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Foreword 

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

The first volume was conccrncd with: 
(a) Thc structure and thermochemistry of organomctallic compounds. 
(b) Thc preparation of organometallic compounds. 
(c) The analysis and spectroscopic characterization of organometallic compounds. 

The sccond volunic was conccrncd with cleavage of the nietal-carbon bond. insertions 
into metal-carbon bonds, nucleophilic and clcctrophilic attack of metal -carbon 
bonds, oxidative addition, and reductive elimination. It also includcd a chaptcr on  tnc 
structure and bonding of Main Group organometallic compounds. 

This volume is concerned with thc use of organometallic compounds to crcatc carbon- 
carbon bonds. Chaptcrs commissioned on thc use ofalkali metal, alkaline earth metal and 
Group 111 organometallic compounds as well as Zieglcr-Natta polymerization olzfin 
methathesis, and thc use of metal-arene compounds in carbon-carbon bond 
formation havc not yet been complctcd and will be included in thc ncxt volume. The 
remaining volume in the series will covcr the use of organometallic compounds in the 
synthesis of carbon-hydrogcn and other carbon-element bonds, as well as the 
preparation and use of Main Group organometallic compounds in organic synthesis. 

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

In common with other volumes in The Cliemistry of the Functional Groups scrics, the 
emphasis is laid on the functional group treated and on thc effects which it exerts on the 
chcmical and physical propcrtics, primarily in the imnediatc vicinity of the group in 
qucstion, and secondarily on thc bchaviour of the whole molecule. The coveragc is 
restricted in that material includcd in casily and generally available sccondary or tertiary 
sources, such as Chemical Reviews and various ‘Advances’ and ‘Progrcss’ series as well as 
textbooks (i.e. in books which arc usually found in the chemical libraries of universities 
and research institutes) is not, as a rule, repeatcd in detail, unless i: is ncccssary for the 
balanced trcatment of the subject. Therefore, cach of the authors has been asked not to 
give an encyclopaedic coverage of his subject, but to concentrate on the most important 
recent devclopments and mainly on material that has not been adequatcly covered by 
reviews or othcr secondary sources by the time of writing of the chaptcr, and to addrcss 
himself to a reader who is assumed to be at a fairly advanced postgraduate Icvcl. With 
thcsc restrictions, i t  is realised that no plan can be devised for a volumc that would give a 

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

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

Shrivenham, England 
Jerusalem, Israel 

FRANK HARTLEY 
SAUL PATAI 
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List of Abbrewiatiows Used 

In order to economize on printing expenses, whenever possible abbreviations are used 
instead of full names of radicals and instead of explicitly drawn structures. The following 
list, arranged alphabetically, contains most of these abbreviations. 

A 
Ac 
acac 
ac 
acacen 
Ad 
aibn 
all 
An 
aP 
aPPe 
Ar 

bae 

BZ 
Bu 

cd 
cdt 
cht 
CI 
CIDNP 
CNDO 
coct 
1,5-cod 
cot 

biPY 

CP 
CP* 

CY 
C.P. 

dba 
dbn 

appearance potential 
acetyl (CH,CO) 
acetylacetone 
acrylonitrile 
bis(acety1acetonate)ethylenediamine 
adamantyl 
azobisisobutyronitrile 
ally1 
actinide mctal 
antiplanar 
P h AsCH CI-I P P h 
aryl 

bis(acety1acetonate)ethylenediamine 
2,2'-bipyridyl 
benzyl 
butyl (also t-Bu or Bu') 

circular dichroism 
(E,E,E)-cyclododeca- 1,5,9-triene 
cycloheptatriene 
chemical ionization 
chemically induced dynamic nuclear polarization 
complete neglect of differential overlap 
cyclooctene 
cycloocta- 1,5-diene 
cyclooctatetraene 
q'-cyclopentadienyI 
q5-pentamethylcyclopentadienyl 
cross-polarization 
cyclo hexyl 

dibenzylideneacetone 
l,S-diazabicyclc[ 5.4.0]non-5-ene 

xi 



xii List of abbreviations used 

1,8-diazabicyclo[5.4.0]undec-7-ene 
dicylohexylcarbodiimide 
diethyl fumarate 
o-bis(dimethy1arsino)benzene 
diisobutylaluminium hydride 
2,3-o-isopropylidene-2,3-dihydroxy- 1,4-bis(diphenylphosphino)butane 
1,2-dimet hoxyethane 
dimethyl fumarate 
dimethyl maleate 
bis( 1,2-dimethylphosphino)ethane 
bis(diacetylmonoxime)propylene-l,3-diamine 
dipivaloylmethanato 
bis( 1,4-diphenylphosphino)butane 
bis( 1,2-diphenylphosphino)ethane 
bis( 1,l  -diphenylphosphino)methane 
bis( 1,3-diphenylphosphino)propane 
dimethyl sulphoxlde 

dbu 
dccd 
def 
diars 
dibah 
diop 
dme 
dmfm 
dmm 
dmpe 
dotnH 
dPm 
dPPb 
dPPe 
dPPm 
dPPP 
dmso 

El,, 
ece 
ee 
EI 
EP 
ESCA 
Et 
eV 

Fc 
FD 
FI 
fmn 
fod 
FP 
FP* 
FT 
Fu 

Hex 
h fac 
hfacac 
hmdb 
hmpa 
hmpt 
HOMO 

I 
ICR 
1, 
INDOR 

half-wave potential 
electron transfer-chemicai step-further electron transfer 
enantiomeric excess 
electron impact 
peak potential 
electron spectroscopy for chemical analysis 
ethyl 
electronvolt 

ferrocene 
field desorption 
field ionization 
fumaroni trile 
F,C(CF,),COCH =C(O)C (CH,), 
F~(W,H s)(co)z 
Fe($-C,H,)(CO)(PPh,) 
Fourier transform 
fury1 (OC,H ,) 

hexyl (C,H I , )  

hcxafluoroacetone 
hexafluoroacetylacetonato 
hexamethyl(Dcwar)benzene 
hexamethylphosphoramide 
hexamet hylphosphorotriamide 
highest occupied molecular orbital 

ionization potential 
ion cyclotron resonance 
ionization potential 
inter-nuclear double resonancc 

LCAO linear combination of atomic orbitals 



List of abbreviations used 

lithium diisopropylamide 
lanthanide metal 
lowest unoccupied molecular orbitals 

... 
X l l l  

Ida 
Ln 
L U M O  

M 
A4 
ma 
MAS 
tn-cpba 
Me 
M N D O  
mnp 

Naph 
nbd 
nbs 
nmP 

OA 

Pe 
Pen 
phen 
Pip 
Ph 
pmdeta 
PPm 
Pr 
PRDDO 
PYr 
P Z  
Quin 

R 
RT 

salen 
salophen 
sce 
set 
SOMO 
SP 
SPT 

t ba 
tcne 
thf 
Thi 
tmed 
tms 
tms 

metal 
parent molecule 
paleic anhydride 
magic angle spinning 
nt-chloroperbenzoic acid 
methyl 
modified neglect of diatomic overlap 
2-methyl-2-nitrosopropane 

naphthyl 
norbornadiene 
N-bromosuccinimide 
N-methylpyriolidone 

o-allylphenyldimethylarsine 

pentenyl 

o-phenanthrolinc 
piperidyl (C,HIoN-) 
phenyl 
pentamethyldiethylenetriamine 
parts per million 
propyl (also i-Pr or Pr') 
partial retention of diatomic differential overlap 
PYridYl (C5H4N) 
pyrazol yl 
quinolyl (NC,H,) 

any radical 
room temperature 

PentYl (C5H I I - )  

bis(salicy1aldehyde)et hylenediamine 
bis(salicyla1deh yde)-o-phen ylenediaminc 
standard calomel electrode 
single electron transfer 
singly occupied molecular orbital 
synplanar 
selective population transfer 

t ri benzylideneacet ylacetone 
tetracyanoet hylene 
tetrahydrofuran 
thicnyl (SC,H,) 
tetramethylethylenediamine 
tetramethylsilane (only used in this context as a frec standing symbol) 
trimethylsilyl (only used in this context either with a dash after it or adjacent 
to a chemical symbol) 



xiv List of abbreviations used 

To1 tolyl (CH,C,H,) 
tond 1,3,5,7-tetramethyl-2,6,9-trioxobicyclo[3.3.l]nona-3,7-diene 
tos tosyl 
trityl triphenylmethyl (Ph,C) 
ttfa thallium tris(trifluor0acetate) 

un olefin or acetylene 

X halide 
XYl XYlYl (Me,C,H,) 

In addition, entries in the ‘List of Radical Names’ in ICJPAC Norne~~clature oforganic 
Chemistry, 1979 Edition, Pergamon Press, Oxford, 1979, pp. 305-322) will also be 
used in their unabbreviated forms, both in the text and in structures. 

We are sorry for any inconvenience to our  readers. However, the rapidly rising costs of 
production make it absolutely necessary to use every means to reduce expenses- 
otherwise the whole existence of our  Series would be in jeopardy. 
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1. INTRODUCTION 

Organometallic compounds have found increasing use in recent years for the stoichiomet- 
ric and catalytic synthesis of a wide range of organic compounds. Although the art remains 
largely empirical, the measure of success already achieved in respect of chemo-, regio-, and 
stereo-selective synthesis' of several cyclic and open-chain systems using Main Group and 
transition metal organometallics has created a surge of interest in research directed at  their 
application potential. An aspect of organic synthesis of paramount concern to us in this 
series is that of C-C bond formation, and in this Chapter we focus attention on the use of 
tin and lead organometallics. A perusal of the literature quickly reveals that among Main 
Group metals the entry of organotin and, to a very much lesser extent, organolead 
compounds into the important and diverse field of organic synthesis is relatively recent. 
The majority of useful documented reactions of organotin compounds, particularly the 
hydrides, alkoxides, and amines, are concerned with the synthesis of bonds linking carbon 
to hydrogen and other heteroatoms. Excellent reviews bearing on the above may be found 
in several recent r n ~ n o g r a p h s ~ - ~  and  article^^-'^ on the subject, and in the volumes edited 
by Sawyer19. Work particularly originating in the last 5 years strongly indicates that 
organotin compounds can find utility for the creation of new C-C bonds, thus extending 
their overall synthetic potential. 

In this chapter we attempt to examine the several organo-tin and -lead initiated 
coupling reactions that result in C-C bond formation within the mechanistic framework 
of the known r e a c t i v i t i e ~ ' * ~ * ~ ~ - ~ ~  of these organometals towards electrophiles, nucleo- 
philes, and free radicals. In as much as a large number of such reactions reported in the 
literature appear as isolated accounts, little purpose is served in approaching this review 
purely from the standpoint of the projected utility of the reactions in organic synthesis. We 
attempt instead to place the results in perspective by giving a comprehensive coverage of 
these reactions based on metal atom functionality. 

A unified discussion of both organo-tin and -lead compounds is presented, despite some 
obvious differences in their chemistries and the relative infancy of investigations directed 
to the use of organoleads in organic synthesis. Literature coverage for this chapter extends 
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up to the close of 1982, but several relevant publications accessible to us after this date have 
also been included. 

II. REACTIONS OF a-FUNCTIONALLY SUBSTITUTED ORGANO-TIN AND -LEAD 
COMPOUNDS 

A. a-Elimination Leading to Carbene Formation 

C-C bond formation via the generation of carbenes from organo-tin and -lead 
compounds has attracted much attention since 1960, when Clark and Williszs found that 
the pyrolysis of trimethyl(trifluoromethy1)tin with or without tetrafluoroethylene gave 
perfluorocyclopropane. 

150 OC, 20 h 

(sealed tube) 
3Me3SnCF3 ____b 3Me3SnF + cyclo-C,F, 

Seyferth et ~ 1 . ’ ~  reported that the harsh reaction conditions for the generation of the :CF2 
species could be avoided by using NaI in dme as solvent, making this method a more useful 
route for synthesizing genl-difluorocyclopropanes (equation 2). Although the generation 

-!- Me,SnF (2) 
No1 /dme 

80 OC, 12 h 
Me3SnCF3 + cyclohexene ___b 

73 O/O 

of other halocarbencs from trialkyl(trihalomcthy1)tins has since been demonstrated”-’’ 
(for example, equation 3), the hydrolytic instability of the organotin substrates precludes 
their routine use in synthesis. 

X = CI (94%) j Br(66’/0) 

Triphenyl(triha10methyI)plumbanes~~ have also been found to be good divalent carbon 
transfer agents, particularly at temperatures between 120 and 150 ‘C. Ph3PbCC13, for 
example, has been used to form cyclopropane derivatives in reactions with olefinic 
c o r n p ~ u n d s ~ ’ ~ ~ ~ .  Other divalent carbon transfer agents such as (R3M),CX2 and 
R 3 M C H X 2  (1M = Sn or Pb) have also been i n v e ~ t i g a t c d ~ ~ . ~ ~  but. in comparison with 
PhHgCCIi4, they appear to be less useful in that the reaction conditions of higher 
temperatures and longer reaction times tend to impinge on the thermal stability of the 
products and hence the yields. 

66 O/o 1 8 O/o 
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7-Bromo-7-norcaranyltriphenyltin, 1, has been shown to yield the spiro-derivative 3 on 
refluxing in cyclooctene. A cyclopropylidene intermediate, 2, has been speculated33 for this 
reaction. 

MP~, - P ~ S M B ~  i , [ 0 : ] cyclooctene 

( 5 )  - 
(2) (3) 

oxr 
(1) 

h4 = Sr Pb  

Lotts aid coworkers3’ have recently reported that Me,Sn CH,CI undergoes metal- 
iation in cyclohexene to yield exclusively anti-7-trimethylstannylnorcarane, via the 
trimeti?yls:ac;iyi carbene 4. 

Li- tmp 
h’l%SnCH2CI - [ Me3SnCHCI] Li’ - [ Me3Sn?H] (@ 

cyclohercris SnMe3 
(4 

%b W H  
-- 

21 O/O 

(Li-tmp = lithium 2,2,6,6-tetramethyl piperidine) 

This reaction contrasts with that reported36 for Ph,SnCH,i (equation 71, wherein 
:rsnsmetallatiorl followed by methylene transfer appear clearly to be impiicated. In 

0 !‘a 
- 50 OC cyclotiewene 

Pn3SnCH21 -1- BuLi - LiCH21 
thf 

28 O/O 

another circumstance, however, the carbethoxy-stabilized triphenylstannyl carbene, 
Ph,SnCC0,Et3’, has been generated from ethyl diazo(triphenylstanny1)acetate and 
trapped using isobutene. 

+ 
% - HgS I 

Hg [C(N2)C0,Et]2 + (Ph3Sn)2S - Ph3Sn -C-C02Et 
0. - 

(8) 
hU 

.-b 1-Ph3Sn-1-C02Et-2, 2-Me2-cyclopropane 
Me,C=CH, 

The reaction of Bu,SnCHCI(OEt), 5, with excess of cyclohexene has been shown to lead 
to e thoxynor~a ranes~~  (equation 9). The formation of the carbene, :CHOEt, via c i -  
elimination from 5 has been inferred for this reaction. 

OEt + Bu3SnC1 (9) 
100 OC, 14 h 

32 O/o 
Bu3SnCHCI (OEt) 4- cyclohexene 

(5) 
ex0 : end0 = 78 : 22 
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Interestingly, stannyl- and plumbyl-diazoalkanes do not undergo a-elimination to yield 
the corresponding carbenes. With dicarboxylate acetylenes, these reagents have been 
shown39*40 to undergo 1,3-dipolar cycloaddition reactions to give unstable organometal- 
lic substituted isopyrazoles (6), which immediately form the more stable pyrazoles (7) by 
metallotropic rearrangement as indicated in equation 10. 

Me3M(R)CN2 + R ' C e C R '  - 
R1 

R1 \"h 
R, 

R' = C02Me Me3Mf2N 
M = Sn, P b j  (6)  

q N -  M Me, 

R = SiMe, (i) j SMe2 (ii) 

R' 

R1 (7) 

M = Sn; 69% ( i )  j 82V0 (ii) 

M = Pb; 82% (i) j 71 "10 (ii) 

B. C-C Bond Formation in Direct Reactions with Carbon Electrophiles 

The tendency of a-functionally substituted organotin compounds to  undergo electro- 
philic attack at  the Sn-C bond may be particularly enhanced when substituents with a 
negative mesomenc effect such as CN or CO,R reside on the a-carbon4'. Thus with 
aldehydes and ketones as electrophiles, addition reactions result (equation I I ) .  The 

R' 
I I  

I I  
+ R1COR2 - R3SnO-C-C- (1 1 )  

I 
I 

R3Sn - C - 
R2 Y Y 

Y = CN or C02R 

additions are similarly facilitated by electron-withdrawing groups on the attacking 
electrophile. In polar solvents such as hmpt, even organic halides can cleave the Sn-C 
bond4, (equation 12). 

hmpt 
Bu3SnCH(Pr')Y f RBr RCHY(Pri) + Bu3SnBr (12) 

R = ollyl or benzyl j Y = CN, C02Et 

The addition of tributyl(trihalomethy1)tin compounds to aldehydes has been de- 
scribed43 as proceeding via nucleophilic attack of the CX, group at the carbonyl centre 

80 OC 
Bu3SnCX3 + RCHO - RCH(CX3)0SnBu3 

20 h 

R = Me ~ E t ,  Pri , Ph , PhCH=CH j X = CI , Br 
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(equation 13). With a-chiral aldehydes such as 2-phenylpr0panal~~, the reaction leads to 
two diastereomeric products: 

M~$H OSnBu3 + t i@ 

60 OC 

65 O/o 
Bu3SnCBr3+ Ph(Me)CHCHO - (14) 

H CBr3 CBr3 

Ph Ph 

Stannyl ethers are also obtained from the thermal reaction of a-stannylated nitro- 
samines with aromatic aldehydes44 (for example, equation 15). Similarly, phosphono- 

1. 70 OC,lO h 

2. HGt 
EutN(NO)CH2SnMe3 +PhCH =CHCHO b ButN(NO)CH2CH(OH)CH = CHPh 

(15) 
54% 

methyl triorganostannanes have been reported to undergo C-C bond-forming reactions 
with aldehydes and isocyanates4': 

Et3SnCH2P(=O)(OEt) R + R' CHO - Et3SnOCHR'CH2P(=O)(OEt) R 

R = Ph, OEt ; R' = Pr, CCI3 (16) 

Et3SnCH2P(=O)(OEt)R + PhNCO - Et3SnNPhCOCH2P(=O)(OEt) R 

R = OEt, Ph 

As noted for a-substituted nitriles and esters (equation 1 I ) ,  trialkylstannylacetones also 
readily undergo exothermic  addition^"^.^' with aldehydes and ketones as in reactions I8 
and 19. 

20 OC 
Et3SnCH2COMe + PhCHO 7 Et3SnOCH (Ph) CH2COMe 

(8)  (COOH l2 I 
PhCH (OH )CH2COMe 

67 O/o 

OSnEt3 (COOH), - oO" (19) 
CH2COMe CH $20 Me 

8 + ( 3 = 0 3  48 h c>< 
The ease of cleavage of thc Sn-0 bond in [hc resulting stannyl ethers with organic 

acids such as oxalic or malonic acid makes this method a n  attractive route for the 
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preparation of /3-hydroxy-substituted ketones. With several other stannyl ketones such as 
Bu,SnCH(Me)COEt, the 0-metallotropic form (enolstannane)  predominate^"^.^^ (70"/,). 

6u3SnCH(Me) COEt - (El  -Bu,SnOC(Et)=CHMe -I- (z)- 6ugSnOC(Et)=CHMe 4- 

75 O/O 

The addition reactions of these types are considered in more detail in Section V I A .  
Kinetic studies5' on the carbon-functional derivatives R,SnCH,Y show that the rate of 

carbonyl addition increases with increasing ability of the Y group to  stabilise the a-carbon 
centre. This effcct facilitates an S,1 mechanism in which the ionization of the organotin 
compound in the rate-determining step results in the formation of an ion-pair (Scheme I ) .  

fast 
R3SnCH2Y R3Snf-CH2Y (ion poir) 

slow Me,CO I 
SCHEME I 

Electron-withdrawing substituents at the carbonyl group accelerate the addition as in 
reactions 21 -2341.50*5 I. This Reformatsky-type reaction offers an attractive route to P- 
hydroxy-nitriles, -esters, -ketones, and -amides 

RT 
Et3SnCH2C02Et + C6F5CH0 - Et3SnOCH (C6F5)CH2C02Et (21) 

60 OC,/8 h 

ZnC12 
Et3SnCH2C02Et + C6H5CH0 Et3Sn0CH(C6H5)CH2CO2Et 

20 OC 
Et3SnCH2COMe + nCC13CH0 - Et,Sn [-0-CH(CC1,)-1, CH2COMe 

(23) 

Bis-a-functionally substituted organotin compounds have been shown to react in an 
analogous manner with ketones4' (equation 24). 

Et2Sn(CH2C02Me)2 + 2CF3COPh - 65-75 OC 
Et2Sn [0-C(Ph) (CF3 )CH2CO2MeI2 

20 h 

75  O/O 

(24) 

With a,P-unsaturated ketones, stannylacetones yield 1 ,2-addition products4' (equa- 
tion 25). P-Dikctones and P-ketoesters which contain active hydrogens, on the other hand, 

8 + PhCH= CHCHO PhCH--CHCH(CH2COMe)OSnEt3 (25) 
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R3SnCH2COMe + MeCOCH2COR’ - R3SnOC(Me)=CtiCOR’ + Me2C0 (26) 

1 R = alkyl or alkoxy 

follow a different course of reaction (reaction 26)52. Bu,SnCH,COEvIe reacts with 
Et,SiCH,COQ, as with alkyl halides, to eliminate Ru,SnCl bu: the j3-diketo product that 
is formed suffers rearrangement5): 

Eu3SnCH2COMe -I- Et3SiCH2COCI - Et3SiCH2COCH2COMe i- BuSSnCl (27) 

h 

c 
Et3SiCH2COOC (=CH2)Me 

C. 6-C Bond Formation via Lithium Derivatives 

Apart from their own intrinsic reactivii jr, e-hetero-substituted organo-tin and -lead 
compounds yield metallated derivatives which are useful precursors for hetero-substituted 
carbanionsS4. 

1. Halogen-lithium and hydrogen-lithium exchange 

A convenient route to a-stannyl-organoiithium compounds is via halogen/lithium 
exchange reactions (reaction 28)j5. These reactions are exothernic and generally proceed 
in very high  yield^^^.^' as illustrated in equation 29. Addition of Ph,SnCH,Li (9) to 
carbonyls readily affords j3-hydroxystannanes (equation 30). On heating to about I 10- 

RgSnCBr3 + R L i  R3SnC!3r2Li (28) 

ether 
L R3SnCH21 + BuLi ~- R3SnCH2Li i- BuI (29) 

R = Ph,Me, %u Ph, 98-100% j Me 92% j Bu, 98-100% 

H2O 
Ph3SnCH2Li -I- R1 R2CO” Ph3SnCH2C(OLi)R1 R2- Ph3SnCH2C(OH) R1 R2 

(9) 
A - R’ R2C=CH2 + Ph3SnOH 

( 30) 

R’ = H, R2 = Ph, 65% 

R’ = Me, R2 = Ph  , 41 O/O 

175 “C, the j3-hydroxystannanes decompose to yield the corresponding alkenes5’, 
R’ RLC=CH2. Interestingly, 9 itself undergoes oxidative coupling when heated in the 
presence of CuCl, (reaction 3 I ) .  
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CUCl2 
9 Ph3SnCH2CH2SnPh3 

(10) 60 O/o 
The reaction of 9 with aIly1 bromide in the presence of copper(1) chloride leads to a 

moderate yield of the homoallylstannane 11. Presumably a transmetallated product 
Ph,SnCH,Cu is initially formed, which then adds on to the ally1 bromide to yield 11. via an 
oxidative addition/reductive elimination mechanism (Scheme 2). 

* 
Br 

-. CH 
Ph3Sn(CH2)2CH=CH2 

(1 1) 57 OIo 

H2C 
SCHEME 2 

There are few reports in the literature on the djrect metallation (H/Li exchange) of a- 
functionally substituted organotin compounds to yield a-stannylorganolithium. An 
example of this has already been cited in equation 6. Another is equation 32. Compound 12 
undergoes Michael-type 1 ,Cadditions with cyclic en one^^^ to give products in good yields 
(Scheme 3). 

(MeS12CHLi + R3SnCI A (MeS12CHSnR3 b (MeS12C(SnR3)Li (32) 
t hf /hmpt Pr: NLI 

(1 2) 

0 OLi 

n = 2 :  R = Me; E = H ;  70% 

R = Me E = n-C5H,, j 65% 
SCHEME 3 
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In contrast, 1,3-dithiane derivatives apparently undergo only 1,2-additions6' with 
cyclic enones (reaction 33). ::s> (33) c;x::"e3 - cyclohex-1-en-3-one + 

(13) 
I t  may be noted in passing that tin/lithium transmetallation at the 2-position of the 

dithiane is a faster and milder process than direct metallation6'. This is important because 
it facilitates the generation of the nucleophilic 2-dithiane centre (14) which would not 
otherwise survive the metallation process under the usual conditions (Scheme 4, step b). 

13 4- Br(CH2)3-(i 0 
S SnMe3 

b CX s (CH2)3--(l 0 -  RLi, -80 OC 

0 

7. Dilution 
C I X L H  2 3  ) .d - 2. - 20 O C  c:q +cQ 

14 CH20H OH 
SCHEME 4 

rx-Substituted sulphur and selenium carbanions61 have in recent years been shown to be 
versatile reagents for engendering C-C bond formation. Equations 34-36 exemplify this. 

+ R ' I  c:x;R3 (34) c:xS:R3 
R = Me, R' = Me;  96% 

R = Bu, R' = C7H15j 94% 

(1 3) 

R = Me 68% 

- /-\ 
HO R2 

R = Me j R, = Ph j R 2 =  H j 54% 
R, = Me j R2 = Me j 87% 

R -R - -CH=CH(CH2I5; 69% 
1 2 -  
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The high polarizability of the sulphur and selenium atoms in derivatives such as 13 
renders them good nucleophilic reagents and also facilitates the cleavage of the Sn-C 
bond. A point of obvious synthetic appeal is that desulphurization of the products formed 
can be readily achieved by reduction with Raney nickel6, or h ~ d r a z i n e ~ ~ ,  or by the use of 
lithium tetrahydroaluminate with CUCI,/Z~CI;~. Thus benzaldehyde can be transformed 
alternatively to the cis-(phenylthio) styrene (85%) or the trans-isomer (84%) from 
(phenylthio)(triphenylstannyl) methyllithium or (phenylthio)(triphenylplumbyl) methyl- 
lithium65 (Scheme 5). 

MPh3 MPh3 

ph*oH H H SPh +:%OH Ph SPh 

1.  PhCHO 

2. H,O 
Ph3MCH2SPh -I- Pri2NLi _d Ph3MC(Li)HSPh 

M = Sn, Pb 

f breo erylbro 

trans - PhSCH =CHPh cis-PhSCH =CHPh 

SCHEME 5 

1,3-Dienes and styrene derivatives can be prepared in good yields from allyl 2-pyridyl 
sulphide and allyl phenyl sulphone derivatives66. Although mechanistic details of the 
reactions have not been elucidated, the stability of allyl carbanions as well as the 
regiosi:.iectivity towards a-alkylation of allyl anions are apparently significant factors in 
the synthesis of 1,3-dienes. 

R1 R2C=CR3CH2Y 
1. BuLi - 
2. Bu3SnCH21 

[R' R2C=CR3CHYCH2SnBu3] _d R1R2C=CR3CH=CH2 

The successive addition of two equivalents of BuLi to Bu,SnCH,OH followed by an 
electrophile such as an alkyl halide, aldehyde, or ketone gives the corresponding 
hydroxymethyl derivative6', probably via LiCH,OLi formed as intermediate. This route 
provides the first hydroxymethylation of a carbonyl compound (equation 38). 

Bu3SnCH20H + 26uLi + (Me,C),CO + (Me3CI2C (OH) CH20H (38) 

41 O/o 
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2. Transmetallation 

In these reactions, the C-MR, function serves as a protected carbanion which is 
unmasked to  provide synthetically useful carbon nucleophiles. The substitution of the 
stannyl or plumbyl group is conveniently achieved using organolithium reagents so that 
much of the derived chemistry is largely that of the transmetallated product.’ For this 
reason and also because studies on the regiochemical control potential of the C-MR, 
metalloids per se have been little described in the literature, only selected reactions 
exemplifying the synthetic scope of this protection strategy are discussed here. 

Grobel and Seebach68 employed the stannyl group to facilitate lithiation of sulphur- 
containing nucleophilic acylating reagents (equation 39). 

V. G. Kumar Das and Chit-Kay Chu 

EuLi € +  1 2  
R1R2C=C(SR31SnMeg - [R’R2C=CSR3]- Lit R R C=C(SR3)E 

(15) (39) 

The reagent 15 is a useful synthetic equivalent of the enolate of a-thiolated acetal- 
d e h ~ d e ~ ~ . ~ ’ .  Thus, when R’ = H and R2 = OC,H,, the equivalent enolate species is 
(OHCCHSR3). In principle, it is also possible to  substitute SOR3 for SR3 (ref. 71) 
and allenyl (R’R2C=C=CSR3)- for vinyl  derivative^^^. 

The transmetallation of dialkoxymethyltributyltin (15), a masked aldehyde anionic 
equivalent, with BuLi gives a ncw organolithium reagent which can react with benzyl 
bromide, benzaldehyde and cyclohexenone as shown in equations 40 and 41 1 6 .  

The addition of organotin nucleophiles to carbonyl compounds gives synthetically 
useful carbinyl carbanion equivalents (reaction 42)73. Still” developed an efficient 

Bu3SnCH(CE:)2 + BuLi 4 LiCH(OEtI2 BzCHO (40) 
1. EzBr 

2. H,O 
78 a/a (16) 

1. CUI 
IS + BuLi . -  

2. cyclohexonone oo 
3. H,O / 

(Et0I2CH 

1. EuJSnLi 
RCHO 2. HX RCH(OH)SnEu3 

40-60 O/o 

method for preparing these masked aldehydes. This involves reacting a thf  solution of 
Bu3SnLi (prepared in situ from deprotonation of Bu,SnH with (Pr’),NLi at 0°C) with 
aldehydes at  - 78 “C. High yields of the carbinols are thus obtained. Since the carbinols 
are generally labile the hydroxy group is protected via conversion to the ethoxyethyl 
derivative (17). The protected carbinol, (E)-l -methoxylmethyl but-2-enyl tributylstan- 
nane, derived from crotonaldehyde, for example, has found synthetic utility as a useful 
precursor for the stereoselective synthesis of rra~u-3,4-disubstituted 4-b~tanolidcs’~” 

’ Tinpithiurn exchange reactions are especially facile when the organolithium reagent to be generated 
is stabilized either by uns;~turation or by a heteroatorn. 



1. Carbon-carbon bond formation 

EtOCH(Me)CI 
Bu3SnCHR (OH) RCH(SnBu3)0CH(Me)OEt 

90% (17) 

13 

(43) 

(Scheme 6). A useful general reaction of protected carbinols such as 17 is that Ley rapidly 
undergo tinpithiurn exchange with BuLi to form a-alkoxyl organolithium reagents, 
RCH(OR')Li, which readily react in situ with carbonyl compounds. Equation 44 is 
ill us t ra t ive. 

thf, - 78 OC 
(E~CH~CH-CHCHO + Bu3SnLi 

82% 

CICH,OMe, CH,CI, 
( E  )-CH3CH=CHCH(OH)SnBu3 

i- Pr2 NEt 

L 

(E)-CH3CH=CHCH (OCH20Me)SnBu3 

OH 

RCHO, to1 uene - 
60-140 OC 

(5- 79 O h  1 Me 0-OMe 

1. hydrolysis (HCI, thf/H,O , 20 "C) 

2. oxidotion (pcc */NaOAc/CH,CI, ,20 OC) 

* pcc = pyridinium chlorochromate 

R Me 

( 70- 95 O/o 1 

SCHEME 6 

1 .  BuLi 
2. cyclohexanone 

17 - 
3. H,O 

R = C6H,3 , 8lo/o 

R = C6Hl ,  , 80% 

(44) 

Significantly, no 1-butylcyclohexanol could be detected. This implies that the tin/ 
lithium exchange goes virtually to completion. The synthetic potential of these a-alkoxyl 
organolithiurn reagents, RCH(OR')Li, in natural product synthesis is illustrated by thc 
simple synthesis of dendrolasin and ( f )-9-hydroxydendrolasin from furan-3- 
~arboxaldehyde~'  (Scheme 7). Noteworthy features of the reaction are the relatively mild 
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1. Bu3SnLi 

2. EtOCH(Me)CI 

CHO CH(SnBu3)0CH(Me)OCZH5 

1. BuLi 
2. CI-R' I 

(i) Li/NH, % R, ?ii) H30+ 9 R' 

X OCH(Me)OEt 
(i) dendrolasin (X = H); 92% 

(ii) 9-hydroxydendrolasin (X = OH);  96"/, 

SCHEME 7 

1. BuLi 

ph-)+o,70- H SnBu, r 
1. Bu,SnLi '",:;o- 

ph-t/;:..vo- 

2. MeOCH,CI H E  

1. BuLi 
Ph 

,\\\\O -0- wH 2. E +  b 
H SnBu, 

4 PhCH2CH (MeICHO 

H E  

SCHEME 8 

1. BuLi, -78 OC 
t h f ,  hexane 

Me3SiCH2SnBu3 _____9 Bu4Sn + R'R2C(OH)CH2SiMe, 
2. R ' R ~ C O  

(19) 

H,SO, / t hf 

25 OC 
- R'R*C=CH~ (45) 

Product : P-CIC6H4CH=CH2 , 72 o/o , , 90 O/o 
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reaction conditions and the high stereo~pecificity’~ (Scheme 8). The a- 
trimethylsilylstannane 19, prepared in near quantitative yield from Me,SiCH,Cl and 
Bu,SnLi at  0 “C in a mixture of thf and h e ~ a n e ~ ~ ,  undergoes ready transmetallation in the 
same medium to afford Me,SiCH,Li, a versatile reagent for methylenation of aldehydes 
and ketones (equation 45). The Pb-C bond of (Ph,Pb),CH can be similarly cleaved with 
PhLi and benzaldehyde, giving the styrylplumbane (reaction 46)76. 

PhLi  PhCHO 

98 O h  81 O h  
(Ph3Pb),CH - (Ph3PbI2CHLi - (Ph3Pb),CHCH(OH) Ph (46) 

SiO, 
( E  )-Ph3PbCH=CHPh 

76% 

As noted earlier, a-stannylcarbinols are unstable, but these may be converted to the 
more stable a-stannylalkyl halides by reaction with Ph,P and CBr, in CH,CI, at room 
t e m p e r a t ~ r e ~ ~ .  Interestingly, the halides do  not yield the expected a-halocarbanions with 
BuLi. a-Stannylalkyl bromide, for instance, gives Bu,Sn (60%) and a mixture of E/Z 
(79:21) olefinic coupling products77. 

BuLi 

- 78 OC(Br,:l) 
PhCH2CH,CH(X) PhCH2CH2CH=CHCH2CH2Ph (47) 

X = CI, Br, I 
0 OC (1) 

X = C1, 657;; % E/Z ,  77:23 
X = Br, 65%; ”/, EIZ, 79:21 
X = I, 60%; % E / Z ,  50:50 

BuLi 
RCH(X)SnBu3 Li’RCHX- + Bu4Sn (474 

( 2 0 )  

BuLi 
LiX + Bu3SnCHRCHRX - RCH=CHR + L i X  

(22) 

I t  has been found that the reaction of the lithiocarbanion 21 (generaid by tin,Aithium 
exchange) with a-stannylalkyl halide proceeds much faster than nucleophiiic attack by 
B u L ~ ~ ~ .  This results in the formation of the coupled product 22. Desta:iny!ntion with BuLi 
yields the olefinic coupling products indicated in equation 47n. Crcss-coup!ing has a!so 
been effected using a mixture of a-stannylalkyl iodidc and cliloride with BuLi 2 t  - 78 “C 
(equation 48)”. The reaction yielded 43% crcss-coup!ing prodtict ( E / Z  = 76:24) and 57; 

Me(CH2)&H(I)SnBu3 + FhCH2CH2CM (CI!SnBu3 ---+* 
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homocoupling product. The method thus affords an important route for the conversion of 
aldehydes to olefinic coupling products. 

A high stereoselective [2,3]-sigmatropic Wittig rearrangement has been successfully 
used for the synthesis of stereospecific Z-trisubstituted homoallylic alcohols79 (equation 
49). The method holds considerable promise since rnost trisubstitutcd olefin syntheses 

CH3(CH2I3CH(OH)CMe=CH2 CH3(CH2)3CH(OCH2SnBu3)CMe=CH2 

CH3(CH2)3CH=C(CH3 )CH2CH20H . Rearrangement 

95% stereoselectivity 
produce the E-isomers as the major product. Trienyl acetate, an active component in thc 
sex attractant of a major citrus pest, has been prepared from ethyl ester of p,p- 
dimethylacrylic acid by this method (equation 50). A convenient synthesis of the 

1. KH/thf 

2. Bu3SnCH21 

BuLi 

(49) 
Transmetal la tion 

0 1.KH 

2. Bu3SnCHpI 

3. BuLi 
(CH3)2C=CHCOOEt + j - 

A. OH 4. Ac,O/py 

83 o/o (50) 

homoenokdte dianion of a secondary amide has been achieved using tributylstannyl 
propanamide, and this has been shown to react regioselectively at the 3-position with 
various electrophiles, including alkyl halides and ketonesSo (equation 5 1). A reverse Li/Sn 
transmetallation strategy has also found application in synthesis, such as in the recent 
novel synthesis of perylene from lithiated naphthalenes0" (equation 5 I a). 

n 

E +  - ECHZCH2CONHR (50-90 %)  

I I 
(E = n - P r ,  Ph-C-OH, Ph-C-OH) 

I I 
Me Ph 
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Li BrSnMee 

Me, Sn Br, 

60 O/o 

hL, 

PhH 
- 

- LiBr i 
(51a) 

111. REACTIONS OF p- AND 7-FUNCTIONALLY SUBSTITUTED ORGANO-TIN AND 
-LEAD COMPOUNDS 

A. C-C Bond Formation via P-Substituted Derivatives 

A widely observed reaction of /I-substituted organo-tin and -lead compounds is 1,2- 
e l i r n i n a t i ~ n ~ ' - ~ ~ .  The reaction proceeds with relative ease when the P-carbon carries a 
heterofuncticxal group and a kinetic study8, has indicated that for /I-stannyl hydroxides 
(equation 52) the reaction is first order in the organometallic reagent. For thermal or 
sponisneous reactions (for example, equation 30), syti-elimination appears probable by 
analogy to the silyl case84, whereas mti-elimination has been deduced in the presence of 
addcd eiectrophilcs (equation 53). 

HCIO" + 
Ph3MCR2CR20H Ph3MCR2CR20H2 - CR2=CR2 (52) 

ACOH/H,O 

or MeOH /H,O 
M = Sn or Pb 95-100 O/o 

HCIO, 

Ph3SnCH (Me)CH(Me) OH ____p. MeCH -= CHMe (53)  
A C O H / H ~ O  

100 O/O Z- iscJmer 

B-Sulphides' 1.85, R,Sn(CH,),SR ', like the hydroxides, also undergs prckrcr?!iai a ikem 
elimination (Scheme 9, step b) over Sn-C bond clzavage oi [he ur,substitu!cd sidc-chain 
(step a). particularly in the presence of Br,, ArSCI, or lviei (EW. S k p  a. oii !hc other h i n d .  
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EY 

(0 )  
R,Sn(CH,),SR' ---+ R2Sn(Y 1 (CH2I2SR' + RE 

+ 
R3Sn(CH212S(E)R' , Y- 

R3SnY + CH2=CH2 + R'SE 

SCHEME 9" 

occurs exclusively with electrophiles such as HgCl, or  I,, which do not favour the 
formation of R,Sn(CH,),S(R')(E), and more generallyx6 when carbon functional 
substituents such as CN or C 0 2 R  are attached to the P- or y-carbon (equation 54). 

R3Sn(CH21nC02Me -I- 2Br2  - RSn(BrI2(CH2),CO2Me + 2RBr (54) 
PhH 

n = 2 o r 3  

Wardell" has noted that, notwithstanding the possibility of a concerted pathway, for 
alkene elimination to occur a positive character to the &carbon might have to be formed 
during the reaction. However, the intervention of a P-carbocation intermediate is thought 
to be unlikely, as evidenced by the high stereospecificity of the elimination encountered for 
P-stannyl hydroxidesa2 (equation 53). 

P-Stannylalkyl radicals and cations are, of course, known and interpretation of their 
stability in terms of hyperconjugation appears to be generally accepted2*". The reactivity 
of the P-carbon extends even in the absence of functional groups, as exemplified below by 
the ready insertions of :CC12 into the C,-H bonda8 (equations 55 and 56). P- 
Trimethylstannylcthylidenetriphenylphosphonium iodide (23), obtained from equation 

PhHgCCI,Br 

Me3SnCD(Me)CH2CH3 - Me3SnCD(Me)CH (CCI2)CH3 (55) 
PhH 

(56)  Me2Sn 

70 % 
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57, can be readily converted to ~-trimethylstannylethylidenetriphenylphosph~rane~~ (24). 
The ylide 24, which is unstable, undergoes Wittig addition with aldehydes and ketones to 
yield allylic organotin  product^^',^'. /I-Tributylstannylpropionaldehyde (25), which can 

Ph3P=CH2 + Me2SnCH21 - [Ph3PCH2CH2SnMe3] t , I -  (57) 

cyclohexonone 
23 + Pri2NLi Ph3P=CHCH2SnMe3 

t h f ,  -93 OC 
69% (24) 

CH=CH2 (58)  
HC I 

CHCH2SnMe3 - 
be obtained by oxidation of Bu,Sn(CH,),OH which either N-chlorosu~cinimide~~ (8 I x) 
or Cr03.PyHC193 ( 5 5 7 3 ,  undergoes facile conversion to y-hydroxypr~pylstannanes~~, 
hence making i t  a synthetically useful reagent (equation 59). 

BzNlgBr 
,,,-------b Bu3Sn(CH212CH (OH) Bz 

p-MeC,H,SO,Me 
Bu3Sn (CH, I2CH0 Bu3Sn(CH2),CH (OH)CH2S02C6H4 Me-p 

BuLi 

100 O/O 

\ (59) 
Bu3Sn(CH2),CH(OH)CH (CNIPh 

Pr‘,NLi 

P-Stannyl ketones, which may be prepared in situ from the 1,4-addition of tri- 
alkylstannyllithium to a - e n o n e ~ ~ ~ ,  can be cleanly alkylated with reactive alkyl halides, in 
particular alkyl iodides96. The synthesis of 26 from cyclopent-1 -en-2-0ne~~ illustrates this. 
26 can be readily converted to dihydrojasmone (27) in 71 % overall yield9’ via the reaction 
sequence shown in equation 61. Taken together, equations 60 and 61 offer an eff- 
cient dialkylative transposition route involving the in situ generation of fl-stannyl 
ketones. The stannyl P-keto phosphonate ester (28) has been used to generate uniquely the 
1 ,Cdicarbanion (29), a useful homoenolate dianion synthon9’. 29 with various carbon 
electrophiles reacts exclusively at the d carbon (equation 62). 
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1. Me3SnLi 
thf /NHj  

2. CSH,,I 

(28) (29) 

(62) 

Lithiation of 2-(trib~tylstannyl)propionitrile~~~~~ with PrlNLi yields 30, which reacts 
readily with organic halides such as MeI, BzBr, 1 -chloromelhylnaphthalene, 3-chloro-2- 
methylprop- 1 -ene, trans-cinnamyl bromide, and 2-bromoethylphenyl ether (equation 63). 

Apart from functioning as a C-C chain extension reagent, 31 has also been used as an 
important reagent for the generation of cyclopropane derivatives”. 

PriZ NLi 
Bu3Sn(CH2I2CN BujSnCH2CHiCN)Li 

thf, -70 OC 

(30) 

RX 
Bu3SnCH2CH(CN)R -I- Bu3SnCH2C(CN)R2 

-40  OC 

60-70 O/o 5 - 2 0 “10 

(31) 

LiAIH, Bu3Sn NH2 i - A m i O N O  
31 - $) + -t Bu3SnOCOR’ + N2 

(64) 

ether, 10 OC 

R 
R 

R 
65-95% 2-22’10 
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B. C-C Bond Formation via y-Substituted Derivatives 

A reaction of some consequence with 7-substituted organotin compounds is 1,3- 
elimination resulting in cyclopropane ring formation loo. The mechanism of reaction 65 
has not been clarified. I t  may involve a concerted reaction pathway (for example, equation 
66), or a carbocation intermediate (equation 66a). The concerted pathway has been 

+ Me3SnCI (65) 
SOCI, 

Me3SnCH2CH2CR20H L 
or PCI, 

R R  

R = H, 9 0 % j  R = Me, 80-85°/0 

Me3Sn 

R R  

x = PC12 , SOCI 

advanced for the mesylate'OO" (32) for which the elimination in acetic acid apparently does 
not involve ion-pair formation (i.e. solvolysis). However, deoxymetallations of y- 
hydroxypropylstannanes have been envisagedg4 to follow the mechanistic scheme 
indicated in equation 68. Whereas simple secondary alcohols with y-stannyl substituent 
tend to decompose with no noticeable cyclopropane formation, the cyclization appears to 
be particularlyfacile with thecorresponding 11-stannyl tertiary and benzyl alcohols'0'. I t  is 

Me3 Sn (CH2 I2CH (R) OS02Me - 
50 'C 

R = H, Me > 95 O/O 

CH2 SO2C6H4M~-p 

(68) 
81 O/o 

SOCI, / py 
R3Sn(CH2)2CH (OH) CH2S02C6H4Me-p 

thf or CCI, 

R T  
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instructive that despite the highly favourable opportunity for phenyl shift with foma t ion  
of a tertiary cation, no such rearrangement is observed for the y-stannyl alcohols depicted 
in equation 69. Evidence that the above ring closure proceeds with high stereospecificity 
with inversion of configuration at the hydroxyl-bearing carbon is illustratcd in the set of 
reactions in Scheme 101o'. 

Ph Ph b y -  BF, . 2AcOH 

R 'R2 Rl %R2 

1 2 R = Me, R = Ph 96% 

R1= Ph, R2= M e ;  73% 

+ 1 .  Me3SnLi 

Me 
55 '10 

Ph 

Me 

5 "lo 

PhMgBr 

X-ray structure - Ph Ph + 

Me 

Me3Sn 

Me 

79 O/O 7 O/O 

BF3. 2AcOH 

Ph ';7;". .b 

+ 

BF, .2AcCH 

(88 %o 1 

Ph 

''/ P h 

Me 

35 O/O 

SCHEME 10 

Me 

35 O/O 
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A non-classical ion (or a rapidly equilibrating classical ion) has been postulatedloO to 
account for the formation of norbornene from ar~ti-7-trimethylstannyl-2-ex-o-norbornanol 
(33). 

(33) (34) 

In this case, the particular geometry of 33 is unfavourable for a concerted 1,3- 
cyclization, but the placement of positive charge, in part, at the P-carbon in the 
intermediate 34 facilitates rapid elimination leading to C=C formation. A similar 
stabilized ion (35) has been proposed by Hartman and Traylor"' for the formation of 
retroene in equation 71, but an alternative cyclic transition state 36 has since been 
suggested103 as being the more probable for this reaction. 

Bu3Sn(CH2)2-CH-CH2 RCH20SnBu3 

(72) ' O4 

R = cyclopropyl '0' 

'0' 

b (RCH20),B + Me3SnF Me3Sn(CH2I2-CH- CH €3 F3 

(73)'05 
R = cyclopropyl 

125 OC 
Me3Sn(CH2),Otos ___B cyclopropone + Me3SnOtos (74)'06 
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Intramolecular eliminations resulting in cyclizations have also been observed in a 
number of other reactions, for examplc, equations 72-74. A recent report'063 has 
described a convenient synthesis for (Z)-y-hydroxyvinylstannanes and their convcrsion to 
cr,a-unsaturated y-lactones (equation 74a). 

1 .  BuLi 

2. co 
3. TsOH 

R 

97 O/O 

57 O/O 

IV. REACTIONS OF a, p- AND P,y-UNSATURATED ORGANO-TIN AND -LEAD 
COMPOUNDS 

The focus of discussion here will be on reactions in which the organometal substrates act as 
carbon nucleophiles. In the presence of reactive carbon electrophiles as partners, C-C 
bond formation is engendered. The reactions are to be delineated from those in which the 
C-MR, function serves as a masked carbanionic equivalent. For reasons previously 
cited, only minimal reference is made to these latter reactions in this section. 

In respect of the electrophilic substitution reactions of the first category, depending on 
the substrate and reaction conditions, both homolytic and heterolytic or concerted 
reaction pathways are encountered. Whereas from a synthetic point of view such reactions 
resulting in unsaturated organic group transfer from the metal are of special interest, C-C 
bond-forming reactions are also known to occur at  the sites of unsaturation in several 
cases, particularly with alkynylstannanes. These latter reactions, in which the metal atom 
presumably exerts little influence, are included to the extent that they lead to products 
which are either unique or possess high synthetic potential. 

A. Vinyl- and Alkynyl-metal Derivatives 

Mechanistic studies of the reactions of these substrates with a variety of electrophiles 
have revealed that the reactions proceed via an intermediate /?-stannyl (or plumbyl) 
carbocationic species which derives stabilization through c-n conjugation (hyper- 
conjugation) (reactions 75 and 76)2.22.23. The hyperconjugation effect not only facilitates 

I !  

t 
(75)  

' !  1 I I  E+ r + l  
L I I  

-C=C-MR, d I -C-C-E 9--b -C=C-E + -C=C-E 

MR3 MR3 . 
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interaction between the electrophile (E') and the n-system, but also cleavage of the la-C 
bond. Frequently, the carbon electrophiles (e.g. organic halides and carbonyl compounds) 
require catalytic activation (see below) for the reactions to occur. 

7. AIkynyl transfer reactions 

Acid chlorides have been shown to react with both alkynyl-lead and -tin compounds to 
give alkynyl ketones (equations 77 and 78). The Et,SnCl formed in reaction 77 also exerts a 
catalytic influence on the reaction and, indeed, appears necessary to promote the reaction 
with PhCOC1107.For acetylenic tins, the coupling reaction is particularly facilitated by the 

120-150 OC 
Et3SnC-CR' + RCOCI R C O C E C R '  + R ' C r C H  + Et3SnCI 

5 - 6  h 

R' = Bu , Ph, CH2CI j R = Me, Ph R = R '  = Ph j 59% 

Et3PbC=CR + MeCOCl ___9 M e C O C E C R  + Et3PbCI 

R = Bu, Ph R = Bu; 84% 

[BzPdCI (PPh,),] 

M e 3 S n C E C P r  + PhCOCl b P h C O C E  CPr 
CHCI, , 65 OC ,23 h 

a7 v0 

[Pd(PPh3),] (CH,CI), 
Bu3SnC CPh + Pr'COCI b PriCOC CPh 

84 OC, 2 h 

(77) I O7 

(78)' On 

(79) 

(79a) 

71 O/O 

use of palladium catalysts'08J*b (equations 79, 79a). Organic halides are generally 
unreactive towards alkynylstannanes, but Beletskaya and c o - w o r k e r ~ ' ~ ~  were able to  
obtain high yields of the desired coupling products with aryl halides using palladium 
catalysts (reaction 80). Stannylated ynamines react with acyl and imidolyl chlorides' l o  

[ArPdI (PPh,),] 
Me3SnC=CPh + ArX b A r C E C P h  + Me3SnX 

(CH,C I 

and with ketenes"' to give substituted ynamines in good yields. The alkynyl transfer in 
these reactions is achieved via an addition-elimination sequence (Scheme 1 1 ) .  A 
mechanistically analogous scheme probably also prevails for the reactions of alkoxyethy- 
nylfins"2 with acid chlorides and (Me,C)(CN)C-C-O. 
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1 / - O  

\. 
R 3 S n r C -  C ;- 

+ -,'c '> II CPh2 

I 
N R ' R ~  

PhZC=C=O 
R S ~ C E C N R ~ R ~  - 

3 

x>-R3 

1 2  

CI \ 
I / R ~  R3SnOC(=CPh2 ) C  = CNR R 

I c' 

I .  
R'COCI 

Y t  R 3 S n r C -  C 

-*  7 
f ) I 1  ( - ) \x 

Ph2CHC 0 C-CNR1R2 

NR' R~ R'  = Me , R2 = Ph 58% 4 
5 1 2  

R COOC(=CPh,)C= CNR R 

R' = M e ,  R2 = P h  j R5 = CH20Ph j 59% 

1 2  X=CR3C=CNR R 

X = 0 j R1 = Me j R2 = Ph j R3 = C02Me 

72 '10 

X = NR4 j R4 = NHTs j R1 = Me j R2 = R3 = Ph 

69 '10 

SCHEME 1 1  

R'3SnC-COR2 + RCOCl ---+ RCOC-COR2 + R13SnCl 

27-60'10 

2 R1 = Me, P h  j R 

Ph3SnC=COMe f (Me3C) (CN)C=C=O 

= Me ,Et ; R = CHPhOAc, Bz , CH20Ph, CH2Br 

H20 
(Me3C) (CN)C=C(OSnPh3)C E COMe - 

( M e 3 C ) ( C N ) C H C ( 0 ) C E C O M e  (81a) 

1. CI,CCHO 

2. H,O EtgSnC CPh + HOCH(CC1, )C= CPh (82) 

61 '10 
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A particularly reactive electrophile towards alkynyltins is chloral' l 3  (equation 82). The 
phenyl substituent on the ethynyltin (equation 82) disfavours addition to less reactive 
aldehydes and ketones' 13,  but the use ofcatalysts has been proposed4' (equation 83). With 
propargyltins 37, alkynyl transfer is not observed; instead allenic alcohols are obtained on 
aqueous work-up (reaction 84)' 14. The isomeric allenyltins (38), on the other hand, yield 
propargyl alcohols (reaction 85)'14. The results were explained on the basis of a 

C=CPh 

OSnR3 
(83)  

ZnC1, 
R3SnC E C P h  + cyclohexonone 

1 .  CI,CCHO, 20 % 

2. H,O 
M e 3 S n C H 2 C E  CMe - Cl3CCH(OH)C(Me)=C=CH2 

(37) 90 '10 

1 .  CI,CCHO, 60 O C  

2. H,O 
Me3SnCH =C=CHMe - CI3CCH(OH)CH(Me)CECH 

(38) 80% 

10 OC 
M e r j S n C c  COEt + (CF2C1)zC=0 ----+ (CF2C1)2C(OSnMe3)C COEt 

(39) 

BF,. OEt, 

RT, 4 h 
j - (CF2CI),C=C(C02Et)SnMe3 !86) 
I 

CF2CI I (40) 
- 

propargyl-allenyl rearrangemcnt consequent upon the reaction with chloral(S, I '  o r  S,2' 
pathway). Unlike the case for lead' ' ', the equilibrium between propargyl- and allenyl-tin 
compounds is not spontaneous, but occurs in the presence of coordinating solvents or 
Lewis acids, presumably via an ion-pair mechanism' ". 

Alkyoxyethynyltiiis have been shown to undergo reaction with halogcnated ketones' l 7  

(cquation 86). The addition product 39 rearranges to the isomeric or-stannylated acrylate 
40 via an oxete intermediate when treated with BF,.OEt,. The oxete intermediate has 
been isolated for the analogous reaction with alkoxyethynylsilane' 1 7 .  

2. Other C-C bond-forming reactions of alkynylmetals 

A category of reactions which has been widely observed is that of addition across thc 
triple bond in alkynylstannanes. Thus, diazomcthane affords 3(5)-substituted pyrazoles' '* 
(equation 87). The reactiqii is envisaged to proceed by attack of the nucleophilk centre of 
the diazo group (CH,-N-N:++~H,-N=N+ :) on the pstmiyl carbmtionic site on 
the alkyne. With Et,SnC-CC-CH, the 1,3dipolar addition of CH,N, takes place at 
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I .  Et,O (18 h )  
R3SnC=CH + CH2N2 P 

2. PhH (raflux, 10 h )  

(87) 

R3sn9 R3snQ - HN," 

R3Sn 

I 
H 

R = Et, Prj 68-71% 

the terminal alkyne group to yield the ethynylpyrazole derivative11g 41. Destannylation of 
the product was not attempted but the use of mild acids such as Ac,H,, AcCH,CO,Et, 

BzCH,NO,, Dimedone, o r  Barbituric acid, has recently been proposed'20 for this 
purpose. 

Replacement of CH,N, with (CF,),CN, in the reaction with alkynylstannanes leads to 
the formation of cyclopropene, albeit in low yield12'. The reaction presumably involves 
addition of (CF,),C: to the triple bond (reaction 88). Similarly, perfluoroalkynyltin 

Me3Sn 

(88) YF3 165 OC 

29 h 
Me3SnCKCCF3 + (CF312N2 ___) 

F3C CF3 

7 o/o 

derivatives react with Me,SnCF, at 1 SO "C to give Ferfluorocyclopropyltins' 22 (equation 
89). Insertion and cyclization steps appear to be implicated in the reactions with 
arylisocyanates"' which yield 4-benzylidene-l,3-diaryihydantoin (42) (Scheme 12). C-C 
bond formation is also engendered in the several addition reactions of organoboranes 
studied by Wrackmeyer and  coworker^'^^, which yield products whose nature depends on 
the ratio of reactants, the substituents present on the reactants, and the solvent used. The 
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ArNCO 
Et3PbC CPh e [Et3PbNArCOC CPh] 

( A r  = Ph , I-naph?.!!yl) 

-ArNCOC CPh ArNCOC=C(Ph)PbEt3 J OC - NAr . CON(Ar)PbEt, 
I I  I 

I 

Ar NCOC = CH I”h 

OC- NAr 
I I  

Ar = 1-nophthyl j 33“/~ 

(42 ) 

SCHEME 12 

Me3snD;; ’ +Me3sng;h 

Me hMeMe inMe3\y  iii 1 

Me3SnCzCR 

/e3C ),BMe R< 

Me3SnCR‘ =C(Me) B(CMe3I2 + Me3SnCR’=C(R)BR2 + Me3SnCR’ 

Me3SnCR’ =C(CMe3)B(CMe3)Me =C = CRCR’(BR2) %Me3 

i. R’ = Me,Sn; R = Me, Et 
ii. R’ = H 

iii. R’ = H, Me, CMe,, SiMe,, SnMe,; R = Me, Ph, 2-thienyl 
iv. R 1 =  Me,Sn 

SCHEME 13 

products, as illustrated in Scheme 13, include severai with high synthetic potential. 
With bis(a1kynyl)stannanes’ 24, five- and six-membered heterocyclic compounds are 

formed (equation 90). 
Alkynyltins have also been shown to participate in Diels- Alder reactions (reactions 9 1 

and 92). The 2-stannanorboranane adduct 43 formed with perchlorocyclopentadiene 
(equation 91) rearranges on photolysis in ether to give the substituted quadricyclane 44 in 
approximately 4.5% yield’ ”. Interestingly, the presence of SnCI, or its phosphine adduct 
has been reported to promote the facile cyclorevcrsion of quadricyclane to norbor- 
nadiene’”. With a-pyrones, alkynyltins form substituted benzeneslZ6 (equation 92). 
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R2 

I 
R2 

/ 
Ri2Sn(CR2= CRER212 

v. R’ = Me, Et; R2 = H, CMe,, SiMe,; R = Et, HCMe,, CMe, 
vi. R2 = Me 

CI 

eu” 0 Me3Sn  

(91)’2S 

I 

ref lux 
CI clP~~ R 

Me3SnC=CR + 

CI 

hv / 
(43) 

R = SnMe, ; 66% 

, . ~, 
SnMeg 

S n M e j  

9 co* (92)’’6 
PhBr 

155 OC, 27 h 
f M e 3 S n C s C S n M e 3  

3. Vinyl transfer reactions 

In organic synthesis, vinylstannanes have proved valuable precursors for vinyl group 
transfer. Palladium catalysts have been shown to be especially effective in this respect. 
Thus, with acylhalides, a-enone products have been obtained in excellent yields (reactions 
93 and 94)12’. Moderate yields of the products have also been obtained using AlCl, as 
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PhCOCl,  [Pd(PPh,),] 

PhH, 40 OC 
&13SnCH= CH2 w PhCOCH=CH2 

87 O/O 

Me02C(CH, ),COCI 

[BzPdCI(PPh,),] * Bu3SnCH= CH2 MeO2C(CH2I3COCH=CH2 

31 

(93) 

(94) 
9 2 Ol.3 

MeCOCl . C K C L  ~' L L 
Bu3SnCH=CHMe F (2)-MeCOCHy CHMe 

195) AICI,, - 10 OC 
\ - - I  

64% Z + 36% E 65 '10 

MeCOCl , CH,CI, 
8u3SnCH= CHPh F (Z) -MeCOCH=CHPh 

AICI, , -10 OC (961 
86% E + 14% Z 49% 

catalyst'29 from both acyl halides and acyl anhydrides. A high stereoselectivity was noted 
for these reactions (reactions 95 and 96). It appears likely here that the elimination of the tin 
electrofuge from the intermediate, [ RCHCH(E)SnBuJ, proceeds so that the leasi steric 
interaction occurs along the newly formed C=C bond. 

Vinyl transfers to organic halides proceed in poor yields (20-40%) in the absence of 
catalysts (reaction 97)lz9. Greater success however, has been achieved in the vinylation of 
benzyl and aromatic that is, halides not containing P-H, using mono- or tetra- 
vinyltins and palladium catalysts. The cross-coupling products are obtained in high yield, 
as in reaction 98. The mechanism of this reaction is discussed in Section V (Scheme 22). 

Ally1  acetate^'^' have also been successfully reacted with vinyltins using [Pd(PPh,),] as 
catalyst (reaction 99). 

120-150 OC 
Bu3SnCH=CH2 + XCH2C02Et BugSnX + CH2=CHCH2C02Et (97) 

X = Br, I 

(BzPdCl (PPh3),] 

h m p t  , 65  OC 
BzBr + BugSnCH=CH2 _____) BzCH=CH2 + Bu3SnEr (98) 

100% 

[Pd [PPh,),] (5%) 
PhCH= CHSnMe3 -I- CH2=CHCH20Ac _____) (E)-Pl iCH=CHCHECti=CH2 

hmpt,  20 OC, 2.5 h 

€-isomer 
90 o/e 

(99) 

Transfer of the vinylstannyl group to organic halides and a - c n o n ~ s ' ~ ~  (Scheme 14) has 
been achieved in high yicld using (Ef-  1,2-bis(tributylstannyl)cthene (45). 

The pariicular value in organic synthesis of these reactions is that the vinylstannyl 
group functions as a precursor in the establishment of an angular ethynyl group in fused 
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1 .  L i C 3 C H ,  fhf 

2. Bu,SnH, thf 
Bu3SnCI 

I .  BuLi, - 7 8  OC 

45 - 
Bu3SnCH = CHSnBu3 

E-isomer 

( 45) 

Bu3SnCH = CHR 

100 010 E 

(46) 

1. BuLi 
2. CuCGCPr I 

[Bu3SnCH=CHCuCSCPr]- Li' 

SnBu3 
93 

(47 1 

SCHEME 14 

cyclic (equation 100). In the reaction of46 with Pb(OAc), (equation IOI) ,  the 
intermediate formation of an organolead species has been proposed (equation I 02)13,). 
The steps outlined in Scheme 14, namely lithiation of vinylstannane, conversion to the 
mixcd cuprate. and conjugate addition to enone, have been similarly employed in the 

Pb(0Ac)s 

CH3CN 
4 6  A H C S C R  

[ Bu3SnCH&R] OA; --+ [(Ac0)3PbCH I =CHR] + Eu3SnOAc ( 1 02) 

H C E C R  t Pb(OAc), -t AcOH 
I 
Pb(OAc )3 

synthesis of dI-PGE, and certain 15-deoxy-I 6-hydro~yprostaglandins'~~. Thus the 
vinylstannane 48, obtained in 87:,1 yield from the silglether of oct-I-yn-3-01, was used as 
the precursor to yield 42% of dI-PGE2 and dl- 1.5-epi-PGE, in the approximate ratio 40:60 
(Scheme 15). 
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1 .  BuLi 

2. CuCECPr . PBu, 
3. Me,SiO,C(CH,),CH= CHCH, 

OSiMe, 4. AcOH-thf- H20 

33 

Bu,SnH 
CX =CCH(C5H, ,)OSiEt3 aibn * Bu3SnCH=CHCH(OSiEt3)C5HII 

d/-  PGE, 

SCHEME 

Me,SnCu..LiBr' Me,S (2.5 equiv. 1 
M e C S  CCO, Et b 

1 .  thf, - 4 8  OC, 0.5 h 

2 . 0 a C ,  3 h 

d / - 1 5 - e p i - P G E 2  

5 

(E)- Me3SnC(Me)=C(CO2Et) SnMe3 

70-75% (49) 

1 .  MeLl , th f  
-98 OC , 20 min 

49 m MegSnC(Me)=C(C02Et)R 
2. R X , - 9 8  O C , 0 . 5  h 

R = Me, 84% ; CH,CH=CH, , 79% ; Bz, 76%; Bu, 5056 

SCHEME 16 

Destannylation of 48, which is conveniently achieved by using Br, in CC1, at - 20 "C, 
yields functionalized vinyl halides'33 which find use in synthesis. Similar in scope to 48 is 
the compound 49, which reacts with alkyl halides (Scheme 16) with retention of 
configuration with respect to the olefinic linkage'j4. The reactions in both Schemes 15 and 
16 constitute recent examples from the literature which illustrate the synthetic potential of 
the protected carbanionic moiety in C-SnR,. 

Unlike the case for alkyltins, the thermal or catalytic reactions of vinyltins with 
aldehydes and ketones have not been reported, although several examples are known 
where this interaction is achieved employing the metalloid protection strategy. Equation 
103, depicting the use of (E)-2-ethoxyvinyllithium as a nucleophilic acetaldehyde 
equivalent135, is illustrative of these. 
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1 BuLi 

2. cyclohexanone 

4. Diels-Alder reactions of alkenylstanr lanes 

The Diels- Alder reactions of vinyltins appear to have been only limitedly studied. The 
most thoroughly investigated of these are the reactions of RR'C=CHSnMe, (R = Me, 
Ph, C0,Me; R' = H or D) with 2,3-dirnethyIbuta-1,3-diene and hexachlorocycfopen- 
t a d i e ~ ~ e ' ~ ~  (equations 104- 106). 

(104) 
140 O C ,  63 h 

(50%) 
Me02CCR1=CHSnR3 + CH2=C(Me)C(Me)=CH2 ____(, 

C02Me 

( a )  92% E + 8 %  Z ( R 1  H ;  R = Me)  94 : 6 

(b) 25% E + 75% Z (R' = H i  R = M e )  17 : 83 

(c) 35% E + 65% Z (R' = D; R = BU 1 37 1 63 

180 O C ,  63 h SnMe, 
PhCR'=CHSnMe3 + CHZ=C(Me)C(Me)=CH, - 

(30 % I  

Ph  

(a) 7 5 %  E f 25% Z (R' = D )  80 : 20 

(b) 30% E -I- 70% Z (R' = ti) 81 . 19 

170 OC, 48 h 

( 45 O/o 
Me02CCH= CHSnMe3 + 

+ 
(106) 

85 % 1 5 % 
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Equation 104 reveals a nearly stereospecific cycloaddition. The stereochemjotry of the 
diasteromeric products obtained (equation 104) was established from a single I9Sn n.m.r. 
spectrum using chemical shift values and 3J(SnD) coupling constants. This is illustrated in 
Figure 1,  which depicts the more highly populated of the half-chair conformations possible 
for the major and minor products. 

E-isomer 2-isomer 

:Q(sn,,l< 3 Hz 15.2 Hz 
Sn-D dihedral angle (0) = 60" 

: - 15.Sppm (t) - 13.02ppm (t) 

180" 

FIGURE 1 

The dominant isomer obtaincd for case c in equation 104 corresponded to the Z- 
configurational isomer. For the case of styryltins (equation I05), non-stereospeciticity was 
ascribed to extensive Z + E isomerization of the alkenyltin at  the temperature of ths  
reaction. For reaction 106, 'H n.m.r. was used to establish the identity of the cycloadduc'.. 
The major adduct (2-isomer) is that which is formed stereospecifically with endo- 
orientation of the C0,Me group and exo-orientation of both H atoms. Other examples of 
Diels-Alder additions are illustrated in equations 107- 109. 

CCI, 

100 OC, 15 h ether 

~ osnc'3 MeMgI 0 SnMe3 
CI3SnCH =CH, + CH,=CHCH= CH, 

31 % (1o7)l3' 

X X Ph 
P 

X = H o r F  X = H ; 65% ( 5 0 )  

Me,Sn 

5 0 + ( C N ) 2 C = C ( C N ) ,  - - 3 0  OC Ph&L - D o c  ~ ::@; CN f [Me2%:] 

Ph 
CN 

Ph Ph 
CN ( lO9)l3' 
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For the case of the stannol reagent 50, the expected bicyclic adduct was observed with 
tetracyanoethylene, but not with benzyne13* (equatiom 108 2nd 109). On  treatment with 
bromine 50 yields the acyclic product 51, the oxidative pyrolysis’39 of which in benzene 
has been shown to procezd through the intermediate tetraphenylbutadiene, trapped as the 
NiBr, complex 52 (equation 110). 

0% 
5 0  - Ph-C- C- Ph 

II 11 
I I  

Ph-C C-Ph 

Me2SnBr BI 

(51)  

100-150 OCP5 [:hnrh ] 
PhH , 0, 

NlBr, 1 

A retro-Diels- Alder reaction has been reported by Considine and coworkers’40 in the 
thermolysis of both exo- and endo-norborn-2-en-5-yltrimethyltin (equation 1 1 1). 

SnMe3 

endo 

B. Allylmetal Derivatives 

Allyllead compounds are the most unstable thermally of all Pb-C  compound^'^' and 
consequently their reactions have been little studied. Their use for the generation of 
allyllithiums, however, is well known; the synthesis of 11-chloroallyl anion equivalent 14’ 

serves as a recent example of the metalloid protection strategy (reaction 112). By way of 

BULl 
Ph3PbCH2CH=CHCI - (CICH-CH-CH,) LI 

t h f ,  -90 OC 

( 1  12) 
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contrast, the reactive allyltin compounds have proved to be among the most useful 
organotin reagents for engendering C-C bond formation. 

A comparison of electrophilic reactivity of allyltrimethyltin with vinyltrimethyltin 
showed that the former is up to 100 times more reactive towards HCl in methanol 
containing 445% water143. The generally marked reactivity of allyltins has been ascribed 
to hyperconjugative stabilization effects (equation I 1 3)2.22.23.144. Radical pathways are 

I l l  ] E-C-C=C- + 'SnR, 
I l l  

I I 
E-C-CC=C- 

( I  13) 

+SnR3 

also accessible to allyltins, as has been evidenced in thc several thermal- and light-induced 
reactions with organic halides (R'X). An S,,2'mechanism (reaction I 14) has been generally 
postulated 14'-' 50 .  

R1- f CH2=CHCH,SnR3 + R'CH2CH=CH2 + R3Sno 

R,Sno + R'X --+ R3SnX + R1* 
( 1  14) 

In com arison with allylsilanes, which already find established use in organic 

significance is that not only are allyltins more nucleophilic than their silicon analogues' s2,  

but they appear to be more readily accessible preparatively from a wide variety of ally1 -X 
units via several methodsLs3, including the use of organostannylanionoidslS4 (R,SnLi). 

synthesis' P allyltins have evoked similar interest only in the last few years. Of potential 

1. Ally1 transfer reactions 

a. Reactions with organic halides, -acetates and acid halides 

Grignon et ~ 1 . ' ~ ~  in their thorough investigations on the thermal reactions of allyltins with 
alkyl and aromatic halides, reported that these uncatalysed reactions proceed by a radical 
pathway and tolerate certain functional groups which would not have survived in mole 
conventional reactions employing ally!-Grignard or allylithium reagents (reactions I 15- 
1 17). These radical reactions are knownLsoa to tolerate a variety offunctional groups in the 

100 oc 
Bu3SnCH2CH=CH2 -E ( & )  MeCH(Br)C02Me -- (?  1 CH2=CHCH2CH(Me)C02Me + Bu3Sn13r 

10 h 

(53) 70 "10 ( I  15) 

2 = p-OMe, p - M e ,  p - F ,  m-CF3 ; log k , / k ,  0.87 6 
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organic halide and to proceed with a high degree of chemoselectivity as illustrated by 
equations 118 and 118a. With substituted allyltins the reaction is accompained by allylic 
rearrangement as in reactions 119 a n d  120145.’46. In the case of the reaction with chloral, 
however, a concerted mechanism appears to be more likely, with the product arising from 
an  intermediary alkenoxy compound’46 (equation 12021). 

U.V. 

Bu3SnCH2CH=CHMe + CCI, - CH2=CHCH(IVle)CCI3 + Bu3SnCI (1 19) 
36 h 

55% 

200 oc 

5 h  
Bu3SnCH2CH=CHMe i- C13CCH0 ___) CH,=CHCH(Me)CCI,CHO + 9u3SnCI 

70 Yo ( 120) 

100 oc 
Bu3SnCH2CH=CHMe + CI,CCHO ---+ CI ,CCH (OSnBu3)CH (CH,)CH=CH 

20 h 
( 1  20a) 

Aromatic halidescontaining substituents which exert a negative mesomericeffect d o  not 
enter into thermal reactions with allyltins, except in the presence of catalysts such as 
[Pd(PPh3)4]1S5. Aryl bromides were found to be the best substrates of the aryl halides. 
Although thc mechanism of the reaction was not investigated, it has been postulated’ 5 5  

that ArPdX species may be involved as intcrmcdiates. 

CH,CH=CH, + Bu3SnBr 
[Pd(PPh,).,] 

100-120 OC, 2 0  h 
Br i- BU3SnCH2CH=CH2 

z Z 

(121) 
Z = H ,  96% ; CI , 100% , Me, 96% ; MeCO , 98% j NO2 , 72% 

Palladiun~ catalysts have also featured in the unsymmetrical allyl-ally1 coupling 
between allyltins and  ally1 bromides”” and acetates’”.Homocoupling products are not 
formed in these reactions and  allyiic rearrangement is manifested only in the tin partner. 
The  reaction offers promise as ii general procedure for the synthesis of compounds 
containing the polyisoprenoid structure (reactions 122- 126). With ZnClz in place of the  
palladium(I1) catalyst, an  equally efficacious coupling is achieved which proceeds with no 
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p ~ p d C l ( P P h , ) ~ ]  
Me2C=CHCH2Br + (CH,= CHCH2I4Sn Me,C=CH(CH,),CH=CH, 

I h f ,  60 OC, 48 h 

( 1 22) 
81 % 

[EzPdCI (PPh3)Z] 

CHCI, ,60 OC ,48 h 
CH2=CHCH2Br + Me2C=CHCH2SnBu3 Me2C=CH(CH2)2CH=CH2 C 

3% 

CH2 =CHCMe2CH2CH=CH 2 

4 8 010 

[Pd(PPh,),] 
PhCH = CHCH20Ac + Me2C=CHCH2SnBu3 V PhCH= CHCH2CMe2CH = CH2 

t h f ,  6 h 

(54) 
( 1 24) 

4% 

[Pd ( PPh, 

th f ,  6 h  ( 1  25) 
54 (CH2=CHCH2)4Sn V PhCH=CH(CH2)2CH=CH2 

71 

[Pd ( PPh, l4 ] 
54 + MeCH=CHCH2SnBu3 ____9 PhCH=CHCH2CH(Me)CH=CH2 ( 1  26) 

thf ,  6 h 

32 O/o 

10% ZnCI, 

thf, 65OC 
Me3%-+ ble2CHCH2CH2Br ___D 

(55)  

94 

(126a) 
Er I 

allylic t r a n s p ~ s i t i o n ’ ~ ~ ” .  Myrcene and p-farnesene have been synthesized by this scheme 
(equation I26a). 

The low yield of product obtained in the reaction of tributylprcnyltin with cinnamyl 
acetate (equation 124) in the presence of palladium(0) catalyst has been ascribed to steric 
hindrance at the tertiary carbon centre of thc prenyl group. Interestingly, no butyl transfer 
occurs in this reaction, whereas with triphenylprcnyltin the phenyl group is transferred. 

The mechanism envisaged’ 5 7  for the above reactions featuring either palladium(l1) or 
palladium(0) as catalyst favours the initial formalion of a 7c-allylpalladium complex, which 
then engages in clectrophilic attack at the terminal vinyl carbon of the allyltin reagent 
(reaction 127). This pathway is preferred to the formation of a paIIadium(0) complex from 
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A 
I 

Pd' + b S n l 3 u s -  - CH2=CHCH2CMe2CH=CH2 + Bu3SnX 

" u 
X = Br or OAc (127) 

palladium(I1) via metathesis followed by reductive elimination, since no allylic transpo- 
sition was observed in the allyl halide or acetate and Me,Sn was found to be without effect 
on prenyl bromide. 

When both the allyltin and allyl acetate partners reside in the same molecule such that 
the allyl acetate exists in an 2-configurationzl arrangement, intramolecular cyclization 
may be induced by the use of suitable catalysts. An extremely selective synthesis of 
limonene has been reported by Oshima and coworkers' 5 8  using this approach (equation 
128). The reaction of carboxylic acid halides with allyltins appears similarly faciie, 
particularly in the presence of transition metal catalysts. Rhodium catalysts have aroused 
considerable interest in this respect since i t  has been reported'59 that no allylic 
transposition results with these catalysts. Reactions 129 and 130 afford a useful synthetic 

catolyst 

R = H;  catalyst, TiC1,-PhNHMe/CH,Cl,; 73% 
R = COMe; catalyst, MeAl(OCOCF,),/hexane; 5 I x, 

[RhCI (PPh3)3] 

PhCOCl + Bu3SnCH2CH=CH2 P PhCOCH2CH=CH2 (129) 
PhH,80°C, 5 h  

86% 

[RhCI (PPh,),] 
EtCOCl + Bu3SnCH2CH=CHMe - EtCCCH2Cn=CHMe (129a) 

PhH,BO OC,  12 h 

Pd(O), thf 

83 O h  
4-N02C6H4COCI 4- Me3SnCH2CH=CH2 

0 0 

4- 4-N02C6H4-C 
i l  - I1 

\ 
4-N02C6H4-C\/\ 

(90 : 10) 

route to allyl ketones under mild conditions, since these compounds are generally difficult 
to isolate from acidic or basic reaction mixtures without causing isomerization to occur to 
the corresponding conjugated enones. An allylic rhodium(1) intermediate has been 
postulated as the actual allylating agent. Selective allyl transfer has also been successfully 
demonstrated using [Pd(PPh,),] as catalyst'08a. Allylation of acyl halides under mild 
conditions in the absence of catalysts has recently bcen reported using the more reactive 
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allylchlorotin reagents'59a. Dibutylcrotyltin chloride, for example, yields methylallyl 
ketone (equation 130a) in high yield from both acetyl and pivaloyl chlorides, indicating 
that the reaction proceeds with allylic rearrangement. 

25 
Bu2Sn(CH(Me)=CHCH2)CI + RCOCI - RCOCH(Me)CH=CH2 (130a) 

24-30 h 

R = Me, Me3C j 80-90% 

b. Carbonyl addition reactions 

Allyltins have been intensively studied in the last few years in respect of their addition to 
carbonyi compounds. With aldehydes and ketones, homoallylic alcohols result on 
aqueous work-up (reaction 131). The reaction of crotyltins with aldehydes has been 

I I I 1  
I l l  I I l l  I 3 RSn-C-C=C- + C=O + -C=C-C-C-OSnR 

I I  

I I I I  
-C=C-C-C-OH 

recently reviewed by Hoffrnannl6'. Both allyl- and crotyl-tin compounds react with 
aromatic aldehydes only on heatingt to temperatures in the range 100-200 "C (reactions 
132 and 133)47*146. Ambient temperatures, on the other hand, sufficed for the more 
reactive ~ h l o r a 1 ~ ~ ~ * ' ~ ~ * ~ ~ ~  and per ha loge no acetone^'^^ (reactions 134- 136). With crotyl- 
tins the reactions were always accompanied by allylic rearrangement. Further, in the 
reaction with (equation I34), investigation of the stereochemistry of addition 

200 oc  
Bu3SnCH2CH=CHMe f p-CI-C6H4CH0 ___) p-CI-C6H4CH(OSnBu3)CH(Me)CH=CH2 

10 h 

100 oc 
Et3SnCH2CH=CH2 + p-N02-C6H4CH0 - p-N0,-C,H,CH(OSnEt3)CH2CH=CH2 

2 h  

80% 
( 1  33) 

Bu3SnCH2CH=CHMe 

Me3SnCH2CH=CHMe 

20 oc 
+ C13CCH0 __9 10 h CI3CCH(OHICH(Me! CH=CH2 ( 1 34) 

25 OC 

10 h 
+ (CF3l2C3 - (F3C)2C(OSnMe3)CH(h:e)CH=CH2 

69% ( I  35) 

'A recent report [Y. Yamamoto, K. Maruyama and K. IMatsumoto, J. Chetn. Soc., Chem. Cominun., 
489 ( 1  983)], however, indicates that facile allylation with allylic stannanes may be accomplished at 
room temperature under conditions of high pressure (10 Kbar). 



42 V. G. Kumar Das and Chit-Kay Chu 

C(CF3)20SnMe3 C(CF3I20SnMe3 
H S n M e 3  

under conditions of kinetic control showed that (Z)-crotyltin yielded diastereospecifically 
the erythro (syti) product, while (E)-crotyltin afforded the rhieo ( m t i )  product (Scheme 17). 

RQ H H*:=cH2 

RCHO + (Z)-MeCH=CHCH2SnBu3 --+ 

Me 
erythro 

~ H@ H=CH2 

Me 

anfi fhreo 

, Me 
SYfl 

a R H 

RCHO + (E)-MeCH=CHCH2SnBu3 + 

R =  

Me 

SCHEME 17 

At this point, a word on the stereo-nomenclature of the diastereomeric products is in 
order. The term erythro is used for the product for which the Newman projection leads to 
the same group sequences around the two chiral carbons as given by the Cahn-Ingold- 
Prelog priority rule. The other configuration is termed threo. Thus in the example above 
(Scheme 17), the erythro isomer is the R R  cnantiomer, and the threo isomer is the S R  
enantiomer. An alternative nomenclature (among others) uses the terms syn and anti. This 
has the advantage that i t  allows of casy visualization of structures in tnost cases. The syn 
compound (corresponding to erythro) is that for which in the 'sawhorse' formalism the 
groups of intcrest, namely OSnR, and Me. are located on the same side of the newly 
formed C-C bond. In this chapter, the terms erythro and threo will be used since these 
currently enjoy wide acceptance in the literature on aldol reactions. 

Returning to equation 134, i t  was additionally observed that when the temperature of 
the reaction was raised to 1OO'C only the threo isomer prevailed. This was explained162 in 
terms of rapid Z + E isomerization at  this temperature. High diastereoselectivity has also 
been reported in the reaction ofaldehydes with trihalonllyltin compounds. prepared iji siru 
from ally1 iodides (equations 137 to 139). Qualitative comparisons of reactivity of allyltins 

OH 

SnF2 /dmf RCHO 

( E  1- R'CH=CHCH21 -- [ (El-  R'CH=CHCH2Sn F2 I - R 

OH 

1. SnF2/drnf 

2. RCHO 
(Z) -RICH=CHCH21  

R' 
( 1  37)'64 

R' (138)'64 
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( 5 6 )  
( I  39)165 

in aldol additions have been made'65-168 . In general, crotyltins appear to be less reactive 
than allyltins towards aldehydes and ketones'". H a l ~ g e n ' ~ ~ * ' ~ ~  or additional ally1 
moieties'6S on tin enhance the reactivity. Thus, compared with tributylallyltin, both 
tetraallyltin and dibutyl(croty1)tin chloride (57) react exothermically with aldehydes at 
room temperature and with non-activated ketones at moderate temperatures. 

Bu2SnClCH2CH=CHMe + RCHO 
1 .  25 OC 
___) 

2. aq. NH,CI 
RCH(OH)CH(Me)CH=CH2 

(57) 75- 98% 

R = Me, E t  , CHMe2, CHMeEt , Ph 

In the reaction depicted in equation 140, an erythrolilireo product ratio of 1 :2 was 
obtained, independent of the EIZ ratio of the crotyl residues169. From this, the t h o  
isomer formation rate was inferred to be twice that of the eryfhro isomer. With bulky R 
groups on the aldehyde, the reaction proceeded with a high degree of stereoselectivity. A 
pericyclic transition state has been proposed by Tagliavini and coworkers'69 to describe 
the features of allylic rearrangement and stereoselectivity. As shown in Scheme 18, two 
stereochemically different transition states lead to two diastereomers, threo- and erytltro- 
a-methylallylcarbinol. The E-configuration transition state leads to the threo-isomer (RS 
and SR enantiomers), and is more favourable than the 2-state, which is influenced by the 
steric hindrance arising from the two opposed R and Me groups. 

A recent inve~tigation"~ on the preference for Z -  or E-geometry in the ethylcnic part of 
the homoallylic alcohols derived from Bu,SnClCH(Me)CH =CH, (58) clearly shows that 
the Z-geometry is obtained exclusively. Under the conditions of the reaction (equation 
141), formation of 'branched' alcohols via the isomerization of 58 to 57 was found to be 
marginal. A six-membered cyclic transition-state structure has been postulated with the 
Me group occupying an axial position in the chair conformation of the ring (Figure 2). In 
this conformation, the Me group is in a gauche conformation with respect to one R group 
and to one oxygen atom, whereas in the alternative equatorial case (Figure 2b), the Me 
group is in an unfavourable eclipsed conformation with respect to the C1 atom. The 
preference for the first-mentioncd transition state is retained even with increasing steric 
size of the R groups on tin, no alcohols with E-geometry being detected. In the above 
example, the tin atom is shown in the trigonal bipyramidal configuration with the C1 and 
0 atoms in apical positions as is found for most pentacoordmated triorganotin(1V) 
s t r u c t ~ r e s ~ ~ * ~ ~ * '  ' I .  

In both Scheme 18 and Figure 2, six-membered cyclic transition-state structures were 
considered involving some degree of coordination of tin to the carbonyl moiety. This 
appears reasonable in view of the known Lewis acidities of triorganotin halides. 
Hoffmann'60 has pointed out that on steric grounds boat-like transition states may even 
be preferred to chair forms in many cases, particularly when energy differences between the 
two transition states become comparable to that commonly encountered in Claisen 
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................ 

Me Me 

2- s t a te E-stote 

CH=CH2 

Me Me 'H 

H H R  H R  
Me Me 

H 

efytbro (RR) Z-adduct E-adduct threo (RS) 

Z-Crotyl unit: 

Me 

Z-state 

I 
E-state 

CH=CH2 CH2=CH 

Me Me 
H R H  

H 
R H  

H 

erythro (SS) I -odduc t  E-odduct Ibreo (SR)  

SCHEME 18 (adapted from ref. 169) 

1. 25 OC 

2. oq. NH,CI 
R2SnCICH(Me)CH=CH2 -I- RICH0 - RICH(OH)CH2CH=CHMe (141) 

(58 ) 30-100% 

R = M e ,  Bu, Ph j R1 = E t ,  s-Bu, I - P r ,  I -Bu ,  Ph 
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FIGURE 2 

rearrangements ' 7 2 .  However, on account of the poor acceptor properties of tetraorga- 
not in^"*^^ and the weak donor characteristics of most aldehydes and ketones towards 
tin173 , open-chain transition states may provide a favourable alternative to cyclic 
transition-state structures in the case of trialkylallyltins. This would also appear to be the 
case when Lewis acid catalysts (e.g. BF,) are added which complex with the carbonyl 
group of the aldehyde or ketone. Open-chain transition states, on the other hand, may 
admit the possibility of reaction without allylic rearrangement (i.e. S,2 instead of S,2') and 
of stereoconvergence [i.e. dominant formation of only one diastereomeric product from 
(E)-  and (Z)-allyltins] (Figure 3). Both these possibilities have been evidenced, for example, 

t -  + -  

t R  1: 
R3Sn ";dR1 - R T ?  "YR1 

R 1:" 
R' 

SnR3 

FIGURE 3 

in the BF,-catalysed addition of crotyl- and prenyl-tin compounds to several substituted 
quinones' 74 which proceed without allylic rearrangement (see below) and in the 
stereoconvergent reaction of tributylcrotyltin with aldehydes (equation 142) reported by 

I .  BF,.OEt,, CH,CI, 
-78  to 0 OC. N- OH 

- I  - 
w 

(142) 
Bu3SnCH2CH=CHMe 4- RCHO 

2 H,O 
R 

R = Me; 9 1 x, erytlrro : 9% tlireo 

Et,CH, Ph;  98% c ~ r h r o  : 2% threo 
i-Bu; 90% erythro : lox, threo 

i-Pr; 95% erythro : 5% threo 

A 
Me 

>90% 



46 V. G.  Kumar Das and Chit-Kay Chu 

Maruyama and  coworker^'^^. However, when the alkyl or alkenyl substituent at the y- 
position is replaced by phenyl group, the threo-product is formed preferentially’ 76.  

In their reaction with allyltins, or-chiral aldehydes may a priori be expected to yield two 
different diastereomers as a result of 1 ,Zasymmetric induction. The products are 
designated as ‘Cram’ or ‘anti-Cram’, depending on their mode of formation via attack on 
the si-side or re-side, respectively, of the aldehyde. Based on Cram’s rules, the ‘Cram’ 
isomer is expected to be formed preferentially177 (cf. product 56 in equation 139). 
However, in the synthesis of the Prelog-Djerassi lactonc (59) using tributylcrotyltin, 
Maruyama et have observed a high diastereoselectivity in the formation of the anti- 
Cram eryrhro product. The stereoconvergent reaction (143) was considered to proceed via 
an eight-membered cyclic intermediate of crown conformation which favours attack at the 
‘re-face’ as indicated in Figure 4. 

94% , erytbro, anti-Crom 

(59) 

FIGURE 4 

Notwithstanding the erythro-selectivity of crotyltin reactions such as depicted in 
equations 142 and 143, the generation of erythro-homoallylic alcohols has also been 
particularly enhanced by thc recent stereoselective synthesis of (Z)-2-alkenyltinsE61 
(Scheme 19). Of added significance is that these eryrltro-alcohols can be almost 

hk3SnEr 
___) RCH=CHCHE 

I R \  - - rSnMe3 
%Me3 

R = n-Pr, 72 V o  Me , 40% 

SCHEME 19 
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quantitatively converted via Wacker oxidation (equation 144) to erythro-P- 
hydroxycarbonyl compounds l 6  (60), which form a basic synthetic block for macrolide, 
polyether or  ansamycin antibiotics. An alternative synthesis for 60 from enol stannanes via 
aldol condensation reactions with aldehydes is discussed in Section V1.A. 

( Z  )-RCH=CHCH2SnMe3 

R = Me, n-Pr 

CH=CH2 

PhCHO ~ 'h@H PdCI,,CuCI,,02 P h G H  

H R 
BF;OEt,, H R dmf-H,O 

CH,CI, 
OH OH 

92 O/o 87- 92 "/o 

160) ( 

Hydroxymethylation of allyltins with trioxan-BF,.OEt, has also been recently 
explored as a means of synthesizing homoallylic alcohols'53. ( & )-Lavandal01 (61) and 
related homoallylic alcohols were prepared by this method. 

Bu3SnH, aibn * 
PhH ,80 OC 

\ 

(CH2013 

BF3' OEt, 
____9 

57 O/O 

(61) 

X = tos, SCOSMe 

The high stereosclectivity of aldol additions in the presence of BF,.OEt, has already 
been nored. Of equal significance in organic synthesis is t h a t  such reactions also proceed 
with high chcmoselectivity. The r e i ~ c t i o n s ' ~ ~  shown in equations 146- 149 are illustrative. 

1. BF,.OEt, 
- 78 OC, CH,CI, 

R'COR' + R33SnCH2CH=CR42 R'R2C(OH)C(R4)2CH=CH2 ( 146) 
2 .  HzO 

> 90 o/o 

R' = alkyl, oryl j R2 = H ,  olkyl j R3 = M e ,  Eu j R 4  H ,  Me 

I .  B F y  OEt, 

(147) 

- 20 OC, CH,CI, 

0 + CH2=CHCH2SnEu3 
2 .  n,o 

// 
93% (92% E )  
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I .  BF3.OEtz 

CH(OH)CH2CH=CH2 
-78 OC, CH,CI, 

CHO + CH2=CHCH2SnMe3 
Z AD- 2 .  H,O 

66- 99 Q/o 

= 0-&, 0-OH, m-NO, , p-Me , p - C N ,  p-OMe (148) 

(53%)  

4- (CH3CH2CH2)2C(OH) CH2CH=CH2 

22 O/.a 

Bu,Sn CHzCH = CH2 
C H ~ ( C H ~ ) ~ C O C H ~  + (CH,CH,CH,),CO * CH3(CH,),CMe(OH)C%CH=CH2 

BF3. OEt, 

78% 

Aldehydes were found to be more reactive than ..etoces and terminal etones were 
attacked more easily than inner ones (equation 150). Conjugate addition occurs with a,/?- 
unsaturated ketones18". Interestingly, the palladium-catalysed coupling of allylstannanes 
(as well as aceronyltins) with carbonyl compounds containing u-, p-, or y-halogens give 
oxiranes, oxetanes, and tetrahydrofurans, respectively" The cyclization reactions are 
clean, with very few side reactions. However, the cxiranes tend to undergo rearrangemen: 
and dehydration reactions at prolonged reaction times at higher temperatures. 

j B Z F  

+ PhCOCH2Br + Bu2Sn(CH2CH=Cii2), -- 
P h g 0 \  ( l 5 i a j  

5 h  

75 Q/Q 
/-- 

RCOCHR'CI + Bu3Sn(CH2CH=CH2) 100 OC .'do\ (151b) 
20 h 

R 
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Surprisingly, with a-chloroacetophenone addition to the carbonyl group rather than 
cyclization was observed, yielding halohydrins in good yields. However, the use of 
[Pd(Ph,P) J as catalyst has been reported elsewhere'"" to yield oxiranes with CY- 
chloroketones. In contrast, replacement of halogen in a-haloketones by ally1 was observed 
in the presence of aibnIa2. 

The reaction of quinones with allyltin compounds in the presence of BF,.OEt, yields 
allylhydroquinones with high regioseleciivity (reaction I 52)'74*'83. The reaction proceeds 4 Bu,SnCH,CH=CH;e (152) 

0 

P P 
OH OH 

OSn 61-13 OSnBu3 

(62) (63) 

via 1 ,2-addition of allylstannane to quinone, followed by dienone-phenol rearrangement. 
The boron trifluoride etherate, besides activating the carbonyl group of quinone, also 
catalyses the rearrangement. With tributylcrotyltin, the y-adduct (63) is the dominant 
product (95%). The a-adduct, involving no allylic transposition in the tin reagent, however, 
predominates for stenc reasons with 2,5(6)-dimethylquinones, and also in prenyltin 
reactions (equation 153). 

Several naturally occurring isoprenylquinones (e.g. ubiquinones, plastoquinones, 
menaquinones, and phylloquinoncs) have become synthetically accessible via such BF,- 

1 .  BF,.OEt, Me0 *CH2CH= CMe2 
+ Bu3SnCH2CH=CMe2 ___* 

2. H 2 0  
Me0 Me0 

0 OH 

0 

_r FeCI, or M e O O C H 2 W = C M e  2 

Ag20 Me0 

0 

Coenzyme Q, (75%) 

(153) 
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catalysed allyl transfer reactions. Vitamin K (65), for example, has been successfully 
synthesized using polyprenyltin (64) without loss of stereochemistry in the phytyl side- 
chain (96%E + 4x2) (equation 155). o-Benzoquinones (66) and 1 ,Znaphthoquinones 
(67) (R=H) have also been shownIa4 to react with allylstannanes in dichloromethane in 
the presence of BF,.O%t, to yieid 6243% and 65-78% of the respective diols, which were 
oxidized to the allylquinones (66) and (6'7) (R = allyl). 

-60 O t o  25 OC 

154) (E)-CICH2CH=CMeR f Me3SnLi Me3SnCH2CH=CMeR 
t h f ,  N, 

96% E , 4% 2 

R = f C H 2 C H 2 C H , C H ( ~ e ) C H 2 ~ H  3 
(64) 

64 + ;., CH2CI,, z:t2 -78 (3 equiv.) OC, N; a 
CH,CH=CMeR 

0 0 

70 O/o 

( 65)  

+ / o C H 2 C H = C M e R  

(155) 
0 

1 7 

R 

0 

R 

R2 = H, M e ,  CMe3 R'  = H, 6-Br, 3-OMe 

(66) ( 6 3 )  

Alkenonylquinones,which are difficult to allylate directly can also be eficiently allylated 
using allyltins (reaction I j6).IB5 However, this reaction proceeds by 1,4-addition rather 
than by the usual 1,2-addition previously encountered. This is supported by the isolation 
of the conjugate y-adducts (68) with both crotyl- and prenyl-tins (equation 156). 

2. Reactions with electrophilic olefins and alkynes 

Tetracyanoethylene has been reported' 86 to react with Ph,SnCH2CH==CH2 
in polar solvents such as CH,CN to give 4,5-tetracyanopent-I-ene in addition to the 
cyclo-adduct. A zwitterionic intermediate has been inferred for this reaction (Scheme 20). 
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(NC),C=C(CN), f Ph3SnCH2CH=CH2 

SCHEME 20 

The thermal Diels- Alder reactions of mono- and bis-trimet hylstannylcyclopentadienes 
with hexafluorobut-2-yne yield the appropriate bicyclic adducts in moderate yields’ *’ 
(equation f 57). The bis-substituted compound, however, isomerizes on forming the 
adduct. 

The use of the trimethylstannylisoprene (69) as a five-carbon isoprcne synthon has been 

( 157) 

Me&cF3 R 

R T  
f CF3C=CCF3 -----+ 

l IO- lZO h 

cF3 

R = H, SnMe3j 52-53% 
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recently described by Wilson er ol.ls8 69 is obtained uniquely from cyclobut-l- 
enylmethyllithium (Scheme 2 1)  and readily participatcs in a Diels-Alder reaction with 
methyl acrylate leading to the synthesis of (5-terpinol (70) as shown. 

BuLI- trneda 
MeJSnCl . asnMe3 - - hexane L- 0 oc 

55% ( 8 0 ’  20 )  

350 OC ‘TSnMe3 
SnMeg a +  Me0,C Me02C 

CH2=CHC0,Me 

100 OC, 12 h 
69 

(93%) 
9 010 9 I O/O 

M e L i  

HO Q -  Me02C 

100 o/o 

( 70) 

SCHEME 21 

C. Aryl- and Benzyl-metal Derivatives 

The interaction ofcarbon electrophiles with aryi- and benzyl-stannanes and-plumbanes 
via heterolytic pathways may be represented by the schemes’.” shown in equations 158 
and 159. 

The transfer of a phenyl group over prenyl in triphenylprenyltin in its reaction with 
cinnamyl acetate’” to yield 1,3-diphenylpropene ( 1  9%) as the only coupling product has 

( 158) 

CH2MR3 p C H 2  2-E-C6H4Me 

H ( 159) 

E +  
PhCH2MR3 

H 
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already been referred to. Although this result contradicts bond-energy arguments as a 
factor in the rationale of the coupling reaction, the specific cleavage of the aryl and benzyl 
groups in ArSnR, and BzSnR, compounds by various electrophilic reagents has been well 
documented. Some typical recent examples are shown in reactions 160- 169. In equation 

[Pd(PPh,),] 

PhH, 140 OC, 5 h 
Ph4Sn + PhCOCl - PhCOPh 

8 5 O/O 

BzSnBu3 + MeCOCl - BzCOMe 
P h H ,  80 OC, 12 h 

69 O/o 

Ph3SnMe + BzBr - BzPh 
hmpt, 65 OC 

95 O/O 

20 oc 
Me3Sn6z + (NC)2C=C(CN), Bz(CN)C=C(CN)~ 

CH,CI, 

60) 2 8  

61)'" 

(162)lz8 

( I63)l8' 

100 o/o 

R = 9- f luoreny l ,  indenyl  

RSnMe3 - RCOR' 

hmpt, 20 OC 

R'COCI 

[(V3-C3H, )PdCI], 65- 97 O/o 

R = Bz , Ph, 4-N02C6H4 j R1 = Me, Ph , 4-N02C6H4 , 2-FC6H4 Bz, PhCH=CH 

R R' 

70-95% 

RAr 

RSnMe3 

(CH,C I 1 

( I  64)"' 

( 1 65) ' ' 

(166)"' 

(167)'" 

R = Ph, 4-MeOC,H4, 4-McC,H4, 4-CIC,H4, 9-fluoreny1, 9-cyanofluorenyl, indenyl, 3- 
methylindenyl; 
R'X = MeI, CH,=CHCH,Br; 
Ar = Ph, 4-N0,C6H4, 2,4-(N0,),C6H3, 2,4,6-(NOz),C,H2; 
X = C1, Br, I 

[ (n3- C,H,)PdCI], 
ArSnlvleg + 4-N02C6H41 + CO - ArCOC6H4N02-4 

hrnpt ,20 OC 

58- 9 8 010 

( I  68)Ig3 

Ar = Ph, 4-MeC6H4, 4-CIC6H4, 4-IU02C6H4 
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[Pd(PPh3)4], 5% 
4-RC6H4SnMe3 + CH2=CHCH20Ac 4-RC6H4CH2CH=CH2 ( 1  69)Ig4 

hmpt,  2 0  OC ,6  h 

169, the use of thf as the solvent leads to the additional formation of biaryls (2.5-4h; 24- 

Heteroarylstannanes have, in general, received sparse attention in the literature, and few 
workers have examined the feasibility of engendering C-C bond formation using these 
substrates. 1 -methyl-2-(trimethylstannyl)pyrr01e~~~ has been shown t o  react with ethyl 
chloroformate to give the 2-carbethoxy derivative in low yield. With benzaldehyde, 
however, the ketone 71 is unexpectedly formed in about 57% yield (equation 170), 
presumably via oxidation of the stannyl ether intermediate formed under the reaction 
conditions. 2-Trimethylstannylthiophene was found to be unreactive towards P h C H O  
but gave 2-thienyl phenyl ketone with PhCOCl(reaction 17 I ) ’ ” .  A unique intramolecular 

3 1 X). 

2-SnMe3-R 

I 

EtOCOCl 

120-130 OC, 7 h 
___p 2-C02Et-R + Me3SnCI 

( 170) 
PhCHO 

195 OC, 12 h 
2-COPh-R + RH i- Me3SnCI + tar 

57 o/o 
(71 1 

L 
R =  0 

I 
Me 

172 OC 

6 h  
RSnMe, + PhCOCl - RCOPh + Me3SnCI 

cyclization of the u-stannylated indolc ring on to the proximate olefinic bond has been 
recently reported by Trost and Fortunak”6 for 72. The cyclization proceeds in the 
presence of a palladium catalyst to give 73 in moderately high yield. 

3- and 4-trimethylstannyl and -tributylplumbyl derivatives of pyridinc have been shown 
to yield the tetrahydrobipyridyls 75 and 76 when reacted wi:h ( Me,Si)2Hg197. The  

1.  PdCI,, M e C N  

RT,12 h 

2. NoBH,  

a T f i  Me I - QyW Me H (172) 

(72 1 
67 O/o 

(73) 
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MR3 
(74) 

* 
R3M MR3 

+ M e 3 S i N w S i M e 3  - H -  

N 
I H H I  R3M MR3 

Me3Si Si Me 

(75) (76) 

intermediacy of the pyridyl free radical 74 has been implicated in these reactions. 
l-(Trimethylstannyl)-2-iodotetraphenylbenzene (77) appears to be a useful precursor for 
the synthesis of highly hindered biphenylsLg8. The reaction proceeds via bimolecular 
condensation (equation 174), there being no evidence for benzyne formation. 

p h ~  p h ~  Ph0 

0 0 Ph i- MesSnI 
220-230 OC 

I 
tetra cyclon e 

Ph SnMe3 Ph %Me3 t Ph ( 1 74) 
(77) 6 1 O/o 

V. REACTIONS OF ORGANOTIN COMPOUNDS CONTAINING SATURATED OR 
REMOTELY UNSATURATEDCARBONCHAIMS 

A. Tetraalkyl Derivatives 

Tetraorganotin compounds containing saturated alkyl groups on tin are generally inert 
in their reactivities to external carbon electrophiles. The highly reactive electrophile 
Ph,C+BF; reacts with EtSnMe, to eliminate ethene via hydride abstraction from the 
B-carbon atom of the alkyl group attached to tin"'. With other RSnMe, compounds 
(R = Me, allyl, 9-fluorenyl, indenyl, PhC-C-), Ph,CR is formed quantitatively at  room 
temperature in CHzClz'90. The latter reaction is considered as an electrophilic 
substitution process, but for R = Ph (or with the use of (p-N0,C6H,),C+BF, in place of 
Ph,C+BF,) a redox process obtains (cf. equation 164). 

The less reactive alkyl halides and acid chlorides do  not react except in the presence of 
catalysts. The synthetic potential of such C-C coupling reactions has only recently been 
r e c o ~ n i ~ e d ~ ~ ~ " ~ ' ~ ~ ~ ' ~ ~ ~ ' ~ ' .  With palladium(I1) catalysts in hmpt', high yields of the cross- 

'The use of chloroform gives somcwhat lower yields although facilitating workup'08". 
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coupling products have been obtained (equations 175 and 176) with benzyl and aryl 
halides130 and acid 30. Only one organic group is transferred from the 
tetraorganotin reagent; the second leaves about 100 times more slowly from R,SnX"". 

[BzPdCI (PPh,),] 
R'Br + R4Sn - 

hrnpt , 62 OC, 20 h, 

argon 

p - 2- C,H4 COC I + Me4Sn 

Z = CHO, NO2, CN, OMe , C02R, CI 

Pd (I31 
RCOCI + Me4Sn RCOMe 

91 010 

RR' + R3SnBr (175) 

RCOR' + R3SnCI 

p- 2- C6 H4 CO Me 

06- 90 O/o 

Reaction 176, in particular, tolerates a variety offunctional groups on the acid chloride, as 
shown in reactions 177 and 178. Tributylvinyltin and triphenylmethytin transfer 
exclusively the vinyl and phenyl groups, respectively, with the vinyl transfer proceeding a t  
a much faster rate. 

The mechanism shown in Scheme 22 has been proposed 1 3 "  for palladium(I1) catalysis in 
respect of the reaction represented by equation 176. In the transmetallation step a, Bz 

R,Sn 
[ B z P ~ C I L ~ ]  [RPdCIL2] + R3SnBz 

L = PPh3 1' 
[RPdBzL2] + R3SnCI 

I 
R'COCI 

d 
[ R' COPdCIL2] [ Pdo L2] 

I 

I R4Sn 

f 
R3SnCI + [R1COPdRL2] R'COR + [PdoL2]  

SCHEME 22 
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rather than C1 is replaced. In  step b, R,SnBz rather than R,Sn participates on  account of 
the greater reactivity of the former to generate a diorganopalladium complex from which 
the active catalyst, [Pdo(PPh,),] is formed by rcductive elimination (step c). Oxidative 
addition of the acid halide (step d), followed by transmetallation with R,Sn (step e) and  
reductive elimination (step f )  yields the product ketone'. 

For  the catalysis of the coupling reaction with benzyl and  aryl halides (equation 175), 
however, the reductive elimination has been proposed' 30 t o  take place preferentially from 
a palladium(1V) intermediate. Using optically active complexes, the elimination process 
was shown to proceed with retention of configuration a t  carbon (Scheme 23). 

t-- 
/ Ph 

D 

,,,$,*>C-PdClL2 + MeqSn - [MePdCIL2] + PhtHDSnMe, [:; 1 

Br I L.,.. I ,;- 
Pd 

p-N02C6H4CH2/ I 'CH3 
- L J 

L = Ph3P Ji 
[ L2MePd?HDPh] + Me3SnCI 

p- NO2 C6H,CH2EI I 
r CHDPh 1 

SCHEME 23 

Tetraorgano-tin and -lead compounds have also previously featured in the in sirii 

preparation of organopalladium catalysts such as reported by Heck"'" for the 
a!kylation/arylation of olefins (see for example, equation 179). 

Li,[PdCI,], MeOH 
YCH=CH2 + R4M P (€)-YCH=CHR 

RT, 24 h 

80- 100 0I.a 

Y = Ph, C02Me j R = M e ,  Ph j 

M = Sn , Pb 

autoclave 
RIX + R4Sn + CO - 7 R'COR + R3SnX (1 79a) 

120 OC 

(30 'Irn) [PhPdI(Ph3P)2] (a) 7 3  4'0 j (b) 62% 

(a) R'X = PhI  R = Bu (b) R'X = (€)-PhCH=CHBr j R = Me 

'The transmetallation step (e), slow relative to steps (d) and (0, has recently been shown to involve 
electrophilic cleavage of the C-Sn bond of R,Sn, with the acylchloropalladium(l1) species acting as 
the electrophile [J. W: Labadie and J. K. Stille, J. Am. Chern. Soc., 105, 6129 (1983)]. 
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Unsymmetrical ketones have also been directly synthesized in recent years from organic 
halides, carbon monoxide, and tetralkyltins in the presence of palladium or nickel complex 
catalysts"' (equation 179a). The mechanism in Scheme 24 has been envisaged. 

R X  co 
[Pd(CO)L2 ]  7 [RPdXL2  ] - [ R C ( 0 ) P d X L 2 ]  

L = PPh3 
A 

co 
[RC(O)PdR'L* ] 

- RCOR' - R',SnX 

SCHEME 24 

B. Derivatives with Remote Side-chain Unsaturation 

Among tetraorganotin compounds with remote unsaturation in the alkyl side-chains, 
the most promising from a synthetic point of view appears to be the 
(trimethy1stannyl)alkyl-substituted cyclohexenones"' and cyclohexenols202 in which the 
carbonyl and hydroxy functions, respectively, are located adjacent to the C=C double 
bond. The weakly polarized nature of the C-Sn a-bond ensures compatibility of the 
tetraalkyltin with both the a-enone and the allylic alcohol functions in these molecules 
until electrophilic activation of the functional groups transpires. As shown below for the 
case of the 4-substituted compounds, activation of the cr,B-enone and allylic alcohol 
moieties with a Lewis acid (e.g. TiCI,) generates a /I-electrophilic site whose interaction 
with the stereoproximate C-Sn bond leads to intramolecular cyclization (equations 180 
and 18 1). The carbocyclization leading to five-membered rings appears qualitatively to be 
a kinetically faster process and to be less sensitive to steric factors than six-membered rinss 

SnMe3 6 + S n M e ~  7 
TICI, (lo/o) ~ [ ';D 1 ___t 

CH,CI,, 40 OC 

H 
92 '/o 

I/€ = 9 3 . 7  

Z / €  = 90: 10 

( 3 0  : 70 at -70 "C) 

* "a ( 1  82) 
s ~ M ~ ~  TiCI, (1 ' l o ) ,  CH,CI, 

20 OC, 30 min 

H 
68 ' l o  
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(equations 182 and 183). However, when thc site adjaccnt to the(4'-trimethylstannyl)butyl 
side-chain in the 4-cyclohexenyl cation is tertiary, an alternative reaction occurs. As shown 
in equations 184 and 185, p-hydridc transfer products are exclusively formed. With 3- 
substituted cyclohexenones, spirocyclic compounds are obtained in good yield (equation 
186). Although a very high selectivity for 1 ,Qaddition of the carbanionic nucleophile to thc 

M e  M e  

v 
82 010 

enone moiety is seen in the above examples, the intrinsically less preferred I,2-addition can 
be made to predominate when entropy factors of the cyclization substrate inhibit the 
conjugate addition pathway. A case in point involves 6-substituted cyclohexenone 
(equation 187). 

The above carbocyclization schemes employing the C-Sn a-bond as a latent 
carbanionic nucleophile with the i~ situ generation of an ally1 carbocation offer 
considerable scope for the synthesis of medium-sized carbocyclic rings which are often 
synthetically inaccessible through direct annular processes. 

Functionalized hornoallyltin compounds, accessible from the reaction of p-  
tributylstannylpropionaldehyde with appropriate Wittig reagents (equation 188), are 
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TiCI, (lo/o), CH,CI, 

4 0  OC ,15 min 

I ,  2-oddition 

SnMe 

1,4-addition ! 
0 

PhH, 80 OC 
Bu3Sn(CH2 12CH0 + Ph3P=CHR Bu3Sn(CH2)2CH=CHR ( 188) 

or t h f ,  RT 

80-93 O/o 

R COMe, COPh , C02Me,  p-N02C6H4 

CF3 CO, H 

RT 
BU3SnCH2CH 2CH = CH COR - 

R = Me or Ph j 90% 

readily destannylated on treatment with CF,COOH in thf or CH,Cl, at room 
temperature to yield c y c l o p r ~ p a n e s ~ ~ ~  (equation 189) in good yields. Cyclopropane 
formation is also facilitated in the presence of halogens' 04, ArSC1'04, and tosOHZo4 
(equation 190). Noteworthy is the absence of P-hydride transfer products'99 formed as in 
equation 19 1 in this reaction. Cyclodestannylation to form a strained ring system has also 
been encounteredlo4 (equation 192). 

+ 

E +  
R3Sn(CH2)2CH=CH2 ---+ R3Sn(CH2 l2 ---- R3Sn-CH2CH2CHCH2E 

5 b c H 2 E  

e .g .  EY = 4-CIC,H4SCI ; yield = 80% ( CH2CI2 , 0 " C )  

H 

(191) 
/--x 17, + 

R3Sn-CH2-C-CHCH2E + CH2=CHCH2CH2E f R3S: 
I 
H 
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SCGH,(N0,)2 

(192) 

SnBu3 
100 OC + ClSCBH3(N02)2 - 
AcOH 

An equally versatile cyclodestannylation reaction is the oxyselenation of the C=C 
double bond in homoallylstannanes with N-phenyl~elenonaphthalimide~~~ (N-psp) 
(equation 193). 

CH2SePh 
N - P ~ P  

CH2= CH (CH2)2SnMe3 - 
CH,CI,, 25 OC 

100% 

VI. REACTIONS OF HETEROATOM-BONDED ORGANO-TIN AND -LEAD 
COMPOUNDS 

A. 0-Stannyl and 0-Plumbyl Derivatives 

7. Enolstannanes 

These have featured strongly in recent years in enolate chemistry on account of their 
high regio-, chemo-, and stereo-selectivity. Enolstannanes appear to be excellent 
nucleophiles and afford several useful C-C bond-forming reactions with alkyl halides, 
ally1 acetates, and aldehydes as  electrophilic partners. Enolstannanes exist as two 
metallotropic ( C -  and 0-) forms in equilibrium. The C-isomer (95%) is the most stable 
form for Bu,SnCH,COMe, but for Bu,SnCH(Me)COEt the 0-isomer (70%) is domi- 
nant4'e4' (see equation 20). 

Fo r  Bu,SnCH(Me)COMe, on the other hand, it has been reported4' that the 0-isomer 
constitutes only 23% of the equilibrium mixture but exists exclusively in the E-geometry. 
Cyclopentenyl- and cyclohexenyl-tin enolates exist also in the stereochemically pure E -  
geometry, but allow of regioisomerism when substituents are present in the ring (equation 
194). The 'kinetic' enolate, 78, may be obtained from the corresponding lithium enolate at 
low temperatures (equation 195), but equilibration to the 'thermodynamic' enolate 79, 
with consequent variation in the regioselectivity of the reaction, would attend the 
interaction of the tin enolate with 'sluggish' electrophiles. Alkylation of enolstannanes 

C O L '  Bu,SnCI (195) 

thf ,  -78 OC - -78 OC aoSnBu3 
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with various alkyl  halide^^"^^^ procecds clearly to give monoalkylated products in good 
yield. The examples in reactions 196- I99 are representative. 

The poor yield due to stcric hindrancc of the halide in equation I97 may be overcome by 
using the mixed so!vcnt system207 depicted in equation 199, or  by using a Grignard or 
organolithium additive (equation 200) such as described in Section 1I.C. 

OSnBu3 0- 
(80) 

80 + Pril 

80 + Me1 

80 + BuI  

Me 
90 O/O 

drne 

O ° C , l h  

Qo 

dme/hrnpt (10. I ,  v/v 1 

RT,  20 h 

BU 
63 O/o 

O O S n B u 3  drneJMel PhLi (-Jo + (-Jo (200) 

The regiospecificity of the reaction is clearly apparent in equation 201, while equation 
202 reveals the beneficial influence of steric hindrance in the product in preventing side 
reactions involving addition of the aldehydic function to the tin enolate. In no case does 0- 
alkylation occur except for the reaction of Bu,SnCHzCOMe (5:4 0-isomer) with 

Qo 

120 OC 
79 + E t I  - 

60 h 

Me E t  

76 O/o 

90 OC 

14 h 
Me2C=CHOSnBu3 + Me1 -----+ Bu'CHO 

8 6 '/o 

(202) 
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140 OC 

14 h 
Bu3SnCH2COMe + ErCH2COOEt - MeCOCH2CH2COOEt (203) 

50 "/o 

CICH,OMe (equation 204). With allyl acetates, a facile reaction is obtained with 
enoistannanes of cyclohexafione in thf at  room temperature in the presence of 
[Pd(PPh,),] (5 molx)  as catalyst2". The reaction exhibits a high regioselectivity for 
alkylation at the less substituted end of the allyl moiety with formation of the E-isomer 
(equation 205). 

(204) 
100 oc 

f3u3SnCH2COMe + CICHzOMe - CH2=C(Me) OCH20Me 
14 h 

63 O/o 

CH(Me) C(Me)=CMe2 (205) 
[W (PPh3l4 ] 

79 4- Me2C=C(Me)CH(Me)OAc A 
th f  

Of special interest from the point of view of organic synthesis is that allylic alkylation 
proceeds with a high degree of chemoselectivity208 (equations 206-207a). A 7 ~ -  

allylpalladium complex is considered to be initially formed, which undergoes attack by the 

(206) 
Pd (0) 

RT, 19 h 
79 4 5r(CH2)5CH(OAc)C(Me)=CH2 ------+ RCHzC(Me)=CH(CHz)5Br 

89 '10 

(206a) . Pd(0) 

RT, 3 h 
79 4- MeCO(CH2)4CH(OAc)CH=CH2 ---+ RCH2CH=CH(CH2)4COMe 

91 O/o 

Pd(0) 

RT,41 h 
79 + CH2=C(OEt)CH20Ac __d RCH2C(OEt)=CHz 

72 O/o 

Pd(0)  

RT,2Z h 
79 + EtO2CCH=C(Me)CH=CHCH=C(Me)CH20Ac d RCH2C(Me)=CHCH= 

77 O/O 

CHC(Me)=CHCOZEt 

0 

(207a) 

enolstannane. The reaction of enolstannanes with halo ketones and halo aldehydes yields 
cyclic ethers'" instead of the expected 1,4-diketones. As previously noted for the 
allylstannanes (equations 15 1, 15 1 a), the cyclic ethers are obtained in good yields under 
relatively mild conditions in the presence of a palladium catalyst. However, acetonyl- 
oxiranes undergo rearrangement with dehydration to yield 2-methylfurans either on 
prolonged heating or catalysis by acid. The furans may also be obtained directly in the 
absence of catalysts208". 
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o+!!!l (208) 
[BzPdCI (PPh,), ] 

PhCOCH26r + Bu3SnCH2COMe 
th f ,  60-65 OC, 5 h 

80% 
h 

___b 

Me 

M e  DPle (209) 
toluene 

PhCOCHMeBr + 6u3SnCH(Me)COMe 
80 OC, 20 h 

M e  

92 “/o 

Enolstannanes have also been shown to undergo rapid aldol condensation with 
aldehydes in the absence of Lewis acid and transition metal catalysts to give products 
stereoselectively20g~2 l o  and in good yields (80-90%). Based on studies to date, a threo- 
selectivity seems indicated for the aldol formed from trialkyltin enolates with E-geometry. 
The results are in consonance with studies on other metal enolates2S2l1, where i t  was 
demonstrated that for kinetically controlled reactions, the erythro-isomer is the favoured 
product from Z-metal enolates (IM = Li, Mg, Zn) while the threo-isomer ordinarily 
predominates from E-enolates. Under thermodynamic control, the threo-product is 
favoured, irrespective of the geometry of the starting enolates. A cyclic transition state has 
been envisaged to account for the stereoselection in which the steric bulk of the substituent 
R2 at :he a-position appears to be an important factor (Scheme 25). Only chair 
conformations were considered although, as pointed out in Secticn 1V.B. 1.b. boat-like 
transition states are also conceivable. For trialkyltin enolates of E-geometry derived from 
pentan-3-one and propiophenone, threo adducts appear to be favoured 209-210 in reactions 
with aldehydes. With triphenyltin enolates, however, the results appear to be ‘anonialous’ 
in indicating a preferred erythro-selectivity irrespective of the geometry of the starting 
enolate (equation 2 10). 

Even with cyclohexenyl and cyclopentenyl enolates with fixed E-geometry, the erythro 
products were predominant when the tin atom carried phenyl groups2 lo, normal threo 
adducts being ~ b t a i n e d ~ ” . ~  l o  with alkyl groups on tin under conditions of kineticcontrol. 
A boat transition state has been postulated to explain this anomaly for the case of 
cyclohexanone triphenylstannyl enol ether by Shenvi and StillezoY (Figure 5). 

- 

PhCHO + Me+ OSnPh3 - (2 10) 

Me Et 

80% 

E / Z  = 8 :  92 

86: 14 

threo/eryfhro = 18 : 82 

26 : 74 
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H 1 oq. MeOH . OR2 
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I 

H 
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RC 

R' 

lhreo 
SCHEME 25 
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With bulky groups on tin, the erythro product is favoured through transition state B; in 
other cases the observed tkreo-selectivity is explicable in terms of the transition state 
structure A (Figure 5). The erythro-selectivity of reaction 210 may also be explained 210 in 
:emx of an open-chain transition state (Figure 6), as has been proposed212 for erythro- 
selcctivity of zirconium enolates in aldol condensations. 

0 

R 3 S n 0  R'xH R 2  

syn c anti 0 

FIGURE 6 

Thus, with either Z -  or E-enolates, the transition state D is sterically favoured over 
transition state C; this leads to a dominant crythro product. However, more detailed 
studies are required in order to establish the generality of the variation introduced by 
phenyl substituents on tin in these enolato reactions. Such studies should preferably focus 
on isolable stereochemically pure enolates and include a variety of aldehydes under 
conditions of both kinetic and thermodynamic control. 

2. Alkoxides and other derivatives 

The versatility of organotin a l k o x i d e ~ ~ * ~ ~ ' ~ - ' ~ ~ ~ ~  as reagents in synthetic chemistry has 
been well established'. None of their reactions, however, lead to direct C-C bond 
formation. These latter reactions, however, may be achieved by converting the oxides to 
other organotin reagents as, for example, in reactions 21 1 and 21 la. 

R3SnOR -I- HC=CR1 - R3SnC=CR1 + ROH (21 1)213 

(21 ia )214  
R 3 SnOR + CH2=C=0 - R3SnCH2COOR 

Equation 2 I2 which constitutes a 'one-pot' procedure for regio-controlled r-arylation of 
unsymmetrical ketones involves the in-situ generation of tributyltin enolate and its 
subsequent Pd-catalysed reaction with the aryl halide. A similar bimetallic catalysis with 
tin enolate intermediacy has been reported 214b in the regioselective allylation of enol 
acetates (to ally1 ketones) by allylic carbonates (equation 2 12a). 

BuaSnOMe, PhBr 

[PdCl,(o-tolyl )3P] 
R'C(OAd= CR2R3 . R' COC(Ph)R2R3 (2 12)21+' 

100 OC, 5 h 

'Recently, cyclic stannoxaiies have becn found to bc efiicicnt covalent templates in the self- 
condensation of [I-lactoncs to niacrocyclic polylactones, c.g. cnterobactin [A. Shanzer and J. Libman, 
J .  Cllern. Soc., Chm. Cotmnun., 846 ( I  9833. 



1. Carbon-carbon bond formation 67 

(212a) 
Pd (01-dppe 

Bu3SnOMe 
dioxon, R T  

+ CH2=CHCH20C02Me ____) 

Q- 

Organolead alkoxides, because of their greater reactivity over organotin alkoxides, have 
found application in catalysing the addition reactions of active methylene compounds to 
acrylonitrile and isocyanates2'5 (equations 213 and 214). 

Et3PbOMe 

CH2(C02Et I2 + CH2=CHCN ___) (Et02C),CHCH2CH2CN + ( 2  13) 

Et,PbOMe 

MeCOCH2C02Et + PhNCO ___b PhNHCOCH (C02Et) (COMe) (2 14) 

The products are obtained in good yield. A limitation noted for these reactions is that 
with less reactive substrates the lead alkoxide may induce polymerization of the 
acrylonitrile and isocyanate acceptors. 

The stannyl ester Bu,SnOCOCCl, has been shown to undergo an interesting reaction 
with cyclopentadiene in the presence of Ph,P, leading to the bicyclic product 8I2l6. The 
organotin reagent clearly serves as a recursor for CI,C=C=O, which presumably arises 

Unsaturated triorganostannyl esters' 7-220 function as monomers in several polymeri- 
zation and copolymerization reactions, e.g. equation 216. The resulting linear organotin 

from the intermediate [Bu,SnOC( 8 PPh,)=CCI, .Cl-]. 

Bu3SnOCOCCI3 + cyclopentadiene + Ph3P ___) RT qll + Ph3P0 + Bu3SnCI 

CI (215) 
. ~ 3 0 %  

(81) 

n/2 CH2=CHCI + n/2 CH2=CR'C02SnR3 [-CH2CHClCH2C(C02SnR,)R'-]n 

(2 16) R' = H or M e  

polymers ( R  = Bu or Ph) have been formulated into useful slow-rclease, marine antifouling 
coatings. 

Organolead esters, in particular aryllead tricarboxylates, have featured strongly in 
recent years in C-C bond formation reactions. These are discussed together with 
reactions of Pb(OAc), [which in many instances proceed through monoorganolead(1V) 
species] in Section V1I.C. 

8. N-Stannyl and N-Blurnbyl Derivatives 

Unlike organotin alkoxides and enolates, preparative difficulties impinge on the 
synthetic utility of organotin amines. The amines have generally proved to be more 
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reactive than the alkoxides in both substitution and addition proce~ses '*~*~*.  Organotin 
enamines (see below) result from the interaction of the organotin halides with lithium or 
magnesium derivatives of enamines, and also on treating distannazanes with tin 
enolates22' (equation 217). Like the tin enolates, the tin enamines are metallotropic. 

(Bu3SnI2NEt + EtCH=CHOSn Bu3 EtCH =CHN (Et SnBu3 + Et CH (Sn Bu3) CH = NEt 

major 

C-C bond formation reactions of organotin amines have been little explored except 
through the circumstance of their further conversion222 to vinyl, alkynyl, and CX- 
functionally substituted organotins, as in reactions 218 and 219. 

R3SnNRI2 + CH2=CHCN R3SnCH(CN)CH2NR12 (218) 

Me3SnNMe2 + P h C e C C I  __9 Ph(Me3Sn)C=C(NMe2)CI (219) 

With organotin amines containing a dimethylamino group, interaction with simple 
ketones such as acetone results in an aldol condensation reaction (equation 220). This has 
been ascribed to  the basic propertics of the nitrogen With other alkylamino 
groups, organotin enamines or organotin enolates arc usually formed4. 

2Me3SnNMe2 + 2MeCOMe - Me2C=CHCOMe + 2Me2NH + (Me3SnI20 (220) 

Me,SnNMe, has also been used as a precursor in an interesting set of reactions leading 
to the formation of the dihydropyrazole derivative' 82 (equation 221). Organotin amines 
containing a dialkylamino group appear to be useful reagents for the conversion of 
oxiranes into 2-amino alkanols in high yields223" (reaction 221a). The reaction is 

2Me3SnNMe2 + CH2N2 ----+ (Me3SnI2CN2 + 2Me2NH 

+ Me3SnNR2 

Me 

CH,=CHCN I 
Me3Sn a y S n M e 3  

CH,CI,, ref  lux 

10 h 

molonic acid - 
ether 

MeCHCH20SnMe3 
I 
NR2 

70-80% 

MeCHCH20H 
I 
NR2 

9 8 o/.a 

(221a) 
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regiospecific, probably due to the strong affinity of the tin atom to the oxygen atom of the 
oxirane ring, and is independent of the types of organotin compound (organotin alkoxides 
and halides are just as effective) and oxirane used. 

to react with benzyl, allyl and acyl halides 
leading to alkylation ofthe heterocycle in the 2-position (reaction 222). With BzBr (120 “C, 

Tributylstanylpyrrole has been 

R (222) 

I 
0,. - 0 f R X -  

H 
I 
SnBu3 

20 h), the 2-substituted product was obtained in 33% yield, with a small amount ( 1  7.8%) of 
the 3-isomer. MeCOCl yielded 43.3% of the 2-acyl product (25 “C, 2 h) and 2% of the N -  
acyl derivative. 

Trimethyltin(diphenyImethylene)amine, Ph,C=NSnMe,, has been shown225 to react 
readily at room temperature with the dikctonc 83 to give the I : 1 adduct 84 in quantitative 
yield. Treatment of 84 with ethane thiol caused rapid cyclization to occur to yield the 
heterocyclic derivative 85 (equation 223). AT-Plumbyl kctone imines‘26 (86) yield C- 

OSnMe3 -u N=CPh2 

/O\ 

(84) 
+ H2c=c\/c=0 

Ph2C=NSnMe3 

(83 1 

Ph -I- Me3SnSEt 

Ph 
(223) 

alkylated and C-acetylated compounds in good yields in exothermic reactions with allyl 
bromide and bcnzoyl chloridc, respectively (Scheme 26). The reactions probably proceed 
by 1,2-addition to C=C double bond with subsequent /]-elimination of Bu,PbX. 

20  oc 
PhCH=C(CN)2 + Bu3PbH __9 PhCH2C(CN)=C=NPbBu3 

PhH 

(86)  

86 + PhCOCl - PhCH2C(CN)2COPh 

86 + BzBr ___b PhCH2C(CN)2Bz 

86 4- CH2=CHCH2Br - PhCH2C(CN)+H2CH=CH2 

SCHEME 26 

N-Aryl-iV ‘-tributylstannyl h y d r a z i n e ~ ~ ~ ’ ,  obtained from the reaction of N -  
arylhydrazine with Bu,SnNEt2, give biphenyl derivativcs on oxidation with a variety of 
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reagents. Whereas HgO in benzene yielded only 35':: biphcnyl, the use of chloranil 
increased the yield to 93>,<"' (equation 224). 

I n  pyridine or anisole as solvent, a mixturc of phenylpyridines (0-, 59%; m-, 41%) and 
methoxybiphenyls (0-, 6 4 x ;  t71-, 22.5:;; p - ,  I3%), respectively, are produced. With 
Bu,SnNHNHC,H,Me-p, the dominant product (93%) in benzene medium is 4-methyl- 
biphenyl, with 4,4'-diinethylbiphenyl (673 and the unsubstituted biphenyl (0.5%) ccn- 
stituting thc other products. A radical mcchanism with the intermediate formation of the 
stannyldiimine Ru,SnN=NPh has been postulated"' for these reactions (Scheme 27). 

( 0 )  - rJ2 
Bu3SnNHNHPh A [Bu3SnN=NPh] - P h *  + Bu3Sn* 

- H .  
PhAr - 

H 

SCHEME 27 

Only a preliminary account of the usc of organotin enamines in synthesis has appearcd 
in the literature'", relating to the preparation of functionally substituted carbonyl 
compounds. Among the conditions identified for the success of the reaction (equation 225) 
arc: ( I )  the alkyl chain bonded to N in the enamine must begin by a CH, ; (2) the ethylenic 
part of the molecule must be inonosubstituted on thc C atom in the /I-position with respect 
to N ;  and (3) the alkene must bc strongly electrophilic. 

H 

R5 

1. addition' 

2. MeOH 

R 2  

NR' H X 

! H R4 x 
R3 

(335) 

" E.g. 4 h at 60 ' C  for K' = i-Bu. R' = Me, R.' = R4 = R 5  = H, X = C0,Me;  
yield 90",, 

C. Organotin Hydrides 

Organotin hydridcs are very versatilc reagents which have found important appli- 
cations in organic s y n t h c ~ i s ~ - ' ~ . ' " . ' ~ ~ , ~ ~ .  Many of their reactions involving hydrostan- 
nation and hydrostannolysis arc. in gencral, free radical in character and proceed through 
R,Sn. i n t e r ~ n e d i a t c s ' ~ ~ ' ~ ~ ~ ~ ~  . I t  may be expected, therefore, that with suitable organic 
substrates thc intermediate carbon-ccntred radical that is generated could enter into 
intramolecular processes, lcading to C-C bond formation, provided that these rates are 
favourably faster than hydrogen transfer rates. An account up to 1970 of the several known 
rcactionswherein this cxpcctation is strongly featured was published by K ~ i v i l a ' ~ ~ .  An up- 
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to-date review of reactions of this category is beyond the scope of this chapter. Only 
selected examples from the literature illustrating the synthetic scope of these reactions will 
be considered here, since detailed treatments of the subject can be found in periodic 
reviews of advances in free-radical chemistry. 

Typically, intramolecular cyclization reactions have been observed with radicals 
possessing unsaturation in the 5- or 6-positions. The Bu3SnH reductions of alkenyl 

are exemplified i n  Schemes 28-31 and that of alkynyl bro- 
m i d e ~ ~ ~ '  in Scheme 32. The reductions are often conveniently carried out in benzene and 
due attention is given to dilution effects in respect of the hydridc so as to favour the 
homolytic carbocyclizations. 

Scheme 28 illustrates the cyclization pathways for I -bromo-hex-5-ene substituted in the 

bromides23 1-234.236.237 

R' = R2 = R3 = Me; %products (87,90,91) = 8.9, 47.1, 44.0; T =  40°C 

R '  = R 2  = R3 = H; "/,products = 7, 78 trace; T =  40 "C 

R '  = Ph, R' = R 3  = H: '!<,products =0.6, 32.3, 77.1: T =  100°C 

(rcf. 232) 

(ref. 231) 

(ref. 233) 

SCHEME 28 

I -  and 5-positions. At a given stannanc concentration, both the yields of the cyclized 
products and the ratios of six-membered to five-membered ring products increase with 
temperature (40- 100 "C) and with 1 -substitution, while 5-substitution decreases this ratio. 
Confirmation of the interconversion of the radicals 88 and 89 in the above scheme has been 
secured in separate experiments on (E)-2-phenylcyclopentylmethyl bromide for which the 
product ratio 91 :90 was noted to be significantly higher. A small amount of the indene 
derivative 92 also arises in the reaction from intramolecular radical attack on the aromatic 
ring. CrJJ (=J-& (226) 

.. 
*CH2 

H 

(92) 

OTD- 
More recent studies by Beckwith an L a ~ r e n c e ' ~ "  have indicated the dominant role of 

stereoelectronic effects in determining the direction of intramolecular addition in hexcnpl 
radicals. Thus, the exo-mode of cyclization of the radical 93 ( R  = H), yielding the 
cyclopentyl derivative 94, was found to be 100 times faster than the erido ring closure, 
which gives the cyclohexyl derivative (Scheme 29). 
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Ru =+Re Rur Bu3SnH* 

/ 
R U  R U T > , '  Q R f i  

I SnH 

(96) (95) (94) 
SCHEME 29 

For R = H, 94 was formed in 90% yield and 95 in 10% yield at 80 "C, indicating high 
regiospecificity, whereas for R = Me, the product distribution was 57% 96, 30% 94, and 
14% 95. Also, for the radical 93 (R = H), k , , 5  for ring closure was found to be I0 times larger 
than that for CH,=CH(CH,),CH;. Both high regiospecificity and stereoselectivity have 
been observed in the homolytic cyclization of the b r ~ m o a c e t a l ~ ~ '  97 induced by Bu3SnH. 
Thus, (2)-y-butyrolactone (98) was predominantly obiained (cquation 227) via this 

(97) 

R' = H,R = M e , 9 6 % j  R'  = M e ,  R = H, 4% 
(98) 

36 O/o 

350/0 / \ 
03 

'/o Z/E = 4 3 : 24 

SCHEME 30 



1. Carbon -carbon bond formation 

BuSSnH rn--Ccr"13,, (100) 22.1 O/O 

73 

~ 

+ 

H H H H 

56.3% (all Z )  15.9% 3.7% O/o z / E  = 0.7 ; 1.3 

I 
H 

H H 

O/o Z/E = 3.9 24.9 15. 1 O/o 

SCHEME 31 

(103) 

SCHEME 32 
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method. Homolytic carbocyclization studies236 on 4-(cyclohex- I -cnyl)butyl bromide (99) 
indicate the formation of a variety of cyclic products (Scheme 30). 

Related studies on 1,2- and 4,5-disubstituted hexenyl radicals (100) and (101) have also 
been recently reportedz3' (Scheme 31), and it  appears that 5-substitution disfavours 1,5- 
ring closure (exo) in these systems. 

In the case of alkynyl bromidesz3' (Scheme 32), the reduction products are obtained in 
high yields(70-90%), with 102 being the exclusive product for BUCE C(CH,),Br. For PhC 
-C(CH,),Br, 103 is the major product (9373, with 102 (4%) and thedehydrohalogenation 
product, PhC E C(CH,),CH =CK, (30/,), constituting the minor products. 

Tributyltin hydride reductions of y-~hlorobutyrophenone~~~ and of 5-hexenoyl and 
citronelloyl chloridez4' follow similar homolytic carbocyclization pathways. In the latter 
cases (Scheme 33), ketones rather than aldehydes were formcd. 

SCHEME 33 

In reductions carried out on bicyclic systems with both tributyl- and triphenyl-tin 
hydrides, radical rearrangements have also been d e r n o n s t r a t ~ d ~ ~ ' - ~ ~ ~ .  Radical rearrange- 
ment involving a transannular 1,Caryl shift has been uniquely observed in the reduction of 
the a-halomethylpiperidino-N-(p-toluenesulphonamide) derivative244 (104). The reduc- 
tion of the dichloromethyl derivative 104 ( R '  = H, R Z  = CHCI,) to the methyl derivative 
may be conveniently achieved using Bu3SnH in rcfluxing anisole. However, the 

R' 

(104) 
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chloromethyl derivative 105 ( R 1  = CH,CI, R2 = H) under identical conditions afforded a 
50% yield of 106 (X = C1) instead of the expected product (R' = Me, R' = H). A nearly 
quantitative yield of 106 (X = Br) was obtained with the corresponding bromomethyl 
derivative. In the absence of solvent, only 30% yields of the rearranged products were 
obtained. These results can be rationalized in terms of Scheme 34244. 

Ph,SnH rcduction of 107 similarly produced the unexpected products 108 and 109 
rather than 110 (Scheme 35)245. Free-radical annelation in bicyclic f l - l a c t a r n ~ ~ ~ ~  has also 

L! 
(106) 

ornine * Formed K )  3 t u ,  viz. SnX + SnH Sn-Sn + HX 

SCHEME 34 

OAc yo 0-c=o 

Ph,SnH 
P -- 

AcO (1 08) (109) 

(107) \ 

( 1 1 0 )  

SCHEME 35 
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been initiated using Bu,SnH (Scheme 36). The hydrogenated products derived from the 
radicals 111-114 are formed in the amounts 16, 4, 52.2 and 16.8%, respectively. 

Bu3SnH,  aibn 

PhH, 80 OC, 44 h 
C02Me 

rfo-co2Me P 
. .  

(111 )  
LO2 Bu ' 

( 1 1 2 )  (11 3) 

( 1 1 4 )  
S C H E M E  36 

Recently, Ueno et ~ 1 . ' ~ '  utilized Bu,SnH for the reduction of compounds 115 (X = NH 
or 0) to dihydroindole or dihydrobenzofuran. An intramolecular S14' process has been 
suggested for the cyclization (Scheme 37). For concentrations of Bu,SnH around 0 . 0 2 ~ .  

( 1 1 5 )  

/SPh 

( 1 1 6 )  ( 1 1 7 )  

S C H E M E  37 
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compound 117 was obtained exclusively in near quantitative yields(R = H; X = NH or 0), 
but at 0.5M concentration of the tin reagent, approximately equal amounts of 116 and 117 
were obtained in both cases. The driving force for the carbocyclization is undoubtedly the 
formation of the phenylthiyl radical which yields the thiostannane Bu,SnSPhzs8 with 
the tin hydride. In a more recent extension of the work, P-vinyl y-butyroketones have 
been synthesized235 in 95% yield starting from the bromoacetal 118 (equation 228). 

70% 95 O/O 

VII. MISCELLANEOUS REACTIONS 

A. Oxidative Addition-Reductive Elimination 

With the exceptiofi of bis(cyc1opentadienyl)tin derivatives, inost dialkylstannanes exist 
as cyclic 01 igomers~~~ .  They are generally very susceptible to oxidative reaction with 
halogens or  methyl iodide and there is evidence that the reaction involves a radical chain 
m e c h a r ~ i s r n ~ ~ ~ ~ ~ ~ ~  (equation 229). Bis(pentamethylcyclopentadienyl)tin(II), (pcp),Sn(II), 

(Cp)2Sn + X *  (cP),s;~x - (Cp),SnXY + X -  (229) 

for example, undergoes oxidative addition with halogens to give (pcp),Sn(lV)X,, which 
reductively eliminates bis[( I ,2,3,4,5-pcntamethyl)cyclopenta-2,4-dienyl], pcp-pcp, in 
the presence of a nucleophilic solvent such as pyridine (reaction 230)252. 

X Y  

(230) 
12 PY 

(pcp),Sn(lI) - (pcp12Sn(lV)12 - pcp-pcp + Sn12.py 
PhH 

1 8 O/o 

Cross-coupling of cyclopentadienyl and alkyl groups has also been reported'53 in 
reactions of (Cp),Sn(II) with Ph,CBr, BzBr, BzCI, and CH,=CHCH2Br. 

CPh3 a + 0 + CpSnBr (231) 

The lead analogue, Cp,Pb, undergoes similar oxidative addition reaction with Me1 to 
yield Cp,PbMe1254.255, which very readily undergoes reductive elimination to give 
MeCp and CpPbI (reaction 232). Although copious amounts of the elimination products, 

PhH 
Ph3CBr + Cp2Sn - 

CPh3 98 O/O 

(232) Q + CpPbt 

A 

3 h  
Cp2Pb 4- Me1 - [Cp2PbMet] ___* 

Me 

CpMX, generally result in these reactions, the yields of cross-coupling products remain 
low. The reaction of Cp,Pb with MeCOCl in Et,O at - 80"C, for example, has been 
reported254 to give a high yield of CpPbCl and, although the reaction is presumably one of 
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oxidative addition, no acetylcyclopentadiene has been isolated. The relatively insoluble 
nature of the CpMX derivatives has bcen considered to provide the driving force for the 
reductive elimination step in reactions such as 23 1 and 232.  

B. C-C Coupling via Stannylenes 

C-C coupling of aldehydes has been recently achieved in a highly stereoselective 
manner using suitable stannylene precursors256 such as Me,Sn, and Bu,Sn, (reaction 
233). The percentage of D,L-isomer in the glycol derivative is influenced by the nature of 

PhH + 2 A c C I  

hU 
2MeCHO f [R2Sn:] - MeCH- CHMe U AcOCH(Me)CH(Me)OAc 

- R2SnCI, 

70 O/o 
I I 

D ,L-isomer 
\ / O  

0 

Sn 

R ’ ‘R 
(119) 

(233)  

the R group in the distannane in the order M e  (890/,) < Et (96‘%,) < Bu (loo‘%,). Apparently 
a high steric requirement in the reactive intermediate 119 is a condition for the 
stereoselectivity of the C-C coupling. 

Aldehydcs such as EtCHO, PrCHO, and PhCHO have been shown to give higher yields 
of C-C coupling products than ketones under the same reaction conditions. This may be 
attributed to the lower carbonyl activity and higher steric hindrance of the ketones in the 
formation of the reactive intermediate 119. Evidence has also been presented to show that 
the reaction proceeds via a stannylenoid mechanism starting from a relatively long-lived 
triplet state. 

C. Reactions of Lead Tetraacetate and Aryllead Tricarboxylates 

Lead tetraacetate, LTA, in the presence of copper(I1) ions has been employed for 
oxidative decarboxylation of primary acids to give good yields of terminal olefins and 
 ester^^^'.'^^ 

(234) 
LTA - co 

RCH2CH2C02H RCH2CH2C02Pb (0Ac l3  4 RCH2CH2’ 
c u 2 +  

RCH=CH, 

oxidotive elimination 

cu2+ 
RCH2CH2’ - RCH2CH2+ 

i MeC0,H 
oxidotive substitution 

RCH2CH20COMe 

(235)  

There is strong evidence that these reactions proceed by a free-radical chain 
mechani~rn’~’. Thus, the homolytic alkylation of benzene with 120 or 121 decarboxylated 
by LTA in the presence of catalytic amount of pyridine and Cu2+ ions gave, among other 
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acyclic olefins, only the (E)-cyclopropyl isomer (122). The absence of stereospecificity in the 
decarboxylation can be explained on the basis of the mobile configuration of the 
cyclopropyl radical intermediate. 

,COOH 

Ph T7 
(120) 

phvcooH 
(121) 

Benzenoid compounds may also be oxidised by LTA in trifluoro- or  trichloro-acetic 
acid. With electron-rich benzenoids such as polymerhylated benzenes and anisoles, LTA 
yields, in addition to acyloxation and plumbylation260 products, both biaryls and 
diarylmethanes through oxidative dimerization. The proportions of the products vary 
markedly with the aromatic compounds and the conditions of reaction. The factors 
governing the formation of biaryls and diarylmethanes have been investigated by Norman 
and  coworker^^^^-^^^, Wolters and coworkers2", and Sternhell and  coworker^^^^-^^^. 
Benzene, for example, gives phenol in almost 80% yield with LTA in CF,COOH, whereas 
anisole gives mainly the d ime thoxyb ipheny l~~~~ .  Also, anisole gives about 50% of bis(p- 
methoxypheny1)lead bis(trich1oroacetate) (123) in CCl,COOH, which is believed to 
mediate in the formation of dimethoxybiphenyl. This may be achieved in two ways, 
depending on the conditions of reaction. First, i t  can act as a source of p-methoxyphenyl 
cation (124), which can effect substitution in 123 (equation 238a) or  in anisole (equation 
238b). Secondly, it may act as a source of Pb(IV) for the oxidation of anisole (equation 239). 

CF,CO,H 
(p-MeOC6H4)2Pb(OCOCC13)2 ---+ ( p-MeOC,& )Pb(OCOCC13)2(0COCF3) 

(123) 

+ 123 + 2, 4'-ond 3, 4'-dimethoxybiphenyls (238a) 
124 - 

-I- MeOPh 2,4'-, 3,4',ond 4,4'-dimethoxybiphenyls (238b) 

Me0 

I 

In addition, the inethoxyphenyl cation can also account for the formation of dimetho- 
xyphenylmethancs in the presence of adventitious water found in the trihaloacctic acid 
(reactions 240 and 241). 
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MeOPh + (p-MeOC6H4)+ - PhOCH2+ + MeOPh (240) 

- H+ - PhOH 2MeOPh 
PhOCH2+ + H 2 0  - PhOCH20H - CH20 - (P-MeOC6H4)2CH2 - H,O 

On the other hand, the oxidation of methyl-substituted benzenes by LTA in 
CF,COOH, which yields mainly biaryls and diarylmethanes, has been proposed to 
proceed via the formation of an aromatic radical cation as in reaction 242264. The radical 
cation can react with another benzenoid molecule to yield an intermediate which carries 
an unpaired electron on one ring and a positive charge on the other (equation 243). This 

- e  
ArMe - ArCH3+* (242) 

ArCH3+* + A r ' H  - C H 3 A r + - & ' H  f CH3&-ArfH (243) 

finally leads to the formation of biaryls. Alternatively, the radical cation may undergo 
further oxidation to form a bcnzylic cation fro171 which diarylmethanes are derived 
(reactions 244-246). 

- e  - HC 
ArCH3+* ArCH;' - ArCH2+ (244) 

ArCH3 ___* A r C H g  - ArCH2+ (245) 
or +. - H +  - e  

- H t  
ArCH2+ + Ar'H __* ArCH2Ar' (246) 

Another interesting use of the LTA/CF,COOH oxidant solution is in the alkylation 
and arylation of fused ring systems such as ada~i ian tane~ '~ .  The mechanisni of reaction 
247, however, has not been clarified. 

(247) 
LTA / C F ~  COOH 

reagent 

Reagent Product 
anisolejH + 

phenoljH + 

MeCOCH2C02Et/Hi  R = -CCH(COMe)CO,Et 87'x 

R = p-anisyl, 84% 
R = p-hydroxyphenyl. 8 I 74; 

ArPb(OCOR)3 + rnesitylene CF3C02H R T  Ar--@ + Arp (248) 

(0.2 rnrnol) (1.0 rnrnol) Ar 

R = M e ,  CF3 
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Aiyllead tricarboxylate has also been used directly as an arylating agent in trihaloacetic 
a ~ i d s ~ ~ ~ - ~ " .  Aromatics which are more reactive than toluene generally give good yields of 
unsymmetrical biaryls, for example equation 248. It has been observed that arylleadtri- 
acetates bearing electron-releasing or electron-withdrawing groups react with electron-rich 
mesitylene to give more than 70% yields of biaryls. Benzene and toluene, on the other 
hand, give relatively lower yields (<  10%) of unsymmetricals biaryls with ArPb(OAc),. 
The yield, however, may be considerably increased by using AlCl,, Al(OCOCF,),, or 
Al(OCOC,F,), in place of CF,COOH. The reaction products generally exhibit high 
stereospecificity, which is consistent with products being formed via an electrophilic 
substitution mechanism2Go (equations 249 and 250) and not via a free radical pathway. 

CF,CO,H 
ArPb(OCOCF3)3 -----+ ArPb+(OCOCF3)2 Ar+ + Pb(OCOCF3)2 (249) 

exAr A r t  + PhX ___) 

Further, i t  has been observed that the rate of arylation of polymethylbenzenes with p -  
FC,H,Pb(OCOMe), increases in the order p-xylene < hemimellitene, mesitylene 
< durene, which is also the order of increasing n-donor ability. This result strongly 
suggests that the rate-determining step in the mechanism involves the formation of a n- 

slow 

+ Pb(OCOCF3)2 
+ PhX 

[ArPb(OCOF3)2] e. 
i 

ArPb(OCOCF3)2 

X X 

complex (125) rather than a a-complex. This mechanism is also consistent with the 
observation that virtually no biaryl product has been obtained with electron-poor 
aromatics such as nitrobenzene and halogen-substituted phenols. 

Phenol gives a low yield of biphenyl-2-01 ( I  l'x) with phenyllead triacetate in 
CHC12COOH263 and, unlike similar arylations of other monosubstituted benzenes, gives 
no p-substituted product. Methylated phenols, however, have been shown to give 126 and 
127 in a total yield of 60% with p-McOC,H,Pb(OAc), in acetic acid (equation 253). The 

2,4, 6-Me3C6H20H + __* o ( p - M e o c 6 H 4 )  + 0 (253) 

p- MeOC6 H, Pb (OAcl3 

( p-MeOC6H4) 

(126) (127) 

rate of arylation of phenols seems to depend on both the number and positions of the 
methyl substituents; hence high yields have been obtained for ortho-substituted phenols. 
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Bulky substituents at the ortho- and para-positions of phenol inhibit the rate of arylation. 
Whereas 2,4,6-tri-tert-butylphenol does not yield C-arylated products, 2,6-di-tert-butyl- 
4-methylphenol reacts very slowly to give a 4-aryldienone (equation 254). Increased acidic 

OH 

p-MeOC6H4Pb(OAc)3 + 0 (254) 

( p-MeOC6H4) 

30 O/o 

reaction conditions obtained e.g. by replacing CH,COOH with CF,COOH reduced the 
yield, whereas neutral solvents such as CHCI, and CH,Cl, improved the yields. Addition 
of pyridine to the reaction system has been observed to catalyse the arylation reaction 
presumably by complexing with the p-MeOC,H,Pb(OAc), . 

Similarly, the reaction of P-diketones such as acetylacetone gives, with a 1 :2 ratio of 
diketone to ArPb(OAc),, the monoarylated compounds as the major products (equation 
255)’69. Cyclic diketones such as dimedone, on the other hand, give diarylated products 
(equation 255a). Similar conditions have also been employed to prepare the anti- 
inflammatory drug, naproxen, from 6-methoxy-2-naphthyllead t r i a~e ta t e ’~~‘  (equation 
256). 

CHCI, 

PY 
MeCOCH2COMe + RPb(OAc)3 - MeCOCHRCOMe + MeCOCR2COMe (255) 

R = p-MeOC6H4 : 

R = MeC6H, 

4 4 o/o 2.4 o/o 

3 2 O/o 17 ‘/o 

CHCI, 

PY 
+ .ArPb(OAc)3 - (255a) 

Ar = p-MeOC6H4 : 76% 

Ar = p-MeC6H4 : 82% 

o* CHC13/py 

40 OC 
M e 0  m p b ( 0 A c ) 3  + Me0  

1 .  OH- I 
78 

(256) 
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Ketones, on conversion to /I-ketoesters (128) and subsequent reaction with aryllead 
triacetate, give a-arylated ketones in good yields2"' (equation 256a). 

No ti 
R'COCH,R2 + O=C(OMe), - R1COCH(R2)C02Me 

(128) 

ArPb(0Ac l3 NoCl 

CHCI, , PY dmso 
R'COC(R2) (Ar)CO,Me - R1COCH(R2)Ar 

40 OC, 1-48 h 

(256a) 

D. Catalytic Reactions 

The rapid development of organometallic chemistry owes a great deal to the industrial 
application of organometallics as synthetic intermediates such as thcse in the Wacker 
process, hydroformylation, and the Ziegler-Natta polymerization of olefins. Although 
organo-tin and -lead compounds are relative 'newcomers' in catalytic processes and as yet 
commercially unexploited, they have nevertheless received much interest in the last 
decade. The potential of these compounds as ini!iators and co-catalysts in Ziegler-type 
polymerizations and metathesis is well documented in the patent literature. A compre- 
hensive review on this subject is outside the scope of this chapter. However, a brief survey 
of some of the more recent investigations in this area is given in this section. 

1. Ziegler-type polymerization 

When used with transition metal compounds, organo-tins and -leads may generate 
complex coordinated catalyst structures or active intermediates. Thus, the organo-tin or 
-lead may function as a substitute for the aluminium alkyl in a Ziegler-type catalyst and 
produce alkylated transition metal atoms of lower valence which subsequently become the 
active sites for olefin polymerization. The reactions bctween organotins and TiCI,, for 
example, have provided evidence for the formation of organotitanium c o m p o ~ n d s " ~  and 
for the presence of Ti-H bonds273. 
A particular advantage with catalyst compositions consisting of R,M (K = Et, Pr, Bu, 

Ph; M = Sn, Pb) and a transition metal halide or hydroxide is that an aqueous medium 
may be Typically, the components may be mixed in a I : 1 or 4: 1 ratio and 
constitute 0.1-2% by weight in the aqueous medium. A wide range of temperatures (20- 
150OC) and pressures (10-25atm) may be used, the best results being obtained on 
exclusion of air and with efficient stirring. 

Ternary catalyst systems are also commonly used, consisting of a mixture of transition 
metal compound, aluminium halide, and an  organo-tin or -lead compound; variations 
often lead to specific properties of the polymer products. The polymerization of ethylene, 
for cxample, can bc effected by catalysts such as [Co(a~ac)~]/AlCl,/R,Sn~~~. 
VCl,/EtAlC12/Ph,Sn276, and VOC13/A1Br,/Ph,Sn277 and also in systems where R,Sn 
may be substituted by organotin 

The function of the tin compound has bccn identificd in such systcms as one of 
alkylating or arylatinf thc aluminium halide"'. In thc case of Et,Pb, the aluminium 
halide component of thc ternary system may be rcplaced by CC1, or a metal such as Mg, 
Al, or Zn2". 

Both two- and three-cornponcnt catalyst systems, in general, have been noted to yield 
highly crystalline, high-melting, tough polymers characteristic of products prepared by 
Ziegler-type catalysts. Itoi and Nishidaz8 1.282 obtained high molecular weight poly- 
ethylene of increased bulk density and softening point from the polymerization of 

or c h r o m a t e ~ ' ~ ~ .  
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ethylene using TiCl,/AlCl, catalyst activated by R2SnH2 or R,SnH ( R  = Et, Pr, Bu, or 
Ph), with heptane as solvent. Catalytic mixtures containing AlCl,/VCl,/Ph,Sn in hexane 
have been reported2’, to polymerize ethylene even at vanadium concentrations as low as 
I ppm. The polyethylene obtained is linear, possesses a narrow range of molecular weight 
distribution and contains less than one unsaturated group for every 10 000 carbon atoms. 

Increased catalytic activity and improved yields of the products have been engendered 
in several cases by the additicn of organo-tin and -lead compounds. Thus, the yield of 
polypropylene was increased from 0.9 to 2 1.6% on treating the catalyst Cr,O,/SiO,/CO 
with Et,Sn2’,. Likewise, poly(viny1 fluoride) has been prepared at relatively low 
:emperatures (ca. 20 “C) and pressures when the catalyst containing AgNO, (or acetate) 
was activated with Et4Pb2”. I t  is interesting that alkyltins formed bi situ from 
dialkylmagnesium and tin halides have been found to increase productivity of poly- 
olefins286. Further, the polyolefins obtained have been shown to be less soluble in 
heptane. The catalyst Mg/ti-C,H ,Cl/TiCl, activated with an organoaluminium com- 
pound gave 182Og of po!ypropylene per gram of catalyst per hour, whereas the same 
catalyst previously milled with SnCl, gave an improved yield of 31 logzs7. 

The polymerization of lactones to form polyesters is also facilitated by the use of an 
organo-tin and -lead compound as a component catalyst. R,Sn, R,SnX,, R,SnO, or  an 
organic salt of lead (salicylate, benzoate) are particularly important catalysts because of 
their ability to  promote the formation of virtually colourless polyesters and in a very short 
reaction time, in certain cases from weeks to a few hours2”. This method is also useful for 
copolymerizing lactones with vinyl polymers to yield polymers represented by for- 
mula129. Other copolymerizations using organotin compounds include those between 

ethylene and styrene2’*, buta- I ,3-diene2”, and isoprene2”. Polypropylene, for example, 
has been graft polymerized to butyl methacrylate or methacrylic acid in the presence of 
dibenzyltin oxide29 ’ and polyethylene has been modified with divinylbenzene using tert- 
butyltin oxide as catalyst. This is useful because modified polyolefins have improved 
impact strength and tensile strength. It has also been noted that these graft polymeri- 
zations do  not occur in the absence of tetravalcnt organotin compounds. 

2. OIefin metathesis’ 

There has been much controversy as to whether olefin metathesis reactions proceed via 
a pairwise or non-pairwise mechanism, and it is now generally accepted that the latter is 
the more probable mechanism292. This non-pairwise mechanism involves the formation of 
a carbene-metal species (130), which then interacts with the olefin to form a 
metallocyclobutane intermediate, 131, as depicted in Scheme 38293. 

Tetraalkyltin compounds appear to be instrumental in the initiation step leading to the 
formation of the carbenoid species294. Grubbs and H ~ p p i n ~ ~ ’  investigated the metatliesis 
reaction of deca-2,8-diene (132) using Me,Sn/WCl, as catalyst and found that the intial 
product was propene followed by the usual metathesis reaction products (equation 257). 
The use of (CD,),Sn yielded perdeuteriated methane and ethylene, which was explained 
by the authors in terms of the formation of a carbenoid species, as shown in equation 258. 
Careful deuterium labelling studies using [ I , ] ,  1,10,1U, I O-d6]deca-2,8-diene led them 

t For a rccent review see J. C .  Mol, J .  Mol. Coral., 15, 35 (1982) 
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R 'CH= CHR' 
M L n  + RCH=CHR ---b LM=CHR LM-.CHR 

I ,  

RCH=CHR' + LM=CHR' 

SCHEME 38 

CH,=CHMe + MeCH=CHMe + cyclohexene (257) 
W-catalyst 

(132) 

WCI6 + (CD3)4Sn [CInW=CD2] + CD4 + CD,=CD, + W-catalyst 

further to propose that initiation of the metathesis proceeded via the set of reactions 
indicated in Scheme 39. 

CH,CH=CH [CH,),CH=CHCH3 I * *  
t 

A 
H H  

normal metothesis I 
C7H13 

SCHEME 39 

The stereospecificity of metathesis products is dependent on several factors, such as the 
nature ofligands attached to the transition metal catalyst [as in-W(CO)s, WF,, etc.], steric 
influences of the reacting olefins, and in some cases the polarity of the solvent system. 
Basset et noted that diverse catalyst systems did,not bear any correlation with the 
stereospecificity of the 2- and E-products and as such the ligand composition about the 
transition metal was not significant. On the other hand, D a l l ' A ~ t a ~ ~ '  found that the 
reaction of (Z)-pent-2-eiie led selectively to the formation of E-olefinic products on 
modifying the ligands on the transition metal catalyst. Yet (Z)-pent-2-ene afforded butenes 
and hexenes having 95% %-structure when [(CO),W==CPh,] catalyst was used298. It 
therefore appears that, whereas stereospecificity is dependent on steric factors, the specific 



86 V. G. Kumar Das and Chit-Kay Chu 

catalyst effects cannot be ignored. Solvent influences on polymer configuration have also 
been observed. Thus, Masuda et aLZg9 and Hasegawa300 in their studies on the 
polymerization of phenylpropync have noted that a decrease in solvent polarity leads to an 
increase in polymer having 2 content. The same has also been observed upon replacing 
WCl, with M O C ~ , ~ ~ ~ ;  attempts to polymerize phenylpropyne in the presence of MoCI, or 
WCl, without organotin compounds failed. 

Organotin compounds are important co-catalysts in self-metathesis reactions (equa- 
tions 259 and 260), and also in cross-metathesis reactions (equation 26 l )  of olefins. 

R1 R2 

L (259) L L  
R2 

+ c  L 
Rl 

7 
R l  

7 -  
R 2  

WCI, /R,Sn 
CH2=CH(CH2),Y - Y(CH2), CH=CH(CH2),Y 

(major product) 

WCI, /Ph, Sn yJ2 

1-octene f Z-oct-2-ene - non-2-ene + 6-tridecene + Ftet rodecene 
PhCl 

(or E )  (mojor product 1 (26 1 ) 

A number of ~ ~ r k e r ~ ~ ~ ~ - ~ ~ ~  ha ve reported the use of WCl,/iMe,Sn homogeneous 
catalyst for cross-metathesis reactions of aliphatic unsaturated acids, esters, and polymers. 
Thus, methyl oleate reacts with hex-3-ene at 70 "C to give equal amounts of octadec-9-ene 
and dimethyl ester (equation 262). 

(262) 
Me(CH2),CH=CH (CH2),C02Me Me (CH2)7CH=CH (CH2)7Me + 

~ I I ~ O ~ C ( C H ~ ) ~ C H = C H  (CH2 ),C02Me 

It has been noted that the catalyst WCl,/Me,Sn is unique in the homo-metathesis of 
fatty acid esters in that similar systems using other tetraalkyltins are inactive303. The co- 
metathesis of cyclcocta-l,5-diene with dihydromuconic methyl ester using this catalyst 
gave an a,o-dimethylcarboxylate-polybuta- I ,4-dicne-like polyenc (equation 263)307. The 

PhCl 

60 OC 
CBH,2 + Me02CCH2CH=CHCH2C02Me - Me02CCH2CH+CHCH2CH2CH+n - 1  CHCH2C02Me 

(263) 

observed distribution of the lower metathesis product does not correspond to the 
statistical one evaluated by considering dihydromuconic methyl ester as a transfer site and 
cyclooctadiene as two propagation sites. Hence the formation of the trienic molecule 
(n = 3) is much more favoured than that of the dienic molecule (n = 2) and also the 
metathesis involves preferentially the double bonds in the neighbourhood of the ester 
group. 

The effects of substitQents on the olefins undergoing metathesis have been investigated 
for both homogeneous and heterogeneous catalyst  system^^^^-^ lo.  The catalyst 
WCI,/Me,Sn (Sn/W = 2), which gives the best results for cross-metathesis of hex-2-ene 
with methyl oleate, has featured strongly in such  investigation^^^^. It has been observed 
that electron-withdrawing substituents close to the olefinic double bond inhibit metathesis 
cleavage of the W=C bond. Hence no cross-metathesis products have been observed for 
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hex-2-enc and RCH=CH(CH,),CO,R' when 11 = 03". The same has been observed for 
the corresponding halides RCH=CH(CH,),X, while this inhibition effect becomes even 
more pronounced in the cyano compound RCH=CH(CH,),CN, where no metathesis 
product has been observed for ti <4312. 

Ring-opening polymerization of cyclopentene to yield a p ~ l y p e n t e n a m e r ~ ' ~  as product 
can also be promoted by organotin compounds at the initiating step, which requires the 
disproportionation of the transition metal-alkyl complex314 (equation 264). The ring- 

opening stcp is well demonstraied by the metathesis of partially fluorinated 
bicyclo[2.2.l]hept-2-encs and bycycloC2.2. I]hepta-2,5-dienes in the presencc of 
Ph,Sn/WCI, catalyst (Sn/W = 2)315. 

L 

Cyclic olefins such as cyclopentencs and cyclooctenes can react with acyclic olefins in 
the presence of Bu,Sn or Bu,Pb co-catalyst to give tclomers of the cyclic olefins containing 
terminal groups of the acyclic 01cfins '~~ (equation 267). The acyclic olefins act as chain 

c\ 

C l  
* I1 ( c H ~ ) ~  + RCH=CHR --+ RCH+CH(CH~),CH*CHR (267) 

scission agents in cycloolefin polymerization and hence are used as molecular weight 
regulators. But-I-ene, for example, has been used as a regulator in the formation of 
polypentenamer rubber which contains 92% Z-double bonds3 1 6 .  

A naturally occurring lactone, ambrettolide (133), has been found to undergo ring- 
opening metathesis with WC1 /Me,% as catalyst (Sn/W = 5 )  to give a high molecular 
weight, unsaturated polyester3617 (equation 268). Equations 268 and 269 represent a new 

WCI6/Me,Sn 
133 + cyclooct-I, 5-diene A 

90 OC 

CH(CH2)2CH=CH(CH2)2CH=CH(CH2)5C02CH2(cH2)7CH* 

(135 1 
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synthetic route for the production of industrially useful linear vulcanizable polyester 
rubber, 135. In addition, thc laclone 133 may bc inserted into a polyalkcne such as ( Z ) -  
polybuta- I ,Cdienc to yield polyester-modified polyalkenylcnes (equation 270). 

L 133 + R/le(CHz)2CH=CH (CH2)*Me - Me (CH 2)2CH=CH (CHz)5C02( C H 2 ) ~ C H =  
(270) 

CH(CH&Me 

Some novel metathesis reactions using iMe,Sn/WCI, as catalyst have also been reported 
for the synthesis of relatively high molecular weight polyalkylcnes containing pendant 
ester groups (equations 27 I -273)318. The molecular weight and percentage conversion 
appear to increase wjith increasing strain in the monomer, and i t  is noteworthy that these 
ring-opening polymerization reactions leave the cyclopropane ring intact. 

C02Et 
I 

CH (CH2)2CH=CH 
/""\ 

COZEt 4 (CH2)2CH 

79.7% (Mol. wt. 20000) 
€ 

CO*Et 
I 
I 

/ CH\ 
COZEt + (CH2)2CH=CH (CH2I2CH c 

l!-J 
35.4% (Mol.  W t .  5000) 

C02Et 
I 

99% (Mol. W t .  45000) 

In noncatalytic roles, organotin compounds are also known to improve the processing 
characteristics of the polymer such as in organolithium-catalysed  polymerization^^'^. A 
new role for the tin atom has recently been devised by Schumann er in catalysts of 
the type [(CO),Ni(PBur,SnC1Me,)], which readily cyclotrimerize alkynes into benzene 
derivatives in high yield. The organotinphosphino ligand with sodium trimethylsilanolate 
gives dimethyl(trimethylsiloxy)(di-re~r-butylphosphino)tin, which is the first model sub- 
stance for an organotin phosphine fixed on the surface of aerosol. 

3. Other 

Examples of non-polymerization reactions where organo-tin and -1ead compounds are 
used catalytically to promote C-C bond formation are sparse. The application of 
organotin alkoxides in catalysing the addition reactions of active methylcne compounds 
to acrylonitrile and isocyanates has already bcen mentioned (Section V1.C). A further 
example appears in the lead tetraalkyl-catalysed condensation of unsaturated organic 
compounds of formula R,C=CHX with alkylaromatic hydrocarbons, ArCR,H, contain- 
ing at least one hydrogen atom directly bonded to the cc-carbon (reaction 274)32J. The 
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ArCHR’ R2  + XCH=CR3R4 --+D ArCR’R2CR3R4CH2X or ArCR’R2CHXCHR3R4 (274) 

reactants and catalyst (preferably supported on charcoal or granular silica or  alumina) are 
contacted in an autoclave and reasonable yields of the products may be obtained by 
operating at temperatures in the range 50-400 “C and pressures of 1-200atm. Equations 
275 and 276 illustrate the scope of such side-chain alkylation rcactions. A free-radical 

p-R-C6HqCMe2H + C+=CHCN W p-R-C6H4CMe2(CH2),CN (275) 

R = C 9  or CI2 group 

RCHMe2 + CH2=CHN02 * RC(MeI2CH2CH2NO2 (276) 

pathway initiated by alkyl radicals from R,Pb has been implicated for thc above reactions, 
and also for thc following cyclization reaction, which proceeds only in the prescnce of 
Et,Pb3”. 

0.15 mol O h  E1,Pb 
C H S C H  + PhNH2 

400 OC 

I 
H 
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1. INTRODUCTION 

Organo-zinc, -cadmium, and -mercury reagents are among the oldest organometallics 
known ( 1  849-53); they were the first synthetically useful organometallic compounds, but 
were almost entirely superseded by  the more conveniently prepared and versatile 
organo-magnesium and lithium reagents. However, many recent developments have 
demonstrated their new utility in organic synthesis: 
1 .  their saturated and phenylic derivatives, being generally much less reactive than 

organo-magnesium and -lithium compounds, are more selective and react with fewer 
reactive functional groups, ignoring many other important functional groups present 
in the same molecule; 

2. on the other hand, allylic, benzylic, propargylic, and related organometallic reagents 
recently prepared from these metals show high reactivity towards carbonyl and other 
unsaturated compounds; 

3. in addition, these organometallics are able to enter into peculiar reactions which are 
not undergone by organo-magnesium and -lithium compounds. 

This chapter is divided into three parts, dealing with the main results obtained recently 
with zinc, cadmium and mercury organometallics. 

II. REACTIONS OF ZINC ORGANOMETALLICS 

Several general 
published on this subject. 

covering the literature up to and including 1972 have been 

A. Addition Reactions 

We shall consider successively: 
1.  reactions of allylic and benzylic organozinc compounds; 
2. reactions of propargylic and allenic organozinc compounds; 
3. reactions of saturated and miscellaneous organozinc compounds. 

1. Reactions of allylic and benzylic organozinc compounds 

a. Carbonyl derivatives and epoxides 

Organozinc compounds prepared from allyl, 1 -methylallyl, benzyl, crotyl, and cinnamyl 
bromide react readily with aldehydes, ketones. esters, acid anhydrides, and carbon 
dioxide4w5 ; organozinc derivatives of y-ethylallyl, y-vinylallyl, and y-ethynylallyl bromide 
react with ketones, ethyl formate, N, N-dimethylformamide and carbon d i ~ x i d e ~ - ~ .  An 
allylic rearrangement is generally observed (reaction I ) .  Other examples of the reactions of 

R'CH=CHCH2ZnX + R2COR3 + CH2=CHCH(R')C(OH) R2R3 ( 1 )  

allylic organoziiic bromides or diallylzinc with carbonyl compounds have been re- 
ported 1-3.5.8-1 7 and the stereochemistry of addition has received a t t e n t i ~ n ' ~ ;  1,4- 
addition to alkylidene malonates18-20 and alkylidene cyanoacetates' has been observed. 

In the reaction of allylic organozinc reagents with carbonyl derivatives, it is possible to 
observe isomerization of the branched product 1 to the thermodynamically more stable 
linear product 2 (reaction 2). The ratio of linear to branched-chain alcohol increases with 
increasing reaction time and depends principally on the steric strain within the carbonyl 

(2) 
R2R3C(OZnBr)CHR'CH=CH2 ----o R2R3C(OZnBr)CH2CH=CHR 1 

1 2 
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derivative. These results have been interpreted in terms of reversible condensation"-23; 
this rcversibility has bccn observed in numerous cases of allylic organozinc reagents in 
their reactions with aldehydes, ketones' 

Unlike their saturated analogues, allylic organozinc compounds are sufficiently 
nucleophilic to open the epoxide ring (reactions 3 and 4)5.31-34. The stereochemistry of the 
reaction of diallylzinc with 1 -phenyl- I ,2-epoxypropane has been studied3'. 

(R1CH=CHCH2)2Zn + CH3-CH- CH2 - * CH~CHOHCH~CHR'CH=CH~ ( 3 )  

- 2 9  , and esters". 

\.o /" 

(R'CH=CHCH2)2Zn + Ph-CH- CH2 d PhCH(CH20H)CHR'CH=CH2 (4) 
' \o/ 

b. C= N derivatives and nitules 

Allylic organozinc compounds react readily with a wide variety of imines (reaction 
5)5.3"37 . In many cases, i t  has been shown that this reaction is reversible and  leads to 
thermodynamically inore stable secondary linear amines with longer reaction time 
(reaction 6)38-40. Allylic organozinc reagcnts also react with many C - N  dcrivativcs such 

R1CH=CHCH2ZnBr + R2R3C=NR4 - R4NHCR2R3CHR1CH=CH2 (5) 

R2R3C [ N ( Z n  Br) R4]CHR'CH=CH2 R2R3C [ N(Zn8r )  R4 ] CH2CH=CHR' ( 6 )  

as i n i i n ~ e t h e r s ~ ' - ~ ~ .  amidines", i n i i n o ~ a r b o n a t e s ~ ~ ~ ~ ' .  carbodiiniidesa6, and 0- 
alkyloximes (reactions 7-9)36.47. Apparently. they d o  not react with i s ~ u r e a s " ~ .  gua- 

2RICH=CHCH2ZnBr f PhN=CHOC2H5 d PhNHCH(CHR1CH=CH2)2 (7) 

2RlCH=CHCH2ZnBr + PhN=C(OC2H5)2 ---+ PhNHCH(CHR1CH=CH2)3 (8) 

(9)  

nidines", or O-alkylbenzohydrosima~ess". With nitriles, allylic organozinc compounds 
lead to ii mixture of /I- and r-cthylenic kctoncs (reaction 10)". A rcaction is also obscrvcd 
with aryl isonitriles (reaction I 

* R~N=C(NHR')CR 1 = C H C H ~  
R,CH=CHCH2ZnBr + RZN=C=NR2 - 

F?'CtH=CHCH2ZnBr 4- R 2 C G  N __P R2COCHR'CH=CH2 + R2COCR1=CHCH3 ( 10) 

3 CH2=CHCH2ZnBr + C6H5N=C: C6H5NHC(CH2CH=CH2)3 ( 1  1)  

30 " lo  

c. lsolated olefinic double bonds 

Allylic organozinc reagents undergo addition reactions across isolated olefinic double 
bonds of various ethylenic alcohols'~'". ~ t h c r s ' ~ ' ~ .  and amines (reactions I2 and 
I ~),41.4S.JO.S0-53 . These reactions are often regioselecti\-e, but sometimes both terminal 

CH2=CHCH2ZnBr + CH2=CHCH20H - CH3CH(CH2CH=CH2)CH20H (17) 

2 3 O/o 
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C2H5CH=CHCH2ZnBr + CH2=CHCH2CH2N(C2H5I2 d 

103 

(13) 

and non-terminal addition reactions occur (reaction I 4)50-52. Also, allylic organozinc 
compounds add on either end of the ethylenic bond of 2-vinylpyridine to give a mixture of 
two isomeric 2 -a lky lpyr id ine~~~ .  

CH2=CHCH2ZnBr + CH2=CH(CH2),NR'R2 + 
[ CHz=CHCH2CH2CH,(CH2),NR1R2 

1 C H ~ C H ( C H ~ C H = C H ~ )  (CH,LNR'R~ 

(14) 

By means of the same processes of addition, dimerization of allylic organozinc 
derivatives has been observed (reaction 1 5)55.5".  Under more drastic conditions, allylic 
organozinc reagents add to the double bond of alkenes such :is ethylene or styrene 

C H  -CHCH2ZnBr 

B r Z y ?  >- /CH2 __P [ BrZnCH2CH(CH2ZnBr)CH2CH=CH2] + 2 RICH0 

CH2-CH 

+ R~CH,OH + CH,=C(CH,CH=CH,)CH,CHOHR' (15) 

(reaction I 0)57-5y, and the regioselectivity of the addition of bis(2-nietha1lyl)zinc to pmo- 
and I ~ ~ N - W  bst i t u ted s tyrenes has been investigated '". 

d. lsolated acetylemc lriple bonds 

Allylic organozinc compounds are able to add to a wide variety of alkynes. Other 
organometallic reagents of the same type (lithium, magnesium, boron, aluminium, or 
copper) react with difficulty or d o  not react at all with alkynes; thus, organozinc 
derivatives must be considered as complementary to the other organometallic reagents in 
their addition reactions". 

( i )  Arlrlitiori ro tioii-fiiiictiorialized alkqvzcs 
Allylic organozinc derivatives react with acetylene and  monosubstituted alkynes in 

tetrahydrofuran (reaction I 7)5.52.62-". Under certain experimental  condition^^'.^^."^, 
the reaction may proceed further by addition of another equivalent of the allylic 
organozinc derivative, to lead after hydrolysis to compounds such as 
CH3C(R')(CHR1CH=CI-I,),. Thc  regiochemistry of the addition is always of the 
Markovnikoff type, whatever the R 2  group of the alkyne. The  addition of allylic 
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R,CH=CHCH2ZnBr + HC=CR2 B r Z n C S C R  2 

R,CH=CHCH,ZnBr H O  - (BrZn)2C=CR2CHR1CH=CH2 i! H,C=CR2CHR1CH=CH2 ( 1  7) 

R1 = H, alkyl , phenyl , vinyl j R2 = H, alkyl , phenyl 

organozinc halides to alkynes is a reversible p r o c ~ s s ~ ~ * ~ ~ .  When the allylic organozinc 
is substituted, allylic rearrangement occurs widely and often exclusively but, since the 
addition is reversible, the amount of the minor linear isomer, thermodynamically more 
stable than the branched isomer, can be increased by longer reaction times (reaction 18). 

R1CH=CHCH2ZnBr + HC=CR2 __C (BrZn)2C=CR2CR1CH=CH2 + 
(B~Z~)~C=CR~CH,CH=CHR~ (18) 

Disubstituted non-functionalized alkynes d o  not react with allylic organozinc de- 
rivatives61.6'; however, one example of intramolecular cyclisation has been observed 
(reaction I 9)67. 

1. Z n / t h f ,  24 h, 65 OC - 
(19) 

CH=CH2 
H3CCGC(CH2)3CH=CHCH2Br - 

2 . ~ ~ 0  

P\ 
CH3 H 

50% 

(ii) Additioii to furictiotinlizerl alkytirs 

Allylic organozinc halides react with a wide variety of functionalized alkynes such as 

and a c e t a l ~ ~ ~  and the reaction generally affords the Markovnikoff-type regioisomer 
(reaction 20). Bis-addition is observed under certain conditions. With propargyl 

3 CH3CH=CHCH2ZnBr i- H C E C C H 2 0 H  A CH2=C[CH(CH3)CH=CH2]CH20H 

propargylic alCoh0ls5,52.62~64~66,68 halidCs64.69-7 1, ethCrs64,fi66.68.69 amines5.53.64.66.72 
9 9 

3 h , 2 O o C  

93 o/o 

(20) 

CH2CH=CH2 (21) 

CH2CH=CH 

3 h ,  20 OC 
3 CH2=CHCH2ZnBr + HCSCCH2Br  

br~t i i ide"~ '~  and propargyl I .  the bis-addition products lead to cyclopropancs 
by 1,3-elimination (reaction 2 I). Allylic organozincs also add to the allenic bond of 01- or p- 
aIIenic amincs (rcaction 22)5.53.73. 
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R1CH=CHCH2ZnBr + CH2=C=C(CH3)CHR2NR3R4 --+ 
105 

CH2=CHCHR'CH2CH=C (CH,)CHR2NR3R4 ( 22) 

R2 = H, olkyl  , phenyl j R3 , R4 = H , olkyl 40- 72% 

e. Conjugated enynes 

reactions between common organometallic compounds and conjugated enynes. 
A recent review b y  the present author74 summarizes the results obtained in addition 

( i )  Cotljugatecl eriyties wit11 a termitin1 triple boiid 

Allylic organozinc halides add readily to the triple bond of simple 
to produce allylic conjugated dienes; with some enynes and when 

a large excess of organozinc .compound is used, a diallylic alkene resulting from a double 
addition may also be produced (reaction 23). With a substituted allylic organozinc 

CH2=CHCH2ZnBr + HC=CCH=CHBU" + CH2==C(CH2CH=CH2)CH=CHB~" + 

enyneS53.62,6-%.h6.74- 77 

43 o/o 

CH3-C(CH 2CH=CH2)2CH=CH Bun 

22 Q/o ( 2 3 )  

H P  
R'CH=CHCH,ZnBr + HCeCCR2=CR3R4 --+ 

CH2=C(CHR1CH=CH2) CR2= CR3R4 4- CH2= C( CH2CH=CHR1 ) CR2= CR3R4 (24) 

3 4 

compound, the reaction leads to a mixture of two products, 3 and 4 (reaction 24). The ratio 
3:4 varies according to the experimental conditions; this fact can be explained by the 
reversible character of the r e a ~ t i o n ~ ~ . ~ ~ * ~ ~ * ~ ~ . ~ ~ .  Allylic organozinc derivatives add to 
functional conjugated enynes (alcohols, ethers, amines) in the same manner (reaction 
25)75*76*78*79. With an allylic substituted organozinc compound, the reaction proceeds 
with complete allylic rearrangement. 

CH2=CHCH2ZnBr -I- HC=CCH=CHCH20H ---P Cti2=C(CH2CH=CH2)CH=CHCH20H + 
6 3 O/o 

CH,C(CH2CH=CH,),CH=CHCH2OH 

1 4 O/o (25)  

According to the experimental conditions, the reaction with an cnynic bromide7' leads 
to products resulting from ii mono-addition and ;I substitution (Sx2 and S,2') or forms a 

3 CH2=CH-CH2ZnBr + HC=CCH=CHCH2Br 

CH2=C(CH2CH=CH2)CH=CH(CH2)2CH=CH2 + (26) 

CH2= C(CH2CH=CH2) CH (CH2CH=CH2) CH=CH2 
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vinylcyclopropane resulting from a bis-addition following of an 1,3-elimination (reactions 
26 and 27). 

I iH2CH=CH2 
3 CH2=CHCH2ZnEr + H C s C C H = C H C H 2 E r  + -C-C-CH2CH=CH2 + 

I I  
B r Z h  CH=CH-CH -Br u 2 L A  

\,c(cH~cH=cH~)~ 

FH (27) I 
CH=CH2 

( i i )  Conjugated etiyiies with a i l  iiitertzal triple b o d  

Allylic organozinc compounds d o  not react with conjugated enynes (hydrocarbons, a- 
functional enynes) having an internal triple b ~ n d ~ ' - ~ ~ . ' ~ * " .  With certain a,a'-difunctional 
enynes, an addition to the triple bond has been observed", but this reaction is often not 
regiosclective (rcaction 28). Whcn the group next 10 the double bond is a good leaving 
group [OCH, instead of N(CH,),], addition and substitution occur (reaction 29)". 

HOCH,CECCH=CHCH,N(CH,), + CH2 =CHCH2ZnBr 

HOCH2C=CCH=CHCH20CH3 + CH2=CHCH2ZnBr 

HOCH~C(Z~B~)=C(CH~CH=CHP)CH=CHCH~OCH~ + 

HOCH2CH=C ( C H Z C H = C H ~ ) C H = C H C H ~ O C H ~  

1 5 "10 

HOCH2C(CH2CH=CHZ)=C(ZnEr)CH=CHCH20CH3 

I .  CH,=CHCH,ZnEr 

2. H 2 0  I 
HOCH2C(CH2CH=CH2)= CHCH (CH2CH=CH2)CH=CH2 

20 V O  
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2. Reactions of propargylic and allenic organozinc compounds 

a. Carbonyl derivatives 

Organozinc reagents prcpared from propargylic halides ieadily undergo Grignard-type 
addition reactions with carbonyl and othcr unsaturated corn pound^'-^^^^'-^^ . Organozinc 
compounds prepared from halidcs HCECCHXR ’ mainly havc an allenic structure and 
give with ketones mainly the rearranged P-acetylcnic alcohols (reaction 30)4.82.83-85. I t  is 

R’CH=C=CHZnBr + R2COR3 __B R2R3C(OH)CHR’CGCH 4- R2R3C(OH)CH=C=CHR’ (30) 

currently assumed that the reaction proceeds by means of a six-centred electronic transfer 
(SEi’ process) or  by electrophilic attack of the cdrbonyl carbon on the organozinc 
compound (S,2’ process). The proportion of the allenic isomer increases with 
increasing solvating strength of solvenl and with decreasing electrophilic character of the 
carbonyl carbon atom85,86. 

Organozinc derivatives prepared from halides R’C-CCH2X exist with both allenic 
and acetylenic structures; subsequent reaction with aldehydes and ketones give mixtures 
of a-allenic and P-acetylenic alcohols (reaction 3 1 )4.87. The relative proportions of isomers 

depend on chiefly the structure of the carbonyl compound; bulkiness in the latter favours 
the formation of the P-acetylenic alcohol”. As in the allylic organozinc series, the reaction 
between organozinc derivatives prepared from propargyl bromides and ketones is 
r e ~ e r s i b l c ~ ~ ~ ~ ’ .  These organozinc compounds give only 1,2-addition products with a- 
ethylenic ketones88 or a-acetylenic ketones8. On  the other hand, their reactions with 
alkylidene r n a l o n a t e ~ ~ ~ * ~ ~ ,  alkylidene cyanacetates, and N-disubstituted a-ethylenic 
amidesgO lead to mixtures of acetylenic and allenic products resulting exclusively from 1,4- 
addition of the organozinc reagent. 

b. lmines 

Aldimines react with organozinc compounds with an allenic structure to give a mixture 
of a-allenic and P-acetylenic secondary smines, the latter being the predominant product 
(reaction 32)73.”.91-’3 . Allenylzinc bromide reacts similarly with iminocthers to lead to 
the expcctcd secondary amine (reaction 33)43. With organozinc prepared from bromides 

R’CH=C=CHZn& f R2CH=NR3 4 

R2CH(NHR3)CHR’C= CH + R2CH(NHR3) CH=C= CHR’ (32) 

CH2=C=CHZnBr + PhN=CHOC2H5 4 P h N H C H ( C H 2 C E C H ) 2  (33) 
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R 'C=CCH,Br, the reaction furnishes mixtures of /$acctylenic and a-allenic secondary 
amines, the latter being thc major p r o d u ~ t ' ~ . ~ ~ ;  the pure allenic amines may be obtained 
by fractional distillation 3. 

The stereochemistry of the reaction between allenic organozinc derivatives and Schiffs 
bases of the type PhCH=NR2 has been s t ~ d i e d ~ " * ~ ~ :  the product obtained is always 
predominantly the tlzreo isomer. Revcrsibility of reactions of these organozinc compounds 
with imines has been observedx7. 

c. Isolated acetylenic triple bonds 

Organozincs prepared from propargylic bromides add to the triple bond of simple or 
functionalized a l k y n e ~ ~ ' * ' ~ - ' ~ ,  to produce the Markovnikoff regioisomer (reactions 34 
and 35). In the reaction with propargyl bromide, a second molecule of organozinc 

CH3C=CCH2ZnBr + n - C 6 H l 3 C E C H  - CH2=C(CGH,,)CH2C=CCH, (34) 
1 .  24 h , 30 OC 

2. H,O 

7 0 "/o 

I .  24 h ,  3 0  OC 
CH3C- CCH2ZnBr + HC- CCH20H CH2=C(CH20H)CH2C= CCH3 ( 3 5 )  

2. n20 
63% 

derivative undergoes addition, followcd by an intramolccular displacement of the bromine 
atom, to lead to the cyclopropane 5. 

C ( C H ~ C = C R ' ) ~  c 
5 

3. Reactions of saturated and miscellaneous organozinc compounds 

a. Carbonyl derivatives and epoxides 

Saturated organozinc compounds display little reactivity towards aldehydes and 
generally do not react with ketones and other unsaturated compounds'-3; with a,p- 
unsaturated ketones, they undergo 1,4-addition, without carbonyl addition. However, 
addition of metal halides increases the reaction rate: the yields of carbinols formed in the 
reaction of aldehydes and ketones with (a) pure R,Zn, (b) R,Zn + 2MgX,, and (c) 2RMgX 
+ ZnX, clearly demonstrate the activing effect of metal halides on the reactivity of 
organozinc compounds9x. The stereochemistry of the attack of4-terf-butylcyclohexanonc 
by saturated organozinc derivatives has been studied99- ' ' I .  

Normal dialkylzincs do not react with cpoxides. However, thc i i i  siru reagents 
2RMgX + ZnX,  readily give secondary alcohols without primary alcohols (reaction 

PhCH - CH, 
+ 2 R'McJX + ZnX2 PhCH2CHOHR1 (36) 

'0' 

36)''' Sincc dialkylmagnesium allords cxclusively the primary alcohol 
PhCHK'CH,OH, i t  was assunied'that the reaction actually took place with phenylacetal- 
dehyde formed by MgX,-catalysed isomerization of styrene oxide rather than with styrene 
oxide itself. Even without metal halides, dialkylzinc compounds will react with epoxides to 
give ring opening in diniethyl ~ u l p h o x i d e ' ~ ~ .  
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Organozincs prepared from a-allenic bromides react as dialkylzinc. These organometal- 
Iics correspond to a mixture ofallenic and dienic structures (reaction 37)'04*105 . They react 
readily with aldehydes to lead principally to P-allenic secondary alcohols (reaction 38)' 0 5 .  

On the other hand, they show 40-50%, low reactivity towards ketones and do not react 
with esters. 

2 R'CH=C=CR CH2Br + R1CH=C=CR2CH2ZnEr + RICH=C(ZnBr)CR =CH2 (37) 
2 Zn 

RICH=C=CR2CH2ZnEr -I- R'CHO R'CH=C=CR2CH2CHOHR3 (38) 

40-95% 

b. lrnines 

Normal dialkylzinc compounds are relatively unreactive towards imines. However, the 
reagent formed in situ from 2R'MgX + ZnX, readily adds across the C=N bond to afford 
the expected amines 08. 

1 MgBr2 

R I 2 Z n  + R2CH=NR3 ____P R1R2CHNHR3 (39) 
2 H,O 

55-63 O/o 

R 2  , R 3  = aryl 

c. Terminal alkynes 6 " ' 0 8 " ' o  

Di-tert-butylziiic is able to add to the triple bond of terminal alkynes to pioduce cjiily 
the mono-addition compound and, as i t  is a bulky reagent, only the anti-Markovnikoff 
regioisomer is o b ~ e r v e d ' ~ ~ ~ '  lo.  When the reaction is carried out in refluxing diethyl ether, 
an nmi-addition is observed l o g ,  giving the sterically crowded (Z)-alkene (reaction 40). The 

(40) 
48 h ,  35 OC 

Buf22.n + HC-CPh - (Z)-EufCH=CHPh 

70% 

same reaction, performed in a higher boiling solvent (tetrahydrofuran instead of diethyl 
ether) affords, however, a mixture of Z- and E-stereoisomers, probably by isomerization of 
the Z-isomer'". 

Di-tert-butylzinc reacts in refluxing tetrahydrofuran with propargylic or homopropar- 
gylic alcohols, ethers, and amines to produce always the anti-Markovnikoff regioisomer. 
Both Z -  and E-stereoisomers are formed in variable ratios, depending on the heteroatom 
(reaction 41). 

24 h ~ 65 OC 
eut2zn + HC==C(CH2),X - (z)-E~~cH=cH(cH~),,x + (E)-ELI'CH=CH(CH~),,X 

n = 1, 2 j X OH , OC4H9, tetrahydropyranyloxy , NHC2H5, N(C2H5l2 (41) 
20-65% 

d. Conlngated enynes 6"'09 "' 
Simple and functionalizcd conjugated terminal enynes easily react with di-tert- 

butylzinc in the same manner as with alkynes. In refluxing diethyl ether, only the anti- 
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addition product is obtained (reaction 42)'09. This reaction constitutes a regio- and stereo- 
selective method for preparing conjugated dienes. In refluxing tetrahydrofuran' '', the 
reaction is regioselective but not stereoselective: the formation of four stereoisomers, Z E ,  
E Z ,  ZZ and EE,  (or of two or three isomers only) is observed. This result can be explained 
by an allylic rearrangement of the intermediate organozinc compound. 

(42) 
24 h , 35 OC 

But2& + HC=CCH=CHCH2Y (Z)-ButCH=CHCH=CHCH2Y 

40-55% 

Y = alkyl , OH, OC4H9, NHC2H5, N(C2H5)2 

HCECCH=CHCH2Y + But2Zn 

E 

B~'C=C-CH=CHCH~Y t CH=C=CH-CHCH~Y 

kJ t l  
Zn - 

I I' 
H Zn- 

L H2O - BU'CH=CCH=CHCH,Y --+ B~'CH=CHCH=CHCH~Y 

EZ, ZE, EE and/or ZZ 
I 

Zn- 

(43) 

B. Substitution Reactions 

1. Reactions of allylic organozinc compounds 

Allylic organozinc compounds react with many der i~at ivesl-~.  

a. Derivatives with a mobile halogen atom 

Allylic organozinc compounds easily react with allylic halides (reactions 44 and 
45)49*' 12-' 14. 6 is always obtained as the major product (60-90%) and 7 the minor product 

R'CH=CHCH2ZnBr + BrCH2CH=CH2 + CH2=CHCHR'CH2CH=CH2 (44) 
5 7- a 2 o/o 

R'CH=C(R2)CH2ZnBr + CICH2CH=CHCH20H -+ CH2=C(R2)CH(R' )CH2CH=CHCH20H + 

R'  , R2 = H ,  alkyl 

6 

CH,=C(R~)CH(R' )CH(CH,OH)CH=CH, + 
7 

C H ~ = C ( R ~  )CH(R' )CHOHCH~CH=CH~ 
8 

70-83% (45) 

(3-6%). Allylzinc compounds also react with a-allenic bromides in 26-35% 
Allylzinc bromide reacts with chloromethyl methyl ether in a similar manner (reaction 
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46)55. With acyl chloridcs, the reaction leads to tertiary alcohols, as for the acid 
a n h y d r i d c ~ ~ .  Under certain conditions, the reaction with ethyl chloroformate gives only 
the 8-ethylenic esters in good yields (reaction 47)' * s, but allylzinc bromide leads only to 
triallylmethanol' ' '. 

R'CH=CHCH2ZnBr + CICH,OCH, 

- 10 oc 
RICH=CHCH2ZnBr 4- ClCOOC H - 

inverse oddition 

Recently, reactions of allylic organozinc derivatives 
studied (reaction 48)'16. With R '  = a!kyl, 9 are the major products; with It' = C,H, or 
vinyl, a mixture of 9 and 10 is obtained. 

R'CH=CHCH2ZnBr 4- [RZCH=~R3, , CI- R2CHCINR3,] ___) 

CH,= CHCHR'CH~OCH, (46) 
60- 70% 

(47) 
CH~=CHCHR~COOC,H~ 

53-70°/o 

with immonium salts have been 

CH2= CHCHR'CHR2NR3, + R'CH=CHCH2CHR2NR3, 

9 10 40-82 O/o 

b Derivatives with a reactive alkoxy group 

Allylic organozinc compounds easily react with gem-aminoethers and gem- 
aminothioethers to give /?-unsaturated tertiary amines (reaction 49)53.73.' 17.118.  These 

RICH=CHCH2ZnBr + R20CHR3NR42 d CH2=CHCHRICHR3NR42 (49) 

65 - 75 '10 

organometallics also react with methoxyaminoesters to give unsaturated aminoesters 
(reaction 50)'1y. Finally allylzinc bromide reacts with a-ethylenic orthoesters to give a 
mixture of a ketal and  a ketene acetal (reaction 5 1 ) ' * O .  

CH2=CHCH2ZnBr + Ct i30CH [N(C2H5)2]COOCH3 CH2=CHCH2CH[N(C2H5)2]C00CH3 

38 O/O (50) 

CH2=CHCH2ZnBr C R2CH=CHC(0R3), R2CH=CHC(CH2CH=CH,)(0R3), + 

R2CH(CH,CH=CH2) CH=C(0R3), 

64-71 O/o (51) 

Substitution of the cyano group ofgern-aminonitriles has also been observed, with good 

2. Reactions of propargylic and allenic organozinc compounds 

Propargylic and  allenic organozinc compounds react with many derivatives2*82 
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a. Derivatives with a mobile halogen atom 

Organozinc compounds prepared from propargyl haiides react readily with immonium 
salts to give a mixture of acetylenic and allenic amines (reaction 52)12'. 

1. Zn/thf 

2 R3CH=i (R4) ,  , CI- 
R'CSCCHR~ x k- R1CECCHR2CHR3N(R4), + R2CH=C=CR1CHR3N(R4)2 

- -  
11 12 

b. Derivatives with a reactive alkoxy group 

Propargylic and allcnic organozinc compounds react readily with gem-aminoethers 
(reaction 53)',*' '*. 

Similar reactions (54 and 55) are observed with methoxyaminoesters' 2 2 .  

1. Z d t h f  

2. RZOCHRJNR4, 

R~ C-CCHXR~ P R1CECCHR2CHR3NR42 f R2CH=C=CR1CHR3NR42 

13 14 

1. Z d t h f  

2. RZOCHRJNR4, 

R~ C-CCHXR~ P R1CECCHR2CHR3NR42 f R2CH=C=CR1CHR3NR42 

13 14 

R', R2, R3 = H; yield = 60%, 13/14 = 1OO:O (53) 
R' = CH,, R2 = H, R3 = H or C,H,; yicld = 38-49%. 13/14 = 10:9O 

CH2=C=CHZnBr f CH,0CH~N(C,H5),~COOCH3 --+ H C ~ C C H 2 C H [ N ( C 2 H 5 ) 2 ] C O O C H 3  

36% 
(54) 

(55) 1 .  Zn/thf 

2 .  CH30CH[.N (C,H,),]COOCH, 
RIC= CCH2Br P C H ~ = C = C ( R ' ) C H C N ( C ~ H ~ ) ,  JCOOCH~ 

40- 43% 

3. Reactions 01 saturated and miscellaneous organozinc compounds 

a. Derivatives with a mobile halogen atom 

Dialkyl- and diaryl-zincs are reported to react with tert-alkyl chlorides and with alkyl 
 iodide^'-^*'^^ to form hydrocarbons in 25-51 "/, yield; this reaction gives much better 
yields in the presence of titanium(1V) ~atalysts ' '~ .  Cyclopropane and cyclobutane 
derivatives can be prepared from 1,3-dihalopropanes and 1,4-dihalobutanes, using 
metallic z i n ~ ~ * ' ' ~  or d i a l k y l z i n c ~ ~ . ~ ~ ~ ;  these reactions presumably proceed via the 
intermediate formation of organozinc compounds. Saturated alkylzinc halides react with 
chloromethyl methyl ether' and similar compounds (reaction 56)2. 

CICH(OC2H5)COOC2H5 + C3H7ZnI ---+ C3H7CH(OC,H,)COOC,H5 (56) 

R2COCI + R lZn I  _O R1COR2 4- ZnC l I  (57) 
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Dialkylzinc reagents react with acyl chlorides to give ketones'-,, but metallic halides 
play an important role in these reactions. Introduction of AICI,, MgBr,, or ZnBr, 
increases the yield of ketones' 2 7 * 1 2 8 .  Use of the organozinc compounds R'ZnI enables 
various ketones to be prepared easily from acyl chlorides (reaction 57) (Blake's 
method)l.2.1z9-131 

b. Paliadium-catalysed reaction with aryl, alkenyl, and allemc hahdes 

Recently, several interesting palladium-catalysed coupling reactions have been de- 
scribed. Thus, aryl iodides or bromides react with alkynyl-, benzyl-, and aryl-zinc halides 
to lead LO a r y l a l k y n e ~ ' ~ ~ ,  diarylmethanes' 33, and biphenyl  derivative^'^^, respectively. 
Selective mono-alkylation and -arylation of aromatic dihalides containing the same 
halogen atoms has been achieved '34. Similarly, the palladium-catalysed coupling reaction 
of alkenyl halides with alkynylzinc  reagent^'^' and h ~ m o a l l y l i c ' ~ ~  and homopropar- 
gylic'37 zinc halidesconstitutes a new selective route to conjugated enynes, 1 ,S-dienes, and 
I,S-enynes, respectively. Lastly, a new route to aryl-, vinyl-, and 1 -alkynyl-allenes and 
diallenes via the [Pd(PPh,),]-promoted reaction of propargylic or allenic halides with 
appropriate organozinc halides has been described (reaction 58)'3R.'39. 

2 3  R'ZnCI 2 3  2 3  R R C=C=CHX or R R C(X)C=CH - R R C=C=CHR' 
[Pd(PPh3).,] 

c. Der/vat/ves with a reactive alkoxy group 

Saturated organozinc compounds react with alkyl alkoxydialkylaminoacetates to  give 
aminoesters (reaction 59)l-10. Vinylic and alkynylic organozinc compounds also react with 
these  derivative^'^.'^^. 

R I 2  Zn + CH30CH[N(C,H5),]COOCH3 + (C2H5)2NCHR'COOCH3 (59) 

64-76 O/o 

C. Carbene and Carbenoid Intermediates from Organozinc Compounds 

1. Addition and insertion reactions 

a. Carbon-Carbon double bonds 

Halogenomethyl organozincs are reagents of outstanding utility for the preparation of 
cyclopropanes and halogenocyclopropanes from alkenes (Simmons-Smith reaction, 

. The active intermediate ofthe reaction must involve the Zn-CH,I linkase 60)2.3.14 1 - 1-16 



1 I4 Leone Miginiac 

and could be either 15 or 16 or a mixture of both (reaction 61). Cyclopropane derivatives 
are formed in a stereospecific reactions with (Z)- and (E)-olefins give the 

corresponding (Z)-  and (E)-cyclopropane derivatives, respectively. A Z-addition me- 
chanism is generally accepted for the reaction and the transition state 17 has been 
suggested on the basis of experimental o b s e r v a t i ~ n s ' ~ ' * ' ~ " ' ~ ~ .  

The presence of functional groups such as an ether, ester, hydroxy, ketone, ketal, amine 
o r  enamine in olefins frequently facilitates the Simmons-Smith reaction; many examples 
have been studied, often with determination of the stereochemistry of the pro- 
d u c t ~ ' - ~ , ' ~ ~ . ~ ~ ~ - ~ ~ ~ .  The Simmons-Smith reaction often starts very slowly and proceeds 
slowly at room temperature. The preparation of an active zinc-copper couple has been 
i m p r ~ v e d " ~ - ~ ~ ~ .  Zinc dust'70 and activated zinc171 prepared by ultrasonic irradiation 
have recently been used. Zinc/copper(I)chloride17',173 ora  zinc--silver couple'7J-17G may 
be used instead of the zinc-copper couple to give higher yields. 

Several modified Simmons-Smith reactions have been pr~posed ' .~ .  The Wittig- 
Schwarzenbach reagent (CH2N, + Znl,) gives rise to the formation of the same carbenoid 
as the Simmons-Smith reaction and reacts with various olefins to produce the 
corresponding cyclopropane d e r i ~ a t i v e s ' ~ ~ - ' ~ ~ .  The Furukawa m e t h ~ d ' ~ ~ - ' ~ ~  uses 
diethylzinc instead of the zinc-copper couple (reaction 62). This reaction is much more 

'C- C' (62) 
'\ / '  

CH2 

'C=C/ + CH2i2 + (C2H5),Zn _9 
/ \ 

rapid than the Wittig-Schwarzenbach reaction and proceeds stereospecifically: (Z)- and 
(E)-olefins afford cyclopropanes whose configuration are Z and E with respect of the 
substituents of the starting alkenes. The active species of this reaction may include 
ICH,ZnC,H,, ICH2ZnI, and/or (ICH,),Zn or associated complexes containing these 
molecules. This reaction leads to much better results than the Simmons-Smith reaction 
when methyldiiodomethane, aryldiiodomethane, or various polyhalomethanes are 
~ ~ e d ' ~ ~ * ~ ~ ~ - ~ ~ ~ .  It can be used to produce norcaradiene derivatives from aromatic 
hydrocarbons'". The reaction of alkylbenzenes with diethylzinc and I ,  I -diiodoethane 
gives 7-methylcyclohepta- I .  3,5-triene derivatives in 3 I-440/;: yields, via a norcaradiene 
intermediate2". The Sawada modified reaction (63)"' gives better yields in certain cases. 

,c=c' \ + 2 C ~ H ~ Z ~ I  + C H ~ I ~  - >C- C' (63) 
\ \ / \  

CH2 
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b. Carbon-Carbon triple bonds 

Terminal acetylenic compounds give methylacetylenes and allene derivatives with the 
Simmons-Smith reagent203-205, probably via a n  insertion reaction (reaction 64). With 
disubstituted alkynes, the reaction forms cyclopropenes and their isomers (reaction 

R' = alkyl, a ry l  (64) 

CHz*z 

Zn(Cu) \ /  \ /  
RICH~C=CCH~R~ ---e RICH~C=CCH~R~ + R ~ C H ~ C H -  C = C H R ~  + 

CH2 CH2 

RICH= C-CH-CH~R~ 
\ /  

CH2 

G5)2.3.206. With cyclooctyne, the Simmons-Smith reagent undergoes a trans-annular 
reaction to lead to bicyclo[3.3.0]octane derivatives2"' 

c. C=N derivatives 

aziridine with an iminoester208. 
The reaction of Simmons-Smith reagent is not applicable to simple imines, but gives an 

BU'N=CHCOOC~H~ c_, B ~ N -  

CH2 
\ /CHC00C2H5 

4 0 '/o 

2. Wittig alkene synthesis 

The reaction of aldehydes with the Simmons-Smith reagent, in the presence of excess of 
zinc dust, gives the corresponding olefins in 29-63"/, yields2.3*209-21 This reaction is not 
applicable to ketones2I0, except in particular cases" 2*213. Two modified Simmons-Smith 
reagents" ', CH 21,/Zn/(CH,),A1 and CH Br,/Zn/TiCI,. appear to be excellent methyle- 
nation reagents for aldehydes and ketones, respectively (reaction 67). 

R ' C O R ~  ---+ RIR~C=CH~ 

62-86% with CH212 /Zn/(CH3I3Al 

55-89% with CH212 / Zn/ TiCI, 
(67) 

R' = olkyl j aryl j R2 = H, alkyl, aryl  

D. Reformatsky and Related Reactions 

The reaction between a carbonyl compound and an ci-haloester, in the presence of zinc, 
is commonly known as the Reformatsky reaction (reaction 68). Four r e v i e w ~ ' * ~ ~ * ~ ~ . ~ ' ~  



116 

covering the literature up to and  including 1972 show that this reaction has been 
developed extensively. In this reaction, various halogen compounds can be used instead of 
a-haloesters: y-halo-a,P-unsaturated esters, a-halopolyesters, a-polyhalo esters, a- 
polyhalo polyesters, a-halonitriles, a-haloamides. a-halothioesters, and a-halolactones. 
Also, the reaction can be applied not only to aldehydes and ketones, but also to esters, acid 
halides, nitriles, imines, nitrones, imides, ketenes, and epoxides; I ,2- and 1,4-additions to  
a,P-unsaturated compounds have also been reported. 

During the period 1973-82, several new applications of the Reformatsky reaction in 
synthetic organic chemistry have been found, in addition to the continuation of research 
concerning new experimental  condition^'^^.^'^-^ '' or mechanistic characteristics 
(stereochemistry. reversibility of the reaction)z20-'22. 

1. Addition reactions 

a. Carbonyl derivatives 

Thc Reformatsky reaction continues to find numerous applications in synthetic 
chemistry, especially in the field of steroid s y n t h e s i ~ ~ ~ ~ - ~ ~ ~ .  Reactions with aldehydes and  
ketones of Reformatsky reagents such as derivatives of a-bromo saltsz2' o r  of tetrahydro- 
pyranyl esters of a-bromo acidsz30 or  a-bromoaryl ketonesz3' have been studied. 
Reformatsky reagents react with r -  Oi P - a m i n o k e t o n ~ s ~ ~ ~ * " ~ ~ .  Asymmetric inductions in 
Reformatsky reactions with Mannich-type  ketone^"^-"^ and with a - a m i n o k e t o n e ~ ~ ~ ~  
have been described. New C-4 substituted cephalosporins have been prepared via the 
Reformatsky reaction23H. Reactions with the rcagcnts prepared from alkyl halocrotonates 
have been developed in scvernl cases (reaction 69)" x . z 2 2 . z 3 y ~ 2 J " .  "C-labelled butyrolac- 

(69) 
Z n  

R2CH=C(COOCzH,), + BrCH2CH=CHC@OCH3 + 

R2CH[CH(COOC2H5)2]CH2CH=CHCOOCH3 + 

R~CH[CH (COOC,H, l2 ]CH (COOCH~)CH= CH, 

75- 05 O/o 

tones have bcen preparcd by the Reformatsky reaction or l"C-labclled bromoacrylates 
with acetone and cyclohexanonez4'. 

b. C=N derivatives and nitriles 

The reactivity and stereochemistry of the reaction betwccn aldimincs and  the reagent 
derived from a-bromamides have been studied2j2. The  Reformatsky rcaction of 
BrZnCH,COOR' ( R '  = I-menthyl) with aldiinines (R2CH=NR3) has been used as a 
primary step in the asymmetric synthesis of /I-amino acids and  aspartic acid243. With 
azirines, the Reformatsky reaction leads to 8-aziridino esters exclusively when the reaction 
is carried out in a benzene-diethyl ether m i x t u r ~ ~ " ~ ~ " ~ .  Kctonitrones react with 
organozinc compounds derived from ethyl bromoacetate to give isoxazolidinones 
(reaction 70)246. New reactions have also been observed with nit rile^^^',^^^, for example 
reaction 71. 
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R3 

R2R3C=N(0)CH3 + BrZnCH2COOC2H5 --+ R2+,c=o (70) 
0 

H3C -N, 

R1R2C(C=N)ZnBr + R3C=N + R3COCR'R2C=N 

47- 02 '/o 

R1 , R2 = H,  olkyl j R3 = olkyl, aryl 

c. Terminal alkynes 

Malonic-type organozinc halides add to thc triplc bond of non-functionalized alk- I - 
Y nes2J9-25 ' to lead only to the Markovnikoff-type product (reactions 72 and 73). The 

2 4 h , 4 2  OC 
BrZnC(CH3) (COOC2H5), + H C r  CR CH2=CR2C(CH3)(COOC2H5)2 (72) 

50% 

2 23 h , 4 2  OC 
BrZnC(CH3) (CN)COOC2H5 + HC-CR - CH2=CR2C(CH3)(CN)COOC2H5 

(73) 

reaction also occurs rcadily with functionalized alk- I-ynes, 18'50-'52 . In the 18 
propargylic series, thc orientation of thesc addition reactions is gcnerally that observed in 

20-60% 

H C ~ C ( C H ~  )" R~ 

18 

R 2  = OH, OR3, NHR3 , N(R3), 

the addition to simple alk-  I -ynes, although somctimes anti-MarkovnikofT addition 
products arc also obtaincd if the R' group is bulky (reaction 74). With honiopropargylic 

BrZnC(CH3) (C0OC2H5), + H C r C C H 2 0 B u "  (74) 

CH2= C(CH20B~")C(CH3) (COOC,H,), + 
70 59 o/o 

Cu"OCH2CH=CHC(CH3) (CO0C2H,), 

30 

23 h ,  42 OC 
BrZnC(CH3) (COOC2H5)2 + HCECCH2CH20C2H5 

CH2=C (CHZCH2OC2H5 )C(CH3) (C0OC2H5), 

5 6 "/o 

(7.5) 
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s~bs t ra tes ’~’ ,  the  reaction always affords the Markovnikoff-type regioisomer (reaction 
75). I t  is interesting that these reactions, when they are effected with alcohols and 
secondary amines, lcad directly to thc corresponding lactones and lactams (reactions 76 
and 77)250-252 

23 h ,  42 OC 
HC-CCHR’C(OH)R2R3 + 3 BrZnC(CH3)(COOC2H5), 

R2 R3 R2 R3 

‘C’ 

I I (76) R‘ CH ’ ‘ 0  
‘C’ 

R’CH ’ ‘0-ZnBr H2O 

x C = O  

C r r  L O  c:j2=c 
I 

BrZnCH=C 
\c  / ‘OC2H5 

C H< ‘CO 0 C2 H CH3 COOC2H5 

1 .  23 h ,  42 OC 
H C e C C H 2 N H C 2 H 5  + 3 BrZnC(CH3) (C0OC2H5), . 

2 .  n,o 

(77) 

CH2=C-CH 

+ 

\ 
C2H5 

CH3-C-CO 

I 
COOC2H5 

70 30 

60 o/o 

2. Substitution reactions 

a. Derivatives with a mobile halogen atom 

Reformatsky reagents generally d o  not react with simple halides, but readily give 
substitution products with compounds having a mobile halogen atom (reaction 
78)2*2’6.253-255. Chloromethyl  ether^^^^.^^^-^^^ and chloromethyl t h i ~ e t h e r s ~ ~ ’ , ~ ~ ~  also 
react. 

CH2=CHCH2Br + CIZnC(C1 j (C0OC2H5), CH2=CHCH2C(CI ) (C0OC2H5), (78) 

64 “/o 

T h e  reagent derived from ethyl bromoacetate can be arylated by simple aromatic and  
vinylic halides in the presence of a transition metal catalyst and a dipolar aprotic solvent 
(reaction 79)’“~.’’~ . Acid chlorides give functional ketones with Reformatsky reagents 

[Ni (PPh3)4] 
ArX + BrZnCH2COOC2H5 - ArCH2COOC2H5 + ZnBrX (79) 

(reaction A similar reaction is observed with alkyl chloroformate, leading to 
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PhCOCR'R'ZnBr -I- R3COCI + PhCOCR'R2COR3 

functional cstcrs266. Lastly, Reforinatsky reagents may produce tertiary functional amines 
with iinmoniuin salts (reaction 8 

BrZnCH2COR' + R2CH=6R3' , X -  + R'COCH2CHR2NR32 (81) 

R' = OC2H5,  N(C2H512 
60-68% 

b. Derivatives with an alkoxy or acyloxy group 

gem-Aminoethers lead to tertiary functional amines with Reformatsky reagents 
(reaction 82)267.26* . S ubstitution of acyloxy groups has been observcd under certain 

BrZnCH2COR' + R%CH2NR3, R'COCH2NR32 

R' = OC2H5 N(C2H5l2 

68-91% 

conditions (reaction,83)'"'. Finally, Reformatsky reagents enable k e t o e ~ t e r s ' ~ ~ . ' ~ ~  to be 
prepared from acid anhydrides (reaction 84). 

R2COOCHPh2 f BrCH2COOC2H5 + Zn + R'COOH + Ph2CHCH2COOC2H5 (83) 
(excess 1 

BrZnC(CH3)2COOC2H5 + R'COOCOCF, ---b R2COC(CH3)2COOC2H5 (84) 

111. REACTIONS OF CADMIUM ORGANOMETALLICS 

Several general reviews' 2 - 2  7J have covered the literature on organometallic compounds 
of cadmium up to and including 1976. 

A. Addition Reactions 

Organocadmium compounds are less reactive than the corresponding magnesium or 
zinc compounds towards keto g r o ~ p s ~ ~ ' - ' ~ ~ ;  however, allylic or benzylic organocad- 
mium compounds are more reactive than saturated derivatives and, under certain 
conditions, saturated organocadmium compounds may show good reactivity towards 
carbonyl and other unsaturated products. 

1. Reactions of allylic organocadmium compounds and analogues 

Allylic organocadmium reagents react readily with aldehydes and ketones to give 
p-et hylenic alcohols (reaction 85)' 3.99*' 72 -'7G . Substituted allylic organocadmium 

(CH2=CHCH2)2Cd -t R2COR3 --+ R2R3 C(OH)CH,CH=CH, ( 8 5 )  

50-90% 
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compounds react with complete allylic rearr:ingement’72-276. With esters, they readily 
form diallyl alkyl-methanols (reaction 86)’ .3. 

CH3COOC$15 + (CH2’CHCH2)2Cd CH3C(OH 1 (CHZ=CHCH2)2 (86) 

70% 

Allylic organocadmium compounds give only I ,2-addition with various cr-enones 
(reaction 87)”‘. They also react with carbon dioxide to givc P-ethylcnic acids (reaction 
88) 14.,’ s, 

2 1  
R2CH=CHCOR3 + R’CH=CHCH2CdCI RICH=CHC(OH)R CHR CH=CHz (87) 

80- 90% 

-20 oc--o OC 
(CH2=CHCH2)2Cd f CO2 - + CH2=CHCH2COOH (88) 

H,O / H  

Benzylic organocadmium compounds have been less studied than allylic derivatives; 
they normally react with carbonyl der i~at ives’”’~’~~ and lcad to I ,4-addition with dialkyl 
alkylidene malonates (reaction 89)2Hl. 

R1CH=C(COOC2H5)2 + ArCH2CdCI __9 R1CH(CH2Ar)CH (CO0C2H,), (89) 

60-?7% 

Finally, the oi-ganocadmium compound preparcd from propargyl bromide reacts with 
ketones to give a mixture of propargylic and allenylic alcohols, but in very low yieldss5. 

2. Reactions of saturated and phenylic organocadmium compounds 

These organocadmium reagents react readily with aromatic aldehydes in the presence of 
metal halides such as Mg12, MgBr,, MgCI,, LiBr, ZnBr2, or  AICI, (reaction 
90)272-274*282-28G. Aliphatic aldehydes also react, but lead to several products (reaction 
9 l ) 2 s 3 . 2 8 G .  In  similar manner. tertiary alcohols are formed with ketones. but generally in 

(CpH 5)20 

1 h ,  25 “C (C2H5l2Cd + MgBr, + PhCHO - Pt1CHOHC2H5 (90) 

86% 

Pr”CH0HR’ (addit ion 20-40%) 

R12Cd + 2 Pr”CH0 -I- 2 MgBr2 Pr”C0R’ (Verley-Pondorf reduction) (91) I Pr”CH20H (aldehyde reduction) 

low  yield^^^.'^'.^^'. The stereochemistry of the addition of organocadmium reagents to 4- 
tert-butylcyclohexanone has been studied 13 .y9 -101*274 .  

Organocadmium derivatives are more selective than other organometallic compounds 
and are used for mono-reactions from aldehydes or ketoncs which possess other functional 
groups such as COOR, NO,, CH,CI. CHC12. or CCI, (reaction 92)283-2s5-289-295.  
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R’,Cd + C2H50COCH0 -. * R1CtiOHCOOC2H5 (92) 

50- 56% 

Saturated and phenylic organocadmium reagents generally give the product resulting 
from an  1,4-additi0n”~.””-”9 with x-unsaturated ketones. z-unsaturated nitro com- 
pounds and dialkyl alkylidene malonates (reactions 93 and 94). They may react in the same 

R12Cd + R2CH=CHN02 ---4 RIR2CHCH2NO2 

55-76% 

(93) 

(a- C10H7),Cd + R2CH=C (COOC,H,), - a- C rOH,CHR2CH (COOC,H,), (94) 

60-77% 

manner with alkyl alkylidene c y a n o a c e t a t e ~ ~ ~ ~ ,  but the main product formed in this 
reaction results of the reduction of the C=C bond. 

Saturated and phenylic organocadmium compounds do not react with epoxides; 
however, in the presence of MgX,, isomerization of the epoxide to a carbonyl derivative 
occurs and a reaction is then observed (reaction 95)30’. These organocadmium 

RI2Cd + PhCH-CH2 + MgX, -+ [PhCH2CHC] _9 PhCH2CHOHR’ (95) 

55-68% 
\ /  

0 

compounds do not react with simple esters302, but give a hydroxyester with oxalic acid 
diesters (reaction 96)2i3.’y3.3”3 . A reaction (97) has been also observed with pro- 

R12Cd + C2H50COCOOCzHg + hlgl ir2 - RkC(OH)COOC2H5 (96) 

7 7 o/o 

p i o l a ~ t o n e ~ ~ ~ .  With acid anhydrides, saturated and phenylic organocadmium compounds 

Saturated and phenylic organocadmium derivatives add to the imine bond (reaction 
99)106--108.274. The effect of substituents (p-OCH,, p-CH,. p-CI. rwC1) in both rings on the 

R12Cd + -3 R2COC)COR2 + MgBr2 --d R’COR’ + (R2C09),Cd (98) 

form ketones (reaction 98)2 i 2 - 2  74.2  83.2 9 5 . 3 0 5 -  307 

50-60% 

PhCH=NPh + RIZCd -I- MgBr2 A PhCHRlNHPh (99) 

rate of addi tion has been sLudied. Saturated and phenylic organocadmium derivatives also 
react with iminoglyoxylates to lead regiospecifically to secondary amines (reaction 
100)274. O n  the other hand, saturated organocadmium compounds are unreactive 

R2N=CHCOOR3 -+ .R12Cd R2NHCHR1COOR3 ( I 00) 
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towards nit rile^"'.'^^. An example of the inertness of the nitrile group is provided by 3- 
trichlorosilylpropanenitrile. which undergoes displacement at silicon in 90% yield 
(reaction 101). 

3. Reactions of organocadmium reagents prepared from ci-bromoesters 

and ketones to produce P-hydrosyestei-s (reactions 102 and I 03)2’“273.’74*308. 
Organocadmium derivatives prepared from a-bromoesters react readily with aldehydes 

dmso 
Su’OCOCH2CdBr + Pr”CH0 or - hmpa Pr”CHOHCH2COOBuf ( 102) 

45-65% 

(CH3CHC0OC2H5),Cd + n-C6H ,3COCH3 4 n-C6H13C(OH) (CH3)CHCH3COOC2H5 

75 O/O ( 103) 

6. Substitution Reactions 

1. Alkylation 

a. Alkyl, allylic, and benzylic halides 

Organocadmium compounds do  not generally react with primary and secondary alkyl 
halides273*274*282*308 and give an I ,’-elimination with tertiary ~ h l o r i d e s ~ ~ ~ * ’ ~ ~ * ~ ~ ~ .  
However dipropylcadmium in d m ~ o ’ ~ ~  and d i p h e n y l c a d r n i ~ m ~ ~ ~  react readily with ally1 
bromide. Saturated and phenylic organocadmium compounds also give a reaction with 
benzylic halides309-311. 

The reaction of triphenylchloromethane with saturated organocadmium reagents yieids 
alkylation and/or reduction products, depending on the nature of the R’ group of the 
organometallic compound312. Organocadmium reagents (R1 = alkyl, phenyl, benzyl) 
form principally (Zj-alk-2-enes by reaction with tetracarbonyl(methyIallyl)iron cationic 
complexes313 ; alkylation of tricarbonylcyclohexadienyliron cationic complexes has been 
achieved3 14. 

b. Halides with other functional groups 

Organocadmium compounds give a substitution reaction ( 104) with cc-bromo- 
ketones3lS and P-chlorovinyl ketones3 6 . 3 1 7 .  With g e m - c h l o r o a l k ~ x y ~ ~ ~ ~ ~ ~ ~ ~ ~  18-320 or 

R12Cd + 2 R2COCH=CHCI + 2 R2COCH=CHR’ + CdC12 ( 104) 

30-60 O/o 

R’ = alkyl, phenyl, benzyl j R 2  = alkyl 

gern-chloroacyloxy274.306~321-324 compounds, substitution of the only halogen atom 
generally occurs (reaction 105) although, in particular cases, both substitution of the 
halogen atom and an alkoxy or acyloxy group is observed319~320~32s. 

R L C d  + R20CHCIR3 + R20CHR’R3 105) 
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reit-Butyl- I-chloroethyl peroxide reacts with dimethylcadmium to afford the displace- 
ment product in SO"/;; yield (reaction 106)274. With a-bromoesters, one of two reactions 
(107a or 107b) may be the second often being predominant. 

Bu'00CHCICH3 + (CH3)2Cd + Bu'OOCH(CH~)~ ( 106) 

(R4OC0CR2R3),Cd + R'X ( 1074 
/ 
\ 

R1$d + 2 R2R3CXCOOR4 

R1R2R3CCOOR4 + CdX2 (107b) 

2. Acylation 

Many simple or  functional ketones may be prepared by reaction between acid halides 
and organocadmiuin derivatives272-274.327-329. The yields are moderate with dialkylcad- 
mium compounds free of metal halides, but they increase by catalysis with magnesium 

. Divinylcadmium com- 
also react with acid chlorides (reaction 

108). With aliphatic acid chlorides, diallylcadmium compounds often lead to  diallyl- 
alkyl-methanols (reaction 1 09)273. Dialkylcadmium compounds also react with 

( 108) 

halides or aluminium Chloride127.128.282.283.285.295.330-330-332 

and alkynylcadmium 

C H i = C H C E C C d C l  + R2COCI - H2C=CHC-CCOR 2 

24- 4 5 '/o 

(CH2=CHCH2)2Cd + R'COCI 4 (CH2=CHCH2)2C(OH)R2 (109) 

CICO(CH2),COCl to produce generally dike tone^^^^^"^*.'^^ , exccpt in particular ca- 
ses337 (reaction 110). Similar dikctones may bc also prepared by reaction between acid 
halides and saturated organodicadmium halides (reaction 1 1 

R12Cd + ClCO(CH,),COCl A R'CO(CH2),COR' ( 1  10) 

n = 0 , yield = 37% j n = 1 , yield = 21-27% 

CICd(CH2),CdCI + R'COCI + R'CO(CH2),COR' ( 1  1 I )  

10 - 8 5 "10 " >, 4J 

Finally, a - ~ n s a t u r a t e d ~ ' ~  or f ~ n c t i o n a l ~ ~ ~ . ~ ~ ' - ~ ~ '  acid chlorides react readily with 
organocadmium derivatives to produce a-unsaturated or functional ketones (reactions 
112-1 14). 

C6H5CH=CHCOCI + R12Cd C6H5CH=CHCOR1 + CdCI2 ( 1  12) 

40-60% 

CICH2COCI + Bun2Cd + CICH2COBu" 

2 6 VO 

R1&d + o-CISeC6H4COCI 4 o-R'SeC6H4COR' 

75 '10 
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C. Carbene and Carbenoid Intermediates from Organocadmium Compounds 

Cadmium derivatives are much less often used than zinc compounds in the Simmons- 
Smith reaction and its analogues. However, several interesting results are obtained in 
modified Simmons-Smith r e a c t i o n ~ ~ ~ ~ . ~ ~ , .  Diethylcadmium and diiodomethane react 
readily with simple or functional olefins to produce cyclopropane derivatives in good 
yields (reaction 1 15)273*343. When R'CH12 ( R '  = alkyl, phenyl) is employed in this 

reaction, the yields are low (20%), whereas they are good (70%) in the reaction using 
(C,H,),Zn; with CCl,, the reaction leads to 7,7-dichloronorcarane, among other 
compounds344. 

The dimethoxyethane complex of bis(trifluoromethy1)cadmium has been found to be an 
efficient low-temperature source of difluorocarbene (reaction 1 1 6)345. Diethylcadmium 

(CF,),Cd. drne 

- 2 5  OC 
(CH3)2C=C (CH3)2 - (CH3 )&- C(CH3I2 

'C' 
F2 

53% 

and I ,  I-diiodoalkanes react with terminal alkynes to give substituted alkyne and isomeric 
allene compounds274, probably via an insertion reaction in the C=C-H bond (40-42% 
yield) (reaction I 17). 

P h C r C H  + (C2H5)2Cd + R'CH12 PhC=CCH2RI + PhCH=C=CHR' 

R' = H ,  CH3 

Lastly, diethylcadmium and I ,  I-diiodoethane react with alkylbenzenes to form 7- 
methylcyclohepta- 1,3,5-triene derivatives (reaction I 18)*O'. 

IW. REACTIONS OF MERCURY ORGANOMETALLICS 

Several general r e v i e ~ s ~ ~ ~ - ~ ~ ~  covering the literature up to and including 1980 have been 
published recently on this subject; organomercurials undergo mild carbon-carbon bond 
formation and yet tolerate all important organic functional groups. 

A. Alkene and Alkyne Additions and Heck Reaction 

There are few examples of the direct addition of organomercurials to carbon-carbon 



2. Carbon -carbon bond formation 125 

double or triple  bond^^"-^^^. Primary, secondary, and benzylic dialkylmercurizls will 
add to tetracyanoethylene (reaction I 19)350-352. 

R2Hg + (NC),C=C(CN), - RC(CN),C(CN),HgR ( 1  19) 

Di-tert-butylmercury adds stereo- and regio-selectively to a variety of electron-deficient 
alkenes and alkynes (reaction I2O)? A wide variety of electron-deficient olefins have 

R’ COOR2 R’ CCCR2 
HC I \. ,I’ 

( 120) 
But2Hg + R ’ C E C C O O R 2  --* c=c 4 c=c \ /’ 

/’ \ 
HgBu* OU* / \ H  But ’ 

been alkylated by generating free radicals from the reaction of alkylmercurials and NaBH, 
or NaHB(OCH,), (reaction 12 I)354-365. This alkene addition reaction is complemented 

NaBH, or 

NaHB(OCH3)3 
RHgX + R1CH=CR2R3 - ___* RR1CHCHR2R3 (121) 

by the Heck r e a ~ t i o n ’ ~ ~ - , ~ ~ ,  in which vinyi hydrogen substitution is effected by treating 
olefins with organomercurials and palladium(I1) salts (reaction 122). In this reaction, the 

RHgCl t H,C=CHR’ RCH= CH R‘ 

30-88% 

( 1  22) 

intermediacy of organopalladium compounds has been established by isolating such 
compounds in some cases or by observing their dimerization or carbonylation 
p r o d u ~ t s ~ ~ ~ - ~ ~ ’ .  

Many examples of the Heck reaction have been reported. It can be run at room 
temperature, in air, and in a wide variety of solvents. Methyl, benzyl, neopentyl, neophyl, 
carboalkoxy, aryl, polynuclear aromatic, heterocyclic, and organometallic organomer- 
curials can be employed. Neither alkylmercurials bearing beta-hydrogen atoms nor 
vinylmercurials are accommodated. In the alkene, electron-withdrawing groups increase 
the rate of reaction and generally the yield. The less hindered the double bond is, the more 
reactive it will be. 

These organopalladium reactions can also be used to prepare alkanes as in reaction 
1 23370. When the arylation of arylolefins is carried out under aqueous conditions, 
hydroxyarylation is cffected (reaction 1 24y71. While many functional groups are 

RHgX - - RCH2CH2R’ (123) 
H,C=CHR’ NoBH, 

Lip[PdCI,] 

OH 

accommodated with the Heck reaction, certain groups change the nature of the reaction 
completely; thus, primary and secondary allylic alcohols lead to P-substituted carbonyl 
compounds (reaction 125)372. 

When the Heck reaction is carried out in the presence of high concentrations of CuCl,, 
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LtZ[ PdCI, ] 
H2C=CHCHOHR' + ArHgCl A ~ C H ~ C H ~ C O R ~  

still another type of product is observed373 (chloro-alkylation or -arylation) (reactions 126 
and 127). Finally, Heck-type reactions also afford a valuable route to x-palladium 

Lr2[PdCI, 3 
CUCI,/LIC[ 

ArHqCl  + H2C=CHR' - ArCHZCHCIR 

Liz[ PdCI,! 

PhHgCl + H2C=CHCOCH3 PhCH2CHCICOCH3 ( 127) 
CUCI, /CICl 

compounds from aryl- or alkyl-mercury compounds and I , 3 - d i e n e ~ ~ ~ ~ * ~ ' ~  or from 
vinylmercurials and alkenesj 76 .37  7 ;  these compounds have found considerable appli- 
cation in organic synthesis. 

In summary, few organomercurials will directly add to alkenes or alkynes, but many 
useful reactions have been described involving the generation of free radicals or 
organopalladium compounds from organomercurials, and their subsequent addition to 
alkenes or substitution of vinyl hydrogens. 

B. Substitution Reactions 

7. Alkylation 

The direct replacement of mercury in organomercurials by an organic group is a 
reaction of considerable synthetic importance. Unfortunately, the reaction of organomer- 
curials with organic halides (rcaction 128) is fairly r e s t r i ~ t e d ~ ~ " ~ ~ ~ .  This reaction is very 

R2Hg + R'X R-R1 + RHgX ( 128) 

difficult with alkyl, allyl, phenyl, vinyl, and alkynyl halides and almost all successful 
examples of this reaction have been achieved using triphenylmethyl or benzylic halides; 
these halides react with a1ky1-378-382, ben~yl-~"*~", ary1-38',38',384-388, f e r r ~ c e n y l - ~ ~ ~ ,  
and vinyl-mercury c o m p ~ u n d s ~ ~ ~ ~ ~ ~ ~ .  They also react with a-mercuriated carbonyl 

and, in this case, alkylation occurs on either carbon or oxygen 
depending on the electronic nature of the organic halide39', the solvent382*392*393, and the 
substituents of the o r g a n o m e r c ~ r i a l ~ ~ ~ .  Chemical-induced dynamic nuclear polarization 
experiments suggest that many of these alkylation reactions proceed via radical 
i n t e r r n e d i a t e ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ .  

Several catalytic or organometatlic procedures have been reported recently for effecting 
carbon -carbon bond formation via or-ganornercurials. Aluminium bromide promotes 
the alkylation of diphenyl and dibenzylrnercury (reaction I 29)3gg. Li2[PdC14] is a good 

AlBr, 
R2Hg + R'X ___t RR' 

CH,CI, 
20-60 'lo 

catalyst for producing allylation compounds from allylic acetates or halides and aryl or 
vinyl organomercury derivatives (reaction 1 30)400.4"'. Organorhodium intermediates can 

Li2[PdCI,] 
(€1-CHR=CHHgCI C CICH2CH=CH2 A ( E  )-CHR=CH(CH2CH=CH2) ( 1  30) 

45-98% 
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be em loyed to effect the Inethylation of vinyl, alkynyl, and arylmercurials (reaction 
1 31)J0', and [RhCI(PPh,),] catalysts have been used for reactions between aryl 

91 - 99% 

organomercurials and vinyl halides402. Copper403.404 and o r g a n o l i t h i ~ m ~ ' ~  reagents can 
be also useful in the alkylation reactions of organomercurials (reactions I32 and 133). 

cu 
(CF3)2Hg + A r I  - ArCF3 

nmp 
38- 08 '10 

I .  (Bu")3PcuI 
RHg0r t RR' 

2. Bu'Li i 3 .  R'I 
21-70% 

Finally, recent experiences show that the use of simple organocuprate reagents is the 
most general method for the alkylation of a wide range of organomercury compounds 
(reactions I34 and I 35)348*406. 

ArHgCl + LiCuR12 or Li2CuRI3 ---w ArR'  ( 1  34) 

35-92% 

LiCuR: 
(E)-CHR=CHHgCI ___t (E)-CHR=CHR' ( I  35) 

57-66'10 

2. Acylation 

The acylation of organomercurials provides a useful route to ketones346-349. 
Alkylmercurials react with acid halides only under forcing conditions to give ketones, but 
this reaction can be catalysed by addition of aluminium bromide4'' in CH,CI, or of 
[Pd(PPh,),] in hmpa408. 

AlBr,/CH,CI, 
R2Hg + R'COCI RCOR' 

20 OC 
70 - 100 '/o 

The acylation of benzylmercury( 11) chloride occurs, but two aryl ketones are formed409 
via initial acylation of the aromatic ring (reaction 137). 

PhCH2HgCI + CH3COCI __9 p-CH3C6H4COCH3 + p-CH3COC6H4CH2COCH3 ( I  37) 

With allylmercury(l1) iodide, the reaction does not lead to a 0-ethylenic ketone, but to 
an enol ester (reaction 138)410 which is apparently formed as shown in reaction 139 by 

CH2=CHCH2HgI C 2 R'CH2COCI CH2=CHCH2C(OCOCH2R')=CHR1 ( 138) 

H2C=CHCH2Hg1 + R'CH=C=O IHgCH(R' )COCH2CH=CH2 + ( 139) 

R'CH,COCI __P R~CH=C(OCOCH~R') C H ~ C H = C H ~  
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generation of a ketene from the acid chloride. Thus, the acylation of a-mercuriated 
carbonyl compounds provides a very useful route to enol esters (reactions 140- 

RCOCH2HgCI + R'COCI --+ R'COOC(R)=CH2 ( 140) 

RCOCH2HgCI + CICOOR' R10COOC(R)=CH2 (141) 

142)349,411-417 

RCOCH2HgCI + COCI, + CICOOC(R)=CH2 + CH2=C(R)OCOOC(R)=CH, (142) 

Vinylmercurials react readily with acid chlorides in the presence of AICl, (reaction 
I 43)4' x.4'9. Dialkynylinercurials undergo acylation by acid chlorides on simply refluxing 

AIC13/CH,CI, 

(Z)-CHR'=CR2HgCI + R3COCI ____) (Z)-CHR'=CR2(COR3) ( I  43) 

64-100% 

in heptane (reaction 144), or by acid anhydrides in the presence of A~BI-,~," (reaction 145). 
Finally, arylmercurials react with acid chlorides to produce ketones, generally in the 
presence of A1Br,3J9.379 or [Pd(PPh,) J (reaction 146). 

R'COCI - RCE CCOR' 

40-70% 
(R'CO),O 

PIBr, 
(RC-C)2Hg - RCECCOR' 

5 1-70 O/o 

Ar2Hg + R'COCI ACOR'  ( 146) 

These results show that a wide variety of ketones can be prepared by the acylation of 
organomercurials. The acylation of a-mercuriated carbonyl compounds proceeds by 
reaction at oxygen atom and can lead to a wide variety of enol esters. 

C. Dimerization 
The dimerization of orgatiomercurials (reactions 147 and 148) can be effected by 

thermolysis, by photolysis, or more commonly by using transition metal  reagent^^^^-,^'. 

2 RHgX --+ RR + HgX2 + Hg ( I 48) 

The dimerization of simple alkylmercurials is difficult and the yields are generally low349, 
whereas benzylmercurials are more easily dimerized by t h e r m ~ l y s i s ~ ~  ', p h o t ~ l y s i s ~ ~ ~ ,  or 
transition metal-promoted d imer i~a t ion"~~ .  

Vinylmercurials lead readily to 1,3-dienes using a variety of transition metal reagents 
including pal ladi~m(O)~"*"~~ , p a l l a d i ~ m ( I I ) ~ ~ ' . ~ ~ ~ ,  and r h o d i ~ m ( I I 1 ) ~ ~ ~  complexes (reac- 
tions 149 and 150). Arylmercurials can also be readily dimerized to b i a r y l ~ , ~ ' - ~ ~ ~ ;  
transition metal complexes such as [RhCl(PPh,),] in hmpa4,', [RhC1(C0)2]2427, 
Li 2[PdC14]42 5*429  , L' I,[P~CI,], and CuCl, or Cu430*431, and P ~ C I , / C U / C , H , N ~ ~ ~  are 
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Li,[PdCIq] 

0 OC, hmpo 
2(E)-CHR=CHHgCI A 

bond formation 129 

PdCI, 
2(E)-CHR=CHHgCI L 

C,H, /Et,N 

'symmetrical' dimer 

(150) 
R 

'head-to- tail' dirner 

once again very effective in this reaction (reactions 151 and 152). Arylmercurials 
have also frequently been dimerized by the use of silver at elevated temperatures (240- 
360 0C)432-434. 

0.5% [RhCI(CO),], 

4 LiCl/hmpt , 24 h , 80 OC 
2 ArHgCl b ArAr (151) 

40-96% 

PdCI,/Cu cat 
2 ArHgX - ArAr 

C,H,N, 115 OC 
47- 95 O/O 

In summary, dimerization is an effective method of carbon -carbon bond formation 
from benzyl-, vinyl-, and aryl-organomercurials. 

D. Carbene and Carbenoid Intermediates from Organomercury Compounds 

Halogenomethyl organomercurials can either give rise to 'free' carbenes or can act as 
'carbenoid' precursors346-349*435-466; they can be used for addition to the multiple bonds, 
for insertion reactions into a large variety ofsingle bonds, and also for an alternative to the 
Wittig alkene synthesis. 

7. Addition reactions 

a. Carbon-carbon double bonds 

Halogenomethyl organomercurials are reagents of outstanding utility for the prepara- 
tion of cyclopropanes and halogenocyclopropanes from alkenes, according to the general 
scheme shown in reactions 153 and 154. Cyclopropanes have been obtained, generally in 

heat 
PhHgCX3 d PhHgX 4- (153) 

good yields (60-907<), from a variety of carbenes, including : CH243s-438.366. 
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:C~,439-442, :CFCl443-445, :cc12446-449 :cHC1450.45 1, :CHBr451, CC1Br446.452 
: ~ ~ ~ ~ 4 5 2 ,  : ~ ~ ~ ~ 4 4 6 , 4 5 3 , 4 6 7 - 4 6 9  :cxCO0R453-45f5, :CXph456, and :ccIsi 
(CH3)3457*458 . T wo mechanisms can be proposed for this reaction: 

(i) Formation of a 'free' carbene by elimination of phenylhalogenomercury and 
addition to the alkene. Thus, phenyl (bromodichloromethyl) mercury leads to dichloro- 
carbene and phenylbromomercury; the extrusion of dichlorocarbene is thought to be 
concerted, proceeding via a cyclic transition state, 19 or 20. This picture provides a 

PhHg-C-Cl 

Irl 
CI 

19 

,, Br 
,' I 

PhHg j '. I 

' c- CI 

I 
CI 

20 

satisfactory explanation for the preferential elimination of phenylbromomercury, since 
intramolecular attack at mercury by bromine should be more favourable than attack by 
chlorine, and the carbon -bromine bond is weaker than the carbon -chlorine bond. 

(ii) Direct reaction between the organomercury compound and the alkene. The 
addition of bis(bromomethy1)mercury to an alkene does not proceed via free carbene, 
:CH, ; experimental evidence favours a mechanism involving direct reaction. 

b. Carbon-carbon triple bonds 

This addition can produce c y c l o p r ~ p e n e s ~ ~ ~ ~ ~ ~ '  and derivatives, for example reaction 
156. 

PhC=CR 1 + PhHgCX2Br d PhC=CR' HzO PhC=CR' (156) 

\ /  
II 
C 

0 

\ /  
x x  /c\ 

c. Other double bond systems 

Carbenes formed from organomercurials react with a variety of other double bond 
systems including C=N445.472, C=S455.472-475, and C=0474.476, leading to aziridines 
(in 29-43x yield), thiiranes (in 75"/, yield), and oxiranes (in 25-740/, yield), respectively. 

2. Insertion reactions 

bonds such as C-H, B-C, Si-C and Ge-C bonds. 
Halogenomethylmercury compounds can also be used in insertion reactions with single 
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a. C-H bonds 

p o u n d ~ ~ ~ ~ - ~ ~ ~  and ethers 446.480*48 (40-80% yield) are known. 
Many examples of insertion reactions (such as reaction 157) with benzylic com- 

b, 5-C bond~347-349.482 

The (1, I-dichloroalky1)borane formed in reaction 158 leads to an alkene by an 
intramolecular rearrangement (reaction 159). 

(RCH2CH2)3B f PhHgCC1,Br __P (RCH,CH,),BCCI,CH,CH,R + PhHgBr (158) 

CI 

/--I 

I-A 
RCH2CH2B-CCH2CH2R 4 RCH2CH2B(CI )C(CI) (CH2CH2R), 

RCH2CH2 CI 

c. Si-C and Ge-C bonds 

germacyclobutane  derivative^^^^-^^^. 
Dichlorocarbene insertion reactions have been observed with silacyclobutane and 

3. Wittig akene synthesis 

Halogenomethylmercury compounds can react with various  derivative^"^^-^^^ such as 
diazo compounds486 or to produce alkenes or imines, but the most interesting 
case is their reaction with triphenylphosplune and carbonyl compounds to yield alkenes 
(reaction 161). This reaction provides an alternative to the Wittig alkene 
synthesis45 1.455.489 

R'COR' - (PhI3PO + R'R2C=CX2 

40-82% 
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1. INTRODUCTION 
During the last three decades, allylnickel complexes as such or  as intermediatcs forrncd 
i r l  sitir h a w  been widely used in organic syntheses directed to the formation of C-C 
bonds. 

The success of allylnickel complexes in synthetic work dcpends both on their high 
reactivity and on the ease of preparation. Nickel(0) can be directly attacked to form 
allylnickel complexes by allyl halides, alcohols, carboxylates, etc., or by other compounds 
able to form the allyl group iu sirir.  such as dicnc epoxidcs, vinyllactones, vinylcyclo- 

143 
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propanes. and above all conjugated diencs. thc last group giving rise to bis(a1lyl)nickel 
complexes. Nickel(I1) salts also can be easily transformed into allylnickel complexes. On  
the other hand, nickel(I1) compounds obtained from stoichiometric reactions of these 
complexes can be reduced again to nickel(0). These processes occur spontaneously in 
catalytic reactions. 

Allylnickel complexes are complementary to  the widely used allylpalladium complexes. 
The nickel-bonded allyl group accepts mare electron density than the corresponding 
palladium-bonded species, so its chemistry mainly derives from reactions with elec- 
trophiles (coupling and insertion reactions) or from radical-type coupling, whereas in 
palladium chemistry nuclcophilic attack on coordinated allyl groups predominates. 

The preparation and general featurcs of the allyl-metal bond, including theoretical and 
structural aspects and spectroscopic properties, have been treated in Volumes I and 2 of 
this series. We deemed it useful to  organize the material in this part as a general survey of 
reactivity patterns, followed by descriptions of single classes of reactions. In view of the 
large amount of material available, we preferred to concentrate on recent work and to 
summarize earlier results only briefly, referring the reader to reviews1-I0 that have 
appeared in the last few years. 

II. GENERAL REACTIVITY PATTERNS 

We consider here some elementary modcs of reaction of nickel-coordinated allylic systems 
of the general type (1) or (2)': 

(:Nix or [(Q3-CH2CHCH2)NiX] -NIX or [ ( ~ ' - C H ~ = C H C H ~ ) N , X ]  

where X can be another ally1 group, a halide, a carboxylato, a cyclopentadienyl, or other 
atoms or groups. Coordinative unsaturation gives rise to X-bridged dimeric forms (3) 
when X is a halide o r  carboxylato group: 

Coordinating molecules L, including solvents, can 
monomeric form (4). 

(3) 

easily open the bridge to give the 

Formulae of type (1) will be used in this chapter without indicating L. Equilibria of the 
type shown in equation I are present" and can be exploited for synthetic purposcs. 

2[(q3-CHzCHCH2)NiBr! [(Q3-CH2CHCH2)2Ni] 4- NiBrz ( 1 )  

In principle the ,/3-allyl group could undergo several dynamic processes, but the only 
one which is relevant to synthesis is the passage to q 1  form (equation 2). The position of 
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this equilibrium depends on the solvent, ligand, substituent on the allyl group, and 
temperature and can be studied by n.m.r. techniques'.' '-I4 . Exchange ofcoordinated allyl - groups also occurs15 (equation 3). 

* 
( 1 )  + C H ~ = ~ H C H ~ X  ( 1 )  + C H ~ = C H C H ~ X  ( 3 )  

The nature of the allyl group, as far as its reactivity is concerned, also depends on the 
variables mentioned above. 

Although formally the nickel-bonded allyl group should be regarded as nucleophilic in 
charactcr, its properties can be largely modified so that it can also behave as a n  
electrophile. An interesting case is offered by (11~-allyl)nickel bromide, which can be 
attacked by acids to give propylene or by methanol to give methyl ally1 etherI6. 

Coupling of two nickel-coordinated allyl groups should be considered a radical-type 
reaction (equation 4). On the other hand, the same complex with HBr gives complex 1 and 

~~3-CH,CHCH,)2Ni] CH2=CHCH2CH2CH=CH2 + Ni  (4) 

( 1  , X = Br )  + CH2=CHMe 
I HEr 

propylenc' '. Allylnickel complexes with trikctone enolates can give rise either to hcxa- 
1,S-diene or to bis(ally1 enol ethers), depending on whether monometallic or  bimetallic 
complexes are involved'*. 

Carbanionic character can be conferred to  bis(~l~-allyl)nickel complexes by reaction 
with organolithium compounds RLi and tetramethylethylendiamine, which leads to 
anionic q3,  r/'-bis(allyl)nickel complexes'g (equation 5). 

Reaction of allylnickel halides, containing electron-withdrawing substituents such as  
COOMe on the allyl group, with halide ions X -  in coordinating solvent such as  
hexamethylphosphoric acid triamide, gives rise to species probably of type 5. which react 

[(q3-Me00CCHCHCH,)NiX2] - 

( 5 )  

with electrophiles as if they were coordinated carbanions of the Reformatski type. 
MeOO~CH=CHCH,ZnXZo.  Thus allyl halides and ketones RCOR' mainly react at the 
internal position of the allylic system of 5 to give 6 and 7, respectively. 

CH2=CHCH (COOMe) CH2CH=CH2 CH2= C H  CH (COOMe) C (OH) R R '  

(6 1 ( 7 )  

O n  the other hand, the use of poorly coordinating anions X - ,  such as trifluoroacetate, 
favours the formation of cationic complexes where coordinating substrates L can easily 
penetrate. Complexes of type 8 and 9 (X = halide. CF3COO-, PF; etc.. Y = alkyl, MX,Y, 
= Lewis acid. I I  + 177 = number of a-bonds of M) are able to coordinate different L 
molecules, including olefins. butadiene. alkcncs. and C02' . '* .  Thus the complex obtained 
from butadiene and [HNi{P(OEt),),]+PF, easily reacts with ethylene to give the 
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linear isomer, (E)-hexa- 1,4-diene. The intermediate 10 in the olefin insertion process, 
which becomes catalytic at 100 "C, has been isolated in the case of the insertion of hexa- 
1,5-diene into the allyl-nickel bond2'. Analogous intermediates are present in 

(10) 

carbonylation reactions* where a C O  ligand is inserted, for example in 8 to give 11. The 
acetate anion promotes olefin insertion into the allyl-nickel bond23. 

Oxidative elimination processes on carbalkoxyallylnickel complexes can give rise to 
formation of conjugated dienes as in the case of isoprene from the acetoxymethylbutenyl 
ligand24 (equation 6). 

[(Q3-AcOCH2CHC(Me)CH2) NIX] + CH2=C(Me)CH=CH2 + Ni(X)OAc (6) 

Electrophilic attack is likely to occur through the form. The latter also allows a 
rotation, which places the substituents on the Ni-C bond on the opposite site (syrieurtti 
isomerization). In this way a syn complex (3-cyanoallylnickel halide) can react with an 
electrophile (ally1 halide) giving the Z-product (hepta-2,5-dienoic nitrile) instead of the 
expected E - p r o d ~ c t ' ~ . ' ~  (equation 7). Ligands and solvcnts can influence the stereochcm- 

H H 

(7) 

istry by stabilizing an intermediate complex in preference to others and by rendering faster 
or slower the syn-anti isomerization process. For example, the (E)-heptadienoic nitrile 
can be made to  predominate in reaction 7 using acetonitrile instead of benzene and 2,6- 
lutidine as l i ~ a n d ~ ~ .  
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TABLE I .  Rcgiocheinistry of crotyl group attack on unsaturatcd systcins 

Reagents" Product distribution (x) 
MeCH =CHCH,CH,CH =CHCOOH 80 

CH,=CHCH(Me)CH ,CH =CHCOOH 20 
CHz=CHCH,COOCH,CH=CHMe 

MeCH=CHCH2C-CPh 

CH,=CHCH(Mc)C G:CPh 
MeCOOCH,CH=CHMe t PhC-CH 

MeCOOCH.CH=CHMe + 

52 

48 

PhN H N = CH P h CH, =CHCH(Me)CH(Ph)N=NPh - 100' 
CH, =CH(Me)CH(OH)Ph 

MeCH =CHCH,CH(OH)Ph 
MeCOOCH,CI-!=CHMc + PhCHO 

98 

2 

"Similar resulrs arc obtained star:ing from the branched ollylic isomer --CH(Mc)CH=CH2 

The site of attack on coordinated ally1 systems also strongly depends on the type of 
electrophile uscd. In Table I a comparison is reported among different substrates in the 
same reaction type, based on oxidative addition of crotyl csters RCOOCH,CH =CHMe 
to [Ni{P(OPr'),),] at 80°C to give crotylnickel carboxylates (12) able to insert C-C, 
C z C ,  C=O or C-N bondsz6. It can be seen that the trend towards formation of the 

Me 

branched product follows the electrophilicity of the substrates (olefins < alkynes 
< aldehydes, ketones, phenylhydrazoncs). This behaviour suggests that the reaction is 
controlled by the difference in energy between the most nucleophilic centre of the nickel- 
bonded crotyl group, which is placed on the internal carbon atom of the allylic system, and 
the most electrophilic carbon of the substrate. When, however, the formation of the new 
bond is energetically less favourable, no longer is the reaction with the most nucleophilic 
centre preferred, steric hindrance being a more important factor than ability to release 
electrons. 

Another problem in this field is whether the reaction centre on the allylic group reacts in 
an electrocyclic way (a) as proposed for allylpalladium complexes2' or a non-electrocyclic 
way (b) (equation 9, Y = substituent, E = electrophile). There are some reasons for 

believing that the electrocyclic process takes place when alkyl-substituted ally1 groups 
give rise to branched products. In particular, for the case of allylpalladium halidc 
complexes it  was observed28 that alkyl-substituted q3-allyl complexes pass to the form 
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by opening the bond between palladium and the most substituted end of the ally1 group 
preferentially. If one assumes that the same is the true for the previously mentioned 
nickel-crotyl complexes the reaction with the electrophile should occur via an elec- 
trocyclic path when the branched product is formed. The same information from n.m.r. 
studies would also bring us to hypothesize that when the linear product is formed the 
crotyl group reacts in a non-electrocyclic way if thc way of opening the C-Ni bond is still 
the same. If, however, there is an equilibration with the other allylic carbon the 
electrocyclic mode could also be at work. 

As to  the type ofattack on allylic systems by nucleophiles, it appears that the situation is 
different. It has been shown29*30 that when two different q3 and t I I  sites are available in the 
same complex, electrophiles such as aldehydes or ketones prefer the q' site and 
nucleophiles such as amines or malonates attack the q3 site preferentially. The complex 
obtained from three molecules of allene and a nickel atom should be considered on n.m.r. 
grounds as an t13,r~l-complex. The main reaction product with aldehydes derives from 
attack on the t i '  site (equation 10). 

The way in which the q3-system is attacked is not yet clear. Most investigations have 
been carried out on allylpalladium systems, which offer better stability, and we refer to the 
results of these studies assuming that the situation would not change dramatically on 
passing to  nickel. 

Attack by stabilized carbon nucleophiles on allylpalladium complexes has been shown 
to occur with inversion of configuration at chiral centres, and this has been interpreted as 
external nucleophilic attack on the q3-allyl complex31. Recent work on nickel complexes 
also points to the possibility ofexternal attack. Amines have been shown to attack cationic 
allylnickel complexes from outside32. 

On the other hand, the intermediates in methoxylation of a bis(q3-allyl)palladium 
complex obtained from butadiene and palladium have been isolated and the methoxy 
group shown to be bonded to palladium before forming the C-0 bond33. A similar 
pattern can be postulated for the analogous nickel complexes and possibly for C- 
nucleophiles RH such as malonic esters. The latter add to butadiene in presence of 
nickel(0)  catalyst^'.^^.^^ (equation I 1 ). The intermediate bis(ally1)nickel complexes (13a) 
and (13b) can be induced to shift from addition of the 'nucleophile' RH (to give 15) to linear 
triene (16) formation35, via a common intermediate (14) (equation 1 1 )  which could be 
attacked by another RH molecule in the case of external attack. The two forms 13a and 
13b can also give rise to  an interesting series of ring-forming coupling reactions, depending 
on which form is stabilized under the reaction  condition^'.'^*^^ (equation 12). Another 
bis(a1lyl)nickel complex, formed by reaction of three molecules of butadiene with nickel(O), 
can also lead to a selective and stereoselective coupling'.'' (equation 13). 

Ligands, particularly tertiary phosphines and trialkyl or triaryl phosphites and 
hydrogen-active compounds, influence the formation of these products in different ways: 
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6L 

(13b) 

CH2=CHCH=CH, + Ni(0) --+ 

( 1  1 )  
/ 

(13a 1 

_--. 
' I .  RCH,CH=CH(CH,),CH=CH, 

(15) (14) 
L 

CH,=CHCH=CH (CH,)$H=CH, 

(16) 

(a) By favouring either P-hydride elimination to form open-chained compounds or C-C 
coupling. For example, when RH = secondary amine, phenol, or other compounds, 
containing active hydrogen, the reaction can be caused to give both the open-chain 
compound (16) and the R-C coupling product (15). With C-nucleophiles the latter is 
formed1,33.37.38 

(b) By altering the coupling sites (internal or terminal) ofthe ally1 group' *39. For example, 
96% of (Z,Z)-cycloocta-1,5-diene (17) is obtained on complete conversion of 
butadiene with P(OC,H,-o-C,H,), as ligand, but 40% of vinylcyclohexene (19) is 
formed with P(cyclohexyi),. This has been ascribed to  stabilization of the diene- 
derived bi~(~~-allyl)nickel(13a) or q',q3-bis(allyl)nickel complexes (13b), respectively. 
There is no simple correlation with ligand electronegativity (Tolman's factors4'), 
another effect connected with orbital control of ring-forming elimination being 
operative39. The former intermediate (13a) can give rise to 36% divinylcyclobutane 
(18) with the phosphite ligand at conversions up to 85%. This compound is in 
equilibrium with butadiene3, and has also been shown to convert into cyclooc- 
t i~diene ' .~ '  ; the latter predominates on complete conversion of buradiene. 
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(c) By determining the number of molecules taking part in ring formation. Ligand-free 
nickel or nickel with certain phosphorus ligands can react with three molecules of 
butadiene to givc mainly ( E ,  E, E)-cyclododecatrienc (20) and small amounts of the 
E, E,Z- and Z,Z,Z-isomers. The ratio to the cyclodimers (17-19) is mainly determined 
by steric effects (Tolman's cone angle or 0 parameter4'), whereas the electronic control 
( x  parameter40) essentially affects the ratio between the q3,q1- and r13,q3-allylnickel 
complexes4'. 

(d) By governing the syn-onti isomerization of the allyl group which gives rise to E- or Z- 
stereoisomers1*4'. For example, ( E ,  E,E)-cyclododccatriene should derive from coupl- 
ing of syn groups resulting from anti + syn isomerization of the nickel-coordinated 
precursor. 

(e) With particular complexes as catalysts intramolecular double bond insertion has been 
observed to form. for example (21)'.J3 (equation 14). Olefin insertion processes into 
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these bis(a1lyl)nickel complexes have been shown to be orbital controlled, the terminal 
allylic carbon with the highest electron density reacting with the olefinic carbon with 
the highest electron d e f i c i ~ n c y ' . ~ ~ . ~ ~ .  Thus, by simply varying the substituents on the 
olefin undergoing insertion from R = Ph. R' = H to R = COOMe, R' = Me one can 
obtain 22 or  23, respectively (equation 15). 

(22) 

This short survey of elementary reactivity patterns of nickel-coordinated allyl groups 
cannot ignore formation of nickel hydride species from ally1 -nickel bonds. Hydrides can 
be generated from reactions of the allyl group that givc rise to H-elimination (for example 
olefin insertion reactions). These hydrides are active in many reactions, particularly in 
olefin isomerizations6. 

Isomerization reactions of dienes can go via allylnickel complexes in the prcsence of 
hydride sources4'. In fact, this is also a way of preparing allylnickel complexes48 (cquation 
16). Hydrides are involved in other reactions such as d i m e r i ~ a t i o n ' . ~ ~  and skeletal 

CH,=CHCH=CHCH,R + NIH + MeCH=CHCHCH2R + MeCH=CHCH=CHR -I- NIH 

(16) 

rearrangements of olefins5' and vinylcy~lopropanes~ '. We shall briefly mention here thc 
norborncne-ethylcnc dimerization reaction which is catalyscd by [ ( r 1 3  -CH2= 
CHCH,)Ni(L)CI . . . AlCI,Me]. Using an optically active ligand L [( - )- 
dimenthyl(methyl)phosphine], asymmetric induction has been obtained52 (equation 17). 

I 
Ni 
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111. REACTIONS 

Reactions leading to C -C bond formation and involving allylnickel complexes are 
numerous and have been the subject of several reviews (see, for example refs. 1 - 10). In the 
limited space available we shall only consider some typical reactions not covered by 
existing reviews and the latest developments. C-C bond formation reactions represent 
the widest synthetic application of allylnickel complexes. We can distinguish the following 
classes, which include both stoichiometric reactions and catalytic reactions involving 
allylnickel complexes : 

A. C-C coupling of coordinated ally1 groups. 
B. Insertion of double and triple bonds. 
C. Addition to  activated olefins, carbonyl compounds, epoxides, and quinones. 
D. Carbonylation and carboxylation reactions. 
E. Multiple insertion processes. 
F. Carbenoid insertion t-eactions. 
G. Addition to  dienes. HCN addition. 
H. Reactions with C-Mg Bonds. 

A. C-C Coupling of Coordinated Allyl Groups 

Although the first coupling reaction, later recognized as involving allylnickel com- 
plexes, was discovered in 1941 s 3  (equation 18). it was only after 1955 that this reaction 

2CHz=CHCH,CI + [Ni(CO),] --+ CH,=CHCH,CH,CH=CH, + NiCI, + 4CO 

(18) 

began to be utilized in synthesiss'~5s and the relevant allyhickel complexes were 
d i s c o ~ e r e d ~ " ~ ~ " .  It was soon realized that the true intermediate was an allylnickel halide 
and that the two allylic moieties involved in coupling were not behaving in the same way, 
only one of them giving rise to the q3-coordinated g r ~ u p ~ ' . ' ~  (equation 19). The reaction 
was applied to cross-coupling of different moieties. 

[(q3-CH2CHCH2)NiCI'] + CH,=CHCH,CI 4 CH,=CHCH,CH,CH=CH, + NiCI, 

(19) 

Since exchange reactions betwecn different ally1 groups are very easy, either a stable 
ally1 group such as one having an electron-withdrawing substituent Y is used5* or a 
second non-allylic moiety R is coupled to the nickel-coordinated allylic ones9 to obtain 
good selectivity (X =halide) (equation 20). 

[(q3-CH2CHCH2)NiX] + RX --o CH,=CHCH,R + NIX2 (20) 

Thc coupling reaction is general and has been applied to the synthesis of a variety of 
co~npounds~~'~~'~~'"-''~, including natural compounds and largc ring compounds 
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resulting from intramolecular coupling (equation 21). The ring size is influenced by 
ligands, such as tertiary phosphines, which can affect the access of the substrate to 

XCH,CH=CH(CH,),CH=CHCH,X + Ni(0) + 7H2CH=CH (CH2),CH=CHCH2 + NIX, 

coordination sites. The ready availability of nickel(O), for example as Ni(~od) ,~~." ,  has 
contributed to the development of very simple procedures6. From the synthetic point of 
view, the use of allyl groups which mask other functions is also interesting. Thus the 2- 
methoxyallyl group is a masked acetonyl function which has been used for coupling with 
several carbon compounds6s (equation 22). 

H 0' 
[(?3-CH,C(OMe)CH,)NiBr] + PhBr  3 PhCH,COMe + NiEr, (22) 

The use of diolefins, particularly butadiene, to prepare a variety of unsaturated rings or 
straight chains has been treated exhaustively' and was mentioned in the preceding section 
to illustrate the typical reactivity of nickel-coordinated allyl groups. 

8 .  Insertion of Double or Triple Bonds 

Allylnickel complexes obtained by oxidative addition of allylic halides or allylic esters 
of organic acids to zerovalent nickel easily insert a l k y n e P  at room temperature (equation 
23). The dimer of allylnickel bromide inserts two molecules of acetylene stereoselectivelyfi7 
(equation 24). Bis(q3-allyl)nickeI behaves analogously68. 

Ni (0) 
MeCOOCH2CH=CH2 + RC=CH - CH2=CHCH2C=CR + MeCOOH (23) 

[(h3-CH,CHCH2)NiBr] f 2CH=CH + 
2 

(Z,Z)-CH2=CHCH2CH=CHCH=CHCH2 + CH=CH, f NiBr, + NI (241 

The reaction of ethylene with butadiene-derived crotylnickel complexes has been 
mentioned in Section 11. For recent extensions, sce dnd 6 8 b  . The reaction of 
higher olefins is less easy but occurs smoothly with chelating substrates. Thus allyl 3- 
butenoate gives rise to heptadienoic acids regioselectively (attack on the terminal carbon 
only). [Ni{ P ( O P I - ~ ) ~ } ~ ]  is an efficient ca t a ly~ t~~ . ' '  (equation 25). 

NilO) 
CH2=CHCH2COOCH2CH=CH2 k CH2=CHCH2CH2CH=CHCOOH f 

(25) CH2=CHCH,CH=CHCH2COOH 

Bis(a1lyl)nickel complexes derived from butadiene or dienes are particularly useful for 
obtaining cyclic insertion products of alkynes and a l k e n e ~ ' . ~ ' * ~ ~  (equations 26 and 27). 
Acyclic compounds can also be obtained, as shown in Section I1 for butadiene 
dimerization. 

The complex a, o-dodecatrienediylnickel also inserts allene to give 24 or alkynes RC= 
C R  to afford 25 together with other isomers. Compound 24 in its turn can insert alkynes 
to give 26'' (equation 28). Sometimes insertion does not occur easily because of an 
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0 + R C E C R  + (26) 
R 

R 

c.-) + RCH=CHR + 
R 

CH,= C= CH, 
___d 

R C E C R  1 

R C G C R  
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unfavourable equilibrium and lack of a final irreversible step. In these cases, however, 
insertion can be induced by oxidants. Although nickel complexes are sensitive to 
oxidation it has been possible in certain cases to use oxygen to cause double bond 
insertion into an allyl-nickel bond. Concomitantly, most of the resulting complex is 
oxidized with formation of carbonylic and hydroxylic groups74 (equation 29). 

C. Addition to Activated Olefins, Carbonyl Compounds, 
Epoxides, and Quinones 

These classes of compounds are treated together because of the analogy between 
nucleophilic additions (exemplified by Michael and Grignard-type reactions) and 
reactions of allylnickel species. Reactions of allylic halides in presence of nickel(0) or of 
allylnickel complexes with acrylic compounds occur at room temperature with formation 
of intermediate complexes which can undergo hydride elimination or proton ~ p t a k e ~ ~ ~ ~ ,  
for example equation 30. Similar reactions occur with carbonyl compounds, both on 

[(h3-CH2CHCH2)NiBr] + 2 CH,=CHCN ---w [{CH,=CH(CH,),CH(CN)), N i l  - 
2 - NiBrz 

CH2=CHCH2CH=CHCN f CH2=CH (CH, ),CN (30) 

allylnickel complexes and on n i ~ k e I ( O ) ~ ~ * ~ ~ . ’ ~  and ally1 halides, for example (R = alkyl o r  
aryl, R’ = H, alkyl, or aryl (equation 31). The biologically important a-vinyllactones have 
been obtained using 2-carbalkoxy-substituted allyl g r o u p ~ ~ ~ ~ . ~ .  

[(h3-CH,CHCH2)NiBr] + RCOR’ A [CH2=CHCH2C(R)(R’)ONiBr] ---+ “20 

CH,=CHCH,C(R) (R’IOH (31) 

i~3-Methallylnickel bromide attacks styrene oxide59 giving 26a selectively. Allylnickel 
acetates react selectively with aromatic aldehydes in methanol even in the presence Of 

PhCH(CH,OH)CH,C(Me) = CH, (26a) 

aliphatic aldehydes and  ketone^'^. Phenylhydrazoncs and hydrazones in general have 
been found to be r eac t iv~’~  with ally1 acetates (equation 32). The reaction is inhibited by 

PhNHN=CRR’ + CH2=CHCH20Ac% PhN -NC(R)( R’ )CH,CH =CH2 (32) 

the product, but the addition of trialkyl phosphites in excess protects the catalyst and the 
number of catalytic cycles can be increased. Allylnickel complexes derived from dienes 
easily insert ketones and  aldehyde^'*^^-^' (equation 33). Interesting synthetic potential in 
the field of isoprenoids has also been opened up79. Catalytic reactions have been 
reportcd81*82 (equation 34). 

Reactions involving allyl complexes obtained from dienes and nickel(0) appear to be 
susceptible to  ligand-induced changes in regioselectivity. Addition of butadiene to 
acetaldehyde gives rise to mixtures of mainly linear (71% 28 and 12% 27 with PPh, as 
ligand) or mainly branched [40% 29, 252, 27, and 18% 30 with P(cyclohexyl,] 
products80,8’ (equation 35): 

Addition of butadiene to phenylhydrazones has also been r e p ~ r t e d ~ ~ . ~ ~ ” .  Addition of 
allylnickel halides to quinonesX4 is an interesting reaction from both the synthetic and 
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Ni cot 
2 CH,=CHCH=CH, + RCOR' - RR'C(OH)CH,CH=CHCH,CH=CHCH=CH, (34) 

Ni (0) 
CH,=CHCH=CH, + MeCHO CH2=CHCH[CH(OH)Me]CH2CH=CHCH=CH2 + 

(27)  

MeCH(0H) (CH,CH=CH),CH=CH, 4- CH,=CHCH [CH (OHIMe] (CH2)3CH=CH2 + 
(28) (29) 

(35) 
CH,=CHCH[CH ( O ~ ~ ~ ~ V ~ ~ ] ( C H , ) ~ C H = C H M ~  

(30) 

mechanistic points of view. At - SO "C in dimethylformamide, reaction 36 occurs. Under 
particular conditions (use of CO or triphenylphosphine in excess), reduction to 
hydroquinone can be suppressed. Reaction of I ,  I -diniethylallylnickel bromide with 2,3- 

I .  dmf 

[(?13-CH,CHCH,) NiBr], + 2 p-benzoquinone 2. H i  c- 

(36) 

4- 4 + CH,=CH(CH,),CH=CH, 

OH OH 

dimethoxy-5-mcthylbenzoquinone in formamide gives coenzyme Q 1 (31) after oxidation 
with FeCl,. From the mechanistic point of view the reaction appears to involve an 
electron transfer process from nickel to the quinone, followed by a highly regioselective 
radical coupling with the ally1 groupE4. 
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D. Carbonylation and Carboxylation Reactions 

The reaction with C O  of an allylnickcl chloride complex formed in situ from [Ni(CO),] 
and ally1 chloride takes placc at room temperature under conditions which differ from 
those of the coupling reaction by a slightly higher pressure (1-2 atm)8.R5 (equation 37, 
R = H or alkyl). Alternatively, active nickel or allyl(ch1oro) (thi0urea)nickel complexes 

[Ni(C0)4] 
CH,=CHCH,CI + CO + SOH ___t CH,=CHCH,COOR + HCI (37) 

can operate at atmospheric pressure and at low temperature8. Higher C O  pressures 
inhibit the reaction and the temperature has to be correspondingly increased. This 
behaviour is explained by the need for dissociating CO, thus creating the coordination 
sites required to form the ally1 -nickel bond. 'The following step probably involves a 
pentacoordinated intermediate, as shown by a model reaction on allyl(chloro)bis(tri- 
phenylphosphine)nickel'.86. Carbonylation affects the less hindered site of a substituted 
allyl group. 

Bis(ally1)nickcl complexes form kctoncs with C O  at low temperature'.'', for example 
reaction 38. CO attacks one terminal and one internal carbon of the two ally1 groups. A 

competitive reaction consists of the displacement of the allyl groups with formation of 
cyclododecatriene' '. 

Carbon dioxide has bccn caused to react with bis(ally1)nickel to give 7-lactones" 
(equation 39). Thc nickel-bonded intermediatc involved in this reaction had been 

[(~3-CH,CHCH,),Ni] + CO, ao+ a. (39) 

previously isolated in the case of thc methallyl group by blocking i t  with PMe, to form 
32.'9 

[(Q3-CH,C(Me)CH,)Ni{OOCCH2C(Me)=CH, -I (PMe3) 1 
(32) 
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E. Multiple Insertion Processes 

Allylnickel complexes can be used to start a sequcnce of insertions involving different 
molecules and groups until a termination step is reached. In the simplest casc a catalytic 
reaction involving acetylenc and CO insertion, followed by cleavagc with ROH (R = H or 
alkyl, aryl) was observed at room tempera t~re '~  (equation 40). The reaction is 

Ni (0) 
CH2=CHCH2CI + CH=CH + CO + ROH d (Z)-CH2=CHCHzCH=CHCOOR + HCI 

(40) 

chemioselective, acetylene being inserted before CO. Competition between different 
molecules for insertion and termination can be effectively controlled by ligands, solvents, 
and pH. Allyl(ch1oro) (thiourea)nickel can bc advantageously used as a ~ a t a l y s t ~ * ~ ~ * ~  '. 
Under phase transfer conditions no insertion of acetylene is observed, probably because 
more stable anionic butenylnickel complexes are involvedsg". As shown above cis- 
addiiion of the ally1 group and of carbon monoxide to acetylene occurs. 

When suitable double bonds are present, cyclization is preferred to solvent attack and 
further CO attack can follow. Examples of different multiple insertion processes which can 
be carried out at room temperature and atmospheric pressure in acetone as solvent are 
given in equations 41-448.90-92. The first process is stoichiometric and involves eight 

CH2=CHCH2CI + 2HC=CH + 3CO + MeCOMe + H20 + Ni(0) 

Ni (0) 
CH2=C(CH 3)CH2Cl + CH2=CH(CH2CH2CH=CH )2CH2CH2CH=CH2 + 4CO 4- H20 ___) 

CH2=C(Me)CH2CH2R3CH2C02H + HCI 

no + 
Ni (0) 

CH2=CHCH2CI + CH2=CHCH2COONo -I- CO A CH2=CH(CH2)2 

0 
(43) 

molecules, five being different from each other, the second is a type of cooligomerization 
which gives rise to a slightly helicoida! molecule stereoselectively, and the third is a double 
phase process terminated by internal attack on the acyl group by the carboxylate anion. 
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Ni (0) 
CH2=C(CH3)CH2CI + CH(CH=CH,)CH,CH=CH, + 2CO + H 2 0  ----w 

(44) 

The last is an example of the synthesis of more complex molecules related to the steroid 
class. The second and the last reactions are best carried out in the presence of poorly 
coordinating anions such as PF;, which favour the formation of a cationic complex, thus 
allowing the substrate to penetrate the coordination sphere. 

Multiple insertion process can be governed by rendering difficult the metal elimination 
process until a favourable arrangement for elimination is reached. In the following 
example, elimination is difficult after the first insertion of norbornene into the allylnickel 
bond because cis. em-addition docs not allow the required sy-elimination, so the 
insertion process continues until the correct arrangement for elimination is reachedg3 
(equation 45). 

+ Ni(0) e b- CH2=C(CH3)CH20Ac + 
NiOAc 

Another sequential insertion process is based on generation of a hydroxy group by ally1 
attack on a formyl group, followed by cyclocarbonylation to lactoneg3’ (equation 46). 

Br 

F. Carbenoid Insertion Reactions 

In addition to CO, allylnickel complexes are able to attack carbenoids. These species 
can originate from diazoalkane decompositiong4 (equation 47). Also, isonitriles KNC can 

(47) 

be inserted into bis(q3-aIlyl)nickel complexes to give macro cycle^^^. Muscone was 
obtained in this way after hydrolysis to a ketone and hydrogenation of the double bonds of 
the insertion product of allene and MeNC into (dodecatrienediy1)nickelg6 (equation 48). 

[h3-CH,CHCH2)NiBr] + CH(N2)COOEt + CH,=CHCH=CHCOOEt 

( E : Z  = 69:19) 
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G. Addition to Dienes. HCN Addition 

We have shown in Section I1 that nucleophiles such as malonic and acetoacetic esters 
can attack coordinated butadiene, probably via a bis(ally1)nickel ~ o m p l e x ' . ~ ~ . ~ ~ .  

Hydrogen cyanide also can attack butadiene via a different mechanism involving a 
crotylnickel complex. Crotyl(cyano)(ligand)nickel complexes can be prepared directly 
from dienes and HCN in the presence of ni~kel(0)~'. Trialkyl or triaryl phosphites are the 
best ligands. Reductive elimination gives a nitrile. With butadiene reaction 49 occurs. This 

CH,=CHCH=CH, + HCN + Ni(0) + [(q3-MeCHCHCH2)NiCN] 4 

NCCH2CH=CHMe 4- Ni(0) (49) 

reaction has formed the basis for one of the most important industrial processes for the 
production of adiponitrile. In fact, by adding a Lewis acid such as ZnC1, to the catalyst it is 
possible to shift the double bond to the terminal position and to add a second molecule of 
HCN to form NC(CH2),CN9'*''. The stereocheniistry of the attack by HCN is probably 
cis, as suggested by recent results on HCN addition to olefins"'. 

H. Reactions with C-Mg Bonds 

Allylic compounds couple with C-Mg bonds in t!x presence of nickel complexes. The 
reaction of allylic alcohols with Grignard reagents in the presence of [NiCl,(PPh,),] ' O '  

gives olefins, for example reaction 50. The reaction has been shown to involve allylnickel 

MeCH=CHCH20H -I- PhMgX d CH2=CHCH(Me)Ph 

complexes as intermediates"'. Cyclic alcohols are at tacked by MeMgX stereospecifically 
on thz side opposite to the hydroxyl grouplo2. Allylic ethers can be attacked re- 
gioselectively at the internal position by Grignard reagents in presence of nickel complexes 
with 1,1 '-bis(diphenylphosphino)ferr~cene'~~. 

(50) 
cot. 
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1 . INTRODUCTION 

ti3-Allylpalladium complexes play an important role in carbon -carbon bond formation 
by reacting with various carb~nucleophiles'.~ . The reaction can be carried out as both 
stoichiometric and catalytic reactions . In the former reaction. ti3-allylpalladium com- 
plexes. isolated as stable compounds. react with various carbonucleophiles to give 

163 
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allylated products. This reaction( I )  was first reported by Tsuji et aL5 in 1965. In catalytic 
reactions, various allylic compounds and conjugated dienes react with palladium(0) 

complexes to forin ~~3-aIlylpalladium complexes as intermediates. These r13-allylpailadium 
complexes, formed in sirrr and without isolation, react with carbonucleophiles to form new 
carbon-carbon bonds. These two reactions are treated in this part. Only fundamental 
aspects and synthetic applications are described, with typical examples. A complete 
literature survey is not the purpose of this review. 

II. PREPARATION OF q3 -ALLYLPALLADIUM COMPLEXES 

t13-Allylic complexes of palladium are prepared by a number of methods from various 
allylic and olefinic compounds. Except for bis(q3-allyI)palladium, which is airsensitive and 
rarely used in organic synthesis, n-allylic complexes are stable, soluble in organic solvents, 
and can be handled easily. 

A. From Various Allylic Compounds 

The first synthesis of q3-allylpalladium chloride was carried out by the reaction of PdCl, 
with allyl alcohol6 and allyl chloride7, but the yields were not satisfactory. Mechanistically 
q3-allyl complexes are formed by oxidative addition of allyl compounds to palladium(0) 
generated from PdCl, with appropriate reducing agents. Satisfactory results were 
obtained by using carbon monoxide (84%)'-'O, ethylene", SnCl, (90%)l2, TiCI,, Fe, Cu, 
and Zn13 as the reducing agents of PdCI,. Photocatalysed allylic chlorination of terminal 

PdCI2 

double bonds, followed by reaction with PdCl, and CO, offers a convenient synthetic 
method for q3-allylpalladium complexesL4 (reaction 3). Reaction ofallylsilanes with PdCl, 

W R  
PdCIz [ Pd,CI ] BU'OCI 

H2C=CHCH2R - H2C=CHCHCIR w 

2 
+ 

(3) 

CI C H %CH = CHR 

in alcohol affords the ~ornplex". '~ (reaction 4). DiallyI ether is another source of the 
complex" (reaction 5). 

R3SiCH2CH=CH2 f L i  [@d/"] + Cti2=CHMe + 
2 

R3SiOMe -t (R3SiI20 (4) 

(CH2=CHCH2)20 + PdCI, [(@/'I] 4- CH2=CHCH0 4- %O 

2 
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The complex can be prepared dircctly from palladium(@) complexes. Facile oxidative 
addition of allylic chlorides to zerovalent tris(di benzy1ideneacetone)dipalladium is a good 
method of synthesizing q3-allyl c o m p l e ~ e s ~ ~ ~ ' ~ .  ~~3-Allylpalladium bromide was obtained 
in 9004 yield by the reaction of highly active palladium mctal powder, produced by the 
potassium reduction of PdCI, with allyl bromide. Ally1 chloride afforded the correspond- 
ing complex in 6% yield20-22. q-Allylpalladium acetate was prepared by the reaction of 
allyl acetate with the zerovalent palladium phosphine complex [Pd( P C Y ~ ) ~ ] ~ ~ .  

Pd(PCy3)2 + CH2=CHCH20Ac __9 [(-+pd/pcy3] 

'OAc 

6. From Various Olefinic Compounds 

Reaction of substituted olefins with PdCI, produces q3-alIyl complexes by the 
elimination of HC124-27. The reaction (8) prcrceeds smoothly in acetic a ~ i d ~ ' - ~ ' ,  
chloroform, dichl~romethane~' ,  methanol3', and dmf in the presence of 

R2 

R'CH=CHCHR2 + PdCIZ 4 [ ( ~ p d / ~ ' ]  + HCI (8) 
2 

R' 
Various modifications of this reaction have been reported. Addition of a weak oxidizing 
agent such as CuCI, not only improves the generality of the approach, but also affects the 
r eg io~hemis t ry~~ .~ ' .  The main products of the reaction are Markownikoff-like products; 
that is, the hydrogen abstracted is normally ailylic to the more substituted end of the 
olefins. Reaction 5 was observed with 2-methylbut- I-ene3'. Palladium trifluoroacetate 

CH2=C(Me)Et 5 [ C I - - F ' d < h ]  + [ L 1'' CIl2 (9) 
2 pd--cI 

No additive: 2906 7 1'1.6 
cuc1, : 74% 26','/, 

was used for the preparation of ~~-'-allylpalladiun~ complexes from cyclic and monosubsti- 
tuted olefins3'. Complex formation from unsaturated steroids was carried 

The substitution reaction of mesityl o ~ i d e ~ ~ . " ~ ,  or more generally a,P- and P,y- 
unsaturated carbonyl compounds, with PdCI, in the presence of bases to afford q3-allyl 
complexes proceeds more easily owing to the high acidity of the hydrogen which is 
eliminated (reaction I 0)45.46. Complexes were prepared from cyclic unsaturated ketones 

COR r R  1 
I 
C-H 

R '  

such as cyclohexenone and isophoroneJ7 and steroidal, unsaturated ke ione~""~ ' 
(reaction 1 I ) .  Alkylisopropcnylmalonic acids form thc complexes via decarboxylation 
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c 
PdCl 

(rcaction 12)? The formation of dia~yl-i~~-allylpalladium complexes from pyrilium salts 
via ring opcning is thc same type of r ~ a c t i o n ~ ~ .  

C. From Diolefins and PdCI, 

iblechanistically, palladation of one double bond of conjugated dienes produces ri3-allyl 
complexes substituted with nucleophiles. Typically, butadiene reacts with PdCI, in the 
presence of nucleophilcs to give substitutcd r/3-allyl coniplcxes (reaction 14)'4-57. 

r rx i r rx 1 

X = nucleophiles ~ CI , OR , OAc (14) 

Na,[ PdCI, ] 

MeOH 

( 1 )  

ROH hrnpa 

.b 

R = H ,  E t ,  Ac 
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Ocimene (1) reacted to give the expected q'-aHyl complex in methanol, whereas myrcenc 
(2) was converted into a 11~-allYl complex after cyclization''. However, mainly the terminal 
position of myrcene was attacked by 0-nucleophiles in hmpas9. 

Nucleophiles attack the central carbon of allene to form the two 2-substituted rl3-aliyl 
complexes (reaction 1 7)"-". Divinylmet hanols are a source of ri3-allyl complexes 
(reaction 1 8IG4. 

- 
CH2CI 

[R']~Pd/c' I 

C=CHR + PdCI, d 

R' 
I 

R 

CH2=C=CH2+ ?dC12 + 

X = CI-  or allene 

-2  

CH2=CHC(R) (OH )CH=CH2 i- Na2[PdCI4] (18) 

CH20CH3 
2 

converted quantitatively into I-chloro-3-phenyl-q3-allylpalladium chloride (reaction 
20)70.7' and tetraphenylcyclopropene was converted into the q3-allyl complex of indene 

Ph 

L 61 -1 2 

(reaction 2 I )72. Alkylinethylenecyclopropanes are converted into 2-~hloro-r~~-allyl- 
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palladium complexes (reaction 22)73. t13-Allyl complexes are prepared by the reaction of 
alkenylmercury(I1) chloride with olefins in the presence of PdCI, in thf. The reaction 

involves insertion of olefin to the palladium -carbon bond, followed by palladium 
hydride (reaction 23). 

R'CH=CH, 
RCH=CHHgCI + PdCI2 + RCH=CHPdCI - RCH=CHCH& (PdCI)CHR' 

R 

Addition reaction of acetylenes to olefins promoted by PdCl, in chloroform a t  room 
temperature leads to the formation of q3-allyl complexes (reaction 24)76. Reaction of 
diketene with Na,[PdCI,] in ethanol produces a q3-allyl complex of a ~ e t o a c e t a t e ~ ~ - ~ ~ .  

R' \PhfPdHc'  CI Ph 

R2 . 

'C=CH2 + PhC=CPh 4- PdCI2 --+ 
R2/ 

20-80% 

C02Et 

CH2=C-CH + No2 WCI, % [HO<7Pd,c] 

0 2 

(24) 

2 

(25) 

111. STOlCHlOMETRlC CARBON-CARBON BOND FORMATION 

A. Reaction of Carbon Monoxide and lsocyanides 

A but-3-enoate is formed by the reaction of r~3-allylpalladium chloride with carbon 
monoxide in an alcohole0. The reaction proceeds more smoothly in the presence of sodium 
carboxylate". This ester was converted to another r73-allyl complex 3. Carbonylation of 

[(?Pd/"] + CO + ROH + CH2=CHCH2C02R + Pd -I- HCI (26) 
2 
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the complex 3 gave the diester 4, which was then converted further to the t13-allyl complex 

1 9 6 .  r y z R  

CH,=CHCH2C02R + PdCI, [(-pd/cj 

2 

- R02CCH=CHCH2C02R 
C02 R 

co PdCl 

ROH base 

(4 ) ( 5 )  

(27) 

2 

Carbonylation of the butadiene complex produced 5-chloropent-3-enoate (reaction 
28)’,. 

CH2=CHCH=CH2 + PdCI2 + [“!~Pd/“] - co 
ROH 

( E  )-CICH2 CH=CHCH$OOR (28) 
2 

The oxidative carbonylation of butadiene to give unsaturated mono- and die-esters has 
been reported (reaction 29)83.84. Detailed studies on the stoichiometric carbonylation of 

PdCI,/CuCI,/O, 

CH2=CHCH=CH2 + CO + MeOH _____) (E)-MeOCH2CH=CHCH2C02Me 4- 

(E)-Me02CCH2CH=CHCH2C02Me (29) 

the isoprene complex to give a mixture of mono- and di-esters and lactone have been 
carried out8’. Carbonylation of rl3-allyl complexes derived from allene afforded the esters 
shown in reactions 30 and 3 1 8 6 .  Direct reaction of allene. carbon monoxidc, and PdCI, in 
an alcohol produced itaconate in low yields6. 

r -7 

co 
ROH CH2=CCICH2COOR CH2=C=CH2 + PdCI2 + (CI--(-+Pd/cIJ 

7 

C H 2 = C = ~ ~ 2  + CO + ROH + PdCI, + CH2=C(C02R)CH2C02R + P d  

(32) 

Isocyanides, which are isoelectronic with carbon monoxide, also reacted with 11~-allyl 
complex in alcohol to give an imido ester, which was converted into a but-3-enoate by mild 
hydrolysis (reaction 33)s77.88. ,13-Allyl complexes formed from olefins were converted to 
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[w (+I~-CH,CHCH,)CI] + R N r C  + CH2=CHCH2!0R)=NR 
2 

CH2=CHCH2C02R (33) 

ketenimine by treatment with isocyanide and then diazabicycloundecene (dbu). The 
reaction involves the insertion of isocyanide and dbu promoted P-e1iminations9. 

cyclohexene + PdCI2 ---@ [ O P d C d .  5 1 O C - P d C I  1 
II . L NBu‘ J2 -L 

B. Reactions of Carbonucleophiles 

r73-Allyl complexes react smoothly with soft nucleophiles derived from malonates, 
acetoacetate, acetylacetone, P-keto sulphoxides, P-keto sulphones, and ,G-keto sulphides. 
Enamines also react easily. Malonate and acetoacetate were allylated with ti3- 
allylpalladium chloride in dmso in the presence of bases’*90. Similarly, acetylacetone was 
allylated (reaction 35)”. Reaction of carbonucleophiles with substituted ti3-allyl com- 

MeCOCH2C02R + [(-PdNCj hose MeCoCH(CO2R)CH2CH=CH2 + 
2 Pd + HCI (35) 

plexes proceeds in thf, or dmf at room temperature in the presence of an excess of PPh,, or 
P B u , ~ ~ * ’ ~ .  

Synthetic application of the reaction of active methylene compounds with q3-allyl 
complexes formed from various olefins has been explored as a method of introducing 
functional groups at allylic positions of olefins via q3-allyl complex formation3 ‘ . 3 6 9 9 2 - 9 7 .  

Considerable, but not complete, regioselectivity was observed in complex formation from 
substituted ole fin^^^. Attack by nucleophiles occurs at both sides of the allyl system. 

1 

CH,(CO,R l2 - 
J2 

( E)-R~CH=CHCHRCH(CO~RI~ + ( E  ) -RCH=CHCHR~CH(CO~R)~ (36)  

Regioselectivity depends on the nature of attacking nucleophiles, the structure of the ) 1 3 -  
allyl complexes, and the l igand~”*’~. Attack at the less substituted side of the t13-allyl 
moiety seems to be general, but some exceptions were observed. For example, different 
results were observed in the reaction of nucleophiles such as methyl methylsulpho- 
nylacctate and methyl malonatc with the t~~-al lyl  complex of methylenecyclohexane. The 
attack at the primary carbon occurred in hmpa. On the other hand, the attack took place 
selectively at the secondary carbon in the presence of stericallyl hindered tri-o- 
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tolyphosphine (tot) as a ligand. Also in the latter case the introduced nucleophile took an 
axial direction. 

,X 

X = CO,Me, hmpa (70% yield) 
X = C02Me,  tot (57% yield) 
X = SOzMe hmpa (58-90”/, yield) 

79% 
26% 
100% 

Alkylation of methyl groups of geranylacetone (6) without the protection of the 
carbonyl group has been achieved by converting it in 70-850/, yield into a mixture of the 
q3-allyl complexes 7 and 8, which were treated with methyl methylsulphonylacetate in the 

A 0  

I 

\ \ 

(6) 70-85% 

\ 
h 

S02Me 

C02Me 

2 

( 9 )  ! I (lo) 
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prescnce of PPh, to givc the csters 9 and 10 in 24-850/, yiclds. Finally, the functional 
groups were removcd to give the methylatcd products ll-1493. Another example is the 
formation of geranylgeraniol from farnesoateg8. By the same methodology, farnesoate and 
the pheromone of Monarch butterfly wcre synthesized from methyl geraniate99. 

Vitamin A (15) and related compounds were synthesized by the reaction of sulphones 

CUCI, [<-+J2-1 ",3 . & + WCI, - 
OAc 

7 I o/o I ~ , , , , , .  (16) 

(39) 
(17) 

OAc - OAc 

and the q3-allyl complex 16 derived from prenyl acetate. Reaction of the q3-allyl complex 
with 3-methyl-I-(phenylsulphonyl)-5-(2,6,6-trimethylcyclohex-1-en-1-yl)penta-2,4-diene 
(17) in dmf in the presence of PPh, gave in 52% yield I-acetoxy-3,7-dimethyl-5- 
(phenylsulphonyl)-9-(2,6,6-trimethylcyclohex- 1 -en- 1 -yl)nona-2,6,8-triene, which was 
converted to vitamin A (15)"'. Reaction of phenyl sulphinylacetate with q3-allyl 
complexes, followed by oxidative elimination of the phenylsulphinyl group, affords 
conjugated dienecarboxylates (reaction 40)'4. A mixture of (E) -  and (Z)-2-ethylidene- 

CH,(SOPh)CO2R 
c 

2 

C02R 

nopinane (18) was converted to its q3-allyl complex as a single product. Alkylation of the 
complex with methyl malonate was followed by decarboxylation to give the mono ester 19. 
From this result, i t  was concluded that the alkylation occurs on the face of the r13-allyl unit 
opposite to that of the palladium95. The q3-allyl complex of butadiene reacted with 2 mol 
of malonate (reaction 42)'". 

The reaction of active methylene compounds with 11~-allyl complexes formed from cr,p- 
unsaturated ketones and esters constitutes nucleophilic substitution at the y-position of 
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(41) 
&C02Me 

Me 

(19) 

the unsaturated ketones (reaction 43)'02--'04. The complexes formed from cholest-4-en-3- 
one, testosterone, and progesterone reacted with methyl malonate in dmso to give 6p- 
dicarboxymethyl derivatives in high yields with complete stereo~pecificity'~~. 

r /  1 

MeCOCH=CHMe + PdCI2 ---+ r&d,cJ - 
2 

(E)-MeC0CH=CHCH2CH(CO2R), (43) 
R 
I 

0 & 
PdCl CH (C02Me )2 

(44) 
Enamines as a nucleophile react with r~3-allylpalladium chloride to give a-ally1 ketones 

after hydrolysis (reaction 45)5,90. 

The stereochemistry and scope of the addition reaction of ketone enolates with q3-  
allylpalladiuin chloride (reaction 46) have been studied ' O h .  Unusual cyclopropanation 
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r -7 

PPh 
l ( y P d / c j  4- PhCOCH2K A thf CH2=CHCH2CH2COPh (46) 

2 

took place by the reacti'on of r~3-allylpalladium chloride with methyl cyclohexanecarbo- 
xylate in the presence of hinpa and triethylamine (reaction 47)'O'. Palladium induced the 

conjugated diene formation from allylic alcohols and aldehydes in the presence of PPh,. 
One explanation is the reaction of r~3-allylpalladiu!n complex formed from ally1 alcohol 
with the carbanion of the aldehyde (reaction 48)Io8. The regiocontrolled coupling of an  v 3 -  

+ H20 + Ph3P0 
Pd R2 

R'CHO + CH2CHCH(OH)R2 -I- PPh3 - ,$ 
OH 

(48) 
R1-5H-pph3 I +  + [[;pd/ci 

2 

allylpalladium complex with organozirconium species was used for the introduction of 
steroid side-chainslOg-l and humulene synthesis' ". 

'pd/cl 2 

+ C p i r  

C. Miscellaneous Reactions 

Five-membered heterocycles were obtained in low yields by the reaction of $- 
aliylpalladium chloride with I ,  3-dipolar species such as bcnzonitriloanilide or ben- 
zonitrile N-oxide' 1 3 .  Bis(~~3-allyl)palladium complexes rcact with carbon dioxide to give 
P,y-unsaturated acids. For example, carbonylation of bis(y'-butenyl)palladium afforded 
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but-I -ene-3-carboxylic acid (reaction 50)' ''.I Is. 1 ,S-Dienes are formed by the photolytic 
coupling of t/3-allylpalladium complexes (reaction 5 I ) '  16. t~3-Allylpalladium chlorides do 

RTF'd-)] f C02 --+ CH2=CHCH(Me)COOH (50) 

R' R' R1 R1 

[ Pd ( ?13- R' CH C R2C H R3 CI ] 2 h u ( h =  366 nm) ..fiR2 f R  2* \ /  R2 

R3 R3 R3 R3 

(51) 

not add to olefins directly, but the corresponding t~3-allylpalladium hexafluoroacetylace- 
tonates add readily to bicyclic olefins' ' '. 

b +  CH2CH=CHR 

Pd(hfacoc) 
(52) 

r c  I 
. R  

IV. CATALYTIC REACTIONS 

Allylic halides, esters, ethers, alcohols, amines, sulphones, and nitro compounds undergo 
catalytic substitution reactions with carbonucleophiles. Conjugated dienes also react with 
carbonucleophiles in the presence of palladium catalysts. All oft hese reactions are believed 
to proceed via the formation of r~3-allylpalladium complexes as reactive intermediates. 

A. Reactions of Conjugated Dienes 

1. introduction 

Conjugated dienes undergo dimerization reactions in the presence of palladium- 
phosphine complexes as catalysts' '*.' ''. It is apparent from mechanistic considerations 
that an active species in the palladium-catalysed dimerization of butadiene is the 
palladium(0) complex, which forms the bis-q3-allyl complex 20. [ Pd(PPh3)J or 
[Pd(PPh,),] coordinated by dienophiles was used 120.' '' . Instead of palladium(0) 
complexes, which are tedious to prepare and unstable in air, readily available and stable 
palladium(I1) compounds are reduced in situ to palladium(0), and stabilized by coordi- 
nation of PPh, to act as the true catalyst. 

There are two carbon -carbon bond-forming reactions of conjugated dienes catalysed 
by palladium complexes. The first type is linear dimerization. Octa-1,3,7-triene (21) is 
formed by a simple dimerization. The most characteristic and useful reaction is the 
dimerization with incorporation of certain nucleophiles. Some carbonucleophiles react 
with butadiene to form dimeric telomers in which nucleophiles are introduced mainly at 
the terminal position to form I-substituted octa-2,7-diene (22). As a minor product, 3- 
substituted octa-l,7-diene (23) is formed. The second reaction characteristic of palladium 
catalysts is cocyclization of butadiene with the C=O bond ofaldehydes and C-N bonds 
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Pd2+ ---+ Pdo ____) CH,=CHCHFCH, [a +b 71 
..!.- 

(20)  

Y H  = H20,  ROH, RC02H,  
/ 

RNH, , CH2XY 7 
(21) 

( 5 3 )  

of isocyanates and Schiff bases to form six-membered heterocyclic compounds (24) with 
two vinyl groups, as expressed by the general scheme 54. 

2, Oiigomerization 

Butadiene is converted into octa-1,3,7-triene (21) in aprotic solvents such as benzene, 
thf, and acetone'20. Some protic solvents react with butadiene and cannot be used. The 
diinerization to give octa- 1,3,7-triene proceeds more smoothly in propan-2-01'~'. 

The main path of the palladium-catalysed reaction of butadiene is the dimerization. 
However, trimerization to form n-dodeca- 1,3,6,10-tetraene takes place with certain 
palladium complexes in the absence of a phosphine ligand. The reaction of butadiene in 
benzene solution at 50 "C using q3-allylpalladium acetate as a catalyst yielded n-dodeca- 
1,3,6,1O-tetraene in 22h with a selectivity of 79% at a conversion of 30% based on 
b ~ t a d i e n e " ~ * ' ~ ~ .  The reaction carried out at 70 "C using q3-allyl complexes stabilized by 
chelating ligands in dmf or dmso produced dodeca-1,3,6,10-tetraene in 60% yield at 30"/, 
c o n ~ e r s i o n ' ~ ~ .  

Octa-1,3,7-triene was converted into n-hexadeca-I,5,7,10,15-pentaene (25) with 70% 
selectivity by the catalytic action of bis(q3-allyl)palladium. On the other hand, 4-(but-3- 
eny1)dodeca- 1,6,8, I I-tetraene (26) was formed as the main product when PPh, was added 
in a I : 1  ratio'25. 

/ 
CH2=CHCH=CH (CH2)2CH=CH2 ( 2 5 )  

(26) 

3. Dimerization with carbonucleophiles 

Butadiene reacts with various carbonucleophiles via q3-allylpalladiurn complex 
formation. Enamines react with butadiene and the octadienyl group is introducedIz6. The 
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pyrrolidine enamine of cyclohexanone was allowed to react with butadiene using 
Pd(OAc), and PPh, at 80 "C for 3 h and the product was hydrolysed with dilute acid. As 
the main product, 2-(octa-2,7-dienyl)cyclohexanone was obtained in a high yield, 
accompanied by a small amount of 2,6-di(octa-2,7-dienyl)cyclohexanone. 

+ CH2=CHCH=CH2 CH2CH=CH(CH2)3CH=CH2 

Compounds with methylene and methyne groups to which two electronegative groups, 
such as carbonyl, alkoxycarbonyl, formyl, cyano, nitro, and sulphonyl, are attached, react 
readily with butadiene and their acidic hydrogens are replaced with the octa-2,7-dienyl 
group to give mono- and di-substituted corn pound^^^^*'^^. Branched products are also 
formed as byproducts. The reaction of active methylene compounds gives two kinds of 
products, namely the 1 :2 adduct (27) and the 1 :4 adduct (28). The reaction was carried out 

W,=CHCH=CH, 
YXCH2 + CH2=CHCH=CH2 + YXCHCH2CH=CH (CH2)3CH=CH2 

( 2 7 )  

YXC[CH~CH=CH(CH~)~CH=CH& (57) 

(28) 

with P-keto esters, P-diketones, malonate, or-formyl ketones, a-cyano and a-nitro esters 
cyanoacetamide, and phenylsulphonylacetate. Pd(OAc), combined with PPh, is a good 
catalyst. When a bidentate ligand is used, a 1 : 1 rather than a 1 :2 addition reaction takes 
place12g. For example, dppe produced a mixture of addition products (reaction 58). 

[Pd] , dppe 
YXCH2 + CH2=CHCH=CH2 - YXCHCH2CH=CHMe + CH2=CHCH(Me)CHXY 

(58)  
Synthesis of amino acids was carried out by the reaction of butadiene with 
acetaminomalonate 130.1 3 1 .  

MeCONHCH(C02R)2  -I- CH2=CHCH=CH2 + 

CH2=CH(CH2)3CHFCHCH2 (NHCOCH3) (C02R12 - Me(CH2)+H(NH2)C02H (58a) 

One mole of isoprene reacted with one mole of acetoacetate by using dppe. Reaction of 
2,3-dimethylbutadiene with acetoacetate was carried out by using PdCl, in the presence of 
sodium phenoxide. When PPh, was used, a 1 :2 adduct was obtained. On the other hand, 
use of 1 -phenyl-I -phospha-3-methylcyclopent-3-ene (29) at 100 "C caused 1 : 1 addition to 
give 3-carbomethoxy-5,6-dimethylhept-5-en-2-one (30), from which 5,6-dimethylhept-5- 
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en-2-one (31) was Reactions of active methylene compounds with myrcene (2) 
catalysed by PdC1,and dppe or PBu, in the presence of sodium phenoxide afforded I : 1 

CH2=C(Me)C(Me)=CH2 + MeCOCH2C02Me - Pd + --1’Jc 
(31) (29) 

C02CH3 

(30) 
(59) 

adducts. When PPh, was used in the reaction of acetylacetone, a 1 : 1 mixture of the two 
monoketones and three diketones shown in equation 60 (conversion 53%) was obtained in 
the proportions shown. The  former is the product of the reverse Claisen reaction’34. 

Some compounds with one electron-attracting group also react with butadiene. 
Nitroalkanes react with butadiene smoothly and  their n-hydrogens are replaced with octa- 
2,7-dienyl groups to give long-chain n i t r o a l k e n e ~ ’ ~ ~ . ’ ~ ~ .  When there a re  two or three a- 
hydrogens, the octadienyl group is introduced successively. It is possible to  s top  the 
reaction a t  a certain stage by adjusting relative amounts of the reactants and reaction time. 
From nitromethane, the products shown in reaction 61 were formed accompanied by 3- 

CH~=CHCH=CH~ + C H ~ N O ~  - C H ~ = C H ( C H ~ ) ~ C H = C H C H ~ N O ~  + 

substituted octa-l,7-diene as minor products. Acylamino ketones reacted with butadiene 
using sulphinate as a cocatalyst (reaction 62)’”. Acyloins also reacted with butadiene in 

PdClz 

tosNo 
RCOCHRNHCOR + CH2=CHCH=CH2 -----+- CH,=CH(CH,),CH=CHCH,CR(NHCOR)COR 

(621 
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the presence of sulphinate (reaction 63)13' and 3-sulpholene reacted with 4mol of 
butadiene (reaction 64)13'. Oxszolidines rcacted with 4 mol of butadiene. After hydrolysis, 

RCOCH(0H)R + CH2=CHCH=CH2 d CH,=CH(CH,),CH=CHCH,C(OH)RCOR (63) 

0 

CH2=CH ( C H 2 ) 3 C ~  =CH CH2 /Q II CH2CH=CH(CH2)3CH=CH2 

0 

(64) 

di(octa-2,7-dienyl) ketone was obtained (reaction 65)' 39. Reaction of phenylhydrazones 
with butadiene gave three products (reaction 66)'4".141 . T wo azo products (32 and 33) 

i- CH2=CHCH=CH2 [CH2=CH (CH2)3CH =CHCH2] 2 CO 

I 2 c < 3  I 
i 

(1 N 

I 
R 

[cH~= CH(CH~)~CH=CHCH~ 

R 

86% CH2=CHCH=CH2 -t R 1 2  R C=NNHPh -+ CH2=CH(CH2)3CH=CHCH2CR1R2N=NPh + 

(32) 

CH2=CH(CH2)3CH(CR'R%=NPh)CH=CH2 + 
(33) 

CH2=CH (CH,),CH= CHCH2N (Ph) N=CR1R2 

(66) 

were formed by the reaction of the q3-allyl group at the electrophilic carbon atom followed 
by hydrogen shift. 

tert-Allylic amines as a source of q3-allyl complex reacted with 2mol of butadiene 
(reaction 67)142. The palladium-catalysed reactions of conjugated dienes with aryl or 

[ WCI,(PPh,),] 
CH2=CHCH2NMe2 + 2CH2=CHCH=CH2 

AIEt, 

CH2=CHCH2CCH (CH=CH2)(CH2)2CH=CHCH2NMe3 (67) 

alkenyl bromides in the presencc of sccondary amines afford a series of products (reactions 
68 and 69). The tertiary amine was formed by the reaction of the secondary amines with q3-  
allylpalladium intermediate formed by the reaction of the dienes with b r ~ r n i d e s ' ~ ~ - ' ~ ~ .  
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H I I 

n 
u0 + 

PhEr f CH2=CHCH=CMe2 + morpholine + PhCH2CH=CHC(Me)2N 

PhCH = CH CH=C M e + PhCH2CH=CHC (Me) = CH2 (69) 

4. Carbonylation reactions 

Butadiene is carbonylated in the presence of a palladium catalyst. In the catalytic 
carbonylation using PdCI, as a catalyst in alcohol, methyl-q3-allylpalladium chloride (34) 
is formed by the insertion of one double bond of the diene into the Pd-H bond of the 
catalytic species. Carbon monoxide attack then affords the ~ e n t - 3 - e n o n a t e ' ~ ~ * ' ~ ' .  On the 
other hand, dimerization-carbonylation takes place with Pd(OAc)2 and PPh, via the bis- 
r13-allyl complex (35) to give the nona-3.8-dienoate (reactions 70 and 7 I)'48*'49. The 

Pd C 1, Pd(OAcI2 
MeCH=CHCH2C02R - CH2=CHCH=CH2 + CO -I- ROH 

PPh, 

C H 2=CH (CH2 I3CH = CH CH2C0, R (7 0) 

[Q0/C] 

2 

1 ROH 

0 a 
I ROH 

.b 4 (71) 

MeCH =CHCH2C02R CH2= CH (CH2I3CH = CH CH 2C02R 

presence of chloride ion in the coordination sphere of palladium seems to inhibit the 
formation of bis-q3-allyl system. Carbonylation of isoprene catalysed by PdClz gave the 4- 
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methylpent-3-enoate as the sole product. The carbonylation using Pd(OAc), and PPh, 
also afforded the 4-methylpent-3-enoate and no dimerization-carbonylation of isoprene 
took place'50 (reaction 72). 

CH2=C(Me)CH=CH2 i- CO 4- ROH Me2C=CHCH2C02R (7 2) 

5. Cocyclization reactions 

A characteristic reaction catalyzed by palladium is the cocyclization of 2 mol of 
butadiene with one hetero double bond such as a C=N or C=O bond to give a six- 
membered ring with two vinyl groups (36). A typical reaction is the formation of 2- 

substituted 3,6-divinyltetrahydropyrans (37) by the reaction of butadiene with al- 
d e h y d e ~ ' ~ ' - ' ~ ~ .  In this reaction, unsaturated non-cyclized alcohols (38) are also formed. 
The selectivity towards the pyrans and alcohols can be controlled by a ratio of palladium 
to PPh, in the catalyst system. 

a r (74) 
CH2=CHCH=CH2 + RCHO + 

(37 1 (38) 

The reaction of benzaldehyde with butadiene at 80°C for 10h gave I-phenyl-2- 
vinylhepta-4,6dien-I -01 (38, R = Ph) and 2-phenyl-3,6-divinyltetrahydropyran (37, R = 
Ph) in 90% yield. Both aliphatic and aromatic aldehydes including formaldehyde 
behave similarly. a-Diketones react with one of their carbonyl groups (reaction 75)'52. 

/\/CH=CH2 

Perfluoroacetone also (39) reacted with butadiene to give 2,2-bis(trifluoromethyl)-3,6- 
divinyltetrahydropyran (40) and 1, I, I -trifluoro-2-trifluoromethylhexa-3,5-dien-2-01(41). 

CH2=CHCH=CH2 + CF3COCF3 + 
QL;pH2 f 

CH2=CH 
-3 

(39) 

(40) 

CH,=CHCH=CHC(OH)(CF,& (76) 

(41) 
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Reaction of acetone gave the products in reaction 77 as minor products when PEt, was 

+ qcH=cH2 CH2=CHCH=CH2 + Me2C0 d 

CH2=CH 

MeCO(CH2)2CH= CH (CH2)3CH =CH2 4- PAeCOCH2CH (CH=CH2) iCH2)$H =CH2 (77) 

used as the ligand, whereas when tricyclohexylphosphine was the ligand the products 
shown in reaction 78 were obtained in low yieId155.'56. 

CH2= CHCH= CH2 + Me2C0 ---+ CH2= CH CH= CHCH2CH (CMe20H 1 CH=CH (7 8) 

Another group of molecules which take part in thecocylization are the aryl isocyanates. 
The C=N double bond, rather than C=C double bond, reacts with butadiene to give 3- 
ethylidene-1 -phenyl-6-vinyl-2-piperidone (42) in 7574 yield. In this reaction, double bond 
migration to the conjugated position took place157. With isoprene, selective head-to-head 

PhN=C=O 4- CH2=CHCH=CH2 + 

I I 
P h  

dimerization-cyclization took place at I00 "C to give 3,6-diisopropenyl- I -phenyl-2- 
piperidone (43). The C=N double bond in Schiff bases reacted with butadiene to give 3,6- 

Ph 

(43) 

divinylpiperidines (44)15*. Only  the Schiff bases of aroinatic aldehydes took part in the 
reaction. 

(81) 

CH2=CHCH=CH2 i- RN=CHAr _d 

I 
R (44) 

Benzoquinone, when coordinated to palladium(O), does not undergo the usual Diels- 
Alder reaction with butadiene, but the unusual cyclization shown in reaction 82 took place 
with 2 mol of butadiene at 60 "C to give the tricyclic compound in 75% yield"'. 



3. Carbon-carbon bond formation using $-ally1 complexes 183 

L = PPh3 

6. Reaction with carbon dioxide 

The reaction of butadiene and carbon dioxide carried out at 120°C in dmf using a 
palladium catalyst coordinated by dppe produced 2-ethylidenehepta-4,6-dienoic acid (45) 
in 4-120/, yield. When isolated, the acid lactonized easily to form the lactone 46160-'63. A 
similar lactone was obtained from isoprene in a low yeild'64. 

CH2=CHCH=CH2 4- COP __t MeCH=C(C02H)CH2CH=CHCH=C% --+ 

(45) 

B. Reactions of Alienes 

Like butzdiene, allene is dimerized by palladium catalysts with incorporation of 
nucleophiles to form 2,3-dialkylbutadiene derivatives. Reaction of allene with amines 
produced 3-methyl-2-methylenebut-3-enylamine (47) (reaction 84)16'. With acetic acid, 
the acetate of 3-methyl-2-methylenebut-3-enyl alcohol was obtained ". Two moles of 

CH2=C=CH2 + RNH2 
PdCPPh,), - CH,=C=CH, 

CH2=C(Me) C (=CH2)CH2NHR b 

allene reacted at 120 "C with butadiene using [Pd(PPhJz(maleic anhydride)] as the 
catalyst to give cis- and trans-2-methyl-3-methyleneocta-I ,5,7-triene in 39% yield 
(reaction 85)16'. The six-membered ringdimer 48 was obtained as the main product by the 

2 CH2=C=CH2 4- CH2=CHCH=CH2 + 

CI+=CHCH=CHCH2C(=CH2) C(Me)=CH2 (85) 
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reaction of penta-I,2,4-triene catalysed by [ Pd(a~ac)~]/Et,Al(OEt)/PPr’,’~~. Palladium 
catalysed the reaction of allene with carbon dioxide in the presence of bisdicyclohexyl- 
phosphinoethane as in  reaction 8716’. 

CH2=C=CH, + C02 + CH2=C(Me) C(=CH2)CH20COC(Me)=CH2 + 
CH2=C(Me)C(=CH2)CH20COCH=CHMe + bo 

(87) 

C. Reactions of Various Allylic Compounds 

1. Reactions of allylic ethers, esters, alcohols, amines, and nitroalkanes 
with carbonucleophites 

Following allylic cxchange, reaction of various allylic compounds with carbonu- 
cleophiles takes place smoothly to offer a catalytic method for carbon-carbon bond 
formation in the presence of palladium complexes via the formation of q3-allylpalladium 
complexes as intermediates (reaction S8)’70-* 7 3 .  For example. allyldiethylamine reacted 

X=OR,  OCOR, OH OPh, N R 2 j  YH=nucleophiles 

with acetylacetone at 85°C to give 3-allylacetylacetone (49) in 70>,: yield and 3,3- 
diallylacetylacetone (50) in 20% yield (reaction 89) ’73 .  Reactions of acctylacetone with 

CH2=CHCH2NEt2 4- CH2COCH2COMe A MeCOCH(CH,CH=CH,)COMe + 
(49) 

MeCOC(CH2CH=CH2)&OMe (89) 

( 50) 

various allylic alcohols and acetates have been carried out’ 74. Bicyclo[4.3. lldecenone (51) 
and vinylbicyclo[3.2. I]nctanone (52) were obtained by the reaction of cyclohexanone 
enamine with diacetate of b~ tened io l”~ .  A number of applications of carbon-carbon 

(51) (52) 

bond formation by the palladium-catalysed reaction of allylic acetates with active 
metlrylene compounds to natural product synthesis have been reported. The sidechains of 
ecdysone and steroids were prepared by the stereocontrolled displacement of phenylsul- 
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phonylacetate at the allylic acetate moiety catalysed by [Pd(PPh,),] as a key step 
(reaction 91)L7G. The method was applied to the stereocontrolled synthesis of vitamin D 
metabolite' 77. 

[Pd (PPh3I4] 
-I- PhS02CH2C02Me 

8 5 O/o 
OH 

(91) 

It was found that the replacement of the acetate group by carbonucleophiles proceeds 
with retention of configuration. Thus the conversion of 4,s-a-dihydrotestosterone (53) to 
5-a-cholestan-3-one (54) was carried out by the reaction of the allylic acetate with methyl 
phenylsulphonylacetate catalysed by a palladium(0) complex, followed by alkylation and 
removal of the phenylsulphonyl and carbomethoxy groups' 7 8 * 1  79. The stereochemical 
course of allylic alkylation of six-membered rings has been studied. q3-Allyl complex 
formation takes place with inversion and the nucleophilic attack also proceeds with 
inversion, thus resulting in retention of the stereochemistry (reaction 92) '8"- '83.  Chirality 

H 

0 & (33) PhS0,CH2C02Me 
e 

Pd 

S02Ph 
H I  
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transfer is possible by the reaction of optically active allylic compounds with nucleophiles, 
and a vitamin E side-chain was prepared from g l ~ c o s e ~ " ~ ' " ~ .  

'"b D* -I- ECH2E d (93) €3 + 

\ \ 

Intramolecular reaction ofl'crs a cyclization method. Macrolide skeletons (55) were 
constructed by the reaction of carbanions generated from a phenylsulphonylacetate with 
the allylic acetate moiety in 56 by using [Pd(PPh,),] (reaction 94)186.'87. The formation of 

two possible allylic isomers is expected, but in general the larger rings are formed 
preferentially. The cyclization method was applied to the synthesis of recifeiolide (57). A thf 
solution of the anion generated from the precursor with NaH was added slowly to a 
solution of [Pd(PPh,),] (9 mol-%) at reflux temperature. The lactone was obtained in 78% 
yield stereoselectively as the E isomer and regioselectively without ten-membered lactone 
formation I s 8 .  

S02Ph C02Me 
(57)  (95) 

Another application is the eleven-membered ring formation of a humulene precursor. 
The P-keto ester 58 reacted with the allylic acetate in the same molecule in the presence of 
[Pd(PPh,),] (20 mol-o/,) and dppe (20 mol-%) to give the cyclized product 59 in 45% 
yield'89. 

In the cyclization reaction 97, a mixture of five- and seven-membered products (60 and 
61) was obtained. The ratio of these products changed considerably when the ligands and 
the solvents were varied. Using PPh, as the ligand and acetonitrile as the solvent mainly 
afforded the five-membered ketone 60. In other solvents, a mixture of the five- and seven- 
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Me02C 

(58)  
C02Me 

(59) 

&C02R < 
I 

\- 

membered ketones 60 and 61 was obtained. Triphenyl phosphite afforded the five- 
membered 0-alkylation product 62 selectively, which was converted into 60 and 61 with 
Pd-PPh, ~atalyst"~.  Only the six-membered ketone was obtained in reaction 98, with no 
eight-membered ketoneIg0. 

As a related reaction, the palladium-catalysed 1,3-oxygen to carbon alkyl shift reaction 
has been studied as a synthetic method for cyclopentanone and cycloheptanone 
derivatives, together with its stereo- and regiochemistry (reactions 99 and I OO)'9'.'92. An 
intramolecular reaction of allylic acetates with carbonuclophiles offers a convenient 

OCH2Ph OCH2Ph 



188 Jiro Tsuji 

KCo2R 

0 0 

synthetic method for spirocycles without forming bicyclo compounds (reactions I0 I and 
102) 193.194 

66 "10 

oco+ 

Cyclopropanation can be effected by the palladium-catalysed reaction of the biallylic 
compound with malonate (reaction 103)195-197. On the other hand, an interesting 

N o C H  ( C 0 2 M e ) 2  

[Pd(PPh,),] 
Me2C(OH)CH=CHC(Me2)OAc k- Me2C(0H)CH=WC(Me2)CH(CO2Me), ---+ 

C02Me 

C02Me 

Me2C=CH 

[Pd(PPh3),] 'x< (103) Me2C(OAc) CH=CHCMe2CH (C02Me )* - 
or b a s e  

rearrangement or ring expansion reaction of 2-( buta- I ,  3-dienyl)cyclopropane- 1 , 1 -  
dicarboxylate esters to 2-alkenylcyclopent-3-ene- I ,  I -dicarboxylate esters took place with 
a palladium catalyst. The reaction is explained by q3-allyl complex formation by ring 
opening, followed by intramolecular reaction of malonate (reaction 104)' 98. 

C02Me 

C02Me 
( 1 04) [W(PPh,),] 

C02Me .-b 

C02 M e  
dmso 

87 O10 

CH2=CHCH =CH 
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Some functional groups in allylic compounds not only tolerate the reaction, but also 
offer synthetic methods for some interesting compounds. Reaction of 2-ethoxyallylic 
acetate with a sulphonylacetate, followed by hydrolysis, affords functionalized ketones. 
Thus the overall reaction offers methods for fumaroylation and succinoylation. The 
method was applied to the synthesis of pyrenophorin (reaction 105)’99. As another 

RCH(OAc)C(OEt)=CH2 + PhS02CHzC02R 4 RCH=C(OEt)CH&H(S02Ph)CC)2R 

J 
RCH2COCH2CH (S02Ph)CO2R 

I 
RCH~COCH=CHCO~R f 

RCH2 CO (CH2)2CO$ 

application, 2-ethoxy-3-acetoxypropenc was used for cyclopentenone annulation 
(reaction 106)200. The palladium-catalysed displacement of acctoxydihydropyran with 
malonate proceeded regio- and stereo-selectively (reaction 1 07)20 I .  

nbs + CH2=C(OEt)CH20Ac d M 

( 106) 

NHCHO 
C(C02Et I l2 ( 107) 

83 O/C. 

+ HC(NHCH0) (C02Et)2 --+ 

2-Acetoxymethyl-3-allyltrimethylsilane reacts with palladium(0) to form the 
trimethylenemethane-palladium complex 63, which undergoes methylenecyclopentane 
annulation with a,b-unsaturated  ketone^^'^-^'^. The reaction was extended to the 

PdO 
Me3SiCH2C(=CH2) CH20Ac - 

- L  ’ Pd ‘L 1 
6 - 0 
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intramolecular carbocyclic [3 + 23 cycloaddition reaction to form bicyclic systems in one 
step (reaction 109)205. Vinylsilanes are formed by the palladium-catalysed regioselective 

Me3SiCH2C(=CH2)CH (OAc) (CH2)3CH=CHC02Et + @ ( 1  09) 

C02Et 

reaction of 1 -trimethylsilylallyl acetates with carbonucleophiles (reaction 1 When 
electron-attracting groups are present in the allylic acetates, nucleophiles are introduced 

7 CH2= CHCH(OAc)SiMe3 

MegSiCH=CHCH20Ac 

regioselectively at the 
(reaction 1 1  I)207. 

[Pd (PPh,),] 
+ RCH(C02R)2 Me3SiCH=CHCH2CH(C02R)2 ( 1  10) 

carbon which is remote from the electron-attracting groups 

RCH=CHCH(CN)OA~ + C H ~ ( C O ~ R ) ~  -+ RCH{CH(CO~R)~)CH=CHCN ( 1  1 1 )  

C-Allylation takes place by the reaction of ally1 acetate with phenylsulphonylnitro- 
methane, a-nitro esters, and primary and secondary nitroalkanes using alkaline methoxide 
(reaction 1 1 2)208-21 I .  

LiCH(N02)S02Ph + Me2C=CHCH20Ac + Me2C=CHCH2CH(N02)S02Ph ( I  12) 

Allylic carbonates are more reactive than acetates, and the reaction with carbonu- 
cleophiles proceeds under neutral conditions at room temperature. The q3-allyl complex 
formation is followed by decarboxylation to generate alkoxide ion, which abstracts a 
proton from nucleophiles (reaction 1 13)’”. For example, only the allylic carbonate moiety 

of the compound shown in reaction 1 14 reacted with the nucleophile at room temperature 
in the absence of a base, leaving the allylic acetate moiety intact. gp-Unsaturated epoxides 

AcOCH2CH=CHCH20C02Me + CH3CH2COCH(CH3)C02Me +, AcOCH2CH=CHCH2CMe 

react smoothly with nucleophiles under neutral conditions and the nucleophiles are 
introduced selectively at the carbon remote from oxygen functions to form allylic alcohols 
(reaction I 15)” 3 * 2  14. 

/O\ 
RCH2CH-CHCH=CHR’ -I- CH2(C02R), __b RCH2CH(OH)CH=CHCHR’CH(C02R)2 ( I 15) 
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Allylic esters of acetoacetic acid and P-keto acids undergo smooth decarboxylation to 
give allylated ketones. This is the palladium-catalysed Carroll rearrangement (reaction 
I 16)215.2’6. Allyl enol carbonates undergo smooth palladium-catalysed arrangement and 

( 1  16) MeCOCH2COOCH2CH=CH2 MeCO(CH2)&H=CH2 + C02 

decarboxylation to give 2-allylated ketones (reaction I 17)’”. Certain simple ketones react 
with allylic acetate only as their lithium enolates (reaction I 18)2’*. 

,CH2CH = CH2 

- &H2cH=cH2 + co2 

CH2CH =CH2 6 + CH2=CHCH20Ac + 

q3-Allylpalladium reacts with various organometallic compounds. Palladium-catalysed 
allylation of ketones is possible by the reaction of enol stannanes (reaction 1 19)219. Allyl- 

+- MeCH=C(Me) CH20Ac _d ( I  19) 

and phenyl-stannanes react with allylic acetates (reaction I 20)LLu.ZZ1 . Allylic esters and 

PhCH=CH’CH20Ac + CH2=CHCH2SnR, + PhCH=CH(CH2)2CH=CH2 ( I  20) 

ethers (also allylic halides) react with alkenyl and aryl compounds of Mg, Al, Zn, and Zr in 
the presence of palladium phosphine complexes to give coupled products (reactions I21 
and 122)”?.2’3 . I t  was confirmed that the reaction of allylic acetate with alkenylalu- 

[Pd ( PPh3)4] 

RCH=CHCH20Ph + PhMgAr A RCH=CHCH2Ph (121) 

BuC(Me)=CH AIMe2 + MeC=CH (CH2I2C(Me)=CH CH20Ac ----b 

MeC=CH(CH2)2C(Me)=CHCH2C=C(Me) Bu ( 122) 

minium in the presence of a q3-allylpalladium complex proceeds with inversion of the 
stereochemistry (reaction 1 23)””. 3,CEpoxybut-l -ene as a source of an q3-allyl complex 
reacted with I-alkenylboranes to give a mixture of allylic and homoallylic alcohols 
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[Pd(PPh314] "\ /H 

( 1  23) / 
Me 

/H + 
BU 
\ 

\ 
Me0,C 

/c=c 
Me 

0 6 O/o C02Me 

(reaction 124)225. The anion of cyclopentadiene reacts with allylic acetate in the presence 
of palladium catalyst (reaction 125)"'. 

/"\ [Pd(dba),] 
RCH=CRBX2 + CH,=CHCH-CH, - RCH=CRCH(CH=CH2)CH20H t 

74 

RCH=CRCH,CH=CHCH~OH ( 124) 

26 

r O A C  
[Pd(PP h314] 

+ cyclopentodiene 
NaH 

q3-Allylpalladium complex formation takes place from allylsulphones. Thus the 
palladium-catalysed displacement of sulphone with carbonucleophiles is possiblc 
(reaction I 26)227. Allylnitroalkanes can also bc used for ri3-allyl complcx formation and 
thc nitro group is displaced with nucleophilcs2'H~'2y. 

CH2=C(R)CH2S02Ph + CH2(C02R l2 CH2=C(R)CH2CH (C02R), ( 1  26) 

[Pd(PPh3I4] 
CH2=CHCH2N02 3. NuH ------+ CH2=CHCH2Nu 

Allylic esters, ethers, and alcohols were carbonylated under high pressure by using 
PdC12 as a ~ a t a l y s t ' ~ ~ * ' ~ ' .  The carbonylation of diallyl ether proceeded in two steps to 
form but-3-enoic anhydride as the final product (reaction 128). The carbonylation of but- 

co co 
(CH,CH=CH,),O _9 CH2=CHCH2COOCH2CH=CH2+ (COCH2CH=CH2),0 ( 128) 

I -en-3-ol (64) and but-2-en- 1-01 (65) in ethanol afforded only ethyl pefit-3-enoate (66)230. 

7 MeCH=CHOH 

+ CO + EtOH + MeCH=CHCH2C02Et (129) 

CH2=CHCH(OH)Me J (6s) 
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The best method for the carbonylation of allylic compounds to give /3,?-unsaturated 
esters under mild conditions is the use of allylic carbonates. The decarboxylation- 
carbonylation proceeded even under carbon monoxide at atmospheric pressure at 50 "C 
using a palladium-phosphine complex as a catalyst232. 

RCH=CHCH20C02R' + CO RCH=CHCH2C02R' + CO, ( 1  30) 

2. Reactions of allylic halides 

Allylic halides react with various palladium(0) compounds to form i13-allyl complexes, 
which then undergo insertion reactions. In the final stage of the reaction, the palladium(0) 
species is regenerated, making the whole process catalytic. 

Allylic halides are carbonylated to give /],;,-unsaturated esters in an  alcohol via q3-allyl 
complexesz30~231*233.234. From ally1 chloride, a but-3-cnoate is formed (reaction I3 I ) .  But- 

r a  1 

3-enoyl chloride was formed at 90 -C and 85 atin by the carbonylation of allyl chloride 
catalysed by q3-allylpalladium chloride or PdCI, in aprotic solvents such as dime- 
thoxyethane and bcnzcne (reaction 132). Carbonylation of a mixture of allyl chloride and 

CH2=CHCH2CI + CO W CH2=CHCHZCOCI ( 1 3'7) 

butadiene with PdCI, produced an octa-3,7-dienoate as one product among others 
(reaction I 33lz3'. 

CH2=CHCH=CH2 + CH2=CHCH2CI + CO + ROH d 

C H ~ = C H ( C H , ) ~ C H = C H C H , C O ~ R  ( 1  33) 

Ally1 halides and (Z)-alkenylpentafluorosilicates reacted in the presence of Pd(OAc), 
(lOmol-'%,) at room temperature to give 1,4-dienes in  good yields. Alkenyl- 

KF 
R C E C H  + HiSiC13 + ( F ) - R C H = C H S I C I ~  K2[(E)-RCH=CHS~F5] 

H2O 

CH,=CHCH,CI 

Pd (OAc), 
- ( E  ) -RCH=CHCH,CH=CH~ ( 1  34) 

Pd (OAc), 
K,[F5S~CH=CH(CH,)5C0,Me] + CH2=CHCH2CI - 
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pentafluorosilicates are prepared from terminal alkynes by platinum-catalysed 
hydrosilylation, followcd by the trcatmcnt with K F  (reaction 1 34)’35.236. The method was 
applied to the synthesis of (E)- I I -hydroxydodecenoatc (reaction 135). 

Allylic halides react with o r g a n ~ b o r a n e s ~ ~ ~ ,  ~ t a n n a n e s ~ ~ * ,  and zirconium239 com- 
pounds (reactions 136- 138). Perfluorozinc iodides react with allyl halides with palladium 

[Pd(PPh3)4] 
CH2=CHCH2Br + (E)-RCH=CHBX2 - (E)-RCH=CHCH2CH=CH2 (136) 

base 

RCH2C(Me)=CHCH2Br + CH2=CHCH2SnR3 + RCH2C(Me)=CH(CH2)2CH=CH2 ( 1  37) 

MeCH=CHCH2CI f Cp,ZrCIR ---+ MeCH=CHCH2R + MeCH(R)CH=CH2 ( 1  38) 

catalysis under ultrasonic irradiation (reaction 139)’“’. Arylpalladium intermediates 
formed in situ from arylmercury compounds react with allyl chloride. The reaction is only 

Z n  RCH,=CHCH,X 
R,I d R,Znl b CH,=CHCHRR, 

[Pd(PPh3)4] 

partially catalytic(reaction 140)24’-243. Reaction of allyl chloride with acetylene catalysed 
by PdCI, and LiCl affords hexa-1,5-dienyl chloride. However. a mechanism involving the 

0 

R 

0 

CH,= CH CH,CI - 
2 

f W C I 2  (140) 

I 
R 

insertion of an allylic double bond without forming an r~3-allylpalladium complex was 
p r o p o ~ e d ~ ~ ~ * ~ ~ ’ .  

PdCI, 
CH2=CHCH2CI + HC-CH - CH2=CH(CH2)2CH=CHCI 

L lC l  (141) 
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1. OTHER i\'-ALLYL TRANSITION METAL COMPLEXES 

q3-Allyltitaniuni(III) complcxcs, [Cp2Ti(ri3 d y l ) ] ,  are readily preparcd by rcaction of 
[Cp2TiC12] with ally1 Grignard reagents' or with an alkyl Grignard reagent and diolefins 
(reactions 1 and 2)2. The titanium-ally1 bond in these complexes is very reactive and a 
variety of rcaction types are observed. 

Cp2TiCI2 + 2 RCH=CHCH2Mg8r ~I(Q~-CH,CHCHR)CP,] ( 1 )  

Cp2TiC12 + CH2= C(R)CH=CH2 -t 2 Pr'MgBr + [Ti(T13-CH,CRCHMe)Cp2] (2) 

The r13-allyltitanium complexes undergo a highly regio- and stcrco-selcctive addition 
reaction with aldehydes or ketones under mild conditions to produce, after hydrolysis, 
homoallyl alcohols in excellent yields (rcaction 3)3*4. Thc morc substituted carbon atom of 
the ally1 group is attached by the carbonyl carbon, and in thc rcaction with aldehydcs the 
product possessing the threo-configuration is obtained with high preference. The 
complexes also show high chemoselectivity towards the carbonyl group of aldehydes or 
ketones, other functionalities being unaffected and a,P-unsaturated systems undergping 
exclusive 1.2-addition. [Cp,TiCI,] is rccovcrcd in high yields after the reaction. 

[Ti(?-3-CH2CHCHMe)Cp2] + PhCHO + [Cp,TiOCH(Ph)CH(Me)CH=CH2] 

HCI 10, 
CH2=CHCH(Me)CH(OH)Ph + [Cp2TiC12] (3) 

93% 
(fhreo/eryLhro = 95: 5) 

'0 1 
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Silyltitanation of 1,3-dicncs by [Cp,TiSiMe,Ph] followed by trcatment of the resulting 
silylated q3-allyltitanium complexes with aldchydcs or ketones also affords the cor- 
responding homoallyl alcohols (reaction 4)’. 

[Cp2Ti (SiMe2Ph )] + CH =C(Me)CH=CH, + [Ti(n3-CH2C(Me)CHCH2SiMe2Ph 1 Cp2] 

i .  CH,CHO . CH2= C(Me)CH (CH2Si Me2Ph )CH (0H)Me (4) 

r~3-Trimethylsilylallyltitanium complex, formed in situ by reaction of [Cp,TiCl] and 
trimethylsilylallyllithium, reacts with various aldchydes such as primary, secondary, or 
tertiary aldchydes or aryl aldehydes to yield ( ) - ( R ,  S)-3-trimethylsilyl-4-hydroxyalk-1- 
enes in excellent yields. The resulting products can be deoxysilylated stereospecifically by 
the methods of Hudrlik and Peterson6 to yield either E-  or 2-terminal diencs (reaction 
5)6a. As thc Wittig reaction to produce 1,3-dicnes is very complicatcd, this reaction seems 
to be useful as a simple alternative. 

i . Bu”Li/hmpa 

i i .  [Cp,TiCI] 
CH2=CHCH2SiMe 3 - [Ti( q3- CH2CHCHSiMe3) Cp2] 

OH 

i i i  i v .  . Br(CH,),CHO H,O+ D +(CH2I4Br 

‘SiMe3 

9 2 O/o 

(€)-CH2=CHCH=CH(CH2),Br (I 1 -CH2=CH CH= CH (CH 2)48r 

89 84 ‘10 

The ~3-allyltitanium complexes react with carbon dioxide under ordinary pressure at 
room tcmperature to form P,y-unsaturated carboxylic a ~ i d s ~ . ~ .  Again, insertion takes 
place in the most substituted part of the ally1 moiety. Use of a q3-allyltitanium complex 
containing a chiral cyclopentadienyl ligand to effect this carbon dioxide fixation lead to 
asymmetric induction. Thus, the chiral titanium complex, prepared in situ from 
dichlorobis(neomcnthylcyclopcntadienyl)titaniumE, bu tadiene, and isopropylmagnesium 
bromide. rcactcd with carbon dioxide to give ( S )  - ( + )-2-methylbut-3-enoic acid in 18.9% 
optical yield7. 
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Insertion into a titanium-ally1 bond of the q3-allyltitanium complexes with PhNCO, 
PhN=CHPh, and CH,CN proceeds analogously to afford, after hydrolysis, the 
corresponding amidcs, amincs, and ketones. respectively (reactions 7-9)4. 

i . PhNCO, 
CH2=CHCH(Me)CONHPh 

i . PhN=CHPh 

[Ti ( q3- CH2CH CH Me ) Cp2] i i  . H,O+ + CH2=CHCH(Me)CH(Ph)NHPh (8) 

i . MeCN 

CH2=CHCH(Me)COCH3 (9) 

The reaction of the q3-allyltitanium complexes with allylic halides, in contrast to t13- 
allylnickel halide complexcs, results in an oxidative addition reaction with fmmation of q ' -  
allyltitanium complexes and the dimers of the coordinated ally1 ligand. Since thc reaction 
proceeds essentially quantitatively, it offers a convenient synthesis of the [Cp,TiX(q'- 
allyl)] q '-allyltitanium complexes. The resulting '-allyltitanium complexes add to 
aldehydes with high threo-selectivity whcrein thc halogen ligand affects the diastereoselec- 
tivity (reaction 

[Ti(q3-CH2C(Me)CHMe)Cp2] -I- MeCH=CHCH2X U 

[Ti(q'-CH2CH=CHMe)XCp2] + dimers of the coordinated allyl ligand 

PhCHO 1 
CH2=CHCH(Me)CH (OH )Ph 

threolerythro ratio: 
X=CI ,  Br, I (10) 

60:40 1OO:O 94:6 

[Cp2TiCI,] is an effective catalyst for regioselective isoprene insertion into an allyi - 
magnesium bond. The actual reagent is probably an q3-allyltitanium complex. Various 
natural terpenes have been synthesized using this reaction (reaction I I)". 

i . BF, . OEt, 

i i  . H202/  NaOH 
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I ,3-Dicnes react with propylmagnesium bromide in the presence of a catalytic amount 
of [Cp,TiCl,] to form allyl-Grignard reagents (reaction 12)". I t  was suggested that the 
reaction involves the intermcdiacy of an  r13-allyltitanium complex. 

CH2=C(Me)CH=CH2 + Pr"MgCI b CH3CH=C(Me)CH2MgCI + MeCH=CH2 
[CpZTlC 1 ] 

Me,CO i 

Alkylation of allylic substrates (chlorides, acetates, formate) with diethyl malonatc 
anion is catalysed by the r13-allyliron complex [ (q3-crotyl)Fe(CO),NO], pre-formed o r  
formed it1 situ by reaction of Na+Fe(CO),NO]- and allylic substrates (reaction 13). [($- 
CrotyI)Co(CO),] is also an  active catalyst I 2 .  

[ ( $ - C ~ O ~ ~ I ) F ~  (CO),NOJ 

CH2=CHCH(Me)CI + -CH(COOEt )2 ____p CH2=CHCH(Me)CH(COEEt)2 + 
64 '/o 

74 

MeCH =CHCH$H(C02Et l2 
(13)  

26 
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I. INTRODUCTION 

Oligomerization of olefins is a general term applied to the chemical process of converting 
lower olefins into a highcr molecular weight olefinic product. From a chemical and 

n(C==C) --+ C,.olefin 

mechanistic point of view, oligomerization is closely related to polymerization, thc only 
dlfference being the number of monomer units, t z ,  incorporated into the final product. The 
borderline between the two types of reactions is not sharply defined. When n is large we 
move into the area of polymerization. For all the systems which will be discussed in this 
chapter ti is less than 20. By far the most important type of oligomerization is dimerization, 
where t z  = 2. The dimerization of lower olefins is a thermodynamically feasible process 
accompanied by significant overall decrease in free energy (AGO). From a practical point of 
view the conversion of lower olefins into higher molecular weight products at  tempera- 
tures below 200 “C may be regarded as irreversible. Despite the fact that oligomerization is 
indeed a feasible process, pure ethene, propene, butene, and mixtures thereof are almost 
indefinitely stable at reasonable temperatures. In  the absence of a suitable catalyst 
oligomerization is a very slow process. However, a large number of active anionic, 
cationic, and coordination catalysts are known, some of which will catalyse this type of 
carbon -carbon (C-C)  bond formation at high rates even at temperatures well below 
0°C. 

Of special interest is the stereoselective coordination catalysis observed with homo- 
geneous transition metal complexes, where the mode of linking of monomer units can be 
widely controlled by careful selection of the complexing ligands. In our opinion detailed 
studies of the mechanism in this type of system will contribute significantly to the 
understanding of the true nature of catalytic C-C bond formation. 

11. SCOPE 

The literature concerning the dimerization of alkenes was reviewed by Fel’dblyum and 
Obeschalova in 1968l and by Lefebvre and Chauvin in 1970’. 

The scope of this review is limited to simple olefins having one olefinic bond and the 
conversion of such substrates into open-chain olefinic oligomers. The dimerization of 
olefins by thermal treatment through the ‘ene’ reaction is outside the scope of this review, 
as is the photochemically initiated cyclodimerization of olefins. Anionic and cationic 
catalyst systems as well as the organometallic synthesis reaction as developed by Ziegler 
will briefly be discussed. 

The main emphasis of this chapter will be on the attractive method of achieving olefin 
oligomerization via homogeneous transition metal coordination complex catalysis. This 
type of catalytic oligomerization was intensively investigated during the 1960s and a large 
number of patents and publications have appeared on the subject. The initial technical 
developments are covered in the reviews in refs. 1 and 2.  This analysis will therefore not 
deal exhaustively with all the existing literature but will concentrate mainly on newer 
developments and information related to the reaction mechanism and the chemical nature 
of catalytically active species. 

Both Lewis acids and Lewis bases markedly influence the activity and the selectivity of 
transition metal complex catalysts. The origin of these effects will be analysed. 

111. THE OLEFIN BOND 

The bonding orbitals of ethene are made up of a Ir-bond and a ‘a-framework’ consisting of 
five bonds composed of the 1 s hydrogen orbitals and the 2s, 2 ~ , ~ ,  and 2p, orbitals of the two 
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carbon atoms. The n-bond, which is higher in energy than the u-bondingorbitals, is made 
up by the overlap of the two p, orbitals of the carbon atoms (Figure 1). The n-overlap 

4 
\ 
\ 
\ I 

FIGURE I .  n-Bond M O  diagram 

strengthens the C-C bond in ethene compared with that of ethane, but is much less 
effective in lowering the energy than a a-overlap. 

The n-electron density distribution of ethene is symmetrical. In propene and higher a- 
olefins the olefin bond is polarized. For instance. owing to the electron repulsive effect of 
the methyl group, the relative n-electron density distribution in propenr: is: 

The bonding and antibonding n-MOs of ethene and propene are illustrated in Figure 2. 

T* 

F I G U R E  2. n and n* MO of ethene and propcne 



208 Olav-T. Onsager and Jon Eigill Johansen 

IV. PRIMARY PRODUCTS OF CATALYTIC DIMEREATION- GENERAL ASPECTS 

The catalytic dimerization of olefins may yield a number of different products, depending 
on the catalyst used and secondary reactions that might take place. Possible open-chain 
C4, C,, and C, olefins and their abbreviations are given in Table 1. 

The primary products of anionic dimerization are mairlly formed via allylic anion 
intermediates which, in accordance with Markownikoff's rule, add to the second 

TABLE. 1. Possible C,. C,. and C,, olefin products 

Carbon structure 
of product Abbreviation B.p. ("C) (760 mmHg) 

c=ccc 
cc=cc 
c=cccc 
cc=ccc 

C 
I 

c=ccc 
C 

I 
cc=cc 

C 
I 

c=ccc 
c=cccc 
cc=cccc 
ccc=ccc 

C 
I 

c=cccc 
C 

I 
cc=ccc 

C 
I 

C 
I 

c=cccc 

cc =ccc 
C 

I 

C 
I 

cc=ccc 

c=cccc 
cc 

I 1  
c=ccc 
c c  
I I  

cc=cc 
cc 

I 
c =ccc 

- 6.3 
3.710.88 
29.96 
36.9133.35 

31.16 

38.57 

20 
63.35 
68.84/68 (750 mmHg) 
66.44/67.08 

60.7 

67.29 

51.14 

70.45 

56.3I58.55 

53.88 

55.67 

73.2 

64.7 
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monomer unit. In propene dimerization, where R = H, the primary product of reaction is 
4MP1, and the reaction can be highly selective. 

-CH2 

I 

- H+ RCH,CH=CH, I 
RCH2CH=CH2 4 RCHCH=CH2 - RCH2CHCHCH=CH2 

R 

I+ H+ 
Me 
I 

RCH2CHCHCH =CH2 
I 

The acid-catalyscd dimerization of olefins will, however, produce a number of isomeric 
products. For instance, the dimerization of propene via cationic mechanisms will, in 
addition to  4 M P  and 2MP, yield 3MP as a result of intermediate carbonium ion 
rearrangements. Further, acid catalysts tend to give products with a fairly broad 
molecular weight distributions, while anionic and coordinative systems often selectively 
yield dimer products. 

During the coordinative dimerization of ethcne, B1 is the single primary product 
(Scheme 1). When higher olefins are used. the reaction scheme becomes more complex 
owing to the stereochemistry of the insertion reaction. Metal complex hydride and alkyl 

SCHEIME 1. Dimerization of ethcnc via coordinative catalysis 
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groups may add to the C ,  as well as the C ,  of the complexed olefin (equation 3). Based on 
the formalism that H and R are added to the olefin in the form of negative (nucleophilic) 

R 

I R--C 
/j - MCCR' 

I 
R' 

R = H, olkyi j R' = olkyl 

groups, the reactions 3a and 3b are often referred to in the literature as either 
Markownikoff (reaction 3a) or anti-Markownikoff (reaction 3b) addition. In this chapter, 
however, we prefer t o  use the terms R + C ,  or R -+ C ,  addition since, from a mechanistic 
point of view, the migratory insertion reactions taking place within the electron orbital 
sphere of a transition metal complex are completely different in nature from the free ionic 
addition of H'X- to  olefinic bonds. 

The different modes of insertion as indicated in reactions 3 combined with the mode of 
reaction as outlined for ethene in Scheme 1 give rise to primary dimer products with 
different structures. The key to controlling the selectivity with respect to  the carbon chain 
structure of the product lies in controlling the mode of the insertion reaction. Whereas 
ethene yields a single dimer product, B1, the dimerization of propene gives H, 2MP, 4MP, 
and 2,3DMB isomers (Table 2). 

An inherent feature of thecoordination catalysts is their ability to  isomerize the product 
with respect to Z / E  configuration as well as the position of the double bond. From a 
mechanistic point of view (2)-olefins are the most likely primary product, but owing to the 

TABLE. 2. Primary and isornerized products obtained via coordi- 
native mcchanisms 

Monomer 
Primary Isomcrized 
producls products 

Ethene B1 B2(Z/E) 
Propene 

2MP1 ] 2MP2 4M P2 ( Z / E l  
4MPI  
H2  (Z/E) H3 (ZIE) 
2,3DMB1 2,3DMB2 

P2 (Z,'E) 
Ethene + propene PI 

2M.Bi 3MBI 1 2M B2 

Ethenc + B1 HI ' 
H2 (ZIQ 
H 3  (Z/E) 
2EBl 3MP2(Z/E) 3MP1 
3M P2 (Z/E) 
3M PI 

Ethene + B2 
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high rate of Z/E conversion, equilibrated mixtures are normally obtained. The double 
bond isomerization is, however, a slower process and can in many systems be controlled to 
such a degree that conclusive information regarding the chemical structure of the primary 
products is obtained. 

V. BASE CATALYSIS 

The first anionic oligomerization of lower olefins was reported in 1956 using sodium/anth- 
racene to  initiate the reaction at elevated temperatures, 280-300 O C 3 .  As indicated by the 
high reaction temperature, this type ofcatalysis is a fairly slow process. Even with the most 
active systems temperatures in excess of 150 "C are necessary to obtain reasonable rates of 
reaction. The subject was reviewed by Pines in 19744. 

A. Dimerization of Propene 

Of particular interest is the dimerization of propene via proton transfer. A systematic 
study of alkali metal-initiated reactions revealed important differences with regard to the 
dimer selectivities when different alkali metals were e n ~ p l o y e d ~ . ~ .  Potassium, rubidium, 
and caesium yielded 4MP1 as the predominant dimer, whereas sodium was found to give 
significant amounts of 4M P2 (isomerized product) and H. 

During the initiation process, two different types of protons may in principle be 
removed from the monomer, leading to allylic or vinylic intermediates (reaction 4). 

Owing to  the acidic character of the allylic hydrogen caused by the resonance stability of 
allylic systems, allylic anions are preferentially formed. The new C-C bond of the dimer 
product is then obtained via a nucleophilic addition of the allylic anion to a propene 
molecule: 

- 
CH2 
I 

MeCH H2&H=CH2 __* MeCHCH2CH=CH2 
b / u 

The preferred addition occurs in agreenicii[ with Markownikoffs rule. The primary anion 
product can add to a second molecule of propene, so forming a trimer, or abstract a proton 
from the monomer, yielding the dimer and a new allylic anion. Again, owing to the high 
acidity of the allylic hydrogens the second mode of reaction is strongly preferred 
(reaction 6). 

MeCHCH2CH=CH2 + MeCH=CH2 + 4MP1 + -CH2CH=CH2 (6) 

As a natural result of the mechanism, propene is dimerized with high selectivity to 4MP1 
via allylic anion intermediates even at the elevated temperatures employed. The primary 
product, 4M PI,  is fairly readily isomerized to 4M P2 (ZIE). Further isomerization to 
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2MP2 and 2MP1 is kinetically a slow process. The main secondary products found in 
alkali metal-catalysed processes are therefore the 4M P2 isomers. 

The active allyliccatalyst may be formed via two different types ofchemical reactions, as 
outlined in reaction 7 and Scheme 2. Strong bases ( M ' R - )  such as alkali metal 

H2C=CHMe + K 

I t  
[ H2C = &Me]- K' 

H2C=CHMe 1 
M e t H M e  4- CH2=CHCH2K+ 

active catalyst 
I 

I K  + 
MeCHMe Kt 

H,C=CHMe 1 
C,H, + C H ~ = C H C H ~ K '  

active catalyst 

SCHEME 2. Formation of nllylpotassium catalysts 

hydride~'-~,  alkylslO, amides' 
forming the allylic propenyl anion and RH. 

', and carbides13 react with propene via proton transfer 

M + R -  +MeCH=CH,+M+-CH2CH==CH2+RH (7) 
At elevated temperatures, the alkali metals also react directly with propene, forming 

allylic compounds. The reaction is likely to proceed via the formation of anion radicals as 
outlined in Scheme 2. 

The formation of significant amounts of orpanoalkali metal compounds during the 
dimerization processes has been demonstrated. Using potassium as the initiator, 60% of 
the metal was recovered after reaction in the form of allylic  compound^'^. 

The dimer selectivity and the relative composition of C, product were found to  be 
significantly influenced by the presence of catalyst supports, e.g. K,O1 5 ,  graphite',, 
MgO-K2C03", and AI2O3l8. The most effective catalyst for the production of 4MP1 
was reported to be K on K2C03 19. Typical experimental data obtained in a flow system at 
150 "C and about 100 bar pressure are reported in Table 3 , O .  Based on the assumption 
that 4MP1 is the primary branched dimer product, the data indicate that catalyst systems 
containing a graphite support exhibit a much higher isomerization activity than K2C03-  
supported systems. I t  is further interesting that Na  metal on K,CO, support gives a 
selectivity to 4MP1 which is similar to the potassium systems, while unsupported Na 
catalyst gives higher yields of isomerized products and n-hexenes. 



4. Olefin oligomerization 213 

TABLE 3. Dimerization of propene using supported alkali metal catalysts'0 

Catalyst Rate of reaction Selectivity 
(wt.-% metal) [g(g-atom metal)- 'h-'] to dimer 4MPI 4MP2 2MP2 2MPl H 

Product distribution &) 

K/graphite 63 97 79 12 1 4 4 

K/graphite I20 98 62 24 6 4 4 
(1 1.9) 
K/graphite 97 98 30 50 12 4 4 
(5.1) 

(4.4) 
Na/graphite 155 89 21 56 15 5 3 

Na/K,CO, 91 9s 74 18 I 0 7 
(3.7) 

(28.8) 

K/K,CO, 150 98 75 16 1 0 8 

(3.0) 

The technical synthesis of 4M P1 is of industrial importance2'. The stereoregular 
polymers which can be prepared from 4M P1 monomer are superior to other thermoplas- 
tics in their overall properties22. 

B. Ethylation of Olefins 

Owing to the instability of vinylic anions and the inert character of vinylic C H  groups 
towards bases, ethene is not oligomerized to any significant extent by alkali metal catalysts 
below 200 "C. On the other hand, ethene is an excellent anion acceptor and is therefore 
efficiently co-reacted with other olefins. The receptivity of anions by alkenes is reported23 
to follow the order C,H, > C,H, > n-C,H, > i-C4H8. By passing an equimolar mixture 
of ethene and propene through an alkali metal-supported catalyst bed at 80-120°C, a 
product mixture containing 92% of pentenes (codimer) and only 5.2% hexenes (propene 
dimer) was obtained. The reaction is initiated by the formation of allylic anions, which in 
the C-C bond formation are added to the ethene: 

Initiation 
H' - 

MeCH=CH2 L CHzCH=CH2 

C-C bond formation: 

CH2=CH2 + -CH,CH=CH, 4 -CH2CH2CH2CH=CH2 (9 1 
Product formation : 

(10) H A  -CH,CH2CH2CH=CH2 L PI 

A large number of codimerized products using a I : I  (molar ratio) Li-K-supported 
catalyst are reported in ref. 23. Of particular interest is the selective low-temperature 
codimerization of ethene and 11-butenes. At 80 "C, B1 and B2 are reacted with ethene to 
give hexenes composed of about 90% of 3MP1, a product which easily might be 
isomerized to 3MP2 and cracked to isoprene with high yields. The formation of 3MP1 as 
the primary product is well understood, based on the mode of reaction outlined above for 
the ethene-propene system. In summary, the characteristic feature of base-catalysed olefin 
oligomerization is the formation of intermediate allylic anions. 
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VI. ACID CATALYSIS 

Despite the fact that cationic proccsses are less selective than anionic and coordinative 
reactions, acid catalysis is extensively used for the industrial production of olefin 
oligomers, e.g. isobutene dimers, 2,2,4-trimethylpentenes (2,2,4TMP), propene trimers 
and tetramers, and other products used as motor fuel constituents. Typical catalysts are 
mineral acids such as sulphuric and phosphoric acids. These may be used in the free form 
or chemically fixed to the surface of solid supports, e.g. pumice, silica, alumina, and similar 
systems. In addition, Lewis acids such as BF,, AICI,, AIBr,, ZnC12, and ZnBr, are 
reported to catalyse thc oligomerization. In the presence of a proton source these catalysts 
are, however. likely to be converted into super acids. which probably represent the true 
catalytic species in most of the so-called Lewis acid systems. A common feature for the 
catalytically active systems is the presence of free protons. The catalysts may therefore 
correctly be denoted by the general form H'A-. During the initiation process, a proton is 
added to thc olefin. This addition, being ionic in character. occurs in accordance with 
Markownikon's rule and will lead to the formation of the most stable carbonium ion. 
The order of carbonium ion stability is well known to be RCHi  < RCHMe < R,CMe. 
In the C-C bond formation step, the carbonium ions are added to  the o!efinic 
bond. The tendency of olefins to react with ions of this type follows the general order 
CH, = CH, < RCH = CH2 < CR, = CH,. It is therefore easily understood that 
internal olefins most readily undergo oligomerization reactions via acid catalysis, 
whereas ethene remains unconverted under the given conditions. 

A. Oligomerization of Propene 

The most commonly used catalyst for the tri- and tetra-merization of propene is solid 
phosphoric acid. The reaction is carried out at 175-225 ;C and 30-70 bar. Under these 
conditions only minor amounts of dimer (2--5%) is formed2". The trimer and tetramer 
fractions were found25 10 contain mainly isomers of structure 2. 

Me,CH[CH,CH(Me)],,CH -CHMe 
( 2 )  

Propene trimer, I I  = 1 ; tetramer. I I  = 2 

Under milder conditions ( < 170 "C), increasing amounts of dimer product are formed. 
The main dimer product was determined to be 4MP2. Thc experimental data are 

Initiation 

MeCH=CH, + HA ble2bH + A- 

C-C bond formation / H+ elimination : 

MeCH=CH, + HdMe2 Me&CH2CHMe2 ---w Trirner, tetromer, etc. 
C3= 

2MPI  + 2MP2 + 3MP2 

(rearrangements) 

4MP2 4MP1 

(€loo/,) (20%)  

SCHEME 3. Acid-caralycd oligomcrization of propenc 
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rationalized in Scheme 3. The addition of protons and carbonium ions to the olefin bonds 
occurs in accordance with Markownikoffs rule, while the elimination of protons follows 
Saytsefl‘s rule, giving mainly the 4MP2 isomer in which the double bond carries the largest 
possible number of alkyl groups, in addition to minor amounts of 4MP1 and 2MP and 
3MP isomers, the latter products being formed via isomerization and rearrangement of 
the intermediate dimer carbonium ion 3. 

B. Dimerization of lsobutene 

The acid-catalysed dimerization of isobutene yields 2,2,4TMP1 and 2,2,4TMP2 as 
primary products. The intermediate carbonium ion 4 is formed via the same type of 
initiation and C-C bond formation reactions as outlined for the propene system 
(Scheme 3). Owing to  the highly branched structure of the carbonium ion 4. the H+ 

2,2,4TMP1 

- 80% 
/ 

Me3CCH2C(Me )2 
\ 

- H+\ 

2 , 2 , 4 T M  P 2  

elimination will occur in accordance with Hofmann’s rule, giving preferentially the 
product 2,2,4TMPI, in  which the double bond carries the least number of alkyl groups. 
By comparing the mode of H + elimination in the propene and i-B dimerization systems, it  
becomes clear that this type of elementary reaction is a function of the environment of the 
carbonium ion. 

V11. ORGANOMETALLIC SYNTHESIS 

By reacting Al hydride and Al alkyl compounds with ethene, Ziegler ef ~ 1 1 . ’ ~  synthesized 
organoaluminium compounds with growing alkyl groups attached to the metal (re- 
action 13). This ‘aufbau‘ reaction proceeds with high selectivity as long as the reaction 

temperature is limited to about 200°C. Chemically, i t  is closely related to the so-called 
living polymer systems in which each metal ---carbon bond starts a growing chain and 
continues to grow as long as monomer is present in the reaction mixture. A well known 
system of this type is thc organolithium-initiated synthesis of (~)-1,4-polyisoprene~~. 
Based o n  kinetic evidence” and thc fact that highly stereoselective polymer products are 
formed in non-polar hydrocarbon solvents, thc organolithium-initiated polymer re- 
actions are concluded to consist of two distinct elementary steps: (a) activation of the 
isoprene monomer through coordination and (b) migratory insertion of the coordinated 
monomer into the ‘hair-like’ growing carbon chain. Associated organolithium com- 
pounds (dimer, trimer, and hexamer) are reported to take part in the C--C bond 
formation process”). 

Based on their extensive work, Zicgler er ( I / .  concludcd that the insertion of monomer 
into Al - -C bonds takes place with monomeric Liluminium species. Thc cx;ict mechanism 
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is, however, not known and other research groups view the participation ofdimer species 
as likely2’. Both types of reaction will therefore be discussed. 

The organoaluminium compounds are unique in Group 111 in forming stable dimers. 
Organo-B, -Ga, -In, and -TI compounds are monomeric in the vapour phase and in 
solution. The bridging is accomplished by means of A1-C -A1 three-centre bonds where 
each aluminium atom supplies an sp3 hybrid orbital and so also does the carbon atom. By 
linear combination of atomic orbitals in accordance with the LCAO-MO theory, one 
bonding ($I,,), one non-bonding ($ILn), and one antibonding ($a) orbital may readily be 
constructed. Since only two electrons are available for the system, only the bonding orbital 
is occupied by electrons. The situation is depicted in Figure 3. The two electrons in the 

nonbonding 

FIGURE 3. Three-ccntre/two-electron (3c- 2e) bonding in A12R, compounds 
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bonding orbital $1, which serve to unite three atoms are distributed uniformly throughout 
the Al-C--AI system. There are also cases of three-centre bonding known in which a 
total of four electrons participate. The second pair of electrons is then located in the J/,  
orbital; these electrons are entirely concentrated on the end aluminium atoms, as may be 
seen from Figure 3. Assuming that the ethene insertion reaction takes place on the dimer 
species, the following route of reaction appears to be open: 

(a) ethene coordinates to aluminium via the empty $, orbital and thereby donates two 
electrons to the three-centre bonding system; 

(b) owing to the nature of the non-bonding \I/" orbital, the electron density on aluminium 
is significantly increased. In turn this electron density is passed on and distributed to 
the R groups, resulting in increased nucleophilicity and reactivity towards the 
polarized coordinated olefin. 

A possible reaction mechanism is outlined in Scheme 4. The C-C bond formation may 
take place via a migratory insertion type of elementary reaction or a s  a nucleophilic 

.-. I - - \  

SCHEME 4. Organometallic synthesis via dimeric alkylaluminium complexes 

addition of dissociated R -  to the coordinated olefin. A true anionic mechanism where the 
C-C bond formation takes place via addition of R -  to free ethene molecules is unlikely 
because the presence of Lewis bases reduces the rate of reaction. An important feature of 
coordinatively unsaturated alkyl compounds such as LiR, MgR,, BeR2, and AIR, is the 
moderately rapid exchange of alkyl groups via dimeric intermediates30. The rates of 
exchange reactions are usually slowed by the presence of donor ligands and, if the donor is 
sufficiently strong to block the coordination sites, the exchange is stopped. Since the 
organometallic syntheses are fairly slow reactions, the net result is parallel growth of all 
alkyl groups. It is further noteworthy that a dimer mechanism would easily explain the fact 
that diborane readily reacts with olefins (even internal double bonds) forming alkyl boron 
compounds, while the monomeric boron alkyls do  not react with olefins under 
organometallic synthesis conditions. 

In a monomeric mechanism the coordinatively unsaturated AIR, could activate ethene 
via interaction of the olefin 7c-electron system with an sp3 Al hybrid orbital as outlined in 
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Scheme 5. Based on  the information available, both mechanisms appear to be possible. 
More detailed kinetic analyses are necessary in order to distinguish between the two 
modes of organometallic synthesis. 

J 

S C H E M E  5.  Organomctallic synrhcsis viii monomcric AIR, 

By subject ing higher al k ylalu mini urn compounds to increased tempera t ures (250- 
300 "C), cc-olefins and aluminium hydride compounds are formed (reaction 14). 

250-30OcC 
AICH,CH,R - AIH + CH2=CHR (14) 

Empty orbitals on aluminium, i.e. s p 3  hybrid orbitals present in monomeric systems and 
the II/, orbital ofdimercomplexes, are likely to take part in the A1 hydride-forming process. 
This reaction is used in the Ziegler method for production of linear a-olefins. The overall 
procedure is then carried o u t  in two stages, i.e. the chain growth reaction with ethene is 
effected in the neighbourhood of 1 10 "C and the olefin product is then displaced by raising 
the temperature to about 300°C for fractions of a second. 

Thedimerization of propene iscarried out catalytically at 180-200 "C and 170-200 bar. 
The selectivity for 2MP1 is reported to exceed 99%. This reaction (Scheme 6) represents 

A 

'AlH 4- MeCH=CH2 >AIPr" 
/ 

2MPl \ MeCH= CH, Y 
A I C H ~ C H ( M ~ ) P ~ "  

SCHEME 6.  Catalytic dimcriziition of propcne 

the first stage of the Goodyear Scientific Dcsign isoprene proccss", i n  which the primary 
product 2MP1 is isomerizcd over acidic catalysts to 2MP2, and then demethanized to 
isoprenc in the presence of small amounts of hydrobromic acid at 650-800°C. Owing to 
the high rate of p-H elimination from the substituted p-C atom of the dimer adduct. only 
very little polyaddition forming higher products occurs. The C---C bond formation 
reaction is extremely selective and occurs formally in accordance w i t h  MnrkownikoFs 
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rule, only minor amounts of hydrogen being formed. This observation may indicate that 
the addition reaction involves the participation of polar intermediates. The presence of 
free ions in the system is unlikely, however, based on the fact that isomerization does not 
occur and that Al -H as well as A1 -C bonds are known to have a high degree of covalent 
character. The rate of dimerization is reported to be first order with respect to the 
concentration of p r ~ p e n e ~ ~ .  This is in agreement with a reaction scheme in which the C- 
C bond formation step (reaction B, Scheme 6) is rate limiting and reaction A is a pre- 
established equilibrium lying essentially on the product side. Under technical process 
conditions the hourly production is about 20g of dimer per gram of Al present in the 
system. 

Higher a-olefins can be dimerized with aluminium catalysts. In all cases /?-C-branched 
a-olefins (5) are obtained. Surprisingly little appears to be known about the true 
mechanism of organometallic synthesis reaction. Through this discussion of the topic, we 
hope that some questions have been raised which will stimulate further mechanistic 
investigations of this most fundamental reaction within the field of organometallic 
catalysis. 

CH, =C(R)CH,CH,R 
(5) 

VIII. COORDINATIVE TRANSITION METAL COMPLEX CATALYSIS 

A. Introduction 

On 28 July 1924 a most remarkable experiment was reportcd. Job and Reich had 
treated ethene with a complex mixture of phenylmagnesium bromide and NiCl, in diethyl 
ether at 6 "C and 1 bar and concluded that a catalytic conversion of ethene had taken place 
on an organometallic nickel species33. After hydrolysis, ethane, ethylbenzene, styrene, and 
biphenyl in addition to 'significant amounts of carbon product with a boiling point 
exceeding 270 "C' were identified. Based on current knowledge, it seems reasonable to 
conclude that this was the first experiment to demonstrate important catalytic elementary 
reactions such as migratory insertion, /?-hydrogen elimination, reductive coupling, and 
polymerization of ethene on bimetallic coordinative transition metal complexes. 

About 30 years later. the famous 'nickel effect' on the organometallic synthesis reaction 
was discovered by Ziegler. which led to the development of the Ziegler-Natta systems for 
the polymerization of olefins. In 1961 a method of ethene oligomerization with soluble 
catalytic systems was proposed in the USA, based on alkylaluminium halides and nickel 
compounds34. In subsequent years a large number of patents were filed on the subject2. 

Technical reports on the dimcrization and oligomerization of lower olefins using 
soluble bimetallic nickel complexes of different kinds were published almost simul- 
taneously in West France3', and the USSR3H. Ewers35 and Chauvin 
et used highly active systems composed of nickel acetylacetonate and dialkylalu- 
minium chloride or monoalkylaluminium dichloride, while Fel'dblyum et in- 
vestigated the activity of organic nickel salts in similar types of systems. A paper by Wilke 
et al.36 described the dimerization of lower olefins under the influence of 7r-allylnickel 
chloride in combination with Lewis acids and tertiary phosphines. Later, Onsdger 
et ul.39a-e reported on the kinetics and mechanism of tetramethylcyclobutadienenickel 
chloride-tertiary phosphine-alkylaluminium chloride initiated reactions. More recently, 
Keim and Kowaldt4" presented a novel phosphorus ylid-nickel complex which converted 
ethene with high selectivity and activity into higher linear a-olefins or high polymers in the 
absence of organometallic cocatalysts such as are required in the Ziegler-Natta-type 
systems. 
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Although i t  can be asserted that nickel is rlie element of olefin dimerization and 
oliyomerization owing to its high specific activity and selectivity characteristics, other 
transition metal systems containing e.g. titanium4', cobaltJ2, r ~ t h e n i u r n ~ ~ ,  rhodium44 
iridiumJ5, palladiumJ6, platinumJ7, and tantalumds have also been reported. Most 
catalytic systems contain transition elements from group VIII, but also early transition 
elements, such as titanium, zirconium, and tantalum, can give low molecular weight 
products under specific conditions. The early transition elements are, however, mostly 
used in polymerization reactions, the classical system being TiCI,-Et,AI. 

B. General Mechanistic Aspects 

Although each individual catalytic system has its own characteristics of activity and 
selectivity, the types of elementary reaction steps which are involved in the dimerization 
cycle are of the same chemical nature for a large number of systems. Except for tantalum, 
which is reported to react via metallocyclic intermediates, the following elementary steps 
are involved: 

1. Olefin activation via complex formation 

R R 

M + C=C 1- M-11 
C 

I L ! C  

R = H, olkyl 

2.  Migratory insertion 

R 

M-11 M-C-C-R 
I C  

C 

3. /I-H elimination 

Transition metal hydrides (MH) and alkyl complexes (MR) are distinct intermediates in 
the catalytic cycle. 

1. Olefin activation via complex formation 

The first known olefin transition metal complex K[Pt(C,H,)Cl,], was prepared by the 
Danish pharmacist Zeise in 1827, and is commonly known as Zeise's saltJ9. The 
development ol'olzfin coordination chemistry proceeded slowly until more than 100 years 
later. In about 1950 the theoretical understanding and preparative chemistry of olefin 
complexes started to blossom. D e w d o  and Chatt and Duncanson5' provided a 
constructive bonding model for the interaction between an olefin and a transition metal. 
In principle, two different types of chemical bonding are involved : 

The cloud of electron density in one of the n-orbitals of the 
olefin bond overlaps with a vacant a-orbital of the metal, forming a chemical bond of CT- 
symmetry. 

(b) Pi (n)-rypc boiitl. A bond of n-symmetry is formed by overlap of a fillcd ( I  or tlp 
hybrid orbital of the metal with the empty antibonding x* orbital of the olefin. 

(a) Siginu (a)-~ype bond. 
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The two types of bonding modes. which arecomplementary and synergic in the transfer 
of electron density from the olefin to the metal and back again, are depictcd in Figure 4. 

Metal 
orbitals 

u -bond T - bond 

FIGURE 4. Molecular orbital views of the olelin-metal bond 

Molecular 
orbitals 

Ligond 
orbitals 

u-bonds 

FIGURE 5. Qualitativc M O  diagram for o-bonding in a square-planar [ML,] complex 
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The overall effect is a bond of moderate stability. The lengthening of the C-C bond 
observed in a number of complexes is explained by the population of the n*-antibonding 
olefin orbital. Of particular importance is the backbonding with low oxidation state 
organotransition metal compounds. Such n-backbonding stabilizes the metal complex by 
distributing electrons over ligand orbitals, thus reducing the negative charge on the 
central metal. Backbonding is diminished by a positive charge at the central metal. 
Consequently, anionic complexes are more prone to backbonding than cationic 
complexes. 

In addition to the basic bonding model developed by Dewar, Chatt, and Duncanson, 
the transition metal olefin complexes may also be described by molecular orbital (MO) 
theories. These range from MO methods giving essentially a quantitative description of 
the bond via ab inirio calculation methods to qualitative approaches based mainly on 
symmetry properties. 

A number of the most active dimerization catalyst systems contain cln complexes of e.g. 
Ni(II), Pd(II), Pt(II), Rh(I), and Ir(1). In such complexes, square-planar geometry is very 
commonly encountered. The qualitative MO energy level diagram for a-bonding in 
square-planar dn complexes is shown in Figure 5. In this type of complex, the orbitals 
p z ,  d,=, and d,, have the right symmetry for forming n-bonding perpendicular to the xy- 
plane, and d,, and ~ . ~ , p , ,  for forming the n-backbonding to empty n* orbitals to olefins 
oriented in the xy-planeS2. The net result of such n-bonding is a stabilization of the 
complex as indicated in Figure 6, where the tl,, orbital is shown to be responsible for the n- 
bond. 

7T* - 
I \  

\ 

, 

TT -bockbondlng orbital 

FIGURE 6.  Orbital overlap [or n-backbonding 

Owing to the number oforbitals which may be used for n-bonding either in the xy-planc 
or perpendicular to it, two coordination sites, cis and cram, may be occupied by any pair of 
equivalent ligands. Thus configurationally stable cis and trcirzs isomers are commonly 
observed for diamagnetic dn complexes in the square-planar geometry. When two n- 
acceptor ligands are present, however, the cis configuration appears to be strongly 
preferred. The instability of trans k,n' complexes is evidenced by the rapid isomerization 
of trans-[(q2-C2H,),PtC12] to the cis isomers3. 

The distortion of square-planar r18 complexes into tetrahedral geometry is accompanied 
by conversion from a D,,, diamagnetic singlet state to a T, paramagnetic triplet state. This 
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is observed for ‘weak ligand-field’ complexes, especially in the case of first-row 3d metals, 
e.g. [NiL,X,] complexes where L represents a mixed alkylarylpho~phine~~.  Palladium(I1) 
and platinum(I1) strongly prefer to form square-planar complexes. 

In square-planar complexes, the olefinic C-C axis is usually oriented nearly 
perpendicular to the ligand plane when three other ligands are present, but almost in the 
plane of the square planar complex with two other ligands: 

( 6 )  (7  1 

Representative examples of such structures are e.g. Zeise’s salt (8) compared with nickel(0) 
ethene complexes of the type [(R,P),Ni(C,H,)](9)ss-57. 

Thorn and Hoffmannss explained the upright olefin orientation in d8-type complexes 
by filled orbital-filled orbital repulsions in the planar structure. For the complex 
[PtH(PH,),(C,H,)], an energetic preference of 0.3 eV in favour of the upright structure 
was calculated. In solution the olefin can rotate about the Pt-olefin axis. as 
demonstrated for a number of noble metal olefin complexes. The barrier to rotation of 
ethene in [RhCp(C,H,)J is rcported to have a activation energy of 15 f 2 kcal mol-’ 59. 

The true length of the C-C bond in transition metal olefin complexes was discussed by 
Akermark el For Zeise’s salt C-C bond distances rangingfrom 1.35 to 1.48 A were 
reported, but a recent neutron diffraction study gave 1.354 A, which the authors suggest is 
the most reliable result. Thus, it appears that the C-C bond length in the platinum(I1) 
complex is only slightly longer than that (1.33 A) in ethene itself. Other recent studies give 
C-C olefin ligand bond lengths for palladium(I1) and platinum(I1) compounds in the 
range 1.30-1.40& with a majority around 1.35& which is in good agreement with valuc 
of 1.354 A for Zeise’s salt. Based on these values it seems reasonable to conclude that then- 
backbonding is of only minor importance in tetracoordinated dS transition metal olefin 
complexes. Stable neutral nickel(I1) complexes of the type [NiX,(C,H,)] have not yet 
been isolated. It appear3 that the acceptor properties of nickel are too low for the 
formation of stable compounds. As is evident from their second ionization potentials. Ni 
18.1 5 eV, Pt 18.56 eV, and Pd 19.9 eV, palladium(I1) and platinum(I1) are better electron 
acceptors than nickel(I1) and thus give more stable complexes. The metal-olefin bond 
energies for palladium(I1) and platinum(I1) complexes have been calculated to range from 
6 to 10 kcal mol-’ 61.  

In contrast, several complexes of zerovalent nickel of the general form 7 have been 
isolated and their structures determined. The olefin in such complexes is usually oriented 
in the ligand plane. The metal-ethene bond energy for PR, = P(o-Tol), and PR, = PH, 
were calculated to be 33 and 36 kcal mol- I ,  respectively60*62. For the metal(0) complexes 
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TABLE 4. Equilibrium constants for 
the replacement of ethene in 
acetylacetonatobisethcnerhodiuin(1) by 
anothcr olcfin (from rcf. 64) 

Olelin K(at 25-C) 
__ - ~ - 

CH2- CH2 1 .O 
C H , - C H M e  0.08 

(€)-MeCH =CHMe 0.002 

CH,--CHEt 0.09 
(Z)-MeCH==CHMa 0.004 

CH,--CMc, 0.00035 

significantly longer C-C bond lengths have been determined, typically in the range 1.40- 
1.48 A, with predominance around 1.43 ,&56, indicating significant n-backbonding in such 
systems. 

Recent GVB-CI  calculation^^^ on 'naked' nickel(0) ethene complexes indicate that 
delocalization of the ligand n orbital into thc nickel and delocalization of the nickel d, 
orbital are both small (C-C bond length increase by ca. 0.03 A), mainly owing to the 
repulsive interaction with the 4s orbital in neutral nickel (4s13d9) systems. Bringing the 
bond of ethene up to N i +  (3d9) is reported to lead to a significant bond energy (ca 
60kcal mol-') owing to the net attraction of the nickel centre for the unshielded n pair. 

X-ray diffraction studies of [Rh(PPh,)Cp(C2H,)] indicate a strong n component in the 
Rh-ethene bond". Compared with higher olefins, ethene is a strongly preferred ligand. 
An instructive series of equilibrium constants reported by (lamer6, for the 
rhodium(1) system in reaction 19 are given in Table 4. 

I 

[Rhacac(C,H,),] + olefin ~?[Rhacac(C,H,)(olefin)] + C2H, (19) 

A similar trend of stability was observed for palladium(I1) olefin complexes". based on 
equilibrium measurements in the following system: 

(20) 

At 25 "C K .  was determined to bc ethene 17.4 propene 14.5, €31 I I .5, (Z)-B2 807, and ( E ) -  
B2 4.5. 

From a chemical reactivity point of view. election donation from the olefin to the 
transition metal will leave the olefin with a positive charge and thus increase its reactivity 
towards nucleophilcs. n-Back donation of negative chiirge on to the substratc will havc the 
opposite effect. For nickel, palladium. and platinum the reactivity of the complexed olefin 
in external nucleophilic addition reactions is found to correlate well with the acceptor 
properties of the metal in the divalent state'". That a-bonding is the predominant factor in 

/c\c/NU (22) 
C 

C 
M+-/! + Nu- __* M 

such systems is strongly suggested by calculations performed on the relative contributions 
of 0- and n-bonding i n  Zcise's salt"". These calculations show that even in the anionic 
platinum(I1)complex which should favour 7r-backdonation, the crdonation bond energy is 
about three times as large as  that  ofn-back donation. leaving the olefin with a considerable 
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positive charge. Consequently, in neutral or even more so in positively charged complcxes 
G donation is expected to predominate even more. 

Based on the assumption that H and R groups attached to transition metals react as 
nucleophiles, the reactivity of complexed olefins in migratory insertion reactions is 
expected to follow the same general pattern as outlined for the external nucleophilic 
addition. From a mechanistic point of view, the insertion process is far more complex. By 
taking place within the orbital sphere of the complex, between two groups both attached 
to the same metal and preferably located in cis positions, the understanding requires 
knowledge about the factors influencing the reactivity of both the reacting groups 
simultaneously, conditions favouring the Z configuration, as well as the energetically 
favourable reaction path. Such topics are discussed in the next section. 

2. The migratory insertion of olefins 

The general concept of olefin insertion into transition metal-H and -C bonds 
originated with the Ziegler-Natta-type polymerization systems. Elementary processes of 
the insertion (complex) type were believed to be responsible for the initiation and chain 
growth reaction. In its general form. the transition state of reaction is as shown in 
equation 23. Calculations by Thorn and HoffmannSX demonstrated clearly that for this 

\ 

M-R 1 M----R I R 
, .  

R = H or olkyl 

reaction to occur. the M-R and the olefin n-bond must be coplanar with R approaching 
one end of the olefin bond. Only in this way IS the antibonding x* orbital of the olefin able 
to mix into the process, thus diminishing the antibonding repulsion between R and C,. As 
R approaches the centre of the olefin bond, the n* orbital cannot mix in and the repulsive 
R-n combination rises much more steeply. Therefore, only thc 'end-on' coplanar 
approach is believed to be ablc to permit insertion (Figure 7). This stcreochemical 

strong repulsion energeticol ly 
favoured opprooch 

FIGURE 7. Evaluation of thc migratory insertion proccss 

requirement naturally lcads to theconclusion that the metal and the ligand add cis to the 
olefin. In contrast, an external nucleophilic addition will normally be C ~ U I I S .  

i3uring the insertion process, the following change in bonding structure is taking place: 
the metal- R 0-bond. thc metal --olefin 0- and n-bonds and the  C==C double bond are 
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broken, while a a-bond between the migrating ligand and the C atom closest to it  and a a- 
bond between the metal and the other C atom of the olefin are formed. 

Based on the M O  perturbation theory, Fukui and Inagaki6' showed that the insertion 
process might be accomplished by delocalization ofelectrons from the HOMO of R to the 
L U M O  of the inserting olefins as indicated in Figure 8. A similar view was proposed by 

: + :  T*  :LUMO 
LUMO '---' 

FIGURE 8. Electron transfer rrom 
H O M O  of R to the olelin via x*-antibonding 
orbital 

Furukawa68, in which electrons from R are first partly delocalized to an unoccupied 
orbital of the metal and then subsequently to the n* orbital of the olefin. 

The basic idea of empty d metal orbital participation in the process was also favoured by 
C o ~ s e e ~ ~  for the titanium chloride-catalysed polymerization reaction. The most impor- 
tant feature of this mechanism is depicted in Figure 9. By mixing of ", and Y3. made 

R 

FIGURE 9. 
sertion process 

Empty or half-lillcd tl-orbital participation in the in-  

possible by the presence of an empty or half-filled d,,:, the energy barrier of R-olefin 
approach is reduced. The (irz orbital will be able to perform this task optimally when it has 
a good interaction with both C T ~  and n*. Its energy level should be comparable to  those of 
oR and n*. 

An extensive M O  study has been reported for the insertion of ethene into Pt-H 
bondss8. Letting the insertion process take place in the sy-plane, the main feature of the 
proposed mechanism is as shown in Figure 10. During the insertion process the (l.y2-,,2 
orbital develops smoothly into a Pt-C, bonding orbital. H-C, repulsion is observed, 
but the n* mixing helps both to relieve the repulsion and to form the Pt--C, bond. The 
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pt <'I-- -_  

FIGURE 10. 
backbond has been omittcd for clarity 

Insertion of cthene into a P---- H bond. The d,, Pt-olefin n- 

d*,2-,, orbitals 'resents' the conversion strongly and climbs to high energy in the 
transition state region. I t  is therefore concluded that this &orbital must be empty for 
insertion to occur.The other d-block orbitals show little change in energy as the insertion 
progresses. except for a slight destablization of [l.,y as some back bonding into the ethene 
n* is lost. Replacing H by an alkyl group will not change the path of insertion, but is likely 
to  reduce the rate of conversion. 

The intramolecular migratory insertion of an olefin into M-H bonds is facile and 
consequently, stable olefin complexes which contain hydride in a cis position are rare. One 
such complex is [MOC~,H(C,H, ) ] (PF~)~~ .  In the presence of added PPh,, however, the 
insertion readily takes place. The trcins complex ~ ~ U ~ S - [ P ~ ( P E ~ , ) ~ H ( C , H ~ ) ]  + can be 
isolated7', which indicates that insertion from a trans orientation of ligands is a 
significantly slower process in platinum(l1) complexes than cis insertion. 

For nickel(l1) complexes, which have different high-spin, low-spin characteristics, the 
t r m s  insertion is regarded as a possible mechanism, although cis insertion via the four- 
coordinate mechanism is considered the most favourabie of all? The insertion of ethene 
into the Pt-H bond of neutral [Pt(PR,),(H)CI] is a slow process72. Abstracting the 
CI- ion by silver cations73 or adding SnCIz7, forming [Pt(PR,),H]+(SnCI,)- speeds up 
the rate of insertion significantly. In view of later discussions concerning the chemical 
nature of catalytically active species, it is noteworthy that cationic complexes appear to 
undergo more rapid insertion than neutral compounds. The activation of a number of 
catalytic systems by Lewis acids is related to this phenomena. 

3. 1 - H  Elimination 

The /I-H elimination reaction (Volume 2, Chapter 8) is the reverse reaction of inserting 
olefins into M -. H bonds, and accordingly proceeds via the same transition state as 
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indicated in reaction 23. Since the coordination number of the central metal is increased 
by one unit  during the process, the prcscnce of a free coordination site on the metal is 
considered a precondition for the reaction to occur. It is generally known that Lewis bases 
added to the system will reduce the rate of reaction. For the decomposition of 
[Pt(PPh,),(Bu"),] a dissociative mechanism is proposed (reactions 24 and 25)". Added 

(24) 
L 

[Pt(PPh3)2(Bun)2] -- [Pt(PPh3)(Eu")2] i- PPh3 

PPh, is reported to retard the rate of reaction without changing the energy of activation 
for the dissociation step. 

The equilibrium reaction 26 between M--alkyl and M-H olcfin complexes was 
proted by Werner and F ~ s e r ' ~ .  By using 1i.m.r.. the state of equilibrium was established. 

T h e  free coordination site on R h +  is likely to be partially occupied by solvcnt (CH,NO,) 
molecules. 

4. The rate of reaction 

In order to understand both the activity and the selectivity of catalytic dimeri- 
zation/oligomcrizatioii systems. studies related to the rate of reaction are of thc utmost 
importance. The identification of rate-determining steps is a precondition for influencing 
the ratc and tailoring of the catalyst. The reader is also reminded that thc selectivity is a 
result of velarice rates in the system. Thus, a l l  the factors which influcnce the relative rates. 
will change the selectivity. 

Based on the information given in Section VIII. B. 1-3 and the fact that the formation of 
transition metal olefin complexes of the type in question is a very rapid process, it appears 
reasonable to analyse the general kinetics of the system based on the assumption that the 
migratory insertion of olefins to M ---C bonds (reaction 4 in Figure 11) represents the rate- 
limiting step and that all other steps are established equilibria. In accordance with 
transition state theoryand the third law of thermodynamics, thc rateconstant for the rate- 
limiting step is given by equation 27. 

kT X-T 
/ l  / I  

k,=-exp( - AG"/RT)= --exp( -AH'"lRT)exp(ASf"lR) (27) 

where k = Boltzman's constant, h = Planck's constant, AG*O =free energy of activation. 
AH'" = enthalpy of activation, and AS+' entropy of activation. Accordingly. thcrc exist 
two ways of increasing the rate constant: (a) reduction of AH*O and (b) increasing AS*<,. 
In  practicc such effects are often coupled. so that ways designed to effect an illcrease i n  
AS+. ' simultaneously result in ii reduction of AH ^. The kinetic explanation as to why cis 
insertion is a facile reaction and much more so than thc t v m s  process. is to be found in the 
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\ 

H H R' R' R"  H H 
I olefin I I olefin I k I  I I 
M-• M-olefin =A M-• M-olefin -% M- & M-dirner == M-o + dimer 

K1 K2 K3 K5 KG (7) 

F I G U R E  1 1 .  General scheme ofdimerization via Z insertion mechanism and the potential energy 
diagram for the process. K =equilibrium constant: k,  = rate constant for the  rate limiting step: 
n = free coordination site 

fact that cis orientation gives a very favourable combination of AH*c and AS*". In  
particular, it is easy to see that two ligands in cis positions are more likely to react than two 
trans ligands, the kinetic consequence being AS*' (cis) > AS *' (tram), resulting in 
improved rates for the cis insertion process. 

From the mechanism discussed in Section VIII. B.2, i t  appears reasonable to conclude 
that a significant part of AG*" is to be found in the repulsion between the migrating alkyl 
group and the olefin. By mixing in the participation of empty n* orbitals of the olefin in the 
process, the repulsion is reduced. Consequently, the highest rate constants are to be 
expected for complexes in which the n-backbonding between the transition metal and the 
reacting olefin is low. With reference to the information given in Section VIII. B.l, this 
observation is in good agreement with reports stating cationic titanium41 and cationic 
n i ~ k e l ~ " . ~ ~  complexes to  be highly active catalysts. 

Using steady-state kinetics on the reaction scheme shown in Figure 11, the rate of 
dimerization is given by equation 28, where 0 = free coordination site. Accordingly, the 

(28) vz  =k,[cis - M(R)olefin] = k,KlK2K,[M( O)H] [olefin]' 

reaction is first order with respect to the concentration of metal hydride complex having a 
free coordination site in the cis position, second order in reacting monomer olefin and 
directly proportional to the equilibrium constants K , , K 2 ,  and K,.  Anything that will 
reduce the concentration ofactive hydride complex will retard the reaction. Consequently. 



230 Olav-T. Onsager and Jon  Eigill Johansen 

the dimcrization process is sclf-inhibiting in that dimer olefins formed during the reaction 
will complex with M(  O ) H  and thus reducc its concentration. 

On the other hand. the rate of trimerization will increase a s  theconcentration ofdimer is 
building up. Trimers and codimers of monomer and dimer are formed via the intermediate 
specics (Scheme 7) of the dimerization cycle. Again. assuming steady-state kinetics with 

R" R" R"' H H 

M - 0  - M-olefin M-• ~- M-trimer M--0 + trimer 
olefin I K8 I I I 

L L I 
K7 K9 Kl 0 

S C H E M E  7. Trirnerization 

the insertion step S being rate limiting, the rate of trimerization, r 3 ,  is given by equation 29. 
Accordingly. the relative rate of dimerization and trimerization in a given system will obey 
equation 30. and the overall selectivity to the trimer. S 3 .  for an experiment pcrformed over 
time f can be calculated from equation 31. Based on the assumption that thc rate constant 

r3  = k,[cis - M(R")olefin] = /i,K,K,K7[M( O)H]  [olefin] [dimer] (29) 

r2  /idKl K 2 K 3  [olefin] 

r ,  k ,  K K , K 7  [dinier] 
-= -. . . 

1 
dt (31) s,= s' ~ 1'3 dt = 1; ~ 

"1'2 + 1'3 k4K K K [olefin] 

k,K,K,K,[dimer] 
+ 1  - . - .. . . . . ... 

of insertion is independent of the chain lcngth of the migrating alkyl group (k4 z k8), the 
selectivity becomes primarily a question of relative values for the equilibrium constants. 
K I .  K,. K,.  and K,. K,. Ki. and the relative concentration of monomer olefin and dimer. 

The general observation that bulky ligands tend to favour dimerization over 

SCHEME S. Kinetic scheme of polymerization 
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trimerization, finds its rational explanation in the selective effect of bulky ligands to reduce 
the value of K ,  (equation 32). Analogous arguments do  ofcourse also explain the fact that 
bulky ligands favour dimerization over oligomerization in general. 

[M(H) dimerl 

- [M( O)H] [dimer] 
K -  

In systems in which high polymers, C=C-P, are formed, the rate of chain growth is 
much larger that the overall rate of P-H elimination. In accordance with the kinetic 
analysis of Scheme 8 this will be the case if 

kK[M( U)(C-C - P)][olefin % Kp13[M( iJ)(C-C - P)] 

-k;,K'[M( O)H][C=C - P] (33) 

Accordingly, the molecular weight of the product is influenced not only by the relative 
rates of olefin insertion into M-C bonds and the forward P-H elimination alone, but also 
the rate of olefin product back insertion into transition metal hydride bonds. For systems 
in which 

kp~[M( O)(C-C--P] > k;IHK'[M( O)H][C=C - P] (34) 
the number-average degree of polymerization, P,, is given by equation 35. 

k,K[olefin] 
P ,  = 

kpH 
(35) 

C. The Mechanism of Coordinative Transition Metal Catalysis 

As indicated, nickel is the element of olefin dimerization and oligomerization owing to 
its high specific activity and selectivity characteristics. The catalytic performance of nickel 
complexes will therefore be analysed in some detail, followed by more general mechanistic 
aspects of rhodium, titanium, and tantalum complex-initiated reactions. 

1. Nickel complex catalysis 

A large number of extremely active nickel catalysts have been reported2. Basically, they 
can be classified into three categories: 

I .  nickel compound i- Lewis acid; 
11. nickel compound + Lewis acid + Lewis base; 

111. nickel hydride complexes. 
By far the most active systems contain AIRCI, and/or AIR,CI as the Lewis acid. Lewis 
bases, especially of the tertiary phosphine type, are used for tailoring of the catalytic 
properties. 

In combination with AI,R,CI, almost any soluble nickel compound will show catalytic 
activity. Nickel compounds, neutral, cationic, and anionic, with oxidation states ranging 
from + 2  to zero have been used. Representative examples are nickel acetylaceto- 
nate~~8.79, nickel acetatesso, nickel oleate3*, nickel naphthenates', nickel dipropylsnli- 
cylate", nickel alkylben~enesulphonates~~, tetramethylcyclobutadienenickel dich- 
l ~ r i d e , ~ ,  n-alkylnickel halidesa4, [Ni(PR,),X,] complexes in which X may be halides, 
haloacetates, sulphate, nitrite, nitrate, thiocyanate, thiophenolate, etc.sO, 
[Ni{(NR,),P0}2X2]85, [Ni(PR,)(NO)BrlS0, [Ni(PR3),XIs6, [Ni(PC13)4187, 
[Ni(PR3),-Ja7, [Ni(CO),(PR,),]87, [Ni(a~rylonitrile),]~~, [Ni(dm~o),]~+[NiCI,]~-, 
[NiCp(PPh,),]+ [SnCI,]-", and [R,P]+[NiX,(PR,)]-*'. 

In the absence of Lewis acids unique catalytic properties are reported for square-planar 
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/ 
YNiX + Al- 

/ 
RNiX + Al- 

\ \ 

Intermediate 
complexes: 

------- l -  \ [NiY]’ [ -~ l - - ]  

I 

/ 
YNIR + AI- 

\ 

R = alkyl , X = monovolent anion, Y = halide, n = 1 or 2 

SCHEME 9. Exchange of Iigands via bimetallic complexes during the reaction between nickel(l1) 
compounds and Lewis acids 

nickel hydride complexes formed by the reaction of a nickel salt with NaBH, in the 
presence of PPh, and a chelating ligand such as diphenylphosphinoacetic acidg0 (reaction 
36). Catalysts of this type are extremely selective for the preparation of linear a-olefins 

Ph Ph \ f  
/H 

NoEH, H, ,P-y,,~d-I 
(36) Nix2 + Ph2PCH2COOH Ni I 

PPh, Ph3P / \o’c** 

from ethene91. In practice, ethene is allowed to react with the catalyst in a solvent such 
as ethene glycol or butane-1.4-diol at about 100tC and 40 bar. In typical experiments9“ 
the following distribution of linear a-olefins is obtained: C4-c, 41%. Clo-C18 40.5%, and 
C,,, 18.5%. The linearity is reported to exceed 99% and 98% of the product consists of a- 
olefins. Similar results are also reported”’ with the catalyst 10. 
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A common feature of all the active systems is the presence of Ni-H or  Ni-alkyl 
species, which are believed to be responsible for the initiation of the catalytic reaction. 
Depending on the particular recipe used, such groups may be present initially or formed 
during the induction period39'. 

a. The effect of Lewis acids 

When nickel(I1) compounds are reacted with Lewis acids, in principle two different 
types of elementary reactions may occur: (1) complex formation and ( 2 )  exchange of 
ligands. Both reactions are, however, closely related since the exchange of ligands is likely 
to proceed via the intermediate formation of bimetallic complexes as indicated in Scheme 
9 for a nickel salt-alkylaluminium halide system. In addition to a free site of coordination, 
the catalyst must possess an active R ligand bound to the nickel. Consequently, the 
following species represent potential catalysts for the reaction: RNiX, NiR,, and [NiR] + 

CAI]-. 
Based on the fundamental information that the migratory insertion of olefins into M - 

H and M-C bonds is a more facile process with cationic complexes than with neutral 
compoundss8, the cationic species [NiR] + is expected to possess the highest catalytic 
activity. This theory is in agreement with the mechanistic views presented by a number of 
authors39e.77,93, and further supported by the activity data reported in Table 5. On 
comparing the activity of nickel acetate and nickel haloacetate systems, the highest 
activity is obtained with nickel trifluoroacetate. It appears reasonable to conclude that 
this is caused by increased dissociation and the formation of cationic nickel species. This 
conclusion is also in agreement with the fact that improved rates are observed in the nickel 
acetate system when AIEtCI, is used as the Lewis acid component compared with AlEt,Cl 
(Table 6). I t  is well known that AIEtCI, is a stronger Lewis acid than AlEt,CI and that the 

TABLE 5. Dimerization of propenc (30 min) using the catalyst 
[Ni(KCO,),] (5.0 x 1O"moll- l)-AIEtCI2 (2.0 x 10-JmolI- ' )  at 20°C 
and 1 bar in chlorobcnzenc (25 rnl)'' 

Dimer distribution 
-- Product Dimer ~ 

R (mu (%) 2MP 2,3DMB H 

Me 29 82.6 75.8 5.7 18.5 
CH,CI 35 83.0 14.5 4.8 20.1 
CHCI, 38 82.5 15.9 5.1 19.0 
CCI 3 39 80.3 74.5 4.7 20.8 
CF, 44 79.1 76.5 4.0 19.5 

TABLE 6. Dimerization of propene (30 min) using thc catalyst 
[NifOAc)?] (5.0 x 10-"moll- l ) -AIR~C1,_~ (2.0 x IO-'m011-~) at 
20 T and 1 bar in chlorobenzenc (25 m1)8X 

Dimer distribution 
product Dimer 

t1 (mu (%) 2 M P  2.3DMB H 
. ~ 

1 29 82.6 75.8 5.7 18.5 
1.5 19 89.3 79.0 4.4 16.6 
2 2.5 91.8 80.0 1.5 13.5 
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former compound for this reason should favour the formation of ionic species. With other 
nickel(I1)-based systems it is commonly observed that a mixture of mono- and di- 
alkylaluminium halides gives the highest catalytic a ~ t i v i t y ~ ~ . , ~ ' .  In addition to 
AIRCl?, which is necessary for ionization to occur, the presence of AIR,C1 ensures that 
the nickel component is alkylated to an optimal degree. Thus the catalytic action of 
organometallic Lewis acids in combination with simple nickel(I1) salts is well understood 
based on the theory of its dual functionality: ( 1 )  alkylation of the nickel(I1) compound and 
(2) ionization of the catalyst with formation of the highly active [NiR] + species. 

In addition to the active components discussed above, it should also be kept in mind 
that non-ionic bimetallic complexes might contribute to the total activity of the system. 
The general criteria for catalytic activity would again be the presence of a free 
coordination site and an alkyl group attached to nickel, as shown for example in the 
following formulae: 

( 1 1 )  (1 2)  (13) 

Further, [NiR"] is a highly electron-deficient species and is therefore likely to form 
complexes with excess free Lewis acid present in the system (reaction 37). 

The catalytic properties of such complexes are discussed in ref. 39e. In the absence of 
olefins, nickel salts, e.g. nickel oleate, arc slowly reduced to nickel metal by AI,Et,CI, at 
room temperature, owing to the low thermal stability of EtNiCI, EtNi(RCO,), and 
especially Et2Nil7. 

A large number of active catalysts containing Lewis base (LB) complexes of nickel(l1) 
compounds, [Ni(LB),X,] have been reported. When such complexes are reacted with 
alkylaluminium halides, AIR, -,,(Y),,, in principle the same type of reactions as outlined 
above for simple nickel salts will occur. Consequently. the presence of orpanonickel 
complcxcs such as [Ni(LB),R(X)], [Ni(LB),R(Y)], [Ni(LB),R2], and [Ni(LB),R] + 

[ ----A1 --I - are expected. Being tetracoordinated. the neutral complexes are not likely to 

complex with olelins and thus initiate insertion reactions. I n  :I secondary reaction with 
Lewis acids, however, three coordinate complexes with catalytic activity may be formed: 

(38)  

I 

I 

/ 
(LB)~N,' + E- (LB)N~ ' + LB.LU- 

\ \ \ 

Also, the cationic complex will react in an analogous fashion forniing highly active 
[Ni(LB)R] + species: 

[Ni(LB)2R]+ + AI- / -  1. [N i (LB)R]+  + L B A I -  / 
\ \ 

The catalytic activation [Ni(LB),XJ systems by organometallic Lewis acids thus results 
from a three-fold action of the Lewis acid: (1)  alkylation of nickel, (2) formation ofcationic 
nickel complexes, and (3) complex formation with Lewis bases forming coordinatively 
unsaturated organonickel species. The alkylation process occurs preferentially with 
dialkylaluminium halide while complex formation and the formation of Lewis base 
complexes takes place preferentially with the stronger Lewis acid monoalkylaluminium 
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FIGURE 12. Dimerization of propene. The catalytic activity ( A )  of 
[Ni(PBu;),(chloroacetatc),] (7.5 x 10- moll.. ')-AlEtnCl,,-3 (2.0 x IO-'moll- I )  at 20 "C and 
1 barinchlorobenzenc(25ml).Curves:(l)ti= I ; ( 2 ) t i  = 1.1;(3)!1= 1.25;(4)ri= 1.5;(5)n= 1.75; 
and (6) ti = 2 
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dihalide. These effects are clearly evidenced by the rate data shown in Figure 12. The 
shortest induction period is obtained when [Ni(PB~';)~(chloroacetate),] is combined 
with pure AIEt,CI while the highest initial activity is observed with AIEtCI, to AlEt,Cl 
ratios of 1:3. I t  thus appears that in this system the alkylation of nickel represents the 
slowest step of the three types of reactions involved in the activation process. 

The activation of nickel(0) complexes with Lewis acids such as aluminium trihalides, 
AIY,, and AI(R), -n(Y)n87 is less well understood. However, i t  seems reasonable to 
conclude that the formation of small amounts of Bronsted acid, HY, play an important 
role in such systems. By oxidative addition of HY to nickel(0) complexes via dissociative 
mechanisms nickel(I1) catalysts may be formed (reaction 40). The nickel hydride 

complexes so formed are, of course, equivalent catalysts to the organonickel(I1) 
compounds discussed above. 

b. Ti le  effect of Lewis bases 

The presence of Lewis bases, especially of the PR, type, has a significant influence on 
both the activity and the selectivity of reaction. Tertiary phosphines form complexes with 
both transition metal acceptors and non-transition metal Lewis acids. Owing to the 
electron configuration and orbital structure of trivalent phosphorus, having filled sp3 and 
empty 3d orbitals, PR, may form a-bonds by electron pair donation and n-bonds by 
accepting electrons from filled orbitals of the complexing partner. In complexes between 
PR, and Al Lewis acids only a-bonds are formed (equation 41). 

Considering the electronic effects only, the most stable complexes are formed when the 
aluminium compound contains electron-withdrawing ligands and the phosphorus is 
attached to electron-donating R groups. Consequently, for a given phosphine system 
in which steric effects are negligible the complex stability will follow the order AICI,. 
PR, > (Al(alkyl)C1,.PR3 > Al(a1kyl),C1.PR3. This order of stability is in agreement with 
the observation that when AlEtCI, is reacted with PBu: at room temperature in heptane 
at molar ratios P:AI Q I :2, AIEtCI, disproportionates to AIEt,CI and the insoluble AlCI,. 
phosphine complex is formed3'" (equilibrium 42). 

AIEtCI, + ~ P B L I ' ;  + )AIEt,CI + AICI,.PBu'; 
P:AI 5 1 :2  

With increasing amounts of phosphine, the soluble AIEtCI,.PBu; complex is formed. At 
P:AI = 1 : 1 it is the main product of the system. Based on this information, it  is clear that 
when monoalkylaluminium Lewis acids are used to promote the catalytic activity of 
nickel-based systems in the presence of added tertiary phosphines, the reaction mixture 
will contain not only the monoalkylated aluminium species, but in addition dialkylalu- 
minium compounds. Since mixtures of the two types of Lewis acids possess completely 
different catalytic properties to pure systems (see Figure 12), this effect has to be taken into 
account when the effect of tertiary phosphines on the catalytic activity of a system is 
considered. The activity of [Ni(B~';)~(cIiloroacetate),] with pre-reacted mixtures of PBu; 
and AlEtCI, is shown in Figure 13. Comparing these data with the results reported in 
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FIGURE 13. Dimerization of propene. The catalytic activity ( A )  of 
[NI(PBu';),(chloroacetate),] (7.5 x moll- ')-AlEtEtCl2.nPBu~ (2.0 x 10-2mo11-2) at 
20°C and 1 bar in chlorobenzene (25m1)88. Curves: (1) n = O ;  (2) n =  1.25; (3) n =0.25; 

(4) ti = 0.5; and (5) n = 0.75 
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Figure 12, it appears reasonable to conclude that a major part of the observed activity 
change of the catalyst is caused by the disproportionation of AIEtCI, with PBu;. The 
addition of tertiary phosphines to Al(alkyl),Cl has a different effect. In this system, 
significant amounts of free PR, are in equilibrium with the complex, Al(alkyl),Cl.PR,. At 
a molar ratio P :Al> 1:8 the catalytic activity of [Ni(PBu;),(chloroacetate),] is reduced 
to approximately zero by the blocking of free coordination sites on nickel by the PR, 
(Figure 14). For a given Lewis acid, the complex stability will increase with increasing 
basicity of the Lewis base. Consequently, in such systems the following order of stability is 
expected based on electronic effects: P(r-alkyl), > P(s-alkyl), > P(n-alkyl), > P(aryl),. 
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FIGURE 14. Dinierization of propenc. The catalytic activity (5) of thc catalysts ( 1 )  
[Ni(PB~;)~(chloroacetate)~]-A1EtC1,~ l / r i  PBu; and (2) [Ni(PBu;)-,(chloroacetate),l- 

A1Et2Cl.l/n PBu: at 20°C and 1 bar in chlorobenzeneHR 

When tertiary phosphines are complexed with nickel, n-bonds may be formed in 
addition to the a-bonds: 

c 
c 

Based on comparative spectroscopic data, n-ligands can be arranged in the following 
order with regard to their rr-bonding properties: P(aryl), > P(benzyl), > P(tI-alkyl), > 

Since n-complexes are preferentially formed with nickel in low oxidation states, the 
most significant rr-bonding contribution is found in nickel(0) P(arYl), complexes. That 

P(s-alkyl), > P(t-alkyl),. 
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some n-bonding also takes place when nickel(I1) is complexed with PR, is in harmony 
with the observation that phosphines influence the catalytic behaviour of nickel/alum- 
inium systems differently from what is observed with pure 0-donor amines. Tertiary 
amines will complex the Lewis acid component with high preference and are thus unable 
to influence the course of the catalytic reaction taking place on nickel species. The main 
contribution to the stability of nickel(I1) phosphine complexes is, however, found in the 0- 
donor bonds. From a stereochemical point of view, it is further important to note that the 
structure of tetracoordinated nickel(I1) complexes strongly depends on  the identity of the 
ligands. In thecase of [Ni(PR,),X,] tetrahedral structures are found when PR, is PPh, or 
PPh2Bu, whereas the complexes with P(alkyl), or P(c-Hex), are square-planar. In 
solution, mixed alkylarylphosphine complexes exist in an equilibrium mixture of 
tetrahedral and square-planar forms. Careful studies have shown that the influence of 
varying R groups in the phosphines is almost entirely electronic rather than ~ t e r i c ~ ~ .  By 
comparing the structures of the complexes of PPh,Bu and P(c-Hex), which d o  not differ 
greatly in size in CH,Cl, solution the molar fractions of the tetrahedral form are close to 
1 .O and 0.0, respectively. At 25 "C the rateconstants for interconversion of tetrahedral into 
square-planar isomers are in the range 105-106s-' with enthalpies of activation of 
around 45 kJ mol-'. While steric effects appear to play only a minor role in nickel(I1) 
complexes of this type, it is well known that the stability of more crowded nickel(0) 
complexes of the [NiL,] type strongly depend on the size and steric requirements of the 
l i g a n d ~ ~ ~ .  

The fact that tertiary phosphines form nickel complexes, which are comparable in 
stability to  PR, Lewis acid complexes makes phosphines suitable ligands for influencing 
not only the activity of the catalysts, but also the selectivity of reaction, the selectivity 
being mainly a function of the structure of the active nickel species. 

During the dimerization of propene, 4MP1/4MP2, 2,3DMI, Hl/H2, and 2MP1 are 
formed as primary products, in accordance with Scheme 10. Depending on the 
isomerization activity of the catalyst, the secondary products 2MP2, 2,3DMB2. and H3 
are also produced. Since the second insertion reaction, the formation of C-C bonds, is 
the rate-limiting step and all other steps are established equilibria, the key to 
understanding the selectivity lies in the relative rates of reactions a, b, c, and d. 

Studies by Wilke, Bogdanovic and coworkers reveal that the reaction of nickel(I1) 
hydride and propene gives 70430% -isopropylnickel at 30-40 "C, independent of the type 
of ligands present", except for the strong Lewis base and stereochemically demanding 
ligand PBu;Pri, which is r e p ~ r t e d ' ~  to give a Pr' to Pr" ratio of 19:81. It thus appears 
reasonable to assume that the ratio between Ni-Pr" and Ni-Pr' for other phosphine 
systems is constant. The unique effect of PBu', Pr is discussed below. 

The selectivity situation outlined i n  Scheme 10 may be summarized as follows: 
Reactioii PrilJlary pr-od1rct Secoiitlarjr product 

k a  

(a) Ni-Pr"- C, 

k ,  
(b) Ni-Pr"+C, 

I; 
(c) Ni-PriGCB 

(d) Ni-Pr '2  C, 

2MP1 

H2/H 1 

- 2 M P2/4M P2/4M P 1 

- - H, 

- 2,3DMB 1 - 2,3DMB2 

4M P2/4M PI e 2M P2/2M P 1 

In the absence of Lewis bases, the individual dimer selectivity in pure nickel(I1) Lewis acid 
systems is independent of the type of nickel(I1) compound and Lewis acid as well as the 
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conditions of reaction, including the concentrations of both catalyst components and the 
nature of solvent, and is defined by the product composition: XMP (74-80%), X H  (18- 
2273, and C2,3DMB (2-6%). Consequently, if more than one type of nickel catalyst is 
responsible for the catalytic action, the different types of active centres do  give 
approximately the same product distribution. 

In agreement with fundamental theories concerning the migratory insertion reaction 
and the basic stereochemistry of nickel(I1) compounds, the most probable structures for 
the active nickel centres are of the cationic square-planar (14) or tetrahedral (15) type. In [ >Ni<:ll::] + [Lewis acid-X 3 - [ -Ni-olkyl \ o l e f i n ] +  [Lewis acid-XI- 

(14) (15) 

the absence of Lewis base, 4MP2 and H2 are the main primary products. This fact leads to 
the conclusion that in such systems the transition-state complexes 16 and 17 (shown for 
planar complexes) are favoured. In both reactions. the C-C bond formation takes place 

Me If 

/ 
Me 

(16) 

H C  
'Me 

(17) 

between non-polar Ni-alkyl groups and the C, atom of propene (Scheme 10, reaction 
paths b and d), in agreement with fundamental theories of migratory insertion reactions. 
The complexed olefin is coplanar with the Ni-C bond, and the molecular overlap takes 
place at  the olefin C,  atom with minimum repulsion. The olefin is attached to nickel via 0- 

bonds with only a minor contribution of n-backbonding. Hence the energy of activation 
for bringing the olefin from an upright position to thecoplanar structure is expected to be 
low. 

When tertiary phosphines are brought into the system they will complex with the free 
Lewis acid as well as compete with the [Lewis acid.X]- anion for the coordination sites 
on nickel. Depending on the amount of PR, added, one or two sites may be occupied 
(complexes 18-22). In  the presence of PR3, the selectivity is shifted from 4MP2 and H2 

c r 

ao'kyl I . [Lewis acid-XI' 
I =  \ l L  

(21) (22) 
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FIGURE 15. Dimerization of propene (30 min). The selectivity to 2,3DMB for 
thecatalysts Ni(acetate), (5 x 10-4mol I-l)-AIEtCl,.l/n P R j  at 20'C and 1 bar 

in chlorobenzene.88 Curves: (1) R = Phi (2) R = Bu"; and (3) R = c-Hex 

towards the formation of the primary products, 2,3DMB1 and 2MP139b, as the result of 
C-C bond formation via reactions a and c (Ni-C .+ C,). The observed shift in selectivity 
is a function of the chemical nature of PR, as well as its concentration. Figure 15. 
Representative selectivity data are given in Table 798. Both steric and electronic 
arguments have been used to explain the selectivity influence of PR, compounds. 

If the presence of bulky PR, ligands would cause the olefin to coordinate in such a way 
that the C ,  atom is oriented cowards the Ni-alkyl groups, pure steric effects could 
explain the observed shift in the mode of C-C bond formation. For the square-planar 
and tetrahedral systems, transition states 23 and 24 are relevant. For an extensive 
discussion of stereochemical arguments, the reader is referred to ref. 98. 

By plotting the cone angles (6)  of PR, ligands as defined and determined by Tolmang9 
versus the propene dimer selectivity expressed by the selectivity to 2,3DMB and H, it can 
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TABLE 7. lnniicnce of phosphines on thc dimerization 
of propcne using the catalyst [N~(Z-C,H,)X]~-  
E1,AI2CI,-PR, at - 20'C and 1 bar'" 

243 

2,3DMB 
H(%) IMP(%) 

. . . . 
PR,  

-. 19.8 76.0 4.2 
PPh3 21.6 73.9 4.5 
PPh2 benzyl 19.2 75.4 5.1 
PMc, 9.9 80.3 9.8 
PPhlPri 14.4 73.0 12.6 

PBu; 7.1 69.6 23.3 
P(benzyl), 6.7 63.6 29.2 
P(c-.Hex), 3.3 37.9 58.8 
P PI.; 1.8 30.3 67.9 

PBu;E1 0.6 22.3 77.0 
PBu'Pr', 0. I 19.0 80.9 
PBu;Pr' 0.6 70.1 29.1 

PE1, 9.2 69.7 21.1 

PBu;Mc 1.2 24.5 74.0 

' C  . I  
3 'I,,,, H<,,,,h / Me 

"'Ni' ,c\H 
4 \c 

(alkyl, n- and I - )  
R3P 

H 

' C  

4 \c 

3 'I,,,, H<,,,,h / Me 
"'Ni' ,c\H 

(alkyl, n- and I - )  
R3P / .  . . .  >CX 

'.'.' H ye 
(alkyl, n- and 1-1 

easily be seen that the increase in 2,3DMB selectivity does not  simply follow the increase 
in PR, cone angles. For example, thc less bulky ligand, PBu; ( d  = 130 ")causes more shift 
in selectivity than the space-demanding ligand PPh, (0 = 145 "1, and PPr', (0 = 160 ')gives 
a much higher 2,3DMB selectivity than P(benzyl),. 

In order to explain the experimental observations based on steric effects, i t  is necessary 
to consider the stereochemistry of nickel(I1) complexes as discussed above. With soft 
Lewis bases such as PPh, and P(benzyl),, tetrahedral structures are preferred, while 
P(alkyl), give square-planar complexes. Since the steric influence of ligands is expected to 
be different in the two cases, the soft Lewis bases and the P(alkyl), type ligands have to be 
examined separately. Based on this information, the selectivity data are well explained as 
shown in Figure 16. 

The electroriic effects expected when tertiary phosphines of high Lewis base strength 
complex with nickel are (1) increased z-backbonding between nickel and the olefin 
(especially in square-planar complexes) and (3) polarization of the Ni-C bond. Effects of 
both these types could cause drastic changes in the C-C bond formation mechanism. 
The first effect would cause the olefin to be oriented in an upright position and the second 
effect would favour the alkyl group formally leaving nickel as an anion. Hence these effects 
may be summarized in the transition state structures 25 and 26 (shown for planar 
complexes). Nucleophilic attack of i- and 11- Pr anions on propene would preferentially 
occur with the C ,  atom (Scheme 10 reactions a and c) giving 2MPI and 2,3DMB1 as 
primary products, in harmony with the experimcntal observations. Since secondary 
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/ o - PPr; 

0 - P(c -Hex l3  

2.3 DMB 
/ 

60 - 

40 

20 - 

I I 

PMe, 
- 

120 140 160 180 200 PR3.9' 

FIGURE 16. Relationship between selectivity and steric paramctcr for the PR3 
ligand" in nickel-catalysed dimerization or propene ;it - 20 C. Curves: ( 1 )  and (2) 
tetrahedral centres; (3) and (4) square-planar centres. Data from Table 7 and rcf. 88 

Me 

(25) 

H Me 

(26) 

anions are more reactive than primary, the formation of 2,3DMB should be favoured at 
low temperatures. This was actually observed with the catalyst, [Ni(n-allyl)Cl],- 
AlEtCl,-PPriBu', which at - 60 "C is reportedQ8 to give 96.3% of 2,3DMB. 

As part of this discussion, the propene dimerization selectivity expressed by the 
selectivity to 2,3DMB and hexenes has been related"' to the sum ofTaft constants"' for 
the phosphine substituents R, using the catalyst [Ni(PR3),X,]-A1Et,CI at 0 'C and 
compared with early selectivity data reported by Wilke et a/."'. A most interesting 
relationship is observed, as shown in Figure 17. The selectivity to 2,3DMB passes through 
a maximum when ZO* is - 0.5 to - 0.6. The same general trend was observed with the 
catalyst system [Ni(PR,),Br,]-AlEtCl, at 20 "C (Table 8). i n  addition, it is important to 
note that the selectivity to  H with this system goes through a minimum for Xu* between 
- 0.45 and - 0.74 and back up again to the same level as obtained in phosphine-free 
systems (experiments 6-8, Table 8). Based on  the fact that the 2MP composition is also 
typical for phosphine-free systems, the following explanation seems reasonable. The 
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t 2,3 - Dmefhylbutenes 

6ol 

XUf 

FIGURE 17. Selectivity to 2,3DMB and H during the dimerization of propene as the function of 
the Taft constants (Xu*) of PR,. Reproduced from ref. 100 with the permision of the publisher, 
Archives de  I'AcadCniie des Sciences de Paris 

TABLE 8. Dimerization of propene (30 rnin) using the catalyst [Ni(PR,)2Br,] (5.0 
x 10-4rnoleI-1)-A1EtC12 (2.0 x 10-2rnoll- ') at 20°C and 1 bar in chlorobenzene 

(25 rnl)'* 

Expt. 
No. 

Product Dimers 
(YJ 

PPh, 

P(,r-oct), 

PH(c-Hcx)~ 
PBu; 

P(c-Hex), 
PEt Bu; 
P(c-Hex)Bu\ 
PBu; 

22 86.9 
11 93.6 
31 91.6 
36 91.9 
25 88.0 
23 84.4 
27 84.6 
23 84.4 

Dimer distribution 

2 M P  2.3DMB H 

70.6 9.6 19.9 
73.3- 15.8 11.0 
71.0 19.8 9.2 
73.0 20.8 6.2 
48.4 41.9 3.7 
16.8 5.7 17.5 
77.2 5.9 16.9 
76.9 5.5 17.6 

..___ raft 
con st mi t 

i 1.80 
+ 0.19 
- 0.39 
- 0.42 
- 0.45 
- 0.14 
- 0.75 
- 0.96 

phosphines PEtBu;, P(c-Hex) Bu;, and PBu; in these systems are dissociated from nickel 
to such a degree that their selectivity influence is lost. Since NiBr, as such exhibits only low 
catalytic activity, one phosphine unit remains on nickel while the other is removed and 
complexed with the Lewis acid, AIEtCl,, present in the system. Consequently, two 
phosphine units have to becomplexed with the active nickel centre in order for the catalyst 
to give high selectivities to the 2,3DMB propene dimer. 
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Strohmeier and  Mullerl"J showed that PR, ligands can be ranked in an  electronic 
series based on the A carbonyl stretching frequencies of [NiPR,(CO),]. The  electronic 
parameter V ,  for PR1RZR3 ligands is givcn by the following equation: 

3 

11 = 2056.1 + 2 R' (44) 
;-. 1 

The  relationship betwcen selectivity and the so determined electronic parameter 17 for PR, 
compounds in Tablc 7 is shown in Figure 18. Data for squaw-planar and tetrahedral 

ao 
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20 
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/ 

P (c - Hex), 

\ 
0 

Po 

\ r 2 , 3  DMB 

\ ,P(benzyl), 

2055 2060 2065 2070 v, cm' 

FIGURE 18. Relationship between selectivity and electronic par:imetcr for the PR, 
ligands'"3 in  nickel-catalysed dinicrization of propcnc :it - 20 C Data from Table 7 and 

ref. 88 

systems are treated here separately. The observation that electronic effects arc more 
pronounced in tetrahedral than in square-planar structures is not easily explained. With 
P(benzyl), a steric effect is very likely to be present. The reduced 2,3DMB selectivity 
observed with P(c-Hex), could be caused by the effect that the ligand to a certain degree is 
dissociated from nickel. 

The only phosphine which does not behave as expected relative to the other PR, 
compounds, is PPr'BuS. From the low H value, it can be concluded that it remains 
attached to the nickel centre. Here, the observation made by Bonnemann et is 
relevant : nickel hydride complexed with the phosphine in question gives a n  'abnormal' 
ratio of Ni-Pr' and  Ni-Pr" of 19:81 at - 78 "C compared with other systems including 
the strong Lewis base P(c-Hex),, which gives 80:20. Consequently, with the  phosphine 
PPr'Bu: reaction a (the addition of Ni -Pr" -+ C, of propcne giving 2M Pl), competes 
with reaction c (the addition of Ni-Pr'+C, of propenc giving 2,3DMBI), owing to a n  
exccptionally high concentration of Ni--Pr" species in this particular system. 
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TABLE 9. Codimerimion (30 min) of ethene and propsne (molar ratio C,:C, = 1 : I )  at 20‘C and I 
bar in  chlorobenzene ( 2 5  nil) using the catalyst (~etrarnethylcyclobutadiene)NiCl~ (1.5 
x 10- m o l l -  *)-AIEtCI2.O.5PR, (2.0 x 10-’mol I -  I ) 3 y G ‘  

~ ~~ ~~ ~~~~ 

Codirner distribution 
Product C, i -C,  C ,  C5 C ,  

PR3 (ml) +C, (x)  (7;) (‘x) (:{) 3MBI PI 2MB1 (.E)-P2 (Z)-PZ 2MB2 

PPh, 10 98 22.3 57.0 20.7 - 0.9 24.0 35.5 9.4 30.2 
PBu;; G 99 24.7 55.3 20.0 0.2 0.8 31.0 23.1 5.9 39.0 
P(c-Hcx), 5 99 37.3 44.8 17.9 4.4 1.3 58.7 11.2 6.6 17.8 

~ ~ 

In  conclusion, the influence of phosphine ligands on the selectivity in the nickel- 
catalysed dimerization of propene is most readily explained on thc basis of steric effects. 
Additional information concerning the influence of soft PR, compounds is necessary, 
however, before electronic effects can be neglected. 

The codimerization of ethene a n d  propenc gives predominantly C,. C,, and C ,  olefin 
products. The primary C ,  products were found39d to be 2MB1. P1/P2, and 3MB1 formed 
in accordancc with reactions 45-48. 

Ni - Et + Cp(propene):2M B I (45) 
Ni----El -+ C,(propene : Pl/P2(Z) 
Ni -I++ (ethcne) :P1 

(46) 
(47) 

N i - P r + ( e  t hcnc) : 3 M B 1 (48) 

Thc  selectivity influence ofphosphines is in  harmony wit11 the selectivity effccts discussed 
for propene dimerization. In the presence of P(c-Hex),, 2 BM 1 is the main primary codimer 
and  (z)-P2 is present in the product mixture i n  a n  amount exceeding thc thermodynamic 
value relative to (E)-P2. indicating 2 products to be primarily formed. Representative 
selectivity da ta  are given in Table 9. Representativc data concerning the oligomerization 
of ethene are given in Table 10. T h c  primary products of cthcne--butene codimerization 
a re  explained by the fact that both B1 a n d  B2 take part i n  the C ,  product formation39c. 
Further, these data clearly demonstrate the reduced isomerization activity of catalyst 
mixtures containing P(c-Hex), compared with PPh, and PBu’;. Also, phosphine-free 
systems exhibit a lower isomerization activity than systems containing PPh, or PBu;, as 
clearly demonstrated by the high B1 content in the C ,  product fraction reported in 
Table 10. 

The influence of phosphines on the  steric course of propene-butene codimcrization is 
given in Table 1 I .  

With Lewis bases of the P(NR2), type a similar selectivity influence is observed as with 
pR,80. Other Lewis bases, e.g. phosphites, amines, pyridines, arsines, stibines, ethers, and  
thioethers, do not seem to influence the steric course of C-C bond formation. If steric 
effects alone a re  responsible for the  selectivity influence observed with PR,, these type of 
ligands must be removed from thc active nickcl centre to such a dcgree that their stcric 
effects are lost. Under the assumption that two ligands remain attached to the catalytic 
species, this observation represents strong evidence for the theory that unique electronic 
effects play an  important role in the  selectivity controlling process with PR, systems. 

The high selectivity to linear a-olefins obtained with the SHOP (Shell Higher Olefins 
Process) type catalysts during the oligomcrization of ethcne is readily explained by steric 
effects of the bidentate ligands. In such systems ethenc is complexed to  the active nickel 
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TABLE 11. Influence or PR, on propcnr--buirnc codirnerization using the catalyst [Ni( PR,),CI,]- 
AIEt,CI without solvent at 0 .'C2 

- 

ti-Hcptenes 2-Mcthylhexencs 3-Methylhexencs 2.3-Dirncthylpentenes 
PR3 PA) cz) 1%) w 
- 
PPh, 
PBu; 
P(c-Hcx), 

16 I5 43.5 
20 31 36 
13 27 39 
1 1  13 43 

25.3 
13  
21 
33 

"[Ni(acac),]. 

centre with high preference compared with higher olefins owing to stcric factors. With 
regard to the formation of C ,  olefins the following situation is relevant: 
(a) Ethene trimerization 

(b) Ethene-B 1 codimerization 

(rnojor ) 

Owing to t h e  kineticconsequence of K K '  the  rate ofcodimerization i s  much smaller 
than the rate of linear trimerization of ethene. Consequently, the selectivity of the 
C----C bond formation is kinetically controlled, giving linear c-olefin products. 

When sr-olefins are back-inserted into the catalytic reaction, insertion occurs during the 
reaction with Ni -H. This step is stereochemically controlled by the ligands giving Ni t i -  

alkyls with high preference. 

c. Kinetics 

Under the conditions outlined in Section VIII. B.4, the rate of dimerization is expected 
to obey equation 49. Consequently, if the concentration of active nickel hydride having a 
free coordination site is proportional to the total concentration of nickel compound, the 
dimerization should be first order in nickel and second order with respect to the 
concentration of monomer: 

(49) I' - k'&,K,K,"i( U)(H) l  [MI' 

Since Lewis acids when used as promoters, are normally present in large excess relative to 
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nickel, the rate of dimerization in such systems is expected to be independent of their 
concentration. 

Only a few reports concerning kinetic data have been published39. The experimental 
kinetic analysis iscomplicated by the following factors: (1) most systems arecharacterized 
by the presence of an induction period (ca. 1-5 min); and (2) the rate of reaction depends 
strongly on the concentration ofdimer product owing to chemical inhibition, reduction in 
monomer partial pressure, and solvent effects. Hence the true initial rates are not readily 
obtained, and rate comparisons have to  be made at the same conversion level. Using the 
maximum rate at approximately the same conversion level, the following kinetic 
relationships have been established : 
Catalyst I: (tetramethylcyclobutadiene)NiC12-AlEtC12~0.5PBu~ (excess) in chloro- 
benzene at 20 "C 39e- 

Exp. rate EA(r.xpl - AS' 
React ion (mol I p 1 ,  min) (kJ1 mol- ') (e.u.) 

c,+c2+c4 r 2 ,  = 18.8 x 104[Ni][C2]' 30 20.3 

c,+c,+c5 r 2 ,  = 7.6 x 104[Ni][C,][C,] 33 19.0 

c, +c,-+c, r3 ,  = 5.1 x 103[Ni][CJ2 40 18.9 

c2 +Cq-'c(j r2J = 6.5 x 102[Ni][C,][C4] 44 19.6 

Catalysr II: [NiCp(PPh,)CI]-AIEt,CI (excess) in chlorobenzene at 20 "C 88- 

Reaction (mol I - '. min) (kJ 1 niol- ') (e.u.) 
c2+c,4c, r 2 ,  = 3.7 x I04[Ni][C2]' 35 19.4 

Catalyst ZII: [Ni( PRu",2(chloroacetate)2]-AIEtC12 (excess) in chiorobenzene at 
20 =c 8%- 

React ion (moll-l .  min) (kJ 1 mol-') (e.u.) 
c ,+C,-*c( j  r 3 ,  = 1.6 x 105[Ni]'~'[C,]2 71 19.4 

Within given concentration limits, the catalyst systems I and I1 give rates which are related 
to the concentration of nickel compound and monomer with the expected orders. With 
catalyst 111 an order of reaction with respect to the concentration of nickel complex 
greater than unity was observed, and the experimental Arrhenius activation energy 
obtained in the temperature range 0-20 'C was exceptionally high. A reasonable 
exploration for these kinetic observations is that part of the PBu; ligand is dissociated 
from nickel and reacted wizh AIEtCI, giving AIEt,CI and AICl,-PBu:. As discussed in 
Section VIII. B.4, this would give an  additional contribution to the rate of dimerization. 

The kinetic studies have further clearly shown that the rate of reaction is strongly 
dependent on the dielectric constant of the solvent39b. For  instance, with catalyst I and 
with catalyst 11, the dimerization of ethene is nearly three times faster in o-dichlorobenzene 
than in chlorobenzene88. 

Exp. rate E A ( t . x ~ )  - A S  

Exp. rate EA,c,p,  -AS' 

f k,K I K ,K, (chlorobenzene) 

f 'kkk ,  K,K,(benzene) 
z5 

Consequently, it appears reasonable to conclude that ionic or highly polarized catalytic 
complexes are involved in the dimerization reactions. The observed kinetic orders with 
respect t o  the concentrations of monomer and nickel complex are in harmony with a 
'double-insertion' mechanism in which the migratory insertion of monomer into N-C 
bonds represents the rate-limiting step39'. 
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2. Rhodium complex catalysis 

The mechanism of Rh-catalysed dirncrization of olefins is closely related to the nickel 
system in that metal hydride and metal alkyls are formed as intermediates in the catalytic 
cycle. In accordance with the dimerization in Scheme 1 1  proposed by Cramcr104. bascd 

RhmCI3.3 H20 

ethene 

- c 1- 
11- Rh'Cl 

HCI, S 

2 2 =  (27) 

r 
- 1 1- 
Rh1C12S 

-I- 
//-RhmCl S R h  L CI, 

( 29) 

SCHEME 11.  Rhodiurn-c;it;ilyscd dimerizationLoJ 

on extensive spectroscopic and kinetic evidence. both anionic rhodium(1) and 
rhodium(II1) complexes take part in the catalytic reaction. The dimerization is usually 
performed in alcoholic HCI media at around room temperature and atmospheric 
pressure. The primary product of ethene dimerizdtion is B1 but, owing to  the high 
isomerization activity of the catalyst, (Z/E)-Bl is formed105. Dimer yields greater than 
99% were reportedlo4. Propene yields a mixture of n-hexenes and iso-hexenes. Its rate of 
dimerization is, however, much slower than the rates obtained with ethcne. 

The activity of the catalyst is halide dependent. Other types of acids such as H2S0,, 
HNO,, CH,COOH, or CF,COOH result in low catalytic activity. When RhC1,.3H20 is 
used to  initiate the dimerization of ethene near atmospheric pressure, there is an induction 
period of about 30 min. During this period rhodium(ll1) is reduced to rhodium(1) by 
ethene. Primarily the sparingly soluble [Rh(C,H,),Cll2 complex is formed, which 
subsequently in converted to the anionic complex [Rh(C2H,),C12] - by reaction with 
HCI. 

With reference to Scheme 11, complex 27 is rapidly converted by reaction with HC1 into 
an ethylrhodium(II1) compound, 28. From an elementary reaction point of view, it 
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appears likely that this process proceeds via oxidative addition of HCl to the hydride 
intermediate, which in a facile reaction is converted into the ethyl complex by ethene 
insertion into the Rh-H bond. Owing to the high rate of insertion, rhodium hydride 
could not be detected by n.m.r. measurements. 28 rearranges by a slow, rate-determining 
insertion reaction, giving the n-butylrhodium(II1) complex 29. 29 decomposes rapidly 
through loss of HCI to give the B1 complex 30 of rhodium(1). Again, this is likely to be a 
reaction composed of more than one elemeiitary step, for example 8-H elimination 
followed by reductive elimination of HCI. Coordinated Bf and solvent in 30 are rapidly 
displaced by ethene, reforming the initial rhodium(1) complex 27. At high ethene pressures 
and in ethanol solution above about 0.1 M in HCI, most of the rhodium in the system is 
reported to be in the form of 28, but at ethene pressures near 1 bar, 28 dissociates 
extensively, rapidly, and reversibly to ethene and 31. The mechanism outlined above is in 
harmony with the experimental kinetics of the system, the rate of dimerization being first 
order in rhodium, H +, CI-, and ethene concentrations, equation 53. Rate constants and 
thermodynamic parameters for the dimerization of ethene-ethanol solution 1 .OO mol. 1 - 
in HCI and 0.67mol. 1 - '  in rhodium are given in Table 12. 

1' = k[RhJ[H+] [Cl-] [ C ,  H, J 

TABLE 12. Kinetic data for the dimerization or ethene catalysed by 
rhodium (I/III) 'o '  

- A s  : Temperature I 04k EA,cr*, 
( S - 1 )  (kJIrnol-I)  ( c a l l m o l - ' K - ' )  

___ -. - __ _- ( ' C )  

10 0.350, 0.371 
30 2.67. 2.79 72 20.1 
50 16.8. 16.9. 17.9 

- 

(53) 

It is interesting to compare the valucs of AS+ obtained in the nickel and rhodium 
systems, since both refer to the same type of elementary process, the formation of C-C 
bonds through migratory insertion of olefin into metal-C bonds: AS* (Rh at 30°C = 
- 20.1 e.u. and AS* (Ni at 20 "C) = - 19.4 and - 20.3 e.u. These values are also close to 
the AS* = --21.1 e.u. determined for the insertion of CO into the Mn-C bond of 
methylmanganese pentacarbonyl 06. 

Rhodium(1) complexes are activated by Lewis acids*'. Using [RhC1(PPh3),]-A1EtC1, 
in chlorobenzene solution at 20 "C and 5 bar, propene, which had proved to be one of the 
less reactive olefins in pure rhodium systems, was converted with good rates into a product 
mixture composed of 87.6% of c6 olefins and 12.4% of C, and higher products. The C, 
fraction contained 68.3% of MP, 10.7% of DMB, and 21% of H, which is practically the 
same selectivity as obtained in the corresponding nickel complex system. 

3. Titanium complex catalysis 

The classical Ziegler systems composed of TiCI, or TiCI, and Et,A1 convert simple 
olefins such as ethene and propene into high molecular weight polymers. These catalysts 
are heterogeneous and the polymer chain grwoth reaction takes place on the surface of the 
insoluble catalyst particles. Even the TiCI,-Et,AI system, which is composed of two 
soluble components, becomes heterogeneous on mixing the two compounds, owing to 
reduction of titanium(1V) to insoluble titanium(III), and partly titaniuni(I1). It is generally 
agreed that the C-C formation process occurs on the surface of the titanium(II1) 
particles. 
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Mixtures of titanium esters and trialkylaluminium produce dimer (BI) or high 
polymer products from cthcne dcpending on thc catalyst component ratio. At R,AI: 
[Ti(OR),] > 20 high polymers are formed, whereas systems having R,AI:[Ti(OR),] < 10 
produce predominantly B1 with selectivities of the order of 90%107.'08. 

The  use of halide-substituted organoaluminium compounds instead of R,A1 generally 
favours the formation of dimers and lower oligomers. For instance, when TiCI, is used in 
combination with AIEt,CI or AIEtCI, in benzene solution at 5 "C and 1 bar, oligomer 
yields of 30% and 92% respectively, are obtained, the rest being solid polymer109. The 
selectivity in such systems is strongly dependent on the polarity of the solvent and the 
reaction temperature. In polar media such as halo-substituted hydrocarbons (e.g. 
methylene chloride, chloroform, and chlorobenzenes) and low temperatures, the dimeri- 
zation predominates. All these observations support thc theory that cationic titanium(1V) 
complexes are mainly responsible for the dimcrizution. 

Bestian and coworkers4'.''" have investigated in detail the oligomerization of ethene 
with the MeTiCI,-MeAlCI, catalyst at low temperatures (down to - I O O T )  in 
methylene chloride solution and concluded that the active catalyst consists of the cationic 
titanium(1V) complex 32. The function of the Lewis acid in this system is to promote the 
formation of cationic titanium(1V) centres. When TiCI, is used instead of MeTiCI,, the 
Lewis acid has a dual function as outlined for the nickel system: (a) alkylation of Ti and 
(b) formation of ionic complexes. That cationic complexes favour dimerization over 
polymerization is well explained by the effect that such complexes selectively increase the 
rate of 8-H elimination. 

CI -Ti -- M c  CI--- Al --Me [ 1 1" ; J 
Based on the primary products formed during the dimerization and codimerization of 

ethene with higher a-olefins, the C-C bond formation mechanism with titanium is likely 
to  follow the general mechanism outlined for coordinative metal catalysis. For instance, 
the codimerization of ethene and BI yields 2EB1 as the predominant C, product, and 
2EH 1 is the main product of ethene- hexene codimerization (Scheme 12). The C-C bond 
formation occurs preferentially via the Ti -- C -+ C, reaction, since less than 30% of 17- 
olefin product is obtaincd when the reaction is performed below - 70'C. 

/H 
C 

C-H 
I R 

H 

SCHEME 12. Codimerization of ethene and r-olefins 
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A kinetic study of the ethene oligomerization was carried out using the soluble catalyst 
system [(EtO),TiCI]-AIEtCI, in toluene solution'"'. For ethene pressures in the range 3- 
12 bar and with AI/Ti 2 7 the rate of reaction was found to  be first order both in Ti and in 
the concentration of monomer. This is in agreement with a kinetic scheme in which the 
imcrtion of cthcne into the growing chain is rate determining and the insertion of ethene 
into Ti-H is a very facile reaction. In this respect the system is kinetically analogous to  
the rhodium system. 

Compared with TiCI, under given conditions, [(EtO),TiCI] gives an  oligomerized 
product with a much higher content of linear a-olefins"'. Under certain restricted 
reaction conditions (low temperature and high concentration of ethene) the [(EtO),TiCI] 
catalyst is reported to give predominately ( > 90%) linear a-olef in~ '~~.  In this case, only a 
minor amount of intermediate product, R C  =C, is inserted directly into the growing 
chain, owing to the effect that Ti( C])R coordinates etherie with high preference. It appears 
likely that intermediate products are back-inserted into the catalytic cycle via the reaction 
with Ti-H species: 

TiCH2CH2R zv T i ( U ) H  + CH2=CHR (54) 
The observed selectivity is i n  agreement with such ii mechanism. 

4. Tantalum complex catalysis 

A dirnerization mechanism entirely different in nature from those discussed above was 
proposed by McLdin and Schrock"'. O n  reacting pdCpClz(  = CHCMe,)] with propene 
in pentane a t  0 'C. 2.4.4-trimethylpent-I-cne and the tantallocycle complex 33 (identified 
by 1i.m.r.) was obtained. At 35'C in decane the metallocycle 33 rapidly decomposes, 

3 C3H6 
[CpCI2To=C(H)CMe3] [ C p C 1 2 T a z  + H2C=C(Me)CH2CMe3 

I 
MeJ 

H,C=CRCH(R)Me 

CpCI2Tam 

2 H,C=CHR 

SCHEME 13. Tantalurn-catalysed olefin dimerization"' 
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yielding 68% of 2,3DMB1 and an  unidentified brown powder. In the presence of propene, 
a catalytic dimerization of propene to 2,3DMB1 with a selectivity exceeding 90% occurs. 
At 45 “C and 40 psi of propene a n  initial rate corresponding to two turnovers per hour is 
observed. The catalyst activity steadily decreases as an orange, unidentified paramagnetic 
complex precipitates, with total turnovers of 20 under these conditions. Thus it is clearly 
demonstrated that the system can operate catalytically (Scheme 13). The rate-determining 
reaction is believed to be step 1, the transfer of /I-H from the substrate to tantalum(V). The 
C-C bond formation occurs through the oxidative coupling of two olefin units, a type of 
elementary process which has been observed with halo-substituted olefins with othcr 
transition metal complexes, e.g. [Fe(C,F,),(CO),] and [Ni(C,F,H),(PPh,),] ’ 14. 
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I. INTRODUCTION 

One compelling reason for studying reactions of organotransition metal complexes with 
alkynes is the array of complexes and structural types available, many of which are  
reactive in their own right towards further alkyne. Interest in this area of chemistry was 
perhaps aroused as a result of the fascinating work by Reppe and  hiscoworkers involving 
the catalytic cyclotetramerization of ethyne to cyclooctatetraene in the presence of nickel 
catalysts'. This was followed by a phase in which extensive investigations were 

359 
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undertaken into the wide array of complexes available from interaction of metal carbonyls 
with alkynes. Many isolated complexes contain ligands derived from oligomerized alkyne 
functions while others contain ligands incorporating other groups, particularly CO, as 
well as alkynes. 

Owing to the vast quantity ofpublished material in this area, it is not possible to present 
other than a fragmentary coverage and the exclusion of many interesting topics is 
unavoidable. The literature is covered up to late 1982. 

There are several ways in which a monoalkyne may function as a ligand. The bonding in 
simple alkyne complexes has been d i ~ c u s s e d ~ * ~ .  There are several different structural and 
bonding types for complexes involving a monoalkyne such as 1-6. It  is most dificult, in 

Et Ph 

Ph. 

general, to predict a bonding mode for any particular system. Frequently complexes of a 
single alkyne (which may not necessarily be detected or isolated) will react further with 
excess of alkyne to generate complexes containing two or more alkyne functions. These 
are readily classified into three groups: (a) those in which the alkyne functions are not 
linked; (b) those in which the alkynes interact so as to form a more complex ligand; and 
(c) those in which non-alkyne groups (e.g. CO, alkene) are incorporated with the alkyne(s) 
to form a more complex ligand. 

In addition, many reactions lead to quantities of organic materials, either stoichiometri- 
cally or catalytically, resulting from oligomerization of alkynes. Such products may 
contain other groups such as CO, nitriles, or alkenes. It is likely that many reported 
reactions do not contain reference to organic species formed as they were not recognized 
or isolated. 

In general, alkynes react with transition metal complexes to farm cyclic rather than 
linear products. This is because the mechanisms leading to  linear products are probably 
different, involving insertion of the metal species into the terminal C-H bond of an 
alkyne, and not particularly favourable compared with cyclization pathwayslo. Common 
cyclic products formed are cyclobutadienes, arenes, cyclooctatetraenes, metallacycles, 
cyclopentadienones, or quinones. 

Reactions of alkynes are characterized by their apparent non-selectivity, i.e. the 
multiplicity of products. Such groups of products may be produced from series of 
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reactions within the same reaction vessel or through competing parallel reaction 
pathways, all of which suggests that there are many reactions requiring reinvestigation 
using modern analytical (spectroscopic and crystallographic) and separation techniques 
(such as high-performance liquid chromatography). For these reasons, our basic 
understanding of alkyne chemistry must be said to be fragmentary, although there is 
undoubtedly a vast quantity of published data. 

I t .  DlMERlZATlON OF ALKYNES 

A. Linear Dimerization of Alkynes 

This process is not observed at all frequently, requires a terminal alkyne, and involves a 
hydrogen shift which is probably initiated by an oxidative insertion into the terminal C-- 
H bond of the alkyne (reaction 1). Typical products are 1,4-disubstituted butadiencs or in 

L,M + RC-CH -+ L,M-C=CR ( 1 )  I 
H 

somecases the 2.4-disubstituted butadiencs, but there are some reports of the formation of 
linear alkyne dimers, that is, conjugated enynes. Thus terminal alkynes react in the 
presence of ZnBu',, PPh,, and a nickel catalyst selectively to form thc head-to-tail 
dimer 1,3dialkylbutenyne". The molar ratios [RC-CH]/[ZnBu',] = 2 and [RC=CH]/ 
[Nil = 120 are most satisfactory; if too little ZnBu; is present, higher oligomers are also 

[Ni l  

2RC=CH + ZnBu;--+ RC-CC(R)=CH2 ( 2 )  
I'Phz 

R = d k y l  

formed. The terminal alkyne oct-1-yne dimerizes in the presence of catalytic quantities of 
[RHCI(PPh,),] to a mixture of (predominantly, 87%) the head-to-tail enyne 7 and the (E) -  
tail-to-tail isomer S12. Acatalyst made from [Cr(OBu'),] and ZnEt, also leads to the hcad- 

( 7 )  (8 )  
(3) 

to-tail isomers in good yield',. In the presence of a nickel catalyst and AIBu; the chiral 
alkyne (S)-3-methylpent-l-yne dimerizes to the (E)-head-to-tail diene and both possible 
isomeric arenes; in each case retention of configuration is observed. 

Other reactions lead to morc unusual products. In the presence of [RuH,(CO)(PPh,),], 
Bu'CECH is converted into a complex mixture of three enynes and two butatrienes, 9 
(major) and 10 (minor)". Since linear dinierizations arc not observed for disubstituted 
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(2)- Bu'CH=C= C= CHBu' (El-Bu' CH =C=C=CHBu (Me,Si ),C=C=C=C(SiMe3), 
I 

(9 1 (10) (111 

alkynes, an insertion step into the terminal C-H bond may be important and it is 
certainly possible to write down mechanisms (Scheme 1) where precedents exist for the 
individual steps and which may be expanded readily to accommodate formation 
of other isomers. Butatriene (11) is formed in the reaction of [CoCp(CO),] with 
Me,SiC=CSiMe, (Section 1I.B 1. 

R C E C H  1 4- R C E C H  I 
R 

SCHEME 1 

B. Cyclodimerization of Alkynes 

By far the most important dimerization products are cyclobutadiene complexes. 
Interest in cyclobutadiene complexes was initially aroused because of the possibility of 
studying reactions of the four-membered carbocyclic ring which is not isolatable under 
normal conditions. They are also important because of ;I possible involvement in  
cyclotrimerization and cyclotetramerization processes. There are many synthetic routes 
now available to complexes of this type other than from alkyne p r c c ~ i r s o r s ~ ~ .  but alkyne 
precursors are frequently convenient for their syntheses. The coriibined photo and 
thermal reactions of [M(CO),Cp](l2)(M = V or Nb) (Scheme 2) lead to cyclobutadiene 
(R,C,) complexes as shown. Initial irradiation of the tetracarbonyl 12 leads to 13 or 14 in 
the presence of excess of alkyne'"-'". Under these conditions the vanadium complex 
dccomposes to tetraphenylcyclopentadienone'". Heating 13 with PhCF-CPh  leads to thc 
cyclobutadiene 15. or a mixture of 15 and 16 when conducted under C O  pressure''. This is 
likely to proceed via a vanadacyclopentadiene species. Reaction of 14? M = Nb, with 
PhC=-CPh at 8O'C leads to the cyclobutadiene complex 17*'.", which displays a n  
intriguing reaction in that it dccomposes to hexaphenylbenzene. This is possibly 
consistent with 21 cyclobutadiene pathway for arene formation. but the nicchanism i n  this 
specific case is actunlly unknown. 

The  reaction of [Mo(CO),] with P h C E C P h  is coniplicated2'.'3; several cyclobu- 
tadiene (R4C4) complexes are formed in benzene together with hcxaphenylbenzene. 
Cyclobutadiene complexes are availab!e, albeit in low yield, from ethyne itself; the 
pressure reaction of HC-CH with [Fe(CO),] at I10 "C affords the parent cyclobu- 



.s a 

a 



f hexaphenylbenzene + 

r Ph 

Ph 
Ph L 

tadiene complex 18 together with the ferrole 19, whit 
experiments not to be a precursor of 1824. 

H C r  CH 

9500atm,  110 OC 
[Fe(CO)5] - [F~(II~-C,H,)!CO)~] -4- 

Q4-Ph4C4) (CO) 

(5) 

i has been shown in separate 

Cobalt cyclobutadiene complexes are available from several routes such as the 
interaction of [CoCp(q4-C,H ,2)]  with PhC-CPh to form 2OZ5 or PhC-CSiMc,, 

c p c o  CPCO CPCO 
SiMe, 

Ph  SiMe, 

Ph 

Me3Si 

SiMe, 

'Ph ' 

c p c o  

Me,SiCG CSiMe, 
[COCP(C01J - + 

R = SiMe, and -C=CSiMe3 

0 
ph& Ph  ---- Ph 

SiMe3 
I 

cp\co- -co 

,Co.Lc 
\'A/ 7' 'cp 

I CP 
I 

I l l  
I 
SiMe;, - 

(7) 

+ (Me,Si)zC=C=C=C(SiMe3)z 
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which results in the isomeric pair 21 and 2226. Choice of starting material is important; 
thus [CoCp(CO),] reacts with P h C E C P h  to produce the cyclopentadienone 23 as well 
as the cyclobutadiene 202'. A more complex array of compounds results from reaction of 
the sterically demanding Me,SiC=CSiMe, with [ C O C ~ ( C O ) ~  JZ8. 

The interactions of palladium and platinum complexes with alkynes are complex and 
much still remains to be learnt. Cyclobutadiene complexes may be formed in some 
instances, the steric requirements of the alkyne substituents being important. Thus 
[PdCI,(NCPh),] reacts with Bu'C-CBU' to give the palladium (11) complex 24 (Scheme 
3) only, whereas Bu 'CECPh and PhC-CPh lead to cyclobutadiene complexes". More 

R = Ph,SiMe, 

R = Ph 

[Pd (~* -Bu 'C~CBu ' )C I2 ]  hexophenylbenzene 
2 

(24) 

SCHEME 3 

recent work shows these systems to be complex and has been concerned with mechanistic 
pathways for cyclobutadiene f o r m a t i o ~ i ~ ~ .  

Other fascinating reactions appear to indicate that it is possible for coordinated alkynes 
to combine directly to a cyclobutadiene complex through a thermal rearrangement or by 
action of C031 (reaction 8). 

[MoCp(X) (q2-CF3C=CCF3)2] 

;%= Er,Cl (25) x =\ 

(9) 

[ c p ( c o ) : ~ c ~ ; J  [M~C~(CO)I{~~-(CF, )4c4)] 

(27)  

(26) 
Interestingly, complexes 25 (X = Br or C1) lead to the cyclopentadienone 26 whereas the 

iodide 25 (X = I )  leads to 27, reflecting the subtle balance of factors influencing such 
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pathways. It is not apparent whether these reactions are u n i m ~ l e c u l a r ~ ~ ;  this is critical 
since the formation of cyclobutadiene (C4H4) complexes from bis-alkyne species is a 
theoretically interesting piGbleiil. The question is whether a (2 + 2)n cyclization of a 
monometallic bis-alkyne takes place directly (A -+ C,  reaction 10) or via a metallacyclopen- 
tadiene intermediate (A --+ B -+ C).  The former is said not to  occur on theoretical grounds, 
although the participation of a second metal as shown would lift this r e ~ t r i c t i o n ~ ~ .  Others 

B 

(11) 

argue that the (2 + 2)n mechanism is allowed even in the presence of only one metalJ4. 
Comparatively few examples of the metallacyclic route have been reported, perhaps 
because of the scarcity of suitable metallacyclic starting materials. The cobalt complexes 
2835-37 and do form cyclobutadiene complexes on heating, probably after 

L Ph 

(28) 

(29) 

decomplexation of the phosphine donor ligand. However, it is not clear whether 
cyclobutadiene formation in this instance proceeds through initial retrocycliztion to a bis- 
alkyne complex (B + A -+ C) or directly (B -+ C). 

Recent work has addressed the question of cyclobutadiene-metal, metallacyclopen- 
tadiene and bis-alkyne-metal complex inter conversion^^^ and shows that the diaste- 
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SiMe3 

Me H #'' P R SiMe3 

(30) 

5. 

L - 
1 

I 

J 
(32) 

U 

(31) 
(14) 

reomeric pairs 30 and 31 interconvert through the intermediacy of the bis-alkyne 32 by a 
single alkyne rotation. Formation of a metallacycle at some stage in this process cannot be 
ruled out as being kinetically inaccessible, but if such a metallacycle is formed i t  cannot be 
planar and it must be configurationally stable. 

The mechanism of cobalt cyclobutadiene formation is still not absolutely defined but 
clearly differs from that in palladium systems. Under cyclotrimerization reaction 
conditions they are catalytically inert (Section V). However, the cyclobutadiene ring may 
be expanded in some systems; thus the niobium complex 17 does decompose to 
hexaphenylbenzene in a remarkable reaction while Fe(CO), fragments may insert into an 
iron-cyclobutadiene system to form the isomeric ferroles 77 and 3440. 

(33) (341 

(1 5) 

Although cyclobutadiene complexes appear inert under cyclotrimerization conditions, 
metallacyclopentadiene complexes are probably important intermediates in such re- 
actions (Section v). 

More exotic cyclodimerizations have been observed in cases where the alkyne 
substituents are not innocent. Thus an excess of PhC-CPh reacts with 
[RuH(NO)(PPh,),] in toluene at  reflux to give dimer 35 as the only isolated organic 

H 

Et 
E t  H Ph 

product4'. The reaction of EtCZCEt  in the presence of [NiH{ Ph2P(CH,)2PPh,)]. 
[CF,C02] leads to the cyclic dimer 34 as well as some c y ~ l o t r i r n e r s ~ ~ ~ ~ ~ .  
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111. DIMETAL COMPLEXES OF ALKYNES AND ALKYNE DiMERS AND TRIMERS 

A. Complexes of a Single Alkyne 

Many transition metals have been shown to form dimetal complexes of alkynes or 
alkyne oligomers. The simplest are those containing a single alkyne bridging two metals, 
generally in a transverse sense. Thus [Co,(CO),] reacts with alkyne to  form complexes 
[Co,(CO),(p-RCCR)], 37, several of which have been structurally ~ h a r a c t e r i z e d ~ ~ .  Other 

R 0"' 

I 
Bu ' 

( 38) 

examples include the molybdenum complex 2 and the unusual diiron species 3845 
containing bridging Bu'CzCBu' functions which do  not appear to interact further, 
probably for steric reasons. The F,CC-CCF, complex 5 contains the ligand bridged in 
such a fashion that the Rh2C2 fragment is approximately planar, thus constituting a 
dimetallacyclobutene ring system. 

It is common for dimetal species of this type to react further, possibly under more 
forcing conditions to form complexes containing complexes of alkyne oligomers. 

B. Complexes Containing Two Linked Alkynes 

In many cases reactions producing complexes of an alkyne dimer proceed without 
isolation (or detection) of complexes of the monomer. The most common structures are of 
the ferrol typ39,  which some regard as Fe(CO)3-stabilized ferracyclopentadienes. Many 

R 

(391 

structures of this type are known, the structures of several of these compounds have been 
established 46*4' and indicate the presence of a semi-bridging carbonyl on one of the iron 
atoms as shown. Related structures have also been isolated for macrocyclic diynes 
(Section VI). Some alkynes react with the MGM bonded species [ { MoCp(CO),},] (40) t o  
give bis-alkyne species such as 41-43 in good yield, reactions which proceed via transverse 
bridged monoalkyne species of type 2. Some of these complexes are reactive in their own 
right towards alkynes (Section VIII). Another dimolybdenum complex recently noted is 
from a very different system in which ethyne reacts with [A4o,(OCH2Bu'),(NCSH5)(~- 
HCzH) to give 4453. 
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( 40) 

H 

(41) M = Cr, R '  = R2 = H, Ph48,49 
(42) M = Cr. R 1  = Ph. R2 = H49.s0 
(43) M = Mo. R 1  = R' = ph.Et4'.s1.52 

(44 1 
R = CH,BU' 

An unusual complex is produced in the reaction of cyclooctyne with [Coz(CO),], the 
dimer 4555, which is formed together with the simple bridged species 46 which itself does 

(45) 

(47) 

(46) 

Cp(C0)M- 

(49) 
M = Mo,W 
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not appear to be the precursor of 45. Cyclooctyne appears to be the only alkyne 
reported to form a complex of type 45 with cobalt carbonyls. Species of this type are 
suggested to be intermediates on the way to ‘flyover’ complexes54 (Section 1II.C). 

Recently a metallacyclopentadiene unit has been reported from the reaction of the 
formally electron deficient 47 with [Co,(CO),], which produces the spectroscopically 
characterized 48 and the structurally characterized 4932. Taken in conjunction with the 
formation of complex 27, the suggestion is that cyclobutadiene complexes are produced 
via stepwise reactions involving metallacyclopentadiene intermediates. 

The reaction of CRhCp(C0)J with P h C E C P h  or F,C,C-CC,F, leads to several 
products, among them 50 (R = Ph or C,F,),,, while F3CC=CCF, leads to 50 (R = 
CF,),,. The unusual compound 51 is obtained from reaction of [Ir(CO),(i15-C,Me5)] 

R 

CpRh- RhCp 

R = Ph, CsF5 ,CF3 R = CF3 

with F,CC-CCF,, an unusual molecule containing an iridium atom which has 10s: a 
C,Me, 

I t  is not unusual for carbonyls to become incorporated into the metallacyclic structures. 
Thus a complex of the unusual ‘cross’ ligand is obtained from [Fe2(CO),] and MeC- 

(52) (53) 

CMe5*, while complex 53 is produced in the reaction of [ {FeCp(CO),}2] with F , C C -  
CCF359. 

C. Dimetal Complexes of Alkyne Trimers 

There are fewer examples of these species than alkyne dimers. Reaction of complexes 
[Co,(CO),(p-RCCR)] with excess of alkyne leads to so-called ‘flyover’ complexes 
[Co,(CO),{ (RCCR),)] 54“, a reference made to the ligand structure when represented as 
a six-carbon chain in which two non-interacting n-ally1 fragments each interact with one 
metal and the outer terminal atoms of each ally1 are bonded to the second metal atom. 

R 
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This representation disguises the fact that the Co,C2 fragment is extremely sym- 
metrical and planar with the Co-C distances equal in, for example, the 
complex [Co,(CO),( (CF3CCH)3}I6". In this complex and the analogous 
[Co,(CO), { (Bu'CCH),)] the ligand substituents are situated on carbon atoms 1,3  and 6 
of the chain. On heating or treatment with Br, these two complexes eliminate 1,2,4- 
trisubstituted benzenes; this is consistent with the preservation of the substitution pattern 
of the complex and ring formation by the two ends of t!ie ligand coming together44. 

R = CF3, But 

Related complexes are formed in some dimolybdenum systems. Complex 55 reacts with 
PhC=CPh4' to give the spectroscopically characterized 56, probably formed by the 
stepwise insertion of two alkynes into one of the two terminal CMo, fragments of the 
molecule. It is interesting that on steric grounds the second PhC=CPh molecule might 
have been expected to attack at the chain atom not bearing a Ph group, leading to a 

[ R ~ ~ ( C O ) ~ O ]  4- P h C r C P h  - 
P h C s  CPh 

Ph Ph 

I 

(57 )  
Ph 

SCHEME 4 

H 
H 

I 

PhCECPh - 

Ph 

Ph 
(56) 
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symmetrical structure. In contrast, a symmetrical substitution pattern is observed for 
reaction of the analogous complex of the sterically demanding Me,SiC=CSiMe,61. 

Few rhenium alkyne complexes are known but recently the reactions of [Re2(CO),,] 
with P h C r C P h  have been reported62 and complexes of trimerized alkyne observed. 
Three complexes have been isolated from this reaction (Scheme 4) and shown to be formed 
sequentially. A derivative of the final product 57 has been crystallographically characte- 
rized in which two isonitrile ligands replace the lone monoyne. 

IV. METALLACYCLOHEPTATRIENE COMPLEXES 

There is little information available for metallacycloheptatriene complexes, but 
the nickel complex 58 does react with F , C C E C C F , ~ ~  to give the structurally 
characterized metallacyclohepta-(Z,E,Z)-triene complex 59"; a different isomer, the 
metallacyclohepta-(Z,Z,Z)-triene, is obtained from [Pt(PEt,)2(F3CC=CCF,)] and 
F,CC=CCF363. 

F,CCECCF, 
[Ni(As Me2 Ph)2( q2-F3CC CCF3 13 

(58 )  

F,CC=CCF, 
[Pt(PEt3),(n2-F, CC=CCF3)] 

CF3 Lt3 

(59) 

F 3 C  CF3 

V. CATALYTIC CYCLOTRIMERIZATION OF ALKYNES 

Cyclotrimerization reactions producing arenes from three alkyne molecules are very 
common. There are  reviews listing catalysts and products a ~ a i l a b l e " ~ ~ . ~ ~ .  I t  is unlikely 
that there is a unifying mechanism for cyclotrimerization and information on most 
systems is sketchy. One of the more extensively studied systems is that involving 
[COC~(CO),]~' .  Even here the mechanism is still not precisely understood, but a good 
working model is given in Scheme 5. 

The initial step involves the loss of two carbonyl groups. Analogous complexes of, say, 
PMe, or PEt, have the ligands firmly bound and catalysis by these species does not take 
place. The bis-alkyne complex then undergoes an oxidative coupling to form a 16e- 
cobaltacyclopcntadiene which may be stabilized by another alkyne or a solvent molecule. 
Subsequent reaction may proceed via a cobaltacycloheptatriene complex or a cycload- 
dition reaction, producing a bridged bicyclic complex followed by product elimination. I t  
is not really possible to distinguish between these pathways or to decide at which points of 
the sequence fresh alkyne units become coordinated. 
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2 R C E C R  

- 2co 
CO(CP)(CO)~ C O C ~ ( ~ ~ - H C = C H ) ~  +- 

c p c o  
I 

jo/ 

CP 
I 

l l l / c o ~  --. 

2i 
I 

C6H6 + [CoCp] 

SCHEME 5 

2 R C r C R  

Earlier suggestions that cyclobutadiene complexes are involved in cyclotrimerization 
reactions are discounted, at  least for most metals, by the observation that i n  general 
H3CC-CCD3 is cyclotrimerized by metal catalysts to benzenes in which there are  no 
products containing three adjacent CD, groups (reaction 24)(’8. I n  fact, such ii product 

was obtained for some palladium (11) systems but i t  is not clear whether a different process 
is operating. Bearing in mind these results, the observation that the niobium complex 17 
decomposes smoothly to hexaphenylbenzene becomes even more interesting, and 
a repetition of this reaction using an appropriately labelled alkyne would be useful. 

There are still other mysteries associated with these reactions. Complex 61 reacts with 
Me,SiCzCSiMe,  to give cyclopentadienones as shown69; the minor isomer 62 and the 
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0 

I 

SiMe3 ."e3sifr Ph Ph (62) 

I SiMe3 
I 

Ph ph@(ph Ph 

PhC=CPh  

SiMe3 (63) 

arene 63 must be formed with cleavage of the carbon-.--carbon bond in Mc,SiC-CSiMe, 
and the authors suggest that an  intermediate with cyclobutadiene symmetry is involved. 
Cyclobutadiene complexes are byproducts from reactions of [CoCp(CO),] with alkynes 
under cyclotrimcrization conditions and arc catalytically inertG7. Support for the 
mechanism suggested in Scheme 5 comes from isolated examples ofcomplcxes of the types 

R ' C G  CR2 
___b 

R' 

(65)  
S C H E M E  6 

illustrated. Thus [CoCp( PPh,),] reacts with alkynes to form isolatable complexcs 64 
(Scheme 6)'O. which react further with alkynes to  form cobaltacyclopciitadicne complexes 
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65 with considerable control over functionality. In turn these metallacyclcs react further to 
form substituted arenes. It is not possible as yet to say whether the final stage proceeds via 
a cobaltacycloheptatriene or a bicyclic intermediate. It is likely in this sequence that initial 
reaction of the metallacycle with alkyne involves prior loss of PPh, followed by 
coordination of the alkyne. However, this appears not to be the case in a related system 
Replacement of the phosphine in 66 by PEt, or PMe, leads to the metallacycle 6771 
(Scheme 7), v;hich does not itself react with but-2-yne to form hexamethylbenzene owing 

[ p ( ~ ~ = h ~ p ]  [cq 1 -= [ ' n ' ; C t i = C H ) C q ]  

/ (66) 

(67) 

R = Me or Et 

SCHEME 7 

to the affinity of the [CoCp(C,Me,)] fragment for PR, (i.e. the PR, does not dissociate). 
However, 67 does react with MeO,CC=CCO,Me to give the arcne 68. In contrast to the 
reaction of 66 with but-2-yne, which proceeds in a dissociative manner, complex 67 reacts 
direct/?? with the metallacycle without prior coordination. 

Many palladium complexes are reactive towards a l k y n e ~ ~ ~ .  These reactions are 
complex and seem to proceed in different fashions to those indicated above, although 
similar arenes may be the end result. A proposed mechanism for palladium-induced 
alkyne cyclotrimerization is given in Scheme 873.  This series of reactions is based on 
several isolated examples along the reaction sequence. The extent of reaction appears to 
depend very much on the size of the alkyne substituent. The first step involves formation of 
a dimeric rT2-alkyne species 69; the reaction stops at this point for R, = R, = B u ' ~ ~  
whereas for the less sterically demanding alkyne Me,SiCECPh the cyclobutadiene 
complex 70  result^^^.^^. Complexes of this type are inert to further reaction with alkynes 
to form arenes. 

Smaller alkynes insert into the a,r!2-butadienyl complex 71 eventually to form 
complex 72 which eliminates arene. 

In support of the latter steps treatment of P h C Z C M e  with [PdCI,(NCPh),] in 
CH,CI, produces three isomeric arenes 73-75 ~a ta ly t i ca l ly~~ .  This may proceed via 
complex '76, which is isolatable when the reaction is carried out in benzene and which 
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[ P ~ ( I ~ ~ - R ' C ~ C R ~ ) C I ~ ] ~  

R' 

. 
(71) 

R ' C ~ C R ~  

I ~ I I I I IR '  

R Pd-CI 

I 

2 
[ Pd (q4-RlZ R22 C, )CIz] 

R' (70) 

R' -", R' 

CI 

I 
a2 

I 
R2 

R' 

(72) 

SCHEME 8.. Palladium-induced cyclotrimerization of alkynes. 

decomposes to the three arencs i n  dichloromethane. The  third arene (75) is most 
significant since i t  contains thrcc adjacent Me groups and ciiii only have been formed by 
C=-C cleavage of :in alkync. 
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CH,CI, Ph 

CH,CI, 
I + 
Ph Ph 

Ph i- Me@ph Me Me f :llph Me (26) 

Me 

(73) 
Ph Me 

(74) (75 )  

Indications have come from studies involving MeCECMe and the same metal 
complex that an intermediate of type 77 is involved (as in Scheme 9) and further that it is 
f l~xional '~ .  A dynamic process involving related complexes in the PhC-CMe reaction 
would account for the formation of 75 as shown. This rcsult is clearly relevant to the 
observations of Whitesides and Ehmann concerning palladium(1I) cyclimtions of 
H3CC--CCD3 to arenes'!. 

Ph 

- 4 - 4 2  

PdCI2 f 

Ph 

Me 
Me 

CI 

M e ~ M '  Ph 

Me Ph 

(770) 

0 

P h  

SCHEME 9 

VI. REACTIONS OF DIYNES 

Compared with the wealth of information available on reactions of monoalkyncs with 
metal complcxes, little concerning diynes is known. Under catalytic conditions the 
predominant products appear to be insoluble polymeric matcrials. Two types of ccmpound 
arc produced from I-IC-C(CH2),,CL=CH using Ziegler-Natta catalysts, depending on t i ,  
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although for both cases only low yields of trimer 78 ( t i  = 2,3,4,5) or 79 ( t i  = 5.4,7) are 
formed7'. The cobalt catalyst [CoCp(CO)J leads to higher yields of 78 ( t i  = 2,3,4) on 
reaction with HC=C(CH2),C=CHE0. The mercury catalyst [Hg{Co(CO),},] results in 
low yields of the cyclized dirner product The  diyne diphenylbutadiyne is cyclized 
to 81 (R = Ph) together with a lesser quantity of the corresponding 1,2.4-substituted 

n = 5, 6,7 

(80) 

n = 3,4,5 

111 
I 

(81) R 

R = Ph,Me 

compound; a similar product distribution is observed for hexa-2.4-diyne ( R  = Me)83. The 
non-coiijugated diyne MeC=-C(CH,),C-CMe is dirnerizcd to bicyclic $2 using 
[Hg(Co(CO),},] as  catalyst7'. 

Me 

Diynes show a diverse chemistry i n  their stoichiometric reactions with organotransition 
metal complexes, many of the structures obtained being related to those obtained from 
monoynes, although there are a few surprises. Thus, while cyclotetradeca-1,8-diyne and 
[CoCp(CO),] lead to the cyclobutadiene complex 83"".", the same diyne with [Fe(CO),] 
produces the unusual iron dimcr 84", in which formation of the cyclopentadienyl rings 
involves carbon -carbon bond formation and hydrogen migration reactions. 

Other reactions of [Fe(CO),] with macrocyclic diynes illustrate the difficulty of 
predicting reaction products in this type of system and also show that the ultimate 
products are dependent on ring size and the relative positions of the triple bonds. Thus 
[Fe(CO),] with cyclotetradeca-1,7-diyne gives the cyclobutadiene complex 85, with no 
sign of any dimeric species analogous to 34. but cyclododcca-1.7-diyne leads only to a 
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r-7 
[c 0 c p (CO),] [ Fe ( CO),] 

279 

1 

[Fe (CO), ] 
A Qq Fe(C0l3 

(85) 

complex initially proposed as having the ferrole structure 8685 ; the original structure 
proposed was shown to be incorrect through the results of an X-ray crystallographic 
study". The corrected structure 87 is significant since i t  is the result of a gross skeletal 

(87 )  (88) 

rearrangement of the ring and cleavage. in a clearly complicated reaction, of a carbon- 
carbon triple bond. I t  is speculated that  initially a metallacycle of type 88 is formed in the 
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reaction but that it rearranges, possibly via a cyclobutadiene iron intermediate 89 to the 
observed metallacycle 90. The isolation of trace amounts of thecyclobutadiene complex 91 
at least demonstrates the accessibility of such systems, but there is n o  evidence to suggest 
their conversion to metallacycles under the reaction conditions. 

M 

(89) (90) (91) 

Irrespective of any intermediacy ofcyclobutadienecomplexes, these results do  suggest a 
metallacycle intermediate in alkyne disproportionation reaction sequences and that 
saturated analogues may play a part in aIkene disproportionation. 

Vll. CYCLOPENTADIENYLCOBALT-INDUCED COCYCLIZATIONS 

The fact that [ C O C ~ ( C O ) ~ ]  is a good catalyst for alkyne cyclization reactions has now 
been put to good use in several cocyclization reactions. In particular, cx.w-diynes (92) may, 

R catalyst aR 
R C < +  R 

(52) (93) 

in principle, be cyclized with alkynes, leading to a general class of polycyclic compounds 
(93)67. The potential problem here is that care must be taken to  prevent indiscriminate 
unwanted side reactions such as simple cyclotrimerization of R C r C R  or reactions 
involving more than one molecule of diyne. 

One approach is to employ a monoalkyne incapable of trimerization itself but which 
will cocyclize with a diyne and still provide useful functionality after reaction. Such a 
monoalkyne is Me,SiC-CSiMe,. This alkyne cannot trimerize itself for steric reasons 
but may react with other alkynes. Reactions of two or  more diynes are prevented by 
extremely slow addition of mixtures of diyne, Me,SiC=CSiMe,, and catalyst to refluxing 
Me,SiC-CSiMe,. Instantaneous concentrations of diyne are therefore extremely low, 
preventing diyne combination, while from a practical point of view solvent Me,SiC= 
CSiMe, is recoverable after reaction. 

This technique has been put to use in several applications. Thus, hex-I ,5-diynes and 
monoalkynes may be cyclized to form benzocyclobutenes (94)”. This particular 

R’ 
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cyclization is extremely tolerant to functionality and a variety of R,-R, other than R = H 
or SiMe, is possible, allowing good control of substitution of the aromatic ring. These 
benzocyclobutenes are useful in their own right as a result of their reactivity and further 
reaction with a dienophile (Me,SiC-CCSiMe,) leads to  ring formation via trapping of an 
intermediate o-xylykne". 

SiMe3 

r OR 1 

Me,SiCE CSiMe, 

- ROH 

More interesting results are obtained if an intramolecular source of dienophile as in 95 
is used. The reactions are then one stcp and lead to polycycles 96 in general and in 

Me3SiC E C S i M e 3  + 

Me3Si Me3si)& (33) 

(96) 
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- 
‘OMe 

[cocp(co),] 

Me3SiCECSiMe3 i- yo= 
ll & 

particular examples such as 97 and 98. The stereochemistry at the new ring junction is 
generally E .  Particularly interesting in this class of reactions is a synthesis of racemic 
oestronegO (Scheme lo). 

Yon I . Bu”LI, lmedo 
H C E C ( C H 2 ) 2 C E C H  W 

i i  oxirane 
I TsCl @ I  II No1 /ocetone 

I CH2=CHMg8r/CuI 

ii Me3SiCI 

Me3Si wp H O  

Me3Si 0 
I 

Me3Si 

Me3Si 

SCHEME 10. Cobalt-catalysed 
oestronc. 

i . CF,CO,H - 
ii. Pb(02CCF3), 

cot rimerizat ion 

SiMe3 yfi H 0 

I 
111 + 
I 

I I  SiMe3 8 

HO 

of alkynes to produce racemic 

Organic nitriles d o  not cyclize in the presence of cyclization catalysts, but in the 
presence of diyiies and [CoCp(CO),] they function u s  ;i ‘heteroalkync’ and undergo 
cyclization to produce isoquinolinc systems (98)”. 

The mechanisms of these cotrimerizations remain obscure, although sufficient under- 
standing exists to formulate a working model which allows the prediction of reaction 
products with reasonable confidence. Clearly there is a strong relationship between 
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(36) 

[CoCp(C01,] 

RCN + HC=C(CH2)4C==CH 

( 981 

cotrimerizations and simpler cyclotrimerizations. However, it is not clear whether the 
initial bis-alkyne species (Scheme 11) is a complex of both alkyne units of the diyne or one 
of the monoalkyne together with a single alkyne unit for the diyne. Either pathway shown 
would generate the same products. 

SCHEME 11. Possible cotrimerization mechanisms for cobalt. 

VIII. METAL COMPLEXES OF ALKYNE TETRAMERS 

A. Molybdenum 

Recently, a series of reactions has been reported in which alkynes link sequentially a t  a 
dimolybdenum centre to Corm complexes containing two (Section IILB), three (Section 
1II.C). and four alkyne units bridging the two molybdcnum atoms. In general. under mild 
conditions complex 99 reacts with alkynes to give complexes 100 in which thc alkyne 

R 

L 

(99) 

R C G  CR . 

L 
(100) 

R = ti, Ph, Me, Et , etc. 

transversely bridges the 'Mo---Mo bond, forming a tetrahedrane Mo,C, core9'. Morc 
forcing conditions (rcfluxing octane) arc required to induce 100 to react further with 
alkynes. in which case complexes of 2ilkyne oligomers result. Although th? extent of chain 
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extension is determined by the alkyne substituents, i t  is not easy to rationalize the 
observed substitution patterns in the products; clearly more than just steric influences are 
import ant . 

The reaction of complex 101 with Me0,CC=CC02Mc affords three isolated 
products, 102-10448, two of which are isomeric and contain ;I ligand consisting of four  

L 

+ 

octone 
MoCp(CO), + R C G C R  

L 
0 

+ 

(109) 

L R J 

(102) 

R = C02Me 

(35) 

linked nlkynes. Related products are formed from complex 100 (R = H) and Me02CC= 
CC02Me4'. The structures of one example of each type of alkyne tetramcr conplex have 
been structurally characterizedg3; the two isomeric forms appear not to be in- 
terconvertible by heat. It is notable that these structures contain Mo-Mo bonds and that 
the terminal carbon atoms are carbenoid in nature. It appears critical to these reactions 
that dimolybdenum has the ability to undergo changes in formal metal-metal bond 
order. 

There is considerable control over functionality in these reactions. Maximum chain 
extension is achieved through use of the electronegatively substituted alkyne Me02CC= 
CCO,Me, but even in these cases no complexes of alkyne pentamers have yet been 
identified. The high temperatures are proabably necessary to  drive off coordinated carbon 
monoxide. I t  has been found possible for isolated complexes of alkyne dimers or trimers to 
react further to give alkyne tetramer complexes, and based on these observations a 
sequence of alkyne linkage at dimetnl centrcs is shown in Scheme 124s. 

Related dimolybdenum systems are available through quite different routes. Thermal 
loss of carbon monoxide from 105" and replacement by MeCN gives cation 106. 
Electrochemical studies show this species irreversibly accepts a single electron; a suitable 
chemical reagent to supply one electron is [Na][FeCp(CO),], which accordingly reacts 
with 106 to give [FeCp(C0)J2 together with 107, which contains a similar eight-carbon 
chain to that of 104. I t  is suggcsted that the first step in this oligomerization involves 
dimerization of a paramagnetic species to give an  intermediate. 1021, which may react 
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(105) 

CD -,+ 

J Me 

(106) 

0 

0 

(107) 

(108) 

(39) 

S C H E M E  13 

further as shown in Scheme 13. Clearly the reaction sequence leading to 107 i s  very 
different from that forming 103 or 104. 

B. Rhenium 

Reaction of [Rel(CO),,] with M e C - C M e  generates a compound whose structure is 
postulated as 10962 and clearly related to 103, 104, and 107. Based on related work using 
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M e  M e  Ph 

287 

(1 09) (110) 

PhC-CPh, it is likely that formation of this complex again involves sequential linking of 
alkynes and in which the final intermediate is of the structural type 110. 

Recently a most unusual ring-opening reaction of cyclooctatetraene has been observed 
in the reaction of chromocene with [Na]2[C,H,]’5. The orientation of the eight-carbon 
ligand in 111 is very similar t o  that of the minor isomer 104. The chromium complex 11 I 

Ico 
n 0 2 o r 3  

reacts with carbon monoxide to form cyclooctatetraene and the implication is that in 
some way dimetal centres are involved in the tetramerization of alkynes to  cyclooctatet- 
raenes. However, to set against this [CrCp(CO),] does not appear to react thermally with 
cyclooctatetraene; complex 11 (R ,  =R1=H)’is the only isolated product from reaction 
with ethyne at atmospheric pressures while [Mo2Cp2(CO), (p-HCCH)] is the only 
molybdenum product isolated under similar reaction conditions. I t  appears that efforts 
have only been made to eliminate substituted cyclooctatetraenes from the dimolybdenum 
complex 103. This complex is rather unreactive and stable, but degradation is possible 
using cerium(1V) ions; unfortunately, no organic products were isolated from this 
reaction. It  would clearly be interesting to know the results of similar degradations on  
complex 104 in which the carbon chain possesses the same orientation as that in the 
dichromium species. It is still not clear whether dimetal centres are  implicated in the 
catalytic formation of cyclooctatetraenes from alkynes. 

C. Palladium 

The reaction products from treatment of [PdCI2(NCPh),] with the activated alkyne 
M e 0 , C C  =CCO,Me are dependent on the solvent. Whereas reaction in benzene leads 
to trimer complexes (Section V). that in methanol leads to 112(52%)containing a tetramer 
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(112) 

R = C02Me 

of the alkyne together with several organic products including the cyclopentadiene 
CS(C02Me),H, the benzene C,(CO,Me), and dimethyi oxalate". The dimer is cleaved by 
action of donor ligands and the dipyridine adduct has been structurally characterized. 

D. Manganese 

The high-temperature reaction of ethync with [ Mn,(CO), leads to the cymantrene 
derivative 1 1397 in 40:< yield. The formation of this compound is mechanistically obscure. 

(42) 
150 OC 

[ M ~ I ~ ( C O ) $ ~ ]  + H C r C H  - 
(113) 

IX. CYCLOTETRAMERIZATION OF ALKYNES; CYCLOOCTATRAENE 
AND OTHER TETRAMER FORMATIONS 

One of the reasons for continued interest in reaclions of alkynes with organotransition 
metal complexes is the observation by Reppe and coworkers that some nickel salts are 
able to catalyse the conversion of ethyne into the theorctically interesting tetramer 
cyclooctatetraene. together with benzene. styrene. and small amounts of other organic 

oligomers such as phenylbutadiene. azulene, naphthalenc, and vinylcycloociatetraene'. 
With suitable catalysts yields of around 707; of cyclooctatctraene may be realized. 
Cyclooctatetraene was originally available only through a long and tedious organic 
synthesis98. The most efficient cyclooctatetraene formation catalysts are nickel(I1) salts 
such as [Ni(iicac),] and [Ni(CN),]. but the nickel(0) complex [Ni(PCI,),] is very efficient 
for the cyclotetramerization of HC-=CCO,Me, an 837; yield of the 1,2,4,6-tetrasubsti- 
tuted cyclooctatetraene being isolated together with 1,2,4-tricarbomethoxybenzene as 
b y p r o d i ~ c t ~ ~ . ' ~ ~ .  For ethylpropiolatc a mixture of benzenes is the major product together 
with two isomers of tetrasubstituted cyclooctatetraenes. 

INIII'CI , I d ]  

HC=CR L,2,4.6-R,-cot + 1.3,5,7-R,-~0t + C,H,R, (44) 

R = C0,Me  830,/, 0% 1 .2.4- I 7",:, 
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Disubstituted alkynes d o  not form cyclooctatetraenes under these conditions, but they 
may be incorporated into a cyclooctatetraene ring by co-oligomerization reactions. The 
yields are generally moderatelO1.'O'. 

Ni catalyst 
H C C H  + R I C C R '  ___) I-R'-2-R2-cot +cot  + 1-R'-2-RZ-C6H, + C6H, (45) 

R' = R' = Ph9',1\"~'' 
Rl = H, R' = MeY8. ph98, p p y x .  Bun98, vinyl'0J. '04 

The reactions of monosubstituted alkyne co-oligomerizations with ethyne have also 
been studied'02 and lead to substituted cyclooctatetraenes together with other aromatic 
products in relative yields depending on the nature of R. 

The mechanism of cyclooctatetraene formation has been the subject of much 
speculation and argument, and the question has not been resolved. Reppeet nl.' originally 
suggested a sequence (Scheme 14) involving a nickelanonatetraene (114). which is still a 

SCHEME 14 

very reasonable suggestion; presumably the metallacycle is built up by successive 
insertion reactions of :tlkyne into a nickel--carbon bond of smaller metallacycles. Another 
mechanism suggests a concerted process involving the cyclization taking place at an 
octahedral nickel intermediate after adopting a suitable conformation6'~66~'0'~'06. This 
mechanism would find i t  difficult to account for the observed substitution patterns for 

PPh3 

substituted alkyne tetramerizations and the fact that nickel tends to undergo insertion 
reactions fairly readily. I t  does have the merit of accounting for the preference for benzene 
fcrmation in the presence of a donor ligand --presumably by competition with alkyne for 
a vacant coordination site'"'. 
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Recent work implicates the importance of dinuclear metallacycles (Section VIII); 
indeed, the dinickel complex [Ni,(C,H,)2] (104)’07~10s (Scheme 1 9 ,  whose structure has 
been determined crystallographically’ 09 ,  has been shown to be a catalyst for cyclooctatet- 
raene f o r r n a t i ~ n ’ ~ ~ .  

4 H C E C H  

7”. cot 

1 
r 

SCHEME 15 

In order to cast ligh on the nickel-catalysed cyclooctatetraene formation, the labelled 
alkyne HC = 3CH has been cyclized in the presence of a catalyst ’ ’ and a statistical 
analysis of the labelling carried out. Four possibilities were considered (Scheme 16), a 

I 

L 

\ NL random 
Ni-# carbyne 

complexes - - 
- - - 

(2+2+2+2)71 

stepwise 

reinsertion 
dimeri zo tion 

benzene 
cyclobutodiene 
complex 

SCHEME 16 
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concerted o r  stepwise mechanism in which the integrity of the initial carbon pairs is 
maintained and three other processes, all of which involve a t  some stage rupture of the 
alkyne carbon pairs either directly (a carbyne mechanism) or by insertion into complexed 
C4 and  C, ring systems (cyclobutadiene and benzene, respectively). Analysis of the 
reaction products demonstrates that  the integrity of the  initial C ,  units is maintained, a 
result only consistent with predominant stepwise or concerted mechanisms. 
Unfortunately, the experiment is incapable of distinguishing between the two. At present 
the evidence is very strong for stepwise insertion processes, but it is not clear whether one 
o r  two metals are involved and further experiments are still necessary. 

Although i t  seems unlikely that intermediates of cyclobutadiene symmetry are involved 
in the catalytic formation of cyclooctatetraenc, there are some examples of cyclobutadiene 
complexes which undergo decomposition to substituted cyclooctatetraenes. Thus the 
palladium cyclobutadiene complex 1 15"'."2 reacts with PPh, and liberates the 
cyclooctatctraene 116 (Scheme 17). The nickel complexes 1 1 7 I l 3  and 118'1J do so also, 

No,  R2PCH,CH2PR2 / t- 
SCHEME 17 

althocgh in the latter two cases the cyclobutadienc does not originate directly from 
alkynes". 

One  recent example of a cyclotetramerization of a disubstituted alkyne is known but 
not  involving a conventional catalyst: vapourized nickel and MeCK-CEt lead to the 
cycIooctatctraene I1911'. 

(48) 
"il 

4 MeC=CEt - cyclo-CeMe4Et4 

(119) 

The activated alkyne MeO2CC;-CCO,Me is converted into the unusua l  tetramer 120 
in the presence of uranium powder' l o .  

0 

I 
R 

(1 20) 
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Conipound 121 is a derivative ofan intcrmcdiate  in t h e  reaction of [PdCI,(NCPh),] with 
B u ' C G C H  (Section V) .  Treatmcnc with eithcr of the  terminal a lkyncs phenylacetylene or 

2 BU'C CH 
____) 

benzene 
(49) 

p-chlorophenylacetylenc leads to dihydropentalene 119 or 120. These  a r e  related to o ther  
dihydropentalenes obtained from t h e  PdCI,-induced oligomerization of phenylacctylene 
a n d  their formations are explained in terms of mechanisms involving intermcdiatcs similar 
to those  in Scheme 8. 
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6. Transition metal carbonyls in organic synthesis 

1. INTRODUCTION 

This chapter describes the utilization of metal carbonyls in  stoichiometric and catalytic 
organic syntheses. Work is described which employs either homoleptic or substituted 
transition metal carbonyls, with emphasis on reagents in which thecarbonyl moiety fulfills 
a specific function and is not merely prescnt as an auxiliary ligand. Even with this 
limitation, the scope of the topic is vast, demonstrating the importance which organomet- 
allic reagents have gained in synthetic organic chemistry'-5. Within the limitations of the 
space available, we have chosen to divide the topic into a series of organic substrates, 
divided according to  functionality, and to describe a limited number of transformations 
which can be performed for each class of substrate. Thus, the discussion begins with work 
on hydrocarbon substrates (alkanes, alkenes, and alkynes), followed by halogenated 
substrates and then substrates with oxygen-, sulphur-, and nitrogen-containing functional 
groups. Finally, organometallic substrates are considered. For each class of substrate, 
categories of reaction are described which were chosen to illustrate both typical and 
atypical reaction types. Reaction classes which have been discussed in detail elsewhere, or 
those in which there is only minimal synthetic interest, are described only briefly or 
omitted. 

Several important topics are not covered here. Homogeneous hydrogenation of 
u n s a t i ~ r a t e s ~ ~ ~  and the closely related hydrosilylation6 and hydro~yanat ion~ reactions 
have been discussed in detail previously and elsewhere in this series (Volume 4). Similarly, 
polymerization reactions'".'' have been reviewed many times in the past and covered in 
this text in Chapters 4 and 5. Here, these reactions are mentioned only when they are 
relevant to  other chemical reactions (e.g. the polymerizaiion of tetrahydrofuran under 
hydrosilylation conditions). Several topics are of sufficient interest and scope to warrant 
detailed description in separate chapters. Thus the hydroformylation of alkenes is dealt 
with in Chapter 8 and thecarbonylation ofalkenes and alcohols in Chapter 7. Throughout 
this chapter we have employed the term carbonylation in its most general sense and thus 
the more specific designations, hydrocarbosylation, hydrocarbonylation, homologation, 
etc., are ali considered under the same general heading. 

Several major texts have contributed enormously to the chemistry of metal carbonyls. 
In particular, texts by Falbe12*13 and thoseedited by Wender and Pino14 are invaluable in 
this field. 

297 

11. ALKANES AS SUBSTRATES 

A. Simple Alkanes 

1. Alkane Activation 

The lack of reactivity of normal alkanes has precluded their use as substrates for the 
rational synthesis of functionalized molecules. Considerable effort is being expended 5 - 1  * 
in  the field of alkane activation chemistry in order to develop the necessary background 
knowledge for the evolution of metal complexes capable of stoichiometric or, particularly, 
catalytic alkane functionalization. Therc is some indication' that low-valent carbonyls 
may have a role to  play in this area in the future. One of the major classes of metal complex 
capable of interaction with an alkane is a group of highly electron-rich, nucleophilic 
species whose interaction with an  alkane is presumably initiated by donation of electron 
density from the nucleophilic metal into the cr* orbitals of the alkane C-H bonds. Such a 
nucleophile is believed to be formed upon irradiation of [lr(q5-C5Me,)(CO),] by 
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evolution of one equivalent ofcarbon m o n ~ x i d e ' ~ .  The presumed intermediate undergoes 
oxidative addition reactions with the C-H bonds of alkanes (equation 1). 

hv KI1 

[ I ~ ( V ~ - C ~ M ~ , ) ( C O ) ~ I  - [1r(~~-C,Me,)(C0)1 - [I~(,~'-CSM~S)(CO)(R)HI (1) 

Reaction 1 has been observed for neopentane and cyclohexane, and the 
hydridoiridium(II1) complex has been found to undergo exchange with carbon tetrach- 
loride to yield the corresponding chloroiridium(II1) species. These results represent an 
importapt step forward in the development of alkane activation processes but, as yet, the 
importance of the carbonyl moiety in promoting such chemistry is not known. The 
analogous nucleophile [lr(tlS-CsMes)(PMe,)], formed by irradiation of [IrH,($- 
C,Me,)(PMe,)] via reductive elimination of dihydrogen, undergoes nearly identical 
chemistry2'. Subsequent functionalization studies may indicate differences in selectivity 
between the carbonyl and phosphine substituted complexes, however. 

- co 

6.  Strained Cycloalkanes 

1. Valence isornerization and carbonylation 

Strained cyclic alkanes exhibit a far greater reactivity than simple alkanes towards 
transition metal ions. The interactions of silch cyclic alkanes with metal complexes have 
been studied in depth as examples of 'symmetry restricted proce~ses '~ For example, 
the concerted thermal reaction of two molecules of ethylene to yield cyclobutane, and the 
corresponding cyclorcversion, are forbidden processes by the Woodward-Hoffmann 
rules24. Accordingly, thc mechanisms involved in rearrangements, or valence isomeriz- 
ation reactions, of molecules containing cyclobutanc moieties have attracted much 
interest. From this work, scvcral examples of synthetically useful routes have evolved 
which utilize rhodium([) carbonyls as stoichiometric reagents. Catalysis of skeletal 
rearrangement processes, by species such as siIver(1) and pailadium(II), has been reviewed 
p r e v i o ~ s l y ~ ' - ~ ~ . ~ ~  and is outside the scope of this chapter. 

The most notable syntheses based on the chemistry of strained cycloalkanes involvc the 
carbonylation of cubane and its substituted analogues. Initially'", i t  was observed that 
[RhCl(diene)], catalysed the cycloreversion reactions" shown in cquations 2 and 3. 

R = H , COOMe 

R R 

For the same reactions, [RhCI( PPh,),] and [RhCl(CO)( PPh,)] were virtually inactive 
as catalysts, but the use of [RhC1(C0)J2 ;IS ii stoichiometric reagent gave rise to thc 
formation of a new product (equation 4). The complex 1, presumably formed by oxidative 
addition of a C-C bond of cubane to rhodium(1). followed by carbonyl insertion, could 
be isolated in 90% yield and liberated the carbonylation product upon treatment with 
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1 + 8 PPh3 ___) 4[RhCI(CO)(PPh3)2] i 4 (+ 5-10°/o cyclooctatetraene) 

0 (5) 
triphenylphosphineZ6 (equation 5). Analogous procedures have been employedZ6 in the 
carbonylation of substituted cubanes (equation 6 and 7). 

COOMe 

COOMe @ -  
COOMe 

@ -  
0 

3 4 010 66 O/o 

A much studied example of thecycloreversion reaction of a cyclobutane derivative is the 
rhodium(1)-catalysed valence isomerization of quadricyclane to ~iorbornadienc’~ (equa- 
tion 8). The stoichiometric reaction of quadricyclanc with [RhCl(CO),]2. however. 

[RhCI ( d i e r ~ e ) ] ~  El-- nbd 

( 2 )  

procecds via a different routez8, analogous to the cubane reaction, involving formation of ii 
rhodium(II1) acyl (equation 9). Treatment of 3 with triphenylphosphine causes further 
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carbonyl insertion, producing 4. The unsubstituted analogue of 4 may be prepared by 
direct treatment of quadricyclane with carbon monoxide in the presence of [RhCI(CO)J,. 
The product has been assigned the structure 5. 

0 Ro / \  CI 

Ph3P' L,\PPh3 oc 

( 4 )  ( 5 )  

Other rhodium(1) carbonyls d o  not seem to show the same ability as [RhCI(CO),], to 
participate in oxidative addition/carbonyl insertion sequences. For example. the valence 
isomerization of the I ,  1 '-bishomocubane derivative 6 occurs to produce the dicyclo- 
propane isomer 7 when catalysed by silver(1) ion (equation 10) and  the dienes 8 and 9 when 
catalysed by [RhX(CO)(PPh,),] (X = CI, Br, I),' (equation 11). The isomer ratio of 8 and - 

COOMe a COOMe COOMe (10) @L Ag(11 

COOMe 

( 7 )  ( 6 )  

COOMe 

(9 )  

9 (23% of 8 and 76% of 9) does not vary with the different halorhodium complexes 
employed, nor is there any evidence for products resulting from carbonyl insertion. 

Slightly different chemistry occurs with non-cage fused ring systems, as exemplified by 
comparison of the cubane reaction (equation 4) with that shown in equation 12". The 

(10)  

mechanistic differences arise since the non-cage system has ,G-hydride transfer and 
reductive elimination stcps available to it, which a re  not possible in the cubane system. 
Equation 13 outlines the steps involved. Simple non-fused cycloalkanes can also be 
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carbonylated with [RhCI(CO)z]2 to produce rhodium(II1) acyls; equation 14 shows an 
example involving cy~lopropane~".  

0 0 
C C 

A typical carbonyl-promoted ring opening is observed in the reaction of the activated 
vinylcyclopropane 11 with [Fe(CO),] in dibutyl ether at 140 "C, which occurs to yield the 
complex of the conjugated diene formed by r i n g - ~ p e n i n g ~ ~  (equation 15). Conceivably, 
oxidation of 12 may yield the free, highly reactive, diene (see section 1II.A). 

R = p-C6H,CI 

(11)  (12) 

A most unusual reaction involving ring opening of a substituted cyclopropenium ion is 
shown in equation 163'. The release of ring strain is again likely to be a major factor in this 
process. 

Ph Ph f [IrCI(CO)(PR3)2] -----+ [Ph+;"' - I'co ] (16) 
Ph I+ Ph 

PR3 

Further details of metal-catalysed valence isomerizations and related 'symmetry 
forbidden' processes may be found in reviews" -23. From an organic synthetic viewpoint, 
these syntheses, with the possible exception of the cubane carbonylation reactions, largely 
remain synthetic curiosities. The brief mechanistic descriptions in terms of simple 
oxidative addition, insertion, and related fundamental processes, given above, may well be 
revised in the future. Results, such as the necessity that oxygen be present for the 
rhodium-catalysed opening of bicycl0[3.1.O]hex-2-enes~~, have yet to be fully 
understood5. 

111. ALKENES AS SUBSTRATES 

A. Protection and Storage of Reactive Alkenes 

Many highly reactive olefins form stable complexcs with transition metals with no 
rearrangement.This allows trapping, storage, and protection of such reactive molecules to 
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be achieved. Complexes of the reactive unsaturates tetramethylallene and hexafluoro 
(Dewar) benzene, for example, coordinate to the ‘Fe(CO),‘ moiety in ?12-fashion, yielding 
stable compounds5. The olefin may be released for further reaction by a number of 
displacement techniques’. 

Protection of an olefin during chemical reactions has also been achieved by 
complexat i~n~.  The N-cyanation reaction of the [Fe(diene)(CO),] complex 13, for 
example34, may be followed by decomplexation with iron(II1) chloride to yield N- 
cyanothebaine (14) (equation 17). Applications of this strategy in the synthesis of vitamin 
D precursors has been discussed previouslys. 

Meo Y 

I.._” 

‘Fe(C0l3 

B. Rearrangernentllsomerization 

The reactions of metal carbonyls, most notably [Fe(C0)J3’, with dienes have led to a 
number of useful synthetic routes ‘based on olefin isornerization. In general terms, 
isomerization of a given dienc occurs to produce the dime which can bond most 
favourably to the Fe(CO), unit  in rl4-fashion. Thus, non-conjugated dienes tend to 
rcarrange to conjusated d i eneP  (e.g. equation I Q3’. s-(E)-Dienes may change confor- 

Me .6 Me& Fe (CO )3 + M e b F e ( C O ) 3  + M e $ - - F e U 3 j 3  

mation to s (Z)-  to facilitate c ~ o r d i n a t i o n ~ ~  (e.g. equation 19). Sterically hindcrcd ( Z ) -  
dienes may similarly isomerizc 10 the E-geometry3’ (e.g. equation 20). In many cases, thc 

(18) 
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free dienes may be liberated from the [Fe(diene)(CO),] complexes by iron(II1) chloride or 
cerium(1V) i0n"9'~,'', although further oxidation or isomerization of the diene may occur 
in specific cases35. 

C. Carbonylation 

Many useful organic syntheses are based on the carbonylation of carbon -carbon 
double bonds. The major reaction types include syntheses with CO/H, (hydroformy- 
lation, equation 21) and with CO/HX (X = OH, OR, CI, OOCR, SR. NR,, etc.; the Reppe 
reaction. also known a s  hydrocarboxylation, where HX = H,O, equation 32). Related 

RCH=CH2 + C O  + H 2  - RCH2CH,CH0 + RCH(CH,)CHO (21) 
c,l.lly-l 

reactions with allylic compounds, dienes, allenes, and other cumulenes, etc.. provide 
synthetic routes to a variety ofcarbonyiated products. This chemistry is discussed in detail 
in Chapters 3 and 7. 

D. Cyclooligomerization 

Cyclooligomerization of unsaturates is an important class of ring synthesis. I n  this area, 
nickel(0) complexes have played a major role in promoting reactions that superficially 
appear to be symmetry-forbidden in many cases. The background chemistry for this class 
of reaction has been extensively documented4' -46 and so here we shall simply outline the 
types of synthesis possible with various olefinic substrates employing carbonyl complexes 
as reagents. Further discussion of this important topic may be found in Chapters 4 and 5. 
The actual role of the carbonyl ligands in these processes is minimal and they are 
frequently eliminated early in the reaction. The chemistry centres around the formation of 
n-ally1 complexes with well known insertion sequences resulting in oligomerization. Ful l  
mechanistic discussion is available elsewhereq6. 

1- Diene cyclooligomerization 

The dimerization of buta-1,3-diene serves as a model reaction for diene cyclooligomer- 
izations. I t  has been known for some yearss7 that phosphine- and phosphite-modified 
nickel carbonyls promote this dimerization, yielding (ZIZ)-cycloocta-l ~ 5-diene in good 
yield. Typically, [Ni(CO),L,] [L = PPh,, P(OR),] complexes are activated by treatment 
with acetylene prior to use in the cyclooligomerization. Some trimers, tetramers, and 
products resulting from the cooiigomerization of butadiene and acetylene are also 
formed47. The polymer-supported analogue of this system has also been described4'. 

[Ni(CO)J itself can be used as a catalyst precursor for diene o l igomer i~a t ion~~.  Buta- 
1.3-diene yields cycloocta-1,5-diene and (E,E,E)-cyclododeca-l,5,9-triene, with the 
formation of the cyclododecatriene being favoured at low temperatures and high 
butadiene concentrations. The reaction is extremely efficient", with 800 kg of butadiene 
being cyclized per inole of [Ni(CO),] in a continuous synthesis. The most eIXcient class of 
catalyst for these types of reaction contain n o  carbonyl ligands50; indeed, in the above- 
mentioned systems the carbonyl groups are displaced early in the reaction pathwayJ5. 
Carbonyl-free systems are discussed in Chapter 4. 

Linear oligomerizationJ6 of conjugated dienes is also known to be catalysed by 
[Ni(CO),]-PR, and [Co,(CO),]-R,AI systems, but is less interesting from a laboratory 
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synthesis viewpoint. In  terms of industrial synthesis, linear cooligomerizations of dienes 
and monoenes (e.g. hexadiene from butadiene and ethylene) are of great interesta6. 

2. A ffene cycfooligomerization 

The thermal oligomerization of allene yields a complex mixture of dimers, trimers, and 
tetramers5 '. The cyclopolymerization can, however, be effected with slight selectivity by a 
number of nickel carbonyl and phosphine- or phosphite-modified cornplexesS2. For 
example, at 105-1 10 "C, [Ni(CO),(PPh,)2] promotes the formation of the two trimers 15 
and 16 and the tetramer 17. The yields were 35% (trirners) and 6% (tetramer). Other 

(151) 116) (171 

nickcl(0) carbonyl complexes, such as [Ni(CO)(P{ OPh),),] and [Ni(CO),(P{ OPh),)], 
may also be employed in this synthesis5'. 

A more unusual system53 for allene cyclooligomerization is based on the gas-phase 
reaction of allene with a 'heterogeneous' nickel carbonyl complex, prepared from 1,4- 
C6H4(PPhJ2 and [Ni(CO)J, of empirical formula [Ni(CO),(Ph,P( 1,4-C6H4}PPh2)]. 
At 200 "C, two dirners, 18 and 19, are produced in 60% and 13% yields, respectively. Some 
trimeric products, largely 15, are also formed (27%). In  contrast. liquid-phase systems 

(18) (19) 

based on the same nickel(0) complex. yield largely tetramers, pentamers, and higher 
oligoniers. The gas-phase reaction does have a number of difficulties associated with it, 
largely owing to the exothermicity of the oligoinerization, requiring inert diluents for both 
the solid-phase complex and the gas-phase allene. 

E. Nucleophilic Attack on Coordinated Olefins 

Elcctrophilic olefin complexes, such as [Fc(C,H,)(CO),(olefin)] +, are subject to 
nucleophilic attack at the uncoordinated face of the olefin51~55s5s. The resulting alkyl may 
be decomplexed with a number of reagents, including bromine (e.g. equation 23). With an 

(20) 

unsymmetrical olefin, such as but-1 -em. two possible alkyls, corresponding to 20, may be 
formed (21 and 22). In certain cases, regio- and stereo-selective nucleophilic attack can 
occur. and these reactions have been described p rev i~us ly~ .~ ' .  

[Fe(Cp)(C 0) , CH ,CH(Nu)Et } ] [ Fe(Cp)(CO), [ CH( Et)CH ,Nu 3 
(21 1 (22) 
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Similar chemistry may be employed to synthesize substituted monoenes from dienes via 
the intermediate formation of allyl complexes which are susceptible to nucleophilic 
atta~k’~,’’. An example is shown in equation 24, where thedienecomplex is protonated to 
yield the intermediate allyl complex, which can undergo nucleophilic attack at either ofthe 
positive centres of the ally1 moiety. A wide variety of nucleophiies may be employed in 
such syntheses’. 

r l +  

* 
(24) 

CH2=CHCH(Me)Nu 4- 

+ 

NuCH2CH=CHMe Nu* 
Fe KO), 

The sequence described in equation 24 is not restricted to simple allyl intermediates. 
Thus, dienyl c o r n p l e ~ e s ~ , ~ ~ ,  available via protonation of coordinated trienesS9 or via 
hydride abstraction from diene complexes3’, behave in an analogous fashion (equation 
25). Synthetic procedures based on this chemistry have been described6’. 

5-Nu-cyclohepta-1 , 3-diene 

F. Electrophilic Attack on Coordinated Olefins 

Conjugated dienes, cyclic trienes, and tetraenes tend to undergo polymerization under 
FriedelLCrafts conditions and thus electrophilic substitution reactions of the derived 
complexes are of interest synthetically. A typical example is the acylation of the butadiene 
complex 23G* via electrophilic attack of the acylium ion (equation 26). Alkylation 

RCOCVAICI, ,T Base 

(C0I3Fe 
COR 

Fe(C0l3 
COR 

(23) 1 
CH2=CHCH=CHCOR 
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reactions are similarly well known. with intramolecular alkylation providing a convenient 
route to ring synthesis ( e g  cqilation 27)02. Entirely analogous systems utilizing triene and 

1-vinyl-3, 3-dimethylcylohex-1-ene 

Fe(C0l3 

tetraenc complexes as substratcs have been described in details and have considerable 
syn t hetic utility. 

G. Diels-Alder Reactions of Coordinated Alkenes 

The iron carbonyl complex of cyclobutadiene has been extensively utilized as a source 
of the cyclobutadiene moiety in Diels-Alder reactions. The report that the optically active 
complex 24 undergoes a Diels-Alder reaction with tetracyanoethylene yielding a 
racemized product is evidence that uncomplexed cyclobutadiene is in fact involved63 
(equation 28). Use of the [Fe(diene)(CO),] complex as a source of cyclobutadiene has 

CN qR' R" 
3. (CNI2C= C(CN), 

Ce4 + - 
Fe(C0I3 

(24) 

permitted a number of elegant syntheses via Diels-Adler sequences5. For example, 
equation 29"" shows the synthesis of a cubane derivative via an initial Diels-Alder 
reaction of the cyclobutadiene moiety followed by a conventional intramolecular Diels- 
Alder reaction. 

H. Cyclopropane Formation 

Metal carbene complexes d o  not function as effective sources of free carbenes, but will 
react with activated olefins to  yield the corresponding c y c l ~ p r o p a n e s ~ ~  (e.g. equation 30). 
Thecarbene complex 25 may be readily synthesized by a number of routes6" ( e g  equation 
3 1). Cyclopropane formation via metal carbenes is generally only successful with vinyl 
ethers, a,P-unsaturated esters, etc. as substrates. 
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n 

Fe (CO l2 

I 

MeooCvH 
+ 

[(CO)5W=C(OMe)Ph] + (E)-MeCH=CHC02hk 
H 

Me OMe (25) 

PhLi 
W(C01, - 

MeOOC 

H 

Me 

[(CO 1 WC (0 P h] - Li + 

i t R,OBF, 

[(CO)5W = C(OR)Ph] 
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IV. ALKYNES AS SUBSTRATES 

A. Protection and Storage of Reactive Alkynes 

The concept of trapping reactive unsaturates as stable transition metal complexes 
applies to both a;kynes and alkenes (see Section IIIA). An example is the capture of 
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F F 

(CO)4Fe - FeCO), 

tetrafluorobenzyne by [Fe(CO),], equation 3267.68. Other similar reactions have been 
described previously5. 

B. Carbonylation 

The carbonylation of acetylenic substrates may give rise to a wide variety of products, 
depending on the conditions employed. Such syntheses have been exhaustively documen- 
ted69 in the past and so here only the major synthetic routes will be described in brief. 
Many transition metal catalysts have been employed for acetylene carbonylation, with 
[Ni(CO),] and [Co,(CO),] being two of the most common. 

In aprotic solvents, carbonylation of acetylenes generally occurs stoichiometrically. 
yielding cyclopentadienones or p-bcnzoquinones. depending on the substrate structure 
and the carbonyl reagent employed (e.g. equations 33-35)70-75. Catalytic carbonylation 

[Ni(CO),] 
CH-CH indon (33) 

[Ni (CO),] 

P h C E C P h  tetrophenylcyclopentodienone (34) 

[RhCl (CO),], 
M e C G  CMe tetromethyl -p - benzoquinone (35) 

of acetylenes at low C,H, to  CO ratios proceeds with the formation of lactones in poor 
yield (e.g. equation 36)"3.'6. whereas at higher C,H, to C O  ratios oligomers and polymers 
are generally formed69. Under hydroformylation conditions, aldehydes are formed 
according to equation 3769. 

[c 0 2( co )J /co 
CH=CH - + isomer (36) 

0 

('0 - Ii . CI 2 

R C - C H  - RC(CHO)==CH, + RCH=CHCHO- RCH(CHO)CH, 
ICoa(COl"l + RCH,CH2CH0 (37) 

An alternative pathway, involving reduction to the olefin followed by liydroformy- 
lation, is also possible. Using other catalysts, cyclic products may be formed, such as 
hydroquinone (e.g. equation 38)7'. 

IRu>(COl, 2 1  

I n the presence of hydroxylic solvcnts, hydroformylation by [Co,(CO),] gives rise to 
formation of P-formylcarboxylic acid esters as major products (e.g. equation 39)78379. 

COJKOH co;112 

CHfCH - [I-I,C=CHCOOR] - OHCCH2CM,C0,R (39) 



H C - C H  ' 

C. Cyclooligomerization 

Transition metal-catalysed cyclooligomerization reactions of alkynes have been of 
interest since Reppe et al.'s reportH' that acetylene may be trimerized to benzene in the 
presence of certain nickel catalysts. Functionalized acetylenes behave similarly, allowing a 
wide variety of substituted benzenes to be synthesized by this route. In  laboratory 
synthesis, the commcrcially available substituted carbonyl [Co(Cp)(CO),] is a widely 
used catalyst for acetylene oligomerizations. The cooligomerization of an a,w-diyne with 
an acetylene, as described by VollhardtH2 and others, has found utility in the synthesis of 
new ring systems (equation 41). Of particular interest are the reactions of hexa-1,5-diynes 
with functionalized acetylenes which yield benzocyclobu!enes, (equation 43). 

' + ROH + CO --* CH,=CHCOOR 
iKOOCCH =CHCH=CHCOOR 

ROOCCH,CH2COCR 
+ 3ROH + 2CO --* KOOCCH-CHCOOR (40) i R OOCCH(Me)COOR 

, + 3ROI-I + 3CO --* ROOCCH(COOR)CH,COOR 

\= 

R' c ZEE C C H ~ C  H 2~ = CR 

R' 

The benzocyclobutenes may be utilized as a source of o-xylylenes. which can be 
trapped by further reaction with dieneophiles (e.g. equation 43)83. A large number of 

OR 

HCrCCH(OR)CH2CECH + [co(cp)(co),] - dJJSiMe3] 
SiMe, 

(43) Me,SiCGCSiMe, - ROH I 
MeSSi C CSiMe3 

I. Br, 

2. 21CI 
2,6 -Br2- 3 ,7-12-naphthalene - 2,3, 6,7-(Me3Si)4-naphtholene 
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Table I .  Polycycles by acetylene cyclization. Reprinted with permission from ref. 82. 
Copyright 1977 American Chemical Society. 

Starting material Product Yield(”/,) 

H C E C  Hc=cyo2 

H C E C  -=cdo3 
“OCH, 

HC=C 

H C E C  
H C E C  

“ . 3 s i d H  Me,Si 

i regioisomers 
(unseporoted mixture) 

Me,Si 

hle,Si 

Me,Si 

Me,Si 

( CO. 15%) 

Me3Si)$3 

Me,Si 
4- 2-isomer 

60 

65 

50 

45 

90 

80 

polycyclic compounds have been synthesized by thesc routesXZ and a number of examples 
are shown in Table 1 .  

The ability of organic nitriles to function as ‘heteroatom acetylenes’ in cyclooligomer- 
ization reactions allows a number of interesting heterocycles to be p r c p a r e ~ i ~ ’ . ~ ~  (e.g. 
equation 4)’’. 
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f-- 

L= 
(CJ-Q" + R C f N  

V. ORGANIC HALIDES AS SUBSTRATES 

A. Alkyl a n d  Aryl Halides 

1. Carbonylation and coupling reactions 

Simple alkyl halides are carbonylated by cobalt carbonyls. Since the reaction is 
envisaged as passing through an alkylcobalt intermediate, /?-hydrogen transfer allows 
formation of a cobalt-olefin complex and hence isomerization of the alkyl chain (e.g. 
equation 45IR6. Iscmerization in such reactions appears to be retarded by mainlaining a 
low reaction temperatures". 

[cO,(COl,] -co 
RCH2CH2X R'OH RCH,CH,COOR' + RCH(Me1COOR' (45) 

The carbonylation of methyl iodide, as occurs in  the iodide-promoted carbonylation of 
methanol (Monsanto acetic acid process), is catalysed by [RhI,(CO),] -. This industrially 
important synthesis is discussed fully in Chapter 7. 

Unsaturated hydrocarbon chains may lead to cyclization in the carbonylation of 
organic halides by carbonyl metallate anions. For example, 5-bromopent-1 -ene reacts 
with [Fe(C0)4]2- to yield the alkyliron anion. which undergoes carbonyl insertion and 
intramolecular olefin insertion to yield cyclohexanone (equation 46)a7. The cyclo- 
hexanone moiety is displaced by acidification. 

, 

(46) 

[Fe { Q' - CO (CH ,),CH=CH2) (CO),] - 

Ethyl ketones may be prepared similarly by carbonylation of alkyl halides in the 
presence of ethylene (equation 47)88. Similar chemistry has been reported for oganic 
halides containing acetylenic hydrocarbon chains, where the reaction with [Ni(CO),] in 
the presence of base leads to generation of unsaturated ring compoundsa9. 

R X  + [Fe(CO),]'- 4 [FeR(CO),]-- [ KC(O)Fc(CO),] - 
co 

I4 

RCOEt-[RCOCH,CH,Fe(CO),] - (47) 

Benzylic halides are carbonylated by carbonyl metallate anionsg0. For example, benzyl 
chloride yields di benzyl ketone on treatment with sodium tetracarbonylferrate (equation 
48). [FeJCO),,] has also been employed for this synthesis". 

fI'r(CO)s]~~ 

2PhCH ?CI *(PhCH1)2C0 (48 1 
Aromatic halides are carbonylated stoichiometrically by [Ni(CO),] in the presence of 
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primary or secondary amines to yield the corresponding amides. A more unusual 
synthesis involves the carbonylation of aromatic halides catalytically by [Ni(CO),] in the 
presence of calcium hydroxide, yielding the calcium salt of the carboxylic acidg2eg3. 
Symmetrical ketones may be prepared by treatment of aryl iodides with [Fe,(CO), 
(equation 49)91. 
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+ Ph,CO (49) 
[FC.7(C0),21 

Ph1 

Alcoholic solutions of [Ni(CO),] react with aryl iodides to yield aryl esters, by 
alcoholysis of the nickel aroyl intermediate and benzil, via coupling of two aroyl groups by 
reductive elimination from a diaroylnickel intermediate (equation 

PhI-PhCOOR + PhCOCOPh 
ROH 

8.  Allylic Halides 

f .  Carbonylation and coupling reactions 

Coupling rcactions of organic halides are frequently performed with organometallic 
reagents other than metal carhonyls5, and yet [Ni(CO),] has been successfully utilized in 
coupling allylic halides with alkyl and aryl iodides (equation 51)". The coupling reaction 

RCH =CHCH2Br y RCH=CHCH,R' (51 1 

of ally1 chloride with itself to yield biallyl is promoted by [Ni(CO),]yh and has been 
extcnded to cover a number of synthetically useful t r a n s f ~ r m a t i o n s ~ ~ ~ " ' ~ ~ ' .  Most notable 
is the tendency forccupling to occur at the least substitutcd position ofthe ally1 group (e.g. 
equation 52). A n  example of the application of such allylic coupling to organic synthesis is 

[Ni(COl,] 

Me2C=CHCH2Br - [NI(CO).] + ,i;.i/m\Ni$j 
'Br ' 'Br' 

(52)  

Q 90% 4 1% < 10% 

Corey's total synthcsis of the fundamental monocyclic triisoprenoid, humulene (283. A key 
step involves the cyclization of a l,Il-dibromoundeca-2,5,9-triene derivative. 26, by 
[Ni(CO),] (equation 53). The 4.5-2 isomer of humulene (27) is produced. which is 

(26) (27 )  

conveniently isomerized by irradiation in the presence of diphenyl disulphide to yield 
humulene (equation 54). 
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27 - w (54) 

h 3 ,  PhSSPh 

(28) 

The susceptibility of allylic halides to [Ni(CO),]-promoted coupling reactions allows 
syntheses based on a variety of allylic substrates to be performed. For example, 29 may be 
synthesized by any of the three routes outlined in equation 5599. 

[Ni( CO),] 
(CICH,),C = CH, ____) 

CICH,C(= CH IcH,),c(=cH,) (cH,),c(= CH ,) C H ~ C ~  

The carbonylation of allylic halides is a much studied process, from which many 
synthetically useful routes have been derived. The simple carbonylation of ally1 bromide, 
for example, yields unsaturated acyl bromides when performed in aprotic solvents or 
unsaturated esters in the presence of alcohols (equation 56) '00- '02 .  In the presence of 

CH2=CHCH2Br - [Ni(q'-CH,CH=CH,)(CO),Br] - [Ni(CO),] co 

[Ni(q'-COCH,CH =CH,)(CO),Br] 

rsduclive elirninaiion J v y s i s  

CH,=CHCH,COBr CH2=CHCH2COOH 

added acetylenes, further insertion reactions of the aroylnickel complex are observed 
(equation 57)'03. With suitably oriented substituents. termination tends to occur after the 

1. [Ni(COI,] 

2. C H E C H  
CH2=CHCH2Br - 

[Ni(?'-CH2CH =CH2)(r12-CH=CH)Br Ln] [Nl(~'-CH=CHCH,CH=CH,)Br L,,] 

1- 
CH,= CHCH,CH=CHCOOR 

(57) 
0 
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intramolecular insertion but before the second carbonyl insertion via sterically promoted 
b-hydrogen elimination (equation 5S)"6. The carbonylation of allylic halides has been 
reviewed in detail p r e v i o ~ s i y ' ~ ~ .  

4 - H  eliminolion i 
Ph 

0 

C. Acyl Halides 

1. Decarbonylation'os 

Aroyl halides undergo catalytic decarbonylation in the presence of [RhCI(CO)(PPh,),] 
at high temperature to yield the corresponding aryl halide (equation 59). This route 

provides a convenient means of introducing a halogen substituent on to an aromatic ring 
system. Aroyl cyanides yield aryl nitriles sirnilarlylo6. 

With aliphatic acyl halides, the tendency of the alkylrhodium intermediate to undergo 
P-hydrogen elimination leads to olefin formation. Isomerization of the initially formed 
olefin usually occurs, unless i t  is removed by continuous distillation (e.g. equation 60)'O'. 

Me(CH2)6COBr __o CH2=CH(CH2),Me -I- (E)-MeCH =CH(CH,&Me 4- (Z)-MeCH=CH(CH2)3Me 

(31) 

The products 30,31, and 32 were formed in the ratio 14:5: 1. The decarbonylation of acyl 
halides by homoleptic metal carbonyls is uncommon and occasionally leads to unusual 
products. For example' 08 ,  achlorodiphenylacetyl chloride reacts with [Co,(CO),] to 
yield products resulting from the coupling of diphenylcarbene. The reaction is believed to 
occur via initial ketene formation and decarbonylation. 

VI. ALCOHOLS AS SUBSTRATES 
A. Carbonylation 

discussed fully in Chapter 7. 
The carbonylation of alcohols is a reaction of prime industrial importance and is 

8. Hydrosilylation (Silane Alcoholysis) 

The silane alcoholysis reaction (equation 61) is catalysed by a variety of heterogeneous 
and homogeneous transition metal systems'0g. [Co2(C0),] is an efficient catalyst, the 
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mechanism of action being shown in equations 62 and 6311"*"'. Equation 63 has been 
shown to occur with inversion at silicon when optically active silylcobalt complexes are 
employed. 

R,SiH + R'OH -+ R,SiOR' + H, 

[Co,(CO),] + HSiR, -+ [CoH(CO),] + [Co(SiR,)(CO),] 

[Co(SiR,)(CO),] + R'OH -+ R,SiOR' + [CoH(CO),] 

(61) 

(62) 

(63) 
The alcoholysis reaction has been described for a variety of alcoholic substrates, among 

which phenols generally show the lower reactivity'", presumably a factor related to their 
acidic nature. 

Vll. KETONES AND KETENES AS SUBSTRATES 

A. Decerbonyiation 

The stoichiometric or catalytic decarbonylation of ketones is an uncommon reaction in 
comparison with the many synthetically useful decarbonylations of aldehydes and acyl 
halides which are known. The mechanism of decarbonylation for these la:ter substrates 
seems to involve oxidative addition of a C-X (X = H, halide) bond to the metal centre at 
an early stage in the sequence, and obviously n o  analogous process is possible for a simple 
ketone. 

One of the commonest reagents for stoichiometric decarbonylation reactions is 
[RhCI(PPh,),], which is converted into [RhCI(CO)(PPh,),] during the reaction. 
Frequently such systems can be made catalytic by raising the operating temperature until 
[RhCI(CO)(PPh,),J effectively liberates carbon monoxide and can participate in further 
decarbonylation cycles. Only stoichiometric decarbonylations of ketones have been 
reported. Thus, it seems necessary for a further functionality within the substrate to be 
present, possibly indicating that coordination to the metal centre by an external group is 
necessary. An example is the decarbonylation of acetylenic ketones' l 3  (equation 64). 

(PhC E C ) ~ C O  + [RhCI(PPh,),] 4 P h C s i C C z C P h  + [RhCI(CO)(PPh,),] +PPh, 
(64) 

Other decarbonylations of ketones by [RhCI(PPh,),] are known'05*' 14, but few 
involving other metal complexes have been reported. Examples include the use of nickel, 
cobalt, and iron carbonyls" in the dccarbonylation of diphenylcyclopropenone (equation 
65). 

p h ' p O  - PhC=CPh + CO (65) 

P h  

Clearly, the synthetic uti l i ty of ketone decarbonylation is extremely limited in 
comparison with that of aldehydes and acyl halides. Decarbonylation reactions of ketenes 
have also been investigated, employing various complexes of Rh,'15 V, and Till6 as 
stoichiometric reagents or using carbonyls such as [Co,(CO),], [Co,(CO), ,I, and 
[Co(C,H,)(CO),] as catalysts' I s .  The decarbonylation of diphenylketene to  tetraphenyl- 
ethylene occurs smoothly at I 10cC (equation 66). Syntheses of these types, based on the 

2 Ph,C=C=O Ph2C=CPh2 + 2CO (66) 
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TABLE 2. 
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Reductive amination of ketones 

Carbonyl 
Ketone Amine complex Product Conditions and Yield 

Me,CO Pr'NH, CFe(CO),I Pr',NH 

Cyclohexanone c-C,H, ,NH, [Fe(CO),] (c-C6H1 

Cyclohexanone Pr'NH, [Rh6(CO),,] Pr'(c-C,H, ])NH 

BzMeCO NH, [Co,(CO),] BzMeNH 
+ PBu, 

2 0 T ,  1 atm CO; 
93% yield 
2 0 T ,  1 atm CO; 
100% yield 

atm CO; 100% yield 

atm C O  + H,; 
69% yield 

11O-16O0C, 100-300 

150- 180 "C, 100-300 

metal-catalysed generation ofcarbenes, may prove to  be useful in studies directed towards 
the preparation of hindered tetrasubstituted olefins, such as the elusive tetra-tert- 
butylethylene. 

B. Reducive Amination 

The reductive amination of carbonyl compounds is a reaction traditionally catalysed 
heterogeneously' 17. The need to develop efficient homogeneous systems for the reductive 
amination of carbonyl compounds has arisen since the production of such carbonyl 
compounds via homogeneously catalysed processes (e.g. aldehydes via hydroformylationj 
may result in a sufficient price reduction for these compounds to  become desirable as 
precursors in large-scale amine production. 

In the case of ketones, various carbonyl complexes have been employed to effect 
reductive amination (e.g. Table 2). Under mild conditions of temperature and pressure, 
[HFe(CO),] - {generated in sirir from [Fe(CO),] + alkali) effects stoichiometric reductive 
amination1'8- 1 3 .  Under more extreme conditions, rhodium and cobalt carbonyls are 
catalytically active' 24. Watanabe et nl.' 2 2  proposed that reductive amination occurs via 
intermediate Schiff base and iminium ion formation followed by N=C bond reduction 
(equation 67). The mechanism gains some support from the fact that Schiff bases and 

- H 2 O  
-NH, + H C H O - +  [--NHCH,OH] - [--N =CHz] 

- ti:o 
[-N(Me) = C H J +  -[-N(Me)CH,OH] - -NHCH3 

--NMe, 

iminium ions are known to be subject to  reduction by [FeH(CO),] - 1 9 * 1 2 5 .  In addition to 
carbonyl complexes, various other cobalt and rhodium compounds are reported to effect 
reductive amination of ketones127. 

C. Reductive Alkylation and Arylation 

[FeH(CO),]-. The reaction is described in Section VII1.E. 
Ketones are subject to reductive alkylation or arylation by aldehydes in the presence of 
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A. Carbonylation 

Typical catalysts for the carbonylation of saturated aldehydes are the halides of nickel, 
cobalt, and i r ~ n ~ ~ . " ~ ,  which presumably react to form carbonyls under operating 
conditions. In the presence of water, hydrocarboxylation occurs (e.g. equation 68). 

RCHO + C O  + HzO -+ RCH(0H)COOH (68) 

B. Decarbonylation 

The stoichiometric decarbonylation of aldehydes to alkanes by [RhCI(PPh,),] has 
found synthetic utility in many areas of organic chemistry. The red [RhCI(PPh,),] is 
converted into the yellow [RhCl(CO)(PPh,),] during the reaction. Stoichiometrtc 
decarbonylation occurs under very mild conditions (room temperature or mild warming) 
i n  such solvents as dichloromethanc. benzene. toluene, or sylene. For secondary 
aldehydes, harsher conditions must be employed. However, in boiling toluene or 
xy lene  I 0 5  -. I 17 , ii brick rcd coinplcs (33) forms and tcrminales the decarbonylation'"~. 

[Rh(/c - CI)(PPh,)2], 
(33) 

The process can be made catalytic by operating a t  ui. 200' C. employing either 
[RhCl( PPh,),] or [RhCI(CO)( PPh3)2] as catalyst precursors. At such elevated tempera- 
tures, [RhCI(CO)(PPh,),] is able to eliminate CO at some stage in the decarbonylation 
sequence and hence enter into the catalytic cycle. Disadvantages of such high operating 
temperatures include the propensity of aliphatic aldehydes to undergo the aldol 
condensation reaction. 

The stoichiometric decarbonylation of aldehydes to olefins is catalysed by 
[Ru2Cl3(PEt2Ph),]CI. where the catalyst is converted to [RuCl2(CO) 
(PEt2Ph)]'zB. Hydrogen is not released during the reaction, but is consumed by 
the reduction of the aldehyde to the alcohol ( e g  equation 69)Ios. The reaction occurs 
at 80-90 "C. Studies using deuterated aldehydes indicate that the mechanisms for the 
rhodium- and ruthenium-catalysed decarbonylations are differentlo5. The scope of 
stoichiometric and catalytic aldehyde decarbonylation has been reviewed in detail 
p r e v i o u ~ I y ' ~ ~ ~ '  29. 

2RCHO -+ RH + RCH,OH (69) 

C. Reductive Amination 

Aldehydes are subject to reductive amination * " under similar conditions to those 
described for ketones (see Section VI1.B). [FeH(CO),]- effects the stoichiometric 
reductive amination of butanal with aniline at 20'C under 1 atin of C O  to produce 
N-rz-butylaniline in 100~1 yield' I Y .  The corresponding reaction of r-ethylhexanal with 
isopropylamine at 1 10-1 60 "C under 100-300 atm of COiH, yields 2-cthylhexylisopropy- 
lamine catalytically in the presence of [Rh,(CO), J I ". 

Mechanistically. the reactions are probably related to those of ketones, as described 
previously. In addition to carbonyl complexes, the reductive amination of aldehydes is 
promoted by other rhodium and cobalt species, a notable example being the production of 
N-methylaniline from formaldehyde and aniline in the presence of vitamin B,  Zr and 
related model cobalt compounds' ,'. 
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D. KAcylamino Acid Synthesis 

[Co,(CO),] is reportedL3' t o  catalyse the reaction of an aldehyde with an amide in the 
presence of carbon monoxide to  yield the N-acylamino acid (cqualion 70). The reaction 

Julian A. Davies and Randy J. Shaver 

R'CHO + RZCONHz + CO+ R'CH(C0OH)NHCOR' (70) 

proceeds smoothly under typical hydroformylation conditions, thus allowing the two 
processes to be effectively combined (equation 71). With the product N-acetylalanine. for 

R'CHCH? + R2CONHZ + 2CO + HZ -tR'CH2CH,CH(COOH)NHCOR2 (71) 

example, the C C : ~  ratio was 550:l. In the presence of stoichiometric amounts of 
[Co,(CO),], the reaction shown in equation 70 proceeds even at  room temperature and 
atmospheric pressure. The  mechanism of this process is not clear, since certain 
combinations of aldehydes and amides give anomalous results. Benzaldehyde and 
acetamide, for example, yield N-acetylbenzylamine. 

Clearly, the chemistry describcd by equations 70 and 71 could be of considerable 
synthetic utility. 

E. Reductive Alkylation and Arylation 

Aldehydes may be employed to alkylate or arylatc a variety of carbonyl or active 
methylene compounds in the presence of [FeH(CO),] - ' ". The  carbonyl compound itself 
may be an aldehyde or a ketone: equation 72 represents the reaction, which is believed to 

- 1 3 2 0  [HFc(CO)4] - 
R'COCH,K + R"CH0 t, R'COC(R)-CHR" - R'COCHRCH,R" (72) 

+ t i 2 0  

R', R" = H, alkyl, aryl, part of ring: R = alkyl. aryl, heteroaryl 

occur via condensation followed by irrcversible reduction. For example, acetone 
undergoes alkylation in the presence of benzaldehyde, using this method, yielding 1- 
phenylbutan-3-one in 700,(, yield (equation 73). 

Me,CO + PhCHO + PhCH2CH,COMe (73) 

IX. EPOXlDES AND ETHERS AS SUBSTRATES 

A. Rearrange~nent.'~~ 

1. Epoxides 

[Co,(CO),J catalyses the rearrangement ofepoxides to ketones i n  alcoholic s o l ~ t i o n ' ~ '  
(e.g. equation 74). The proposed mechanism13s involves attack of the epoxide by 

[co2(co)8] 
Methyloxirane ____b Me,CO (74) 

0- H 
IJ J p  
1 2 1  

MeCH-CH, + Co(CO), MeC-C-Co(CO), 

(75) H H  

Me,CO + [COCCO)~]- 
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[Co(CO),]-, formed by disproportionation (equation 75). In the presence of CO, 
however, methanolic solutions of epoxides yield largely hydroxylic esters under similar 
conditions (see Section IX.C.2). 

8. Reduction 

1. Epoxides 

Terminal epoxides are reduced to olefins by anions such as [HFe(CO),J-'36. The 
reaction provides the basis for the synthesis of Z -  or E-olehs from epoxides utilizing the 
related nucleophile [Fe(Cp)(CO)J -, and hence a simple route to olefin isomerization via 
epo~ida t ion '~ '  (equation 76).The thermal elimination yields the 2-olefin while acidific- 

R' 0- - "+++[--b - heol (E)-RlCH=CHRz 

rotolion and %,,, 

G H\'\\'P;2 R' H ~-eliminolion 

Fe(Cp) (CO), 
[Fe (Cp) (CO),] 

k+ + 

H~j''~,, - I -  (Z)-RlCH=CHRZ (76) 

Fe(Cp) (CO), 

ation followed by elimination produces a complex of the E-olefin, which releases the 
organic product on treatment with iodide ion. 

C. Carb~nylat ion '~~ 

1. Simple ethers 

Simple ethers may be carbonylated using a variety of heterogeneous or homogeneous 
catalysts, including nickel, cobalt, and othcr metal 'carbonyls, under fairly extreme 
conditions of temperature and p r e ~ s u r e ' ~ * ~ '  39. Generally, the major products are the ester 
and acid, the latter presumably originating from hydrolysis of the ester by adventitious 
water (equation 77)'"". 

4. H2Q. - RQH 

- n,o + ROH 

co 
ROR A RCOOR RCOOH (77) 

co 
ROR + [CoH(C0)4] [CoRK0)4] [CO(COR)(CO)~J 

(78) 
k + ROH 

RCOOR RCOOH 
+ + 

[CoH (COl4] [COH (CO)4] 
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The probable mechanism involves cleavage of the ether C-0  bond by the catalyst, 
followed by the standard carbonylation sequence (e.g. equation 7s)". No synthetically 
useful applications of the carbonylation of simple ethers on a laboratory scale appear to  
have been reported. 

2. Epoxides 

The products of the carbonylation of epoxides depend on the nature of the solvent 
employed. Benzene does not participate i n  the carbonylation reaction, so cr,P-unsaturated 
acids are produced by employing [CO, (CO)~]  as the c a t a l y s ~ ' ~ "  (equation 79). In  

[%(%I 
oxirane + CO ____I+ CH2=CHCOOH (79) 

hydroxylic solvents, however, the corresponding hydroxyesters are produced (eg.  
equation 80). Thus. oxirane reacts with carbon monoxide in the presence ofNa[Co(CO),] 

[CO,(CO),] 

R-oxirone + CO - RCH(OH1CH2COOMe (80) 
MeOH 

in methanolic solution employing mild conditions of temperature and pressure to produce 
methyl 3-hydroxypropionate in cci. 50% yield14' 

Under hydroformylation conditions. epoxides yield hydroxyaldchydes, which may be 
subject to dehydration arid subsequent hydrogenation under the reaction conditions 
employed (equation 81). The reaction is catalysed by cobalt carbonyls with 
[CO,(CO)S] I and [Co2(CO),(PR,),] 14' being the major catalysts employed. Both 
[CoH(CO),] 1 4 2  and hydridoiron ~ a r b o n y l s ' ~ '  may be used as stoichiometric reagents. 

C0;H 
( RCH .) ?-oxirane - RCH ,CH (CHO)CH( 0H)CH , R 

1 dehydration (81) 
hydrogcnnlion 

RCH,CH(CHO)CH2CH2R - RCH2CH(CHO)CH = CHR 

+ RCH,C(CHO) = CHCIHzR 
hydrogenation I 

KCH,CH(CH,OH)CH,CH,R 

3. Cyclic ethers 

Larger ring cyclic ethers, such as te t rahydrof~ran '~ ' ,  are readily carbonylated in the 
presence of a variety of catalysts, including nickel and cobalt c a r b ~ n y l s ' ~ ~ . ' ~ ~ .  The 
carbonylation of tetrahydrofuran has been studied in particular, since it represents a 
possible mule to adipic acid. The formation of lactones a s  intermediates in diacid 
synthesis has been sugsested (equation 82). Under hydroformylation conditions. cyclic 

M co 
thf ---b tetrahydrofuran-2-one HOOC(CH2),COOH (82) 

ethers yield hydroxyaldehydes employing [ C O ~ ( C O ) ~ ]  as the catalyst. The mechanism'" 
is believed to involve formation of an acylcobalt complex. which may be intercepted by 
hydrogen to yield the a!dehydc or by water to yield the carboxylic acid (equation 83). 
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D. Polymerization Under Hydrosilylation Conditions 

Although polymerization reactions are not generally within the scope of this chapter, it 
is noteworthy that tetrahydrofuran is polymerized by CO,(CO)~ under hydrosilylation 
conditions" '. Thus, in the presence of Et,SiH, polymerization, postulated to occur via a 
cationic r n e c h a n i ~ m , ' ~ ~  results (equation 84). 

R3SiH + [COH(CO)~] 
- - H2 

[ C O ( S ~ R ~ ) ( C O ) ~ ]  thf [ E - S i R 3 ] '  [Co(CO),]- 

0- (CH,LCSiR,]' [Co(CO),]- [C 
X. CARBOXYLIC ACIDS AS SUBSTRATES 

A. Decarbonylation 

Decarbonylation of carboxylic acids is expected to be difficult to accomplish owing to 
the lack of a reactive C--H (aldehyde) or C-CI (acyl chloride) bond to facilitate 
oxidative addition. I t  is reported149 that decarbonylation to the olefin, e.g. equation 85, is 
accomplished by treatment with [RhCI,(PPhEt2)J, which is converted !o traits- 
[RhCI(CO)(PPhEt,),]. 

Me(CH,),COOH + EtCH = CHMe (85) 
No successful attempts to employ trai~s-[RhCl(CO)(PR,)~] complcxes at high ternpera- 

ture for catalyiic decarbonylation appear to have been reported. 

B. H y d r o s i l y l a t i ~ n ~ ~ ~  

Carboxylic acids are susceptible to the [C~,(CO)~]-catalysed hydrosilylation reaction, 
as are a variety of other protic  compound^.'^^ The corresponding silyl ester is produced, 
with evolution of hydrogen (equation 86). 

R,SiH + R'COOH ---f R'COOSiR, + H2 (86) 

XI. ACID ANHYDRIDES AS SUBSTRATES 

A. Decarbonylation 

In certain cases, the decarbonylation of aromatic acid anhydrides may be effected by 
[RhCI(CO)(PPh,),] or [RhCI(PPh3)J' 5 0 . 1  ". Thc reactions arc not selective and tend to 
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give a number of products (e.g. equation 87). Possible mechanisms for such reactions have 
been elaborated upon previously.105 

(PhCO),O-+ fluoren-9-one + Ph, + Ph,CO + PhCOOH (87) 
Cobalt carbonyls'52*'53 are more selective, removing one carbonyl from a pair of ovtho- 

substituted carbonyl groups on aromatic anhydrides and poiycarboxylic acids (e.g. 
equation 88). The proposed mechanism O 5  follows the standard decarbonylation path- 
way (equation 89). The corresponding reaction with [Fe(C0),l2- may be utilized 10 
produce aldehydes from carboxylic acid anhydrides accurding to equation 901 54. 

CO/I I ?  

ICO?lCO)S] 
phthalic anhydride -PhCOOH (88) 

[llCoCCO),J 
phthalic anhydride -[Co{CO(o-HO,CC,H,) (CO),] 

[Fe(CO),]2' 2- nC 
phtholic onhydride ____p [Fe{ C0(o-00CC6H4)} (CO)4] ___O o-H02CC,H4CH0 (90) 

With [Ni(CO),(PR,),], the anhydrides are found to yield the corresponding olefin via 
total decarbonylationi55 (equation 91). Thioanhydrides similarly undergo decarbony- 
lation to olefins in the presence of [Fc2(C0),]'56. 

XII. ESTERS AS SUBSTRATES 

A. Carbonylation of Esters and lac tone^'^' 

Several reports' 57.158 indicate that anhydrides may be prepared by the carbonylation 
of esters in the presence of cobalt and nickel catalysts (equation 92). Conditions are 
extreme and the reaction appears to have little synthetic utility. 

CO 

RCOOR' --f RCOOC(0)R' 

Simple lactones may bc catalytically carbonylated to the carboxylic acid containing an 
additional carbon atom using cobalt carbonyli5' or nickel carbonyl'"' catalysts. 
Equation 93 illustrates the reaction for 7-butyrolactone. While not of prime importance in 
themselves, such rcactions are of interest in understanding the involvement of lactones in 
thc carbonylation of cyclic ethers, with the formation of adipic acid by carbonylation of 
tetrahydrofuran being an important example (see Section 1X.C). 

pbutyrolactonc + H,O + CO +CH,(CH2COOH), (93) 
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B. Decarboxylation of Pyrones 

The a-pyrone 34 undergoes photochemical extrusion of C 0 2  in the presence of 
[Fe(CO),] to yield the [Fc(diene)(CO)J complex 35 (equation 94). The decomplexation 
of the substituted cyclobutene with iron(II1) chloride or cerium(1V) ion may then generate 
the free diene. 

COOMe 

d (94) 

(34) (35) 

XIII. DIALKYLACETALS AS SUBSTRATES133 
A. Carbonylalion 

Under extreme conditions, dialkylacetals undergo carbonylation in the presence of 
cobalt catalysts, ultimately yielding the dialkylacetal of the c r - a l k o ~ y a l d e h y d e ~ ~ ~ * ~  60 .  The 
proposed mechanism'4x is shown in equation 95. 

(95) 
2HOJI 

ROCH2CH(OR), ROCHzCHO + [CoH(CO),] 

XIV. ORTHO-ESTERS AS SUBSTRATES 

A. Carb~nylat ion'~~ 

The [Co,(CO),]-catalysed carbonylation of orrho-esters161 is a synthetically useful 
route to aldehydes containing one more carbon atom than the alkoxy group of the ortho- 
ester. The reaction occurs under mild conditions of temperature and pressure. with 

HC(OCH2CH@)3 -I- [COH(CO)~]  - [co comdex] 

{Co(CH2CH2R) (CO),] HOCH2CH2R RCH2CH#CH0 
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generally only small amounts of isomeric aldehydes as secondary products. The scope of 
the reaction has previously been discussed in some with reviewers proposing the 
mechanism shown in equation 96. 
The overall process may thus be summarized by equation 97. 

CO/HL 
RC(OR')3 __9 RCOOR' + R'OH i- R'CHO (97) 

XV. SULPHOXIDES AS SUBSTRATES 

A. Deoxygenation 

The removal of a suiphoxide moiety from an organic substrate is frequently performed 
in two stages; initially the sulphoxide is reduced to the thioether and then the thioether is 
rcdcccd to the dkane. The latter step is usually perfurnled using traditional reductants 
(Raney nickel, lithium in liquid ammonia, etc.), but the former step, sulphoxide 
deoxygenation, may be effected by a number of transition metal complexes. Sulphoxide 
deoxygenation reactions have previously been discussed in detai1162.'63. 

[Fe(CO),] has been utilizcd in sulphoxide deoxygcnation reactions'64, the proposed 
mechanism3' being shown i n  equation 98. Alternative mechanisms involving iron - 

1 
sulphur bonded intermediates or disproportionation products have been 

synthetically usefuI for dialkyl, diary], and heterocyclic mono- and d i - s~ lphox ides~~ .  
of organic syntheses effected by [Fe(CO),]. The method is reported to be 

(98) 

mentioned in a 

XVI. >C=S AND -N=S COMPOUNDS AS SUBSTRATES 

A. Dehydrosulphuration and Desulphuration 

A review35 has described the use of [Fe(CO),] in effecting dehydrosulphuration of 
thioamides (equation 99)165,  N-substituted thioamides (equation and thioureas 
(equation 101)35. Reaction 100 has been employed in the synthesis ofcyclic Schiff bases35. 
Reaction 101 is of limited versatility since only a limited number of thioureas are stable 
under the reaction conditions. Diphenylamine, for example, can be produced in 72% yield 
from J,l-diphenyl-2-thiourea by this route3'. 

I 3 U , O  

RCSNH 2 ---+RCZEN 

Ru2O 

RCSN H R ' -R C H =N R ' 

i3u:o 

R2NCSNH,-R2NH 
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Cyclic thionocarbonates are classically desulphurized by treatment with a phosphite 
(equation 102). The same rcaction is induced by [I"'e(C0),]1"6, a!though the system is not 

stereospecific, e.g. compound 35 is forined fron; i h  (Zj-thionocarbonate derivative in 
79.1% yield whereas (2)-cyclohcpta.:ie i s  pioduced in only 35'j;; yield from its (E) -  
thionocarbonate derivalive. 

(56) 

Both aliphatic and aromatic thiolcetones are desulphurized by [HFe(CO),] - I 67. 

Utilization of the corresponding deutei-ioiron tetracarbonyl allows the isolation of 
specifically deuterated alkanes. For example. adamantanethione is dcsulphurized to 2,2- 

[ ,Fe(CO)4]- 

FeD(C0I4 

R2C=S + [FeD(C0)4]- R2C-D __P R2CD2 + [FeS(CO),]- (103) 
t- 

diilelllerioadatnantane in 78% yield. The proposed mechanism167 is shown in equation 
103. Thi~mnides '~ '  are similarly desulphurized (see equation 99) by [FeH(CO),] - ; the 
iezction shown in equation 104 proceeds in 51% yield. 

[HFe(CO),] - 
CH3CSNHPh C2H5NHPh 

The reaction of thioketones with [Fe,(CO),] can bc r n ~ d i f i e d ' ~ " ~ ' ~ "  lo produce 
lactones, or thiolactones, provided a site for metallation is available, according to 
equation 105. 
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TABLE 3. (Zk and (E)-but-?-ene cpisulphide desulphurization by iron car- 
bony1 complexes 

But-2-cne (%) 

Episulphidc Carbonyl Total yield (YL) ( 0- (Z)- 

( Z ) -  [Fe2(CO),] 80.5 6.4 93.6 

(2)- [Fe,(CO), J Not determined 5.0 95.0 
(€1- [FeZ(CO),] S1.9 91.5 2.5 

(0 [Fe,(CO),J Not determined 91.3 2.1 

Desulphurization of sulphur diimides has also been reported' 70 (equation 106). When 
R = Ph, azobenzene is produced in 19% yield aftcr refluxing for ? O h  in cyclohexene. A 
trace amount of phenylaniine was also cornied'70. 

RN=S=NR + [Fe(CO)5] -----F- RN=NR + RNH2 ( 1  06) 

The  desulphurization of episulphides' 7 1  provides a convenient and stereospecific olcfin 
synthcsis. The reaction is effccted by [Fe,(CO),] and [FC,(CO) ,~] .  The proposed 
mechanism' 7 2  is shown in equation 107. Some examples of this desulphurization reaction 
arc given in Table 3. 

Clearly, iron carbonyls may be used to good advantagc in certain desulphuiization 
processes a s  ii viable ulternativc t o  the more traditioniil reagents. 

\ 
XVII. ,C=N-, -N=N- AND - C E N  COMPOUNDS AS SUBSTRATES 

A. Carbonylation 

The carbonylation of carbon-nitrogcn and nitrogewnitrogen unsaturated compounds 
has bcen reviewed in depth by Roscnthal and Wendert73. [Co,(CO),] is an effective 
catalyst for the cyclization of these unsaturated compounds under carbonylation 
conditions. Reactions are typically performed under elevated conditions of temperature 
and  carbon monoxide pressurc and may lead to high yields of heterocyclic products. 
Typical examples of such syntheses are listed in Tib le  4. 

Aromatic nitriles undergo carbonylation in the presence of [Co2(CO),j to yield AT- 
substituted phthalirnidines in moderate yield when pyridine is employed as a co- 
catalyst '.'. The reaction is. howcver. extremely sensitive to the prcsencc of hydrogen in 
the carbon monoxide uscd, since reduction of the nitrile to the corrcsponding aminc'75 
followed by carbonylation of the N--H bonds in thc standard manner can occur 
(equation 108). The  mechanism of carbonylation of N-functional compounds has been 
discussed p r e ~ i o u s l y ! ' ~  and will not be repeated here. 
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TABLE 4. Reactions of 2C:N- and -N=N- compounds with C O  

Class of substrate Typical carbonyl Class of major product 
and example complexes and example 

Schiff bases 
PhCH=NPh 

[Co2(C0),]; also 
CFe(CO),I 

Aromatic ketoximes CC02(C0),1 
Ph,C=NOH 

Ketonic phenylhydrazones [C02(CO),I 
Ph2C=NNHPh 

Aldehydic phenyl hydrazones [Co,(CO),] 
PhCH =NNH Ph 

Azo compounds CC02(CO),I 
PhN=NPh 

Substituted phthalimidincs 

w 0 -ph 

Substituted phthalimidines 
38 

Substituted phthalimidine-hr- 
carboxyanilides 

Substituted phthalimidines 
38 

Indazolones and quinazolones 

H 

co ICO,(CO,Sl 
RC-N + H 2  - RCH,NH2+[Co(NHCH2R)(CO),] - 

[ Co(C0N HCH zR)(C0)4] 1 +37 

(RCH 2NH)ZCO 1- [Co,(CO)!j] 

(37) 

XVPII. MAIM-GROUP ORGAMOMETALLiCS AS SUBSTRATES 

A. Alkyllithium Reagents 

carbonyl metallate anions (e.g. equations 109 and 1 
Alkyllithium reagcnts react with many homoleptic metal carbonyls to yield the acyl 

77. The acyl carbonyl metallate 

[Ni(CO),] + RLi -+ Li[Ni(COR)(CO),] 

[Fe(CO),] + RLi --t Li[Fe(COR)(CO),] 

anions are highly nucleophilic and may be decomposed to aldehydes, ketones. or 
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carboxylic acid derivatives (equations 11 1-1 16)’78- la’. The overall syntheses thus 
represent a number of useful alkyllithium carbonylation reactions. The corresponding 

H * 
[Fe(COR)(CO),] - - RCHO 

(39) 
R ’ U r  

39 - RCOR‘ 

O 2 , R ‘ O H  
39 - RCOOR’ 

Oz/HzO 
39 - RCOOH 

O?/R’NHr 
39 - RCONHR‘ 

R‘XO?/H + 

39 - RCONHR‘ 

reactions of the acyl carbonyl nickelates can occur diffcrcntly, howcver, yielding coupled 
products (e.g. equations 117-1 19)’78.’81. 

( 1  17) 
11 * 

[Ni(COR)(CO),]- - RCOCOR or R,CO 

(40) (R = aryl) (R = alkyl) 

( 1  18) 
R ’ H r  

40 - RCOC(0H)RR’ 

(1 19) 
n ‘cox 

40 - (E)-R’OCOC(R)=C(R)OCOR’ 

Sinii!ar chemistry occurs with lithium amides, which react with metal carbonyls to yield 
caibaillo!;l complexes (equation 120). With alkyl halides, the nickel carbamoyl yields the 
corresponding amide (equation 1 21)Ia2. Related reactions of carbamoyl carbonyl 
metailatis have also been describeds. 

[Si(CO),] + LiNR, --* Li[Ni(CONR,)(CO),] (120) 

[Ni(CONR,)(CO),] - --f R,NC(O)R’ (121) 
R’X 

t3. Gt-ignara Zeagscts and Crganomercury(l1) Halides 

Carbamoyl carbonyl metallates are also available via reaction of suitable Grignard 
reagents with certain metal carbonyls ( e g  equation 1 22)’”3.’84. Reactions with nitro 
compounds may then be uriiized to produce ureas (equation 123)’83-1R4. 

I:,NMgBr + [Fe(CO),]+[Fe(CONR,)(CO),]MgBr ( 122) 

[Fe(CONR,)(CO)J + R ’ N 0 2  + K,NCONHR‘ (123) 
H -  

The carbonylation of organometallics has also been applied to  organomercury(I1) 
halides, which yield ketones on treatment with [Co,(CO),] (equation 124). Similar 
chemistry is reported to occur with nickel carbonyl (e.g. equation 125)’ 8s .  
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I~O2(COI,]  
RHgBr - R 2 C 0  

XIX. TRANSITION METAL CARBENE COMPLEXES AS SUBSTRATES 

Transition metal carbene complexes are intimately involved in the mechanism of olefin 
metathesis. Although they are generally poor sources of free carbenes, such complexes 
have found application in substituted cyclopropane synthesis (Section 1II.H) and other 
areas, as described below. 

A. Thermolysis 

Thermolysis of carbene complexes may be used to generate olefins, probably via a 
bimolecular elimination (e.g. equation 126). In this case, both E- and Z-isomers are 
produced at  150 "C. 

[(CO),Cr=C(Me)OMe] -+(Z)-  and (E)-MeOC(Me)=C(Me)OMe (126) 

B . Car bene Cleavage66-'86 

The carbene fragment is cleaved and captured by reaction of the metal carbene complex 
w i t h  suitable electrophiles. For example, esters can be produced by reaction with 
molecular oxygen (e.g. equation 127). Corresponding products are similarly formed with 
sulphur and selenium. 

[(CO),Cr = C(Ph)OMe + O2 -+ PhCOOMe ( 127) 

Reaction with it carbene source generates the olefin from the metal csrbene complex 
( c g .  equation 128). 

[(CO),Cr=-C(Ph)OMe] + PhHgCCI, CI2C=C(OMe)Ph 
+ [Cr(CO),] + PhHgCl (128) 

XX. CONCLUDING REMARKS 

In this chapter we have described some of the areas in which transition metal carbonyk 
have been used in organic synthesis. There remain many challenges in the development of 
laboratory- and industrial-scale syntheses with such reagents, the alkane activation 
problem being one example. Synthetically, transition metal reagents are of the greatest use 
in syntheses where a higher degree of regio- and stereo-selectivity is possible than for the 
more traditional reagents. Development of the N-acylamino acid synthesis, for example, 
may prove to  be of importance. 

There is little doubt that metal carbonyls will become of increasing importance in 
synthesis. The creation and cleavage ofcarbon -carbon bonds selectively and under mild 
conditions will undoubtedly be developed to a fine art in the future. 
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1. INTRODUCTION 

Carbonylation is a very general term, usually employed in it non-specific manner to denote 
a reaction in whic!i carbon monoxide is introduced into an organic molecule. This may be 
achieved by a coriceptualljl simple ‘direct’ process, such as the conversion of an ether into a 
carboxylic acid ehier via the ‘insertion’ of carbon monoxide into the ethereal carbon - 
oxygen bond. Such reactions arc typically catalysed by transition metal carbonyls, such as 
[Co,(CO),] or [Ni(CCj,]. 

In chis chapter, the carbonylations of olefins and alcohols are discussed. In the case of 
unsaturated substrates, carbon monoxide reacts in the presence of active hydrogen- 
containing nucleophiles to yield derivatives of carboxylic acids; when the hydrogen- 
containing nucleophile is H,, iliz product is an aldehyde and the reaction is hy- 
droformylation, which is discussed separately in Chapter 8. The application of this type of 
chemistry to the synthesis of functionalized molecules from olefinic substrates is the 
subject of the first part of this chapter. 

11. OLEFlN CARBONYLATION 

The general reaction, without regard to mechanism, may be described as in equation 1. 
Typical examples of the active hydrogen-containing compounds employed (HX), and the 
corresponding carboxylic acid derivatives produced, are shown in Table 1 .  Inspection of 
Table 1 reveals ii number of problems which may be encountered during olefin 
carbonylation. For example, when HX = H,O the product is RCOOH. The carboxylic 
acid itself may also function as an active hydrogen compound. however, HX = RCOOH, 
leading to the formation ~f an anhydride, (RCO),O. Accordingly, mixtures of products 
may be expected in certain cases, even when isomerization of the olefinic substrate (see 
below) is not encountered. 

(1) 
[MI 

CH2=CH2 4- CO + HX A EtCOX 

With unsymmetrical olefins, it is apparent that functionality may be introduced at two 
pcssible sites, leading to isomeric products (equation 2). In this respect, olefin carbony- 
lation is similar to the thermodynamically less favourable hydroformylation reaction. 

RCH=CH2 + CO + HX _d RCH2CH2COX + RCH(Me)COX (2) 
[MI 

When the active hydrogen-containing nucleophile and the olefinic moiety are part of 
the same molecule, then carbonylation can lead to the formation of useful cyclic 

TABLE 1. Active hydrogen-containing compounds ;ind car- 
bovylic acid deri\ativc?’ 

HX RCOX Keference for examples 
- 

RCOOH 1,2 
1,2 

HZO 
R’OH RCOOR‘ 
R’SH RCOSR’ 1,2,3 
RiNH RCONRL 1,2,4 
RCOOH (RC9)ZO 1,2,3 
HCI RCOCI 1.2.5 

~ 

Scc cquotion I .  
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compounds (equation 3). Typical examples include X = --0 .--. --NH -. and -- 
NHCO-. 

CH2=CHCH2XH + CO ---+ 
(3) 

Although the carbonylation of olefins in the presence of water (hydrocarboxylation) 
and acid catalysts has been known for many years (the Koch reactionh-8; ca. 1931), the 
development of homogeneous catalytic systems employing transition metal catalysts 
came several years later (cu. 1940) and derives largely from the work of Reppe and 
associatcs a t  RASF’.’’’. For this reason, such carbonylation reactions are often referred to 
as Reppc reactions, particularly in the older literature. The following sections describe 
such reactions classified according to the type of olefinic substrate (monoene, diene. etc.) 
employed. Previous reviews’ .’.’. I ’ -” have made the compilation of comprehensive 
listings of reactions unnecessary and accordingly this section is intended to describe the 
practical features of cach reaction type and to provide examples of applications. Prior to 
discussing the transformations possible with the various substrate types, a section 
outiining the basic mechanistic features of the morc commonly encountered ciitalyst 
systems { [CO~(CO)~] .  [Ni(CO),] and [PdCI2( PR,)?] :. is included. 

A very large body of work exists concerning the carbonylation of r/3-allyl complexes of 
the transitioii metals, either independently synthesized or generated i l l  s i r i r .  This class of 
reaction differs mechanistically from the chemistry under consideration in this scction and 
accordingly the carbonylation of ,73-allyl species is generally excluded. The chemistry of 
t13-allylmetal complexes is discussed in Chapter 3 and carbonylation reactions havc been 
exhaustively reviewed in the past”. 

111. MECHANISTIC DSCUSSION OF OLEFIN CARBOMYLATION 

In  contrast to olefin hydroformyla:ion, the carbonylation of olefins in  thc prescncc of 
active hydrogcn compounds has not been the subject of extensive mechanistic studies. 
Early ideas on reaction mechanisms invoked initial ketene3 or cycl~propanone~.”  
formation, via reaction of the olefinic substrate with CO, followed by hydrolysis or 
alcoholysis to the corresponding acid or ester. Since then, kinetic and spectroscopic data 
have allowed mcchanisms to be proposed which are more in keeping with present ideas on 
thc fundamental processes occurring in homogeneously catalysed reactions. The threc 
major classes of catalyst (cobalt, nickel, and palladium) are considered in this section; for 
the cobalt systems, at  least, the situation is such that entirely new pathways are still being 
proposed in the current literature. There is no doubt that this area could profit from 
definitive mechanistic study. 

A. Cobait Systems 

In 21 similar fashion to cobalt-catalysed olefin hydroformylation, the use of cobalt salts 
or cobalt inetal incarbonylntion is believed to lead to ilz sirlr formation ofcobalt carbonyls. 
Since reactions are frequently perfornicd in the presence of a Lewis base acccler- 
itior (c.g. pyridinej, the possible carbonyls span the range from [Co,(CO),] to 
[COL,][CO(CO),]~’~. Natta et al.” proposcd. by analogy with hydroformylation. that 
the primary spccies in  the catalytic cycle is [CoH(CO),]. formed via cleavage of 
[Co,(CO),]. Several routes may be envisaged for formation of [CoH(CO),], including 
hydrogcnation by adventitious hydrogen in the C O  feed or by hydrogen formed via the 
water gas shift reaction. Direct cleavage by alcoholysis (equation 4) has also been 
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- co HOH 
CCO2(CO),I CCOz(C0)7I - CCoH(CO)J + Cco(oR)(co)3I (4) 

The similarities between hydroformylation and olefin carbonylation have led to 
considerable mechanistic speculation concerning the formation of carboxylic acids from 
[CoH(CO),]. In essence, all such proposals involve addition of the Co-H bond across 
the olefin (i.e. olefin insertion or hydride transfer processes). In fact, another possibility 
exists, involving initial formation of a carboalkoxy-cobalt complex, Co -COOR, and 
addition of the Co-C bond across the olefin. Mechanisms based on the hydride route 
were developed in the 1950s and refined by Heck and Breslow'' in the mid-I960s, whereas 
evidence for the carboalkoxy route has only recently been presentedzG. 

ROH 

/ P 

I co ."I \co 
oc" .. 

b 

I 

c 
0 

[CoH K O  )4] 

c 
0 

b 
FIGURE 1. Hydride route for cobalt-catalysed olefin carbonylation. 

The essential features of the hydride route are shown in Figure 1. The model has been 
refined by Heck and Breslow's studies25 of the reactivity of acylcobalt complexes, since 
early  proposal^^^^'^ involved protonation of the olefin by [CoH(CO),] to yield a 
carbocation which is subsequently attacked by a coordinated carbo.nyl to  yield an 
acylcobalt species (equation 5). The pK, of [CoH(CO),] is, in fact, slightly higher than that 
of hydrochloric acid. Evidence against a carbocation-based mechanism through pro- 
tonation of the olefin by [ C O H ( C O ) ~ ] ~ ~ * ~ '  or other acids28 comes from experiments 
performed in deuterated solvents (see Section III.A.1, equation 16, for example), where 
specific deuteration across the double bond occurs. 
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CH2=CH2 + [CoH(C0)4] CH3CH; + [CO(CO)~]- [Et---CO---Co(C0)3] 

( 5 )  
co ROH 1 

EtCOOR + [COH(CO)~] 

Kinetic studies23 led to a proposal that cleavage of the acylcobalt complex (Figure 1)  
occurs via reaction with an alkoxycobalt intermediate (see equation 5) according to 
equation 6. Heck and B r e s l o ~ , ~ ~  however, detected [CoH(CO),] formation after 

[ C O ( C O C H ~ C H ~ R ) ( C O ) ~ ]  + [CO(OR)(CO)~] + RCH,CH,COOR + $ [ C O ~ ( C O ) ~ ~ ]  (6) 

elimination of the acid derivative from the acylcobalt complex, as shown in Figure 1. 
Reviewers' have suggested that the concentration of acylcobalt species is likely to be small 
and hence cleavage is t h e  slow step in the cycle. This assumption reconciles the kinetic 
dataz3 with the cycle proposed by Heck and Breslow". 

The use of pyridinc as :in accelerator may simply reflect an enhanced ability to cleave 
the acylcobalt intel-rnedi~ctc'.''~ (equations 7 and 8) or may be interpreted in t e rm of the 

[Co (COCHZCHzR)(CO),] + C5H5N -----8 RCH,CH,CON [coccot,]- 

RCH,CH,COOR' + C~H&H [cO(CO)~]- 

formation of pyridine-substituted carbonyIs3" which exhibit higher reactivity than 
[CoH(CO),] alone. 

For many years, thc hydride routc seemed established for the cobalt systcms, although 
other routes have been postulated for palladium (see Section I1.C). Recent work has now 
demonstrated that a carboalkoxy route must also be considered. Milstein and HuckabyZ6 
prepared the complcx [Co(COOMe)(CO),] (equation 9) and its triphenylphosphine 

MeOC(0)COClf  Na[Co(CO),] - [Co(COCOOMe)(CO),J 

(9) 

1- l'l'h 3 

[Co(COOMc~~CO),~PPh,)]-[Co(COOMe)(CO),J 

derivative (2). Complex 2 was charactcrized by X-ray crystallography. The complex 1 adds 
butadiene to yield a n-ally1 complex, 3 (equation 10). Reaction of [CoH(CO),] with 
methyl penta-2,4-dicrioate also yields 3 (equation I I ) .  Clearly, these results show [ h a t  the  
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- co 
[Co(COOMe)(CO),] + CH, = CHCH = CH2 - 

[CO(~~~-CH,CHCHCH~COOM~)(CO) , ]  (10) 

( 1  1 )  

13) 
[CoH(CO),] + CHI = CHCH = CHCOOMe -3 

carboxylate functionality may arise via addition of Co-COOR across the olefinic 
substrate. The catalytic process (equation 12) was studied and a catalytic cycle proposed 
(Figure 2). 

tCoz(CO)~UCsHsN 

4000 psi CO 
CH, = CHCH = CH, + MeOH + MeCH = CHCH,COOMe (12) 

[Co,(CO)*] 

[c~(co)~(c,H,N I ]+ [cO(co)J 

[C,H,NH]+ [CotCO),]- 

CH,=CHCH=CH, 

[Co(q3-CH2CHCHCH2COOMe) (C0l3] 

co 

MeCH =CHCH,COOMe 

FIGURE 2. Carboalkoxy route for cobalt-catalyscd olefin carbonylation. 

Additionally, the x-ally1 complex 3 was shown to be cleaved by [CoH(CO),] and 
[C,H,NH] + [Co(CO),]- to yield methyl pent-3-enoate together with minor amounts of 
the pent-4-enoate isomer, in agreement with the cleavage steps proposed in Figure 2. The 
unproved step in the catalytic cycle is the methanolysis of the ion pair 
[Co(CO),(C,H,N)] + [Co(CO),] - to yield the carbomethoxycobalt complex. The for- 
mation of the io;i pair has previously been discussed by Wender et u!. ,~'  in terms of the 
pyridine effect on [Co,(CO),]-catalysed reactions, but no studies of its alcoholysis have 
yet been described. Competition experiments (equation 13 us. 14) indicate that the Co- 
COOR addition route will predominate in the catalytic cycle. 

CH2 =CIICII =CHI  

* [CO(I~~-CH~CI-ICHCH~COOBU)(CO)~] (13) 
- 4 0  -c  (,n.lanlancou.) 

[Co(COO Bu)CC0).31 
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CH2 = ClICIi :< ' t i ,  

CCSHsNH] CCo(Co)J - ' [Co(n3-CH,CHCHMe)(CO),I (14) 

!n view of the importance of these reaction types (e.g. methyl pent-3-enoate is a potential 
precursor for dimethyl adipate and thus nylon 66)26,3', it is necessary for further 
mechanistic studies to be carried out in this area to elucidate the relative contributions of 
the possible hydride and carboalkoxy routes. 

2 5  " C (  > 2 I,) 

B. Nickel Systems 

The carbonylation of allylic halides in the presence of [Ni(CO),] has been studied in 
detail by Heck33, who obtained infrared spectroscopic data that indicated that acylnickel 
dicarbonyl halide complexes are formed. Figure 3 shows the essential features of the 

[ Ni (CO ), ] -+-. 

+--. 1 
. I  

'1 
-4. - - -  - -2co d-.'; 

I 

I 
I 
I 

FIGURE 3. Catalytic cycle for [Ni(CO),]-catalyscd olcfin carbonylation. 

proposed mechanism. Previous workersz2 had proposed a direct alcoholysis of 
[Ni(CO),], followed by olefin insertion and reductive elimination steps (equation 15). 

[Ni(CO),] - [NiH(COOR)(CO),] - [Ni( Et)(COOR)(CO),] 
KOH Crli ,  

1 co (15) 
[Ni(CO),] + EtCOOR 

This early attempt at generating a workable mechanism did not account 
satisfactorily for the accelerating effects of hydrogen halides added to the catalytic system. 
A mechanism involving carbocation formation.'", similar- to that oncc proposed for the 
cobalt system, has also been described, but is unsatisfactory because of the evidence from 
deuteration experiments, mentioned prcviously. 

The initial step in the carbonylation sequence, i.e. reaction of [Ni(CO),] with HX to 
yield [NiH(X)(CO),], is likely to procced ria a dissociative mechanism (S, 1 type) 
involviilg an unsaturated 16-electron species such as [Ni(CO),]. This would explain the 
rate acceleration by U.V. i r r a d i a t i ~ n ~ ~  and the retardation by use of high C O   pressure^'^. 
An alternative pathway can also bc envisaged by considering the reaction of the olefin with 
the hydrogen halide to  form an alkyl halide, capable of oxidative addition to nickel(0) to  
generate [NiR(X)(CO),]. This alternative pathway is also illustrated in Figure 3, and 
bears similarities to  the mechanisms of the cobalt- and rhodium-catalysed carbonylation 
of methanol (see below). 
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C. Palladium Systems 

T w o  major classes of mechanism have been proposed for the palladium-catalysed 
carbonylation of olefins. A hydride route36 (Figure 4) may involve four- or five-coordinate 
hydridopalladium olefin intermediates and bears similarities to the hydride routes 
proposed for cobalt and nickel catalysts. An alternative route involves a carboalkoxy 
intermediate3’ (Figure 5) similar to that recently proposed for cobalt catalysts. Both 

Pd(E t 1 ( X ) L(, - , ] co 

L = CO, PR3 , etc. 

FIGURE 4. Hydride route for palladium-catalysed o l e h  carbonylation. 

EtCOOR ;;L;-T ROH 

t 

I 

/ 
/ 

[PdX(CH2CH2COOR)L2] [ PdX(0R) L2] 
I 

if- * T 
C,H, -.A &-- [PdX(COOi?;L,] 4--’ 

L = C O ,  ?R3, etc. 

FIGURE 5. Carboalkoxy route i e r  ~~~lladiuni-caialy:;cd olefin carbonylziion 
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routes have been substantially as a working basis for discussing the 
palladium-catalysed carbonylation of olelins. There appears to be no definitive evidence 
to exclude either pathway totally and, indeed. it is entirely possible that both routes may 
be operative under given conditions. Most qualitative observations are readily rational- 
ized by either pathway. For example, the enhanced rate of carbonylation on addition of 
acids39 may reflect increased metal hydride formation (Figure 4) or facile cleavage of a 
metal-carbon bond (Figure 5). 

The attraction of the hydride route, with its many similarities to the proposed cobalt 
and nickel cycles, can also be attributed to  a lack of chemical evidence for certain of the 
intermediates in the carboalkoxy cycle. Although several types of carboalkoxy complex 
have been known for some years, the parent carbohydroxy species, MCOOH, remained 
elusive until fairly recently. Interest in identifying such compounds arises not  only because 
of their proposed involvement in olefin carbonylation, but also because of their 
intermediacy in catalytic carbon monoxide oxidation by water4'. Carbohydroxy 
complexes of platinum", iridium42, rheniuma3, and iron44 have now been identified, with 
the platinum c o m p l e ~ ~ ' . ~ ~  rrari~.-[PtCl(C0OH)(PEt,)~] being directly analogous to the 
palladium species proposed in Figure 5. 

IV. OLEFIN CARBONYLATION REACTIONS 

A. Monoenes as Substrates 

7. Substrate effects 

Carbonylation of monocnes in the presence of water genera!ly results in the forination 
of mixtures of isomeric carboxylic acids. Substrate reactivity !:at!erns are shown in 
Table 2 for the [Co,(COj,]-catalys~d hydrocarboxylation icaction. For terminal mo- 
noenes, a dependence of reactivity upon molecular weight is observed. Thus: entries 1-3 and 
5 (Table 2) illustrate a reactivity sequence C2 2 C, > 6, > C s .  This seems to be a general 
trend, with high molecular weight a-olefins almost ilz\iarjably exhibiting lower reactivity. 
Comparison of data for isomeric olefins, e.6. entries 3 1;s. 4 and 5 us. 6, shows that internal 
monoenes are less susceptible to hydrocarboxylation than the corresponding terminal 
olefins. It has also been noted'." that cyclic rnonoenes generally show an even lower 

TABLE 2. Substratc reactivity in the [Co-,(CO),]-catnlysed hydrocarboxylation of rnonaenes 

CO pressure Tcmperatiirc 
No. Monocne (atrn.) (;C) Products 

1 C,H, 200 285 EtCOOH 
2 MeCH=CH2 123 130 Pr"C0OH 

Me,CHCOOH 
3 EtCH=:CH-, I50 180 Bu"C0OH 

Bu'COOH 
4 MeCH=CHMc 250 710 Bu"C0OH 

Ru'COOH 
5 pr"CH=CH, 180 145 Pcn"C0OH 

Pr"CH(Me)COOH 
Et,CHCOOH 

Pr"CH( Me)COOH 
Et,CHCOOH 

7 Cyclohexene 197 165 c-HexCOOH 

6 EtCH-CHMe 180 115 Pen"C 0 0 H 

Yield 
(7;) 

.. . 

YS 
64 
20 
52 
23 
24 
13 
52 
17 
5 

49 
17 
6 

83 

Kcf. 

46 
47 

48 

49 

50 

50 

51 
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reactivity than linear olefins of similar molecular weight, but entry 7 in Table 2 shows that 
high reactivity can be observed in some cases. Similar reactivity patterns to those described 
above emerge using mi(CO),]/HI-promoted hydrocarboxylation systems". 

Strained cycloalkenes exhibit a greater reactivity than linear alkenes. Thus, 
bicyclo[2.2.l]heptene undergoes hydrocarboxylation in the presence of [Ni(CO),] under 
very mild conditions ( 1  atm CO, 50 - C ) s 3 .  In the presence of D,O. the exo-product is 
formed (equation 16). corresponding to i i i i  e s o - Z  xidition'. 

2. Effects of active hydrogen compounds 

The effect of employing homologous active hydrogen compounds in monoene carbony- 
lation is illustrated by a comparison of the [Co,(CO),]-catalysed formation of esters from 
c y ~ l o h e x e n e ~ ~ .  In experiments performed at 165 'C, the percentage of ester produced was 
found to decrease on  changing the alcohol from MeOH (8 1 yo; 246 atm CO, 6 h) to Bu"OH 
(45%; 230 atm CO, 7 h) or Pr'OH (27%; 226atm CO, 6 h). Increasing molecular weight 
and/or branching thus appears to decrease selectivity. In comparison, hydrocarboxy- 
lation of cyclohexene at 165 "C yielded 89% of cycloliexanecarboxylic acid (197 atm CO, 
3 h)". 

Similar trends have been described for carbonylation of hex- 1-ene in the presence of 
various alcohols at 190 cC55, with selectivity towards ester formation decreasing in the 
order MeOH > EtOH > Bu'OH. The rate of consumption of olefin, however, does not 
appear to be clearly related to the structure of the alcohol5s, with reactivity and 
selectivity following different orders. 

An interesting effect was observeds6 using optically active 2-methylbatanol, (S) - (  - )- 
EtCH(Me)CH,OH, as a solvent for the carbonylation of a-rnethylstyrene using the achiral 
catalyst precursor [ PdCI,( PPh,),]. An optical yield of 0.2% of the corresponding S-esters 
was obtained (390 atm Co, 100 "C, 46 h ;  70"/, yield of a- and p-esters). More impressive 
results in asymmetric carbonylation have been obtained using palladium complexes of 
chiral phosphines and these are discussed in Section III.A.3. 

In addition to the synthesis of acids and esters, employing water and alcohols, 
respectively, as the active hydrogen-containing compounds, a variety of syntheses have 
been described which utilize other active hydrogen-containing components (see Table 1). 

The synthesis of amides, by olefin carbonylation in the presence of ammonia. has been 
known for some  year^^.^' and has been reviewed extensively'. The general reaction is 
shown in cquation 17. Primary and secondary ainincs may be employed in place of 

RCH = C H ,  + NH, +CO -RCHzCH,CONHz + I?Ci-l(Me)Cf)I\lI-12 

ammonia to yield N-substituted amides. NickelsY. cobalt"'. iron"". ruthei:iuin'''. and 
rhodium6z catalysts have becn employed for such syntheses, with nickel and  cobzlt 
systems being utilized most extensively. 

Thioesters have becn prepared by olcfin carbonylation in the presmcc of Ihiois 
employing [Ni(C0)J3 (equation 18). Similarly3. the synthesis of acid anhydrides is 
possible. employing carboxylic acids as the activc hydrogen-containing cornponents 
(equation 19). Acyl chloridcs may also be synthesized employing dry MCI (cquation 10). 
Palladium". rhodium". and rutheniumhJ catalvsts have been desciiberl For the acyl 

f i 7 )  
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halide synthesis. Aspects of the syntheses described by equations 18-20 have been 
reviewed previously5. 

CH, = CH, + RSH + CO - EtCOSR 
CH2 =CH2 + RCOOH t- CO -(RC0)20 
CH, = CH, + HC1-t CO -EtCOCl 

(1 8 )  
(19) 
(20) 

3. Effects of metal complex 

Hydrocarboxylation of monoenes may be effected stoichiometrically using 
[Ni(CO)4]65 or [Co,(CO),]/CO'. The [Ni(CO),]-promoted carbonylation reaction is 
acceleroted by dissociation of the photolabile carbonyi groups by irradiation66 (see 
mechanistic discussion, Section 1I.B). The addition of' hydrogen halides5j to [Ni(CO),] 
also enhances reactivity, in keeping with the mechanistic picture developed by Heck33. 
Catalytic carbonylation of monoenes is, however, a relatively simple procedure and is 
generally superior to stoichiometric processes, even on a small scale. 

Catalytic reactions employing a variety of catalyst precursors, including iron', 
ruthenium6', osmium67. ~ o b a l t ~ ~ , . - r h n d i ~ i m ~ ~ ,  iridiurn70, nickcP5. p a l l a d i ~ i n i ~ ~ ,  and 
platinum67v72 complexes, have been investigated. Of thesc. [Co,(CO),]. or cobalt 
carbonyls generated in silir, have been most widely used, althcuzh pa!ladium complexes of 
chiral phosphines have been of most interest in asymmetric syntheses, slid [Ni(CO),] in 
situations where high selectivity is demanded and ketone forni:itiori inusi be minimized. 

The [Co,(CO),] catalyst precursor is activated by pyridiix':', much as in iiy- 
droformylation, and is typically operated at 150-180°C: and 2G3--:!50 a!ni CO'.  Llsc of 
pyridine complexes of cobalt carbonyls' as precursors has now ioci 10 the synthesis of 
heterogenized analogues based on poly(4-~iny!~yritlinc) and lelatrd functionalizd 
pclymers7'. These supported systems may be of cons!derabk utility in assisting catalyst 
handling, separation, etc. The [Ni(CO),] catelyst is generally much less aczivc than 
[Co,(CO),]. For example, a comparison of' [Ni(CO),] and [CO,(CG!~! as precursoi*s f9r 
the hydrocarboxylation of cyclohexene showed7" the cobzl: systero :o be XU? times as 
active as the nickel catalyst. This value appears to reflect i k  lGwF3 iirni1 of the activity of 
the nickel system and the use of halide accelerators generally gives more acccpt;tble rates. 
The [Ni(CO),] catalyst usua:ly leads to lower levels of by-products: in the form of 
aldehydes and ketones, than [Co,(CO),]. 

Palladium chloride catalysts, modified with chelating chiral phcjsphines s w h  ;is diop, 
are effective in causing asymmetric induction in acid and ester s y n i h e s i ~ ' ~ - - ~ ~ .  in one 
Study, optical yields of 3-200/, of various esters were obtained from u-n?ethylst.yrene. 
palladium and platinum chloro complexes ure activated by additioii of SnCI, .21-1,0 in 
olefin carbonyla t io~i~~,  hydr~forrnylation~', and hydrogenation"'. Rccent iesulis or! y e -  
catalytic ligand rearrangement reactions occurring in some such systcrnsX s~!ggest 
that the widely accepted role"* of these tin(l1) promoters is in some doubt. 

- -  

6. Dienes as Substrates 

A variety of products can be envisaged via calbo11ylil!ic>n of a ~:oli-c~>qitiga!ed di::iic. 
Carbonylation to yield a n  unsaturated monocarbosylic acid i!nd/or ;i suturaicd 
dicaiboxylic mid, or their derivatives ( e g  esters)". is the expected reaction. I i i  addi!im, 
saturated monocarooxylic acids have been obtained". presumably by hydrogeri:iiion due 
to hydrogen gas present in the CO feed or formed via the water gas shift reaction. 
Cyclization products are also possible", envisaged as forming via aii intramolccular 
olefin insertion into a metal acyl intermediate. 
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Conjugated dienes generally yield even more complex product niixturcs. For example, 
buta-1 ,3-diene32*s8 may yield dicarboxylic acids where functionality is introduced at 
C,/C,, C2/C4, etc. Additionally, the reaction conditions promote the Diels-Alder [4 + 21 
cycloaddition reaction3’, yielding 4-vinylcyclohcxene, which itself may undergo 
carbonylationE9. 

The product distribution in diene carbonylation is very sensitive to changes in reaction 
conditions, c.g. solvent3’ and t e m p e r a t ~ r e ~ ~ .  allowing some control in synthetic 
procedures. [ C O ~ ( C O ) ~ ] ~ ’  and palladium chloro complexes8’ arc the prcfcrred catalysts, 
with irongo, r h o d i ~ r n ~ ~ . ~ ’ ,  iridium6’*”’, and nickelg0 compIexes generally giving poorer 
results. 

C. Cumulenes as Substrates 

Although allcne is the only cumulene to have been studied in any depth, the 
carbonylation of cumulenes is here considercd separately from diencs, since the chemistry 
involved may well provc to be applicablc to higher cumulated hydrocarbons. 

The thermal oligomerization of allenesg2 is complex, yielding dimcrs, trimers, and 
tetramers, while catalysis by nickel(0) leads to a slight selectivity for trimcr formationg3. 
Under carbonylation conditions, catalysis by iron and ruthenium complexes yields 
products resulting from the carbonylation of dimers and trimers6’, along with rcsinous 
materials (presumably from highcr oligoniers) and small amounts of the simple 
carbonylation products, mcthacrylatc esters. At lower temperaturcs, where the oligomer- 
ization is retarded, selectivity towards the monomeric esters is possible with platinum, 
nickel, and ruthenium catalystsG’ *67.94. 

The direct carbonylation of higher cumulenes (i.e. without addition of an active 
hydrogen-containing compound) is. of course. well known (e.g. equation 2 l ) & I 5 .  In  the 

Ph 

presence of water, the same substratc yields only the corrcsponding product where 
hydrogenation of the conjugated double bonds has occurred. 

D. Unsaturated Amines as substrates 

Lactams may be preparcd by carbonylation of suitable unsaturated amines using 
[Co,(CO),] i4 .19.  Reaction conditions typically involve temperatures of cu. 300 “C and 
operating pressures of ca. 700 atm CO, although milder conditions have been successful 
in some cases. Allylamine9h-’x yields 4-butanclactam (7-butyrolactam) according to 
equation 22. Whcrc olefin isomerization is possible”. both five- and six-membered 

(22) 
H 

lactams may be produced (equation 23). By consideration of equation 23 it is not 

+ small amounts of 
b l  

substituted pyridines 
CH2=CHCH,NH, - 

surprising that carbonylation of amine derivatives of cyclic nionoenes9’ yields both fused 
and bridgcd bicyclic ring systems (equation 24). Using catalysts othcr thali [Co2(C0)J, 
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0 

such as rhodium or iron carbonyl complexesg6, the carbonylation of allylamine yields 
pyrollidone, according to equation 22, and also more substantial amounts of the 
substituted pyridines (equation 25). 

A study of the carbonylation of allylamine by [Fe(CO),] allowed the identification of 4 
(equation 26) by ' H n.m.r. spcctioscopy and elemental analysis as a n  intermediate. 
although the overall mechanism remains unclear". 

[Fe(CO),] , 160 OC [FdCO),] ,250 OC 
3 CH2=CHCH2NH, P 

- ZNH, 

E. Unsaturated Amides as Substrates 

The synthesis of cycijc imides via the cobalt carbonyl promoted carbonylation of 
unsaturated amides has been reported'" (equation 27). Unsaturated amides capable of 

0 

olefin isomerization rnay yield both possible imicles, differing in ring size by one carbon 
atom (equation 28). Gencr-ally only Five- and six-membered rings may be synthesized by 

MeCH =CHCONH2 ----+ ''03 d N H  f dH ('8) 

0 0 

this route. with five-membered ring products predominating unless steric effects of 
substituents dictate otherwise. 

F. Unsaturated Alcohols a s  SuSs?ratec 

Carbonylation of unsaturated alcohols yields lactones, according to equation 29. 
[co2(CO),] is an effectivecatalyst for this cyclizaticn I f l o .  As with unsaturated amines and 

CH2 = CHCHzOH - (29) 
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amides, the formation of five- and six-membered rings is most favoured, with live- 
membered ring products predominating unless steric effects of substituents dicta;e 
otherwiselOO*'O'. Results of typical syntheses have been tabulated previously'. Where 
isomerization of an allylic alcohol to the corresponding saturated aldehyde is possible, 
yields tend to be low. Blocking the isomerization process, e.g. equation 30, allows good 
yields of cyclized products to be obtainedloO. 

ICOl 
CH, = CHC(Me),CH,OH - 
3,4,4-trimethyl-g-butyrolactone + 5.5-dimet hyl-0-valerolactone 

5176 I 4':.,; 

G. Unsaturated Organic Halides as Substrates 

A vast amount of work on :he carbonylation of allylic halides has been reported and 
recently reviewed". With the exception of this body of work. which is outside the scope of 
this chapter, a few results are noteworthy. The carbonylation of vinyl chloride, in the 
presence of alcohols, is catalysed by [PdCI2( PPh3)J39. The products are a- and 8-chloro 
esters (equation 31). formed in u i .  85:4, total yield. The reaction conditions are severe. 

CH2 = CHCl P MeCI-ICICOOEt + CI-12CICH2COOEt (31) 

however, requiring cu. 700 atin C O  a n d  teiiiperiiturcs ofcw. 100 C. Acrylonitrilc functions 
similarly. with the cyano group acting as a. pseudo-halide. Mixtures of 3- and P-cyano 
esters are formed by carbonylation in the presence of alcohols, employing [Co,(CO),] as 
the catalyst30. 

lilOH,[CO] 

V. COMCLUDlMG REMARKS ON OLEFIN CAREQNYLATION 

A variety of simple and cyclic carboxylic acid derivatives may be produced by 
carbofiylation of an olefinic substrate in the presence of an active hydrogen-containing 
compound. The major drawback to stoichiometric and catalytic syntheses based on this 
chemistry is the tendency for more than one product to be formed, even in relatively simple 
cases. Work cn nlefin hydroformylation has shown that this problem can be largely 
overcome, provided mechanistic data are available to assist catalyst design and tailoring. 
In the present case, the available mechanistic information is not sufficiently detailed to 
permit the application of tailoring methods in 2 truly meaningful manner. Future 
applications in regiospecific carbonylation and in asymmetric synthesis will require 
detailed study in this area. 

VI. ALCOHOL CARBONYLATION 

The general reaction of this type inyolves the conversion of an alchohol to a carboxylic 
acid, as shown in equation 32. 

ROH + C O  - RCOOH 

The carbonylation of alcohols, and of methanol in particular, perhaps provides the most 
significant industrial development in the area of homogeneous catalysis. 

Acetic acid, the product of methanol carbonylation, has beeii synthesized by a number 
ofcatalytic processes involving metal ions or complexes'". The hydrolysis of acetylene to 
acetaldehyde, catalysed by mercury(l1) ion. was used as a basis for acetic acid production 
unt i l  thc late 1950s. when a free radical oxidation of short-chain alkanes using manganese 
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or cobalt salts ascatalysts was developed. In 1965 BASF outlined a synthesis ofacetic acid 
from methanol catalysed by cobalt ions in the presence of iodide, and an iodide-promoted 
rhodium or iridium catalysis for the above reaction was discovered by Monsanto in 1968. 

The significance of these processes may be appreciated with it is realised that in 1977 the 
world-wide production of acetic acid was approximately 2.5 million tons. The cobalt- and 
rhodium-catalysed reactions have been developed industrially, and each of these will be 
discussed in the following sections. 

A. Cobalt-catalysed Methanol Carbonylation 

The cobalt-catalysed reaction, involving [Co2(CO),] or a range of cobalt(I1) salts in the 
presence of an iodide promoter, was first reported in the m i d - 1 9 6 0 ~ ' ~ ~ . ' ~ ~ .  The 
hydridocobalt species, [HCo(CO),], in the presence of hydrogen iodide catalyses 
methanol carbonylation with a high selectivity for acetic acid, but very high pressures of 
carbon monoxide are necessary to achieve a reasonable reaction rate. When the cobalt is 
introduccd as Col,, i t  is converted into [CoH(CO),] under the high pressure reaction 
conditions'05 (equations 33 and 34). The hydridocobalt complex reacts with methyl iodide, 

2C012 + 2 H 2 0  + lOC0 - [Co2(CO),3 + 4HI + 2C02  
[Co2(CO),3 + H 2 0  + CO - 2CoH(CO),] + CO, 

(33) 
(34) 

formed by interaction of methanol with HI, to form a methylcobalt species which 
subsequently undergoes carbonyl insertion to yield an acetylcobalt moiety. Hydrolysis of 
[Co(COMe)(CO),] liberates acetic acid and regenerates the catalytic  specie^^^^.'"^. The 
catalytic cycle is depicted in Figure 6. 

The major side-product in the carbonylation of methanol is methyl acetate, formed by 

H207 
[CoKOMe) (CO),] 

FIGURE 6.  

[co(COhle) K O  

Mechanism of cobalt-catalysed rncthanol carbonylation. 
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methanolysis, instead of hydrolysis, of [(Co(COMc)(CO),]. In the reaction catalysed by 
[CoH(CO),] a selectivity for acetic acid production of 9 0 x  is exhibited'O,, but where 
traces of hydrogen are present in the carbon monoxide feedstock methane, acetaldehyde 
and ethanol are formed as by-products. 

More recently, cobalt(1I) salts with tertiary phosphines and an iodide source have been 
studiedIo7, where the catalyst stability may be maintained at lower CO pressures, but 
large amounts of methyl acetate are formed in addition to acetic acid. 

6. Rhodium-catalysed methanol carbonylation 

The discovery, b y  Paulik and Roth of Monsantolos: that in the presence of an iodide 
promoter certain complexes of rhodium and iridium catalyse the carbonylation of 
methanol under relatively low pressure conditions represents a significant advance on the 
BASF cobalt-catalysed process. The advantages of the system based on rhodium include 
operating at lower carbon monoxide pressures (30-40 atm, compared with 500-700 atm 
for the cobalt system) and lower temperatures (cn. 18O'C, compared with C ( I .  230cC), as 
well as much lower catalyst concentrations being necessary and > 99% selectivity toward 
acetic acid production'". Despite the greater expense involved in using rhodium, the 
much higher activity of this catalyst system makes its use worthwhile and the Monsanto 
process is expected to produce 1 million tons of acetic acid per annum by the mid- I98OsEA. 

The rhodium and iridium catalyst systems have been extensively studied and the 
carbonylation mechanisms are well understood. In fact. the iridium-catalysed reaction is 
more complex than that of rhodium. and will be considered separately in the next section. 

Studies have been performed with it variety of rhodium compounds and iodide 
promoters and, with the exception of alkali metal iodides'"', most combinations of 
rhodium compounds and iodide species give rise to identical catalytic activity, indicating 
that one, common catalytic species is involved. Only for rhodium compounds of bidentate 
ligands is a lower initial rate of reaction observedlo9. 

The single catalytic species is the [RhI,(CO),]- anion, and the initial dependences on 
the form of the rhodium (where such dependences are observed) simply reflect the rate at 
which the catalytic species is formed. Thus, the rhodium may be added in the form of the 
rhodium(II1) halide or a tertiary phosphine complex, but the same active species is formed 
(equations 35 and 36). 

RhC1, + 3CO + H,O + 21- + [Rh12(CO),]- + CO, + 2H + + 3C1- (35) 

[RhCI(CO)(PPh,)2] + CO + 2McI + 21- -+ [RhI,(C0)2]- + 2Ph,bMcI - + C1-(36) 

A number of studies have indicated that the carbonylation of methanol, catalysed by 
soluble rhodium complexes, exhibits first-order kinetics with respect to the catalyst and 
the iodide promoter and zero-order kinetics with respect to carbon monoxide and 
m e t h a n ~ l ' ~ ~ * ' ~ ~ * '  lo .  I t  has been proposed, therefore, that oxidative addition of methyl 
iodide to [RhI,(CO),]- is the rate-determining step in the catalytic cycle. Since the 
[RhI,(CO),] - ion is stable under ambient conditions, its reaction with methyl iodide has 
been investigated" '. When [Rh12(C0)2]-, which exhibits carbonyl stretching 
bands at 2064 and 1989cm-'. is treated with Mel, new infrared absorptions appear at 
2062 and 1711cm-', the latter being assigned to an acetyl moiety. Thus, the first 
observable intermediate is the product of oxidative addition of Me1 followed by carbonyl 
insertion, and is formulated as [Rhl,(COMe)(CO)]-. The X-ray crystal structure of this 
material, as its [Me,(C,H,)N] + salt, indicates that i t  is dimeric, with weak rhodium- 
iodide bridges" '. 

Addition of carbon monoxide to this complex produces a new species, with infrared 
bands at 2141, 2084, and 1708cm-'. which slowly decomposes to  regenerate the 
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H'-Y. MeCooH MeoH \fH1 

/ 

FIGURE 7. Mcchanism of rhodium-catalysed methanol carbonylation. 

[RhI,(CO),] - anion'". This is assigned the structure [RhI,(COMe)(CO),]-. which 
further reacts by reductive elimination of acetyl iodide. Thus, the catalytic cycle is as 
shown in Figure 7. Under the reaction conditions the released acetyl iodide would react 
rapidly with water or methanol to produce acetic acid or methy1 acetate, respectively. 
Infrared studies at high temperature (I00 "C) and high pressure (6 atm) indicate that 
[RhI,(CO),] - is the major rhodium-containing species under the operating con- 
ditions" ', providing further evidence that oxidative addition of methyl iodide is the rate- 
determining step. 

Chloride and bromide sources do not act as promoters for the carbonylation 
reactionL0', since it is generally observed that the rate of oxidative addition of organic 
halides to d 8  metal complexes decreases in the order I > Br > CI' 1 3 .  Other promoters have 
been found and the 'pseudo-halide' pentachlorobcnzenethiol, although considerably less 
effective than methyl iodide, is suggested to be a suitable promoter in an industrial setting 
since it will be less corrosive' Id. 

Other adaptations of the rhodium-catalysed process include the use of supported 
catalysts. These are of two types: rhodium complexes deposited on inert supports and 
polymer-bound catalysts. The former approach involves vapour-phase reactions. where 
the kinetics appear to be the same as in the homogeneous case115-'17. In these studies 
little could be deduced about the form of the metal. but in a more detailed study"* of 
RhCI, deposited on a number of oxide supports i t  was concluded that the acid-base 
properties of the support are important in determining the form in which the rhodium 
exists on the surface. Thus A1,0, or Al,O,-SiO, favour the formation of anionic rhodium 
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SOLID - PHASE 

MeCOOH MeOH 

POLYMER-BOUND 
RHODIUM 

MeCOI Me1 

FIGURE 8. Catalyticcycle for methanol carbonylation using [RhI,(CO),] - heterogenized by ionic 
attachment. 

species, [ - -O--KhC1(CO),]-t silica itself forms only neutral oxygen adducts, 
whereas TiO, forms both coniplex types; to act as a suitable support, a material must have 
an adequate basicity to complex to the rhodium, but must also be sufficiently acidic to 
produce the anionic form' 18. 

Polymer-bound rhodium complexes have been obtained by exchanging 
[RhCI(CO)(PPh,),] with a phosphinated An infrared absorption at 
1978cm-' was suggested to be due to the polymer-supported analogue of 
[RhCI(CO)(PPh,),], but later showed that, under the carbonylation con- 
ditions, the tertiary phosphine moieties become quaternized and the rhodium on the 
surface is in an anionic form and, hence, activity similar to the homogenous case should be 
expected. 

A novel approach involving immobilizing the metal on a polymer functionalized with 
suitable acionic groups has recently been followed. Polystyrene functionalized with 
pentachtorobenzenethiol moieties has been used to prepare heterogenized rhodium 
catalysts120, but they are less active than conventional homogeneous systems and 
rhodium is gradually lost from the polymer during reaction. A related heterogenized 
catalyst design involves ionic attachment of the [Rhl,(CO),] - anion to a resin. coupled 
with a solid-phase acid catalyst for conversion of inactive NaI to the active promoter 
Mell2l .  Leaching of rhodium could be minimized by a suitable choice of solvent and 
rhodium concentration. A simplified catalytic cycle is shown in Figure 8. This supported 
catalyst exhibits activity identical with that of its homogeneous counterpart, but has the 
inherent advantage of ready separation from the reaction medium. 

C. Iridium-catalysed Methanol Carbonylation 

Iridium complexes, in the presence of an iodide promoter, are also excellent catalysts for 
the carbonylation of methanolLoY, but the catalytic system is more complex and, hence, it 
is more difficult to  balance the various factors to obtain a satisfactory yield and selectivity. 
I t  has been suggested that this system is more sensitive to the nature of the iridium 
compound used122, and that maximum catalytic activity is attained under conditions 
which differ from those employed in the rhodium system. I t  has been pointed out that the 



7. Olefin and alcohol carbonylation 

MeCOI Me1 
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Me1 MeCOI 

FIGURE 9. Mcchaiiism of iridium-catalyscd methanol carbonylation. 

iridium-catalysed reaction is zero order with respect to methyl iodidc and CO, but first 
order in methanol’23, ic contrast to the rhodium system. and that NaI retards catalysis by 
iridiumL24, whel-cas i t  has no effect on the rhodium-catalysed reaction. 

A more detailed study of the iridium-catalysed carbonylation of methanol has recently 
appeared125. Two catalytic cycles emerge, as shown in Figure 9, involving neutral or 
anionic complexes, as well as a competitive water gas shift reaction under many 
conditions. The neutral and anionic catalyst precursors are related according to 
equation 37. The catalytic cycle which predominates, therefore, is dependent on  the iodide 
concentration. 

- 1 -  

The anionic iridium cycle, which is favoured by high iodide concentrations, appears 
identical with the rhodium-catalysed reaction. The oxidative addition of methyl iodide is 
rapid in this case, however, owing to the readier formation of iridium(lI1) complexes, 
whereas conversion to the acetyl species is slow. Thus, [IrI,(Me)(CO),] - is the major 
species present under the reaction conditions and, in the absence of a significant CO 
pressure, it does not undergo carbonyl insertion. Since iodide is released in the formation 
of [IrI2(Me)(CO)J, this step is inhibited by iodide, and the conditions of high iodide 
concentration which favour the anionic complex cycle in fact reduce the rate of reaction. 

The neutral complex [lrI(CO),] is the predominant species under the reaction 
conditions at low iodide concentrations. I n  this cycle. oxidative addition of rneihyl iodide 
is the rate-delermining step, as it is in the rhodium-catalysed reaciion, and i t  has been 
shown that [Irl(CO),] reacts with M e 1  to produce the dimeric complex 
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[Ir12(Me)(C0),]2'02. Under the carbonylation conditions it is not clear whether a 
monomeric or dimeric complex is formed at this stage in the cycle. A similar situation 
prcvails for the corresponding acetyl complex, which rapidly loses acetyl iodide by 
reductive elimination to yield [IrI(CO),] (Figure 9). 

The rate of methanol carbonylation catalysed by iridium is very similar to that 
catalysed by rhodium under comparable conditions102,' 2 2 ,  but the complex nature of the 
iridium system suggests that the activity might be difficult to  maintain on an industrial 
scale. 

A number of iridium and rhodium complexes containing bidentate tertiary phosphine 
and arsine ligands have recently been studied as methanol carbonylation catalysts"".' 27  

although, in view ofearlier comments on the use of bidentate ligand complexes109, it is not 
clear how successful these will prove to be. 

D. Other Catalytic Systems 

A number of other metal complexes will catalyse the carbonylation of alcohols, but 
none is as successful as the systems discussed above. Thus, early studies involved the use of 
mercury'02*' 28, '  2 9  and nickel'30 compounds, and more recently nickel complexes with 
tertiary phosphines' 3 1 - 1 3 3  and organometallic promoters' have been employed. Most 
of these are not selectivc. however, producing significant yields of methyl acetate and 
dimethyl carbonate, as well as acetic acid, from methanol. 

In addition to isolated reports of alcohol carbonylation catalysed by rhenium'35 and 
ruthenium'36, a number of studies involving copper and silver have been made. Copper(1) 
salts have been used as catalyst precursors for alcohol carbonylation' ,', and the catalytic 
specie9 under C O  pressurization and acidic conditions has been suggested to be the 
[Cu(CO),] + cation'38. In BF, . H 2 0 ,  the catalytic species derived from silver(1) oxide 
promoted the carbonylation of terr-butanol to give C,- and C,- carboxylic acids under 
mild conditions' 39, and the copper and silver species formed under these conditions were 
suggested to be the [Cu(CO),] + ( 1 1  = 3 or 4) and [Ag(CO),] +  cation^"^. 

The best documented catalysis by metal complexes, excluding those of the cobalt triad, 
is that by palladium. However, although thecarbonylation may lead to acetic acid it more 
commonly, in the case of methanol, produces dimethyl carbonate and dimethyl oxalate. 
Palladium(I1) compounds are usually introduced, although [Pd(CO)( PPh,),] has been 
e rnp l~yed '~ '  in the carbonylation of methyl, ethyl. or benzyl alcohol to the corresponding 
dialkyl oxalates. Alkoxycarbonyl complexes of palladium are believed to be formed as 
reaction intermediates' 4 2 . 1 4 3  , and the complexes [Pd(COOCH,)(OCOCH,)(PPh,)J 
and rPd(COOCH,)2(PPh,)2] havc been isolated I". Thc lattcr undergoes reductive 
elimination to yield dimethyl ~ x a l a t e ' ~ ~  (equation 38). The carbonylation of methanol. 

[Pd(COOCH,),(PPh,),] - MeOCOCOOMe + '[Pd(PPh,),]' 

catalysed by palladium(I1) acetate in the presence of excess of tertiary phosphine, yiclds 
predominantly dimethyl oxalate and dimethyl carbonate'". The nature of the te1.tiar-y 
phosphine is critical, indicating that i t  is involved in the catalytic cycle, and its influence is 
mainly electronic: trialkylphosphiiies inhibit methanol carbonylation almost completely. 
The mechanism proposed for a stoichiometric reaction is shown in Figure 10, but it is easy 
to see how this might be made catalytic. Low pressures of carbon monoxide and the 
presence of tertiary amines PdVOUI- the formation of dimcthyl carbonate"'. 

Alcohol carbonylation catalysed by palladium commonly involves the generation of 
products containing more than one CO or RO unit. An unusual example is the 
carbonylation of propargyl alcohols, which givcs rise to a cyclic product containing two 
carbon monoxide units''" (equation 39). 
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FlGURE 10. Palladium-catalysed formation of dimcthyl carbonate and dimcthyl oxalate. 
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R 
l o  

(39) 

VII. RECENT ADVANCES IN ALCOHOL CARBONYLATION 

One of the major areas of interest in catalysis at present is the development of 
heterogenized analogues of homogeneous catalysts which, i t  is hoped. will combine the 
advantages of a homogeneous system, such as selectivity and catalyst tailoring, with ready 
product separation. This approach has already been discussed for metals supported on 
carbon and various oxides in Section V1.B. An area which has recentlycome to the fore is 
the trapping of catalytic species in zeolites. and this has also been applied to rhodium and 
iridium catalysts for the carbonylation of alcohols. 

A general finding appears to be that zeolite-supported rhodium catalysts exhibit a 
higher activity than any other type of supported catalyst. Rhodium-X zeolite has been 
used to study the carbonylation of various a l ~ o h o l s ' ~ ' . ' ~ ~ ;  with methanol a >90% 
selectivity for carbonylation is found, whereas for isopropanol the major product is 
propene. With ethanol intermediate behaviour is observed. carbonylation being favoured 
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at low temperatures. These results were explained in terms of the relative ease of 
dehydration of the reactants on the surface of a polar ca ta ly~t '~ ' .  The selectivity for 
carbonylation is increased by raising the concentration of the alkyl iodide promoter, and it 
has been suggested that the carbonylation mechanism is very similar to  that of the 
homogeneous system. Infrared and ESCA studies have indicated that a dicarbonyl- 
rhodium species exists on the surface in the presence of carbon monoxide, whereas when 
both methyl iodide and CO are present an acetylrhodium moiety is detected'49. It has 
been suggested that the zeolite lattice may assist in the production of catalytically active 
rhodium centres149. The same catalytic species are again apparently formed irrespective of 
the form in which the rhodium is introduced; hence, a catalyst derived from Linde 13X 
zeolite exchanged with [RhCI(NH3),]CI, is also active for methanol c a r b ~ n y l a t i o n ' ~ ~ .  

The vapour-phase carbonylation of methanol over rhodium-Y zeolite produces methyl 
acetate initially, but acetic acid as the major product during the later stages of the 
r ea~ t ion '~ ' , '  5 2 .  The reaction occurs at 150-200 "C and 1 atm CO, and shows a first-order 
dependence on methyl iodide concentration, but a zero-order dependence on methanol 
and carbon monoxide concentrations. The energy of activation was determined to be 
56.5 kJmol- '  15?, and the mechanism is thought to be analogous to the homogeneous 
one. 

Infrared studies of RhNaX zeolite wafers in the presence of carbon monoxide reveal 
bands at 2085 and 2014cm-'; these are higher than those in [RhI,(CO),]-, but are 
believed to be due to analogous species within the zeolite l a f t i ~ e ' ~ ~ .  Kinetic studies of 
zeolite entrapped rhodium and iridium species. with a methyl iodide promoter, 
indicate1 54 that oxidative addition of Me1 is the rate-determining step in the rhodiumcase 
(as it is in the homogeneous rhodium system), whereas for iridium :he addition of 
methand and subsequent methyl group migration are the slowest steps. 

VIII. CONCLUDING REMARKS ON ALCOHOL CARBONYLATION 

The carbonylation of methanol is one of the success stories of homogeneous catalysis from 
an industrial standpoint. The rhodium-catalysed reaction is well understood and provides 
the cheapest route to acetic acid currently available155. I t  seems unlikely that a viable, 
alternative process will be developed in the near future, except perhaps by modification of 
the present system. Studies of supported rhodium and iridium catalysts are directed 
toward this end, and i t  is in this area that further advances appear most likely to be made. 

IX. REFERENCES 

I .  P. Fino. F. Pisccnti and bl. Bianchi. in  Organic. .y i . i / / / iL , . \c , . \  i.io .\fc:u/ C(/t.boilj./s (Eds. I. Wender 

2. C .  W. Bird. Troii,vt/ioii Mc:(I/  l i l / i ~ i . t i i ~ , [ i ; ~ / / c , . \  / / I  Ot:ro/ik . S ~ ~ i i ~ / r c s ; . s .  Logos Press. London, 1967, 

3. W. Rcppc and 1-1. Kriipcr. Jttsrrrs t i c h i g s  .4iw. Ciiivii.. 582. ? S  (1953). 
4. J .  F. Oliu and 1'. E. Defer. 1T.S. Pa/.. 2422631. 1947. 
5.  Yo. T. Eidus and K .  V. Puzitskii. Rirss.  c % c w I .  Rc13.. 33. 438 (1964). 
6. J.  C .  Woodhouse. L'.S. POI.. 2003477 (1931). 
7. G. B. Carpcntcl-. U.S. Pu/. I981 801. 1931. 
8. 1-1. Koch and W. Hagg. : I i i p w .  C ' / ~ c ~ i ~ , .  70. -31 I (1958). 
9. W. Keppc and l i .  Kropcr. Gcr. PNI.. 765969. 1953. 

10. W. Keppc and 14. Kropcr. Gcr. PN:.. S79057. 1'953. 
I 1. A. Mullen. in ~ \ ~ i i ~ ~ ~ ~ i ~ ~ / i ~ , . s ~ , . s  ii.i//i C O ~ ~ J / /  ;\Ioiw.sif/c(Ed, .I. Falbc). Spriiiger~-Verlag. New York. 

12. J .  K.  Stillc and D. E. James. in 7 % ~  Chenii.srr\ ( ! f  Dolthl(,-Borrrletl Fitiicrioiicil Griticps (Ed. S .  

and P. Pino). Vol. 2 ,  Wilcy. New York. 1977. p. 233. 

p. 149. 

1980, p. 243. 

Patai). Wile!.. Nc\v York. 1977. p. l09Y. 



7. Olefin and alcohol carbonylation 357 

13. J. Tsuji, Organic Syir/ie.vi.v wirh Palladiitni Cutnpot~~it~s. Springcr-Verlag. New York, 1980, p. 8 I .  
14. J .  Falbe, Carbon Monoxide in Orgnnic ~i~ti t l iesis.  Springer-Verlag, New York, 1970, p. 78. 
15. C. W. Bird, Chetn. Rev., 62, 283 (1962). 
16. G.  W. Parshall, Homogeneous Caralysis, Wiley, New York, 1980, p. 82. 
17. Ya. T. Eidus, K. V. Puzitskii. A. L. Lapidus, and B. K. Nefedov, Ritss. Chetn. Rev., 40, 429 

(1971). . ,  
18. Ya. T. Eidus, A. L. Lapidus, K. V. Puzitskii, and B. K. Nefedov, Ritss. Cliem. Rev., 42, 199 

11973’1. 
19. J. Faibe, Angew. Citein., 78, 532 (1966). 
20. H. M. Colquhoun, Chem. Itid. (London), 747 (1982). 
21. G. P. Chiusoli and L. Cassar. in Oixnnic .Syrirhcses via &fe/cil Carboriyls (Eds. I. Wender and P. 

22. G. Dupont, P. Piganiol, and J. Vialle. Bull. SOC. Cliirn. Fr., 529 (1948). 
23. R. Ercoli, M.  Avanzi, and G. Moretti, Chim Ind. (A4ilan), 37, 865 (1955). 
24. G. Natta, P. Pino, and E. Mantica, Gazz. Cliitn. I d . ,  80, 680 (1950). 
25. R. F. Heck and D. S. Breslow, J .  Am. Clieni. SOC., 85, 2779 (1963). 
26. D. Milstein and J .  L. Huckaby, J .  An7. C/icm. SOC.. 104. 6150 (1982). 
27. N. S. Imyanitov, in HydrojormjJIafion (Ed. N. S .  Irnyanitov). Khiniiya, Leningrad, 1972. p. 13. 
23. M. Almasy. L. Szabo, J .  Farkas. and T. Bota. Acad. Repith. Pop. Roni. Stird. Ccrcer. Chiin.. 8. 

29. N.  S. Imyanitov and D. M. Rudkovskii. Zli. Org. Khitn.. 2 .  231 (1966). 
30. A. Matsuda, Bull. C/~etn. SOC. Jap.,  40, 135 (1967). 
31. I. Wender, H. Sternberg, and M. Orchin. J .  .4tn. Cic tn .  SOC., 74. 1216 (1953). 
32. A. Matsuda, B i d .  Cliern. SOC. Jap., 46. 524 (1973). 
33. R. F. Heck, J .  Atn. Chetn. SOC.. 85. 2013 (1963). 
34. H. Kroper, Anlagerung von Kohlenmonoxide and l~~crbitiditngen tnir Acidell M/assersrofj’ 

(Carbonylieriing), Vol. IV, Part 2, Houber-Hewyl, Stuttgart, 1955. p. 385; cited in  ref. 1. 
35. A. Davison, N .  McFartane, and L. Pratt. J .  Chetn. Soc., 3652 (1962). 
36. J. Tsuji, Acc. Chert?. R e x ,  2, 144 (1969). 
37. 0. L. Kaliya, 0. N. Temkin, N. G. iMekhryakova, and R. M. Flid. Dokl. Akad. Nnitk SSSR. 

38. D. M. Fenton, J .  Org. Chetn., 38, 3192 (1973). 
39. K. Bittler, N. von Kutepow, D. Neubauer, and H. Reis, Angew. Chem., 80, 352 (1968). 
40. J. Halpern. Conitnetits Inorg. Chetn., 1, I (198i). 
41. H. C.  Clark and W. J. Jacobs, Inorg. C/ietn., 9, 1229 (1970). 
42. A. J. Deeming and B. L. Shaw. J. Cltetn. SOC. A ,  443 (1969). 
43. C. P. Casey, M. A. Andrew,  and J .  E. Rinz. J .  Atn. Clietn. Soc.. 101, 741 (1979). 
44. N. Grice, S. C. Kao, and R. Pettit, J .  Am. C/ietn. Soc., 101, 1627 (1979). 
45. M. Catcllani and J. Halpern. hiorg. Cliem.. 19. 566 (1980). 
46. W. Reppe and H. Kroper, Ger. Por.. 863 194. 1953. 
47. F. Piacenti. P. P. Ncgiani. and F. Calderazzo. A r i i  Soc. lo .scnrrt i  Sci. Nu/ . ,  B, 47 (1962). 
48. F. Piacenti and M. Rianchi. unpublished results. cited in ref. I .  
49. N. S .  Imyanitov. B. E. Kuvarv. and D. M .  Rudkovskii. in Ctrr/~of?,./rrrio~~ of Unsnrztrafrd 

Hy/rncarhcrts (Ed. D. IM. Rudkovskii). Kliimiyn. Leningrad, 1968. p. 176. 
50. F. Piacenti. M .  Bianclii and R. Lazzaront. Chim. / i d .  (ctii/nrr). 50. 3 I8 ( 1968). 
51. R. Ercoli. Chini. /rid. (h/i/on). 37. 1029 (1955). 
52. D. R. Levering and H .  Kroper. Jitsrits Liebigs A m .  Cl~ctn.,  582, 38 (1953). 
53. C. W. Bird, R. C.  Cookson. J .  I-iudec. and R .  0. Williams. J .  C ’ l r i w i .  Soc.. 410 (1963). 
54. P. Pino and R. Ercoli. CliOii. f /d .  ( . \ I i /mi) .  36. 536 (1954). 
j5. V. Yu. Gangin. M .  G.  Katsncl‘son and D. M .  Rudkovskii, in  Carhotrj-ltrrioti of U/is(ititrn/od 

I1j~drocrirhorr.v (Ed. D. M. Rudkovskii). Khimiya. Leningrid. 1968. p. 178. 
56. G. Consiglio and 1’. Pino. unpublished results, cited in rcf. 1 .  
57. H. J .  Nienburg and E. Keunecke. Ger. Pot.. 86.;799. 1953. 
58. D. M. Newit1 and S. A. Momen, J .  Clicni. SOC.. 2945 (1949). 
59. B. F. Crowe xiid 0. c. Elmer. U. S. Par.. 2 742502. 1956. 
60. A. Striegler and J .  Weber. J .  I’rctkr. Zhcvn.. 29. 2S1 (1965). 
61, J.  J .  Kealy and R .  E. Benson. J .  Or;:. C/icni.. 26. 31 26 ( 196 I 1. 

Pino), Vol. 2, Wiley, New York. 1977, p. 297. 

495 j1960); Chin.  Absrr.. 55. 19427 (1961). 

199, 1321 (1971). 



358 Gordon K. Anderson and Julian A. Davies 

62. Y. Iwashita and M.  Sakuraba. J .  01;s. C/icm.. 36. 3927 (1971). 
63. J .  F. Knition. U.S. Pui.. 3 S80 898. 1975. 
64. T. Altlcrson and V.  A .  Engelhardt. L'..T. P o i . .  3 065 242. 1962. 
65. W. Rcppe. J i r s i i i~  Liebigs Arr/i Chmi.. 582. 1 (1953); fi.yperiorriu. 5. 93 (1949); Ger. Pat., 65 361, 

66. B. Fcll and J .  M. J .  Tetterboo. A q e w .  Clrenr., 77. 813 (1965). 
67. E. L. Jcnncr and K.  V .  Lindsey. U.S. f'<ir.. 2 876 254. 1959. 
68. G. Natta and P. pino, C h h .  //rd (Milun): 31. 109 (1949). 
69. T. Alderson and C. I... Aldridge. U.S. Poi.. 3 I61 672. IY63. 
70. N. S. lmyanitov and D. M. Rudkovskii. Kiirei. Kurd.. 8. 1240 (1967). 
71. S. Brewis and P. R. Hughes. C/wm. Comuritti., 157 (1965). 
72. L. J. Kehoe and R .  A.  Shell. J .  Org. C/I(WI.. 35. 2846 (1970). 
73. A. Matsuda and H. Uchida, Bit!/. C h m .  SOL.. Jnp.. 38. 710 (1965). 

75. G. Consiglio and P. Pino. C/rittri& 30. 193 (1976). 
76. G. Consiglio. Hclv. Chim. Acia. 59. 124 (1976). 
77. C. Botteghi. G. Consiglio. and P. Pino. Chiorin. 27. 477 (1973). 
78. J .  J. Mrowca. U . S .  Poi.. .3859319. 1975. 
79. H.C. Clark and J.  A. Davies. J .  Orgairornri. C'lreni., 213. 503 (1981). 
80. B. R. James, Honioge/rous Hydrogeiiuriun. Wilcy, Nc\v York. 1973. 
81. G. K. Anderson. H. C. Clark, and J.  A. Davics, / w r g .  Clrcw., 22, 427 (1983). 
82. G. K. Andcrson. I i .  C .  Clark and J .  A .  Davies. Iriorg. Clfeni.. 22, 434 (1983). 
83. G. K. Anderson, C .  Billard, H. C. Clark. J .  A.  Drtvies and C .  S. Wong, /not-g. C/ze/n.- 22,439 

84. C. Masters. HO/)KJ~CVIOU.S Coinl~.si.r--.l Gorrlc Avi. Chapman and 1H:iIl. London. 198 I .  
85. J .  Tsuji, S. I-losaka, J. Kiji, and T. Susuki. Brcll. C/rmr. Soc. J u p . .  39, 141 (1966). 
86. N. S. Iiiiyanitov and D .  M.  Kudkovskii. Zh. Prikl. Khiui..  40, 2825 (1967). 
87. S. Brewis and P. K .  Hughes. C/rwl. Comnii/i.. 489 ( 1365). 
S8. A. M. I-Iyson. U.S. f o r . .  2586341. 1953. 
89. W. E. Billups. W. E. Walker. and T. C. Shiclds. C/ICI>J.  < ' o I ) ~ H J J I ~ . .  1067 (1971). 
90. N.  S. Irnyanitov and D. M .  Rudkovskii. Zlr. Pt-ikl. K h h f . .  39. 281 i (1966). 
91. D.  G. Kupcr and W. B. Hughes, U.S. f'ui.. 3 736 747. 1973. 
92. B. Weinstein and A. H. Fenslau. J .  Urg. Chmr., 32. 2278 (1367). 
93. R. E. Benson and R. V. Lindsey. J .  Am. C/rmr. SOL... 81, 4247 (1959). 
94. S. Kunichika, Y. Sakakibara. and T. Okatnoto. Bull. Clrevi. SOL.. Jup., 40. 885 (1967). 
95. P. Kim and N. Iiagihara, Bull. C/zem. SOC. Jup.. 38, 2022 (1965). 
96. W. F. Gresham. Bri. Poi.. 628659. 1949. 
97. J. Falbe and  F. Kortc. Clreur. Ber.. 98, 886 (1965). 
98. J .  Falbe, El. Weitkamp. and F. C o r k  Tt.rrn/redrott Lc.ii.. 2677 (1965). 
99. J .  Falbe and F. Corte. Clietn. Ber., 95. 2680 (1962); 98, 1928 (1965); Augeii.. Clrcnr.. b i i .  Ed. 

1939. 

74. A. J .  MOfl'at. J .  cum[.. 18. 193 (1970); 19. 322 (1970). 

( 1  983). 

Engl. ,  1. 266 ( 1962). 
100. J.  Falbe, H.-J. Schulze-Steincn and  F. Korte. C/re//r. B w . .  99. 856 (1965). 
101. A. Matsuda, Bull. Cl~er?~. Soc. Jop., 41, I876 (1968). 
102. D. Forstcr. A h .  Urgoriomei. Cheni., 17. 255 (1979). 
103. N. von Kutepow, W. Hininicle. and H.  l-lohenschutz. C%ciir.-l/rg.-TecIr.. 37. 383 (1965). 
104. H. Hohenschutz, N. von Kutepow. and W. Himmele. fIjdrocnrba/i ProL'ess.. 45. 141 (1966). 
105. T. Mizoroki and M. Nakayania. Bull. Cltctn. Sac. .Fop.. 39. 1477 (1966). 
106. J.  Falbe, Carbon h'o/ro.vidc in Orgauic Sv/ri/icsiv. Springer-Verlag. Ncw York. 1970. p. 82. 
107. J.  D. Holmes, U.S. Par.. 4 133963. 1979. 
108. F. E. Paulik and J .  F. Roth. Chcm. Corwrim.. 1578 (1968). 
109. D .  Brodzki, C. Ixclere. B. Denise. and G. Pannetier. Brill. Soc. Chinr. Fr.. 61 (1976). 
110. J. Hjortkjacr and V. W .  Jcnsen. / / f d .  Eng. Chem., Prod. RL's. Dev.. 15. 46 (1976). 
I I I .  D. Forster. J .  , 4 1 1 1 .  C h r .  SOC.. 98. 846 (1976). 
112. G. W. Adarnson. J .  J .  Daly. and D.  Forstcr, J .  Orgn/ro/rrci. C/reur.. 71. C17 (1974). 
I 13. R.  Cramer. '4t.c.. C%mi. Ra.. I .  186 (1968). 
114. K. M. Webber. l3, C.. Gates. and W. Drenth. J .  Co/o/. 47. 269 (1077). 
115. R.  G.  Schultz :md P. D. blontgornet-!.. J .  C'uiul.. 13. I05 (1969). 



7. Olefin and alcohol carbonylation 359 

116. K.  K. Robinson. A. IHershnian. J .  H .  Craddock. and J.  F. Roth. J .  Coral.. 27, 389 (1972). 
117. A. Krzywicki and G. Panncticr, Bull. Soc. Chi/ri. Fr., 1-2, 64 (1977). 
118. A. Krzywicki and M. Marczewski. J .  Mol. Caral., 6, 431 (1979). 
119. M.  S.  Jarrell and B. C. Gates. J .  Card., 40, 255 (1975). 
120. K. M.  Webber. B. C. Gates, and W. Drenth, J .  Mol. Caial., 3, 1 (1977). 
121. R. S. Drago. E. D. Nyberg, A. El A'mnia, and A. Zombeck, h r g .  Chem., 20. 641 (1981). 
122. D. Brodzki, B. Denisc, and G. Panneticr, J .  Mol.  Caral., 2, 149 (1977). 
123. T. Matsumoto, T. Mizoroki, and A. Ozaki, J .  Caral., 51, 96 (1978). 
124. T. Mizoroki, T. Matsumoto, and A. Ozaki, Bull. Clietn. Soc. Jup., 52, 479 (1979). 
125. D.  Forster. J .  Clietn. SOC. Dalrori Tram.. 1639 (1979). 
126. C .  M. Bartish, US. Par., 4 102920, 1978: 4 102921, 1978. 
127. C .  M. Bartish, Ger. Par., 2800986, 1978. 
128. B. K.  Nefedov. N .  S.  Sergecva, and Ya. T. Eidus, Izv. Aka(/. A'attk SSSR, Ser. Nzini., 2733 

129. B. K. Nefedov and Ya. T. Eidus. Kirier. Karul., 16. 443 (1975). 
130. W. Reppc. 13. Kroper. N.  von Kutepow. and H.  J. Pistor, Jusrits Liebigs A m  C/ie/?7., 582, 72 

( 1953). 
131. N. Rizkalla and A. N. Naglieri. Gcr. Pur.. 2749955 1978. 
132. T. Isshiki. Y. Kijima, and Y. Mujauchi. Gcr. Pui.. 2842267, 1979. 
133. J .  D. I-Iolmcs, U.S. Par., 4 133963. 1979. 
134. A. N. Naglieri and N. Rizkalla. Ger. Par.. 2749954. 1978. 
135. K. Tcranishi. T. Shimizu. and T. Nakamata, Jap. Par., 80813, 1976. 
136. G .  Braca, G .  Sbrana, G. Valentini. G. Andrich. and G. Grcgorio. Fioidurii. Res. I-lotiiogcJrieoiis 

Cural., 3. 221 (1979). 
137. K.  V. Puzitskii, S. D. Pirozhkov, T. N. Myshenkova, K .  G. Ryabova, and Ya. T. Eidus, I Z Y .  

Akad. iVaitk SSSR, Ser. Kliitn.. 443 (1975). 
138. Y. Sounia and 1-1. Sano, Bull. Chcrii. Soc. Jnp.. 46, 3237 (1973). 
139. Y. Matsushima, T. Koyano, and K.  Shiozawa, Jap.  Par., 123613. 1975. 
140. Y. Sounia. Osah-u Kogyo Ggtrrsti Shike/isho Hokoktr. 356. 1 (1979); Cliern. Absir.. 92, 2215 I7 

(1980). 
141. U .  Romano and F. Rivetti. Ger. Pui.. 281.1708. 1978. 
142. L. N. Zhir-Lebed. N .  G .  Mekhryakova. V .  A. Golodov.and 0. N. Temkin. Zh. Org. Khitn.. 11, 

2297 ( 1  975). 
143. F. Rivetti and U .  Romano. J .  Orgatiotner. C/wni.. 154. 323 (1978). 
144. F. Rivetti iind U. Romano. Cliern. I r d .  (Miluri) .  62. 7 (1980). 
145. F .  Rivetti and U. Romano. J .  Orgmroruer. Clwrn., 174. 221 (1979). 
146. J. Tsuji and T. Nogi. J r~p .  Par.. 09046, 1968. 
147. B. Christensen and M. S. Scurrell. J .  Cliet>i. Soc., Faraday Tru/is. I ,  73. 2036 (1977). 
148. B. Christensen and M.  S. Scurrcll, J .  Chent. Soc., Furadnj. Trmrs. 1. 74. 2313 (1978). 
149. S. L. T. Andcrsson and M. S. Scurrell. J .  Cuial., 59. 340 (1979). 
150. M. S. Scurrcll and R. F. Howc, J .  Mo/ .  cfJIN/.. 7, 535 (1980). 
151. T. Yashinia. Y. Orikasa, N. Takahashi, and h'. Hara, J .  Cum/., 59, 53 (1979). 
152. N. Takahashi, Y. Orikasa. and T. Yashima, J .  Cnrtrl.. 59, 61 (1979). 
153. 3.  Yamanis and K.-C. Yang, J .  C~iu l . .  69. 498 (1981). 
154. P. Gelin, Y .  Ben Taarit, and C. Naccache. S i d .  SiirJ Sci. Cniul., 7B, 898 (1981). 
155. 13. D. Grove. i.l,~/romrho/i Process.. 51, 76 (1972). 

(1972). 



The Chemistry of the Metal-Carbon Bond. Vol . 3 
Edited.. by F . R . Hartley and S . Patai 
8 1985 John Wiley & Sons Ltd . 

CHAPTER 8 

ta y d rof o r rn y I a t i on 
JULIAN A . DAVIES 
Department of Chemistry . College of Arts andsciences . University of Toledo. Toledo. Ohio 
43606. USA 

I . INTRODUCTION . . . . . . . . . . . . . . . . . . .  
I1 . HISTORICAL ASPECTS . . . . . . . . . . . . . . . . .  

III . INDUSTRIAL ASPECTS . . . . . . . . . . . . . . . . .  
A . Unmodified Cobalt Catalysts . . . . . . . . . . . . . . .  
B . Modified Cobalt Catalysts . . . . . . . . . . . . . . . .  
C . Rhodium Catalysts . . . . . . . . . . . . . . . . . .  

IV . MECHANISTIC ASPECTS . . . . . . . . . . . . . . . .  
A . Cobalt-Catalysed Systems . . . . . . . . . . . . . . . .  

1 . Unmodified catalysts . . . . . . . . . . . . . . . . .  
a . Hydridocobalt carbonyls . . . . . . . . . . . . . .  
b . Oiefin complexation . . . . . . . . . . . . . . . .  
c . Metal alkyl formn:ion . . . . . . . . . . . . . . .  
d . Metal acyl formation . . . . . . . . . . . . . . . .  
e . Metal acyl cleavage . . . . . . . . . . . . . . . .  
f . Cluster formation . . . . . . . . . . . . . . . . .  
g . By-product formation . . . . . . . . . . . . . . .  
h . Free-radical reactions . . . . . . . . . . . . . . .  
i . Conclusions . . . . . . . . . . . . . . . . . . .  

2 . Modified catalysts . . . . . . . . . . . . . . . . . .  
a . Catalyst stability . . . . . . . . . . . . . . . . .  
b . Selectivity . . . . . . . . . . . . . . . . . . .  
c . Hydroformylation activity . . . . . . . . . . . . . .  
d . Hydrogenation activity . . . . . . . . . . . . . . .  
e . Conclusions . . . . . . . . . . . . . . . . . . .  

B . Rhodium-Catalysed System . . . . . . . . . . . . . . .  
1 . Unmodified catalysts . . . . . . . . . . . . . . . . .  

H ydridorhodium carbonyls . . . . . . . . . . . . . .  
b . Olefin complexation . . . . . . . . . . . . . . . .  
c . Metal alkyl formation . . . . . . . . . . . . . . .  
d . Metal acyl formation and cleawge 
e . Cluster formation . . . . . . . . . . . . . . . . .  
f . Conclusions . . . . . . . . . . . . . . . . . . .  

a . 

. . . . . . . . . . .  

36 1 

362 
362 
363 
364 
364 
364 
365 
365 
365 
365 
369 
369 
371 
372 
374 
374 
375 
377 
377 
378 
379 
379 
380 
380 
380 
380 
380 
351 
382 
383 
333 
353 



3 62 Julian A. Davies 

2. Modified catalysts. . . . . . . . . . . . . . . . . .  384 
ii. Reaction mechanism . . . . . . . . . . . . . . . .  384 
b. Conclusions . . . . . . . . . . . . . . . . . . .  356 

V. CONCLUDING REMARKS . . . . . . . . . . . . . . . .  387 
VI. REFERENCES. . . . . . . . . . . . . . . . . . . . .  387 

1. INTRODUCTION 

The olefin hydroformylation, or 0x0, reaction converts C, olefins into C,, aldehydes via 
a catalytic reaction with hydrogen and carbon monoxide (equation I) .  

RCH-CH2 + C O  + H ,  3 RCH2CH2CH0 + RCH(CH0)Me (1) 

The hydroformylation reaction, which does not proceed in the absence of a catalyst, is an  
important example of an industrially significant process which utilizes homogeneous 
catalysts. Whilst a great many organic syntheses are catalysed by transition metal 
complexes, very few such processes meet the economic and technological demands 
necessary for industrial use. Olefin hydroformylation and the carbonylation of methanol 
(Chapter 7) are two examples of homogeneously catalysed reactions which have been 
developed successfully on an industrial scale. Such classes of reaction are thus important 
as examples of how work on homogeneous catalysis can be developed from an initial 
observation up to an industrial-scale process. In the case of the olefin hydroformylation 
reaction, i t  is illustrative to note that new ideas concerning the mechanisms cf both cobalt- 
and rhodium-catalysed systems are still being reported in the current literature from 
academic research groups (Sections 1V.A and IV.B), although the reaction has been 
industrially profitable for many years. 

In this chapter, some of the background to the olefin hydroformylation reaction is 
described and work on the mechanistic aspects of the process are discussed. 

Only the industrially significant Cobalt- and rhodium-catalysed reactions are described 
here, since catalysis by other metals has not been widely studied in recent years and Pruett 
reviewed such chemistry in  1979'. Catalysis by 'other metals' is largely a neglected area 
which certainly could profit from more detailed studies in the future. As a result of its 
importance to organometallic chemistry, the olefin hydroformylation reaction has been 
the subject of a number of reviews'-'", to which the reader is referred for details of 
applications of olefin hydroformylation. In particular, the paper by Pruett ' provides much 
detail in areas such as secondary reactions and by-product formation, effects of various 
classes of olefinic substrate. and catalyst recycling. 

11. HISTORICAL ASPECTS 

The hydroformylation reaction developed from industrial research on heterogeneous 
Fischer-Tropsch catalysts for the reductive polymerization of carbon monoxide. A 
historical survey' of Fischer-Tropsch chemistry reported that the first hydrogenation of 
carbon monoxide was discovered in 1902" and developed for the production of higher 
hydrocarbons during thc 1 9 2 0 ~ ' ~ . ~ ~ .  By 1936, Ruhrchemie AG was operating the first 
commercial Fischer-Tropsch plant. with the typical heterogeneous catalyst consisting of 
kieselguhr. cobalt, thorium oxide. and magnesium oxide (cu. 66, 30, 2 and 27<. 
respectively). In  1938. Otto Roelen I 5 . l 6  of Ruhrchemie A G  was investigating the effects of 
olefins on the Fischer-Tropsch reaction, using the 'heterogeneous' catalyst system, and 
discovered that aidehydes were formed. The hydroformylation reaction, or 0x0 process 
(from oxonation) as i t  W;IS then known. was thus discovered. The christening of the process 
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as  hydroformylation occurred in  1949” and it was then soon discovered that the actual 
catalytic process was in  fact homogeneous“ with the heterogeneous Fischer-Tropsch 
catalyst acting as  a source of soluble cobalt species which homogeneously catalyse 
hydroformylation. The Fischer-Tropsch process is discussed in detail in Chapter 9. 

111. INDUSTRIAL ASPECTS 

Olefin hydroformylation, based on cobalt- or rhodium-catalysed systems, produces about 
4 million tomes‘ of aldehydes and their derivatives annually (1981 figures). This 
represents a major utilization of olefinic feedstocks, accounting for about one fifth’ of the 
total propene consumed, for example, by the chemical industry (1976 figure). The growth 
of hydroformylation technology is exemplified by comparison of the 198 I production with 
the production reported for 1965” of 0.5-0.6 million tonnes (worldwide capacity, 
excluding communist block countries). 

Although production totals have increased, the range of end-uses for aldehydes has 
remained fairly constant over the last 20 years. Aldehydes themselves are not normally the 
desired end-product from olelin hydroformylation, but rather are used as intermediates, 
largely for alcohol production. A major product is butanal, from propene, which is 
hydrogenated to butan-1-01 for use as  a solvent or used to form 2-ethylhexanal via an aldol 
condensation. 2-Ethylhexanal may be reduced to the alcohol and esterified (e.g. with 
phthalic anhydride) to produce a plasticizer used in PVC production. The condensation 
and reduction steps may be combined by slighr process modifications (e.g. using zinc 
acetylacetonate to  catalyse the dimerization) ~ allowing conversion without separation of 
the initially formed aldehydes, as in the aldox process“”. Although butanal is thc 
major aldehyde produced by olefin hydroformylation, there is significant production of 
long-chain aldehydes, with end-uses in lubricant, plasticizer, and detergent production. A 
few examples of commercial uses of aldehydes are shown in Table I .  Details of plant 
capacities, production figures, etc., are available 

Commercially, only cobalt- and rhodium-catalysed processes are of significance. While 
unmodified cobalt systems are still of major importance, recent years have seen the 
adoption of modified cobalt and rhodium catalysts on an industrial scale. Key factors in 
these changes are the search for systems with higher selectivities and activities which 
operate under mild (i.e. energy-efficient) conditions of temperature and pressure. The 
development of better catalytic processes, particularly those which will operate using 

TABLE 1. Some commercial uses of aldehydes 

Aldehyde Usage Product Usc 

But anal Hydrogenation to butaii-l -01 lndustrial solvent 
Butanal 2-Ethylhexanal produced via aldol 

. - .. _. - .- __ .. __ .... 

condensation for: 
( i )  reduction to 2-ethylhexanol” 
followed by esterification with 
phthalic anhydride ; 
(ii) oxidation to 2-ethylhcxanoic acid. 
Idydrogenation to long-chain alcohols 
for: 
( i )  adipate cstcr synthesis; High-temperature 

lubricants and plasticizers 
(ii) sulphonation, etc. Biodcgradable detergents 

Plasticizer for PVC 

Plasticizer 
Long-chain aldehydes 

-~ _. __ . .- . ~~ - 

“The condensationihydrogenation steps arc known as the aldox process. 
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existing plant technology, is an active area of research in both academic and industria1 
laboratories. Less chemically oriented factors, such as process automation and en- 
vironmental control, are also likely to become of increasing importance. 

The question of selectivity towards the formation of a single, useful product is clearly a 
major area of concern. Considering the hydroformylation of propene, to yield N- and iso- 
aldehydes, only butanal is a major industrial chemical and, since cobalt catalysts can 
catalyse hydrogenation to butanol, and further steps (e.g. the aldox process) can be 
combined, butanal from propene yields useful products in a direct manner. The 
isoaldehyde, however, is not a major industrial chemical and the patent literature2' 
reports methods for recycling unwanted isoaldehyde via decomposition back to propene, 
carbon monoxide, and hydrogen. A system to produce only butanal from propene in an 
efficient way would obviously be very useful. A similar situation also exists for other 
important olefinic substrates. 

The following sections briefly outline the industrial aspects of the cobalt and rhodium 
cat a1 yst systems. 

A. Unmodified Cobalt  catalyst^^"^*'^'^^ 
Cobalt, in the form of metal, salts, or dicobalt octacarbonyl, is the catalyst precursor in 

industrial plants, typically operating under 200-350 atm of synthesis gas at 1 10- 180 'C. 
The alkene feed is usually in 100-1000-fold excess over the catalyst and is converted to a 
mixture consisting largely of aldehydes, alcohols, and alkanes. Under normal conditions, 
about loo/;, of the aldehyde is hydrogenated to the alcohol and perhaps 1 %  of the olefin 
hydrogenated to the alkane. The cobalt catalyst is only moderately effective for reduction 
under hydroformylation conditions. The next step, decobaltation, typically involves 
treatment of the organic products with aqueous base to remove the catalyst as a water- 
soluble [Co(CO),]- salt. [CoH(CO),] is regenerated by treatment of the salt with 
sulphuric acid. The organic phase is then distilled and the separated aldehydes may be 
transferred for hydrogenation over a heterogeneous catalyst, if alcohols are required. The 
distillation by-products, such as the aldol condensation products, are cracked to 
aldehydes thermally or catalytically. 

B. Modified Cobalt Catalysts6*'0''9~20 

Phosphine-modified cobalt catalysts operate under lower synthesis gas pressures than 
unmodified catalysts, give higher P I -  to iso-ratios and are more efficient hydrogenation 
catalysts, should alcohols be required. Activity in hydroformylation is lower, however, and 
the increase in  hydrogenation activity results in substantial conversion of the olefin to 
alkane. 

Hydroformylation and hydrogenation of the aldehyde generally occurs in a single stage 
of the process at 160-200 "C under 50- 100 atm of synthesis gas using [Co,(CO),]/PBu; as 
the catalyst precursor. Separation may be achieved via distillation, since the modified 
catalysts are thermally stable under such conditions, and the catalyst directly recycled. The 
formation of substantial amounts, often ca. 15",d, of alkane is a major disadvantage of the 
modified catalysts, although plant requirements are less substantial since the conversion 
to alcohols and catalyst recycling steps are simpler. 

C. Rhodium C a t a I y ~ t s ~ " ~ " ~ ~ ~ ~  

Unmodified rhodium catalysts are not industrially attractive. since the high cost of 
rhodium is augmented by very low 11- to iso-ratios. With ligand-modified rhodium 
catalysts, the high catalyst cost is balanced by operation under low temperatures and 
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pressures, typically 80- 120 “C and 15-25 atm of synthesis gas, and high n- to iso-ratios. 
Although rhodium catalysts are efficient for hydrogenation, high ligand concentrations 
and high partial pressures of carbon monoxide minimize the reduction of both alkene (ca. 
2%) and aldehyde ( < 1 %). The aldehydes may be obtained in ca. 93% yield from terminal 
alkenes, although the alkene feed must normally be cleaned to remove sulphur compounds 
which inhibit the activity of the expensive rhodium catalyst, typically used at metal 
concentrations of 10-’-10-3”/, with respect to the olefin. 

The cost of rhodium should, in theory, be balanced by increased activity and selectivity, 
resulting in lower manufacturingcosts. Masters: however, has pointed out that a 3-5 ppm 
loss of rhodium for a 100000 tonne plant producing butanal from propene at an 85% 
loading corresponds to an $85 000-$127 000 p.a. capital loss (for rhodium at $30000 per 
kg). The price penalty for butanal here rises to 10-15 cents per kg. Masters6 also observed 
the restrictions which may result simply from the availability of rhodium in the earth’s 
crust and its accessibility to the western world, since a high proportion of rhodium comes 
from Soviet Block countries. If the problems with cobalt catalysts could be overcome, its 
availability and 3500-fold price advantage over rhodium would clearly beconie major 
factors in determining industrial trends. 

IV. MECHANISTIC ASPECTS 

The following sections describe mechanistic aspects of olefin hydroformylation for cobalt- 
and rhodium-catalysed systems. Stoichiometric reaction chemistry is also discussed where 
appropriate. Initially, each step of the cobalt-catalysed reaction is considered with a view 
to differentiating experimental observation and hypothesis. The differences between 
unmodified cobalt catalysts and ligand-modified cobalt systems are then discussed in 
terms of the mechanistic effects of ligdnd substitution. Finally, the rhodium systems are 
described. 

A. Cobalt-Catalysed Sys tems  

7. Unmodified catalysfs 

The following sections discuss the mechanism of hydroformylation using unmodified 
cobalt catalysts. The initial sections are based on  the concepts put forward by Heck and 
Breslow2’ in the early 1960s. Although the mechanistic picture has been refined 
considerably since that time, the Heck and Breslow mechanism serves as a useful basis for 
the discussion. The catalytic cycle shown in Scheme 1 describes the basics of the model. 

a. Hydridocobalt carbonyls 

In the absence of added ligands, cobalt metal, cobalt salts, or dicobalt octacarbonyl, any 
of which may be employed as catalyst precursors, are readily converted into [CoH(CO),] 
under typical hydroformylation conditions. [CoH(CO),], the key intermediate in olefin 
hydroformylation and many other carbonylation reactions catalysed by soluble cobalt 
salts, has been described by Orchin’3 as ‘the quintessential catalyst’. Some properties of 
[CoH(CO),] are given in Table 2. 

The involvement of [CoH(CO),] in olefin hydroformylation is demonstrated both by 
the isolation of this complex from reactions performed under typical hydroformylation 
conditions” and by the stoichiometric reaction chemistry of [CoH(CO),]. The latter 
point is illustrated by comparison of the reaction products obtained in a typical cobalt- 
catalysed olefin hydroformylation with those of stoichiometric reactions of [CoH(CO),] 
with olefins. For a ranze of olefinic substrates, both stoichiometric and catalytic syntheses 
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CO 

SCHEME I .  Cobalt-catalysed olefin hydroformylation. 

TABLE 2. Properties of [CoH(CO),] 
_~ . . - .. . - 
Melting point ("C) - 30" 
Boiling point (T) ca. 4Tb 
Solubility in water (moll - I )  

Acid dissockdtion constant, K ,  
5.6 x lo-" 
< 2" 

"Ref. 23. 
bRef. 24. 
'Ref. 25. 
"Acid dissociation constant similar to that of typical mineral ~icids'~.''. 
Compare with values of 1 . 1  x lo-'. 1 . 1  x and 8 x  for 
[CoH(CO),(P(OPh),: 1. [CoH(CO),(PPh,)] and , [ i~Inl i (CO)~] to 
observe effects 01 ligand wbstitution and mctnl on acidity". 

yield the same products." An example is the hydroformylation of hex- 1 -ene, reported to 
proceed under catalytic conditions with complete consumption of the substrate, 
producing hex-2-ene, hex-3-ene, ,-methylhexanal, and 11-heptanal. Comparing this 
catalytic reaction, reported by Adkins and Krsek in 194g2', with the stoichiometric 
reaction of hex-1-ene with [CoH(CO),], Wender et u I . ~ *  demonstrated that both C ,  
aldehydes and the same isomeric C, olefins were produced and that the substrate was 
completely consumed. Indirect evidence also supported the involvement of [CoH(CO),] 
in hydroformylation. For example, i t  was recognized at an early date that a strongly acidic 
species must be formed under hydroformylation conditions, since suitable substrates were 
found to undergo typical acid-mediated chemistry during reactions with synthesis gas in 
the presence of cobalt Thus. products formed from the reaction of pinacol may be 
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Me2C(OH)C(OH)Me2 

367 

Pinacol - Hf 
Me3CCOMe - [Me2C(OH)zMe2] [Me2C(OH)C (=CH2)Me] 

reorrongernenl 

17. 2% 

Me3CCH(Me)OH [MeC(=CH2)C(=CH2)Me] Me2C(OH)CH(Me)CH2CH2W 

2H, / C O  I 4. I O/o 

Retrapinacol 
rearrangement 

2 H 2 / C 0  
[Me2C=CMe2] Me2CHCH(Me)CH2CH20H 

26.2 '10 

(-1 

SCHEME 2. Reactions of pinacol under hydroformylation conditons. 

explained using traditional carbocation chemistry, as shown in Scheme 3, in operation 
with the expected hydroformylation and hydrogenation reactions. 

Further evidence that the acidic species is [CoH(CO),] is shown by comparing the 
product obtained by addition of pyridine to [Co,(CO),] under hydroformylation 
conditions (230 atm CO/'H,, 120 "C) with that obtained by treating independently 
prepared [CoH(CO),] with pyridinez8. Both reactions yield the salt 
[C,H,NH] + [Co(CO),] - . Finally, high-pressure infrared spectroscopic studies have 
shown that under typical hydroformylation conditions ( I  50 "C, 290atm synthesis gas), 
[Coz(CO),] undergoes nearly complete hydrogenation to [CoH(C0),I3 I .  

The mechanism of formation of [CoH(CO),] from [Co,(CO),] is one of the few 
examples of a dinuclear oxidative addition reaction which is well understood. Pino et d3' 
demonstrated in 1955 that the hydrogenolysis of [Co,(CO),] is inhibited by carbon 
monoxide, implying a dissociative process. The cleavage reaction is first order in both 
[Co,(CO),] and Hz and, at low CO pressures. inverse first order in CO. A rate- 
determining (RD) cleavage preceded by a dissociative equilibrium in thus suggested 
(equation 2). involving ;I coordinatively unsaturated intermediate. 

[Co,(CO),] *[Co,:Cc)),j.+ C O  2 2[CoH(CO),] (2) 
R I> 

A catalytic cycle for olefh hydrofor~~~ylii~jon, based on  reaction chemistry of 
[CoH(CO),], is shown in Scheme 1. The very first step in the sequence, dissociation of 
carbon inonoxide from [CoH(CO),], an I 8-electron, coordinatively saturated species. to 
yield [CoH(CO),], a 16-electron, coordinatively unsaturated species, remained difficult to 
prove without ambiguity for many years. Qualitatively, observations on the effects of 
carbon monoxide pressure on the rate of hydroformylation suggest that dissociation of a 
carbony1 ligand is in\,olved. Thus. under typicalcatalyticconditions. the rate is inverse first 
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order in carbon monoxide partial pressure’, while for stoichiometric hydroformylation 
with [CoH(CO),], the presence of even 1 atm CO pressure grossly retards the rate of 
aldehyde As an example of this latter point, it is reported3, that the 
stoichiometric hydroformylation of cyclopentene with [CoH(CO),] is more than 150 
times faster under a nitrogen atmosphere than it is under an atmosphere of carbon 
monoxide. 

It has been pointed out, however, that no conclusive rate expressior, for the catalytic 
reaction has yet been reported and that at  least 15 separate rate constants are likely to be 
involved in describing the overall scheme2,. Clesrly, making detailed mechanistic 
arguments based on observed rate effects without knowledge of the complete rate 
expression is pointless. Acceptance of [CoH(CO),] as an intermediate in hydroformy- 
lation was aided by the successful observation and characterization of this species using 
matrix isolation methods in 197835, although the exact assignment of the i.r. data is 
p r ~ b l e m a t i c ~ ~ - ~ ’ .  Based on a consideration of the thermal decomposition of [CoH(CO),] 
to [Co,(CO),] and the effects of carbon monoxide pressure on stoichiometric olefin 
hydroformylation, OrchinZ3 suggested that the equilibrium constant for the formation of 
[CoH(CO),] is probably small and Ungvary and Marko3’ have estimated that 
[CoH(CO)J is present to the extent of  a few tenths of a percent in equilibrium with 
[CoHfCO),] at 20°C under carbon monoxide and that the equilibrium amount of 
[CoH(CO),] is much higher under a nitrogen atmosphere3’. 

The equilibrium between [CoH(CO),] and [CoH(CO),] may well be involved in some 
of the unusual effects observed when nucleophiles are added to hydroformylation systems. 
Of the many reported examples, i t  is illustrative to consider theeffects of added nitriles on 
stoichiometric hydroformylation with [COH(CO),]~‘.~~. In the hydroformylation of 

i t  
CoH KO), co l o  

I t  

[CoH (CO I3(NCR I ]  

Jl 
CoH(CO), NCR 

Reactants 

Products 

SCHEME 3. Effects of nucleophilcs on thc formation of [CoI-I(CO),] 

“Caged pairs 
hSolvent-separnted pairs 
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cyclopentene, addition of appropriate amounts of nitr-iles to the system has beneficial 
effects on the product distribution, decreasing the amount of hydrogenation from 52% to 
3%. Similarly, with pen:-1-ene as the substrate, the extent of olefin isomerization is 
decreased and the t i -  to iso-ratio increased by addition of the nucleophile. While these 
effects are explicable in several ways, the unusual rate effects are worthy of comment. Thus, 
while addition of nucleophiles decreases the rate of stoichiometric hydroformylation of 
cyclopentene under a nitrogen atmosphere, i t  actually increases the rate under a carbon 
monoxide atmosphere. Considering the situation in the absence of a carbon monoxide 
atmosphere, i t  is apparent that addition of a nucleophile must reduce the concentration of 
any coordinatively unsaturated species in solution, i.e. that the amount of [CoH(CO),] 
present will be reduced and the rate inhibited. In the presence of a carbon monoxide 
atmosphere, the situation has been depicted as shown in Scheme 3, where the amount of 
[CoH(CO),] is determined by dissociation of a ligand (CO or NCR) and subsequent 
diffusion of [CoH(CO),] from a cage to form a solvent-separated pair. Equilibration ofthe 
two possible solvent-separated pairs causes CO to be lost to  the solution and hence the 
effective concentration of [CoH(CO),] is increased, which is reflected by an enhanced rate. 
A definitive interpretation of these observations is not possible, however, since addition of 
NCR to the reaction medium alters the polarity, and other related parameters. which may 
be reflected by a change in equilibrium constant for one or  more of the subsequent steps. 
Migratory insertion, for example, is known to be affected by the nature of the solvent 
medium4' .42.  

b. Oiefin compiexat/on 

Reaction of the 16-electron complex [CoH(CO),] with the olcfinic substrate to form an 
18-electron rf-o!efin complex. as shown in Scheme 2, is an unconfirmed step in the 
catalytic cycle. Thus, reaction of olefins with [CoH(CO),], believed to be in equilibrium 
with [CoH(CO),], proceeds rapidly to produce aldehydes, acylcobalt, or alkylcobdit 
carbonyls, depending on the conditions. N o  experimental conditions have yet been found 
to allow interception of a n-complex in the reaction. 

By high-pressure infrared studies of the reaction of the n-ally1 complex 
[Co(C,H,)(CO),] with H, (137atm) in n-tetradecane solution at ca. 5 0 T ,  King and 
Tanaka", observed formation of [Co,(CO),,]. Heating to 100 "C resulted in further 
reaction of the cluster and observation of new v(C0) bonds tentatively assigned to a 
species [CoH(CH2=CHMe)(CO),]. This complex persisted at  H 2  pressures down to 
atmospheric, but could not be isolated or further characterized. 

Although n-complexes have not been observed directly under definitive conditions, 
substantial indirect evidence confirms that they are implicated in the icaction mechanism. 
Thus, under catalytic conditions. (R)-3-ethylhexanal is produced in 30,; yield with 70:(, 
optical purity by hydroformylation of ( -i )-(S)-3-methylhex- 1 -ene'", whilst hydroforniy- 
lation of 3-methylhex- 1 -ene-3-d yields 3 - e t h y l h e ~ a n a l - 2 - d ~ ~ * ~ ~ .  These results indicate that 
isomerization occurs without dissociation of the organic group from the metal, since 
deuterium appears in the 2-position in the product and yet the stereochemistry of the 
chiral centre is maintained. An isomerization mechanism in\:olving a series of a-alkyljn- 
olefin complex interconversions explains these r c ~ u l t s ' ~  (Scheme 4). 

c Metal alkyl forrnat/on 

The proposed //'-olefin complex [CoH(CO),(olefin) J is believed to undergo migratory 
insertion to yield a 16-electron alkylcobalt intermediate. [Coll(CO),], which coordinates 
carbon monoxide to produce the coordinatively saturatcd alkyl [CoR(CO),]. Equation 3 
illustrates these steps for a substituted olcfinic substrate. 
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SCHEME 4. lsomerization mechanism for cobalt-catalysed olefin hydroformylation 
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Neither the tl'-olcfin complex nor the unsaturated alkyl have been observed as reaction 
intermediates. Saturated alkyls have not yet been observed under catalytic conditions 
either, since high-pressure infrared spectroscopy is unable to detect these intermediates 
owing to interfering absorptions froin the other cobalt carbonyls present. The in- 
termediacy of the saturated alkyls is confirmed via stoichiometric reaction chemistry. 
Alkyls of the type [CoR(CO),] are well k n o i ~ n ~ ' ~ ~ ' . ~ ~ ,  but generally exhibit low thermal 
stability and are difficult to isolate. Their phosphine-substituted analogues49, discussed in 
Section IV.A.2, are more amenabie to study. 

I t  has been stated that the mode of addition of the Co-H bond across the olefin 
determines the 1 1 -  to iso-ratio of aldehydes produced" via further reactions of the alkyls 
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shown in equation 3. That this is in fact not the case has been demonstrated by Taylor and 
Orchin'', who showed that [CoH(CO),] reacts with CD,-CDCD, in the gas phase, in 
the absence of carbon monoxide, to give cn. 70?< Markownikoff addition. The aldehydes 
produced, 70% iso- and 30'j: u-C4 aldehydes, correspond to the ratio dictated by the initial 
direction of Co-H addition. However, with C O  present the gas-phase reaction gives ca. 
60% normal product5' whilst typical catalytic reactions produce about 70% linear 
aldehydes'. Clearly, the reversibility of the olefin insertion step allows for product control 
to occur at a later stage in the catalytic cycle. 

Since the addition of the Co--H bond across the olefin does not control the product 
distribution and olefin isornerization via n-olefin;a-alkyl interconversions also evidently 
occurs prior to the product-controlling step, ii is not surprising that hydroformylation 
reactions of pent-I-ene and pent-2-ene yield almost the same ratios of / I -  and iso- 
C, a l d e h y d c ~ ~ ~ ~ ~ ~ .  

/ R  
HZC, 

FH2 
'c;2c=( 
'i 

d.  Metal acy/ formafion 

When [CoH(CO),] reacts with a terminal rnonoene in the presence of carbon 
monoxide, it has been shown that more than 80% of the theoretical amount of C O  is 
absorbed for formation of the acyl complex, [Co(COR)(CO),]"'. Such acyl complexes 
may be observed in sitir by infrared spectroscopy, but often are too unstable for isolation 
from such a preparative route". Phosphine-substituted analogues are of course well 
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SCHEME 5. 
permission from ref. 23. Copyright 19s 1 American Chcniicaf Socicty. 

Five- and  six-coordinate transition stiltcs in carbonyl insertifin. Reprinted with 
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The extensive literature on the carbonyl insertion reaction has been well documented in 
the past” and will not becovered in this chapter. Most important to the hydroformylation 
reaction is the influence of carbonyl insertion on product distribution. The 11- to iso-ratio 
obtained in catalytic hydroformylation is controlled largely by the partial pressure of 
carbon monoxide. For simple olefinic substrates, high partial pressures of CO result in a 
predominance of the normal aldehyde5’. These results are rationalized by considering the 
mechanism of carbonyl insertion. Orchin has s u g g e ~ t e d ~ ~ - ~ ’  that, depending on the 
availability of additional ligands, either five- or six-coordinate transition states are 
possible for the alkyl migration. The additional steric crowding of the branched alkyl 
results in a higher energy six-coordinate transition state. but has little effect on the energy 
of the less crowded five-coordinate transition state, in  comparison with the n-alkyl isomer. 
Clearly, under reaction conditions where additional ligands are present, such as where 
high partial pressures of C O  are employed or where tertiary phosphines are added, the 
route involving formation of a six-coordinate transition state is predominant and more 
favoured for the n-alkyl isomer. The ready isomerization of the t i -  and iso-alkyl complexes, 
via n-olefinla-alkyl complex conversion, allows for a predominant formation of the rz-acyl 
complex, resulting in a high 11- to iso-ratio. The situation is shown schematically in 
Scheme 5 .  

e. Metal acyl cleavage 

Several possibilities exist for cleavage routes of the acyls to form the aldehydic products. 
This step is shown as a hydrogenolysis i1i Scheme I ,  as originally proposed by Heck and 
Breslow”, but evidence is mounting that this is not the case, even under catalytic 
conditions. 

It is important to note that no second reactant is necessary to achieve cleavage of an 
acylcobalt carbonyl to yielc! aldehydes, since a disproportionation is possible (equation 
4)55*56. Several factors are important in this disproportionation: the reaction is 

~[CO(COCH,CH,R)(CO),] + RCHzCM2CH0 

(4) 

irreversible, produces two isomeric aldehydes from a single isomer of the acylcobalt 
complex, and is inhibited by carbon monoxide. Both pentanoyl- and 2-methylbutanoyl- 
cobalt carbonyls, for example, yield the same butenes on d i~propor t iona t ion~~.  The 
disporportionation reaction is favoured using pentane as a solvent, whereas using diethyl 
ether only isomerization of the acylcobalt complexes is favoured. The proposed 
mechanismz3 is shown in Scheme 6. The acyls are proposed to isomerize via equilibria 
involving a-alkyl and n-olefin complex formation, whilst disproportionation can occur 
via reductive elimination through the reaction of either isomeric acyl complex with the 
hydride [CoH(CO),(olefin)]. Clearly, both isomerization and disproportionation will be 
inhibited by CO, since these processes involve formation of a coordinatively unsaturated 
intermediate. The origins of the solvent effects are not clcar. 

Under stoichiometric hydroformylation conditions, acyl cleavage must occur through 
reaction with [CoH(CO),]. The reaclion is evidently rapid, since free [CoH(CO),] inust 
still be available for this to occur. An oxidative addition-reductive elimination mechanism 
is likely (equations 5-8). Since [CoI-I(CG),] is a protic acid, i t  is also possible that the 
aldehyde is formed by direct acidolysis of the acyl complex. 

+ RCH(Me)CHO + RCH=CH2 + CO,(CO)~ + CO 

[ Co(COR)(CO),] [Co( COR)( CO),] + CO ( 5 )  

(6) 

f 7) 

[CO(COR)(CO),] + [CoH(CO),] s[CO~(COR)(H)(CO) 7 1  
[co,(COR)(H)(CO),]- RCHO + [Co,(CO)-] 
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SCHEME 6. Disproportionation of scylcobalt carbonyls. Reprinted with permission from ref. 23. 
Copyright 1981 American Chemical Society. 

[CO,(CO),] + c o e [ c o , ( c o ) , ]  (8) 

In  the case of catalytic reactions, cleavage of the acyl complex by [CoH(CO),] is still 
possible, but the possibility of direct hydrogenolysis is also apparent (equations 9- 12). 

[Co(COR)(CO),] e[Co(COR)(CO),] + C O  (9) 

[Co(COR)(CO),]+ Hz=[Co(CORj(Il)z(CO),] (10) 

( 1  1) 

[CoH(CO),] + COe[CoH(CO),] (12) 

[Co(COR)(H),(CO),] -+ [CoH(CO),] + RCHO 

The relative contributions of the cleavage routes by H2 and [CoH(CO),] under 
operating conditions are not clear. High-pressure infrared studies' have been 
interpretedz3 to imply a possible dominance of [CoH(CO),] cleavage, whereas kinetic 
data58 have been interpreted6 in  terms of a dominant cleavage by H2. No definitive 
statement is possible with the data presently available. 

The acyl complexes [Co(COR)(CO),] appear to form a major part of the species present 
under catalytic conditions3'. This may imply that the cleavage step is rate-limiting, 
although since several steps in [hecycle involve a dissociative loss of C O  and the reaction is 
r u n  under high partial pressures of CO, it is possible that an earlier step determines the 
rate6. Orchin'-3 has suggested that loss of C O  from [CoH(CO),] may be rate-limiting. 
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f C/us[er forrnafion 

Polynuclear clusters ofcobalt are less prevalent than those of rhodium, yet their possible 
involvement in olefin hydroformylation should not be ignored. So far, only dinuclear 
species have been mentioned in this section, but as eai-ly as 1955, Natta el aLS9 postulated 
equilibria involving tetranuclear species. Thus, although catalytic hydroformylation is 
inverse first order in carbon monoxide partial pressure at high pressures of CO, at  low 
partial pressures a half-order dependence is observed. Natta et ~ l .  proposed the equilibria 
shown in equations 13-16 as a possible explanation. 

(13) 

[c0Z(c0)6] =$lco4(co), 2 1  (14) 

(15) 

[CoZ(CO),] + H2e2[CoH(CO) , ]  (16) 

[CoH(CO),(oIefin)] + [CoH(CO),] -+ R C H O  + [Co,(CO),] 

i [Co,(CO) , J + 2CO e [ Co,(CO),l 

More recently, it has been shown that [Co,(CO),] and [CoH(CO),] react to form 
[CO,(H)(CO),]"~*~', whose possible involvement in hydroformylation is not yet known. 
In the presence of base (e.g. NEt,), [CoH(CO),] and [Co,(CO),] react to form a carbyne- 
bridged trinuclear cluster, [CO,~(CO),(COH)]~' .  A sequence inter-relating the various 
species is shown in equation 17. Under hydroforniylation conditions, i t  is not known 
whether such species are formcd. 

CJ By-producr f O / / r J a l / O / l  

In addition to aldehydes. olefin hydroformylation produccs varying amounts of 
alkanes, alcohols. ketones, and condensation products, depending on the exact reaction 
conditions. Catalytic hydrogenation of the olefinic substrate is envisaged as occurring via 
interception of the alkylcobalt species by H, or [CoH(CO)J, prior to the migratory 
insertion step (equations IS and  19). Alternatives to thcse postulated two-electron 
transformations are described in the next section, where free-radical involvement in 
hydroformylation systems is considered. 

[CoR(CO),J + H, - KH + [CoH(CO),] 

[CoR(CO),] + [CoH(CO).,] -RH + [Co2(C0) , ]  

(18) 

(19) 

Alcohol formation. via catalytic aldehydc rcduction, follows kinetics which show a n  
inverse dependence on the square of thc carbon monoxide partial pressureh3. thus 
explaining why the cobalt system is relatively ineffcctive for this reduction under the high 
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C O  pressures encountered in typical operating systems. The addition of a Co-H bond 
across the C = O  of an aldehyde could occur in two possible directions as shown in the 
structures 1 and 2. Clearly, 1 lcads to alkoxycobalt complex formation. whereas 2 leads to 

H\ 
R,c-o 

A- - --- CO KO), 

hydroxyalkylcobalt complex formation. Both routes have been p ~ s t u l a t e d ~ ~ . ~ '  to explain 
alcohol formation. 

An intermediate formed from 1 is zttractive in explaining formate ester formation 
during hydroformylation, since C O  insertion into the Co-0 bond of an alkoxycobalt 
intermediate, followed by reduction, provides an attractive pathway. Formate ester yields 
of ca. 4% have been reportedG5. An intermediate formed from 2, however, seems necessary 
to explain the stoichiometric reaction of [CoH(CO),] with methanal, yielding 2- 
hydroxyethana166, presumably via CO insertion into the Co-C bond of the hydroxy- 
methylcobalt intermediate. This dichotomy remains unresolved. 

Ketone formation is not a problem under typical hydroformylation conditions and only 
becomes substantial under low pressures with high concentrations of unhindered 
ole fin^^^. A mechanism involving a binuclear reductive elimination has been proposedfi' 
(equation 20), but remains Iargely untested. 

[Co(COR)(CO),] + [RCo(CO),] -+ R 2 C 0  + [CoZ(C0),] (20) 
Aldol condensation products, particularly 2-ethylhexana1, have been mentioned 

previously as  being often desirable products from hydroformylation; their formation will 
not be considered further here. 

h. Free radical reactions 

In  the preceding sections, the mechanism of olefin hydroformylation has been 
considered i n  terms of conventional two-electron reactions. Thcre is mounting evidence. 
however, that radical pathways are intimately involved in the chemistry of cobalt 
carbonyls for the reaction types under consideration. The first definitive evidence6' comes 
from a study of the reaction between [CoH(CO),] and 1,  I-diphenylethylene, where 
'H n.m.r. studies showed a CIDNP effect on raising the temperature of the reaction system 
from - 78 to 31 "C. A signal attributable to a methyl group was observed as a doublet 
emission at 1.6 ppm, rapidly changing to a doublet absorption with an upfield shift as the 
temperature rose. These observations are clearly evidence for intermediate formation of ii 

germinutc radical pair, Ph2C'Meco(CO),. via hydrogen abstraction from [CoH(CO),] by 
ph2C==CH2. The hydrogen abstraction reaction has precedent in Sweany and Halpern's 
observation70 of a CIDNP effect in the reaction of [MnH(CO),] with 2-methylstyrene. 
Both show second-order kinetics, inverse deuterium isotope effects, and 
deuterium exchange between reactants and products. Modelled on Sweany and Halpern's 
description, the mechanism shown in equations 20-23 for free-radical hydrogenation of 
Ph,C-CH2 has been proposedG9. 

P h2C=CH + [CoH(CO),] 1'11: (? Meeo(CO), (20) 

Ph,C'MeC'o(CO),- co(CO) ,  + Ph,C'Me (21) 

(22) 

'CO(CO), + [CO,(CO),] (23) 

Ph,i'Me + [CoH(CO),] - Ph,CHCH, + to(CO), 
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It is possible, therefore, to envisage a situation for a particular olefinic substrate where 
diffusion of the germinate pair from the soivent cage (i.e. equation 21) leads to 
hydrogenation (i.e. equations 22 and 23), whereas recombination within the cage leads to 
the formation of an alkylcobalt complex which undergoes migratory insertion to yield 
aldehydes via the normal sequence' I .  Partitioning between hydrogenation and hy- 
droformylation may thus be determined by the recombination or  escape steps. This has 
been shown to be the case for stoichiometric hydroformylation with [MnH(CO),], 
another reaction which shows all the characteristics (e.g. CIDNP effects) of a radical 
process 7 2 .  

Ungvary and  mark^^^ utilized the concept of partitioning between recombination and 
escape to explain the kinetics of the reaction between [CoH(CO),] and styrene in the 
presence of carbon monoxide. The rates of ethylbenzene and of a-phenylpropionylcobalt 
tetracarbonyl formation are both first order in [CoH(CO),] and styrene and independent 
of CO and [Co,(CO),] concentrations. Large inverse isotope effects were observed and 
both [Co,(CO),] and some isomeric acyI complex were aIso found as  by-products. The 
mechanism show in Scheme 7, essentially outlined in the preceding paragraphs, was 
proposed. It seems very likely that further contributions in this area will soon delineate the 
extent of radical involvement in this area of chemistry. 

PhCH=CH, 4- [CoH(CO),] 

y ,' k-e 

P h t H M e  + *CO(CO)~ 

(fast) +[CoH(CO),] i 
PhEt + *Co(CO), [Co{COCH(Me) Ph)(C0)4] 

kald HCoCCO), I 
Ph(Me)CHCHO + [Co,(CO),] 

2 co KO), 

SCHEME 7. Radical involvement in the reaction of [CoH(CO),] with styrene. Reprinted with 
permission from ref.73. Copyright I982 American Chemical Society. 



8. Olefin hydroformylation 377 

i. Conclusions 

Although mechanistic studies of olefin hydroformylation using unmodified cobalt 
catalysts have answered many questions, there are clearly still areas worthy of further 
investigation. The recent demonstration of free radical involvement in partitioning 
hydrogenation and hydroformylation, for example, is possibly a more widespread 
occurrence than at present thought. The stereochemistry of olefin hydroformylation has 
not been described in the preceding sections, since the very small body of work in this area 
has only recently been discussed23. This topic would also profit from detailed study in the 
future. Many of the individual steps proposed for the catalytic hydroformylation cycle 
remain unproved to date; it is to be hoped that the future will see the conflicting evidence 
for some of these steps resolved. 

2. Modified catalysts 

In comparison with data for unmodified cobalt catalysts, any mechanistic discussion of 
modified systems must explain the major differences between the two cases. Principle 
among these differences are the following: 

(i) modified catalysts can operate under lower partial pressures of carbon monoxide 
than their unmodified analogueslO; 

(ii) higher 11- to iso-rates are obtained with modified catalysts'"; 
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(iii) the activity in hydroformylation is generally lower for modified systems7s; 
(iv) the activity in hydrogenation is generally higher for modified systems74. 

The mechanism of the modified cobalt system in olefin hydroformylation is generally 
assumed to follow a cycle similar t o  that described in the preceding sections for unmodified 
catalysts. A generalized cycle is shown in Scheme 8, which forms the basis for the 
discussion of modified catalysts which follows. Much of the validity of this discussion is 
based on :he correctness of the proposed mechanism for the unmodified system, new 
aspects of which a re  still being discovered. 

a. Catalyst stability 

In ligand-modified catalyst systems, [Coz(CO),] is the usual cobalt source and the 
modifying ligand is most typically a trialkylphosphine. It is proposed that under operating 
conditions, equilibria a re  established leading to the formation of mononuclear hy- 
dridocobalt species (equations 24 and 25). 

rco~(co),] + 2 L ~ [ C O 2 ( C 0 ) , L , ]  + 2 c o  (24) 

[Co,(CO),L,I + H, S![CoH(CO),LI (25) 
Under mild reaction conditions it has been that the conversion of 

[Co,(CO),] t o  [CoH(CO),( PR,)] is incomplete, even with Co  to PR, ratios as high as 1 :5. 
Under other conditions, it is known that the simple substitution reaction in equation 24 
may be suppressed in favour of disproportionation (equation 26)77-79. 

[Co,(CO),] + 2Le[Co(CO),(L),] '~[CO(CO),J - + co (26) 

The formation of ionic products is generally favoured at lower temperatures and, indeed, 
the ionic species may be converted into the dinuclear complex by heating'" in some cases 
(e.g. L = AsPh,, SbPh,) (equation 27). 

(27) 
The formation of substituted hydrides, e.g. [CoH(CO),LJ and [CoH(CO),L,], is also 

well known through preparative chemistry. It is generally observed that the thermal 
stability of substituted hydrides exceeds that of thc parent carbonyl, [CoH(CO),]. Using 
melting points as a n  indication of this is illustrative: [CoH(CO),], - 30 OCZ3; 
[CoH(CO),jP(OPh),]], ca. 0 'C8' ; [CoH(CO),(PPh,)], cn. 20 OC8 '. Thermal stability is 
a key factor in determining the operating conditions for catalytic experiments. Thus, in the 
case of unmodified catalysts, a high reaction temperature is needed to generate 
[CoH(CO),] it1 situ and, at  such high temperatures, the partial pressure of CO must be 
kept high to prevent decomposition to metallic cobalt". Since phosphine-substituted 
carbonyls a re  thermally more stable with respect to decomposition to metallic cobalt, it 
follows that lower partial prcssures of carbon monoxide may be employed at a given 
temperature. 

I t  is possible that the enhanced stability of the substituted carbonyls is electronic in 
nature. The metal centre in [CoH(CO),] is evidently electron-poor, since the complex is a 
strong acid. Substitution of CO, particularly by a trialkylphosphine, is likely to promote 
electroneutrality a t  the metal. Whether trialkylphosphines are considered t o  be pure 6- 
donors or a- donors/^-acceptors, it is still apparent that replacing a powerful n-acceptor 
carbonyl ligand by PR, will increase the electron density at the metal centre. This has 
important effects on the catalytic cycle, as discussed below, but in terms of stability, 
electroneutrality appears to be a key factor. since a n  increased electron density at  the metal 
centre allows for enhanced Co - -CO n-bonding. This additional bond strength is reflected 
in the greater thermal stability of the substituted coniplexcs. 

[ co (co ) ,L , ]  +[CO(CO),] - e[Co,(CO),L,] + co 
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b. Se/ect/v/ty 

The origins of enhanced selectivity for ri-aldehyde formation with phosphine-modified 
cobalt catalysts appear to be both steric and electronic in nature. Thus, replacement of a 
small carbonyl ligand by a bulkier tertiary phosphine is expected to result in crowding a t  
the metal centre. In terms of the catalytic reaction, this is likely t o  result in the preferential 
formation of n-alkyl- and n-acyl-cobalt intermediates, since the transition states involved 
in the migratory insertion steps will be of lower energy than for the sterically more 
demanding iso- species. Clearly, for these steric effects to be operative, the tertiary 
phosphine must remain bound to the metal throughout the reaction. Electronic effects 
thus become important. since displacement of PR, by C08’ .HJ  (equation 78)  

[CoH(CO),(PII,)] + CO=[CoH(CO),] + PR, 

would result in  subsequent catalysis by the unmodified route with the corresponding 
decrease in selectivity. 

Experiments using [Co2(C0),]/2PR, catalyst precursors have confirmed the de- 
pendence of selectivity on both the electronic and steric properties of the PR, ligandsE3. 
Masters6 has previously discussed the effects of PR,{ ligands on hydroformy!ation in terms 
of Tolman‘s electronic and steric ligantl Ixirarnetcrs”. 

c. Hydro form yla t ion activity 

Modified cobalt catalysts generally exhibit lower activity i n  olefin hydroformylation 
than their unmodified counterparts, assuming conditions where phosphine displacement 
is minimized for the former case. Masters6 suggested that this is due to a difference i n  the 
rate-determining steps of the two cycles. If it is assumed that hydrogenolysis of a cobalt 
acyl is the rate-determining step for the unmodified catalyst, i t  can be rationalized that a 
different rate-determining step will occur with the modified system. Thus, as discussed 
above, the phosphine is likely to render the metal centre more electron-rich, thereby 
promoting oxidative addition and hydride transfer in the modified catalyst. Conversely, i t  
is argued that the steric hindrance of the phosphine will inhibit olefin coordination and 
that this may be the rate-determining step for the modified catalyst. 

Orchin’-’ has suggested that dissociation of CO from CCoM(CO),] may be rate-limiting 
in the unmodified systems. Based on discussion given earlier, it is expected that phosphine 
substitution will result in enhanced Co-CO n-bonding in [CoH(CO),(PR,)] and thus i t  
would be expected that a slower rate-determining step would result for the modified 
catalyst. 

With the data currently available it does not seem to be possible to differentiate between 
these two possibilities. Evidently the kinetics of the two systems differ, but whether this is 
due  to a change in the rate-determining step is not yet clear. With relatively unreactive 
olefins, such as cyclohexene, infrared studies3’ indicate that [CoH(CO),(PR,)] (Co:PK, 
= 2 :  1, II = n-Bu, 190 ”C, 80atm synthesis gas) is the major species in solution. Pruett’ has 
emphasized that such results probably should not be extrapolated to typical fast systems 
( e g  with ethylene). 

The  possibility that loss of C O  from [CoH(CO),(PR,)] is rate-limiting has been 
mentioned above and the fact that such a step is likely to be slow has led to a proposal of an 
associative mechanism for ligdnd-modified systems‘. Later discussion of rhodium- 
catalysed systems (Section 1V.B) will show that the concept of dual catalytic pathways 
(associative and dissociative) has recently been examined and may not be mechanistically 
valid. 
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d. Hydrogenation activity 

Both olefin and aldehyde hydrogenation are more prevalent with phosphine-modified 
catalysts than with the ligand-free system. This would seem to  result from the  electronic 
effects of phosphine substitution. As mentioned above, substitution of CO by PR, will 
tend to increase the electron density a t  the metal centre. This will clearly favour the 
oxidative addition of H, and, further, increase the hydride character of any Co--H 
intermediates. An increase in hydridic nature will favour niigratory insertion via hydride 
transfer and  thus lead to enhanced alkane formation from metal alkyls and alcohol 
formation from alkoxymetal species. 

The possibility that oleGn hydrogenation results from a radical-based process, a s  
described previously for unmodified catalysts, does not appear to have been examined as 
yet. This is evidently important, since olefin hydrogenation is the major disadvantage of 
modified cobalt catalysts on an industrial scale. 

e. Conclusions 

The effects of modifying ligands may be understood by considering both the electronic 
and steric effects that these impose a t  the metal centre. The separation of steric effects from 
electronic effects is difficult to achieve and Tolman's workx5 to put these concepts on a 
semi-quantitative basis has helped a clearer picture to evolvc. Once again, the problem 
encountered in studying such complex systems is the lack of detailed kinetic data for the 
individual steps i n  the reaction sequence. Even the rate-determining step is not known 
with any certainty. A s  with the utimodified systems, much still remains to be accomplished. 

6. Rhodium-Catalysed Systems 

1. Unmodified catalysts 

Unmodified rhodium catalysts are not industrially attractive becausc of the problem of 
low 11- t o  iso-ratios alluded to earlier. The  study of such systems is of importance 
principally because of the light shed on modified catalysts through understanding of the 
simpler system. The  proposed catalytic cycle for unmodified rhodium catalysts i s  shown in 
Scheme 9 and i t  is immediately apparent that the  steps involved parallel those for 
unmodified cobalt systems. The cycle shown forms the basis for the following discussion. 

a Hydridorhodiurn carbonyls 

The rhodium catalyst precursor may be introduced into the reaction system in any one 
of several forms. O n  a kaboratory scale, use of [Rh,(CO),CIJ o r  [RhJCO) 2] is common 
while on a larger scale, rhodium salts o r  dispersed rhodium metal may be employed 
conveniently. It is now known that these precursors lead to irr situ formation of 
[RhH(CO),] under hydroformylation conditions. Although thc existence of [RhH(CO),] 
was postulated as early as 194386, its detection and  characterization proved to be 
exceedingly difficult. For the unmodified cobalt systems, the effects of equilibria involving 
tetra-, di-. and mono-nuclear species have been discussed previously (Section IV.A.1) and 
may be reprcsentcd by equation 19. 

In thecaseof rhodium,it is now known that [Rh,(C0),2] reacts to form [Rh,(CO),] in 
a solid carbon monoside niatiss'. although the \'cry esistcnce of [Rh,(CO),] was 
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S C H E M E  9. Rhodium-catalysed olefin hydroformylation. 

questioneds8 until fairly recently; similar reactivity is indicated by infrared studies on 
hydrocarbon solutionss9. Attempts to observe [Rhl-I(CO),] spectroscopically proved 
more d i f f i c ~ l t ~ ~ . ~ ~  than for the cobalt ~ y s t e m ~ ” . ~ ’  or for the corresponding iridium 
system3‘ (not discussed in thischapter). King er 0 1 . ~ ’  tentatively assigned a v(C0) mode at 
2019cm- ’ to [RhH(CO),J during a high-pressure infrared study of ethylene cxbony-  
lation, but complete identification of this complex was achieved by Vidal and Walker”. 
Using Fourier transform infrared techniques to study the fragmentation of [RhJCO), J 
in dodecane solution under 1241-1370atm of CO at 5-12“C, the formation of 
[Rh,(CO),] was detected. Addition of hydrogen (CO:H, = 9:2; 1542atm) led to the 
formation of new species and, by subtraction of bands due to the tetra- and di-nuclear 
compounds, the spectrum of [RhH(CO),] was observed (2070n1, 2039vs, 2008wcm - I )  

and assigned by analogy to the cobalt and iridium analogues. 
The first step in the catalytic cycle, dissociation of CO from [RhH(CO),] to form a 

coordinatively unsaturated 16-electron species, [RhH(CO),], is unproved. The detection 
and characterization of coordinatively unsaturated species of this type are generally 
dificult and, in this specific case, complicated by an apparent series of equilibria with 
polynuclear complexes (Scheme 10). Cluster involvement is further discussed in Section 
B. 1 .e. 

The intimate details of the degradation of rhodium clusters to [RhH(CO),] are 
evidently not as well understood as the corresponding cobalt reactions, largely owing to 
the complexity of the infrared spectra obtained under hydroformylation conditions. 
Clearly this area is sufficiently fundamental to olefin hydroformylation to warrant detailed 
study. 

b. Olefin complexaIion 

High-pressure infrared spectroscopy has provided tentative evidencc for the formation 
of [RhH(CO),(olefin)] complexes. For example. King and T ’ a r ~ a k a ~ ~  reported that 
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+ H- 

SCHEME 10. Equilibria involving the  postulated [RhH(CO),]. Reproduced from ref. I by perrnis- 
sion of Academic Press. 

[Rh,(CO), ,] reacts with a 1 : I C,H,-H, mixture (6 ittm, 37 ~-C) ,  producing a species which 
was tentatively identified by its i.r. spectrum [v(CO) = 2075w, 2026s c m -  ‘1 as a trigonal 
bipyramidal species with local C,, symmetry, such as [RhH(CO),(olefin)], with three 
equatorial carbonyls. This species was found to have a very different regime of stability 
from [RhH(CO),], reported by Vidal and  Walker9,, but could not beisolated o r  identified 
unambigously. King and  Tanakab3 also presented i.r. data interpreted in terms of reaction 
between [Rh(CO),(x-allyl)] and hydrogen to yield the propene complex [RhH(C0)Jq2- 
MeS.H=CH,)]. 

The  reaction of [RhH(CO),] with the olefin to form [RhH(CO),(olefin)] may well be 
rate-limiting, in cases where stericaily demanding olefins are involved. Thus, many i.r. 
stUdiesJ3,9’-94 indicate . that rhodium acyls build up  during hydroformylation of simple a- 
olefins (maybe indicating a rate-limiting hytirogenolysis or other cleavage step in these 
cases), but for cyclic olefins, [Rh,(CO) build-up O C C U ~ S ~ ~ * ~ ~ .  Scheme 10 indicates that 
clustering of [RhH(CO),] would cause this to occur. indicating that the reaction of 
[RhH(CO),] with cyclic olefins must be slow. Under high-temperature conditions, 
[Rh,(CO), J, the thermodynamically favoured cluster, is observed spectroscopically 
when cyclic olefins a re  the substrate. 

King and Tanaka’s work indicates that it may be possible to prepare and study 
[RhH(CO),(olefin)] complexes under conditions similar to those used in hydroformy- 
lation. This is clearly worthwhile, since unambiguous characterization of the hydridoolefin 
complex and a n  understanding of its reactivity would put the mechanism of hy- 
droformylation on a much firmer basis. 

c Metal alkyl  formation 

Much as  in :he unmodified cobalt system, the rhodium catalyst cycle is believed to 
proceed from [RhH(CO),(olefin)] via migratory insertion to produce the 16-electron 
species [RhR(CO),], which coordinates CO. forming [RhR(CO),]. The coordinatively 
unsaturated species has never been observed and  identified. but [RhR(CO),] complexes 
have been implicated by observation under high-pressure conditions by infrared 
spectroscopy. Thus, treatment of various rhodium(1) catalyst precursors with CO-C,H,- 
H, mixtures allowed observation of ii complex by i.r. methods, identified as 
[Rh( Et)(CO),]”. The  ethylrhodium species was found to be unstable except under CO 
pressures and, if correctly identified, represents the first [KhR(CO), J complex. Although 
[CoR(CO),] species of limited thermal stability have been known for some time, the 
ethylrhodium complex represents the observation of ;t proposed hydroformylation 
intermediate, which is stable only under high-pressure hydroformylation conditions. 
Other rhodium alkyls have now been observed under similar experimental conditionsA3. 
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d. Metal acyl formation and cleavage 

Rhodium acyls have been observed under high-pressure conditions by infrared 
s p e c t r o ~ c o p y ~ ~ . ~ ~ .  As noted previously, with a-olefins, the coordinatively saturated 
rhodium acyl is the species which tends to build up in ~ o l u t i o n ~ ~ . ~ ~ ,  indicating thzt its 
cleavage may be rate-limiting. King and  c o w ~ r k e r s ~ ~ * ~ ~  noted, however, tha t  with 
ethylene as a substrate it is the ethylrhodium species and  not the propionylrhodium 
complex which is predominant in  solution. Possibly, then, the formation of the acyl 
complex is also a slow step under ccrtain conditions. 

The cleavage step is represented by a hydrogenolysis in Scheme 9 but, a s  in the cobalt 
system, there is really no  evidence that this is correct, since a binuclear reductive 
elimination of aldehyde from [Rh(COR)(CO),] and [RhH(CO),] is also possible. Indeed, 
since [RhH(CO),] is known to be a strong protic acidg2 {more acidic than even 
[CoH(CO),]), the possibility of a direci acidolysis of a rhodium acyl becomes likely. 

The intimate details of acyl formation and  cleavage have not been studied in such depth 
a s  for cobalt and  much remains to be learned here. 

e. Cluster formation 

Aggregation to form polynuclear clusters is more commonly observed for rhodium than 
for cobalt. Johnson and Lewisg6 pointed out  that aggregation processes a re  often initiated 
by cluster degradation involving the reversible ejection of a coordinatively saturated 
fragment and  oligomerization of the remaining coordinatively unsaturated fragments (e.g. 
equations 29 and  30). 

The  nature of the ciustering processes a re  important because these can lead to an effective 
decrease in the available rhodium present in solution, since there is n o  evidence that 
polynuclear clusters actively participate in hydroformylation. Further, clustering seems to 
result from many expected side-reactions in hydroformylation systems. For example, 
when [RhH(CO),] acts a s  an  acid", the [Rh(CO),] - produced is known to be trapped by 
[Rh,(CO), 2]92*97 (equations 3 1 and 32). 

(31) 

(32) 

[RhH(CO),] + B -  + [Rh(CO),]- + HB 

[Rh(CO)+I - + CRh,(CO) 1 2 1  -+ [Rh j ( C 0 )  1 5 1  - 

The [Rh,(CO) I j] - anion is evidently a stable species under high-pressure conditions, 
since Heaton cf aL9* observcd by high-pressure "C n.m.r. that degradation of 
[Rh,2(CO),o]2- stops a t  the pentarhodium cluster under high pressures of synthesis gas. 
The  real involvement of polynuclear clusters in hydroformylation, other than as a source 
of mononuclear species, still remains a mystery. There do not appear to be any reports of 
hydroformylation catalysis by polynuclear rhodium species in which the involvement of 
mononuclear complexes has been rigorously excluded. 

f .  Conclusions 

Clearly, our knowledge of unmodified rhodium catalysts does not match that of the 
unmodified cobalt catalysts. Much of the catalytic cycle described for the rhodium system 
is taken to hold 'by analogy' with cobalt. This is evidently undesirable, since there are a 
number of fundamental areas (e.2. radical involvemenr and cluster formation) which are 
likely to differ mechanistically. High-pressure infrared studies have becn particularly 
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useful in studying rhodium catalysts and it is expected that much mechanistic information 
could be acquired through use of the newly developed high-pressure ' 'C n.m.r. probe', in 
conjuction with i.r., to study systems under operating conditions. 

2. Mofified catalysts 

The use of modified rhodium catalysts for olefin hydroformylation can be attributed to 
the early work of Slaugh and M u l l i n e a u ~ ~ ~ ~ ' ~ ~ .  Much of the work necessary to understand 
the fundamentals of the reaction mechanism came from Wilkinson's g r o ~ p ' ~ ' - ' ~ ~ ,  
although Brown and c o ~ o r k e r s ' ~ ~ - ' ~ ~  have now questioned some aspects of the 
mechanistic interpretation. The key issue in discussing ligand-modified rhodium catalysts 
is the effect of the rhodium to ligand ratio on the 11- to iso-ratio of the aldehydes produced. 
As a general rule, increasing the ligand concentration increases the 1 1 -  to iso-ratio. With 
this in mind, the differences between the modified and unmodified rhodium systems are 
discussed in the following paragraphs. 

a. Reaction mechanism 

Several dilyerent rhodium(1) complexes act as catalyst precursors for olefin hy- 
droformylation'OO and all of them appear to form [RhH(C0)2(Pil,),] under reaction 
conditions. This complex is also presumed to be formed when the source of rhodium is 
rhodium metal or rhodium salts. When chloro complexes are used as precursors, e.g. 
[RhCl(CO)(PR,)J, then addition of amines to scavenge HCI will often reduce the 
induction period"' during which [KhH(CO),(PR,),] is being formed (equation 33). 

[RhH (C0)2(PR3)2] 

Pruett' and Pruett and Smith"" noted that [RhH(C0)2(PR,),] is unlikely to exist in 
isolation, but rather in equilibrium with a variety of closely related species (Scheme 1 I ) .  
Brown et 0 1 . ' ' ~  similnrly demonstrated by H n.m.r. that the tetraphosphole complex, 3, 
reacts with CO to yield 4 and 5 (equation 34), whose equilibration is slow on the n.m.r. time 
scale. 

I 
Ph 
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- co + PR, 

+ cc - PR3 
[RhH(CO),] [RhH(C0)3] -- L [RhH(CO)3(PR3)] 

- c o \ I +  co 

- co + PR, 

f co - PR, 
[RhH(CO) (PR3 121 [RhH (CO), (PR3 I,] L -- [RhH (C0I2(PR3) 3 

f PR.1 1- PR, 

SCHEME 1 1 .  Equilibria involving [RhH(CO),(PR,)2]. Adapted with permission from refs. 1 and 
110. Copyright 1969, 1979 American Chemical Society. 

The selection of [RhH(CO),(PR,),] a s  the key intermediate is based on the obser- 
vation' that C,H, ( 1  atm, 25 "C) reacts only with this complex (R = Ph)  when present as 
a mixture with [RhH(CO)(PR,),]. Similarly, methylenecyclopropane reacts only with 5 
when added to  a solution of both 4 and 5 at 25 'CIo7. 

The problem arises in defining the number of PR,  ligands bound to rhodium 
throughout the catalytic cycle. Wilkinson and  coworkers'02-' O 5  proposed both asso- 
ciative and dissociative routes, shown in Scheme 12, where the former cycle invoives more 
sterically hindered intermediates. The  increased 11- to iso-ratio with increasing PR, 
concentration could thus be ascribed to  a dominance of the associative route in the 
presence of excess ligand, which favours ti-aldehyde formation because the transition 
states associated with the key insertion steps will be less hindered than for iso-aldehyde 
formation. 

The  controversial step in the associative cycle is the initiaI interaction of 
[RhH(CO),(PR,),] with the olefinic substrate. A genuine coordination of the olefin would 
represent an  18- to 20-electron conversion which, whilst not totally unknown, does not fit 
well with accepted ideas on the mechanisms of catalytic reacti0r.s. Possibly a concerted 
reaction of Rh-H with a n  'uncoordinated' olefin to yield an  alkyl directly may occur6. 
The fact that the reaction rate does decrease with increasing PR, concentration is in 
accord with a lower reactivity for the saturated species (associative route) than for the 
unsaturated species (dissociative route). 

The  newest ideas on this problem come from Brown and  coworkers' n.m.r. 
s t ~ d i e s ' ~ ~ - ' ~ ~ .  Terminal olefins were shown to react with [RhH(CO),(PRh,)J t o  give 
linear and branched acylrhodium complexes, of the type known t o  accumulate under 
hydroformylation conditions. For example, the complexes 6 and 7 were formed in a 91 :9 
ratio from styrene. Over a 2-h period. the isomer ratio changed to favour 7, with both I I -  

PPh3 PPh3 

( 6 )  ( 7 )  



386 Jul ian A. Davics 

Associative 

4 E C H O  Dissociative 

[ Rh (COEt) (CO) L2] [R h (E t ) (CO ),L] 

L 

SCHEME 12. Associative and dissociative cycles for modified rhodium catalysts. 

and iso-aldehydes being formed (e.g. by hydricie donation from a rhodium hydride). The 
isomerization was inhibited by excess of PPh, and aldehyde formation was suppressed. 

Brown and c ~ w ~ r k e r ~ ' ~ ~ - ' ~ ~  have observed that the isomerization of the acyl 
complexes is likely to be important at higher temperatures in catalytic reactions where 
such complexes are likely to be trapped by Hz, after a dissociative ligand loss. Accordingly, 
the )I- to iso-ratios of such catalytic reactions may reflcct the kinetic liability of the acyl 
complexes rr;thei thar! a change in the catalytic pathway. Further work will no doubt be 
forthcoming to clarify this issue. 

b. Conclusions 

A major c r i t i~ is rn '~ '  of the mechanistic discussion of modified rhodium catalysts is that 
almost all of the available information dates to pre-1970. Whilst there is clearly nothing 
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wrong with this per se, the developments in instrumentation since that time mean that we 
are now in a position to investigate more aspects of the systems than was previously 
possible. In particular, multinuclear magnetic resonance methods' '' and the newly 
developed high-pressure n.m.r. techniques9* are  beginning tg be applied in such areas and 
much should be accomplished in the future. 

V. CONCLUDING REMARKS 

In this chapter, some aspects of the mechanisms of catalytic olefin hydroformylation with 
cobalt and rhodium catalysts have been discussed. It is important to  realize that this is only 
one area of hydroformylation chemistry that is currently developing at a rapid pace. Other 
areas of interest, in which our  level of fundamental understanding is perhaps more 
restricted, include stereochemistry and asymmetric synthesis, the use of supported 
catalysts, and catalysis by 'other metals'. There is little doubt that olefin hydroformylation 
is one of the succzss stories of crganometallic chemistry and has an  important place in 
both the history and the future of the chemistry of the metal---carbon bond. 
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1. INTRODUCTION 

The Fischer-Tropsch synthesis is essentially a polymerization reaction-or perhaps 
better an oligomerization, since in most cases the average molecular weight of the product 
is not very high-where carbon-carbon bonds are formed between carbon atoms 
derived from carbon monoxide, under the influence of hydrogen and a metal catalyst, and 
with elimination of water. Without anticipating thedetailed reaction mechanism, the main 
reaction of the  Fischer--Tropsch (FT) synthesis may be formufated as: 

Depending on the catalyst and reaction conditions, the products are linear hydrocarbons, 
oxygenated derivatives thereof, o r  mixtures of both. Usually a wide range of molecules 
with different chain lengths and with a molecular weight distribution characteristic of 
polymerization reactions is formed. 

In this chapter we shall concentrate mainly o n  the chemistry and mechanism of the F T  
synthesis, with particular emphasis on the importance of intermediate metal-arbon 
bonds. However, the story or the FT synthesis -.vould be incomplete without a t  least a brief 
account of its historical development and the present s a t u s  of technical progress. 

The major part of the chapter will then be dedicated to the application of principles of 
polymer chemistry, as  well as  concepts originating in the field of molecular catalysis with 
defined transition metal compounds. to the experimental facts ofthe FTspnthesis. The aim 
is the discussion of a reaction mechanism which is in accord with the mentioned principles 
and concepts. Although literature reports have been amply consulted, and are duly 
referenced. the mechanistic implications represent, in many instances, the authors' present 
opinion. 

i l .  HISTORY 

Great discoveries in chemistry are  often the consequence of accidental observations. Thus, 
the invention of the Ziegler polymerization of ethylene at low pressure was triggered when 
residual nickel catalyst in a n  autoclave led to an unexpected dimerization of ethylene to 
but- 1 -em, whereas actually higher olefins were expected on an aluminium alkyl catalyst. 
In the search for an elucidation of the 'nickel effect'. other metal compounds were tested, 
until the classical Ziegler catalyst, TiC14-AIR.3, emerged I .  The 0x0 (hydroformylation) 
reaction was discovered by Roelen' while searching for the synthesis of hydrocarbons in 
homogeneous media. 

This was not so with the FT synthesis. When the Kaiser Wilhelm Institut fur 
Kohleforschung in Mulheim. FRG, was founded in I91 4, the general idea of producing oil 
from coal was already taken into consideration. However, World War I delayed this long- 
term research goat. Roelen, who was one of the coworkers of Fischer and Tropsch, 
described the development of these early days-'. Since 1913, the direct liquefaction ofcoal 
according !o Bergius was known. On the other hand. BASF had obtained patents for the 
formation of hydrocarbons and, mainly, oxygenated derivatives thereof, from carbon 
monoxide and hydrogen undei- high pressure, with alkali-activated cobalt and osmium 
catalysts. In 1919, Fischer, then Director of the Kaiser Wilhelm Institut fur 
Kohleforschung, decided that the indirect liquefaction of coal, via synthesis gas, was the 
preferred route. Repeating and developing the BASF patents, Fischer and Tropsch 
obtained a first patent on 'Synthol'. a mixture of oxygen-containing derivatives of 
hydrocarbons? produced from CO and H, a t  over IOOatm and 400 "C, with alkali-treated 
iron shavings as catalysts. Combining this knowledge intelligently with that of the 
methanol synthesis with Z n O  catalyst reported by Patard4 in 1924. Fischer. Tropsch, and 
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their coworkers in I925 synthesized for the first time small amounts of ethane and higher 
hydrocarbons under normal pressure, at 370 "C, on an Fe,O,-ZnO catalyst. The first 
patent was applied for, only 2 months after the first laboratory observations, still i n  1925. 
The following years saw the laborious development of improved catalysts until, in 1934, 
the FT synthesis was ready for transfer to industry. Ruhrchemie AG was the first company 
to be licensed to build a commercial plant, working at  normal pressure and with a cobalt- 
thorium oxide catalyst. 

The further development has been described in detail by Pithier'. another coworker of 
Fischer and Tropsch at that time and only a few highlights are given here. In 1936, Fischer 
and Pichler6 patented the synthesis at medium pressure (5-30 atm), with cobalt catalysts, 
which resulted in higher yields, higher molecular weight products, and a longer life of the 
catalyst. During World War 11, nine FT plants were operated i n  Germany, based on the 
medium-pressure cobalt-catalysed process. From 1937 on, the research shifted back to 
iron catalysts. Fischer and Pichler7 had discovered that alkalized iron catalysts, at 
medium pressure, resulted in further improvements of product yields and catalyst lifetime; 
moreover, the iron catalysts permitted a broader variation of the process varizbles and 
hence of the reaction products. However, these important discoveries did not mature to 
technical utilization before the end of the war. 

After 1945, there was gencral access to the German research and development work 
through the various F IAT and BIOS Reports and other publications. The Bureau of 
Mines, in the USA. obtained, together with plans and documcnts, an entire FT pilot 
plant'. and in the late 1940s several test facilities were built by the Bureau of Mines as well 
as by the private However, in the early 195Os, the world price of oil began to 
fall, and the great euphoria over cheap energy from oil exploded, not only in USA but also 
in Europe. Coal mines were shut down. Apart from price, the ease of automated transport 
systems and feed lines for refineries, production plants, industrial and domestic heating, 
etc., helped oil to oust the dirty and inconvenient raw material coal. 

When the big shake-up came in the early 1970s, with the oil embargo, and the escalation 
ofcrude oil prices in its aftermath, scientific and industrial investigation reverted to coal as 
a source of carbon. and to the FT synthesis as one of the most potent ways 10 

transform it into gasoline, oil, and other useful chemicals. Although, even with today's 
crude oil prices, coal-based routes are not yet completely competitive economically, a 
sound effect of the embargo shock has been 10 create a feeling of awareness and 
responsibility for the future. The eventual exhaustion of petroleum sources has been 
predicted for a considerable period of time. Commercial processes are now available to 
enable a coal-to-fuel industry to be started. although advanced technologies, improving 
efficiency and reducing costs, need to be developed. 

111. PRESENT STATUS OF TECHNICAL DEVELOPMENT 

All technically important developments since 1945 are based o n  the work of Fischer and 
Pichler7 concerning the FT synthesis at medium pressure, with alkalized iron catalysts. 

The only large commercial facility for the production of gasoline, gas oil, and paraffins 
from coal, by the FT process, is located in Sasolburg, in South Africa. This country 
possesses large coal resources, but has no oil. In  1955, the South African Coal. Oil. and Gas 
Corporation started the production of synthesis gas (CO + H,) from coal using a Lurpi 
coal gasification process, and the synthesis of hydrocarbons by the FT reaction lo .  Two 
parallel process designs for the FT synthesis are used in this plant (Sasol I), the fixed-bed 
reactor and the circulating fluid-bed rcactor. Among other variables, the two processes 
differ in  the way they eliminate the heat of reaction. The fixed-bed reactor was originally 
developed by Ruhrchemie and Lurgi, in  FRG. The precipitated, extruded iron catalyst is 
located in a large number of parallel tubes. surrounded by boiling water, the temperature 
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of which is regulated by the steam pressure. A typical reactor of 3 m diameter and 17m 
length contains over 2000 such tubes, each of 5cm diameter, with a total of 40m3 of 
catalyst. The working pressure is ca. 25 atni at 220-240 ‘C; the synthesis gas is fed at an H, 
to CO ratio of I .S5. The fluid-bed reactor, developed by the Kellogg Company in USA in 
pilot-plant operations, was industrialized to a large scale for the first time in Sasolburg. 
After years of scaling-up problems and improvements it is now completely reliable and 
technically maturejb. I t  works at  a higher temperatue (310-340 “C), a t  similar pressure 
(24 atm), and at  a n  H, to CO ratio of 6. The low particle size iron catalyst is moved together 
with the synthesis gas through the reactor in an upward gas stream and,after separation of 
the reaction products, is recycled. The heat of reaction is removed by sets of coolers built 
into the reactor. 

Tables 1 and 2 compare the reaction products obtained by the two processes. The fixed- 
bed process leads to a higher average molecular weight of the product, and to 95% linear 
molecules; the fluid-bed process results in a higher olefin content, but has 40% of branched 
material (mainly methyl branches). Oxygen-containing compounds and aromatics are 
insignificant in the former, but not in the latter process. The straight-chain material from 
the fixed-bed process Is a useful feedstock for the production of chemicals such as 
plasticizers, detergents with high biodegradability, and synthetic lubricants, whereas the 
fluid-bed process is more useful for the production of gasoline. In fact, Sasol I operates a n  
intimate combination of both processes, permittins a flexible adaptation to market 
requirements. 

The overall yield of gasoline andjor diesel fuel can be improved by a further work-up of 
the primary FT products, using known technology such as  oligomerization of light olefins, 
hydrocracking, and reforming. Sasol I has provided the South Africans with a unique 
experience which has encouraged them to build two much larger facilities for the FT 
process (Sasol I1 and 111) which, by 1984, were expected to provide half of that country’s 
liquid fuel needs. Both of these two plants will operate according to the fluid-bed process8. 

TABLE 1. Comparison of the products obtained with fixed-bed and circulatingcatalysts (in wt.-%)jb 

Fraction 
Fixed-bed catalyst Circulating catalyst 

(220-240 “C) (3 10-340 “C) 

c3-c4 5.6 7.7 
C,-C, , (gasoline) 33.4 72.3 
Gas oil 16.6 3.4 
Alkanes, m.p. < 60 “C 22.1 3.0 
Alkanes, m.p. 95-97 ”C 18.0 - 
Alcohols, ketones 4.3 12.6 
Acids Traces I .o 

TABLE 2. Comparison of the composition of the liquid fraction for fixed-bed and circulating 
catalysts (in V O I . - ~ ; ) ~ ~  

~~~~~ ~~ ~ _ _ _ _ _ _ _  ~ 

Fixed-bed catalyst Circulating catalyst 
- - ~ - . _ _ _ - .  

Cornponen ts c,-c,o c,,-c,, c,-c,o C,,-C,, 
- _____- _ - ~ - -  ~ - - _. ~. ... 

Olefins 50 40 70 60 
Alkanes 45 55 13 15 
Oxygen-containing compounds 5 5 12 10 
Aromatics - .  5 15 
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Apart from these large industrial plants, there appears to bc scientific and industrial 
research going on a t  many places. The motivation is evident. The price of the crude oil has 
increased by a factor of over tcn from prc-embargo 1973 to date. It is likely to increase 
further, and  a t  a faster pace than that of coal, because increasingly morecostly drilfingand 
recovery procedures will be necessary, in particular in such new oil fieids as in Alaska or in 
the North Sea. Moreover, coal is estimated to  represent over 65% of the world’s 
recoverable fossile fuel resources, whereas petroleum is estimated as less than 10%’ I .  

Although the FT synthesis is only one of the various processes for the transformation of 
coal to a useful feedstock, i t  will certaiiilycontinue to attract much scientific and industrial 
interest io the future. 

IV. THE PRODUCTS OF THE FISCHER-TROPSCH SYNTHESIS 

A. Primary Products 

The product mixture contains mainly olefins and  alkanes, but also variable amounts of 
alcohols, aldehydes, acids, esters, and aromatic compounds, depending on the reaction 
conditions. I n  the early days of the p r o ~ e s s ” . ~ . ~  it was already found that the main 
products obtained with cobalt catalysts were linear olefins and alkanes, and  that the small 
amounts of non-linear products consisted predominantly of monomethyl-branched 
compounds. Since olefins and alkanes were found to have the same skeleton, i t  was 
assumed that the olefins were the  primary products of the synthesis, and that the alkanes 
were formed therefrom by subsequent hydrogenation. 

The olefin component of the hydrocarbons consists mainly of a- and p-olefins (alk-l- 
and -2-enes). The fact that the concentration of r-olefins is generally much higher than that 
corresponding to thermodynamic equilibrium led FI-iedel and Anderson” to the 
conclusion that a-olefins should be the primary products of the synthesis. This conclusion 
was unequivocally confirmed by Pichlcr et o 1 . I  5 ,  who investigatcd the product com- 
position as a function of the residence time of the synthesis gas on  the catalyst, varying the 
space velocity. The  synthesis was carried out at normal pressure and 200°C, with a 
precipitated cobalt-thorium oxide-Kiesclguhr catalyst, a t  an  Hz to CO ratio of 2. Undcr 
these conditions the main product consists of hydrocarbons in the gasoline and gas oil 
range. The  result of the gas chromatographic analysis of the products is represented in 
Figure I .  The clear answer is that  the shorter the residence time, the larger is the r-olefin 
fraction of the product. At longer residence times (low space velocities) the primarily 
formed a-olefins a re  transformed in secondary reactions into fi-olcfins. linear alkanes and 
methyl-branched products. The  mechanistic implications of these findings cannot be l;k;[;L;,;”k 
5 

Me 
1 Me Me 

1 5 10 15 1 5 10 15 1 5 10 15 
Cnurnber + C number -+ Cnurnber - 

FIGURE 1. Composition orthc F‘T mixture dhydrocarbons ;I I‘unction of [tic spitcc velocity: 

branched alkancs. Catalyst = Co--Tho,. (The s p x c  velocity is derincd ;IS thc volume ol‘syntticsis 
SLS per volume of catalyst x hour.) After pichler CI  c t l . ’  ’. 
(:1)7Sh-’; (b) 337h-I ;  ( ~ ) 2 3 8 0 h - ’ .  )I =,~-Alkancs;  x =  %-olccins: / I =  /l-olefins: iLl~=111cth!‘l- 



396 G .  Henrici-Olive and S .  Olive 

overestimated. Whatever reaction mechanism might be suggested, i t  has to take into 
account that the main primary reaction product consists of linear molecules with one, and 
only one, double bond in the a-position. The alkane products are formed by subsequent 
hydrogenation of the olefins, and not by hydrogenolysis of a metal-carbon bond. 

In contrast to the primary and secondary products mentioned, the small alcohol 
fraction found under the given reaction conditions was independent of the space velocity. 
Pichler er al. concluded convincingly that the alcohols are also primary products of the 
process. They indicated that there might be a common precursor for linear a-olefins and 
linear alcohols. 

B. Secondary Reactions of the a-Olefins 

The development of very efficient gas chromatographic methods (capillary columns, 
radio gas chromatography) has permitted a detailed determination of the many isomers 
contained in the synthesis products, and hence provided an insight into the course of thc 
secondary reactions. Pichler el a/.' reported ii completc analysis of the C ,  hydrocarbon 
fraction of Sasol's fixed-bed catalysis product. They showed that this fraction is > 91% 
linear, and that the non-linear part is > 90% monomcthyl-, 6% dimethyl-, and 2.5% ethyl- 
branched. The approximatc coniposition of the linear part is 51% hcptane, 31% hept-l- 
ene, 17% (2)- and ( E )  hept-2-ene. and only 1 %  (2)- and ( E )  hept-3-ene. This study shows 
that thc main secondary reaction of the primary olefins is hydrogenation, with some 
double bond migration also being present. 

Another important contribution towards the mechanism of the secondary reactions of 
z-olefins was made by Schulz er a/.";  ''C-labelled ethylene, propylene, but- I -em, or 
hexadec-I-ene were addcd to the synthesis gas, and the fate of these r-olefins was 
monitored by radio gas chromatography. Both the normal-pressure cobalt catalyst system 
and the medium-pressure iron catalyst system were investigated. With cobalt catalysts, 
over 90% of the added olefin reacts, whereas with iron systems the reaction is slower. Most 
of the olefin is converted into alkane by hydrogenation. 

The fraction of the labelled olefin transformed into alkane is comparable to the fraction 
of the corresponding FT product with the same carbon number found as alkane. This is 
considered to be additional proof for the FT synthesis to result primarily in a-olefins, which 
are then hydrogenated in a secondary reaction. However, the tagged a-olefins are also 
incorporated into growing chains. With increasing carbon number of the olefin, its 
incorporation decreases. About 30% of the ethylene and propylene, but only 6% of 
hexadec-I-ene, are incorporated into the F T  synthesis products (this is in accord with the 
relative polymerization activity of these olefins with transition metal catalyst). The 
incorporation of ethylene does not lead to chain branching, whereas that of propylene 
gives methyl branches. Simultaneously, r-olefins are split, with breaking of the double 
bond. Since this splitting occurs in a hydrogen atmosphere, additional methane is formed 
by this secondary process. In the cobalt system, and with about 0.3-0.8 vol.-% of the 
labelled olefin i n  the gas feed, 4-0/, of the 14C was found as methane. 

Interestingly, [Z-'"C]-propene also gave a considerable amount of labelled methane. 
Hence, the following decomposition reactions have to be considered : 

CH,=CH, ---+ 2 CH, ( 2) 

/ C2H4 + CH4 
(3) 
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RCH=CH2 - RMe + CH, (4) 
The splitting of the olefin is more important with cobalt catalysts than with iron systems, 

and a t  least part  of the high methane content (Figure 1) is probably due to this kind of 
reaction. T h e  incorporation reaction is also more frequent with the cobalt system ; with the 
iron system hydrogenation predominates. Neither Co nor Fe produces significant 
cracking of alkanes. I4C-labelled butane added to the synthesis gases could be recovered 
unchanged in over 99% yield. Even added 2-methylpentadecane, which certainly has a 
prolonged residence time in the reactor, remained essentially unaltered. 

c. Modified Fischer-Tropsch Synthesis 

The synthesis originally aimed at gasoline and motor oil, but certain modifications of 
the catalyst and/or the reaction conditions led to a broad variety of products, the 
formation of which is closely related to the FT synthesis proper. Using a ruthenium 
catalyst, and working at high pressure (1000-2000atm) and temperature (140-200 "C), 
Pichler and Buffleb'Y were able to orient the synthesis to high-melting linear alkanes 
having molecular weights up to 10'; the 'polyrnethylenes'obtained areessentiallyideiitical 
with Ziegler polyethylene. 

As mentioned above, alcohols and other oxygenated compounds are always found 
among the FT products in greater or lesser amounts, and sometimes unwanted. From the 
old synthol work of Fischer and coworkers it  was known that high pressure and high 
temperature favour the formation of oxygenated compounds. More recently, interest 
appears to have shifted back towards the original Synthol process. High-pressure and 
high-temperature processes have been reported to give good yields of aliphatic alcohols in 
the C,-C, range, important raw materials for detergents, plasticizers,  el^.''^-^. In 
Russian patents'", iron catalysts have been used at temperatures in the range 160-220 "C, 
pressures of 50-300atm, and H, to CO ratios of 5-20, to produce liquid oxygen- 
containing compounds in the range C, -C,,,, mostly alcohols. Subsequent hydrogenation 
over Cu-Cr catalysts increases the yield of alcohols. At high space velocity, selectivities of 
up to 86% (expressed as percentage of alcohols i n  total liquid product boiling below 
160 "C) are claimed ". 

Another modification involvcs the addition of ammonia to the synthesis gas. 
Ruhrcheniie20 patented in 1949 the preparation of primary amincs, in the presence of 0.5- 
5% of NR, in the gas feed. iron catalysts were used under conditions which, in the absence 
of ammonia, would result in hydrocarbons. W. R.  Grace and Co.. more recently, also 
claimed iron as the main component of the catalyst for a proccss of preparing linear 
aliphatic primary amines from mixtures ofCO. I-I,, and NH321.  In this patent it was noted 
that an increasing amount of ammonia reduces the average molecular weight of the 
product amine, and that no  other nitrogen-containing compounds are formed in the 
process. Evidcntly, the ammonia interfercs with the FT chain-growth reaction, terminat- 
ing the molecules. An extreme case of molecular weight reduction by NH, is given by the 
formation of acetonitrile from CO, H,, and NH, at 500 "C and normal pressure on S i02-  
supported iron or  molybdenum catalysts2'. 

Related to the FT reaction is the synthesis of ethylene glycol from CO + H,, with up to 
70% selectivity, o n  a rhodium ~ a t a l y s t ' ~ .  This high selectivity to a Cz compound, as well as 
the use of a soluble catalyst system, ho\iwxr. differentiates this interesting reaction from 
the classic FT systems and is reminiscent of the hydrororniylation reaction. 

Other catalytic reactions of CO + H2, such as the formation of methane (actually the 
oldest hydrocarbon synthesis, found in 1902 by Sabatier and Senderens*"), or the 
technically very important production of niethanol (known since 1924"). although closcly 
related to the FT synthesis, will nat be treated here explicitly. because they d o  not involve 
carbon - c a r b o n  bond formation. 
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V. DlSTRiBUTlON OF MOLECULAR WEIGHTS 

A. The Schulz-Flory Distribution Function 

Schulzz5, in 1935, dcrivcd an equation for the distribution of molecular weights of 
polymers obtained by a free-radical polymerization process, i.e. through a one-by-one 
addition of monomer to a growing chain. This distribution function is generally applicable 
if there is a constant probability of chain growth, x. and 3: < 1 ( i c  any reaction delimiting 
the chain growth is present). 

These conditions can safely be assumed to be present during FT synthesis. The reaction 
can be operated over long periods of time at a constant rate5b. While this constant rate, 
obtained on a given number of catalytic sites. indicates the absence of any chain 
termination in the kinetic sense (i.e. annihilation of active sites), the fact that a large 
number of molecules are formed per active site indicates that a chain transfer reaction 
takes place, i n  the course of which a product molecule leaves the active site, and a new 
chain is started at the same centre. Since a-olefins, as well as alcohols, form the primary 
products of the FT synthesis, we have to consider more than one particular chain transfer 
reaction. The probability of chain growth is then defind as 

where rP and I.,, are the rates of chain propagation and chain transfer, respectively; x is 
assumed to be independent of the chain length. 

The statistical derivation of the distribution function according to Schulz is lucid and 
straightforward. The probability of a chain growth step is z. The probability for the growth 
step taking place P times without interruption is 

(6) 

The number of molecules of degree of polymerization P. / i p ,  is proportional to the 
probability of their formation: 

p l .  = L7 ,%zc(3 i (4 . . .  ;Ip = (Y” 

= constant x a” (7) 

The mass (or weight)fraction. m f I I  is proportional to i z I , .  as well as to the molecular weight 
of the molecules under consideration. &Ifz = M , P  (M,, = molecular weight of the 
monomer). Hence 

where A contains theconstant I\{,,. The mass fraction isdefined i n  such a way that the sum 
of all m,, is unity. Moreover, the mass fraction is considered to be a continuous function of 
P (this last statement is perfectly admissible for a large average molecular weight; its 
consequences for small average molecular weight will be discussed below). I t  then follows 
that 

/?Z/’ = A P r ”  (8) 

1: rii,dP = A Pa”dP = 1 (9) s: 
A = I 1’ Pz”dP 

and 

(10) 
0 

Solving the integral (taking into account that z < I, x7 = 0), and combining equations (8) 
and (10). leads to the mass distribution function: 

m I ,  = (In’xl)Px‘ ( 1  1 )  
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For practical purposes this is conveniently written in logarithmic form: 

If a molecular weight distribution follows this law, a plot of log(mP/P) cersus P should 
result in a straight line. Logarithmic representations of experimental data are often 
regarded as less accurate, smoothing away errors and deviations. However, this one has an 
internal control, since a is contained in the slope (log SI), as well as in the intercept with the 
ordinate [log(ln2 a)] of the straight line, and the values of LY from both sources have to 
agree. Figure2 shows a series of theoretical straight lines, in the range of ci and P 
interesting for our present purpose. It should be mentioned, however, that the anatomy of 
equations 12 and 13 is such that the slope will result in  the correct value of a (and hence of 
the average molecular weight; see below), even if only a few single points (mass fractions 

1 oc 

1 0- 

Q 
\ 10-2 

F" 

lo-: 

lo-' I I I I I I I  I I I I I I  
4 8 12 16 20 24 

P ( carbon number) 

FIGURE 2. Theoretical Schulz-Flory plots (according to equation 19) 
for z-values and P range releunt for the FT synthesis. 
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171,) are known with sufficient accuracy. The valuederived from the intercept, however, will 
be in error if the experimental distribution is incomplete. 

According to Schulz, the average degree of polymerization (number-average, P,) is 
related to the mass distribution function as follows: 

P,, = 1 / Im Onp/P) d P  
0 

With the application of equation 11, this leads to 

P , =  I/ln2a a‘dP= - l/lncz (14) 5, 
FloryZ6 published in 1936 the theoretical distribution function for a different type of 

macromolecule formation, the polycondensation of bifunctional monomers, which takes 
place via the gradual growing together of x-mers (dimers, trimers, etc.): 

x-mer + y-rner -+ (x f y)-mer (1 5) 
with x,y 2 1.  Flory stated that, although based on an entirely different set ofconditions, his 
equation is essentially equivalent to equation 1 1 of Schulz. Following Flory’s argument, 
but using, for the purpose of easy comparison, similar symbols to those i n  the derivation of 
equation 1 1, a‘ is defined as the fraction of functional groups that have reacted at a given 
time : 

( N o  and N ,  = the number of molecules present at the beginning and at time t ,  respectively). 
This defines a’ also as the probability that a condensation reaction has taken place at a 
given end group. 

For the degree of polymerization P to be realized, the condensation reacrion must have 
taken place (P - 1 )  times. The probability that no condensation has taken place at both 
ends is ( I  - a’)’. Hence, the probability of existence of each particular configuration is 
a!P- 1 (1 - a’)’,. The probability that any of the P configurations exists is Pa“-’ (1 - d)’, 
and this is equal to the ‘weight fraction distribution’: 

In this form, (1 - a’)2/a’ corresponds to ln’a in equation 1 1. For a (or a‘) --* 1, equations 1 1 
and 17 are essentially equivalent; for smaller values oLa (or z‘), there is a slight discrepancy 
(see Table 3). 

According to Flory’s derivations, the average degree of polymerization (number 

TABLE 3. Comparison of the molecular weight distribution, inp = f ( r ) P r P ,  and of the average 
degree of polymerization, P,, as given by SchuIzZ5 and FloryZG - 

Schulz: Flory : Sch ulz : Flory : 
P, = I/ , ( ]  - 2’) f(r) = hzrx f ( d )  = (1 - r‘ )z:x’  P,  = - l/lnr 

______ r (n ‘ )  

0.99 1.01 x 1.01 x I O - ~  99.4 100 
0.9 0.01 1 1  0.01 I I 9.5 10 
0.8 0.0498 0.0500 4.5 5 
0.7 0.1272 0.1286 2.8 3.3 
0.5 0.4505 0.500 1.4 2 
0.3 1.449 1.633 0.11 1.4 
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average) is given by 

For 01 (or a') -+ 1, equations 14 and I8 are, again, essentially equivalent. For smaller o! (or 
a'), P ,  according to equation 18 is generally higher; calculated values for P,  are included in 
Table 3. In the lower range of a, equation 18 may be more appropriate than equation 14, 
since the method of integration over the range from 0 to 03, although an excellent 
approximation for large degrees of polymerization, is less appropriate when applied to 
relatively small molecules, where the step-by-step growth mechanism has a greater 
bearing. Because of the close overall resemblance of the two mass distribution functions, it 
has become customary to call them, in either form, the 'Schulz-Flory distribution 
function'. 

About 15 years later, Friedel and Anderson", based on earlier work of Herington**, 
developed a n  equation for the products of the FT synthesis. Since again the Same statistics 
are involved (as long as branching can be neglected), the resulting equation is equivalent to 
she former two (although apparently the authors were not aware of the work of Schulz and 
Flory). 

For the sake of completeness, we want to mention briefly what kind of a molecular 
weight distribution is to be expected if a = 1, i.e. if there is neither chain termination nor 
transfer. (Under certain conditions this type of distribution,appears to be approximated in 
FT synthesis; see Section VIII.) For the ideal case that all molecules have started the 
growth at the same time, F1o1-y~~ has shown that the molecular weight distribution is given 
by the Poisson function: 

e-  v , , ( P -  " p  

( P  - I ) ! ( \*  + 1) 
171 p = 

p, = l o  
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where vis the average number ofgrowth steps per molecule, which is related to  the average 
degree of polymerization P,  by 

I’ = P, - 1 (20) 

For comparison, the theoretical Schulz-Flory and Poisson distributions, corresponding 
to the same average degree of polymerization, P, = 10: are given in Figure 3 (equation I 1 
with a = 0.905 and equation 19 with 11 = 9, respectively). Evidently, the Poisson 
distribution is considerably narrower. 

B. Experimental Molecular Weight Distributions 

As mentioned in Section 111, the products of the F T  synthesis vary considerably with the 
catalyst, reaction conditions (pressure, temperature), and process design. Figures 4-7 
show that despite such variations, the Schulz-Flory molecular weight distribution 
function generally holds. 

Figures 4 and 5 refer to FT syntheses oriented towards the production of hydrocarbons. 
Since the primary a-olefins are partly transformed into inner olefins (isomerization) and 
alkanes (hydrogenation), the weight fraction, rnp, for each degree of polymerization is the 
sum of olefins and alkanes with the same number of carbon atoms. Figure 4 is a plot of the 
data in Figure 1 according to equation 12. In the range C,-C, 2 ,  the experimental points 
lie on a straight line. C, is too high and C, and C ,  are too low, as are the values beyond 
C , 3 :  The value of cx is 0.81 from the slope and 0.80 from the intercept. 

Figure 5 shows the same plot for data of Storch et aL9. The range C,-C,, gives a 
reasonable straight line. Again, the value of C, is too high and the values of C ,  and beyond 
C , ,  are too low. From the slope a value of G( = 0.87 is obtained and from the intercept 
r = 0.86. 

The reasons for the deviations in the range C,-C,  have already been mentioned: the IY- 

olefins with the greatest ability to be coordinatively bonded to a transition metal (ethylene 

lo-’ lo 
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FIGURE 4. Hydrocarbon data of Figure la,  represented according 
10 equation 12. 
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FIGURE 5.  iMoiecuiar weight distribution of hydrocarbons', 
represented according LO equation 12. Cobalt catalyst. 
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FIGURE 6. Data from the Sasol fluid- 
bed process, represented according to 
equation 12. 

> propylene) are partly lost by decomposition to methane and, to a lesser extent, by 
incorporation into growingchains. At the upper end of the distribution, the hydrocarbons 
formed tend to have longer residence times on the catalyst owing to their lower mobility. 
Presumably, they are partly polymerized, partly cracked, or even carbonized. An 
additional uncertainty in this range may be caused by the fact that the high-boiling 
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fractions give very broad peaks on gas chromatography; their values tend to be 
underestimated. 

Data from the Sasol fluid bed process, as reported by Pichler and Kriiger3', are 
represented according to equation 12 in Figure 6. Only the weight fractions of the C,-C, 
hydrocarbons are given explicitly in the reference (Cl, 0.131; C,, 0.101; C3, 0.162; C,, 
0.1 32); the hydrocarbons above C, are grouped together (39 wt.-%). The accuracy of the 
weight fractions of the lower hydrocarbons is reflected in the fact that a from the slope as 
well as from the intercept is 0.64. As mentioned in Section 111, the Sasol fluid bed process 
with iron catalysts leads to a relatively low molecular weight product. From the ci value, an 
average degree of polymerization of ca. 2.6 can be estimated. 

Yang et aL3I have reported on a FT system leading to an  even lower average degree of 
polymerization. The catalyst is coprecipitated Co-Cu-Al,O,, and H, and CO are applied 
at medium pressure, a t  a ratio ranging from 3:  I to 1 : I ,  the temperature is 225-275 "C. 
Figure 7 shows data for one particular set of conditions (not identified in the reference). 
The value of a is 0.55 from the slope and 0.52 from the intercept, resulting in an estimated 
average degree of polymerization of P ,  z 2.2. 

As mentioned in Section IV.C, the FT synthesis can be oriented to give predominantly 
alcohols by suitable selection of the catalyst and reaction conditions. Usingdata of Kagan 
et a1.l9', we applied equation 12 also to alcohols. Figure 8 shows two sets ofdata, obtained 
with different cataiysts. For the Fe,O, catalyst modified with A1,0, and K,O (Figure 821, 
an average value of a = 0.37 has been calculated from the slope (0.38) and from the 
intercept (0.36). Data for the pure Fe,@, system (Figure 8b) give the same value, r = 0.54, 
from both the slope and intercept. 

1 10-2 

'\ 
0 

\ 
\ 
0 2 4 6 8 

P 

FIGURE 7. Low rnolccular weight hydrocarbons, as 
obtained on il Co-Cu-Al,03 c a t a l y s ~ ~ ~ ,  represented 
according to equation 12. 
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FIGURE 8. iMolecular weight distribution of iilcoholslyc. 
represented according 10 equation 12: (a) Fe,O, + A1,0, + 
KzO: (b) Fe,O,. 

From a mechanistic point of view i t  is of particular interest that amines produced by ti 
modified FT process (cf. Section 1V.C) present the same type of molecutar weight 
distribution. This is shown if Figure 9. In the range C,-C,, the points fit the expected 
straight line reasonably well. The values of x obtained from the slope (a = 0.68) and from 
the intercept (x = 0.70) are in satisfactory agreement; the estimated average degree of 
polymerization is P,  7 3.2. 

VI. KINETICS AND THERMODYNARSICS OF THE FISCHER-TROPSCH REACTION 

Most kinetic studies publised over the years have been based on actual process conditions. 
As Dry cr a/." pointed out, this makes interpretations difficult, mainly owing to 
continuous changes of partial gas pressures along the catalyst bed. Using a specially 
constructed small differential reactor, Dry et determined the basic rate law for the FT 
reaction on an iron catalyst at 225-265 "C. Maintaining the CO partial pressure constant, 
the H, partial pressure was varied, correcting at the same time the space velocity for 
constant contact time with the catalyst (i.e. working at a constant linear velocity). A clear 
first-order dependence of the overall rate o n  the H, partial pressure was found. The 
corresponding measurements at  constant H, and varying CO partial pressure resulted in a 
zero-order dependence of the rate on the latter. Hence. 

rate = KpIi2 (21) 
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P 
FIGURE 9. Modified FT process for the production of arnines” : 
molecular weight distribution of ainines according to equation 11. 

where P , ~ ,  is the partial pressure of hydrogen and K is a constant. This simple rate law has 
been found to be valid in the pressure range 1-2 MPa ( I  0-20 bar). and with a synthesis gas 
ratio (H, to CO) varying from 1 to 7. From the temperature dependence of the reaction 
rate at a given set of conditions, an overall activation energy of cu. 70kJmol-’ (cu. 
17 kcal mol - I )  was determined. 

Under actual process conditions the macrokinetics are more complicated. A large body 
of data has been recollected by Storch et Rate equations featuring a reciprocal 
proportionality with pco have been reported”.”. At temperatures above 300 “C, the 
water gas shift reaction becomes important; water vapour has been found to depress the 
rate”. Overall activation energies in the range 84- I 1  3 kJ mol-’ (20-27 kcal mol-’) have 
been reported for cobalt catalysts5h. 

There is a general consensus, that the reaction rate is amazingly low compared with 
those of other reactions in the field of heterogeneous c a t a I y s i ~ ~ ~ * ~ ~ * ~ ’  . Dautzenberget a[.-%’ 
investigated whether the low rate is due to the fact that only very few exposed surface metal 
atoms are active, or  the active sites themselves have a very low intrinsic activity. They used 
a pulse technique, in the course of which a catalyst (ruthenium in their case) was repeatedly 
exposed to a CO-H, mixture at 710 “C during a variable time 5 .  Between exposures, the 
system was quenched by flushing with hydrogen alone and heated to 350 “C to force chain 
termination and product release. I t  was found that the average chain length, as well as the 
product molecular weight distribution,depend sensitively on T. For instance,for T = 8 min, 
the Cl,/CG molar ratio was 0.12, whereas under stationary conditions the same system 
would have resulted in a value of 0.74. O n  increasing the pulse time, the production of 
long-chain hydrocarbons was enhanced, and the relative distribution of the lighter 
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hydrocarbons approached that obtained under steady-state conditions. Based on an 
elaborate kinetic model, the authors were able to estimate a formal rate constant of actual 
chain growth, kpropapatlon % 1.5 x I O - ,  s - ',corresponding to a growth rate of about one - 
CH,- group per minute per growing chain. This work appears to relegate the cause of 
the low overall rates to slow chain growth rather than to a small number of active sites, at  
least for the case of ruthenium catalysts. Moreover, the fact that the lighter hydrocarbons 
approach their steady-state situation at T values where the long-chain hydrocarbons are 
still in considerable deficiency indicates that the chain initiation is not rate determining. 
This work does not answer the question of which partial step in the course of the complex 
transformation from CO to a -CH2- group is actually rate determining. However, the 
experimental rate law (equation 2 1) indicates that the rate-determining step involves 
hydrogen. 

The synthesis of hydrocarbons from CO and H, is a strongly exothermic reaction, 
evolving 146-1 76 kJ (35-40 kcal) per mole of C O  converted to hydrocarbons, under the 
usual reaction  condition^^^.'. Since the product distribution depends sensitively on the 
reaction temperature, heat removal is a very important factor in process design (cf. 
Section III). 

The equilibrium constants for the formation of hydrocarbons of varying chain length 
depend not only on the temperature, but also on the chain length. Figure 10 shows that the 
yield of higher hydrocarbons can be expected to decrease with increasing temperature. 
Below 4OOcC, the formation of the higher hydrocarbons is favoured over the lower 
hydrocarbons, since the equilibrium constant increases with increasing carbon number. 
However, a graph such as that in Figure 10 can only indicate general tendencies. The 
actual FT synthesis is governed by a large number of parallel primary reactions (e.2. 
formation of the hydrocarbons and alcohols), secondary reactions (e.g. hydrogenation and 
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FIGURE 10. Equilibrium constant ( K , )  as il [unction of the 
chain length of the product molecules and temperature (accord- 
ing to Pichler and Krijger 5b). 
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isomerization) and side reactions (e.g. water gas shift equilibrium, disproportionation of 
CO to C and CO,), resulting in a complex system of simultaneous equilibria38 which 
resists exact evaluation. 

Vll. REACTION MECHANISM 

A. Suggested Mechanisms 

The mechanism of the FT synthesis has attracted much interest in the past decade. Some 
authors favour the original proposal made by Fischer and Tropsch in 1 92639, according to 
which the synthesis proceeds via the formation of carbides. They assumed that the fineiy 
divided, carbon-rich carbides are decomposed by hydrogen, with regeneration of the 
catalyst metal and formation of the hydrocarbons. Evidently, this would imply the 
formation of CH, entities arranged in a row o n  the surface of the catalyst, unless one 
assumes that the CH,, or in general CH,, fragments move more or less freely along the 
catalyst surface. (For a recent review, see ref. 40.) The essential features of this scheme are 
given in equation 22. Storch et a/.’ suggested the formation of hydroxymethylene groups, 

-CH2-CH2-CH2- 4 etc 

from carbon monoxide chemisorbed at  the metal surface, and hydrogen chemisorbed in 
atomic form; C-C bonds are then established through a condensation reaction between 
the hydroxymethylene groups, with loss of H,O. Here again, a perfect alignment of the 
hydroxymethylene groups in a row is implicit, unless one assumes a free movement of 
carbenes o n  the surface. The basics of this mechanism are summarized in equation 23. O n  

H, 
M 

H 
\ 

d etc. 
CH 3\/OH 

the other hand, Pichler and Schulz4’ and also the present  author^^*.'^^ suggested 
mechanisms involving CO insertion into metal -H (initiation) and metal- -aikyl (chain 
growth) bonds, analogous to the well known CO insertion into such bonds in 
homogeneous catalysis, and subsequent reduction of the acyl groups. The two me- 
chanisms diverge i n  some intermediate steps, which will be discussed i n  Section VII.C, but 
the general growth pattern can be summarized as  shown in equation 24, with R = H or  

R 
I 
I 

R 
I 
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alkyl). T h e  important difference with equations 32 and 23 resides in the fact that the 
entire chain growth takes place at the same metal centre. at the surlace of a catalyst. 
(Pichler and  Schulz's scheme requires a second neighbouring metal centre to take care of 
the transformation of the oxygen tG water, SCC below.) 

B. The Carbide Theory in the Light of Homogeneous Coordination Chemistry 

Ever since the carbide theory for the FT synthesis appeared, there has been controversy 
about  the validity of this theory. After years of arguments and counterarguments, the 
problem appeared to  be temporarily settled by Kummer er Using I4CO or ' T O  for 
the formation of carbide on the surface of iron and cobalt catalysts, and running the 
synthesis with "CO + H 2  or "CO + H,. rcspecrively. they studied the distribution of 
radioactivity i n  the initially formed hydrocarbons;. They coiicluded that the carbide rotlie 
could not account for more than 10:; of the product. 

After this work, the carbide theory was more or less shelved until the 1970s when, 
motivated by the oil embargo, work o n  the FT synthesis was actively resumed. At that 
time, the concepts of coordination chemistry had made their way inio the interpreiation of 
catalysis, in particular in homogeneous phases, and reaction paths more related to those 
established for homogeneous catalysis were suggcsted for the FT synthesis. A clear 
example was to consider the growth step as the consequence of the insertion of CO into 
metal-alkyl bonds, as mentioned in the previous section. 

In the meantime, Takeuchi and Katzer-'-' investigated t tic methanol formed from 
labelled CO on an  Rh-TiO, catalyst. A mixture of '.'C''O and IZC'*O was hy- 
drogenated, and  the resulting methanol had an isotope distribution very close to that of 
the CO feed. This clearly shows [ha[ the methanol synthesis had taken place withoiit any  
separation of CO into its atomic components. I t  should be recalled that olefins and  
alcoholsare the primary products of the FT synthesis (cf. Section 1V.A)and that i t  has been 
suggested and  supported that they have a common precursor4"'. Hence, these findings 
appear to corroborate the CO insertion mechanism. 

Other workers, however, favoured the carbide theory. Brady and Pettit" studied the 
behaviour of methylene fragments, as produced by the thermal decomposition of 
diazomethane, on various transition metals. They concluded that their observations are in 
agreement only with the mechanism depicted by equation 22. Their main findings are (a) in 
the absence o f  H, and CO on ly  ethylene is formed, (b) in the presence of H, hydrocarbons 
up  to C , *  featuring a Schulz-Flory molecular weight distribution are observed. and (c) in 
the presence of H - C O  the same type of distribution. but with an average defree of 
polymerization higher than that for H,-CO alone, is observed. However. the findings of 
Brady and  Pcttit d o  not in fact contradict the assumption that the FTsynthesis rakes place 
by a CO insertion mechanism (equation 34),as discussed recently by the present authorsJ6. 
The  polymerization of CH,  fragments originating from the decomposition of CH,N, by a 
soluble metal hydride catalyst has been described". Presumably, the CH, fragments a re  
inserted into metal-H (initiation) and meial alkyl (chain growth) bonds. In  fact, 
convincing evidence for the insertion of a Cli2 fragment coordinated to a transition metal 
centre into a metal--alkyl bond located at the same centre has been reported recently48. 

Hence, the data of Brady and Pettit are more consistently interpreted by a step-by-step 
insertion polymerization of CH,  units on ii metal hydride catalyst which, of course, results 
in a Schulz-Flory distribution. This interpretation is corroborated by the fact that nickel 
and  palladium catalysts, which under the reaction conditions used by Brady and Pettit 
would not be FTactive,doform higher hydrocarbonsfrom CH,N,-H,. I n  theabsence of 
H,, the polymerization of CH,  fragments cannot take place because no metal hydride 
catalyst is formed. Actually, Brady and Pettit reported that only e:hylene (the product of 
the uncatalysed dimerization of CH,  fragments) is formed. 
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The increases in the molecular weight, within the framework of a SchuIz-Flory 
distribution, on introducing CH,N, into a n  FTsystem appears then as a consequence of a 
copolymerization with different ‘monomers’, (CO + H2) and CH,N, which, however, lead 
to the same incorporated unit, --CH,--. Adapting equation 5 to this situation, one 
obtains 

where X r ,  is the sum of the rates of the two growth steps. If x‘’ > ‘1, a Schulz-Flory 
distribution with a larger average molecular weight results. 

Biloen et al.j9 also support  thecarbide theory of the FT synthesis. They suggest that CO 
dissociates in a fast step to give carbidic intermediates, from which methane and  the higher 
hydrocarbons are produced. The experimental basis is similar to that of Kummer et al.43 
mentioned above,except for working with I3C instead of I4C and usingmass analysis. The 
main evidence is the presence of I3C in a fraction of some of the lower hydrocarbons 
(mainly CH,, with some C,H,), if ‘.3C wss  dejmsiiccl oil to :he siirFace of a cobalt catalyst 
by decomposition of I3CO, and the synthesis was carried o u t  with ”CO-H,, at  low 
conversion. 

Although it was pointed ou t  recently” that thesedata d o  not provide solid evidence for 
the carbide mechanism to account for a large fraction of the hydrocarbons, the fact 
remains that a considerable amount of the methane, and small amounts of lower 
hydrocarbons, d o  actually contain one, two, or evcn three ‘ ” C  atoms. Evidently, part of 
the methane and  small amounts  of lower hydrocarbons can be formed in a way different 
from CO insertion. However, d o  we really have to consider ’CH,  particle^"^ moving freely 
along :he catalyst surface until they meet and  form hydrocarbons? 

It appears that modern coordination and organometallic chemistry offers more 
probable reaction paths’”. The insertion of terminal (methylidene) or bridging (p- 
niethylene) carbene groups into metal -alkyl bonds, within the same complex or cluster, 
has repeatedly been reported4’.’ I?’’. I n  view of these interesting reactions, a n  occasional 
insertion of a carbene group into a growing FT chain appears probable. O n  the other 
hand, the dimerization of carbene groups is also k n ~ w n ~ ” . ~ ‘ ,  but whenever i t  has been 
observed, it took place within the confines of a binuclear complex or a cluster (i.e. never 
‘through space’). Mobility ofcarbene ligands within the confines of a cluster or a bimetallic 
intermediate, involving a n  exchange between terminal and bridging positions, has also 
been 

It should also be remembered that the transfer of alkyl figands from one  metal to 
another is common practice in preparative organometallic chemistrys6; here again the 
pathway is assumed through intermediate binuclear complexess7. Such internuclear alkyl 
group exchange is best documented for the Group  I11 metal trialkyl compounds, but there 
is also increasing evidence that it takes place with transition metal compounds57~”. Also, 
rapid intranuclear motion of hydritle ligands within metal clusters has amply been 
demonstrated by n.m.r. data; the activation energy for such moiion may be as low as 12- 
2OkJmol- ’  (3-5 kcalmol-I)”. 

In the light of this knowledge from homogeneous coordination and  organometallic 
chemistry, the formation of methane and some lower hydrocarbons from carbidic carbon, 
as observed by Biloen ct cl.j9 in the FT synthesis, may be visualized as follows. Carbide- 
carbon is generally located in the interstices between metal atoms, equidistant from several 
metal atomss9. If an  oxidative addition of hydrogen takes place at any of the surrounding 
metal atoms, carbcne ligands can be formed. These carbene ligands have a certain 
mobility. the movement taking place b y  changcs from bridging to terminal positions or 
rice IWSN. Certainly, the carbene ligand remains coordinatively bonded to at least one 
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metal a tom a1 all times. The driving force for such movement is, presumably, a n  energy 
gain through more  favourable ligand environment a t  the acceptor metal centre. The  same 
restricted mobility may also be assumed for the  alkyl ligands (growing chains in the FT 
synthesis), albeit only on the surface. 

The most probable fate of the carbene ligand is the capture of two more hydrogen atoms 
to give methane. The  small hydrogen, either as a molecule, or dissociated, can be assumed 
to have the easiest access to carbene ligands, even to those located in the inner part of the 
catalyst particles. I n  fact, the major part of the labelled carbide carbon ends u p  as 
methane". I t  should also be noted that methane is frequently found in  large excess among 
the reaction products of the FT synthesis, compared with the otherwise 'normal' (Schulz- 
Floryj distribution of molecular weights (see, e.g., Figures 4 and  5). Presumably, there is 
always some methane formation via the carbide-carbene route, parallel to the FT 
synthesis proper. 

If a carbene ligand and a11 alkyl group (growing chain) happen to be simultaneously 
coordinated to the same metal ccntre, the first mag be inserted into the metal-alkyl bond. 
Fo r  steric reasons, this may be possible only a t  the catalytically active surface metal 
cell tres. 

An encounter of two methylene groups (at two neighbouring metal centres, which need 
not necessarily be FT active) evidently may lead to ethylene formation. However, ethylene 
has a large tendency to coordinatc to a metal centre instead of escaping into the gas phase; 
as a consequence, i t  may become incorporated into growing chains, as has been shown by 
Schulz et u/." with the aid of tagged ethylene. Hence, this is another pathway for carbide 
carbon to enter the hydrocarbons. 

The formation of C, hydrocarbons from carbide carbon only should have a very low 
probability i n  an  FT system. I n  principle. C, formation may proceed from the insertion of 
carbide-based ethylene into a likewise carbide-based metal --methyl or  metal-- 
methylidene bond (in the latter case, cyclopropane would probably be formed first", but 
in the presence of hydrogen i t  would end up 2s propane"). However, in the inner parts of a 
catalyst particle, the steric conditions are probably not satisfactory for such chain 
prolongation. At the catalyst surface, on rhe other hand, the reaction of any carbide-based 
intermediate with a growing chain appears more probable. AC~LKII!~. only very small 
amounts of molecules with three carbide-based carbon atoms (and none \vith more than 
three) have been claimed by Biloen ef (iL4'. 

To summarize, the presence of some labellcd, carbide-based carbon i n  the FT products 
does not  seem to bc i n  contradiction with the CO insertion mechanism suggested for the 
FT synthesis. 

C. Details and Support for the CO Insertion Mechanism 

1. The reaction scheme 

Any plausible reaction scheme for the FT synthesis has to take into account the 
experimental fact that both r-olefins and alcohols are primary products. thus precluding 
one a s  the precursor of the other. I t  has also to be considered that the primary products 
have a Schulz-Flory molecular weight distribution. We suggested in I976 the reaction 
mechanism shown in Scheme I .  At  that time, it was based more o n  chemical intuition than 
on  experimental proof of evcry step. I n  formulating the scheme, we followed a 
contemporary trend: probably first expressed by Nyholmo2, of looking at heterogeneous 
catalysis with transition nietals more from the point of view of individual active centres 
and of their coordination chemistry than that of 'active surfaces'. Therefore, the scheme 
was based. as  far as possible, on individual steps well established in the homogeneous 
catalysis with soluble transition metal complexes. Such individual steps are. e.g.. 
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H 
co H2 I 

H-M - HC-M - OHC-MHZ - H-C 
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HZ - HOH,C-M ------b HOHzC-MH2 
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(1) 
[H&= MH] 

co H Z  - Me-M __O Me(0)C-M - HO(Me)HC-M 
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H Z  - H  0 co - HO(Me)HC-MH2 2 Et -M ---b propogation 
1 1  13 14 

(11) 

12 CH2=CH, + H-M 
15 

EtOH + H-M 

SCHEME 1. Suggested mechanism of the FTsynthesisJ'".h. All other ligands omitted for 
clarity. 

coordination of C O  and of olefins, oxidative addition and reductive elimination, insertion, 
and /I-H abstraction (P-H transfer)". In the meantime, many papers by various authors 
have appeared, confirming most of the intermediates assumed' in the scheme, either 
directly or by analogous reactions. These supporting data will be discussed in the next 
section. 

Scheme I starts with a metal hydride, which may be assumed to arise during the 
activation of the catalyst. Carbon monoxide is coordinated to the metal centre and 
inserted into the M- H bond (step I) .  A hydrogen molecule is oxidatively added to the 
metal centre (step 3). Reductive elimination of the acyl ligand and one of the hydride 
ligands gives formaldehyde plus a metal hydride (step 3 ) ;  the former, however, does not 
leave the metal centre, but remains coordinatively bonded through its C-0 group 
(aldehydes are not primary products of the FT reaction; cf. Section IV). Addition of the 
metal hydride to the aldehyde is the next step (step 4). followed by another oxidative 
addition of H ?  (step 5). !ntermediste I can react in one  of two possible ways: reductive 
elimination (step 6 )  to give methanol and a metal hydride. which can continue the kinetic 
chain, or elimination of water with thc intermediate formation of a carbenoid ligand 
(step 7), which rearranges to give a a-bonded methyl ligand (step8). Now the next CO 
molecule can be inserted (step 9). The next step (step 10) actually summarizes the results of 
three steps, corresponding to steps 2-4, with the difference that the carbon chain is now 
increased by one unit. Oxidative addition of H ,  (step 1 1 )  leads to the intermediate 11, 
which can again undergo two alternative reactions, giving either the alcohol by reductive 
elimination (step 12); or the alkyl group by H,O elimination (step 13, which summarizes 
the two steps corresponding to steps 7 and 8). The alkyl metal compound can either add 
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co and thus contribute to the chain propagation (step 14) or. by ,!I-H transfer. give an 2- 
olefin (ethylene at this stage) and a metal hydride, which continues the kinetic chain 
(step 15). 

This scheme explains, at least qualitatively, most of the experimental findings without 
violating known principles concerning the reaction patterns of transition metal centres. I t  
is interesting to consider the coordination site requirements for a11 active metal centre. 
Assuming that the dissociation of the hydrogen molecule takes place by oxidative addition 
of both hydrogen atoms to the same metal centre (as is well estab1ishe.I in homogeneous 
catalysis63), several of the steps in  Scheme I require three empty coordination sites. Hence, 
active metal centres may be expected at edges or at surface defects, where incomplete 
coordination is the rule. (Compare similar considerations and observations by Rodriguez 
and van L O O Y ~ ~  concerning the location of active sites in TiC1,-based heterogeneous 
Ziegler-Natta catalysts.) In the case of a Phillips catalyst ((30,-SiO,), the availability of 
at least three sites on certain surface chromium centres has actually been d e m ~ n s t r a t e d ~ ~ .  

The oxidative addition of hydrogen a thecatalyst centre appears to be a slow reaction. 
This is indicated by the experimental rate law, Y , ~  2 p H 2  (cf. equation 21), which has its 
parallel in  the hydroformylation reaction66. In the particular case of hydroformylation 
with a rhodium catalyst, the oxidative hydrogen addition has been suggested to be the 
rate-determining step6' 

The metal hydride is assumed not only to be the carrier of the kinetic chain (cf. 
Scheme l), but also to be responsible for the secondary reactions such as hydrogenation 
and incorporation of the sc-olefins. Coordination and insertion of an 2-olefin into an M--- 
H bond can occur i n  either of two ways (equation 26). Step I6 a i d  further growth will lead 

to monomethyl-branched compounds, whereas step 17 gives a linear prolongation of the 
previously olefinic chain. This explains why methyl branching is the only significant 
branching experimentally observed (for further discussions, see Section VH.C.4). 

The reaction mechanism suggested by Pichler and Schulz" is in agreement with 
Scheme I in  the most important feature, i.e. the chain growth proceeding by successive CO 
insertions at the same metal centre. I t  diverges in several of the other steps. Thus, i t  
assumes the aid of a neighbouring metal hydr-ide. 10 tnke care of the o x y p i  (equation 27). 

From the carbene ligand on, the sequence is siinilur to that in Scheme 1,i.e. transformatton 
to an alkyl ligand and further CO insertion. However, the formation of product r-olefins is 
not assumed to take place by 13-H abstraction and re-establishment of the chain carrier 
(step 15 in Scheme I) ,  but by a rearrangement of the carbene ligand (equation 25). 

RCH,CH--M - RCH-CH,-, RCH-=CH, + M (28) 

R.1 
Since none of the suggested reaction mechanisms is definitively proved, we want to 

consider them. at the present, 11s 'working hypotheses'. However, in  the next Section, we 
shall discuss experimental data that have accumulated in  support of Scheme I .  
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2. Evidence for individual steps 

Surface science teaches that hydrogen is 'dissociatively adsorbed' on transition metal 
surfaces. whereas CO is 'molecularly adsorbed', and only partly dissociated (see, e.g.. 
ref. 68). So far, we have assumed that, on a molecular basis, the reaction of hydrogen with 
surface metal atoms takes place by oxidative addition of a hydrogen molecule on  to the 
same surface metal atom, by analogy with homogeneous systems63. However, we cannot 
exclude the possibility that the two hydrogen atoms may coordinate to two different metal 
centres, a s  is known, for instance, in the case of the [Co,(CO),] cluster compound 
(equation 29)63. 

Moreovcr. we have to  admit a certain mobility for hydride lingands. a s  long as the 
movement can take place by exchanges from end-on to bridge positions arid cite wmi (cf. 
Section VI1.B). 

When both H, and CO were applied together, under ultra-high vacuum conditions, on 
to a transition metal surface. the irreversible formation of a new entity was discovered by 
temperature-programmed desorption experiments". The new surface complex desorbs at  
a temperature considerably higher than that of H, and CO desorption; its chemical 
composition is close to H : C O  = 1 6H--70.  Deluzarche er 0 1 . ~ '  presented chemical evidence 
for the surface entity to be a [ormyl complex. Instead of desorbing it, they trapped i t  with 
Me2S3,, Et,SO,. or Met. Gas chromatographic detection of MeCHO, EtCHO, and 
MeCHO,  respectively, was taken a s  evidence for the presence of formyl (CHO) groups on 
the metal surface. 

We then can assume that the surface formyl complexes are formed by CO insertion into 
metal-hydrogen bonds (step 1 in Scheme I ) .  This step has long resisted direct 
experimental evidence, although it had been calculated as thermodynamically feasible and 
even favourable, by Goddard ef ~ l . ~ '  and Berke and H ~ f f n i a n ~ ~ .  Numerous formyl 
complexes were actually prepared in the late 1970s. and in several instances considered as 
evidence for step I ,  but  they were generally synthesized in a different way, by treating 
carbonyl complexes with formic-acetic anhydride7-' or with b ~ r o h y d r i d e s ~ " * ~ ' .  Recently 
the formation of a stable formyl complex from ii rhodium hydride in the presence of C O  
was reported (equation 30)" 

[IihH(oep)] + CO -+ [Kh(CHO)(oep)] 

[oep = octaethylporphyrin). The  reaction was carried out in benzene solution. In another 
case", the insertion of CO into a metal-H bond appears as an  obvious intermediate step, 
although it has not specifically been pointcd out. The reaction of CO with Cp,TiCI,- 
Me,AICI in  benzene solution ( I  atni CO, 20-50 'C) leads to small (sub-stoichiometric) 
amounts of methane, formaldehyde. and diketene: on hydrolysis. acetaldehyde is found. 
This appears to be interpreted best by thesequence in equations 31 and 3 2 .  Thus. although 
the evidence is not yet abundant, step 1 in Scheme I appears pi-obable. 

MeTiCO-+TiC(O)Me-+TiH + CH,-C-0 (31) 

(33) TiH + C O  -+ HTiCO -+TiCHO 

Next in Scheme I comes the hydrogenation of the formyl ligantl to a formaldehyde 
ligand, with the aid of a new, oxidatively added hydrogen molecule. The formaldehyde 
(and higher aldehydes further on) is assumed to  stay n-bonded to the metal centre. because 
ddehydes d o  not count among the primary products of the FTsynthesis(cf. Section I I f .A) .  



9. The Fischer-Tropsch synthesis 41 5 

0 

FIGLjRE 11. .\lolccular structure of ihc 
osniitini I'orin;ildehydc coinplcx [Os(n- 
CH20)(CO)2(PPh3)2]'d. Reproduced with 
permission. Copyl-jglir 1979 Amcrjcan Chcmi- 
cal Socicty. 

A stable, n-bonded formaldehyde-transition metal complex has been prepared and 
characterized by Brown et 0 1 . ~ ' .  The reaction [equation 33) resulted in a complex 
featuring, among others, an i.r. band at I01 7 cni - ' which was assigned to vco of the n- 
bonded formaldehyde. The structure, as dctermined by X-ray single crystal analysis, is 
shown in Figure 1 1 .  Thestrength ofthe n-bond between the metal and the aldehyde C=O 
is indicated by the considerable weakening of the C - 0  bond: the bond length is I .59 A, 
compared with 1.209 A for free formaldehyde; concomitantly, the vc0 stretching frequency 
is lowered from 1744 cm- ' for the free aldehyde to 101 7 cm- for the n-complexed one. A 
similar arrangement has been found in a molybdenum complex with n-bonded 
ben~a ldehyde '~  and in a nickel complex with n-bonded benzophenone'". 

(33) 

The next step in Scheme 1 is the addition of the metal hydride to  the coordinated 
formaldehyde, resulting in a hydroxymethyl complex (step 4). Although this step appears 
probable, it should be noted that the suggested mechanism can be simplified by 
eliminating the intermediate aldehyde complex postulated to form in step 3 (and 
corresponding steps later in the scheme). Instead, one may assume that the formyl ligand 
(and the corresponding subsequent higher acyl ligands) can change from their a-bonded to 
a n-bonded state. Hydrogenation of the 7r-bonded acyl g o u p  would lead directly to the 
hydroxyalkyl ligand (equation 34). 

[Os(CO),(PPh,),] + CHzO+[Os(~~Z-CH,0)(CO),(PPh,)2] + PPh, 

HZ H 

0 0 1  

RC(O)M 2. RC 3. R i , , . . , , i  7 RCH(OH)M (34) 11. . ..M 

H 

This suggestion is based on the discovery. isolation, and characterization of a 
compound having an acyl ligand n-bonded to a transition metal by Fachinetti et trl.". I t  
was obtained by reacting dimcthylbiscyclopentadienylzirconium(lV), in toluene at  20 'C 
and atmosphcric pressure. with CO (equation 35). 

(35) [Zr(Cp).( Me)*] + C O  --t [Zr(z-COMe)(Cp)J Me)] 

The  structure of the n-acetyl complex wi s  determined by X-ray single crystal analysis 
(Figure 12). C(S), C(7). C(6). 0. and Zr arc coplanar: the CO interatomic distance is fairly 
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FIGURE 12. Molccular structure 01' (Zr(n- 
CO~Me)(Cp),(ble)]"'. Reproduced with per- 
mission. Copyright 1976 The Royal Society 
of Chemistry. 

long (1.21 1 A), indicative of 'cl weakening of the bond; the corresponding \*co frequency is 
low ( 1  545crn- I ) .  A similar structure has been found by X-my structural analysis for the 
product of reaction 368'. 

- co 
[Ti(Cp12(CO),] + RC1 toluene ETi(CII(TT-COCHJ)(Cp),l 136) 

Based on i.r. and 'H n.ni.r. data, ii n-acyl ligand has also bcen claimed for ruthenium 
complexes obtaincd according to cquation 3782. 

[RuHCI(CO)(PPh3)] + 2 RCHO [ R u ( C I ) ( ~ - C O R ) ( C O ) ( P P ~ ~ ) ~ ]  + RCH,OH + PPh3 

R = Me or Et. (37) 

From the hydroxymethyl complex (cf. equation 34) on, the hydrogenolysis to give 
methanol (step 6 in Scheme I )  is straightforward. The intermediate formation ofa carbene 
ligand en route to  the alkyl ligand is suggested as the'most plausible way to eliminate water 
(cf. equation 1 )  from a mononuclear metal centre. The suggestion is based on a large body 
of evidence for the existence of transition metal carbene complexes60.83, as  well as their 
importance in catalysis, in particular in the metathesis of olefins". The equilibrium 
between carbene-transition metal hydrides and metal alkyls is also well documented for 
several transition metals", which makes this reaction path very attractive. 

A very instructive demonstration of the stepwise reduction of coordinated carbon 
monoxide, via forrnyl and hydroxymethyl ligands to a methyl ligand, on  a mononuclear 
model rhenium compound has been reported by Sweet and Graham (equation 38)". The 
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reduction was carried out with NaBH,. in a mixed H20-thf solvent; each step was 
achieved with one equivalent of the reducing agent. The first two steps required 15min at 
0 "C each, giving > 90% yieid; the last step required 5 h at  25 "C, with 88% yield. 
Complexes 1-4 are stable, crystalline substances that have been characterized by ix., 
' H n.m.r. and elemental analysis. 

With step 9 in Scheme 1,  the reaction cycle begins again, the difference being that the 
carbon monoxide is now inserted into a metal-alkyl bond instead o f  into a metal-H 
bond. The insertion of coordinated CO into a metal-alkyl bond present a t  the same 
transition metal centre is one of the key reactions in the hydroformylation and 
carbonylation of unsaturated  hydrocarbon^^^. The most frequently studied model 
reaction is the carbonylation of the methyl ligand in pentacarbonylmethylmanganese, 
[Mn(CO),(Me)], under the influence of excess of CO. A number of pertinent features have 
been clearlyestablished. Using 13C0, Noak and C a l d e r a z z ~ ~ ~  have shown that the methyl 
group reacts with one of the four coordinated '*CO ligands Z to the Me ligand and not 
with an incoming I3CO, which only replenishes the octahedral coordination 
(equation 39). 

Me 
I 

3~~ 

The rate constant (9 x 1 mol - ' s - '  at 30 T) and the activation parameters ( E ,  = 
61.9 kJ mol- I ,  AH* = 59.4 kJ niol- ', AF* = 56.2 kJ mol- I ,  AS* = - S8 J mol- * k - l )  

of the process have been determined". Based on a study of the stereochemical changes in 
the carbonylation of (Z)-[Mn(C0,)('3CO)(Me)], Noak and Calderazzo8' were able to 
show that the reaction of the methyl group with CO is not an insertion of the CO into the 
M-C bond at the coordination site of the methyl group, but rather a migration of the 
methyl group to the site of the CO. I t  is by now generally assumed that all insertion 
reactions in the coordination sphere of a transition metal follow this pattern (e.g. also the 
chain growth in ethylene polymerization on a Ziegler-Natta catalystsg). Theoretical 
calculations corroborate this  vie^^^.^'. The expression 'migratory insertion' is frequently 
used to describe this mechanistic detail. 

The only new feature in the further course of Scheme I is the 8-H abstraction (step 15), 
which can take place as soon as a P-H becomes available, and which leads to the primary 
products of the FT synthesis, the a-olefins. This reaction is, again, one of the key reactions 
in homogeneous catalysis63. For instance, in the dimerizdtion, oligomerization. and 
polymerization of ethylene, P-H abstraction is the molecular weight-determining step 
(equation 40). 

(40) 

FI-om a kinetic point of view it is a chain transfer (not termination) reaction, since the 
resulting metal hydride is a chain carrier ( i t .  i t  initiates a new chain), and as such it is 
suggested in Scheme 1 .  The analogy goes further than that. It  has been shown for the 
ethylene polymerization that electron acceptor ligands on the metal favour P-H 
abstraction, resulting in a smaller average molecular weight of the products". On the 
other hand it has been known since the early days of the F T  synthesis that decreasing the 
ratio of metal to Kieselguhr in the catalyst leads to a decrease in  the average molecular 
weight of the products". Kieselguhr may be considered as a highly acidic (electron 
acceptor) 'ligand' of the surface metal atoms. 

RCH,CH,M -+ RCH-CH, + MH 
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3. Further mechanistic evidence for the CO insertion mechanism 

Any suggested reaction mechanism has to accommodate the fact that linear aliphatic 
primary amines are the only nitrogenated products formed when the FT synthesis is 
carried out in the presence ofammonia, and under conditions that otherwise would lead to 
linear hydrocarbons in the absence of NH,. The amines present a Schulz-Flory molecular 
weight distribution. and the average chain length decreases with increasing amount of 
NH, in the synthesis gas (cf. Sections 1V.C and V.B). 

If the hydrocarbons were to be built up  from ‘carbidic intermediates CH,’J9, x ,  o- 
diamines would be expected among the reaction products. The CO insertion mechanism, 
on the other hand, can explain this selectivity. The Schulz-Flory distribution could, in 
principle, be expected if the primary products of the FT synthesis, the r-olefins, were to 
react with ammonia in a subsequent step, either outside the coordination sphere of the 
catalyst or after coordination to a metal centre. However, such subsequent amination 
could not explain the dependence of the molecular weight of the amines on the ammonia 
concentration. 

The facts are best interpreted’, by assuming that NH, acts as a chain transfer agent, at 
any stage of the growth cycle, giving the amine and a metal hydride. In the course of the 
growth cycle (see Scheme 1 )  there are alkpl, acyl, hydroxyalkgl, and carbene groups bound 
to the metal centre. 

The alkyl ligand offers the most straightforward route (equation 41). 

R M +  NH, -+ RNHl + M H  (41) 
(M = metal centre). Amazingly, no  reference to this simple type of reaction could be found 
in the literature. The acgl ligand might be visualized as reacting with ammonia to give an 
imine ligand which, on subsequent hydrogenaiion. results in a primary amine and a metal 
hydride (equation 42). 

- I I 7 O  1 1 2  

RC(0)M + N H ,  - RC(NH)M - RCHzNHz + M H  (42) 

Mark6 and i3akos9’ have shown that aldehydes and ketones are transformed into 
amines under similar reaction conditions, although primary and secondary arnines are 
formed in comparable amounts if ammonia is used as the amination agent; in the modified 
F T  system, on the other hand. only primary amines are formed. Moreover, it is felt that the 
mechanism depicted in equation 42 should lead to nitrogen-containing byproducts such as 
amides and nitriles, which are  not found experimentally’ ’. 

The O H  groups of the r-hydroxyalkyl ligands could also react with ammonia 
(equation 43). 

- H -0 - 1 1 ,  
RCH(0H)M + N H 3  - RCN(NH,)M 4 RCH,NH, + MH (43) 

The catalysed production of amines fi-om alcohols and anlmonia is well known95 ; it 
requires. however, temperatures of 300-400 ‘C, whereas the modified FT synthesis 
operates at 200 ‘C. 

Finally, one might consider the carbene ligands, formulated as the result of step 7 (and 
corresponding later steps; see Scheme I ) .  to react with ammonia. Fischer and coworkersQ6 
have actually shown that ammonia is able to react with transition metai-carbene 
complexes (in particular complexes of chromium), but the result is an  aniinocarbene 
complex which is so stable that the reaction can be used to protect amino groups ofamino 
acids during peptide synthesis. Similar results have been reported for platinum--carbene 
complexes”. This brief discussion indicates the simple, one-step amination of the alkyl- 
metal bond (equation 41) as the most probable reaction. Evidently. such a process would 
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RM 

RNH2 + MH 

(44) 

becompetitive with the CO insertion (growth step) (equation 44). This readily explains the 
molecular weight reduction produced by increasing the amount of NH, i n  the feed gas 
mixture. 

4. Secondary reactions 

In Section IV it was noted that linear z-olefins are the predominant reaction products if 
the synthesis gas has a short residence time in the reactor. With longer residence time, 
other products appear in the series linear aIkanes > /I-olefins > methyl-branched alkanes 
(cf. Figure 1). We assumed in Section VI1.C. 1 that the chain carriers, metal-H species, are 
responsible for these secondary reactions. Presumably, the cr-olefins can be coordinated to 
such metal centres. and undergo hydrogenation. as well as isomerization, as is known from 
homogeneous catalysts (equation 45)”. 

alkane + MH 

(45) 
Y 

MH + a-alkene - M-alkyi 

\ A - a1 kene 

At a first glance, there seems to be a n  enigma: why do  the metal--alkyl species 
occurring in the course of the chain growth (cf. Scheme 1) resist hydrogenation and 
isomerization, whereas those proceeding from the coordination of a-olefins to metal 
hydride species (equation 26) d o  undergo these reactions? The  explanation resides in the 
preferred orientation o f a n  r-olefin when inserted into the metal-H (or metal-R) bond. 
With Group  VIIl  metals. there is a remarkable tendency for the ‘anti-Markownikoff 
mode of insertion to occur; regioselectivities of 707; to almost 100”; are the rule (equation 
46)”. 

M H  + CHI=--CHK -+ MCH(Me)R (46) 

The migratory CO insertion is much slower for a n  isoalkyl lignnd than for a linear alkyl 
l i g a t ~ d ~ ~ .  Thus, whereas in normal FT growth the CO insertion takes place before any 
other reaction can occur, the isoalkyl groups proceeding from coordination of r-olefins are 
prone to hydrogenation and isomerization. 

The rare cases of CO insertior, involving an isoalkyl group lead to methyl-branched 
hydrocarbons. However, the reaction of a growing chain with a coordinated propylene 
may also give methyl branches (equation 47). 

MR + CH,=-:CHiMc-. KCH2(Me)CHiM (47) 

The corrcsponding reaction with coordinatcd ethylciie gives a merc chain prolongation by 
two carbons; with but- I -me ,  an  ethyl branch will result. However. the ‘polymerizability‘ of 
y-olefins decreases rapidly with increasing chain length(’3. In  fact. ethyl branches arc rare 
in the FT products, and longer branches a re  essentially absent5b. Internal olefinscan safely 
be assumed not to coordinate under the conditions of the FT synthesis. As one may expect. 
the rate of consumption of CO, in moles per volume unit (cm’) ofcatalyst bed and unit time 
(h), is highest when the residence time of the synthesis gas on  the catalyst is lowerst (see 
Table 4). At lonser residence times, coordination of 1-olefins and secondary reactions 
block the active centres. 
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TABLE 4. Influence of space velocity (residence rime) on the rate of CO consumption. 

Space velocity" Residence time CO conversion" CO consumption 
- - . - .. ~ 

(11 - 1 )  ( s )  (%I ( lo3 mol crn - 'h-  ' 1 

78 
337 

2830 

46. I 
10.7 

1.5 

84.6 
42. I 
10.1 

0.9 
2.0 
3.4 

"Data of Pichler el d."; 32 vol.-'x CO; normal pressure: cn. ZOO'C. 

5. Comparison with hydroformylation 

The hydroformylation of olefins, detected in 1938 by Roelen', is one of the most 
important commercial examples of homogeneous catalysis with transition metal com- 
pounds. Under carbon monoxide and hydrogen pressures (mostly CO:H, = 1 : 1 )  of over 
100 atm, at 1 5O-18O0C, olefins are transformed to aldehydes having one carbon atom 
more than the starting olefins, according to the overall reaction shown in equation 48. 

C I I I J i $ . l  

RCH=Ci-12 + CO + H,-RCH2CH2CH0 (48) 

Oxides and complexes of several transition metals, in particular those of cobalt and 
rhodium, have been applied as catalyst precursors. The soluble, active species formed 
under the reaction conditions may be formulated generally as [MH(CO),L,], with M = 
transition metal ion, L = neutral ligand such as  phosphite, phosphine, or amine, / ? I  2 1,  
t i  2 0, and ( 1 ~ 1  + n )  = 3 or 463. 

It has been suggested that the mechanisms of the hydroformylation and the FT 
synthesis are closely Scheme 2 shows, in a simplified manner, the generally 
agreed course of the hydroformylation of a terminal olefin". [For the sake of clarity, 
(CO), and L, ligands are omitted; it is understood that the insertions ofolefins and C O  are 
preceded by the coordination of these molecules to the metal centre.] Two possible routes 
are discussed in the literature for the last step, the transformation of the acyl metal species 
to the aldehyde: hydrogenolysis after oxidative addition of a hydrogen molecule (steps 3 
and 499), or reaction with a second catalyst species (step 5). Spectroscopic evidence for the 
importance of step 5, under certain reaction conditions, has been reported for the 
particular case of MH = [COH(CO), ] '~~ .  

Evidently, the insertion of a CO molecule into a metal--carbon bond, with the 

RCH=CHZ co 
1 2 

H-M - RCH,CH,-M RCHzCH,(0)C-M 

H 

H 2  I H2 
RCH,CH,(O)C-M - RCH,CH,(O)C -v RCH2CH2CH0 

3 
I 
H 

+ H--M 

RCH2CH2CH0 + MZ 

M2 + H2 - 2H-M L 

SC I-l E M E 2. M ech :i n i s m o I the hydro for ni y I ;it i 011 'w. ' "O . All other ligands ominitted for 
clarity. 
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formation of an acyl species. is a common step in both reactions. hydroformylation (step 2 
in Scheme 2), and  FT synthesis (steps 9. 14 ..... in Scheme 1). I t  appears enigmatic that, 
under closely related conditions and  with similar catalysts, the further course of the 
reaction is thus different. In hydroformylation, the aldehyde is formed and  immediately 
leaves the complex; no  further chain growth takes place. In the FT reaction, on the other 
hand, the  aldehyde (assumed as a plausible intermediate) does not leave the coordination 
sphere of the metal, but subsequent reaction with the remaining hydrogen ligaiid (step 4) 
opens the way to further chain growth via steps 6, 7, 8, etc. 

Based on the findings ofvan Boven et a/.' ' ', we suggested41b that the decisive difference 
between the homogeneous and the heterogeneous process is the availability offree, mobile. 
very reactive hydrido-metal species in the solution, which makes step 5 (Scheme 2) thc 
more important mode of reaction of the acyl metal species in the homogeneous system. The 
simultaneous formation of the dinuclear metal complex. M, { [Co,(CO),] in the case of 
[CoH(CO),] as active species), makes further reactions in the coordination sphere 
impossible and causes the aldehyde to leave the metal centre. In the heterogeneous system, 
on  the other hand, the M H  species are fixed at  their surface sites and  can not encounter any 
acyl metal species, also fixed at  the surface. Thus,  the oxidative addition of molecular 
hydrogen to the latter is the only way of reaction. Actually, no convincing experimental 
e\)idence supporting reactions 3 and 4 in Scheme 2 under hydroformylation conditions is 
availablet4', whereas step 5 has been made probable by high-pressure i.r. spectroscopy on 
the reacting system"' ( P , ~ ;  = 50-60 aim. pco = 10--20atoni. 7' = I00 "C). Moreover, the 
stoichiometric formation of aldehyde from olefin and [CoH(CO),] under nitrogen. where 
CO as well as hydrogen must be provided by the hydrido-metal species. is known'" ' .  

In o n e  case. where aldehydes were obtained on  a supposedly heterogeneous catalyst 
(cobalt carbonyl on a polymeric carrier), under the conditions of the hydroformylation, it 
was observed that some of the cobalt had leached into the liquid phase as [CoH(CO),] and  
[Co,(CO),] ' " l .  Hence, the hydroformylation conditions as required by the suggested 
mechanism (availability of [CoH(CO),] for the reduction of the acyl species) are given. 
The phenomenon is not surprising, taking into account that most cobalt hydroformy- 
lation catalysts a r e  formed from insoluble cobalt compounds under the influence of a CO- 
H, atmosphere and  at  temperatures above 50 '-C'"'. 

6. Influence of the dispersity of the metal centres 

The metallic state has frequently been assumed to be essential for thecatalysts of the FT 
synthesis, and transition metal single crystals have been used as models for catalysts with 
regard to bonding and structure of adsorbed carbon monoxide, hydrogen, and their 
reaction p r o d ~ c t s ~ ~ - ~ ' ~ ' ' ~ .  Highly sophisticated physical methods have been used in these 
studies (for a review of these methods see ref. 105). Much work has been carried out  to 
correlate catalytic activity (or properties believed to be associated with activity) with the 
peculiarities of different crystallographic planes. Steps. kinks.  holes. etc., in otherwise 
'flat' surfaces have been found to increasz activity'"6. Evidently, metal a toms situated at 
such irregularities have less metal-mctal coordination, and hence more sites available to 
coordinate reactants. 

Yokohama et ~ 1 . " ~  were able to show that crystallinity is not a prerequisite for catalytic 
activity. They prepared ribbons of amorphous Fe-Ni alloys containing inclusions of 
phosphorus or boron atoms to shift crystallization to relatively high temperatures. At 
temperatures well below the crystallization temperature. i t  was found that the activity of 
the amorphous state was up to several hundred times higher than that of the crystalline 
state, for the same composition. Again, the amorphous state. like steps or kinks on 
crystalline surfaces, can bc cxpectcd to have a higher number of exposed atoms with an  
incomplete coordination spher-e. 
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FIGURE 13. Fc,C core clus~er  slrucfiirc [or [b-e,(k- 
C)(C0),J2 -, 'butterfly cluster'lO'. Rcproduced with 
permission. Copyright 1976 American Chemical Society. 

So far, however, no effective homogeneous catalyst for the hydrocarbon formation 
according the FT synthesis has been found. Whenever reasonable amounts of hy- 
drocarbons have been detected in soluble systems (based on ruthenium complexes) i t  has 
been found that deposited metal was responsible, rather than the soluble cornplexlo8. The 
absence of mononuclear, soluble FT catalysts led Thomas er uI.loS to the proposal that 
multinuclear metal centres might be necessary for activity. Cluster compounds have been 
studied as models. in particular the iron 'butterflg'clusters with carbidic carbon atomsl'O 
(see Figure 13). In fact, i t  was found that some soluble clusters complexes were active, 
whereas related mononuclear complexes were not. but the activity was in general 
extremely low I 09. 

There is now some evidence that mononuclear species may be active for the hy- 
drogenation of CO to hydrocarbons, as long as they are anchored on a solid support. 
Brenner and Hucul I deposited many mono-, di-. and poly-nuclear carbonyl complexes 
on to y-Al,O,, by adsorption from pentane solution or by sublimation, at very low 
concentration. During temperature-programmed decomposition experiments under H2, 
they first observed desorption of part of the carbonyl ligand, followed by CH, formation 
on the remaining 'subcarbonyl' species. The CH, evolution per metal centre was 
essentially the same for mono-, di-, and poly-nuclear species. Even more important, they 
could exclude the sintering of mononuclear to polynuclear species by observing the CH, 
formation as a function of the catalyst loading, in the case of [Mo(CO),]. For a nuclearity 
tz being required for activity, the amount of CH, formed, ! n ~ l { ~ ,  is proportional to the 
number of sites of this nuclearity which would increase with the power of iz of the loading IV 

(equations 49 and SO). 

A graphical evaluation of experimental data [plot of log I I I ~ ~ , ,  rersus log w), for IV varying 
over several orders of magnitude resulted in a straight line and a value of iz  close to unity. 
This is consistent with thc activity residing i n  mononuclear species. 

Although the activity of these interesting mononuclear catalysts is low, their discovery 
certainly helps to narrow the gap between the classical view of hetcrogcneous catalysis as a 



9. The Fischer-Tropsch synthesis 42 3 

surface science, and the more recent trend of considering i t  from thc point of view of 
individual transition metal centres and their coordination chemistry. Moreover, these 
findings appear to indicate that multicoordinatcd species such as 5'" and 6'  ' ' may not 
be involved in the hydrocarbon chain growth in the FT synthesis. 

ti 
I 

R-C-0 

2 
c-0 

-Ll!LL- 

7. The role of alkali metal promoters 

The addition of small amounts of alkali metal compounds, in particular K,O or 
K,CO,, io an iron catalyst for the FT synthesis is known to produce substantial changes 
in the catalytic performanceg.' ''. The synthetic activity and  th:: s e r a g e  mclecular weight 
of the hydrocarbons formed are increased ; moreover, the olefinic fraction in the 
hydrocarbon effluent is improved. Interpretations for these phenomena have been 
proposed' 15.' ", based on the electron donor  capacity of K,O. Electrons donated to the 
metal would enhance the adsorption of CO. while reducing that of H, ; weakening of the 
CO bond would facilitate the attack of this bond by hydrogen. Reduced hydrogenation 
ability, on  the other hand, would lead to higher molecular weight (whereby the chain- 
terminating step is assumed to be liydrogenolysis of an alkyl-metal bond) and to a higher 
olefinic fraction. 

As we showed recently, this type of interpretation is inconsistent with the views of 
molecular catalysis. In particular, the fact that the primary products of the synthesis are x-  
olefins excludes hydrogenolysis of alkyl-metal bonds as the molecular weight- 
determining factor. Based on  well documented phenomena with well defined, soluble 
transition metal carbonyl complcxes, a different interpretation of the alkali metal 
promotion was suggested. 

Transition metal carbonyl complexes are bases, and tend to form complexes with Lewis 
acids (electron acceptors) rather than with electron donors '  ' '. For a considerable number 
of transition metal carbonylates. as well as donor  (e.:. alkyl) substituted, neutral carbonyl 
complexes, it has been shown by X-ray structural analysis, i.r.. and other measurements 
that  theinteraction with theelectron acceptor(Mg". K L. N a  '. Li-.AIX,.etc.)occursvia 
the electron-rich oxygen of a carbonyl group'  ".' I s  , fo r instance i n  the particular case of 
Na  -+ [FeR(CO),] - ' I * :  

Na * . . ...... . OC . - Fe(CO),R 
(7) 

The  various X-ray and i.r. studies have demonstrated t h a t  such interaction strengthens the 
metal-carbon bond and weakens the carbon---- oxygen bond of the involved carbonyl 
ligand. 

Collman and  coworkers"n haveshown that theclose interaction of thesodium ion with 
the carbonyl ligand i n  complex 7 greatly favours the migratory insertion of the CO ligand 
into the metal-alkyl bond. They found that in thf at 25 'C, Li- or Na' cations cause the 
insertion reaction to occur two to three orders of magnitude faster than the rateobserved if 
the cation was trapped in a crown ether, or if the bulky cation [Ph,PI2N' was used 
instead. In  the resulting acyl complex, the cation is associated with the oxygen of the acyl 
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group. Collman and coworkers assume that the rate of alkyl migration is so dramatically 
increased by the presence of the electron acceptors Li or N a  +, because the latter stabilize 
the coordinatively unsaturated intermediate: 

No' 
0- 

I 
R-C- Fe(CO), 

The presence of the acceptor cation may help to dissipate temporarily, from the metal, 
electron density which is released on to i t  through the loss ofone n-acceptor ligand (CO), in 
the course of the formation of the acyl ligand (cf. Berke and H ~ f f m a n n ' ~ ,  who indicated 
that n-acceptor ligands on  the metal in the migratory plane would have a similar effect). It 
should, however, also be taken into account that the interaction of an  alkali metal cation 
with the oxygen of a carbonyl group leads to a lowering of the energy of the lowest 
unoccupied ~ i i ~ l ~ ~ d ~ ~  orbiLa! { h n t i e r  orbital) of the carbonyl group'  19. This certainly 
contributes to  facilitating the insertion reaction. 

With all this excellent previous work in mind, we suggest that the effect of alkali metal 
promoters in the FT synthesis is simiiar to that in the above-mentioned carbonyl 
complexes. One  has to consider that under the conditions of the FT synthesis (presence of 
CO, H,, CO,, and H,O, high temperature) the surface iron atoms are in an  environment 
different from that in the original (reduced) catalyst. In particular, there will be surface iron 
species featuring one o r  several CO ligands. The potassium promoter, o n  the other hand, 
in whatever form i t  might have been added to the catalyst, is certainly present as K', even 
if i t  would have been transformed to metallic potassium in the reductive activation of the 
catalyst. Thus, if a surface alkyliron carbonyl species has a suitably positioned 
neighbouring K + ion, the migratory insertion reaction should be greatly accelerated. 
Along the same lines, the further reaction of the acyl group (still i n  interaction with the 
cation) with hydrogen should also be promoted, owing to the lowering of the energy of the 
CO frontier orbital. Assuming that the P-hydrogen transfer from the growing chain to the 
transition metal, as the growth-ending step, is not affected by the alkali metal promoter, a n  
increase in the average molecular weight follows cogently from the increased growth rate, 
since the average degree of polymerization (i.e. the number of C atonis in the hydrocarbon 
chain) is given by the ratio of the rate of chain propagation to the rate of chain transfer 
(equation 51). 

The amount of alkali metal ions in the promoted catalysts is generally low (g Kjg  Fe  
< 0.0 I ) '  ". Hence, there should always be present surface iron carbonyl complexes that 
have no  suitable neighbouring K '. ion and which, consequently, should produce chain 
growth and concomitant chain lengths according to unpromoted catalysts. In  other 
words, a bimodal molecular weight distribution may result from promoted catalysts. 
Relevant molecular weight distribution data are scarce; however: there is some evidence 
for bimodal distribution produced by alkali metal-promoted iron catalysts compared with 
a nornial distribution produced by unpromoted cobalt catalysts'2o. Clear examples of 
bimodal molecular weight dis!ributions have been reported recently for the reaction 
products obtained with alkali metal-promoted cobalt catalysts1 ' I .  

Finally, the observed increase in the olefin fraction of the effluent also fits into the 
picture. With the reasonable ;issumption t h a t  :i metal hvdride is responsible for the 
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hydrogenation of the olefins, and that the latter must be coordinated to the metal centre 
prior to reaction, the following trivial explanation can be visualized. The reasons given 
above for the acceleration of the insertion of CO into the metal-alkyl bond should apply 
equally well to the chain initiation (insertion of CO into a metal-hydrogen bond) 
(equation 52). Hence, in the case of the promoted catalyst, chain initiation can compete 
more favourably with hydrogenation than i n  the non-promoted catalyst. 

(L, )MH ---B= chain initiation 

(L, )MH RC=C 

% (L,)hH + hydrogenation 

L, =all  other ligands 

In conclusion, the remarkable effect of potassium promoters in the FT synthesis may be 
satisfactorily interpreted based on  well documented phenomena, and  fitting smoothly 
within the framework of molecular catalysis”’. 

VIII. PRODUCT SELECTIVITY 

A. Consequences of the Schulz-Flory Molecular Weight Distribution 

The mechanism of the FTsynthesis, as a step-by-step polymerization with chain growth 
and  chain transfer, imposes severe restrictions on  the selectivity with regard to the 
molecular weight of the product. The validity of the Schulz-Flory distribution function (cf. 
Section V) determines the selectivity for a given chain length as 

ni l ,  = (In’r)fx” (52 )  
where u i P  =mass  fraction of product having a degrec of polymerization f and r = 

probability of chain growth. Figurc 14 shows this dependence for a few selected valucs 
of P, and indicates that C 2  peaks at  r z 0.4, C, at r z 0.6. C, at r z 0.7, etc. However, 
whatever the value of x ,  hydrocarbons of other degrees of polymerization are simul- 
taneously present in amounts determined by equation 52. 

At high CO conversion (long residence time), this relatively simple relationship tends to 
be complicated by the products of secondary reactions. in particular those leading to 
branched molecules. As discussed in Section 111, certain catalysts (Fe > Co) and process 
designs (fluid bed > fixed bed) have a higher propensity to give branched material. For  the 
cases of such branched products, Friedel and Anderson”-introduced a correction factor 
with an  adjustable parameter into their molecular distribution function (cf. Section V.A); 
the resulting equation proved to be very useful i n  organizing a large amount of 
experimental data. 

To a certain degree i t  is possible ;o vary the parameter 2, and hence the niolecular 
weight, by process variables. Thus, alkali metal promoters shift the chain length to higher 
values (Section VII.C.7). The ratio of H z  to CO in the gas feed also has some influence (the 
higher this ratio the lower the average molecular weight; cf. Section 111). The lower the 
ratio ofmetal  to carrier, for Kieselguhr, the smaller is the average molecular weight”. This 
principle has been used by Commereuc et ~ 1 . ’ ’ ~  to shift the molecular weight distribution 
to the low side. Values of 2 in the range of 0.2-0.4 can be determined from their data, 
obtained with noble metal (Rh, Ir, Ku. 0 s )  catalysts on alumina or silica. Slightly higher 
values (0.5-0.6) can be estimated from the scattered data with several iron catalysts. 

In a system in which the [I-hydrogn abstraction rate is extremely high compared with 
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a 

FIGURE 14. Consequences of a Schulz--Flory molecular weight 
distribution: moliir fraction of sclcctcd chain lengths as ;I function 
of the growth probability a, calculated according to equation 52. 

the rate of chain growth, one might expect that the former takes place as soon as a P-H 
becomes available, i.e. when a n  ethyl ligand is formed (cf. Scheme 1, step 13). This situation 
is well known in homogeneous catalysis, i n  the case of the selective dimerization of 
olefiid". In the FT synthesis this would lead prefercntially to ethylene, apart from 
methane, which has several formation routes (e.g. the carbide route, cf. Section VI1.B; 
decomposition of low olefins, Section 1V.B). One  such case has actually been claimed'ZS, 
for a reaction at :I sub-atmospheric prcssurc of 18 kPa  (140Torr). with acidic catalysts 
( < 1 1 :(, of mctal on AI,O,), and at a ratio of CO to H ,  of 2. Methane and ethylene are the 
only hydrocarbons produced and  the sclectivity for ethylene is amazingly high (see 
Table 5). 

There are several reports indicating that the average molecular weight can also be 

TABLE 5. Synthesis of ethylene on Al,O,-supported catalysts' ". 
CO:H, = 3: spacc velocity. 250011-I: p =  140l'orr 
.- ... - - - - - - .- . _- --- .- 

Temperature CO conversion CH, C2HJ 
Mvlctill ( . C )  (I.',,) (rnol-':J (niol-g,;) 

C O  35G 14.4 8.9 91.1 
Ni 3 00 16.9 20.9 79. I 
Pt 300 17.5 35. I 64.9 

. __ 
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TABLE 6. Probability of chain growth. 2. ;IS a function of metal 
di~persion’”~.  Catalyst: Ru on ;.-A120,; 7=250”C;  H 2 : C 0  =2;  
p, I2 atm; convcrsion = 22”/, 
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Dispersion 
(70) 

Crystallite 
size (nrn) z 

78 
70 
47 
16 

I .3 
I .s 
2.’ 
6.4 

0.65 
0.66 
0.67 
0.73 

influenced by the particle size of the metal (dispersion of the metal on the carrier)”’. I t  was 
found that CL decreases with increasing particle size (see Table 6) and that this is 
accompanied by a decrease in specific activity, although the Schulz-Flory distribution 
remains 

The influence of the particle size on the specific activity is a controversial issue. Both 
increasesIz6 and decreases”’ with diminishing particle size have been claimed, and a 
variety of interpretations have been suggested. Takasu er have cautioned that in 
some cases the preparation of the samples (impregnation of, or  precipitation on to, the 
support) may have made i t  difficult to obtain clean mctal surfaces and to characterize them 
correctly. They used a model palladium catalyst prepared by evaporating metal on to a 
carbon film. The mean diameter of the metal particles was contro!led by the amount of 
metal deposited, and determined by electron microscopy. The electron energy levels within 
the metal particles were characterized by X-ray photoelectron spectroscopy. the bonding 
energy of the 3d5 i2  electron was found to increase,from the bulk metal value,as the particle 
size decreased, the major change ( I  .5 eV) taking place in  the diameter range from 1.8 to 
1.0nm. The energy of the valence band in the palladium particles is assumed to shift with 
that of the 3dSi2 band’”. Presumably, as a consequence, the activation energy of a 
catalytic test reaction (HJD, exchange) increases with decreasing particle size. These 
interesting findings appear to indicate that the observed variations of activity with particle 
size are due to activity changes of the individual metal centres”’, rather than to a decrease 
i n  the number of active sites12sc.129 . Alterations in  the electronic structure of small metal 
particles that are attributable to strong metal-support interactions have in fact repeatedly 
been described’ 3 0 . 1  3 1  and, amazingly. this interaction has been found to increase in the 
series A1,03 < SiO, < C, in  the case of nickcl particles”’. I t  appcnrs plausible that such 
changes translatc into variations of the chain gro\vth probability (cf. equation 5,  
Section V.A) as shown in equation 52. However, i t  should bc taken into account that the 
changes in specific activity (rp per metal centre) and in 3 cannot be cxpected to be 
proportional sincc r,, and rl, are probably influenced to different degrees and possibly in 
oppositedirections. I n  fact, a dccrcase in Y by 10% has been reported to be accompanicd by 
il decrease in specific activity of about an order of magnitude’25‘. 

2 = r, , /(rp + Y l , )  (52)  
Finally. i t  may be noted that a certain increase in 1 c;in be obtained by the addition of 

ethylene to the feed gas”’;  this procedure may be considered as a copolymerization of two 
‘monomers’, (CO + H 2 )  and CH,--CH,.  Adapting equation 52 to this situation, one 
obtains 

where X I . , ,  is the sum of the rates of the different growth steps. 
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5. Deviations from the Schulz-Flory Distribution 

Selectivity is a crucial problem is F T  synthesis. Not always is the whole range of 
products, as  dictated by the Schulz-Flory equation, really wanted. Thus, for gasoline, a 
branched product in the range C,-C, , would be desirable; for heating purposes, a high 
content of low molecular weight hydrocarbons, particularly methane, ethane, and 
propane is necessary; for the production of plasticizers, detergents of high biodegrada- 
bility, synthetic lubricants, etc., linear a-olefins in the range C6-CI6 would be the most 
favourable. Thus, approaches to selectivity, circumventing the Schulz-Flory distribution 
law, are the most recent branch of FT chemistry. 

In Section V.A. it was mentioned that a very narrow molecular weight distribution 
should be obtained for u = 1 (Poisson distribution). In the particular case of the FT 
synthesis this would require the P-H transfer to be completely suppressed. From the work 
of Pichler er it is known that alkylruthenium species, as intermediates in the FT 
synthesis with unsupported ruthenium a t  high pressures ( 2 l000atm) and relatively low 
temperatures (1  20-1 32 "C), tend to  resist P-H abstraction. Unless quenched with alkali, or  
with hydrogen a t  high temperature and pressure, the growing chains remain 'living'. It was 
also shown that the lower alkylruthenium carbonyls are volatile in that temperature range. 

A FT system resulting in a molecular weight distribution remarkably close to a Poisson 
distribution was reported by Madon'-3J (see Figure 15). The reaction was carried out with 
1 %  Ru on  A1,0, at 240°C. 3.1 MPa (m. Xatm) ,  and H2:C0 =2.  Apparently, the P-H 
abstraction was in fact effectively suppressed (note that at 1 atm, and otherwise 
comparable conditions, the same system produces hydrocarbons with a Schulz-Flory 
molecular weight distribution ,"). This pronounced pressure influence appears to  be 
restricted to ruthenium, since other catalysts (e.g. Fe. Co) would give products with a 
Schulz-Flory distribution under the conditions described by Madon. 

P ( = carbon number) 

FIGURE 15. Poisson-type molecular \\eight distribution obtained 
on a ruthcniuln c ; ~ t a I y s t ' ~ ~ .  Solid line: theoretical Poisson distri- 
bution for 1' = 9. P,, = 10 (cf. equations 19. 20 and Figure 3). 
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FIGURE 16. Framework of a faujastite-type 
zeolite’ 38. Supercage, 175 nm diameter, 0.75 nm 
cntrancc opening; sodalite cavity, 0.65 nm dia- 
meter, 0.22 nm entrance opcning; hexagonal 
prism, 0.22 nm diarntter. Reproduced with permis- 
sion. Copyright 1979 Plenum Publishing 
Corporation. 

A promising approach to selectivity in the FT synthesis appears to be the trapping of 
catalytic transition metal species in the cavities of zeolites. Zeolites are crystalline 
aluminosilicates, the primary building blocks of which are tetrahedra consisting of either 
silicon or aluminium ions surrounded by four oxygen anions. These tetrahedra combine, 
linking silicon and aluminium ions through oxygen bridges, to yield highly ordered three- 
dimensional frameworks. There are 34 known natural and about 120 synthetic zeolite 
structures’35, all having a three-dimensional network of channels or  linked cavities. 
Figure 16 shows the framework of one of them, the faujasite-type zeolite. In this particular 
case, the ‘supercage’ has a diameter of 1.25 nm (12.5 A); the opening, consisting of a 12- 
membered oxygen ring, has a diameter of 0.75nm (7.5 A). 

Whereas the silicon-oxygen tetrahedra building blocks are electrically neutral, each 
aluminium-based tetrahedron has a negative charge, balanced by a cation. Formally this 
may be written as 

Na’ Na’ 
0 \si/ 0 \ i , /o \s i /o\s i /o\~, /o  

0 ’ ‘ 0  0’ ‘ 0  0’ ‘ 0  0’ ‘ 0  0’ ‘ 0  

(9)  

T h e  zeolites have been used as  ‘shape-selective’ catalysts since thc early 1960s for a 
variety of reactions, whereby the product distributioll depends o n  the ease with which 
reactant molecules diffuse through the zeolite channels, and on the residence time during 
which they are  held in the vicinity of a catalytically active site. Ion exchange, cracking. 
hydrocracking. and ‘selectoforming’ (cracking of n-alkanes mainly to propane) are among 
the most important industrial uses’3’. 

In the particular case of the formation of hydrocarbons from methanol, a special zeolite 
developed by Mobil, ZSM-5, limits the maximum size ofthe product molecules to the C,- 
C , ,  range. The  reaction products are mainly branched-chain and aromatic hydrocarbons, 
which a re  ideal for high-octane fuel. The reaction mechanism is complicated, and involves 
both ethers and alkenes as  intermediate^'^^. 

The first apphcatibn of zeolites as a chain-limiting catalyst in the Ft synthesis was 
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reported by Nijs et (11. 37. A RuNa  zeolite was prepared by partial exchange of the Na  + 

ions (cf. 9) in :I faujasite-type zeolite with [Ru(NH,),]Cl,. The  ruthenium was then 
reduced with hydrogen at  300 "C. The FT synthesis was run under conditons where a usual 
Ru-SO, catalyst would give a product with 601:; > C , ,  and a Schulz-Florydistribution. 
Thezeolitecatalyst generated a product with less than 1% > C12137a.  In thecase ofa  Ru- 
La zeolite, a chain length limitation a t  C, was observed 37b .  Ballivet-Tkatchenko el 
prepared zeolite catalysts by thermally decomposing metal carbonyls (of Fe, Co. and Ru) 
within the cavities of zeolites; they also observed selective formation of hydrocarbons in 
the C,-C9 range. A Schulz-Flory plot shows the usual picture u p  to C,, and thereafter a 
sharp drop, indicating that higher hydrocarbons are only formed in traces. 

Fraenkel and GatesI3' cautioned that the high-ternperaturc reduction of the transition 
metal species within the zeolite cavities might lead to a partial destruction of the original 
ahminosilicate structure. They used cadmium vapour for the reduction of Co'" tons 
exchanged into different types of zeolites. The intactness of the zeolite framework 
structures was checked by X-ray diffraction. On a zeolite characterized by relatively small 
cavities, propylcne was formed cxclusivcly (IS1 ' C ;  u i .  6atm:  CO:H, = 1) .  Cadmium 
species remaining in the zeolite cavitics, either alone or combined with cobalt species, a re  
assumed to participate in the catalytic action. On a faujasite-type zeolite, the main product 
was iz-butane, the C,-C, mixtureconstituting UI. 70':,;,ofthe hydrocarbon product and the 
distribution deviating considerably from the Schulz-Flory equation. 

The size limiting effect of the zeolite cavities may be visualized a s  the consequence of a 
steric hindrance of the migratory insertion of CO into the growing chain. As the cavity 
becomes 'crowded', this step may bccomc increasingly difficult, its probability eventually 
dropping to zero. The  abstraction of a P-H will then free the molecule from its catalytic 
'birth place', the metal centre. 

IX. OUTLOOK 

The revival of the Fischcr-Tropsch synthcsis. i n  the aftcrrnath of the oil emgargo in the 
early 1970s: has brought about interesting chemistry "O. Howevcr, considerable research 
and  development work still needs to be done, in order to have this and other coal-based 
hydrocarbon synthesis routes available when the need appears. Today, the conimodity of 
oil still appears to override groiving scruples regarding dwindling world supplies of 
petroleum. Howevcr, price may become ;I powerful driving force in a forcsccable future. 
since oil prices are likely to increase faster than coal prices. Hopefully, the forceful research 
impetus developed during the past few ycars in niany laboratorics. in different countries, 
will continue t o  produce innovation. and prepare ii smooth transition to a11.  at Icast 
partly. coal-bascd fuel and chemicals indusrry. 
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i. INTRODUCTION 

Reppel was the first to show that olefins could be attacked by carbon monoxide using a 
nickel cai-bonyl catalyst in  the presence of alcohols to give saturatcd cstcrs, for example 
reaction I .  This process has been called carbonylation. hydrocarbalkoxylation', 
hydroalkoxycarbo~iylation~~ and hydratocarbonylation'. Here i t  will be called the non- 
redox carbonylation reaction. If thcre is also a substrate oxidation. the reactionsare cailed 
oxidative carbonylations, for cxample rcaction 15. 

( 1 )  C H ,  -::CH, + CO + R O H  -+ EtC0,R 

c:ll :I I ) .I 
CH, z C H ,  + C O +  KO13 + ( 0 ) - C H 2 - - - C H C 0 , K  

+ I IOZCCH,CH,CO,R + I1,O (3  
The 0 x 0  rcaction is ;I reductive carbonglation and will not be discussed here. There is 

considerablc interest. ;IS documented by recent reviews', i n  this chemistry because of the 
widc varicty of synthetic possibilities, the significant changes in rate and product 
distribution caused by subtle changcs in conditions and catalysts. and because of the 
potential for industrial applications. The wide variety of products potentially available by 
these cai-bonylation reactions is illusrrated in Table I .  using ethylene a s  the olefin. 

I n  some cases there is d so  the possibility of the loss of H X .  i f  thcre was an appropriate 
hydrogen 011 the startinp olefin. to yield ;in acrglate (equation 3). Many conbinations have 
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T A B L E  1. Formal addition of HX. Y. and CO 10 olefins 

t i 0  
I It n,-c-c-c--Y 

I I  
X H  

x Y 

H OK 

RO OH 
RO,C 
RCOz O,CRs 

(RO2C),(CH3)CH" Br 
CI3CI' 
Lac tone I ' 

CI NR: 

MeCH=CHCHz c1 

R = alkyl, aryl. H 

___ 

not yet been attempted, but considering the divergent nature of the groups already tested, 
the possibilities for inclusion of additional groups and combinations in the future are 
certain. This chapter will address the key facets of !he oxidative and  non-redox 
carbonylation reaction. Particular attcntion will be paid to the palladium-catalysed 
system. Cobalt, rhodium, palladium, and platinum catalysts arc equal to o r  better than 
nickel, which is the usual catalyst for acetylene carbonylation' 3. 

II. NON-REDOX CARBONYLATlON OF OLEFINS 

The non-redox carbonylation of olefins formally involves the addition of X and O=CY 
across the olefin double boild to give an acid or acid derivative. In this case there is no  
formal change in the oxidation state of the metal catalyst. Four different reacting groups 
are involved : olefin, carbon monoxide, X, and Y. Only metal-catalysed reactions are 
considered. For information on strong acid catalysis, see reviews on  the Koch reaction'". 

(3) 
Early work demonstrated that the addition of alcohols and carbon monoxide to 

symmetrical olefins yielded saturated esters. With unsymmetrical olefins, two re- 
gioisomers were usually observed (reaction 3). The catalysts for these reactions are mainly 
Group VIII metal complexes, usually homogeneous, but supported metals have also been 
usedI5. The most widely studied metal is palladium, followed by platinum and cobalt. 
Cobalt has greater industrial potential owing to its lower cost. Recently rhodium and 
iridium have been considered as catalysts for proponic acid synthesis. Hydrogen donor 
ligands such a s  hydrohalic acids, carboxylic acids, phenols, alcohols, and  water are 
frequently used together with donor  ligands such as phosphines and pyridines. The latter 
are used almost cxclusively with the cobalt system. Some systems respond favourably to 
the prescnce of complexing salts such as tin(1I) chloride (platinum system) and iron(I1) 
chloride and related iron-containing compounds in addition to ionic salts such as lithium 
chloride. The  solvent for this reaction is frequently the alcohol being reacted. There have 
bcen reports that ketones may provide some advantages i n  this system and are probably 
exerting some solvent polarity control". Mild temperatures (around 100 "C) are 
frequently used for the palladium system whereas temperatures of 150-290°C are used for 
the rhodium and cobalt systcms. Super-atmospheric pressures of carbon monoxide are 
desirable. 

RHC=--CH2 + CO + R'OH --* RCH2CH2C0,R '  + CH,CHRCO,R' 
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A. Olefins 

A wide variety of olefins (and some acetylenes) have been used for the non-redox 
carbonylation reaction. These include branched, internal, alpha, cyclic, conjugated, and 
allenic olefins’ I .  Olefins with functional groups such as hydroxyl, halides, carbonyl, and 
imides have also been employed. In some cases the functional group can participate in the 
reaction; some examples are given in reactions 4-7’8-21. 

C0:ROH 
C H = C H C H X - C H 7: C H C H ,CO R 

x’ =OH.CI.OAc 

or tetrahydrofuran-2-one 

CO;HOH 
CH=CHX- CHz=CHCO,R 

COiHCH - MeCHXC0,R 

COIROH 
3-vin ylcyclo hexene --+ cyclo hex-3-en yl-CH,C I-!( Me)CO , R 

COIKOH - RO,CC,H ,,CH2CH(Me)C0,R 

CO/ROH 
1 J -cod  - unsaturated monoester + saturated diestcr 

(7) 

c o : n o i i  
(z)-buta- 1,4-diene - (E)-iMeCH==CHCH,CO,R 

-+ adiapates + %-methyl glutarate + a,a-ethyl succinate (10) 

In the case of dienes one double bond or two can react, depending on the conditions, as 
i n  reactions 8- loz2. The olefin reactivity decreases in the following order23: ethylene and 
strained olefins > a-olefins > cyclic > z-internal > E-internal > unsaturated esters. In 
general, the addition is E but in at least one case it was shown to be zZ4. The concentration 
of the olefin has little to do  with percentage conversion. With unsymmetrical olefins two 
regioisomers are possible. Table 2 shows that under a variety of experimental conditions a 
large change in position of attachment of the carboxyl group is possible. The ratio of 
straight-chain prcduct to the total branched-chain product is as high as 19 and as low as 

TABLE 2. Range of normal to branched products i n  olefin 
carbonylation reactions 

Straight chainlbranched chain ratio 

Olefin Max. Ref. Min. Ref. 
-- -~ ~ 

Propylene 6.0 25 0.09 26 
Hept- I-ene 19 27 I .4 27 
Oct- I -ene 5.5 28 0.5 28 
Styrene 6.6 29 0. I 22 

-- 



43 8 Donald M .  Fenton and Eric L. Moorehead 

TABLE 3. Effects of process variables on carbonylation of 1 -octene and N-vinylphthalimide 

Conversion" Straight /branched ratio" 
___ - -________ 

.%'-Vinyl- A'- Vin yl- 
Incrertsed in 1 -0cteiie phthalirnide I -0ctene phthahirnide 

Solvent polarity I No effect 1 1 
CO pressure I I D D 
Hz pressure I to mas.  I I D 
P Ph co nccn tra t io 11 I to mas .  D I D 

"I = iiicrc:~se: D = decre;isa. 

0.09. Obviously. the choice of experimental conditions is very important and allows 
considerable regioselective control. On the other hand. to illustrate the insensitivity of 
changes in olefin structure on regio-control on going from oct- I-ene to N-vinyl- 
phthalimide, a list of variables and their effects on conversion and ratio of straight- to 
branched-chain products is shown in Table 3 " .  The catalyst used was [PdCI2(PPh,),]. 

The good correlation would probably be even better if the variables were checked over 
the same ranges. However, for other catalyst systems these same variables may be in ;I 

different order, e.g. with nickel and cobalt increases in carbon monoxide pressure can lead 
to conversion decreases. 

Hydrohalic acids are often added to increase the reaction rate and keep the catalyst 
coinponents soluble"'. H ydrohalic acids have a pronounced beneficial effect on increasing 
the branched-chain isomer yield, and this and high temperature are the most influential 
variables for increasing branched-chain isomer yields. As expected, the addition of bases 
such as lithium acetate increases the normal to  is0 chain ratio. Chloride ion decreases the 
ratio' and chloride acceptors such as iron carbonyls increase the rztio. 

The effect of reducing agents is important, particularly with the cobalt and rhodium 
systems where it is important to maintain the catalyst in  the hydride form. For the 
palladium system, the addition of these reducing agents can also be very beneficial. 
Hydrogen. hydroquinone, and  hydrazine have also been used. Oxidizing agents such as 
oxygen, copper(l1) chloride, and benzoquinone impede the reaction.3'. Similarly, the 
addition of too much hydrogen can lead to the formation of reduced products such as 
aldehydes"". The hydrogen partial pressure is particularly important in some cobalt and 
rhodium work-'". 

Knifton" showed that in the conversion of hepteiie to octiinoates using a triphenyl- 
~~1iosphine~iall:Idiurn chloride-tin(I1) chloride catalyst. the conversion of olcfin and 
selectivity for the straight-chain isomer did not vary regardless of which alcohol was used 
from the group methanol. hexan-1-01. 2-chloroethanol, and  water. Propan-2-01 and 
phenol gave equivalent selectivities but decreased rates, possibly indicating :I steric effect. 

For phtinuni and palladium catalysts the triarylphosphines have been generally used". 
Arylarsine coniplexcs are also useful but trialkylphosphines are not iis active. However. 
with cobalt and nickcl the alkylpliospliines havc utility. Pyridine has a marked inhibition 
for the p~illadium catalyst but is highly beneficial for the cobalt catalyst. 

Teniperature and  pressure ;ire very important variables with the original catalysts of 
[ Ni(CO),] and [Co,(CO),]. Originally. temperatures of around 200 'c and pressures of 
3000 psis carbon nionoxiciz were necessary. but when the triplienylphosphiiie was added 
the temperature required was reduced to 120 ,C and the pressure \ v x  reduced to 500 psig. 
I t  was then Jiscovzrcd that the reaction can be made reversible with control of regio- 
isomers. For example. with pallndium catalysts, anhydrides having a P-hydrogen can be 
converted back to a n  olefin and  carbon monoxide a t  I50 'C.'". I f  the temperature is further 
increased to 100 -C. then thc carbosylic acids \vhich arc also formed are converted buck to 
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the starting olefin, carbon monoxide, and water3'. Simi!arly, esters a n d  acid chlorides are 
converted back to  olefins. carbon monoxide, and thc corresponding alcohol or acid at 
temperatures around 220 2C.'7i1-'8*3'J . These reactiofis a re  illustrated in equations i i - i4. 

( 1  1) 

(13) 

(13) 

(14) 
If the volatiles formed in the decomposition rcaction are kept under the reaction 

conditions, then true equilibrium can be attained. Therefore, data obtained on acid and 
anhydride formation using palladium catalysts above 150 "Care at least partially based on 
thermodynamic rather than kinetic control40. 

If  the addition of a n  alcohol or an  other acid to the olefin-carbon monoxide system is 
formally considered a s  the addition of a proton and base, then i t  should be possible to 
substitute other possible species for the proton. Eutenyl ch!oride9 has been uscd 
successfully according to reaction 15. Although this general reaction sequence has not 
beeti adequately investigated. (here are many possibilities for synthetic utilization. 

MeCH-CHCIi,CI + C2H, + CO + ROH 

RCH,CH,C(O)OC(O)CH,CH,R -*2RCH>=CH ~ + 2 C 0  + H,O 

RCH,CH,COOH --t RCH==CH:, + CO + I4,O 

RCHzCHzCOOR-+ RCH=-CH, + CO + ROH 

RCH,CH2COCI -, RCH=C!-i, + C O  + HCI 

[ S i (CO)J]  

--+ MeCH--=CH(CM2),C0,R (15) 
Carbon dioxide has been uscd iis a carbon monoxide substitute i n  cascs where the 

uns:iturated system is pnrticulai-ly active. c.g. strained rings and dicnes according to 
reactions 16 and 17J i .J2 .  

\I. 

C H ,  =CHCH=CH,  + CO, -'& CHI-=CHCH=CHCO,H (17) 
I'd 

111. OXIDATIVE CARBONYLATION 

Blackham'-' was the first to demonstrate the oxidaii\pe carbonylation of olefins. I n  this 
system ethylene W:IS reacted with carbon monoxide i n  the prescnce of a palladium 
chloride-benzonitrile adduct to yield /l-chloropropionyl chloride according to reac- 
tior. 18. Shortly thereafter, Tsuji ('r a/." improved the yield of the P-chloropropionyl 
chloride by using the [ PdCI,(PhCN)J complex. The scope of the reaction was widened 
when it wiis reported that mercury(I1) ion could be used ;is an oxidizing agent and that 
alkoxides could be substituted for halides according to reaction 19'5. iMore important. the 
reaction could be made catalytic i n  palladium by the use of co-oxidants such a s  those used 
in the palladium-catalysed oxidation of ethylene to acclaldehyde. For example, the 
reaction could be made stoicniometric i n  copper(I1) ion4h or ultimately catalytic i n  both 
palladium and copper but stoichiometric in oxygen". The  addition of these co-oxidants 
also provides for the synthesis of a variety of products such as acrylic acid from cthylcne 
(reaction ?O)4s. 

(18) 

( 1 %  

PdCl,(PhCN), + C,H, + C O  - tCICH2CH2C(0)CI  + Pdo 

2 R O H  + C,H, + C O  + Hg" + IZOCH,CH,COOR + HgO 

I'd c I : 

CH,--CH, + C O  i +02- CUCI 2 CH,-CHC0,H 
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In  these more complicated systems the solvent of choice is usually an alcohol and in 
addition to the expected /I-alkoxypropionates there were also formed acrylates and 
succinates (reaction 21). 

calal)at 
CH2=CH, + C O  + ROH + CuC1,- ROCH2CH2C0,R 

+ CH,-CHCO,R -I- R02CCH2CH2C0,R + HCI + CUCI (21) 

Both a- and internal straight-chain olefins react well. Branched-chain olefins, such a s .  
isobutene, arealso reactive but i n  this case hydride rearrangements are generally observed. 
In general, strong acids, such as the HCI liberated from the copper(I1) chloride system, 
cause double bond migration. On the other hand, acetate ion promotes n-ailyl formation, 
which can then lead to product rearrangement. So-called activated olefins, such as 
acrylates and cinnamates, fail to react. Conjugated dienes generally yield diesters with one 
non-conjugated double bond remaining. When a-olefins are used the major product 
contains the forming carboxy group ends attached to the terminal carbon of the former 
olefin. However, when the RO group is large as in the case of 2,G-di~hlorophenoxy~~, then 
the carbonyl of the carboxyl groups tends to be attached to the internal carbon of the 
double bond. Styrene gives the same regiospecificity as do  r-olefins again establishing that 
steric effects can be more controlling than electr~nic '~.  A large halide ion concentration 
tends to favour acrylate formcltion and the presence of a base such as acetate ion" or a 
tert-amine is desirable for decreased succinate formation. A high ratio of carbon monoxide 
to olefin tends to increase the succinate yields2. High concentrations of both the olefin and 
carbon monoxide are advantageous i n  that side reactions such as aldehyde and ketone 
formation from the olefin or carbon dioxide from the C O  as well as various other 
oxidations such as alcohol oxidation are rninir~iized'~. It was also shown that water 
markedly increases the yield of carbon dioxide via the water gas shift reaction. As a result, 
drying agents have been used to minimize this effect. If copper(I1) chloride is used as the co- 
oxidant with palladium, then the HCI liberated can attack the alcohol to yield an alkyl 
chloride, ether or a n  olefin. For this reason i t  is advantageous to use copper(I1) alkoxy 
chloride or copper(1) chloride if oxygen is going to be the ultimate oxidant. 

The preferred catalyst is palladium chloride. Co-oxidants such as FeCI:", CuCI,, 
EtONO;', betzoquinone'", Hg2 + '' , and NO," and electrochemical oxidations'" have 
been used. One advantage of using oxygen as the ultimate oxidant is that only small 
amounts of halide arc necessary so t h a t  corrosion can be minimized. The principle 
disadvantage is the formation of water"'. It is important to keep the palladium i n  an 
oxidized form at all times during the course of the reaction, as in its reduced form i t  will 
catalyse non-redox carbonylations if the olefin and carbon monoxide still remain. In 
general the temperatures employed are mild, ranging from below room temperature to 
I50 ''C. A t  low temperatures the formation of lactones has been reported. 

(21) C,H, -!- CO + PdCI, --t ClCH2CHzCOCl + Pti" 

cillal\.l 
C,H, + CI, -+CH2--CHCI -CH,-=CHCOCI (22) 

H2CCH ,C(O)Pd -+ C H -::CHCO2R 14 :CCH zC(0)OOR 
I I 
OOK 

(1) 

The oxidation capacity can be controlled by either the Pd' '-Pdo couple or by first 
oxiding the olefin and then performing ii non-redox carbonykition reaction as in reactions 
21 and 22". In  both cases the products formed are interconvertible by standard methods. 
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The alternative pathways to achieve the same goal makes these carbonylation reactions 
doubly useful. A third alternative pathway not yet elucidated could involve the 
intermediate formation of a hydroperoxide according to reaction 23. This alternative 
pathway would require that the intermediate be 1 not 2. However, the only example of a 
carbonylation involving alkyl hydroperoxide did not give oxidation58. 

If the oxidative carbonylation is conducted with insufficient oxidizing strength then 
both oxidative and non-redox carbonylation will occur. In the case of propylene the 
products shown in equation 24 were observed in one reaction. The ratio of P-acetoxy acids 
to each other was the same as the ratio of the corresponding unsaturated acids, indicating 
a common intermediate. However, the ratio of saturated straight- to branched-chain 
products was much lower than with the corresponding unsaturated acids. These data are 
consistent with an oxidized palladium intermediate leading to unsaturated acid and p- 
acetoxybutyrate formation while reduced palladium catalyst leads to saturated acid 
formaiion. 

I'dC1 iIIOAc 
MeCH==CH, + CO + 02- MeCH=CHCOOH 

CUCI? 

+ Pr"C0,H + CH,=C(Me)CO,H t AcOCH,CH(Me)CO,H 
i AcOCH(Me)CH,CO,H + Me,CHCO,H 

IV. CARBONYLATION INTERMEDIATES 

Structure 3 shows that as X and Y groups react with the olefin and carbon monoxide to 
form C---C-C--COY three new bonds are formed, designated as a, b and c. Since the 
oxidized metal undergoes a reduction during the course of this reaction, it must also be 
involved with at least one of these groups too, possibly all four. The metal-carbon 
bonding is labelled 1-4. 

0 

1 4 

(3) 

Which combinations of these bond-forming reactions lead to products'? Which 
intermediates have been discovered'? Of all the combinatiohs possible for palladium, only 
two are not yet known. Thesc two possibilities are ( 1 )  the two-group combination ofolefin 
and carbon monoxide and (3 )  the three-group combination of olefin, carbon monoxide, 
and Y. Although the two-group combination ofolefin and carbon monoxide is not known, 
the corresponding acetylene complex is known, prepared from cyclopropanone. These 
complexes have been formed under a variety oi conditions. They are all candidates for 
intermediates in the carbonylation reaction. 

V. MECHANISM OF MON-REDOX CARBONYLATION 

For cobalt, rhodium, iridium, and non-acidic palladium, the mechanism of the non-redox 
carbonylation is probably very similar to the well known 0 x 0  reaction, where in an early 
stage the hydride metal carbonyl complex reacts wi th  the olefin to form a n  akyl metal 
compound. This intermediate complex undergoes an internal insertion of the carbonyl to 
form an acyl metal complex. The  final step is the attack of the solvent which in non-redox 
reactions is usually an alcohol. to yield the product and regencrate the hydride metal 
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I n  one  case (reaction 35) i t  was shown that the hydrogen anci carbonyl group 
arc added :- to each other"'. 

ROH 
I 

H,C-:-CM, + l-lIvl(CO),,+ MeCH,M(CO),, + MeCH,(O)CM(CO),,- , 
- + M c C H , C O O R  + HM(CO),,- ,  (25)  

For the cobalt--pyridiiie system, thc role of the pyridinc is to aid in the solvolysis in  the 
intermediate acyl metal complex. For the case where M is platinum, intermediate 4 has 
been isolated". Since thc cobalt carbonyl hydridc complex is such a strong acid, it is not 
surprising that with 2-olefins the proton adds according to Markovnikov's rule, thus 
yielding the most stable carbenium ion. As a result, the observed product distribution- 
favours branched-chain acids and esters. Howevcr, when used with pyridine, straight- 
chain acids predominate6'. Conversely, i n  the rhodium and iridium systems. the product 
distribution shows a much higher degree of linearity. This is presumably due to the greatcr 
steric requirements. Thc mechanism for palladium- and platinum-catalysed solvolytic 
carbonylation is probably more complex than for the cobalt, rhodium, or iridium systems. 
In this C;ISC under acidic conditions. e.g. in tlie presence of free HX, ;I Markovnikoff 
addition of the proton to yield the secondary carbenium ion could occur. This is most 
likely since palladium tends not to form stable hydrides like cobalt, rhodium, or  iridium. 
As expectcd, the stable carbeniuni intcrnieaiate renas to yield branched acids and esters. 
The predominance of branched products i n  the palladium system also occurs when the 
halide concentration is kept high. I n  this c;isc the excess halide presumably impedes the 
palladium-olefin reactions but not the reaction with carbenium ions. However, when the 
iiiajor products formed are straight-chain isomers, then i t  is likely that the first step is the 
attack of the pallatlium comples on the carbon-carbon double bond, followed by 
hydrogen addition. 

Heckso has shown i n  a related systcm t h a t  the organic portion attaches to tlie less 
sterically hindered position of thc olefin and  is relatively inscnsitive to olefin polarity. The 
formation of the carbonyl group can bc either an addition of carboalkoxy (one step) or 
carbon monoxide followed by alkoxy addition (two step). 

A carboalkoxy intermediate complex has recently been isolated from a solvolytic 
reaction medium. Consisient with this mechanism is the f x t  that straight-chain products 
can bc iso niei-ized to t hc cn rres po n c l  in 2 b r;i itched -ch n in prod iict s with no loss of cit I' boil 
monoxide, thus indicating that ;I c:irbonyl chloride \\';is ini_rrating and adding back to thc 
olefin"'. In addition, it has been shown that cieutcrium exchange on esters OCCUI'S to 
greater extent at the / k a r b o n  than at the x -  or ;.-position".'. Also, where there is a choice 
(c.g. with ally1 alcohol), the product reversibly formed was in one  case [I Pt(C02CH2CR'= 
CH,)Cl( PR,)], indicatinr preferential reaction with thc hydroxyl group over tlie olefin". 
Heck ct a/." also showed that carbon monoxide reaction would only occur with aryl 
halides i f  alcohols were also present"'. 

VI. MECHANISM OF OXIDATIVE CARBOXYLATION 

The mechanism of the oxidative carbox\;lation of olefins must take into accout thc 
formation of the major products formed. Thcse are z,/j-unsaturated acids aiid estcrs, p- 
alkoxyesters (/I-acylosy acids). and succinates. These products are probably not in- 
terconvertable under the reaction conditions. I t  has been previously demonstrated tha t  the 
/I-acetoxypropionate w x s  not in equilibrium with acrylic acid under the conditions of the 
reaction. Similarly, alkos.yropioiiates a rc  not casily converted to succinates and the 
reverse reaction: succinates to aIkosypi.opioiiates. does not occur ;I[ the lower tempera- 
turcs generall\. employed for osidati\:e carboxylatioii. Stillc c'i trl."" elegantly showed that 
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(2)- and (E)-but-2-ene are converted mainly to 3-methyl-2-methoxybutane carboxylates by 
an E-addition of methoxy and carbomethoxy across the double bond of the olefin. In the 
presence of acetate, the major product was shown to be predominantly the 2,3- 
dimethylbutane dicarboxyate formed by the z-addition of two carbomethoxy groups. The 
key intermediates were thought to  be 5 and 6, shown here for (z)-but-2-ene. In each case the 
palladium was later replaced by carboalkoxy groups with retention of configuration6'. 
The effect of the acetate was to remove the proton from the incoming carboalkoxy group 
and thus increase the probability of formation of 6 according to reaction 266a. An 

( 5 )  ( 6 )  

alternative choice is to have 6 be the sole intermediate either reacting with methanol in an 
E-fashion or with carbomethoxy in a z-fashion. Complex 6 also has the useful feature that 
acrylates or acrylic acid could easily be formed by the loss of HPd. 

+ 
Pd-C(O)O(H)Me + AcO- -, Pd-C(0)OMe + HOAc (26) 

In a different system, for oxidative carboxylation of propylene to give methacrylic, 
crotonic, P-acetoxybutyric, and P-acetoxyisobutyric acids, it was found that the ratio of 
methacrylic to crotonic in six cases out of seven was the same as the ratio of ,!l- 
acetoxyisobutyric to P-ace to~ybutyr ic~~.  Assuming that there was no equilibrium as was 
the case in the ethylene system, then intermediate 6 would explain the results. If 
intermediate 5 was also involved, this would mean that the E-addition of methoxy and the 
x-addition of carbomethoxy would both have to proceed with similar regioselectivity. 
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