1.5 -0.7 -0.4 
-6.9 1.7 1.1 2.1 1.2 0.0 0.9 -0.9 -0.1 0.7 
-6.9 1.7 3.4 1.3 0.5 2.0 -0.9 0.3 1.8 
-7.4 1.9 2.9 0.6 1.5 0.5 1.3 

-11.1 0.3 2.3 2.2 -1.3 0.4 -0.7 -1.5 0.2 
-11.8 -0.3 0.8 -1.9 -0.9 -2.1 -1.1 
-1.6 
-5.1 
-8.5 
-9.5 

CCI, Hexanc 

Obs Calc Calc Obs Calc Calc 
Me,Sn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Et,Sn -6.9 -2.9 -2.7 -2.5 -2.S -3.3 -3.1 
Pr",Sn -6.9 -2.4 -2.3 -1.8 -2.4 -3.0 -2.5 
Bu",Sn -6.9 -2.5 -2.0 -1.0 -2.6 -2.7 -1.9 
Ru',Sn -7.4 -1.5 -2.1 -1.5 -1.8 -2.8 -2.4 
Pr ',Sn -11.1 -4.3 -4.7 -3.S -5.1 -5.5 -4.5 
Bu",Sn -11.8 -3.5 -5.2 -4.6 -4.0 -6.2 -5.6 
Bu"SnMe, -1.6 -0.4 1.5 -0.6 1.1 

Pr',SnMc, -8.5 -2.8 -2.7 -3.2 -3.5 
Ru',SnMe, -9.5 -1.0 -1.7 -1.7 -2.8 

" All v;ilucs in kcal niol-' :it 2 5  "C. Observed quantitics found through equation 153 usiiiE rate 
constants in 7"ihles 53. 54,  55 and 59. Calculatccl quantities found through equation 152; for each 
solvent thc valucs i n  the first Calc column wcrc ohtainctl by use of AG: valucs in iicctonitrilc'* and 
correcting tlicse to other solvents by :i Born-type expression", and the values in the scconcl Calc 
column were obtained directly through the modified Born cquation of Fukuzunii and Kochi)". 

Butt2SnMe2 -5.1 -1.3 -0.4 -1.2 -1.1 
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in these solvents. However, the actual observed AG: values in acetic acid are Me4Sn 
0, Et4Sn 0.7, Pr",Sn 1.9, Bu",Sn 2.0 and Pri4Sn 4.7, with t h e  corresponding rcactivity 
sequence Me4% > Et,Sn > Pr",Sn 3 Bu",Sn > Pr',Sn, whereas in chlorobenzene the 
AGf values are Me,Sn 0, Et& -1.0, Pr",Sn 0.2, Bu",Sn 0.3 and Pri4Sn -1.0, 
leading to an inverted reactivity sequence Me4% < Et4Sn > Pr",Sn = Bu",Sn < Pr',Sn. 

An identical procedure to the above may be used for the brominolysis of %Sn 
compounds" and details are given in Table 88. Once again, the general trend of 
AGT values is reproduced, although the failurc of Born-typc equations to deal with 
solvents with similar dielectric constants but dissimilar reactivity sequences (e .g  acetic 
acid and chlorobenzene) is again evident. 

IW. PROTODEMETALIATION OF ORGANO- 
METALLIC COMPOUNDS 

A. Protodemetallation of Organolithium Compounds 

A stereochemical study283 showed that the  cleavage of the  optically active com- 
pound (1 -methyl-2,2-diphenylcyclopropyl)Iithium 25 by methanol in diethyl ether or 
dieihyl ether-dimethoxyethane took place with retcntion of optical activity and 
configuration. 

B. Protodemetallation of Organo-magnesium, -zinc and -cadmium 
Compounds 

Emptoz and Huct"' found that the rates of acidolysis of Group I1 organometallic 
compounds with hex-I-yne decreased along the series Et,Mg > EtMgX > Et,Zn > 
Et2Cd. Also, for the cleavage by iso-amyl alcohol, dicthylzinc reacted faster than did 
diethylcadmium. 

T h e  acidolysis of dialkylmagnesiurn compounds with hex-I-yne occurs by two 
competitive consecutive second-order reactions 155 and 156 in dicthyl ~ t h c r ~ " ~ . ~ ~ " .  

R,Mg+ B u ~ C H  RH + Bu-CMgR (155) 

(156) BuC%CMgR+ BuC%CH - R H  + (BuC%C),Mg 

For dicthylmagnesium, a kinetic isotope ratio k , , / k ,  of 2.8 for reaction with 
B u e C H  and BuC=CD was reported4"". Rate constants for rcactions 155 and 156 
are given in Table 89. 

Wotiz and coworkers havc studied the  acidolysis of alkyl Grignard rcagents by 
alk-I-ynes. The reaction between 1 M EtMgBr and 1 M B u G C H ,  to yield ethane, 
followed ovcrall second-order kinetics and had a rate constant4"" at 35°C of 
1.7 x lo-' 1 mol-' s-' in diethyl ether. Thc kinetic isotope ratio k , , / k , ,  for the reac- 
tions bctween EtMgBr and B u G C H  and Bu-CD in diethyl cthcr was 4.4400. 
Relativc reactivitics of various Grignard reagents RMgBr towards hex-I-ync in 
dicthyl ethcr have been reported4"' as R = M e  6, Pr" 59, Et 100, and Pr' 210. An 
Sr.2 (cyclic) type of transition state was proposed, such as 26, but the actual 



106 Michael H. Abraham and Priscilla L. Grellier 

TABLE 89. Second-order rate 
constants40', lO"k,, at 33°C for 
the reactions (A) and (B) in 
diethyl ether 

R,Mg + B u G C H  - F U - + B u e C M g R  (A) 

BuCSCMgR+ B u e C H  - RH-k(BuC+C),Mg (B) 

Eta 13 2.5 
Et 22 3.0 
Pr" 13 2.0 
Pr' 40 8.0 

Values from ref. 400. 

mechanism could not be deduced since the nature of the kinetically active species in 
the Grignard reagent is not known; at the concentrations used the equilibrium 157 
exists4"'. 

X 
RMg' 'MgR 2RMgX = RzMg+MgX, R2Mg 

'X' 'X' 
(157) 

Dessy and Salinger4"' investigated reaction 158 in diethyl ether 

XC,H,MgBr + C4H,C%CH ---+ CGHsX + C,H,G=CMgBr (1 58) 

They concluded that the reaction was second order overall, first order in each 
reactant; the rate constants are  listed in Table 90. A second kinetic study4"', on the 
same reaction (X = H) carried ou t  in diethyl ethcr showed that the reaction was only 
first order, and when tetrahydrofuran was added it then became second order. 

TABLE 90. Second-order rate 
constants4"", 104k,, at 315°C in 
dicthyl ether for the reaction 

XC,H,MgBr 4- C4H,C=CH - C6H,X + C,H,C=CMgBr 

X 104k,  (I moI-' s- ' )  

tt1 -CF, 0.22 

p-CI 0.6 

y M e  6.22 

f t l  -CI 0.33 

H 2.8 
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Hashimoto and c o ~ o r k e r s ~ ~ ) ~  concluded that the reaction between ethylmagnesium 
bromide and hex-I-ync in tctrahvdrofuran followed third-order kinetics, and al- 
though thcy proposed a mechanism, they did not t ake  into account equilibrium 157. 
In diethyl ether, the reaction was first order in each reactant4'". 

Deuterium isotope effects wcre investigated by Pocker and Exncr"'. For the 
acidolysis of Grignard reagents by water and alcohols i n  diethyl ether and tetra- 
hydrofuran the values of k,,/k, were slightly larger than 1, suggesting an initial 
coordination of the water or alcohol to magnesium, followed by a rapid proton 
transfer. For reaction with alkynes the isotope ratios werc large, indicating a 
ratc-determining proton transfer. 

Abraham and Hi11408.4"' studied thc  kinetics a€ acidalysis of dialkylzincs. The 
reactions between Pr",Zn abd p-toluidine or cyclohexylaminc at 76 "C in diisopropyl 
ethcr were analogous to  the acidolysis of dialkylmagnesiums in that thcy occurred by 
the competitive consecutive sccond order reactions 159 and 160 (R = Pr", R = p- 
tolyl or  cyclohexyl). 

(159) 

(160) 

R2Zn + H,NR' - RH + R Z n N H R  

R Z n N H R  + H2NR' - RH + Zn(NHR'), 

Rate constants for rcaction 159 were about six timcs those for stcp 160. For Pr'I2Zn 
the rate constants for reaction 159 at 76°C in diisopropyl ether were 2.1X 
10-2 1 mol-.l s--l for p-toluidine and 1.8x 1 rno1-I s-.' for acidolysis with cyclo- 
hexylamine. Relative rate  constant^ for reaction 159 ( R  = p-tolyl) are given in Table 
91, and for the unsymmetrical compounds EtZnPr" and Pr"ZnBu" relative rates at 
68 "C in diisopropyl ether for reaction with p-toluidine wcre R = Et 100, Pr" 52, and 
Bu" 414"". An SE2 (cyclic) mechanism was proposed"" with a transition state such as 
27. 

(27) 

inoue and Yamada4"' reported rate  constants, given in Table 92, for the  acidolysis 
of dialkylzincs by diphenylamine in benzene in the presence of complexing agents. It 
was suggested that the increased reactivity of the dialkylzincs in the presence of the 

TABLE 91. Relative second-order ratc constantsu for the 
reaction 

R,Zn + H,NR - RH -I- RZnNHR (R' = p-tolyl) 

R 

Me Et Pr" Bu" Pr' Solvent Temp.("C) 
~~ 

41 100 42 27 61 Et,O 35 
100 33 35 67 Pr',O 68 
100 71 I-Iexane 69 
100 82 Thf 66 

" Obtained by cornpetitivc experimcnts. in \\hidl two dialkylzincs 
were ;illowed to react with ii deficiency of p-toluidinc? 
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TABLE 92. Second-order rate constants41n, 106k2, 
for the acidolysis of R2Zn by diphcnylarnine in the  
presencc of cornplexing agents in benzene at 40 "C 

10hk2 (I rnol-' s-') 

Complexing agent (0.3 M) Et,Zn Bu",Zn 

None 4.4 4.2 

Et,N 3.1 
tmed" 3.3 4.2 
PY 27 

MeOCH,CH,OMe 1.9 2.2 

dmaqb 89 
biPY 114 97 

" N,N,N',N'-Tetrarnethylethylenediaminc. 
8-Dirnethylaminoquinoline. 

three ligands with conjugated structures was caused by thc back-donation from t h e  
zinc atom to the  ligand reducing the electroil density at zinc and thus facilitating t h e  
coordination of diphenylamine to zinc in a transition state analogous to 27. 

T h e  acidolysis of diethylcadmium by substituted benzyl alcohols XC6H4CH20H in 
diethyl ether followed the overall reaction 161Q1'.412; rate constants are given in Table  
93. 

Et,Cd + 2ArCH2OH - 2 E t H  + (ArCH,0)2Cd (161) 

From substituent and  kinetic isotope effects, a mechanism in which nucleophilic 
coordination of oxygen t o  cadmium slightly precedes electrophilic attack at t h e  ethyl 
group was suggested, with a transition state such as 28. 

TABLE 93. Second-order rate constants41'.412, 
103k,, for the  reaction between Et,Cd and 
XC,H,CH,OH in diethyl cther at 34.5"C 

~~~ ~ 

p-OMe 1.8 - p-CI 1.1 
p-Me 1.5 f?1 -Cl 1 .o 
tt1-M~ 1 .4  RI-CF, 0.98 
H 1.3 p-CF, 0.85 
~I I -OMC 1.2 
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C. Protodemetallation of Organomercury Compounds 

Much of the early work on the protodemctallation of organomercury compounds 
was concerned with the cleavage of dialkyl- and diaryl-mercury compounds by 
hydrogen chloride in ethanol. With unsymmetrical compounds, RHgR', the relative 
rates of cleavage of thc  two groups may be obtained by product analyscs, see equation 
162 (X=CI). 

(162) 

/ RH+R'HgX 
RHgR' + HX 

R H +  RHgX 
\ 

Kharasch and  coworker^^'^^'^ used qualitative relative rates of cleavage determined 
in this way to construct an 'electronegativity' series of alkyl and aryl groups, the 
greater the reactivity of the organic group, the greater was its electronegativity. 
Abraham' has commented on this series and has shown that certainly in the case of 
alkyl groups there is no substantial theoretical basis for thc clectronegativity series. 
Experimentally, the following ordcr of easc of protodemetallation was observed by 
Kharasch and coworkers: 

R = Me > Et > Pr" > Bu" > Pr' > Hept" > Bus > Pe'Ifn, Bu' 

More recently, there have bccn a number of kinetic investigations of proto- 
demetallation of alkylmercury compounds, and a stereochemical study by Jensen and 
 coworker^^'^. who showed that thc protodemetallation of optically activc Bd2Hg and 
of cis- and trans-di-4-methylcyclohexylmcrcury involved predominant retention of 
configuration at the carbon atom undergoing substitution. One of thc first kinetic 
investigations of protodemctallation of alkylmercurp compounds was by Winstein 
and c o - w ~ r k e r s ' ~ ~ ~ ~ ~ ,  who reported rate constants for protodemetallation by  an 
excess of acctic acid (as solvcnt); some values are given in Tablc 94 together with 
activation parameters. A cyclic transition state was suggested for thcse uncatalysed 
protodemetallations. In thc presence of perchloric acid, second-order kinetics were 
observed. A detailed study of the protodemetallation of alkylmercury(I1) iodides by 
aqueous sulphuric and perchloric acids showed that a rate-determining proto- 
demetallation (164) was followed by the  fast step (165)42".421. Kinetic data and 

H'+RHgI - RH+HgI '  ( 164) 

HgI' + RHgI RHg.' i- HgIZ 

TABLE 94. First-order rate ~ o n s t a n t s ' ~ . " ~ ,  10Gk,, at 25 "C and 
activation parameters f o r  the reaction 

R,Hg + AcOI-I - RH + RHgOAc 

A H t  A S #  
R 1O"k, (s-I) (kcal mol-I) (cal K ' mol - I )  

Ph 49s 
B U S  23 
Bu" 2.4" 20.4 - 16 

Neoph yl 0.036" 22.6 -17 
Camph-4-yl 0.52" 17 -12 

" Extrapolated values. 
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TABLE 95. Second-order rate  ons st ants^^"^^^^, 10"k2, at 110 "C and activation 
parameters for the reaction with 1 M H,SO, in water+2% methanol 

H i  + RHgl - RH + Hgl+ 

R 10"k2 (I mol-' s-') AH+ (kcal mol-') ASf (cal K-' mol-') 

M e  17.2 22.3 -23.3 
Et 6.8 22.8 -25 
Pr" 3.8 23 -23 
Hex" -2 
Pr' 2.2 25 -21 
cyclo-Pr 13 000 20.9 -11 
Bu' -0.14" 

" Solvent water-methanol (96 :4). 

activation parameters a re  collected in T a b l e  95. Maguire and  A n a r ~ d ~ ~ '  have deter- 
mined second-order rate constants for the protodemctallation of dimethylmercury by 
dilute aqueous acids at 25 "C and  pressures up  t o  1000 atm, the  constants increasing 
with increase in pressure. A t  25°C a n d  1 atm, the  ra te  constants were 6~ 
lo-, 1 mol-' s-l for protodemetallation by HCl and  2.5 x lo-' 1 mol-' s-l for proto- 
demetallation by HBr. 

Nugent and  K o c ~ ~ ~ ~ ~ . ~ ~ ~  have  invcstigated the  effects of alkyl groups R and R o n  
ratc constants for the protodemctallation of dialkylmercurys by an exccss of acetic 
acid (reaction 166) and their reported first-order ra te  constants a t  37.5 "C are  given 

RHgR' + HOAc - RH + R'HgOAc ( 166) 

in Table 96. With a cqnstant lcaving group ( H g R )  the  alkyl group is cleavcd in t h e  

TABLE 96. Pseudo-first-order rate con- 
st ant^^^"^^', i07k and i07k' ,  at 37.5"C in cx- 
cess acetic acid for the reactions 

RH I R'HgOAc 
Y 

~ 

RHgR' + HOAc 

R H  + FWgOAc 
'A 

~~ 

Me Me 
Mc Et 
Me Pr'  
Me Bu' 
Et Et 
Et Pr' 
Et But 
Pr' Pr' 
Pr' Uu' 
Bu' Bu' 

3.90" 
23.5 
85.S 

81.8" 
120 

255 
378 
154" 
224 
Very slow 

3.90" 

8.45 
Vcry slow 

S1.8" 
47.0 
-3 
154" 
-10 
Very slow 

14.3 

'' Stat istically rorrccrctl. 
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sequence R = M e < E t > P r ' > B u ' ,  interpreted by Nugent and Kochi as due to a 
combination of electronic and stcric effects; compare sequence 363 for proto- 
demetallation by hydrogen chloridc in ethanol, suggested' to arise predominantly 
from steric effects. AH the rate constants obtained by Nugent and Kochi could be 
accommodated by a single equation (167), in which k,, is the  rate constant for 

log ( k l k " )  = L + c ( 167) 

cleavage of McHgMe and k is that for cleavage of RHgR'. L is the leaving group 
constant, essentially an electronic effect with a striking relationship to the  vertical 
ionization potential of RHgR', and C is the cleaved group constant. Kinetic isotope 
efiects showcd that the  protodemetallation 166 proceeded by a rate-determining 
proton transfer, and transition state 29 was postulated. lg R' 

Both Nesmcyanov et and Dessy et Q I . ~ " '  have investigated the protodernetal- 
lation of a series of organomercury compounds R2Hg, where R =  alkyl, aryl, etc. 
Unfortunatcly, the experimental conditions are not the same, so that the  two sets of 
results cannot be combined; rate constants are collected in Tables 97 and 98, and it 

TABLE 97. Second-order rate  constant^'"^, 103kk,, at 20 "C i n  90 vol.-% aqueous 
dioxane for the reaction 

R,Hg + HCI - RH + RHgCI 

R 

1,3,5-M~3C,H, 
2-MeC6H, 
3-MeC,H, 
4-MeC,H4 

2-MeOC,H4 
4-EtC,H4 

3-McOC6H4 
4-MeOC6H4 
4-EtOC6H4 

2-McOOCC6H4 

3- FC61-I, 
4-FC6H4 

3-CIC,H4 
4-CIC,H4 
4-BrC61-I, 

2-MeOCOC6H4 

4-MeOOCC6H, 

2-c1c, 1-1, 

1,3,5-M~3C,H, 
2-MeC6H, 
3-MeC,H, 
4-MeC,H4 

2-MeOC,H4 
4-EtC,H4 

3-McOC6H4 
4-MeOC6H4 
4-EtOC6H4 

2-McOOCC6H4 

3- FC61-I, 
4-FC6H4 

3-CIC,H4 
4-CIC,H4 
4-BrC61-I, 

2-MeOCOC6H4 

4-MeOOCC6H, 

2-c1c, 1-1, 

365 
47.3" 
12.8" 
10.0 
42.6" 

3.82 
5.52" 

125 
178 

2.75" 
1 3.6b 
24.8" 

0.256" 
5.82" 
1.84" 
0.209" 
1.23" 
0.846" 

C6H5 
Et 
Bu" 
PhCI-I, 

CH,=CH 
cis-ClCH=CH 
trans -CICH=CH 
cis-MeCH=CH 
tram-MeCH=CH 
PhCH=CH 
cis -PhCH=CPh 
rrms-PhCH=CPh 
cis -MeC( MeOCO)=CMe 
tra tis -MeC(MeOCO)=CMe 
PhC(MeOCO)=CPh 
a -Thicnyl 

OL -Naphthyl 

1.77 
25.7h 
1 1 . P  

3.54" 
12.8" 
2.77 

13.gb 
25hh 

166 
213 
94.8 

6.94 
7 36' 
43.2 
54.0 
28.0h 
34.2 

" At 30°C 
" At 70°C. 
' Ar 611°C. 
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TABLE 98. Second-order rate 
ters for the reaction" 

k,, at 40 "C and activation parame- 

R,Hg+HCI - RHgCl+RH 
____ _ _ _ _ ~ -  

R k,  ( I  mol-' s-I) E;, (kcal mol-.') ASf (cal K-' mol-') 

cyclo-Pr 2.5 x lo-' 16.5 -11 
Vinyl 4 . 2 ~  lob2 13.6 -23 
C,H, 2.5 x lo-' 12.2 -29 
Et 3.8 x lo-" 15.5 -27 
Pr' 2.6 x 10-4 15.4 -28 
Pr" 2.3 x 10-4 16.5 -25 
Me Vcry slow 
Et" 1 . 9 ~  10-3 

Solvent diniethyl sulphoxide-dioxnne (10: 1). 
" Solvent d imeths l formamide~ioxan~ (10 : l)427. 

can bc seen that not only aryl groups but also vinyl groups are cleaved more easily 
than are simple alkyl groups. Nesmeyanov et aL4" also determined rate constants for 
protodemetallation of numerous substituted diphenylmercurys (Table 97), unfortu- 
nately at various temperatures. In general, the order of cleavage of XC6H4 groups 
(Table 97) is the same as that reported by Dessy and Kim4,* (Tablc 99) and by 
Nerdel and Makovcr4", who give the series X = 4-Me > 2-Me> 3-Me > H for cleav- 
age of (XC6H4),Hg by HCI in aqueous dioxane and tetrahydrofuran. A more 
detailed kinetic study of protodemetallation of an arylmercury compound was earlicr 
reported by Corwin and c o ~ o r k e r s ~ ' " . ~ ~ ~ ,  who showed that in the protodcmetallation 
of diphenylmercury with carboxylic acids, in dioxane, the reaction was approximately 
third order in the carboxylic acid. When perchloric acid was added, the kinetic form 
was simplified to second-order kinetics overall, first order in R2Hg and first order in 
perchloric acid. Rates of protodemetallation were measurcd in mixtures of ethanol, 
dioxane and water, and since these were correlated with the medium acidity function, 
a rate-determining proton transfer was suggcsted (see mechanism 168)431 

TABLE 99. Second-order rate constants, 10'k,, at 32 "C and activation parame- 
ters" in dimethyl sulphoxidc-dioxane ( 1 0  : 1 v/v) for the  reaction42x 

(XC6M,),Hg + HCI - C,H,X + XC,l-I,HgCI 

X 103k2 ( I  niol-' s..') E;, (kcal mol-I) AS"' (cal K-' mol-') 

4-Me0 460" 9.2 
4-PI1 26.1 11.9 
H 16.2 12.2 
4-F 13.6 11.4 
4-CI 4.78 15.0 
3-NOZ 0.14h 20.8 

- 32 
- 30 
-29 
-31 
-22 
- 1 0 

* Valucs t o  hc treated with caution sincc they \wrc  calculated only over 16°C for  each 
compound. 
" Extrapol:itcd from data at other  :empcraturcs.  
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TABLE 100. Second-order rate constants, 10'k2, at 70°C and activa- 
tion parameters for the protodemetallation of ArHgCI by HCI in 
10 vol-% aqueous ~ thanol~~ ' . " '~  

113 

105k2 E,  ASch 
(1 mol-.' s --I ) (kcal mol-') (cal K-' mol-') 

Ph 
4-MeC6H, 
3-MeC6H, 
4-CIC,H, 
3-ClC6I-1, 
4-MeOC,M4 
3-MeOC6H, 
Fur-2-yl 
Fur-3-yl 
Thien-2-yl 
2-Selenophen yl 

12.0 
83.6 
28.3 

8.04 
3.13 

8.53 
1770 

49 400 
1 800 

20 GOO 
45 GO0 

23 
24 
25 
23 
23 
19 
21 
18 
16 
15 
14 

-12 
-5 
-3  
- 14 
-16 
-14 
-18 
-9 

-21 
-20 
--18 

Brown et aL4'* have studied the kinetics of the hydrochloric acid cleavage of 
arylmercury(I1) chlorides in 10% aqueous ethanol. The process was first order in 
RHgCl and first order in acid; the second-order rate constants at  70°C and the 
associated activation parameters are given in Table 100. The effect of chloride ion is 
peculiar in that, although the  reaction order is zero with respect to chloride ion, the 
reaction does not occur at  all in the abscnce of CI-. The mechanism shown in 
equation 169 was suggcstcd. 

C'I 

fdS1 
ArHgCl + H30' ArHHgCI' ArH + HgCI2 (169) 

Rate constants were reported for protodemetallation of a number of heterocyclic 
compounds (Table and as for the arylmercury(II) chlorides, the peculiar 
effect of chloride ion was again noticed. 

The clcavage of phenylmcrcury(II) bromide by hydrochloric a ~ i d ~ " . ~ ~ ' ,  phosphoric 
acid4", and chloroacetic acid436 in aqueous dioxane was studied in the presence of 
addcd sodium iodide to complex the mercury(I1) halidc produced, since the latter 
affected the rate constant throughout a given kinetic run. Howevcr, this addition of 
sodium iodide itself accelerated the reaction and also led to other complications. Reutov 
and coworkers suggested that in 90-95% aqueous dioxane, the reaction took place 
through an SE2 mechanism, but that in 60-80% aqueous dioxanc an SEl type of 
process took The  lattcr sccms unlikely, and it is possible that oxygen 
interferes with these protodemetallations"8~4'7. 

Second-order rate constants for protodemetallation of divinylmcrcurys (Tablc 97) 
show that these compounds are reactive, and Rcutov and coworkersJ3' further 
examined the cleavage of cis- and fruits-P-chlorovinylmcrcury(I1) chloride by hyd- 
rogen chloride in dioxane and dimethyl sulphoxide. In all cases, the protodemetal- 
lation procccdcd with complete retention of geometrical configuration, although in 
dioxanc thc mechanism was SE2 whereas in  dimethyl sulphoxide an Slil mechanism 
was observed. Sccond-order rate constants for the protodemetallation in dioxane at 
60 "C were 7.9 x I()-'' I mol-' s- I ( trans)  and 8.8 x 10 (c is) ,  and in di- 
methyl sulphoxide a t  50°C the first-order rate constants were 4.13X 1 V 3  s-' (trans) 
and 3.61 x s-I (c i s ) .  

4 0 , V  

1 niol - '  s 
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Earlier work by Winstein and c o ~ o r k c r s " ~  showed that the  allyl-mercury bond 
in trans-crotyl and trczns-cinnamylmercury(I1) halides was rapidly cleaved by a 
number of acid/solvent systems to yield rearranged products by mechanisms 
suggested to be of the Sc2' (open) or SE2' (cyclic) type. No rate constants were 
obtained439, but Kreevoy and  coworker^^^^^^' later investigated the  protodemetal- 
lation of allylmcrcury(I1) iodidcs by aqueous acid and iodide ion in water-methanol 
(96 : 4) (equation 170). With fram-CH,CH=CHCH,HgI, 95% of the rearranged 

CHZ=CHCH2HgI + H' + I -  - CH,=CHCH, + HgIz (170) 

product CH2=CHCH2CH3 was produced, no doubt by an Sb process. When the 
concentrations of allylmercury(I1) iodide and added iodide ion were low, reaction 170 
was found to follow overall second order kinetics, first order in allylmercury(I1) 
iodide and first order in H'. T h e  rate constant at 25 "C is 1 . 4 ~  1 mol-' s-' with 
AHf = 16.42 kcal mol-' and ASZ = -11.9 cal K...' niol.-'. Abraham4 has estimated that 
at 110 "C the  rate constant will be about 3 x 10' times greater than that for cleavage of 
ethylmercury iodide under comparablc conditions. Kinetic isotope effects indicated 
that reaction 170 takes place by a rate-determining proton t r a n ~ f e r ~ ~ ' . ~ ' ,  and later 
work showed that reaction 170 was subject to general acid c a t a l y ~ i s ~ ~ ~ . ~ ~ .  Ibrahim 
and KreevoyM4 also studied the  cleavage of cyclopcntadienylmercury(I1) bromide by 
aqueous solutions containing H'. and Br-. General acid catalysis was again observed, 
and the results were consistent with a mechanism involving fast reversible complex- 
ing of bromide ion to form complexes up to and including [CsHSHgBr4I3-, followed 
by protodemetallation of thc various coniplexed specics. Ncsmeyanov et have 
determined rate constants for the acidolysis of allylmercury(I1) iodide by HCI in 90% 
aqueous dioxane; at 30 "C the sccond order rate constant is 1.94 x 1 mol-' s-' 
with E:, = 21.1 kcal mol-' and log A = 13.561. 

Protodemetallation of benzylmercury(I1) compounds has been the subject of 
several investigations. The  survey of Ncsmeyanov et aLJ2' (sec Table 97) indicates 
that dibenzylrnercury is rather lcss reactive than simple dialkylmcrcurys towards HCI 
in aqueous dioxane, and this observation is consistcnt with the kinetic data of Nerdel 
and M a k ~ v e r ~ ~ '  o n  protodemetallation of a series of R2Hg compounds by HCI in 
dioxane at 69OC: values of the second-order rate constant are 0.45x lo-' 
( R =  PhCH2), 1.25 x lo-' (R = PhCH2CH,) and 1.88 x lo-, 1 mol-' s-' 
(R = PhCH2CH2CHJ. Reutov and coworkers have cxamined a number of proto- 
dcmetallations of benzylmercury(l1) compounds, through both kinetic methods and 
product analyses. The protodemctallation of benzylmercury(I1) chloride by HCI in 
slightly aqueous dioxane was r e p ~ r t e d ' ~ ~ . ' ~ ~  to be second order overall: at 70 "C t h e  
rate constant was 0.01 1 mol-.' s-' with E;, = 21 kcal mol-' and ASf  = 
-7 cal K-' mol-'. In the protodemetallatioh of dibenzylmcrcury by HCI in dimethyl 
sulphoxidc, dinicthylformamidc, tetrahydrofuran, ti-butanol, and aqucous accto- 
nitrilc, i t  was suggested"" that reaction took place via an S,:1 mcchanism, since the  
overall kinetic form was first order (in RZHg); howevcr, later workJJg indicated a 
more complex mcchanism. Another investigation by Kitching and c o w o r k e ~ ~ ~ ~ ~ )  
showed that when conducted undcr an atmosphere of nitrogen, t h e  protodemetal- 
lation of dibenzylmcrcury in aqueous acetonitrile was in fact a second-order process, 
and it seems probable that atmospheric oxidation processes could complicate t h e  
kinetics of protodemct all at ion. In addition, Reu tov and C O W O ~ ~ ~ ~ S ~ ' ' ~ ~ ~ ~  ' have them- 
selves shown that protodemctallation of benzylmercury(I1) compounds can lead to 
anomalous products. Thus, in deuteriodemetallation of benzylmcrcury(I1) chloride 
with DCI in dioxane, 95'/0 aqueous dioxane, and dirnethoxyethanc, transfer of t h e  
rcaction centre was obscrved, but in dimcthylformamide a t  70 "C there was only 
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slight transfer of thc reaction centre. Reutov and  coworker^"^' suggcstcd scheme 171 
for the  incorporation of deuterium into the aromatic nucleus. In the case of the 
2,4,6-trimethyIbenzyI compound, reaction sccms to proceed in the normal way, by 
attack at thc a-carbon atom. 

A number of other substituted alkyl compounds have been studied kinetically; 
Coad and Johnson'asZ reported that the protodemetallation of 4-pyridiomethyl- 
mcrcury(T1) chloride in aqueous perchloric acid procccdcd by an anion-catalysed SEl 
mechanism, and Coad and IngoldJS3 suggcstcd a four-step mechanism for the proto- 
dcmctallation of a-carbcthoxybcnzylmcrcury(l1) chloride, PhCH(CO,Et)HgCI, by 
perchloric acid in dioxanc-water (70 : 30), again catalyscd by chloride ion. 

D. Protodemetallation of Organoboron Compounds 

There havc been several studies of t h e  stereochemistry of t h e  protodemetallation 
reaction. Davies and RobertsJ5' showed that the dibutyl ester of optically active 1- 
phenylethylboronic acid was cleaved by C7H,,COZII in boiling diglynie to yield (-)- 
I -deuterioethylbenzcnc with 95% retention of configuration, probably through a 
six-centred Slz2 (cyclic) transition state. More recently, Kabalka et al."" reported that 
the protodcmctallation of erytliro- and threo-13u'CHDCPhDBHZ by acetic acid 
yiclded the corresponding erythro- and threo-Bu'CHDCPhDH by hydrocarbons, 
again with retention of configuration at the carbon atom undergoing substitution. 

Cleavagcs in the presence of alkali havc also bcen studied: when the dicthanol- 
amine cstcr of 1 -phenyletliylboronic acid was trcatcd with OD- in boiling D20, 
cleavage t o o k  p1;icc with S4°/0 inversion of configurationJs", but the alkaline clcav- 
age of PhCHMeC(Me)(Ph)RH, took place with retcntion o f  configuration at the 
carbon atom undcrgoing substitution. 

The protodcnictallation of triethylboron was cxarnined by I k s s y  and coworkers4S", 
who obtained second-order rate constants for cleavage by a rangc of carboxylic acids 
in  diglymc (Table 101). Since the  wcaker was the acid, the faster was the cleavage, i t  
scenis as though coordination of the acid to the triethylboron must take place 
(presumably in a prior fast equilibrium step4) followcd by a slow cleavage step giving 
rise to t h e  observed k , , / k , ,  ratio of 3.3""". 

Brown er dJS7 havc investigated the protodcmetallation of boronic acids, 
RB(OH)2, whci-e R = phenyl, thiophcn-2 and thiophen-3, in the prcsencc of per- 
chloric acid. T h e  relative rates of reaction were, in water, R = phcnyl 1, thiophen-3 
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TABLE 101. Second-order rate  
acids in diglymc at 31 "C 

Acid 104k,  (I  mol-ls-') Acid I 04k, (I InoI-' 5-j )  

104k2,  for protodeboronation of Et,R by various 

~ 

c 1 , c c o o H  Very slow Bu'COOH 81 

EtCOOH 45 4-MeOC6H4COOH 102 
MeCOOH 47 4-N0,C6H,COOH 8.6 

Me(CH,),COOH 59  F3CCOOH Very slow 

PhCOOH 42 MeCONH, 10 
EtCH(Ph)COOH 41 MeCOOD 1.4 ( I  4)" 
PhCH,COOH 36 Quinolin-8-01 8.4 
Ph,CHCOOH 24 2-Pyrrolidone 1 .o 
ClCH,COOH 5.1 2-Pyridone 460 
C1,CHCOOI-I 0.59 

Values of k, are given as 4.7 x 10 ' (MeCOOH) and I .4 x 1 0  1 mot-' s- (MeCOOD), bur sincc the value 
of kJk, IS given as 3.3 for thcw IWO acids, the k2 value for McCOOD should possibly be 1 .4X  
10. I mol- ' s  I .  

7.1 x lo3  and thiophen-2 8.5 x lo', a n d  mechanism 172 was considered the most 
probable. 

Kuivila and  N a h a b e d i a ~ ~ ~ ~ ~ ~ " '  have studied the  protodemetallation of benzene- 
boronic acids with aqueous sulphuric, phosphoric and perchloric acids. From detailed 
kinetic studies including solvent isotope effects, they concluded that results were 
inconsistent with an aromatic SE2 mechanism. Ra te  constants were obtained for a 
wide range of substituted bcnzeneboronic acids using malonic acid-sodium malonate 
buffer s o l ~ t i o n s " ~ ~ . ~ ~ ~ ;  these results have  been extcnsively reviewed464 and Table 102 
gives a selection of rate  constants. 

TABLE 102. Relative rate constants for pro- 
todeboronation of XC,H,B(OH), with malo- 
nate buffcrs at pH 6.70 and 90 "CJC4 

X Rel. k ,  X Rel. k ,  

H 0.145 2-F 11.1 
4-Me0 0.610 3-F 0.332 
2-McO 1.53 4-CI 0.187 
4-Me 0.260 2-CI 8.60 
2-Me 0.360 3-CI 0.217 
3-Mc 0.294 2,6-Dinicthoxy 18.1 
4-F 0.250 
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E. Protodemetallation of Organosilicon Compounds 

Therc have been a large number of preparative studies o n  the protodemetallation 
of organosilicon compounds by acids and by base-catalysed proccsses. We first 
consider these preparative studies and related kinetic investigations, and then deal 
with thc more specializcd kinctic and mechanistic studies on the acidic protodemetal- 
lations and the basc-catalysed proccsses. 

7 .  Preparative a n d  general kinetic studies 

Alkyl-silicon bonds arc very readily cleaved by hydrogcn halides in the presence 
of aluminium halides (equivalent to the very strong acids HAIXJ. For reaction 173 in 
benzene at  40 "C, the relativc ratcs wcre465 M e  >>Et (1.00)> Bu"(0.17) -Pr"(0.13) > 
Pr'(0.04), with steric effects outwcighing electronic effects. In reaction 174  a methyl 

R-SiMc, + HBr RH+Mc,SiBr (173) 
AIRr, 

(174) Me3SiCH2CI + HCI 2 CM, + Me2(CICH2)SiCI 

group is c l e a v ~ d ~ ~ ~  rather than thc chloromcthyl group, demonstrating that in thc 
absence of steric requirements, clcctronic effects govcrn thc course of the  proto- 
demetallation. If hexamethyldisilane is used, the reaction temperature can b e  chosen 
to  obtain the required products'"', with one methyl group being cleaved at 20 "C, two 
at  55 "C, and three at 90 "C by I-ICl in the prcsence of AICI3. 

Cold concentrated suIphuric acid will clcavc a methyl group from a wide variety of 
compounds Me,SiR, according to equation 175. Some of the R groups which have 

AlCl 

Mc,SiR + I-I,SO, - CH4 + Me,Si(HSO,)R (175) 

been used are listcd in Table 103. The substitutcd alkyl groups are no t  cleaved, and 
of thc acid cleavage of MeR2Si(CH2),COOH it has been 

concluded that thc casc of clcavage of R-Si bonds falls in the order R =  Am' - 
Bu" > Am" > M e >  Pr" = Et. For R = Et and Pr", thc methyl group is cleaved; for the 
other R groups thc Si-R bond is cleaved. 

An excss of fluorosulphonic acid at -47°C with Me,Si or Me3SiCH2CI yields 
methan- with reported first-order rate constants of 4.3 x and 4.6 x 10-'s-', 
r e s p c c t i ~ e l y ~ * ~ .  T h e  same reagent at 57.5 "C cleaves Me3SiOSO2F and 

from StudieS47n.4H3 484 

TABLE 103. Examples of compounds Me,SiR which have been cleaved by concentrated 
sulphuric acid to give methane 

R Ref. R 

CH,NMe, 467 (CI-1,),0(CH2),SiMe, 
(CWJ'JH, 468,469 ( C H ) B r 
(CH,),COOH 468-472 (CH,),Br 
(CH,),COCH, 468,469 CHBrCH,CFCICF,Br 
CH,CI 473 CH,NHC,H,, 
(CH,),CO(CH,),SiMc, 469 CH,N(CH, SiMe,), 
(CH,),COMc 474 (CM,),CH(Nl~,)(CH,),SiMe, 
(CH,),COOH 469,472, 475 (CH,),SiMc, 
CH,CH(COON)(CH,),COOH 476 (CH,),COC,H~FCC~H, 

Ref. 

477 
475,478 
47s 
479 
467 
467 
469 
480 
481,482 
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Me2Si(CH2CI)OS02F to produce again methanc with rate constants of 1.92 X 

and 1.90 x s - ' ,  r ~ s p e c t i v c l y ~ ~ ~ .  
and O'Bricn'''' later rcported the cleavage of compounds XCH,SiMe, 

(X = Br, I) by fluorosulphonic acid, although ratc constants could not be obtaincd. At 
-78 "C, attack was cxclusivcly a t  thc methyl-silicon bond, producing methane in 
cach case. Thc subsequent rcactions of the products BrCH2Me2SiS03F and ICH2- 
Me,SiF at 30 "C were also studied. In the former case cleavage of both methyl and 
bromomethyl groups occurred but for t h c  iodo compound thcre was cleavage only of 
the ICH2-Si bond. A number of pathways werc discussed to account for the  
complex rcsults. 

Hopf and O'Brien4"' invcstigatcd the kinetics of t h e  fluorosulphonic acid cleavage 
of RMe2SiF (R = Me, Et, Pr", Pr', Bu') in  CH2CI2, in which competitivc clcavagc of 
R--, Me-, and F-Si bonds occurred. T h e  rcaction was first order in organosilanc 
and second order in  acid, and third-order rate constants were R = Me 2.63 x lo-', Et 
4.88~10- ' ,  Pr" 3.85x10-5, Pr' 1 . 9 5 ~ 1 0 - ~ ,  and Bu' 1.82x10-512mol-2s-'. A 
mechanism was proposed which involvcd nuclcophilic attack of the acid at silicon, to 
form thc intcrmcdiatc 30, followed by electrophilic attack at an a-carbon or fluorinc 

Harbordt 

H 

-Si-0-SO2F 
\$ I 

I +  

to producc the three cleavage products. Because both nuclcophilic and clcctrophilic 
attack is involved, there is a levelling of stcric cffccts, and the ratcs for the various 
alkyl dcrivativcs do  not vary much. 

Aqueous hydogen bromidc (40%) at 200 "C protodemctallates PhSiCI, and p- 
C1C6I-I4SiCl3 to give benzene and chlorobenzcnc, respcctivcly4xx. Anhydrous hyd- 
rogcn halides also protodemetallate arylsilicon compounds, for examplc rcaction 
176. 

PhSiH, + HI - PhH + H,SiI (176) 

The reactivity towards phenylsilane increases along the series HF< HCI < HBr< HI 
and the reactivity of the organometallic substrate towards a particular hydrogen 
halide increases in general along the series PhSiF, < PhSiCI, < Ph2SiC1, < 
PhSiHBr2 < Ph2Si(OH)2 < PhSiH,CI < PhSiH,Br < Ph2SiHC1 < PhSiHzI < 
Ph2SiH2 < PhSiH, < PhSiMe,. 

Some trichloromethylsilicon cornpounds react with water to form chhroform, for 
eXampie48e.490 reaction 177. 

CI,SiCCl, + H 2 0  - CHClj + CI,SiOM (177) 

The silicon-chlorine bonds of the other product arc usually hydrolysed. Similar 
protodcmetallations are experienced by the  compounds C12Si(CC13)p", 
C12MeSiCCI$"'.J"2 , C12PhSiCC1,4'3, and (OMe)3SiCC13J"J. Ethanol at 60 "C will 
cleave4'" a Si-CCI, bond in (OEt),Si(CCI,)= to form chloroform, and ethanolic 
sodium ethoxide reacts similarly4"' with (OEt),SiCCI,. Bromoform is produced when 
Me,SiCBr3 is boilcd with aqucous acetoncJP6. Ethanolic sodium ethoxide will also 
protodemetallatc the compounds MeCI2SiCHCI2, Mc2CISiCHCI2, Me3SiCHCI2, 
[ M c ~ ( C I ~ C H ) S ~ ] ~ O ,  and Me,SiSiMe,Ci-ICL, in cach case producing 

acetone containing small amount of alkali o n  Me,SiCHBr,. 
7 . blcthylene bromide is formed"" by the action of aqueous ~ ~ ~ ~ 1 _ 1 ~ 0 . 4 r ) 2 . 4 < ) 7 , , ~ 9 ~  

- 
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Methyl chloride is produced by the action of aqueous alcoholic potassium hydrox- 
ide on Ph3SiCH2CIJ‘”, by the cleavage of Me3SiCHzCl by sodamide in  liquid 
ammonia467, and by thc  cleavage””’ of Mc3SiSiMe2CHzCI and 
C1CHzMe2SiSiMe2CH2C1 by ethanolic potassium cyanide, and methyl bromide is 
formed5(” by the  protodcmetallation of Mc,SiCH,Br by rnerhanolic potassium 
cyanide. 

As expectcd, electron-withdra-xing groups o n  the silicon atom,make protodemetal- 
lations by alcoholic alkalis easier. Thus  p-CIC,H4MczSiCHzC1 reacts faster””’ than 
PhMe FiCH C1 to yield CX3CI, and the compounds Me3SiOSiMe2CH2CI and 
-iMcCH,Cl react more readily498.s”3 than Mc,SiCH,CI. Aqueous alkali 
rcacts with CI,SiCF,CHFCI to formso4 mainly the  clcavage product HCF,CHFCI. 
Benzaldehydc (PhCHO) is formed by the protodemetallation of Ph,SiCOPh by 
aqucous alcoholic alkali or, with ultraviolet radiation, by neutral o r  slightly acidic 
methanol, or by aqueous ethanol. Acyl groups are readily cleaved from other 
compounds, such as Me,SiCOPh using similar rcagcntss‘’s-sO‘’. 

T h e  esters R3SiCHzCOOR’ and the ketones R3SiCH2COR are c l e a ~ e d ~ ~ ” ~ ~ ’ ~ ’ - ~ ~ ~  
rcadily by alkalis and by proton acids to form CI-I,COOR‘ and CH,COR‘, rcspec- 
tively, for example rcactions 178 and 179’”. Hot water alone is sufficicnt to cleaves13 

Me,SiCH,COOEt + EtOH - CH,COOEt + Me,SiOEt 

Me,SiCH2COOEt + l-ICI - CH,COOEt + Me,SiCI 

(1 78) 

(179) 

carbon-silicon bonds in Mc3SiCH2CN and Me3SiOSiMe2CH2CN, although acids 
and alkalis will catalyse the reactions. In each casc methyl cyanide is formed. Ethyl 
cyanide is formed by the alkali clcavage’’‘ of C1,SiCHMeCN. 

Severe conditions are required to cleavc the carbon-silicon bond in 
H3SiCH=CH2 to form ethylene. The reaction apparently takes placc5” with 30% 
aqueous sodium hydroxide aftcr 15 h at 170 “C. Thc presence of halogen groups 
greatly aids protodemctallation. Thus CI3SiCH=CCII!  react^^^".^^^ with aqucous 
alkali to  form CH,=CCI, and analogous cleavagcs occur with CI3SiCCI=CH2”“ and 
CI3S iCB~CHBrs”” .  Ethylene is produced by the  act ion of cancentrated sulphuric 
acid o n  Me3SiCH=CH2S1’ or on Mc,(PhCHz)SiCH=CH2”L’. Hydrogen bromide or 
hydrogen iodide will protodenictallate’”’ (Mc3Si),C=CH2 at low temperatures, as in 
reaction 7 80. 

(Me3Si)2C=CH2 1- HI - Mc,SiCI-!=CH2+ Me3SiI ( 180) 

Sulphuric acid or h o t  methanolic alkali cleave Mc,SiCH2CH=CH2 to produce 
p r ~ p y l e n e ~ ~ ’ .  The compounds CI3SiCH2CH=CH2 and CI3SiCH2CH=CHMe givc’” 
propylene and but-2-ene with hot aqucous alkali. 

2. Kinetic studies on the acidic protodemetallation 

A grcat deal of work, much of it by Eaborn and coworkcrs, has been published o n  
the kinetics of protodemetallation of arylsilicon compounds by acids. I n  the  main. 
aryltrimethylsilanes have becn used, and the acids employed havc included sulphuric 
acid15’.”3-s’x , p-toliiciiesulphonic acid””-s3’ , and perchloric a ~ i d ~ ~ ~ . ~ ~ ~  in aqucous 
acctic acid. Hydrochloric acid or perchloric acid in aqueous methanol, ethanol. o r  

and an!iydrous and aqucous trifluoroacetic acid” havc also 
becn used as rcagents. Solvcnt isotopc studics showed that the clcavage of p- 
McOC,H,SiMc, was 1.55 timcs faster” in lHC1-H,O-dioxane than in DCI-D@- 

dioxanc23. 15’.5?7.S3.3-540 
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dioxane and 7.3 times faster" in CF3COOH-H20 than in CF3COOD-D20. These 
results imply that step 181, the proton transfer to carbon, is rate determining. 

H,O' + Me,SiAr - Me,SiLrH + HzO (181) 

( 182) Me,Si/t-H - ArH + Me,Si' 

The  Whcland intermediate, 31, is stabilized compared with 32 because of the 
electron release of the Me,Si group and thus arylsilicon compounds are cleaved more 

: + :  HoH : ... +.: 

readily than simple aryl compounds23. In a later study, Eaborn et measured 
isotope effects on the cleavage of XC6H,SiMe3 (X=  p-OMe, p-Me, H, p-C1, and 
rn-OMe) by 1 : 1 CF,COOH-CF3COOD. The  results indicated that there was no 
significant secondary solvent isotope effect for the proton transfer from the acids. 
Increasing electron release by the metals Si, Ge,  Sn ,  and Pb results in an increasing 
ease of cleavages2' of compounds PhMEt,, M = Si (1) < Ge (36)  < Sn (3.5 x lo5) < Pb 
(2 x lo*). Electron-donating substifuents in the aryl ring accelerate the  cleavage and 
elcctron-attracting groups retard reaction. Some kinetic results for compounds 
Me3SiC6H4X are collected in Tables 104 and 105, and in Table 106 are given the 

TABLE 104. Relative ratcs of cleavage" of Mc,SiC,H,X to 
form C,H,X using HCI0,-MeOH-H20 at 50°C 

X X 

o-OMe 
o-Me 
0-OPh 
o -SPh 
tn -Bu' 
tn -Me 
~II-OMC 
111 -0Ph 
tn-SMe 
p-NMe, 
p-OH 
P-OMC 
p-OPh 

p-Mc 
p-Bd 
p-SPh 
p-PhCH, 
p -Et 

p -SMe 

p-Pr' 

335 
17 
8.7h 
1.3h 
3.8 
2.5 
0.5 
0.36 
0.19 

- 3 ~ 1 0 '  
10 700 

1510 
88" 
78 
21 
15.6 
10.7' 
7.8 

19.5 
17.2 

p-PI1 
P-F 
p-c1 
p-Br 
H 
o -CH,SiMe, 
o-(CH,),SiMc, 
o -(CH2),SiMe, 
o-(CH,),SiMe, 
! P I  -CH,SiMc, 
i n  -(CH,),SiMc, 
i n  -(CH,),SiMe, 
tti  -(CH,),SiMc, 
i n  -CH(Pr")SiMc, 
p-SiMe, 
p-CH,SiMe, 
p -(CH,),SiMe, 
p-(CM,),SiMe, 
p-(CH,),SiMe, 
p-CH(Pr")SiMe, 

3.5 
0.75 
0.13 
0.10 
1 .0 

31 
17 
12 
13 
6.6 
3.6 
3.8 
3.6 
8.2 
1.2 

315 
28 
22 
24 

260 

From refs. 533, 534, 536, 541, and 542. 
At 25 "C. 
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TABLE 105. Relative rates of cleavagea of Me,SiCLH4X to form 
C,H,X using H,SO,-CI-1,COOH-H,O at 50 "C 

X 

P-OMC 

P-MC 
p -(4-McOC,HJ 

0-Bu' 
0-Ph 
p-PI1 
H 
P-F 
p-C!42P(O)(OEt)Z 
tn - 0 M e  
tT1 -Ph 
P-(4-NOzC,H4) 
t)I -CH,P(O)(OEt), 
p-CI 
p-Br 
P -1 

p-CH,SiMe, 

o-SiMe, 

1000 
200 

18 
9 
9 
8 
6 
2.8 
1 .0 
0.95 
0.70 
0.45 
0.33 
0.3 
0.21 
0.19 
0.10 
0.10 

0-F 
0 -Cl 
m -Cl 
tn-Br 
M -COOH" 

p-COOHb 

in -CF, 
tn  -P(O)(OH), 

p-NMc,' 

o - S O ~ H  

p-COOMe 

pS0,I-I 

P-NO, 
rT1-NO2 

0-NO, 
P-NMc,' 
p-PMe,' 
p-P(O)Ph, 

0.07 
0.03 
0.012 
0.012 
9~ 10-3 
3x10-' 
2 x 10-3 
2 x 10--3 
2 x 10-3 
1 x 10-3 
I x 10-3 
4 x 10-4 

I x 10-4 
3X lo-"  

7 x 10,-s 
4X lo- '  

-7 x 10-5 
- 4 ~  lo- '  

'' From refs. 151, 523-526. and 541-543. 
' Values vary with acidity. 

relative rates of cleavage of the compounds y-MeOC6H4SiR3 in which electron- 
withdrawing groups retard the reaction and electron-donating groups accelerate it, 
although steric factors are also important (compare, for example, the values for the 
electronically similar substitucnts p- and o-MeC6H4). 

reported that PhCH,SiMe, reacts slowly with CF,COOH 
at 70°C to give a mixture of products, including Me,SiCOOCF3,C6HSCH,, 0- and 
p-PhCH,C,H4CH2SiMe3, C,H,CH,CH,C,H,, and 0- and p-PhCH,C,H,CH,. How- 
ever, the cleavage of ni-MeOC6H4CH2SiMe, occurred readily, to produce m- 
MeOC,H4CH3 only. It was suggested that some of the additional products formed 
from PhCH,SiMe, occur as a result of the reaction between one of the major 
products, Me,SiCOOCF,, and PhCH,SiMc,, and various reaction schcmes were 
postulated. 

Eaborn and 

TABLE 106. Relative rates of cl~avage~"'~~~" o f  p- 
McOC,H,SiR, to form p-MeOC,H, using HCI0,-MeOH-H,O 
ill 50°C 

Me3 1 oon 
Et, 490 
Pr", 420 
Pr', 55 
Me,Ph 330 
McPh, 74 
Ph, 16 
(p-MeOC,H,), -75 

74 
36 

5.4 
-0.075 
88 

120 
40 
- 15 
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3. Kinetic studies on the base-catalysed protodemetallation 

It has been known for some time that although simple alkyl and aryl groups are 
not cleaved from silicon in thc presencc of basc, various other organic groups are 
more or less readily removed to yicld the  corresponding hydrocarbon. Gilman et 

found the following order of ease of removal of t h e  group R from Ph3SiR by 
alkali: R = P h e C  > 1-indenyl, 9-fluorenyl > Ph2CH > PhCHz > rn-CF3C6H4, 
p-CICc,H4 > CU-CIOH~ > Ph, PhCH2CH2, ri-C6HI3-O and Hauser and Hance5"" 
found the sequence R = Ph3C > Ph2CH > PhCH,. 

Eaborn and coworkers have carried ou t  numerous kinctic and mcchanistic studics 
o n  the  more reactive substrates in the above sequence. The base-catalysed protode- 
metahtion of compounds of type R3SiC%CC6C4X by aqueous methanolic alkali 
yields the corresponding H%CC6H4X compounds; rclative ratc constants are given 
in Table 107'"' and show that clectron-withdrawing groups R or X have marked 
effects on the rates. 

Eaborn and coworkersQx showed that fluorcn-9-yl-SiM, (33) is cleaved very readily 
by aqueous methanolic alkali. They  also r e p o r t ~ d ' ~ ~  rate constants for t h c  cleavage 
by aqueous mcthanolic alkali of some trialkylaryl compounds of silicon, gcrmanium, 
and tin, which arc given in Table 108 and which show that thc order of reactivity 
with rcspcct to thc metal atom is Sn>Si>Gc.  l'hcre is also a possible steric effect 
exerted by the leaving group, with Me3SiCHPh2 reacting faster than the  triethyl 
analogue. Relative for the protodemetallations of the compounds 
Me,SiCH,C,H,X by aqueous methanolic alkali, producing CH3C6H4X, are given in 
Table 109; the large substituent effects imply that considcrablc charge must be 
present o n  the benzyl group in the transition state. I n  a latcr publications5', relative 

TABLE 107. Rclativc ratc c o n s ~ : i n ~ s ~ ~ ~  at 25°C for thc clcavngc of 
R,SiC = CC,H,X by aqueous niethanolic alkali 

R x k,,, R X k,,, 

El H 1 .00 III  -CIC,H, 14 3776 

p -McC,H, H 3.07 El 0-CI 1.81 
Ph H 11.8 El p-CI 2.56 
p-CIC,I-l, I3 1156 Et IN-Br 4.5 

Me 13 2so Et p-Mc 0.56 
p-MeOC,H, H 2.83 El 0-MC 0.41 

TABLE 108. Second-orclcr ratc consttints5JX, 1 O"k,, for thc cleav- 
age of sonic organometallic compounds by NaOH in 80"h v/v 
aqueous methanol a1 50 "C 

1 O"kz 10hkz 
Substrate ( I  niol 's I )  Substrate (1 niol-.' s I) 

Me,SiiCH,Ph 10.1 Me,GeCHPh, 3.7 

Mc,SiCI'li, 630 Et,GeCHl'h, 0.05 

Me,SiCHPh, 480 

Mc,SiCH,Ph 0.336 Et,SiCtl Ph, 1.1 

Mc,GcCPh, 29.8 Ei,GcCPh, 0.16 
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TABLE 109. Relative rates of ~ l c a v a g c ' ~ " ~ ~ ~ " ~ ~ ~ "  o f  
Me,SiCl-12C6H,X by aqueous methanolic alkali at 
so "C 

X 

P-NO, 
o-NOZ 

p-COPh 
p-PMe,'. 

p -SO2PIl 
p-P(O)Ph, 
111 -PMe,' 
p-CONH, 
0-1 

k,,, 

1.8X 106 
s.0x 105 

1 .5 x los 

4.6 X 10, 
6.3x 10' 
1.4 x 1 0 2  

4.2 X 10' 
1 . 6 ~ 1 0 5  

1.5 x 104 

X krel 

i l l  -CF3 
0-CI 
111 -CI 
p-CI 
p-SiMe, 
t11 -co,- 
1-1 
p-Me 
p-OMc 

100 
80 
63 
14 
9.6 
2.1 
1 .o 
0.2 

-0.02 

TABLE 110. Relative rates of cleavage"' of Me,SiR by methanolic 
sodium mcthoxide at 25°C 

R k rcI E:, (kcal mol-') Log A 

C6HSCH2 
111 -CIC,H,CH' 
t71 -NCC6H4CH:, 
Ph,CH 
Ph,C 
3,5-CI,C,H,CI-12 
p-NCC,I-I,CH, 
9-Methylfluoren-9-yl 
Huoren-9-yl 

1 .0 26.1 11.2 
100 22.6 10.6 

2800 
4700 18.8 9.2 
7600 17.2 Y.3 
s200 21.2 11.1 

6.3 x 10' 
3.9 x 1 0 5  
3.2 x 107 

rates were reported for the clcavaec of some other trimcthylorganosilicon com- 
pounds by methanolic sodium methoxidc and these, together with some activation 
parameters, are  given in Table 110. Electron withdrawal in the leaving group --SIR; 
aids reaction, as shown by the kinetic data'52 in Tablc 111. These data also show that 
steric effects are  important. 

Values of the product isotopc ratios5'".'s4, k , , / k , ,  for the cleavage of benzyl- 
silicon bonds using an equimolar mixture of M e O H  and MeOD at 50°C for the 

TABLE 1 11. Approximate relative rates'"' for clcavase of 
various compouncls by aqueous methanolic alkali 

I'hMc, 100 Me, 100 
p-MeC61-I,Me, 60 El, 20 
p-McOC,H,Mc, 45 Pr", 12 
p -CIC,I-I.,Me, 300 PhMc, 450 

Ph, 230 
Me3 17 Ph,Mc 480 
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TABLE 112. Relative ratcs of cleav- 
agesss of XCJ-I,SiMe, by hydroxide ion 
In 1 : 6  v/v watcr-dimethyl sulphoxide at 
75 "C 

111 -CI 180 ni-OMe 2.14 
p-CI 30 H 1 .oo 
P-F 7.3 P-OMC 0.31 
P-SMC 3.2 

compounds Me3SiCH2C6H4X were X = H 1.4, p-Me 1.5, ni -C1 1.6, and rn -CF3 1.6, 
and implied that carbanions were formed from species such as [Ar-CH,. . . SiMe3- 
OMe]-. These carbanions thcn rcacted with a solvent molecule to form the products 
(steps 183 and 184). 

OMc + Me3SiCHzAr - Me3SiOMe + --CHzAr (183) 

(184) 

In another study, Eaborn and coworkerssss reported on the cleavagc of 
XC6H4MMe3 (M = Si, Sn) in 1 : 6 v/v water-dimethyl sulphoxide containing potas- 
sium hydroxide. in  a11 cases, hydrogen transfer from solvent to the aromatic centre 
was conccrted with cleavage of a C-H or C-MMe, bond by basc attack. Electron- 
releasing substituents assist the electrophilic attack of the  solvent. Relative rates of 
reaction are given in Tablc 11 2. 

Eaborn and ~ o ~ o r k e r s ~ ~ "  investigated the  basc clcavages of 
XC6H4Mc2SiCHzC6H4Cl-p and XC6H4Me2SiCxHs0 (C&O = 2-benzofuryl). Rates 
were measured in aqueous methanolic KOH and in 1 : 6 water-dimethyl sulphoxide 
containing borax, and these are given in Table 113. In each case the rate- 
determining step was thought to be the breaking of the Si-aryl bond of the 
pentacoordinate silicon intermediate [R,Si(OH)Ar]-, which is formed rapidly and 
reverisbly in a pre-equilibrium step. 

-CH2Ar+ MeOH ---+ CI-13Ar + - 0 M e  

TABLE 113. Pseudo-first-order rate constants, IO 'k ,  at 50.2"C for cleav- 
age of various compounds in 7.5% aqueous methanol containing 0.S2 M 

potassium hydroxide 

XC,Ii,Me,SiCH,C,H,-p-CI XCoH,Mc2SiCxHSO" 

n1 -CI 10.4 I11 -Cl 120 67 

1-1 2.10 I4 20.6 7.5 
IH -Me 1.66 I?I -Me 15.7 6.2 
p -Mc 1.12 p-Me 10.1 5.1 

p-c1 7.4 p -c1 67 44 

P-OMC 1.05 P-OMC 9.3 3.6 

'' C,H,O = 2-hcnzofuryl. 
I' Pseudo-lirst-order rate const:ints for rciction in  6 :  1 dinietliyl sulphoxide-0.01 hi 
aqueous borax at 30.1 "C. 
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Roberts and El KaissiSs7 studied t h e  cleavage of trimethyl-3-phenallylsilicon by 
aqueous alcoholic alkali, which proceeded by the two steps 185 and 186 (R= 
CH,CH=CHPh). 

Base- + Me&R 2 Base-SiMe, + R- 

f:l<l 

(186) 

Since the  base is regenerated in step 186, the  reaction is actually first order in 
organosilicon, but second order ratc constants may be calculatcd from k ,  = 
kI;'"/[Base-]. At 40 "C the values of k ,  were 9.7 x lo-' and 1.43 x 1 mol-' s - '  for 
reaction in 60% EtOH and 60% MeOH, respectively. On the basis of an isotopc 
effect k(H20)/k(D,0) = 0.5 for the cleavage of Mc,SiCH,CH=CHPh in aqueous 
methanol, these workers suggested that bond making and bond breaking in the 
transition statc 34 arc of equal importance. 

R- +solvent - RH + Base- 

(34) 

It was first reportedss7 that the  hydrocarbon product from reactions 185 and 186 
(R = CH,CH=CHPh) was 6-methylstyrene (CH,CH=CHPh), formed without re- 
arrangement, but in a later publication55s this statement was corrected, and the 
products obtained in this reinvestigation were 60% P-rncthylstyrenc and 40% 
allylbenzene. 

In  this later paper, Rennie and Roberts."" reportcd o n  the cleavage of benzyl and 
cinnamyl derivatives of silicon, gcrmanium, and t in  in aqueous and alcoholic di- 
methyl sulphoxide containing a largc exccss (to cnsure psucdo-first order kinetics) of 
base NaOR' ( R  = H, Me, Et, Pr, Bu', Pe""'). l h e  observed rate constant depended 
o n  the basicity of the medium and thc true second order rate constants were 
obtained by dividing the observed constant by [NaOR]. In 68.3mol-Yo aqueous 
dmso at 40 "C, relative ratcs for Et,MCH,CH=CHPh were M = Sn (2.8 x 10') >> Si 
(50)>Ge (1.0). Thc reaction rates decrcased on passing from aqueous to alcoholic 
media, and rates for R3SiCH2CH=CHPh ( R =  Me, Et) arc given in Tablc 114. Thc 
kinetic solvent isotopc effcct (kI12"/k DZO) was measured for R,SiCH,CH=CHPh 
(R = Me, Et) in aqueous dmso, and the values (less than unity) implied that there was 
no significant rate-determining proton transfer. Activation pararnetcrs were also 
reportcd for cleavage of trimethyl- and tricthyl-cinnamylsilicon in H,O-dmso and 
Bu' OH-dmso mixtures. 

TABLE 114. Second-order rate constants, k 2  ( I  mol- ' s-I), 
for the cleavage of R,SiCH,CH=CHPh by NaOR' in R'OH- 
dmso mixtures (xdnls(, = O.S)"~ 

R' 

Me 0.341 0.442 0.447 0.424 0.492 6.93 
El 0.003 0.003 0.13 
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The  clcavagc of 3-phcnallyl-silicon bonds by methanolic sodium mcthoxide was 
also studied by Eaborn et who found that trans-PhCH=CHCH,SiR; ( R  = Me, 
Et) gave trarzs-PhCH=CHCH, and PhCH2CH=CH, in relative amounts which 
depended o n  the  base conccntratinn. Product- and rate-isotope effects wcrc mcas- 
ured, and thc general conclusion was that the cleavage proceeds by an clectro- 
philically assisted mechanism in which the proton transfers from the solvent to either 
thc Ctl) or C(3) carbon atoms of the phenallyl group are concertcd with the cleavage 
of the Si-C bond. Rate constants for thc  cleavage of PhCH=CHCH2SiR3 were 
R = M e  13.8.5X1W5 and Et 6 . 6 ~ 1 O - ~ I m o l - ' s - ~ .  

F. Protodemetailation of Organogermanium Compounds 

A number of preparative studies havc bcen rcportcd on these protodemctallations, 
usually under acidic conditions, and thcrc have also bccn kinetic investigations into 
acid- and basc-catalysed protodemctallations. Clcavage of one, or  sometimes two, 
organo groups from an R,Ge compound by the action of halogen acids of ten  requires 
the presence of A1Cl3 as a catalyst. Reaction 187 has bccn studied for X = B r ,  

& G e + H X  "Ix1 > RH + R ~ G c X  (187) 

, X=CI ,  R=MeS"' ,  and X =  F, R =  Me. EtS"*. Hydrogen bromide in 
chloroform at room tcrnpcrature has becn to cleave a variety of symmetri- 
cal and unsymmetrical organogermanium compounds; in- and p-MeC,H,GcPh, both 
give Ph,GeBr and PhCH, while for p-McC,H,Gc ( m  -MeCJ14)3 the p-MeC,H,-Ge 
bond is cleaved. The rate of cleavage incrcascs along the series PhCH,<Ph<m- 
MeCc,H4 < p-MeC,H,. Allylgermanium compounds arc clcavcd by HBr; for exam- 
plc3lS rz-Bu3GeCH,CH=CH2 givcs CI-T3CH=CH2 and ri-Bu3GeBr. Ally1 and pro- 
pargyl groups arc both rapidly clcavcd by carboxylic acids at 20°C, with vinyl and 
ethynyl groups being cleaved more slowly56J. 

R = ~ ~ 5 6 "  

TABLE 1 1 5 .  Rclntivc rates o f  ~ l c a v a g c ~ ~ '  of 
XC,I-I,GeEt, by  aqueous methanolic perchloric acid a t  
50 "C 

X k,,, X k , , ,  

p-NMe, - 3 x  106 

p-OMc 540 

p -CH,SiMc, 162 
p -0Ph 36.7 
p-Me 14.0 
p-Ei 13.0 
0 - M C  12.1 
p-PI' 12.0 
~ J - R u '  11.5 
2.3-C4H4" 6.2 

2.4.6-Me," 13 600 
(>-OH 2730 

0 - 0 M c  207 

I I I -RU'  
0-PI1 
p-1% 
l I l - M C  

p-1- 
171 -McO 
p -CI 
P-I 
p-Br 
111 -c1 

3.3 
3.22 
2.69 
2.11 
I .79 
7 .0 
0.93 
0.57 
0.167 
0.131 
0.127 
0.0165 
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TABLE 116. Relative rates of cleavage'"" of 

127 

XC6HdGcEt, by I-120-CH3COOH-H2S04 at 50 "C 

X 

p-OMe 

p-Me 
p-Ph 
tn -Me 
H 
ni -0Me 

p-Br 

0-OMC 

p-CI 

171-F 

392 
187.5 
12.4 
2.43 
1.78 
1 .0 
0.5 1 
0.168 
0.133 
0.032 

X 

171 -Br 
It1 -CI 
111 -COOH 
111 -CF3 

p-COOH 
p-CF, 

t?i -NMe, ' 
p-NMe3' 
I?I -NO, 
P - N O ~  

kcel 

0.019 
0.019 
0.018 
5.4 x lo-' 
2.5 x 
5 . 2 ~  
1.26x 10-3 
1.06 x 10-3 
8.0 x 10-4 
3.76 x 

Eaborn and Pande'"' have reported o n  the protodemctallation of XC,H,GeEt, by 
aqueous methanolic perchloric acid, and obtained relative rate constants by the 
'overlap method', since a variety of acid concentrations were used. T h e  relative rate 
constants are given in Table 115 and show tha t  electron-releasing suhstituents 
accelerate the cleavage, whercas elcctron-attracting substituents retard the cleavage, 
as expected for a n  aromatic electrophilic substitution. The same workcrsS6" also 
obtained relative rate constants for protodemetallation of XC,H,GeEt, using a 
mixture of acetic and sulphuric acids, and these rate constants are listed in Table 
116. 

Although simplc alkyl- and aryl-germanium compounds arc incrt towards dilute 
aqueous alcoholic sodium hydroxide, groups able to support a carbanion arc cleaved 
more readily, and Table 10s includes rate constants reported by Eaborn and 
coworkersSJR for the basc-catalysed protodemetallation of some organogernianiurn 
compounds. 

G. Protodemetallation of Organotin Compounds 

A number of preparative studies, usually on acidic protodemetallations, have been 
reported, together with a stereochcmical study. Sisido and  coworker^'"^.^"^ have 
shown that protodemetallation of the optically active compound (1 -methyl-2,2-di- 
phcnylcyclopropyl)trimethyltin (35) by HCI or HBr in tctrachloromethane proceeds 
with retention of optical activity arid configuration. 

Good yields of trialkyltin salts arc reported to be obtained by the  action of dry 
hydrogen chloride in dicthyl ether o n  long-chain (Cl2--CLS) tetraalkyltins'"" and by 
the action of carboxylic acids on tetracthyltin or tetra-n-propyliin at 275 "C; with 
tetra-iso-propyltin under the  lattcr conditions, two d k y l  groups wcrc rcniovcds7". 
Lesbre and Duponts7' have also studied thc clcavagc of R,Sn (R = Me, Et, Pr", Ru") 
by various carboxylic acids under a variety of conditions, and showed that the ease of 
cleavagc increased in thc order R = Bu" < Pr" < Et <Me. Aryl-tin bonds are broken 
more easily, and HCI in chloroform will clcavc t~traphcnyltin'~'; I-IBr at -78 "C will 
protodenietallate Ph,SnH, cleaving two Ph-Sn Above 125 "C, formic and 
acetic acids will cleave all four bonds in te t raph~nylt in '~~.  Similarly, all four  vinyl 
groups are cleaved from tetravinyltin under almost the same conditionss7', but with 
unsymmetrical alkylvinyltins oniy the vinyl groups are removed by the action of 
carboxylic 
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TABLE 117. Second-ordcr rntc 
constantss7', 104k2, for the 
acidolysis of R,Sn and R,SnCI by 
hydrochloric acid in methanol a t  
50  "C 

R R,Sn R,SnCI 

Me 2.30 0.173 
Bun 0.82 0.400 
Pr' 0.65 0.192 

Although tetraalkyltins are n o t  very reactive towards acids, relative rates of the 
hydrogen chloride cleavage of R,Sn compounds in dioxane have been reported as 
R = M e  1 and Et 3 ;  in benzene the rclative rates are R = Me I, Et 7.5, Pr" 3, and Pr' 
3576. Rate constants for the protodemctallation of tetraaikyltins and trialkyitin 
chlorides by HCI in methanol have bccn obtained by Bade and H ~ b e r ' ~ ~ ,  and are 
given in Table 117. 

Eaborn and coworkers have studied the acidolysis of aryltin compounds of type 
ArSnR3 (R = Me or cyclohexyl). Relative rate constants for the protodemetallation 
of a series of substituted compounds, XC6HJSnR3, by aqueous ethanolic perchloric 
acid were determined by an overlap procedure57s, and arc  listed in  Table 118. 
Eaborn and c o w ~ r k e r s ~ ~ . ~ ~  also showcd from product isotope cffccts for cleavage by 
1 : 1 mixtures of CH,COOH and CH,COOD o r  by HCI in HzO and D20 that the 
rate-determining stage in these aromatic electrophilic substitutions was proton 
transfer in a Wheland intermediate. The cleavage of the aryl-tin bond in the 
compounds p-Me,MCH2C6H,SnMe3 by aqueous ethanolic perchloric acid was 
found to take place in order of increasing tendency M =  Si 1 <Ge 1.35<Sn 3.21, 
thus indicating that thc ordcr of inductive electron release is Me&< Me,Gc< 
M C ~ S ~ ' ~ ' .  

Protodcmctallation of a similar serics, ArSnR,, has also bccn investigated by 
Nasiclski and coworkerssX0.5X', who reported rate constants for cleavage b y  acetic 
acid and by HCI in methanol; results are given in Table 1 19. T h e  gcneral patterns of 

TABLE 11s. Relative rates of c l c a ~ a g e ~ ~ ~  of XC,H,SnR, 
by aqueous ethanolic perchloric acid at 50 "C 

p-NMe2 
P-McO 
p-Bu' 
p - I'r' 
p-Me 
p-Et 
0-1'11 
111 -1Me 

-2X 10' p-I'h 
63 11 
7.0 111 - M e 0  
7.0 p-F 

5.3 p-Br 
5.6 p-CI 

1.99 iii-CI 

1.S5 p-COOH 

1.77 ~ - M c  3.4 
1.0 H 1 .o 
0.85 p-CI 0.38 
0.62 iti-CI 0.1s 
0.187 
0.145 
0.039 
0.03 

" R = cyclohexyl. 
" K = Mc. 
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TABLE 119. Second-order rate constants, k,, at 25 "C and activation 
energies for the protodcrnetallatian of ArSnR, 

10'k, E a  10'k2 
Ar R (Irnol-' s - '  ) " (kcal mol-')" ( I  moI-.' s - ' ) ~  

p-BrC,H, Me 1.7 
C6H5 Me 3.24 

-MeC,H, Me 5.62 
o-MeC,H, MC - 
p-MeCGH4 Me 18.6 
p-OMeC6H, Me 158 
Naphth-1-yl Me 6.31 
Naphth-Zyl Me 6.31 

C,H, Bu" 1.7 

Naphth-2-yl Bu" 2.76 
G H ,  Pr' 0.576 
Naphth-1-yl Pr' 2.24 
Naphth-2-yl Pr' 1.07 

Phenanthr-9-yl Me 4.47 

Naphth-1-yl Bu" 3.8 

16.2 1.26 
16.8 4.28 
16.6 6.01 
- 17.6 
14.7 22.1 
13.2 304 
14.4 
12.6 
13.7 
14.5 
15.1 
15.0 
14.9 
15.3 
9.7 

" Using HCI in rncth;ino15"" 
" Using acctic acid"'. 

substituent cffccts observed by Nasiclski and coworkers5x"~s81 and Eaborn and 
Watcrs5" arc similar, but thc former workers showed also that steric cffects in thc 
leaving group SnR, ( R = M e ,  Bu", Pr') were small. 

Two sets of workcrs have rcported on the protodemctallation of benzyl com- 
pounds, XCGH4CH2SnMe3, by aqueous methanolic perchloric and by an 
excess of CF,COOH i n  benzene'''. In both acidic systems, for most substituents, X, 
there is not  a great difference in the rate of clcavage of the benzyl-tin or 
methyl-tin bonds, but  when X =  nz-Me or in-OMe, thc benzyl-tin cleavage is 
much faster, indicating a change in mechanism5" possibly involving ring protona- 
tionS8*. For thc other substituted compounds, direct electrophilic attack at the 
benzylic carbon atom was suggested. Rate constants for the  CF,COOH-benzene 
system are given in Table 120 and rclative rate constants for the methanolic 
perchloric acid systcm in Table 121; in the latter case, these vary with acid 
concentration and the values given are for the highest acid concentration used. 
Relativc rate constants for clcavage by methanolic perchloric acid were also obtained 
for the scrics of compounds PhCH,SnMe, 1, PhCHMcSnMe, 0.96, and 
PhCMe2SnMe, 0.39, consistcnt again with direct clectrophilic attack at thc benzylic 
carbon atom5". 

Kuivila and  coworker^^^^-^^^ have studied the hydrogen chloride cleavagc of a 
number of ally1 and allenyltin compounds in methanol, aqueous mcthanol, aceto- 
nitrile, dioxane, benzenc, and dimethylsulphoxidc. In methanol-water (96 : 4), tri- 
mcthylallyltin readily reacts with HCl to give Mc3SnC1 and propeneSR4. T h e  reaction 
is first order in each reactant; the second-order rate constant is equal to that for 
cleavage by perchloric acid. The protodemetallation of cis- and trans -but-Zenyltri- 
mcthyltins by HCI in 96% aqueous methanol gaveZH4 but-1-ene as the major 
product, together with smaller amounts of cis- and [rans-but-2-enes, the cis-isomer 
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TABLE 120. First-order rate con- 
stantssfif, IO'k, for the clcavagc of 
XC,H,CH2SnMc, by an excess of 
CF,COOH in bcnzene 

X IO'k ( s - ' ) ~  10'k (s-')" 

H 12.2 3.17 
It1 -CI 3.17 0.83 
p-CI 3.67 2.17 
n7 -CF, 1.50 2.17 
P-Cr-3 1.17 0.83 

P-CH, 21.8 5.0 
tti-OMc Very fast 
p -OMe 12.8 0.83 

ttz-CH, 178 

a Bcnzyl-tin cleavogc. 
" Methyl-tin clcavagc. 

predominating. This led to  188 as being the predominant pathway (mcchanism SE2') 
with very little reaction by t h e  S,,2 mcchanism 189. 

s, 2' 
MeCH=CHCH,SnMe3 + H,C)MC > MeCH,CH=CH,+ SnMc3+HOMe 

(1 88) 

( 189) 

S,2 
MeCH=CHCH,SnMe, + H&Me > MeCH=CHCH, + SnMe, + HOMe 

Cleavage by a number of other acids was also studied5Xh and it was found that t h e  
actual distribution of products depended o n  the acidity of the protonating agent, t h e  
solvent polarity, and reagent concentration, with weak acids, polar solvents, and low 
concentrations favouring the production of but-2-cncs, by rcaction 189. Transition 
states such as 36 and 37 wcrc proposed"", which correspond to mcchanisms SL2' 
[open) and S,<T (cyclic). 

TABLE 121. Relative rates of cleavage'"' 
o f  benzyl-tin bonds in XC,H,CH,SnMc, 
by aqiicous methanolic pcrchloric acid at 
50 "C 

x kr.2, x k r c ,  

1-1 1.0 p-I: 0.77 
O-MC 0.87 0-CI 0.41 
171 -Me 4.4 tti-Cl 0.5s 
p-Me 1.57 p-CI 0.64 
IJ-RU' 1.73 O-UI 0.42 
0 - F  0.43 Iti-OMe 60 
It1 -F 0.60 3,.5-M~," 26 

' I  Denotes 3,S-Mc,C,H,CH,SnMe,. 
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TABLE 122. Second-order ratc constants for  thc acidolysis of 
allyltins'"J and allcnyltins'"' by NCI in 96"/0 aqueous methanol at 
25 "C 

k ,  (I mol-' s-') 

Substratc 

CH,=CMeCH,SnMe, 
CH,=CHCH,SnMe, 
cis-MeCH=CHCH,SnMe, 
frans-MeCH=CHCH ,SnMe, 
CH,=CHCH,SnPh, 
McCH=CHCH,SnPh, 
trans-MeCH=C=C(Mc)SnMc, 
trans-PhCM=C=C(Me)SnMe, 
rram -MeCH=C=C(Ph)SnMe, 
fratis -MeCH=C=C(Me)Sn Et , 
rrans-MeCH=C=C(Mc)SnPh, 

24.8 
0.475 
0.0508 
0.0274 
0.00441 
0.00032 
0.223 0.296 
0.067 0.0441 
0.0188 0.1061 
0.199 0.100 
0.00657 0.00082 
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c 

Rate constants for MCI cleavage of various allyltins are given in Table 122 
together with rate constants for the  acidolyses of allenyltin compounds"'. For the 
allenyltins the two possible pathways, 190 and 191, yield, respectively, an allcne and 
an alkyne, for example. 

cis-MeCH=C=CHMe + SnMe, + MeOH 
+ S Y  

S A  

trans-MeCH=C=C(Me)SnMe, + HzOMc 
(190) 

MeCH2C=CMe + SnMe, + MeOH 

In Table 122 the overall rate constants for acidolyses of allenyltins have been 
partitioned into their S,2 and Se2' components from the proportions of allene and 
alkyne forrncd in the reactions. 

The  cleavages of cis- and tram-PhCH=CHSnMc, in CH,COOD-MeOD (1 : 10) 
were reported5" to give cis- and fratis-PhCH=CHD, respectively. T h e  rates of 
cleavage of various XC,H,CH=CHSnMc, compounds were measured and showed 
very little difTerencc between the cis and trails isomers. Relative rates at 50 "C were 
X = H  1.0, p-OMc 7.0, p-Mc 2.3, w-Cl 0.34, and w-Br 0.36. The results were 
interpreted i n  terms of a ratc-determining proton transfer to the @-carbon atoms. 
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TABLE 123. Rclative ratcs of 
cleavagcSR7 of XC6H,CH=CHSn- 
Me, in aqueous mcthanolic 
sodium hydroxidc at 50 "C 

X trans :cis^ krcl 

111 -CI 77 : 23 1.67 
111 -Br 90: 10 1.65 
H 1oo:o 1 .o 
H 1o:90 0.77 
p-Me0 1OO:O 0.99 
P-MC 1 O O : O  0.92 

~~ 

" Composition of starting material. 

However, for clcavage of thesc same compounds by methanolic alkali the product- 
isotope and rate-isotope effects indicatedsx7 that there is 8 rate-determining proton 
transfer from the solvent to the carbon atom of the C-Sn bond as it breaks as a 
result of the attack of the MeO- ion at the tin atom. The  small but significant 
difference in the rates of cleavage of cis- and trans-PhCH=CHSnMe3 wcre as- 
sociated with the existence of a substantial amount of carbanionic character at the 
P-carbon in thc transition state. Kinetic results for the base clcavage are given in 
Table 123. 

T h e  allyl-tin bond is rapidly broken by base-cataIysed protodcmetallation, and 
kinetic and mechanistic studies have been rcported by Roberts and ~ ~ ~ o r k c r ~ ~ ~ ~ ~ ~ ~ ~  
and Eaborn et ~ 1 . ' ~ ' .  Roberts and El K a i ~ s i ~ ~ ~  studied the base-catalysed cleavage of 
triethyl- and tri-n-butyl-3-phcnallyltin in 60% aqueous MeOH. The  sccond-order 
rate constants at 40 "C were 4.6 x 

In a subsequcnt paper, Rennic and Robertsi58 reported that the rates of cleavage 
of Et3SnCH2CH=CHPh at 40 "C by various bases, NaOR', in R'OH-dniso mixtures 
(~~, , , , ,~=0.5)  were R = M c  0.282, Et 4.22, Pr" 4.93, Bu' 7.45, Pe"" 26.6, and H 
128 1 mol-' s-I. T h e  kinetic solvent isotope cffccts were measured for 
Et3SnCH2CH=CHPh and Et3SnCH2Ph in aqueous dmso (kH2,/k,,,f. The values 
were less than unity, precluding any significant proton transfcr to the incipient 
carbanion in the transition state, but for the benzyl derivative there was thought to 
be pronounccd carbanionic character in the transition state, since the values were 
only slightly less than unity. Values of AHf and A S f  wcrc also reported for the 
cleavage of triethylbenzyltin and triethylcinnamyltin in various aqueous dmso mix- 
tures. 

Eaborn et ~ 1 . ~ ~ '  also studied the cleavage of trimethyl- and triethyl-cinnamyltin by 
methanolic sodium mcthoxide. T h e  rates at 50°C were 2.35x and 1 . 4 4 ~  
lop3 I mol-' s-' ,  respectively, and mixtures of PhCH=CI-ICH3 and PhCH2CH=CH2 
wcre obtained. T h e  results of isotope studies on rates and products led to the 
conclusion that thc cleavage involved an elcctrophilically assisted mechanism. Proton 
transfer from the solvent was concerted with bond breaking, and a transition state 
such as [MeO-SnMe, . R . H . . . OMelf-  was proposed (R = cinnamyl). 

studied the kinetics of the alkaline cleavage of a number 
of trimethylbenzyltin compounds, Me3SnCH2C6H4X. T h e  relative second order rate 
constants for cleavage in 80% v/v aqueous methanol at 50 "C were X = ni-CI 32.8, 
p-Br 12.8, p-C1 79, H 1 .O, W-MC 0.73, p-F 0.55, and p-Me 0.21, demonstrating that 
electron-withdrawing substituents aid reaction and suggesting that there is considera- 
ble negative charge o n  the lcaving berizyl group in  the transition state. It was thought 

and 3.2 x lK3 I mol-I s-', respectively. 

Eaborn and 
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that the actual mechanism of reaction could involve a concerted bond-making and 
-breaking process, or could be through an intermediate such as that shown in 192, 
with the rate-determining transition statc lying somewhere between the intermcdiate 
and the products. 

T h e  carbanion then reacts with t h e  solvent to form the final products (193). 

-CHJ'h + McOH - PhCH3+ -0Me (193) 

Product isotope ratios, kH/kD, for the  alkaline clcavage of compounds 
Me3SnCH2C6H4X in an equimolar mixturc of MeOH and McOD at 50 "C weress3~ss4 
X = H  2.8, p-Me 2.5, m-Cl 2.4, and ~ I - C F ~  2.0, and these values implied that the 
carbanion formed in step 192 is not free, but experienccs some degree of electro- 
philic attack by solvent at the benzyl carbon atom, such as 38, in which a good 
proportion of the negative charge must be located on the benzyl group. 

%Me,-OMe 

P,r-C:H2 [ 'i&..OMe ] 
(38) 

The basc-catalyscd protodemctallation of a number of benzyl-type organotin 
compounds has bcen further studied by Eaborn and Seconi,ss' who reported rate 

TABLE 124. Second-order rate constants, 105k2, at 25 "C for thc cleavage 
of R-SnR; by metlianolic soldium methoxidcss' 

R R' [NaOMe] (M) 1OSk, (1 mol-' S-'1 

PhCH, Me 2 0.52" 
I N  -CIC,H,CHz Me 1 13.7" 
It1 -CF,C,H,CH, Me 2 76" 
3,5 -Cl,C,H,CH, Mc 0.5 575" 
3,5-C1,C,H,CHZ Me 0.5 39 
111 -NCC,H,CH, Mc 0.5 11 

Ph,CH Me 0.1 450 

Fluoren-9-yl Mc 0.002 21 x 10' 

Ph,CH Et 0.1 182 

Ph,CH I'r' 0.5 7.3 
Fluoren-9-yl Pr' 0.001 73 x 10" 

p - NCC6H4CHZ Me 0.05 7500 

Ph,CH Me 0.05 7250" 
Ph,C Me 0.01 159X lo?' 

9-Mcthylfluorcn-9-yl Me 0.002 89 x 10' 

Fluoren-9-yl Et 0.002 78x 10" 

I' Rare at 50°C. 
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TABLE 125. P.ctivation parametcrs”’ for the cleavage of Me,SnR 
hy sodium methoxidc in methanol 

R [NaOMc] (M) E,  (kcal mol.  I )  Log A 

PhCH, 2 23.8 10.7 
ni -CIC6H4CH, 1 21.6 10.7 
3,5-ClzC61-1,CHz 0.5 20.6 11.6 
Ph,CH 0.05 21.1 13.1 
Ph,C 0.001 17.0 12.7 

TABLE 126. Relativc rates of cleavage’” 
of XC,H,SnMe, by hydroxide ion in  
1 : 6 v/v l-I,O-dmso a~ 75 “C 

X L, x L l  

ITI-CF, 96 p-F 5.2 
t t l  -a 5s P-SMC 3.0 
p-c1 12.6 H 1 .0 
p-C+CH 11.0 P-OMC 0.86 

constants and product isotope ratios for cleavage by methanolic sodium nicthoxidc. 
T h e  rate constants (Table 124) vary slightly with thc sodium methoxide conccntra- 
tion. Some activation paranicters are given in Table 125. From the results of this 
investigation, Eaborn and coworkers felt that two mechanisms were possible. For the 
majority of the compounds studied reaction took place through a species such as 38, 
as they had previously p o s t u I a t e ~ t ~ ’ ~ ~ ” ~  . However, for fluoren-9-yl- and 9-methyi- 
fluoren-9-yl-SnR; ( R  = Me, Et, Pr’) and for Ph,CSnMe3, the reaction was thought to 
involve species such as [Ar . . . SnRi-OMe].. which yields a carbanion which then 
reacts with solvent to form the final products. This mechanism had previously been 
postulatcd for trialkylarylsilicon compounds5s’.5SJ. For p-NCC,H,CI-i,SnMe, and 
PhzCHSnMc,, the product isotope ratios and kinetic results implied that a mixture of 
these two mechanisms was in operations5’. 

Eaborn and coworkers’”’ also reported relative ratc constants (given in Table 126) 
for the cleavage of trimethylaryltin compounds by potassium hydroxidc in 1 : 6 v/v 
water-dimethyl sulphoxide. Electrophilic attack b y  hyrogen from thc solvent was 
concerted with bond cleavagc by the base. 

H. Protodemetallation of Organolead Compounds 

Less work has been carricd o u t  on the protodemctallation of organolead com- 
pounds than on organic derivatives of silicon, gcrmanium, and tin. However, both 
acid- and base-catalysed processes have becn studied kinetically and mcchanistically. 

Robinson5” reported on the protodemetallation of tetraalkylleads by acetic acid, 
using t h c  latter as solvent, and by perchloric acid in acetic acid. First-order ratc 
constants and activation parametcrs for the first-order process and second-order rate 
constants for  the perchloric acid clcavage are given in  Table 127; in both cases there 
seems to b e  a small steric effect o f  the alkyl group o n  the protodemetallation. 
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TABLE 127. First-order rate constants, 105kk,, at 24.9"C and activation 
parameters and second-order ratc constants, 10'k,, at 25°C for ihe 
protodernetallation of R4PbSHX 

105k, AHf ASf 10'k2 
R (s- ')a (kcal mol-')" (cal K.-' mol-')" ( I  mol-' s-")" 

Mc 1.16 20.8 -12 22 
Et 0.80 20.1 -15 2.4 
Pr" 0.225 20.7 -1s 0.89 
Bu" 0.31 21.2 -13 0.68 
Isonniyl 0.30 21.2 - 13 0.59 
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Using excess acetic acid. 
" Using perchloric acid in acetic acid. 

T h e  acidic protodernetallation of tetraethyllead was also studied by Horn and 
HuberSR9, who  used acetic acid in anhydrous toluene as the  reagent. Under  these 
conditions, they observcd t h e  two compctitive consecutive reactions, 194 and 195, 
whereas RobinsonsRX had only observed reaction 194 when the  solvent was acetic 
acid. 

E t4Pb + M e C O O H  - > E t H  i- Et,PbOCOMe ( 194) 

Et ,PbOCOMe + M e C O O H  ----+ EtH + Et,Pb(OCOMe), (195) 

In anhydrous toluene, reactions 194 znd 195 were both second order  overall, first 
order  in each reactant, with rate constants at 8 0 ° C  2 . 1 8 ~  lo-' and 1 . 3 7 ~  
lo-' 1 rnol-l s-', respectively'"'. A s  Abraham' pointed out,  it is remarkable that 
reaction 195 is faster than reaction 194 in toluenc, whereas in acetic acid itself 
reaction 195 is not observable. In nitrobenzene as solvent, t hc  second-order rate 
constants for protodemetallation of Me,Pb and Me,PbOCOCD, by CD,COOD are 
4 . 0 8 ~  lo-" and 0.938 x LO-* 1 rnol- ' s-.', respectively, the first stage now being faster 
than t h e  second5'"". 

R a t e  constants were  also obtained by Bade and  Huher"' for the  protodemctal- 
lation of R,Pb and R,PbCI alkyl compounds by I-ICI in methanol (see Table  128). In 
all cases the first alkyl group is removed more easily than thc sccond, but whereas 

TABLE 128. Second-ordcr ratc 
constants5". 10"k2, for t h e  pro- 
todemetnllation of R,Pb and 
R'PbCI by hydrochloric acid in  
methanol at 50°C 

R R,Pb R,PbCI 

M e  187.7 0.320 
Et 40.8 0.370 
I'r" 23 .0 1.892 
13~1"  21 .o 1.138 
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TABLE 129. Relative 
rates or cleavage5" of 

aqueous cthanolic per- 
chloric acid at 25°C 

XC6H,Pb(C,Hii):, by 

p-OMe 21 
p-Me 3.4 
H 1 .o 
p-CI 0.32 
111 -CI 0.125 

the  protodemetallation of the  R,Pb compounds exhibits a steric sequence with 
respect t o  the  group R,  there is a reverse effcct in the  cleavage of the R3PbCI 
compounds. Bade  and H ~ b e r ' ~ ~  also reported second-order rate constants for proto- 
demctallation by HCI in methanol-benzene (20:80) at 5 0 ° C  as Me,Pb 0.0473, 
Ph,,Pb 0.717, and  (p-MeOCbH,),Pb 3.28 1 mol-' S-', again showing the  increased 
reactivity of aryl-metal bonds compared with alkyl-metal bonds in protodemetal- 
lations by acids. 

Eaborn  and  Pande"" have measured relative ra te  constants for the  acidic protodc- 
metallation of aryl compounds XC,H,Pb(cyclohexyl), by  aqueous ethanolic per- 
chloric acid. T h e  spread of rate constants is smaller than for cleavage of the  
analogous tin compoundss7' and  much smaller than for t he  cleavage of the corres- 
ponding germanium compoundssh5, this effcct being associated with the greater 
reactivity of thc  lead compounds; rclative ratc constants a r e  given in Table 129. 

have shown that t he  ratc of acidic protodemetallation of 
phenyl compounds increases in the serics PhJSn 1 < Ph,Pb 60 < PhzHg 300, whereas 
the phenyl group is removed from PhMEt, by aqueous alcoholic perchloric acid with 
relative ratessz7 PhSiEt, 1 < PhGcEt, 36< PhSnEt, (3.5 x 10') CPhPbEt ,  (2 x 10'). 

Comparative 
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1. INTRODUCTION 

A. Historical Survey 

Beforc commencing the chapter, it sccms relevant to reflcct upon the historical 
significance of the subject matter not only to thc development of organometallic 
chemistry as a whole, but also to  the understanding of free radicals and homolytic 
reactions. The person most responsible for the development of these areas was 
Frankland. In his early papcr ‘On the Isolation of the Organic Radicals”, he  studied 
the rcaction between zinc metal and ethyl iodide, and isolated a colourless gas, which 
hc believed to be free ‘ethyl radicals’ and a pyrophoric white crystallinc solid, later 
found t o  be diethylzinc’. T h c  gas was subsequently found lo consist mainly of butane 
and there seems little doubt that the thcrmally induced homolysis of diethylzinc had 
been effected. 

Thc  future of organomctallic chemistry was assured to thc cxtent that only 11 
ycars after his initial discovcries, Frankland was moved to writc a 60-page revicw of 
the arca which described the synthesis of organometallic compounds of every group 
in the Periodic Table3 and demonstrated the widespread interest in this new arca of 
chemistry throughout other European Schools. 

T h e  general acceptancc of the free radical as a chemical entity was, in contrast, 
very difficult to achicve. Even after Gomberg’s work on the triphenylmcthyl radical 
at thc turn of the cciitury‘, it was 30 ycars before Hofeditz and Paneth unequivocally 
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proved the  existence of the methyl radical'. With relevance to this chapter, it was an 
organometallic of Group IV used in the demonstration, tetramethyllcad. 

Advances in instrumentation have now ensured that we can dircctly observe free 
radicals produced in organomctallic homolyses by elcctron spin resonance (c.s.r.) and 
by the use of chemically induced dynamic nuclear polarization (CIDNP), we may 
infer that a reaction path is homolytic in nature. 

A chronological account of the cvents important to the development of homolytic 
chemistry with emphasis on organomctallic systems may be found in a reccnt essay 
by Davics6, 'The History of Homolysis'. 

There has been rapidly expanding interest in the organic chemistry of the main- 
group elements for 30 years now and, over the past 15 years or so, this general 
intcrest has bccn complemented by an increasing number of studies on the homolytic 
reactions of thcse organomctallics, and particularly intercsting arc those reactions 
where the initial products of mctal-carbon bond homolysis, generally free radicals, 
may be observed directly. In addition to  the increasc in study of the main group 
homolysis per se, thc mechanisms of reactions fundamcntal to the organic chemist, 
namely the Grignard reaction, and reactions of organolithium reagents continue t o  
attract much attention. Many of thesc reactions have been found to involvc free- 
radical intermediates, whether formed b y  direct metal-carbon bond homolysis or by 
concerted processes. In this respect, the advances in instrumentation mentioncd 
earlier have bccn fundamental to the elucidation of both new and known mechan- 
isms. 

B. Scope of Review 

are outlined in equations 1 and 2. 
From the title of the chaptcr, t h e  two major typcs of homolytic reaction implied 

R,,M - R'+R,,-iM (1 1 
X'+R,,M - R'+XMR,,-, (2) 

Equation 1 indicatcs a simple uniniolecular process which gives a free radical R and 
a low-valent metal species, which may or  may not be frcc radical in nature. Such 
reactions may be achievcd by photolysis or  thermolysis undcr relatively mild condi- 
tions, or by the use of ionizing radiation (X- or y-rays). Equation 2 indicates a 
bimolecular substitution reaction (designated S,,2), in which an incoming radical X 
attacks the metal centre with subsequent elimination of R'. 

Also included in this discussion are those reactions whcrc metal--carbon bond 
homolysis is initiated by another chemical proccss or an electron transfer reaction. In 
the latter case an organometallic substratc gives up an electron to a suitable organic 
acceptor or inorganic oxidant. The resulting highly unstable organometallic cation 
rapidly fragments to give a stablc cation and an organic free radical. Such reactions 
are widespread among the groups included in this chapter. 

R,,M + A - R,,W'+ A-' (3) 

R,M" ---+ R +  R,,-IM+ (4) 

Of thcse rcaction types, the substitution (SH2) reactions of cquation 2 have 
receivcd thc most attention. This intcrest has arisen from early studies on thc 
autoxidation of organometallics which showcd that for many compounds a chain 
mechanism (reactions 5 and 6) could account adequately for the kinetic and product 

R'+O, - ROO' ( 5 )  
ROO' + R,:M - ROOMR,:-, + R '  (6) 
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analyses, clearly involving S,2 at the metal atom as a chain propagation step in 
equation 6’’. Indeed, it is now assured that S,,2 at metal centres plays an important 
part in homolytic reactions of organometals. Thus, results prior to 1970 have been 
summarized in a valuable monograph by Ingold and Roberts’ and since thcn review 
articles have covered advances fairly comprehensively, among these being general 

and those devoted to SI12 rcactions of specific metals, for example 
boronI4, tin” and phosphorus’“. Consequently, the substitution reactions of the more 
commonly studicd elemcnts will not  be the focus of attention here, and O U i  

discussion will centre on unirnolecular reactions, novel and reccnt advances in 
substitution rcactions, and electron-transfer initiated homolysis. Whilc this last class 
of reaction has had early results summarized by K ~ c h i ’ ~ ,  it is hoped that the 
widespread occurrencc of these reactions and their importance will be strongly 
emphasized hcre. 

In discussing the results of the investigation reviewed, much of the data will be 
from e.s.r. or CIDNP studies, where the radical products (exr . )  or the non-radical 
products from radical reactions (CIDNP) may be detected. Howcver, where product 
analysis tias allowed little ambiguity in mechanistic assignment, these examples are 
also reviewed. Generally, reactions taking place inside the mass spectrometer, o r  
those rcquiring very high temperatures or pressures, the mechanistic conclusions of 
which are derived from kinctic or product studies, are not considered. 

C. Thermochemistry 

The  facility with which many main-group organometallics lend themselves to  
homolytic chemistry, whether unimolecular decomposition or  bimolecular substitu- 
tion, is a result of thc thermochemical propertics of the rcspectivc metal-carbon 
bonds. However, in many cases it is this lability which makes reliable and accurate 
determination of bond strengths difficult. A review by Steele” assessed the reliability 
of previously published data and outlincd the methods by which satisfactory values 
may be obtained. In addition, the mean bond dissociation energies of several 
organometallics have been estimatedIs and selected relevant valucs are listed in 
Table 1. The method used to obtain these values merely relics on a knowledge of the 
enthalpy of formation of the gaseous metal ions and the free-radical fragments 
required. 

While giving a good indication of t h e  energy rcquircd to transform an or- 
ganometallic compound into constituent parts, thc values give littlc idea of the 

TABLE 1 .  Mean bond dissociation cncrgics of mctal- 
methyl bonds. Error limits range from kt10 to *4 kJ mol-I. 
From ref. 18 

L)(M-II) B(M--R) 
Bond (kJ  mol-I) Bond (kJ niol-’) 

Li-Me 24s Sn-Me 226 
Zn-Mc 183 Pb-Me 168 
Cd-Mc 147 P-MC 283 
Hg-Mc I24 As-Me 23s 
B-Me 373 Sb-Mc 224 
Al-Mc 286 Bi-Me 140 
G>I-M~ 252 
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importancc of the first bond dissociation energy, and i t  is this value which rcflects the 
ability of an organomctallic compound to take part in homolytic reactions. A good 
example of thc differencc betwcen first and second bond dissociation energies is 
provided by those of dimcthylmercury". Here, the mean bond dissociation energy is 
itsclf a comparatively low 124 kJ mol-' for each rnetal-carbon bond. However, the 
value for the first bond is 200-210 kJ mol-' whilc the second is only 20 kJ mol-'. In 
effcct, this corrcsponds to the pair of decomposition reactions depicted in equations 
7 and 8, implying the intermediacy of what must bc a vcry short-lived mercury(1) 
specics. 

Me2Hg" <>r 118, MeI-lg'+Mc' (7) 

McHg' - Hg" -t Mc' (8) 

T h e  lifetimes of these low-valent intcrmcdiates arc discussed in Section V, but in 
thc solid state such species have been confirmed by c.s.r. where decomposition was 
induced by y-radiolysis2". Revicws by Skinner" and Cox and Pilcher" give several 
first bond dissociation energies for other organornetallics (see also Volume 1, 
Chapter 2). 

T h e  relativc bond dissociation energies for the alkyl-magnesium bond for sevcral 
Grignard reagents have been estimated2'."". The values arc significant in that a good 
insight may oftcn be gained as to the primary mechanism of a particular Grignard 
reaction. Thus, as is discusscd at greatcr length latcr, methylmagnesium bromide, 
with a relatively high value for D(XMg-R) undergocs many rcactions via polar 
mechanisms, whereas under similar conditions t-butylmagnesium chloride with a low 
D(XMg-R) often favours the single clcctron transfer route leading to products 
resulting from free t-butyl radicals reacting outside the solvent cage. 

Without doubt, homolytic reactions of Group 1V have been studied more than 
those of other groups during the  past decade o r  so. T h e  need for reliablc ther- 
mochcrnical data has become apparent, and thc dcmand has been satisfied by 
Jackson"'. In calculating the first bond dissociation encrgies of sevcral fundamental 
Group TV compounds from mass spectral appearance potentials and kinetic data, a 
series of rcasonably self-consistcnt valucs which seem to reflect the observed 
chemistries has been obtained. These valucs arc given in Table 2. Thc first bond 
dissociation encrgies of several other organometallics relevant to this discussion are 
given in Table 3 .  

TABLE 2. First bond dissociation enerzics for 
Group IV organonietallics. Calculated from 
kinetic six! appearance Potential Data. From 
ref. 24 

D (Me,M--Mc) 
Rond (k.1 mol-1) 

Mc~C-MC 380 
Mc,Si-Mc 380 

Mc,l'h-Mc I so 

Mc~Gc-Mc 320 
Me,Sn-Me 270 
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TABLE 3. First bond dissociation cnergics of some symmetric organornetallic 
compounds. Compiled from refs. I 9  and 20 

Compound D,(kcal mol-I) Compound D,(kcal mol-I) 

Mc~Hs 216 
Et?HS 180 
Pr'zl-Ig 1 I3 
Me,Zn 197 
Mc,Cd 193 
Me,N 273 

Me,Ga 252 
Mc,ln 197 
Me,TI 113 
Me,As 26.5 
Mc,Sb 140 
Me,Bi 18.5 

D. Instrumental Techniques 

There are many avenues experimentally available to the  organometallic chcmist 
for thc study of reaction mechanisms. Here, where discussion is focuscd on homolytic 
reactions, thosc techniques of most assistancc include electron spin resonance (e-sx.), 
chemically induccd dynamic nuclear polarization (CIDNP) and product studies. The  
first two of these provide much of the experimental data used here, and a brief 
practical introduction to each is warranted. 

1. Eiectrun spin resonance 

The principles of e.s.r. have been outlined in scvcral major texts and mono- 
graphs" and arc not enlarged upon here. For those to whom t h e  technique is 
unfamiiiar, reference is made to a concise and readable introductory tcxt which has 
recently bccome available'". 

There arc thrcc major types of radical which may be detected by c.s.r. in solution 
in organomctallic systems. Firstly the free organic radicals and frec organometallic 
(metal-centred) radicals which arc the dircct products of metal-carbon bond 
homolysis (except in S,,2 rcactions where only the alkyl radical is displaced) may be 
observed. If this is not possible, then 'trapped' radicals may be seen; this term merely 
refers to the observation of a secondary radical which is a product from reaction of 
the primary species with another substrate. This othcr substrate may be an alkene, 
carbonyl compound, nitroso compound, or  nitrone (in 'spin-trapping') and the 
secondary product is normally (although not  always) confirmativc of the homolytic 
pathway. Careful choice of trapping agent enables either fragmcnt to be trapped. 
Finally, the  products of many clectron transfer reactions of Grignard reagents, for 
example with benzophenones or  phenanthroline derivatives, are radical ions, but 
here the spectra are often difficult to analyse and not always indicative that 
nietal+arbon homolysis has takcn place. 

A largc numbcr of examples where radicals are observed dircctly are initiated 
photochemically. Decomposition o r  substitution reactions are initiated by direct 
irradiation of the samples in the e.s.r. cavity by light from a high-pressure mercury 
arc. Photolysis is generally carried out at temperaturcs less than 0°C to obtain 
dctectable concentrations of the normally very reactivc species generated. As an 
illustration, cyclopentadienyl compounds of tin and mcrcury have becn found to 
undergo unimolecular photolysis o n  irradiation at  -60 "C in many solvcnts to give 
well defined e.s.r. spectra of t h e  cyclopentadienyl radical (rcaction 9)". While under 

(9) 
I, I, 

R,Sn('q-CSHS) - R3Sn' +CSHS' 
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these conditions the e.s.r. of the tin species is not observed, its presence is confirmed 
by repeating the photolysis in an alkenc solvent where the tin radical is 'trappcd' by 
the double bond to give a P-stannylalkyl radical which is readily detected (reaction 
10). 

R3Sn'+ CH2=CHz - R3SnCH2CH2' (10) 

Direct observation of tin-centred radicals is possiblc, but often difficult, even at 
low temperature in solutionz8, although in some specific cases very persistent 
sterically hindered tin radicals may be prepared'". The photolysis of cyclopentadienyl 
compounds of lead also give unimolecular decomposition and this is discussed in 
Section VII. 

Substitution reactions are studied in much the same manner, t h e  major difference 
being that the photolysis merely servcs to generate the attacking radical X' in 
equation 2 .  To this effect, Figure 1 shows thc e.s.r. spectrum of the radical caused by 
the SH2 reaction at tin b y  1-butoxy radicals on tri-rt-propyltin chloride3'. 

(Bu'O), ---+ 2Bu'O' (11) 

(12) Bu'O'+ Pr",SnCI ---+ Bu'OSn(Pr"),Cl+ n-Pr' 

The following discussion will demonstrate the utility of cyclopcntadicnyl metallics 
in inducing homolytic chemistry. For instance, the unimolecular photolysis of cyc- 
lopentadienyltin compounds has enablcd a study of t h e  comparative rcactivity of a 
variety of tin-centred radicals"'. Photolyses of (alkylcyclopcntadienyl)mercury(I1) 
derivatives have allowed detailed study of a series of substituted cyclopentadienyl 
radicals which are interesting examples of the [n]-annulenc series which were 
previously inacce~siblc~'. S,,2 reactions are also found in some metallocenes and 
other cyclopentadienyl derivativcs. 

The mcthod of 'spin-trapping' may also be useful in elucidating homolytic or- 
ganometallic reaction mechanisms. Here, t h e  experiments are often carried out at 

FIGURE 1. E.s.r. spectrum of t h e  ri-propyl radical, CH,CI-I2&,, formed by the S,,2 
process i n  equations 11 and 12. From ref. 30 
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ambient temperatures which are generally too high to enable direct observation of 
many types of free-radical. Spin-trapping organic radicals with nitroso compounds or 
nitroncs has achieved much SUCCCSS in purely organic systems. Briefly, a transient 
radical (alkyl, for example) gencratcd during t h e  course of a reaction in the  presence 
of either of the above compounds reacts to give a morc persistent 'spin-adduct' 
readily detectable by e.s.r. 

R '+R"=O - RRNO'  (13) 
R' + R'CH=N(O)Bu' - R'CH(R)N(O')Bu' (14) 

The subject of spin-trapping has rcceivcd much attention since its development in  
thc late 1960s and has recently been thoroughly reviewcd'2. In organonmetallic 
systems, however, dificulties arc encountered when conventional spin-traps are used. 

To trap the organometallic fragmcnts of homolytic dccompositions a diffcrent type 
of trap is required. Particularly useful for t h e  trapping of t in  radicals, for example, is 
butane-2,3-dione (biacetyl). When trialkyltincyclopeiit~idiencs are photolyscd in the 
presence of this substratc. stronc e.s.r. spcctp-a o f  the t in  adducts are obscrved". 6 
conventional t.rap for alkyl radicals is 2-methyl-2-nitrosopropane (MNP)33; however, 
tin or other metal-centrcd radicals do not add to this substrate. 2-Methyl-2- 
nitropropane has been used effectively to trap t i n  a n d  othcr low-valcnt metal 
specics". Confirmation of this was provided by trapping of stannyloxy (R'SnO') 
radicals o n  ninp to give similar adducts to those of stannyl radicals and tlic nitro 
compound35. Factors governing thesc coiitrasting reactivitics include the redox 
potential of the trap, the  HOMO and LUMO cnergics of the trap, tlic SOMO cncrgy 
of t h e  radical, ctc. 

R,Sn'+ Bu'NO-, - Bu'N(O')OSnR, (15) 

R,SnO'+ Bu'NO - Ru'N(0)OSnR3 (16) 

In  general, expcrimcnts involving the use of conventional spin traps in or- 
ganonietallic systems must bc carricd out  with extrenic caution. This is not only 
because nitroso compounds arc sometimes scnsitive to light, which causes their 
decomposition, but also because tlic low-valcnt nictal specics often cncountercd in 
organomctallic systcms are strongly reducing, and this propcrty is l ikcly to lead to 
reduction of t h e  spin-trap. Such reduction may lcad to the observation of spcctra 
which are artifacts of the system under study. Of note arc two examples in thc recent 
literature where rcduction of the two most commonly used spin-traps, ninp and 
nitrosoclurene (ND; 2,3,5,6-tetramethylnitrosobenzenc), has led t o  erroneous 
mechanistic conclusions. Significantly, both errors occurred where knv-valent metal 
specics wcre implicated, with MNP the reduction was effected by borohydridc (or 
borane radical anion)'" and the N D  reduction by an undetermined titanium(II1) 
species3'. A recent paper reporting the spin-trapping ot' cyclopcntadienyl raciicais i n  
organometallic systcnis has outlined sevcral cautionary points in cnmploying spin- 
trapping in organometallic systems in gcneral and illustratcs a general strategy for 
obtaining mcaningful results in thcse systems3". T ~ u s ,  by gcncrating the radicals from 
morc than onc routc, by using scvcral spin-traps and  comparing availablc data for 
similar trapped radicals, and by variation of solvent, sound mcchanistic interpreta- 
tions are possible. The last point is particul:u-ly rclcvant and it is strcssed that, if 
possible. use of chlorinated solvcnts should be avoicled i n  spin-trapping cxpcrimcnts. 

Rcactions bctween o-quinoncs and organomctnllic radicals give radical adducts 
which are convcniently studicd by  c.s.r. A mcchanistic complication arises, howcver, 
a s  to whether the adducts arc fornmcd by addition of thc organomctallic radical or by 
ii chargc transfer from the parcnt organomctallic compound. Thus, while rcactions of 
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trialkyltin cyclopcntadiencs with biacetyl occur only on photolysis", (equations 9 and 
17), a thermal reaction takes place with o-quinoncs according to equations 18 and 
193J. However, the mechanistic problem aside, thcsc o-quinones are very efficient 
substrates for metal-centred radical trapping. 

y o " S n R 3  
R3SnS+CH3COCOCH3 + ,. 

+ + 

+ + 

In  other charge-transfer reactions convcntional traps may be used with safcty. 
Thus, reaction between thc inorganic oxidant hcxachloroiridate(1V) and bisalkyl- 
niercurials gives alkyl radicals which are trapped, and low-vnlcnt nictnl species are 
generally avoided in thcsc proccsses (see Section V for a f u l l  discussion). E.s.r. 
measurements in solution, i n  this way, may yield much more direct mechanistic 
information. 

Honiolysis of nictal-carbon bonds in rigid matrices is also readily affected and 
again may yield much useful information, but of a different nature. Homolyses 
induced by ionizing radiation (usually '"Co y-rays) at 77 K give information on the 
electronic structurc of the organometallic fragments, which may subsequently pro- 
vide rational cxplanations for the solution behaviour of thcsc fragments. Such 
experiments may be carried o u t  o n  pure samples or in dilute solutions where the 
mode of ionization (electron gain or loss) may be induced by judicious choice of 
solvent. Irradiation at 77 K of tetraalkyltin compounds induces honiolysis of a 
metal-carbon bond and not o n l y  may the  tin(II1) fragments be observed, but  also 
the products of reactions between alkyl radiclals and other substrate molecdes within 
thc matrix arc detected". In  thc observation of thc t in  (111) species the c.s.r. data 
may be used to determine the orbital contribution to the SOMO of the radical. In the 
matrix isolated trirnethylstannyl radical for cxaniplc, a significant 5s orbital contribu- 
t ion is indicated by thc large isotropic '""'') Sn hyperfine coupling of 1550 G, which 
efiectively means a lergc distortion from planarity is prcscnt. This result is in contrast 
to an earlier result for H&' where little or  no distortion from planarity was assumcd 
from the ' ' 7 / 1 ' "  S n  isotropic coupling of 380 G'". 

I t  should be noted that, with a y-source available, radiolysis experiments arc very 
easy t o  carry out,  out at 77 K the resulting e.s.r. spectra arc  fully anisotropic and 
therefore, to analyse these spectra ful ly  and draw the correct structural conclusions 
from them, ;I detailed knowledxc o f  the theory of the g- a n d  A-tensors is required. 
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2. CIDNP 

Chemically induced dynamic nuclear polarization (CIDNP) has received increasing 
use for the study of organomctallic hornolyses since the technique was discovered in 
1967. T h e  discovery of thc tcchnique was madc by two groups s i m u l t a n c o ~ s l y ~ ~ ~ ~ ' ,  
and o n e  of these first studies involvcd the reaction between rz-butyllithium and 
n-butyl iodideJ2. Again, in common with e.s.r., the oftcn low bond dissociation 
energies encountered in organometallic compounds facilitate the study of homolytic 
reactions by CIDNP. To this effect, it is significant that CIDNP effects have been 
observed in every group in the Periodic Table covcrcd by  this chapter. In addition, 
CIDNP effects may bc observed on simple unrnodificd n.m.r. spectrometers, a fact 
which makes the tcchnique accessible to most chemists. 

Thc origins of CIDNP lie in thc magnetic properties of nuclei and unpaired 
electrons, and these properties are those which form the basis for both n.m.r. and 
e.s.r. T h e  mathematical backgrounds of both of these techniques contributc hcavily 
to the theoretical elucidation of the CIDNP effect and, as in the previous section, 
discussion of this is bcyond the scope of this chapter and the reader is referred to 
several reviews43 on the subjcct. Here  only a qualitative description of how the effect 
arises and becomes evident in the n.m.r. spectra of organometallic systems is givcn. 
Initially, the technique was dubbed CIDNP because of the analogy with the dynamic 
nuclear polarization described as the Overhauser effect. However, the carly thcorcti- 
cal models werc inadequate, and the now gcncrally acccptcd 'radical pair model' was 
proposed by two groups in 19694J-J'. 

Qualitatively, when two radicals a re  formed in close proximity (for example, within 
a solvcnt cagc) o r  comc togcthcr via a random diffusive mechanism, there is an 
interaction bctwccn tlicm. With an unpaired electron o n  each radical there are three 
possible spin states describing the system as a wholc, S = 1, 0 or -1. Transitions 
between these singlct and triplet states occur with nuclcar spin dcpcndency, and thc 
products of these encounters have non-Boltzmann spin distributions which arc 
reflected as polarizations in their n.m.r. spcctra during the coursc of thc reaction. 
The polarized products show n.m.r. lincs in emission or  enhanced absorption which 
decay as thc rcaction is complcted to give the normal product n.m.r. spectrum. Using 
the set of rulcs devised by Kaptein for IS) (singlet), IT) (triplet) and IF) (freely 
diffusing radicals) precursors, and constants derived from the magnetic properties of 
the frcc radicals and products, it is possible to account for and predict the phase of 
the observed polarizations. Thus, while not obscrving the intermcdiatcs directly, 
CIDNP provides a powerful tool in determining the obscrvcd reaction pathway". 

A convenient illustration of the util i ty of the CIDNP effect and Kaptein's rulcs is 
provided in a study of thc photolysis of acylsilanes in chlorinated solvents. Originally 
this reaction was thought to proceed via a Norrish type I cleavage of the acyl-Si 
bond to  givc triarylsilyl chloride, acctyl chloridc, trichloroacctonc, and hexa- 
chloroethanc according to rcactions 20 to 24". 

R,SiC(O)Mc - R3Si' + 'C(0)Mc (20) 
R3Si' -1- CCI, - R,SiCI t- 'CCI2 (21) 

'C(0)Mc + CCI, - CIC(0)Me + 'CCI3 (22) 

'CCI? +'C(O)Mc - CI,CC(O)Mc (23 )  

2.CC13 - CI,CCCI, (24) 

A photo-CIDNP study by Porter and Iloffl'', however, s h o \ ~ e d  that this rncchanism 
was inconsistent with the CIDNP results. Thc CIDNP results showed n.m.r. lincs in 
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emission for acetyl chloride, in strongly enhanced absorption for trichloroacetone, 
and no polarization in the silyl chloride formed. If the above mechanism were valid, 
polarization in the silyl chloride would bc expected (being an escape product from 
the initial radical pair) and  furthermore, from Kaptein’s rules, the trichloroacetone 
formed should exhibit lines in emission. In conclusion, reactions 25-27 were pro- 
posed to  describe the mechanism more fully, in this case for diphenylacylsilane. 

2 - [CH,c(O) ~ . . cCI,]+CISiMe,Ph 
(3) 

3 - products 

This mechanism involves an exciplex, 2, which undergoes a non-radiative decay to 
the radical pair 3. By Kaptein’s rules, the cage recombination product, trichloro- 
acetone, should show enhanced absorption (observed) and the  escape product, acetyl 
chloride, should show emission (also observed). This mechanism does have precedent 
in the literature, where exciplex formation has been postulated4’ in the photolysis of 
diisopropyl ketone, also in carbon tetrachloride. Photolysis of acylsilancs in other 
solvents (alcohols, for example) often leads to intermediates of a carbenoid nature, 
and totally different mechanistic conclusions. 

While in fact this work has shown that no  simple homolysis of the Si-C bond has 
taken place, the example servcs to dcrnonstrate the utility of simple CIDNP theory 
and again stresses thc fact (see e.s.r. section) that chlorinated solvents sometimes 
play an important role in determining the mechanistic outcome of homolytic or- 
ganometallic reactions. 

E. Product Studies 

Where instrumental methods are not utilized, product studies may provide valu- 
able information o n  thc course of homolytic reactions. While littlc comment o n  the 
practical aspects of product s tudy is necessary here, some indication of the general 
approach to experimental strategy available may be made. In the following text there 
are numerous examples where product studies have been uscd to gain information on 
mcta l -carbon bond homolysis. Approachcs most often used include the following: 

1. Incorporation of optically active ligands which lose sterochcmical discretion on 
metal-Iigand homolysis. 

2. Inclusion of a ligand for example 5-hexenyl-, which rearranges t o  cyclopentyl- 
methyl radicals o n  homolysis, or neophyl-, which rearranges to 1,l-dimethyl-2- 
phenylethyl on homolysis. These reactions are  particularly useful since kinetic infer- 
ences may be made from the product distribution ratios since the rates of both re- 
arrangements are  known (see text). 

3 .  Variation of solvcnt. This is a particularly important point which may dramati- 
cally affect the course of homolytic reactions. 

If one  or all  of these points are considered, conclusions on the course of homolytic 
reactions may be made with confidence. 

11. GROUP IA 

Reactions in which homolysis of the meta l -carbon bond has been observed or 
postulated for this group are mainly confined to those involving lithium. Some 
examples have been included which may be regarded as reactions of carbanions 
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rather than of covalcnt carbon-lithium bonds. Organometallic compounds of the 
heavier membcrs of the group are more difficult to study, with the mctal-carbon 
interaction becoming increasingly ionic. Thereforc, this scction will be devotcd to 
organolithiuni chcmistry with only occasional rcfcrences to the behaviour of its 
higher congeners. 

A. Thermal Decompositions 

There is littlc to indicate that frec radicals are intermediates in the  thermal 
decomposition of organolithium although the formation of or- 
ganolithiuni aggregates (commonly dimers, tetramers, and hcxamcrs) often serves to 
obscure the mechanism of dccomposition. T h e  predominant dccomposition pathway 
involvcs p-elimination of lithium hydride to givc unsaturatcd products5'. This typc of 
reaction is common for niany classes of alkylmetals. 

R2CHCH2M ---+ R2C=CH2+ MH (28) 

Even whcn 6-hydrogen is not  available, lithiuni-earbon homolysis is unlikely to 
play more than a minor role compared with other conccrtcd proccsscs; however, 
evidencc suggests that a homolytic pathway should not be discounted in the case of 
some alkyl-sodium and -potassium compounds53. 

B. Photolytic Decompositions 

T h e  U.V. photolysis of ethyllithiuni in hydrocarbon solvcnts yiclds ethene and 
ethane but n o  butanc as decomposition products5'. T h e  abscncc of butanc or 
monodeuteriated ethane when the photolysis is carried out in perdcuteriated solvents 
seems to exclude the formation of 'free' e thyl  radicals. It is possible though that 
radicals formed by Li-C hornolysis react too rapidly within the cthyIlithium aggre- 
gzte (a  hexamer) to allow escape into solution. 'To this effect, the following mcchan- 
ism has been proposed. 

(EtLi)6"' - > 'C2Hs(EtLi), + Li (29) 

(31) 

Non-homolytic pathways are available for t h e  formation of thesc products, but a 
CNDO/2 study o n  idealized tetramel-ic and hexameric methyllithium indicate that 
the U.V. absor-ption of alkyllithium aggregates are associated with chargc-transfer 
transitions from t h c  alkyl groups to give alkyl radicals5'. 

'C2H5(EtLi), ---+ EtH + 'C2H4Li(13Li)J (30) 
'C2H,Li(EtLi), - C2H4 + Li + (EtLi), 

(32) I<' -Li" - R'+ 1-i 

The model also prcdicts that the transition is highcr in cnergy for thc tetramer than 
the hexamer. The proccss could also bc thought of as a photoinduccd electron 
transfer from a carbanion to an clcctron acccptol-. A furthcr example is found in the 
photolysis of cyclopcntadienyllitliiuni, where ;I weak e.s.r. spcctruni of thc cyclopen- 
tadienyl radical is observed2'. Not only does this process occur in dimcthoxyethane 
as solvcnt, where thc compound n iay  be rcprcscnted as q5-C5H5Li, b u t  also in 
pentane in thc prcscncc of 18-crown-6, where C5H5-- Li' niay bc a more accurate 
representation. Cyclopentadienyl radicals have also been obscrvcd by e.s.r. i n  the 
photolysis of cyclopentadicnylsodium5". A weak e s r .  spectrum of t h e  pcntamethyl- 
cyclopentadienyl radical was obtained from a n  unirradiatcd suspcnsion of the lithium 

I ,  I. 
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compound in  t~trahydrofuran~', although this may have been caused by photolysis b y  
laboratory light or by oxidation by traces of oxygen; irradiation, however lead to 
strong signals from CsMe5-. 

C. Radical Reactions 

The autoxidation of alkyllithium clusters occurs via a free-radical mechanism, 
similar to that described in the Introduction, involving SI12 by an alkylperoxy radical 
at a lithium centre. The  proposed initiating and propagation steps are outlined in 
cquations 33-35'". 

(RLi), + 0, - R -t (R3Li4)+ + 02' (33) 
R'+ 0, ---+ ROO' 

ROO'(RLi), - (ROO)R,Li, + R' 
(34) 

(35) 

A study on ncophyllithium tetramers confirmed that alkyl radicals are inter- 
mediates in the reaction since products derived from 1,l -diniethyl-2-phenylethyl 
radicals were obtainedsx. Neophyl (i.e. 2,2-dimethyl-2-phcnylethyl) radicals renr- 
range fairly slowly ( k  = 10's.-' at 100°C) via a 1,2-phenyl shift to give the more 
stable tertiary radical from which the products are derived, and rearranged products 

' C H ~ C ( M C ) ~ P ~  0, 'C(Mc),CH2Ph (36) 

increase with temperature as would be expected. A number of other processes ( for  
example, single electron transfer) could also account for the observations, however, 
and these deductions are not conclusive. It may be significant that in the autoxidation 
of ncophyllithium dimcrs, n o  products from the rearranged radical could be de- 
tected'". 

It may well be that radical attack at lithium in organolithium aggregates may be 
slow compared with radical reactions at other metal centres. The reaction of 
t-butoxyl radicals, ymerated by photolysis of di-t-butyl pcroxide appears to abstract 
hydrogen from methyllithium tetramers rather than give methyl radicals via an SIl2 

The reactions of 'stable' free radicals with organolithium compounds have been 
studied recently. I t  has been concluded from product studies that the verdazyl 
radical"", 4, and the di-t-butyliminoxyl radical"', 5, both react with organolithium 
compounds via the Sl,2 proccsses, outlined in cquation 37 (for the former case). 

(4) 

It has been noted that the reaction of 5 with alkyllithium compounds does not  
proceed via t h e  usually electronically symmetric transition state implied by equation 
2, but that considerable initial charge transfer from the  organolithium to t h c  
incoming radical may OCCU~' .~ ' .  The steric constraints of 5, the polarizability of the 
a-Li bond and the good donor properties of organolithiums (see the next section) 
support this  rationalization and by all accounts a similer perspective may be adopted 
for the similar rcactions of verdazyl, 4. 
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D. Reactions with Electron Accepttors 

Alkyllithium compounds arc able to react with electron acceptors (generally with 
extended -rr-systems) to give alkyl radicals and radical anions (reaction 38). Reactions 
also also take place with a-acceptors (alkylbromides and iodides) (reaction 39). The 
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RLi+A - R+Li'A-' 

R L i + R X  - R'+R''+LiX 

(38) 

(39) 

reaction with n-acceptors can be followed by monitoring thc appearance of the  
long-lived radical anions using e.s.r. , while the rcactions with cr-acccptors were 
among t h e  first to be studied by CIDNP"3-65. Considerable support for the rnechanis- 
tic conclusions has also been gaincd from product"" and ~tereochcrnical"~ studies. 

An interesting recent example of single electron transfer has been found in the 
reaction of alkyllithium compounds with titanium tetrachloride. Very shortly after 
mixing the reagents the e.s.r. spectra of alkyl radicals arc detected."x This reaction is 
similar to that with a-acccptors, above, where again R' may be detected soon after 
mixing RLi and alkyl  iodide^"^.'". 

62 

> 'CH, + LiCl + TiCI3 
1l20 

C.FI,, 
(MeLi), + TiCI, 

As will be secn in the cnsuing sections, many othcr organometallic compounds act 
as donors in single electron transfer reactions but, surprisingly, a study on alkyl- 
sodium and -potassium compounds with alkyl halides failed to provide evidence for 
alkyl radical formation, under ccnditions whcre such processes occur readily with the 
corresponding lithium derivatives"". 

111. GROUP I6 

Reactions involving t h e  homolysis of Group JB metal-carbon bonds have not 
previously received the attention of systematic review. Organo-copper, -silver, and 
-gold compounds appear to undergo homolysis only undcr cxceptional circumstances 
and have received only isolated attention. Howevcr, scvcral such examplcs arc now 
known and they represent an interesting area of invcstigation. 

A. Thermal Decompositions 

The thermal stability of Group IB organometallics is poor compared with thcir 
main group counterparts. Stability is increased if thc compounds are prcpared in the  
presence of donor solvents or donor ligands (for example, tetrahydrofuran or 
triphenylphosphine, respectivcly) biit in  many cascs it is still not  possible to achieve 
the isolation of these compounds. 

Decompositions of thesc compounds usually proceed to t h e  metal and ii mixturc of 
organic products which, superficially, may appear to have resulted from radical 
tcrmination reactions. l hus ,  decomposition of cthyl(triphenylphosphine)gold(I) at 
124°C in tetralin gavc 7% ethane, 5% ethene, and 73% n-!;utane". These hyd- 
rocarbons are produced in the bimolecular tcrmination of ethyl radicals. 
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The product distribution indicated above does not however, correspond to that 
normally observed for ethyl radical coupling to disproportionation ( K J K ,  = 5). Thus, 
gold-carbon homolysis does not fully account for t h e  observcd product ratios. Two 
other non-homolytic reactions are probably responsible for the  decomposition. 

(43) CM3CH3 + CH>=CHZ + 2Au + 2PPhS 

/ 
2[CH3CH,Au(PPh,)] 

t z  -C,H 10 + 2Au + 2PPh3 
\ 

(44) 

Both the reductive eliniination (43) and coupling (44) involve concertcd formation 
of products, and represent types of decomposition often found in transition metal 
organometallics. The disproportionation rcaction requires the presence of a 6- 
hydrogen atom and accounts for most of the decomposition products of sec- and 
t-alkylgold(1) and alkylcopper(1) compounds which meet this The 
predominance of reactions 43 and 44 does not exclude the possibility that homolytic 
rcactions make a minor contribution to t h e  decomposition, but some organometallic 
compounds that do not  contain @-hydrogen also scem reluctant to undergo reductive 
coupling. Decompositions of thcse compounds allow a much greater, contribution 
from metal-carbon bond homolysis. 

7. Decomposition of copper(1) compounds 

Tris-n-butylphosphine(neophyl)copper(I) is a relativcly stablc alkyl copper com- 
pound which undergoes decomposition in dicthyl ether at above 30°C. If free 
neophyl radicals are produced as a result of Cu-C honiolysis then products 
containing the l,l-dirnethyl-2-phenylethyl moiety, from the facile rcarrangement of 
ncophyl radicals mentioned above, should be observed. This was found to be the 
case, and these products incrcascd at higher temperatures, which is consistent with 
the increase in rate of neophyl radical ~ear rangernent~~.  Similar results wcre obtained 
from the decomposition of neophylcopper(1) formed from the reaction of neophyl 
Grignard with coppcr(1) iodidc in tetrahydrofi~ran'~. In addition, quantities of 
products derived from thc reaction of radicals with solvent were observed. Ncophyl 
derivatives of other first row transition metals, o n  the other hand, give no products 
derived from free radicals but only those from reductive coupling. 

Efforts have been made to correlate thesc rcsults with a general model of orbital 
symmetry c o r r ~ l a t i o n ~ ~ .  In  a general approach the species assumed to be responsible 
for thc concerted dccompositions (e.g. reductive coupling) is the cis-dialkylmetal 
complex and then the metal d-orbitals and metal-alkyl bonding orbitals are 
assigned assuming a C2" symmetry. T h e  metal d-orbital cnergy diagram is outlined 
in Figure 2. 

In  general, concertcd reductivc coupling will occur when electrons from symmetric 
alkylmetnl orbitals correlate with the symmetric dialkyl bonding orbital, and clec- 
trons from antisymmetric alkyl metal orbitals correlate with the antisymmctric d,? 
orbital in the metal product. If all thc orbitals in the reactant complexes correlate 
with t h c  product orbitals in this way, then reductivc coupling is symmetry allowed. 
Reactant and product orbital classifications and electron allocations are givcn in 
Table 4. 

Exaniination of -r;ible 4 reveals that concerted reductive coupling in ti ") systems is 
~ 

symmetry forbidden in the ground state. Similar tables for d" to d" configurations 
demonstrated that in all these systems the concertcd reaction is symmetry allowed. 
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FIGURE 2. Rclativc d-orbital energics in the cis-2-coordinate complex 
and frec metal 

For our purposes, it is interesting to note that concerted formation of radical pairs is 
possible from d l o  excited states and d9 ground statcs. Although cis-dialkylcoppcr(1) 
specics are unlikely intermediates in concerted radical forniation, a similar process is 
a possibility for cis-dialkylcopper(l1) decompositions. Addition of neophyl Grignard 
to copper(I1) bromide or  copper(1) iodide gives similar product distributions. There- 
fore, it was considered that a dialkylcopper(I1) species may represent a common 
inter~nediate'~, formcd directly or  by disproportionation, respectively. 

2RMgX + CuBr, - R2Cu" + 2MgXBr (45) 

(46) 2RCu' - R2Cu1' i Cu" 

TABLE 4. Symmetry corrclations between d" and d l o  dialkylrnetal valence orbitals and 
corresponding vnlcnce orbitals in eliniinatcd products 

~- 

Compoundidccornposition Metal (I-electron Number of electrons in 
confilluration configuration symmetry orbitals 

"1  (1 2 bl b2 

Ii,M 

R2+M 
2 R + M  
R2M 

R,+M 
2IY+ M 

2 4 
3 2 

2 2 
2 2 
2 3 
2 3 
2 2 
2 2 
2 3 
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It  was Pointed Out, however, that the  tendency of organocopper compounds to 
form clusters may relax the symmetry conditions sufficientiy to attenuate the energy 
differences between the ground and excited states. Although this -nay  allow other 
mechanistic possibilities, straightforward unimolecular homolysis may make a sig- 
nificant contribution to these reactions. 

A number of othcr organocopper(1) compounds which may decompose by Cu-C 
bond homolysis to a significant extent are also worthy of mention. Trimethylsilyl- 
rnethylcopper(1) tetramers decompose at 80 "C in tolucne to give products including 
PhCH,CH,SiMe, and PhCH,CH,Ph derived from radical attack on the solvent77. 

(47) 

Methylcopper(1) compounds decompose to  give mainly ethane and methane in 
proportions which vary widely according to thc conditions of thermolysis and the 
presence and nature of the phosphine ligand'". The decompositions show first-order 
kinetics and the most likely mechanism appears to involvc methyl radicals79 which 
may abstract hydrogen from tijiand or substrate to give methane, or tcrminatc 
bimolecularly to give ethane. 

I n  dimethylformamidc or dimethyl sulphoxidc at 150 "C perfluoroalkylcopper(1) 
compounds decompose to give products consistent with formation of perfluoroalkyl 
radicals7". When the same compounds are decomposed in the  prescncc of alkcnes 
not only are radical addition products formcd but also polymcrizations are readily 
in i t iated"". 

Clcar evidence for the formation of radicals in the decomposition of arylcopper(1) 
compounds has not  been obtained"' and the Ullman synthesis almost certainly 
involves an ionic niechanism"'. It has been dcnionstratcd that vinylcopper(1) deriva- 
tives do not decompose via homolytic mcchanisms as thc  configuration of substituted 
vinyl radicals does n o t  alter from reactant to the dicne products". Vinyl radicals 
would be expected to lose their configuration by rapid isomerization. Recently, 
decomposition of more complex vinylcoppcr clusters in naphthalcnc at 220 "C has 
providcd evidencc, from isomeric product equilibration, for a free radical 
mectianism"'. 

Finally, an interesting commcnt has bccn made on  the decomposition of cthylcop- 
per(1) in teti-aliydrof~ran~'. Thc reaction showed a marked induction period, at  the 
end of which an e.s.r. spectrum of a postulated copper(O)-coPPcr(l) complex was 
observed. Thc induction pcriod can be attributed to autocatalysis by copper (0). This 
may servc to incrcasc the rate of reductive disproportionation, but it has bcen 
suggcstcd that thc products could also be the result of an autocatalyscd homolytic 
mcchanisni (reactions 48-50). Similar selcctivity for rcaction 49 and the @ -  

EtCu' + Cu" - EtCu'Cu" Et' 4-2Cu" (48) 

(49) 

(Me3SiCH2)4C~'4 - (Me3SiCM2)3C~'3C~n + Me3SiCH2 

Et' + CIH3CH2Cu' A EtH + 'CH2CH2Cu' 

'CH2CH2Cu' ---+ CH2=CH2 + CU" 

elimination from P-nictallated alkyl radicals (reaction SO) has precedent in organotin 
chemistry'". 

2. Decomposition of copper(l1) compounds 

Simple alkylcopper(I1) compounds are expected to be very unstable species, and as 
ye t  have not been isolatcd. Their formation during thc reaction of various or- 
ganometallic compounds with copper(I1) salts has been suggested, howcvcr, and 



168 Philip J. Barker and Jeremy N. Winter 

available evidence indicates that they rnay decompose by a homolytic mechanism 
under certain circumstances. There are two primary mechanisms which may account 
for the generation of radicals during these reactions, and thcse rnay be illustrated 
with reference to the reaction between tetracthyllead and copper(I1) acetatc in acetic 
acid", where products obtained from cthyl radical oxidation (ethene, butane, and 
EtX, where X is from CuX,) were observed. 

Et,Pb+ CU"(OAC)~ - Et,Pb(OAc) + Cu'(0Ac) + Et' (5 1) 

Et' + Cu"(OAc)? ---+ Et,, + Cu'(0Ac) + OAc- (52) 

The  ethyl radicals here would be formed by a transalkylation process to give an  
ethylcopper(I1) species which then undergoes homolysis (reactions 53 and 54) 

Et4Pb + Cu"(0Ac) - Et3Pb(OAc) + [EtCu"(OAc)] (53) 

[EtCu"(OAc)] - Et'+ Cu'(0Ac) (54) 

o r  a single electron transfer similar to that described in equations 3 and 4 may be 
operative (reactions 35 and 56). 

Et,Pb + Cu"(OAc), - Et,Pb' 3. [Cu'(OAc),]- (55)  

. Et,Pb' - Et3Pb"'+Et' (56) 

In this case the former mechanism (equation 53 and 54) was preferred because 
studies on methylethy1pIumbanes demonstrated that reactivities and product dis- 
tributions mirrored the sclcctivity of a transalkylation step rather than the mass 
spectral fragmentation pattern of the plumbane radical cation. 

The situation regarding these reactions is by no means clear, howevcr, because the 
reaction bctwecn copper(I1) triflate and tetraethyllead in tetrahydrofuran yielded 
butane as the major productx" instead ,F EtX, the major product in the example 
above. In addition, the reaction between ethylmagnesium bromide with copper(I1) 
chloride gave butane exclusivelys7, although it is probable that EtCu"C1 was formed 
initially. From consideration of thcse results it has been suggested that reductive 
coupling of ethylcoppcr(I1) dimers can compete with Cu-C homolysis in suitable 
situations. 

2EtCu"X [EtCu"X]2 - Et-Et +2Cu1X (57) 

This process may bc particularly applicable when high concentrations of organocop- 
per(I1) compound are prcsent (i.e. when their formation is rapid). 

The reaction of compounds R2Hg and RHgX conlpounds with coppcr(I1) bromide 
gives mainly RBr as product in dimethylformamideHX. The authors felt that in this 
particular case, where acylmercury derivatives were involved, electron transfer to 
give R2Hg' was less likely (although whcn R is simple alkyl this occurs readily) than 
the mechanism involving alkylation of copper(I1) with subsequent homolytic decom- 
position. Further evidence for free radical participation was gained in a study of the 
reaction between copper(1I) salts and organomctallic compounds in which the ligands 
may act as stereochemical probes. 

Both erythro- and threo-(CM3)3CCHDCHDM [M = (5q-CSH5)zZrCl, HgCl] and 2- 
M-6-acetylbicyclo [2.2.0] heptane [6; M = Pd(diphos)Cl, HgCI] react with copper(I1) 
bromide t o  givc products in which all configurational or  isomeric integrity is lostx". 
Once again homolysis of a n  alkylcopper(l1) interrncdiate is thought to be the major 
pathway for radical production. 
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3. Decomposition of silver(l) and go/d(l) compounds 

In contrast to n-alkylcopper(1) compounds, thc corresponding silver(1) and gold(1) 
complexes decompose by reductive coupling to give predominantly n-alkyl dimers 
rather than disproportionation products. There is very little evidence that homolytic 
mechanisms play anything but a minor role in these dccompositions except in the 
case of some organosilver complexes. 

Similar results were found for decomposition of neophyl silver(1)triphenylphos- 
phine to those of the corresponding coppcr(1) derivatives. The reaction of trialkyl- 
silylmethyl Grignards, RMezSiCH2MgC1, with silver(1) chloride or bromide gave, in 
addition to (RMezSiCHz) and Me,%, products from radical attack o n  solvent"". It is 
interesting that it is the 'neopentyl-like' ligands which appear to induce homolytic 
decomposition in their compounds with Group IB organometallics. This  was 
rationalizcd in the  case of thc copper compounds as the  lack of P-hydrogen denying 
an c a s h  pathway; however, this reductive elimination is not as important for the 
silver(1) and gold(1) complexcs. It may well be that the bulk effect of the 'ncopcntyl- 
like' ligands also provides a stereochcmical constraint on concerted reactions and 
perhaps aiding metal-carbon bond homolysis. 

There is some cvidcnce to suggest that the 'ate' silver(1) complex 
Li[(Bu"),AgPBu",] may, unlike [Bu" Ag(PPh,)] decompose via silver-carbon bond 
homolysis9'. 

L~[(Bu")~A~PBu",]  - ~ - B u '  + Bu"Li + Ag" + PBu", (58) 

The therniolysis in diethyl ether at 0 ° C  gave n-octane (26%), ii-butane (71%), and 
but-1-ene (3%) as the principal products. The octane : butenc ratio is close to the K J K ,  
ratio for n-butyl radical termination and lower yields of n-butane were observcd in 
poor hydrogen-donating solvents. Studies on Li[(Me)(Bu")AgPBu",] demonstrated 
that products from n-butyl groups were formed more rapidly, consistent with an 
expccted preference for the morc stablc alkyl radical. Crossover experiments with 
Li[(n-C5H1 ,)(Bu")AgPBu",] yicldcd a statistical distribution of dimeric products (i.e. 
thc n-octane : n-nonane: n-decanc ratio was about 1 : 2: 1). Finally, these decomposi- 
tions were found to follow first-order kinetics. The  homolytic mechanism could not 
be proved conclusively, but all these observations suggest the formation of free 
radicals. 

B. Photolytic Decompositions 

Photolytic decomposition of Group IB organometallic compounds might be ex- 
pected to involve metal-carbon bond homolysis as the photosensitivity of these 
compounds is well known. Unfortunately, however, littlc effort has been devoted to 
exploring thcsc reactions. 

Photolysis of methyl- and ethyl-(triphenylphosphine)copper(l) in toluene at -20 "C 
gavc mostly methane and ethane, respectively, in contrast to the thermal deconiposi- 
t ion~ '~ .  Very little incorporation of deuterium was observed when the photolysis was 
carried out in deuteriatcd solvents. If alkyl radicals are produced, they must react 
rapidly to abstract hydrogen from another substrate molecule. 

[CH,Cu'(PPh,)] - H3C' + Cu" + PPh, (59) 

H,C' +[CH,Cu'(PPh,)] - CH, + 'CHzCu'(PPh,) (60) 

The photolysis of (Me,SiCH&u), gave similar rcsults to the ther rnolys i~~~,  provid- 
ing reasonable evidence for Cu-C bond homolysis. Radical intermediates were 
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implicated in thc photolysis of ti-butyl(tri-it-butylphosphine)silver(I) in diethyl ether 
at -60°C92. Butane was the major product but 2-ethoxyhexane was also detected. 
Mcthyl(triphenylphosphine)gold(I) complexes have been irradiated under various 
conditions, but there is little cvidence t o  suggest that t h e  radical rcactions which 
undoubtedly take place (sec below) arc initiated by photo-induced clcavage of the  
gold-carbon b o r ~ d ~ ~ . ' ~ .  

C. Radical Reactions 

T h c  possibility that P-coppcrmetallated alkyl radicals may be formcd in some 
alkylcopper(1) decompositions and that these radicals @-eliminate copper has alrcady 
been mcntioned above. Therefore, the  main topic of interest in this brief section 
concerns the ability of organogold(1) complexcs to undcrgo Sk12 reactions (equation 
2) with a varicty of radicals"'. Related compounds of platinum(I1) were also found to 
cxhibit a similar reactivity towards homolytic substitution'". 

Methyl(triphenylphosphine)gold(I) reacts with benzenethiol at  35 "C in dichloro- 
mcthane to give PhSAu'(PPh,). Mcthyl radicals were spin-trapped by MNP (sce 
Section I.D.l) to give the adduct Bu'(Me)NO' which was detected by e.s.r. spectros- 
copy. The rcaction was accekrated when a radical initiator, aibn, was introduced and 
hindercd by the presence of galvinoxyl, a well known inhibitor. It was concluded that 
the rcaction probably proceeds via a radical chain propagated by S1,2 attack o n  the 
gold(1) alkyl by phenylthiyl radicals97. 

PhS' + [McAu'(PPh,)] - [PhSAu'(PPh,)] + Me' (61) 

Other studies, utilizing the spin-trapping technique and also CIDNP and tradi- 
tional initiation/scavcnging methods, have indicated that PhC02.9X, PhSc"", Me"', 
F3C1", and (Mc)F,CCF,"~ are all implicated in Sii2 rcactions at gold(1) centres. No  
such reactivity is seen at thc corresponding gold(II1) ccntres, however (for cxample, 
[Me,Au'"(PPh,)])"'.""'. 

I n  addition, a study o n  the reaction between i~-butyl(tri-n-butylpliospliine)siIver(I) 
and the  2,2,6,6-tetramethylpiperidin-l-oxyl (tmpo) radical suggests that this  stable 
radical is able to displacc 11 -butyl radicals from silvery2. 

IV. GROUP IIA 

While i t  is true that homolytic chemistry is not common among thc menibcrs of this 
group, there are well documcnted accounts of such reactions in magnesiuni and 
beryllium chemistry whcre frcc-radical intermediates have bccn observed dircctly. 
Organocalcium compounds havc found somc usc in organic synthesis, a n d  free- 
radical mechanisms have been inferrcd in several examples of reactions involving 
these conipounds. 

There are numerous accounts of reactions of Grignard rcagents with particular 
substrates wherc the intermcdiacy of free radicals has been proposed, and thcse 
mechanisms arc discussed under a separate subhcading. 

A. Thermal Decompositions 

Thcre is n o  direct evidcnce to indicatc that thcrmnl decomposition of organobcryl- 
lium compounds procccds via berylliuni-carbon bond homolysis. These thermal 
decompositions gcnerally procccd via thc concerted 0-elimination of metal hydridc 
mentioned earlier. In fact, this route is the most convenient available for the  
synthcsis of compounds RReH. Thus .  licating ~-butylmethylberyllium at 1 SO "C for 
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mmHg gives 2 h under nitrogen followed by a further period at 120 "C and 
methylbcryllium hydride'". 

Bu'BeMe ---+ HBeMe + iso-C,H, 

Although bcyond the general scope of this review, it should be mentioned that the 
mass spcctral fragmentation pattern for diphenylberyllium suggests several different 
berylliuni-containing mdicals, derived from various bond homolyscs"". This  same 
work indicates that the mean bond dissociation energy (6) in Ph,Be was c a  
336 kJ mol-', a value higher than those encountered in Section I.C. 

Di-1-butylmagncsium has been the subject of a detailed investigation in which 
CIDNP was observed in the thermal decomposition. At 83°C the products of 
decomposition are isobutene, isobutane, and 2,2,3,3-tetramethylbutane"'". Polariza- 
tions wcre obscrvcd in the n.m.r. spectra of isobutene and isobutane, suggesting that 
homolysis of o n e  Bu'-Mg bond gives an initial radical pair from which t-butyl 
radicals cscape. From Kaptein's rules only free-diffusing radicals would give rise to 
the A/E spectra obscrvcd. A more detailed account of how such polarizations lead to 
these conclusions is outlined below. 

Surprisingly few other studies have bccn carricd o u t  o n  the thermal or photolytic 
stability of alkylberyllium or  magnesium compounds. Recent studies o n  cyclopcn- 
tadienyl derivatives of beryllium and magnesium have suggestcd that the compounds 
arc stable towards ph~tolysis'~''. 

6. Radical Reactions 

The autoxidation of dimethylbcryllium was originally thought to proceed via a 
heterolytic insertim of oxygen into t h e  Bc-C bond to give mcthylberyllium methyl 
peroxide"'. However, later it was suggested', by analogy with the known mechan- 
isms of autoxidation of a large number of other organonietallic compounds, that a 
frec-radical chain reaction was responsible for t h e  observed products, with thc 
product-forming propagation step involving Sl,2 at the beryllium centre. S1,2 reac- 
tions have remained unsubstantiated, apart 

MeOO' + BeMe, - MeOOBcMe + Me' (63) 

from this postulate until recently when thc reactions of 1-butoxy radicals with Cp,Be, 
CpBeC1, and CpBeMc were studied by e.s.r.Io4. When solutions of these compounds 
in toluenc or cyclopropane were photolyscd in the presence of di-t-butyl peroxidc in 
the cavity of an e.s.r. spectrometer, strong e.s.r. spectra of cyclopentadienyl radicals 
were observcd. In the case of CpBeMe both Cp' and Mc' were directly observable, 
the relative intensities being temperature dependent. The  results with dicyclopen- 
tadicnylberyllium, in addition to demonstrating again the utility of the cyclopen- 
tadienyl ligand to induce homolytic chemistry, provided some insight into a complex 
structural problem that has been a featurc of the inorganic litcraturc for some years. 
The structure of beryllocene has bcen a topic for debate since X-ray crystal structure 

indicated that a 'slippcd sandwich' structure might be preferred over the  
findings of an early electron diffraction study'". However, a later electron diffraction 
~tudy''" indicated that a symmetric Csr: structure was preferred. The situation was 
further confused when PRDDO'"' and MNDO'" calculations indicatcd that not  only 
wcrc the  symmetric DSd or Ds,, models both considerably lowcr in cnergy than t h e  
CS,, or 'slipped sandwich' models but also that the lowest energy, most stable form of 
bcryllocene would be that containing one 'q-bondcd and one 'q-bonded cyclopen- 
tadienyl ring! Recently, the problem has been reexamined by gas-phasc electron 
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diffraction"', by He(1) photoelectron spectroscopy with ab initio M.O. calcula- 
tions"', and by Raman spectroscopy in the solid state and as a liquid"'. In all these 
papcrs the results indicated that in the solid state at -1  60 "C and at 0 "C, as a liquid 
at 65"C, and in the  gas phase, the molecule exists in a pentahapto/polyhapto 
(probably '7 : 37) 'slipped sandwich' structure. The fact that homolytic substitution 
by t-butoxyl radicals takes place at the beryllium centrc suggests that any symmetric 
structure (C,,, DSd, D,,,) would be unlikely, purely because n o  close approach to 
interact with any metal orbitals is possible by the incoming radical. Schematic 
diagrams of the highest occupied molecularo orbitals of a 'slipped sandwich' structurc 
(with one ring laterally displaced by 1.21 A) indicatc that the required orbitals are 
available1I2 for interaction and that Sl,2 reactions should be possible, as is experi- 
mentally observed. Although few structural studies havc been carricd out in fluid 
solution, and in this phase thc possibility of a 5q : Iq structure cannot be altogether 
dismissed (which would certainly be likely to undcrgo SH2), the e.s.r. results tend to 
support the most recent structural studies"". 

The reactions of dialkylberyllium compounds with kctones indicate that charge- 
transfer processes niay occur readily. Thus, mixing di-t-butylberyllium with a solu- 
tion of benzophenonc in diethyl ether at -78 "C gives a strongly colourcd solution, 
thought to be due to charge transfer'''. 

(64) Bur2Be + Ph2C=0 - Bu',Be" + Ph2CO- 

The colour disappears on warming and isobutene is evolved with the dimeric 
(Bu'BcOC02), being isolated. Whilc no other products (isobutane, 2,2,3,3- 
ttramcthylbutane, ctc.) that would havc been indicative of frce t-butyl radicals were 
obscrved, thc possibility cannot bc excluded, given the analogy betwecn this process 
and similar ones for other metals discussed in this chapter. N o  attempts to observe 
e.b.r. spectra or CIDNP effects were made in this work, but such studies may 
certainly provc useful in charactcrizing the reactivity of organoberylliuni compounds 
further. 

Autoxidations of Grignard reagents were originally thought to proceed via a polar 
mechanism o n  the basis of product and kinetic ~ t u d i e s ' ' ~  which showed that 
diphcnylamine did not inhibit the autoxidation and that butyraldehyde was not  
co-oxidized when present in the reaction mixture. It was concluded that the autoxi- 
dation probably did not  involve frce radicals, although thc possibility of their 
participation was never completely excluded"". 

Evidence for a free-radical chain mechanism w a s  first provided by the study of 
5-hcxenylmagnesium bromidc1'7."x, wherc an increased pcrccntage of cyclized pro- 
duct (dramatically increased at low oxygen concentrations, wherc cyclization is able 
to compete with oxygen quenching) suggestcd a typical rapid frce-radical chain 
autoxidation, involving initial clectron transfer, with S112 at magncsium being the 
propagating step. 

RMgX + 0 2  R' + XMg02' 

R'+ 0 2  ROO' 

ROO'+ RMgX ---+ R0OMgX-t K' 

Confirmation of thc ability of dialkylmagnesium compounds and Grignard reag- 
ents to undergo Sl12 reactions was provided by a n  e.s.r. study of reactions of these 
compounds with t-butoxy r:idicalsl'y. Thc course of reaction depends on whether 
a-hydrogen is availablc in t h e  alkyl group. If a-hydrogen atoms are present the two 
Courses shown in reactions 68 and 69 proceed simultaneously. 
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RICH' + Bu' OMgX 
S Y  

\ 
RZCHMgX 

R2kMgX + Bu'OH 

Abstraction of a-protons by t-butoxy radicals, rather than substitution, is wide- 
spread among organometallic compounds and in e.s.r. spectra in magnesium systems 
two signals are superimposed, confirming that both reactions are taking place. While 
the presence of R' could also be interpreted to imply some unimolecular homolysis 
of R-Mg, the possibility can be discounted for when the photolysis is carried out in 
the absence of di-t-butyl peroxide, no radicals are observed. 

Organocalcium compounds have been studied very little in respect to  their ability 
to undergo calcium-carbon bond homolysis. The compounds are subject to rapid 
autoxidation, but the mechanistics of the process have not becn studicd, and while it 
is likely that free radicals are important the possibility of ligand carbanion autoxida- 
tion must also be considered9. Free radicals have becn considered as intermediates, 
however, in the reactions betwecn organocalcium halides and 1,3-benzoxathiole and 
1,3-bcnzodioxole derivatives'I". Mere, a product study strongly implicates free 
radicals in these reactions. T h c  first stcp appcars to bc either a simple cleavage of 
R-Ca to give R' and a ,calcium species which adds to oxygen, or  more likely a 
chargc transfer to give RCaX which immediately fragments to R and 'CaX, which 
adds to oxygen. A reaction schcme for whcre R contains P-hydrogen atoms is 
outlined in reaction 70. 8 and 9 then abstract hydrogen from solvent to give the 

corresponding products and products derived from the usual free-radical termination 
steps. Thus, reaction of 7 with t-butylcalcium bromide gave 68Yo yield of the phenol 
(from 8), 7% of the thiophcnol (from 9), and isobutenc, isobutane, and 2,2,3,3- 
tetramcthylbutane. Thcsc results seem to confirm an earlier rcport of reactions of 
organocalcium halidcs with aliphatic ketones, where free radicals wcrc implicated'''. 
In addition, given thc facility with which Grignard reagents react with aliphatic 
thioketones via free-radical pathways (see below), these observations arc not surpris- 
ing. In fact, in an extensive study on reactions of methylcalcium iodide with organic 
compounds, inspection of some products obtained indicatcs that other organocalcium 
rcactions may involve free radicals, but no mechanistic studics or conclusions wcre 
made"'. 

C. Reactions of Grignard Reagents 

While i t  would be obviously impractical to make any general commcnts regarding 
the mechanism of Grignard reactions, i t  is possiblc to dernonstratc the types of 
reaction that commonly lead to free radicals via carbon-metal bond homolysis and 
to indicate the  factors which cause the reactions to procccd via polar or electron 
transfer mechanisms with a view to predicting the cause of reaction. 
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7 .  Grignard reactions with ketones 

By far the most mechanistic studics o n  the Grignard reaction have bcen carried 
out using ketones as substrates. Several groups of workers have concentrated o n  
these reactions to evaluate many of the factors which contribute to and influence the 
overall reaction. In a summary of studies to 1974, Ashby et concIuded that an 
overall reaction scheme such as that outlined in equations 71 and 72 was applicable. 

Philip J .  Barker and Jeremy N .  Winter 

\ R 

diffusion --,a 

(10) _____* C-OM+R- 6 products 
/ (72)  

The coursc which any particular reaction may takc was found to depend critically 
on several factors. The  reaction may proceed via the polar mechanism or single 
electron transfer or even both simultaneously, depending on t h e  redox potentials of 
both reagents, on solvent polarity, on transition metal impurities in the magnesium 
used for the reaction, etc. Thus, bcnzophenonc was found to react with methylmag- 
nesium bromide via the polar mechanism, ye t  t-butylmagnesium chloride reacts via 
single electron transfer. A change from the polar mechanism to single electron 
transfer is observed for the methylmagnesium bromide when t h c  solvent is changed 
to hexamcthylphosphoramide or whcn 0.05 mol-%, of iron(Ii1) chloride is introduced. In 
this discussion the  reaction is confused further by t h e  fact that if the cage pair 10 
docs not escape, the  product is merely the same as that in the polar route. Therefore, 
while many studies have shown that electron transfer may be the first step by e.s.r., 
observation of the ketyl intermediates, products that arc diagnostic of Mg-C 
homolysis, arc not necessarily isolated. As a consequence, t h e  examples discussed 
herc only include those where frcc-radical reactions are caused as a consequence of 
escape from the solvent cage. In suitable cases this cnables both kctyl intermediates 
(by e.s.r.) and polarized products (CIDNP) which could only (by Kaptein’s rules) 
arise from IF) precursors. 

Benzophenone and substituted benzoplienone have always been the classical 
substrates used as mechanistic probes in the study of Grignard reactions. Consc- 
qucntly, while a profusion of data for the system has been available, the  most 
important mechanistic questions remained unanswered until the carly and mid- 
1970s. In fact, a radical mechanism was proposed for this reaction as early as 
192912‘, even bcforc the general acceptance of the ‘free radical’ as a chemical cn t i ty  
which was brought about by the  experiments of Hofeditz and Paneth’. Pinacol, a 
product critical to the frce radical interpretation, was first observed in  reaction 
products by Arbuzov and Arbuzova12’ and ensuing arguments as to whether this  was 
a minor product formcd by impurities”” did littlc to clarify thc situation. Although 
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Mosher and B l~mberg ’~’  demonstrated the existence of the benzophenonemag- 
nesium kety l  by e.s.r, the question as to whcther this was formed by the main or side 
reactions remaincd unclear until thc kinetic work of Holm and CroslandI2’. I t  was 
found from the product distribution in the reaction between t-butylmagncsium 
chloride and substituted bcnzophenones in ether that, although t h e  individual rates 
of formation of pinacols and 1,2-addition, 1,4-addition, and 1,6-addition products 
were obviously controlled by steric factors, a good Hammett plot was obtained for 
the sum of the four  competing reactions. This observation, and the fact that steric 
effects have n o  influencc o n  the overall reaction rate, as measurcd by the disappear- 
ance of substratc, strongly indicated that a common rate-limiting step, single elcctron 
transfer from Grignard to bcnzophenone, was involved. This was the  first real 
indication that the radical pathway is not a side reaction but in this case constitutes 
the major, or indced only, mcchanism. In 1975 a remarkable paper by Savin et .I.”’ 
demonstrated fully thc complexity of the  reaction betwcen bcnzophenonc and 
t-butylmagncsium chloridc in dimethoxyethanc as solvent. In addition to observing 
the kctyl radical, formed by the initial electron transfer, by e.s.r. spectroscopy they 
also observed large polarizations in thc n.m.r. spectra of thc  products isobutane and 
isobutene during the course of t h e  rcaction. No polarizations were observed in the 
other major products, and using Kaptein’s rules it was possible to predict that the 
observed polarizations could only arise from random encounters of freely diffusing 
t-butyl radicals. The  complex scheme in Figure 3 outlines the  full mechanistic 
conclusions of the papcr. I t  is important to note  that only  t h c  isobutenc formed by 
random cncounters has any polarization. In a major series of papers, Savin and 
coworkers have reported an cxtensivc study of Grignard reactions with manv 
substrates using CIDNP as the main mcchanistic probe, and e.s.r. where possiblc. 
Thus, by observing polarizations in butanc and butcne, free butyl radicals are 
implicatcd in the rcactions between 1-butylmagncsium chloridc and ben- 
zophcnone”‘, dibenzoyl d i~ulphide’~” ,  chloroform’”’, benzaldchyde’32, carbon tct- 
rachloride133, benzoyl ~hlor ide’”~ ,  and substituted benzoyl chlorides’35 and nitroben- 
zene‘““. 

T h e  same workers also examined thc rcaction between benzylmagnesium chloridc 
and benzoyl peroxide in thf13’. Here, polarizations in t h e  n.m.r. spectra of the 
products benzoyl benzoate, benzyl chloride, and dibcnzyl were observed. I t  was 
dcduced that the polarizations of the benzoyl benzoate, which were in emission, 
were caused by cage recombination of the initial radical pair. However, dibenzyl was 
formed in 45% total yield and, with enhanccd absorption observed in the mcthylene 
protons, this must indicate that diffusion from the solvent cage is a major pathway of 
decomposition of the initial radical pair. 

While no e.s.r. spectra of CIDNP effects were observed, kinetic and product 
studies strongly implicate free-radical mechanisms from the reaction between f -  

butylmagncsium chloride and ethyl cinnamatc’”8.13‘. Hcrc, products from cage 
rcaction and also classical free-radical rcactions in solution wcrc detected. Thus 
according to the reaction scheme, initial single electron transfer occurs to givc ester 
anion and Grignard cation which rcarrange to give the initial radical pair, 11 
(Schcme 1). As in other similar reactions, the  cage products may now collapse to givc 
thc cxpected 1,4-addition product or may diffuse to givc the  free radicals 12 and 13. 
In the absence of radical scavengcrs, the 1-butyl radicals can now add directly to the 
double bond of ethyl cinnamatc. This radical may then undcrgo a furthcr single 
electron transfer to give, after work-up, the cyclopropanone hemiketal salt 14. 

A very interesting mechanistic development has become evidcnt in a recent study, 
Ilamely thc possibi] jty of a Grignard reaction proceeding apparently via two indepen- 
dent single electron transfer ~ t c p s ’ ~ ~ ~ .  The products gencrally observed i n  the  reac- 
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PhrC=OfBu‘MgCI 

single electron transfer I \ 

J ’ l  
Ph2CHOMg+(CH,)2C=CHr 

OMgCl 

- r n  

(esr detected) 

ti.%,,, J 
Bu‘H 

(Bu” -Bur) 

I F)  precursor 

I 
OMgCl - 

(CH3)K-H (CH3)2C=CH, (CH3)3C-C(CH3)3 

A I E  AIE AIE unpolarized 

FlGURE 3. Reaction scheme for the Grignard rcaction between r -  
butylmagnesium bromide and benzophenone 

tions of carboxylic acids with Grignard reagents a re  tertiary alcohols. Benzoic acid 
and substituted benzoic acids are n o  exccption to this rule. T h e  ketyl radicals, 
products of ‘single electron transfer’ from alkyl and aryl Grignard reagents to 
salicycljc and benzoic acids, have been observed by e.s.r., and these intermediates 
may be stabilized by the presence of nickeI(I1)  ion^'^'^'^^ . It has now been demon- 
strated that reaction between tn- and p-substituted benzoic acids with aryl Grignards 
in thf. solution under argon, with small amounts of nickel(I1) present, has a further 
single electron transfer step, characterizcd by e.s.r. observation of the carboxylate 
anion radicals which a re  the products of an initial electron transfer. Admittedly these 
reactions are in the presence of a nickel(I1) salt and,  as has been mentioned before, 
traces of transition mctals d o  have dramatic effects on t h e  course of Grignard 
r e a ~ t i o n ” ~ .  However, unlike for example iron(II1) impurities which, because of their  
influence as electron acceptors may catalyse electron transfer, nickel(1I) does no t  
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But MgCl + PhCH=CHCO,Et [Bu'M~CI-P~~HCH=C(O-)OE~] 

0, [Bu"PhCHCH=C(OMgCl)OEt] 

(11) 

Ph6H(CMe3)CIi(MgC1)C02Et - PhCH(CMe3)CH2C02Et 
C ~ y L 1 i o n  

11 

\ 
B u - + PhCHCH=C( OMgCI) OEt 
(12) (13) 

Bu" + PhCH=CHCo,Et - PhCHCH(CMe,)Co,Et 

set , PhCH(MgCI)CH(CMe,)CO,Et 

---+ 1-Ph-2-CMe3-3-OEt-3-O~lgCI-cyclopropane 
(14 

SCHEME 1 

readily accept or  give up electrons to give Ni(1) or Ni(l1I) undcr the conditions of 
thcse experiments. It is difficult to visualize the role of this ion being anything other 
than stabilizing (prcsumably via chelation) the intermediate carboxylate radical ions. 
if, subsequently, hmpa is added to the rcaction mixture, e.s.r. spectra of thc ketyl 
radicals intermediate in tertiary alcohol formation are observed. after the initial 
electron transfer the fate of the  aryl group from the Grignard appears to be diffusion 
from the solvent cage, although the required proton for aromatic hydrocarbon 
formation may well be that from the benzoic acid. Whilc more product and 
mechanistic studies need to be carricd out o n  this system, the possibilitics and 
implications to  mechanism induced by these initial experiments should provide some 
stimulating and interesting rcsults. 

(73) 
( i )  NI) ( i i )  sct 

ArCOOH + RMgX - ArC(0-)OMgX + RH 
rhf o r  Iir20 

(d hmpr 
( I t )  RMZX ZCI (')) 

ArC(O-)OMgX - Are(O-)R - products (74) 

This novel system aside, and although there is not space hcre to include discussion 
of all mechanistic studies on reactions of carbonyl compounds with Grignards, it is 
possib!e to summarizc thc implications of these studies with the aid of some recent 
results. 

Mechanistic developmcnts involving the reactions of Grignards with carbonyl 
compounds seem to confirm all previous work in that the nature of the pathway, 
whether single electron transfer or  polar, varies from reaction to reaction with no 
'blanket' rule covering any. Thus, 2,2,6,6-tetramethylhepten-4-onc was used a s  a 
mechanistic probe with alkyl and ally1 G r i g n a r d ~ ' ~ ~ ,  the principle being that if the 
reaction proceeds via single electron transfer, then complete loss of stereochemical 
integrity in substrate and products would occur. The  study showed that while some 
Grignards (Me, Et,  allyl) favoured the polar mcchanism, t-butyl Grignard caused 
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ncarly complete isomerization of both starting materials and products, indicating the 
single electron transfcr pathway. Mechanistically, i t  appears that from the results 
available thus far, it is becoming increasingly possible to predict a rcaction path for 
any particular reaction as our knowledge of the factors govcrning the path by which 
thc reaction may procced improves. Howevcr, i t  is also evident that a unified 
mechanistic view of the Grignard reaction may be difficult to achieve given the 
number of experimental variables in each individual reaction. 

2. Reactions with other substrates 

There are many Grignard reactions with substrates other than ketones which 
proceed via an initial single electron transfer stcp and lead to participation of free 
radicals. A few pertinent cxamples, with a variety of substrates, are discusscd. 

Rcaction of alkylmagnesium bromides with mono-y-acetylcnic(alky1) ethers ap- 
pears to proceed via a frce-radical react i~n ' '~ .  

(CH3)3CCH2CrCCH,0R' + RMgBr - (CH3)3CCH2C=CCH2' + R'+ ROMgBr (75) 

(CH3)3CH2C=C=CH2 (CH3)3CH2CrCeH2 (76) 

All the possible coupled products from the tautomcric intermediate allenyl and 
P-acetylenemethyl radicals were isollited. These products were forrncd in addition to 
couplcd products from the Grignard reagent, R,, and ROMgBr. Significantly, in this 
study there was vcry littlc dependence of product distribution o n  the  nature of R or 
R ,  which may indicate that the driving force for the  reaction is formation of thc 
resonance stabilized free-radical intermediates. The total yield of products is always 
nearly quantitative. 

Another recent product study concerns the reaction of ncophylmagnesium chloride 
with carbon tetrachloride or 1,2-dibromoethane, in which the presence of free 
radicals is implicated, although n o  e.s.r. or CIDNP studies were carried out'". The 
products of the reaction with carbon tctrachloride are indicative of a purely ionic 
pathway, but in 1,2-dibromoethane an alternative pathway was proposed. It was 
suggestcd that the transition state for single clcctron transfer with 1,2- 
dibromoethane is stabilized by homobenzylic conjugation. 

Br YBr 
(13 

Neophyl and 2-bromocthyl radicals may then diffuse from the solvent cage to give 
the observed variety of products. N o  products from the rearrangement of neophyl 
radicals were detccted, but this is not  surprising as the reactions were carried out at 
-70 "C, where the rate of rcarrangement is very SIOW compared with that of radical 
tcrrnination steps. 

Thioketoncs react with Grignard reagents to give thiocthers according to the 
gencral reaction 77. The  reaction was subjected to mechanistic investigation and 

RhlcX 
R,C=S RZCI-ISR' (77) 
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initially, in parallel with studies on carbonyl compounds (see earlier), the  reaction bc- 
tween thiobenzophenone and methyl magnesium iodide in ether or thf was examined. 
Not surprisingly, by analogy with reactiom with benzophenonc, the e.s.r. spectrum of 
thiobenzophenone ketyl was observed, confirming single electron transfer to b e  a 
primary stcpI4'. Later it was found that while mechanistic studies on the initial step 
were dificult, addition of Grignard (whcrher polar o r  sinale electron transfer) 
followed by Mg-carbon bond homolysis appear widespread in this reaction. 

RlR,C=S-I- RMgX R,RzC(Mg)SR (78) 

(79) 

It became apparent that the intermediate radicals could be readily observed using 
e.s.r. Thus, radicals 17, 18, 19, and 20 could be obscrved from the corresponding 
thioketon~s~".  

R,R,C(Mg)SR - RIR2eSR - products 

(16) 

VSR 
Reaction of vinylmagnesium halides with thiokctones again presents evidencc for 

Mg-C bond clcavage from an internicdiatc Grignard adduct14'. T h e  gencral reac- 
tion proceeds to give the two possible products according to reaction 80. 

X M K I  I?Cl I ,  

\c"cr.ll \ I U P .  
R,R,C=S A- RIR,C(SH)CH=CH,+ RIR2CHSCH=CH, (80) 

(21) (22) 

The yield of the products depends o n  thc time of reaction'". After 16 h 21 is formed 
in 100% yield but early qucnching givcs 22 in 80% yield. A mechanism similar to 
that in equations 77-79 was again used to present an  explanation, with 21 being 
formcd as the kinetic product and 22 is formed from thc thermodynamically more 
stable intermediate radical. Here again e.s.r. was used to observc the intermediate 
directly, although formation of 21 of course required the intermediacy of a thiyl 
radical, which is not observable by c . s . ~ . ' ~ ~ .  A more detailed study o n  the thioben- 
zophenone system showed that products arise primarily from the addition of R (from 
t h e  Grignard) t o  sulphur. This again implies the intermediacy of the thermodynami- 
cally morc stablc diphenyl(thioalkylfmcthy1 radical, which in fact is observed by 
e.s.r. . 

Significantly, organocadmium compounds undergo similar reactions, although not 
in such imprcssive yields. 

150 
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The reaction between thiobenzophenone and butenylmagnesium bromide demon- 
strates the utility of the mechanistic interpretation, with the isolation of products 
which could only arise from a radical cyclization rcaction. 

(23) 

(24) 

23 - Ph2CSCH2CH2CH=CH2 (82) 

24 - 2,2-diphenyl-3- 

methyltetrahydrothiophene (83) 

The major product, formed by abstraction of hydrogen from solvent, was 2,2- 
diphenyl-3-rnethyltetrahydrothi0phene~~'. 

From a product study, it has been shown that the stable nitrogen-centred radical 
1,3,5-triphenylverdazyl reacts with alkylmagnesium chlorides by an SH2-like process 
similar to that described earlier for organolithium compounds"'. 

25 is then hydrolysed and, in addition to the dirnerization of R ,  40-50% yields of 
coupled product of R and further verdazyl are isolated. 

Direct evidence for single electron transfer between Grignards and nitrogcn- 
containing substrates has recently become available. Thus, 1,lO-phenanthroline 
reacts via single clectron transfer with Grignard reagents RMgBr or R2Mg to give 
organomagnesium radical complexes'", [phen(MgR)]', which may be characterized 
by e.s.r. 

Ph 

It may well be that furthcr experiments with ligands such as 1,lO-phenanthroline 
with organometallic compounds will provide more interesting stable paramagnetic 
complexes, given the ability of this ligand and, for example, 2,2'-bipyridyl to function 
as negative molecular ions and therefore stabilize metals in formally low oxidation 
states'S2. Outside t h e  scope of this chapter, it is interesting that clectron transfcr to 
phen has recently been ~ b s e r v e d ' ' ~  in reaction with [('v -C5H5)Ti"(C0)2. 

V. GROUP IIB 

It has long been realized that organometallic conipounds of this group have been 
susceptible to homolytic decomposition processes, a major reason being the rather 
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low first bond dissociation energies often encountered in these compounds, which 
render them labile towards autoxidation, decomposition, and substitution reactions. 
In fact, both decomposition  reaction^"^ and substitution reactions' of this group 
have been reviewed at length. Therefore, in this chapter the most significant aspects 
t o  be  discussed will be  some new developments in thc decompositions of these 
compounds when used as precursors t o  novel, previously unavailable free radicals, 
and also as organometallic compounds of this group rcadily undcrgo clcctron transfcr 
reactions with a variety of electron acceptors, these reactions will also be included. 

A. Thermal and Photolytic Decompositions 

T h e  temperatures at which dialkyl-zinc and -mercury(II) compounds begin to 
decomposc homolytically, 85-140 "C, ensure a suitable rate of unimolecular decom- 
position for the study of CIDNP effects'"'. 

Di-t-butyl-zinc and -mcrcury decompose thcrmally between 82 and 140 "C and 
120 and 140 "C, rcspcctively. During these decompositions polarizations a re  ob- 
served in the product n.m.r. spectra. The  small negative activation entropies for the 
reactions (for example, A S #  = -3.7 cu for Bu',Zn) and the fact that t hc  K,, /Kc ratio 
of 3.75 is around that expected for t-butyl radicals indicatc that the major reaction 
path is via homolysis of thc me ta l - ca rbon  bond, rather than by other mechanisms 
(for example, via a four-centre transition state). By Kaptein's rules it can b e  shown 
that for the decomposition of the zinc compound that the product polarizations arise 
from random encounters of IF) precursors, and that simple unimolecular homolysis is 
preferred. 

RIZn - Z n + 2 R  (86) 

O n  the other hand, thermal decomposition of the mercury compound is inter- 
preted as a cage reaction of t-butyl radicals from singlet prccursors, IS), while the 
photolysis of this compound at ambient temperatures, gives polarizations indicative 
of cage reactions from IT) precursors, although the possibility of unimolecular 
decomposition with resulting reactions of IF) precursors cannot be ruled out. These 
clcgant expcrimcnts give a good idea of the sensitivity of the CIDNP effect t o  the 
rather subtle diffcrences in the possiblc modes of decomposition. 

Similai.ly, diallylzinc compounds decompose giving A/E product polarizations at 
tempcrxtures from 85 to 150°C'5s. In  a study of decomposition of diallylzinc, 
bis(2-r iethylallyl)zinc, and bis(3-metliylallyl)zinc, a common modc of decomposition 
is indicated, namely unimolecular decomposition, with random encounters of IF) 
precursors responsible for product polarizations (prcdicted by Kaptein's rules). 

An extensive photo-CIDNP study of organomcrcury compounds has been under- 
taken"". Not surprisingly, photolysis of asymmetric and symmetric dialkyl- and 
diaryl-mercury compounds provided no evidcncc for intermediates RHg', but realis- 
tically this could not  be expected at thc tcmpcratures of the study. 

Given the ease with which alkyl-zinc and -mercury compounds undergo homolytic 
thermal decomposition at temperatures between about 80 and 150"C, it scems 
reniarkablc that honiolysis of the metal-carbon bond has not been considered as a 
possibility in reactions between dialkenylmcrcury compounds and zinc or  magnesium 
metal in scaled tubes at 120 "C"'. Thcrmolysis at 120 "C of dihexenylmercury in thc 
presence of zinc metal gave, after 2 4 h ,  90% of dihexenylzinc and 10% of 
dicyclopcntylmethyl zinc, and aftcr 84 h gave 10% of hexenylzinc and 90%, of 
cyclizcd product. In the rcaction with magnesium metal, only cyclized product was 
isolated after 24 h. The  results were interpreted in tcrms of a four-centre transition 
state, 26, stabilized via a mc ta l -doub le  bond interaction, thus facilitating in- 
tramolecular cyclimtion. 
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M--CJ 
/a+- 6- 

(26) 

R 

While similar transition states have been postulated for other systems, it ccrtainly 
seems possible that frcc radicals play the major part in this instance. At those 
temperatures CIDNP mcasurements should be definitive in proof of this as they have 
been in the allylmetal, r-butylmetal, and othcr compounds mentioned previously. 

Thermal and photolytic decompositions of organomcrcurials have found consider- 
able application in studying reactions of the free radicals produced, and this is an 
area which appears to have potential for further expansion. These routes to the free 
radicals are favoured over others, primarily because they provide a convenient 
unimolecular pathway which generally gives the frec radicals in high yield. 

Dibenzylmercury was found to bc a convenient sourcc of benzyl radicals when 
decomposed at 129.8°C'5x. In a detailed kinetic study, the schcme below was that 
favoured to describe t h e  decomposition. 

RHg' - R ' t  Hg 

This mechanism was favourcd because the Arrhenius parameters and activation 
cnergies wcre lower than those required if  both Iqg-C bonds wcre broken. The 
reaction is very favourable for the initiation of polymerization, bccause very little 
head-to-tail rccombination to give substituted aromatics occurs. In a subsequent 
paper"'", substituent efects o n  thc rate of decomposition were reported. Ten 
substituted dibcnzylniercury compounds werc found to decompose with first-order 
kinetics at 140 "C. Rate constants varied from 5 . 6 ~  10' rnol I- '  s--' for thc ni-fluoro 
compound to 26.3 x 10' mol I-' s- '  for the p-methoxy compound. The general 
method appears suitable for comparing the stabilities of substitutcd bcnzyl radicals 
using Hammett p and c valucs. 

Cyclopcntadicnylmercury compounds undergo unimolecular decomposition o n  U.V. 

irradiation to g i v e  cyclopcntadicnyl radicals (from [(CsH,),Hg]) and alkyl-substituted 
cyclopentadienyl radicals (from [(RC,H,),Hg])27. Prcviously, t h c  cyclopentadienyl 
radical had been observed by e.s.r. in single crystals"'" and in neon'"' or adamantane 
matrices'"' and n o  convenient route to thc radical in solution was available, the 
reactions of t-butoxy or triniethylsiloxy radicals with cyclopentadiene giving products 
from addition to the dienc system, rather than abstraction of hydrogen from the sp" 
carbon atom. Thus the solution study, made accessiblc through the mercury com- 
pounds, gave valuable information about these theoretically interesting annulene 
radicals. The cyclopentadienyl radical, which has two degencratc highcst occupied 
molecular orbitals, was found to be a true planar T radical, as deduced by the 
magnitude of l3C hyperfine coupling of 2.69G3, with 110 evidence of a dynamic 
.lahn-Tcller effect, which would increase this valuc. 

The alkyl-substituted cyclopentadicnyl radicals, from the corresponding alkylcyc- 
lopentadicnylmercury compounds, were also studied in detail. I t  w a s  found that the  
alkyl substitucnts'"3 and even deutcriiIin'h.' could perturb the HOMO orbital dcgen- 
cracy and that thc magnitudes of the obscrvcd c.s.r. hypcrfine coupling constants 
precisely rctlect the electronic interaction betwceri the substitucnt and the  electron 
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system. The  largc temperaturc range over which the photolyses could be carried o u t  
(-120 to +lO°C) also enabled a detailed conformational analysis of the 
temperature-dcpcndent coupling constants and power saturation measurements to be 
made2'. 

T h e  same method of cyclopentadienyl radical generation has been used more 
recently in a study of t h e  spin-trapping of cyclopcntadienyl radicals in organonietallic 
systems3'. The  mercury compounds were par:icularly useful in  this study, since 
cyclopentadicnyl radicals can be produced not  o n l y  by photolysis, but also by 
reaction with electron acceptors ([Ir'VC16]2--, for exarnplc). This study, with a variety 
of nitroso and nitrone spin-traps, not only clarifies conflicting literature  report^^'.'^^ 
as to t h e  e.s.r. spcctrum of the spin-trapped cyclopentadienyl radical, but also 
outlines an overall strategy for spin-trapping frcc radical intcrmediates in or- 
ganomctallic systems (sec Section 1.D). 

Similar to thc cyclopentadienyl radical, the allyl radical may be spin-trapped o n  2- 
methyl-2-nitrosopropane or nitrosodurene when generated thermally or photocliemi- 
cally from bisallylniercury'~f'. This is a more convcnient route than that previously 
dcscribcd involving reaction of hexabutylditin, allyl bromide, and di-t-butyl peroxy- 
oxalate in the presencc of mnp"". I t  would appear that the use of organomercury 
compounds as free radical precursors is growing considcrably, given the apparent 
usefulness indicated by these studies. 

The discussion as to whcthcr low-valcnt species are intermediates i n  photochemi- 
cal and thermal deconipositions of Group IIB dialkylmetals, while having li t t le real 
effect on the outcome of most reactions, is significant in the general context of very 
short-lived species, playing important roles in organometallic systems. 

R2M" - R' + RM" - R + M" (89) 

R2M" - 2R'i- M" (90) 

In dialkylmercury compounds, whilc the second bond dissociation energy is exccp- 
tionally low (ca. 20 kJ mol I ) ,  i t  is mcasurable and thus a finitc, albeit very short 
lifetime, in solution should ensure that the intermcdiate Hg(1) species is important in 
decomposition. That thcse species exist has been confirmed by e.s.r. spectroscopy at 
77 K, where they may be generated and identificd in matrices by irradiation with 
y-rays*". An indication of the lifetime of thcsc RHg' species in  solution may be 
cstimated from comparison of the lifetimes of the zinc and cadniium analogues. U.V. 
flash photolysis of dimethylzinc and dimcthylcadmium provides direct cvidence for 
the existencc of MeZn' and MCCCI. '~~.  Results were obtained from spcctra recorded 
in the rangcs from 400 to 445 nm and 264 to 287 nm. From these studies the radical 
lifetimes were estimatcd to bc of thc  ordcr of 100 p s .  Indeed, o n c  would expcct the 
mercury 

Mc2M - McM'+ Me' (91) 

specics to have an cven  shorter lifetime under similar conditions, owing to the lower 
second bond dissociation energy. Observation of such briefly existcnt specics in 
solution is not rcadily achieved using conventional e.s.r. spectroscopy. Therc are 
many other short-livcd intermediatcs, postulated in main group organometallic 
chcmistry, for examplc the metal cations oftcn encountered in homolyses initiated by 
chargc transfer depicted in equations 3 and 4 (Section 1.B). Significantly, Group IV 
tctraalkylmctal cations are cxpected to be extremely short-lived and upper limits of 
1 ms have been placed o n  their lifetimes (see Section VII), which is i n  t h c  same range 
as those for the Group IIB spccics nientioncd above. 
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B. Radical Reactions 

All the members of Group IIB are known to undcrgo Sk12 reactions with many 
substrates". Often, however, it is difficult to distinguish between the products of SI,2 
reaction and direct decomposition because the  conditions necessary to initiate the 
attacking radical are similar to those under which decomposition is facilitated. 
Zinc-and cadmium-alkyls both undergo SH2 reactions at the metal centre, with 
subsequent loss of alkyl radical. Thus, 1-butoxy radicals will substitute at the metal in 
diethylzinc or dimethylcadmium to give ethyl and methyl radicals, respectively, the 
e s r .  spectra of which may bc observed directly when the reaction is initiated in the 
e .s.r . cavity 169. 

Unfortunately, very few invcstigations have been carried ou t  on SI12 reactions of 
organic derivatives of Group IIB elcmcnts in recent years, dcspite t h e  increasing 
importance of these compounds synthctically. Major reviews have appearcd in recent 
years o n  thc use of organo~admium'~" and organomercury reagentsL71 in organic 
synthesis, and thus it is hopcd that a concomitant expansion of interest in  homolytic 
reactions will occur. 

Dicrotylzinc and dicrotylmagnesium both rcact with alkyl-substituted cyclohex- 
anones to give dialkylcyclohexanols~7z. 

Philip J. Barker and Jeremy N. Winter 

> 1-[C(CH,)CH=CH2)-2-R-cyclohexanol or R - p c  

Kz%n 
2-R-cyclohexanone 

(27) 
1-(CH2CH=CHCH3)-2-R-cyclohexanol (92) 

With the magnesium compound the  major product is 27, but for the  zinc 
compound 28 predominates. While no mechanistic conclusions were made in this 
study, it is conceivablc that the  reactions procecd via different mechanisms. With 
dicrotylzinc, a radical reaction may be postulated with a methylallyl radical inter- 
mediate. The observed product is consistent with addition to the carbonyl by the less 
hindered end of the allyl radical. On the  other hand, allyl Grignard reagents are 
known to favour polar mechanisms in reaction with carbonyl compounds (see Section 
IV) and thus a concerted polar mechanism with a cyclic transition state may be 
postulatcd here. 

Cyclopropanes may be prepared via thc reaction of alkcnes with a 'zinc-carbenoid' 
reagent prepared from dialkylzincs and gem -dii~doalkanes"~. 

(28) 

CH2=CHR R-cyclopropane 
11I2Z11 

(93) 

The reactive intermediates in  these reactions are thought to be a-iodoalkylzinc 
derivatives, which are the carbene transferring agents. It has been found that not 
only is t h e  reaction accclerated under an oxygen atmosphere but also t h e  yields are 
improved to  near q ~ a n t i t a t i v e ' ~ ~ .  The  autoxidation OF alkylzinc proceeds via an 
cxtremely rapid frce-radical chain upon which conventional radical 
scavengers have little effect (as was the case with the carbene reaction), and therefore 
the increascd efficiency of the  carbcne reaction was attributcd to the increased rate 
of initial zinc-alkyl cleavagc facilitating the rapid formation of the carbenc transfer- 
ring a-haloalkylzincs. 

C. Electron Transfer Reactions 

The general implications of electron-transfcr rcactions of organometals with 
classical inorganic and organic substrates are discussed in Section VII, and are 
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essentially illustratcd with reference to Group IV organometals. Reactions of the 
same elcctron acccptors with organomercury compounds have proved valuable in  
mechanistic interpretations of the electron-transfcr processes, and thesc are men- 
tioned below. Zinc- and cadmium-alkyls also react with organic acceptors in syntheti- 
cally useful reactions. 

The compounds Et2M (M=Zn or Cd) react with orthoquinones in a similar 
fashion to many main group organornetallic dcri~atives '~".  

-I- 

R a +Et?Zn + R a c + E t Z n *  \ 

' 0  
(94) 

T h e  short-lived metal cation dissociates to give ethyl radicals and the  stable (towards 
further decomposition) cation RZn.', which reacts with the semiquinone anion to 
give the  complex 

t 

(B) 

This complcx is paramagnetic, and its organometallic nature is confirmed by the 
presence of metal hyperfine coupling (67Zn, I = 5/2).  Very few ethyl radicals escape 
the solvent cage, as witnessed by the lack of ethane or bibenzyl or other typical 
termination products in the product mixture. The ethyl radical reacts with the 
complex within the solvent cagc, and the ethylmetal 3,6-di-t-butoxy-2- 
ethoxyphenoxide can be isolated in u p  to 90% yield. 

+ 

The classic inorganic oxidant hexachloroiridate(1V) undergoes electron transfer 
processes with organomercurials with great facility to liberate alkyl radicals according 
t o  the general equation 9717'. 

(97) 

In acetic acid with spin-trapping agents prcsent, strong e.s.r. spectra of the 
appropriate spin-trapped alkyl radicals may bc conveniently observed. The mechan- 
ism for the reaction is via an inner-spherc electron transfer, which is thought to give 
a binuclear intcmediate. This intermediate may then break down via a pair of 
mcchanistically indistinguishable pathways, t h e  whole scheme being outlined in 
reactions 98-102. 

[Ir~vCI,]' 
R2Hg > R,Hg' RHg' + R' 
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R2Hg+ [Ir'"CI6]'- - [R,HgC11rC1s]2- (98) 

(31) 

31 - R2Hg"+ [IrC16]3- (99) 

R2Hg' - R'+ RHg' (100) 

31 - R + [RHgClIrCIs]2~~ (101) 

32 - other products (102) 

(32) 

T h c  selectivity of R in these reactions when R2Hg is an unsymmetric dialkyl 
derivative has helped to formulate the general unificd view of charge transfer 
between inorganic oxidants or electron acceptors and labile alkylmetals, which is 
discussed more fully in Section VII. Significantly, the reaction has been used as an 
alternative method in the characterization of the spin-trapped cyclopentadienyl 
radical as a convenient and eficicnt route to cyclopentadicnyl radicals (reaction 
103)"". As a general alternativc to photolysis for radical generation this route may 
yet find further gcneral application. 

(103) 
[ l r ~ \ ' C l * ] ~ -  

(CsHsLHg > C,H,'+ (CsH,)Hg' etc. 

VI. GROUP 111 

The metal-carbon bond in Group 111 organometallic compounds is thermodynami- 
cally rather stable towards unimolccular dccomposition as thc first bond dissociation 
energies for the earlicr mcmbers of the group are relatively high, although this value 
decreases uniformly down the group. There is, however, an extensive homolytic 
substitution chemistry for members of this group to which the major part of this 
section is devoted. 

A. Thermal Decompositions 

Trialkyl- and triaryl-metal derivatives of Group 111 dements  are thermally stablc 
at ambient temperatures, but the gas-phase dccompositions of these compounds, 
particularly the methyl derivatives, have been studied cxtensively. For thc trimethyl- 
metal derivatives of callium, indium, and thallium. results obtained by pyrolysis in a 
toluene carrier flow system are consistent with a mechanism involving stepwise loss 
of methyl  radical^"^. 

Me3M - Me,iM'+ Me' 

Me,M ---+ MeM:i-Mc' 

MeM: - M +  Me' 

iiMcGa: ---+ (MeGa),, 

Methylgallium appears to polymerizc rather than 10 decompose further to gallium 
and methyl radicals. T h e  activation energies for the decompositions were found to bc  
equal to the dissociation cnergics for the first metal-carhon bond cleavage. The  
decompositions of trimethylboron and trimethylaluminium appear to bc more com- 
plex but in both C ~ S C S  the initial s tep seems likely to involve homolysis of the 
mctal<arbon bond. Therniolysis o f  trimethylboron in the presence of D2 gave 
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deutcriomcthanc, probably formed by the SH2 attack of a-boronylalkyl radicals at 
boron17". 

T h e  decomposition of highcr boron and aluminium alkyls may also proceed via an 
climination mechanism rather than the homolytic p r ~ c e s s ~ ~ ~ . ' ~ ~ ' .  Higher indium- and 
gallium-alkyls decompose by both homolytic and elimination routes, although long- 
chain alkylindium cornpounds prcfcr the homolytic pathway1X'.'"'. 

B. Photolytic Decompositions 

I t  might be expccted that simple Group 111 organomctallic compounds would be 
susceptible to photo-induccd metal-earbon bond homolysis, especially in com- 
pounds of thc heavier membcrs of the group. However, relatively few studies have 
becn madc on this aspect of their chemistry. Care must be taken to ensure that 
radicals formed undcr photolytic conditions are not the result of the presencc of 
radical chain carriers or  other photolabilc impurities, since Group 111 compounds 
react rapidly with a variety of radicals via S1.,2 proccsses (below). For example, e.s.r. 
signals of methyl radicals dctectcd during the photolysis of trimethylboron may arise 
from photolysis of small quantities of peroxide, with subsequent attack of the 
resulting oxyl radicals o n  the boranelX3. Nevertheless, U.V. photolysis of trimcthyl- 
boron was found to give methane as a major product and a mechanism similar to the 
pyrolytic one was proposcd'X". 

(108) 

'CH:, 4- B(CH3)3 'CH,B(CH,), + CH, (109) 

Photolysis of Me(Ph)NB(Ph)R (R  = Et, Pr', or benzyl) in carbon tetrachloridc at 
35 "C gives products consistcnt with the formation of R' via homolysis of the B-R 
bondIs4. The low quantum yicld for thc reaction and the lack of effcct of conven- 
tional scavengers for trichloromethyl radicals on the quantum yicld indicate that a 
radical chain proccss is not operative. Both the quantum eficicncy for boron-alkyl 
cleavage and thc chemical yield of RCCI:, coupling products dccreascd in the order 
R = benzyl> i-propyl> cthyl, reflecting t h c  relative stabilitics of the respective alkyl 
radicals. 

The photolytically induced homolysis of tri-1-naphtliylboron (which has a charge- 
transfer maximum at 300 nni) was reported t o  compete with the formation of a 
monovalent organoboron carbene analogue"'. Evidencc for radical intermediates 
was obtaincd in carbon tetrachloride solution although it was not clear whcther 
boron-carbon bond homolysis was t h e  primary photorcaction or a result of S1,2 
reactions. 

An unusual variation on the  ubiquitous S,,2 reaction was found in the photolysis of 
2,2,4,4-tctramcthylpentan-3-imine [(Bu'),C=NH] in the prcsencc of triethyl- 
boron'X". E.s.r. signals of both e t h y l  radicals and 'C(Bu'),CNHBEt, wcre obtained, 
apparently parallcling the S112 rcaction of triplct ketones with triethylboron. How- 
ever, the process was sensitizcd, rathcr than dcscnsitized, by triplet quenching agents 
(e.g. conjugated dienes) and the yield of radicals also incrcased ;is the tenipcraturc 
decrcascd. Direct photolysis of the borane-imine complcx formed a t  low tcnipera- 
tures was implicated. 

B(CI-I3)3 k 'CH3 + -B(CH3)' 

REt3-I- (Bu')?C=NH F=== (Bu')~C=NHBEt, (110) 

(33) 
11,. 

33 - z E ~ ' + ' C ( B U ' ) ~ N H R E ~ ,  ( l i l )  
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A recent study has revealed that photolysis of tetralkylcyclobutadienylaluminium 
chloride complexes in dichloromethane at -80°C gives good e.s.r. spectra of 
cyclobutadienyl radical cations'87. The complexes are formed by the reaction of 
dialkylacetylenes with aluminium chloride and both X-ray and n.m.r. spectroscopy 
have indicated that they are a-complexes. The aluminium-carbon bond is presuma- 
bly homolysed o n  photolysis. 

R R 

AlCI.3 / I "  

2RCECR+AICI3 - + ._ +*AIC13 ( 1  12) 

R R 

These reactions provide a uscful routc to substituted cyclobutadienyl radicals which 
would be otherwise dificult to prcparc, and it is intcrcsting to compare this reaction 
with those of several cyclopentadicnyl metallics (see below) as a route to  annulene 
radicals. It must bc addcd though that the cyclopentadicnyl boron dcrivatives 34 and 
35 are photostableZ7. N.m.r. evidence indicates that this is due to thc bonding mode 

of the cyclopentadienyl rings. In thcse boron derivatives it appears that the cyclopen- 
tadiene is bonded to the boron atom at an sp2 carbon 1-R2BC,H,; 36), a bonding 
mode previously obscrved in the chloroboranecyclopentadienyl compound C12BCp188 
and EtZBCp'*'. 

Very little appcars to be known about the role that homolysis plays in thc 
photolysis of organoaluminium and organogallium compounds, but a study on 
trialkylindium compounds reported a homolytic mcchanism for photoinduced de- 
composition"". 

'The photolability of organothallium compounds has found some synthetic applica- 
tion. Photolysis of arylthallium(IIT)bis(trifluoroacetates) in benzene gave unsymmet- 
rical biphenyls in good yields, and very small amounts of aryltrifluoroacetates. These 
results suggest that aryl radicals, generated by photoinduced homolysis of the 
thallium-carbon bond, add to the solvent or terminatc by recombination with 
trifluoroacctyl radicals, formed by disproportionation of the unstable thallium(I1) 
bis(trifluoroa~etate)'~'. 

[ArT111'(CF,C00)21 & Ar' + [Tl"(CF,COO),] (113) 

(1 14) 

In the presence of cyanidc ions in aqueous solution photolysis of thc arylthal- 
lium(TII)bis(trifluoroacctatcs) gave aromatic nitriles. When the cyanide concentration 
was reduced, photolysis of the phcnyl thalliuni salt gavc benzene, biphenyl, and other 
products typical of reactions of phenyl  radical^'"^. The important aspect of these 
reactions is the stereospccific introduction of a substituent into the position in the 
aromatic ring prcviously occupied by the thallium. In thc presence of iodide ion, 
formation of aryl iodidcs proceeds almost instantaneously without the need for 
photolysis'". 

[T1"(CF3C00),] - [T1'(CF3C00)] + -OC(O)CF, 
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C. Radical Reactions 

Bimolecular homolytic substitution (S1,2) reactions at metal centres makes an 
important contribution t o  the organometallic chemistry of the lighter members of 
Group  111. 

X' + MR3 - XMRZ f R' (1 15) 

Unfortunately, the susceptibility of indium and thallium to thcsc reactions is difficult 
t o  assess because many conventional radical precursors react directly with the 
organometallic compounds of thesc clcments. Sk12 reactions have been studied 
extensively for organoboron compounds. Thc  substantial amount of kinetic data, 
obtained mostly from e.s.r. spectroscopy, for thc reaction of a variety of radicals at 
boron has becn central to  a number of books and reviews mentioned previously".' ' . I 4 .  

T h e  first S, ,2 reactions studied extensively were thosc involving thc  autoxidation of 
organometallic compounds (see thc Introduction), and both organoboron and or- 
ganoaluminium compounds a re  autoxidized by this commonly encountered radical 
chain process wherc an alkylperoxy radical displaces an alkyl radical from thc metal 
centre7. Other  oxygen-centred radicals have been shown to rcact rapidly with 
organoboron compounds. Thus, photolysis of di-t-butyl peroxide'"" or acetone'"' in 
t h e  presence of trialkylborons in the cavity of an c.s.r. spectrometer gives intcnsc 
signals from alkyl radicals. 

(Bu'O), - 2 B u ' O  

Bu'O'+ BR3 - Bu'OBR,+ R 

(1 18) 

(119) 

111' 

Mc,C=O - MeZC-O 

Mc,C-O + BR3 - 'CMe20BR2 + R' 

Rcferencc to Table 5 ,  which gives kinetic parameters for t-butoxydealkylation at 
boron, dcnionstrates some particularly interesting features of S,,2 reactions. T h e  rate 
of dealkylation dccreascs in the order R = Bu" > Bu' > Bu' > neopentyl, which sug- 
gests that steric crowding at thc mctal centre hinders the reaction. If the rate of 
reaction were to depend o n  the easc of formation of alkyl radicals then thc order 
R = Bu' > Bu" might be cxpcctcd, not on ly  because this is the order of stabilization 

TABLE 5. Kinetic parameters for bimolecular homolytic r-butoxydealkylation at boron 

E ,  A 
Borane Method" T ("C) k (dm' mol-' s-') (kJ niol-') (dm' mol-' s-.') 

Bu",U 1 30 3x107 0 3.5 x 107 
Bu"$ 2 40 1x107 0 6.1 x 10" 
Bui3R 7 30 1 x 106 1.1 6.8 x 70" 
Ru',B 2 40 3 ~ 1 0 ~  - - 

Bu",B 1 30 3 x lo5 4.5 4.9 x 10" 

Me,CCH,),B 2 40 4 x loJ 0.7 1.1 x los 
Ru",B 2 40 4 x  105 5.9 5.1 X 10' 

2 25 1x10' - - Ph C H 2 )  ju 
'' Metliotls 1 nricl 2 both involve competing r-hutoxytle;illiylation with hydrogen abstraction from ii suitable 
donor. If the rate o f  hydrogen abstr;iction is known, tlicn rel;itivc rates of r-butoxydc;ilkylation can  hc 
estimated. Method 1 involvcs a n  e.s.t-. technique; metliod 2 uses li product analysis 
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of the alkyl radicals formed, but also bccause a sterically crowded four coordinate 
intermediate should collapse more readily. Similar trends have been observcd in the  
autoxidation of organoborons, their reactions with acetone triplets"', and also in Sk12 
reactions at tin ccntres whcrc rz-butyl radicals are ejected in preference to t-butyl 
radicals in the reaction of t-butoxy radicals with Bu" (Bu')2Sn'VC12* (see bclow). 

These observations raise the  question as to whether these reactions proceed via a 
discrete intermediate or  not. 

X'+MR3 - [XMR,]' - X M R 2 + R  

X'+ MR3 - XMR3 - XMR2+ R' 

(120) 

(121) 

E.s.r. spcctroscopy in solution has been unable to detect intermediates in  these 
rcactions, cxccpt in the  case of phosphorus(II1) compounds (see below). Howevcr, in 
a study of optically detected laser flash photolysis of triphenylboron with di-t-butyl 
peroxide t h e  transient boranyl radical 37 was detected as t h e  first intermediate"'. 

Bu'O'+ Ph3B - Ph,(Bu'O)B' Bu'OBPh,+ Ph' (122) 
(37) 

The half-life of this species, 10 p s ,  is extremely short when compared with that of 
the corresponding phosphoranyl radical (tl,2 = 900 ps), but t h e  experiment was the 
first unambiguous dcmonstration that this t-butoxydephenylation is a stepwisc pro- 
cess. Alkylboranyl radicals would be expectcd to  have even shorter lifetimes. 

T h e  view that an intermediate is involved in thcse reactions is consistent with stcric 
control of this process if the  rate of thc overall reaction is determined by the  
formation, rather than decomposition, of thc boranyl intermcdiate. I t  has also bccn 
suggcsted that observations on reactions of aromatic ketonc triplets with trialkyl- 
boranes might be best explained in terms of an intermediate triplet ketone-borane 
complex'gh. Significantly in the solid statc at 77 K y-irradiation of tetramethyltin(1V) 
leads to formation of among other radicals, the Sn(V) spccics Me&', providing a 
more general interpretation of the stepwisc process indicatcd above3". 

Unlike the simple trialkylborons, boroxines react with f-butoxy radicals in  a 
manncr which appears less dependent o n  steric effects, but more dependent o n  the 
stability of the displaced alkyl radical. However, the rcaction with simple primary 
alkylboroxines is slowcr than for thc corresponding boranes, presumably because 
boron-oxygen .rr-interactions are disrupted in the four-coordinate transition state or 
i 11 termed i a t c I"'. 

Tntcnsc c.s.r. spectra of alkyl radicals arc also observed in t h e  t-butoxydealkylation 
of trialkylaluminiuni and trialkylgalliuni compounds'"'. 

Sl.12 rcactions at Group 111 nietals have been obscrvcd for a variety of different 
types of attacking radical. 'I'hc rcactions havc been observed with radicals centred on  
oxygen, nitrogen. carbon, sulphur, and the halogens, and several other types of 
radical could possibly behave similarly. Mowcvcr, very few studics have appeared on  
the scope of this rcaction since thc early 1970s although a number of reactions 
involving Sl,2 at boron havc found synthetic use'"". An example of this  is found 
in the 1,4-addition of alkylborancs to cnoncs, where hydrolysis of the product 
38 gives the extendcd ketone. 

(123) 
RCI-I?CH=CHO' + BR3 - RCH-CH=CHOBR? + R' (1 24) 

A similar radical chain process is found in  thc reaction of trialkylaluminiums with 
e 1 i 0 n e s I ~ ~ .  

R' + CH-=CHCH=O - RCH2CH=CHO' 

(38) 
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D. Chemically Induced Homolytic Decomposition 

A problem often encountered in studying Sl12 reactions of Group 111, particularly 
thc heavier members, is their ready direct reaction with, for example, peroxidcs to 
givc radicals, which may then takc part in SFl2 reactions at the metal centre. Thus, 
trialkylboranes rcact with hydrogcn peroxide to give boronic acids, RB(ON)2, as well 
as products dcrived from alkyl radicals, and at temperatures at which homolysis of 
the peroxide bond would not bc expcctcd'". 

(125) 

39 - R+R,BOI-I+'OH (126) 

'OH+R,B - R,BOH+R (127) 

R ~ B  + H ~ O ~  --+ R,BO(H)OH 
(39) 

The driving force for this reaction, and presumably a contributing factor to the SH2 
reactions, is the strength of the Group I11 metal-oxygcn bond. Consequently, the 
rapid reaction of trialkylborancs and alancs with acylperoxides is envisaged as 
involving thc homolytic breakdown of a bis-organometal peroxide complcx'3. 

2AlR-3 4- (PhC00)2 (R,AIO(Ph)CO), (128) 

40 - 2R3AIO(Ph)CO' (129) 

(40) 

(41) 
41 - 2R2AIO(Ph)C0 + 2R' (1 30) 

This reaction is almost instantaneous at tcmperatures down to -70 "C with t h e  
stoichiomctry being 2: 1 (R,Al:peroxidc) and the final products corresponding to 
reactions between alkyl radicals and dialkylaluminium benzoate. 

Trial kylaluminiums"oO and trial kylthalliums"" also react rapidly with di-t-butyl 
peroxidc to givc alkoxides and radical products. A mechanism involving decomposi- 
tion of a complex could bc invokcd hcrc also, but thc rcaction is also reminiscent of 
the proposed single electron transfcr mechanism by which alkyllithium compounds 
are thought to react with di-r-butyl peroxidc (Section 11). 

Thc reaction of organoaluniiniums with p-quinones appears to involve a homolytic 
breakdown of an organoaluminium complex202. T h e  reaction of monoalkylaluminium 
dichlorides with p-benzoquinonc at -78 "C in diethyl ether gave p-alkoxyphenols 
and benzoquinone oligomers. E.s.r. evidcncc for an aluniinoxyseniiquinone was 
obtained and the nicchanisni in reactions 131-133 was proposed. 

p-Benzoquinone + RAICI, - (A) . AI(R)CI, (131) 
(A) (42) 

42 p-CI2AIOC,H,O'+ I t '  (132) 

(43) 

43 P - C I ~ A I O C ~ H ~ O R  (133) 
(44) 

The rcaction for trialkylaluniiniuni compounds procecds via a carbanionic mechan- 
ism, but hcrc thc chlorine substituents arc thought to reduce the  polarity of the 
aluminium-carbon bond, thercby favouring t h e  homolytii ovcr thc hetcrolytic 
mechanism. Similar behavioiir was observed in the rcactions of Et3AI, Et2AICI, and 
Et AlCI, with p-chlorani12"3. Ethyl  radical termination products wcrc obtained along 
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with ethyl- and bcnzyl-toluenc when toluene was used as solvent. Interestingly, 
despitc the close analogy between these reactions and thosc for o-quinones with 
organometals, a charge-transfer mechanism, involving t h c  organoaluminium and 
uncomplexcd quinone, appe_ars improbablc herc, bascd o n  the fact that the reaction 
between Et,(PhCH,)N' EtAIC13 and p-chloranil did not give radical derived pro- 
ducts, even  though t h e  ethylchloroaluminatc anion should be a considerably strongcr 
electron donor than EtAICI, itself. 

Thc  rcactions between triphenyl- and tribenzyl-aluminiums with p-quinones also 
provides cvidence for free-radical intcrmcdiatc~~"~. '"~ However, i t  appears that 
phenoxyaluminiunis are not  only much less reactive towards quinones but also less 
reactive with peroxidesI3, seeming to parallel bchaviour of the boron analogues of 
thesc compounds. 

The rcady homolytic decomposition of trialkylaluminium compounds using U.V. 

irradiation or peroxides has been used to cffect in catalysis of free radical polymeri- 
zations13.1H0. Trialkylaluminiums also cffcctively catalyse the polymerization of 
olefins, in  this case by the non-homolytic addition of t h e  carbon-aluminium bond 
across the olefin doublc bond. The vcrsatility of these organoaluminiums as 
polymerization catalysts also exemplifies thc care that must bc taken if organometal- 
lic homolysis is to be inferrcd from the ability of organometallics in general to induce 
polymerizations. 

Philip J .  Barker and Jeremy N.  Winter 

E. Electron Transfer Reactions 

Both ends of thc spectrum of redox behaviour scem to be found in the reaction of 
Group I11 organometailics with copper(I1) salts, reflccting t h e  higher stability of high 
oxidation states in light main group metals and lowcr oxidation slates in heavicr main 
group metals. Trialkylboranes react with copper(I1) halides at room tempcrature to 
give alkyl halides and copper(1) halides*"". 

(1 34) R3B + 2Cu1'Brz + M 2 0  - RBr + R2BOH iCu',Br, + I-iBr 

T h e  formation of olefins and alcohols when copper(I1) halides were replaced with 
copper(I1) acetate or sulphatc indicated that alkyl radicals werc formed in this 
reaction and gave products depending o n  the naturc of the copper(I1) salt, similar to 
the examples illustratcd in Section III.A.2. The possible mechanisms have also been 
describcd earlier. In this case electron transfer from the borane to copper(I1) was 
preferred because secondary alkyl derivatives wcrc formed from unsymmetrical 
boranes in considerably greatcr yield than primary alkyl derivativcs, reflecting the 
relative ease of formation of thc corresponding radicals. Without attempting to draw 
any further conclusions about the details of the oxidation, thc reaction may bc 
represented by equations 135 and 136. 

R1R2?BFOH2+ Cu"X2 ---+ [R'R22B0H,]''+ [Cu'X,]- (135) 

(136) 

If, alternativcly, an alkylcoppcr(l1) intcrmcdiate wcrc involved, prcference for pri- 
mary alkyl derivatives would be expected as judged by the trcnd in migratory aptitudes 
in the reactions of trialkylboranes with mercuric acetate, i.c. primary > sccondary. 

I n  contrast, stereoregular org~inotlialliuni(lI1) compounds rcacted with copper(1) 
chloride in acetonitrile to give mixtures of isomeric products in which the thallium 
had hcen replaced with chlorine"". At the samc time, thallium( 111) was rcduced to 
thallium(1). At 80 "C the erythro : rhreo ratio was 1 : 2 whercas at 60 "C it was 1 : 10, 
seeming to indicate that an ionic mechanism was responsible for invcrsion of 

t i t 1  

[R'R'2BOH2]+' - R1R2BOH + R2.+ H' 
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erytliro erytliro threo 

configuration at  the lower temperature, with a radical mcchanism giving configura- 
tional scrambling a t  higher tempcratures. Thc involvcment of radicals was supported 
by c.s.r. spin-trapping studies, and suggested that radicals wcre being formed by  
decomposition of a labile thallium(l1) complex formed by reduction of the thal- 
lium(II1) complex by copper(1). 

R(MCO)CHCHDTI' '(OAC)~ + Cu'X2- 
(45) - [R(MeO)CHCHDTI"'(OAc),- + CuX2 (138) 

(47) - R(Mc0)CHCHD + [TI'(OAc)Z]- (1 39) 

This mechanism is given some support from the behaviour of other organothal- 
lium(II1) compounds with other reductants. Thus, reaction of optically pure 45 
(R = Ph) with ascorbic acid in acctonitrile gave products in which racemization had 
occurred2"*. When undeuteriatcd 45 was used, inclusion of perdeuterionitrosodurene 
gave the e.s.r. spectrum of the radical 48. 

2,3,5,6-(CD3),C,HN(0.)CH2CH(MeO)(Ph) 
(48) 

(46) 

The reaction of similar organothallium(II1) compounds with N-bcnzyl-1,4- 
nicotinamide in methanol at room temperature gave good yields of hydrodethallated 
products2"', again with spin-trapping studies indicating the participation of frcc 
radicals. In all these examples, clcctron transfer to the thallium(II1) compound and 
subsequent homolytic decomposition of thc thallium(I1) intermediate was thought to 
provide a reasonablc mechanistic interpretation. 

Triethyl-Group(II1) compounds react with sterically hindcred o-quinones to givc 
ethoxy phenols in 70-90% yield2'". While the non-polar mechanism mentioned 
above is a possibility, the reaction is similar to that of dicthylcadmium and dicthyl- 
zinc with similar substrates, where thc charge transfcr mechanism was proposed 
(Section V.C). It is only  recently that e.s.r. studies have confirmed the presence of 
the organoaluminium intermcdiates in the casc of the reaction bctween Et,AI and 
3,6-di-t-butyl-l ,2-benzoquinonc2". 

VII. GROUP IV 

T h c  homolytic reactions of Group IV havc attracted probably the most attcntion of 
all other groups under discussion in this chapter. Organosilicon radical chemistry has 
been extensively studied, although surprisingly the numbcr of reactions in which 
direct homolysis of silicon-carbon bonds occurs is very few, with many silicon 
radicals being formed by abstraction of hydrogcn from alkylsilanes. Gcrmanium 
compounds tend to behave similarly. 

X' + R3SiH - XH + R3Si' (140) 

Organotin and lead compounds arc  well known to undergo many types of 
free-radical reactions and whilc thcsc havc bccn reviewed at length, thc past few 
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ycars have seen some very significant developnients in thesc areas. Therefore, in the  
subscqucnt scction, these recent dcvclopnicnts in (a) the unimolecular cleavage of 
tin-carbon bonds to give a variety of ncw tin radicals (b) thc reactivity of tin radicals 
produced in this way, (c) new examples of Si12 reactions at tin, and (d) rcactions of 
t in  and lcad compounds with clectron acceptors will be discussed in depth. As will be 
seen, the first two of these topics give valuable insight in to  radical rcactivity as a 
whole and thc third is arguably t h c  most important development in the free radical 
chemistry of Group IV elements. Using alkyltin and lead compounds a unified view 
of the whole range of previously supposed unrelated aspects of electron-transfer 
reactions, Marcus theory for outer sphere inorganic proccsscs, inner sphere inorganic 
processes, and Mulliken charge-transfer organic processcs has been made possiblc. 
Thc most rccent developments in this field have even Icd to the sclcctivc substitution 
of somc classical inorganic acceptors via outer-sphere electron-transfcr mechanisms 
which involvc the intermediacy of free alkyl radicals serived from the tin substrates. 

A. Thermal Decompositions 

Organosilicnn and organogermanium compounds have rather high bond dissocia- 
tion energies and thus arc not  expected to undergo thcrmal decomposition via 
metal-carbon bond homolysis under anything less than high-tcmpcrature pyrolysis 
conditions. Even  at elevatcd tcmpcratures homolysis, when i t  occurs, is n o t  sclcctive 
and many products are often obtained. In fact, reports of pyrolysis of tctramethyl- 
silane have demonstrated thc prcsence of up to 46 different compounds in t h e  
product mixture. As a result, many rcports of pyrolyses of alkylsilanes, germancs, 
and stannanes cannot be subjected to reasonable comparison. T h e  reactions arc 
affccted by surface effects, carriers, tcmperature, and pressure. 

A rccent account of the pyrolyses of tetramethyl-silicon, -germanium, and -tin in a 
wall-lcss rcactor”’ outlines many of the dificulties arising in attempting to obtain a 
unified mechanistic vicw. Even tetraalkyllcad compounds do not dccompose readily 
at 120-140 “C. A CIDNP study has shown that t h c  decomposition of tetraethyllead 
is solvent dependent, and after appreciable times at 120-140 “C littlc decomposition 
occurs in solvents such as dccalin or broniobenzcne’”. However, decomposition 
readily occurs a: these tempcraturcs i n  high-boiling chlorinated solvents such as 
hexachlorocyclopentadiene or hcxachloroacctone. Unfortunately, though, this de- 
composition does n o t  procccd via simple lead-carbon homolysis, but is thought to 
involve a concerted bimolccular reaction between thc lead compound and the solvent 
to give a radical pair which may then react in several ways to give t h c  observcd 
n.m.r. product polarizations. 

Et.,Pb + RCI - Et,PbCI + R’+ Et’ (141) 

While the reaction could bc construed as involving an initial electron-transfer step 
(see below) there is littlc direct cvidence to suggest this. The thermal dcgradation of 
triphenyllead derivatives has bccn studied, but thc precise nature of thc mcchanism 
is not  cIear’”. 

B. Photolytic Decompositions 

Again, the high dissociation energies of t h e  s i l iconxarbon and germanium- 
carbon bonds preclude photoinduced homolysis undcr normal conditions. When 
short-wave (147 mi) U.V. light is used i n  the gas-phase photolysis of tetranicthyl- 
silane, homolytic decomposition is observed however. Unfortiinatcly, the process is 
not discrete, like the therniolyses, and at least 16 products are isolated in addition to 
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unidentified polymeric materials2". Quenching with nitric oxide provided at least 
some insight i n t o  the  nature of the major silicon-containing products, most of these 
bcing dcrived from reactions of Me&' or Me3SiCH2'. As many as six primary 
photoreactions were found to be present, although thc previously mentioned major 
product distribution may well arise from rcactions 142 and 143. 

Mc,Si - Me,Si'+ Me' (142) 
Me,Si'+ Me4Si - Me3SiH + Me3SiCH2' (1 43) 

The photolysis of stcrically hindercd Group IV organomctallics 49, where M may 
be gcrnianium, tin, or lead, gives homolysis of the metal-carbon bond. Subsequent 
reaction of t h e  bis(trimetliylsilyl)mcthyl radical at the metal centrc of a furthcr 
unphotolyscd moleculc gives t h e  extremely persistent radicals 502". 

[ ( M C ~ S ~ ) ~ C H ] ~ M "  - [(Me,Si),CH]M" + Me3Si2CH' ( 144) 

(145) 

(49) 

(Me3Si)2cH + 49 - [(Me3Si)2CH]3M"'. 

(50) 

It must bc mentioned that the fate of the univalent metal species is uncertain. 
Whilc it is truc that these rcactions provide unimolccular routes to some structurally 
exceptional organometallic radicals, it has very little application in assessing thc  
reactivity of Group IV mztal-centred radicals as a whole. However, rccently general 
routes have been discovered to novcl organotin radicals which allows thc rcactivity of 
many such radicals to be assessed. 

Previously, in ordcr to study thc rcactions of organotin radicals the methods of 
generation of these radicals outlined below have bccn utilized. 

R,SnSnR, 5 2R3Sn' (146) 

Bu'O'+ R,SnSnR3 - Bu'OSnR3+R3Sn' (147) 

(148) Bu'O'+ R,SnH - Bu'OH + R&n' 

118. 

R3SnN(Pri)z - Pr',N'+ R,Sn' (1 49) 

Thus, direct photolysis of hexaalkylditins gives trialkylstannyl radicals, although 
the  quantum yicld for this reaction is low, mainly owing to the rapid rate of 
recombination of thc tin radicals (when R is no t  a bulky substituent, the rate 
constants arc near thosc normally encountered for sclf-rcaction of radicals undcr 
diffusion control, i.e. ca. 2 x  10" 1 mol-' s-'). The  yield of trialkylstannyl radicals may 
bc considerably improvcd when t-butoxy radicals (from photolysis of di-t-butyl 
pcroxidc) arc present owing to the eflectivc competition of thc SI12 process outlined 
i n  equation 147"'. For the study of reactions involving frcc-radical chain proccsses, 
cquation 148 is employed, and photolysis of aminotin compounds also gives accepta- 
ble yields of organotin radicals". It must be noticed that only  R3Sn' species have 
becn prcviously available for study becausc n o  other radicals, for cxample R2XSn', 
have bccn readily nccessiblc. 

It was first demonstratcd in 1978 that cyclopcntadicnyl derivatives of tin(IV) 



196 Philip J. Barker and Jeremy N. Winter 

compounds could bc readily photolysed in solution in the cavity of an c.s.r. 
spectrometer to give strong spcctra of the cyclopcntadienyl radicalz1'. 

RjSn(q l-CSH5) - C5Hs'+ R3Sn' (150) 

While the tin radicals could not be detected directly, owing to an interesting physical 
property of thc cyclopentadienyl radical (viz. a rcluctancc to saturate with increased 
microwave power), the solutions gave reactions very typical of those containing 
tin(II1) radicals; addition to alkcnes, abstraction of halogen, ctc., all of which could 
b e  identified and characterized by e.s.r. spectroscopy. Significantly, t h e  photolysis 
could be pcrformed not  only o n  compounds giving R,Sn' radicals, (C5H5)&n and 
Bu"fnCsH5, but also on Bu"2Sn(CSHs), and (C5H5)3SnCI, which would obviously 
lead to the asymmetric tin radicals Bu",(CSH5)Sn' and (CsH5)2C1Sn'. Thesc conclu- 
sions were confirmed when a subsequent study demonstrated the generality of the 
reaction for the compounds R3-.,,C1,,SnCSHSr photolysis of which gave a series of 
radicals R3-,CI,,Sn' which enabled several factors governing reactivity to be studied 
conveniently for the first time2l9. 

The presence of thcsc chloroalkyltin radicals could be confirmed by observation of 
their reaction with butane-2,3-dione (biacctyl) in thc e.s.r. spectrometer". Photolysis 
of dichlorobutyltincyclopentadiene and trichlorotincyclopentadicne in toluene solu- 
tion in thc presence of biacetyl at low temperatures gave similar e.s.r. spcctra 
corresponding to the interaction of one chlorine atom with two non-equivalent 
mcthyl groups. At higher temperatures the compounds showed well defined 
hyperfine coupling of two equivalent chlorine atoms and two equivalent methyl 
groups, and a complicated pattern thought to arise from three equivalent chlorine 
atonis and two equivalent mcthyl groups, respectively. 

These results could be interpreted as arising from the radicals 51 and 52. In these 
radicals, at low temperature, interaction from only o n e  chlorine in t h c  rigid 5-  

coordinate structure is expected, namely the chlorine in the apical position of the 
pentagonal bipyramidal structure. At higher temperature rapid pseudorotation ren- 
ders both the chlorine atoms and methyl groups equivalcnt o n  the e.s.r. time scale. 
T h e  results were confirmed for the dichloro derivative by t h e  generation of the same 
radical from reaction 151 by proton abstraction of thc indicated hydrogen atom by 

t-butoxy radicals. Careful analysis of the e.s.r. spectra for thc corresponding 
monochlorotin radical R2CISn' and the trialkyltin radical R3Sn' adducts indicated a 
cis-monodcntate structure and a rapidly fluxional monodentate structure, respec- 
tively. 

Significantly, thc rcactivities of the tin radicals towards the commonly encountered 
reactions of Group IV metal radicals were different. Thus, while the tri-n- 
butylstannyl radical readily adds to alkencs and abstracts bromine from alkyl 
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bromides, the monochlorodibutylstannyl radical does not add to alkencs but is able 
to abstract bromine from alkyl bromidcs, and the dichlorobutylstannyl radical and 
trichlorostannyl radical pcrform neithcr of these reactions. This order of rcactivity 
could be explained satisfactorily using simple frontier molecular orbital theory, 
where the consequenccs of the intcraction of the radical SOMO with the substrate 
HOMO or  LUMO arc considered. It can be shown particularly well in thcsc cases 
that alteration of the  radical SOMO with respect to t h e  substrate frontier orbitals is 
able to change the radical reactivity dramatically in an expected and accountable 
manner2’(’. 

In  a more recent study” thc same method of tin radical generation has bccn uscd 
in the  study of thc effect of having the cyclopentadicnyl group as a ligand on the 
properties and rcactions of tin(1II) radicals. Thus, photolysis of a variety of cyclopen- 
tadisnylalkyl derivatives was carried out to give the corresponding t in  radicals. 

Bul;_,,(C5Hs),,Sn A Bul;-,(CSI-IS),,Sn’+CSH,’ (152) 

Like the correspondingly substituted chlorotin radicals, only the monocyclopen- 
tadienylstannyl radical abstracts bromine from alkyl bromides, with the  reactivity of 
the tin radical decreasing with increase in number of cyclopentadienyl ligands. The 
e.s.r. parameters of the radical adducts with biacetyl suggest a similarity in thc effect 
of t h e  cyclopentadienyl ligand towards reactivity to that of chlorine. The suggestion 
that electronic effects of the cyclopentadienyl ligand may be responsible for the  
observed radical reactivities was provided by other physical data, namely Mossbauer 
and n.m.r. spectroscopy. Thc  Mossbauer spectra of cyclopcntadicnyltriaIkyltin(1V) 
compounds shows quadrupole splitting (like trialkyltin chlorides), unlikc thc simple 
alkyl derivativcs. 

As can be seen, photoinduced cleavage of the tin-cyclopentadiene bond provides 
a valuable insight in to  radical reactivity and the reaction has much more as yet 
unfulfilled potential for study. I t  is perhaps significant that trialkyltinniethylcyclopcn- 
tadienyl derivatives are n o t  subject to eflicient homolytic cleavagc of the tin- 
cyclopentadiene bonds undcr the same conditions as t h e  unsubstitutcd derivativesz7. 
However, this problem was ovcrcome when substituted cyclopentadienyl radicals 
wcre rcquircd for study by using the ready ability of the bis(cyclopentac1ienyI)mer- 
cury(I1) derivatives to undergo unimolecular ph~to lys i s” . ’~~.  

In a similar fashion triorgano(cyc1opentadienyl)-lead(1V) compounds are readily 
photolysed to give plumbyl radicals and cyclopentadienyl radicals’”. 

(153) 
111’ 

Ph,Pb(C,H,) Ph,Pb’+ CSH,’ 

To this  effect the e.s.r. spectrum of the cyclopentadiznyl radical produced in this 
reaction is shown in Figurc 4. 

Tctraalkyllead(1Vj compounds also undcrgo dircct unimolccular photolysis to alkyl 
radicals and lcad(II1) Thus, photolysis of tetraethyllead gave unimolccular 
cleavage of t h e  lead-carbon bond and e.s.r. spectra of ethyl radicals wcrc rccorded. 

Et.,Pb - Et,Pb’+Et’ 

Thc presence of the Icad-centred radicals was confirmed by repeating the photo- 
lysis i n  the prescnce of allyl bromide, whence e.s.r. spcctra of thc allyl radical were 
observed. 

_................... 
Et,Pb’+ CH2=CH-CH2Br 0 CI-IzCHCHz + Et,PbRr 
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FIGURE 4. E.s.r. spectrum of the  cyclopcntadienyl radical from the photo- 
lysis of CpPbPh, in toluene at -65°C. From ref. 221 

C. Radical Reactions 

Although the bond energics of alkyl-silancs and -germanes tend to be higher than 
thosc of thc corresponding tin and lead compounds, in principle thcy should be more 
willing to undergo SI12 rcactions than saturated carbon centres because of the  
availability of d-orbitals for interaction with the  incoming radicals. However, there 
are still relatively few reports of such processes occurring at thcse rnctal centres. I n  
general, abstraction of hydrogen from a -  or 0-carbon atoms is prefcrrcd to substitu- 
tion at the rnctal. I n  illustration, an early report of thc rcaction of tetranicthylger- 
mane with di-t-butyl peroxide at  130 "C gave triethyl(2-butoxy)gerniane o n  product 
analysis"*. This, of course. would bc the  cxpccted product of S1,2  at germanium. 
However, bccausc ethylene was formed in good yiclds and n o  ethanc was observcd, 
t h c  possibility of ethyl radicals being present as intcrnicdiates was rcjccted. 'I'lie 
mechanism was adequately explained by a @-hydrogen abstraction followed by 
decomposition of the intermediate 0-gerniylethyl radical. T h e  subsequent triethyl 
germyl radical is then able to perform S1,2 at oxygen of another peroxide niolcculc to 
give the observed product and propagate t h e  radical chain. 

(1 56) 
(157) 

(158) 

Bu' 0' + Et.,Ge - Bu' O H  + Et,GeCI-12CH2' 

Et3GeCH2CH2' - Et,Ge' + CH2=CH2 

Et,Ge'+ Bu'OOBu' - Et,GcORu' -t Hu'O' 
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In the case of the corresponding silane, diniers of the type ( E I ~ S ~ C H ~ C H ~ ) ~  were 
formed, providing more evidcnce for this type of process223. 

Whereas in tin, lead, and mcrcury analogues the  cyclopentadicnyl ligand has bccn 
shown to induce radical reactions, the corresponding silicon and germanium deriva- 
tives show niarkcd reluctance to undergo homolysis of the metal-cyclopentadiene 
bond whether unimolecularly (as for Sn ,  Pb, and H g  derivatives) or  bimolccularly (in 
the case of substituted cyclopentadicnyl derivatives of tin-see below). In fact, the  
ability of these compounds to react with t-butoxy radicals at the saturated a-carbon 
atom has been used in studies of organomctallic substituted cyclopentadicnyl radi- 
cals22J. 

5-R3MC5Hs + Bu'O' - R3MC,HJ'+ Bu'OH (159) 

The e.s.r. spectra of these radicals are accountable in the same manner, by using 
Huckel molecular orbital perturbation theory, as the alkyl cyclopentadienyl radicals 
mentioned in Section V. The abilities of organogermanium and silicon compounds to 
undergo bimolccular substitution rcactions will not be discussed further here. 

D. Recent Studies of S,,2 at Tin 

As alluded t o  previously, homolytic substitution reactions have been studied more 
extensively for the organic compounds of t i n  than for any other metal. There are  
many factors which govern the  homolytic substitution reactions at tin centres. 
Whether the course of ii particular reaction favours attack at tin or attack at 
hydrogen in a n  alkyl ligand niay depend o n  the relative steric demands of the 
available processes, the stabilization of side-chain radicals, electroncgativity consid- 
erations, or other factors. As a consequence, a wide range of reactivity towards ii 
variety of attacking radicals is observed. As an  example, t-butoxyl radicals gcncrated 
in the presence of tctralkyltins tend to abstract protons from the alkyl ligand to givc 
a -  or p-stannyl substituted alkyl radicals, but under similar conditions alkyltin 
halides or  trialkyltin carboxylates undergo attack at tin to give alkyl radicals or 
0-carboxyalkyl radicals, rcspcctively"'. Although prior t o  1976 many examples of 
SH2 were found, few of the factors governing this difference in rcactivity wcre well 
understood. 

As mentioned above, the normal reaction for t-butoxy radicals with, for example, 
a 0-carbonylalkyltin trichloride proceeds via SI12 at tin to give e.s.r. spectra of the 
/.3-carboxyalkyl radical. However, unlike dialkyltin dichlorides, where usually 
stronger e.s.r. signals of the alkyl radical are detected than for the monoalkyltin 
trichlorides, no detcctable amounts of p-carbonylalkyl radicals were obtained from 
bis-P-cnrboxyalkyltin dichloridcs'2". These observations were attributed to the fact 
that Miissbauer and n.ni.r. studies showed that both in solution and in the solid state 
the complexes are 6-CoOJdinatC through chelation by the P-carbongl substitilent. 
Consequently, the concentration of 4-coordinate tin in solution is always too low to 
allow rapid S1.,2. 

Some interesting results were obtained with stannacycloalkanes, which arc known 
to exhibit enhanced reactivity in hcterolytic  reaction^^"'.^'^ , but their unusual sen- 
sitivity to air indicates a high reactivity to alkoxy and alkylperoxy radicals which 
facilitates s tudy  of fiornolytic reactions. Thus ,  in an extensive study of homolytic 
re;lctivitics of these compounds i t  was found that t-btltoxyl, triniethylsiloxyl, bcn- 
zoyloxyl, and phenylthiyl radicals all react with dialkylstannacyclopentancs to give 
ring-opencd prodL1cts, the ring-opened radical 54 being ohservcd by c.s.r. spcctros- 

Bu'O'+ l,l-R1_-st~nnacyclopcntane - Bu'O(R),Sn(CH2),~~12 (160) 
copy22". 

(53) (54) 
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Significantly, the rate constants for the reaction were found to be 1 X 10' 1 mol-' s-' 
for R =  Me and 5.5 x lo5 1 mol-'s-* for R =  Bu" at 213 K, which are nearly two 
orders of magnitude faster than normal SH2 reactions. A further mechanistic 
confirmation was made possible by the thermally initiated reaction between phenyl- 
thiol and 53 (R= Bu"). At 35"C, initiated by t-butyl hyponitrite, and at 60°C 
initiated by AJBN, a smooth chain reaction took place to yield tributyl(pheny1thio)tin 
derivative. 

RS'+ 53 - R S ( B U " ) ~ S ~ ( C H ~ ) ~ C H ~  (i61) 

RS(Bu")2Sn(CH2)3eH2 + RSH - ( R S ) S ~ ( B U " ) ~  + RS' (162) 

The general reaction lends much weight to the  5-coordinate transition state argu- 
ment proposed for S1,2 reactions at tin. By analogy with cyclic phosphorus com- 
pounds the stannacyclopentane ring would be expected to be bound to apical and 
equatorial positions in the trigonal bipyramidal intermediate and thus the preferred 
cleavage of the apical t in-carbon bond (as in XPR,-see Section VIII) gives the 
observed product radical, and n o  R .  Stannacyclo-hexanes and -heptanes also show 
similar behaviour. 

Interestingly, the compound with R = But under similar conditions showed no 
e.s.r. spectra at all in reaction with t-butoxyl radicals. However, when ethyl bromide 
was incorporated, strong signals of thc ethyl radical were observed. This result was 
explained by the fact that not only would the t-butyl groups protect the tin centre but 
also the a-methylene position, therefore directing attack towards the p-mcthylene 
protons. Abstraction from the p-methylcne position would thus yield a P-mctallated 
alkyl radical, and these are well known to undergo rapid p-scission so that a 
tin-ccntred radical 55 would result. This, of course, would be difficult to detect by 
e.s.r. under the conditions of the  expcriment, but would readily abstract bromine 
from ethyl bromide to give the observed spectrum. 

Bu'O- + I ,  I -Bd-stannacyclopentane + Bu'ZSn 3. +Bu'OH (164) 

(55) 

55 ----+ Bu1$nCHXH2CH=CH1 (165) 

(56) 

56+EtBr + Bu'Sn(Br)CHzCH.CH=CH.+Et' (166) 

Another major application of the ability of organotin compounds to undergo S1,2 
reactions has been in the generation of substituted cyclopentadienyl radicals. From 
previous sections (V, VII.B, and VI1.C) it was noted that bis(cyclopentadienyl)mer- 
cury(I1) compounds afforded a simple unimolecular route to substituted cyclopen- 
tadienyl radicals, and while unsubstitutcd cyclopentadienyltin(1V) compounds could 
undergo unimolecular photolysis to givc cyclopentadienyl radicals and novel tin 
radicals, their substituted cyclopentadienyl analogucs could not"'. However, a 
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bimolecular reaction bctween trialkyltin(alkylcyc1opcntadienyl) compounds has been 
used in other studies of cyclopentadienyl radicals2'('. 

Bu'O'+ plR3 - Bu'OSnR3+ (167) 

R 

One of the major industrial uses of compoununds of the type R2SnX2 is as a 
stabilizer of poly(viny1 chloride) (PVC) It is thought that the thermal degradation of 
PVC, while ultimately complex and possibly involving a number of reaction path- 
ways, may occur via a radical pathway, involving chain-carrying chlorine atoms23'. In 
this type of mechanism, t h e  tin compounds may function as chlorine atom traps in 
simple S1,2 processes, given the ability of alkyltin carboxylates to undergo this type  
of reaction. In a model reaction involving the photolysis of carbon tetrachloride in 
the presencc of di-n-butyltin diacetate thc  following mcchanism was proposed from 
the product study. 

CCI4 111. CIS+ 'CC13 (168) 

(169) 

(171) 

(172) 

(173) 

2CI3C' - CI,CCCI, (174) 

C1' + Bu,Sn(OAc), - Bu2Sn(OAc)C1 + AcO' 

CI' + Bu2Sn(OAc)C1 - Bu2SnCi2 + AcO' (1 70) 
AcO' + B U ~ S ~ ( O A C ) ~  ----+ AcOH + CH3CH2CHCH2Sn(OAc)2Bu 

'CC13 + B U ~ S ~ ( O A C ) ~  ---+ CHC13 + CH3CH,eHCH2Sn(OAc)2Bu 

CH3CH2~HCH2Sn(OAc)2Bu ---+ CH3CH2CH=CH2 + B U S ~ ( O A C ) ~  

E. Electron Transfer Reactions 

There is n o  doubt that the  most rapid expansion in t h e  homolytic reactions of 
organotin and lead compounds has recently been in studies of reaction between 
organotin compounds and electron acceptors. Thcse reactions may often bc moni- 
tored in the e.s.r. cavity to give either structural information on t he  organometallic 
fragments or merely t o  confirm the prcsencc of alkyl radicals which may be used to  
perform alkylation of particular substrates. 

In common with derivatives of Group I1 and 111 organotin compounds react with 
o-quinones via electron transfer to  give pcrsistent organotin-o-semiquinolate radicals 
and alkyl radicals. In this respect, 3,6-di-t-butyl-1,2-bcnzoquinone has proved very 
useful as a trap for organotin r a d i ~ a l s ~ ~ . ~ ' ~ .  It must be notcd that unl ike reactions 
discussed earlier between organotin radicals and biacetyl, these reactions occur 
thermally on mixing the reactants and photolysis is not  required. Thus, when 
cyclopentadienyltin trichloride i s  mixed with the quinone in toluene solution at 
-45°C the e.s.r. spectrum in Figure 5 is observed, derived from radical 56 in 
cquation 176. Thc cyclopcntadienyl radical is not observed under thesc conditions. 

4. Q0 +(CsH5)SnCh 4 !;wo +(CsHs)SnCk (175) 

(A) 
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FIGURE 5. E s r .  spectrum of the  C1,Sn derivative of 3,6-di-t-butyl-o-semiquinone from 
mixing CpSnCI, and the  quinone in toluene at -45°C. Insets are ‘19’117Sn satcllitcs. From 
ref. 221 

+ 

The spectrum, showing hyperfine coupling apparcntly from two equivalent protons 
and one chlorine atom, suggests that a bidentatc cyclic structurc similar to 5 2  for 
biacetyl is present, again with on ly  one  apical chlorine atom coupling. The tin 
satellite lines arc well resolved and may be uscd to estimate the dcgree of interaction 
between thc tin nucleus and the unpaircd electron. As in the biacetyl case, the 
monochlorodihutyltin radical acts ;is a monodentatc ligand, fixed at low temperatures 
and fluxional at higher tcmperaturcs. For comparison, the rate constants for the 
exchange process havc bccn estimated to bc 2 . 8 ~  10”s-’ at 333 K for Bi~”,SriCl”~ 
and 2.5 x 10” s-.’ at the same tcmperaturc for MczSnC12”2. 

Pcrhaps thc most cxtcnsive studies in  t h e  area of charge-transfcr induced 
homolysis have been made by the group of Kochi. The reactions between or- 
ganomercury compounds and electron acceptors werc alluded to before, but i t  is thc 
reactions of acccptors with tin- and lead- alkyls which have given most results. The  
reactions of tetraalkyllead compounds with thc inorganic oxidant hexachloroiri- 
date(1V) and with tctracyanocthylcne serve to illustrate some of the  nicchanistic 
sub t 1 e t i  es i  n volvcd i n t h is work . 
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Tctraalkyllead(1V) compounds react with hexachloroiridate(1V) via a n  initial elec- 
tron transfer followed by cleavage of alkyl according to equations 177 and 17S2". 

(177) 

(178) 

The alkyl radical may be detected by e.s.r. using the spin-trapping technique with 2- 
methyl-2-nitrosopropane. In the overall reaction R either abstracts hydrogen from 
solvent or (more generally) reacts with another hexachloroiridate(rV) molecule to 
give alkyl halide and an iridium(II1) species. The overall stoichiometry of the 
reaction in acetic acid is shown in equations 177 and 178 and i t  is interesting that it is 
the same as that in equations 179 and 180 for the reaction between tctraalkyllead 
with chloroc~prate(II)~"~.  Both reactions require 2 equivalents of metal complex and 
give alkyl chloride as a product. 

Pb% + [Ir1VC16]2- ---+ "PbIt,+ [lr"'C16]"- 

R,Pb" - R3Pb' + R 

IaOAc 
Me,Pb + [Ir'VC1612- - Me,PbOAc + MeCl + [Ir"'C16]3- + [Ir"'C1,]2- (179) 

(180) 

However, equations 179 and 180 are thought to proceed via an electrophilic 
pathway234. Obviously, alkyl transfers involving electrophilic pathways and those 
which involve electron transfer have subtle differences, and the pathway of each 
particular reaction must be subjected to careful experimental analysis before 
mechanistic conclusions can be obtained. 

In contrast, electron transfer between tetraalkyllcad and TCNE leads to insertion of 
tcne into a lead-alkyl bond2"". However, while proceeding via a similar lead cation 
as in reaction 181, n o  free alkyl radical is observed, which indicates that the reaction 
between %Pb' and TCNE- must be a concerted process. 

Me,Pb + 2[Cu"CI3]- - Me,PbCI + McCl + 2[Cu'CI2]-' 

&Pb+TCNE [&Pb'.TCNE-] - RSPbC-C-R (181) 

One of the most important applications of the elegant mechanistic interpretations of 
these types of reaction has been in presenting a more unified view of electron- 
transfer reactions in general than has previously been accepted. 

The reactions of tetraalkyltin compounds with tris(phenanthroline)iron(III) pro- 
ceeds via equations I82  and 183, again involving the breakdown of an intermediate 
%Sn" radical 

[F~' l ' (phen)~]~. '  + R,Sn - R,,Sn"+ [Fc"(phen)12' (182) 

R,SnC' - R,Sn.'. + R' ( 183) 

The reactions of the same compounds with hexachloroiridate(1V) proceed via the 
apparently similar mechanism (via R.ISn'') outlined for t h e  analogous lead complexes 
in equations 177 and 178. Similarly, thereaction withTCNE leads to insertion of TCNE 
into an alkyltin All these processes occur via a rate-limiting single electron 
transfer from al kylmetal to oxidant or acceptor. Significantly, however, t h e  reactions 
with [Fe"'(phen)J3' and [Ir1vC16]2- differ in  more than one way. Thus, while the 
reactions of R,Sn with the Fe(Il1) complexes exhibit behaviour fully predictable by 
Marcus theory, and follow the Marcus linear free energy relationship with the 
predicted Bronsted slope ( a  = 0.5) for it classical outer-sphere mc~hanism'"~.~ '~,  the  
reactions of R,Sn with hexachloroiridate do  n o t ;  t h e  major diffcrences are that the  
observed rate of elcctron transfer is 107-10' faster than those predicted by the 
Marcus theory, a n d  tiicre is 21 uniform scatter of points in ;I similar plot o f  the free 
energy relationship. It is implicit from the results that both [h'"CI,]'- and TCNE react 
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via inner-sphere mechanismsz3", and that steric effects greatly affect the rates of 
electron transfer (whereas in the  outer-sphere process they do not). Then, by 
defining a steric term for each alkylmetal with reference to Me,Sn as standard, it was 
possible to calculatc a steric correction factor for the observed rate constants for 
electron transfer, with the result that the plot of log K us. ionization potential for a 
number of alkyl metals now gave a straight line of Bronsted slopc (Y = 1 (a  = 0.5 for 
outer-sphere processes) corresponding to the  Marcus prediction for the limit of an 
inner-spherc mechanism. From a combination of Marcus theory for outer sphere 
processes and Mulliken charge-transfer theory, a method for obtaining accurate 
predictions of rate constants of electron transfer for inner-sphere processes has been 
developed239, where neither theory was previously adequate individually to dcscribe 
them. For a fully detailed account of the discussion the reader is referred to several 
recent papers235.23h.239. 

The  principles outlined above have been used to study the homolytic aromatic 
substitution of phenanthroline as coordinated ligand in the iron(II1) dcr i~at ives~~' .  
Thus, the stoichiometry of the overall reaction procecds via equation 184. 

Me,% + 2[Fe(phcn)J3+ - [Me(phen)Fe"(phen)l2' + [Fe"(phen),]2' + Mc3Sn+ 
(1 84) 

The methyl-substitutcd complex was identified by proton n.m.r. of the iron(I1) 
complex and by isolation of t h e  free ligand after hydrolysis. Significantly, an identical 
product was obtained when diacetyl peroxide was thcrmally decomposed in the 
presence of [Fer11(phen)3]3c, confirming the nature of the homolytic reaction. The 
substitution was shown to  be positionally consistent with the 4 and 7 ligand positions 
being progressively substituted. 

Me' + eMe Fe" 

I 
(phenh 

Only when all three pairs of 4 and 7 positions were methylated was position 6 found 
to substitute. 

Me- + 

(Mkphen)z 

Efficient alkylation was effected by ethyl, n-propyl, and isobutyl radicals but with 
1-butyl radicals, products obtained from the t-butyl cation were obtained in 95% 
yicldZ4'. This indicates that oxidation of t h e  radical is favoured to ligand substitution 
as depicted in equation 187. 

Bu"+ [ F ~ l ~ l ( p h e n ) ~ ] ~ ~  - [Fe(phen),]"'+ Buf+ (1 87) 
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It appears that isopropyl, benzyl, and cyclohexyl radicals all favour this alternative. 
Developing the theories of steric effects in  electron transfer, it can be found that the 
radical oxidation process (rates essentially independent of steric effects) occur via 
outer-sphere mechanisms, where as t h e  substitution reactions are  favoured by  an 
inner-sphere process. Studies were also made o n  ruthenium and osmium analogues 
and similar reactivities were found although the  rates of ligand substitution increased 
in the order It was confirmed that the alkyl radicals were all 
derived from the homolysis of alkyltin derivatives via an initial electron transfer step 
to give the %Sn" cation. 

Another demonstration of electron transfer induced homolysis of a t in-carbon 
bond has been found in the reaction of optically active tetraorganotin with dicar- 
bonylcyclopcntadienylfcrrate, [CP(CO)~F~]-'**. When an  optically purc tin com- 
pound was used, racemized products were obtained and this was explained by a rapid 
inversion of an intermediate tin radical. 

Comparing the results with others obtained in similar systemsY3 the following 
mechanism was proposed. 

R ' R2R3Sn R' - [ R R2R3Sn'R4-Fe(CO) ,Cp] (189) 
(57) 

( 190) 
diffusion 57 - R'R2R3Sn.+ R- +'Fe(CO)2Cp 

(191) 
dinrcrizntion - [(R' R2R3Sn)Fe(CO)2Cp] 

A similar explanation was afforded lo account for the cleavage of the cobalt-tin 
bond without any stereoselectivity by [Cp(C0)2Fe]-244. 

F. Miscellaneous. 

7 .  The lifetime of R4M+' 

I n  thc electron-transfer processes discussed above, a common intermediate for all 
the organometals is the cation radical of the organomctal formed o n  elcctron loss. 
Two recent developments have assisted in characterizing such intermediates. In the 
first paper, the electrochemistry of the mercury- and Group N-alkyls used in the 
chemical studies was undertaken and perhaps the most significant rcsult was the 
double-step chronamperometry of R,Sn which indicatcd a maximum upper limit for 
the lifctime of the R,Sn" cation of 1 msz4'. By comparison it might be expected that 
on therniochcmical grounds R,Hg+' and R P b "  might have similar lifetimes whereas 
R4Si" and &Ge" may be longer lived. 

Significantly, recently R4Si'-'4", % G c + " ~ ~  , and R4Sn+"47 have been characterized 
by e.s.r. when the parent compounds were irradiated with '"'CO y-rays in halocarbon 
solution at  77 K. This solvent is known to cause electron loss by substrate and 
exceptionally well resolved spectra of the cations Me,Si' and Me,Ge' were re- 
corded. 
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2. Toxicity 

All these findings may have some relevance to the toxicity particularly of mercury), 
tin-, and lead-alkyls. Both tin and lead compounds owe their toxicity in mammals 
and man to formation of RIM’ cations and mercury to t h c  RM species24x. The 
variety of illnesses and diseases caused by these species is astounding. Considering 
the discussion in the previous sections it would be reasonable to conclude that the 
mechanism causing breakdown of the tetraorgano-tin or  - l a d  compounds and the  
dialkylmercurials would be via elcctron-transfer processes with suitable oxidants or 
clectron acceptors, of which there are many in living systems, to givc the appropriate 
organometal cation and alkyl radical. 

VIII. GROUP V 

Homolysis of the Group V metnl-carbon bond has been studied in some detail, 
when it occurs in  thermolytic, photolytic, or radical reactions, but there appear to be 
few examples outside these areas of invcstigation. The  decomposition of phos- 
phoranyl radicals, howevcr, represents a field of study without parallel in or- 
ganometallic chemistry and must bc a major inclusion in any general discussion of 
homolytic reactions of Group V. 

A s  a prcludc, the bond dissociation energies of scveral Group V mctal-carbon 
bonds are listed in Tables 7 and 3 (Section I.C), and inspection of thesc yields the 
usual trend of decreasing bond strength with increasing atomic weight of t h e  metal. 

A. Thermal Decompositions 

The decompositions of trimethyl-arsine, -stibinc, and -bismuthine have been 
studied in the gas phase and the  results obtained appcar to be consistent with initial 
loss of methyl radicals”’. 

Me,M - Me2M’+ R (1 92) 

Indeed, the decomposition of the bismuth derivative probably involves a stepwise 
loss of all three methyl radicals. T h c  thermal stability of these compounds decreased, 
as expected, in thc order Me,As>Me,Sb>Me,Bi. A similar ordcr of stability was 
found for decomposition of the triphenyl analogues but although biphenyl is a 
product of these decompositions in an incrt atmosphere, and bcnzcne was produced 
under hydrogen, it is n o t  clear whcthcr direct metal-arbon bond hornolysis is 
involved249. 

Thermolysis of tris(trifluoromethy1)-arsine and -stibine was found to yield products 
consistent with thc formation of trifluoromethyl  radical^^^".^^'. The thcrnial decom- 
positions of higher alkyl Group V organometallics havc not been studied in detail, 
although there is a recent report that tricthylstibine decomposes via a frec-radical 
mechanism252. 

Organometallic compounds of Group V metals in t h c  +5 oxidation state have also 
received some attention. Once again the bismuth analogues are far less stable than 
their higher analogues. Dccomposition of pentaalkyl compounds of phosphorous and 
arsenic proceed via ylidc formation’53. 

Mc& Me3As=CH2 + CH, (193) 

However, the ylides are less stable for the heavier members of the group and 

Me,M ---+ Me,M+CH,CH, (194) 

reductive elimination and coup!ing become more important’”. 
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Reductive elimination is probably responsible for thc dccomposition of pentaaryl 
derivativcsZ5', but the presence of benzenc among the products and the observation 
that heating peniaphenylantirnony in chloroform decolorizcs added diphenylpic- 
rylhydrazyl may be indicative of some contribution of metal-arbon bond honiolysis 
towards the overall 

More reccntly, studics o n  the thermal decomposition of unsymmetrical organoan- 
timony(V) compounds have bccn made. The decomposition of hydroxytetraarylan- 
timony(V) in p-xylene at  50-70 "C in thc dark was thought to proceed via homolysis 
of an antimony-aryl bond2". A radical chain mechanism finally accounted for the 
antimony oxide and bcnzcnc among the products. 

Ph4SbO' Ph,Sb=O + Ph' (1 95) 

Ph4SbOH + Ph' Ph4SbO' + PhH (?96)  

I f  substituted phcnyl groups wcre present in thcse compounds an approximate order 
for  thc ease of formation of thc corresponding substituted phenyl radicals was 
established: tn -nitrophcnyl > p-nitrophenyl > tn -chlorophcnyl > p-chlorophcnyl -- p- 
methoxyphcnyl= tn -methoxyphenyl > p-tolyl > phcnyl > tn -toly125x. 

Hcating (p-MeOC,H,S)SbPh, in chloroform-carbon tetrachloride or benzene in 
thc presence of 2-mctliyl-2-nitrosopropane in thc cavity of an e.s.r. spectromctcr 
gave spectra of thc spin-trapped phenyl radical. Triphenylstibine, phcnyl ( p -  
methoxyphenyl) sulphidc, bcnzcne, and biphenyl werc found among thc products of 
the dccomposition in chloroform-carbon tetrachloride and a conccrtcd homolysis 
was preferred to a radical chain decomposition 

(p-McOC,H,S)SbPh4 - Ph3Sb + Ph' + ~MCOCGH~S'  

B. Photolytic Decompositions 

Examples of photoinduced homolytic decomposition have been observed for 
organic compounds of all the elcments of Group V, but arc more common for the 
heavier members. A comparative study of thc  photodissociation reactions of thc 
triphcnyl derivatives has been madc at 77 and 300 K using both e.s.r. and spec- 
trophotometric methods2'('. With thc  aid of the spin-trap phcnyl [-butyl nitrone, 
quantum yields for the  generation of phcnyl radicals from the arsenic (0.05), 
antimony ( O . l ) ,  and bismuth (0.15) dcrivativcs could be cstiniated. Howcver, the 
spin-trapped phenyl radical could not  be detectcd during photolyses of the phos- 
phorus or nitrogen dcrivatives. 

Ph,M Ph,M'+ Ph'(M = As, Sb, Bi) (1 98) 

Ph' + P~CH=N(O)(BU')  Ph,CHN(O)(Bu') (1 99) 

There is some cvidence to suggest that phenyl radicals are formed on photolysis of 
phenylphosphines in othcr e.s.r. cxpcrimcnts2h'. In addition, photolysis of single 
crystals of triplienylphosphine gave e.s.r. signals of both the diphenylphosphinyl 
radical, Ph2P', and t h e  phenyl The  corresponding diphenylarsinyl radical 
has also been observed by e.s.r. on photolysis of triphcny!arsinc in ethanol glasses at 
97 K, togcthcr with the triphcnylarsine cation, Ph3As2. Unfortunately, under thcse 
conditions thc corrcsponding phosphorus radicals could not  be detected, owing to 
interaction with the solvent'"'. 

The photolysis of triphcnylbismuth in substituted bcnzencs gave mixed biaryls, 
bismuth metal, and polymeric materials. I t  was thought that  all three phenyl groups 
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could be lost by a stepwisc photoinduced homolysis and that thc polymer was 
probably due to reactions of t h e  carbcne type species :BiPhzM. 

Kinetic absorption and emission spectroscopy was used, in a flash photolysis study 
o n  trimethylbismuth [~,,~,(211.5 nm) = 1.65 x lo4 1 mol-' cm-'1 and trimethylan- 
timony [~,,(225 nm) = 1 x lo4 1 mol-' cm-'I, to investigate the nature of excited 
metal species thought to be formed by stepwise loss of methyl radicals in a 
multiphoton One species detccted in the BiMe, system which decayed 
rapidly during the flash but pcrsistcd for ca. 3x s in the dark was tentatively 
assigned to :BiMe. 

Photolysis of pentaphenylantimony in benzene gavc biphcnyl as the major pro- 
duct. To demonstrate that this was n o t  formcd by a concerted elimination (the 
preferred mechanism for thermal decomposition) the compound was ''C-labelled at 
the C(') position. The biphenyls isalated contained unlabelled phcnyl groups derivcd 
from solvent and labelled phcnyl groups from Ph5Sb, indicating that phenyl radicals 
had indeed been formed in the reactionzs'. 

Finally, mention might be made of the photolytic decomposition of aroyldi- 
phenylphosphines (ArCOPPh2). Products obtained upon U.V. irradiation of 
o-MeOC6H4COPPh2 in benzene included diphenyl and o-MeOC6H4COOPh2 in 
benzene included diphenyl and o-MeOC6H4CH0, suggesting that not only had 
phosphorus-phenyl bond homolysis occurred, whether by direct photodissociation 
o r  homolytic substitution, but also that a Norrish type I fragmentation of the 
photoexcited ketone had occurred'"". 

(200) 

(201) 

I ,  Y 

Ph,P(Ar)C=O - Ph2P(Ar)&0 

Ph ,P (Ar )&-O - A&=O + Ph2P' 

C. Radical Reactions 

Radical substitution reactions at Group I11 metal centres were considered to be 
S ,  ,2 processes, although a radical intermediate has becn characterized in one 
instance, and more such examples may come to light in the future. The S,<2 
description seems justified if, as is likely, any intermediates are too short-lived to 
affect the course and rate of the  overall reaction. 

Radical substitution at trivalent Group V metal centres is also commonly encoun- 
tcred but, in the case of the  phosphorus(II1) and arsenic(II1) compounds, the radical 
intermediates oftcn havc lifetimes which enable them to be readily characterized by 
both optical and c.s.r. spcctroscopy. Undcr these circumstances, it is the chemistry of 
the intermediates that bccomes most important in determining the naturc of the 
substitution reactions. 

R,M+X' R,(X)M' R,MX+R' (202) 

The phosphorus-containing intermediates, phosphoranyl radicals, have recently 
been the subject of an exccllent review'". Here, the first consideration is of factors 
affecting the 01 -scission of carbon-phosphorus bonds in phosphoranyl radicnls; 
however, it will be seen that this might be considered as a direct homolytic cleavage 
or, alternatively, as a redistribution of t h e  electrons froni a three clectron bond. 

1. a-Scission of phosphoranyl radicals 

E.s.r. spectroscopy has proved to be particularly useful in the investigation of the 
factors which influence the a-scission of phosphorus-carbon bonds in phosphoranyl 
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radicals. Much of the work has involved photclysis of di-t-butyl peroxide in the 
presence of trialkylphosphorus(1II) compounds in solution at low temperatures. 
Thus, under these conditions trimethylphenylphosphine reacts with t-butoxyl radicals 
to give e.s.r. spectra of both the intermediate phosphoranyl radical, and the displaced 
methyl radical'"'. 

Bu'O'+ Me3P - Me3(Bu'O)P' - B u ' O ( M ~ ) ~ P +  Me' (203) 

If larger alkyl groups are Present in thc  phosphine, t h c  intermediate phosphoranyl 
radical is not observed (except for Et,(Bu'O)P') and even at the lowest accessible 
temperatures only the displaced alkyl radicals are detected. It is likely, however, that 
phosphoranyl radicals are  real intermediates in these processes, but they are too 
short-lived to be detected by e.s.r. 

t-Butoxydealkylation of mixed trialkylphosphines is relatively unselective in the 
nature (primary, secondary, o r  tertiary) of the alkyl radical displaced, with the 
exception of Bu'PMe,, which gave only t-butyl radicals2"*. This suggests that, as with 
the t-butoxydealkylation of the trialkylboranes, the course of the reaction is control- 
led by the formation of the radical intermediate rather than its decay. 

In contrast with the above, both the intermediate phosphoranyl radical and the 
displaced alkyl radical may be rcadily detected in t-butoxydealkylation reactions of 
dialkyl( t-butoxy)phosphines2"*.*"". 

Bu'O'+ R~(Bu 'O)P  - R2(Bu10)2P' (204) 

58 - R'+R(Bu'O),P (205) 

The decay of 58 could easily be measurcd and the observed values for k Z o 5  

increased in the order R = Me < Bu' < Pr", Et < Pr' < allyl; with the exception of 
t-butyl, this order clcarly reflects the ease of formation of the corresponding alkyl 
radicals. The anomalous position of R = Bu' can bc explained by considering the 
non-cquivalence of ligand sites in the phosphoranyl radical. 

Phosphoranyl radicals have traditionally been considered as having trigonal- 
bipyramidal structures, with two ligand sites (apical and equatorial), the unpaired 
electron occupying an equatorial position, 59. 

(58) 

aP 

(59) 

Electronegative ligands (e.g. C1-, Bu' 0-) prefer to occupy apical sites, while alkyl 
groups prefer equatorial sites. Exchange between sites is very rapid, however, and 
small equilibrium conccntrations of 59 with alkyl ligands occupying apical sites can 
he envisaged. This provides the basis for an explanation of the order of t -  

butoxydalkylation described above if phosphorus--carbon bond homolysis takes 
place preferentially from an apical site, i.e. if a-scission is itself apical site selective. 

R 

I \OBu' 
--* R. + (Bu'0)lPR (206) 

I R  
Bu'O +!<I +p*\* 

B u ' 0  Bu'O 

(60) (61) 
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T h e  steric interaction between alkyl groups is greater in 61 than in 60, so k206 will 
decrease as the bulk of the alkyl group increases. In the casc of the stereochemically 
less active alkyl ligands, the overall rate of a-scission ( k , )  may mainly depend on 
k206, which would be expected to  increase with decreasing strength of the 
phosphorus-arbon bond. Thus k, increases in the observed order M e <  Pr' (allyl. 
However, the steric interaction of the two t-butyl groups in 61 may reduce K,  more 
than enough to offsct the further increase in kZo6. This unfavourable steric interaction 
is absent in the radical (Bu')Me(Bu'O)2P', which was found to decay t o  give t-butyl 
radicals more rapidly than 60 (R = Pr') under similar conditions. 

There is further evidence that or-scission is apical site selective. T h e  phosphoranyl 
radicals R,(Bu'O),,(EtO),-,,P' ( i i  = 0, 1, 2) exhibit decreased stability towards loss of 
R as the number of ethoxy ligands is increased2"'. Ethoxy ligands are apparently less 
apicophilic than t-butoxy ligands, thereby allowing a higher proportion of phos- 
phoranyl radical isomers with apical alkyl groups. 

T h e  rate of decay of the intermediate phosphoranyl radicals in the t- 
butoxydealkylation of trialkylphosphincs would bc expected to be particularly fast 
(as seems likely) since these radicals cannot avoid possessing an apical alkyl ligand. It 
is also found that the nature of R' does not affect the rate of decay significantly in 
R3(R'O)P'268. 

Ligand exchange in Me,(Bu'O)P' is apparently still more rapid than its decay by 
a-scission. To explain this result it has been suggested that or-scission, l ike ligand 
exchange, is mediated by a cr:' intermediate in which the unpaired electron resides in 
an antibonding phosphorus ligand a-orbita12'". T h e  t-butoxydealkylation reaction 
could then be rationalized in the following way. 

Bu'O 

& 
R / P V R  

Bu'O.+PR~ + 

R R 

T h e  bond that is broken in the cr structure was thus originally an apical bond in the 
trigonal bipyramidal structure. 

a-Scission is not the only process via which phosphoranyl radicals may decompose. 
@-Scission to give thc thermodynamically stable P=O bond is energetically very 
favourable. 

R'O'+R,P - R,(R'O)P' - R,P=O+R' (209) 

Thus, the reaction of t-butoxyl radicals with tri-n-butylphosphinc at 403 K b' yives 
SO% a-scission products and 20%) 0-scission products2". 

Bu"'+ BU"~POBU'  (210) 

Y 
Bu'O'+ Bu"3P - > B u",( But 0) 1" 

Bu"+ Bu",P=O (211) 
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Even though oxidation is 100 kJ mol-' more exothermic than displacement, t h e  
a-scission is much faster at this temperature and the exclusive mode of decay of the 
intermediate phosphoranyl radical at lower temperatures. Hence, the activation 
energy for a-scission is less than that for p-scission. If the phosphorus-carbon bond 
strength is increased as would be  expected in Ph,(RO)P' radicals then p-scission 
predominates. Phosphoranyl radicals formed by addition of thiyl radicals 10 phos- 
phines usually decay by p-scission unless a very weak phosphorus--carbon bond is 
also present (for example, in benzylphosphoranyl radicals)272. 

The chemistry of arsanyl radicals, &As', resembles that of the phosphoranyl 
radicals but comparatively few studies have been performed on these species. A 
number of arsanyl radicals have becn detected and characterized by e.s.r. spectros- 
copy. Intermediate arsanyl radicals could not be detected in the reaction of 
trimethylarsinc with t-butoxyl radicals under similar conditions which did allow 
observation of the  phosphorus anal~gue'~' .  However, strong signals of methyl 
radicals were observed, as were alkyl radicals when higher trialkylarsines were 
employed. 

E.s.r. signals of Ph,(Bu'O)As' and Ph2(Bu'O)(RO)As' could be detected in the 
rcactions between t-butoxyl radicals and the corresponding a r ~ i n e s ~ ~ ~ .  Both radicals 
decay by a-scission to give phenyl radicals which were spin-trapped o n  phenyl 
I-butyl nitrone. This behaviour contrasts with that of the phosphorus analogues but is 
consistent with weakening of the metal-carbon bond for heavier members of thc 
group. 

2. Radical reactions of antimony and bismuth 

E.s.r. signals of ethyl radicals were detected when c-butoxy radicals were reacted 
with triethylstibine and bismuthine'."', but intermediate stibyl or bismuthyl radicals 
could not be detected. Radicals of the type X,Sb' and X,Bi. have not been observed 
in fluid solution but in  all probability arc very short-lived. Radical reactions at 
antimony and bismuth probably have more of the character of radical reactions at 
Group(II1) metal centres. 

3. Miscellaneous reactions 

E.s.r. spectra attributed to radicals 62 and 63 were obtained when triphenylbis- 
muth was heated with the corresponding o-quinoncs at 160°C275. Apparently the 
charge-transfer process ubiquitous in reactions of organometals of Groups IIb, 111 
and 1V with o-quinones is again operative, and many other Group V derivatives 
exhibit similar b e h a v i o ~ r ~ ~ " .  

\ ,o 



212 Philip J. Ba rke r  and  Jeremy N. Winter  

IX. ACKNOWLEDGEMENTS 

T h e  authors thank  Professors Alex McAuley, a n d  Paul T o r d o  a n d  D r  Paul R. West 
for advice a n d  guidance. T h e y  also acknowledge in general t he  suppor t  a n d  friend- 
sh ip  of their colleagues a t  University College, London, a n d  York in  the  UK, a t  the 
University of Victoria (B.C.), a t  t h e  UniversitC de Provknce, a n d  a t  the  Australian 
National University, and  in particular special thanks  a re  d u e  t o  Dr D. H. Roberts,  D r  
J. A.-A. Hawari,  a n d  Mr D. M. Whitfield. In addition, bo th  au thors  a re  indebted t o  
a n d  grateful for  t h e  constant encouragement,  support, a n d  confidence of Professor 
Alwyn G. Davies. 

X. REFERENCES 

1. E. Frankland, J .  Chem. SOC., 2 ,  263 (1849). 
2. E. Frankland, J .  Chein. SOC., 3, 44 (1850). 
3. E. Frankland, J .  Chem. SOC., 13, (1860). 
4. M. Gomberg, J .  A m .  Cheni. SOC., 22, 757 (1900). 
5. W. Hofeditz and K. Paneth, Cheni. Ber., 62, 1335 (1929). 
6. A .  G. Davies, J .  Chein. Phys. SOC. Uiziv. Coll., London, 4, 63 (1976). 
7. A. G. Davies, Organic Peroxides, Butterworths, London, 1960. 
8. A. G. Davies, in Orgaiiic Peroxides (Ed. D. Swern), Vol. 11, Wilcy, Ncw York. 1970. 
9. K. U. Ingold and B. P. Roberts, Free Radical Substirittion Rencfions, Wilcy, New York, 

10. A. G.  Davies and B. P. Roberts, in Free Radicals, (Ed. J .  K.  Kochi), Vol. I, Wiley, New 

11. A. G. Davies and B. P. Roberts, Acc. Chern. Res., 5, 387 (1972). 
12. A. G. Davies, J .  Organomet. Chein., 200, 87 (1980). 
13. E. B. Milovskaya, Russ. Chein. Rev. ,  42, 384 (1973). 
14. A. G. Davies, Pure Appl .  Chem., 39, 497 (1974). 
15. A. G. Davies, in Organotin Compounds: New Chemistry arid Applications (Ed. J. J. 

Zuckermann), A d v .  Chem. Ser., No. 157, American Chemical Society, Washington, DC, 
1976. 

1971. 

York, 1973. 

16. B. P. Roberts, A d v .  Free Radicul Chem., 6, 225 (1980). 
17. J. K. Kochi, Organomefallic Mechanisms in  Catalysis, Wiley, New York, 1978. 
18. W. V. Stcele, Cfiem. SOC. Ann. Rep.,  71A, 103 (1974). 
19. H. A. Skinner, A d v .  Organornet. Cliein., 2 ,  49 (1964). 
20. B. W. Fullam and M. C. R.  Synions, J .  Chein. SOC., Dalton Trans., 1086 (1974). 
21. J. D. Cox and G. Pileher, Thermochemi.stry of Organic and Orgaiiometallic Compotcrids, 

22. T. Holm, J .  Organoinet. Clzeni., 56, 87 (1973). 
23. T. Holm, J .  Organornet. Chern., 77, 27 (1974). 
24, R. A. Jackson, J .  Organornet. Chern., 166, 17 (1979). 
25. See, for example, J. E. Wertz and J.  R. Bolton, Electron Spin Resonallce: Eleinetzlary 

26. M. C. R. Syrnons, Chemical and Biological Aspects of E.S.R.  Specfroscopy, Halsted 

27. P. J. Barker, A.  G. Davies, and M.-W. Tse, J .  Chenz. SOC., Perkin Trans 2, 941 (1980). 
28. A. G. Davies, B. P. Roberts, and M . - h .  Tse, J .  Chem. SOC., Perkiii Trans 2, 145 (197s). 
29. J .  D. Cotton, C. S .  Cundy, D. H. Harris, A. Hudson, M. F. Lappert, and P. W. Lednor, 

30. B. Muggleton, PhD Thesis, University Collcgc London. 1976. 
31. P. J .  Barker, A. G .  Davies, J .  A . -A.  Hawari, and M.-W. Tsc, J .  C/zel?z. Soc., Perkitz 

32. M. J .  Perkins, A d v .  Phys. Org. Chern., 17, 1 (1980). 
33. M. J .  Perkins, J .  Cliern. SOC. B, 395 (1970). 
34. A. G.  Davies and J. A.-A. Hawari, J .  Orgariomet. Cliein., 201, 221 (1980). 

Academic Press, New York, 1970. 

Theory and Praccical Applications, McGraw-Hill, Ncw York, 1972. 

Press, New York, 1978. 

J .  Chern. Soc., Chern. Comnzun., 651 (1974). 

Trans. 2,  1488 (1980). 



3. Homolytic cleavage of metal-carbon bonds: Groups 1 to V 213 

35. D. Rehorek, personal communication. 
36. C. Lai and L. H. Piette, Teirahedroti Leu., 775 (1979). 
37. Z.-T. Tsai and C. H. Brubakcr, J. Orgnriornei. Chem., 166, 199 (1978). 
38. P. J. Barker, S. R. Stobart, and P. R. West, Can. J. Cheni., unpublished results. 
39. S. A. Fieldhouse, A. R. Lyons, H. C.  Starkie, and M. C. R. Symons, J. Chetti. SOC., 

40. G .  S. Jackel and W. Gordy, Phys. Rev.,  176, 443 (1968). 
41. J. Bargon and 13. Fischer, Z. Naiicrforsch., Teil A,  22, 1556 (1967). 
42. H. R. Ward and R.  G .  Lawler, J. Am. Cheni. SOC., 89, 5518 (1967). 
43. A.  R. Leplcy and G. L. CIOSS (Eds.), Chemically Induced Dytxunic Nicclear Polariiatioti, 

44. R. Kaptein and J .  L. Oosterhoff, Chern. Phys. Leii., 4, 195 and 214 (1969). 
45. G. L. Closs, J. Am. Chetn. SOC., 91, 4552 (1969). 
46. R.  Benn, Rev. Cheni. fniermediuies, 3, 45 (1979). 
47. A.  G .  Brook, P. J. Dillon, and R.  Pearce, Can. J. Cheni., 49, 133 (1971). 
48. N. A. Porter and P. M. Iloff, J .  Am. Chem. SOC., 96, 6200 (1974). 
49. J .  A. Den Hollander, R. Kaptein and P. A.  T. M. Brand, Cheni. Phys. Lett., 10, 430 

50. D .  Bryce-Smith, J. Cheni. SOC., 1712 (1955). 
51. R. H .  Finnegan and H.  W. Kutta, J. Org. Cheni., 30, 4139 (1965). 
52. W. H. Glaze, T. H. Brewer, R. Hatch, and J .  Nathan, in Deconiposiriorz of 

Orgariotneiallics io Refractory Ceramics, Meials arid Metnl Alloys, (Ed. K. S. Mazdiyashi), 
University of Dayton Press, Dayton, Ohio, 1968, pp 187-194. 

Dalfoii Trans., 1966 (1974). 

Wiley, New York, 1973. 

(1971). 

53. A. A. Morton and E. J .  Lampher, J. Org. C/iem., 20, 839 (1955). 
54. W. H. Glaze and T. H. Brewer, J .  Am. Chern. SOC., 91, 4490 (1969). 
55. J .  B. Smart, R. Hogan, P. A.  Scherr, L. Fcrrier, and J .  1’. Oliver, J .  Am. Chem. SOC., 94, 

56. A. G. Davies, J .  R. M. Giles, and J .  Luzstyk, J. Chern. SOC., Perkiri Trans. 2 ,  747 (1981). 
57. A.  G.  Davies and J.  Luzstyk, J. Chetn. SOC., Perkiri Trans. 2, 692 (1981). 
58. E .  J. Panek and G. M. Whitesides. J. Am. Cheni. SOC., 94, 8768 (1972). 
59. K. S. Chen, F. S .  Bertini, and J .  K. Kochi, J. A m .  Chetn. SOC., 95, 1340 (1973). 
60. Y .  Miura, Y. Monmoto, and M. Kinoshita, Brcll. Cliern. SOC. J p . ,  49, 1715 (1976). 
61. C. Schenk and Th. J .  de  Boer, Tetrahedron, 35, 2119 (1976). 
62. G .  A. Russell, E. G. Janzen, and E. T. Strom, J. Am. Chetti. SOC., 86, 1807 (1964). 
63. H. R. Ward, R. G .  Lawler, acd R. A. Copper, in ref. 43. 
64. W. A. Nugent, F. S. Bcrtini, and J. K. Kochi, I .  A m .  Cheni. SOC., 96, 4945 (1979). 
65. X. Creary, J. Am. Chem. SOC., 99, 7632 (1977). 
66. D. Bryce-Smith, J. Chern. SOC., 1603 (1956). 
67. H.  D. Zook and R. N. Goldey, J. Am. C h n .  SOC. ,  75, 3975 (1953). 
68. C. A. Russell and D.  W. Lamson, J. Orgcirionici. Cliem., 156, 17 (1978). 
69. G .  A. Russell and D.  W. Lamson, J. Am. Cheiti. SOC., 91, 3967 (1969). 
70. H. Fischer, J. Phys. Chcni., 73, 3834 (1969). 
71. A.  Tamaki and J .  K. Kochi, J. Orgatiotnet. Cheni., 61, 441 (1973). 
72. G .  M. Whitesides, E. J. Panek, C. P. Casey, and J.  San Filippo, J. Am. Chem. SOC., 92, 

73. G .  M. Whitesides, E. J .  Panek, and E. R. Stedronsky, J. Ani. Chein. SOC., 94, 232 (1972). 
74. B. Akermark and A. Ljungquist. J. Orgatiotnet. Chern., 182, 47 (1979). 
75. B. Akermark and A. Ljungquist, J. Organotnei. Chmi.. 182, 59 (1979). 
76. U. C. R. McLoiighlin and J. Thrower, Teirahedrotz, 25, 5921 (1969). 
77. M. F. Lappert and R. Pearce, J. Chem. Soc., Chem Coniniioi., 24 (1973). 
78. A. Miyashita. T. Yamamoto, and A.  Yamamoto, Bull. Chein. SOC. Jpn. ,  50, 1109 (1977). 
79. A. E. Jukcs, Adv.  Organornet. Cheni., 12, 215 (1979). 
80. P. L. Coe and N. E. Milner, J. Organoniei. Chem., 39, 395 (1972). 
81. A.  Cairncross and W. A.  Shcppard, J. Am. Cheni. SOC., 93, 247 (1971). 
82. P. E. Fanta, Synthesis, I, 9 (1974). 
83. G.  M. Whitesides and C. P. Casey, J. Am. Chern. SOC., 88, 4541 (1966). 
84. R. W. M.  Tan Hoedt, G.  van Koten, and J .  G .  Noltes, J. Orgnnottiet. Chem., 201, 327 

8371 (1972). 

1426 (1970). 

(1980). 



214 Philip J. Barker and Jeremy N. Winter 

85. K. Wada, M. Tamura, and J .  K. Kochi, J .  Am. Chem. Soc., 92, 6650 (1970). 
86. N. A.  Clinton and J. K. Kochi, J .  Orgarzonzer. Clzern., 42, 241 (1972). 
87. M. Tamura and J .  K. Kochi, 1. Orgnnotner. Chern., 42, 205 (1972). 
88. I. P. Beletskaya, Y. A.  Artcrnkina, and 0. A .  Reutov, J .  Orgariotnei. Chem., 99, 343 

89. A.  A .  Budnik and J .  K. Kochi, J .  Organomei. Chern., 116, C3 (1976). 
90. K. Yamamoto, K. Nakanishi, and M. Kurnada, J .  Orgntzonzet. Chenz., 7, 197 (1967). 
91. D. E. Berbreiter and T. J .  Lynch, J .  Org. Chem., 46, 727 (1981). 
92. G.  M. Whitesides, D. E. Bergbreiter, and P. E. Kendall, J .  Am. Chem. Soc., 96, 2806 

93. C. M. Mitchell and F. G .  A. Stone, J .  Clietn. SOC., Dalrorz Trutzs., 103 (1972). 
94. P. W. N. M. Van Lceuwen, R.  Kaptein, R. Huis, and C. F. Roobeek, J .  Organornet. 

95. R. J .  Puddephatt, The Ctzernisfr)l of Gold, Elsevier, Amsterdam, 1978, Chapter 9. 
96. M. F. Lappert and P. W. Lednor, Adv. Orgaltomet. Chetn., 14, 345 (1976). 
97. A. Johnson and R. J .  Puddephatt, J .  Chem. SOC., Dalton Trans., 115 (1975). 
98. R. Kaptein, P. W. N .  M. Van Leeuwen, and R. Huis. J .  Chetn. SOC., C/zem. Conztnuri., 

99. R. J. Puddephatt and P. J .  Thompson, J .  Orgarzomer. Chetn., 117, 395 (1976). 
100. A. Johnson and R. J .  Puddephatt, J .  Chetn. SOC., Dalrorz Trutzs., 1360 (1976). 
101. G .  E. Coates, D. L. Smith, and R. C. Srivastava, J .  Chern. Soc., Dalforz Trans., 618 

102. F .  Glockling, R. J. Morrison, and J .  W. Wilson. J .  Chetn. SOC., Valiotz, Trans., 94 (1973). 
103. R. Benn, Chem Phys., 15, 369 (1976). 
104. P. J .  Barker, A. G .  Davies, and J. Lusztyk, unpublished observations. 
105. T. G. Brilkina and V. A.  Shushunov, Reucrions c.f Orgnriotnerallic Compounds with 

106. E. 0. Fischer and 13. P. Hoffmann, Chern. Ber., 92, 482 (1959). 
107. A.  Almenningen, 0. Bastiansen, and A.  Haaland, J .  Chern. I’hys., 40, 3434 (1964). 
108. T. J .  Kealy and P. L. Pauson, Nuiicre (Lorzdorz), 168, 1039 (1951). 
109. D. S. Marguick, J .  Am. Chetn. SOC., 99, 1436 (1977). 
110. M. J. S. Dewar and H. S. Rzcp:~, J .  Am. Chem. SOC., 100, 777 (1978). 
111. A.  Almenningen, A.  Haaland, and J. Lusztyk, J .  Orgurioniet. Chetn., 170, 271 (1979). 
112. R.  Gleitcr, M. C.  Bohrn, A.  Haaland, R. Johansen, and J .  Lusztyk, J .  Organotner. 

113. J .  Lusztyk and K. B. Starowieski, J .  Orguizotnet. Chetn., 170, 293 (1979). 
114. R.  A.  Andersen and G .  E .  Coates, J .  Chetn. SOC., Dalrorz Trans., 1171 (1974). 
115. C. Walling and S. A.  Buckler, J .  Am. Chem. SOC. ,  77, 6032 (1955). 
116. C. Walling, Free Radicals in Sohcriotz, Wilcy. New York, 1957. 
117. R. C. Lamb, P. W. Ayers, M. K. Torey, and J. F. Garst, J .  Am. Chetti. SOC., 88, 4261 

118. C. Walling and A. Cioffiari, J .  Am. Cliern. Soc., 92, 6609 (1970). 
119. K. S. Chcng, J.-P. Battioni, and J .  K.  Kochi, J .  Am. Chetn. Soc., 95. 4439 (1973). 
120. S. Cabbidu, S. Mclis, E. Marongui, P. 1’. Piras, and G .  Fodda, J. Organotnei. Chenz., 

121. M. Chastrette and R.  Gauthier, J .  Orgariotnei. Chem.. 66, 219 (1974). 
122. N. Kawabata, H.  Nakamura, and S .  Yamashita. J .  Otg. Chetn., 38, 3403 (1973). 
123. E. C. Ashby, J .  Laemnile, and H.  M. Neuniann. Ace. Chon.  Rev., 7, 272 (1974). 
124. F. F. Blicke and L.  D. Powers, J .  Am. Chern. SOC.. 51, 3378 (1929). 
125. A. E. Arbuzov and I. A. Arbuzova. J .  Geri. Cliettz. USSR, 2, 388 (1932). 
126. M. S. Kharasch and S. Weinhouse, J .  Org. Chern., 1, 209 (1936). 
127. H.  S. Mosher and C. Blomberg, J .  Orguriorizer. Cheni., 13, 519 (1968). 
128. T. Holm and I .  Crosland, ACIN Chem. Scarid., 25. 59 (1971). 
129. V. I .  Savin, I. D. Ternyachev. and F. D. Yambushev, J .  Org. Chern. USSR, 11, 1227 

130. V. I. Savin and Yu. P. Kitacv, J .  Org. Chem. USSIZ, 12, 262 (1976). 
131. V.  1. Savin and Yu. P. Kitaev. J .  Org. Chern. USSIZ, 12, 273 (1976). 

(1975). 

(1974). 

Chenz., 104, C44 (1976). 

568 (1 975). 

(1 973). 

Oxygeri and Peroxides, Illiffe, London, 1969. 

Chem., 170, 285 (1974). 

(1 966). 

111, 249 (1976). 

(1 975). 



3. Hornolytic cleavage of metal-carbon bonds: Groups I to V 215 

132. V. I. Savin and Yu. P. Kitaev, J .  Org. Chem. USSR, 11, 2622 (1975). 
133. V. I .  Savin, A.  G .  Abulkhunov, and Yu. P. Kitaev, J .  Org. Chern. USSR, 12, 479 (1976). 
134. V. I. Savin, J. Org. Cliem. USSR., 12, 1818 (1976). 
135. V. I. Savin and Yu. P. Kitaev, J. Org. Cliern. USSR, 13, 1137 (1977). 
136. V. I. Savin, J. Org. Cliein. USSR, 14, 1936 (1978). 
137. V. I .  Savin, I .  D. Temyachev, and F. D. Yambushev, J .  Org. Chein. USSR, 12, 268 

138. 1. Crosland, Acta Chem. Scand., 29B, 468 (1975). 
139. T. Holm, I. Crosland, and J .  0. Madsen, Actu, Cheni. Scand., 23B, 754 (1978). 
140. A.  Stasko, L. Malik, E. Mat’usova, and A. T .  Kac, Org. Mugri. Reson., 17, 74 (1981). 
141. A.  Stasko, A .  T. Kac, R. Prikyl, and L. Malik, J .  Orgarioinet. Chem., 92, 253 (1975). 
142. A.  Stasko, L. Malik, A.  Tkac, V. Adamcik, and M. Hronec, Org. Magii. Reson., 9, 269 

143. E. C. Ashby and T. L. Wiesrnann, J .  Am. Cliem. Soc., 100, 3101 (1978). 
144. G. M. Mkryan, S. M. Gasparyan, M. A.  Papazian, and E. S. Voskanian, J. Org. Cliem. 

145. A. Ljungquist, 1. Orgaiiornrr. Chem., 159, 1 (1978). 
146. IM. Dagonneau, J.-F. I-Iemidy, D .  Cornet, and J. Vialle, Tetrahedron Len., 3003 (1972). 
147. M. Dagonneau and J. Viallc, Terrahrdrorz Lett., 3017 (1973). 
148. M. Dagonneau, J .  Orgarioniet. Chem., 80, 1 (1974). 
149. M. C. R. Syrnons, J. C/iein. SOC., 1618 (1974). 
150. M. Dagonneau and J .  Vialle, Tetrahedron, 30, 3119 (1974). 
151. W. Kaim, J .  Orgarionier. Chein., 222, C17 (1981). 
152. W. R. McWhinnie and J .  D.  Miller, A h .  Inorg. Cliein. Radiochem., 12, 135 (1969). 
153. D. R. Corbin, W. S. Willis, E. N. Duesler, and G. D.  Stucky, 1. A177. Cliein. SOC., 102, 

154. K. C. Bass, Orgaiiomet. Cliem. Rev., 1, 391 (1966). 
155. R. Benn, E. G. Hoffmann. H. Lehmkuhl, and H. Nehl, J .  Orgaiiomet. Chern., 146, 103 

156. F. J .  J. D e  Kantcr, Org. Magii. Reson., 8, 129 (1976). 
157. J. St. Denis, J .  P. Oliver, T. W. Dolzine, and J .  B. Smart, J. Orguiioiner. Cliein., 71, 315 

158. R. A.  Jackson and D. W. O’Neill, J. Client. SOC., Perkiii Trotis. 2,  500 (1978). 
159. S. Dincturk, R. A. Jackson, and M. Townson. J .  Chein. SOC., Chein. Comimn.,  172 

160. G. R. Leibling and H. M. McConncll, J .  Clicin. Pliys., 42, 3931 (1965). 
161. E. Hedaya, ACC. Cliem. Res., 12, 367 (1979). 
162. R. E. Linder and A.  C. Ling, Can. J .  Cliem., 50, 3982 (1972). 
163. P. J. Barker, A. G. Davies, and J. D. Fisher, J .  Ckein. SOC., Clieiii. Coininicii., 584 

164. P. J. Barker and A. G. Davies, J. Cliem. Soc., Chem Commitn., 815 (1979). 
165. E. Klahne, C. Giannotti, H.  Marquet-Ellis, G. Folcher, and R. D. Fischer, J .  Organoniet 

156. P. J. Barker and A.  L. J .  Beckwith, unpublishcd observations. 
167. E. M. Flesia and J.-M. Surzur, Tetrahedron Lett., 123 (1974). 
168. P. J .  Young, R. K. Gosavi, J .  Connor, 0. P. Strausz, and H. E. Gunning, J. Cliein. 

169. A.  G. Davies and B. P. Roberts, J. Orgniioinet Cliein., 19, C17 (1969). 
170. P. R. Jones and P. J. Desio, Cherti. Rev., 78, 491 (1978). 
171. A .  J. Bloodworth, in  The Chemistry of Mercury (Ed. C. A.  MacAuliffc), Macmillan, 

172. D. Abenhaim, J. Orgariomet. Cheni., 92, 275 (1975). 
173. J. Furukawa, N. Kawabata, and J. Nishimura, Tetrdiedron, 24, 53 (106s). 
174. S. Miyano and H. Hashimoto, Bull. Chem. SOC. J p i . ,  46, S92 (1973). 
175. A .  G. Davies and B. P. Roberts. J .  Chein. SOC. R. 1074 (1968). 
176. E. N. Gladyshev, P. Ya. Bayustikin, G. Abakumov, and E. S. Klimov, Izv.  Akad. Nauk 

( 1  976). 

(1977). 

USSR, 8, 1397 (1972). 

5969 (1980). 

(1978). 

(1974). 

( 1979). 

(1974). 

Chin.,  201, 399 (1980). 

Phys., 58, 5280 (1973). 

London, 1977. 

SSSK, Ser. Khiix., 176 (1978). 



216 

177. J. Y .  Chen, H. C .  Gardner ,  and J .  K. Kochi, J. Am. Chem. Soc., 98, 6150 (1976). 
178. S. J .  W. Price, in Comprehensive Chemical Kiricrics (Ed. C. H. Bamford and C. F. H. 

179. M. P. Brown, A.  K. Holliday, G. M. Way, R. B. Whittle, and G. M. Woodward, J. 

180. T. Mole and E.  A.  Jeffrey, Orgatioalutniiiiicm Compoiinds, Elsevier, Amstcrdam, 1972. 
1Sl. Yu. A. Alexandrov, 0. N. Druzhkov, Yu. Baryshnikov, 1’. K. Polznikova, G. I. Makin, 

182. Yu. A. Alexandrov, G. I .  Makin, 0. N. Druzhkov, Y u .  Baryshnikov, T .  K. Polznikova, 

183. P. J .  Krusic and J .  K. Kochi, J. A m  Chein. SOC., 91, 3942 (1969). 
184. K. G. Hancock and D. A. Dickinson, J .  Av7. Chcm. SOC..  95, 280 (1973). 
185. B. G. Rarnsey and D.  M.  Anjo, J. Am. Chem. SOC., 99, 3182 (1977). 
186. J. C. Scaiano and K. U. Ingold. J. Clietn. Soc., Cheni. Conitticin., 878 (1975). 
187. Q. B. Broxtcrmann, H.  Hoogevcen, and D.  M. Kok. Terrahedrori Lett., 173 (1981). 
1% B. Lockrnan and T. Onak,  J .  Org. Chern., 38, 2552 (1973). 
189. H. Grandke and P. I .  Paetzold, Ciicm. Rer., 104, 1134 (1971). 
190. G. A. Razuvaev, G. G .  Pelukhov, U. I .  Scherbakov, 0. N. Druzhkov, and S .  F. 

Zhil’tsov, J. Geri. Chenz. USSR, 37, 1516 (1967). 
191. E. C. Taylor, F. Kienzle, and A.  McKillop, J. Am. Chcm. SOC., 92, 6088 (1970). 
192. E. C. Taylor, H. W. Altland. R. Danforth, G. McGillivray, and A. McKillop, J. Am. 

193. A. McKillop, J .  D.  Hunt. M. J .  Zelcsko. J .  S. Fowler, E. C. Taylor, G. McGillivray, and 

194. A. G. Davies, El. P. Roberts, and J. C. Scaiano, J .  C/iem. SOC. f3, 2171 (1971). 
195. D. Griller, K .  U. Ingold, L. K. Pattison, J .  C. Scaiano, and R .  D.  Small. J .  Am. Chern. 

196. A. G. Davies and J.  C. Scaiano, J. Chetn. Soc., Perkiri Trans. 2,  2234 (1972). 
197. A. G. Davies, D. Griller, and B. P. Roberts, J .  Chein. SOC. R, 1823 (1971). 
198. H. C. Brown and M. M. Maitland, Angerv. C/ier?i., Itrr. Ed .  Gigl . ,  11, 692 (1972). 
199. G. W. Kaballa and R. F. Daly, J. Am. Cher?i. SOC., 95, 4428 (1973). 
200. A. G. Davies and B. P. Roberts, J. Chcni. SOC., Chem. Comt?i~ti.,  384 (1973). 
201. S. F. Zhil’stov, U. I. Scherbakov, and 0. N.  Druzhkov, J .  Geri. Chcnr. USSR, 39, 1327 

202. Z .  Floryanczyk, W. Kuran, S. Pasenkiewicz. and G. Kuas, J .  Orgarior?iet. Chct?~., 112, 21 

203. Z .  Floryanczyk, W. Kuran. S. Pasenkicwicz, and A. Krasnicka, J. Orgurzomet. Cliem., 

204. A.  Alberola, A.  M. Gonzalez-Nogal, and  F. J. Pulido, Ann. Quim., 74, 1147 (1978). 
205. A. Alberola, A.  M. Gonzalez-Nogal. and F. J. Pulido. Atin. Quim., Ser. C. 76, 119 

206. C. F. Lane, J. Orgatiot?iet. Chem., 31, 421 (1971). 
207. J. E. Baekvall, M. U.  Ahrncd, S. Uemura, A. Toshimitsu, and T. Kawamura, 

208. H. Kurosawa and M. Yashuda. J. Cliem. SOC., Cherri. Cor?imiiti.3 716 (1978). 
209. H. Kurosawa, H. Okada,  and M. Yashuda, Tetrahedroti Lcrr., 21, 959 (1980). 
210. G. A.  Ruzuvacv, G .  A. Abakumov. E .  S. Klimar, E. N .  Gladyshev, and p. Yu, 

211. A. G. Davies and J.  Lusztyk, unpublished obscrvations. 
212. J.  E. Taylor and T. S. Milazzo, J .  Plzys. CIIeni.. 82, 247 (1978). 
213. P. W. N.  M. Van Lceuwen, R. Kaptein, R. Huis, and W. I. Kalisvanrt, J .  Orpriotnet. 

214. I .  P. Malysheva, V. A.  Varyukkin, and 0. S. D’yachkouskaya. Khit?iiyri Elcrtletitoorgan. 

215. L. Gammie, C. Sandorfy, and 0. P. Strausz. J .  I’hys. C/icJt?i., 83, 2075 (1979), 
216. A.  Hudson, M. F. Lappert. and P. W. Lednor, J .  Clictn. SOC., Dalroti Trotis., 2369 

Philip J. Barker and Jeremy N. Winter 

Tipper), Vol. 4, Elsevier, Amsterdam, 1972. 

Ciieni. SOC.,  Dalton Tram., 1862 (1977). 

and B. I .  Kozyrkin, J .  Gem Clicrn. USSR, 50, 2642 (1980). 

and B. I. Kozyrkin, J .  Geri. Chem. USSR, 51, 70 (19S1). 

Chem. SOC., 92, 3520 (1970). 

F. Kienzle, J. Am. Chern. SOC., 93, 4841 (1971). 

SOC., 101, 3780 (1979). 

(1969). 

(1976). 

145, 21 (1978). 

(19S3). 

Tetrahedron Lett., 21, 2283 (1980). 

Bayushkin, Izv. Akad. Naiik SSSR, Ser. Khim., 1128 (1976). 

Cheni., 93, C5 (1975). 

Soediri. (Gorkii), 51 (1978); Ref. Z h . ,  Khim.,  12, I I  (1979). 

( 1976). 



3. Homolytic cleavage of metal-carbon bonds: Groups I to V 217 

217. 
218. 
219. 
220. 

221. 
222. 

223. 

224. 
225. 
226. 
227. 
228. 
229. 

230. 
231. 
232. 

233. 
234. 
235. 
236. 
237. 
238. 
239. 
240. 
241. 
242. 
243. 
244. 
245. 
246. 
247. 
248, 
249 
250. 
25 1 

J. Cooper, A.  Hudson, and R. A.  Jackson, J. Chetn. SOC., Perkin Trans. 2, 1056 (1973). 
A. G. Davics and M.-W. Tse, J .  Chem. SOC., Chein. Cotntnuti., 353 (1978). 
P. J .  Barker, A. G.  Davies, and J. A.-A. Hawari, J. Organomer. Chem., 187, C7 (1980). 
A. G. Davies, Proceedings A . M .  P.E.R. E. Colloq. CNRS, Organic Free Radicals, 
A i-u-eti-Pro vence, 1977. 
J.A.-A. Hawari, PliD Thesis, University College, London, 1981. 
N. S. Uyazankin, E. N. Gladyshev, and G. A. Ruzavaev, Dokl.  Akud. Nauk SSSR, 153, 
104 (1963). 
G. A. Razuvaev, N. S.  Uyazankin, and 0. S. D’yachkovskaya, J .  Gen. Cliem. USSR, 32, 
2161 (1962). 
M. Kira, M. Watanabe, and H.  Sakurai, J. Am. Chetn. SOC., 99, 7760 (1977). 
A. G. Davies and J .  C. Scaiano, J. Chetn. SOC. ,  Perkin Trans 2 ,  1777 (1973). 
R. M. Haigh, A. G. Davies, and M.-W. Tse, J. Organornet, Chem., 174, 163 (1979). 
B. C. Pant, J. Organornet. Chetti., 66, 321 (1974). 
D.  Hanssgcn and E. Odenhauser, J .  Orgatzotner. Chetn., 124, 143 (1977). 
A. G. Davies, B. P. Roberts, and M.-W. Tse, J. Chetn. Soc., Perkitz Trans. 2, 1499 
(1977). 
M. Kira, M. Watanabe, and H. Sukurai, J. Am. Chetn. SOC., 102, 5202 (1980). 
G. Ayrey, F. P. Man, and R. C. Poller, J .  Orgatzotner. Chetn., 173, 171 (1979). 
S. G. Kukcr, A. I. Prokofev, N. N. Bubnov, S. P. Solodnikov, E. D. Korniets, D. N .  
Kravtsov, and M. I. Kabactinik, Dokl. Aknd. Naick SSSR, 229, 877 (1976). 
H. C. Gardner and J .  K. Kochi, J .  Ani. Chem. SOC.,  97, 1855 (1975). 
N. A. Clinton and J .  K. Kochi, J .  Orgationzer. Clietn., 56, 243 (1973). 
C. L. Wong and J. K. Kochi, J .  A m .  Cliem. SOC., 101, 5593 (1979). 
S. Fukuzumi, K. Mochida, and J .  K. Kochi, J .  A m .  Chern. Soc., 101, 5961 (1979). 
R. A. Marcus, J .  Clietn. Phys., 23, 966 (1956). 
R. A. Marcus, J .  Chem. Phys., 26, 867 (1957). 
S. Fakuzami, C. L. Wong, and J .  K. Kochi, J .  Am. Chetn. SOC., 102, 2428 (1980). 
K. L. Rollick and J .  K. Kochi, J .  Org. Clietn., 47, 435 (1982). 
K. L. Rollick and J .  K. Kochi, J .  Am. Clietn. SOC., 104, 1319 (19S2). 
M. Gielcn and I .  Van Eyndc, J .  Orgattotnet. Chem.. 218, 315 (1981). 
P. J .  Krusic, P. J .  Fagan, and J.  S. San Filippo, J .  A m .  Chem. Soc., 99, 250 (1977). 
M. Giclcn and I .  Van Eyndc, Tratisirion Met. Chem., 6, 344 (19S1). 
R.  J .  Klingcr and J. K. Kochi, J .  Ain. Chetti. SOC., 102, 4740 (1950). 
B. W. Walthcr and F. Williams. J .  Chem. SOC., Clieni. Cornmien.. 270 (1982). 
M. C. R. Symons, personal communication. 
J .  S .  Thaycr, J .  Orgntiorner. Clienz., 76, 265 (1976). 
W. Ipatiew and G. Rasuwajew, Chem. Der., 63, 1 1  10 (1930). 
P. B. Ayscough and H. J .  Emeleus. J .  Cheni. Soc., 3381 (1954). 
J. W. Dale. H. J .  Emeleus. R. N .  Hazeldine. and J .  H.  Moss. J .  Chetn. SOC.. 3708 (1957). 

252: N .  N .  Travkin, B. K. Skachkov, I .  G. Tonoyan. and B. I. Kosprkin, J .  Ceti. ‘Clieth. 

253. G. 0. Doak and L. D. Freedman. Orgatiomerallic Cotnpoieticls of Arsenic, A/itimoriy and 

254. K.-H. Mitschke and  H. Schmidbaucr, Chetn. Ber., 106, 3645 (1973). 
255. K. Shen, W. E. McEwan, and A. P. Wolf, J. Am. Chern. Soc., 91, 1253 (1969). 
256. G. A. Razuvacv, N. A. Osanove, N .  P. Shulov. and B. M. l’sigin. J .  Geti. Chmi. USSR, 

257. W. E. McEwan and F. L. Chupka, I’liosplzorics Srtlphiir, 1, 227 (1972). 
258. F. L. Chupka. J .  W. Knapczyk, and W. E. McEwan. J .  Org. Clietn., 42, 1399 (1977). 
259. J. L. Wardell and D. W. Grant, J .  Orgutiottier Chetn., 149, C13 (1978). 
260. S. G. Smirnov, A. N .  Rodinov. K. L. Royozhin, 0. 1’. Syalkina, E. M. Parnov, D. N. 

261. J .  R. M. Giles and B. P. Robcrts, J .  Cltetn. SOC., Perkin Trrrtrs. 2, 1211 (1981). 
262. W. T. Cook. J.  S. Vincent. I. Bernal, and F. Ramirez. J. Chetn. Pliys., 61, 3479 (1974). 
263. J .  D .  Preer, F.-D. Tsay, and H .  B. Gray, J. Am. Clietn. Soc., 94, 1S75 (1972). 
264. D. H. Hey, G. A. Shingleton, and G. H. Williams. J .  Chettz. Sac., 5612 (1963). 

USSR, 48,276 (1978). 

Bistniirh, Wiley, New York, 1970. 

37, 216 (1967). 

Shigorin, and K. A. Kocheskev. I i V .  Akad. Naick SSSR, Ser. Khitn., 335 (1976). 



218 Philip J .  Barker and Jeremy N. Winter 

265. J .  S.  Connor, P. J .  Young, and 0. P. Strausz, J .  Am. Clzenz. SOC., 93, 822 (1971). 
266. M. Dankowski, K. Pracfic, J.-Si. Lee, and S .  C. Nyburg, PlzosplzonLs SuIplzur, 8, 359 

267. J .  K. Kochi and P. J .  Krusic, J .  Am. C h e m  Soc., 91, 3944 (1969). 
268. J. W. Cooper and B. P. Robcrts, J .  Cliern. SOC., Perkin Trans. 2, SO8 (1976). 
269. A. G. Davies, R. W. Dennis, and B. P. Roberts, J .  Chern. SOC., Perkin Trans. 2, 1101 

(1974). 
270. R. S.  Hay and B. P. Roberts, J .  Clzern. SOC., Perkin Trans. 2, 770 (1978). 
271. S. A. Buckler, J .  Am. Chenz. SOC., 84, 3093 (1962). 
272. W. G. Bentrude, E. R. Hansen, W. A. Khan, T. B. Min, and P. E. Rogers, J .  Am. 

273. A. G. Davies, D. Griller, and B. P. Roberts, J .  Orgatzomer. Clzein., 38, C6 (1972). 
274. E. Furirnsky, J. A.  Howard, and J.  R. Morton, J .  Am. Chenz. SOC., 95, 6574 (1973). 
275. A. Alberti and A. Hudson, J .  Organotner. Chetn., 182, C49 (1979). 
276. A. Alberti, A. Hudson, A. Maccioni, G. Fodda, and G. F. Pedulli, J .  Clzern. SOC., Perkin 

(1980). 

Clzenz. SOC., 95, 2286 (1973). 

Trans. 2, 1274 (1981). 



The Chemistry of thc Metal-Carbon Bond, Volume 2 
Edited by F. R.  Hartley and S .  Patai 
0 1985 John Wiley & Sons Ltd 

CHAPTER 4 

Insertions into main group 
metal-carbon bonds 

J. L. WARDELL and E. S. PATERSON 
Department of Chemistry, University of Aberdeen, Meston Walk, Old 
Aberdeen AB9 ZUE, Scotland, UK 

I. INTRODUCTION 
11. INSERTIONS INTO CARBON-OXYGEN W L T I P L E  BONDS . 

A. Reactions with Aldehydes and Ketones . 
1. 
2. 

3. 

4. 
5 .  
6. 

Scope 
Mechanisms 
a. Mechanism of Grignard addition to ketones . 
b. Mechanism of organolithium additions to  ketoncs . 
c. Mechanism of organoaluminium additions to ketones . 
Stereochemical considerations . 
a. Acyclic compounds: 1,2-asymmetric synthescs 
b. Acyclic compounds: 1,3-asymmetric inductions 
c. Alicyclic compounds . 
d. Asymmetric synthesis using chiral ligands 
e. Stereochcmistry of allylic-metal compound additions to aldehydes 
Reversible additions . 
Reductions 

. 

. 

. 

Oxophilic additions . 
B. Reactions with Carboxylic Acids, Esters, and Relatcd Carbonyl Compounds 
C. Additions to  Carbon Oxides 

1. Carbon suboxide (C,O,) insertions 
2. Carbon monoxide insertions: carbonylations 

. 

a. Carbonylations of organoboranes . 
b. Palladium-catalysed alkoxycarbonylatioris of orga:anom&rcury 

c. Reactions with complexed carbonyls 

D. Additions to  P-unsaturated Carboiiyl Compounds 

A.  Carbophilic Additions 

compounds . 

3. Carbon dioxide insertions 
. 

111. ADDITIONS TO CARBON-SUI-PI-IUR DOUBLE BONDS . 

1. Carbophilic additions t o  carbon disulphide 
2. Carbophilic conjugate addition t o  a,P-unsaturated thioamides 

. 
. 

R. Thiophilic Additions 

220 
22 1 
22 1 
22 1 
223 
223 
227 
228 
228 
228 
232 
232 
235 
237 
239 
239 
240 
24 1 
246 
246 
246 
247 

249 
249 
250 
252 
26 1 
26 1 
262 
263 
263 

219 



220 J. L. Wardell and E. S .  Paterson 

IV. ADDITIONS TO ALKENES AND A L K W  . 
A. Introduction . 
B. General 
C. Insertions into Carbon-Lithium Bonds . 
D. Insertions into Carbon-Magnesium Bonds . 

1. Intramolecular additions and the reverse reactions . 
a. Mechanism . 
b. Examples 

a. Assisted additions . 
i. Homopropargylic alcohols . 

ii. AUylic alcohols 
iii. Propargylic alcohols . 
iv. Other hydroxy compounds . 
v.  Additions to unsaturated arnines 

b. Transition metal-catalysed additions 
E. Insertions into Carbon-Zinc Bonds . 
F. Insertions into Carbon-Boron Bonds . 
G. Insertions into Carbon-Aluminium Bonds . 

2. Intennolecular additions 

1. Alkenes . 
2. Alkynes . 
3. Catalysed reactions 

H. Tetracyanoethylene Insertions . 
I. Cycloaddition Reactions . 

V. ADDITIONS T O  CARBON-NITROGEN h/nnTIPLE BONDS 
A. Additions to Nitriles 
B. Additions to Isonitriles . 
C. Additions to Azomethines . 
D. Additions to Nitrogen Heteroaromatics 

A. Reactions with Epoxides and Related Compounds 

B. Reactions of Organometallic Compounds with Oxygen 
C. Reactions with Sulphur, Selenium, and Tellurium . 
D. Sulphur Dioxide Insertions 
E. Sulphur Trioxide Insertions 
F. Other Insertions . 

. 
VI. MISCELLANEOUS INSERTIONS . 

. 
1. Epoxides . 
2. Related compounds . 

VII. REFERENCES . 

268 
268 
268 
269 
274 
274 
275 
275 
277 
278 
281 
282 
282 
283 
283 
283 
284 
285 
285 
288 
290 
292 
293 
294 
296 
296 
302 
303 
306 
307 
307 
307 
3 10 
311 
316 
318 
321 
323 
323 

1. INTRODUCTION 

This chapter considers insertion reactions into carbon-metal bonds of main group 
organometallics and is divided into sections: reactions with carbon-oxygen, 
carbon-sulphur, carbon-arbon, and carbon-nitrogen multiple bonds. A final 
section is concerned with miscellaneous insertions, which do not fit into the  earlier 
categories. This includes, for example, insertions by elements from Group VI and 
sulphur oxides. 

Insertion reactions include some of the most frequently used laboratory reactions 
(e.g. additions to aldehydes and ketones as well as to other carbonyl-containing 
compounds) and some of t h e  more important industrial reactions, e.g. polymerization 
of alkenes and dienes, while others only have a curiosity value. 

Although many of the reactions involve a polar mechanism, i.e. attack by car- 
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banionic grouping, R, from RM, with possibly additional involvement of the metal to  
give a cyclictransitionstate, others proceed via radical and electron-transfer mechanisms. 
Evidence for the electron-transfer mechanism has been increasingly found in the past 
few years. All the  reactions included here have the o n c  common feature of an 
insertion as a critical step, whether it be 1,2-, 1,4-, 1,6-, or any other 1,n- formal 
addition. Subsequent reactions or  work-up procedures, of course, may mask this 
initial reaction. 

Only where necessary is mention made of transition metal catalysed rcactions as a 
detailed survey could take this chapter deep into transition metal chemistry. How- 
ever, it appeared to the author useful to make some passing reference in the chapter, 
for example, to  conjugatc (1,4-) additions to u,P-unsaturated systems of cuprates, 
generated from organo-lithium or -magnesium reagents, and also to  Ziegler-Natta 
catalysts. 

Individual reactions for particular metals are covcred more fully in appropriatc 
books and articles; these should be consulted in particular for further examples. 
One review' published in 1967 was concerned solely with insertion reactions; it's 
coverage, however, included both transition metal and main group compounds in 
insertion reactions involving any metal-element bond. 

II. INSERTIONS INTO CARBON-OXYGEN MULTIPLE BONDS 

Main group organometallics react with carbonyl-containing compounds, including 
aldehydes, ketones, carboxylic acids, esters, and isocyanates, as well as carbon 
oxides. 

A. Reactions with Aldehydes and Ketones 

7. Scope 

A general review on carbonyl additions was published in 19662. These reactions 
arc arguably the most frequently used organometallic reactions, being among the 
most valuable preparations of alcohols available to organic chemists. 

Examples of additions to aldehydes and ketones are kncwn for most main group 
elements. References for alkali metals, beryllium, magnesium, zinc, cadmium, and 
Group 111 elements, for example, are to be found in general discussions o r  reviews 
on the organometallic chemistry of the particular element'.", while typical references 
for other elements are calcium, strontium, and barium', boron6.', mercury", silicon'-13, 
and tin' lW2'. 

Only a relatively few reactions are known for the less electropositive elements: 
mercury, silicon, and tin. For these metals, it is only the most reactive organic 
derivatives that take part in additions to carbonyl groups, e.g. compounds having 
XCH,-metal bonds (X = CO,R, COR, CONR,, or CN; metal =mercuryR, sili- 

), 
polyhalophenyl-silicon'" and ethynyl-tin" bonds (e.g. equations 2-4). Even then, a 
Lewis acid catalyst (e.g. BF,, GaCI,, ZnCIZ, or  TiCI,) may be necessary for reactions 

conl3, o r  tin"), allyl-metal bonds (metal = siliconY-" or 1.14.18-23 



222 J. L. Wardell and E. S. Paterson 

with aldehydes and ketones not having strong electron-withdrawing groups. Base 
catalysts have also been used for R3SiCH2X-RZC0 reac t ion~ '~ .  Although only a 
limited number of carbon-tin and carbon-silicon bonds react, thcsc reactions 
(especially of thc allylic derivatives) have provcd to be of great synthetic value. One 
advantage of using these organometallics is that a large number of functional groups 
can be tolcrated. Thc tin and silicon alkoxides can be readily isolated; hydrolyscs to 
alcohols are conveniently achieved using acids. As found with other organometallics, 
aldehydes are more reactive than ketones. 

AICIZ. CtI2CI2 

-25°C 
> RCH(OSiMe3)CHRCHCH=CH, Mc3SiCH2CH=CHR' + RCHO 

(3)9 
Mc3SnCH2CH=CH2 + tn -02NC6H4CH0 

L3F3.OEI,.C1 I2Cl2 
> m -02NC6H4CH(OSnMe3)CH2CH=CH2 (4)22 

-78°C. 1/2h 

The most studied reactions are those involving organo-magncsium and -lithium 
reagcnts, and to a lesser extent organoaluminium compounds. The complctc range of 
organometal derivatives of these elements react with carbonyl compounds. As these 
insertion reactions arc used in the main €or preparations of alcohols, the initial 
alkoxide insertion products are not usually isolated but are hydrolysed to the 
alcohols. Moreover, the organo-magnesium or -lithium reagents, preparcd for exam- 
ple from organic halides or hydrocarbons, are not  isolated either and so the various 
stages (preparation of organometallic through to alcohol) can be performcd succcs- 
sively in t h e  same reaction pot. Procedures (including the Barbieri synthesis) have 
also been published for the simultaneous addition of the organic halide and carbonyl 
compound to the metal2". As given in equation 1, the reaction is simply shown as a 
1,2-addition reaction. In reality, the situation can be appreciably more complex25.26. 
For appropriate combinations of RM and carbonyl compounds, formal 1,4- and/or 
1,6-additions or other 1 ,ti-, e-g. 1,3-additionsZ7, can also arise. This becomes important 
for sterically hindered compounds (sce Scheme lX5). The greater the hindrance about 
the carbonyl group, the more chance of 1,4- and/or 1,6-additions. Apparently 
organo-lithiums provide more 1,2-additions to hindered carbonyls than do the 
corresponding Grignard reagcnts. 

( 3 )  McM,:Hr 

(ii) I I,<)- 
RCOPh - RC(OH)(Me)Ph + RCOC6H4Me-o + RCOC6H4Me-p 

R = 2,3,5,6-Me4C6H 1,4-addi tion 1,6-addition 

[ -H20 > RC(=CH,)Ph] 

SCHEME I 

Replacement of groups ortho or  para to the carbonyl groups can also O C C U ~ ~ ~ - ~ ' ,  
e.g. cquations 5 and 6. 

X = Br or OMe 
R = 2,4,6-Me3C6H2 
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TABLE 1. Products of reaction of alkyl-Grignards' 
with Pr',CO 

Enolization Reduction Addition 
Alkyl-Grignard (YO) (OIO ) (%) 

MeMgX 0 0 95 
EtMgX 2 21 77 
PrMgX 2 60 36 
Pr' MgX 29 65 0 
Me,CCH,MgX 90 0 4 

(6y" 

X = C N  or OMe 

R'  = PhCH2 or Bu' 
R = 2,3,5,6-MC4C+sH 

Othcr  by-products can also arise from competing reactions, such as: 
(i) e t ~ o l i z a t i o n ~ ' . ~ ~ ,  whcn a-hydrogens are  present in the carbonyl compound, e.g. 
equation 7,. Enolizations have been found to increase in the order metal= 
potassium >sodium >lithium > magnesium. 

r 1 

(ii) reductions to hydrols, when 0 -hydrogens are  prcscnt in thc organometallics, c.g. 
cquation 8. Variations of ratios of enolization, reduction, and 1,2-addition products 
of alkyl-Grignard reactions with Pr',CO are shown in Tablc 1. Organolithiums give 
much less enolization and reduction products than do  Grignard reagents. Or- 
ganoaluminium reagents, especially those with @-hydrogens, givc appreciable 
amounts of reduction products. 

r x 1  

and (iii) formation of pinacols, RR'C(OH)C(OH)RR' . 

2. Mechanisms 

T h e  most extensive mechanistic study has been made o n  Grignard reactions. These 
will be considered first. 

a. Mechanism of Grignard addition to ketones33. For a complcte understanding of 
the reaction, regard has to  be paid to  the composition of thc Grignard reagent. This 
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dlllbsioll 
from cage 

1 

is because different species have different reactivities. Evidence for various species 
and equilibria in solution is well documented. For example, in Et,O solution, Rh4gCl 

Higher aggregates F====+ 2/3 Trimers Dimers 2RMgX - R2Mg+MgX2 (9) 

exists as dimers even up to 3.5 M, while for RMgBr and RMgI increasing aggregation 
results with increasing concentration. In thf solution, monomers of RMgX (X = R, 
Cl, or Br) are found, while RMgF and RMgOR are dimeric. 

Two distinct mechanistic types have been recognized; these are a polar mechanism 
(a four-centre pericyclic concerted mechanism)34 and a single electron transfer (s.e.t.1 
mechanism (see Scheme 2). The latter mechanism accounts for the 1,4- and 1,6- 
adducts, the pinacol products, and other free radical derived products. 

As pointed ou t  by A ~ h b y ~ ~ ,  several factors are important in deciding the mechanis- 
tic type. These are (i) the nature of the organic group in the Grignard reagent, (ii) the 
nature of the ketone, (iii) the purity of the magnesium, and (iv) the solvent. A 
collection of factors which favour a polar pathway are Grignard reagents that are 
difficult to oxidize (e.g. primary alkyI Grignards), ketones that are difficult to reduce 
(e.g. dialkyl ketones), solvents of low polarity (e.g. Et20),  and Grignards made from 
pure magnesium. Conversely, factors which favour a s.e.t. mechanism are easily 
oxidized Grignards (e.g tertiary-alkyl Grignards), easily reduced ketones (e.g. diary1 

[ArzC=O 1 + ArzC(R)OMgX 

R---MgX 1,2-addition product 

i 
Ar2CO + RMgX % [ ArzkO, RMgX"] 

[Ar?dOMgX + R -  1 cage 

Y 

the c q c  
1,6-addition product 

+ 

Qc(Ar)oMgx R 

1.4-addition product 

R2 +' R'+Ar2tOMgX --+ ArK(OMg)C(OMgX)Arr 
SOlVent ketyl Pinacol 

RH 
1 +[RW 

+ RH 

SCHEME 2. Simplificd polar and s.e.1. mechanisms of Grignard additions to ketones. 
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ketones), more polar solvents e.g. thf or hmpa), and Grignards made from magnesium 
containing a first-row transition metal impurity. The methyl-Grignard-Ph2C0 and 
Bu‘MgBr-Me2C0 reactions are both affected b y  transition metal impurities, while 
the Bu‘MgBr-Ph2C0 (always s.e.t.) and MeMgBr-Me2C0 (always polar addition) 
reactions are unaffected3’. 

In Scheme 3 is presented a fairly comprehensive mechanism of the reaction of a 
ketone with the Grignard reagent from methyl bromide under conditions where 
monomeric species prevail and where only 1,2-addition occurs. Such a system for 
example pertains36 using excess PhCOC6H4Me-o, methyl-Grignard (less than 0.1 M) 

made from single-crystal magnesium (>99.9995% pure) and E t 2 0  as the reaction 
medium (equation 10). Under these conditions, the order in Grignard reagent was 

/Br 
R2C=O Mg 

‘Me 

I 
R2CMeOMgBr 

R2CMeOMgMe + MgBr, 

Me ABr 
R2C==0 + Mg 

/ 

\ 
R2C=0 + Mg 

‘Br Me 

I 
R2CMeOMgMe - R2CMeOMgBr + MeMgBr 

R,CMeOMgBr + MeMgBr 

R,CMe 
R2CMe 

I 

2R2CMeOMgBr + MeMgBr 

-R2dMe 

/Br 

‘0’ 
MeMg h g B r  + R2C0 - 2R2CMeOMgBr 

R2zMe I 
R2CMe 

Br 
MeMg \ Mg / ‘MgBr+RzCO - 3R2CMeOMgBr 

\o/ \Br/ 
I 

R,CMC 

SCHEME 3 
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> PhC(OH)MeC,H4Me-o (10) 
(i) McBr.Me.Et20 

( i t )  1 1 2 0  
PhCOC6H4Me-o 

found to be unity; both MeMgBr and MczMg werc involvcd in the addition. 
Although t h c  reactivity of Me2Mg is ca. ten times that of MeMgBr, there is ca. ten 
times less of it; hcnce there is about an equal amount of reaction via thesc two 
specics. 

Complcxation of kctones by magnesium speci~s"".~' can be detected by the U.V. o r  
i.r. spectral changes, e . g .  see equation 11. 

1'120.2.5 "C 
RMgBr+ R'COMe R M g  t- O=C(Me)R' (11)37 

I vco 1695 c m - l  K = 1 4 l n l o l ~ l  

'B r 
R = cyclopentyl vcO1658 cm-' 
R' = p-MeSC6H4 

In Table 2 are listed changes in product distributions as a function of t he  purity of 
the magnesium for the mcthyl-Grignard-o-methylbenzophenone reaction in Et,O. 
As the amount of impurity (iron) increases, so the relative amount of 1,2-addition 
product decreases and the relative amount of pinacol increases, both as expected 
from a changc from a polar to a s.e.t. mcchanism. 

The ketyl intermediates in the MeMgRr-PhCOC,H,Me-o reaction were identified 
by c.s.r. spectroscopy". Many other stablc ketyls generated from hindered ketones 
havc been detected'"."".'" by c.s.r. and visiblc spectroscopy, including the ketyls from 
reactions of 2,4,6-Me3C,H2COPh with PhMgBr and of 2,3,5,6-Me4C,HCOC,H4Y 
(Y =OMe or CN) with RMgCI (R=Bu '  or PhCHJ in thf. 

As shown in Scheme 2, free radicals, R', derived from RMgX can be formed. 
Their presence can bc inferrcd from the products, e.g. Bu'Me obtained4" from 
rcaction of Bu'CH,MgCl and Ph,CO. Apart from thc very stablc R'=Ph,C', de- 
tccted,' in t h c  reaction of Ph,CMgCI and Ph2C0, thcse radicals normally have too 
short a lifetime to be dircctly detected by c.s.r spcctroscopy. However, their role in 
the rcaction schemc can be indicated by CIDNP, c.6- as shown"' in the products, 

TABLE 2. Products of reaction of the Grignard reagent from methyl bromide and o-  
mcthylhenzophenone in ether"" 

Ratio of 1,2-Addition Reduction 
[MeMgBr] : product: Pinacol: product: 
[ketonc] PhC(Me)(OH)- (-C(Ph)(OH)- PhCH(0H)- 
(moI I - ' )  MR C,H~MC-O C,H,Me-o)' C,H,Mc-o 

0.01 : 1 Doubly 100 

1.5: 1.5 Doubly 100 

1.5 :KO15 Doubly s9.5 

1.5 : 0.00375 Doubly 62 

1.5 :0.001SS Doubly 40 

1 .S : 0.00 1 SS Mg jirade 55 

sublimed 

sublimed 

sublimcd 

subIimccf 

sublimed 

turninss 
I .S : 0.0(118S Single crystal 99.5 

0 

0 

1.5 

2 

4 

1 S.5 

0 

~~ 

0 

0 

9 

36 

56 

S 

0.5 
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room temp Ph,COMgX H2C=CNCH2CH2CMe2CH2MgC1 + Ph2C0 

etc. 

R = 3,3-dimethylcyclopr.ntyl 
Ph,c.-OMgX, [ CHZR ] PhzC(OMgX)CH2R 

SCHEME 4 

Mc,C=CHz and Mc,CH, from reactions of equimolar Bu'MgBr and PhCOPh in 
dmc, as well as among the  products of reactions of Bu'MgCl and PhCHO. The 
cyclised products formed43 in reactions of thc primary Grignard, 
H2C=CH(CH2)2CM~2CH2MgCI, and of the tertiary Grignard, 
H2C=CH(CH2),CMe2MgCI, with PhzCO also point to radical intermediates and 
hcncc to s.e.t. mechanisms even for primary Grignard reagents, e.g. Scheme 4. 

The reaction of isomeric 2-norbornylrnagnesium bromides and H 2 C 0  proceeds with 
retention of configuration, evcn in the presence of 5% FECI,. It would thus appear 
that the s.e.t. mechanism does not apply in reactions of simple aliphatic 
Ashby et have shown that addition of salts can lead to a significant rate 
enhancement in R2Mg-R:C0 reactions; LiCIO, is particularly effectivc. In addition a 
MeLi-LiCuMe, combination is about 10' times more effective than McLi alone45. 

b. Mechanism of orgariolithiurii additions to ketones. One area of study of or- 
ganolithium additions to ketoncs has bccn concerned with establishing thc aggrcga- 
tion state of the activc organomctallic spccics. Methyllithium is tetrameric in diethyl 
ethcr solution. Smith et ul.", however, reportcd that reaction between (McLi), and 
2,4-dimcthyl-4'-(methylthio)benzophenone in EtzO was first ordcr in ketonc and onc 
quarter order in methyl-lithium. This indicates that thc reaction proceeds with 
monomeric mcthyllithium. 

(MeLi), F==== 4MeLi 

MeLi + ArCOAr' - products (13) 

Anothcr study in bcnzene solution involved butyllithium (hexameric) and 1)- 
MeSC,H,COMe. T h e  reaction rate increased rapidly as the concentration of butyl- 
lithium was incrcased from 0.014 to 0.1 M, but beyond 0.1 M the  rate rcmained 
fairly constant. While this could be interpreted as indicating active BuLi monomers, 
an altcrnativc explanation involving a complexcd hcxanier, e.g. (BuLi),.O=CArR, 
could not be dismissed4'. 

The arrangements of groups in the transition state has also been investigatcd. The 
major rotamcr obtained from reaction of o-tolyllithium and Buf2C0 was found4' to 
be antiplanar (ap); it was assumed that this is consistent with a four-centrcd 
transition state having the o-tolyl ring in the same plane as the carbonyl group and 
bisecting the Bu'-C-BU' angle. T h e  alternative route to Bd2C(C<.H4Me-o)OH 

Bu',CO+ o-MeC<,HrL 
c - z o  

Me I\ 
Bu' Bu' 
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using Bu'COC6HJMe-o and Bu'Li provides the  sp rotamer. In the latter case, the 
dihcdral angle between the carbonyl group and o-tolyl ring is 40" with the carbonyl 
group being close to the o-methyl group. 

Bur Li + Bu'COC,H,Me-o __t 

c. Mechanism of organoaluminium additions to Triorganoaluminiums 
are monomeric in polar solvents (e.g. Et,O) and exist as monomers and dimers in 
benzene solution. 

The  benzophenone-Me3Al reaction in Et10 solution was established as bcing first 
order in each component. An intermediate complex, Ph2C0 : AIMe3 could be de- 
tected by U.V. However, in benzene solution, the reaction rate was considerably 
increased as the concentration of Me3AI increased from a 1 : 1 to a 2: 1 
Me,AI : Ph2C0 ratio. Both Me3AI molecules were involved in the transition (Scheme 
5). Additions of salts, such as LiX (X = C104, Br, I, or OBu') and MX (N = Na, K, or 
Bu,N; X = halide), lead to rate reductions as a consequence of complexation with the 
k c t ~ n e ~ ~ . ~ " .  

3. Stereochemical considerations 

The addition of achiral organometallic reagents to asymmetric aldehydes and ketones 
has been a major area of interest. Both 1,2- and 1,3-asymrnetric inductions (resulting 
from chiral centres at  carbons a and & respectively, to thc carbonyl centre) have 
been realizeds1. In many cases, racemic materials rather than chiral carbonyl com- 
pounds have been used; these lead to (RS, SR) and (RR, S S )  diastereomeric mix- 
tures with basically the same information being gained. Considerable efforts have 
been spent on establishing models and experimental conditions for asymmetric 
induction. Almost all theories concerning nucleophile attack on carbonyl compounds 
consider attack t o  occur orthogonally to the plane of the carbonyl compound; 
however, see ref. 52 for a differing view. Both steric and polar effects appear to be 
import ant. 

a. Acyclic compounds: 1,2-asymmetn'c syntheses. One of the earliest and more 
important aids in predicting the stereochemical course (i.e. the 1,2-asymmetric 
induction) in carbonyl additions was Cram's rule53. This indicated 'that in kinetically 
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Favoured pathway 
S ,  M, and L refer to small, medium, and  large groups 

SCHEME 6 

controlled reactions the diastereomer will dominate which would b e  formed by the  
approach of the  entering nucleophile from the lcss hindered side of t h e  C=O bond 
when t h e  rotational configuration of the  C-C bond is such that the  double bond  is 
flanked by the  two least hindered bulky groups, e.g. Rs and RM in Scheme 6 ,  
attached to the  asymmetric centres'. These reactions will have open transition states 
[open model]. A n  examples4 is given in equation 16. 

(1) (2) 
Rs=Me, RM=Et, RL,=Ph 

R '=Me,  RM=EtLi 
R1=Et ,  RM=MeLi 

[ l ]  : [2]=2.3 : 1 

111 : [2]=10.0 : 1 

When a good donor group such as NR2, or OR is present the situation may  be 
altered as a consequence of the additional complexation between RM and the donor 
group, e .g .  Scheme 7 and  equations 17 and 18. In  these cases a cyclic transition s ta te  
occurs [cyclic model]. 

R'O ,OM \ &  - ,\C-cC1,R 
R L &  \ R~ 

Rs R L  
R' 

Favoured pathway 

SCHEME 7 

(3) 
R'=Me. R=Ph 131 : [41=7 : 1 
R 1 = P h , R = M e  131 : [ 4 ) = l l  : 1 
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(5) 
M=MgX 
M=Li [5] : 16]=90 : 10 
M=Na [S] : [6]=75 : 25 

[5] : [6J=83 : 17 

Examples with neighbouring amino groups have recently been rcported by Lattes 
and coworkers5', equation 19. The (RR + SS) diastereoisomer is favoured in benzene 

(19) RNMeCHMeCOMc - RNMeCHMeC(0H)R'Me 

solution, in which a cyclic transition statc occurs. In contrast in the more powerful 
coordinating solvents, c.g. thf and NEt,, t h e  (RS + SR) diastercomer dominates. In 
the latter case the solvent successfully competes with the built-in donor group for the 
magnesium and an open transition state results, see 7 and 8. 

(I) R1Mp.X 

(11) H 2 0  
(RR + SS) and (RS + SR) 

'Mg' / 

\N/If R' H\C/ Me Mg-. 

/ 0 J,,... \ / \ / O P  
1ll.IJor c' 

Me/'-C LH I1 Hy RIP/  7. ~1 

Me minor 
R I d r  Me ' ,Mg\ 

soh  ated 

As expectcd from t h e  cyclic model, reaction of cyclo-C,H1 ,NMeCHMeCOMe and 
PhMgBr in benzene produces more ( R R  + SS)-cyclo-C6H,,NMeCHMeC(OH)PhMe, 
whereas from the cyclo-C6H, , NMeCHh4eCOPh-MeMgBr reaction the major dia- 
stereomer is the ( R S  + SR) form. Many othcr examples of similar compounds are to 
be found in ref. 51. Factors which influence the  stereochemistry of thcse reactions of 
carbonyl compounds, containing donor groups, are thc donor ability of the group, 
the halide associated with the Grignard reagent, and the presence of salts such as 
MgBrz (which favours the cyclic model) as wcll as t h e  solvcnt. 

Highly polarizable groups, such as halogens, can lead to differcnt situations. It has 
been proposed that when a halogen is at the asymmetric centre, the important 

(7) cyclic (8) open 

6- 
R s, 0 
3 A+/ /  

R L ~ C - C  
/ \  "c1 R '  

+RM 

Favoured pathway 

SCHEME 8 
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conformation in the addition reaction is the trans dipolar one [dipolar model]'", 
Scheme 8 and equation 20. 

(9) (10) 
RL=Bu; RM=EtMgBr 191 : [101=70 : 30 
RL=Et; RM=BuMgBr mainly 191 

A useful discussion of the application of the various models has been made by 
Morrison and Mosher". Clearly the extent of the 1 ,Zasymmetric induction depends 
on the differences in the steric bulk of the groups at the chiral centre. Designation of 
the groups as Rs, RM, and R1_ is not completely straightforward. For the purpose of 
using such models, phenyl is considered larger than alkyl groups, including PhCH2 
and Pr' and probably But also. Temperature, reagents, and solvents are factors which 
also influence the stereoselectivity. 

Modifications of Cram's rule and other developments have been subsequently 
made by  Karabatsoss9, Felkin and coworkers"", and Perez-Ossorio and co-workers6', 
among others. There arc an infinite number of conformations of an enantiomer of 
RSRMRLCCOR'. Cram considered one  having staggered carbonyl and eclipsed R 
groups. T h e  approach of Karabatsos, a semi-empirical treatment, made the assump- 
tions (i) that little bond breaking and making occurred in the transition state, i.e. the 
transition state is reactant-like with eclipsed carbonyl and staggered R,  and (ii) the 
diastereomeric transition states that control product stereospecificity have the smal- 
lest group, Rs, closest to the incoming reagent group. The  Felkin approach made the 
assumptions (i) the transition states are reactant like, (ii) torsional strain (Pitzer 
strain) invclving partial bonds in transition states represents a substantial fraction of 
the strain between fully formed bonds, even when the degree of bonding is low, (iii) 
the important transition state interactions involve RM (the entering reagent group) 
and R' (the achiral group attached to the carbonyl carbon) rather than the interaction 
of t h e  group o n  the chiral centre with the carbonyl oxygen (as  envisaged by both 
Cram and Karabatsos), and (iv) polar effects stabilize those transition states in which 
the separation between R and the electronegative groups (RL, RM and R,) is greatest 
and destabilize others. These assumptions lead to a conformation in which all groups 
are staggered. Perez-Ossorio and coworkers also Considered reactant-!ike transition 
states. However they considered all possible (Karabatsos-like) conformers and 
calculated fcr each conformer the molar ratio of carbinol products. The overall 
stereoselectivity was based on the summation from each conformer. All transition 
states were considered ab initio but the evaluation of their differential energy 
contents involved a posteriori selection. Figure 1 illustrates typical transition state 
arrangemcnts for each of the three approaches. 

These approaches, particularly that of Perez-Ossorio and coworkers, have been 
successfully used with reactions"' such as those of RCHMeCHO(R= 
Bu', Ph or PhCH,) and PhCHMeCOMe, e.g. equation 21. 

PhCHMcCPhHOH (21) 
( 8 )  E1,O 

PhCHMeCHO + PhMgBr , i i )  t,20 

7S0/0 (RS + S R )  + 22% ( R R  + S S )  

The Perez-Ossorio approach predicted 62% ( R S  + S R ) ;  the three most favoured 
transition state conformations are 11-13. 
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FIGURE 1 .  Angles in transition states. 

c L a 4  
KarabatsosS9 0 90 30 
Fel kin6' 30 90 60 
Perez-Ossorio"' 15 90 45 

cph' Me 

T h e  Karabatsos and Felkin approaches considered just 11 and 12, respectively. 
However success was not met with the alkyl aryl ketones, PhCHMeCOC$&X-p. For 
reactions of these compounds, four-centre transition states were considered with 
considerable metal-oxygen coordination. This  resulted in deviations from reactant- 
like transition states to give tetrahedraI ra ther  than trigonal geometry. Hence  the 
model does not work that well"4. 

b. Acyclic compounds: 1,3-asymnzetric inductioiu. There are  various known 1,3- 
asymmetric inductions, i.e. with the asymmetric centre to the carbonyl group, e.g. 
equations 22 and 23. T h e   example^"^.‘^ also include carbonyls having polar groups. 

> Bu'CHPhCH2CHPhOH (22)62 
BulCmhCH2CH0 ( i )  PhMaBr.30°C.Et,00r Ihf 

( i i )  H 2 0  

68% (RS + S R )  -+ 32% (RR + S S )  

(14) (15) 

R ' = M c ,  R = P h ,  T = - l l O ° C  [(14)]:[(15)]=83: 17 
R '=Ph ,  R = M c ,  T=-78"C [( 14)] : [( 191 = 59 : 41 

c.  AlicycIic conipoundsr*"'. In Tables 3 and  4 are listed the stereochemical rcsults fo r  
addition of organometallics to cyclic ketones. T h e  problem of the stereochemistry of 
additions to cycloaIkanones has attracted much attention. One  of the most frequently 
studied cycloaikanones is 4-tert-butylcyclohexane (16). T w o  factors or two different 

axial attack 

equational attack 
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TABLE 3. Stereochemistry of reactions of organomctallics, RM, with 4-tet-t- 
butylcyclohexanone 

Bu' &o,s,RM (181 - 1l*O Ru' &R 4- Bu' 

Axial Equarorial 
alcohol alcohol 

233 

RM 
Solvcnt Axial Equatorial 
conditions alcohol alcohol Ref, 

MeLi 
MeLi + Me,NI 
MeLi + LiBr 
MeLi + LiI 
MeLi + LiCIO, 
McLi + LiCuMe, 
MeLi + LiCuMc, 

L 

n -C,I-I ,,Li 
BulLi 

Cx" Li 

PhLi 
Me,Mr: 

Pr,Mg 
Me,Mg + LiCIO, 

MeMgI 
MeMgBr 

MeMgCl 
MeMgOPr' 
EtMgBr 
Pr' MgBr 
Bu'MgBr 
PhMgBr 
Mc,AI 
[Me,AI : R,CO = 1 : 1 1  
[Mc,Al : R,CO = 3 : 13 
[Me,AI : R,CO = 1 : 13 
[Me,AI : R,CO = 2: 13 
[Mc3Al: R,CO = 3 : 11 
Ph,AI 
[Ph,Al : R,CO = 1 : 1 

[Ph,AI : R,CO = 1 : 11 
[Ph,AI : R,CO = 2 : 13 
[Ph,AI: R,CO = 4: 11 
McMgI + CdCI, 
Me,Cd + MgBr, 

(or 3: I)] 

Et,O 
Et,O, 2 h, -78°C 
Et,O, 2 h, -78 "C 
Et,O, 2 h, -78 "C 
Et,O, 2 h ,  -78°C 
Et,O, 2 h, -78 "C 
thf 
PhH-C,H 
E t20 ,  2 h, -78 "C 

G H , ,  { thf 
tmcd 

Et,O 

{ 2: 

{%) 

Et,O, 2 h, -78 "C 
Et,O 
Et,O 

Et,O 
Et,O 
Et,O 
Et,O 
Et,O 
Et,O 

Et,O 
PhH 
PhH 
PhH 

Et2O 

Et,O 
PhH 
PhH 
PhH 
Et,O 
Et,O 

65 
70 
76 
81 
92 
93 
65 
75 

100 

100 
82 

49 
40 
58 

58 
62 
76 
65 
75 
53 
60 
62 
59 
79 
71 
82 

100 
49 

85 
87 
76 
17 
1 2 

44 
51 
27 

8 
38 
49 

35 
30 
24 
19 
8 
7 

35 
25 
0 

0 
18 

51 
60 
42 

42 
38 
24 
35 
25 
47 
40 
38 
41 
21 
29 
18 
0 

51 

15 
13 
24 
83 
88 

56 
49 
73 
92 
62 
51 

64 
46 
46 
46 
46 
46 
46 
64 
46 

65 
65 

65 
65 
65 

64 
64 
64 
46 
64 
64 
64 
64 
64 
64 
64 
64 
13 
64 

64 
64 
64 
64 
64 

64 
64 
64 
64 
64 
64 
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TABLE 3. Continued 

Bu' &o~,) ( i l l  - c 1 * 0  RM Bu' &R + Bu' 
Axid Equatorial 

alcohol alcohol 

RM 

LiMgMe, 
MeLiBMe, 
LiAIMc, 
CH,=CH CH ,Li 
CH,=CHCH,Na 
CH,==CHCH,K 
(CH,=CHCH,),Mg 
CH,=CHCH,MgBr 

(CH,=CHCH,),Zn 
CH2=CHCH,ZnRr 
CH,=CHCH,BR, 
CH,=CHCH,AIBr, 
Bu,SnCH,CH=CH, 
EtO,CCH,Li 

EtO,CCH,AlBr, 
EtO,CCH,ZnBr 

Solvent 
conditions 

Et,O 
PhH 
Et,O 
thf, -20°C 
thf, -20°C 
thf, -20°C 

thf, 50°C 
Et,O, -40°C 
Et,O, 0°C 
Et,O, 35°C 
Et,O, refluxing 
Et,O 
thf, 50°C 
Et,O, refluxing 
thf, 50°C 

Et,O 

n-CSH12, 60 "C 
ri-C,H 12-hrnpt 

Et,O, 35°C 
(MeO),CH,, 0 "C 
(MeO),CH,-dmso 

(40 : 60), -60 "C 

(3:1), 0°C 

Axial 
alcohol 

69 
70 
42 
35 
35 
37 
44 
45 
46.7 
48.5 
50.3 
54.3 
84 
85 
54.8 
68 
92 
63 

46 
41 
57 
33 

Equatorial 
alcohol Ref. 

31 64 
30 64 
58 64 
65 66 
65 66 
63 66 
56 64 
55 66 
53.3 6 
51.5 6 
49.7 6 
45.7 6 
16 64 
15 66 
45.2 6 
32 66 

8 22 
37 67 

54 67 
59 67 
43 67 
67 67 

TABLE 4. Products of reactions of methyllithium with cycloal- 
kanones in ether"" 

( i i )  H 2 0  

YO rruns or 
Ketone erido alcohol 

4-ferr -Butylcyclohexanonc 
3-kIet h ylcyclohexanonc 
3-ierl -Butylcyclohexanone 
2-Met hglcyclohexanonc 
3, j  ,j-Trinietliylcyclohexanone 
2-Met hylcyclopcntanone 
2,5-Dimethylcyclopentanonc 
2,5,5-Trimet h ylcyclopentanone 
2,4,4-Trimct~ylperit~inone 
Bicyclo[2.2.1]heptan-2-one 
1 -Methylbicyclo[2.2.l]heptan-2-one 
1,7,7-Trirnethylbicyclo[2.2.l]heptan-2-one 

3s 
66 
78.5 
16 
99.7 
33 
11.6 
3 

67 
99.3 
98 
2 
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interactions must b e  involved. O n e  factor directs the nucleophile into the axial 
position. It appears that there is general agreement that if t h e  reaction has an early, 
i.e. reactant-like, transition State, the steric strain between t h e  nucleophile and the  
C(3) and CW axial hydrogens destabilizes the axial transition state and so directs the 
nucleophile into the equatorial position. However, another (non-steric) factor coun- 
ters this to give axial attack. Suggestions as to the nature of this influence have 
included thermodynamic stability and frontier orbitals. Two approaches that have 
gained much a ~ c e p t a n c e " ~ . ~ '  have been (i) that the equatorial transition state is 
actually more destabilized than the axial o n e  by torsional strain: in the equatorial 
attack, the incipient bond is eclipsing the axial C(2)- and C(,,-hydrogen bonds (a 
destablizing interaction)"' and (ii) that the axial transition state is stabilized b y  
interaction with the antibonding orbitals (u*) orbitals of the axial C(2)- and c(6)- 

hydrogen bonds7'. 
However, a more recent approach b y  Cieplak" has a different rationalization, 

namely that the axial attack is favoured by electron donation from the cyclohexanone 
crcc and crcI.l bonds into the low-lying vacant orbitals cr$ associated with the cr-bond 
being formed in the reaction. Consequently, nucleophile structure, metal cation 
complexing the carbonyl oxygen, solvent, and counter ions or other solutes may 
influence the stereoselectivity of thc reaction by changes in C(o-2) .  Electron- 
withdrawing substituents in the nucleophile should lower C ( a 2 )  and so favour axial 
attack. Donation by solvent o r  solute, such as LiX, will increase the cr; energy level 
and should thus lead to an increase in the relative yield of t h e  product of equatorial 
attack. As seen from entries in the Tables 3 and 4, changes in the stereoselectivity 
are brought about changes in nucleophile, counter ion, etc. 

GaudemarGG has accounted for the stereochemical results of reaction of allylic 
organometallics with 4-fert-butylcyclohexanone in terms of t h e  hardness and softness 
of the nucleophiles. It has been argued that hard nucleophiles, if steric effects are not 
too significant, will attack in a n  axial direction, i.e. under change control. This attack 
is governed by the disymmetry of the LUMO. Soft nucleophiles will be under orbital 
control and for these, equatorial attack is preferred. Hence allylic alkali metal 
compounds, which are  hard nucleophiles, give mainly the equatorial alcohol via axial 
attack, whereas CH2=CHCH2ZnBr, a soft nucleophile, provides mainly the axial 
alcohol (see Table 3). 

Other cycloalkanones can be similarly discussed. 2-Methylcyclohexanone is at- 
tacked from the equatorial side to a much larger extent than is 4-[err-butyl cyclohex- 
anone; 2-, 3-,  and 4-methylcyclohexanones with organo-alkali metal compounds 
indicate clearly the loss of the influence of a substituent as it becomes more remote 
from the reaction site. With 3,3,5-trimethylcyclohexanone, 100°/~ equatorial attack 
occurs; camphor also provides a single product, the exo alcohol. 

d. Asymtnetn'c sytdiesis using chiral [igarids. A variety of chiral ligands has been 
used in asymmetric additions of organometallics, in particular RLi and RMgX, to 
carbonyl compounds. Recent ~ x a m p l c s ~ ~ - ~ ~  of ligarids are (T?S,2'S)-2-hydroxymethyl- 
1-[( l-alkylpyrrolin-2-yl)methyl]pyrrolidines7*, e.g. 17, ( - )-1,2,3,4-(MeO),butane, 
( - )-1,4-(MeO)Z-N,N,N',N'-Me,-butane-2,3-diamine73, and compounds such as 18, 
19, 20, and 21. cN>":_i Me, M~/~-O<~''' 

0- /Me N I 
Me 'Me 

OH Me-N 
(17)" / 

Me (18)'' 
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(19)74 

(20174 

Particularly good optical yields have been achieved using 19 (up to 92% e.e.) and 
17 (up to 95% e.e.), see Schemes 9 and 10. There are considerable solvent effects. 

Using 19 and 20, it was found that thc optical yields are greater (i) with reactants 
with higher steric requirements, (ii) the more highly shaped and sterically confining the 
catalyst, and (iii) using PhCHO rather than BuCHO. In many cases, it was found that 
the lower the temperature, the higher were the optical yields. 

SCHEME 9 
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(il (R.R)-W. Et20. -120°C 

(li) HzO (R)-PhCBuHOH 
92% e.e. 

BuLi + PhCHO 

(i) (2S.25)-17, (Me0)2CHz-Me20. -123 OC 

(ii) H 2 0  > (S)-PhCBuHOH 
95% e.e. 

(i) Li sdt of (2S.2.S)-17, PhMe. -110°C. 1 h 
BuzMg + PhCHO (ii) H20 ' (R)-PhCBuHOH 

88% e.e. 

' (S)-PhCBuHOH 
( i )  (R.R)-19. Et,O. -120°C 

PhLi + BuCHO (ii) HZO 

47% e.e. 

SCHEME 10 

e. Stereochemistry of allylic-metal compound additions to aldehydes. For certain 
allyl derivatives, (e.g. of tin'".'' (equation 24), boron (equation 25), and aluminium7" 
(equation 26), additions to aldehydes are both highly stereoselective (or even 
stereospecific) and regiospecific reactions. ( E )  and (2)-allyl-metal compounds produce 
threo and erythro products, respectively; complete allylic rearrangement occurs; (2)- 
and (E)-mixtures can also react stereospecifically. 

( i )  20 "C 10 h Me$:: + H$Me (24)Is 
ChCCHO + Bu3SnCHrCH = CHCHMe - 

CI3C H K  H 
CF=CHI CH=CH? (z) : (E)=90 : 10 

rhreo : errhro =90 : I0 

For simple ally1 derivatives (e .g .  crotyl) of lithium7', magnesium7', zinc7", or 
cadmium7' and for some allyl-boron derivatives", of unknown geometry, the 
stereoselectivity is poor; however, the stereoselectivity increases slightly as the steric 
bulk of the substituents on the allyl group increases. 
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It is gencrally accepted that these highly stereosclective reactions proceed via a 
cyclic transition state (22) in which the metal cation can interact with the oxygen of 
the carbonyl group. 

It has been shown more recently that in the presence of a Lewis acid, e.g. BF,, 
high yields of erythro products result from either (Z)- or (E)-crotyltin derivatives'". 
Clearly, the presence of BF, alters the mechanism 

( i )  PhC!lO.LW, 
PhCHOHCHMeCH=CH2 (27) 

erythro : threo = 96 : 4 
( r i )  H30'  

Bu3SnCH2CH=CHMe 

(Z)  : ( E )  = 40 : 60 

and non-cyclic transition states must occur with no tin-carbony1 oxygen interaction, e.g. 
23 and 24. Of interest the greater affinity of silicon for oxygen apparently results in 

0.. .... I 
.'.. M 

(22) 

cyclic transition states in 
Lcwis acid catalyst such 
using allylic boronatcs'", 

relatcd organo-silicon reactions even in the prcsence of a 
as TiCI,. Tlzreo-selective reactions havc also been found 
e.g. equation 28. 

Li + R=Ph : thrw : crt/iro=82 : 18 

(25)  

It has to be emphasized that simple allylic-lithiums and -magnesiums do not react 
stereospecifically, e.g. 25 in the absence of BF, gives a 1 : 1 threo: erythro product 
mixture. More rigid allyl-lithiums, such as 26, however, can react*' stereoselectively, 
equation 29; the (Z)-isomers react more stereoselectively than do the (E)-isomers. 
Changing the countcr ion to magnesium (or zinc) makes little difference. 

PhhOH 

(27) 

OH 
(28) 

Overall yield 85% 
1271 : [28]:=1 : 9 
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4. Reversible additions 

A number of additions to carbonyl compounds have been shown to be 
revcrsible82-"s, especially those involving stable carbanions. This is particularly so for  
metal allyls (e.g. metal=magnesium, zinc, lithium or tin). In equation 30 as the 
reaction time and temperature increase, so the amount of 29, the thermodynamic 
product, increases at the expense of 30, the  kinetic product. A cross-over experiment 

MC,C=CHCH~M + Pri2C=0 G====== CHI = CHCMe,CPr',OM 
(30) 

+ Me2C=CHCH2CPri20M (30) 
(29) 

M=MgX,  ZnBr, or Li 

of two alkoxides has also been performed, equation 31. The exchanges clearly arise 
from the reformation of ketones and al lyl-Grignard~~~.  Other reversible reactions 
have been shown with Grignards from propargylic halidesR6 and 2-Li-2-phenyl-13- 
dithiane6'. 

I 
OMgBr OMgBr 

I I 

I I I I 

OMgBr PMgBr  

A. thf > But-C-Pr' + But-C-Pr' B ut -C-Pr' + B u -C-B u ' 

CH2CH=CHMe CH2=CH-CHz MeCHCH=CH, CH2CH=CH2 

OMgBr 

+ But-C-Bu' 
I 

I 
CH2CH=CHMe 

( Z )  or (a 
5. Reductionss7 

As indicated earlier, reductions of carbonyls by alkyl-metals can occur if 0- 
hydrogens are present. Although this topic is outside the scope of this chapter, 
some space is given t o  it here since i t  is a frequently met side-reaction in Grignard 
reactions with carbonyl species. The  usually accepted view is that reduction occurs via 
six-membered cyclic transition states and that appreciable C-H bond stretching 
occurs in  the rate-determining step. Hydrogen isotope effects, k b J k D ,  have been 
measured, e.g. k , , / k ,  = 2 for reduction of p-MeSC6H,COMe by cyclopentyl- and 
2,2,5,5,5-D4-cyclopcntyl-Grignards in Et203' and k H / k D  = 1.46 for reduction of 
Ph,CO by iso-butyl Grignards in Et2OS8. 

The Grignard reagent from 2-exo-chloro-3-exo-deuterionorbornane is a mixture 
of exo- and endo-isomers. Using this isomeric mixture in reaction with PhzCO in 
EtzO solution, it was concluded that reduction proceeded via cis-exo-eliminative 
transfer of D and MgCI, since only the exo-Grignard reacted and that deuterium 
transfer had occurred". FauvergucY" had earlier reported that the reduction of 
Pr' COPh with the Grignard reagent from a -exo-deuterioisobornyl chloride pro- 
ceeded with preferential but not total transfer of deuterium; cis-exo-elimination of D 
and MgCl was the major component with a minor contribution from cis-endo- 
transfer. 

Ashby most recently produced the first direct evidence for the involvement of an 



240 J. L. Wardell and E. S. Paterson 

s.e.t. mechanism in reduction of diary1 ketones by primary, secondary, or tertiary 
Grignard reagents". Asymmetric reduction of ArCOR has been achieved using 
Grignards with chiral centresg2 at the 6-carbon, e.g. using Ar'CH(Et)CH2MgCI, 
PhCHDCD2MgBr or MeCH2CMeHCH2MgC1. Evidence has been provided to show 
that small quantities of magnesium hydride are also obtained in the preparation of 
Grignards and that such species may lead to reduction of carbonyls, see Table 2. 

6. Oxophilic additions 

Addition of the organic part of an organometallic compound to the oxygen of 
certain carbonyl groups has also been reported. Such reactions (oxophilic reactions) 

with ph~nanthraquinone'~.'~, tetraphenylcycl~pentadienone~~, and quinol acetatcs'" 
provide ethers. While phenanthraquinone reacts with vinyl- and phenyl-magncsium 
halides [to give 9-vinyloxy- and 9-phenyloxy- 10-hydroxy-9,lO-dihydrophenanthrenes 
as well as the normal (carbophilic) addition products, e.g. equation 331, reactions 
with vinylic lithium compounds, as well as methyl- and ethyl-magnesium bromide, 
occur solely to give the carbophilic product, e.g. equation 34. 

9,lO-Phenanthraquinone 

(i) CFI2=CHMil3r(&q).ihf 
( i i )  H20 > 9,10-dihydroxy-9,lO-divinyl-9,10-dihydrophenanthrene 

22% 

+ 9-vinyloxy-lO-hydroxy-9,10-dihydrophenanthrenc (33) 

43 yo 

9,lO-Phenanthraquinone 

( i )  C I  1,Ck I = C I  11i . t I i f  

( i i )  H 2 0  7 9,10-dihydroxy-9,10-di(prop-l -enyl)-9,1O-dihydrophenanthrene 

6 3 (34) 

There is predcminant retention of the geometry of the organic group on  oxophilic 
addition to phenanthraquinone. This rules out a predominant reaction via free 
radicals but does not distinguish between mechanisms involving a caged radical and 
direct nucleophilic addition. T h e  latter process was preferredQ4 for addition of vinylic 
magnesium halides to phenanthraquinone. 

However, one-electron transfer is considered to occur in oxophilic addition to 
quinol acetates, c.g. equation 35'"" and Scheme 11. 

Oxophilic additions occur in reaction" of Bu'MgCI (but not, however, of vinyl- 
lithium)" to tetraphenylcyclopentadiene. 

Hcterophilic reactions have been reported much more frequently with C=S 
bonded compounds (see Section III.B), and to a much rcduced extent with C=N. 
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1 -Bu' 0-2,4,6-Me,C,H2 
(15%) 

+ 
( I )  -Bu'L1 

-P ( i i )  H20 1-HO-3-Bu'-2,4,6-Me,C6H (35) 
( < O .  1 %) 

+ 
1 -HO-2,4,6-Me3C,H, 

(85 %) R. 
+MOrCMe 

M e V e  OCOMe ----) KM h 4 e e M e  + 1-RO-2,4,6-Me,C,H2 

1 -HO-2,4,6-Me,C,H2 1 -HO-3-R-2,4,6-Me3C,H 

SCHEME 1 1  

B. Reactions with Carboxylic Acids, Esters, and Related Carbonyl 
Compounds 

Reactions of organic derivatives of the more electropositive main group elements, 
in particular lithium, magnesium, zinc, cadmium, and aluminium, with carboxylic 
acids and their derivatives, e.g. esters, anhydrides, acyl chlorides, and amidcs, as well 
as ketenes and isocyanates, have bcen variously reported"'. Enolizations and reduc- 
tions, as well as other side reactions may complicate matters but these reactions 
constitute useful syntheses of carbonyl  compound^^^^'" (ketones or aldehydes) and 
carbinols (secondary or tertiary); some examples are shown in Table 5. The general 
scheme for these reactions of acyl derivatives is given in Scheme 12. The initial step 
(step i) is a 1,2-addition to give RR'CX(OM), hydrolysis of which provides a ketone 
(or aldehyde), R R C O ;  if a subsequent and further addition of R'M proceeds then 
RR;COM is obtained. This will give the tertiary (or secondary) alcohol, RRiCOH, 
on hydrolysis. Whether a carbinol or  carbonyl compound is formed depends on 
several factors; these include (i) the leaving group ability of X, (ii) steric hindrance, 
(iii) the temperature, (iv) the molar ratio of the reactants, (v) solvent, and 
(vi) thc hydrolytic conditions. 

H,O- 
RCOX+ R M  (i) R(R')(X)CO-, M' - R(R)(X)COH 

Spontaneous \ - Mx ~ - m x  

11 0' R M  
R(R,')COH & R(R,')CO-,M' - R(R')C=O 

X = OLi, C1, OR, OCOR, or  NRz 

SCHEME 12 
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The  poorer the leaving group ability of X, in t h e  acyl derivative RCOX, the 
greater is the chance of limiting the reaction to a single addition and hence to 
carbonyl formation. Compared with X = CI, O R  or OCOR, both X = NR'~4."9.100 
and O M  (M= MgX or Li)'xsl"l-lO" are poor leaving groups; indeed, X = NR; and 
X = O L i  are considered only to lcave on hydrolysis, i.e. RR'CNRg(0M) and 
RR'CN(OM):! (M = MgX or Li) are stable under the reaction conditions and do not 
break down spontaneously to  RR'C=O as do other RR'CXOM compounds (e.g. 
X = CI, O R ,  or OCOR"). Such stability of RRCNR;(OM) and RRC(OM)2 in the  
reaction mixture clearly prohibit any additional reactions. T h e y  d o  give R R C O  on 
hydrolysis. Compounds, PhCR(OLi)2 (R = Ph, p-MeC6H4, p-MeOC6H4) have been 
reported to be even stable in refluxing diethyl cther for 96 hIo2. Thus there have been 
a number of published routes to ketones (or aldehydes) from amides and salts of 
carboxylic acidsgR, see equations 36-38. 

I I,O 
p-MeC6H4COPh 

Et 0 A 
p -McC6H4C02Li + PhLi i61i 5 p-MeC6H4CPh(OLi)2 

69% (36)102 

(i) ihr.  0 "C 
2-PhCH=CHMgBr + HC02H - PhCH=CHCHO 

( E )  : ( Z )  = 89 : 1 1 ( E ) :  (2) = 87: 13 

67% overall yield 

( 3 7 Y  

(38) 
(1) I h f  

( 8 1 )  H 2 0  
RCON(Me)OMei BUM - RCOBu 

(1.5 equiv) 
R = cyclohexyl M = MgCl97% 

M = L i  94% 

There have been several  report^^"^.^^^ that all the  RLi should be destroyed o r  used 
u p  prior to hydrolysis in RC02Li-RLi reaction mixtures if high yields of RR'CO are 
required. It appears that RLi can survive the addition of water and is thereby able to 
react with the liberated RCOR' to givc the further addition product R,R'COLi. 
Good reagents for removing cxcess RLi prior to hydrolysis of the RR'C(0Li)- are 
aniline and HCH0In4. It appears better to use performed RC02Li rather than form 
it in situ from R C 0 2 H  and RLi, since somc RC02H may still survive to protonate 
the RRC(OLi),, and thercby form RR'CO'"'. 

For other leaving groups, X, the milder thc reaction conditions and the  greater the 
control of t h e  quantity of the organometallic, the better are thc prospects of 
obtaining good yields of RR'CO. Other factors leading to more R R C O  are greater 
steric hindrance1ns5."'h In . the reagents, sce equation 39 and 40, and use of NEt, and 
thf (equations 41 and 42)"" at least as part of the solvent system. Reaction 40 should 
be compared with the less hindered reaction 43. Esters in particular have found 
considerable use in  the syntheses of carbinols"'*. 

OMe OMc 0 

Bu'COZEt + Bu'Li * Bu'COBU' (40)lo6 
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thf. -78  "C 

PhMgX + PrCOCl PhCOPr 

71% 

RCOlMe + MeMgBr - RCOMe 
EIJN 

R = bicyclo[2.22]oct-l-yI 80 % 

(41)'07h 

(42)"" 

MeC0,Et + 2-Li-furan - (furyl),CMeOLi (43 ) 'OS 

94 % 

Scheme 13 indicates both mono- and di-additions of PhLi to phthalic anhydride. 
The mono-addition is favoured using 1 equivalent of PhLi whereas 2 equivalents of 
PhLi and a reverse addition favours the di-addition product"'". 

/ c  
\ PhLi. thf 4 

SCHEME 13 

Reactions 39-41 illustrate the formation of ketones from (i) hindered acyl chloride 
and orLganolithiums and (ii) using thf at low temperature. Particularly useful general 
procedures to ketones from acyl halides have been developed for organo- 
cadmium"", -zinc"' and -copper compounds"'. 

Isocyanates also react with organometaks,  e.g. o rgdno- l i th i~m~'~ ,  -magr~es ium~" '~  
(equation 44), - a l~min iu rn~ . "~  (cquation 45), -boron', -antimony', -indium, and 
gaIIium"' dcrivatives. 

R'MgX+ RNC=O - RN=C(R)OMgX H20 .RNHCOR (44)lI3 

Bu'NCO Et,AIOCEt=NBu' 

Et,AlN(Bu")CEt(O) 
Et3AI <-: Bu'NCO (45)lI4 

Kctenes, too, react with electropositive metal derivatives (e .g .  organo-li thi~ms".~ 
(equation 46)"", - m a g n c s i ~ m s ~ . ~  and -zincs"), as well as with derivatives of mer- 
c ~ r y ~ . ~ ' '  (equation 47) and 

(R3M)2C=C=0 + BuLi - (R3M),C=C(Bu)OLi ---+ (R3M)2CHCOBu 

(equation 48). 
l < t 0 1  I 

M=Si  or Ge 
(46)"" 
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RHgX+ CH2=C=0 - CH2=C(R)OHgX - CH3COR 
HX 

(47)'17 

R = fury1 or phenyl 

Me,Si%CNEt, + Ph2C=C=0 - Me3SiOC(=CPh2)C=CNEt2 
(48)"' 

Evidence for a set. mechanism in a hindered system has been obtained"". Russian 
workers have reported CIDNP effects in the reaction of Bu'MgCl and o-  
BrC6H4COCI in dme solution. 

6 8 '10 

C. Additions to Carbon Qxides 

7 .  Carbon suboxide (C&) insertions 

equations 49 and 50. 
O r g a n o l i t h i ~ m s ' ~ ~  and ~rganomagnesiums'"~ add to carbon suboxide as shown in 

2RLi + O=C=C=C=O A LiO(R)C=C=C=C(R)OLi H20 > RCOCH2COR 

(49)'3G 

R = Ph 60% 
R = BU 67% 

3RMgx + 3o=c=c=c=o - 3(R)LiOC=C=C=O H20 > 2,4,6-(RCO),-phloroglucinol 

(50)137 

R = Me or cyclohexyl 

2. Carbon monoxide insertions: carbonylations 

Reactions of CO have been reported with organ~-lithium""-'~' -magne~iurn '~~. ' '~ ,  
-zincI4, and as well zis with organo-mercu~y'~" reagents, if palladium 
compounds are also p r e ~ e n t ' ~ ~ - " ~ ) .  The initial products of reaction of CO with 
organolithiums, RLi (e.g R = P h  or Bu') appear to be the insertion  product^'^" 
RCOLi. Subsequent reactions depcnd on the conditions and other reagents present, 
e.g. diphenylalkylcarbinols (and acyloins) can bc easily formed by adding an alkyl 
bromide (R = Bu, Pr' or Bu') to  a solution of PhLi in thf at  -78 "C and exposing the 

(5 1) 
( i )  Ih1.-78"C 

(is) HzO 
PhLi + RBr + CO - PhzRCOH + PhCOC(0N)HPh 

C.S. R = Bu: 80% 15%. 
R = Bu' : 20% 38%. 

solution to a carbon monoxide atmosphere, equation 51. Other products may occur, 
e.g. when R = Bu' some Me,CHCPh,COBu' and Ph,CHOBu' are formed. Such 
complex product mixtures are unattractive features of these organolithium reactions. 
The mechanism for formation of PhzRCOH in equation 51 is shown in Scheme 14. 
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PhLi+CO PhCOLi 

Ph2C(R)OLi a PhCOR 

SCHEME 14 

Triphenylsilyl chloride has been uscd to trap Bu'COLi (as Bu'COS~M~,) '~ ' .  

(52) 
co Mc,SnCI 

Bu'Li ---+ Ru'COLi > Bu'COSiMe, 
16% 

In the absence of a trapping agent, a variety of products are obtained, see equation 
53; the particular yields depend"'" on the reaction conditions. Whitesides and 

> PhCOPh + PhCOCH2Ph2 + PhCOCH20H + PhLi ( I )  CO(1 dtm)/Et2O 

( 1 1 )  H 2 0  

+ PhCOCHOHCPh,OH + traces of PhCOOCPh + PhCOCOHPh, + PhCHOHPh 
(5  3) 

coworkers"" found spectral evidence for the intcrmcdiacy of the dilithium bcn- 
zophenone dianion, [Ph,C02-, 2Li ' 3 .  It appears that only derivatives of strongly 
basic anions react with CO, e . g .  Bu'Li, BuLi, MeLi, and cyclopropyllithium (as well 
as R2NLiI4' and dimsylsodium). In contrast, P h G C L i ,  B u G C L i ,  and CpLi do  not 
react with CO. 

Thc carbonylation of Grignard reagents is catalyscd by hmpt I", equation 54; the 
presence of a base (e.g. KOBu') appears neccssary for ~ a r b o n y l a t i o n ' ~ ~  of dialkyl- 
zincs, equation 55. 

> EtCOCHEt, (54) 
(,I co (SOP,,). hmpt ( 1  CQUl") 

(1,) H20 
EtMgBr 

3 6 O/o 

(55 )  
(i) KOHu'. 1 S "C 

( i i )  1 i 2 0  
BuzZn 1- CO (1 atm) - UuCHOHCOBu 

42 Yo 

Primary alkyl-Grignards normally produce RCOCHR2 derivatives; other or- 
ganomagnesium halidcs givc mainly thc acyloins, RCHOHCOR. The reactivity of 
RMgX decreases in thescquence R = primary group > see- or tert-group > aryl or aral kyl 
group. It has not becn found normally possible to trap RCOMgX (R = alkyl) since 
presumably it's further reactions are too fast; however, PhCOMgBr was trapped at 
0-5 "C as PIiCHO (20°/0), o n  hydrolysis. In addition, the reaction of BuMgBr with 
CO in ncat hmpt and in the presence of NaBH, gave the alcohol BuCH20H. Scheme 
15 was devised to account for the great variety of possiblc products in the  carbonyla- 
tion of Grignard reagents. Nickcl c o m p l c x c ~ ~ ~ ~  also have been used to catalysc the 
formation of R'COR' from thc reaction of R'MgX, CO and R2X. 

a. Carbonylation of organoboranes. With characteristic skill and enthusiasm, 
has devcloped the carbonylation of organoboranes into a serics of valuable 

organic syntheses. Trialkylboranes react with CO at high prcssure (or lower pressures 
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RMgX 

OMgX 

R C O M g X d  R-CMgX % RzCHOH 
i 
R 

mFJ I kO 

RCOCOMgX 

XMgO OMgX 
RMgX I 1  

RCOC-R - R-CH-CR 
I reducliiin I 
I I 

OMgX MgX 

R M s o : , A t i o "  y w g X  1- (MgXbO 

XMgO OMgX XMgO OMgX R , o w  
I I  I I  \ 

[RH]=C-CR R-C-C-R ,c= C.\ 
I I  
R MgX H R 

I 
MgX 

1 H20 1 -(XXIgj.O 1 H.0 

RCOCHOHR RrC=CROMgX RCHzCOR 

1H:O 

RzCHCOR 

SCHEME 15 

on heating, e-g. to 100-125 "C in diglyme) to  give the sequence of reactions shown in 
Scheme 16. All transfers of R groups from boron to carbon occur in an intramolecular 
manner. A modification involves carbonylation in the prcsence of (CH20H)2, equa- 
tion 56. 

R3COH (56) 
/O\ H2O2 , yH' NaOlI 

R,B+(CH2OH), A R3CB 

'O-CH2 

e-g. R = Me2CHCH2, 90% yield 

BR3+CO --+ R3BCO + 
R2BC - R 

1 1 1  

RC/B'O 

R2 

I I 

FU3-CR2 - [  \ I  0 

111 
R 

--+ [OBCR3] 

I l l  
CR3 

R2 R 

(31) (32) (33) 

2.5-diboradioxane boroxine 

SCHEME 16 
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Procedures have been devised to trap the intermediate species shown in Scheme 
16, e.g.  addition of hydroxide to thc carbonylation medium enables the 2,5- 
diboradioxane to be trapped, equation 57, whereas o n  addition of LiBH, the product 
from transfer of one R group is obtained, equation 58. 

(57) 
NaOH 

z (32) RB(OH),+ R2CHOH H20 
BR3 + CO 

RCHO 
(i) I - ~ D H , ~ O ~ L ~ A I H ( O M C ) ~ ~  

(ii) H 2 0  
BR,+CO - (31) 

T h e  groups transferred need not be the same, e.g. equation 59. 

RCOR' 
( i )  CO.H,O 

(ii) H ~ O ~ . N : I O E I . H ~ O  
RRiB 

e.g. R = cyclohexyl; R = MeEtCH, yield of RCOR = 66% 

In addition, cyclic ketones can be obtained, equation 60. 

(59) 

Me-CH-CH, , (i) CO.  1i20 

Btt ( i i )  Na202. NaOH. H,O' I 
3-methylcyclopentanone (60) 

49% 
I 

CH*-CH;! 

b. Palladium-cntalysed alkoxycarbonylations of organomercury compounds. 
Uncatalysed carbonylations of organomercury compounds require high pressures 
and temperatures and then only poor yields of products are Ethylmer- 
cury chloride is carbonylated at atmospheric pressure in the presence of palladium 
chloride to give a low yield of propionic acid o n  hydrolysis. Arylmercurials are also 
carbonylated at atmospheric pressure. The products of these reactions depend 
on the solvent and catalyst, for example, using PdC12, acid chlorides are formed 
in MeCN solution whereas esters are obtained in alcoholic The carbon 
ylations proceed stereospecifically as shown with cyclohexylmercury 
and ~inylmercurials '~~,  equation 61. 

> ( E)-RCH=CHC02R + Pd" + 2C1- + HC1 
Cl"iC1412-.C0. ROH 

--HcC12 
(E)-RCHECHHgCl 

(61) 

Divinyl and diary1 ketones have been formed from reaction of the appropriate 
organomercury salts and carbon monoxide at room temperature using [Rh(C02)2CI]2 
as catalyst"', equation 62. 

> [ ( E )  -RCH=CH]2CO (62) 
1 Kh(CO),Cll, 

1-iCl.room tcnip. 
(E)-RCHECHHgC1-t CO 

In all these reactions intermediate organopalladium compounds are formed. 

(64) 
KOH 

[RPdX] + CO RCOPdX RC02R + HX + Pd 

c. Reactions with cornplexed carbonyls Metal carbonyls have been used as 
reagents with main group organometallics, especially lithium compounds. The  initial 
reaction products have been reacted with various electrophiles; for example, they 
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have been alkylated to yield carbene complexes as with [Cr(CO),], equation 65, or 
hydrolysed to give aldehydes, as with [Fe(C0)5], equation 66; in addition, acyloins 
are formed using [Ni(CO),], equation 67. 

f ArCOCHOHAr 
(i) INi(CO),’l 

(ii) :,q.MeOkl.HCI 
ArLi 

3. Carbon dioxide insertions 

Insertion of carbon dioxide into carbon-metal bonds has been achieved for many 
metal~’’~, including all the alkali metals, alkaline earth elements, zinc, aluminium, 
indium, and thallium. No example has yet been found for compounds of the Group 
IVB metals and mercury. 

Most study has been with organo-lithium and -magnesium compounds. Ready 
reactions occur with all organic derivatives of lithium4 and magnesium, including 
hindered ones-an exception perhaps being pentabr~mophenylli thium~. The initial 
products are the carboxylates, which are readily hydrolysed to the carboxylic acids. 
This is one of the most useful methods for preparing carboxylic acids. If these 

RCOZH (68) 
I I 2 0  

RM+COz RCOzM 

reactions are used as preparations of RCO,H, care must be taken to ensure that an 
excess of carbon dioxide is present (i.e. pour Rh4 solution on to crushed solid CO,) 
to avoid further reaction of the metal carboxylate, RCO,M, with the organometal, 
RM. Low temperatures are also desirable. In addition hydrolysis should bc delayed 
until all the RM is uscd up (see also Section 1I.B). Without these precautions, 
products R,CO and R,COH would also bc formed in appreciable amounts. An 
illustration of this has been provided by Soloski and Tamborski”” (Table 6). Another 
example is the formation of the alcoholate which resulted from bubbling CO, into 
excess trialkylaluminium at room temperature’s4, equation 69. In contrast, if Et,AI is 
added dropwise to a saturated solution of carbon dioxide, the carboxylate is 

> Et2AIOCEt3-t EtzAIOAIEt, (69) 
2Et3AI 

Et3AI + COZ EtzAIOzCEt 

formedlS4. As mentioned earlier, attack by C 0 2  on sterically hindered or- 
ganolithiurns still proceeds at a reasonable rate; however, subsequent reaction of the 
lithium carboxylate with the hindered orgdnolithium is seriously retarded and so less 
secondary products are obtained. 

A further problem regarding the formation of RCOzM with the  more electroposi- 
tive metals (e-g. sodium, potassium, and magnesium)’” is that a-metallation of the 
initial carboxylate may occur. This leads to the formation of substituted malonic 
acids (e.g. Scheme 17). 
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TABLE 6. Products of carboxylation of p-CF,C6H,Li (Arti) 
under different reaction conditions1s3 

Yield (%) 

Conditions ArC0,H Ar,CO Ar,COH 

ArLi solution poured 
on  to crushed CO,, then 
hydrolysed 64 30 6 
CO, bubbled into ArLi 
solution at O"C, then 
hydro1 ysed 0 89 1 1  
CO, bubbled into ArLi 
solution at -78"C, then 
h ydrolysed 43 50 7 

25 1 

m a  
RCH,Na '02 > RCH2C02Na A RCHNaC0,Na Ice. 

H2O RCH(CO,H), - RCH(C02Na), 

SCHEME 17 

As well as for synthesis of carboxylic acids, carboxylations have been used to 
identify the site and the extent of metallation. With carc, almost quantitative 
conversion into carboxylic acids can be achieved. This use can be a general one, since 
carboxylations have been shown to proceed with retention, e.g. for trans-4-t- 
butylcyclohexyllithium'ss, vinyllithiums"", substituted cyclopropyllithiums'57, 
PhCHLiSOMe"" and alkcnylaIuminium derivatives"3.16", e.g. cquation 70. 

Me'., 
rrans-BuCH=CHAlBu', - trails-BuCH=CHAlBu',(Me)Li 

(34) 

(70) ( I )  co, 
> trans -BuCH=CHC02H 

( 1 1 1  H 2 0  

Reaction of allyl-Grignards occurs with allylic rearrangement, e.g. equation 7116"; 
propargylic-allenylic rearrangements occur in reaction of propargylmagnesium 
halides'"' and diallenylzinc compounds'" with COz. 

CH2=CHCHMeCH2CH=CMeCH2MgX 

( i )  CO, 

( i i )  1 1 2 0  
> CH2=CHCHMeCH2CH(CO2H)CMe=CH2 (71) 

The rcactivitics towards carbon dioxide arc varied"*. Dimethylberyllium may 
inflame in a CO, atmosphcre; in ether solution (McCO,),Be can be formed. Simple 
dialkylzincs react only very slowly with CO,, unless temperatures of 150-160 "C are 
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used or a coordinating base, such as N-methylimidazole, tmed, or a,a'-bipyridyl is 
also present'63. Allenylzinc compounds are much more reactive'"'. Sequences of 
reactivity have been established as R,Zn > R2Cd > R2HgS5' and R3AI > R,Ga> 

As shown in equation 70, the vinyl-aluminium bond is more reactive than an 
alkyl-aluminium bond, which in turn is more reactivc than an aryl-aluminium 
bond. All complexes, such as 34, are generally inore reactive than the corresponding 
triorganoalanes and indeed in many cases (but not all)'59h their formation may be 
required for reaction. Only one organo-aluminium bond in triorganoalanes reacts 
under normal conditions; however, at high temperatures (180-200 "C) all four 
metabcarbon bonds in MAI% can react. 

The mechanism(s) of the  COz insertion are probably similar to those for reaction 
with carbonyl compounds, i.e. by polar and s.e.t. mechanisms. An electron-transfer 
mechanism has been discovered for the hindered 1-triptycyllithium-carbon dioxide 
reaction (Scheme 18). I t  is of interest that the reaction of 1-triptycyllithium with ketones 
do  not proceed via electron transfer, since no  1-(1 -triptycyl)ethanol is formed'65. 

Rg-I1161. 

p"W" 

l E h O  

R'+[LiCO;] 

RH 4 CH,tHOEt 

- €1. ( 1 )  RL.i 
C H k H O E t  --+ MeCHO McCRHOH 

RLi = 

SCHEME 18 

D. Additions to &unsaturated Carbonyl Compounds 

(conjugated or Michael) additions may occur. 
Additions to  cqp-enones and -ynones are considered separately since 1,2-and 1,4- 

1.2-addition 
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1,4-addition 

R'=alkoxy, alkyl, aryl, NR2, etc. 

Generally, organolithiums and other organo-alkali metals tend to  give more 
1,2-addition than organomagnesiurns (although this is not always upheld). A good 
example is shown166 in Scheme 19, while Table 7 contains data for a variety of 
phenyl metal derivatives with b e n z a l a c e t ~ p h e n o n c ' ~ ~ .  

Ph,C(OLi)GCC(OLi)Ph, H30' > PhzC(OH)=CC(OH)Ph, PhLi 

PhC{OMgX)=C(Ph)C(Ph)=C(OMgX)Ph 
' PhCOCH(Ph)CH(Ph)COPh HXO' 

PhC(0)C  CC(0)Ph - 

SCHEME 19 

Additions of a$-unsaturated aldehydes tcnd t o  be 1,2-additions (even for RMgX 
and R,AI as well as  X i ) ,  whereas with Grignard reagents and a,P-unsaturated alkyl 
ketones both 1,Z- and 1,4-additions are  obtained. Me,SiCH,MgCI and a,@- 
unsaturated aldehydes provide 1,2-adducts, cven in the presence of stoichiometric 
CuBr; Me3SiCH2Li and a,p-unsaturated ketones also give 1,2-adducts, in contrast t o  
Me3SiCHzMgC1, which provides mainly 1,4-addition~'~'". It is of interest that (E)- 
RCOCH=CHSiMe, (R=Mc,  Et, Pr', or Ph) gives 1,2-products with 

TABLE 7. Additions of phenyI-metals to ben- 
zalacetophenone 

PhCH=CHCOPh (3 PhCH=CHC(OH)Ph, 

1,2-addition 

+ Ph,CHCH,COPh 
1,4-addition 

Yield (YO) 

Phenylmetal 1,a-Addition 1,4-Addition 

PhLi 
PhNa 
PhK 
PhMgBr 
PhCaI 
Ph,Be 
Ph,Zrt 
Ph,Cd 
Ph,AI 

69 13 
39 3.5 
52 

52 
94 

90 
91 

100 
94 
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Me,SiCH2MgC1'6Rh. With qP-unsaturated aryl compounds even more 1,4-additions 
occur, espccially with hindcrcd compounds, e . g .  compare equations 74  and 75. 

Ph,CCH,CHPhCO,Et (74)1"9a 
(i) Ph3CLi. lh f  

CH2=CPhCO,Et ( i r )  I ~,o. ' 

(7 5) ' 69h 
(i) PhLi.Et,O 

CH,=CMeCO,Et (ii) H30* ' CH2=CMeCPh20H 

Polymerization may become a considerable nuisance in reactions bctween RMgX 
and CH2=CH2C02Et; however, good yields of the conjugate adduct may be 
obtained if low tenipcratures are ernpl~yed'~"''. Frequently the conjugate additions 
arc carried out with excess of the organometallic; with deficit organometallic reagent 
complex reaction mixtures may ensue17nh. 

As can bc sccn from the above discussion, conjugate additions by organolithiums 
arc not frequently found. However, Michael or  conjugate addition can become the 
dominant reaction under certain circumstances, e . g .  (i) when considerable steric 
hindrancc is met, as exemplified by equation 74, as wcll as in reactions with 
cis-chalconcs and cycl~propenones~; (ii) using stabilizcd car bani on^'^'-^**; (iii) reac- 
t ions with unsaturatcd anideslRy-'yl , c .g .  reaction 76; 

(I)  PhLi 
PhCH=CHCON(C,H, ,-cYc~o), 0)1(20- P~~CHCH,CON(C~H,,-CYCIO)~ 

(76)'"" 
172. inn.192-194 (iv) reactions in the presence of hmpt , c.g. Scheme 20; 

(1) -78 " C .  I l l f  

( 1 1 )  H.0 
Cyclohex-2-enone + 

>99% 

98 % 

SCHEME 20193 

(v) under thermodynamic c o n t r ~ l ~ ~ ~ ~ ' ~ ~ ,  e.g. Scheme 21, and (vi) via cup rate^"^ 
(conjugate addition of organocuprates, obtained by  treatment of Cu' salts with 
RMgX or m i ,  to  a-enones is a well established reaction). 

Conjugate additions of the following stabilized organolithiums have been reported: 
Ph,CLi'"".173, Me,SiLi'74, RS(RSO)CR'Lit7", (PhS),CLi177, (MeS),C(MMe,)Li (M = Si 
or Sn)" I ,  (RS),CHLi "', (RSe),CHLi IX1, 2-Li-2-R- 1,3-dithianes *72.178-1x" ester 
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Li Ph 0 

255 

Ph s sxs (1) thf. -78 "C HO 
Cyclohex-2-enone + 

(i) thf. -78 "C-125 "C 

65 % (A) (35%)  

A 

93 % 

SCHEME21178 

enolates, XCHC02R, Li' (X = PhOls3, ArS'"3*185.192 or PhSelu4), ArS&ICN,Li' 
(-) 

2-LiCH2-isoquinoline'x7 and RXCH-=-CH= CH2,Li' (X = S or Se)Ix8, Scheme 
22. These compounds undergo direct conjugate addition or can be made to do so by 
an increase in reaction temperature and/or solvent polarity. The  outstanding reagent 
for inducing 1,4addition is hmpt, a rcagent which solvates the Li' particular 
A number of stabilized carbanions, which normally react b y  1,2-addition with 
a-enones in thf alone, e.g. 2-1ithi0-1,3-dithiane'~~, yield the  1,4-adducts in presence 
of hmpt, either under conditions of or kinetic c o n t r ~ l ' ~ ' ' . ~ ~ ~ ~ ' ~ ~ .  
Higher temperatures also can favour 1,4-additi0n'"~. 

Conjugate additions of Grignard reagents to a&-unsaturated amides have been 
known for sometime; referenccs for 1,4-addition of organolithiums to these com- 
pounds are more limited189-'91. Recently, 1,4-addition to a,@-unsaturated thioamides 
have been reported; these are discussed in Section III.A.2. 

Cyclopcnt-2-enonc SMe 
11)thf. -78 "c 

H@+ He + TxF-+ / SMe 
MeS- r -  

Li + 

(43%) (44 %) 
(I) ihf. hnipl. -78 "C 
( i i )  H,O* (diastereomcric (diastereomcric 

ratio 3 : 2) ratio 5 : 3) 

0 

I 
0 

I 

SMe cu. 5 %  
(89%) 

(diastereomeric 
ratio 3 : 2) 

SCHEME22Is8 
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Conjugate additions have been reported with a$-unsaturated lac tone^'^^, e.g. 
equation 77, and with complexed a$-unsaturated esters'99, e.g. 

Q 
0 

+ 
t i )  thi. -78 "C (77)19* 

[(CH2=CHC02Me)Fe(C0)4], Scheme 23. Of interest, it appears that a CO insertion 
can also be workcd into these syntheses (e.g. step b in Scheme 23). 

+ NaCH(C02Et)2 

( I )  thf. 0-25 "C 
01) McI \ 

1 CHZ=CHCO?Me I '  Fe(C0)A 

(I) thf. 0 - 2 5  "C 

(Et0,C)2CHCH2CH(COMe)C02Me 
8 5 

J (11 )  CPiC0.H 

(Et02C)2CHCH2CH2C02Me 
92% 

SCHEME 23 

As mentioned earlier, organocuprates a re  very good and general reagents for 
conjugatc addition. However, there is o n c  exception: alkynylcuprates are poor 
reagents, probably owing to the strength of the R-C-Cu bond. Hence there is a 
need for a reagent to transfer alkynyl groups. Alkynyl-alanes2nn and -boranes2"' do 
conjugatively add to enones, but only  t o  those capable of achieving an S-cis- 
conformation (a transoid geometry leads t o  1,2-addition). However, a way around 
this has recently becn established; this employs [Ni(aca~)~]  and as 
additional reagcnts, equation 78. 

Me,AIC = CBu' + cyclopent-2-enone 

(7 8) 
( 8 )  INi(acac)21-(Uu')2Al~l + > l-(Me2A10)-3-(Bu'~C)-cyclopentcne 

( 8 , )  0 "C. E 1 2 0  

60% 

Stoichiometric copper (11) acetate has been ~ s c d ~ " ~  to catalyse the conjugate 
additions of alkylalancs to a,P-unsaturated ketones or aldehydes, e.g. equation 79. 
Free-radical initiators have been found to catalyse conjugatc additions of trial- 
kylalancs2*', equation 80;  normally for R,AI, considerable amounts of polymer and 
1,2-adducts are obtained in reactions with a,P-unsaturatcd carbonyls. 

>) LiAlH2(CH2CH2R)2 ( 2RCH=CH2 
LIAII I, 

R = H  or Me 

(80) 
(i) iniiiator.Ol 

(ii) H+3' 
Pr,AI + cyclohex-2-enone > 3-propylcyclohcxanone 
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As shown in equation 78, for organoalanes the alkynyl group is transferred in 
preference to alkyl groups. Alkenyl groups also preferentially react (and with 
retention of e.g. equations 81 and 82. 

(E)-BuCH=CHAIB ui2 + PhCH=CHCOMc 

( i )  hydrocarbon 

(i i)  H 2 0  
- (E)-BuCH=CHCH(Ph)CH,COMe (S1)205 

69% 

(E)-C6H&H=CHAIBui2Me,Li* + 2-[(EtO,C(CH2),]-cyclopent-2-enone 
0 

(76 O/o ) 

In this section we have conccntratcd on organo-lithium and -magnesium com- 
pounds, with some space also given over to aluminium compounds. This is appro- 
priate since these are the most used derivatives. However, some systematic study with 
other metals have been undertakenzo7. For example, diorganocadmiums, prcpared 
from RMgX and CdXz, tend to give morc 1,2-addition to conjugated aldehydes and 
more 1,4-addition to unsaturated ketones. The primary 1,4-enolates (but not the 
1,2-enolates), however, can also conjugatively add to the unsaturated ke tone  to give 
further products, Scheme 24. 

(E)-MeCH=CHCOMc Me2Cd' > 

Me,CHCH=CMeOCdMe" + MeCH=CHCMe,OCdMe 
< 1 Yo 

(El-MeCH=CI ICOMc I 
Me,CHCHCOMe 

I 
MeCHCH=CMeOCdMe H30' 

MeZCHCHCOMe 
I 

MeCHCHZCOMe 
8 3 O/co 

SCHEME 24 

Conjugate additions by organo-magnesiurn~'~"~ and -1 i th i~rns '~~"  (including ate 
complexes, Me,ZnLi) have been carried out in  the  presence of chiral ligands, such as 
(-)-~parteine'~*" and (Me2NCH2CHOMe),177'; however, only low optical yields 
were obtained, e.g.  cyclohex-2-enone and (PhS),CLi in the presence of (Me2N- 
CH2CHOMe)2 gave chiral 3-(PhS),C-cyclohexanone with an optical yield of only 
7 . 6 O / 0 ' ~ ~ ~ .  Table 8 contains further examples of conjugate additions. 

Some theoretical consideration of additions to unsaturated carbonyl compounds 
has been given by Anh and C O W O ~ ~ ~ ~ S ~ ~ ~ ~ ~ ~  and by Lefour and Lo~py '~ ' .  It has been 
argued that reactions at carbon 2 (hard site) are under charge control while reactions 
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at carbon 4 (soft site) arc under frontier control. From this it could be reasoned that 
organic derivatives of hard metals, e.g. alkali metals, attack at C(2)r and those of soft 
metals, e.g. cadmium and copper, attack at C(4). Dcrivatives of intermediate metals, 
e.g. magnesium and aluminium, produce both 1,2- and 1,4-adducts. The complexa- 
tion of M' with the carbonyl or its association with R- can also be important roles 
played by the cation of the organometallic, RM. 

Okubo3" has detected ketyls at room tempcrature in the reactions of sterically 
hindered chalcones, e.g. 2,4,6-Me3C6H2CH=CHCOC6H2Me3-2,4,6, with o- 
MeC6H4MgBr. Okubo suggested that the strength of the C-Mg linkage, the confor- 
mation of the a,@-enones, and the spin distribution in the ketyl radical all are 
important in deciding the mode of addition to a,@-enones. The generally considered 
view is that the transition states for conjugate addition havc cis-enonc structures. 

111. ADDITIONS TO CARBON-SULPHUR DOUBLE BONDSM2" 

Organomctallic compounds can add to  carbon-sulphur double bonds to give initial 
products of nucleophilic attack at sulphur (thiophilic addition) and/or at carbon 
(carbophilic addition). The relative importance of these additions depend upon the 

M-C-SR 

thiophilic addition (83) 

M+,S-C-SR c' 1 
/ 

C==S+RM 

carbophilic addition 

type of carbon-sulphur double bonded compound, the organometallic compound, 
the solvent, and other factors. The hard-soft acid-base (HSAB) approach has been 
applied to these reactions. It has been argued that hard reagents would attack at 
carbon and soft reagents at sulphur"'; thus thc extcnt of thiophilic addition depends 
on the softness of the nucleophile. However, the  solvent effects and lack of metal 
cation effects in ccrtain thiophilic additions are not at all expected for a complete 
HSAB interpretation. Molecule orbital calculations212 have indicated a slight nega- 
tive character to  carbon in thiocarbonyls (compare 35 with 36). However, other 
factors must be present to  account for thc range of behaviour met with in these 
react ions. 

y&.+". 13 <".** c=0-024 

/ / 

(35) (36) 

A. Carbophilic Additions 

Examples are known of initial carbophilic addition to  a dithioester2I3, a thioes- 
ter'", thioamidesZ1', and generally to carbon disulphide21"~21"2*' , equation 84, 
carbon oxysulphide (COS)21n, e.g. equation 85, and isothi~cyanates'.'~~~~~~ , equation 
86. 

RM+CS2 ---+ RC(S)SM RC(S)SE (84) BY 

e.g. E' = H', EY = Me1 
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> RNHC(S)R' (86) 
R'M 21,O' RN=C=S - RN=C(SM)R' 

In addition, certain organometal-thioketone Combinations produce carbophilic 
products, c.g. benzyl- and benzylhydryl-lithiums and -sodiums and thioben- 
~ophenone '~.  

7. Carbophilic additions to carbon disulphide 

These reactions are known for at least RLi, RNa, RMgX, and R3M. As shown in 
equation 84 and Table 9, they may bc used as synthetic routes to dithiocarboxylic 
acids and their derivatives. Recently it was reported that copper(1) bromide was a 
most useful catalystzt8. Treatment of the initial CS, adduct with further RLi, before 
reaction with an alkylating agent, has become a useful method of producing kctcne 
thioketalsz16.2z1, Scheme 25. 

KlLi WX 
RCHzLi > RCHzC(S)SLi - RCH=C(SLi), - RCH=C(SR2), 

SCHEME 25 

TABLE 9. Rcactions of carbon disulphide with organometallic compounds 

E' 
RM+CS, - RCS,M - RCS,E 

RM E' Product (yield,O%) Ref. 

BuMgBr 
McMgCl 
EtMgCl 
2-BrMg-thiophcnc 
Bu'MgCI, CuCl 
Me,C=CHMgCI 
cyclo-C,HI IMgC1,CuCI 

c:x: 
CH,Li 

Et,AI 

H,O 
EtBr 
CH,=CHCH,Br 
McI 
Me1 
Me1 
Me1 

(i) CS, 
(ii) BuLi 

(iii) Me1 

BuCS,H (40) 
MeCS,Et (70) 
EtCS,CH,CH==CH, (80) 
2-MeSzC-thiophene (68) 
Bu'CS,Me (95) 
Me,C=CHCS,Me (03) 
cyclo-C,H, ,CS,Me (100) cl)= C(SMe)z 

Mc 

Q C H - - C ( S M +  

(75) 
Et2AISAIEtz and Et,CSAIEt, 

210 
219 
219 
219 
218 
218 
218 

217 

221 

220 
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RCH2CS2Me A RCH(CS2Me)C02H - H3O' RCH(CS2Me)C0,Li 

SCHEME 26 

Scheme 26 illustrates2" some products of reaction of RCHLiC02Li with CS,; 
good yields of each product can be obtained. 

2. Carbophilic conjugate addition to a,@-unsaturated thioamides 

organo-lithium and -magnesium reagents223, e.g. cquation 87. 

McCH =CHC(S) - pyrrolidin-I-yl MeC(Bu)HCH(CH,CH=CH,)C(S)-pyrrolidin-I-yl 

Conjugate additions to a,@-unsaturated tertiary thioamides occur with both 

Organolithiums, but not organomagnesiurns, also conjugatively add to a,@- 
unsaturated secondary thioamides. However, by using N-alkyl-N- 
trimethylsilylamido derivatives, it is possible to obtain2" 1,4-addition even with 
Grignard reagents, and since the N-trimethylsilyl group can be easily removed on 
hydrolysis, the desired product can be obtained, e.g. equation 88. 

( 3 )  KM 
Mc-CH=CHC(S)N(Mc)SiMc, MeCH(R)CH,C(S)NHMe (88) 

RM = BuLi 80% yield 
CH,=CHMgBr 79% 
Pr' MgBr 87 Yo 

B u' 02CCH2Li 88% 

B. Thiophilic Additions 

The carbophilic conjugate additions to a,@-unsaturated thioamides discussed in 
the last section are analogous to those to a,@-unsaturated amides, discussed in 
Section II.D, but contrast225 with the thiopliilic 1,2- and 1,4-additions of alkylmag- 
nesium bromide to a,@-unsaturated thioketones, e.g. equation 89. Apparently aryl-, 
vinyl-, and alkynyl-magnesium bromides do not  react with the unsaturated 
th ioke tonc~~~ ' .  
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M?& _____, (OPfMgBr (111 Hz0  me!^ + M F ~  

Me Me Me 
10% 15% 

S- 1,2-addition S- 1,4-addition (89) 

MeM* +MeM& + M e M b  

+ 
Me ' Me 

\ 
v 1 

5% 15% 
reduction alkylation 

Products of thiophilic addition have been obtained from a variety of other  
carbon-sulphur double-bonded species, including al kyl- a n d  aryl- 

, e.g. equation (90), dithioe~ters~'.~~~~''~~~'~~~~ , e.g. equations 91 
and 92, trithiocarbonate", equation 93, and thioketenes23", e.g. equation 94. 

th  ioketOnes77.94.22Cr22L( 

> Ph2C(SPh)Li 2 Ph2C(E)SPh (90)228 
iJhLi(2.2cqrriv) 

EilO.roorn ~crnp. 
Ph2C=S 

E = H, D, or Me,Si 

(91)'" 
(i) -78T 

( i i )  H10 
PhS(Ph)C=S + PhLi (PhS)+2HPh 

49% 

(92)229K 
(i) - 1 7 T . t h f  

( i i )  H 2 0  
EtC(S)SMe + Pri MgX - EtCH(SPr')Me 

84% 

(PhS)3CH (PhS)2C=S + PhLi ~ 

66% 

( i )  -78°C 

( i i )  H 2 0  
(93)228 

R( R') C=CHSR' (94Y0 
(i)R2Li. -78T 

R(R,)C=C=S ( i i )  H20 ' 
R = Pr', Bu'; R' = Bu'; R2 = Ph 

Most studies have involved organo-lithium and -magnesium compounds. Products 
from thioketoncs can be numerous, especially from enolizable compounds, and  
include t h e  following: 

R R SH 
/ I /  I /  / / I /  

\ ( 1 1 )  H10 1 \ I \ I \  I \  \ I \  

S 
11 / 1 t ) R A l  

-C-CH -CHCH + -C-CH + -C-CH + -CH-CH + -C=C + -C=C 

SR SH SR SH SR 

add it ion addition double reduction alkylation enethiolization 
at S at c addition on S 

(95) 
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Not, all, of course, will be  realised for every RM-thioketone combination2", as 
shown in the thiocamphor (equation 96) and the Bu'CSMe (equations 97 and 98) 
examples. The difference in products of reactions of Bu'CSMe with MeMgI in Et,O 

64% 10% 1 1 %  
endo : ex0 
=49 : 51 

endo : exo 
=45 : 55 

( I )  MeMgl .  El20 

( i i )  H?O 
Bu'C(S)Me - Bu'C(SH)=CH? + Bu'C(SH)Me, 

10% 90% 
(97) 

(I) MeMgBr.  thf 

( 1 1 )  H2O 
Bu'C(S)Me Bu'C(SMe+CHz +Bu'CH(SMe)Me + Bu'C(SMe)Me2 (98) 

50 % 33 % 17 O/o 

and with MeMgBr in thf also clearly indicates the effect of solvent changes as well as 
changes in the organometallic. The  temperature is also an important factor, for 
example compare the products of reactions 93 and 99. The effect of metal cation 
changes is not always pronounced but some differcnces have been found for RMgX 
and RLi reactions with thiobenzophenone"', equations 100-102. 

.(PhS)2CHPh + Ph(PhS)C=C(SPh), (99)228 
(I) Phi-t. 25°C 

01) H 2 0  
(PhS)ZC--S 

27 O/o 10% 

(100) 
(i) Ph2C===S. Et20. 16h 

( i i )  H 2 0  
> PhZC=CPhz 

95% 

MeMgI 

Ph2CHSMe + Ph2C=CH2 (101) 
(i) Ph2C==S. Et,O. 16h 

( i t )  H 2 0  
MeLi 

3 0 O/o 7 0 O/o 

> Ph2CHSEt + Ph2C=S (102) 
( 3 )  Ph2C=S. Et,O. 161) 

(ii) H 2 0  
EtMgBr 

u nrcacted 
67 % 29% 

AS can be gathered from the above, a variety of processes are possiblc, including 
many secondary reactions. Processes after the initial formation of the addition 
product (the a -thiaorganometallic) have been variously considered to lead to free 
radicals21 1.229.1-. , e p i s ~ l p h i d e s ~ ~ ' ,  , enethiol e ~ t e r ~ ~ ~ ~ . ~ ~ ~ ~ . ~ . ~ ,  and double 

Similar complexities can occur in RCS2R' and (PhS)2C=S reactions; in the 
reactions of the latter, carbene intermediates, (PhS)2C:, can be obtained by e lh ina -  
tion from the initial product (PhS)sCLi94.210. Secondary reacti0r.s may mask the initial 
thiophilic reaction. 2,3-Sigmatropic rearrangements of the initial thiophilic addition 
products have been suggested to  lead to the isolated carbon-carbon bonded 

addition PrOdUCtS21 1.216.229d.c 



266 J. L. Wardell and E. S. Paterson 

Bu'C(S)Me+RCH =CHCHzMgBr -+ [ Bu'C(Me)(MgBr)SCHzCH=CHR] 

(103) 012.31 \ 
Bu'C(SMgBr)CHRCH =CH;, 

s thf. -30 "C 
RMgBr + R3r I R ' R'C = C( R3)CH2SC( SR)( R4) MgBr 

012.31 I RZ R' y=' 
R4 

Me1 
CHz=C(R3)C(Rl)(R2)C(SR)(R4)SMe t CH2=C(R3)C(R1)(R2)CH2C(SR)(R4)SMgBr 

SCHEME 27 

products, in the allylic organometallic reactions with thioadamantane226b and with 
Bu'CSMe2'*, equation 103; see also Scheme 2723' for a variation of this. 

In contrast to these sulphur to carbon migrations of ally1 groups, the addition of 
vinyl Grignard, CH,=CHMgX, to PhCSR (R = Ph or But) was considered to involve 
a carbon to sulphur migration of a vinyl equation 104. Frec radicals 

PhRC=S + CH,=CHMgX - [PhC(R)(CH=CHJSMgX] - PhC(Bu')(CH=CH,)MgX (104) 

PhBu'CSCH=CH,, were detected by e.s.r. and suggested the presence of these as 
intermediates in thc migration. However 1-propenylmetallics add to Ph2C=S 
primarily with retention of c~nfigurat ion"~,  equation 105. T h e  small amount of 

( 105)y4 
( i )  I'h2C===S 

MeCH=CHLi ( i i )H20 Ph,CHSCH=CHMe 

( E )  : (Z) = 94.7 : 5.3 ( E )  : ( Z )  = 86.9: 13.1 

apparcnt isomerization in the product was considered to arise from diffcrent rcac- 
tivities of thc isomeric Grignards. This predominant retention of configuration must 
rule out predominant involvement of frec radicals, but neither caged radicals nor a 
direct nucleophilic reaction. T h e  latter was prcfcrred since the yiclds of thiophilic 
addition of RLi to Ph2C=S are  inversely proportional to the ability of RLi to 
transfcr an electron; the yields for R M  are in the sequencc R=vinyl=phenyl> 
butyl > bcnzyl -- benzhydy12" (no thiophilic additions occur with the last two deriva- 
tives). For Grignard rca~t ions"~ ,  the extent of thiophilic addition does not follow a 
regular ordcr; in addition a pronounced solvent cffect can be obscrved. Alkyl- 
Grignards add dircctly to sulphur of Ph2C==S, as do phenyl mctals (metal = lithium 
or  magnesium) [from the r e a ~ t i o n ~ ~ . ' ~ "  of ( C ~ D S ) ~ C ~  and C6HsM; 
(C6D.J2CHSChHS was obtained which suggestcd it was formcd directly by attack of 
C,H,M on S, rather than from a rearrangement of (C6D5)2(ChH5)CSM, which would 
have providcd scramblcd phenyl groups]. 

PhZC=S + PhCH2MgCI Ph2CHSI-I + PhzC(SIffCH2Ph 

+ Ph2C(CH2SPh)SCH2Ph (106) 
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The extent of free radical involvement in these thiophilic reactions remains 
essentially unanswered. There are clear signs that free radicals play some role, 
however. E.s.r. signals have been detected in a number of reactions, e.g. see refs. 
229a and b. Formation of PhzCHSH in reactions of Ph2C=S with MeCH=CHMgBr 
also suggests some radical beha~iour '~ .  In addition, the double addition products are 
difficult to rationalize by an ionic mechanism. The thiophilic additions have been 
used in the synthesis of carbonyl compounds235, equation 107. 

RCOE (107) 
H,O* 

RC(E)(SEt), 
( i )  EtMgl 

( i i )  E+ 
RC(S)SEt 

There are a few examples229'~z3~238 known where an organometallic compound 
prefers thiophilic attack at a carbon-sulphur double bond rather than carbophilic 
addition at a carbon-xygen double bond in compounds containing both groups, 
e.g. MeC(S)CMe,C0,Et229f and 2,2,4,4-tetramethyl-1,3-cyclobutanonethione237, equ- 
ations 108 and 109, respectively. 

+ MeCH(SH)CMe,CO,Et 
thI(Ei20) 

MeC(S)CMe2COzEt + Bu'M 

10% (30%) 

+ MeCH(SBu')CMezCOzEt + CH,=C(SBu')CMe,CO,Et (108) 

30% (30%) 30% (loo/,) 

3 H SR 

0 0 

The ester functions arc not attacked even with excess of RMgX. But-2-en-l- 
ylmagnesium bromide attacks initially at sulphur in Bu'CSC0,Et to give at -20 "C 
Bu'C(MgBr)(SCHMeCH=CH2)COzEt; at higher tempcratures this undergoes a 
u[2,3] r e a r r a n g e m ~ n t ~ ~ "  to Bu'C(CH,CH=CHMe)(SMgBr)COzEt, equation 1 10. 

Bu'C(MgX)(SCHMeCH=CH,)CO,Et CHz=CI ICHMeMgBr, -20°C 
Bu' C(S)CO,Et 

d 2 . 3 1  (110) I 
Bu'C(SMgX)(CO,Et)CH,=CHCHMe 

Stcrcospccific formations of cyclopropane rings have been achieved with 1,3- 
oncthione compounds23x, equation 11 1 ; a cis-concerted addition results. 

XMg-R $& 
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IV. ADDITIONS TO ALKENES AND ALKYNES 

A. Introduction 

Additions of organic derivatives of main group elements, especially those of the 
more electropositive elements, t o  carbon-carbon multiple bonds are well estab- 
lished. Most studies have been with lithium, magnesium, and aluminium, with other 
alkali metals, boron, and zinc attracting considerable but reduced attention. Various 
references to  these elements will be made in the remainder of this section. Fewer 
examples have been noted for other electropositive elements, such as calcium, 
strontium, barium2", berylliumz4", indium, and galliumz4'. 

Examples of insertions into carbon-metal bonds of the less electropositive metals 
are rare. However insertion of carbon-carbon multiple bonds into silicon-carbon 
bonds of strained cyclic compounds have been r e p ~ r t e d ~ ~ ~ . " ~ ~ ,  e.g. equations 112 and 
113. Reaction 113 contrasts with the reaction with less reactive alkenes, which 
provide dimethylsilene (SiMe,) trapped products. 

Me 
Me 

MerC-SiMez ] PhRC=CHz Me I&R Ph (113)243 
I .  

Me2C' 
Me? 

To these reactions can be added tetracyanoethylene insertions. These are consi- 
dered in Section IV. Tetracyanoethylene is a powerful electron acceptor and these 
insertion reactions proceed via charge-transfer complexes. 

B. General 

Organolithiums are generally less reactive towards carbon-arbon multiple bonds 
than organo-aluminium and -boron compounds, but more so than organo- 
magnesium and -zinc species. As in other reactions, the presence of coordinating 
solvents or reagents leads to more reactive organolithium species. This contrasts with 
the decreased reactivity of organo-aluminium and -magnesium species under similar 
circumstances. 

Lehmkuhl et ~ 1 . " ~ "  have reported differences in the regioselectivity of reactions of 
RLi, RMgCI, and R3AI (R=Pr '  o r  Bu') with alk-l-enes; for example, RLi adds 
solely to C(l) whereas (Bu'),AI and Bu'MgCl only add to C(z). For the isopropyl 
derivatives of aluminium and magnesium addition to both C(,) and C,,, (major) 
result. Differences are also noted i n  the regioselectivity of additions of organo- 
lithium, -magnesium, and -zinc compounds to the enyne BuCH=CHC=CH; diallyl 
zinc adds to the triple bond to give, after hydrolysis, 
BuCH=CHC(CH~CH=CH~)=CH~ as the major product with also a small amount 
of BuCH=CHC(CHzCH=CHz),CH3 being formed. The major reaction of allylmag- 
nesium bromide is addition to the double bond (1,2-addition) to give 
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C H ~ = C H C H ~ C H B U C H , C X H  as well as somc 1,4-adduct, 
CH,=CHCH,CHBuCH=C=CH, Organolithiums, RLi (R = ally1 or Bu), solely give 
1 ,2-additionZub. Organo-calcium, -strontium and -barium compounds also mainly if 
not solely add 1,4- to conjugated enynes to give allenic Some differ- 
ences in stereoselectivity havc been also indicated, e.g. in reactions of allyl-Grignard 
and butyllithium to  bicycloalkenolsz4s. 

Particularly reactive organ-metal bonds in general are allyl-metal bonds. 
Benzyl-metal bonds are also reactive, while it is usually found that fen-alkyl-metal 
bonds are more reactive than secondary and primary alkyl-metal bonds. Greater 
reactivity has been shown by some alkencs and alkynes which contain coordinating 
groups, such as hydroxy, alkoxy, and amino groups. Conjugated alkenes, e.g. buta- 
1,3-diene and styrene, are also considerably more reactive than simple isolated 
alkenes. Strained cycloalkenes are another class of compound which rcact readily 
with organometallic derivatives of main group elements. 

Vinyl-metal(oid) compounds, e.g. CH,=CHX, X = SiR,, GeR,, and AsR,, (as 
well as SeR, and SR), also show greater reactivity, towards at least organolithiums, 
than do simple alkenes. In addition, intramolecular additions involving alkenyl and 
alkynyl metal compounds proceed more readily than intermolecular reactions of RM 
to isolated carbon-carbon multiple bonds. These various and general effects will be 
illustrated in the more specific discussions of individual elements. One of the more 
important features of these insertions by carbon-carbon multiple bonded com- 
pounds is polymerization. Indeed, the greatest industrial use of organolithiums is as 
polymerization initiators. Conditions for the polymerization of monomers and dienes 
are well cstablished, especially using organolithiums, including its tmed com- 
plexes=", and organoaluminium-transition metal combinations (Ziegler-Natta catal- 

C. Insertions into Carbon-Lithium Bonds 

Organolithium compounds do  add to isolated carbon-carbon multiple bonds but 
forcing conditions may be necessary. Ethylene, for example, reacts with ethyl-or n -  
butyl-lithium ( m i )  under pressure to give simple addition compounds, RCH2CH2Li 
and low molecular weight po1ymersZ4'. Secondary and tertiary alkyllithiums add 
much more readily, especially in the presence of a donor such as an ether or an 
amineZ4'. With a particularly powerful donor, polymerization may result; ethylene 

R'CH=CH, - RR'CHCH2Li RR'CHCH,[CH(R)CH,],Li (1 14) 

can be polymerized by BuLi in the presence of dabco (1,4- 
diazabicyclo[2.2.2]octane), tmed, or  MeOCH,CH20Me4.24"" . No further considera- 
tion is given here to polymerization. 

Additions to  strained alkenes, e.g. bicyclo[3.3.1]non-l-eneZJY, equation 115, 
bicycl0[2.2.l]hept-2-ene~~~, equation 116, and methylcyclopropenes2s", c.g. equation 
117, occur more readily. 

yStS)24h". 

RLI 

( I )  M e l t .  Et.0. 4 d.  
room tcmp. 

( 1 1 )  H . 0  
bicyclo[3.3.1 Inon-I-ene I-methylbicyclo[3.3. Ilnonane ( 1  15) 

54 % 

( 1 1  UuLi. tmed. heranc. 
24 h. room temp. 

( 1 1 )  H:O 
2-butylbicyclo[2.2, Ilheptane ( 1  16) bicyclo[2.2.1 Ihept-2-ene 

(37) 
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3 x "'4h,ph 

(I) ElrO. PhLi 

(11) Ii.0 
3- rnethy lcyclo propene 

overall yield 30.5 % 
trans, 94% 

Intramolecular  addition^^*^-^'^ have been reported with alkenyl- and alkynyl- 
lithiums; typical examples are shown in equations 118-121. 

THF 

Ph,C=CHCH2CH2Li Ph,CLi-cyclopropane (1 1 s)253 
(38) 

Et,O. RT. 1 h 
CH2=CHCH,CH,CH( Li) R l-R-2-LiCH,-cyclopentane 

(1 19)25'.252 
RC--=C(CH&Li - (120)~" 

CH2=C(Me)(CH2)'Li 5 1-Me-1-LiCH,-cyclohexane (121),'' 

These intramolecular additions occur under much milder conditions than are 
required for the intermolecular analogues. A noteworthy feature is that whenever 
there is a choice of forming rings of different sizes by additions to multiple bonds, the 
smaller ring is most often obtained. 

As shown in reaction 118, equilibria or  reversible reactions may arise. Of interest, 
the cyclopropylmcthyl analogue of 38 is stable t o  ring opening in d l  the solvents 
studied, whereas the magnesium analogue always exists as the acyclic species. 
Sodium shows similar intermediate behaviour to that of In some other 
cases, reversible behaviour can be detected by isotropic labelling, e.g. equation 122; 

r 1 

only the acyclic species can be detected but the cyclic species tnust be an inter- 
mediate'". More elaborate equilibria may be set up, e.g. Scheme 28,". 

Li 

SCHEME 28 
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A strategically placed internally donor group (OH, OR, NR,, or SR) in the 

unsaturated compound has facilitated additions of organolithiums245~257-2'9 . Allylic 
alcohols, propargylic alcohols, and tert-amino-, alkoxy-, and alkylthio-substituted 
allylic, homoallylic compounds and propargylic species are more reactive towards 
organolithium than their hydrocarbon counterparts, e.g. equations 123-125. The 
prescnce of tmed may, however, still be necessary for reaction to occur25o. 

R 
R / 

Pr ' - -Liq  / L i t 0  
Pr'Li+CHr=CHCH2CH2CHzOR --+ [ 1) + Pr'CH2 -c) (123) 

4. Insertions into main group metal+arbon bonds 

fl 
PrJLi 

_T 
Et,O/pcnranc 

25 "C 

f l  

(124)*"" 

cis-addition 

( 1  25)257h 

Richey and carried out an elaborate study with hydroxy- 
bicyclo[2.2.l]hept-2-enes. The results are given in Table 10. It was argued that a 
metallated hydroxyl group which does not assist an addition of RM actually results 
in a rate retardation245 (compare 39 with 43). This  holds for additions by BuLi 
as well as by allyl-Grignards. It was also concluded that addition of BuLi to  42 
is not hydroxyl-assisted, in contrast to the addition by allyl-Grignard. Indeed, in the 
assisted additions by allyl-Grignard, 42 is more reactive than 40, the reverse of the  
finding for BuLi. Attachment of the allyl group from allyl MgX to 42 is exo and to 
40 is endo, i.e. in assisted additions of ally1 Grignards, there is a preferential 
attachment of the allyl group to the face of the double bond nearer to thc hydroxyl 
group. A further significant factor is that exo attack is usually faster than endo attack 
on bicycloalkenes. This accounts for  the  relative reactivity 42> 40 towards the 
allyl-Grignard. 

For the butyllithium reactions, it appears that an assisted addition (to thesc 
homoallylic alcohols) leads preferentially to attachment of the organic group to the  
face of the double bond further from the hydroxyl group (i.e. opposite to the  
Grignard situation). So assisted reaction to  40 provides the ex0 isomer in a fast 
reaction. The assisted reaction to 42, if this occurred, would give the endo isomer. 
The  slowness of this reaction allows a faster but unassisted reaction to occur instead 
t o  give the exo product. Richcy and coworkers2" further argued that assisted addition 
to allylic and homo-allylic alcohols may procecd with different selectivities. 

Vinyl-silanes"", -arsines2"', -gcrmanes, -phosphines2"2, -halides263, sulphides2h2, 
and selenides2"' are also reactive towards organolithiums, e.g. equations 126 and 
127. 

CH,=CHSiMe3 A U " l L  Bu'CH2CH(Li)SiMe3 ( 126)2"0 

.C,H,3CH2CH(Li)AsPh2 (1 27)'"' 

2KL1. trncd 
CHz=CHCHzOH - LiCH2CHRCH20Li 

C6Hl31.t. ihf .  Twin 1cmP 
CH7_=CHAsPh2 

95% 
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Addition to conjugated carbon-carbon multiple bonds occur readily and 
polymerization may result, as shown by styrene, buta- 1,3-diene, and isoprene. For a 
discussion o n  aspects of these polymerisations, see refs. 4 and 246. The  reactivity of 
RLi in THF towards styrene26' has been shown to be R = alkyl > benzyl > ally1 > 
phenyl >vinyl > Ph3C. Under controlled conditions, e.g. using low temperatures or  
with hindered systems, mono-addition products can be obtained, with PhCR=CH2, 
buta-1,3-diene, and related corn pound^^^^-^", e.g. equations 128-131. 

hydrocarbon Bu' Li + CH2=CHCH=CH2 - Bu'CH2CH=CHCH2Li 

( E ) :  ( Z )  = 3: 1 (128)266 

(1 29)267 
cyclopentanc 

-78 "C. NU7 or 
R 2 0  

Bu' Li + p-X-C,H,C(=CH&vfe 

Li + 

ZBU'LI 

I h.  20 "C 
rn -PhC(==CH2)C,H,CPh=CH, - [ rn -PhC(CH2Bus)C6H,CPhCH2Bu2-]2Li' 

Me Me Me Me (1 30)268 

Me)($ _____* R L i . 2 0 " C  Me@ Li+(L)n (1 3 1)269 

hydrocarbon .-- 
Me Me M~ L = R ? O o r N R 3  Me 

CH2R 

R=BuS, But, or Bu" 

The  rate of addition in reaction 131 is helped by ligands which reduce the size of the 
organolithium aggregate269. Organolithiums also add to diphenylacetylencs, espe- 
cially if tmed is present, but metallation also equation 132. 

An intramolecular 

(132) 
BunLi 

lmcd 
Ph-CPh - o-Lic6H,c(Bu)=c(Li)Ph-(E) 

addition to a diarylacetylene is shown27' in equation 133. 

(1 33) 

PhC = C 

The magnesium analogue reacts similarly. 
Alkyllithiums add t o  aromatic rings, e.g. of n a p h t h a l e n ~ ~ ' ~ . ~ ' ~ ,  equation 134. AS 

H Bur 
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LiH is rapidly lost from the adduct, the overall reaction is alkylation. Addition to 
benzene also can occur at 165°C. Milder conditions have been employed for 
polynuclear aromatic hydrocarbons (including azu1ene2'*, equation 135). 

(1 35)274 

Li + 

D. Insertions into Carbon-Magnesium Bonds 

As already indicated, organomagnesium compounds are less reactive towards 
alkenes and alkynes than are organolithium reagents. Intramolecular additions of 
alkenyl and alkynyl magnesiums have, however, been extremely well studied and Hill 
has most thoroughly reviewed this area27s-276. It is with these intramolecular reac- 
tions that we shall begin this section of insertions into carbon-magnesium bonds. 

7 .  Intramolecular additions and the reverse  reaction^^^^'^^^ 
Since the initial publications by Robert et al.277 that cyclopropylmethyl-Grignard 

underwent ring cleavage to 3-butenyl-Grignards, many related organomagnesium 

cyclopropyl-CH2MgX I CH2=CHCH2CH,MgX ( 136) 

rearrangements have been reported. These have involved both cleavage of three-, 
four-, and five-membered rings and the reverse reaction, cyclization, which form 
three- to six-membered rings, cquation 137. 

Cyclizations have involved additions to  double and triple bonds as well as to 
allencs. Thesc normally yield the smaller of t h e  two possible rings. This preference 
has been explained as resulting from approach of the partially carbanionic carbon 
along a direction close to the axes of t h e  double-bond p-orbital. If the terminal 
carbon is attached, it may be more difficult to maintain maximum T overlap as the 
new a-orbital develops. Cyclizations and cleavages have also been observed in 
bicyclic and tricyclic compounds. 

There are several general features of these rearrangements: 
(i)  Rearrangements occur morc readily in less polar solutions, e.g. they arc faster 

in Et,O than in thf; the presence of hmpt increases t h e  rate relative to that in thf. 
(ii) Rearrangements follow first-order kinetics and the rate is largely independent 

of the total organomagnesium concentration in dilute solution (0.5-1.0 M). At higher 
concentrations, t h c  rate is often found to  increase linearly with the concentration. 

(iii) Thc rate is relatively insensitive to magnesium purity. 
(iv) Reactivity of RMgX is in the order X = R >  C1> B r >  I. 
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(v) Relative reactivities of (cycloalkyl)methyl magnesium halides in ring cleavages 
(ring containing n carbons) are in the sequence of ring size I I  = 3 > 4 >> 5, 6, while for 
ring closure t o  various ring sizes, the reactivities follow the order 11 = 5 > 4 > 6 .  

(vi) Alkyl groups substitution at the double bond (i.e. R', R2, or R3 in equation 
137) appears to decrease the rate of ring closurc. T h e  order of reactivity for 44 is 
R3 = R4 = alkyl< R3 = H, R" = alkyl> R3 = R4 = H (this may be a consequence of the  
opposing effects of steric repulsion o n  one hand and Grignard stabilization on the  
other, which is in the sequence primary alkyl> secondary alkyl >.tertiary alkyl). 

In ring cleavages, alkyl substitution at R'  has little effect on the rate, whereas an 
alkyl group at  R4 decreases the rate. Halogen substitution at R' or Rz or a phenyl 
group at R3 decreases the rate of cyclization. Phcnyl substitution at R' or R' 
produces a sizeable decrease in the cyclization rate for three-membered ring forma- 
tion but slight increases for the five-membered ring. Electron-withdrawing sub- 
stituents in an  aryl ring at R' increase the cyclization rate. 

a. Mechanism. If a single general mechanism were to apply to all the various 
reactions of this type, then a concerted four-centre mechanism, possibly one involv- 
ing a .n-complex intermediate, would be the one favoured by Hill. A coplanar 
transition state was considered to be unfavourcd (equation 138); instead, the 
preferred attack by the C-Mg bond on the  carbon-carbon double bond was 
considered to lead to the perpendicular arrangement 45. 

1 

(45) 

b. Examples. With some 3-butcnylmagnesiurn compounds (and for which the  
cyclopropylmethyl analogues are too unstable to be detected), the occurrence of an 
isotopic scrambling or  rearrangement of substituents indicates exchange reactions, 
e.g. equation 139'78; thc cis-trans equilibration at the double bond and isotropic 
scrambling occurred a t  the same rate. 

i R ' R ~ C = C H C H ~ C D ~ M ~ C I  

An  interesting 3-butylmagnesium halide rearrangementz7' involving a cyclopropyl- 
methylmagnesium species-is shown in equation 140. 

r 1 
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Maercker and G~uss"~"  calculatcd that 47 (R = H) was 15.5 kJ mol-' more stable 
than 46 (R=H). The position of equilibria depends o n  the solvcnt, e.g. K=[45 
(R = H)]/[44 (R = H)] = 5.7 in Et,O/hmpt compared with 9.3 in EtzO. Complete 
cleavages of cyclopropylmcthyl and cyclobutylmethyl compounds to 3-butenyl and 
4-pentenyl derivatives, respectively, do not always result; for example, the relative 
stability of three- or four-membered rings can be increased appreciably by alkyl 
substitution; compare reaction 136 with equation 141. 

1111. rixti i i  
lelllp 

MczC( MgCI)CMc2CH = CH2 1 -C1MgCH2-2,2,3,3-Me,-cyclopropane 
(49) >99.9% 

One driving force in equilibrium 141 is the formation of a primary Grignard reagent 
48 from a tertiary one 49. Another factor'"" is the stabilizing influence of gem- 
dimethyl groups in 48-the Thorpe-Ingold effect. The values of the equilibrium 
constants for equilibria 142-1442"'-2"2 also show the stabilizing influence of alkyl 
substitution (although an important factor in equilibrium 143 may be the conversion 
of a secondary to a primary alkyl Grignard). p /?CH:M@r 

( 142)28' - 
CHrMgBr 

K G 9 x  lO-'at 100 "C 

LCHMgCI 
Me I 

Me 
K = 3  at 100 "C 

CHzMgBr Meb MgBr 

K = 2 x  at 100 "C 

( 143)282 

(144)~~' 

To these equilibria can be addcd the quantitative conversion of 
CHz=CHCMezCHzCMezMgC1 to 2,2,4,4-tetramethylcyclobutylmethylmagnesium 
chloride onzR4 heating at 70 "C. A more elaborate rearrangement"' of a cyclobutyl- 
mcthyl Grignard derivative, the 2-bicyclo[3.2.0]heptyl-Grignard rcagent, is shown 
in Scheme 29. A primary and a secondary Grignard reagent are formcd, the laxer 
slowly rearranging o n  furthcr heating. 

- a + O M g . .  

CHrMgBr 
BrMg A 

SCHEME 29 
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Examples of rearrangements giving five-membered rings are k n o ~ n ~ * ~ . ~ ~ ' ,  e.g. 
equation 14528". Such cyclizations occur much more readily than do  the correspond- 
ing cyclizations to cyclohexylmethyl compounds; for example, the rclativc reactivities 

lhf 
XMgCH(R)(CH2)3CH=CH2 ---+ 1-XMgCH2-2-R-cyclopentane 

mainly trans (145)286 

of 5-hexenyl- and 6-heptenyl-Grignard reagents in cyclization reactions have been2** 
calculated to be about 3 x lo3. In both thcsc reactions trans-isomers dominate. 
Whilst cyclization of 5-hexenyl-Grignard reagents normally occurs readily, ring strain 
in bicycloalkenyl analogues may result in easy ring cleavage. Felkin et al?" havc 
reported the stereospecific cyclization of the non-conjugated diene 50, equation 146. 

2. fntermolecular additions 

Except under forcing conditions, RMgX are gencrally unreactivc towards inter- 
molecular addition tc unactivated and non-terminal alkynes. An increased reactivity 
is found for allylmagnesium halides; benzyl-, secondary alkyl-, and tertiary alkyl- 
Grignards arc also more reactive than primary alkyl-Grigard reagents''('. Reactions 
occur more readily in cyclohexane and in Et20 than in thf solutionzY'. 

For reaction between diethylmagnesium and ethylene in diethyl ether (giving 
Bu2Mg) a pressure of 50 atm and a temperature of 100 "C were required'". Milder 
conditions have bcen reported, however, for reactions of b e n ~ y l - ~ ~ ~ ,  te r t -b~ty l -~~" ,  
i ~ o p r o p y l ~ ' ~  and allyl-Grignards2" (equation 147). 

30 aim, 25-75°C 

cycIol,ex.,nc 
+ CH2=CHCH2CH2CH2MgCI CH2=CHCI-I2MgCI + CHZ=CH2 

4 1 '/o (147) 

Considerable attention has been paid to the additions to alk-1-enes, conjugated 
alkenes, and strained cyclic alkenes, especially by Lehmkuhl and C O W O ~ ~ ~ ~ S ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ ~ " ~  

The  addition of allylmagnesium halides to alkcnes was found to be first order in  
Grignard reagent and in alkene. Thc  following reactivity sequences were cstab- 
l i s h c ~ i ~ ~ ~ :  

(i) Thc relativc reactivity towards CH2=C(Me)CH2MgX was norbornene: 
styrene: oct-1-cne = 53.1 :4.1:0.3 (see equations (148-150) for the initial reactions). 
This  sequence illustrates well the increased reactivity of conjugated and straincd 
alkenes comparcd with isolated unstrained species. 

( i i )  the relative reactivity of CH2=C(Mc)CH,MgX decreases as X = 
CH2=C(Me)CH2 > C1> Br. 

(iii) the rclativc reactivity towards norbornene was MeCH=CHCH(Me)MgX > 
CHZ=C(Mc)CHzMgX > CH2=CHCH2MgX > McCH=CHCHCH,MgX > 
M c ~ C = C H C H ~ M ~ X .  
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(iv) the rate of reaction decreased in t h e  solvent order EtzO>dioxane= thf. 

XMgCHzC(Me)=CH2 -t CH2=CHC6H 13 

CH2=C(Mc)CH2CH(CH2MgX)C6Hi3 (148) 

XMgCHZC(Mc)=CH2 + CHZ=CHPh CH,=C(MC)CHzCH(CH,MgX)Ph 
+ CH,=C(Me>CH,CH(MgX)Ph (149) 

- 2-[CHz=CMeCH,]-3-XMg-bicyclo[2-2. llheptane (150) 
XMgCHzC(Mc)=CHII 4- bicyclo[2.2.l]hept-2-ene 

The regioselectivity of t h e  initial additions to alk-1 -enes, RCH=CH2, by Grignard 
reagents, R’R’R3CMgX, has also been inve~tigated’~~. A correlation was found 
between the ratio of Mg-. C(?) addition to Mg C,’) addition and the inductive 
effects of the R’, R’, and R3 groups on the Grignard reagents. An accumulation of 
methyl groups (+I effect) leads to  up to  99% addition of metal to C,,,. Successive 
replacement of the methyl groups by H, vinyl, o r  Ph groups (--I effects) causes an 
increase in the Mg-+C,,, addition, e.g. 99% addition of magnesium t o  C(l) in 
oct-1-ene or non-1-ene by allylmagnesium halide (equation 148) or  by PhCH,MgX. 

Addition of R1R2R3CMgX to styrene occurs mainly to give the Mg--C(’, bonded 
isomer. Additions of alk-2-enyl-Grignard reagents to styrene are also r e v e r ~ i b l e ~ ~ ~ ~ ~ ~ ’ ,  
with PhCH(allyl)CH,MgX slowiy rearranging to the thermodynamically more stable 
benzylic compound, PhCH(MgX)CHz-allyl. 

These initial adducts of allylmagnesium halides to  the alkenes arc ideally set up for 
the rearrangement reactions mentioned in Section IV.D.l. While i t  is possible to 
isolate the initial monoadducts, it has been found that with longer reaction times and 
higher reaction temperatures, further addition and or  rearrangements occur. Exam- 
ples of such processes are given in Schcmcs 30-33. Further reaction aIso results with 
the initial Bu‘MgCI-butadiene a d d u d o 4 ,  Scheme 34. 

It was shown that additions by allyl-Grignard reagents to 3,3-dimethylcyclo- 
propene(1) occur in a stereoselective cis-manner at 0-20 “C (equation 151). Addi- 
tions by I- ,  3-, or 4-alkenyl-Grignard arc less selective; for other additions to 
cyclopropenes, see ref. 305. 

CH2 =CR’CR2R3 
\ 

( 15 

a. Assisted additions. Alkenes and alkynes containing donor groups such as 
hydroxyl, alkoxyl, or amino groups may react faster with Grignard reagents than the 

. In some cases the increase 
in the reactivity is appreciable, as shown with various allylic, homoallylic (c.g 
equation 152), propargylic, and homopropargylic alcohols as well as allenols. The 

corresponding species without the donor ,rOUp245b.30Cr308 

CHZ=CHCHZMgCI + C H ~ = C H C ~ H I ~  C6HI3CH(CHZMgCI)CH2CH=CH’ 

CH,=CI lCHzMgCl 

l-C,,H I ,-3,S-(ClMgCH,),-cycIohexane I 
c-- CaH13CH(CH~MgCI)CHzCH~CHzMgCl)CH~CH=CHz 

SCHEME 30. Reaction of CH,=CHCM,MgCI with oct- 1 -eneZ9’. 



CH2=C(Me)CHzMgCl + bicyclo[2.2.l]hept-2-ene > 

2-[CH2=CMcCHJ-3-CIMg-bicyclo[2.2. 1]hep tane 

m 2-ClMgCH,-3-[CH2=CMe]- bicyclo[2.2. llhep tane 

Me CHzMgCl 

l-(CH2=CH)-3-[CH2=CMeCH(M&CI)1-cyclopentane bicyc10r2.2~1prpt-2-cne~ 

SCHEME 31. Reaction of 2-methyallymagnesium chloride with norbornene 
(bicyclo[2.2.1]hept-2-enez"'. 

CH = C(Me)CH2MgC1 + CH, = CHC(Me) = CH, 

Me 

1 
CHr =C(Mc)CH(MgCl)CH2CH(Me)CH =CHz 

1 
** CH~=CHc(Mc)=cb  CIMgCH2C(Me)=CHCHrCH(Me)CH=CH:! 

Me '--. 
1 

c l M g y M e  - ClMg h 4 e w M e  

Me Me 

SCHEME 32. Reaction of 2-mcthylallyl-Grignard with buta-1,3-diene'04. 

Mc 

C6H I 3 
+ 

CHlMgC1 C- C ~ H I ~ C H ( M ~ C ~ ) C H ~ C H ( M ~ ) C H  =CHr 4- 
I 

Me 

SCHEME 33. Reaction of crotylmagncsium chloridc with oct-l-cnc2". 
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CH:=CHCH=CH? 

ClMgCHzCH =CHCH?CH(CH =CH?)CH2CH2Buf 

CH:=CHCH=CH: i 

SCHEME 34. Reaction of fert-butylmagncsium chloride with buta-1,3-di~nc~"~. 

hydroxy groups in these spccics must be instantaneously rnetallated and the rnetal- 
lated group must facilitate t h e  reaction. 

PhzC( OH) CHzCH=CHz 

F Ph2C(OH)CHzCH2CHzCHZCH=C.Hz (152) 
( I )  C H ~ H C H 2 M ~ B r . E r , 0 . r c n u x  

(ii) HIO' 

A series of related hydroxyalkenes was studied by Eisch and Mcrklcy3". It was 
found that the ease of carbornagnesiation using allylrnagnesiurn brornidc in EtzO 
decreased in the order PhzC(OH)CHzCH=CH2 > PhzC(OH)CH=CH2 >> 
PhzC(OH)(CHz)zCH=CH2 >>.> PhzC(OH)(CH2)3CH=CHz (unreactive). The ether 
Ph2C(OMe)CHzCH=CHz also reacted with thc allyl-Grignard, equation 153. The 
enhanced rcactivity due to the hydroxyl group (or the rnetallated group) is clearly 
indicated by the nonreactivity of PhzC=CHCH=CH2 in similar reactions. These 
reactions are slowcr in EtzO than in thf. Other findings were that [Ni (aca~)~]  acts as a 
catalyst and that Bu'MgX and PhCHZMgX (but not primary alkyl or  aryl Grignards) 
also react. 

Ph2C(OMe)CH2CH=CH2 

CH,=-CHCH,hlcBr 

PhMC 
Ph2C(OMe)CHzCH(MgX)CHzCH2CH=CHz (153) 

Reference has already bcen made to the addition of allyl-Grignards to the  
homoallylic alcohols, hydroxvbicyclo[2.2.1]heptenesz"5b. As indicated on page 271, in 
these assisted additions of allylic Grignards the allyl group is attached prefercntially 
to the face of thc double bond nearer to the existing hydroxyl group. It is also 
important to recall that the  presence of rnetallated hydroxyl groups which are unable 
to assist in these reactions actually result in a rate rctardation. 

Additions of allyl Grignard reagents to other homoallylic alcohols, 3-hydroxy- 
rnethylcyclopropcncs""", 3-~yclopcntcnol"~~, and 2-cyclohe~enyldiphenylrnethanol~~~ 
also occur such that the ally1 group and thc magncsiurn are both cis to the hydroxyl 
group, e .g .  equations 154-155. 
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CH2OH CHzOH I 

( 155)308 
(I) (Ct i i=CHCt i~ ) iMg 

( i i l  t i 20  
4-hydroxycyclopentene 

CHzCH=CHr 

Predominant, if not exclusive, allylic rearrangement occurs. Surprisingly, considering 
the reactivity of simple alkylcyclopropenes towards Grignard reagents, no addition to 
51 occurs with PhMgBr, Bu‘MgBr or MeMgI (all in Et20) or  CH,=CHMgBr in thf. 

, I l l  
All these stereochemical findings for homoallylic alcohols, ,C6=C8--Cn--Ca- 

OH are consistent with the mechanism proposed by Eisch for addition to cyclohex-2- 
enyldiphenylmethanol, which involved the OMgCH2CH=CH2 grouping (Scheme 
35). This is an electrophilic reaction of allylmagnesium at a carbon-carbon T bond 

0 
/ \  

Ph2C. Mg 

CH2CH=CHz 

SCHEME 35 

and is similar to carboalumination of alkenes”’ and alkynes3”. I t  was strongly 
argued that it was the allylmagnesium group bonded to oxygen in these homoallylic 
alcohols which was the one which added to the  C=C intramolecularly to give 
cis-addition. Attack by a second group (an intermolccular allyl-Grignard) would lead 
to anti-addition. Results of additions to other types of alkenols and alkynols indicate 
different situations and have been summarized by Richey and W i l k i n ~ ~ ~ ~ ~ .  

I I  
i .  Hornopropurgylic alcohols. -C6=C,-CP-Ca-OM. Addition to these by 

allyl-Grignards results in attachment of the  allyl group to either C,  or  C,. Products in 
which the  allyl group is at C, have resulted exclusivcly from cis-attachment of the  
allyl and magnesium entities, e .g .  equation 156. 

CHZCH=CHZ 
\ /  

/ ‘  Me 

H 
(i)  CHI=CHCHZMpL3r. Et,O. A 

> c=c RCH2C=CMe (ii) H20 

R = 2-hydroxycyclohexyl RCH, (1 56)308 
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Products in which the ally1 group is at Cs have in different examples resulted (i) 
only from trans-attachment, (ii) from both cis- and tram-attachment, and (iii) from 
only cis-attachment. The amounts of trans-y, cis-6, and trans-6 products are 
sensitive to structural and solvent changes. Thc  metallated hydroxyl group must play 
a role in all of these reactions, since the hydroxyalkynes are more reactive than the 
parent alkyne. 

ii. Allylic alcohols. ,C,=C8-Cu--OH. It has been reported that attachment of 

the organic group of a Grignard reagent may occur to either C, or C,, the latter also 
being accompanied by elimination. One stereochemical study by Felkin and cowor- 
kers revealed that more erythro- than threo-3-methylhcx-5-en-2-ol was formed3" in 
the rcactions of allylmagnesium bromide with but-3-enol. The mechanism in Scheme 
36 was proposed in which the CH2=CHCH2- and the OMgX groups arc kept as far 

\ I 1  
I 

Me 

Ho%CH2CH=CH2 

Me 

SCHEME 36 

apart as possiblc. A mechanism in which CH2=CHCH2- is transferred from the 
OMgCH2CH=CH2 unit would lead to the threo-adduct, equation 157. It is of 
interest that the reaction of allyllithium with but-3-en01 does give the threo-isomer 
p r e d ~ m i n a n t l y ~ ~ " .  

I 
iii. Propargylic alcohols. -C,=C,-C,.-OH. Additions to thcse compounds 

I 
also fit  in with Felkin's mechanism. Products in which the organic group is attached 
to C4 result from trans-addition of the organo group and rnagnesium3l2. 

CH -CHCHzOH + McC(CH~C=CH~)~ 

C H 2 C H S H 2  CH20H 

(i) allylic MgX. 3 h. 20°C 
(ii) H 2 0  

I (158) 2- I 
HWCCH2OH 

74% 
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iv. Other hydroxy compounds. Addition of ally1 Grignards also occurs to o-allyl- 
phcnol, equation 159. This reaction is faster than either those of o- 
MeOCaH4CH2CH=CH2 or PhCH2CH=CH2. Hence the metallatcd hydroxy group 

100 “C. 3 I, 

Ei20 
CH2=CHCH2MgCI + EICH~CHECH~ ----+ 

CH2=CHCHZCH(MgCl)CH2R + CIMgCH2CH(CH2CH=CH2)CH2R (1 59) 

R = o-hydroxyphenyl 58% 

is giving assisatnce although it is remote from the double bond (i.e. the double bond 
is y to thc hydroxyl group)”’”. No reaction occurs with BuLi-tmed in hexane evcn at 
100 “C. 

v. Additions to unsaturated urniries. Allylic Grignard reagcnts also add to unsatu- 
rated amines such as N-allylaniline, equation 160, N,N-dimethylcinnamylamine, 
equation 161, and 3-dimethylamino-1 -phenylprop-1-yne (but not, however, to 
others such as allylamine, diallylamine, or N,N-dimethylaniline”lJ). 

CH2=CHCH2NHPh Cl i2==Ci iC1i2McCCI. rcflux 
> 

CIMgCH2CH(CH2CH=CH2)CH2NHPh (160) 

Et20, 22 h: 32% 

thf, 66 h: 44% 

CH2=CI-IC1 I,MgCI. PhMc. rcflux 

40 I ,  
> PhCH=CHCH2NMe, 

P~CH(M~CI)CH(CH~CH=CH~)CH~NMC~ (16 1) 

44% 

T h e  enhanced reactivity of the aminoalkcncs suggests that t h c  tertiary amino and 
metallatcd primary and sccondary aniino functions can assist t h c  addition of Grig- 
nards; a sequence of effectiveness was established as XMgO>XMg(R)N> R2N. 
The greater effectivcncss of the metallatcd hydroxyl groups than of the amino groups 
is consistent with the idca that the effectiveness in assisting reactions increases with 
the decreasing basicity of the metallated assisting group. Mornet and Gouin”’s have 
studied additions of Grignard reagents to substituted alkynes, R2NCH2=CCH2X 
(X = OH,  OR’, S R ,  or NR;), c.g. cquation 162. Additions”’“ to alkenylsulphones also 
occur, c.g. cquation 163. 

R2NCH2C%CCH20R’ - (E)-R’OCH2C(R’)=CHCH,NR2 
0) R ~ M c X  

0,) 11,o 

+ CH?=C=CR~CH~NR~ (1 62) 

I<McX 
( E)-BrCMZCM=CHS02Ph - BrCH2CH KCH(S0,Ph)MgX (1 63)  

R = allyl, proparglylic, aryl, and benzylic but not alkyl 

b. Trunsifiorz metal-catalysed additiorzs. There have been a number of reports that 
transition metal complcxcs such as [ ( P I I ~ P ) ~ N ~ C I ~ ]  catalyse additions of Grignard 
reagents to alkyncs and conjugated dienes. ‘I’hc [(PPh3),NiCI,]-catalysed alkyne 
addition reactions are regiospecific and stereospccific reactions in ether A 
reduced stereoselectivity occurs in benzene solution. Non-reducible alkyl Grignards 
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R = Et (100%) 

may also be used. Syn-addition to an o-aminophenylalkyne was also achieved using 
[(Ph3P)2NiC12] catalysi~"'~. 

In contrast to the  syn-addition in the presence of [(Ph3P)2NiC12], equimolar 
[(Ph,P),RhBr] apparently leads to trans-additi~n~" of MeMgBr to PhCECPh.  

(165) 
Ph\ /H 

excess Me /c=c\ Ph 

P h e C P h  + MeMgBr (I) r(Ph3P)3RhRr1 + 
(ii) 1420  

With Ni" catalysis, addit ions of aryl-Grignards to cnynes, R e C C C H = C H 2 ,  occur 
at the triple bond, to give after hydrolysis ArCR=CHCH=CH$2". In some cases, 
~ l igomer iza t ion~~ ' ,  e.g. equation 166, or polymerization may occur; indeed, RMgX has 
bcen used as components of Ziegler-Natta type catalysts. 

2CH2=CHCH=CH2 + Pr' MgBr 
[(I'II~P)~NICI~I 

E i 2 0 .  mnru icmp 
> CH2=CH(CH2)3CH=CHCH2MgBr 

+ MeCH=CH2 (1 66) 

E. Insertions Into Carbon-Zinc Bonds 

Organozinc compounds follow the same trends as observed with organo-lithiums 
and -magnesiums. However, even the most reactive organozinc derivatives, e.g. 
allylzinc'22 and t e r t - b ~ t y l z i n c ~ ~ ~  compounds, add to ethylene only under vigorous 
conditions, e.g. for (Bu',)Zn a pressure of 60 atm and temperatures of 50-70 "C are 
required to give reaction (94% yield). Dicrotylzinc undergoes allylic rearrangement 
in reactions with ethylene. Additions of ( B U ' ~ ) Z ~ " ~ '  and b i s a l l y l z i n ~ s ~ ~ ~ ~ ~ ~ ~  to alk-l- 
enes and to buta-1,3-diene (equation 167) and styrene have been reported. For the 
alk-1-encs, RCH=CH2, the major products have metal bonded to Cc2)- 

CH2=CHCH=CH2 + Bu' Zn- - (Bu'CH2CH=CHCH2)Zn- (167) 
253-283 K 

1,4-addition; cis : trans = 1 :2 

+ 
-ZnCH2CH(CH=CH2)CH(CH=CH2)CH2Bu' 

The regioselectivity of the addition of (CH,=CMeCH,),Zn to p-RC6H4CH=CH2 at 
20 "C in benzene varies32s with the group R;  electron-withdrawing groups favour 52, 
e.g. [53] : [52] = 6.0 for R = M e 0  and 0.6 for CF,. 

p-RC6H4CH=CH2 + CH2=C(Me)CH2Zn- - p-RC~,H.CH(Zn-)CH2CH2C(Me)=CH2 
(52) 

(53) 
+ p-RC6HJCH[CH,C(Me)=CH2]CH2Zn- (1 68) 
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Di(teri-butylfzinc adds3*" to alk-1-ynes, in refluxing thf but not Et,O, to give cis, 
trans mixtures of Bu'CH=CRZn-. Additions to terminal alkynes carrying donors 
groups, e.g. H e C C H 2 Y  (Y = O R  or  NH2), have been featured in other studies; a 
variety of organozincs have been used, including ally1-327 and M ~ C ( C 0 ~ E t ) ~ - z i n c ~ ~ *  
compounds. The allylic reactions can be rcvcrsible, as shown in Scheme 37. With 
increasing reaction time and temperature 54 increases at the expensc of 55. 

thf 
HC%CCH2Y -I- RCH=CHCH,ZnBr BrZnCH=CCH,Y 

BrZnCH=CCH2Y 
I 

CH,CH=CHR 

(54) 

Y = O R  or  NR, 
SCHEME 37 

Allylzinc compounds undergo spontaneous oligomerisations32", equation 169. 

XZnCH,CH(CH2CH=CHR)CHRZnX - XZnCH,CH=CHR + RCH=CHCH2ZnX 7 
X = Br, solvent thf or dme, A 

( 169) 
X = CH,=CHCH,; solvent Et,O, 20-50 "C 

Trans-Additions of (Bu'),Zn to H%CCH=CHCH2R (R = Bu', NEt,, etc.) in Et,O 
at 35 "C occur at the triple bond. In refluxing thf, the reactions are still regioselcctivc 
but arc not  stercoselcctive, a consequence of a series of rapid cq~ilibrations~'". 

F. Insertions into Carbon-Boron Bonds 

Reactions of trialkylboranes with alkenes rcquire high tcmperatures; at these 
temperatures the most frequently met rcactions are alkcnc exchanges. These cx- 
changes result from elimination-addition reactions. Few simple insertions have been 
notcd. However, CH2=CH2 and dec-1-enc do insert into a carbon-boron bond of 
Et3B to give EtCH,CH2BEt2 and Et(C,H 17)CHCH2BEt2, r e spe~ t ivc ly~~ ' .  

B(CttH2,t 4 1)3+3C,,,H2~,, B(CntHztn+~)3+ 3CnHzn (170) 

PI z= 3; i?1 2 2 

I t  is only  with activated alkenes, c.g. alkoxyalkcnes, and strained alkenes, such as 
cyclopropcnes and activated organoboranes, that reactions procccd at all readily. 
T h e  most frequently studied species arc allylic b ~ r a n e s ~ ~ ' .  T h e  reactions with 
alkoxyalkenes require temperatures above 100 "C; at such tempcraturcs, the initial 
adducts are themselves unstable, equation 171. More ready reaction occurs with 
I-mcthylcyclopropene, equation 172. All three bonds of trinllylic boranes can react. 
Thc addition occurs in a cis-manner and with allylic rearrangcmcnt333". 

Trialkylborancs, such as tripropylborane. also react with 1 -met hylcyclopropcne, 
but the course of thc reaction is clearly diffcrent""', cquation 173. While i t  is not a 
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Me 

85-90% 

(1 73) 

carbon-carbon multiple insertion, the initial reaction is still an insertion and thus is 
appropriate to be included in this chapter. 

Very few examples of thermal insertion into alkyl- o r  aryl-boranes by alkencs have 
been reported. One is the reaction of PhBClz with n~rbornad iene~~ ' ;  both Ph2BCI 
and Ph3B are unrcactive, though. Howcvcr, sensitized photoinsertions have becn 
r c p ~ r t e d ~ ~ ' ,  equation 174. 

R = E t  71% 
R = B u  68% 

Triallylborancs react with alkoxyalkynes even below room tempcrature; all three 
carbon-boron bonds can react33". As shown in reaction 175, allylic rearrangement 
occurs in these cis-additions. 

Terminal alkyncs, R G C I - I ,  also react in a similar way'37. The initial products arc 
also prone to further reaction, scc Scheme 38. 

Few insertions of alkynes in to  alkyl- or aryl-borancs have becn rep~rted"'.~"''. Tri- 
alkylboranes and borocycloalkanes have been shown"' to react with R 3 S n s C S n R 3  
(R = Me or Bu) to give cis-adducts, c.g. equation 176. 
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H X 

X = R . 2 5  'C 
X=RO. 100-140 "C 

X 
I 

R '  

S C H E M E  38 

287 

In the reaction of 1 -phenylborocyclohexane with Me,SnGCSnMe, ,  insertion into 
the phenyl-boron bond results instead of into the ring. 

A l l e n e ~ ~ ~ '  also react with triallylborancs; a temperature of >1SO "C is required to 
initiate the reaction. This results in the reaction proceeding beyond the initial 
addition stage (Scheme 39). 

\ 
R R = H or  Mc 

SCHEME 39 
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G. lnsertions into Carbon-Aluminium Bonds 

The additions of organoalanes to alkenes and alkynes are most important reactions 
in organic ~ynthesis"".~~' .  Monomcric organoaluminiums are the active species in 
reactions of both alkynes and alkencs. 

7. Alkenes 

The initial alkcne adduct can react further with rnorc alkencs to produce long- 
chain aluminium alkyls. This is particularly so with ethylene and Et,AI or Pr,AI (buta2 

>--R+ CH,=C(R'), - AICH2CRiR _c, AI(CH,CR;),,R (177) 

not ,  howcver, Me,AI) at 100 atm and 90-200 "C. Thermal cleavagcs of these adducts 
provides higher alkenes (e .g .  11 = 4-20 for ethylcne) and dialkylaluminium hyd- 
rides. 

The reactivity of double bonds towards addition of oryanoaluminiums decreases in 
the order H2C=CH2 > RCH=CH2 > RCH=CHR > R2C=CH2. The carbo- 
alumination of monosubstitutcd alkencs requires higher tempcraturcs than are needed 
for CH2=CH2 and gives predominantly the mono addition product. The major 
reaction leads to the  aluminium at thc terminal position of the originally double 
bond; thermal loss of an alkcne from this adduct occurs rcadily, see equations 178 
and 179. 

\ \ 
/ / 

/ 1 / 

\ 

/ 
AlPr+CHz=CHMe --* CH?=CMcPr+ AIH (178)'43 

Ph3AI 
1,2-dihydronaphthalene - 3-phenyl-l,2-dihydronaphthalene 

(179) 3(Wb 

Oligomcrs of alkenes may also arise, e . g .  Schcme 40. 

Et3AI + CH,=CHEt lsoyc , \AICH2CHEt2 - \AIH + CH,=CEt, 
/ / 

' AlH + CH,=CHEt ---+ 'AICH,CH,Et c11~=c'"31 , \ AlCH,CHEt CH,CH,Et 
/ / / 

' AlCH,CH(Et)CH,CH,Et 2 ' AIH + CH,=C(Et)CH,CH,Et 
/ / 

SCHEME 40 

High molecular weight polymers have been produced using aluminium- 
alkyl/titanium chloride combinations and other Ziegler-Natta catalyst ~ y s t e m s ~ ~ . ~ ~ ~ .  
In general, Ziegler-Natta catalysts are based on transition mctal compounds nor- 
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mally formed by reaction of a transition metal halide, alkoxide, alkyl, or aryl 
derivative with a main group alkyl or haloalkyl compound. The variety of combina- 
tions patentcd is vast. Zieglcr catalyses involves rapid polymerization of ethylene and 
a-alkenes at low pressurcs and tcmperaturcs up to ca. 120°C. With monoencs, 
stereoregular structures (isotactic and syndiotactic rather than atactic) can be realiicd. 
1,4-Cis-, 1,4-tram-, and 1.2-polybutadienes and 3,4-polyisoprcne can also be 
produccd. 

Sidc reactions, other than polymcrization and RzAIH eliminations from the initial 
adducts, havc becn observed. Thcse include (i) cis-trans isomerization of alkenes, 
e.g. the conversion of cis- to trans-PhCi-I=CHPh at 175 "C in refluxing mesitylcne 
in the prescnce of Ph3AI, (ii) mctallation of vinylic alkencs, e.g. cis-PhCH=CHPh by 
Ph3AI at 200"C, and (iii) decarboalumination with C-C bond scission as exemp- 
lified in the interaction of Ph3CCH=CHz with Ph3AI, equation 1 

Ph,CCH=CH,+ Ph3AI [Ph3CCHPhCH2AIPh2] PhCH=CH2 
+ Ph3CAIPh2 (1  S O )  

As with other organometallic compounds, additions to strained and conjugated 
alkenes occur under more rnoderatc conditions. The reactivity of a series of alkenes 
(both strained and conjugated) towards Ph3AI was found to be in thc order 
norbornadienc > cis-PhCH=CHMe > tram-PhCH=CHMe = 1,2-dihydronaph- 
thalene = 1,l -dimethylindcne > cis-PhCH=CHPh > 3,3,3-triphenylpropcnc > 
trans-1,2-diarylethylenes = phcnylcy~lopropane~~"~.  As shown in equation 181, 

(181)30'h 
A+- bpi' - PhrAl 

AIPh? 

syn,exo-additions to  norbornadiene occur in refluxing PhH at both double bonds. 
cis-Additions arc gencrally considered to occur with alkenes and alkynes. 

The relative reactivity of 6-substituted benzonorbornadicnc and rcgioselcctivity of 
their reactions with Ph3Al were also studied3"'", equation 182. 

Z 

+ 

The relative rcactivities were in thc sequencc Z = Me > H > F> CI. In  addition, the 
logarithm of the relativc ratcs correlatcd with $(a,, +a,,) with p = -0.66. The ratios of 
[56] : [57] werc found to be 53 : 47 and 30 : 70 for 2 = Me and F, respectively. Both 
the stercochemistry (cis-syn) and the substituent effects point to elcctrophilic attack 
by monomeric Ph3AI on  the alkene i n  thc rate determining step. 

Intramolecular additions also occur r ~ a d i l y " ~ ~ ~ " '  . Interesting examples are found 
in hydroalumination reactions of dicne, c.g. cquations 183 and 184. 
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CH,=CMeCHzCH>CH =CHz+Et,AIH 

1 
1 

[Et,AICH,CHMeCH,CH =CH2 +CHr = C M ~ C H ~ C H ~ C H ~ C H Z A I E ~ ~ ]  

.j. CHrAlEt2 + Me 9 CHzAlEtz 

cis : trans 4. I : 95.9 

( 183)346 

(1 84)348 

It should be noted that such cyclizations do  not occur in the prcsence of ethers, which 
o n  coordination with the alane appreciably reduces it's reactivity. 1 -(Hex-5- 
eny1)aluminium compounds are ideally set up for cyclization, in contrast to 1 -(hept- 
6-eny1)- and l-(oct-7-enyl)-aluminium specieszs1. Evidence has been gained from 
spectral data for m-interaction of thc double bond with the aluminium 

2. Alkynes 

Carboalumination of carbon-carbon triple bonds also occurs readily349. Indeed, 
additions to alkynes procecd more readily than to alkenes, e.g. acetylcnc reacts with 
Et,AI at 40-60 "C whcrcas a temperature of 150 "C is required with ethylene34'. In 
addition, PhCH=CHPh docs not react with Ph,AI in refluxing mcsitylene even  after 
40 h, whilc 100% reaction occurs with P h e C P h  within 4 h'o"h."" . An internal 
competition in 3-en-l-ynes, R R C = C R G C H ,  also points to the incrcased reactiv- 
i ty of the triple bond35". 

The additions to alkynes occur in a cis manner. With addition to unsyrnmetric 
alkynes, including terminal alkynes, two isomeric adducts can be obtained. Thc  lack 
of regiospecificity is clcarly a problem with regard to synthetic uses of the  reaction. 
Other drawbacks can bc metallation at thc acidic hydrogen of terminal alkyncs, e.g. 
as happens in the reaction of Ph3AI with BuC%CH3", elimination of R,AlH from 
adducts having @-hydrogens, oligomerizations and polymerizations. 

Di-insertion of alkyncs may result, e.g. equation 185 and Scheme 41. 
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Ph But 
Bu'?AIH \ /  

PhCGCBu' -) c=c 
. /  \ 

Bu'iAI H 

Bu' JPhC..CR"~ 

\ 

Ph-C f-Ph 4c-H \ f l B U 1  
PhC=CUu' 

Ph 
\ But c-c 

\ 
A ~ ( B U ' ) ~  

Bu'-d' \But Al(Bu')r 

SCHEME 4135' 

29 1 

An interesting continuation of this is the formation of arenes from alkynes in the 
presence3s3 of catalytic Bui2AIH, equation 186. 

140- IS0 "C 

c31. lBu').AIH 
3PhCzCMe i ,2,4-trimethyl-3,5,6-triphenylbenzene (186) 

AlkyIaIancs can react with alkynes with retention of configuration, e.g. equation 
7 873sJ. 

Mc Me 

+PhC-CH --* (187) 
AIBu'r 

H 
Ph 

T h c  regioselectivity of the alkyne additions are  governed by both steric and polar 
. Steric control is clearly seen in the reactions35s of P h e C M e  and effeCtS353.355 

Ph-CBu' with Ph3AI, equations 188 and 189. 

Ph Me 
\ /  

/c=c\ PhC=CMe+Ph3AI + 
PhzAl Ph 

98 % 

But Ph 
YO- IW ' C  \ /  

/c=5 PhCGCBu' t  PhjAI -4 

PhzAl Ph 
95 % 

Polar effects are  shown in thc rcaction of p-ZC6H,C%CPh with Ph,AI; both syn 
isomers wcrc formed"', equation 190. 
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p-ZC6H.l 

(1  90) 
\ /'h 

IC = "\ 

p-ZCt,H? Ph 
rncsitylenc / /  + 

PhzAl Ph 
/c=c\ P - Z C ~ H J C = C P ~  + Ph3AI 

Ph AlPhr 

(58) (59) 

The relative reactivity was in the sequence Z = Me > H > C1 and the logarithm of the 
ratio of [SS]: [59] correlated with the c+-value of the para-substituent ( Z )  
( p  = -0.713). The  reaction was seen as a kinetically controlled electrophilic attack of 
the trivalent aluminium centre o n  the triple bond. 

Thc  reason for the difference in rcactivity between alkynes and alkenes has 
attracted some attention. Since the polar effects in both carboalumination of diaryl- 
acetylenes and benzonorbornadienes are similar, it was considered that the origin of 
the different reactivities has to be steric. The reduced reactivity of alkenes is thought 
t o  arise from steric factors that destabilize the .rr-complex between R3AI and the 
alkene and that cause a trapezoidal-likc transition state to be rate determining, 
Scheme 42. 

/ \  
H H 

L 

1 
product 

Al w. R' R I'R 
dctcrrnlning 

slow (rate-dewmining 1 

L J 

1 
product 

SCHEME 42 

The  higher reactivity of alkvnes is ascribed to less steric hindrance both to T- 
complexation with Ph3AI and to the collapse of the complcx via a trapczoidal 
configuration. For alkyncs it is adjudged that the formation of the intimate T- 
complex is rate determining, Scheme 43. 

3. Catalysed reactions 

Use has been made of combinations of organoalanc-transition metal compounds. 
Controlled additions to alkynols and alkynes have been reported among others by 
Thompson's group3'" and Ncgishi's g r o ~ p ~ ~ ' . ~ ~ " .  Somc, but not all, of these systems 
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RiAl  RLC.ECRS 
R L C ~ C R S  

RI- Rs 
\6+ / c=c 

RL Rs 
\ 6 + /  
C=C 
1 6 -  : 

:' . . AIR? 
R.. '  

R2A1. .. 1 -. k 
product 

I 

293 

c 
product 

SCHEME 4 3  

lead to regio- o r  stereo-selective reactions. Thus, use of TiCI,-Me3AI with hex-3- 
yn-1-01 provides (Z)-4-methylhex-3-en-l-o1, after h y d r o l y s i ~ ~ ~ " ,  in marked contrast 
to the  non-selective reaction with but-3-cn-1-01. Negishi a n d   coworker^^^^*^^* have 
used [Cp2ZrClz]*rganoalane combinations with alkynes, propargyl, and homo- 
proparyl dcrivatives and obtained alkynylmetal derivatives selectivity in good yields, 
equations 191 and 192. 

(ii) H+O 
M e  ' 'H 

Z(CH2),, H 

( 192)3s8 
Mc3AI. [CkZrCId \ /  c=c 

/ \  
AIMe2 

Z(CH,),,C%CH 

M e  

Regioselectivity >90% 

H. Tetracyanoethylene Insertions3- 

Insertions of tetracyanoethylene into carbon-metal bonds occurs for both electro- 
positive metals such as and for metaIs such as tin, lead, and 
mercury3s9-361 . Tctracyanoethylcne is a powerful electron acceptor and forms com- 
plexes with both m- and .rr-donors. T h e  mechanism of the tcne insertions into the less 

RM + (NC),C=C(CN), - RC(CN),C(CN),M (193) 

clcctropositive elemcnt-carbon bonds has bccn shown to involvc 1 : 1 charge- 
transfer complexes with the metal-carbon bond acting as the m-donor. For tetra- 
alkyltin compounds, %Sn, the disappcarance of the chargc-transfer complex follows 
overall second-order kinetics and leads to thc insertion product, 
R3SnC(CN)zC(CN)2R. T h c  same product is obtained in a unit quantum yield b y  the 
direct irradiation at the charge transfer maximum at low temperatures, when the 
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KCT hvcr  

or A 
%Sn + tcne [R&-~. tcne]  - [&Sn+', tcne-'1 

I 
f;st  I 

R,SnC(CN),C(CN),R f--- [R', R3Sn+, tcne-'1 

SCHEME 44 

thermal reaction does not occur. Both the thermal activation and the photochemical 
activation are associated with an electron transfer, see Scheme 44. The reactivity of 
tetraalkylstannanes towards tcne decreases in the sequence Bu,Sn > Pr,Sn > Et,Sn > 
Me,%. Tetraorganolead compounds are considerably more reactive than both the 
tin analogues and dialkylmercurials. If R is a primary alkyl g o u p ,  further reactions, 
particularly of the lead and magnesium adducts, occur, equation 194. 

R;PbC(CN)ZC(CN)zCH2R [RJPbC(CN),C(CN)=CHR] 

fcnc. 1 -HCN 

R;Pb.'. + (NC),C=C(CN)C(R)C(CN)=C(CN), (194) 

1. Cycloaddition Reactions 

Various [3 + 2]cycloadditions of allyl- and 2-azaallyl-magnesium and -alkali metal 
compounds are A s  well as cycloaddition to alkenes and d i e n e ~ " ~ ,  to give 
five-membered carbocycles, cycloaddition to heterocumulenes (e.g. RNCS, RNCO, 
CS, and carbodiirnide~)~"~ and nitn1es3"" have been reported, especially for Zaza-  
allyllthiums. Conservation of orbital symmetry predicts the reaction of the allyl anion 
to carbon-carbon multiple bonds to be a [7r4s+7r2s] process in which the alkene 
configuration is maintained in the cyclopentyl anionic product. This occurs in the 
reaction of 2-cyano-1,3-diphenylallyllithium with trar~s-stiIbene~~', Scheme 45, as well 
as in the reaction of 2-azaallyllithium with cis- o r  trar~s-stilbene~"'. 

C N  C N  

I I 

H H  H Ph 
Li + Li + 

Ph Li' Ph 

C N  

ph+xph P f  Ph 

SCHEME 45 
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Only two of the ten possiblc isomers was detected in the 2-cyano-1,3-diphenylallyl- 
lithium-trans-stilbene reaction, which points to (but does not prove) a conccrted 
react ion. 

Two features which promote the anionic [3 + 2]cycloaddition rcactions are (i) 
clectron-withdrawing groups on thc C=C bond and (ii) stabilization of charge in the 
cyclopcntyl anion product by a suitable substituent, e.g. nitrogen as in the 2-ajr.aallyl- 
lithium or a carbonyl, cyano, o r  aryl group. Whcrcas 2-cyano-l,3-diph~nylallyl- 
lithium”6Y and 1,3-diphenyl-2-a~aallyllithium~~” cycloadd to acenaphthylcne, 
CH2=CPhCH2MgOPh-2hmpt gives only a simple addition product,’“’”, Scheme 46. 

L 
1 : 1 mixture of isomers 

SCHEME 46 
Pk 

No cycloaddition products are obtained using 2-phenylallylmagnesium phenoxjde in 
the absence of hmpt o r  [2 . l . l ] c ryp ta t~”~~ .  A cycloaddition rcaction of Ph=CCHPh, 
Li’ has also been reported36”. 

Cycloadditions to  benzyne have been reported. Thus benzyne and covalent 71’- 
CSHsk1gBr in thf produces the benz~norbornadienyl-Grignard~~~, equation 195. In 

contrast, the ionic CpM (M = Li, N, or  K) in thf just undergocs nucleophilic addition 
to give 1 -[o-M-C6H,]-cyc1openta-2,4-diene, 61. It is of interest that q‘-C,H,MgBr in 
the presence of hmpt gave both 60 and 61373. 

namely (i) 
nuclcophilic addition, (ji) [2+2]cycloaddition, and (iii) [3 +2]cycloaddition, see 
Scheme 47. 

Allyl-Grignard rcngcnts react with bcnzyne by rhrce 
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+ R' .xlr" 
t i i i )  \ 
WMgX R '  

R3 

--* KMgX R' 

SCHEME 47 

V. ADDITIONS TO CARBON-NITROGEN 
MULTIPLE BONDe4 

.4 number of carbon-nitrogen multiple bonded compounds react with organo- 
metallic compounds. The  reactive compounds include both triple-bonded com- 
pounds, i.e. nitriles, RCN, and double-bonded compounds, e.g. azomethines (al- 
dimines and ketimines) and N-hcteroaromatics. 

A. Additions to Nitriles 

The simplc addition reaction with nitriles is shown in Scheme 48, step (i). Nitrilcs 
in general are much less reactive than acid chlorides, esters and even amides and so 
longer reaction times and/or higher reaction tempcratures may be required. Organic 
derivatives of various clements take part in these reactions; these include organic 

alkalinc earth m c t a l ~ ~ ~ . ~ ~ ~ ,  beryllium"'", and b ~ r o n ~ ' ~ . ~ ' " .  

derivatives of l i t h i ~ m ~ " . " ~ " - ~ ~ ~ ,  magnesiUm4h.379-383 alUminiUm4'.3M-3X7 zinc388-3'4 

RCEN + R'M -__* RR'C=NM - RR'C=NH 

RR'C=NE RR'C=O 

EY = R3MCl, M = Si, Ge, or Sn37s; McOS0,Me (ref. 4) 

SCHEME 48 

The inscrtion products, the metallated imincs, may be studied, either in solution or  
in t h e  solid state, derivatizcd on reaction with elcctrophiles, hydrolyscd carefully to 
ketimincs, RR'C=NH (c.g. using MeOH3"), o r  hydrolysed more forcefully to 
ketoncs, KR'C=O. Examples of these reactions are listed in Table 11. 
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The metallated imines have been ~ t u d i e d " ~ ~ . ~ ~ ~  for lithium4", beryllium, mag- 
nesium402, zinc3", boron, and a l ~ r n i n i u m ~ ~ ~ . ~ ~ '  derivatives. These compounds appear 
t o  be associated species, with the nitrogens acting as bridging groups; it has been 
established, for example, that beryllium, magnesium, zinc, boron, and aluminium 
compounds are dimers, e.g. 62. 

R 
Ph I Ph 
\ ,%i / 
C=N 

Ph I Ph 
R 

(62) 

It also appears that coordination compounds are formed prior to the  insertion 
process. These adducts have been detected, for example, for organoaluminium, 
o r g a n ~ b e r y l l i u m ~ ~ ~ ,  and o r g a n ~ z i n c ~ " ~  compounds at ambient or even lower temper- 
atures; strong heating may be necessary to cause the insertion, e.g. equations 196 
and 197. In equation 197, the mono-insertion product undergoes complete dispro- 

room icmp. 
$(Me,N), + PhCN - Me3AI-NCPh (PhCMe=NAlMe2), 

150-220 "C 

60% ( 196) 
room temp. 100 OC 

Ph,Zn+PhCN PhCN-ZnPh, - 
uCN = 2229 cm-' uCN = 2259 cm-' 

[(Ph,C=N)ZnPh], - (Ph,C=N),Zn + Ph2Zn (197) 

vCN = 1607 cm-' 

port ionation at the reaction temperature. Not all adducts give rise to insertion 
products; an  e ~ a m p l e ~ " ~ ~ '  is Bu',Be-NCBu'. Four-centre transition States are 
envisaged for these insertions, e.g. equation 198. 

Higher yields of the metallated imines385.386 have been obtained using 2 :  1 
R3AI: R C N  molar ratios rather than 1 : 1 ratios. As with othcr organoaluminium 
rcactions, [Ni (a~ac)~]  acts as a catalyst in the mcthylation of nitrilcs, enabling 
ambient temperatures to be employed instead of the 140 "C requircd in the absence 
of the catalyst. Methyl group transfer also occurs to give (PhCMe=NAlMeCl), o n  
heating the complex Me,AICI : NCPh"84. 

Thc mechanism of the reaction between benzonitrile and the Grignard reagent 
from methyl bromide was studied by Ashby et a1.404. Under conditions where both 
MeMgBr and Me,Mg are monomeric (i.c. t0.1 M in diethyl ether), the reaction was 
found to be an overall second order reaction, first order in each component. The 
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purity of magnesium is important, with single-crystal magnesium providing 100% 
addition. In contrast, triply sublimed magnesium (99.95%) pure) in excess provides up 
t o  13% of by-product. T h e  reaction involves both Me,Mg and MeMgBr, see Scheme 
49, with the relative reactivity ( k 2 :  k , )  being 17.7: 1.3 at 25 "C. Insertion into the 
second methyl group in dimethylmagnesium occurs much lcss readily than insertion 
into the first, i.e. k 3 <  k2. Earlier work4'' in thf had shown that only ca. 50% of the 
ethyl groups in diethylmagnesium reacted with benzonitrile. This may be  due  to k3 in 
thf being exccptionally small. 

2McMgBr d MezMg+MgBr. 

Br 
l t  

/ 
2PhCN -+ Mg PhCN-MgMe? PhCN --* MgBr2 

\ 

M e  

lit 

1 1 
Ph Ph Ph 

7 \ C=NMgBr \lgHr: \ C=NMgMe 2 [ 2 = N ) M g  

/ P h C "  / 
Me Me 

SCHEME 49 

These cyanide reactions are  counted among the more general routes to ketones; 
especially good yields of ketones a re  obtained from aryl cyanidcs. Particularly good 
yields of ketones have bcen produced in toluene containing 1 mol of cther rather 
than in ether alone"'. Howcvcr, the reactions do suffer, in varying degrees, from 
side reactions, such as the following: 
(i) a-metallations when there arc a-hydrogens present, e.g. as in CH,CN, equation 
199;  

CH3CN + R'M F====== R'H + MCH2CN (or CH,=C=NM) (1 99) 

(ii) deprotonation of products, especiaIly in the presence of excess of organometallic; 
(iii) reductions of R C N  to RCH=NM, especially noted with organoaluminium 
rcagcnts; and 
(iv) further condensations o r  insertions of RCN into thc  N-M bonds of adducts. 

Much less a-metallation of cyanides has been found for organolithium than for 
Grignard reactions. T h e  presence of lithium perchlorate has been shown to reduce 
the amount of a-metallation with Grignard reagents'82. Even with nitriles having 
reactive a-hydrogens, such as CH3CN or PhCH,CN, yields of ketones were in- 
creased from 2 to 2070. 

Use of organometallics having P-hydrogens can lead to  reductions. As well as  
organoaluminium rcagcnts, organoberylliums are noted in giving reductions. Six- 
centred transition statcs have bcen proposed, c.g. equation 200. 
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Ph-CEN 

AIEk -+ PhCH=NAIEt,+CH,=CH, (200) 
H - c H ? - ~  r L.& 75 % 

For organoberylliums, higher tempcraturcs have been shown to lead to more 
reduct ion397. 

Further insertions are particularly important when excess of nitrilc is p r e ~ e n t ~ ~ * . ~ ~ ~ ;  
products include enamidines, triazinc derivatives, and other condensation products. 
Thesc rcactions involve successive insertions of the  nitrile into initially mctal- 
carbon bonds and subsequently into nitrogen-metal bonds, c.g. cquation 20 1. 

PhCN + Me,Zn - MePhC=NZnMe - MePhC=NCPh=NZnMe 

I (201) 
chain polymers 

and/or 
cyclic oligomers 

Reactions of triallylborane with nitriles can lcad to transfcr of onc or two ally1 
groups from boron to carbon397, e.g. Scheme 50. Hydrolysis of the product from 
transfer of the two ally1 groups provides a primary amine. 

p n l a n e  
(CH2=CHCHr)3B + RCN - (CH?=CHCH2)3B:NCR 

RC(CH2CH =CHr)2 

1 heat 

R, C ,CH2CH=CH? 

I I  
100 ‘C dN\ 

“7 
t- (CH~=CHCH~)ZB B(CHrCH=CHz)? 

I I  
C 

C H ~ = C H C H ~ /  ‘-R 

SCHEME 50 

The formation of primary amines would clearly be a valuable reaction. Unfortu- 
nately, double additions to nitriles by organo-magnesiums or  -1ithiums are not 
frequently met. Clearly the metallated imines, RR’C=NM (where M is magnesium 
or lithium), must bc deactivated towards RM compared with ketimines, which as 
shown in Section V . c  are reactive towards a variety of organometallics. It was 
pointed ou t  in Scction IV.D.2 that a metallated hydroxyl group can reduce the 
rcactivity of an alkenol. However, use of refluxing toluene as the reaction medium 

(202) 
ICM 

RC%N + R’M RRC’=NM RRSCNM2 
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has allowed the double addition of the ethyl Grignard407 to benzonitrile, equation 
203. Hydrolysis of the double addition product provides the aminc, PhCEt,M,. Use 

PhCN + EtMgBr - PhC(Et)=NMgBr + PhC(Et),N(MgBr), (203) 

of reactive nitriles, e.g. alkoxymethylnitriles and P - a l k o ~ y e t h y l n i t r i l e s ~ " ~ . ~ ' ~ ,  and thc 
reactive ally1 organornetallics also leads to double addition, e.g. equation 204. 

EtOCH2CN + CH2=CHCH2MgBr - EtOCH2C(CH2CH=CH2)ZN(MgBr)2 

1 4 ~ 0  (204)409 

P1iMc.A 

Et,O. reflux 

I 
EtOCH2C(CHzC=CHz)2NHz 

(77%) 

An additional means of achieving double addition was deviscd by Gauthier et 
~ 1 . ~ " ~ .  This involves the  successive usc of two organometallics; the first may be any 
organomagnesium and t h e  second an aliphatic, an unhindered, or an allylic lithium 
reagent, equation 205. 

K M R X  R'LI 
McOCH2CN - MeOCH2CR=NMgX - MeOCH2CRR'NLi(MgX) 

(205) 

B. Additions to isonitriles 

There has been limited work o n  isocyanide reactions. Isonitriles, containing 
a-hydrogens, are readily metallated by organolithiums. Addition of or- 
ganolithiums4" occurs to other isocyanides such as Ph,CNC, Bu'CH,CMe,NC, 
PhCMeEtNC, o r  Bu'NC, e.g. equation 206. The adducts, being organolithium 
reagents, undergo the usual variety of organolithium reactions. 

Bu'CH2CMe2N=C + RLi - Bu'CH2CMe2N=C(Li)R 

R = Bu, Bus, But, Et, or Ph but not CH,=CH or P h G C  (206) 

Triorganoboranes, R3B, also react with i so~yan ides~ '~ .  As shown in Schemc 51, 
several transfers of R groups from boron are possible; the intcrmediate products may 
bc trapped. 

R3B+=NR' R3BC=NR' -+ (RzBC(R)=NR'] 

SCHEME 5 1 
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C. Additions to Azomethines 

Organometallics may add to azomethines (aldimines, RCH=NR or kctimines, 
RR'C=NR2), equation 207. Organic derivatives of the following main group elements 

RR'C=NR' + R ~ I ~ I  --+ RR'R~CNR~M Ii,O > RRR3CNR2H (207) 

rcact with azomethines: lithium4, be ry l l i~m~"~" ,  m a g n e ~ i u m ~ . ~ ' ~ ,  alkaline carth mct- 
, (espccially in the presence of metal halides), 

boron39' (e.g. for triallylboron), and a l u r n i n i t ~ m ~ ~ " . ~ ~ ~ .  
Ally1 derivatives are, as usual, especially reactive  derivative^^'^'; thcy react with 

allylic rearrangement, equation 208. A further feature of these ally1 metal reactions 

als414, zinc413.41S417 

PhCH=NR + MeCH2=CHCH2M - PhCH(NHR)CHMeCH=CH, 
+ PhCH(NHR)CH,CH=CHMe (208) 

M=MgBr or Li 

is the reaction's revcrsibility with the kinetic and thermodynamic products bcing 
rearrangcd and unrearranged dcrivatives, respectivcly. Hence longer reaction times 
and higher tcmpcratures favour the unrearranged allylic derivatives. Prior coordina- 
tion complexcs have been detccted in Mc2Bc c.g. equation 209. A 
four-centred transition state is cnvisagcd for the insertion reaction. 

(209) 
-78°C 

Me,Be + PhCH=NPh - Mc2Be:N(Ph)=CHPh 

room tcrnp. 1 
MeBeNPh=CHMePh 

Methyllithium is morc rcactivc than MeMgX towards aldimines, e.g. MeLi but not 
MeMgX reacts419 with the hindcred aldimine, PhCH=NRu'. Alkylmagnesium 
halides arc, however, sufficiently reactive towards less hindcred Schiff bases, e.g. 
PhCH=NR ( R = M e  or Et), equations 210 and 211. 

PhCH(CH2Ph)NHMe.HC1 PhCH=NMe + PhCH2MgCI ( i i )  H20. HC, ' (i) EI~O.  3.5 "C. 2 11 

91-96% (21 1)42' 

Salt cffccts on Grignard reactions have been studied by  Thomas"2z. Magnesium 
bromide activates addition of ethyl-Grignards to PhCH=NPh whercas lithium salts 
have no (or just a slight deactivating) effect. Thomas4" also dctcrmined p values for 
reaction of XC6H4CH=NPh (+0.28 and +0.84 i n  Et20 and thf, respectivcly) and of 
PhCH=NC6H4X (+0.39 and +0.90 in Et20 and thf, respectively). 

Rcactions other than insertions may also occur in thc azornethinc+xganomctallic 
systems, a s  follows: 
(i) Metallations, for azomethincs having a-protons4, c.g. equation 212. 

CtMCUr 

THF. A 
Me,CHCH=NBu' - Mc2C~CH==NBu'MgX' (21 2)423 



304 J. L. Wardell and E. S. Paterson 

(ii) Reductions for organometallics having p - h y d r o g e n ~ ~ . ~ ' ~ ~ . ~ ' ~ ,  e.g. Bu'&e reduces 
PhCH=NMe to dimeric (PhCH,NMeBeBu'), and PhCH=CHCH=NPh to 
(Bu'BeNPhCH,CH=ChTh),. However, less reductions are found for dialkyl- 
beryllium rcactions with aldimines than with ketones. 
(iii) Reactions leading to  coupled products, e.g. equation 213. 

(21 3)"' 
UutMzCl 

PhCH=NEt - EtNHCH(Ph)CH(Ph)NHEt 

Additions of organometallics (e.g. organo-lithium, -magnesium, and -zinc deriva- 
tives) to azirincs (three-membered cyclic compounds containing a nitrogen+arbon 
double bond) have also been reported425. 

In several reactions a preference for threo-products has been shown, e.g. in 
reactions of organolithiums with PhCH=NCHR'Ph426", of RCH=C=CHMgBr with 
PhCH=NR, equation 21442"b, of RCH(ZnBr)CONR; with R"CH=NR 417, and of 
allylmagnesium or -lithium (but not -aluminium) with PhCH=NR"24b, especially 
with bulky R groups. 

H C=CH H H  
(I) PhCH=NK I !  ! !  

A A  
Mec:H=C=CHMgBr -B PhiiIiiiiIC - c llliilliMe Ph IIIIIIIIC - CiwIMe 

R N H  C'CH (214) 
A A  ( 1 1 )  H.@ 

R N H  H 

111 re0 ei-yiythro 

T 
[ M e C H B r G C H  + Mg] 

R=Me 80 20 
R=Et 90 10 

However, some stcrcochcmical differences have been found in reactions of N- 
benzyl-D-glyccraldimine (and its 2,3-O-isopropylidine derivatives) with phcnyl- 
metal derivatives; with phcnyl-lithium or -calcium derivatives, the threo-product, 63, 
dominatcs while for phenyl-beryllium, -magnesium, or -zinc species the major isomer 
is the erythro-product, 64427. 

Ph Ph 

Various organomctallics add 1,2- to Ph,C=NPh in ether; these include RLi, RK, 
RNa, RCaI, RBaX, RSrX, and allyl-MgBr. In  contrast, MeMgI, PrMgBr, and 
PhMgBr do not  react cvcn in rcfuxing ether. However, in toluene-ether at 90- 
105"C, PhMgBr does add but in a 1,4-sense, equation 21542". 

> PhCH(NHPh)C<,H,Ph-o (215) 
( I )  PhMc. E120 

( E n )  11,o 
Ph2C=NPh + PhMgBr 

1,4-Additions of allyl-metal (metal = zinc, magnesium, or lithium) can occur with 
PhCH=CHCH=NPr'. Whether 1,2- or  1,4-adclition by BuLi occurs to 
PhCH=CHCH=NR depends on the  bulk of R ;  for R = M e  only 1,2-addition 
results, whereas for R = Bu' o r  Pr' some 1,4-addition is also obtained42y. 
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Initial reactions of diazabutadienes, RN=CHCH=NR, with organometallics can 
also lead to  1,2-addition, e.g. with Me3AI4", equation 216, or to 1,4-addition, c.g. 
with Et2Zn430, equation 217. 

Ar 

,"CHM~ 
ArN=.CHCH=NAr+ Me,AI --t Me2Al I 

qN+CH 

Ar 

Bur 
,N, 

BulN=CHCH=NBuf+ EtrZn + 
N 
/ \  

Bu' Et 

A number of 1,4-additions of organometallics to chiral a,P-unsaturdted imines 
have been e.g. Scheme 52. Complete 1,4-addition occurs with Grignard 
reagents for R ' = B u ' ;  some 1,2- also occurs for R=Pr ' .  In contrast, BuLi adds 
completely 1,2- t o  65 to give chiral unsaturated amines, e . g .  equation 218. 

OBu' 
(r)-tert-butyl ester 

of tcrt-leucine 

I \ 
Br OBu' 

R\ -CH20H 
H+ 

R" 

Chemical Optical 
R R' R" Yield (%) Yield (%) Configuration 

Me Bur Ph 52 91 (R)  
Ph Bu' Et 56 95 (9 

40 98 (9 
41 63 ( R )  

Me Bur Bu 
Me Pr' Ph 

SCHEME 52 
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Meyers and W h i t t ~ n ~ ' ~ . ~ ~ ~  have reported 1,4-additions to chiral 1 -alkcnyl-oxazo- 
lines, Scheme 534"2. Again, excellent optical yields are obtained. 

5 
RLi.-7X 'C 

tht 

OMe 
(4S,5S)-2-( trans-1-alkenyl) R ' - Li ... . . . . . . . . . . . 
-4-MeOCH2-5-Ph-oxazolines 

H 

"9-7 
/ 

Li ... 
'"OMe 

Chemical Optical Configuration of 
R R' Yield (%) Yield (%) RR'CHCHzCOrH 

Me Et 30 92 (R)  
Me Ph 34 98 (s) 
Et Ph 31 92 (s) 
Ph Et 66 97 (R)  

SCHEME 53 

D. Additions to Nitrogen Heteroaromatics 

Organolithiurn and Grignard rcagcnts have also been shown to add to nitrogen 
heteroarornatics, equation 219. A reactivity sequence towards RMgX was estab- 

Pr' 
I 

I 

Li 

lished as acridine = phenanthridine > isoquinoline quinoline > pyridine'", while 
2,T-bipyridine was found to be more reactive than pyridine towards RLi"". T h e  
adducts may be (i) arornatized either by loss of LiH or by oxidation of the  
dihydroaromatic, formed by hydrolyses, or (ii) derivatized using allylating agents 
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R 
I 

R'1.i 
4-R-quinoline v 

J H i O *  ti 1 0  + 

R 

I 

CO2Et 

&R, 2-R'-4-R-quinoline 

I H  

307 

H 

SCHEME 54 

(Scheme 54); see also step (ii) in equation 219. These reactions provide good syntheses 
of alkyl-heteroaromatic. 

Organolithiums add solely 1,2- i.e. to the carbon-nitrogen double bond aza- 
aromatics such as pyridine or quinol in~~'~. ' '~ .  However, for Grignard reagents, the 
situation appears not  to be so clear cut, with for example both 1,2- and 1,4-addition 
to pyridines being reported. 

Bryce-Smith et uI . '~ '  have established that the presence of the free metal, as would 
occur in in situ reactions involving pyridine, magnesium, and the alkyl halide, leads 
to thc formation of 4-substitutcd products, possibly via free-radical routes. With no 
free magnesium present, reactions of am-aromatics and Grignard reagents produce 
only 2-alkylated species. 

VI. MISCELLANEOUS INSERTIONS 

A. Reactions with Epoxides and Related Compounds4,- 

7. Epoxides 

Ring openings of epoxidcs can occur on reaction with 01 ganometallic compounds, 
e.g. organo-lithium'" 4".y".JJI, -beryllium4'*, -magnesiumu', and 
reagents. The products, after hydrolysis, arc 0-substituted ethanols. In  additions to 

z RCHZCHZOH (220) 
I I2O 

oxiranc -I- RM - RCH2CH20M 

unsymmctric epoxides, the organic group of an organolithium becomes prefcrentially 
attached to the least electron-rich carbon atom of the ring. For Grignard reactions, 
the situation is not so clear cut; SN2 type rcactions occur with alkyl substituted 
epoxides while S,1 opcnings occur with aryl-substituted epoxides, e.g. cquation 221. 

( 9 )  M C 2 i V I C  

Several by-products may be formed. These include products arising from rear- 
rangements of the epoxidcs to aldehydes. These isomcrizations are catalysed by 

2-phenyloxirane PhCHMeCH,OH (221) 
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electrophilic metal halides, in particular magnesium halides, equation 222, and are 
very much morc prcvalent in K'MgX rcactions than in R'Li reactions. Other side 
reactions are (i) formation of halohydrins; (ii) a-metallations, particularly important 
with basic organometallics and/or acidic epoxides; (iii) polymerizations, cspecially 
significant with organozinc and organoaluminium and (iv) reductions, e.g. 
using triethylaluminium. 

(222) 
R'M 

2-R-oxirane f RCH,CHO[- RCH2CHR'OMI 

The organolithium reactions are generally preferrcd to those of organomagncsium 
reagents owing to the reduced amounts of side products. In reccnt times, cuprates, 
either as ~ t o i c h i o m e t r i c ~ ~  or catalytic45" rcagents, have proved to be very valuable 
reagents in epoxide reactions. This is due both to thc extremely clcan reactions and 
to the enhanced reactivity of the cupratcs, e.g. compare the yicld in equation 223 

(223) 

(I) PhMgCl (I 5 equir ) 

Cul (0 IS equiv ) 

thf 0 "C. 2 ti 

(11) H?O 
+ 1,2-cpoxycyclohexanc 

82 % 

with the 3% yield in the absence of the  copper salt. However, no  catalyst is required 
for benzyl- or allyl-Grignard reactions. Trans-addition usually occurs, as shown in 
equation 223. Allylic rearrangerncnt is found in reactions of allylic metal deriva- 

The findings with organoaluminium-epoxide reactions match those from other 
reactions of organoaluminium, i.c. (i) alkenyl-aluminium bonds arc more reactive 
than alkyl-aluminium bonds, (ii) 'ate' complexes, e.g. 66, are morc rcactivc than the 
corresponding triorganoaluminium, e.g. (E)-EtCH=CHAI(Bu'),, and (iii) retention 
of configuration O C C U ~ S ~ + ' ~ ~ ~  , as shown in equation 224. The anti-Markownikov 

, see entries in Table 12. tives324b.45 1 

Et H 
\ /  (I) 2-R-oxiranc - F="\ ( 1 1 1  HIO 

H Al(Bu')rBuLi 

(66) 

adduct is formed in equation 224. However, in 

Et H 
\ /  

H CH'CHROH 

(224)45 /c=? 

the reaction of tricthvlaluminium 
with propenc cpoxide, the Markownikov product, MeCHEtCH20H, i s - ~ b t a i n c d ~ ' .  
Reactions with substituted epoxides are more sluggish. As shown in equation 225, 
reactions of borates are significaritly different4'". 

(E)-R'CH=CHBR,-, Li + EbO. 2 - ~ ' - i i t i r a n e  10 h .  room temp. R , b i '  \ 

R' 

With cr,P-unsaturatcd epoxidcs, 7 2 -  or 1,4-additions may occur, sce equations 
226 and 227. Particularly good yiclds of conjugatc additions arc obtaincd with.  
cupratcs. With thc cyclohexadienc cpoxide, 1,2-addition and arrangcmcnts arise. As 



TABLE 12. Reactions of organometallic compounds with epoxides 

Product, after 
hydrolysis 

Organornctallic Epoxide (yield, X) Ref. 

Bu'CH,CMe,N=CLinu oxiranc BuCOCH,CH(OH)Mc 41 1 

C:X; 2-Ph-oxiranc 

EtCH=C%=NMe.Li.' 2-Meoxirane 

OLi 

PhLi 

BuMgBr oxirane 

(McCH==CHCH&Zn 2-Ph-oxirane 

( - )  
CH,zCH-CH,, Na' 1.2-epoxycyclohexane 

(-) 
Bu'CH,-CI-l-=CH=-CH2. ti+ 2,3-Mc,-oxirane 

(Z)-Et,AICH=CHEt oxiranc 

Me,AIC&CR 

CH2=CHCH2Li 

Mc,C----C=CI-lI-i 2-allyloxiranc 

Bu'Li, tmed 2-allyl-2-methyloxiranc 

2-MeNH-3-Et-S-Mc- 440 

(73) 
tetrahydrofuran 

2-phcnylcyclol~exa-2- 441 
-cnone 
(63) 

BuCH2CH20H 443 
(60) 
PhCH(CH,OH)CH(Me)CH=CH, 324h 
(75) 

324b 

Bu'CHZCI-I=CHCtI~~ 45 1 
CH(Me)CH(Me)OH 
(trans :cis = 80: 11) 
+ H,C=CHCH(CH,Bu') 
CH(Me)CH(Me)OH 
(Z)-HOCHJH,CH=CHEt 446 
(95) 

447 

HO 

456 

Me,C=C<HCH(OH) 453 
CH==CHz 
(95) 
Bu' CH2Cl-I=C(Me)CH20H 
(Z) : (E)=96 :4  
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( I )  Huhl.  E l 2 0  - 10 "C 

(I;) H:O 
2-allyloxirane b BuCHrCH=CHCHrOH +CHr=CHCH?_CH(Bu)OH 

M=MgBr 56 % 19% 
(trans : ci.s=78 : 22) 

+ CHz=CHCH(Bu)CHrOH 

M=CuBuLi 93 % 
(trans : cis=86 : 14) 

3% 

(226)454 

(227)'" 

M=MgMe 95% 
M=MgBr 70% 19% 
M=Li 37 % 63 % 

shown in both examples, reactions involving magnesium halides producc products 
derived from the aldehyde isomers of the epoxidcs. 

2. Related compounds 

T h e  sulphur analogues, cpisulphides, in the main do not give inserted products 
with organornetallics, RM, but provide instcad alkenes and t h i o l a t e ~ " ~ ~ .  T h e  nitrogen 
analogues, aziridines, are generally unreactive towards ring openings. However, an 
N-tosylatoaziridine was shown to react4'" with McMgBr, equation 228. 

Ph 
L 
\ / ( i )  MchlgBr (J cquw I 

N -  b PhCHMeCHzNH-Tos 
I ( i i l  H:O 

Tos 46 % 

Other  heterocycles which react with organometallics include o ~ e t a n e s ~ ' ~ . ~ ~ ' ,  equation 
229, t h i e t o n e ~ ~ ~ ' ,  th iacyc lohexane~~~ ' ,  e.g. equation 230, 1,3-benzoxathioles, and 
1 , 3 - b e n z o d i o ~ o l e s ~ ~ ~ ,  e.g. equation 231. 

RM 

M =  M g X  or LI 
- R(CH2)30M 

Ru'Li. tmrd 

Ph -10 "C.thC 
- Bu'(CHz)&PhzLi 

Ph 

Y = O o r S  
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B. Reactions of Organometallic Compounds with Oxygen- 

Reactions of RM with oxygen under controlled conditions may lead to oxygen- 
containing products, e.g. peroxides, ROOM, and alkoxides (or aryloxides) ROM (sce 
Table 13) and/or products derivcd from the free radical R .  A wide range of 
reactivity to*ards oxygen is exhibited, e.g. from those compounds which ignite in  air 
at ambient temperature (e.g. lower alkyls of Groups I, 11, and 111) to those which 
show a considerable resistance to any oxidation under normal conditions (e.g. 
derivatives of silicon, germanium, and tin). Derivatives of lead and mercury are also 
classed as being difficult to oxidize; howcvcr, secondary and tertiary alkyl derivatives 
of these elements are more prone to oxidation, albeit slowly, than often thought or 
described. 

Among the factors which influence the reactivity towards oxygen include the 
relative strengths of the metal-carbon and metal-oxygen bonds, the Lewis acidity 
(or complexing ability) of the organometallic and the electronegativity of the metal. 
The oxygen-containing products are obtained by oxygen inscrtion into the metal- 
carbon bond. These dominate for simple alkyl and vinyl derivatives. The peroxide 
products stem from the initial oxygen insertion, equation 232, whereas the  alkoxiclc 
(or aryl oxide) result from a subsequent redox reaction of the metal alkyl peroxide, 
cquation 233. For polyorganometallic compounds, R,,,M (m = 2-4), the reactions 

Rh4+02 - ROOM 

ROOM + RM - 2ROM 

with oxygcn can in principle lead to all possible peroxy-alkoxy derivatives, e.g. from 
RIM, compounds RMOOR, M(OR)2, M(OOR)2 could be formed. In addition, the 
redox reactions of the peroxide can be either intramolecular or intermolecular 
processes, equations 234 and 235, respectively. 

RMOOR - M(0R)z 

RMOOR+R,M - 2RMOR 

Successive oxygen insertions into carbon-metal bonds of R,,, M occur at decreas- 
ing rates, as shown with R2Cd4"4 and R3A146'. Different reactivities are shown by 
secondary and primary alkyl derivatives, e.g. tricyclohexylborane, a typical secondary 
alkylborane, reacts with 2 mol of oxygen at -78 "C to give (cyclohexyl-OO),B-cyclo- 
hexane while a primary alkylborane will only take up  one moleculc of oxygen at 
-78 "C, the second insertion requires a higher temperature (0 "C). The presence of 
E t20 ,  however, rcndcrs these borancs more reactive4"", equation 236. Donors do not 

always lead to increased reactivity, e.g. complexation of trialkylboranes by nitrogen 
donors results in greater stability towards The relative amounts of 
peroxides and alkoxides among thc reaction products depend on factors such as the 
particular metal and organic group. the molar ratios of RM and Oz, the temperature, 
and the mode of addition (i.e. oxygen addcd to a solution of the organometallic or 
uice versa). 

Peroxides, for example, have been obtained in good yield at room temperature 
from organo-zincs , -cadmiums4"*, and -boranes"", but only at low tempera- 
tures, e.g. ca. -78 "C, for ~ r g a n o - r n a g n c s i u m s ~ " ~ ~ ~ ~ "  and - 1 i t h i ~ r n s ~ ~ ~ .  At ambient 

467.468 



TABLE 13. Controlled reaction of organometallics, RM, with oxygcn 

RM 
Oxidation 
conditions 

Product 
(yield, "h) Ref. 

BuLi 

BuLi 

MezBe 

PhCH2MgCl 

Bu' MgCl 

Bu' MgBr 

n-C,H,,MgBr 

Et2Zn 

EtzZn 

Bu,Zn 

BrZnCHzCH=CH2 

Bu2Cd 

PhCH2CdCI 
Bu,B 

(c~clo-C~,Hi OPB 

(cYcIo-C&I~)~B 

(norbornyl)3B 

(PrCHMeCH,), AI 

Et;l'l 

(i) Et,O, room temp. Oz 
(ii) HzO 
(i) Et,O, 0,. -75 "C. 45 rnin 

(ii) H 2 0  
0,. EtzO, -78 to +25"C 

BuOH (75) 

BuOOH (31) 

Be(0Mc)z 
+peroxide (<7) 

Inverse addition of RM t o  0 2 -  

saturated Et20 solution at 
-78 "C 
H2O 
Inverse addition of RM to 0 2 -  

saturated Et,O solution at 

H,O 
-78 "C 

Inverse addition, Et20, 
-75 "C 
HzO 

Oz, room temp. 
H2O 
O2 bubbled through Et,O 
sotution at 0°C 

(ii) HzO 
0, bubbled through Et,O 

(i) Aerial oxidation of anisole 

(ii) dil. H2S0, 
(i) Added to 0,-saturated Et20 

(ii) HzO 
(i) O2 at -75°C 
(ii) dil. HCI 
(i) 0, at 10 "C 

(ii) H,O+ 
0, at -5°C 
(i) 0,. thf, 5 min, 0 ° C  

(ii) NaOH 
(i) 02, thf,  Smin, 0°C 

(ii) NaOH 
(i) 02, thf, -78°C 
(ii) aq. H,02 
(i) Ot, thf,  0°C 

solution, 5 h 

solution, room temp. 6 weeks 

solution at 0°C 

(i) air, i - 7 0 " C  
(ii) dil. HCI 
(i) 0,. n-octane, -70°C 

PhCHZOOH (30) 

Bu'OOH (86) 

(90 overall) 
( I  )-hornyl-OOH: 
(d)-isohorn y l -00H 

Bu'OH (74) 
= 5 6 : 4 4  

Zn(OOEt), 
EtOH (87) 
EtOOH (10) 

BuOOH (88) 

CH2=CHCH200H 

BuOOH (95) 
(50)  

PhCHzOOCdCI (86) 
BuOH (94) 

c ~ c I o - C ~ H , ~ O H  (80) 

C~CIO-C,M~~OOH (82) 

norborneol (91) 
exo:endo=86:14 
PhCMcHCHzOH (60) 

Et,TIOEt 

473 

468 

475 

469 

469 

469 

47 1 

472 

467 
467 

468 

476 

468 

468 
477 

477 

478 

477 

474 

479 
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temperature, alkoxides are the major products from a l k y l - r n a g n e ~ i u m ~ ~ ' . ~ ~ ~  and 
reactions with oxygen. Only poor yields of peroxides are obtained from 

o r ~ a n o - a ~ u m i n i u m ~ " ~ . ~ ' ~  and -beryllium47s reactions, even at low temperatures. It is 
of interest that Et,TIOOEt, unlike both Et,BOOEt and E t2A100Et ,  shows little 
tendency to rearrange to  the EtM(OEt), compound at room t e m p e r a t ~ r e ~ ' ~ .  Inverse 
addition, i.e. addition of a solution of the organometallic t o  an oxygen-saturated 
solution, has been recommended especially for the formation of peroxides from 
organomagnesium reagents46'. Examples are quoted in Table 13. T h e  alkynyl-metal 
bond (e.g. metal = magnesium or sodium) is particularly resistant to  oxidation, e.g. 
less than 1 mol-% of oxygen is taken up  by C6H13C+CMgBr after 1 h at ambient 
t e m p e r a t ~ r e ~ " ~ .  

Mechanistic studies of oxidations have been widely made. N o  single mechanism has 
been universely confirmed but that shown (simplistically) in Scheme 55 appears to  

Initiation: RM+O, '' > R'+'OOM 

Chain propagation: R' + O2 ---+ ROO' 

R O O ' + R M  - R O O M + R  

Termination : 2 R 0 0 '  2k' > inactive products 

Other reaclioizs : R + S H  - RH 

R'+R'  - R R  

R'+R' - RH+[RH]  

R O O M  + R M  - 2 R O M  

SH =solvent or other proton source 

SCHEME 55 

satisfy many of the conclusions from lithium4*", magnesium, zinc4", c a d r n i ~ r n ~ ~ ~ . ~ " ' ,  
boron482 and oxidations. 

As radical scavengers, such as  galvinoxyl, react with organolithiums, organo- 
magncsiums and dialkylzincs, such reagents have little use as probes for free-radical 
chain mechanisms for these derivatives. O n  the other hand, galvinoxyl does not react 
with R2Cd4", RZnOOR,  or R3B484 and has been used to confirm the free-radical 
chain character of oxidations of these compounds. T h e  similarity of the product 
distributions in oxidations of norbornyl derivatives of magnesium and boron indicates 
similar, i.e. radical, mechanisms. 

Russian workei-s have concluded that at least for R2Cd (at low t e m p e r a t ~ r e ) ~ ~ '  and 
also R2Hg4", there is a prior coordination of oxygen to  the organometallic. T h e  
initiation step is often written as shown in Scheme 55;  a detailed study of the oxidation 
of Mc,Cd, however, reveals a more elaborate step with a second-order dependence 
on Me2Cd4a. 

T h e  reaction of simple alkyl radicals with oxygen are normally diffusion control- 
led4". However, with stabilized free radicals, R ,  e.g. aryl radicals, or when the 
amount of oxygen is limited, reactions other than with oxygen may ensue. These 
reactions will give rise to non-oxygen-containing products, such as R R ,  R H  and 
[RH]; in some cases such products dominate. 

Products of oxidation of aryl metals, e.g. metal = Li, Mg, Zn,  Ca, TI, and Al, include 
phenols, arencs, biaryls, and others obtained by Ar' attack o n  the solvent; little if any 
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peroxide, ArOOM or  ArOOH,  is ~ b t a i n c d ~ ' ~ .  A typical result is that with PhzZn; 
in benzene absorbed 0.5 mol of O2 to give Phz (17-21%), P h O H  (17%), and 

other products. When the oxidation was  carried out in C6D6 solution, the biphenyl 
was found to contain deuterium. Chemiluminesccncc has been obscrved in the 
oxidation of aryl-metalli~s~"~. Other stabilized free radicals are obtained from 
oxidation of bcnzylic lithium compounds4x9~49", e.g. equations 237 and 238, penta- 
dienylli thi~m~"' ,  and from the aluminate 67, equation 239, all these 
reactions provide considerable amounts of hydrocarbon products. 

pyrid-2 -yl -CH2Li L (pyrid-2 -yl -CH2-)2 + pyrid-2 -ylmethanol 
(I) 0: El20 

(~Odil HCI 
(237)489 

(2 3 8)490 

4 
PhC(CH2Bu')=CH2 + PhCH(Me)CHzBu' 

58 % 40 76 

0 2  + naphthalene 

(67) 

58 % 40 76 

Na+& 3 naphthalene (239)492 

A number of non-oxygen-containing products have been obtained in the oxidation 
of tetrametric ncophyll-lithium in hydrocarbon solutions (equation 240); included 

(PhCMcZCHzLi), 
( 8 )  0,. IK.1113"C. 25 "C 

( t t )  1 1 2 0  
PhCHzCMe20H + PhCMezCH20H + PhCMe, 

+ PhCH2CHMe2 + PhCH2C(Me)=CH2 

+ PhCH=CMe, 

+ ( P ~ C M C ~ C H ~ ) ~  + (PhCHzCMeJ2 

+ PhClvIezCHzCMe2CHzPh (240) 

among thc products were those derived from the rearrangement of the neophyll 
radical, i.c. PhCMc2CHz' - PhCH2CMe2'. This rearrangement is sufficiently 
slow so not to compete with reactions within the solvent cage. T h e  rearranged 
products become morc important when thc amount of oxygen is limited493. Of some 
interest is the fact that oxidations either in ethercal solutions or  in mixed hydro- 
carbon-ether solutions, in which ncophyll-lithium dimers are present, the rearranged 
radical products a re  largely supprcssed. This suggests different mechanisms for 
oxidation of the dimer and tctramer and that Scheme 55 is too simple. Radical 
rearrangemcnts also result in thc oxidation of hex-5-cnylmagnesium bromides494, see 
Schcrne 56. 

In keeping with thc radical nature of the reactions, the oxidations are not 
stereospecific, as illustratcd in Schemes 57 and 58. Endo- and exo-norbornyl- 
magnesium halides, as well as tris(norbornyl)borancs, give the samc isomcric mixture 
of exo- and erzdo-norbornyl (i.e. 76 : 24). This clearly indicates a 
common intermediate-the norbornyl radical. A final illustration herc is the  autoxi- 
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(i) 02. room temp. 

( i i )  H,O 
CH2=CH(CH2),MgBr + CHZ=CH(CHJ4OH + cyclopentylmethanol 

1.. f 4/’ 
CHz=CH(CHz)J’ - cyclopentyl-CHz’ 

SCHEME 56 

LiOO 
, h  + Li 

0 2 ,  -78 “C. - 
( i )  BuLi (retention) 
(ii) Hz0 I 

2.8 1 

SCHEME 574’5 

Et Ph Et Ph reduction 
02. -78 “C \ / slow \ / with retention 

/ \  
H Li H H 02Li 

Et Li Et Et O Z L ~  reduction 
\ / 02. -78 “C \ - slow \ / with retention c=c A c=c + c=c 

H x H Ph H Ph 
/ \  / \  

dation of chiral McCHPhB(OH)z which provided the racemic productJHJ 
MeCHPhOOB(0H)z. 

The redox reactions, e.g. equations 234 or 235, proceed with retention, as shown 
for lithium as shown in Schcmes 57 and 58 and for boron dcrivatives, e.g. equation 
241. Such findings rule out a radical nature to the redox reactions, unless vcry tight 
radical cages are present. 

I 
(241) 

I 
endo-norbornyl-B-0-OR - eiido-norbornyl-0-B-OR 

R = norbornyl 
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Oxidations of sec- and tert-alkylmercury compounds provide particularly complex 
mixturcs of products, e.g. oxidation of ( P I - ' ) ~ H ~  in noaane at 60-85 "C provides Hg, 
Pr'HgOPr', Pr'HgOH, Me2C0, Pr'OH, and traces of propylene and propane. The 
reactions are free-radical reactions, proceeding initially as shown in Scheme 55 but 
subsequently following other secondary routesu". Photoinitiated oxidations of tetra- 
alkyl-tins and -leads have been studied; the initial products are also alkylperoxymetal 
compounds. Further reactions 

C. Reactions with Sulphur, Selenium, and Tellurium 

The  of organic derivatives of electropositive elements, especially 
organo-magnesiurns and -lithiums, with sulphur has been used as a method of 
synthesizing thiols, equation 242. Some examples are given in Table 14. The 
synthesis is particularly important for aromatic thiols. 

> RSH 
l i 3 0 *  or €2M+QS,  ---+ RSM 
LiAlHI 

Alkanethiols are readily obtained from other reactions and, except for tertiary- 
alkanethiols and cycloalkanethiols, the sulphur insertion reaction is inferior to these 
methods. For thiol synthesis, regard must be paid t o  the quantity of sulphur used; 
less than a stoichiometric amount is usually used t o  limit the amounts of dialkyl 
mono- and poly-sulphide byproducts, RS,,R (n = 1 , 2 ,  3, . . .). A study has been made 
of the reaction of Bu'Li with sulphur at different molar ratios of reagents'"'. The 
following initial reactions (Scheme 59) were proposed by the authors [neglecting the 
aggregation of Bu'Li in benzene solution and any role that (Bu'Li), may play]. 

Bu"Li + s8 - BUS-s8-Li 

BU'-&-Li + Bu"Li Bu'-S,-Bu' + Li2s., 

x + y = s  

Bu'-S,-Bus + Bu'Li - Bus-S,-Bu' + Bu'-S(,. =,-Li 

Bu'Li + Li2S, - Bu'SLi + 
SCHEME 59 

The thiolate, Bu'SLi, was found in addition to several polysulphides at  all molar 
ratios of [Bu'LiJ:[S,]. The use of LiAIH, to convcrt the metal thiolate to the thiol 
has been rccommcnded, since this will also convcrt disulphides, etc., to thiols. An 
interesting reaction5"', involving a disulphidc and, as an insertion reaction, within the 
remit of this chapter, is shown in equation 243. 

(243) 1,2-dithiacyclohexane + RLi - RS(CH2),SLi 

R = B u  or Ph 

also readily react with organo-magnesium 
and -alkali metal compounds to give the insertion products, metal salts of selenols 
(RSeM), and tellurols (RTeM). Care must be taken to exclude air during the 
insertion reactions, since these salts are very readily oxidized. The  metal salts can be 
hydrolysed to selenols and tellurols o r  derivatized, see Table 13. 

Sulphur and trialkylaluminiums react, at temperatures of 40-60 "C and 
[R,AI]:[S,] more ratios of 8 :  1, to give distillablc products, R2AISR, in good 
yields"", e.g. 83 and 86%) for R = Et and Bu', respectively. Refluxing toluene has 

selen iumS02-509 and t C ~ ~ U r i U m ~ ~ 4 . S ~ ~ ~ - 5 1 ~ )  
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TABLE 14. Insertions of sulphur, selenium, and tellurium into carbon-metal bonds 

M + X ,  - RXM RXE 

X = S ,  Se, or  Te 

317 

Organometallic E' or 
RM X EX 

Product 
(yield. YO) Ref. 

Bu'MgCI 

Ph,CMgBr 

PhLi 

p -FC6H4MgBr 

2-M-thiophene 
M = L i  or MgBr 
PhCH2MgCI 

PhMgBr 

PhLi 

S 

S 

S 

S 

S 

s c  

Sc 

Sc or Tc 

PhLi Te  

p-CsH,,C6H4MgBr Te 

p-PhC,H,MgBr Se 

p-CsH, ,C6H,MgBr Se 

o-(EtO),CHC6H4Li Te 

fur-2-yllithium SC 

1.8-dilithio- s, Se 
naphthalene or Te 

P r S e C N a  s, sc,  
or 're 

CHz12 

air 

(i) H,O' 
(ii) 0, 

P-(n -C,H ,,O)C,H,COCI 

BrCH,CH(OEi), 

Mcl 

Me1 

1 
p-(rl-C,H, ,O)C,H,CO 

o-(EtO)XHC6H4TcCH2CH(OEt)2 

fur-2-ylmethylselenide 
(50) 

(49) 

?--7 m 
X = S  (35-40) 
X = Se (18-22) 
X = Te (8-22) 
PrSCkCXMc 
X = S,  Sc or Te 

499 

499 

499 

499 

499 

502 

503 

504 

510 

506 

506 

506 

511 

507 

508 

509 
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also bccn used as a medium for S and Sc insertions into carbon-aluminium bonds. 
OrganometalIic compounds of silicon, gcrmanium, tin, and lead also react with 
sulphur, sclcnium, and even However, thcse reactions have no  value in 
organic synthcsis.  lctraphenyltin reacts with sulphur on heating at 200 "C, the 
isolatcd products being Ph2S and (Ph2SnS)3. Nuclcophilic attack on S8 was proposed. 
Schumann and Schmidt5" considered the initial step to be similar to those in the 
rcactions of organolithiums, i.e. a n  insertion step, cquation 244, which gives 
Ph3SnSSPh and a subscqucnt rcaction to give Ph,SnSPh, equation 245. 

Ph,Sn i- S8 - Ph3SnSsPh (244) 

Ph3SnSsPh + Ph,Sn - Ph,SnSPh + [Ph3SnS7Ph], ctc. (245) 

At the tcmpcraturc cmployed, Ph3SnSPh rcacts further with sulphur to give 
P h & ~ ( s P h ) ~ ,  which is thermally labile and decomposes to Ph2S and (Ph2SnS),. 
Higher temperatures and cxccss sulhur lead to clcavagcs of further phenyl-tin 
bonds. 

'I'etraalkyltins arc, more rcactivc towrds sulphur, e.g. Bu,Sii reacts at 150 "C to give 
( B u ~ S I ~ S ) ~  and Bu2S. Tctraphenyl-silicon and -germanium require higher tempera- 
tures to react initially with sulphur; at these tempcraturcs, the isolated products arc 
MS, (x = 1 or 2) and Ph2S. Tetraorganolcad compounds react with sulphur at 150 "C, 
via free-radical reactions. 

An intcrcsting ring expansion rcaction occurs with the gcrmacyclic compound di- 
butylgermacy~lobutaiie~'~,  cquation 246. The reaction of sclenium with Ph,Sn occurs 

at 200°C to give Ph,SnSePh, which can be isolated at this rcaction tcmpcrature. 
Tellurium requires a higher temperature to react (>240 "C): after sevcral days only 
Ph2Tc and tin tellurides are  isolated. 

D. Sulphur Dioxide Insertions 

There have been numerous reports of sulphur dioxide insertions into carbon- 
metal bonds of main group compounds, equation 247. A representative listing is 

RSO2H (247) 
1 4 p  

RM+SO2 - RSOzM 

given in Table 15. Thc topic \-:as rcvicwcd generally by Kitching and Fong5" in 
1970, while a more rccent review was conccrncd solely with organotin com- 
pounds5'". Hydrolysis of the insertion product, thc mctal sulphinate, RS02M, lcads 
to a sulphinic acid and provides a useful method of preparation of thcse com- 
poundsS", particularly from organo-magnesium"* and -lithium"" compounds. A 
drawback with the Grignard reaction is reportcd to be the formation of symmetrical 
sulphoxidcs as by- products. 

Not all main group elements have :is yet been studied but there is little doubt that, 
given the correct conditions, all would rcact with sulphur dioxide. Even organo- 
silancs"" and -gcrnianess2', which are among the Icast reactive main group organo- 
metallics. have bccn shown to react, e.2. equation 248. The rates of insertion and the 

R * M D + S O 2  -+ RrM 3 (248) 

0 
0-s 
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TABLE 15. Insertion of sulphur dioxide into carbon-metal bonds 

> RS0,I-1 
H,O SO, + RM - RSO,M 

Organomctal Product 
compound, R M  Conditions (yield, %) Rcf. 

Ph,ln 

Mc,7  

Et,Gc 3 
Ph,SnMe 
M c S n  
Et,Pb 

(i) EtzO solurion, SO, 
huhhlcd in at -35 
to -40°C 

(ii) nq. NH,CI solution 
(i) Et20, 0°C 

(ii) HCI 
(i) Et20 solution, 0 "C 

(ii) H 2 0  
SOz cquimolar 
CXCCSS sc, 
refluxing liquid SO2, 16 ti 

liquid SO,. 23 "C 

tolucric solution. 
-45 "C to room'tcmp. 
liquid SO,, -50°C 
liquid SO,, 1 niin, - S O T  

liquid SO,, -45 "C to 
room tcmp., 1 h 
liquid SO,, 4 h 

liquid SO,. cxccss 

-10°C 

SO,, 60 "C 
SO,-hipy, -30 "C 
benzene solution, 0 "C 
rooin tcmp. 
so2 

518 

518 

519  

528 

536 

532 

523 

525 
526 

526 

526 

527 

521 

529  

531 

53 1 

necessary conditions for insertion vary significantly with the metal and the organic 

insertion into all  the  carbon-metal bonds i n  reactive compounds can occur. Thus 
all thrcc carbon-aluminium bonds in trialkylaluminiurns react'54.s22-5'4 , equation 
249; cven in alkylalurniniuni halides, R2AIX and RAIX?,, arc all carbon-aluminium 

group. 

R3AI + SO, - (RS02)XAI 

R = alkyl 

(249) 

bonds cleaved. In contrast, on ly  o n e  carbon-mctal bond of triethylgallium'2s, tri- 
phenylindium"", and t r imcthyl tha l l i~m~"~ reac!s. Controlled conditions can result in 
the insertion of sulphur dioxide into only one  of the bonds in trimethylindiiim522~52h, 
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c.g. a reaction time of 1 min at -50°C in liquid sulphur dioxide provides dimcric 
[Me,InOS(O)Me],, while allowing a solution of trimethylindium in liquid sulphur 
dioxidc to warm up  from -45 "C to room temperaturc over a period of 1 h gives the 
polymeric trisulphinate [In {OS(O)Me},],,. T h e  methyl-zinc bonds in dimethylzinc 
can be cleaved sequentially.s2" It is possible to cleave more than one  bond in 

Reactivity sequences reflect the electrophilic nature of the sulphur dioxide inser- 
tions, e.g. the reactivity of carbon-Group IV mctal bonds decreases in the sequence 
C-Pb>C-Sn >>C-Ge, C-Si. Most of the mechanistic and rate studies have been 
performed with organotin compounds. However, relativc reactivities have been 
gathered from study of othcr elements, such as mercurys1s.s32 and 1eads's.s3'*.'33 . For 
organotin compounds, the ease of insertions decreases in the sequences allyl, allenyl, 
propargyl > phenyl > benzyl > methyl51s and aryl > vinyl > benzyl > alkyl >> per- 
fluoroal kyIsl6. 

The  sulphur dioxide reaction in methanol is an overall second-order reaction, 
being first order in each cwnpcnent. The rate constants for af p- and m- 
X-C,H,SnMe, with sulphur dioxide in methanol solution (cquation 250) at  30°C 

XC6H4SnMe3 + SO2 --+ XC6H,S(0)OSnMe, (250) 

correlate with u" with a p value of -1.87; in comparison, p values for cleavages by 
HCI, CH3C02H, Br2, and I2 in are -2.17, -2.24, -2.58 and -2.54, 
respectively. Kitching and Fong concluded from the low p valuc and the slight 
positive salt effect that a S,,i mechanism operates, with a four-centred transition statc 
having some polar character, e.g. 68 in  which t h e  aryl-carbon bond is still 
cssentially sp2 hybridizcd. In contrast, Kunze.'" has argued for ii S, mechanism with 
an open transition statc, e . g .  69 for the SO2 insertions. 

and -lead compoundss3'. ornanot in' 16529.530 
a 

06- 
I I  
0 

(69) 

Towards organotin compounds, SO,. can be placed in the following reactivity 
sequence: Br2 >> I2 > HCI > SOz >MeC02H. T h e  rezctivity of SO2 is enhanced in the  
presencc of a donor, such as bipyridyl'". In addition, the reactivity is greater in 
methanol than in benzenc solutions. Insertion of sulphur dioxide into substituted 
allyl-tin proparglyl-tin and allenyl-tin bonds lead to completely rearrangcd 
productss3", equations 25 1-253. 

so, 
Me,SnCH,CH=CHMe > Me,SnOS(O)CHMeCl-I=CH, (25 1) 

Me3SnCH,&CH Me3SnOS(0)CH=C=CH2 (252) 

so, 
Me,SnCH=C=CH, > Me3SnOS(0)CH2C+CH (253) 

The kinetic product of sulphur dioxide insertion into Mc,SnCHzCH=CHPh, namely 
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Me,SnOS(O)CHPhCH==CH,, rapidly rcarranges to the thermodynamic product 
Me,SnOS(O)CH,CH=CHPh. 

Vinyl-tins react with sulphur dioxide with retention, e.g. equation 254. The 

liquid S O ,  
(E)-Me,SnCH=CHPh -25 “c. , h’ (E)-Me,SnOS(O)CH=CKPh (254) 

retention of configuration for the styryltin compounds and thc rearrangement for the 
allylic, propargylic, and allenic compounds are compatible but not exclusively so, 
with an SEi reaction. 

Sulphinates can in principle be M-0 or M-S bonded. Only for mercury have any 
M-S bonded sulphinates becn established among main group sulphinates. Phenyl- 
mercury benzenes~lphinate~~’,  PhHgOS(O)Ph, is monomeric in thc solid state and in 
solution and exists in  both Hg-0 and Hg-S bonded forms. The compound 
obtained from chloroform-pentane is the 0-sulphinatc; recrystallization of this 
thermodynamically more stable Hg-0 bonded form from acetone, methyl cthyl 

PhHgOS(0)Ph 

70 

PhHgS(0)zPh 

71 
v ( ~ ~ )  1048 and 838cm--’ u ( ~ ~ )  1175 and 1049cm-’ 

ketone, or  methanol leads to the Hg-S form. Ethylmercury ethanesulphinatc is 
Hg-S bonded in the solid state but is Hg-0 bondcd in solution. O n  the other 
hand, benzylmercurp phenylmethanesulphinate, PhCHzHgOS(0)CH2Ph, is Hg-0 
bonded in both the solid state and in solution. 

Zinc sulphinates appear from their i.r. spectra to bc zinc-oxygen bonded5**, they 
arc also highly aggregated as is Me,TIOSOMes*7. The  diethylgallium ethane- 
sulphinate, Et2GaOSOEt525, and dimethylindium m e t h a n c s ~ l p h i n a t e ~ ~ ~  are metal- 
oxygen bonded dimers with bridging 0-SR-0 groups. Group IVB sulphinates are 
M-0 bonded compounds. Tin sulphinates, R,SnOS(O)R, in Senzcne and Mc3PbO- 
SOMe exist as small  aggregate^'^^. However, Me,SnOSO(O)Ph is reporteds3’ to be 
slightly dissociated in methanol. 

E. Sulphur Trioxide lnsrtions 

Sulphur trioxidc is a more powerful elcctrophilic reagent than sulphur dioxide. 
Possibly as a consequencc of this reactivity, it’s insertion reactions have not becn so 
oftcn reported. Most studies havc been concerned with Group 111577-5’3 and IV540-546 
organomctallic compounds. Organomcrcury c o r n p o ~ n d s ~ ~ ~  have also bcen studicd. 
Indeed, as far back as 1870 OttoS4* mentioned that SO3 reacted violently with di- 
phenylmercury to clcavc both carbon-mercury bonds to give mercury bisbenzcne- 
sulphonate. Metal sulphonates arc the products, usually in high yield, sec Table 16. 
Organomctal sulphates, (R7MO)2S02, and sulphonic acid anhydrides, RS020S02R, 
could be detected as by-products in the reactions of tetraorganomctallic derivatives of 
Group IVB. Disulphonation of t~traalkyl-tin’~” and -1cadSJh compounds arises using 
excess of sulphur trioxide. 

Hydrolyscs of the sulphonate insertion products provides sulphonic acids, c.g. 
equation 255’“. Thc overall conversion of arylmetal to arcnesulphonic acid occurs 

p-Me3SiC6H4SiMe3 p-Me3SiC6H,S020SiMe3 ‘Izo p-Me3SiC6H4SOtH 
CCId 

(255) 
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TABLE 16. Sulphur trioxidc insertions into carbon-metal bonds 

Orgonometallic 
compound, RM Conditions Product (yield, "10) 

Me,Hg 

MeJM 
M = Al, Ga, In or TI 

CH2Clz solution, 
-70 "C, equirnolar SO, 
equimolar SO,, 
-30 10 -50°C 

A 
Me2SidiMe, 

iM = Si; K = Mc, Et or Bu 
M = G c ;  R = E t  or Bu 
Me.,Si 

PhSiMe, 

Mc,SiCH,SiMe, 

0-, m-, or p- 
Me,SiCH,C,H,SiMe, 
Me,Gc 

CICH,CH,CI soh. ,  
-30 "C 
3 equiv. SOJ, 
CH2CI2 solution 

-78 "C in C142C12 
solution. h 

-70 "C in CI-l2CI2 
solution 

0°C. 4 h 

O"C, 111 

-35 "C, 45 min 

SO3 in CCI, 
I : 1 so, 
1 :2 so, 

MeHgOS02Mc 
(quant.) 
MeZMOSO,Me 
M-AI (65) 

Ga (70) 
In (77) 
TI (85) 

-CsH , ,S020H 
(good) 
[McJSiCH2SOJIJAI 

PMc2 
M G \  ) 

0--sO2 

Me ,SiOSO2Mc 
(84) 
Mc,SiOSO,Ph 
(82) 
Mc,SiCH2SiMczOSOzMe 
(SO) 
0-, m-, or p- 
Me JSiCHzC6H4S03SiMe3 
McJGcOSOzMe 
(92) 
p-Et,GeC,CI,SO,GeEt, 
McJSnOS02Me 
(72) 
Me2%( OSO,Mc), 
(67) 

Ref. 
- 

537 

538 

539 

542 

544 

543 

543 

543 

541 
543 

545 
543 

543 

regioselectively and hence is a useful route to sulphonic acids (and to  their 
derivatives) undcr mild conditions (the direct sulphonation of arcnes, ArH, by 
sulphur trioxide is far from a selective process). Substituent effccts for SO, insertion 
into aryltrimcthylsilancs were briefly reported on. By means of compctition experi- 
ments, it was shown that substituent effects were small but were in the ordcr expected 
for an clectrophilic aromatic substitution reaction, equations4" 256. Eaborn and 

0 
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also showed that aryl-silicon bonds a re  cleaved by sulphur 

4. Insertions into main group metal-carbon bonds 

COWOr~erSs4U.541.s45 

trioxide more readily than methyl-silicon and benzyl-silicon bonds. 

F. Other Insertions 

various other compounds, as follows. 
(i) other !S=O bonded compounds, c.g. s ~ l p h o x i d e s ~ ~ ~ ' ,  equation 257. 

Main group organometallic compounds also undergo insertion reactions with 

Ph2S==0  + PhMgBr - Ph,SOMgBr (257) 

(ii) N=N bonded compounds, e.g. azo c ~ m p o u n d s ~ ~ ' ,  equation 258. 

(258) PhN=NPh + Me,Be - (PhNMeNPh),Be 

(iii) N=O bonded compounds, e.g. nitric oxidess2, equation 259; 

R M + N O  - MONR ---+ MONRN=O N O  
(259) 

nitrous oxidess3, equation 260; 

R2CHLi + N 2 0  - R2CHN=NOLi (260) 

nitroso compounds, equations 261 and 262; 

-ROM 
RO(R')NN=O+R2M ----* [RO(R')NNR20M] ----+ R'N=NOR2 (2151)~'~ 

,OM@ N,OMgX 

2.4,6 -Bu',C,HZN=O RMgX 
+ BUrQB"' (262)"s 

Bur Bu' R 
and n i t r o a r e n ~ s ~ ~ ~ ,  equation 263 

H R  
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1. INVRODUCTlON 

Insertion reactions, in which small molecules X - Y  react with a transition metal- 
alkyl o r  -aryl complex to form products of 1,l- o r  1,2-addition, are  ubiquitous in 
organometallic chemistry. 

MX(Y)C MXYC 
(1,l-addition product) (1,2-addition product) 

(1) (2) 

Equation 1 provides an example of 1,l-addition, the  well known carbonylation 
reaction. Alkyne insertion (equation 2) gives a 1,2-addition product. 

(1) 

- trans-[PtCI(PMe,Ph),{C(CO,Me)=C(Me)(CO,Me)}] (2) 

[MeMn(CO)J + CO - [MeCOMn(CO)J 

trans-[PtC1(Me)(PMeZPh),l + M e C O 2 S C C O 2 M e  

1,4-Additions, although less frequently observed, arc also known. 

[CpCr(NO),Me] + (CN),C=C(CN), - [CpCr(NO),(N=C=C(CN)C(Me)(CN)2}] (3)  

Insertion reactions often arc reversible and the reverse is termed an elimination o r  
extrusion reaction. 

T h e  name insertion reaction has n o  nccessary mechanistic significance and refers 
only to the structure of the product. T h c  molecules X-Y arc unsaturated species 
capable of increasing the  number of groups coordinated to X and/or Y. Examples are 
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CO, SO,, SOs, olcfins, isocyanates, and C02 .  Oxidative addition reactions such as 
equation 4 might be thought of as an insertion of a metal-containing fragment into a 

(4) [Ir(CO)CI(PPhJ21 + Me1 - [MeIr(CO)(PPh,)2C11] 

C-I bond, for example. However, conventionally, the term insertion is employed for 
reactions in which the metal does not increase in oxidation state or in  coordination 
number as in equations 1-3. The occurrence of insertion reactions is not  limited to 
metal-carbon bonds' and has been observcd inter alia for M-P, M-N, M-Cl and 
M-0 bonds', where M may be either a transition or  main-group metal. However, 
this chapter is concerned only with insertions i n t o  transition metal-carbon bonds. 

Repeated insertions offer a mechanism for (inter alia) polymerization of small 
molecules; transition metal alkyl and aryl complexes have becn actively studied as 
oligomerization and polymerization catalysts3. Insertion of small molcculcs followed 
perhaps by rearrangement or reaction of the insertion product also may afford a 
variety of other organic products o n  cleavage of the metal-containing fragment4. 
These may bc catalytic or  stoichiometric reactions. This chapter mentions few studies 
in which intermediate products of insertion in the reaction scheme have not been 
isolated. Only information obtained from isolablc insertion products has becn 
reported and analysed in ordcr to limit the scope to manageable size. Emphasis is o n  
results since the latest review articles in the literature, but background information 
has been provided. 

Two important classes of insertion reactions are those in which the inscrting 
moleculc X-Y behaves either as a nucleophile or  as an elcctrophile toward the 
metal-alkyl complex (in order to avoid lengthy qualification, alkyl will be under- 
stood to mean both alkyl and aryl unless otherwise specified). The paradigmatic cascs 
are CO (nucleophilic behaviour) and SO, (elcctrophilic behaviour), and these will bc 
treated first. 

II. CO INSERTION AND EXTRUSION. CARBONYIATION AND 
DECARBONY LATlON 

A. General 

The  carbon monoxide insertion or carbonylation reaction convcrts metal alkyls to 
metal acyls (equation l), and was discovered about 25 years ago. Several authorita- 
tive reviews on CO insertion are available'. This is probably the most thoroughly 
studied insertion reaction, and a great deal of what is known has resulted from 
studies on [FUV~~(CO)~]  and [ C P F ~ ( C O ) ~ R ]  systems, which may be regarded as 
paradigms for discussion of carbonylation and decarbonylation. Results on these 
complexes will be presented first. Aspects of carbonylation of square planar com- 
plexes will then be discussed. This will be followed by recent results whose signifi- 
cance is more apparent in the context thus set. A theoretical treatment of CO 
insertion with many excellent references has been givcn by Berke and Hoffmann". 

B. Studies on M n  and Fe Complexes 

7. intramolecular nature of insertion 

inserted CO is one already coordinatcd to the 
Labelling studies (equation 5) show that the insertion is intramolecular: the 
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L 

This suggcsts that carbonylation can also be effected by other nucieophiles’ L Man- 
gancsc complexes are rather insensitive to  the nature of L, undergoing insertions on 
reaction with I-, amines, phosphines, stibines, arsines, etc. Iron systems are  more 
selective. Another feature of equation 5 deserves comment: the acyl product has the 
entering group (whcther “CO o r  other’) cis to the acyl group. The  initially produced 
cis isomer may subsequently rearrange to a cis-trans mixturex.’. 

2. Alkyl migration vs. ‘CO insertion‘ 

Decarbonylation of cis-[(MeCO)Mn(”CO)(CO),,] (the product in equation 5 )  
proceeds with loss of a terminal CO to give isomers 3, 4, and 5 in a 2:  1 : 1 ratio’. 

0 0 

(3) (4) (5) 

This result is consistcnt with production of a stcreochemically rigid square pyramid 
and migration of the methyl group to occupy the position vacated by the dcparting 
CO. By the principlc of microscopic reversibility, the carbonylation reaction must 
also involvc alkyl migration. ‘The altcrnative possibility is thc ‘CO insertion’ mechan- 
ism, in which a coordinated CO moves to inscrt itsclf into the Mn-C bond is 
excluded by the decarbonylation experiment. If the CO insertion mcchanisni were 
operative, decarbonylation would be expectcd to lead only to 3. 

Thesc results are  consistent with the photochemically induced decarbonylation of 
[CpFe(C0)2(13COMe)]“) in hexanc which affords exclusivcly [CpFe(CO)(’3CO)Me] 
with complete label retention, indicating loss of a terminal rather than the ‘inserted’ 
CO. If the decarbonylation is carricd out in the prescnce of PPh3, [CpFe(CO)- 
(I3CO)Me] and [CpFc(CO)(PPh,)(’”COMc)] result. This is consistent with a competi- 
tion for the coordination position vacated by CO loss between methyl migration and 
PPh3 attack. However, see Scction 1I.B.3 for an instance of ‘CO insertion’. 

3. Stereochemical studies 

Retention of stereochcmistry at the cr-carbon is observed in carbonylation reac- 
tions. Equilibration of [( +),-(PhCH2”CH(Me)C0)Mn(CO),1 with the alkyl in a CO 
atmosphere over several hours Icd to no change in optical rotation”. More recently, 
Whitesides and coworkers” have shown that carbonylation of [(threo- 
(Me,CCHDCHD)Fe(C0)2C~] with L =  PPh, or  Bu‘NC leads to [(threo- 
(Me,CCHDCHDCO)Fe(CO)LCp] with configuration retention. 

As mentioned previously, inscrtion in octahedral Mn complexes leads to a kinetic 
product having the entering nucleophile and the acyl group cis. A number of 
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investigations of the stereochemistry about chiral iron in pseudo-tetrahedral com- 
plexes have shown sometimcs retention and somctimes inversion. Attig and Woj- 
cicki13 showed that the photochemical decarbonylation of diastereomerically related 
enantiomers of [(q5-MeCsH4)"Fe(CO)(PPh,)(COMe)] procceded with >84% 
stereospecificity. Davison and mar tine^'^ demonstrated that the decarbonylation of 
equation 6 led t o  inversion of stereochemistry at Fe in a topological sense. Consistent 
with this result is cleavage of a terminal CO followed by alkyl migration. 

Thermal carbonylation of optically pure Cp*Fe(CO)[P(OCH2),CH3]Et and 
Cp*Fe(CO)(PPh,)Et by CO and C6HI lNC was found to  occur with widely varying 
stereospecificity and with stereochcmistry corresponding t o  formal CO migration 
(producing 7a,b,c,,d) or to forniat alkyl migration (producing 7e,f,g,h) depending OR 

(9 6a L=PPh3 
b L P(OCHI)ICHJ 

migration \ 

7a L=PPh3. L '=CO 
b L=PPhJ. L ' = C ~ H I I N C  
c L=P(OCH?)jCHj. L'=CO 
d L=P(OCH~).TCH.I. 

L' =CsH I INC (7) 

7e L = PPh3, I.' = CO 
f L= PPhJ, L' =CoH I I NC 
g L=P(OCH~).KHI, L '=CO 
h L=P(OCH?)CH3* 

L' =CsH I INC 
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solvent'sJ. Carbonylation of optically active CpFe(CO)[PPh2N(CH,)-(S)- 
*CH(CH3)Ph]CH3, on the  other hand, gives almost completely epimerized acetyl 
product 8'"'. An earlier assignment"' of product stereochemistry which indicated 

OCFtxPPh2N(Me) -((S)--'CH(Me)(Ph) 

o+3-13 

(8 )  
retention at  Fe was shown to be in error. T h e  situation with respect to stereospecific- 
ity at  Fe seems quite complicated at present'".''. 

4. Kinetic studies' 

Kinetic studies which have been made o n  reactions of both iron and  manganese 
alkyls with nucleophiles L arc  consistent with the mechanism shown in Scheme 1 ,  

LI  

L . 1  

[M](CO)R + S [M](COR)(S) S = solvent 

[M](COR)(S) + L '(' [M]L(COR) + S 

SCHEME 1 

where [MI indicates the  metal with ancillary ligands. The formation of the inter- 
mediate probably involves direct solvent attack by coordinating and polar solvents. 
Alternatively, the role of the solvent could be  t o  stabilize the coordinatively 
unsaturated intermediate [MICOR. Ra te  enhancement is observed in coordinating 
polar solvents. See Section II.D.2 for recent evidence o n  the role of the  solvent. T h e  
second step involves capture of the  intermediate by the  niicleophile L. Applying the  
steady-state approximation to the intermediate leads to  the expression 

= k,dM(CO)RI  

Depending on  the relative magnitudes of k l ,  k - ,  and  kz[L], t he  observed kinetics 
could be first, second, or mixed order. All these cases have bcen encountered 
experimentally. In the  most general case, since 

we have, neglecting [S], 

and a so-called double inverse plot of Ilkob, us. 1/[L] allows extraction of k ,  and the  
ratio k-,/kz. Howevcr, the  solvent dependence cannot be extracted from the  form of 
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TABLE 1. Rare data for some carbonylation reactions 

[RCH,Mn(CO),]+ L--+ [RCH2C(0)Mn(C0)s]: 
R rr*(RCH2) L 10'kl (s-l) 10sk,,,,(l mol-l s-') Conditions 

Et -0.115 CO (14 000)'' 30°C; p,p'-diethoxy 

Me -0.10 
CYCIO-C,H I I -0.06 
H 0.00 
M e 0  +0.52 
Ph +0.22 
HOOC i-1.05 
p-C,H4Me 
Ph +0.22 
p-C'HJCI 
P - C ~ L N O ,  
Me -0.10 

diethyl cther 
(12 000)" 
-2500=t300" 
1200 f 190" 
25 f 4.0:' 
12 k2.5" 
s5 * 3.0 

ti-C4H9NC 7.24*0.1lh 26°C; thf 
5.32*0.3Sh 
3.43 *0.30" 
- 0 

C6HIINH2 96.3" 25.5 "C; thf 

[CpFc(CO)+R] + L ---f [CpFc(CO)LCOR]: 
R cr*(R) L 1 0 h k l  (s I )  lO"k-,(s-') 

Me 
Et 
t i  -Pr 
n-Bu 

i-Bu 
i-Pr 
s-Bu 
Mc,CCH2 
(Mc,Si),CH 
PhCH, 
G H I  iCHz 
Et 

n-C6Hl, 

0.0 PPhle 
-0.10 
-0.12 
-0.13 

-0.19 

+0.22 
PPh?' 
PPh,' 
PMe2PhY 
PMcPh2Y 
P(OMe),' 
P(OPh),' 

1.5 
21.8 
19.4 
17.6 
18.8 
91 
103 
780 
910 
Very large 
-0 
230 
13.2 
22.2 
17.8 
18.4 
13.5 

20 
40.3 
46.3 
43.9 
45.7 
91 
414 
220 
200 
Very lxze 

320 

10hk2 (I mol-I s-') Conditions 

- 39 "C: dmso 
35 

94 

136 
75 1 
420 
330 
Very large 

50 37 "C; dmso 

- 

- 

47.5 "C; MeCN 

L 1osk,,,. (5-1) Conditions 
~ 

GHiiCHz PPh: 5.9 
5.4 
3.6 
1.7 
1.3 

37 "C: MeCN 
37 OC; dmsv 
37 "C: CI-I,CI-. 
37 "C; C,H, 
37 "C: heptane 

"J. N. Cawse, R. A. Fiato, and R. L. Pruett. J .  Organortier. Clietn., 172, 405 (1979). 
I' D. W. K u I ~ ,  PIiD Thesis, University of Cincinnati, 1976. 

103k-,/k2 = 4.85k0.65. 
R. J .  Mawby, I;. Basolo, and R. G. Pearson, J .  Ant. Cltetit. SOC.. 86, 3994 (1964). 

'K .  Nicholas. S. Raghu, and M. Roscnblum, J .  Orgatiotner. Chenl., 78, 133 (1974). 
'J. D. Cotton, G. T. Crisp, and L. Latif, Inorg. Chiin. Acra. 47, 171 (1981). 

Green and D. J. Westlakc, J .  Clietti. SOC. A, 367 (1971). 
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the rate law. In a vcry few cases for manganese (but more frequently for other 
metals) a second-order term k,[M(CO)R][L] representing direct attack by L may be 
added to  the rate law. When [L] is large, kobs= k, ,  and this is the situation generally 
obscrved for both mangancse and iron. When L=CO, manganese complexes may 
display mixed order kinetics at low pressures. At high pressures of CO thc rate 
becomes independent of thc gas pressure. 

Table 1 reports a selection of rate constants for carbonylation of [RMn(CO)J and 
[ C P F ~ ( C O ) ~ R ]  complexes by various nucleophiles L. T h e  data are far from com- 
prehensive, but are representative. The most striking feature is the rate acceleration 
by clectron-donating alkyl groups. Electron-withdrawing groups such as CF, and 
p-N02C6H,CH2 arc inert to insertion. This effect presumably arises becausc 
electron-withdrawing R groups lead to stronger M-C bonds and retard the rate of 
R migration, which involves M-C bond breaking. This same effcct should also 
strengthen M-COR bonds, but the magnitude is smaller. Thus, the increase in 
activation energy is only partially offset. A linear frec energy relationship exists’” 
between rate and d for the Mn reactions with CO having p:’:= -8.7. CNDO 
calculations have recently shown that the preferred insertion pathway for 
[RMn(CO)J is alkyl migration. Further, the migration can be regarded as an 
intramolecular nucleophilic attack on coordinated CO and should decreasc in rate 
with decreasing electron density on alkyl C in the order Et > Me> CH,F> CF319, as 
observed. 

In the study of iron complexes in dmso bulky R groups migrated more readily to 
form the coordinatively unsaturated intermediate than did less bulky groups of 
similar electron-withdrawing ability. This is consistent with the importance of M-C 
bond breaking in influencing insertion rates. As might be expected, the influencc of 
the entering ligand L on the rate is very small. Whcn corrected for the expected 
diffcrcnce bctwccn K = PhCH2 and R = Me, reaction rates are about the same with 
isocyanidc and amine ligands for manganese. For the carbonylation of Fe complexes 
in dmso, the values of k, span a range of 10 whilc thc values of k ,  span a range of 
ca. 10” as R varies. The  last sct of data in Table 1 illustrate the same effect for 
variation of phosphine ligands. 

It must be noted that thc interprctation of kinetic data on carbonylation of 
[ C P F ~ ( C O ) ~ R ]  in dmso b y  Cotton and coworkers prescnted in ‘Table 1 would not 
command universal agreement. It was observed some time ago by Rosenblum and 
coworkers (whose data are  also presented in ‘fable 1) that the intermediates 
[CpFe(CO)(COR)(dniso)] could be detectcd by i.r. and n.m.r. in this solvent. 
However, Roscnblum and colleagues observed n o  specific increase in rate for 
carbonylation in dmso and suggested that the detectable spccics was not  the 
intermediate in Scheme I ,  but rathcr the product of a dead-end equilibrium. 
According to this view, the reactive intermcdiate in Scheme 1 would probably be 
unsolvatcd since the overall retc does n o t  vary much with large changes in solvent 
donicity. Cotton and colleagues assumed that [CpFe(CO)(COR)(dmso)] is the inter- 
mediate on the reaction path and that values of k ,  and k - ,  could be extracted from 
rates of formation and cquilibrium constants for the solvated species in dmso. k2 
values were obtained by adding PPh3 to equilibrated solutions and monitoring the 
appearance of product. Regardless of the correctncss of thesc assumptions, the 
relative values of ‘k,’ and ‘k- , ’  should give an indication of the migratory abilities of 
various R. 

Thermal decarbonylation has been investigated kinetically only for manganese 
compounds since [CpFe(CO),(COR)] complexes d o  not lose CO under thermal 
conditions and [CpFe(CO)L(COR)] (L = phosphine) complexes d o  so only at incon- 
veniently high temperatures. T h e  mechanistic scheme for decarbonylation may be 
represented as in Scheme 2. 
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[MCOICOR -+ [MICOR + CO 

[MCOIR [MLICOR 

SCHEME 2 

The  intermediate is the  same o n e  as for carbonylation. T h e  k5, path relates ligand 
substitution by  L to the decarbonylation. Applying the steady state treatment to the 
k, path gives 

Because k-,[CO] is usually small, thc decarbonylation ratc is k,[M(CO)(COR)]. 
When k,,[L] is large, ligand substitution has thc samc rate as the decarbonylation. In 
practice, it is usually smaller. 

Table 2 prescnts data for the thcrmal decarbonylation of acyl manganese pentacar- 
bonyls. Surprisingly, loss of CO is rctarded by clectron-withdrawing R. This may be 
because the loss of two electrons donated by CO bccomes less favourable as the 
metal bccomes more depieted of electrons. T h e  samc lrend was noted2" in a s tudy  of 
thc decarbonylation ratcs of [(RCO)Co(CO),]. This cxplanation could also account 
for the obscrvation" that [CpFe(CO)L(COR)] complcxcs may bc  thermally decar- 
bonylated when L = phosphine or phosphitc but not whcn L is thc better .rr-acid CO. 

The data in Table I allow a ranking of values of ks for [CpFe(CO)(COR)] which 
could be expected to parallcl k I values i f  the decarbonylation were thermally 
accessiblc. T h e  migration rate constants from the acyl group to iron with solvcnt 
displacement are in thc order  i-Pr > Mc,CCH, = (Me3Si)?CH >> i-Bu > n-Pr = n -  
C6HI3 = ri-Bu = Et > Me. The non-reactivity of Fe benzyl spccies restricts the range 
of u* values severely. Consequently, it is difficult to say anything very definitive 
about the promotion or inhibition of alkyl migration to iron as a function of 
electron-withdrawing ability. T h e  case of migration by bulky groups again is seen. 

TABLE 2. Decarbonylation rates for [RCOMn(CO),] 
at 80°C in benzene 

R w:!: 104k, (s-1) 

CYCIO-C~H~ ICH," 3250 * 20 
Me" 250+ 15 
Meh 290 
PhCH," 159+ 12.0 
MeOCM," 0.64 58f4.5 
EtOOC" 28*3.1 
MeOC" 21 
PhCH,OCh 20 
CF," 2.8 f 0.9 

".I. N. Cawsc. R. A. Fiato. mid R. L. Pruett, J. Orgowuier.  
Cliem.. 172, 405 (1979). 
" C .  P. C:isty. C. A. Bunncll, and J .  C;ilabrcsc. J. AIII. Cliem. 
SOC.. 98, 1166 (1976). 
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5. Conclusion 

The aspects of CO insertion uncovered in investigations of these paradigmatic 
systems are rather generally applicable. Systematic surveys of reactions by central 
mctal have been given in review articles’. 

C. Square-Planar Complexes 

An extensive study of over sixty square-planar phosphine complexes of nickel, 
palladium, and platinum by Garrou and Heckz2 has shown that the mechanism in 
Scheme 3 can account for all kinetic results obtained. 

!.I 

[RM(X)L2] +CO [XLz(CO)MR] 

[XL(CO)MR] [ RCOM LzX] 

(10) 

!., J IL  .,’ L5i+g( - L) 

[ XLMCOR] 
(11) L = phosphine 

SCHEME 3 

As with octahcdral complexes, prior coordination of the inserting CO occurs, 
followed by migration of the alkyl group. Two pathways involve migration in the 
five-coordinate intermcdiate or in a three-coordinate (possibly solvated) intermediate 
produced by phosphinc loss. T h c  predominant path is via the three-coordinate 
intermcdiate 11-the dissociative path. Different complexes had differing values of 
the rate constants and, consequently, the kinctics may be dominated by any step in a 
particular case. This made it impossiblc to extract all rate constants or to comparc 
activation parameters meaningfully over the entire series. However, in groups of 
complexes where comparisons were possible, electron-withdrawing substituents on 
R = aryl were found to retard the migration rate while clcctron-donating substitucnts 
enhanced it. These effects wcre smallcr than in octahcdral manganese complexes. 
The rate constants for carbonylation of trai~s-[(p-XC~H~)Pt(PPh~)~I] were in the 
ratio 0.005 : 1.0 : 4.0 for X = NOz, H, and OCH3. It has also been demonstrated” €or 
a series of platinum complexes that less electron-withdrawing R groups increase the  
importance of the dissociative path relative to migration in the five-coordinate 
intermediate 9. Presumably, this occurs by stabilization of 11. 

Some further aspects of the Garrou and Heck mechanism (Schcme 3)  have 
recently been uncovered by Andcrson and Cross and coworkers. Thcre are three 
possible isomers of 10 (R = Ph, L =  PPh3, X = CI): 12, 13, and 14. Only 12 reacted 
with CO, giving the dimer 15 (X=Cl )  (both 
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0 

Presumably, the reaction occurs via a three-coordinatc acyl 11 which subsequently 
dimerizcs. T h e  lack of reactivity of 13 can be attributed to the fact that CO 
and Ph are  trans. Even in the presence of excess PPh3, 13 and 14 d o  not carbonylate, 
but undergo CO displacement. The ease of R migration in 12 would then be related 
to the value of K for the 12S15 equilibrium. When L=PMe,Ph thc K values 
decrease in the order R = Et ( K  = 14) > Ph > M e >  CH2Ph ( k  = 0). For substituted 
phenyl groups C6H4R1 thc values of K (38°C) decrease in  the order R' = p-NMc2 
(m)>p-OMe (2170) > p-Me (360) > p-CI (20) > m-CI (3 .3)  > p-CN, o-Me, o-OMe 
(0). These orders are  similar to thosc for the rates of carbonylation of [RMn(CO)S] 
and suggests that the manganese reactions rcflect relative rates of migration. Values 
of AH" and AS' wcre measured for the substituted phenyl complexes. AHo were (0 
and AS" very negative as expectcd for a dimerization. Although activation paramc- 
ters reflect a contribution from the formation of p-CI bonds as well as energy 
differences bctwecn Pt-COR and PI-R bonds, the former two may bc relatively 
constant in the scries. If so, t h c n  thc less negative AH' values for electron- 
withdrawing R would reflcct an increase in PI-R bond strength inhibiting migration. 

R migration may be promoted by the high trans-influencc of the phosphine. For 
various phosphines tram to R = Ph, K decreases in the order'" PEt, > PMe2Ph > 
PMePh, > PPh3 > PCy, >> P(o-MeC6H4),, AsMePh,, AsPh, (0). This order is consis- 
tent with the dominance of clectronic cffects in wcakening thc M-C bond up to a 
critical cone angle when steric effccts destabilize 11. Values of K are independent of 
solvent, suggesting that 11 is not solvated. 

A difficulty in studying the geometry of 10 under carbonylation conditions is that 
the L released in its formation lcads to its conversion to product preventing 
accumulation. By adding clemental sulphur to the solution, released phosphine could 
be converted to the phosphinc sulphide. 3'P NMR ~ t u d i c s ? ~  on solutions of tmns-  
[PhPt(X)LJ containing S8 where L was a varicty of phosphines revealcd that only 
isomers 13 and 14 wcre detectably prescnt on  addition of CO. Presumably, these 
must isomcrize to 12 in order for insertion-to occur. 

In polar solvents and with nucleophilic phosphines ionic species LPhPt(C0)IJX 
were detected by "P NMR. Convel-scly, in non-polar solvents and with lcss electron- 
donating phosphincs, five-coordinate [PhPt(CO)L&] complexes were d ~ t e c t a b l e ? ~ .  
Further evidence for thc importance of carbonylation via migration in the five- 
coordinate intermediate was obtained. In the presence of CO and elemental sulphur, 
[PhPt(PMePh&CI] affordcd n o  Ph,McPS, indicating n o  phosphine dissociation to 
produce 10. Nevertheless, trnns-[(PhCO)Pt(PMePh2),C1] forms slowly. In light of 
these results, Scheme 3 can be expanded to Scheme 4 for Pt-Ph complexes. Thc 
isomers of the  fivc-coordinatc intermediate have been labellcd 9a-g. Isomer 9b has 
arbitrarily becn assumed to bc  the reactive species in the k ,  path and isomerizatiori 
has been assumed rapid compared to ligand loss or alkyl migration. 

Schcme 4 elucidates some other aspects of the chemistry of t r n n s - [ R P t ~ X ]  
cornplexcs. T h e  reaction [ R P t L X ]  -+ 9 --f 13 or 14 is tantamount to substitution of L 
by CO. In somc cases t h c  rcaction stops at this stage. For example, trans- 
[Ph,Pt(PPh,),] gives only cis-[Ph2Pt(CO)(PPh,)] (structure 13 X = Ph, L = PPhJ on  
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rratls- [ PtX (Ph) Lr 1 + CO 

co 
Ph-PJ-X 

4 %  
L L  

J L-Pi-L 
4 %  

X Ph 11 

(90 
L\Pt/x J oc' 'PI1 

4 

I 

(14) 

SCHEME 4 

reaction with CO'". Presumably this is because the T-shaped three-coordinate 
intermediate resulting from phenyl migration would place two very trans-directing 
ligands, PhCO and PPh3, across from one another. 

Othcr cases are known in which t h e  enterins CO scems to displace a coordinated 
halide: [RPtLX] -+ 9 - 16. From the  reaction mixture for carbonylation of traris- 
[Pt(C3H6CN)(PPli?),Ilr], for example, the ionic traris-[Pt(C31-I,CN)(PPh,),(CO)]BF, 
could be isolated'". 

Recent studies30.3' of thc rate enhancemcnt by X = SnCI, o n  the carbonylation of 
trarls-[PhPtLX] and thc decarbonylation of [(RCO)PtL,X] have shown the impor- 
tance of the ionic species 16. In the  absencc of exccss CO (m the usual carbonyla- 
t i o n  conditions) i t  has been shown that the important equilibria arc those in Scheme 
c 
J. 
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SCHEME 5 

The function of the  SnCI; is3’ to serve as a good leaving group to produce 16. which 
docs not undergo furthcr reaction with CO (except for exchange). Slow rc-attack by 
SnCI; affords a five-coordinate species which is stabilized by this ligand and gives the 
product via the k 2  path. ‘I’hc dissociative path procecding via L loss is suppressed. I- 
functions similarly but is a worsc leaving group. Othcr X -  act to rcplace CO. 

Acyl nickel complexes are relatively rare since, once formed, they undergo 
reductive elimination, disproportionation, and ligand displaccment. Somc stable 
complexes of thc type frclr~s-r(RCO)NiL,CI] (R = CH,CMc,Ph. CH2SiMe,; 
L = PMe,, PMc,Ph) have recently been prepared by bubbling CO through solutions 
of the  alkyls”. For L =  PMe,, the carbonylation is n o t  thcrmally reversible. 
[Ni(COCH2SiMc3)(PMc3),L] was found not to have q2-acyl coordination which 
would lead to an 18-clcctron configuration. Anothcr series of composition cis- 
[(RCO)Ni(bipy)X] (R = Mc, Et) was synthesized. Depcnding on the  naturc of R and 
X, rcductive elimination to give RCOX occurs, presumably aided by the  cis position 
of acyl and X””. 

Studies o n  t h e  kinetics of thermal dccarbonylation of square-planar acyl complcxcs 
are not  nunicrous because of interferencc by simultaneously occurring decomposi- 
t ion,  reductivc elimination, substitction, and disproportionation. In  contrast to 
decarbonylation of mangancsc octahcdral acyls which involves relatively large posi- 
tive ASf  connected with prior CO dissociation, thermal decarbonylation of 
[(PhCO)Ni(acac)(PPh,)] was recently found3‘ to havc A S f  = -19.2 cal mol-’K--’. 
This is probably connected with the migration of Ph to nickcl followed by loss of CO. 
Negative cntropics of activation of s+i!ar magnitude were observcd in the acyl- 
alkyl rcarrangcmcnt of ~(XCH,COfIr(PPIi~),Cl,~~~ where tlic CO remains coordi- 
nated to thc  alkyI product. 

We now prcscnt some significant rcccnt devefopmcnts which arc better understood 
in tlic contcxt of the foregoing results. 

D. Recent Results on Carbonyiation 

7. The ’CO insertion‘ mechanism 

Evidcncc has begun to accumulatc that tlic ‘CO insertion’ mechanism involving 
motion of a coordinated CO to insert into an M-C bond is sometimcs opcrativc. 
Pankowski and Bigorgne”” have dcmonstratcd t h a t  CO inscrtion occurs in  cis- 
[MX(r\/le)(CO),(PMe,)zl(M = Fe, Ru; X = I ,  Mc, CN, C N  +- BPh,). T h e  results of 
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labelling experiments shown in equations 12 and 13 are intelligible on the basis of 
this mechanism if the  square pyramid produced o n  CO insertion does not rearrange. 

L 
OW 1 I 

C &e I 
L 

L 

'"0: -30 "C.  hexanc i O C / ! " 7 '  
argon: -30 "C 1 C 

CO: -30 "C.  hex::nc 

argon: -30 "C 

L 

oc 
L O  

L 1 

oc 
L O  

J 

If reaction 12 is allowed to occur at higher temperatures, isomerization :curs, giving 
a product with acetyl and iodo ligands trans, which could lead to the erroneous 
assignment of a methyl migration mechanism. The possibility that a similar isomeri- 
zation leads to erroneous assignment of the insertion mechanism for [MeMn(CO),] 
has been ruled out by following the reaction by I3C NMR at -115OC* as well as 
because cis -+ trans isomerization of the acetyl is slow even at room temperature*. 

The related complexes 17 give 18 on carbonylation consistent with CO insertion37. 
18 rearrange on standing to the isomer with cis-carbonyls when X = C1, Br, I. 

co co 

CO 

X=CI, Br, 1, NCS, NCO, 
CN, OMe, Me 

(17) (18) 

The equilibrium described by reaction 14 involving a trigonal bipyramidal inter- 
mediate has been found to take place in solution. The  isomeric composition of the 
acetyl product mixture depends on the nature of 
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X Bco I Me 

L 

X Bco I Me 

L 

L=PMezPh. AsMczPh 

These results arc consistent with either methyl migration or CO insertion. The crystal 
structure of [Ru(CO-p-tolyl)(CO)(PPh,),I] showed q2-coordination of thc acyl 
group3'. 

z. Acceleration or aikyi migration 

A dramatic acceleration of methyl migration was o b ~ e r v c d ~ ~ ~  on  oxidizing 
[ c ~ F e ( C o ) ~ M e ]  with Ce(IV) in acetonitrile at -78 "C. The green cation radical 
[CpFe(CO)(MeCN)COMc]" was isolated as the triflate salt. 

Lewis acids have been shown by Shriver and coworkers" to induce alkyl migration 
in the absencc of CO. AIBr3 promotes migration in [L,MR] to form the products 

[L,,,M{C(OAlBrBr2)R}], where [L,, MR] can be  [MeMn(CO)5], [PhCH2Mn(CO)SI, 
[CpFe(CO)2Me], and [ C ~ M O ( C O ) ~ M ~ ] .  T h e  reactions also occur with AlCh and BF3. 
The structurc of a manganese compound is shown as 19. 

The structure shows that thc Lewis acid stabihzes the acyl group ana occupies the 
vacated coordination site. Thc coordinated halidc can be replaced by CO. It is 
noteworthy that normally unstable molybdenum acetyls are stabilized by Lewis acid 
coordination. 1.r. evidcnce indicates that Me migration with CO loss occurs with 
[MeMn(CO)s] and [CpFe(CO),Me] adsorbed on alumina4*. 

A kinetic study of thc reactions of A1C13 and AIBr, with [MeMn(C0)5] shows4, 
that carbonylation is accclerated by Lewis acids by a factor of lo8, indicating that 
their function is to  accelerate alkyl migration rathcr than to capture the unsaturated 
acyl intermediate. 
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I l l  BULl+L -80 "C. 
I ~ I  h c u n c  

I?) t E l t 0 ) '  BI.2 ' - 
[M(CO)s(S(R')CH?R')] - 

CHiCl: 

BF3 was rccently found''" to acceleratc carbonylation Of optically active 
complexes such as 6a and Cp"Fe(CO)L(CH,)(L = PPh,N(Me)-(S)-"CH(Me)Ph, 
PPh,N(CH,C,H,)-(S)":CH(Me)Ph) as well as to increase stcreoselectivity. The ob- 
served stereochemistry corrcsponds to for.riial alkyl migration. However, a wide 
variety of intermediates is possible in the presence of BF, and the stereochemistry of 
the product may, therefore, not really be indicative of the mechanism. See also 
Section Il.B.2. 

Protonic acids wcre also shown', to accelerate methyl migration in [MeMn(CO),] 
in the presence of CO,  but not by as much as Lewis acids. T h e  rate enhancement was 
proportional to acid strength, but metal-alkyl bo;,d cleavage occurred with the 
strongest acids. Previously Collrnan and coworkers found rate enhancement of 
alkyt migration in [RFe(CO),]- by small cations which formed Lewis acid ion pairs. 

In contrast to the corresponding ruthenium complexes, [OsR(X)(C0)2(PPh3)2] 
(R = p-tolyl, Me) are resistant to migratory insertion. In accord with results quoted in 
Section II.B.4 and II.C, the osmium complex having less electron-withdrawing 
R =  Et inserts CO on reaction with C O ,  CNR, and S,CNEt,-(X = CI04-)4s. In a 
similar vein, a kinetic study of the PPh,-promoted carbonylation of 
[CpMo(C0),CH2C6H4X] showed4" the reaction to proceed by a mechanism like that 
in Scheme 1.  The rate constants increased with the electron-donating ability ol X. p 
for these reactions was f o u n d  to be -0.97. 

Wax and Bergman" have now shown that the solvent participation indicated in 
Scheme 1 actually occurs in the carbonylation of [CpMo(CO),Me] with ?Aleph,. By 
using substituted thf solvents, these workers were able to show that for a series of 
solvents of about the same dielectric constant, k ,  decreased with steric bulk of the 
solvent while k ,  (representing L attack) remained the same, as would be expected. 
This constitutes evidence that the role of t h e  solvent in this carbonylation (and 
presumably in others) is o n e  of direct attack on the metal. 

3. Novel modes of CO insertion 

afford 20, the product of addition of two rncthyl groups to CO. 
Treatment of [(qs-Me5C5)TaMe4] with CO at -78°C in ether was found4' to 

CsMcj 

- -I 

OEt 
:I 

+C, ,OEt 
(15) L(C0)iM C 

2!! s' 'R' 
I 
R' 

- - 
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Other  examples of intramolecular nucleophilic attack on CO are known. The 
reaction in Scheme 6 is acid catalysed and features attack of a deprotonated OH o n  
co to give a  acto one^". 

[MI- +CICH2CsC(CHr)t,CRR'OH -* [M]CH2CEC(CH2)t,C(R)(R')OH 

+H' - CHI 

C OH 
[M+lc-I l  -ti '  + 

SCHEME 6 

Another example is equation 16". 

An oft-repeatcd theme in the carbonylation chemistry of the transition metals is 
thc attempt to synthesize a metal formyl complex by CO insertion into an M-H 
bond. So far, this has not  been achieved although formyl complexes have been 
synthesized by other  meanss2. Organoactinide hydridesS3 havc now been discovered 
to yield formyl complexes. 

r .. 1 .. 

-78 "C 
[(rls-CsMes)2ThH(OR)I+C0 - 

R = Bu'. 2.6- Bu'zChH 7 

Coordinative unsaturation at thorium leads to stabilization of the M-0 bond. 
Coordinativc unsaturation at titanium accounts for the q2-acyl structure of 

[CpzTi(CO-p-McC,H4], a 17-electron species made by carbonylation of the alkyl". 
The  acyl reacts with HC1 giving [Cp2TiC1(CO-p-MeC6H4)I and with PhSSPh to give 
[CpzTi(SPh)(CO-p-MeC6H4)]. Other  early transition metal acyls having q2-acyl 
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coordination a re  [{(C3H2Ph3)CO}V(CO)3(Ph2AsCHzPPh2)]55 and [ ( P -  
CI)MO(CO)~(COCH~S~M~~)]~~" .  Caulton and coworkers have noted the significance 
of such coordination in unsaturated transition mctal complexes57. They attributc the 
order of decreasing equilibrium constants for CO insertion into [Cp,ZrMeX] ( x  = 
M e > C l > O E t )  to competition between 7r-donor orbitals on acetyl and X for the  
empty metal orbitals. 
As pointed out in Section II.B.4, the very electron-withdrawing CF3 ligand makes 

[CF3Mn(C0)5] and [CpFe(C0),CF3] inert to carbonylation. Surprisingly, it has now 
been found" that [ (diar~)Fe(CO)~] reacts with CF31 to afford isomers of 
[(CF,CO)Fe(diars)(CO),I] involving addition of CF, followed by iodide-induced 
migratory insertion. Me1 reacts similarly. T h e  presumed intcrmediate fuc- 
[M~Fe(diars)(CO)~]* can be prcpared independently. When it is allowed to react 
with various pseudohalides, the isomeric mixture of acyl complexes depends on the 
solvcnt and on the anion. 

Finally, the carbonylation of [Zr(CH,R),] (R = Ph, CH=CHz) is found" to afford 
only a polymer whose structure is 21 resulting from repeatcd addition of ZrCH'R 
across the acyl C=O bond from CO insertion. 

-H 

4. Other recent results 

In keeping with the theme of insertion of an already coordinated CO, the 
intermediates [(PhCH,),Ti(CO),] and [(PhCH,),(PhCH,(O)C}Ti(CO)] have been 
detected by i.r. during the low-temperature carbonylation of [(PhCHz)4Ti] to 
[{PhCH2(0)C}2Ti(CHzPh)2]"('. Likewise, the intermediate [(PhCH,),Ti(CO)- 
{NH(C6H1 was detected in the carbonylation of [(PhCH2),Ti(NH(C6HI to the 
monoacyl. 

T h e  carbonylation of [Cp2ZrRz] compounds at -78 "C was shown"' to produce 22, 
which rearranges to 23 at higher temperature. 

This must mean that initial CO attack is riot between thc two R groups and further 
emphasizes the possibility of isomerization at thc q2-acyl stage. N.m.r. studics have 
shown"' that activation energies for the 22+ 23 isomcrization decrease in the order 
R2 = (p-anisyl), (p-tolyl), == Ph,> Me, Ph >> Mez. Carbonylation of a series of 
[Cp,ZrRX] compounds ( R  = CH2CMcs, CH2SiMe3) was found63 to give products 
[Cp,Zr(COR)X] with q'-acyls. Whcn R = CH(SiMe3)2 and X = Me the CO inserted 
into the Zr-C bond. This effect is presumably related to the stercochemical results 
just cited. Attack of CO adjacent to X = Me would push t h e  bulky R group too near 
the C p  rings for stability. 
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24 was found t o  insert CO into both Hf-C bonds at 20°C and 1 atm COW. T h e  

5. Insertions into transition me ta l - ca rbon  bonds 

(24) 

first example of CO insertion into a Re-C bond has been d i s c o ~ e r e d ~ ~ ~ ~ " .  Under 
more vigorous conditions, CO can replace coordinated AlBr,. Finally, the unsatu- 

r 

Ph 
I 

Me 

t A I B n  + 

Ph 

rated ligand in equation 19 leads to enhanced reactivity toward CO. Perhaps this is 
due  to  ring strain in the reactant"'. 

111. INSERTION OF SULPHUR DIOXIDE AND RELATED 
ELECTROPHILE§ 

A. Insertion into Metal-Alkyl Bonds 

7 .  Scope and mechanism 

Sulphur dioxide insertion reactions may be  represented as 

An excellent review of SOz insertions was writtcn in 1974 by Wojcicki"', whose 
group has done much work o n  these reactions. An immediate contrast with CO 
insertion is apparent in that the reactant molecule is thc o n e  which is inserted. 
Various modcs of attachment for the inserted SO, are possible, the ones commonly 
observed being 25 and 26 with 25 the more usual. This is the mode of coordination 

S-sulphinatc 0-sulphinate 0,O'-sulphinate 
(25) (26) (27) 
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which would be anticipated for class b metals. Some i.r. studies are useful in  
distinguishing structures. 0-Sulphinatcs are  known for titanium", ~ i r con ium~" .~ ' ,  
and, recently, nickel', complexes. [AuMeL] (L = phosphine) has been found7, to 
react with SO2 giving the S-sulphinate [LAu{S(O),Me}] while [AuMe,(PMe,Ph)] 
inscrts 1 mol of SO2 giving cis-[AuMe2{S(0),Me}(PMe,Ph)]. [Cp,UR] (R = Me, Bu") 
also rcact with SOZ(1) to afford [Cp,U(SO,R)] products whose structures arc, as yet, 
~ n e s t a b l i s h e d ~ ~ .  

In contrast to CO, SO, is not readily eliminated from the  sulphinatc products. TWO 
exceptions to this generalization are the thermal and photochemical extrusion of SO2 
from [CpFe(CO),(S(O),C,F,}] only in t o l ~ e n c ~ ~  and thermal elimination from solid 
[CpFe(CO){P(OPh),~S(O),CH(Ph)(SiMe,)}] in uucuo7'. In some cases, the inability 
to eliminate SO, may be related to the fact that, when a coordination site is vacated 
by ligand expulsion, alkyl migration does not occur (cf., dccarbonylation, Section 
II.A.4.) lnstead an 0,O'-sulphinate (27) is formed. Complexes of this type wcre 
found7" to result when tr~ns-[Pt(PPh,)~Cl(So,R)1 is treated with Ag' to remove C1-. 

The  mechanism of SO2 insertion has received a good deal of study a n d  seems to 
depend on the electron configuration of thc complex. For coordinatively unsaturated 
systems prior Coordination of SO, tc the metal is probably followed by 'aikyl 
migration' or 'SO2 insertion'. A recent o b s e r ~ a t i o n ~ ~  of retention of stercochemistry 
in a gold complex is consistent with this view. The aiternativc would be attack 

on Mc. Such an attack followed by formation of an ion pair, 
[Me,Au(PMe,)].'-O,SMc-, would also be consistent with configuration retcntion if 
the ion pair were to recombine fastcr than rearrangement occurs. However, the 
regiospecificity of SO2 insertion in platinum and gold complexes as well as in 
titanium complexes78 might be noted. In mixed Me,Ph cornplexcs, SOz invariably 
inserts into the M-CH, bond. If ligand attack rather than coordination to the mctaI 
wcre the first step, the stabilization provided by a Wheland-type intermediate (28) 
might be expected to lead to preferential insertion at  rhe M-C6H5 bond. 

OQ 

. --' M 

(28) 
For 18-electron cornplcxcs, prior coordination of SO, is not  likcly. T h e  most 

studied system with regard to mcchanism is [CpFe(CO)2K]. Similar mechanistic 
features apply to [CpMo(CO),R], [CpW(CO),R], [RMn(CO)S], and [RRe(CO),I with 
appropriate modification. 

A study by Wojcicki and c ~ w o r k e r s ' ~  produced n.m.r. and i.r. evidence for thc 
intermediacy of [M]OS(O)R ([MI = CpFe(CO),, C ~ M O ( C O ) ~ ,  Mn(CO)s, and 
Re(CO),; R = Me, CH,Ph) which rearranges to the [M}S(O),R product. Trapping 
experiments with I -  indicated that a small fraction of the intermediate must be 
present as the ion pair [M]'-.O,SR. Kinetic studies by Jacobson and Wojcicki"" o n  
the insertion by [CpFe(CO),R] in SO,(I) have shown that rcactivity decreases in the 
order Et>Me>CHzOMc>CH,CN. As the bulkiness of R increases, t h e  rate 
decreases in t h c  ordcr Mc > CH,CI-IMe, > CH,CMc, > CMe,. Thcse results rellect 
electrophilic attack by SO,. Moreover, the rates in organic solvents were shown" to 
be first order in SOz. The observation" that ~~~CO-[C~F~(C~)~CHDCHDCM~,] 
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reacts with SOz(l) giving ~~~~~~O-[C~F~(CO)~S(O),CHDCHDCM~,] shows that in- 
version occurs at  a-C. This behaviour indicates backside attack on R by clcctrophilic 
SO,. T h e  currently accepted mechanism is shown in Scheme 7. An orbital analysis of 
this mechanism was given by Fukui and coworkersx2. 

R '  

Consistcnt with this mechanism are the AH" values of 2.9-7.8 kcal mol-.' and AS.' 
of -62 to -43 cal K-.' mol-' in S02(1)x0. Similarly, [ C ~ F C ( C O ) ~ C H M C ~ ]  was found to 
have A H #  = 8.7 *0.6 kcal mol'.' and AS# = -45 *2 cal K-' mol-' for insertion in 
CHC138'. The recent obscrvations of Stanley and Baird" that SO2 inscrtion by 
[C~FC(CO){P(OP~)~)CH(P~)S~MC,~ i n  CDC1, has AHf = 20 kcal mol-' and A S b  = 0 
is n o t  inconsistcnt with thc rncchanism of Scheme 7 since the bulky R group may 
prevent attack by  SOz until Fe-C bond breaking has procccdcd relatively far in the 
transition state, leading to larger AH". Further, thc less negative ASf may reflcct 
release of steric strain and increased molecular motion o n  going from thc alkyl to the 
sulphinatc. It is conceivable that the rncchanism of SO, insertion may differ in SO2(]) 
from that in organic solvents since some changes in reactivity ordcr as a function of 
R have been foundx"."'. However, it has been shown" that inscrtion of SO2 in to  
[ C ~ F C . ( C O ) ~ C H D C H D P ~ ]  procceds with configuration inversion at a-C in CHC13 as 
well as in SO,(I), pointing to a similar mechanism. 

T h e  observation that electron-withdrawing R groups retard inscrtion  rate^""."'."^ 
explains the lack of reactivity of pernuoroalkyl complexes toward SO2 inscrtion. The 
first examplc of such an insertion has now bccn reported"' (equation 22). 

cis-[I;eR,,l(CO).,] + SOz + 4dmf 3 [Fe(S02R,.-)(dmf),l] + 4CO (22) 

RI:= CF3, CzFs, GFI,  

Interestingly, this reaction does not occur in S02(1) or hexanc. T h e  structurc of the 
product was not reported. 

Tungsten compounds are  extremcly unreactive toward S02(1) at r c f l ~ x ~ ~ ' ~ ~ .  HOW- 
ever, the compounds [CpW(CO),{S(0)2R}] (R = Me, Et, CH2Ph) havc been preparcd 
by bomb I-cactions at 50-55 O C R S .  In another approach, Lewis acids BF3 or SbF5 were 
added to SO,(]) to increase its elcctrophilicity b y  formation of species such as 
OSO + BF3. T h e  reaction at -40 "C with [CpW(CO),R] (R = Mc, CH,Ph) affords an 
0 -su 1 phi nat e (29) ~ 

CPW(C0)3 

A = BF3, SbFS 
I 

0-S-R 
I 

0-A 
(29) 
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Removal of the Lcwis acid with ammonia or aniline results in rearrangement to the 
S-sulphinate"6. 

The first example of a radical chain mechanism has been reported for alkyl- 
coboloximes. The fact that cross-products are obtained in reaction 23 indicates the 
presence of free radicals"'. Also, reactions of SO2 with alkylcoboloximes are photo- 
catalysed and the thermal reactions subjcct to induction periods and variable rates. 

[BrC6H4CH2Co(dmgH),py] + [PhCH,Rh(dmgH),pyl + SO2 - C{BrC6H4CHZS(O)3Co(dmgH),~yl + C{P~CHZS(O)Z}~U~(~~~H)ZPYI 
+ CIPhCH2s(O),lCo(dmgH)2pyl+ [{BrC6H4CH~S(0),}Rh(dmgH)2pyl (23) 

Other recent developments in SOz insertions into metal alkyls include the 
synthesis of S-sulphinates with chelate structures from the corresponding 
alkyls by Lindner and coworkers. Produced in this way were 

[(C0)5MnS(0)2(CH2)3PPh21""."X, [CpFe~CO){S(0),(CH2):pph,)l"8.X', [(CO),RZ 

S(0)2(CH2)30PPh2]"o, [(CO),Mk3(0),(CH2),,PPhz] ( n  = 2,4), [(CO),R& 

S(0)2(CH2),$Ph,] ( n  = 2-4)91, and [CpNiS(0)2(CH2)3PPh2]89. The metallacyclopen- 
tane complex [(dppe)Pd(CH,),] inscrts two molecules of SO,, affording an S- 
sulphinate product9,. [(PhCHJ,Mn] was prepared and found to insert SO2 into both 
Mn-C bonds"'. 

I 

2. Stereochemistry 

As mentioned in Section III.A.l, t he  configuration invcrsion at a-C during SO2 
insertion seems well established. Inversion has also been shown for some other 
systemsg4. 

threo-[CpFe(CO),CHDCHDPh] + SO,(I) - 
cis-[{threo-PhCHDCHD}Mn(CO),(PEt3)]+S02(l) - erythro-[CpFe(CO),{S(O),CHDCHDPh}] (24) 

cis-[{eryt/~ro-PhCHDCHDS(0)~}Mn(C0)~(PEt~)] (25) 

trai~s-[{erythro-PhCHDCHDS(O)~)WO,(PEt~)Cp] (26) 

In the  light of the free-radical mechanism demonstrated'" for benzylcoboloximes, the 
stereospecific inversions seen in equations 27 and 28 are interesting9'. 

[ 1 (e)-Me-4(e)-{C0(dmgH)~(py))cyclohexane] + SO,(1) - [ 1 (a)-Me-4(e)- 

[l(a)-Me-4(e)-{Co(drngH)2(py)}cyclohexanc] -t- SO,(]) - [ l(e)-Me-4(e)- 

traii~-[(threo-PhCHDCHD}W(C0)~(PEt~)Cp] + SO,(]) __+ 

{S(0)2C~(dmgH)(py)}cyclohexane] (27) 

{S(0)2Co(dmgH)(py)}cyclohexane] (28) 

A good deal of work has been done to cstablish the stereochemistry at the metal. 
Rcsults so far show stcrcospecificity with configuration retention for iron and 
titanium. I n  an carly study, diastereomcrs of [CpFe(CO)(PPh3)CH2CH(Me)Ph] were 
prepared and found to undergo SO, insertion with 90% stereospecificity'". This 
result is interesting because it requires even thc contact ion pair of Scheme 7 to have 
great stereochemical stability. Diastereomers of [{q'-(Me)(Ph)CsH3}Fc(CO)- 
(PPh3)Me] were shown by n.m.r. to insert SO, with >95% stereoselectivity in 
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CH2C12 and 79% in S02(l)97. The epimerization seen in S02(1) may be due to 
dissociation of the tight ion pair. Diastereomers of 30 were prepared and their 
degree of resolution established by use of n.m.r. shift reagents. 

CP 0 

(30) 

SO2 insertion was found to occur in organic solvent with >90% stereospecificity and 
comparison of the circular dichroism spectrum with that of a compound of known 
absolute configuration indicated retention at iron"'. 

To avoid problems associated with possible asymmetric induction in diastereomcrs, 
enantiomers of [Cp*Fe(CO)(PPh,)R] werc prepared and found to undergo SO, 
insertion in organic solvcnts stereospecifically at iron as determined by n.m.~-.~'. 
However, insertion into Fe-CH,-cyclo-C,H, leads to [CpFe(CO)(PPh3)- 
{S(0)2CH2CH2CH=CH2}] with only 40% stereospecificity at iron. An X-ray crystal 
structure of (-)578-[CpFe(CO)(PPh3){S(0),CH2CHMe2}] prepared from (+)578-(S)- 
[CpFe(CO)(PPh,)CH2CHh4e2] showed that the sulphinate also has the S configura- 
tion, thus establishing retention of stereochemistry at iron'"". 

French workers have established that reaction of SO2 with [Cp{q5- 
Ph(Me)CHC&}Ti(Me)(C6FS)] proceeds regioselectively with insertion into the Ti- 
CH3 bond to give an 0-sulphinatc and stereoselectively at titanium involving 
retention. The stereochemistry has been established by chemical correlation of 
configuration'"' and ~~.m.r .~ ' .  The 0-sulphinate product has chiral sulphur and 
diastereomers can be detected by n.m.r'". 0-Sulphinates of the type 
[CpCp'Ti{OS(0)R}2] (Cp' = substituted cyclopentadienyl) havc two chiral sulphur 
atoms. Racemic- and meso-sulphinates can be detected and inversion at sulphur can 
be followed by n.m.r.*O3. 

8. Reactions with Metal Alkenyl and Propargyl Complexes 

When the R group contains a centre of unsaturation, several types of reaction may 
occur with SO,. For an allyl complex (31), products of simple insertion may have 
unrearranged (32) or  rearranged (33) allyl groups. [MI represents a metal with its 
ancillary ligands. 

[M]CH2CR'=CR2R3 [M]S(0)zCH2CR'=CR2R3 

[MIS( 0)2C( R2) ( R3) C( R') = CH2 

(31) (32) 

(33) 

Thcse results may be accounted for by a mechanism first proposed by Giering and 
R~senb lum ' ( '~  shown in Scheme 8, where E N  represents a molecule having an 
electrophilic part (E) and a nucleophilic part (N). Attack o n  the electron-rich double 
bond generates the zwittcrion 34. This ion can suffer any of several fates, depending 
o n  the identity of E N  (Scheme 8). Attack o n  CH2 gives a cyclic product. Rearrange- 
ment to 36, which is in equilibrium with 37, gives rearranged and unrearranged 
insertion products, respectively. 
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CH2 :N- 

C 

[M]--/6;;1CR1=CR'R3 -+ [M+]  c.11 I 
R'C, ,E 

~ 2 ~ 3  
J 

E = N  
b 

EN- .. 
(37) 

[ M ] ECR'R'CR ' = CH' 
II 
N 

(33a) 

1 
[ MIECHKR' = CR'R' 

I t  
N 

(32a) SCHEME 8 

By adding trimethyloxonium salts to S02(1) solutions of iron alkenyl complexes, 
C h e n  et al.'os were able to isolate zwitterions of structure 38. 

The existencc of t h e  zwitterion intermediate and its cquilibration to 36 and 37 
account for results obtained with a scrics of alkenyl complexes where [MI= 
C P F ~ ( C O ) ~ ,  CpMo(CO),, and CpW(CO)37s. The S-sulphinatc products were sorne- 
times completely rearrangcd, sometimcs unrcarranged, and sometimes consisted of 
mixtures; 36 is the kinetically favourcd species while 37 is less sterically crowded 
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and, hence, thermodynamically favourcd. Less sterically demanding substituents 
favour 36 and lead to larger yields of rearranged products. Parallel results were 
obtaincd o n  a series of ring-substituted alkenyl complcxcs where [MI = (q5- 
MeC5H4)Fe(C0)2, (q 5- 1 ,3-Ph2CSH3)CpFe(CO)z, Mo(C0)z{P(OPh)3}"1". 

The complex [(q7-C3HS)Pd(PPh3)(q '-C3Hs)] inserts SO2 at -30 "C giving"" [(q3- 
C3H,)Pd(PPh3)(S(O),CH2CH=CH2}]. With propargyl ([M]CH,C&CR) complexes 
SOr rcacts via ii mechanism similar to that of Scheme 8 to afford cycloaddition 

products [MI-C=C(R)S(0)OCHz containing a sultine ring instead of an insertion 
product I(''. 

C. Insertion of Species lsoelectronic with SO, 

N-Sulphinylsulphonamides, RZS(0),N=S=O, and disulphonylsulphur diimides, 
R2S(0)2N=S=NS(0)2R2, were also found to insert into Fe-R' bonds to afford 
products of structures 39 and 40, respectively. Compound 39 can be transformed 
thermally to 41. 

CpFe(CO),N[S(0)R2]S(0)zRL C~FC(CO)~N[S(O)~R']S(R')NS(O)~R~ 

CpFe(CO)2S(0)(R1)=NS(O)zRz 
(41) 

Thcsc insertions are  similar to those of SOz, since they both occur with inversion of 
configuration at  u-C. Moreover, 39, the initial product with N- 
sulphinylsulphonamides, also has thc hard base bonded to iron, but in this case is 

Se02 has been f o u n d  to insert into [CpFe(CO),Me] and [CpMo(C0)3Me], afford- 
ing Se-selinate products'". [(q7-C7H7)Mo(C0),Me] reacts with SO,, SeO,, and 
TeOz to give products of structure [(q'-C,H,)Mo(CO),{E(O),Me}] ( E  = S, Se, 

(39) (40) 

isolable1(b9.' 1 0  . in contrast to analogous O-sulfonatcs. 

Te)' IZ.' I 3 .  

D. Insertion of Other Electrophiles 

7. Tetracyanoethylene 

Tctracyanoethylene is discussed in this section while tetrafluoroethylenc is arbit- 
rarily placed in Section IV.A.2 with olefins. Tcnc displays a variety of bchaviour with 
transition metal carbonyl alkyl complcxcs giving products of structures 42, 43, and 
44'14. 

!o)R 
[MIC(CN)zC(CN),R [M]N=C=C(CN)C(CN)ZR (NC),C-C(CN)z 

Metal cyanoalkyl metal keteniminate tcne acyl 

(42) (43) (44 

For [MI = CpMo(CO),L, products of structure 42 result when L = PPh3 and P(OPh)3, 
but no reaction occurs for L =  CO, reflecting the electrophilic nature of the cleavage 
bv tcne. T h e  products 42 can bc convcrted thermally to 43. 

For [CpFe(CO)&], the order of reactivity toward tcne is R = CHzPh > CHMePh > 
Me, Et, Pr" >>Ph which is different from the reactivity order toward SO,. This reflects 
a free-radical path for insertion and, indeed, free radicals have been detcctcd by e.s.r. 
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for mixtures of tcne and benzyl complexe~"~.  For [MI = CpFe(CO),, isomers 42 and 
43 are both produced and do not interconvcrt, reflecting simultaneous parallel paths 
for their production. Similar results werc seen1I6 for [CpCr(NO),R]. For [MI = 
CpFe(C0)L (L = phosphine, phosphite), reactions with tcne occur rapidly in CH2C12. 
For R=CH,Ph, a product of structure 43 results whereas tcne acyls (44) are 
produced for R = Me, Et, and Pr". These acyl complexes rearrange thermally to 43 
or lose tcne to give starting material'"'. 
[(q4-2,3-Me2C4H4)Ru(C0),L], which has a a-component of the Ru-C bond 

inserts tcne giving 45 when L =  PPh3 or  P(OMe),. No reaction occurs when L =  
coii7. 

(45) 

With alkenyl and propargyl complexes tcne and relatcd clectrophilic olefins give 
cycloaddition products via Scheme 8'". 

2. SnX2 and GeX, 

In 1970, Nesmcyanov and  coworker^"^ found that GeCI, reacts with 
[CpFe(CO),R] (R=Mc,  Et, Pr", Pr', CH,Ph, Ph) in dioxane or thf to give 
[CpFe(CO)(GeCl,R)]. No reaction was observed with electron-withdrawing R = 
C6Fs, COCF,, COMe. Also, SnCl, was found to react with [CpFe(CO),Mc] to give 
[CpFe(CO),(SnCl,Me)]. With SnBr,, the products were [CpFe(CO),Br] and 
[CpFe(CO),SnBr,]. [CpFe(CO),Et] gave [CpFe(CO),(SnCl,Et)], [CpFe(CO),SnCl,], 
and [{CpFe(CO)2}2SnC12] with SnC12'20. [Sn{CH(SiMe,),},] inserts into the M-C 
bonds of [ C ~ M O ( C O ) ~ M ~ ]  and [CpFe(CO)zMe]'2'. 

Recent kinctic studies following reactions by n.m.r. indicated a frec-radical chain 
mechanism for insertion of SnC1, and GeCI, into Fe-C bonds in [CpFe(CO),R]. 
The reactions were photocatalysed and sometimes showed induction periods; 1% 
l,l-diphenyl-2-picrylhydrazyl inhibited the reactions completely. Qualitative obser- 
vations indicate a rate decrease in the order R = Pr' > Pr" > Et > Me > CH2Ph >> CF3, 
Ph for GeCI, insertion consistent with elcctrophilic behaviour of the inserting 
species'22. 

An investigation of reactions of metal alkenyl complexes 
[CpFe(CO),CH,C(R')=CR2R3] with SnCI, showed insertion to give 
[CpFe(C0),{SnC1,CH2C(R')=CR2R3}] with no allylic rearrangement. It was pro- 
posed that thc mechanism of Schcme 8 could account for these results'23. However, 
recent evidence indicates that a free-radical mechanism may also be operative in 
these reactions and that the kinetic product is the rearranged isomer which is 
converted back to unrearranged isomer at a rate proportional to the cxccss of MX2 
in s o ~ u t i o n ' ~ ~ .  

3. Hexafluoroacetone 

Hexafluoroacetone, CF,C(O)CF,, generally reacts with alkenyl and propargyl 
complexes via the mechanism of Schemc 8 to give cycloaddition products. However, 
with [CpFeCH,C(Mc)=CH,], the zwitterionic intermediate 34 apparcntly dissociates 
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and  attack occurs a t  iron by oxygen giving an  insertion product 46, which reacts with 
another mole of hfac t o  give 47”’. 

CpFe(CO),0C(CF3),CH,C(Me)=CH2 

(46) 
CpFe(CO),0C(CF3),CH2C(=CH,)CH,C(CF,),0H 

(47) 

Attack on  double bonds coordinated t o  the metal is presumably responsible for 
inscrtion of hfac into 48 giving 4912”, as well as relating insertions involving 
[ ( ~ o d ) ~ P t ] ” ~  and [(~S-indenyl)Rh(i~~prene)]’2’. 

IV. INSERTION OF ALKENES AND ALKYNES 

A. General 

A vast number of reactions are known that involve insertions of alkencs and 
alkynes into transition me ta l - ca rbon  bonds. Hence, this section cannot attempt 
comprehensive coverage. Instead, major types of reactions and recent results will be  
emphasized. Most of thc work done is synthetic and structural. Except for labelling 
studies, information on mechanisms is largely postulated from thc structures of 
products. However, features similar t o  those of carbonyl inscrtion often seem to be 
operative: vacation of a coordination position thermally or photochemically (not 
necessary if the metal has less than 18 electrons), coordination of the unsaturated 
molecule, and insertion which may involve alkyl migration or attack on  alkyl by the 
inserting ligand. With electron-withdrawing molecules such as perfluorinated olefins 
and  alkynes, a dipolar pathway also is possible, as represented in Scheme 9. T h e  

formation of a Lewis acid-basc adduct places negative charge on the carbon 
originally at the terminus of the  multiple bond followed by migration of R’. This 
pathway is possible fo r  18-electron metals even without prior loss of a ligand with its 
cornplemcnt of electrons. 

Attack could be on  the metal itself or on  an unsaturated ligand. Many examples of 
multiple insertions arc known. Mono- or multiple insertion may be  followed by 
rearrangement via hydride shift or other  paths. 
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Perfluorinated alkencs and alkynes constitute a large fraction of the inserting 
molecules known. Some questions exist as to whether thcir insertions a re  really very 
typical of alkenes and alkynes since relatively so few insertions are known for the 
hydrocarbon analogues. Nevertheless, because the structures of insertion products 
a re  similar, we shall discuss both types of unsaturated reactants together. T h e  order 
of discussion is from simple t o  more complex inserting molecules. We treat com- 
plexes in order of clectron number: 16-electron complexes followed by 18 within 
each inserting ligand class. 

B. Alkenes 

7. General features 

Much interest has centred on alkene insertion into M-C bonds since repeated 
insertion has been postulated as the step responsible for chain growth in alkene 
polymerization by Ziegler-Natta catalysts. Until rccently, however, n o  well charac- 
terized metal alkyl model systems were known to undergo insertion of G-H,. Now, 
reaction 29 has been found to  occur by Evitt and berg mar^'^^. 

[CpCo(PPh3)Me21+ 2CH2=CH2 ---+ 

[CpCo(GH,)(PPh,)] + CHI + CH3CH=CH2 (29) 

Labelling studies showed that the products must arise from ethylene insertion rather 
than from a metallacycloubtane as  in 5QL3’. 

Insertion of simple olefins i n t o  M-H bonds is far morc common than into M-C 
bonds. Two  examples must suffice to illustrate this. [RCo(PMe,),(C2H,)] complexes 
were prepared for R = H  and Ph13’. In solution the hydride complex catalyses 
isomerization of pentenc via successive insertions and p-eliminations. T h e  phenyl 
complex merely decomposes to biphenyl. Also, reaction 30 shows that ethylene 
inserts into a Nb-H bond but not into the Nb-Et bond thus formedL3’. 

Several theoretical treatments of ethylene insertion a re  available, including a C N D O  
study of insertion into ‘Ti-Me bondsL3,. A review of olefin insertion into M-C 
bonds of zinc and magnesium alkyls has been published’”. 

A review of olefin insertion in catalytic processcs’3s has documented thc  regio- 
specificity of insertions of unsymmetrical alkcnes. 
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2. lnsertion of isolated double bonds 

The calculations of Thorn and Hoffmann on  Pt-H in~ert ion '"~ have rcvealed 
features which seem relevant to Pt-C insertions of both alkenes and alkynes. In 
particular, no  low activation energy pathway was found for insertion into five- 
coordinate platinum(I1) complcxes. Four-coordinate complexes having H and CzH4 
cis displayed a moderately facile insertion path. That cis orientation is no t  a 
sufficient condition for inscrtion is shown by the fact that cis-[(diars)PtMe(CzH4)]' 
does not insert'"'. Platinum(I1) complexes have a greater tendency to insert activated 
alkenes and, especially, alkynes. 

c z F 4  is known to insert in to  M-C bonds in truns-[PtMcLX] complexes137, 
[MeAu(PPhMe2)~'", and, with photochemical activation, [MeAu(PMe,)]'". Another 
16-electron complex 51 was found to insert in solution giving an ally1 complex, 5214". 

Pd 
\ 

Because q '-ally1 complexes generally participate in  equilibria analogous to that in 
equation 31, insertions can occur in to  metal-ally1 bonds. Norbornene was found14' 

CF3 

(p[> 0- 

C F3 

SL + 

to insert into [(q3-allyl)M(hfacac)] (M = Pd, Pt) giving cis-exo-products 53. Similarly, 
NaOAc reacts with [Ni{q3-CH,C(Me)CH2}(q2-norbornene)Cl] giving 54"'. 

0 
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T h e  etzdo-cyclobutenyl complexes 55 exist in equilibrium in solution with the 
ring-opened form143 56, which inscrt olefins to give 57 via a route shown in Scheme 
10 involving a hydride shiftI4". 

Ph PdX: 

Ph 
X? =C12. acac. hfacac 

(55) 

L 

OMe 
I 

Ph Ph 

X =Cb, acac, hfacac 

H 2 C ~ C R z ]  (56) 

Ph 

p h w A d < x  - 
/7 M e 0  

Ph 

Eighteen-electron complexes undergo several interesting olefin insertions. [(q4- 
M~&,)Fc(CO)~] reacts with CF,=CFH photochemically giving 58 and 59, probably 
via a mechanism l ike that in Scheme 9'"'. 

Me 

(58) (59) 

T h e  18-electron complexes [ R M ~ I ( C O ) ~ ]  (R = Me, Ph) react with dicyclopentadiene 
(60) giving two products, 61 (major) and 62 (minor)"', in non-donor solvents. In 
MeCN 62 is the major product. 
Both products are the result of double bond insertion into Mn-C(0)R bonds. In 62 
thc coordinated acyl oxygen of 61 is displaced by a coordinated olefin. Scheme 11 
represents a probable mechanism where only the double bond function of dicyc- 
lopentadiene is represented. 
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8 (COh 

[R'MII(CO)~] [R'C(O)Mn(CO),] + [R'C(O)Mn(CO),] 

"-an. 

SCHEME 11 

In MeCN a small amount of acyl 63 resulting from carbonylation of 62 is isolated. 
No reactions occurrcd with 1,5-cod, norborncne, cyclohexene or  cis-but-2-ene. 

R'C(O)Mn(C0)4 

R " \  t 0' 
t 

R 

R',  R" as in 62 C 
0 

(63) R" as in 62 

(64) 

[RC(0)Mn(C0)5] (R = Me, Ph) afford 61 and 62 in hexane. However, in MeCN an 
inseparable mixture of 63 and lactone 64 r e s~ l t s '~ '  when R = Me and only 64 when 



370 John J. Alexander 

R = Ph. Compound 64 rcsults from addition of C-Mn across >C=O in 63 (R = Ph). 
This addition has becn observed stoichiometrically as shown in equation 32. 

Mn(C0)s- +CIC(O)CHKHrC(O)CH3 + [(CO)sMnC(O)CHzCHX(O)CHJ] 
(32) 1 

I(C0)sMnRI + E(C0)5MnC(0)Rl 

R =  MQo 

C2F4 and CF3CF=CFCF3 react with [{~"-CH,C(R>CH,}Co(CO),L] (L = CO, 
phosphines) giving monoinsertion products 65 with equatorial double bonds for 
R = H. When R = Me, CF3CF=CF2 regioselectively gives 66'" [L = P(OMe),]. With 

F F Q 

A c o  

L 
L 

RF=F, CF3 

(65) (66) 

[{g"-CH,C(Me)CH2}Ir(PPh,),(CO)], tetrafluoroethylene gives a stablc adduct (67). 
O n  treatment of 67 for 4 days at 80°C with excess of C,F,, 68 results'". T h e  low 
reactivity of 67 and the fact that coordination of a second C,F4 to iridium seems 
unlikely led Green and Taylor 14' to postulatc that attack by C,F, occurs o n  the ally1 
ligand of 67 generating 69. 

(67) (68) (69) 

One of t h e  doublc bonds of cycloheptatriene was found to react with [PhMn(CO),] 
affording an insertion product 70 with loss of CO'". 

Ph 



5. Insertions into transition metal-carbon bonds 371 

3. Dienes 

Allenes (1,2-dienes) insert into Pt-C bonds in cationic complexes giving 2-ally1 
complexes, i.e. R adds to C(2)- This reaction seems to require a cationic complex for 
allene activation. T h e  insertion into ~~~~S-CP~M~(~’-CH~=C=CH~)(PM~~P~)~]+ to 
affordI5’ [{q3-CH2C(CH3)CH2}Pt(PMezPh)2]c was first order i n  the platinum com- 
plex and was retarded by cxcess of allene, indicating that a fivc-coordinated species is 
not involved in the insertion as expected from the results of Lauher and 
H o f f m a n r ~ ’ ~ ~ .  trarz~-[Pt(Ph)(PEt,)~Cl] must b e  converted into a cationic complex 
(which also has a vacant site for coordination of allene) by addition of AgBF, 
in the presence of allene before insertion occurs giving 
[{q3-CH2C(Ph)CHz}Pt(PEt3)2]BF4152. 

Hughes and Powell have investigated the reactions of allene with more labile 
palladium complexes. T h e  insertions depicted in Schcmc 12 show that palladium- 
norbornenyl complexes behaveIs3 like ally1 complexes (sec Scheme 13)’54. 

[ R o d  1 Pd(hfacac) 

Pd( hfacac) 

U=Mc.  MeCO. PhCO 
L’ 

\ L=PPh3. AsPhi. SbPh3. py, I ,2-dienes, etc. 

\ 

I I 
L J L 

1.2-dienes 

RO 4 
u+;, 

R? 
Pd(hfacac) 

SCHEME 12 

c R; 

xZ=Cl2,  acac, hfacac 

R ‘  

SCHEME 13 
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[Pd(X2)(q13-1-R'-2-R2-allyl)]+2-R3-buta- 1.3-dienc 

Allenes also reactla with 55 via the allylic form 56, giving products of structure 71 
where thc allene numbcring corresponds to that in Scheme 13. 

- 
X 

R' 

R' 
- 

Kinetic studies have shown that the reaction is first order both in palladium complex 
and allene. Electron-withdrawing groups R', R2, R3, or X speed up  the insertion, and  
the rate decreases with allene substitution in the order 1,3-dimethylallene > 1,l- 
dimethylallene > 1-methylallene > allene, thc same order seen in norbornadienyl a n d  
cyclobutenyl palladium complexes. 

Allenes have also been found to insert into FcCOR bonds in Fe(C0L compounds 
sometimes with subscqucnt cyclization affording products such as 72 and 73155. 

1,3-Dienes are  known to insert and the subjcct has been treated in a review of 
metal-diene c h e m i ~ t r y ' ~ ~ .  Butadiene was found t o  insert more rapidly than allene 
into ally1 palladium complexes. T h e  mechanism of Scheme 14 accounts for the 
product ~ t ruc tu re '~ ' .  

Xz = Clz, acac, hfacac 
SCHEME 14 
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Similar results were also found for the structure of the allylic product when dienes 
CH2=CHC(R')=CH2 were allowed to insert into the dimers [{q3- 
CH2C(R')CH2}PdC1]2. Treatment of the dimeric product with PPh3 and AgC104 
gave cations of structure 7415" where the isolated double bond is in the coordination 

L 

(74) 
sphere of palladium 1,3-Dienes are  also known 
comdexes 5514,. 

to insert into the cyclobutenyl 

Palladium allyls containing unsymmetrical diketonate and Schiff base ligands insert 
1,3-dienes. When 75 is allowed to react with butadiene, the product has the 
uncoordinated but-1-enyl-2-methyl substituent trans to sulphur (76)"". [{q3- 
CHzC(C1)CH,}Pd(salicyclaldiminato)] inserts isoprene. However, the 2-H compound 

(75) /sjF3 CF3 (76) C F3 

j3f 
(7 3-1 -Me-all y I) Pd [ q '- 1 -CH,=C( Me) CH2CH2-a I1 y I ] Pd 

\ 
.S.-' 

\ -- '  
0 

does not insert. The  lower reactivity of the Schiff base complex compared with that 
of the hfacac complex is in keeping with the results noted above that insertion is 
facilitated by electron-withdrawing groups on palladium'G0. 

Another example of insertion of an olefin into Mn-COR bonds is seen in the 
reaction of butadienc with [RMn(CO),] (R= Me, Ph). Whether cis-or trans- 
butadiene is employed the product is stereospecifically 77 with a syn acyl group. 

[Mn(CO),(q 3-l-Mc-3-COR-allyl)] 

As Schclne 15 shows, this can be accounted for by carbonylation induced by olefin 
coordiration followed by cis-1,2-addition of Mn-COR across a double bond (giving 
the wiong ally1 isomer) and 1,4-hydride shift via the metal. This mechanism is in 
accord with a labeling experiment using CD2=CHCH=CD2 for the benzoyl com- 
plexlG'. 

(77) 

cis- 1.2-addition 
[RMn(CO)5]+ buta-1,3-diene - C H  -CHCH=CH2 - 

'T 
5. 

(CO),MnCOPh 

[Mn(CO),( q 3- 1 -CH2COPh-allyl)] - [HMn(CO),( q2 - 1 -COPh-buta- 1,3-diene)] - [Mn(CO),(q"-1-COPh-3-CH3-allyl)] 
+ [ yCoph] (77) 

HMn(CO), 

SCHEME 15 
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C. Alkynes 

'I. General features 

The products of insertion of actylcncs R2C+CR" into [MI-R' are alkenyl (vinyl) 
complcxcs which may havc cis (78) or tram (79) stereochemistry of [MI and R' 
about thc doublc bond where [M] indicates a metal with its ancillary ligands. The  
designation of these structures as E or Z follows the usual rules of organic 

(78) (79) 

The stereochemistry of the adduct is often determined by n.m.r. chemical shift 
and/or coupling constant data. Determination of stereochcmistry via coupling con- 
stant valucs is morc straightforward for fluorinated ligands than for, say, R 2 =  
C02Me.  Chcmical cleavage giving known olefins and X-ray methods also allow 
determinations of stereochernistry. It is assumed that n o  stcreocheniical change 
occurs during cleavage. 

Concerted cis addition of [MI-R to alkynes is usually considered to be the 
mechanistic course of insertions. However, with electron-withdrawing acetylenes the 
mcchanism of Scheme 9 is an  attractivc possibility, especially since a carbanionic 
intcrmediatc could attack other alkynes and account for cases of multiple insertion. 
Present evidence docs not rulc out concerted trans-addition, a-hydride migration to 
give alkylidene intermediates, or attack o n  coordinated alkyne. Products of exclusive 
cis-addition and of exclusive rrans-addition have been observed a s  well as stereoran- 
dom products. In  some cascs. a metal complcx gives cis-insertion for one alkync and 
( r a m  for another. 

Most insertions occur with activated alkynes such as C F 3 ~ C C F , ,  P h G C P h ,  
and Me02CCsCC0,Me  containing electron-withdrawirig substituents. Reviews of 
the  preparation of fluorinated compounds havc appeared'"' and also a rcview of 
alkyne complexes which includes insertions, especially i n t o  M-H  bond^'"^. 

All alkynes discussed in  the following sections arc monoalkynes. 

2. Fourteen- and sixteen-electron complexes 

[MeAu(PMc,)l'"" and [MeAu(PMe,Ph)]"" react with CF3C+CCF3 giving an adduct 
containing two molecules of [MeAuLJ per acetylene. With excess of alkync these 
give cis-[{Me(CF,)C=C(CF,))AnL] (L= phosphine). Photochemical reaction of 
[Cp2TiMe,] with PhC+CPh or C 6 F 5 ~ C C C , F s  give cis addition products 
[Cp,TiMe{C(R)=C(R)Me}] (R = Ph, C6Fs)'"'. An addition of the unactivatcd alkyne 
MeCkCMe to tram-[NiPh(L)Br] gives a n  insertion product'"' having cis 
stereochemistry at the double bond. 

Huggins and Bergman'"" have studied t h e  insertion of a widc variety of unacti- 
vated alkynes with [NiMe(acac)CI]. T h e  vinyl products were formed regiospecifically 
with the sterically larger substituent near the nickel atom and methyl migration to 
the less hindered carbon atom. Depending o n  the alkyne, kinetic products displayed 
all cis, all trans, or  a mixture of stereochemistries at the double bond. Further, the 
kinetic isomer ratio differed from thc thermodynamic ratio. An interesting result was 
that both t h e  reaction of [NiMe(acac)CI] with PhChCPh and the rcaction of 
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[NiPh(acac)CI] with P h S C M e  give the same product, namcly [Ni{Z- 
C(Ph)=C(Ph)Me}(acac)Cl]. This result (and thosc of othcr experiments) can be 
rationalized as shown in Scheme 16 on the assumption that exclusive cis-addition 

L 

(acac)l!'iR1 
I 

CI 

t L 1 [ - . L  

I 
r CI 

L 

(acac)iiR' r dl 

+ R ~ C  = CR? 

L 

-.\I-. 

L f  
J 

I 

L 

AilLl I isomerization 
I d L I  I 

SCHEME 16 

occurs to give an unsaturated species which can undergo isomcrization to the 
tratzs-species at a rate competitivc with phosphinc rcaddition to thc metal, forming 
product. A possible mode of isomerization would involvc attack of free phosphine at 
carbon giving 80. Such a unified mechanism is very attractive and may be very 
generally applicable. 

R? 
I +,R' 

/c - c,,,,,, 2 (acac) NiCI/ 4 
PPhq 

(80) 

T h e  product of reaction of M c O , C e C C O , M e  with trati~-[PtMeX(PMe~Pli)~], 
which formerly was thought to result from insertion in to  the Pt-Mc bond, has now 
been correctly identified as a p-chlorovinyl complex resulting from a free-radical 
process'"'. An insertion product ~~U~I~-[P~{Z-(C(R)=C(R)M~)}(PM~,P~)~X] 
(R = C 0 2 M e ;  X = CI, I) does result from treatment of [PiMe(PMe,Ph),(acetone)]- 
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with the  acetylene followcd by LiX. This is keeping with activation of olefins by 
coordination to cationic platinum species noted previously. Also, the cationic com- 
plexes cis-[PtMe(diphos) (acetone)]' and cis-[PtMe(diars) (acetone)]' react with the 
activated alkynes CF,C=CCF, and MeOZCG=CCO2Me giving products with cis 
stereo~hcmistry'~" about the double bond. T h e  related cis-[PtMe(L)(NO,)] 

= diphos, diars) also insert these alkynes, but more slowly, probably because the 
nitrate ion must be di~placed'~". The reactivity of four-coordinate (as compared with 
five-coordinate) platinum complexes is seen in the  fact that 
[(R:Bpz2)PtMe(R2C%CR2)] readily insert to give E-vinyl products when R2 = 
MeOzC and CF,. However, PhCkCPh and Ph=CMe d o  not rea~t '~ ' . '~" .  The 
reactions of MePt complexes do not always lead to insertion even with activated 
acetylenes. Alternative pathways include nucleophilic attack o n  coordinated alkynes 
to give carbene specics or disproportionation. 

Platinum a-vinyl complexes are usually inert to further insertion. However, 
removal of halide giving cationic [Pt(E-C(R')=C(R2)H)(PEt,),(acetone)]' results in 
insertion products 81 on treatment with R 3 G C R 3  (R3 = CF,, C0,Me). Both cis- 
and trans-products (geometry around Pt) are produced'"'. 

RZ * 
(PEt,),PtCI 

R '  R' 

(81) 

Insertion of MeO2C=CCO2Me into a Pt-CSCPh bond has been r e p ~ r t e d " ~ ,  as 
well as benzyne insertion in to  Pt-Mel" and C,F, insertion into Pt-ally1'72. 

Activatcd olefins were also found to insert into rhodium(1) a-vinyl complexes via a 
dipolar mechanism for CF,=CCF, but via a 'normal' mechanism for di- 
methylacetylenedi~arboxylate'~~. 

99% stereospecific cis-addition has been observed in the reaction of the Cu- 
C,H,, bond with a~etylene"~.  

3. Eighteen-electron complexes 

Some recently discovered novel reactions of acetylenes with 18-electron complexes 
will be treated first, followed by a survey of results organized by Periodic Group as in 
other parts of Section IV. 

a. lnsertioiz into metal-acyl bonds. Irradiation of [CpW(CO),Me] with H S C H  
was found'75 to afford 82 (M= W; R' =Me, R2 = H) and the 16-electron complex 
[CpW(CO)Me(HC=CH)] which reacts with CO giving the vinyl ketone complex 82 
resulting from carbonylation and in~ertion"~. A second resonance form 83 can be 

C P  
I 
I 

oc7M<co 
0 CR2 

C-CR2 
l i  I1 I 1  

C=CR2 
R" R" 
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written for 82, suggesting the nuclcophilic property of the ring carbon. Basic PMe, 
reacts’77 with 83 giving a P-ylid for M = Mo and W and R’ = H. The reaction does 
not occur if R’ is electron-donating. 

[CpM(CO),R’] (M = Mo, W, R’ = COCF3, Me; M = Mo, R’ = CH,Ph) reacted with 
MeC%CMe giving complexes 82 (R’ = Me), the molybdenum compounds thermally 
and tungsten compounds photo~hemically’’~. The products 82 react with L = Bu‘NC, 
C6Hl,NC, PPh,, CO to give stercoisomers of the lactone 84, which is a product of 
CO insertion into the M-alkyl bond and nucleophilic attack by the 6-C oxygen on 
the a-C. T h e  unsaturation permits formation of an -q3-allylic ligand in contrast to 64 
and equation 32. When M = M o  and R’ =COCF3, 85 arises from multiple alkyne 
insertion followed by carbonylation and rearrangement. The structure was estab- 
lished by X-ray crystallography. 

(84) 

With w-alkvncs. 86 can be DreDared 

CP 

Me Me 

thermally (Mo) o r  photochemically (W) from 
carbonylated p r o d u ~ t ” ~ .  Indenyl complexes [CpM(CO),{ (CH,),, C=CCH3f] via the 

are even more reactive than Cp’x0.’8’ and indenyl analogues of 82 and 84 are readily 
prepared at room temperature for M = Mo. 

b. Insertion of electron-rich alkyries into metal-carbetie bonds. Dotz and cowor- 
kers have prepared a number of interesting compounds by inscrtion of R3-CNEtz 
in to  the metal-C bond of Fischer-type carbenes [(CO),M=C(R’)(R’)] of structure 
$7 (M=Cr ,  R 3 = H ,  Me, R’=Me,  Ph, R’=OMC’~’; M=Cr .  Mo, W. R 3 = H ,  Me, 
R’=Me,  Ph, R2=OMe’83.184; M =  W, R 3 = H ,  Me, 
R’ = Ph, R’ = OMc‘”’). 

CH3 
CP \ 

R~ = Rz‘= phix3.1ti4. , R”=NEt,, 

,;;NMc? 
(CO)5M1C\ /R 

Ph 
N=C, 

The reactions are stereoselective 
predominantly traits to each other. 

with the metal-carbene and OR substituents 
[(-qs-MeC5HJ)(CO)ZMn=C(R’R’)] was found to 

insert M e S C N E t  giving products of 1 O : l  trans:cis insertion’“”. The  products are in 
keeping with the usual chemistry of Fischer-type carbenes which undergo attack at 
the carbene C by nuclcophiles. 

Isoelectronic with R’CkCNRf is the  cyanamide N=CNMe2. This has also been 
found to react with Fischer-type carbenes giving products of structure 88 (M = Cr, 
R = O M e ;  M =  W, R = O M e ,  Ph, p-XC6H4, where X = O M e ,  Me, H, Br, 

. Kinetic studiesIR7 showed that the reaction was first order both in CF3)1 H 7 . 1  HH. I H 9  
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carbenc and cyanamidc. Electron-withdrawing substituents on the carbene increase 
thc reaction rate consistent with nucleophilic attack on the carbcnc. 

c. Irisertion iiiro metal-p -alkylidene bonds. Reaction of R-CR with 
[ C P ~ M ~ ( C O ) ~ ( ~ - C O ) ( ~ L - C H ~ ) ]  gives insertion products 89 (M = Fe, Ru, R = H; M = 
Fe, R =  C02Mc)'"'. 

R 

c p Wn,,, **H3 

M-M H 
oc4 'c' 'cp 

II 
0 

MeCkCMc and H-CH have been found to afford several interesting insertion 
products with [W(CO)~-~L-CM~,-W(CO),~'"'. 

d. Survey by periodic group. M e W N ,  isoclectronic with alkynes, was found to give 
the insertion products [Cp,Ti{N=C(Me)CHRCH=CH2}] (R = H, Me) on reaction 
with thc 17-electron species [Cp,Ti(q7-RCHCHCH2)]'". 

[MeMn(CO)5] inserts C4Fc, to afford an E-alkenyl prod~ct ' ' '~ .  [R'Mn(CO),] 
R '  = Me, MeCO, Ph) afford t h e  products 90 with R ' e C R 3  = H-CPh, 
MeC02C=CC02Me, H02CC=CC02H, HC=C02Me, and H%CHO. As with 
Ni-Me complexes, the carbon with largest substituent is coordinated to manganese. 
Excess of CO inhibits product formation. With I-IC%CPh, a 2:l product 91 results, 

Ph H 

H 

(91) 

apparently from insertion of a sccond acctylene and svbsequcnt attack at the 
a-carbon by the acyl oxygen followed by loss of CO and cyclization"'. 

Cyclopentadienyl-iron complexes have been treated with a number of activated 
acetylenes. Insertion of Mc02CC=CC02Me into erytlzro- or tlzreo- 
[CpFc(CO),CHDCHDCMe,] occurs with 80% retention of configuration at -cr-C". 
Photochemical reactions of rCpFe(C0)2R] (R = Me, CH2Ph) with CF,C+CH gave 
92 (M=Fc ,  L=CO), 93, and 94. The last two products arise from carbonylation 

L 

CP 

(93) 

CP 
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followed by a second and third insertion, respcctively, and cyclization. When 
R = ally1 only 95 (R = H) was obtained. Cis-insertions occur in 92 and 95 again with 
the larger group closer to the 

Mcg3 C F3 

HC-CH2 
- 

CF3 CF3 

(95) (96) (97) 

Reaction of C,F, (again photochemical) with [CpFe(CO),R] (R = allyl) gives 95 
(R = CF3)193. For R = Me, 96 results from bis insertion and coordination of double 
bond and acyl oxygen in place of CO. Again, all additions are cis'93. In contrast to 
the iron-ally1 complex, [CpMo(CO),(q '-allyl)] affords 97, thc product of two 
cis-insertions, with C4F6"". [CpFc(CO),(q '-CsHs)] forms a product of addition to 
the q '-cyclopentadienyl ring with C4F61Y3. 

T h e  chemistry of cyclopentadicnyl-ruthcnium complexes has received much 
attention. fCpRu(PPh,),Me] reacts thermally with C4F6 and MeO,CC%CCO,Mc 
giving 98 (R = CF,, Me02C, respectively). With C4F6 in diglyme 99 is isolated, which 
contains a CO ligand derived from solvent and is the apparent product of trans- 
addition 19,. 

cv cp I ,  R 

In refluxing decalin [CpRu(PPh,),Me] givcs the orthometaliated [CpRb(PPh3) 

(C6H4PPh,)], which inserts 2 mol of C4F6 into t h e  Ru-C bond giving a compound 
analogous to 98lY7. 

T h e  alkenyl complex 100 (L = CO, R = CF3) photochcmically inserts C4F6 produc- 
ing lollg3. In contrast, 100 (L = PPh,, R = C0,Me) inserts C,F, in to  the C-H bond 
of the ligand via a dipolar intermediate resulting from attack o n  the vinyl ligand"'. 

cp CF3 
Ru 

H 
R' L 

(100) 
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Unsymmetrical acetylenes led to a head-to-tail insertion with ruthenium-vinyl 
complexes made by acetylene insertion into [CpRu(PPh,),H]. Reaction of 102 
( R  = H) with M e C ( O ) G C H  yields 103’”. 

0 
cp COzMe 

MeOX PhxP’ &H - 
Ph,P/i$r 

R H  Me Me 

(102) 
H 

(103) 

[CpRu(PPh3),Me] inserts 2 mol of M e 0 , C C k C H  to produce 102 (R=Me)’”’. 
Allenic products were also isolated from the reactions of [CpRu(PPh,),R] (R = H, 
Me) with unsymmetrical alkynes”’. 

Iron-vinyl complexes containing coordinated SMe groups also underwent photo- 
chemical insertion. For example, 104 gave 1052”” with CF3%CH as well as the 
product of insertion into the S-C bond. 

CP 
I 

CP 
I 

H 

(105) 

T h e  product of CaF6 reaction with [(q3-allyl)Co(CO),] has now been 
formulated as 106, resulting from attack on the coordinated double bond as shown in 
Scheme 17“”. 

I 
C F3 CF, 

SCHEME 17 
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[(q '-CHzC(R)CH2)Ir(PPh,),(CO)1 complexes ( R  = H, Me) afforded isomers 107 
and 108 (L=CO, PPh,; R = H ,  Me) with C,F, at -30°C in toluene. The trans- 
insertion product was also formed'"'. T h e  reaction is solvent dependent. In 9:l 

CF3 CF3 CF3 co 

;pc:3 H j , q  4 Irb *\* L F3 L-gJ C C- 

H 
/ P L  

__ 
L 

R H 
( 107) ( 108) (109) 

toluene-methanol only an adduct [{q3-CH2C(R)CH,}Ir(PPh3)(CO)(C4F,)] can be 
isolated. This is apparently a precursor to the final products since it reacts with PPh3 
in refluxing benzene giving 107, 108, and 109, probably via a dipolar intermediate 
from attack o n  the allyl. [(q 3-CHzCMeCHz)Ir(CO)(dppe)] gave the analogue of 107 
and 1102"'. T h e  diazobenzene complex 111 (and substituted analogues) gives 112 
with C,F,. This can be thermally decarbonylated to ortho-metallated 1132"2. 

H H  

C F3 
I 

V. INSERTION OF CARBON DIOXIDE, CARBON DISULBHIDE, 
AND ISOELECTRONIC SPECIES 

A. General 

CO,, CS,, COS, RNCO, and RNCS are  known to  insert into meta l -carbon 
bonds. However, they often display a preference for insertion into metal-nitrogen 
or metal-halogen bonds. A recent example is t h e  reaction of CO, with the 
complexes [R,M,(NMe),] (R = Me, Et, Bu", Bu', CH2CMe3, CH2SiMe3, Bu'; M = 
Mo, W) containing metal-metal triple bonds2"'. Only  insertion into M-N bonds 
was observed. Interest in CO, insertions stems in part from the possibility of 
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cmploying C02 as a feedstock in catalytic proccsscs including reduction to alcohols 
and aldehydes. 

Excellent recent reviews of C0220J and CS2”‘l5 complexes are available which trcat 
insertion rcactions. Our coverage will be confined to work not covered in these. 

B. CO, Insertionm 

and ‘anomalous’ 116 products. 
Two modcs of CO, insertion have becn found leading to t h e  ‘normal’ 114, 115 

0 
II 

M-OCR 
M-C, 2) 

OR 

(114) (115) (116) 

[Cp,TiR] (R = Me, Bu‘) insert COz giving products of structurc 115”””. ‘Normal’ 
complexes arc  also found when R =: q3-CHMeCHCH2192.207 and CMe=CHMe2”*. 
Treatment of [Cp,Ti(p-MeC,H,),] and [CpyL-i(ni -McC6H&] with CO, followed by 
BF, in MeOH gave o n l y  HZ- and p-methyltofuates, showing that the intermediates 
formed in dccomposition had Ti-C bonds o n l y  ortho to the ring carbon bonded to 

Vanadium complexes give reaction 33””. With cxcess of CO,, [V(OCOCc,Fs)3] can 
c0,2””. 

also be obtained””. The paramagnctic complex [Cr(o-CH,C,H,NMc,),] inserts only 
one molccule of C02, cven at 75 “C, giving ;i chelatcd structure (115)””. 

2[R,V].iithf+COz , 1 , ~  >[V(OCOR),]+ [It,V].iithf (33) 

R = CaF5, t i  = 2; R = Cl-12SiMe,, IZ = 0 

Darensbourg and Kokicki”’ h a w  discovcrcd that C 0 2  reacts with [McW(CO),]- 
giving [(MeC(O)O}W(CO),]-. T h e  reaction is acceleratcd by Li’ probably by com- 
plexation at the non-bonded acetate oxygen. The insertion also occurs with COS and 
[HCr(CO)J, affording an S-bonded thioacetate. 

[(PhCM2),Mn] was reported to give a chelatcd complex on reaction with CO?’. 
[Fe(PMe,),l exists in solution in equilibrium with the metallated [HFe(CH2PMe,)- 
(PMcJ,]. This latter species gives 117 and, (at low tempcratures) with excess of C02,  
118, 3. 

- 

A similar reaction occurs on heating the C 0 2  adduct of [lr(Me2PCH2CH2PMe),]C1 
producing [(Mc2PCH2CI~2Me2)(H)(Ir(OC(O)(CH,P(Me)CH2CH2PMe2}]~l, which 
may have a polymeric structure214. [Et,Ni(bipy)] inserts CO, a t  40-50 “C in benzene, 
the compound tl icn decomposing to dicthyl ketone*”. [(q’-Allyl)Pd(PR,)(q I-allyl)] 
was also found to yield the product of insertion in to  t h e  Pd-q‘-allyl bond’‘”. 

tnscrtion products also have been reported with COz and [PhC+CCu(PBu,)3]2L6 
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as well as [RCuLJ ( R =  Mc, El, Pr”, Bu’; L =  PPh,, PMePh?, PBu’I3, PEt,, 
P(C6HI,),)””. T h e  triphenylphosphine complexes reversibly coordinate additional 
CO2 giving ~(RCOO)Cu(COz),(PPli,),]. PhAg coordinates but does not insert carbon 
dioxide2’”. 

Many insertions of C02  are thermally reversible. However, carboxylate complexes 
preparcd by othcr routes often undcrgo thermal decarboxylation, especially those 
having electron-withdrawing R groups in basic solvents. [(RC02),Ni(phen)]-H20 
(R = p-McOC,H,, p-EtOC6H,) and [(RCO),Ni(bipy)] (R = C6FS, p-Me0C6H,, p- 
EtOC,H,) givc [R,NiL] (L = phen, bipy) o n  heating”’”. In  pyridine, 
[(RCOO)Rh(PPh,),(CO)] losc C 0 2  with rates decreasing in the order R = C6Fs > p- 
MeOC,F, > p-HC6F4 > 171 -HC6F, > 4,S-H2C6F3 > 3,5-H2C6F3””. [Cu(O,CCH,CN),] 
undergocs dccarboxylation and reduction producing Cu(CH,CN) at 50 “C in drnf,”. 
[{CI;,CI-I(CI;~)CO,}A,12“ and [C~,FsC02AuPPh3]”2” also givc the corresponding 
alkyls on heating. The carboalkoxy spccies [Pt(CO,R)CILJ (L = PPh,, PPh,Mc; 
R = CH2CI-ICH2, CH2C(Mc)=CH,, CH2CH=CHMe, CH(Me)CH=CH2) decarbox- 
ylate in refluxing bcnzenc or  on  rcmoval of CI by Ag‘ affording [(q3- 
allyl)PtL,?]C1”4. 

C. Cs, Insertion68 

[Cp,Ti{C(Mc)=CHMe)] inserts CS2 as well as C022”s. Although CS2 inserts into 
Ta-N bonds in [Me,Ta(NMc,),], it produces [(MeCS,),TaCI,] when allowed to 
react with [Me,TaCI,]. Presumably t h e  insertion stops when C N  (coordination 
number) S is reachcd for tantalum”’. 

o-MeC,H,Cu and CS2 give [o-McC,H,CS2Cu]. s;  however, other aryl copper 
compounds aCford only unstable products. [(ArCu),,PPh,] inserts CS, providing air 
stable complexes [ A ~ C S S C U ( P P I ~ ~ ) ~ ] .  l’etrahcdral geomctry around copper was es- 
tablished for (o-MeC,H,C(S)S)Cu(PPh3)2 by X-ray cr.ystallograpliy”’”. Similar 
dithiocarboxylates containing alkyl groups exist: [(RCSS)Cu(PPh,)2] (R = Me, Et, 
Pr”)  and [(RCSS)7_Cu,(Pli,PCH,CH2PPli,)31. I n  contrast to t h e  analogous C02  corn- 
plexcs, thesc specics did not  coordinate additional niolcculcs of CS2 o n  further 
treat men t”’. 

D. Insertion of lsoelectronic Species- 

[Cp,TiR] (R = Mc, Bu”) affords 119 with PhNCO”’”. This is thc usual mode of 
insertion: the organic group is attachcd to isocyanate carbon whilc oxygcn forms a 
dative bond to the mctal. When R- q3-McCHCHCH,, 119 is thc product with 
PhNCO while PhN=CHPh and Me2C=0 givc 120 and 121, respectively I””. PhNCO 

Ph Ph 

also inserts into the titanium-vinyl C bond of [Cp,TiCMe = CHMe] giving 119 (R = 
CMe=CHMe)*””. Ketoncs were found to inscrt into the Ti-Me bond of 
[(R03)TiMc] (R = Et, Pr‘, Bu‘)”~’. 130th PhNCO and PhNCS inscrt into all four 
metal--carbon bonds of [Zr(CH2Ph),]”””. 

With [Me,MCI,. A ]  (M = Nb, Ta; x = 1-31, MeNCO, PhNCO””, MeNCS, 
PhNCS’3”, and RN=C=NR (R = Pr‘, Bu‘, C,Hll, p-MeC.H,)”” insert i n t o  Mc-M 
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bonds. All bonds do  not necessarily undergo insertion and the stoichiometry of stable 
products seems to be governed by the achievement of six- o r  seven-coordination 
around the metal. The reactivity ordcr is [MeMCI,]> [Me2MC13] > [M3MC12] and 
MeNCO > PhNCO suggesting initial formation of donor-acceptor complexes. No 
insertions into M-Cl bonds were observed in these reactions. The modes of 
coordination for the products of isothiocyanate and carbodiimide reactions are 
shown in 122 and 123. 

R 

h 

When PhNCS reacts with [CpNiL(CH(CN),)] (L = PBu3, PPh3) the products have 
structure 124 instead of 122,",. 

Ph Ph 

CpNiSC = NPh 
I I  
L CH(CN)? 

(124) 

The palladium complex (55) (X, = hfacac) inserts aryl isocyanates affording 125 
with a double bond coordinated to palladium. Electron-withdrawing substituents on 
the aryl group accelerate the  reaction^^^", in apparent contrast to the niobium and 
tantalum complexes discussed previously. 

VI. INSERTION OF ISOCYANIDES 

A. General 

Isocyanides (RNC) are isoelectronic with CO and, hencc, might be expected to 
exhibit similar features with respect to insertion reactions. Many similarities are 
known. However, some surprising differcnces occur, and more data need to be 
accumulated before many firm generalizations can be made. 

The insertion products of R2NC into MR' are q I -  or 77,- iminoacyl complexes 126 
and 127, respectiveiy. Examples are known in which the isocyanide first coordinates 



5. Insertions into transition metal-carbon bonds 385 

to the mktal followed by alkyl migration or  motion of the isocyanide. In other cases, 
direct insertion apparently occurs. In still other instances, isocyanides behave as 
nucleophiles o n  reaction with metal carbonyl alkyls yiclding metal acyl isocyanide 
complexes 128, especially when R2 is bulky. Sometimcs iminoacyls 129 are co- 
products. No cases arc known in which alkyl migration occurs from the acyl group of 
128 to isocyanide to give 129. 

R'C(0)[M]CNR2 OC[M]C(R') = NR" 
(128) (129) 

Again in contrast to CO, multiple insertions are fairly common with RNC. As with 
CO, insertions generally d o  not occur when the metal is bonded to alkyls with 
electron-withdrawing groups such as perfluoroalkyls. However, CNC6H1, has been 

to insert regiospccifically into the Ti-CGFS bond of [Cp,TiMe(C,F,)] while 
CO inserts regiospecifically into the Ti-Me bond. 

T w o  excellent reviews of isocyanide chemistry which trcat insertion reactions are  
available235. Except insofar as results mentioned in these sources are germane to 
recent developments, only subsequent work is included here. 

B. Square-Planar Complexes 

Some reactions of isocyanides with palladium complexes can be rationalized b y  a 
pathway analogous to that depicted for carhonyl insertion in Scheme 4. Crociani and 
~ o ~ o r k e r s ~ ~ "  reported that reaction 34 occurs. This suggests the operation of a 

cis-[Pd(PPh.d(CNPh)Cld + YPh --+ [ Pd(PPh3)(CNPh)(Ph)Cl] 

r NPh 1 
1 

(34) 

mechanism involving a three-coordinate intermcdiate which can dimerize. T h e  
bridge bonds in the dimer can be cleaved by PPh3 giving tram- 
{Pd(PPh3)Z[C(=NPh)Ph]C1}. Similar results were found with traris-[RPd(Bu'NC)21] 
( R =  Me, MeCO) which undcrwcnt insertion at 11 "C and presumably formed a 
dimer which rcactcd with L = Bu'NC, PPh3 to give a product having L cis to an 
iminoacylZ3'. 

O t s u k a  and Ataka23R studied the slower rates of dimerization of the benzyl 
complexes trans-rPd(CH,Ph)(Bu'NC),X] (X = CI, Br, I) to produce 
{P~[C(=NBU')CH,P~](B~'NC)X}~ and found that the ratcs decreased in the order 
C I > B r > I ,  which is opposite to the tram-eflect order. Moreover, thc rates of 
reaction of trar~s-[Pd(Me)(Bu'NC)~I] with L =  CNBu', PPh3, or P(OPh3)3 to  give 130 
were first order in palladium complex and independcnt of the naturc of L. The rates 
wcre very slow in hcxane and fast in polar organic solvents. This suggests the 
presence of a three-coordinate iminoacyl intermediatc 131 which (in contrast to 11) 
is solvent-stabilized and which can dimerize or react with L. This inrermcdiate can be 
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detected at low temperatures in toluene by n.m.r. in the absence of L and gives the 
dimcr on  raising the temperature. 

B u' NCPd( I )  (L)C( Me)=NBu' Bu t  ?d(I)C(Me)=NBu' 

(130) (131) 

For t h e  L-induced insertion AH':= +9.4 kcal mot ' and AS"=22 cal mol-'K-', 
values similar to those for solvent-assisted carbonylations such as that of 

T h e  authors suggest23x that these results can be rationalized o n  the assumption that 
the  role of the trans-halide ligand is to polarize the Pd-C bond rather than to exert 
a tram-effect. The more carbanionic tlie migrating alkyl and the more clectrophilic 
the  isocyanide terminus, the faster is the production of the iminoacyl three- 
coordinate species. The requirement seems to be only for alkyl and isocyanide in 
cis -position. 

A similar mechanism surely prevails for reaction 35 which further shows that the  
inserted isocyanide is the o n e  prc-coordinated to the metalz3". 

[McMn(CO)sl. 

R = ~ - C C ~ H J  

trans-[PdMeLl] [L = PPh3, PPhMc,, PRu,, PPh2(C,H I ,), PPh,Me, PPIiMe,] wcrc 
found to react with CJ-I, ,NC to produce iniinoacyl insertion products having trctris 
phosphine ligands. frnri.~-rPdMe(PPIiMe,),I1 behaved similarly with Bu'NC and 
PhCH,NC, as did tra,is-[PdMe(PMe,),I] with Bu'NC and trails-[Pd(o-MeC,H,)- 
(PPhMe,),I] with C6H I ,NC"". These rcactions are analogous to the carbonylstion 
depicted in Scheme 4 in the sense that CNR is the entering group and  t h e  products 
have t r a m  stereochemistry. The reactions could proceed via tlie mechanism outlined 
in Scheme 4 involving fivc-coordinate species containing CNR rather than CO. 
Alternatively, an ionic species traris-[PdR'(CNR')~]'I~~ may be formed initially 
which undergoes insertion o n  reattack by I - .  Such a species has been shown to be 
involved in isocyanide insertions in  platinum complcxcs (see below), but has not as 
yet been implicated as leading to carbonylatcd products. T h e  importance of steric 
effects in isocyanide insertion is emphasized by the facts that rcactions of 2,6- 
Me2C6H,NC with ~raris-[PdMe(PPhMe,),I] and of Bu'NC with trctris-[Pd(o- 
MeC,HJ)(PPhMe&l] d o  not O C C U I . ~ ~ " .  

Bis-insertion products 132 wcrc obtained o n  reaction of C6HI ,NC with tram- 
[PdM&I] (L = PPh,, PPh,Mc, PPhMe,, PMe,, PBu", in a 2 : 1 molar ratio as well as 
by treatment of the  mono-insertion products (L = PPhMe,, PMe,) with excess of 
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C6HIINC,  showing that, in some C ~ S C S  at least, inscrtion procceds stepwise. This is 
not invariably the casc, howevcr. Evcn though trans-[PdMe(PPh,)J] reacts at 5 "C 
with a 2: 1 molar ratio of C , H , , N C  producing 132 ( L =  PPh3), the mono-inscrtion 
product trans-[Pd{C(=NC6H, ,)Mc)(PPh3),I] does not react with a second molc of 
cyclohexyl isocyanide at room temperature. It  does react at  70 "C, however, to givc 
132 (L = PPh3). These results suggest the operation of an additional pathway besides 
stepwise inscrtion. 

Rcaction of traris-[PdMe(PPh2Me),I] with a 3: 1 molar ratio of C 6 H I I N C  affords 
the product of tris-insertion 133 (L = PPh2Mc)2J0. 

(133) 

lsocyanides were also found to inscrt into the Pt-C bonds of truiis-[PtR(PPh~)zX) 
(R = Me, Ph; X = CI, Br, 1)2"'~'"2, trails-[PtMe(PEt,),I] and trans-[Pt(CH,Ph)- 
(PPhMe2)21]242-2'4. These insertions arc slowcr than tliosc of palladium complexes 
and involve ionic intermediates [RIPt(CNR')LJ'X- which may be isolated and 
converted thermally to iminoacyl insertion products, which presumably result from 
reattack b y  X-. The structure of one  of these insertion products, trans- 
[Pt{C(=NC,H,CI)Mc}(PEt,),I], was invcstigatcd by X-ray crystallography and 
found to contain an -q '-irninoacyl 

Complexes of the type [R:PtL] were found"" to afford insertion products on 
reaction with isocyanides when L was a basic phosphinc such as PEt, or PPhMe,. 
With lcss basic ligands, phosphine replacenlent giving [K:Pt(CNR2)L] occurs. 

Bu' N C  and p-MeC6HJNC werc found to rcact with the carboxyvinyl complcxcs 
134 (M = Pd, Pt) to give isolable ionic intcrmcdiates 135, which afford inscrtion 
products 136 with rctcntion of stereochemistry both at thc doublc bond and at the 

N R  
II 

Ph3P, ,C-CH=CHCO:Me 

Br/M'PPhs 

(136) 

nieta123K. Presumably, t!ie cation of 135 must rcarrangc to a spccies having the 
isocyanide and carboxyvinyl ligands cis in ordcr for insertion to occur. In kccping 
with this view is thc fact that [(dppe)Pd(CH=CHCOzMe)Br] in which thc dppe 
ligand occupies cis positions rcadily inserts thrcc molecules of Bu' NC giving 
[(dppe)Pd((C=NBu'),CH=CHCO,Me}Br] again with rctention of stcreochemistry 
at both palladium and the doublc bond. 
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In contrast, 137 (M = Pd, Pt) dimerizes to give iminoacyl products 138 containing 
only trans-double bonds whcn M = Pd and a mixturc of cis- and trans-double bonds 
in a slower reaction when M = Pt2"8. 

r 1 

Bu'NC, ,CH=CHCOzMe 

BrNM\ CNBu' 

This can be rationalized o n  the  basis of arguments presented previously regarding 
dimerization of palladium alkyl isocyanide complexes. The reactions involve polari- 
zation of the M-C bond by the trans-bromide and migration of a carbanionic ligand 
to an electrophilic isocyanidc. When the migrating ligand contains a double bond, a 
contribution from structurc 139 (L = Bu'NC) could lcad to double-bond isomeriza- 

/ -CHC02Me 

(139) 

tion. That no isomerization occurs when L=PPh3 indicates the importance of 
ancillary ligands in dctcrmining the carbanionic charactcr of a-C and the elec- 
trophilicity of FWC. 

C. Copper Complexes 

A number of copper complexes 140 (n = 1, R' = H, R' = C6Hl l ;  n = 1, R' =Me,  
R2=C6Hll ,  Bu ' ;  n =0 ,  R ' = H ,  R2=C6HI1 ;  L=PPh3,  CNC,H,,) have been pre- 
pared by reaction of isocyanide with the copper-alkyl complex followed by addition 

1 -R1-3-C(=NR2)CuL-4-(CH2),, NMe,-benzene 
(140) 

of LZ4'. 

D. Seventeen- and Eighteen-Electron Complexes 

[Cp,TiR] (R = Me, Et, Bu", Bus, Bu', Ph, o-MeC,H,) werc f o ~ n d ~ ~ " . ~ ~ " ' ~ '  to  insert 
2,6-Me2C6H3NC to afford paramagnetic iminoacyl products. In some cases inter- 
mediate adducts can be isolated in which vCN is lowered by ca. 40cm-'  compared 
with the free ligand. This  is evidence for back-donation. Migration of alkyl groups to 
these electron-rich ligands is in contrast to the behaviour of diamagnetic square- 
planar palladium and platinum complcxes. Y 2  = 12, PhSSPh oxidize these iminoacyl 
complexes to titanium(1V) species [Cp,Ti(Y){C(R) = N(2,6-Me2C6H3)}]. [(q'- 
C3H5)TiCp2] also  react^'^^.^^' with 2,6-Me2C6H3NC affording 141, which has an 
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q 2-iminoacyl ligand, as do insertion products of other titanium(TI1) alkyls mentioned 
above. In contrast, the aryl complexes were found to have q’-iminoacyl ligands by 
examination of their i-r. 

Even with excess of isocyanide, [Cp2TiMe2] gives only 
[Cp2TiMe(C=NC&I I 1)MeI2” or [Cp2Ti{C(=NMe)Me}2]2’2. The zironium(1V) com- 
plexes [Cp2ZrR’R21 CR’ = CH(SiMe,)C, R2 = C1, Me, CH2(SiMe3); R‘ = CH2(SiMe3); 
R’ = R2 = CH2(CMe3)1 insert 1 mol of CNC6H,Me (or CO) into the Zr-C bond of 
the bulkier R’ ligand, yielding q’-iminoacyl (or acyl) complexes253. Steric bulk may 
aid in breaking the Zr-C bond. MeNC inserts into all four of the Zr-C bonds of 
[Zr(CH=CMe2),l2’*. However, [Zr(CH2(CMe3)},] is reported to yield a product of 
the unusual composition, [Zr{CH2(CMe3)}3(CNBu’)(C(=NBu’)CH2CMe,}], with 
Bu‘NC, probably for steric reasons252. The complexes [R2Hf{N(SiMe3)2}2] (R = Me, 
Et) insert one molecule of Ru‘NC into both Hf-C bonds. C02 ,  on the other hand, 
inserts into both Hf-N All three of the Ta-C bonds in [Me3TaC12] are 
reported252 to insert MeNC. 

Adams and Chodosh have investigated the  reactions of [CpMo(CO),-,(CNR),,]- 
(R = Me, n = 1,2; R = Ph, n = 1) with MeI. The course of the reactions is outlined 
in Scheme 1825’. 

[CPMO(CO)~-~(CNR)I- 

F H ? I  

[CpMo(CO)x -,,(CNR),,Mel 

- 
NMe 
II 
C 

CpMo’ ‘CMe 

C I NMe 
/\-1 

0 i I [CpMo(CO)’L{q‘ -C(=NR)Mc}] 

l . = l -  A H -  I 
- 

,NMe2 

CpMo- CMe 
/ \  // 

C I NMe 
0 

/c ,  

- 
(142) 

SCHEME 18 

The  course of the reaction involves methylation of molybdenum followed by 
isocyanide insertion, giving an 18-electron q2-iminoacyl. The q2-coordination has 
been confirmed by X-ray crystallography for R = Me”’“ and Ph2”. When it  = 1, 
donor ligands L can add to molybdenum, converting the q2-iminoacyl to an q’- 
ligand. Thz crystal structure of [CpMo(CO),{P(OMe),XC(=NPh)Me)] has confirmed 
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the mode of co~rd ina t ion '~~ .  If L =  I-., t he  anionic complex can be protonated at 
nitrogen giving a carbene ligand. When 11 = 2, an I--induced insertion of a sccond 
isocyanide occurs, giving an anionic complex which is not isolated but is methylated 
iri situ giving 142. As is the case with CO, the  corresponding tungsten complexes are 
resistant to insertion. In the special case where M = W, R' = R' = Me and L = Bu'NC, 
the product of reaction 15 is 143, resulting from isocyanide insertion and proton 
shift4". 

NBu' 
' I  Me 

Me 

(143) 

MeS, I 9 N B u '  
I W  ,CMez 

B~IN '  'N-c' 

( 144) 

A very unusual product, 144, results from treatment of [WMeo] with Bu'NC at 
-7 "C. Its formation must involve isocyanide insertion and subsequent methyl 
transfers'". [ReMe,] affords a more straightforward product, 
[R~(CNBU')~{C=NBU')M~},], which contains trigonal bipyramidal rheni~m'~'. 

Yamamoto, Yamazaki and coworkers have carried o u t  extensive studies of reac- 
tions of isocyanidcs with transition metal complexes, including insertions. This group 
found a number of interesting results with cyclopentadicnyl-iron complcxes which 
may be comparcd with thosc in Section 1I.B on carbonylation. Benzyl and phenyl 
complexes seem to insert RNC more readily than alkyl complexes. Pre-coordinated 
isocyanide molecules can undergo insertion, but 'direct insertion' of entering RNC 
seems unlikely on the basis of data so far accumulated. 'Thus, room-temperature 
reaction of [ C ~ F C ( C O ) ~ M ~ ]  with C6Hl 'NC affords the acyl [CpFe(CO)(CNC6H1 1)- 

(COMe)]'". O n  the other hand, CO reacts under pressure with [CpFe(CO)- 
(CNR2)R1] (R' = CH2Ph, p-CIC6H4CH, p-CiCJ-L; R'= C,H,,, CH,Ph) giving pre- 
ferential insertion of isocyanide which produces the  iminoacyls 
[CpFe(C0)2{C(=NR')R'}]"". When R' = Bu', no reaction occurred, apparently for 
steric reasons. The insertion rates were noted qualitatively to decrease in the order 
R' = PhCH' > Cc,HI, >> Bu' and R' = p-CIC,H4CH2 > PhCH' > p-CIC,H,. The com- 
plex [ C ~ F C ( C O ) ~ { C ( = N C ~ H ~  ,)CH,Ph}] could be dccarbonylated photochcmically. 

Photolysis of [CpFe(CO)(CNRu')Me] in thc  presence of C6H1 INC gave a 
bis(imino) complex 145 (R' = Bu', R' = C,H,,), suggesting insertion of Bu'NC, 
thercby creating a vacant site for coordination of C(,H, ,NC which subsequently 
inserts26". 

co 
f C=NR? 

CpFe: 

R I N +  

Me 

(145) 

Reflux i n  thf or benzene of C6HI ,NC with [CpFc(CO)(CNC,HII)CH'R ] (R  = H, 
Ph, p-CIC,H,) givcs products 146 (R' = R" = C6Hll) .  l h e s e  cyclic carbcne complexes 
are the result of insertion of three molecules of isocyanide and shift of the bcnzyl 
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protons onto nitrogen'"'. These were previously incorrectly formulated"' as 
tris(irnino) complexes 147 (R' = C,H,,). Insight in to  the structure of the carbene 

co 
/ 

CpFe - C = NR2 
n~ 

I 
C H ~ R I  

(147) 
complexes was provided by X-ray dctcrmination of the  crystal structure of 
[CpFe(CO)((C=NC6HII)(CNHC~HII)CH{CNHBu')}]'"' (146) (R'  = H, R2=  CaHII ,  
R3 = Bu'), which was prepared From the reaction of 145 (R '=  R2=C6Hll )  with 
Bu'NC. 

Other compounds 146 containing two different alkyl groups bonded to nitrogen 
were synthesized from the reactions of [CpFe(CO)(CNR')CH2R'] (R' = H, Ph, 
R'= Bu'NC; R1 = Ph,  R2 = CI-i,Ph) with C6HIINC (=  R"NC). The structures of 
compounds 146 show that the  last isocyanidc molccule inserts into a C-H bond of 
1452h1. However, treatmcnt of [CpFe(CO)(CNRu')Me] with CNBu' gives only a 
mono-insertion product for steric reasons. 

Bu') 
have n o  benzylic H and react with R'NC (R' = ChHl  I )  to give tris(imino) complexes 

Aryl iron complexes [CpFe(CO)(CNR')R'] (R' = Ph, p-CIC6H4; R'= C6Hl 

CP 
148'"'. 

co 
1 

I 
CNR3 

CpFeC(=NR3)C(=NR3)C(=NR')R' 

These complexes catalyse the polymerization of isocyanidcs. 
[CpCo(PPh,)(q'-PhCkCPh)] has been Found2" to insert RNC (R = Ph, p- 

MeCnH4, 2,5-MeCc,H3, Bu') into both Co-C bonds, giving the metallocycles 149. 
T h e  double bond may be displaced from the cobalt coordination sphere by additional 
RNC whcn R is an aryl group. [CpNi(PPh,)R] (R=Ph ,  2,4,6-Me3Cc,H2, (q5- 
C5H4)Mn(C0),) were reported*"' to insert p-McCAH,NC producing [CpNi(CN-p- 
MeC,H,)(C(=N-p-MeC,H,)R}]. 

VII. INSERTION OF OTHER UNSATURATED MOLECULES 

A. Nitric Oxide- 

Nitric oxide is a paramagnetic moleculc which seems to react with organometallic 
substrates to form diamagnetic species. Thus, 2 mol of NO react with diamagnctic 
metal alkyls forming N-alkyl-N-nitrosohydroxylamine ligands 150. 

/ " = Y  
R R  
\ /  
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When several M-C bonds are present, reaction continues until the metal is 
coordinatively saturated. When the organometallic complex itself is also paramagne- 
tic, only onc NO inserts. Alternatively, atom transfer reactions may occur without 
insert ion. 

McCleverty has recently reviewed reactions of NO with transition metal eom- 
plexes, including insertions26s. We provide some more recent examples of the 
behaviour noted above. 

[Re3C13(CH2SiMe3)6] reacts with N O  at -78 "C producing 151 (R = CH2SiMe3) 
in which one rhenium atom is seven-coordinate'hh. The N-N bond distance indi- 
cates delocalization. The compounds [CpCo(NO)R] (R = Me, Et) were prepared and 
found to react with PPh3 at 0 "C to give [CpCo(PPh,)(N(O)R}] at 0 "C. 0-Elimination 
does not compete with insertion when R = Et2"7. [ReOMe,] produces 
[Me2Re02] + MeN = NMe rather than an insertion product on reaction with NO2"'. 

B. Dioxyyen 

Results o n  the insertion of 0, into M-C bonds giving peroxo complexes have 
been summarized by Wojcicki68. Both thermal and photochemical activation of these 
insertions have been observed. The  photoinduced insertions into the Co-C bonds of 
[RCo(dmgH),L] (R = Me, L = H 2 0 ;  R = Et, L = 3-cyanopyridine; R = Pr", L = 2- 
methylpyridine; R = Bu", L = 4-cyanopyridine: R = (CHJ,Me, L = 3-bromopyridine; 
R = Bu', L = 4-bromopyridine; R = CBHl ,, L = py; R = 2-HO(C6Hlo), L = 4-Me- 
pyridine; R = Pr', L = morpholine; R = CH2Ph, L = piperidine) wcre shown2" to 
involve initial cleavage of the Co-L bond, which is re-formed after the insertion has 
occurred. 

Kinetic studies have been conducted o n  insertion of O2 into [RCo(dmgH),L] 
(L = py, H20)27". Both thermal and photochemical reactions showed first-order 
dependence on the cobalt complex and on 02. Consistent with the results reported 
above, excess of L retards the  reaction in ethanol and water. For the thermal 
insertion, reaction ratcs increase in the order R = Me2CH<< PhCH,< 
R1R2C==CHCH2< PhCHR. The results were consistent with a free-radical (but not a 
radical chain) mechanism. For the photochcmical reaction, the rates increase in the 
order R = Me < alkyl < allenyl < propargyl < benzyl < allyl. However, the variation of 
rate with R is not  large, suggesting that the role of hv is !lot to induce Co-R 
homolysis. Again, a radical chain mechanism is ruled out by the rate law. 

An unambiguous demonstration that an optically active R raccmizes during O2 
insertion has been given for (-)-R-[(2-octyl)Co(dmgH),py]. The octan-2-01 cleaved 
from the product is r a ~ e r n i c ~ ~ ' .  

Photochemical insertion of 0, into Co-CH2 bonds of [P~CH,CO(CN),]~- and 
[KCo(tpp)] (R = Et, Pr, Bu", Bu', C6H, ,, CH,CH2Ph; tpp = tetra-phenylporphinato) 
7 have been r e p o r t ~ d ~ . ' ~ ~ .  

C. Sulphur 

Insertions of tetrasulphur in to  Co-C bonds of [RCo(dmgH)py] were reviewed 
previously"'. Since then a full paper has been published o n  these 

Reaction of MeNCS, EtNCS or  PhNCS with t h e  carbene complexes 
[W(CO),{C(Ph)(p-RC6H,))] (R = OMe, Me, H, Br, CF,) gives insertion of S into the 
tungsten-carbene bcnd to producc t h e  thioketone complexes [W(CO),{S = C(Ph)(p- 
RC ti )}]275.276 

6 4  
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D. Carbenes 

T h e  tantalum-a1 kylidene complex [Cp,Ta(=CHMe)Me] decomposes to  give 
[Cp2Ta(q2-CH2=CHMe)H], which can be rationalized as involving inscrtion of the  
alkylidene into t h e  Ta-Me bond to  give [Cp,Ta-CHMe,] followed by 0-  
elimination"'. 

The complexes [Cp,Nb(R)(=CH-O-Zr(H)(q s-MeSCs)21 (R = H ,  Mc, CH2Ph, 
CH2C6H40Me-p, Ph) can b c  prepared. In t h e  presence of a trapping ligand L- 
P h G C P h ,  thcse complexcs undergo carbene insertion into the  Nb-R bond, giving 
an  unisolated [Cp2NbCH(R)OZr(H)(qs-Me5Cs),] which undergoes 0-elimination to 
produce [Cp,Nb(H)L] and  [(qS-MeTC&Zr{(H)O-CH=CHR)] ( R  = H, Ph, p- 
OMeC6H,)27X. 

T h e  cationic [Cp2WMe2]' has bcen found to give [Cp,WMe(=CH,)]' o n  treat- 
ment  with Ph3C. This complex undergoes methylcne insertion giving unisolatcd 
[Cp2WCH2CH3]+, which can be trapped as [Cp2WLEt]' by L = PPh2Me or, alterna- 
tively, undergoes 0-elimination, producing [Cp2W(H)(q2-C2H4)]'27". 

E. Nitrogen 

[ R ~ ( C O ) , ( F - N C O ) ] ~ ~ ~ " .  
IN3 reacts with [RC,(CO)~~J  to  insert N into an  Re-C bond, affording 
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The reactions of nucleophilcs with transition metal organometallic complexes consti- 
t u t e  sonic of the most broadly useful procedures for both the prcparation of these 
complexes and, more importantly, for their application in synthetically useful trans- 
formations of metal-coordinated organic functional groups. Thcse reactions can be 
divided in to  two gcneral categories, those which involvc nucleophilic attack at  the 
metal centre itself, and those which involvc nucleophilic attack at a metal- 
coordinated organic ligand. The  former process is of major importance for the 
prcparation of a variety of transition metal organometallic complexes and for a 
numbcr of transition metal-catalyscd coupling reactions involving 'transmetallation' 
reactions. Thc latter is of major consequence in the  important and rapidly evolving 
field of t h e  use of transition metal complcxes in organic synthcsis. It is also the topic 
which constitutes the bulk of this review. N o  attempt at a comprehensive treatment 
of either area is made in this chapter. Rather, important topics will be introduced 
and the gencral features of specific processes will be presented. Existing major 
rcviews will be briefly summarized, and this chapter will focus o n  current progress in 
the subjcct areas. The literature is covcrcd up to December 1981. 

1. NUCLEQPHILIC AlTACK AT THE M n A L  IN TRANSITION 
METAL ORGANOMETALLIC COMPLEXES 

A. Formation of Metal-Carbon a-Bonds 

7 .  Metal carbonyls, isonitriles, and cyanides 

Carbon monoxide is the most ubiquitous carbon ligand in organotransition metal 
chemistry'.'. Examples of compounds with at least one CO ligand are known for all 
the transition metals. A numbcr of homoleptic metal carbonyls, e.g. [Ni(CO)4], 
[Fc(CO),], can be prepared by t h e  dircct reaction of carbon monoxide with t h e  finely 
divided metal (equations 1-3), or  by reaction with thc corresponding mctal salt under 

isn-c 
c o + c o  - [CO,(CO),~ 

3 0 4 0  :11111 

reducing conditions. Carbon monoxidc, l ike most common ligands in organo- 
transition mctal chemistry, also undergoes facile ligand cxchange reactions and can 
displace non-carbon ligands from mctals (equation 4). All of these reactions can bc 

viewed as proceeding by nucleophilic attack o n  the metal by thc lone pair of electrons 
of thc carbon monoxidc, much like other ligand exchange proccsses involving simplc 
donor ligands such i:s phosphines or amincs (see below). Howcvcr, oncc Coordinated, 
carbon monoxide is a strong a-acceptor ligand, and can remove excess electron 
density from a metal atom and thcreby stabilize low oxidation states'. Thus, 
exposure of virtually any low-valcnt mctal complex to carbon monoxide will result in  
nucleophilic attack o n  t h e  rnctal by the CO, resulting in CO incorporation in some 
manner. 

Thc isonitrile ligand, RNC: is formally analogous to carbon monoxide, but is a 
stronger cr-donor and weaker 7i-acccptor than is carbon monoxide and thus can 
stabilizc mctal complexcs in higher oxidation stiitcs'. Most transition metal isonitrile 



f ,  Nucleophilic attack on transition metal organometallic compounds 403 

complexes are prepared by direct reaction (nuclcophilic attack) of the isonitrile with 
a mctal complex to effect either a ligand exchange (equations 5' and 6') or the 
displaccmcnt of a molecule of coordinated solvcnt from a cationic species (cquation 
7'), or  both (cquation S6). Both coordinated isonitriles and carbon monoxide are 

I'hH 

25 "C 
[PtC12(Ph3P)2] + MeNC - [PtCl,(Ph,P)(MeNC)] + Ph3P 

F'R'Pd ] + McNC > ~ ' R ' P d / c l  ] + Et2NH 

'NHEt, \ C N M ~  

R'R2= c 0 

MeOH 
[ Pt (CH 3) ( MeOH) ( P h =]+ PF6-- + RNC - [ P t (CH3) ( RNC) (P h 3P) 2]+ PF, 

R ' R ~  as in equation 6 

BF4- + Et2NH (8) 

themselves subjcct to attack by nucleophilcs. This process forms thc basis of a 
number of synthetically useful procedurcs and will be discussed below. 

The cyanide ligand, CN- , is also isoelectronic with carbon monoxide, but is a much 
stronger nucleophile and has considerably less .rr-acceptor ability than does carbon 
monoxide. Most mctals in the d group form cyanidc complexes', and cyanide anion 
is often capable of displacing all of the ligands from a given transition mctal complex 
forming a homoleptic complcx (c-g. rFe(CN),14- ). Perhaps becausc of this over- 
whelming ability to complcx, the cyanide ligand has found l i t t le  use in organo- 
transition mctal reactions. 

2. q5-Cyclopentadienyl- and q3-allyl-rnetal complexes 

The eyclopcntadienyl group, CsHSr is central to much of organometallic chemistry, 
both becausc of its important rolc in the early developmcnt of the field (the discovcry 
and charactcrization of ferocene, [(q S-C5H5)2Fe]"), and because virtually all transi- 
tion metals form stablc q '-CSH5 complexes, many of which have important catalytic 
activity or illustrate an important feature of structure or  bonding1('~~'5. The most 
gencral method for t h e  preparation of 7'-cyclopcntadienyl complexcs is the reaction 
of the cyclopentadicnyl anion with a transition metal complex having displaceable 
ligands (equations 9", lo'", and 11"). This rcaction again can be viewcd as a 

cyclo-C,H, + Na - Na'Cp- + FeC1' - [FcCp,] (9) 

[WCp(CO),] +3CO (10) 

(11) N a '  Cp- + ZrCI, - [ZrCI,Cp,] 
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nucleophilic attack of the carbanion o n  the mctal. Although in most cases thc  cyclo- 
pentadicnyl ligand is pentahapto and occupies threc coordination sites, some cxam- 
ples of a-bonded monohapto cyclopcntadienyl complexes a re  known’“. An example 
of this type of complex is [(q5-CsHs)3Zr(q’-CsH5)]’7, in which both types of cyclo- 
pentadienyl groups a re  prescnt. This ability to bond either q 5  o r  q ’  and to fill cither 
three or one coordination sites is important to some reactions catalysed by cyclo- 
pentadienyl mctal complexes in that t hc  q’-bound ligand can ‘release’ coordination 
sites when required for catalysis by becoming q ‘-bound. 

T h e  q3-allyl ligand is another ubiquitous carbon ligand in organometallic chemis- 
try, and a variety of q’-allylmetal complcxes are  of central importance in a number 
of synthetically useful processcs’8~19 The most general approach t o  homoleptic q3- 
allylmetal complexes is the reaction of allylic Grignard reagents with the correspond- 
ing metal halidc (equation 12). Homoleptic q”-allyl complexes arc  known for Ni, Pd, 

IZ (allylMgX) + MX,, - [(q3-allyl),, MI + n (MgX,) (12) 

Pt, Co, Rh, Ir, Fe, Cr, Mo, W, V, Nb, Ta, Ti, Zr,  Hf, and Th”’. Mixed systems 
containing both q3-allyl groups and other ligands are similarly prcpared (equation 
13)2’.22. These rcactions involve dircct nucleophilic attack o n  the mctal by the ally1 

[ RhCl(cod)], + 2CH2=CHCH2MgCI - 2[ Rh(q ‘--allyl)(cod)] (13) 

anion. (There are  many other  ways of making q3-alIyImetal complexes that do not 
involve nucleophilic attack o n  a transition metal, but they a re  outside the scope of 
this review.) 

3. a-Alkyl, awl, and vinylmetal complexes 

a. Preparation. U-Alkyl, aryl, and vinyl transition metal complexes are among the 
most important types of complcxes of use in synthetic organic chemistry. They can be 
prepared in a number of waysz3, but t he  most common involves nucleophilic attack 
of organo-lithium o r  -magnesium halide species on  halogenometal complexes (cqua- 
tion 14). Many a-alkylmetal complexes are relatively unstable, a n d  initially it was 

thought that metal-carbon a-bonds were inherently weak. However, it was subse- 
quently shown that this instability was a kinetic problem and was d u e  to  the existence 
of facile a -  or @-hydride elimination processes (equations I S  and  16) (sec also 

Chaptcr 8). Thus, alkyl groups lacking @-hydrogens, o r  unable t o  gcncratc stable 
olefins by @-elimination, are  often fairly stable. Examples of this a r e  aryl compounds 
(equations 17’4 and 18”) and acetylidcs (cquations 19’’ and 20’“) which lack 
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cis-[PtCI2(PEt3),] + PhLi -- cis-[PtPh,(PEt,),] 

405 

(17) 

(18) trans-[IrCI(CO)(PPh,),]+PhLi or PhMgX - trans-[hPh(CO)(PPh,),] 

I Phc=cLi trans-[Ir(=CPh)(CO)(PPh,),] (19) 

[FeCl(CO),(Cp)] + P h S C M g B r  - [Fe(GCPh)(CO),(Cp)] (20) 

(21) 
--e.. 

I U i ,  R = bicyclo[2.2.l]hept-l-yl+ CrCI3 - - [Cr%] 

0-hydrogens, and bridgehead norbornyl complexes (equation 21)27 which cannot 
form a stable olefin. Other alkyl groups lacking @-hydrogens, such as methyl, 
neopentyl, trimethylsilylmethyl, and benzyl also form relatively stable u-alkylmetal 
complexes. 

Metallacyclic species whose ring strain prevents the achievement of a M-C-C- 
H dihedral angle of 0" required for 0-elimination a re  also relatively stable compared 
to corresponding acyclic dialkylmetal complexes (equation 22)28. Although most u- 
alkylorganometallic complexes have other ligands, homoleptic metal alkyl complexes 
a re  known for many members of the transition series2'-". 

b. Alkylation reactions of alkylrhodiurii ( I )  complexes. Although stable u-alkyl- 
metal complexes have played an important role in the elucidation of structural and 
bonding characteristics of this large class of compounds, many of the less stable 
members of the family have found synthetic utility because of their reactivity. For 
example, Wilkinson's complex 1 reacts with methyllithium or methylmagnesium 
bromide to form the cr-alkylrhodium complex 2 (equation 23). Although unstable to 
decomposition via an oxidative addition/orfho-metallation/reductive elimination se- 
quence, it can, with care, be  It is, however, reactive towards a number 
of orzanic compounds. Aryl and alkenyl halides undergo a facile oxidative 
addition/reduction elimination process to result in overall niethylation of the organic 
(equation 24)34. 

[RhCI(PPh3)3] +CH3Li --* [RhMe(PPh3)3] 

CHJ + 

Ph, 

dmf 
[RhMc(Ph3P)3] + RX - [Rh(X)(R)(Me)(PPh3)31 - RCH3 + [RhX(PPh3)3] (24) 

60-90 'C 

R = Ph, p-tolyl, p-CNPh, p-N02Ph, p-MeCOPh, p-PhPh, o-C0,MePh; X = Br, I 



406 Louis S. Hegedus 

Diphenylacetylene undergoes an apparent insertion process to produce trans-a- 
methylstilbene after hydrolysis (equation 25a). This stoichiometric reaction required 
severe conditions, in contrast to the related [RhCI(PPh,),]-catalysed reaction of 
methylmagnesium halide with diphenylacetylenc (equation 25b), which gives the 

(1) P h e C P h .  130°C. 0.5h 
[RhCI(PPh,),] + CH3MgX A [RhMe(PPh,),l ( 2 )  t,+ 

(2) 
(h) PhC=CPh. 1 0  "C. H' I 

trans-PhCH=C(Me)Ph 

same product. Sincc the methylmagnesium halide does not itself react with diphenyl- 
acetylene, and since complex Z is made from methylmagnesium bromide and 
[RhCI(PPh3)31, i t  was assumed that both the stoichiometric and catalytic reactions 
proceded via the same reactive complex, 2. However, the drastic disparity between 
minimum conditions for the two processcs belies this assumption, and the two 
reactions must procced b y  different mechanisms. This is one of many cases for which 
the stoichiometric reaction of a complex assumcd to be the reactive intermediate in a 
catalytic process in fact shows different bchaviour than the catalytic system itself. 

Less stable alkyl- and aryl-rhodium(1) complexes result from the reaction of 
Grignard rcagents or organolithiurn complexcs with [RhCI(CO)(PPh3)2], 3. Although 
both the phcnyl- (4) and methyl-rhodium(]) (5) complexes were unstable in thc absence 
of solvent, evidence for their formation was obtained from solution i.r. spectros- 
copy3". Reaction of 3 with methyl- or  phenyl-lithium produccd complexcs that had 
C O  absorptions at 1962 and 1969 crn-.', respectively, indicative of an alkyl- 
rhodium(1) species {The CO band of [Rh(CI)(CO)(PPh,),] itself appears at 1980 cm-' 
u n d e r  these conditions). Reaction of the niethyl complex 5 with CO led to the 
developmcnt of i.r. absorptions a t  1983 and 1955 cm-' [Rh"'CO], as well as a band 
at 1679 cm-' characteristic of an acetylrhodium(1) species (cquation 26). 

ihf 

-78 "C 
rrtlns-[ RhCI(CO)( PPh3)2] + CH3Li + rrms-[ Rh(CO)( Mc)(PPh3)z J 

(3 1 (5) 
vco 1980 crn-' vco 1962 cm-' 

11.. 
[Rh(COCH,)(CO)r(PPh3)r] 

Y C O  1983, 1955, 1679 cm- '  

Although these complexes could not  be isolated, they were synthetically useful 
nonetheless. The parent chloro compound 3 did not react with acid chlorides. 
Replacement of the chloro group by an (electron-donating) aryl or alkyl group (4 or 
5) increased the reactivity of thc complex, which then participated in an oxidative 
additionjreductive elimination process with acid halides to produce ketones in 
cxcellcnt yield (equation 27). a-Alkyl complexes of secondary o r  tertiary alkyl 
groups were even less stable, and underwent a facile 0-hydridc elimination cvcn at 
-78 "C. Readdition of the resulting rhodium(1) hydridc to the olefin in the opposite 
sense led to the rearranged primary alkylrhodium(1) complex, which reacted with 
acid chlorides in the usual fashion. The existence of a rhodium(1) hydride species was 
denionstratcd by trappinR it with excess of hexene (equation 28). 
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rrUrls-[RhCI(CO)(PPh3)2] +RM + fr~r~s-[Rh(CO)(R)(PPh3)rj 

(3) R'COCI (27) 1 
~~u/z.Y-[R~CI(COR')(CO)(R)(PP~~)~] 

3+RCOR' 
R=Me, Ph, ti-Bu, allyl, Et 
R ' = ) I - C I I H ~ ~ ,  Ph, rrurzs-PhCH=CH, Me. CICH2, BuS. 

(S)-(+)-C3H7CH(CH,), ri-ChH,(,CH(CH3)CH,, 

2-butyllithiurn + trans-[RhCI(CO)(PPh,),] 0 

CH3CH(COPh)CH2Me 

CMeCH,CH(Me)Rh(CO)(PPh,),] - CH2=CHCH2Me 

+ 
~ [RhH(CO)(PPh&I 

11 (28) 

Cl 12=CH(CH2)3CH3 

PhCOCl 
PhCO(CH&Me - [Rh((CH,),Me}(CO)(PPli3)2] 

CRh(Bu)(CO)(PPh3)2I 

I 
PhCO(CH,),Me 

c. Alkylcopper corizplexes and copper-catalysed Grigitccrd reactions. Of all thc (T- 

alkylmetal complexes available by the nucleophilic attack of carbanions on transition 
metal halogen complexes, organocopper(1) cornplcxes, in all of their manifestations, 
are by far the most widely used in organic synthesis, as evidenced by the 80-100 
papers that appear annually in this area. Most of these alkylcoppcr(1) complexes are 
not stable and rarely, if ever, arc they isolated before use. Rather, they are generated 
iii silu, and used immediatcly. T h e  types of organocopper rcagcnts extant arc 
summarized in Table 1, along with their methods of prepara t i~n"~.  Each type of 
organocopper species has its own chemical reactivity, and t h e  bchaviour of one type 
towards a specific substrate may be different from that of another. 

Organocopper species are extremely useful for two types of reactions: the alkyla- 
tion of organic halides and tosylatcs (substitution reactions)3' (equation 29) and the 
1,4-alkylation of conjugated cnones (equation 30)"". 

(29) 
< n " c  wx 

2RLi+CuX - R,CuLi - RR' 
R = lo, 2", 3" alkyl, vinyl, aryl, heteroaryl 

R'= I">:!">>> 3" alkyl, vinyl aryl, allyl, acyl 

X = I > B r > C l , O T s  
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TABLE 1. Summary of organocopper reagents 

l'YPC Preparation 

RCu 
RCU.L [L = R,P, R2S, (RO),P] 
R2CuLi or R,CuMgX 
RR'CuLi or RR'CuMgX 

R(Y)CuLi or R(Y)CuMgX 

R, CuLi, -, 

CuX+FWgX or F U i  - RCu+LiX or MgX, 
LCuX+RMgX or RLi - RCuL 
CuX+2RMgX or 2RLi - R,CuMgX(Li) 
CuX + RLi - RCu + R'Li or RMgX 

CuY+Ri gX or RLi - R(Y)CuMgX(Li) 

nRLi+CuX - R,CuLi,-,+LiX 

- RRCuMgX(Li) 

Y = CN, OR, SR 

Cr-I,=cHCOY 
2RLi+CuX R2CuLi - RCHzCHzCOY (30) 

R = l", 2", 3" alkyl, vinyl, aryl, allyl, heteroaryl 

Y = R', OX' 

The dialkylcuprates, R,CuLi, have been thc most extensively studied in this 
regard, but recently the other rcagents have come under closcr scrutiny. The area has 
been the subject of numerous recent reviews4047 and the interested reader is 
referred to these for more detailed information. 

Much of the current work involving stoichiometric reactions of organocopper 
complexes had its genesis in the early observation that coppcr salts catalysed the 
1,4-alkylation of conjugated enones by Grignard reagents48. It is now clear that 
many of these catalytic reactions proceed through organocopper complexes formed 
by nucleophilic attack of the carbanion on the coppcr metal centre and many 
copper-catalysed Grignard reactions arc reproduced using stoichiometric organo- 
copper reagents. At the same time, copper-catalyscd Grignard reactions often 
behave differently from the same reaction using stoichiometric copper reagents4'. 
For example, propargyl alcohols reacted with Grignard rcagents in the presence of a 
copper(1) iodide catalyst to give an anti addition product (equation 31)4g, whereas 
the corresponding stoichiometric reagent gave the syn addition product (equation 
32)". The reasons for these differences arc not clear. The course of the reaction 

anti 

HCECCH~OH+RCU, MgXz + HJO', RCH=CHCHzOH (32) 
syri 

depends heavily on substrate, Grignard reagent, counter ion, solvent, and tempera- 
ture. The field is in a state of flux with a great deal of empirical work going on,  but 
with little clear understanding of the important factors involved. A few of the more 
interesting and unusual copper-catalysed Grignard reactions are  presented below. 
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The  bromohydrin of isoprene reactcd with Grignard reagcnts in t h e  presence of 
copper(1) iodide to produce 2-alkylpen-4-en-2-ols in a proccss that involves an 
unexpected rearrangement (equation 33)”. In contrast, in the abscnce of a copper 

Cul 

cat. 
CH2=CHC(Me)(0H)CH2Br+RMgX --* CHz=CHCH2C(Me)(OH)R 

CHz=CHC(Me)(OH)CH2Br - RMgX 

- 
R -  1 3  + RCH2CH = C(Me)CH,OH 

‘U (34) 
- - 

R=Me, Ac, MeS02, NEtz 
ee= 16,79,66, 16% 

This propargyl-to-allcnc displacement is common both for organocuprate and 
copper-catalysed Grignard reactions. P r ~ p a r g y l ~ ~  and allylic /3-lactonesss reacted 
similarly, undergoing an SN2’ ring opening when exposed to Grignard reagents in the 
presence of copper catalysts (equation 36 and 37). In addition, the literature is rife 
with copper-catalysed displaccment and conjugate addition rcactions, as well as 
applications of thesc reactions to the synthesis of complex organic compounds. These 
areas are outside the  scope of this chapter4’. 

(36) 
Cul 4 0  H 

2 -ethynyl-4-oxyoxetane + RMgX -+ RHC = C = C 
\CO?H 

72-97% 
R=Me, Bu”, sBuS, Bur, Ph, vinyl 

Cul 
2 -vinyl -4-oxyoxetane + RMgX ----* RCHzCH = CHCHzCOzH (37) 

R=Et, Me, Bun, Bu’, Bu’, Bur, Ph, vinyl 
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d.  Metal-catalysed Grigriard reactions. Although copper-catalysed Grignard reac- 
tions have becn known and studied for a long time, it is only reccntly that other 
transition metals have been examined for their effects on the course of the Grignard 
reaction". Nickel(I1) complexcs have been investigated most cxtensivcIyS7, and are 
best known for catalysing the cross-coupling of alkyl, aryl, and alkenyl Grignard 
reagents with aryl and alkenyl halides'". The rcaction is thought to proceed by  the 
sequence shown in Scheme 1 ,  in which a bis-phosphine nickel complex undergoes 

SCHEME 1. Nickel-catalysed cross-coupling of Grignard reagents with halides. 

direct alkylation (nucleophilic attack) by t h e  Grignard rcagent to give a dialkyl- 
nickel(I1) complex, which decomposes to a nickel(0) spccies by rcductive elimination 
of alkane. This nickel(0) species thcn undergoes an oxidativc addition of the aryl or  
alkenyl halide to produce t h e  catalytically active monoalkyl species [I,Ni(R')X]. This 
again undergoes a nucleophilic displaccment of halide by  the Grignard reagent 
producing an unsymmetrical dialkylnickcl(I1) species. Reductive elimination forms 
the cross-coupled product and regenerates the nickcl(0) complcx t o  carry the  
catalytic cyclc. This last step may be assisted by thc incoming organic halidc". T h e  
key step, nucleophilic attack of the Grignard reagent on the  [LNi(R')X] species is 
well documented in stoichiometric rcactions of stablc tr-arylnickel and palladium 
complexcs with carbanions, and has been used in the synthesis of natural products 
(c.g. cquation 38)6". 

T h c  choicc of the specific nickel-phosphine complex dcpends on the Grignard 
rcagent and t h e  organic halidc substrate used. The  complex [NiC12{Ph2P(CH2)3PPh2}] 
was most effective for the coupling reactions of primary and secondary alkyl  and aryl 
Grignard reagcnts, whereas the more basic complex [NiC12{Me2P(CH2)2PMe2}] was 
the most suitable catalyst for use with allylic and vinylic Grignard rcagents, and 
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[NiC1z(PPh3)z] was best for reactions of sterically hindered Grignard reagents or 
substrates. This is an extremely general process, with over 70 cases cited in the 
original papersx and hundrcds more in the intervening period. One of the more 
interesting uses of this process is in the alkylation of heteroaromatic halides such as 
chloroquinolines (equation 39)G1 or cbloroisoquinolines"', chloropyridines (equation 
40)"3, and chloropyridazines (equation 41)6". T h c  use of bis-Grignard reagents with 
aromatic dihalides resulted in a cyclocoupling (equation 42)65. Bronioenol ethers 
reacted similarly, resulting in a two-carbon homologat ion of the Grignard reagent 
(equation 43)"". 

2-chloroquinolinc + RMgX > 2-R-quinoline (39) 
[LpiCI,l 

I IINiCIz] 
2-chloropyridine + RO(CHz),, MgX > 2-(CHz),, OR-pyridine (40) 

I Il?.riCl2l dichloropyridazine + RMgX z R-X-pyridazine 

X = Me, Ph, MeO, piperid-1-yl 

R = Me, Et,  Ph, a-naphthyl, a-thienyl 

CI Ja CI +XMg(CH?),,MgX 4 NICI. p) (42) 
dPPC 

(CH2)n Y = N :  r1=6- 10 
Y=CH:  n = 8 .  9. 10. 12 

> RCH=CHOEt (43) 
I(dppc)NiCI, I 

RMgBr + BrCH=CHOEt 

Palladium(0) species and, !css frequently, palladium(I1) complexes have also been 
used to catalyse thc reactions of alkcnyl  halide^^^."^ and aryl halides"".7* with aryl, 
benzyl, alkenyl, alkynyl, and methyl Grignard rcagents. Palladium complexes are less 
useful than nickel salts for the coupling of alkyl Grignard reagents because alkyl- 
palladium(I1) complexes tend to undergo 0-hydridc elimination processes faster than 
do nickel(l1) complexes. Nickel- and palladium-catalysed systems differ in other 
regards also. For example, with allylic halides as substrates, nickel catalysts gave 
exclusive alkylation at the more substituted position while palladium catalysts gave 
substitution at the less substituted position, regardless of the  position of the  halide in 
the starting substrate (equation 44)". Palladium catalysts have found a number of 
useful synthetic applications recently (equations 4~47)~~-'". 

[WJiV CH,=CHCH(R)Ph 

lbpdxd RCH=CHCH2Ph 

+ PhMgBr (44) 

IWMRX 

I'd(0) cat 
- R'R~C=C=CHR I R'R'C(X)C=CH 

R'R2C=C=CHX 

(45) 
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R Li 
3y.I L p i i C 2 t .  

R'R2C=CR3X+ or > R'R2C=CR3R 
RMgX 

R = Me, Bu", p-tolyl, PhS, EtS, 3-furyl,2-dimethylanilino 80-90% 

99-100% isomeric purity 
R? R' 

(47) 

( I )  RMgX.ll . iPdCIiI 

( 2 )  ih0 

TMSO OTMS HO OH 
15-35% 

R=Me, allyl. Ph. p-MeOChHa.p-FC6Hd 

A particularly useful modification of the nickel-catalysed coupling of Grignard 
reagents with halides involvcs the use of optically active phosphinc ligands to induce 
chirality in the coupling process. T h e  most extensivcly studied system was the 
coupling of vinyl bromide with the 1 -phenethyl Grignard reagent (equation 48)", for 

(48) 
NICI. 

PhCH(Me)MgCI +CH?=CHBr 7 PhCH(Me)CH=CH? 

ePph2 
(7) 

L 

83-98% yield 
up to 63% optical purity 

r 1 

PPhz 

PPhz R- 

H 
I 

-C*-CH2 
I \  

NMer PPhr 

(9) 

which the unusual chiral ferrocenylphosphine ligands" 6-8 were most cffective and 
gavc products with optical purities of u p  to  63% (R or  S dcpending on thc ligand). 
Evcn higher optical purities (up to 94% ee) wcrc obtained using chiral P-dimcthyl- 
aminoalkyl phosphines such as 977. These reactions are actually kinetic resolutions of 
racemic Grignard reagents. Since the Grignard reagcnt undergoes inversion rapidly 
relative to  coupling, high yields of chiral products can be obtained. Using this 
procedure, optically active a-curcumene was synthesizcd (equation 49)". 

Phosphine-nickel(l1) complexes also catalyse t h e  reaction between allylic alcohols 
and Grignard reagents lacking @-hydrogcns. From the product distribution obtained 
with unsymmetrical allylic alcohols it was concludcd that the reaction proceeded via 
a n-allylnickel intermediate as shown in  Scheme 2'"''. This proposed mechanism 
involvcs the rather unusual 'oxidative addition' of Grignard reagent t o  thc nickel(0) 
species to givc the key rcactive intermediate [LNi(R) MgX]. Alternatively, oxidative 
addition of the magnesium alkoxide to thc nickel(0) complex, followed by nuc- 
leophilic attack of Grignard on  the resulting n-allylnickcl complex would result in the 
Same overall process (equation 50). Whatevcr the case, the reaction is useful in 
synthesis (equation 51)56". 
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MgCl 

55% optical purity 

RR 

[LzNiXz] +2RMgX --P [LzNiRz] f. LzNi 

R'CH(R)CH=CHR" + R'CH=CHCH(R)R" 

LZNi(R)MgX 

LzNi(R)MgX 

MgO + MgXz 

RMgX 

L2 R 

SCHEME 2 

[NIL2 I +CHz=CHCH?OMgX --+ [Ni(L)(OMgX)(q3-allyl)] 

(50) 

LNi(L)(R)(q3-allyl)1 

/ \ H  / \ H  

65 % 
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T h c  nickel-catalysed reaction is restricted to Grignard reagents lacking 0- 
hydrogens (Me, Ph). With Grignard reagcn ts having @-hydrogens, the sole product of 
the  rcaction is the olefin, from reduction of t h e  allylic alcohol, probably by a 
nickel-hydridc species resulting from a /3-hydride elimination. In contrast, secondary 
Grignard reagcnts cleanly alkylated allylic alcohols i n  t h e  presence of palladium(I1) 
complexes of fcrroccnylphosphines, again with both SN2 and SN2‘ rcgiochemistry’”. 
By using chiral nickel(l1) catalysts, allylic alcohols were alkylatcd in modest optical 
yield (equation 52)’”.’’. 

A number of other transition metals, particularly ironx’ and manganeses3, catalyse 
various Grignard reactions. However, they havc been l i t t lc  studied and the  role of 
nucleophilic attack o n  transition rnctals in these systems is unclear. 

e. Tratzsr?teraI[ation reactions. In addition to clearly anionic main group organo- 
metallics such as Grignard reagents and organolithium compounds, a number of 
much more covalent main group organometallics rcadily transfer alkyl groups to 
transition metals (usually of Group VIII-Rh, Pd, Ni) in a ‘transmetallation’ process 
of increasing utility in organic synthesis. The main group nietaIs include Hg, Sn, B, 
Zn, Al, and d” complexes of Zr and Ti. Although t h c  mcchanisni of alkyl transfer 
from main group to transition metal is n o t  known, and is probably not  a simple 
nucleophilic alkylation process, thc gross chemistry of these transmetallation reac- 
tions resembles that prescnted above. Some recent and significant advances in this 
very active area will be summarized in this section. 

Organomercury(T1) halides are among the most extensivcly studied main group 
organometallics for transmetallation reactionss4. They arc attractive sources of alkyl 
groups (for synthetic P L I ~ ~ O S C S )  for a number of rcasons. They arc readily prepared 
from a variety of starting materials. Orsanolithium and Grignard reagents react with 
mercury(I1) halides to produce organoniercury( 11) halides in good yield. The range of 
functional groups available is determined by the availability of the corresponding 
organolithium or Grignard reagent, and is thus limited to groups stable to strongly 
basic and strongly nucleophilic carbanions. Since transition metals dircctly catalyse a 
number of synthetically useful rcactions of organolithium and Grignard reagents, the 
preparation of organomercury(I1) halides from these prccursors is  of usc only for 
processes in which the organolithium or Grignard reagents themselves reduce t h e  
transition metal rather than alkylate it. A much more generally useful source of 
organomercurials is organoboranes made by hydroboration of alkcnes or alkynes. 
Organoboranes undergo a rapid rcaction with mercury(I1) salts to produce organo- 
mercurials in  good yield. Since both the hydroboration and the mercuration reactions 
tolerate a wide range of functional groups, and are often regio- and stereo-specific, 
highly functionalized organic groups are available f o r  transfer to transition metals 
(cciuations 53“’, 54x6, and 55“’). 

(1 )  1 Illlcvck>-Cht 1,,J2 
5-vinylcyclohexene > 5-(CH2CH,HgCl)cyclohexene (53 )  

( 2 )  t I K ( O A C ) - .  
(31 N.KI 

I lll(OR1, 
3 cyclohcxene + BH3 - B(cyclohexyl), - cyclohexyl-HgOR (54) 
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RC=C(H or R’)+R”BH + RHC=C(H or  R’)BR’’ (55) 
I 

o\ 

0’ 

R “ =  a 1 HgX2 

RHC=C(H or R’)HgX 

0 -Substituted organoniercurials arc  directly available from alkencs or alkynes by 
‘solvomercuration reactions’. Some uscful examples are  given in equations 55a-58. 

RCH=CH? +HgX?+YH + RCH(Y)CHrHgX (55a) 

Y = c P ,  O A C ~ ~ ,  OR’”, N R ? ‘ ~ ~  

( ~ 6 ) ~ ~  
Hg(OAcl> 

MeC=CMe - MeC(OAc)=C(Me)HgOAc 
cis and triitis 

HcCI, 

NaCI 
R , C ( O H ) M C H  R2C(OH)C(CI)=CHHgCl (57)”’ 

kIcC12 
R-CCOX L RC(Cl)=C(HgCl)COX (5  8)‘” 

Aromatic mercurial halides are  available by dircct electrophilic aromatic substitution 
(equation 59)”, a process particularly useful for the prcparation of heteroaromatic 
derivativcs (equation 60)9”. 

1 
R 

All of these organomercurial complcxes transfer their organic groups to a varicty 
of transition mctals, forming alkyl or aryl transition metal complexes of synthetic 
utility. One of the earliest uses of transmetallation from mercury to palladium was 
the palladium(I1)-assisted coupling of arylmercury(I1) halidcs to biaryls (equation 
61)”. T h e  reaction is thought to proceed by a double arylation of palladium followcd 

Ad icX 
ArI-IgX + PdXz - ArPdX + HgX2 ArPd Ar + HgX2 

(61) 1 
A r A r  f Pd(0) 

by reductive elimination of the biaryl. Mercurated pyrimidines couple in a similar 
manner, but  two positional isomers are obtained, the ratio depcnding on counter ion 
used (equation 62)”8. Vinylmercury(I1) halides couplc to form 1,3-dienes resulting 
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\N \N 

__* 
PdX2 (62) 

/ N' 

"y "\ 
0 

HgX 
O N  

I 
X=OAc 89% 11% 
X=CI 28% 72 % 

from head-to-head or head-to-tail coupling, depending on reaction conditions (equa- 
tion 63)"'. Vinyl carboxylates form in the palladium-catalysed coupling of vinyl- 

R=C(H or R') 
+ 

NaCI R!BH - 
+ 

RHC=C(H or R')CH=CH(H or R )  

Li21Fdc'rl hmpa RHC=C(H o r  R)c(H or R~)=CHR 

(63) 

mercurials with mercury carboxylates (equation 64) '"O. Organomercurials can also 
transmetallate to methyl rhodium(II1) complexes, resulting in methyl transfer (equa- 
tion 65)"'. 

1, RHC==C(H or  R')HgCl 

(64) 
PcNOAc), 

RR"C=C(R)HgX+ Hg(02CR'")2 - RR"C=C(R')02CR"' 

R = But, Ph, OAc, Bu" 

R = H, Me, Ph, p-tolyl, Et 

R" = H, Et,  OAc 

R "  = Me, Ph, n-Pr 

[MeRhX,L,,]+ R'HgX - [MeRh(R')XL,] - MeR'+ [L, RhX] (65) 
R' = PhCH=CH, Ar, B u ' G C  

Aryl- and vinyl-palladium complexes formed from organomercury(I1) halides 
undergo a number of synthetically useful insertion reactions, leading to functionali- 
zation of the organic group. Vinylmcrcury(I1) halides, available from alkynes both 
regio- and stereo-specifically, are readily carbonylated by reaction with carbon 
monoxide in the presence of a palladium(I1) catalyst. The  key steps in the process are 
the transmetallation from mercury to palladium(I1) and insertion of carbon monoxide 
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in to  the a-alkylpalladium coniplex (cquation 66)'02. Propargyl alcohols can bc 
converted to butenolides using this chemistry (equation 67)")'. 

RCH=CHHgCI + Pd(I1) - [RCH=CHPdCI] [RCH=CHC(O)PdCI] 

T Me013 

J. 

Pd(0) + RCH=CHC(O)OMc 
oxidize I 

(66) 

cl\ 

R , C ( O H ) G C H  NaCI HgC12 HzO R,C(OH)C(CI)=CHHgCI a I.iz[PdCl,l Roo (67) 

R' 

Olcfins also readily insert into palladium--carbon a-bonds, permitting alkylation 
of olcfins by organomercurials. This chemistry is normally restricted to aryl- or 
vinyl-rncrcurials since alkyl groups having 0-hydrogens undergo a competitive 
0-hydride elimination o n  transmetallation to palladium. Arylmcrcury(I1) halides 
rcadily arylate olefins, particularly electrophilic oncs, in  t hc  presence of pailadium(I1) 
complexes by a transmetallation/insertion/elimination sequcnce (equation 6 8 ) I n 4 .  
With allylic halides or acetates, the halide or acetate is preferentially eliminated, 
leading to arylation with allylic transposition (equation 69)Ios. This  reaction has 

ArHgX+ PdCl, ArPdX ArCH,CH(Y)PdCI 3 ArCH=CHY 

+ Pd(0) + HCI (68) 

CHz=CHY 

ArHgX + PdClz(catalyst) - ArPdCl+ R'CH=CHCH2X 

-- I"lX* 

RCH(Ar)CH=CH2 c- R'CH(Ar)CH(PdX)CH,X 

found extensive application in nuclcoside and related heterocyclic chemistry, since 
direct mercuration of these substratcs is possible. Thus, a numbcr of 5-substituted 
nucleosides, normally difficult to synthesize, have been prepared in good yield by 
transmetallation to palladium(I1) followed by insertion. Saturated side-chains arc 
obtained under stoichiometric (in palladium) conditions with a reductive isolation 
(equation 70a)1"6, whilc unsaturated side-chains are introduced under catalytic 
conditions using copper(1) as a re-oxidant (equations 70b"" and 7 0 ~ " ' ~ ) .  Allylic 
halidcs and acetates also inscrt (equation 70d"19), as do cnol cthers and acetatcs 
(cquation 70e""). Mercurated purines undergo similar inscrtion reactions"0d. N -  
Methylisoquinolines were alkylated in the 4-position using this chemistry (equation 
71)"'. 

Organotin compounds also readily transmetallate to palladium(I1) complexes, 
providing another source of active alkyl groups for organopalladium chemistry. A 
very efficient conversion of acid chlorides to ketones, involving transmetallation from 
t in  to palladium as a key step, has been developed (equation 72)Il2. This process 
goes in vcry high yield, and tolcrates virtually all functional groups (including 
aldehydes), making it a very general process. Any substrate which can undcrgo 
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RCH=CHCO,Me (70b) 

RHgCl 

RCH=CHCGH4Y ( 7 0 ~ )  
YC6HaCH=CH2 

R' 
R' = Me, deoxyribose 

$H=CHX 

X=CO,Me, Ar 41 -78% 

oxidative addition to palladium(0) complexes can in principle be alkylated by 
organotin compounds via the same type of transmetallation process. aroma ti^""."^ 
and bcnzylic"' halides were cleanly alkylated by methyl-, phenyl-, benzyl-, vinyl-, 
n-butyl-, and phenylacetylide-tin reagents in the presence of palladium catalysts; 
allyl bromides reacted with allyltin reagents to give cross-coupled products without 
allylic transposition in the allyl halide partner but with predominate allylic rearrange- 
ment from the tin partner (equation 73)'". Although all of these processes were 
thought to proceed by the oxidative addition/transmetallation/reductive elimination 
sequence presented in equation 72, recent mechanistic studies"" have shown the  
process to be considerably more complcx, with several competing transmetallations, 
and a reductive elimination step preferentially from a palladium(1V) intermediate! 

red. dim. -1 (72) 

LPd(0)  + RCOCl + RC(O)Pd(L)CI RC(O)Pd(L)R' 

I LPd(0 )  + R C O R  
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Pd Cill. 

-l 
RCH2C(Me)=CHCH2Br + MeCH=CHCH2SnR; 

(73) 
.L 

RCH2C(Me)=CHCH2CH(Me)CH=CH, 

Transmetallation from tin to palladium or  nickel has also been used to prepare 
ketoncs from aryl and benzyl halides and (Y -bromoesters (equation 74)’I7.’l8. This 

z RC(0)MMe 
Mc,Sn 

RX+M(O) - RMX “0, RC(0)MX 

I M(0) + RCOMe 

R = Ph, p-tolyl, p-anisyl, p-C02EtPh, p-CNPh, 2-thiophene, PhCHCH3, PhCHEt, 

CH3CHCO2Et; M(0) = [LPdCI2] 
+ CO, [Ni(CO),], [LNi(CO),I, [LNi(CO),]; [LNiCI,] + CO 

process involves an oxidativc addition/CO insertion/transmetallation/rcductive elimi- 
nation sequence (in all cases such as this, for which zerovalent metal catalysts are 
required, but divalent catalyst precursors are used, reduction of the metal by carbon 
monoxide or  the main group organometallic is a presumed first step). Olefin insertion 
into a palladium-alkyl species formed by transmetallation from tin has been used to 
form carbocyclic ring systems (equations 75 and 76)’19. In these cases, the olefin .is a 

- I’dSMc 

0 

1 

SMe 
90% 

SnMe, 
0 

MeS 
PdCl 

CH2 
5 9 
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vinyl sulphide and a palladium-sulphur complex is eliminated in the final step. TO 
prevent the loss of catalyst by tight complexation to sulphur, mercury salts were 
added as a sulphur scavenger. 

One synthetic limitation of the tin-to-palladium transmetallation process is the 
dificulty in preparing functionalized tin reagents. The development of procedures 
pcrmitting direct transmetallation from boron to palladium has greatly expanded the 
utility of these transmetallation reactions because of the wide availability of organo- 
boranes from hydroboration reactions. Thus, vinylboranes, from hydroboration of 
alkynes, couple with vinyl halides in t he  presence of palladium(0) catalyst (equation 
77)'20.'2'. Aryl halides react in a similar fashion to form styreneslZ2, and benzyl 

Br(R3)C=CR4R5 + [L4Pd] - [PdBr(L)(C(R3) = CR4R5)1 (77) 

R'R'C==CHBX~ \ 
R'R2C=CHC( R3)=CR4R5 

>98% isomeric purity 
42-86% yield 

c-- [ Pd( L){ CH=CR' R'){ C( R3)=CR4R5}] 

R' = Bu", H, Ph, cyclohex-1-enyL 
RZ = H, Bu" 
R3 = H, Ph 
R4=H,  Ph 
R5 = Ph, H, n-hexyl 

halides form allylbenzenesiZ3. Allylic halidcs couple to form non-conjugated dienes 
(equation 78)'24. Biaryls are available by the palladium(0)-catalysed coupling of aryl 

CH,==CHCH,CI R G C H  + R;BH -RHC=CHBR; ,,d(OAc)2 RHC=CHCHzCH=CH2 

(7 8) 

halides with phenylboronic acid (equation 79)12'. In all of thesc reactions, trans- 
mctallation from boron to an alkylpalladium halide complex is a key step. Vinyl- 
boranes can be carbonylatcd by transmetallation to palladium chloride itself, fol- 
lowed by a carbon monoxide insertion reaction (equation 80)"". 

(79) 
[PdLJl 

PhB(0Hh + ZC6H4Br - PhC&W 
Z = Me, CI, 40-95 '/o 

CY -naph thy1 

RC+CR' + R"H ----+ RHC=C(R)R 

(80) 
PdCI-. cat. 

CO.  MeOH NaOAc 1 benzoquinonc 

R = Bun, n-hexyl, Et, Ph, H B C ( C H 2 ) 4  
R' = H, Et ,  tms 

R"= 

RHC=C( R')C02Me 
60-95% 
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Aluminium alkyls have also been used as alkyl sources in transmetallation reac- 
tions. En01 phosphates are alkylated by trialkylaluminium compounds in the pres- 
ence of a palladium(0) catalyst, probably by a mechanism similar to  that observed in 
the reactions of vinyl halides with pailadium(0) catalysts and other main group 
organometallics discussed above (equation 81)'26. When this procedure is applied to 
mixed 0-S acetals, a formal conversion of aldehydes to ketones can be achieved 
(equation 82). This chemistry also provides a procedure for ketone transposition 
(equation 83)'". 

RC(=CH,)OP(O)(OPh), + [PdL,] 

R = n-decyl, Ph, 4-Bu1-cyclohexen-1-yl 
R'=Me, Et, P h e C ,  n-C,C%C, n-C,CH=CH 

R g ( O ) ( O P h ) z  R 

- -3!!-* XR - 1 R'CHZCOR (82) 
[PdLJkcat. 

H SPh H SPH 
60-80% 

R = Pr", Ph; R = Me, Et, P h m C ,  n-CS-C+C 

(1) LDA. PhSSPh 

(2) NaH. CIP(O)(0Pld2 
4-Bu' -cyclohexan- 1-one > 

Mc3AI 

[PdL,lcat. 
1-[OP(0)(OPh)z]-2-SPh-4-Bu' -cyclohex- 1-ene 

1 -Me-2-SPh-4-Bu'-cyclohex- 1 -ene 

(83) Ti& H20 1 
2-Me-5-Bu' -cyclohexan- 1 -one 

Vinylalanes rcsulting from hydroalumination or zirconium-catalysed carbo- 
alumination of terrninul acetylenes"' couple to aryi halideslZ9, vinyl halides (equation 
84)13", and allyl halides (equation 85) in excellent yield in  thc presence of 
palladium(0) catalysts. The stereochemistry of t h e  vinyl groups and both the  regio- 
and stereo-chemistry of thc allyl groups are maintained. However, the reaction failed 
utterly when internal alkynes were used as alane prccursors. This difficulty can be 

( t m t 1s)  pdL*'CHI (84) 

R m C H +  (Bu')zAIH - RHC=CHAI(BU')~ 

RHC=CHCH=CHR' 
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77 % 86 % 

overcome by anothcr transmetallation reaction, this time from aluminium to zinc. 
For reasons as yet unclear, organozinc halides are by far the most efficient main 
group organomctallic compounds in transmctallation reactions to palladium(I1)- 
alkyl complexes. Since the requisite zinc rcagents are themselves readily availablc 
from most other organometallic reagents (e.g. Mg, Li, A], Zr) this is a n  extremely 
useful discovery. Thus aryl, alkynyl, and alkenyl halides couple rcadily to disubsti- 
tuted vinylalanes in the presence of zinc chloride and palladium(0) catalyst (equation 
86)129. Ally1 benzcnes are available either from benzyl halides and vinyl alanes or 
from vinyl halides and benzylzinc halides (equation 87)'"', styrenes from aryl halides 

R e C R  + Bu',AIH ---+ RHC=C(R')AIBU'~ - RHC=C(R)ZnCI ZnCI, 

I R"X+[PdL4) - [Pd(LJ(R')] __j 

RHC=CRR" + [PdL,] - [Pd(L)(R'){C(R)=CHR}] 
R = aryl, vinyl, alkynyl 

[I'dL 1 
ArCH2ZnX + R'C(X)=CR2R3 4 R'C(CH2Ar)=CRZR3 

(87) 
ArCH,X + R1C(R2AI)=CR2R3 __jo%i [I'dL., ZIICI, I 

and vinylcupratcs (equation 1,3-dicnes from vinyl halides and vinyl cuprates 
(equation ,,)I3', alkynylpyrimidines from iodopyrimidines and zinc acetylidcs (cqua- 
t ion 90)'"', &-punsaturated esters from vinyl halides and Reformatsky rcagents 
(equation 9l)I3", and substituted allenes from propargyl or allenyl halides and 
alkylzinc chlorides (equation 92)13'. 

(RCH=CH)2CuLi (88) 
( 1 )  Z"i3'>/lhf 

> RCI-I=CHChH,Y 
(21 5 % l P d l ~ l  

(cis) ( 3 )  Arl 65-80% 

Y = H, p-Br, 1.1-OMc, p -N02 ,  p-C02Mc, o-C02Me 

%"Xz 

s w i m 4  I 
(R1R2C=CH)2CuLi + XCH=CR3R4 > R'R2C=CHCH=CR3R4 

82-94% 
>97% isomeric (89) 

purity 
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- Ni(0) :"ip"'. 
AN H 

o r  Pd(0) cat. 
RC=CZnCI + 

35 -90% 
/ N L ]  or 

IPdLrl 
RCH=CHBr +BrZnCHXOzEt - RCH=CHCH?CO?Et 

R=H,  Me, Ph 70-96% 

IPdLrl RR'C=C=C-X+RZnCl --+ RR'C=C=CHR 
Cill.  

or 
80-90% 

RR'C(X)C=CH 

423 

A particularly appealing featurc of these reactions is thcir tolcrance to a variety of 
functional groups, and the specificity of the coupling reactions. These features have 
permitted them to  be used to synthesize a number of polyunsaturated natural 
products (equations 93'3x.'39, 9414". and 95"'). 

The final transmetallation to be discussed is that from zirconium to palladium. It is 
not at all clear that this is nucleophilic process, but it is included here for complete- 
ness. I t  is important because of the generality of the hydrozirconation process, which 
generates vinylzirconates from alkynes1J2. Vinyl zirconates couple with vinyl halides 

90% 



in the presence of palladium(0) catalysts129, in the same fashion as do  vinylalanes. 
This reaction is fairly tolerant of functional groups (equation 96)143. n-Allyl- 

[ZrCI(Cp),( rrans -CH=CHCH,OR)] + trans -BrCH=C(Me)CO,Me CWLJ 

trans-ROCH,CH=CHCH=C(Me)C02Me (96) 

R = tetrahydropyran-2-yl 

palladium complexes react with vinyl zirconates to  result in coupling (equation 
97)'&. The regiochemistry of this reaction is controlled by the ligands o n  palladium, 
with phosphines leading to  alkylation at the most substituted ally1 position and 
maleic anhydride at the least. This reaction has been used to introduce steroidal 
side-chains144h. 

R'CH=C(R~)CH~X -&, 
[PdX(q 3-1-R'-2-RZ-ally1)]2 

(97) 

[PdX(CH=CHR3)( 3- 1 -R' -2-R2-allyl)] 

1 
R'CH=C(R2)CHZCH=CHR' + CH2-C(R2)CH(R1)CH=CHR3 

B. Formation of Transition Metal Hydrides by Nucleophilic Attack by Hydride 

O n e  of the first syntheses of transition metal hydride complexes was the reaction 
of the corresponding metal halide with sodium b~rohydride '~ ' .  Innumerable transi- 
tion metal hydrides have since been made by this procedure and thc reaction 
ostensibly is a displacement of halide by hydride (c.g. equation 98)146. Howcver, it is 

[NbC12(q 5-CsHs)2] + NaBH, + PMc,Ph ---+ [Nb(H)(PMe,Ph)(q 5-CsHs)2J 
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now clear that most, if not all, of thesc reactions proceed through the formation of an 
intermediate complex containing the borohydridc ligand itself, which subsequently 
reacts with a Lewis base to liberate boranc (BH,) and leave the transition metal 
hydridc (equation 98). Othcr active main group hydrides also convert transition 
rnctal halo complcxes to hydride complexes. Again, no clear case for direct hydride 
transfer has been madc, and many or all of these complexes may be formed by more 
complicated mechanisms. Selected examples are presented in equations 99-102. 

Recently, a number of mcthods which involve reaction of boron or aluminium 
hydrides with transition metal salts for the reduction of a range of organic functional 
groups have been de~eloped '~ ' .  Most of these assume that transition metal hydridcs 
are the reactive species, but this has rarely been demonstrated. For example, the 
reagent resulting from the reaction of LiAIH, with four equivalents of copper(]) 
iodidc is very efficient for the 1,4-rcduction of conjugated enones'sO. However, a 
detailed study of this systcm showed that the reactivc species was actually not a 
copper hydride complex, but rather NHJ.  Discrete coppcr hydridc 'ate' complexes 
of composition Li,,CuH,,+, for which n = 1-5 can be made by the reaction of LiAIH, 
with the corresponding lithium alkylcuprate complexes, Li,,Cu(CH,),,, The 
chemistry of these reagents depends very much o n  thcir constitution, and their uti l i ty 
as reducing agents has bcen examined'". 

One systcm which is l ikely to involvc a transition metal hydride, in this case 
formed by a transmetallation rcaction from tin, is the recently reported reduction of 
acid chlorides to aldehydes by trialkyltin hydrides, catalysed by palladiurn(0) com- 
plexes (equation 103)Is3. This is a generally useful reduction which tolcrates aryl 
bromidc and nitro groups. 

R Snkl 
RCOCl+ [PdL,] ---+ [PdCl(L)(COR)] 3 [PdH(LJ(COR)] 

.f i (103) I [PdL,] + RCHO 

C. Ligand Exchange Reactions 

Onc of the most fundamcntal processes which involves nucleophilic attack on 
transition mctal complexes is the process of ligand exchange, whereby an external 
ligand, usually having a lone pair of electrons, displaces a ligdnd coordinated to the 
metal. These rcactions are of ccntral importance to transition metal chemistry. Most 
of the complexes discussed in this chapter are synthesized by liyand exchange 
reactions, and a frequent ploy in the use of transition metals in organic synthesis 
involves the modification of thc reactivity of a coordinated organic functional group 
by changing one or more of the ancillary ligands on the complex involved. Finally, a 
major (undesired) competing reaction of metal-bound organic functional groups is 
the displacement of that functional group by the nucleophilc, in which attack occurs 
at the metal rathcr than at the organic functional group. Having stated the ovcr- 
whelming importance of ligand exchangc processes, the topic will not bc furthcr 
discusscd hcre, and the intercsted reader is referred to standard texts o n  the 
subject I s 3 .  
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II. NUCLEOPHILIC AlTACK ON TRANSITION METAL 
COORDINATED ORGANIC LIGANDS 

A. Cleavage of Nletal-Carbon Bonds 

The cleavage of mctal-carbon sigma bonds figures extensively in a multitude of 
organomctallic reactions, particularly thosc used in organic synthesis. Many of these 
cleavages involve nucleophilic attack, although as a class they have bccn little studied 
and hence little understood mechanistically. A common but initially unexpected type 
of nucleophilic cleavage involves a nucleophilic displacement of the metal from an 
alkylmetal complex by another metal. In this process one mctal acts as thc  nucleo- 
phile and the othcr as the  leaving group (the significance of this will become clear 
shortly). One cxample of this type of process is the equilibration of a cobalt(II1) 
glyoximatorncthyl complex with a similar cobalt(1) glyoximato complex (equation 
1O4)ls4. This can be viewed as a nucleophilic attack of the cobalt(1) species o n  the  

M C  J 
.lr 

1 -  

+ 

M e  J 
methyl group with the cobalt(II1) centre acting as the leaving group. Forriinlly thc 
cobalt(1) species is ‘oxidizcd’ to a cobalt(II1) species and the cobalt(II1) species is 
‘rcduccd’ to a cobalt(1) spccics. Thc mcthyl and ethyl complexes of the two cobalt 
species shown in fact equilibratcd fairly readily. However, thc process was sensitive 
to stcric hindrance on the alkyl group, and neither secondary alkyl complexes nor 
isobutyl complexes of either cobalt species underwent this exchange. A similar 
exchange was obscrvcd between neutral rhodium(II1) alkyl species and the related 
rhodium(1) complex (equation 105)’5s’. Again the sclf-displacement reaction was 
strongly dependent on steric effects and the methyl complexes equilibratcd more 
rapidly than the ethyl complexes. 

l h i s  self-exchangc gains significance when reactions of chiral substrates are 
considered, since ik providcs a mechanism for racemiration of chiral a\ky\mcla\ 
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R 

L , , P m \ C  - PdLzCI + 
\ A  

Ph 
A 

+ 

R 
/ 

CI L22d - C/e,,,, 
A 

Ph 

i- 

BF2 
0' ' 0  

complexes. Indeed, in studies of the stereocheniical coursc of oxidative addition 
reactions of paladium(0) complexes with chiral benzyl halides, some racemization of 
the chiral alkylpalladium(I1) complex was o b s e r v ~ d ' ~ " . ' ~ ~ .  This was rationalized by 
invoking the 'self-displaccment' of palladium(I1) by palladium(0) in a nuclcophilic 
cleavage of a me ta l - ca rbon  a bond (equation 106). 

L J 
R = D ,  CF3 

Self-exchangc reactions are probably common because the overall proccss is 
'thermally ncutral' in that the starting materials and products have the same net 
encrgy. However, displaccmcnt of metals from a-alkylmetal complexes by other 
types of nucleophiles is much less common, since the metals involved a re  generally 
poor lcaving groups. However, i t  has recently hecn rccognized'5H that oxidation of 
the metal wcakcns the metal-carbon bond and makcs the metal a better leaving 
group, and the rcsulting oxidized alkylmetal complcx bccomes reactive towards 
nucleophiIic substitution. Thus, a number of oxidatively induccd nucleophilic metai- 
carbon bond cleavages are now recognized, and some synthetically useful proces- 
ses have been developed using this phenomenon. 

O n e  of thc earliest systems studied was the oxidative cleavage of alkyl [Co"'(di- 
methylglyoximat~)~]  complexes such as shown in cquation 104, in which the alkyl 
group was bcnzyl, (+)-sec-octyl, o r  (+)-sec-butyl. Oxidation of the benzyl complex 
with IrC16'- or 1C1 in thc prcscnce of excess of chloridc produced benzyl chloride in 
excellent yield'59. Similar rcsults were ohtained using C12 or I2 as the oxidant"". 
Oxidation of thc optically active complex containing the (+)-sec-octyl group with 
rlrClJ' /Br or bromine i n  acctic acid produced sec-octyl bromide with clean 
inversion, indicating an SX2-like displacement'"'. Inversion was also obscrved in the 
Br2-induced cleavage of cobalt(II1) complexes of cholestane (equation 107)'"'. 
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Br? - 
C H K I ?  
-78 "C 

R 

L=salen, (drngh)? 

Again, oxidation of the metal to make i t  a better leaving group, followed by 
displacement of the oxidized metal by bromide, is thought to be the process involved. 
Finally, oxidative cleavage of cyclopentadienyliron a-alkyl complexes also occurred 
with inversion of configuration (cquation 108)'"3. Several different mcchanisms for 
these oxidative cleavages can be written, but the SN2-like displacement is thc most 
1 i kel  y . 

+ 

Fc(C0)zCp x 
(X=Br or I) 

Oxidative cleavage of metal-carbon o-bonds has bcen used extensively in the 
synthesis of important organic compounds. In variations on the commercially impor- 
tant Wacker oxidation of ethylene to acetaldehyde using palladium(l1) catalysts 
under oxidizing conditions, a variety of disubstitution products were obtained'"'. 
Ethylene was converted to 2-chloroethanol by reaction with water and coppcr(l1) 
chloridc in the presence of palladium(I1) chloridc catalysts"'. The process was 
thought to involve initial 'oxypalladation' of the olefin, followed by oxidation of the 
resulting c~-alkylpalladium(II) complex by the  copper(I1) salt, followed by displace- 
ment of the oxidized palladium by chloridc (equation 109). This reaction was carried 

H2O 
CH2=CH2 + PdCIz + $[PdC12(q2-CHz=CH2)]2 

[ >PdCI(CH2CHzOH)] 

CI- CUClZ (109) I 
ClCHzCHzOH 

O u t  with trans-dideuterioethylene to establish the stcrcochcmistry of the hydroxy- 
palladation step in the Wacker process. Since CuCI2-cleavage of the palladium- 
carbon bond was known to proceed with inversion, the hyroxypalladation step in the  
process that led to chlorohydrin occurrcd with tram stereochemistry (equation 
1 10)l6". By inference, the hydroxypalladation step in the production of acetaldehyde 
was claimed to proceed in a trans fashion, although there was not universal agree- 
ment o n  this point. 

Olefins were converted to a number of glycol derivatives, including glycol mono- 
and di-acetates and chloroacetates using variations of this oxypalladation (acetoxy- 
palladation)-oxidative clcavage process. Conjugated dienes led to mixtures of 1,4- 
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D D 

D 1 I -PdH 
___* d2-CH3CH0 

and  1,2-disubstitution p r o d u ~ t s " ~ .  A n  example of an unexpected rearrangement 
resulting from oxidative cleavage of a palladium-carbon a -bond  is seen in equation 
11 1167. A similar rearrangement of a stable u-alkylpalladium(I1) complex under  

1C"CI2 

b2 
2-chloro-7-acetoxynorbornane +CuCl 

oxidizing conditions appears to involve a n  oxidatively driven olefin insertion in 
addition to a n  oxidative cleavage (equation 112)'h8. This important process will be 
discussed below. 

/ \  1ArCO:- 

0 

Areo2270Me 



RCH=CH2 + PdClr + R’NH. + 

R=Ph, tic6 

process was stereospecific, proceeding with overall cis stereochemistry resulting from 
a tram amination of the olefin, followed by displacement of thc palladium with 
inversion. Terminal olefins underwent this reaction in fair 10 good yield whereas 
internal olefins reacted with lower yields. A variety of oxidizing agents were 
effective, including brorninc, lead tetraacetate, and N-bromosuccinimide. 

Metal-acyl cr-bonds also undergo facile cleavage by nuclcophilcs to produce 
carboxylic acid derivatives. Since virtually all a-alkylmetal complexes can be made to 
insert carbon monoxide to form a-acyl complexes, this type of cleavage is central to 
literally thousands of transition metal-mediated carbonylation reactions. An early 
example is the reaction of organic halides normally reactive in SN2 processes 
(primary and secondary alkyl, allyl, and benzyl halides, a-haloesters) with sodium 
tctracarbonylcobaltate, Na[Co(CO),], to produce a a-alkylcobalt complex, which, in 
the presence of 1 atm of carbon monoxide, rapidly converted to the corresponding 
c-acylcobalt complex. Cleavage by an alcohol produced the ester and, in the 
presence of a tertiary amine base, regenerated the cobalt anion, making the system 
catalytic in cobalt complex (equation 1 l5)I7’. Epoxides reacted with hydridocobalt 
tetracarbonyl in a similar manner, producing f i  -1iydroxyesters (equation 1 16). 

7 

H 
R‘ 

( 1  13) 

R 
J 

[HCo(CO),] + RC(0)OR’ 
l<,b‘ 

(1 15) 

(1 16) 
4s ‘C 

4 0  mi 
Na[Co(CO),] -t oxirane + CO -t- Me014 - HOCH2CH,C02Me 

Nickel carbonyl is a rcactive zcrovalent complex which undergoes oxidative 
addition to aryl, vinyl, allyl, and benzyl halides to form a-alkyliiickel(I1) complexes 
which readily insert carbon monoxide to produce the corrcsponding a-acylnickel(I1) 
complex. Cleavage by alcohols or  watq- produces esters or acids respcctively 
(equation 117)”2. Whcn the alcohol and the halide were part of the same molecule, 
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RX + [Ni(CO)J - [RNi(C0)2X] --+ [RC(O)Ni(CO),X] - RC(0)OR' 

or  RC(0)OH 5117) 

co I?OH 

I1,O 
or 

R = aryl, vinyl, allyl, benzyl 

lactones wcre formed. Using w-hydroxyvinyl halides as substrates resulted in the 
formation of a-methylene lactones (equations 118-120)173. 

[NI(CO)J] Toy 
PhiP. base 

HO(CHr),,C( = CH2)Br - --+ (C Hl),C( = CHr)C = 0 ( 1  18) 

1NitCO)rl 2- [C( = CH2)Brlcyclohexan-1-01 -, 
PhiP. base 

cis or trutis 

2 - [CH2C(=CHz)Br]cyclohexan-l-ol 
cis or trum 

(120) 

By far the most extensively used metal for carbonylation reactions is palladium, 
because palladium forms a-al  kylcomplexes from a wide variety of organic mbstrates, 
and because both carbon monoxide insertion and a-acyl-paIladiirm bond cleavage 
by nuclcophiles are very facile processes. Palladium(0) complexes undcrgo oxidative 
addition reactions with aryl and vinyl halides and the resulting a-alkylpalladium(1I) 
complexes undcrgo facile carbon monoxide insertion and a-acyl-mctal bond cleav- 
age reactions (equation l2l)I7'. [Note: whcn palladium(I1) salts arc used as catalysts 
reduction to palladium(0) by carbon monoxide is assumed to generate the catalyti- 
cally active spccies.] With acetylides as nuclcophile, acctylenic kctones were formed 
in reasonablc yields (equation l22)I7", whcreas acid cyanides were formed when 
cyanide was the nucleophilc (cquation 123)"". This type of a-acyl cleavage reaction 
has been used to synthesize complex intermcdiates in the  course of thc  total synthesis 
of natural products, as exemplified i n  equations 124177 and 12517'. 

co 1 ? 0 1  I 
ArX + Pd(0) ---+ ArPdX - ArC(0)PdX - ArC(0)OR' + HX + Pd(0) 

(121) 

het-ArC(O)C%CR' (122) 
ArC(O)C%CR' 

CH2=CHC(0)-CR' 

47-95 %O 

lt3N. I 2 0  "C. HO aim 

+ co+ HC=CR' I > d ( l l )  c~,I~,,y*I 

ArCOCN (123) 
I PdI(Ph)(LJ 

ArX + CO + KCN lo(,oc > 

45-92% 

Ar  = Pli, p-OMePh, p-tolyl, fur-2-y! 
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2-[C(0)OCH(Me)(CH2),R']R (124) 

OMe 

curvularin t-- t-- 

0 

0 
Intramolecular versions of this process have been especially useful for the synthesis 

of a variety of lactones and lactams, including some rather complex molecules. A 
variety of four- and five-membered lactones were available from haloalcohols by this 
oxidative addition/CO insertion/nucleophilic cleavage process, using palladium salts 
as catalysts (equations 125a-128)'79". Lactones were prepared in a simplar process 
from haloamines (equation 129).'79b. Even p-lactams could be formed by this 
process (equations 130179' and 

(125a) 
Pd(0) 

1-X-2-(CH20H)C6H4 T p h t h a l i d e  

8 8 O/o 

(126) 
w n )  

HOCH2CH=CHCH2CI - 3-(=CHMe)oxetan-2-one 
5 2 O/o 

co 

3,5,5-trimethyloxol-3-en-2-one 

(128) 
Pd(0) 

1-OH-2-1-4,6-(OMe)&H4 3,6-dimethoxyphtha!ate 
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0 
R 

Pd(0).  co 
hnlpa. BujN. Ph,P 

RR'C=C(Br)CH2NH(CHr)ZPh - 
LN(CH?)?Ph 

40-90% 

(13 1) 

OCH2Ph NCH(C02CH2Ph)ChHa(OCHzPh)-p 

Phthalimides (equation 132), isoquinolones (equation 133), and quinolones (equa- 
tion 134) were prepared by this p r ~ c e d u r e ' ~ ~ ' .  This chemistry was also used to  
prepare a number of more complex polycyclic heterocyclic systems, as  exemplified by 
equations 13518", 136"', and 137'82. 

P CO. Pd(OAc)? 

0 

B 4  Nw 
C02CHZPh 

( 132) n- BrChHK(0)NHR 

o-BrC6Ha(CHz)zNHAc --* N-acetylisoquinol-I-one (1 33) 

P d ( 0 A c ) ~ .  Ph,P 

Uu3N. co N -  R - phthalimide 

(134) pr-m NHAc Ac 0 

R' Br Pd(0Ac)~ .  Ph,P 

BuzN. CO 

R' 

(135) 

R4 

M e O ~ ( C H 2 ) z N H C H ~ C ~ H 4 0 M e - n  CO. Pd(0Ack 

Ph2P. Bu3N 

PhCHzO Br 

R3 

40-50% 

PhCHzO M e o ~ C H K 6 H 4 0 h 4 e - p  

0 
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(1 37) T 0 ayqNH PhP.  CO. BulN. Pd(0Ac)Z IW “C ’ 
CH2C6H4Br-o 

55 % 
a-Alkylpalladium(I1) complexes resulting from nucleophilic attack on  olcfinpalla- 

dium(I1) complexes also undergo facile CO insertion/nucleophilic cleavage reaction 
t o  produce carboxylic acid derivatives. Early studics focused on chelating olefin 
complexes, and both cycloocta-1,S-dicnc (cquation 138)Is3 and NJV-dimethylally- 
lamine (equation 139)”“ underwent clean methoxylation/carbomethoxylation when 
treated with palladium(I1) chloride, methanol, and carbon monoxide. Simple mono- 
olefins undcrwcnt a similar methoxycarbonylation with methanol as the initial 
nucleophile (equation 140)’*’, and a ‘carboacylation’ when carbanions were the 

r OMe 1 

L 

Mc2NCH2C(OMe)CHKO?Me 

RCH=CH?+PdCh+MeOH+CO - RCH(OMc)CH.CO:Me ( 140) 

initial nucleophile (equation 141)’”‘. Indoleacetic acid esters werc produced from an 
intramolccular ‘aminoacylation’ process (equation 242)’”. In all of these proccsscs, 

CH2=CHNHAc + PdCI2 + 1 -1ithoxycyclohex-1 -ene - 
cyclohcxan-1 

CO MeOII I 
2-[CH(NHAc)CH,C02Mc]cyclohcxan- 1-one 
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'N 

Pd(I1) 
o-MeNHC6H,CH2C(Me)=CH2 - (2-rnethyl-2Pd-CH2)indoline (142) 

CO McOH 

.L 

2-Me-2-CH,C02Me-indoline 
the a-acyl complex was rapidly cleaved by methanol to produce the corresponding 
methyl esters. 

a-Alkylpalladium(1I) complexes from orthopalladation reactions also undergo 
facile CO insertion/nucleophilic clcavage reactions. Since orthopalladation is a very 
general process, it provides an efficient procedure for introduction of carboxylic acid 
functionality into aromatic rings. Examples are seen in equation3 143'*', 144lS8, and 
145"'. I n  what may be a related process, the a-alkylpalladium complex shown in 
equation 146 underwent cleavage by organolithium reagentslgo. The mechanism of 
this process has not  been reported. 

( 146) 
( 1 ) J P P h i  

(2) KLI 
(3)HtO- 

- 2-Y-6-R-benzaldehyde 

60-99% 

Pd(OAc)+ 
C6H5C(Me)=NNMe, - 

[O-{C(M~)=NNM~~}C~H~P~(OAC)]~ co &"Me2 (143) 

[ o ( C H , N H M ~ ~ C ~ H ~ P ~ ( O A C ) ] ~  O - ( C H ~ & H ~ M ~ ) C ~ H , C ~ ~ -  (144) 

Pd(0Ac) 
C6H&H2NHMe 

63% 

R'=H,  Me, OMe, C1, C02Et ,  COMe CO EtOH 

R2 = H; Me, OMe, Cl, C 0 2 M e  1 
R3=Me, Et,  Pr' 

1 -R'-2-R2-4-NHC(0)R"-5-C02Et-C6H2 
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particularly stable for organopalladium complexes. Treatment with excess of dppe (to 
displace the coordinated amino group and destroy the stabilization-by-chelation 
effect) o r  with bromine led to cleavage by methanol. The  very useful acyliron 
complexes, produced from the reaction of sodium tetracarbonylferrate with organic 
halides, also require an oxidative cleavage, usually by halogen (equation 148)"'. The 
mechanism of oxidative cleavage of a-acylmetal complexes by halogens is not well 
understood. It may proceed by oxidation of the metal, making it  a better leaving 
group, followed by displacement of the metal by the nuelcophile (halide or 
methanol). Alternatively, the halogen may 'oxidatively add' to  the metal, and 
subsequently an acid halide may form by a reductive elimination (equation 149). An 

Ph2PCH>CH2PPh>lMeOH 

or 
BrzlCH~C1~1MeOH 

MeOC(O)CH2CH(R)NR'? 4 

lC0 (147) 

R 

stable 

Na?[Fe(C0)4] + R X  + [RFe(C0)4]Na -!L [RC(O)Fe(CO)&lNa 2 RC(O)Br 

M ~ O H  1 (148) 

RCOzMe 
RC(0)M"" 5 RCOX + M" 

(149) 
Y 
h 

RC(0)M" 

RC(O)M"+~X? -- RCOX + M"X 

interesting example for which oxidation drives both a carbon monoxide insertion and a 
nucleophilic cleavage of the resulting a-acyl complex is seen in equation 150. This 

[FeCp(CO)?(q'- RCH =CHI)]++ PhCHzNHr, --f [FeCp(CO)z[CH2CH(R)NHCHrPh]] 

Ag:O I 



6 Nucleophilic attack on transition metal organometallic compounds 437 

process provided the elegant synthesis of p-lactams seen hereig3. A similar oxida- 
tively induced cleavage is probably responsible for the formation of 0-lactones in the 
study of the mechanism of the Wacker process (equation 151)194. 

H20 - D D  
+PdClz 

H I  
I c1 

lco 

L 

- 

1-  

B. Nucleophiiic Attack on Transition MetalParbon Monoxide and Isonitrile 

Coordination of carbon monoxide to most transition metals activates it towards 
attack by a wide range of nucleophiles, including hydride, carbanions, alkoxides, 
hydroxide, and amines'". The  most direct approach to the long-sought (for study as 
Fischer-Tropsch model compounds) but only recently synthesized metal formyl 
complexes is direct attack of hydride on a metal-bound carbon monoxide. The  most 
efficient hydride source found was a series of alkoxyborohydrides, which reacted with 
a variety of transition metal carbonyl compounds to produce metal formyls in 
reasonaSle yield (equation 152)'96-198 . In this manner, [(C0)4FeCHO]-, 
[(CO)&rCHO]-, [(CO),WCHO]-, [(Ph,P)(CO),FeCHO]-, [(Ph,P)(CO),CrCHO]-, 
and [(Ph,P)(CO),WCHO]- were prepared and characterized by n.m.r. spectroscopy 
(6 CHO- 15 ppm). Metal carbonyl acyls reacted in a similar fashion to give 
acyl-formyl complexes (equation 153)'"'. These metal formyl complexes have several 

Complexes 

[ RC(O)M(CO),, ] + LiEt,BH - [RC(O)M(CO),, - ICHO] 

M = Mn, Fe, Mo 

R = Ph, MeOCH2, MeOCO, Me 

(153) 

interesting properties. Many of them are strong hydride sourccs themselves, and 
reduce ketones and alkyl halides. In addition, some metal formyl complexes can 
transfer their formyl hydride group to another metal carbonyl, generating a new 
formyl complex in the process (equation 154)2"0. 
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Alkyl- and aryl-lithium rcagents also attack mctal-bound CO groups, producing 
acylmetal anionic complexcs. Iron carbonyl reacted with organolithium reagents 
(equation 1 55)20' t o  producc the same acyliron carbonylate species available from 
the rcaction of Na,[Fc(CO),] with organic halides discussed above. 

Although thesc reagcnts have found extensive use in organic ~ y n t h e s i s ' ~ ' ~ ~ ~ ~ . ~ " "  they 
arc  rarely prepared via the organolithium route, the iron anion route being consider- 
ably more 

Nickel carbonyl also reacts with organolithium reagents to form acylnickel car- 
bonylatc species, which have not been well characterized. However, t he  general 
formula [Ni(RCO)(CO),]- has been assigned to them, and much of their chemistry is 
consistent with this assumption. For example, treatment of the acylnickel carbonylate 
resulting from aryllithium reagents and nickcl carbonyl with ethanolic hydrogen 
chloride produced a -diketones whereas those resulting from alkyllithium reagents 
gave symmetrical ketoncs (equation 156)204. Although the nickel complcxes pro- 
duced from the reaction of nickel carbonyl with aryllithium reagents werc relatively 
unreactive, those from alkyllithium reagents reacted with allylic halides at -50 "C to 
produce P,y-unsaturated ketones (equation 1 57)2"5. Acylation occurred predomin- 
antly to  exclusively at the halogen-bearing carbon, with little or no allylic trans- 
position being notcd. Aryl halides, benzoyl chloride, and alkyl halides including 
primary iodides were unreactive toward these rcagents. I n  contrast, vinyl halides 
werc fairly reactive, undergoing facile acylation (equation 158). With rclatively 

ArC(O)C(O)Ar 

R .= Ar 

-70 T RLi + [Ni(CO),] - 
m i  + [N~(co),~ 

[ RC( O)Ni(CO) 3]- Li + ,* alkyl 

R C ( 0 ) R  
I?' 
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unsubstituted vinyl halides, the product conjugated enonc reacted further with the 
acylnickel carbonylate to produce 1,4-diketones (equation 159). Th i s  was a general 

[MeC(O)Ni(CO)JLi' + Ph2C=CHBr 5 Ph2C=CHCOMe (158) 

[MeC(O)Ni(CO)JLi' + trans-PhCH=CHBr - trans-PhCH=CHCOMe 

(159) i 
MeOCCH(Ph)CH2COMe 

rcaction for these species, and a variety of conjugated enones were acylatcd by this 
reagent (equation 1 60)2Gn. Monosubstituted alkynes reacted in a similar fashion 
(equation 161)2n7. The mechanism of these acyl transfer reactions has not been 
studied. 

RLi + [Ni(CO),] + CH2=CHCOMe - ROCCH,CH,COMe (1 60) 

[ArC(O)Ni(CO),]-Li' + R e C H  ---+ [RCH=CHC(O)Ar] 

--+ ArC(O)CH(R)CH,C(O)Ar (161) 

Group VI metal carbonyls also react with organolithium reagents to form acyl- 
metal carbonylates in which the oxygen atom of the acyl group is nuclcophilic and 
can be alkylated by reactive agents such as trialkyloxonium salts or CH30S02F.  The 
resulting complexes are heterocarbene complexes (equation 162)'08 and have inter- 
esting chemistry in their own right. Other reactive nucleophiles form similar carbenes 
by nucleophilic attack on  metal carbonyl species (equations 163*09, 1642'n, and 
165211). Other metal carbonyl complexes, including [Mn2(CO),J, [Re,(CO),nl, 

R'.,O' 
[M(C0)6] +RLi + [(C0)5MC(O)R] - [(C0)5M=C(aR')R] 

M=Cr, Mo, W 

ICr(C0)6] + LiNEtz --* I(CO)sCrC(O)NEt21 % [(CO)sCr=C(OEt)NEtz] 

OEt 

LJ 
Ei30-  

[W(CO),] + LiPMe, - [(CO),W{=C(OEt)PMe,}z] 

[Fe(CO),], and [Ni(CO)4], react with carbanions to form carbene complexes, but they 
are considerably less stable than those of Group VI metals, and have been much less 
studiedznsd. 

Carbene complexes themselves are reactive towards nuclcophiles at the carbene 
carbon. This reaction provides a rapid entry into heterocarbenes having an element 
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other than oxygen as its heteroatom. Alkoxycarbene complexes behave somewhat 
like very reactive esters. For example, chromium-carbenc complexes underwent 
facile aminolysis when treated with amines (equation 166)2”8d. Ammonia and pri- 
mary and secondary amines reacted, but the reaction was sensitive to the steric bulk of 
the secondary amines studied. This chemistry provides a general route to amino- 
carbene complexes. 

C O M e  
//\. 

(CO) ,cl=c R”H2 - [ (CO) ,Cd(R)NHR’]  
‘R r 

I 
OMe 

+ /  
(CO),Cr-C 

‘R 

Other nucleophiles behave in a similar fashion. Thiols cleanly replaced alkoxides 
in  a two-step process (equation 167)2’2. More important, at low temperatures 
organolithium reagents displaced the alkoxidc group in a tungsten alkoxycarbene 
complex to produce a diarylcarbene complex, which was stable only at low tempera- 
ture (equation 168)’13. This reaction provided an important synthetic route to di- 
alkylcarbene complexes for use in the study of the olefin metathesis ~eac t ion”~ .  

[ (CO) ,M=C( OMe)Ph] P-RC6HJS -* [(CO),MC(OMe) (Ph)SC6H4R-p 1- 

M = Cr, Mo, W 
R =  Br, Me, OMe 

M = C r ,  W 
R = Ph, p-MeC6&, p-CF3ChH4 

The  analogy of carbene complexes to esters is further exemplified by the conjugate 
addition of nuclcophiles to a,P-unsaturated carbene complexes observed with both 
amines (equation 169)215 and carbanions (equation 170)2’“. 

[(CO),W=C(OEt)GCPh] + Me,NH - [(CO),W=C(NMeZ)CH=C(Ph)NMe2] 
(169) 

[(CO),Cr=C(OMe)CH=CHPh] + Ph2CuLi --+ - [(CO),Cr----C(0Me)CH2CHPh2] (170) 

Carbyne complexes also react with nucleophiles, undergoing addition to the 
carbyne carbon to produce carbene complexes (equation 17 l)Z””d. Since carbyne 
complexes are normally synthesized from carbene complexes, this process seems 
redundant. However, it can lead to carbene complexes inaccessible by standard 
approaches. 

HCI 

30% 
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[(CO)SM=CR] + NUC- [(CO),M=C(R)Nuc] (171) 
M = Mn, Rc, Cr  

R = Ph, NMez 

Nuc- = CN, NCS, NMe,, NCO, RO 

Metal carbonyl complexcs undergo nucleophilic attack by water or hydroxide to 
produce unstable carboxylate complexes which readily lose C02 ,  producing a metal 
hydride complex (equation 172)2’7. This may further decompose, resulting in overall 

M C O + H O -  - [MCOzH] MH+COz (172) 

reduction of the metal. The susccptibility of metal carbonyl ligands to nucleophile 
attack, in general, is inversely dcpendent upon the extent to which they serve as a 
rr-acceptor, and can be predicted from their infrared stretching frequenciesz1’. Thus, 
water is sufficiently nucleophilic to attack cationic (electron-poor) metal carbonyl 
complexes, whereas hydroxide is required for most ncutral metal carbonyls. These 
differences are rcflected in the conditions required for the reactions in equations 
173-175219. This process is important in the currently popular ‘watcr-gas shift 

reaction’”” for t h e  production of hydrogen from carbon monoxidc and water 
(equation 176) and for the overall reduction of palladium(I1) complexes to 
palladium(0) species for use in catalysis (equation 177). 

M cat. 
CO + H z 0  C02 + Hz 

i \\ (176) 

[MCO] H20 > [MC02H] [MH] 

- HCI 
> COZ + ‘[HPdCl]’ - Pd(0)  (177) 

Amine N-oxides similarly react with metal carbonyl compounds to remove one or 
more CO ligands by oxidizing them to COz (equation 178)z21- This process has 
proved particularly useful as a mild method for the  removal of the iron tricarbonyl 
fragment from 1,3-diene iron tricarbonyl complexes (see Section F). 

H20 
PdC1z-t CO A [PdCIz(C0)2II, 

MCO + R3NO- [MC(O)ONRj] M +  C02 + N R j  (178) 

Alkoxides and amines also attack metal-bound carbon monoxide groups to give 
alkoxycarbonyl and carbamoyl complexes, respectivelyzz2. Again, the reactivity of a 
metal carbonyl towards nucleophilic attack by alkoxides or amines correlates with 
the CO stretching frequency, with electron-deficient, cationic metal carbonyls being 
more reactive than electron-rich, neutral, or anionic carbonyl compounds. A variety 
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of phosphino-palladiurn(I1) and -platinum(IT) halide complexes reacted with CO, 
methanol, and triethylamine to give stable alkoxycarbonyl complexes (equation 
179)””. Vaska’s compound, [I~CI(CO)LQ], reacted in a similar fashion, but both 

[M(X2)I+]+ CO + [M(X)(CO)LJ’X- - [M(X)(CO,Me)(L)J+ Et3NHCI 
MrOH 

EtjN 

(179) 

M = Pd, Pt 

L = Ph3P, PMePh2, PMe,Ph 

X = C1, Br 

[RhCI(CO)(PPh3)2] and [CoC1(CO),(PPh3),] were inert under these conditions. 
These reactions were assumed to proceed by nucleophilic attack of the alcohol on a 
cationic carbonyl cornplcx formed in sitw by replacement of a chloridc ligand by 
carbon monoxide. (Diene)platinurn(II) alkoxycarbonyl complexes were formed by 
the reaction of alcohols with unstable neutral carbonyl complex intermediates 
(equation 180)224. 

+R’OH --+ 

1 

Alkoxycarbonyl complexes have been implicated in a number of transition metal- 
catalysed carboxylation [mostly palladium(TI)] Simple monoolefins 
were converted to a,@-unsaturated esters226 or 1 ,2-diesters2” when treated with 
carbon monoxide, an alcohol, and palladium(I1) complexes as catalysts. The key step 
was thought to be insertion of the olefin into a cr-acylpalladium(1I) complex 
(equation 181). In the absence of olefinic substrate, oxalate esters were formed by 

PdClz 

CUCI? 
RCH=CH2+CO +R‘OH RCH=CHC02R’ +RCH(C02R’)CH2C02R’ 

/ WCI? /d H R ’ o H  1 (181) 

insen I 
[ CI PdCOzR ‘I - [ C1 PdC H (d)CH?C02 R ’1 -% [ C1 Pd COC H (R)C Hz COzR ’1 

coupling of two alkoxycarbonyl groups (equation 182)2‘8. Alkynes underwent a 
similar carboalkoxylation (equation 183). When acetylenic alcohols were subjected 
to similar reaction conditions, a -methylme lactones were formed (equation 184). 
The mechanism of this  process has bcen carefully studied and the alkoxycarbonylpal- 
ladium complex was shown to bc t h e  key  intermediatc in this rcaction22g. Another 

[Pd(OAc)r(PPh,)r] ---+ [Pd(COzMe)(OAc)(PPh3)z] 

RCH=CHz 

CO. XtcOH 

(1  82) CO McOH I 
(Pd(PPh&l +(CO?Me)z t [Pd(COzMe)?(PPh3)2] 

(1 83) 
Pd(l1) caI RC=CH +CO+MeOH - RCH=CHCO?Mc+CH:=C(R)C02Me 



HOCH:CH?C=CH 
[PdXzLz]+CO --* [Pd(CO)LXz] 

MgICOJMeOH 10% 

MeO-, [Ni(CO),], MeOH 85% 

- - 
0 

I I  
(1 84) LXzPd-C-0 

Carbamoyl complexes are available from t h e  reaction of amines with lnetal 
carbonyl complexes222. Ammonia and primary and secondary amines reacted 
smoothly, but aromatic amines did not produce carbamoyl complexes. Unusual 
platinurn(I1) and palladium(I1) carbamoyl Complexes in which LY -amino acids were 
the amine component have been made and characterized (equation 186a)232. Car- 

> [M(L)(CONHCHRCO2R)] (186a) 
I4,NCI 1 R C 0 2 R  

CM(L)(X2)I+ C O  

M = Pd, Pt;  

L =  Ph3P; 

R = Et,  Me; 

R = H, Me 
bamoyl complexes of nickel were thought to be  involved in the conversion of vinyl 
halides to amides, as shown in equation 18723”.233. They arc also likely intermediates 
in most transition metal-catalysed carbonylations of arnines to formamides (e .g .  
equation 188)234, isocyanates, and ureas. 

l ’ h B C H  
I * Me2NC(0)CH(Ph)CH2C(O)NMeZ 

(187) 

PhCH=CHC(O)NMcZ 

[Ni(C0)4] + LiNMe, 
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RNH, RNHCHO 

- 50% 
Isonitriles coordinated to transition metals also react readily with nucleophiles, 

forming metal carbencs which are usually fairly stable (equation 189)20””.d. These 

[L,,MCkNR]+ R‘XH - [L,M=C(XR)NHR] (189) 
RX€i = MeOH, RNH2, Arm2, RSH 

types of carbenes are most common for palladium and platinum, but those of other 
metals (Fe, Mo) are also known. Cationic carbenc complexes of platinum(I1) and 
palladium(I1) were prepared by the reaction of the corresponding isonitrile com- 
plexes with amines (equation 190)23s. Nickel, palladium, and platinum carbene 

[PtCI(PEt,),CNR].’+ R‘R’”H - [PtCI(PEt,)2{=C(NHR)NR’R’}] (190) 

complexes containing chelating fluorocarbon ligands were prepared in a similar 
manner (equation 191)23h. Alcohols also reacted with palladium isocyanide com- 
plexes to produce alkoxycarbene complexes (equation 192)’”. The kinetics of 

‘M(CNR)~=C(NHR)NR;} (19 1) [CCF2> CF2 f [(““ CFZ / 1 +R;NH - 

M = P d ,  Pt; R=Bu‘ ,  Pr’ 

[PdCI,(CNPh)]- + MeOH - [PdCI,{=C(OMe)NHPh}] (192) 

carbene formation from cis-[PdCl,(CNR)(PPh,)] and substituted anilines were con- 
sistent with direct nucleophilic attack of the amine o n  the coordinated isonitrile to 
form a stable intermediate which underwent a subsequent proton transfer to form 
the  observed carbene complex (equation 1 93)238. 

cis-[PdCI,(L)(CNC,H4X-p)] + p-RHNC,H,Y 

C. Nucleophilic Attack on Metal-Complexed Olefins 

7. With chelating oiefin complexes 

Complexation of an.olefin to a transition metal, particularly a Group VIII metal in 
a higher oxidation state (+2), often activates the olefin to undergo nucleophilic 
attack. Chelating diolefin complexes of palladium(I1) and platinum(l1) have long 
been known to undergo nucleophilic attack at one of the coordinated olefins to 
produce m-alkylmetal c~mplexes~~‘ .  Both the platinum(I1) and palladium(I1) com- 
plexes of cycloocta-1,5-diene and dicyclopentadiene reacted with methanol in high 
yield to give the o-alkyl-.rr-olefin mctal(I1) complexes (equation 194). The same 
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r 1 

M=Pd. Pt <;; =cod. dcpd. nbd 

complexes were formed by direct rcaction of the diolefin and chloro-palladate o r  
-platinate in methanol24o. These complexes were something of a curiosity for a 
number of years. However, later studies showed that they underwent scveral 
interesting further reactions. T h e  complex resulting from alkoxypalladation of di- 
cyclopentadiene was acylated b y  treatment with acetyl chloride, or by exposure to 
carbon monoxide followed by electrophilic cleavage (equation 195)'". The alkoxypal- 
ladation product of cyclooctadiene reacted with isonitriles by an insertion process to 
produce a ketenimine (equation 196)242. T h e  0-lactone linkage was appended to 
cyclooctadiene by a hydroxypalladation/CO insertion/acyl cleavage reaction se- 
quence (equation 197)243. 

L 

MtOH + 
PhrP 

M e 0  

&3 Pd. 

C1' 'PPh3 

CHJCOCI \ 

0 

Meoh CHO 
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5-OMe-6-( =C=NR)cyclooct-I-ene 

[PdClz(cod)] % 

74 % 

lC0 

z 

Acetate also attacks chelating diolefin complexcs of palladium. A number of 
complex rearrangement/insertion reactions result, probably promotcd by oxidation, 
and unusual products are  obtained. Palladium acetate reacted with hexa-1,5-diene to 
produce 1 -methylene-3-acctoxycyclopentane by a nucleophilic attack-olefin inser- 
tion sequence (equation 198)244. Longer chain dienes did not cyclize. Bicyclic 

1 -methylene-3 -acetoxycyclopentane t [l -CH,PdOAc-3-acctoxycyclopentane] 

64% 

materials were obtained by either irradiating (equation 199)24’ or oxidizing (equation 
the initial acctoxypalladation product of cycloocta-1,5-diene. Bridged poly- 

cyclic olefins in which the carbon-carbon double bonds are rigidly held close t o  the 
o--alkylpalladium centrc formed in the original nuclcophilic attack by acetate lead t o  
cvcn more  complex products, as evidenced by equations 201247, 202248, and 203’j9. 
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cF OAc 

I 

d A c  

Inxrllon I. 
r 1 

1 Pd ] 

COzR 

C02R 

4- 
74 % 

PdCI>/CuCI/HOAe 

NaOAc 

' t L c 1  
70 % 
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A variety of other nucleophiles also react with chelating diolefin complexes of 
palladium and platinum. Amines reacted with the platinum and palladium complexes 
of cyclooctadiene and dicyclopentadiene to give the expected amination products, 
whereas the norbornadiene complexes decomposed to metallic palladium on treat- 
ment with benzyIaminez5". The dicyclopentadienc complexes of platinum also 
reacted with alkoxides, aniline, thiocyanate, and thiophenol in a similar fashion 
(equation 204). The  sulphur nucleophiles also displaced the halide ligznds on 

J 

Nuc-=RO-, PhNH-, SCN-, PhS- 
X=CI, Py, PPh3, PhNH, SPh 
Y =CI, Py, SCN, SPh 

platinum. Surprisingly, the  remaining olefin in the initially formed cr-alkyl complex 
was also subject to  nucleophilic attack, provided that the chloro ligands were 
replaced by the bipyridyl ligand, generating a cationic complex (equation 205). A 
number of generalizations emerged from these studies. With alkoxides as nucleo- 
philes, the order of reactivity was MeO>Pr"O>Bu'O,  indicating a strong steric 
effect in the nucleophilic attack process. Sulphur nucleophiles attack both the olefin 
and the metalZs'. 

The cyclooctadiene complex of palladium reacted with carbamates to produce 
aminated cyclooctene (equation 206)"*, while reaction with secondary amines fol- 
lowed by carbonylation produccd a mixture of bicyclic amino esters and ketones 
from insertion of the remaining olefin into the palladium acyl cr-bond (equation 
207)253. 

[PdCl,(cod)] + H,NCO,Et - 5-(NHC02Et)cyclooct-1-enc (206) 
58% 

Stabilized carbanions also reacted with chelating diolefin complexes of palladium 
and platinum. One of the  earliest systems studied was the  rcaction of cyclooctadiene 
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L 

Ico 

L J + 

complexes with diethyl malonate and acetylacetonc (equation 208)253-256. The re- 
maining double bond of the cyclooctadiene resisted further attack, and the c+-alkyl 
complexes were fairly stable. However, they could be forced to undergo further 
reactions (equation 208). A careful study of the reaction of the platinum and 
palladium complexes of dicyclopentadiene with diethyl malonate, acetylacetone, and 
ethyl acetoacetate showed that this reaction occurred in a trans,exo fashion at the 
5,6-double bond of thc diolefin, without skelctal rearrangement of the dicyclopenta- 
diene skeleton. This alkylation reaction was sensitive to the nature of both the 
chelating diolefin and the carbanion. T h e  corresponding norbornadiene complexes of 
both palladium and platinum produced o n l y  metallic palladium or platinum on 
reaction with these carbanions’”. Less stabilized carbanions reacted with the cyclo- 
octadiene complex of palladium and ptatinum to give stable dialkylmetal species 
from nucleophilic attack on thc mctal rather than the olefin (equation 209)2s7.258. 

[PdClz(cod)] tCHz(C0rR). + 

Na2C0.1 1 
COzR 

COzR 

5 -lCH(COzR)z]cyclooct-I-ene 
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RM=MeMgX, PhMgX, PhSOzCHzLi 

Although chelating diolefin complexes have becn the most extensively studied, 
other types of chelating olefins also react with nucleophiles. Allylamines were found 
t o  react with lithium chloropalladatc in methanol to  give a stable five-membered 
cyclic a-alkylpalladium(I1) complex resuIting from alkoxypalladation of the allyl- 
amine (equation 210)2s9. The ability t o  form a chelate, five-membered ring was 

CHzCHCHzN +Naz[PdC14] --j 
\ 

L 

co 
t 

ROH 

z 

1 

1 McOh 

z 

Me>NCH>CH(OMe)CH2C02R 

- 50% 
crucial t o  both the success of the initial nucleophilic attack and to  the stability of the 
resulting a-alkylpalladium complex. If a fivemembered chelate ring could not be 
formed, nucleophilic attack did not occur. If a larger ring was formed by an insertion 
reaction, the resulting complex decomposed. For example, exposure of the methoxy- 
palladation product of N,N-dimethylallylamines t o  carbon monoxide resulted in the  
formation of a y-amino esterZo0. The expected six-membered y-aminoacylpalhdium 
complex intermediate could not be  detected, attesting to its instability. Conjugated 
enones also inserted into the u-alkylpalladium complex, leading to further func- 
tionalization of the starting allylamine (equation 21 

CH.=C(Me)CH?NMei + PdCli + MeOH -+ [ M e O t p q  

I\ 

,$AN; RCH-CHC(0)R’ ! R = H  R=Me 

R’=Et,  Me. ti-hex R’=Me. 0% 
86% 60% 25% 

MezNCHzC(Me)(OMe)CH,C(R)=CHC(O)R’ 

Both palladium-coordinated allyl amines and allyl sulphides reacted with stabilized 
carbanions t o  form stable, f ivemembered palladiacycles in high yield (equation 
212)2G2.2“3. T h e  regiospecificity of the reaction was clearly dictated by the formation 
of a five(vs. four)-membered chelate ring. The reaction was restricted to  olefins 
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L J 

R- 81-94% 1 

X = NMe2, SCHMez 

R - = CH(C0zEt)Z. CH( COPh)?, CH3COCHC02Et, CH3COCHCOPhI CzHsC(COzEt)z, 
2 - (CO2Et)cyclopentan-Lone 

which could chelate. Thus, ally1 alcohols, ally1 phenyl ether, e thyl  acrylate, and 
oct-1-ene (none of which coordinate as strongly to palladium as do nitrogen- or 
sulphur-containing ligands) failed to undergo the alkylation process. Only stabilized 
carbanions reacted cleanly. Ketone enolates, oryanocopper, and Grignard reagents 
produced metallic palladium and intractable mixtures of organic compounds. Homo- 
allylic amines and sulphides also underwent this ‘carbopalladation’ reaction with 
stabilized carbanions (equation 213)2m. In these cases alkylation occurred at the less 

X=NMez, SCHMer 
R-  =CH(C02Et)2, 2- (CO2Me)cyclopentan-I-one 

(MeO- reacted similarly) 

substituted olefinic carbon, in contrast to t h e  situation with allylic systems, for which 
attack at the most substituted olefin carbon occurred. However, both systems reacted 
to produce the stable five-membered chelate a-alkylpalladium complex. 0-Allyl- 
N,N-dimethylhydroxylamines also reacted with PdClz and stabilized carbanions to 
form five-membered chelate a-alkylpalladium complexes (equation 214)’”’. Further 

Me2C =CH(CH2)zC(Mc)(ONMez)CH = CHr + [ PdC12(MeCN)2] + NaC(R1)(COR2)COR3 

(2 14) / 

R ’ = H ,  Me, Bun 
R2=Me0,  Me, Et 
R3=Me0, EtO 

M e 2 C = C H ( C H 2 ) 2 y , ?  Me 

Pd I CH2C(R1)(COR2)COR3 

-rMsci I 
Me2C=CH(CH2)1C(Me)=CHCH2C(R’)(COR’)COR3 

56-73% 
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reaction with trimethylsilyl chloride removed both the palladium and the ether  group 
to produce the alkylated olefin. 

The synthetic utility of these processes lies in the further transformations of the u- 
alkylpalladium complexes produced by the nucleophilic attack. Hydrogen or hydride 
reducing agents such as NaBH, and NaBH-,CN reduced these complexes t o  give the 
saturated compounds corresponding to the formal addition of the stabilized keto 
ester across the double b ~ n d ~ " " ' ~ ~ .  Conjugated enones inserted into the palladium- 
carbon o--bond (equation 215)263. This chemistry has been used as a n  elegant 
synthesis of a key prostaglandin precursor (Corey's lactone)26". Unfortunately, full 
experimental details of this series of complex transformations havc not yet been 
published (1982). 

In all of the above cases, formation of a five-membered chelate ring was essential 
t o  the reaction. When the chelating ligand was changed from nitrogen or sulphur t o  
phosphorus, the situation changed. T h e  reactions of the ligands 
CH2=CH(CH2),,PPh3 ( n  = 1,2,3) with both palladium(I1) and platinum(I1) salts 
were investigated. T h e  but-3-enylphosphine ( n  = 2) chelated t o  both platinum(I1) 
and palladium(II), the pent-4-enylphosphine ( 1 1  = 3) chelated only to platinum(I1) 
and the allylphosphine (n = 1) chelated to  neither. Methoxide and acetate reacted with 
the ligands which did chelate to product six- or seven-membered chelate a-alkyl- 
pI at i num c ~ m p I e x e s ~ " ~ .  

2. With monolefin complexes 

In contrast to  chelating olefin complexes of palladium(II), which react with a wide 
range of nucleophiles, simple monoolefin complexes were much more restricted in 
their reactions until very recently. The  main difficulty was a highly competitive 
displacement of the olefin by the nucleophile. Oxygen nucleophiles were among the 
first reagents to  b e  used successfully to attack simple monoolefinpalladium(I1) 
complexes, since oxygen ligands do not coodinate particularly well to  palladium(Il), 
and displacement of the olefin does not compete. Reaction of olefinpalladium(I1) 
complexes with water is the basis of the industrially important Wacker process for 
the 'oxidation' of ethylene to acetaldehyde (equation 216). Since palladium(I1) was 
required for the nucleophilic attack step and palladium(0) was produced in the last 
step, reoxidation was required to make the system catalytic in palladium. Copper(I1) 
salts proved to  be the most effective, and are  widely used for this process268. The  key 
step in the Wacker process is clearly nucleophilic attack of water on the metal-bound 
olefin. There is still some controversy regarding the question of nucleophilic attack 
by an external nucleophile us. prior coordination of the nucleophiIe*"', although 
model studies suggested that trans attacked by non-coordinated water was occur- 
ring270.27' ~ Other oxygen nucleophiles, such as acetate and alcohols, also reacted well 
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cuct2 .0 . .  \ 
HCI + Pd(0) + McCHO - 

,-. 
c 

in Wacker-type reactions with olefins, leading to vinyl acetates, acctals, and glycol 
ethers. Many of these have been All of them a re  thought t o  
involve nucleophilic attack on  a palladium-bound olefin, elimination of Pd(0) from 
the a-alkylpalladium(I1) complex, and reoxidation of Pd(0) to Pd(I1) b y  air and 
copper salts, or some other suitable oxidant. 

Longcr chain olefins are  invariably oxidized to ketones, through nucleophilic 
attack on  the most substituted olefinic carbon. This also is suggestive of external 
trans attack by watcr rather than a cis insertion, since external nucleophilic attack 
occurs predominantly at the most substitued carbon, whereas insertion processes 
tend to place the nucleophile at the less substituted carbon272. For longer chain 
olefins, terminal double bonds reacted fastcr than internal olefins, and polar solvents 
such as dmf, sulpholane, o r  N-methylpyrrolidone wcre preferred to This 
oxidation has found extensive use in organic synthesis when coupled t o  thc  
palladium-catalysed telornerization reactions of butadiene, discussed below. Recently 
it has been shown that palladium nitro complexes were very efficient for the 
oxidation of terminal olefins to methyl ketones. The  key step was proposed to be the 
intramolecular nucleophilic attack of a nitro-group oxygen on  the palladium-bound 
olefin (equation 217)273. 

(2  17) 
PhMe 

RCH=CH2+ [PdCl(NOr)(MeCN)z] RC(0)Me 

T 
catalyst 

Reactions of monoolefinpalladium(I1) cornplcxes with other classes of nuclcophilcs 
proved t o  be  a much more sensitive and difficult reaction. With amines as nucleo- 
philes, displacement of the olefin by the amine nucleophilc was the major difficulty. 
By carrying out  the amination reaction at  temperatures below -50 "C, this pathway 
was suppressed, and amination of olefins by secondary amincs was achieved in 
excellent yield274. T h e  reaction proceeded best with nonhindered secondary amines 
and terminal olefins. Primary amines and internal olefins reacted t o  give lower 
(ca. 50%) yields of amination. Trisubstituted olcfins rcacted in very low yield, as  did 
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NHR; 'CI 
- 

R ' 2 N H  + R~NHICI e-- I PdCI( NHR'z)2($-RCH=CHr)l+ 
[PdC13(qz-RCH=CHr)]- 

Z = CO'Me, COMe, C N  5 0-7 O YO 

RNa + CH?=CH:! + [ PdCIr(CHKN)2] - [ R(CHz)2Pdl 

ti? or H I 
MeCH(R)NR'? 

R(CHz)?CO?Mc 

R=indol-I-yl 
REt RCH=CHr 

R 

Pdw HR 
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T h e  usc of carbanions as nucleophilcs for addition to olefinpalladium(I1) com- 
plexes posed different problems. In most cases, the major reaction of carbanions with 
olefinpalladiurn(I1) complexes appeared to b e  reduction of the palladium(I1) to 
metallic palladium and concurrent oxidative coupling of the carbanion. For example, 
methyllithium reacted with styrene in the presence of palladium(I1) chloride to give a 
mere 3% yield of 0-methylstyrene. With palladium acetate, the yield rosc to 75% 
and with palladium(I1) acetylacetone it rose to 90%28" [this increase in yield parallels 
an increase in the resistance to reduction of the palladium(I1) salt]. By the use of 
specifically deuteriated styrenes, this alkylation was shown to procced by initial 
nucleophilic attack at the metal, followed by a cis-insertion and a cis-elimination 
(equation 221). The regiochemistry (alkylation of the less substituted carbon) was 

[ -Pd(q'- PhCH =CH?)] +CH-tLi 
I [hf 

[PdLr(Me)(q*-PhCH=CH:)] 
I 

cis-inseflion \ 

HX + Pd(0) +fratis-PhCH=CHMe 

also consistent with this mechanism. In contrast, the stabilized carbanion 
methyl malonate reacted in very low yield (18%) and the regiochemistry was 
opposite to that observed for mcthyllithium, suggesting a change in mechanism. 

A more general and efficient alkylation of olefins by carbanions was based o n  
observations reported for the related amination of olefins discussed above. In that 
rcaction, t h e  key reactive intermediate appeared to be an olefinpalladium(I1) amine 
spccies of some type. Whereas rcaction of olefinpalladium(I1) chloride complexes 
with stabilized carbanions resulted in n o  alkylation of the olefin, addition of two 
equivalcnts of triethylaminc to the olefinpalladium(l1) complex prior to addition of 
the carbanion led to high yields of alkylation with a range of olefins and stabilized 
carbanions (equation 222)2x'. Tricthylamine was most effective for promoting this 

RCH=CH2 + [PdCl*(CH3CN),] + 2Et3N + R c ( X ) Y  - 
(222) 

CO. MeOH 

CH,=C( R)C( R )  (X)Y MeCH( R)C( R )  (X)Y McOC(O)CH,CH( R)C(R')(X)Y 

R = H ,  Me, Et ,  Bu", NHAc X=CO,Et,  C02Me, C02But,  COMe 
R = H, Me, ii-hex Y = CO,Et, C02Me,  COMe, Ph 

rcaction yields). Tcrminal monoolcfins were alkylated in almost quantitative 
yield, with alkylation at the most substituted carbon predominating. The electron- 
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rich olefin N-vinylacetamide reacted in high yield, but the electron-deficient olefin 
mcthyI acrylate was not alkylated under thse conditions. Internal olefins were 
alkylated in only 3O-4Oo/0 yields, and cyclohexane and isobutene did not react under 
these conditions. With a-acetamidomalonic esters as the carbanion, a-amino acid 
derivatives were preparcd (equation 223)283. 

CH2=CH2 + [PdCl2(MeCN),] + Et3N + AcNHC(C02Etj2 - - MeCH2C(NHAc)(C02Et), (223) 

This alkylation process was restricted to the use of stabilized carbanions (pK, 
10-18) as nucleophiles. Less stabilized carbanions reduced the complexes without 
alkylating them. However, addition of hmpa to the olefinpalladium(I1) complex prior 
to addition of the triethylamine and the carbanion permitted the use of much less 
stabilized carbanions282. Under these conditions ketone and ester enolates, oxazoline 
anions (carboxylic acid carbanion equivalents), protected cyanohydrin anions (acyl 
anion equivalents), and evcn bcnzylmagnesium chloride alkylated olefins in fair to 
excellent yields. With non-stabilized carbanions, propene reacted almost exclusively 
at the 2-position, hexene at the 1-position, and styrene at both positions, the product 
distribution depending o n  the specific carbanion used. T h e  c+-alkylpalladium inter- 
mediates in these alkylation reactions wcre carbonylated to result in the overall 
carboacylation of olefins (equation 222)2". Stable a-alkylpalladium(1I) complexes 
resulted from the alkylation of cationic cyclopentadienylpalladium(I1) olefin com- 
plexes (equation 224)285. 

[Pd (PR3) (Cp) ( 2-CH2=CHJ + XCHY [ Pd (PRJ (Cp){ CHzCHZCH(X) Y}] 
(224) 

Intramolecular versions of the above palladium-assisted nuclcophilic attack reac- 
tions on  olefins have found extensive use in the synthesis of heterocyclic compounds. 
The reactions all involve the gcneral features of olefin activation by complexation to 
palladium(II), but in some instances the regiochemistry is more sensitive to the 
structural features of the substrate and to the reaction conditions than are the 
corresponding intermolecular processes. In most cases the intramolecular processes 
were more facile than thc same intermolecular reaction. Benzofurans were produced 
by the intramolecular oxypalladation of 2-allylphenols (equation 225)2x6. With 
substitution on thc olefin, both benzofurans and chromenes were obtained (equation 
226)287. The product distribution was affected by the addition of sodium acetate and 

Pd(0Ac): 

Cu(0Ac):. 0: 
~-HOC~HJCH.CH=CHR - 2- (CH2R)benzofuran 

20-60% 

PdCI: 

NaOAc 
O-HOCGHJCH?CH=CM~~ - 2-(CHMez)bcnzofuran (226) 

+ 
2 - [C(Me)=CHrl-2,2 -dihydrobenzofuran 

+ 
2,2-dimethylchromene 

by changes in substrate concentration2". Using a chiral .rr-allylpalladium complex as 
a catalyst led to t h c  production of 2-vinyldihydrobenzofurans in up to 20% optical 
yield (equation 227)289. Flavones were formed by the palladium(I1)-catalysed cycli- 
zation of 2-hydroxychalcones (equation 228)2''0, and 2-vinyIt~tiahydiof~rans were 
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formed from y,6-unsaturated alcohols (equation 229)2"'. This chemistry was eleg- 
antly applied to the synthesis of brevicomin (equation 230)292. 

QYAC 
(-1 

catalyst 

R WAr 
0 

65-85% 

HOC(R')(R')(CH&CH=CHMe WOAc)?  R2w/ 

O?/Cu(OAc)> 
R' R'=Ph, Me 

R2=H, Me, Et, Ph 20-50% 

CH,=CHCH( R ')CH2CH2CH(OH)CH(OH)R2 - (230) 

R1 %- 
R2 

Carboxylate salts were also capable of attacking .rr-olcfinpaIladium complexes. 
Thus, o-allylbenzoic acids were converted to isocoumarins by reaction with sodium 
carbonate and palladium(I1) chloride (equation 231)2'3. Five-membered lactones 
resulted from the reaction of 3- and 4-alkenoic acids with Li2[PdC14] (equation 
232)2'4, while conjugated dienoic acids were converted to pyrones in good yield 

(23 1)  

60-96% 
iY X 

IPdC12(CH,Ch'):l 

Ihf. Na2C01 
o - ( C O ~ H ) C ~ H ~ ( X ) C H ~ C H = C H R  - 

R=Me, Et, Pr' 
X=H, 6-C1,7-0Mc 

RCH =CHCHzCO?H 
or Li?[PdCla] 

RCH=CHCHzCHrCOOH 

0 
32-38% 

n=O, 1 
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(equation 233)2'5. a,u,S-Unsaturated oximes were converted to isoxazoles in fair t o  
good yield (equation 234)2'6. 

(233) 
Li:[PdCIdI 

H20 
R2CH=CHC(R')=CHC02H - 4-R' -6-Rz-pyran -2 -one 

65-75% R '=H,  Me, Ph 
R2=H, Me, Ph 

PhH 
HON=C(R')C(R')=CHR3 + [LPdCI2] + PhO- - 3-R'-4-R2-5-R3-isoxazole 

a 

(234) 
R', R3 = Ph, R2 = H 

R' = But, R2 : H, R3 
95% 

= P h  50% 

= Pri 15% 

Nitrogen heterocycles could also be  formed in this fashion. Indoles were formed in 
the palladium(I1)-catalysed cyclization of o-allylanilines (equation 235)'"'. Substituted 
ally1 groups cyclized by attack at  the most substitutcd carbon (equation 236). These 

R' = Ph, R' =Me,  R3 

60-90% 

o - ~ . ~ ~ o ~ 4 C H 2 C H = C M e z  --* (236) 

H 

reactions procceded through unstable a-alkylpalladium complexes, which could be 
trapped by CO (equation 237) o r  conjugated enones'". Tricyclic material was 
formed in an intramolecular version of the  olefin insertion reaction (equation 238). 

CH? =CHC(O)R' J 

H 
R = Mc. OMc 

I 
R 



6 Nucleophilic attack on  transition metal organometallic compounds 459 

(238) 
I PdC12(CHjCN)?J 

~-INHC(O)CH=CH~]C~HJCH~C(M~)=CH~ 

83 % 

The  change in regiochemistry was thought to be  due to thc intramolecular nature of 
the reaction. Seven-membered rings were formed from an aniline having a dienic 
side-chain (equation 239)28". Azepines were formed from an aminohexatrienyl 
system (equation 240)299. 

/ MeOH 

Qa H CHzCOzMe 

34 % 

H2 
4 

Pd 

IH2 

36 % 

COzEt 
54 % 

(240) 

As the last example shows, amides werc sufficiently nucleophilic to attack olefin- 
palladium(I1) complexes. 2-Allylbenzamides cyclized to isoquinolones when treated 
with palladium(I1) chloride and sodium hydride (equation 241)2'3. 2-Amidost ilbenes 
cyclized in a similar manner (equation 242)3"0. Amides of alka-2,4-dienoic acids 

R=H, 68% 
R=Me, 91% 
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Li.[PdChj 
o-(CONHZ)C~H~CH=CHR L 1 -OH-3-R-isoquinoline (242) 

R=p-tolyl, PhCO, CN 37-52% 

cyclized to  pyrid-Zones (equation 243)3"'. Hydrazides of a,@-unsaturated acids 
cyclized to  pyrazol-3-ones (equation 244)302, and unsaturated urea derivatives cyc- 
lized to  uracil (equation 245)303. N,N-Diallyl amides of conjugated acids reacted to 
give a number of cyclic amides (equation 246)3"4. 

RCH=CHCH=CHCONtiz+Et3N + iiz[PdCl4] (243) 
C H K N  

12s "C 
4 6-R- pyridin-2-one 

R=H, Me, Ph 60-65% 

R' 

RCH=C(R')C(O)NHNH2 + Et3N +Liz[PdCL] CHiCN C N :  (244) 
R 

H 

0 35 -42 % 

CHz=CHC(O)NHCONH2 __* +Pd(O)+ H 

H 

MeCH(OH)CH>Me 

3 . S  h 
(CHz=CHCH2)2NC(O)CH=CHz +PdC12 

catalyst 
I 

CHzCH=CHr 

(30 %) 

+ 

MeCHzCH vo +ao 
H I 

10% 30 % 
CHzCH = C HZ 

Aliphatic nitrogen compounds proved to be  considerably more difficult to cyclize 
because of the high basicity and coordinating ability of aliphatic amines relative to  
aromatic amines or amides. w-Olefinic amines cyclized very slowly (8-67 days) when 
treated with [PtCl,]*- in aqueous acid solution (equation 247)3"5. An improvement 

40 60 
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on this process was realized by reacting trifluoromethanesulphonate salts of these 
amines with palladium(I1) chloride, followed by neutralization of the salts with 
triethylamine (equation 248)306. Alternatively, the  tosarnides of these amines readily 

t1=2 0% 
n = 3  65% 
t1=4 76% 

cyclized when heated to reflux with a catalytic (1%) amount of palladium(I1) 
chloride, using benzoquinone as the reoxidant (equations 249-25 Reduction of 
the resulting tosylated enamine (H2, Pd/C) followed by photolytic detosylation gave 
the desired cyclic arnines in good yields. 

@ (249) 
I %(PdCI:(CH.CN)..] 

benzoquinonc.. 
ihf,A. 2 h 

1 -(NHtos) -2 -(CH.CH =CHz)cyclopentane r 

90 % 

(I) HI. Pd/C (2) hi*. ROH 1 

CH? =CHCH?CH(Ph)CHzNHtos + 1 - tosyl-2 -methyl-4-phenyl-4,5- dihydropyrrole 

85 % (250) 

1-(CH2NHtos)- 1 - (CHzCH =CHz)cyclohexanc + (25 1) 

Nucleophilic attack on iron-olefin complexes also has been extensively developed. 
T h e  most generally useful olefin complexes are the cationic olefin species containing 
the [(cyclopentadienyl)F~(C0)~]+ species. They are easily made, react with a wide 
variety of nucleophiles, and the resulting a-alkyliron complexes undergo further 
useful reactions. Alkoxides, mercaptans, phosphites, and phosphines attacked 
[CpFe(CO),(oIefin)]' complexes to give relatively stable adducts (cquation 252)3"9. 

[Fp(q2-CH,=CHR]) ' + Nuc - [Fp{CH2CH(R)Nuc}] (252) 

R = H, Me, Ph, CHO, CH20Me; Nuc = MeO-, Bu'S-, Ph3P, (EtO),P, R2NH 

Secondary amines reacted in a similar fashion, but primary amines underwent a 
double addition (equation 253). The regiochernistry of the reaction reflected nucleo- 
philic attack at the most substituted carbon of the olefin. The  resulting a-alkyliron 
complexes required chemical decomposition to free the alkyl ligand and it was not 
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always possible to isolate the organic product. A notable exccption to this was the 
observation that oxidation of the aminated olefin complexes led to a carbonyl 
insertion rcaction. This formed the basis of an elegant approach to P-lactams, 
utilizing amination of an iron-bound olefin, followed by oxidatively induced CO 
insertion and subsequent ring closure to the p-Iactam (equation 254)310. With 
w-olefinic amines as substrates, bicyclic p-lactams were obtained (equation 255). 
Bicyclic p-lactams were also available from unsaturated ketones, as shown in 
equation 25631‘. 

[Fp(q2-CH2=CHz]+ + MeNH2 + [Fp{(CH&MeNH(CH2)JFp]’ (253) 

Fp(q’-CH?=CHR] + PhCHzNHr --* [Fp[CHzCH(R)NHCHzPh] 

R 

PhCH2’ Qo 
47 % 

t 

CP 

phcH2$J 

I R 

30% overall 

q - co’ p.$ 
0 

72 % 30 % 

XaBH.: I 

J 

52 % 
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A wide variety of carbanions also attacked iron-olcfin complexes"'. Enolates of 
nitromethane, acctoacetates, malonates, and cyanoacetates, as well as the enarnincs 
of isobutyraldchyde, cyclopentanone, and cyclohexanone, rcacted with [Fp(olefin)]' 
complexes of ethylene, propene, styrene, cyclopentenc, cyclohexene, allenc, and 
butadiene (equation 257). The rcgiospecificity depended on both the olefin and the 

(257) 

anion. With propenc the regioselectivity was low, but with styrene, alkylation of the  
benzylic position predominated. T h e  butadiene complex underwent clean 1,2- 
addition followed by a spontaneous CO insertion (equation 258). Allcnc alkylated 

[Fp(q2-CH~=CHCH=CH~)]' + MeO,CCHCO,Me ---+ 

[Fp(q2-CH2=CH,)]' + R- --+= Fp(CH2CHZR)I 

[Fp{CH2CH(CH=CH2)CH(COzMe)zl - p$ ] (258) 

CH(CO,Me), 

cleanly at the terminal carbon. Non-stabilized carbanions such as Grignard reagents 
and organolithiurn reagents reduced the complexes rather than alkylating them. In 
contrast, orpanocuprates reacted in considerably bettcr yield. The phosphonium ylid 
of cthyl bromoacetate alkylated the ethylene complex nicely, and the  rcsulting 
adduct reacted as a typical Wittig reagent (equation 259). 'The related iron complexes 

+ 
[Fp(q '-CH2=CH,)]' + Ph,P=CHCOZEt - [Fp{(CH2)2CH(C02Et)PPhJ 

(1) OH (2) PhCHO (259 I 
[ Fp((CHz)2C(COzEt)=CHPh] 

of enol ethers have also bcen prepared, and they react with carbanions in a number 
of useful ways. These complexes can bc vicwcd as vinyl cation equivalents, and offer 
a procedure for the introduction of vinyl groups a to  carbonyl groups (equation 
260)3'3."4. The complex of thc cnol cther of pyruvic ester was used in a synthesis of 

1 -R'  -2-OLi-3 -R2-cyclohex- I -ene + [Fp(q2 - R3CH=CHOEt)] - 

0 

(260) 
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a-methylene lactones (equation 261)””. Electron-deficient olefins also complexed to 
t h e  Fp’ group, and were activated t o  undergo nucleophilic attack. This was used to 
promote the first step of a classical Robinson annellation (equation 262)3’6. 

+(2: 1) 

90 70 93 % 80% overAll 

[ Fplr]‘-CH?=CHC(O)Me]]+ + 1 -1ithoxycyclohex-1-ene 
\ 

-78 “C \ 

Olcfin complexes of iron tctracarbonyl reacted with stabilized carbanions t o  
produce alkylation product after oxidativc removal of the iron (cquation 263)”17. T h e  
instability of simple olefiniron tetracarbonyl complexes precluded their effcctive use 
in this process, but complexes of conjugated cnones underwent alkylation in good 
yield. Difunctionalization was effccted by treatment of the a-alkyliron complex with 
organic halides (equation 264)””. Dialkylation also resulted when a-halo-a,@- 
unsaturated esters were used as  substrates (equation 265)319. 

1 Fe( CO)j(q’ - CH2 = CHR] + R”CH(C0zR’)r - [Fe(CO)4[CH(R)CH2C(R”)(CO2R’)2]1- 

R = H ,  COzMe 
R ’ = M e ,  Et 

R“=H,  Me 
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[Fe(CO)a [q2 -CHz = C(C1)C02McJ] + XCHY -+ 

X 
- 

1 
XCTY [Fe(CO)4(C(COrMe)(CHXY)CH2CHXY]I- +- [Fe(C0)4( =C(C02Me)CH2CHXY] 

X=C02Me, COzEt (2.64) 
1 
1 Y =COrMe, COrEt, COMe, CN 

MeOzCCH(CHXY)CHzCHXY 

X = CO;Et,.COzMe 
Y=C02Et, COMe, CN 

RrC(O)CH(C02Me)CH(R)CHXY 
40-69% 

D. Nucleophilic Attack on wAllylmetal Complexes 

A variety of n-allylmetal complexes undergo attack by nucleophiles at the n-ally1 
ligand. By far the most extensively studied and most highly developed chemistry is 
that of n-allylpalladium halide complexes. This chemistry has been the subject of 
hundreds of papers, and a number of recent detailed r e v i e ~ s ~ ~ " - ~ ~ ~ .  For this reason 
only the basic principles of the process, selected exampIes of its use, and current 
studies will be presented here. 

.rr-Allylpalladium halide complexes are  yellow, air stable, crystalline solids which 
are generally prepared directly from olefins by reaction with palladium(I1) salts under 
a variety of They are rather inert to a variety of chemical reagents, and 
for this reason had been little studied until it was observed that, in the presence of 
strongly coordinating ligands such as phosphines or dmso, nucleophiles readily 
attacked the r-ally1 ligand (equation 265a). Early studies used stabilized carbanions 

[PdCl(q3-ally1]2 + excess L+ Nuc-' - Nuc-CH2CH=CH2+ [L,Pd] (265a) 

such as m a 1 0 n a t e ~ ~ ~  or ketone e n a r n i n e ~ ~ ~ "  as nucleophiles. In more recent studies, a 
range of stabilized carbanions (PIC,,= 12-18) have been used in this allylic alkylation 

With unsymmetrical rr-allylpalladium co,nplexes the regioselectivity of 
attack was strongly dependent on the specific structure of the complex, the nature of 
the carbanion, and the specific reaction conditions employed. Usually, however, 
alkylation at the less substituted ally1 terminus predominated (equation 266). With 
cyclic 7i-ally1 complexes, attack at the exocyclic position predominated (equation 
267), and the carbanion was shown to attack from the face opposite the metal, 
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CH(C0zR)z CH(C0zR)z 
+ PSC(=CH2)CH(Et)CH(C02R)z 

P S  4 Et 

XCHCOzXle 

PhzP(CHi):PPh: 

. / 
v 

8 1 

NaCH(C0zRh thf. PPh, 

MCSO~CHCO~MC 
Ph,P. thf 

I 
[ PdC1(q3 - 1 - Et - 2 -PS - allyl)]z PSC [ CH2CH(SOzMe)C02Me] = CHEt 

indicating that prior coordination of the nucleophile was not required3”’. This 
chemistry has been used in a number of interesting syntheses, including alkylation of 
cholestanone and testosterone at  the 6-position (equation 268)332, the synthesis of 
steroids possessing abnormal stereochemistry at C-20 (equation 269)333, and the 
synthesis of vitamin A and related compounds (equation 270)334. 

r 

( I )  Cx(CO2Mc):. dmso 

0 & 
H X  vC02Mc 

\ F! 1 
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SO2Ph 
[PdCl(q3- 1 -CH20Ac-2-Me-allyl)]z + 

R 

Me Me 

R= 6c=cH- 
I’hiP \ dmf 

I 
SOzPh 

R U O A c  

52 % 

Until recently, this reaction was restricted to the usc of stabilized carbanions (pK,  
12-17). Non-stabilized carbanions tended to destroy thc .rr-allylpalladium complexes, 
but produced none  of the desired alkylation product. However, as is often the case in 
organomctallic chemistry, both the success and course of these reactions werc 
strongly dependent on the reaction conditions. Recently, .rr-allylpalladium complexes 
have been alkylated by ketone enolates, in a rcaction shown to occur by attack of the 
carbanion from the face opposite the palladium (equation 271)33s. In contrast, 
alkylation (by the mcthyl Grignard reagent) of a .rr-allylpalladium complex which 
could not undcrgo elimination to a diene occurrcd from the same face occupied by 
thc palladium, indicating a change in mechanism (cquation 272)3””. Finally, reaction 
of .rr-allylpalladium complexcs with a-branched ester enolates led to nucleophilic 
attack at  the cenrral carbon of the  .rr-ally1 group, producing cyclopropanes (equation 
273)337. Clcarly this re; ion procecdcd by a unique mechanism. 

OMe OMe 
v 

f= 
60 % 

70 % 
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Other T-allylmetal complexes also havc been reported to react with carbanions at 
the T-ally1 ligand. .rr-Allyliron dicarbonylnitrosyl complexes reacted with stabilized 
carbanions in  much the same fashion as did m-allylpalladium halide complexes, 
leading to mixtures of allylic alkylation products (equation 274)338. Cationic T -  

[Fe(CO),(NO)(q3-l-R-allyl)] + XCHY --+ --+ RCH=CHCH,CHXY 
CO 

R = H,  Me, Ph 

+ CH,=CH(R)CHXY (274) 
77-95 % 

X = COMe, CO,Et, C02Me,  CN 

Y = COzEt, S02Ph 

allyliron tetracarbonyl complexes reacted with dialkylcadmium reagents and with 
acetoacetate anion to produce allylic alkylation whereas cationic cyclo- 
pentadienylmolybdenum nitrosyl carbonyl complexes reacted with nucleophiles to 
give neutral .rr-olefin complexes (equation 275)3"0. Finally, cationic cyclopentadienyl- 

[MoCp(CO)(NO)(q3-allyl)]' + Nuc- ---+ 

Nuc-' = H-, CSH,-, MeO-, AcO- 

m-allyl-molybdenum and -tungsten complexes reacted with methyllithium at the 
central carbon to produce a stabk metallacyclobutane complex (equation 276)34'. 
This  pattern of reactivity resembles that of equation 273, although it is not known if 
there is, in fact, any correspondence in mechanism""'. 

[MoCp(CO)(N0)(q2-CH2=CHCH2Nuc] (275) 

[MCpz(q3-allyl]' + Nuc- - [ cp,h4*uc] (276) 
M=Mo,  w 

Nuc- = H-, CH3- 

Nucleophiles other than carbanions also rcact with rr-allylmetal complexes. 
Amines have been most extensively studied, again with .rr-allylpalladium complexes. 
Simple T-crotylpalladium complexes reacted with dimethylamine in the presence of 
phosphines to produce the corresponding allylamine in good yield3'". The stereo- 
chemistry of this process was shown to be cleanly trans, as shown in equation 27734". 

The  mechanism of both alkylation and amination of T-allyipalladium halide 
complexes had been assumed to involve formation of a cationic sr-ally1 species by 
displacement of chloride by phosphine, followed by nucleophilic attack at the T-ally1 
ligand. Evidence for this mechanism in the alkylation process came from the  
observation that t h e  product distribution from the  alkylation of a rr-allylpalladium 
chloride complex and the corresponding pre-formed his-phosphine cat ionic complex 
were identical (equation 278)33'. However, in a careful study of the amination of T- 
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allylpalladium complexes in the presence of excess of phosphine, n o  cationic complex 
was detected by conductimetric measurements in thf.  N.m.r. spectra of .rr-allylpal- 
ladium-phosphine mixtures also showed n o  cationic species, but rather an equilibrat- 
ing a-rr-allyl system when greater than two equivalents per palladium were added. 
In  contrast, addition of AgBF4 to .rr-allylpalladium chloride complexes followed by 
addition of two equivalents of phosphine clearly generated the desired cationic 7r- 
allylpalladium complexes. The rcgiochemistry of amination of .rr-allylpalladium 
chloride complexes in the presence of added phosphine was different from that 
obscrved in the amination of the preformed cationic species, and different mechan- 
isms for the two processes wcrc pr~posed”~’ .  

BFC A l-methylene-2-[CH(C02Me)(S02Me)]cyclohexane 
7 5  % 

L 

%[PdCI(q’-I, 1 -dimethylallyl)]z 

[ PdL(q3-I, 1 -dimethyIallyl)]+ + BF4- P ~ C ~ ( L ~ ) ( C H ~ C H = C M C ~ ) ]  

M C ~ N H  Ss2’ (279) I 
CH,=CHC(Me)2NMe2 

>90% 

i Me:NH 

MezNCHzCH =CMe2 

>90% 

T h e  reactions discussed above arc useful for the direct allylic alkylation and 
amination of olefins, but suffer from requiring stoichiometric amounts of expensive 
palladium salts. A related and potentially more useful process is the palladium(0)- 
catalyscd nucleophilic substitution of allylic compounds (equation 280)346.3.17. A wide 

CH2=CHCH,X+ [L4Pd(0)]catalyst + Nuc - CH,=CHCH,--Nuc 

X = OAc, OOCR, OPh, OH, NR,, S02Ph,  oxirane (280) 

range of allylic leaving groups including acetatcs and other estcrs, ethers, alcohols, 
amines, sulphinates, and epoxides wcrc found to react in this system and the most 
common nucleophiles were stabilized carbanions and amines. With chiral allylic 
substrates the net process was found to proceed with retentiott of configuration, 
presumably from two inversions (see below). The  reaction was thought to proceed by 
oxidative addition of thc ally1 substrate to f h c  palladium(0) complex to form the 
same cationic n-ally1 complex proposed in thc stoichiometric reactions discussed 
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above. Nucleophilic attack o n  this species produces the observed allylic substitution 
product and rejienerates the palladium(0) catalyst (equation 281)”Jx. This mechanism 

CHZ=CHCHZX + [L,Pd(!))] - [PdX(L)(CH,CH=CH,) 

Nut- 
[L,Pd(O)] + Nuc-CH,CH=CH-, - [Pd(L,J(v ’-allyl]’X- 

fits well the observed stereochemistry, net  retention, resulting from an inversion in 
the oxidative addition step, and another one in the nucleophilic attack step. How- 
ever, when ally1 acetate reacted with [Pd(Ph3P)4], 1 1 0  .rr-allylpalladium acetate was 
formcd. Indccd, n o  apparent reaction occurred, although later studies showed in fact 
a 1,3-shift of acetate had occurrcd. Thus, if  t h e  first step of the proposed mechanism 
is correct. it must be readily reversible and .rr-allylpalladium spccics must be present 
in only vcry small concentrations {the more basic palladium complex [(Cy3P),Pd] did 
form T-allylpalladium complexes when reacted with allylic  acetate^}^,". It was also 
observed that the  pre-formcd chiral complex, [z-cyclohexenylpalladium{(+)- 
diop}]‘BF,-, reacted with diethyl malonatc to give lower optical yields than thc 
corresponding catalytic reaction of cvclohexcnyl acetate with [I‘d(( + )-diop}J and 
dicthyl malonateTIS‘). I t  was claimed that this catalytic reaction proceeded via s N 2  or 
SN2’ displacemcnt of cr-allylpalladium intermediates, rather than by djrcct nucleo- 
philic attack o n  a cationic .rr-alIylpalladium complex. In turn, this interpretation has 
recently been questioned”’, and the controversy continues. 

Whatcver the mechanism, this reaction has been used extensively in organic 
~ y n t h e s i s ~ ’ ~ - ~ ~ ’  . Stcroids having t h e  natural configuration at C-20 were synthesized 
using a palladium(O)-catalysed side-chain elaboration involving two inversions (equa- 
t ion Z32)333. Similar chemistry was used to elaborate the side-chain of the steroid 

Me Me 

Me I 

R =  

ecdysone””’. Since t h e  carbon-carbon bond-forming step in the catalytic process 
ostensibly is the same as in t h e  stoichiometric reactions discussed above, the  catalytic 
process shares many of the  features of t h e  stoichiometric process. Thus, the regio- 
selectivity of t h e  catalytic process depended on the nature of thc carbanion and on 
the structure of the substrate. With cyclic allylic acetates, attack at the exo terminus 
of the ally1 system predominated34x. The reaction was spccific for allylic acetates, and 
primary bromides in the same molecule did not  react””. Allylic acetates of enol 
ethers underwent clean alkylation by stabilized carbanions without loss of or reaction 
at the sensitive cnol ether group35’. Ally1 acetates reacted in prcfcrence to allylic 
alcohols, a feature uscd to an advantagc in the synthesis of chrysanthemic acid 
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(equation 283)3s43. The complex [Fe(CO),NO]-Na" also catalysed the allylic alky- 
lation of simple ally1 acetates and formates by malonie esters3"". 

OH OAc 
+ XCHY 

( 2 )  AQO 

X=CN, COrMe, C02Bu' 
Y=C02Bu', CN, C02Et. SOzPh 

60-90% 

Nsn 

70 % 

More highly functionalized allylic substrates also underwent clean allylic alkylation 
with stabilized carbanions. Vinylsilanes were produced from the palladium(0)- 
catalysed allylic alkylation of tnis-containing allylic acetates (equation 284)31"', re- 
gardless of the initial position of the  trimethylsilyl group. Enamines were also 
acceptable nucleophiles (equation ZSS). Cyanohydrin acetates of allylic aldehydes 

40-70% 

tms noAc J 
-OAc + 1 -(pyrrolidir?-1 -yl)-6-R-cyclohex-l -me 

IPJI-II (285) \ 
tms 

2 -(CHzCH= CH -tins) -6 -R -cyclohexan-2 -one 

65-71% 

underwent clean SN2' allylic alkylation (cquation 286)"'". Allylic epoxides underwent 
a similar ( S J )  alkylation when catalysed by palladiuni(0) complexes (equation 287). 

x COzMe 

(286) 
I P J L l  

OAc d,cN +XCHKOrMe - 
CN n-pentyl FiaH n- pent y 1 

X=COMe, COzMc 
60-70% 
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(287) IPdLl  
I -R-2-vinyloxirane + Nuc RCH(OH)C€!=CHCH~-NUC 

64-92% Nuc = stabilized C- or pyrrolidine 

This process was used to synthesize terpenes (equation 288)3'7. With these allylic 
epoxides, the initial ring opening generated an alkoxidc which could serve as the 
base to form the carbanion for nucleophilic attack. Thus, external generation of the 
anion was not required358. This palladium-catalysed reaction complemented the 
normal alkylation of ally1 epoxides, since the regiochernistry was different (equation 
289). Ally1 sulphones were capable of reacting both as the carbanion (equation 290) 
and as the substrate for allylic alkylation (equation 291Y9. 

C02Me 

(288) 

w IPdLl 
2-Me-2-vinyloxirane+MeCOCH2COzMe - HO 

NJH 

1 
h1eCOCH:CO:Me 

AcO Me02C Meu NaH Pd(0) 

1 
I 
v 

COzR 
RO2C 

-Q X 

L,W/DMSO I 

0 
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4 
MeOzC 

W v C O & l c  

MeOzC 

88 % 

Studies of this palladium-catalysed allylic alkylation process have mostly been 
restricted to stabilized carbanions (cquation 292)3G". Howcver, by changing the 
catalyst from [PdL,] to a (dppe) palladium catalyst generated in siru from [Pd(dba),], 
simple ketone cnolates reacted well (equation 293)""'. 

I 
C 
111 
N 

PhSOz 
83-90% 

41 -83% 

9, OAc $ , O b ,  \ 6 OLi ' Ph OLi, 

OAc 

Control of stereochemistry in acylic systcms is among the most difiicult of 
problems faced in organic synthesis. Thc stcrcospccific nature of both the formation 
of .rr-allylpalladium complexes and their reactions with carbanions has been used to 
relay the stereochemistry of one chiral centre to a remote position in conformation- 
ally mobilc systems3"'. Thus, organopalladium chemistry was used to  transfer the 
chirality of a vinyl lactone moiety to the  remote vinylic carbon, producing an 
intermcdiate having two chiral ccntres in a 1,5 relationship (equation 294). For the 
proccss to succced, formation of thc -Tr-allylpalladium complex must proceed oidy 
from the conformation shown, thc -Tr-allyl complex must maintain the stereo- 
chemistry, and the nucleophile must attack regiospecifically at thc terminal carbon of 
the r-ally1 system. All of these criteria were met, and the reaction went in 90% yieid 
with greater than 95% stereoselectivity. This chemistry was used to  synthesize the 
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CI 
,Pd, 
/ 

1 

C0.H CH(COrMe)2 
H 

H ~. 

side-chain of vitamin E (equation 295)3””. Similar chemistry was used to  transfer 
chirality in the palladium(0)-catalysed rearrangement of vinylogous lactones to cyclo- 
pentanones or cycloheptanones (equation 296)304. 

+ -CH(CO?Me)r 

OR 

R=H. Me 
R‘=NMc?. OBu’ 

95 % Q 
diastereomerically pure 

I 

1 
(295) 

CO2Me 

93 -98% 
or 

up to 98% (depending on catalyst) 
Intramolecular palladium(0)-catalysed allylic alkylation rcactions have been 

developed for the synthesis of cyclic c ~ m p o u n d s ” ~ - ~ ” .  Medium-sized rings were 
produced in good yields from the allylic acetates shown in cquations 297-299, and 

0 

S. iH.IPdL1 ____, 
P t 6 0 2 A A  d p p .  1111 F ‘ h S O 2 ~  (297) 

88 % 
AcO J 
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0 

MeOK 
COrMe 

formation of the Iarger of thc two possible ring sizes was always f a v ~ u r c d ' ~ ~ .  This 
corresponded in all cases to alkylation at thc least substituted (most favoured) 
terminus of the m-ally1 ligand, indicating, as could bc expectcd, that the metal was 
exercising primary control over the rcaction. 

By proper choice of starting materials virtually any ring size was accessible by this 
chemistry. Thus, 6,4-fused ring systems, bicyclooctanc [2.2.2] ring systcms and 
6,s-fused ring systems wcre synthesized by this approach. Macrolide lactones includ- 
ing cxaltolide, recifeiolidc, and other twclvc-, fourteen-, and sixteen-membered ring 
compounds, and the  eleven-membered carbocyclic sesquitcrpene humulcnc3"", were 
synthesized by this p r ~ c e d u r e ~ ~ ' .  

In  contrast, with allyl phcnyl ethers as substratcs, palladium-catalysed allylic 
alkylation resulted in the formation of the smaller of the two possible ring sizes, 
resulting from nucleophilic attack at the most substitutcd allyl terminus (equations 
300 and 301)'". This cyclization was used to synthesize highly substituted five- and 
six-membered rings as intermediates for the synthesis of 36x. T h e  
five-mcmbered p -carboxy-a-methylene cyclopentanone sarkomycin was synthesized 
using this procedure. 

Pe"=n-pentyl 87 % 

Pd(0Ac):. Ph2P 
MeOXCHrC(O)(CHr)3CH=CHCHrOPh - 2-COrMe-3-vinylcyclohexan-1 -one 

62 % 
(30 1) 

Reaction of the bifunctional allylic acetate shown in equation 302 was claimed t o  
produce a triniethylenemethanc complex, which reacted with conjugated enones to 
result in a cycloaddition. This was thought to  procced by a combined nucleophilic- 
electrophilic attack s e q ~ c n c e ~ ~ ~ . ~ ~ ~ ' .  With unsymmetrical allyl acetatc trimcthyl- 
silanes, the most stable (least substituted) .rr-allylpalladium complex formed (equa- 
tion 303)'". 
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via \I 1 - 

COzMe 

CO? 
Me 

trns-CHK(= CHr)CH(OAc)Me + [ PdL41 --P [;d(L2)(q3 -2  -CHMe-allyl)] 
not 

Iph(L2)(q3- 1 -Me-2-CHz-allyl)] (303) 

chroinrn -2 -one 1 

do 
Nucleophiles other than carbanions have been used in palladium-catalysed allylic 

substitution reactions. Acetate itself was a sufficiently strong nucleophile to attack 
the .rr-allylpaIladium complex of a sulphone (equation 304)372. Palladium-cataiysed 
rearrangements of allyl acetates probably occur by an intramolecular nucleophilic 
attack (equation 305)373. With chiral allyl acetates this rearrangement occurred 
stereospecifically (equation 306)"74. Ally1 acetates wcre converted to tosylates by a 
palladium-catalyscd reaction with the sodium salt of p-toluenesulphonic acid (equa- 
tion 307)37s. 

AcO- 

[PdCl(q3- 1 -R-3-SOztol-allyl)]? ___* RCH(OAc)CH=CHS02tol (304) 

R=Ph, H, Me, n-c l9  
60-80% 

IPdLI  

rhf. 25 "C 
R3(R4)C=C(R2)C(R1)(CN)OAc - AcOCCR3(R4)C(R')=C(R')CN (305) 

50-80% 

stereospecific 
76% yield 
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MezC =CH(CH?)zC(Me)(OAc)CH =CHz + tosNa-HzO 

I P d k ]  cat. ‘hf’McoH (307) \ 
MezC=CH(CH2)zC( Me) = CHCHztos 

84 % 

Palladium-catalysed aminations of ally1 acetates has been used to synthesize the 
basic ring systems of the actinabolamine (cquation 308), ibogamine (equation 309), 
and mcsembrine (equation 310) alkaloids37“. This chemistry was used in an elegant 
synthesis of ibogamine (cquation 31 1)377 and thc closely related alkaloid catharan- 
thine378. In these latter systems, the bicyclic amine was formed by an allylic 
amination, while the cyclization at the 2-position involved nucleophilic attack (or 
insertion) on a palIadium-olefin complex373. Spirocyclic amines were synthesized in a 

(308) D IPdLl 3 -0Ac -5  - (NHCH2Ph) -cyclohex - 1 -cne L_, 

rN C31 

Ph 
67 % 

[ P d L l  cat. 
3-OAc-4-(CH,NHCH~R)-cyclohex-l-ene 

n 
IPdLJI cat. 

3-OAc-4-[(CH2)2NHCH2Ph]-cyclohex- 1 -ene - 
ii LPh 

>50% 

(309) 

H 
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similar manner (equation 312) although few data concerning the  purity of the 
products were given3'". A variety of pyridine-containing diarylallylamines were 
synthesized using this same type of reaction (equation 313)381. 

2-[(CH~)~NHCH2Ph]-6-OAc-cyclohex-l -ene -+ [PdLIcai .  @ 
E11N. M e C S  

>95% 

3-Py, 4-Py, 2-Py 
X = H ,  4 -F ,  4-C1,4-Br, 4-OMe, 2-Br 

Conjugated dienes react with palladium salts to produce 1 -substituted T-allyl- 
palladium complexes, which can react further with nuclcophiles to lead to some 
interesting and useful compounds. Acetoxypalladation of butadiene, followed by 
amination of the resulting .ir-allylpalladium complex with secondary amines, pro- 
duced 1 -acetoxy-4-dial kylaminobut-2-enes, whereas the use of primary amincs gave 
pyrroles in modest yield (equation 3 14)? Diencs were dialkylated or methoxyalky- 
lated in  a similar fashion (equation 315)3R3. T h e  stereochemistry of the introduction 
of t h e  second nucleophile could be controlled by appropriate choice of reaction 

RCH=C(CR2)C(R3)=CHR4 + PdCI2 + HOAC + CuCl 

[PdCl{v '-1 -R'-2-R2-3-( R3)CH(R4)OAc-a1lyl], 
/ 7 0- 1 00% 

Me2NCH2CH=CHCH20Ac l-R-2-R'-3-R2-4-R3-5-R4-PymoIe 
12-45 %o 

buta-1,3-diene+ PdCI, - 
IZS(X)Y 

[PdCl(r)3-l-CH2C1-allyl)]2 RC(X)(Y)CHZCH=CHCH,C(X)(Y)R 
35-9OYo 

XleOH 

MeOCH2CH=CHCH,CH(C02Et)2 

(315) 

CmCOIE1), 

I 
[PdCl(v3-l-CH20Me)allyl)12 

R = H ,  Me, Ph, PhCH2, OHCNH 
x, Y = C0,Et 60% 
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conditions'84. w-Allylpalladium complexes underwent amination by  secondary 
amines in good yield (equation 316)3'5. Dienes were 1,4-acylated-alkylated via 
nucleophilic attack on w-allylcobalt complexes (equation 317)38". 

CH2=CHCH(OMe)2 
MeCH=CHBr + Pd(0) - MeCH=CIIPdSr 

MeCH=CI-ICH,CH(PdBr)CH(OMe), 

(316) 
co 

Na[Co(CO),] + RX - [RCo(CO),] - [RC(O)Co(CO),] 

hula- I .3-dicne (317) I 
XCHY 

XCH(Y)CH,CH=CHCH*COR - [Co(CO>,(q 3- 1 -CH,COMe-allyl)] 

E. Palladium-Catalysed Telomerization Reactions of Conjugated Dienes 

Conjugated dienes react with nucleophiles in the presence of palladium acetate/tri- 
phenylphosphine catalysts to produce dimers with incorporation of the nucleophile 
(equation 318). Nucleophiles such as water, alcohols, carboxylate salts, ammonia, 

I"K0) c;,1. 
buta-1,3-diene + YH ---+ CH2=CH(CH,)3CH=CHCH2Y 

(major) + CH,=CH(CH2)3CH(Y)CH=CH? 

(mi nor) (318) 

amines, enamines, nitroalkanes, and stabilized carbanions participate in this reaction. 
The  mechanism has no t  been studied in detail but is thought to involve a 
palladium(0)-catalysed dirnerization of butadiene, followed by nuclcophilic attack o n  
the resulting r-ally1 complex (equation 319). 

Both the lelomerization reaction itself and t h e  chemistry of the resulting products 
have been extensively rc~iewed'~) ' - '~~. '~ ' -~~" '  , and only minimal coverage will be 
presented here. With acetate as the nuclcophile, the resulting telomer was converted 
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to a 1,5-diketone (equation 320), which was used as a bis-annelation reagent to 
synthesize The other (major) isomer of this telomerization was used to 
synthesize macrocyclic lactones, including diplodialide C, lasiodiplodin, 
z e a r a l ~ n c ” ~ * ~ ~ ~ ,  and dehydroxy-trans-res~rcyclide~”‘. With carbanions as nucleo- 
philes, a variety of telomers were prepared (equation 321)327, and were used further 

buta-1,3-diene + AcOM - CH2=CH(CH2)3CH(OAc)CH=CH2 Pd cat. 

CH2=CH(CHZ),C(O)CH=CH, 

A- (320) 
PdClz/CuCl 

MeC(0) (CHz),C(O) (CH2LY ‘ o2 CHZ=CH(CHz),C(O) (CH2)zY 

Y = enolate of C, D-steroid ring system 

Pd(OAc), 
buta- 1,3-diene + ACH(X)Y - CHz=CH(CH2),CH=CHCH2C(X)(Y)A 

Ph,P 

(321) 
X=Y=COzEt ,  A = H  

X = COzEt, Y = COMe, A = H 

X = SO,Ph, Y = COzMe, A,= H 

X = Y = C02Me, A = NHAc 

X=COMc, Y =NHAc, A = R 

X =  COR, Y = OH, A = R 

X = NOz, Y = CH3, A =  H 

in natural product s ~ n t h e s e s ~ ” ~ .  With amines as nucleophiles, tertiary amines usually 
resulted. Thus ammonia incorporated three octadienyl chains, as mixtures of regio- 
isomcrs, primary amines incorporated two octadienyl chains, and secondary amines 
incorporated one octadienyl chain38”. 

This telomerization reaction, and the products of it, continue to be exploited in 
synthetic chemistry. The telomer from butadiene and phenol provided the substrates 
for the cyclization reactions of allylphenyl ethers discussed above (equation 300 and 
301), as shown in equation 3223G7. It also served as the basis for a number of 
synthetic approaches to  steroid^^^".'^^.^"". 

Pd(0Ac) buta-1,3-diene + PhOH CHz=CH(CH2)3CH=CHCH20Ph 

Me02CCH2C(0)(CHz)3CH=CHCHzOPh +-- - PdCI,/CuCI O2 \ 
MeC(O)(CHZ),CH=CHCHzOPh 

Glycols reacted with butadienes and palladium catalysts to give octa-2,7-dicnyl 
monoethcrs of the glycol (equation 323)””. Monodienols were synthesized by the co- 
telomerization of butadienc, isoprene, and water (equation 324)39”. In both cases, 
mixtures of isomers werc obtained. 
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I OH 

+ + (324) 

Ammonia and butadiene telomerized to give mixtures of tertiary octadienylamines 
(equation 325)3'4. Small amounts of water were required by the reaction. Isoprene 
and ammonia telomerized to give an incredible mixture of amines (equation 326j3". 
Butadiene and secondary amines or carboxylic acids telomerized with a polymer- 
supported palladium(0) catalyst to give almost exclusive terminal amination (equa- 
tion 327)3"". Secondary amines and butadiene tclomerized in the presence of nickcl 
catalysts containing chiral phosphites of sugars to give amine telomers with some 
optical activity. In normal cases, however, six to ten different products were 
obtained""'. 

I " l ( O A C ) ,  
buta-1,3-diene + NH3 [CH2=CH(CH2)3CH=CHCIHz]3N 

+ [CH,=CH( CHJ ,CH=CHCHJzNCH(CH=CHJ (CHJ 3CH=CH2 (325) 

~ P ' K : ~ ~ ~ ~ ) J  
NH3 + CH,=CHC(Me)=CH, RC(Me)(NH2)CH=CH2 

P(OR).I 

i- RCH(NHz)C(Me)=CH2RCH=C(Me)CH2NH, 
+ RCH=C(Me)CH,NHCH(R)C(Me)=CH, + [RCH=C(Me)CH2I2NH 

+ [ RCH=C(Me)CH2I2NH + [RCH=C(Mc)CH2I3N 

40-60% overall 

R = CH,=C(Mc)CH,CH, (326) 
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(70% P-loading) 

\\\ 
I 

buta-1,3-diene + R2NH + @ - CH2=CH(CH2)&H=CHCH2NR2 

(327) 92- 1 00 yo I 
CHZ=CH(CH~),CH(NR~)CH=CH~ P4O) 

cat. 
-=C 7 '/o 

F. Nucleophilic Attack on Cationic n-Dienyl Complexes 

Iron carbonyl reacts with conjugated dienes to produce remarkably stable diene 
iron tricarbonyl complexes. Once complexed in this manner, the reactivity of the 
diene is drastically altered. For example, the dime in (q4-butadiene) tricarbonyliron 
is inert to catalytic hydrogenation, and unrcactive in a Dick-Alder reaction towards 
maleic anhydride. The complex undcrgoes Friedel-Crafts acylation reactions without 
suffering dccomplexation from the  metal. Cornplexcs of this type are rather inert to 
nucleophilic attack, although reactive carbanions have recently been reported to 
attack n-cyclohexadiene iron complexes, producing alkylated cyclohexenes o n  proto- 
nation418. However, diene complexes having allylic hydrogens undergo a hydride 
abstraction process to produce cationic dienyliron complexes which arc fairly reactive 
towards nucle~philes~~"."". 

Cyclohexadienyl complexes have been most extensively studicd. Since substituted 
cyclohexadienes are readily available by Birch reduction of substituted aromatics, a 
variety of substrates are readily available. Both cyclohexa-1,3- and -1,4-diene 
reacted with iron pcntacarbonyl to produce tricarbonyl(cyclohexa-1,3-dienc)iron in 
fair yield. Treatment with triphenylmethyl tetrafluoroborate produced the cationic 
dienyl complcx in excellent yield, by abstraction of an allylic hydridc (equation 328). 
This is a general approach to these compounds and cyclohexadienyl complexes 
containing rnethoxy, methyl and carbomethoxy groups have been made in a similar 
manner. 

(328) 

These cationic complexes werc generally reactive towards nuclephiles, regenerat- 
ing the  cyclohexadienciron complex in the process. The nucleophiles ranged from 
organo-lithium4"", -copper4", -cadmium, and -zinc3"' reagents (equation 329) 
through ketone enolates (equation 330)," and nitroalkyl anions (cquation 331)4"2, to 
nucleophilic aromatic compounds such as indoles (equation 332)""' and di- and tri- 
methoxybenzenes (equation 333)'03. Phthalimide also attacked thcse complexes 
(equation 334)4"4. In all cases, nucleophilic attack occurred at the terminus of the 

(33-9) 



6 Nucleophilic attack on transition metal organometallic compounds 483 

[ FeR(C0)3 1' + I ,2,4-trimethoxybenzene + 

[ FeR(CO)3]+ + cyclohexanone 

70 % 

(330) 

5 -(cyclohexan- 1 - one-2-y1)cyclohexa- 1,3-diene 

75 % 
R as in equation 328 

k - - F e ( C O ) .  (333) 

Me0 

R as in equation 328 

3 

[FeR(C0)31+ + (phthalimidel- + 

- 

[ FeR(CO)j]+ + 2-methylindole - 
R as in equation 328 

(334) 

[Me0 OMe 

(332) 

1 
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r& -Fe(C0)3 

COzMe 

- 

dienyl system, and from the face opposite t h e  metal. The  resulting diene could, in 
principle, b e  released from the tricarbonyliron fragment by treatment with an amine 
oxide. 

T h e  tricarbonyl(2-methoxycyclohexadienyl)iron complex has proved especially 
useful for organic synthesis, as it undergoes nucleophilic attack a t  the terminus 
remote from the methoxy group, and is thus a synthetic equivalent to a cyclo- 
hexenonc y-cation. The 1 -rnetlioxy-4-methylcyclohexadienyl complex reacted ex- 
clusively at the methyl-bcaring position with a large number of stabilized carbanions 
(equation 335)"". Complexes of bicyclic ring systems behaved in a similar manner, 
permitting the  introduction of angular alkyl groups in the absence of stcric hindrance 
(equation 336). Whcn substitution in the non-complexed ring blocked the angular 
position, attack at the other terminus of the dienyl system was observed (equation 

r OMe 1' 0 

.Me _I R" "Me 

t 

i f 

Et,N 

CH..CII. -78 -4 "C 

L 

M e 0  Rm (337) 

( I )  MejNO 

CO2Me & 
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-& OMe ( c o ) j + + R - -  - ( c 0 ) 3 F b R - -  OMe 6 R - L .A 

X=Y=CN 
X=CN, Y =C02Me 

Otms 

Lc,i"o'3 

L 

COzMe 

OAc 

OMe 1 

L J 

COzMe 

( 2 )  ( I )dbn M q N O  qlr (340)405 

337). Intramolecular alkylation reactions of these complexes were used to make 
spirocyclic compounds (equations 338-340)39". 

Other  related complexes have also been studied. T h e  isomeric methoxy complex in 
equation 341 underwent alkylation by a variety of carbanions including trimethyl- 
silylenol esters t o  give alkylated c y c l o h e ~ e n o n e s ~ " ~ .  T h e  2-0-trimethylsilyl cyclo- 
hexadiene complex formed a cationic dienyl complex which underwent facile aikyla- 
tion (equation 342), whereas the 1-0-trimethyl-silyl complex simply gave a stable, 

+ P h C +  - % 

R = C N -  61 % 
R = -.CH(CO?Me)? 40% 

OH 

6 F e ( c 0 ) 3  
90 % 

R -  
4 

OH 

R 

neutral dienonc complex upon reaction with triphenylrnethyl cation (equation 
343)407. T h e  absolute configurations of the iron tricarbonyl complexes of l-rnethoxy- 
and 1 -methoxy-4-methylcyclohexadienc were assigncd by a process of conversion to 
the cationic dienyl complexes, stereospecific alkylation, and degradation of the 
product to compounds of known absolute configuration (equation 344)40ti.J')9. 



486 Louis S. Hegedus 

Otms 

L J 
40% e.e 

+PhJCi + 

0 

Q 

1 

(343) 

(344) 

Cationic tricarbonj ~ cyclohexadicnyliron complexes have been extensive.,! usec in 
organic synthcsis""'. An early example was the synthesis of a bcnzofuran derivative 
via the reaction of a cyclohexane-l,3-dionc with a methoxydienyliron complex 
(equation 345)41 I .  0-Keto esters reacted similarly (cquations 34h4I2 and 347413). This 
chemistry was used in an elegant synthesis of the tricothccenes (equation 348)"'". 
Similar chemistry was used to synthesize ii portion of the aspidosperma alkaloid ring 
system (equation 349)"" and steroid interrnediatcs (equation 350)4'fi.4'7. 

MeoQ 
Fk(CO)? 

t 

+5,5 -dimcthylcyclohexane- 1,3-dione 

r H 

.[OH\ 

(CO)3Fe' 

0 
L 

95 70 

(345) 
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90 7% (1  : 1 mixture of epimers) 

Meih’O 

84 % 

NaBHr 1 

(346) 

(347) 

A number of othcr cationic complexes containing unsaturated hydrocarbon ligands 
arc known, and virtually all of them react with nucleophiles. Since many of thcse 
have two or morc sites available for nucleophilic attack, the regiochcrnistry of attack 
is variable. Recently, three rules have been proposed (and substantiated by numer- 
ous cxamplcs) that permit the  prediction of the most favourable position of nucleo- 
philic attack o n  18-clcctron organo-transition metal cations containing unsaturated 
hydroarbon ligands, including olefin, 7i-ally1, diene, dienyl, and arene l i g a n d ~ ~ ‘ ~ .  
Ligands were classificd as to whether an even  or odd number of ligand carbons were 
attached to t h c  metal, and as to whether the carbon ligand was cyclically conjugated 
(closed) or not  (open) (Fig. 1). The rules werc: (1) nucleophilic attack occurs 
prefcrentially a t  even coordinated polyenes which have n o  unpaircd elcctrons in t h e  
HOMOS; (2) nucleophilic addition to opcn coordinated polyenes is preferred to 
addition to closed polyenes; (3) for even open polyencs, nuclcophilic attack at the  



488 

- it &COzMc 
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r 

Fe(CO)3 

Me COzMe 

Fe(C0)j 

i- 

Me COzMe 

12. I3 -epoxy-14-methoxytricothecene 

\ 

(348) 

0 ’  f l O M e + +  
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Mil 
even 
open 

m 
M 

M 
odd even even M 
open open 

closed odd 
closed 

TJ) 0 
I I 

I& M M 
odd odd even 
open closed closed 

FIGURE 1. Classification of unsaturated hydrocarbon ligands 

terminal carbon atom is always prcferred; for  odd open polycnyls, attack occurs at  
t h e  terminal carbon only if ML,,' is a strong electron-withdrawing group. These rules 
wcre  illustrated with over 100 examples. 

G. Nucleophilic Attack on T-Arene 

T h e  complexation of an  a rene  to a transition metal has a profound influence o n  the  
chemistry of that arcnc. T h e  chemical consequences of complcxation a re  summarized 
in Fig. 2"", and most arise f rom the strong electron-withdrawing abilities of the metal 

Enhanced nucleophilic Enhanced so~vo~ys i s  
substitution 3 A 

H e + - +  
Enhanced , 
acidity 

H H  
w 

Enhanced acidity 
hindrance Steric 1' 

FIGURE 2. Effects of complexation of arenes to transition metals 

fragment, usually an  M(C0)3 group. Of particular interest for this review is the  
enhanced reactivity of t h e  aryl ring a n d  a! and  p side-chain positions toward 
nucleophilic attack, and the  steric hindrance of the  face of the  a rene  coordinated t o  
t h e  metal. 

Tllustrative of the  pcssibilities for nucleophilic attack o n  arenetricarbonylmetal 
complexcs is the  behaviour of the  cationic manganese complex shown in equation 
351. Depending o n  the nature of the  nucleophile, attack can occur on the  metal 

[Mn(CO)z(CONHR)(v"-C6H6] [Mn(C0)2(PPh3)(r7'-C,Hc)l+ 

Rh'H: \ 
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(PPh3, I-, CH,CN), o n  a earbonyl group (RNH,), or o n  the arene ring itself, giving a 
cyclohexadienyl complex. By far the most common site for nucleophilic attack, 
however, is the arene ring. With halogenated aromatics, substitution of the halide by 
the nucleophile normally occurs (equation 352), whereas simple arene complexes 
react with nucleophiles t o  produce q5-cyclohexadienyl complexes, which give nucleo- 
philic aromatic substitution products after (oxidative) removal of a hydride (equation 
353)420.42'. 

[Fe(Cp)(q6-C6HSX)]+ + R- ---+ [Fe(Cp)(q'-C,H,R)r + X- (352) 
R = RO-, RS-, (phtha1imide)- 

[Fe(Cp)(q6-C6H,)]+ + R- - 
R- = Me, Et, PhCH2, C5H5 I 

FeCp 

By far the most extensively studied complexes a re  the q'-arenetricarbonyl- 
chromium complexes. T h e  tricarbonylchromium complex of chlorobenzene reacted 
with sodium methoxide in methanol to  produce the corresponding anisole complex in 
excellent yield, an overall nucleophilic aromatic substitution of alkoxide for halide. 
The  rate of this reaction approximated that of uncomplexed p - n i t r o c h l ~ r o b e n z e n e ~ ~ ~ .  
T h e  complex of fluorobenzene reacted with sodium phenoxide ai:d aniline t o  
produce diphenyl e ther  and diphenylamine, respectively423. The kinetics of the 
reaction suggested initial rapid formation of a q'-cyclohcxadienyl complex followed 
by a rate-limiting loss of fluoride from the endo face of the ring (equation 354)424. 

A wide range of carbanions performed a similar substitution reaction, and the 
alkylated aromatic was freed from complexation by oxidation with iodine (equation 
355). However, two types of carbanions failed to react in this process. Simple methyl, 

[ 0 c,,,,,~ 1 + R -  __* [Cr(C0).3(~f-C~sHsRl & C6HsR (355) 

R =CH(CO?Meh. C(Me)KN, CN, C(Me)?CO:Et, C(Ph)(OR)(CN), 

ally], phenyl, and t-butyl Grignard reagents and lithium dimethylcuprate failed to 
react a t  low temperatures and led to intractable materials at higher temperatures. In 
contrast, unbranched primary ester enolate and cyano-stabilized carbanions reacted 
even at -78 "C, but alkylated the aryl ring ortho and mera to  the halogen producing 
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q’-cyclohexadienyl complexes unable to  lose halogen and, in contrast to  similar 
complexes from branched carbanions, unable t o  rearrange t o  the q5-cyclohexadiene 
complex which could lose chloride (equation 356)425. 

J 

- 

+ 
I 

Cr(CO)3 

R=CHXOzMe, C(Me)KO.Me, CH~CO~BU’ ,  C H K N ,  1,3-dithian-Z-yl 

Although this feature limited the utility of chromium complexcs of halobenzenes, 
it pointed ou t  that direct alkylation of unfunctionalized aromatic rings was possible. 
This process has been dcvcloped into a very useful reaction for organic 
Reaction of the benzenetricarbonylchromium complex with a wide range of carban- 
ions (Table 2) produced an q’-cyclohexadiene complex (characterized by X-ray 
diffraction analysis). Oxidation gave the free alkylated aromatic compound, whereas 
protonation (CF,COOH) followed by oxidation gave the corrcsponding cyclohexa- 
diene (equation 357)426”. Attempts t o  perform a hydride abstraction with a varicty of 
electrophiles so as  to  make this reaction catalytic in chromium regenerated the 
original arene c o m p ~ e x ~ ” .  

In general, substituted arenetricarbonylchromium complexes displayed both the 
reactivity and the regioselectivity expected for a nucleophilic aromatic substitution 

Thus, the order of reactivity towards carbanions was PhCI > PhCH3 > 
PhOCH3. Methoxy groups were powerful meta directors, and very little ortho ((5%) 
and n o  para substitution was observed in the alkylation of chromium complexed 
anisole. Methyl groups were also meta directing, but less strongly so (43-92’/0 ineta 

TABLE 2. Reactivity of carbanions in equation 357426“ 

Unrcactive Successful Mctallation 

LiCH (CO,R), LiCH,CO,R Bu“Li 
LiCH,COR LiCH,CN McLi 
MeMgBr KCH,CO,Bu’ Bu’Li 
Bu‘ MgBr LiCH(CN)(OR) 
Me,CuLi LiCH,SPh . 
LiCH=CH, LiCH,[S(CH,),SI 

LiPh 
LiC=CR 
LiCH,CI-I=CH 
LiBu‘ 
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[Cr(CO)~(qh-CbHsOMe] +LiC(CN)Mer 4 
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- - 
OMe 

UCN 
I 

Cr(COh 
- c 

(E'=MeI, Ph.K*, Et3P, Ph2CO) 

0 ) H '  
--+ I -R-cyclohexa-l,3-diene 

(2) I? 

(357) 

substitution was observed, depcnding o n  the carbanion). Surprisingly, even chlorine 
favored nzeta and ortho alkylation over para alkylation. In contrast, trimethylsilyl 
and trifluoromethyl groups were para directors. 

With anisoletricarbonylchromium complexes, alkylation followcd by protonation 
and oxidation provided a route to substituted c y c l ~ h e x e n o n e s ~ ~ " .  By careful control 
of the  reaction conditions either isomer was available (equation 358). 

(358) 

H '  fast I + 
[Cr(CO),{q"- l-OMe-5-C(CN)Me2-cyclohcxa-1,3-diene}] 

\ 
ICr(CO)3j -2  - 0 M e  -4 -C(CN)Mez -cyclohexa- 1,3 -diene]] I 

5-  [C(CN) Me21 cyclohex- 1 -en -3 -one I 
1 - [ C(CN)Mez] -cyclohex - 1 -en -3-one 

T h e  alkylation of arenes was not  restricted t o  simplc monocyclic aromatic com- 
pounds. The  naphthalencchromium complex reacted with similar carbanions, under- 
going clean alkylation at the a-position (equation 359)"". Replacement of the 
carbon monoxode ligands with phosphines caused a decrease in yield. The  spiro- 
fused indane system in equation 360 underwent alkylation predominantly at t he  
7-position (79%) with only minor amounts of substitution at (2-4 (3%) or C-6 

[Cr(C0)3(q6-naphthalene)] +R- + 1 -R-naphthalene 
54-94% 

(359) 

R=CMc.CN. C H K N ,  CH[S(CHz)&], OMe 
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Cr(C0h 
- 

+LiCH(Me)CN +A pcN (360) 

Cr(CO13 

0 0 

3-Et -5 -C(R)(R')CN-pyridine (363) 

J c-5 79% 
c-4 3% 
C-6 12% 

(l2'/0)~~'. Indole complexed to chromium exclusively at  the benzene ring, and the 
resulting arenechromium tricarbonyl complex underwent alkylation with nitrile- 
stabilized carbanions and with dithianes (equation 361). Initially, exclusive attack at 
the 7-position was reported for both anions432. However, subsequent studies showed 
that with nitrile-stabilized carbanions, the major product resulted from attack at the 
4-position4'*, in t h e  absence of undue steric crowding. 1,2-Dihydropyridincs were 
stabilized by complexation to chromium433. Cyano-stabilized carbanions alkylated 
the resulting complexes (equations 362 and 363)434. 

R' =H,  trnsCH2; R- =CH2CN, C(Me2)CN, CMe2C02Bu', dithane 

( 1 ) P Y  
(2) N ~ B H I  1 
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Particularly useful in organic synthesis have bccn intraritolecuIar alkylation reac- 
tions of n-arenetricarbonylchromium complexes by cyano-stabilized carbanions. T h e  
product formcd depended both on the chain length and the substituents on  the 
aromatic ring. T h c  nitrile with a four carbon chain cyclized cleanly to  the corres- 
ponding tetralin derivative (equation 364). The next lower homologue dimerized t o  
the metacyclophane (equation 365) rather than forming the indane ring system. In 
contrast, the next higher homologuc cyclized to  a mixture of fused and spiro fuscd 
products whose composition dependcd on  the reaction conditions (equation 366)435. 

( I )  Litrnp. -78 “C 

(2) 12 
lCr(C0)3(-rl6-C6Hs(CH~)~CN1 - 1 - cyanotetrahydronaphthalene ( 3 6 4 )  

(Litrnp = lithium tetramethylpipyridide) 84 % 

CN 

I 
CN 

This chemistry has been combined in an elegant synthesis of acorcnone B in which 
two key  steps utilized the unique reactivity of the varenetricarbonylchromium 
system (equation 367)436. In this case, the powerful riieta-directing influence of the 
methoxy group was clearly responsible for exclusive spiro ring formation. 

[Cr(CO)3(qf’- I - Me-2 - McO-ChHJ)] +MeXHC(Li)(CN)OCH(Me)OEt 

7 SlePE 
I -Mc-2 - MeO-4-C(O)CHMc~-CoH3 

92% (one isomer only) 

Me 

Cr(CO)J 

McO CN 
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The meta-directing ability of the mcthoxy group was similarly used in the synthesis 
of thc  precursor to the antibiotic aklavinone (equation 368)4'R. 

Me 
OMe 0 

Complexation of an arene to chromium also effected the  chemistry of substituents 
on the aromatic ring. Again, as a consequence of the electron-withdrawing abilities 
of the tricarbonylchromium group, complexed styrenes underwent alkylation at thc 
p -position of thc olefin to produce a chromium-stabilizcd bcnzyl anion which could 
be trapped with a variety of electrophiles (cquation 369)'". Peculiarly, the tri- 
carbonylchromium group also stabilized benzyl cations, permitting thc facile amida- 
tion of chromium-complexed benzyl alcohols (equation 370)'". 

[Cr(CO),{ q 6-C6HsC(R)=CHZ}] + R (  - ) - [Cr(CO),( q6-C~,HsC(R)CH,R}] 
(369) 

R = H, Me, SEt 

R' = CMeZCN, CMeZCO2Bu', C(CNf(OR)Mc, Bu", Ph, Me, dithianc 

E' = H ' , Mel, MeCOCl, PhSSPh 

[Cr(CO),{ q '-p -R-C6H,C( R')(R")OH}] + R C N  
H2SOI 

-15°C - [ Cr (CO) 3{ q "- p - R-C,H,C( R' ) ( R )  N H C( 0) R ]  (3 7 0) 
80-90% 

R = Me, MeO, H; R' = H, Me, Ph; R = H, Me; R"'= Me, Ph 

T h e  face of the aryl ring occupied by thc Cr(C0)3 group is sterically hindered, and 
virtually all nucleophilic reactions of arenctricarbonylchromium complexes occur by 
attack from t h e  EXO face of thc complex. This permits an unprecedented dcgree of 
stcric control in reactions of planar aryl systems, and has found use in a number of 
ways439. In addition, arene complexes containing different orrho or meta substituents 
arc chiral and can bc resolved, pcrmitting the synthesis of chiral compounds. For 
example, reaction of complexed bcnzaldehydes with Grignard reagents, or of com- 
plexed aryl ketones with potassium borohydridc, led to the same mixture of dia- 
stcreoisomeric alcohols, which were separated by chromatography (equation 37 l). 
D~complexation gave optically active alcohols with 100% optical p~rity"'".~". 
Racemic indan- 1-01 reacted with hexacarbonylchromium to producc the  complex 
with chromium cxclusivcly on the same face of the indanol as the hydroxyl group. 
Resolution and oxidation of these complexes was followed by alkylation of one 
enantiomer with a Grignard reagent. This rcaction occurred exclusively ex0 and, 
after decomplexation, the indanol was obtaincd with 100% optical purity (equation 
372)"". Similar chemistry was carried o u t  with tetra lone^^'^. The reduction of 
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(“‘8cHo 

r 
resolve 

+[Cr(C0)61 - --+ 

oxidize 1 

L 

(one enantiomer) 

complexed substituted indanoncs with borohydrides always occurred in an exo 
fashion, producing the endo complcxcd indanols. In this manner, a variety of 
substituted indanols were prepared stereospecifically-. 

H. Other Reactions of Nucleophiles with Transition Metal Complexes 

Alkynes form very stable complexes with octacarbonyldicobalt. Propargyl alcohols 
reacted with this reagent to produce the corresponding cobalt complex. Treatment 
with Ruoroboric acid produced a very stable complexed propargyl cation. This 
species was alkylated with P-dicarbonyl  compound^^^, enol and enol 
acetates4” in fair yield (equation 373). Organomagnesium, aluminium, cadmium, 

(372) 
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silver, tin, iron, and silicon reagents alkylated this species in low yield4". This same 
propargyl alcohol complex reacted with acetonitrilc in the presence of sulphuric acid 
to produce the N-propargylamide. (equation 374). Since the cobalt could be re- 
moved from these complexes by oxidation, this procedure represents a method for 
the alkylation of propargyl systems without the formation of allenic products which 
often plagues classical displacement reactions of propargyl derivatives. 

[CO~(CO)~(~*-CH=CCH~OH)] H2S04 [Co,(CO),{ q 2-CH=CCH2NHC(0)Me}] 
McCN 

(374) 35% 

cu,a'-Dihaloketones reacted with [Fe,(C0)9] t o  give species which, although not 
isolated and characterized, behaved as if they were iron-stabilized oxallyl 
For example, o n e  reacted with methanol to give a methyl ether, apparently by 
nucleophilic attack on the complexed cationic species (equation 375). These iron- 
stabilized oxallyl cations underwent a number of synthetically useful 'cycloaddition' 
reactions. With 1,3-dienes, a formal .ir2+ 7r4 (a 3 + 4  cyclocoupling) cycloaddition 
occurred t o  produce seven-membered ring systems (equation 376)4s". This reaction 
was used to synthesize nezukone, p-thujaplicin, a- thujapl i~in~",  and C-nucleo- 
sides4'? from cycloaddition to  furans, and tropane alkaloids including tropinc, 
scopine, and hyoscymine from cycloaddition to p y r r ~ l e s ~ ' ~ .  Since this process was 
shown to be a concerted process, it i s  not formally a nucleophilic reaction at all4s4. 
However, this same ironlsta-bilized oxallyl cation also reacted with aromatic olefins"ss 

OFeBt +y 
R1 ? R' 

d MeOH ae 
v (375) 

61 % 

R' R '  
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and e n a m i n e ~ ~ ’ ~  in a formal (3+2) (forbidden) cycloaddition, which in fact pro- 
ceeded stepwise and did involve nucleophilic attack as a first step (equations 377 and 
378). The result of this attack was an iron enolate, a nucleophile in its own right, and 
a cation. Ring closure occurred by nucleophilic attack of the enolate on this cation. 
The reactions were stereospecific because, although stepwise, free rotation in the 
intermediate was prevented by strong attraction between the cationic and anionic 
portions of the intermediate457. 

I R2 Ar J 

RZ 

(377) 

A conceptually rclated cycloaddition process occurs in t h e  reactions of cyclopenta- 
dienyldicarbonylmonohaptoallyliron complexcs with electron-deficient olefins such as 
tcne, ddq (dichlorodicyanobcnzoquinone), P,P-dicyano-o-chlorostyrene, dimethyl 
methylcne malonatc, and chlorosulphonyl i s o c y a n a t e ~ ~ ~ ~ .  The reaction was proposed 
to proceed by initial nucleophilic attack of the y-position of the n-ally1 group on the 
electron-deficient olefin. This produced a stabilized carbanion and a cationic iron- 
olefin complex known to be reactive towards nucleophiles. Attack of the carbanion 
centre o n  this  metal-bound olefin completed the  cycloaddition and gave the observed 
product (equation 379)459.460. Related tungsten and molybdenum complexes behaved 
in a similar manner46o. This reaction was used in a very clever synthesis of thc 
hydroazulcnc ring system in which two different iron complexes alternately behaved 
as nucleophile and electrophile in the proccss (equation 380)46’. 
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(379) 

Recently this cycloaddition reaction has been expanded to include a wider variety 
of electron-deficient olefins [equation 381)4"2 and to  the use of (q1-3-methoxy- 
ally1)iron (equation 382)4"3 and (q1-2-methoxyalIyl)iron complexes (equation 
383)"h4. Dimethylacetylene dicarboxylate reacted in a similar fashion. 

[FeCp(CO)?(CH2CH=CHzI+ R'(R2)C=CHR3 --* 

R' R' R3 5% 

C02Et CN COrEt 81 
COrEt COzEt H 70 
CQMC COzMe COzMe 50 
CN CN COrEt 67 
CN COzMe CN 94 
cozMe C O N e  H 64 

a R '  R2 

(C0)rCpFe 
H 

R3 
0 

ce'" R o t 1  

R '  
I 
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[FeCp(CO)>(CHXH =CHOMe)] + R'(R')C=CHR' - 
Louis S. Hegedus 

- 

(C0)zCpFe 

OMe R' - 

R', R', R3=C02Me, CN 
1 

R4 

! / 
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1. INTRODUCTION 

In order to define the  mechanisms of a chemical reaction in solution accurately and 
completely it is necessary to know, in detail, the naturc of the rcactants in that 
solution, the composition of the transition state, the charactcr of all intermediates o n  
the rcaction path, and the naturc of the products. To obtain all such information, 
even for a singlc set of rcagents in a single solvent, requires careful study of many 
aspects of that rcaction, including pre-equilibria, stereochemistry, kinetics, solvcnt 
reagent, and substratc isotope cffects and, because more than one  mechanism may 
opcrate, the influence of temperaturc o n  the above quantities. 

It is not surprising, therefore, that only a very small proportion of the known 
chemical reactions have been studied in this detail. Examples in organic chemistry 
include nucleophilic aliphatic substitution and electrophilic aromatic substitution’ 
and examples in inorganic chemistry include ligand substitution in octahedral com- 
plexes of cobalt and square-planar complexes of platinum2. Yet even in these 
examples there remain many uncertainties of detail, especially whcre changcs of 
solvent are contemplatcd. 

Therefore, wc tend with good reason to usc the principles enunciated for one set of 
reactions studicd in detail to ruhotialize the course of relatcd but less well studied 
reactions. The simpler the system and the closer it lies to the well studied systcm, the 
more likely is thc rationalization t o  bc  correct, but there is always the possibility that 
a change of conditions, especially solvcnt or temperature, will bring about a change 
of mcchanism. O u r  concept of ‘the mcchanism’ may thus change with experience. 

In thc field of organotransition metal complexes, t h c  study of rcaction mechanisms 
is still in its infancy. A few spccific processcs of industrial importance, such as the 
oxidative addition rcaction concerncd in  the manufacture of acetic acid”, havc been 
the subject of some elegant studics, but thc rapid devclopment of the field has mcant 
that, for most reactions, a study of reagents and products alone has sufiiced. Thcre 
a re  thus rationalizations bascd o n  direct evidence as  wcll as rationalizations based on 
indircct evidence from other complexes of thc  samc metal or  cven from complcxes of 
other metals. 

O n e  of the major problems with organotransition metal complexes is their 
complexity. ‘There may bc prcsent in a single complex a variety of functional 
groups on the organic ligand and/or the othcr ligands attached to thc metal. Atoms 
of widcly different electronegativity and groups of widcly diffcring rcactivity may 
thus be combined within the same  molecule. Moreover, ligands are not necessarily 
rigidly fixcd and onc  has to consider the possiblc reactivities of thc parent complex, 
of the dissociated complex and of the frec ligand(s). Organotransition metal com- 
plexes are thus akin to the more complex of organic molecules and a true under- 
standing of thcir reactivity rcquires an undcrstandinR of the reactivities of the several 
component parts. Any cxtrapolation from H complex with ligand L to one with ligand 
L’, or from a complex in one solvcnt to the same complex in  another solvent, or 
particularly from one metal to another, even in the same triad, adds a considerable 
measure of uncertainty to any conclusion about t hc  reaction mcchznism. 
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A. Classification of Reagents 

With the limited amount of evidence at our disposal, any classification of the  
reactions of organotransition metal complexes with electrophiles will be impcrfcct. 
Although certain types of reaction can be defined, there will be many reactions of 
uncertain mechanism the classification of which may change with new cvidcnce. We 
have chosen as the basis of ou r  classification t h e  site of reaction and the extent to 
which thut reaction influences the carbon-metal bond, i.e. the immcdiate conse- 
quences of the attack at the particular site. As will be evident in the following 
discussion, it  is not always easy t o  define a particular site because of subsequent rapid 
processes. W e  must therefore qualify our classification by referring to t h e  first site of 
attack that can be either detected directly or  inferred from subsequent processes. 

7 .  Electrophilic reagents 

We have considered that the nature of the electrophilc should be used only as a 
secondary means of classification, because of the several different roles that any 
electrophile can play. Ingold' defincd an electrophile as 'a reagent which acts by 
aquiring electrons, or a share in electrons, which previously belonged exclusively to a 
foreign molecule'. T h u s  thc term electrophile embraces oxidizing agents, which act 
by removal of one or more electrons from the substrate, Lewis acids which act by 
coordination to the substrate, and substituting reagents which, bonding to the 
substrate, cause the synchronous expulsion of some other electrophilic spccies. 
Certain clectrophilcs, such as Hg(I1) and halogens, may behave in all three of the 
above ways; others, such as the proton (a very common reagent since many reactions 
of electrophiles are carried out in acidic solut ion)  and cerium(IV), tend to act in  only 
o n e  of the above ways. 

Electrophiles may also be classified according to type, i.e. (i) inerallic electrophiles, 
such as Hg(II), Tl(III), Ag(I), Hg(I), Au(Ill), Pt(IV), Cc(lV), Ir(lV), and Cu(II), t h e  
majority of which have an accessiblc oxidation statc o n e  or two units lower in value; 
it  is important to note  that the character of such electrophiles is markedly influenced 
by both solvation and ligation; (ii) non-rnetallic electrophiles, such as halogens, 
oxyacids, 1-130', NO', NO2', COz, SOz, (SCN)2 and BrSCN; and (iii) organic 
electrophiles, such as RsO', Ph3C', RX (wherc X = I ,  Br, OSOzF, ctc.), tet- 
racyanoethylene, hexafiuoroacetonc, and related unsaturated molecules. 

Whilst a considerable amount of attention has been given to understanding the  
nature of nucleophilicity and basicity', and appropriatc nucleophilicity scales have 
been drawn up for reaction a wide range of nuclcophilcs at a variety of electrophilic 
centres, the same consideration has not been given to scales of elcctrophilicity exccpt 
in relation to aromatic substitution reactions. However, from our  knowledge of the 
variation of nucleophilicity and basicity we should not  expect any direct correlation 
between acidity, electrophilicity, and oxidizing power. 

2. Prediction of sites of attack 

Because of the molecular complexity, it is often difficult to predict the site of 
attack of an electrophile o n  an organotransition metal complex. The choice of site 
will necessarily be dictated soIely by !he relative energies of the various possible 
transition statcs. These transition states may resemble the products of t h e  reaction, 
they may resemble the reagents themselves or they  may have characteristics mid-way 
between reagents and products. One approach to the  prediction of rcaction paths has 
been to assllme that the transition state is reagent-like so that consideration of t h c  
LUMO of the elcctrophile and HOMO of the substrate may indicate where attack 
will take place; t h e  closer the cnergies of the two orbitals of appropriate symmetry, 
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the greater t h e  stabilization produced o n  interaction and the more likely the reaction 
is to be orbital-controlleds. This 'Frontier Orbital Approach' has its devotees, but the 
problem is that resemblance of transition state to reagents may be slight and 
appreciable orbital energy perturbations may occur o n  approach of the reagent to the 
substrate. In short, prcdiction by this method at this stage is fraught with danger 
cxcept with hindsight of thc nature of the products! A clear example is shown in 
equation 6 ,  where attack is ;it neither of the three highest occupied molecular 
orbitals of the substrate, but at thc olefinic carbon. 

3. Types  of reaction 

With the above qualifications in mind we can divide the various mechanisms into 
the several main classes. ( 1 )  Those which take place at sites remote from the metal 
o n  the organic ligand or other ligands, without any immediate substantial change in 
thc character of thc carbon-metal bond. Modification of the carbon-metal bond 
rnay occur in reactions of this class, provided i t  does so in szthsequent steps. 
(2) Reactions at  the organic ligand which cause substantial modifications, but not 
cleavage, of the carbon metal bond. For example, reactions in which there is a 
change of hapticity of the organic ligand. ( 3 )  Electron transfer rcactions (i) to the 
electrophile from the substratc and (ii) from other reagents to the substrate, thereby 
rendering the reduced substrate liable to attack by elcctrophiles.':' (4) Direct reaction 
of the electrophile with the metal centre. (5) Attack at the organic ligand with 
synchronous or near synchronous expulsion of thc metal. 

11. LIGAND MODIFICATION WITHOUT SUBSTANTIAL 

There are a large number of reactions of organotransition metal complcxes which 
take place under forcing conditions but which have little influcnce on the carbon- 
metal bond. Thcse are, in general, where there are nucleophilic sites remote from the 
metal on thc organic ligand or o n  other ligands. Besides illustrating the fact that the 
carbon-metal bond is by no means always thc most rcactivc centre, these reactions 
may serve either as a useful means of minor structural modification of the complex o r  
as unfortunatc competing side reactions which prevent or complicate the study of 
reactions at the carbon-metal bond. It is for thesc reasons that i t  is uscl*ul to 
consider such reactions first, since many of thcm, especially several reversible 
processe5 where the electrophile is the proton, will bc relevant to subsequent sections 
of this chapter. 

A. Reversible Prototropic Equilibria 

A fcw examples illustrate the prototropic cquilibria of organic and other ligands in 
aqueous and non-aqueous solvents. Thc reversible protonation of the heteroatom of 
pyridylmethylmetal (1-3) complexes in aqucous solution (equation 1) docs not 

CHANGE OF THE CARBON-METAL BOND 

(1) lu! = Fc(CO),(Cp) 
(2) M = Co(CN)Z- 
(3) M = Mn(CO), 

(la) pK., = 8.0 
(2a) pK,, = 9.7 
(3a) pK,, = 8.0 

':' I t  might be considered that reaction of the reduced orpanometallic substratc would fall within 
one of rhc other categories. 
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apparently change the nature of thc  carbon-metal bond, but has a profound 
influcnce on the rates of subsequent reactions of the complex with other electrophilic 
rcagents'. Moreover, the high value of the pK, of thc pyridinium ion formed (c.g. 
la-3a) gives a good indication of the marked inductive and hyperconjugative 
interaction between the me ta l - ca rbon  bond and the aromatic ring'. 

Rcversible protonation of alkylbis(dirncthylglyoximato)pyridinccobalt(III) com- 
plexcs can take two forms. For example, on addition of trifluoroacctic acid t o  a 
solution of t h e  ethyl complex (4) in rncthylene chloride, o n e  of the dioximato ligands 
becomes protonaied t o  give 4aY. Such protonation, whether in aqueous or  non- 
aqueous solvents, not only causes a marked decrease in the reactivity of thc complex 
t o  subsequent attack by metallic electrophiles such as Hg2- (see Section VI), but also 
causes a marked weakening of the carbon-metal bond, such that homolysis also 
takes place more readily, for example with the a-phenylcthylcobaloxime complex'. 
O n  addition of more trifluoroacetic acid t o  4a, the pyridine ligand becomes reversibly 
detached and protonatcd. It is presumed that thc vacant coordination site becomes 
fillcd by the trifluoroacetate ion as  in 4b. The influence of the latter change is such a s  
markedly to promote intramolecular rearrangements of certain organic ligands'". A 
similar reversible interaction of the dioximato ligands of methylcobaloxime with 
iron(II1) ion has also been studied". 

T h e  reversible proton- and  mercury(1I)-induced removal of the 3,5-dimethyI- 
benzimidazole ligand of coenzyme B,* and of methylcobalarnin (shown in ab- 
breviated form in equation 3 )  also has a profound influence o n  subsequent reactions 
of those s u b s t r a t a  (see Section VI). Detailed studies have been made of the 
equilibrium constants fo r  such reactions becausc of their importance in biological 
systems". 

R 

PY 

(4) 
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R R I I  + 

X"' = Hg?' or H.1 

[ RCO(CN)~]~-  + H30' [RCo(CN),(CNH)]"-- [R-C-Co(CN),J2- (4) 
k - ,  I I  

(5) NH 

Protonation of a cyanide ligand (probably cis to the alkyl group) of organopenta- 
cyanocobaltate(II1) complexes is also rapid and reversible (equation 4), but t h e  
protonated complex 5 undergoes a subsequent intramolecular insertion of, or alkyl 
migration to, the  HNC ligand. T h e  rate law for the formation of the insertion 
product is shown in equation (5). 

Rate = k 2 ( k , / k -  l)[organocobaltl[H'] = kJprotonated organocobalt'l ( 5 )  
i.e. the ratc increases linearly with increasing [H'] as long as the  protonated 
intermcdiatc is present in minor amounts, but becomes independent of the acid when 
all the complex is monoprotonated'3.'J. For R=4-CH2pyH' the value of k2 is 
1.4x 10 s-'  at 25 "C and p = 3 (ref. 14). These reactions are complicated by t h c  
reversible loss of a cyanide ligand in acidic solution, which can be suppressed by the 
addition of an excess of HCN. 

Reversible loss of HCN also occurs, together with bridge formation and equatorial 
ligand protonation, in the reactions of alkylbis(dimethylglyoximato)cyano- 
cobaltate(II1) ions in aqueous acid (equation 6)". Closely relatcd to this reaction are 

lip. 

2[RCo(dmgH),CN] [ RC~(dmgH)~CNCo(drngH)~Rl 
C N  

I-l,O. - [RCo(dmgH)(dmgM")CNCo(dmgH),R]. (6) 

the Lewis acid-promoted caibonyl insertion (or methyl migration) reactions of 
organomctal carbonyl complexes (cquation 7) '" .  

- 

6. Irreversible Processes 

A number of useful transformations of functional groups have been carried o u t  o n  
organic and other ligands of organotransition mctal cornplcxcs by clectrophilic 
reagents. Thcsc include (i) the acid hydrolysis of carboxylic esters and amides of 
organo-manganese, -cobalt and -iron complcxcs (e.g. cyuation @I7; (i i)  the haloge- 
nationLX and deuteriation'" of benzylrnetal complcxes (equations 9 and 10); (iii) t h e  
nitrosation of aniinoalkylcobalt complcxcs (equation 10)'"; (iv) the nitrosation of 



7. Electrophilic attack on transition metal q’-organometallic compounds 519 
[H2NCOCHZMn(CO),I - I 1C:l rHOOCCH,Mn(C0),1 

position 10 and the lactonization of side chains of the corrin ligand of coenzyme BIZ 
by nitrous acid”; and (v) the acid-catalyscd hydrolysis of the ketal 6, or of thc 
corresponding phenylboronic ester, which is a key step in the chemical synthesis of 
coenzyme BIZ from cobalamin precursors (equation 12)”. Several of the above 
reactions take place in competition with rcactions which do  cause cleavage of the 
C-M bond. 

[PhNHCH,Co(dmgH),py [PhN(NO)CH7_Co(dmgH)2N02]- (1 1) 
I ISO, 

A cobalamin 

Gobalamin 
A=adenine (6) 

111. AlTACK OF ELECTROPHILES AT THE ORGANIC LIGAND 
LEADING TO MODIFICATION OF THE CHARACTER 

There a re  a large number of reactions in which the electrophilc directly attacks the 
organic ligand causing a change in the type of carbon-metal bond, e.g. from mono- 
to di-hapto or  from substituted alkyl to carbenc ligand. These frequently occur with 
alkenyl, alkynyl, or alkadienyl ligands having accessible, filled, olcfinic or acetylenic 
7-orbitals, or with alkyl groups having strategically placed hydroxyl, alkoxyl, or 
acyloxy groups. 

O F  THE CARBON-METAL BOND 

A. Attact at the r-Carbon of Alkenyl, Alkynyl, or Propadienyl Ligands 

The earliest example of attack of an electrophile on the y-carbon of an ally1 ligand 
is the protonation reaction shown in equation 13aZ3, Rosenblum and coworkers 
subsequently developed this reaction to include a wide range of clectrophiles, under 
non-nucleophilic conditions, which led to a useful series of cationic dihapto com- 
plexes”‘ (equation 13b-f). In most cases the intermediate dihapto complex could be 
isolated and treated with base to a give a novel derivative of the substratc 
monohnpto-allyliron complex. The  rcaction of similar intermediate dihapto com- 
plexes with carbanion is discussed in Section llI.C. Similar reactions take place with 
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propynyliron complexes (cquation 14)24 and with the nortricyclyl derivative 7 (equa- 
tion 15)". 

[ArC=CCH?Fp] +HBFJ -+ (14) 

(15) 

(7) 
However, if thcre is a suitable nucleophilic centre present within the complex, 

whether o n  the organic ligand o r  by virtuc of the fact that thc electrophilc is an 
incipicnt zwitterion, intramolecular attack of that centre on  the transient dihapto 
complex may lead directly to  the formation of a new monohapto metal complex 
containing a cyclic ligand. Some idea of the scopc of the reaction is shown in 
cquation 162"-2". Some individual rclated cxamplcs are also shown in equations 17- 
M = Fp"', W(CO)3(Cp)2(', Mo(CO)~(C~)'".*', Co(dmgH)2py26.2K~', Cr(NO)ACp)", etc. 
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R = H, Mc, ?h, etc. 

2330-32. Thc crystal structure of t h e  product 

CF3 1 

C o ( d r n g H ) m ]  I 

of reaction 16 r R = P h ,  M =  
Co(dmgH)apyl has been determined and thc Irat~s-stcrcochemistry of phenyl and 
iron groups is consistent with an atitarufacial 7 '-qz-q ' migration of thc Fc from the 
a- to  the P-carbon via a zwitterinnic i n t e r m e d i z ~ t e ~ ~ .  This is supportcd by the 
formation of both cis and traris isomers in reaction 1g3" and by the kinetics of 
reaction of a wide range of propargyl and ally1 metal complexes with toluene 
sulphonylisocyanatc (reaction 20)3'. Similar reactions take place with a numbcr of 
other isocyanatcs, such as chlorosulphonyl, trichloroacetyl, and rnethoxysulphonyl 
isocyanatez5 and with dichlorodicyanoquinonc, dimethylmethylenemalonate, and the 

T h e  kinctic studies show a wide variation of reactivity of propynylmetal 
complexes towards toluenesulphonylisocyanate, t he  order of reactivity being 

kctimine 825.34.3.5 

+ 

( 1  8)"" 

( 1 9)30 



522 M. D. Johnson 

Mo(CO),cp(PPh,) > Mo(CO),PPh, > Mo(CO),cp[P(OPh),] > Cr(q 5-C5H,)(NO), > 
Fp > Mo(CO),cp> W(CO),cp> Mn(CO),, the extremes differing by a factor 
of 500. The reactions are  also retarded by a 3-phenyl substituent on either the 
propynyl or ally1 ligand, but they are accelerated by one or by two methyl sub- 
stituents on the 3-position of the ally1 ligand. It should be notcd, however, that many 
of these processes are accompanied by  side reactions such as the insertion reactions 
discussed in Section VIII. 

[( I-D-cycloprop-1-yl)Fp] +SO2 --+ I GL + 0‘1 (22)32 

OQs/0-  
O\,,O 

J 

O n e  of the most elegant pieces of work o n  the above reactions 

(23)35 

+ 

has used the - 
interaction betwcen the nucleophilic r) I-allylmetal complexes and the electrophilic 
r)*-alkeneiron complcxes derived from them. The  electrophilic character of t h e  latter 
and thc nucleophilic character of the former are ideally balanccd and coupling 
bctween the two readily occurs, such that the 7’- and q2-Iigands arc transformcd, 
rcspectivcly, into 7’- and r)’-ligands”. Thus the reaction of the r)’-allyl with thc 
r)*-butadiene complexes of iron (9 and 10, respcctively)36 leads to two seven-carbon 
dimetallic r)’,q*-complexes (11 and 12) by the interaction of the y-carbon of the 
ally1 ligand with t h e  1- or 4-carbons of the butadiene ligand. Moreover, in each of 
the complexes 11 and 12 there is a nucleophilic ql-ally1 and an electrophile 
q’-alkcne component which are witably placed to react further, gencrating two new 
seven-carbon cyclic dimetallic r) I - ,  q’-complexes. The  q2-bonded metal cation can 
rcadily be rcmoved by reaction with iodidc ion, and the ql-metal can bc replaced by 
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Br, C 0 2 M e ,  etc., using appropriate electrophilic reagents as  described in Sections 
V.A and IV-A, respectively. The  potential of such reactions in organic synthesis is 
considerable. 

+ 

B. Attack at a ?-Oxygen Atom of the Organic Ligand 

A cationic q'-alkene complex has also been isolated from the  reaction of the 
acylalkylcomplex l3"', but one of the best routes to such complexes is by protona- 
tion of the  hydroxyl group of P-hydroxyethyl complexes. T h e  latter can be made in 
good yield from halohydrins or epoxides, thus providing a good route to a wide range 
of q2-olcfin complexes (equation 26)'". However, with other metals the q'- 
complexes may only be transient intermediates. For example, q2-complexes of vinyl 
ethers and  alcohols have been postulated as  intermediates in the acid-catalysed 
hydrolysis of acctals of formylmethylcobalamins (equation 27). There reactions a re  
reversible, as the same acetals can be made by reaction of appropriate vinyl ethers 
with cobaloxime(II1) in alcoholic s ~ l u t i o n ~ " . ~ " .  

ofJ+lFPl- - 'b"] 61 
Extensive studies have been made on the reactions of P-hydroxy-, P-acetoxy, and 

p-alkoxy-ethylcobaloximes. 0-Acctoxyethylcobaloximes undergo alcoholysis to p- 
alkoxycobaloxjmcs with scrambling of the a- and p - ~ a r b o n s ~ " . ~ '  and with retention 
of c ~ n f i g u r a t i o n ~ ~  at the @-carbon (equations 28 and 29). T h e  loss of olefin from 
these q2-complexcs is a side reaction. A detailed kinetic study has been made of the 
loss of ethylene from P -hydroxycthylcobaloxime and the loss of propenc accompany- 
ing the interconversion of P-hydroxy-n -propyl- and P-hydroxyisopropyl-cobal- 
oximes. Both reactions arc complicated by the reversible protonation of the diox- 
imato ligands (see Section TI.A), but the overall reaction scheme for the P-hydroxy- 
propyl complexes is a s  shown in equation 30, with k ,  ~ 0 . 1  and k Z = 0 . 7 -  
10 mol IK' s-' in aqueous solution at 25 "C and = 0.200 mol I-', k-,/k3=0.2. 'The 



524 M. D. Johnson 

loss of propylene is also accelerated by addition of chloride ion, probably through thc 
formation of some of the hydroxypropylbis(dimcthylglyoximato)clilorocobaltate(III) 

* 
[AcOCH2CH2Co(dmgH),pyl 

H*, L+ Co(dmgH)2p)j+iH 

[EtO~H,CH,Co(drr~gH)~py] 
\ 

EH2 = CD, or I3CH2 - 

HZO. k-2 - %- [CH3CH(OH)CH2Co(dmgH)2aq.] (30) 
H+. kz 
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T h e  acid-catalyscd decomposition of alkoxycarbonylethyl(1-hydroxy- 
2,2,3,3,7,7,8,8,12,72,13,13,17,17-hexadecarnethyl- 10, 20-diazaoctahydroporphi- 
niato)cobalt(IlT) has been used as a k e y  step in the protection of carboxylic acids4*. 

As with q'-complexes from allylmetal complexes (Section III.A), t hc  transient 
q2-cobalt(II1) complexes a re  susceptible to  intramolecular attack by appropriatcly 
placed nucleophilic substituents. For example, the dihydroxyalkylcobaloxime (14) 
givcs a moderate yield of the tetrahydrofuranylrnethylcobaloximc during acidolysi~"~. 

(14) 

C. Attack at a 7-Hydrogen Atom of the Organic Ligand 

The  abstraction of a hydridc ion from the P-carbon of an alkylmctal complex is a 
much used route t o  q'-olcfin complexes. The  reaction of the 0-phenylethyl iron 
complex 15 with Ph,C'BF4- gives two diastercoisorneric q2-complexes which arc  
cleaved by phosphine to t h e  frce styrenes. Thc deuterium distribution shows that the 
process takes place by a trans artti periplanar abstraction-migration mechanism 
(equation 32)4". T h c  reaction is uscd for preparative purposes, a typical example 
being t h e  formation of the diester 16 (equation 33)47. T h e  q'-bonded iron can be 
removed by trcatment with iodidc. An unusual complcx is formed on abstraction of a 
hydride ion from the di-iron complex 17. I t  has more of the charactcristics of a di- 
ql-complex than an v ' ,  q2-cornplcx, as if it  cannot quitc make up its mind which 

L 

PhnC- 
4 

2 cis-PhCH=CHD 
Ph 

Cl 
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q2-complcx should form! In thc crystal there is some asymmetry, the C2-Fe 
distances being 2.59 and 2.72 8, and the CH2-Fe distances arc both greater than 
2.08 8, which is the bond length in the neutral precursor complex. T h e  asymmetry is 
also evident in solution at -20°C for the 'Hn.m.r. spectrum shows separate 
resonanccs for the two methylene groups at S 2.25 and 2.92, thc formcr resonance 
being a doublet of doublets with J = 14 and 3 Hz. T h e  methine resonance is at 
6 6.84". 

D. Attack at a y-Nitrogen Atom of the Organic Ligand 

It was reported in 1967 that thc reaction of acid with the acetonitrile complex 18 
gave an azaalene complex 19"". However, when the carbonyl ligands are replaced by 
the more strongly electron-donating diphosphine ligand dppe, an unusual in- 
tramolecular reaction ensues (equation 36) to givc a novel carbene complex"". 

(35)  
t i ,  

[FpCHZ-N] - [Fp(q2-CH2=C=NH]' 

CP 
I 

NX 

X = H ,  Me 

E. Attack at a 0-Oxygen Atom of the Organic Ligand 

T h c  attack of a proton or of an elcctrophilic alkylating agent on a n  a-hydroxy- or 
a-alkoxy-alkylmetal complex frcquently leads to thc removal of thc hydroxyl or 
alkoxyl group with the formation of a transient or isolable carbenc complex. 
Reaction of MeOCH,F with HBF, gives a transient complex which disproportionatcs 
cven at -90°C to Fp' and the q2-complex (q2-CrH4)Fp'.5'.  Thc carbene complex 
can, howcver, bc isolated from the corresponding dppc complex as shown in 
equation 37'". At lcast as common a route to carhenc complexes is by protonation of 
an a-carbonyl group, a rcaction ohscrved with many metals, though most frequently 
in the Cr-W triad. Equation 38 shows an  exampIe which includes elettrophilic attack 
both at a-carbonyl and a-alkonyl groups, in  cach casc forming carbene complexes". 
Equation 39 shows an unusual example of an intramolecular electrophilic attack 
catalysed by silver( I)". 

[CH,Fe(dppc)(Cp)].' B F i  (37) 
I l l l l ~ J A c 2 0  

CMeOCH2Fe(dppc)(Cp)l 

[ Ph CO W (CO),] "c2sc'J~ [:PhC(OMe)=W(CO)SI' 
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F. Attack at a @-Nitrogen Atom or a @-Sulphur Atom of the Organic Ligand 

Directly analogous to the attack at an a-carbonyl group is the attack at an 
iminoacyl group (equation 40)”. The corrcsponding N,N-dimethylthioamide of 
platinum(1I) reacts similarly. 

C=PtCI(PEtJl (40) I PhN(Mc), 
trar~s-C(PhNH=CH)PtCI(PEt,),l - Mc2SOa 

G. Attack at a 6-Hydrogen Atom of the Organic Ligand 

O n l y  wherc y-hydrogens are not prcsent does one usually find abstraction of a 
P-hydride ion by an clectrophile. T h c  sitc must usually bc activatcd by an electron- 
donating substituent as in equation 41’“. A novel reaction is thc removal of hydridc 
ion from the bcnzacyclobutenyl complex 20. 

[(MeOCH,)Fe(dppe)(Cp) --+ [MeOCH=Fe(dppc)(Cp)l+ (41) 

H. Attack at the &Carbon of the Organic Ligand 

Vinylidene carbcne complexes are formed on alkylation of acctylidcs (cquation 
43)”, although t h e  dipolar electrophile hexafluoroacctone gives a cycloaddition 
product (cquation 44) either by a concerted 1,2-addition or by an intramolecular 
attack of the internal nuclcophilic centre o n  t h e  elcctrophilic a-carbon of the  initially 
formed adduct 21“. See also Section VII for further examplcs. 

(43) IVX 
[ R-C Fc( d p pe) (Cp)] ---+ [ RRC=C=Fe( dppe) (Cp)-X- 

[RC=Ch>”] + (CF3),C0 

1 - (21) - --[ (CF3)lC-0- I 
R-C=C=Fp* 

R 

IV. ELECTRON TRANSFER REACTIONS 

All of the above reactions have bcen described in terms of heterolytic processes in 
which there is full or partial transfer of an elcctron pair from substrate to elec- 
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trophile. There is, however, cvidence that some such reactions may proceed through 
an initial one-electron transfer process which is difficult to detect. As shown below, 
such one-electron processes are readily carried out electrochemically and may also 
be detccted with ccrtain elcctrophiles; it is the similarity bctween these reactions and 
some of the above processes which makes us suspect the oxidative character of some 
reactions formcrly thought to be  heterolytic. 

For example, tetracyanocthylene forms charge-transfer complcxes with a widc 
rangc of organic and organometallic substrates, such as aromatic hydrocarbons with 
donor substituents and organotin compounds. The energy of the charge-transfer 
bond in the clectronic spcctrum of such complexes is proportional, with somc 
qualifications, to the energy required to transfer an electron from the substrate to t h c  
tetracyanoethylenc. One can thus writc alternative processcs to the reaction shown in 
equation 6 in which a charge-transfer complex and the products of a subsequent 
complete electron transfer are o n  the reaction coordinate, the rcaction being 
continued by coupling of the paramagnetic intcrmediates. Alternatively, charge- 
transfer complexes may be formed, but may n o t  bc on t h c  reaction coordinatc. In the 
case of t h e  organotransition mctal complexes described above, no direct evidence of 
such electron transfer has becn forthcoming, but the need to consider such processcs 
has becn wcll described'". Attention to such processes should be paid whcre t h e  
organometallic complcx has a particularly low ionization potcntial. To some extent, 
howcvcr, all clcctrophilic processcs will bc inlluenced by the ionization potentials of 
the substrate. 

A. One-eiectron Oxidative Processes 

There are now a number of clearly defined one-electron processes which s a v e  as 
models for the  other, less readily detected processes. One fcaturc of such processes is 
that the electrophilic moiety is frequcntly, but by n o  means always, absent from the 
reaction products derivcd from the substrate. Both inne r -  and outer-sphere oxidation 
can occur, but few investigations have so far been made in sufficient detail. Two- 
elcctron oxidation by dircct attack of clcctrophiles o n  the metal is considered in a 
subsequcnt section. 

Pcrhaps the clearest example of a one-clcctron oxidation process is i n  thc reaction 
of one-electron oxidizing agents, such as cerium(1V) ammonium sulphatc, with 
alkylcobaloxime(I1I) complcses (equation 45). When the  reaction is carried out at 

[RCo"'(dmgH),L] + CelV - [ R C O ' ~ ( ~ ~ ~ ~ H ) , L ] '  + Cc"' (45) 

-50°C i n  methanol, the product is an organocobaloxime(iV) cation which is suffi- 
ciently stable for its e.s.r. spectrum to be measured"' and its subsequcnt reactions to 
bc studied. 'llic cobalt(1V) species has appreciablc d' character and is susceptiblc to 
reaction with cvcn mildly basic and nuclcophilic spccies. Thus chloride ion reacts at 
the a-carbon of the sec-octylcobaloximc(1V) cation with inversion of configuration 
to givc optically active sec-octyl chloride; some elimination to give olefins also occurs 
(equation 46)"'. In the abscnce of a nucleophilc, the complex disproportionates to 
reform the orjianocobaloximc( 111) prccursor and give radical or  olcfinic products 
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derived from the hypothetical organocobaloxime(V) complex"". The half-wave po- 
tentials for oxidation of a number of organo!aquo)cobaloxime(III) complexes vary 
from 0.85 to 0.90 V (us. SCE) in 1 mol d K "  HCIO,"". A characteristic by-product of 
oxidation is the dimethylglyoxime derivative RON=C(Me)C(Me)=NOHf'3. 

---+ products (47) 

Oxidation also takes place with hexachloroiridate(IV)"J by an outer-sphere 
mechanism"' and with  halogen^""."^ . Thc latter rcaction poses a number of very 
difficult problems, in part because a nuclcophilc (halide ion) is liberated from the1 
reagent and may give rise to products indistinguishable from those formed by attack 
of the clectrophile, in  part because the initial ratc-dctermining step may be  followed 
by a whole sequence of rapid events. 

In the reaction of substituted benzyl(pyridine)cobaloximes with iodide ion, the 
rate-determining step is the  loss of the axial pyridine ligand, which is followed by a 
very rapid, probably inner-sphere, oxidation by iodine and attack of iodide ion o n  
the benzylic carbon (equation 48)"'. 

x -  
[(ArCH,)Co(dmgH)zaql +X2 -+ XI- + [(ArCI-I,)Co(dmgH)laq.]- --P ArCHzX (48) 

ArCH:ON=C(Me)C(Me)=NOH 

When the benzyl(aquo)cobaloximes are utilized, t h e  rate of rcaction is propor- 
tional to the iodine concentration, but also to both 1st a id  2nd powers of the 
substratc concentration"'. A prc-equilibrium between I2 and one molecule of sub- 
strate is proposed. Complicating factors in these reactions are (a) the role(s) played 
by the iodine atom, and (b) the role(s) played by t h e  cobaIoxime(I1) species which 
might capture the iodine atom but is also capable of reacting very rapidly with the bulk 
I2 reagent to generate more iodine atoms. The complications of these reactions are 
illustrated by the fact that [RCo(salen)j and other complexes react with 1C1 to give 
mixtures of RI  and RCl, the ratios of alkyi iodide to alkyl chloride depending o n  the 
nature of the alkyl groups and the chelate ligands7('.". Care has to be taken in 
interpreting such results because of the possiblc interconvcrsion of alkyl iodides and 
alkyl chlorides after reaction. In the reaction of bcnzyl cobaloximes with bromine in 
aqucous sulphuric acid, very little benzyl bromide is found; the Yain products being 
benzyl alcohol and the 0-benzyl derivative of dimethylglyoxime7-. This is probably a 
reaction in which t h e  solvent plays a key role in  dirccting both ratc determining and 
product-forming processcs. 

Most other oxidation processes proceed through intermcdiates that have not yet 
been characterized. A numbcr of these, akin to equation 46, have been termed 
'oxidatively induced nucleophilic substitution processes'. The earliest example w a s  
the observation by Johnson and P e a r ~ o n ~ ~  that optically active orgmometal- 
carbonyl complcxcs were cleaved by reaction with chlorine water, with retention of 
configuration at the a-alicyl carbon, to give optically active carboxylic acids (equation 
49)73. The same acids and esters arc formed when an ncyl-metal complex is 
oxidized in aqueous or alcoholic ~ ~ I v c n t s ~ ~ .  Oxidation of organomctalcarbonyi com- 
plexes has since been carried out with a variety of other oxidants. Using cerium(1V) 
or  iridium(IV) as Outer sphere oxidants, i t  seems that the  initially formed oxidation 

x - t x .  
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product undergoes a rapid carbonyl insertion (or alkyl migration) reaction and then is 
attacked at the a-acyl carbon by the nucleophilic solvent (water or an alcohol) t o  
give the acid or ester and an, as  yet, uncharacterized paramagnetic metal complex. 
However, if the solution contains sufficiently high a concentration of another 
nucleophile (X-), the initially formed product can be interccpted (equation 50). 

I'h,P 
D-( +)-Bu"Br+[Fp]-- [( -)-Bu"Fp] > [(-)-Bus Fp*] 

> L-(-)-Bu"C02H (49) 
I I,O 

H'OI I - RCH2C02R' 

C ~ p p e r ( I I ) ~ ' . ~ ~  and halogens havc also been used as oxidants, but each has its own 
special characteristics. For example, in the oxidation of organoironcarbonyl com- 
plexes with three equivalents of CuX2 (X = Br  or CI) in CH2C12, ion pairs dominate 
the events following the electron transfcr, and organic halides a rc  usually the main 
products; consistent with this is the obscrvation that R-( -)-PhCHDFp reacts with 
complete (290'/0) inversion of configuration. Radical products arc formed on 
oxidation of those substrates, such as neopentylmctal complexes, which are reluctant 
t o  undergo bimolecular nucleophilic substitution reactions becausc of steric hindr- 
ance of the alkyl ligand. Radical products are  also formed morc readily when 
phosphine ligands are  present on the metal7'. T h e  formation of alkyl chlorides by 
nucleophilic attack on the a-carbon of the oxidized complex occurs with inversion of 
configuration in the reaction of the diastereoisomeric palladium complex 23 with 
CuCI,/LiCI (equation 51)76, but radicals arc formed in thc reactions of many othcr 
organopalladium complexes7'. An  interesting exception to  thc normal course of 
oxidatively induced carbonyl insertion reactions occurs in the reaction of the iron 
complex 24 with cerium(1V) in alcoholic solutions (equation 52). The oxidized 
species is attacked by alkoxide ion both at the a-carbon and at the P-hydrogen 
atom, the latter leading to the formation of a cyclic vinyl ether (cquation 52)7x. 

OMe (52) 
ROI 1 

N C  NC 

(24) 

Oxidation of the anionic coniplexes Fc[(RCO)(CO),] by OCI ., oxygen, alkyl 
halides and halogens has been used for the synthesis of amides by carrying out the 
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oxidation in the presence of amines'". T h e  ease of oxidation appears to be in the 

In many other cases, the evidence for an oxidation process has depended on the 
observation that the  products of reaction neither contain the clcctrophile nor are  the 
same as those formed in the unaccompanied thermal decomposition reaction. Exam- 
ples include (i) the decomposition of diethylbis(bipyridyl)iron(II) in the presence of 
cobalt(lII), cerium(IV), copper(II), or bromine, which gives mainly butane, not the 
mixture of ethylene and ethane formed on heating the substrate t o  80°C in the 
absence of the electrophile (equation 53)'". (ii) T h e  oxidation of the tetramethylaur- 
ate(II1) ion to tetramethylgold(IV), which subsequently undergoes successive reduc- 
tive eliminations to give ethane and gold(0) via dimethylgold(I1) (equation 54)''. The 
latter is also formed on oxidation of the dimethylaurate(1) ion by the same elcc- 
trophilcs. Reductive elimination also occurs on (iii) oxidation of the diarylnickel(l1) 
complex 25 (equation 55)*', but (iv) frce-radical products are evident on oxidation of 
the dialkylplatinum(I1) complexes [PtR,LJ, 26 (equation 56). The rate of oxidation 

[Et,Fe(bipy),l - CEt2Fc(bipy)2It --+ C,HIO + [Fe(bipy)~l' (53) 

order [ F e R ( C O ) J  > [RFpl> [MOR(CO)~(CP)I > [WR(CO),(Cp)l. 

o x i d a n r  

osidxnt 

slow 
[Me,Au]- ---+ [Me4Au"'] - C2H6 + [Me,Au"] ---+ C2H6 + Au" 

T (54) 
oxid:tnt 

[Me,Au]- 

[Ph,Ni(PEt,),] - [Ph,Ni"'(PEt,)J' - PhPh + [Ni(PEt3),IC (55 )  

I lrCI ,11-  

[RPt"LJ+ R' --+ RCI 
/ r w i , , i > -  

[I:,PtLJ - [R,Pt"'L]+ 
(56)  

OrcA [R2PtCILJ' ---+ [R2PtCI2L2] 

R = Me, Et; L = PPhMc,, PPh, 

of 26 by [IrC16]2- is faster for R = E t  than for R =  M e  and much faster in each case 
for L =  PhMe2P than for Ph3P. TWO dccomposition modes have been detected for the 
platinum(II1) intermediate; (a) homolysis followed by the abstraction of a chlorine 
atom from [IrC16]2' to give RCI, and (b) direct abstraction of a chlorine atom from 
[IrCl6I2 by  the coordinatively unsaturated paramagnetic oxidation product, followed 
by coordination of a chloride ion to give the diamagnetic six-coordinate dialkyl- 
platinum(1V) complex [PtR,CI,LJ (cquation 56)"'. (v) Free radical products;including 
those from homolytic displacement reactions, are  also formed in the oxidation of 
allyliron complexes by silver(1) ion"'. 

The decomposition of a-hydroxyalkylpentaaquochromium(1II) ions by copper(I1) 
and iron(II1) elcctrophiles takes place through electron transfer following an initial 
coordination of the electrophilc to the hydroxyl oxygen (equation 57). Surprisingly, 
this oxidation generates chromium(lI), which is subsequently rapidly oxidized by the 
copper(I1) o r  iron(lI1) spccics (equation 58)'5; the main victim of the primary 
oxidation process being the organic ligand which is converted into an aldehyde. The  
ease of oxidation of the hydroxyalkyl complex decreases markedly as the u-carbon is 
substituted, and as the acid concentration is increased, through the retardation of 
complex formation at the hydroxyl oxygen (equation 57). I t  is also significant that the 
rate of t h e  acidolysis which accompanies thc oxidation reaction is not significantly 
different from those of other alkylpentaaquochromium(III) ions, which indicates that 
there is little or  n o  tendency to carbene formarion analogous to that shown in  
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cquation 37. A onc-electron transfer is also apparent in the reaction of mercury(I1) 
with t h e  1,2-diniethyl-l-hydroxymethylpentaa~~uochromium(lI1) ion (equation 60),  
though trnnsicnt organomercurials are fornicd in the reactions ot other hydroxyalkyl- 
chromium(II1) ions (see Section V.A)Xs. In  contrast, hydroxymetliylcobalt(II1) chc- 
late complexes are rcported to rcact with electrophiles by a two-electron oxidation 
process which is n o t  available to the chroniiurn(lI1) complcxcs'" (equation 59). 

Fe' ' 4- HOCHRCr' --+ H ' -k [FeOCHRCr]" - Fe" + RCI-IO + Cr" 
(57) 

[(HOCH2)Co(N, chelate)]*' - H' + HCI-TO + [:Co'(N, chelate)]' (59) 

8. Reductively Induced Electrophilic Reactions 

Whilst t h c  reaction of a n  organometallic complex with a rcducing agent does not 
fall directly in to  the orbit of electrophilic reactions, the transient organometallic 
complexes thus formed are usually much more susceptible to electrophilic attack 
than arc their precursors, provided that dissociation to free radical products does not 
occur too rapidly. Thus, carbon dioxide is too weak an electrophile to react with 
organocobaloxime(lI1) complexes, but it does so in the presence of dithioerythritol (a 
highly rcducing dithiol) giving the corresponding carboxylic acid (equation 61)x7. 
This reaction has not  o n l y  been used for the  preparation of "C-labelled amino acids, 
but is also probably of ltcy importance in thc biological formation of acetate from 
NS-methyltetrahydrofolate via methylcobnlamin. Similarly, the biological formation 
of methane from mcthylcobalamin, which also requires t h e  prcsence of thiols, is 
likely to bc due to the attack of cven the very weakly electrophilic water niolecules 
(as proton sources) on  transient inethylcobalamin(I1) or methylcobalamin(1) com- 
plexes formed o n  reduction of t h e  substrate by t h e  thiol. This arca of organomctallic 
chemistry rcmains largely unexplored, in part because of the difficulties associated 
with having oxidizing elcctrophilic and reducing nucleophilic reagents in  thc same 
medium. It is significant, however, that whercas the direct attack of a proton at the  
u-carbon of a stable diamagnetic alkylmewl complex is very rare (see Section VI.C), 
attack o n  thc cr-carbon of unstable paramagnetic reduccd complexes is very much 
more common. 

HgZ' + HOCMe,Cr2'. - H' + [I-lgOCMe2Cr]' * - Hg ' + MezCO + Cr2' 

(60) 
0 

dte = dithioerythitol; 'kc = I3C 

0 

V. AlTACK AT THE METAL 

For the majority of organotransition metal complexes with several filled non- 
bonding d-orbitals, the metal is liable to attack by thc clectrophile. Whcre t h e  
metal is already coordinatively saturated, such attack will usually lead, through a 
transition state of higher coordination number, eithcr to an unstable intermediate or 
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directly to substitution products. Where the metal is coordinatively unsaturated, t h e  
product of attack on t h e  metal is more likely to be isolable. In principle, attack may 
also be on the carbon-mctal a-bonding orbital, but if tlic electrophile is to end up 
o n  the metal, this is likely to weaken t h e  carbon-metal bond to such an extent as to 
cause the expulsion of a formally neutral organic ligand as a cation. Attack at the 
carbon-metal bonding orbital may result in thc electrophile becoming attached to 
the  &-carbon, but this  pathway is discusscd later, in Section VI. 

Attack a t  the metal without synchronous displacement of one of the other ligands 
is, in principle, a two-electron oxidation process and one may therefore expect it to 
occur most readily with low-valent complexes having an accessible oxidation states 
two units higher. The  most obvious cases where attack at the metal may be suspected 
are the coordinatively unsaturated d' and dl" complexes such as the alkyl and aryls 
of Pt(II), Pd(Il), Au(I), Ir(I), and Rh(1); the least likely substrates are thc do  and d' 
complexes such as the Ti(IV) and Cr(II1) systems. Transient intermediates have, 
however, been inferred i n  the rcactions of a great many other typcs of organotransi- 
tion metal ion. 

A. Reactions of Coordinatively Unsaturated Alkyl' and Aryl Complexes 

T h e  stability of adducts between orpanotransition metal complexes and electrophiles 
is very sensitive to the nature o f  t h e  clectrophilc and its counter ion. where 
applicable, and to the nature of the organic and othcr ligands on thc metal. 
Reductive elimination from these intermediates is the most likely mode of decom- 
position; for example, chlorine and thallium(II1) chloride react with the d"' gold(I) 
complexes, 27a-c, (equation 62) to give the corresponding dihalogenogold( 111) 
complexes"', but other aryl  and alkylgold( I )  complexes apparently lead directly to 
the alkyl or aryl halide and the halogcnogold(1) complex'", probably, but not 
necessarily, by a reductive elimination of the organic halide from a transient @d(IIl) 
intermediate. By decreasing the  reaction temperature oxidative addition products 
may be observed, which subsequently decompose when the temperature is raised"". 

CI. 

o r  lICI* 
P RCI+[AuCIL] - [AuCI~L] 

f ( 2 7 a - ~ ,  [RAu"'CI,l,] 

[AuRL] 

R =Ct,Fs. CsCIs; L = A5Ph3 

Similar problems arise with dialkyl- and diaryl-platinum( 11) complexes (equation 
63)" ' ,  but the reaction of the bisgold(1) complex 28 with bromine takcs a different 
course, ?kin? the product. 29. with a gold-%old bond. which can be subsequently 
cleaved by more bromine to give t h e  expected bisgold(II1) adduct (equation 64)"'. In 
the halogcn cleavage of alkylpalladium(l1) complexes, lrcc halide ion formed during 
the reaction can attack the a-carbon of t h e  alkyl group of the intcrmcdiate 
palladium(1V) complex with invcrsion of configuration at t h e  carbon, thcrcby dis- 
placing a palladium(1l) complex in a manner analogous to that shown in equation 51. 
This reaction therefore competes with the normal oxidative addition, reductive 
elimination pathway, both stages of which take place with retention of configuration 
at the metaly3.'". 

K = P h ;  X=CI. 1 
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Alkyl halidcs, which are normally far- too weakly elcctrophilic to attack an alkyl or 
an aryl ligand, also add to platinum(I1) complcxes, but here frec radical processes 
may also obtrude"'. In  t h e  reaction of alkyl halidcs with alkylgold(1) complexes, a 
cis-dialkylgold(ll1) adduct is first formed, bu t  this reacts further with the monoalkyl- 
gold(1) substrate by ii redistribution rcaction which gives t h c  trialkylgold(II1) complex 
and a gold(1) halidc (equations 65 and 66)". Some dimerization products of the alkyl 
group are also formccl either by a reductive climination from thc  cis-dialkylgold(II1) 
intcrmediatc, or by free radical proccsscs. As in the addition of halogens to gold(1) 
complexcs, the obscrved course of rcaction is dependent on  both R and L'". 
Dialkylauratc(1) ions arc among t h e  most rcactivc species, siving the  more stable 
trialkylgold(II1) cornplcxcs, thc stcreochemistry of which depends o n  the method of 
preparation, as shown in equations 67 and 6s"'. 

[AuRLI+ RI ci.~-[AulRzL] (65)  

cis[[AuIR2L) + [AuRL] - [AuR,L] + AuIL 

[Mc2Au]Li i- EtI A traiis-[Mez(Et)Au(PPh,)I 

(66) 

(67) 
1'1, r 

(68) 

The kinetics of acidolysis of sevcral dialkyl-, diaryl-, and alkylarvl-platinun(I1) 
complexes have been studied in some detail, but the exact mechanism still remains in  
somc doubt. T h e  formation of the  monoalkyl or monoaryl complcx, each of which is 
much less readily cleaved, takes place eithcr through the formation of an unseen 
hydriodoplatinum(1V) intcrmcdiate which undcrgocs ii rcductive elimination of thc 
alkanc or arene, or by a direct attack of the proton at thc a-aromatic or a-aliphatic 
carbon (equation 69). The cis- and trans-diphcnyl complcxcs 31a and 31b rcact with 

PI,,l' 
[AuMeRILi + Me1 > cis-[Mc,(Et)Au(PPh,)] 

cis-[PtH(R),(S)(PEt,),l - trccns-[PtR(S)(PEt3),] + IZH 

y 

(31a) R = aryl, cis-isomer 
(31b) l i  = aryl, truns-isomer 
(31c) R = alkyl, cis-isorncr 
(31d) R = alkyl, trans-isomer 

X = non-coordinating anion 

dry HCI in aprotic solvents to give the corrcsporiding cis- and trans-monophenyl 
complexes, rcspectivcly but the trans-monophenyl complex is formed from both cis- 
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and trans-diphenyl complexes when the rcaction is carried out in methanolic 
pcrchloric acid, unless an cxccss of chloride ion is present in solution, in which case 
the stereochemistry of thc product is the same a s  that of thc reagentYR-loO . The 
acidolysis of the diary1 complexes is acceleratcd by t h c  prcscnce of electron-donating 
groups in the  aromatic rings, the Hanimett p-constant being -4.6 for the 
diaryIbis(triethylpliosphine)platinum(I I) complexes. The ratc, which is first order in 
acid and first order in substrate, is unaffected by thc presence of added chloride ion. 
In contrast, the ratc law for the acidolysis of the cis-dimethylbis(triethy1- 
pliosphine)platinum(~I) complex contains two terms: the expected second-order term 
and a tcrm which is also first order in chloride ion. The latter tcrm has been ascribed 
to a nucleophilic acceleration of t h e  acidolysis through coordination of chloride ion 
to the metal in t he  platinum(1V) intermcdiatc (equation 69, path B), thc implication 
being that, in the  absence of chloridc ion, thc intcrmcdiate is a solvato complex. 

I he exact sequcnce of attack of electrophile and nuclcophile in these reactions is 
unknown, but the chloride ion clepcndencc is probably t h e  best evidence in favour of 
the platinum(1V) intermcdiate, since it is difficult to comprchend how the chloridc 
ion could significantly influence t h e  acidolysis to the same extent in any other way. 
Further support for the formation of platinum(1V) intermediates comes from the 
observations that the alkyl group is cleaved morc readily than the aryl group in a 
series of t~~ris-monoalkylmonoarylbis(triethylphos~~hinc)- and -bis(dimetliylplienyl- 
phosphine) platinum(l1) complcxes1('1.1"2. In  contrast, thc aryl group is cleaved morc 
readily than t h e  alkyl group in the complex ci~-[PtMe(p-tolyl)(COD)]~"~, which 
suggests that t h e  balancc betwcen direct attack at carbon and oxidative addition to a 
platinum(1V) intermediate may be delicate and easily swayed by thc nature of the 
other ligands o n  the metal, for i t  is rcasonablc to assume that direct elcctrophilic 
attack at the aromatic sp' carbon should bc easier than direct electrophilic attack at 
an aliphatic sp' carbon. However, such ;i conclusion requires caution because the 
metal leaving group is not  the same in the two cases (equation 70). The protonolysis 
of rmt~s-[PtH(CH,CN)(Ph,P),] takes difterent courses in different media; in HBF,- 
Et,O it  gives H2 and the Pt-C bond remains intact; in HC1-Et20-toluene i t  gives 
CH3CN and the Pt-H bond remains intact; whereas with an excess of HCI, both Hz 
and CH3CN are This, and the fact that t h e  rate law shows a chloridc 
ion-dcpendcnt path, has been taken ;is evidence for a n  oxidative-addition, 
reductive-elimination pathway. 

~- 

Rx + [PtCIAr(PEt,),] 

[PtR(Ar)(LLI 

ArH i- [PtClMe(COCI)] 
X = H or D; = (PEt3)2 or COCI 

No  hydridogold(lll) complexes have been obscrved in the corresponding acidolysis 
of organogold(1) (equation 71) or of dialkylaurate(1) complcxeS8'. and i t  is the aryl 
group that is clcaved i n  the acidolysis of ~is-[Au(Me)~(Ph)(PPh~)]"", the rate of 
cleavage being dependent on t h e  nature of the acid in the order CF3S03H > HN03> 
CF3COOH > AcOH. In trialkylkylgold(Il1) complexes it is one of the mutually 
rram-alkyl groups which is cleaved. Both di- and mono-alkylpalladium(I1) complexes 
are readily cleaved in aqucous acidic solution"'s and even by very weakly acidic 
reagents such as PhSH"", EtOH, and A r e C H ,  in some cases by radical processes. 

[AuR(PPh,)]+ HX RH + [AuX(PP~,)]  (71) 

R = aryl,alkyl; X = CI, AcO, PhCO,, (CF3),C(OH)0 
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Similar ambiguities arise with the reactions of monoalkylgold(1) complexes with 
metal halides. Thus, methyl and ethyl triphcnylphosphincgoId(I) are  cleaved by 
mercury(I1) species, thc rate law bcing first ordcr in each component, the rate 
dccreasing in the order Hg(NO& >> Hg(OAc)* >> HgI, > HgBr2 > HgC12. An SE2 dis- 
placement at  carbon was first suggestcd"'", bu t  the alternative oxidative-addition, 
reductive-elimination mechanism is perhaps the more likely5. Synchronous attack of 
the mercury on carbon and of the halide ligand on gold is also possible with the 
mercury(l1) halides, cspccially i n  aprotic solvents. T h e  mechanisms of reactions of 
organogold complexes havc also been reviewed'"'. 

[AuMe(PPh,)] + HgCI2 - MeHgCl + [AuCl(PPh,)]. (72) 

B. Reaction of Alkyl and Aryl Complexes of Coordinatively Saturated 18- 
Electron Complexes 

The evidence for attack at the metal in 18-electroil complexes is nearly all indirect 
and is therefore liable to reassessment in  the light of future work. The  main problems 
of interpretation lic first in the fact that the  attack a t  the metal is a two-electron 
inner-sphere oxidation process, and this may have similar consequcnces to other 
electron-transfer proccsses betwecn substrate and electrophile, and secondly in the 
similarity of products between oxidative-addition, rcductive-elimination pathways 
and direct displacement at carbon. 

The  lattcr is clearly illustrated in the gas-phasc reaction of [MnMe(CO)5] with 
proton donors (HA), for which two independent pathways have been detected: an 
attack at Mn leading to transient but identifiable [MnMe(H)(CO)5) ' ,  which can 
subsequently lose carbon monoxide to give [MnMe(H)(CO),]' or cliininate mcthane, 
or an attack at the C-Mn bond, leading directly to methane. T h e  choice between 
the paths is determined substantially b y  the basicity of the species A"". In solution, 
however, this dichotomy has n o t  yet been clearly defined. 

7. Halogenation 

Probably the clearest cxample of an inferrcd attack at t h e  metal is in the reaction 
of electrophilcs with 2-phcnylethyliron(II) complexes. Thc  2-phenylcthyl ligand, as 
will be evidcnt below, is upusual in that i t  accommodates rcaction paths that are not 
availablc to most other 2-s~bst i tuted ethyl cornplcxes. For cxamplc, (a) the clcavage 
of thc l,l-dideutcriated-2-phcnyletliyliron complex 32 with bromine in aprotic 
solvents such as methylcnc chloride gives, as the main product, an cquimolar mixture 
of the 1 , l -  and 2,2-didcu:crio-2-phenylcthyl bromidc (equation 73),  whcrcas 

acidolysis of the same complex with trifluoroacetic acid or  cleavage with mercury(I1) 
chloride gives only 1,l-didcuteriatcd products (see Section V1.B)""'. (b) Halogena- 
tion of the tlireo-2-phcnyl-l,2-dideut~rioethyliron cornplcx 33 with chlorine, 
bromine, or iodine in a range of aprotic solvents (pcntane, acctonitrile, chloroform, 
nitrobenzene, acetone, methylene chloride) gives the corresponding 2-phenyl-l,2- 
didcuteriocthyl halide wiIh substantial (minimum 63%, maximum 95 + 3%) retcntion 
of confijiuration. (c) I n  the reaction of 33 with bromine in thc presence of an excess 
of chloride ion, 2-phcnyl-l,2-dideuterioetliyl chloride is formcd with 278% retention 
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of configuration, and in methanol as solvent 2-phenyl-l,2-dideuterioethylmethyl 
ether is formed with >90% retention of configuration. (d) In the reaction of 33 with 
iodine chloride, threo-2-phenyl-1,2-didcuterioethyl chloride and iodide, prcdomin- 
antly the former, are also formed with substantial retention of configuration. Clearly, 
the product-forming reaction takes place predominantly by nuclcophilic attack on  
some intermediate in which carbon-1 and carbon-2 are cquivalent and shielded in 
such a way as to ensure retention of configuration. The  special feature of the 
2-phenylcthyl ligand thus appears to be its ability to form spiro-phenonium species, 
such as the cation 34, eithcr detached from the metal or in some way still associated 
with the metal. which fulfils thc  above criteria"" (equation 74). 

H&: H FpX' 

Y-  
+ 

IL\I 

H H&: Z 

Ph 

(74) 

H@: H 

(34) J 

OMe 

In contrast, the  corresponding halogen cleavage of cis-[Mn(threo-PhCHDCHD) 
(CO),(PEt,)] is distinctly less stercospecific with somc degree of retention in all cascs. 
T h e  reaction with iodine chloridc, howevcr, givcs mainly erythro-PhCHDCHDI 
compared with mainly the tlzreo-chloride from the iron complcx. Using I3C labclling 
of the ethyl carbons, n o  scrambling of carbon-1 and carbon-2 could be detectcd"' 
and it has becn suggcsted that morc than one mechanism, including free-radical 
mechanisms, may operate in this case. 

T h e  erythro-l,2-dideutcrio-3,3-dimethylbutyliron complex 35, which cannot give 
the corresponding spiro-cation, reacts with brominc in a variety of aprotic solvents, 
with iodine in carbon disulphide, and with chlorine in chloroform, to give the 
corresponding threo-halide, probably through an  SN2 displacement at carbon in thc 
halogenated intermediate by halidc ion with inversion of configuration (equation 75, 

Bu' 

H D&: (75) 
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path When the same reactions are carried out in methanol, the ester 
Me,CCHDCHDCO,Me is formed with retention of configuration at t h e  a-carbon, 
through nucleophilic attack of the solvent on an intermediate formed by oxidation 
(either a one-electron transfer as in Section IV.A, or a two-electron transfer through 
attack of the electrophile on the metal as in equation 75, path B) and alkyl 
migration. 

That attack should be at the metal is not unreasonable in view of the fact that the 
photoelectron spectra of the corresponding methyl, ql-allyl-, and q I-cyclopenta- 
dienyliron complexes show that the three lowest ionization potentials (7.9-8.6 eV) 
are all associated with the  loss of non-bonding d - e l c c t r o n ~ ~ ' ~ ~ ' ~ ~ .  

The  stereochemistry of cleavage of the carbon-metal bond has also been ele- 
gantly determined for the iron centre. Fortunately, the chiral iron centre is configura- 
tionally stable in cyclopentadienyl, carbonyl, and phosphine alkyls and studies 
analogous to those at the  saturated carbon can be made, i.e. using either enan- 
tiomeric or diastereoisomeric molecules, the former being preferable because of the 
absence of any possibility of asymmetric induction at the metal by any other chiral 
centre in the molecule. The earliest studies concerned the iodine cleavage of the 
diastereoisomcrically pure complex 36"". With a deficiency of iodine, both the 
product iodoiron complcx 38 and the unreacted complex 36 were found to be only 
partially epimerized. It was suggested that, for t h e  partial epimerization of 36, a 
reversibly formed adduct such as 37 must be formed, which by square prism/trigonal 
bipyramid interconversion could racemize at a rate less than that at which it was 
converted, by attack of iodide at the a-carbon, in to  products. T h e  greater degree of 
epimerization of t h e  product than of thc reagent could be explained if some of the 
product was also formed by a reductive elimination from the intermediate 37 to a 
further intermediate of lower coordination number having only a limited degree of 
configurational stability. 

In confirmation of these results, Flood et a1.I" established the absolute configura- 
tion of a number of complexes of t h e  type (3-39, where X=CH20-menthyl, 
CH2C00-menthyl, alkyl (several), PhCH2, and methyl, and they confirmed the 
observations relating to equation 76 with the  methyliron complex. For example, a 

L 

(37) 

+ 

- hlel 
4 
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very high enantiomeric excess of the iodoiron complex (94%) was obtained in the 
reaction of (S)-39 (R  = Me) with a two-fold excess of I2 in the presence of a 10-fold 
excess of P(p-tolyl), at 15"C, but the erratic nature of the results for the iodine 
cleavage suggests that there may be competition between heterolytic processes of 
high stereospecificity and non-stereospccific radical p r o c e ~ s c s ~ ~ ~ .  Similar studies o n  
iron and other metal complexes have been carried out by Briinner and WalIner"8. 

2. Acidolysis 

In the corrcsponding acidolysis of (S)-39 (R = Me) with trifluoroacetic acid, a 
moderate decrease of enantiomeric purity of the substrate accompanies the forma- 
tion of alkane. The  inorganic product also retains some enantiomeric excess, imply- 
ing net retention or  invcrsion at the metal. A chiral shift reagent was used to 
determine the enantiomeric purity in this casc. Howevcr, it is clear that the alkane is 
not formed by nucleophilic attack at the a-carbon of thc cationic intermediate but by 
a reductive elimination to give an intermediate of lower coordination number 
(equation 77) similar to that postulated in equation 76, but with an undoubted 

1 CO 

degree of configurational stability. It is clear, however, that whercas the  capture of 
the intermediate 37a by iodidc ion may be influenccd by the asymmetry of the 
cyclopentadienyl ligand, the capture of the corresponding intermediate in cquation 
77 by trifluoroaceixc ion will be free from asymmetric induction. 

However, dctailed studies of thc  kinetics of reaction of a widc range of organoiron 
complexes with trifluoroacetic acid suggest that the  simple view of the reaction of 
1 mol of acid with 1 mol of substrate may be erroneous"9. This is perhaps not 
surprising in view of the non-polar solvents used for most of these studies, and the 
likely role of ion pairs and higher agglomerates. Thc situation is further complicated 
by the fact that the rcaction of [PhCH,Fp] with CF3COOH and CF3COOD is 
dramatically influenced by oxygen, probably through oxidation of the transicnt 
h ydroiro n in termed i a t e I "'. 

The ease of reaction of the complex [RFp] decreases in the order R=Yh,  
Me3SiCH2, Mc  > Bu > Et > Me3CCH2 >PhCH,CH2 > PhCHMe = PhCH2 >> Mc2CH, 
an order which is surprising and certainly n o t  consistent with attack at the  u-carbon, 
but probably indicative of niorc than one mechanism over the whole reactivity range. 
In thc rcaction of the bcnzyliron complex with CF,COOD, t h e  cleavage is accom- 
panicd by ring deutcriation (Section I),  but there is also a very high solvent/reagent 
dcutcrium kinetic isotope effcct ( k , , / k , , =  14), which has been considered to be a 
further indication of attack at the metal"". The cleavage of [arylFp] complexes by 
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CF,COOH shows a fairly large ncgativc p valuc, and t h e  parallels with the clcavage 
of the diarylplatinurn(I1) complcxcs described in Section 1V.A scem marked. 

3. Cleavage by metal ions 

The problems associated with t h e  reactions of metal halides and organotransition 
metal complexes arc an amalgam of those found with halogenation and acidolysis. 
For cxamplc, the kinetics of reaction of several [RFp] complcxcs with mcrcury(I1) 
chloride in aprotic solvcnts are first order in substrate, but of mixed order in the 
mercury(I1) halide. Moreover, at least threc distinct rcaction paths have becn 
dctected (paths A-C; equation 78)’”.  T h e  obscrvation of high orders of rcaction in 
non-aqueous solvcnts is not  surprising bccausc of the probable pre-association of 
reagents, but the choice of pathway is clearly a function of the  character of the 
organic ligand; path A is followcd whcrc thc  group R is primary alkyl or aryl; path B 
is followed where R is ii secondary alkyl or bcnzyl. It is possible that paths A and B 
proceed through a common intermediate formed by attack of the metal salt at the 
iron, so that rcductive elimination leads to path A and a nucleophilic displacement 
by halide ions leads to path B. Path C, which is favourcd when there are clcctron 
donating groups on the a-carbon of thc organic ligand, is clearly an oxidative 
pathway and may rcsemble the  reactions shown in equation 56. 

RHgX + [FpXl 

IIX + [FpXHgl 

H g X ?  i- products 

(78) 

Studies of the stereochemistry of thc formation of the  alkylmcrcurial from Hg12 
and (S)-39 (R = Me) i n  bcnzene indicate that a rcaction analogous to equation 76 is 
applicable for thosc reactions lcading to thc organomercurial, sornc intcrnal return to 
substrate being demonstrated by its loss of enantiomeric purity during reaction. 
However, as in t h c  reaction of (S)-39 with iodinc, t h e  halogeno product also loses 
enantiomeric purity in the prescnce of mercury(I1) iodide’ ”. Thc stereochemistry of 
the displacement at carbon depends o n  the naturc of the ccjrnplex. Thus, dia- 
stercoisomeric 2-ph~n~~!-1,2-ditleu~eiioetliyl- and l ,2-dideuterio-3,3-dimethylbutyl- 
ircn complexes both undcrgo cleavage by mercury(I1) chloridc in acetone or 
methylene chloridc with retention of configuration at the a -carbon (equation 
79)127.123; trans-(fhreo-2-phcnyl-l,2-didcuterioctliyl)dicarbonyl(triethylphosphine)- 
cyclopentadienyltungstcn also rcacts with retention, but cis-(threo-2-phenyl-1,2- 
dideuterioethyl)tetracarbonylcyclopentadienylman~anese(I) reacts with substantial 
inversion of configuration at the a-carbon. T h e  lattcr reaction suggests that a fourth 
path, the direct attack at the a-carbon, may also be possible (see Section VI). 

R R 

L M J  HgCI HgCl 
M=Fe, W M = M n  R=Ph, Bu’ 

M = Fp, W(CO)z(PEt3)(Cp)-rr.clr2s 
or Mn(CO)~(PEt3)-cis 
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No mercury-metal intermediates have bcen observed in the above reactions, but 
in the reaction of the molybdenum complex 40 with Hg2’ in aqueous acid an 
intermediatc is evident from the changes of electronic spectra during the coursc of 
rcaction. Unfortunately, the kinctics of reaction do not allow us to  distinguish 
between an intermediate on the reaction coordinate (equation 80, path A) and an 
addition complex formed reversibly but in competition with the rcaction leading t o  
the organomcrcurial (equation 80, path B), nor d o  they allow us t o  ascertain with 
certainty the nature of thc i r ~ t e r m e d i a t e l ~ ~ .  

VI. Al7ACK AT SATURATED CARBON BY THE ELECTROPHILE 

Electrophilic attack on  carbon, i.e. at the filled carbon-mctal bonding orbital, either 
from the rear, leading t o  inversion of configuration at carbon (cquation 81, path A), 
o r  from the front, leading t o  retention of configuration (equation 81, path B), a r e  
both allowed processes in which thc transition state contains a three-centre, two- 
elcctron orbital. A third type of attack in which there is synchronous attachrncnt of 
the electrophile and its nucleophilic ligand on the a-carbon and the metal, respec- 
tively, is also possible (equation 81, path C). A variety of symbols have been used to 

,$ 

M i  +E-C’> 
\ 

classify such reactions' 10.125 but we prefer not to use them in this review, in part 
because of the difficulties in deciding between paths B and C in appropriate cases. 

T h e  cleanest examplcs of clectrophilic attack at carbon occur with the organopen- 
taaquachromium(II1) ions which are (i) coordinatively saturated, (ii) substitution incrt 
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(with respect to exchange of the water ligands), (iii) not prone to oxidation, (iv) 
contain no fully occupicd non-bonding d-orbitals, and (v) have a high formal positive 
charge on the  metal. Thcse complexes react in aqucous acidic solution (these cationic 
complexcs a re  neither particularly solublc in other solvents nor stable in neutral 
aqueous solution) with a wide range of electrophilic rcagents, including TI(II1) salts, 
Hg(I1) salts, Hg(1) salts, NO', NOCI, Clz, Br2, I?, TBr, and H30'. That the above 
reactions occur through attack at carbon by path A o r  B and not by path C is evident 
from the formation of only the hcxaaquachromium(II1) ion and halide ion, under 
conditions where the halogcnopentaaquachromium(II1) ion is stable, in the reactions 
of mercury(I1) halides and of halogens with benzyl- and pyridylmethylchromium(II1) 
cornplexcs (equation 82)12h-'1L1. It is assumed that the displaced group is the coor- 
dinatively unsaturated, highly reactive, pcntaaquachromium(lI1) cation which, under 
the above conditions captures only a solvent molecule. However, when there is an 
excess of halidc ion in solution, statistical non-selcctive capture of halide ion and 
solvent water occurs and some chloropentaaquachromiurn(Il1) ion is observed in the 
product (equation 83)'"'. 

.*q IHC'O4 
[(PhCH2)Cr(H20)512' + Br2 -----+ PhCH2Br + Br- + [Cr(H20)6]3' (82) 

+ [Cr(H20)5CI]2' + [Cr(Hz0)6]"' (83) 

T h c  other good candidates for attack at the a-carbon a re  thc alkylzirconium(1V) 
complexes which, being d o  are  closest in analogy to the main group metal alkyls. 
Indeed, the 2-phenyl-1,2-dideuterioethylzirconium(IV) complex 41 rcacts with 
bromine with retention of configuration in a similar manner  to  the tin(1V) alkyls 
(equatim ~ 4 ) ~ " ~ .  

1 +Br: + ?&'+[ZrBrCICpJ D 

ZrClCpz Br 

A. Reactions with Mercury(l1) and Thallium(lll) Species 

'Thc reaction of I-lg(I1) and TI(II1) salts with organomctallic complexes in  aqueous 
solutions a re  subject to modification through the formation of the species M"' to 
MX4'"-, especially in the prescnce of limited or excess amounts of the ligand X-. 
Each of these species has its own reactivity (equation 85)  and only by a detailed 
examination of the variation of rate as a function of thc concentration of X and with 
a knowledgc of the formation constants for thc sevcral complexes M"' to MX4"'- can 
tliesc individual reactivities be  determincd. 'The situation is further complicatcd by 
thc partial hydrolysis of the complcxes M" ' in othcr than strongly acidic aqueous 
solution. For example, TI"'.,, is partially hydrolysed to TI(OH)*', and TI(OH),' even 
in 0.1 M HC104 and the reactivity of these species must also be taken into account. 
Clearly, such mechanistic subtleties need t o  be  investigated and only very qualitative 
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RCH2M+ M’CI:Y+ - RCH2M’CI!:”-I)+ + M‘’ 

543 

(85) 
M’=TI, Hg; I I  = 0 4 ;  1~ =3,2,1,0,-1,-2 

(42) M = Mn(CO)5; R = Hpy’. 
(43) M = Fp; R = Hpyi 
(44) M = C O ( C N ) ~ ~ - ;  R = PhCH2 

€-iN@CH2TlCl, + [Cr(H2O),I3’. 

, I c y  

HN @ CH2Cr(H20)s (86) I D  1 1-lg2\ 

HN(@-CH2Hg+ + Hg(0) + [Cr(H20)J3’ 

conclusions can be drawn from both product and kinetic studies carried out under 
single sets of conditions, especially when it  is noted that the rate of reaction of the 
manganese complex 42 with Hg” is about seven orders of magnitude faster than 
with [HgCI4]’- (see Figure 1). 

The reaction of thallium(II1) halides with the pyridylmethylchromium(II1) ion 
(equation 86) provides onc of the only known routes to monoalkylthallium(II1) 
halides, but also, where the reagent is TI3’, i t  has a rather remarkable transition state 
of formal charge 6 + .  It is not surprising, thereforc, that the rates of reaction of TI3’. 
and of TICL-. with this substrate are similar in magnitude’”’. ‘I’hc same substrate 
reacts directly with Hg,” i,q_ to give the organomcrcury(I1) complex, the hexaaqua- 
chromium(II1) ion, and mercury(0). The  mercury begins to precipitate during the 
reaction, but its electronic spectrum 252nm) can be observed in t h e  carly 
stages of the reaction’”. However, mercury(1) will only react as  an electrophile in its 
own right if  its reactivity towards the substrate is more than ca. 1/65th of that of the 
corresponding Hg?-+:,,, ion at ambient temperature. Therefore, only the most reactive 
organometallic complexes achieve this ratio and most other complexes, such as 
42-44, react through the small amount of mercury(I1) that is always present in 
solutions of mercury(1) (equation 87). Thc kinetics of reaction of mercury(I1) and 

Hg2” Hg2 ’ + Hg” (87) 

thallium(Il1) species with compounds 42-44 have also been studied in some detail in  
aqueous solution. Whilst n o  stereochemical studies have been carricd out. the 
similarity of behaviour with that of the organochromium(II1) ions, after due allow- 
ance for coulombic repulsions between the  more highly charged species, indicates 
that these reactions take place by attack of t h e  electrophile at the a-carbon of cach 
substrate. The variation of rate cocfficicnts for some of these reactions as a function 
of the halide ion concentration is shown in FiRure l’”“.’”’. 

Mercury(0) is also formed in the reactions of several cr-hydroxyalkylchromium(III) 
ions with Hg”. 13’. Either the initially formed organoniercury(I1) product is unstable 
and collapscs to the aldehyde and niercury(0) (equation 88) or a two-electron 
oxidation occurs giving the aldehyde and mercury(0) dircctly. 

Reactions of organocobalt(clie1ate) complexes with mercury( I I )  species have been 
studied by a number of workers because of t h e  probability that methylcobalamin 
plays a key role in the biological methylation of mcrcury(I1) to the much more toxic 
mcthylmercurials in  inland and coastal waters close to industrial estates in many 

r:,,! 
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I I I J 
M MCl MCI, MCl, MCI, 

FIGURE 1. Calculated rate constants for the reaction of mercury(l1) and thaIlium(II1) species 
M"'' MC][t>-1)+ MCl&tl-Z) I , MCI:"-3'+, and MCI$'-4)+ (charges omitted) with 3-pyridiomethyl- 
pentaaquachromium(II1) ion (--.-,-), 3-pyridiomethyldicarbonyl-~'-cyclopentadienyliron(I1) 
(----) , and 3-pyridiomethylpentacarbonylmanganese(I) (- ). 0, TI(II1) species; 0, Hg(I1) 
species. 

Parts of the ~ o r l d ' ~ " .  The  mercury wastes frequently comc from chloralkali plants 
and the cobalamins from human wastcs in the form of sewage. 

[ Cr( H?O)C,]~.' + R'OCHR' Hg 

R1.-H: K'=hlc  J 
R'CHO+R'OH+H++Hg" (88) 

R ' = X l c :  H'=H. hlc < [Cr(H:O)6] ' + R I C H 0  + R'OH +Hgo 

[(H20)5CrCHR'OR2]2.'. + Hg2.' 

The reaction of methylcobalamin with HgZt is complicated by the concurrent 
interaction of the latter and of acid with the sixth (axial) ligand (equation 3 ,  Scction 
I), but the process leading to methylmercury(I1) is bclicved to bc a bimolecular attack 
at  thc mcthyl carbon in thc 'base on' form of the complex (equation S9)'4"-150. 
Studies of a range of other organocobalt(chc1ate) complexes suggest that thc reactiv- 
i t y  decreases as the organic ligand changes in the ordcr Me = PhCH2 > Et > Pr, which 
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should be compared with thc order shown in Section 1V.B for attack at iron, and that 
a positive chargc o n  the  macrocyclic ligand has an advcrse effect o n  the rate. I n  
almost all cases, CH3Hg' reacts at least two orders of magnitudc more slowly than 

. Thc reactions of t h c  chromiuni complex [CrR(rl5]aneN~)(HzO)]" whcre 
R = Me, Et, PhCH,, etc., with Hg2' and with MeHg' shows similar features"". The 
dimethylcobalt(lI1) chelatc complcxes tcnd to react much more rcadily than the 
monomcthyl complexes, the  first niethyl group bcing displaced by Hg2' ,  MeHg', or 
PhHg' much more readily than the  sccond (cquation 90) '42"4", indicative of a strong 
trans-influencc of thc methyl group in these octahedral complexes. The first mcthyl 
group is also displaced much more rcadily than subsequent methyl groups in the 
reactions of t h c  trimethylgold(II1) complcxes with HgCI2 (cquation 91)'"'. Since this 
reaction gives exclusively the  cis-dialkylgold(II1) product, a traris-influence is also 
apparent in thc square planar complexes 

~ < , l  I 147-155 
23 

RM' + 

(45) M = C r ;  r1=2;  X=HrO; M'=MeHg+ 
(46) M=Co;  n = I :  X = R :  M'=Hg'' 

X J 

[(Me),Au(PPh,)]+ HgClz - MeHgCl+ cis-[(Me)?AuCI(PPh~)] (91) 

The displacement of cobalt(II1) from organocobaloximes has bcen shown to take 
place with inversion of configuration (cf. rctcntion in the corresponding organoiron 
complexes in Section 1V.B) at the cr-carbon by the  use of 2-phenyl-1,2- 
didcuterioethyl- and 1,3_~Sldei;teric-?,3-dim~t!~~!butvlcoba!oximes'~'~'~~ . l'hcrc arc 
ccrtain side reactions which take placc with sccondary alkylcobaloximes, but these 
are probably because clcctron-transfer processes arise when the  displacement reac- 
tion is stcrically hindercd. 

B. Reaction With Other Metal Electrophiles 

Thc transfcr of alkyl, particularly methyl, groups from organocobalt(II1) chelates 
to inorganic cobalt(II1) cornplexcs is probably also important in biological mcthyl- 
cobalamin chemistry. This reaction has also bccn carried out between synthctic 
methylcobalt(II1) complexes and various cobalt(1II) macrocyclic complexes (cquation 
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92). One of t h e  problcms with t h e  study of this reaction is that thc corresponding 
homolytic transfer of mcthyl groups from mcthylcobalt(lI1) complexcs to inorganic 
cobalt(I1) complcxes is very much faster, so that small traccs of cobalt(I1) in solution 
can make a vast differencc to the rate of the transfer through interconversion 
between inorganic cobalt(II1) and cobaIt(1I) complexes and methyl transfer to the 

. Although rate studies of this reaction must be considcred with caution, ,atterlss.ls" 

equilibrium studies should largely unaffectcd by this catalysis. From these equilib- 
rium studies it  is apparent that the  order of receptor capability of the  inorganic 
cobalt(II1) complexcs is Co(dotnM),,, '' > cobalamin(II1) > Co(sa1ophcn) > 
Co(salen) > Co(7,7'-dimethylsalen) > Co(acacen) > MeCo(dotnH)' , but this order can 
be influenced by thc presencc of axial ligands other than water. T h e  abovc order 
applies in reverse to the ligand-donor capability of the  methylcobalt(II1) complexes; 
for example the dimethyl complcx [CoMe,(dotnH)] is the most effcctive donor of 
methyl groups (equation 93), and the corresponding monomcthyl complex 
[CoMe(dotnH),, '3 is the least effcctive. The factors controlling methyl transfer have 
been discussed i n  dctaillG". 

[MeCo(dmgH),L] + [Co'"(chclate)L]' -- [MeCo(chelate)L] + [C~(drngH)~L)' 

((Me),Co(dotnH)] + [PhCo(dotnh)]' [MeCo(Ph)(do t n H)] + [Co(dot n H)]' 

(92) 

(93) 

The cleavage of the carbon-gold bond of [AuMe(PPh3)] by [AuMe,(I)(PPh,)], to 
give [AuMe3(PPh3)] and [AuI(PPh,)], takcs place by a synchronous transfcr of the 
methyl group and thc iodine atom (equation 94). The transfcr of methyl groups from 

Mc-Au-PPh, + [IAu(PPh3)] [ I + [IAu(PPh3)] 

gold(1)'"' and cobalt(ll1)'"' to palladium(I1) has also been reportcd, but the mechan- 
isms may not fall into this category. One problem with these reactions is that the 
organopalladium products are unstablc and much of t h e  information comes from 
kinetics and subsequent products only. The  transfer of methyl groups from 
cobalt(1II) to gold(I)" and to p la t in~m(TI)~ ' . '~~ . ' "~  are interesting because of the need 
for gold(1II) or platinum(1V) catalysts, respectively. Thcse may therefore be oxida- 
tively induced nucleophilic displacements, or reductively induced electrophilic dis- 
placements, of the types describcd in Sections 1II.A and IKB, respectively. The 
transfer of organic ligands from cobalt(II1) to palladiurn(I1) and thence to organic 
substrates have been used in organic ~ y n t h e s i s ' " ~ . ~ ~ ~ .  Transfer of alkyl groups from 
cobalt(II1) to lead(TV)'"', cadmium(lI)*"*, lead(II)'"', and zinc(II)'"*' and copper 
(II)'"' have also been reportcd as electrophilic displaccments at the cr-carbon. 
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C. Acidolysis 

Attack of a proton at the cu-carbon does not appear to be a favoured process, 
except when the complex is activated by  prior reduction (Section IV.B), and despite 
the high reactivity of many other electrophilcs. The  gas-phase reaction of 
[ M ~ M C ( C O ) ~ ]  described earlier (Section V1.B) is one of the few unambiguous 
examples of attack at the a-carbon; in solution chemistry much of the evidence is 
indirect. Thus, the acidolysis of several alkylpentaaquachromium(II1) ions in aqueous 
acid follows the rate and it has been suggested that the sccond term refers to a 

Rate = k,[substratc]+ k2[substrate][H,0’] 

proton attack at the a-carbon with some assistance through hydrogen bonding to the 
coordinated water molecules. On the other hand, the acidolysis of thc  pyridylmethyl- 
manganese complex 47 in 0 . 1 - 4 ~  perchloric acid takes place at a rate which is 
independent of the acid concentration (equation 95)’”. In complete contrast, the 
pyridylmethylpentaaquachromium(II1) ions shown in equations 83 and 86 do  not 
undergo acidolysis in 4 M pcrchloric acid, but decompose through homolysis of the 
carbon-chromium bond. Only in more basic solutions do thesc complexes undergo 
an acidolysis, probably through a unimolecular dissociation of a species in which 
several of the water ligands have bcen replaced by hydroxide”. T h e  mechanism of 
acidolysis of trialkylgold(II1) complexes is not known, except that dialkylgold(II1) 
compounds are formed with retention of configuration at the metal‘6. 

D. Reactions with NO’ and MOCl 

Mildly acidic solutions of nitrous acid, with or  without added halide ion, react with 
organochromium(II1) and with some organopentacyanocobaltate(I11) ions (equation 
96) according to the rate law the first term of which is consistent with an attack of 

Rate  = k3[substrate][H30’][HN02] + k,[substrate][H30’][HNO~][Cl-] 

NO’, the second with attack of NOCI, on the substrate. T h e  product of the reaction 
depends on the conditions, being either an oxime in more dilute solution or a dimer 
in more concentrated solution. Both products are, however, consistent with a direct 
attack of thc nitrosating species at the a-carbon with the formation of a monomeric 
nitrosoalkane (equation 96)”’. 

H20 
[CO(A~CH,)(CN),]~-+NO’ > ArCH=NOH 

/” 
[Co(CN),(H,O)]’-+ ArCH2NO’ (96) 

f[ArCH2NOI2 
\ 

A.r = Ph, Hpy’ 
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E. Other Electrophiles 

A n  unusual reaction is the attack of the trityl cation, Ph3CA, on the trinicthyltan- 
talum complex 48. T h e  trityl cation is normally associated with hydride extraction, 
but in  this case it becomes attached t o  carbon, either through a direct attack at the 
a-carbon or through an oxidative-addition, reductive-elimination process. It is the 
central methyl group which is lost and the kinetic isotope ratio klJkn is 3.4’”. 

Ph3C’ + [ T a ( M ~ ) ~ ( c p , l  - Ph,CMe + [Ta(Me)2Cp2]’ 
baw - [Ta(=CH2)(Me)Cp2] (97) (48) 

VII. ATTACK AT VlNYLlC CARBON 

Attack on  vinyl complcxcs presents a number of mechanistic problems, not only 
because of the difficulties of distinguishing between attack on the metal and attack at 
t he  a-carbon, but  also because of the several consequences of attack at the relatively 
nucleophilic a -  and 0-carbons. As shown i n  equation 98, attack of the electrophile 
a t  thc a-carbon can lead to a carbocation intermediate, 49, which can either lose the 

c~s-RCH = C H X  fmt1s- RCH = C H X  

T - M +  1 -M- 

R M H M 
\ /  \+  / c2c-x - c-c-x 

metal rapidly t o  give a vinyl compound with retention of configuration, o r  can 
undergo complete o r  partial rotation about the C(,)-C(2) bond t o  give another 
carbocation, 50, which can lose the metal to give the vinyl compound of opposite 
stercochemistry. l h e  reversion of 50 to a vinyl metal complex thus provides a means 
of isomerization of the substrate. Alternatively, attack of the electrophile a t  the 
@-carbon can lead to a carbenoid intermediate 51 which can also undergo rotation 
about the C(,,-C,z, bond to  give a second carbenoid intermediate 52. Reversion of 
52 to a vinylmetal complex thus provides a further means of isomerization of the 
substrate. W e  may therefore expect a whole spectrum of properties within this 
framework, and the importance of observing the character of the substrate during the 
course of reactions in which products of mixcd or different stereochemistry are  
formed cannot be ovcrstressed. 

Thus, in the reaction of halogens and mercury(I1) acetate with both cis- and 
tmns-styrylcobaloxinies, very high yields of the  corresponding cis- and tram-styryl 
products are  formed without any apparent isomerization of the substrates. Since 
these substrates arc  unlikely t o  rcact through attack at the metal, a direct attack at 
t he  cy -carbon, with synchronous o r  near synchronous stereospecific expulsion of the 
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cobaloxime group, is probablc. Since the cis-styrylcobaloxime 53 is readily synth- 
esized in good yield from phenylacetylenc, equation 99 provides a useful synthesis of 
cis-styryl halides'74. 

Ph-CH + [Co(dmgH),py]- E' MeOH cis-[PhCH=CHCo(dmgH),py] 
(53) 75% 

(99) 
95% x* 

cis-PhCH=CHX + CXCo(dmgH),py] 
I 

X = C1, Br, I. 

On thc other hand, several other substituted vinylcobaloxirncs do not react 
stercospecifically with halogens and this may be indicative of long-lived carbocation 
intermediates or of the intrusion of free radical processes. Most of the other apparent 
displacements at the a-carbon are of uncertain mechanism. These include the 
acidolysis of the vinylgold(I)gold(III) complex 54 (equation and the mercura- 
tion of styryltriphenylphosphincg~ld(I)'~~, which proceed with retcntion of configura- 
tion a t  carbon, with preferential cleavage of the carbon-gold(1) bond. 

CF,, ,,cF'3 
/c=c 

\AuPMe, 
L J L 

+ [CIAuPMe,] (100) 

A number of thcse reactions arc uscful in organic synthesis, since vinyl metal 
complexes may readily be prepared from acetylenes. For example, the synthesis of 
a,p -unsaturated ketones by the reaction of vinylzirconium complexes with 
aluminium chloride and then acetyl chloride (equation 101)'77, and the reaction of 
vinylcopper complexes with acyl chloride, a,@-unsaturated ketones, and epoxidcs 
(e.g. equation 102)'78. The stereospecific attack of a hcterocyclic cation on thc 
a-carbon of styrylcobaloximes providcs an unusual cxample (equation 103)l7'. 

[(cis-ArCH=CH)Co(dmgH),py] 

+ 
-+ 06 R cis-ArCH=CH dsm +[Co(dmgH)ipyl+ 

H S  (103) 
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Evidence for attack at  the @-carbon has emerged more recently. For example, the 
vinyliron complex 55, when treatcd with acid, gives mixtures of the q2-ethene 
complex and of thc novel cation 56 via the intermediacy of the carbene complex 
[MeCHFp]’ (cquation 104)””’. T h c  same mixture can also be obtained by reaction of 
the methoxymethyl-Fp complex 57 with the trityl cation (cquation 104), an example 
of clectrophilic attack at  a 0-oxygen atom (see Section 1II.E). Similarly, the niobium 
complex 58 reacts with methylfluorosulphonate at the @-carbon to give an inter- 
mediate carbcne complex which then undergoes hydrogen transfer in the process of 
climination of the olefin. T h e  carbenoid intermediate is apparently sufficiently 
long-lived t o  allow rotation about CcI)-C(2, (equation 105)18’. Other examples of 
attack at the  @-carbon of acetylides a re  given in Section 1II.H. 

l C H ~ ~ ~ 5 ~ H F p l  1 
lCH3CH=Fplf + [Fp(v2-C~H.+)]’ 

1 [MeOCH(Me)Fp] c / 
(57) [ Fp[$ - C Hr = CH CH (Me) Fp) 1 

[FpCHrCHCH(Me)Fp] 
Ill 

(54) 

RCH=C( R’) RCH(Me)c(r’) 

B-;“ ] H 

Nb(C0)CpZ 

R R’ R H (58) 

--+ >=( + )=( + [Nb(CO)Cp2]’ (105) 

Me H Me R 

r 1 

SCN 

-20 “C 

J. 
Ph NCS - 

Attack at more remote unsaturated carbon frequently leads to  modification of the 
C-M bond character (Section I I I ) ,  but can also lead directly to  displacement of the 
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metal. Attack at the y-carbon of allylcobaloximes or at the 6-carbon of but-3- 
enylcobaloximcs, with electrophilic reagents such as halogens’82, 2,4-dinitrophenyl- 
sulphenyl chloride’*”, o r  thiocyanogcn””, gives rearranged ally1 -and cyclopropyl- 
carbinyl products, respectively (equations 106 and 107). Reaction of t h e  3- 
methylb~t-3-enyl-iron’~~ and -zirconium’xs complexes 59 and 60 with trifluoroacetic 
acid and N-bromosuccinimide, respectively, leads to cyclopropane derivatives (equa- 
tions 108 and 109). The  corresponding attack at the y-oxygen atom of the acyl 
complex 61 leads to  a vinyl ester (equation 110)’“” and attack at a 6-oxygen to a 
cyclopropane derivative (equation 11 1)’”. 

(60) 

C(MeCOCH,Au(PPh,)l+ MeCOCl - MeC02C(Me)=CH2+ ECIAu(PPhJ1 

(61) 
(1 io) 

VIII. INSERTION REAC‘hlONS 

A large number of unsaturated electrophilic organic and inorganic molecules react 
with organotransition metal complexes by ‘insertion’ between the organic ligand and 
the metal. Sulphur dioxide, sulphur trioxide, tetracyanoethylene, hexafluorobut-2- 
yne, etc., react with a wide range of complexes (equation 112). Sulphur dioxide 
insertion reactions have been studicd most extensively’“ but there arc still ;i number 
of perplexing features of these reactions, probably because more than one meclian- 
ism can obtain and because evidence from o n e  complex under onc set of conditions 
has often bccn associated with that from other complexes and under different 
conditions where the mechanism need not  be the same. 

[R-X-Y-ML,,] 
7 XY = CF2CF2. CF,-CCF,, (NC),C=C(CN),, etc. 

x=so; Y = O  
X = S O , ;  Y = O  

(1 12) 
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T h e  stereochemistry of the insertion at carbon has been studied in several 
substrates. Thus, diastereoisomeric [(PhCHDCHD)Fp]"", [ (~ -BUCHDCHD)F~] I '~ ,  
[Mn(PhCHDCHD)(CO),(PEt,)]'X9, and [W(PhCHDCHD)(CO),(PEt3)(C,H,)1'"9 
react with sulphur dioxide to givc t h e  corresponding insertion products with inver- 
sion of configuration at  the  a-carbon, indicative of a rear-side attack of the sulphur 
at carbon, i.e. o n  the side away from t h e  metal'g". It has been suggested that this 
leads to an ion pair which collapses first to an 0-metal  sulphinate and subsequently, 
through rearrangement, perhaps b y  redissociation to the ion pair, to the ther- 
modynamically favoured S-bonded sulphinate. T h e  0-bonded sulphinates have been 
observed in solution'"' but have not been isolated. The  insertion reaction also takes 
place with substantial retention of configuration at  the iron centre, as shown by 
the formation of [{(RS, SR)-Me,SiCH(Ph)(S02)iFe(CO)(Ph3P)(q -C,Hs)] from 
[{(RR, SS)-Me,SiCH(Ph])Fe(CO)(Ph,P)(q -C,H,)] with a rate constant of 
12.3 x s-l at 280 K in liquid sulphur dioxide132, by the formation of the insertion 
product 63 from the diastereoisomeric substrate 62 (equation 113)"', and other 
work"'. When iodide is present during the insertion reaction, the iodoiron 
complex is formed, probably through interception of the ion pair. 

[ o < p I ]  

L 

The rates of inscrtion into a series of organoiron c o m p l e x ~ s ' ~ ~  are not  entirely 
characteristic of an clectrophilic attack at the a-carbon with inversion of configura- 
tion. Moreover, the  variation in reactivity of different substratcs is solvent depen- 
dent, a typical order being Me2CH > Me3CCH2 > Mc > PhCH? >Me3CIg'. For a 
bimolecular attack at the a-carbon. thc rieopentyl group would bc expected to be 
particularly unreactive and i t  seems likcly, thercforc, that at least two mechanisms 
operate in the abovc series. E v e n  the order Me < Et, which obtains in some solvents, 
is unusual, being more consistent with an electron-transfcr process than with a 
substitution reaction (see Section IV), and frcc radical processes have been detected 
in the sulphur dioxide insertion rcactions of some benzylmetal complexes'96. 

Support for the  elcctrophilic character of some of the reactions comes from t h e  
observation that there is a 20000-fold acceleration of thc  rate of inscrtion into 
organotungsten complcxes by Lcwis acids such as BF, and AIBr?, and that the 
primary products are t h c  complcxes 0-sulphinatcs, which, o n  addition of basc, 
rearrange to the S-sulphinatcs (equation 114)")'. 

[W(Me(CO),Cp] + SOz ---+ [W{OS(Me)=OBF3}(CO),Cp] - 
IXlW 

[w(S02Me)(Co)3C~l  (1 14) 



- 
Bu' 1 

H @ q =  H 
ZrClCp? 

[CH~=CI-ICH(MC)SO~ML,,] ( I  19) 

1 1 ( 1  15) 

~ SOzZrCICp2 

The insertion of tetracyanoethylen~. hexafluoroacetone, etc., into gold--carbon 
and platinum--carbon bonds probably occurs through prior coordination of the 
electrophile to the mctal. N o  interrnediatcs havc been observcd in the reaction of 
tetlafluoroethylcne with rAuMc(PPli,)I"".2"' but the  same substrate reacts with 
tetracvnnoethylcne to give a n  isolable ~'-complex20.3. which slowly rearranges to thc 
insertion product 652"". Tetracyanoethylenc insertion reactions are complicated by 
the formation of morc than  one type of product in several casesI and by the possiblc 
role of charge transfer complexes i n  the  reactions (see Section IV120''. For example. 
the reaction of the alkylchromium complcx 66 with tetraeyanocthylcne givcs a 
mixture of t h e  C-bonded and the N-bonded complcxcs 67 and 68, which slowly 
interconvert, as well as thc dinitrosyl complex 70 (equation 120)"". 
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trans-[PtC.1Me(AsMe2Ph),l + CF3C=CCF3 - rPtC1Me(AsMe,Ph),[s2-C,F,)] (120) 

21 days, ambient temp i 
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I. INTRODUCTION 

Transfcr of a hvdrogen atom from the 6-carbon atom of an  organotransition-metal 
compound, either to the metal or to another substituent, usually leads to  metal- 
carbon bond scission. Such reactions are termed @-elimination reactions. They often 
proceed readily under mild conditions and examples are numerous. Indeed, 0-  
elimination was the first well defined low-energy pathway leading to transition 
metal-carbon bond breaking. With the rcverse of this reaction providing a route for 
hydrogenating olefins, and featuring in many catalytic cyclcs, the proccss is unqucs- 
t ion a bl y import ant . 

L, M C H ~ E H ~ ~ H ~ R  

Probably owing to thc easc of the 6-elimination reaction, transfers of hydrogcn 
from a- or y-carbon atoms were not rccognizcd until  later, and fewer examples arc 
known. T h e  three reactions are formally related, however, as shown in equations 
1-3. The depiction of the olefin complcx from the 6-hydrogen transfer as a 
metallacyclopropane is a formalism, but serves to emphasize the similarity 
between the processes. 

a-elimination 
L,HM =CHCHzCHzR 

3-eliminarion 
L M C H ~ C H Z C H ~ R  L M  - CHCH2R 

\ /  
CH2 

Lhf-CHR I I 
y-elimination 

CH2-CH2 

(3) 

I t  is in-rmediately apparent that nonc of the hydrogen transfers of equations 1-3 
involves breaking ;I metal-carbon bond; indeed, new M-C bonds arc forrncd. 
Subsequent o r  concurrent elimination reactions commonly (but not invariably) lead 
to the bond clcavagcs. 

This chapter cxaniincs first thc p-elimination process, reviewing progress in 
undcrstanding its mechanisms and requirements and relating them to theoretical 
considerations, then surveying the scope and applications of the reaction. a -  
Eliminations, which appear to be taking a n  increasingly important role in or- 
ganometallic chemistry as new examples continue to cniergc, are also cxamined and 
arc discussed next. Lastly, although clear examples which lead to mctal-earbon 
bond clcavagc arc still rare. y-eliminations arc described. Metallation reactions, 
which can produce four-, five-, or  cven six-membered rings, arc related to the 
metallacyclobiit~iiic formation of equation 3,  and since the factors which control 
these processes are rclcvant to y-eliminations, they are briefly discussed with a few 
examples. 

l’hc chapter is devotcd to transition metal compounds and most considerations are 
relevant only to thcse elcmcnts. Examples of t h e  processcs are sometimes found for 
main group compounds. however, and altnough the intimate details of the rcactions 
might be difterent, ;I few ex:iniplcs are includcd for comparison. 
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II. P-ELIMINATION REACTIONS 

Thc rcactions might proceed by either of thc extremes dcpicted in cquations 4 and 5, 
or by some intermediate route. 

It is climination of the coordinated olcfin from the products of reaction 4 or 5 
(spontancously, or via replacement by solvent o r  anothcr ligand) which results in 
M-C clcavagc. HX elimination (a necessary consequence of reaction 5 ,  arid an 
option from the product of equation 4) also cleaves metal--carbon bonds if X is 
another carbon-bonded ligand. Sonic exaniples arc shown in equations 6-8'-3. That 

lrar IS -[P t C1 ( Pr" ) (PE t F==== f ru 11s -[P t CI H( PEt 3) 2 ]  -1- CI-12=CH Me (6) 

(71 

(8 )  

equation 4 more often approachcs thc t r u e  situation than cquation 5 has bcen 
demonstrated by several selective dcuteriation studies. Rcaction 9 illustratcs this'. 

tl lf  
CCr(Ru'),(thf),] - [Cr(Ru')(thf),, 3 + CH2=CMe2 + CHMe, 

cis-[Pt(~ctyl) ,(PPh~)~] - [Pt(PPIi,)J + octane -I- oct-I -ene 

(Bu3P)CuCHzCDzEt + [CUD(BU~P)] +CHr=CDEt 

(9) IC~(RU.P)(CH~CD~E~)J  / \  
HD CHzDCDrEt +2Cu+2PB~3 

T h c  position of the singlc deuterium label of thc but-1-enc product confirmed that 
the atom transferred originated from the @-position. The copper deuteride was n o t  
isolated, but its formation was inferred from the products of its bimolccular reaction 
with unreacted starting material. Also, when the reaction was performed i n  the 
prcscncc of acid, HD was produced from the intermediate. 

At  the other end of the  transition series, elimination reactions are sometimes less 
sclcctive. Dcuteriation revealed, for example, that :-and 0-hydrogen transfers were 
common amongst alkylchromium(II1) compounds-. The  power of the method is 
illustratcd by Schemc 1, which involves transfer of dcuterium frorii zirconium to both 
a 0-carbon and (after CO insertion) an a-carbon, followed finally by a 0-elimination 
to yield a n  isolablc zirconium hydride5. Without dcuterium labelling, the coursc of 
this reaction would surely have remained obscure. 

I n  marly cases, however, the information available from deuteriation studies is 
reduced owing to the operation of a rapid reverse reaction that Icads LO scrambling of 
the labclled sites. It is not possible y c t  to predict when such scrambling will occur. N o  
complic:ltions due to H-D scrambling occur during the thcrmolysis by 0-elimination 
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Cp2'ZrDz +CH2=CMe2 - Cpz'ZrD(CHzCDMe2) 

CDCHrCDMer C- CHzCDMer [cp2*zq 1 f- [cpr*:;-o ' \  

B-elimination \ 
Cpr'ZrH(0CD = CHCDMe2) 

SCHEME 1 

of the square-planar d H  iridium(1) complcx ~~~~IS-[I~(CH~CHDC~H,~)(CO)(PP~~)~]'. 
O n  the other hand, easy reverse reactions at thc related dX platinum complex 
c~~s-[P~CI(CD,CH,)(PE~,)~]  prevented confirmation of the  site of hydrogen transfer 
(cquation 10)'. 

[PtCI(CD,CH,)(PEt,),] - rrans-[PtHCI(PEt,),l + trutis-CPtDCI(PEt,)-] 
+ethylene(d,-,) (20) 

Competition rcactions coupled with sclective deuteriation have revealed useful 
information, even in cases wherc H-D scrambling takes place. Thcrmolysis of a 
mixture of [Pt(octyl),(PPh,),] and [Pt(CH2CD,Et)2(PPh3)2] produced octane and 
octenc (see cquation 8) and deuteriatcd butane and butene'. 
No  deuterium was incorporated in the CH products, so the eliminations were 
intramolecular. The C, products revealed extensive H-D scrambling, however, so 
although the p-transfer must be rapidly reversible in this  case, oncc alkanc or alkcne 
is eliminatcd thc process ccases to be reversible. N o  exchange between free and 
coordinated butenc occurred, either. 

O n e  of the best proofs of the operation of equation 4 would be  the isolation of a 
reaction product containing both hydride and olefin in the coordination sphere of the 
metal. Such compounds are rare, however, and the reason is now not hard to find. 
The  ease of H-D scrambling indicates that the revcrse of 0-elimination (one step in 
olefin hydrogcnation at mctal atoms) is rapid. Thus if neithcr hydride nor olefin is 
lost from thc metal after 0-hydrogen transfcr, the process will probably reversc. 
Equations 1 1-13 show three examples of detectable hydrido-olcfin complexcs7-". 

(12) 
co 

[TaH(rlZ-RCH=CI-1,)Cp2~ - [Ta(CH2CH2R)(CO)Cp2] 

[Ni (r) '--a1 I yl) Et ( PPh f )  1 [ N i (r) '- all y 1) H (C,H,) PPh,] 

1t 
Ni 1- PPh, + C3HG - [Ni(r)~-alIyI)H(PPh3)] + C2H4 ( 13) 

Some of the known hydride-oletin derivatives whicl? do n o t  participate in 
hydrogcnntion/P-elimination sequenccs may be prevented from doing SO by an 
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unfavourable geometry. Compound 2, for example, has a trans arrangement 
ethylene and hydrogen, confirmed by X-ray crystallographic studies". 

563 

Before going on to discuss the chemical and geometrical requirements for p-  
elimination, it is worth pointing out one necessity, obvious from equations 4 and 5 ,  
namely that the a- and @-carbon atoms and one P-hydrogen atom need either to  be 
within, or in close proximity to, the metal coordination sphere, or at least be able to 
approach sufficiently for a strong interaction at the transition state. There is plenty of 
independent evidence that this is indeed so. Both ' H  and I3C n.m.r. spectra indicate 
strong coupling to I9'Pt of the O-CH2 unit of the metallacyclobutane ring of 
[(bipy)C12PtCH2CH,CH2], and this probably results from a direct interaction". The 
q'-benzyl complex in equation 14 can be readily converted to an q3-bonded moiety, 
suggesting ready availability of a, 0, and y-carbon atoms at the palladium atom'*. 

r 1 4  

Also, the reduction of [ M O C ~ P ( O M ~ ) , } ~ ( P ~ = C P ~ ) ] '  by [BH(Bu')~]- leads to a 
cyclic alkylidcne compound, and it is likely that this comes about through the 
interaction of a P-carbon atom with Mo, despite an expected 120" anglc at the 
a-carbon ato1-11'~ (Schcme 2). 

L-$o+ CP 

Ph L 
H 
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A. Elimination-stable Molecules: the Need for Transferable @-Substituents 

Obviously a transferable group on the @-atom of the  chain is necessary for 
@-elimination to procccd. Commonly this group is a hydrogen (or deuterium) atom. 
Long before the importance of (?-elimination was recognized as a decomposition 
route of OrRanotransition-metaI CompiexCs'J-'h, it was realized that methyl deriva- 
tives, with n o  @-atoms, were more thermally stable than ethyl or propyl com- 
plexes".'7.'X Aryl compounds also secm more resistant to thermolysis than long-chzh 
alkyl~'~.''. Lack of a low-cnergy @-transfer pathway probably accounts for this, at  
least in part, although an aryltitanium complex has been shown to decomposc via 
benzyne formation'", and this could be by a @-hydrogen transfer (equation 15). 

[TiCp,(C,D,),] - CTiCpdCeDJI -t C& (15) 

Benzyl compounds such as [M(CM,Ph),] (M = Ti, Zr, or fIf)'" also have enhanced 
stability towards thermolysis, although it is unclear whether this results solely from a 
lack of transferable @-groups or  from electronic or stcric interactions with the  
mctals'". Thc  same considerations presumably apply to several pyridylmethyl com- 
plexes", which are more stable than  their hydrocarbon-chain analogues. 

T h e  enhanccd stability of these compounds can be taken as evidence that, in 
general, @-elimination is a lower cnergy process than other modes of thermal 
degradations of organotransition-metal complexes, including homolysis, reductive 
climination, and binuclear elimination'", as well as a - and y-transfers. Recognition 
of this has enabled several workers to isolate novel organotransition-metal corn- 
pounds by using organic groups specifically choscn to block @-elimination. These 
include CH2CMc3, CH,SiMe3, CH2SnMe3, and CH2P'-Me,'4.22-'4 as well as varia- 
tions involving bridging and chelate versions of these groups"'."'. T h c  success in 
isolating so many of thcse 'elimination stable' compounds suggests that transfer of H 
(or D) from the @-atom to the metal occurs with unparalleled case compared with 
other 0-substituents. 

The ability of the  transition metal to form a hydride, and the necessity to form a 
multiple bond between thc u- and @-atoms, have occasionally bcen cited as 
requirements to enable @-elimination to operate, b u t  this could be misleading. Thus 
the reluctance of silvcr to produce a silver hydride has bccn suggestcd2' as a reason 
for t h c  unimportance of 0-climination in the thermolysis of [A~(BU")(PBU,)]~". This 
could, however, be due  to orbital symmetry requirements (sce below). Also, if 
@-elimination were to proceed according to equation 5 ,  there is n o  requirement to 
form a hydrido-silver interniediatc. It is possiblc rnat [Ag(Bu')(PBu,)] does decom- 
pose via @-elimination2". 

The reluctance of heavier main-group elcments to form mid tiple bonds to carbon 
could well contribute (together with a reluctancc of methyl to transfer to the 
transition metal) to  the stability oI complcxes of 'elimination stable' groups such as 
CH2SiMe3. @-Elimination reactions have not  bcen rcported either from complexes 
where the a-ligand atom is a hcavier clement, even  when @-CH-, groups are present. 
For examplc, transition metal complexes of tertiary phosphines arc legion"', and 
many metal-metal bonded compounds containing units such as M-SiMc3 are 
known2*. This argument cannot reprcsent the whole truth, however, as the require- 
ment to form a multiple bond only  emergcs if the group is eliniirinted from the fnetaI 
after @-atom transfcr. Equation 2 shows the coordinated olefin as a metallacyclo- 
propane, and phosphorus analogues can be prepared by @-hydride transfers (reactions 
16 and 17)2y.3". 
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1 [RuCI?(PMc3)4]+2Na --* 2NaCI+ 

Althoush these @-transfers arc intrarnolccular (no H-D exchange occurs when mixed 
with pcrdeuteriated compounds), a relatcd bimolccular complex has becn known for 
many ycars (3)". Sulphur readily forms such cyclic compounds also (4)32. 

C 

(3) (4) 

Thus, although the cxistcnce of many compounds with second-, third-, and fourth-row 
elements in an a -  or  p-position to a transition metal. and which do not readily 
undergo 0-substituent transfcr reactions, is presumably a reflection that thc activa- 
tion energy for the process is higher ?han for compounds with a -  and p-atoms both 
carbon, the reason is not clear. 

Equation 18 shows an interesting a-0 rearrangement undergonc by a family of 

(18) 
I 0 0  "C 

[Cp(C0)2FeSiMe2CH2Cl] - [Cp(CO)2FeCH2SiMe,C1] 

iron-silicon compounds"". This reaction is unimolecular and could conceivably 
proceed via @-transfer of CI to Fc, followed by a-climination of Si and C1. This has 
not been proved, however, and a concerted CI transfer via an intcrmediate such as 5 

is plausible. Interestingly, the transfer of 0-chloride substituents to silicon is known 
(equation 19)34. 

R3SiCH2CH2CI - R,SiCI + C2H, (19) 

B. Availability of Coordination Sites 

If the transfer of a @-atom substituent proceeds completely t o  thc metal atom, as 
in cquation 4, an extra coordination site is requircd on the metal whcthcr or not any 
subsequent eliminations occur. T h e  acknowledgement of this fact initiated a signific- 
ant step forward in mechanistic organometallic chemistry"'". Thus, it was pointed o u t  
that the five-coordinate rhodium complexeq [RhR(CO),(PPh,),] and [RhR(CO) 
(PPh3)s], which readily losc CO or  PPh3 in solution, wcre labile towards p- 
eliniination (equation 20)", whereas a variety of substitution-inert octahedral ions 
such as [RhEt(NH3)5]2' and [Rh(C2F4H)(NH,),(OH)2]2' resisted olefin elimination"". 
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[RhEt(CO)(PPH,),] - [RhEt(CO)(PPh,),] + PPh3 

[RhH(CO)(PPh,),] [RhH(CO)(PPh,)J + PPh3 

It is now known that the true situation is more complicated than this. For example, 
the octahedral rhodium derivativcs do  undergo @-elimination at higher tempera- 
tures””. Even without a coordination site, @-eliminations may become possible via a 
geometry change or via a process like equation 5 (although the activation energy 
could be higher). Other gcometrical constraints such as orbital symmetry restrictions 
might themselves dictate the thermolysis path of an organotransition metal complex, 
even if suitable coordination sites for @ -transfer are  available. Also, steric blocking 
from bulky neigltbouring ligands might deny access to a site. Nevertheless, availabil- 
ity of coordination sites at the metal has proved of central importance to 0- 
elimination, and we examine now several reactions where ligand eliminations are 
necessary prerequisites to @-eliminations. 

7 .  Cyclopentadienyl complexes 

Equation 21 shows the result of @-elimination from cyclopentadienyl iron com- 
plexes examincd by Reger and C ~ l b e r t s o n ” ~ .  The reaction is first order in iron 

[Fe(alkyl)Cp(CO)(PPh,)] h [FeHCp(CO)(PPh,)] + alkene (21) 

complex when carried ou t  in xylene solutions, but i t  is completely inhibited by 
addition of half an equivalent of PPh3. Other donor species, such as thf or dioxane, 
also retard the reaction, indicating clcarly that a critical step is loss of PPh3 to make 
available a coordination site on iron. Thermolyses of both primary and secondary 
butyl complcxes lead to the same product ratios of but-1-me, truits-but-2-ene, and 
cis-but-2-enc, suggesting a fast isomerization by reversible @-hydrogen transfer prior 
to elimination. There is no significant deuterium kinetic isotope effcct from either 

\ 
[FeHCp(C0)(q2-cis-MeCH=CHMe)] [FeHCp(CO)(q ‘- CH2= CHCHzMe)] 

\ [FeHCp(CO)(q’-truns-MeCH=CHMe) 

-c i s -MeCH=CHMe 
PhiP -rrons-MeCH=CHMe 

lFeHCp(CO)(Ph3P)1 

SCHEME 3 
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[Fe(CD2CH2Et)Cp(CO)(PPh3)] or  [Fc(CH2CD2Et)Cp(CO)(PPh3)], indicating that H 
(or D) transfcr is not  rate determining. The deuterium labels are completely 
scrambled throughout the products arid thc alkyl groups of rccovcred starting 
material, howcvcr, indicating again reversible and rapid 0 -eliminations prior to final 
olefin loss. Reaction 21 is not  reversible, howcver, so the final climinations must bc 
one-way steps. Scheme 3 accounts for all these  feature^'^. 

A very similar situation has been reported for [PdCp(PPh3)(CH2CH2Y)] [Y = OMe 
or CH(COMe)2] (equation 22), although failure to isolate or even detect hydridc 
intermediates restricts the information accessible3s. T h c  P-elimination process in 
solution is rctardcd by added PPh3, but dramatically accclerated if }?I- 
chloroperbcnzoic acid (which oxidizes free tertiary phosphinc) is addcd. 

--PPh3 

D ' ~ C P ( P P ~ J ( C H ~ C H ~ Y ) I  - CPdCp(CH2CH2Y)I 
Ph,P - [PdHCp(q2-CH2=CHY)1 - Pd+ C5H6+ C2H3Y (22) 

Comparison with the iron complex previously de~cr ibed '~  suggests at first sight 
that the palladium compound should already have coordination sites available for 
&transfer without further ligand loss. Such a transfer would lead to a 20-elcctron 
intermediate, however, and it is apparent that such constraints must be kept in mind 
in relation to coordination number. 

Two further points emcrge from this study of palladium compounds". Firstly, it 
seems unl ikely that the concerted elimination of the equation 5 type (which necd not  
violatc the  IS-electron rulc) can occur as a reasonably low-energy process for these 
compounds. Secondly, added phosphine produces somc of the square-planar 16- 
electron complex [Pd(q'-C5H5)(PPh&(CH2CH2Y)]. Obviously @-elimination from 
this spcies also must be a process of higher energy than the route of equation 22. 

The generality of this pattern is continued when cyclopentadicnylcobrlt(III) com- 
plexes are examined3'. Loss of triphcnylphosphine from [CoCpMe2(PPh3)l allows 
ethylene to coordinate in its place, and this undergoes inscrtion into a cobalt- 
methyl bond to produce a propyl derivative. This propyl complex (6 in Schcme 4) is 

-CHd 
[CoCp(CHz=CHMe)] t 

ClHt PPh) I 
-PPhr C ~ H J  
L - lCoCp(Me)zl d [CoCp(CzHJ)(Me)zl 

\ 
PPh1 -CzHa 

6-climin:ition 

[ CoHCp (Me) ( CH2=CHMe)] - [ Co Cp (Me) (Pr")] 

(6) 

[CoCp(CzH4)(PPh3)] +CHz =CHMe 

SCHEME 4 

again coordinately unsaturated, and deutcriation studies proved @-hydrogen transfer 
from propyl to methyl, presunably via cobalt. Reversible loss of PPh3 from 
[CoCpMe2(PPh3)] and [CoCp(CD,),(PPh,)] can lead to intermolecular exchangc of 
CHI and CD,'". Presumably t h e  same routc is available for 6 (Schemc 4), so the 
absence of products derived from such exchanges indicates that the -elimination 
process is faster. 
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An example where steric blocking prevents @-elimination, rather than actual 
occupation of a coordination site, is affordcd by [Z~(D~"){C~~(S~MC,)~)C~,]. This 
complcx is stable, whereas [Zr(Bu"),Cp,], with a similar coordination number, but 
lacking the bulky bistrimetliylsilylnietliyl group, is thermally labile"'. The  unexpected 
stability of [Cr(Bu'),] might similarly be assigned to steric b lo~king"~.  

Alkyluranium(1V) complexcs, [U&], prcpared from RLi and [UCI,], decompose 
below room tcrnperature to cqual amounts of alkane and alkcne, provided that R 
contains @-hydrogen. No frce radicals are involved, and /3-elimination probably 
operates". The sterically crowded cyclopcntadicnyls [URCpJ, o n  t h e  other hand, do 
not decompose via 0-hydrogen transfer to uranium"". Instead, the R group abstracts 
hydrogcn from the n-bonded cyclopentadienyls. The  restricted rotation when R = Pr' 
is cvidcncc of the steric crowding, e v e n  at thc large uranium ion. 

The implications of these findings to metal-carbon bond scission via @ -  
elimination are already clear. To proceed, the compound should be less than 
coordinately saturated and have an electron count lower than 18. This situation is 
most often reached by a ligand loss, so strongly bonding ligands should help prevent 
/3-elimination. The process might still bc prevented i f  the ligands are bulky enough 
to block transfer sitcs. 

2. Octahedral complexes 

A thermolysis study of the pseudo-octahcdral cobalt complexes [Co(acac)R,LJ 
(L= tertiary phosphine) found the activation energy for the reactions to decrease 
along the series R = Me > Et > Pr" > Bu'~'.  The compounds decomposed in either solid 
or solution, the methyl derivatives to ethane and t h e  longer chain alkyls to 1: 1 
mixtures of alkane and alkenc. Thc decompositions were first order, and [Co(acac) 
(CH2CD,),(PMe2Ph),] revealed a kinetic isotope effect of 2.3, indicating that @ -  
hydrogen (deuterium) transfer was rate-determining". N.m.r. spectroscopy showed 
that L was readily lost in solution. Also, added tertiary phosphinc inhibited the 
thermolyses, so these compounds also fit t h e  picturc of ligand loss being necessary to 
generate a coordination site for @-elimination (equations 23-25), even  though this 
step is not rate limiting. 

21 
[Co(acac)Et,LJ+solvent (S) [Co(acac)Et,LS]+ L 

\IO\V 

[Co(acac)Et,LSl ---+ [Co(acac)Et H(C,HJL] + S 

[Co(acac)EtH(C2H,)Ll ---+ C,H6 + C,H4 + Co' complex 

The inhibiting effect of added tertiary phosphine is in displacing the equilibrium, 
KZ3,  to the left (equation 23). T h e  effect is transmitted by electronic and steric 
properties: very basic phosphines and sterically bulky phosphines both cxcrt a lesser 
inhibiting effect. The solvent also is important: thermolysis rates decrease in the 
order acetone > toluene > dimethylformamide > pyridine. N o  proton abstraction from 
the solvent occurred. 

When the deuterium-labelled material [ C O ( ~ C ~ C ) ( C H , C D ~ ) , _ ( P M ~ ~ P ~ ) ~ ]  was ther- 
molysed rapidly as a crystalline solid (78 "C), or slowly in to lune  ( ( 5  "C), no H-D 
scrambling occurred and the volatile products of Co-C rupture were simply 
CD3CH2D and CHz=CD*. In solution at ambient tcmpcratures (28 "C), however, a 
complicated scrambling took place, presumably by a series of rcversible 0-transfers, 
and involving both ethyl groups. NO cxchangc with frcc e thylene  took place, 
however, and cleavage (by H,SO,) of unrcacted starting material produced only 
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H transfer Reductive 
\ elimination 

Enthalp) 

b 
Products 

Reaction coordinate -+ 

FIGURE 1. React ion profilc for the thermolysis of [Co(acac)R,IJ 

CH3CD3, indicating that no  starting material was regenerated after scrambling. Thus 
the rapid, reversible, 0-transfers take placc with lower energy barriers than for final 
elimination of product or regeneration of starting complex. 'This information, to- 
gether with some n.m.r. derived enthalpies and activation energies, led the authors to 
propose the reaction profile shown in Figure 1 .  

Comparison of the 0-elimination processes with the energetics of reductive 
elimination from the dimethyl derivative suggests that the 0-hydrogen transfer took 
place after considerable 'thermal loosening of the metal-arbon bond'4s. 

T h e  iron complexes [FeR,(bipy),] with two chelating ligands, probably follow a 
similar thermolysis path to the cobalt compounds discussed, although less data are 
available for them4". When R is ethyl or n-propyl, 0-elimination may well operate, 
aliiiough slightly more alkanz ihan alkene was piociuceii. T h e  principai decomposi- 
tion product of the dimethyl compound was methane, thus a proton abstraction of 
some sort can operate, and it might continue to operate at  least as a minor path for 
the ethyl and propyl derivatives, accounting for the higher alkane yicld. Creation of a 
coordination site again appears to b e  critical: kinetic studies indicate the importance 
of metal-ligand bond breaking, and excess bipyridyl inhibits the thermolyses. The  
decompositions are accelerafed by the presence in solution of electronegativc olefins, 
however, and solvent has a critical effect with the ratc decreasing in the order 
acetonitrile> dmf > thf > furan > diethyl ether = hcxane. Scheme 5 was proposed to 
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trans- [Fe(PS )z(bipy)zl 

11 
r 7 

C N  = bipy 

SCHEME 5 

lA 
products 

account for the @-eliminations, but there is clearly much to learn about metal- 
carbon bond breaking in this system, and its resemblance to the octahedral cobalt 
system may be  superficial. 

In complete contrast to all the reactions detailed so far, steric crowding appears to 
initiate @-elimination in pseudo-octahedral alkylcobalamins (Figure 2). These com- 
pounds are all sterically crowded, particularly if the alkyl group is other than 
primary. This crowding is partly relieved in acidic conditions when the axial 5,6- 
dimethylbenzimidazole base is protonated and t h e  vacant site created allows the 
corrin ring system to bend away from R. Deprotonation allows the axial base to 
re-attack, with concurrent upwards movement of the corrin system (Scheme 6) .  This  

I ! 1  N-I-N - CH?= CRz 

N- o 
SCHEME 6 
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F C O N H Z  

C H ~ O H  

FIGURE 2. The structure of the alkylcobalamins 

movement leads to rupture of thc Co-C bond, by @-hydrogcn transfer, moreover, if 
the @-carbon atom contains a hydrogen atom (otherwise homolytic fission results, for 
neopentyl, for example)". This situation runs so counter to the requiremcnts of 
coordination site and freedom from blocking ligands encountered so far that it is 
tcmpting to speculate that these @-transfers must be of a type wherc olefin loss 
occurs concurrently with Co-H formation (Scheme 6). Kecping in mind the pro- 
posal that thermal bond weakcning was required to initiate @-hydrogen transfer in the 
compounds [Co(acac)R2LJ4', it scems possible that a complete range of transition 
states may bc plausible, from that depicted i n  cquation 4, where the carbon metal 
bond(s) persists right to metal hydride formation, through to  a situation l ike  that for 
alkylcobalamins, where homolytic fission may be well advanced beforc hydrogen 
transfer begins. 

3. Square-planar complexes 

At first glancc there would appear to be n o  problem herc, as the sites above and 
below the square should bc available for @-elimination. The compounds arc 16- 
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clectron specics, moreover, so there should be n o  difficulty in expanding the electron 
count a t  the intermediatcs. However, the situation is not so simple, and there is 
controvcrsy over the cxtent to which the axial locations can be utilized. W e  have 
already seen that the palladium species [Pd(q '-CSH5)(C2H4Y)(PPh3)2] are  reluctant 
to undergo @-hydrogen transfer3". 

Whitesides et a/.' carried out a detailed study on  the thermolyscs of cis- 
[PtR2(PPh3)2] ( R =  ii-butyl or n-octyl; see equation 8). Thcy found a first-order 
reaction, inhibited by added triphenylphosphinc. N.m.r. and solubility studies led 
them to the conclusion that the inhibition was d u e  to suppression of PPh3 loss from 
Pt, rather than addition of excess ligand to an axial site. 'The chelate complex di-n- 
butyl[l,l'-bis(diphenylphosphino)ferrocene]platinum(Ii) decomposed (to ii-butanc 
and but-1-ene) more slowly than complexes of monodentate tertiary phosphincs, 
presumably for thc same reasons. It appears, then, that the lowest cnergy process for 
@-elimination must use o n e  of the usual coordination sites of the platinum square 
plane. 

Interesting additional information was derived from thc  preparation and thermol- 
yses of the deuterium-labelled materials c~s-[P~(CD,CH,E~)~(PP~J~] and cis- 
[Pt(CI-12CD2Et)2(PPh3)2]. There was n o  significant kinetic isotope effect from either, 
so the @-transfer step was not rate determining. Tertiary phosphine loss is probably 
rate limiting. Complete deuterium .scrambling in the gaseous reaction products from 
both the l , l - d 2  and the 2,2-d2 complexes was apparent after thermolyses, but no 
exchange of free and coordinated butene was observed. Quenching unreacted 
starting material from thermolyscs revealed no deuterium scrambling when no extra 
triphenylphosphinc had been prescnt, but significant H-D scrambling when Ph3P had 
been added to suppress @-elimination. 

H- D scrambling steps 

Free 
energy 

L Bu L Bu 

L2Pt 4- 

-+ 
N 

Reaction coordinate-+ 

FIGURE 3. Thermolysis of [PtBu,(PPh,),] in the absence of excess PPh3(L) 
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L i k e  the cobalt octahedral complex discussed previously4', the H-D scrambling 
presumably occurs at facile reversible 0-transfers after the initial ligand loss. 
But-1 -cne must be thcrmodynarnically favourcd, since this is the only final olefin 
(equation 26). Reductive elimination of butane from the intermediate must be higher 
in energy than the H-D scrambling, in order  for that to be complete before 
elimination. It must also be a higher energy process than butcne elimination from the 
intcrmediatc, or this process might lead t o  exchange with non-coordinated butene. 

[P t H(Bu)( b u t enc) (PP h3)] ,+ [P t H (B u)(PP h 3)] + but ene  (26) 

Finally the energy barrier for the reverse reactions regenerating starting material 
from the intermediates must be  higher than the  barrier for butane elimination in the 
absence of excess ligand (hence no H-D scrambling in the starting complex), but 
lower than for butane elimination in the presencc of excess phosphine. T h e  two free 
energy diagrams in Figures 3 and 4 relatc all these processes. 

In  a similar set of reactions, the more favourable reductive elimination s tep 
(compared with olcfin elimination) has been exploited as a convenient preparation of 
zerovalent platinum olcfin complexes4"". Only half the metal-carbon bonds a re  
cleaved in these reactions (27 and 28), and the yields depend on both phosphine and 
al kyl groups. 

cis-[PtEt2(PEt3)2] [Pt(C2HJ(PEt3)2] + C2H6 (27) 

c~s-[P~(C,H,)~(PE~,),] --+ [Pt(~yclopentene)(PEt~)~]+ C,H,, (28) 

Free 
energ 

Butane 
elimination 

/ [ P t i l u 2 L ]  

J L Bu 

[ PtB"*L2 ] 

Reaction coordinate-+ 

FIGURE 4. Therrnolysis of [PtBu,(PPh,),] in the presence of cxcess PPh,(L) 
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Generally, trialkylphosphines and linear alkyls lead to better yields of Pt" complex 
(and thus less Pt-C bond clcavage) than trinrylphosphincs and cyclic alkyls. A 
similar route has led to  syntheses of zerovalent palladium The mechan- 
ism of the  reaction is probably similar to that for [PtR,(PPhJJ above, but the details 
have not yet been elucidated. Since trialkylphosphines arc less readily eliminated 
than triarylphosphines from Pt or Pd, the possibility cannot be dismissed that another 
route operates, possibly with a contribution from mechanisms such as equation 5 .  

The T-shaped three-coordinate intermediates essential to at least some of these 
@-eliminations were unexpected when first postulated, but evidence for many more 
such species featuring in a variety of processes has now accumulated4', and the 
attainmcnt of thcse 14-electron intermediates appcars to be a relatively low-energy 
process in a number of cases, although their degree of solvation is unknown. Some 
closely related 0-elimination/olcfin hydrogenation sequences leading to Pt-C cleav- 
age are shown in Scheme 7. These, too, require ligand loss from a square plane prior 
to the critical hydrogen migration, but in thcse cases a halide, X-. is r e m o ~ e d ~ " . ~ ' .  

U' 

[PtLz ]+CzH4 IPtHL21'+C2H4 [PtLzEtX] 

-x -11. - I H X  + 
[ PtHLzX] IPtLzXz] -k CzH6 

L = tertiary phosphine 
SCHEME 7 

A further example of ligand loss from square-planar platinum(I1) prior to Pt-c 
cleavage is afforded by the bipyridyi complcx [PtEt,(bipy)]". Its decomposition is 
accelerated by olefins such as methyl acrylate, and the final products arc ethylene 
and [Pt{CH(Me)C02Me},(bipy)] only.  Scheme 8 is supported by the first-order 

L J 

+2CzH4 t c- [PtEtz(q2-CHz=CHC02Mc] +bipy 

SCHEME 8 
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dcpendence o n  thc reactants and the strong retardation effect of added bipyridyl. 
The last steps, which could not be elucidated, involve P-hydrogen transfer from the 
ethyl groups, insertion of methyl acrylate into Pt-H, ethylene climination, and 
bipyridyl recoordination'*. 

The comparison of this olcfin-accclerated dccomposition with that of the oc- 
tahedral complex [FeR2(bipy),] previously discussed'" is interesting. Obviously the 
bipyridyl ligand can bc readily displaced, at least from one site, and this limits its 
ability to stabilize organometallic compounds by blocking coordination positions'". A 
further interesting comparison is afforded by the nickel compounds [NiR2(bipy)lS3. 
The thermolysis of these compounds, too, is promoted by elcctron-withdrawin_$ 
olcfins such as methyl acrylatc and tetracyanoethylenc, and in some cases five- 
coordinate intermediates [NiEt2(olefin)(bipy)] can bc isolated. Intermcdiates of this 
type probably also feature in thc analogous platinum reactions'*, but subsequent 
decompositions of the nickel complexess3 follow different courses. Some (such as thc 
ti-propyl complex) react by p-climination (producing both propane and propcne), 
but others (including thc ethyl dcrivativc) react by reductive elimination. T h e  reason 
for the variations are not known. 

Square-planar iridium(1) complcxcs, [IrR(CO)(PPh,),], undcrgo @-elimination as 
the rate-determining step in thermolyses reactions (kl,/kl, = 2.2)". It is not  known 
whcther a rapid dissociation step prccedes the P-atom transfer, howcvcr, because 
added triphenylphosphine coordinatcs with the primary product (reaction 29). This 
prcvents its participation in a binuclear elimination of RH, thus cnsuring il simpler 
reaction (30)". 

(29) 

[IrH(CO)(PPh3)Z]+[Ir(octyl)(CO)(PPh,),] - octane (30) 

Evidcnce against dissociation being a prerequisite to p-climination from square- 
planar geometries has been providcd by Yamamoto and coworkcrss5. Whereas 
cis-[PdMe,(PR,),] and ~is-[PdEt,(PR,)~j decompose by reductive elimination 
(which in thcsc cases does requirc dissociation of R,P), the [runs-complexes 
[PdR;(PR3),] react cleanly by a @-hydrogen transfer proccss eliminating alkane and 
alkcne. Unlikc the relatcd cis-triphcnylphosphineplatinum complcxcs, exccss ligand 
only slightly retards t h e  process u p  to a limiting valuc, indicating that a direct 
elimination from the four-coordinate specics predominates over the dissociative 
route (Scheme 9). 

Deuteriation at the p-position shows n o  H-D scrambling in ihc products, and 
reveals a small but significant kinetic isotopc effect ( k , , / k ,  = 1.4). The elimination 

1 
[PdLn(PR3),] + C ~ H J  

SCHEME 9 
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reaction is acceleratcd by  bulky tertiary phosphines, indicating elimination from a 
sterically crowded molecule (there is an electronic effect also, sincc small ligands such 
as pyridine can also acceleratc the reactions). A positive entropy of activation 
(increasing with the bulk of PR,) indicates a distortion to relieve strain prior to  
elimination. T h e  small value of k,/k, is in kceping with other processes as well as H 
(or D) transfer, being involved in the rate-determining step, and these are believed to 
involve both a lengthening of the  Pd-C bcmd and distortion away from square 
planarity. T h e  mechanism could involve activation b y  bond weakening, as postulated 
for  the alkylcobalamin complexes (Scheme 6). I t  is also possible that reductive 
elimination could commencc prior to complete transfer of hydrogcn to metal. 
Scheme 10 outlines these possibilities. 

L =  tertiary phosphine 

L J 

1 
[P~(CZHJ)L~]  +CzHs 

SCHEME 10 

Further support for the importance of metal-carbon bond weakening prior to 
0-hydrogen transfer comcs from a study of organocopper(1) compounds, RCuL,, 
( n  = 1,2, or  3)'". When R contains 0-hydrogen atoms, thc primary decomposition 
mode in both solid and solution is the 0-elimination of olefins. Thc  activation encrgy 
for elimination from [CuEt(PPh,)] is greater than that from [CuEt(PPh&J, indicating 
that ligand loss to create an extra coordination site is not of critical importance here. 
(Note, howcver, that thcsc complexcs are  no t  square planar, and that different 
geometries may impose different symmetry requirements on the intermediatcs.) No 
loss of tertiary phosphine was detccted cryoscopically in benzene. On the othcr hand, 
similar trends in activation enthalpies and cntropies wcrc noted for both 0- 
eliminations from long-chain alkyls, utid binuclcar climinations from methylcoppcr 
derivatives. 'I'hc strength and easc of activation of Cu-C is obviously important in  
the latter cases, and is thus also likely to bc important to the p-process. Equation 31 
dcpicts thc probable mechanism"'. 

A clear case of a four-coordinate complex forming a five-coordinate specics by 
0-elimination has been demonstrated for cobalt". The five-coordinate cobalt(1) 
complex [COI-I (C~H,) (PM~~)~] ,  itsclf a rare examplc of a compound containing both 
coordinated olefin and hydride, was isolated from rcaction 32. 

When the deuteriated solvent CH30D was employed in the synthesis, a random 
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distribution of the  deuterium atom was found over  the four olefinic sites and t h e  
cobalt sitc, indicating operation of a reversible 0-elimination (reaction 33). 

[ C o W P M e A l  - [CoH(Cd-14)(PMed31 (33) 

Obviously no  ligand loss is needed in this case. 
In a similar vein, a five-coordinate hydridoplatinum olefin complex, generatcd 

photochcmically, readily forms an cthyl complcx by olcfin insertion (reaction 34)'". 

IRl IRl 
[Pt(GH4)(PPh3),] 5 [P tH(PPh , ) (PPh3(~H4) ]  - [PtEt(PPh3)(PPhz)] (34) 

R = 1,2-C6H4 254nm 

Although the geometry of the  five-coordinate compound is unknown, this reaction 
represents the reverse stcp of reaction 33, and operates for platinum in a complex 
not unlike those found to  proceed by ligand loss. It thus appears that for square- 
planar (and o ther  coordinately unsaturated) species, usc can be made  of the sparc 
coordination sites for 0-a tom migration leading t o  me ta l - ca rbon  bond fission, bu t  
when ligand dissociation to  create another  site can occur rcadily, this affords a lower 
cnergy pathway for both 0-elimination and  its reverse, olefin hydrogenation. 

Bcforc moving on  to discuss molccules with symmetry constraints, some  further 
examples of @-elimination from square-planar moleculcs arc worthy of mention a t  
this stage. T h e  gold(IT1) complex frcliis[AuMe,(Bu')(PPh,)] isomcrizcs readily t o  
trans-[AuMe2(Bu')(PPh3)]. T h e  reaction is first o rder  in gold complex, and  strongly 
rctardcd by added PPh3, indicating again a dissociative processsg. No exchange with 
f ree  olefin occurs, suggesting a reaction profile similar to that proposed for cis- 
[PtR2(PPh3)2]3. Scheme 11 shows t h e  likely mechanism. 

trans- [AuMez(CMe3)(PPh3)] [AuMez(CMe3)] + PPh3 

11 
[AuMez(CHzCHMcz)] + [AuH(Mc)2(q2-CHr=CMez)l 

4 

trans- [AuMcz(CHzCHMez)(PPhd] 

SCHEME 1 1  

Thermolyses of thc mixcd organoplatinum complexes c~s- [P~R'R- ' (PP~, )~]  gener- 
ally produce products of 0-elimination from both R' and R2 (provided both have 0 
hydrogen atoms) (reaction 35)"". In general, t h e  amount of elimination from each R 

CzH4 + C3Ht3 

(35) 

CHZ=CHCH3 + C2H6 
< c i~ - [P tE t (P r" ) (PPh~)~]  

group reflects the  number of /3-hydrogen atoms available. Thus,  in t he  examplc 
above, t h e  ratios of ethylene and propane  to propylene and ethane a re  about 3 : 2 .  
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Complications due  to isomerizations arise with secondary alkyl derivatives, however, 
and once again the ready reversible isomerization, probably at  the intermediate 
stages depicted in Scheme 11 and Figures 3 and 4, appear to operate. 

Lastly, 0-elimination from the organopalladium dcrivative shown in Scheme 12 is 
promoted by the  addition of ligands such as PPh3, o-phenanthrolinc, and iodide". 

Y 
CPh=CH2 

+trans- [PdHCIL2] 

L=PPhs 7k 
SCHEME 12 

This does not necessarily mean that an  increase in coordination number favours the 
0 -transfer, as therc is evidencc that bridge cleavage precedes elimination. It does, 
however, serve as a reminder that the nature of the coordinating ligands is important 
as well as their number. T h e  intimate mechanism is not known, and it is possible that 
the chelating nature of the organic ligand could be important, as discussed in the next 
section. 

C. Geometric Constraints and Metallacyclic Compounds 

T h e  constraints provided by some cyclic organic derivatives impose limitations on 
thc  0-hydrogen transfer process. They also introduce complications in the nature of 
competing reactions not encountered in acyclic molecules. 

T h e  square-planar complexes 7 and 8 containing five- and six-membered rings are 

(Ph3P)zPt 

(8) 

3 (Ph3P)rPt 3 
(7) 

more thermally stable than their acyclic analogucs"2. 'Their thermolyses a re  a factor 
of 10' slower than those of cis-[PtEt2(PPh&] or ~ is - [P t (Bu")~(PPh~)~] .  T h e  alkene 
products prcsumably arise via thc usual 0-transfer mechanism shown in equation 36 
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(L = PPh,). No detailed deuteriation studies to confirm this havc been performed, 
however, so a n  a-hydrogen transfer, which could lead to the same final products, 
cannot be ruled out (Scheme 13). 

L = PPh3 [PtL21 +CHz=CHEt t- [PtH(CH=CHEt)Lz] 

SCHEME 13 

The  additional stability of the cyclic compounds may well arise from the imposition 
of an  unfavourable M-C-C--H dihedral. T h e  optimum angle is presumably close 
to  zero, allowing a close approach of hydrogen to the metal (structure 9), but in five- 
or  six-membered rings, angles near 90" arc likely as in 10. Seven-membered ring 

H 

(9) 
(10) 

compounds, with greatly increased ring flexibility, more neariy resemble the acyclic 
complexes than 7 or  862 in their propensity for 0-elimination. The two a-methyl- 
substituted derivatives 11 and 12 decompose at a similar rate to 7 and 8, and 

(1 1) (12) 

although the angular constraint of the ring would not affect the terminal methyl 
groups, @-hydrogen from the ring is transferred to PI, and not from the side chains, 
for reasons unknown. It thus seems general that such cyclic compounds are less 
prone to M-C cleavage through @-elimination than linear alkyl derivativcs. 

Addition of tertiary phosphinc t o  solutions of 7 or 8 accelerates their thermolyses, 
unlike acyclic analogues where an inhibiting effcct is more common. The chelating 
diphosphine complex [Pt(C4H8)(Ph2PC&PPh,)l is no more stable than its corres- 
ponding PPh3 complexes. Equation 37 gives the  rate law for thermolysis of 7 ,  with 

dC71 - ( k ,  + k,L)[7] 
dt 

(37) 

k ,  = 0.54 s- I and k z  = 0.028 s-' 1 mol-' at 120 "C. The  evidence indicates that loss of 
tertiary phosphine to form a three-coordinate intcrmediate is iiot an important step 
in thesc thermolyscs, but the geometry at platinum remains thc same for both cyclic 
and acyclic compounds, so Ph3P loss presumably does take place in t h e  cyclic 
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derivatives also. Presumably thcn the 0-hydrogen transfer at these three-coordinate 
cyclic intermediates must be unfavourable (even from side-chains in 11 and 12). It  
thus appears that the lowest energy pathway for thermolysis by p-elimination from 
square planes occurs whcn it is possible to crcate a thrce-coordinatc intermediate, 
a n d  the organic group is able t o  rotate t o  the optimum anglc. Whcn these conditions 
are not met, then a five-coordinate species seems more  prone t o  p-transfer than 
four-coordinatc. Schernc 14 summarizes thesc options for compound 7. 

L = PPh3 

SCHEME 14 

Thcrrnolysis products from 7 are but-1- and -2-enes. N o  subsequent isomerization 
takes place after olefin elimination, so a situation rescrnbling that for thc thermolysis 
of c i ~ - [ P t ( B u " ) , ~ ] ~  must occur. Interestingly, those decompositions performed in the 
presence of addcd ligand show a significant shift towards but-1-ene. Practically no 
H-D scrambling between the ring and either P(C6D5)3 ligand or CD,CI, solvent 
occurs62. 

T h e  added barrier t o  0-climination afforded by the cyclic compounds can allow 
o the r  processes t o  compete favourably in some cascs. Thus, whilst the n -  
butyltitanium(1V) complex [ T ~ C ~ , ( B U " ) ~ ]  reacts unremarkably by 0-transfer to yield 
butane and butenes, the cyclic compound [TiCp,(CH,),] reacts instead by carbon- 
carbon fission to produce mainly ethylene" and only a trace of but-1-cne (Scheme 
15). The  balancc between p-elimination and C-C scission as mctal-carbon cleav- 

r 1 

L J 

L J 

SCHEME 15 
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age routes is subtle, as both compounds 13 and 14 react t o  give pentencs and only a 
trace of ethylene or propene. 

CprTi b 
As with the platinum complexes discussed previously, the site of the hydrogen 

transferred has not been established, so although p-elimination is most likely, 
a-elimination cannot be ruled (No C-C bond scission accompanied decom- 
position of the platinum complex 7)". 

A different type of competing reaction was found in the thermal decomposition of 
the platinacyclopentanes [LPtC,H81 [L._ = ( P B u " ~ ) ~ ,  (PEt3h, Me2PC2H4PMe2, or 
bipy]". Whilst the usual mixture of butenes arises from p-elimination processes, a 
molecule of CH2CI2 solvent can add oxidatively to  form new platinum(1V) species. 
These can decompose by reductive elimination of cyclobutanc (equation 38) ,  as wcll 
as by p-elimination and other pathways. 

T h e  cyclobutane formed by reductive elimination from- the tetravalent platinacyc- 
lopentanes was absent when chelating ligands were employed, and it has been 
pointed out that this is a necessary consequence of the symmetry requirements for 
these reactions"'. To achieve a square-planar platinum(I1) product after rcductivc 
elimination, monodentate ligands can simply move in the x y  plane, an allowed 
process (equation 39). 

r CHzCl CHzCI 

+ cyclobutane (39) 

Chelate ligands are unable to do this, SO the axial (z-axis) ligands would need to  twist 
t o  x and y coordinates, a symmetry-forbidden sequence (equation 40). 

CI 

+ cyclobutane 

Thus, whilst the extra stability of the platinacycloalkanes can allow competing 
oxidative additions to  interfere with @-eliminations, when rcductivc eliminations of 
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cycloalkanes is disallowed the reactions of the platinum(1V) intermediates again 
include P-elimination"'. The  different thermolysis products from five- and six- 
membered platinacycloalkanes indicate that the compounds d o  not interconvert 
(cquation 41), a possible consequence of revcrsible .G-climination. 

T h e  relationship of fi-elimination to competing metal-carbon cleavage paths is 
even more complicated in cyclic nickel compounds'". 31P n.m.r. and molecular weight 
studies have revealed both an casy loss and easy gain of PPh3 by  [Ni(C4H,)(PPh3)2]. 
The decomposition mode (Scheme 16) is cntircly dependcnt on the coordination 
numbcr. 

L J L J L 

L=PPh3 

1 
butenes 

1 11 
cyclobutane [ N i L3( Cz HJ),] 

1 
SCHEME 16 

Thc formation of cyclobutane from thc four-coordinate material and of ethylene 
from thc five-coordinate material have bcen shown to be, once again, consequences 
of orbital symmetry requirements". The p-diminat ion from thc three-coordinate 
species is surprising, however, as i t  is in direct conflict with the results of studies o n  
cyclic platinum analogues62. T h e  possibility remains, of course, that the products 
from either o r  both the nickel and platinum species do not in fact arise from gcnuinc 
6-hydrogen transfcrs at all, but even so the differences between nickel and platinum 
are  difficult to explain. 

Yet another complication is introduced with the thermolysis of six-membered ring 
nickelaalkanes""": and 01 C-C bond cleaves t o  form a carbene complex intermediate 
(rcaction 42, L = PPhJ. T h e  intermediate can be trapped by olefins (reaction 43). Of 



8. Transition rnetal-carbon bond cleavage through @hydrogen elimination 583 

particular intercst is the reaction with propene (reaction 44), as the nickelacyc- 
lobutanes formed decompose, among other routes, by @-elimination. 

[L,Ni=CHz] - 
CIHh / 

Among other four-membered metallacyclcs observed to undergo 0-eliminations 
are some platinum(1V) derivatives. Other reactions, including isomerizations and 
reductive eliminations of cyclopropane compete"', but 0-eliminations have been 
proved in methyl-substituted compounds at l e a d R .  Selcctivc deuteriation also 
showed that ring, rather than side-chain, groups were mainly involved (equations 
45-47), as in the case of five-membered ring compounds"'. 

H H  

1py);.s:"3] + D3CC(=CDz)CHMe(CHzD) + MeC(=CHz)CH(CDdr (46) 

D D  

[ ( p ~ ) ~ c b , ~ ~ ~ ' ~ ]  -3 MeC( =CD.)CHMez + MeC(=CHz)CHMe(CDzH) (47) 

Like t h e  acyclic octahedral molecules discussed earlier, the 
loss of a ligand to make a transfer site available. In this case 
(rcaction 48). 

process rcquires initial 
pyridine is readily lost 
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Deutcriation studies on a binuclear titanium-aluminium metallacyclobutane also 
indicate the operation of the 0-process (Scheme 17)69. 

1 [ 'CI' 

CHz 
[TiClrCpz] +2AIMe3 + C H J ~ M C ~ A I C I  + CprTi' ' AIMez 

CDjCD=CHr CHzDCD=CDz 

SCHEME 17 

D. Theoretical Calculations 

Before moving on to cxamples and applications of the @-elimination reaction, it is 
worth examining the results of some theoretical studies, as they can throw light on 
the processzs involved. Considerations of orbital symmetry alone leads to some 
useful conclusions7". When the  metal-ligand bonding is primarily through d -  
orbitals, it can be seen that the @-elimination/hydroyen migration is an allowcd 
process (Figure 5) .  To proceed from left to right, the requirements are a filled M-H 
cr orbital and empty M-ligand n" orbital. Electron transfer from filled to empty 
breaks (M-H) cr, (M-alkene) CT and T, and (C-C) n, whilst forming (C-H) u and 
(M-C) CF. The process takes place in the plane of the paper, in kceping with the 
apparent experimental requirement of a zero dihedral". 

With dominant s-orbital bonding from the metal, however, the symmetry require- 
ments are not met (Figure 5) .  The orbital phase requirements cannot comply with 
both C--H and C-M bonding. This may be the reason why the dominant ther- 
molysis modes of alkyls of Ag' ,  Hg", and TI3+ are free-radical processes and not 
@-eliminations. Copper(1) alkyls do, of course, dccompose by @-elimination, but  a 
possible rationalization may lie in t h e  polymeric nature of many of thesc compounds. 
The eliminations could possibly be intcrni01ecular~~'. ii-Butyllithium, which is 
polymeric, decomposes to LiH and butene. 

Finally, it can be scen from Figure 5c that dominant p-orbital bonding to the metal 
can comply with t h e  rccliiircments of @-climination/hydrojien migration. Hydrobora- 
tion, and 6-elimination from aluminium alkyls,  may be examples. 

MolecuIar orbital calculations have been performed on the olefin insertion/@- 
elimination reactions at plat in~rn(l1)~ ' .  An exhaustive consideration of all reasonable 
geometrics for pliosphine/olefln/hydride complexes found no  easy route via five- 
coordinate intermediates, nor a direct four-coordinate route if olefin and hydride 
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- . 

FIGURE 5. (a) d-orbital bonding; (b) s-orbital bonding; (c) p-orbital 
bonding 

were trans. T h c  lowest energy sequences involved three- and four-coordinate planar 
interactions, which fit well with the experimental cvidcnce previously summarizcd. 

It is worth noting that the nature of the metal-olefin bond produced by p- 
elimination may be flexible, so this may not represent a demanding requirement o n  
the system. Thc traditional Chart-Dewar-Duncanson model of synergic d + m'" and 
m -+ cr(M) ,  dominated by the metal-to-olefin back-bonding'", is probably largely 
correct. Theoretical and spectroscopic studies, however, reveal that the a-donations 
from the olefin can be important, and even ionic forms can contribute significantly in 
some cases". 
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E. Examples and Applications of the @-Elimination Reaction 

T h e  vcrsatility of this mode of metal-carbon bond breaking is already apparent, 
with examples known from the whole of the transition series, including lanthanides 
and transuranic elements, and reactions from several geometric arrangements have 
bccn well documented. This last scction illustrates the application of 0-elimination in 
some important catalytic and synthetic reactions. In many instances its operation is a 
desirablc and necessary feature of the processes, but in some it represents unwanted 
side-reactions leading t o  complications. 

7 .  Olefin oxidation and substitution reactions 

T h e  best known and most widely applied of these processes is Wacker olefin 
oxidation. Scheme 18 outlines the major steps, which involve a vital P - e l i m i n a t i ~ n ~ ~ .  

+ 
[ Cl( H:O)rPd(CH2CH?OH)] 

0-elimination I 1 

SCHEIME 18 The Wackcr process 

These is now a lot of evidencc that thc attack of watcr on  the olefin-palladium 
complex is exo, and not the reverse p-elimination type from the metal (although this 
might occur in certain  situation^^^). Exo-attack was proved from the stereochemistry 
of the products from deuteriated olefins (reaction 49). The P-hydroxyethyl inter- 
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mediates were trapped by rapid CO insertion, and investigated as their ensuing 
lactones7'. With substituted olefins, however, @-elimination was faster than CO 
insertion, and ketonic products resulted instead of lactones (Scheme 19). 

RCH = CH' + Pd' + 

HzO. - H '  I 
[Pd[CH2CH(R)OH]] + 

0-climinarion 
( R = M c .  El) y L H .  D) \ 

[ Pd[COCH2CH(R)OH]]' [PdH{q 2-CH~=CROH}]' 

I 
R 

1 
RCOMe 

Qo 
SCHEME 19 

The rate-determining step of t h e  Wacker process is that immediately prior to the 
@-elimination. In Scheme 18 this is shown as a ligand substitution, but it might well 
be a direct loss of C1- to create a site for 0-transfer'" (equation SO). 

.-c,- 
[PdC12(H2O)CHzCH20H]- [PdCI(H2O)(CHzCH2OH)] 

A [PdCIH(HzO)(~'-CH2=CHOH)1 (SO) 

In the related reaction of ethylene oxidation by acetic acid catalysed by 
[Pd2(0Ac)J-,  there is kinetic that ligand loss is a necessary prerequisite 
to 0-elimination (Scheme 20). 0-elimination also features in another acctoxylation 
of olefins promoted by palladium7'. This is shown in Scheme 21, and the process is 
made catalytic by a nitrocobalt(I11) plienylporphyrin complex to oxidize palladium(0) 
byproduct. In a related system, however, t h e  nitrocobalt complex plays a more direct 
role, and its interaction with the organic substrate is claimed to promote the 
@-elimination step itself7' (Scheme 22). 

I t  is obvious that t h e  use of palladium(I1) complexes in these processes is 
particularly well documented. Although this may be simply due to a concentration of 
effort o n  this element, certainly facile @-elimination to form the olefin products is a 
well proved feature of palladium chemistry. For example, a wide varicty of organic 
groups can be transferred to palladium from mercury7', and thence to coordinated 
olefins (erzdo-attack). @-Elimination then has the effect of liberating the substituted 
olefin"' (equation 5 l), as in the previous examples. 

K H K X  olclin 
[L,Pd"] [L,.-,PdR] [RCH2CH?PdL,] 

4 -clirninetion I 
RCH=CH2 
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2- Ac 

[ACO-ZOAc Ac,%I?pd’Ac 1 +RCH=CH2 

Ac 

11 

L 
slow. Il-elimination 

L 

SCHEME 20 

Rccent useful examples include the  acetoxylation of cyclooctadiene, accompanied 
by a photochemically induced rearrangement to a bicyclic olefin (Schcme 23)’’, t he  
substitution by weakly basic carbanions of olcfins (Scheme 24)’,, and an indole 
synthesis involving an exo-intramolecular attack (Scheme 25)”. O n  the debit side, 
0-elimination leads to unwanted olefin products in an  arylation reaction designcd to 
produce specifically labclled chloridesX4 (Scheme 26). The rcvcrsibility of this 0 -  
elimination also lcads to H-D scrambling. 

A ring closure of a-o-diolefins is conveniently catalysed by [(qs- 
C,MC,)C~,T~(C,H~)]~’. Schcme 27 outlines t h e  proposed mcchanism, which involves 
two @-eliminations at tantalum. 

T 
C2H4 

2Ac0- 
L = tetraphenylporphyrin 

SCHEME 2 1 



CH2CHR r' [PdXz(q2-CH~=CHR) J 7 , ~ [ L C O N O ~ ]  7 
[P~X~(CH~CH(R)ON(O)COL] J 

OAc 
L r  

I 
PdX2 

T 

- 2  

@elimination i 

Pd(0Ac)i  
cod - 

SCHEME 22 

h Y - 
wlvent 

1 - LCoNO 

Pd-OAc 
/ 

0-elimination I 
&HoAc + Pdo 

[PdC1(NEt3)z(~ 2-RCH=CHz)]'CI 

R -  (trans-attack) 1 '6-elimination, 
tru ns - RCH=CH R' 

[PdCl(NEt3)z{CH(R)CHzR'}] and [PdC1(NEt3),{CHzCH(R)R'}] 

6-elimination 

I I R ' e C H 2  

SCHEME 24 
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r 1 

0-eliniination 

rpon~ancou, 

remangcliicnt 
2-methyleneindoline - 2-methylindole 

SCHEME 25 

H +,, ,."" D 

1 

[PdCIArL.,] + rrclrzs-DHC=CHD - [ * I  D&'cb H 

D 

ArPdCIL, 

[ A/ hCIL]  

B-elimination H'"., 
styrenes D c C - C d H  

/ \  
SCHEME26 Ar c1 

2. Metal hydride formation a n d  hydrogen transfer reactions 

The transfer of hydrogen from a 0-atom to the metal can be exploited in the 
synthesis of mctal hydrides, provided that these are  stable to further eliminations. An 
examplc closely relatcd to the olefin oxidation of Scheme 23 is shown in Scheme 
28'". Thc  detailed mechanism is unknown, but Pd-C breaking lcavcs thc hydride 
complcx. 

This is a convenient placc to cmphasizc that thc a -a tom does not need to be 
carbon. Metal hydride formations from 0-eliminations from, for example, ethoxides 
or formates a re  well known and have been used with Pt", Ir'", 0 s "  and many other 
clements (reactions 52 and 53)". Any M-C cleavage in these cases is, of course, 
o n l y  secondary, but could result from reductive elimination of alkyl or aryf with t h e  
hydride formed. 

[PtCl(OCH,CH,)(PEt,)2] --+ trctr~s-[PtHCI(PEt,)~] + C H 3 C H 0  (52 )  
[ O S ( O ~ C H ) ~ ( C O ) ~ ( P P I I ~ ) J  A [O~Hz(C0)2(PPh3)2] + 2C0, (53) 
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[ C ~ * C ~ ~ T ~ ( C , H J ) ]  +CHZ=CH(CH~),,CH=CHZ 

-CIHJ i 
[ C p . C h T a ~ H &  ] 

CH?=CH(CHr),,CH =CH2 I: >Hdll \ 8-elimination 

cis or tram 
SCHEME 27 

ZPCy, J 
HI: 

OMe 

Hh transfer J H, tranhfer \ 
1 -mcthoxycyclocta- 1,5-diene + [PdHCl(PCy3)2] + 6-methoxycycloocta- 1,4-diene 

SCHEME 28 
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T h e  source of the hydrogen can be an alkyl group transferred from another metal, 
including main group metals which may themselves be more resistant to p- 
elimination. Scheme 29 shows the  use of triethylalurninium in t h e  formation of a 
zirconium hydride". 

[ZrCpdCHXHz AlEtz)] 

1 
ICpZrH1 

SCHEME 29 

The metal hydrides can often be uscd in situ as reducing agents to transfer H to 
another olefin. This second step is, of course, another 0-transfer but with its 
equilibrium at the  other side. An example related to thc above reaction is Scheme 
30". Grignard reagents as hydrogen sources have bcen used to reduce silicon or 

[Ni(acac)z] +AI(Bu')3 --* [Ni(acac)(Bu')] + AI(acac)(Bu')z 

L J 

SCHEME 30 

olcfin dcrivatives, when a nickel salt is used as a hydride-forming intermcdiate 
(reactions 54 and 55)'". 'The R' group requires a p hydrogen, of course. 

> R3SiH (54) 

+ R2XSiEt ( 5 5 )  

[NiC12(PP1i3)21 
R3SiX i- RMgX 

[NiCI2(l'Ph3~~1 
R2XSi(vinyl) + R'MgX 

Transfcr of hydrogen even from solvent molecules such as dioxane has been 
achieved, again probably via 6-eliminations. A catalyst derived from [Rh,(p- 
Cl),(cyc1ooctenc),] and PR3 is particularly active (equation 56)", and t h e  immediate 
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precursor to hydrogen transfer may be [ RhCI(PR3)(CJHxOZ)]. Anothcr example of 
solvent-derived hydrogen transfer arises from molybdenum atom bombardment of 
thf92. The proposed mechanism is shown in Schemc 31. 

f3 -clirnination Mo + thf - [MoH(Zthf)(thf) ,,] - [MoH2(thf),, (q '-2,3-dihydrofuran)] 

1 hut-1-ene 

H2 + 2,3-dihydrofuran 

I 
[MoH(2-thf)(thf), (c2-CH2=CHEt)] 

[Mo(2-thf)(thf),,{CH(Me)Et}] [MoH(thf),{CH(Me)Et}(q2-2,3-dihydrofuran)] 

- n-butane+ 2,3-dihydrofuran 
SCHEME 31 

We end this section by noting that @-hydrogen transfer from 0- or N-bonded 
species can often be of considerable synthetic or catalytic value. Scheme 32 is a 

[CpNi]'+CH,CHO - [CpNi . - . . OCHMe]' 

\-co 
\ 
I 

[NiHCp(COMe)]' 

CH, -t [CpNiCO]' - [NiHCp(CO)(Me)]' 

SCHEME 32 

dccarbonylation route for aldehydes, which procecds via 0-elimination'", and 
Scheme 33 is a method of catalysing the reaction of primary to secondary arnines""; 
the catalyst is [ R u C I ~ ( P P ~ ~ ) ~ ] .  Many cases are known, of course, of the metal 
complex-catalysed reduction of ketones to  alcohols, and in this context they are seen 
as simply the reverse of 0-elimination from alcoholsy5. 

' RCH(NHZ)NHCH2R ItCCHZMIZ 
RCH=NH catalyst. 

RCH2m2 0-hydrldb 
I O U  - RCH=NCH2R + NH3 l -  catalyst 

SCHEME 33 

3. &Elimination from unsaturated groups 

'The 0-climination creates unsaturation in the side-chain, whether or not i t  is 
eliminated cleaving the M-C bonds. A few examples are known whcie the organic 
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c8cH3 
Ir 

H/LA 

substituent is already unsaturated, and the 0-process increases the number of 
unsaturated bonds or the degree of unsaturation. 

Hydrogen transfer from the methyl substituent of a coordinated olefin produces an 
q'-allyl complex (equation 57)'6. This transfer is strictly a @-elimination, the olefinic 

7 - 

PtPCy3(q2-CH2=CHMe)] [PtHPCy3(q3-allyl)J (57) 

carbon being a. This type of reversible me ta l - ca rbon  bond cleavage has been used 
to effect H-D exchange even at arenes, when they a re  capable of q2- or q"-bonding. 
Scheme 34 outlines o n e  such system, catalysed by [C~(allyl){P(OMe),}~]~~. 

CoH2 CoH 

11 
Ph-7 P h y  

SCHEME 34 

CoH c o  

Room-tcmperaturc equivalence o n  the n.m.r. time scale between the hydrogens of 
a m-ally1 and a substituent methyl group has been observed in the system in equation 
58'". T h e  ease of this process, involving an interaction betwecn aliphatic C-H and a 
metal, and reversible Ir-C cleavage, is remarkable. 

@-Hydrogen transfer from a vinyl group would produce a coordinated alkyne. 
Such transfers appcar rare, however, although it does appear that the C-H in 
question is in reach of the metal (Scheme 2)". Possibly angular or rotational 
constraints of the vinyl group are responsible. Examples of the revcrse process, metal 
hydride addition to  an  acetylene, a r e  well known. T h e  hydrogen can be transferred 
to metal from another ligand (for example by ortho-metallation in equation 59"") or 
by other means""'. 

Two interesting hydrogen transfers from binuclcar platinum complexes fall into the 
category of @-transfers involving unsaturated groups"l'.'"z . Both lead to  sevcrance of 
onc end of a coordinated alkyne from t h e  metal (reactions 60 and 61). The examples 



8. Transition metal-drbon bond cleavage through Phydrogen elimination 595 

serve to introduce the special effects of metal atom clusters. Hydrogen transfers to 
and from metal clusters arc numerous and generally facilelo3. There is every reason 
t o  believe that thcy proceed in a similar manner to @-elimination, leading to olefin 
and metal hydrides hy M-C clcavage. Frcquently the hydride and olefin groups 
produced can readily migrate around the cluster, so information o n  the  
stereochcmistry of the processes is difficult to obtain, and thc subject is too largc to 
discuss hcre. It is worth keeping in mind, however, that lower encrgy barriers and/or 
additional reaction pathways allow a numbcr of such processes to occur which might 
not procccd at mononuclear compounds. 

We end this section with a n  example of unsaturation of a difTercnt kind. Thc 
inscrtion of C02 in to  molybdenum nitrogen bonds of [Mo2R2(NMe2),] forms new 
complexes [ M o ~ R ~ ( O ~ C N M ~ ~ ) ~ ]  with Mo-Mo triple  bond^'"^. When R is capablc of 
@-hydrogcn transfer, howcvcr, thc molybdenum-carbon bonds are cleaved to 
eliminate alkene and alkane (the latter presumably via a binuclear proccss'"), lcading 
to increased unsaturiition in the form of Mo=Mo quadruple bonds (cquation 62). 

[MoIR2(NMe2),] + 4C02 - [Mo2(02CNMc2),] -t R H  + alkene (62) 

4. lsomerization 

Reversible applications of the @-elimination process can lead to alkyl group 
isomerizations and/or olefin migrations and isomerizations. Examples of H-D 
scrambling have already been met. Olefin isomcrizations can be catalyscd either 
homogencously or hctcrogeneously, and arc wcll recognizcd"". Usually the ther- 
modynamically favourable isomers finally prcdominate. Deuterium labelling estab- 
lished that a revcrsible anti-Markownikow addition of 1%-1-1 across a double bond 
prccedcd olefin niigr;ition'"" (Scticmc 35).  

Isomerization of alkynes to dienes can also be brought about by thc @-process 
(Scheme 36)"". 

Isomerization reactions often accompany o t h e r  processes, whcn @-hydrogen atoms 
arc present in alkyl substituents. They are often unwantcd, as thcy lower the 
specificity of the rcactions. For cxaniple, in thc cross-coupling of chlorobenzene with 
isopropylmagnesiuni chloride caralysed by nickel complexes (Schcmc 37), f3- 
elimination a t  nickel at thc intermediate stage leads to four products'"". 
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[PtlD +CH?=CHCHzOR + CH2=CHCHzOR 
I 

l P t I D  % 
CH~DCHCHZOR 

4 
CHzCHDCHzOR 

I I 
I Ptl tpti 

11 

11 

CH?DCH=CHOR 
li 

I 
CH?TCDCH?OR 

[PtIH IPtlH 

CH~DCHZCI-IOR 
/ \  

[Pt]H +CH2=CDCH20R CH3CDCW20R 
I I 

[Ptl [Ptl 

11 
CH3CD=CHOR 

[Pt] = [PtX(PR’3)2] 

11 
CH3CHDCHOR 

I 
[Ptl 

SCHEME 35 

M e m C M e  + [RulH - [Ru]C(Me)=CHMe CH,=C=CHMe+ [RuH] 

CH2=CHCH=CH2+ [RulH - CH,=CHCH(Me)[Ru] 

[Ru] = [RuCl(PPh,),j 
SCHEME 36 

Reversible 0-elimination reduces the value of a palladium-catalysed ketone synth- 
esis (Scheme 38)’””, and a similar situation occurs with palladium-catalysed car- 
boacylation of olefins”*. When a primary o-alkylpalladium intermediate forms, o n e  
product results and the process is of synthetic value. A secondary a-alkyl complex 
with 0-hydrogens rapidly rearranges, however, and a mixture is produced (Scheme 
39). Similar migrations occur at metal cluster compounds’”. 

5. Oiefin hydrogenation and hydrosiiation 

As the rcverse of p-elimination, olcfin hydrogenation is not remarkable, and many 
examples have been cited already (see also ref. 105). An exciting recent development 
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I'hCI [NiPhCILJ-t (Pr')MgCI - [NiPhL(CHMe,)] ---+ PhPr' 

[NiHPhL(.rl'-CH,=CHMe)] ---+ PhH + CH,=CHCH, 

[NiPhL(Pr")] - PhPr" 

SCHEME 37 

L = PPh3 

P -elimination 

%Me4 

-[pdl,l. 
- SnMe,X 

/ 
[PdHX(L,)(rl'-trans-RCH=CHMe)l- trans-RCH=CHMe + CH, 

isomerinlion Jl 
L = ASP113 

SCHEME 38 

CO 
+ mum -[pd]CH(Me)CH(Me)R McO,, z R-+ A# rpdIc' 

base 

cl, 4irnination trans -MeOzCCH(Me)CH(Me)R 11 
[[Pd]H{v '-CH,=CHCH (Me) R}] 

co 
[Pd]CH,CH,CH(Me)R Me02CCH2CH2CH(Me)R 

CPdl = [PdCI(NEt3),] 

SCHEME 39 

is chiral or asymmctric hydrogenation: prochiral olefins arc hydrogenated to form an 
excess of one enantiomer. Thcrc arc implications for @-elimination from these 
experiments. Most OF these reactions are catalysed by chiral rhodium phosphine 
complexes. 'I'he source of chirality is usually not  t h e  metal atom itself, but the 
phosphine ligands. These can be asymrnctric at phosphorus, such as 15"', or, morc 
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commonly becausc they are easier to synthesize, contain an asymmetric substituent 
such as 16"'. 

H 

H 

(15) (16) 

Many systems can produce optical puritics of ovcr 9oo/o 105't1J.11s . Rccently, both 
metal-cluster compounds"" and polymer-bound compoundsLL7 have bceii shown to 
behave similarly. 

Although an understanding of t h e  subject is still in its infancy, i t  appears to work 
because t h e  prochiral olcfins havc a preferential bonding mode to thc metal: 
hydrogcnation o n  onc sidc ol the double bond produces one cnantiomer, whcreas 
hydrogcnation at thc other side produces thc other. The bonding preference may 
arise from steric considcrations: the success of chelating phosphines such ;is 16 may 
in part be dcrived from the extra rigidity conferred. Electronic propcrties n o  doubt 
also play a role in terms of olcfin polarity: polar side-chains o n  olcfin substituents 
may align also with specific parts of t h c  metal complex. Thus t h e  shape and nature of 
the olefin side-chains effect thc  eficicncy (optical) of the process as well as t h e  
catalyst itself. 

The  implication for p-elimination is that if  ii sourcc of asymmetry exists in a 
mofeculc with R racemic aliphatic substituent containing 0-hydrogens, thcn one 
ena-itiomcr of the substitucnt could be prcfcrentially stabilized towards (3- 
elimination, as the olefin so formcd may not havc preferential bonding. Similarly, a 
raccmic mctal centre (or a complex with a racemic ligand attached) and a chiral p -  
hydrogen-containing organic substitucnt might behave in t h e  same way. Half the 
complex may undergo @-elimination more readily, affording a potential resolution 
method by selective M-C cleavage. 

Catalyscd hydrosilations of alkcnes o r  alkynes"" are related to hydrogcnations. 
Scheme 40 shows the hydrosilation of pent-1-ync catalysed by B hydridorhodium 

IISIEII / 
.4 

tran.s-Et3SiCH = CHR 
li 

cis- [ Rh L,C H = CH R] 

d 

ci.s-Et3SiCH = CHR 

SCHEME 40 

complex"". Binuclcar complexcs can also bc active catalysts'"', and asymmetric 
hydrosilations are also known'"". Dchydrogenativc silylations (reaction 63) are less 
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RCH=CH2 + R;SiH ---+ trans-RCH=CHSiR; (63) 

common. A recent example uses the ruthenium cluster [Ru,(CO),,] as catalyst'Z'. 
Conventional 8-elimination probably forms part of the cleavage mechanism in such 
reactions. In Scheme 41 silicon transfer takcs place prior to p-eliminations'". 

CR h L, (Si Et, ) fCH(Me)Bu" Xq 2-CH2=CHB u")] - 
[ RhL,{CH(Me)Bu"XCH(CHzSiEt3)Bu"}] 

1- L Rh 

C,H,, + Ei,SiCH=CHBu" 
+ Et,SiCH2CH=Cmr" 

L, = qs-C5Mcs or CI(PPh& 
SCHEME 41 

111. CX-ELIFAIRIATIQN REACTIONS 

These are less common than 8-climinations, and thcy  are nearly always more 
energetic processes. There arc two consequences of this. One is that a-eliminations 
are generally only observed when a competing p-transfer cannot proceed. This 
usually means that substituents with 8-hydrogen should no t  be available: methyl, 
bcnzyl, neopentyl and trimethylsilylmethyl groups are among those prone to undergo 
a-eliminations:':. l h c  second consequence is that other reaction paths often compete 
under t h e  same conditions. I n  some cases this has hampered clear elucidation ot' the 
actual reaction path f o l l o w e d  by the  CY -process-transfer of hydrogen to the metal 
atom (reaction 64) or direct to a substituent (reaction 65). 

[LnXMCHR2] + L,1M-CR2 [L,lM=CR.J +HX (65)  I : : ]  X...H 

Equations 64 and 65 illustrate an important difference between a- and 0-  
eliminations. The carbenoid CR2 group generated by a-dimination is generally not 
ejected from t h e  metal or displaced by simple ligand-exchange reactions. Although 
they might react further by routcs which may removc t h e  CR-, fragment from t h e  
metal, in general M-C fissions o n l y  occur when X is also a carbon-bonded moiety. 

A. Development of Metal-carbon Cleavage Reactions by a-Elimination 

Although t h e  process was first proposed ;is early as 1961 to account for the 
thermolysis products of [TiC13Ct13]'24, it was not until the 1970s that well established 

:b It is worth noting that main g roup  organometallics, which itre less likely to undergo  
@-elimination, often exhibit the  0: -process. 'This is demonstrated b y  thc  thermolysis of t h e  
lithium compounds  I,iCCI,CHR(OSiMc,)"~. When R allows ;1 conformation suitable for 
f3-elirninntion, LiOSiMc, is generated, but whcn not, a-elimination of LiCl proceeds. 
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examples appeared. It was pointcd out that the reactions should be  favoured by 
complexes in high oxidation levels and with empty d-orbitals (the process is a 
reduction): steric crowding should also be  favourable”. T h c  first examples were 
detected in just such complexes. Unstable chromium alkyls with deuterium labels 
revealed a-elimination (rcaction 66)2.125. 

‘’’O P C D 3 H + H D  (66) 

Some hydrogen originated f rom t h e  thf ligands, but t h c  presence of HD after 
hydrolysis suggested an intcrmediate chromium deuteride from a-migration (reac- 
tion 67). Generation of methane from [CrCI,(CH,)(thf),] included onc  hydrogen 

20 “C 
[Cr(CDj)y(thf)3] - CD3H + CD2H2 1- [residue] 

L,Cr-CD3 - L,DCr=CD2 (67) 

from thf, but none from solvent, and evidence for a chromium carbcne species was 
obtained”‘. Deuteriation studies on tetramethyltitanium supported an intramolecu- 
lar hydrogen (deuterium) abstraction of one sort or another (equation 68)Iz7, and 
hexamethyltungsten appearcd to decompose the samc  way (equation 69)Iz8. The  high 
coordination number for the latter material led to thc  proposal that a 1,2-elimination 
such as equation 65 operated in this case2’. 

Although a few examples of a-elimination at elements from the other end of the 
transition scries have been reported (usually minor rcaction  path^)'^".'^", the titanium 
group continues to provide most examples. Ncopentyl complexes of titanium, 
zirconium, and hafnium, [M(CH2CMe&], decompose by a first-order mechanism t o  
eliminate 50% of their organic substitucnts as neopentane’”. [TiMe2Cp2] decom- 
poses mainly to methane, with hydrogen bcing abstractcd from both CH3 and C5HS 
groups, but  not solvent. Dcuteriation studies showed that n o  H-D scrambling 
occurred prior to eliminationI3’. Thc large kinetic isotope effect (ca. 3 )  revealed that 

[WMe(Cpr)(v2-CIH4)1+ + L  - wMe(Cp2)(CH2CH,PMe,Ph)].’ 
L I I I 

SB? 

-L liL -.1lL 

L = PMezPh 

SCHEME 42 



8. Transition metal-carbon bond cleavage through &hydrogen elimination 601 

hydrogen or deutcrium transfer was involved in the rate-limiting step, but did not, of 
course, distinguish between routes 64  and 65. Exchange of ring and methyl hydrogen 
atoms is neccssary to account for somc products"', and transfer of hydrogcn to the 
metal at an intcrmediate has been postulated to account for this. Titaniuni(II1) 
complexes [TiR(CSH5),] also decompose by hydrogcn abstraction from a cyclopen- 
tadienyl ring'". Many competing rcaction paths operate in all of thcse compounds, 
and much remains to be learned. Curiously, the stability order for the trivalent 
compounds is the reverse of the  usual with cthyl>methyl, indicating that t h e  
process is not availablc to thcse compounds. 

Firm evidencc for thc transfer of an a hydrogen atom to the rnctal (equation 64) 
came from a study of cyclopentadicnyltungsten cornpo~nds '"~.  Trcatment of thc 
cation [W(CD,)Cp,(C,H,)]' with thc tertiary phosphinc PMe,Ph (L) produccd first 
[W(CDs)Cpz(CHzCH2P'MczPh)], then [WDCp2(CD2P'MeZPh)]. Prolonged heating 
of this latter cation yiclded finally [W(CD,)Cp,L]', coritairiing the recotistiluted CDs 
group. This  was interpreted as rcversible I-I (or D) transfer between tungstcn and 
(Y -carbon (Scheme 43). The ratc of conversion of thc phosphinemethylene dcriva- 
tivcs to the methyltungstcn phosphinc complexcs was found to bc very dcpcndent on 
the  nature of the  phosphincs, a s  wcrc t h e  final cquilibrium positions. 

A n  orbital description of thc a transfcr is depicted in Figure 613'. After binding 
the two Cs rings, three orbitals of d character are left o n  tungsten for attaching other 
l i g a n d ~ ' ~ ~ .  These are suitablc for t h e  transfer, provided t h e  initial methyl compound 
is n o  more than a 16-clcctron complex. T h e  tantalum compound [TaMeCp,(CH,)], 
isoelectronic with the proposed tungstcn intermediatcs, has been isolated and 
cxam i n ed ' 37. 

n 

FIGURE 6. a-Hydrogen transfer 
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8. Alkylidene and Alkylidyne Complexes of Niobium and Tantalum 

The wealth of detail o n  a-eliminations from compounds of these elements 
uncovercd by Schrock13' and his coworkers is exceptional. It is n o t  yet clear if the 
principles discovered are general (0 other systems, so this and related work is treated 
separately. 

The elimination of methanc from [NbMe,] or  rlaMe,]'3' and of toluene from 
[Ta(CH2Ph)5]13L'.14" are similar to thosc from high oxidation level compounds of 
titanium. The deuterium kinetic isotope effcct indicatcs that C-H(D) bond breaking 
is rate determining. An important advancc canie with the elimination of toluene from 
[TaCI,(CH,Ph),] induced by its rcaction with cyclopentadienylthallium (equation 
70)14', as the benzylidene complex 50 produced could be isolated and characterized. 

[TaC12(CH2Ph)3] + 2CpTI - PhCH, + [TaCp2(CH2Ph)(CHPh)] (70) 

A second elimination to produce a bcnzylidyne could also be induced'". Relief of 
stcric strain appears to bc an important factor: the bond angles at a-carbon would 
formally increase (109" to 120" to 180") at each stage. Tertiary phosphines and 
pentamethylcyclopentadienyl have bccn used to  generate the strain required (equa- 

[TaCI(C,Me,)(CH,Ph)(CHPh)] + 2PMe3 
--+ PhCH, + ['TaCI(CsMe,)(CPh)(PMe,)2] (71) 

Not surprisingly perhaps, the bulky neopentyl group appears evcn more prone to 
a-eliminations (reaction 72)'&. 

[TaCI(CH,CMe,),] - CMe, +. [TaCI(CH2CMe,),(CHCMe,)] (72) 

Deuterium labelling supported an a-elimination routc, with k , , / k ,  about 2.7. 
The importancc of rclief of stcric crowding in these molecules '4 '~14z~14~ and the 

high oxidation levcls involvcd make transfer of hydrogen to t h e  metal an unlikely 
process'". T h e  five-coordinate [MR,] complcxes are trigonal bipyramidal, and thc 
hydrogens of cquatorial a -carbons will be relatively acidic, with axial a -carbons 
relatively nucleophilic. 'I'ransfcr of an equatorial hydrogen to an axial carbon was 
thus postulated (equation 73). 

t ion  71)142.143 

Double (Y -eliminations of neopcntane to form dialkylidenes have been induced 
(reaction 74), and a-hydrogcn transfers i n  thc opposite direction arc  involvcd in the 
rearrangement of an  alkylalkylidpnc to :I dialkylidene (reaction 75)"". l'hcrc is a 

- I'Xlc,  

CTa(C,I15)(CH2CMc,)(CCMe~)(PMe,)~l - [Ta(CSR,)(CHCMe,),PMe31 (75)  

marked solvcnt effcct o n  t h e  a-elimination rate of Kl-i from [-F'IC~R,X~]'"', those 
solvents which favour cis gcornetry favouring clirnination. Cis ligand arl-an, oc me n t s 
would bc neccssnry to direct transfers of thc type shown in equations 65 and 73. 
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X-ray diffraction studies on a number of compounds and neutron diffraction 
studies o n  [TaCI,(CHCMeJ)(PMe3)], and ['Ta(CsMes)(CHCMc,>(C?-HJ)(PM~3)]14X 
show that thc a-hydrogens of alkylidenes closely approach Ta. At least part of thc 
effect is steric: more bulky R groups interact with other ligands increasing LTaCR 
and decreasing L1aCH'47. 1J(13C-'H) decreases as the p-orbital character of CH 
increases. TaCM angles of less than 90" have been found, so the  hydrogen might be 
described as semi-bridging (structure 17). This  effect is also partly electronic in 

H 
:- I 

L ~ T ~  =C - R 

(17) 

origin. Cases are known where R is held in a more crowded location than necessary 
by a Ta . . . H interaction. The same t y p e  of interaction appears to operate in the 
alkyl, as well as alkylidcnc. compounds. 

The picture which cmcrges of a-elimination at these high oxidation level d o  
complcxes is that the a-hydrogen is activated by attraction to the metal, an effect 
enhanced by stcric crowding from other groups, and it  is thcn transferred to other 
(cis) organic groups. [TaCpBr,(CH2Ph)(CH2CMe3)] eliminates mainly toluene, in  
keeping with a more active a-hydrogen on ne~penty l"~ .  

T h e  role of tertiary phosphines in promoting a-eliminations is not simply steric, as 
trimcthylphosphine is more activc than arylmethylphosphines of greater h ~ l k ' ~ ~ . ~ ' * ~ .  
It has bcen suggested'"' that the mechanism may involve ligand attack at the 
a-carbon atom rather than attack at the metal. Scheme 43 outlines a possible 
route'"', although complete transfer of 
necessary prior to alkane elimination. 

the a-hydrogen to metal may not be 

41 

[L.rM=CR'r] + PR32 [(PR3')L.,M=CR'r] 

SCHEME 43 

Six-coordinate niobium and tantalum complexes [MX,(CHR)L] (L = tertiary 
phosphinc) also undergo a-elimination to the alkylidynes when treated with tcrtiary 
phosphines14". The rncchanism of Schenic 43 may operatc, but seven-coordinate 
intermediates were postulated, as t h e  methyl compound [TaBr3Me2(PMc3)2] was 
isolated. Intercstingly, a number of hydrido-alkylidene and hydrido-alkylidyne com- 
plexes of tantalum have bcen isolated"". Not o n l y  do these formally sevcn- 
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coordinate species not undergo migration of the hydrogen t o  the a carbon atom, 
bur also further u-elimination (of H2) can proceed (equation 76). 

I’MC 
[laHCI(CsMe,)(CHCMe3)(PMc3)] 2 [TaCI(C,Me,)(CCMc,)(PMe,),l 

-142 

(76) 

Although it is n o t  known to what extent hydrogen from a n  0-carbon migrates to 
the metal in most of these a-eliminations, there is evidence that other  elements 
behave in  related manner. Scheme 44 shows the formation of remarkable tungsten 
compounds with alkyl, alkylidene, and alkylidync substituents”’. 

SCHEME 44 

Scheme 45 shows an intriguing rearrangement’’’ which may represent the reverse 
of the phosphinc-methylenc interaction depicted in Scheme 43’”. A coordinated 

[RhCp(PMc3)2]+CH21z - [CpRh(CHzI)(PMe3)2]I 

NEI, or OMe I 
[R~CP(CH~PM~~)(PM~,)~II~ [RhICp(CH,PMe,)(PMe,)]l 

SCHEME 45 

trimethylphosphine transfers to a carbenoid species, cataiysed by nucleophiles such 
as PMe,, NEt,, o r  OMe-. A transition state of type 18 is proposed’s2. It seems 

. I ._ 
L,R~-CH,  . .  

. .  . .  
P 

Me3 

(18) 

probable that the transition metal ylide compIcxesz4 of Schniidbaur and others might 
undergo simiiar rearrangements, but none have been reported. 
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C. Scope of t h e  a-Elimination a n d  Theoret ical  Considerat ions 

a-Eliminations from trimcthylsilylmcthyl compounds of the lanthanides lutetium 
and erbiumIs3 extend the process to Group 111 and i t  is likely that most or all the 
transition elements of Groups 111-VI, at least in their high oxidation levels, can 
undergo the process. Examples from the other end of the series are rareL2".'3", but 
equation 77 is probably a ycnuine example"'. 

\ 

T h e  analogous ruthenium compound undergoes a fast (on the n.m.r. scale) 
inversion of the a -CH,  probably via a reversible a-el iminat i~n '~ ' .  It too can 
eliminate I%, but the olefin complex 19 is formed rather than a carbcnc com- 
pound'5G, and p-elimination could b e  responsible. 

H 
' C :  

H R'dS 
P 

4 

A detailed M.O. analysis addressed specifically to the large Ta-C-C angles of 
Schrock's carbene complexes produced results reassuringly in line with the deduc- 
tions from experimental ob~ervat ion ' '~ .  T h e  process was described as a pivoting of 
the carbene, placing an a-hydrogen near tantalum, and an intramolecular elec- 
trophilic interaction of metal acceptor orbitals with carbene lone pair is seen as the 
cause. T h e  main effect of large substituents on the carbene or other ligands is to 
protect the system from intermolecular reactions. In five-coordinate 14-electron 
species of these types, full transfer of hydrogen to the  metal is a forbidden process, 
and this may be the most important factor in deciding whether the a-eliminations 
more closely resemble equation 64 or 65. T h e  elimination was described as occurring 
via interaction of H ( a )  with a neighbouring R group, preferably after this has 
pivoted slightly towards i t  (20)157. 

D. Multinuclear Compounds 

Many reactions have been observed at  metal surfaces which have (as yet) no 
counterpart at mononuclear metal complexes"". O n e  reason for this may be that the 
arrangement of sevcral metal atoms in close proximity allows additional reaction 
paths to opcrate. 

A number of carbene or carbyne ligands have been observed bridging two or  more 
metal atoms in binuclcar or clhster compounds, and this structural modification could 
provide added impetus to the formation of such species by a-elimination. Curiously, 
the metals involved in these situations tend to be from the latter end of the transition 
series-thc opposite to that for related mononuclear interactions. T h e  mobility and 
vcrsatility of thesc bridging carbcncs are illustrated by equation 78"" and Scheme 
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Me2 

46'"". Decompositions of compound 21 (Scheme 46) produces Me,C=CHMe as the 

major volatile This ,represents a further route to M-C breaking after 
a-elimination. Bridging and mobile hydrogen atoms in such clusters add more 
versatility to the processes. Reversible transfer of a hydrogen from a bridging methyl 
group to rhodium clusters has been elucidated (Scheme 47), but has no mononuclear 

SCHEME 47 

+ 

counterpart'". An apparently similar bridge-methyl to bridge-methylene conversion 
in the trinuclear osmium cluster ~os,(CO),,,((*-CH,)((*-H)] reveals intriguing detail 
on X-ray crystallographic analysis'"'.'(". The bridging methyl proup is asymmetri- 
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cally situated, with a C-H bond close to and edge o n  to one osmium atom (cquation 
79). 

T h c  situation resembles the intramolecular activation of alkyl and alkylidene hyd- 
rogens seen for tantalum(V) compounds and suggests that intermolecular processcs 
may procced by such a mechanism whcn the metal atoms can approach close enough. 

T h e  rhodium complexcs of Schcme 48, clucidatcd by high-resolution n.m.r. 

\ 
L J 

Al? hlcb \ J 
H2 

SCHEME 48 

spectroscopy and X-ray cry-Alography, show yet another C-1-1 interaction'"'. 
Pyrolysis gave some ethylene (prcsumably b y  coupling of bridging methylene to 
break the Rh-C bonds), but mainly methane and propcnc. T h e  likely rcarrange- 
ments to break these M-C bonds arc  outlincd in equation 80, and amplify the 
versatility of multinuclcar systcms to m-eliminations. 

E. Formyl Complexes 

Metal formyl complcxes are still rclatively rare, but intcrcst in thcir formation and 
properties is intense, sincc they are  likely intermediates in mctal-catalysed reductions 
of carbon monoxidc, Fischer-Tropsch synthesis, etc.'"'. Whilst the main interest is in 
their formation from nictal carbonyls and metal hydrides, they are of interest here 
bccause all thc mononuclcar cxamples charnctcrizcd decompose by u-elimination. 

The formyl complex Ircitis-[{(PhO)3P}(CO),Fe(CHO)1- decomposed by complete 
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transfer of hydrogen from the cu-carbon of the form$ group to iron'" (cquation 81). 

trar1s-[{(PhO)~P}(C0)~Fe(CH0)]- - (PhO),P+[(CO),FeH]- (81) 

This hydrogen can also be used to reduce unsaturated molecules such as ketones, and 
the  rate of such reductions is faster than thc rate of formation of the hydrido-iron 
complex. I t  seems likely, therefore, that thc a-hydrogen atom is in an activated state 
owing to its proximity to the metal and, l ike t h c  tantalum alkyls and alkylidenes, it 
can be transferred directly to othcr substrates, probably coordinated. Unlikc the 
tantalum examplcs, however, t h e  hydrogen can also transfer to thc metal. 

Formyl iridium complexes, although fairly robust, appear to transfer hydrogen to 
t h c  metal in thc same way when hcated (reaction 82)'"'. Kinctic nieasurenicnts o n  

cis-[IrH(CHO)(PMe3)Jl+ - [Tr(CO)(PMe3)J]+ H2 (82) 

67 "C 

thc isomerization of [MnH('3CO)(C0),] and o n  exchange of ligands with 
[MnH(CO)J are consistent with t h e  reversible formation of formyl, t h e  cquilibrium 
lying well to the lcft (equation 83)1c'8. 

MnHCO = MnCHO (83)  
Rhcnium carbonyl also produccs formyl o n  reduction'"". This a-hydrogcn also is 

readily transferable to other groups, and the  formation can easily bc reversed. Thcse 
a-hydrogcn transfers may well be the  mechanism of formation of hydrido-mctal 
carbonyls from methanol or formaldchyde'") (Scheme 49), although @-transfcr from 
an oxygen-bonded formaldchyde is another possibility. 

D -elimination 
[RuHCILJ + MeOH - [Ru(OMe)HL,] - [RuH&(CH2O)] 

solvent 

J. 

[RuH,L.(CO)] - [RuHL,(S)(CHO)] + y:20 [RuHzL(S)I 

L = PPh3 
SCHEME 49 

These a-eliminations from formyls resemble most @-eliminations in two intcrcst- 
ing aspects: the hydrogen can be transferred to thc metal atom (equation 64), and 
thc unsaturated substrate produced, carbon monoxide, can be readily eliminated 
from the metal (breaking t h e  metal-carbon bond), unlike methylenes from other 
a-eliminaiions, but resembling olefin elimination or displacement after the 0 -  
process. 

Reinforcing effects of multinuclcar compounds are particularly apparent in this 
area of chemistry. Thc  interaction of formyls with more than one metal can serve to 
stabilizc i t  (or promote its formation), bu t  can also lend to its disruption. Thus, 
although isonitriles can insert into Zr-H bondsI7' (the reverse of a-hydrogen 
transfer), the samc docs not  happcn with isoelcctronic carbon monoxidc, cxccpt via 
an intermolecular process (equation S4)'". Possibly the strength of the rnctal- 

[WCp,(CO)] + [ZrH,Cp,] - [CpzW=CH-O--ZrHCp2] (84) 

oxygcn bonds hcrc is enough to change the cquilibrium for hydrogen transfcr from 
carbon-to-mctal to metal-to-carbon. The reaction of [ZrH,Cpr] with carbon monox- 
idc involves such insertions, as well as u -hydrogen transfers and 0 -eliminations, 
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leading finally to breaking of the Zr-C bonds and leaving only metal oxygen links 
(ScIieme 5 0 ) ' ~ ~ .  

rcp2-zri i2]  
[Cp;ZrH,] + co [CpzZrH2(CO)] - [CpzZr(H,)=CH-OZrHCp$] 

a-tr: tnslcr I 
[CpzZrH-C-CH2-O-ZrHCp;] A [Cp$ZrHCH2-O-ZrHCp$] 

\OR 1 n-transfer 

p -clirnination CH-CH2-O-ZrHCp:] - 
[ Cpz Zr 

[CpzZrH-O-CH=CH-O-ZrHCpz] ' 0  

SCHEME 50 

'I 

A very different structure arises from thc relatcd reaction of a tantalum hydride. 
Transfer of hydrogen to a-carbon proceeds, contrary to the norm for mononuclear 
compounds, but here the formyl is stabilized by symmetrically bridging two centres 
(equation 85)"'. 

H 
I 

A further intriguing reaction occurs when this compound (22) is treated with 
PMe,. T h e  phosphine attacks the bridging formyl and brings about complete disrup- 
tion of the C-0 bond (reaction S6)175. The implications of this reaction for both CO 
rcduction and nucleophilc assistance of a-elimination arc profound. 

(22) fPMe3 --* CI~(CsMe.tEt)Ta-H-Ta(C~McjEt)Cl~ (86) 
'0' 

F. Cyclic Complexes and Reactions of Generated Carbene Complexes 

Steric restraints of cyclic organic derivatives helped givc insight into the 0- 
elimination process. 'fhe same docs not appear to be the case with a-elimination 
reaction. Not only is the reaction less well understood, even for the acyclic coni- 
pounds, opcration of a-eliminations in nictallacycles is rare and offers n o  additional 
information. Platinacyclobutancs have been observed to react with bulky nitrogen 
donors to yield carbcne and olefin complexes. 130th ylide formation and C Y -  

elimination, probably with total Iiydrogcn transfer to metal, are probably involved 
(Scheme 5 l)h7.17". 
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[PtC12(L)ICH(L)CH2CHzPh]] 
L = 2-methylpyridine 

SCHEME 5 1 

Of much greater importance is the possibility of fori?iation of mctallacyclobutanes 
from olefins and metal carbene complexes, often generated by a-elimination. It is 
postulated that Ziegler-Natta catalysis and olefin metathesis might both be catalysed 
by such complexes, successive carbon-metal bond making and breaking leading to 
the observed products. In a proposed mechanism for olefin polymerization, reversi- 
ble a-elimination operates in evcry ~ y c l c ' ~ ~ .  T h c  initiating step is presumably also an 
a -elimination to producc thc active carbene complex (Scheme 52). 

R 

11 
Me 

$ 
R Y - C H ?  

I I  RCH(Me)CHXH(Me)[M] - 
H-[MI-CHMe 

SCHEME 52 

Olefin metathesis via carbene c o m p l e x e ~ ~ ~ ~  operates according to  equation 87. 

Some of the metallacyclobutanes form olefins by 0-elimination, howevcr (Scheme 
53)'79. 
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[T~CI~(PM~~)Z(CHCM~~)]+CH:=CHR 

I 

J L 
Bu'CH=C(R)Me Bu'CH2C(R)=CH2 

Bu'CH=CHR BdCHKH=CHR 

SCHEME 53 

A common reaction of metal carbenc complexes is to lead to the coupling of 
carbene fragments, presumably by an intermolecular proccss, to form olefins, and 
hence cause further mctal-carbon bond scission. Other  reactions of the generatcd 
carbene, such as addition to  olefins to form cyclopropanes, are of course common. 
Precursors to these carbenes can oftcn be formed by the a-elimination of halides, 
rather than hydrides, although the mcchanism of t h e  halogen transfer is cqually 
obscure. Some examples include reactions 88-90'""-'82. 

[Fc(CH2CI)(Cp)(CO),] [FeCI(Cp)(CO)2]+ 7,7- 
c)clohexc."c 

dimcthylbicyclo[4.1 .O]heptane (88) 
\ lyrC, ,C 

[Ir(CHzCI)(CO)(PPh,)z] - [IrCI(CO)(PPh,),] + phenylcyclopropane 
(89) 

2AgC(CI)=CPh2 A 2AgCI + Ph*C=C=C=CPh2 (90) 

Finally, it should be noted that transfcr of a-halide to main-group metal atoms has 
bccn used to generate carbenoid species with considerable success, pcrhaps most 
notably Scyferth's halomethylmercury compounds (equation 91)Is3. Transfcr to 
silicon and other main group elements is also well k n ~ w n ' ~ ~ - ' ~ ~ .  

PhHgCClzBr + cyclohexene u PhHgBr + 7,7-dichlorobicyclo[4.1.0)hcptane 
(91) 

IV. ?/-ELIMINATIONS 

y-Eliminations are thc lcast known of the trio. Like a-climinations, they appear to 
be more energetic than 0-transfer reactions and are  thus observed only when the 
0-process cannot opcrate. Whether the r-eliminations are less favourable than 
a-eliminations also (this could he t h e  case if the interaction of thc y-atom with the 
metal is significantly lcss than a and o), or  whether it is simply coincidental that to 
date  fcwcr have been documented, is unccrtain. Like the a -  and 0-processes, i t  is 
the subscqucnt or accompanying reactions to the y-climination which lead to 
mctal-carbon bond brcaking. 
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A few examples of @-elimination were cited wlierc the u-atom was not carbon. 
For y-hydrogen transfer, i t  is not necessary for either the a -  or the @-atoms to be 
carbon. Examples of @-heteroatom compounds and their decompositions are few, 
and arc covered together with the C3 materials. Examples of eliminations from 
ligands with the a-atom other than carbon are legion. They are referred to as 
riietnllntiort reactions, f h d  are far too numerous to deal with in detail in this chapter. 
Nevertheless, some are obviously related to the y-transfers under discussion, SO 

theoretical considerations are considered and a few examples are provided. 

A. ?-(and 6-and E - )  Eliminations 

Equation 92 shows the  cleavage of tolylmethyl from platinum, presumably by  
reductive elimination after transfer of 1-1 to platinum from a 6 carbon atom'". Cyclic 
ruthenium(I1) complexes can be made similarly'"". 

Platinum(I1) neopentyls decompose almost exclusively b y  y-elimination (Scheme 
54)'"', in contrast to the tantalum(V) complexes, where u-elimination predominates. 

(Et3P)HPt(CHZCMe3) [ ( E t , P ) I P r 3 M e : ]  +CMeJ t 

SCHEME 54 

Although requiring loss of a ligand to initiate the process (presumably by making 
available a coordination site, a process closely resembling 6-elimination from such 
square-planar complexes), y-hydrogen transfer produces a five-coordinate inter- 
mediate prior to reductivc elimination. Details of this process were confirmed by 
selective deuteriation studies, which also showed that any hydrogen abstraction from 
PEt, was less than 3%) that from neopentyl, and any a-hydrogen involvement must 
bc less than lo/" of y-hydrogen transferred. 

The difference between thcse platinum ncopentyls, which clearly prefer y -  
climination, and neopentyls of niobium, tantalum, molybdenum, and tungstcn, where 
cu-eliminations are common, is not easy to explain, but the high electron demand of 
the higher oxidation level compounds mighr well make the formation of cnrbenoid 
lijiands desirable. k subsequent study by Whitesides and coworkers'"' indicated that 
the neopentylplatinum result is n o t  unique. Products resulting from 6- or  E -  

eliminations arc  found, as well as those of y-transfer (equation 93 and 94). 
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I 
L J 0.5% 99.5% 

9% 

All these thcrmolyses were inhibited by additional PEt, (indicating loss of a ligand 
as a key reaction step) and were first ordci  in platinum complex. A dcuteriurn kinctic 
isotope effect of ca. 3 was found for each process. T h c  products and activation 
parameters did not vary according to the presence or absence of free ligand, and the 
rate-determining step was assigned as the reductive elimination of hydrocar- 
b ~ n ~ ~ ~ . ~ ~ ~  . A n  interesting and valuable result to cmergc from this work is that the 
platinacyclobutane rings a re  not greatly strained, a significant finding in view of the 
importance of such four-membered rings in catalytic processes. 

An interesting combination of a-  and y-eliminations from a mesityltantalum 
complex leads to a xylylmethylidenc derivative”,. T h e  mcsityl groups occupy the 
equatorial sites of trigonal bipyramidal tantalum(V), as may be cxpectcd for such 
bulky ligands. Treatment of a mesityl(neopenty1) tantalum derivative by PMe, leads 
to a-elimination and formation of mesitylene, a process with many analogues 
(equation 95). 

PMc3 [TdCl,(mesityl)(CH,CMe,)] [-~‘~CI;(PMC;)~(CHCM~~)~ + CGH3Me3 

(95) 

T h e  mesityl (methyl) tantalum analogue bchavcs diffcrently, howcver. y- 
Elimination is involved in whichever route is followcd to the product (Scheme 55) .  
This timc it is brcaking of thc tantalum-methyl bond which leads to elimination; the 
tantalum-mcsityl bond does cleave, but a new one forms to a substituent methyl 
group. These results tend 10 confirm thc reluctance of methyl groups to undergo 
a-elimination, and might also suggest that mcthyl substituents or aryls are particu- 
1: i j l~ l  prqne to interaction with metals. 

Reactions of the ruthcnium complex [Ru,(O~CMC)~CI]  with cither Mg(CI-12CMe3)-. 
and PMe,, o r  Mg(CI-I,SiMc& and PMe3 lead to products from which one neopcntyl 
or  trimethylsilylmethyl has been cleaved, presumably by  y-elimination’”. Rhodium 
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[Moz(OrCMe)J) +PMe3 tMg(CHzSiMe3)Z 4 

R. J. Cross 

OYC'O 

O,c/O 

Me3P, I I ,CH?SiMe3 
Mo=Mo 

Me3SiCHI' I I \PMe3 

r 

[TaCI~Mc(mesityl)] -!L L2C13Ta Me)qMe 
Me Me 

-CHI 
LzChTa=CH(3,5 - Mez-C6H3) - [L,ChTa(Me)CHz(3,5 - Mez-C6H3)] 

L = PMc3 
SCHEME 55 

compounds can behave in a similar way (rcaction 96). A related molybdenum 

/'? ] (96) SiMel 

compound behaves differently towards trimethylsilylmethylating agents, however, 
and two stages can be  identified (Scheme 56). 

'c& 
[Rhz(OKMe)4] +4PMc3 + Mg(CHZSiMe3)z -+ 

Me 1 

J Me 1 
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T h e  interaction of ylides with transition metal ions produces a class of 0-  
climination stabilized ylide complexes, and numerous examples a re  known". Thcse 
derivatives arc  analogous to  the trimethylsilylmethyl complcxcs, with Si replaced 
with P. Thesc ylidc complexes appear to lose a proton from their methyl groups even 
more rcadily than do the silicon compounds, perhaps owing to the  formal positive 
charge o n  phosphorus. T h e  results of these y-eliminations are either bridged or 
cliclating dimcthylenephosphorus compounds". The  byproducts arc now tet- 
ramethylphosphonium salts. Although the reactions have been referred t o  as trans- 
ylidat ions", they a re  analogous to thc y-hydrogen processes we havc examined. 
Some examplcs are shown in cquations 97-99. 

(98) 
rAU7 

[Au(CH?PMe3)2]Cl + "" "' [ Me2P ~ A u  JPMez 1 + [Me-+P]CI 

[CoBrMez(PMe,)3] +2Me3PCH2 -+ [MeJPlBr + P M o  + (MejP)?MezCoAPMcl (99) 
v 1 

Scheme 57 shows a palladium catalysed formation of lactones from a,o- 
haloalcohols and carbon monoxidc'". Ring closure is accomplished by hydrogen 
transfer from an oxygen, often in the 6-position to the metal. These a rc  rare 
examples of heteroatoms being responsible for ring closure. 

Base + HI 4 - = - ~  [Pd(PPh3)z] y cis- ICH =CHCHzOH 

Base 

[ PdIH(PPh3)2] [P~I(PP~J~(c~s-CH=CHCH~OH)] 

SCHEME 57 

B. hletallation Reactions 

When  the a -a tom is a hetcroatom such as 0, N, S, P, or As, elimination rcactions 
are usually referred to as mctallations, sincc R new bond is formed from part of the 
ligand t o  the metal. Metal-carbon bond cleavages rcsultinc from thesc reactions are 
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Me 
L,Ru-O, / 

J ?-Me 
c"C 

H /  I \ H  
H - 

rare, simply because fcw of the complexes involved contain such bonds in the first 
instance. Equations 100-102 show some  example^'^".'^^.'^^. 

--+ [L,RuOHj+MezC=CH:! (102) 

t t u t z . y -  [PdCIH(PBu',),] 

PdCI. 
2-NMe2-CH2-naphthalene A 

unaffected. It is also important that @-elimination should not be an availablc option 
in the  compounds, o r  this would take precedence, being a lower energy process. 

A study directed at elucidating clectronic effects found a strong depcndence on the 
metal atom. Metallating azobenzcne with PdCI2 revealed electrophilic attack o n  the 
ring by Pd(lI), but metallating azobenzcne by [MeMn(CO),] (eliminating CH4) 
proceeded by nucleophilic attack by Mn2'". A similar study on the metallation of 
R2PCH,C6H4F-m found an activity series Ir' > Rh' >> Pd" = Pt", and whilst Rh and Ir 
displayed a nucleophilic mechanism, Pd reacted by clectrophilic attackzo1. These 
variations will surely operate in  thc other elimination reactions, and might account 
for somc of t h e  variations found. 

The reaction between azobenzene and [MI~R(CO)~]  proceeds with decreasing ease 
in the  series R = CHzPh > Et > Mc > CH2C6MeS. This probably simply reflects thc 
ease of elimination of RH"'~. 

Perhaps thc most exciting discoveries relating to metallation are those of Shaw 
relating to steric effects2(". I t  was readily apparcnt that morc bulky substituents were 
instrumcntal in promoting metallations. For example, in reactions such as 103, the 
tendency to procccd to the right incrcases in t h e  order R =  Me<Ph<Bu'. 'fhc steric 
effects arc dominant over electronic factors. 

Rd', Rd', 
MXL, ( ML,+HX 

L H  C' 
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Shaw2”a pointed out that there was a close similarity betwecn thcse stcric effects 
and an organic effcct known as thc Thorpe-Ingold or gem-dialkyl effect. This relates 
to the formation of small rings, where replacenicnt of a CH, bv CMe2 greatly 
increases the stability (and of ten  the yield) of cyclic products. This effect hinges o n  two 
factors. An entropy effect operates: gem -dimethyls reduce t h c  loss of internal 
rotational entropy which occurs on cyclization. An enthalpy effcct also opcrates: the  
number of extra gauche interactions which arc introduccd o n  cvclization is reduced. 
Thc analogue for metallation is a ‘gern-di-[-butyl effect’. The bulky coordinated 
ligands will interact with neighbouring groups, producing a large cnergy barrier to 
rotation, and hence no loss of rotational freedom occurs on metallation. Since the 
metal atom becomes part of the  ring, further steric bulk a t  t h e  mctal becomes just a s  
important. 

Other effects will enter also. Thc bulky t-butyl groups of PBu‘[2,6-(OMe)2CG~-I,] 
hold the mcthoxy group in the proximity of the mctal when coordinated, making thc  
best arrangement for an intcraction of methyl and mctal (25). 

(25) 
The implications of this steric effect for y-climinations arc of cnorrnous impor- 

tancc. Most of the authenticated examples occur in neopcntyl or trimcthylsilylnicthy1 
compounds, where the gem -dimethyl effect itself will operate. This may provide an 
important boost to this reaction mode, enabling it to succeed instead of other 
reaction modes. Thc favourable cnergy of nietallacyclobutanes found by Whitesides 
and coworkers may not be entirely gcneral, since this contained gem-dimethyls also. 

It has long bcen suspected that an interaction between t h e  mctal atom and 
hydrogen, or the C-H bond, is a necessary prcrequisite to metallation, as indeed it 
appears to be for a-,  /3-, or y-eliminations. Many interactions betwecn hydrogen 
atoms of ligands and the mctal atoms have been found’”’, some extremely strong, 
but none  of the compounds exhibiting these in:eractions undergo metallation! There 
are two limiting geometries for t h e  approach of the C-14 bond to the mctal: linear 
and triangular. 

C-H.. . . . .M C-H 
linear 

(26) ti4 

(27) 
triangular 

A comparison of the rclated metallations of 2-pyridpl formate and 8-quinolinyl 
formate at [RhCI(PPh,),] found very similar tcndencies to undergo these reactions 
(and a dcutcrium isotope effcct of 3.4, indicating ratc-limiting C-H ~leavage)”~ .  
Molecular models show that the  C-Hs of both formates can approach by the  
triangular route, but only !he pyridyl derivativc is flcxiblc enough to approach by thc 
linear mode. The similarity of reaction rates indicates that the side-on route is 
favourable. 
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Evidence has been presented that metallation by palladium(I1) can occur only in 
the square plane of the molecule204. This situation resembles the requirement of an 
in-plane coordination site for 0-  or y-eliminations at platinum. It would be interest- 
ing to know if a ligand dissociation aided such metallations. 

Two final features are worth noting with respect to these cyclization reactions, 
although both serve only to illustrate our ignorance on the subiect. Metallation of 
tratzs-[PtC1,(PBu'J2] (reaction 104) is subject to a marked solvent effect, procecding 
more readily in benzene than methylene chloride2". 

L J 

Metallation of the dithio ether derivative below by [PdCI4]'- (reaction 105) is 
catalysed by silica gel2"". T h e  roles of solvent and catalyst are not understood. 

V. CONCLUDING REMARKS 

It is obvious from the  preceding pages that while many trends and factors concerning 
a-, p-, and y-eliminations have emerged, allowing a certain amount of control to be 
exercised over them, much remains to be learnt. 

One factor emerges clearly. The  simple picture of the eliminations drawn in the 
Introduction (equations 1-3), showing transfer of hydrogen cleanly to the metal, are 
extremes which may never be achieved in reality. C-H bond making for subsequent 
alkane elimination, o r  M-C bond breaking for, for example, olefin ejection, may be 
well advanced before hydrogen transfer can approach completion. It appears that 
most (but not all) @-eliminations do manage in large part to transfer the 0-hydrogen 
to the metal before eliminations of organic groups arc far advanced. The  reverse niay 
be more common for a-eliminations, but data here arc limited to a narrow range of 
compounds and this could distort the impression given. 
I'he situation may be likened to ligand substitution reactions. In the past they were 

of ten  described as dissociative (SN1) or associative (SN2), but arc now more accu- 
rately seen as the less extreme dissociatively controlled Id or  associatively controlled 
I: , .  Tlic attempts of chemists to categorize thc M-C bond breaking processes into 
sirnplc steps ('0-hydrogen transfer followed by rcductive elimination') as ii means of 
understanding and  classifying reactions may be too naive, and what arc today 
described as separate processes may operate concomitantly. Rather than finding a 
common explanation to account for rcactions. in the last analysis each molecule or 
molecular system may have to be treated as unique. 
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I .  INTRODUCTION 

In  most organic reactions catalyscd by homogeneous transition metal complexes, a 
carbon-mctal cr-bond is formed and broken during the course of the catalytic cycle. 
In  many such catalytic reactions, t h e  carbon-metal cr-bond is gcnerated by an 
oxidative addition rcaction of an organic substrate to a low-valcnt transition metal 
complex, and ultimately the finished organic product is released from the transition 
metal by reductive elimination, regencrating the low-valcnt complex and completing 
the catalytic cycle. 

I n  order for such a catalytic reaction to be efficient, the carbon-metal a-bond 
cannot be particularly stable, since it is required to undergo some facile subsequent 
reaction lcading ultimately to product with regeneration of the original catalytic 
species. Consequently, in many catalytic rcactions, the product of oxidativc addition 
is not  readily isolatcd, thereby imposing restrictions o n  the study of this reaction. 
Similarly, thc rcductivc elimination steps are often difficult to examine because tile 
complexes bcaring the partners to be climinatcd are unstable. 

Nevertheless, the oxidativc addition reaction is one of the most availablc synthetic 
methods of preparing complexes containing carbon-transition metal tr-bonds. 
Further, thcrc are a growing number of complexes containing a carbon-metal bond 
and a reductive elimination partner bonded to the same metal that either have been 
isolated or can by readily observed spectroscopically. However, our knowledge of t h c  
mechanisms of these reactions has expanded rapidly only  in recent years. Conse- 
qucntly, thc cmphasis herc is placcd o n  the preparative and mechanistic aspects of 
these reactions without attempting to survcy thc literature exhaustively. Earlicr 
chapters cover other methods of the synthesis of complexes containing metal- 
carbon bonds, particularly via a transmetallation rcaction between a transition metal 
salt and an organometal such as organolithiiim and Grignard rcagcnts (SCC Volumc 1, 
Chapters 3-12). Finally, the catalytic cycles and mechanisms of some of the more 
important transition metal catalysed organic reactions arc discussed in which oxida- 
tive addition and reductive elimination are k e y  steps. 

II .  OXIDATIVE ADDITION 

Oxidative addition reprcscnts one of the most fundamental reactions in organometal- 
lic chemistry and a number of excellent reviews that cover various aspects of thc 
numcrous cxamplcs of this reaction have appeared'-'. Oxidative addition is the tcrm 
given to a general class of reactions, rcjiardless of mechanism, in which a mctal is 
oxidized by the addition of a substrate X Y .  The increase in  oxidation state is usually 
accompanied by an increase in coordination number. Low-spin transition metal 
complexes, particularly Group VIlI d s  and d"' complexes, undergo two-electron 
oxidative addition reactions, although this type of oxidative addition is known for 
almost all cvcn d" configurations. For example, coordiniltivcly saturated (18- 
clcctron) Group VIII complexes of the d" configuration arc fivc-coordinate com- 
plcxcs. 'Thc course of t h c  oxidative addition reaction (equation 1) usually involves 
prior di\soci;ltion of ligands to a coordinativcly unsaturated complex follovicd by the 
oxidative addition rcaction. The two-clcctron oxidation produces a d" complex, 
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which requires a coordination numbcr of six in order to achieve an 18-elcctron 
configuration. 

1 

$( 18e) ds( 16e) d6( 18e) 

It  has bcen pointed out'.'' that the tendency for d X  complcxes to undcrgo 
oxidative addition increases on desccnding a triad or in procceding from right to left 
within Group VIII. T h e  overall two-electron change may take place by concertcd 
two-electron transformations or sequential one-electron changcs. A family of 
mechanisms exist for this reaction that lie closc enough to one anothcr in energy that 
subtle changes in the substrate, the ligands, and the metal bring about changes in the 
mechanism. Thcre are a smaller numbcr of oxidative addition rcactions that take 
place overall by one-electron changes. 

X-Y+2M - X-M+Y-M or X-M-M-Y (2) 

As shown, either a cis or a trans octahcdral complex can be obtained, for example, 
from the oxidative addition to a 16-electron dH square complex. In m a t  reactions 
studied, it is not known whether the  observed isomer is the kinetic product. There is 
ample evidence that an 18-electron d I" square complex undergoes ligand dissocia- 
tion to yield at  lcast a 16-electron (coordinativcly unsaturated) complcx bcfore a 
concertcd two-electron oxidative addition takes placc (dissociative mechanisms). 

L L, / 

L' \L 
M 

XY 
ML3 - [ X-ML3 1' Y - 

Y 
-L J[ +L 1-. 

L 
X Y  I 

ML2 - X-M-Y or x - L L  (3) 
I I 
L L 

In these reactions, a 16-electron (rather than an 18-electron) d8 complex is the 
product. For examplc, the complexcs [M(PPh,),] (M = Ni", Pd", Pt") having the d" 
configurations are  coordinatively saturated and undcrgo the dissociation of phos- 
phine ligands in solution to form threc- and two-coordinate compounds' '-I9 that are 
reactive toward oxidative addition. T h e  phosphine ligands are o-donors (lone-pair 
donation), which increases the electron density o n  the mctal. This makes the mctal a 
good nucleophile, favouring oxidative addition and, at the same timc, increases the 
tendency for the phosphines to dissociate. Carbon monoxide, o n  the other hand, is a 
r-acceptor ligand that dccreases the electron density o n  the mctal by delocalization 
of the unbonded d-electrons into the T::: orbital of thc carbonyl (back-bonding). 
Dicarbonylbis(triphcnylphosphinc)nickel(O), for  example, is much lcss reactive than 
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tetrakis(triphenylphosphine)nickel(O), primarily because the electron density on the 
metal is lowcr, and it does not  undergo ligand dissociation readily because of the 
electronic balancc of the a-donor and n-acceptor ligandr,. There is good evidence, 
however, that steric effects are much more important than electronic effects in 
determining the dissociation of phosphine ligands from transition metal complexes. 
The greater the size of the ligand cone, the greater is the tendency for dissocia- 
tionLG'". 

Of the Group VIII complexes having the d X  configuration, the tendency for 
five-coordination increases in  going from right to left and in ascending a triad. Thus, 
iron(0) tends to be five-coordinate (1 8-electron complex) whereas platinum(I1) 
prefers to have four-coordination (16-electron complex). 

If a d" complex is coordinatively saturatcd, usually only strong oxidizing agents add 
readily, and the reaction proceeds to give an intermediate octahedral cationic d6  
complex. Hence the coordination number of the  metal (18-electron rule) and the 
type of ligand are important in determining the mechanism of the oxidative addition 
reaction. 

There are a wide variety of substrates that undergo oxidative addition reactions. 
Some of the reactions of substrates do not generate metal carbon a-bonds'", but 
represent key steps in catalytic cycles. For example, catalytic hydrogenation, oxida- 
tion, hydrosilylation, and hydrohalogenation reactions require oxidative addition 
reactions of HZ, 02, SiH, and HX to  gcneratc key intermediates. These reactions will 
not be covered. 

Of those substrates that do undergo oxidative addition to form metal-carbon 
a-bonds, the classification into polar and non-polar oxidants can be made'. Polar 
substrates are susceptible to nucleophilic attack by the metal by virtue of their 
containing a good leaving group (in the sense of nucleophilic displacement). These 
substrates include acyl halides, alkyl halides, and, to a lesser extent, aryl and vinyl 
halides. Non-polar oxidants include hydrocarbons (ArH, RH, RC=CH) and al- 
dehydes that react by carbon-hydrogen bond breaking. The overall addition to the 
metal in this case is almost always stereospecifically cis, as might be expected from a 
concerted, three centred reaction. A special class of non-polar reactants are those 
which retain at least one bond of the reactant, X Y ,  in thc reaction product to give a 
metallocyclic product. Thus, acetylenes, alkenes, and small-ring (strained) hydrocar- 
bons fall into this category. 

The interaction of an alkenc or alkyne with a transition metal can be viewed as 
simple coordination or oxidative addition to form a metallocycle. The relative 
contributions of 7~ us. a (ix. 1 and 3 us. 2 and 4) to the bonding are no t  easily 

(1) (2) (3) (4) 

determined, but there are, of course, the limiting cases for the extreme contributions 
of either2". The contribution of two bonding electrons in the forward a-bond and 
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two electrons in the 7i-back-bond is equivalent to two meta l -cxbon a-bonds, and a 
met allocyclopropane struct urc. 

A ncgligible contribution by the a-forward bond and complete two-electron T- 
back-bonding is equivalent to the metal being oxidized; the olefin functions as a 
bidentate dicarbanion with two a-bonds to the metal. This asscsmcnt of bonding can 
be made on the basis of X-ray structure, i.r. and n.m.r. spectra, and ESCA. If the 
binding energies of thc clectrons on the metal can be considered to be related to  the 
degree of electron transfer from metal to ligand, then, on this basis, a degree of 
oxidation of the metal can be assigned. For [l’tL(Ph3P)2], where k P h C k C P h ,  
CH2=CHz, and 02, the oxidation states (degrce of electron transfer) are 0.7, 0.8, 
and 1.8, respectively. 

Hence the  terminology of oxidative addition here is dependent on the molecular 
orbital picturc or the selection of a number represcnting the degree of electron 
transfer (or some other parameter) that constitutes oxidative addition. These types of 
reaction will not be reviewed hcrc. 

These complexes are key,  however, in subsequent organometallic reactions that 
gcncratc metal-carbon a-bonds, including cyclometallation reactions that produce 
larger m c t a l l o ~ y c l c s ~ ’ - ~ ~  and ultimately linear or cyclic oligomeric products. Cyc- 
lometallation rcactions of this typc arc reviewed elsewhere. 

M 3  + 1 1 -  

Some substrates that do form carbon-metal a-bonds in oxidative addition 
reactions [RCN, CS2, (CF&CO, CH20,  RCONCO. RCSNCO, and certain car- 
borancs] are not discussed here either, bccausc at prcscnt thcrc is little known about 
thc mcchanism of t h c  reaction or because t h c  rcactions are less important in the 
synthesis of compkxes and in catalytic processes. 

Unlik-: the main group metals (particularly the  alkali and alkaline earth metals) 
that urodergo oxidative addition reactions readily in bulk, the transition metals react 
rcadil.1 only in the ‘atomic state’. This is accomplished usually b y  complexation of the 
metal with ligands to yield a mononuclear complex. ‘Nakcd’ transition metals also 
undcrgo facilc oxidative addition rcactions. The  reduction of various transition metal 
salts produccs reactivc metal slurrys that undergo oxidative addition reactionsz4. 
Most transition metals give monatomic vapours (at high temperatures in a vacuum) 
that can be trapped o n  a cold surfacc and allowed to rcact with organic substrates via 
oxidative (see VoIumc 1, Chapter 13). 

A. Organic Halides and Related Reactants 

As indicated earlier, the mechanisms of the oxidative addition reactions are 
diverse. It could bc cxpcctcd that different mcchanisms might be observed with 
different transition metals, clcctronic configurations or types of organic substrates 
(e.g. alkane C--H addition us. organohalidc C-X addition). Different mechanisms 
have bcen observed, however, even with thc same metal, the same ligands and thc 
same structure of the organic substrate, but with a change in halogen. 

A varicty of techniques have been uscd to dctcrminc the mechanisms of these 
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rcactions. 'I'hc kinetics of a reaction do  not  necessarily distinguish between an SN2 

L, ,Mi-RX - L,,MX+R' (7) 

mechanism and a radical process, for example, since the rate-determining step in a 
radical process may be the reaction of the mctal with the organic halide to abstract a 
halogen atom. The relative rates of reactions of various organic halides are depen- 
dent o n  thc halogen, but thc order, C l<Br<I ,  is the same for both radical and SN2 
reactions. Sulphonatc csters such as r.'-toluenesulplionate esters undergo SN2 reac- 
tions readily, while remaining relatively inert to radical reactions. Unfortunately, this  
test is n o t  always dcfinitive as to mcchanistic pathway2". The effcct of solvent on 
reaction rate and particularly the entropies of activation in reaction solvents of 
different polarity can providc an indication of the development or absencc of change 
in the transition state. 

Variation in the structure of the organic substratc and the observation of its effect 
and fate in  the course of the reaction is probably the most definitive, unambiguous 
mechanistic probe. The ordcr of reactivity for an SN2-type reaction with alkyl 
halidcs, primary >secondary > tertiary, is reversed in a free-radical process. Rcar- 
rangement of neopentyl-type groups (reaction 7), particularly neophyl, provides 
cvidencc for an intermediate organic radical. The cyclization of the radical derived 
from 6-halohcx-1 -encs (reaction 8) not only provides evidcncc for a radical reaction, 

PhC(Me)2CH' o> Phc(Me)Et (7 a) 

'CH2(CH2)3CH=CH o> cyclopcntyl -CH2. (8)  

but can yield information concerning the rate of capture of thc radical by the metal, 
since the ratc constant for closurc of the 5-hexenyl radical is known to be approxi- 
mately 10' S-I. The stcreochemistry attending a particular organometallic reaction is 
a powerful mcchanistic probc'", inversion of configuration being taken as strong 
evidence for an SN2-type reaction, while racemization is indicativc of, but not 
conclusive for, a radical mechanism. Retention of geometry in reactions of vinyl 
halidcs is cvidence for a non-radical process. 

Enhanccd adsorption or emission as a consequence of chemically induced dynamic 
nuclear polarization (CIDNP) allows the dctection of a radical reaction, although the 
inability to obscrve CIDNP does not  rule out such a reaction. Thc direct detcction of 
a radical by e.s.r. or by using a spin trap such as Bu'NO to trap an organic radical R 
as a nitroxide, Bu'N(R)O', so that it may be observed by e.s.r. has bcen utilized to 
help elucidate the mechanisms of certain organometallic reactions3'. The  effect of 
radical initiators or inhibitors on  thc reaction and the  addition of certain vinyl 
monomers that are known to  polymerize by certain mechanisms have bcen uscd to 
deduce the mechanistic coursc of a rcaction. In cxperimcnts of this type, where 
another reagent, such as a spin trap or a radical inhibitor. is added, control 
experiments must be carried out to establish that the added reagent does not  alter 
the course of the reaction that is originally obscrved in thc absence of such an 
addend. 

Even though evidence such as c.s.r. may be obtained for the presence of radicals in 
a reaction, i t  is not necessarily truc that a radical reaction is the  main reaction 
pathway. 'llie radical reaction could be a minor pathway to products, or even  a side 
reaction, and still generate ii high enough radical concentration to bc detected. 

I n  the following scctions, thcrc are many examples in which these techniques have 
bccn utilized in studies carried out to dcterminc the nicchanisms of oxidative 
addition reactions. 
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7. Group 16 

There are few examples of oxidative addition reactions of organic halides to 
copper(0) to generate d"' copper c ~ m p l e x e s ~ ~ .  The addition of perfluoroalkyl iodides 
to copper in polar, aprotic solvents such as dmso or dmac at elevated temperatures 
give iodoperfluoroalkylcopper(I1) complexes (5)33. Other functional groups, e.g. 
carboxyl, can be present in the  perfluoroalkyl chain at a position remote from the 
iodo group. This reaction has been used in the cross coupling of various perfluoroal- 
kyl halides with aryl and vinyl halides in situ. The homocoupling reaction of vinyl 
halides with ccpper(0) takes place with complete retention of geometry at the double 
bond3". 

MeCN=CHX + C u  or CuPBu'; - MeCH=CHCH=CHMe (10) 

The co-vapour deposition of gold, methyl iodide and dimethyl sulphide at -196 "C 
produce a gold(I1) complex formulated as 6, which on warming to 25 "C yields the 
iodo bridged dimer (7)2X. 

- 196°C 2s "C Au 4 Me1 + Me2S - [AuI(Me)(SMe,),l - 
(atom) 6 

7 

(i  i) 

The reaction of d "' organocupratcs with vinyl halides and alkyl halides probably 
takes place by a sequence of oxidative addition, reductive elimination reactions, 
although the oxidative addition product has not been isolated3'. The cross-coupling 
reaction proceeds with predominant (84-92%) inversion of configuration at the  alkyl 
halidc carbon and retention of geometry in the vinyl Iialide""~". This  reaction 
requires that oxidative addition gives a d X  square-planar trails Cu(II1) complex (fraris 
addition of thc organic halide) followed by a n  exclusive reductive elimination of cis 
partners bound to copper. Retention of geometry in thc vinyl halide suggcsts two 
retention reactions, in  both the oxidative addition and the reductive elimination, 
whereas in the  alkyl halide inversion of configuration in the oxidative addition 
reaction and retention in the reductive elimination are favored. Retention of 
configuration is also obscrvcd in  R in thc rcductivc elimination'". 



632 J. K. Stille 

This mechanistic evidence is not inconsistent, however, with a direct displacement of 
bromide by an organo nucleophile (R) bound to copper. 

% s 

(14) 
q% 

X - C U - F  C--Y, + R-$& +RCu'+X- 
/ \ 

The reaction is overall second order, first order in copper reagent and first order in 
alkyl halide"'. The order of reactivity CH3 > primary > secondary > tertiary, the grea- 
ter reactivity of tosylate compared with halide, and the relative insensitivity. of the  
reaction to free radical inhibitors, all support a rate-determining nucleophlic 
attack either to give product directly or to give the oxidative addition intermediate 
which undergoes reductive elimination in a fast step. 

Silver atoms obtained by vapour deposition o n  a low-temperature surface react 
with perfluoroalkyl iodides to give oxidative addition products"". T h e  . d' bis- 
perfluoroaIkylsilver(I1) complex (8) obtained from perfluoroisopropyl iodide is stable 
at 25 "C, whereas the products from perfluoromethyl and perfluoro-n-propyl iodides 
decompose above - 100 "C. 

- 1'36 "c: 
Ag(atom) + I-C,F,I ----+ [Ag(CF(CF,),},]+ AgI (15) 

8 

Dailkyl aurates undergo oxidative addition reactions with alkyl halides to give the 
d' trialkylgoId(II1) complexes (9)40-'2. A predominance of the trans complex is 

RX + (Mc,Au'(PPh,)-Li' ---+ t rar is-[A~R(Me)~(PPh~)]  -t. LiX (16) 

X =  Br, I ;  R =  Me, CD3, Et, Pr", Pr', Bu" (9) 

obtained in this reaction with alkyl halides, but these complexes do undergo cis-trans 
isomerization, particularly in the presence of phosphine. Rearrangement of the R 
group also may occur (see Section 111). Generally, thc sterically most demanding 
group occupies the position tram to the phosphine in competition with smaller alkyl 
groups (methyl). The oxidative addition reaction of iodobenzene, however, produces 
a cis-complex T h e  relative rates of oxidative addition, Me>Et  > Bu" and 
I > Br >> C14' support an SN2-type mechanism for this oxidative reaction. 

PhI + [Au'(Me),(PPh,)]-Li' - cis-[AuPh(Me),(PPh,)] + LiI (17) 
10 

T h e  neutral d'' methylgold(1) compiex (11) reacts with methyl iodide to give 
ethane and iodotriphenylphosphinegold(I)43. Thc intermediate gold(TI1) complex 
(12) could not be detected in the rcaction mixture, even though the spectrum of this 
stable, independently synthesized compound was available for Comparison. In an 
independent experiment, however, 12 was shown to react rapidly with 11 to give the 
trimethyIgold(II1) complex 13, which could be observed by n.m.r. and isolated at low 
temperature. Complex 13 also was shown to give ethane and methylgold(1) at 
moderate temperatures 

[AuMe(PPh,)l+ Me1 - [AuI(Mc),(PPh,)l - [Au(Me),(PPh,)] + PPh31 
11 12 13 

(18) I 
C2I-1, + [AuMe(PPhA] 
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2. Group Vlll 

a. Oxidatiue additions to d"' corizplexes of the nickel triad. Oxidative addition 
reactions of d"' complexcs of the nickel triad have been carried out both with 
vapour-dcposited (atomic) mctal and metal(0) complexes bearing a variety of ligands, 
usually tertiary p h ~ s p h i n e s ~ ' . " ~ .  In a catalytic reaction involving a complex of the 
nickel triad, oxidative addition to produce a d' divalent complex may be followed by 
a second oxidative addition to give a d G  metal(1V) complex. The d" tetravalen: metal 
complexes are unstable, except in the case of platinum where a large number of 
platinum(1V) complexes have been isolated. 

Nickel(0) complexcs a r c  stronger reducing agents than thc analogous palladium(0) 
o r  platinum(0) complexcs. For example, within the serics [M(PEt,),], on ly  the nickel 
complex reacts with benzonitrilc, and reacts rapidly wit!: pentafiuorophenyl halide at 
ambient temperature, whereas the palladium and platinum complexes rcquire several 
hours at 11 0 "C. 

i. Nickei(0). T h e  oxidative addition of a variety of vinyl halides to zerovalent 
nickel complexes takes place readily under mild conditions to give the complex 
containing the vinyl nickel(I1) complex (Table 1). T h e  vinyl fluorides are unreactive, 
compounds such as  perfluoropropene, perfluorocyclobutene, and 1,l-difluorocthane 
yielding only thc corrcsponding olefin complcx4". T h e  mcchanism of the rcaction 
probably involves prior coordination of the olefin to the complex, possibly forming 
subsequently an intermediate metallocyclopropane, particularly in reactions with 
electron-deficient olefins such as fluorinated olefins"'. Indeed, such metallocyclo- 
propencs can bc  isolated in the analagous reactions with platinum complexes (see 

below). T r m s  complexes arc  obtained. The  reaction involvcs remarkable 
stereochcmistry, retention of geometry being observed in all cases4'. 

NIL, + (2)-PhCH=CHBr - [NiBrL{(Z)-CH=CHPh}] + 2L (20) 

NIL4 + (E)-PhCH=CHBr - [NiBrL{(E)-CH=CHPh}] + 2L (20a) 

L=PEt, ,  PPh3 

T h e  oxidativc addition of aryl halides t o  differcnt nickel(0) complcxes takes place 
readily to  generate an arylhalonickel(I1) complex (Table l)s0-s3. Nickel(0) complexes 
are more reactive than the analogous palladium o r  platinum complexes, and the 
order of reactivity for aryl halides is I > Br > CI > C N  >> 

T h e  ligands o n  the tetrakisphosphine nickel(0) complex not only affect the rate of 
the reaction", but also the stability of thc complex52. Although chlorobenzene reacts 
slowly with tetrakis(triphenylphosphine)nickel(O), an instantaneous reaction is ob- 
served with tetraki~(triethylphosphine)nickel(O)~'. Benzonitrilc reacts with tetrakis- 
(triethylphosphine)nickcl(O), but not tetrakis(triphcnylph~sphine)nickel(O)~'. 

ArX+[NiL,] - 
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T h e  electron dcnsity on nickcl(0) and thus its ability to  undergo oxidation could be 
expectcd to be determined by the ligands coordinated to it. The order of reactivity 
observed within a series of tricoordinate, 16-clectron nickel(0) complexes is 
[Ni(PR3)3] > [Ni(PAr,),] > [(R,P),Ni(olefin)] > [(Ar,P),Ni(olefin)] > [Ni(COD),], which 
is the order of their anodic half-wavc rcduction potentials". 

Two mechanisms have been proposed for this reaction, one  analogous to nuc- 
lcophilic aromatic substitution involving an intermediate Meisenheimer-type com- 
plex, and thc other rcquiring an elcctron transfcr from metal to aryl halide followed 
by collapse of the electron pair. The  nucleophilic substitution mechanism was 
proposed as a result of a study of the linear free energy relationship for the rcaction 
with substituted halobenzencsS4. Electron-withdrawing groups (+a) on the aryl 

L=Ph;P 
Y =m,  p-CH3, C1, CN, OC&, p-OCH3, COCH3, COCsHs, m-CO2CH3 

halide increase the reaction rates. A high value of p (8.8) for those substituents with 
u >0.23 was observed. In addition to  thc oxidativc addition product, nickcl(1) 
halidcs are also obtained. Two competinz rncchanisms have been proposed4' to 
account for the two types of products: a nucleophilic aromatic substitution (reaction 
23a) for the oxidative addition product, and an clectron transfer mechanism 
(reaction 23b) to account for the nickel(1) halide. Whcn clcctron-withdrawing groups 
are present on the aromatic nucleus, the nucleophilic substitution mechanism (reac- 
tion 23a) is favored. 

[pJLj+ - truns-[NiXL(Ph)] 

collapse / 
... / 

[NiLs] f P h X  

\ . .  

diffusion - C&' + [Ni*XL3] 

T h c  ratios of the two products vary with the solvent, the aryl group and the halide 
as well as the substitution on the aromatic ring". When the nickel(1) halide is the 
major product, the aryl radical can abstract hydrogen from the solvent; the radical in 

[Nit4] =====+ [NiLJ -I- Arx - [ N i G ( A r ) ]  + [Ni'xL,] (24) 
L = PEt, 

the case of 2,4,6-tri-t-butylbenzene can be observed by e.s.r. The yield of nickel(1) 
product is highest with aryl iodides and decreascs in the order ArI >> ArBr> ArCI. 
Thc rcaction is second order, first order in each reactant, and shows an inverse 
depcndcnce o n  phosphinc concentration. Free radical inhibitors havc no effect on thc 
reaction. T h e  effect of substituents on the aromatic ring (+p)  also is consistent with 
the clcctron acceptor ability (reduction potential) of the aromatic substrate. One- 
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electron acceptors such as tetracyanoethylcne, chloranil, and 2,3-dichloro-5,6- 
dicyano-1,4-quinone are  rapidly reduced by zerovalent nickcl complexes in solution 
with the simultaneous gcncration of thc corresponding radical anions'". These 
observations lcnd support t o  the electron transfer mechanism5s in which both the 
oxidative addition product and the nickel(1) species evolve from a common inter- 
mediate. The aryl radical anion, ArX-', is relatively stablc, and thus thc composition 
of the final product is cssentially the same, regardless of the ligands o n  nickel(0). 
Coupling rcactions of aryl halides by equivalent or higher amounts of bis(cyc1oocta- 
l,s-diene)nickel(O) in polar solvents such as DMF produce only insignificant amounts 
of product derived from aryl radicals". 

Ke 

[NiL,] F===== [NiL-,]+L (25) 

[NIL,]+ ArX T A I C  k2 - [Ni'L,ArX-'] (26) 

(27) 

[NiXL(Ar)] + L 

-<, [Ni'LJ + X- + Ar' 

[Ni'L3ArX-'] 

Thc  nickel(0) phosphine complexes have been gencrated iii situ from nickcl(l1) 
reagents by a variety of reducing agents. Nickel acetonylacetonate is reduced by 
diethylalurninium ethoxide, and when this is carried out  in the presence of the aryl 
halide and phosphine, the oxidative addition product is obtaincdS8. 

2L + Et2A10Et + G H ,  + [Ni(acac),] __j ---+ truns-[NiXI+(Ar)] (28) 

Bisphosphincnickel(I1) dihalidcs can be electrochcmically reduced to give a coor- 
dinatively unsaturatcd nickel(0) complex that reacts rapidly with phenyl  halide^"."^. 
T h c  reduction also can be effected with potassium t o  give a nickel(0) powder that 
reacts with pentafluorophenyl brornidc in the presence of phosphine t o  givc the 
oxidative addition product". 

(29) [NiX,L] - L N i  - [ a N i ( P h ) ]  

Vapor deposition of nickel on a cold (-196°C) surface and codeposition of 
pentafluorophenyl halide gives the ligand-bare oxidativc addition products"'-'' 6 2 .  

These 12-electron complexcs, which a re  stable at temperatures of -80 "C o r  below 
react with phosphines to yield the 16-clcctron complexes. In reactions with other aryl 
halides, the oxidative addition products are less stable, and nickel halidc is produced 
in addition to coupling products. 

25°C ArX 

I'IIX 

1'1:l) 
Ni + C6FSCl - [NiCI(C,F,)] > truil~-[Ni~l(PEt,),(~~~~)] (30) 

Reactions of 2-bromophenylchlorobis(trietliylphosphine)nickel(II) (14) with 
lithium metal gives an unusual complex, the structure (15) of which has been 
suggestcd to  contain two nickcl(I1) atoms in the ring63. 

Li 
t~ans-[NiCI~(o-C,I-I,Br)] ----+ 

L = PEt3 

(14) 

L - 
L 
I 

I 

L 
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Allyl halides react rapidly with nickel(0) complexes to give high yields of the 
oxidative addition T h e  first reported reactions were carried out  with nickel 
tetracarbonyl to give halogen bridged dimers (16)65.66. The reaction of .rr-allyl nickel 

CH2=CHCH2X + [Ni(CO),] ---+ ~[NiX(q3-allyl)12 + 4CO (32) 
16 

complexes of this general structure with reactivc organic halides is a good method for 
effecting a cross-coupling reaction between an allyl halides and another organic 
halide67. T h e  reaction of aliyl chloride with triphenylphosphinetricarbonylnickel(0) 

:[NiBr(q3-2-R-allyl)]2 + R'X - R'CH2C(R)=OH2 + [NiBrX] (33) 

gives a w-ally1 monomeric complex68. Nickel(0) complexes also react with allyl 
acetates, but different oxidative addition products have becn obtained by different 

(34) 

groups under the same reaction conditions. Both thc .rr-allylnickel acetate (1n6" and 
t h e  bi~allylnickel(P8)~".~' complexes have been reported as the isolated products for 
the  reaction of biscyclooctadicnenickel(0) with 2llyl acetates. T h e  reaction probably 
proceeds initially to give 17 which rapidly disproportionates. When phosphine is 

[Ni(q3-allylMq 3-02CMe)] 

40°C 
[(Ni(CO),(Ph,P)] + CH2=CHCH2CI ---+ [NiC1(PPh3)(q3-allyl)] + 3CO 

17 

c--- CH2=CHCH20Ac + [Ni(cod)J - $[Ni(q3-allyl),] + $ [ N ~ ( O A C ) ~  
18 b, (35) 

[ Ni (OAc) ( PR3) (q 3-allyl)] 
19 

added to the reaction mixture, a monoallyl nickel complex (19) is obtained7'. Allyl 
phenyl ether also is cleaved in the presence of phosphine to give a w-allyhickel 
complex containing phenoxidc as the other valent ligand7'. When phenyl csters are 
allowed to  react with biscyclooctadienenickel(0) in the presence of triphenyl- 
phosphine, the ester undergoes acyl-oxygen cleavage in the oxidative addition 
instead of allyl-oxygen scission as in thc reactions of allyl acctatcs and ally1 phenyl 
ether70.72. 

Whcn R is methyl, the oxidativc addition product is stable, otherwisc 0- 
elimination is observed when R = ethyl. 

-co 
> cis-[NiL(OPh)(COR)] - cis-[NiL(OPh)(R)] INi(cod),l 

5S"C.+ I. 
RC02Ph 

-P1,01i W-H) - cis-[NiHL(OPh)] 7 [Ni(CO)L31 (36) 
+I .  

L = PPh3 

T h e  reaction of allyl halides with nickel atoms (vapour deposition) at  -196 "C also 
gives the halogen-bridged dimcr (16)27.2'3.73. 

The n.m.r. spectra of such rn-allyl nickel complexcs show a rapid, dynamic 
equilibrium between cr- and 7i-ally1 complexes in ~ o l u t i o n ~ ' - ~ "  (equation 37). Thc  
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X-ray structures of allyl nickel complexes show that the allyl group lies in a plane 
orthogonal to thc plane of the nickel and the other two l i g a n d ~ ~ ~ . ~ '  (20). 

(20) 

T h c  reaction of nickcl(0) complexes with alkyl halides produced a stable oxidative 
addition product usually only when the alkyl group contains no 0-hydrogen, since 
0 -elimination of alkene occurs with the production of metal hydride. T h e  oxidative 
addition reaction proceeds readily when the nickel(0) complex contains Iigands that 
can dissociatc readily, only two of the ligands being strongly coordinating ligands 
such as phosphine or 2,2'-bipyridinc. 

Thus, benzyl halidcs rcact with nickel complexcs of the type [NiL(olefin)] at low 
temperatures to give thc oxidative addition p r o d u ~ t s ' ~ - ~ ~ .  On standing, 

-7.0 1" 

-40°C 
[NiL(olefin)] + PhCH2X - traiis-[N=(CH,Ph)] + olefin (38) 

L = PPh3, L = bipy; X = CI, Br; olefin = CH2=CH2, cod 

the benzyl nickel complex givcs bibenzyl and [NiXLJ or [NiX7.LJ. Triphenylphos- 
phinc catalysed this d~composi t ion~'~"~.  As a result, whcn tetrakistriphenylphosphine 
or bistriphenylphosphinebipyridylnickel(0) are  the reactants, 2 mol of phosphine are  
generated in the reaction and the halobistriphenylphosphincnickcl(1) is rcportcd to 
b e  the  major p r o d u ~ t ~ ~ . ~ ' .  

Perfluorohalides also oxidatively add to Ni(0) complexes of this type to give stable 
cis-nickel(I1) c ~ m p l e x e s ~ " . ~ ' .  Both mcthyl iodide and ethyl bromide add to 
bis(tricyclohexy1phosphine)nickel to give the (ram 16-electron nickel(I1) complex". 

Rx 
[Ni(Cy,P),(CO),] ---+ trarzs-[NiXR(PCy3),] (39) 

R = CH3, X =  I 
R = CH2CH3, X = Br 

Facile @-elimination from this complex requircs the dissociation of a phosphinc (see 
below), but apparentIy dissociation does not takc place readily in this complcx 
containing the strong a-donor  phosphine ligands. Conflicting results have been 
r e p ~ r t e d * ~ . * ~  for  thc oxidativc addition of a variety of alkyl halides to bistricyclo- 
hexylphosphincnickel(0); in n o  cxamplc was an alkyl nickel oxidative addition 
prociuct obtained, even in thc rcacticn with methyl halide. Alkyl halidc bond scission 
was reported to p.ive the nickel(1) halidc8". The reaction with 1,4-dibromobutanc 
givcs thc nickelacyclopentane and the nickcl(l!) dibromide"'. Products of organic 
halidc oxidative addition are known to undergo disproportionation so that in this 
case thc intermediate oxidative addition product apparcntly undergoes an in- 
tramolccular disproportionat ion. The  product is relativcly stable since a low-energy 
P-hydride elimination pathway requires not only dissociation of thc chclating ligand, 
but also a cisoid transition state for the metal and hydrogen for P-hydride elimina- 
tion, a geometry not available in four and five-membered metallocycles (see below). 
T h e  reaction of mcthyl iodide with a nickel complcx containing four strong donor 
ligands has been reported to show different oxidative addition bchaviour, yielding 
the dimethyl nickel(I1) complex and nickel(1) iodide8"". 
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n 
Ni(cod)zl+ N N+Br(CH&Br + 

L d r  

(N = 2,2'-bipyridine 

N PPh3 

N' 'I 

J L  J 

Trifluoromethyl radicals generated by the radiofrequency glow discharge 
homolysis of hexafluoroethane react with vapour-deposited nickel atoms at - 196 "C, 
apparently to give the bis(trifluoromethyl)nickel(II) intermediate which reacts with 
trimethylphosphine at  -78 "C to produce the truns-complex86b. 

-19i3-c PMe, 
Ni(0) + 'CF3 - [Ni(CF&] - trans-[Ni(CF,)2(PMe3)21 (42) 

Several mechanisms have been proposed for thc reactions of alkyl halides not only 
with nickcl(0) complexes, but also with d"' palladium and platinum complexes. The 
three most cited mechanisms are  an SN2-type, a radicaI pair and a radical chain. The 
first two of mechanistic pathways are shown in Scheme 1, and can be used in the 
discussion of the mechanisms of organohalide reactions with the zerovalent nickel 
triad and also other Group VIII transition metals. 

Rx diffusion RX 
M(0) MIX, R' - R.+M'X + M"Xz+R* 

21 / f M(O) 

RM"X dime RM' --* RMX+R. 
g 

SCHEME 1. Mechanisms of oxidative addition reactions. 

In an effort to determine whether the SN2 mcchanism was operative, optically 
active LY -deuteriobenzyl chloride was allowed to react with tetrakistriphenyl- 
phosphinenickel(0) in thf at -25 "C t o  give the oxidative addition product" *'. This 
product was then treated with carbon monoxide to give the acyl nickel intermediate 
and then decomposed to the ester, which was essentially racemic. Since carbon 
monoxide 'inserts' into carbon-transition metal bonds stereospecifically with reten- 
tion of configuration at carbon, the racemization occurred either in thc oxidative 
addition step or thc oxidative addition product racemized under the reaction 

" Although not reported in ref. 87, the characteristic deep purple colour of the benzylnickcl 
complex appeared immediately. 
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conditions. A small amount of dideutcriobibenzyl also was obtained from the 
reaction. 

lhf 

-25°C 

co. 131m 

[NiL?] + PhEHCID -----j. trans-[NiCLL,(CHDPh)] 

trans -[NiC&(COCHDPh)] 
MeOH - PhCHDCO,CH,(+ 10% PhCHDCHDPh) (43) 

6 7 '/o 

From these results and the products obtained from the various reactions of alkyl 
halides with nickel(0) complexes, i t  appcars that an SN2 pathway could be proceeding 
in some of the  reactions to account for some of the oxidative addition products. 
Radical reactions also are taking place to account for other reaction products as well 
as the organonickel product. 

T h e  nickel(1) dimcr [NiCp(CO)], rcacts with perfluoroalkyl halides to yield a 
nickel(I1) oxidative addition productg8. Cyanogen also is cleaved by nickel(O)*'.'". 

[NiCp(CO)lZ+ RJ +. [Ni(Cp(CO)(R,)] + [NiICp(Co)] (44) 

Rf= CF3, GFS, n-C3F7 

Acid chlorides rapidly undergo oxidative addition reaction with nickel(0) com- 
plexes, but decarbonylation of the resulting acyl complex usually takes place readily 
to give the alkyl or aryl nickel complex or mixtures of alkyl or aryl and acyl (Table 

(45) 

1 )46.48.92.93 
--co 

RCOCl+ [ N i l , ]  - trans-[NiClL(COR)] - truns-[NiCIL(R)] 

T h e  tetrakis(t-butylisonitrile)nickel(O) complex givcs a fivc-coordinate benzoyl 
complex that is stable in the solid state, but undergoes a rearrangement in solution at  
ambient tempcraturc"'. Chloroforniates d o  not undergo dccarbonylation as readily, 

PhCOCI+[NiL] -+ 

L = Bu'NC 1 
and this reaction provides a good synthetic route to nickel(I1) carboxylatc~'~. 
Chlorothioformamides rcact in a similar ~ n a n n c ? ~  as do acid anhydrides". 

CICO,R+ [NiL,] - truns-[NiCIL(C02R)] (47) 
(48) 

(RCO),O+ [NIL,] - trans-[NiL(CO,R),1 (49) 
CIC(=S)NMe2 + [NiL,] - truns-[NiCl~{C(==!S)NMe,}] 

i i .  Pulladiuni (0). The oxidative addition of vinyl halides to palladium(0) corn- 
plexes takes place rapidly, the ease of the reaction depending o n  the halide and the 
ligands on palladium'"-"" (Tablc 2). A variety of ph~sphine""-'~, arsine"'", and 
isonitrilclO') complexes react readily. 'I'ris(tripheny1phosphinc)palladium carbonyl, 
having a lower electron density on palladium than thc tetrakis(tripheny1phosphinc) 
complex, was reported'"' to react only vcry slowly with vinyl chloride, failing to react 
with tetrachloroethene and cis-l,2-dichlorocthene. Its reaction product with vinyl 
chloride is the acryloyl palladium complex. Thc  oxidative addition, as in thc case of 
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nickel(O), is stereospecific, retention of geometry being observcd in t h e  cases 
examined96.Yx-g' 

When an olefin containing electron-withdrawing groups, but n o  chlorine, bromine, 
01- iodine, is allowed to react with phosphine or  arsine complexes of palladium, a 
product is formed that has appreciable palladacyclopropanc characterg6~'"". N o  
olefin-palladacyclopropane has been isolated, however, when thcre is a reactive 
halogen (CI, Br, I) o n  the alkene. Thus, by analogy with the reactions of platinum 
(see below) a reaction mechanism involving the rearrangement of the three- 
membered palladacycle has been suggested'"". 

The  oxidative addition reaction of palladium(0) complexes with aryl iodides or 
bromides is a clcan reaction, giving the stable aryl palladium(I1) complex in high 
yicldIo2. Unlike tetrakis(triphenylphosphine)nickel(O), the analagous palladium com- 
plex does not react with c h l o r o b e n z ~ n e ~ ~ ' ~ ,  evcn at elcvated temperatures. Iodoben- 
zene and bromobenzcne react readily at 25 and 80°C, respectively, but chloroben- 
zene does not react even at 135 O C 1 0 3 .  Chlorobenzenc substituted with electron- 
withdrawing groups (+cr) in the 4-position will undergo a reaction, the relative 
reactivities being NO, (86%, 80°C),  CN (97%, 100°C), and PhCO (85'10, 
135 0C)1"3. With stronger donor ligands o n  palladium, for example triethylphosphine, 
the reaction with chlorobcnzene takes place", whcrcas a palladium complex of lower 
electron donor ability, tris(tripheny1phosphine)palladium carbonyl, rcacts only with 
iodobenzene'" . 

The  order of reactivity is consistent with a mechanism similar to nucleophilic 
aromatic displaccrnent in which aryl halide bond breaking is involved in the ratc- 
determining step. 

[PdL2] + PhX 6 - [PdXL(Ph)] 
k -  1 

The reaction is overall second order, first order cach in palladium complex and 
aryl halide; the rate shows an inverse depcndcncc on the phosphine conc~ntration'"~. 
No palladium(1) species can be detectcd in this reaction (as is t h e  case with nickel), 
accounting in part for a cleaner reaction. No free aryl radicals are generated in 
appreciable quantities, since aryl radicals would give biaryls and also scavenge 
hydrogen from the solvent. The reactive complex is bis(tripheny1phosphine)- 
palladium(O), and p for the reaction is +2, a value corresponding to thc case of 
electron transfer to the aromatic ring. Thus, either a nucleophilic displacement 
reaction or  a one-electron transfer mechanism is consistcnt with the available 
data'03-'04. Collapse of the radical ions must occur nearly exclusively in this cage, 
without diffusion. 

[ P d h ]  -t ArX - [Pd'bArI-'1 - [Pd&(Ar)] (52) 

Highly reactive transition metal powders obtained by the reduction of palladium 
chloride with potassium in thc presence of phosphines has also been demon- 
strated".'"' to  produce an oxidativc addition reaction with aryl halides. Palladium 
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atoms, generated by metal vapour deposition2G-28.J0G'"8 , also react. The  aryl pal- 
ladium species (21) are more stable than the analogous nickel derivatives. The 

ArX+ Pd - [PdBrAr] a [PdXL,(Ar)] (53) 
21 

perfluorophenylpalladium bromide is stable at 25 "C, undergoing decomposition only 
at 100 "C; phenylpalladium bromide is stable only below -100 "C. Reactions of these 
12-electron complexes with a variety of phosphines produce the known palladium(I1) 
complexes. Perfluorophenylpalladium bromide can be  obtained as a stable powder'" 
that forms 18-electron complexes with ligands such as acetone, diethyl ether, dienes, 
sulphides, and pho~phines ' "" .~~~.  

The oxidative addition of allyl bromide to palladium was reported initially by 
reactions of the halide with palladium spongeJog or finely divided palladium'Lo. The 
reaction also takes place with bis(triethylphosphine)palladium(O) generated in situ by 
the reduction of dichlorobis(triethylphosphine)palladiurn(II) with potassium metal'os. 

CH2=CHCH2Br+ Pd - [PdBr(q"-allyl)]2 (54) 

The reaction of rnethallyl chloride with tetrakis(triphenylphosphine)palladiurn(O) 
was reported to give a rapidly e q ~ i l i b r a t i n g ~ ~ . ~ '  a-ally1 complex'02. It is important to 
tecognize that in reactions of allyl halides with tns- or  tetrakis-phosphine ligated 
palladium complexes, the excess phosphine ligand can be scavenged by reaction with 
allyl halide, forming the allyl phosphonium salt. It is apparent, however, that when 
the chloro bridged dimer is allowed to react with phosphine, whether or not a 

cationic .rr-complex is generated depends o n  the  polarity of t h e  solvent, solvents such 
as acetone-water favouring the cationic complex" I and thf favouring the cr- 

[PdLz(s3-alkyl)] 'C1- 

p l n r  solvenc 

(56) 
L 7 

\ 
[PdCl(~3-alkyl)]2 -+ [PdCIL(q3-alkyl] 

trans -[PdCIL(CH,CH=CH,) 1 
The tris(dibenzy1ideneacetone)palladium dirner also reacts with a variety of allyl 

halides to yield the  .rr-allypalladium halo bridged dirnersl'J.l's. Ally1 acetates un- 
dergo oxidative additions to a number of palladiurn(0) complexes. These allyl 
palladium complexes react with a variety of nucleophiles, and this reaction has found 
extensive application in organic synthesis. Catalytic alkylations by stabilized carban- 
ions and aminations can be carricd O U ~ " " ~ ' "  . The reaction of (2)-3-acetoxy-5- 
carbomethoxycyclohexane with tetrakis(triphenylphosphine)palladium(O) in the  pres- 
ence of the sodium salt of methyl phenylsulphonylacetate gave a cis-alkylation 
product. This product is evidently the ne t  result of two consecutive inversions at 
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carbon, since conversion of the postulated intermediate r-ally1 complex has been 
shown to occur with displacement of palladium by nudeophiIic attack on the side of 
the ring opposite to the attachment of palladium. Tho initial displacement of acetate 
takes place, therefore, with inversion at the carbon bearing the acetate group. 

Although the reactions of bis(tricyclohexylphosphine)palladium(O) with allyl ace- 
tate gives a n-ally1 complex that can be isolated, tetrakis(tripheny1phosphine)palla- 
diurn(0) was reported to be  unreactive in oxidative addition, only catalysing an allylic 
rearrangement of allyl acetate"". In view of the results obtained from the palladium- 
catalysed alkyation of allyl acetates by stabilized nucleophiles, there obviously are 
some questions concerning the mechanisms of these reactions that need to be 
resolved. 

CH2=CHCH20Ac + [Pd(PCy,),] - [Pd(OAc)(PCy,)(q 3-allyl)] 

+ Cy,kH=CHCH20Ac-  (58) 

IPd(PPh,),l 
CH~=CHC(D~)OAC - % A c O C H ~ C H = C D ~  (59) 

AIkyl halides undergo oxidative addition reactions with palladium(0) ccmplexes, 
but because (3-eliminztion of the product takes place rapidly, the only isolated alkyl 
palladium(I1) complexes are  those which do not contain @-hydrogens. Methyl iodide 
rapidly reacts with palladium that has been vapour d e p ~ s i t e d ~ ~ ~ ~ . ~ ~ ~  , but the methyl- 
palladium halides are stable only below - 100 "C. The alkyl or perfluoroalkyl 
palladium halide obtained at -96 "C can be converted to stable phosphine complexes 
by the addition of phosphine2~2"~h'-'07~11g-121 (Table 2). Generally, the 12-electron 
perfluoroalkylpalladium halides are more stable than the methyl or benzyl deriva- 
tives, the approximate order of stability being PhPdX (- 100 "C) > CPhCH2PdCI 
(- 100 "C) > CF,PdX (-90 "C) > GFSPdI  (>25 "C) > n-C3F7PdI (25 "C), CI3CPdBr 
(O"C)>i-C,F, (-78"C)>PhPdBr (-116"C)>MePdI=EtPdI (-130°C)> 
CF2BrPdBr (-140 0C)26.28.107 . The addition of benzyl chloride to atomic palladium at 

RX+Pd(atom) - [PdXRl [PdXh(R)] (60) 

-196°C leads to the formation of the r-benzyl dimer which undergoes bridge 
cleavage in the presence of phosphine ligands to give the same benzylpalladium 
complexes obtainable from the oxidative addition of benzyl chloride to 

. The reactions of ethyl  and tetrakis(phosphine)palladium(O) complexes- 
762n.  120.121 

PhCHzCl+ Pd --+ 

1-butyl iodide with palladium (atoms) apparently yield the oxidative addition product 
at -196"C, but o n  warming give olefins resulting from @-elimination, followed by 
reductive elimination to give alkanes"'. Neopentane undergoes an oxidative addition 
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reaction and then decomposes to produce a complex mixture of products. Because 
added N O  or toluene has no affect on the reaction, a radical chain reaction was 
discounted. Instead, a radical cage mechanism was favoured for the oxidative 
addition reaction. Trifluoromethyl rndicals (glow discharge generated from hexa- 
fluoroethane) react with palladium atoms at -196 "C to give a bis(trifluorornethy1)- 
palladium intermediate that adds trimethylphosphine at -78 "C to yield the trans 
complexxh". 

, perfluoroalkyl  iodide^",^" and benzyl halides'"'*'24 undergo 
oxidative addition to  palladium(0) complexes bearing phosphine and isocyanide 
ligands. The trans complexes are obtained, except in reactions of complexes contain- 
ing chelating ligands. 

Methyl iodide"' 1.102.122 

RX + [PdL,] - [PdXL,JR)] + 2L (62) 

The stereochemistry of the oxidative addition reaction of optically active benzyl 
halides to various phosphine palladium(0) complexes has been determined by a 
reaction sequence in which only the oxidative addition stcreochemistry was un- 
known125. The remaining steps in the sequence either did not affect the active centre 
or had a known stereochemistry. The oxidative addition reaction was followed by 
carbonylation, in which the carbon monoxidc 'insertion' into the carbon-palladium 
a-bond is known to proceed with retention of configuration at carbon, and the  
decomposition to ester was completed by the solvent, a reaction that does not affect 
the asymmetric centrc (Scheme 2). Thus, the stereochemistry of the oxidative 
addition reaction could be detcrmincd. 

22 \ 

co + 
Ph 0 

SCHEME 2. Stereochemistry of oxidative addition to palladiurn(0). 
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TABLE 3. Oxidative addition of benzyl halidcs to palladium(0) 

Pd(0) complex No. I< X Nct inversion (%) 

23 
23 
24 
23 
24 
23 

D CI 
D CI 
D CI 
D CI 
CH3 Br 
CH, Br 
CF, Br 

72 
74 

100 (CO present) 
100 
90 
90 

< 10 

The  reaction proceeds with predominant inversion of configuration at car- 
bon 12c'-L'2 . In some cases, 100% net inversion of configuration occurred, whereas in 
one example, only 30% enantiomeric excess was obtained (Table 3). Compounds 26 
and 28 ( R  = D) could be isolated as stable complexes because they do not contain 
hydrogen 6 to  palladium, and optical rotations of the more soluble complexes 28 and 
30 (X = C1, Br) could b e  o b s e r ~ e d ' ~ ' .  Because of the tendency for 26 (R = CH,) to 
undergo 0-elimination, it could not be isolated, but was convcrted directly to  29 
either by use of carbonyl complex 27 or  by the presence of carbon monoxide during 
oxidative addition. 

It is apparent that tetrakis(triphenylphosphine)palladium(O) (23) and carbonyl- 
tris(triphenylphosphine)palladium(O) (24) behave differently than tris(triethy1phos- 
phine)palladium(O) (25). Although the net inversion of configuration in oxidative 
addition could bc improved either by  the use of the carbonyl complex (24) or by 
completing the reaction in the presence of carbon monoxide, the optical yields could 
not be similarly improved in  the additions to 25 because this complex reacts rapidly 
with carbon monoxide to give inert carbonyltris(triethyiphosphine)palladium(O) and 
other carbonylated palladium(0) complexes. 

The  loss of stereochemistry in the oxidative addition of 22 (R=D)  to 23 can be 
accounted for, in part, by the partial racemization of 22 under the reaction condi- 
tions employed, because 22 recovered from an oxidative addition reaction suffered a 
10% loss of its optical activity. Over longer periods of time, the reaction of cxccss 22 
with 23 led to complete racemization of 22. However, the optical activity of 28 was 
unchanged under the reaction conditions. In all of these reactions, n o  CIDNP could 
be observed, and in the reactions of 23 with 22 the presence of radicals could not be 
detected by chemical means. Thus, a nucleophilic exchange process that involves 26 
(R = D) and 23 is a plausible explanation for racemization. Rapid transformation of 
alkyl complex 26 to acyl complex 29 would suppress racemization. 

In the  absence of carbon monoxide, complex 26 (R = CH3) decomposes to styrene, 
ethylbcnzene and  bis(triphcny1phosphine)palladium bromide. The  reaction of 9- 
bromofluorene or ethyl a-bromophenylacetate with 23 at 0 "C yields the coupled 
products 32 and 33, respectively, and bis(tripheny1phosphine)palladium bromide. In 

32 33 
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thc latter case a mixture of erythro- and threo-2,3-diphenyl succinate was obtained. 
When bisir-butylisonitri!e)palladium(O) reacts with ethyl a-bromophenyl acetate or 
ethyl a-bromopropionate, thc oxidative addition product can be isolated”. How- 
ever, chiral ester gave only racemic products. Although higher temperatures are 
usually required for the coupling reaction, the greatcr reactivity of 9-bromofluorene 
and ethyl a-bromophenylacetate accounts for the lower reaction temperatures. For 
example 26 (R = H; X = C1) undergoes a reaction with benzyl chloride at 80 “C to 
give b iben~yl ’~” .  In all of these reactions, no CIDNP could be observed, but chemical 
tests indicated the presence of radicals. 

Thc oxidative addition product (28) is configurationally stable in solution over long 
periods of time, and its optical activity is unaffected by the presence of 22, 25 or 
triethylbenzylphosphonium chloride, another product present when 22 (R = H; X = 
Cl) reacts with 25. Thus, racemization in this reaction cannot be attributed to a 
nucleophilic exchange between 25 and 28. In addition, the m-benzyl complex (35) 
maintains its configurational integrity in solution”’. Even though CIDNP could not 
be observed from thc rcaction of 22 ( R = H ;  X=C1 or Br), the possibility that 
racemization is occurring either by an oxidative addition reaction that invrlivcs a 
benzyl radical or by the dissociation of the oxidative product 28 into a radical pair, 
followed by rotation of the benzyl groilp, cannot be excluded. Only in the reaction of 
28 (R = D; X = Br) with 25 is any coupling product, racemic dideuteriobibenzyl, 
obtained . 

The inversion of configuration at carbon, the order of reactivity (PhCH2Br > 
PhCH’CI > PhCH(Me)Br > PhCH(Me)CI > PhCH(CF3)CI and [Pd(Et,P),]> 
[(Pd(Ph,P,)] > [Pd(Ph,P),(CO)], and the inability to detect free radicals during the 

34 35 

oxidative addition reaction of the optimally active benzyl halides clearly are in favour 
of a nucleophilic displacement mechanism. Radical species probably participate o n l y  
during the decomposition of thc oxidative addition product and, depending on the 
characteristics of the alkyl group of the organic halide, alternative pathways for the 
decomposition of thc oxidative adduct are possible. 

Bcnzylpalladium chloride complexes are easily converted to the corresponding 
m-benzyl complexes by removal of halide from palladium, usually by sodium 
tctraphenylborate or tctrafluoroborate or silver tetrafluoroborate. The a-bcnzyl 
complex can bc regenerated by readdition of halide. An optically active n-benzyl 
complcx retains its activity because, although rapid suprafacial shifts of the m-benzyl 
groups take place, an antrafacial rearrangement (presentation of the  opposite face of 
the phenyl ring to palladium) must take place through a o-benzyl intermediate‘’* 
(Scheme 3 ) .  

Acid chlorides react with palladium(0) to yield acyl complexesy2.””. Depending on 
the ligands present on palladium, the acyl complex may dccarbonylate to give the 
same palladium--carbon cr-bonded complcx as is available from thc direct addition 
of the appropriatc orgarlohalide to a palladium(0) species. Carbonylation of the 
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Hb 

180 “C 

rotation 
- 

Ha Hb 

+ ,PEt3 
Pd ~ I: - 

Y 

// 
Hh 

SCHEME 3.  m + 7~ benzylpalladium rearrangement. 

organopalladium(I1) complex regenerates the acyl product. The ligands may be 
phosphines, phosphites and isonitrile;. Perfluoro-ally1 and -aryl acid chlorides un- 
dergo the oxidative addition reaction, but the acyl complex from perfluorobenzoyl 
chloride was not isolated, undergoing rapid decarbonylation to  the  perfluorophenyl 
produ~{’~. Ch!oroforrnates give palladium carboxylates o n  addition, an exception 
being the phenyl ester, which decomposes to phcnyl benzoate”’. 

RCOCl + [PdL,,] --+ truns-[PdCIL(COR)] ’+co frans-[PdCILAR)I 

C6FSCOCl + [Pd(Ph,MeP)] - fr.ans-[PdCI(PPhzMe),(COC~Fs)I 

- co 

- [PdL,,]+RCl (64) 

--co 
---+ c ~ ~ ~ s - ~ P ~ C I ( P P ~ , M ~ ) ~ ( C C I F ~ ) ]  (65) 

K=r% 

[PdL,,] + CIC0,R - trans-[PdCI~(CO,R)] trclns-PPdCIL(OPh)l 

PhCOzPh (66) 
CICO21’h 

n = 4: L = PPh3, P(OPh)s 
n = 2: L = Bu‘NC 

Acid chlorides also add to vapour deposited palladium at - 196 0Cz6-1_*.62.107 . At 
higher temperatures (-78 “C) the oxidative addition product reacts with triethyl- 
phosphine to give the same acyl palladium complexes as can be obtained by oxidative 
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addition to thc phosphine complexes of palladium. In these reactions, perlhoroben- 
zoyl chloride shows its propensity to decarbonylate, the perfluorophenyl derivative 
being the isolated product. The order of stability of these 12-electron complexes is 

There are a number of other interesting oxidative additions to palladium(0) 
complexcs that take place. Cyanogen adds to tetrakis(tripheny1pbosphine)- 
palladium(0) at 100 0C136. Tetrakis(triphenylphosphine)palladium(O) opens up ally1 
epoxides, apparently to give ~r-ally1 palladium complexes, although this inter- 
mediate was not isolated hut instead was alkylated with a stable anion137. 

E - C ~ F ~ C O  (-78 "C), CF3CO (-78 "C) > C,F,CO>C,H,CO (-130 "C). 

The addition of acetyl bromide to bis(dba)palladium(O) does not proceed by direct 
oxidative addition to palladium, but instead attacks the dba ligand, generating a 
n-ally1 palladium bromideI3". 

[Pd(dba),]+ MeCOBr - [PdBr(q3- l-Ph-3-0COMe-3-CH=CHPh-allyl)l,, 

(68) 

iii. Platinurii(0). The oxidative addition of vinyl halides to platinum(0) phosphine 
and arsine complexes (Ph3P, Ph,MeP, Ph,As, or bisphosphincs) take place less 
readily than the first two members of the nickel triad. Tetrakis(tripheny1phosphine)- 
platinum(O), for example, will not undergo oxidative addition reactions with vinyl 
 chloride""^'", but substitution of a second halogen on the olefin usually produces a 
reaction. Oxidative addition to tetrakis(tripheny1phosphine)platinum does proceed 
smoothly, however, with vinyl bromides or electronegatively substituted vinyl 
halides, particularly fluorovinyl halidcs (Table 4)L""-'47. 

The reaction is stereospecific, retention of geometry being observed in reactions 
with both (E)- and ( Z ) - P - b r o m ~ s t y r e n e ' ~ ~  as well as with other vinyl halides'"."9. 
The stereochemistry of the (E)-0-bromostyrene oxidative addition product has been 
confirmed by an X-ray structure d e t e r m i n a t i ~ n ' ~ ~ .  

-I- (Z)-PICH=CHBr ---+ [ Pt B r b {  (2) -CH=CHPh}] i + (E)-PhCH=CHBr -[PtBrL{(E)-CH=CHPh}] 

-L . 
(70) 

-1  
CPtL3I 

L = PPh3 

A number of different mechanisms have been suggested for this reaction. Reten- 
tion of geometry at the trigonal carbon is consistent with the stereochemistry 
observed in nucleophilic substitution reactions of vinyl halides (addition4imination) 
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by the usual nucleophiles. However, when ordinary nucleophilic substitution reac- 
tions a re  compared with the oxidative addition reactions, there are inconsistencies in 
the relative reaction rates within a series of organic substrates and leaving groups. 
For nucleophilic substitution reactions with vinyl halides, the rates fall in the order 
F> CI > Br, whereas the reverse order is observed in oxidative addition; I > B r >  CI 
(no reaction with F). Further, the reaction of nucleophiles is faster with methyl iodide 
than with P-bromostyrene, whereas the reverse is true in the oxidative addition 
reactions of zerovalent d"' c o m p ~ e x e s ~ ~ ~ .  

T h e  reaction probably proceeds by coordination of the olefin to the metal since the 
vinyl halide d'" complexes can be converted to the oxidative addition product. 
Whether thc key intermediate is a 'mctallacyclopropane' in every case is uncertain. 
Because the reaction of certain perhaloethylenes with platinum(0) complexes 
affords products having considerable platinacylic character that rearrange to a-vinyl 

, the platinacylopropanes (and the nickel and palladium 
analogues) have been suggested as intermediates in the oxidative addition reactions 
of vinyl halides t o  platinum(0) complexes. 

comp~exesl 39.140.142-146, 

1 
~~u~s- [MXL~((E)-CH=CHR)]  

A comparison of the rate constants for rearrangement of three platinacylo- 
propane complexes in solvents of different polarity indicates two extreme mechanisms 
for the rearrangement reaction9".". T h e  rates of rearrangement plotted against 
Brownstein solvent parameters yield values of R (slopes) that are  consistent with an 
SN1-type transition state (36) in the reaction of the trichloroethene adduct14'. An 
intramolecular reaction, transition state 37, takes over in the case of the arsine- 
bromotrifluoroethene complex. 

1'. 

L 

37 
L X Y Z R  
PPh3 CI C1 c1 4.9rt1.2 
PPh3 CI H CI 10.2k0.5 
AsPh3 Br F F 18.0 
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Although the final rearrangement to  the vinyl cornplex could be expected to retain 
the geometry at the vinyl halide site, this does not preclude a more direct, concerted 
reaction of the .rr-complexed vinyl halide with the metal centre in reactions of 
alkenes that are less electronegatively substituted and thereby have much less 
platinacyclopropane character. As indicated previously, a kinetic cis complex could 
bc  expected to rearrangc to a thermodynamic trans complex. 

H@C\R J ~~u~~- [MXLZ[(E) -CH=CHR]]  

T h c  reaction orders, the stereochemistry, and the fact that radical inhibitors have 
no  cffect o n  the rates of oxidative addition of vinyl halides to phosphinc platinum(0) 
complexes does not support a radical mechanism'"'. T h e  observed stereospecific 
retention of geometry at the sp2 ccntre discounts the intervention of vinyl radicals 
which, if fornied, would undergo codigurational i n ~ e r s i o n ' ~ " - ' ~ ~ .  

Platinum(0) complexes also undergo reactions with electronegatively substituted 
olefins by cleaving a carbon-cyanide bond. (E)-Dicyanoethene forms a comp!ex 
with tetrakis(diphenylmethylphospliine)platinum(O)~~~~y, but docs not  undergo an 
oxidative addition reaction. Either (E)- or (Zj-2,3-dicyanoperfiuorobut-2-ene reacts 
with a platinum(0) complex to yield the oxidativc addition The same 
(E)-oxidativc addition product is obtained regardless of the geometry of the starting 

[PtLn_(stilbene)] + (Z)-CN(CF3)C=C(CF3)CN 
----+ [ Pt (CN)(L),{ (E)-C(CF,)=C(CF,)(CN)1 (74) 

L = PPh3 

alkene. Tetracyanoethylene undergoes oxidative addition only  on  i r radiat i~n"~.  A 
tcne radical anion, presumed to be an intermediate, was detected by e . ~ . r . ' ~ ~ .  
Acetylenic haiidcs'" as well as d i c y a n o a c e t y l e n ~ ' ~ ' . ' ~ ~  add to platinum(0) complexes, 
but in the  case of dicyanoacetylene irradiation is required. 

[PtL(tcne) [Pt(CN)(L),(C(CN)=C(CN),}] (75) 

L = PPh3 

Aryl halides d o  not react as readily with platinum(0) complexes as they do with 
nickel(0) or palladium(0). T h e  oxidative addition reaction of bromobenzene with 
tris(triphenylphospliine)platinum(O) proceeds slowly in the absence of a free radical 
initiator, while a 70% convcrsion or greatcr can be realized in the presence of 
AIBNIs6. Bis(triethylphosphine)platinum(O) generated in situ by the reduction of 
bis(triethy1phosphine)platinum dihalide reacts with phenyl halides and 
perfluorophenyl halides to give the oxidative addition product'0s. In the reactions of 
aryl halides with platinum(0) species, apparently it is necessary to generate a 
bisphosphinc complex. 

PtL,+ ArX - [PtXL(Ar)]  (76) 

T h e r e  are a few examples of T- or  cr-ally1 platinum complexcs that have been 
prepared by oxidative addition to platinum(0). The  preparation of allylbis(tripheny1- 
phosphine)platinum chloridc is carricd out by the oxidative addition of ally1 chloride 
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to tetrakis(triphenylphosphine)platinum(0)'57~'s8. Both a- and r-ally1 structures, 38 
and 39, have been written for this product. Reaction of platinurn(atoms) at -196 "C 

L = Ph3P 38 
[PtLJ + CH2=CHCH2CI - [Pt~(q3-allyl)]'C1 (77) 

[PtClL(CH,CH=CH2)] 

39 

with ally1 chloride gives a stable (160-170 "C) allylplatinum chloride tetramer that 
reacts with triphenylphosphine to yicld the q3-alIyl complex'59. 

PPh, - 196°C 
Pt + CH2=CHCH2CI ---+ [PtCl(C3H5)l4 - [PtC1(PPh,)(q3-allyl)] 

(78) 

Ally1 acetates react with platinum(O), and although thc cationic ~~-a l ly lp la t inum 
acetate was not isolated, it was converted to an acetonylacetate derivative (contain- 
ing a-ally1 bonding) that was isolated'"". 

[PtL,] + CH2=CHCH20Ac ---+ [PtL(q3-allyl)]+C1- ' 

T h e  reaction of a variety of alkyl halides with platinum(0) complexes bearing 
phosphine ligands has been rep~rted"~.'~'. '" '  . T h e  reaction takes place readily with 
perfluoroalkyl halides", and methyl iodide"" as well as di- and tri-halomethanes'"'. 
Both cis- and trans-complexes are obtained in the latter casc, although trans- 
products are usually obscrvcd when two monodentatc phosphines are present in the 
product. 

RX+[PtL,,] [ P t G ( R ) ] + ( n  -2)L (80) 
T h e  kinetics of the oxidative addition of methyl iodidc either to ethylenebis- 

(triphenylphosphine)platinum(0)''2 or tetrakis(triphenylphosphine)platinurn(0)'"3 are 
second order, first order in platinum(0) complex and first order in methyl iodidc. 
Benzyl bromide also shows second-order kineticsIh2. Measurement of the enthalpy 
of the reaction of methyl iodide with ethylenebis(triphenyIphosphine)platinum(O) 
reveals that there is little difference in the bond dissociation encrgies of Pt-CH, 
and  Pt-I in the  producticA. 

In thc oxidative addition rcaction of methyl iodide to tetrakis(tripheny1- 
phosphinc)platinum(O), the concentration of this specics can be neglected since 
dissociation into the trisphosphine platinum species is ncarly complete'"'. The kinetic 
data are accommodated by the following reactions: 

rptL,i - [P~L,I+L (81) 

[PtL,] + Me1 I r2  [PtILMc)] + L (82) 
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Existing evidence supports a radical process for the reaction of platinum(0) 
complexes with most alkyl halides. Relatively unreactive halides such as methylene 
chloride will undergo oxidative addition in the presence of light or  in the dark in the 
presence of the double ylide (Me3Si)zN-P(NSiMe3)2Lh5. T h e  reaction is inhibited by 
radical scavcngcrs. 

T h e  cxact mechanism of the reaction and even the products of the reactions are 
not without controversy. Initially, the oxidative addition of benzyl chloride and 
2-halobutanes (bromo and iodo) to different platinum(0) complexes, [ P t l , ]  ( n  = 3,4; 
L = PPh,, PPhMe,, PEt,) was reported to generate the dihdobis(ph0sphine)- 
platinum(I1) complexes as the only productslf"'. Products of @-elimination were 
observed, particularly with organic halides such as CY -phenylethyl bromide. 

T h e  products of oxidative addition of alkyl halides containing P-hydrogens are 
obtained initially, but @-elimination does occur ~lowly'"~'"~ It has been suggested 
that the coursc of the reaction depends heavily o n  the alkyl halide and its reactivity. 
Thc reaction of n-butyl bromidc with tetrakis(triethylphosphine)platinum(O) yields 
predominately the butylpalladium halide (40) initially, but further reaction produces 
more dibromide, butane, and butene at the expcnse of 401"7. Duroquinone inhibits 

Bu"Br + [PtL,] - tra,is-[PtBrL,(Ru")]+ trans-[PtBrHLJ + [PtBr&] + C4Hl" 
40 + C4Hs 

9 5 O/o 4% 1 Yo (84) 

the reaction and radical abstraction from solvent (toluene) is observed when neopen- 
tyl bromide is the organic halide; benzylbromobis(triethylphosphine)platinum(II) is 
the product in this reaction. T h e  oxidativc addition reaction with 6-bromohex-1-ene 
gives a 3:  1 ratio of open-chain to cyclized product. In addition, the oxidative 
addition to chiral cthyl a-chloropropionate led t o  raccmic products. In accord with 
thcse results a radical chain mechanism was written'67. 

CH2=CH(CHz)4Br + [PtL,] 

L = PEt, 

--+ rruns -[PtBrL2((CH2),CH=CH2}1 + trans -[PtBrL,(CH2cyclopentyl)] (85) 

More reactive halides (a -bromo esters, benzyl bromides and secondary iodides) 
react too rapidly with tris(triethylphosphine)platinum(0) to be undergoing a radical 
chain reaction'". Thus, isopropyl iodidc reacts with tris(triethylphosphine)platinum 
to give mainly hydridobis(triethy1phosphine)platinum bromide and hydrocarbon pro- 
ducts, with only a trace of isopropylplatinum iodidc being formed. CIDNP is 
observed in this reaction. Benzyl bromide behaves similarly. 
Thus, it has been suggested that very reactive halides are subject to a non-chain 

radical mechanism, platinum dihalides and organoplatinum halides being formed by 
reaction pathways b, d and e o r  f ,  respectively (Scheme 1). Diffusion from the cage 
(path d) is required for the gciierntion of each of these products. For benzyl bromide, 
the radical path (b) was suggested for  the formation of bcnzylplatinum bromide since 
solvent viscosity had no effect o n  the yield of the product. The benzyl chloride 
reaction was considered to proceed by the S,2 path. 

T h e  reaction of various alkyl halides (MeI, CDJ, Etl ,  PhCHzBr or Ph,CHBr) with 
tris(triphenylphosphine)platinum(O) in the presence of Bu'NO gave e.s.r. spectra 
characteristic of the different alkyl moieties, trapped as 1-butyl nitroso compounds, 
B u ' R N O ~ ' . ' ~ " .  Similar expcriments were carricd out with other platinum(0) corn- 
Plexes ([Pt(PPh3),,17 11 = 3,4; [pt(pph,),(&H,)]; [Pt(PEt,),,], i i  = 3,4) and with the 
nitrone trap, PhCH=N(O)Bu' 17". Control cxperiments were carried out to ensure 

3 1 
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that the spin trap was not altering the reaction course. When optically active 2- 
chloro- or-bromooctane was subjected to the reaction and then  rccovered before the 
reaction was complete, no loss in optical activity was observed. 

T h e  following non-chain radical mechanism was written, in accordance with these 
observations. I t  should be rernembercd, however, that the detection of radicals by 
e.s.r. does not require that the major reaction is proceeding via a radical mechanism 
involving the trapped or observed spccies. 

[pt(pph3),1 CPt(ph3P)zI+ PPh, (86) 
slow 

[Pt(PPh,),] + RX F==+ CPt’X(PPh3),, R’] (87) 

(88) 

O n  the other hand, the oxidative addition of a benzyl-type bromide, (a-  
bromoethyl)quinoline, to tris(triphenylphosphine)pIatjnum(O) gives a stable, optically 
activc oxidative addition product, the configuration of which was derived from 
Brewster’s rules to have been formed with inversion of configuration at  carbon’71. In 
this case, the reaction could be greatly influenced by the chelating nitrogen, and even 
the expected’”R radical pair might maintain configurational identity until collapse to 
product. 

r:t,t 

[Pt’X(PPh3)2, R’] - [PtX(R)(PPh,),] 

The reaction of tetrakis(triphenylphosphine)platinum(O) with acetyl chloride gives 
the acetyl oxidative addition p rod~c t ’~ ’ .  Acid anhydrides yield acyl products having 
the trans complex geometry; the use of cyclic anhydrides such as tetra- 
perfluorosuccinic anhydride gives the cis-cyclic p r o d u ~ t ” ~ .  

X=CI ,  RCOO 

There are a variety of other oxidative addition reactions that have been observed 
with platinum(0) complexes, some of thich undoubtedly proceed via a nucleophilic 
displacement reaction by platinum. Reaction of zerovalent phosphine complexes of 
platinum with cyanogen”6 o r  alkyl and aryl cyanides effects a cleavage of the 

(91) 

(92) 

RCOX + PtL,,] - truns-[PtXL,(COR)] (90) 

[PdL,] + CMeC(CN), - ~~~~S-[P~(CN)(L)~{C(M~)(CN)~}] 
L = PPh3 

[PtL31 + PhCN --+ truns-[Pt(CN)(L),(Ph)] 

L = PEt3 

carbon-carbon bond. The reaction of platinum(0) complexes with tet- 
racyanoethylene oxide probably occurs by a nuclcophilic displacement at  carbon and 
the ultimate product depends on the Iigands With tetrakis(tripheny1ar- 
sine)platinum, the platinocycle is isolated. With triethylphosphinc as a ligand, the 
cyclic product is unstable and undergoes rearrangerncnt. 
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0 0 2  (CW2 
c\- + 'C, 

C' '0' 
(CN)2 

[PtLnI+ 1 0 + [PtLn[C(CN)2C(CN)20-] __* [ LzPt C(CN)z] 
(93) 

[Pt(CN)(L)2{OC(CN)=C(CN)z] 

Organotin compounds ( S n k ,  SnXR3 and SnX2R2) react with 
bis(ethylene)bis(phosphine)platinum(O) complexes by cleavage of the carbon-tin 
bond to yield an organoplatinum(I1) complex, which has the cis-geometry in most 
cases176-182 . In this reaction, aryl, alkyl, and ally1 platinurn(I1) complexes can be 
obtained. 

RzSnXY + [Pt(PR;)(&H&] - cis-[Pt(PR;),(SnRXY)(R) (94) 

Vinyl platinum complexes can be prepared by the reaction of bisphosphine 
acetylene platinum(0) complexes with a strong acid such as hydrogen chloride or 
trifluoroacetic a ~ i d " ~ - ' " ~  . The  reaction is stereospccific, protonation of the acetylene 
and carbon-platinum bond formation taking place by syn addition. With unsymmet- 

ric acetylenes, protonation occurs in a direction to yield the more stable vinyl 
cation'84. The reaction with strained, cyclic acctylenes takes place so readily that 
weak acids can be used'86. 

n 
L L=Ph2PCH2CH2PPhz 

b. Oxidatiue ndditioii to d H  complexes 

i. Plarinutn(I1). Although there is good evidence that oxidative addition of or- 
ganic halides to d" complexes of nickel and palladium takes place, the resulting 
Ni(IV) and Pd(1V) complexes are unstable, and have not been isolated. Oxidative 
addition to platinum(I1) complexes takes placc readily and the resulting platinum(1V) 
products are stable, however (Table 5). 

The reaction of methyl halides to both cis- and trcms-bisphosphine methyl 
platinum halides gives thc octahedral platinum(W) complex'87-1"o~ The  reaction 
generates the octahedral product in which the alkyl halide has added trtuis'8". Arsine 
complexes behave similarly'"". No reaction of methyl iodide or trifluoromethyl iodide 
occurs when the organo group on platinum is phenyl or trifluoromethyl'"". 
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Replacing the phosphine ligands with 3,s-lutidine or a chelating amine, tet- 
ramethylenediamine, apparently changes the geometry of the isolated oxidative 
addition product, giving complexes containing trans halogen, 41"'. 

41 

Bisphosphinedialkylplatinurn(I1) complexes undergo the oxidative addition reac- 
tions with organohalides much more readily'RY.'92-19h . The reactions of bis(dimethy1- 
phenylphosphine)dimethylplatinurn(II) have been studied the most extensively. 
Methyl iodide, acetyl chloride, and a variety of perfluoroalkyl halides give trans 
oxidative addition products, which may isomerize depending o n  the reaction condi- 
tions, particularly the s~ lvent ' "~""~ .  Changing the ligand also affects the 

L = MezPhP L= Me2PhAS 

stereochemistry of the final product. The  analogous dimethylphenylarsine complex 
gives the product of cis oxidative addition while a bisnitrile complex gives cis,trans 
n ~ i x t ~ r e s ' " ~ .  The stereochemistry of the oxidative addition reactions to cis- 
.limethylplatinum(II) complexes containing a chelating arsine ligand depends on the 
organic halide, methyl and acetyl haiides geqzrating the tram compiex, 4iile allylic 
halides give the cis oxidative addition product"". These complexes all can undergo 

(:= PhMeAs(CH2)zAsMePh R = Me3, CH3CO R=CHz=CHCH2 

isornerization. For example, from the oxidative addition product of per- 
deuteriomethyl iodide to cis-bis(dimethylphenylphosphine)dimethylplatinurn(II), a 
fac-trans addition product is isolated which is stable at 33°C but undergoes 
isomerization at  68 "C in deuteriochloroform to the fac-tmns-isomer, producing a 1 : 2 
ratio of isomers, rcspectively"6. Generally, isornerization can be effected by removal 
of the halide (silver hexafluorophosphate), generating a solvated ionic c~rnplex '"~.  

L = MezPhP 
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Changing the cis organic groups to phenyl gives an oxidative addition product with 
methyl iodide (cis,trans mixture) that is too unstable to isolate, and undergoes a 
reductive elimination of t o l ~ c n e ' " ~ .  Thc reaction of methyl iodide with cis-bis(4- 
rnethylbenzonitrile)dimethylplatinum(lI) shows second-order kinetics and an activa- 
tion energy of 8.6 kcal mol-' in c h l o r o f ~ r r n ' ~ ~ .  

The  reactions of cis-dimethyl- or -diaryl-platinum(l1) complcxes, containing 
pyridine o r  bipyridine ligands, with a variety of organic iodides also gives products of 
trans-oxidative . Alkyl, aryl, and allyl iodides react rcact readily'98. 

The reaction with methyl iodide is second order, and the rate increases with 
increasing solvent polarity, indicating an SN2-type transition statc2('". The solvent 
effect on the rate of oxidative addition of methyl iodide to cis-diphenyl- 
bipyridylplatinum(i1) is dominated by the entropy o€ activation term, which is typical of 
reactions procceding through a highly polar transition state'"'. Diarylplatinum(1l) 
complexes containing electron-donating groups o n  aryl react faster than those 
containing electron-withdrawing groups, a consequence of increase electron density 
on platinum'"'. 

A platinacyclopentane complex containing dimethylphenylphosphinc o r  cyclooc- 
tadiene ligands also yields the frans-oxidative addition product o n  reaction with 
methyl halide2(I2. 

L; PtL2 j 
c. Oxidatiue additions to complexes of the cobalt and iron triads. Two-electron 

oxidative additions to d H  complexes of thc remaining Group VIII transition metals 
are common, and for a number of t h c  transition metals t h e  reactions of anionic 
complexes with organic halides are frequently used for the synthesis of metal alkyls. 
These reactions of anionic complexes are most prevalent with the first-row transition 
metals, including the earlier transition metal complexes of chromium and molyb- 
denum. The reactions of anionic complexes of this typc ([MCp(CO),]-, M = Cr, Mo, 
W; [MCp(CO),I -, M = Fe, Ru; CFe(C0),l2-; [M(CO),]-, M = Mn, Re; [Co(CO>J; 
[Co(PPh,)(CO),]-) with organic halidcs have been rcviewcd"'7-"'". Consequently, 
these will not be covered in detail hcre; o n l y  the more recent reactions of this typc 
that provide ncw synthetic or mcchanistic information will be discussed in detail. The 
relative nucleophilicities of some of these anion are [FeCp(CO),]- = 7 x lo', 
[RuCp(CO),]' = 7.5 x IO", [Re(CO)J = 2.5 x lo4, 
[WCp(CO>J = 5 x lo', [Mn(CO)J = 77, [MoCp(CO),]- = 67, [CrCp(CO)J = 4, 
and (Co(CO),]- = 1"'". 

i. Cobalt. Cobalt(1) complexes containing the d"' (anionic) and d8 (neutral and 
anionic) configurations undergo two-electron oxidations, while cobalt(I1) d7 con-  
plcxes undergo onc-elcctron reactions to produce cobalt(II1) complexes. The d ''' 
cobalt(1) tetracarbonyl anion was shown early o n  to rcact with the more reactive 
alkyl halides, allyl halides, and acid  chloride^'('^^^''^. T h e  acyl derivatives obtained 

INiCp(CO)]- = 5.5 x lo6, 
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from perfluoro acid chlorides are unstable above 0 ° C  

[Co(CO),]- i RCH=CHCH2X - [Co(CO),(q"-1-R-alkyl)] (103) 

and decarbonylate giving the perfluoro alkyl complex2(18". The  addition of methy1 
iodide in the presence of added ligand (triphenylphosphine) leads to an acyl complex. 
Cyclopropenyl bromide and the trimethylcyclopropcnyl cation give allyl cobalt 
species in  which carbon monoxide has 'inserted' into the three-membered ring"". 
The  reaction of cobalt carbonyl with the triphenylcyclopropcnyl cation, however, 
gives o n l y  the cyclopropenyl complex. Hydridocobaltcarbonyl o r  the corresponding 

R = H ,  CH, 

"'Y r Ph 

anion reacts with oxiranes to yield the hydroxyethyl cobalt(1) product2'" (overall this 
cannot be considered an oxidative addition reaction). The reaction with cyclohexene 
oxide gives the trans product. 

-14' 
[CoH(CO),] [Co(CO),]- [Co(CO),(CH2CH20H)] (105) 

Anionic complexes containing phosphine and phosphite ligands also react with 
acid derivatives211.2'2, allyl iodides, benzyl iodide, zpd methyl i ~ d i & ' * ~ .  Thc reaction 
with ethyl chloride produces only ethylene and a hydridoco6alt complex as a result of 
p - e ~ i m i n a t i o n ~ ~ ~ .  

[CoL41- 

L=P(OMe)3 
L 

1 

Ally1 and perfluoroalkyl halides add to neutral cobalt(1) d" c~mplexes*'~-~' ' ,  



674 J. K. Stille 

particularly q5-cyclopentadienylcobalt d i ~ a r b o n y l ~ ~ ~ - ~ ~ "  . T h e  predominant cobalt(II1) 
d h  product of reactions with alkyl iodide is an 18-electron cationic complex216. The  

reaction of alkyl halides with the analogous complex containing a phosphinc ligand in 
place of one of the carbonyls gives the acyl product resulting from carbonyl 
insertion"". The reaction rates are greater for methyl than ethyl (400-1 200 times), 

[CoCp(CO)(L)]+ RI  - [CoCp(COR)(L) (108) 
L = PPh3, PPhMe,, PCy3; R = CH3. C2HS 

increasing with increasing solvent polarity (thf = 0.2, Me2C0 = 0.9, CH2CIz = 1, 
CH3CN = 2-3) and decreasing in t h e  order L = PhPMe, > PPhzMe = (10.7) > PPh, = 
(l)>P(CGHl,)3. These data plus a large negative entropy of activation (AS*=  
-31 e.u.) suggest an SN2-type reaction2". 

Cobalt(1) complexes of the d H  configuration containing nitrogen ligands, particu- 
larly ligands of the porphyrin and bisdimethylglyoximate type, have been studied 
extensively because they serve as models for vitamin B,2219. Anionic salen-type 
comp~exes'20-222 and bae-type c o r n p l e ~ e s ~ ~ " . ~ ~ ~  undergo oxidative reactions with a 
variety of organic halides, including vinyl chloride222. 

The oxidative addition reactions of organic halides to the [bis(dimethyI- 
glyoximato)]cobalt(I) anion (cobaloxinie) have been studied by a number of groups. 
Generally, oxidative addition takes place to give the neutral, d" cobalt(II1) complex. 
Alkyl, benzyl, allyl, vinyl, and acyl cobalt(II1) complexes as well as hydroxyethyl 

L = P y ,  H20, PBu;, PhNH;! 
R = Me, Et,  Pr", Bu", C5H1 Pr', Bu', CH,CN, CH20Me, CH2CONH2, CH, = CHEt 

CHz=CHCHMc2. PhCH2, p-Bu'C6HqCH2, Ph,CH, PhCH(Me), CloH6CH2, 

HO(CH2),,. HC%CCH2, RIR2C=C=CH(RI = R2 = H,Me), MeC=CCH,, 

1 -ethynylcyclohexyl; 

X=Cl ,  Br, I 

derivatives have been obtained by oxidative addition of thc appropriate halides (or 
epox ideS)225-233 . Although primary, secondary and tertiary alkyl halides react, secon- 
dary and tertiary halides, for example isopropyl or t-butyl, tend to give unstable alkyl 
cobaloximes, decomposition to givc /3 -elimination products occurring. Since the 
nuclcophilicity of cobalt in these complexes is dependcnt on the energy of the 3d,' 
orbital and thc charge density on cobalt, the reaction is sensitive to t h e  axial ligand 
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Structure, but relatively insensitive to the glyoxime figand",. Propynyl halides give a 
product of rearrangement, an allenyl cobalt ~ o m p I e x ~ ~ ' * ~ " ~ .  When the acetylenic 
group is not terminal, n o  such rearrangement takes place23'. 

+ H=CCHZX - [CH~=C=CH-CO(DMGH),PY] 

[Co(dmgH),py]- (or CH,=C=CHCI) (110) 

+ MeC+CCH2CI - [Me%CCH,-Co(dmgH),py 

A porphyrin complex, similar to the cobaloximes but closer to the BI2 structure, 
also undergoes an oxidative addition reaction with alkyl and acyl halides (or 
anhydrides) to give the cobalt(II1) p r o d ~ ~ t s ~ ~ ~ ~ ~ ~ .  

R=CH3, CzHs, CH3CO 

P N  

(N W N) 

The reactions with the cobaloximes are second order, but this is a case in which the 
mechanism of the reaction (SN2 or  radical) may be dependent on the structure of the 
substrate. The rates have been reported233 to decrease in the order I>Br>C1, 
primary > secondary, and show large negative entropies of activation (-20 to 
-30 eu). 

The rate of the reaction of n-butyl bromide with cobaloxime is half that of 
1,4-dibromob~tane~~' .  The  sensitivity of the reaction rates, and possibly the mechan- 
ism, to the structure of the organohalide is illustrated by the reaction of a cobalt(1) 
phthalocyanine anion238. The  rates of alkylation by n-butyl halides decrease in the 
order I (6x 103)>Br ( 3 X  102)>Cl (1). Introduction of a 1-phenyl or  a 1-0x0 
substituent increases the rates by a factor of 104-105, while branching in the 
2-position decreases the rates. The relative rates for reactions of alkanes containing 
mono-, di- and tri-chloro-substituted carbons decrease in the order RCHCI2 > 
RCH2CI > RCCI,, suggesting a mechanistic change in the series. 

T h e  reaction is stercospecific with a number of substrates, however. The reactions 
of [Co(drngH),py]- with cis- and truns-~-chlor~acrylate~~~, p - b r ~ m o s t y r e n e ~ ~ " ~ ~ " ,  
and 1-bromoo~tene'~'  give products of retention of geometry at the vinyl carbon. A 
reaction pathway proceeding via an elimination to give phenylacetylene followed by 

[C~(dmgH)~py] '-  + cis-PhCH=CHBr - [cis-PhCH=CH-Co(dmgH).py] 
a stereospecific addition of [C~(drng)~py]- does not take place, since the addition of 

(112) 
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this cobalt(1) complex to phenylacetylene is n o t  regiospecific. A free-radical mechan- 
ism also is excluded, since the vinyl radical undergoes sp' inversion faster (k, = 
lo's-') than radical pair coupling could be expected to take placc. A nucleophilic 
addition-elimination mechanism as well as a concerted reaction (of the  olefin-cobalt 
complex) similar to  that proposed for d"' complexes in the nickel triad (see above) 
are consistent with the observed stereochemistry. 

There is sufficient evidence to  suggest that the reactions of alkyl halidcs proceed by 
an SN2-type mechanism2"*. Inversion of configuration at carbon in reactions with 
cyclohexyl bromides has been observed243. Stereospecific oxidative addition of chiral 

L 

X = Y = B R ;  X=OTS, Y = @ H  

2-bromooctane also was observed, but the stereochemistry of the reaction (inversion 
or retention) could not be determined244. Cleavage of the cobalt-2-octyl bond was 
carried out with halogen, which regenerated the starting material of the same 
absolute configuration, but the stereochemistry of the cleavage reaction is unknown. 
A similar reaction with chiral 1-methyl-2,2-diphenylcyclopropyI bromide gave an 
oxidative addition product, but here again the stereochemistry of the reaction could 
not  be determined since t h c  cleavage of thc carbon--cobalt bond gave a racemic 
product, raising the question of the racemization 

Loss of the stereospecificity of these reactions could be due also to racemization 
occurring with the product of oxidative addition. Whcn the oxidative addition 
product of trans-l,4-dibromocyclohexane was allowed to  age in the presence of 
[Co(dmgH),py]-, and the product was reisolated and then subjected to cleavage with 
bromine, the resulting frans-dibromide was substantially racemized"". This racemi- 
zation reaction has been attributed to a nucleophilic exchange process247 on the basis 
of the stereochemical evidence and thc absence of radical reactions as indicated by  
the usual tests. Although this evidence supports a typical SN2 type mechanism for 
cyclohexyl halides, cvidence for a 1-electron transfer reaction has been reported248. 

H. R' 

I 
R 

. % /  
py(dmgH)zCo...C---Co(dmgH)zpy 

(1 14) 

Cobaloxime displaces the triflate anion from threo-2,3-dideuteri0-3-f-butyl triflate 
with 95% inversion of configuration at carbon as determined by 'H n . m ~ . ' ~ ~ .  

1 
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The reactions of cobalamine complexes with alkyl halides serve as models for 
vitamin Bizs (reduced). The  reactions of BIZ- with alkyl halides serve as a synthetic 
pathway to  alkylated BIZ. Nkyl ,  allyl, and acyl halides as well as ethylene oxide give 
remarkably stable products; bulky alkyl halides and phenyl bromide do not react. 
The literature on this subject is extensive and often misleading. A number of reviews 
have appeared"s"-2s'. 

The odd-electron ( d 7 )  pentacyanocobalt(I1) anion reacts by a one-electron charge 
to give d6  alkylcobalt(II1) complexes that are stable, provided that a @-hydrogen is 
not present in the alkyl group4.253-25x . The reactions occurs with a wide variety of 
organic halides, including a-haloacid derivatives and alkyl, allyl, benzyl, vinyl, and 
pyridyl  halide^^^'.^^^. The other reaction product is the pentacyano(halo)cobaIt(III) 
anion. This second-order reaction shows reactivity patterns that are characteristic of 
the reaction of radicals with alkyl halides, PhCH21 > Bu'I > Pr'I > EtI > and 
in general'reveals an inverse rate dependence with bond strengthzs4 257. The rate- 
determining step involves halogen atom abstraction from the organic halide by 

2[Co(CN),I3- + Rx u [RCo-CN),13- f [XCo(CN)J3- (116) 

(1 17) 

R'+ [CO(CN)~]'- - [CoR(CN),]'- (118) 

CObalt4.257 258 

[Co(CN),-J3- + Rx - [CoX(CN),13- + R 
'lelermtnlng 

The neutral bis(dimethylglyoximato)cobalt(II) complexes containing an axial ligand 
such as pyridine or  triphcnylphosphine react with benzyl halides by a similar radical 
mechanism259. The  rates increase slightly with the basicity of the axial ligand; 
a-phenylethyl bromides reacts faster than benzyl bromide. The reaction of 
bipyridyl(or phenanthroline)cobalt(II) with benzyl chloride in the presence of 
borohydridc leads to the dibenzylcobalt(TI1) cation, 42,"'. 

2[C0"(dmgH)~L] + PhCH2Br - [ C O ( C H , P ~ ) ( ~ ~ ~ H ) ~ ( L ) ]  + [CoBr(dmgH)2(L)1 

(119) [ (~~cO~~~:E]' . l-  N n N = bipyridyl, phenanthroline 

42 

Pentafluorobromobenzene reacts with cobalt (d" )  atoms (vapour deposition) at 
- 196 "C to  yield cobalt(I1) bromide and bis(pcntafluorophenyl)cobalt(II)26'. Washing 
this complex with toluene generates the  17-clectron q6-arenc complex. 

-196°C PhMc 
2c0 + 2C6FSBr - [CO(C,Fs)2] A rCO(C6Fs),(PhMe)] 

f 

(120) 

CoBr, 

ii. Rhodiurn. The  reactions of chlorotris(triphenylphosphine)rhodium(T) (Wilkin- 
son's complex) have been reviewed2", as have the decarbonylation reactions of 
acid chlorides and aldehydes with this catalyst263. Homogeneous rhodium catalysts 
have gained importance industrially, not only owing to the ability of certain com- 
plexes to effcct hydrogenation and hydroformylation reactions of olefins, but also 
becausc of their ability to carbonylate methanol to acetic acid. 

Halocarbonylbis(phosphine)rhodium(I) complexes react only with t h e  most reac- 
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tive organic halides. hfethyl iodide, benzyl halides, iodomethyl acetate, acyl halides, 
and ally1 bromide give the octahedral rhodium(II1) p r o d ~ c t s ~ " ~ . ~ " .  

L = Bu;P, M e P h P ,  Me2PhAs; 
RX' = CH31, PhCH2CI, PhCH2Br, ICH,CO,Me, CH2=CHCH2X (X = C1, Br, I), 
RCOCl (R = Me, CH,=CH, CH2=CHCH2, Pr') 
X=C1, Br, I, N3 

The reaction of methyl iodide with chlorocarbonyl(bisphosphine)rhodium is second 
order, with the better donor phosphines providing faster rates. T h e  entropies of 
activation are  large and negative: L =  P(p-MeOC6H4), -44 eu; PPh3, -43 eu;  P(p- 
FC6H&, -29eu;  AsPh3, -44eu. T h e  oxidative addition reactions occur only very 
slowly with methyl bromide but trifluoromethyl iodidc, ethyl iodide, and butyl iodide 
do not react at 25°C. 

It has been shown that this reaction between methyl iodide and chlorocarbonyl- 
bis(trialky1phosphine)rhodium is not as straightforward as  was originally thought. 
Not only is i h e  trans-rhodium(II1) product obtained, but the rhodium(II1) acyl 
complex also is produced267. A mechanism was proposed in which methyl iodide 
reacts with dissociated phosphine to give a phosphonium iodide. This iodide then 
complexes with rhodium to give an anionic complex. 

Replacement of halogen with vinyl gives a rhodium(1) species that undergoes the 
oxidativc addition of methyl iodide to give a stable 18-electron diorganorhodium(II1) 
complex containing cis-vinyl and -methyl groupsz6*. 

L = Ph3P; R = COzMe 

Monophosphinedicarbonylrhodium halide complexes also add reactive organic 
. T h c  exact geometry of thc products has not been determined in most 

cases; in the reaction product shown, t h e  carbonyls are trans. When R is methyl, 
rearrangement to the acyl complex takes place. The  reaction with methyl iodide 
(X = Cl) is second order, the ratcs increasing with increasing solvent polarity2". The 
large ncgative entropy of activation (-33+5 eu) is characteristic of an SN2-typc 
rcaction involving generation of charge in the transition state and ordering of 
solvent. 

halideS26'.270 

X = C1, Br, I ;  R = Me, Ph, CH2C02Et, CH3C0 
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Perfluoropropyl iodide and pentafluorobenzoyl chloride react with 
acetylacetonatobis(diphenylmethylphosphin~)rhodium(II) to give the perfluoro-alkyl 
and -acyl complexes, 43272. 

R=CF3CFzCF2, X = I  [ ::!,,go$ R=C6F5CO, x=cI 
I b0 ...:. R =  “u( , x=c1 

F2 
43 C1 

Oxidative additions t o  Wilkinson’s complex take place only with the most reactive 
organic halides, methyl iodide, allyl halides, benzyl halides, and acid halides. Methyl 
iodide gives a product containing a molecule of coordinated methyl 44, 
which is lost o n  recrystallization. The structure of this five-coordinate 16-electron 

44 

complex has been determined by X-ray analysis275. Ally1 chlorides give an initial 
a-complex that rearranges to an 18-electron n-ally1 - Structures 
containing cis274 and t r a i ~ s ’ ~ ~  halogens, 45 and 46, have been proposed. 

I R 

45 

r CI 

(125) 

1 

46 

L=PPh,;  R = H ,  CH3; X=CI,  Br 

Benzyl chloride reacts to give a n-benzyl complex containing only o n e  phosphine 
ligand, which gives the coordinatively saturated o-benzyl complex on the addition of 
carbon monoxide or a coordinatively saturated n-benzyl complex o n  the addition of 
pyridinez7”. 

The qS-cyclopentadienyl rhodium complexes also react only with the most reactive 
organic halides, the ultimate product of the reaction usually being that of carbon 
monoxidc i n s e r t i ~ n ” ~ . ~ ~ ’ . ~ ~ ~ .  Thus, methyl and ethyl iodide, benzyl halides, and allyl 
halides undergo this reaction, the  first step giving the aikyl complex followed by 
conversion to the acyl complex. For allyl iodide, the first step is fast followed by a 
slow second step; thus the intermediate can be isolated277. The reaction with acid 
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L=PPh3 

r 

haiides (CH3COBr, CF,COCI) gives stable acyl complexes, [RhCp(CO)(PPhMe2)- 
(COR)J’X-27X. 

[RhCp(CO)(L)] + R X  - [RhCp(Co)(L)(R)]’ X- - CRhCl(Cp)(PPhJ(COR)J (127) 

L = PPh,; R = PhCH2, CHz=CHCH2, CH2=C(Me)CH2, MeCH=CHCH2, Me, Et ;  
X=C1, Br, I 

Rhodium(1) complexes ligated with a macrocycle bearing four nitrogen ligands is 
lo4 times more reactive toward alkyl halidcs than any other neutral d s  com- 

T h e  reaction is second order, and the order of reactivity, I > O T s = B r >  
CI and Me > E t  >secondary > C,H, , > Me3CCH2Br, and the failure of a reaction to 
occur with adamantyl bromide, supports an SN2-type mechanism. The abscnce of 
cyclic product from the reaction with 6-bromohex-1-ene argues against a radical 
reaction. When the reaction is carried out with butyl bromide in the presence of 
lithium chloride, only the  tram chloride complcx is obtained. This result, coupled 
with the fact that halogen cannot be exchanged from the rhodium(I1) product, is the 
bcst evidcnce in support of an ionic intermediate in a nuclcophilic displacement. 

Oxidative addition of methyl iodide to an anionic rhodium(1) complex (47) is a key  
step in t h c  convcrsion of methanol to acetic acid by carbonylationZ8’ (Scheme 4). In 
the catalytic cycle shown, methyl iodide is generated by the reaction of methanol with 
hydrogen iodide. Thus, the reaction must be started with catalytic quantities of 
methyl iodide or hydrogen iodide. 

T h e  oxidative addition of acid chlorides to Wilkinson’s complex is the first step in 
catalytic and stoichiometric decarbonylation of acid chlorides26z~z63 ’” . I n  almost 
every case, undcr the appropriate rcaction conditions, the acyl complex can be 
isolated. 

T h e  reaction of acetyl chloride to tris(tripheny1phosphine)rhodium chloride ini- 
tially givcs the  cis-square-pyramidal complex in solution, which can be isolated as 
suchzX”. In  chloroform, at  ambient tcmperature, isomerization to the trans complex 
takes place irreversibly. T h e  acyl complex obtained from 3-phenylpropionyl chloride 

pleX279.2H0. 
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R=Me, Et 

R X  = MeCOCI, PhCOCI, Me, EtI, PhCH,CI, C6H, ,Br, Bu“Br 

+ 

X -  

SCHEME 4. Methanol carbonylation. 
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also has  the truns-square-pyramidal structure 48 (apical a~yl) '*~ while the 

phenylacetyl derivative has a trigonal bipyramidal structure 4gZx4. In solution, the 

L 
48 49 

acyl complexes a re  fluxional'"'. The  reaction of acetyl chloride with a similar 
rhodium(1) complex containing stronger donor ligands gives the cationic acyl 
rhodium(II1) complex, which also is a square pyramid, 50. 

Me 
I co 

L **,,dh"." L 

L d .  wc1 
50 

The rapid reaction rates have been attributed both to the ability of the filled dZ2 
orbital on the square-planar rhodium complex to overlap with the lowest unoccupied 
molecular orbital of the carbonyl carbon, 51263, and to the intermediacy of a 
zwitterionic complex, 52'. 

53 

51 

A wide variety of acyl complexes have been isolated and characterized (Table 
6)283-29" . Rearrangement to the rhodium carbonyl takes place in solution. When R is 
benzyl k , / k - , = 7 x  lo-' (reaction 130), but when R is aryl the rearrangement 
essentially is i r re~ersiblc~ '~.  The most stable acyl complex is an acetylrhodium 
containing the chelating phosphine ligand Ph2P(CH2)3PPh2 '". 
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TABLE 6. AcyIrhodiurn(lI1) complexes 

RCOCI + [RhCI(PPh& - [RhCI,(COR)(L),] 

R Ref. 

683 

CH3 

CH,(CH,), 

CYCIO-C,H,, 

p-X-C,H,CH;! (X = CI, NO,) 

CICH, 
CH,CH, 

CH3(CH2),, (n = 4,5, 14, 16) 

PhCH, 

erythro- and threo-CH,CH(Ph)CH(Ph) 
(S)PhCH(CF,) 
PhCH,CH, 
C6D5CD2CH2 
threo-PhCHDCHD 
Ph 
p-X-C,H, (X = CI, NO,, OMe) 

283,288,294 
285 
288 
285,288 
289 
289 
284,285,287 
287 
291 
290 
283,289,291 
284,291 
292 
287,288,293 
287 

Acid halide Complex Ref. 

MeCOCl (RhCl(COCH,)(PMqPh),]+X- 286 

PhCOCl [ RhCI(NO)(COPh)(Ph,P),] 296 
PhCOCl [RhCI,(COPh)(Ph2PCH,CH,PPh2)1 295 

X = CI-, PF6- 

Me,NCSCI [R~CI,(CSNMCJ(P~~P)~] 94 

The mecha_nism for the decarbonylztion of acid chlorides (Scheme 5) requires an 
oxidative addition of the acid chloride, acyl to alkyl rearrangement (54+55), and 

- L  

+ L  
[RhClL3] S [RhClLz] 

1 RCOCI co 

L J 

RCI or R(-H)+ HCI 

SCHEME 5. Acid chloride decarbonylation mechanism. 
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finally elimination of the organic group. Organic chlorides or alkenes and hydrogen 
chloride are climinated, depending o n  the absence o r  presence of a P-hydrogen in 
the acid chloride and therefore 6 to  the carbon-rhodium e-bond in the elimination 
step. The stoichiometric reaction to the chlorocarbonylbis(tripheny1phos- 
phine)rhodium stage (56), proceeds at  relatively mild temperatures in most cases (ca. 
80 "C), but higher temperatures (200 "C) are necessary to make the reaction catalytic. 
The reaction is not as simple as is written in many cases, however, the stoichiometric 
decarbonylation of aroyl halides taking place only above 150 "C. A number of other 
complexes arc formed in equilibrium below 150 "C (including 56) without the loss of 
the aryl chloride297. Furthermore, a,P-unsaturated acid chlorides give vinyl phos- 
phonium salts as an integral part of the decarbonylation reaction2'". 

The oxidative addition reaction of alkyl halides and acid anhydrides occurs with an 
unusual complex containing two rhodium(1) atoms complexed to two different pairs 
of nitrogens in porphyrin complexes299-3"3. An oxidative reaction occurs when a 
chlorobis(tripheny1phosphine)olefin rhodium(1) complex reacts with hydrogen 
chloride gas to yield a complex containing a rhodium-carbon a-bond"'. 

R = R ' = E t ;  R = M e ,  R'=Et K' = Me, Et, Pr", CH3C0 

( 132) 
HCI 

CH2C12 
[RhCI(GF,X(L)J [RhCL(CFzCFXH)(L)zI 

X = F ,  C1, H; L=PPh3 

iii. Iridium. Of the d X  iridium complexes that react with organic haIides, the most 
studied is Vaska's complex, a square-planar complex of the type tran~-[IrX(C0)(L)~] 
(L = PPh3, PMePhz, PMe2Ph, etc.; X = halogen). In non-polar solvents, the oxidative 
addition reaction of methyl chloride gives the trans-addition product, but in more 
polar solvents, particularly methanol, rearrangement to the cis complex takes 
place""5. Thus, the oxidative addition reaction proceeds to give the kinetic product. 

MeOH (1  33) i 
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Methyl halides have been shown t o  react with different facility, depending on the 
phosphine ligands and the halogen on the complex as well as that on methyl. The 
kinetic product is always that obtained from a t r a n ~ - a d d i t i o n ~ ~ ' - ~ " ~ .  
Methylfluorosulphonate also reacts to give the d", six-coordinate product""R, as do  
perfluoroalkyl iodides3"'. Ally1 halides, however, gives the cis-addition product in 
non-polar solvents such as benzene, but isomerize in methanol to  give the trans- 

product, which is obtained when methanol is the reaction s ~ l v e n t ~ " ~ - ' ~ ~  . The reaction 
of either t h e  cis- or the  trans-complex with sodium tetraphenylborate gives an 

1 CHzC(R)=CHR' r 

L J 

J Y" (135) 

! 1 ::.,;.'/NaBpb co CHzC(R)=CHR' 

c1 X 

L=PMePhz; X=C1, Br; R = H ,  C1, Me; R'=H, Me 

1 &electron T-ally1 complex. Allenic or propargylic chlorides yield the  same product, 
that arising from a formal oxidative addition of the allenic There are a 

CHCI=C=C(R)Me 1 L J 
R=H, Me 

wide variety of other organic halides that undergo oxidative addition to Vaska's 
complex, including secondary alkyl, aryl, and acyl halides (Tables 7 and 8). The 
reaction apparently is more sensitive to the size of the phosphine ligand than to its 
donor ability. Although methyl iodide undergoes a reaction when the ligands are 
di(t-buty1)alkylphosphine (alkyl = Me, Et,  Pr), ally1 chloride and acetyl chloride will 
not  For a series of d" octahedral complexes resulting from the oxidative addition 
reaction of various alkyl iodides to Vaska's complex (L= PPh3, X =  Cl), the bond 
dissociation energies for the iridium alkyl bond decrease in the order H > CH3 = I = 
CH3CO> C,H,> ii-C3H7> i-C3H7>PhCH27'3.31J. 

The bulk of the evidence indicates that there are at least two mechanisms for the 
oxidative addition reactions, depcnding on the alkyl halide. Methyl halides and 
certain other  primary halides, particularly benzyl bromide, ally1 chloride, and 
chloromethyl methyl ether (see above), appear to undergo reaction by an SN2-type 
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TABLE 7. Methyl iridium complcxes 

X’ L X Ref. 

I 
I 
OSO,F 
I 
Br, CI 
CI 
I 
Br 
I 
I 
Br 
Br 
I 
I 
I 

I, Br 
I 
I 
I 
I 
I 
I 
I, R r  

PPh, 
PPh, 
PPh, 
PPh,Me 
PPh,Me 
PPh,Me 
PMe,Ph 
PMe,Ph 
PMe,Ph 
PEt,Ph 
PEt,Ph 
PEt,Ph 
PEtPh, 
P(P-CH,C,H,), 
P(P-ZC,H,), 

PMe, 
PEt, 
P(OPh), 

PMc,( p -McOC,H,) 

( Z  = CI, F, CH,, OMe) 

PMe,(o-MeOC,H,) 

PMe,Bu‘ 
AsPh, 
AsMe,Ph 

CI 
Br, 1 
CI, Br 
CI 
CI 
Br 
CI 
CI 
Br, I 
CI 
CI 
Br 
CI 
CI, Ur, I 
CI 

CI 
CI 
CI 
CI 
CI 
CI 
CI, Br, I 
CI 

315-318,321 
315 
308 
305,317 
305 
305 
307,317,320 
307 
317 
307,321 
307 
306 
321 
317 
319,321 

307 
317 
317 
320 
320 
312 
307 
307 

mcchanisni, while secondary alkyl halides and other primary halides undergo reac- 
tion by a radical chain mechanism. 

The reaction of methyl iodide with halocarbonylbis(tripheny1phosphine)iridium is 
second order, first order each in methyl iodide and iridium c ~ m p l c x ” ’ ~ .  The rates of 
the reaction increase with increasing solvent polarity, a lincar correlation being 
obtained from a plot of log K us. a solvent polarity paramcter”, 4,“. 

The rates generally incrcase with the increasing basicity of t h e  ligand [PMe2Ph > 
PEt, > PMcPh, > P(p-tolyl), > PPh3 > P(0Ph)” >  ASP^^]^''. the order PMe,Ph >PEt, 
is probably n consequencc of an overriding stcric cffcct. Application of the Hammett 
c+-constant to substituents on the  phosphinc ligaiid yields a linear relationship with 
log K with p = 2.27”’“. Replacement of carbonyl by other ligands such as nitrogen or  
phosphine increases the  rate (N2> PPh, > CO), and replacemcnt of chlorine by 
bromine or iodine decreases the rate (CI > Br> I),”. These results, with thc cxccp- 
tion of the data for halogen replacement, can be attributcd to an increased electron 
dcnsity o n  iridium producing a stronger nuclcophile and higher reaction rates. It 
would be  expected that bccausc of thc polarizability of the less elcctroncgative 
iodine, iridium would acquirc an even grcatcr electron density and the iodo complex 
would afford the fastest rates. Thc invcrsc order observed is possibly a result of steric 
effccts. The rcaction ratc also increases with increasing pressure o n  the reaction3”. 

* q = ( D  - 1)/(2D + l),  where D = dielectric constant 
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The  entropy of activation is large and negative in non-polar solvents (-51 eu, C6H6), 
the magnitude decreasing in polar solvents31s. The entropy of activation also is 
dependent on the phosphine ligand, being sensitive both to  steric and electronic 

. These data provide strong support for an SN2-type mechanism involving 
a polar transition state and ionic products that collapse to a neutral complex. 

19-321 

The  reaction of certain seco~idary dkyl  halides proceeds by a radical chain process. 
In the absence of any free radical initiator under ultra-clean conditions (no traces of 
oxygen) the reaction does not take An S,2 reaction with secondary halides 
probably is excluded o n  steric grounds. 

Reports that the reaction of Vaska’s complex with chiral ethyl a-bromopropionate 
proceeds with retention of configuration at carbon323 and that the reaction with 
trans-2-fluorocyclohexyl bromide proceeds with inversion of configuration324 have 
now been shown t o  be i n c o r r e ~ t ~ ~ ~ - ~ ~ ~  . The reaction is initiated by radicals, apparently 
including tracc amounts of oxygen. 

Loss of stereochemistry occurs in the reactions of primary alkyl bromides, erythro- 
and fhreo-deuterio-2-fluoro-2-phenylcthyl bromide, and Vaska’s complex as deter- 
mined by ’H n.m.r.325.327 . The reaction of a chiral secondary alkyl bromide, (+)-ethyl 
2-bromo-3-fuorophenylacetatc or cis- and trails-2-fluorocyclohexyl bromide, also 
gives products resulting from loss of stereochemistry. Identical 1 : 1 mixtures of 
erythro- and threo -oxidative addition products, 59 and 60, result from the reaction 
of either geometrical isomer. 

erythro 

57 
tlireo 

§8 

cis 

59 

fraris 

60 

X=Br or IrCIBr(CO)(L)2 

The  yield in thesc reactions are improved by free radical initiators, but decreased 
in the presence of  inhibitor^"^.^^^. In some cases, in the presence of inhibitors, no 
reaction is observed. Traces of oxygen initiate the reaction, possibly via [IrCl(CO) 
(L)2(0)2], which subsequcntly reacts to produce initiators. Ultraviolet irradiation 
accclcrates the  reaction. In competitive experiments, the order of reactivity of alkyl 
halides is tertiary >secondary > primary, an order which is inconsistent with an s N 2  
process. Although galvinoxyl inhibits the reactions of ethyl iodide and ethyl a- 
bromopropionate, it does not  inhibit the reactions of methyl iodide, benzyl bromide, 
ally1 chloride, and chloromcthyl methyl ether, the rclative rates in this series being 
CH2=CHCH2Br 12.7, CH2=CHCH2CI 5.2, Me1 1.0, PhCH2Br 0.93, MeOCH2CI 
0.39, and PhCH2CI 0.02. 

A radical chain mechanism is most consistent with those alkyl ha!ides which show 
the characteristics of radical reactions328. 
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Initiation: 

i.+Ir' - iIr" (138) 

iIr"+RX - i I r X + R  (139) 

R'+ Ir' A RIr" (140) 

RIr"tRX - RLrX+R' (141) 

The data for the reaction of aryl halides with iridium(1) complexes are consistent 
either with an electron transfer mechanism or a nucleophilic displacement reaction 
proceeding through a Meisenheimer-type complex. Electron-withdrawing groups on 
the aryl halide increase the rate of the reaction3" ( p  = +0.4-0.6330 and I > B r >  
C13"). The rate of the reaction is decreased by added p h ~ s p h i n e ~ ~ ' .  

Propagation: 

A variety of other iridium complexes undergo reactions with alkyl halides. A 
nitrosotris(tripheny1phosphine)iridium complex adds methyl iodide to give a 16- 
electron complex"". 

NO 
[IrL3NO]+MeI A (143) 

L=PPh? 

Methallyl and bromomethyl methyl add to iridium(1) alkene 
complexes, in each case displacing an alkene ligand. 

[1rCl (CO)(~od)~]~  + CH,=C(Me)CH2CI 

[IrL3(Me)(C2H4)] + BrCHzOMe - 
L=PMe3 

Carbon-q'-cyclopentadienylphosphineiridium complexes add methyl and ethyl 
. T h e  rates are faster than for cither the  cobalt or rhodium analogues, 

and the rates increase with increasing donor ability of the phosphine ligand21".33G. 
The  ionic products of these reactions are of thc  type expected initially from an SN2 
mechanism occurring with Vaska's complex, except that the ligands prevent collapse 
of the ion pair. 

iodide2 18.334.335 
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Acid chlorides react with Vaska's complex to give acyl derivatives, alkyl dcriva- 
tives, or alkencs, depending o n  t h c  structure of the acid chloride and the reaction 
conditions (Table 9)3"6. Although the dissociation energy for the acyl-iridium bond is 
relatively high"' (greater than that of the alkyl-iridium bond), alkyl or aryl 
migration takes place readily. Once an alkyl iridium complex is obtained, p- 
elimination to give an alkene may occur. 

At moderate temperatures, benzoyl and phenylacetyl chlorides give the train acyl 
complexcs, which rearrangc to t h e  phenyl and benzyl iridium complexcs on 

. T h e  rcaction is sensitive to the phosphine or arsine ligands, L, and the 
acid chloride. When the ligand is triphenylphosphine, benzoyl chloride will not react 

warmi ng338-340 

r 1 1 r 1 

at a temperature below that at which rearrangement to the phenyl derivative is 
p r e ~ e n t e d ~ ~ " . ~ ~ " .  With stronger ligand donors [PPh,Me, P(p-CH,ChH,),, AsPh,] the 
acyl complex can be isolated. When the carbonyl ligand is replaced by nitrogen in 
Vaska's complex, a 16-electron acyl product is obtained, which rcarranges rapidly to 
the 18-electron aryl or  alkyl complex. The intermcdiate acyl complex cannot bc 
isolated, however, in reactions with most aromatic acid chlorides338. 

R = Ar, ArCH2 

In reactions with phenylacetyl chloride and its derivatives, thc acyl complex is 
readily isolated, and the benzyl migration can he Elcctron-releasing 
substituents promote the migration, and thus for the series ArCH2, p- 
MeOC6H4CH,> p-CH3CGH4CH2 > C,H,CH,> p-NO2CeHUCH2 >> ChF5CH2 (p = 
0.30) 

The  reaction of aliphatic acid chlorides with Vaska's complex gives an acyl 
complcx. Alkyl migration can occur, and if the alkyl group possesses a @-hydrogen, 
elimination to yield an olcfin can take place34". Chlorotris(dimcthylpheny1phos- 
phine)iridium adds aliphatic acid chlorides to give the acyl derivative2"". Acyl to alkyl 
rearrangement takes place i:: solution giving an cquilibrium mixture favouring thc 
alkyl complex34'. The  alkyl complex obtained from branched-chain acid chlorides 
ultimately undergoes isomerization to a straight-chain isomer through a series of 
@-elimination, rcaddition r c a ~ t i o n s ~ ~ ~ . ~ ' ~ .  

X = CI, Br 

Methyl chloroform ate"^, fluorinarcd acid chlorides34S, and acid anhydrides"* 
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TABLE 9. Acyl iridium cornplcxes 

R X L Ref. 

Me Br PEt,Ph 306,307 
CI 306,307 
1 307 
CI PPhg 338 
I ,  Br PMe,Ph, FiMc,, AsMe,Ph 307 

EL Pr", Pr', n-C5HI I C1, Br PEt,Ph 306 
cyclopropyl CI PMePh, 338 
cyclopropyl CI PPh, 347 
CF73H3-n CI PMePh, 345 
PhCI-1, CI PMrPh, 338 
PhCH, CI, Br PPh, 338 
Ph CI PMcPh2, F(p-CH,C,H,)3, AsPh, 338 
YCd% c1 PMePh, 338 

(Y = p-OCH,, p-N02,  i t t  -Me, o-Me) 

Me, Et, CMe(CH2),o, CI PPh,Me 338 
cydopropyl ,  cyclobutyl, PhCI-I,, 
CH,=CH 
CFnH3-, CI PPh,Me 345 

p-YGHdCH2 CI PPh, 339 

C'Fs PPh, 339 

(n = 1-3) 

(Y = OCH3, CH,, H, NO,) 

Ph PPh,Me 338 
Y - C A  PPh2Me 338 
(Y = m-Me, p-OMe, p-NO,) 

K X L Complex Ref. 

Mc, Pr". Pr' CI PMe2Ph bCI,(COR)(L), 286 

MeO, EtO, PhO 
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TABLE 9. ctd. 

R X L Complcx Ref. 

2.2,3,3-rctrafluorosuccinic 
anhydride 

oxidatively add to Vaska’s complex, all giving the expected acyl-type 18-electron 
complex. Addition of acid chlorides to the iridium dimer [IrCI(CO)(cod),], appar- 
ently produces the dimeric acyl complex, which cannot be isolated, but undergoes 
alkyl or aryl migration 346. 

R =  Me, Et,  Pr‘, Ph 

iv. Iron. The zero-valent dR-iron carbonyl, iron pentacarbonyl, and the q5-cyclo- 
pentadienyldicarbonyl iron anion, as well as t h e  d I ”  iron tetracarbonyl dianion, and 
their derivatives all react with a variety of organic halides to give a-carbon-iron 
complexcs that are synthetically useful. These d X  and d”’ complexes are all 18-electron 
complcys,  yet  they are reactive, the anionic complexes reacting without becoming 
unsaturated by loss of a ligand. 

Iror; pentacarbonyl reacts with perlluoroalkyl iodides to give the d X  alkyl iron(I1) 
complex, which loses carbon monoxide o n  heating to give the iodide-bridged 
dimer3J8. Alkyl halides containing sp3-hybridized 0-carbon atom bearing hydrogen 
tend to yield products of 0-elimination. The reaction of ally1 iodides with iron 
pentacarbonyl give the q3-allyl cornplexcs3JJ”. Neither ally1 chloridc nor bromide 
reacts, at least at temperaturcs below 40 “C. Irradiation is necessary to eject carbon 
monoxide, giving a coordinatively unsaturatcd complex which undergoes the oxida- 
tive addition reaction”s”. Thus, in many reactions with iron carbonyl, it is necessary 
to produce the tetracarbonyl before i t  will react. 

R,I + [Fe(CO)S] - [FeI(Rr)(CO)J] $[FeI(Rr)(CO),],+ CO (151) 

[Fe(CO)s] + CH?=CHCH?X ---+ [FeX(q”-allyl)(CO),] (152) 

X = I; hv necessary for X = Br, C1 
The reaction of 4-chlorobut-2-enol gives an acyl product resulting from an 

oxidative addition””’. Loss of CO also is necessary for the reaction of iron carbonyl 
with vinyl epoxidcs””.””. 
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(two isomers, syn- and atzri-v3-Fe) 

Diironnonacarbonyl, however, reacts with ally1 halides at 60 “C to give the 
q R - ~ o m p l ~ ~ 3 s 3 ,  and with pcntafluorobenzyl bromide to yield the dibcnzyliron com- 
p l e ~ ~ ’ ~ .  If  benzyl bromide is uscd in place of the perfluorophenyl 

R‘CH=C(R2)CH2X + fFe,(CO),] c‘’’6 > [FeXC-q 3- 1 -R1-2-R’-allyl)(C0)3] 
60 “C 

+ [Fc(CO),J+ CO (155) 

R’ R’ X 
H H CI, Br, I 
Me H CI, Br, I 
COzMc H Br 
Br H Br 
H 9 r  Br 

analogue, the oxidative addition product is unstable, yielding dibenzyl ketone. 

C C F K H , ~ ~ ~  + [Fe,(CO),I - [Fe(C6H5CH2MCO),I (156) 

T h e  slow addition of iodinc to iron pentacarbonyl in trifluoroacetic anhydride 
yields ovcrall the product of oxidative addition of perfluoroacctyl iodide’”. 

f CFeI(C0)4(COCF3)1 (157) 

Bis(trimethy1phosphine)tricarbonyliron reacts with methyl iodide with loss of 
carbon monoxide to give thc mcthyl Thc  reaction of methyl iodide with 
pentakis(trimethylph0sphitc) iron gives the methyl iron cationic complex, but  the 
reaction with ethyl iodide yields only ethylcne and the iron hydride”’. Ally1 halides 
rcact to  give the q7-allyl cation, whilc thc reaction of benzyl iodide leads to bibenzyl 
and diiodotris(trirnethylph~sphitc)iron(lI)~~’. ‘Tetrakis(trimcthylphosphine)iron(O) 
givcs the neutral oxidative addition 

tcljco,,o 
CFe(CO),I+ I2 



9. Oxidative addition and reductive elimination 695 

r co 1 

+ Me1 - [Fe(Me)(L),]' 1.. (159) 
+ EtI --+ [Fe(Et)(L),].'I- --+ [FcH(L),]'I- +CH2 = CH2 (160) 

L = P(OMe), 

X=Br,  I 
The disodium tetracarbonyl fcrrate ' s u p e r n u ~ l e o p l i i l e ' ~ ~ ~  is the most nucleophilic 

transition metal complex known. A compariscn of !he nucleophilicity of this complex 
with those of other complexes and nucleophiles by Pcarson's nucleophilicity paramc- 
ter'"" reveals that it is thirtcen orders of magnitudc more nucleophilic than the 
cobalttctracarbonyl anion (Table 10) .  The rcactivity of the nucleophile is sensitive to 
the reaction solvent; solvents such as nmp, dmf and hmpa, which solvate the cations, 
yield solvent-separated ion pairs that produce a nucleophile of highcr rcactivity361. 

(162) 

This 'supernucleophile' rcacts rapidly with organic halides to give the oxidative 
addition product3". Alkyl halides and tosylatcs can be coupled to give  ketone^^^^.^'^ 
and converted to a l d e h y d ~ s ~ " ~  carboxylic estcrs, acids, or amide~'"~.  The  oxidativc 
addition reaction is limited to primary and secondary halidcs, sincc tertiary halides 
undergo elimination. Acid halides react to form the acyl product3"".""", but when the 
acid halide is a perfluoroacid halide, decarbonylation occurs as well as double 
acylation to give the bisperfluoroal!<ylirontetracarbonyl'jx. 

[Fe(PMc,),] + MeX - [FeX(Me)(PMe,),] (161) 

[Fe(Na' : S :)2(CO).:-] Na' + Fe[Na' : S :)(CO)zt'-] 

c 
IFe(RddCOh1 

In  thc synthesis of ketones by succcssive additions of alkyl halides, the neutral 
dialkyl iron complex is not obtained, and the acyl-alkyl intermediate cannot bc 

TABLE 10. Nucleopliilicity parameters for transition metal complexes 

Compound 11 = t o g ( T )  k, ,  (' Solvent 
h l C O l  I 

~~ ~ 

Na2[ Fe(CO),] 16.7 
Na[FeCp(CO),] 1s 
Vitamin B,,o, 14.4 
PIC- 9 
r Co(CO),l- 3.5 

nmp 
glyme 
MeOM 
McOH 
Glyme 

" k, = ra!c constittit for thc  reactiotl of the nuclcopliilc with Mcl: kMCo,, = rarc 
constiint f o r  tile reaction of methanol with MeIZ"'. 
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detected3"'. The question of whether alkyl migration ( c o  insertion) takes place 
before a second oxidative addition occurs is unsettled. Note in this series of oxidative 
addition reactions, the d"' supernucleophile is oxidized first to  a d 8  iron(0) anion, 

which in turn is oxidized to a d" acyl iron(l1) complex. All complexes except the 
16-electron d s  acyl iron(0) anion are coordinatively saturated. Added triphenyl- 
phosphine causes the alkyl rearrangement to the 18-electron complex, which also 
yields ketone on reaction with more alkyl halidc. 

An acyl-alkyl intermediate has been isolated, however. Reaction of 1,3- 
dibromopropane with disodium tetracarbonylferrate in the presence of triphenyl- 
phosphine yields a stable rne ta l lo~ycle~"~.  When the organic halide is a primary 

bromide containing an  allene function, unsaturated ketones ultimately can be ob- 
tained3". 

[Fe(CO)4]*- +CH2=C=CHCH2CH2Br -+ [Fe(CH2CH2CH=C=CH2(C0)4]- 

c 

1 
0 
II 

CH2 

T h e  mechanism of the oxidative addition reaction of the iron dianion clearly 
involves a nucleophilic displacement reaction at carbon"'. Reaction with (S)-2-octyl 
tosylate gave an alkyl derivative that underwent insertion of carbon monoxide with 
retention of configuration at carbon. A Bacyer-Villiger oxidation, also proceeding 
with retcntion at carbon, gave the acetatc in 99% ee of the oppositc configurat,ion as 
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the starting tosylate. Thus, inversion of configuration at carbon takes place in the 
oxidative addition. 

Me\ / C6H18 

H/C%,,,oAc 

T h c  reaction overall is second order, first order cach in halide and iron complcx'6'. 
The  reaction also shows a large ncgative entropy of activation ( -39+5eu)  and a 
small enthalpy of activation, charactcristic of an SN2 reaction. The substrate reac- 
tivitics, Me > RCH2> (Et2CHCH2> R R C H  > Me3CCH2 >> adamantyl bromide (no 
reaction) and I > Br> OTs >> CI also are characteristic of classic nucleophilic displacc- 
ment reactions. 

The  oxidative addition reactions of other carbonyl anions, especially the q5- 
cyclopentadienyldicarbonyl iron anion, Fp-, have been r e ~ i c w e d ~ " ~ - * ~ ~ ~ ' ~ " ,  and the 
many organoiron derivatives have bccn t a b ~ l a t e d ~ ~ ' ~ . ~ " ~ .  Of the  q'-cyclopentadicnyl 
mctal carbonyl anions, this iron complex is the most nueleophilic, being about 2 x lo7 
more nucleophilic than [CrCp(CO)3]-37'. Alkyl halides react readily'72-"7s , as do 
a , o - d i h a l i d e ~ ~ ~ " .  Reaction with chloroiodomcthane results in selection of the more 
reactive iodide, giving the chloromethyl d ~ r i v a t i v e ' ~ ~ .  Although 2-adamantyl 
bromide reacts, 1-adamantyl bromide will not, a s  e~pectcd '~ ' .  T h e  reaction of 
propynyl bromide, originally reported to give the a-acetylene complcx, gives the 
a-allene complex23', and other bishalomethyl acetylencs are reporicd to givc ordi- 
nary displaccment produ~ts'~"."~'. Benzyl-type halides also oxidatively add380.382. 

R X + F p  - FpR+X- ( 169) 

(170) 
Br,CI 

Br(CH,),Br + Fp- - Fp(CH2),, Fp  
n = 3, 4, 5, 6 

Fp- + HC=CCH2Br - FpCH=C=CH2 + Br-. (171) 

Fp- + XCH,C+CCH,X F p C H 2 G C C H 2 F p  (172) 
X 7 CI, OS02Ph 

A large number of other iron(1I) alkyl derivatives have been synthesized by this 
~ e a c t i o n ' ' ~ - ~ ~ ~  , and in a numbcr of cases the alkyl groups contain other functionality. 
T h e  reaction with N,N-dimethyl-2-chloroethylamine yields a n  acyl complex as a 
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result of the nitrogen ligand inducing rearrangement (co insertion)3RG. 
Bromoacetone dimethyl ketal gives the usual substitution product plus a vinyl 
ether"*', and ethyl-B-bromopyruvatc diethylketal gives a stablc iron complex in 63% 
yield3**. 

BrCHzC(0Mc)~Me 
FpCHK(0Me)zMe + FpCHZC(0Me) =CH2 Fp- 

B~CH>C(OE~).COZEI 

CICH2CH2NMe2 

FpCHzC(0Et)zCOzEt 9 
[ F ~ C H Z C H Z N M ~ ~ ]  

1 
co 
I 

Cp-Fe t N M e 2  

0 Ad 
Ally1 halides give t h e  a-ally1 (Table 11); loss of carbon monoxide 

by photolysis yields the q "-ally1 The cyclic ally1 chloride 2,3- 

dichlorocyclobutene (dccb) gives a ring-opened product instead of the 
tion prOdUCt394-3':r' 

dccb + Fp- -FpCH=CHCH=CHFp 

usual substitu- 

(176) 

Vinyl  chloride^^"^^^' and  fluoride^^^)^)^'^^ give vinyl iron compounds. The 
reaction products show the characteristic of riucleophilic addition to the double bond 
followed by anion elimination. Te t ra f l~oroe thylene~~~) ,  perfl~orobutadiene~"', 
perfl~orocyclopentenc~~", and ethyl perfluoromethacrylateJ"' react by replacement of 
a vinyl fluoride. An iron-bridged dimcr is obtained in a reaction with 1,l-dicyano-2- 
c l i i o r ~ e t h e n e ~ ~ ~ .  

Fp- + RCH=CHX - [FpCH(X)CHR]- ---+ FpCH=CHR (177) 
R = MeCO, PhCO 

Perfluoromethyl allcnes undergo displacement of fluorine with an allylic-type 

(179) 

rcarrangementJO'.JO". 
-7O0C 

FP- + (CFAC=c(CF& - CFpC{=C(CF,),}C(=CF,)CF,I 
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TABLE 21.  a-allyl-Fp complcxcs 

Structure Subst it uents Rcf. 

R, R2 R3 R'l 

F p 4 ' '  

n = 1 , 2 , 3 , 4 ,  -CH=CH- 

H 
Me 
H 
H 
M 
H 
H 
H 
H 
Me 
Me 
H 
M 
H 

H 
H 
Me 
H 
Me 
H 
H 
D 
H 
H 
D 
M 
OMe 
Me,Si 

H 
H 
H 
Me 
Me 
Ph 
H 
D 
H 
I-1 
D 
OMe 
H 
H 

H 339 

H 391 
H 391, 392 
H 391 
H 391 
Me 391 
H 391 
D 391 
D 391 
H 391 
H 391 
H 391 
H 393 

H 390-392 

39 1 

Reaction of [FcCp(CO),]- with aryl halides gives low yields of Hexa- 
fluorobenzene and other polyfluorinated aromatics give higher yields of aryl com- 
plexes407.408 . T h e  reaction with pcrfluorotoluene gives the p-trifluoromethyl product 
from reaction at  an aryl fluorine rather than a benzyl. 

Acid chlorides give stable acyl p r o d u c ~ ' ~ ~  97A~17x.4n94'4 (Table 12). The reaction 
with the I-adamantyl acid chloride followed by decarbonylation is the only method 
of preparation of the 1 -adamantyl iron derivative378. 

Fp- + RCOCl - FpCOR (181) 
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TABLE 12. Acy! derivatives 

Structure R Refcrcnce 

FpCOR Mc 
Et 
Pr" 
Cl(CHz)3 
CF, 
(-)PhCH(Mc) 
PI1 
PhCH=CN 
cyclopropyl 

1 ,2-Phz-cyclopropen-3-yl 

314,410,411 
409 
410 
41 1 
4 10" 
412 
374 
374 
347 

378 

413 

414 

41 1 

41 1 

" From reaction with (CF,CO)?O. 

The [ F e c ~ ( C o ) ~ ] -  nucleophile also couples with the cyclopropene cation and 
opens up epoxides stereospecifically. 

'OH 

An 18-electron anionic dX iron(0) complex containing a o-rncthyl group and 
phosphine ligands in place of the cyclopentadicnyl ligand adds methyl iodide under 
mild conditions to give a complcx whose structure has been shown by n.rn.r to have 
cis-methyl and fratis-ph~sphines~". T h c  reaction of q'-cyclopcntadienyl (dppe) iron 

anion (as the magnesium bromide salt) with alkyl halides yields mostly alkane 
products and low yields of alkyl phosphines4". When the alkyl halide is 6-bromohex- 
1-ene only cyclized products, methyl cyclopentane, and the cyclopentylmethyl iron 
complcx arc obtained, indicating a radical mcchanism. 

The  stereochcmistry of the rcaction of [FeCp(CO),]- with alkyl halides and 
sulphonates has bcen demonstrated in a number of cases to proceed with inversion of 
configuration at carbon. T h e  reaction of errhro-l,2-dideuterioneohexy1 brosylate 
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produced thc threo product with greater than 95% nct inversion of configuration, as 
determined by the 'H n.m.r. coupling  constant^^'^.^"'. The same results were ob- 
tained when the threo isomer was employed or with the bromide instead of the 
b r o ~ y l a t e ~ ~ " .  Similarly, tlireo-1,2-dideuterio-2-phenylcthyl tosylate alkylatcs 

H&;+Fp- D 4;$H X=Br,  -0S02C6H4Br (1  85) 

X FP 
erythro threo 

[FeCp(CO),]' to give the erythro p r ~ d u c t ~ * ' . ~ ~ ~ -  Both cis and truns-4- 
methylcyclohexyl benzenesulphonate react with inversion, the stcreochemical assign- 
ments being determined by the chemical shifts of the cis-and trans-methyl groups at 
low t e m p e r a t ~ r c ~ ~ ~ .  C h i d  2-bromobutane also undergoes this reaction with ca. 75% 

net inversion of configuration at Thc stereochemistry of the  oxidative 
addition was determined from the  2-methylbutyric acid obtained via a carbon 
monoxide 'insertion' (retention)-oxidation s e ~ l u e n c c ~ ~ ~ .  

MeCHzCH(Br)Me + Fp- - [FpBu'] [Fe(COBu")(CO)(PPh~)(Cp)I 
PPh3 

C12. H 2 0  (187) I 
McCH,& C02H)  Me 

The mechanistic course of this reaction is scnsitivc to the  halide (bromide or 
iodide) and possibly to t h e  structurc of the organic group. T h e  products of reaction 
of cyclopropyl carbinyl iodide and bromide are different. Whereas t h e  bromide gave 
an unrearrangcd product of nucleophilic displacement, the iodide Zave appreciable 
amounts of ring-opened compound, indicative of an clectron transfcr proccss and ii 
cyclopropyl carbinyl In gcncral, alkyl iodides and benzyl bromide give 
c.s.r. signals in reactions with [FeCp(CO),] -, whcrcas alkyl bromides and chlorides 
do not. This  information does not  nccessarily mean, however, that the major 
pathway lcading to product is a radical. 

cyclopropyl-CH,X + Fp- - cyclopropyl-CH,Fp + CIHz=CHCI-12CHzFp 
(188) 

X = B r  

A number of relatcd reactions of various iron complexes havc bcen reported. T h e  
cyclopentadienyldicarbonyliron dimer reacts with activated vinyl iodides to give the 
same products as would be obtained with thc monomeric anion. These one-electron 
changes probably take place by a radical p r o c c ~ s ~ ~ ~ ~ ~ ' ~ ' .  Certain amine iron complcxes 
containing four  coordinating ligands undergo oxidative addition reactions with 

CFeCp(C0),I2 + RCH=CHI - FpCH=CHR (189) 

R = ArCO, R'OCO 



- rn - 

a><im +RX 4 [Fe(C22HnN4)X] + [ F ~ ( C Z Z H ~ ~ N ~ ) R I  (190) 

L AA - RX=Mel, EtI, PhCH2Br 

The  anion reacts with nlkyl iodides and acid chlorides to give the alkyl and acyl 
complexes, r e ~ p e c t i v e \ y ~ " ~ - ~ ~ "  . Methyl and ethyl ruthenium3'" as well as propiony14"' 
and t r i f l u o r o a c ~ t y l ~ ~ ~  derivatives have been prepared. A number of perfluoro olefins 
and pcrfluoro aromatics also react'". 

(192) 
+ RI [RuCp(R)(CO)z] 
+ RCOCI [RuCp(COR)(C0)2] 

A vinyl fluorine is displaced in the fluoro olcfins. Displaccnient of fluorine in an 
aromatic ring occurs in a position activated towards nucleophilic displacement. 

f + CF2=CFCF3 - [RuCp(CO),((E)-CF=C(CH,)F}] 
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vi. Osmium. Two osmium carbonyl anions, [OS(CO),]~-- (d“)) and [HOs(CO),]- 
(d’), undergo oxidative addition reactions with alkyl compounds containing halogen 
or other leaving groups. Methyl bromide and iodide react with [HOs(CO),]- to give 
three p r o d u ~ t s ~ ~ ’ . ~ ~ ~ .  The cis-hydridomethyl osmium compound was not obtained 
pure, since it is unstable, eliminating methane at room temperature. The other two 
products are obtained from subsequent reactions of the hydride. A more satisfactory 
synthesis of the hydrido alkyl osmium complexes is through the displacement of 
fluorosulphonate  group^^^."^^. In the displacement reaction of tosylates, deprotona- 
tion of the hydrido methyl product followed by reaction with more alkyl tosylate also 

co 
+CH4 

co 
gives the dimethyl osmium complex. Fluorosulphonates react rapidly, consuming all 
of the anion and preventing the formation of [ROs(CO),]-. Disodium 
t e t r a c a r b o n y l o ~ r n i u m ~ ~ ~ ~ ~  is a more powerful nucleophile, reacting even with methyl 

L J 

R=CD3, Me, GF2 

~ h l o r i d e ~ ~ ~ . ~ ~ ~ .  Methyl and ethyl iodide436 and t o s y l a t e ~ ~ ~ ~ . ~ ” ’  also yield the cis-dialkyl 

R = M e ,  Et 
X=CI, I, OTS 

d. Oxidative addition 10 Group VIB and VIIB complexes 
i. Manganese and rhenium. Most of the oxidative addition chemistry of 

the manganese triad is that of the dX anions, particularly the pentacarbonyl 
. The pentacarbonyl anion of rhenium is more nucleophilic than -03-2n6.37o anions- 

that of manganese3”. 
Primary alkyl halides react with the manganese pentacarbonyl anion to yield the 

d“, alkylpentacarbonylmanganese(T), 1 8-electron c o i n p l e ~ e s ~ ~ ~ ’ ~ ’ ~ ~ ~ .  

RX + [M~I (CO)~]  --+ [MnR(CO),] + I- (198) 

X = I; R = Me, Et, Pr” 

X = S0,Me; R = Me 
X = C1; R = PhCH2 
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XRX+ 2[Mn(CO),]- ---+ [(C0)5MnRMn(CO)sI (199) 
X =  Br; R=(CH2)3, (CH2)&H(Me) 

The same type of reaction takcs place with t h c  manganese anion in which a carbonyl 
has been replaced with p h o ~ p h i n e ~ ' . " " ~ .  Other functional groups in the organohalidc 
can be t o l ~ r a t e d ' " ~ . ~ " ~ ~ ~ "  , including acetylcnic alcoholsa3 and T h e  presence 
of an aminc group in t h e  organic reactant can lead to rearrangement from the alkyl 
to acyl species'"". 

[Mn(CO)S]- + ClCHzC=C(CH2),,C(OH)RR - [Mn(CO),{CHzC=C(CH2),,C(OH)RR'}] (200) 

R = H, Me; R' = H, Me, Ph; i i  = 0, 1 

[MII(CO)~]- + C1CH2O2CBu' ---+ [Mn(C0),(CH2O2CBu'] (201) 

The reactions of perfluoroalkyl iodides generally produce the  manganese iodide 
and thc fluorocarbon portion decomposes by coupling or  by @-elimination of 
f l ~ o r i d e ~ " " ~ ~ ~  . Consequently, the perfluoroalkyl manganese dcrivatives usually are 
obtained by decarbonylation of the acyl dcrivatives (see below). The alkyl derivatives 
[RMn(CO),], whcre R is a sccondarv or tertiary organic group, appear to de 
unstable, yielding hydrocarbons and dimanganese deca~arbonyl"~~.  Tropyllium 
bromide, for examplc, undergoes this coupling reaction. 

( 2 0 3  
+ CF31 ---+ [MnI(C0)5] + ;CF3CE 

rMn(cO)sl-{ + CzF51 - [MnI(CO),] t- CF2=CF2 + F . 

Ally1 halidcs give a cT-ally1 derivativc, although heating under vacuum induces loss 
of carbon monoxide and gcnzrates the n-ally1 complex2w9.4J7-9 . Perfluoroallyl 
chloride gives a  product^^^) in which a rearrangement of the double bond has taken 
place to give the (E)-vinyl derivative"". 

Oxidative addition of vinyl halidcs occurs in  a number of cases in which a 
stabilizcd intermediate anion from thc addition to thc double bond r ~ s u l t s " ~ ~ ~ ~ ~ ~ .  In 

[Mn(CO),]- + R2CH=C(R')CH2Cl - 
[ Mn(CO),{CH2C( R)=CH*R2}] 

R'  
H 
- R' 

H 
- 

H Me 
H CI 
Me H (20:SO Z:E) 
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+ CICX=C(CN), - [Mn(C0)5{C(C1)(X)C(CN)7)] ---+ - [(CO),MnCX=C(CN),] 

these examples, the reaction appears to proceed by addition-elimination. O n  thc 
othcr hand, CY -chloroenamines react to yield thc acyl manganese complex454. 

r 0 1 

Acid chlorides react to give an  acyl derivative (Table 13) and, because decarbony- 
lation occurs undcr rclativcly mild conditions, this is often the method of choice for 
the synthesis of the alkyl complexes. The case with which decarbonylation occurs 
follows the order [Co(OCR)(CO),] > [Mn(OCR)(CO),] > [(Re(COR)(CO),] = 
[Mo(COR)Cp(CO),] > [FeCp(COR)(CO),] > [WCp(COR)(CO),]"'". The acylation 

TABLE 13. Acylation of [Mn(CO),]- and subsequent decarbonylation 

Me 
Et 
Pr' 
ClCH,CH, 
C,H,M(CO), (M = Mn, Re) 

CH,CO 
Ph 
EtO 
XCH, (X=CI, F) 

CI(CH,), 

H(CFJ2 
Rf 
(R, = CF3, i-C3F,, tl-C3F7, CI(CF,),, 

(-33 

CF," 

H(CF,),, CF,=CFCF,) 

Me" 

455 
373,455 
455 
456 
457 
440 
458 
455 
459 
460 
445 
208 

440 
441 
441 

" Complexes of the types MnCOKCOMn or MnRMn are formed. 
" Kcaction with [Mn(CO)d{P(C6111 ,h}] 
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reaction proceeds readily at ambient temperature and decarbonylation can be 
achieved at  80-100 "C. 

[Mn(CO),]- + RCOCl - [Mn(COR)(CO)J [RMn(CO),] (207) 

The reaction of varous alkyl halides with the manganese pentacarbonyl anion and 
its monophosphine substituted derivative follows a second-order rate The 
order of reactivities for [M~I(CO)~L] is L = PMe2Ph > PPh3 > P(OPh)3 > CO (an order 
expected on the basis of nucleophilicity) and PhCH2Br > CH,=CHCH,Br > 
PhCH2CI > CH,=CHCH,CI. The rates are rcduced significantly on the addition of 
certain complexing agents such as hmpa or  crown ethers to the thf solvent. This 
reduction in rate has been attributed to a larger negative entropy of activation in the 
transition state. 

The stereochemistry of the reaction proceeds with inversion of configuration at the 
carbon bearing the halide. Two different tests have been utilized. Chiral 1- 
phenylethyl bromide reacts with [Mn(CO),]- to give the corresponding derivatives 
containing a manganese-carbon ~ r - b o n d ~ ~ ~ .  Treatment with triphenylphosphine 
causes an alkyl-acyl rearrangement, which is reasonably presumed to occur with 
retention of configuration at  carbon. Subsequent cleavage to thc acid gave a chiral 
acid in which overall inversion in the oxidative addition step had occurred. Also, 
reaction of [Mn(CO),(PEt3)]- with erythro-1,2-dideuterio-l-phenylethyl tosylate 
gave the threo-alkyl mangancse Radical intermediates do not play an 
important role in these reactions425. 

PhzH(Me)Br + [Mn(CO)J 5 [Mn(CO)s{CH(Me)Ph)] 

> [Mn(CO)4(PPh3){COCH(Me)Ph}] > PhEH(Me)CO,H (208) 
PPhp 

The rhcniumpentacarbonyl anion undergoes reactions with organic halides similar 
to those of the manganesepentacarbonyl anion. Alkyl  halide^^'^.^^ and the cyclohep- 
tatriene 

(210) 

react to give the u-rhenium products. 

RX + [Rc(CO),]- - [ReR(C0)5] 

R X 
Me I 
Et  I 
PhCH2 CI 
GH, BF4- 

The latter type of complex represents the first q'-cycloheptatriene derivative of a 
transition metal. 
The d6 bis(q5-cyclopcntadienyl)rhenium(I) anion reacts with alkyl halides in the 

presence of pentamethyldiethylene triamine to give the monoalkyl rhenium(II1) 
u - c o r n p l e ~ ~ ~ ~ .  Alkylation alsc is achieved using methyl t ~ s y l a t e ~ " ~ .  Addition of a 
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second equivalent of methyl iodide followed by the addition of a soft anion yields the 
d2 dimethylrhenium(V) cation4"". 

CReCp21-Li' + RX - [ReRCp,] 

X=Br; R = E t ,  Pr", CH=CHCH2 
X=CI; R = M e  
X=OTs; R = M e  

The bis(q'-cyclopentadieny1)rhenium hydride also reacts with methyl iodide and ally1 
bromide to yield the d4 methylrhenium(II1) derivative and a rhenium(II1) olefin 
complex, respectiveI4"". 

- 1 -  -.HI 
+Me1 - [ReHCp2(Me)].' - Cp2Re-Me 

+ CH,=CHCH2Br ' [ReHCp,(CH2CH=CH2)]-PF6- (2 13) 
PF0- 

--+ [ReCp2(q 2-CH2=CHMe)]'PF6- 

Rhenium pentacarbonyl anion reacts with perfluoro olefins, allenes, and 
acetylenes, some of the reactions occurring with the same patterns as exhibited by 

+CF3C=CCF3 - [Re(CO)s[C(CR)=C=CF21+ 

+ CFz= CFCF=CFz --+ [Re(CO),(E-CF=CFCF==CF2)] (2 14) 

+(CF~)~C=C=C(CF~)Z ---+ [R~I(CO)S[C[=C(CF~);?IC(CF~)=CFZ] 

the manganese pentacarbonyl aniona0'b40G.467 . The reaction with an a-chloroenamine 
yields an acyl complex, but with different bonding at the enamine end of the organic 
ligand4s4. 

0 1 

The reaction of rhenium pentacarbonyl anion with acid chlorides yields acyl 
derivatives that also can be decarbonylated by heat or irradiation (Tabfe 14). 

-co 
[Re(C0)5]- + RCOCI - [Re(COR)(C0)51 - [ReR(CO)J (216) 
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TABLE 14. Acylation of [Re(CO),]- and subsequent decar- 
bonyla t ion 

R 
[Re(COR)(CO)-J CRcR(CO),l Ref. 

ii. Chromium, rnolybderium, and tungsten. Within the series of anionic complexes 
of the general formula [MCp(C0)3]--, the order of nucleophilicity is W > M o >  
Cr2"3-206; thc anionic complexes of the type [M(CO),CN]- show very poor nucleo- 
phili~ity'~'. Undoubtedly the difficulty or  inability of the anions in this triad of the 
general formula [MCP(CO)~]- to  react with certain halides, particularly those which 
are reluctant to undergo nucleophilic substitution (vinyl and aryl, for example), is due 
to the poor nucleophilicity of these anions. The chromium complex displaces iodide 
from methyl and ethyl iodide giving a stable o - ~ o m p l e x ~ ~ ~ ~ ' ~ ~ .  Acctylide derivatives 
also have been obtained by this reaction4"*. 

[CrCp(CO),]- -t RX - [CrCp(CO)3R] + X- (217) 

R = McI, EtI, P h G C B r  

bony1 chromium anion containing a bidentate nitrogen ligand4"'. 
An  q3-allyl chromium complex can be obtained from the reaction of a halotricar- 

n 
NN = bipy o r  phen 

Chromium(I1) salts reduce organic halides to the corrcsponding hydrocarbon 
derivative; in somc cxamples coupling products are obtainedA7". Benzyl chromium 
derivatives can be isolated from the reaction of chromium perchlorate and benzyl 
halides in aqueous m ~ d i u m ~ ~ ' . ~ ~ ~ ,  and these benzyl derivatives react to give the 
reduced product. The  mechanism of this reaction has been demonstrated to 
proceed by a one-electron inner sphere reduction47347s . The relative rates of 
reduction of organic halides, tertiary> secondary > primary and I > Br > CI, as well 
as the observation that cyclopropylcarbinyl chloride gives only but-1-ene and that 
6-bromohex-1-ene produces a mixture of hex-1-ene and the cyclized product, 
methylcyclopentane, supports the mechanism 

(2 19) PhCH2X + Cr" - [C~ '" (CH~P~)(HZO)~]~~~CIO~-  

X=Cl,  Br, I 
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A complex of chromium(I1) and a macrocyclic ligand containing four nitrogcns 
yiclds alkyl chromium(TI1) products from reactions with alkyl halidcs in aqueous 
soiven ts476. 

+ 

+Fa --* 

= MeI, EtBr,  EtI, Pr'Br, Pr' I, cyclo-C&Br, cyclo-C,H,,Br, Bu'Br, 1-adamantyl-Br 

A large number of neutral complexes containing a molybdenum-carbon bond, 
most of which a re  q3, have been synthesized. Alkyl halides react with the q5- 
cyclopentadienylmolybdenum(0) anion to give the molybdenum(I1) a-complexes in 

, and methylene halides a re  metallated at only one of the two 
halogens477. This reaction with benzyl halides produces the a-benzyl-type complex 

high yield372.384-3R6 

[MoCp(CO),]- + RI - [MoCp(CO),(R)] (223) 

R=Me,  Et, Pr', CICH2, ICH2 

that goes to the .rr-benzyl species on i r ~ a d i a t i o n ~ ~ ' . ~ ~ ~ ~ ~ ~ )  . T h e  X-ray structure shows 
an alteration of the carbon-arbon bond distance in the benzene ring, characteristic 
of a non-aromatic alternating single-double bond structure with frozen suprafacial 
bonding479. In solution, t h e  structure of this type of complex reveals that molyb- 
denum has access to  all fou r  positions (edge and face combinations) for bonding t o  
the benzyl group, demonstrating that both suprafacial and antrafacial shifts take 
place. T h e  mechanism for the antarafacial shift includcd the generation 
of the short lived (undected) 16-electron a-bonded benzyl intermediate that under- 
goes rapid 180" rotation of the phenyl ring t o  place molybdenum on the opposite 
face, then reverting to the n-benzyl structure capable of rapid suprafacial jumps. 

M = [MoCp(CO)z] 
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Allyl halides also give thc o-ally1 product, which loses carbon monoxide in uucuo o r  

on irradiation to generate the n-ally1 p r o d ~ c t ~ ~ ' . ~ ~ ~ .  This type of complex also is 
formed from the indenyl molybdenum Other anionic molybdenum 
complexes containing ligands other than cyclopentadienyl (0-diketonate and halide) 
rcact rapidly with allyl halides under mild c o n d i t i ~ n s ~ ~ ~ ' ~ ~ ~ .  

h4N = bipy o r  phen; 
X = C I , B r , l  

Certain neutral 18-elcctron molybdenum(0) complexes also are  alkylated. T h e  
reaction of ci~-[Mo(CO)~(dmpe)~]  with various alkyl halides that forms only cis- 
[MoX(CO)2(dmpe)2]X and coupled product, R--R shows t h e  charactcristics of a 
radical chain m e ~ h a n i s m ~ " ~ ~ ~ '  . Allyl halides, however, react to give the q3-a11y1 
complexes, a wide variety of these complexes bcing prepared4XH.48". 

R-= H, Me; X = CI, Br, 1; 
NN = bipy, phen di(2-pyridy1)aminc 

When the allyl halide is triphenylcyclopropenyl bromide, both the  ~3-cyclobutenone 
and alkyl structures are obtained, probably by the reaction pathways 

Acetylenic"", a l l ~ n i c ~ ~ ' ,  and aryl4'" halides all rcact with ~'-cyclopenta- 
dienylmolybdcnumtricarbonyl anion. In the case of the allenic bromide, dimeriza- 
tion of the allcnc and carbon monoxide 'insertion' occur491. 
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1 - 

P h A F h  Ph 1 
..... . 

Br 

1 
Ph 

Ar= Ph, I-naphthyl 

R' R2 
H H 
H Mc 
Me H 

R' 

(230) 

Acyl derivatives, [MoCp(CO),(COR)], are difficult to obtain since decarbonylation 
occurs readily and only small amounts of this type of product are 
acyl complex can be obtained from pcrfluoroacid chlorides, which are difficult to 
decarbonylateJS3. 

R,COCl+ [MoCp(CO),].- - [MoCp(CO),(COR,)] (231) 

T h e  mechanism of the oxidative addition reaction of alkyl halides and their 
derivatives with [MoCp(CO),]- in most cases probably takes place by nuclcophilic 

The reaction is second order493, and t h e  reaction with thrco-1,2- 
dideuterio-2-t-butylethyl triflate gives the eryfhro organometallic2". 

The 

Bu' 

I 
OTf pO)3MoCP J 
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Oxidative addition reactions to d 4  molybdenum(I1) and d 2  molybdenum com- 
plexcs have been observed. Bi~(q~-cyclopentadenyl)molybdcnumcarbonyl yields the 
18-electron molybdenum(I1) and bis q5-cyclopentadienylmolybdenum di- 
hydride reacts with trifluoiomethyl fluorosulphonate to give 18-electron hexavalent 
d o  m01ybdenum~~~.  

[ M o C ~ ~ ( C O ) ]  + RX [MoC~~(R)(CO)]’ (233) 

(234) 

R = Me, CH2=CHCH2, MeOCH,, CH3C0,  CH2C02Me, CH2CN 

[MoH2Cpzl+ CF3SOBF - [MoH,Cp,(CF,)] ’ S03F- 

The  tungsten anion, [WCp(CO),]-, the most nucleophilic of the triad, oxidatively 
adds alkyl halides to give complexes containing metal-carbon cr-bonds that arc 
more stable than those in the chromium or molybdenum derivatives372.382.385.386.496. 
The  propensity to lose carbon monoxide on photolysis and convert the a-bond to a 
m-benzyl-typc c ~ r n p l c x ~ ~ ”  or  to ‘insert’ carbon monoxide into the c r - b ~ n d ~ ~ ”  forming 
an acyl complex is considerably diminished in the tungsten complexes as compared 
with molybdenum. 

RX + CWCP(CO)J [WCp(C0)3(RfI (235) 

Rx = MeJ, EtI, PhCSCBr,  MeSCH,CI, 2-pyridyl-CH2C1, 2-thienyl-CH2Br 

Reaction of an acetylenic bromide not only produces the expected organotungsten 
species, but also the tungsten dimer, [WCp(CO)3]/68. Reactive vinyl halides are 
metallatcd, probably by an addition to thc double bond to yield a stabilized anion 
followed by halide e l i m i n a t i ~ n ~ ~ ~ . ~ ” ’ .  

1 h 
1 

ROCCH=CHWCp(C0)3 

R = Me, Ph, P-BrC6Hj 
Acid chlorides give acyl complexcs which are gcnerally stable towards 
t i o n 4 n 9 . ~  1 o 

[WCp(CO),]- + RCOCl [WCp(CO),(COR)] 

1 [WCp(CO)3]- +ROCCH=CHCI _+ 

- 

(236) 

decarbonyla- 

(237) 

In reactions with alkyl tosylatcs, inversion of configuration at carbon is observed; 
again, a nucleophilic displacement rcaction appears to be the most likely 
r n c ~ h a n i s m ~ ~ ~ .  

Ph Ph 

OTs 
erythro 

Ally1 complexes of tungsten can be prepared by the oxidativc addition reactions of 



713 9. Oxidative addition and reductive elimination 

allyl halidcs to a variety of anionic or neutral complexes. In a rcaction with allyl 
iodidc, the acetonylacctonatc anion yields an 7'-ally1 product"". 

Anionic tungsten(0) complexes containing amine bidcntate ligands also give the 
q ~ a l l y l  species in  a reaction with ally1  halide^"^^.^^^. T h e  neutral tungsten analogues, 
(NN)W(CO), (N% = bipy or phen) do not  react with ally1 halides even in refluxing 

tetrahydrofuran. Replacement of o n e  carbonyl with pyridine increases the nuc- 
leophilicity enough t o  promote reaction with ally1 chloridc, although little rcaction 
takes place with metallyl 

A chloro-bridged anionic tungstcn dimer reacts with allyl chloride in acetonitrile to 
yield a monomeric r-ally1 c~rnplex"'~. Irradiation is required in order to promote the 

MeCN 
[(CO)3WC13W(CO)3]3- +CH;?=CHCHKl 

reaction of tungsten hexacarbonyl with allyl halides-!"'. Althoush allyl  bromide and 
iodidc give the expccted .rr-ally1 products, a dimer, [W2(CO)e(C3H7)C13], is obtained 
from the chloridc. 

[W(CO),] + CH2=CHCH2X - [WX(CO),(q '-allyl)] (243) 

X = H r ,  I 

The reactions of bis(~s-cyclopentadicnyl)molybdenum(lI) (carbonyl or  ethylcne) 
complexes with rcactive organic halides produces a n  oxidative addition product, a d2 ,  
18-electron tungsten(1V) cation, isolated as a hcxafluorophosphate salt"'". 

[WCp2(L)]i- R X  [WCpz(L)(R)]'PFL (244) 

L = CO; R = Me, CH2CH=CH2, C H 2 0 M e ,  COMe, CH2C02Me,  CH2CN 

L = C,H,; R = CH2-CH=CH2, CH2C02Me,  CHzCN 
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3. The early transition metals 

Reports of oxidative addition reactions of the early transition metals with organic 
halides are scarce. Most of the organometallic complexes containing a metal-carbon 
bond are obtained by a reaction of a transition metal halide derivative with a Group 
I or  I1 organometal, such as an organolithium or  a Grignard reagent. The low 
oxidation state and, in many complexes, the high degree of coordinative unsatura- 
tion, make the complexes highly reactive even toward reaction solvents. 

Vanadocene, a 15-electron paramagnetic complex, for example, reacts with or- 
ganic halides (benzyl chloride, ethyl bromide, methyl iodide) to give vanadocene 
halides, a 16-electron vanadium(II1) complex, and coupled product (e.g. biben~yl)'~". 
The  anionic ( d 4 ,  18-electron) vanadium(1) complex, [VHCp(CO),]-, reacts with 
various alkyl halides and with cyclopropylcarbinyl halides (or tosylate) to  yield 
[VXCp(CO),]- and, in the case of the cyclopropylcarbinyl compounds, either but-l- 
ene or methylcyclopropane, depending o n  the leaving groupso1. With thc iodide, only 
but-1-ene is obtained, indicative of a radical chain reaction; oxidative addition of 
tosylate apparently takes place by a nucleophilic substitution, but rapid reductive 
elimination of alkyl and hydride does not allow the isolation of the alkyl vanadium 
species. 

RCH*OTs+ [VHCp(CO),]- [VHCp(CO),(CH,R)] 
W e  + [VCp(CO),] (245) 

R = cyclopropyl 

Nevertheless, certain anionic vanadium carbonyls o r  carbonyl derivatives give 
isolable oxidative addition products with rcactive organic halides. Vanadium is a 
unique transition metal in that it forms a large number of ncutral monomeric 
odd-electron carbonyls that do not tend to dimerize. Vanadium hexacarbonyl anion, 
an 18-electron complex, does not react with even the most reactive organic halides, 
including methyl iodide and perfluoroacetyl ~ h l o r i d e ~ " ~ .  Consequently, photolysis is 
necessary to promote the loss of carbon monoxide, giving a 16-electron anion that 
undergoes oxidative addition with allyl ~ h l o r i d e ~ " " ~ ~ ~ ~ .  Triphenylcyclopropenyl 
bromide also reacts, but evidently U.V. irradiation is not requiredsn4. 

Na'm(CO)6]-+ R'CH=C(R)CH2CI --&+ [V(CO),(q3-1-R-2-R-allyl)] + CO+NaX 

(246) 

R R' 
H H 
MC 13 
H Me 
H C1 
c1 H 

Substitution of phosphines or arsines for carbonyl enhances the nuclcophilicity at 
vanadium, and the oxidative addition of methyl iodide or allyl chloride does not 
require U.V. irradiations"2. The reactions of a number of anionic vanadium carbonyls, 
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r CR __... - 

[V(CO),(PPh,)]-+R'CH=C(R)CH,CI - OCo,,,,,,,?,,\\,~co 

ocq'co 
PPh3 - - 

I+ CHZ=CHCH~CI Ihl [V(CO)3(diars)(q3-allyl)] AsMe2 

(248) 
AsMe, 

d i m =  a 
(249) 

[V(CO)4(L)z]- + R2(R')C=C(R')CH2X - 
- 

L/ - 

The reaction with the  triphenylcyclopropenyl cation yields an acyl cyclopropyl 
derivative in whieh 1 mol of hydrogen has added to the cyclopropene double bond; 
the source of hydrogen is uncertain5"'. 

Ph 

Although titanocene and its derivatives have received much attention, particularly 
with respect to nitrogen fixation and hydrocarbon activation, only a few oxidative 
addition reactions with organic halides are known5'". Because titanocene is a 
14-electron complex, it is extremely reactive, but its dicarbonyl 18-electron complex 
is much less so. Titanocenediarbonyl adds alkyl iodides with displacement of one 
carbonyl and 'insertion' of the other to give a 16-electron (do)  titanium(1V) com- 
p l ~ x ~ ~ ~ ~ ~ " .  In the reaction of acid chlorides, both carbonyls are lost. T h e  reaction 
with benzyl chloride yields only bibenzyl and titanocene dichloride"'. 

[TiCICp,(COR)] [TiCp,(CO),] 5 [TiICp,(COR)] (252) 

R = Me, Et, Pr', Bu" 

RCOCI 

R = Me, Ph 
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T h e  same type of oxidative addition reaction of methyl iodide takes place with 
zirconocene dicarbonyl at 100 OC5I3. The  coordination of phosphine ligands in place 

[ZrCp,(CO),] + MeT - [ZrICp2(Me)] (253) 

of carbonyls moderates t h e  reactivity of zironocene, but this type of complex is still 
approximately ten times more reactive toward alkyl  halide^^'^^'^ than the neutral 
rhodium(1) dimethylglyoxime-type complcxes229.2"). Phosphine dissociation is neces- 
sary for oxidative addition. The rates of t h e  reaction and the selectivity toward the 
alkyl zirconium product (us. dihalide) fall in the order I>Br>CI.  The reaction with 

CZrCp2(L)21 + RX - [ZrXCp2(R)1 + [ZrX2Cp21 (254) 

L = PPh2Me, PPhMe,; = dppe, dmpe; RX = Bu"C1, Bu"Br, Bu"OTs, n-C,H,,Br, 
n-CxHI7I, n-C8H ,,Cl, CH2=CH(CH2),CI; cycZo-C6HI ,CI, cycZo-C6H, ,Br, Bu'CI, 
Bu'Br, Bu'J, cyclo-C6HI,CH2CI, Bu'CI, Bu'Br 

erythro-1,2-dideuterio-2-t-butylbromidc leads to an erythrolthreo product mixture, 
unreacted bromide remaining eryfhro. Cyclized product is obtained in the reaction 
with 6-chlorohex-l-ene, and CIDNP is observed during the  reaction. 

The amount of zirconocene dihalidc is dependent on the structure of the organic 
halide. Tertiary halides in which the organic group is sterically bulky give higher 
yields of the dihalide than do  primary, unhindered halides. Tertiary butyl chloride 
gives zirconocene dichloride, isobutane, and isobutene. These results are consistent 
with a radical mechanism. 

[ZrCp2(L)2] [ZrCp,(L)] - [ZrXCp2(L)] + R-  [ZrXCp(R)I 
RX 

k (255)  

[ZrX,Cp,] + R- - $RH + $R(-H) 

4. Oxidative addition to metal dimers 
Therc are a number of metal clusters that undergo oxidative addition of organic 

halides, and hydrocarbons, usually with a gross rcarrangemcnt of the basic structure 
of the complex. A discussion of these reactions is beyond the scope of this review. 
Recently, a number of low-valent metal dimers have bcen prepared that contain 
metal-metal bonding and are held togcther with the aid of bridging ligands. 

The synthesis and chemistry of a palladium dimcr containing ally1 and cyclopen- 
tadienyl bridging ligands has bcen re~icwcd'"~.  In these complexes, each palladium 
has an averagc valence of +l  and a total of 32 electrons. The  reaction of the dimer 
with methyl iodide splits the palladium-palladium bond resulting in  monomeric 
organopalladium products. 

1 r FP 

[PdCpMe,] + [PdI(L)(q 3-2-R-alIyl)] 

t = tertiary phosphine 

Palladium and platinum dimers held together by bridging methylene phosphinc 
and arsine ligands undergo oxidative addition reactions without the disruption of the 
dimeric complex. The average valence of each palladium in these complexes also is 
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- 

c p  - Co-Co-~P R 
0 Ydo 

+1 and the metal-metal distances in the palladium and the corresponding platinum 
dimer are 2.70 and 2.63-2.65 A, respectively, comparable to, but slightly shorter 
than, those in the elemental metals (2.75 and 2.77 A). Each metal can be considered 
to have 16 electrons. The  platinum dimer adds diazomethane to yield the methylene- 
bridged platinum(I1) complex, which no longer has platinum-platinum bond- 
ing,5’8.5’S). The  zerovalent palladium dimer [Pd,(dppm),] undergoes oxidative addition 

P-P P-P 
11-”;-9t-C1] 1 [Cl-dt I \CH2( !-Cl! (257) 

P-P p u p  

n 
P P=dppm 

reactions with geminal dihalides, oxalyl chloride, methyl iodide, and o- 
diiodobenzene to give the dimeric palladium complexes in which palladium- 
palladium bonding is absents2”. 

0 1 

co-co 
Me’ ‘CP 

0 

c p  - co-co - c p  CP ”////,, / CH2 \ *,,\\“‘ co 
CP 

1 oEo 1 i o c ~ c o - c o  

(259) 



718 J. K. Stille 

Alkylation of bis(qs-cyclopentadienyl)di-p-carbonylcobaltatc takes place with a 
variety of organic halides; dialkyl, bridging alkyl, and bridging benzyl-type com- 
plexes can bc o b t a i n ~ d ~ ” ’ - ~ ~ ’  . The rhodium(1) dimer containing four bisisonitrile 
bridges undergoes a two-centred oxidative addition reaction with alkyl iodide and 
methyl tosylate, while maintaining the rhodium-rhodium bonding”“. 

Diironoctacarbonyl dianion adds methylene iodidc to give a bridged dinier that has 
bcen used as a homogeneous model for the Fischer-Tropsch reactionsz7. 

r -l 

6. Carbon-Carbon Insertion 

Transition metals catalyse a number of pericyclic reactions, including valcnce 
isomerization”’. An early, key  step in the scquence of reactions taking place in an 
isomerization is the oxidative addition of a hydrocarbon to a transition metal by 
brcaking a carbon-carbon bond to form a mctallocycle5””. Gcnerally this reaction 
occurs with small-ring, straincd hydrocarbons, but there are a few examples in which 
carbon-carbon oxidative addition takes placc in a strain-frec hydrocarbon. 

Although many transition metal complexcs catalyse these rearrangcments, the 
number of isolable compounds containing a carbon-metal-carbon bond formed 
from a carbon-carbon bond cleavage b y  a transition metal is surprisingly narrow. 
T h e  subsequent rcactions, particularly the reductive elimination step in most of t h e  
catalytic rearrangements, evidently have lower activation cnergics such that the  
oxidative addition intcrmcdiates are not isolated. Most of the isolated intcrmediates 
are those of platinum(I1) and -(IV), rhodiuni(IIl), and iron(I1). Thus, platinum(l1) 
complexes, t h e  zcro valent d“’ platinum(0) phosphine complexes, d X  iron carbonyls, 
and d X  rhodium(1) complexes are active catalysts, but allow t h e  isolation of ccrtain 
mctallocycles. 

Cyclopropancs undergo ring-opening reactions with acids as a result of ring strain 
and the .rr-character of thc carbon-carbon bonds. Thus, it is not surprising that 
cyclopropanes arc opened by transition metals with ii high electron affinity. Silvcr, 
which catalyses these rcarrangemcnts of cyclopropanes, has a high promotion energy 
indicative of a poor electron donor and a high electron afinity, showing that it is a 
good electron acceptor (‘I‘able 15). Platinum(II), however, is not only a good elcctron 
acceptor (high electron affinity) bui utilizes suficient back-bonding (low promotion 
energy). It is not unexpcctcd, tliereforc, that platinum(I1) reacts readily with the 
olefin-like cyclopropane bond. Ccrtain highly clectroncgatively substiiutcd cyclo- 
propanes rcact with palladium and platinum zcrovalent complexes, but are unrcactive 
towards platinuni(I1) complexes‘“. 
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TABLE 15. Donorlacceptor characteristics5"" of some transition metals 

Transition Electronic Promot ion Electron 
metal con figuration energy (eV) aflinity 

Ni(O) d '" 1.72 1.2 
W O )  d l o  4.23 1.3 
PW) d I "  3.28 2.4 
M I )  dH 1.6 7.31 
MI) d X  2.4 7.95 
Pd(I1) d" 3.05 18.56 
Pt(I1) d' 3.39 19.42 

d '" 8.25 7.72 
9.94 7.59 d 1 0  

W I )  
A d l )  

Bis(cyclooctadicnc)nickel(0) reacts with t h e  triphenylmcthane dimer to give 
bis(triphenylmethyl)nickel(II)'"'. Nickel carbonyl reacts with spiro[2.4]hepta-4,6- 
diene with carbon--carbon bond scissions followed by carbon monoxide insertion to  
yield a a-acyl-v-cyclopentadienyl complex as well as a dinuclear complex containing 
a nickel-nickcl 

0 1 

[Ni(C0)~1+ 2 
I h  [To oc' 

J 

Palladium(0) and platinum(0) phosphine complexes yield metallacyclobutanes in 
reactions with highly electroncgatively substituted cyclopropancs. Calculations of thc 
electron densities, as provided by ESCA measurements o n  the carbon atoms in 
cyclopropancs, are instructivc. Considering that thc  electron dcnsity at a cyclo- 
propane carbon is -0.3. whereas the density at  a cyano-bearing carbon on 1,1,2,2- 
tetracyanocyciopropanc is 4.1, it is not surprising that the latter is susccptibk to 
nucleophilic attack. 

A recent reviews33 o n  platinacyclobutane chemistry includcs thc ring-opening 
reactions of cyclopropanes and tabulations of thcse complcxes. Consequently, only 
the essential fcatures of the reactions with platinum(0) and platinum(I1) complexes 
will be discussed. Phosphine and arsine complexes of palladium(0) and platinum(0) 
undergo oxidative addition of tetracyanocyclopropanes at the bond bctween the most 
elcctropositive carbons 154.534-537 

- 7 
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Bis(triphenylphosphine)ethylencplatinum(O) also reacts with the appropriately substi- 
tuted cyclopropane; retention of stereochemistry at carbon is observeds3'. 

Platinacyclobutane complexes arc  produced from the reactions either with tet- 
rakis(tripheny1phosphine)platinum or the bis(triphenylp1iosphine)cthyIene- 
p l a t i n ~ r n ' ~ ~ . ~ ~ ~ .  With thc ethylene complex, an intermediate cyclopropenoneplatinum 
T-olefin complex can be de te~ted"~.  Substitution of a dicyanomethylene group for 
the carbonyl oxygen produces a similar reaction product'"". 

Ph' 

L = PPh3 

1 

Platinum(I1) complexes react with cyclopropane and substituted cyclopropanes on 
which the substituents are not electron withdrawing. The metallacyclobutanes ob- 
tained from Ziese's dimer are polymeric'"'-5s4. Electron-donating groups increase 

whereas sterically hindered cyclopropanes fail to  reaction 1.543.544.5.55 

N=py, bipy, NH3 

react5". Addition of aminc ligands to thc polymeric platinacyclobutane yields a 
that has trans-chlorine atoms and solub]e monomeric comp]ex'4 1.542.544.54h-552.556.557 

Cis-Llmines g r o ~ p s ~ ~ ~ - ~ ~ " .  



9. Oxidative addition and reductive elimination 72 1 

These complexes, containing hard bases trails to the carbon-platinum bond, are 
stable, but replacement with soft bases (cyanide, phosphine, arsine, carbon monox- 
ide, olefins, CtC.) usually results in elimination of the G i g a i l i C  portion'"'.545'5~'1.5d2. 
Platinacyclobutanes that are multiply substituted decompose even on addition of 
pyridine or acetonitrile by C Y -  or  p-climination, respcctivcly, to yield ylide or 

The reaction in tetrahydrofuran to form t h e  platinacyclobutane is first order each 
in Zeise's dimer and cyclopropancs5'. The rate enhancement observed with electron- 
donating s u b s t i t ~ e n t s ' ~ ~ ~ ~ ~  is possibly a result of the ability to generate a 
cyclopropane-platinum complex. The reaction is stereospecific, trans- and cis- 1,2- 
diphcnylcyclopropanc yielding only the trams- aitd cis-diphenylpfatinacyclobutanes, 

. Similar studies have been carried out  with other substi- 
tuted c y c l ~ p r o p a n e s ~ ~ ~ ,  including deuteriated c y c l ~ p r o p a n e s ~ ~ " ~ ~ " ~  . This stereo- 
specificity rules out  ionic intermediates, and is more consistent with a concerted 
oxidative addition. However, since polar solvents enhance the rate of the rcaction, 
t h e  transition state may have some ionic charactcr. 

In many of the reactions the  kinetic product formed initially rearranges to the  
thermodynamic isomer. Phenylcyclobutane reacts initially by insertion into the bond 
next to the phenyl group, but rearranges to the position remote from the 

. The rearrangement does not proceed by regeneration of the  
phcnylcyclopropane and readdition to the platinum complex, [PtC12py21, but instead 

olefin563-56S 

respectively541.543.'44 S S  1.553 

plat inum549.5s".5"" 

[PtC12(C2H4)]~ + Ph-cyclopropane - 

proceeds by an intramolecular r~a r rangemen t~~" .  The  rearrangement cannot proceed 
via ii metal carbene, since this would lead to cis-tram isomerization in disubstituted 
c y c l ~ p r o p a n e s ~ ~ ~ .  Similar rearrangements are observed with 1,2-diarylcyclopropanes. 
For example, trans-l,2-di(4-tolyl)cyclopropane initially gave a trarrs-2,4-di(4- 
toly1)platinacyclopropane which isomerized to thc trurzs-2,3-substitutcd productSJh. 
Hence the isolation of any product of insertion does not guarantee that it is the 
kinetic product. 

Zeise's dimer also reacts at the central bond of bicyclo[l.l.0]butane at -45 "C to 
give the platinacycle which, o n  reaction with pyridine at - 5 0 ° C  yields 3. complex 
that can be isolated, and is relatively stable at ambient temperatures7". In solution at 
-25 "C thc complex decomposes to various C4 products. 
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T h e  strained 1,2-diketone, benzocyclobutenedione, reacts with d” chloro- 
tris(triphenylphosphine)cobalt(I) by undergoing cleavagc between the acyl bonds”’. 
Wilkinson’s catalyst and iron tetracarbonyl also effect this cleavagc. The chlorodicar- 
bonylrhodium(1) dimer has been shown to cleave a number of small, strained ring 

compounds. In every case, carbon rnonoxidc inserts into the carbon-rhodium bond 
that is formed as a result of the oxidative addition process. In ring-opening reactions 
of cyclopropanes, a chloro-bridged dimer is formcd that can be converted to  a 
monomeric rhodium(II1) species by cleavage of the bridge with p h o ~ p h i n e ’ ~ ~ - ~ ~ ‘ .  T h e  
bonds in phenylcycloprogane adjaccnt to phenyl, 61, and in benzylcyclopropane 

remote from benzyl undergo insertion, 62s73.574. Carbon monoxide insertion in the 
unsymmetrical phenyl-substituted rhodacyclobutane intermediate takes place at the 
alkyl rather than t h e  benzyl-rhodium bond 62. Nortricyclene, which is isomerized 61 

Ph 

61 62 

WhC 0 

63 

to norbornadiene b y  rhodium catalysts, also reacts to yield an acyl m e t a l l a ~ y c l e ~ ~ ~ .  
T h e  reaction of cubane with thc rhodium dirner gives a six-membered r h o d a c y ~ l e ’ ~ ~ .  

T h e  isomerization reaction also is catalysed by chlororhodium diene dimers, 
[RhCl(diene)12, and [RhCl(cod)(PPh,)]. T h e  rearrangement reaction with a 
chlororhodiuni dienc dimer is second order, first order each in rhodium and cubane. 
Wilkinson’s caiaiyst aiid chlorocarbonylbis(triphcnylphosphine)rhodium(l) are unac- 
tive. 
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r 

+[RhCI(C0)2]2 + 

co 

(273) 

Bicyclo[2.2.0Jhexane and related hydrocarbons oxidatively add to the rhodium 
carbonyl dimer by cleavage of a central bondS77. 

L J 

The rhodium octaethylporphyrin anion is alkylated by cyclopropyl methyl ketonc 
by breaking the bond adjacent to the acyl groups7'. The source of hydrogen in this 
nucleophilic ring-opening reaction has not been identified. 

- -  
[(;;my;)/ +cyciop*opyl-COMe - 
I - J  

Et Et 

Et Et 
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Bisacctylenic derivatives of ketones are decarbonylated by rhodium(1) compounds. 
O n e  of the more striking oxidativc addition reactions in which thc product has been 
isolated involves the carbon-carbon bond cleavage of an acyl-acetylcne bond by 
Wilkinson’s catalyst5’”. 

R 

111 
C 
I 

R 

L = PPh,; R = Bu‘, Ph 

iridacyclobutanesH’, depending o n  the iridium complex and the reaction conditions. 
Iridium opens cyclopropanes, yielding either an q3-iridium hydride’”” or  a 

L = PPh3 

Diironnonacarbonyl, a d’ iron(0) dimer, undcrgocs oxidative addition reactions 
with strained ring hydrocarbons. Subsequently, carbon monoxide may be ‘inserted’ 
into a carbon-iron bond. Vinylcyclopropanes undergo ring-opening reactions read- 
ily, since breaking a bond adjacent to the vinyl substituent yiclds a .rr-allyl complex, in 
which case carbon monoxide insertion usually does not take place. A variety of these 
reactions are summarized in Table 16. 

T h e  reaction of a vinylcyclopropane derivative takes place by a disrotatory opening 
of the C(3)-C(J, bond cisoicl to the  C(I,-C(z, vinyl group to form an  q3 complex. Thc 
driving force for breaking two cyclopropane bonds in the strained C6H6 hydrocarbon 
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TABLE 16. Reactions of [Fe,(CO),] with strained ring hydrocarbons 

Substrate Oxidative addition product Ref. 

[&] 

(undc CO pressure) 

582 

583-58t 

585 

586 

587 

5 87 
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TABLE 16. ctd. 

Substrate Oxidative Addition Product Rcf. 

,OMe 

588 

5 89 

590 

591 

591 

591 
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TABLE 16. ctd. 

727 

Substrate Oxidative addition product Ref. 

Br 
\ 

m 
Ph 

'c- 
ph15 

Br 

B& ... 

594 

596 

597 

59s 

5 98 

R =  Ph, Me 
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TABLE 16. ctd. 

J. K. Stille 

Substrate Oxidative Addition Product Ref. 

3 Me2!% 

Me 

/ ‘si3 
R 

R’ 
‘SiD / 

R2 

R’ R2 
Me Me 
Me c1 
Me OMe 
c1 Cl 
OMe OMe 

i> Me,Si 

[ K o ) 4 F 3 ]  

@iR2 f c o ) 4 8 ]  

R = Me, P h  0 
R 

‘ S i S M e  [ R\ 

Me / ( C O ) , F a  

R = Bu”, OMe 

599 

600 

601,602 

60 1,602 

601,602 

60 1,602 

Z:E=4:7 Z : E = 4 : 7  
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+ [Fez(C0)91 - [ &(c0)4 1 -+ 

- 1 

/Fe(C0)4 

'& 
L J 

1 

that slowly rearranges to the '-cyclopcntadienyl iron dimer (Table 1 6)s"7. Opening 
of the silacyclopentane rings at the silicon-carbon bond also can be achieved with 
iron pentacarbonyl, but ultraviolet irradiation is needed tb generatc the coordina- 
tively unsaturated iron tetracarbonyl""'. 
Cyclopentadienylmanganesetricarbonyl also reacts with diphenylsilacyclobutane 

under an ultraviolet source to yield a manganacycle that decomposes at -78°C""3. 

oc Ph2 

[MnCp(CO)3] +Ph?Si 

co 

There is ample evidence that zirconium atoms (vapour dcpositcd) at -196 "C react 
with ncopentane by insertion into both carbon-hydrogcn and carbon-carbon 
bonds, cvcn though organometallic products were not isolated"'. 

C. Carbon-Hydrogen Insertion (Hydrocarbon Activation) 

The activation of carbon-hydrogcn bonds by homogeneous catalysts undcr mild 
reaction conditions is one of the most important but dificult problems in the arca of 
homogeneous catalysis. Although the intramolecular oxidative addition of carbon- 
hydrogen bonds of ligands attached to a transition metal is frequently observed, the 
intermolecular oxidative addition reaction of hydrocarbon is less common. The 
transition metal alkyl Iiydrides resulting from such a reaction usually are not isolated, 
nor can these unstable intermediates generally be obscrvcd, even in the intramolecu- 
lar reaction. Their existence has been implicated primarily in intramolecular rcac- 
tions by an intramolecular metallation product, and in intermolecular reactions b y  
hydrogen-deuterium exchange with solvent or by exchangc experiments with 
molecular deuterium/hydrogen. 

Hydrocarbons are stronger electron donors than dihydrogen and therefore should 
rcact more easily with clectrophiles. The relative reactivity of alkanes and dihyd- 
rogen and thc selcctivity of attack at a carbon-hydrogen bond are thc opposite for 

. 
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S,2 and SN2 reactions. These trends are  a reflection of the ionization potentials, 
electron and proton afinities, and kinetic acidities in the series. 

SE2: 
SN2: 

Several reviews on hydrocarbon activationfios-""' and intramolecular or cyclometal- 
lation reactions"' are available. Howcvcr, in most cases, the oxidativc addition 
product:; per se have not been isolated. Consequently, this section will give only brief 
reviews of cyclometallation and intermolecular oxidative addition with particular 
attention to reactions in which the oxidative addition products have been isolated. 

H2 < CH, < C2Hc, < C,H,; primary <secondary < tertiary H 

H2 > CH, > C2H6 > C,H,; primary > sccondary > tertiary H 

7. I n t r a r n o l e ~ u / a P ' ~ ~ ~ '  

Cyclornetallation is recognized as a widcly occurring reaction type in which a 
carbon-hydrogen bond of a ligand is cleaved t o  give a chelate ring containing a 
metal carbon bond. Many of these reactions that occur on an aromatic ring are 
electrophilic substitution reactions in which the metal is not oxidized at any stage of 
the reaction. Nucleophilic attack by the  metal, howcvcr, results at least in an 
intermediate oxidative addition product, which in most cases is followed by reductive 
elimination. With thc d X ,  zerovalent complexes of the iron triad as well as 
rhodium(1) and iridium(1) complexes, the cyclometallatcd oxidative addition products 
are often isolated. 

In reaction 282, the ligand Z is a Group V or VI donor and Y is usually an slkyl or 
halogen. Many of these reactions occur a t  elevated temperaturcs in an inert solvent. 
Most of cyclornetallations occur with Group VI-VIII transition metals. 

O n e  of the first orthometallation reactions discovercd was that between azoben- 
zcne and palladium(I1) or platinuni(I1) chlorides (K,[MCI.]). Whcn o n e  of the 
azobenzene rings is substituted, the orthometallation reaction takes place o n  t h e  ring 
which is more susceptible to electrophilic substitutionhiX. T h e  rate of orthometalla- 
tion of [IrC1L3] [L=P(p-CXaH,)3] increases as electron donors are placed on the 
aromatic ring6"'. Thus,  clectrophilic substitution mechanisms have been proposed"", 
particularly for the orthometallations of palladium and platinum complexes contain- 
ing nitrogen donor  ligands. Since these orthometallations do not involve oxidative 
addition reactions, they will not be discussed. 

Other Group VlII transition metals undergo oxidative addition reactions by 
insertion into an aromatic carbon-hydrogen bond. This type of reaction is favoured 
by groups o n  the aromatic ring that are electron withdrawing. Azobenzenes contain- 
ing fcr m-substituents, and thereby a substitution position which would most directly 
affect the position ortho to  the azo group, react with methylmanganesepentacarbonyl 
in a manner consistent with nucleophilic attack6"). If none of the ligands is lost 
(temporarily) before the oxidativc addition step, then a 20-electron intermediate 
oxidative addition product is obtained, which loses methane. O n  the other hand, the 
reverse effect of substitution has been shown with phosphine complexes of metliyl- 
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[MnMe(CO)s] + 3-fluoroazobenzene -+ p i n ( C 0 ) 4 !  + 

N=N 
I 

- ' q M n ( C O ) 4 -  / 

N=N 

I Ph I I  
L J L  

dh J 

J 

dG Mn(1) 
18 electrons 

80 

F 

d4 Mn(lI1) 
20 electrons 

20 

manganesetetracarbony1"21. Substitution of electron-withdrawing groups in the 
triphenylphosphinc ligand retards the metallation reaction while electron donating 
groups increase thc reaction rate. X 

relative rate: X = M e >  H > F 

Several other observations concerning the cyclometallation rcactions have been 
made. With nitrogen donor ligands, five-membcred rings are  formed. In the case of 
phosphines, four-membered rings are  often observed, particularly when large groups 
a re  substituted on  phosphine. For a 'nucleophilic' oxidative addition reaction, the 
ease of orthometallation for PhCH,ZMe2 ( Z  = N, P, As) or for PhCH2XMe (X = 0, 
S) is N > P > A s  and S>O. 

Platinum and palladium complexes containing phosphinc ligands that bear bulky 
aliphatic groups have been observed to undergo cyclometallation under mild condi- 
tions with the loss of hydrogen chloride to give complexes containing a carbon- 
metal c-bond622""5. Intramolecular carbon-hydrogen insertion also takes place 

k 2 P  

L J L  

L=nil, MeCN, PhCN; M=Pd,  Pt 



732 J. K. Stille 

when the complex contains bulky alkyl groups a-bondcd to A 
mechanism requiring C-H inscrtion followed by elimination of the alkyl and 
hydrogen has been propo~cd(""."". 

Although reductive dimination of hydrogen and some othcr leaving group (c.g. 
halogen or alkyl) usually occurs rapidly, there are  a number of cxamplcs in which the 
oxidative addition product can be isolated. This has been obscrved particularly for 
certain rhodium and iridium complcxcs. 

T h e  reaction of bis(cyc1ooctcne)chloro-rhodiuni(1) or -iridium(I) dimers with azo 
ligands, Schiffs bascs, or benzylphosphincs yield the metal(II1) oxidative addition 
products containing a metal hydride, which can be observed in the infrared62Y""'. 
The  ease of insertion in this reaction is depcndcnt on the basic properties of thc 

RzPCHzPh + [MCl(co~t)J2 - 
L * 

R 
PhCHZP-M-PR? 

L(L1 

R = Ph, Bu' ; M = Rh, Ir; L = CO, phosphine, 4-mcthylpyridine 

coct = cyclooctene 

PRJ 
[MCl(coct),], - 

PhX=NR+ or 

- N. 
[IrCI(PPh3)2( Nz) J 

X=N, CH 

\ 
R 

metal (iridium undergocs a faster reaction than rhodium) and decreases with the 
hydrocarbon in the  order aromatic CH >olefinic CH > aliphatic CH.  Phosphine 
ligands bearing an olefinic group yield products of intramolecular insertion in 
reactions with iridiuni(1) cornplexes"32.633. Similar reactions of rhodium and iridium 
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r 

4-merhylpyridine 
[IrCl(cot)z]z - 

RzPCHzCH=CH? + 
- 

H RZ 

CH2=CHCH2 " H  
- 

733 

X = 4-methyl-1-pyridyl 

have been observed with tricyclohexylphosphine ligands, phosphincs containing 
aliphatic carbon-hydrogen bonds which undergo i n s ~ r t i o n " ~ ~ .  In the presence of 
bulky chelating phosphines, rhodium chloride forms a complex in which C-H 
oxidative addition from the centrc of the chelate bridge to rhodium has occurred"35. 

Chlorotris(triphenylphosphine)iridium(I) undergoes orthomctallation under mild 
, particularly when the phosphine rings contain electron withdrawing 

substituents (see above)"'. When iridium contains a methyl in placc of chlorine, .the 

conditions61~.6~6 

intermediate oxidative addition product can be isolated, but rapidly loses methane at 
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25 0 ~ 6 3 7  . T h e  reaction of o-diphenylphosphinobenzaldchyde with Vaska's complex at 
25 "C gives an isolable acyl iridium hydride"". 

1 

Rcduction of an iron(II1) cornplcx in the presence of diphos leads to an or- 
thomeiallatiofi product containing an iron-hydride bond""". 

EtOAlEtz 

diphvs 
[Fe(acac)31 - hu 

--* 

H 

T h e  reduction of dichlorotctrakis(triplien~~pl~osphine)ruthenium(II) in acetonitrile 
yields an orthomctallated ruthenium hydride via the following scqucnce6'". An arene 

L = PPh3, L' = MeCN 

osmium(0) complex, on addition of phosphinc, oxidatively adds benzene in- 
trarnolecularly to give the osmium(I1) productM'. 

L = PMe, 

2. Intermolecular 

It has been pointed out that the rate differcnces in intermolcular and intramolecu- 
lar C-H insertion reactions have their origins in the pre-exponcntial factors for the 
two reactions and the dependence of an intermolecular reaction o n  the hydrocarbon 
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concentration (second-order reaction)")'. With the assumption that the energies of 
activation for the oxidative addition of a carbon-hydrogen bond to a metal are thc 
same regardlcss of the molecularity, knowing the pre-exponential factors for each 
(AIIIICr = 2.5 x 10' 1 mol- ' s ' ; A,,,,,., = 6 x 10'' s- '), and assuming a hydrocarbon con- 
ccntration of 0.1-0.02 mol I-.', then thcre will bc a rate difference of 104-106. 

a. Group VUI trarisition inetals. Cyclopentadiene reacts with nickel atoms (vapour 
deposition) to give a mixed qz-q' complex which forms as a result of a formal 
hydrogen transfer from o n e  cydopentadienyl to the T h c  reaction probably 
takes place by oxidative addition followed by cyclopentadiene insertion into the 
metal hydride bond. Oxidative addition involving an allylic hydrogen is the usual 
mode of reaction of an alkene with a low-valent, coordinatively unsaturated transi- 

Ni + cyclopentadienc + 
1 cyclopcntadiene 

Ni 1- 

" i R H  H H H  

1 (299) 

tion metal. Thus, the allyl nickel hydridc can be prepared at  low temperatures, but 
decomposes above -30 "C. At lowcr temperatures (-40 to -50 "C, L = PF,) the 
rr-olefin and the allyl hydridc arc in e q ~ i l i b r i u m " ~ ~ .  

[NiHL(q'-alIyl)l [NiL(q'-CH,=CHMe)] (300) 

Aryl platinum hydrides can be isolated from the oxidative addition of 
fluoroaromat ics to coord inat ively unsaturated zerovalent plat inum complexes at 
25 "C, while unfluorinated aromatics such as benzcnc, toluene, and naphth, 'I 1 ene are 
unreactive64J. Reaction with difluoroaromatics is scnsitivc to electronic effects (sub- 
stitution isomers) sincc o-and p-difluorobenzene are unrcactive. Certain acetylencs 
undcrgo oxidativc addition reactions to platinum(0), but again thc reaction is 
sensitive to the structure of the substrate6". 

L=PPh3, PF3 

[Pt(PCy,)] + A r H  - [PtHAr(PCyJ21 (301) 

Ar = C6Fs, 1 ,3,5-F3CGH2, l,3-FzC6H3 
r 

RC+ H 

Pt I H CR 

' C O / / / / / /  I *,*\\\ L 

LB I \c* I-ethynylcyclohcxanol + [PtL,,] -+ 

R = I-cyclohexonal 

1 
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Platinum(TV) oxidative addition products have been implicatcd in the deuterium 
exchange reactions at  the benzyl positions of p-xylene, but metal hydride oxidative 
addition products have not been ~bserved"~' ,  Although platinum(I1) also catalyses 
the exchange of deuterium on aromatic and aliphatic hydrocarbons, alkyl or aryl 
platinum hydrides have not been detected, even though m-bonded platinum(TV) aryls 
have been synthesized from the rcaction of the aromatic hydrocarbon with chloro- 
platinic acid in aqueous trifluoroacetic a ~ i d ~ ~ ~ . ~ ~ ~ .  

The  decarbonylation of aldehydes to hydrocarbons by Wilkinson's c o m p l e ~ ~ ~ " . ~ ~ "  
takes place under mild conditions to give a high yield of the corresponding alkane 
and in some cases minor amounts of alkene'62.2"'.2n2 . The mechanism requires a 
rate-determining oxidative addition of the aldehyde followed by alkyl migration and 
reductive elimination of alkyl and hydride (Scheme 6). 

T h e  reaction is stereospecific, taking place with retention of c ~ n f i g u r a t i o n ~ " ~ " ~ ~  or 
geometry65" at carbon. 'Ilie reaction shows a primary deuterium isotope effect 
k , / k ,  - 1.86, consistent with the oxidativc addition being the rate-determining 

T h e  stereochcmistry is in accord with retention in the alkyl migration and 
reductive elimination steps. 

The  only  oxidative addition intermediate isolated comes from an intramolecular 
C--H insertion reaction of quinoline-8-carbaldehyde which gives a product stable to  
its melting point, 175 0C655. In refluxing xylene, quinoline and chlorocarbonyl- 

bis(triphenylphosphine)rhodium(I) are  obtained. Reactions of porphyrin-type 
rhodium dimers with aldehydes do not give a rhodium hydride but the acyl oxidative 
addition product can be i s ~ l a t e d ~ ~ ~ ~ ~ " .  

I 
[ R hC1 (CO)( L)z] 

1 
RHY 

( n  -2)L Y 

L=PPh3 

\ R 

SCHEME 6.  Decarbonylation of aldehydes by Wilkinson's catalysts. 
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R R 

737 

(304) 

X = N ,  CH 

Although propync does not react with Vaska's complex"5x, the more nucleophilic 
chlorotris(phosphinc)iridium complexcs undergo acctylenic C-H insertion to give 
stable cT-acetylenic iridiuni(I1) hydrid~s"~".  When thc phosphinc is diphenylmethyl- 
phosphine and R = P h ,  H, or  C02Me,  both isomers can be isolated. The iridium 

RC=CH+[IrCIL3] + 1 ]+  I 1 (305) 

L 
CI%,// I &*L L**, I &CI 

H H  I b C = C R  H H  I \CGCR 

L = PPh3; R = Ph, CO,Me, H, Pr", Bu", CH2CH20H 

L = PPh,Me; R = Ph 

complex containing the chclating phosphine, Et2PCH2CI-I,PEt,, is sufficiently nuc- 
leophilic to 'activate' acctonitrilc and yield a stable C-H insertion product""". 
Possibly the most important recent devclopment in C-H activation is the discovery 

[IrC1(Et2PCH2CHzPEt2),~ + McCN - [IrClr-I(CH2CN)(Et,P~~2C~zPEt2)21 
(306) 

that the trimethylphosphine q5-pcntamcthylcyclopentadienyliridium(I) complex 
reacts with benzene, cyclohexane, and neopentane by oxidative addition of a C-H 
bond to iridium""'. The reactive 16-electron iridium(1) complex is generated by the 
photolysis of t h e  corrcsponding iridium(II1) hydride. T h e  iridium complex 

r 1 
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[IrH2S2LJ'BF4- (S = acetone or watcr; L =  PPh,) reacts with cyclopentanc in the 
presence of an oletin (hydrogen acceptor) to give r)5-cyclopentadienyliridium hyd- 
ride"'. T h e  function of the olefin is to strip hydrogen from thc iridium, yielding the 
iridium(1) complex, which oxidatively adds cyclopentane, and in a series of stcps 
carries it to cyclopentadiene which gives the product of oxidative addition. 

[ I ~ H z S ~ L ~ ] + B F ~ -  +cyclopentane+3Bu'CH=CH~ + LIIIIII'IIr, + 3Bu'CH2CH3 (308) [pYP J 
S = acetone, H 2 0 ;  L = PPh, 

Since the dis~overy" '~ that the naphthalene radical anion would reduce 
[RuCl,(dmpe),] to give a reactive intermediate 16-electron ruthenium(0) species that 
oxidatively added naphthalene, the C-H insertion reactions of this complex and the 
analogous complexes of the other members of the iron triad have received much 
attention. Heating the ruthenium complex reductively climinates naphthalene663, 
regenerating the 16-electron complex, which dimererizcs by C-H insertion of the 
methyl groups on the ligand""4."'5. In the solid state, the naphthalene ruthenium 

L 
R = 2-naphthyl 

J 

complex is as the hydridc""'. The cis complex in this triad (shown for ruthenium) is in 
equilibrium with a trans complcx"'~""". The  iron naphthalcne complex is thc most 
reactive of the triad and therefore has rcceived the most attention. Reactions of this 
series of complexes [M(dmpe)2(C,oH,)] with aromatics, alkyncs, alkenes, aldehydcs, 
and compounds containing an activated sp3 C-H bond take place by thc reductive 
elimination of naphthalene followed by oxidative addition of the new s u b ~ t r a t c " ' ~ " ~ ~ .  
T h e  reactivity sequence Fc>>Ru>>Os is a conscquencc of the decreasing rates of 
reductive elimination. Although thc iron complex undergoes reaction with aromatics 
within a fcw minutes at ambient temperature, the ruthenium complcx requires 8 h at 
60 "C, and the osmium complcx is unreactive. The position of insertjon in aromatics 
is sterically controlled, yielding only ti? - and p-isomers of substituted benzenes. 

PP = R2PCI-12CM2PR2 (R = M e ,  Et); A4 = Fe, RLI: 
R'H (in ordcr of reactivity) = (CF3)&H4> PhCN: C, , ,H,>C,H6>PhMe> PhNI-12, 
MeCN, Me2C0,  MeC02Et,  MeOR, MeS02R, XCH,Y (X = Y = C N ;  X = C02Me,  
Y = C N ,  etc.), H W C R "  (R" = Ru', Ph, CF3, CO,E1, COMe), PhCHO 
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Atomic iron codeposited with cyclopentadiene by vapour deposition yields fer- 
roccne with the  evolution of hydr~gen"'~."~-'. T h e  first step in this reaction possibly is 
oxidative addition, which would be similar to that proposed for nickel (reaction 299), 
but instead of giving an qs-q3 complex the stable 18-electron complex is formed, 
possibly through a 20-electron oxidative addition intermediate. 

- 
CH?=C(Me)CO?R 

(312) 
-1 OR 

I o / / c y /  Me 

H L "!/ "I, du ,,,,,\ VC< 

L H  I 'L 
H 

- - 

M = Ru, 0 s  

maintaining the ~ 1 u s t e r " ~ - ~ * ~  , while cycloocta- 1,3-diene generates a ?r-ally1 
ruthenium cluster as WCII"~".  Trienes, particularly cyclododeca-l,5,9-tricnc, afford 
q 3-a11y1 ~1usters'~~-""' . In most of these reactions, bridging hydrides are obtained. 

Triosmiumdodecacarbonyl shows similar behaviour. 1,3,5-Cyclooctatriene (cotr) 
gives a monomeric complex containing both q '- and q3-allyl bonding, hydrogen being 
lost upon the second oxidative addition'". The reaction with ethylene is one in which the 

cluster is maintaincd, but hydrogen is geminally ~tripped~'~-( ' ' '~.  Vicinal sp2 hydrogens 
undergo insertions when benzene or  cyclopentene are t h e  hydrocarbon reactants. A 
highly rcactive (44-electron) triosrniumdccarbonyl can be obtained through the 
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(3 ! 5 )  

rcaction of thc dihydride with an alkene"'3.""3. Thc dodecacarbonyltriosmium(0) 
intermediate then reacts further with the alkcne to give the alkcnyl osmium hydride. 

[OS~HZ(CO)I~]  +RCH=CHCOzEt + 

R=H,  C02Et (E,Z); 
R'=Ph.  Bu" 

OEt 

25-50 'C 

- RCHZCHzC02Er 
- ~os3(co)lol  

b. Eurly transition metals. Another important discovery, similar to the dehydroge- 
nation of cyclopentane by iridium""", is that thc dehydrogenation of cyclopentane 
also takcs place with [ReH7LZ] (L=PPh3, PEt,Ph) in the presence of a hydrogen 
accept~r" '~ .  Loss of hydrogen probably initiates the  reaction, and the olefin further 
acts :o strip hydrogcn, leaving [ReH3I+1, a 14-clectron complex. Vapour-deposited 
chromium metal also reacts with cyclopentadiene to yicld ~hromacene""~ .~~" .  

[ReH7L+.] + cyclopentane + Bu'CH-=CH2 - [ReHzL,#2p] + Bu'CH2CH3 

(317) 

Both molybdcnurn and tungsten atoms (vapour deposition) react with cyclopen- 
tadicne to give the metallocene dih~dride"~'."'~. When the reaction is carried out 
with cycloheptatriene (cht), the intermediate monohydride undergoes olefin insertion 
instead of oxidative addition to form q7, v s  systems""". 

M + 2 cyclopentadicne ---+ [MH,Cp,] (318) 

Molybdenoccne dihydride, o n  ultraviolet irradiation, loscs hydrogen to give a 
molybdcnum dimer via an intramolecular oxidative addition. The hydride dimer 
further loses hydrogen to yield a dimer containing a molybdenum-molybdenum 
bond"". Tungstenocene o n  irradiation in ether also yiclds the hydridc dimer, 
among other products. The sclf-consuming reaction is a charactcristic observed 
espccially with the early transition metallocenes (see reactions 323 and 324). 
'I-ungstenoccne also can be gencrated from the dihydridc in the presencc of a 
hydrogen accept or700.763 ' . The function of the hydrogcn acceptor here again is to 
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remove hydrogcn by an insertion into the W-H bond followed by reductive 
elimination. The  16-electron tungstenocene oxidatively adds h y d r o ~ a r b o n s ~ " " - ~ ~ * .  
Aromatic C-H insertion takes place with benzene and substituted aromatics, 
particularly those containins electron-withdrawing groups. Xylene, mesitylene, and 
4-methylanisole undcrgo inscrtion at the benzyl C-H bond and ultimately yield the 
dialkyl tungsten dcrivative, apparently b y  the following process. 

Tantalocene and niobocene trihydrides lose hydrogen on thermolysis to yield the 
14-electron metallocenes. In benzcne, thesc reactive complcxes undergo the charac- 
teristic intcrmolecular self-consumptive oxidative a d d i t i ~ n ~ " ~ . ~ " ' .  This rcaction is 

characteristic of titanocene and zirconocenc, the chemistry of which has been 
rcviewed7' I .  Titanocene, gencrated by the reduction of titanocene dichloride, under- 
goes an interrnolccular self-oxidativc addition to yield a dimer, the structure of which 
depends on the conditions for thc reduction and work-up. Pentamethyltitanocene 
undcrgoes an intramolecular C-H inscrtion, utilizing one of the methyl groups. 
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Zirconocene, prepared from the reduction of zirconoccne dichloride by potassium- 
naphthalene at -80 “C, yields a naphthylhydridozirconium dimcr, 64, resulting from 

naphthalene C-I-1 inse~!tion~”.~” . Bisphosphine zirconocenes dissociate a ligand in 
solution and dimerize by C-H insertion followed by loss of hydrogen7”. When the 
dissociation of a ligand takes placc in thc presence of toluene, the toluene oxidativcly 
adds by aromatic C-H insertion to givc a product that can be trapped”’. 

[ZrCpzLJ [ZrCp,L] - [ZrHCp,(C,H,Mc)] 
I’hrLlC 

hlc,CO 

[ ZrCp,( C6H, Me) ( OCHMc,)] (325) 

111. REDUCTIVE ELIMINATION 

The ease with which a-bonds between transition metals and carbon can be made and 
broken is central to catalytic reactions involving transition mctals. Although thc 
carbon-transition metal bond is not weak, its lability is derived from t h e  variable 
oxidation states and coordination nunibcrs of thc transition metals that are not 
available to thc main group analogues. The breaking of a transition mctal--carbon 
a-bond usually involves other coordination sitcs in addition to the tr-bond under 
considerat ion. 

The  stability of transition metal-carbon a-bonds and the reactions by which they 
undergo scission has been the subject of a number of r c v i c ~ s ~ I ~ . - ~ * ~  . Initial views on 
the stability of carbon-metal a-bonds were related to a liomolytic scission mode 
and ligand field theory. The initial step in the decomposition was believed to require 
the promotion of an clcctron from the highest filled orbital to a vacant us’ antibond- 
ing orbital. Thc  stability of such a bond thcn is dependent o n  the energy diffcrcnce 
between thc  orbitals, ii largcr A E  being obtained in a complex containing strong 
a-donor l i p i d s  that lowered t h c  energy level of the filled a-orbital and raised the  
energy level of the a” orbital. Certainly the dissociation cncrgy of such a bond is an 
important property of organometallic compounds, but the factors that influcncc the 
strength of such bonds and the overall stability of transition metal complcxcs 
containing a-carbon bonds are sill1 not  well understood, partly because there is scant 
reliable information on bond encrgics7*’. More recently, i t  has been recognized that 
o n e  of t h c  low-energy pathways for alkyl-transition metal complex decomposition is 
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0-elimination (SCC Chapter 8). If this pathway can be blockcd, either by construction 
of thc alkyl portion such that 0-hydrogens are abscnt or 0-hydrogen elimination is 
geometrically unfavourable, or b y  preventing the generation of an open coordination 
site, a rcquirement for 0-elmination, then thc transition metal a-bonded complex 
may bc fairly stable. T h e  coupling reaction of organic compounds catalysed by 
transition metals is an important method of generating carbon-carbon bonds, thc 
final stcp of which requires the climination of the organic partners from the 
transition metal. T h e  elimination can take one o r  more paths, kategorized according 
to the rncchanism (and products), including heterolytic as well as homolytic or 
concertcd u-elimination, @-elimination, 1,l -reductive elimination, and dinuclear 
elimination (Scheme 7).  

b [M(L,)(=CHCH,R)]+ R'H 

SCHEME 7. Elimination from transition metals. 

It has been ~ t a t e d ~ " . ~ ' ~  that these reactions are  usually concerted, proceeding by 
electron pair processes, and that n o  high-energy intermediates such as frcc radicals 
arc involved, particularly in rcductivc elimination. This appears to be t h e  case with 
most even-electron transition metal complexes, and, although thcsc rcactions appcar 
to be concerted low-energy transformation, therc is cvidcncc for free radical path- 
ways in a number of systems. In odd-electron complcxcs, decomposition by homoly- 
tic metal--carbon scission generally appears to be the mode of decomposition. 
Ccrtainly, thcrc is now substantial evidencc for a radical process in the decomposi- 
tion of alkyl cobalt(dmgH)-, complexes7z3. I n  this reaction, there is a striking 
correlation between the base strength of thc ligand trans to thc cobalt alkyl bond and 
the dissociation energy or  the enthalpy of activation, t h e  more basic ligands increas- 
ing thc dissociation energy. 

Me CH2 
I rapid II 

+ (Co- CHPh)  --+ CoH+CHPh 

1 
CO" + %H2 

R = CH(Me)Ph 
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This section will be concerned, however, only with the 1,l-reductive elimination 
pathway for two organo-groups attached to  the transition metal and the few 
examples in which isolated transition metal complexes containing an organo-group 
and a halide undcrgo elimination t o  form an organo-halide. In the  l,l-reductive 
elimination reaction, the formal oxidation s ta tc  and thc coordination numbcr of the 
metal are reduced by two; bond breaking is accompanied by bond making. T h e  
reductive elimination reaction frequently follows an oxidative addition reaction, and 
this combination, oxidative addition-reductive elimination, is responsible for both 
stoichiometric and catalytic coupling reactions via transition metals, particularly 
those of the copper triad and Group  VIII. T h e  coupling reaction of organometallic 
reagents such as Grignard, organoaluminium, and organolithium reagents with 
organic halides is catalysed by transition metals. T h e  catalytic cycle that has frc- 
qucntly bcen writtcn for such a coupling is illustrated in Scheme 8 for nickel. 

RR‘ 

:NIX (L)2( R)] 

metal exchange 

SCHEME 8. Catalytic coupling. 

Not included in this section is the 1,l-reductive elimination of an organic group 
and hydrogen such as occurs subsequent to  6-elimination (Schcmc 7), the last step in 
homogcncous hydrogenation, and thc last s tep in aldehyde decarbonylation. There 
a re  a few examples of elimination reactions involving univalent metals that ccuple 
via multinuclear elimination pathways. 

A variety of different tests havc been applicd t o  thc 1,l-rcductive elimination 
reactions to  confirm or disprove their non-radical nature: (1) retention of 
stereochemistry at an sp” carbon-metal bond or retention of geometry at a 
vinyl-metal centre during coupling is one of the most rigorous tests of a conccrted 
process; (2) the abscncc of cyclic products in reductive eliminations of complcxes 
containing a hex-5-cnyl-metal bond supports the absence of a hexen-5-yl radical; 
(3) the djstribution of coupling and disproportion products via radical intermediates 
is differcnt than the distribution of those products arising from conccrted coupling 
and 0-climination (followed by reductivc elimination of hydrogen and alkyl from the 
metal); (4) a rcaction that is unaffected by t h c  addition of a radical inhibitor may be  
procecding through a radical cage reaction, but not through a radical chain mechan- 
ism; (5 )  the introduction of a labeled chain transfcr rcagcnt and the lack of 
incorporation of the label into the product have the same implications; (6) the 



745 9. Oxidative addition and reductive elimination 

observation of an e.s.r. signal implicates a radical reaction, although radicals ob- 
served can be present in small concentrations, and may not be involved in the major 
reaction pathway; and (7) observation of CIDNP in the n.m.r. implicates radical 
intermediates, although failure to observe CIDNP does not excludc their presence. 

A. Organic Halide Elimination 

The observation of reductive elimination of organic halide from an isolated 
transition metal complex containing a halogen and an organic group is rare. 
Platinum(W) complexes containing at least two halogens and one or two methyl 
groups yield methyl halide on thermolysis (185-210 0C)724. In the dihalodirnethyl- 
platinum complexes, the groups undergoing elimination must occupy adjacent posi- 
tions, and whether methyl halide o r  ethanc is produced depends on the halogen and 
the geometry of the complex. The elimination of organic chloride is the final step in 

L J 

X = Br, CI 

L J 

X=CI 75 25 
X=Br 100 

X=CI - 100 
X=Br  10 90 

X=CI 10 90 
X=Br 60 40 

L 

the dccarbonylation of acid chlorides in which there is no @-hydrogen (Scheme 
5)262.26”. The reaction is !%st order in complex. When R is methyl, the activation 
energy is 23 kcal mol-’; free phosphilc enhances the elimination by a nucleophilic 

R [ c0aift:r3 1 + RCI + [RhCI(CO)(PPh3)r] 
Ph3PB 

(331) 

attack o n  the methyl, generating a phosphonium The rate of the reductive 
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elimination of benzyl chlorides (R = p-XC6H,CH2) is increased slightly by electron- 
withdrawing substituents ( p  = 0.45), consistent with a concerted process287. A small 
negative entropy of activation (AS' = -3.6) is observed. Although thc analogous 
phenylrhodium(II1) complex decomposes at relatively low temperatures'", the elimi- 
nation of chlorobenzene (R = p-C,H,) does not occur readily a t  ambient tcmpera- 
t ~ r e ' ~ ~ ;  temperatures of 150 "C are  necessary for thc elimination of chlorobenzene. 

T h e  reductive clirnination takes placc with retention of configuration at carbon. 
Although (S)-a-trifluoromethylphenylacetyl chloride racemizes o n  decarbonyla- 
tion2"', (S)-a-deutcriophenylacetyl chloride decarbonylates to (S)-benzyl-a-d- 
chloride with 20-27% net retention of c o n f i g u r a t i ~ n ~ " ~ .  If the acyl-alkyl rearrange- 
ment does indeed proceed with retention of configuration a t  carbon, then the 
reductive elimination step also occurs with retention of configuration at  carbon. 
Furthcr support for this stereochemistry comes from thc reaction of the ( S ) - a -  
trifluoromethylbenzyl chlorosulphite with chlorocarbonlybis(diethy1phcnylphos- 
phine)rhodium(I) to yield the optically active a1 kyl rhodium complex290. Reductive 
elimination produces (R)-a-trifluoromethylbenzyI chloride, in which overall inver- 
sion of configuration at carbon takes place. Since there is precedence for the 
oxidativc addition of chlorosulphite esters to take place with inversion of configura- 
tion at carbon, then the reductive elimination would necessarily take placc with 

T h e  reductive elimination of akyl halide by the reaction of halogen with a threo- 
1,2-dideuterio-2-phenylcthyliron(II) complex, postulated to procced through an  
iron(IV) cation, results in clcavage of the i ron-carbon bond with retention of 
configuration at  carbon7'". When thc samc cyclopentadienyl is subjected to oxidation 

I,,. - _ _  I 1 Cp-Fc(C0)r 1 x 

at a n  electrode in the presence of chloride ion, the alkyl chloride also is obtaincd 
with rctention of configuration at  ~ a r b o n ~ " ~  In this case, the mechanism of the 
reaction is believed to  proceed by oxidation to an  iron(II1) intcrmediate. 

T h e  reaction of divalent allylniolybdcnum or  allyltunsstcn complexes with cxccss 
of phosphinc results in the reductive elimination of ally1 chlorides and thc formation 
of the zerovalent metal c o r n p l c x e ~ ~ ~ ~ .  

[MCI(C0)z(v3 - RCjH4)(MeCN)2] [ MC1(CO)z(v3 - R C ~ H ~ ) L Z ]  
L/ 

(334) 

L=PMcPhr 
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B. 1.1-Reductive Elimination of Organic Partners 

As discussed previously, when a 0-hydrogen is available on an organic group 
bound to a transition metal, the 0-elimination mode of decomposition usually is 
kinetically the most facile process. A vacant coordination s i te’on the metal is 
necessary for this to occur. Thus, 1,l-reductive eliminations often are studied by 
using methyl, bcnzyl, neopentyl, and aryl groups. Even though a @-hydrogen is 
available, 0-elimination may be prevented by preventing or retarding the release of a 
vacant coordination site. Often this is accomplished by charging excess of ligand to 
the reaction or  using chelating ligands. If the position of a @-hydrogen is such that its 
elimination would produce a bridgehead double bond, this mode of decomposition 
can be prevented. 

An important constraint for 0-elimination is that the dihedral angle made by the 
metal, the a-and /3-carbons, and the P-hydrogen in this concerted reaction be 0” o r  
nearly so. In the smaller ring metallocycles, this coplanarity cannot be achieved easily 
and 0-elimination is suppressed. 

7. Copper, silver and gold 

Both copper(1) and copper(I1) alkyls undergo decomposition to yield organic 
products, but copper(1) alkyls containing P-hydrogens yield a lkene~”~~”” .  It has been 
pointed that d” copper(I), silvcr(l), and gold(1) complexes, in which the  metal 
cannot sustain a two-electron reduction, undergo the reductivc elimination reactions 
by requiring at least two metal centres. 

Aryl copper complexes decompose to give b i a r y l ~ ~ ~ ~ ) - ~ ’ ~ ,  the aromatic groups 
always being lost pairwise in the thermolysis of an octanuclear cluster7”. Radicals 

[Cu(2-C6H,CF,)lS 2,2‘-(CF,),-biphenyl+ [Cu,(2-C6H,CF,),] (336) 
CtJ 1, 

are not involved in these reactions, even when the alkyl copper complexcs containing 
a phosphine ligand undergo decomposition to give products of /3 -elimination73’. In 
hexanuclcar copper clusters containing mixed organic groups, o n l y  cross-coupling 
products are observed’““. 

X(1 “C 
[Cu,(Ar),(R),l ArR + [Cu’.,(Ar)3RCuor?l 

R = G C R ’  

Vinyl copper( I) spccies couple to give diencs. nearly complete retention of 
The  decomposition reactions of neopcntyl- geometry beins observed in all 

[(Z)-CuCH=CHMe],, -+ MeCH=CHCH=CHMe 

or 95-9876 Z . Z  
(337) 
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type copper(1) phosphine complexes, however, givc products characteristic of a 
radical Bis(triphenylphosphine)methylcopper(I) is moderately stable, but 
does yield products indicative of radical rcactions7". 

[PhC(Me),CH,CuPBu;],, --+ PhCMe, + PhCH2CHMe2 
60-45% 6-l8% 

+ PhCH2C(Me)=CH2 + PhCH=CMe, 

+ [PhC(Me)2CH2]2 + P ~ C ( M C ) , C H ~ C ( M ~ ) ~ C H ~ P ~ +  [PhCH2C(Me),12 (338) 

In contrast, neither dialkylcoppcrlithium nor divinylcoppcrlithium compounds in 
the presence of an electron acccptor couple via radical mechanisms, since double 
bond geometry is retained in the vinyl coupling and rearrangement reactions 
characteristic of alkyl radicals are not o b ~ e r v c d ~ ~ ~ .  

4-14% 0.3- 1.7% 

8-26% 2-6.5Yo 1-4.6% 

O2 + RR (339) 
or 

[Cu RJLi 
I'hNO1 

R = Bu", PhC(Me)2CM2, McCH=CH 
The mechanism for the  cross-coupling reaction of organic halides with organocup- 

rates of the type [CuRJLi, as indicated in the oxidative addition section, is open to 
q u e s t i ~ n " ~ ~ ~ .  However, a mechanism involving oxidative addition of the organic 
halide followcd by reductivc elimination finds support in the analogous chemistry of 
reductive elimination from trialkyl gold complexes. In the alkyl halide, inversion of 
configuration at carbon is observed, which is the expected result of an oxidativc 
addition. Retention of configuration during reductive elimination also would be 
expected, consistent with the overall stcreochemistry observed in coupling. Since- 
cross coupling always is observed, and since the elimination of cis partners would be 
required, then the geometry of the intermcdiatc copper(lI1) complex must place the 
two alkyls originally attached to coppcr trans from one another. 

R'X+[CuR2]Li - RR'+RCu (340) 

The thermolysis of an 11-butyl silver phosphine complex results primarily in 
ii-octane, with minor amounts of butcne and butane73". The failure of radical 
scavengers to trap C4 fragments also supports a concerted coupling process, at least 
through a dinuclcar species. Aryl and vinyl complexes give coupling 

[A~~(Bu")(PBu;')] tz-CI;HjI;-t PBLIY-I- Ag (341) 

products, in the latter case the geometry at the sp' carbon bound to silver being 
retained. However, is with the copper analogues, phytyl silver phosphine complexes 
yield products Characteristic of radical reactions73". 

Both gold(]) and gold(II1) complexes undergo reductive climination reac- 
, although i n  t he  former case a two-electron reduction requires at least two 

metal centres. Butane is obtained from ethyl(triphcnylphosphinc)gold(I). The rate 
of elimination of ethane from thc methyl gold complex is first order and is retarded 
b y  added triphcnylphosphinc. Thus, a mechanism involving dissoci?tion of phosphine 
followed by thc reaction with additional methyl(triphenylphosphine)gold has been 

93% 94O/o 92% 

ions729.74(l 

75'. 
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[AuLR] ---+ A u R + L  

AuR+[AuLR] - R R + 2 A u + L  
(342) 

(343) 
The reductive elimination reaction from gold(II1) complexes to yield coupled 

products was recognized early in the chemistry of organometallic c o m p l e ~ e s ~ ~ ~ - ~ ~ ' .  A 
number of different dialkylgold(II1) species were shown to give coupled products, 
characteristic of a concerted 1,l-reductive elimination. Thc reductive elimination of 
ethane from dimethyl(triphenylphosphine)gold(III) complexes later was shown to be 

-AuX -Au& 
[AuxRz] + RR - (344) 

J 

N 
X=SCN, CN; ("en or phen 

intramolecular and first order in gold complex475. The reaction of methyl(tripheny1- 
phosphine)gold(I) with methyl iodide to yield ethane has been demonstrated to go 
through dimethylgold(II1) iodide and ultimately through a trimethyl gold(II1) com- 
Plex746.747. 

[AuL(Me)]+ Me1 - [AuI(L)(Me),] (345) 

(346) 

[Au(L)(Me),l - C,H,+ [Au(L)(Me)l (347) 

f:r.i1 

CAuT(L)(Me),l+ [AuL(Me)l - [Au(L)(Me),l+ [AuI(L)I 

T h e  1,l-reductive elimination of coupled product froni cationic bis(phosphine) 
dialkylgold(1II) complexes is i n t r a m o l e c ~ l a r ~ ' ' ~ ~ ~ ~ .  The decrease in the rates of 
reductive elimination within a series of phosphine ligands (Ph,P > PMePh, > 
PMe,Ph > PMe3), attributed to a decrease in cone angle74x.749, is probably due 
instead to  an increase in the  donor character of the ligand. 

The  recuctive elimination of ethane7") or  p e r f l ~ o r o b i p h c n y l ~ ~ ~  from triorganogold 
complexes also has the characteristics of a concerted process. Trimethyl(tripheny1- 
phosphine)gold(III), for example, yields ethane and methyl(tripheny1phos- 
phine)gold(I). Detailed mcchanistic s t u d i e ~ ' " ' . ~ ~ ~ . ~ ~ ~  revealed that dissociation of 
phosphine takes place prior to reductive elimination, and that only  cis-alkyl groups 
undergo coupling. Thus, while tratls-ethyldimethylgold yields only propane, cis- 
ethyldimethylgold gives both ethane and propane. The reductive elimination is an 
intramolecular process, and although the cis-trans isomers do equilibrate in a polar 
solvent the trans isomer is favoured, particularly when the R group is large. 

-1. 
trar~s-[AuL(R)Me)~] - truns-[AuR(Me),] - RCH3 + [Au(L)(Me)] 

- 1. 
cis-[AuL(R)(Me),] - ci~-[AuR(Me)~l  

R = CD3, Et 

Reductive elimination takes place from a three-coordinate intermediate, calculated 
to be Y- or I-shaped, but not through a complex of C3 symmetry, which is a high 
energy  specie^"^. Isomerization froni cis- to trans-T-shaped minima takes place 
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SCHEME 9. Intcrmcdiate ~old(II1) gconictries. 

through Y-shapcd saddlc points, which are channcls for reductive elimination 
(Schemc 9). It is noteworthy that reductive elimination is taking place from a 
14-electron complex. Thus, high orbital occupation is not necessary for rcductive 
elimination7'", and in fact ligand dissociation to a complex of lower orbital occupa- 
t ion is requircd for reductive elimination to take place. The reaction of trimethylgold 
with mcthyl iodide yields ethane and dimethylgold iodide; a tetramcthyl gold iodide 
complcx has been p o s t u l a t ~ d ~ ~ ~ .  

2. Nickel, palladium, and platinum 

The concerted coupling of alkyl groups bound to transition metals of the nickel 
triad is an allowed process for adjacent partners7", but may proceed by a variety of 
mechanistic pathways, depending o n  the metal, the ligands, and the organic groups. 
A summary of the various pathways (Scheme 10) shows, as will become apparent in 
this section, that both associative and dissociative pathways (18-, 16, and 14- 
elcctron complcxcs) are available for nickel""'. A dissociati\*e path is preferred for 
dialkylpalladium(I1) complcxes, while both platinum and palladium undergo rcduc- 
tivc climination through t h e  tetravalcnt, 18-electron complex. Although stable 
platinum(1V) complcxes can be isolated, and the  reductive elimination rcactions from 
thesc complexes can bc studied, p~rlladium(1V) complexes are not  isolated and the  
coupling reactions of Grgaiiic partners are only by implication, particularly in 
catalytic coupling reactions. Dialkylplatinun~(I1) complexes do not undergo 1,l- 
reductive elimination reactions readily. 

Both bis- and tris-(phosphine)diorganonickel complexes undergo facile 1,1- 
rcciuctivc e ~ i m i n a t i o n ~ ~ ' . ~ ~ ~  . The coursc of the elimination reactions of nickelocenc 
phosphine complexes dcpcnds on t h e  number of phosphincs o n  nickel and thercfore 
whether an 18-, 16-, or 14-electron complex is i nvo l~ed~ ' " .~"~ .  Although a 6 -  



9. Oxidative addition and reductive elimination 75 1 

Ni(ll) Pd(l1) 

ML 
+ 

1 PNII) Ni(l l)  

M L2 

1 
M L3 
+ + 

R-R R-R R-R 

SCHEME 10. Elimination pathways for the nickel triad. 

elimination reaction from nickelacyclopcntane is suppressed becausc of the difficulty 
in achicving a coplanar transition statc, this mode of decomposition is favoured for 
the 14-electron complcx. The 1,l -reductive elimination takes place predominanantly 
from the 16-electron complcx, while the five-coordinate nickel serves as an inter- 
mediate to a new four-coordinate geometry that yields ethylene. Bisphosphine 
coordinatcd nickelacyclohexanes givc high yiclds of c y c l ~ p e n t a n c ~ ~ ~ .  

Extended Hiickel calculations rcvcal that the  square-planar gcometry is favourablc 
for the gencration of cyclobutanc (Scheme 1 l)7"4. The reverse cyclometallation 
reaction to  give ethylene from this planar complcx is forbidden, but is allowcd from a 
gcometry in which the ligands are orthogonal to the plane of nickclacyclopentane. 
Direct interconversion of these two four-coordinatc geometries arc symmetry forbid- 
den, and must proceed through the 18-electron five-coordinatc complex. 

L-Ni 3 2 7 

-L L' 

1 i L7Nydl cyclobutane + 
L N i  

I 

+ L  

-L 
L 
7 

+.li -L 

/ 

SCHEME 1 1. Elimination reactions of nickelacyclopentancs. 
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Vinyl and aryl nickel(I1) cornplcxes also undergo 1,l-reductive elimination, al- 
though there is much less dctailed information about these coupling reactions. The 
cross-coupling reaction of (E)-  and (Z)-0-bromostyrcnes with phenylmagnesium 
bromide catalysed by bis(phosphine)nickel(II) chloridc takes place with retention of 
geometry at  the sp' carbon765. which mgues against a radical mechanism. The 
cross-coupling of phcnylmagnesium bromide with ( E ) -  and (2)-1,2-dihaloethylenes, 
however, gives E, Z-mixtures, but this has been ascribed to an addition-elimination 
mcchanisrn, primarily because acctylenc is observed as a reaction product. l h e  key 
intcrmcdiate in the coupling reactions of the styryl bromidcs is presumed to bc  the 

(Z)-PhCH=CHBr + PhMgBr "'C1217! (Z)-PhZPCH=CHPPhz (350) 

L =  PPh,; 

vinylphenylnickel(I1) complex, which undcrgoes reductive elimination with retention 
of geornctry. trails-Diary1 and -aryl(alkyl)nickel(II) complcxes have bccn isolated, 
and these complcxes undergo reductivc elimination5 I. Isomerization of the trails to 
the cis isomer must takc placc first. T h c  elimination reaction is first order and 

= dppe, dmpe, (Z)-Ph2PCH=CHPPh2 

Rm 
[NiBrL(rn,p-FCaH4)] - [NiRL&T,H,)] - FC6H4R (35 1) 

L = PEt3; R m  = PhMgBr, MeMgBr, McLi 

intraniolecular. Because the elimination was retarded by added phosphines, prior 
dissociation to a 14-electron complex was postulated. Although these individual 
steps in the catalytic cross-coupling rcactions can be separatcly documented, the 
overall catalytic process is faster than any of thc individual steps. Further, added aryl 
halides were shown to givc a six-fold rate incrcase in the rcductive elimination. To 
explain these data, a mechanism involving an electron transfer reaction from the 
complex to the aryl halide, giving an unstablc nickel(Il1) intermediate that undergoes 
rapid rcductive elimination, was suggestcd7"". 

The  mechanism for the stoichiomctric coupling of aryl halides by nickcl(0) is much 
less ~ l c a r ~ " ~ .  The oxidative addition reaction is reasonable, but  an  exchange reaction 
of aryl for halogen to give a diary1 nickel complex does not take placc. Electron 
transfer reactions to yield nickel(1) and nickel(II1) intcrnicdiatcs appear to be ccntral 
to the coupling767. 

Thc  displacement reactions of halogen o n  aryl halides by cyanide is catalysed by 
nickel(0) phosphine c o m p l e x c ~ ~ ~ ~ - ~ ~ ' .  'The k e y  intcrnlediates in the catalytic cycle can 

' RCAHjCN + NaX (352) 
INil-.,l 

he isolated, and their rcactions to the ncxt intermediate individually documcnted. 
Thus, the oxidative addition product can be i ~ o l a t e d ~ " ~ ,  and its reaction with cyanidc 
yields thc trans-arylnickel cyanide product. T h c  reductive clirnination reaction of this 
complex has been studied separately, although in the catalytic reaction it usually 
cannot be isolated. The o-chlorophenyl complex rcsists reductive elimination7hx. 

t m i i  s -[ N i X ( Ar) (I-) ,] - > 1raiis-[Ni(CN)(A\r)(L)21 - ArCN (353) 

RC6H.,X 4 NaCN 

CN 

L PPh,, PCy,, PEtt 

Because thc 1, l  -rcductivc elimination is enhanced by thc addition of triethylphos- 
phitc, ii five-coordinate intermcdiatc for thc elimination has becn p ~ s t u l a t e d ~ ~ ' .  The 
function of the triethylphosphitc, however, could be to promote trans to cis rear- 
rangement by an associative mcchanisrn, and rcplacc phosphine by a poorer m-donor 
ligand, thercby enhancing rcductive elimination. 
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Thc elimination reaction of dialkylbipyridincnickel(I1) is first order and 
i n t r a m o ~ c c u I a r ~ ~ ~ - ~ ~ *  . Enhanced yields of coupling products are obtained when olefins 
such as acrylonitrilc, containing electron-withdrawing groups, are added77”77s. Ox- 
idizing (electron acceptors) such as aryl halides777.77X enhance thc rates of 
elimination, giving a bipyridine aryl nickcl(II1) chloride product. T j provides a 

RR + 
R=Me, Et, Pr”, Bu‘; (z = bipy 

suitable explanation for the differencc i n  t h e  rates of the stoichiometric reductivc 
elimination reaction a n d  the catalytic reaction, since electron acceptors, such as aryl 
halides, and occasionally oxygen, arc available in thc catalytic reaction medium7”‘. 
The enhanced lability of t h e  organonickcl complex has been attributed to a cation 
radical. This onc-electron transfer lowcrs the activation cncrgy for reductive cliinina- 
tion from 66 to  15.6 kcal mol-’ 7 L 6  . It is also possible that in the 1,l-reductive 
elimination occurring in the presence of aryl halide, a nickel(1V) intermcdiate is the 
complex that generates t h e  coupling product. 

Palladium(0) catalyses the coupling of benzyl halides with organonietals, such BS 
Grignard reagents and organolithium compounds. In a number of studies the 
1,l-reductive elimination of organic partners from bis(p1iosphine)diorganopal- 
ladium(l1) complexes has been carried o u t  as a model for that step in the catalytic 
coupling reaction”.7X”. For example, trans-bis(phosphine)methylphenylpalladium(II) 
complexes decompose thermally to give toluene. One of the problems to be 
examined in such a 1,l-reductive elimination reaction, thereforc, is the mechanism 
by which the two fruns organic partners eventually become coupled. In catalytic 
coupling  reaction^^^(^^^^ procccding by the oxidative addition-transmetallation se- 
quence, the fratis complex is obtained’’. However, if isomerization to the cis complex 
were slow compared with reductivc climination, the transient cis complex might not  
be observed. 

RX+[PdL,,] - trms-[PdX(R)(L),]+(ri -2)L (355) 

(356) 

(357) 

traiis-[PdX(R)(L)J + R’m - trciris-[PdR(R’)(L),] + mX 

trans-[PdR(R)(L),] ---+ R R  + [PdLl  

In order for concerted thermal 1,l-reductive elimination to take place, it has bcen 
argued that the organic moieties must occupy adjacent positions in thc 
comp~cx7 16,719-721 . Construction of an orbital correlation diagram for cis four- 
coordinate square-planar d x  complexes reveals that thc conccrted elimination is 
symmetry allowed7’‘. Although the thermal concerted elimination directly from the 
trigonal bipyramidal and t h e  tetrahedral complexes is symmetry allowcd, 1 , l -  
reductive elimination from a trigonal three-coordinate species is symmetry 
forbidden’”. 

TIlcrc are ;I number of conceivable pathways by which thc two organic groups in a 
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trans complex could gain positions adjacent to  one another prior to coupling: (1) 
oxidative addition of an organic ha!ide t o  the palladium(I1) complex; (2) prior 
dissociation of a phosphinc to give a three-coordinate intermediate (dissociative 
mechanism); ( 3 )  prior association of a phosphine t o  give a five-coordinate complex 
(associative mechanism); (4) conversion of the complexcs in (2) or (3) to thc cis 
square-planar complcx by recoordination or dissociation of phospliine (after rear- 
rangement), respectively; and (5 )  distortion of the trans complex into a transient 
tetrahedral geometry. 

T h e  reductive climination reactions of a number of dimethylpalladium complexes 
(Schcme 12) have been s t ~ d i e d ' ~ ~ . ~ " ~ .  The cis-trans-isomerizations are rapid at 

cis- [ Pd( Me)2( PPh3)zI 

(c-65) 

cis-[ Pd( Me)z( PMePhzhI 

(c-66) 

[[pg::] PPhz 

rruns-[Pd(Me)z(PPh3)rj 

(t-65) 
truns-LPd( Me)z( PMePh2)~l 

(t-66) 

I Me I 
d & 4  

PhrP-Pd-PPhr 1 id 
(c-67) ( r  -68) 

SCHEME 12. Dimethylpalladium(I1) complexes. 

moderate temperatures (45 "C) and no evolution of ethane takes place. The 1,l- 
reductive elimination takes place only from the cis isomers above 45-60 "C. At  these 
temperatures, no reductive elimination takes place from the fraizs complexcs. Al- 
though the dppe(dimcthyl)palladium complex c-67 undergoes 1,l -reductive elimina- 
tion in dmso at  80 "C, the TRANSPHOS(dimethyl)palladium complex, (-68, fails 
to undergo reductive elimination of ethane. 

Dmso solutions containing cquimolar amounts of the cis isomers c-65, c-66, or  
c-67 and their corresponding perdeuteriomethyl analogues undergo reductive climi- 
nation t o  give only ethane and d6-ethane. No trideuterioethane could be detected, 
demonstraing that n o  exchange of methyl takes place between complexes, and that 
the reductive elimination is mononuclear and intramokcular. 

T h e  reductive climination reactions from t h e  cis complexes are  first order, the 
relative rates bcing 65 >66 >67. T h e  addition of excess o f  diphenylmethylphosphine 
to a d6-dmso solution o f  c-66 significantly slowed the rate of reductivc elimination of 
ethane. T h e  addition of an equivalent of diphcnylacctylene, however, gavc reaction 
ratcs which were in agreement with the rates obtained for c-66 without added 
acetylene. T h e  palladium acetylene complex, 69, could be isolated from thc reaction 
solution. 

[ Pd(Ph%CPh)( PMcPhz), J 
(69) 



9. Oxidative addition and reductive elimination 755 

There arc certain requirements, therefore, for rcductive climination of ethane 
from bis(pliosphine)dimethylpalladium(II) complexes to takc place7'3.7R4. Firstly, only 
a cis complex will undergo the 1,l -reductive elimination. Secondly, 
polar/cocrdinating solvents enhance the dissociation of phosphine; initially 50% of 
thc  coordinated phosphine is displaced from complexes c-65 and c-66. This dissocia- 
tion docs not occur readily in non-polar solvents. This cis chelating ligand dppe docs 
not dissociate in a detectable amount from complex c-67 even in the prescnce of 
strongly polar/coordinating solvcnts. 

6.5-6.9 X lW5 and 4.8 X 0-7 s-.', respectively, at  54°C) parallels the ability of the 
complex to dissociate phosphine; added phosphine retards the ratc of elimination'*'. 
T h e  cis chelating ligand dppe  does not dissociate from c-67 in a detectable amount, 

cis-[Pd(Me)?(PR3), + Solv cis-[Pd(Me),(PR,)(Solv)]+ PR3 (358) 

T h e  rate constants for reductive elimination from the cis complexes ( 1 . 0 4 ~  

c~s-[P~(Mc),(PR~)(SOIV)] -[ , s ~ ~ > P d . ' . ~ ~ ~ ] - ~  (R3P)Pd Soh + C2Hh (359) 

(R,P)Pd(SoIv) + PR3 (R,P),Pd(Solv) (360) 
accounting for ii ratc of reductivc elimination which is 50-100 times slower than for 
c -66 ,  a complex that is elcctronically and geometrically similar. It is not  clear, 
however, whether thc function of the polar/coordinating solvcnt is to aid in phos- 
phine dissociation by solution or  by occupying thc coordination site vacatcd by 
phosphinc. T h e  a-donating ability of the phosphines, which enhances oxidative 
addition, thus inhibits reductive elimination. Reductive elimination may occur either 
f rom the cis square-planar complex containing coordinated solvent or  from a 
tricoordinatc Y-shaped intermediate. 

Further insight in to  thc mechanism, and particularly the role of the solvent, was 
obtained by the examination of the rates of reductive elimination of ethane from 
c - 6 6  at different tcniperaturcs in solvents encompassing a wide range of p~larity '"~.  
T h e  rates of reductive elimination are faster b y  almost order of magnitude in 
non-polar, aromatic solvents. 

T h c  energics of activation for the reductivc eliminations in the non-polar aromatic 
solvents correspond to those calculated (25 kcal m ~ l - ' ) ~ ' ~ '  for the cis- 
dimethylphosphinepalladium(1l) complex i n  eithcr the 1' or Y geometry, 70 a n d  71. 

Me-Pd-PHI 

Me 
I 

(70) 

Me \pd/MC 

1 
PH' 

(71) 

T h e  lower energies of activation and slower rates for those eliminations in 
polar/coordinating solvcnts arc a reflection of the largc negative entropies of 
activation. 'l'hcse largc negative values are consistent with an elimination reaction 
that produccs a coordinatively unsaturated palladium(0) complex, hPd(O), a n d  ;I h t c  
transition statc having some of the charactcristics of the product. Thus, a n  ordering 
of coordinating solvent  by palladium appears to be taking placc as i t  proceeds to thc 
zerovalent complcx. S i x c  this reaction apparently takcs place by prior dissociation 
of phosphine7", the observed activation energy is the sum of a n  endothermic ligand 
dissociation and the elimination of ethane. Coordination of solvent to the product 
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to give [Pd(S),,(L),] (S= dmso, acetone, acetonitrile) lowers the energy of the 6, 
orbital'"" in the product and thus the activation energy for the reductive elimination. 

Theoretical  calculation^^^^' for the reductive elimination of ethane from bis(phos- 
phine)dimetliylpallaclium support this mechanism. Several important conclusions 
emerge from these calculations. Firstly, stronger donor ligands tram to the leaving 
groups increase the  barrier to elimination. Secondly, the reductive elimination from 
the four-coordinatc cis-bis(phosphine)dimzthylpalladium is symmetry allowed, but is 
controlled by the energy of an antisymmetric b2 oribtal. T h e  energy barrier for 
elimination from this complcx is substantial and is much higher than that of the 
corresponding nickcl complex containing a lower energy O2 orbital (Scheme 13). 
Thirdly, reductive elimination from a threc-coordinate phospliinedimcthylpalladium 
complex containing methyls in adjacent positions has a substantially lower activation 
energy than that of thc four  coordinate complcx. Fourthly, the Y and T-shaped 
geometries of phosphincdimethylpalladium are more stable than the trigonal 
geometry; the trigonal geometry represents an energy hill (Scheme 14). Finally the 
barrier for isomerization from one T-shaped geomctry to another is substantial, 
much higher than the  energy barrier for rcductive elimination from either a Y -  or a 
T-shaped complex. There is ii substantial energy barrier t o  transit around the 
Jahn-Teller wheel. A T-shaped frans-[PdLR21, which might be produced by liberat- 
ing L from the fruizs-four-coordinate complex [PdL2R2], will encounter a substantial 
energy barrier to rearrangement to cis-[PdL2R2], which can undergo rcductive 
elimination. Thus, tmris-pdL2RJ must first isomerize to thc cis isomer. Dissociation 
of phosphinc from the cis isomer generates the T gcometry directly (4 or 8 o'clock 
o n  the Jahn-Teller wheel). It is not clear, however, whether reductive elimination 
takes place from the  T or the Y complex (6 o'clock), since the activation energies for 
each are nearly identical and the activation energy for isomerization from T to  Y is 
low. 

T h e  fact that the groups undergoing coupling must occupy cis-positions is consis- 
tent with the observation that cis-diethyl complexcs give n-butane, but the rratzs 
isomer yields ethene and ethane, as a result of 0-elimination, followcd b y  reductive 
elimination of hydridc and ethyl7". Also, this required geometry is consistent with 
the obscrvation that the carbonylation of a cis-dicthylpwlladium complex yields 
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SCHEME 13. Schematic corrclation diagram for the elimination o f  RR from a squarc-planar 
d" transitibn metal complex [ML,R,]. The reaction pathway maintains C,, symmetry. 
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R-M-R 

\ 
PR3 -.- I . . I 

I 

R\M/R 

, I - -  
,*' PR3 

R k' I 

I 
I 

\ / 
PR3 

P k j  

SCHEME 14. Isonicrization of PdR,L complexes. 

ethcne and propanal, while the trans isomcr produces diethyl ketone7". The se- 
qucnce of reactions requires firstly that carbon monoxidc occupies the position of one 
of t h e  dissociated phosphines, and secondly that alkyl migration to carbonyl takes 
place. Therc is somc precedcnt for this stereochemistry and thesc requirements. 

The  rcductive elimination of propenylbenzene from both (E)-and (Z)- 
styrylmethylbis(dipli~n~~lmethylphosphine)palladium(II) givc ( E ) -  and (Z)-propenyl 
benzenc, respe~tivcly~". The dialkyl palladium(l1) complexes undcrgo cis-tmns 
isomcrizafion (cornplcx geometry) and reductive elimination rapidly below ambient 
temperature. 

MeLi -78 "C 1 McLi -78 "C 1 
L L 

t runs- (0-73 cis- (E)  -73 tmtis- (2)-73 cis-(Z)-73 

m 
Ph Me 

(2)-74 
Ph 
(a-74 

SCHEME 15. Synthesis, isomcrization, and rcductive elimination rcactions o f  styrylrnethyl- 
bis(diplicnylmetliylpliosphine)palladiu~n(I~) cornplcx 
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The  oxidative addition reactions of (E)- and (Z)-P-bromostyrene with 
tctrakis(diphenylmethylphosphine)palladium(O) give the frans complcxcs (72) with 
1OO0/o retcntion of gcometry at the double bond (Scheme 15). Reaction of these 
complexes with methyllithium at  ambient tempcrature produces (E)- and (Z)- 
propenylbenzenes [(E)-74, (Z)-74], rcspectively, uncontaminatcd with the other 
isomer. T h e  styrylmethylpalladium(I1) complexes arc too unstable to bc isolated at 
room tempcrature. 

Both the (E)- and (Z)-styrylmcthylbis(diphenylmethylphosphine)palladium(II) 
complcxes [(E)-73, (Z)-73)] could be isolated from thf solutions by the rcaction of 
(E)-72 and (21-72 with methyllithium at  -78°C. Mixtures of the cis and trans 
isomcrs of (E)-73 and (Z)-73 a re  obtaincd. Decomposition of these (E)-  and 
(Z)-styrylmethylpalladium complexes ([E)-73 and (Z)-73)] produccd thc corres- 
ponding ( E ) -  and (Z)-propenylbenzenes [(E)-74, (Z)-74)], respectively. 

T h e  cis-(E)- and -(Z)-styrylmcthylpalladium complexes undergo rapid decomposi- 
t ion,  whereas the more thermally stable trans complexes isomerize to  the cis 
geometry before reductive elimination can occur. Added diphcnylniethylphosphine 
rapidly isomerizes the tram isomers to the cis isomers i n  either thf o r  tolucnc. 

These results show that the same requirements are necessary for rcductivc 
elimination in these complexes ;is a re  demanded by the dimethylpalladium complex. 
The tram complcx must isomcrizc first to place the alkyl groups in  adjacent positions 
before reductive elimination can occur. The  isorncrization is catalyscd by phosphine, 
but t hc  cis isomers are preferred. In addition, the climination takes place with 
complete retention of geometry at the double bond. 

T h c  elimination reaction also has been shown to involve the intermediate r-olefin 
complexcs, (E)-  and (Z)-(propenylbenzene)bis(diphenylmethylpliosphine) 
palladium(0), which lose ( E ) -  and (Z)-propenylbenzenc, rcspectively. 

(E)-73 (E)-74 (363) 

Two complexes, a cis-trans mixturc of (E)-styrylmcthylbis(diphcnylrnethyl- 
phosphinc)palladium(II) and a cis-trans mixture of (E)-p-chlorostyryltridcuterio- 
methylbis(diphenylmethylphosplii~ie)p~ill~idium(II) react to give only (E)-propenyl- 
b c nze n e No 
crossover products are observed. Thus, exchange of neither thc methyl nor thc styryl 
groups takes place prior to rcductivc elimination. T h e  elimination is intramolc- 
cular and does not  take place from ii dinuclear palladium complcx. The  reductive 
elimination of propcnylbcnzene from the styrylmethylpnll~idiiini complexcs [(E)-73, 
(Z)-731 is first order. T h e  ratcs of reductive elimination of ethane from cis- 
dimethylpalladiuni(I1) complexcs are much slowcr, howcvcr, than the elimination of 
propcnylbenzcne from the cis-styrylmctliylpalladium complexes. Since excess of 
phosphine does not cause ii rate change i n  the early stages of the reaction, coupling 
is probably takin: place directly from the square-planar cis complex. This coupling 
of a cis dR[ML,R2] t o  ;I d I "  ML2 and R2 is symmetry allowcd for a least motion 
C,, d c p a r t u r ~ ' ~ ' ~ .  I n  the rcductivc elimination from thc styi-ylinethylpalladium 
complexes, the product is a tf I "  I:ML,(olefin):] complex. ~l'hus. thc encrgy of t h e  
h, orbital should be significantly lowered, allowing thc pathway from the square- 
pl a m r  four-coord i n a tc complex. 

T h e  1,l-reductive elimination from thc palladium(l1) complexes generates 
palladium(0) complexes which, i n  a catalytic coupling reaction of a n  orgnnohalidc 

and ( E ) - p -ch 1 o 1-0 - 3,3,3 - t r i cie u t e r io prop e n y 1 be n zc n c , rc s pe c t ivcl y . 
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with an organometal, could undergo oxidative addition of the organic halide. 
Palladium(0) complexes catalyse the coupling of benzyl halides with Grignard 
reagents or tetraorganotin compounds. The  reaction gives only cross-coupled pro- 
ducts, provided that t h e  benzyl halide is present during the reaction. As a result, the  
catalytic cycle often written for this coupling reaction involves Pd(0) $ Pd(I1) trans- 
formations (Scheme 16). In a number of cases the rates of reductive elimination 
observed in the stoichiometric reactions are much slower than can be accommodated 
by a catalytic process. 

RR' 

cis-[ PdX( R) (L)2] ~ w ~ z s - [  PdX(R)( L)2] w mx R'm 

SCHEME 16 

When a stoichiometric reaction is carried out by first isolating t h e  oxidative 
addition product of benzyl bromide 1 0  palladium(0), and then allowing the trans- 
metallation reaction to occur. in addition to coupling other reactions take place, and 
the  rate of the reaction is much slower than when benzyl halide is present. When 
cis-dimethylbis(triphenylphosphine)palladium(I1) (c-65) reacts with benzyl brcrnide, 
ethylbenzene is the only product, supporting a transient palladium(1V) intermediate 
in the rcductive elimination and in the catalytic cycle'"'. 

Optidally active chloro(cY-dcuteriobenzyl)bis(triplicnylphosphinc)pa~ladium(II), on  
reaction with tetramethyltin (in the presence of a benzyl halide, e.g. p-nitrobcnzyl 
bromide), yields optically active a-deuterioethylbenzene in which retention of con- 
figuration at carbon has resulted in the reductive elimination (Scheme 1 7)783.7"'. 
Further, the reaction of a -dcuteriobcnzyl bromide with cis-dimethylbis(tripheny1- 
phosphinc)palladiuni(II) produces optically active a-deutcrioethylbenzene with 
inversion of configuration at carbon taking place. Since oxidative addition to low- 
valent palladium species takes place with inversion of configuration at carbon, 
then  retention of configuration is taking placc in t he  reductive elimination step. 
Thus, the mechanism of bond making and breaking in the 1,l-rcductive elimination 
is a concerted or nearly concerted process from a palladiuni(1V) spccies. 

Although complex t-68, which is held i n  a geometry such that t h e  methyl groups 
are from, will not  undergo reductive elimination at 100 "C i n  d,-dmso, the  addition 
of methyl iodide to it solution of 1-68 at room temperature immediately produced 
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SCHEME 17. Stercochemistry o f  climination from Pd(lV) 

ethane. T h c  addition of perdeuteriomethyl iodide produced only 1 ,l,l- 
trideuterioethane, which is compclling cvidence for palladium(1V) i~ i te rmedia te~"~.  

r-68 +CD3I + ."'B Ph2 P-Pd-PPh2 8- 

41 
CH3 CD3 

Dimethyl(dppe)palladium(II) is known t o  yield ethane rapidly o n  addition of 
methyl iodide7'". When the ligands arc held cis, as they arc in (dppe)dimethylpal- 
ladium, the oxidative addition of CD31 and the subsequent reductive elimination 
produces ethane in which the ratio of CD,CH3 to CH3CH3 is 27"5. 

T h e  reaction of methyl iodide with cis-bis(phosphine)dimethylpalladium (c-65, 
c-66)  produces ethane rapidly, the intermediate trimethyliodopalladium(1V) species 
being too unstable to isolate. In a variety of solvents of different polarity, this 
reaction also gives the fra~zs-bis(phosphine)iodornethylpalladium(II) products; the 
rcaction is second order. 

T h e  rate constants are larger than those observed for thc first-order reductive 
elimination of ethane from the cis-dimcthylpalladium(1I) complex c-66 in the same 
solvents. The  rates for the reaction of c-66 with methyl iodide in the polar solvents 
are 400 times faster than the rates of rcductive elimination of ethane from pal- 
ladium(I1). In non-polar solvents, the ratc of reductive elimination of ethane from 
c-66  is comparable to that of c-66 with mctliyl iodide. 

T h e  second-order rate is consistent either with a rate-determining oxidative 
addition of methyl iodidc to give the palladium(1V) intermediate followed by a fast 
1,l-rcductive elimination reaction, or a rcversihlc oxidative addition rcaction fol- 
lowed by a rate-determining reductive elimination reaction. Since the intcrmediate 
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palladium(1V) complex cannot be observed ( 'H n.m.r.) during the course of the 
reaction, any pre-equilibrium constant must be small. 

C-65, C-66 

L = PMcPhz, PPh, 

'The energies of activation (16 kcal mol-') do not  show appreciable differences, at 
least in the polar solvents. Both the rates of t h e  reaction and the entropies of 
activation are sensitive to the solvent, much faster rates and larger negative entropies 
(- 14 to -20 eu) being observed i n  polar media. This bchaviour is characteristic of 
oxidative addition reactions of methyl iodide to other transition metals. In these 
reactions t h e  solvent effect on the  rate of oxidative addition is dominated by the 
entropy of activation term. 

There are other examples in which the reductive elimination of cis-alkyl groups 
from palladium(I1) complexes is promoted by the addition of organoiodidcs. T h e  
relatively stable dimethyl(bipyridyl)palladium complex, for example, yk!ds ethane o n  
the addition of perfluoropropyl iodide'"'. 

Thus, of the  scveral possible 1, l  -reductive elimination reaction pathways of 
organic groups from palladium, the reaction takes place o n l y  with t h c  adjacent 
organic partncrs. 

In eliminations from [PdhR,] the better the cr-donor capability of thc leaving 
group and the weaker the donor rrms to the leaving group, the more readily the  
I ,1 -reductive elimination occurs. Although the activation energies for these reduc- 
tive elimination reactions are lower in more polar solvents, the attendant large 
negative entropies of activation result in slower rates than in non-polar solvents. As a 
result, in a polar solvent the activation energy may be lowered because of thc 
absence of the second phosphinc ligand or its replacement by a polar solvent. 

Strong donor ligands tram to the leaving group retard reductive elimination, yet at 
the same time enhance the rate of oxidative addition by increasing the electron density 
on palladium. Thus, a more facile pathway for reductive elimination, particularly in 
the catalytic coupling reactions of organometals and organohalides catalysed by 
palladium (where the organohalide is present in excess with respect to palladium 
throughout the coursc of the reaction) may be through a palladium(1V) intermediate. 
In  many catalytic reactions the overall coupling rate and thus evcry individual step in 
the catalytic cycle are faster than the rate of the 1,l-reductive climination from 
the diorganopalladium(I1) complex. In polar solvents, the rates of the oxidative 
addition-reduction elimination sequence involving dimethylpalladium(II)-, 
iodotrimethylpalladium(1V) -+ iodomcthylpalladiuni(l1) is faster than the reductive 
elimination of ethane from dimethylpalladium(II), mostly because of the less nega- 
tive entropies of activation for the  oxidative addition step in the former sequence. In  
non-polar solvents, these two pathways have conipetitivc rates since both the 
activation energies and entropies for the two pathways are similar. 

Since the oxidativc addition-transmet~illation reaction gives a palladium(I1) com- 
plex in which the organic partners arc rrmzs, this cxplaiiis how a palladium complex 
containing adjacent organic groups can bc realized. I t  also explains the  presence of 
homo-coupling products, as well as cross-coupled material in many coupling reac- 
tions (Scheme 18). 
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RX + [Pd(O)Ln] 

1 
frutzs- [PdX(R)(L)z] RR ' 

mX 

tram - [ PdR(R')(L)2] 

frutzs- [PdX(R)(L)z] 

R'm 

r 

tram - [ PdR(R')(L)2] 

R X  

SCHEME 18 

Diorganobisphosphincplatinum(1I) compounds that d o  not contain P-hydrogens 
on the organic group are relatively stable toward thermal decomposition. cis- 
Dimethylbis(triethylphosp1iine)platinum is stablc above 85 OC7"'. Aryl complexes are 
more stable than benzyl  derivative^'"^. In contrast to the nickel and palladium 
complexes containing trans-aryl and -methyl groups, the platinum analogue is 
stables1. 

When a 0-hydrogen is present in a dialkyl platinum(I1) complex, @-elimination is 
thc preferred reaction pathway794, even with platinacyclcs containing an unfavoura- 
ble dihedral angle betwecn thc carbon platinum and 0 -carbon-hydrogen bonds. 
Cyclobutanc can be the major product from the 1,l-reductive elimination of a 
platinacyclopentane bcaring phosphincs with bulky alkyl groups7". Thc gencration 
of cyclobutane in high yields in dichloromethane has becn shown to arise as a result 

1 ~ ~ ~ ~ > P t ~  j -+ cyclobutane + CHz=CHCHzMe +trans-MeCH=CHMe 

of a 1,l-reductive elimination from a platinum(1V) complex generated by thc 
oxidative addition of dichloromcthanc to the platinum(I1) complex (see reaction 

Intramolecular C-H insertion of certain cis-dialkylplatinum(I1) complexes ulti- 
mately can lead to ;1 1,l-reductive elimination of cyclopropanes via a platinacyc- 
1 0 b u t a n e " ~ " ~ " ~ ~ .  

(368) 
+cis-MeCH=CHMe 

373). 

1, 1-Me2-cyclopropane 
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T h e  thermolysis of diphenylbis(triphenyIphosphosphine)platin~1m(II) yiclds biphenyl79". 
The solid-state thermolysis of a series of diarylbis(phosphine)platinum(II) complexes 
has dcmonstratcd the rcquirement that the complcxcs have the cis geometry, and 
proceed by a concerted process, as evidenced by the absence of crossover products or 
products dcrived from radical internicdiates and isomeric ~ c r a m b l i n g ~ " ~ . ~ " ~ .  In this 
case, the presence of additional tertiary phosphinc has been shown to enhance the 

cis-[Pth2Ar2] - P t L +  ArAr (3701 

rate of reductive elimination, which has been interpreted either as prior formation 
of a five-coordinate intermediate or a synchronous process involving phosphine7"". 
This behaviour is in contrast to that observed in the reductive elimination reactions 
of dialkylpalladium(1I) complexes, in which phosphines inhibit the elimination and in 
fact dissociation of phosphine precedes reductive c l i m i n i ~ t i o n ~ ' ~ ~ ~ ~ * .  

The grcater stability of the platinum analogues can be attributcd to the higher 
energy level of the h2 orbital7'". The effect of added Iigand in inducing coupling has 
been attributed to increasing the orbital occupation in a reaction in which the orbital 
occupation is decreased by t~o ' ' " .  It has been argued that this effect is most 
noticeablc at the end of the transition series whcrc reducing the d-orbital cnergies 
and increasing energies for nd -+ ( n  + l )p  promotion result in less energetically 
favorable 18-electron molecules. As a conscqucnce of the lanthanidc contraction, the 
progression for rid + ( 1 1  + l ) p  promotional energies is not regular, and the trend to 
lower orbital occupation in t h e  nickel triad is not regular; palladium shows t h e  least 
tcndency toward forming 1 S-clectron molecules. Thus, the promotional energies are 
Ni 1.72eV, Pd 4.23cV, and Pt 3.28eV, and this could reflect t h e  trend to add a 
two-electron ligand. 

Nevertheless, the reductive elimination of biaryls from platinum(l1) is first order in 
platinum complex, and there is a pronounced negative entropy of activation (AS*= 
-24 eu)xO". The  rate of elimination from complexes containing chelating phosphines 
is slower than that from those having monopliosphines. This is possibly a conse- 
quence of restricted transition-state geometry in the case of the chelating phosphine7". 

T h e  loss of ethane from dimethylbipyridylplatinum(I1) has been proposed to 
proceed by a radical process, however, based o n  the e.s.r. detection of a nitroso 
irappcd intermediate'"' . 

Di- or tri-organoplatinum(1V) complcxcs undergo 1, l  -reductive elimination much 
more rcadily. Platinacyclobutanes obtained from t h e  reaction of platinum(I1) com- 
plexes with cyclopropanc"' regenerate cyclopropane thermallys57~'02, photochemi- 

, or o n  treatment of the  platinum(1V) complex with a variety of ligands, 
including cyani~ic5".80'.X"h , alkcnes'"", p h o ~ p h i n e s ~ ~ ' . ~ " ~ ,  and arsines or stibincs'"'. 
The thermal reductive climination of hicyclobutane from a platinum(1V) complex, 

caIIy403.80J 

r .  x 1 
--+ cyclopropanc + [PtrXzLz] 

X 

together with other elimination products, has bccn o b ~ e r v e d ~ " ~ .  Cyclobutane is 
obtained from divalent platinacyclopentenes following the oxidniive addition of t h e  

+ 3-methylcyclopropene + mcthyclenccyclopropane 
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solvent dichloromethane808. O the r  platinum(1V) metallocycles also 
k an  es8". r CHiCl 1 

765 

yield cycloal- 

[ L \ p t a ]  A CH2CI. 1 '%!;J] --+ cyclobutane+butenes 

L' L d  I + 
W U ~ S -  [ Pt CI (CH2CI) (L)2] 

(373) 

L = py; = bipy 

Thus,  1,l-reductive elimination of alkyl groups occurs readily from platinum(lV), 
b u t  not platinum(Il), @-elimination being prcferrcd from the lower oxidation state.  
Whether  or not @-elimination occurs or cycloalkanes a re  formed from the  
platinum(1V) complexes depends o n  the  ligands and the  third alkyl group o n  
platinum, an  electron-withdrawing alkyl group favouring cyclobutane formation. 

T h e  kinetic resolution of trans-l,2-dimcthylcyclopropane by its enantioselective 
1 .I-reductive elimination from t h e  platinacyclobutane with chiral phosphine has 
been  achieved in 35% eeno9. 

Prolonged heating of dimethyldiiodobis(tricthylphosphine)platinun1 generates 
e thane  and the  platinum(I1) iodide7'". Thermolysis (160-180 "C) of halotrimethyl- 
a n d  tetramethyl-bis(phosphine)platinum(IV) complexes always yields e thane  as a 
reductive elimination Reductive elimination from the  chloromethyl- 
platinum complexes generally produces both methyl halides and e thane  (see a b o v ~ ) ~ " ~ .  

L J 

T h e  elimination of ethane from trimethyliodobis(diphenylmethy1phosphine) 
platinum(1V) containing one deuteriomethyl group shows a positive secondary 
isotope effect"'. This type of complex, 75, dccomposes by an intramolecular 

75 
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reductive climination of ethane (R, = R2 = Mc), hcxadcuteriocthane (R, = R2 = CD,), 
a mixture of ethane and trideuterioethane (R, =CD,, R2 = Mc), or  a mixture of 
trideuterioethane and hexadeutcrioethane (R, = Me, Rz = CD,)"4.")6. Kinetic studies 
indicatc that ethane is eliminated from :I fivc-coordinate intermediate generatcd by 
the dissociation of a phosphine ligand. When thc ligand is diphosphine, however, 
elimination takes place without prior dissociation. T h e  cstimatcd activation energy 
(1 6.5 kcal mol-') is considerably tower than  the methyl-platinum bond energy (35.8 
kcal mol-') and lower than thc activation cnergy for thc elimination of ethane from 
[PtCpMeJ"". Halobisphosphineplatinum(1V) complexes containing mutually cis- 
alkyl groups show a prefercnce for redilctivc elimination partners, depending on the 
Iigands trum to the alkyl groups and thc electron-withdrawing o r  -donating ability of 
the aikyl gro~p1X"~1y2.'95 . T h e  leaving group order obtained from these reactions is 
MeCO > M e  > Ph >> CF,'x". 

L J 

X=Br, I; Rr=CF3, CzFs, C3F7. C ~ F I S ;  LEPPhMez 

L = PhMezP 

3. Other group Vlll complexes 

Rcductive elimination of hydrocarbons from rhodium(I11) in many cases is the  final 
step in the isomcrization of strained ring hydrocarbons""."". l h e  acylrhodium(II1) 
intermediate ilsolated from the oxidativc addition of thc clilorodicarbonvlrhodium(1) 
dimer undergoes reductive elimination 

- 

. .  

on the addition of ph~sphine~'" .  Similar 

PPh; - v  
0 

reductive elimination reactions take placc from othcr acylrhodium(1lI) metallacyclcs 
o n  thc addition of carbon monoxide"". Reductive elimination of methyl and vinyl 

0 

MeOH 
t 

CO 
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- 7 

0 
co 
I 

CI-Rh-C@ 

0 0  
- R = CO2Me 

767 

groups from rhodium(1II) takes place with retcntion of gconictry at the sp’ carbon, 
indicativke of a concerted reaction’“”. 

R = C02Me; L = PPh3 

T h c  1,l-rcductive elimination of alkyl groups from d6 iron(I1) complexes docs not 
give high yields of coupled products. Thermolysis of (dppe)dimethyliron(II) ncat or 
in solution yields minor amounts of ethane. T h e  majority of the elimination product 
is methane, which suggcsts an a-elimination mcchanism””.”’3 . Diethyliron(I1) com- 
plcxes give primarily ethane and ethenc, products resulting from an initial 0- 
e I i ~ n i n a t i o n ~ ~ ~ .  

T h e  addition of an oxidizing agent or electrolytic oxidation gives high yields of 
l,l-reductive elimination p r ~ d u c t ~ ~ ~ ~ ” ’ ~ ~ ~ ’ ~  . T h e  addition of an olefin containing 
electron-withdrawing groups also promotes this reductive Olefins with 

e values of 1.30 or above (tcne, 2.25; maleic anhydride, 1.30; acrylarnide, 1.30) 
effcctcd the elimination; olefins with e values below 1.30 (c.g. acrylonitrile. 1.20) 
wcrc polyinerizcd. Similarly, dialkylcobalt(I1) complcxes undcrgo 1,l-reductive 
elimination of alkanes in the presence of oxidizing agcnt~’~~’.  
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4. Early Transition Metals 

Reductive elimination of organic partners from the  carly transition metals is rare, 
homolysis being obscrved in most of the elimination reactions8”. Most of the early 
transition metals bearing methyl groups give methane, usually below ambient tcm- 
perature. However, 1,2-(bisdimethylphenyl)ethane complexes of pentamethyltan- 
talum, tetramethyltitanium, and pentamethylniobium are remarkably stablc. Phenyl 
dcrivatives of titanium, vanadium, and zirconiuni decompose below ambient tem- 
peratruc to give biphenyl and benzcne. Tctrabcnzyl-titanium and -zirconium yield 
toluene by an intramolecular abstraction process. 

Where @-elimination in tetraalkyl derivatives of the early transition metals is 
prevented, for example in certain 1-norbornyl derivatives, 76, coupling products arc 
observed‘”. In the coupling of tribenzylchromium, radical reactions best account for 
the coupling productsR18. 

[M( 1-norbornyl),] 

(76) M = Hf, Zr, Ti, V, Cr 
1 3 p  

[Cr(PhCH2),1 PhCH2CH2Ph + PhMe + o-PhCH,C,H,Me (386) 

The elimination of ally1 chloride from d“ q3-allyl molybdenum and tungsten 
carbonyls, which takes place on the addition of phosphines, probably does not  
involve a radical mechanisms’”. 

[MCl(CO),(NCMe),(rl’-2-R-allyl)] [MCI(C0)2(L)2(q3-2-R-allyl)] 
L 

McCN 
- CH2=C(R)CHKl+ [M(CO),(NCMe),(L), (387) 

M = Mo; R = H, Me; L = phosphinc 
M = W ;  R = H  

Tetraphenylvanadium decomposcs at -50 “C in diethyl ethcr to yield biphenyl and 
a diphenylvanadium etherate. Tetraphcnyltitanium also produces biphenyl. 

[MPh,] - [MPh,]+ PhPh (388) 

Dimethyltitanocene eliminates mostly methane and only minor amounts of 
cthanexZ2, the origin of methane being an u-elimination Dibutyl- 
titanoccne decomposes at  -55 “C to give ri-butane 2nd but-l-cnex’3. The  metal- 

[TiCp,(Me)J --+ [TiHCp,(Me)(=CH,)] - CH, (389) 

locyclic titanocenes are niore stable (to 0 “C), ~ i n c c  thc 0-elimination pathway is not  
as a ~ a i l a b l e ~ ~ ” ~ ~ ~ ~  . Titanacyclopentane and -hexane yield only minor amounts of 
cyclobutanex’5 and cyclopcntanc, respectivcIyH2‘. Thc introduction of carbon monox- 
ide i n t o  solutions containing titanacyclopcntane, however, yields cyclopentanone via 
an ‘insertion’-reductive elimination processH23-S25. Apparently the acylalkyl inter- 
mediate favours 1,l-reductive climination ovcr other decomposition pathwaysx2”. 
Although photolysis of dimethyltitanoccne also yields methane, the photolysis of 
diphenyltitanocene gives biphcnylS2’. 
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' fhermolysis  of tetrabenzylzircoIlium gives  benzene,  toluene,  diphcnylethane,  a n d  
bibcnzyl ,  p r o d u c t s  of homolysis  of the benzylzirconium bondf2'. l 'ctraphenylzir- 
c o n i u m  dccornposes  a t  0 "C in diethyl  e t h e r  to yield biphenyl ,  benzene,  and diphenyl-  
z i rconium etherateX2". 
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I. INTRODUCTION 

T h e  structure and bonding of main g roup  organometallic compounds are of major 
interest to chemists, not only because of the important role which they play in the  
reactivity of these species, b u t  also because of t h e  unusual and often surprising 
varieties of features observed. Among the  earliest of these unexpected propertics 
which was  observed was the  dimeric na ture  of trimethylaluminiurn'. This  could not 
be readily accounted for by t h e  bonding models in use a t  that time. For that reason it 

7s9 
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Icd to thc recognition that this species, as well as many to be studied later, required a 
more cornplcx model involving the usc of multi-centred molccular orbitals. The 
concepts devcloped to treat the bonding in these systems now provide the basis 
for most of the bonding models used for main group organometallic compounds, and 
in addition have been extended to  includc many transition metal organometallics and 
mixed transition metal-main group mctal spccies. 

O n e  of the simplest descriptions of multi-centred bonds was developed by Rundle’ 
to account for thc formation of the aluminium d k y l  dimcrs. In this system the 
bonding results from the ovcrlap of three sp’ orbitals, one  from each aluminium 
atom and the third from thc bridging carbon atom to give rise t o  a set of molecular 
orbitals composcd of a bond orbital occupied by the two clcctrons, a non-bonding 
orbital, and an antibonding orbital, 1. This very simple description accounts for the 

\ I /  
C 

1 

bonding in the aluminium alkyl dimers and serves to illustrate t h c  approach taken in 
treating the bonding present in many of the organometallic systems to be dealt with 
in this chaptcr. Many of the descriptions in the literature are  far more complex, 
involving more centres and/or orbitals. As yct a dctailed and comprehensive treat- 
ment  of the bonding in main group organometallic chemistry has not been de- 
veloped, as has been the case for the boron hydridcs’, but significant steps a re  being 
made, as described below. T h e  major fcaturcs which are  apparcnt in all of these 
treatments is that hydrogcn, carbon, silicon, and possibly other  elements may 
bccome a central atom in multicentre bonding, which by classical treatment yield 
bonds which are electron deficient. 
Thc bridging atom has a higher coordination number than observcd in simple 

covalently bound molecules, with valucs of 2 or 3 for hydrogen and 5 or 6 for carbon 
or silicon. Further, the bonds are all polarized to some extent and in the extreme 
cases have becn dcscribed as ‘totally ionic’ with the units held together only by 
clectrostatic interactions. These species may be represcnted by derivatives such as 
NaMe or KMe, which form essentially ionic lattices hcld together by electrostatic 
interactions with no apparcnt covalent character. At the other extreme, one may 
describe bonding in systems such as organomercury derivatives as essentially coval- 
ent  two-electron 0 bonds with no unusual properties. 

This review will includc thc  pertinent information dealing with this subject and 
will rely heavily o n  the observed structural data obtained both from singlc-crystal 
X-ray structural determinations and from electron diffraction studies. Other  perti- 
nent physical measurcments will also be discussed as they relate to  the bonding in 
these systems. T h e  focus will be placed almost exclusively on those systems which 
contain electron-deficient carbon bridge bonds with only occasional digression to 
consider other systcms. It is not intended to be exhaustive and therefore references 
have been omitted, as h a w  subjects which thc author did not feel were essential for 
the major emphasis of this survey. 
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The  attention of the readers is particularly directed to reviews by Oliver4 and 
Haaland' on the structures of these molecules and to the monographs of Matteson" 
and Coates et aL7, which deal with the mechanisms of reactions, and to  the general 
field with extensive discussion of preparations, structures, and bonding, and to a 
survey by Armstrong and Perkins' covering the theoretical work on all of these 
systems. Other reviews dealing with spccific metals or  groups will be cited in the 
individual discussions. 

II. LlTHlUM ALKYLS AND OTHER GROUP I DERIVATIVES 

A. Organolithium Derivatives 

Organolithium compounds represent the  most complex and least understood 
systems that will be discussed, despite the fact that they havc been investigated very 
extensively. Much of the earlier work has been covered in reviews"-" and a 
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FIGURE 1. Energy level diagram for a localized four-centre molecular orbital in [LiMeL. 
Reproduced with permission from J .  Orgartomet. Chem., 2, 197 (1964). The symmetry symbols 
refer to the pseudo-C,, symmetry of the localized MO. 
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with a more rccent review dealing with their use as polymerization 
c a t a l y s t ~ ' ~ .  To develop our  understanding of these derivatives we need to  examine 
their structure in some detail. Several X-ray structural studies have been reported, 
including the  determination of the structures of [LiMc], ""', [LiEt], 16.'7, [Li-cyclo- 
CbH,,], I R ,  [LiSiMe,], 1').2", and EiCH2SiMe3]6 21. For the first structure determined, 
that of [LiMe],, Weiss and Luckcn14 proposed a bonding model based on thc concept 
that thc aggregate was held together by the overlap betwcen an sp3 orbital from the 
bridging carbon atom and three orbitals, one  from each lithium atom, generating a 
four-centred bonding molecular orbital. A diagram of this model is shown in Figure 
1 and is entirely consistent with the structurc of both the methyl- and the ethyl- 
lithium tetrama-s. The structurc of the ethyl derivatives is shown in Figure 2. 

T h e  recent redetermination of the structurc of [LiEt], at  low ternpcrature by 
Dietrich17 shows this interaction with somc indication of enhanced electron density 
occurring in the region in which bonding is anticipated, adding support t o  the initialIy 
proposed bonding modcl. The other feature which should be noted is the close 
proximity of the ethyl group to thc adjacent tetrametric unit. Tnis appears to result 
from interaction betwcen the tetrarncric units, adding to  the stability of the  solid, and 

2.5008( 5 )  I 
FIGURE 2. Low-temperature X-ray structure of [LiEtL. Reproduced with permission from J. 
Organonlet. Chem., 205, 291 (1981). 
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FIGURE 3. 
A m  Chern. 

Perspective view of the [LiSiMe,], molecule. Reproduced with permission 
SOC., 102, 3769, (1980). Copyright 1980 American Chemical Socicty. 

from J.  

simultaneously leads to a far more complex bonding modcl when the secondary 
Li-C and/or Li--H bonding intcrations are taken into account. 

These results should be compared with the structures obscrved for the hexameric 
systems which are illustrated by  the structure of the [LiSiMe& aggregate shown in 
Figure 3. There is no  significant intermolecular interaction for the hexamers, with the 
major bonding interaction occurring between thc a-atom in the bridging moiety and 
the lithium framework, as indicated in Figure 4. 

FIGURE 4. Partial view of the [LiSiMc,16 molecule showing the location of the trimethylsilyl 
groups above the triangular face of the lithium atoms with calculated hydrogen positions 
included. Reproduced with permission from J.  Am. Chem. SOC., 102, 3769 (1980). Copyright 
1980 American Chemical Society. 
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An additional interaction between the a-hydrogen atoms of the bridging moiety 
and the lithium framework has been suggestccd by Zerger et ~ 1 . ' ~  t o  account for the 
observed conformation of the cyclohexyl rings in [ L i - ~ y c l o - C ~ H ~ ~ ] ,  in a fashion 
similar to that originally proposed by Craubner22. This form of interaction seems 
unlikely in [LiSiMe,], whcrc the Li-H distances are greater and the packing appears 
to result from steric repulsions between the methyl groups", and is completely ruled 
out in the recently determined structure of [LiCH2SiMe& hexamer, in which there 
arc no I?-hydrogen atoms, yet the basic atomic framework for both of these 
molecules is the same as that for the [Li-cyclo-C6H1 

The relativcly small differences in the overall gecjmctry of thc  three known 
hexameric structures may bc  easily compared by  examining the Li-Li, Li-C, or Li-Si 
distances and thc scat-to-back anglc in the lithium framework. These distances and 
angles are summarized in Table 1, which shows that there are  only modest changes in 
gcometry regardless of the bridging group or  its geomctry leaving the gross features of 
the structures unchanged. Further, it should be noted that the Li-H distances appear 
to  be of only limited importance in determining the structures of these systems. This 
is shown from the fact that thc overall structurcs have great similarity but marked 
difference in Li-H distances, as illustrated in Table 1, with little impact on the 
structure. It also might bc noted that di-f-butylmethyleneaminolithium, 
[LiN=CBd2I6, forms a hexamer with a very similar structure in which the nitrogen 
atom serves as the bridging atom in the triangular lithium faces and in which neither 
a- nor @-hydrogen atoms a r e  presentz3. 

The  ability of thcse systems to retain their structure or at  least to  remain as 
aggregates in both solution and the gas phase has been clearly demonstrated. A 
number of molecular weight determinations have becn carried out which show that 
thc species typically have average molecular weights corresponding to  tetramers or  
h e ~ a m e r s ' . ~ ~  in hydrocarbon solvents and have been extended to include both 
~ilyl-'~."' and germyl-lithium2' derivatives as well. With donor solvcnts, the degree of 
aggregation is reduced to four in the simplc alkyllithium derivativcs which have been 
studied2". Additional discussion of the interaction of donor molecules is given in 
Section 1I.B. 

In the gas phase, mass spectral studies have clearly established that the vapour of 
alkyllithium derivatives contains a large concentration of tetramers and hexamers 

TABLE 1. Selectcd distance and angles in hcxrneric lithium dcrivatives 

Compound 
Li-X(W) 
(X = C, Si, N) 

Li-Li (A) Back-to-scat angle (") 

[Li-cyclo-C,H, ,I6 " 2.397 
2.968 

[LiSiMe,$, " 2.73 
3.26 

[LiN=CBu'-J, 2.35 
3.21 

2.184 
2.300 
2.65 
2.77 
2.06 

70.5 

85.0 

[LiCH,SiMe,], '' 2.45 2.20 79.5 
3.18 2.28 

" Ref. 18. 
" Refs. 19 and 20. 
' Rcf .  23. 
" Ref. 21. 
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which do not totally fragmcnt o n  electron impact”.”. This suggcsts that these species 
have considerablc thermodynamic stability towards dissociation. 

B. Theoretical Studies on Organolithiurn Aggregates 

Having now provided a sound view of thc observed structural features of these 
molecules, wc should consider carefully the theoretical calculations which have 
appeared on the lithium aggregates to refine further our description of the bonding. 
These range from the relatively simplc calculations initially performed by Weiss and 
L ~ c k e n ’ ~  and which suggest that there is significant orbital overlap, to 
more recent calculations of a more sophisticated nature3’-”‘. which in some cases 
have been interpreted as indicating no overlap with thc bonding treated as resulting 
strictly from ionic intcractions. 

The simplest description provided for the tetrameric and hexameric units is that 
devcloped by Brown“ in which the bonding interactions wcre suggested to occur 
through the overlap of three lithium orbitals and the bridging carbon orbitals as seen 
in 2, giving rise to stable multi-centred molccular orbitals. Since these initial studies, a 

Li 
n 

Li Li 
2 

C 

Li Li 
3 

number of experimental and theoretical reports havc appeared which suggest, 
modify, or attempt to refute this proposal. The most extrcme view is that proposed 
b y  Strcitwiser and C O - W O ~ ~ C ~ S ~ ~ ~ ~ ~  who suggested that the bonding in methyllithium 
monomer is totally ionic and extended this to suggcst that bonding in all of the 
lithium aggregates is of this type. This also implies that therc is no mctal-metal 
interaction. Graham ef d3”, on the other hand, cxamincd the structures of a variety 
of systems using differcnt basis sets and concluded that there is significant covalent 
character associated with the bonding, o n  the basis of their calculations, and 
suggested that the bond has approximatcly 60% ionic character. In further studies, 
Graham et a[.%, using the PRDDO (partial retention of diatomic diffcrential ovcrlap) 
method with optimization of geometry, explored aggregatcs of methyllithium from 
n = 1 to 6 with two geometries for the higher aggregates, one  based on cyclic species 
and the second on a closed form. Their rcsults appear to be of particular interest 
since they treated a numbcr of different aggreyatcs in a consistent manner and, 
although they did not predict the observed gcometry in all cases, they provided a 
reasonable model and suggested some interesting conccpts which may aid the study 
of organolithium spccies. 

The bonding model which they arrived at is essentially the type suggested earlier 
with two types of bonds: a three-ccntre bond of thc form given in 3 and a four-centre 
bond similar to that in 2. ‘Ihese arc analogous to the bonding observed in Al2R, and 
to  the closed four-centre bonds observed in the boron hydrides, and stem to be 
reasonable models for the dcscription of all of the aggregates obscrved. A furthcr 
point should bc made concerning the possibility of metal-metal intcraction. Thesc 
have both been proposed and excluded by numerous workers. Graham’s et al. 
t-esults‘4 suggcst thcse will be minimal, espccially in t h e  closed aggregates. These 
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results again appear to be consistent with observed experimental results and particu- 
larly with spectroscopic studies o n  [LiBu'],, which were interpreted as showing 
essentially n o  metal-metal i~i teract ions~~.  

O n e  of these is 
that in  the  D3d hexamer, i.e. the distorted octahedral gcomctry which has now been 
observed i n  t h e  three separate systems, may be described as two D3,, trimer units held 
togcthcr b y  weakcr intcraction belwccn the lithium and thrce-centred bridging 
carbon. This corresponds almost exactly to the suggestion made for the [LiSiMe&, 
specics, which shows two relatively short Li-Si distances and one  longer Li-Si 
distancezo- The analogy docs no t  follow as well for the two other hexamers, [Li- 
cyclo-C6H, I *  and [LiCHzSiMc,16 z', which have all Li-C distances nearly equi- 
valent. 

The  second suggestion which comes from these theoretical calculations is that the 
molecu!es are relatively floppy, with conversion from thc closed aggregates to  the 
open form requiring almost n o  energy. Simultaneously, the aggregates should have 
relatively high energies of dissociation to dirners or monomers. 

Several interesting suggestions havc been made by Graham et 

C. Exchange Phenomena lnwolwing Alkyliithium Aggregates 

Thc small diffcrences i n  energy betwecn dificrent conformations of a given 
aggregate are entirely in keeping with a wide nunibcr of observed n.m.r. results, 
many of which have been previously reviewcd"' I '.'Kw , which show that both rapid 
inter- and intra-molecular exchange occur. Further, the small differences in aggre- 
gate energies, per LiR unit  as 11 varics, is completely consistent with recent n.m.r. 
results, which show that a much greater number of spccics exist in solution than 
previously considered, including larger aggrcgates with I I  at least equal to g4-*. 
They are not in full accord with sonic of the earlier n.ni.r. studies which suggest that 
the  mechanisms for exchange of ten  involve dissociation"."" to monomcrs or  dirners 
since, as previously noted, these dissociation processes appear to be highly unfavour- 
able from the calculations. 

Both the older 1i.m.r. studies and thc  more recent results show that a variety of 
mixed species and aggregates are formed. Further, they have bccn uscd to show that 
intermolecular exchange between aggregates usually occurs but that this may be 
slowed by lowcring the temperatures or by use of bulkier groups. When the 
intermolecular exchange is slowed, then two classes of systems have been suggested 
based o n  n.m.r. results. One is said to involve slow intramolecular exchange o n  the 
n.ii1.r. time scale and leads to the postulate that the chemical shift of a given lithium 
nucleus is dependent o n l y  o n  the three nearest K groups. The second case assumes 
that very rapid intramolecular rearrangcmcnts occur, which lead both to averaged 
chemical shifts for a given aggregate and to averaged Li-C coupling constants where 
thesc are observed. There arc data both from 7Li and "C n.m.r. studies cited abovc 
and from the more recent "Li studies cited which support both cases, with differentia- 
t ion between them arising as a result of stcric interactions between the  functional 
groups bound to lithium. 

Sevcra! recent studies have appeared which show that "Li may be used very 
effectively to explore these systems i n  solution. The initial studies of Werhli4547 
showed thc  possibility of using this technique and that the "Li quadrupole was not 
effcctivc in causing relaxation; hence the "Li lines are sharp and give far better 
resolution than observed for 7Li. Fraenkel er a/."'." then made use of this technique 
to explore LiPr" in some dctail. making use of the double labeled "C-"Li systems. 
Their observations itre of major importancc since they have shown from thcse studies 
that more specics occur in solution than previously thought. O n  the basis of the 
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observed "Li-I'C coupling constants in each of the identifiable groups (both "Li and 
C ) ,  they concluded that there were five species present, namely hexamer, octamer 

a n d  three different nonamers. The observation of five species has been indepen- 
dently confirmed42 and extended to show that a t  least three species occur in [LiBu"],,, 
which have been proposed as hexamer, octamer, and nonamer. These studies have 
confirmed t h e  formation of a number of niixcd species previously proposed"."'. The  
results have also been interpreted as  showing that the flexible nature of the 
molecules and  their internal exchange are dependent on the alkyl substituents, with 
bulky groups stopping thc rapid migration of groups within the ag::rcgate i n  d fashion 
consistent with the 'local environment' postulate of Brown" I('. 

These results show two features which are of interest and need to be further 
explored, by both experimental and theoretical studies. These are the effect of the 
substitucnt in influence both intra- and inter-molccular exchange processes, and the 
ability, a t  least for some organolithium aggregates, to assume several different 
aggregation states differing by only  small amounts of energy as shown by their 
temperature-dependent equilibria. 

13 

D. Alkyllithium-Solvent Interactions 

A point of major chemical interest is what occurs when simply alkyllithium 
aggregates interact with coordinating solvents. The importance of this type of 
interaction can be demonstrated very easily in two ways. Firstly, methyllithium and 
many of t h e  aromatic lithium derivatives are insoluble in hydrocarbon solvents such 
as pentane or hexane, but soluble in ethers or amines. Secondly, in simple addition 
reactions, it has been shown that the stereochemistry changes with the solvent. For 
addition t o  a multiple bond in a hydrocarbon solvent, the process proceeds with cis 

' FIGURE 5 .  Molecular structure of stilbcnebis(lithiun1 tnieda). Reproduced with permission 
from J .  Atti. Cliein. SOC., 98, 5531 (1976). Copyright 1976 American Chemical Society. 
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addition whereas in ethers the same reaction yields the trans product. In the carlier 
literaturc this was ascribed to the formation of ‘reactive monomcrs’ in the hydro- 
carbon which then addcd to the double bond in a ‘concerted fashion’. In ethers the 
monomer units werc rcported to dissociate into ions with the reaction then ac- 
counted for in  terms of the reaction of thc simple ‘carbanion’ attacking the reactive 
substratc. 

A large number of coordinated organvlithium compounds have now been investi- 
gated by X-ray tcchniqucs. These studies have shown that for most aromatic systems, 
the description of ion-pair formation is reasonable. Stucky and c ~ - w o r k c r s ~ ~ - ~ ~  
showed that this occurs and that the bonding in thesc systems can be described in 
terms of ion pairs. An esample of one of these structures is shown in Figure 5. A 
similar situation also appears to be true for the sodium derivatives, but only one 
structure showing these features has bcen reported”. A structure containing two 
lithum atoms bound i n  a similar fashion has been reported by Lappert et a[.’’ and is 
shown in Figure 6. This is of particular interest since it serves to some extent as a 
model for the dilithium spccies which have bcen investigated by theoretical calcula- 
tions as described in Section 1I.F. 

A bonding model for thc simplcst ion paired systcm, [LiCp], has been described by 
Alexandratos er a/.”, who concluded that the lithium atom was located over the 
centre of thc ring in this system. When the organic moiety is lcss able to  accept 
charge, howcver, other results are obtained. For the bicycle[ 1.1 .O]butan-1 -yllithium- 
tmcda complcx5’ and for thc phenyllithium-tmeda complcxsx, t h e  specics form stable 

FIGURE 6. Molccular structure of [Li(tnieda),{o-C,H.,(CHSiMc~)~}~. Average values for the 
important distances (a -h)  and anglcs (u-5) designated are a s  follows (the c.s.d. of a single 
value is given in parentheses): distances (A): a, 1.37(2): h, 1.36(2); c, 1.43(2); d, 1.42(1); e, 

122.9(10); E ,  8 6 3 7 ) .  Rcproduccd with pcrmission from J .  Clierii. Soc., Cherii. Cwimiun.. 14 
(19S2). 

2.37(2); f, 2.38(2); g, 2.10(2); / I ,  1.45(1): ilIlglcs(”): a, 1 l9.6(11): 0. 124.1(101; y, I16.3(9); 8, 
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FIGURE 7. Structure of diincric phenyllithiuni-tmcda complex. Rcproduced with permission 
from Clieni. Ber., 111, 3 157 ( 1  97s). 

dimers, with three-centre Li-C-Li bonds. T h e  phenyI derivative is shown in  Figure 
7. For the simple alkyllithiuni amine complexes, al l  of the results so far obtained 
suggest that the aggrcgatc size is reduced to 4 and that this framework then remains 
intact as indicated in [LiMc],(tmcda),, as shown i n  Figure 8, which consists of a 
tetramer in which bridging occurs between tetramcric units with tmeda serving as the 
bridge5". Dietrich and Rcwicki"" showed that a coniplcx derivative internally coordi- 
nated to ether functional groups on the aryl substituent and to a bare oxygen atom 
located between two lithium tetrahedra can be fornicd"". 

A number of additional studies have been reported on species such as benzo- 
phenonedilithium adducts which have both oxygen and carbon bonded to the same 
lithium atom, which is also coordinated to base molecules"', or  to  sulphur and carbon 
as in the 2-lithio-2-methyl- and 2-lithio-2-phenyl-l,3-dithiane derivatives reported 
by Anistutz cf d.6'.'3. It has been shown that lithium can form a complex aggregate 
with fcrrocene molecules which is stabilized by pentamethyldiethylenetriamiiie~'~~ 

The  only iristance in which the aggregate has been shown to forin a simple 
monomer without a highly dclocalizcd aromatic ion present is in the silicon deriva- 
tives, [LiSiMc3]2(tmeda)3, which is shown in Figure 9"'. Preliminary data indicate 
that a few other simple organo and silyl derivatives may do this when sufficiently 
strong bases such as pmdeta are used, but no systematic studies have been reported 
to support this postulate. 

The data obtained so far show that the description of the aggrcgates is diflicult to 
predict in the solid state for alkyl derivatives and the limited solution studies which 
have appeared""."' seem to suggest stepwisz addition to onc  of the higher afgrcgates, 
with these reverting to the tetramcric form when thrce or four base 
molecules/tctramer are present in solution. 

An n.m.r. study'"x has suggested thc formation of 1 : 1 and 2: 1 trneda-Li-scc-butyl 
which might be interpreted in terms of monomer or dimer formation, but  no 
conclusive evidence has been provided and, until additional studies a rc  carried out,  
the predominant evidence suggests that the alkyl lithium derivatives form solvated 



800 John P. Oliver 

unit. 

FIGURE 9. Diajgmn of the molecular unit of [LiSiMe,],(tmeda), with the atoms labelled. 
Positions 24 and 25 represent a disordered carbon atom, and in the refinement we assigned 
50% occupancy factors. Reproduced with permission from Orgnnonierallics, 1, 875 (1982). 
Copyright 1982 American Chemical Society. 
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tetraniers while the aromatic species may form monomers or dimers in the presence 
of strongly coordinating molecules. 

Recent attempts to quantify these interactions using C N D 0 / 2  calculations have 
indicated that the stability of amine adducts increases in the order NH3<NH2Me < 
NHMc, < NMe,, but the asolute values obtained are clearly unreliable“’. A recent 
report o n  the ”C and 7Li n.m.1. spectra of thf solutions of the halogenated 
derivatives, LiCBr, 70, and a more complex cyclopropylidene derivative7’, have been 
interpreted in terms of formation of solvated monomeric species as a result of the 
large Li-C coupling constant observed (J11.,-~3c=45 Hz). Further, it was suggested 
that these derivatives may involve more complex equilibria, for example with 
dissociation of a bromine atom or with interaction between one of the bromine 
atoms and lithium as shown in 4 and 5. Clark and S ~ h l e y e r ~ ” . ~ ~  have suggested 

similar structures based on nb iriifio molecular orbital studies for halogenated 
organolithiuni compounds. These suggestions are intriguing but must await addi- 
tional experimental support before they can be confirmed. 

Most of the evidcnce suggests that aggregate formation greatly stabilizes the 
system and that dissociation of these aggregates require ii significant amount of 
energy, a finding consistent with that of Graham ef al.- but inconsistent with the 
proposal that the monomer units are the  active species in solution. Before these 
proposals can be completely supported, however, additional studies must be carried 
out which will show better how the aggregates behave on interaction with coordina- 
ting solvents. 

E. Heavier Alkali Metal Derivatives 

There have been far fewer studies carried out o n  the heavier Group I derivatives, 
but the limited X-ray studies which have appeared suggest that the heavier alkali 
metal derivatives form essentially ionic lattices. These include studies o n  both 
NaMe74 and KMe7’, which crystallize in the NaCl lattice, and of RbMe and CsMe, 
which crystallize in thc NiAS lattice and have also been extended to include 
KSiH3 77 and the alkali metal species KSiMe,, RbSiMe,, and CsSiMe3 7 x .  The result 
of these findings are consistent with the chemical and physical behaviour of thesc 
species. These observations include insolubility in hydrocarbon solvents and extreme 
reactivity towards species which can be attacked by a strongly basic or ionic species. 

F. Polylithium Derivatives 

Priester ef d.’“ and more recently Ship and LagowX0 have described thc prepara- 
tion of a variety of polylithium organometallic derivatives. These species present a 
number of intriguing possibilities with regard to their structures and the  bonding 
present in them. Unfortunately, these systems have so far defied quantitative 
experimental studies but have proved to be a n  interesting area for theoretical 
calculations. 

Several groups have recently performed calculations on  species sucli as Li2CH2, 
Li,C=CH,, Li2C2H4, and Li2biphenylx’-s7. The results obtained suggested that 
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unusual structurcs should bc observed, with unique forms of bonding. For example, 
the ab irriko calculations carried out on Li2C2H4 suggest that there is only 1.9 kcal of 
energy difference between 6 and 7 and that the higher aggregates (from MNDO 

6 7 

calculations) should be stable". Similarly, they suggested that for the biphenyl 
derivative, 8, the dibridged structure was 3.5 kcal mol-' more stable than the u- 

... Li ..- 

8 

bonded speciess3- A number of calculations were carried out on other systems*""' 
which also indicatcd a varicty of complex structures involving interaction between 
lithium atoms and several carbon centres. The crucial test of these reports wiKcome 
when experimental evidence can bc obtained o n  one or more systems which supports 
or indicates alterations in the proposed models. 

111. GROUP II DERIVATIVES 

A. Organo-beryllium and -Magnesium Compounds 

The Group I1 derivatives behave in a significantly different fashion from their 
Group I counterparts as a result of having one less availablc vacant orbital. This 
lcads to the formation of chains which are most readily described as metal centres 
tetrahedrally bound to ligands. These tctrahedra then share opposite edges to form 
infinite chains as shown in 9. This chain structure has been clearly established for 

n9 BeMe, *', MgMez , and MgEt, ',(I in the solid state. The bonding in these derivatives 
is accounted for in tcrrns of tlic simplc modcl involving overlap of the metal orbitals 
with an orbital provided by thc bridging group to yield two three-centred MOs 
holding the chains intact. 
These chains may be broken down in one of two ways, by gas-phase dissociation to 
yield monomers, or b y  interaction with Lewis bases to give tetrahedral magnesium 
with one or two of the sites occupied by thc donor atoms. The first of these is 
illustrated in the studies reported by Almenningen et ~ l . " ' . ' ~  for dimethyl- and di-t- 
butylbcryllium, which were shown to bejinear monomeric moleculcs in the gas phase 
with Bc-C bond distances of 1.698 A. Infrared data also support these simple 
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structures"'. A similar gas-phase elcctron diffraction study has been carried out on 
di(neo-pentyl)magne~ium~~,  which has been found to be linear with an Mg-C bond 
distance of 2.126(6) A. The molecule appears to be monomeric in solution as 
and it seems probable that with suficiently bulky substitucnts monomcric specics may 
be observed in the solid state. 

Studies of the interaction of bases with these systems havc bcen carried on for 
some time and have provided a significant amount of very useful information. The 
simplest systems are those in which 2 mol of base are added, forming pseudo-tctra- 
hcdral four-coordinate metals, as seen in the quinuclidcne adducts of dimethyl- 
b~ryl l ium'~ and -magnc~ium'~  or in the  dimcthylmagncsium-tmedag7 and diphenyl- 
magnesium-tmeda adductsY8. In thesc systems, the C-M bonds are slightly longer 
than those observed for thc monomer of beryllium or for the terminal groups in t h e  
magnesium chains which are broken down with base to small aggregate sizes. The 
aggregate size can be controlled by the amount of base added, as shown by studies 
o n  MgEt, with hmpa"", on diethyl ether solutions of MgEt,, as shown by the studies 
o n  their thermodynamic properties""', or e v e n  bettcr by the propynylberyllium 
species, which have been reportcd by two groups'"'.'"' . Thc results obtained suggest 
that the propynyl group is unique in its ability to bond to the metal, forming 
three-electron bridgc bonds. Possibly a better way to describe this is a cr bond to one 
metal and a n bond to the second, as illustrated in 10. This is discussed further in 
Section IV. 

/ 
C 4. 

10 

Several theoretical studies have appeared which treat the bonding in simple 
organo-beryllium and -magnesium c o m p ~ u n d s ~ ~ ~ ~ ~ ~ - ' ~ "  , and in the case of beryllium 
have been extended to include interactions with multiple  bond^'^'^'^^ and with 
methylene units'"'. All the calculations suggest that the bonding between the mctals 
and the saturated alkyls involves primarily the cr-orbitals and can be described with a 
simple bonding modcl. 

The calculations on the intcraction of mcthylene'"R with beryllium indicate that the 
complex shown in 11 is stable with respect to the unbound element and CH, in 

H 

H 

/ 

\ 
Be=C 

11 

eithcr the singlet o r  triplct state. The calculations on  unsaturated systems suggest 
bonding betwcen thc beryllium and C=C or C%C"". Calculations on cycloocta- 
tetraeneber~lIium'~'~ suggest that the beryllium should be displaced above the ring, 
which has a non-planar structure. T h e  Saturn-like modcl, with the beryllium atom in 
the ccntre of the ring, did n o t  represent a minimum. More discussion o n  bonding 
between beryllium and magnesium and unsaturatcd rings is presentcd in Section 
l1I.B. 
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N.m.r. studies have been reported which indicate that the polymeric BeMc2 can be 
broken down into various sized chains by addition of controlled amounts of SMe2 ' I " .  

It is important to  note this type of behaviour since i t  provides information concerning 
the rclativc strengths of the bridge bonds us. the adduct bonds. In the Group I1 
derivatives, it is apparent that the adduct bonds are always stronger than the bridge 
bonds. One may recall (Section 1I.D) that the opposite is often true for the lithium 
alkyls. A fascinating extension of this is to investigate systems which have the 
potential of internal coordination. This can be done by replacing o n e  of the carbon 
atoms bound to t h e  metal by a halogen, nitrogen, or an oxygen atom. T h e  first is 
probably of most interest because of the  wide use of Grignard reagents in organic 
synthesis. Much of the earlier literature suggests that these species are essentially 
solvent coordinated monomers of the form RMgX-2(solvent). Solid-state structural 
studies supports this formulation for somc species such as PhMgBr-2Et20, which has 
a simple four-coordinate Mg atom as the central unit"'."", or the similar structure 
observed for EtMgBr.2Et20"' and EtMgCI.2Et20"". With stronger bases or differ- 
cnt grcup,  either R or X, thc structures become significantly morc complex. For the 
MeMgBr3thf, this distortion takes the form of a five-coordinate magnesium atom"", 
while €or EtMgC1-OEt, it is suggcstcd that the predominant species in solution is the 
chlorine-bridged dimer with an ether molecule bound to cach magnesium atom"". In 
a subsequent paper'", it was also claimed, based on i.r. and Raman data, that 
MeMgI.2Et20 and Mt:?/lgBr.2Er20 crystallize as two f x c s  in the solid state, the 
predominant furin beiiig the disoivated monomer with tetracoordinate magnesium. 

More compIex species have been reported with halide"" or amide"' bridges. In 
these systems, the more negatively charged group always appears in the bridging site 
and leads to a dimer or  high aggregate. 

B. Beryllocene and Its Derivatives 

The chemistry of the cyclopentadicnyl derivatives of beryllium has proved to be 
one of the more fascinating topics. These derivatives may bond either as r)' or r)' 
derivatives, with some evidence that other modes of bonding also are possible. For 
beryllium a wide number of studies, including both experimental and theoretical 
approaches, have been made. Almcnningen et a1.12('-122 carried out studies in the gas 
phase using electron diffraction techniques, and Schneidcr and Fisheri2' and Wong el 

The initial structural reports in the c p c  phase and solid state diffcrcd significantly, 
as shown in  12 and 13. The electron diffraction data best fit a model with Cs,, 

examined [BeCpz] in the solid state. 

B C  

symmetry with the beryllium atom offset from the centre of the molecule. The 
solid-state structure was described in terms of one n" ring with the second offset to 
the side in what was termed a 'slipped ~ a n d w i c h " ~ ' - ~ ~ "  . These structural differences 
stimulated a number of theoretical ealculationsi2s-'3' in . an effort to describe the 
system better. The  results from these calculations all indicated that the C,, structure, 
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suggested from the electron diffraction studics, was higher in energy than either a 
symmetrical structure with the beryllium atom located midway bctween thc two rings 
or for a structure with one (+- and one .rr-bonded CsH5 ring. The latter was found to 
be the most stable from thc calculations, and even this diffcrs to some extent from 
thc 'slipped sandwich' of thc X-ray structure in that the two rifigs are not parallel. 

As a result of these calculaticns, Almcnningcn et C I I . ' ~ *  redetermined the structure 
from electron diffraction data. T h e y  also coupled additional calculations with photo- 
electron spectroscopic studies to  define the systcm better133. They again found that 
the C,, model fits the data well, but also found that a reasonable fit could be 
obtained with a 'slipped sandwich' and concluded that this model probably best 
describes the structure of beryllocene in the gas phase bascd on all available 
information. These results are consistent with Raman studies1% in both the solid and 
liquid phases. 

In contrast to the complexity and controversy surrounding the structure of 
beryllocene, which led to a number of papers, the magnesium compound, [MgCp,], 
has received only slight attention. The structure, both in the solid state17' and in thc 
gas phaseI3", has been determined with the only significant differences being the 
observation of a staggered conformation in the solid state whereas the best fit for the 
gas-phase data is with the eclipsed form. Photoelectron spectra have been inter- 
preted in terms of a bonding model which is largely ionic'37; however, Haaland et 
c ~ I . ' ~ '  suggested that significant covalcnt interactions occur, based both on a structural 
study and on CND0/2 calculations. 

have been carried out on 'half-sandwich' derivativcs of 
the form [BeXCp] and on the corresponding magnesium, [MgBrCp. 12-tetramethy- 
lenediarnir~e]'~'. The results are less controversial than those obtained for the parent 
bcryllocene with structure 14 being observed for all of the simple species. The 

X 

A number of 

Be 
I 11 

CP 
0 

Ii = I ,49714 (for X =CH3) 

14 

bonding in these has bcen treated by several groups'"' and has been extended to 
include indenyl and fluorenyl complcxes with thc preferred bonding, suggested from 
the calculations, being 7' in both cases rather than a T-complexls'. 

In the [BcCp(B&)] system, which has been extensively investigated in an effort to 
establish thc precise structure, the calculations support the dihydrogcn-bridged 
configuration shown in 15, but the differences in encrgy between it and the tri- 

15 

hydrogen-bridged model are so small that one cannot rule out the latter model. The 
observation of the hydrogen bridge bonds leads into the area of metal hydrides and 
mixed metal hyridcs. 

A number of studies have been carried out o n  organohydrido derivativcs, includ- 
ing species which contain both ally1 and cyclopentadienyl organic groups. Structural 
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FIGURE 10. Molecular structure of p-[BeCp]B,H,. Reproduced with permission from Iiiorg.  
Chem., 20, 2185 (1981). Copyright 1981 Amcrican Chemical Society. 

information has been reported for the simplc borohydridc, Be(BH& 152, which 
shows that in this instance beryllium adopts the unusual (for beryllium) six- 
coordinate structurc in the solid state. This is clearly an indication both of the ability 
of hydrogen to enter into bridgc formation and of the small steric requirements for it.  
In the gas phase, electron diffraction studies havc been reported which indicate a 
different structurc with four-coordination about the beryllium atomis3. These results 
have been intcrprctcd in terms of a cyclic structure, L B - ~ . H - B c - ~ - H - B ( ~ - H ) 2 - !  
which may be thought of BS t hc  addition o f  a BeIi, unit to two tcrniinal hydrogen 
atoms on the R,M, nioleculc. Several t1ieorc:tical studies have appeared which dcal 
with the bonding i n  Be(BH,)2 and for a variety o f  other simple hydride s p e c i e ~ I ~ ~ ~ ~ " ,  
but these will not be discussed hcrc. Gaines er havc shown that beryllium 
groups can bc inscrtcd directly into a boranc cagc with the structure shown in Figure 
10, in which the bcrylliuni atom is bound to  thc C p  ring in a fashion analogous 10 
that observed in other C p  systems, while also bcing bound t o  B5Hs cage with Be-I3 
bonds of ca. 2.05 A and nearly equiv3lent bonding to  all five C p  ring carbon atoms 
with Bc-C distances of 1.84-1.89A, valucs which are comparable t o  thosc ob- 
served in other derivatives. Similar results were obtained by the same group in 
studies on  the beryllaborancs, in which they showed that the beryllium atom can be 
incorporated into the cagcs of nidohexaborane( 11) unit serving as a bridge betwcen 
them, o r  can bc incorporatcd into one boron cagc and bound through hydrogen 
bridge bonds to a BM.,  nit'^'-''^. 

IV. GROUP 111 SPECIES 

A. Organoaluminium Derivatives 

The organoaluminiiim compounds have been the subject of numerous invcstiga- 
tions. Many of the results havc been reviewed by Mole and Jeffrey"', specific data 
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o n  exchangc'""-'6', unsaturated derivatives'"*, and structural work4*' being presented 
in other reviews. T h e  alkyl derivatives providcd the carliest and possibly the simplest 
system for the investigation of multi-centred bonds containing carbon. Thcsc inves- 
tigations initially showed that trimcthyl- and tricthyl-aluminium consisted of equilib- 
rium mixtures of monomcrs and dimers. Proposals conccrning the nature of this 
bonding were put forward by Longuet-Miggins'"" and Lewis and R ~ n d l e ' " ~ ,  who 
established the solid-state structure from a classic X-ray investigation of the tri- 
methylaluminium dimer. The structure is given in 16. The details of this have been 

16 

confirmed by more recent studies both in the solid statc'bs.16" and in the gas phaselG7 
and have been reviewed in dctail elsewhere4. Thcrc have becn suggestions that the 
bonding in this system is not best represented by thc simple thrcc-centred model, but 
that it involvcs a more complex pattern as shown in 7'"". The proposal, however, has 
betr! refuted on a variety of bakes'"', inc l~~ding  spectroscopic studies, which provide 
the most direct evidence against the involvement of the hydogen atoms in bridgc- 
bond f ~ r m a t i o n ' ~ ~ ) . ' ~ ~  . The preferred model, therefore, is 18, which shows the major 

H 

17 18 

portion of the bonding resulting from the interaction of the carbon orbital with 
available orbitals o n  the  two aluminium atoms. I t  is not  clear from this model 
whether metal-metal intcractions arc involvcd. This has bcen proposcd by Levison 
and perk in^'^'-'^' but the studies which have bccn carried out are insufficient to 
assess fully the extent, if any, of the interaction. 

I t  should be noted that the strength of the bridgc bond is of major importance 
both for the determination of the structure or aggregation state and, therefore, in the 
considerations of the reactivity of the compounds bccause the nature of the reactions 
is often dependent o n  the f ~ r m e r ' ~ ' . ' ~ " .  Several studies have established that the 
degree of association is dependent o n  the chain Icngth, with the longer alkyl 
dcrivatives giving rise t o  less association. A measure of this is shown in Table 2. If 
o n e  extends these studies to include the alkyls of other Group 111 derivatives, it 
becomes immediately clcar that only aluminium forms stable bridged dimers with 
simplc alkyl groups in thc  electron-deficient sitc. T h e  structure of GaMe3 is unknown 
in the solid state and TnMe, has been shown to form a weakly associatcd tetra~ner '~ ' .  
In solution both are  r n ~ n o m e r i c " ~  and in the gas phase thcy have been shown t o  
have planar structures as shown in 19"''~180. A similar structure has been observed in 
the solid state for  In(CH2SiMcJ3 ''I and both triphenyl-indium and -gallium are  
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TABLE 2. Colligative properties and hcats of dissociation for selected organo- 
aluminium compounds 

Compound P" ti " 

0.00029 
0.00501 
0.0253 
0.0376 
0.164* 

- 
0.0501 

1.97' 
- 
- 
1.96' 

0.98 
1.80 
0.99 

19.40 
16.94 
15.40 
15.02 
8.1 

- 
14.68 

The fraction dissociated at 2 0 ° C  in a 0.05 M solution in cyclohexane. 

Ref.  176. 
" Average degree of amregation in freezing cyclohcxanc 

" M. B. Smith, J.  Orjiarioitiet. Clieni., 70, 13 (1974). 
1'. W. Dolzine and j. P. Oliver, 3. Arrii Clieni. Soc., 96, 1737 (1974). 
' Ref. 175. 
' 40 "C. 

Me, ,?A c 

I 
IM e 

M=Ga. In 

19 

monomeric in the solid This suggests that the metal centre is simply not 
capable of becoming involved in this type of bonding with these weakly bridging 
units. 

If we cxamine other organic groups, including cyclopropyl, vinyl, phenyl (when 
bound to aluminium), or ethynyl, wc observe that bridge bonds appear t o  be more 
stable both kinetically and thermodynamically than those formed with alkyl groups. 
This has been clearly shown in a number of investigations, including n.m.r. studies 

, and phenyl- 
groups are  preferntially located in thc bridging site when an equilib- 

rium is established in the mixed systems Me3M-MR3. 
The initial explanation put forward for this enhanced stability was that the  

r-electrons in the vinyl group were able to interact with the non-bonding orbital of 
the metals as indicated in 20. This interaction, in addition to that involving the  
normal thrce-centred bonding, adds to the stability of the bridged system, leading t o  
the formation of moderately stablc Ga,(CH=CH,)(, d i r n e r ~ ~ ~ ' . ' ~ " .  A similar cxplana- 
tion was put forward to support the stability of the vinyl-bridged aluminium species 
with the structure of one of thcsc dcrivatives now established from single-crystal 
X-ray studies as shown in Figure 11"". This enhanced stability is insufficient to keep 
the vinyl gallium from dissociating to thc monomeric form in the gas phase. Thc 
structure, determined by  electron diffraction, show? that it exists as a simple 
monomeric spccics with Ga-C bonds of 1.963(3)A and no evidence of back- 
donation from thc  vinyl group in to  the vacant metal orbital'"'. No solid-state 

which established that cyclopropyi18"-18", ~ i n y l ~ * ~ - ' " ~ ' ,  phenyl' 91.1'>7 

ethynyll')3- 195 
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C 

c 
20 

structure has been determined to show if the dimer is present in the soiid state. 
Similar studies have establishcd that aryl groups typically form bridges with the same 
type of geometry, i.e. with the bridging ring perpendicular to the AI-AI ax is'""^'"‘'. 
For thc heavicr metals these groups, however, d o  not appear to be sufficiently good 
bridging units to result in dimer formation in the solid state. This is shown by the 
solid-state structures of triphenyl-gallium and -indium"'. 

T h e  other organic group which appcars to stabilize bridge bonds by this type of 
interaction is the cyclopropyl moiety. This has been shown by n.m.r. studies to bc 
preferentially locatcd in thc bridgiag site with prefcrred conformation syn at low 

Simple CNDO calculations have bcen performed which suggest that the  barrier to 
rotation is co.  I1 kcal rnol-.' for the bridging unit, assuming no bond dissociationIS'. 
Thcsc observations arc in completc accord with variable temperature n.m.r. studies 
which yield on an activation energy for this process of 10.8 kcal/niol and arc best 
interpreted in tcrms of a non-dissociative rotational process. Other studies"" had 

, the same as observed in the solid ~ t a t e " ~ ' ~ ~ ~ ~ ~ ' ~ ' ~ ~ .  temperatures I X 3 . I X S .  1x6 

FIGURE 11. Structurc of di(~-traiis-but-l-en-l-yl)(tetraisobutyl)dialuminium. Reproduced 
with permission from J. A m  Chem. Soc., 98, 3995 (1976). Copyright 1976 Arncrican Chcrnical 
Society. 
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suggested some alternative explanations for the bchaviour of these systems in 
solution, but appear to be inconsistent both with the simple theoretical treatment and 
with the experimental data now available'8s.'H". 

The heavier Group I11 derivatives, gallium and indium, are  also bridged by 
cyclopropyl groups but these are bound less strongly, as indicated by  the high degree 
of dissociation obscrved in solution'"". N o  structural studies have been reported which 
will permit an assessment of the bond in the solid statc or in thc vapour phase. 

Wc should now turn our attention to some of the other groups which have becn 
shown to lead to stable or relatively stable bridged or chain structures in the solid 
state and to aggregate formation in solution. These are ethynyl, cyclopentadienyl, 
and most recently benzyl moieties. Ethynyl groups havc now been shown to form 
stable dimcric derivatives with aluminium'c''~2c'', gallium20J, and indium'"', all with 
approximatcly the same structures. Further, this structure appears to be maintained 
both in solution and in the gas phase, where electron diffraction studies'" havc 
shown almost identical parameters with those observed in the solid state for the 
aluminium derivatives. The structure for the gallium derivatives is given in Figure 12. 
The structures observed for aluminium and gallium derivatives both in the solid state 
and gas phase are identical in their important fcatures with most features observed as 
normal. The exception occurs in the bridge bond, whcre two distinct M-C distances 
are observed, and the orientation of the bridging ethynyl unit precludes the type of 
p-orbital participation which was found for the vinyl, cyclopropyl, and aryl cases. It 
does, however, suggest that the bonding in these syqtems may be describeci E S  in 21, 

21 

with o n e  'normal CT C-M' bond and one s C-M bond in which the vacant metal 
orbital scrves as an acceptor site with the +ir-electron system of the ethynyl group 
serving as the electron donor. 

The gas-phasc structurc of the indium derivative also falls into this group with 
different ln-C distances and M-C-C angles, but this structure is distorted towards 

FIGURE 12. Molecular structure of Ga2(p--Cl'h)zMe, with the atoms labelled. Repro- 
duced with permission from Iiiorg. Cheiii., 20, 2335 (1981). Copyright 1981 American 
Chcmical Society. 
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the threc-centred electron-deficient bridge configurationz0'. In thc solid state, addi- 
tional interactions must be taking place which lead to the near equivalence of thc 
In-C, and In-C, distances and to thc stacking of the molecules suggesting 
extcnded interactions through the crystal lattice. Several of these distances are 
summarized in Table 3, with comparisons with some other ethynyl metal compounds. 

Thcre are still a number of unresolved questions concerning the ethynyl-bridged 
species. Spccifically, no-one has dealt with the bonding in a quantitative manner, and 
no studies have appeared which establish in a quantitativc manner the stability of 
thc bridge bond. Further, it seems plausible, cspecially in view of the dynamic 
properties of the cyclopropyl aluminium systems, that the bridging ethynyl groups 
may undergo some form of reorganization in solution. NO suitable cxperiments to 
test this have been reported. 

Turning now to more complex systems, i.e. those which contain the cyclopenta- 
dienyl moiety, we again find unusual bchaviour. The initial studies on  these dcriva- 
tivcs werc thought to show that association occurrcd with the postulated bridging 
taking place through the methyl substituent in [A1CpMc2]. It has since been shown 
for aluminium207, gallium20", and indium""' cyclopentadienyl derivatives that the 
mode of association in the solid statc is through the Cp ring as indicated in Figure 13. 
In  this system there are two distinct AI-C bonds between thc bridging cyclopropyl 
group and the metal. These interactions are bctween Al(l, and C(i) and between A1,Iy 
and Co,. Thus, it is Rot a normal two-electron three-centred bond as found in tri- 
mcthylaluminium, but a unique type of system involving the ring. A comparison of 
the atomic parameters for these systems is given in Table 4. The short metal-carbon 
bond distances are not significantly greatcr than those observed for metal-carbon- 
metal bridgc bonds, at least in the aluminium systcrn wherc there are good data. The 
observcd distances are reasonable for the gallium and indium species comparcd with 
the metal-carbon distances observed in other derivatives. Another important com- 
parison should be madc with the gas-phase systems in which it has been suggested 
that the bonding is principally between the aluminium atom and C(i) and C(z) of the 

. The AI-C distances here arc 2.21 A, again vcry near the value observed 
in bridged systems. It should be further noted that in these systems the metal (or 
ring) undergoes rapid migration so that all of the carbons interact with the metal as a 
function of time. This has bcen particularly well discussed by Haaland'. 

rin"2"~.21 I 
3 

FIGURE 13. Perspective view of a portion of the AI(p-C3H,)(CH,), chain. Reproduced with 
permission from biorg. Chmi., 21, 458 (1982). Copyright 1982 American Chemical Society. 
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'rABLE 4. Sdccted rnetal-carbon bond distances (A) in Group 111 cyclopentadienyl-metal 
derivatives 

Compound 
MetaL-bridging carbon distances Other M-C 
Ring A Ring A' distanccs 

2.203 (2) 

2.215 (2) 

2.374 (7) 

2.248 (2) 1.959 (2) 
1.947 (2) 

2.314 (2) I .972 (2) 
1.962 (1) 

2.466 (8) 
2.243 (9) 
2.237 (9) 

2.100 (3) 
2.252 (3) 
2.282 (3) 
2.096 (9) 
2.359 (8) 
2.243 (8) 

'' Ref. 207. 
" Rcf. 208. 

in thc ring. 
Refs. 209 ;ind 2 11 ; monomer, gas-phase AI(C5Hs)Mcz, all C-C distances wcrc assumed to he equivalcnt 

Refs. 212 and 213. 

A different modification of cyclopentadienylaluminium derivatives has been re- 
ported by Paine and co-workers2'2.2'':' , who have shown that in the complexes 
[AICl(CpMe,)(Me)], and [A1CICp(CpMe,)(Bu')]2, the pentamethylcyclopenta- 
dienyl rings occupy terminal positions. The bonding between the ring and thc metal 
is described as trihapto with relatively short AI-C distances as seen in 'I'ablc 4 
comparable to  the Al-c distances in simple bridged systems. Crude molecular 
orbital calculations wcrc carried out on these systems which suggcsted significant 
a-bonding contributions for the terminal C,-AI interactions and, with the T- 
contributions added to this. led to the observed structures. 

The final group of simple aluminium compounds which should be considered are 
those which contain allylic or benzylic functional groups. Only a few reports have 
appeared which are concerned with thc allylaluminium  specie^"^^". These reports 
show that there is an interaction of some type in solution and that there are 
temperature-dependent dynamic processes which occur. None of the derivatives have 
been explored sufficiently to allow definitive conclusions to be drawn about their 
structures or  bonding, thus leaving this area open for speculation. The two most 
common proposals are that the aluminium systems take on the form indicated in 22 

22 

with equivalent terminal positions or that they are a-bonded with rapid reorientation. 
Benzylaluminium derivatives are now better documented. They again have been 
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describcd as forming simple organoaluminiurn compounds, and from the limited 
n.m.r. studies it  was suggested that the species is monomeric in solution””. There is 
no reason to refute this but in the solid statc it has now been shown that the unusual 
chain structure shown in 23 is f ~ r m c d ” ~ .  The bonding has not been dealt with 

14 

[Reproduced with permission from Orgnnornetallics, 1, 881 (1 982). Copyright 1982 American 
Chemical Society.] 

quantitatively, but it is clcar from thc structural studies that the chain is formed by a 
strong interaction betwcen one of the ortho-carbon atoms of a phcnyl group and the 
aluminium atom in the adjacent AI(CH,Ph), unit. Further experimental and thcoret- 
ical studies are clearly called for to provide some basis for understanding both in 
allylic and in thc benzylic systems. 

V. COMPLEXES OF GROUP II, GROUP Ill, AND RELATED 
ORGANOMIETALLIC DERNATIVES 

A. Lithium and Group I Metallates 

As indicated in Sections I11 and W ,  the simple MR2 and MR3 dcrivatives such as 
BeR2 and AIR3 serve readily as acceptors for bases. This is especially truc when the 
derivatives are rcacted with [LiR],, in which the ‘R-’ unit serves as the basic moiety 
forming the well cstablished ‘atc’ complexes. The beryllium derivativc Li2BeMe, has 
been characterized by X-ray studiesz2”, as have also thc complex 
[(Li(tmeda)},(MgMe,)], which is shown in Figure 14”’, and the related complex 
[(Li(tmeda)]2[Ph2MgPh2MgPh2]222. A variety of Group I-Group 111 complexes also 

Me2 

FIGURE 14. Structure of [{Li(tmeda)},(MgMc,)]. Reproduced with permission from C h e m  
Ber., 114, 209 (1981). 



10. Structure and bonding of main group organometallic compounds 815 

have been characterized, including LiBMe, zz3, thc aluminium derivative LiAIEt, 224, 

and several other derivatives with both heavier Group I and Group 111 metalsz25.2’6. 
It is of interest to cxaminc the cation-anion interaction in these systcms. In 
Li,BcMe,, the beryllium atom is surrounded by a distorted tetrahedron of carbon 
atoms which are clearly bound do it. The Li-C distances are longer, but with the 
shortest Li-C distance of 2.52 A there is a strong indication of Li-C interaction. In 
thc E{Li(tmcda>},(MgMe4)1 complcx shown i n  Figure 14, the interactions yield Li-C 
distances of only 2.3 A which arc only slightly greater than those observed in the 
alkyllithium aggrcgates. In the Group I-Group 111 derivatives, this is even more 
pronounced for the boron derivatives, as shown in Figure 15 with cssentially a linear 
Li-C-B system with very strong Li-C bonding suggested from the short (2.12 A) 
Li-C distance. In the LiAIEt, derivative interaction is less pronounced but it still 
influences the structure, causing distortion around the aluminium atom and a short 
Li-C distance of 2.3 A. Whcn larger cations such as sodium or  rubidium or larger 
central metals such as indium are used, the spccics appear to bc best dcscribcd in 
terms of ionic ~att ices”~. 

In  addition to the crystallographic studies dcscribed above, a number of infraredzzR 
and n.m.r. s t ~ d i e s ’ ~ ~ ~ ” ~ ”  have been carricd out which support this general description 
and the trends suggcsted. Thcsc studies further show that in solution relatively strong 
ion pairing occurs, which can be reduced by making use of strongly coordinating 
solvents to surround the cation. One  also may extend the ability of Group 1 
derivatives to coordinate with other organometallic conipouids such as the dcriva- 
tives of zinc, cadmium, and mercury. There is less information available but it has 
bccn shown that Li2[ZnMe,]’” has nearly tetrahedral zinc with the shortest Li-C 
distances being 2.52 A, and that both K2[Zn(C+CH),] and K2[Cd(-H)J1232 have 

ion. teract FIGURE 15. Molecular structure of LiBMc, showing the short, linear B-C-Li in) 
Iicproduccd with permission from J. , 4 7 1 .  Ckm.  Soc., 93, 1553 (1971). Copyright 1971 
American Chenlical Society. 
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FIGURE 16. Structure of Li,.Hg(SiMe,Ph),] showing encapsulation of thc lithium atom. 
Reproduced with permission form h o r g .  Cheni., 19, 3577 (1980). Copyright 1980 American 
Chemical Society. 

essentially tetrahedral zinc and cadmium with the potassium ions bound through 
electrostatic interactions. Complexcs with silylrncrcury derivatives have been well 
documented with stable threc- and f o u r - ~ o o r d i n a t e ~ ” ~ ~ ~ ” ~ ~ ~  complexes being ob- 
served, as shown in Figures 16 and 17. Thc limited data on  the three coordinatc 
species suggest that the energies of the mercury orbitals are perturbed sufficiently t o  
give rise t o  some low-energy transitions which give thcse complexes their distinctive 
colours””. Further, the i1.nl.r. data, which show a simplc progrcssion of the 

FIGURE 17. Structure of Li,[Hg(SiMe,),] showing Li-C interactions between 
[Hg(SiMe,),]*.. units. Reproduced with permission from Inorg. Clietn.,, 19, 3577 (1980). 
Copyright 1980 Amcrican Chemical Society. 
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I-Ig-’H coupling with structure, suggests that the mercury s-orbital contribution to 
bonding decreases from 50 to 33 to 25% in going from the linear sp to tetrahedral 
sp” bound systems, with typical coupling constants of 40, 25, and 18 Mz, respec- 
tively2”’. Spectral data have also been reported for Hg-C complexes, but stable 
crystalline spccics have not been ~haracterized’~’. 

199 

B. Group ICGroup DM Complexes 

The Group II-Group 111 complexes have received little attention, but from these 
studies it has been readily established that these species forni complexes as indicated 

. In this derivative, the electron-dcficient bridge may be described in the in 24239 

24 

same way as for the simple aluminium dimers or MgR2 chains, but with asymmetry 
introduccd as a result of the differences in the two metal centres. Other systems of 
this type surely exist but have not been characterized. 

C. Mixed Metal Systems Contains Transition Elements 

The Group I-Group 111 organomctallic derivatives hsue the capacity to enter into 
bridging with a variety of other organometallic spccics to form unsymmetrically 
bridged species. These include the mixed copper-, silver-, o r  gold-lithium 
c o m p I e x e ~ ~ ~ ’ - ~ ~  . This could further be extended to the copper, silver, and gold 
 derivative^^^^-^^', which behave in a manner very similar to the main group com- 
pound with electron-deficient bridges, as shown in 25. In a similar manner, one also 

Me3SiHzC-Cu-CHrSiMe3 

25 

might include species such as [ L ~ M o ( H ) C ~ ~ ] ~ ,  which contain lithium atoms bridging 
between two transition metal organometallic units24*, a feature which has so far been 
observed only for lithium, which appears to occupy a unique position with its ability 
to enter into many unusual structural types. 

The other group of compounds which have been investigated to some extent and 
appear to  be of major interest are those involving aluminium species. A few 
examples include the cyclopentadiene-bridged compound Cp2Ti-p-H-p- 
CpAlMe,, which contains both hydrogen and carbon bridging atoms between the two 
metal centresu9, the complex species Cp2Ti-p-C1-p -CH2A1Me2 with a proposed 
structure with halogen and methylene bridges2”’, and may even be extended to 
include complexes such as Cp2Ti-p-H-p-H-AIR2-p-H)TiCp with a proposed 
structure containing six-membered rings with three metal and three hydrogcn atoms, 
as shown in Figure 1g2”. There have even been some simple calculations in which 
the bonding in the mixed aluminium--lithium--carbon bridged systems are dis- 
cussed’52. 
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( b )  

FIGURE 18. (a) Molecular structure of C{(C,H,)Ti),Z(H)(HzAIEt,)(C,,H,)l (hydrogen atoms 
omitted except for thc hydride hydrogens). (b) Side view of the molecule. Rcproduccd with 
permission from J. Am. Cl!eni. SOC., 95, 7870 (1973). Copyright 1973 American Chemical 
Society. 

D. Group 111 Addition Compounds 

The relatively weak M-C-M bridge bonds observed in the aluminium deriva- 
tives and the availability of the vacant orbital in the heavier Group I11 derivatives 
makes the formation of Lewis basis addition complexes favourable, and many of 
these have been described. The structure of simple R3AINR3 complexes have been 
determined in both the gas phase and the solid state. The structures of these in 
general have three-fold or pseudo-three-fold symmetry about the AI-N axis. A 
similar situation is observed for A1-0 bonded species where the ether oxygen serves 
as the basic molecule. A similar situation presumably occurs for other Lewis bases 
such as PPh3, but few data are available on these systems. ‘I‘hc parameters of most 
interest in  describing these systems are the M-base distance and the C-M-C or 
C-M-base angles, which will be sensitive to both the  electronic effects (or base 
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strength) and to  thc steric effccts of the basc and of the functional groups o n  the 
metal. The metal-carbon distances are also of interest, but their lack of sensitivity 
t o  the formation of the adducts and the relatively imprecise data make this parame- 
ter less uscful. A number of the data related t o  these systems are collected in Table 
5, which includes neutral AI-N compounds and AI-0 bonded dcrivatives as 
well as heavier species involving gallium and indium, and show that these derivarivcs 
a re  readily formed with minimal distortion from the cxpccted three-fold symmctry. 

A second type of addition compound, which is directly related to the ‘ate’ 
derivatives discussed in Section V.A, are thcir complexes with anions such as CN-. A 
number of these, including K[Mc,AICN]”’, KIMe,AIN,]Z’J, the dimer 
[(Me3A1),N3]255, the nionomeric species K ~ M c ~ A I N ~ ] ’ ~ ~  and the unusual hydride- 
bridged species Na[Me,AI-H-AlMe,]25”, which contains a lincar AI-H-AI 
bridge, have bcen describcd. The last complex is of particular intcrest, since it 
precludes any significant metal-metal interaction, but  yields a stable single 
hydrogen-bridged molecule. A related molccule, [K-dibcnzo-1 8-crown-6][A1,Mc6O,~- 
1-5C,H6, also has becn dcscribcd with a n  oxygen bridge between the two aluminium 
atoms, as  shown in 26257. 

0 “  I I 47(?1 A 

26 

TABLE 5 .  Carbon-metal bond distances and C-M-C bond angles for selected Group 111 
addition compounds 

Compound 

~~ ~ ~ 

Angle (”) 
M-B distances (A) C-M-C lief. 

Quinuclidine.AIMe, (solid) 
Me,NAlMe, (gas) 
Me,NAIMe,I (solid) 

Me,NAICI, (gas) 
Me,NAIH, (sas) 
MeCNAIMe, (solid) 
Et,OAl(o-tol), (solid) 
M%OAlMe, 
Dioxane (AIMe,), 
Me,GaNMe, 
Me,GaPMe, 

2.06 
2.099 
2.02 

1.945 
2.063 
2.02 
1.928 (3) 
2.014 
2.02 
2.20 
2.52 

114 
114.8 
120 
110 !I- 
- 
- 
116 
114.4 
117.8 
116.8 
116.7 
117.9 

0 
h 
C 

AI-C) 
d 
e 
f 
R 
I1 

1 
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E. Heteroatom Bridged Complexes 

Group 111 organometallic compounds tend to form a variety of bridged complexes 
with other atoms or groups in the bridging sitcs while retaining normal a-bound 
carbon atoms i n  terminal positions. In somc instances there arc two types of bridging 
units in the same niolcculc. 'Ihc best characterized of these is MeSAl2NPh2, which 
has been studied by both X-ray crystallograpliyzs".25" and n.m.r. spectroscopyZ6". It 
has been shown, from these studies, that inrerchange may occur betwcen the bridging 
and terminal methyl groups without disruption of the AI-N-AI bridge. This clearly 
shows thc difference in stability of the carbon and nitrogen bridges present in this 
system. This also appears to be true for the related complex MeSA12N(SiMe,), 261 

and for several other oxygen- and nitrogen-bridged systems which have been studied 
by mcans of n.ni.r. spectroscopy but have not bccn further characterized. 

T h e  most common problem in dealing with the specics containing mixed bridging 
units is the tendency t o  symmetrize to what appears to be the more stable species via 
equation 1. Many of these derivatives have been characterized and include the 
dinieric species such as bis(p-isopropylamidodimethylaluininium) shown in 27, which 

2[RZM(p -R)( p - K') MR?] + [ R,M( p - II')zM R? + [ R>M(p - R)2Ml<z] (1) 

.. 
27 

has becn shown to crystallize in two forms with the iso-propyl groups in cis and tram 
Other  species of this general form have been described and have the 

expccted bridged structures with no unusual It has been shown that 
under appropriatc conditions trinicric species arc f~rmed2"5.2'"' . Thc conditions re- 
quired appear to be limited stcric interferences from the alkyl groups on the 
nitrogen. An alternative structural form has been observed for sulphur bridges in 
which infinite chains of AIMc, units are bound by S M C ~ " ~ ,  whereas while in the case 
of F- bridging units i t  has been shown that a stable cyclic tctramer with alternating 
aluminium and fluorinc atoms is formed*"*~*"' . Similar systems clearly exist with the 
heavier derivatives with both d i m e r i ~ ~ ~ "  and tctramericZ7' species established for 
gallium compounds. Although significantly less information is available and no mixed 
C-N bridged systems have yet been characterizcd. 

Other combinations also arc possible with two different metals present. T h e  only 
one so far characterized is the complex MgCA1(p-OMe)2Me2]2~2C~H~02 272, which 
has magnesium surrounded by four bridging M e 0  groups and two oxygen atoms 
from dioxane molecules. The AI-C bonds are of normal length. The structure of 
this molecule, however, indicates the variety of possibilities available. 
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446, 457, 615 
macrocyclic, synthesis of 475, 480 
cr-methylene, formation of 442, 443, 464 
propargylic and allylic, reaction with 

cr,P-unsaturated, reaction with organo- 

Lead-carbon bonds, heterolytic cleavage 

Lead organometallics, disulphonation 321 

Grignards 409 

lithium compounds 256 

69-71 

eIectrochemical reduction of 10 
oxidation of 316 
protodemetallation 134-136 
reaction with bromine 86 
reaction with iodine 100. 101 
reaction with mercury(I1) compounds 70 
reaction with sulphur, selenium, tellurium 

reaction with tetracyanoethylenc 3-93 
tetraaryl, cleavage by antimony(lI1) coni- 

318 

pounds 70 
formation of 69 

tetravinyl, cleavage of 69, 71 
Lewis acids, as catalysts for carbonyl addi- 

tions 221 

effect on alkyl migration 353 
effect on allyl-mctal additions to alde- 

hydes 238 
Ligand cone 628 
Ligand exchange reactions 425 
Lithium+arbon bonds, heterolytic clcav- 

age of 33 
insertions into 269-274 
length of 796, 815 
secondary 793 

Lithium organometallics, addition to 
aldehydes and ketones 222, 223, 227- 
230, 235-237 

addition to alkenes 268-274 
addition to alkynes 273 
addition to azirincs 304 
addition to azomethines 303, 304, 306 
addition to cycloalkanones 233, 234 
addition to enynes 269 
addition to isonitriles 302 
addition to nitriles 296, 298, 299 
addition to nitrogcn heteroaromatics 306, 

addition to /.?-unsaturated carbotiyl com- 
pounds 253-255, 257 

alliyl derivative-solvent interaction 797- 
80 1 

ally1 derivative, cycloaddition reactions 
294, 295 

autoxidation 163 
carbophilic addition lo carbon disulphidc 

carbophilic addition to @$-unsaturated 

exchange phenomena 796. 797 
frze radical formation from 164 
intramolecular addition, of alkenyl and 

alkynyl derivatives 270 
photolytic decomposition 162 
polymeric existence 794 
protodemetallation 105 
reaction with bromine 73 
reaction with carbon dioxide 250-252 
reaction with carbon monoxide 246 
rcaction with carbon suboxide 246 
reaction with carboxylic acids and deriva- 

reaction with complexcd carbonyls 249. 

reaction with cpoxides 307 
reaction with free radicals 163 
rex t ion  with iodine 86 
reaction with isocyanates 245 
reaction with ketcnes 245 
reaction with organic halidcs 744 
reaction with oxygen 3 1 1-3 14 
rcaction with sulphur dioxide 318 

307 

262 

thioamidcs 263 

tives 241-245 

250 
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reaction with sulphur, sclcnium, tcllurium 

structure and bonding of 791-801 
thermal decomposition 162, 599 
thiophilic addition to aryl thioketones 

316, 317 

265, 266 
Lithium-silicon bond, lcngth of 796 

M a g n c s i u m d a r b o n  bond, heterolytic 
clcavage of 34 

insertions into 274-284 
length of 803 

Magnesium organometallics. addition to 
aldehydes and ketones 174-178, 221- 
227, 230, 231, 235-240 

addition to  alkenes and alkynes 278-283 
addition to  azirines 304 
addition to azomcthines 303, 304 
addition to  cycloalkanoncs 233 
addition to  nitriles 296-300 
addition to nitrogen heteroaromatics 306. 

addition to  thiocthcrs 267 
addition to cu,Punsaturated amides 255 
addition to P-unsaturated carbonyl com- 

alkenyl derivative, formation from cyclo- 

allyl derivative, cycloaddition reactions 

as reducing agents in hydride formation 

autoxidation of 172, 173 
carbophilic additions 262, 263 
cycloalkyl derivative, formation of 276, 

307 

pounds 253, 257 

alkyl derivative 274 

294-296 

592 

277 
rearrangement of 275 

dialkyl derivative, rcaction with alkyncs 

electrochemical oxidation 4, 5 
electrochcmical reduction 9 
metal-catalysed reactions 408-414 
oxidation of 31 1-314 
protodemetallation 105-108 
radical complex formation 180 
reaction with acctylenic ethcrs 17s 
reaction with alk-1-enes 268 
reaction with aziridines 310 
rcaction with carbon dioxidc 250-252 
rcaction with carbon monoxide 246, 247 
reaction with carbon suboxide 246 
reaction with carboxylic acids and deriva- 

reaction with cnyncs 26s. 284 
reaction with epoxides 307 
reaction with isocyanates 245 

105 

tives 241-244 

rcaction with ketcnes 245 
reaction with organic halides 744 
reaction with sulphur dioxidc 318 
reaction with sulphur, selenium, tellurium 

reaction with tctracyanocthylene 293 
reaction with thiokctones 178, 179 
structural studies 802-805 
thiophilic additions 263, 265-267 
transition mctal-catalysed additions 283, 

Manganese carbonyls, anion, reaction with 

rcaction with perfluoroalkcncs 707 

316, 317 

284 

acyl halides 705 

arene complexes, nuclcophilic attack on 
489 

binuclear 704 
cyclomctallation reactions 731 
clectrochcmical oxidation 20 
elcctrochemical reduction 21 
reduction, lcading to formyl derivative 

Mangancsc organometallics, acidolysis of 
608 

547 
acyl derivative, formation of 705 
allyl derivatives 704 
carbonylation of 341-348 
cycloalkyl derivative, formation of 729 
electrochcmical oxidation 16 
clcctrochemical reduction 12 
halogenation of 537 
reaction with metal ions 540 

Marcus thcory 203 
Mciscnhcimer-type complex 638, 690 
Mercuration 414, 415, 417 
Mcrcuridcsilylation 52 
Mercury-carbon bonds, heterolytic cleav- 

Mercury organometallics, addition to 

aryl derivative, biaryl formation from 415 
electrochcmical oxidation 7 
zlectrochcmical reduction 7, S 
halide derivativcs, preparation of 414, 415 
oxidation of 316 
protodemetallation 109- 11 5 
reaction with bromine 74-76 
reaction with carbon rnonoxidc 246. 249 
reaction with chlorinc 73 
reaction with iodine S6-S9 
reaction with iron(lI1) complcxes 35 
reaction with kctenes 245. 246 
rcaction with mercury(I1) salts 39-43, 46 
reaction with sulphur trioxide 321, 322 
reaction with tetracyanocthylenc 293 
vinyl derivativcs, 1,3-dienc formation 

age of 35-48 

aldehydes and ketones 221 

from 415 
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Mercury organometallics (corzrd) 
reaction with palladium compounds 

415,416 
Metacyclophane, synthesis of 494 
Metal atom clustcrs 595, 5% 
Metal-carbon bonds-see also respcctive 

bonds 
cleavage of 426-437 

oxidation of 529, 530 
Mctal carbonyls, formation of 402 

reaction with main group organometallics 
249. 250 

Metal cyanides, formation of 403 
Metal dimers, oxidative addition to 716- 

Metal hydrides, formation of 441, 590-593 
Metal isocyanides, formation of 403 
Metal-metal iiiteraction 795, 796 
hdetallacyclic spccies 563 

718 

geor::errical coiistraints of 578-584 
of the iron triad, rhodium and iridium 730 
polymeric 720 
preparation of 405, 468, 718, 719 
small ring 747 

Metallates, structure and bcilding 814-820 
Metallation 289, 594, 612, 615-618 
Metallocenes, self-consuming reaction 740- 

Metathesis, of olefins 610 
Methoxyalkylation, of dienes 478 
Methoxycarbonylation, of alefins 434 
Methylene, intcraction with beryllium 803 
Michael addition 252, 254 

742 

to a,/%unsaturated carbonyl compounds 

Molecular orbital calculations, for p 
elimination at platinum(I1) 584, 585 

Molecular orbitals, multi-centred 790, 795 

Molybdenocene dihydride 740 
Molybdenum atoms, reaction with cyclo- 

pentadienc 740 
Molybdenum carbonyls, electrochemical ox- 

idation 18-20 

258-260 

three-centred 802 

electrochcrnical reduction 20 
Molybdenum organometallics, alkylation of 

ally1 derivativc, conversion to cycloalkane 

reductive elimination of ally1 halidc 

cyclic alkylidene derivative, formation of 

reaction with organic halides 709, 710, 

sulphur dioxide insertion into 552 
with multiple Mo-Mo bonds 595, 614 

710, 712 

derivative 468 

746, 768 

563 

713 

Monodicnols, synthesis of 480. 481 
Monoolefin complexes, reaction with nuc- 

Mulliken charge-transfer thcory 204 
Multinuclear compounds, a-elimination 

leaphiies 452-465 

from 605-607 

Nickel, reaction with cyclopentadiene 735 

Nickel carbonyls, carboxylation of vinyl 

conversion to acylnickelcarbonylatc 438 
conversion to a-alkylnickel complexes 430 
electrochemical oxidation 19 
electrochemical reduction 20 

vapour deposition of 633, 639, 735 

halides by 443 

Nickel-nickel bonding 719 
Nickel organometallics, acyl derivative, con- 

version to ketones 438, 439 
decarbonylation of 643 
formation of 430, 431, 438 

alkyl derivative, formation of 410, 430, 
43 1 

ally1 derivativc, intermediate in metal- 
catalysed Grignard rcactions 412, 413 

reaction with organic halides 640 
arylhalo derivative, formation of 638 

reaction with carbanions 410 
benzyl derivative, formation of 641 
electrochemical reduction 13 
hydrido-oicfin derivative 562 
instability of 666 
reactivity of 638 
1,l-reductive elimination from 750-753 
thermolysis of 575, 582, 583 
vinyl dcrivative, formation of 633 

Niobium organometallics, alkyl derivative, 

alkylidene and alkylidync derivatives, a- 

hydrido-olefin derivative 562 

stability of 768 

elimination from 602-604 

Niobocenc hydrides, thermolysis of 741 
Nitric oxide, insertion into main group mct- 

alLcarbon bond 323 
insertion into transition mctal-carbon 

bond 391, 392 
Nitriles. cycloaddition of allyl-magncsium 

294 
reaction with main group nietal organo- 

metallics 296-302 
Nitroarenes, reaction with main group or- 

ganometallics 323 
Nitrogen, insertion into transition metal- 

carbon bond 393 
Nitrogcn heteroaromatics, addition of main 

group organometallics 306, 307 
alkyl-, synthesis of 307 
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Nitroso compounds, reaction with main 

Nitrous oxide, reaction with main group 

Nucleophilic attack, prediction of site 487 
Nuclcophilic catalysis, by I -  in iodinolysis 

group organometallics 323 

organometallics 323 

96, 100 
of elcctrophilic substitutions 31 

Nucleophilic substitution, with vinyl halides 
657 

Nuclcophilicity, of anionic complcxes of 
transition metals 672, 695, 708 

Nucleosides, 5-substitutcd, synthesis of 417 

Octahedral complexes, of transition metals, 

Olcfin mctathcsis rcaction 440 
Orbital symmetry 29, 48 
Orthometallation reactions 730 
Orthopalladation rcactions 435 
Osmium carbonyl anions, reaction with 

alkyl halides 703 
Osmium carbonyls, rcaction with alkenes 

739, 740 
Osmium organometallics, alkyl derivative, 

synthesis of 703 
arene derivative, intramolecular benzenc 

addition 734 
hydrido alkenyl derivative, synthesis of 

740 
hydrido alkyl dcrivativc, synthcsis of 703 
trinuclear, a-elimination from 606. 607 

Oxamination, of olefins 454 
Oxazolines, alkenyl, addition of organo- 

metallics 306 
Oxetanes, reaction with main group organo- 

metallics 310 
Oxidants, polar and non-polar 628 
Oxidative addition, of organic halides 406, 

Oximes, a,S-unsaturated, conversion to isox- 
azoles 458 

Oxophilic additions, of main group organo- 
mctallics to  carbonyl compounds 240 

Oxygen, reaction with main group organo- 
metallics 311-316 

Oxypalladation, intramolecular, of 2- 
allylphenols 456, 457 

&elimination from 568-571 

629-718 

of olcfins 428 

Palladiacyclcs, 5-membered 450, 451 
Palladium dimcrs 716. 717 
Palladium organomctallics, acyl derlvativc, 

formation of 654 
reaction with olcfins 442 

alkyl derivative 651 
acidolvsis of 535 

carbon monoxide insertion into 433- 

formation from allylamines 450, 451 
rcaction with halogen 533 

allyl derivative, catalyst in benzofuran 

435 

synthesis 456, 457 
formation of 650. 651 
reaction with nucleophiles 465-479 

Paminoacyl derivativc 435, 454 
aryl dcrivative, formation of 649 

insertion reactions of 416 
reaction with carbanions 410 

benzyl derivative 651, 654 
catalysts in Grignardlhalidc reactions 41 1 
cycloalkyl derivative 649 
cyclopentadienyl derivativc, a-elimination 

diolcfin derivatives, conversion to 0-alkyl 
from 567 

444 
reaction with acetate 446 
reaction with carbanions 448, 449 

monoolefin derivative, reaction with 
amincs 453, 454 

reaction with carbanions 455 
reaction with water 452, 453 

nitro derivative, for conversion of olefins 

reductive elimination from 750, 754-756, 

thcrrnolysis of 575, 576, 753 
vinyl derivative, formation of 643 

insertion reactions of 416 

to  ketones 453 

758-762, 764 

Palladium-palladium bonding, abscnce in 

Pericyclic reactions. catalysed by transition 

Pcroxides, formation from organometallics 

Phenols, allyl, addition of allyl-Grignards 

dimers 717 

metals 718 

and oxygen 311-313 

283 
conversion to benzofurans 456 

Phosphines, vinyl, reaction with organo- 

Phosphoranyl radicals, a-scission of 208-21 1 
Photolytic decomposition, of Group IB 

lithiums 271 

organomctallics 169, 170 
of organoaluminiuni compounds 188 
of organoarsenic, -antimony, -bismuth 

of organoboron compounds 187 
of organolithiuni compounds 162, 163 
of organosilicon, -germanium, -tin com- 

of organozinc and -mercury compounds 

compounds 207 

poullds 194- 198 

181-153 
Phthalimidcs, synthesis of 433 
Pinacols, formation from kctones 233 
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Platinum+arbon bond, insertion into 553 
Platinum dimers 716 
Platinum organometallics, acidolysis of 534. 

535 
acyl derivativc, formation of 665 
alkyl derivative, formation of 663 

oxidation of 531 
six- or seven-mcnibered chelate 452 

alkyl dihalo derivativc, elimination of 

ally1 derivative. formation of 662. 663 
aryl derivativc, formation of 736 

rcaction with aryl halides 662 
benzyl derivative. formation of 664 
binuclcar, hydrogen transfers from 594, 

bipyridyl derivative, -elimination from 

cycloalkyl derivative 563, 613 

alkyl halide 745 

595 

574 

decomposition of 721 
formation OF 719-721 
reaction with nitrogen donors 609. 610 

diolefin dcrivatives, conversion to -alkyl 
444 

reaction with carbanions 448, 449 
clcctrochcmical oxidation 14 
P-elimination from 561, 562 
y-elimination from 612, 613 
hydrido aryl derivative, formation of 735 
monoolefin derivative, preparation of 573 
oxidative addition to organohalides 667. 

rcaction with cyclopropane 720 
reductive elimination from 750, 763-766 
sulphur dioxide insertion into 552 
thermolysis of 572,577-579,581,763-765 
vinyl derivativc, formation of 656, 666 

Polar mcchanism, of carbon dioxide inser- 
tion into main group metal-carbon 
bond 252 

672 

of Grignardketone additions 224, 225 
Polylithium derivatives, structure and bond- 

ing 794, 801, 802 
Polymerization, of alkene/organoaluminium 

reaction products 288 
of alkcnc/organolithium rcaction products 

269, 273 
of olefins 610 
of P-unsaturated csteriGrignard reaction 

products 254 
Porphyrin complcxes, of cobalt 674. 675 

Potassium organometallics. addition to 
aldchydcs and ketones 221. 223 

addition to cycloalkanones 234 
addition to /3-unsaturatcd carbonyl coin- 

o f  rhodium 684 

pounds 253 

alkyl derivativc. structure and bonding 

ally1 derivative, cycloaddition reactions 

reaction with carbon dioxide 250 

790, 601 

294 

Prochiral olcfins, hydrogenation of 597, 59s 
Propargylic compounds, addition of organo- 

lithiurns 271 
alkylation of 497 
copper-catalyscd Grignard reactions 408, 

Propargylic mctal cornplcxes, reaction with 
409 

isocyanates 521, 522 
, sulphur dioxidc insertion i i  963 

syrz-Proportionation, in alky. -rcury/mer- 

Protodemctallation, of main group organo- 

Proton affinity, of alkyl groups 730 
Proton magnetic resonance spectra, of mct- 

Protonation, reversible, of pyridylmethyl 

Pscudopcricyclic processes 29 
Purine, mcrcurated, insertion reactions of 

Pyrazolones, formation from m.@- 

Pyridazines, halo, alkylation of 41 1 
Pyridines, 1,2-dihydro, stabilization by com- 

cury halide reaction 40, 43 

metallics 105-136 

al-alkyl compounds 71 

metal complcxcs 516, 517 

417 

unsaturated hydrazides 460 

plcxation 493 
halo, alkylation of 41 1 

Pyridones, synthesis from 2,4-dicnoic acid 

Pyrimidines, alkynyl, formation of 422. 423 
Pyrones, formation from dicnoic acids 457, 

Pyrrolcs, formation of 478 

Quinolincs, halo, alkylation of 41 1 

amides 459, 460 

45s 

oxidative addition to platinum(0) com- 
plexes 665 

Quinolones, synthesis of 433 

Radical chain mechanism, for alkyl halide/ 
transition metal complex reaction 
642, 686, 687 

Radical complcxcs, of organomagnesiurn 
compounds 180 

Radical mechanism. non-chain. in oxidative 
addition 665 

Radical pair mechanism, for alkyl halide/ 
nickel complex reaction 642 

Reaction cnthalpy, for mcthyl-metal com- 
pounds 27, 28 

Rearrangements, acyl to alkyl 683 
alkyl to acyl 706 
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of organomagnesium compounds 274, 275 
Redistribution reaction, for preparation of 

organotin halides 68, 69 
of tetraalkyllcads 70 

Redox potentials, of R'IR' and K / R -  COU- 

Reduction-.see also Electrochemical rcduc- 
ples 2 

tion 
of  carbonyls by alkyl-metals 239, 240 

from iron naphthalene complex 738 
from organogold compounds 165 
from organopalladiuni compounds 575, 

from organoplatinum compounds 573, 581 
of acetylrhodiums with acid halides 406 
of organic halide 745, 746 
of organic partners 743, 747-769 

Reductive elimination 742-769 

576 

Reversible addition, to carbonyl compounds 

Rhenium carbonyls, anion, nucleophilicity 
239 

of 703 
reaction with alkyl halides 706 
reaction with perfluoro olefins. allcnes, 

acetylenes 707 
electrochemical oxidation 20 
reduction leading to formyl 608 

Rhenium organometallics, alkyl derivatives 

cyclopentadienyl derivative, reaction with 
706, 707 

alkyl halides 706, 707 
Rhodium dimer 718 
Rhodium organometallics, acyl derivatives 

406, 682, 683 
alkyl derivative, formetion of 405, 406 

ally1 derivative, formation of 406 
aryl derivatives, stability of 406 

benzyl derivative, formation of 679 
cycloalkyl derivative. CO insertion into 

cu-elimination from 606, 607 
pelimination from 565 
y-elimination from 614 
reaction with acctyl halide 650 
reaction with aldehydes 737 
reaction with azo ligands 732 
reaction with organic halides 678-680 
reaction with organomcrcurials 416 
reductive elimination from 766. 767 

optical activity of 746 

thermolysis of 746 

722 

Rhodium-rhodium 718 
Ring cleavage, of organomagnesiuin corn- 

pounds 274 
Robinson annellation 464 
Rutheniurn carbonyls, catalysts i n  hydrosily- 

lations 599 

reaction with olefins 739 
Ruthenium organometallics, alkyl derivative 

702 
ally1 derivative 739 
conversion to orthometallated ruthenium 

cyclopentadienyl derivative, electrochem- 

dihydride, reaction with vinyl compounds 

a-elimination from 606 
y-elimination from 613 
naphthalene derivative 738 
sulphur dioxide insertion into 552 

hydride 734 

ical reduction 17 

739 

SK2 rneclianisni, ioI oxidative addition of 
alkyl halides to organometallics 642, 
676, 687, 697 

Salt effect, on Grignard reaction with 
azomcthines 303 

on organotin/mercury(II) salt reaction 59, 
64 

Schiff bases, reaction with alkylmagnesium 
halides 303 

Schlenk equilibria 4 
Selenides, vinyl, reaction with organo- 

Selenium, reaction with main group or- 

Selenols, inetal salt formation 316 
2,3-Sigmatropic rearrangement, of thiophilic 

addition products 265, 266 
Silicon-carbon bond, heterolytic cleavage 

of 50-54 
Silicon organo complexes, addition 10 

aldehydes and ketones 221, 222, 238 
alkaline cleavage of 125 
aryl derivatives, reaction with hydrogen 

cycloalkyl derivative. ring opening 729 
p-elimination from 565 
protodemetallation 117-126 
reaction with bromine 77-79 
reaction with chlorine 73 
reaction with iodine 90 
reaction with IC1 90 
rcaction with ketencs 245, 246 
reaction with sulphur dioxide 318 
reaction with sulphur, selenium, tellurium 

reaction with sulphur trioxide 322 
trihaloalkyl derivative, reaction with wa- 

vinyl derivatives, formation of 471 
reaction with organolithiums 271 

l i thium 271 

ganometallics 316-318 

halides 118 

318 

ter 118 

Siloxanes, polydimcthyl. reaction with 8.11- 
lium(II1) salts 53 
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Silver, vapour deposition 632 
Silver organometallics, aryl derivative, ther- 

molysis of 748 
thermal decomposition 169, 564 
vinyl derivative, reductive elimination 

Silyl-lithium compounds, polymeric exist- 

Single electron transfer mechanism, of car- 

of carboxylic acidlmain group organo- 

of ketonelGrignard additions 174, 224, 

Sodium organometallics, addition to alde- 

from 748 

ence 794 

bon dioxide insertion 252 

metallic reactions 246 

225, 240 

hydes and ketones 221, 223, 230 
addition to cycloalkanones 234 
addition to P-unsaturated carbonyl com- 

alkyl derivatives, bonding and structure 

ally1 derivatives, cycloaddition reactions 

carbophilic addition to carbon disulphide 

rcaction with carbon dioxide 250 
reaction with sulphur, selenium, tellurium 

Solvation energy, of organotin/rncrcury(II) 

pounds 253. 256 

790. 801 

294 

262 

316, 317 

complex 66, 67 
of tetraalkyltins 32, 102, 104 

Solvent effect, on  organotin/niercury(ll) salt 
reaction 59, 60 

on oxidative addition 677, 674, 678 
Solvent polarity parameter 686 
Spin-trapping 156 

Spirocyclic compounds, synthesis of 477. 

Spirotin compounds, reaction with bromine 

Square-planar complexes, carbonylation of 

of alkyl radicals 15s. 630 

478, 484, 485, 494 

80 

348-35 1 
/%elimination from 571-578 
isocyanide insertion 385-385 

Standard reduction potential. of iron(lI1) 

Stcreochemistry, control of in acyclic sys- 

of additions to carbonyl compounds 228- 

of carbonylation rcactions 342-344 
of insertion at carbon 551 
of oxidative addition 652 
of sulphur dioxide insertion 360. 361 

complexes 56 

tems 473, 474 

238 

Steric effect, on cleavage of main group 
metal-arbon bond 35, 36. 60, 92. 

111, 117, 118, 121, 122, 129, 134 
Steroids, synthesis of 466, 470, 475, 480 
Stiibenes, 2-amido, conversion to isoquino- 

Strontium organometallics, addition to 
lines 459, 460 

aldehydes and ketones 221 
addition to azomcthines 303 
addition to carbon dioxide 250 
addition to nitrilcs 296, 299 

Styrenes, halo, addition to organopalla- 
diums 756, 758 

addition to organoplatinums 656 
cross-coupling with PhMgBr 752 

Sulphides, hornallylic, carbopalladation 451 
vinyl, reaction with organolithiums 271 

Sclphinates, formaiiun by SO, insertion 

Sulphinic acids. synthesis of 318, 319 
N-Sulphinylsulphonamides, insertion or 363 
Sulphonates, products of organomercury/ 

SO, reaction 321 
Sulphones, allylic, in allylic alkylntion 472. 

473 
propargylic, reactions with Grignard re- 

agents 409 
Sulphoxides, reaction with main group 

organometallics 323 
Sulphur, insertion in to  main group metal- 

carbon bonds 316-318 
insertion into transition metal-carbon 

bonds 392 
Sulphur dioxide, insertion into main group 

metal-carbon bonds 3 18-321 
insertion into transition metal-carbon 

bonds 357-365, 551. 552 
Sulphur trixoide, insertion into main group 

mctal-carbon bonds 321-323 

357, 551 

Tantaloceric hydrides. thcrmolysis of 741 
l’antalum organometallics. alkyl, stability of 

alkylidene and alkylidyne derivativcs, n- 

as catalyst. for ring closurc 588 
a- and y-eliminations from 613, 614 
formyl dcrivatives 609 
hydrido-olefin derivatives 562 

768 

elimination from 602-605 

Tellurium, reaction with main group organo- 

Tcllurols, metal salt formation 316 
Telomerization, of conjugated diencs 453, 

Terpcnes, synthesis of 472 
Tctracyanoethylene insertions, into main 

group metal+arbon bonds 293, 294 
into transition mctal-carbon bonds 363, 

364, 553 

mctallics 316-318 

479-482 
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Tetralin derivatives, synthesis of 494 
T h a l l i u m 4 a r b o n  bonds, hetcrolytic cleav- 

age of 50 
Thallium organometallics, mono;ilkyl, 

formation of 543 
reaction with aldehydes and ketones 221 
reaction with bromine 77 
rcaction with carbon dioxide 250 
rcaction with chlorine 73 
reaction with oxygcn 312 
reaction with sulphur dioxide 319 
reaction with sulphur trixoide 322 

Thermal decomposition, of organoarsenic, 
-antimony, -bismuth compounds 206, 
207 

of organobcrylliurn and -magnesium com- 
pounds 170, 171 

of organocoppcr compounds 165- 168 
of organogalliurn compounds 11:6 
of organogold compounds 164, 165, 169 
of organolithium compounds 162 
of organosilicon, -germanium, -tin com- 

of organosilver compounds 169 
of organozinc and -mercury compounds 

Thietones, rcaction with main group organo- 

Thioamides, a .bunsaturatcd,  carbophilic 

Thiocycloalkancs, reaction with main group 

Thioesters, carbophilic addition to  261 
Thioketenes, thiophilic addition to 264 
Thioketoncs, reaction with Grignard re- 

pounds 194 

181-183 

metallics 310 

addition to 263 

organomctallics 310 

agents 178, 179 
thiophilic addition to 263-265. 267 

Thiols, synthesis from organoniagnesiuni 

Thiophilic additions, to carbon-sulphur 
and -lithium 316 

double bonds 261, 263-267 
1)s carbophilic addition 267 

Tin-carbon bonds, heterolytic cleavage of 

Tin halides, insertion of into transition met- 

Tin hydrides, reduction of acid chlorides by 

Tin organomctallics, addition to aldehydes 

55-69 

a i -carbon bonds 364 

425 

and ketones 221, 222 
addition to cycloalkanones 234 
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