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Foreword 

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

The first volume was concerned with: 
(a) Structure and thermochemistry of organometallic compounds. 
(b) The preparation of organometallic compounds. 
(c) The analysis and spectroscopic characterization of organometallic compounds. 
The second volume was concerned with cleavage of the metal-carbon bond, insertions 

into metal-carbon bonds, nucleophilic and electrophilic attack of metal-carbon bonds, 
oxidative addition, and reductive elimination. It also included a chapter on the structure 
and bonding of Main Group organometallic compounds. The third volume was 
concerned with the use of organometallic compounds to create carbon-carbon bonds. 

The present volume is concerned with the use of organometallic compounds in organic 
synthesis. It includes material not available when the third volume ‘went to press’ 
concerned with carbon-carbon bond formation, together with chapters concerned with 
the formation of carbon-hydrogen and other carbon-element bonds. The material is 
divided into two parts. The first part is concerned with the preparation of Main Group 
organometallic compounds and their use in organic synthesis. The second part includes 
the use of transition metal organometallics in organic synthesis and chapters on 
hydrogenation, saturated carbon-hydrogen bond activation, and the rapidly expanding 
field of supported metal complex catalysts. 

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

In common with other volumes in The Chemistry ofthe Functional Groups series, the 
emphasis is laid on the functional group treated and on the effects which it exerts on the 
chemical and physical properties, primarily in the immediate vicinity of the group in 
question, and secondarily on the behaviour of the whole molecule. The coverage is. 
restricted in that material included in easily and generally available secondary or tertiary 
sources, such as Chemical Reviews and various ‘Advances’ and ‘Progress’ series, as well as 
textbooks (i.e. in books which are usually found in the chemical libraries of universities and 
research institutes) is not, as a rule, repeated in detail, unless it is necessary for the balanced 
treatment of the subject. Therefore each of the authors has been asked not to give an 
encyclopaedic coverage of his or her subject, but to concentrate on the most important 
recent developments and mainly on material that has not been adequately covered by 
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Foreword 

reviews or other secondary sources by the time of writing of the chapter, and to address 
himself or herself to a reader who is assumed to be at  a fairly advanced postgraduate level. 
With these restrictions, it is realised that no plan can be devised for a volume that would 
give a complete coverage of the subject with no overlap between the chapters, while at the 
same time preserving the readability of the text. The Editors set themselves the goal of 
attaining reasonable coverage with moderate overlap, with a minimum of cross-references 
between the chapters of each volume. In this manner sufficient freedom is given to each 
author to produce readable quasi-monographic chapters. Such a plan necessarily means 
that the breadth, depth and thought-provoking nature of each chapter will differ with the 
views and inclinations of the author. 

The publication of the Functional Group Series would never have started without thc 
support of many people. Foremost among these is Dr Arnold Weissberger, whose 
reassurance and trust encouraged the start of the task. This volume would never have 
reached fruition without Mrs Baylis’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. 

... 
V l l l  

Shrivenham, England FRANK HARTLEY 
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I .  INTRODUCTION 

Organic derivatives of all the alkali metals, Li, Na, K, Rb and Cs, are known. By far the 
greater part of the reported work has been concerned with organolithiums, owing 
primarily to their having adequate reactivity for most synthetic purposes, and being the 
easiest to handle of all the organoalkali metal compounds. 

A. Stabilities 

Organoalkali metal compounds are air and moisture sensitive; their reactivity towards 
oxygen, water, and carbon dioxide increases with increasing electropositivity of the metal. 
The lower alkyls, even of lithium, can inflame in air. The use of inert atmospheres, nitrogen 
or preferably argon, and rigorously dried reagents and apparatus is essential for the 
handling of all organoalkali metal compounds. 

Simple alkyl and aryl derivatives are thermally stable at ambient temperature with the 

alkyl-M compounds containing /Y-hydrogens (e.g. ethyllithium and -sodium) occurs via 
/j-elimination to give MH, alkenes, and small amounts of alkenes, typically a t  tempera- 
tures between 80 and 100 "C. Greater thermal stability is experienced by alkyl-M having 
no /$hydrogens, e.g. methyllithium (decomposition to dilithiomethane at 240 "C) and 
neopentylsodium (decomposition at 144 "C). The thermal stabilities of functionally 
substituted organometallics cove< a wide range. Particularly sensitive organolithium 
compounds are those containing L = O ,  -C=N, or other functional groups able to 
react with organolithiums. For these compounds the use of very low temperatures, even 
- I I O T ,  is necessary to prevent their self-destruction. Other thermally labile derivatives 
decompose via eliminations of MX (X = halide, alkoxide, etc.); both a-eliminations, e.g. 
with CI,CLi (providing CI,C:) and /Y-eliminations [e.g. with o-XC,H,Li to give benzyne 
and LiX, (E)-LiCH=CHOEt (loss of LiOEt at -80°C to give HC-CH), and 
Me,CHCHLiCH,OLi (decomposition at - 100°C to Li,O and Me,CHCH=CH,)] are 
known. 

Chiral secondary alkyllithiums have configurational stability only at low temperatures 
(e.g. - 40 "C for sec-butyllithium) in hydrocarbon solutions. Higher temperatures and the 
presence of ethers result in rapid racemization. Chiral see- and tert-cyclopropyllithiums, 
-sodiums and -potassiums have been shown to be stable, considerably so in some cases. 
Agoin, greater configurational stability is found in hydrocarbon than in ethereal solutions. 
Another class of configurationally stable organolithiums is the a-alkoxyalkyl derivatives. 
RCH(OR')Li, intra-aggregate coordination of the alkoxy groups and lithiums probably 
being an important factor here; these species are stable even in thf solution. 

The geometric stability of vinyllithiums is very dependent on the substituents present, 
with alkyl derivatives, e.g. propenyllithiums, being particularly stable. (Z)-Arylvinyl- 
lithiums have a marked tendency to isomerize to the E isomers. Stabilities are greater in 
hydrocarbon solvents than in ethers or in the presence of donors. 

thermal stability following the sequence RLi > RNa > R K . .  . Thermal decomposition of 

B. Solvents 

Solvent systems for the handling of organolithiums at very low temperatures include 
the Trapp solvent, a mixture of pentane, th f  and Et,O. Organolithiums are generally 
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soluble in ethers. However, alkyl- and aryllithiums can react with etheral solvents (via 
proton abstraction) and even at ambient temperatures the lifetime of an organolithium in 
an ether solution can be limited, e.g. the lifetime of butyllithium in Et,O is ca. 150 h at 
ambient temperature, with a considerably faster decomposition occurring in thf solution. 
Some simple organolithiums are soluble in hydrocarbons (both aliphatic and aromatic). 
Examples of such compounds are ethyllithium, butyllithium, and t-butyllithium; in 
contrast, methyllithium and phenyllithium are essentially insoluble. Alkyl and aryl 
derivatives of the heavier alkali metals ( R M )  have little solubility in hydrocarbons and 
they usually react with ethers. Suspensions in hydrocarbons are frequently employed; 
however, only hydrocarbons having a lower carbon acidity than RH should be used to 
prevent metallation of the solvent (see Section I1.B). 

Delocalised organometallic species, including allylic and benzylic compounds, are 
generally soluble and stable in ethers. 

C. Structures 

Considerable work has been performed on the structures of organolithiums; the 
structures of the other alkali metal compounds have attracted less attention. 

Although RLi is frequently written to represent organolithium compounds, it should be 
remembered that alkyl- and aryllithiums are electron-deficient compounds and exist as 
aggregates in the gas, solution and solid phases. Aggregates found in the solid state include 
(MeLi),, (Et Li), and (cyclohexylLi),.2PhH. In solution, the degree of aggregation depends 
on various factors; it decreases as the steric bulk about the a-carbon increases and as the 
coordinating ability of the solvent increases. Thus ethyllithium is hexameric in alkane and 
aromatic hydrocarbon solutions but is tetrameric in both Et,O and thf; tert-butyllithium 
is tetrameric in hydrocarbons and in ethers whereas menthyllithium is dimeric in 
hydrocarbons. In the presence ofdonors (D) such as tmed and dabco, 1: 1 RLi.D complexes 
are obtained in solution and which for R = Bu have been found to  exist as monomers and 
dimers. The methyllithium tetramer is a particularly stable array and survives even in the 
presence of tmed. 

As a general rule, the reactivity of an organolithium increases as the degree of 
aggregation decreases and so varies markedly with changes in solvent. Further, the 
reactivity increases when donors such as tmed and dabco are added to the medium. 
Lithium salts, e.g. halides and alkoxides (and also other salts), can also become 
incorporated into the organolithium aggregate. Although this will affect certain physical 
properties and possibly the reactivity, the avoidance or elimination of LiX in synthetic 
work has seldom been thought necessary. Lithium bromide and iodide are more soluble 
than lithium chloride in ethers and so a preparation using an organic chloride should 
provide a sample of an organolithium containing less lithium halide. Routes to 
organolithiums, free from LiX, are available, however. 

The solid-state structure of methylsodium is similar to that of methyllithium; in 
contrast, methylpotassium and methylrubidium have ionic structures. 

For delocalized systems, including benzylic and allylic compounds, ionic bonding may 
result in solution. In the solvents usually used, e.g. thf, dme, etc., ion pairs or aggregates will 
dominate. The different species present in solution, (such as contact ion pairs and solvent- 
separated ion pairs and free ions) may have different reactivities. 

D. Availability 

butyl-, tert-butyl-, and phenyl-lithiums and also amides, e.g. LiNPr', and LiNEt,. 
Several alkyllithiums are commercially available; these include methyl-, butyl-, sec- 
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E. Bibliography 

Reviews on organoalkali metal chemistry have appeared in articles in the series Houhen- 
Weyl Methoden der Organischen Chemie', Comprehensive Or~ganometallic 
and Organometallic Compounds4. Organolithium compounds have been dealt with 
separately in a book by Wakefield' and sodium and potassium compounds have featured 
in works by Schlosser6.'. 

II. SYNTHESIS OF ORGANOALKALI METAL COMPOUNDS 

A. From Organic Halides 

1. Using Alkali Metals'.2.5-7 

organic halides: 
The direct preparation of organoalkali metal compounds from alkali metals and 

R X  + 2 M + R M  + M X  (1) 

TABLE I .  Formation of Organometallics from Organic Halides and Alkali Metals 

RX + 2M - + R M  + MX 

Organometallic Organic 
compound, RM halide, R X  Conditions 

MeLi 

BuLi 

Bu'Li 
Bu'Li 
MeOCH,Li 

Me,NCH,CH,CH,Li 
Me,SiCH,Li 
Me,SiCH,CH,CH,Li 
Me,CCH,Li 
EtCCl LiCO, Pr' 

ii 

MeCl 
MeBr 
Me1 
BuCl 

BuCl 
BuCl 
Bu'CI 
Bu'CI 
MeOCH,CI 

Me,NCH ,CH ,CH ,CI 
Me,SiCH,CI 
Me,SiCH,CH,CH,Br 
Me,CCH,CI 
EtCCI,CO,Pr' 

wBr 

Li shavings, Et,O 89 
Li shavings, Et,O 93-98 
Li shavings, Et,O 80-82 
Li wire, pentane, 93-98 

Li chips, Et,O, reflux 75-80 
Li wire, thf, - 25 "C 
Li wire, pentane, reflux 93-98 

Li powder (0.8% Na), 80-88 

reflux 

74 

Li (1% Na) dispersion, pentane 70-80 

(MeO),CH, 
Li powder, Et,O 66 
Li powder, Et,O 52 
Li powder, Et,O 93 
Li powder, Et,O, -40°C 85 
Li slices, thf, 0 ° C  

Li wire, Et,O, 0 ° C  88 

Li, Et,O 

Br 

Li (Cu), pentane, reflux 48 

649 
650 
65 1 
652 

653 
654 
652 
655 
656 

651 
658 
658 
659 
660 

66 1 

662 

663 
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TABLE 1. (Contd.) 

Organometallic Organic 
compound, RM halide, RX Conditions 

Yield 
(%) Ref. 

OLi 
OLi 
d Li 

B L i  

CH,=CHLi 

PhLi 

hLi Li 

Li(CH ,),Li 
PrNa 
C s H , , N a  
Ph,CNa 
CH,=CHNa 

PhNa 
p-PhC,H,Na 

CSHIIK 

CH,=CHK 
PhK 

acl 
4 
DCI 

hBf 

CH,=CHCI 

PhCl 
PhBr 
PhI 

Br 
CH2NMe2 

Me2NcH2& 

Br(CH ,),Br 
PrCl 
CSH I ,CI 
Ph,CCI 
CH,=CHBr 
CH,=CHCI 
PhCl 
p-PhC,H,CI 

Q-CI 

CSHI ICI 

CH,=CHCI 
PhCl 

Li (Cu), pentane, reflux 

Li shot, light petroleum, 
reflux 

Li dispersion, cyclohexane, 
reflux 

Li (2'x Na), pentane, reflux, 
vigorous stirring 

Li (20% Na) dispersion, 
thf 
Li dispersion, Et,O 
Li wire, thf, -60°C 
Li chips, Et,O, reflux 

Li, Et,O 

Li, Et,O, reflux 

Li powder, Et,O,- 10°C 
Na 
Na dispersion, heptane 
Na amalgam, light petroleum 
Na dispersion, heptane 

Na dispersion, PhH 
Na 

Na amalgam 

Finely divided K, 
pentane 
Na-K alloy, Bu',O 
K dispersion, methyl- 
cyclohexane, 20 "C 

51 

70 

83 

82 

60 

90 
90 
80 

85 

80 

63 
26 
89 
90 
65 
90 
75 
78 

84 

35 

90 

663 

664 

665 

666 

667 

668 
669 
650 

670 

67 I 

672 
673 
674 
675 
676 
677 
678 
679 

680 

68 1 

682 
683 
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is a valuable method, particularly for organolithiums. Various forms of solid lithium have 
been used, including chips, wires, powders, dispersions, and alloys (containing low 
amounts of sodium). In addition, lithium vapour has been employed to give polylithio- 
 alkane^^.^, e.g. trilithiomethane was obtained in ca. 16% yield by co-condensing lithium 
vapour at 750 "C with chloroform on a cryogenic surface'. 

For sodium, potassium6, and the other alkali metals, the use of finely divided metal, 
dispersions", amalgams, and alloys, with high-speed stirring and temperature control, 
have been recommended. Particularly reactive dispersions have been obtained by the use 
of ultrasonics' I .  

Both ethereal and hydrocarbon media have been used; the latter are frequently required 
for secondary and tertiary alkyllithiums and for the other alkali metal compounds. 

Important by-products are the coupled products, RR. This homo-coupling (Wurtz 
coupling) becomes easier as the electropositivity of the metal increases and in the halide 
sequence I > Br > CI. So much coupled product arises from reactions of any alkali metal 
with allylic or benzylic halides that alternative routes to allylic or benzylic alkali metal 
compounds have to be followed. Exceptions appear to be Ph,CHLi" and Ph,CM' 
(M = Li, Na, K, Rb, or Cs); in both cases cleavage of the initial coupled intermediates, 
Ph,CHCHPh, and Ph,CCPh,, by the metals apparently occurs. 

Alkyl, alkenyl, and aryl compounds have all been obtained (Table I ) .  Both simple and 
functionally substituted organolithium species have been obtained from organic chlorides 
or bromides; alkyl iodides, except Mel, are not normally used. This direct route has been 
especially recommended for secondary and tertiary adamantyllithiums and related 
compounds, including 1 -twistyl-, 1 -triptycyl-, and 3-h0moadamantyllithium'~, using 
either the organic chloride in pentane at 35 "C or the chloride or bromide in diethyl ether at 
- 45 "C. Alternative routes to these compounds have had only limited success. 

a. Mechanism 
Apart from RR, by-products are RH and possibly alkenes (R - H). These products 

suggest a free radical nature to the reaction. An electron transfer mechanism, illustrated in 
Scheme 1 for organolithiums, has proved popular. Electron transfer to the CX bond 
provides initially the radical anion, RX-', which can either lead to the formation on RLi on 

RX-' Lif R L i  + LiX R- X 

Li diffusion of R. into solution 
SCHEME 1 

the surface or to the release offree R' into the bulk of the solution. The greater the stability of 
R', the greater will be the possibility of diffusion of R' away from the surface and greater will 
be the amounts of radical derived products, RR, RH and (R - H). 

A number of stereochemical studies point to the involvement of radicals, e.g. partial 
recemization has been reportedI4,'' in reactions of lithium with chiral cyclopropyl 
halides, such as 1 -X-l -methyl-2,2-diphenylcyclopropane (1). The extent of racemization in 
the products, I-Li-1-Me-2, 2-Ph2-cyclopropane, increased in the sequence X = I > Br 
> CI. Other factors influencing racemization are the sodium content in the lithium sample 
and its particle size. Compound ( I ,  X = F), also reacts with lithium to give largely 
racemized products; however, the reaction was considered to occur via electron transfer to 
the phenyl ring and not to the carbon-halogen bond16. 

Other examples indicating equilibration, via radicals, are (i) the two isomers of 2,2, 6-d3- 
cyclohexyl bromide providing the same isomeric mixture of 2,2, 6-d3-cyclohexyllithium 
products' ', ( i i )  exo- and endo-norbornyl chloride giving identical mixture of norbornyl- 
lithiums'*, ( i i i )  menthyl and neomenthyl chloride with lithium sand in refluxing pentane 
producing the same mixture of epimeric lithium  reagent^'^, and (iv)(E)- or (2)-4- 
chlorohept-3-ene with lithium containing 1 "/,sodium in thf producing mixtures of(E)- and 
(Z)-vinyllithiumsZo (Scheme 2). 
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RzLi 
L L i  

R; R i  4 
Li 

R,CI 

4 
RzLi 

4 
RELi 

R,CI = (E)-EtCH=CCIPr; R,CI = (Z)-EtCH=CIPr 

SCHEME 2 

In contrast to the last example, a number of other vinyl halides react with Li with 
retention2 . 2 2 :  

El20 
(Z)-MeCH=CHCI + Li (1% Na) - (ref .  2 I )  (Z)-MeCH=CHLi 

(E)-MeCH=CHBr + Li (1% Na) - (E)-MeCH=CHLi 

(2) 

( 3 )  
El20 

2. Using Alkali Metal Radical Anion Compounds, ArH -' M + and Dianion 
Compounds ArHZ- 2M+23.24 

Use has been made ofalkali metal arene radical anion compounds, ArH-'M +, in place of 
the metal, M, in the f ~ r m a t i o n ~ ~ - ~ '  of organoalkali metal compounds, RM, from organic 
halides, RX. In certain cases, there appear to be advantages in the use of ArH-'M+. 

TheArH-'M+ compoundsaresimply prepared by reaction ofArH with M, usually in an 
ethereal solvent, although preparations in hydrocarbons appear possible if  ultrasonics are 
used to disperse the 

The reaction scheme involving RX and ArH-'M+ is shown in Scheme 3 ,  using 
(naphthalene)-'M+ as the reagent. Scheme 3 illustrates the formation of both RM and an 

RM + naphthalene 

R ' +  Naph- M+ 

.. 
SCHEME 3 

alkylated dihydroarene anion; for M = sodium, these latter products can become 
significant and so limit the yields of RNa. Additional problems with sodium (and the 
heavier alkali metal) systems are the reactions of RM with ether solvents (to give 
R ~ 1 2  3.24.40.4 I and also with RX (to give RR)23*24.42.43. For lithium, such problems are not 
so pronounced and the good yields of a variety of RLi compounds indicate the synthetic 
value of this method (see Table 2). 

A step involving the reaction of an organic chloride with Naph-'Li- has been 
incorporated into a synthesis of /~-alkoxyalkyllithiums32 (Scheme 4). 

--? RCOCH,CI - RR'C(OLi)CH,CI 

R R'C(0H)CH ,CI - R R'C(0 Li)CH ,Cl - R R'C( 0Li)CH Li 

(i) R'Li (e.g. BuLi), - 78 "C; (ii) Naph-'Li+, - 78 "C. 
R = H, R' = Me, Pr', Bu', Ph or PhCH, 
R = Me, allyl, R' = allyl 
R = allyl, phenyl, R' = phenyl 

SCHEME 4 



1. Organic Synthesis of Organolithium 9 

TABLE 2. Formation of RM from reactions of alkyl halides, RX, and A r H - ' M +  

R X  
Yield of 

ArH -'M '' Conditions RLi rw Ref. 

BuCl 
C 8 H 1 7 C 1  

C,H,7Br 
C,H,,CHMeCI 
BuMcCEtCl 

OC' 
Ph,CI 

PhSCH,CH,CH,CI 

Br 

PhF 
PhCI 

Me 

2(4)-Chlorosemi- 
bullvalene 

Phen - *  Li + 

Naph-' Li' 
Li+dbn- '  
Li'dbb-' 
Li+dbb- '  
Li'dbb-' 
Li+dbb- '  

Naph-' Li' 

Phen-' Li+ 
Naph- 'Li+ 
Naph -' Li+ 

Li'dbb-' 

Li+ dbb-' 

Naph- '  Li' 
Naph- 'Li+ 

Naph -' Li + 

Nap h - 'Na + 

Li+ dbb- '  

thf, - 100°C 
thf, - 78 "C 
thf, - 78 "C 
thf, - 78 "C 
thf, - 78 "C 
thf, - 78 "C 
thl, - 78 "C 

thf, - 50 "C 

thf, 25 "C 

thf, 65 "C 
thf, - 78 "C 

thf, -78°C 

thf, - 78 "C 

thf, - 50 "C 
thf, - 50°C 

thf. 20 "C 
thf,20°C 

thl, - 78 "C 

45 
45 
49 
94 
91 
87 
88 

70 

70 
I00 
59 

- 

96 

85 
85 

88 
73 

- 

25 
26 
26 
26 
26 
26 
26 

25 

25 
37 
25 

31 

29 

25 
25 

33 
33 

30 

"dbn = Ru',-n;iphthalenc: dbb = p-Bu'C,H,C,H,Hu'-p. 

The competition, illustrated in Scheme 3, between the electron transfer (step a) and the 
alkylation (step b) reactions can be diverted in favour of a by using hindered arenes26. The 
rationale for this is that electron transfer processes can proceed between species separated 
by much longer distances than demanded by the transition state for alkylation. This is well 
illustrated by the success of (p-Bu'C6H4C6H4Bu'-p)-' Li' in thf at - 78 "C in providing 
good yields of RLi with only small amounts of alkylation products26. 

Anothersignilicant factormust bethereduction potential ofArH; the higherthereduction 
potential, the greater will be the prospect for electron transfer. From a number ofsources, 
it appears that the effectiveness in forming RLi from ArH- 'Li+ is in the sequence ArH 
= p-Bu'C6H,C6H4Bu'-p > Bu,'-naphthalene (a mixture of 2,6- and 2,7-isomers) > PhH 
> naphthalene > anthraceneZ6. 

Solvent-separated ion-paired (s.s.i.p.) ArH -' M + allow more electron transfer than do 
the contact ion-paired (c.i.p.) forms; hence, since the solvent, the cation, and the 
temperature affect the s.s.i.p.-c.i.p. ratios, these clearly are important factors2. 

The arene dianionic compounds ArH2- 2M+ (which exist as very tight ion triples) are 
generally less effective than ArH- 'M+ in electron transfer reactions, as shown by the 
following two examples2? (i) Naph2-  2Li+ and C,H,,CHMeBr in Et,O provided only 
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TABLE 3. Stereochemistry of product RM from reactions of alkyl halides and ArH- 'M+ 

Alkyl halide Reagent" 
(RX) conditions Ref. 

dTc1 C6---Li Li'dbb-', thf 
- 78 "C 

28 

anti 

Me p&: 

pw: 
either isomer 

X = C I  or Br 

Syn:onti > 200:l 

ph&; 

Me 

trons: cis I 4 5:55 

Naph- 'L i+ ,  
thf, 20°C 

35 

p*Mi 3 5 .  Naph- 'M+ 
(M = Li, N a  or K )  

trans:cis- 55-60:45-40 

Me 

k!le 
Me 

ge Naph- 'L i+ .  
thf, room temp. 

34 

either isomer CIS ,  cis : trans, trans 
= 8:92 

Ph 
I 

Ph 

'Ti 
either isomer 

Naph-'Li+.  
thf, room temp. 

T i  

34 

28 Li+dbb-'. thf, 
- 78 "C 

Li +dbb-',  thf. 
- 78 "C 

28 

anti Sun. onti = I : I. 3 3 

C a C I  

Li'dbb-', thT. 
- 78 "C 

28 

dC1 dLi 28 Li+dbb-', thf, 
- 78 "C 
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TABLE 3. (Conrd.) 

Alkyl Halide Reagent" Product 
(RX)  conditions (RM) Ref. 

30 

9% electron transfer compared with the 57% when Naph- 'Li+ in thl was used, and 
(ii) Bu',-naphthalene2- 2Li' and C,H,,CHMeBr in Et,O gave 34% of C,H,,CHMeLi 
compared with 96% for reaction of Bu',-naphthalene-' Li+ in thf. 

The benzynoid reagent4' o-FC,H,Na has been prepared from o-BrC6H,F and 
[Ph,CCPh,I2- 2Na' in thf at - 70°C. 

Normally in reactions of R X  and Naph-'M +, the yields of RM are independent of the 
halogen, X (as indicated in Scheme 3). However, halogen effects were noticed45 in reactions 
of a number of primary alkyl halides (RX) with the dianion [Ph,CCPh,12-2Na+ in 2- 
methyltetrahydrofuran at  ambient temperature: the average yields of RNa (and/or RNa 
derived products) were 34 f 5 5 2  4 3, and 66 f 3% for X = CI, Brand I,  respectively. The 
explanation for the [Ph2CCPh2l2-2Na+ results was based on the intermediacy of radical 
anions, RX- ' ,  having finite if only very short lifetimes, and a competition betwecn the 
decomposition of RX- ' ,  within geminate radical pairs, [(Ph,CCPh,)-'RX-'I, and the 
diffusive separation of the pair. The longer the lifetime of RX-', the greater will be the 
fraction of the geminate radical pairs undergoing separation. 

a Stereochemistry 

Only if  the free radical R', formed as shown in Scheme 3, could be trapped before any 
possible isomerization occurred would the stereochemistry of the organic halide be 
retained. From many examples, it appears28-29.34.35 that equilibration of radical 
intermediates proceeds at a faster rate than reactions with ArH-'Li+ (see, for example 
Scheme 5 and Table 3). Thus in these reactions, the ratios of isomeric organolithium 
products reflect the equilibrium ratios of the intermediate free radicals. 

&& Lldbb thf,-78 "C 
Syn:unh : I  51 Synanh: 1:10 

Lidbb = ( p - B u ' C ~ H ~ C ~ H ~ E ~ U '  - p )--Li+ 

SCHEME 528 
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A different case emerges with phenyl-substituted cyclopropanes, 338 and 435. For these 
compounds, a net retention of configuration results on reaction with ArH- 'M+.  The 

Ph 

( 4 )  

extent depends on the halide and M; e.g. from 3 (X = CI, Br or I), net retention of 
configuration obtained on reaction with Naph- 'K+ in thf at 20°C was 3, 53 and 41%, 
respectively, and from 3 (X = Br), the net retention of configuration obtained using 
Naph-' M +  was 30,49 and 53% for M = Li, Na, and K, respectively. For these reactions of 
3 and 4, it seems that the phenyl substituents play some role, as yet ~ n d e f i n e d ~ ~ .  

Differences in stereochemistry of the products, RLi, have been found between reactions 
of RX with R'Li and with ArH-'Li+, the R'Li reactions proceeding essentially with 
retention; e.g. in contrast to the results shown in Scheme 5, compound 2 reacts with BuLi 
in thf at - 15 "C with retention of configuration'*. Another example is shown by syn-7- 
bromonorbornene'8~30, equation 4. 

1 BU'Li,thf . 
-50 OC (6) 20:i 

However, retention of configuration was found in the reactions of both (p- 

Differences in products have also been recorded46, e.g. equation 5 for reactions of ( E ) -  
Bu'C,H,C,H,Bu'-p)-'Li + and Li with s~~n-7-methoxy-2-exo-bromonorbornane~". 

BrCH=CHOEt. 

3. Using Organometallic Compounds: Metal-Halogen Exchange 1.2.5*4 

The metal-halogen exchange reaction, equation 6, is a very valuable method of 
synthesis of organolithiums. Much less use has been made of this method for the other 
alkali metal compounds. 

(6)  RX + R'M=RM + R'X 
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Lithium-halogen exchanges are rapid reactions even at low temperatures. They are also 
reversible reactions and equilibrium constants have been determined for some  system^^'.^^, 
e.g. for interactions of RLi and PhI (equation 7): 

RLi + P h I s P h L i  + RI 
K ,  = [PhLi][RI]/[RLi][Phl] 

(7) 

at - 70°C in Et,O; log K (R)  = 2.41 (vinyl), 0.98 (cyclopropyl), 3.5 (Et), 6.1 (Me,CCH,), 
and 6.9 (cyclopentyl), and for interactions of YC,H,Br and PhLi (equation 8): 

YC,H,Br + PhLieYC,H,Li + PhBr (8) 
K ,  = [PhBr] [YC,H,Li]/[PhLi][YC,H,Br] 

at 25 "C in Et,O; K , ( Y )  = 0.6 (p-Me), 0.8 (m-Me), 5.3 (p-CI), and 2.89 (m-CF,). 
Values of K ,  were found to be almost independent of the temperature and are also 

similar in Et,O and thf. The aggregation of the organolithium was not considered in 
calculating the equilibrium constants. 

As can be deduced from the quoted values of the equilibrium constants, lithium at 
equilibrium is preferentially attached to the organic residue better able to stabilize the 
negative charge. The larger the difference in the stabilizing abilities of the two organic 
fragments in a given exchange reaction, the further the equilibrium will lie to one side. 
Reactions of simple alkyllithiums and alkyl halides will not lead to complete exchange; 
the reaction ofethyllithium and methyl iodide in benzene solution gave only a I : 1 complex 
of methyl- and e t h y l l i t h i ~ m ~ ~ .  However, reactions of alkyllithiums with aryl halides, 
cyclopropyl halides, 1 -alkenyl halides, alkynyl halides, and some a-substituted alkyl 
halides do lead to extensive exchanges and hence to useful preparations of new 
organolithiums. These will be referred to again later. 

The general reactivity of the organic halide, RX, decreases in the order X = I > Br 
> CI > F, e.g. the bromide is exchanged5' in 2-F-4-CIC,H3Br, equation 9. 

B r  LI 

CI CI 

Few exchanges have been realized with chlorides and rarely any with fluorides. For 
fluorides, especially, and chlorides (and occasionally also for bromides), an alternative 
reaction to metal-halogen exchange may occur, namely metallation of o-hydrogens (in the 
case of aromatic compounds) or a-hydrogens, made acidic by the adjacent halogen 
atom(s). There are, however, a number of instances of Li-CI exchanges occurring with 
pol ychloro~rganics~.  

Competitive metallation of organic bromides and chlorides can be reduced by 
employing electron-donating solvents at low temperatures; at low temperatures, the rates 
of Li-Br exchanges in ethereal solvents are generally greater than rates of metallations. 
The presence of tmed, however, has been found to promote metallations rather more than 
metal-halogen exchanges5'. 

A further problem can be alkylations, i.e. the production of coupled products, RR'. from 
RLi and R'X (see Section I11.C.2). Such coupling is more probable in thf than in 
Et,053.54.55 or other poorly polar solvents, see equation The I-butylnaphthalene 
product in equation 10 is apparently formed indirectly, that is, from the initial exchange 
products, I-lithionaphthalene and BuBr, rather than directly from the reagents. Vinylic 
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Bu 

3% 

iodides give vinylic lithiums with RLi (R = Et or Bu) in Et,O but in thf coupled products 
occur. Coupling occurs more readily with primary than with secondary or tertiary 
alkyllithiums. More alkylation results with MeLi or PhLi than with BuLi or BulLi; see, for 
example, equations I 1  and 12. 

BULI -78 "C 

MeLi ,O "C 

One method of overcoming alkylations is the use of two equivalents of RLi; the extra 
equivalent of RLi reacts with the R X  formed in the Li-X exchange. 

ElzO-hcrane 
BuCH,C=CI + 2BuLi (reT. 5 8 )  RuCH,C=CLi + [BuBr] + Lil (13) 

b (E)-RCH=CHLi + LiBr lhf. ElzO, penlane. 

- I  1ooc 
(E)-RCH=CHBr + 2Bu'Li 

(ref. 5 9 )  + Bu'H + Me,C=CH, (14) 

Lithium-halogen exchanges are faster in ethereal solvents than in hydro- 
~ a r b o n s ~ ~ ~ ~ ~ ~ " ,  Evidence has been found for the presence of lithium halide retarding the 
rates of lithium-halogen exchanges6'. 

The reactivity of different types of organic halides has also been investigated"; towards 
BuLi in thf-hexane at - IOO'C, the reactivity decreased in the order ArCH,Br > ArBr 
> Ar(CH,),Br (n > 2) > Ar(CH,),CI, as illustrated by equations 15-17. Even at - IOO'C, 
o-BrC6H,CH,Li, formed in equation 17, undergoes coupling with the o-bromobenzyl 
bromide present; this illustrates the major problem of preparing benzyllithiums by this 
route. 
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Br Br 

& CH2CH2CHRBr thf, hexone, 
-IOO"C . 
(ref.62) 

R = H  o r  M e  

a. Mechanism5 

R = H  

(100% 1 

Particularly well suited for kinetic study are the exchanges between aryl halides and 
aryllithiums; second-order reactions are generally f o ~ n d ' ~ ~ ~ ~ ~ ~ .  The p value for exchanges 
between PhLi and ArBr in Et,O was calculated to be 4.0. Reactions of butyllithium and 
ArBr in hexane at 40 "C were shown to be first order in ArBr and in (BuLi), (butyllithium 
exists as a hexamer in h e ~ a n e ) ~ ~ .  The p value was calculated to be ca. 2. Possible transition 
states include a four-centred transition state and one arising from an S,2 type attack 
of Bu- on ArBr. 

A free radical component has been detected in some reactions, e.g. between alkyl halides 
and alkyl l i thi~rns ' .~~.  However, the complete retention ofconfiguration in some reactions 
of cyclopropy166 and I-alkenyl halidess9, e.g. equations 18 and 19, and the partial 
retention in others (e.g. in the reaction of 2-octyl iodide and Bu'Li in hexane-Et,O at 
- 70"C)67, suggest that the extent of the free radical nature cannot be significant in all 
such reactions. 

Ph 
Ph 

BuLi . 
\ 

Pr H Pr 
\ /  BuLi 

/c=c\E, (19) 
Li 

= \E, 
CI  

Use of Li, in  place of BuLi, with the reagents in equations 18 and 19 leads to loss of the 
stereochemistry. 

b. Alkyl halides 

As shown in equation 18, lithium-halogen exchanges provide cyclopropyllithiums with 
retention of configuration. A further example is shown in equation 206'; (E)-7 also reacts 
with retention of configuration. 
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Me Me 
Pr’ Li 

Compound 8 can be prepared69 by a variety of routes, including Li-Br exchange, 
equation 21; however trimethylsilylcyclopropane could not be metallated to 8 using BuSLi 
and tmed in thf. 

BU Li thf -78°C 

Bridgehead tertiary alkyllithiums, e.g. I-Li-triptycene (equation 22)”, I -Li- 
norbornane’’, 1-Li-bicyclo[2.2.2]0ctane~~~~’, and I-Li-adamantane7 I ,  have been pre- 
pared via lithium-halogen exchanges. 

Br Li - (22) 

Suitably sited rnethoxy groups can enhance7’ rates of lithium-halogen exchange; e.g. 9 
is more reactive towards BuLi than either 10 or 11. This is due to the stabilization of the 

( 9) (10) ( 1 1 )  

product organolithium arising from intramolecular coordination, a feature not available 
to the products from 10 and 11. 

dF i  + BuLi hexone,O°C 

c. Polyhaloalkanes 

Polyhaloalkanes, including polychloroderivatives, undergo Li-X exchanges to give 
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carbenoid reagents. Very low temperatures must be used to prevent decomposition of the 
haloalkyllithium products. Some examples are listed in equations 24 and 25. 

thf. - 1 O O ' C  

(ref.  7 3 )  
CCI, + BuLi - CC13Li 

(25) 
thf ,  - I16 "C 

CFCI, + BuLi CFCI,Li 

When both CI and Br are present in the polyhaloalkane reagents, products arising from 
formal exchange of either halogen can be obtained, equation 26; however, this may be a 
consequence of scrambling of halogens. Halogen exchange can occur76 between LiX and 
the polyhaloalkyllithium, as shown with LiBr and [(EtO),PO]CCI,Li 

(26) 
E l l 0  

CC13Br + MeLi CCI,Li + CC1,BrLi 

(ref .  7 5 )  65%: 11% 

Reactions of gem-dihalocyclopropanes with RLi occur stereoselectively if not stereospe- 
cifically. Subsequent isomerizations may occur77. Compounds 12 (X = Br)7a.79, 1378, 14 
(X = Cl)78, 15(X = Br)80.81, 1682, and 178' all undergo Li-X exchange stereospecifically at 
the endo position, e.g. equations 27 and 28. 

Y 

IS(X=Br)  + BuLi thf,-l07 "C (28) 
Slight 
deficit 

(18) 

Of interest, the product 18, anti-7-bromo-syn-7-lithionorcarane, isomerizes on standing 
or in the presence of excess of BuLi. Both isomers are obtaineda4 from 15 (X = CI) and 
BuLi in the Trapp solvent at - 115 "C. Endo lithiation of 12 (X = CI) occurs in Et,O but 
both isomers result in thf. Both isomers are obtained from 14 (X = Br). 

Further examples of substituted alkyllithiums, including a-RSa5, a-RSea6, a-R0,Ca7, 
and a-R3M (M = Si88.89, Geaa, SngO, or Pb"), are listed in Table 4. 
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TABLE 4. Formation of organolithiums via halogen-lithium exchange reactions 

RX + R'Li + RLi + R'X 

Organolithium reagent 
Organic halide, RX R'Li, and conditions Product (%) Ref. 

CFBr, 
CBr, 
CI ,C P( 0)( 0 El), 
PhCCI, 
BuCBr, 
BuCHBr, 
CH,Br, 

Ph,SiCH,Br 
(Me,Si),CBr, 
(M e,Si),CBr 
Ph,GeCH,Br 
Ph,SnCHI, 
Me,SnCBr, 
Ph, PbCH , I  
PhSCH , Br 
PhSeCH,Br 

Me0 

H ar 

C I  
I 

e r  

CI 
I Jel 

HCBr,CH=NBu' 

BuLi, thf, hexane, - 116°C 
BuLi, thf, pentane, - 100°C 
BuLi, thf, Et,O, - 105 "C 
BuLi, thf, hexane, - 100°C 
BuLi, thf, Et,O, - 105 "C 
BuLi, thf, Et,O, pentane 
Bu'Li, LiBr, thf, Et,O, 
pentane, - 110°C 
BuLi, Et,O, hexane, - 78 "C 
BuLi, thf, hexane, - 1 15 "C 
BuLi, Et,O, hexane, - 75°C 
BuLi, Et,O, 20°C 
BuLi, Et,O, - 60°C 
BuLi, thf, Et,O, hexane- 105 "C 
BuLi, Et,O, - 50°C 
BuLi, thf, - 78 "C 
BuLi, thf, - 78 "C 

Bu'Li, pentane, - 78 "C 

Bu'Li, pentane, - 78 "C 

BuLi, thf, hexane, -95°C 

MeLi, Et,O, - 60°C 

MeLi, Et,O, thf, - 78 "C 

MeLi, Et,O, thf, - 78°C 

BuLi (2 equiv.), Et,O, - 78 "C 

BuLi. thf, - 70°C 

CFBr,Li (70) 
CBr,Li (80) 
LiCCI,P(O)(OEt), (76) 
PhCC1,Li (75) 
BuCBr,Li (60) 
BuCHBrLi (64) 
BrCH , Li 

Ph,SiCH,Li (78) 
(Me,Si),CBrLi (70) 
(Me,Si),CLi (77) 
Ph,GeCH,Li (90) 
Ph,SnCHILi 
Me,SnCBr,Li 
Ph,PbCH,Li (58) 
PhSCH,Li (55) 
PhSeCH,Li (75) 

Meodl H (90) 

" " O d  H 

(90) 
EtO 

/ICl 
Lo&cl 

LiCHBrCH = NBu' (80) 

684 
68 5 
686 
687 
688 
689 
690 

69 1 
692 
692 
690 
693 
694 
695 
696 
697 

698 

698 

699 

700 

70 I 

70 1 

702 

703 
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TABLE 4. (Contd.)  

Organolithiurn reagent 
Organic halide, RX R'Li, and  conditions Product PA) Ref. 

704 

704 

704 

704 

705 

705 

705 

706 

707 

708 

709 

710 

CH,=CHBr  

Ph 'H 'c=c 
H 'Br 

Ph\C= c/B' 

H' \ ti 

Bu'Li (2 equiv.), thf, E t 2 0 ,  
pentane, - I1O"C 

CH,=CHLi (85) 

Ph\ /H 
,c=c 

\ 
H LI 

Bu'Li (2 equiv.), thf, Et,O, 
pentane, - I I O T  

(71) 

Ph, ,LI 

H ti 
(81) 

\ 
,c= c 

Cti2=CPhLi (71) 

Bu'Li (2 equiv.), thf, Et,O, 
pentane, - I I O T  

Bu'Li (2 equiv.), thf, Et,O, 
pentane, - 1IO"C C H2:CPhBr 

Bu, ,SiMeJ 

\ 
c= c 

H' Li 

SiMe, L C \  , 
H/ B r  

BuLi, Et,O, - 7 0 ° C  
20 min 

(88) 

SiMe 
0 

Bu 

\ 
'c=c 

ti' I 

BuLi, thf, Et,O, hexane. 
- 95 "C, 30 rnin 

BuCH=C(SiMe3)Li 

( E ) : ( Z ) = 9 3 : 7  

Bu\ ,Br 

\ 
,c =c 

H SiMe3 

CH2=CBrCH20H 

Li B', / 
,C=C, (96) 

H SiMe3 
BuLi, thf, - 70"C, 2 h 

Bu'Li (2.5 equiv.). Et,O, 
pcntane. - 78 t00"C 

CH, =CLICti20LI (73 )  

H 

EtO' Li 

H\ / 
c=c , (84) 

H\ /H 

EtO' ' Bl 
c=c BuLi, Et,O, hexane, - 80°C 

Me,C=CBrCH (OEt), BuLi, - 9 0 ° C  

MeO\ /Br 

H Br 
\ 

,c=c (€)and (Z) MeOCH= 
CBrLi 

BuLi, Et,O, - 78 " c  

Bu'Li, thf, Et,O, 
pentane, - 110°C 

8 L i  

Me 

71 1 

712 

BuLi (1.3 equiv.), thf, - 78°C 

Me2C=CBrC02 H BuLi (2 equiv.), thf, hexane, Me2C=CLiC02Li 
- 100°C (98) 
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Organolithium reagent 
R'Li, and  conditions Organic halide, RX 

~~ 

Product (%) Ref. 

Er\ 3 0 2 H  ,c=c 
H \Me 

BuLi (2 equiv.), Et,O. hexane, 
- 78 "C 

713 

714 

715 

716 

717 

704 

718 
719 

720 

721 

722 
723 
724 
725 
726 
727 
127 

728 

729 

730 

Bu'Li. thf, pentane, 
- 75 "C  

BuLi, thf, pentane. - 70 "C 

(60) 

CH,=CLiCF,  

LiCCI=CF, (86) 

CF,=CFLi (96) 

CCI,=CCILi (92) 
Ph,C=CBrLi (85) 

CH,=CBrCF,  

CCI,=CF, 

CF ,=CFBr  

CCI,=CCIBr 
Ph,C=CBr, 

BuLi, Et,O, - 78 to 

BuLi, Et,O, thf (I equiv.), 

MeLi (2 equiv.), thf, hexane, 

BuLi, Et,O. - I I 0 " C  
BuLi, thf, pentane. - 100°C 

- 90 "C 

- 120 to 9 0 ° C  

Et,O. - l l 0 " C  

BuLi, hexane. - 78 "C 

C I  V C I  

BuLi, Et,O, - 75°C (94) 

Mc,C=C=CHBr 
PhBr 
o-I-C,,H,Br 
o- Br C, H , Br 
m-FC,H,Br 
p-BrC,H,CI 
p-BrC,H,Br 

BuLi, Et,O, - 70°C 
BuLi. PhMe, 50°C 
BuLi, Et,O, - 70°C 
BuLi, Et,O, thf, hexme.- 100°C 
BuLi, Et,O, - 4 5 ° C  
BuLi, E t , 0  
BuLi, Et,O 
Excess BuLi 

Me,C=C=CHLi (91) 
PhLi (95) 
o-FC,H,Li (84) 
o-BrC,H,Li (95) 
,ti-FC,H,Li (65) 
p-CIC,,H,Li (90) 
p-BrC,H,Li (78) 
p-LiC,H,Li (89) 

BuLi, Et,O, - 78°C 
Br 

BU' 

Er 

Bu ' 

BuLi. thf. hexane, - 78 "C  

o-BrC,H,CH,CH,CI BuLi, thf. - 100°C 
(81) 
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TABLE 4. (Conrd.) 

Organolithium reagent 
Organic halide, RX R'Li, and  conditions Product (%) Ref. 

o-BrC,H,OH BuLi (2 equiv.), Et,O, 25 "C  o-LiC,H,OLi (62) 
o- B r C  ,, H ,C H 0 H o-LiC,H,CH,OLi BuLi (2 equiv.), Et,O, - 20°C 

o- BrC,H,CH 2SH 

X = Br o r  I 

o-BrC,H,CO, H 
o- BrC,H,CO, M e  

p-BrC,H,CO,Bu' 
p-BrC,H,CH,CH,CO,H 

o- BrC,H,N HCOBu'  

BrC,H,CN 

BuLi (2 equiv.), thf, hexane, 
- 100°C 

BuLi, thf, - 78 "C 

BuLi (2 equiv.). thf, - 78°C 
BuLi, thf, - I O O T  

Bu'Li. thf, hcxanc, - 100°C 
BuLi (2 equiv.), thf. - 9 0 T ,  
hexane 
(i) MeLi, - 78 "C 
(ii)  Bu'Li, - 78 "C 
BuLi, thf, - I O O T  

m-BrC,H,CF, BuLi, Et,O, 0 ° C  
o-BrC,H,NO, PhLi. thf, - I00"C 

NO2 

0 r  &Tar 
BuLi, thf, hexane, 
- I00"C 

p-BrC,H,NH, excess BuLi, Et,O, - 60°C 

PrLi, Et,O, 25 "C 

BrQl@r BuLi. Et,O, 20°C 

00 

BuLi, thf. - 35°C 

BuLi, Et,O, hexane, 
tmed. - 10°C 

( 5 o i  
o-LiC,H,CH,SLi (60) 

83-85 

o-LiC,H,CO,Li (80) 
o-LiC,H,CO,Me 

p-LiC,H,CO,Bu' (75) 
p-LiC,H,CH,CH,CO,Li 
(80) 
o-LiC,H,N LiCOBu' 

LiC,H,CN 
0-(82), tn-(88), 
P-(83) 
m-LiC,H,CF, (62) 
0- Li C, I4 ,NO , (87) 

(88) 

(92) 

NO2 

Br JQTLi 
(50) 

p-LiC,H,NLi, (68) 

Li 

(97) 

iY5 0 0 (99) 

73 1 
732 

132 

733 

732 
134 

735 

736 

731 
738 

139 
740 

74 I 

742 

743 

144 

744 

745 
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TABLE 4. (Contd.) 

Organolithiurn reagent 
Organic halide, RX R'Li, and conditions Product (x)  Ref. 

(-yr I 

BuLi, Et,O, - 70°C 

BuLi. Et,O, - 78 to - 10°C 
Bu'Li (3 equiv.), thf, - 78 "C 
- 78 "C 

BuLi (2.2 equiv.), hexane, Et,O, 
- 78 "C 

BuLi, Et,O, - 75 "C 
BuLi (2 equiv.), hexane, Et,O 
- 78 "C 

BuLi, heptane, Et,O. 
- 70°C 

BuLi. Et,O. - 70°C 

BuLi, Et,O. - 70°C 

BuLi, Et,O. - 70°C 

BuLi, Et,O, hexanc- 25°C 

BuLi (2 equiv.), Et,O, 50°C 

PhLi, Et,O, reflux 

2 equiv. Bu'Li. thf, - 78 "C 

LI 

CI 

c,cI,L i(79) 
p-LiC6CI,Li(72) 

LI 

CI O@:: LI 

c6Br5Li (17) 
p- LIC6Br4Li 

al,, 

qLi 

746 

747 
748 

749 

7 50 
749 

75 I 

152 

752 

753 

754 

753 

755 

756 

SiMe, 
I 
SiMe, 
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TABLE 4. (Contd.)  

Organolithium reagent 
Organic halide, RX R'Li, and conditions Product (%) Ref. 

BuLi, Et,O, - 18°C 

BuLi, Et,O, - 30°C 

158  

(52-58) 

d. Alk-7-enyl halides 

proceed with retention of configurations4~59~9z~93, see equations 19 and 29. 
Lithium-halogen exchange reactions of alkyl-substituted vinyl halides with RLi 

R; 'H BuLi or EtLi,Et20 . R\ /H  
,c=c \ 

c=c 
I R' \ R LI 

-50 to -6OOC 
( re f  92) 

R = Et, heptyl, not Me; R' = H, Et or Bu (29) 

Aryl-substituted vinyllithiums are also formed with retention, but as these are 
configurationally less stable than the alkyl-substituted compounds, controlled conditions 
have to be used e.g. equation 30. Either raising the temperature to above - 78°C in thf 

W (30) 
Ph / E t  'c=c Ph ,Et 

Br' H or hexone,RT Li' ' H 

t hf ,- 78 "C 'C=C, 

solution or increasing the amount ofthf in the hexane solution at room temperature results 
in the formation of both the PhLiC=CHEt isomersg3. 

The more hindered E-isomers of Me,SiCX=CHR (X = Br or I; R = Bu, cyclohexyl, or 
Bu') react more slowly with BuLi than do the Z-isomersg4. 

Vinyl chlorides react more sluggishly than do the corresponding bromides and iodides. 
As shown in equation 19, vinyl chlorides can react, but a-metallations of vinyl chlorides 
frequently occur9s. Vinyl fluorides in the absence of other halogens d o  not undergo 
lithium-halogen exchange, 

An illustration of the difference in reactivity of C-Br and C-CI bonds is given9" in 
equations 31 and 32. 
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For the vinylic bromide BrCH=CHOEt, the reaction followed with BuLi depends on 
the geometry, equations 33 and 34; stabilization due to the strong coordination between 
EtO and Li in the products appears to be the overriding factor9'. The use of PhPh-'Li+ 
on the E-isomer does provides the unstable (E)-LiCH=CHOEt. 

n 
H ,OEt Et20,-800Cw L', / 

'c=c + BuLi /c=c 
OEt 

(34) 
0 r /  \ H Br 'H 

Halogen-lithium exchanges occur for a variety of substituted vinylic halides, including 
those with a l k o ~ y ~ ~ , ~ ~ ,  halo (including poly- and perhaloaIkenes)'00-'03 , carboxy'04-106, 
amino'", carboxyamido'08, and Me,Sn94,'09 groups, see Table 4. Low temperatures are 
frequently required in order to preserve the organolithium product. 

Ketal and thioketal derivatives survive' lo ,  e.g. equation 35. 

n n 
thf,-78 "C. s<L:')E+ 

( 1 1 )  HgC12,HgO 
(CHz),, MeCN,H20 

(19) 0-1 or 2 

The organolithiums 19 and the ketal analogues are in effect /I-acylvinyl anion equivalents 
[as are the organolithium species obtained by Li-X exchange reactions of I-Br-2- 
CONMe,-cyclohexene'08, equation 36, and of (Z)-BrCR=CR'CO,H, equation 37'06], 
and find good use in synthesis. 

C o p  Li 

(37) 
R' 

BuLi ( 2  equiv.),Et20,-78 "C, 

or thf, - 100 'C 

R =R'= H; R=H,R'=MejR= Me, R'= H 
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a-Acylvinyl anion equivalents may also be ~ b t a i n e d " ~ . " ~ ,  see equation 38. 

CH2 \C -'CH 

LI Me ,Br EuL i  (2  equiv.)-100 "C Me\  LI 
'C=C, c=c + 

Me' C02H th f  ( re f  105) Me' \ C O ~ L I  Me/ &.02Li (38) 

major product minor product 

(20) 

Small amounts of the dianion 20 are also formed. As expected from the general reactivity 
sequence for halides, when more than one vinylic halogen is present, the preference for 
exchange is in the sequence I > Br > CI > F, e.g. see equation 39"'. 

BuLi.  - 120  aC. 
F,C=CFLi F2C=CFCI thf , E l i 0  ' (39) 

e. Other unsaturated organic halides 

Allyllithiums are not normally prepared by Li-X exchange; however, CF,=CH= 
CH,, Li' has been prepared and trapped in situ at -95°C from the reaction of 
CH2=CHCF2Br and BuLi in thf, Et,O and pentane"'. 

Allenyllithiums, e.g. equation 40'", alkynyllithiums' 13, e.g. equation 41, cycloocta- 
tetraenyllithium' 1 4 ,  and a, w-dilithiodienes, equations 42 and 43, are also obtained by 
Li-X exchanges. 

H 

H Br H' Li 
(40) 

C8H 17, /H  E t2O,-7OoC c8 l7\ / 

\ 
,c=c=c \ + BuL i  c=c=c 

P h C r C X  + BuLi  -D P h C Z C L i  

X = C I  or B r  

pentone, 

- 5 O o C D  Li L i  
'nH + BuLi 

I 
(ref.  116) 

I 

f. Ary l  halides 

Aryl bromides and iodides react readily with alkyllithiums to give aryllithiums. 
Normally ethereal solutions are used. However, reactions in hydrocarbons although 
slower than in ethers, do have the advantage that the aryllithiums precipitate out and can 
be obtained in high yields and with good 

Both halogens in dibromo- or diiodobenzenes can be replaced by lithium in lithium- 



26 J.  L. Wardell 

halogen exchanges5. If the two halogens are in an ortho arrangement, then aryne 
formation can result from the mono exchange product. However, o-LiC,H,X can be 
trapped' 1 9 .  

A variety of functional groups are tolerated in the Li-X exchange, although side- 
reactions may reduce the yields of Li-X exchange products'20. The use of low 
temperatures and electron-donating solvents can be used to minimize the competitive 
reactions, such as ortho-metallations or reaction with the functional group. Ortho- 
metallation to a chloro or fluoro group is favoured over exchange of these groups by 
lithium (except in polychloro compounds). Bromoarenes, containing powerful ortho- 
directing groups (Y) (see Section II.B.Z.b.ii), may undergo metallations at a site ortho to Y,  
in addition to the Li-Br exchange. Good examples are the MeOC,H,Br compounds5; 
higher temperatures and prolonged reaction times lead to complex reaction mixtures. 

Lithium-bromine exchanges have been reported for aryl bromides substituted 
with the following groups: OH47, SH47.'21 3 2  N O  1 2 2 - 1 2 4 ,  NH247, NHCOR (R = Bu' or 
CF3)'25,S02NH,47,S02NR,47,CN'26~127 C O  H I 2 ' . I 2 ' ,  CO,R (R = Me',' or B u " ~ ~ ) ,  
(CH2)nC02H13' ,  CR,CN (R # H)',,, and e p o ~ i d e s ' ~ ~ . ' ~ ~ .  

Groups that have acidic hydrogens, e.g. OH, SH, NH,, and CO,H, are metallated 
during the course of the reaction with RLi (and hence additional equivalents of RLi must 
be added to allow for this). These groups are recovered on work-up, however. 

Whereas o-NO,C,H,Br and other o-nitrobromoarenes smoothly undergo Li-Br 
exchange (e.g. using BuLi in thf at - 100°C)'23, redox reactions arise with the m- and p- 
analogues and so Li-X exchanges are not used to prepare the aryllithiums from these 
compounds. 

The halogen-metal exchange reaction is suitable'29 for the preparation of o- 
LiC,H,CO,Me at - 100°C; however the m- and p-analogues undergo condensation 
reactions even at this temperature and so cannot be trapped. The more hindered p- 
LiC6H,C0,Bu' has a greater lifetime at  - 100°C and can be trapped. The product from 
the reaction of o-HO,CCH,CH,C,H,Br with BuLi, namely o-LiO,CCH,CH,C,H,Li, 
cyclizes even at - 100°C; on the other hand, p-LiO2CCH2CH2C6H,Li and o- 
LiC6H,CH,CH2CONHLi are stable at this temperature13'. 

Complex reaction mixtures ariseI3' with 0- or p-BrC,H,CH,CO,H. Reactions with 
BuLi provide both Li-Br and Li-H exchanges and among the products are the trianions, 
o- and p-LiC,H,CHLiCO,Li. The trianions react slowly with the solvent (tho to provide 
LiC,H,CH,CO,Li, the product expected from the direct Li-Br exchanges of 
BrC,H,CH,CO,H. 

Benzylic metallation results exclusively with o-, m-, or p-BrC,H,CH,CN using BuLi in 
thf-hexane at - 100°C to give',, BrC,H,CHLiCN. When there are no benzylic protons, 
as in o-BrC,H,CMe,CN, Li-Br exchange occurs with good yields at - 100°C. 

Reaction of o-BrC,H,CH,PPh, with BuLi in Et,O at room temperature provides o- 
LiC,H,CH,PPh,; in contrast'34, the chloro analogue, o-CIC6H,CH2PPh,, undergoes 
benzylic metallation to give o-CIC,H,CHLiPPh,. 

The orientation of Li-CI exchanges in C,CI,Y and of Li-H exchanges in C,H,Y show 
interesting differences. Metallations (Li-H exchanges) of C,H,CH,NMe, and 
C,H5NMe, occur ortho to the substituent groups; in contrast, the sites of Li-CI exchanges 
of the perchloro analogues using BuLi in Et,O at - 70°C are i n d i ~ a t e d ' ~ ' . ' ~ ~  by the 
arrows: 
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g. Heteroaryl halides 

five- and six-membered heterocyclic aryllithium, see Table 4. 
Lithium-halogen exchange reactions are particularly useful methods of synthesis of 

i. Thiophene deriuatiues. Exchanges of a-Br or a-I groups in thiophenes occur more 
readily than the halogens in the ,B-position. Ortho-lithiations of ,B-bromo- or ,B- 
iodothiophenes have been recorded, see Section II.B.2.b.iii. For chlorothiophenes, Li-CI 
exchange results only when no a-position is free, as with 2,s-dichlorothiophene; 2- 
chlorothiophene reacts with BuLi to give 2-CI-5-Li-thiophene. Lithium-halogen ex- 
change reactions of 2-CI-3-X-thiophene (X = Br or I), 2-Br-4-I-thiophene, and 2-Cl-4-Br- 
thiophene with BuLi at  - 70°C all take place with the Tetrachloro- 
thiophene reacts with BuLi in Et,O to provide 2, 5-Li,-3,4-CI,-thi0phene'~~; the use of 
more controlled conditions lead to the mono exchange product' 38.  

ii. Pyridine deriuatiues. Lithium-halogen exchanges are valuable routes to lithiopy- 
ridine, since reaction of RLi with pyridine frequently results in additions to the C=N 
rather than metallations. Lithium-bromine exchanges have been used to prepare122 
2- and 3-lithiopyridines using BuLi in thf-hexane at - 100°C. 2,s-Dibromopyridine 
reacts',, with BuLi (1 equiv.) in thf at - 100°C to give 2-Br-3-Li-pyridine. One139 or 
both'40 of the halogens in 2,6-X2-pyridine (X = Br or I) can be exchanged, equation 45. 
2,6-Dichloropyridine is resistant to Li-CI exchange. 

X=Br or I 

LI g L L l  

LI Qx 

(45) 

B. Replacement of Hydrogen in Organic Compounds by Metals: Metallation 

The formation of organoalkali metal compounds by the replacement of hydrogen in 
organic compounds has been achieved using a variety of reagents, including the metals 
themselves. An important factor is the acidity of the organic compound. Listings of the 
acidities of organic compounds have been variously made; one for the more common 
hydrocarbons and some substituted derivatives is given in Table 5. 
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TABLE 5. pK, values (at sites shown in italics) 

Compound PK, Compound PK, 

Cyclohexane 45 CH,CH=CH, 35.5 
Me,CH, 44 PhCH, 35 

42 Ph,CH, 33.5 C2H6 
CH.4 

Me,CH 47 CH,=CH, 36.5 

Ph,CH 32 
Cyclopropane 39 HC=CH 25 
PhCHMe, 37 Fluorene (9-position) 23 
PhH 37 lndene (I-position) 18.5 

Cyclopentadiene I5 
PhSO,CH, 29 NCCH,CH, 32.5 
O,NCH, 17.2 PhCOCH,CH, 31 

O,NCH,CH, 16.7 

PhSO,CH,OPh 21.9 
20.3 PhSO,CH,SPh 

40 

12.2 
30.8 

(PhS02)2CH, 
(PhS),CH, 

(PhSe),CH, 35.0 PhSO,CH,PPh, 20.2 
(PhS),CH 22.8 

31.2 CH,S(O)CH, 35.1 

1. Using the Alkali Metals'-3.5-7 and Their Arene Radical Anions or Dianion 
Compounds l4 I 42 

Formation of organoalkali metal compounds by metallation of organic compounds 
using the metals has only been profitably achieved with the more acidic hydrocarbons, 
such as Ph,CH,-, ( n  = l-3), fluorene, indene, cyclopentadiene, and alk-I-ynes, in a 
variety of solvents including ethers, hydrocarbons, and liquid ammonia. In the last 
medium, the formation of amides, MNH,, occurs and metallations proceed via these 
species'. 

The ease of metallation of phenylmethanes, Ph,CH,-,, at benzylic sites by metals 
follows the acidity sequence, namely Ph,CH > Ph,CH, > PhCH,. 

Ph,CH,-, + M + Ph,CH,-,M (46) 

Metallation of the least acidic of these compounds, toluene, has been achieved using 
c a e s i ~ m l ~ ~  or potassium in the presence of Na,0'44.  Caesium also reacts at the benzylic 
positions of ethylbenzene, cumene, xylenes, and mesitylene, with yields of 50-90% being 
obtained in thf-hexane solutions at 20°C. Hydrogen is evolved in the caesium 
metal la ti on^'^^. The K-Na,O combination successfully metallates other alkylarenes, 
including p-MeC,H,Pr'. This compound is preferentially metallated at the methyl 
position rather than at the isopropyl group, in keeping with the relative acidities of the two 
sites14'. 

Diphenylmethane has been metallated by potassium and by caesium in thf (e.g. K 
provides Ph,CHK in 76% yield) and also by MNH, (M = Na or K) in liquid ammonia. 
Triphenylmethane reacts also with M ( M  = Na or K) in liquid amrnonial4' and in 
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 ether^'"^. However, complex series of products, including Ph,CK and Ph,CHK, have 
been obtained from the reactions in ethers. The formation of side-products may be 
suppressed on addition of butadiene. Radical anions are probable intermediates of those 
reactions in which no hydrogen is evolved. 

F l i ~ o r e n e ' ~ ~ - '  5", indene'.15', and cyclopentadiene'5z-'54 have all been directly 
metallated. Fluorene (FIH), the most acidic of these compounds, is particularly easily 
metallated'47; LiI4', Na'49, or K'" in ethereal solvents, K in benzene and metal amides 
have all been successful, e.g. a 71% yield of 9-lithiofluorene (9-LiFI) was obtained using Li 
in  thf. The solvent has been shown to affect the rate of metallation, e.g. the ease of 
metallation of fluorene by potassium is in the solvent sequence MeOCH,CH,OMe > thf 
> dioxane' 50, The course of all the fluorene metallations by metals has been shown to 
occur'47 via radical anions, FIH- 'M+.  These radical anions are stable at low tempera- 
tures but provide 9-FIM at higher temperatures. No hydrogen is evolved; instead, 
reduction of some fluorene to hexahydrofluorene occurs. This should be contrasted with 
the evolution of hydrogen in the cyclopentadiene'54 and indene reactions with K 147a in 
benzene. Pentaphenylcyclopentadiene is metallated by Na, K,  or Cs at 100°C in toluene 

lndene is metallated at the I-position by K in dme. and cyclopentadiene has 
also been metallated by Li in thfI5', by Na in decalin, toluene, thf, or liquid ammonia'53, 
and by K in liquid ammonia'54. In the Na-liquid NH,-cyclopentadiene reaction, 
reduction of some cyclopentadiene to cyclopentene results; again, radical anions seem to 
be implicated as intermediates in the reaction. 

I-Alkynes, R C z C H ,  are sufficiently acidic to provide RC-CM on reaction with alkali 
metals in liquid ammonia' and in ethereal  solution^'.'^^. Acetylene reacts with various 
systems including sodium in liquid ammonia', xylene' 56, or ethers. Ally1 protons can be 
replaced directly on reaction with metals, e.g. allylpotassium is obtained from propene and 
potassium' 57. 

Acyclic and cyclic dienyl anions may be prepared from both conjugated and non- 
conjugated dienes on reaction with all the alkali metals (Li -+ Cs) in thf solution and in the 
presencc of a tertiary amine, in particular Et,N or tmed'58, e.g. equations 48 and 49. 

Various functionally substituted hydrocarbons, bearing acidic hydrogens, also react 
directly with alkali metals; some examples are Me,SO (with Na or K)I5', RR'CHCO,R', 
RCH(CO,R'),, and RCH,COR', equations 50-52. Direct metallation of thiophene in  the 
2-position has been reported using lithium'". 

r 1 
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L J 

Radical anion species, ArH-'M +, are also useful metallating agents. Fluorene has been 
metallated by a number ofradical anions, including Anth-' M'. The rates of metallation of 
fluorene by Anth-'M' have been found to increase as the solvent basicity decreases, 
which indicates that contact ion paired Anth-' is more reactive than the solvent-separated 
ion paired form164. 

in thf solution at  ca. 30 "C; the yields of organolithium products were near quantitative for 
Ph,CLi (from PhCH,), ca. 50% for Ph,CHLi (from Ph,CH,), but only about 1% for 
PhCH,Li (from PhCH,). As in all metallations involving radical anions, hydrogen was not 
evolved with phenylcyclohexene derivatives being obtained instead. PhPh-'Li also 
successfully metallates quinaldine and cyclohexanone (at the 2-position), in fact 
PhPh-' Li+ appears to be a more effective lithiating agent than dispersed lithium. 

The use of naphthalene radical anions has proved popular in these reactions. An 
extensive range of compounds has been metallated' by Naph-' Na'in thf, including 
indene (44% yield of I-indenylsodium), fluorene (62% yield of 9-FINa), Ph,CH (30% yield 
of Ph,CNa), Ph,CH, (70% yield of Ph,CHNa), 9,IO-dihydroanthracene (metallation at 
the 9-position), allylbenzene (which provides PhCH==CH-CH,Na+), I -alkynes (includ- 
ing acetylene), acetophenone (equation 53), 2-methylpyridine (equation 54), and 
RR'CHC0,H. Compounds RR'CHC0,H are also metallated'.165 by Naph-' Li+ 
(equation 55) and Naph-' K'. 

Reactions of PhPh-'Li+ with a series of phenylmethanes, Ph,CH,-,, were 

PhCOMe + NaPh- 'Na+ -+ [PhCOCH,Na] (53) 

F RR'CLiC0,Li ( 5 5 )  
N n p h - ' L i - .  thf .  

- 7 5 c  
RR'CHC0,H 

R,  R = Me, Me; Ph, H; Me, H; -(CH2)5- 

Naph-'Li+ appears to be as equally reactive as LiNPr',. However, the much reduced 
nucleophilicity of naphthalene compared with Pr',NH (by-products formed in the 
metallation reaction) makes Naph-'Li+ a better reagent to use for the formation of 
carbanions sensitive to nucleophiles. Naph-'Cs+ also has been used, e.g. Ph,CHCs was 
obtained in 75% yield from Ph,CH, in thf-hexane. 

Nitrogen heteroaromatic radical anion species, including sodium166, potassium167, and 
caesiurnl6* mono-, di- and triphenylquinolines and -pyridines, have proved effective 
metallating agents in thf solution. Such compounds metallate, Ph,CH, Ph,CH,, 
PhC'CH, 2-phenyl-l,3-dithiane, e.g. equation 56, and PhCH,CO,H. The cations 
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had an  effect on the reactivity; the general sequence of decreasing reactivity was estab- 
lished as Na'  > Cs' E K +  >> Li'. 

The effect of the arene on the reactivity o f A r H - ' M +  has also been studied; the rates of 
metallation of thiophene (at the 2-position) by ArH-'Li+ decrease in the order 
ArH = PhPh  > Naph > PhCH=CHPh > phenanthrene > a n t h r a ~ e n e ' ~ ' .  

(50 ''10) 

Reaction 57 is a two-electron process with yields of 2-lithiothiophene being cu. SO%,. 
However, in the presence of Ph,C=CH, or  PhCMe=CH,, a one-electron process 
results and yields of greater than 9Ux can be obtained. 

Alkali metal arene dianions, ArHZ-  2M +, are considered more effective metallating 
reagents than thecorresponding radical anions'". The metallating ability o f A r H 2 -  2M' 
increases as the solvating power of the reaction media increases, e.g. as shown in reactions 
of N a p h l -  2M', P h P h z -  2M', and A n t h 2 - 2 M f  with Ph,CH, Ph,CH, and 2-methyl- 
naphthalene. The rates of reaction of ArH2-  2M ' also increase as the size of M + increases. 

Functionally substituted alkanes, e.g. RCH,CN (R = H or  Ph), also are metallated'70 
by Naph2-2Li ' .  

2. Using Alkali Metal Compounds'.' 7 ' . 1  7 2  

achieved using a variety of alkali metal compounds, equations 58 and 59. 
Formation of organoalkali metal compounds via metal-hydrogen exchange has been 

RH + R ' M e R M  + R'H 

R H + M Y s R M + Y H  

~ . g .  Y = OR',  NR',. H 

Compounds used a s  metallating agents include alkyl- and arylalkali metal compounds, 
either alone o r  in the presence of a donor,  such as tmed, pmdt, dabco, o r  hmpt, metal 
amides, including the parent species, MNH,, metal alkoxides or  oxides, and metal 
hydrides. Also employed are metal alkoxide-organometal combinations, e.g. BuLi- 
Bu'OK and BuLi-Me2CEtOK. Some examples for lithium are RLi (R  = Me, Bu, Bu", or  
Bu'), Pr',NLi (Ida). 2,2: 6,6-tetramethylpiperidine (Itmp), and (Me,Si),NLi, for sodium 
RNa (R = Et, Bu, C ,H ,  ,, Ph,C or  Ph) and (Me,Si),NNa, for potassium RK (R = C,H,  , 
or  Me,SiCH,). Pr',NK (kda). (Me,Si),NK. BuLi-Bu'OK, and C,H I Na-Bu'OK, for 
caesium Me,SiCH,Cs and for rubidium BuLi-RbOR. 

Certain reagents may be favoured for particular metallations, for example i t  has been 
reported that eithcr Me,SiCH,K or BuLi-Bu'OK is especially useful for the preparation 
of allyl- and benzylpotassiums, whereas C,H , I Na-Bu'OK is favoured for the formation 
of vinyl and cyclopropyl derivatives'73; of interest, BuK,  prepared from Bu,Hg and a K -  
Na alloy, has a different r e a ~ t i v i t y " ~  to that of the BuLi-Bu'OK combination. Metal 
dialkylamides are poor nucleophiles and can be used more widely and safely than can the 
strongly nucleophilic RM reagents. Particularly good use has been made of reactions of 
LiNR, with carbon acids bearing groups sensitive to  nucleophiles. 

Reactions 58 and 59 are in fact equilibria with the equilibrium constants being 
dependent on the relative acidities of the RH-R'H and RH--YH pairs. Equilibrium 
constants have been calculated i n  some cases' 1 . ' 7 s . 1 7 h  . Further. use has been made of 
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these equilibria to obtain pK, values for h y d r o ~ a r b o n s l ~ ~ ;  for example, extensive use has 
been made of systems involving caesium cyclohexamide. Equilibria are not so easy to 
follow for potassium and sodium systems, owing to the poor solubility of RNa and RK 
compounds. 

At equilibrium, the alkali metal is preferentially attached to the residue best able to 
support a negative charge, that is, the more acidic compound within the RH-R’H or RH- 
YH pairs provides the metal derivative in the greater amount. I t  follows that the greater 
the difference in the acidities of the proton sources, the further the equilibrium should lie to 
one side. For the purpose of synthesis, the equilibrium should lie far to the right, although 
removal ofeither R’H or YH or insolubility of the product, RM, would drive the exchange 
to completion. 

Although thermodynamic measures of the acidity (pK, values) will play dominant roles 
in deciding the positions of equilibrium as well as the sites of metallation, kinetic factors 
have also to be considered. Alkanes have pK, values of greater than 40 and it would 
therefore be expected that alkylalkali metal compounds would react practically com- 
pletely with organic compounds having pK, values of less than 40. However, while 
butyllithium reacts readily with the more acidic hydrocarbons, butyllithium in hexane (in 
which it is hexameric) or in Et,O (tetrameric) is unable to metallate benzene (pK, 37) and 
provides only a poor yield of metallated product from toluene (pK, 35)17’. Changing the 
solvent to thf or addition of a donor molecule, such as tmed179-181 or dabcola’, or 
addition of Bu‘OK’’~ results in a more reactive metallating system and one able to 
metallate PhH and PhMe. Indeed, the BuLi-tmed combination, when used in excess, can 
poIymetaIIate 

The abilities of donor molecules to enhance the metallating ability of BuLi have been 
studied; towards benzene, the sequence was established as tmed > 
Me,NCHMeCH,CH,NMe, > Me,NCH,CH,CH,NMe, > dabco > Me,NCH, 
CH,CH,CH,NMe,. Again towards PhH, Bu”Li-tmed was found to be more reactive 
than BuLi-tmed”’. 

The compound tmed can be metallated by BuLi (and other RLi derived from RH having 
a pK, value greater than 35). This can lead to unwanted by-products although the 
metallated tmed, LiCH,NMeCH,CH,NMe,, can itself function as a metallating 
agent la’. 

Generally, the reactivity of RLi is higher in ethers than in hydrocarbons. The reactivity 
increases with increasing Lewis basicity of the solvent, probably as a result of the 
depolymerization of the organolithium aggregates leading to increased carbanionic 
character and also probably to the increased stabilization of the transition state. 

Alkylsodium and -potassium compounds are generally more reactive than the 
corresponding alkyllithiums (the reactivity sequence is RK > RNa > RLi); RNa and RK 
react, for example, with benzene and t o l ~ e n e ” ~ .  Usually RNa and RK are used as 
suspensions in aliphatic hydrocarbon media; ethers are not normally used owing to their 
reactivity towards RNa and RK. As with RLi, the reactivity of RNa increases on addition 
of a donor such as tmed; one effect of the tmed has been described as a peptising or 
disposing effectIs6. 

Kinetic effects are also observed in the sites of metallation. For example, initial lithiation 
of alkylbenzenes occurs in the ring as well as at benzylic sites. With increasing reaction 
times, and in some cases in the presence ofexcesses of the alkylbenzenes, isomerizations to 
the thermodynamically more stable benzyllithiums occur; see Section 1I.B.2.a.i~. Other 
compounds that show kinetic and thermodynamic effects on metallation include PhSMe, 
PhOMe, Ph,PMe, and PhSeCHRR”87. 

The mechanism of metallation of hydrocarbons by RLi is considered to be based on a 
simpleacid-base interaction with substitution at the most acidicsite; for heterosubstituted 
compounds, an alternative mechanism is based on prior coordination to the hetero atom, 
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which leads to lithiation of neighbouring sites (ortho, alpha, or even beta)"'. Lithium 
dialkylamides, LiNR,, have reduced thermodynamic basicities relative to RLi, with pK, 
values of HNR, in the region of 30. However, LiNR, have been found to be more effective 
lithiating agents, i.e. they show an increased kinetic basicity, probably as a consequence of 
the use of the nitrogen lone pair in the transition state. 

C - H  + LiNR2- 
/ 

a. Metallation of hydrocarbons 

* 
\ + - C - L i + H N R ,  (60) 
/ 

i. Metallations of alkenes. Organolithiums and -sodiums d o  not metallate alkanes. 
Butyl- and arylpotassiums had been reported to metallate pentane, hexane, and 
cyclohexane; however, a contrary result has subsequently been published'89. 

ii. Metollations qf cyclopropanes. Cyclopropyl protons are more acidic than simple 
alkyl protons; cyclopropane, for example, is metallated by C,H, ,Na  or more readily by 
C,H ,Na-Pr'ONa'90a. Metallations of other cyclopropyl compounds by alkylsodiums 
are shown in equations 61 I g l  and 62Ig2. Although BuLi does not react with 21, there are a 

. &Na 

C5HIINa,pentane, 

25 "C, 22 d 

(21) 

few examples of lithium-hydrogen exchanges occurring at s~ rained bridgehead cy- 
clopropane sites, see e.g. equations 63-66. 

Li 

BuLi, trned 

hexane, 0 'C 
( re f .  193) 

BuLi,trned 

hexane, 20 OC, Id * 
(ref .194)  
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(66)  
BuLi, trned 

hexane, 20 OC 
(ref. 196) 

major product 

Suitably placed hydroxy, alkoxy, or tert-amino groupslg7 can activate cyclopropanes 
towards lithiation. Compounds 23-27 are examples of compounds metallated by 
alkyllithiums (e.g. Pr'Li in Et,O-pentane or BuLi in hexane at  ambient temperature); the 
sites of lithiation are indicated by arrows. The hydroxy groups will themselves be initially 
metallated and assistance to the ring metallation will then proceed via the OLi group. 

R=H or Me 
(23) 

I 
NMe2 

(26) 

R=H or Me 
(24) 

\ 
OMe 

(27 )  (28)  
t 

The assistance given to the cyclopropane metallations by the donor group is apparent; 
for example, quadicyclene (22), although metallated by BuLi-tmed and by BuLi-Bu'OK 
in hexanel 74b, is not lithiated by Pr'Li in Et,O-hexane under conditions successfully 
employed for the hydroxy derivative 23 (R = H)Ig7. Further, 28, in which the M e 0  
substituent is directed away from the cyclopropyl ring, is not lithiated under the conditions 
used for 27. Such assistance arises from the coordination of the lithiating agent by the 
donor group (RO or NMe,) holding the lithiating agent close to the metallation site. 

Li 

R=Pr' or Bu', 100% 
(<I00 % for other 
R groups) 

(29) 
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Another example is shown in equation 67, in which the major, if not exclusive, product is 
cis- 1 -RCH(OLi)-2-Li-cyclopropane (29); other products can be the trans-isomer and 1 - 
RCH(0Li)- 1 -Li -cyc l~propane '~~" .  Alkylcyclopropanes do not react under comparable 
conditions. 

iii. Metallation of benzene and fused benzenoid aromatics. As has already been pointed 
out, BuLi in the presence of a good donor, such as tmed'78-'80.'98 or dabco"', but not 
simply in Et,O solution, lithiates benzene to provide good yields (> 85%) of PhLi; Bu'Li- 
tmed is even more effective'" than BuLi-tmed. Various organosodiums, RNa (R = Et, 
Bu, C,H, ,, C,H I 7 ,  or CH,=CH), a l k y l p o t a ~ s i u m s ' ~ ' ~ l ~ ~  and the combination"' BuLi- 
Bu'OK have also been found to metallate benzene successfully. Dimetallation of benzene 
occurs on prolonged treatment with C,H, ,Na; mixtures of m- and p-Na2C6H, are 
obtained in proportions dependent on the reaction conditions2"; conditions for the 
production of m-Na,C,H, in an 85% yield have been published. 

Metallation of polycyclic arenes, including naphthalene, biphenyl, and anthracene, 
occurs using BuLi-tmed in hexane; polylithiation can also result. Reaction of PhPh using 
BuLi (2.4 equiv.) in the presence of tmed in hexane solution provides o-LiC6H4C6H,Li- 
0 2 0 1 .  Alkylsodiums, and no doubt alkylpotassiums, are also able to provide polymetal- 
lated products, e.g. naphthalenezo2" and C,H I , N a  provides E- and p- mono-, di-, and 
trilithiated products. Acenaphthrene and C,H I , N a  react to form mixtures of I-sodio- and 
I ,  5-  and I ,  6-disodioa~enaphthrenes~~~". 

iv. Meidlat ion cfrrlkylbenzenes. Toluene is lithiated to only a small extent by BuLi in 
Et,O: a better yield (25% after 24 h) resulted from the use of BuLi (in excess) in an Et,O-thf 
solution203. The presence of tmed'78-180.198 or dabco"' led to ready metallation, e.g. 
BuLi-dabco in hexane at 80°C provided'" an 85% yield of PhCH2Li after 30min. The 
combination BuLi-Bu'OK is also particularly effectivels2. Amides, MNH,, in liquid 
ammonia are too weakly basic to metallate PhMe; PhCH,M is in fact protonated by NH,. 

The reaction of PhMe with BuLi-tmed initially provides not only PhCH,Li but also 
small amounts of ring metallated products'78, e.g. equation 68; see also Table 6. The ring 
metallated products rearrange ~ l o w l y " ~ . ' ~ ~  to the thermodynamically more stable 

(68) 
tmcd. hcxanc. 

30 O C .  30 min 
bPhCH2Li + MeC,H,Li 

89% o : m + p = 3 : 9  

PhMe + BuLi 

benzyllithium, e.g. on standing, on heating, on addition of more tmed, and in the presence 
of excess of toluene. Under the conditions used in reaction 68, such rearrangements were 
not significant. Clearly the initial metallation of PhCH,, to provide the mixture of benzylic 
and tolyllithiums, occurs at much faster rates than any subsequent transmetallations. 

Metallation of toluene by BuNa in benzene also initially leads to benzyl-metal and 
minor amounts of ring metallated productszo4; the conversion of p-MeC,H,Na to 
PhCHzNa occurred almost quantitatively at room temperature within 69 h; i t  has also 
been reported that PhCH,Na can be obtained from p-MeC,H,CI and sodium sand in 
refluxing benzene or light petroleum solution'78. Alkylpotassiums, the most reactive of 
RLi, RNa, and RK compounds, apparently provide only the benzylic product even with 
short reaction tirnes2O4. Metallation of toluene by a series of Me,SiCH,M (M = Na, K, 
Rb, and Cs) has been reported2". 

Some dimetallation of toluene (to give m-NaC6H4CH2Na) has been reported2', using 
C,H, ,Na. Polylithiation of toluene has also been achieved using BuLi-tmed under 
vigorous conditionsIs3. 

Metallations of ethy1-'7"207.208 and i s o p r o p y l b e n ~ e n e s ' ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ' ~  have been 
achieved using organolithium, -sodium, and -potassium reagents. (see Table 6). As 
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TABLE 6. Metallation of alkylbenzenes by orgdnoalkaiimetals 

Relative yields 

Reaction Overall 
Substrate Conditions time (h)  PhCRR'M MC,H,CRR'H yield Ref. 

0 )?I- p- 

PhCH, BuLi-tmed, 
hexane. 30°C 0.25-2 
BuNa, PhH. 0.5 
0 "C 
BuK. PhH 0.5 
0 ° C  

hexane, 30 "C 

room temp. 
C , H ,  , N a ,  octane, 24 
room temp. 
C,H I ,Na-tmed, 0.25 
octane. room temp.} I 

PhCH,Me BuLi-tmed, 0.5-6.5 

- I O T ,  
room temp. 

hexane, 3 0 ° C  
C,H I , N a ,  cumene 20 

PhCHMe, C , H ,  ,Na. octane, 24 
room temp. 

octane, room 
temp. 
C ,H,  ,K .  cumene. 3 
room temp. } 20 

hexane. 30 "C 

PhCHMe, BuLi-tmed 2-24 

PhCMe, BuLi-tmed 4 

89-92 
92 

> 99 

37-38 

18 
68 
26 

12 
I00 
93 

I00 
3 

2 
- 

7 
80 
91 
42 
92 
- 

2-3 6-9 
- 4 4  

9 36 17 

52 30 32 
- 19 13 46 
- 41 33 55 

2 55 2R - 

- 6 1  lo 

51 

- 

- - -  - 

- - -  

8-10 57-59 30 

- 55 43 4R 
-~ 55 44 40 

3 57 33 
0 I I  9 
0 2 1  95 

39 19 
8 43 

- 68 32 

- 
- -  

159 
760 

760 

759 

76 1 

762 

762 

761 

759 

76 1 
763 

763 

7 64 
759 

expected from the electron-releasing effects of the methyl group, the relative rates of 
metallation are 60: 10: 1 for PhMe, PhCH,Me, and PhCHMe,. Both benzylic and ring 
metallation initially occur, with relatively more ring metallation in the sequences 
PhCHMe, > PhCH,Me > PhCH, and RLi > RNa > RK. Whereas the LiC,H,CHMeR 
(R = H, Me) products did not rearrange to PhCLiMeR under the reaction conditions 
employed, both the sodium and potassium analogues did, the isomerizations occurring via 
reaction, i.e. transmetallation with free alkylbenzenes. The rates of rearrangement 
decreased in the sequence RK > RNa (> RLi). Sodiocumene, PhCMe,Na, is not 
thermally stable and to PhCMe=CH, and NaH. However, it can be 
stabilized2" on complexation with tmed and is obtained in near quantitative yields from 
PhCHMe, and C,H ,Na-tmed in octane after 24 h at 0 "C. The considerable increase in 
reactivity of C,H, , N a  on addition of tmed is also apparent from entries in Table 6. 

Dimetallations of ethyl- and isopropylbenzenes have been reported" on refluxing for 
24 h with 4 equiv. of BuLi-EtCMe,OK, e.g. equation 69; PhCHKCH,K is unstable and 
decomposes to give [PhCHKCH,],. 

PhCH,Me -+ PhCH(K)Me + [PhCH(K)CH,K] (69) 

tert-Butylbenzene, having no benzylic protons, is only lithiated in the ring; an 
approximate 2: 1 ratio of metu to pura products is obtained. 



1. Organic Synthesis of Organolithium 37 

Cyclopropylbenzene, another alkylbenzene containing a benzylic hydrogen, is metal- 
lated by organopotassium reagents a t  the benzylic site. In contrast, C,H, ,Na  in pentane 
reacts only at metu- or para-ring positions2", equation 70. 

Y Y  
I 
No ' BuLi-Bu'OK or . & 

Me3SiCH2 K, thf 

The reactivity of xylenes towards BuLi-tmed213 or C,H, ,Na-tmed in hexane214 
decreases in the sequence m- > o- > p-xylenes. In contrast to the monometallation using 
BuLi or C,H, ,Na  alone at room temperature, metallation of both methyl groups of o- 
and m-xylenes, but not p-xylene, can result when tmed is also present, e.g. quantitative 
dimetallation of rn-xylene occurred within 24 h at room temperature. Additional 
polymetallation products obtained from m-xylene and BuLi-tmed are the gem-dilithio 

o- or m-Me,C,H, - o- or m-(LiCH2),C6H, (71) 
R M - t m c d 

dimetallation of m-xylene occurred within 24 h at room temperature. Additional 
polymetallation products obtained from m-xylene and BuLi-tmed are the gem-dilithio 
derivatives, m-Li,CHC,H,Me and m-Li,CHC,H,CH,Li; increasing amounts of tmed 
suppress gem-dimetallation. No gem-dimetallation of m-xylenes occurs when C,H, ,Na- 
tmed is used. Metallation of p-xylenes by BuLi-tmed or C,H, ,Na-tmed produces p -  
MCH,C,H,Me but not p-(MCH,),C,H, (30, M = Li or Na); however, 30 (M = K) can be 
produced from the more powerful metallating agent BuLi-Bu'OK. 

An explanation for the xylene results has been based on the relative charges delocalized 
into the ring of the benzyl anion: the magnitudes decrease in the sequence p- > o- > m-, 
which is the reverse of the reactivities towards metallation. In addition, the second 
metallation will occur preferentially to give the additional negative charges on the same set 
of carbons as did the first, i.e. m- > o- and p; the easier formation of o-(MCH,),C,H, 
compared with p-(MCH,),C,H, is considered to be due to the lone pair attractive 
interactions between adjacent benzylic sites. Another consideration is that lithium can 
bridge the benzylic and an ortho site during metallation and so the greater the negative 
charge on the orrho site, the stronger will be this interaction and the easier will be the 
substitution. The rates of abstraction of a proton by BuLi-Bu'OK are greater with the 
transition state closer to the reactant than the product and hence para-dimetallation is not 
so difficult. 

Tri- and tetramethylbenzenes provide2' 3 2 1  results in keeping with those of xylenes, 
e.g. I ,  3, 5-Me3C&, and BuLi-tmed in hexane produce mono-, di-, and trilithiated 
mesitylenes; the major product of reaction of BuLi with mesitylene (molar ratio 6: 1) after 
24 ha t  room temperature is I ,  3, 5-(LiCH2),C,H3 (60%); dilithiation occurs partially at the 
same methyl group but preferentially at different methyls. No p-(LiCH,), benzene 
products are obtained from p-dimethylbenzenes, such as 1,2,4-Me,C,H, or 1,2,4,5- 
Me,C,H,, using BuLi-tmed; however, BuLi-Bu'OK can provide p-(KCH,),-substituted 
benzenes. 1,2,3,5-tetramethylbenzene can be tetrametallated using BuLi-Bu'OK. No 
ring metallations occur. 
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TABLE 7. Formation of benzylic alkali metal compounds 

Compound Conditions Product (yield. %) Ref. 

LiNMe,, thf, hpmt, - 78 "C 765 

766 

761 

768 

769 

770 

771 

772 
173 
714 

115 

BuLi (2 equiv.) 

LiNPr', (2 equiv.) hmpt, thf, 
hexane. - 78 "C 

' a : : C O  P h 

BuLi (2 equiv.), thf, hexane 

BuLi (2 equiv.), thf, hexane 

BuLi. tmed 

CH2Li a Me BuLi (3 equiv.), tmed, hexane, 
- 20 "C CH2Li & WMe 

Q M e  

BuLI, thf, hexane or  
NaNH,, liq. NH, or 
KNH,, liq. NH,  

aMe qcH2Li (90) 

CH2Li CH2Li 

LiNPr',, hmpt, thf, hexane 
0 "C 

776 6-6 (93) LiNPr', (2.5 equiv.), thf, hexane, 
0 "C 
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Compound Conditions Product (yield, %) Ref. 

wMe 
Me 

mMe 
Me 

,Q-l*le ' 0  

I 
Me 

PhCH2SiMe3 
PhCHZNHCOPh 

BuLi, thf, hexane (75) 
NaNH,, liq. NH, (42) 
LiNPr',, thf, hexane (69) 

LiNPr',, hmpt, thf, 
hexane, - 78 "C 

BuLi, thf, - 78 "C 

LiNPr',, thf, - 78 "C 

BuLi, hexane, thf, - 78 "C 

BuLi, Et,O, hexane, 0 ° C  
(inverse addition) 

MeLi, hmpt, 0 "C 
LiNPr', (2 equiv.), diglyme, 
- 78 "C 

PhCH2PO (OEt), BuLi, thf, - 78 "C 

0 
II 

PhCH I P(OEt)2 

OSiMe3 
LiNPr',, thf, - 78 "C 

PhCH2CN BuLi, hexane, - 70°C 
BuLi (2 equiv.), thf, hexane 

LiNPr',, thf, - 78 "C PhCH(CN)OSiMe, 

wMe 777 

C H2M 

a "':b 3) 778 

Me 

779 
\ i T C H P L i  (>98) 

' 0  

C > C H 2 L i  (82) 782 

I 
Me 

783 PhCHLiSiMe3 (85 )  
784 PhCHLiNLiCOPh( 9 5 )  

~ - - a , , , e 2 ) ,  (95 )  785 

i i  

PhCHLiPO(0E t), (el) 

OSiMe3 
I 

I II 
L i  0 

PhC-P(OEt)2 ( 8 8 )  

PhCHLiCN (95) 
PhCHLi2CN (81) 

CN 
I 

Li 
PhCOSil\le3 (90) 

786 

787 

788 
789 

790 
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Compound Conditions Product (yield, %,) Ref. 

PhCH,OMe 

PhCH’ f H2 

‘ 0  

PhCH,SH 
PhCH,SMe 
PhCH,S(O)Me 

PhCH,S(O),NMe, 
PhCH,SC(S)NMe, 

PhCH,SePh 
PhCH,Se(O)Ph 

CH2SiMe3 

C H2StMe3 

BuLi, tmed, hexane, - 10°C PhCHLiOMe (85) 79 I 

Bu‘Li, thf, - 95 to - 50°C 

Li ’ ‘ 0  

792 

BuLi, thf, tmed, 0 ° C  PhCHLiSLi (72) 793 
BuLi, tmed, hexane PhCHLiSMc 794 
MeLi, thf, - 60°C PhCHLiS(0)Me (85) 795 

LiNPr’,, thf, - 60°C PhCHLiSC(S)NMe, ( >  99) 796 

( R S : S S =  1:15) 
BuLi (2.5 equiv.), thf, hexane PhCLi,S(O),Ph (83) 789 

BuLi. thf C;JL1 797 

(ca.100) 

LiNPr’,, thf, - 78 “C PhCHLiSePh (81) 798 
LiNPr’,, thf, Et,O, -78°C PhCHLiSe(0)Ph (88) 798 

NaNH,, liq. NH, [ x l C H ( N o )  PO (OEt), 799 

( X ~ 0 , 9 7 ;  X = S , 9 5 )  

NaNH,, liq. NH, 

CHLiSt Me, 

CHLiSiMe, 
800 BuLi, tmed, hexane 

BuLi, Et,O, hexane, 20°C 80 I 

Li 

Substituted toluenes, XC,H,Me, and other methylaromatics can be metallated at 
benzylic sites; examples are given in Table 7. Metallations of methylnaphthalenes have 
been well studied; a 2-methyl group is more easily metallated by BuLi-tmed in hexane 
than a I-methyl group as found in I ,  2,3,4-tetramethylnaphthalene2’6. I ,  8-Dimethyl- 
naphthalene is monometallated by excess2I6 of BuLi, whereas with C,H, ,Na-tmed, 1, 
8-(NaCH,), naphthalene is quantitatively formed. The related compound acenaphthene 
(31) is dihthiated2”. 
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The ease of dimetallation (a, a’) of dimethylnaphthalenes using an excess of C,H, ,Na- 
tmed was found to be 1,3- > 1,2- > 1,6- z 1,8- >> 1,4-dimethylnaphthalene, the last 
compound being only monometallated’86,2 14. 

Alkylpyridines and related nitrogen heterocycles are considerably more acidic than the 
related benzenoid compounds and the methyl groups on the nitrogen heterocycles can be 
readily metallated by a number of r e a g e n t ~ ~ ’ ~ . ” ~ .  Although the acidity of a 4-methyl 
group is greater than that of a 2-methylsubstituent, the sites of metallation of 2,4- 
dimethylpyridine, 2,4,6-trimethylpyridine, and 2,4-dimethylquinoline depend on the 
conditions used and on whether kinetic or thermodynamic control operates. These 
heterocycles provided 2-MCH, derivatives, 32 or 34, on treatment with BuLi in Et,O- 

Me 

L 
R=H or Me 

R &LM 
C&M 

R 6 M e  

(33) 

Me 

(73) 

(35) 

hexane, regardless of the reaction time, or with PhM (M = Li or K) in Et,O. The use of thf 
as the reaction medium for RLi metallations promoted the formation of 2-LiCH, 
derivatives, which isomerized to the 4-LiCH2 derivatives, 33 or 35, on standing. Such 
isomerizations [32 -+ 33 and 34 -+ 351 in thf were even faster in the presence of the free 
heterocycles or when a chelating agent, tmed or hmpt, was added. 

The explanation for the RLi results is based on prior complexation of RLi with the ring 
nitrogen which holds the RLi close to the 2-methyl substituent (coordination-only limited 
mechanism). Such complexation lessens when alkali cations other than Li’ or when basic 
solvents (NH, or other amines) are employed. In these cases, the metallating agent is able 
to attack the more acidic 4-methyl groups [acid-base limited mechanism]. 

The benzylic compounds, Ar,CH, Ar,CH,, and 9,10-dihydroanthracenes, are parti- 
cularly easily metallated. Diphenylmethane provides Ph,CHM using, among other 
systems, ( i )  BuLi in thf(but not in hexane)’”, (ii) BuLi-cryptate in hexaneZ2’, ( i i i )  MNH, 
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(M = Na or K) in liquid ammonia or KNH, in Et,O, (iv) C,H, 1Na18', (v) NaH-hmpt in 
thf2", and (vi) KH in the presence of 18-crown ether2,,. 

Among the metallating systems to react with Ph,CH are (i) BuLi in thf2,', ( i i )  BuLi- 
cryptate in hexane,,', (iii) C,H, 1Na185, (iv) BuNa-tmed in PhH2,', (v) NaH-hmpt in 
thf',', (vi) MNH, (M = Na or K) in liquid NH,, (vii) K H  in the presence of 18-crown 
etherz2', (vii) PhCMeKI8', and (vii) KOH in dme224. While Ph,CH, or Ph,CH is 
metallated in liquid ammonia by NaNH,, evaporation of the solvent only leaves the 
starting materials; however, Ph,CHK or Ph,CK can be isolated from liquid ammonia. 
This probably arises from a slower attainment of the amminolyses equilibrium for the 
potassium system'. 

(p-MeC,H,),CH, is metallated at the central methylene group by either BuLi in thf 
solution or KH-18-crown ether2,'. The ease of metallation by BuLi in thf solution at 
benzylic sites decreases in the order Ph,CH > Ph,CH, > (p-MeC6H,),CH, > p-  
PhC,H4Me2". 

Both mono- and dimetallation of 9,IO-dihydroanthracenes have been reported. The 

H Bur 

* 
0 0  

E t  % H  

H Bu' 

BuLi- tmed 

25OC * 
( r e f .  225) 

I 
Me Li' 

(75) 

Me 

2 BuLi - t m e d  

( re f .  226) 

E t  

relative reactivities of (Z) -  and (E)-36 are 20:l. Metallation of 9,lO-dihydroanthracenes 
also occurs using NaH-hmpt in thf"' or MNH,'. 

v. Metallations of cyclopentadienes, indenes, and fluorenes. Cyclopentadiene, indene, 
and fluorene (pK, values= 15, 18.5 and 23, respectively) and their derivatives are 
metallated by a number of systems. Cyclopentadiene is metallated, for example, by RLi in 
Et ,0227,  NaNH, in liquid ammonia', Bu'ONa, and K O H  in dme224. Metallation of 
indene at the 1-position has been achieved with BuLiZ2', RNa (R = C,H, or Ph,C)'", 
NaH-hmpt in thf2,', and KOH in dme224, while fluorene reacts at the 9-position with 
PhLi in Et,0229, BuLi in thf2,', RNa (R = C,H, , or Ph,C)'", NaH-hmpt in thf2,', 
NaNH, in decalin', K O H  in dme224, and Bu'OK in dmso'. 

Polylithiations of indene and fluorene have been reported using BuLi-tmed at 70 "C; up 
to 6 and 9 lithiums may be incorporated for indene and fluorene, r e ~ p e c t i v e l y ~ ~ ' .  
Substituted derivatives and more complex derivatives have also been successfully 
metallated, see equations 77-80. 

Other polycyclic fluorene derivatives that react include 7bHindenoC 1,2, 
3-jk]fluorene (with BuLi in PhH),,', 9,9'-bifluorenyl (with BuLi-tmed in hexane at  
ambient t e m p e r a t ~ r e ) ' ~ ~ ,  and cycloocta[dej]fluorene (with BuLi in thf)237. 
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Ph Ph 

PhMe, (ref-147b) 100°C Ph g p h  Ll+ 

Ph 

2Ll '  
2 BuLi, th f  
hexane,-70 to 0 "c 

(ref 232) 

2 BuLi, hmpt 

hexane, 25'C9 
(ref. 233) 

H @ 2 BuLi- dmso 

( re f .234 )  * 

2 Li+ 

2 L I +  

vi. Merallarions of alkenes. Metallation of alkenes could in principle provide vinyl- 
and/or allylmetal compounds. For an alkene without allylic protons, metallation could 
only give vinyl compounds, e.g. as with CH,=CH, (using C,H,,Na-Pr'ONa) and 
Bu'CH=CH, (using C,H , lNa)238. Organolithiums do not appear to metallate simple 
alkenes, which have no allylic protons; typical reactions with such compounds would be 
additions of RLi to the double bond or polymerizations. The acidity of allylic protons is 

RCH=CH, + R'Na + RCH=CHNa 
(R = H or But) 

greater than that of vinylic protons in alkenes (cf. the pK, values of CH,CH=CH, and 
CH,=CH, are 35.5 and 36.5, respectively). When allylic protons are present, i t  would 
therefore be expected that metallations of alkenes would preferentially occur to give 
allylmetal compounds. This is usually borne out with strain-free alkenes and when there 
are no contrary kinetic effects. 

Kinetic effects have been observed in metallations of alk-1-enes by alkylsodium and 
-potassium in which both ally1 and vinyl products are ~ b t a i n e d ' ~ ~ - ' ~ '  . M etallation of 
Me(CH,),CH=CH, by C,H, , N a  in octane provided239 Me(CH,)&H=CH== 
CH, Na' and Me(CH,),CH=CHNa. The latter appears as the major product in the 
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early stages but as the reaction time increases so its relative yield decreases. Very little 
isomerization of Me(CH,),CH=CHNa to Me(CH,),CH=CH=CH,Na+ occurred 
under the reaction conditions; the relative increase in the allylic product is due to the very 
ready deprotonation of Me(CH,),CH=CHMe formed by the catalysed isomerization of 
the starting alkene, Me(CH,),CH=CH, (see Scheme 6). 

Me(CH,),CH=CHNa + C,H,, I: Me(CH,),CH-CH=CH,Na+ + C,H 
Me(CH,),CH=CH, + C,H, ,Na 

Me(CH,),CH=CH, + Me(CH,),CH-CH-CH,Naf + 

Me( CH ,),CH = C H Me + Me( C H ,),CH = CH = CH , N a + 

Me(CH,),CH=CHMe + C,H, ,Na -+ Me(CH,),CH=CH-CH,Na+ + C,HI2  
SCHEME 6. 

The relative ease of metallation was established as 

The major product of BuK metallation of Me(CH,),CH=CH, at all stages is the ally1 
productz4'. The catalysed isomerization of Me(CH,),CH=CH, to Me(CH,),CH= 
CHMe, a prominent feature of the RNa reaction, has less significance in the BuK reaction. 
A further difference between RK and RNa reactions is the much faster isomerization of 
Me(CH,),CH=CHM to Me(CH,),CH-CH-CH,M+ for M = K. 

Deprotonations of bicyclic alkenes do not occur at bridgehead sites, even if these would 
lead to allylmetal; for example, compounds 37-40 react with alkylsodiums at the indicated 
sites to give vinylmetal products' 9 1 .  The metallation of40 occurs at the vinyl site nearest to 

C,H,,Na,20 "C 
pentone 

the CH,O- group, which suggests assistance by this group. Allylic deprotonation of 41 
and 42 occurs, but for 43 both vinylic and allylic metallation results. 

C5HI,Na, pentone 
b 

Me (ref.19) Me 
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BULI,BU' OK . K '  
thf 

(ref. 242) 

45 

(84) 

There are also examples of vinyl lithiations of strained alkenes, e.g. equations 86 and 87. 

(86) 
PhLi or MeLi Et,O 

or BuLi hexane,20 "C 
tvl e ( re f  243) Me Li 

For simple alkenes, bearing allylic protons, allylic deprotonation results; for example, 
metallation of propene occurs readily to give CH,=cH=CH,M+ using a variety of 
reagents, including BuLi in thf245, RLi-tmed (R = Bu's1.245 or B u ~ ~ ~ ~ * ~ ~ ~  1, C 5 H l  INa247, 
RK (R = C5Hl  I ,  Me,SiCH,, or PhCMe2)174.248-250, B U L ~ - - B U ' O K ' " * ~ ~ ~ ,  and 
M ~ , S ~ C H , C S ' ~ ~ .  Crotylmetal, MeCH-CH-CH,M + (from but-1- or -2-ene, equation 
8 8 ) i 8 1 . 2 4 7 . 2 5 2  , 2- methylallylmetal (from Me,C=CH,)246.247~250~251, and phenylallyl- 

MeCH ,CH =CH , 
Bu'Li--tmed 

or ____t MeCH-CH-CH,Li+ (88) 

( E ) -  or (Z)-MeCH=CHMe 

metal (from PhCH2CH=CH,)253 are similarly prepared. Other examples are a series of 
compounds, RCH-cH-CH,K+ [from RCH=CHMe (R = H, Me, Et, Pr', or Bu') in 
c y c l ~ h e x a n e ] ~ ~ ~  and CH2-cR-CH2K+ [from CH,=CRMe (R = H, Pr', or Bu') in 
thf] prepared using Me,SiCH,K. 

Metal amides have been used to obtain allylmetals, e.g. I ,  3-diphenylallyllithium, 
Scheme 7254. Of interest, (E)-PhCH=CHCH,Ph is lithiated by LiNPr' (cyclo-C,H, I )  in 
thfat - 45 "C within a few minutes to give the less thermodynamically stable isomer ( E ,  Z)- 
44, whereas BuLi in thf-hexane only reacts at - 30"C, at which temperature ( E ,  E)-44 is 
obtained. 
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R=Pr' ,R'=cyclohexyl 

SCHEME 7 

(Z)-l -Alkylpropenes undergo allylic metallations at faster rates than the E isomers, 
equation 89255.  A larger rate difference (15: 1) was found for Z and E isomers of Bu'CH= 
CHMe. The equilibration of 2-alkenylpotassium isomers, in particular, is very slow in thf 

at low temperatures; several days are required for equilibrium to be reached. Traces of 
oxygen, however, catalyse the i s o m e r i ~ a t i o n ~ ' ~ .  

In contrast to the monometallation of Me,C=CH, and rnethylallylbenzenes using 
BuLi-thf, dimetallation can occur at both allylic sites using BuLi-trnedZs6, C,H, ,NaZs7,  
or B U L ~ - R O K ~ ~ ~  (equation 90). Other compounds to have been similarly dimetallated to 
give Y-shaped dicarbanions under relatively mild conditions include (PhCH,),C=CHR 
(R = H or Ph)7,(Z)-or(E)-PhCH,CMe=CHPh259,and Me,C=CHMez6",equation 91. 

R=H or Ph 

kinetic product 

thermodynamic 
product  
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Alkenes such as CH,=CHMe, CH,=CHCH,Me, MeCH=CHMe, and 
PhCH,CH=CH, have also been dimetallated261 by BuLi-tmed but much more forcing 
conditions are required than for RCH,CMe=CH, (R = H or Ph), the second deproton- 
ation occurring at a vinyl site: 

Other substituted allyllithiums have been prepared from alkenes, although competing 
reactions may arise, e.g. equations 93 and 94. 

LI 

-I- BuLi - trned 
0 OC It./ LI+ + p (93) 

(ref.262? 
major product minor product 

(94) 
*._____ 

L i t  + polymer + BuLi -10 t o + l o o c  
thf, hexane 

( re f .263 )  

The presence of tmed during the metallation of47 resulted in extensive polymerization. 
By comparing reactions 94, 95, and 96, it  is clear that changes in the type of reaction 
undergone can be brought about by slight changes in structures. Whereas cyclohexene is 

Bu Li Ph 
th f  ,hexone 

( r e f . 2 6 4 )  
+ BuL i  (95) 

R=H; hexane,ZO"C ( r e f . 2 6 5 )  

R=Phi thf , hexone,- 100°C ( r e f . 2 6 4 )  
mz +BuLi- tmed 

(96) 

metallated at an allylic site, for example by C,H,  ,Na241 or Me,SiCH,K266, the smaller 
ring compound, cyclopentene, undergoes deprotonation at a vinyl site. The less reactive 
BuLi does not react with c y ~ l o h e x e n e ~ ~ ' .  

Conjugated carbanions are particularly readily obtained by metallation of appropriate 
mono-, di-, or polyenes. Pentadienylmetal compounds are available268-270 by metallation 
of penta-1,3- or 1,4-dienes using reagents such as lithium amides, BuLi, Bu"Li, BuLi- 
Bu'OK, or Me,SiCH,K, e.g. equations 97 and 98. 

Litrnp, hexane, 
20 " C ( r e f  2697 

PhCH=CH-cph--CH-CHPh Li+ (98) PhCH= CHCPh=CHCH,Ph 
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Allylic metallation of conjugated trienes and higher polyenes has also been reported2”, 
e.g. equation 99. 

PhCH,(CH=CH),CH, Ph - [ PhCH ,(CH -CH),-CH Ph] - Li + n  2 3 
HuLi Ihl 

(99) 

A variety of dianionic compounds have been obtained from suitable diene precursors, 
including I ,  3-dienes, e.g. CH,=CMeCMe=CH,, equation 100, 1,4-dienes, including 

- 
CH2;;, ,,9CH2 c-c 

CH2 
cH2fl \. 

2 BuLi. Bu’ OK 
thf 

(ref. 270) 

CH2= CMeCMe =CH2 

CH,=CHCH,CH=CHMe. CH,=CMe,CH,CMe=CH,, Me,C=CHCH=CMe,, 
and CH,=CMeCH,CH=CH,,and I ,  5-dienes,e.g. CH,=CHCH,CH2CH=CH2 and 
CH,=CMeCH,CH,CH=CH, (48)261.272-274. 

CH2= CHCH2CH= CHMe 

-D CH2= CH - - C H  -CH --CH--C H 1 2BuLi- tmed 
or 

CHF CHCH2CH2CH=CH2 

Metallation of 48 by 2 equiv. of BuLi-tmed (or BuLi-Bu‘OK) provided mono- and 
d i a n i ~ n s ~ ’ ~ ;  the dianions obtained are indicated in equation 102. The thermodynamic 

2 ~ i +  + , 2 Lit 
2 equiv.BuLi- tmed 

25OC (4 8)  

product is 50 and its yield increases with time at the expense of 49 and 51; 51 is formed 
initially in the greater yield. 

Trienes (52) are also easily dimetallated275. 
2 -  

2Lit  (103) 

R= H or Ph 

(52) 

Trianionic compounds may also be obtained, equations 104 and 105. 

3- .. ...- .,./ -.. _I 

...I ~ L I +  (104) 

(ref.276) 
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yy 3- 

3 B u L i -  tmed 3 Li+ (105) 
hexone,20"C 

( ref .272)  

The examples so far quoted have involved acyclic compounds; some representative 
examples of cyclic delocalized mono-,. di-, and trianionic compounds are given in 
equations 106- 109. 

LiNPr'(cyclo-C6HII), 0 
Sn 
Bu2 

thf , -40 "C 
( re f .277)  

B U 2  

b 
2 equiv.BuLi- trned 

(ref.  2 7 8 )  

b 
3 BuLi -  trned 

hexane, 20°C  
(ref. 2 7 6 )  

vii. Metallations of alkynes and allenes. Acetylene can be dimetallated, for example by 
PhLi in Et,0279. Monolithioacetylene has been obtained by the disproportionation of 
L i C s C L i  and H C S C H  in liquid and from reaction2*' of HC=CH with 
BuLi in thf at - 78 "C. Metal amides have also been used'. 

Terminal alkynes, RC-CH, are metallated' to give RCECM by a number of reagents, 
including BuLi in hydrocarbon"' or ethereal solutions or  in the presence of a donor283, 
and metal amides in liquid ammonia or  ethers. Replacement of an allylic proton and an 
alkynyl hydrogen occurs284 in HC=CCMe=CH,, equation 110. Propargylic hydrogens 

p 2  

(1 10) 
2 equiv.BuLi,Bu'OK, 

HC= CCMe= CH2 K C E C C  - K+ 
thf, hexone,-70°C * \. 

CH2 

are sufficiently acidic to be metallated by ~ r g a n o m e t a l s ~ ~ ~ ~ ~ ~ ~ ,  equation 11 1. Dimetall- 
ation can occur2*', at propargylic sites as in P h C e C C H , R  (R = H or Me) using BuLi in 
Et,O. Replacement of propargyl and alkynyl hydrogens in the same compound can arise 
to give di- and polylithio  product^'*^^^^^. Thus MeC-CH with BuLi (1 equiv.) provides 
MeC-CLi and with excess of BuLi successive replacements of hydrogens occur 
eventually to provide C,Li,, equation 112. 

(1 11) 
BuLi.  tmed 

(ref .  285)  
Me,SiC-CMe r Me,SiC-CCH,Li 
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M e C E C H  -+ M e C E C L i  -+ LiCH,C-CLi -+ Li,CCHECLi -+ C3Li4 ( 1  12) 

The terminal alkyne, HC-CCH,Me, is lithiated by BuLi or Bu'Li (3 equiv.) to give 
MeC,Li,, which can also be obtained from MeC-CMe using the more powerful 
metallating agent BuLi-tmed (3 e q ~ i v . ) ' ~ ~ .  Dimetallations of R,CHC=CH to 
R , C M C E C M  have been achieved using BuLi-tmed for R = MezE9 and NaNH, in liquid 
ammonia for R = PhZg0. 

Metallations of 53 can occur at either propargylic site"'. Monometallation results at 
the alkyl site for R = R' = H, at the cyclopropyl ring for R = R' = Me and at either 
site for R = H, R' = Me. The diyne, HC=CCH,C=CH,can becompletely perlithiated to 
C5Li4 using BuLi-tmed; M e C E C C E C M e  provides MeC,Li3 under similar 
condi ti on^'^^. 

In solution, equilibria between propargylic and allenic carbanions are indicated from 
the products obtained on reaction with electrophiles, for example as found in reactions of 
PhCHRC=CPh (R = H or Ph), equation 114. 

BuLi 
Cyclopropyl-CGCCHRR' - cyclopropyl-CECCLiRR' + 1 -Li-cyclopropyl- 

(53) C-CCH RR' ( 1  13) 

(1 14) 
R = P h .  BuLi ( r e f .  292)  

R=H. EtlNLi ( r e f .  293)  
PhCRLiCECPh 

PhCR=C=CLiPh 
11 

P h C H R C E C P h  

Allenes are also metallated. Allene itself is metallated"2~294 by BuLi in thf, equation 
1 15. Dilithiation apparently provides LiCH,C=CLi. 

t h f  

- 7 0 C  
CH,=C=CH, + BuLi - CH,=C=CHLi=HC=CCH,Li ( 1  15) 

Other examples of metallation of substituted allenes are shown in equations I16 and 1 1  7. 

(1 16) 
R 2  / R '  BuLi,hexane,thf .-78"C, R2 \c=c=c /R1 
RY \=C=C, H Bu'Li or BuLi, hmpt R3/ \ Li 

(ref.295) 

BuLi,70°C, rcvLi pN (ref. th f ,E t20  2 96) 

Successive reactions297 of 54 (R = R' = H) with Bu'Li in E t 2 0  at - 78 "C and with 
electrophiles provide product ratios arising from replacement of R:R' of up to 1 3 5 1 .  
Metallation of (S)-54, (R = Me or Bu'; R ' =  H) using BuLi-Bu'OK in thf and 
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TABLE 8. Formation of a-nitrogen-substituted alkylmetal compounds 

51 

Corn pou nd Conditions Product (yield, x) Ref. 

Bu'Li, Bu'OK, isopentane, 
0 ° C  

Me 

Bu'Li, thf, -78 to -20°C c? 
L N B " '  

Et2 NC H2CN LiNPr',, hmpt, thf, - 78 "C 

Pr'@C(O)NMe* Bu"Li, tmed, thf, - 78°C 

Pr' 

&NMe Bu"Li, hmpt, thf, - 100°C 

PhCH2 

P r 4 : C ( O ) N M e 2  Bu'Li, tmed, thf, 0 ° C  

Bu' C(S)NMe 

CN 

Bu"Li, tmed, thf, - 78 "C 

LiNPr',, thf, - 78 "C 

LiNPr',, thf, - 78 "C 

\ N = O  
iJ 

(Me,N),P=O 
PhN=NMe 
C,H ,,CHMeN 
Me 
Ph,C=NMe 
Me,SiCHN, 
MeCOC H N , 
MeNO, 

Bu"Li, dme, - 78 "C 
BuLi, thf, hexane, - 70°C 

=N(O) LiN(SiMe,),, thf, 0°C 

LiNPr',, thf, Et,O 
BuLi, thf, hexane, - 78 "C 
LiNPr',, thf, - 78 "C 
2 equiv. BuLi, hmpt, thf, 
- 90 "C 

(70) 802 

- I 
CHzK 

QL, (90) 803 

L NB"' 
Et2NCHLiCN (90) 804 

Pr'  

, ~ r  

Bu' C(SINMeCH2Li (82) 808 

C y  ph 

L i  MP h 

(96) 809 

(Me,N),P(O)NMeCH,Li (83) 81 1 
PhN=NCH,Li (88) 812 
C,H, ,CHMeN=N(O)CH,Li 
(60) 813 
Ph,C=NCH,Li (85) 814 
Me,SiCLiN, (88) 815 
MeCOCLiN, (71) 816 
(CH,N02)Li ,  (65) 817 
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subsequent reaction of the carbanion with an electrophile occurszB8 primarily with 
retention of configuration, while (R)-54 (R = H, R ' =  Me or Bu') reacts mainly with 
inversion. 

The compound Me,C=C=CH, has been lithiated296.299 by a number of reagents (see 
equation 118); compound 55, in the presence of Me,C=C=CH,, is slowly converted to 
Me,CHC-CLi. 

Me,C=C=CH, BuLi Me,C=C=CHLi 
(McLi + HNPr'2). Litmp or 

(55) 
Metallation of R C E C M e  by Bu"Li in thf-cyclohexane at 0 ° C  proceeds to give a 

mixture of RC-CCH,Li and RCLi=C=CH,. On addition of at least 5 equiv. of hmpt, 
these products rearrange3" to RCH=C=CHLi. 

b. Metallation of functionally substituted hydrocarbons 

The discussion so far has been concerned with hydrocarbons without functionally 
substituted groups. Attention is now turned to metallations of such substituted 
compounds. These have been particularly well s t ~ d i e d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ' ~ ,  especially since 
many of the carbanion products have found considerable use in organic ~ y n t h e s i s ' ~ ~ . ~ ' ~ .  

Various heterosubstituted functional groups enhance the acidity (thermodynamic 
and I or kinetic) of a-protons in alkyl and alkenyl compounds3'' or ortho-protons in 

TABLE 9. Formation of a-phosphorus-substituted alkylrnetal compounds 

Compound Conditions Product (yield, x) Ref. 

Me,P 

(Ph,P),CH, 

(Me2P)3CH 

Ph,PCH,SiMe, 
Ph,PCH,OMe 
Ph,P(O)Pr 
Ph,P(O)CH,CMe,NHCOPh 

PhP(S)Me, 

(MeO), P(0)Me 
(MeO),P(S)Me 
(EtO),P(O)CH,SMe 
(EtO), P(0)CH ,CI 

CPh,P(O)I,CH, 

/"\ 
(EtO)zP(O)CH- c H2 

(EtO), P(0)CH ,CN 
(EtO), P(0)CH ,NC 
(EtO),P(O)CH,CO,Me 
(EtO), P(O)CF,H 
(Me,N),P(O)Me 
CMe,P(S)I,CH 
MePh,P=CHPPh,  

Bu'Li, pentane, 20°C Me,PCH,Li (93) 818 
BuLi, tmed 819 
BuLi, trned, hexane, PhH, (Ph,P),CHLi (68) 820 
20 "C 
Bu'Li, thf, pentane (Me,P),CLi (73) 82 I 
BuLi, tmed Ph,PCHLiSiMe, 822 
Bu"Li, thf, - 95 "C Ph,PCHLiOMe 823 
BuLi, trned, thf, hexane Ph,P(O)CHLiEt (73) 824 
2 equiv. BuLi, thf, - 30°C Ph,P(O)CHLiCMe,NLiCOPh 825 

BuLi, tmed, thf, - 78°C PhS(O)(Me)CH,Li (90) 826 
BuLi, PhH, 20°C [Ph,P(O)],CHLi (73) 827 
BuLi, thf, - 78 "C (MeO), P(0)CH ,Li 828 
BuLi, thf, - 78 "C (MeO),P(S)CH,Li (81) 828 
BuLi, thf, - 78 "C (EtO), P(0)CH LiSMe 829 
BuLi, thf, - 78 "C (EtO),P(O)CHLiCl (90) 830 

83 1 LiNPr',, thf, hexane, Et,O, 

(84) 

/O\ (84) 

I 
- 1IO"C (Et0)2P(0)C - CHZ 

BuLi, thf 
BuLi, thf, hexane, - 70°C 
BuLi, thf 
LiNPr',, thf, - 78 "C 
BuLi, thf, - 78 "C 
Bu'Li, thf, - 20°C 
MeLi, thf, Et,O 
NaNH,, thf 
KH, thf 

Li 
(EtO), P(0)CHLiCN 832 
(EtO), P(0)CH LiNC 833 
(Et 0), P(0)CH LiCO, Me 837 
(E t o ) ,  P( O)CF, Li (87) 835 
(Me, N), P(0)CH , Li 836 
[Me, P(S)] ,CLi (76) 837 

Ph, PCH= PPh,CH ,M 838 



1. Organic Synthesis of Organolithium 53 

TABLE 10. Formation of a-sulphur-substituted alkylmetal compounds 

Compound Conditions Product (yield, x) Ref. 

Me,S 
PhSMe 

PhSCH 

PhSCH,SiMe, 
PhSCH,OMe 
PhSCH,NC 
PhSCH,CN 
PhSCH,CO,H 
PhSCH,CO,Me 
HSCH,CO,Et 

(MeS),CHSnMe, 

MeSCH,S(O),Me 

C9 
C", ?i 

0 

PhS(0)CH2Me 

PhS(0)CH , I  

BuLi, tmed, hexane, 20 "C 
BuLi, dabco, thf, hexane, 
0 "C 

BuLi, thf, 0 ° C  

BuLi, tmed, hexane. 0 ° C  
BuLi, thf, - 30°C 
BuLi, thf, -60°C 
LiNPr',, thf, - 78 "C 
LiNPr',, thf, 0 ° C  
LiNPr',, thf, - 60°C 
2.2 equiv. LiNPr',, tmed, 

LiNPr',, hmpt, thf. 
hexane, - 78 "C 
BuLi, thf, hexane, - 20°C 

thf, - 78 "C 

BuLi? thf, hexane, -40°C 

BuLi, thf, hexane, - 10°C 

Bu'Li, thf, - 78 "C 

BuLi, thf, - 78 "C 
BuLi, thf, - 78 "C 

MNH, (M = Li, Na, K or CS)  
BuLi, thf, 
NaH 
MeLi, thf, - 60°C 

LiNPr',, thf, hexane, 
- 78 "C 

BuLi, thf, -30°C 

B , s * O  MeLi. thf, - 78 "C 

MeSCH,Li (84) 
PhSCH,Li (93) 

P h S C L / r z  (95) 

\CH2 

PhSCHLiSiMe, (99) 
PhSCHLiOMe (88) 
PhSCHLiNC (85) 
PhSCHLiCN (93) 
PhSCHLiC0,Li (99) 
PhSCHLiC0,Me (88) 
LiSCHLiC0,Et (90) 

(MeS),CLiSnMe, (67) 

MeSCH LiS(O), Me 

ClELl (92) 

c:kLl (86) 

(PrS),CLi (67) 
[ E t ,NC(S)S] ,CH Li (74) 

MeS( O)CH, M 

PhS(0)CHLiMe (81) 
(13:1 mixture of 
dias tereomers) 
PhS(0)CHLiI 

Ph 
I VPh (95)  

839 
840 

84 1 

842 
843 
844 
845 
846 
847 
848 

849 

8 50 

85 1 

852 

853 

8 54 
854 
855 
856 
8.57 

858 

859' 

860 

86 1 
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TABLE 10. (Contd.) 

Compound Conditions Product (yield, %) Ref. 

MeS(O),Me 

PhS(O),CH,OMe 

C 6 t i l , C H / V  

S'02Ph 

MeS(O),N H Bu' 
PhS(O)(Me)=NMe 
PhS(O)CHCI, 

BuLi, PhH 
2 equiv. MNH,, liq. NH, 
(M = Li or Na) 
BuLi, thf, hexane, - 78 "C 
NaH, thf, 25"C, 1 h 
Bu'OK, thf, 2 5 T ,  1 h 

LiNPr',, thf, - 20°C 

1.8 equiv. BuLi, thf, Et,O 
hexane, 
- I I O T  

2 equiv. BuLi, thf, - 30°C 
BuLi, thf, 0 ° C  
LiNPr',, thf, - 78 "C 

MeS(O),CH , Li 862 
MCH,S(O),CH,M (780) 863 

PhS(O),CHMOMe (100) 864 
(40) 

( 100) 

Ph 

P P h  (90) 860 

O\S=O 
Ph' 

C6HI&H / O \ C / ~ '  - , (96) 865 

& & S O  
\Ph 

LiCH,S(O),N(Li)Bu' (87) 866 
PhS(O)(CH,Li)=NMe (90) 867 
PhS(O)C(Li)CI, 868 

TABLE 1 I .  Formation of a-selenium-substituted alkylmetal compounds 

Compound Condiiions Product (yield, 'x,) Ref 

PhSeMe BuLi, tmed, thf, PhScCH,Li (40) 869 
- 78 lo - 50°C 

PhSeCH,SiMc, Bu'Li, tmed, hexane, 25 "C PhSeCHLiSiMe, (94) 870 
LiNPr',, thf, hexane 87 I 

m-CF,C,H,Se Me Litmp, thf, - 55 "C in-CF,C,H,SeCH,Li 872 
m-CF,C,H,SeCH,OMe Litmp, thf, - 78 "C rn-CF,C,H,SeCHLiOMe (83) 872 
PhSeCH ,CO Ph LiNPr',, thf, - 78 "C PhSeCHLiCOPh 872 
PhSeCH,CO,Me LiNPr',, thf, - 78 "C PhSeCHLiC0,Me (93) 873 
(PhSe),CH, LiNPr',, thf, - 78 "C (PhSe),CHLi (77) 872 

(BuLi, thf, - 78 "C PhSeCH,Li 872) 
(PhSe),CH LiNBu',, thf, - 78 "C (PhSe),CLi (93) 869 
PhSe(0)Me LiNPr',. thf, - 78 "C PhSe(0)CH ,Li 874 
PhSe(0)CH Me, LiNPr',, thf, - 78 "C PhSe(O)CLiMe, 874 

Coordination of the metallating agent to the functional group may also 
be a significant factor in directing attack to an adjacent site. Coordination of the lithiating 
agent to the heterosubstituted group was detected during lithiations of RCH,NR'CH= 
NBu' by Bu'Li306= and of 2,4,6-Pri3C6H,CONMe, b y  Bu'Li in c y c l ~ h e x a n e ~ ~ ~ ~ .  These 
features, together or alone, result in the metallations being achieved under milder 
conditions than are required for the parent hydrocarbons, and may allow more sensitive 
functional groups to survive the metallations, although low temperatures and the 
employment of less nucleophilic reagents, e.g. MNR, in place of RM, are frequently 
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TABLE 12. Formation of a-halo-substituted alkylmetal compounds 
~~ ~ 

Compound Conditions Product (yield, x) Ref. 

Me,SiCH,CI Bu"Li, tmed, thf, - 78°C Me,SiCHLiCl (>  90) 875 
CH,CI, BuLi. tmed, thf, Et,O, LiCHCI, (ca. 100) 876 

McCHCI, BuLi, tmed, thf, Et,O, MeCLiCI, (ca. 100) 876 

CHCI, LiNPr',, Et,O, - 108°C LiCCI, 877 
CH2Br,  LiNPr',, thf, Et,O, - 90°C LiCHBr, (63) 878 
Me,SiCHBr, LiNPr',, thf, Et,O, - 80°C Me,SiCLiBr, (93) 878 
CHBr, LiNPr',, thf, Et,O, - 1IO"C LiCBr, (90) 878 

-90°C 

- 90 "C 

TABLE 13. Formation of a-metallo-substituted alkylmetal compounds 

Compound Conditions Product (yield, 'x) Ref. 

.Me 

Ph,As(O)Mc 
(PhTe),CH, 

Litmp, PhH, 20°C 

Litmp, thf, tmcd, - 75 "C 

Litmp, tmed, thf, 0 ° C  

BuLi, pmdt, PhH 
Bu'Li, hmpt, thf, - 78 "C 
BuLi, pmdt, PhH 
MeLi, Et,O, thf 
Bu'Li, tmed, pentane 
Bu"Li, thf, hexanc, - 70°C 
LiNR,', hmpt, Et,O, 20°C 

LiNR,", hmpt, Et,O, 20°C 

LiNR,", hmpt, Et,O, 20°C 

(T) (87) 

(70) 

,Me 

Me,SiCH,Li 
(Me,Si),CHLi (65) 

(Me,Si),CLi (95) 
(Me,Si),CSiMe,CH,Li (57) 
Me,SiCHOMeLi (>  90) 
(Ph,M),CHLi 
M=Sn (92) 

P b  (67) 
Ph,SnCHLiAsPh, 

(Ph, M),CH Li 
M=As (63) 

Sb  (68) 

(67) 

LiNPr',, thf, -40°C Ph,As(O)CH,Li (81) 
LiNPr',, thf, hexane, - 78 "C (PhTe),CHLi (quant.) 
(MeLi, thf, - 78°C PhTeCH,Li 

879 

880 

88 1 

882 
883 

884 
885 
886 
887 

887 

887 

888 
889 

889) 

" R  = cyclohexyl 
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TABLE 14. Formation of a-carbonyl-substituted and related alkalimetal compounds 

Compound Conditions Product (yield, x,) Ref. 

2 equiv. LiNPr',, hmpt. th f  
- 78 "C 

C,,H,,CHLiCO,Li (89) 

A 
PhCH,OCH,CO,H 

CI,CHCO,H 
MeCOSH 
MeC0,Et  
MeCO, Bu' 
Me,CHCO,Me 

OH 
A/C02E+ 

( M e 0 ) 2 C H C 0 2 M e  

Me,SiCH,CSOEt 
MeCONMe, 

MeCONHSi Me, 

Ph do 
MeCOMe 
MeCN 

Me,SiCH,CN 
(MeO),CHCN 

2.2 equiv. LiNPr',, thL 0 ° C  

2 equiv. LiNPr',, thf. -78°C 

2 equiv. LiNPr',. thf, 0 ° C  

2 equiv. LiNPr',, thf, - 78 "C 
2 equiv. LiNPr',, thf, - 78 "C 
NaH. hmpt 
LiNPr',. hexane, - 78 "C 
LiNPr',, PhH, - 10°C 

2equiv. LiNPr',, thf, - 50°C 

LiNBu',, thf, - 70 to 
- 10°C 
BuLi, Et,O, -40°C 
LiNPr',, thf, pentane, 

NaNH,, PhMe 
2 equiv. BuLi, thl, hexane, 
0 "C 

2 equiv. BuLi, thf, hexane, 0°C 

NaNH,, Et,O 
BuLi, hexane, thf, - 70°C 
NaNH,, liq. NH, 
KN(SiMe,),, thf 
LiNPr',, thf, hexane, - 78 "C 
LiNPr',, hmpt, thf, hexane, 
- 78 "C 

Lx2Li 
PhCH,OCHLiCO,Li (80) 

I -Bu'-2-Li-2-CO2 Li- 

CO&i 

CfLi (97) 
\Bur  

CI,CLiCO,Li (85) 
LiCH,COSLi (90) 
NaCH,CO,Et 
LiCH,CO,Bu' (95) 
Me,CLiCO,Me 

(MeO),CLiCO,Me (70) 

Me,SiCHLiCSOEt 
MCH,CONMe, (99) 
- 78 "C 

(60) 
LiCH,CONLiSiMe, (82) 

Li 

Ph 

MeCOCH , Li 
MCH,CN ( >  90) 

(94) 

Me,SiCHLiCN (95) 
(MeO),CLiCN 

890 

89 I 

892 

893 

894 
895 
896 
897 
898 

899 

900 

90 I 
902 

903 
904 

905 

906 
907 
908 

909 
910 
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necessary in order to avoid side reactions such as additions, couplings, and eliminations. 
By far the largest amount of work has been carried out with lithium reagents; by 
comparison, sodium, potassium, and the other alkali metals have received scant attention. 

i .  Metallations ofsubstituted alkenes. The heteroatom in the functional group could be a 
metalloid (e.g. R,B and R,Si), from Group V (e.g. N, P, As, and Sb), from Group VI  (e.g. 0, 
S, Se, and Te) or from Group VII  (e.g. F, CI, Br, and I). As shown in Tables 8-13, 
compounds bearing a variety of functional groups have been metallated. Combinations of 
the same or different groups result in even easier metallations. Substituted benzyllithiums 
are readily obtained3", see Table 7, as are a-carbonyl-substituted derivatives (Table 14). 

The stability of the heterosubstituted alkyl carbanion can be due to several effects. The 
stability can arise from the electron-withdrawing effects of the heteroatom or group, 

lb- b+ b- I b+ 
Y4-C-L i  Y-C-Li  

eg.Y = X or CX, 
X =  halogen 

equation 1 19. Charge-dipole interaction308 is another method of stabilizing a carbanion, 
equations 120 and 121. 

X =  O,S,or NR;Y=O or S 

Li Li + Li + 

I 
(121) - +  / 

\ 
2-y-c- z=y--c' 4--+ Z = Y = C  

I \ 

Examples of stabilization arising via charge-dipole interactions are the carbanions 
derived from hindered amides309, equations 122 and 123, thioamides (e.g. 

R,NCH=NBu'), succinimides3' ', thioimidates3I4, d i th iocarbo~ia tes~ '~ ,  formamides3I6, 
thiof~rmamides~" (equation 125), n i t r o ~ a r n i n e s ~ ' ~ ,  e.g. equations 126 and 127, amine 
oxides3", nitro alkane^^^^, and i s ~ c y a n i d e s ~ ~ ' ,  equation 128. 

Bu'C(S)NM~,)~ lo ,  esters and t h i o e s t e r ~ ~ ~ ~ ~ ~ '  I ,  equation 124, f ~ r m a m i d i n e s ~ ~ ~ ~ ~ ' ~  0%. 

0- Li Li 

A r c -  N 
I: 3 Bu'Li- tmed 

(ref. 309 b) 

A r - C - N  
th f , -7e0C * 

A t  = 2,4,6- P r i  C6H2 
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0- L i  
II Bu’Li- trned I \ 0 

ArC-X-CH2R - 
thf,- 95 OC 

311, 3090 
Ar = 2,4,6,-Pr; C6H2 ; X =  0, R =H , X =  S, R =  Me 

Y Y Y- 
II L i N P r i  ,Et20, II I +  

HCNMe2 L i -C-NMe2 L i - C = N M e z  (125) 
-78 o c  

Y = o ~ I ~  or ~ 3 ’ 7  

,CH2, ,CWH,Ar (127) 
LiNPra ,thf, LI N N 

I I 

Me\ /CH2CH2Ar 

-8OOC N 
(ref.318b) O R  

BuLi,-70°C 
MeNEC LiCH2N=C t--) Li+ CH2= NC- (128) 

( re f .321)  

As shown in equations 123,126, and 127, and also with metallations of a l d i m i n e ~ ~ ~ ~  and 
Me,C=NOMe323, lithiations occur a t  the syn-carbon. Groups that have partially or fully 
charge heteroatoms can also stabilize the carbanion, equation 129. Examples of such 

2- Z -  M i  
I I  I /  

I \ 
-y+-c--I\/I - -y=c 

Y=S,S(O),Se,P or A s j  Z =  0 or S or NR 

groups are P(0)R,3 2 4 3 3 2  ’, P( 0)( OR), 24, P( S)(OEt),3 2 6 ,  P(O)(N Me,),3 ’’, S(O)R 328,  

S( O)N R , ’, S( 0), R O, S( = N R) R I ,  Se(0)R ’, or As( O)R , 3.  

A fourth method ofstabilization is via delocalization as shown generally in equation 130 
and exemplified by lithiated i m i r ~ e s ~ ~ ~ ,  equation 13 1. 

L i N P r h  
Ph2C = NMe Ph&=NCH2Li 4--+ PhpCLi-N=CH2 (131) 

E 120 
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The carbanionic stabilizing ability of sulphur and other second-row elements is 
considerable and explanations have been based on the involvement of d orbitals ( i t .  
stabilization is due to the delocalization of the negative charge into low-lying d 
 orbital^)^". This theory is now losing favour to one based on polarization335. The 
polarizability of the heteroatom is considered to allow diffusion of the carbanion lone pair 
into the carbon framework. This diffusion is higher when the carbanion lone pair (or 
carbon-metal bond) is syn-periplanar to the carbon-heteroatom bond. This accounts 
for the greater reactivity of equatorial over axial hydrogens in acetals and thianes, e.g. as 
shown by 56 being metallated more readily than 57336 and 58 but not 59337 reacting with 
BuLi-tmed in hexane at - 50°C. 

Me 
I 

(56) 

H 

Me 

(57) 

Alkyl substitution at the potential carbanion centre results in a reduced acidity as a 
consequence of its electron-releasing effect. Thus a MeX group is more easily metallated 
than a RCH,X group; see, for example, equation 132. The less vigorous metallating 
conditions required for PhSMe than those used for PhSCH,Pr', equation 133, and the 
different sites of lithiation of 3-CF,C,H4SMe and 3-CF3C6H,SCH,Me, equation 134, 
also arise from the reduced acidity on alkyl substitution. 

BuLi, pentone 

(ref. 338) 
Me ( C H 2) 5P M e C H 2L I Me (CH,),PMe2 

R=Hj  BuL1,thf,20 "C b PhSCH2Li 
(ref.339) 

PhS CH2R 
R=Pr';Bu'Li,hrnpt,thf 

b PhSCHLiPr' 

The ortho-metallation of 3-CF,C,H4CH,SCH,Me is one of a number of reported ortho- 
metallations of ArXCHRR'. Greater electron-attracting groups aid deprotonation, e.g. 3- 
CF,C,H,SCH,OMe is more easily lithiated than PhSCH,OMe by Litmp. 

ii. Metullutions oJsubstituted benzenes. various functional groups in benzenoid com- 
pounds have been found to direct the metal into their ortho sites3', (see Table 15). Among 
the ortho-directing groups are the following: NRZ3,', CH,NR,34', CH(NR,),343, 



60 J. L. Wardell 

TABLE 15. Metallation of substituted benzenes 

Compound  Metallating conditions Product (yield, 'xj Ref. 

PhNMe,  

P h N C  

PhNHCOBu '  
P h N H C 0 , B u '  

PhCH,NMe, 

Me 
I q) I 

Me 

P h C H O H C H , N M e ,  
PhCONEt ,  
P h O M e  

PhOBu'  

PhSPr'  
PhSMe 
PhCH,OH 

PhCH(OMe),  
P h S 0 , H  
P h F  
PhCF,  

Me? 

C H,N Me 2 tY 

BuLi, hexane. reflux, 16h,  o-LiC,H,NMe, 
o r  BuLi, hexane. tmed, 25 "C, 
4 h  
C , H , , N a  o-NaC,H,NMe, (18) 
(i) Bu'Li, - 78 "C; o-LiC,H,N=CliBu' 
( i i j  Bu'Li, tmed 
2 equiv. BuLi, thf, hexane, 0°C o-LiC,H,NLiCOBu' 
2 equiv. Bu'Li, pentane, thf, o-LiC6H,NLiC0,Bu'  

BuLi, Et,O o-LiC,H,CH,NMe, 
- 78 "C 

Me 

BuLi, tmed, Et,O, hexane. 
25 "C 

2 equiv. BuLi, Et,O. 2 0 ° C  
Bu'Li, tmed, thf, - 78 "C 
BuLi, Et,O 

Bu'Li, cyclohexane, 
reflux 
BuLi, tmed. hexane, 10-25°C 
PhNa  
BuLi, tmed, hexane, 
reflux 
Bu'Li, Et,O, - 78 "C 
2 equiv. BuLi, thf, 0°C 
BuLi, thf, - 50°C 
BuLi 

C , H , , N a  

0-LiC, H, .5 I 

Me 

o-LiC,H,CHOLiCH,NMe, 
o-LiC,H,CONEt, 
o-LiC,H,OMe 
o-NaC,H,OMe (80) 
o-LiC6H40Bu'  

o-LiC,H,SPr' (8  I )  
( J -N~C,H,SMC (45) 
o-LiC,H,CH,OLi 

o-LiC,H,CH(OMe), 
o-LiC,H,SO,Li 
o-LiC,H,F 
o- + in-LiC,H,CF, 

1.2 equiv. Bu'Li. tmed, thf, 
- 9 0  "C 

BuLi 

91 I 

912 
913 

914 
915 

916 

917 

918 
919 
920 
92 1 
922 

923 
924 
925 

926 
921 
928 
920 

929 

930 

CN 

93  I 

BuLi 932 
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TABLE 15. (Contd.) 

CornDound Metallatinn conditions Product (yield, %) Ref. 

0 CI i20Me 
I 

M e  

CI 
I 

0Ph 

BuLi, thf, hexane. - 65 "C & 
M eO 

BuLi, thf. - 78 "C 

Bu'Li 

BuLi, thf 

BuLi 

?CH20Me 

933 

919 

934 

935 

928 

936 

937 



62 J. L. Wardell 

CR2CH,NR'2344, CONR,345, p y r a ~ o l y l ~ ~ ~ ,  2-0xazoI inyls~~~,  i m i n e ~ ~ ~ * ,  CN349, OR350 
(including OCH,OR), OCONEt,351, CR,0R352,  CH,CH(OR),353, CH(OR),353.354, 
SR355, S0,NR,356, S0,Ar357, S0,0R356",  F358, C1345c, CF,3s9, PPh,(=NPh)360 (R 
=alkyl or aryl), as well as those groups which have replaceable hydrogens and are 
themselves metallated, e.g. N H C O B U ' ~ ~ ' ,  N H C O , B U ' ~ ~ ~ ,  CONHR363, CSNHR364, 
CR,OH365,CHOHCH2NR2366,CHOHNR2367,S02NHR368,S03H356b~369,andthose 
which can combine with RLi prior to e.g. N=C. 

Bu'Li tmed Bu'Li tmed 

E l i 0  E l 2 0  
PhN=C A P h N = C ( L i ) B u '  , 2-LiC6H,N=C(Li)Bu' (135) 

For those ortho-directing groups which react with RLi, additional equivalents of the 
metallating agents must be employed. Many of the listed functional groups, e.g. those 
containing C = O  and C=S units, can also react with RLi; to avoid this, appropriate 
conditions must be used, e.g. low temperatures, poorly nucleophilic reagents or hindered 
systems. However, an addition of RLi to a C = O  unit has been i n c o r p ~ r a t e d ~ ~ ' ~ ~ ~ ~  into 
syntheses, equation 136. 

+ PhC(Me)(OLi)NMep BuLi7-700c b 
Me Li ,t hf 

-70 "C hexone 
PhCONMe2 

( ref .371)  

Most of these reactions have involved lithium reagents; only very limited work has been 
performed with the other alkali metals. Studies with organosodiums and -potassiums have 
involved aryl ethers, thioethers and amines'.6.173. 

Metallations of benzene derivatives containing ortho-directing groups are more readily 
achieved than those of benzene itself, irrespective of the nature of the electronic effects of 
the directing group. Ortho-directing groups having electron-withdrawing effects will 
clearly enhance the acidity of ortho-hydrogens and will thereby facilitate metallations at 
the ortho sites via an acid-base mechanism. Many directing groups have donor properties 
and are able to coordinate to the RM metallating agent and hold i t  in a suitable position 
for reaction at an ortho site (such coordination has been detected by 'H n.m.r. 
spectroscopy for 2,4,6-Pri3-C6H,CONMe,-Bu'Li interactions)307. Metallations then 
proceed via a coordination mechanism. The acid-base and coordination mechanisms are 
two extremes and their relative importance in a given situation depends on the group. 
Groups acting as ortho directors via electron-withdrawing effects include trihalomethyl 
and halo groups, while CR,NR',, CR,CH,NR',, CR,OR', and CR(OR'), are examples of 
good coordinating groups. For other ortho-directing groups both effects operate. Clearly 
the most successful ortho-directing groups possess both electron-releasing groups and are 
good donors. A consequence of coordination of the metallating agent to the directing 
group will be an enhancement of the electron-withdrawing effect, e.g. coordination of RM 
to OMe (a - I and + M group) weakens at  least, the + M effect and so leaves the inductive 
withdrawing effect to aid substitution at  the ortho site. Substitution occurs a t  only one of 
the ortho sites of a donor directing group, even in the presence ofexcess metallating agent, 
e.g. as found with PhCH,NMe,342b. The donor group should be complexed within the 
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product organolithium aggregate and will be unable to assist in further metallations. Such 
a restriction would not apply to a strongly electron-withdrawing group and, for 
example, 0, 0'-dimetallations of PhS0,R have been reported356b. 

Sequences of ortho-directing abilities of group, Y, have been established from both 
intramolecular competitions (e.g. using p-YC6H,0Me373 and p-YC6H,CONEt2)345' 
and intermolecular competition (e.g. using PhY and 2-0xazolonyl -Ph)~~~ for alkyllithiums 
under suitable conditions. While there are differences between the sequences found (see, for 
example, ref. 375), the following listing of ortho-directing abilities is considered to be 
acceptable: SO,NR, > S0,Ar > 2-oxazolinyl> C(O)NHR, C(S)NHR, CH,NMe, 
> CR(OLi)CH,NMe, > OMe > OAr > NHAr > SAr > NRAr > NMe, > CRR'OLi. 
The OCH,OMe group is a considerably better directing group than the OMe group 
(owing to the chelating effect of the two  oxygen^)^^^". 

It must be stressed that the listing above applies to kinetically controlled metallations. 
When thermodynamic control applies, differences can arise, as shown in equation 1 37373. 

CH2NMe2 BuLi, hexane, 27 "c 
I I QLi 

OMe 

Lithiation of p-MeOC,H,CH,NMe, by (BuLi), aggregate (a good Lewis acid) occurs 
ortho to CH,NMe, (kinetically controlled conditions-a consequence of butyllithium 
coordination to the nitrogen; in contrast the BuLi-tmed complex, a poor Lewis acid with a 
poor residual coordinating ability, attacks at the most acidic ring position, that is, ortho to 
the M e 0  group (thermodynamically controlled conditions). Thioanisole is kinetically 
lithiated at  an ortho ring position; this product then rearranges to the substituted side 
chain product, PhSCH,Li376. In contrast, PhSeCH,Pr' is metallated kinetically in the 
side chain (by Bu'Li-hmpt in thf at - 78 "C), but at 0 "C PhSeCHLiPr' rearranges377 to 
the ring-lithiated product, o-LiC,H,SeCH,Pr'. The latter can be obtained directly from 
PhSeCH,Pr' using BuLi-dabco or BuLi-tmed. 

A study has been made of the thermodynamic acidities of monosubstituted benzenes, 
PhY; there was no correlation between the activating effects305 of the Y groups and the 
pK, values of PhY; some pK, values of PhY are > 40.3 (Y = CH,NMe,), 39.0 (OMe), 38.2 
(SO,NMe,), 38.1 (2-oxazolinyl), 38.1 (CN), 37.8 (CONPr',), and 37.2 (OCONEt,). 

Butyllithium in hexane3" metallates PhCH,NMe, at the ortho site, but the more 
reactive BuLi-Bu'OK provides PhCHKNMe,. Butyllithium in hexane also reacts at the 
ortho sites of PhNMe, and PhCH,CH,NMe,; in contrast, it reacts with 
PhCH,CH,CH,NMe, at the benzylic site379. 

Lithiations of o-MeC,H,Y, in which Y is an ortho-directing group, such as OR, 
CR,CONR,, SO,NR,, 2-oxazoliny1, or CH,NMe,, occurs partially(for Y =OR or NR,) 
or completely (other cited Y groups) at the methyl group to give the benzylic carbanion 
species, o-Y-C,H,CH,Li. The ortho-directing groups clearly enhance the ease of 
metallation of the methyl groups. For p-MeC,H,CONPr',, reaction can occur ortho to 
the amide group or at the methyl equation 138. 
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CONPr; 

CONPr;' 

0- Me 

I 

CH2Li 

Halobenzenes can take part in metallation or halogen-metal exchanges reactions. 
Fluoro- and chlorobenzenes are metallated ortho to the halogen, with metallation 
becoming easier with increasing halogen substitution; such products decompose to give 
benzynes via elimination of MX, but can be obtained in good yields at low temperatures, 
e.g. below - 50°C for o-F-C,H,Li but much lower for the chloro However, 
for bromo- and iodobenzenes, the most probable reactions are metal-halogen exchanges. 
Metal-halogen exchanges are also more probable using Bu'Li rather than MeLi or PhLi, 
equation 1 W S 2 .  

Rhi,thf 

CI CI 

(60) (61) 

&I: -7O'C 

CI 

R [60]:[61] 
But 0 : lOO 
Me 93:7 
Ph 8 9 : I I  

(139) 

Halophenyl ethers, XC,H,OR, provide mixtures of products (e.g. arising from metal- 
halogen exchanges and metallations) and which depend on various factors, including X, 
orientation of the substituents and the lithiating conditions'. 

Another type of reaction undergone by halogenobenzenes is alkylation; this can occur 
even for fluoro compounds, e.g. 1,3,5-F,C6H, using Bu'Li but not B u L ~ ~ ' ~ .  

Metallations of l,2-, 1,3- and 1,4-disubstituted and more highly substituted com- 
pounds have been well studied'"; some have already been mentioned. The site of 
lithiation, under kinetically controlled conditions, is generally governed by the relative 
directing abilities of the groups present, i.e. ortho to the more effective directing group in 
I ,  2- and 1,4-disubstituted compounds. For I ,  3-disubstituted compounds in which both 
groups have ortho-directing abilities, even weak ones, metallations occur to the greatest 
extents at the 2-sites; see equation 140. Some exceptions to this include l,3-(CF3)2- 
C6H4,',, equation 141, and I ,  ~-(BuNHCO),C,H,'~'. 

3-YC6H,CN a y = C N  or CI 2-Li-3-YC6H,CN ( 140) 

(ref.  188) 

The site of metallation of 3-Me,N-C,H4OCH2OMe depends on the metallating agent385, 
equation 142. 
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Li 

(62) (63) 

. 64+ 65 BuLi ,  hexone 

20 o c  
[64]: [65] = 2:98 

Another compound to undergo386 lithiation at different sites is 3-MeO-C6H,Me, 
equation 143. The ratios of the products 66:67 depend on the size of the butyllithium 
aggregate, e.g. [66]: [67] decreases in the sequence (BuLi), in hydrocarbons { [66]:[67] 
= 9: I }  > (BuLi), in hydrocarbon > (BuLi), in Et,O > monomeric BuLi-tmed 
{ [66]: [67] = 13: 12). 

Of interest, the sites of ring lithiations of arenechromium tricarbonyl complexes are 
different from those of the uncomplexed arenes, e.g. m e t a l l a t i ~ n ~ ~ '  of 4-F-C6H,NMe, 
provides 2-Li-4-FC6H,NMe,, whereas [4-F-C,H,NMeSiPri,)Cr(CO),] with Bu'Li in 
thf at - 78 "C forms [(1-Me2N-3-Li-4-F-C,H,)Cr(O),], equation 144. Both the 
NMeSiPr', and OSiPr', groups meta-direct lithium in [(arene)Cr(CO),] complexes3s7. 

OMe OMe & M e  % L1&Me + aL' Me 
( 143) 

(66) (67)  

Lithiations of [( I-HOCH,-3-Me0C,H4)Cr(CO)J occur primarily at position 4; the 
selectivity increases with increasing bulk of the organolithium agent'8s. Many examples of 
ortho-lithiation of arene derivatives are given in ref. 188. 
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iii. Metallations of heteroarornatics'88. Metallation of five-membered heteroaroma- 
tics (heteroatom 0, N, S, or Se) proceed very readily and far milder conditions can be 
employed than are required for benzenoid derivatives. One consequence of the milder 
metallating conditions is that more sensitive substituents, e.g. iodo, can survive the 
metallations of five-membered heteroaromatics. Metallations occur ortho to an hetero 
atom if free. 

a. Thiophenes. Thiophene can be mono-' 7 3 , ' 8 8 * 3 8 9  or dimetallated390, depending on 
the conditions. Lithiation of thiophene derivatives have had considerable attention and 

BuLi, tmed 
hexane, ref lux 

or Ph No 
or BuM,thf,drne-60 O C  

(M'= KorCs) 

some general conclusions regarding the of lithiation can be made, as follows. (i) 2- 
Substituted thiophenes are completely lithiated in the 5-position, with the exceptions of 
pyridy13' ' and 2-oxazolinyl (ii) Thiophenes bearing ortho-directing groups, 

In thf . C68l: c691 = 4:93 
In Et20: [68]: C691 =62:13 

including  cyan^^^^, b r ~ m o ~ ~ ~ ,  and groups, in the 3-position are lithiated 
predominantly a t  least in the 2-position, e.g. equation 147, while other 3-substituted 

+ P L l  EtzO,tmed 
-1ooc 

[70]: [TI]= 4 : l  

thiophenes (including 3-alkyl or 3-aryl derivatives) are mainly lithiated in the 5-  
position39h. (iii) 3,4- and 2, 5-disubstituted thiophenes are lithiated ortho to the more 
powerful directing group397. 

Benzothiophenes and dibenzothiophenes react a t  the a and the ortho sites, respec- 
t i ~ e l y ~ ~ ' .  Much more limited studies with sellenophenes and tellurophenes suggest similar 
patterns'". 

h. Furans. Although furan is not as reactive as thiophene, it can be 2, 5-dimetallated390" 
using BuLi-tmed; monometallation has been achieved with BuLi in refluxing Et20 ,  and 
with PhCH,Na, BuK, or BuCs in thf, dme at  - 60°C'73~399. As for thiophene, ortho- 
directing groups, including Br400, in the 3-position of furan direct lithium into the 2- 
position, while 2-substituted furans react at the 5-position. An exception to the latter is the 
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3- and 5-lithiation of 2-[2-(4,4-dimethyl)oxazolinyl] furan4", equation 148, and 
2-(2-pyridyl)furan (72),02. The 5-lithio product of 72 is the thermodynamic product. 

w-ye BuLi / 
Me a0 ,fie + Li-(JL( / f e ( I 4 8 )  

(73) (74) 

in Et,O at 0 OC . 
in DME at-78 "C: cf31 : C741 = 9.5:l 

[73] : [74]= 1:3 

Lithiations of benzofurans and dibenzofurans occur at a and ortho sites, 
r e ~ p e c t i v e l y ~ ~ ~ ~ . ~ ' ~ .  

c.  Pyrroles. These are less readily lithiated than furan, but I-substituted pyrroles are 
mono- and dilithiated by BuLi-tmed in the a - p o ~ i t i o n s ~ ' ~ .  However, bulky I-substituents 
can result also in some 2, 4-dilithiation4". 1 -Phenylpyrroles can undergo metallations in 
the phenyl ring (ortho site) as well as at the a-pyrrole site406. Metallations of 1-Me,N-407 
and I - B u ' O C O - p y r r ~ l e s ~ ~ ~  occur more readily than I-alkylpyrroles and since these 
I-substituents can be replaced by H they are particularly useful in pyrrole syntheses. 
2-(2-Oxazolinyl)pyrroles are metallated at  the 5- and 3-sites in proportions dependent on 
the I-substituent and on the reaction  condition^^^'^^^^. 

In the indole series, I-MeOCHz4I0 and I-PhS0,411 derivatives enhance the ease of a- 
metallations compared with 1 -Me-indole. The reduced ortho-directing influence of the 
ring nitrogen in pyrroles can be seen in the lithiation of 5-MeO-I-Me-indole occurring 
orrho to the M e 0  group whereas that of 5-MeO-benzofuran happens at  the a site4". 

Lithiations of five-membered heteroaromatics containing two or more heterocarbons 
have also been reported'88. Various examples of lithiation of heteroatomic derivatives are 
given in ref. 188. 

d.  Pyridines. A frequently met reaction of RLi with pyridine derivatives is addition to 
provide I ,  2- or 1,4-adducts5. However, lithiations of substituted pyridines have been 
reported recently; these include ortho-lithiations to halogens413, CONPriZ4l4, 
CONHCH2R4I5, N H C O B U ' ~ ' ~ ,  2-0xazolinyI~'~, l-S0,-piperidy1418, OR4I9, and 
OCH,0Me420. 

Lithiations of 2-substituted pyridines (2-Y-C,H4N; e.g. Y = F, CI, Br, CONPr',, 
CONHCH,R, NHCOBu') and 4-substituted pyridines (4-Y-C5H4N; e.g. Y = halogen, 
CONPr',, 2-oxazolinyl, NHCOBu') both occur in the 3-position. For 3-substituted 
pyridines (3-Y-C,H,N) lithia!ion has been reported to occur in the 2-position [for Y = Br, 
CONPr',, 2-oxazolinyl, SO,N(CH,),CH,, OR (R = Et, Me or PhCH,)], in the4-position 
(for Y = NHCOBu') and in both sites for (Y = OCH,OMe, F, CI). 

The complex between pyridine and (CF,),CO is regiospecifically lithiated at  the 2- 
position42'" by Litmp in thf, Et,O at - 107°C. Pyridine has also been reported to  be 
metallated directly using B U L ~ L B U ' O K ~ ' ' ~ .  Polychloropyridines are sufficiently acidic to 

Li 

be easily metallated, e.g. equation 149. It should be borne in mind that halopyridines can 
also undergo lithium-halogen exchanges. 
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TABLE 16. Vinyl metallation of functionally substituted alkenes 
~ 

Alkene Conditions Product (yield, x)  Ref. 

BuLi, thf, Et,O, pentane. 
- II0"C 

CH2=CHOMe Bu'Li, thf, pentane, - 65 "C CH2=CLiOMe ( q u o n t )  939 

n 

Bu'Li, thf, - 78°C 

BuLi. thf. hexane. - 78 "C 94 I 

CH,= CLiSEt (90)  942 
(2) -EtSCH=CLiSEt  (loo) 943 

CH,= CHSEt 
(Z)-EtSCH =CHSEt 

Bu'Li, hmpt.  thf, - 78°C 
LiNPr',, thf, - 80°C 

[:yLi ( 9 8 )  944 

(E)-  PhCH= CLiS02Ph (79) 945 
CH2=CClLi (99)  946 

BuLi, thf, hexane, - 110°C 

(E)-PhCH= CHS02Ph 

CH2= CHCl 
MeLi. thf, - 95 "C 
BuLi, thf, Et,O, pentane. 
- 1IO"C 

&L:' (70) 947 
BuLi, thf, pentane, - 45 "C 

( E )  - C I CH = C HC I BuLi, thf, Et,O. hexane, 
- II0"C 

Bu'Li, thf, - 110°C 
BuLi, Et,O, - I00"C 

CF2= CHLI (100) 948 
CF2=CFLi (79) 949 

CF2=CH2 
CF2= CFH 

BuLi. thf. hexane, - 78 "C 

CI ,OEi 
;c=c 
H 'H 

CI ,OEt 
>=C (40) 951 

LI \H 
BuLi, thf, hexane, - 100°C 

C I \  / H 
,c =c 

H \OEt 

/H (100) 951 
CI 

OEt 
L i  >c=c \ 

BuLi, thf, hexane, - 100°C 
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TABLE 16. (Contd.) 

Alkene Conditions Product (yield, x) Ref. 

PhS\ ,Me 
/Me LiNPr',, - 80°C /C =c (100) 952 

PhS, 
/c =c 

H 'C02Me LI \C02Me 

MeO\ /H MeO\ /H 
,c=c LiNPr',, thf. -90°C /C =c 953 

H 'C02Me LI \C02Me 

iv. Metcillation ofsubstituted alkenes. Vinyl lithiation of an alkene does not occur unless 
the alkene is strained, see for example equations 86 and 87, or is made acidic (or reactive) 
by appropriate functional groups, such as R 0 4 2 3 ,  RS424, RSe42sa~b, RTe425', RS0426, 
RS02427, CN428.429, C0,R429.430, CONR,429, NC43', NR,432, and halogens433 (see 
Table 16). Additions to alkenes (even polymerization) and allylic deprotonation can occur 
instead of vinyl deprotonations (allylic deprotonations will be referred to later). The use of 
LiNR, rather than LiR promotes deprotonation over addition, e.g. as shown with 
RSCH=CH, and RSeCH=CH,. 

Many metallations of heterosubstituted alkenes arise with retention of configuration; 
however, isomerization to thermodynamically more stable products have been noted, for 
example equations 150 and 151. 

Ph, ,Li 

CN 
,c=c \ 

Ph, /CN LtNPr;,-8O0C, Ph, ACN thf or . ,c=c /c=c 
H \Li 

crown 
H ether 

\,, Et20, pentone 
( re f .434)  H 

( I  50) 
(75)  

The product 75 can be achieved directly from (E)-PhCH=CHCN and LiNPr', a t  

Many of the vinyllithium isomerizations, exemplified by equation 151, occur when there 
are two functional groups present at the alkene centre-one a good donor group (which 
complexes the lithiating agent and so directs attack to its a-position to give the kinetic 
product) and the other group, a strongly electron-withdrawing group, which increases the 
acidity of its u-proton, replacement of which gives the thermodynamic product435. In 
contrast to equation 151, the ketone, the amide, and the ester analogues of76, i.e. RCOR', 
RCONR',, RCO,R', provide configurationally stable vinyllithiums, equation 152. 

- I13"C. 

ro\ /y 
0 
I1 

(152) 
H\ 0'\Y Bu'LI orLiNPr; L ' \  ,c 

\ti 
,C=C 

thf  ,-I13 to-65°C o'c=c 'H 

Y=Ph,NEt, or OEt 



i a  J. L. Wardell 

Intramolecular coordination (even dipole stabilization) can be important factors in 
stabilizing these vinylic car bani on^^^'. As shown in equations 153 and 154, intramolecular 

n OEt 

0 
II 
C LI 

\c=cO \OE+ LiNPr: thf H 
‘c=c 

Ph’ ‘H 
P h’ \H -lOOOC . 

coordination can control the sites of lithiation; even addition of thf to solutions of the 
carbanions produced in equations 153 and 154 do not lead to i s o m e r i z a t i ~ n s ~ ~ ~ .  

The directing influence of RS is superior to EtO but inferior to CN, as shown by the 
metallations of (Z)-RSCH=CHOEt424a and (Z)-EtSCH=CHCN432b by Bu‘Li in thf, 
initially providing (Z)-RSCLi=CHOEt and (Z)-EtSCH=CLiCN (77). Subsequent 
isomerization of these products arise; 77 even isomerizes at - 1 13 “C. 

The same vinylic products, (E)-RCH,CH=CLiSOAr, are obtained426b on metallation 
of either (Z)- or (E)-RCH,CH=CHSOAr, equation 155. Equation 155 points to the low 

R=C,H,, or C8H, A r = P h  or p-MeC6H, 

barriers to isomerization of a-SO-substituted carbanions as well as to the significant 
a-directing influence of this group, so much so that it directs metallations to a vinylic 
rather than an allylic site in 78. 

As shown by this example, the conflict between allylic and vinyl deprotonation is not 
always won by the former. The compounds RCH(OMe)CH=CHSBu‘ (79) can be vinylic 
or allylic deprotonated, depending on the geometry436. As shown by equation 156, 

RCHPMe) ,SBu’ 
,c = c 

‘ii 

( 1  56) 

RCH(\OMe) ,SBu’ 
,c=c 

‘K 

RCH(0Me) ,SBd ,c=c \ 

H \H 

R=Me,Pr or  C5Hl, thf,PhH,-7BDC H 
CCZ )-7SI 

RCH(\OMe) ,H BusLi,thf ,c=c 
H \sBuf or  L i  NPr; 

( € ) - 7 9  or 

( Z ) -  79; R=H 
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metallation at either vinyl site can be achieved; with the more powerful system, BuLi- 
Bu'OK, metallation occurs at the most acidic protons that is, a to the Bu'S group. 

A further example is shown by metallations of PhSCH=CMeCO,R (80), equation 
158437. Clearly, several factors are important in deciding the site and type of metallation. 

PhS, ,Me 
,c =c (€1- isomer vw LiNPr; , thf,-80 Li 'COS 

(158) 
PhS Li+ (,?)-isomer, R = H 

2.2 equiv.Litmp,thf 
- 97 OC L 9 C O P L I  

PhSCH = CMeC02R 

(80) 

(E) -80  

Slight changes in structures can change matters, e.g. compare (E)-80 with (E)-PhSCH= 
CMeCONHBu', which gives the allylic dianion PhSCH-C(CONLiBu')-CH,-Li+ 
with 2.2 equiv. of LiNPr', in thf at - 80°C. 

Both vinylic and allylic deprotonations of ArSeCH=CHMe ( Z  or E Ar = Ph or tn- 
CF3-C,H,) using LiNPr', in thf at - 78 "C; the vinylic products, ArSeCLi= 
CHMe, isomerize to the allylic compounds, ArSeCH--CH-CH,, Li', on standing. The 
related compounds, ArSeCH=CHR ( R = E t  or Pr (81) and ArSeCH=CMe, (82) 
illustrate the effect of changes in structure. Using Litmp in thf at - 50°C 81 is solely vinyl 
deprotonated (to ArSeCLi=CHR isomers) while 82 provides the ally1 anion, ArSeCHZ 
CMe-CH,Li+. 

Other examples of alkenes undergoing preferential vinyl deprotonation (at the site 
indicated in italics) include the following: PhS(O)CH=CHCH,OMe (by LiNPr',)438, 
BuOCH=CHCH,OBu (by B ~ L i - h m p t ) ~ ~ ~ ,  CH,=CHCH,NHBu' (83) by BuLi- 
tmed440, CH2=CHCH,NHSiMe344', and PhCH=CHCH,NMe, (84) by B u L ~ ~ ~ ' .  In 
contrast, (E)-RSCH=CHCH,XR'(85; X = S or 0)442*443 are metallated at the allylic site. 
The differences in the results with 83 and 85 is rationalized in terms of N (i)  being less 
electronegative than 0 or S (and hence being a less powerful a-directing group), (ii) being 
able to depolymerize the BuLi aggregate, and (i i i )  being the most powerful internal donor 
atom. 

In contrast to 83 and 84, P ~ C H = C H C H , N H B U ' ~ ~ ~  and CH,=CHCH,OH undergo 
RLi additions rather than d e p r ~ t o n a t i o n ~ ~ ~ .  Table 17 lists some functionally substituted 
allylic alkali metal derivatives prepared by metallation. 

v. h4etcillotion.s of substituted alkynes, ullenes und conjugated alkenes. The parent 
hydrocarbons are themselves readily metallated; compounds substituted by the groups 
mentioned in the previous sections are even easier to deprotonate. Some examples are 
shown in Table 18. 

C. Transmetallation Reactions 

Transmetallations provide useful routes to organoalkali metal compounds. These may 
involve the reaction of an alkali metal with an organic derivative of another element, 
especially of mercury, equation 159 ( M ' =  Hg) or an exchange between an organoalkali 
metal and an organic derivative of another metal, such as mercury, silicon, germanium, tin, 
lead, arsenic, antimony, or bismuth, equation 160. 

nM + R,M'$nRM + M' 
nR'M + R,M'enRM + R',M' 
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1. Organic Synthesis of Organolithium I1 

The alkali metals and their derivatives also react with certain ethers, sulphides, 
selenides, and tellurides; included in these reactions are those involving radical anionic 
species, ArH-’ Li”, and sulphides. In general, these reactions have value both as routes to 
organoalkali metal compounds difficult to prepare by other means (e.g. allyl- and benzyl- 
as well as a-alkoxy - and a-aminoalkyl derivatives) and as routes to derivatives required 
free of metal halides, alkoxides, or donor molecules, such as tmed. 

1. Use of Alkali Metals 

Alkali metals react under mild conditions with organic derivatives of heavy metals, e.g. 
mercury. The reactions may be slow and reversible, however. An excess of the alkali metal 
is often considered prudent to ensure that the reaction (equation 159) goes far to the right 
and to limit contamination from residual organomercurials. 

All types of organic groups can be transferred from mercury to the alkali 

substituted alkyl (e.g. equation 1 62)446, 1-alkenyl (e.g. equation 1 63)447, b e n ~ y l ~ ~ ~ ,  and 
aryl groups (e.g. equation 164)449. 

metal 1.2.5.6.1 7 3 .  , reported examples include simple a l k ~ l ~ ~ ’  (e.g. equation 161), functionally 

ether 

Bu2Hg + 2M 2BuM + Hg (161) 

M = Li, Na, K, or Cs 

pcntane 
(MeOCH,CH,CHMe,),Hg + 2Li - 2MeOCH2CH2CHMeLi + Hg (162) 

(RCH=CHCH,),Hg + 2M 2RCH-CH-CH2Li+ + Hg (163) 
thf. 

M = Li, Na, K, Cs, or Rb; R = H, Bu‘CH,, etc. 

L i  E 120, Lied 
R T  

Although mercury compounds are most frequently employed, compounds of other 
metals have found use, including organosilicon, -tin, and -lead compounds, for example to 
prepare CH2=CHLi [from (CH,=CH),M (M = Sn or Pb)I4, CH2=CHCH2Li [from 
(CH2=CHCH2)4Sn]450, and PhCH2Li [from (PhCH2),SnCI4” or PhCH2SiPh3]452. 

Polylithioalkanes and -alkenes have been generated from appropriate mercurated 
compounds and l i t h i ~ m s ~ ’ ~  (as well as with organolithiums), equations 165-167. 

Et20, 20 “C 
MeCH(HgC1)2 + 2Li  MeCHLiz 

LI (excess) or 0 C(HgBU’)2 2Bu’Li,Et@ 
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Use has been made of transmetallation reactions to prepare b-substituted alkylalkali 
metal compounds454, equations 168 and 169. 

HYCHRCH,HgBr + PhM - MYCHRCH,HgBr -780~. MYCHRCH,M’ thf - 7 8  OC M’ 

Y = PhN, R = H or Ph; M,M‘= Li, Na or K 
Y = O ,  R = P h ,  M = M ’ = L i  

-. . PhNM 

(> 75%) 

M,M’=Li,No,or K 

Transmetallations have in general greater utility for the heavier alkali metals than for 
lithiums, although they are valuable routes to benzyl- and alkyllithiums. 

Benzylic and allylic alkali metal compounds are also available from the cleavage of 
appropriate ethers, equation 170. In general, ether cleavage results only if at least one of the 
organic groups can provide a stable carbanion. However, potassium has been reported’ to 
provide PhK from PhOMe in heptane. Some specific examples are given in equations 171- 
173. 

ROR’ + 2M 4 RM + MOR’ 
R = allylic or benzylic group; M = Li -+ Cs 

CH,=CHCH,OMe + 2Li - CH2--CH-CH2Li+ + LiOMe 

( 1  70) 

Ihf - I S  OC 
(171) 

(172) 
ethers 

PhCMeROMe + Na-K alloy - PhCMeR-K+ 

As shown by these examples, the direction of cleavage of ethers is such to provide the 
organometallic, RM, having the most stable carbanion grouping, R-. Organic sulphides, 
RSR’, are also cleaved by alkali metals but here the most stable organometallic is not 
necessary ~ b t a i n e d ~ ’ . ~ ’ ~ .  For example, the reactions of PhSR with dispersed lithium 

PhSR+ 2Li PhSLi + RLI ( 174) 

provide a range of RLi, including R = primary alkyl [ e g  Me(CH,), (n = 6 or 7), 
Bu‘CH,CH,, Ph(CH,), (n = 2-4), PhCH,O(CH,), (n = 3-4), and PhS(CH,), (n = 3-6)], 
secondary and tertiary alkyl [ e g  Me(CH,),CHMe (n = 4 or 5), Bus, cyclohexyl, Bu‘ and 
Bu‘CH,CMe,], aryl, e.g. Ph, benzyl [eg. PhCHR (R = Me or Ph), Ph,-,Me, (n = 0, 1, or 
2), and PhCR(0Li)CHPh (R = Me or Ph)], and a-substituted alkyl, e.g. Bu(PhS)CH. Also 
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TABLE 19. Formation oforganolithiums from reactions oforganic sulphides with lithium aromatic- 
radical anion species 

thf. - 7 8  OC 
RSPh + ArH- '  Li' - RLi + LiSPh 

Sulphide ArH" Product (yield, 2,) Ref. 

R R' 
EI H 
M e  M e  

\/ 
PhS / \SPh 

R R' 
EI H 
Bu H 
M e  M e  

R R' 
Et H 
M e  M e  
H PhS  

Me,Si Me,Si 
Mc,Si MC 

SPh 

X 
M e 0  
PhS 
Me,Si 

A or B 

B 

B 
A 
B 

B 
B 
A 

CH,(CH,),Li (87) 1016 
Ph(CH,),Li (87) 1016 
PhCHMeLi  (54) 1017 
Ph,CLi (95) 1017 
CLi(CHz)JzO (88) 1016 

6; (65) 1018 

R\,/R' 

PhS 

Me 3Si /L\Li 

1018 
1018 

1019 
1017 
1019 

1019 
1019 
1020 
1020 
1020 

1018 
1019 

1021, 1022 
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TABLE 19. (Conid.) 

Sulphide ArH" Product (yield, %) Ref. 

SPh 

@Ph 

PhS x)€) 

X 
Mc,Si 
PhS 

Ph,C=C(SPh), 
Me,C=C(SPh), 

Li xm 
(96) 
(96) 

Ph,C=CLiPh (87) 
Me,C=CLiSPh (77) 

(91) 

1019 

1019 
1019 
1023 
1019 
1023 

I 
Me 

'"A = Nnph- 'L i* .  I3 = I-Me,NNaph-'Li+ 

formed this way are the dimetallated species (LiCHRCH,CH,),O (R = H or Ph), 
LiCHPh(CH,),CHPhLi (n = 3-6, lo), and p-(LiCHRCH,),C,H, (R = H or Ph). As well 
as lithium dispersion, the radical anionic species Naph-'Li+ (or simply lithium in the 
presence of catalytic quantities of naphthalene) also work well to give good yields (40- 
90%) of the organolithium. Such sulphide cleavage reactions are not restricted to lithium, 
for example sodium and potassium also were shown to cleave Ph,CMeSPh to Ph,CMeM 
(M = Na or K). 

Allyllithiums have also been generated4" by reaction of allylic mesitoates with lithium 
in thf. 

2. Use of Lithium Arene Radical Anions, ArH-'Li+ 

lithium arene radical anion species 
react with phenyl sulphides to give organolithiums. A variety of interesting organolith- 
iums, RLi, have been obtained69.460-464; for example R can be an alkyl, I-alkenyl or 
cyclopropyl group substituted at an a-position by an RO, PhS or Me,Si unit. Some 
examples are given in Table 19. 

2ArH-' Li' + PhSR --* RLi + LiSPh 

A disadvantage of this method of preparation of organolithiums for subsequent 
elaboration could be the presence of the arene as a by-product. This could lead to 
separation problems, as have been reported with naphthalene. The use of l-dimethyl- 

As was referred to in the previous 

(175) 
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aminonaphthalene rather than naphthalene has been recommended,,, since a simple acid 
wash removes the arene and enables the desired product to be collected more easily. 

The ArH-' Li+-RSPh reactions probably involve an initial electron transfer from 
ArH-' Li' to the substrate, followed by the homolytic cleavage of the R-S bond to give R' 
and PhS-. Further reduction of the radical, R', then provides the carbanion, R-. 

3. Use of Organoalkali Metal Compounds 

for lithium systems, i.e. 
M = Li. Very limited work has been reported for theother alkali metals. While many metals 
(M') may be used, most synthetic utility has been found for mercury, lead, and tin. 
Organotin compounds, in particular, have become valuable precursors of substituted 
allyl-, a-alkoxyalkyl-, and a-aminoalkyllithiums. 

Transmetallations are in principle reversible reactions; in specific cases, equilibria have 
been established, for example as with a ry l rne rcu ry -a ry l l i t h i~m~~~  and vinyltin- 
p h e n y l l i t h i ~ m ~ ~ ~  systems, equations 176 and 177. 

Transmetallations equation 160, have particular 

(176) 
tk0 

Ph,Hg + 2 p-MeC,H,Li .- (p-MeC,H,),Hg + 2PhLi 

[(Z)-MeCH=CH],Sn + 4PhLi '2 4(Z)-MeCH=CHLi + Ph,Sn (177) 

At equilibrium, it is generally found that the more stabilized of the carbanions, R -  or 
R'-, equation 160, forms the organolithium to the greater extent. Thus the use of 
alkyllithiums, e.g. BuLi, will result in extensive transfers from metals, such as tin and 
mercury, of such groups as vinyl, allyl, aryl, alkynyl, cyclopropyl, and some a-substituted 
alkyl groups, e.g. R,NCH,, RSCH,, and ROCH,, but not simple alkyllithiums. Hence in 
general simple alkyllithiums are not prepared by this transmetallation route, although the 
insolubility of MeLi in hydrocarbons does mean that it can be obtained in good yield from 
Me,Hg and EtLi in such media4,'. 

In addition to thermodynamic considerations, kinetic effects are also important, as 
shown for some tin-lithium exchanges. No reaction occurred3" between 
Bu,SnCH,SiMe, and BuLi in hexane at  20 "C even after 24 h; however, the more reactive 
BuLi-thf system did produce470 a good yield of LiCH,SiMe at  0 "C within 30 min. The 
reactivity of BuLi in ethereal solutions was found to decrease471 in the sequence dme > thf 
> Et,O (>>hydrocarbon). However, as shown for the preparation of MeLi, and for both 
CH,=CHLi and CH2--CH-CH2Li+, the poor solubility of some organolithiums in 
hydrocarbons does allow such media to be used to give reasonable yields of isolated (and 
solvent-free) products. The passive groups attached to tin also effect the reactivity of 
R,Sn-R' compounds; the rates of cleavage of the Sn-R' bond increases in the sequence 
(cyclo-C,H, ,),Sn << Bu3Sn << Me,Sn. 

Transmetallations proceed with retention of configuration as shown by transfer of 
secondary alkyl"', a-alk~xyalkyl~", c y ~ l o p r o p y l ~ ' ~  and alk- 1 -eny1468 groups, equations 
177-181. 

pentane 
(EtCHMe)zHg + Me (CH2)SCHMeLi E t C HMe Li 

-4OOC 
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Li w: 2 equiv.BuLi,thf 

H ooc H 

( 7 6  ''10) 

BuLi thf 

78 oc 
Me 

n \ ) "  (ref.475) 

Good use has been made of the transmetallation reaction to obtain a-functionally- 
substituted alkyllithiums, especially those with R,N30'.476 .(e.g. equation 182). 
R01.301.471.473.477-481 (e.g. equations 179 and 183), RS301.482.483 (e.g. equation 184) (all 
via Sn-Li exchange), and RSe484-489 (via Se-Li exchange in di- and polyselenoalkanes, 
e.g. equation 185); this route to a-alkoxy- and a-aminoalkyllithiums is particularly 
valuable as alternatives are inferior. 

(185) 
BuLi, thf 
- 78 oc b PhSeCH2Li (PhSe)2CH2 
(ref.484) 

An interesting and simple preparation of the a-alkoxyalkyltin precursors has been 
reported4", equation 186. 

P ROCH,Li 
!hi 3 0 m i n .  BuLi.  I h. - 7 8  'C 

ROCHzCl + LiBr.SnCI, - ROCH,SnX, 

(1W 
R = Bu', PhCH,, MeOCH,CH,, Ph or Me; X =halogen 

Tertiary groups, such as R,C(OR), apparently are not transferred from tin to lithium. 
Substituents further from the metal, i.e. in /I- or y-positions, also may enable transmetal- 
lations to occur more extensively than occur for simple alkyl groups, e.g. equations 187- 
189. 
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PhkLLi 

0 u Ph3SnCH2CH2CONHPh 2 ~ ~ ~ ~ ~ o ~  

(;ef.490) 
90 % 

0 O-Li 

(Pr '  O)$'(O) CH2COCH&H2SnBu3 (i (ii) )NaH, BuLi thf ,hexone, -78 O C  Pr i0 )2  :& (188) 
I 

(ref.  471) No 

75 % 

Li'?o/Li 

( 1  89) u 2BuL i  . 
(ref.478) 

also react with alkyllithiums: 

BuLi ,-78 OC 
thf -hexone 
( re f .492)  

BuLi, thf 

( re f .493)  

b (PhS)&Li 
-30 OC 

(PhS)4C 

Cleavage of a single carbon-metal bond".494 (or a carbon-metalloid, e.g. carbon- 
boron bond495.496) in di- and polymetallated methanes by organolithiums provide a 
variety of metallo-substituted methyllithiums. For these reactions the use of BuLi in thf at 
a low temperature has proved successful (see Table 20). Of interest, (Ph,Pb),CH, 
( P ~ , P ~ ) , C H A S P ~ , ~ ' ~ ,  and (PhSe),CH493 are reported to undergo transmetallations 
whereas (Ph,Sn),CH and (Ph,M),CH (M = As or Sb)494 do not; the explanation for the 
non-reactivity of the latter compounds was that their strong complexation with BuLi 
effectively reduces the reactivity of BuLi. 

Reactions of Ph,PbCCI,MPh, (M = Si or Ge) with BuLi occurred at the Pb-C(CI) 
bond and the C-CI bondJ9'; however, for the Sn and Pb analogues only metal-carbon 
bond cleavage occurred. 

Di- and polylithioalkanes have been generated on treatment ofappropriate mercuriated 
precursors with a l k y l l i t h i ~ m s ~ ~ ~ . ~ ~ ~ :  

pC"1a"c 

BrHgCH,CR,CH,HgBr + Bu'Li - ( ref .  498)  LiCH,CR,CH,Li (192) 
R = H o r  Me 

CH,(Hgl), + Bu'Li CH,Li, (1  93) 

C y ~ l o p r o p y l l i t h i u m s ~ ~ ~ ,  including functionally substituted  derivative^^^^.^^^, equations 
194 and 195, have also been obtained by transmetallation. Cyclopropyllithium itself is 
available from (cyclo-C,H,),Sn and BuLi in pentane or Et,O; good yields are obtained 
using a 1:2 molar ratio of tin to lithium reagent5''. 
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TABLE 20. Formation of organoalkalimetals via transmetallations 

Re(. Reagent Conditions Product (yield. 2,) 

Bu,SnCH,NMe, 
Bu,SnCH,N(Me)CH,CH, 
N M e  
Bu,SnCH,OMe 
X,SnCH,OBu' 
X = halide 
Bu,SnCH(OMe)C,H I , 

C6H13 -(,OYO'i 
SnBu3 

SnBu3 

OMe 

Pr + 

BuLi. thf, - 9 8 ° C  

BuLi, thf, - 65 "C  
BuLi, hexane 
BuLi, thf, - 78 "C 

BuLi, thf, - 70°C 

LiCH,NMe, (95) i024 

LiCH,NMeCH,CH,NMe, (72) 1025 
LiCH,OMe (86) 1026 
LiCH,OBu' (95) 1027 

LiCH(OMe)C,H,,  (98) I 028 

BuLi, thf, - 78 "C 

BuLi. thf, - 78 "C 

BuLi, thf. - 78 "C  

Sn0u3 

Pr'-&!,oA MeLi. thf, - 7 8 ° C  

(-)(:Me3 
Bu'Li. thf, - 78 "C  

M= Sn or Ph 

Bu,SnCH,SMe BuLi, hexane 
Ph,SnCH,SC,H,Me-p BuLi, hexane 
PhSeCHMeSPh BuLi, thf, - 78°C 
(PhSe),CMe, BuLi, thf, - 78 "C 
(PhSe),CMeSiMe, BuLi, thf, - 78 "C 
( MeSe),CMe BuLi, thf, - 78 "C  

OMe 

Pr' 

LiCH,SMe (85) 1026 
LiCH,SC,H,Me-p (80) 1035 
LiCHMeSPh (92) 1036 
(PhSe)CLiMe, (80) 1037 
PhSeCMe(SiMe,)Li (95) 103x 
(MeSe),CLiMe (70) 1039 
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TABLE 20. (Contd.) 

Reagent Conditions Product (yield, %) Ref. 

(PhSe),C 
(PhTe),CH, 

BuLi. thf, - 78 "C 
MeLi. thf. - 78 "C 

(PhSe),CLi 
PhTcCH,Li 

MeLi. Et,O, 0 ° C  

BuLi. thf. - 70°C 

NaOMe, hmpt. 60°C (Me,Si),CHNa (83) 
NaOMe, hmpt, 60°C (Me,Si),CNa (18) 
PhLi, thf, - 70°C LiCH,SnPh, (36) 
BuLi, thf, Et,O, Me,SnCCIBrLi (49) 
methylal, pentane, - 97 "C 
PhLi, Et,O, -40°C LiCH,AsPh, (36) 
PhLi, thf, - 70°C LiCH,PbPh, (100) 
PhLi, thf, - 70°C LiCH,GePh, (87) 
PhLi LiCH(PbPh,), (98) 
PhLi LiCH(SiMe,)(PbPh,) (70) 
PhLi LIC H(Ge P h 3)( PbPh ,) (8 7) 
BuLi, thf, - 40 to + 20°C LiCH,AsPh, (72) 
PhLi, thf ,  - 78 "C LiCH,SbPh, (82) 

Rr 

R = Ph (72) 
R = Me (75) 

CHZSnEu3 

Q 6  00 BuLi, hexane, EI,O 

- M = U  

NaOBu', BuLi, hexane 

KOBu', BuLi, hexane 

M = Na 

M = K 

(42)  
Li /H 

Et \ M e  
BuLi, thf, - 20°C >=C 

i040 
1041 

1042 

1043 

1044 
1044 
1045 
1046 

1045 
1047 
1047 
1048 
1048 
1048 
1047 . 
1049 

1050 

1051 

1052 

1053 
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Reagent Conditions Product (yield, x)  Ref. 

Bu3Sn, /NMePh 
/c=c 

n 'H 

Li, ,NMePh 
/c=c (80) 1054 

H \ H  
BuLi, thf, hexane, 
- 70°C 

OEt 
(97) 1055 

/ 
Li\ 

c=c 
H/  \ H  

BuLi, thf, - 78 "C 

Me3Sn /H \c=c 
MeO/ \H 

/H /c=c 
Me0 \ H  

Li \ 
1056 BuLi. hexane 

Bu3Sn\ /H 
c=c 

H /  \CH20thp 
(85) 1057 L i \  /H /c=c 

H \CH20 thp 
BuLi. thf, - 78°C 

Bu3Sn\ /H 
/c=c 

H \CH20CH2SMe 
BuLi, thf, - 78 "C 

(8 7) 
L i \  /H /c=c 
H \CHC,H I 1059 

I 
BuLi. thf. - 50°C 

OSiMe3 OSiMe3 

Eu' Me2Si0 

BuLi, thf, - 45 "C 

Me3Sn 
\ 
/ 

C=CH, 

PhS 

BuLi, thf, - 78 "C 1061 

Me3Sn 
\ 

/ 
C=CPh2 

PhS 

Li 
\ 

/ 
C=CH;? 

PhS 

BuLi, thf, - 78 "C 1061 

Ph ,SePh 

H' 'SePh 
\c=C 

L i  
Ph\ / 

,c=c (6 I) 1061 
H 'SePh 

MeLi, thf. - 70 "C 

Ph ,SnMe3 

\SnMe3 
,>C=C 

/L i  

(45) 1062 
Ph\ /c=c 
H 'SnMe, 

MeLi, thf, - 78 "C  
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TABLE 20. (Contd.)  

Reagent Conditions Product (yield, %) Ref. 

,SnMe3 / L I  
C Hz=C MeLi, thf, -78°C C H  -c 

'C H,CH,C I '- 'CH2CHzCI 
1063 

CH,=CHCH ,SePh BuLi, thf, - 78°C CH2-=cH-CH2Li+ (88) 1064 

Me,SnCH,CH=CHMe MeLi, Et,O M ~ C H = - - H = C H , L ~ +  (>go) 1065 
( E l  or ( Z ) -  

(MeCH =CHCH ,),Sn EtLi, PhH M~CH=~H-.CH,  LI+ 1065 

Me,SnCH,CMe=CHEt MeLi, thf, 0 ° C  CH,-=i?Me=CHEt Li+ (9 I )  1066 
( E ) : ( Z )  = I : 1 

Me3 SnCH2CH MeLi, thf, 0 "C C H p - - - - H = o  Lt+ (92) 1066 

Ph,PbCH,CH=CHCI BuLi, thf, -90°C CH2-=f?H--CHCI Li+  1067 

Ph,PbCH,CH=CHSIMe, BuLi, thf, - 90°C CH2--CH'cCISiMe Li' (98) 1068 

Ph,PbCH,CH=CCIMe BuLi, thf, - 90°C CH,=CH--CCIMe Li+ (87) 1069 

Ph,PbCH,CH=CCI, BuLi, thf, -95°C CH2--eH--CCI2L~+ I070 

Me,SnCH,CH=CF, BuLi, thf, - 95 "C CH,--H=CF, L~ + 1071 

Me,SiCECCECSiMe,  MeLi, thf, 20 "C LiC=CC=CSiMe3 (65) 1072 

Bu'MepSiO Bu'Me2SiO 

MeLi, thf, - 78 "C Q SnMe3 

Y 

Y=SeR,SiMe, CR=CR'R2 
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Vinyllithiiims have been obtained in a number of transmetallation reactions, including 
(i)  (CH,=CH),Sn with PhLi in thf502 or Et20468 or with BuLi in pentane or Et,0468, 
(ii) Ph,MCH=CH, (86, M = Sn or Pb) with PhLi, and (iii)(CH,=CH),Pb with PhLi in 
Et,0503. In contrast to the transmetallation reactions of86 (M = Sn or Pb), PhLi adds to 
86 (M = SnSo4 or Ge468) to provide Ph,MCHLiCH,Ph. However, the styryl derivative, 
Ph,SiCH=CHPh, is cleavedso5 by PhLi to give LiCH=CHPh. 

As shown in equation 177, transmetallations involving alk- 1 -enyl groups generally 
occur with retention of configuration; see also equation 196. 

(1 96) 
%M\ ,H RLi, ether YH 

H’ \SnR3 ‘Li 
c=c 

(87) (88) 

M=Sisos  or Sn5”, R=Ph or Bu 

Use of 2- equivalents of RLi with 87 (M = Sn) does not lead to the formation of ( E ) -  
LiCH=CHLi; only the mono exchange product (88, M = Sn) is obtained; similarly, both 
Me,% groups are not by MeLi from RCH=C(SnMe,), in thf at - 78°C. I n  
contrast, gem-C-Hg bonds can be cleaved, see equation 167. 

Trifluorovinyllithium has been prepared from BuSn(CF=CF,), and BuLi in Et,O 
from (CF,=CF),Sn and PhLi at - 40°C or from PhSi(CF=CF,), in Et,O-pentanesog. 
Other functionalized vinyllithiums are listed in Table 20. 

Preparations of I-lithiobuta-I, 3-dienes and penta-1,4-dienes also include transmetall- 
ations, e.g. equations 197 and 198. 

BuLi, thf 
Bu3SnCH= CHCHCHOEt -780c, I b LiCH=CHCH=CHOEt (197) 

(ref.510) (9 0 %) 

( 1  98) 
EtpO- hexone, 

LiCH=CHCHpCH=CHSnR2Me 
-78OC 

(ref.511) 
R2 

R = M e  or Bu 

Transmetallations of allyltin and -lead compounds provide useful routes to allyllithiums; 
allyllithium has been produced5” from (CH2=CHCH2),Sn and BuLi or PhLi in pentane 
or Et,O, and also from Ph,SnCH,CH=CH, and PhLi in Et,O; see Table20 for 
examples of functionalized allyllithiums prepared by transmetallations. 

I n  contrast to the ready transmetallations of vinyl or ally1 groups, but-3-enyl and pent- 
4-enyl groups are not transferred from Bu,Sn(CH,),CH=CH, (n = 3 or 4) using BuLi in 

Other groups to be exchanged are alkynyls13~514, allenyI5”, and benzy1451.516.5’7 
~ t , 0 4 6 8 .  

equations 199-201. 

Me,SiC=CC(OEt), + BuLi th f ,0  OC 

(ref. 513) 
LiC-CC (OEt), 

(94 010) 

(200) 
MeLi, thf 
25 “C 

w Me2C = C = C (SPh) Li MepC =C= C(SPh) Si Me3 

I 
Me2C=C=C(Li)SiMe3 (Bu’Li, 

-25 ‘C 
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SnBuJ 

BuLi ,  hydrgoybon trned & (201) 

100% 
(ref.516) 

4. Exchanges of Alkali Metals 

Treatment of an organolithium with an alkali metal alkoxide has been used to produce 
organic derivatives of the heavier alkali metals (Na 4 Rb). This approach has been used, for 
example, for simple alkyl derivatives, e.g. MeM (M = Na, Rb or CS) '* ' '~  from MeLi and 
NaOBu', ROBu', and CsOMe,Pr, respectively, for substituted alkyls [e.g. Me,CMC02R 
from MOR' (M = Na, K ,  or Cs) and Me,CLiCO,R, and also MCH2CMe,COMeS'9], 
and for ally1 compounds, e.g. Bu'CH,CH=CHCH2NaSZo. 

Exchange in the reverse sense, i.e. from a heavy alkali metal to lithium, has been realized 
using LiBr, as with b e t ~ z y l ' ~ ~  and ally1  derivative^^^'. 

D. Other Methods of Preparation 

described in this section. 
There are various other methods of synthesis; a few of the more important of these are 

1. Additions to Alkenes and Alkynes 

organolithiums; see Volume 2, Chapter 4. 
Additions of organolithiums to alkenes and alkynes have been used to obtain new 

2. Alk-1-enyllithiums from Arenesulphonyl Hydrazones 

The Shapiro synthesis, e.g. Scheme 8, provides vinyllithiums, RCLi=CR' R2, from 
arcnesulphonyl hydrazones, R(R' R2CH)=NNHS0,Ar (Ar = p-MeC,H, or 2,4,6- 
Pri,C,H,)52'. The compound CH,=CLiCH=CH, was similarly prepared522 from 
2,4,6-Pr',C,H,SO,NHN=CMeCH=CH,. 

I - L i S 3  Ar 

C 
Me, ,N=N II 

C Me(CHz)4\C4 L i +  

Me(CH2I4' 'H I 
H 

A r=  2,4,6-Pri CsH2 

SCHEME 8 

3. Ring-opening of Cyclopropylalkali Metal Compounds: Preparation of 
Substituted Ally1 Metal Derivatives 

Allylalkali metal compounds have been prepared by ring opening of cyclopropyl anions 
89 (R = Ph; X = CN, PhSO, PhSO,, CO,H, or  CO,Me, but not NC, PhS, or H) (Scheme 
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X 
‘ R  -250c R\C<&.C/ + sndo,endo(go) 

I :+ 
Li+ 

(Irons- 89) 

LI 

(exo,exo-SO) 

Li+ 
(exo,endo 90) 

S C H E M E  9 

9). Thermal ring openings are conrotatory processes, e.g. trans-89 opens directly to 
exo, exo-90 (and/or its endo, endo isomer). However, rapid isomerization of exo, exo-90 
occurs to give thermodynamically more stable exo. endo-90, the direct product of ring 
opening of ~ i s - 8 9 ” ~ .  For rigid cyclopropyl systems, in which the geometry prevents 
conrotatory openings, only slow reactions result, as with 91; carbanion 91 ring opening 

take places 740 times more slowly than for cis-89 (R = Ph, X = CN). The ready opening of 
the rigid anion from 3-X-2, 4-Ph,-endo-tricyclo[3.2. 102.4]octane has been found to occur 
in a disrotatory manner but not, however, in a synchronous processs24a. Ring opening of 
trans-89 (R = Ph, X = CN or C 0 , H )  can also result on i r r a d i t i ~ n ” ~ ~ .  

111. REACTIONS OF ORGANOALKALI METAL COMPOUNDS 

A. General Considerations 

Organoalkali metal derivatives, RM,  have found extensive use in synthesis as sources of 
carbanions, as bases (for example, in the formation of alkoxides, ylides, and metal amides), 
and as sources of such reactive intermediates as arynes and carbenes. 

Reactions of organoalkali metal compounds with electrophiles have been used to 
generate various carbon-element bonds, including carbon-hydrogen (-deuterium), 
carbon-carbon, carbon-nitrogen, carbon-oxygen and carbon-sulphur bonds, as 
well as various carbon-metal and carbon-metalloid bonds. These reactions are general 
reactions in that they are successful for a great variety of R groups. However, certain 
organic groupings would not survive the sequence of formation and elaboration of the 
organoalkali metal species, or alternatively would not provide a targeted product unless 
modified, protected, or masked. The use of such groupings or synthetic equivalents 
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T A B L E  21. Synthetic equivalents: acyl anions RCO- 

91 

Synthetic eq tiivalent Re(. Synthetic equivalent Ref. 

1075 
1074 

X=S or MeN 

1077 
1076 

R' R'x:: S 
1078 

1079 

"'%M: CI 
1080 

108 I 

1082 1083 

RS 

R' 0 

1084 1085 

1086 1087 

R' Se 

R' Se 

Me0  

1088 1089 

PhS PhSe 

1090 1091 
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TABLE 21. (Confd.) 

J. L. Wardell 

Synthetic equivalent Ref. Synthetic equivalent Ref. 

1092 i093 

R' S 

H02C x: 1094 1095 

R S  

NC x: 1096 1097 

NC 

xR R$ 

NC 

1099 1098 

/R 
L i C  

\ N R ~  
I I00 1101 

PhCH =N 

R02C 

1103 I102 

ArS02 

C=N 

N =  0 
I 

R N C H2Li 
I104 I I05 

(Et O), P(0) 

I106 1107 

Me3si0x: NC 

,OR' 

\ Li 

CH2=C I108 1109 
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TABLE 21. (Contd.) 

Synthetic equivalent Ref. Synthetic equivalent Ref. 

,SRI ,s~R’ 

\Li  \Li 
CH2 =C 1110 CHz=C I1 II)I I12 

1112 RR’C=C 
CHz=C /SiMe3 

\Li \ N R ~  
1113 

T A B L E  22. List of synthons 

Synlhon Ref. Synthon Ref. 

HOCHR- 

0 2- 2Ll+ 

B”,S”’ \ \ 
CH2 

RLE CHRLi  

2,4,6 - 
E tOCHMeOCHRL1 

CsH2C 02C HR LI 

HSCH2 

1114 

1115 

1116 

1117 

1118 

I119 

I120 

1121 

I122 

I123 

1124 

Li CH (C 0,Ld C02Et 

PhSCO- 

P h S ( 0 )  ti 

CI Xi 
EtSCHZCO- 

““>$,I+ H 

RO 2C C 0- 

HC(0)CHS 

RO A L i  

I125 

I I26 

1127 

1128 

1129 

1130 

1131 
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TABLE 22. (Contd.) 

Synthon Ref. 

d A C H R L i  

Et3Si0 L i ’  
/-- 

Li S Li + 

HCOCH2CHR- 

bR 
Li+ 

R C O C H 2 C H S  

R q 
Li+ NR; 

R2 
R3COCHRZCHR’- 

M e O y y 3  

R’ OCONR2 
Li+ 

Ph$(0)C(Li)R’CHR2CR3 

‘ 0  
RCOCH=CH-  

Me0 
E t02CCH&iN02 K’ 

\ C = C H L i  
Me3Si 

I132 

I I33 

I I34 

I135 

I136 

I137 

1138 

I I39 

1140 

1141 

1142 

1143 

I I44 

Synthon Ref. 

HCOE=CH, 

4;; 1145 

C H p  C H CO-  

(Et0)2P(0) N R C L i = C =  C H 2  1146 

H C O C H  = CHCH; 

2- 
NO2 2Li+ 1147 

8- 
6- 

6- 
6- 

1149 
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(synthons), which have of necessity to be readily unveiled at  the end of the reaction scheme, 
have greatly expanded the synthetic utility of organoalkali metal reactions'*'. Some 
synthons are listed in Tables 21 and 22. 

Many of the reactions of the organoalkali metals with electrophiles involve an initial, 
formal insertion of the electrophile into the carbon-alkali metal bond. These reactions 
were discussed in Volume 2, Chapter 4, and no further detailed consideration will be given 
here. Mention of such reactions will however be made at appropriate places in the 
following sections. 

B. Formation of Carbon-Hydrogen Bonds. Reactions with Proton 
Sources. Deuteriation and Tritiati~n'.~ 

Organoalkali metal compounds, RM, provide RH on reaction with a variety of proton 
sources, including water, alcohols, carboxylic acids, inorganic acids, amines, and carbon 
acids, see equations 58 and 59. Reactions with deuteriated analogues3~', or the tritium 
source, HTO', similarly provide RD or RT. 

Asdiscussed in Section 11.8.2, reactions of RM with proton sources are, in fact,equilibria 
with the position at equilibrium dependent to a major extent on the relative acidities ofthe 
proton acid pairings, RH-R'H and RH-HY, in equilibria 58 and 59. With sufficiently 
difierent acidities, the equilibria lie essentially completely to one side. Hydrolysis of 
organoalkali metal compounds using aqueous media proceeds for all practical purposes to 
completion and is used for most synthetic purposes. Reactions of RM with carbon acids, 
R'H, alcohols, R'OH, or amines, R',NH, have little if any synthetic utility as routes to RH 
but are used instead as valuable sources of R'M, R'OM, and R',NM, respecti~ely'.~. 

Reaction with hydrogen also can lead to RH, e.g. equation 203; however, hydrogenoly- 
sis has had little synthetic a p p l i ~ a t i o n ~ ~ ' .  

CH3(CH,),Li + H, +CH,(CH,),CH3 + LiH (203) 

Any synthetic value of hydrolysis is clearly restricted to those RM species prepared by 
routes other than metallation of RH, for example by transmetallation, by halogen-metal 
or sulphur-metal exchanges, equations 2046' and 205460, and by addition or rearrange- 
ment reactions. Reaction 204 illustrates an overall reduction of an organic halide. 

PhCH2CH2Er 2-ErC6HeCH2CH2Br EuLi, thf ~ - L ~ C ~ H ~ C H ~ C H ~ B T  H20 
hexone,-100 "C - looocb 

(204) (ref.61) 

BuCH=C (OLi)SiMe3 BuCH= CLi(OSiMe3) H2 0 
BuCH2C(0)SiMe3 4 

(205) 

Considerable use has been made of deuteriolysis, not only as a route to isotopically 
labelled compounds but also as a means (as also with hydrolyses) of identifying sites and 
extents of metallation*, equations 169, 205, and 206. 

RLi DzO 
Bu'CH,CMe,N=C - Bu'CH,CMe,N=CLiR --t 

Bu'CH,CMe,N=CDR - RCDO 

(ref. 526)  

H,O+ 
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(207) 
AcOD 

(ref.  527)  
HCGCLi  - HCECD 

While the deuterium source most frequently used is D,O, others, including A c O D ~ , ~  
and MeOD345h.375, have been employed to good elTect. One advantage of using the latter 
two reagents is the resulting homogeneous media. Deuteriolysis, using D,O, AcOD, or 
ROD, can be assumed to proceed quantitatively; however, the presence of adventitious 
moisture can reduce the extent ofdeuterium incorporation. I t  has been suggested5 that the 
use of a D20-saturated medium would largely prevent this. Other sources of protons, 
which lead to reduced extents of deuteriation, have been indicated to be the solvents and 
alkyl halides, either those used to prepare the organoalkali metals or those obtained via 
halogen-lithium exchanges. For example, sequential reactions of 92 with MeLi and D,O 
provided 93 with only 7 0 x  deuterium incorporation; the MeBr formed in the Li-Br 
exchange was considered to be the source of protons, which provided 30"A of the 
protium incorporated product. 

Br Me Br Me 

B r v C O N M e z  -60 (ref.528) OC C- MeBrI. LivcONMe2 [MeBr] OZo B ~ ~ ! l ~ N M e ~  

MeLi,Et20 

(92) 

Deuteriolysis (as well as hydrolysis) generally proceeds regiospecifically for alkyl, 
functionally-substituted alky13', ary1305~345'~529, and benzyl, I s  derivatives; however, for 
some extensively delocalized carbanions, e.g. 9436, protonations (E' = H,O' in equation 
209) and other reactions with electrophiles can occur at any site having appreciable 
electron density. 

Ar H A r  H & E - Y o r  .& + @ 'C' 

I I  - 
[Rcl]  \ 'L- ,' / Ef \ / /  \ 

H E  
(94, R-M+) 

(209) 

Deuteriolysis of c y ~ l o p r o p y l - ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  c y ~ l o h e x y l - ~ ~  and a l k e n y l l i t h i u m ~ l ~ ~ ~ ~ ~ ~  
proceed with extensive, if not complete, retention of configuration. 

D 
$8 (210) ti p LI LiNPr; 

thf,-78'CD , , ~ ~ N = c p o e c  p\N=c 
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r y 
( i ) 2  equiv.Bu'Li,thf,-90 "C 

(ref. 533) 
(ii) MeOD 

(S )- (+) 90% (100% opticol yield) 

The products of deuteriolysis really reflect the composition of the organoalkali metal 
species present in solution, and indeed deuteriation has been used to establish the 
composition of metallation reactions. When isomerization, partial or complete, of the 
initially formed organoalkali metal compound results before it is attacked, the deuteriated 
product mixture mirrors this and so an overall loss of stereochemistry arises. For example, 
(Z)-RCH,CH=CLiSOAr, formed initially from (Z)-RCH,CH=CHSOAr, immediately 
isomerizes to the more stable E isomer, which is then trapped426b by D,O as ( E ) -  
RCH,CH=CDSOAr. 

The situation for ion-paired species can be different, as shown, for example, with 
[RS(O)CPhH Li']. The stereochemistry of deuteriolysis was found to depend on the 
deuteron source and on its ability to complex with the Li' within the ion pair. The more 
strongly donating deuteron sources, such as D,O, MeOD, and even AcOD, lead to 
predominant retention of configuration (ca. 90%), whereas deuteron sponge, unable to 
complex with Li', provided a I :  1 mixture of the diastereomers 95 and 96. The presence of 
lithium salts also leads to less s te reo~peci f ic i ty~~~.  

-60 "C 

H .* 

" /E-..,Li t \ 
I 

inversion A A  
H .* 

i 0  ( a ) retention 
Ph-C-S-Me - Ph-C-S-Me 

A A  
H * *  

Ph-C- S-Me 

A A  E .* 
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Lithiated dithianes, no matter what the stereochernistry of the parent dithianes is, 
having fixed conformations are attacked by deuterons (protons) almost completely from 
the equatorial direction336. 

Far greater study has been made of organolithiurn reagents; however, deuteriations 
(protonations) of derivatives of the other alkali metals have also been 

C. Formation of Carbon-Carbon Bonds 

7. Via Insertion Reactions 

Reactions of organoalkali metals, RM, with a number of carbon electrophiles produce 
new carbon-carbon bonds. Many of these reactions involve a formal initial insertion of 
the electrophile into the carbon-alkali bond of RM (see Table 23), and as such were 
discussed in Volume 2 ,  Chapter 4. No further consideration of these reactions will be given 
here. 

TABLE 23 .  Insertion reactions o l  R M  leading to new carbon-carbon bonds 

Reagent 
General products 

Insertion product(s) after hydrolyses 

R'RZC=CR3RJ 

R'C=CR2 
R'CEN 

R'R2C=NR3 
R'NCO 
R'N=C 

co 
COZ 

o=c=c=c=o 
R'R'CO 
R',C=C=O 
R'COX 
(X =OH, OM, CI. OR2, 
NR2,. or OCOR2) 
R '  R2C=CR3COR4 

R'R'C=S 
CS' 

RR'R2CCR3R4M 
R[R' R2CCR3R4],M 
RR'C=CR'M 
RR'C=NM 

RR1R2CNR3M 
R'N=CR(OM) 
R'N=CRM 

CRC(O)Ml 
RC02M 
R,C(OM), 
R3COM 
R( LiO)C=C=CR(OLi) 
RR'R'COM 
R',C=CR(OLi) 
R R 'C(0M)X 
R2R'COM 

RR1RZCCR3=C(OM)R4 
R'R2C=CR3CRR40M 

R R ' R 'CCR3R40M 

R R '  R2CCR3R4H 
Polymer 
RR'C=CHR2 
RR'C=NH 
RR'CO 
R R  ' R'CNH R 3  
R ' N HCOR 
R'N=CHR 
O=CHR 

RC02H 
R,CO 
R,COH 
RCOCH ,COR 
RR'R2COH 
R',CHCOR 
RR'CO 
R'R'COH 

R R ' R'CCH R3COR4 
R ' R 'C=CR 3CRRbOH 

RR'R2CR3R40H 

RR1R2CSM + [R1R2CMSR] RR'R'CSH 
RCS2M RCS2H 



1. Organic Synthesis of Organolithium 

2. Cross-coupling Reactions with Organic Halides '.3.5.536 

An important carbon-carbon bond-forming reaction is 
equation 214. 

RM + R'X 4 RR'  

99 

the coupling reaction, 

(214) 

Halogen-metal exchange reactions between RM and R'X were discussed in 
Section II.A.3 as a route to new organolithium compounds. However, as referred to in that 
Section, alternative reactions between RM and R'X are the coupling reactions, equation 
214. Some of the conditions which favour couplings over halogen metal exchanges have 
been found and include, for example, the use of thf and other polar solvents rather than 
E t 2 0  or other less polar  solvent^^^-^^. The presence of hmpt424a.s37 and increased 
temperatures have also been found to promote couplings. 

The reactivity of halides is generally I > Br >> CI with relatively few couplings known for 
organic chlorides (a number are listed in the Tables of ref. 188). For chlorides, reactions 
other than coupling reactions tend to dominate; these include a-metallations and a- and 
/I-dehydrohalogenations. More dehydrohalogenations (and metal-halide exchanges) 
occur with sodium and potassium derivatives than with those of lithium. 

Various transition metal compounds catalyse cross-coupling reactionss36. Such 
catalysed reactions are especially useful for couplings which would otherwise be difficult. 
Particularly useful are the copper(1)-catalysed coupling reactions involving aryl, alkenyl, 
and alkynyl halides and organoalkali metal compounds. Nickel and palladium species 
also catalyse, for example, couplings involving sp2 and/or sp hybridized organic 
groupss36. 

a AlkylaOons 

Alkyl halides readily alkylate among others c y ~ l o p r o p y l - ~ ~ ~ ~ ~ ~ .  vinyl-107.42sb.539, allyl- 
302.540.541 benzyl-21 8 . 3 0 2  , aryl-s30.372, propargyl-, alkynyl-542, and certain functionally 
substituted alkyllithiums (see Table 24), but generally not simple alkyllithiums. However, 
alkyl halides d o  react with the alkyl (and other organic) derivatives of the heavier alkali 
metals. Indeed, such is the ease of coupling (homo-coupling) of organic halides, RX,  with 
the organic derivatives of the heavier alkali metals that reactions of RX with alkali metals 
(especially sodium) are important sources of R R  (Wurtz coupling). via the intermediacy of 
RM. 

In general, the ease of production of coupled products from alkyl halides is 
primary > secondary > tertiary. For hindered alkyl halides, ,&eliminations tend seriously 
to reduce the amounts of cross-coupling products. Alkylations have also been achieved 
with alkyl a r e n e s ~ l p h o n a t e s ~ ~ ~ ~ ~ ~ . ~ ~ ~ . ~ ~ ~  , ROSO,Ar, and dialkyl 
s u ~ p h a t e s ~ , ~  88.307b.396.473,545 ROSO OR, 

2 

Intramolecular couplings occur particularly readily, e.g. equations 21 5 and 21 6. 

BULI - I O O T  ,EtZO, . a:""""' 25"c @ (216) aigC:Z)2Br (ref.547) 
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TABLE 24. Alkylations of organolithiurn reagents 

Initial reagent Conditions Alkylaled product (yield, x) Ref. 

PhNHCH,CH,HgBr 

Bu,SnCH,OH 

SnBu3 

PhSCH2CHMe2 

PhSO2CH&') ' 0  

YP" 
MeJSi 

PhSOz 

E tS (0)C HZ SE t 

PhSe(O)(CH ,), Ph  

MeCHCI, 

CH,CH,CH,CN 

(i) PhLi PhNHCH,CH,EI (62) I152 
(ii)  Li 
(5) EtBr 
(iv) H,O 
(i) 2 equiv. BuLi. hexane, 
- 20°C PhCH,CH,OH (45) I I53 
( i i )  PhCH,Br 

(i)  BuLi, thf, - 78°C l('OCH2OC H2Ph 1 I54 
( i i )  Me,SO, 

(i) Bu'Li, thf. hrnpt. PhSCH(Et)CHMeZ (74) 1155 
- 78 "C  

(ii)  EtBr, - 78 to 25 "C 

(i) BuLi, thf, - 75 "C PhSOzCH(C8H,,)&o) I I56 
(ii)  C,H, ,Br  ' 0  

(92) 

(i) 2.5 equiv. BuLi, hexane 
(ii) Me1 
(iii) H ,O  Me 

(87-89.5) 

I157 

57 (55) I I 5 *  

Me3Si 
(i) MeLi, thf, - 78 "C 
(ii)  CH,=CHCH,Br PhS02 

( i )  BuLi, thf, - 78°C 
(4 C I O H , , ~  1 I59 
( i i i )  H ,O  

(i)  LiNPr',, thf, 0 ° C  EtS(0)CHBuSEt (95) 1 I60 
(ii)  BuBr. 25 "C  

(i)  LiNPr',, thf, - 78°C PhSe(0) 1161 
(i i)  Me,C=CHCH,Br 

(i) BuLi. trned. thf, - 9 5 ° C  rvleCC12C7H,5 (88) I I62 
(ii)  C,H,,Br,  hrnpt, 
- I00"C 

( i )  LiNPr',, thf, - 78°C 
(ii)  MeCHBrCMe(OMe),  

CH3CH2CH(CN)CH(Me)CMe(OMe)2 

(") 1 I63 
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Initial reagent Conditions Alkylated product (yield, x) Ref. 

CN 

MeC02Bu' 

HC( S)N M e , 

HC(O)NPr', 

(MeO), P(0)CH ,COMe 

CH,CH2CH,N0,  

CsHll 
I 
N 

PV-v-4 

(i)  LiBu, thf, - 78 "C 
(ii)  Bul 

1 I64 

CN 

C H2CHzCOz Bu I I65 

CH2CHzCO2 Bu' 

(9 3 )  

(i) LiNPr' (cyclo-C,H, ,), 

(i i)  o-(BrCH,),C,H, 
thf, - 78 "C 

( i )  2.2 equiv. LiNPr',, thf, 
0 "C 
(ii)  Me1 
( i i i )  H 3 0 +  (89) 

I I66 

0 
,,\\,\\(CH2)6CH= CH2 

(i) LiNPr',, thf, - 78 "C Me.)\ 
(i i)  CH,=CH(CH,),I 

I I67 

(75) 

(i)  LiNPr',, thf, - I O O T ,  MeC(S)NMe, (50) 1 I68 
3 min 
( i i )  Me1 
( i )  LiNPr',, thf, - 78 "C MeC(O)NPr', (20) 1 I69 
(ii) Me1 5 mm 
(i) NaH, thf, 20°C (MeO),P(O)CH,COCH,CH 1170 

( i i )  BuLi, 0°C (50) 
(ii i)  BrCHMeC,H,Me-p 
( i )  2 equiv. BuLi, thf, hmpt, CH,CH,CHNO,(CH,),CH, 
- 90 "C (51) 

( i i )  CH,(CH,),I, - 90 to 

( i i i )  AcOH, - 90°C 

(Me)C,H,Me-p 

1171 

- 15°C 

(i)  BuLi, thf. - 78 "C 
( i i )  PhCH,CI, - 78 to 

[I>CH2CH2Ph 

25 "C (88) 

1172 

( i )  LiNPr',. thf, -40  to 0 1 I73 
- 10°C 

( i i )  BrCH,CBr=CH,. 
thf, -20°C 

( i i i )  aq. HCI, - 40 "C 
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Initial reagent Conditions Alkylated product (yield. x)  Ref. 

+\,\' 0 Me 1174 Me6 ( i )  LiNPr'?. thf. 0°C 
(ii) Mel.  - 78 to 0°C 
(iii) MeOH,  NalO,. p H  
25 "C (95) 

PhSCH2CECH 

QMe 
W N  C OBU 

MeouoMe 

Me \fi Br 

H2C = CHOMe 

t rons:cis=97:3 

( i )  LiNPr',. thf. - 40°C Ph,As(O)CH,CH,CH, I I75 

(i) PhLi, thf. - 78 "C Ph2SbCH,CH,CH,CH3 I I76 

(iii) H,O 
( i )  BuLi. pentane. - 35 "C  CH,(CH,),CH(Et)C=CH (64) I I77 
(i i)  EtBr. 0 ° C  
( i i i )  4 s HCI 

( i )  equiv. BuLi, tmed. thf 
( i i )  Me,C=CHCH,Br 
(iii) H ,O+ 

( i i )  EtBr. thf (72) 

(ii) PrBr, thf, - 40°C (12) 

HC=CCHSPhCH2CH=CMe2(83) I 178 

(i) LiNPr',. hmpt. thf 
( i i )  Pr"Br 

1 I79 

( i )  Bu'Li, tmed, thf. W N C O B U t  I I80 
- 78 "C 
(ii) CH,(CH,),Br, 2 h  
o r  CH,(CH,),CI. 24 h (CH2)7CH, 

(85-6 1 

(i)  Bu'Li. thf. - 78 "C (CH&CH=CH2 I181 
( i i )  hmpt 
(iii) CH,=CH(CH,),Br. 
- 78 to 25 "C 

( i )  Bu'Li 
(ii)  CH2=CHCH,Br .  thf. 
- 70 to 25 "C  (4 6) I l R 2  

But CH2CMe2N= C (Bu ) CH = CHMe 

1183 
(c H2)$ 3 

(i) 2 equiv. Bu'Li, thf. 
Et,O, pentane. - 120 "C 
( i i )  CH,(CH,),I 

Me 

(62) 

( i )  Bu'Li, thf. - 65 lo - 5 0 ° C  H2C=C(OMe)(CH2),CH3 
( i i )  CH,(CH,),I 

I 184 

(80) 
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Initial reagent Conditions Alkylated product (yield, %,) Ref 

CH,=CHSCH,CH, 

H ,C=CHSeC,H,CF3-rn 

CH,(CH,),CH=C(SeMe), 

c N & C O N E + 2  

PhCH(OH)CH,NMe, 

PhCONHBu'  

(i)  Bu'Li, - 78 to  50°C 
(i i )  CH,(CH,),I 

(i)  Bu'Li, thf, hrnpt, 
(ii) f Br(CH,),Br 
(ii i)  HgCI, 

(i) Bu'Li, thf. - 70°C 
(ii)  BuI 

(i) LiNPr',, thf, - 78 "C 
(ii)  Me1 
(i)  BuLi, thf, - 78°C 
(ii)  Me1 

(i) Bu'Li, thf, - 1 I5 "C 
(ii) Me1 

(i)  BuLi, thf, 25 "C, 2 h 
( i i )  Bul 

(CH215CH3 0 (64) 

C H  ,CO(CH ,),COCH (60) 

H,C=CMeSeC,H,CF,-m 

CH,(CH,),CH=CMeSeMe 
(80) 

(90) 

(65 )  

(i)  BuLi, Et,O, 2 5 T ,  24h  o-MeC,H,CHOHCH,NMe, 

(ii) Me1 
(iii) H,O 
(i) BuLi, thf, O T ,  I h 
(ii)  Me1 
(ii i)  H ,O  

(47) 

o-MeC,H,CONHBu' (50) 

(55) OMe 

(i)  PhLi, Et,O, 25°C 
(ii)  I -CH,CI-pyrrolidine 

(i) BuLi, thf, Et,O, 
0 to 25°C 
(ii) Br(CH,), , O t h p  

(CH2) IlOthP 

(84) 

I I85 

1186 

I I87 

I I88 

1 I89 

1 I90 

1191 

1192 

I I93 

1 I94 

I I95 
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TABLE 24. (Contd.) 

Initial reagent Conditions Alkylated product (yield, %,) Ref. 

C H P H  

0 ri- 
vN 

(ij BuLi. petrol, 
trned, I 1  h 
(i i)  Me1 

I196 

(i) LiNPr',, thf, - 80°C 
2.5 h 
( i i )  Me,C=CHCH,Br 

1 I97 

(41) 

(i) BuLi, Et,O, 2 h 
( i i )  Me,SO, 

(87) 

0 

&Me 

(i) MeLi, thf, - 78 to 0 ° C  
( i i j  Me1 

(63) 

1 I98 

1 I99 

There appears to be conflicting evidence regarding the mechanism and stereochemistry 
of alkylations of organoalkali  metal^'.^.^.^^^. Second-order kinetics-first order in both 
the organolithium and the alkyl halide-are often met.5 Net inversions of configuration 
(the extents of which are not always known) have been reported, for example in the 
reactions between (i) 2-lithi0thiane~~' and MeCH,CHBrMe (> 85% inversion), ( i i )  PhLi 
and MeCH,CH,CHDCI in PhH54s, (iii) Ph,CHLi and (R)-PhCHCICMe,, equation 
21 7549, and (iv) for allyl- and benzyl-metal reactions with secondary alkyl halides and 
t o ~ y l a t e s ~ ~ ~ .  Inversion of configuration (> 93%) was noted514 in the reaction between 
CH,=CHCH,Li and (-)-2-octyl tosylate. 

Bu' BU' 

Ph + PhCHBu'CHBu'Ph f Ph2CHCHPh2 
thf,25'C 

Ph2CHLi+ Ph Ph2CH 

H 

Such findings on the order of the reaction and the stereochemistry suggest an S,2 type 
reaction. However, in other cases racemization, particularly for primary and secondary 
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alkyl metals with secondary alkyl halides and sulphonates, and the intermediacy of free 
radicals, e.g. for primary alkyllithiums with primary alkyl halides, have been noted. A 
radical nature is also suggested for the reaction of PhC=C(CH,),Br with BuLi by the 
formation of PhCH=C(CH,)3CH2. 

Alkylation of ion-paired [MeS(O)CHPh- Li+] by Me1 in solution occurs predomi- 
nantly534.5s0 with inversion of configuration to give 96 (E = Me), whereas (MeO),PO 
reacts with retention. This suggests for the acyclic anion that strong coordination to Li' 
[as with (MeO),PO] leads to retention whereas weak or no coordination (as with Mel) 
provides inversion; however, this did not seem to occur with alicyclic s u l p h ~ x i d e s ~ ~ ' .  

Alkylation of 2-lithiodithianes occur preferentially to give equatorial alkylated 
equation 218. 

Me 

I I - -  
Me' 

The overall stereochemistry of successive lithiations and alkylation ofcarboxylates have 
also been reporteds5', equation 219. 

C 02H 
( 1 )  (11) R X ,  LiNPr:', -75 thf, 'C -75'C &:,,, + 4 C 02H 

(id H30+  

endo- or exo-  

1971 : [98] 66:34 88:12 
R X  Me I BuBr 

(2 19) 

~ ~ ~ w ( ~ ~ 2 ) 7 ~ ~  (i)BuSLi,thf,hmpt 

(i i) Me (CH2)76~ ,- 78 to 25'C 

C y ~ l o p r o p y l - ~ ~ ~  and v i n y l l i t h i ~ m s ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  e.g. equation 220424d, react with alkyl 
halides with retention of configuration. However, isomerization of the initial organolith- 
ium can result. The stereochemistry of the products of successive lithiations (by BuLi in thf 
at - 95 "C) and methylations (by Mel) of 1 -R-2, 2-Br,-cyclopropanes depends on the 
ageing of the carbenoid intermediates, 1 -R-2-Br-2-Li-cyclopropanes. Only the most rapid 
trapping of the carbenoid provided some trans-methylated product77. 

Alkylations of 9-R- IO-Li-9,10-dihydroanthracenes, 99, occur preferentially by axial 
attack, especially by primary alkyl halides; e.g. EtBr and 99 (R = Et) in thf provide 92"/, 
(cis)-9, 10-Et2-9, 10-dihydroanthracene. With greater steric hindrance, the amount of 
trans-product Alkylation of the delocalized carbanion 94 occurs at C, and 
C,O (equation 209, E = a l k ~ l ) ~ ~ .  Other studies on delocalized carbanions have revealed 
different reactivities for different ion-pair formss54. 

As indicated in Section B.Z.a.vii, equilibria exist in  solution between propargyl- and 
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allenyllithiumsl Both forms can be alkylated; indeed alkylations have been used to 
provide measures of propargyl-allenyl equilibria. Of interest, C l D N P  was observed299 in 
the reaction between PhCH,Br and Me,C=C=CHLi. 

CH,=C=CH, C,H,,CH=C=CH, + C,H,,CH,CECH 
( i )  BuLi. Ihf. - 70 O C  

(ii) C8H171 

(100) (101) (221) 
[loo] : [ lo l l  = 87: 13 

Substituted allyllithiums can in principle be alkylated at either allylic position302: steric 
hindrance and internal coordination are among the more important factors controlling 
the sites of alkylation; compare equations 222 with 223450' and 224 with 225540b. 

PhSCHCH=CH2 f P ~ S C H = C H C H ~ C ~ H I I  PhSCHZCH2 LiNPrd, PhSCH-~H-cCH2LIt C6HllI ,  . 
I thf,-65 "C 

( i )  BuLi.  E l 1 0  

( i i )  Ph(CHl I2Br  ' Ph(CH,),CH( Me)CH =CH , 
(104) 

+ MeCH=CH(CH,),Ph (224) 

(105) 
[104]:[105] = 68:32 

(225) 
( i )  BuLi.  E l 2 0  

Me,C=CH(CH 2 ) 3  Ph Me2CH=CHMe ( i i )  Ph(CH2)zBr ' 
cu. 100% 

b. Reactions with other organic halides 

Benzyl and allyl halides are especially reactive in coupling reactions and for this reason 
are not normally used as precursors of benzyl- and allyllithiums. Reactions of chloro and 
fluoro derivatives can be complicated by some metallation' occurring a to the halo group 
(106 in equation 226 is probably derived from the a-lithiated species). As indicated in 
equation 226, reaction of substituted allyl halides can take place at either allylic site. In 
addition, it can be seen that the geometry about the double bond is retained in 108555.556. 

(107) (108) (106) 

[IOS]: [107]:[lO8]= 11:23:66 
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Other complications arise from metal-halide exchanges, which would provide, for 
example, the symmetric coupled products in equation 21 7. Synthetic use557 can however 
be made of such metal-halide exchanges, equation 227. 

CH2Br CH2Li 

Vinyl, alkynyl, and aryl halides, including per- and polyhalo derivatives, although much 
less reactive than alkyl halides, can also take part in coupling reactions’. Direct coupling 
of aryl or vinyl halides with aryl- or vinyllithium species is difficult at the very least. Direct 
coupling, e.g. equation 214, between aryl halides and RLi has only been reported for aryl 
halides5 containing strongly electron-withdrawing groups, e.g. o ~ a z o l i n y l ~ ~ *  and nitro559. 
Other mechanisms have been detected for vinyl and aryl halides. These mechanisms 
involve (i)  addition-elimination steps, e.g. as in alkylation of arenes, including pyridines5, 
and haloalkenes, equations 228560 and 229561. 

- LiF 
PhLi + CF,=CF, -+ LiCF,CF,Ph - CF,=CFPh (228) 

- LiCl 
RLi + PhCCI=CH, --t PhCCILiCH,R - [PhCCH,R] -+ PhCH=CHR 

(ii) metallation-elimination-addition  step^'^'-'^^ , e.g. equations 230 and 231: 

(229) 

X =  F or  CI 

and (i i i )  metal-halide equation 10. Whereas the reaction of BuLi and 
ArBr does eventually lead to coupled products, those of Bu”Li or Bu‘Li merely produce 
ArLi536. Cyclopropyllithium and halobenzenes in refluxing Et,O provide cyclopropyl- 
benzene as well as other products, including biphenyl, via mechanisms including metal- 
halide exchanges and the formation of benzyne. 

c. Asymmetric synthesis 

Asymmetric synthesis involving alkylation of metallated chiral molecules has been 
extensively developed in recent times566. Considerable success has been realized using 
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compounds in which intramolecular coordination creates a chiral environment a t  the 
reaction centre. Some examples follow. 

Introduction ofa  chiral group u to a carbonyl group has been made via the intermediacy 
of chiral hydrazonesS6' and i m i n e ~ ~ ~ * ,  Schemes 10 and 1 1 .  

RCOCYR' 

e.g. R,R1= -(CH2I4- ; R'X = Me1 or MeOS020Me 

80 % 
enantiomeric excess 99% ( R )  

( i )  6)- p O M e j ( i i l  LiNPrl,+hf ,0°C,7h;(ii i)  R2X,-1iO0Cj 

I 
NH2 

(iv) H30+,pentone or 03,pentone,-78 OC 

SCHEME 10 

M e 1  P r I  
chem yield (%I 65 76 
e e (%) 85 99 

C yclohexonone 

(S)- isomer 
e.g R X 

, (11) LINPr;, th f ,  -2O"C,(ii i)  R X , ( i v ) H 3 0 +  

OMe 
SCHEME I1 

(I)H2N XPh 
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Introduction of a chiral group in the I-position of a tetrahydroisoquinoline was 
achieved as shown in Scheme 12 with greater than 90% enantiomeric excess307c~569. 

(i)HC0,Et;Et,0+BF~;RXNH2; ( i i ) L i N P r i ,  t h f  ,-78 OC; (iii) RX , -78  or-IOO"C (iv) H,NNH,,HOAC 

Ph 

Overall Configuration 
R X chem yield '10 e.e.(%) of product 

M e 1  85 10 ( R) 
Bu'Br  84 27 (R)  
PhCH2CIi2Br 89 52 (S )  

, 
OSiMe, 

(S) , (S)-(+)  

SCHEME 12 

A number of s ~ h e r n e s ~ ~ ~ . ~ ~ '  have involved asymmetric synthesis of a-alkylated 
carboxylic acids, as shown for example in Scheme 13, which provides an overall 
substitution of the a-proton in a-hydroxy- and a-rnercaptocarboxylic acids, 
RCH(XH)CO,H (109; X = 0 or S) by an alkyl group with retention of configuration, via 
the cis-isomers of 2-Bu'-5-R- I ,  3-dioxolanones or -1,3-oxothiolanones (1 lo), the products 
of condensation of 109 with Bu'CHO. The trans-isomer of 110 could be used to obtain 
RR'C(XH)CO,H with inversion of configuration. 

( C I S -  110) 

[trruns- I 101 

l ( i )  

".TH 
R 

(109) 

R 

( i )  Bu'CHOj (ii) LiNPr;', t h f ,  hexone,- 78 "C; (iii)R'X,-78"Cj(iv) hydrolysis 

Chern yield (%) Diostereoselectivity o/o 

X= Si R=Me;R'X=CH2=CHCH2Br 92 > 98 

x= O;R=Me;R'X=EtBr 82  > 97 

SCHEME 13 
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Syntheses ofchiral a-alkyl-/I-hydroxy esters572 and a-alkyl-a-amino esters573 have also 
been developed e.g. equations 232 and 233. Dianion I I 1  has a rigid structure, which arises 
from chelation of the lithium cation by the two oxygen anions. Asymmetric alkylations 
have also been reported for m e t a l l ~ e n a m i n e s ~ ' ~  and metallated a m i d e ~ ~ ~ ' ,  in addition to 
metallated 112576, 113577, and 114578-the arrows indicate sites of metallation and 
alkylation. - 

QH 

2-(S)-3R(S) 
R X =  M e 1  

diastereoselectivity 
(Ill) chem yield 67% 

> 95% 

(232) 

OH '2 equiv.LiNPri th f  ,-50to 0°C 
&C0& t 

(S)-isomer 

R =  Pr ie .e.>92% (233) 

3. Formation of Alkenes'87~30'~J24~53f i~579 

Alkenes have been generated from reactions of certain functionally substituted 
alkyllithiums with carbonyl compounds. Such reactions compliment the Wittig reaction. 

(234) Y(X)CHLi + RR'CO --t Y(X)CHC(R)(R')OLi + YCH=CRR' 

Typical substituents, X, in equation 234 include triorganosilyl (Peterson 
reaction), sulphur-containing groups, e.g. RS, RS(O), and RS(O),, selenium-containing 
groupsls7, amino groups3", and phosphorus-containing groups324, e.g. R,P, 
(R,N),P(O), (RO),P(O), and (RO),P(S) (Wadsworth-Emmons reaction). Various sub- 
stituted alkenes can be generated this way; Table 25 lists some examples. The formation of 
the alkene from the 8-alkoxy adduct can occur spontaneously, or on simple hydrolysis or 
after further reaction and workup. 

Use of a-trialkylsilylalkyllithiums in these alkene formations has been especially 
popular since Peterson's first report579 and allows the formation of unsubstituted alkenes 
(equation 235) as well as vinyl cyanides, sulphides, sulphoxides, halides, silanes, 
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TABLE 25. Formation of alkenes 

1 1 1  

Reagent Conditions Product (yield, %) Ref. 

Me,SiCH,Ph 

Ph,SnCH,I 

Ph,PMe 

(MeO), P( S)CH Me , 

PhSCHMeLi 

Bu'S(0)CH , Me 

0 
1 1  

PhSMe 
I1 
NMe 

S 
II 

PhPMe 
I 
NMe2 

Me,SiCH,CN 

(EtO), P(O)CH,CN 

(i) BuLi, tmed 
(ii) Ph,CO 
(iii)  H,O 
(i)  BuLi, Et,O, - 50°C 
(ii) RR'CO, Et,O 
(iii) H o r  H , O +  
(i) BuLi, tmed, hexane, thl 
(ii) Ph,CO, thf 
(iii) Me1 
(iv) Bu'OK, dme 
(i) BuLi, thf, - 50°C 

( i i )  BU' eo 
(iii) S O T ,  4 h 

(i) Me(CH,),,CHO, thf, 
- 78°C: . _  

(i i)  PI,, 20°C, 4 h 
(i) MeLi, thl, - 60 "C 
(ii)  PhCOMe, thf, - 78°C 
(ii i)  H ,O  
(iv) NCS 

(i) BuLi, thf, 0°C 
(ii) RR 'CO,  thf 
(iii) AI(Hg), AcOH, H,O 

(i) BuLi, thf, - 78 "C 
(ii) R R ' C O  
(iii) Met ,  py 

(i)  BuLi, thf, - 78 " C  
(ii)  R R ' C O  
(iii)  H ,O  
(i) NaH,  dme  
(ii) R'R'CO 
(iii) H ,O  

(EtO),P(O)CH,CHCNSiMe, (i) LiNPr',, thf, 
- 78 " C  

(ii)  RR 'CO,  - 78 "C 
(iii)  H,O 

( i i )  R'R'CO, 20°C 
(iii) 60-5 " C  

(EtO),P(O)CHRCO,Et (i) NaH, P h H  

Ph,C=CHPh (77) 1200 

CH,=CRR' (95) 1201 

CH,=CPh, (37) 1202 

R = R R ; R ' = H  

Me(CH,),,CH=CHMe (50) 1204 

MeCH=CMePh  (73) 1205 

RR'C=CH, 1206 
R =C, ,H , , ;  R' = M e  (90) 

RR 'C=CHCN 1208 

(79); ( Z ) : ( E ) =  1:l 
RRC=CHCN I209 
R = P h ;  R ' = M e ( E ) : ( Z ) = I O I  

(EtO), P(O)CH,CCN=CRR' 1210 

R = Pr'; R' = H (48) 
(E)-isomer 

R = Ph; R1 = H, 

R '  R2C=CRC0,E t  121 1 
R = H; R',R2 = 
-(CHJ-(67-77) 
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TABLE 25. (Corifd.) 

Reagent Conditions Product (yield, %) Ref. 

(i) BuLi, thf, 0°C 
(ii)  RR'CO 
(iii)  H,O+ 
(iv) K H  

R= Ph;R'=H (90) 

(Et 0), P(0)CH R N=CH Ph 

(ElO),P(O)CH,NC 

Me,SiCH,OMe 

Me,SiCH,S(O)Ph 

(EtO),P(O)CH,S(O,)Me 

(PhSe),CH , 

MeSCH(SiMe,)SnMe, 

(i) BuLi, thf, - 78°C 
(ii)  RR'CO 

(i) BuLi 

(ii)  R1R2C0 

(i) BuLi, thf, pentane, 
- 70°C 

R \  /N Q 
c=c 

H \ 

R< /R 1214 
c=c 

N=CHPh 
R 1 /  \ 

R =  tii R ) R %  - ( c H ~ ) ~  

R /H 1215 
'c=c 

lii) RR'CO. thf. -60 to R" 'NC 
20 "C 
(iii)  H,O 

(i) Bu'Li, thf, - 78 

(ii)  RR'CO 
(iii) KH,  thf. 60 "C 

to - 30°C 

(i) Bu'Li, thf, pentane, 
- 70 "C 
(ii)  RR'CO. thf, - 70 to 
20 "C 
(i i i)  H,O 
(i) BuLi, thf, pentane, 
- 78 "C 
(ii)  RR'CO, thf, - 78 
to 25°C 
(iii) H,O 
(i) LiNPr', 
(ii)  RCHO 
(iii) H,O 
(i) LiNPr',, thf, hmpt 
(ii) RR'CO 
(iii)  H,O 

1213 

R /H 'c=c 
R'/ 'OMe 

1216 

RR'C=CHSOPh 1217 

R = H; R 1  = Ph (87) 

RRIC=CHSO,Me 1218 

R = Ph; R 1  = H (87) 

PhSeCH=CHR 1219 
R = Ph; (74); (E)-isomer 
R = Me; (84); ( E ) : ( Z )  = 1: 1 
Me,Sn(MeS)C=CRR1 I220 
R = H; R '  = Ph (82) 
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TABLE 25. (Conrd.) 

113 

Reagent Conditions Product (yield, %) Ref. 

(E to), P(0)CHCISPh 

Me,SiCH(NC) 
.SO,C,H,Me-p 

(EtO),PCH,CI 

(Me,Si),CBr, 

H,C=CHCH,SiMe, 

R\  c=c 
(i) LiCCI, R” ‘SPh 
(i i)  RR’CO 
(iii)  H,O R = p  - FCeH,, R’=H (60) 

1221 

1222 

‘c=(> 

(i)  BuLi, thf, hexane, 0°C 
(ii)  RR’CO, thf, 0 to 25°C 

R 

(iii) H 3 0 +  R” 

R= R’= Ph (78) 
R= ~r ~,RI= H (44) 

(i) BuLi, thf, hexane, R ,N=C 
-60°C ‘c=c. 
(i i)  RR’CO, thf, -30°C R’’ ‘ S02C6H4Me-p 
(iii) H,O. MeOH 

1223 

R = Ph; R 1  = H (> 80) 

(i) BuLi, Et,O, thf, - 75 “C RR’C=CCI, 1224 
(ii)  CCI, 
(ii i)  LiCCI,, thf, - 70°C 
(iv) RR’CO R = P-FC,H,~R’ = H (80) 
(v) H2O 
(i) BuLi, thf, hexane, 
- 115°C RCH=CBrSiMe, 1225 
(ii) RCHO 
(i) Bu’Li, hmpt, - 78°C CH,=CHCH=CRR’ 1226 
(ii)  MgBr, cat., RR’C = 0 
(iii)  MeCOCI, A 

R = Me ( E ) : ( Z )  = 1: 1 

R = Ph; R’  = M e  

carboxylates, phosphonates, etc. However, these are not usually highly stereoselective 
reactions. In contrast, reactions of (EtO),P(O)CHYLi, especially with aldehydes, RCHO, 
are frequently highly stereospecific, the products being (E)-RCH=CHX (X = SMe, 
SOMe, SO,Ar, SePh, CN, CO,Et, e t ~ . ) ~ ’ ~ . ~ ’ ~ .  From 8-hydroxy adducts, containing both 
trialkylsilyl and phosphorus (V) groups, it appears that the R,Si group is the one to 
preferentially depart, e.g. equation 236579. 

Me,SiCHLiPh + Ph,CO + [Me,SiCHPhCPh,OLi] -+ PhCH=CPh, 

Me  , S i c  H Li P( S)P h , + Ph , CO + [ (M e3 Si) P h , P( S)CHC( 0 Li)P h ,] --* 

(235) 

Ph,P(S)CH=CPh, (236) 

The adducts of reaction of (Me,Si)(MeSe)CR’Li and RZR3C0 are particularly versatile 
’*’ since conditions have been realized to provide Me,SiCR1=CR2R3, MeSeCR1= 
CR2R3, and even BrCR1=CRZR3 from these adducts (equation 237). 
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MeSe R2 

R3 
Me3Si 

R'=R2=H; R3=CloH2, 74% 
R1= R3= H; R L  GoHal  78% 

In addition to aldehydes or ketones, amides have also been successfully usedsB1, e.g. 
equation 238. 

Me,SiCHLiSR + R1CONRZ2 RSCH=CR1NRZ2 (238) 
( i )  lhf.  0 'C 

R = Ph, R L  = H, R 2  = Me 
(E)-isomer, 64% 

4. Formation of C y c l ~ p r o p a n e s ~ ~ ~  

to cyclopropanes (equation 239)433. Some examples are given in equations 240-243. 
Reactions of alkenes with a-haloalkyl alkali metal derivatives are well established routes 

X =  helo 

75% 
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C'CH2CH2OCH2C' E+2()00C . (ref  583) . 
115 

cyclohexene 
C ICH~CH~OCHLICI  

LI tmp 

% OCH2CHzCI (241) 

55% j Syn ant1 = I 75'1 

MewMe Me Me Me Me 

Bu'CH20CHLiCI + Me (CH2)2C=C(CH2)2Me 

I ( re f5851 

O C H ~ B U  ' (245) 
I 

LI trnp 
B U ' C H ~ O C H ~ C  I 
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As shown in equations 242 and 243, addition of the carbene to the alkenes maintains the 
stereochemistry of the alkene. Tris(phenylthio)alkyIlithium, LiS(CPh),, also acts as a 
carbenoid agent (equation 244)493. Cyclopropenes may similarly be obtained from 
carbenoid reagents on reaction with alkynes, equation 245. Another route to cy- 
clopropanes is the reaction of carbonyl compounds with lithiated sulphoximes, e.g. 
RS(O)(NMe)CH,Li and RS(0)(NS02C6H4Me-p)CH2Li. The initial p-hydroxy adducts 
require successive treatments with alkylating agents and bases to generate the cy- 

0 

I1 
NMe 

II BULl Ph-S-Me -. 
0 CH2COPh 

I 1  ( i)PhCOCH =CHPh II I 

II (ii)H20 II 

0 

P h  - S - CHZLi . Ph-S- CH2CHPh 

NMe NMe 

Optically pure 
BF,- 

~ l o p r o p a n e ~ ~ ' .  Other syntheses of cyclopropanes involve reactions of a- 
metalloallylsulphones and -nitroalkalkanes (and various ylides) with electron-deficient 
al kenes ' ". 

5. Formation of Epoxides'87.536 

p o ~ n d s ~ ~ ~ - ~ ~ ~  equation 247. Specific examples are given in equations 248-250. 
Epoxides have been produced from a-haloalkylalkali metals and carbonyl com- 

R'R'CO + MCXYR3 - R1R2C-CR3Y A RlR2C-CR3Y (247) 

M b  ' O /  

X= halo; Y = H, alkyl, oryl, CN,SR,SOR,S02R,Si Me3, etc .  

Me3SiCH2CI ,hf,-7B oc--D Me3SICHLICI + . Bu*LI tmed ] 
85 O h  

BuLi ,  thf ( I )  R~R'CO 
PhS(0)CHzCI PhS(0)CHLiCI. :/"\ 

R ' R ~  (249) -78OC . (ii) KOH,MeOH PhS 
25OC 

(ref 588) R ! R ~ = ( c H ~ ) ~  one isomer 

79% 
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B U ' O K ~ M = K  R 1  R2C0 

RIRzv RC02Et (250) 

E+02CCRMX (ref5891D or LiN(SiMe&;M=Li 
E t 0,C C H R X 

Other lithiated derivatives that produce epoxides on reaction with carbonyl compounds 
are a - t h i ~ a l k y l l i t h i u r n s ~ ~ ~ ~ ~ ~ '  a-lithiated sulphoximes (equations 253-255), a- 
lithiosulphoxides (equation 256), and a-selen~alkyllithiurns'"'~~~~~~~~ (equation 256). 
Further treatment of the P-hydroxy adducts with alkylating agents and bases is necessary. 

K2C03 

(91 %) 

R' R '  R' R3 

. i  ' i  
BuLi, t h f  RS-C-Li I (i)R3R4C0, RS-c- C-OH I 

I 
R2 

RS- C -SePh 
-78 "C I (ii)H20 

(ref.591) R *  

( i)MeI,AgBF4,25 "C 

(ii)Bu 'OK,dmso 

R'=RLR3= H j  R4=Ph 50% 
R '  = R L  H, R2= Me ; R e P h  60 ' /o  

0 

(1)PhCHO Ph-S-CHzCHPhOH I1 ( I )  Me30+7BF4; ';,,,,,/'\ (253)  
( 1 1 )  Base 

II 22% optical NMe 

('I5) (II)n$ 

(111) Separation of 
diastereomers 

( re f  331) 
purity 
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OH 0 . 

Db ( I )  NaHSO,,H,O, 100 OC 
0 ( I  )BuLi  
II (11) PhCHO 

(111) H 2 0  
Ph 

Bu-S-Me 
Ph  

(IV) Separation of 
diastereomers 
(ref 331) 90% optical purity 

( i )  Me I ,AgBF4 

(ii) Bu'OK,drnsot 

O b E " f  (256) 

PhSeCH2Li + 0 ~ B L I ' - - - W  PhSeCH, 

Mention should also be made of the Darzen's glycidic esters condensation, which often 
leads to the stereoselective formation, albeit in low yields, of (E)-epoxides from R'R'CO 
and MCHCIC02R589a. A ~ i r i d i n e s ~ ~ ~  and e p i s ~ l p h i d e s ~ ' ~  have been obtained by similar 
routes. 

6. Formation of Aldehydes and  ketone^-'.^.'^^.^-'^ 

Ketones can be obtained by reaction of organoalkali metal compounds with various 
carbonyl species, such as RCOX ( e g  Y =OH, OR', OCOR, SR', NR, or CI), 
orthoformates, dialkyl formamides, lactones, chloroformates, chlorocarbamates and 
ketenes and also with nitriles and isocyanides. These reactions, insertion reactions, were 
dealt with in Volume 2, Chapter 4. Further discussion of these reactions can be found in 
ref. 3, 5 ,  187, and 536. 

The use of acyl anion equivalents (and other carbonyl synthons) has become a most 
valuable source of aldehydes and  ketone^^^^.^^^.^^^*^^^. These equivalents are included in 
the lists of synthons in Tables 21 and 22. The use of nucleophilic acylating agents allows the 
normal reactivity of acyl carbon atoms to be reversed (umpolung) (Scheme 14). 

SCHEME 14 

c:x: PhCH2CH2Br S CH2CH2Ph 

'SXH (257) 
hexane,-75"C 

(ref. 597 a 

(90%) 
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TABLE 26. Formation of aldehydes and ketones via the use of acyl anion equivalents 

Reagent Conditions Product (yield, %) Ref. 

PrCHO (70) 1227 PhSCH,SiMe 

PhSeCH,SiMe, 

0 0  

$1 
s'", 
L s  

Ph Se\C/Me 
PhSe' 'H 

Me3si0\c/Ph 
(EtO),P' 'H 

I1 
0 

Me3Si0 

NC' 'H 

A 
EtO O,-/H 

L 

NC' 'CH=CHz 

SePh -/ - 

Me3SiCH2CI 

(i) BuLi, tmed, hexane 
(ii) PrBr 
(iii) m-C1C,H4COOOH, 
CH,CI, 
(iv) H,O+ 
(i) LiNPr',, thf, - 78 "C 
(ii) BuBr 
(ii i)  H,O,; 0-25 "C 

(i) BuLi, thf, - 80°C 
(ii)  PhCH,Br 

(i) BuLi, thf, - 70°C 
(ii) Me(CH,),,Br 
(iii) HgCI,, HgO, MeOH 
(iv) H,O+ 

(i) KNPr',, thf, - 78 "C 
(ii)  Me(CH,),Br, thf, 
- 78 "C 

(ii i)  CuCI,, CuO, Me,CO, 
0 "C 

(i) BuLi, thf, pentane, 

(ii i)  H,O,, O H -  

(i) LiNPr',, thf, - 78 "C 
(ii) MeBr 
(iii) O H -  

(i) LiNPr',, thf, - 78°C 
(ii) R'X 
(ii i)  0.6 N HCI 

'(i) LiNPr',, thf, - 78 "C 
(ii) Me(CH,),Br, thf, hmpt 
(ii i)  5% H,SO,, MeOH 

(i) LiNPr',, thf, - 78 "C 
(i i)  Me(CH,),Br, thf, hmpt 
(ii i)  dil. H,SO, 

BuCHO (80) 

PhCH,CHO (100) 

Me(CH,), ,CH0(47-55) 

MeCO(CH,),Me 

PhCOMe (78) 

RCOR' 
R = Ph, R' = Me (98) 

CH,=CHCO(CH,),Me 
(80-85) 

MeCO(CH,),Me 
(70) 

(i) Bu'Li, tmed, thf, - 78 "C RR'CHCHO 

(iii) dil. H,SO,, MeOH 
(ii) RR'CO CR, R' = (CHJ,I  (60) 

1228 

1229 

1230 

1231 

1232 

1233 

1234 

1235 

1236 

1237 



120 J.  L. Wardell 

TABLE 26. (Conrd.) 

Reagent Conditions Product (yield, X) Ref. 

Me 0 C H2P P h (i) Bu”Li, thf, - 95 “C 
(ii) RR’CO, - 78 “C 
(iii) MeOH 
(iv) Me1 
(v) CCI,CO,H 

(i) Bu‘Li, pentane, Et,O, 

(ii)  P rCHO 
(iii)  HCI, thf 

- 70°C 
A 

Br OSiMe, 

MeSiCH20Me (i) Bu’Li, thf, - 78 to 
- 30°C 
(ii) RR’C=O 
(iii) 90% HCO,H, 25°C 

(i) MeLi, PhH, 0°C 
(ii) BuLi, 25 “ C  

(iv) H 3 0 +  
M e N n N M e 2  (iii) Me1 

0 \c/ 
l 

0 

(91) 1238 

1239 Pr 
\ W , O  

(46) 

RR’CHCHO I240 
[R,R’=(CH&] (80) 

6e (77) 

1241 

As shown in Table 21, a wide range of acyl anion equivalents have been utilized (see 
also equations 35 and 136). Direct comparisons of the abilities of these synthons have 
seldom been made; perhaps the most important reason for choosing a particular synthon 
would be its availability. Particularly well studied are lithiated d i t h i a n e ~ ~ ~ ’ ,  e.g. equations 
215, 257, and 258. A further example in the use of acyl anion equivalents in the 
carbohydrate field is given in equation 259598; see also Table 26. Reactions of acyl anion 
equivalents with aldehydes or ketones are also widely used (equation 260). Some specific 
examples are given in equations 261 5 9 9  and 262600; see also Table 26. 

( i )  BuLi,thf, hexone,-75T nbs 

(i,i) H o+ (ref.597 b) 
C:kMe Ti) PhCN --+ c I x r : P h  + PhCOCOPh (258) 

3 

CHO 
I Me 

I 

(259) 

cQMe 

fN) ( I )  thf,hrnpt, -78% 
(ii)Hgo, HgCI2, oq.MeCN* 

sYs LI 
0 0  

X O x 0  
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R R 2  
I I  

Y M  xXR Y OLi 

R '  

'c=o--+ X - - C - ~ - R ~  R C O C H R ~ R ~  (260) 
2/ I I  

0 
II 0 

(Et o)z$,C,Me BuLi, thf, (Eto)zP\c/Me PhCHO 
PhCH = CMeSMe 

t h f  . 
MeS' 'LI 

p e n t o n e , - 7 5 ~  . 
MeS' 'H 

H g C ' 2  PhCH2COMe 
oq.MeCN 

( E ) : ( Z ) =  5'1 
( 8 4 %) 

80% 

(57 %) 

Metal enolates, or their synthons (see Table 22) clearly have great value in the synthesis 
of aldehydes and ketones. An excellent discussion ofthese reactions is given in ref. 536. The 
use ofenolate synthons is illustrated in equations 263-265. Scheme 15 indicates a range of 
products obtained from the metal enolate synthon 116604. See also Section III.C.2.c for a 
discussion of related synthons in asymmetric synthesis. The use of homoenolate synthons, 
RCOCH,CH, -, is illustrated in equations 266605 and 267606. 

E t c H --c H-L- N 
( i  1 2-BrCH2-dioxolane thf -60 "C c ) H C H Z C H E t C H O  

(ii) tor toric ocid, 0 'C 

( re f .600)  (83 '10) (264) 
Li - 3  + 

(ref.603) 



kf 0 

(93 %) 

t3 ( I ) M e 1  , thf, hmpt 
b PrCHO (266)  

OSIEt, (ii) H ~ O +  

(90"/0) 

U 
( i  ) Me2S04, thf 

Me2NFNMe ePh b PhCH(Me)CH$HO (267)  
Li+ ( i i ) 2  N HCI , E t 2 0  

(66 

7. Formation of Carboxylic Acids and  derivative^^.^ 
Carboxylic acids are generally obtained from organoalkali metals on treatment with 

CO, (equation 268); see Volume 2, Chapter 4. A number of synthons for R0,C-containing 

(268) 
(il COz 

RM - RC0,H 
(ii) H3O4 

units have been developed; see Table 22. Especially useful are oxazoline derivatives607, e.g. 
equations 269 and 270. Also important are the malonic ester syntheses536; see also 

(I) BuLi,-78 OC b L l > C H 2 R  3 H Of H02CCHzR (269) J:> Me (i i)RX 

Y 
OM0 OMe 

OMe 

(93 %) 
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a, RCH2C02Et H02CCH2C0,E t H02CCH(R)COzEt 
(i) LiNPri (cyclohexyl), thf,-7B0C 

(ii) RX,hmpt,thf 
(iii) H ~ O +  RX=BuBf, 80% 

(ref.608) (27 1) 

equation 27 I. For asymmetric syntheses of carboxylic acids, see Section lI.C.2.c. Amides 
are available from reaction of organoalkali metal compounds and isocyanates (see 
Volume 2, Chapter 4). 

R'NCO % R'N=C(R)OM HJO' R'NHCOR (272) 

8. Formatlon of Cyanldes 

equation 273, isocyanides"', equation 274, or cyanogen chloride, CNC16' I .  

Organoalkali metals can be converted into cyanides via reaction with cyanates609, 

D. Formatlon ot Carbon-Oxygen Bonded Compounds: Alcohols and 
Hydroperoxldes" ' 

As discussed in Volume 2, Chapter 4, alcohols and hydroperoxides can be formed from 
reaction of organoalkali metals and oxygen (equation 275). However, products other than 
alcohols of hydroperoxides can result. No other details of the reactions with oxygen will be 

RM +ROOM 2 2ROM (275) 

given here. As indicated in the second half of equation 275, hydroperoxides also react with 
organoalkali metals to give, after hydrolysis, alcohols, phenols6I2, or, with vinyllithiums, 
ketones (equations 276 and 277)59. Reactions of vinyllithiurns with peroxides proceed with 

PhLi + Bu'OOH - PhOH 

(93%) 
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R '  
Me3SiOOSiMe3 

(ref.612) 
(279) 

retention of configuration (equations 278, 279). An indirect route to alcohols from 
organoalkali metals involves their conversion into organoboranes and subsequent 

with alkaline hydrogen peroxide. Oxidation of aryllithiums to phenols has 
also been achieved using a peroxyborate, 2-tert-butylperoxy- 1,3,2-dio~aboroIane~~~~. 
Oxophilic reactions of organoalkali metal compounds with carbonyl compounds also 
provide carbon-oxygen bonded compounds; see Volume 2, Chapter 4. 

TABLE 27. Formation of sulphides from reaction of organoalkali metal compounds with 
disulphides 

Substrate Reaction conditions Product (yield, x )  Ref. 

I 4C02H 

Ph,CHCO,H 

(i) LiNPr',, thf, 0 ° C  hmpt Me(CH,),,CH(SMe)CO,H 1242 

(ii) MeSSMe, 0 "C 
(i) LiNPr',, thf, - 78 to 
- 25 "C ( 100) 

(90) 

Ph ,C(SM e)CO , H 1242 

R 2  

H XZr 

(EtO),P(O)CH,Me 

OMe 

C(S)NHMe 

0 OMe 

PhCHOHCH,CI 

, ,  

(i i)  MeSSMe 

(i) Bu'Li, - 80°C 
(ii) PhSSPh 

R *  

H 

R' = R 2  = H (74) 
R '  = H, R2 = BU (93) 

I243 

1244 
0 

(i) BuLi, thf, - 78 "C II ,SPh 

Me (84) \ 
(ii) PhSSPh, thf (E tOl2PCH 

CHZSPh 
(i) LiNPr',, thf, - 78 "C 
(ii) PhSSPh 

OMe 

I245 

C(S)NHMe 

(i)  2 equiv. BuLi, thf (yMe I246 
(ii) MeSSMe 

OMe 

(i) BuLi, - 78°C PhCHOHCH,SMe (85) 1247 
(ii)  Naph-, Li+ 
(ii i)  MeSSMe 
(iv) H,O 
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E. Formation of Carbon-Sulphur Bonded Compounds335 

125 

1. Thiols and Sulphides 

Insertions of sulphur into C-M bonds provides thiolates, RSM, which can be 
converted into thiols or sulphides (Volume 2, Chapter 4). Other routes to sulphides 
involve reactions with sulphenyl halides, RSX, and more conveniently with disulphides 
(equation 280). Some examples of the disulphide reactions are given in Table 27. 

RM + R'SSR' -+ RSR' + MSR' 

Thiophilic reactions of RM with thiocarbonyl compounds also provide sulphides (see 
Volume 2, Chapter 4). 

(280) 

2. Other Carbon-Sulphur Bond-forming Reactions 

provide carbon-sulphur bonded compounds; see Volume 2, Chapter 4. 
Formal insertion reactions of organoalkali metal compounds with SO, and CS, also 

F. Formation of Amines 

The transformation of organoalkali metal compounds into amines has been achieved 
using azides and hydroxylamines (Table 28). The most useful azide is the readily available 
tosyl azide6L5-618 which works well with alkyl-, benzyl-, phenyl-, and heteroaryllithiums 
(equation 281). Other azides to be used include (PhO),P(0)N3619 and vinyl azides6" ( E ) -  

R'CH=CRN, (e.g. R = Ph, R' = H; R = H, R' = Bu'). The latter have been employed for 
aryl-, heteroaryl-, or stabilized alkyllithiums. However, simple alkyllithiums (R'Li) react 
differently and provide ketones rather than amines on workup, equation 282. Another 

LIN-N=NR~ 

R R F\,' R A f  R R' (282) 

H30 t  
N3 

R2L i+  kR, ---+ 

azide reagent used with phenyl derivatives is PhSCH,N,. However, better yields are 
obtained if the organolithium is converted into the organomagnesium reagent, 
equation 283621. 

( I )  BuLl,thf,-7e°C 
(ii)MgBr2 ,Et20 KOH,MeOH, 

PhOMe (III)PhSCH2Nj (IV) aq N H &  . a & : : = N C H 2 S P h  t h f r H f l  . 
A number of hydroxylamine derivatives have also been used to generate primary, 

secondary, and tertiary amines. Primary amines have been obtained via H,NOMe622.623, 
H,NOP(0)Ph,624, or H,NOSO,C,H,Me,-2,4, 6625. The compound H,NOP(O)Ph, is 
of particular value for benzyl or other stabilized carbanions. 

(i) HlNOMc.  MeLi 

P (284) (ii) HJO+ RNH, 
(iii) OH- 

R Li 
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TABLE 28. Formation of amines from organolithiums 

Organolithium Reagents" Product (yield, x)  Ref. 

MeLi 

Bu"Li 

Bu'Li 

PhLi 

PhLi 

~ ~~~~ ~ 

(i) A MeNHCOPh (80) 
(ii) H,O+ 
(iii) PhCOCl 
(i) A Bu'NHCOPh (67) 
(ii) H 3 0 +  
(iii) PhCOCl 
(i) A Bu'NHCOPh (80) 
(ii) H 3 0 +  
(iii) PhCOCl 
(4 B PhNH, (68) 
(ii) 10% HCI 
(iii) O H -  
(4 A PhNHCOPh (90) 
(ii)  H,O+ 
(ii i)  PhCOCl NH7 

(1) c 
(ii) aq. KOH, 0 "C, Ni-AI 

(i) A 
(ii) H , O t  
(ii i)  PhCOCl 

(4 B 
(ii)  10% HCI 
(iii) O H -  

OMe 

(i) c 
(ii) Bu,N+HSO,-, NaBH, 

616 

616 

616 

620 

616 

616 

615 

620 

615 
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TABLE 28. (Contd.) 

Organolithium Reagents" Product (yield, %) Ref. 

Li 

PhCH LiC0,Et 

PhCH,Li 

(i)  E 
(ii)  H,O+ 
(i) E 
(ii) H,O+ 
(i) B 
(ii) 10% HCI 
(ii i)  OH-  
(i) A 
(i i)  H,O+ 
(iii)  PhOCl 

Ph,CHLi 6) E 
(ii)  H,O+ 

Ph,CLi (i) E 
(ii)  H,O+ 

(ii) H 3 0 +  

(ii)  PhCOCl 

(ii) PhCOCl 

(ii) PhCOCl 

PhCH=CHCHPhLi (i) E 

Bu"Li (i) F 

Bu'Li (i) F 

PhLi (i) F 

MeLi (i)  G 

Q 
NMe2 

(47) 

PhCH(NH,)CO,Et (45) 

PhCH,NH, (30) 

PhCH,NH, (60) 

PhCH,NHCOPh (97) 

Ph,CHNH, (41) 

Ph,CNH, (30) 

PhCH,CH,COPh (30) 

Bu'MeCOPh (62) 

Bu'MeNCOPh (30) 

PhMeNCOPh (67) 

Me3N (4 5) 

620 

620 

629 

620 

624 

624 

620 

616 

624 

624 

624 

626 

626 

626 

628 
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TABLE 28. ( C o r d . )  

Organolithiurn Reagents" Product (yield, %) Ref. 

I -  NPLI (4  H I-NpNEt2 (9) 628 

628 

9 - L i  - fluorene ( i )  G 9-NMe2- fluorene (61) 628 

CN CN 
I I 

I I 
LI NMe2 

Ph-C-CO2Et ( i )  G Ph-C-Co2Et (95) 628 

A = H,NOMe-MeLi, hexane, Et,O, - 70°C. 

C = p-MeC,H,SO,ON,, thl, - 78 "C. 
D = Me,NOSO,Me, - 20°C. thf. 

F = MeNHOMe-MeLi, Et,O, hexane, - 78 "C. 
G = Me,NOSO,R. R = 2.4.6-trimethylphenyl. 
H = Et,NOSO,R, R = 2.4.6-trimethylphenyl. 

B = HzC=CPhN3, thf, - 78 "C. 

E =  Ph,P(O)ONH,, thf, - 2 0  to 25°C. 

Secondary amines (and amides) have similarly been produced from alkyl- and 
phenyllithiums (but not from 2-lithiothiophene or -N, N-diisopropylbenzamide) using 
R'NHOMe-MeLi (1: l ) ,  e.g. equation 285626. 

Bu"Li 
(i) MeNHOMe-MeLi. E 1 2 0 .  hcxanc 

(ii) PhCOCl 
Bu"MeNC0Ph 

62% 
Reagents for producing tertiary amines include Me2NOS02R' (R' = 2,4,6- 

M~ 3 6 2  c H 627 .628  or ~ ~ 6 2 9 . 6 3 0  ), Et2NOS02C6H2Me,-2,4, 6628, and 
Me2NOP(0)Ph2630; however, Me2NOMe did not provide PhNMe, from PhLi. Conver- 
sion of alkynyllithiums to the corresponding cuprates prior to reaction with 
Me2NOP(0)Ph2 or Me2NOS02Me has been r e ~ o m m e n d e d ~ ' ~ .  Another use of copper 
reagents in the formation of amines is illustrated in equation 28663 I .  Chiral aminating 

&9 OEt (286) kLi OEt + cuN3 (i) ( id  thf,hexane, 0 2  

51 "/o 

l-4 

I 
CO*E t 

Ph-C-NMe2 I (287) 
PhCHLiC02Et t 

Me 

"-1 - I I71 

50 O/o 

e.e. 23% 
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agents, such as 117 obtained from (-)-ephedine, have been used but with only limited 
success632. 

Amines have also been obtained by addition of RLi to  imines3*’, e.g. equation 288. 
However, side reactions can result, e.g. by a-deprotonation and subsequent loss of LiH. 

G. Formation of Carbon-Halogen Bonds 

Replacement of the alkali metal in an organoalkali metal by halogen (equation 289) can 
be achieved using either the halogens (C12, Br,, or I,) or halogen-containing compounds in 
reverse halide-alkali metal exchanges. The latter reagents have particular advantages 
when the use of halogens (especially CI, or Br,) could lead to  further reaction. 

R M A R X  (289) 
X = halogen 

Ph,C=CCIX (290) . ,  
(i) BuLi. thf. light petroleum. - 100°C , X = Br 94% 

( i i )  Xz 

(ref.  6331 
X = I  97% Ph,C=CHCI 

OMe OMe 

( i )  PhLi,Et,O 

(ii)XY 
&OMe (ref. 634) 

XY = c1* 39% 
Br, 18% 

BrCN 46% 
ICN 46% 
Br(CH,),Br 71% 

1, 80% 

Direct fluorination by F, is not feasible. Perchloryl fluoride and dinitrogen dif- 
l ~ o r i d e ~ ’ ~  have been used, however, although explosions with the former have been 
reported637. 

Alternative reagents to chlorine include CC1, (equation 292)63H, C13CCC13 (equation 
293)639.640, N-chloros~ccinimide~~’,  and p-toluenesulphonyl chloride6,,. 

(292) 
( i )  BuLi, lhf,-7OoC 

(i i ICCI4 
( E t O)2P(0) C H2Ar (Et0)2P(0)CHCIAr 

(ref.638) 
[iii) H f l  > 80% 

CI  

+ ~ C I  + fi (293) 
s CI S 
0 2  0 2  

( i )  BuLi, PhH,hexone,RT 

(ii) CI  .CCCI c CI 
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Alternative reagents to bromine are BrCN634,643, p-toluenesulphonyl bromide642, and 
1,2-dibromoalkanes [e.g. RCHBrCHBrR (R = H or Me)]. However, the use of 
BrCH,CH,Br under controlled conditions can lead to the BrCH,CH, alkylated 

e.g. equation 294. 

,OSiMe, 
(i)LihlPr;,thf,-78 OC 

(ii)BrCH$HzBr (1/2equiv) 
PhCCH2CH2Br (294) 

/OSiMe3 

'CN 

Ph CH 

' C N  (ref.644) 

Alternative sources to iodine are CH212640, C1CH2CH21420, P ~ C Z C I ~ ~ ~ ,  and ICN634. 
Halogenation of (+)-(S)-l-Li-I-Me-2,2-diphenylcyclopropane by Br, or I, in diethyl 

ether proceeds with retention of configuration66. Although the brominolysis of ( Z ) -  and 
(E)-  I -lithio-2-methylcyclopropane is highly stereospecific in pentane solution, in pentane- 
diethyl ether solution a much reduced stereospecificity results6'. Considerable inversion 
ofconfiguration occurs in the reaction of 2-norbornyllithium with bromine". In reactions 
of halogens with methyllithium or 4-tert-butylcyclohexyllithium, inversion can predomi- 
nate; in contrast, reactions with BrCH,CH,Br, PhBr, or the pyridine-bromine complex 
provide bromoproducts with predominant retention of configuration532a. 

H. Formation of Carbenes, Arynes, and Y l i d e ~ ' * ~ . '  

1. Carbenoid reagents 

The preparation of a-haloalkylalkali metals is given in Table 12. These and related 
compounds have had considerable use as carbene precursors (equation 295). For reviews 
on the use of such reagents, see references 433a, 646, and 647. 

R'R2C(X)M --+[R'R2C] (295) 

2. Arynoid r e a g e n t ~ j . ~  

and 280. Their generation, chemistry, and use have been reviewed646. 
o-Haloarylalkali metals have had an extensive use as aryne sources, e.g. equations 44 

3. Ylides 

use in the Wittig r e a ~ t i o n s ~ ~ ' .  
Organoalkali metals have been widely used in the generation of ylides, for example for 

IV. REFERENCES 

I ,  Houben- Weyl. Methoden der Oryanischen Chemie, Band 13-1, Metalloryanische Verhindunyen: 
Li. Nu.  K .  Rh. C s .  Cu.  Ag.  Au, Georg Thieme Verlag, Stuttgart, 1970. 

2. J.  L. Wardell, Alkali Metals,  in Comprehensiue Oryanornetallic Chemistry (Eds. G.  Wilkinsoii, 
F. G. A. Stone, and E. W. Abel), Vol. I ,  Pergamon Press, Oxford, 1982, Chapter 2. 

3. B. J. Wakefield, Compounds o f t h e  Alkali and Alkaline Earth Metals in Organic Synthesis, in 
Comprehensiue Oryanometallic Chemisrry (Eds. G.  Wilkinson, F. G.  A. Stone, and E. W. Abel), 
Vol. 7, Pergamon Press, Oxford, 1982, Chapter 44. 

4. G. E. Coates, M. L. H. Green, and K. Wade, Oryunometallic Compounds, 3rd ed., Vol. I ,  
Methuen, London, 1967, Chapter 1. 

5. B. J. Wakefield, The Chemistry of Oryunolithium Compounds. Pergamon Press, Oxford, 1974. 



1. Organic Synthesis of Organolithium 131 

6. M. Schlosser, Atigew. Cliem.. Inr .  Ed. Enyl., 2, 287, 362 (1964). 
7. M. Schlosser, Polare Organomemlle, Springer Verlag, Berlin, 1973. 
8. F. J. Landro, J. A. Gurak, J. W. Chinn, Jr., R. M. Newman, and R. J. Lagow,J. Am. Chem. Soc., 

9. C. Chung and R.  J .  Lagow, J .  Chem. Soc., Chem. Commun., 1972, 1078; L. A. Shimp and R. J. 
104, 7345 (1982). 

Lagow, J .  Org. Chem., 44, 231 I (1979). 
10. 1. Fatt and M. Tashima, Alkali-Metal Dispersions, Van Nostrand, Princeton, 1961. 
I I .  G. Gau and S. Marques, J .  Am. Chem. Soc., 98, 1538 (1976). 
12. C. Tamborski, G. J. Moore, and E. J. Soleski, Chem. Ind. (London), 696 (1962). 
13. G. Molle, P. Bauer, and J. E. Dubois, J .  Ory.  Chem., 48, 2975 (1983). 
14. M. J. S. Dewar and J. M. Harris, J .  Am. Chem. Soc., 91, 3652 (1969). 
15. H. M. Walborsky and M. S. Aronoff, J .  Organornet. Chem., 51, 55 (1973). 
16. H. M. Walborsky and E. J. Powers, Isr. J .  Chem., 21, 210 (1981). 
17. J. B. Lambert, M. W. Majchrzak, B. 1. Rosen, K. P. Steele, and S .  A. Oliver, Isr. J .  Chem., 20, 

18. D. E. Applequist and G. N. Chmurny, J .  Am. Chem. Soc., 89, 875 (1967). 
19. W. H. Glaze and C. M. Selman, J .  Ory.  Chem., 33, 1987 (1968). 
20. C. Georgoulis, J. Meyet, and W. Smadja, J .  Organomet. Chem., 121, 271 (1976). 
21. D. Seyferth and L. G. Vaughan, J .  Organomet. Chem., I ,  201 (1963). 
22. N. L. Allinger and R. B. Hermann, J .  Org. Chem., 26, 1040 (1961); D. Y. Curtin and J. W. 

Crump, J .  Am. Chem. Soc.,80,1922(1958); F. D. Bordwell and P. S .  Landis, J .  Am. Chem. Soc., 
79,1593 (1957); E. A. Braude and J. A. Coles, J .  Ckem. Soc., 2078 (1951); A. S. Dreiding and R. J. 
Prajj, J .  Am. Cbem. Sol:., 76, 1902 (1954). 

177 ( I  980). 

23. N. L. Holy, Cbem. Rev..  74, 243 (1974). 
24. J. F. Garst, Acc. Chem. R e x ,  4, 400 (1971). 
25. C. G. Screttas, J .  Ckem. Soc.. Chem. Commun., 752 (1972); C. G. Screttas and M. Micha- 

Screttas, J .  Org. Chem., 43, 1064 (1978). 
26. P. K. Freeman and L. L. Hutchinson, J .  Org. Chem., 45, 1924 (1980). 
27. P. K. Freeman and L. L. Hutchinson, J .  Org. Chem., 45, 3191 (1980). 
28. P. K. Freeman and L. L. Hutchinson, J .  Org. Chem., 48, 4705 (1983). 
29. J. Stapesma and G. W. Klumpp, Tetrahedron, 37, 187 (1981). 
30. J. Stapesma, P. Kuipers and G. W. Klumpp, Recl. Trau. Chim. Pays-Bas, 101, 213 (1982). 
3 I .  S .  E. Wilson, Tetrahedron Lett., 465 1 ( I  975). 
32. J. Barluenga, J. Florez, and M. Yus, J .  Chem. Soc., Perkin Trans. I ,  3019 (1983); see also C. 

33. B. A. Tertov and A. S .  Morkovnik, Kbirn. Geterotsikl. Soedin., 392 (1975). 
34. G. Boche and D. R. Schneider, Tetrahedron Lett., 2327 (1978). 
35. G. Boche, D. R. Schneider, and H. Wintermayr, J .  Am. Chem. Soc.. 102, 5697 (1980). 
36. M. Takagi, M. Nojima, and S .  Kusabayashi, J .  Am. Chem. Soc., 105,4676 (1983). 
37. H. E. Zieger, I .  Angres, and L. Maresca, J .  Am. Chem. Soc., 95, 8201 (1973). 
38. J. Jacobus and D. Pensak. J .  Chem. Soc. Cbem. Commun.. 400 (1969). 

Najera, M. Yus, and D. Seebach, Helu.  Chim. Acta, 67, 289 (1984). 

39. 

40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 

52. 

T. Fujita, S. Watanabe. K. Suga, K. Sugahara, and K. Tsuchimoto, Chem. Ind. (London), 167 
( I  983). ~, 
J. F. Garst and F. E. Barton, Jr., J .  Am. Chem. Soc., 96, 523 (1974). 
S. J. Cristol and R. V. Barbour, J .  Am. Chem. Soc., 88, 4262 (1966). 
J. F. Garst and J. T. Barbas, J .  Am. Ckem. SOC., 96, 3239 (1974). 
Y. -J. Lee and W. D. Closson, Tetrahedron Lef t . ,  1395 (1974). 
E. Muller and G. Roscheisen, Chem. Ber., 90, 543 (1957). 
J. F. Garst, R. D. Roberts, and J. A. Pacilici, J .  Am. Cbem. Soc., 99, 3528 (1977). 
K. S. Y. Lau and M. Schlosser, J .  Org. Chem., 43, 1595 (1978). 
R.  G. Jones and H. Gilman, J .  Org. Chem., 6, 339 (1951). 
D. E. Applequist and D. F. O’Brien, J .  Am. Client. Soc., 85, 743 (1963). 
H. J.  S. Winkler and H. Winkler, J .  Am. Chem. Soc., 88. 964, 969 (1966). 
E. Weiss, Chem. Ber., 97, 3241 (1964). 
C. W. Perry, G. J. Bader, A. A. Liebman, R. Barner, and J. Wuersch, J .  Org. Chem., 43, 4391 
( 1  978). 
N. Gjos and S. Gronowitz. Acra Ckem. Scad . ,  25,2596( 1971); R.  E. Merrill and E. I .  Negishi, J .  
Org. Cbem.. 39, 3452 (1974). 



132 J. L. Wardell 

53. H. Heaney, Organomet. Chem. Rev., 1, 27 (1966); V. S. Petrosyan and 0. A. Reutov, J.  

54. G. Cahiez, D. Bernard and J. F. Normant, Synthesis, 245 (1976). 
55. G. Porzi and C. Concilio, J .  Orgartomet. Chem., 128, 95 (1977). 
56. D. Merkel and G. Kobrich, Chem. Ber., 106, 2040 (1973). 
57. N. A. Donskaya,T. V. Akhachinskaya,T. V. Leonova, E. V. Shulishov, and Yu. S. Shabarov,J. 

58. S. Bhanu, E. A. Khan, and F. Scheinmann, J .  Cheni. Soc.. Perkiti Trans. I ,  1609 (1976). 
59. H. Neumann and D. Seebach, Chem. Ber., 11 I ,  2785 (1978). 
60. A. P. Batalov and G. A. Rostokin, J .  Gen. Cltem. U S S R  (E,tgl. Transl.), 43, 959 (1973); A. P. 

Batalov, T r .  Khim. Khim. Teknol., 51 (1975); A. P. Batalov, Kinet .  Katal., 17, 310(1976). 
61. W. E. Parham, L. D. Jones, and Y. A. Sayed, J.  Org. Chem., 41, 1184 (1976). 
62. W. E. Parham, C. K. Bradsher, and D. C. Reames, J .  Org. Chem., 46, 4804 (1981). 
63. A. P. Batalov, G. Ya Mal'Kova, and G. A. Rostokin. Tr .  Khim.  Khim.. Tekkttol.. 93 (1974); A. P. 

Batalov and G. A. Rostokin, Tr.  Khim. Khim. Tekhnol., 99 (1974); A. P. Batalov and G .  A. 
Rostokin. Tr. Kkim. Khim. Tekrtol.. I168 (1971); A. P. Batalov and G. A. Rostokin, J .  Gem 
Chem. U S S R ( E n g l .  Transl.),41, 1740, 1743(1971;A. P. Bata1ov.A. A.Kvasov,G. A. Rostokin, 
and I .  A. Korshunov, J.  Gen. Chem. USSR (Engl. Transl.), 41,2545 (1971); A. P. Batalov, J .  Gen. 
Chem. U S S R  (Engl .  Transl.), 44, 2492 (1974). 

Organomet. Chem., 52, 307 (1973). 

Org. Chem. U S S R  (Engl .  Transl.), 16, 487 (1980). 

64. H. R. Rogers and J. Houk, J .  Am. Chem. Soc.. 104, 522 (1982). 
65. A. R. Lepley and R. L. Landau, J.  Am. Chem. Soc., 91, 748 (1969); H. R. Ward, R. G. Lawler, 

and R. A. Cooper, J .  Am. Chem. Soc., 91, 746 (1969); G. A. Russell and D. W. Lamson, J .  Am. 
Chem. Soc., 91, 3967 (1969). 

66. H. M. Walborsky, F. J. Impastato, and A. E. Young, J .  Ant. Ckem. Soc., 86, 3283 (1964). 
67. R. Letsinger, J .  Am. Chem. Soc., 72. 4842 (1950). 
68. D. E. Applequist and A. H. Peterson, J.  Am. Chem. Soc., 83, 862 (1961). 
69. L. A. Paquette, G. J. Wells, K. A. Horn, and T. -H. Yan, Tetrahedron, 39, 913 (1983). 
70. G. Wittig and W. Tochtermann. Jusrus Liebigs Ann. Ckem., 660, 23 (1962). 
71. T. T. Lansbury and J. D. Sidler, Tetrahedron Lett., 691 (1965). 
72. E. Boerhorst, R. F. Schmitz, and G. W. Klumpp. Terrahedrori Lett., 3347 (1975). 
73. D. F. Hoeg, D. I .  Lusk, and A. L. Crumbliss, J .  Am. Chem. Soc., 87, 4147 (1967). 
74. D. J. Burton and J. L. Hahnfeld, J.  Org. Chem., 42, 828 (1977). 
75. R. G. Micetich and C. G. Chin, Cart. J .  CAerrt., 48, 1371 (1970). 
76. P. Savignac, M. Dreux, and P. Coutrot, Terrahedron Lett., 609 (1975); P. Savignac, J. Petrova, 

M. Dreux, and P. Coutrot, J .  Orgartomet. C h e w  91, C45 (1975). 
77. K. Kitatani, T. Hiyama. and H. Nozaki, Bull. Chem. Soc. Jprt.,  50, 3288 (1977). 
78. K. G. Taylor, W. E. Hobbs, M. S. Clark, and J. Chaney, J .  Org. Cliem., 37, 2436 (1972). 
79. K. G. Taylor, W. E. Hobbs, and M. Saquet, J.  Org. Cltem., 36, 369 (1971). 
80. D. Seyferth and R. L. Lambert, Jr., J .  Orgartomet. Chem., 55, C53 (1973). 
81. T. Ando, W. Wakabayash, H. Yamanaka, and W. Funasaka, Bull. Chem. Soc. Jpn., 45, 1576 

( 1  972). 
82. H. J. J. Loozen, W. A. Castenmiller, E. J. M. Buter. and H. M. Buck, J .  Org. Chem., 41, 2965 

( 1  976). 
83. K. G. Taylor and J. Chaney, J .  Am.  Cheni. Soc., 98, 4158 (1976). 
84. G. Kobrich and W. Goyert, Tetrahedron, 24, 4327 (1968). 
85. W. Dumont, A. Anciaux, A. Eman, J. N. Denis, and A. Krief, quoted in A. Krief, Tetrakedron 

Lett., 36, 253 I (1980). 
86. W. Dumont. M. Sevrin. and A. Krief. A w e w .  Cltem.. / f i t .  Ed. Eriul., 16. 541 (1978). , ,  

87. W. M. Jones and R. S .  Pyron, Terrahedrcy!i Lerr., 479 (1965). 
88. A. G. Brook, J. M. Duff, and D. G. Anderson, Cun. J .  Chent.. 48, 561 (1970). 
89. D. Seyferth, J. L. Lefferts, and R.  L. Lambert, J .  Orqanomet. Chem., 142, 39 (1977). 
90. T. Kauffmann, R. Kriegsmann, and A.  Woltermann, An~qew. Ckem.. / t i t .  Ed. Engl . ,  16, 862 

91. T. Kauffmann, K. J. Echsler, A. Hamsen, R.  Kriegsmann, F. Steinseifer, and A. Vahrenhorst, 

92. C. Georgoulis, J. Meyet, and W. Smadja, J .  Orgo,tomet. Ckem., 121, 271 (1976). 
93. E. J .  Panek, B. L. Neff, H. Chu, and M. G. Panek, J.  Ant. Client. Soc., 97, 3996 (1975). 
94. G. Zweifel and W. Lewis, J .  Orq. Chem., 43, 2739 (1978). 

" 

( 1  977). 

Tetrahedron Lett., 4391 (1978). 



133 1. O r g a n i c  Synthesis  of Organol i th ium 

95. G. Kobrich and H. Trapp. Chem. Ber., 99, 680 (1966). 
96. L. Duhamel and F. Tombret, J. Org. Chem., 46, 3741 (1981). 
97. K. S. Y. Lau and M. Schlosser, J. Org. Chem., 43, 1595 (1978). 
98. R. Knorr and E. Lattke, Tetrahedron Left . ,  3969 (1977). 
99. J. Ficini. P. Kahn. S. Falou, and A. M. Touzin, Tefruhedron Letr., 67 (1979). 
100. D. MasurC, R. Sauvetre, J. F. Normant, and J. Villicras, Synrhesis, 761 (1976). 
101. J. F. Normant, J. P. Foulon, D. Masure, R. Sauvetre. and J. Villeras, Synthesis. 122 (1975). 
102. D. MasurC, C. Chuit, R.  Sauvetre, and J. F. Normant, Synthesis, 458 (1978). 
103. K. Okuhara, J .  Org. Cheni., 41, 1487 (1976). 
104. H. L. Elbe and G. Kobrich, Tetrahedron Letr., 2557 (1974). 
105. W. E. Parham and D. W. Boykin, J. Org. Chem., 42, 260 (1977). 
106. D. Caine and A. S. Frobese, Tefruhedron Left.,  5167 (1978). 
107. L. Duhamel and J. M. Pokier, J. Am. Chem. Sw., 99, 8356 (1977). 
108. W. R. Baker and R. M. Coates, J. Org. Chem., 44, 1022 (1979). 
109. R. Amouroux and  T. H. Chan, Tetrahedron Lett., 4453 (1978). 
110. C. Shih and J. S. Swenton, J .  Org. Chem.. 47, 2835 (1982). 
1 I I. D. Seykrth, R. M. Simon, D. J. Sepelak, and H. A. Klein. J .  Org. Chem., 45, 2273 (1981). 
112. G. Linstrumelle and D. Michelot, J. Ckem. Soc.. Chem. Commun., 561 (1975). 
113. H. Gilman and A. H. Hauben, J. Am. Chem. Soc., 67, 1420 (1945). 
114. J. D. Edwards, J. A. K. Howard, S. A. R. Knox, V. Riera, and F. G. A. Stone, J. Chem. Soc., 

Dalton Trans., 75 (1976); see also V. Bakthavachalam, M. d'Alarcao, and N. J. Leonard, J .  Org. 
Chem., 49, 289 (1984). 

115. H. J. Reich and 1. L. Reich, J .  Org. Chem., 40, 2248 (1975). 
116. P. Jutzi, J. Baumgartner, and W. Schraut, J. Orgunornet. Chem., 132, 333 (1977). 
117. M. Schlosser, J .  Organornet. Chem., 8. 9 (1967). 
I 18. W. J. Trepka and R. J. Sonnenfeld, J. Orgawmef.  Chem., 16, 3 17 ( 1  969). 
119. L. S. Chen, C. J .  Chen, and C. Tamborski, J .  Orgunornet. Chem., 193, 283 (1980). 
120. W. E. Parham and C. K. Bradsher, Acc. Chem. Res., 15, 300 (1982). 
121. W. E. Parham, E. C. Egbexg, Y. A. Sayed, R. W. Thraikill, G. E. Keyser, M. Neu, W. E. 

Montgomery. and L. D. Jones, J. Org. Chem., 41, 2628 (1976). 
122. W. E. Parham and R. M. Piccirilli, J .  Org. Chem., 42, 257 (1977). 
123. G. Kobrich and P. Buck, Chem. Ber., 103, 1412 (1970). 
124. P. Buck, Anyew. Chem.. I n t .  Ed. Engl . ,  8, I20 (1969). 
125. P. A. Wender and A. W. White, Tetrahedron Left., 22, 1475 (1981). 
126. W. E. Parham and L. D. Jones, J .  Org. Chem., 41, I187 (1976). 
127. W. E. Parham and R. M. Piccirilli, J .  Org. Chem., 41, 1268 (1976). 
128. W. E. Parham and Y. A. Sayed, J .  Org. Chem., 39, 2051 (1974). 
129. W. E. Parham and Y. A. Sayed, J. Org. Chem., 39, 2053 (1974). 
130. W. E. Parham and L. D. Jones, J. Org. Chetn., 41, 2704 (1976). 
131. W. E. Parham, L. D. Jones, and Y. A. Sayed, J. Org. Chem., 40, 2394 (1975). 
132. C. K. Bradshcr and D. C. Reames, J .  Org. Chem., 43, 3800 (1978). 
133. E. Akgun, M. B. Glinski, K. L. Dhawan, and T. Durst, J .  Org. Chem., 46, 2730 (1981). 
134. H. P. Abicht. U. Baumeistcr, H. Hartung, K. Issleb, R. A. Jacobson, J. Richardson, S. M. Socol, 

135. N. J. Foulger and B. J. Wakefield, J. Organomet. Chem., 69.321 (1974); D. J. Berry, 1. Collins, 

136. S. Gronowitz and B. Holm, Acfa Chem. Scand.. Parf B ,  30, 505 (1976). 
137. M. R. Smith and H. Gilman, J. Organomet. Chem., 42, I (1972). 
138. M. D. Rausch, T. R. Criswell. and A. K. Ignatowicz, J .  Oryanomer. Chem., 13,419 (1968). 
139. H. Gilman and S. M. Spatz, J. Org. Chem., 16, 1485 (1956). 
140. G. R. Newkome and J. M. Roper, J .  Organomet. Chem., 186, 147 (1980). 
141. E. S. Petrov, M. 1. Terekhova, and A. 1. Shatenshtein, Russ. Chem. Rev., 42, 713 (1973). 
142. V. Kalyanaraman and M. V. George, J. Organomet. Chem., 47, 225 (1973). 
143. N. Collignon, 1. Organoniet. Chem., 96, 139 (1975). 
144. C. E. Clanand A.  A. Morton, J .  Org. Chem., 20, 440, 981 (1955). 
145. C. A. Kraus and R. Rosen, J. Am. Chem. Soc.. 41.2739 (1925). 
146. H. 0. House, and V. Kramar, J .  Org. Chem., 27,4146(1962); I .  K. Brandes, R. Suhrmann, and 

and J. G. Verkade, Z. Aiiorg. Ally. Chem., 494, 55 (1982). 

S. M. Roberts, H. Suschitzky, and B. J. Wakefield, J .  Chem. Soc. C ,  1285 (1969). 

R. J. Gerdes, J. Org. Chem., 23, 741 (1967). 



134 J. L. Wardell 

147. (a) E. G.  Janzen and J .  L. Gerlock. J .  Organornet. Chem., 8. 354 (1967); 1. J. Eisch and W. C. 
Kaska, J. Org. Chem., 27,3745(1962); R. L. Kugel, W. G. Hodgson, and H. R. Allcock, Chem. 
Ind. (London), 1649 (1962); (b) R. Zhang, M. Tsutsui, and D. E. Bergbreiter, J. Organornet. 
Chem., 229, 109 (1982). 

148. H. Gilman and R. Gorsich, J. Ory. Chem., 23, 550 (1958). 
149. G. W. H. Scherf and R. K. Brown, Can. J .  Chem., 38, 697, 2450 (1960). 
150. R. Meier, Chem. Ber., 86, 1483 (1953). 
151. A. Bosch and R. K. Brown, Can. J. Chem., 42, 1728 (1964). 
152. K. Hafner and H. Kaiser, Justus Liebigs Ann. Chem., 618, 140 (1958). 
153. K. Ziegler, H. Froitzheim-Kiihlhorn, and K. Hafner, Chem. Ber., 89,434 (1956); S. McLean and 

154. J. Thiele, Chem. Ber., 34, 68 (1901); E. 0. Fischer, W. Hafner. and H. 0. Stahl, Z. Anorg. Allg. 

155. H. Normant, T. Cuvigny, J .  F. Normant. and B. Angelo, Bull. Soc. Chim. Fr.,  3446 (1965). 
156. T. F. Rutledge, J. Org. Chem., 22, 649 (1957). 
157. J. B. Wilkes, J .  Org. Chem., 32, 3231 (1967). 
158. H. Yasuda, Y. Ohnuma, M. Yamauchi, H. Tani, and A. Nakamura, Bull. Chem. Soc. Jpn . ,  52, 

2036 ( I  979). 
159. A.  Ledwith and N. McFdrlane. Proc. Chem. Soc., 108 (1964); D. E. O’Connor and W. I .  Lyness, 

J.  Or(/. Ckrm.. 30, 1620 (1965). 
160. H .  Normant, Bull. Soc. Chem. Fr., 3446 (1965). 
161. J. P. Ferris, C. E. Sullivan, and B. G. Wright, J .  Org. Chem., 29, 87 (1964). 
162. H. Gross and J. Freiberg, Chem. Ber., 99, 3260 (1966). 
163. C. G .  Screltas, J .  Chem. Soc.. Perkin Truns. 2, 745 (1974). 
164. R. N. Nasirov and S. P. Solodovnikov, Bull. Acad. Sci. USSR (Engl .  Trans.). 22, 226 (1973). 
165. A. P. Krapcho and W. P. Stephens, J. Org. Chem., 45, I106 (1980). 
166. B. Angelo, Bull. Soc. Chim. Fr.,  1710 (1969). 
167. R. Weil and N. Collignon, Bull. Soc. Chim. Fr . ,  253 (1974). 
168. N. Collignon, Bull. Soc. Chim. Fr., 1821 (1975). 
169. M. 1. Terekhova, E. S. Petrov, and A. 1. Shatenshtein, J .  Org. Chem. U S S R  (Eng l .  Trans/.), 9, 

170. I .  N. Juchnovski and 1. G .  Binev, J .  Organomer. Chem., 99, I ,  (1975). 
171. H. Gilman and J. W. Morton, Jr., Org. React., 8, 253 (1954). 
172. R. A. Benkeser, D. J. Foster, D. M. Sauve and J. F. Nobis, Chem. Reu., 57, 867 (1957). 
173. J. Hartmann and M. Schlosser, Helv. Chim. Actu, 59, 453 (1976). 
174. M. Schlosser and S. Strunk, Tetrahedron Lett., 25, 741 (1984). 
175. G .  Gau, J. Organornet. Chem., 121, 1 (1976). 
176. T. I. Lebedeva. E. S. Petrov, and A. 1. Shatenshtein J .  Ory. Chem. USSR (Engl .  Tramvl.), 13.829 

( 1  977). 
177. A. Steitwieser, Jr., D. A. Bors, and M. J. Kaufman,J. Chem. Soc.. Chem. Commun., 1394(1983); 

R. R. Fraser, M. Bresse, and T. S. Mansour, J. Chem. Soc.. Chem. Commun., 620 (1983). 
178. H. Gilman, H. A. Pacewitz, and 0. Baine, J. Am. Chem. Soc., 62, 1514 (1940); H. Gilman and 

H. A. Pacewilz, J. Am. Chem. Soc., 62,672 (1940). 
179. C. D. Broaddus, J .  Ory. Chem., 35, 10 (1970). 
180. A. J. Chalk and T. J. Hoogeboom, J. Organornet. Chem., 11, 615 (1968); A. W. Langer, Jr., 

181. W. N. Smith, Ado. Chem. Ser., No. 130, 23 (1974). 
182. G. G. Eberhardt and W. A. Butte, J. Org. Chem., 29, 2928 (1964). 
183. M. Schlosser and J. Hartmann, Angew. Chem., In t .  Ed. Engl., 12, 508 (1973). 
184. R. West, Adu. Chem. Ser., No. 130, 211 (1974). 
185. A. W. Langer. Jr., Adu. Cliem. Ser., No. 130, I (1974). 
186. G. B. Trimitsii, A. Tuncay, R. D. Beyer, and K. J. Ketterman, J .  Org. Chem., 38, 1491 

187. A. KrieT, Terrahedron, 36, 2531 (1980). 
188. H. W. Gschwend and H. R. Rodriquez, Org. React., 26, I (1979). 
189. (a) R. A. Finnegan, Tetrahedroti Lerr., 429 (1963); (b) R. Lehmann and M. Schlosser, 

190. E. J. Lanpher, L. M. Redman, and A. A. Morton, J. Org. Chem., 23, 1370 (1958). 
191. R. A. Finnegan and R. S. McNees, J. Org. Cltem.. 29. 3234 (1964). 

P. Haynes, Tetrahedron, 21, 2313 (1965). 

Chem.. 282, 45 (1955). 

883 (1973). 

Trans. N. Z Acad. Sci., 27, 741 (1965). 

(1973). 

Tetrahedron Left.,  25. 745 ( I  984). 



1. Organic Synthesis of Organolithium 135 

192. P. G. Gassman and K. T. Mansfield, J. Org. Chem.. 32. 915 (1967). 
193. R.P. Zerger and G. D. Stucky. J .  Chem. Soc.. C h m .  Commioi.. 44 (1973). 
194. (a) J. Harnisch, 0. Baumgartel, G. Szeimies, M. van Meerssche, G. Germain and J. -P. 

Declercq, J .  Am. Chem. Soc., 101,3370 (1979); see also 0. Baumgartel and G. Szeimies, Chem. 
Ber., 116, 2180 (1983). 

195. G. L. Closs and R. B. Larrabee, Tetrahedron Lett., 287 (1965). 
196. J. Stapersma, I. D. C. Rodd, and G. W. Klumpp, Tetrahedron, 38, 191 (1982). 
197. (a)G.  W. Klumpp, M. Kool, M.Schakel, R.  F.Schmitz,andC. Boutkan, J .  Am. Chem.Soc.. 101, 

7065 (1979); (b) G. W. Klumpp, M. Kool, A. H. Veelkind, M. Schakel, and R. F. Schmitz, Reel. 
Trati. Chim Pays-Bas. 102. 542 (1983); (c) S. von Norman, T. Butkowskyj-Walkiw. and C. 
Szeimies, Tetrahedron Left.,  24, 4813 (1983). 

198. M. D. Rausch and A. J. Sarnelli, Adu. Chem. Ser., No. 130 248 (1974). 
199. H. Gilman and J. C. Baillie, J. Ory. Chem., 2, 84 (1937). 
200. D. Bryce-Smith, J. Chem. Soc., 5983 (1963); A.  A. Morton, E. L. Little, and W. 0. Strong, J .  .4m. 

Chem. Soc., 65, 1335 (1943). 
201. W. Neugebauer, A. J. Kos, and P. von R.  Schleyer, J .  Organornet. Chem., 228. 107 (1982). 
202. (a) A. A. Morton, J. B. Davidson. T. R. P. Gibb, E. L. Little, E. F. Clarke, and A. G .  Green, J .  

Am. Chem. Soc.. 64,2250( 1942); (b) A. A.  Morton, J. T. Massengale, and G. M. Richards, J .  A m .  
Chem. Soc., 65, I346 ( I  943). 

203. H. Gilman and B. J. Gaj, J .  Org. Chem., 28, 1725 (1963). 
204. C. D. Broaddus, J .  Am. Chem. Soc., 88, 4174 (1966). 
205. A. J. Hart. D. H. OBrien. and C. R. Russell, J .  Organomer. Chem., 72, C19 (1974). 
206. A. A. Morton, E. L. Little. Jr., and W. 0. Strong, Jr., J .  Am. Chem. Soc., 65, 1339 (1943). , 
207. R.  A. Benkeser, A. E. Trevillyan, and J. Hooz, J .  Am. Chem. Soc., 84, 4971 (1962). 
208. T. F. Crimmins and E. M. Rather, J .  Org. Chem., 43, 2170 (1978). 
209. T. F. Crimmins and C. M. Chan, J. Org. Chem., 41, 1870 (1976). 
210. R. A. Benkeser, J. Hooz, T. V. Liston, and A. E. Trevillyan, J .  Am. Chem. Soc., 85,3984(1963). 
21 I .  D. Wilheim, T. Clark, and P. von R.  Schleyer, J .  Chem. Soc.. Chem. Commun., 21 1 (1983). 
212. M. Schlosser and P. Schneider, Helti. Chim. Acta, 63, 2404 (1980). 
213. J. Klein, A. Medlik, and A. Y. Meyer, Tetrahedron, 32, 51 (1976). 
214. G. B. Trimitsis, A. Tuncay, and R.  D. Beyer, J .  Am. Chem. Soc., 94. 2152 (1972). 
215. J. Klein and A. Medlik, J .  Am. Chem. Soc., 99, 1473 (1977). 
216. E. Dunkelblum and H. Hart, J. Ory. Chem., 44, 3482 (1979). 
217. W. E. Rhine, J. H. Davis, and G. Stucky, J .  Organornet. Chem., 134, 139 (1977). 
218. E. M. Kaiser, Tetraliedroti, 39, 2055 (1983), and references cited therein. 
219. P. L. Compagnon and T. Kimny, J .  Organomet. Chem., 184, 297 (1980). 
220. B. Menon and E. Buncel, J. Organomet. Chem., 159, 357 (1978). 
221. T. Cuvigny and H. Normant, Bull. Soc. C h i n  Fr., 1872 (1965). 
222. E. Buncel and B. Menon, J .  Am. Chem. Soc., 99,4457 (1977). 
223. H. Koster and E. Weiss, J .  Organomet. Ckem., 168, 273 (1979). 
224. W. L. Jolly, Inorg. Chern., 6, 1435 (1967). 
225. E. J. Panek and T. J. Rodgers, J .  Am. Chem. Soc., 96,6921 (1974); see also M. Daney, H. Bouas- 

226. R. G. Harvey, L. Nazareno and H. Cho, J. Am. Chem. Soc.,95, 2376(1973); see also W. E. Rhine, 

227. W. V. E. Doering and C. C. H. Depuy, J .  Am. Chem. Soc., 75, 7955 (1953). 
228. 0. Meth-Cohn and S. Gronowitz, J .  Chem. Soc.. Chem. Commun., 81 (1966). 
229. G. Witting, D. Davis. and G. Koenig, Chem. Ber., 84, 627 (1951). 
230. T. J. Barton and C. R. Tully, J. Organomet. Chem., 172, I I  (1979). 
231. A. F. Halasa, J. Organomet. Chem., 31, 369 (1971). 
232. T. J. Kartz, M. Rosenberger, and R. K. OHara ,  J .  Am. Chem. Soc., 86, 249 (1964). 
233. M. W. Haenel, Tetrahedron Lett., 1273 (1977). 
234. D. Hellwinkel and G. Haas, Justus Liehigs Ann. Chem., 145 (1979). 
235. D. Bladauski. H. Dietrich. H. J. Hecht, and D. Rewicki, Angew. Chem.. I n t .  Ed. EngI., 16,474 

(1977). 
236. M .  Walczak and G. D. Stucky, J. Organomet. Chem., 97, 313 (1975). 
237. I. Willner and M. Rabinovitz. Tetrahedron Lett.. 1223 (1976). 
238. A.  A.  Morton. F. D. Marsh, R. D. Coombs, A. L. Lyons, S. E. Penner, H. E. Ramsden, V. B. 

Baker. E. L. Little. and R.  L. Letsinger, J .  Am. Chem. Soc., 72, 3785 (1950). 

Laurent, B. Calas, L. Giral, and N. Platzer, J .  Organornet. Chem., 188, 277 (1980). 

J. Davis, and G. Stucky. J .  Am. Chem. Soc., 97, 2079 (1975). 



136 J.  L. Wardell 

239. C. J .  Broaddus, T. J .  Logan, a n d  T. J. Flautt ,  J .  Ory. Client., 28, 1174 (1962). 
240. A. A. Morton and  M.  E. T. Holden, J .  Am. Chem. Soc.. 69, 1675 (1974). 
241. C.  D .  Broaddus and  D. L. Muck, J .  Am. Chetn. Soc., 89, 6533 (1967). 
242. F. H. Kohler and  N. Hertkorn,  Chem. Ber., 116, 3274 (1983). 
243. R. Ya. Levina. 1. B. Avezov, L. S. Surmina, and I. J .  Bolesov, J .  Ory. Chem. U S S R  (Enyl. 

Trans/.) ,  8, 1 1 18 ( 1  972). 
244. C. F. Huebner,  R .  T. Puckett, M. BrzechlTa, and S. L. Schwartz, Terruherlron Lett.. 359 (1970). 
245. S. Akiyama and  J .  Hooz, Tetrahedron Lett.. 41 15 (1973). 
246. T. B. Thompson and  W. T. Ford,  J .  Am. Chem. Soc., 101, 5459 (1979). 
247. E. J. Lanpher,  J .  Am. Chem. Soc., 97, 5579 (1975). 
248. D. H. O'Brien. C. R. Russell, and A. J. Hart ,  Tetrahedron Lett., 37 (1976). 
249. M. Schlosser and  M. Stihle.  Ajiyew. Chem.. Int .  Ed. Etiyl., 19, 487 (1980). 
250. K. Ziegler and  H. Dislich, Chem. Ber.. 90, 1107 (1957). 
251. M. Schlosser, J .  Hartmann and  V. David, Helu. Chim. Acta. 57, 1567 (1974). 
252. R. B. Bates and  W. A. Beavers. J .  Am. Chem. Soc., 96, 5001 (1974). 
253. R .  Y. Mixer and  W. G. Young, J .  Am. Chem. Soc., 78, 3379 (1956). 
254. C .  Boche and  D. R. Schneider, Tetrahedron Lett., 3657 (1976). 
255. M. Stihle,  J. Hartmann,  and M.  Schlosser, Helu. Chim. Acta, 60, 1730 (1977). 
256. J .  Klein, A. Medlik, A. Y. Meyer, and  M. Chorev, Tetrahedron, 32, 1839 (1976); R. B. Bates, 

257. A. A.  Morton and M. L. Brown, J .  Am. Chem. Soc., 69, 160 (1947). 
258. W. L. Trepka, J. A. Favre. and  R. J. Sonnenfeld, J .  Organomet. Chem., 55, 221 (1973). 
259. D. Wilhelrn,T. Clark,  P. von R. Schleyer, K. Buckl, and  G. Boche, Chem. Ber., 116,1669 (1983); 

D. Wilhelm, T. Clark,  and  P. von R. Schleyer, Tetrahedron Lett . ,  24,3985 (1983); D. Wilhelrn, T. 
Clark,  P. von R.  Schleyer, J .  L. Courtneidge, and  A. G. Davies, J .  Chem. Soc., Perkiii Trans. 2 ,  
915 (1984). 

W. A. Beavers, B. Gordon ,  and  N. S. Mills, J .  Org. Chem., 44, 3800 (1979). 

260. N. S. Mills, J. Shapiro,  and  M.  Hollingsworth, J .  Am. Chem. Soc., 103, 1263 (1981). 
261. J .  Klein and  A. Medlik-Balan, J .  Chem. Soc.. Chem. Commun., 877 (1975); R. B. Bates, W. A. 

Beavers, M. G. Greene, and J. H. Klein. J .  Am. Chem. Soc., 96, 5640 (1974). 
262. W. A. Beavers. S. E. Wilson, B. Gordon ,  R. B. Bates, a n d  A. B. Romano,  Tetrahedron Lett., 

I675 ( 1979). 
263. E. W. Thomas. Tetrahedrm Lett., 24, 1467 (1983). 
264. E. Dunkelblum and  S. Brenner, Tetrahedron Lett., 669 (1973). 
265. S. R. Wilson, L. R. Phillips, and  K. J.  Natalie, J .  Am. Chem. Soc., 101, 3340 (1979). 
266. J. Hartmann and  M.  Schlosser. Synthesis, 328 (1975). 
267. H. Gilman and  R. L. Bebb, J .  Am. Chem. Soc., 61, 109 (1939). 
26X. R. D. Bates, D. W. Gosselink, and  J .  A. Koczynski, Tetrahedron Lett., 1991 (1967); W. E. Paget, 

K. Smith,  M. G. Hutchings. and G. E. Martin,  J .  Chem. Res. (S), 30( 1983); M. Schlosser and  G. 
Rauchschwalbe, J .  Am. Chem. Soc., 100,3258 (1978); H. Bosshart and  M. Schlosser, Helo. Chim. 
Acra, 63, 2393 (1980). 

269. D. H. Hunter,  R. E. Klinck, R. P. Steiner, and  J. B. Stothers, Can. J .  Chem., 84, 1464 (1976). 
270. J .  J .  Bahl, R. B. Bates, and  B. Gordon,  J .  Ory.  Chem., 44, 2290 (1979). 
271. H. M.  Parkes and R.  N. Young, J .  Chem. Soc.. Perkirt Trans. 2, I137 (1980). 
272. J .  J .  Bahl, R. B. Bates, W. A. Beavers. and  N. S .  Mills, J .  Org. Chern., 41, 1620 (1976); S. K. 

Arora, R. B. Bates, W. A. Beavers, and  R. S. Cutler. J .  Am. Chem. Soc.. 97. 6271 (1975). 
273. N. S. Mills. J .  Am. Chem. Soc.. 104. 5689 (1982). 
274. A. Rusinko, 111, N. C. Mills, and  P. Morse, J .  Ory.  Chem., 47, 5198 (1982). 
275. J. Klein and  A.  Medlik-Balan, Tetrahedron Lett., 279 (1978). 
276. J. J .  Bahl, R. B. Bates, W. A. Beavers, and  C .  R. Launer, J .  Am. Chem. Soc., 99, 6126 (1977). 
277. P. Jutzi and  J. Baumgartner,  J .  Organomer. Client., 148, 247 (1978). 
278. W. Causing and  G. Wilke, Anyew. Chem.. [ t i t .  Ed.  Engl . .  17. 371. (1978). 
279. H. H. Inhoffen, H. Pommer. and  E. Gmeth,  Jusrus Liebigs Ann .  Chem.. 565, 45 (1949). 
280. K. P. Martin. C. W. Kamienski, M. H. Dellinger, and  R. 0. Bach. J .  Org. Chem., 33,778 (1968). 
281. M. M.  Midland, J .  Org. Chem., 40, 2250 (1975). 
282. G. Fraenkel and P. Pramanik,  J .  Chem. Soc.. Chem. Commun., 1527 (1983). 
283. B. Schubert and  E. Weiss. Chem. Ber., 116, 3212 (1983). 
284. W. Kulik, H. D. Verkruijsse, R. L. P. d e  Jong, H. Hommes, and  L. Brandsma, Tetrahedron 

Lett.. 24, 2203 (1983). 



1. Organic Synthesis of Organolithium 137 

285. J.  Klein, S. Brcnner. and A.  Medlik, Isr.  J .  Chern., 9, 177 (1971); E. J. Corey and D. E. Cane, J. 
Orq. Chzm., 35, 3405 (1970); G.  I .  Pis’mennaya, L. M. Zubritskii, and Kh. V. Bal’yan, Zh. Org. 
Khini . ,  7, 251 (1971). 

286. E. J. Corey, H. A. Kirst, and J. A. Katzenellenbogen, J .  Am. Chem. Soc., 92, 6314 (1970). 
287. J. Y. Becker and J. Klein, J .  Organomet. Chem., 157, I (1978); J. Y. Becker, J .  Organomet. Chem., 

288. S. Bhanu and F. Scheinmann, J .  Chem. Soc.. Chem. Commun., 817 (1975). 
289. T. L. Chwang and R.  West, J .  Am. Chem. Soc., 95, 3324 (1973); W. Priester, R. West, and T. L. 

Chwang, J .  Am. Chem. Soc., 98, 8413 (1976); W. Priester and R. West, J .  Am. Chem. Soc., 98, 
8426 ( I  976). 

290. N. M. Libman, V. 1. Zlobina, and S. G. Kuznetsov, J .  Org. Chem. U S S R  ( E n g l .  Trans/.) ,  10, 
2074 ( 1  974). 

291. D. Bauer and G. Kobrich, Chem. Ber., 109, 2185 (1976). 
292. P. I .  Dem’yanov, 1. B. Fedot’eva, E. V. Babaev, V. S. Petrosyan, and 0. A. Reutov, Dokl. Akad. 

293. Y. Leroux and R.  Mantione. C. R .  Acad. Sci.. Ser. C, 281, 313 (1975). 
294. F. Jaffe, J .  Orgcmorner. Chem., 23, 53 (1970). 
295. J.-C. Clinet and G. Linstrumelle, Synthesis, 875 (1981). 
296. R. Baudouy, F. Delbecq, and J. Gore, J .  Organornet. Chem., 177, 39 (1979). 
297. P. Condran, Jr., M. L. Hammond, A. Mourino, and W. H. Okamura, J .  Am. Chem. Soc., 102, 

298. E. M. G .  A. van Kruchten, A. Haces, and W. H. Okamura, Tetrahedron Lett., 24,3939 (1983). 
299. X. Creary, J .  Am. Chem. Soc., 99,7632 (1977); G.  Balme, A. Doutheau. J. Gore, and M. Malacria, 

Sy,rrhesi.s, 508 ( I  979). 
300. C. Huynh and G. Linstrumelle, J .  Chem. Soc.. Chem. Commun., 1133 (1983). 
301. D. J.  Peterson, Orguftoniet. Chem. Rev. A ,  7, 295 (1972). 
302. J.  F. Biellmann and J. B. Ducep, Org. React., 27, I (1982). 
303. e.g. S. Arseniyadis, K. S. Kyler, and D. S. Watt, Org. React., 31, 1 (1984). 
304. H. P. Abricht and K. Issleib, Fresenivs Z .  Chem., 17, I (1977); D. W. Slocum and D. 1. 

Sugerman, Adti. Chem. Ser., 130,222 (1974); P. Beak and V. Snieckus, Ace. Chem. Res., 15, 306 
(1982). 

127. 1 (1977). 

Nouk SSSR,  268, 1403 (1983). 

6259 (1 980). 

305. R. R. Fraser, M. Bresse, and T. S. Mansour, J. Am. Chem. Soc., 105, 7790 (1983). 
306. (a)A. 1. Meyers, W. F. Rieker,and L. M. Fuentes,J. Am.Chem. Soc., lOS,2082(1983);(b)M. Al- 

Aseer, P. Beak, D. Hay, D. J. Kempf, S. Mills, and S. G. Smith, J .  Am. Chem. SOC., 105, 2080 
( I  983). 

307. (a) S. Cabiddu, C. Floris, S. Melis, and F. Sotgiu, Phosphorus Sulfur, 19, 61 (1984); (b) D. 
Seebach, J. -J. Lohmann, M. A. Syfrig, and M. Yoshifuji, Tetrahedron, 39, 1963; (1983); (c) A. 1. 
Meyers, L. M. Fuentes, and Y. Kubota Tetrahedron, 40, 1361 (1984). 

308. P. Beak and D. B. Reitz, Chem. Rev.. 78. 275 (1978). 
309. (a) D. B. Reitz, P. Beak, R. F. Farney, and L. S. Helmick, J .  Am. Chem. Soc., 100,5428 (1978); 

(b) P. Beak and W. J. Zajdel, J .  Am. Chem. Soc., 106, 1010 (1984). and references cited therein. 
310. D. Seebach and W. Lubosch. Angerv. Chem.. I n t .  Ed .  Engl . .  15, 313 (1976). 
31 1. P. Beak and B. G.  McKinnie, J .  Am. Chem. Soc., 99, 5213 (1977). 
312. A. I.Meyers, P. D. Edwards, W. F. Rieker,andT. R. Bailey,J. Am. Chem.Soc., 106,3270(1984); 

313. R. Schlecker and D. Seebach, Helu. Chim. Acta, 60, 1459 (1977). 
314. A. 1. Meyers and M. Ford, J. Org. Chem., 41, 1735 (1976). 
315. C.  R.  Johnson and K. Tanaka, Synthesis. 413 (1976). 
316. 0. Schollkopf and H. Beckhaus, Angew. Chem., I n r .  E d .  Engl . ,  IS, 293 (1976). 
317. D. Seebach, W. Lubosch, and D. Enders, Chem. Ber., 109, 1309 (1976). 
318. (a) D. Seebach and D. Enders, Angew. Chem.. I n t .  E d .  En& 14, 15 (1975); (b) D. H. R.  Barton, 

R.  D. Bracho. A. A. L. Guratilaka, and P. A. Widdowson, J .  Chem. Soc.. Perkin Trans. I ,  579 
(1 975). 

319. R. A. Abramovitch, E. M. Smith, E. E. Knaus, and M. Saha, J .  Org. Chem., 37, 1690 (1972). 
320. D. Seebach. R. Henning, F. Lehr, and J. Gonnermann. Tetrahedron Lett., 1161 (1977). 
321. U. Schollkopf. Arigew. Chem.. Int .  Ed. Engl., 16, 339 (1977). 
322. R. R. Fraser and J. Banville, J .  Chem. Soc.. Chem. Commun., 47 (1979). 
323. S. Shatzmiller and R.  Lidor, Synthesis, 590 (1983). 

A. I .  Meyers and G. E. Jagdmann, J .  Am. Chem. Sac., 104,877 (1982). 



138 J. L. Wardell 

324. W. S. Wadswroth, Ory. React., 25, 73 (1977). 
325. J. Boutagy and R.  Thomas, Chem. Rev., 74, 87 (1974). 
326. E. J. Corey and G. T. Kwiatkowski, J .  Am. Chem. Soc., 88, 5654 (1966). 
327. E. J. Corey, Pure App l .  Chem., 14, 19 (1967). 
328. S. Lavielle, S. Bory, B. Moreau, J. Luche. and A. Marquet, J .  Am. Chem. Soc., 100, 1558 (1978); 

E. J. Corey and T. Durst, J .  Am. Chem. Soc., 88, 5656 (1966). 
329. E. J. Corey and T. Durst, J .  Am. Chem. Soc., 90, 5553 (1968). 
330. P. D. Magnus, Tetrahedron, 33, 2019 (1977). 
331. C. R.  Johnson, Acc. Chem. Res., 6, 341 (1973). 
332. H. J. Reich and S. K. Shah, J .  Am. Chem. Soc., 97, 3250 (1975). 
333. T. Kauffmann, R. Joussen, and A. Woltermann, Anyew. Chem.. /nr.  Ed. Engl., 16, 709 (1977). 
334. T. Kauffmann, Anyew. Chem.. / t i t .  Ed. Eriyl., 13, 627 (1974). 
335. A. Streitwieser, Jr., and J. E. Williams, J .  Am. Ckem. Soc., 97, 191 (1975); F. Bernardi, 1. G. 

Csizmadia, A. Mangini, H. B. Schlegel. M. -H. Whangbo, and S. Wolfe, J .  Am. Chem. Soc., 97, 
2209 (1975); N. D. Epiotis, R.  L. Yates, F. Bernandi, and S. Wolfe, J .  Am. Chem. Soc., 98, 5435 
(1976); J. M. Lehn and G. Wipff, J .  Am. Cheni. Soc., 98,7498 (1976); J. M. Lehn, G. Wipff, and J.  
Demuynck, Helu. Chim. Acta, 60, 1239 (1977). 

336. E. L. Eliel, Anyew. Chem.. Int .  Ed. Engl., 1 I ,  739 (1972); Tetrahedroti. 30, I503 (1974); E. L. Eliel, 
A. A. Hartmann and A. G .  Abatjoglou, J .  Am. Chern. Soc., 96, 1807 (1974). 

337. A. I .  Meyers, A. L. Campbell, A. G .  Abatjoglou and E. L. Eliel, Tetrahedron Lett., 4159 (1979). 
338. D. J. Peterson and H. R.  Hays, J .  Ory. Chem., 30, 1939 (1965). 
339. E. J. Corey and D. Seebach, J .  Org. Chem., 31, 4097 (1966); T. M. Dolak and T. A. Bryson, 

340. H. J. Reich, F. Chow, and S. K. Shah, J .  Am. Chem. Soc.. 101, 6638 (1979). 
341. A. G. Giumanini and G. Lercker, J .  Org. Chem., 35,3756(1970); G. W. H. Cheeseman and S.G. 

Greenberg, J .  Oryammef .  Chem., 166, 139 (1979); A. P. Lepley, W. A. Khan, A. B. Giurnanini, 
and A. G .  Guimanini, J .  Org. Chem., 31,2047 (1966); G .  Friedmann, P. Linder, M. Brini, and A. 
Cheminat, J .  Org. Chem., 44, 237 (1979). 

342. (a)C.  T. Viswanathan and C. A. Wilkie,J. Organomet. Chem.,54, I (1973);(b) F. N. Jones, M. F. 
Zinn, and C.  R. Hauser, J .  Ory. Chem., 28, 663 (1963). 

343. T. D. Harris and G.  P. Roth, J .  Org. Chem., 44, 2004 (1979). 
344. D. W. Slocum, T. R. Engelmann, and C. A. Jennings, Ausf .  J .  Chem., 21, 2319 (1968); N. S. 

Narasimhan and A. C. Ranade, Tetrahedron Lett., 603 (1966); F. N. Jones, R. L. Vaulx, and 
C. R. Hauser, J .  Ory.  Chem., 28, 3461 (1963). 

345. (a) P. Beak, G. R. Brubaker, and R. F. Farney, J .  Am. Chem. Soc., 98, 3621 (1976); (b) P. Beak 
and R. A. Brown, J .  Ory. Chem., 42, 1823 (1977); (c) 44,4463 (1979); (d) S. 0. de Silva, I .  Ahmad, 
and V. Snieckus, Tetrahedron Lett., 5107 (1978); M. Iwao, K. K. Mahalanabis, M. Watanabe, 
S. 0. de Silva, and V. Snieckus, Tetrahedron, 39, 1955 (1983). 

346. A. Marxer and M. Siegrist, Helu.  Chim. Acra. 57, 1988 (1974). 
347. H. W. Gschwend and A. Hamdan, J .  Org. Chem., 40,2008 (1978); M. S. Newman and S. Kumar, 

J .  Org. Chem., 43, 370 (1978); T. D. Harris, B. Neuschwander, and V. Boekelheide, J .  Ory. 
Chem.,43,727 (1978); L. della Vecchia and 1. Vlattas, J .  Org. Chem., 42,2649 (1977); A. I. Meyers 
and K. Lutomski, J .  Org. Chem., 44, 4464 (1979). 

Tetrahedron Letf.,  1961 (1977). 

348. F. E. Ziegler and K. W. Fowler, J .  Org. Chem., 41, 1564 (1976). 
349. T. D. Krizan and J. C. Martin, J .  Org. Chem., 47, 2681 (1982); J .  Am. Chem. Soc., 105, 6155 

( I  983). 
350. (a) R. A. Ellison and F. N. Kotsonis, J .  Org. Chem., 38, 4192 (1973); (b) R. C. Ronald, 

Tetrahedron Lett., 3973 (1975); D. A. Shirley and J. P. Hendrix, J .  Organomet. Chem., I I ,  217 
(1968); R. Muthukrishnan and M. Schlosser, Helu. Chim. Acta, 59, 13 (1976). 

351. M. P. Sibi and V. Sniekus, J .  Org. Chem., 48, 1935 (1983). 
352. H. Gilman, W. J. Meikle, and J. W. Morton, J .  Am. Chem. Soc., 74, 6282 (1952). 
353. E. Napolitano, E. Giannone, R. Fiaschi, and A. Marsili, J .  Ory. Chem., 48, 3653 (1983). 
354. H. P. Plaurnann, B. A. Keay, and R. Rodrigo, Tetrahedron Lett., 4921 (1979). 
355. L. Horner, A. J. Lawson, and G. Simons, Phosphorus Sdfur ,  12, 353 (1982). 
356. (a) H. Watanabe, R. A.  Schwarz, C. R. Hauser, J. Lewis, and D. W. Slocum, Can. J .  Chem., 47, 

I543 (1969); (b) F. M. Stoyanovich, Ya. L. Gol’dfarb, M. A. Marakatkina, and R. G. Karpenko, 
E d .  Acad. Sci. USSR (Engl.  Trans/ . ) ,  29, 129 (1980); (c) D. Hellwinkel and M. Supp, Chem. Ber., 
109. 3749 (1979). 



1. Organic Synthesis of Organolithium 139 

357. Ya. L. Gol’dfarb and F. M. Stoyanovich, Bull. Acad. Sci. U S S R  (Engl.  Trans/.) .  24, 1473 (1975). 
358. H. Gilman and T. S .  Soddy J .  Org. Chem., 22, 1715 (1957). 
359. A. M. Roe, R. A. Burton and D. R. Reavill, J .  Chem. Soc.. Chem. Commun., 582 (1965); D. A. 

360. C. G. Stuckwisch, J .  Org. Chem., 41, 1173 (1976). 
361. W. Fuhrer and H. W. Gschwend. J .  Org. Chem., 44, 1133 (1979). 
362. J. M. Muchowski and M. C. Venuti, J .  Org. Chem.. 45,4798 (1980). 
363. C. L. Mao, I .  T. Barnish, and C. R. Hauser, J .  Heterocycl. Chem., 6,475 (1969); A. Marxer, H. R. 

Rodriquez, J. M. McKenna, and H. M. Tsai, J .  Ory.  Chem., 40, 1427 (1975); J. E. Baldwin and 
K. W. Blair, Tetrahedron Lett., 2559 (1978); A. S. Kende and J. P. Rizzi, Tetrahedron Lett., 22, 
1779 (1981). 

Shirley, J. R. Johnson, Jr., and J. P. Hendrix, J .  Organomet. Chern., I I ,  209 (1968). 

364. J. J. Fitt and H. W. Gschwend, J .  Ory.  Chem., 41, 4029 (1976). 
365. E. F. Perozzi and J. C. Martin, J .  Am. Chem. Soc., 101, 1591 (1979); J. C. Martin and T. M. 

Balthazor, J .  Am. Ckem. Soc.. 99, 152 (1977); N. Meyer and D. Seebach, Chem. Ber., 113, 1304 
( I  980). 

366. D. W. Slocum and W. Achermann, J .  Chem. Soc. Chem. Commun.. 968 (1974). 
367. D. L. Collins. J. D. Brown, and N. B. Mantlo, Tetrahedron Lett., 23, 3979 (1982). 
368. H. Watanabe. R. L. Gay, and C. R.  Hauser, J .  Org. Chem., 33,900(1968); J. G. Lombardino, J .  

Org. Chem., 36, 1843 ( I97 1 ). 
369. H. Watanabe, C. -L. Mao, and C. R. Hauser. J .  Ory.  Chem., 34, 1786 (1969); G. D. Figuly and 

J. C. Martin, J .  Org. Chem., 45, 3728 (1980). 
370. H. M. Walborsky and P. Ronman, J .  Org. Chem., 43, 731 (1978). 
371. L. Barsky, H. W. Gschwend, J. McKenna, and H. R.  Rodriquez, J .  Org. Chem., 41,3651 (1976). 
372. D. L. Cornins and J .  D. Brown, Tetrahedron Lett.. 24, 5465 (1983); J. Org. Chem., 49, 1078 

373. D. W. Slocum and C. A. Jennings, J .  Org. Chem., 41, 3653 (1976). 
374. A.  I .  Meyers and R. A. Gabel, Tetrahedron Lett., 227 (1978). 
375. P. Beak, A. Tse, J. Hawkins, C. -W. Chen. and S. Mills, Tetrahedron, 39, 1983 (1983). 
376. D. A. Shirley and B. J. Reeves, J .  Organomet. Chem., 16, I (1969). 
377. T. M. Dolak and T. A. Bryson, Tetrahedron Lett., 1961 (1977). 
378. F. T. Oakes and J. F. Sebastian, J .  Organomet. Chem., 159, 363 (1978). 
379. R. L. Vaulz, F. N. Jones, and C. R. Hauser, J .  Ory.  Chem., 30, 58 (1965). 
380. P. Beak and R. A. Brown, J .  Org. Chem., 47, 34 (1982). 
381. H. Gilman and R.  D. Gorsich, J .  Am. Chem. Soc., 78, 2217 (1956). 
382. I. Haiduc and H. Gilman, Chem. lnd .  (London), 1278 (1968). 
383. S. S. Dua and H. Gilman, Indian J .  Chem., 17B. 562 (1979). 
384. P. Aeberli and W. J. Houlihan, J .  Organornet. Chem., 67, 321 (1974). 
385. M. R. Winkle and R. C. Ronald, J .  Org. Chem., 47, 2101 (1982). 
386. D. A. Shirley, T. E. Harmon, and C. F. Cheng, J .  Organomet. Chem., 69, 327 (1974). 
387. N. F. Masters and D. A. Widdowson, J .  Chem. Soc.. Chem. Commun., 955 (1983); see also P. J. 

Beswick, S. J. Leach, N.F. Masters, and D. A. Widdowson, J .  Chem. Soc., Chem. Commun., 46 
(1984). 

388. M. Uemura, N. Nishikawa, K. Take, M. Ohniski, K. Hirotsu, T. Higuchi, and Y. Hayashi, J .  
Ory.  Chem., 48, 2349 (1  983). 

389. Y. L. Gol’dfarb, B. P. Fabrichnyl, and V. I. Rogovik, lzu.  Akad. Nuuk SSSR.  Ser. Khim., 515 
(1965). 

390. D. J. Chadwick and C. Willbe, J .  Chem. Soc., Perkin Trans. I ,  887 (1977). 
391. T. Kaufhann,  A. Mitschker, and A. Woltermann, Chem. Ber., 116, 992 (1983). 
392. G. M. Davies and P. S .  Davies, Tetrahedron Lett., 3507 (1972). 
393. P. Dubus, B. Decroix, J. Morel, and P. Pastour, Bull. Soc. Chim. Fr., 628 (1976). 
394. S. Gronowitz, Ark. Kemi, 7, 361 (1954). 
395. N. J. Gjos and S .  Gronowitz, Acta Chem. Scand.. 25, 2596 (1971). 
396. S. Gronowitz, B. Cederlund, and A. B. Hornfeldt, Chem. Sci., 5, 217 (1974). 
397. J. Z. Mortensen, B. Hedegaard, and S .  -0. Lawesson, Tetruhedron, 27, 3839 (1971 ). 
398. (a) D. A. Shirley and M. D. Cameron, J .  Am. Chem. SOC., 74,667 (1952); (b) E. B. McCall, A. J. 

399. V. Ramanathan and R. Levine, J .  Ory.  Chem., 27, 1216 (1962). 
400. N. D. Ly and M. Schlosser, Helu. Chim. Acta, 60, 2085 (1977). 

( 1984). 

Neale, and T. J. Rawlings, J .  Chem. Soc.. 4900 (1962). 



I40 J .  L. Wardell 

401. D. J. Chadwick, M. V. McKnight, and R.  Ngochindo, J .  Chem. Soc.. Perkiit Trans. I ,  1343 

402. P. Ribereau and G. Queguiner, Tetrahedron. 39, 3593 (1983). 
403. P. Cagniant and G .  Kirsch, C. R .  Acad. Sci.. Ser. C. 281. 1 I 1  (1975). 
404. T. Kauffmann and H. Lexy, Client. Ber.. 114, 2596 (1981). 
405. D. J. Chadwick and I. A. Cliffe, J .  Chem. Soc.. Perkin Truns. I .  2845 (1979). 
406. D. A. Shirley, B. H. Gross, and P. A. Roussel. J .  Org. Chem.. 20. 225 (1955). 
407. G. R. Martinez, P. A. Gieco. and C. V. Srinivisan, J .  Org. Chem., 46, 3760 (1981). 
408. I .  Hasan, E. R. Marinelli, L. -C. Chang Lin, F. W. Fowler, and A. B. Levy,J. Org. Chem., 46, I57 

409. M. E. K. Cartoon and G. W. H. Cheeseman, J .  Organomer. Chem., 234, 123 (1982). 
410. R. J. Sundberg and H. R. Russell, J .  Org. Chem., 38, 3324 (1973). 
41 I .  R. J. Sundberg and R.  L. Parton, J .  Org. Chem., 41, 163 (1976). 
412. D. A. Shirley and P. A. Roussel, J .  Am. Chem. Soc., 75, 375 (1953). 
41 3. F. Marsais and G .  Queguiner, Tetrahedron, 39,2009 (1983); G .  W. Gribble and M. G .  Saulnier, 

Tetrahedron Lett., 21, 4137 (1980); T. Gungor, F. Marsais, and G. Queguiner, J .  Orgonomet. 
Ckent.. 215, 139 (1981); F. Marsais. P. Breant, A. Ginguene, and G .  Quegunier, J .  Organomet. 
Chern., 216, 139 (1981); F. Marsais, B. Laperdrix, T. Giingor, M. Mallet, and G .  Queguiner 
J .  Chem. Res. (S), 278 (1982). 

( I  982). 

(198 I ) .  

414. J. Epsztajn, Z. Berski, J. K. Brzezinski, and A. Jozwiak, Tetrahedron Lett. ,  21, 4739 (1980). 
415. A. R.  Katirtzky, S. Rahimi-Rastgoo and N. K. Ponkshe, Synthesis, 127 (1981). 
416. J. A. Turner, J .  Org. Chem., 48, 3401 (1983); T. Gungor, F. Marsais, and G .  Queguiner, 

417. A. 1. Meyers and R. A. Gabel. Heterocycles, I I ,  138 (1978); J .  Org. Chem., 47, 2633 (1982). 
418. P. Breant, F. Marsais. and G .  Queguiner, Synthesis, 822 (1983). 
419. F. Marsais, G. Le Nard and G. Queguiner, Synthesis, 235 (1982). 
420. R. C. Ronald and M. R. Winkle, Terrahedron. 39, 2031 (1983). 
421. (a) S. L. Taylor. D. Y. Lee, and J. C. Martin, J .  Ory.  Chem, 48. 4156 (1983): (b) J. Verbeek, 

A. V. E. George, R. L. P. de Jong, and L. Brandsma, J .  C h i .  Soc.. Cheni. Comntiut,, 257 (1984). 
422. J. D. Cook and B. J. Wakefield, J .  Chern. Soc. C, 1973 (1969). 
423. U. Schollkopf and P. Hlnssle, Jusrus Liehigs Artn. Chern., 763. 208 (1972); J .  E. Baldwin, G .  A. 

Hone, and 0. W. Lever, Jr., J .  Am. Chent. Soc.. 96, 7125 (1974); W. Adam, E. Schmidt, and K .  
Takayama, Sytrhesis, 322 (1982). 

424. (a) I .  Vlattas, L. della Vecchia, and A. 0. Lee, J .  Am. Chem. Soc.. 98, 2008 (1976); (b) R .  C. 
Cookson and P. J. Parsons, J .  Chem. Soc.. Cornmutt., 990 (1976); (c) B. Harirchian and P. 
Magnus, J .  Chem. Soc.. Chem. Conintun., 522 (1977): (d) K. Oshima, K. Shimoji, H. Takahashi, 
H. Yamomoto, and H. Nozaki, J .  Am. Cliem. Soc., 95, 2694 (1973); (e) R.  R. Schmidt and B. 
Schmid, Tetrahedron Lett . ,  3583 (1977). 

425. (a) M. Sevrin, J. N. Denis, and A. Krief. A i i g e ~ .  Chem.. I r t t .  Ed. E f i g l . .  17, 526 (1978); (b) H. J. 
Reich, W. W. Willis, Jr., and P. D. Clark, J .  Org. Chem., 46,2775 (1981); (c) T. Kauffmann and 
H. Ahlers, Chem. Ber., 116, 1001 (1983). 

426. (a) H. Tdkei, H. Sugimura, M. Miura, and H. Okamura, Chem. Lett., 1209 (1980); (b) G. H. 
Posner, P. W. Tang, and J.  P. Mallamo, Tetrahedron Lett., 3995 (1978). 

427. J. J. Eisch and J. E. Galle, J .  Org. Chem., 44, 3279 (1979). 
428. R. R. Schmidt and H. Speer, Synrhesis, 797 (1979); J. Melamed and B. A. Feit, J .  Chem. Soc.. 

429. R. R.  Schmidt and H. Speer. Tetrahedron Lett., 22, 4259 (1981). 
430. B. A. Feit, U. Melamed, R.  R.  Schmidt, and H. Speer, J .  Chem. Soc.. Perkin Trans. I ,  1329 

431. U. Schollkoph, D. Stafforst and R. Jentsch, Justus Liehigs A m .  Chem.. I167 (1977). 
432. (a) R. R. Schmidt, J. Talbiersky, and P. Russegeer, Tetrahedron Lett., 4273 (1979); (b) R. R. 

Schmidt, H. Speer, and B. Schmid, Tetrahedron Lett., 4277 (1979). 
433. (a) G. Kobrich, Angerv. Chern.. I n t .  Ed. Engl., 6,41 (1967); 1 I ,  473 (1972); (b) G .  Kobrich and K. 

Flory, Chem. Ber., 99, 1773 (1966); D. J. Nelson, J .  Org. Chem., 49, 2059 (1984). 
434. B. A. Feit, U. Melamed, R.  R. Schmidt, and H. Speer, Tetrahedron, 37, 2143 (1981). 
435. see also for example 0. Miyata, and R.  R. Schmidt, Tetrahedron Lett., 23, 1793 (1982). 
436. C. B. Bi Ekogha, 0. Ruel, and S .  A. Julia, Tetrahedron Lett., 24,4825 (1983); 0. Ruel, C. B. Bi 

Synthesis, 499 ( 1  982). 

Perkin Trans. I ,  1228 (1978). 

(I98 I ) .  

Ekogha, and S. A. Julia, Tetrahedron Lett., 24, 4829 (1983). 



I .  Organic Synthesis of Organolithium 141 

437. M. Kitaoka, Y. Takahashi, H. Kosugi, and U. Uda, Chem. Lett., 1065 (1983); Y. Takahashi, H. 
Hagiwaza, H. Uda, and H. Kosugi, Heterocycles, 15, 225 (1981). 

438. H. Okamura, Y. Mitsuhira, M. Miura, and H. Takei, Chem. Lett., 517 (1978). 
439. S. J. Could and B. D. Remillard, Tetrahedron Lett., 4353 (1978). 
440. D. Hanssgen and E. Odenhausen, Chem. Ber., 112,2389 (1979). 
441. J. Schulze, R. Boese, and G. Schmid, Chem. Ber., 114, 1297 (1981). 
442. J. J. Fitt and H. W. Gschwend, J .  Ory.  Chem., 44, 303 (1979). 
443. H. Wada, H. Nakumura, T. Taguchi, and H. Takei, Chem. Lett . ,  345 (1977). 
444. J. K. Crandall and A. C. Clark, J .  Ory. Chem., 37, 4236 (1972). 
445. P. Benoit and N. Collignon, Bull. Soc. Chim. Fr., 1302 (1975). 
446. G. W. Klumpp. P. J. A. Geurink, A. L. Spek, and A. J. M. Duisenberg, J .  Chem. Soc.. Chem. 

447. S. Bywater and D. J. Worsfold, J .  Oryanomet. Chem., 159,229 (1978); S. Brownstein, S. Bywater 

448. S. Bywater and D. J. Worsfold, J .  Oryanomet. Chem., 33, 273 (1971). 
449. G. Wittig and F. Bickelhaupt, Chem. Ber., 91, 883 (1958). 
450. W. Neugebauer and P. von R. Schleyer, J .  Oryanomet. Chem., 198. C I  (1980). 
451. D. Seyferth. R. Suzuki, C. T. Murphy, and C. R. Sabet, J .  Organornet. Chem., 2,431 (1964). 
452. H. Gilman and H. A. McNinch, J .  Ory.  Chem., 26, 3723 (1961). 
453. (a) A. Maercker, M. Theis, A. J. Kos, and P. von R. Schleyer, Angew. Chem.. Int. Ed. Enyl., 22, 

733 (1983); (b) V. S. Bleshinskii and S. V. Bleshinskii, I zu .  Akad. Nauk. Kiry.  S S R ,  47 (1982); 
Chem. Abstr., 97,216264 (1982); (c) A. Maercker and R. Dujardin, Angew Chem.. In t .  Ed. En& 
23, 224 (1984). 

454. J. Barluenga, F. J. Fananas, M. Yus, and G. Asensio, Tetrahedron Lett., 2015 (1978); J. 
Barluenga, F. J. Fananas, and M. Yus, J .  Ory.  Chem., 46, 1281 (1981); J. Barluenga, J. 
Villamana, F. J. Fananas, and M. Yus, J .  Chem. Soc.. Chem. Commun., 355 (1982). 

Commun., 8 14 (1  983). 

and D. J. Worsfold, J .  Oryanomet. Chem., 199, 1 (1980). 

455. J. J. Eisch and A. M. Jacobs, J .  Ory.  Chem., 28, 2145 (1963). 
456. G. Pastor, R. Calas, B. Brun, and L. Giral, C .  R .  Acad. Sci.. Ser. C, 277, I159 (1973). 
457. P. R. Peoples and J. B. Grutzner, J .  Am. Chem. Soc., 102, 4709 (1980). 
458. C. S. Screttas and M. Micha-Screttas, J .  Org. Chem., 44, 713 (1979). 
459. J. A. Katzenellenbogen and R. S .  Lenox, J .  Org. Chem., 38, 326 (1972). 
460. T. Cohen and J. R. Matz, J .  Am. Chem. Soc., 102, 6900 (1980). 
461. T. Cohen, J. P. Sherbine, J.  R. Matz, R. R. Hutchins, B. M. McHenry, and P. R. Willey, J .  Am. 

Chem. Soc., 106, 3245 (1984). 
462. D. J. Ager, J .  Ory.  Chem., 49, 168 (1984). 
463. T. Cohen. W. M. Daniewski, and R. B. Weisenfeld, Tetrahedron Letr., 4665 (1978). 
464. T. Cohen and R. B. Wiesenfeld, J .  Org. Chem., 44, 3601 (1979). 
465. D. Seyferth, M. A. Weiner, L. G. Vaughan, G. Raab, D. E. Welch, H. M. Cohen, and D. L. 

Alleston, Bull. Chim. Soc. Fr., 1364 (1963). 
466. R. G. Jones and H. Gilman, Chem. Reu., 54, 863 (1954). 
467. H. Gilman and R. G. Jones, J .  Am. Chem. Soc., 63, 1439 (1941). 
468. D. Seyferth and L. G. Vaughan, J .  Am. Chem. Soc., 86, 883 (1964); D. Seyferth and M. A. 

Weiner, J .  Am. Chem. Soc.. 84, 361 (1962). 
469. W. Schlenk and J. Holtz, Chem. Ber., 50, 262 (1917). 
470. D. E. Seitz and A. Zapata, Tetrahedron Lett., 21, 3451 (1980). 
471. J.  S. Sawyer, T. L. MacDonald, and G. J.  McGarvey, J .  Am. Chem. Soc., 106, 3376 (1984). 
472. D. Y. Curtin and W. J. Koehl, J .  Am. Chem. Soc., 84, 1967 (1962). 
473. W. C. Still and C. Sreekumar, J .  Am. Chem. Soc., 102, 1201 (1980). 
474. E. J. Corey and B. De, J .  Am. Chem. Soc., 106, 2735 (1984). 
475. E. J. Corey. B. -C. Pan, D. H. Hua, and D. R.  DeardorlT, J .  Am. Chem. Soc., 104,6816 (1982). 
476. (a) D. J. Peterson and J. E. Ward, J .  Organornet. Chem., 66, 209 (1974); (b) J. P. Quintard, B. 

Elissondo, and B. Jousseaume, Synthesis, 495 (1984). 
477. W. C. Still, J .  Am. Chem. Soc., 100, 1481 (1978). 
478. S. D. Burke, S. A. Shearouse, D. J. Burch, and R. W. Sutton, Tetrahedron Lett., 21,1285 (1980). 
479. N. Meyer and D. Seebach, Chem. Ber., 113, 1290 (1980). 
480. E. J. Corey and T. M. Eckrich. Tetrahedron Lett., 24, 3163 (1983). 
481. D. G. Farnum and T. Monego, Tetrahedron Lett., 24, 1361 (1983). 
482. D. Seebach and K. H. Geiss, J .  Organomet. Chem. Lihr., I ,  I (1976). 



142 J. L. Wardell 

483. R. D. Taylor and J. L. Wardell, J .  Oryanomet. Chem., 77, 31 I (1974). 
484. D. Seebach and N. Peleties, Chem. Ber., 105, 51 1 (1972); Angew.  Chem.. In t .  Ed. Engl., 8, 450 

485. W. Dumont and A. Krief, Anyew. Chem.. In t .  Ed. Engl., 15, 161 (1976). 
486. J. Lucchetti and A. Krief, Tetrahedron Lett., 22, 1623 (1981). 
487. J. N. Denis, W. Dumont, and A. Krief, Tetrahedron Letr., 453 (1976). 
488. D. van Ende, A. Cravador, and A. Krief, J .  Oryanomet. Chem., 177, 1 (1979). 
489. D. Seebach and A. K. Beck, Chem. Ber., 108, 314 (1974). 
490. R. Goswani and D. E. Corcoran, Tetrahedron Lett . ,  23, 1463 (1982). 
491. R. Goswani, J .  Am. Chem. Soc., 102, 5973 (1980). 
492. D. Seebach, K. - H. Geiss, A.  K. Beck, B. Graf, and H. Daum, Chem. Ber.. 105. 3280 (1972). 
493. D. Seebach, Chem. Ber., 105, 487 (1972). 
494. A. Rensing, E. -J. Echsler, and T. Kauffmann, Tetrahedron Lerr.. 21. 2807 (1980). 
495. D. S. Matteson, L. A. Hagelee, and R. J. Wilcsek, J .  Am. Chern. SOC., 95. 5096 (1973). 
496. G. Zweifel, R.  P. Fisher, and A. Hornig, Synthesis, 37 (1973); D. S. Matteson, Synrhesis. 147 

497. C. M. Warner and J. G. Noltes, J .  Chem. Soc.. Chem. Commun., 694 (1970). 
498. J. W. F. L. Seetz, G. Schat, 0. S. Akkerman, and F. Bickelhaupt, J .  Am. Chem. Soc., 104,6848 

499. D. Seyferth, R. L. Lambert, and M. Massol, J .  Organornet. Chem., 88, 255 (1975). 
500. (a) S. Halazy and A. Krief, Tetrahedron Lett., 22,4341 (1981); (b) S. Halazy, W. Dumont, and A. 

Krief, Tetrahedron Lett., 22,4737 (1981); (c) S. Halazy, J. Lucchetti, and A. Krief, Tetrahedron 
Lett., 3971 (1978). 

( I  969). 

(1975); D. S. Matteson, R.  J. Moody, and P. K. Jesthi, J .  Am. Chem. Soc.. 97, 5608 (1975). 

(1 982). 

501. D. Seyferth and H. M. Cohen, Inorg. Chem., 2, 625 (1963). 
502. D. Seyfertg and M. A. Weiner, J .  Am. Chem. Soc., 83, 3583 (1961). 
503. E. C. Juenge and D. Seyferth, J .  O r y .  Chem., 26, 563 (1961). 
504. L. F. Cason and A. G. Brooks, J .  Ory. Chem., 19, 1278 (1954). 
505. T. C. Wu, D. Wittenberg, and H. Gilman, J .  Org. Ckern., 25. 596 (1960). 
506. R. F. Cunico and F. J. Clayton, J .  Org. Chem., 41, 1480 (1976). 
507. D. Seyferth and S. C. Vick, J .  Organornet. Chem., 144, I (1978); E. J. Corey and R. H. 

508. T. N. Mitchell and A. Amamria, J .  Orgunomet. Chem., 252, 47 (1983). 
509. D. Seyferth, D. E. Welch, and G. Raab, J .  Am. Chem. Soc., 84, 4266 (1962). 
510. R. H. Wollenberg, Tetrahedron Left.,  717 (1978). 
511. P. Jutzi and J. Baumgartner, J .  Oryanomer. Chem., 148, 257 (1978). 
512. D. Seyferth and M. A.  Weiner, J .  Org. Chem., 26, 4797 (1961); Org.  Synth., 41, 30 (1961). 
513. G. Boche and J. Bigalke, Tetrahedron Lett., 25, 955 (1984). 
514. A. B. Holmes and G. E. Jones, Tetrahedron Lett., 21, 31 11 (1980); J. A. Miller, and G. Zweifel, 

515. A. J. Bridges, V. Fredij, and E. C. Turowski, J .  Chem. Soc.. Chem. Commun, 1093 (1983). 
516. W. Neugebauer, T. Clark, and P. von R. Schleyer, Chem. Ber.. 116, 3283 (1983). 
517. F. J. Kronzer and V. R. Sandel, J .  Am. Chem. Soc., 94, 5750 (1972). 
518. E. Weiss, G. Sauermann and G. Thirase, Chem. Ber., 116, 74 (1981); E. Weiss and H. Koster. 

Chem. Ber., 110, 717 (1977). 
519. L. Lochmann and J. Trekoval, J .  Organomet. Chem., 99,329 (1975); L. Lochmann, R.  L. De, and 

J. Trekoval, J .  Organomet. Chem., 156, 307 (1978). 
520. W. H. Glaze and D. P. Duncan, J .  Organornet. Chem., 99, 1 I (1975). 
521. R.  H. Shapiro, M. F. Lipton, K. J.  Kolonko, R. L. Buswell, and L. A. Capuano, Tetrahedron 

Lerr., 181 I (1975): R.  H. Shapiro, Ory.  React., 23,405 (1976); R.  H. Shapiro and J. H. Duncan, 
Ory. Synth., 51, 66 (1971); J. E. Stemke, A. R.  Chamberlin and F. T. Bond, Ory.  Synrh.. 2947 
(1976); A. R. Chamberlin, J. E. Stemke. and F. T. Bond, J .  Org. Chem., 43, 147 (1978); A. R.  
Chamberlin and F. T. Bond, Synthesis, 44 (1979). 

522. P. A. Brown and P. R. Jenkins, Tetrahedron Lett., 23, 3733 (1982). 
523. W. T. Ford and M. Newcomb,J. Am. Chem. Soc.,95, 6277(1973);95,7186(1973),and references 

cited therein; G. Boche, K. Buckl, D. Martens, D. R. Schneider, and H. U. Wagner, Chem. Ber.. 
112, 2961 (1979). and references cited therein. 

524. (a) G. Boche and M. Marsch, Tetrahedron Lett., 24,3225 (1983);(b) M. A. Fox, C. -C. Chen, and 
K. A. Campbell, J .  Ory.  Chern., 48, 321 (1983). 

Wollenberg, J .  Am. Chem. Soc., 96, 5581 (1974). 

Synthesis, 128 (1983). 



I .  Organic Synthesis of Organolithium 143 

525. A. A. Vitaleand J. San Filippo,J. Am. Chern. Soc., 104,7341 (l982), and referencescited therein. 
526. G.  E. Niznik, W. H. Morrison, 111, and H. M. Walborsky, Ory. Synth., 51, 31 (1971). 
527. L. Lompa-Krzymien and L. C. Leitch, Synthesis, 124 (1976). 
528. M. S. Baird and A. G.  W. Baxter, J .  Chem. Soc.. Perkin Trans. 1 ,  2317 (1979). 
529. D. W. Slocum, B. P. Koonsvitsky, and C. R.  Ernst, J .  Organomef. Chem., 38, 125 (1972). 
530. M. P. Periasamy and H. M. Walborsky, J .  Am. Chem. Soc., 99, 2631 (1977). 
531. W. H. Glaze, C. M. Selman, A. L. Ball, and L. E. Bray, J.  Org. Chem., 34, 641 (1969). 
532. J. D. Taylor and J. F. Wolf, J.  Chem. Soc.. Chern. Commun., 876 (1972). 
533. M. Duraisamy and H. M. Walborsky, J .  Am. Cheni. Soc., 106, 5035 (1984). 
534. J. F. Biellmann and J.  J. Vicens, Tetrahedron Lett., 467 (1978); G. Chassaing, R. Lett, and A. 

Marquet, Terrahedron Lett., 471 (1978); T. Durst, R. Viau, and M. R. McClory, J .  Am. Clrem. 
Soc., 93, 3077 (1971); Y. Yamamoto and K. Maruyuma, J.  Chem. Soc.. Chem. Commun., 239 
(1980). 

535. M. Schlosser, H. Bosshardt, A. Walde, and M. Stahle, Angew. Chem.. I n t .  Ed. Engl., 19. 303 
(1980). 

536. E. I .  Negishi, Organometallics in Organic Synthesis, Vol. 1, Wiley, New York, 1980. 
537. J. Villieras, P. Perriot, and J. F. Normant, Bull. Soc. Chim. Fr. ,  765 (1977); R. J. Cregge, J. L. 

Herrmann, C. S. Lee, J. E. Richman, and R. H. Schlessinger, Tetrahedron Letf . ,  2425 (1973); W. 
Bos and H. J .  J. Pabon, Recl. Trau. Chim. Pays-Bas, 99, 141 (1980). 

538. R. R. Schmidt and R. Hirsenkorn, Tetrahedron, 39, 2043 (1983). 
539. H. Neumann and D. Seebach, Tetrahedron Lett., 4839 (1976). 
540. W. D. Korte, K. Cripe, and R. Cooke, J. Org. Chem., 39, 1168 (1974). 
541. D. A. Evans and G .  C. Andrews. Acc. Chem. Res., 7, 147 (1974). 
542. D. Seebach, D. Steinmiiller, and F. Demuth, Angew. Chem.. f n t .  Ed. Engl., 7, 620 
543. D. Seebach and E. M. Wilka, Synthesis, 476 (1976). 
544. W. D. Korte, L. Kinner and W. C. Kaska, Tetrahedron Lett., 603 (1970). 
545. K. Schank, H. G .  Schmitt, F. Schroeder, and A. Weber, Justus Liehigs Ann .  Chem. I 

N. J. Foulger and B. J. Wakefield, J .  Organomet. Chem., 69, 161 (1974). 
546. D. Seebach and A. K. Beck. Ora. Svnth.. 51. 76 (1971). 

1968). 

16 ( 1  977); 

~, I I  ~ I 

547. P. D. Brewer, J .  Tagat, C. A. Hergrueter, and P. Helquist, Tetrnkrdrori Letr., 4573 (1977). 
548. A. Strietwieser, Jr., J. R. Wolfe, and W. D. SchaefTer, Terrahedron, 6, 338 (1959). 
549. D. A. Bright, D. E. Mathisen, and H. E. Zieger, J.  Org. Chem., 47, 3521 (1982). 
550. J. F. Biellmann, J. F. Blanzat, and J. J. Vicens, J .  Am.  Chem. Soc., 102, 2460 (1980). 
551. V. Cere, S. Pollicino, E. Sandri, and A. Fava, Terrahedron Lett., 5239 (1978). 
552. A. P. Krapcho and E. A. Dundulis, J .  Org. Chem., 45, 3236 (1980). 
553. M. Daney, R. Lapouyade, M. Mary, and H. Bouas-Laurent, J.  Organornet. Chem., 92, 267 

(1975); S. Bank, J. Bank, M. Daney, B. Labrande, and H. Bouas-Laurent, J.  Org. Chem., 42,4058 
(1977); P. P. Fu, R. G. Harvey, J.  W. Paschal, and P. W. Rabideau, J .  Am. Chem. Soc., 97, I145 
(1975); E. J. Panek, J.  Am. Chem. Soc., 96, 7959 (1974); M. Daney and R. Lapouyade, J .  
Organomet. Chem., 172, 385 (1979). 

554. A. A. Solovyanov, P. I .  Demyanov, 1. P. Beletskaya, and 0. A. Reutov, J.  Org. Chem. U S S R  
( E n g l .  Trans/.) ,  12, 241 1 (1976); Bull. Acad. Sci. U S S R  (Engl .  Trans/.), 24, 2251 (1975). 

555. R. N. Magid, Tetrahedrori, 36, 1901 (1980). 
556. R. M. Magid and R.  D. Gandour, J.  Org. Chem., 35, 269 (1970). 
557. H. Gilman and A. H. Haubein,J. Am. Chem. Soc.,66,1515(1944); E. D. Bergmann, 1. Shabak, 

558. A. I. Meyers and B. E. Williams, Terrahedron Lett., 223 (1978). 
559. K. E. Chippendale, B. Iddon. and H. Suschitzky, J .  Chem. Soc.. Perkin Trans. I ,  2023 (1972). 
560. S. Dixon, J.  Org. Chem., 21,400(1956); see also W. T. Middleton, D. Metzger, and J. A. Snyder, 

J .  Med. Chem., 14, 1193 (1971); 0. P. Petrii, G .  V. Timofeyuk, G. U. Zenina, T. V. Talaleeva, 
and K. A. Kocheshkov, Zh. Ohshch. Khim., 39, 522 (1969). 

561. R. F. Cunico, Tetrahedron Lett., 2935 (1975). 
562. A. 1. Meyers and P. D. Pansegrau, Tetrahedron Lett., 24, 4935 (1983); A. I .  Meyers, and W. 

Rieker, Tetrahedron Letr., 23, 2091 (1982). 
563. G. Szeimies, J. Harnish, and 0. Biumgirtel, J.  Am. Chem. Soc.. 99, 5183 (1977). 
564. L. K. Montgomery and L. E. Applegate, J .  Am. Chem. Soc., 89, 2952 (1967). 
565. W. Kurtz and E. Effenberger, Chem. Ber., 106, 560 (1973). 
566. A. I. Meyers, Pure Appl. Chem., 51, 1255 (1979). 

and Z. Aizenshtat, Terrahedron Lett., 2007 (1969). 



144 J .  L. Wardell 

567. D. Enders and H. Eichenauer, Chern. Ber., 112,2933 (1979); D. Enders, H. Eichenauer, U. Baus, 
H. Schubert, and K. A. M. Kremer, Tetrahedroti, 40,1345 (1984); see also K. G. Davenport, H. 
Eichenauer, D. Enders, M. Newcomb, and D. E. Bergbreiter, J .  Am. Chem. Soc.. 101, 5654 
(1979); R. R. Fraser, F. Akiyama, and I .  Banville, Tetrahedron Lett., 3929 (1979). 

568. A. I .  Meyers, D. R. Williams, G. W. Erickson, S. White, and M. Druelinger, J .  Am. Chetn. Soc., 
103,3081 (1981); A. 1. Meyers, D. R. Williams, S. White,and G. W. Erickson,J. Am. Chem. Soc., 
p. 3088. 

569. A. I .  Meyers and L. M. Fuentes, J .  Am. Ckem. SOC., 105, I17 (1983). 
570. D. Seebach. R. Naef, and G. Calderari, Terrahedrwtt. 40, I3 I3 (1984). 
571. D. Seebach and R. Naef, Helr;. Chim Acra, 64, 2704 (1981); R. Naef and D. Seebach, At7yerv. 

Chetn.. I t i t .  Ed. Enyl . ,  20, 1030 (1981). 
572. G. Frater, U. Miiller, and W. Giinther, Tefrahedron, 40, 1269 (1984). 
573. U. Schollkopf, Tetrahedron, 39, 2085 (1983). 
574. H. Ahlbrecht, G. Bonnet. D. Enders, and G. Zimmermann, Tetrahedron Left . ,  21,3175 (1980). 
575. M. Larchveque, E. Ignatova. and T. Cuvigny, J .  Orgutiomer. Chem., 177, S(1979); P. E. Sonnet 

and R. R. Heath, J .  Ory. Chem., 45, 3137 (1980). 
576. A. 1. Meyers, Y. Yamamoto, E. D. Mihelich, and R. A. Bell, J .  Org. Chem., 45, 2792 (1980). 
577. A. I .  Meyers, N. R.  Natale, D. G. Wettlaufer, S. Ralii,and J. Clardy, Tetrahedron Letr., 22,5123 

578. D. A. Evans and J. Bartroli, Tetrahedron Lett., 23, 807 (1982). 
579. D. J. Peterson, J .  Ory. Chem., 33, 780 (1968). 
580. W. Dumont, D. van Ende, and A. Krief, Tetrahedron Lett., 485 (1979). 
581. T. Agawa, M. Ishikawa, M, Komatsu, and Y. Oshiro, Chem. Lett., 335 (1980); Bull. Chem. Soc. 

582. C. M. Dougherty and R.  A. Olofson, Ory.  Synth., 58, 37 (1978). 
583. G. N. Barber and R. A. Olofson, Tet rahedron  Lett., 3783 (1976). 
584. R. A. Moss and R. C. Munjal, Synthesis, 425 (1979). 
585. R. A. Olofson, K. D. Lotts, and G. N. Barber, Tetrahedron Lett., 3779 (1976). 
586. C. Burford, F. Cooke, E. Ehlinger, and P. Magnus, J .  Am. Chem. Soc., 99, 4536 (1977). 
587. P. Magnus and G. Roy, J.  Chetn. Soc., Chem. Commun., 297 (1978). 
588. T. Durst and K. C. Tin, Tetrahedron Lett., 2369 (1970). 
589. (a) M. Ballester, Chem. Rev., 55, 283 (1955); (b) R. F. Borch, Tetrahedron Lett., 3761 (1972). 
590. J. R. Shanklin, C. R. Johnson, J. Ollinger, and R.  M. Coates, J .  Am. Chem. Soc.,95,3429 (1973). 
591. A. Anciauz, A. Eman, W. Dumont, and A. Krief, Tetrahedron Lef t . ,  1617 (1975). 
592. W. Dumont and A. Krief, Anyew Chem.. In t .  Ed .  Eny l . ,  l4,350( 1975); D. van Ende, W. Dumont, 

and A. Krief, Anyew. Chem.. Int. Ed. Enyl . ,  14, 700 (1975). 
593. D. van Ende and A. Krief, Tetrahedron Lett.. 457 (1976). 
594. C. R .  Johnson and G. F. Katekar, J. Am. Chetn. Soc., 92, 5733 (1970). 
595. A. 1. Meyers and M. E. Ford, J .  Org. Chem., 41, 1735 (1976). 
596. D. Seebach, Anyew. Chem., Int .  Ed .  En& 18,239 (1979); 0. W. Lever, Jr.. Tetra/iedrot1,32,1943 

(1976); S .  F. Martin, Synthesis ,  633 (1979). D. Seebach, M. Pohmakotr, C. Schregenberger. B. 
Weidmann, R. S. Mali, and S. Pohmakotr, Helu. Chim. Acta, 65, 419 (1982). 

597. (a) D. Seebach and E. J .  Corey, J. Org. Chem., 40,231 (1975); (b) E. J. Corey and B. W. Erickson, 
J. Ory. Chem., 36, 3553 (1971). 

598. H. Paulsen, M. Stubbe, and F. R. Heiker, Justus Liehigs Anti .  Chetn., 825 (1980). 
599. E. J. Corey and J. I .  Shulman, J.  Ory. Chent.. 35, 777 (1970). 
600. C. Earnshaw, C. J. Wallis, and S. Warren, J .  Cherrt. SOC.. Chem. Cot?~nioi., 314 (1977). 
601. R. H. Wollenberg, K. F. Albizati, and R. Peries, J .  Am. Chetn. Soc., 99, 7365 (1977). 
602. J .  F. Le Borgne, T. Cuvigny. M. Larchevtque, and H. Normant, Tetrahedron Lett., 1379 (1976). 
603. I. P. Politzer and A. 1. Meyers, Org. Synth., 51, 24 (1971). 
604. E. J. Corey and D. Enders, Chem. Ber., 111, 1337, 1362 (1978). 
605. W. C. Still and T. L. MacDonald, J.  Am. Chem. Soc., 96, 5561 (1974). 
606. P. Coutrot and P. Savignac, J .  Chem. Res. (S), 308 (1977). 
607. A. I. Meyers and E. D. Mihelich, Angeiv. Chem.. In t .  Ed. Etiyl . ,  15, 270 (1976). 
608. J. E. McMurry and J. H. Musser, J.  Ory. Chem., 40, 2556 (1975). 
609. R. E. Murray and G. Zweifel. Synthesis .  150 (1980); see also G. Kobrich. H. Trapp, and A. 

Akhtar, Chem. Ber., 101, 2644 (1968); G. Szeimies, E Philipp, 0. Baumgirtel, and J. Harnisch, 
Tetrnhedron Lett., 2135 (1977). 

(1981). 

J p t i . ,  55, 1205 (1982). 

610. H. N. Khatri and H. M. Walborsky, J .  Org. Chetn., 43, 734 (1978). 



1. Organic Synthesis of Organolithiurn 145 

61 I .  R. A. van der Welle and L. Brdndsma, Reel. Trau. Cliim. Pays-Bas, 92, 667 (1973). 
612. H. S. Chang and J. T. Edward, Cari. J. Chem., 41, 1233 (1963). 
613. E. J. Panek, L. R. Kaiser. and G. M. Whitesides, J .  Am. Chem. SOC., 99, 3708 (1977). 
614. (a)G.  Rauchschwalbeand M. Schlosser, Helu. Chim. Acta,58, 1094(1975); F. G. Th0rpe.G. M. 

Pickles and J. C. Podesta, J. Organomet. C h i . ,  128, 305 (1977); (b) R. W. Hoffmann and K. 
Ditrich, Sjwhesis. 107 (1983). 

615. J. N. Reed and V. Snieckus, Tetrahedron Lef f . ,  24, 3795 (1983). 
616. P. Beak and B. J. Kokko, J .  Org. Chem., 47, 2822 (1982). 
617. P. Spagnolo, P. Zanirato, and Gronowitz, J .  Ory. Ckem., 47, 3177 (1982). 
618. N. S. Narasimhan and R.  Ammanamanchi, Terruhedron Lett., 24, 4733 (1983). 
619. S .  Mori, T. Aoyama, and T. Shioiri, Tetrakedron Lett., 25, 429 (1984). 
620. A. Hassner, P. Munger, and B. A. Belinka, Jr., Tetrahedron Lerr., 23, 699 (1982). 
621. B. M. Trost and W. H. Pearson, J .  Am. Cheni. Soc., 103, 2483 (1981). 
622. H. Gilman, M. H. van Ess, H. B. Willis, and C. G. Stuckwisch, J .  Am. Chem. Soc.. 62, 2602 

( 1940). 
623. D. Seyferth, W. B. Hughes, and J. K. Heeren, J .  Am. Cheni. Soc., 87,2847 (1965); H. Gilman and 

R. K. Ingram, J .  Am. Chem. Soc., 75, 4843 (1953); H. Gilman, and C. G. Stuckwisch, J .  Am. 
Cliem. Soc., 65, 1461 (1943); H. Gilman and D. R. Swayampati, J .  Am. Ckeni. Soc., 79,208 (1957); 
E. M. Acton and R. M. Silverstein, J. Ory. Cheni., 24, 1487 (1959); T. Oguri, T.  Shiori, and S. T. 
Yamada, Chern. Pharm. Bull., 23, 167 (1975). 

624. G. Boche, M. Bernheim, and W. Schrott, Tetruhedron Lef f . ,  23, 5399 (1982). 
625. E. C. Taylor and J. -H. Sun, Sgrirhesis, 801 (1980). 
626. B. J. Kokko and P. Beak, Tetroliedroti Left.,  24, 561 (1983). 
627. T. Abraham and D. Curran, Tetrahedron. 38, 1019 (1982). 
628. G. Bochc, N. Mayer, M. Bernheim, and K.  Wagner, Angew. Ckem.. I n t .  Ed. Etigl.,  17, 687 

629. M. Bernheim and G .  Boche, Anyew Chem.. I n f .  Ed. Engl., 19, 1010 (1980). 
630. G. Boche, M. Bernheim. and M. Neissner, Anyew. Chem.. Inf. Ed. Engl., 22. 53 (1983). 
631. H. Yamamoto and K. Maruoka, J .  Org. Ckem.. 45, 2739 (1980). 
632. G. Boche and W. Schrott. Tetrahedron Lett., 23, 5403 (1982). 
633. G. Kobrich and H. Trapp. Cliem. Ber., 99. 670 (1966). 
634. K. H. Boltze and H. -D. Dell, Jusrus Liehiys A m .  Clieni., 709, 63 (1967). 
635. R. D. Schuetz, D. D. Taft, J. P. O’Brien, J. L. Shea, and H. M. Mork, J .  Org. Chem., 28, 1420 

(1963); S. Gronowitz and U. Rosen. Cheni. Scr.. I ,  33 (1971); M. Schlosser and G. Heinz, Chem. 
Ber., 102, 1944 (1969). 

( I  978). 

636. J. Bensoam and F. Mathey, Tetrakerlron Lett., 2797 (1977). 
637. W. Adcock and T. C. Khor, J. Oryanomer. Chem., 91, C20 (1975); J. H. J. Peet and B. W. 

638. J. Petrova, P. Coutrot, M. Dreux, and P. Savignac, Sjlntkesis, 658 (1975). 
639. J. Kattenberg, E. R. de Waard, and H. 0. Huisman, Tetrahedron, 29, 4149 (1973). 
640. R. L. Gay, T. F. Crimmins, and C .  R. Hauser, Chew. Ind. (London), 1635 (1966). 
641. A. I .  Meyers and E. D. Mihelich, J .  Org. Chem., 40, 3158 (1975); V. Verboom, H. Westinijze, 

642. D. W. Slocum and P. L. Gierer, J .  Org. Ckem., 41, 3668 (1976); G. Szeimies, F. Philipp, 0. 

643. C. A. Townsend and L. M. Bloom, Tet raherh i  L e f ~ . ,  22, 3923 (1981). 
644. L. Horner, H. Hoffmann, and V. G .  Toscdno, Chem. Ber., 95, 536 (1962); S. Hunig and G. 

Wehner, Sgnrhesis, 180 (1975); U. Hertenstein, S. Hiinig, and M. Oller, Sgrithesis., 416 (1976). 
645. B. A. Tertov, V. V. Barykin, and I .  D. Sadekov, Ckem. Hererocycl. Compd. ( E n g l .  Trans/.), 5.41 8 

( 1969). 
646. 0. M. Nefedov, A.  I .  D’yachenko, and A. K. Prokov’ev, Russ. Chetn. Reu. (Enyl .  Tram/ . ) .  46, 

941 (1977). 
647. W. Kirmse, Carhene Chemistry, 2nd ed., Academic Press, New York, 1971; E. Chinoporos, 

Chem. Rev., 63.235 (1963); M. Jones and R. A. Moss, Curhenes, Wiley, New York, Vol. I ,  1973; 
Vol. 2, 1975. 

648. A. W. Johnson, Ylid Chetiiistrp, Academic Press, New York, 1966 A. Maercker, Ory. React., 14, 
270 ( I  9651. 

649. H. Gilman, E. A. Zoellner, and W. M.  Selby, J .  Am. Cliem. Soc., 55, 1252. (1933). 
650. E. Miiller and D. Ludsteck, Chem. Ber., 87. 1887 (1954). 

Rockett, J. Orgammer. Chem., 82, C57 (1974). 

L. J. de  Noten, P. Vermcer, and H. J. T. Bos, Sytirhesis, 296 (1979). 

Baumgartel, and J. Harnisch, Tefrohedron Lett., 2135 (1977). 



146 J. L. Wardell 

651. K. Ziegler, K. Nagel, and M. Pathelger, 2. Anory. Ally. Chem., 282, 345 (1955). 
652. D. Bryce-Smith and E. E. Turner, J .  Chem. Soc., 861 (1953). 
653. G. Wittig, Newer Methods  of Preparatiue Organic Chemistry, Vol. I ,  Interscience, New York, 

654. H. M. Cohen, J .  Oryanomef. Chem., 9, 375 (1967). 
655. W. N. Smith, J .  Oryanomet. Chem., 82, I (1974); see also C. Giancaspro and G. Sleiter. J .  Prakt. 

656. U. Schollkopf, H. Kuppers, H.-J. Traenckner and W. Pitteroff, Jusrus Liehiys A m .  Chem.,704, 

657. K.-H. Thiele, E. Langguth and G. E. Miiller, 2. Anorg. Ally.  Chem., 462, 152 (1980). 
658. A. Maercker, M. Eckers, and M. Passlack, J .  Organomet. Chem., 186, 193 (1980). 
659. H. D. Zook, J. March, and D. F. Smith, J .  Am. Chem. Soc., 81, 1617 (1959). 
660. J. Villieras, P. Perriot, M. Bourgain and J. -F. Normant, Spnflresis, 533 (1975). 
661. D. Seyferth and H. M. Cohen, J .  Organomer. Chem., I ,  15 (1963). 
662. D. Seyferth and D. D. Dagdni, Synth. Reacr. Inorg. M e t .  Ory .  Chem., 10, 137 (1980). 
663. D. E. Applequist and D. F. OBrien, J .  Am. Chem. Soc., 85, 743 (1963). 
664. 0. H. Johnson and W. H. Nebergall, J .  Am. Chem. Soc., 71, 1720 (1949). 
665. K. B. Wiberg and B. R. Lowry, J .  Am. Chem. Soc., 85, 3188 (1963). 
666. G .  Molle, P. Bauer, and J. E. Dubois, J .  Org.  Chem., 48, 2975 (1983). 
667. R. West and W. H. Glaze, J .  Org. Chem., 26, 2096 (1961). 
668. D. L. Esmay, Adu. Chem. Ser., No. 23, 47 (1959). 
669. H. Gilman and B. J.  Caj, J .  Org. Chem., 22, 1165 (1957). 
670. H. Gilman, E. A. Zoellner, and W. M. Selby, J .  Am. Chem. Soc., 54, 1957 (1932). 
671. J.  T. B. H. Jastrzebski, G. van Kotten, M. Konijn, and C. H. Stam, J .  Am. Chem. Soc., 104,5490 

672. R. West and E. G. Rouchow, J .  Org. Chem., 18, 1739 (1953). 
673. A. A. Morton, G. M. Richardson, and A. T. Hallowell, J .  Am. Chem. Soc., 63, 327 (1941). 
674. A. A. Morton and E. F. Cluff, J .  Am. Chem. Soc., 75, 134 (1953). 
675. B. Renfrow and C. R. Hauser, Ory.  Synth., Coll. Vol. 2, 607 (1943). 
676. B. Bartocha, C. M. Boucher, and M. Y. Gray, 2. Naturforsch.. Teil B ,  14, 809 (1959). 
677. D. J. Forster to Union Carbide Corp., Br .  Pat . ,  886980, 1959. 
678. I. Fatt and M. Tashima, Alkali M e t a l  Dispersion, Van Nostrand, New York, 1961. 
679. A. A. Mort0n.G. H. Patterson, J. J. Donovan, and E. L. Little, J .  Am. Chem. Soc., 68,93 (1946). 
680. J. W. Schick and H. D. Hartough, J .  Am. Chem. Soc., 7 0 ,  286 (1948). 
681. A. A. Morton, M. L. Brown, M. E. T. Holden, R. L. Letsinger, and E. E. Magat, J .  Am. Chem. 

682. R. G. Anderson, M. B. Silverman, and D. M. Ritter, J .  Org. Chem., 23, 750 (1958). 
683. G. Gau, J .  Oryunomet. Chem., 121, I .  (1976). 
684. D. J. Burton and J. L. Hahnfeld, J .  Ory. Chem., 42, 828 (1977). 
685. R. H. Fischer and G. Kobrich, Chem. Ber., 101, 3230 (1968). 
686. J. Villieras, P. Perriot, and J. F Normant, Synthesis, 29 (1978). 
687. D. F. Hoeg, D. 1. Lusk, and A. L. Crumbliss, J .  Am. Chem. Soc., 87,  4147 (1965). 
688. J.  Villieras, P. Perriot, and J. F. Normant, Synthesis, 968 (1979). 
689. J. Villieras, M. Rambaud, R. Tarhouni, and B. Kirschleger, Synthesis, 68 (1981). 
690. R. Tarhouni, B. Kirschleger, M. Rambaud, and J. Villieras, Tetrahedron Lett., 25, 835 (1984). 
691. A. G. Brook, J. M. Dun, and D. G. Anderson, Can. J .  Chem., 48, 561 (1970). 
692. D. Seyferth, J. L. Lefferts, and R. L. Lambert, J .  Oryanomer. Chem., 142, 39 (1977). 
693. T. KauNmann, R. Konig, R. Kriegesmann, and M. Wensing, Terralredron Lerr., 25,641 (1984). 
694. D’ Seyferth, F. M. Armbrecht, Jr., R. L. Lambert, Jr.,and W. Tronich, J .  Organomer. Chem., 44, 

695. T. KauNmann, K. -J. Echsler, A. Hamsen, R. Kriegesmann, F. Steinseifer, and A. Vahrenhorst, 

696. W. Dumont, A. Anciaux, A. Eman, J. N. Denis, and A. Krief, cited in A. Krief, Tetrahedron,  36, 

697. W. Dumont, M. Sevrin, and A. Krief, Angew. Chem.. In[.  Ed. Engl. ,  16, 541 (1977). 
698. E. J. Corey and P. Ulrich, Teirahedron Lett., 3685 (1975). 
699. T. Hiyama, A. Kanakura, H. Yamamoto, and H. Nozaki, Tetrahedron Lett., 3047 (1978). 
700. M. S. Baird and G. W. Baxter, J .  Chem. Soc.. Perkin Trans. 1, 2317 (1979). 

1948, p. 571. 

Chem., 321, 871 (1979). 

I20 (1  967). 

( I  982). 

Soc., 67, 2224 (1945). 

299 (1972). 

Tetrahedron Lett., 4391 (1978). 

253 I ( I  980). 



1. Organic Synthesis of Organolithium 147 

701. K. G. Taylor, J. Chaney, and J. C. Deck, J .  Am. Chem. Soc., 98, 4163 (1976). 
702. K. G. Taylor and J. Chancy, J .  Am. Cheni. Soc., 98, 4158 (1976). 
703. L. Duhamel and J. -Y. Valnot, Tetrahedron Leri., 3319 (1979). 
704. H. Neumann and D. Seebach, Chem. Ber., 111, 2785 (1978). 
705. G. Zweifel and W. Lewis, J .  Org. Chem., 43, 2739 (1978). 
706. E. J.  Corey and G.  N. Widiger, J .  Org. Chent., 40, 2975 (1975). 
707. K. S. Y. Lau and M. Schlosser, J .  Org. Chent., 43, 1595 (1978). 
708. J. Ficini and J.-C. Depezay, Tetrahedron Lerr., 4797 (1969). 
709. R.  H. Smithers, J .  Org. Chem., 48, 2095 (1983). 
710. J. Ficini, P. Kahn, S. Falou, and A. M. Touzin, Tetrahedron Lett.. 67 (1979). 
71 1. C. G. M. Janssen, L. H. J. G. Simons, and E. F. Godefroi, Synthesis, 389 (1982). 
712. W. E. Parham and D. W. Boykin, J .  Org. Cheni., 42, 260 (1977). 
713. D. Caine and A. S. Frobese, Tetrahedron Lerr., 5167 (1978). 
714. W. R. Baker and R. M. Coates, J .  Org. Chem., 44, 1022 (1979). 
715. L. Duhamel and J. M. Poirier, J .  Am. Ckem. Soc., 99, 8356 (1977). 
716. F. G. Drakesmith, 0. J. Stewart, and P. Tarrant, J .  Org. Cheni., 33, 280 (1968). 
717. D. Masure, C. Chuit, R.  Sauvetre, and J.  F. Normant, Synrkesis, 458 (1978). 
718. G. Kobrich and K. Flory, Chem. Ber., 99, 1773 (1966). 
719. G. Kobrich, Angew. Chem., Int. Ed. Engl., 6, 41 (1967). 
720. L. Fitjer, U. Kliebisch, D. Wehle, and S. Modaressi, Tetrahedron Lerr., 23, 1661 (1982). 
721. D. Seyferth, A. B. Evnin, and D. R. Blank, J .  Organomer. Chem.,  13, 25 (1968). 
722. G. Linstrumelle and D. Michelot, J .  Chem. Soc., Chem. Commun., 561 (1975). 
723. W. J. Trepka and R. J. Sonnenfeld, J .  Organomer. Chem., 16, 317 (1969). 
724. H. Gilman and R. D. Gorsich, J .  Am.  Chem. Soc., 77, 3919 (1955). 
725. L. S. Chen, G. J .  Chen., and C. Tamborski, J .  Organomer. Chem., 193, 283 (1980). 
726. H. Gilman, R. D. Gorsich, and B. J. Gaj, J .  Org. Chem., 27, 1023 (1962). 
727. H. Gilman, W. Langham, and F. W. Moore, J .  Am. Chem. Soc., 62, 2327 (1940). 
728. L. S. Chen, G. J. Chen, and C. Tamborski, J .  Organomer. Chem., 215, 281 (1981). 
729. M. Yoshifuji, I. Shima, and N. Inamoto, Tetrahedron Lerr., 3963 (1979). 
730. W. E. Parham, L. D. Jones and Y. A. Sayed, J .  Org. Chem., 41, 1184 (1976). 
731. H. Gilman, C. E. Arnitzen, and F. J. Webb, J .  Org. Chem., 10, 374 (1945). 
732. W. E. Parham, D. C. Egberg, Y. A. Sayed, R. W. Thraikill, G. E. Keyser, M. Neu, W. E. 

733. E. Akgiin, M. D. Glinski, K. L. Dhawan, and T. Durst, J .  Org. Chem., 46, 2730 (1981). 
734. W. E. Parham and Y. A. Sayed, J .  Org. Chern., 39, 2053 (1974). 
735. W. E. Parham and L. D. Jones, J .  Org. Chem., 41, 2704 (1976). 
736. W. E. Parham, L. D. Jones, and Y. Sayed, J .  Org. Chem., 40, 2394 (1975). 
737. P. A. Wender and A. W. White, Tetrahedron Lerr., 22, 1475 (1981). 
738. W. E. Parham and L. D. Jones, J .  Org. Chem., 41, 1187 (1976). 
739. H. Gilman and L. A. Woods, J .  Am. Chent. Soc., 66, 1981 (1944). 
740. G. Kobrich and P. Buck, Chem. Ber., 103, 1412 (1970). 
741. W. E. Parham and R.  M. Piccirilli, J .  Org. Cliem., 42, 257 (1977). 
742. H. Gilman and C. G. Stuckwisch, J .  Am. Cliern. Soc., 63, 2844 (1941). 
743. H. Gilman and F. W. Moore, J .  Am. Chem. Soc., 62, 1843 (1940). 
744. G. Porzi and C. Concilio, J .  Organomer. Chem., 128, 95 (1977). 
745. N. Tanaka and T. Kasai, Bull. Chem. Soc. Jpn. ,  54, 3020 (1981). 
746. N. J. Foulger and B. J. Wakefield, J .  Orgariomer. Cliem., 69, 321 (1974). 
747. M. D. Rausch, G. A. Moser, and C. F. Meade, J .  Orguriomer. Chem., 51, I (1973). 
748. I .  Haiduc and H. Gilman, Rev. Roum. Chim., 16, 907 (1971). 
749. H. Hart and G. C. Nwokogu, Tetrahedron Lerr., 24, 5721 (1983). 
750. D. J. Berry and B. J. Wakefield, J .  Chem. Soc. C .  2342 (1969). 
751. Y. Fukuyama, Y. Kawashima, T. Miwa, and T. Tokoroyama, Synrhesis, 443 (1974). 
752. P. Moses and S. Gronowitz, Ark. Kemi, 18, 119 (1962). 
753. S. Gronowitz and B. Holm, Acta Chem. Scand., Part B, 30, 505 (1976). 
754. M. D. Rausch, T. R. Criswell, and A. K. Ignatiowicz, J .  Organornet. Chem., 13, 419 (1968). 
755. Yu. K. Yur’ev, N. K. Sadovaya, and E. A. Grekova, J .  Gen. Chem. U S S R  (Engl.  Trans.), 34,841 

756. J. M. Muchowski and R. Naef, Helu. Chirn. Acta, 67, 1168 (1984). 

Montgomery, and L. D. Jones, J .  Org. Chem., 41, 2628 (1976). 

(1 964). 



148 J .  L. Wardel l  

757. H. Gilman and S. M. Spatz, J .  Ory. Chem., 16, 1485 (1951). 
758. G. R. Newkome and J. M. Roper, J .  Or<qanomer. Ckem., 186, 147 (1980). 
759. C. D. Broaddus, J .  Ory. Chem., 35, 10 (1970). 
760. C. D. Broaddus, J .  Am. Chem. Soc., 88, 4174 (1966). 
761. R. A. Benkeser, A. E. Trevillyan, and J. Hooz, J .  Am. Chem. Soc., 84, 4971 (1962). 
762. T. F. Crimmins and E. M. Rather, J. Org. Chem.. 43, 2170 (1978). 
763. T. F. Crimmins and C. M. Chan, J .  Org. Chem., 41, 1870 (1976). 
764. R. A. Benkeser, J. Hooz, T. V. Liston, and A. E. Trevillyan, J .  Am. Chem. Soc., 85.3984 (1963). 
765. E. M. Kaiser and J. D. Petty, J .  Oryanomer. Chem., 107, 219 (1976). 
766. M. Braun and E. Ringer, Tetrahedron Letr., 24, 1233 (1983). 
767. D. J. Coughlin and R.  G. Salornon, J.  Ory.  Chem., 44, 3784 (1979). 
768. W. J. Houlihan, V. A. Parrino, and Y. Uike, J .  Org. Chem., 46, 451 I (1981). 
769. T. Abraham, Monatsh. Chem., 113, 371 (1982). 
770. R. H. Mitchell, T. W. Dingle, and R. V. Williams, J .  Org. Chem., 48, 903 (1983). 
771. R. Noyori, N. Sano, S. Murata, Y. Okamoto, and H. Yuki, Terrahedron Lett., 23,2969 (1982). 
772. K. Takahashi, K. Konishi, M. Ushio, M. Takaki, and R. Asarni, J.  Organomer. Chem., 50, 1 

773. H. C. Brown and W. A. Murray, J.  Am. Chem. Soc., 73, 3308 (1951). 
774. A. D. Miller and R. Levine, J .  Ory. Chem., 24. 1364 (1959). 
775. E. M. Kaiser and J. D. Petty, Synthesis, 705 (1975). 
776. C. G. Griggs and D. J. H. Smith, J .  Chem. Soc.. Perkiji Trans. I .  3041 (1982). 
777. E. M. Kaiser and J.R. McClure, J .  Oryanomer. Chem., 175, I 1  (1979). 
778. E. M. Kaiser and J. D. Petty, J .  Org. Chem., 41, 716 (1976). 
779. D. J. Brunelle. Tetrahedron Lett., 22. 3699 (1981). 
780. B. H. Lipshutz and R. W. Hungate, J. Org. Chem., 46, 1410 (1981). 
781. G. Knaus and A. I. Meyers, J.  Org. Chem., 39, 1189 (1974). 
782. D. S. Noyce, G. T. Stowe, and W. Wong, J.  Ory. Chem., 39, 2301 (1974). 
783. T. H. Chan and E. Chang, J.  Org. Chem., 39, 3264 (1974). 
784. A. N. Tischler and M. H. Tischler, Tetrahedron Leif . ,  3 (1978). 
785. D. Seebach and M. Yoshifuji, Helu. Chim. Acta, 64, 643 (1981). 
786. M. Mikolajczyk, S. Grzejsczak, A. Chefczynska, and A. Zatorski, J .  Ory. Chem., 44,2967 (1979). 
787. M. Sekine, M. Nakajima, and T. Hata, Bull. Soc. Chem. Jpn.,  55, 218 (1982). 
788. R. Sauvetre and J. Seyden-Penne, Tetrahedron Lett . ,  3949 (1976). 
789. E. M. Kaiser, L. E. Solter, R. A. Schwarz, R.  D. Beard, and C. R.  Hauser. J.  Am. Chem. Soc., 93, 

4237 (1971). 
790. K. Deuchert, U. Hertenstein, S. Hunig, and G. Wehner, Chem. Ber., 112, 2045 (1979). 
791. M. K. Yeh, J .  Chern. Soc.. Perkin Trans. I ,  1652 (1981). 
792. J. J. Eisch and J. E. Galle, J.  Organomel. Chem., 121, CIO (1976). 
793. K. -H. Geiss, D. Seebach. and B. Seuring, Chem. Ber., 110, 1833 (1977). 
794. S. Cabiddu, C. Floris, S. Melis, and F. Sotgiu, Phosphorus Sulfur, 19, 61 (1984). 
795. T. Durst and M. Molin, Tefrahedron Lett . ,  63 (1975). 
796. T. Hayashi and H. Baba, J.  Am. Chem. Soc., 97, 1608 (1975). 
797. T. L. Emmick, US Pat., 3 766 209; Chem. Abstr., 79, 146136 (1973). 
798. H. J. Reich and S. K. Shah, J.  Am. Chem. Soc., 97, 3250 (1975). 
799. V. Lachkova and M. Kirilov, Justus Liebiys Ann. Chem., 496 (1974). 
800. M. F. Lappett,C. L. Raston, B. W. Skelton, and A. H. White, J.  Chem. Soc.. Chem. Cownun. ,  14 

801. R. 1. Papasergio, C. L. Raston, and A. H. White, J.  Chem. Soc.. Chem. Commun., 1419 (1983). 
802. H. Ahlbrecht and H. Dollinger, Tetrahedron Lett., 25, 1353 (1984). 
803. A. 1. Meyers,P. D. Edwards, W. F. Rieker,andT. R. Bai1ey.J. Am. Chem.Soc., 106,3270(1984). 
804. G. Stork, A. A. Ozorlo, and A. Y. W. Leong, Tetrahedron Lett., 5175 (1978). 
805. D. B. Reitz, P. Beak, R. F. Farney, and L. S. Helmick, J .  Am. Chem. Soc., 100, 5428 (1978). 
806. R. Schlecker and D. Seebach, Helu. Chim. Acta, 60, 1459 (1977). 
807. D. Seebach and T. Hassel, Angew. Chem.. I n f .  Ed. Engl., 17, 274 (1978). 
808. D. Seebach and W. Lubosch, Angew. Chem.. In t .  Ed. Enyl., 15, 313 (1976). 
809. M. P. Periasamy and H. M. Walborsky, J. Am. Chem. Soc., 99, 2631 (1977). 
810. D. Seebach, D. Enders, and B. Renger, Chem. Ber., 110, 1852 (1977). 
81 I .  P. Magnus and G. Roy, Synthesis, 575 (1980). 

( I  973). 

(1 982). 



I .  Organic Synthesis of Organolithiurn 149 

812. T. Kauffmann, D. Berger, B. Scheerer, and A. Woltermann, Chem. Ber., 110, 3034 (1977). 
813. R. A. Moss and G. M. Love, Tetrahedron Lett., 4701 (1973). 
814. T. Kauffmann, H. Berg, E. Koppelmann, and D. Kuhlmann, Chem. Ber., 110,2659 (1977). 
815. T. Aoyama, S. Inoue, and T. Shioiri, Tetrahedron Lett., 25, 433 (1984). 
816. R. Pellicciari, E. Castagnino, and S .  Corsano, J .  Chem. Rex (S). 76 (1979). 
817. D. Seebach and F. Lehr, Angew. Chem.. I n f .  Ed. Engl., 15, 505 (1976). 
818. H. H. Karsch and H. Schmidbauer, Z .  Naturjirsch.. Teil B, 32, 762 (1977). 
819. L. M. Engelhardt, G. E. Jacobsen, C. L. Raston, and A. H. White, J .  Chem. Soc.. Chem. 

820. R. Appel, M. Wander, and F. Knoll, Chem. Ber. .  112, 1093 (1979). 
821. H. H. Karsch, Z .  Naturforsch., Teil B, 34, 1178 (1979). 
822. R. Appel, G. Haubrich, and F. Knoch, Chem. Ber., 117, 2063 (1984). 
823. E. J. Corey and M. A. Tius, Tetrahedron Lett., 21, 3535 (1980). 
824. J. I. Grayson and S. Warren, J .  Chem. Soc.. Perkin Trans. I ,  2263 (1977). 
825. D. Cavalla and S. Warren, Tetrahedron Lef t . ,  24, 295 (1983). 
826. F. Mathey and F. Mercier, J .  Organomer. Chem., 177, 255 (1979). 
827. K. Issleib and P. Abricht, J .  Prakt. Chem., 312, 456 (1970). 
828. E. J. Corey and G. T. Kwiatkowski, J .  Am. Chem. SOC., 88, 5654 (1966). 
829. E. J. Corey and J. I .  Shulman, J .  Ory. Chem., 35, 777 (1970). 
830. Ph. Savignac, M. Dreux, and Ph. Coutrot, Tetrahedron Lett., 609 (1975). 
831. J. J. Eisch and J .  E. Galle, J .  Oryanomet. Chem., 121, C10 (1976). 
832. B. Deschamps, Tetrahedron, 34, 2009 (1978). 
833. U. Schollkopf and R. Schroder, Tetrahedron Lett.. 633 (1973). 
834. T. Bottin-Strzalko, J. Corset, F. Froment, M. -J. Pouet, J. Seyden-Penne, and M. P. Simonnin, 

835. M. Obayashi, E. Ito, K. Matsui, and K. Kondo, Tetrahedron Lett.. 23, 2323 (1982). 
836. E. J. Corey and G. T. Kwiatkowski, J .  Am. Chem. Soc., 88, 5652 (1966). 
837. H. H. Karsch, Chem. Ber., 115, 818 (1982). 
838. H. Schmidbaur and U. Deschler, Chem. Ber.. 116, 1386 (1983). 
839. D. J.  Peterson, J .  Org. Cliem.. 32, 171 7 ( 1  967). 
840. E. J .  Corey and D. Seebach, J .  Org. Chem. Soc., 31, 4097 (1966). 
841. B. M. Trost, D. Keeley, and M. J. Bogdanowicz, J .  Am. Chem.Soc., 95, 3068 (1973). 
842. D. J. Ager and R. C. Cookson, Tetrahedron Lett., 21, 1677 (1980). 
843. B.M. Trost and C. H. Miller, J .  Am. Chem. Soc., 97, 7182 (1975). 
844. U. Schollkopf and E. Brume, Tetrahedron Lett., 629 (1973). 
845. N. Y. Wang, S. S .  Su, and L. Y. Tsai, Tetraliedron Lett., 1121 (1979). 
846. P. A. Grieco and C. L. -J. Wang, J .  Chem. Soc.. Chem. Commun., 714 (1975). 
847. S. Yamagiwa, N. Hoshi. H. Sato, H. Kosugi and H. Uda, J .  Chem. SOC..  Perkin Trans. I ,  214 

848. S. Matsui, Bull. Chem. SOC. Jpn . ,  57, 426 (1984). 
849. R .  Bustinghaus and D. Seebach, Chem. Ber., 110, 841 (1977). 
850. S. Tsuboi, T. Masuda, and A. Tdkeda, Bull. Chem. Soc. Jpn . ,  56, 3521 (1983). 
851. D. Seebach and E. J.  Corey, J .  Ory.  Chem., 40, 231 (1975). 
852. R. M. Carlson and P. M. Helquist, J .  Org. Chem., 33. 2596 (1968). 
853. K. Fuji, M. Ueda, K. Sumi, and E. Fujita. Terrakedron Lett., 22, 2005 (1981). 
854. R .  A. J. Smith and A. R.  Lal, Aust. J .  Ckem., 32, 353 (1979). 
855. A. Ratajczak, F. A. L. Anet, and D. J. Cram, J .  Am. Cheni. Soc., 89, 2072 (1967); C. D. Ritchie 

and R. E. Uschold, J .  Am. Chem. Soc., 89, 1721 (1967). 
856. K. R. Martin, J .  Oryanomet. Chem., 24, 7 (1970). 
857. E. J. Corey and M. Chaykovsky, J .  Am. Chem. Soc., 87, 1345 (1965). 
858. T. Durst, R. Viau and M. R .  McClory, J .  Am. Chem. Soc., 93, 3077 (1971). 
859. V. Reutrakul, C. Panyachotipun, V. Hahnvajanawong, and S .  Sotheeswaran, Tetrahedron 

860. G. Boche, K. Buckl, D. Martens, D. R. Schneider, and H. U. Wagner, Chem. Ber., 112, 2961 

861. R. Lett and G. Chassaing, Tetrahedron, 34, 2705 (1978). 
862. W. E. Truce and K. R. Buser, J .  Am. Chem. SOC., 76, 3577 (1954). 
863. E. M. Kaiser, R. D. Beard, and C. R. Hauser, J .  Organornet. Chem., 59, 53 (1973). 

Commun., 220 (1984). 

J .  Ory.  Chem., 45, 1270 (1980). 

(1 978). 

Lett., 25, 1825 (1984). 

( 1979). 



150 J. L. Wardell 

864. K. Schank, H. G. Schmitt, F. Schroeder, and A. Weber, Justus Liebiys Ann. Chem., I 1  16 (1977). 
865. J. J. Eisch and J. E. Galle, J .  Oryanomet. Chem., 121, CIO (1976). 
866. M. E. Thompson, J .  Org. Chem., 49, 1700 (1984). 
867. C. R. Johnson and J. R. Zeller, J .  Am. Chem. Soc., 104, 4021 (1982). 
868. V. Reutrakul and K. Herunsalee, Tetrahedron Lett., 24, 527 (1983). 
869. D. Seebach and N. Peleties, Chem. Ber., 105, 511 (1972). 
870. H. J. Reich and S .  K. Shah, J .  Am. Chem. Soc., 97, 3250 (1975). 
871. K. Sachdev and H. S. Sachdev, Tetrahedron Lett., 4223 (1976). 
872. H. J. Reich, F. Chow, and S. K. Shah, J .  Am. Chem. Soc., 101, 6638 (1979). 
873. J. Lucchetti and A. Krief, Terahedron Lett . ,  2693 (1978). 
874. H. J. Reich, S. K. Shah, and E. Chow, J .  Am. Chem. Soc., 101, 6648 (1979). 
875. C. Burford, F. Cooke, E. Ehlinger, and P. Magnus, J .  Am. Chem. SOC., 99, 4536 (1977); C. 

876. J. Villieras, P. Perriot, and J. F. Normant, Bull. SOC. Chim. Fr. ,  765 (1977). 
877. G. Kobrich, K. Flory, and R. H. Fischer, Chem. Ber., 99, 1793 (1966). 
878. J. Villieras, C. Bacquet, and J. F. Normant, Bu// .  Soc. Chim. Fr. ,  1797 (1975). 
879. M. W. Rathkeand R. Kow, J .  Am. Chem. Soc., 94, 6854 (1972). 
880. D. S. Matteson and R. J. Moody, J .  Am. Chem. Soc., 99, 3196 (1977). 
881. D. S. Matteson and D. Majumdar, J .  Chem. Soc.. Chem. Commun., 39 (1980). 
882. M. Lappert, L. M. Engelhardt, C. L. Raston, and A. H. White, J .  Chem. Soc.. Chem. Commun., 

883. B. T. Grobel and D. Seebach, Chem. Ber., 110, 852 (1977). 
884. Z. H. Aiube and C. Eaborn, J .  Organomet. Chem., 269, 217 (1984). 
885. 0. W. Steward and J. J. Johnson, J .  Oryanomet. Chem., 55, 209 (1973). 
886. P. Magnus and G. Roy, J .  Chem. Soc.. Chem. Commun., 822 (1929). 
887. T. KauNmann, B. Altepeter, K. J. Echsler, J. Ennen, A. Hamsen, and R. Joussen, Tetrahedron 

888. T. Kauffmann, H. Fischer, and A. Woltermann, Angew. Chem., In t .  Ed.  Engl., 16, 53 (1977). 
889. D. Seebach and A. K. Beck, Chem. Ber., 108, 314 (1975). 
890. P. E. Pfeffer, E. Kinsel, and L. S. Silbert, J .  Ory. Chem., 37, 1256 (1972). 
891. P. M. Warner and D. Le, J .  Org. Chem., 47, 893 (1982). 
892. W. Adam, L. A. Encarnacion, and H. H. Fick, Synthesis, 828 (1978). 
893. H. H. Wasserman, B. H. Lipshutz, A. W. Tremper, and J. S. Wu, J .  Ory. Chem.,46,2991 (1981). 
894. P. Coutrot and A. El. Cadi, Synthesis, 115 (1984). 
895. A. M. Sarpeshkar, G. J. Gossick, and J. Wemple, Tetrahedron Lett . ,  703 (1979). 
896. H. Normant and T. Cuvigny, Bull. Chim. Soc. Fr.,  1881 (1965). 
897. M. W. Rathke and D. F. Sullivan, J .  Am. Chem. Soc., 95, 3050 (1973). 
898. L. Lochmann and D. Lim, J .  Organomet. Chem., 50.9 (1973). 
899. G. Frater, U. Miiller, and W. Gunther, Tetrahedron, 40, 1269 (1984). 
900. F. Huet, M. Pellet, and J. M. Conia, Synthesis., 33 (1979). 
901. S. J. Harris and D. R. M. Walton, J .  Chem. Soc., Chem. Commun., 1008 (1976). 
902. R. P. Woodbury and M. W. Rathke, J .  Org. Chem., 42, 1688 (1977). 
903. H. L. Needles and R. E. Whitfield, J .  Ory. Chem., 31, 989 (1966). 
904. P. C. Kuzma, L. E. Brown, and T. M. Harris, J .  Ory.  Chem., 49, 2015 (1984). 
905. T. Durst, R. van der Elzen, and R. Legault, Can. J .  Chem., 52, 3206 (1974). 
906. R. Levine, J .  Am. Chem. Soc., 67, 1510 (1945). 
907. R. Sauvetre, M. C. Roux-Schmitt, and J .  Seyden-Penne, Tetrahedron. 34, 2135 (1978). 
908. C. J. Eby and C. R. Hauser, J .  Am. Chem. Soc., 79, 723 (1957). 
909. I .  Matsuda, S. Murata, and Y. Ishii, J .  Chem. Soc.. Perkiri Trans. 1,  26 (1979). 
910. K. Utimoto, Y. Wakabayashi, Y. Shishiyama, M. Inoue, and H. Nozaki, Tetrahedron Left., 22, 

91 I .  A. R. Lepley, W. A. Khan, A. B. Giumanini,and A. G. Giumanini,J. Ory.  Chem.,31,2047( 1966). 
912. H. Gilman and R. L. Bebb, J .  Am. Chem. Soc., 61, 109 (1939). 
913. H. M. Walborsky and P. Ronman, J .  Ory. Chem., 43, 731 (1978). 
914. W. Fuhrer and H. W. Gschwend, J .  Org. Chem., 44, 1133 (1979). 
915. J.  M. Muchowski and M. C. Venuti, J .  Org. Chem., 45,4798 (1980). 
916. F. N. Jones, M. F. Zinn, and C. R. Hauser, J .  Org. Chem., 28, 663 (1963). 

Burford, F. Cooke, G. Roy, and P. Magnus, Tetrahedron, 39, 867 (1983). 

1323 (1982). 

Lett., 501 (1979). 

4279 (1981). 



1. Organic Synthesis of Organolithium 151 

917. T. D. Harris and G.  P. Roth, J .  Org. Chem., 44, 2004 (1979). 
918. D. W. Slocum and W. Achermann, J .  Chem. Soc.. Chem. Commun., 968 (1974). 
919. P. Beak and R. A. Brown, J .  Org. Chem., 42, 1823 (1977). 
920. D. A. Shirley, J.R. Johnson, Jr., and J.  P. Hendrix, J .  Organomet. Chem., I I ,  209 (1968). 
921. A. A. Morton and 1. Hechenbleikner, J .  Am. Chem. SOC., 58, 2599 (1936). 
922. D. A. Shirley and J .  P. Hendrix, J .  Organomet. Chem., 11, 217 (1968). 
923. L. Horner, A. J.  Lawson, and G.  Simons, Phosphorus Sulfur, 12, 353 (1982). 
924. H. Gilman and F. J.  Webb, J .  Am. Chem. SOC., 71,4062 (1949). 
925. N. Meyer and D. Seebach, Angew. Chem., I n t .  Ed. Engl., 17, 521 (1978). 
926. H. P. Plaumann, B. A. Keay, and R. Rodrigo, Tetrahedron Lett., 4921 (1979). 
927. G.  D. Figuly and J .  C. Martin, J .  Org. Chem., 45, 3728 (1980). 
928. H. Gilman and T. S .  Soddy, J .  Org. Chem., 22, 1715 (1957). 
929. M. Watanabe, M. Sahara, S. Furukawa, R. Billedeau, and V. Snieckus, Tetrahedron Lett., 23, 

930. H. W. Gschwend, unpublished work, cited in H. W. Gschwend and H. R. Rodriquei Org. 

931. T. D. Krizan and J. C. Martin, J .  Org. Chem., 47, 2681 (1982). 
932. W. E. Truce and M. F. Amos, J .  Am. Chem. Soc., 73, 3013 (1951). 
933. D. L. Ladd and J. Weinstock, J .  Org. Chem., 46, 203 (1981). 
934. A. 1. Meyers and W. Rieker, Tetrahedron Lett., 23, 2091 (1982). 
935. R. C. Ronald, Tetrahedron Lett., 3973 (1975). 
936. K. Oita and H. Gilman, J .  Org. Chem., 21, 1009 (1956). 
937. H. W. Gschwend and A. Hamdan, J .  Org. Chem., 40, 2008 (1975). 
938. U. Schollkopf, D. Stafforst, and R. Jentsch, Justus Liebigs Ann. Chem., 1167 (1977). 
939. J. E. Baldwin, G.  A. Hone, and 0. W. Lever, Jr., J .  Am. Chem. Soc., 96, 7125 (1974). 
940. R. K. Boeckman, Jr., and K. J.  Bruza, Tetrahedron Lett., 4187 (1977). 
941. W. Adam, E. Schmidt, and K. Takayama, Synthesis, 322 (1982). 
942. K. Oshima, K. Shimoji, H. Takahashi, H. Yamamoto, and H. Nozaki, J .  Am. Chem. SOC., 95, 

943. R. R. Schmidt and B. Schmid, Tetrahedron Lett., 3583 (1977). 
944. M. Schoufs, J. Meyer, P. Vermeer, and L. Brandsma, R e d .  Trau. Chim. fays-Bas,  96,259 (1977). 
945. J. J. Eisch and I. E. Galle, J .  Org. Chem., 44, 3279 (1979). 
946. G.  Kobrich and K. Flory, Chem. Ber., 99, 1773 (1966). 
947. P. G.  Gassmann and I. Gennick, J .  Am. Chem. SOC., 102, 6863 (1980). 
948. R. Sauvetre and J.  F. Normant, Tetrahedron Lett . ,  957 (1981). 
949. F. G .  Drakesmith, R. D. Richardson, 0. J .  Stewart, and P. Tarrant, J .  Org. Chem., 33, 286 

950. M. Schlosser, B. Schaub, B. Spahic, and G.  Sleiter, Helu. Chim. Acta, 56, 2166 (1973). 
951. J. Ficini and J.C. Depezay, Tetrahedron Lett., 937 (1968). 
952. K. Isobe, M. Fuse, H. Kosugi, H. Hagiwara, and H. Uda, Chem. Lett., 785 (1979). 
953. 0. Miyata and R. R. Schmidt, Tetrahedron Lett., 23, 1793 (1982). 
954. J. E. Biellman and J. B. Ducep, Tetrahedron Lett., 33 (1971). 
955. B. Costisella, H. Gross, and H. Schick, Tetrahedron, 40, 733 (1984). 
956. H. Ahlbrecht and C. Vonderheid, Synthesis, 512 (1975). 
957. S. De Lombaert, B. Lesur, and L. Ghosez, Tetrahedron Lett., 23,4251 (1982). 
958. T. H. Chan and G.  J. Kang, Tetrahedron Lett., 23, 301 1 (1982). 
959. H. Ahlbrecht and H. Simon, Synthesis, 58 (1983). 
960. H. Ahlbrecht and W. Farnung, Chem. Ber., 117, l(1984). 
961. A. N. Tischler and M. H. Tischler, Tetrahedron Lett., 3407 (1978). 
962. F. Kienzle, Heh.  Chim. Acta, 56, 1671 (1973). 
963. D. Seebach, R. Henning, and F. Lehr, Angew. Chem., Int. Ed. Engl., 17, 458 (1978). 
964. B. Renger and D. Seebach, Chem. Ber., 110, 2334 (1977). 
965. B. Lythgoe, T. A. Moran, M. E. N. Nambudiry, S. Ruston, J. Tideswell, and P. W. Wright, 

966. P. Savignac, P. Coutrot, and Y. Leroux, C .  R .  Acad. Sci.. Ser. C ,  279, 609 (1974). 
967. E. J.  Corey and D. E. Cane, J .  Org. Chern., 34, 3053 (1969). 
968. K. Kondo, A. Negishi, and D. Tunemoto, Angew. Chem.. Inr. Ed. Engl., 13, 407 (1974). 

1647 (1982). 

React., 26, I (1979). 

2694 (1973). 

(1968). 

Tetrahedron Lett., 3863 (1975). 



152 J. L. Wardell 

969. D. A. Evans, G. C. Andrews, and B. Buckwalter, J .  Am. Chem. Soc., 96, 5560 (1973). 
970. G. Trimitsis, S. Beers, J. Ridella, M. Carlon, D. Cullin, J .  High, and D. Brutts, J .  Chem. Soc.. 

971. D. Seyferth, R.  E. Mammarella, and H. A. Klein, J .  Organomet. Chem., 194, 1 (1980). 
972. M. Maleki. J. A. Miller, and 0. W. Lever, Jr., Tetrahedron Lett., 22, 3789 (1981). 
973. U. Hertenstein, S. Hiinig, and M. Oller, Synthesis, 416 (1976). 
974. K. H. Geiss, D. Seebach, and B. Seuring, Chem. Ber., 110, 1833 (1977). 
975. D. A. Evans and G. C. Andrews, Acc. Chem. Res., 7, 147 (1974). 
976. K. Tanaka, M. Terauchi, and A. Kaji, Chem. Left . ,  315 (1981). 
977. J. P. Marino and J. L. Kostusyk, Tetrahedron Left . ,  2489 (1979). 
978. D. Seebach, Synfhesis, 17 (1969). 
979. T. Nakai, T. Mimura, and T. Kurokawa, Tetrahedron Leff., 2895 (1978). 
980. T. Hayashi, N. Fujitaka, T. Oishi, and T. Takeshima, Tetrahedron Leff., 21, 303 (1980). 
981. D. A. Evans, G. C. Andrews, and C. L. Sims, J .  Am.  Chem. Soc., 93, 4956 (1971). 
982. D. A. Evans, G. C. Andrews, T. T. Fujimoto, and D. Wells, Tetrahedron Left . ,  1385 (1973). 
983. M. Hirama, Tetrahedron Lett., 22, 1905 (1981). 
984. C. N. Hsiao and H. Shechter, Tetrahedron Lett., 25, 1219 (1984). 
985. H. J.  Reich, W. W. Willis, Jr., and P. D. Clark, J .  Org. Chem., 46, 2775 (1981). 
986. H. J. Reich, M. C. Clark and W. W. Willis, Jr., J .  Org. Chem., 47, 1618 (1982). 
987. T. L. MacDonald, B. A. Narayanan, D. E. Odell, J .  Org. Chem., 46, 1504 (1981). 
988. T. Hiyama, M. Shinodo, and H. Nozaki, Tetrahedron Leff., 771 (1978). 
989. S. Brenner and M. Bovete, Tetrahedron Left . ,  1377 (1974). 
990. P. Beak, J. E. Hunter, and Y. M. Jun, J .  Am. Chem. Soc., 105, 6350 (1983). 
99 1, K .  Komlaglo and T. H. Chan, Tetrahedron Left., 25, 7 I7 ( I  984). 
992. E. Piers and J. R. Grierson, J .  Org. Chem., 42, 3755 (1977). 
993. W. Oppolzer, R.  L. Snowden, and P. H. Briner, Helu. Chim. Acta, 64, 2022 (1981). 
994. D. Seebach. M. Pohmakotr, C. Schregenberger, B. Weidmann, R. S. Mali, and S. Pohmakotr, 

995. K. Takabe, H. Fujiwara, T. Katagiri and J. Tanaka, Tetrahedron Left . ,  1237 (1975). 
996. T. Cuvigny, J. F. le Borgne, M. Larcheveque and H. Normant, Synfhesis, 237 (1976). 
997. M. Larcheveque, G. Valette and T. Cuvigny, Tetrahedron, 35, 1745 (1979). 
998. D. Enders, H. Eichenauer, U. Baus, H. Schubert, and K. A. M. Kremer, Tetrahedron, 40, 1345 

( 1  984). 
999. E. A. Mistryukov and 1. K. Korshevets, Bull. Acad. Sci. U S S R  ( E 4 .  Trans/.) ,  34, 448 (1985). 

1000. H. J. Reich, M. J. Kelly, R. E. Olsen, and R. C. Holtan, Tetrahedron, 39, 949 (1983). 
1001. R. M. Carlson and A. R. Oyler, Tetrahedron Left . ,  2615 (1974). 
1002. E. J .  Corey and C. Rucker. Tetrahedron Left.,  23, 719 (1982). 
1003. J. Pornet, D. Mesnard, and L. Miginiac, Tetrahedron Left., 23, 4083 (1982). 
1004. C. C .  Shen and C. Ainsworth, Tefrakerlron Lett.. 83 (1979). 
1005. K. J. H. Kruithof, R. F. Schmitz, and G. W. Klumpp, Tetrahedron, 39, 3073 (1983). 
1006. Y. Leroux and R. Mantione, Tetrahedron Leff., 591 (1971). 
1007. Y. Leroux and C. Roman, Tetrahedron Left., 2585 (1973). 
1008. H. D. Verkruijsse, W. Verboom, P. E. van Rijn, and L. Brandsma, J. Orgummet.  Chem.,232, CI 

( 1  982). 
1009. R .  M. Carlson, R. W. Jones, and A. S. Hatcher, Tetrahedron Left . ,  1741 (1975). 
1010. F. Mercier, R. Epsztein, and S. Holand, Bull. Soc. Chim. Fr., 690 (1972). 
101 I .  S. HoIT, L. Brandsma, and J. F. Arens, R e d .  Trau. Chem. Pays-Bas, 87, 1179 (1968); see also I .  

Kuwajiwa, S. Sugahara, and J.  Enda, Tetrahedron Lett., 24, 1061 (1983). 
I01 2. P. Pappalardo, E. Ehlinger, and P. Magnus, Tetrahedron Lett., 23, 309 (1 982). 
1013. B. Corbel, J .  P. Paugam, M. Dreux, and P. Savignac, Tetrahedron L e f f . ,  835 (1976). 
1014. E. 1. Negishi, C. L. Rand, and K. P. Jadhau, J .  Org. Chem., 46, 5041 (1981). 
1015. H. J. Reich, S. K. Shah, P. M. Gold, and R. E. Olson, J .  Am. Chem. Soc., 103, 3112 (1981). 
1016. C. G. Screttas and M. Micha-Screttas, J .  Org. Chem., 43, 1064 (1978). 
1017. C. G. Screttas and M. Micha-Screttas, J. Org. Chem., 44, 713 (1979). 
1018. T. Cohen and J.  R. Matz, J .  Am. Chem. Soc., 102, 6902 (1980). 
1019. T. Cohen, J. P. Sherbine, J. R. Matz, R. R. Hutchins, B. M. McHenry, and P. R. Willey, J .  Am. 

1020. D. J. Ager, J .  Ory.  Chem., 49, 168 (1984). 

Chem. Commun., 1088 (1984). 

Helu. Chim. Acta, 65, 41 9 (1  982). 

Chem. Soc., 106, 3245 (1984). 



1.  Organic  Synthesis of Organol i th ium 153 

1021. T. Cohen. W. M. Daniewski, and R.  B. Wcisenfeld. Tetruhedroti Lett., 4665 (1978). 
1022. L. A. Paquette. G.  J. Wells. K. A.  Horn, and T.-H. Yan. Tetrahedrori. 39. 913 (1983). 
1023. T. Cohen and R.  B. Weisenfeld, J .  Org. Chem., 44, 3601 (1979). 
1024. J. P. Quintard, B. Elissondo, and B. Jousseaume, Synthesis, 494 (1984). 
1025. D. J. Peterson and J. E. Ward, J .  Organomet. Chem., 66, 209 (1974). 
1026. D. J. Peterson, Organornet. Chem. Rev. A,  7, 295 (1972). 
1027. E. J. Corey and T. M. Eckrich, Tetrahedron Lett., 24, 3163 (1983). 
1028. W. C. Still, J .  Am. Chem. Soc., 100, 1481 (1978). 
1029. S. D. Burke, S. A. Shearouse, D. J. Burch, and R. W. Sutton, Tetrahedron Lett., 21,1285 (1980). 
1030. W. C. Still and C. Sreekumar, J .  Am. Chem. Soc., 102, 1201 (1980). 
1031. P. Beak and L. G. Carter, J .  Org. Chem., 46, 2363 (1981). 
1032. D. G.  Farnum and T. Monego, Tetrahedron Lett., 24, 1361 (1983). 
1033. J. S. Sawyer, T. L. Macdonald, and G.  1. McGarvey, J .  Am. Chem. Soc., 106, 3376 (1984). 
1034. K. Fuji, M. Ueda, K. Sumi, and E. Fujita, Tetrahedron Lett., 22, 2005 (1981). 
1035. R. D. Taylor and J. L. Wardell, J .  Organornet. Chem., 77, 31 1 (1974). 
1036. A. Anciaux, A. Eman, W. Dumont, and A. Krief, Tetrahedron Lett., 1617 (1975). 
1037. J. N. Denis, W. Dumont, and A. Krief, Tetrahedron Lett., 453 (1976). 
1038. D. van Ende, W. Dumont, and A. Krief, J .  Organomet. Chem., 149, CIO (1978). 
1039. J .  Lucchetti and A. Krief, Tetrahedron Lett., 22, 1623 (1981). 
1040. D. Seebach and N. Peleties, Chem. Ber., 105, 511 (1972). 
1041. D. Seebach and A. K. Beck, Chem. Ber., 108, 314 (1974). 
1042. G.  Zweifel, R. P. Fisher, and A. Hornig. Synthesis, 37 (1973). 
1043. D. S. Matteson, L. A. Hagelee, and R.  J. Wilcsek. J .  Am. Chem. Soc., 95, 5096 (1973). 
1044. H. Sakurai, K. Nishiwaki. and M. Kira, Tetrahedron Letr., 4193 (1973). 
1045. T. Kauffmann and R. Kriegesmann. Chem. Ber., 115, 1810 (1982). 
1046. D. Seyferth, F. M. Armbrecht, R. L. Lambert, and W. Tronich, J .  Orgauomet. Chem.. 44, 299 

1047. T. Kauffmann, K.-J. Echsler, A. Hamsen, R.  Kriegesmann, F. Steinseifer, and A. Vahrenhorst, 

1048. A. Rensing, K.-J. Echsler, and T. Kauffmann, Tetrahedron Lett., 21, 2807 (1980). 
1049. T. Kauffmann, R.  Joussen, N. Klas, and A. Vahrenhorst, Chem. Ber.. 116, 473 (1983). 
1050. D. Seyferth, R. L. Lambert, and M. Massol, J .  Organornet. Chem., 88, 255 (1975). 
1051. S. Halazy, J. Lucchetti, and A. Krief, Tetrahedron Lett., 3971 (1978). 
1052. F. J. Kronzer and V R.  Sandel, J .  Am. Chem. Soc., 94, 5750 (1972). 
1053. E. Piers, J. M. Chong. K. Gustafson. and R.  J. Andersen. Can. J .  Chem., 62. I (1984). 
1054. J. Ficini, S. Falou, A. M. Touzin, and J. DAngelo, Tetrahedron Lett., 3589 (1977). 
1055. R. H. Wollenberg, K. F. Albizati. and R.  Peries. J .  Am. Chcm. Soc.. 99. 7365 (1977). 
1056. J. A. Sonderquist and G.  J.-H. Hsu, Organometallics, I .  830 (1982). 
1057. E. J. Corey and R. H. Wollenberg. J .  Ory. C h e w  40. 2265 (1975). 
1058. E. J. Corey and R.  H. Wollenberg, Tetrahedron Lett., 4705 (1976). 
1059. S. L. Chen, R. E. Schaub, and C. V. Grudzinskas, J .  Org. Chem., 43, 3450 (1978). 
1060. M. Gill, H. P. Bainton, and R. W. Rickards, Tetrahedron Letr., 22, 1437 (198i). 
1061. B.-T. Grobel and D. Seebach, Chem. Ber., 110, 867 (1977). 
1062. T. N. Mitchell and A. Amamria, J .  Organornet. Chem., 252, 47 (1983). 
1063. E. Piers and V. Karunaratne, J .  Org. Chem., 48, 1774 (1983). 
1064. M. Clarembeau and A. Krief, Tetrahedron Lett., 25, 3629 (1984). 
1065. D. Seyferth and T. F. Jula, J .  Organomet. Chem., 66, 195 (1974). 
1066. D. Seyferth and R. E. Mammarella, J .  Organornet. Chem., 177, 53 (1979). 
1067. A. Doucoure, B. Mauze, and L. Miginiac, J .  Organomet. Chem., 236, 139 (1982). 
1068. D. Seyferth and R. E. Mammarella, J .  Organomet. Chem., 156, 279 (1978). 
1069. B. Mauzt, J .  Organomet. Chem., 170, 265 (1979). 
1070. D. Seyferth, G.  J. Murphy, and R. A. Woodruff, J .  Organornet. Chem., 141, 71 (1977). 
1071. D. Seyferth and K. R. Wursthorn, J .  Organomet. Chem., 182, 455 (1977). 
1072. A. B. Holmes and G.  E. Jones, Tetrahedron Lett., 21, 31 1 I (1980). 
1073. E. Piers and H. E. Morton. J .  Org. Chem., 44> 3437 (1979). 
1074. D. Seebach, Synthesis. 17 (1969); D. Seebach and A. K. Beck, Org. Synth.. 51, 76 (1971); D. 

1075. X = S: D. Seebach. E. J. Corey, and A. K. Beck. Chem. Ber., 107, 367 (1974); D. Seebach and 

(1972). 

Tetrahedron Lett., 4391 (1978). 

Seebach and E. J. Corey. J .  Org. Chem., 40, 231 (1975). 



154 J. L. Wardell 

A. K. Beck, Ory. Synth., 51, 39 (1971). X = N M e :  R. D. Balanson, V. M. Kobal, and R. R. 
Schumaker, J .  Org. Chem., 42, 393 (1977); H. Paulsen, M. Stubbe, and F. R. Heiker, Justus 
Liehiys Ann. Chem., 825 (1980). 

1076. S. Ncube, A. Pelter, and K. Smith, Tetrahedron Lett., 1893, 1895 (1979); S. Ncube, A. Pelter, K. 
Smith, P. Blatcher, and S. Warren, Tetrahedron Lett., 2345 (1978). 

1077. K. Mori, H. Hashimoto, Y. Takenaka, and T. Takigawa, Synthesis, 720 (1975). 
1078. J.  F. Arens, M. Froling, and A. Froling, Red .  Trao. Chim. Pays-Bas, 78,663 (1959); W. E. Truce 

and F. E. Roberts, J .  Org. Chem., 28,961 (1963); G .  Schill and C. Merkel, Synthesis, 387 (1975); 
P. Blatcher, J.  1. Grayson, and S. Warren, J .  Chem. Soc., Chem. Commun., 547 (1976). 

1079. T. Cohen and S. M. Nolan, Terrahedron Lerr., 3533 (1978); D. Seebach, Chem. Ber., 105,487 
(1972). 

1080. G .  E. Veenstra and B. Zwanenburg, Terrahedron, 34, 1585 (1978); L. Colombo, C. Gennari, C. 
Scolastico, G .  Guanti, and E. Narisano, J .  Chem. Soc.. Perkin Trans. I ,  1278 (1981). 

1081. F. Cooke and P. Magnus, J .  Chem, Soc., Chem. Commun., 513 (1977). 
1082. E. L. Eliel and J. E. Lynch, Tetrahedron Lett., 22, 2855 (1981). 
1083. K. Fuji, M. Ueda, and E. Fujita, J .  Chem. Soc.. Chem. Commun., 814 (1977). 
1084. A. de Groot and B. J.  M. Jansen, Tetrahedron Lett., 22, 887 (1981); K. Ogura, M. Yamashita, 

1085. G .  W. Gokel, H. M. Gerdes, D. E. Miles, J. M. Hufnal, and G. A. Zerby, Tetrahedron Lett., 

1086. K. Tanaka. S. Matsui, and A. Kaji, Bull. Chem. Soc. Jpn., 53, 3619 (1980). 
1087. 1. Hori, T. Hayashi, and H. Midorikawa, Synthesis, 705 (1974). 
1088. D. van Ende, A. Cravador, and A. Krief, J .  Organomet. Chem., 177, 1 (1979); A. Burton, L. 

Hevesi, W. Dumont, A. Cravador, and A. Krief, Synthesis, 877 (1979); S. Raucher and G. A. 
Koolpe, J .  Ory. Chern., 43, 3794 (1978). 

and G.-I. Tsuchihashi, Tetrahedron Lett., 1303 (1978). 

3375 (1979). 

1089. P. Magnus and G. Roy, Organometallics., 1, 553 (1982). 
1090. P. J. Kocienski, Tetrahedron Lett., 21, 1559 (1980); D. J. Ager, J .  Chem. Soc.. Perkin Trans. I ,  

1091. K. Sachdev and H. S. Sachdev, Tetrahedron Lett., 4223 (1976); W. Dumont, D. van Ende and A. 

1092. C. Earnshaw, C. J. Wallis, and S. Warren, J .  Chem. Soc. Perkin Trans. I ,  3099 (1979). 
1093. J .  1. Grayson and S. Warren, J .  Chem. Soc.. Perkin Trans. I ,  2263 (1977). 
1094. E. J.  Corey and D. Boger, Tetrahedron Lett., 5,9,13 (1978). 
1095. S. Yamagiwa, N. Hoshi, H. Sato, H. Kosugi, and H. Uda, J .  Chem. Soc.. Perkin Trans. I ,  214 

(1978); B. M. Trost and Y. Tamaru, Tetrahedron Lett., 3797 (1975). 
1096. Y. Masuyama, Y. Ueno and M. Okawara, Tetrahedron Lett., 2967 (1976). 
1097. N.-Y. Wang, S.-S. Su and L.-Y. Tsai, Tetrahedron Lett., 1121 (1979). 
1098. E. Aufdefhaar, J .  E. Baldwin, D. H. R. Barton, D. J. Faulkner, and M. Slaytor, J .  Chem. SOC. C,  

2175 (1971); G .  Stork and L. Maldonado, J .  Am. Chem. Soc., 93, 5286 (1971); see also J.  D. 
Albright, Tetrahedron, 39, 3207 (1983). 

1099. F. J .  McEvoy and J. D. Albright,J. Ory. Chern.,44,4597 (1979); H. Ahlbrecht, W. Raab, and C. 
Vonderheid, Synthesis, 127 (1979); G. Stork, A. A. Ozorio, and A. Y. W. Leong, Tetrahedron 
Lett., 5175 (1978). 

1131 (1983). 

Krief, Tetrahedron Lett., 485 (1979). 

1100. S. F. Martin and R. Gompper, J .  Org. Chem., 39, 2814 (1974). 
1101. G .  E. Niznik, W. H. Morrison, 111, and H. M. Walborsky, J .  Org. Chem., 39, 600 (1974). 
1102. G .  Stork, A. Y. W. Leong, and A. M. Touzin, J .  Org. Chem., 41, 3491 (1976). 
1103. S. F. Martin and G. W. Phillips, J .  Ory. Chem., 43, 3792 (1978). 
1104. D. Seebach and D. Enders, Anyew. Chem.. Int. Ed. Enyl., 14, 15 (1975). 
1105. 0. Posse1 and A. M van Leusen, Tetrahedron Lett., 4229 (1977); D. van Leusen and A. M. van 

Leusen, Tetrahedron Lett., 4233 (1977). 
1106. B. Deschamps, Tetrahedron, 34, 2009 (1978). 
1107. T. Hata, A. Hashizume, M. Nakajirna, and M. Sekine, Chem. Lett., 519 (1979); M. Sekine, M. 

Nakajima, A. Kume, and T. Hata, Tetrahedron Lett., 4475 (1979). 
1108. S. Hiinig and G. Wehner, Chem. Ber., 113, 302 (1980); K. Deuchert, U. Hertenstein, S. Hiinig, 

and G. Wehner, Chem. Ber., 112, 2045 (1979); U. Hertenstein, S. Hiinig, and M. Oller, Chem. 
Ber., 113, 3783 (1980). 



1. Organic Synthesis of Organolithium 155 

1109. J. E. Baldwin, G. A. Hofle, and 0. W. Lever, Jr., J .  Am. Chem. Soc., 96,7125 (1974); A.  B. Levy 
and S. J. Schwartz, Tetrahedron Lett., 2201 (1976). 

I 110. K. Oshirna, K. Shirnoji, H. Takahashi, H. Yarnarnoto, and Nozaki, J .  Am. Chem. Soc., 95, 
2694 (1973); I .  Vlattas, L. Della Vecchia, and A. 0. Lee, J .  Am.  Chem. Soc., 98,2008 (1976); T. 
Cohen and R.  R. Weisenfeld, J .  Org. Chem., 44, 3601 (1979). 

I 1  I I .  M. Sevrin, J.  N. Denis, and A. Krief, Angerv. Chem.. Int. Ed. Enyl., 17, 526 (1978). 
I 1  12. B.-T. Grobel and D. Seebach, Chem. Ber., 110, 867 (1977). 
I 1  13. J. E. Baldwin and J. C. Bottaro, J .  Chem. Soc.. Chem. Commun., 1121 (1981); C. Wiaux-Zarnar, 

J.-P. Dejonghe, L. Ghosez, J.-F. Norrnant, and J. Villieras, Anyew. Chern.. I r t t .  Ed. Er7gl., 15, 371 
( 1  976). 

I 1  14. N. Meyer and D. Seebach, Chem. Ber., 113, 1290 (1980). 
I I 15. G. Zweifel, R.  P. Fischer, and A. Hornig, Synthesis, 37 (1973). 
I 116. P. Beak, M. Baillargeon, and L. G. Carter, J .  Ory. Chent., 43, 4255 (1982). 
I 117. W. C. Still, J.  Am. Chem. Soc., 100, 1481 (1978). 
I 118. K. Ogura, S. Furukawa, and G. Tsuchihashi, Synthesis, 202 (1976). 
I 119. T. Kauflrnmann, H. Berg, E. Koppelrnann, and D. Kuhlmann, Chem. Ber., 110, 2659 (1977). 
1120. U. Schollkopf, Pure App l .  Chem., 51, 1347 (1979). 
I 121. D. Enders, R. Pieter, B. Renger, and D. Seebach, Org. Synth., 58, 113 (1978). 
1122. T. Hassel and D. Seebach, Helu. Chim. Acta, 61, 2237 (1978). 
1123. D. Seebach and T. Hassel, Angew. Chem.. I n t .  Ed. Engl . ,  17, 274 (1978). 
1124. E. Nakarnura, Tetrnhedron Lett., 22, 663 (1981). 
1125. A. I .  Meyers and E. D. Mihelich, Angew. Chem.. In / .  Ed. Enyl.. 15. 270 (1976). 
1126. J. E. McMurry and J. H. Musser, J .  Org. Chem., 40, 2556 (1975). 
1127. K. M. More and J. Wernple, J .  Ory.  Chem., 43, 2713 (1978). 
1128. R. R. Schmidt and B. Schmid, Tetrahedron Lett., 3583 (1977). 
1129. G. Neef and U. Eder, Tetrahedron Lett., 2825 (1977); R. E. Darnon and R. H. Schlessinger, 

1130. R. H. Wollenberg, Tetrahedron Lett., 717 (1978); L. Duhamel and F. Tombret, J.  Ory.  Chem., 

1131. J. F. LeBorgne, T. Cuvigny, M. Larchveque, and H. Normant, Tetrahedron Lett., 1379 (1976). 
1132. I. R. Politzer and A. 1. Meyers, Ory. Synth., 51, 24 (1971). 
1133. A. 1. Meyers, D. R .  Williarns,S. White,andG. W. Erickson,J. Am. Chem. Soc., 103,3088(1981). 
1 134. E. C. Corey and D. Enders, Chem. Ber., 11 I ,  1337, I362 ( 1  978). 
1135. W. C. Still and T. L. MacDonald, J.  Am. Chem. Soc., 96, 5561 (1974). 
1136. K. -H. Geiss, D. Seebach, and B. Seuring, Chem. Ber., 110, 1833 (1977). 
1137. E. Ehlinger and P. Magnus, J .  Am. Chem. Soc., 102, 5004 (1980). 
1138. H. Ahlbrecht, G. Bonnet, D. Enders, and G. Zirnrnerrnann, Tetrahedron Lett., 21,3175 (1980). 
1139. H. Ahlbrecht, Chimia, 31, 391 (1977). 
1140. D. Hoppe, R .  Hanko, and A. Bronneke, Angew. Chem.. Int. Ed. Enyl., 19, 625 (1980). 
1141. A. Bell. A. H. Davidson, C. Earnshaw, H. K. Norrish, R. S. Torr, and S. Warren, J .  Chem. Soc.. 

1142. P. Bakuzis, M. L. F. Bakuzis, and T. F. Weingartner, Tetrahedron Lert., 2371 (1978). 
1143. J. C .  Clinet and G. Linstrurnelle, Tetrahedron Lett . ,  21, 3987 (1980). 
1144. E. C. Corey. B. W. Erickson, and R. Noyori, J .  Am. Chern. Soc.,93, 1724(1971); B. W. Erickson, 

I 145. T. Hiyarna. A. Kanakura, H. Yamamoto, and H. Nozaki, Tetrahedroji Lett., 3047,3051 (1978). 
1146. B. Corbel. J.-P. Paugarn. M. Dreux, and P. Savignac, Tetrahedron Lett., 835 (1976). 
1147. D. Seebach. R .  Henning, and F. Lehr. Anyew. Chem.. Irtr. Ed. Engl . ,  17, 458 (1978). 
1148. E. Piers and H. E. Morton, J .  Org. Chern., 44, 3437 (1979). 
1149. T. D. Harris and G. P. Roth, J .  Org. Chem.. 44, 2004 (1979). 
1150. L. Barsky. H. W. Gschwend, J. McKenna, and H. R. Rodriquez, J .  Ory,  Chem., 41,3651 (1976). 
1151. H. W. Gschwend and A. Harndan, J .  Ory. Chem., 40, 2008 (1975); A. I .  Meyers and E. D. 

1152. J. Barluenga, F. J.  Fananas, J. Villarnana, and M. Yus, J .  Org. Chem., 47, 1560 (1982). 
1153. D. Seebach and N. Meyer, Afiyew. Chem., l n t .  Ed. Eiigl.,  15, 438 (1976). 
1154. W. C. Still and C. Sreekurnar, J .  Am. Chent. Soc., 102, I201 (1980). 

Tetrahedron Lett., 4551 (1975). 

46, 3741 (1981). 

Che!fl. C<Jtflfflldtl., 988 (1978). 

Or(]. S y t h . .  54, 19 (1974). 

Mihelich, J .  Org. Chent., 40, 3158 (1975). 



156 J.  L. Wardell 

1155. T. M. Dolak and T. A. Bryson, Terrahedron Letr., 1961 (1977). 
1156. K. Kondo and D. Tunemoto, Tetrahedron Lett.. 1007 (1975). 
1157. J. M. Photis and L. A. Paquette, Org. Synth., 57, 53 (1977). 
1158. M. Isobe, M. Kitamura, and T. Goto, Chem. Lett., 331 (1980). 
1159. R. D. Balanson, V. M. Kobal, and R. R. Schumaker, J .  Org. Chem., 42, 393 (1977). 
1160. J. E. Richman, J. L. Herrmann, and R. H. Schlessinger, Tetrahedron Lett., 3267 (1973). 
1161. H. J. Reich and S. K. Shah, J .  Am. Chem. SOC., 97, 3250 (1975). 
1162. J. Villieras, P. Perriot, and J. F. Normant, Bull. SOC. Chim. Fr., 765 (1977). 
1163. R. M. Jacobson, A. Abbaspour, and G. P. Lahm, J .  Org. Chem., 43,4650 (1978). 
1164. I. S. Ponticello, J .  Polym. Sci.. Polym. Chem. Ed., 17, 3499 (1979). 
1165. G. D. Ewing and L. A. Paquette, J .  Org. Chem., 40, 2965 (1975). 
1166. P. M. Warner and D. Le, J .  Org. Chem., 47, 893 (1982). 
1167. P. A. Zoretic and F. Barcelos, Tetrahedron Lett., 529 (1977). 
1168. D. Seebach, W. Lubosch, and D. Enders, Chem. Ber., 109, 1309 (1976). 
1169. R. R. Fraser and P. R. Hubert, Can. J .  Chem., 52, 185 (1974). 
1170. P. A. Grieco and R. S. Finkelhor, J .  Org. Chem., 38, 2909 (1973). 
1171. D. Seebach, R. Henning, F. Lehr, and J. Gonnermann, Tetrahedron Lett., 1161 (1977). 
1172. A. 1. Meyers, J. L. Durandetta, and R. Munavu, J .  Org. Chem., 40, 2025 (1975). 
1173. T. Cuvigny, M. Larcheveque, and H. Normant, Justus Liehig’s A m .  Chem., 719 (1975). 
1174. E. J. Corey and D. Enders, Tetrahedron Lett., 3, I 1  (1976). 
1175. T. Kauffmann, H. Fischer, and A. Woltermann, Chem. Ber., 115, 645 (1982). 
1176. T. Kauffmann, R. Joussen, N. Klas, and A. Vahrenhorst, Chem. Ber., 116, 473 (1983). 
1177. A. J. Quillonan and F. Scheinmann, Org. Synth., 58, 1 (1978). 
1178. E. Negishi, C. L. Rand, and K.  P. Jadhav, J .  Org. Chem., 46, 5041 (1981). 
1179. E. M. Kaiser and J. P. Petty, Synthesis, 705 (1975). 
1180. D. Seebach, J.-J. Lohmann, M. A. Syfrig, and M. Yoshifuji, Tetrahedron, 39, 1963 (1983). 
1181. E. Piers and J. R. Gierson, J .  Org. Chem., 42, 3755 (1977). 
1182. M. J. Marks and H. M. Walborsky, J .  Org. Chem., 46, 5405 (1981). 
1183. H. Neumann and D. Seebach, Tetrahedron Lett., 4839 (1976). 
1184. J. E. Baldwin, G. A. Hone, and 0. W. Lever, Jr., J .  Am. Chem. Soc., 96, 7125 (1974). 
1185. R. K. Boeckman, Jr. and K. J. Bruza, Tetrahedron Lett., 4187 (1977). 
1186. K. Oshima, K. Shimoji, H. Takahashi, H. Yamamoto, and H. Nozaki, J .  Am. Chem. SOC., 95, 

1187. I .  Vlattas, L. Della Vecchia, and A. 0. Lee, J .  Am. Chem. Soc., 98, 2008 (1976). 
1188. H. J. Reich, W. W. Willis, Jr., and P. D. Clark, J .  Org. Chem., 46, 2775 (1981). 
1189. R. R. Schmidt and J. Talbiersky, Angew. Chem., In r .  Ed. Engl., 15, 171 (1976). 
1190. J. N. Denis and A. Krief, Tetrahedron Lett., 23, 341 1 (1982). 
1191. 0. Riobe, A. Leboux, J. Delaunay,and H. Normant, C .  R.  Acad. Sci.. Ser. C ,  284,281 (1977). 
1192. G. E. Hall, R. Piccolini, and J. D. Roberts, J .  Am. Chem. Soc., 77, 4540 (1955). 
1193. H. R. Rodriquez, cited in H. W. Gschwend and H. R. Rodriquez, Org. React., 26, 1 (1979). 
1194. H. Bohme and U. Bomke, Arch. Pharm., 303, 779 (1970). 
1195. J. Boeckmann and G. Schill, Chem. Ber., 110, 703 (1977). 
1196. N. Meyer and D. Seebach, Anyew. Chem., Int. Ed. Engl., 17, 521 (1978). 
1197. N. D. Ly and M. Schlosser, Helm Chim. Acta, 60, 2085 (1977). 
1198. H. J. Jakobsen and S. 0. Lawesson, Tetrahedron, 21, 3331 (1965). 
1199. A. I .  Meyers and R. A. Gabel, Tetrahedron Letr., 227 (1978). 
1200. D. J. Peterson, J .  Org. Chem., 33, 780 (1968). 
1201. T. Kauffmann, R. Kriegesmann, and A. Woltermann, Angew. Chem.. Int. Ed. Engl., 16, 862 

(1977); T. Kauffmann, A. Ahlers, R. Joussen, R. Kriegesmann, A. Vahrenhorst, and A. 
Woltermann, Tetrahedron Let[ . ,  4399 (1978). 

1202. D. J. Peterson, J .  Organomet. Chem., 8, 199 (1967). 
1203. E. J. Corey and G. T. Kwiatkowski, J .  Am. Chem. Soc., 88, 5654 (1966). 
1204. J. N. Denis, W. Dumont, and A. Krief, Tetrahedron Lett., 41 11 (1979). 
1205. F. Jung, N. K. Sharma, and T. Durst, J .  Am. Chem. Soc., 95, 3420 (1973). 
1206. C. R.  Johnson, J. R. Shanklin, and R. A. Kirchhoff, J .  Am. Chem. Soc., 95, 6462 (1973). 
1207. C. R.  Johnson and R. C. Elliott, J .  Am. Chem. SOC., 104, 7041 (1982). 
1208. 1. Matsuda, S. Murata, and Y. Ishii, J .  Chem. Soc.. Perkin Trans. I ,  26 (1979). 

2694 (1  973). 



1. Organic Synthesis of Organolithium 157 

1209. G. Jones and R. F. Maisey, J. Chem. Soc.. Chem. Commun., 543 (1968). 
1210. M. Nakano and Y. Okamoto, Synthesis, 917 (1983). 
121 I .  W. S. Wadsworth, Jr., and W .  D. Ernmons, Org. Synth., 45, 44 (1965). 
1212. N. L. J. M. Broekhof, F. L. Jonkers, and A. van der Gen, Tetrahedron Lett.. 2433 (1979). 
1213. S. S. Martin and R. Gompper, J. Org. Chem., 39, 2814 (1974). 
1214. S. S. Martin and G. W. Phillips, J. Org. Chem., 43, 3792 (1978). 
1215. U. Schollkopf, R. Schroder and D. Stamorst, Justus Liebigs Ann. Chem., 44 (1974). 
1216. P. Magnus and G. Roy, Organometallics. I ,  553 (1982). 
I2 17. F. A. Carey and D. Hernandez, J .  Org. Chem., 38, 2670 (1 973). 
1218. G. H. Posner and D. J. Brunelle, J. Ory. Chem., 37,3547 (1972). 
1219. H. J. Reich, W. W. Willis, Jr., and P. D. Clark, J. Org. Chem., 46, 2775 (1981). 
1220. B. T. Grobel and D. Seebach, Chem. Ber., 110, 852 (1977). 
1221. P. Coutrot. C. Laurenco, J. Petrova, and P. Savignac, Synthesis, 107 (1976). 
1222. F. A. Carey and A. S. Court, J .  Org. Chem., 37, 1926 (1972). 
1223. A. M. van Leusen and J.  Wildeman, Recl. Trao. Chim. Pays-Bas, 101. 202 (1982). 
1224. P. Savignac, I. Petrova, M. Dreux, and P. Coutrot, Synthesis, 535 (1975). 
1225. D. Seyferth, J. L. Lefferts, and R. L. Larnbert, Jr., J .  Organomet. Chem., 142, 39 (1977). 
1226. P. W. K. Lau and T. H. Chan, Tetrahedron Lett., 2383 (1978). 
1227. D. J. Ager, J .  Chem. Soc.. Perkin Trans. I ,  I 131 (1983). 
1228. K. Sachdev and H. S. Sachdev, Tetrahedron Lett., 4223 (1976). 
1229. G. W. Gokel, H. M. Cerdes, D. E. Mills, J. M. Hufnal, and C. A. Zerby, Tetrahedron Lett., 

1230. D. Seebach and A. K. Beck, Org. Synrh., 51, 39 (1971). 
1231. S. Raucher and G. A. Koolpe, J. Org. Chem., 43,3794 (1978). 
1232. S. Ncube, A. Pelter, and K. Smith, Tetrahedron Left., 1893 (1979). 
1233. T. Hata, A. Hashizume, M. Nakajima, and M. Sekine, Tetrahedron Lett., 363 (1978). 
1234. K. Deuchert, U. Hertenstein, and S. Hiinig, Synthesis, 777 (1973). 
1235. G. Stork and L. Maldonado, J. Am. Chem. Soc., 93, 5286 (1971). 
1236. M. Sevrin, J. N. Denis, and A. Krief, Angew. Chem., Int. Ed. Engl., 17. 526 (1978). 
1237. C. Burford, F. Cooke, E. Ehlinger, and P. Magnus, J. Am. Chem. Soc., 99, 4536(1977), 
1238. E. J. Corey and M. A. Tius. Tetrahedron Lett., 21,3535 (1980). 
1239. L. Duhamel and F. Tornbret, J. Org. Chem., 46, 3741 (1981). 
1240. P. Magnus and G. Roy, Organometallics, 1, 553 (1982). 
1241. D. L. Comins and J. D. Brown, Tetrahedron Lett.. 24, 5465 (1983). 
1242. B. M. Trost and Y. Tamaru, J. Am. Chem. Soc., 99, 3101 (1977). 
1243. H. Neumann and D. Seebach, Chem. Ber., 111, 2785 (1978). 
1244. M. Mikolajczyk, P. Balczewski, and G. Grzejszcak, Synthesis, 127 (1980). 
1245. F. M. Hauser, R. P. Rhee, S. Prasanna, S. M. Weinreb, and J. H. Dodd, Synthesis, 72 11980). 
1246. J. J. Fitt and H. W. Gschwend, J .  Org. Chem., 41, 4029 (1976). 
1247. J. Barluenga, J. Florez, and M. Yus, J. Chem. Soc.. Perkin Trans.J, 3019 (1983). 

3375 (1979). 



The Chemistry of the Metal-Carbon Bond, Vol. 4 
Edited by F. R.  Hartley 
0 1987 John Wiley & Sons Ltd. 

CHAPTER 2 

Preparation and use of Grignard 
and Group II organometallics in 
organic synthesis 

C. L. RASTON 

Department of Physical and lnorganic Chemistry, University of Western Australia, 
Nedlands, Western Australia, 6009 

G. SALEM 

Research School of Chemistry, Australian National University, Canberra, A.C. T. 2600, 
Australia 

1. INTRODUCTION. . , . . . , . . . . . . . . . . . . . 161 
11. ORGANOMAGNESIUM REAGENTS . . . . . . . . . . . . 162 

A. Grignard Reagents . . . . . . . . . . . . . . . . . . 162 
I .  Synthesis . , . . . . . . . . . . . . . . . . . . . 162 
2. Mechanism . , . . . . . . . . . . . . . . . . . . I69 
3. Stability . . . . . . . . . . . . . . . . . . . . . 169 
4. Grignard in situ trapping reactions . . . . . . . . . . . . 175 

B. Other Methods. . . . . , . , . . . . . . . . , . , . 178 
1. Reactions of Grignards with alkenes and alkynes . . . . . . . 178 
2. Hydromagnesiation . . . . . . . . . . . . . . . . 179 
3. Salt elimination. . . . . . . . , . . . . . . . . , . 180 
4. Metal-halogen exchange , . , . . . , . . . . . . . . 182 
5 .  Metallation . . . . . . . . . . . . . . . . . . . . 183 
6. Magnesium electron transfer reactions. . . . . . . . . . . 185 
7. Oxidative-reductive transmetallation . . . . . . . . . . . I86 
8. Miscellaneous methods . . . . . . . . . . . . . . . . 186 

C. Di-Grignard Reagents . . . . . . . . . . . . . . . . . 187 



160 

111 . REACTIONS O F  ORGANOMAGNESIUM REAGENTS 
WITH ORGANIC COMPOUNDS . . . . . . . . . .  

1 . Carbon-oxygen multiple bonds . . . . . . . . .  

C . L . Raston and G . Salem 

A . Addition to Multiple Bonds . . . . . . . . . . .  

2 . Carbon-sulphur multiple bonds 
3 . Carbon-carbon multiple bonds . . . . . . . . .  
4 . Carbon-nitrogen multiple bonds 

. . . . . . . .  

. . . . . . . .  
. . . . . . . . . . .  5 Other C-X multiple bonds 

6 Other multiple bond 
B . Displacement of Substituents . . . . . . . . . . .  

1 . Carbon-halogen cleavage . . . . . . . . . . .  
2 . Carbon-oxygen cleavage . . . . . . . . . . .  
3 . Carbon-carbon cleavage . . . . . . . . . . .  
4 . Carbon-sulphur (selenium and tellurium) cleavage . . 
5 . Other displacement reactions . . . . . . . . . .  

. . . . . . . . . . . . . .  

IV . REACTIONS OF GRIGNARD REAGENTS IN THE 
PRESENCE OF A TRANSITION METAL COMPOUND . 
A . Stoichiometric Reactions . . . . . . . . . . . .  

I . Addition to alkynes . . . . . . . . . . . . .  
2 . Addition to alkenes . . . . . . . . . . . . .  
3 . Ring-opening reactions . . . . . . . . . . . .  
4 . Addition to acyl derivatives . . . . . . . . . .  
5 . Displacement of a halide . . . . . . . . . . .  

6 . Displacement of a non-halide . . . . . . . . . .  

7 . Homocoupling reactions . . . . . . . . . . . .  

B . Catalytic Reactions . . . . . . . . . . . . . .  
I . Addition to alkynes . . . . . . . . . . . . .  

2 . Addition to alkenes . . . . . . . . . . . . .  
3 . Ring-opening reactions . . . . . . . . . . . .  

5 . Displacement of a halide . . . . . . . . . . .  
6 . Displacement of a non-halide . . . . . . . . . .  
7 . Addition to nitrogen heterocyclic aromatic compounds . 

ORGANO-BERYLLIUM, -CALCIUM, -STRONTIUM, AND 
-BARIUM COMPOUNDS IN ORGANIC SYNTHESIS . . 

8 . Carboxylation and carbonylation reactions . . . . .  

4 . Addition to acyl derivatives . . . . . . . . . .  

V . 

A . Organo-calcium, -strontium, and -barium Reagents . . .  

1 Synthesis 
2 . Reactivity . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  

B . Organoberyllium Reagents . . . . . . . . . . . .  
1 . Synthesis . . . . . . . . . . . . . . . . .  

VI . REFERENCES . . . . . . . . . . . . . . . . .  
2 . Reactivity . . . . . . . . . . . . . . . . .  

. . . .  

. . . .  

. . . .  

. . . .  
. . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

i93 
i94 
194 
214 
216 
217 
220 
220 
223 
223 
226 
230 
231 
231 

233 
233 
234 
241 
249 
254 
256 
257 
258 
258 
259 
259 
263 
266 
269 
269 
273 
283 

288 
288 
289 
290 
291 
292 
293 
294 
. 



2. Usc of Grignard and Group I I  organometallics in  organic synthesis 

1. INTRODUCTION 

The application of Group 11 organometallic reagents in organic synthesis is vast and 
varied, particularly that ofGrignard reagents. There have been several reviews'-' on it, the 
most recent being three chapters in Comprehensive Organometallic Chemistry dealing with 
organoberyllium chemistry6, organomagnesium through to organobarium chemistry', 
and compounds of the alkaline earth metals in organic synthesis*, all covering the 
literature up to 1980. I n  this chapter we further discuss the synthesis and utility in organic 
chemistry ofGroup I1 organometallic species. Our  criterion for inclusion is that an M-C 
interaction is present, either in the species or implied as an intermediate in a reaction of a 
Group I 1  complex with an organic substrate. Group I1 metal amides, alkoxides, and 
aryloxides also feature in organic synthesis but they are not included in this chapter. 

We focus on the literature covering the period 1980-83 inclusive, with emphasis on new 
developments in techniques and synthesis. Over 1600 papers dealing with the application 
of Group I I  chemistry in organic synthesis have appeared during this period. For the 
literature prior to 1980 only examples of well established reactions will be cited so that the 
chapter will be comprehensive for all reaction types of organo-Group 11 species thus far 
reported. 

Group I1 organometallic reagents play a pivotal role in both organic and organometal- 
lic chemistry. A discussion of the latter is, however, beyond the scope of this review. 
Commercially available Group TI reagents are restricted to those of magnesium, and 
include Grignard reagents of allyl, vinyl, ethyl, n- and i-Pr, n-, s-, i- and t-Bu, C'H,, Ph, 
PhCH,, and mesityl chlorides and/or bromides as solutions in either Et,O or thf. 

The next section of this review deals with the synthesis, stability, and mechanism of 
formation of organomagnesium reagents. This is followed by a survey of their reactions, 
classified according to new bonds formed, the type of bond fission process, or the reaction 
of a particular functional group. A separate section deals with reactions of organomag- 
nesium reagents in the presence of metal complexes, including catalysed reactions. The 
final section is devoted to the synthesis and ut i l i ty  of organo-beryllium, -calcium, 
-strontium, and -barium reagents; this constitutes only a small part of the review. a 
consequence of the slight attention that the elements Be, Ca, Sr, and Ba have received, 
which is related to the toxicity of Be and Ba, the reduced stability of their complexes 
compared with those ofmagnesium, and the fact that there is usually little or no advantage 
over using readily accessible and stable magnesium and/or lithium reagents. I n  short, 
organomagnesium reagents have the greatest application, ranging from bond formation in 
simple compounds, including the synthesis of I3C and 'H labelled compounds, to natural 
products where the key step is a regio- and stereo-selective reaction involving such a 
reagent. 

Where possible, a comparison of reactions of organo-Group 11 reagents with alternative 
organometallic reagents will be given to assess their relative merits for a particular 
molecular transformation. 

Beryllium almost exclusively forms covalent compounds, whereas magnesium com- 
pounds can range from covalent to ionic, and compounds of the heavier congeners of the 
Group I1 elements are ionic, for example (CaCI)(Ph,C) is fully dissociated in thf'. The 
nature of Mg-C single bonds is very important in considering the application of 
organomagnesium reagents in  organic synthesis. They are thermodynamically stable, a 
fact which is demonstrated by the ability to sublime some organomagnesium complexes 
at temperatures in excess of 150°C. Any instability of organomagnesium compounds is 
associated with either rearrangement and/or a facile elimination reaction, usually due to 
the presence of a functional group. For example, R,NCH,CH,MgX undergoes 1,2- 
(or /j-) elimination, yielding MgX(NR,) and ethylene above cu. - 90°C9. Unlike transition 
metal-alkyl complexes, the /&hydrogen elimination decomposition pathway is a high- 
energy process, usually requiring temperatures above I00"C. In consequence, 
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magnesium-alkyl complexes with optical activity at the /]-position are accessible 
(equation I)". 

* * ,+-rH Et-CH-CH,CI - €1-CH --CH2MgCI 

Me 
I 
Me 

I 
Me 

Carbon atoms attached to magnesium, however, are stereochemically unstable, rapidly 
inverting (primary > secondary), the mechanism of which has not been established'. 
Consider the general cross-coupling reaction shown in equation 2, catalysed by optically 
active nickel and palladium complexes and yielding a product rich in one enantiomer. 

/ I UC.I;IIIILUIIUII 

R3 (2) 
'R3 

3' 
R 

Inversion at the chiral centre in the magnesium complex must be faster than the coupling 
reaction for the optical purity ofthe product to be kept constant throughout the reaction. 
For magnesium attached to a carbon of an alicyclic ring the rate of inversion of 
configuration is, however, relatively slow. Cyclopropyl Grignard reagents, for example, 
are configurationally stable' '. 

II. ORGANOMAGNESIUM REAGENTS 

A. Grignard Reagents 

These are reagents of the type RMXt  and they are usually prepared by the direct 
oxidative addition of an organic halide to elemental magnesium (method A, Table I). 
Victor Grignard reported this reaction in 1900'2, although the reactivity of magnesium 
with organic halides, in the presence of another organic substrate, was reported one year 
earlierL3. The latter is the Grignard in situ trapping or Barbier reaction. Its application to 
synthesis has recently been reviewed 14, and is further discussed in Section II.A.4. 

1. Synthesis 

Grignard reagents are extremely sensitive to air and moisture and the use of an inert 
atmosphere (nitrogen or argon) for their preparation and manipulation is essential. A 
typical Grignard synthesis is the slow addition of a solution of an organic halide in an 
appropriate solvent to a suspension of activated magnesium (powder or turnings) in the 
same solvent, at such a rate as to control the temperature of the reaction. They are 
exothermic reactions and cooling may be necessary, particularly if there is an induction 
period followed by a vigorous reaction. After the addition ofthe halide is complete, stirring 

' Grignard reagents prepared in coordinating solvents have the gcneral formula RMgX(solvent),, and 
similarly for K,M species, with solvent molecules as part of the coordination environment of 
magnesium. For simplicity, reference to RMgX and related species implies that solvent molecules are 
present unless stated otherwise. 
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is usually continued for about 1 h and/or the mixture is subjected to prolonged heating, 
particularly if the organic halide is difficult to react. 

Factors controlling Grignard formation are extensively surveyed in ref. 7. The nature of 
the magnesium used, magnesium turnings or powder, condensed magnesium, or finely 
divided Rieke’sIs magnesium, can be important. The last two are the most reactive forms 
of magnesium and are particularly effective for slow-reacting or otherwise unreactive 
organic halides. There are several methods for activating magnesium turnings and 
powder; the most common is to treat it with Br(CH,),Br in a suitable solvent, the evidence 
for activation being the evolution of ethylene. The co-product is solvated MgBr,, and it is 
noteworthy that this is a synthetically useful method for the synthesis ofstock solutions of 
moisture-free MgBr,. Moreover, the associated I ,  2- or b-elimination reaction has 
featured in synthesis (equation 3)16. 

ME 
BrCH,CHBr(CH,),Br - ~ p ~ r l .  CH,=CH(CH,),MgBr (3) 

Other metals as impurities affect the yield of the Grignard synthesis. The di-Grignard 
reagents of o-C,H,(CH,CI),~’ and [(o-C,H,CH,CI),]’* are accessible under fairly 
critical conditions and surprisingly using only one brand of magnesium powder. I t  may be 
that an impurity in the magnesium is responsible for the success of their syntheses. 

The Grignard reagent of 2-bromothiophene is unique in that its formation is activated 
photolytically ’’. 

The choice of solvent and concentration can be decisive for a high-yield synthesis. 
Typical solvents are the ethers Et,O and thf. The latter, which is the more polar of the two 
and is a more recent solvent in Grignard synthesis, is essential for some difficult reactions. 
A requirement of preparing the aforementioned di-Grignard reagents, which for a long 
time were thought to be inaccessible, and the reagent derived from pentamethylbenzyl 
chloride2’ is the use of thf as the solvent, together with high dilution, cu. 0.1 M .  In all cases 
the yield was found to diminish by cn. 40% for a two-fold increase in the projected 
concentration of the Grignard reagent, which suggests the competing reaction is 
intermolecular coupling (RX + RMgX -+ R R  + MgX,; Wurtz-type coupling) with elimin- 
ation of MgCI,. 

Other solvents have been used to good effect in Grignard syntheses viz. diglyme, acetals, 
formals, and tertiary amines. The use of coordinating solvents other than Et,O or thf may 
be necessary to solubilize a reagent. Mixtures of coordinating and non-coordinating 
solvents have also been found useful; in some cases, usually with alkyl chlorides, little or no 
polar solvent need be present, although for such a case the active species is predominantly 
R,Mg (unsolvated) rather than RMgX. 

Dioxane added to a solution of a Grignard reagent in Et,O or thf yields a sparingly 
soluble dioxane complex of MgX,, a reaction that is standard methodology for the 
redistribution of RMgX, e.g. equation 4,’. The dimeric complex in equation 4 is 
sublimable in oucuo, but usually under such conditions the dioxane is removed to yield 

n - 
I \  

4RMgCI + 5 d b - R2Mg - 0 0 - MgR2 + 2 MgC12(dioxane)2 4 
W 

(4) 
R =CH(SiMe3)2 

dioxane-free R,Mg species, although using a I :  1 mixture of Grignard to dioxane also 
yields dioxane-free MgR,, but with other coordinating solvents usually present it would 
still be solvated. Diglyme, pyridine, and tmeda are also effective in generating R,Mg from 
Grignard reagents. In effect, these strongly coordinating solvents alter the position of the 
Schlenk equilibrium (equation 5). 

ZRMgXeMgX, + R,Mg (5) 
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It is possible to prepare compounds of the same composition as that prepared from a 
Grignard reaction by mixing an equimolar mixture of R,Mg and MX, (excluding MgF,) 
in Et,O and/or thf. However, some solutions ofGrignard reagents in thfhave the position 
of the Schlenk equilibrium predominantly to the right and magnesium halide-free species 
have been isolated without the addition of dioxane. For example, cooling a 0.1 M solution 
of the di-Grignard of o-C6H,(CH,CI), in thf yields a magnesium macrometallacycle 
(equation 6) which has been structurally authenticated”. Other magnesium halide-free 
species, also derived from di-Grignard reagents, are discussed in Section I1.C. 

MgCl(thf1, 

MgCl(thf),, 

-3OOC 

The corresponding para-isomeric di-Grignard reagent, prepared under identical 
conditions, is unstable with respect to the formation of a thf-insoluble species, of 
composition Mg,,5Cl(thf),(C8H8)22. Its low solubility and the loss of half a MgCI, unit 
relative to ‘RMgX’ suggest that it is oligomeric with the p-xylenediyl entity bridging 
successive magnesium centres. In contrast, a magnesium halide-rich species, 
[Mg,CI,Et(thf),], has been crystallized from a thf solution of EtMgCIz3. 

The choice of halide, RX, is another consideration in optimizing the yield and selectivity 
of Grignard formation. Where there are two different halogen residues in the same 
molecule, the Grignard formation proceeds according to the inequalities I > Br > CI > F. 
This is demonstrated by the selective mono-Grignard synthesis derived from oxidative 
addition of Mg to C-8 in 1 -brom0-8-iodonaphthalene~~. Bromides and chlorides feature 
the most, since iodides other than Me1 and Arl tend to give side-reaction products, alkyl 
fluorides are difficult to react, and aryl fluorides require highly activated magnesium 
prepared by Rieke’s method’ ’. This is finely divided magnesium prepared in situ by 
treating a solution of MgX, in thf with excess of potassium metal. Other methods of 
generating it include the reduction of MgX, with potassium-graphite or Na[C,oH8]25. 
(More recently highly activated magnesium has been prepared by equilibration with its 
anthracene adduct in thf26.) Grignards of aryl fluorides have been prepared in almost 
quantitative yield by condensing magnesium and PhF vapours a t  - 196”C2’. I t  is 
noteworthy that this method is a general procedure for preparing unsolvated Grignard 
reagents. 

The use of highly activated magnesium, either condensed or Rieke’s magnesium, has 
been one of the recent major developments in Grignard chemistry. Their use has been 
effective in the synthesis of a variety of previously inaccessible Grignard reagents. The use 
of Rieke’s magnesium has featured the most, presumably because of its simple preparative 
procedure compared with the generation of condensed magnesium. Both forms of highly 
reactive magnesium allow the preparation of Grignard reagents at low temperature which 
would otherwise decompose at ambient temperature. Steinborng synthesized a variety of 



2. Use of Grignard and Group I I  organometallics in organic synthesis 167 

Grignards of the type R,NCH,CH,MgBr at - I0O"C. They are unstable above CN. 

- 90°C, decomposing to ethylene and MX(NR,)9. 
Rieke's magnesium reacts with thfat CN.  65 T2* (equation 7), but  is less reactive towards 

other ethers. This is usually not a problem, however, as the metal is sufficiently active for 
Grignard formation at very low temperatures. 

Another major development has been the synthesis of ArCH,MgCI reagents, in 
particular di-Grignard reagents of this type, e.g. o-C,H4(CH,CI),'7 and [ (o-  
C6H4CH,C1),]'*. From earlier work on these systems, it was concluded that di-Grignard 
formation was unlikely owing to the facile elimination of MgX,, forming o- 
quinodimethide and 9,lO-dihydrophenanthrene (equation 8), respectively. 

X J  

The differences in requirements for a viable synthesis of these reagents with simple 
(alkyl)MgX reagents are (i )  it is necessary to use organic chlorides rather than bromides; ( i i )  
the use of thf as the solvent is essential for high yields (typically 90-96%); and (iii) high 
dilution, ca. 0.1 M. The last requirement precludes the possibility that the coupling 
decomposition pathway involves an intramolecular elimination of MgCI,. However, in 
the case of dibromide, [(o-C,H,CH,Br),], it is intramolecular coupling (equation 8)''. It 
may be that the differences between ArCH,X and alkyl-X systems is related to the 
enhanced stability of benzylic-type radicals such as o-CH,C,H,(CH,MgCI) or o- 
CH2C6H4CH,CI, allowing a greater probability of an intermolecular encounter with 
ArCH,CI to yield a coupled species. The formation of Grignard reagents is now widely 
held to implicate free-radical intermediates (Section II.A.2).] The use of chlorides rather 
than bromides is well known, even for simple Grignard reagents, C,H,CH,MgX, to 
reduce the extent of the coupling reaction which is favoured both kinetically (Br- or Br' 
are better leaving groups than CI- or CI') and thermodynamically (based on C-CI, C- 
Br, Mg-CI, and Mg-Br bond strengths)". 

The use of the same conditions in an attempt to prepare a di-Grignard reagent of 1,s- 
bis(halomethyl)naphthalene, however, failed; the product was that derived from inter- 
molecular coupling for the dichloride and intramolecular for the dibromideZ9", a 
difference that is also consistent with both kinetic effects (the leaving group capabilities of 
X' or X - )  and variation in bond energies. In contrast, the dichloride can be converted into 
the di-Grignard reagent in high yield by reaction with [ M g ( a n t h r a ~ e n e ) ( t h f ) J ~ ~ ~ .  

The use of [Mg(anthracene)(thf)J in the synthesis of Grignard reagents is a very recent 
development. I t  is an orange I :  I adduct of magnesium with anthracene(see Section II.B.6 
for the proposed structure), which acts as a source of magnesium in the synthesis of 
benzylic-type Grignard reagents2gb, and is readily prepared by the reaction of activated 
magnesium (using BrCH,CH,Br or CH,CH,Br)28.29b with a two-fold excess of 
anthracene in thf at room temperature for 48 h. The Grignard reagents are prepared by the 
slow addition of a solution of a benzylic halide in thf to a suspension of a stoicheiometric 
amount of magnesium anthracene in thf at cu. 20°C. A deep green colour persists 
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(y,,,2.0024, no hyperfine coupling) until the addition of the halide is complete. A range of 
benzylic-type di-Grignard reagents have been synthesized in this way in up to 96% yield 
(see Section I1.C and Table 2). Also, the previously inaccessible Grignard reagent of 9- 
chloromethylanthracene has been prepared in 92% yield. In this case the resulting reaction 
mixture must be stirred for ca. 36 h after addition of the chloride. The ability of magnesium 
anthracene in attenuating coupling reactions that are common for benzylic halides may 
arise from it  being a 'soluble' form of magnesium, since this would favour intermolecular 
encounter of magnesium anthracene with R X  rather than preformed RMgX reacting with 
RX. 

A well established method for the synthesis of Grignard reagents of relatively unreactive 
organic halides is the addition of a reactive halide, ideally (CH,),Br,, since it forms easily 
removed ethylene and MgBr, on reaction. Its role is presumably to produce an active 
magnesium surface and/or promote the radical reaction (Section I I .A.2) between the inert 
halogen and magnesium'. It is usually called the entrainment method. 

Competitiveness for the competing reaction to Grignard formation, Wurtz-type 
coupling, for which an intermediate Grignard species is implied, is more favoured for RX, 
X = Br or I and for R = ally13' or benzyl. Such coupling, either intra- ( e g  equation 9) or 
inter-molecular ( e g  equation ', has featured in organic synthesis. 

The synthesis of benzocyclobutane by the method shown in equation 1 1  has 
intramolecular coupling associated with the elimination of MgBr, as a key step3,. 

I-Alkenyl Grignard reagents, R'R2C=CR3(MgX), are readily prepared from vinylic 
halides in thf using standard procedures, but unfortunately there is invariably some cis- or 
trans-isomerization during their formation. This is presumably a consequence of a radical 
reaction pathway (Section 1.A.3). 

There appears to be little difficulty in the synthesis of Grignard reagents of sterically 
hindered aryl or alkyl halides, which is consistent with the radical mechanism of Grignard 
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formation. One example, a mesityl halide Grignard, is commercially available. Other 

( 1 )  (2)  (3) (4 )  

examples are 1-4, which are described in refs. 33-36, respectively 

2. Mechanism 

Mechanisms involving paramagnetic species R', RX- '  and Mg", have been proposed 
for the Grignard reaction7. Whitesides and coworkers have demonstrated that alkyl 
halides react at the surface of the magnesium in ether solvents at transport limited rates37. 
More recent mechanistic studies are on reactions of RX with condensed magnesium at low 
temperatures. For aryl halides, the mechanism in Scheme I was proposed38, the same as 

SCHEME 1 

that initially suggested for the reaction ofalkyl halides. Others have suggested that clusters 
of magnesium atoms with Mg-Mg interactions3' may be involved. A theoretical paper 
suggests that strong Mg-Mg bonding would stabilize RMgzX species and that larger 
clusters such as RMg,X may be intermediates in these reactions4'. 

3. Stability 

I f  /]-hydrogen atoms are present in Grignard reagents (or R,Mg), then 1,2- or 8- 
hydrogen elimination can occur, but at temperatures in excess of 100°C. Grignard 
reagents are usually unreactive towards ethereal solvents at temperatures below 100 "C, 
unlike organolithium reagents, which readily cleave C-0 bonds even at ambient 
temperature. They can be unstable with respect to redistribution to a mixture of 
R,Mg(solvent), and solvated MgX, or some intermediate species, although the overall 
composition of the solution would be 'RMgX'. There are several factors that determine the 
nature of the species present, including the solvent, concentration, and temperature. 
Attempts to prepare a di-Grignard reagent of 5 yielded a magnesium bromide-free species 
(equation 12), possibly owing to complexation of the functional group. Interestingly on 
warming a solution of the derived reagent to 5OoC, the product decomposed to I-oxa-2- 
magnesio~yclopentane~~ . 
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Facile decomposition pathways may prevail for Grignard reagents, RMgX, if functional 
groups are present on R. In certain cases, however, they can be suppressed by preparing 
and reacting the Grignard reagent at low temperature. Examples of a-functionalized 
Grignard reagents are those derived from chloromethyl ethers, which are prepared at 
- 30°C. At temperatures above - 15 "C they rapidly decompose, yielding MgCI(0R) and 
ethylene. In contrast, the corresponding thioethers are more stable, being prepared in thf 
at 10-20 "C. There has been no evidence for the formation of carbenes in these reactions4'. 

/I-Elimination decomposition of Grignards (e.g. equation 1 3)43 is more facile unless the 
generated olefin is an allene44.45 or if  the olefinic bond is at a bridgehead46. 

r 1 

1,2-Dihaloarenes react with magnesium to form Grignard reagents which only p- 
eliminate under forcing conditions and/or if the halogens are bromine or iodine. The 
decomposition species are highly reactive benzynes which have application in synthesis 

&lr Mg 
cyclopentodiene 

-MgXz 

(equation 14)47.48, although the use of elemental lithium (or RLi) rather than magnesium 
is more common as the elimination reaction is more facile. 

On treating pentachlorobenzene with magnesium in thfat 10-1 5 "C, the Grignard 649 is 
generated in modest yield, and similarly for pentachloropyridine (7)50. In both the site of 
Grignard formation is at a position with two halogen centres ortho to it. 

MgCl CI 
I I 

(6) (7 )  

Fluorinated aryl Grignard reagents have been known for a long time, but they are less 
stable than analogous chloro or bromo derivatives. 

Perfluoroalkyl halides, C,F,, + ,X,  yield Grignard reagents that decompose via the p- 
rather than the a-elimination route at temperatures close to 0°C. The thermal 
decomposition of Grignard reagents of the type R1CF2CF2MgBr (8) in the presence of 
R'MgX (R '  = C,F, 3, C4F,; R 2  = aryl) is a novel method of preparingfluorinated alkynes. 
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Compound 8 decomposes above -45°C by intramolecular exchange followed by /I- 
elimination (equation 15), then metathetical exchange with R'MgX, a-elimination, and 
finally arylation (equation 16)51. 

R' 

R'CF2CF2MgBr - [R'CF2CFBrMgF] -'gFZ+ WF (15) 
F A B r  

( 8 )  (9) 

R '  
-MgErF . R'CSCF R2MgBr . RlC-CR2 w:, R2MgBr 

(9) 
F 

(16) 

Compound (10) has remarkable thermal stability, being unchanged after several hours at 
35°C in Et2OS2. Its stability reflects that a-elimination involving a double bond at a 
bridgehead is unfavourable. 

(10) 

Greater stability for RMgX, where R is cyclopropyl with a /Heaving group relative to 
open-chain analogues, is conceivable since the a-elimination product is a strained 
cyclopropene. In this context, (Z)-and (E)-dibromocyclopropane both yield the (Z)-di- 
Grignard reagent (Table 2), which compares with ethylene and MgBr, formation for 1,2- 
d i b r ~ m o e t h a n e ~ ~ .  

1,3-dihaloalkyl compounds are susceptible to J-elimination of MgX, under the usual 
conditions of Grignard formation. The product of y-elimination is cyclopropanes, which 
are usually formed in good yield, and in consequence this has been exploited as a general 
route to carbocyclic (e.g. equation 1 7)54 and heterocyclic three-membered rings. 

The di-Grignard reagent of 1,3-dibromopropane is, however, accessible by the careful 
addition of an Et,O solution of the dibromide to magnesium in Et,O in 30% yield 
(Table 2 ) 5 5 .  For I ,  n-dihaloalkanes, X(CH2),X (n 4), intramolecular elimination is not 
prevalent and their di-Grignard reagents are readily prepared in yields > 60%56. Di- 
Grignards of benzylic-type halides are also accessible, albeit with difficulty17.18, for which 
the competing reaction is intra- and intermolecular coupling with loss of MgX,. 3- 
Haloethers are susceptible to elimination, yielding cyclopropanes, unless the Grignard 
reaction is carried out at low temperature ( -  78 "C) and Rieke's magnesium is used'5. 

Grignard reagents of 0- and p-MeOC6H,CH,X are unstable with respect to the 
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formation of quinodimethide (e.g. equation 18 for the o - i ~ o m e r ) ~ ~  
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The Grignard reagent in equation 19 readily undergoes an 0-C bond-cleavage 
reaction5'. This type of reaction is common for a I ,  2-disposition of magnesium halide and 
an electropositive element and is a valuable route to various substituted alkynes. 

H 

(19) 

OMgBr 

2-Bromomagnesiosulpholenes undergo S-C bond breakage to yield butadiene 
sulphonates (equation 20)". 

(20) 
R 

Functional groups reactive towards Grignard reagents require either protection or 
neutralization prior to the Grignard reaction. For example, the way to prepare Grignards 
of CI(CH,),OH ( n  = 3,4, and 6) is to treat the alcohol first with RMgCI, which yields RH 
and a chloro-functionalized alkoxidomagnesium complex, then with Mg in thf, 
affording CIMg(CH,),OMgCI or Mg(CH,),060. 

Grignards and organomagnesium reagents in general can be unstable with respect to 
rearrangements arising from C-C bond rupture (p-cleavage) or intramolecular addition 
of C-MgX to a carbon-carbon multiple bond (equation 21). This subject has been 
recently extensively r e ~ i e w e d ~ . ~ '  and only new developments are discussed here. 

Magnesium/thf slurries, formed by the condensation of magnesium vapour, readily 
react at - 75 "C with cyclopropylmethyl bromide to yield the Grignard reagent, which is 
stable at this temperature6', unlike the product prepared by the conventional method in 
Et,O where ring cleavage, formally involving a I ,  2-vinyl shift, prevails (equation 22)63. 
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The condensed magnesium strategy is, however, less effective for a cyclobutenyl derivative 
(equation 23). The ratio expected to rearranged Grignard reagent is 1: 1.2 at - 75 "C, 
inferred from the analysis of the carboxylation products. Using Et,O rather than thf as the 
solvent, and at a temperature of - 5OoC, however, the rearrangement is suppressed, and 
(1 1) is the exclusive product6'. Grignard reagents of cyclobutylmethyl halides ring cleave mBr - wMgBr + 

MgBr (23) 

(I I) 

under more forcing conditions (> 50 0C)64. When ring strain is minimal, Grignards of 
cyclic alkyl halides are in equilibrium in solution with those of alkenyl halides and there 
may even be a minor active species present. For example, for the reaction in equation 
24,38-55"/, of the Grignard reagents present were the cyclic isomers under the conditions 
studied. I t  is noteworthy that hydrolysis of the reaction mixture yielded predominantly the 
product derived from protonation of the straight-chain Grignard65. 

Intramolecular rearrangement of Grignard reagents has recently been applied to the 
synthesis of complex molecules where regio- and stereo-control is important. It is often 
called the intramolecular 'magnesium-ene' reaction, and its application in synthesis is the 
work of Oppolzer and colleagues. The formation of seven-, six-, and five-membered 
methylene-substituted carbocycles with high regio- and stereo-specificity has been 
possible (equation 25). 

80- 130 O C  - 
H 

R'= Me,n-C6H13 

n= 1,2 o r 3  
R2= ti 
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After preparing the ally1 Grignard at - 65 "C in thf using precondensed magnesium, the 
subsequent 'magnesium-ene' reaction was found to be effective by gentle thermolysis66. 
I t  is the key step in the direct regio- and stereo-controlled total synthesis of ( * ) -  
khusimone (equation 26). Other applications to the synthesis of natural products or 
derivatives of natural products for which the key step is using this methodology are shown 
in equations 276', 2868, 2969, and 30" 

60 "C 
___) 

r' 6 0 ° C  

Me 

20 "C - 
MgCl 

Me 

MgCl 

BMgCI 500c 

ZgCl 
Clearly, the 'magnesium-ene' reaction has enormous scope in organic synthesis. The 

rearrangement products, 6, E-unsaturated Grignard reagents, offer numerous possibilities 
for molecular modification. Prior to the work of Oppolyer and colleagues, intramolecular 
rearrangements were found to be of little use in synthesis because those studies involved 
equilibria and mixtures of products were obtained. 

Unlike Grignard reagents of strained cycloalkylmethyl halides, which rapidly rearrange 
via C-C bond rupture in the carbocycle (equation 22), those of strained cycloalkyl 
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halides are relatively stable’. However, Grignards of n-alkenyl halides do not rearrange to 
what appears to be the thermodynamically favoured product on heating (e.g. equation 3 I), 
but do so on photolysis7’. 

Exocyclic alk-1-enyl Grignard reagents possess similar stabilities to their saturated 
analogues, discussed above. Cyclopropenylmagnesium bromide decomposes according to 
equation 32, whereas Grignards of cyclobutenyl halides and those of larger rings are 
stable”. 

(32) 

In discussing the stability of Grignard reagents with respect t o  rearrangements, it  is 
important to remember that the same behaviour applies equally well to corresponding 
diorganomagnesium compounds. 

4. Grignard in situ trapping reaction 

This reaction, often called the Barbier reaction, is the reaction of RX, magnesium, and a 
substrate, usually under similar conditions to those for syntheses of Grignard reagents. 
Such an approach is very attractive if the Grignard is difficult to prepare or is inaccessible. 
The fact that it is a one-step reaction also is noteworthy. The disadvantages are, however, 
the difficulty of starting the reaction and that more byproducts are invariably forrnedl4. 
For example, crotyl halides react with propanal in Et,O to yield a mixture of the regular 
monoaddition product, 12, as well as that derived from diadditioq (13) (equation 33)14. 
Another common reaction is the coupling of ketyl radicals, R,CO-, which are formed by a 

(I 2) (13) 
(33) 

single electron transfer from magnesium to the ketone. Low temperatures can minimize 
ketyl radical formation, but for organic chlorides higher temperatures are required to 
elfect the Barbier reaction, unless Rieke’s or condensed magnesium is used. 

Like the synthesis of Grignard reagents, the it1 situ method involves various radical 
species’ ’. The question of whether intermediate organomagnesium compounds play a role 
in this reaction is not fully resolved. For the reaction of N-(2-haloethyl)-N-methylaniline 
with magnesium and an aldehyde, ethylene and products not consistent with an 
intermediate Grignard species are formedI4. On the other hand, the products of reaction 
34 clearly indicate that a Grignard reagent is generated. 
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More recent has shown that the Barbier reaction can occur without the in situ 
formation of the organometallic compound and that the reaction mechanism is probably 
the formation of R,CO-, which reacts with R X - '  or R . ' .  MgX on the metal surface. Molle 
and B a ~ e r ' ~  also suggested that from a knowledge of the stabilities of the ketyl radicals, 
the reaction yield can be optimized by using either the in situ method or the two-step 
Grignard approach. 

The in situ method is useful for ally1 and benzyl halides since their Grignard syntheses 
are difficult, requiring high dilution amongst other things. A recent application has been 
their one-step reactions in replacing the halogen with a silyl group, exemplified by 
equations 3574, 36", 3775,  and 3876. It is significant that in these reactions the yields were 
in excess of 70%. 

-24 "C 
i- PhC02H + Mg 

(34) 

X = C I .  Br 

x&x 

(14) X=CI 

CI 

Mg,thf 
RMeSiC12 
R=H,Me 

Mg ) thf 

hl e2SiC12 

A Mg Me2SiCI2 th f  &SiMe2 

(35) 

(37) 
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Compound 14, X =Cl, also reacts with Me,SiCI and magnesium to yield 1,8- 
bis(trimethylsilyl)naphthalene in 90% yield. In contrast, 14 X = Br gives under the same 
conditions exclusively acenaphthylene, the intramolecular cyclization product. Thus the 
choice of halide even for the in situ reaction is important2g. To date the di-Grignard 
reagent for X = CI or Br has not been prepared from elemental magnesium, so that from a 
mechanistic point of view the formation of an intermediate di-Grignard reagent in these 
in situ reactions is unlikely. Grignard reactions involving magnesium and 14 gave inter- 
(X = CI) and intra- (X = Br) Wurtz-type coupling. The difference in behaviour for a 
change from chloride has been attributed to both kinetic effects (leaving group capabilities 
of X’ or X - ,  Br > CI, noting that the mechanism of Grignard formation involves free 
radicals (Section Il.A.2)), and variation in bond energiesL7. 

Silyl groups incorporated in organic molecules offer enormous potential for molecule 
m~dil icat ion.~’  In this context, 1,8-bis(trimethylsilyl)naphthalene can be dimetallated at 
the benzylic carbon atoms using B~”Li( tmeda)~’  yielding a lithium reagent based on 1,8- 
(CHR)2C,,H,2-, R = H. Only recently has a di-Grignard reagent containing the dianion, 
R = H, been prepared, from Mg(anthra~ene)-(thf),~’~. 

The in situ method is a novel and synthetically useful route to vinylallenes (> 60% yield) 
from 5-chloro-3-en-1-ynes and Me,SiCI (equation 39)78. 

Me,SiCH = C=C (Me)CH = CH2 

Mg, hrnpqthf )=(c=L (39) 

H ,@ V H  MegSiCl Me3Si 

H 

A related reaction to those in equations 35 and 36 is that in equation 40, and again the 
yield is high74. Other applications include its use in syntheses of tricyclic drugs 
(equation 41)79 and the reaction shown in equation 42, which was effected using Rieke’s 
magnesiums0. 

QI&FG-+&$ Mg,thf 

p- MePhPr‘ Sn-p - C,H4CH 
Mg‘ MePhPr ‘Sn X - 

P-B~CGH,CH/~) ‘ 0  
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Related in situ trapping reactions of magnesium with conjugated polyenes and 
alkylhalosilane substrates are discussed in Section II.B.6. 

The one-step Barbier reaction, using calcium rather than magnesium, has received some 
attention; thus ketones, after hydrolysis of the reaction mixture, yield tertiary aliphatic 
alcohols in 80% yield14. 

B. Other Methods 

1. Reactions of Grignards with alkenes and alkynes 

There are two established ways in which Grignard reagents add to multiple bonds, both 
ofwhich have featured as key steps in many total syntheses. For alkenes the most common 
is the I ,  2-addition (method C, Table I ) ,  yielding two isomeric 'Grignard reagents' unless 
steric and/or electronic effects dictate the course of the reaction to be stereospecific. The 
formation of these reagents has been recently and only recent and novel 
examples are discussed here. 

Alkenes are less reactive than alkynes and unless the double bond bears an activating 
substituent or the addition is catalysed by a transition metal complex (Section IV), a 
temperature greater than 60°C is usually required. Complications can arise if in the 
product of addition there is scope for rearrangement or there is an equilibrium between 
several organomagnesium species (Section II.A.3). If the starting Grignard reagent is of the 
2-alkenylhalogenomagnesium type, departure from 1,2-addition prevails; the primary 
addition process may be coupling with the alkene via its C-3 position rather than to C-I. 
The general equation is given in Table 1, method D; it is often called the 'magnesium-ene' 
reaction. For the Grignard and substrate in equation 43 this process accounts for 60% of 
the product, determined by treating the mixture with formaldehyde82. 

I I 
R 2  R 2  

The examples in equations 44 and 4582 highlight an important fundamental aspect of 
such reactions, that the conjugated syn-addition of the alkene is regio- and stereo-specific. 
In consequence, they are becoming increasingly important in synthesis, particularly for the 
intramolecular case (Section II.A.3). 

R 4  R4 
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Acetylene and monosubstituted acetylenes are metallated by Grignard reagents 
(Section II.B.5). Disubstituted acetylenes react in a variety of ways. These include 1,2- 
additions which can be stereospecific, yielding either the E- or Z-isomer if there is ( i )  
anchimeric assistance from a functional groups3, or (ii) if the reaction is transition metal 
~atalysed’~.  2-Alkenyl Grignard reagents yield cycloaddition products’. There is an 
example of a novel Diels-Alder type of addition for the reaction of (ql-C,H,)MgX with 
benzyne”’. 

Ally1 alcohols, alkynols, and allenols react with Grignard reagents, first to form 
alkoxomagnesium species, then Z -  or E-I, 2-addition of the Grignard across the 
multiple bond and ultimately the elimination of MgX,, yielding cyclic oxomagnesium- 
alkenyls (equation 46) (ref. 7, p. 21 I ) .  

n R R‘ 

HO 

2. Hydromagnesiation 

There have been only a few reports on the synthesis of organomagnesium reagents by 
the addition of Mg-H to a multiple bond (method E, Table I ) .  This ‘hydromagnesiation’ 
reaction, however, appears to have considerable potential in organic synthesis. HMgX 
(X = CI or Br), prepared from MgX, and an ‘active’ form of MgH,, in turn derived from 
LiAIH, reduction of Ph2Mg in thfs6, is a reagent for the synthesis of a ‘Grignard solution’ 
using this method. Terminal and internal alkenes react with the reagent H,Mg in thf at 
6 0 T ,  catalysed by [TiCI,Cp,], affording solutions of solvated R,Mg speciess7, although 
none have been isolated to substantiate this claim. 

The bulk of hydromagnesiation reactions reported are highly stereo- and regio-specific 
and are effective under mild conditions. They are reactions catalysed by [TiCI,Cp,] and a 
typical experiment is to add i t  to a Grignard reagent and the unsaturated substrate, the 
active metal hydride being [TiHCp,], formed by sequential reduction of [TiCI,Cp,] by 
the Grignard, alkylation, and /I-hydrogen elimination (Scheme 2)”. 

Bu’Mg Br 
Cp2TiC12 - [Cp2TiBu’] 

isobutene 

Bu/MgBr 

XMg 

SCHEME 2 
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Some reactions yield the E-product rather than the expected 1,2- or Z-addition 
product. Hydromagnesiation of Me,SiCCCH,OH with [TiCI,Cp,] and two equivalents 
of Bu’MgCI (one equivalent to neutralize the hydroxy group) in Et,O afforded initially the 
Z-product, but this slowly isomerized over 6 h to the E-product”. Presumably the 
latter is favoured by chelation of the oxygen centre to the ‘Grignard’ magnesium, a process 
which is likely to favour elimination of MgX, (cf. equation 46)90. Compound 15, however, 
under the same conditions gave exclusively the Z-addition products (equation 47)”. 

R=Me,Bu” Ph 
R ’ a n d  R< H,Me,or E t  (47) 

Interestingly, the catalysed addition of Grignards to prop-2-ynylic alcohols is nritiand is 
thought to proceed via a concerted chelation-elimination of MgX, and addition of RMg 
(equation 48)92. 

XMq- R 

- c i 7 - M s  c-c 1 gR (48) 

$O--O 

Hydromagnesiation ofoct-I-ene using RMgX, R,Mg, RMgH, H,Mg, and HMgX and 
catalysed by either [TiCI,Cp,] or [TiCI,Cp] yields up to 65% of the corresponding 11- 

octylmagnesium species (determined by the percentage of octane formed on h y d r o l y ~ i s ) ~ ~ .  
For 1,3-dienes and styrenes, the product of the hydromagnesiation reaction are allylic 
(equation 49) and a-arylethyl Grignard reagents, respectively, and they are generated in 
almost quantitative yields. Like the reaction of alkynes, the active hydride is ‘TiHCp,’94. 

R 
R 
I 

(49) I\v + C3H8 

+ Pr“MqBr ___) 

MgBr 

Cyclopentadienylmagnesium hydride, readily prepared from MgH, and cyclopen- 
tadiene in thf, may have application in Grignard syntheses from alkynes. Interestingly, it  
reacts with Ph,CX (X = CI or Br) to afford a radical intermediate Ph,C’, then Ph,CH and 
CpMgX”. 

3. Salt ellmination 

Organomagnesium reagents react with magnesium dihalides to form RMgX or R,Mg 
compounds (method F, Table I). It is a particularly appropriate synthon where Wurtz 
coupling is the major reaction using standard Grignard conditions, for example the 
Grignards of benzylic- and allylic-type halides. I t  is also useful in preparing solvent-free 
R,Mg species, such as hydrocarbon-soluble Bus,Mg. Furthermore, lithium-hydrocarbyl 
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species, the most common reagent using this approach, are readily prepared by direct 
metallation of an organic substrate (e.g. equation 50) or by exchange reactions of an aryl 
halide with alkyllithium reagents. Organomagnesium reaction analogues of the latter are 
unusual (Section Il.B.4). 

The use of organomagnesium reagents rather than the precursor Group I reagents 
can greatly improve the yield and/or may result in a completely different reaction pathway. 
For example, conversion of a lithium reagent to  a Grignard may be necessary for a 
subsequent palladium phosphine complex-catalysed coupling reaction (e.g. 
equation 50)96. The magnesium complext in equation 51  was found to be more effective in 
reactions with lactones than the lithium reagentg7; the lithium reagent in equation 52 did 
not give the cyclopropene, whereas the Grignard didg8. 

The following cyclization reaction for a Grignard but not an organolithium reagent 
(equation 53) is also noteworthy. I t  proceeds via ring opening of the epoxide or 
rearrangement of the epoxide function to a ketone or aldehyde, followed by ring closuregg. 

BU”LI 

t h I ,  -78 “C 

‘For equation 51 the organic moiety is probably an q3-aza-allyl species in the lithium reagent, whereas 
in the magnesium complex i t  is probably N-bound to the metal. Nevertheless, the reactions of the 
magnesium complex is as if the charge was C-centred. 
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The above examples clearly demonstrate that major changes in reactivity and selectivity 
occur in converting lithiumhydrocarbyl reagents to those of magnesium. 

Lochman's reagent (Bu"Li-Bu'OK) is a very powerful metallating agent, yielding novel 
anionic hydrocarbyl species that are inaccessible using other more established metallating 
reagents. Treating these species with MgX, will prove valuable in preparing new classes of 
organomagnesium reagents. The synthesis of a novel 'di-Grignard' reagent (equation 54) 
illustrates this point'". 

Bun Li 
H-CGC-Ph 

BU'OK 

Some bisdienylmagnesium (tmeda) complexes have been isolated from salt elimination 
reactions of the corresponding potassium dienides"'. Magnesium salts containing the 
cyclooctadiene anion'" and cyclooctatetraene dianionlo3 have also been prepared using 
this approach. 

4. Metal-halogen exchange 

The metal-halogen exchange reaction (method G, Table 1) is a relatively new method 
for generating Grignard reagents. A prerequisite is that the organic substrate, RX, 
possesses electronegative substituents, otherwise complete conversion may be difficult to 
achieve and there may be an equilibrium between two Grignard species'. With this 
proviso, it works well for a variety of organic halides. For example, ( i )  the reagents 
(CH,-,X,)MgCI (X =CI, Br, 1; ti = I ,  2, 3), which have great application in synthesis, are 
accessible by this method using Pr'MgCI and the appropriate methyl halide at ca. - 80 "C; 
the products precipitate from solution (Et,O-thf mixture), possibly enhancing a high 
equilibrium yieldlo3; (ii) selective Grignard formation is possible for polyhalodiaryl 

Me Me 

compounds (equation 55)Io4; and (i i i )  selective halogen exchange for the least electronega- 
tive halide (equation 56).'05 

PhMgBr 

-PhBr 
C,F, ,CF=CFBr - C,F, ,CF=CFMgBr 

The efficiency of the reaction also depends on the organic halide generated, R'X, with 
X = I > Br > CI, which is reflected in C-X bond energies. Other than the problem 
of effecting complete conversion, which depends on the presence of electronegative 
groups, there can be complications due to competing Wurtz-type coupling 
(equation 57)'. 

RX 
RX + R'MgX + R'X + RMgX RR (57) 
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5. Metallation 

The metallation of an organic substrate, R,CH, by magnesium reagents, usually 
Grignards, is a powerful synthetic route to a wide variety of organomagnesium species 
(method H,Table 1). A requirement ofcourseis that C-H isofgreater kineticacidity than 
the conjugate acid of the metallating agent. Strongly coordinating solvents such as thf and 
hmpt are the most effective in promoting these reactions. 

The greatest application to synthesis is the metallation of acetylenesIo6; for the 
unique case of acetylene selective mono- or di-metallation is po~sible’~’. Hydroxy 
groups on the alkyne substituent lead to the formation of alkoxide complexes (e.g. 
equation 58)Io8, provided that two equivalents of metallating agent are used and the 
alkoxide does not affect the next step in the organic seq~ence . ’~’  A common strategy, 
however, is to protect hydroxy groups by converting them to the corresponding 
tetrahydroxopyranyl ether derivative’ l o .  

The reaction of EtMgBr with CH=C(CH2),CH2CI gave the metallated product”’; its 
subsequent reaction with magnesium, and that of similar compounds, may yield ‘di- 
Grignard’ reagents, possibly of great utility in synthesis. It is noteworthy that the alk-2-yne 
Grignard reagent, CHECCH,MgBr,  is stable with respect to rearrangement to 
BrMgCECMel  09. 

A second type of metallation is that yielding anionic aromatic complexes of magnesium, 
e.g. (q’-C,H,)MgX and (indeny1)MgX and the product in equation 59’12. They are well 
established reactions and the products have been used to good effect in synthesis (see 
ref. 113 for recent examples). 

The compound [(q-C,H,),Mg] can be prepared by this route. It is, however, 
accessible by direct reaction between cyclopentadiene and magnesium at  0 “C, catalysed 
by CpTiCI, or TiC1,”4. 

A related form of metallation is the magnesiation of arylmethanes yielding 
(arylmethyl)MgX, Gignard’-type species, e.g. metallation of a-picoline, and toluene, 
albeit under forcing conditions, using Bu‘MgCl’’’. The scope for this approach is high 
since the products are usually difficult to prepare using the classical Grignard strategy, or 
are unknown. 

There is an example of metallation as a competing reaction in the condensation of a 
ketone with a Grignard reagent (equation 60), ascertained by the dimeric compound 
obtained after acid work-up’ 1 6 .  The expected product is that derived by nucleophilic 
attack of the ketone. 
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0 

L I 
MgBr 

Aromatic ring metallation is possible and is directionally controlled by strongly 
complexing oxygen and/or nitrogen centres in the molecule, the position of metallation 

Rr  

being ortho to substituents with such hetero atoms, e.g. equation 61 I". The directional 
control of metallation is akin to the syntheses of aryllithium reagents. 

Polyhalogenated compounds are susceptible to metallation, although competing 
reactions of metal-halogen exchange (Section II.B.4) and their decomposition by a- or /I- 
elimination pathways may occur. The metallation of pentafluorobenzene"* and 
of the halo forms CHX, (X = CI or Br)'', are examples of this approach. 

Grignard reagents and other strong bases of magnesium (e.g. amides, dialkyls, and alkyl 
and aryl oxides) abstract a-hydrogens of imines"9,120 (some ketones, depending on the 
conditions since they tend to yield additional compoundsI2') carboxylic acids and 
esters'22, thiol sulphonic acids, sulphones and s u l p h ~ x i d e s ' ~ ~ ,  and phosphi- 
nates and p h o s p h o n a t e ~ ' ~ ~ .  The derived species, however, are not organometallic 
compounds since the interaction to the metal is through the oxygen and/or nitrogen 
centres, a consequence of the relatively hard nature of magnesium(l1). Some authors 
choose to depict them as C-bound, perhaps to emphasize that the site of their reactions is 
at that carbon. Consider the reaction in equation 6212". The enamine nitrogen is probably 
sp2 and associated with lone pair-n-system overlap and possibly some n-bonding to 
magnesium. 

R = H or S ( 0 )  (P-C6H4Me) 

a-Metallated ketones, enolates, would have similar structures. Their formation can be 
promoted by hmpt 126.  Unlike metallation or addition for ketones, thioketones are prone 
to several competing reactions, including addition at the thioketone, and/or thiophilic 
addition at the sulphur, yielding a-functionalized Grignard reagents (equation 63). 
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Interestingly, an intermediate 'a-metallated' sulphonyl compound has been prepared by 
C-C bond rupture rather than by hydrogen abstraction (equation 64)'". 

6. Magnesium electron transfer reactions 

These are reactions involving electron transfer from magnesium to an unsaturated 
moiety (method J, Table I ) ,  either aromatic molecules, or conjugated polyenes, including 
cyclooctatetraene, in a strongly coordinating polar solvent from which they can be 
isolated as solvates. The derived anions are either radicals or dianions. Such reactions have 
been extensively reviewed; the most recent review covers the literature upto 1980'. A new 
development is the synthesis of magnesium anthracene in thf; the magnesium- 
hydrocarbyl interaction is at the 9,IO-positions (equation 65)26.' 2 8 .  

R 
I 

Mg,thf 

R = t i o r S & e 3  

I 
R 

On addition of Et20 ,  the compound decomposes into its constituents, anthracene and 
elemental magnesium in a form activated for Grignard syntheses. This highlights the 
importance of using a strongly coordinating solvent (thf > Et,O). The analogous reagent 
derived from naphthalene, [Mg(C, possesses radical anions. Its hmpt solutions are 
useful for preparing radical anions with more easily reduced aromatic compounds'2g. 

The reaction of conjugated polyenes invariably requires a catalyst, usually a compound 
of Fe(lll), Ti(IV), Ni(lI), Cu(ll), or Zn(I1). I ,  3-Allylic rearrangements, of the type discussed 
in Sections II.A.3 and 1I.B. 1 (addition of alkenes to alk-2-enylmagnesium complexes), are 
likely and because of this there has been few applications to synthesis. One study has been 
on the head-to-tail and head-to-head combinations of dienyls derived from isoprene, 
myrcene, ocimene, and piperylene (e.g. equation 66)I3O. 

I n  situ trapping of organic anions formed by this method has some application (cf. in situ 
trapping of Grignards, the Barbier reaction, Section II.A.4). The following examples are 
illustrative: ( i )  the reductive silylation of butadienes (e.g. equation 67)13' and of hexa- 
I13,5-triene [reaction in equation 68 (70% yield)] ' 32; and (i i )  a novel silylation reaction of 
acenaphthene (equation 69); interestingly, acenaphthalene, Li, and Me,SiCI in thf yield a 
tetrakis silylated compound' 33.  
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SiMe3 

7. Oxidative-reductive transmetallation 

This method is the exchange between organic derivatives of less electropositive metals 
than magnesium, predominantly those of mercury and to a lesser cxtent zinc, and 
elemental magnesium, yielding either RMgX or R,Mg(method I, Table I). It is a common 
route to unsolvated R,Mg compounds, made possible by the highly exothermic reactions 
of R,Hg being effective in the absence of a solvent. Another feature of this class of reaction 
has been the ability to prepare unusual di-Grignard reagents. Costa and white side^',^ 
prepared BrMg(CH,),MgBr by a five-step synthesis from allene; the final step is shown in 
equation 70. [There is, however, a recent more direct synthesis of the same reagent, from 
magnesium and Br(CH,),Brs5.] A geminal di-Grignard has also been prepared, but from 
an organozinc reagent (equation 71)'35. 

(70) 
Mg. M g B r l  

BrHg(CH,),HgBr - BrMg(CH,),MgBr 

ZnICu Mp: 
Me,SiCHBr2 - Me,SiCH(ZnBr), --+ Me,SiCH(MgBr), (71) 

8. Miscellaneous methods 

Exchange reactions yielding RMgX or R,Mg species from compounds of metalloids 
and non-metals are uncommon (ref. 7, p. 166). Heterobimetallic organometallic complex- 
es of magnesium and alkali metals, boranes, aluminium, and zinc are known (ref. 7, 
pp. 209, 221), but they appear to be of limited utility in organic synthesis with no clear 
advantages over conventional organomagnesium reagents. However, those of transition 
metals have a rich chemistry, and are usually prepared by the addition of a transition metal 
complex to a solution of RMgX or R,Mg. The nature of the active alkylating species 
formed is not always known. Complexes of the type Mg[R,M], or XMg[R,M] (transition 
metal metallates), magnesium halide-free reagents, R,M, or intermediates between it  and 
the simple metallates are possible. Their application in synthesis is discussed in 
Section 1V.A. 

Compounds of the type RMg (OR')  (R' = alkyl or aryl) are prepared by the partial 
alcoholysis of R,Mg (equation 72) (ref. 7, p. 210). (Such compounds are formed as 
intermediates in the nucleophilic attack of ketones using R,Mg.) Similarly, secondary 
amines yield RMg(NR'R2) and alkanethiols, RMg(SR'). 

(72) 
Ally1 aryl ethers react with magnesium in coordinating solvents to yield arylox- 

oalkylmagnesium species, a pseudo-Grignard reaction (equation 73) with only a small 

R2Mg + R'OH -+ RMg(0R')  + RH 
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amount of Wurtz coupling' 36. The corresponding thioethers undergo the same 
reaction' ". 

ArOCH,C(R)=CH, + Mg 2 ArOMgCH,C(R)=CH, (73) 

C. Di-Grignard Reagents 

Di-Grignards are valuable reagents in organic synthesis, including their stoichiometric 
and catalysed reactions with transition metal complexes. However, their preparations are 
often difficult because of strongly competing elimination/coupling reactions. A separate 
section on them is included here because of their utility and also because the syntheses of 
some are novel while for others the critical conditions for formation are usually more than 
adequate for related mono-Grignards. Moreover, some of the reagents possess unusual 
solubility properties that facilitate their purification. Details concerning di-Grignard 
syntheses and any special features are given in Table 2. 

The reaction of the Grignard of CH,CI, and an organic substrate is usually carried out 
by the in situ one-step (or Barbier) method (Section 11.A.4), but there is doubt as to whether 
the geminal dimagnesium species CH,(MgCI), is i n ~ o l v e d ' ~ ' .  Bertini et ,/.I3' have, 
however, developed a reliable synthesis of solutions of such a di-Grignard, from CH,X, 
(X = Br or I )  and elemental magnesium; they are remarkably stable, being unchanged after 
storage for several weeks at 0°C. The reagent Me,SiCH(MgBr), has been prepared from 
the corresponding zinc reagent (equation 71) rather than the Grignard route used for the 
aforementioned example' 3 5 .  I n  situ trapping reactions involving Me,SiCHBr, have been 
investigated (e.g. equation 74), but it is also unlikely that di-Grignard intermediates are 
formed. Interestingly, mono-Grignards of geminal dihalides are accessible by low- 
temperature exchange reactions (e.g. equation 75; see also Section II.A.3)'40. 

Br Br 

'CO, Me cc 

OH 

The only 1,2-dimagnesiumalkane reagent in the literature is that derived from a 
Grignard reaction of(Z)- or (E)-l, 2-dibromopropane, and although the yields are low, the 
pure di-Grignard precipitates from the reaction mixture. It can be solubilized in Et,O by 
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the addition of MgBr, and rapidly dissolves in thf, but after several minutes an insoluble 
oligomeric, MgBr,-free species, [(C,H,)Mg],, forms53. 

The di-Grignard of I ,  3-dibromopropane IS  accessible using method A in Table 1 ". 
Again, the yield is low but its purification is possible. Addition of thf to an etheral solution 
of the reagents yields an insoluble oligomeric material that is soluble in Et,O on addition 
of one equivalent of MgBr, (equation 76). Alternatively, the di-Grignard can be prepared 

by a five-step synthesis starting with allene, the last step, with a 98% yield, involving an 
organomercury reagent (equation 70)'34. In contrast, Grignards of the type 
XMg(CH,),MgX (n 2 4) are readily prepared in high yield using the normal Grignard 
procedure. Like the aforementioned propylene analogue, they have limited solubility in 
Et,O. In thf the predominant species are solvated metallacycles hkg(CH,),- ' 6 H 2  or 
Mg(CH,),Mg(CH,),- ,CH,,dependingon the v a l u e ~ f n l ~ ' ~ ' ~ ~ .  The thf, in effect, shifts the 
Schlenk equilibria to the right (e.g. equation 76). For di-Grignards derived from dihalo 
ethers, Br(CH,),O(CH,),Br ( n  = 3 or 4), the equilibria are also to the right and the species 
are metallacycles with oxygen complexation to magnesium. The preference for the 
formation of chelate rings has been ascribed to the intramolecular coordination of 

Somc perfluoroalkylene di-Grignard reagents have been prepared by 
exchange methods (Table 2)14,. 

Di-Grignard reagents derived from benzylic-type dihalides ( 1  1 and 12, Table 2) are 
accessible under critical conditions of (i) concentration, typically 0.1 M, ( i i )  the use of 
magnesium powder, ( i i i )  thfas the solvent, (iv) temperature kept below 35 "C, and (v) choice 
ofchloride rather than dibromide or iodide. In contrast, di-Grignards ofaryl dihalides are 
available without strict conditions, although aryl chlorides may be difficult to react unless 
highly reactive Rieke's magnesium is used. 

Benzylic-type di-Grignard reagents ( 1  1, 12 and 29, Table 2) are also accessible by 
reacting [Mg(anthracene)(thf),] with the appropriate dihalide2'". 

Metallation of fluorinated aromatics as a route to Grignard reagents appears to be 
effective if two fluorines, orrho to the site of metallation, are present. The treatment of 
I ,  2,3,4-tetrafluorobenzene under conditions effective for the dimetallation of the I ,  2,4,5- 
isomeric compound failed to yield mono- or di-metallated species' I * .  

The di-Grignard of 2,6-dibromopyridine is formed in 1.2% yield in Et,O using the 
entraining method, determined by trapping it with C 0 2 1 4 5 ,  However, by using Rieke's 
magnesium, and at low temperature to minimize Wurtz-type coupling, or the rigid 
conditions found necessary for benzylic-type Grignard reagents, a viable synthesis of i t  
and other novel di-Grignard reagents is possible. 

111. REACTIONS OF ORGANOMAGNESIUM REAGENTS 
WITH ORGANIC COMPOUNDS 

This section is devoted to reactions of magnesium reagents possessing a carbon-metal 
linkage with organic substrates. Such reactions are of great value in synthesis as molecular 
building blocks where new carbon-carbon, and to a lesser extent carbon-heteroatom, 
bond formation is desired. Moreover, they have utility in reactions where the key step is 
bond fission, and in the synthesis of labelled compounds. Organomagnesium reagents also 
find application in synthesis as strong bases, readily deprotonating amines, alcohols, etc., 
and the derived metal complexes have an extensive organic chemistry, being strong 
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nucleophiles. A discussion of their use in synthesis is, however, beyond the scope of this 
review. 

The causality of reactions of organomagnesium reagents with organic substrates is the 
ionic or at least covalent polarized nature of the metal-carbon interaction(s). Their 
reaction can be considered as nucleophilic attack of the carbon centre possessing the 
greatest ionic character. Strongly coordinating solvents lead to an increase in ionic 
character and thus an increase in reactivity. There is, however, a concomitant increase in 
electrophilicity of the metal centre, enhancing its attack on nucleophilic functional groups, 
but this can be attenuated by using exceptionally strong coordinating solvents. In short, 
the reactivity and selectivity of organomagnesium reagents can be greatly modified by 
changing the solvent of the reaction medium. 

In principle, the order of reactivity of R,-,MgX, ( n  = 0, 1) should reflect the variation in 
basicity of R, viz. But > Pr' > Et > Me > Ph, and this should be exacerbated in strongly 
coordinating solvents. For simple metallation reactions where the carbanionic character is 
the rate-determining factor, this is observed. However, for reactions proceeding via a 
radical pathway involving R', the R group forming the most stable carbanion will be the 
most reactive and the reverse sequence applies, Me z Et > Pr' > But. 

Organic chemists usually generate organomagnesium reagents, RMgX and R,Mg, in 
solution for use in synthesis, with no attempt to isolate them. For Grignard reagents the 
exact nature of the species present in solution is controlled by the position of the Schlenk 
equilibrium, which depends on concentration, and the choice of solvent and halide 
(Section 1I.A. I). When preparing stock solutions of organomagnesium reagents, they 
should be standardized prior to use (ref. 7, p. 194). Base analysis after acid hydrolysis of 
aliquots of the reagent is only satisfactory for standardizing fresh solutions. 

Relevant general references to this section are refs. 1-4, 7 (pp. 192-194), 8 and 81. The 
most recent covers the literature upto 1981. We focus attention mainly on new 
developments, but general reactions of all reaction types are included, and in this context 
the review is comprehensive. 

A. Addition to Multiple Bonds 

1. Carbon-oxygen multiple bonds 

The reactions of Grignard reagents with carbon monoxide (carbonylations) usually 
require high partial pressures of CO. Several products are obtained and in consequence 
they have limited utility'. Other addition reactions of organomagnesium reagents are 
discussed below. 

a. Carboxylation 

The reaction of carbon dioxide with organomagnesium reagents is a well established 
route for preparing carboxylic acids, and is used to characterize new magnesium reagents. 
Usually the reagent is added to dry-ice or a slurry of it in an inert solvent. Yields are 
typically high, with only a few competing reactions likely. One is the formation of cyclic 
ketones for the carboxylation of di-Grignard reagents. Seetz et have devised a 
method of preparing cyclobutanone, a potentially very valuable basic building block, by 
careful control of the carboxylation step, viz. passing a C0,-N, gaseous mixture over a 
solution of the di-Grignard reagent at ambient temperature (Scheme 3). 
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n C h  

0rMq n -  MgBr BrMg n -  C02Mg Mg02C C02MgBr 

SCHEME 3 

Uncontrolled carboxylation yields glutaric acid. Slow addition of CO, facilitates attack 
at the second Grignard centre, despite the inherently reduced reactivity of the carboxylate 
in 16. I t  may be favoured by the close proximity of the other reactive centre'64. Note that 
mono-Grignard reagents usually stop at the carboxylate formation stage. 

A related competing reaction is the formation of ketones directly by the liberation of 
XMgOMgX, rather than during hydrolysis. The generated ketones can then react in either 
of several ways with residual Grignard reagent (Table 3). 

b. Reactions with ketenes 

Grignard reagents with disubstituted ketenes yield metal enolates, which on hydrolysis 
afford ketones (Table 3)'. However, there have been few applications of this reaction in 
synthesis. The 'pseudo ketene' carbon suboxide, C,O,, yields XMgOC(R) = C 
= C(R)OMgX and I ,  3-diketones in good yield on h y d r o l y ~ i s ' ~ ~ .  

c. Reactions with isocyanates 

The synthesis of amides from isocyanates is well established in organic synthesis 
(Table 3). Treatment of 17 with one equivalent of PhMgBr afforded a heterocyclic 
compound, derived from attack initially at the isocyanate group; using excess of Grignard 
reagent metal-halogen exchange and nucleophilic attack at the benzoyl carbon-oxygen 
double bond, yielding (Z)-(2-benzamidophenyl)benzohydrol, prevailed' 66. 

~ " " "  PhMgBr. 

%NCO 

(17) 

0 
I I  

'Ph 

U 

( 7 7 )  

d.  Reactions with aldehydes and ketones 

These are the most utilized reactions of organic carbonyl compounds with magnesium 
reagents. The initial step in these and the aforementioned reactions is coordination of the 
oxygen of the functional group to magnesium. Three subsequent reaction pathways have 



- W m
 

T
A

B
L

E
 3

. 
C

om
m

on
 r

ea
ct

io
ns

 o
fo

rg
an

om
ag

ne
si

ur
n 

re
ag

en
ts

, 
R

,_
,M

gC
I,

 
(n

 =
 I 

o
r 

0)
, w

ith
 c

om
po

un
ds

 p
os

se
ss

in
g 

C
X

 m
ul

ti
pl

e 
bo

nd
s"

 

H
yd

ro
ly

si
s 

D
es

cr
ip

tio
n 

S
ub

st
ra

te
 

P
ro

du
ct

b 
P

ro
du

ct
 

C
om

m
en

ts
 

I. 
C

rr
rb

o~
l-

O
sJ

yy
u

~l
 fn

u/
fi

p/
e 

bo
nd

s 

C
ar

bo
xy

la
ti

on
 

(i
) 

C
ar

bo
n 

di
ox

id
e 

(ii
) 

K
et

en
es

 

(i
ii)

 
Is

oc
ya

na
te

s 

(i
v)

 K
et

on
es

 

1.
2-

A
dd

iti
on

 

1,
2-

A
dd

it
io

n 

A
. 

I. 
?-

A
dd

it
io

n 

B.
 

R
ed

uc
ti

on
- 

hy
dr

og
en

 t
ra

ns
fe

r 

C
. 

z-
D

ep
ro

to
na

ti
on

 
(e

no
li

za
ti

on
) 

(v
) 

a.
/b

U
ns

at
ur

at
ed

 k
et

on
es

 
A

. 
I. 

2-
A

dd
iti

on
 

B.
 

1.
4-

A
dd

iti
on

 

c
o
2
 

R
'R

'C
=

C
=

O
 

R
'N

=
C

=
O

 

R
'R

'C
O

 

R
~

R
~

C
O

 

R 
C
O
C
H
 R

; 

R
3 R

p
o

 

R
2C

(O
M

gL
A

 
or

 
R

C
O

,M
gL

, 

R
1 R

 'C
=C

(R
)O

M
gL

, 

R 
' N
=C
( 

R
)O

M
gL

. 

R
R

' R
'C

O
M

gL
, 

R
'R

'C
(H

)O
M

gL
, 

R
,C

=
C

R
O

M
gL

, 

R
' P 

K
et

on
e 

or
 

ca
rb

ox
yl

ic
 a

ci
d 

K
et

on
e 

C
ar

bo
xy

li
c 

am
id

e 

A
lc

oh
ol

 

A
lc

oh
ol

 

A
ld

eh
yd

e 
or

 
ke

to
ne

 

A
lc

oh
ol

 

U
se

fu
l 

fo
r 

in
co

rp
or

at
in

g 
''C

 
fr

om
 '

T
O

2
 

Si
m

ila
rl

y 
fo

r 
C

,O
, 

n
 

!- ic
l 

e,
 

T
hi

s 
is

 u
su

al
ly

 t
he

 m
ai

n 

an
d 

w
ith

 M
gX

2 
pr

es
en

t 
m. 

or
 R

 
n
 s v

1
 

pr
od

uc
t 

in
 n

on
-p

ol
ar

 s
ol

ve
nt

s 
6
 

/{
-H

yd
ro

ge
n 

tr
an

sf
cr

 o
r 

ke
ty

l 
5 

ra
di

ca
l 

hy
dr

og
en

 a
bs

tr
ac

ti
on

 

M
or

e 
co

m
m

on
 f

or
 k

ct
on

es
 a

nd
 

fo
r 

bu
lk

y 
R'

. 
R

2.
 a

nd
/o

r 
R 

gr
ou

ps
 

F
av

ou
re

d 
fo

r 
al

de
hy

dc
s 

3
 

5
 

A
ld

eh
yd

es
 o

r 
ke

to
ne

s 
Fa

vo
ur

ed
 b

y 
bu

lk
y 

su
bs

ti
tu

en
ts

 
on

 t
he

 c
ar

bo
ny

l 
gr

ou
p 

an
d 

fo
r 

so
lv

en
ts

 p
ro

m
ot

in
g 

el
ec

tr
on

 
tr

an
sf

er
. 



(v
ij

 
A

cy
l 

ch
lo

ri
de

s 
A

. 
E

xc
ha

ng
e 

B.
 

ex
ch

an
ge

 t
he

n 
1.

2-
ad

di
ti

on
 

(v
ii

) 
C

ar
bo

xy
li

c 
an

hy
dr

id
es

 
A

. 
K

et
on

e 
fo

rm
at

io
n 

R 
C

O
C

l 

R
'C

O
C

I 

R
R

'C
O

 

R
2

R
1

C
O

M
g

L
, 

K
et

on
e 

A
lc

oh
ol

 

F
or

m
at

io
n 

of
 [

R
'(

O
)C

I2
 v

ia
 a

 
ra

di
ca

l 
pa

th
w

ay
 c

an
 a

ls
o 

oc
cu

r 
!-
J
 

R 
C

O
C

O
R

 ' 
R

'C
O

R
 +

 R
'C

O
,M

g
L

, 
F

av
ou

re
d 

by
 i

i 
lo

w
 r

ea
ct

io
n 

te
m

pe
ra

tu
re

, 
st

ro
ng

ly
 

co
or

di
na

ti
ng

 s
ol

ve
nt

s,
 a

nd
 

st
er

ic
 h

in
dr

an
ce

 f
or

 R
' 

K
et

on
e 

an
d 

a 
ca

rb
ox

yl
ic

 a
ci

d 

L
ac

to
ne

 
n
 

1
.
 

(1
4
 a
 

s'
 

7
 a
 

B.
 

L
ac

to
ne

 f
or

m
at

io
n 

(v
ii

i)
 C

ar
bo

xy
li

c 
es

te
rs

 
(a

nd
 l

ac
to

ne
s)

 
A

. 
E

xc
ha

ng
e 

B.
 

E
xc

ha
ng

e 
th

en
 

I.
 ?

-a
dd

it
io

n 
(i

s)
 C

ar
bo

xy
li

c 
am

id
es

 
(a

nd
 la

ct
on

es
 

an
d 

ca
rb

am
at

es
) 

(x
) 

r*
-K

et
o 

es
te

rs
 

I,
 2

-A
dd

it
io

n 
(x

i)
 C

ar
bo

xy
la

te
 s

al
ts

 

2.
 

C
ar

ho
ri

-,s
ul

pl
iu

r 
ni

ul
ri

pl
e 

ho
nd

s 
(i)

 
C

ar
bo

n 
di

su
lp

hi
de

 
C

ar
bo

ph
il

ic
 a

dd
it

io
n 

(i
i)

 
ls

ot
hi

oc
ya

na
te

s 
I.

 2-
A

dd
it

io
n 

(i
ii

) 
T

hi
oc

ya
na

te
s 

I. 
2-

A
dd

it
io

n 
(i

v)
 

S
ul

ph
in

es
 

I,
 2

-A
dd

it
io

n 

(v
j 

T
hi

ok
et

on
e 

I.
 2

-A
dd

it
io

n 

(t
 ri

t h
io

ca
r b

on
at

es
) 

(v
i)

 T
hi

oe
st

er
s 

R
'C

O
C

O
R

' 
R 

C
O

 2
C

 R
2R

 

R
'C

0
,R

2
 

R
'C

O
,R

* 

R
'C

O
N

R
; 

R 
'C

O
R

 

R
 ,C

( R
 )

O
M

gL
, 

R 
R 

C
(O

M
gL

,)
N

 R
 i 

+ 
R

'O
M

~
L

, 

M
ild

 c
on

di
ti

on
s 

ar
e 

re
qu

ir
ed

 
fo

r 
ke

to
ne

 f
or

m
at

io
n.

 
cc

-M
et

al
la

tio
n 

(e
no

li
za

ti
on

) 
ca

n 
al

so
 o

cc
ur

 
H

in
de

re
d 

fo
rm

am
id

es
 a

re
 

su
sc

ep
ti

bl
e 

to
 r

or
m

yl
 

pr
ot

on
 a

bs
tr

ac
ti

on
 

1.
2-

A
dd

it
io

n 
of

 R
'C

O
- 

re
qu

ir
es

 f
or

ci
ng

 c
on

di
ti

on
s 

K
et

on
e 

A
lc

oh
ol

 

K
et

on
e 

n
 

2 C -0
 

R
'C

O
C

O
zR

' 

R 
C

O
'M

L
, 

R 
R 

'C
(O

M
gL

,)
C

02
R

 

R
R

'C
(O

M
L

,)
O

M
gL

, 

1-
H

yd
ro

xy
 e

st
er

 

K
et

on
e 

C
S

' 
R

C
(=

S
)S

M
gL

, 

R 
N

=
C

( 
R 

')S
M

gL
, 

T
he

 s
al

t 
is 

us
ua

ll
y 

us
ed

 
in

 s
iti

r 
T

hi
oa

m
id

e 
R

'N
C

S
 

R 
S

C
N

 

R 
' R 

'C
SO

 

R
'R

~
C

S
 

R 
'C

( =
S

)S
R

z 

R
'S

R
 

R 
' R

 'C
(M

gL
,)

S(
 R

)=
O

 

R 
R

2C
(S

R
)M

gL
, 

R
'C

(S
R

)(
S

R
*)

M
gL

, 

T
hi

oe
th

er
 

Su
lp

ho
xi

dc
 

T
hi

oe
t h

er
 

D
it

hi
oa

ce
ta

l 

C
ar

bo
ph

il
ic

 a
dd

it
io

n 
ca

n 
al

so
 o

cc
ur

 

C
ar

bo
ph

il
ic

 a
dd

it
io

n 
ca

n 
oc

cu
r,

 a
s 

fo
r 

es
te

rs
. 

yi
el

di
ng

 t
er

ti
ar

y 
th

io
ls

 
e
 

W
 

-4
 



T
A

B
L

E
 3

. 
(C

on
rd

.)
 

D
es

cr
ip

tio
n 

S
ub

st
ra

te
 

P
ro

du
ct

b 
H

yd
ro

ly
si

s 
P

ro
du

ct
 

C
om

m
en

ts
 

3.
 

C
ur

ho
,i-

ti
ir

ro
ye

tl
 

t~
u

lt
ip

le
 ho

nd
s 

(i)
 

lm
in

es
 (

an
d 

ni
tr

og
en

 
ar

om
at

ic
 h

et
er

oc
yc

le
s)

 
I,
 2-

A
dd

iti
on

 
R

'R
2C

=
N

R
' 

(ii
) 

lm
in

iu
m

 s
al

ts
 

1,
2-

A
dd

il
io

n 
(ii

i) 
lm

id
oy

l 
ch

lo
ri

de
s 

E
xc

ha
ng

e 
(i

v)
 

C
ar

bo
di

im
in

es
 

I,
 2-

A
dd

iti
on

 
(v

) 
N

it
ro

ne
s 

I,
 3-

A
dd

iti
on

 

(v
i)

 
N

itr
ile

s 
A

. 
I ~ 

2-
A

dd
iti

on
 

B.
 

a-
D

ep
ro

to
na

ti
on

 

I,
 3

-A
dd

iti
on

 
(v

ii
) 

N
itr

ile
 o

xi
de

 

(v
ii

i)
 

ls
oc

ya
na

te
s 

(ix
) 

C
ya

na
te

s 

(x
) 

Is
oc

ya
na

te
s 

(x
i) 

ls
ot

hi
oc

ya
na

te
s 

R
'C

E
N

 

R
'R

2C
H

C
=

N
 

R
'C

=
N

 
-0

 
R

'N
E

C
: 

R
'O

C
E

N
 

R
'N

=
C

=
O

 
R

'N
=

C
=

S
 

R
R

1R
2C

N
(R

3)
M

gL
, 

R
R

'R
Z

C
N

R
3R

4 

R 
' R

C
=

N
 

R
2 

R 
I N

( M
gL

,)C
( 

R
)=

N
 R

 I 

R
R

 I R
 'C

N
( 

R
')O

M
gL

, 

R
R

IC
=

N
M

gL
, 

R
1 R

2C
(M

gL
,)

C
=C

N
 

R
R

'C
=

N
O

M
gL

, 
R 

'N
=

C
(R

)M
gL

. 
R 

'O
C

( R
)=

 
N

 M
gL

, 

R
C

N
 +

 R'
O

M
gL

, 
R 

N
 =

C
( 

R
)O

 M
 g 

L,
 

R
IN

(M
gL

,)
C

(R
)=

S 

1 

A
m

in
e 

a-
H

yd
ro

ge
n 

ab
st

ra
ct

io
n 

at
 R

' 
or

 R
Z c

an
 o

cc
ur

. 
F

or
 n

it
ro

ge
n 

ar
om

at
ic

 h
et

er
oc

yc
le

s 
(a

. 0
- 

un
sa

tu
ra

te
d 

im
in

es
) 

1.
4-

 
ad

di
ti

on
 is

 p
os

si
bl

e 

T
er

ti
ar

y 
am

in
e 

lm
in

e 

A
m

id
in

es
 

F
ur

th
er

 r
ea

ct
io

n 
is 

po
ss

ib
le

 (
i) 

H
yd

ro
xy

la
m

in
es

 

lm
in

e 
or

 k
et

on
e 

N
itr

ile
 

K
et

ox
im

es
 

A
ld

eh
yd

e 
(R

C
H

O
) 

N
itr

ile
 

T
he

 i
m

in
e 

is 
th

e 
fi

rs
t 

pr
od

uc
t 

o
n

 h
yd

ro
ly

si
s 

A
m

id
e 

T
hi

oa
m

id
e 

a
 F

or
 a

dd
it

io
n 

to
 c

ar
bo

n-
ca

rb
on

 
m

ul
ti

pl
e 

bo
nd

s.
 s

ee
 T

ab
le

 I
. 

L,
 r

ef
er

s 
to

 t
he

 o
th

er
 l

ig
an

ds
 o

n 
m

ag
ne

si
um

. 
R 

or
 X

 a
nd

 s
ol

ve
nt

 



2. Use of Grignard and Group 11 organometallics in organic synthesis 199 

been established: (a) a concerted mechanism involving a four-centre pericyclic speciesL6', 
which yields exclusively a 1,2-addition compound; (b) the formation of a cyclic transition 
state, leading to a-hydrogen abstraction (enolization)'"; and (c) a radical pathway which 
is usually rapid (Scheme 4). 

RMgX (solvent)2 - 
,I I 

R 3  

4 enolizotion 

f 
r(solvent)XMg-O-CR'R21 - 1,2-addiIton 

R '  other products 
1 

SCHEME 4 

In Scheme 4, the electron transfer process is the rate-determining step; reactions other 
than 1,2-addition include hydrogen transfer to the ketyl radical and coupling of ketyl 
radicals (pinacol formation), which is favoured for the radical pair dissociating to form free 
radicals8.168. Ashby and coworkers suggested that all Grignard reagents with aromatic 
ketones proceed via an electron transfer pathway16'. This is based on the formation of 
cyclized products in the reaction of 18, which is consistent wjth the generation of a 
neopentyl type radical rearranging before combining with Ph,CO-65. 

The Grignard of I-chloromethylnaphthalene with ketones yields ortho-alcohols, the 
normal 1,2-addition product, and enolization (Scheme 5)"'. The former originates from 
the ambient nature of the arylmethyl group, as has been noted for the reaction of a related 
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lithium reagent with various electrophiles17'. For unhindered aldehydes and ketones 
(Scheme 5) ,  the initial reaction is the addition to the aromatic ring, but i t  is reversible17'. 

R+R 2 

II 
+ 

NH4CI, H20 

OH 
1 

SCHEME 5 

For ketones possessing functional groups, other reactions are possible, for example 
conjugated 1,4-addition to a, /?-unsaturated ketones (see below), proceeding either by a 
radical pathway or a concerted process involving a cyclic transition state. 

The reaction pathway appears to depend on the nature of R (the ability to form a stable 
radical, R', will tend to favour the radical pathway) and steric compression of R and/or R '  
and R2 (defined in Table 3). The latter will favour enolization. Choice ,of solvent and 
temperature can also be important. Low temperatures and non-coordinating solvents' 7 2  

favour 1,2-addition, which is usually the desired route. Nevertheless, for ketyl radicals, 
R2CO-, hydrogen abstraction is usually a minor route and reduction by /?-hydrogen 
transfer is only important for hindered, non-enolizable ketones, and by careful choice of 
the experimental conditions 1,2-addition is normally accessible. 

An alternative approach to the reaction of ketones with Grignards is the Barbier 
reaction (Section II.A.4), the in  sitic Grignard trapping reaction. With a knowledge of the 
factors that affect the reactions of ketones with organomagnesium reagents and those 
which favour the in  situ method, it may be possible to predict which method is suited for a 
particular substrate and/or Grignard reagent. 

Various reactions of organomagnesium reagents with carbonyl compounds are 
tabulated in ref. 173. Reactions from Orgartic Syntheses are listed in ref. 8, p. 26. Some 
representative new examples are given in Table 4, together with some novel reactions. An 
alcohol is the expected product on hydrolysis of a 1,2-addition compound, but often 
spontaneous dehydration prevails. Attack of a ketone group is favoured over a carboxylic 
acid or ester group (e.g. entries 1 and 2, Table 4), unless the reaction is carried out in an 
aromatic solvent'74. Epoxy ketones react selectively with Grignard reagents at low 
temperature, CN. - I O T ,  to afford the 1.2-addition product of the ketone residue'75. 
Halocarbonyl compounds undergo nucleophilic attack at the carbonyl group, and for 
more forcing conditions alkyl halogen exchange is possible' 76. a-Chlorocarbonyl 
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TABLE 4. Reactions of Grignard reagents with ketones and related compounds" 

Substrate Grignard Product on hydrolysis Ref. 

I .  9 MeMgCl \ 193 

0- 

0 

7. QCK 0 

w 0 

phwoMe PhMgl 

PhMgX 

PhMgBr 

0 

B MeMgX 

MeMgBr 

OH 

i95 

196 

197 

198 

175 
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T A B L E  4. (Contd.)  
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Subst rate Crignard Product on hydrolysis Ref. 

8' phT%oMe 

9. 8 

1 1 '  Rvl' R '  

0 

12. Ph 

0 Hh 0 

1 3 .  0 * 0 

Me,SiCH,MgCI 

B r M g C E C M g B r  

MeMgl 

MeMgBr 

BrMg(CH,).MgBr 
( t i  = 4 or 5 )  

"CH:MgI. 
(Ihf-OEtZ). 
- 78 "C 

I88 

&c=cH I89 

Ph 

0 fi0 \ H," 

208 

209 

212 

218 

Y uOMe 
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TABLE 4. (Corird.) 

Substrate Crignard Product on hydrolysis Ref. 

IS. Me,SiCH,CO,Et PhCH,MgCI CH,=C(CH,Ph), 222 

\ 
COZEt OH 

226 

2Me,SiCH,MgBr 221 

SiMe3 

22. so 

PhMgBr 238 

Me 
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TABLE 4. (Conrd.) 

Substrate Grignard Product 011 hydrolysis Ref. 

23. 0 0  R'MgX 
R '  = aryl 

RO-C-C- 

RO R' 

24. XMgX 
5 eouiv I 

R 

240 

24 1 

"The hydrolysis products are all in useful yields. Typically > 60%. 

compounds with Grignard reagents, followed by lithium-halogen exchange, offers a 
powerful route to classes of olefins (e.g. equation 79)'77. 

XM9, XM9, 
0 LI 
I I  

MePhC - CHMe (79) II I PhMgX 9 Li,  
0 CI 

Me-C-CHMe --60Dc + MePhC-CCHMe -60 Dc + 

b MeC(Ph)=CHMe 

Tabushi er d.178 obtained good yields of unsymmetric ketones on hydrolysis of the 
mixture obtained by treating MeMgl with acyl metal complexes of N , N ' -  
ethylenebis(salicylideneiminato)cobalt(lll). The intermediate magnesium complex, 
[L,CoC(Me)(R)OMgX], resembles that of the normal I ,  2-addition product of ketones 
with Grignard reagents. 

I ,  2-Additions to prochiral carbonyl compounds or chiral carbonyl compounds 
possessing one or more chiral centres can give rise to enantiomeric mixtures and 
diastereoisomers, respectively, because of the formation of a new asymmetric carbon 
centre. Facial attack from either side of the R 1 R 2 C 0  plane (concerted pathway) or 
R1R2CO- (radical pathway), is usually controlled by steric effects. Consider the examples 
in equations 80 and 81. In equation 80 the addition is exclusively in the endo direction 
owing to the steric hindrance of the benzyloxy group on the exo face of the ketone17'. In 
equation 81 there is stereoselective control of addition by the steric hindrance of the I[- 
bound Cr(CO), moiety"'. 
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There has been considerable research into developing I ,  2-addition reactions that yield 
products of high optical purity.(Two main strategies have been considered, viz. (a) the 
reaction of a prochiral ketone or aldehyde in a chiral medium or using a chiral magnesium 
complexing agent and (b) relying on asymmetric induction from chiral centres in either 
the carbonyl compound or the hydrocarbyl anion of the magnesium reagent. A detailed 
discussion of the factors aNecting the degree of asymmetric induction is given 
e l ~ e w h e r e ’ ~ ~ . ~ ’  I .  

The greatest success for chiral complexing agents is for polydentate ligands based on 
carbohydrates and is understood in terms of the stereochemical control around the 
magnesium environment on complexation182. For the strategy of having an asymmetric 
centre within the carbonyl compound, almost complete asymmetric synthesis is possible, 
even for that centre remote from the carbonyl group (e.g. equation 82)’”. Complexation 
of an N- or 0-centred functional group in the organic substrate may anchimerically assist 
the formation of one e n a n t i ~ m e r l ~ ~ .  

(82) 

Compound 19 has yielded products of high enantiomeric excess and by changing the 
order of addition of two different Grignard reagents both enantiomers have been obtained 
(Scheme 6). 

>95% e . e .  
RAO 

cr\ “-r 

a r  

(20) 

t 

SCHEME 6 
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The high stereoselectivity of the reaction of the aminal in  Scheme 6 has been interpreted 
mechanistically by considering the formation of a cis-fused bicyclic ring structure (20) 
controlling the addition of the Grignard 

Stereoselective syntheses have featured as key steps in the total syntheses of natural 
productsIs6 and the syntheses of chiral tertiary alcohols of various sugars (entry 8, 
Table 4)"'. Interestingly, the stereospecificity incorporating a side-chain in a I4/f-hydroxy 
steroid (entry 9, Table 4) is reversed using a lithium reagent'88, 

The generation oftwo new chiral centres is possible(e.g. equation 83)ls9 and has potential 
in synthesis. 

MgCl 

Allylic Grignard reagents usually exist as an equilibrium mixture in solution (e.g. 
equation 83) and two modes of addition are possible. Unhindered carbonyl compounds 
with a substituted allylic magnesium reagent give the product in which the allylic group is 
attached at the highly substituted position (equation 83), whereas with hindered ketones i t  is 
the least substituted position. In the presence of AICI,, however, even unhindered ketones 
give predominantly products in which the allylic group is attached at the least substituted 
position ' 90 .  

The stereoselectivity of a reaction can usually be improved at low temperatures, 
particularly if the environments ofendo and exo attack of the carbonyl group are similar. I t  is 
noteworthy that low temperatures tend to favour I ,  2-addition, the thermodynamically 
controlled route, reducing the likelihood of competing reaction(s). 

I f  a mixture of epimers is undesirable, their dehydration to the same olefin is often useful, 
having been used to good effect in the synthesis of steroids191. 

In addition to steric control of 1,2-addition, there is evidence that the nucleophilicity of 
the organometallic reagent plays some role. The reaction of 3-phenylbutan-I -one with 
arylmetal species gives the highest stereoselectivity for the reagent of greatest nucleophilic- 
ity according to the following i n e q ~ a l i t y l ~ ~ :  PhLi > Ph,Mg > PhMgBr > Ph,AI 
> PhMgBr-Cu'. 

e. Reactions of a, b-unsaturated carbonyl compounds 

The main types of reaction are 1,2-addition as in (iii) and I ,  4-addition (Table 3); some 
cases of I ,  3-addition have been noted but the amount of product is usually small 
compared with that from 1,2- and/or 1 ,4-addi t i0n '~~.  I ,  2-Addition may be reversible, so 
that if it i s  the kinetically favoured product, that of 1,4-addition may be thermodynami- 
cally favoured'. Factors that favour I,4-addition are steric compression at the reactive 
nucleophilic centre of the magnesium reagent or around the carbonyl group, solvents 
favouring an electron transfer mechanism (e.g. hmpt) and delocalized hydrocarbyl groups 
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of the organomagnesium reagent. A similar behaviour occurs for higher conjugated 
carbonyl compounds (e.g. 1,8-addition to tropone, yielding 2-substituted dihydrotro- 
pone)200, but these have received little attention2". 

Aldehydes usually undergo 1,2-addition in accordance with low steric hindrance at the 
carbonyl group. As for ketones, consider the reaction of alkyl styryl ketones, PhCH= 
CHCOR. For various Grignard reagents the amount of 1,4-addition product increased 
with a concomitant decrease in that derived from 1,2-addition for an increase in the size of 
the alkyl group202. It is noteworthy that dehydration, on acid work-up o t l ,  2-addition 
products, yields conjugated dienes (equation 84)203 or more complex reaction products 
(equation 85)204. 

I M g O  Me 

MeMgI . 4 - H+ 4 
\ 

C02Et C02Et C02Et  

Copper halides, either as catalysts or in stoichiometric amounts with organomagnesium 
reagents, alTord exclusively the 1,4-addition product for ketones and either 1,2- or 1,4- 
addition products for aldehydes. 

Like 1,2-additions to simple ketones, 1,4-additions also have the feature of yielding 
diastereoisomers. One chiral centre is generated on the addition step and another on 
hydrolysis of the magnesium enolate (Table 3). For chiral centres already present, the 
stereocontrol can be high (e.g. equation 86)205, whereas the approach of using a chiral 
complexing agent has met with limited success2o6. 

Virtually complete asymmetric induction for the 1,4-addition to optically pure 2- 
arylsulphinylcyclopent-2-enones has been reported. Interestingly, the other dias- 
tereoisomer possible is obtained by first complexing the sulphinyl compound with divalent 
zinc2''. 

Some unusual reactions ofa,b-unsaturated ketones are shown in Table 4 (No. 10, I ,  2- 
addition to vinylogous alkyl ethers then acid work-up208; No. 1 I ,  1,2-addition then 
i s o m e r i z a t i ~ n ~ ~ ~ ) .  Quinones and related species react by a radical pathway and often yield 
a complex mixture of I ,  4-addition products and compounds derived from electron 
transfer processes. Addition can occur at either or both carbonyl carbon centres and olefin 
centres and only by judicious choice of reaction conditions does one product predominate. 
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The reactions in Scheme 7 are representative of the reactions encountered"'. 

C. L. Raston and G. Salem 

MeMgBr . + 

t h f , - 7 8  "C 

0 0 OH 

'complex mixture ' 

0 

SCHEME 7 

Quinone monoketals react with magnesium reagents with a greater regiochemical 
outcome relative to quinones and they are less susceptible to electron transfer reduction 
processes. For the ketal in Scheme 8, MeMgBr gave the 1,2-addition product, (allyl)MgBr 
the ring alkylated product, and Bu'MgBr the reduced keta12" 

Me0 OMe 
8 4 % 

Br 

Br 

OMe 
(44%) 

C,H,MgBr + 

Br 

OMe OMe 
(I I %) 

SCHEME 8 
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Cyclobutenediones react with alkylmagnesium bromide to yield I ,  4-addition products 
(No. 12, Table 4)2'2, whereas squaric acid, O&(O)C(OR)c(OR), yields both 1,2- and 
I ,  4-addition products2 ' '. 

f .  Reactions with acyl halides 

These and related compounds such as chloroformates, chlorocarbamates, and phosgene 
react vigorously with Grignard reagents. At low temperature (ca. - 70°C) with thf as a 
solvent, with or without a catalyst214, or with a sterically hindered Grignard2", it is 
possible to obtain excellent yields of  ketones from acyl halides. Two equivalents of the 
alkylating agent usually afford alcohols in high yield. Barluenga rt prepared a series 
of y-substituted organoalkali metal compounds by treating the intermediate complex with 
an alkali metal (equation 87). 

M OMgBr 
M 

R 
(Li,No or K ) *  R 

CI 

(87) 

A competing reaction is the formation of radicals leading to a-diketones. Studies have 
shown that the main cause of radical formation is the electron transfer ability of RMgX. 
For R as an isopropyl group, electron transfer is favoured relative to it being a methyl 
group, consistent with isopropyl being more electron donating than methyl. Moreover, for 
X as iodide, electron transfer is favoured more than for a bromide (Scheme 9)217. 

L J 

SCHEME 9 

g. Reactions of carboxylic anhydrides 

Several reaction products are possible, although under critical conditions and with one 
equivalent of Grignard reagent ketones and carboxylic acids are accessible, the formation 
of which is a consequence of the good leaving group capability of -COY (Table 3). 
Preferential attack ofone carbonyl group for unsymmetrical anhydrides, RC(O)OC(O)R', 
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is electronically controlled (leaving group capability of RCO; us.  R'CO;, e.g. No. 14, 
Table 4)2' * and/or is regiosterically controlled. 

Two equivalents of Grignard reagent usually lead to lactone formation (Table 3). There 
has been much research into the reactions of di-Grignard reagents as a route to 
spirolactones (No. 13, Table 4)2'9. For unsymmetrical cyclic anhydrides the reactions 
(spiroannelation) are highly regioselective with nucleophilic addition at the least hindered 
carbonyl group. Canonne et a/.220 proposed a mechanism for this reaction which involves 
the formation of a stable intermediate carboxylate (Scheme 10). 

fl=4,5 

SCHEME 10 

h. Carboxylic esters, lactones, thiol esters, and thiol lactones 

As for acyl halides and anhydrides, under controlled conditions ketones are accessible. 
Forcing conditions can yield tertiary alcohols or, in the case of formates, secondary 
alcohols (Table 3). Scheme 1 1  highlights reactions that can occur with di-Grignard 
reagents221. Varying the value of 11 in BrMg(CH,),MgBr dramatically affects the product 
distribution. For n = 4 annelation is > 90% whereas for n = 5 annelation, intramolecular 
reduction, and some enolization, depending on R, occur221. In contrast, for anhydrides 
(discussed above) annelation is the major reaction. 

Reactions of a-silylated esters with Grignard reagents have recently been investigated. 
They yield olefins in which the double bond is introduced stereospecifically (No. 15, 
Table 4) and for highly polar solvents such as thf and hmpt some coupled Grignard 
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0 
R&,/Et + BrMg(CH2)n MgBr th f  

OMgBr 

(CH2)n-p CH=CH2 
intramolecular 

reduction 

H 

0 

SCHEME 1 1  

product. The latter is attributed to a single electron transfer process involving 
Me,SiCH,t(O)OEt which may be stabilized by the /?-silyl and R' groups222. 

Dicarboxylic esters react with two equivalents of Grignard reagent to afford a product 
derived from addition to one ester group, yielding on hydrolysis a hydroxycarboxylic 

This is related to the behaviour of carboxylic acid anhydrides. The Barbier or in 
situ method (Section II.A.4) is also applicable for the reaction of esters and related 
carbonyl compounds. The condensation of esters with Grignard reagents has featured as 
the key step in the syntheses of natural products (e.g. No. 18, Table 4)224. 

a, /?-Unsaturated esters, like a,/j'-unsaturated ketones, yield I ,  2-addition products 
which can further react to yield an alcohol on hydrolysis, and/or 1,4-addition products. I t  
is noteworthy that organolithium reagents tend to give I ,  2-addition products, whereas 
copper-catalysed Grignard reactions favour 1 ,  4-additionM. Didkyl carbonates with 
Grignard reagents, RMgX, usually yield a tertiary alcohol, R,COH. 

Lactones react in a similar manner to esters. The simplest lactone, propiolactone, has 
been the subject of numerous studies, it  being a useful synthon for the corresponding 
homologous acid with three more carbon atoms. Where the reactions are copper halide- 
catalysed, the primary process is C-0  bond rupture. These reactions are discussed in 
Section II.B.2. 

For uncatalysed reactions the initial step is nucleophilic addition to CO, which can 
result in three product types, depending on the reaction conditions and work-up 
procedure. At low temperature ketols (21 j are generated, whereas more vigorous 
conditions yield diols and on hydrolysis cyclic ether formation is possible. This is 
exemplified by the reactions in Scheme 12225.239. 
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SCHEME 12 

Other reactions of lactones, which include some novel types, are those listed in Table 4 
(17 and 18), and 1,4-additions for a, /3-unsaturated compounds. Copper halide-catalysed 
1,4-additions to lactones bearing an asymmetric centre within the lactone ring can be 
highly stereospecific2". In a study of the reaction of di-Grignard reagents of the type 
XMg(CH,),MgX with a,p-unsaturated lactones, the value of 11 affected the route and 
products obtained, viz. annelation with n = 4 and conjugate addition with n = 5 2 2 9 .  

Trihaloacetates, CX,CO,R (X = CI or Br; R = Me or Pri), undergo metal-halogen 
exchange, yielding magnesium enolates, rather than nucleophilic attack of the carbonyl 
group (equation 88),''. a-Metallation of esters, which is related to this, is often 
encountered. 

X OR 

(88) 
Pr'Ci 

thf,-78 "C* 
CX,CO,R 4- Pr 'MgCI 

X OMgCl 

Reactions of thiol esters and thiol lactones with Grignard reagents have been little 
studied, but they appear to behave in an analogous way to the corresponding oxygen 
compounds'. Compounds of the type CR(SR'),CO,R" undergo C-S bond cleavage (cf. 
equation 88), yielding magnesium enolates. 

i. Carboxylic amides and related compounds 

N, N-Disubstituted carboxylic amides give I ,  2-addition compounds, yielding ketones 
on hydrolysis, or they may undergo elimination yielding enamines, R,C=CHNR, 
(Table 2). Under more forcing conditions the intermediate addition product can further 
react to yield unsymmetrical alcohols in one pot (equation 89),". 
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For a, /?-unsaturated amides, 1,4-addition prevailsz32. Small-ring lactams show similar 
behaviour to lactones, yielding products derived from C-0 bond rupture. N- 
Alkylsuccinimides afford simple addition products. For the strained ring compound 22, 
however, ring cleavage occurs233. 

Me - 
NHMs NHMe NHMe 

0 

(22) (90) 

i. a-Keto esters 

Keto esters generally react with one equivalent of an organomagnesium reagent 
regioselectively at the keto group (Table 3). A notable exception is when the reaction is 
carried out in non-coordinating solvents’ 74. Presumably the greater complexing ability of 
the ester moiety will tend to direct the nucleophile to the closest carbonyl group, that of the 
ester. Whitesell el ~ 7 1 . ’ ’ ~  studied the addition of Grignard reagents to a-keto esters for the 
case where the ester group is chiral, and found practical levels of asymmetric induction for 
1,2-addition (> 90%). 

k. Carboxylate salts 

Addition products of carboxylate salts (Table 3) on hydrolysis yield geminal diols, 
which spontaneously dehydrate to ketones. Carboxylate salts, prepared by the carboxyl- 
ation of Grignard reagents, can further react to form the ketone in this way. Carboxylic 
acids require two equivalents of the alkylating agent, one initially to form a magnesium 
carboxylato complex. Sato et al.235 reinvestigated the reaction of formic acid with 
Grignard reagents and found that the use of thf rather than Et,O as the solvent is a 
convenient method for preparing a variety of aldehydes such as alkyl, aryl, allyl, benzyl, 
and vinyl aldehydes. Vinyl Grignard reagents gave retention ofconfiguration at the double 
bond. 

1. Miscellaneous reactions 

Unusual reactions of Grignard reagents, where the primary process is addition to a 
carbonyl group, are listed in Table 4 (Nos. 22-24). For No. 22””, with a sterically 
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hindered N-substituent on the substrate, the exclusive product is that derived from 1,2- 
addition to the CN multiple bond (Section III.A.3). The reaction associated with No. 23 is 
related to the annelation of anhydrides and lac tone^,^^. N-Nitroso-N-benzylformamide 
reacts with two equivalents of PhMgBr, yielding benzhydrol and desoxybenzoin, but from 
mechanistic considerations the reaction is poorly understood242. CL, /I-Unsaturated alkyl 
cyanoacetates undergo 1, 4-additionZ4'. 

In systematically considering a multitude of addition reactions of the various classes of 
carbonyl compounds, it appears that the following inequalities govern the reactivity of the 
functional groups: -NCO > -C(O)X > HC(0)R > RC(0)R' > RC(O)OC(O)R > - 
C(O)ONR, >-C(O)OR. Although this is a general order of reactivity, it should be 
realized that factors such as changes in solvent, temperature (kinetic control us. 
thermodynamic control), and leaving group capabilities may affect it. 

2. Carbon-sulphur multiple bonds 

The most common reactions are cited in Table 3. There are two modes of addition of 
organomagnesium reagents to thiocarbonyl compounds, the hydrocarbonyl group of the 
reagent becoming attached to either the carbon or the sulphur, referred to as carbophilic 
and thiophilic addition, respectively. For carbonyl compounds the addition is always 
carbophilic, a consequence of the hard nature of magnesium dictating complexation of the 
oxygen throughout the course of the reaction. .-. 

a. Reaction with carbon disulphide. 

Grignard reagents treated with CS, yield dithiocarboxylates, which are usually reacted 
in situ and have been used to prepare a wide variety of compounds244 including dithio 
esters (equation 91)245, trithio peresters (equation 92)246, and ketene dithioacetals 
(equation 93)247. 

(91) 
RR'C=CHCOR~ B S  

PhCSMgBr - PhC -S-C-CH2COR2 
I 
R 

; 
b RC-S-S-Me 

MeSS02Me 
RCS2MgBr 

R' SR2 

b. Reactions with monothio substrates 

lsothiocyanates yield an addition product which is of utility in synthesis (ref. 8, p. 42) 
(e.g. equation 94)248. On hydrolysis thioamides are generated. Thiocyanates are prone to 
thiophilic attack, leading to S-C bond rupture (equation 95)249. 

(94) 
- PhjF'S - PhCH,CN 

PhCHzMgBr 
Ph,PN=C=S - PhCH2C(=S)N=PPh3 

I NCS- 

. c -  t 
PhCH2C(S)=NPPh, J 

(95) 
CdF9MgBr 

PhCHCICH,SCN - PhCHClCH,SC4F, 
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Sulphines (R,C=S=O) undergo both thiophilic and carbophilic attack and appear to 
be of limited use in synthesis. 

The favoured products for thioketones are those derived from thiophilic and/or 
carbophilic 1,2-addition (Table 3). Possible side reactions are those found in the reaction 
of ketones. The magnesium complexes formed by both types of 1,2-addition to the 
thioketone are useful intermediates for a variety of compounds, e.g. alkylation of the 
carbophilic complex yields thioethers. 

There have been few studies on the reactions of thioamides. a-Metallation, N-alkyl 
metallation, and 1,2-addition (e.g. Scheme 1 3)250 have been noted. 

r 

SCHEME 13 

c. Dithio substrates 

J 

Dithio esters are prone to both carbophilic and thiophilic 1,Zaddition and, like the 
aforementioned substrates, it is the reaction of the magnesium complex with electrophiles, 
other than H', that has great synthetic utility. Alkylation of the carbophilic product, for 
example, yields a dithioacetal. Some recent and novel reactions of dithio esters are 
illustrated in equation 96 (thiophilic addition and e l i rn ina t i~n)~~ '  and equation 97252. It is 
noteworthy that by changing the conditions of the reaction, selective generation of the 
carbophilic or thiophilic product for the same substrate is possible253. 

Me 
I 4 s  

RSOZC-C 
Me I 'SCH2C02Et 

S 

PhMgBr 
-RSO$vlgBr 

RMgX 
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The reaction of 23 (equation 98) is a novel carbophilic addition to a carbon-sulphur 
aromatic bond. In general, cationic aromatic species are very reactive towards organo- 
magnesium reagents254. 

3. Carbon-carbon multiple bonds 

Some discussion of the addition of organomagnesium reagents to carbon-carbon 
multiple bonds is given in Section II.A.1. 1,4-Additions to u, ,%unsaturated functional 
groups, discussed above, are essentially additions to activated carbon-carbon double 
bonds. 

Usually more forcing conditions than for additions to carbon-oxygen (and carbon- 
nitrogen) bonds are required, unless the reaction is transition metal catalysed (Section IV), 
the organic substrate is an aromatic cation, for example the propylium ion255, or the 
multiple bond is activated. Factors affecting the reactivity of carbon-carbon multiple 
bonds and the stereochemistry of their reactions are discussed in Section I 1  and in refs. 7,s 
and 81. An important new reaction which appears to have enormous application in 
synthesis is the intra-molecular 'magnesium-ene' reaction (Section II.A.3). 

Anchimeric assistance by functional groups within the substrate can effectively 'activate' 
multiple bonds. This may be so for the metallated phenolic hydroxy group in 24256 and 
also for metallated amines in close proximity to the multiple bond257. 

Fluorinated olefins readily give an addition product, but the reaction is followed by 
elimination (e.g. 25)258.  

CF3 OEt  

RMgX . '# / / OEt 

-FMgX 

/OEt 

F R  OEt 
\ 

F3C 

Addition to aromatic rings is possible with highly electron-withdrawing substituents 
present. Bartoli and coworkers259 investigated the reactions of nitroarenes. The reactions 
(e.g. equation 101) proceed via a single electron transfer pathway yielding a nitronate 
complex (26) which is always reacted in situ. 
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&.Me @OMe 

00 RMgBr 00 
H R  

(26) (101) 

Organo-magnesium (and -calcium and -barium) reagents can initiate the polymeriz- 
ation of olefins, despite the presence of a functional group which can react with such 
reagents (ref. 8. p. 8). A recent development is the enantiomeric selective polymerization of 
racemic methacrylates (equation 102). The (S)-monomer polymerizes in preference to the 

/!"°Fzh (-1RMgX /Me 

( 1  02) 
0 

Me 0 
racemic ( S )  

(R)-monomer, induced by a chiral bidentate ligand, (-)-sparteine (27) or its derivatives, 
complexed to the magnesium of a primary or secondary Grignard reagent260. 

n 

4. Carbon-nitrogen multiple bonds 

a. lmines and related compounds 

Imines yield magnesium amide complexes with Grignard reagents, which are usually 
converted to amines by hydrolysis. Iminium salts, however, undergo salt elimination to 
yield an amine (tertiary) directly (Table 3). Simple imines react slowly whereas for 
conjugated imines the reactivity is enhanced. Silylamines are a useful synthon for primary 
amines since on hydrolysis Si-N bond cleavage prevails (equation 103)261. Imines of the 

(103) I.iN(SiMe,)> ( I I R M g X  

( 2 )  HzO 
R'CHO - RICH=NSiMe, - RR'CHNH, 

type R1R2C=NX (X = O H ,  NHR, NR,, NR;, NHCONHR, SAr, and N=CR3R4) 
yield I ,  2-addition products, derived from nucleophilic attack on the imine carbon atom'. 
The reaction of these and of simple imines are of interest in that for unsymmetrical 
compounds a new asymmetric centre is created on 1,2-addition, and there have been 
numerous studies aimed at devising experiments to achieve asymmetric induction262. a, /I- 
Unsaturated imines usually afford the thermodynamically controlled product by 1,4- 
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addition, and this is also of interest in asymmetric synthesis (equation 104)263. 

C. L. Raston and G. Salem 

(104) 

Imidoyl halides undergo salt elimination reactions264, as for acyl chlorides, and 
subsequent addition is possible (e.g. equation 105)265. a-Dichloroiminium salts undergo 

CI  
I 2 CH2=CHMg0r 

RC= NR' b 

1,2-addition, or reduction if the Grignard hydrocarbyl group is hindered, and if one chloro 
is replaced by a bromo group a P-haloenamine is produced266. Oximes afford I ,  2-addition 
products or cyclic compounds, formed by a deprotonation step (equation 106)267. 

( 1  06) 

Imines with an a-carbonyl group undergo 1,2-addition at the imine moiety or, under 
more forcing conditions, 1,2-addition to both double bonds. lmines with an a-carboxylic 
ester give the imine addition product under mild conditions. Yields of primary amines of 
greater than 90% from phosphinyl formimidate compounds (28) are possible 
(equation 107)268. 

Ph,P(O)N=CHOEt (- [PhzP(0)N=CHR] (2)~' H3ACHR2 
( I )  RMgBr (1)  RMgBr 

(107) 
(28) 

b. Nitrones 

These and aromatic nitrones, e.g. pyridine N-oxide, usually undergo 1,3-addition, 
yielding hydroxylamines on hydrolysis (Table 3). Side reactions are elimination of 
Mg(0H)X (equation 108)269 and HMgXZ7' if an a-hydrogen is present, or MgOMeX and 
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MgCNX for a-OMe and a-CN substituents, respectivelyz70, yielding nitroxides. 6-CN 
groups are also susceptible to eliminationz7’. The 1,3-addition complexes are readily 
oxidized to nitrones if another hydrogen is present, otherwise to a nitroxide radicalZ7O. 

+ 
Pyridazine N-oxide yields substituted olefins, presumably arising from addition 

followed by C-N bond cleavagez7z. 

c. Nitrogen heterocyclic aromatic compounds 

Six-membered nitrogen aromatic compounds yield I ,  2-addition products and to a 
lesser extent I ,  4-addition products and metallation. Unlike aromatic compounds, the 
conditions for addition are mild, especially for their quaternized derivatives, which also 
favour addition as the primary process’. Only for hindered substrates is a catalyst 
r e q ~ i r e d ” ~ .  Barbier reaction conditions are also applicable for quaternary salts in 
forming I ,  2-addition 

Acridines and acridinium halides yield 9-substituted acridans (pseudo I ,  4-additions) on 
hydrolysis of the intermediate complexz75. Addition to pyridines and pyridinium salts can 
be highly regioselective. N-tert-Butyldimethylsilylpyridinium triflate undergoes 1,4- 
addition exclusively276, whereas from N-methoxycarbonylpyridinium chloride the major 
product is that derived from 1,2-additi0n’~~. 1,CAddition in general prevails in the 
presence of copper(1) iodide catalyst278, as is the case for a, Ij-unsaturated ketones. Steric 
hindrance at the 2,6-positions of pyridinium salts seems to favour 1,4-additionZ7’. 

Alkylations of simple nitrogen heterocycles with organomagnesium and lithium 
reagents are tabulated in ref. 8, p. 17. 

d. Nitriles 

A variety of reaction pathways are possible, some of which are undesirable. 1,2- 
Addition yields N-metallamines (Table 3), and on hydrolysis imines, then ketones. 
Activated nitriles such as methoxyacetonitrife permit a double addition of organometallic 
reagents, yielding primary amines on hydrolysis; organolithium reagents affect the second 

R1 R‘ R 
I I  I ( 1 )  L iR2 ( E  t0),C-C-R2 (Et0)2C(R’)C E N  RMgX (EtO),CC-R 

II (2)H+ I 
N NH2 
‘MqX 

(109) 
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addition (equation I 09)'''. Side reactions are significantly reduced using benzene plus one 
equivalent of Et,O as the solvent rather than Et,O alone. 

The intermediate complex derived from 1,2-addition reacts with various electrophiles; 
some examples are illustrated in ref. 8, p. 20. It can further react with organomagnesium 
reagents by a-metallation to yield a new organomagnesium reagent, which can add to the 
unreacted nitrile2''. 

Other reactions of nitriles are the displacement of the cyano group, as for u-cyano- 
substituted nitrones, metal cyanide exchange,',, and some very complex reactions 
yielding novel molecules. Whether the reagent adds to a nitrile group, favours elimination 
of Mg(CN)R, ring addition to an aromatic C-N bond, or some other reaction for cyano- 
substituted nitrogen heterocyclic compounds is difficult to predict. 

Cyanogen gives a variety of products, including R,C(CN)NH, from two successive 
additions, followed by h y d r ~ l y s i s ~ ' ~ .  Nitrile oxides afford I ,  3-addition products, 
ketoximes, in useful yields2B4. 

e. Miscellaneous addition reactions 

General reactions are given in Table 3 for 1,2-addition to i s ~ c y a n i d e s ~ ' ~ ,  isocya- 
nates286, isothi~cyanates~'', and cyanates2". However, such reactions have received little 
attention. 

5. Other C-X multiple bonds 

sensitive to the nature of the solvent (equation 1 
Pyrilium species undergo addition with Grignard reagents, the mode of addition being 

OEi 
I 

1,2-addition 4C6H6 PhMgBr 0 @ PhMgBr 

Ph OEt 

Addition to phosphabenzenes occurs with the alkyl of the Grignard reagent becoming 
attached to the phosphorus and magnesium to the carbon290 (cf. thiophilic additions to 
C=S double bonds). 

6. Other multiple bonds 

The addition of Grignard reagents to multiple bonds between two non-carbon centres 
has had limited success in synthesis. Recent developments, however, suggest that such 
reactions have some potential. 

a. Nitrogen-nitrogen multiple bonds 

Many of the reactions ofcompounds with nitrogen-nitrogen double bonds are subject 
to several side reactions. This is not so for diphenylphosphorazide (29), a compound which 
is an excellent synthon for RN, species (equation 11  
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Trialkyltriazines have been prepared in high yield (> 80%) from alkyl azides, shown in 
Scheme 14. Reactions of the tautomeric mixture 30 gives the isomers resulting from attack 
at either N-l or N-3292. 

/Me 

'R 

R'-N-N=NR 

RIN = NNHR R ~ N = N - N  
(I)RMgX 

R I N ~  

(2)Hzo . 11 1 ;YE', + 
I 

Me 
R ~ N H N  = NR 

(30) 

SCHEME 14 

In a systematic study of the reaction of RXCH,N, archetypes, X = 0 or S? with 
Grignard reagents i t  has been established that the activity effect for the reaction for X = S 
is greater than for X = O .  The nature of the addition complexes ( X = S )  at two 
temperatures was probed by quenching the reaction mixtures with acetic anhydride (and 
acyl chlorate) (Scheme 15). Hydrolysis of the acetic anhydride-quenched reaction mixture 
was found to be a convenient route to the amination of aliphatic Grignard  reagent^"^. 

RMgBr + PhSCH2N3 -"OC b RN\\ /mer 
N-N-SPh 

I 

A c 2 0 , 0 0 C  

f lAcZo)- 

+ 
RN\ /Ac 

N-N 

4 
RNHAc 

L S P h  

R= cyclohexyl 

SCHEME 15 

Other reactions of compounds with nitrogen-nitrogen double bond linkages are as 
follows: azo compounds (R'N=NR2) yield hydrazines (RR'NNHR') after reaction 
work-up; diazoalkanes (R'R'CN,) yield hydrazones (R'RZC=NNHR), which is un- 
expected, as addition to carbon-nitrogen double bonds is usually carbophilic owing to 
the preference of magnesium for hard ligandsZy4; and aryldiazonium salts (ArN,+X-) 
yield azo compounds (ArN=NR)295. 

b. Nitrogen-oxygen multiple bonds 

There are only ;I few examples of the addition of organomagnesium reagents across a 
nitrogen-oxygen linkage of bond order greater than one. The criteria for addition is not 
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fully understood, with the exception that the presence of electron-donating groups on the 
organic substrate is advantageous. Nevertheless, such reactions are likely to have a place in 
synthesis. 

In one study, a-chloronitroso compounds yielded the addition/elimination product, 
labile ketonitrones, in modest yield296 (equation 112). Note that ketonitrones can further 
react via a 1,3-addition (Section III.A.4). For the hindered r-chloronitroso compound 31, 

R ’  0 

however, the ketonitrone yield is low and the major product is an oxime, thought to arise 
by an electron transfer pathway (Scheme 16)297. 

___) R R  
, (trace) 

(--y N / O R  

-MgXCI, 

61 - 90 V o  

SCHEME 16 

Solutions of the di-tert-butyliminoxy radical with Grignard reagents yield the 
corresponding oxime and oxime ether298. This is consistent with the mechanism proposed 
for the reaction of 31 (Scheme 16). 

The preparation of nitroso compounds by treating nitrosyl chloride with organomag- 
nesium reagents has some potential, but it has been little studied. Catalysed reactions of 
alkylnitrates, R ’ N 0 2 ,  yield addition/elimination products, hydroxylamines, R ‘RNOH or 
R’NHOH (> 90”/,), on reaction ~ o r k - u p ’ ~ ~ .  

c. Reactions with oxygen 

Under controlled conditions oxygen yields either alkoxide or hydroperoxide complexes 
(equation 113). The latter is favoured by a high concentration of oxygen and a low 
temperature. Organolithium compounds react similarly. However, the yields are low but 
they can be improved by converting the reagent in situ to an organomagnesium 
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compound by the addition of MgX, (Section 11.B.3)8. 

RMgX 3 ROOMgX or ROMgX 

d. Sulphur (and selenium)-oxygen multiple bonds 

Classifying reactions of substrates with sulphur-oxygen multiple bonds is often 
arbitrary, since invariably there is bond cleavage which may be concomitant with the 
thiophilic addition. The example of a reaction of a thiazine (32) illustrates this nicely300. 

(32) (1  14) 

Reactions of sulphur dioxide, however, are readily classified as addition reactions. 
Sulphinate salts, RSO,MgX, are generated, being useful reagents for preparing a variety of 
sulphonyl derivatives; for example, R'X yield sulphinate esters, RSO(0R'). The best yields 
of the sulphinate salts are obtained by adding the organometallic reagent to excess SO, 
(cf. carboxylate salts from CO,, Section 1V.A. 1)'. Interestingly, SeO, affords dialkyl 
selenides in modest yields30'. Selenium oxychloride undergoes metathetical exchange and 
1,2-addition with PhMgX (equation 1 1  5)302. 

SeOCI, + PhMgX + Ph,SeOMgX (115) 
Addition across the N=S or O=S multiple bond is evident for compound 333u3. 

B. Displacement of Substituents 

In Section III.A, attention was focused on addition reactions of multiple bonds, together 
with possible competing reactions. This section is concerned with reactions where the 
primary process is C-X bond rupture, i.e. nucleophilic displacement of a substituent a t  a 
carbon centre. Some aspects will be related to those in the previous section as  some 
additions are followed by elimination, or elimination as the initial step may be a side 
reaction. General reactions are given in Table 5. 

7. Carbon-halogen cleavage 

The displacement of a halide by an organomagnesium reagent (coupling reactions) has a 
pivotal role in synthesis but unfortunately side reactions are possible. These include (a) 
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deprotonation of the organic halide followed by elimination of MgX,, yielding an alkene 
or carbene; (b) metal-halogen exchange (see Section II.B.4), resulting in a mixture of 
coupled products; and (c) unexpected products formed by an electron transfer reaction 
pathway. It is noteworthy that in general strong coordinating solvents such as hmpt 
favour coupling. 

Alkyl and benzyl halides, particularly the bromides, give high yields of coupled products 
with various alkyl, perfluoroalkyl, phenyl, and perfluorophenyl Grignard reagents. 
Rearranged products are possible with allylic halides, a consequence of attack at  the 3- 
position of the ally1 groupJo4. Displacement is promoted by electron-donating substitu- 
ents in close proximity to the halogen group. Some examples are given in equations 1 1 7'05, 

I and I 19307. 

a:: Pr"MgBr 

40 '/o 

( I  ) E  tMgBr 

(2) H+ 
F*C= CHC02Li b EtCF=CHCOZH 

Alkyl and aryl halides usually require forcing conditions, viz. temperatures in excess of 
ISO'C, without the use of a solvent'. Magnesium complexes of aromatic anions and 
conjugated polyene anions readily react with organic halides. 2-Methylbut-2- 
enedienylmagnesium (34) reacts with high regioselectivity (equation 120). Its transition 
metal-catalysed reactions are also regioselective, although some yield different isomersJ0*. 

(34) 

other isomers 

A 

Aspects of the stereochemistry of alkylation of organic halides are presented in ref. 8, 
p. 46. They include asymmetric synthesis by incorporating one or more chiral centres 
within the organic halide or the organomagnesium reagent. 

Any difliculties associated with alkylation of organic halides can be overcome by 
converting the magnesium reagent into that of a transition metal, notably copper, or by 
using a transition metal catalyst. These strategies are discussed in detail in Section IV. 
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2. Carbon-oxygen cleavage 

The displacement of an alkoxide group is favoured under special circumstances such as 
ring strain in the substrate, low electron density at the carbon bearing the alkoxide group, 
and/or forcing conditions. Simple ethers, for example thf, require high temperatures, 
usually in excess of 100°C. Most of the useful reactions described below require similar 
treatment. I t  is noteworthy that solid Grignard reagents, free of ether, are more reactive 
towards cleaving ethers than 'solvated' Grignard reagents3". 

C. L. Raston and G. Salem 

a. Reactions of aryl (and ally/) ethers 

(equation 122)31 displacement. 
Aryl alkyl ethers are cleaved with either aryl oxide (equation 121)3'0 or alkyl oxide 

OMgI  

Ph "x$XoMe Ph MeMgI  150 "C . Ph ''XG) Ph (121) 

Selective methoxide displacement has featured as key steps in the synthesis of some 

Aluminium trialkyls in some cases are more useful than Grignard reagents, whereas 

An interesting combination of organo-aluminium and -magnesium reagents is shown in 

complex r n o I e c ~ I e s ~ ' ~ .  

organolithium species promote ortho-metallation. 

equation 1233L3. 

qo 
Ph 

I 
Ph 

I 
Ph 

( 1  23) 

b. Reactions of acetals and orthoesters 

These reactions are facile and there is the prospect of displacing one or two ROMgX 
units (Table 5), particularly when R is an aryl group314. Hemiacetals react with excess of 
Grignard reagent according to equation 1243' '. 

Monothioacetals favour displacement of a magnesium alkyl or aryl oxide complex, 
(OR)MgX, rather than (SR)MgX8, presumably as a consequence of the preference of 
magnesium for hard ligands. 
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The reaction of paraformaldehyde, (CH,O),, with Grignard reagents is a powerful 
method for a one-carbon horn~logat ion~’~ .  

c. Reactions of gem-amino ethers 

Compounds of the type R’CH(0R’)NR; (35) and CH(OR’),NR: (36) displace alkoxy 
rather than amino groups. They are excellent synthons for preparing tertiary amines 
(equation 125)’”. 

Thio analogues of 35 and 36 afford products derived from C-S cleavage”’. 

d. Reactions of oxiranes and related compounds 

These have previously been dealt with in  depth’ and only reaction types (Table 5 )  and 
recent developments are presented here. Oxiranes are useful for a two-carbon homolog- 
ation, although some of their reactions give undesirable side reactions, in particular the 
addition of MgX,. Ring opening of unsymmetrical oxiranes is by attack at the most 
electron-deficient carbon centre of the oxirane or is controlled by steric constraints. 
Nevertheless, it  is highly regioselective with formation of a truns stereo~hemistry’’~. A n  
oxirane moiety is invariably more reactive than a carbonyl group within the same 
molecule. 

Copper halide-catalysed reactions of oxiranes are less susceptible to side reactions. The 
same applies to reactions involving magnesium cuprates as the alkylating agent”’. 
Oxiranes, effective three-carbon homologation species, are usually reacted in the presence 
of a catalyst, C U I ~ ~ ’ .  The reactions of larger cyclic ethers have limited application, usually 
requiring severe reaction conditions. An exception is the generation of open-chain 
compounds from various nucleocides with MeMgI’”. 

The major products from oxiranes are alcohols formed by nucleophilic ring opening. 
Alcohols can also arise by attack of an intermediate carbonyl compound, formed by a 
stereospecific hydride shift (equation 126)’,’. 
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Allylic Grignards can add at the 3-position of the ally1 group. The reaction in equation 
127 is such a case and, interestingly, if the same reaction is catalysed by CuI the ‘normal’ 
ring-cleaved product results324. 

(127) 

i”” 

Sulphonyl oxiranes of the type 37 yield several species with MeMgl (Scheme 17). The cis 
stereochemistry in the cyclized product 38 is thought to arise by chelation of the 
magnesium ion at some intermediate stage in the reaction. Lithium reagents react with 37 
to yield cyclopropylmethanol derivatives324. 

I 

J 

OH 

X = Br,I 

J 

SCHEME 17 

e. Reactions of sulphates and sulphonates 

General reactions for which the primary process is carbon-oxygen rupture in a 
sulphate, sulphonate, and sulphinate are shown in Table 5. Metallation (Scheme 17), the 
formation of alkyl halides and sulphur-oxygen cleavage are possible competing 
reactions. Examples of the latter are the reaction of triflic anhydride, affording 
trifluoromethyl sulphone in modest yield (equation 128)325 and a new synthesis of 2- 
hydroxyalkylsulphones (equation 1 29)326. Sulphones are readily accessible from the 
treatment of aryl tosylates with Grignard reagents. 
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f .  Reactions of tr ialkyl phosphates 

These reactions have been investigated in detail3*'. Recent work includes high regio- 
and stereo-specific 'coupling' reactions between allyl phosphates and Grignard rea- 
g e n t ~ ~ ~ ' .  Vinylic phosphate coupling reactions are either transition m e t a l - ~ a t a l y s e d ~ ~ ~  or 
the Grignard reagent is converted into an organocuprate prior to the reaction330. 

g. Miscellaneous reactions 

Strained lactones and substituted propiolactones are susceptible to carbon-oxygen 
bond cleavage, but they usually require a transition metal catalyst or a magnesium cuprate 
as the alkylating agent. 

Substitution of acetate from a propargyl acetate has been noted33'. Reactions of 
cyanates, although little studied, appear to have potential for the synthesis of nitriles 
(equation 130j'32. 

(1 30) 
R M g X  

R 'OCN - R C N f  R'OMgX 

Alkoxy groups are readily displaced from allyl (and propargylj ethers with attack most 
likely in the 3-position of the allyl group (cf. reactions of allyl halides)*. 

The utility of Grignard reagents in carbohydrate synthesis has recently been established. 
The reactions involve a carbon-oxygen bond cleavage step. Those in Scheme 18 proceed 
via elimination of Otos and 1,2-hydride shifts on the furanocide rings with some ring 
breakage in the case of 39333. 

M e M g I ( 3 . 4  equiv.) B z o w o M e  + " ' 0 l q J M e  

OH Me 
t o s 0  OH 6 "/o BzovoMe Et20 81 % 

M e M g I ( 5  equiv.) B z o w o M '  + B z o + j b ' e  

Me 01-1 BzoY?oMe HO (39) Otos Et20 57 o/o 19 o/o 
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Anomerization is also possible, e.g. equation 131, for which the proposed mechanism is 
ring opening-reclosure by the coordination of the sugar oxygens to the magnesium of the 
Grignard reagent322.334.33'. I t  is an equilibrium reaction and with careful reaction control 
the process can be reversed. References 334 and 335 cite other reactions of carbohydrates. 

3. Carbon-carbon cleavage 

The most common type of carbon-carbon cleavage reaction is that involving the 
elimination of CN-. The organic substrates are usually a-functionalized nitrites, for 
example @-amino nitrites 40336 and 41337. 

Another form of carbon-carbon bond breakage is found in strained ring systems, e.g. 
4233n. 

R3 

M e M g I  R2*4 

R3 
R' 

R' R3 

Me 
0 0 

(42) R4= M e ,  or halogen 

4. Carbon --sulphur (selenium and tellurium) cleavage 

a. Thioethers 

Thioethers are susceptible to cleavage, more so than ordinary ethers but excluding 
strained ones such as oxiranes. Their reactions are usually nickel catalysed (equation 135) 
or the alkylating agent is a magnesium Sulphur-alkenyl rupture takes 

MeMgI, 
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precedence over sulphur-aryl rupture (equation 135). Reactions of alkenyl aryl tellu- 
rates (metal catalysed) however, give both product types under the conditions studied34'. 

In addition to displacement of -SR (or -SeR), thiophilic attack can occur, yielding a 
new organometallic reagent (Table 5) and a compound with a new carbon-heteroatom 
bond'. 

b. Sulphoxides 

Nucleophilic attack at the sulphur atom, bringing about a replacement reaction 
(Table 5), e.g. the stereospecific reaction in equation 1 36342, and/or reduction coupled 
with alkylation (equation 1 37)343 are possible. 

EtMgCl phXsMe H MgCl 

RMgX 
MeSOMe - MeSCH2R (137) 

c. Sulphones 

Vinylic and aryl sulphones react under mild conditions, catalysed by transition metal 
complexes, affording good yields of substitution products derived from 0-C rupture (e.g. 
R = trisubstituted olefin, R2 = Bu', R = Me or Ph for the general reaction in Table 5)344. 
Uncatalysed cleavage of S-0 bonds is also possible, the product being a s ~ l p h o x i d e ~ ~ ' .  

Alkyl thiocyanates yield thioethers via thiophilic addition across the S-C 
bond/elimination of CN- ,  as MgXCN (equation 138345; see also Section III.A.3). 

Bu"SCN + PhMgBr PhSBu" (1  38) 

5. Other displacement reactions 

a. Oxygen-oxygen cleavage 

The reaction of oxygen with Grignard reagents, yielding either addition products 
(hydroperoxides) and/or elimination products (alkoxides), is discussed in Section III.A.5. 
The cleavage of organic peroxides and related species (diacyl peroxides and peroxy esters) 
is well known (equation 139) and nothing further of significance has appeared since the last 
review on organomagnesium reactions8. 

R'OOR2 + RMgX + R ' O R  + XMgOR' (139) 

b. Nitrogen-other heteroatom cleavage 

Sulphur nitride, N,S,, affords disulphides, RS2R, in almost quantitative yield346. 
Chloroamines with R,Mg and RMgCl yield amines, whereas alkylmagnesium halides 
other than the chloride give predominantly the corresponding haloamine8. 

c. Phosphorus- other heteroa tom cleavage 

Various oxophosphorus compounds readily undergo P-0  bond cleavage with either 
retention (equation 140)347 or inversion (equation 141)348 of configuration at the 



232 C. L. Raston and G. Salem 

phosphorus centre. Interestingly, compound 43 yields some P-N cleaved product with 
inversion of configuration. Also compound 43, X = S, but with opposite chirality at the 
carbon centre adjacent to X, gives exclusively the P-S cleaved product, with retention of 
c o n f i g ~ r a t i o n ~ ~ ~ .  Compound 43, X = 0, on treatment with Bu'MgBr, rearranges to the 
product with X and S interchanged and with change in configuration350. 

Ph 
'\ IMe (1)PhMgBr . 

[dpNS (2)H' Me 
Me 

The first convenient preparation ofa  chiral trialkylphosphine in reasonable yield, which 
involves sequential P-S and P-0 bond cleavage by Grignard reagents, has recently 
been reported (Scheme 19)3s1. 

0 0 
II II PhCHZMgCI . ; P 4  Ph 

\ Pr;~t>ot'" '-'--SMe Pr 0 

I Me 
\ 
Me 

0 0 

I Me h e  

>98% O . P .  
Pr"MgBr 99% 0.p f 

Me 

55 010 0.p 

(0 p = opticol purity) 

SCHEME 19 

There are numerous reactions of substitution of halides by Grignard reagents for 
phosphorus(II1) and -(V) in the literature. Aspects of this are discussed in detail in ref. 8. 

d. Sulphur (and selenium and tellurium)-heteroatom cleavage 

Elemental sulphur, selenium, and tellurium yield metal thiolates, selenolates and 
tellurolates, respectively, in good yield. These are h y d r o l y ~ e d ~ ~ '  to thiols, etc., or are 
reacted with other e l e c t r ~ p h i l e s ~ , ~ ~ ~  or oxidized to disulphides, etc. (equation 142)354. 



2. Use of Grignard and Group I I  organometallics in  organic synthesis 233 

(BrMg Ar) 

Disulphides and diselenides are cleaved by Grignard reagents, yielding thioethers 
(equation 143) and selenoethers. These reactions and those of halides, oxyhalides, and 
related species of the elements sulphur, selenium, and tellurium which give halide 
substitution products are discussed in ref. 8. 

R1SSR2 + RMgX --+ R’SR + XMgSR’ (143) 

Alkyl sulphinamides, R’SONR:, undergo S-N cleavage with Grignard reagents, 
affording sulphoxides, R’SOR355. 

e. Halogen-heteroatom cleavage 

The reactions of metalloid and metal halides, yielding substitution of the halogen of the 
hydrocarbyl group of the organomagnesium reagent, are not discussed here. They are 
extensively covered in the appropriate chapters of Comprehensive Organomvtallic 
Chemistry. 

Elemental halogens, CI,, Br,, and I,, react vigorously with organomagnesium reagents, 
yielding the corresponding organic halide. Several other reagents also convert organo- 
magnesium reagents to organic halides, RX, X = F, CI, Br, or I. These include ArS0,X 
(for chlorides and bromides), perchlorofluoride, dinitrogen difluoride (explosive 
reactions), amine halides, and triflic anhydrides*. 

f .  Metal or metalloid-heteroatom cleavage 

Reactions of metal and metalloid alkyl, aryl oxides, thiolates, etc., with organomag- 
nesium reagents, resulting in the substitution of OR, SR, etc., for the hydrocarbyl of the 
reagent are also described in Comprehensive Organometallic Chemistry. 

IV. REACTIONS OF GRIGNARD REAGENTS IN THE PRESENCE OF A 
TRANSITION METAL COMPOUND 

This section is concerned with the reactivity of Grignard reagents towards various organic 
substrates in the presence ofa  transition metal compound. Both the use of transition metal 
complexes as stoichiometric reagents or as catalysts is described in detail. 

A. Stoichiometric Reactions 

It has long been known that many metal halides interact with a stoichiometric amount 
of an aryl Grignard reagent to form a symmetrical biaryl in high yield’. In the past decade 
research interests have focused on the interaction between organocopper(1) compounds 
and Grignard reagents and their uses in organic synthesis. With the advent ofthe Normant 
reagents a number of synthetically viable reactions have been realized. Not surprisingly, 
the use of copper(1) salts as stoichiometric reagents far outweighs studies involving other 
metal compounds. This topic has been the subject of two r e v i e ~ s ~ ~ ~ . ~ ~ ’ .  

The Normant reagents are typically represented as RCu.MgX, (or RCuX.MgX 
according to the solvent), R’CuMgX, or RR’CuMgX and are prepared by reacting 
anhydrous copper(1) halides with the chosen Grignard reagent (equations 144- 1 46)358. 
Both the purity and solubility of these organocuprates can be increased by using 
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M ~ , S . C U X ~ ~ ~ ,  or indeed by using dimethyl sulphide as a c o - s ~ l v e n t ~ ~ ~ .  A similar effect is 
noted using other neutral ligands, such as P(OR),, in a 2: 1 or 1: 1 ratio to RCu. Enhanced 
reactivity can also be effected by the stoichiometric addition of LiX or MgX,358. It is 
noteworthy that the exact nature of the Normant reagents is not known and indeed may be 
incorrectly formulated. In a recent study into the composition of these reagents, only the 
presence of various magnesium rnethylcuprates, Cu,Mg,Me2m+n (where ni = I ,  ! I =  1-4 or 6 
and where m = 2 and n = 3) having no halide interactions was observed361. These studies, 
however, were carried out in the absence of an organic substrate and therefore gave no 
indication as to the interaction between reagent and substrate. 

RMgX + CuX Eflq [RCu.MgX,] 

2RMgX + CuX 2 [R,CuMgX] 

[RCu.MgX,] + R’MgX 2 [RR’CuMgX] 

(144) 

(145) 

(1  46) 

A recent development has been the utilization of diorganoargentates of the type 
R,AgMgX in organic synthesis. These complexes are prepared in the presence of two 
equivalents of LiBr, which considerably enhances their stability (equation 147)362. Again, 
the exact nature of these diorganoargentates has not been ascertained. 

AgBr.2LiBr + 2RMgCI - [R,AgMgBr] (1  47) 

Stoichiometric reagents such as ZnX, or CdX, have been omitted from this survey as 
they are believed to displace totally the magnesium in the Grignard reagent and are 
therefore more correctly categorized as organozinc or organocadmium reagents rather 
than modified Grignard reagents. 

1. Addition to alkynes 

Although Grignard reagents do not add readily to the triple bond of simple alkynes, in 
the presence ofa  transition metal this process is quite facile. The most efficient reagents for 
carbometallation ofalkynes are the Normant reagents (and R,CuLi), and this has been the 
subject of a recent review358. For instance, RCu. MgX, adds readily to acetylene, propyne, 
and phenylacetylene but does not react with higher terminal alkynes. In the same solvent, 
however, both R,CuMgX and RR’CuMgX add to higher alk-I-ynes. Only one of the R 
groups, however, is normally transferred when using these d i o r g a n o ~ u p r a t e s ~ ~ ~ .  

The 1,2-addition of a Normant reagent to an alkyne can in principle occur in a ( Z )  (44) 
or ( E )  (45) fashion, provided carbornetallation occurs at only one of the carbon centres of 

(148) 

R’C=CR2 + RCuMgX2 - [x:.Mgx] + [>eMgx] 
(44)  (45) 

the triple bond. For alk-l -ynes stereospecific addition can be assured by using diethyl 
ether as the solvent and carrying out the reaction at - 35 to - 10°C. The R group in the 
Normant reagent, however, must be primary but /I-branching or y-saturation in R is 
allowed. Further, the terminal acetylene must be unsubstituted in the propargylic position. 
With thfas solvent both secondary and tertiary alkyl groups can be similarly added, but, at 
the expense of a diminished regio- and s t e r e o ~ e l e c t i v i t y ~ ~ ~ .  A multitude of alk-I-enyl 
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cuprates have been generated in the above manner and all of these react with simple 
inorganic electrophiles to form the expected (Z)-substituted alkenes (equations 149-1 51). 

R ' C E C H  + RCu'MgX2 ___) 

c02, Rg 
H+ 

R C02H 

Specific examples can be found in refs. 356 and 357. The reaction of alk-I-enyl cuprates 
with carbon dioxide (equation 151) can be facilitated by using hmpt as a secondary solvent 
in the presence of P(OEt),363. Electrophilic substitution can also be aided by firstly 
converting the (alk-I-enyl) cuprate to a diorgano cuprate by reaction with LiCFCBu". 
Subsequent reaction with an electrophile gives the expected (Z)-substituted alkene 

55 010 

Hf 

-1 

These alk-I-enyl cuprates can react with a variety of organic substrates, such reactions 
being described in detail under the appropriate headings (see below). Again, the exact 
nature of these alk-I-enyl cuprates has not been determined and consequently they are 
prepared in situ. 

Higher alk- I -enyl cuprates can be prepared by reacting the chosen terminal acetylene 
with R,Cu.MgX or RR'Cu.MgX (equation 153). However, the necessity to use large 

5Me~CuMgBr 'L iBr  + H e x k C H  - 30 thf "C,5 h pfl ] (153) 

CuMgBr'LiBr 
Me 

95 010 
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rHexn 1 

100 O h  

excesses of the Grignard reagent limits further applications35s. One prime exception is 
illustrated in equation 154, the only drawback being the long reaction time365. 

It is noteworthy that the reaction between Bu"Cu.MgBr, and HC-C(CH,),Z (46) 
(where Z = NEt,, SEt, or OR) gives almost exclusively (Z)  products, but for 1 < n < 3 the 
site of carbometallation is dependent on the nature of Z (equation 155). For instance, 

HCEC(CH2),Z + BunCu'MgBr2 - 
(46) 

exclusive formation of 47 is observed for r r=2 and Z=OSiMe,  (72% yield on 
hydrolysis) 3.  366 .  

For HCECSiMe,  (48), the site of carbometallation is exclusively the /I-carbon atom of 
the alk-I-yne (equation 156)367. Using Hex"Cu.MgBr, a 76% yield of the hydrolysed 
product is obtained. 

HC=CSiMe, + RCu.MgBr2 - 
(48) 

Normant reagents add stereospecifically to the triple bond of conjugated enynes 
containing a terminal alkyne. Maximum yields are obtained using R,CuMgX in 
preference to RCu.MgX,, but only one R group is transferred when using the former 

R' 

HC=CCH=CR~ 4- R2CuMgBr +- (157) thf H Y Y  R 
R' 

80 - 95% 

n 

C=CH + BulAgMgCI - 
(49) 

reagent (equation 1 57)358. Interestingly, the addition of Bu2'AgMgC1.2LiBr to enyne 49 
gave diene 50 on hydrolysis, instead of the expected allene (Section IV.A.2)362. 
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A number of disubstituted alkynes are known to react stereospecifically with Normant 
reagents. Compounds of the type R’CECSR” (51) react to give the expected ( Z ) -  
substituted a l k e n e ~ ~ ~ ’ ,  whereas I-phenylpropyne (52) is converted selectively to (Z)-I- 
phenylpropene (53) on hydrolysis369. Diorgano cuprates add i n  a ( Z )  fashion to R ’ C z  
CCN (54)370, whereas the analogous diorganoargentates add in an ( E )  mode (equations 

R’C=CSR2 + RCu.MgBr, - rHiyr] (159) 
(51) 

phHe H+ 
5BugCuMgBr + P h C G C M e  L 

H H 
100% 
(53) 

(52) 

R‘CECCN + R2CuMgX 

(54) 

thf 
R’CFCCN + R2AgMgCI d 

(54) 

161 and 162)37’. In both cases only one of the 
substrate. 

R [ 
( 1  62) 

R groups is transferred to the organic 

Enynes of the type R2C=CCN (55) (where R2 = cyclohex-I-enyl or isopropenyl) 
undergo ( Z )  addition across the triple bond when reacted with a Normant reagent 
(equation 163)372. Similarly, diorgano argentates containing a primary R group add 
across the triple bond, but in  an ( E )  fashion (equation 164). In this instance both R groups 

thf 2R%=CCN + R2AgMgC1.2LiBr - 
(55) 

are transferred to the enyne. Using branched R groups allenes are generated 
(Section IV.A.2), one exception being shown in equation 165372. 
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80 % 

The addition of a Normant reagent to an alkyne possessing a suitable leaving group in 
the propargylic position [e.g. Otos, OS(O)Me, or OAc] results in an SN2’ type of reaction, 
which yields an allene (equation 166). 

(166) 
\ P‘ R’  

c=c=c 
R2’ \R5 

Some specific examples are given in Table 6. It is noteworthy that a number of chiral 
allenes have been generated using this procedure. For instance, the allene 56 was isolated 
with an enantiomeric excess of 88% (equation 167)373. 

Ph Ph 
\ / 

/ 
(167) 

,Ph 
\“ 

HCEC-C-H -k PhCuMgBr2 - c=c=c 
\H ‘OS(0)Me H 

[( R )  4-1 - 5 61 

2. Addition to alkenes 

For over 40 years it has been known that the 1, 4-addition of Grignard reagents to a, ,O- 
unsaturated carbonyl compounds can be achieved by using copper salts as either catalysts 
or stoichiometric  reagent^^^^.^'^. In more recent times Normant reagents have been used 
as stoichiometric reagents in these reactions. For instance, the organocopper reagent 
derived from 2-(buta-l,3-dienyl)magnesium chloride reacts regiospecifically with enone 
57 to give butadienone 58 on hydrolysis384. Similarly, lactone 59 undergoes a 1,4- 

( 57) 
81 ‘/o 

(58) E:e +hf a M e  0 4 O  

( I  69) 
= R  

H+ 
4- RCuMgBr2 

0 = R  0 
H n 

(59) (60) 

addition reaction with Normant reagents to generate lactone 60”’. Steroid 63 can be 
produced in 85% yield and > 99% stereochemical purity by reacting enone 61 with the 
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diorgano cuprate 623s6. The reactions of a number of I ,  3-enones with Normant reagents 
are summarized in Table 7. By incorporating an optically active ligand in the cuprate it is 

0 

(62) (63) 
(170) 

possible to generate a chiral ketone from 1,3-enones. For instance, enone 64 reacts with 
the chiral cuprate (N-methylprolino1)MeCuMgBr (65) to give ketone 66 with up to 88% 
enantiomeric excess391. 

I Ph’ 

R 
(66) 

(64) (65) 

Other a, 8-unsaturated carbonyl compounds also undergo 1,4-addition by Normant 
reagents. For instance, both enal67 and the chiral ethylenic ester 68 undergo the expected 
1,4-addition with these  reagent^^^^.^'^. In the latter example both ( E ) -  and (Z)-68give rise 
to products of the same absolute configuration. This is consistent with a mono-electron 

w EtCH(R)C(Me)(Br)CHO (172) thf, 
EfCH= C (Me)CHO + R2CuMgCI 

Br2 

(67) 

+ Ph2CuMgBr th\ w MeCH(Ph)CHZCOz 
H 

(173) 

MeCH= CHC 

(68) ( E o r  2 )  



2. Use of Grignard and Group I1 organometallics in organic synthesis 247 

transfer mechanism39s. 6-Bromopenicillanoylmagnesium bromide (69) reacts both stereo- 
and regio-selectivity with ethyl acrylate 70, in the presence of a stoichiometric amount of 
copper(1) iodide, to give the 6-spirocyclopropylpenicillanate (71) in 73% Further 
examples of this type of reaction are included in Table 7. 

showed 
that both enone 72 and lactone 73 react with a number of alk-1-enyl cuprates to give the 
expected 1,6addition products. Specific details are given in Table 7. 

Enones can also undergo 1,4-addition by alk-1-enyl cuprates. Marfat et 

(72)  63-73 '/o 

mo+ (73) 
Rg R' CuMgBr, --q) (1761 

50-62 '/o 

The addition of Normanr reagents to buta-I, 3-dienes results in the formation of 
alkenes, on further reaction with a suitable electrophile (see equation 177). A variety of 
alkenes have been prepared in this manner and isolated in good yield (75-90%)397. 

CHpCHCH= CH2 + RCu.MgBr2 d (RCH2CH- CH-CH2)CuMgBr2 

c++ 1.1. 
C H 2 = ~ ~ ~ ~ ( ~ 0 2 ~ ) ~ ~ $  RCH~CH=CHCH$' 

(177) 

OBz OH M ~ N V ~  OBz i M e A v w R  
OH 

+ RCu'MgBrz H +, 
"/y) 

HO HO 

I TMe A. 
2 steps 

OH OBZ 1 
OBz 
NMe 
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utilized this reaction in the synthesis of alkyl analogues of spectinomycin 

Diorgano argentates of the type R'AgMgCI can in some instances add to the double 
bond ofenynes in preference to the triple bond (see Section 1V.A.I). For instance, diorgano 
argentates react with the double bond in terminal enyne 75*, but for enyne 76 they only 
add in this manner when the R group in R'AgMgCI is branched"'. In both cases the 

(74). 

rR 
/ C=CH + RzAgMgCI H+ HzC=C=C (179) > (75)  'R' 

Bu 'CH~ CN 

( 180) 
\ / c=c=c 

\ 

H+ 
C=CCN + BuiAgMgCI ---+ 

H / Me (76) 
/ 

9 0 o/e 

Mk 
product on hydrolysis is an allene. Replacing the C N  moiety in 76 with SMe or PPh,, 
however, results in the formation of allenes regardless of whether the R group in 
R'AgMgCI is primary or branched399. 

Allenes containing a suitably positioned leaving group react with Normant reagents in 
an SN2' mode (equations 181 and 182). The product obtained, however, depends on the 
type of allene employed. For instance, allene 77 gave a 1,3-diene376, whereas allene 78 

CR2R3 
"\ // 

k l  u R I/ \R 
c-c (181) 

r?n thf 
MeS(0)O-CH2-C=C=CR2R3 + RCu'MgBr2 d 

(7 7) 

RMgX/CuBr 
thf 

- 
(79) 

(183) 

yielded an alkyne under these conditions400. In contrast, alkenes of the type 79 react with 
organo cuprates in an SN2' fashion to yield (E)-olefins with > 98% stereosele~tivity~~'-~~~. 

R 1 4 R 3  R 
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3. Ring-opening reactions 

It is well established that the ring opening of lactones can be achieved by reaction with 
Grignard or alkyl lithium reagents and certain hetero atoms404. For 8-propiolactones two 
types of ring opening are prevalent using these reagents, giving rise to a mixture of 
products (equation 184). Regiospecific ring opening, however, can be attained by use of 

Go+ RM ti+ 
( 1 84) 

0 ao + RZCuMgBr ti+ (185) 

Normant reagents (and R,CuLi), with cleavage only occurring at the methylene-oxygen 
junction (equation 185). Only one R group is transferred from the diorgano cuprate to the 
substrate during the reaction. Substituted 8-propiolactones react in a similar manner. For 
instance, /]-lactones 80 and (+)-81 both react with R,CuMgBr to give the expected 
carboxylic a ~ i d ' ~ ' ~ ' ~ ~ .  In the latter case the chiral product is obtained with an 

Ldo + 

Do+ 
CC+b8ll 

ao+ 
6 0 '/o 

enantiomeric excess of 84%. Dialk- I -enyl cuprates also react with /j'-propioIactones 
regiospecifically (equation 1 88)406. 

Normant reagents react stereoselectively with /&vinyl-P-propiolactone (82) to afford 
(E)-alk-3-enoic acids (83) as the major product ( E : Z  ratio % 8: I). Only trace amounts, if 
any, of the expected alk-4-enoic acid 84 were obtained. Evidently the diorgano cuprate 
adds to the terminal alkene of 82 via an S,2 pathway, which results in the ring opening 
reaction (equation 189)"'. A similar reaction has been observed for y-vinyl-y- 
butyrolactone and (5-vinyl-0-valerolactone with Normant reagents to yield (E)-alk-4- 
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+ 

and -5-enoic acids, respectively408. Although a diminished regioselectivity was 
evident (in general the E:Z ratio z 4: 1 )  no other product was obtained. This method has 
been successfully employed to prepare (E)-7-oxoalk-3-enoic acids (86) by reacting 82 with 

,NMe2 0 0 

/ OH 
a'+ R , L ; u M g B r  - H+ R l u  

(86) 
v 

(82) (85) (1  90) 

a bis (dimethylhydrazone) cuprate (85)4"'. A number of examples of lactones reacting with 
Normant reagents are listed in Table 8. 

Oxiranes can be successfully converted to (Z)-homoallylic alcohols by reaction with alk- 
I-enyl-Cu(C=CPr")MgBr (87), obtained by reacting alk-I-enyl cuprates with 
I-lithiopent-l Both oxirane and 2-substituted oxiranes react with 87 to give the 

thf +OH (192) 4; 87 ti++ 
R2 

0 2 - 9 4 '/a 

desired alcohol in high yield (equations 191 and 192)3y4.410. Specific examples are 
included in Table 8. 
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4. Addition to acyl derivatives 

The direct I ,  2-addition of Grignard reagents to aldehydes or ketones can, in general, be 
achieved without the assistance of a transition metal’.’. In view of this, few synthetically 
useful reactions have been developed in which transition metals act as stoichiometric 
reagents in the 1,2-addition of Grignard reagents to this type of substrate. Two such 
examples are the addition of the organo cuprate 88 to acetone and the conversion of enone 
89 to the terphenyl derivative 90397.41 ’. [ZrCp,CI,] has been utilized as a stoichiometric 

(Bu’CH2CH-CH=CH2) CuMgBr, + MeCOMe d Bu’CH2CH(CMe20H)CH= CH2 

(88) 
62 O/o (193) 

k2  
(89) 

reagent in the I ,  2-addition of but-2-enylmagnesium chloride to a number of aldehydes to 
give selectively threo homoallylic alcohols414. Presumably the Grignard reagent initially 
reacts with [ZrCp,CI,] to give an alkylzirconocene species, which has the coordinated 
butene in an E configuration, and this then reacts with the aldehyde to give the observed 
product (equation 195). 

One of the most intensively studied reactions between a Grignard reagent and an acyl 
derivative, with a transition metal salt as a stoichiometric reagent, has been that involving 
acyl chlorides. These substrates are capable of reacting with Normant reagents to yield 
very hindered ketones which are otherwise difficult or impossible to synthesise 
(equation 196)4’5. For example, hindered ketones 91 and 92 can be obtained in high yield 
via this method2’5.415. I t  is noteworthy that further alkylation of these hindered ketones 
can lead to even more sterically crowded compounds (equation 199)’15. Phenyl ketone 93 
can be prepared from the corresponding acyl chloride and a diphenyl cuprate; the product 
is an important intermediate in the synthesis of a thienamycin analogue (94)416. Similarly, 
the acyl chloride 95 [prepared by treating the analogous chiral alcohol (see equation 187) 
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with thionyl chloride] can be converted to (S)-( +)-iso-ar-tumerone (96), which can in turn 
be isomerized to (S)-( + )-crr-tumerone (97), the latter being isolated with 94% enantiomeric 
excess4o5. 

R'COCI + RCu.MgX, -+ RCOR' ( 1  96) 
Pr',CHCOCI + Et,CCu.MgX, -+ Pr',CHCOCEt, ( 1  97) 

(91) 77% 
Pr',CCOCI + Pr'EtCHCu.MgX, -+ Pr',CCOCHEtPr' 

(92) 

Pr',CCOCI + Bu'CH,Cu.MgX, + Pr',CCOCH,Bu' 

Pr',CCOCEt,Bu' 
1 2 E t X - N a N H 2  (199) 

I 
COzR1 

0 RPh 
c0zr1 

(94) 
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In addition to organo and diorgano cuprates, a number of other organometallic 
reagents have been used to convert acyl chlorides into ketones. For instance, 
[Rh(CO)CIL,] can be used as a stoichiometric reagent in the addition of primary alkyl, 
aryl, or ally1 Grignard reagents to acyl chlorides (equation 202)417. The initial step in the 
reaction is believed to be the generation of an alkylrhodium species, to which oxidative 
addition of the acid chloride occurs. Subsequent reductive elimination yields the 
unsymmetrical ketone. A cobalt(II1) species has similarly been used to generate ketones 
(equation 203)418. 

Rh(CO)CIL, + RMgX + [RhR(CO)L,] 
LR'COCI (202) 

RCOR' + [RhR(CO)L,] +- [RhR(CI)(R'CO)(CO)L,] 
58-850/, 

R '  

I 
R' 

I 

I"' 
R'COMe 

5. Displacement of a halide 

The reaction of an organic halide with a Grignard reagent, in the presence of a 
stoichiometric transition metal reagent, to yield the unsymmetrical coupled product has 
long been known'. A more recent example is the reaction of I(CH2)lnC0,R' (98) with a 
variety of diorgano cuprates to give the expected coupled products in good yield4' '. Alk- 1 - 
enyl cuprates similarly react, not only with simple alkyl halides, but with more elaborate 
substrates to give a variety of di- and trisubstituted alkenes. For example, both ICE 
CCH,Othp (99)42n and I(CH,),C==CSiMe, react with alk-1-enyl cuprates to 
form enynes. Similarly, alkenyl halides react with the same organo cuprates to give dienes 
(equations 207 and 208)422-424. In the latter case [Pd(PPh,),] was used as a necessary 
catalyst424. 

I(CH,), &O, R ' + R(Me)CuMgX + R(CH,), ,CO,R ' 
(98) 54-850/, 
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Cyanates of the type YCN (where Y = CI, PhSO,, or 4-MeC,H,S02) react with alk-1 -enyl 
cuprates to give alk-I-enyl nitriles in good yields (equation 209)425. Interestingly, the 
analogous bromo- or iodocyanates, however, add the halide group to alk-1 -enyl cuprates 
in preference to the cyano moiety426. 

6. Displacement of a non-halide 

In addition to the halide group, a number of other moieties are capable of fulfilling the 
role of a suitable leaving group in thesedisplacement reactions. As previously mentioned, 
alkynes possessing an alkoxy moiety in the propargylic position undergo an SN2’ type of 
reaction with Normant reagents, which results in the elimination of the alkoxide to 
generate allenes (equation 166, Section IV.A.1). Similarly, allenes containing an 
-S(O)OMe group or alkenes having an -0btz group (reaction 210), in the appropriate 
position, react with organo cuprates in either an SN2 or SN2’ fashion to give 1,3-dienes or 
olefins, respectively, with high stereoselectivity (equations 18 1 and 183, Section IV.A.2). 
Direct substitution of an -0btz  group from an alkene by an organo cuprate, instead of 
initial attack on the double bond, has also been observed (equation 210)402. Alk-1-enyl 

(21 1) 

R CHZNEt2 

[;Hu.Mgx] .?- PhSCHZNE’2 

(101) 

cuprates similarly react with organic sulphides of the type 101 resulting in rupture of the 
carbon-sulphur linkage to give enamines4,’. 

The displacement of a dimethylamino group by organo cuprates has been exemplified in 
the preparation of alkyl derivatives of spectinomycin (74) (see equation 178 for 
s t r uc t u re) *. 
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oOZ QH 

RCuMgBr2 
H+ 

HO HO 

002 
I 

2 steps 

74 (2 12) 

7. Homocoupling reactions 

The interaction of transition metal halides with aryl Grignard reagents to give 
symmetrical biaryls in good yield is well established'. A recent example is the coupling of 
Grignard 102, in the presence of a stoichiometric amount of copper(l1) chloride, to give 
4,4', 7,7'-tetramethylbis( 1-indenyl) (103). l h e  resulting pair of diastereoisomers were 
separated and subsequently isomerized to 4,4', 7,7'-tetramethylbis(3-indenyl) (104) by 
using triethylamine1'3a. Coupling of alk-1-enyl cuprates can be achieved by heating in the 
presence of oxygen (equation 214)423. 

5 4 - 70 

8. Carboxylation and carbonylation reactions 

As previously described, alk- 1 -enyl cuprates react with carbon dioxide in the presence of 
hmpt-P(OEt), to give carboxylic acids on hydrolysis (Section 1V.A. 1). In addition to 
copper(I), magnanese(I1) compounds have also been used as stoichiometric reagents in the 
carboxylation of Grignard reagents. For instance, organomanganates, which can be 
prepared by reacting manganese(I1) chloride with the appropriate Grignard reagent, react 
with carbon dioxide to give the expected carboxylic acid derivative (equation 21 5)428. 
Interestingly, a similar reaction with alk-I-enyl manganate (105) gave the tertiary 
carboxylic acid 106 in good yield; no mechanism was suggested428. Pentacarbonyliron(0) 
reacts with Grignard reagents, via a carbonylation reaction, to give aldehydes in high 
yields on hydrolysis (equation 217). This method has also been successfully used to 
prepare RCD0429. 



2. Use of Grignard and Group I 1  organometallics in organic synthesis 259 

3RMgX + MnCI, --+ [R,MnMgX] 5 3RC0,H 

50-86%, 

(105) 

RMgBr + [Fe(CO),] - [RCOFe(CO),] -111 RCHO 

B. Catalytic Reactions 

For over 40 years it has been known that copper(1) salts catalyse the 1,4-addition of 
Grignard reagents to a, P-unsaturated carbonyl compounds and that cobalt(l1) salts 
catalyse the formation of biaryls from the appropriate organic halide and arylmagnesium 

reactions ofGrignard reagents with a variety of organic substrates have been discovered. A 
number of catalysts have been employed in these organic syntheses, ranging from simple 
metal halides to the more elaborate coordination and organometallic compounds. The 
main transition metals used are Cu(I), Ni(lI), Pd(II), Co(II), Fe(IlI), and Ti(1V). A review of 
copper(1)-catalysed reactions has recently appeared43 '. 

derivative382.383.430 . A multitude of synthetically useful transition metal-catalysed 

7. Addition to alkynes 

Although the addition of Grignard reagents to alkynes in the presence of a 
stoichiometric amount of a copper(1) halide is well established (see Section IV.A.I), a 
number of synthetic reactions of this type have been devised using catalytic amounts of a 
transition metal salt (see ref. 358 for a recent review). For example, Grignard reagents add 
to prop-2-ynylic alcohols in an ( E )  mode in the presence of a copper(1) catalyst432, as 
indeed was found using Normant reagents (see Section IV.A.l). Presumably the reactive 
intermediate in these reactions is a homocuprate akin to that observed for the 
stoichiometric copper(1) reagents. Subsequent hydrolysis of these reaction mixtures gives 
the expected alkenols in excellent yields (equation 218)432. In contrast, if the copper(1) salt 

R'C=CCH20H + RMgBr Cat, cul' RR 
ti+ H CH20H 

up to 97% 

Rx R2R30 (2 19) 

R2 

I 
I 3mol-% [TiCpfiId 

R3 

R'C=C-C-OH + 2Bu'MqCI 
E+/ H+ 

E H 

78 -I 0 0 
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is replaced by a catalytic amount of dichlorobis(cyclopentadienyl)titanium(IV) then only 
Z addition is observedg1. The alkyl group of the Grignard reagent, however, is not 
transferred to the substrate. This procedure has been successfully utilized in the 
preparation of the monoterpene nerol (107) and ( E ,  Z)-farnesol (108)91. 

90 '/o 

(108) 

[TiCp,CI,] can also be used to promote the Z addition of Grignard reagents to other 
disubstituted alkynes. Again, no transfer of the alkyl moiety of the Grignard reagent is 
observed (equation 222)". 

R'CmCR" + Bu'MgCI 3mol- o/o[T~Cp2C12] H+ Rg'' (222) 

H H 
92 - 100% 

(108) 

Interestingly, although this type of reaction proceeds with high stereoselectivity (96- 
loo%), a low regioselectivity is observed on deuteriolysis or reaction with iodine". 

These 'hydromagnesiation' reactions (Method E, Table I ,  for Grignard syntheses) 
involving [TiCp,CI,] are believed to proceed via a multi-step mechanism, the key feature 
being the generation ofa  highly reactive titanocene hydride (Scheme I ,  Section II.B.2). It is 
this species which is considered to add to the alkyne to form a vinyltitanium(II1) species, 
which subsequently transmetallates to Mg by further reaction with the Grignard 

(1-Trimethylsi1yl)alkynes also react with the isobutylmagnesium bromide in a Z fashion 
in the presence of [TiCp,CI,]. Both high stereoselectivity (above 94%) and high 
regiospecificity (95%) was observed, although the nature of the latter was dependent on R 
(equations 223 and 224)". Treatment of alkyne 109 with ethylmagnesium bromide in the 

SiMe3 

RC=CSiMe3 + Bu'MgCI 4 mol-% E+ [TiCp2C17] "# 
(R=Bu") n E 

(223) 
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SiMe, RH (224) 
4 rno I - % IT i C p7C IJ 

(R= Ph) 
E ti 

Hex"C=CSiMe3+ EtMgBr [Ni(ococ)Z]-Bu&AIH, 10 rnol- %( I: 1 ) . HxiMe3 (225) 

( 109) E +  H E 

presence of bis(acetylacetonato)nickel(lI) and diisobutylhydridoaluminium(I1I) ( 1  : I ,  
10 mol-%,) gave preferentially the Z isomer in 58-65% yield (95% stereoselectivity). The 
reaction is believed to proceed via an ethylnickel species, which rapidly undergoes 8- 
hydride elimination to form a nickel hydride. It is this species which adds to the substrate 
followed by transmetallation to magnesium (cf. [TiCp,C1,])433. Although the addition 
occurs only in the presence of the aluminium species, its role is not clear. 

Methylmagnesium bromide similarly adds to (1-trimethylsilyl)alkynes when using 
[Ni(acac)J and trimethylaluminium(I11) (1: 1, IOmol-%) as the catalyst, but the methyl 
group is now transferred to the substrate. Primarily Z addition occurs, but the 
stereoselectivity was generally lower (85-95%) (equation 226)433. Enol 110 can be isolated 

[Ni(ococ)z]-Me3Al, H g i M e 3 +  HM 

HexnC=CSiMe3 + MeMgBr 
10 mol-%( \:I) 

E+ Me E Me SiMe3 
(Z) ( € 1  

(226) 

RCti2C=CSiMe3 + MeMgBr [Ni(acoc) 1- Me, AI . xoHlflti 
IOmol-% (I:I) 

oxirone R SiMe, 
(52 - 3 '/o) 

( I  10) 
7 o/.a 

(227) 

in 52-63% yield using this procedure, the products being separated by chroma- 
t o g r a p h ~ ~ ~ ~ .  It is noteworthy that the Z product slowly isomerizes to the E form in 
solution and is believed to be catalysed by the nickel(I1) species433. 

The synthesis of allenes or dienes from alkynes containing a suitably positioned leaving 
group, via an S,2' type reaction with a Grignard reagent, can be achieved by using 
stoichiometric copper(1) salts (Section 1V.A. 1) or indeed in the presence of a transition 
metal catalyst. For instance, copper(1) halides have been used to catalyse the addition of 
Grignard reagents to alkynes 111, 112, and 114435-437 . B 0th 111 and 112 give rise to 
dienes, the latter being a useful precursor to 3,4-di-tert-butylthiophene (1 13)436. Alkyne 
114 is stereoselectively converted into an a l l e r ~ e ~ ~ ' .  8-Ethynyl-8-propiolactone (1 15) 

"2C\ //C"z 

MeOCH2C= CCH20Me + 2 RMgBr 10mol-o'o . ,c-c (228) 
CuBr \ 

( I l l )  R' R 
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BIJ' Bu' 
\ I  0 (229) 

Bu'MgCI, ,H2C\\ HCH2 CH2CI2 
CICH2C CC H2CI ,c - c 

2-5mol-% SCI2 
(112) CuBr BU' ( I  13) 

R H 
0 

(231) 
+ RMgX 2mol-% , \ ,c=c=c&o, 

c u  I 
H 

HC=C 

3 Steps 
0 

9 3 010 
(116) 

similarly reacts with Grignards in the presence of copper(1) iodide to afford alka-3,4- 
dienoic acids in high yield and with high regioselectivity. This procedure has been utilized 
in the synthesis of the insecticidal compound pellitorine (1 16)438. The mechanism of these 
copper(1)-catalysed reactions is believed to proceed in a comparable fashion to that 
observed for the additions utilizing stoichiometric copper(1) reagents (see Section 1V.A. I). 

In addition to copper(1) catalysts, both iron(II1) and palladium(I1) compounds have 
been effectively used in the synthesis of allenes from alkynes (equations 233 and 234)4"'.440. 
Stereospecific addition (99%) occurs in both cases, the active catalytic species being an 
iron(1) or palladium(0) compound, respectively. The former catalyst is believed to arise 
from the facile reduction of FeCI, by the Grignard reagent43y. 
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2. Addition to alkenes 

The 1,4-addition of Grignard reagents to a, P-unsaturated carbonyl compounds in the 
presence of a copper(1) catalyst has been the subject of two thorough reviews by 

where numerous examples of this type of reaction were tabulated. Two 
current examples which exemplify the 1,4-addition reaction are shown in equations 235 
and 236441.442. In the latter example, the acetal Grignard reagent 117 adds to  the cyclic 
lactone 118 with copper(1) bromide as the catalyst, to give the expected 1,4-addition 
product, but on acid hydrolysis annulation occurs to yield the bicyclic compound 1 19442. 
This procedure has been utilized in the synthesis of the naturally occurring tricyclic 
sesquiterpenes ( f )-isocomene (120) and (f )-siliphene (121) (equations 237 and 238)443.444. 

The reaction of cyclohex-2-enone with the Grignard reagent of 2-bromo-3- 
(trimethylsilyl)propene, in the presence of copper(1) iodide, also gave the expected 1,4- 

0 

25mol- % 
CuBr, 

NH$ 

0 
70% 

70- 87 '/o 

1"' 

R 

(119) 
45-09% 

+ (117) - CuBr cot .  g 6 steps. (238) 

( m = a  

60 % [(+)-I211 
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0 0 

a a 010 (239) 

91% 
(122) 

addition product, this being subsequently converted into the bicyclic compound 122445. 
Stereoselective 1,4-addition has been observed in the reaction of aryl and terf-butyl 
Grignard reagents with enonate 123 in the presence of a catalytic amount of copper(1) 
iodide. Only products with the [)-manno configuration resulted from this asymmetric 

CHCO2Et 
II 

C H2C02E t 
I 

RCH 

CH2-0 Y -Ox:: 

(124) 68.5% 

synthesis446. The chiral lactone 124 undergoes a similar reaction with benzylmagnesium 
chloride to give selectively the (E)-l, 4-addition product228. 

I n  addition to a, B-unsaturated carbonyl compounds, a number of other olefinic 
substrates have been found to undergo addition reactions with Grignard reagents in the 
presence of a transition metal catalyst. For instance, alk-I-enes react with n- 
propylmagnesium bromide, using TiCI, as catalyst, to give predominantly the primary 
Grignard reagent 125. The same substrates undergo an analogous reversible exchange 
reaction with a variety of Grignard reagents (having a relatively labile hydrogen atom on 
the /&carbon) in the presence of nickel(I1) chloride, again to give preferentially primary 
organornagnesium As previously mentioned in Section Il.B.2, an irrever- 
sible reaction occurs on reacting Pr"MgBr, in the presence of dichloro- 
bis(cyclopentadienyl)titanium(IV), with 1,3-dienes or styrene to yield allylic or a- 
phenylethyl Grignard reagents, respectively (equations 49 and 243)',. The exchange 
reactions involving catalyst [TiCp,CI,] presumably proceed in a similar fashion to that 
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outlined in Scheme 1,  Section II.B.2, while the mechanisms of those involving TiCI, or 
NiCI, have been adequately covered in an earlier review447. 

Tic14 
Pr"MgBr + RCH=CH, += RCH,CH,MgBr (242) 

( 125) 

For over a decade it has been known that some allylic alcohols react with certain 
Grignard reagents, in the presence of a catalytic amount of dichloro- 
bis(triphenylphosphine)nickel(II), in an S,2 mode to give substituted alkene~,,~. 
For instance, a-phenylallyl alcohol (126) reacts with methylmagnesium bromide, using 
[Ni(PPh,),CI,] as catalyst, to yield only the E-conjugated olefin (reaction 244). In general, 

Ph H 

(126) 75-87% 

however, these reactions are not completely s t e r e o ~ p e c i f i c ~ ~ ~ .  Moreover, most allylic 
alcohols under the above conditions undergo direct substitution of the hydroxy group by 
the Grignard reagent with no apparent participation of the double bond (see 
Section IV.B.4). Some allylic alkoxides also react with Grignard reagents via addition to 
the double bond, followed by elimination of the alkoxy moiety, in preference to direct 
substitution of the said group. For example, the ally1 ether 127 was converted selectively 
(100%) to alkene 128 using n-heptylmagnesium chloride in the presence of copper(1) 

7Oo/o 
(128) 

XMg OEt 

bromide448. The same mode of addition was 
reagents with the triether 129 as only the ester 

RdH2 bEt  

c 
RCH2CHzC02Et 

66 - 76 "10 

(130) 

presumed in the reaction of Grignard 
130 was isolated on hydrolysis449. 



266 

3. Ring-opening reactions 

As previously stated in Section IV.A.3, the regioselective ring opening of p- 
propiolactones can be achieved by using Normant reagents or R,CuLi. The use of 
Grignard reagents in the presence of a copper(1) catalyst, however, have also proved to be a 
success in this role. For instance, /I-propiolactone reacts with a variety of Grignard 
reagents, with a copper(1) halide as catalyst, to give the expected alkanoic acids in good 
yields (equation 247)41 I .  Racemic 8-methyl-8-propiolactone (81) was converted into 

C. L. Raston and G. Salem 

RCH2CH2C02H 
82-86% 

IOrnol-% 
+ R'gX CuBr (247) 

(81) 

80% 

1 

(133) 
tf;" H2)6C 

H 

(249) 

citronellic acid (131) by using this method4I2. Optically active(f7)-( + )-(131) was similarly 
synthesized from (R)-(  + )-(81)"05, the enantiomer of which was reacted with Grignard 132 
in the presence of Cul to give the precursor to the sex pheromone trogdermal (133)"". 

Grignard reagents also add stereoselectively to the doub!e bond of /I-vinyl#- 
propiolactone (82), which initiates the ring opening of the lactone via an SN2' pathway to 
yield primarily (E)-alk-3-enoic acids ( E : Z  ratio z 9: 1) (equation 250)407. Copper(1) halides 
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0 

are used as catalysts in these reactions, or indeed Normant reagents can be used as 
stoichiometric reagents (see Section IV.A.3). Both y-vinyl-y-butyrolactone (134) and S- 
vinyl-6-valerolactone (135) react with Grignards in a similar fashion, in the presence of a 
copper(1) halide. Methylmagnesium bromide adds stereoselectively to 134 to generate (E)-  
hept-4-enoic acid (E:Z ratio = 92:8)408, while 135 reacts with Grignard 136 to yield solely 
the (E)-carboxylic acid 137450. In general, however, the regioselectivity of these reactions 
involving 134 or 135 is lower than that observed for the related P-vinyl-8-propiolactones. 
Interestingly, the previously mentioned P-ethynyl-b-propiolactone (1 15) reacts both 
stereo- and regioselectively with Grignard 138 in an S,2', mode to generate the allene 
139, which is the precursor to the antibiotic A26771B (140)45'. 

OH 

H C = C e O  + 1 (CH2)9MgBr ( 2 )  cat. Hf , , ) . C H ~ ) ; C = C = C q ~ ~  0 

(WUI 

(115) (138) 

Oxiranes react with a variety of Grignard reagents in the presence of a copper(1) catalyst 
to generate the ring-opened product. For instance, monosubstituted oxirane reacts with 
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" 40 O/o 

[(+)- 1421 

(143) 50- 75 '/a 

Grignard reagents to yield alcohols321, while reaction with the Grignard derived from 2- 
bromoallyltrimethylsilane gives enols (equations 254 and 255)320". Cyclohexane oxide 
undergoes a similar reaction with Grignard reagents to generate Z-products stereospecifi- 
cally (equation 256)32'. This overall ring-opening procedure has been adopted in the 
conversion of the oxirane 141 into isomarrubin (142)320'. Interestingly, the cyclic ether 143 
similarly reacts with certain organomagnesium derivatives to yield the expected 
alcohols321. 

In addition to lactones and oxiranes, other small-membered ring systems can undergo 
ring-opening reactions by reaction with Grignard reagents in the presence of a copper(1) 
halide catalyst. 1 ,  1-Bis(benzenesulphonyl)cyclopropane (144), for instance, reacted with n- 
butylmagnesium bromide to give the ring-opened product'", while I -phenylsulph- 
onylbicyclobutane (145) was converted stereospecifically into the cyclobutane 146 on 
reaction with methylmagnesium bromide in the presence of copper(1) bromide4". 

I,l-(S02Ph)~cyclopropone 

+ Bu"MgBr (1)CuBr I0 mol- . Bun+Yso2ph S02Ph (259) 
(2) Me I Me 

PhS02 

uMe (260) 

6 mol-% 
CuBr . + MeMgBr P h S 4  

(145) 85 '/o 
(146) 
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4. Addition to acyi derivatives 

The reaction between Grignard reagents and acyl chlorides to give ketones, in the 
presence of a copper(1) catalyst, has been known for some time453. In the past decade, 
however, few synthetically useful reactions involving an acyl derivative and an organo- 
magnesium halide being coupled in the presence of a transition metal complex catalyst have 
been reported. Ketones have been shown to undergo 1,2-addition by Grignard reagents in 
the presence of a catalytic amount of dichlorobis(cyclopentadienyl)titanium(IV) 
(equation 261)454. A similar reaction was observed for esters, but here the addition 
reaction was followed by the elimination of an alkoxy group to generate an alcohol again 
(equation 262)455. The distribution of products in these reactions was found to be 
dependent on the amount of [TiCp,CI,] used, but it is noteworthy that most acyl 
substrates which undergo 1,2-addition by Grignard reagents (or lithium reagents) do so 
fairly effectively in the absence of a catalyst. 

+ R’RR~COH 
(1) ITiCpzCIzI 

(21 H ’  
R’COR’ + RMgX 

> 837; 

5. Displacement of a halide 

The cross-coupling reaction between organic halides and organomagnesium halides in 
the presence ofa  nickel salt (equation 263) has been known for over halfa century and has 
recently been the subject of an extensive review456. In these reactions the catalyst is 

(263) 
Ni(l l )  or N i ( 0 )  

cat. 
* R’R + MgX, R’X + RMgX 

normally a [NiCI,L,] complex, [Ni(acac),] or another Ni(I1) or Ni(0) salt. For the former 
L is invariably a phosphine ligand with bidentates generally being more active than 
monodentate ligands. The most frequently used diphosphine is bis(dipheny1- 
phosphino)propane, while triphenylphosphine shows the highest activity of the mono- 
dentate tertiary p h o s p h i n e ~ ~ ’ ~ .  

An example of the nickel-catalysed cross-coupling reaction is the addition of both alkyl 
and aryl Grignard reagents to alkenyl halides. For instance, trimethylsilylmethylmag- 
nesium chloride adds stereoselectively to alkenyl bromides457, n-butylmagnesium 
chloride to 1 , 2 - d i c h l o r o a l k e n e ~ ~ ~ ~ ,  and phenylmagnesium bromide to the bicycloalkenyl 

Me -er 4- Me3SiCH,MgCI “ iC~ddppp)”~ Me Si Me3 
5 mol- 

[Ni(PPh3)d, 
IOmol-% “-cl + Eu”MgCI 

[ N d o ~ o c ) ~ ] ,  
CI + PhMgEr 

Et20 
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chloride 147459 (equations 264-266). Interestingly, a different nickel catalyst was em- 
ployed in each case. Alkyl and aryl Grignard reagents also react with a variety of aryl 
halides in the presence of a nickel catalyst to give the cross-coupled product. For instance, 
methylmagnesium bromide adds selectively to 2 - ~ h l o r o p y r i d i n e ~ ~ ~ ,  phenylmagnesium 
bromide to chlorophenyl alkyl ~ u l p h i d e s ~ ~ ~ ,  and 4-methylpent-3-en- 1-ylmagnesium 
bromide to 3-methyl-6-chlorobenzofuran (equations 267-269)462. The last reaction yields 
furoventalene (148), which is a marine natural benzofuran. Ally1 and some vinyl Grignard 
reagents are also known to couple with organic halides456. 

S R  

[N i Clz( P Ph &I . + PhMgBr 
cat. 

‘Cl ‘Ph 

Nickel catalysts containing an optically active phosphine ligand have been used 
extensively in the asymmetric cross-coupling of a racemic Grignard reagent with an 
organic halide456,463. To date, the best optical yields have been obtained using vinyl 
bromide and a chiral Grignard reagent, the highest attained being 94% e x .  in the synthesis 
of 3-phenylbut-I-ene (equation 270)464. Here a nickel(I1) complex of (R)-(  -)-1- 
dimethylamino- 1 -tert-butyl-2-diphenylphosphinoethane ( 1 4 9 )  was used as catalyst. Opt- 
ical yields of 66-75% were obtained for p-substituted 3-phenylbut-l -enes in the presence of 
similar catalysts (equation 271)465.466. Thus far, however, the optical purities are generally 
G 

[Ni(l49)C121 
Ph(Me)HCMgCI + CH,=CHBr * PhCH(Me)CH=CH, (270) 

[Ni( I5O)Cl*l 
p-RC,H,(Me)HCMgCl + CH,=CHBr p-RC,H,CH( Me)CH=CH 

(27 1) 
R = Me, Bu’, or Ph 

BU’ R‘ 

R’=Bz,Pr/Bu‘,Ph,Cy,or Bu’ 

The mechanism of the coupling reaction is not known, but a discussion of the 
mechanistic considerations can be found in a recent review456. 
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Both nickel(I1) and palladium(I1) catalysts have been successfully used in the cross- 
coupling of aryl- and n-butylmagnesium bromide with ( E ) -  or (Z)-1-bromo-2- 
phenylthioethene (equation 272). The stereoselectivity was higher than 99% for the E-  
isomers and in the range 95-98% for the Z-isomers, with an overall yield of 70-100%467. 
The displacement of thioalkyl groups is discussed in Section IV.B.6. Similarly, nickel(0) 

"iC1z(dppe)l . RCH= CH SPh 

[ Pd$iPPh3)2] 
BrCH=CHSPh + RMgX 

RIMgX,Ni cat. I (272) 

R=6un, I-nophthyl, Ph or Ph(Me)CH RCH = CHR' 

70-100% 

and palladium(0) catalysts have been used in the cross-coupling of trimethylsilyl- 
methylmagnesium chloride with alkenyl halides (equation 273). Again, good stereo- 
selectivity (> 98%) was attained468. 

As for nickel, both palladium(0) and palladium(l1) catalysts having phosphine ligands 
have been utilized in the coupling of Grignard reagents with organic halides, but to a much 
lesser extent. For instance, bis(triphenylphosphine)iodo(phenyl)palladium(II) catalyses 
the reaction of 2-phenylethyn-1 -ylmagnesium bromide with i ~ d o b e n z e n e ~ ~ ~ ,  while 
tetrakis(triphenylphosphine)palladium(O) catalyses the addition of 2-methylethyn-l- 
ylmagnesium bromide to alkenyl iodides with 97% or more stereoselectivity 
(equations 274 and 275)470. 

R= Oct" 98% 

R=Tol 67% 
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Palladium catalysts also provide a convenient route for the synthesis of 2-substituted 
buta-I, 3-dienes as they effectively catalyse the cross-coupling reaction of 2-(buta-l, 3- 
dieny1)magnesium chloride with aryl iodides (equation 276)47 '. Stereoselective (99%) 
coupling has also been observed in the reaction of the allenyl bromide 151 with Grignard 
reagents440. 

As previously mentioned (Section IV.A.S), palladium catalysts have been used to couple 
organic halides with organo cuprates, an example being the cross-coupling of alk- 1 -enyl 
cuprates with alkenyl halides in the presence of tetrakis(triphenylphosphine)palladium(O) 
to yield dienes (equation 208). 

In addition to nickel and palladium, the other major catalyst which has been used in 
Grignard cross-coupling reactions is copper. Both copper(1) halides and L~, [CUCI, ]~ '~  
have been used extensively in this role. A number of these reactions have appeared in a 
review43'. A variety of both alkyl and aryl Grignard reagents have been shown to couple 
with a range of organic halides in the presence of a copper catalyst. For instance, the 
Grignard reagent 152 reacts with 1,4-dibromobutane and the aryl Grignard 153 with a 
range of alkyl iodides to give the expected coupled p r o d u ~ t s ~ ~ ' . ~ ~ ~ .  Stereospecific addition 
reactions of this type have been utilized in the synthesis of 154, which is a precursor to 
(k)-lactaral ( M)"~",  and in the preparation of (-)-a-cis-bergamotene (156)475. 2-(Buta- 
I ,  3-dienyl)magnesium chloride has been successfully coupled with n-octyl halides, both 

(152) 8 6 '/o 

MeO, MeO, 

/ 
Me0 

(I 53) 

/ 
Me0 

66 - 74 '/o 
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(281) 

ClMg 

60-95% 

alkyl and aryl dihalides, and haloesters in the presence of a copper catalyst to yield 2- 
substituted 1,3-dienes (equation 282)476. 

Although copper, nickel, and palladium catalysts are by far the most widely used in 
coupling reactions of Grignard reagents with organic halides, other transition metals have 
had limited success in this role. For instance, tris(dibenzoylmethido)iron(III), [Fe(dbm),], 
catalyses the coupling of aryl Grignard reagents with alkenyl halides477, while iron(II1) 
chloride has been successfully used in the coupling of ethenylmagnesium bromide with 157 
(equations 283 and 284)478. The reactive catalytic entity in these reactions is believed to be 
an iron(1) species formed by the facile reduction of the iron(1II) precursor by the 
organomagnesium compound439. 

px f RMgX [Fe(dbrnl3 0.5-1.0 mol-o/o 1 .""H (283) 

H Br H R  

+ Ct-$=CHMgBr FeC'3. $ 
(157) 62% 

p Br Me 

[ R u C I ~ ( P P ~ & ]  + MeMgBr 
cat 

Similarly, dichlorotris(triphenylphosphine)ruthenium(II) catalyses the stereospecific 

Further examples of halide displacement reactions using transition metal catalysed 
addition of methylmagnesium bromide to a-styryl bromide (equation 285)479. 

Grignard reagents are given in Table 9. 

6. Displacement of a non-halide 

Grignard cross-coupling reactions are not confined to organic halides but have been 
reported for a variety of organic alcohols, ethers, sulphides, selenides, and silyl ethers. 
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Examples of nickel-catalysed reactions of this type have appeared in a review456, as have 
copper-catalysed coupling  reaction^^^^,"^'. Allylic alcohols, for instance, couple with both 
alkyl and aryl Grignard reagents in the presence of n i ~ k e l ( I 1 ) " ~ ~  or palladium(Il)4'2 
catalysts (equations 286 and 287). Interestingly, alcohol 158 reacts with n- 

Ph (286) 
N O H  + PhCH,MgBr [ N I C I ~ ( P P ~ ~ ~ ]  

90 o/o 

(158) 

pentylrnagnesiurn bromide in the presence of a copper catalyst to yield muscalure (159), 
the sex pheromone of the housefly, in high yield493. 

A variety of allylic alkoxides are known to couple primarily with alkyl Grignard 
reagents in the presence of a copper ~ a t a l y s t ~ ~ ~ . " ~ ' .  For instance, methyl hept-2-enyl ether 
reacts stereospecifically (99%) with ti-heptylmagnesium chloride in the presence of 
copper(1) bromide to give the expected coupled product (equation 289)""'. Similarly, the 
allylic acetate (160) coupled with phenylmagnesium bromide, using Li,[CuCI,] as 
catalyst, to give the enyne (161) in 70% yield"'", while (E)-but-2-enyl acetate added to t i -  

butylmagnesium bromide under similar conditions (equations 290 and 29 1)"". Certain 

(289) 
Hept w Bun -0Me + H e p + n M g ~ I  5mol-"/o Bun 

CuBr 
65 '10 
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alkoxides also couple with Grignard reagents in the presence of a nickel(I1) catalyst. For 
example, ethenyl phenyl ether and 2-methoxynaphthalene both react with phenylmag- 
nesium bromide, using dichlorobis(triphenyIphosphine)nickel(Il) as catalyst, to give the 
expected coupled products496. 

Silyl ethers can couple with organomagnesium halides in the presence of a nickel(l1) 
catalyst. For instance, but-I -enyl trimethylsilyl ether adds to phenylmagnesium 
bromide497, while the silyl ether 162 couples with ethylmagnesium bromide in the 
presence of a catalytic amount of [NiCI,(PPh,),] (equations 294 and 295)498. 

OSiMe3 \/\\/ 
[NiC12(PPh3)21 , + PhMg0r Ph (294) w 

(162) 
\ 
42 O/o 

(295) 

Allyl, aryl, and alkenyl sulphides can be coupled with both alkyl or aryl Grignard 
reagents by using nickel(l1) catalysts. For example, isopropyl ally1 sulphide couples with 
phenylmagnesium bromide and dime 163 with methylmagnesium bromide, using 
[NiCI,(PPh,),] as catalyst (equations 296 and 297)499.339b. The alkenyl disulphide 164 
reacts with ethylmagnesium bromide stereoselectively to yield an alkenyl sulphide, 
which can further couple to methylmagnesium bromide, generating a trisubstituted 
alkenesoO. In both steps dichloro[bis(diphenyIphosphino)propane]nickel(II) was utilized 

78 “/o 
(163) 

MeMgBr 

CNiC12(dppp)l “’KPh EtS H ~ i C l p ( d p p p ) l  Et H Et H “WPh 
6 6 ‘/o 

EtMgBr 

(164) 85 ‘/o 

(298) 

as a catalyst. The same catalyst was similarly used to promote the coupling of 
phenylmagnesium bromide to 2-thiomethylpyridine (equation 299)50’. 
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Alkyl and allyl sulphones are known to couple primarily with alkyl Grignard reagents in 
the presence of a copper catalyst. For example, allyl phenyl sulphone couples with I I -  

hexylmagnesium bromide while the cyclopropyl disulphone 165 reacts with two 
equivalents of ethylmagnesium bromide, using bis(acetylacetonato)copper(II) and 
Li,[CuCI,], respectively (equations 300 and 301)495.502. The Grignard reagent 166 
similarly couples to sulphone 167 in the presence of L ~ , [ C U C I , ] ~ ~ ~ .  Both nickel(I1) and 
iron(II1) catalysts have been effectively used in the cross-coupling of phenylmagnesium 

bromide with alkenyl sulphones (equations 303 and 304)344b, the latter example 
proceeding with complete stereospecificity. 

Allyl and alkenyl selenides undergo a coupling reaction with alkyl and aryl Grignard 
reagents in the presence of [NiCI,( PPh,),] or [NiCl,(dppp)]. Allyl phenyl selenide, for 
instance, and hex-I-enyl phenyl selenide both react with phenylmagnesium bromide to 
yield the expected coupled product (equations 305 and 306)504. 
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(306) 

A variety of Grignard reagents are known to couple with ally1 phosphates using 
copper(1) bromide as catalyst. For instance, ethynylmagnesium bromide couples with the 
alkenyl phosphate 168 to give the expected product in 85% yieldso5. Trimethylsilylmethyl- 
magnesium chloride similarly couples to cyclohex-1 -enyl phosphate (169) in the presence 
of bis(acetylacetonato)nickel(II), or with alkenyl phosphate 170 with 
tetrakis(triphenylphosphine)palladium(O) as catalyst329. 

Bun 
V S e P h  + PhMgBr 

cat' Bun-Ph 

(307) 5 rnol-% 
CuBr 

HCECMgBr  BJ=cOp,,,,,, Bun (168) BU" 

8 I O/O (169) 

SiMe, 

D M K  

rPd(PPh3)ql + Me3SiCH2MgCI 

H P h  H Ph 
78 o/o 

M Y 4 p o ( o E t ) z  

(170) 

Further examples of transition metal-catalysed Grignard cross-coupling reactions with 
organic substrates other than halides are given in Table 10. 

7. Addition to nitrogen heterocyclic aromatic compounds 

Although Grignard reagents are known to react with nitrogen heterocyclic aromatic 
compounds, few synthetically useful reactions of this type have been unearthed. 
Organolithium compounds are generally found to be more reactive and more regiospecific 
than their magnesium counterparts in this role (ref. 8, pp. 15-18). Recently, however, the 
regiospecific addition of transition metal-catalysed Grignard reagents to nitrogen 
heterocyclic aromatic compounds has appeared in the literature. For instance, 4- 
substituted pyridines can be prepared from 1 -acylpyridinium salts by treatment with the 
chosen Grignard in the presence of copper(1) iodide, followed by aromatization 
(equation 310)278. Regiospecificity of the addition reaction was 99.1% using n- 
butylmagnesium bromide and 100% for cyclohexyl- or phenylmagriesium bromide. The 
intermediate I-acyl-4-substituted-I, 4-dihydropyridines can also be converted to 2,4- 
substituted pyridines (equation 3 1 Interestingly, 2,4,5-trichloropyrimidine under- 
goes selective addition to the unsubstituted position by phenylmagnesium bromide in the 

u R  s 



284 C. L. Raston and G. Salem 

m d m m 
d d 

d m * 

m 

W 

5: m m m m 
d 0 

m a m 

5: W m 

W W 

t. d N W- m- m 

m m m u u 

I 
z 

c, 

)( 
s 
m 

a: v; 

c 
n. 



D m 
m m 

P 

n 

2 

2. Use of Grignard and Group I 1  organometallics in organic synthesis 285 

m ?J 
d N  

3 2 5 :  
0 0  0 0 

F : z  F: 5: m 

0 r . 3  

u u  
u 
W* 

W 

2 

d W 

Do 
v; 

u 

2 
s 
W 

P- m 

r. 
d 

n 

W N  r . m  



286 C. L. Raston and G. Salem 

0 

.c e 

m 
F: 

N 
m 

r 

m PI m PI 
m m 

m 
m 
Pi 

P 
d 

m m. P- 
r- W W 

I ti 

P P 

X r u 
9 9 
0 .- 

N 
7 
G 
Q 
0 
B 

e b 
7" 
G 
Q 
0 

8 

N 

z u 
9 
P 

r j  
PI 



2. Use of Grignard and Group I1 organometallics in organic synthesis 287 

m 
N m 

N 
m 

m 
N m 

- 
m 

I 

ti 
N 

6 
CI 

2 
m 

m 
N m 

m e d 

? 
G 
Q 
8 < S 

a 
vi 
CI d ri 



288 C. L. Raston and G. Salem 

CI-1 Q 
COPh 

? 

Bun 

( I ~ B U ' O K  
(31 1) 

E 

7 0 -8 5 '/o 

"BuMgCI 

5 rnol % Cu I 
(111) E+, COl I 

COPh 

95 o/o 

CI Cl 

04 '/o 

OSiMe, 

19 IE\liC12(PPh312 EtMgBr .fFLgc] & H20 EtCOC(CI)=CHNHCONH2 

SI 
Me,SiO 

(173) (172) Me3 

(3 13) 

presence of a nickel catalyst to yield dihydropyrimidine ( 171)273. Subsequent treatment of 
(171) with triethylamine gave 2,4-dichloro-6-phenylpyrimidine in good yield. Similar 
treatment of halopyrimidine (172) with ethylmagnesium bromide in the presence of a 
nickel catalyst, however, resulted in attack of the 4-position. Acid hydrolysis of this 
intermediate gave rise to the ring-opened product 173508. 

V. ORGANO-BERYLLIUM, -CALCIUM, -STRONTIUM, AND -BARIUM 
COMPOUNDS IN ORGANIC SYNTHESIS 

This section is primarily concerned with the role of organo-beryllium, -calcium, 
strontium, and -barium compounds in organic synthesis. To date, however, little 
attention has been focused on this area for reasons outlined in Section I .  For ease of 
discussion, this section has been divided into two parts, the first on organo-calcium, 
-strontium, and -barium compounds and the second on organoberyllium reagents. In each 
sub-section a description of synthetic methods used to prepare the organometallic 
compounds precedes the discussion on reactivity. 

A. Organo-calcium, -strontium, and -barium Reagents 

The organometallic chemistry of calcium, strontium, and barium has been extensively 
covered in a recent review (ref. 7, pp. 223-240). Surveys of the field have also appeared in 
two  textbook^^.^ and in another review over the past decade5". Of the three elements, the 
organometallic chemistry of calcium has been investigated in the greatest detail. Both 



2. Use of Grignard and Group I 1  organometallics in organic synthesis 289 

organo and diorgano derivates have been prepared for all three elements, but only the 
organo halides have made any contribution to organic synthesis. In view of this only the 
synthesis of organo-calcium, -strontium, and -barium halides will be covered in this 
chapter. 

1. Synthesis 

The halogenoorganometallic derivatives are usually formulated as M(R)X (M = Ca, Sr, 
Ba; X = CI, Br, I) and, as is the case for the analogous Grignard reagents, the actual 
constitution is generally not clear. The usual method of preparation is the direct 
interaction of metal with organic halide in a suitable solvent in a manner similar to that 
employed for their magnesium counterpart (equation 3 14)7. 

M + RX --* M(R)X (314) 

In a typical experiment the organic halide, dissolved in tetrahydrofuran, is added 
dropwise to a stirred solution of finely divided metal suspended in the same solvent. For 
calcium, the purity of the metal has been found to greatly influence the yield of the resulting 
organometallic species. The best yields have been obtained using calcium containing 
0.0019% Na and 0.49% Mg7-5'0. Activation of the metal is generally not necessary when 
using n-alkyl iodides, but for other substrates the addition of a small amount of iodine or 1 
mol-% of RI, or amalgamation of the metal with mercury or mercury(I1) chloride is 
recommended to initiate the reaction. Low temperatures are also a key factor in the 
preparation, - 78 "C being used for strontium and barium5" and between - 70 and 0°C 
for calcium510. Other solvents such as diethyl ether and toluene have also been used with 
varied success. n-Alkyl- and phenylbarium iodides, n-alkyl- and arylstrontium iodides, 
and both alkyl- and arylcalcium bromides and iodides are accessible via this method (up to 
97% yield)7*5'0-5L I .  Further, triphenylmethyl chlorides of calcium, strontium, and barium 
are also accessible by this m e t h ~ d ~ " . ~ '  ', as are triarylmethyl and allylhalides of calcium 
and s t r o n t i ~ m ~ ' ' - ~ ' ~ .  

Alternatively for calcium, the desolvation of [Ca(NH,),] or rapid cooling with argon 
gas of the vaporised metal can be employed instead of finely divided metal in these 
reactions7. The latter method has been used in the preparation of arylcalcium fluorides 
and chlorides in up to 50% yield5I6. 

Two indirect methods for the formation of halogeno-organometal compounds have 
also been employed (equations 3 15 and 3 16). Firstly, metallation of more acidic 

(3 15) 
E l 2 0  

R C G C H  + Ca(Ph)I - Ca(CECR)I  
46-9 I % 

hydrocarbons has been observed for phenylstrontium iodide and a number of organocal- 
cium halides, the phenyl derivatives being activated by complexation with tmeda or 
dabco7. For instance, alk-1-ynes are readily metallated by phenylcalcium iodide in diethyl 
ether (equation 3 1 5)5L7. Fluorene, indene, and thiophene are similarly metallated. 
Secondly, halogen-metal exchange, although less well documented, has been demon- 
strated for 1-bromonaphthalene using phenylcalcium iodide (equation 3 16)518. 

The organometallic halides of barium, calcium, and strontium are all sensitive to air and 
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moisture. Most are thermally stable, the main exceptions being alkyl-barium and 
-strontium I .  

2. Reactivity 

The role of organo-calcium, -strontium, and -barium halides in organic synthesis is 
currently very limited, but they have been successfully utilized as initiators of polymeriz- 
ation reactions. This is particularly true of organobarium iodides, which have been 
extensively used in this role’. 

Both organo-barium and -calcium iodides have been shown to react with conjugated 
enynes to give either the 1,2- or 1,4-addition product, or both (equation 317)509.519. 
Stereoselective 1,4-addition of these organometallic derivatives to a variety of enynes has 
been observed to give solely the allene product on hydrolysis (equation 318)5’93520. A 
similar reaction with the enyne 174 again resulted in the formation of an allene, but the 
alkoxy moiety was replaced in the process (equation 319)52’. 

R’C(MI)=C=CHCH$? 

R’CsC-CH=CH2 + M ( R ) I  -1 
b R’C=CCH(MI)CHzR 

H +  
R’C=CCH=CH2 + M(R)I -+ R1HC=C=CHCH2R 

R’ = alkyl, Me,C(OH), RS, vinyl, allyl, isopropenyl, or Me,NCH; 
(3 18) 

Hi 
R’OCH2C-CCH=CH2 + Ca(Et)I + EtCH,CH=C=CHCH,Et 

(319) 
( 174) 

A number of acyl substrates have been shown to react favourably with primarily 
organocalcium iodides. For instance, benzoyl chloride reacts with phenylcalcium iodide to 
give triphenylmethanol in high yield (equation 320)’”, while the same substrate reacts 
with methylcalcium iodide to give 175 in 77% yield on hydrolysis (equation 321)522. In 
addition to acyl chlorides, ketones and aldehydes have also been shown to undergo a I ,  2- 
addition reaction with these organometallic reagents. For example, methylcalcium iodide 
adds to both acetone and benzophenone to give tert-butanol or 1, 1-diphenylethanol, 
respectively, in good yield (equations 322 and 323)522. Methylstrontium iodide similarly 
reacts with benzophenone, although the product is obtained in lower yield (69%)” I .  

Benzaldehyde similarly undergoes a I ,  2-addition reaction with pentafluoroethylcalcium 
iodide, in situ, to give 176 in 96% yield (equation 324)523. In general, however, the reaction 
of ketones and aldehydes with organocalcium reagents is not stereospecific with mixtures 
of both addition and reduction products being formeds09~524. 

PhCOCl+ 2Ca(Ph)I Ph,COH 
94% 

PhCOCl + 2Ca(Me)I 2 PhMe,COH (32 1) 
77% (175) 

Me,CO+Ca(Me)I Me,COH 
56% 
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Ph,CO + Ca(Me)l Ph,MeCOH (323) 
84% 

H '  
PhCHO + Ca(C,F,)I --* C,F,CH(OH)Ph (324) 

96X 
(176) 

Virtually quantitative yields of carboxylic acids can be obtained on carboxylation of 
either aryl-calcium or -strontium  halide^^'^^'^^. For instance, ( 1  -naphthyl)calcium iodide 
reacts with carbon dioxide to give I-naphthoic acid in 98% yield (equation 325)5'8. 

Ca I 
I 

C02H 
I 

Q@ + co2 H + D  (325) 

9 0 '/o 

Carboxylation of the analogous alkyl derivatives, however, gives rise to a mixture of 
ketones and carboxylic acids518. 

Interestingly, phenylcalcium iodide has been observed to couple with pyridine to give 
primarily 2-phenylpyridine (equation 326). The side products 2,5- and 2,6-diphenyl- 
pyridine were also obtained in variable low yields depending on the reaction conditions 

employed. Subsequent reaction of 2-phenylpyridine with phenylcalcium iodide, however, 
gave 2,6-diphenylpyridine as the exclusive product (equation 327)'18. 

It is noteworthy that acenaphthalene is known to react with calcium amalgam to form 
an organometallic derivative, which on rapid carboxylation, forms (E)-acenaphthene-I, 2- 
dicarboxylic acid in high yield (equation 328)526. 

6. Organoberyllium Reagents 

Much of the synthetic chemistry related to organoberyllium compounds was published 
prior to 1974, and very little has appeared in the literature in the interim period. The 
chemistry of organoberyllium compounds is adjudged to be intermediate between that of 
magnesium and the Group I1B elements, and mainly centres around diorganoberyllium 
species. In fact, in contrast to the other alkaline earth elements, very few organoberyllium 
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halides have been isolated. The organometallic chemistry of beryllium has been the subject 
of a recent review6. 

1. Synthesis 

As for organomagnesium compounds, the preparation of organoberyllium reagents 
must be carried out in an inert atmosphere. The most commonly used solvent is diethyl 
ether but varying levels of success have been achieved using hydrocarbon solvents. 
Diorganoberyllium compounds of the type R,Be can be prepared in one of four ways 
(equations 329-332)6. Both dialkyl- and diarylberyllium reagents can be readily syn- 
thesized by employing either the Grignard or organolithium method (equations 329 

2RMgX + BeX, + R,Be + ZMgX, 

2RLi + BeX, -+ R,Be + 2LiX 

R,Hg + Be -+ R,Be + Hg 

R,B + Et,Be -+ R,Be + REt,B 

(329) 

(330) 

(331) 

(332) 

and 330), respectively, cf. method F for Grignard synthesis, Table I). In general, the 
appropriate organo-lithium or -magnesium reagent is added to a solution of beryllium 
halide in diethyl ether. The resulting precipitate (MgX, or LiX) is filtered off, the solvent 
removed by evaporation, and the product isolated by distillation or crystallization. 
Invariably the product is obtained as an etherate, a consequence of R,Be being a good 
Lewis acid6. For thermally stable diorganoberyllium compounds the ether can normally 
be removed by prolonged heating of the ether complexes at low pressure before 
d i~ t i l l a t ion~~’ .  The organolithium method is particularly useful in the synthesis of 
dialkynylorganoberyllium corn pound^^^^^^^^. 

Thermally robust dialkyl- and diarylberyllium reagents can be prepared via the 
organomercury method (equation 33 I), although this procedure is more applicable to 
small-scale syntheses. The general procedure involves heating beryllium powder with 
R,Hg in the presence of a trace amount of I, ,  HgCI,, or Et,Be6. 

The fourth alternative (equation 332), which involves an exchange reaction between a 
triorganoboron species and diethylberyllium, has been successfully used to prepare 
dialkyl-, diaryl-, and diallylberyllium compounds. The reaction is carried out at room 
temperature over a period of several days530,531. 

Mixed organoberyllium compounds of the type RR’Be are generally prepared via an 
exchange reaction between two different diorganoberyllium reagents (equation 333). 
Interestingly, no heteroaryl compounds have been isolated using this procedure529. 

Organoberyllium halides of the type RBeX are believed to be formed on heating 
haloalkanes with powdered beryllium (equation 334). The structure of these compounds is 
unknown, although, a polymeric constitution is presumed6. 

R,Be + R,’Be -+ 2RR‘Be 

RX + Be A ‘RBeX’ 

(333) 

(334) 

RCOX + Be -+ ‘RCOBeX’ (335) 

Acylberyllium halides are similarly believed to be formed on reaction of an acyl halide 
with powdered beryllium (equation 335). The products, however, have not been isolated in 
a pure state, their formation arising by virtue of the nature of their chemical reactions532. 
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Diorganoberyllium reagents are generally thermally robust, the main exception being 
branched-chain alkylberyllium compounds, which are thermally unstable above cn. 40- 
50 "C. Little is known about the thermal stability of the organoberyllium halides, although 
acylberyllium halides are known to react vigorously with both water and 

2. Reactivity 

Diorganoberyllium compounds such as Et,Be and Ph,Be are effective as catalysts for 
the dimerization and polymerization of alkenes6, but very little contribution has been 
made to the field of organic synthesis by these and other organoberyllium reagents. 

Carboxylation of the optically active diorganoberyllium compound 177, which was 
prepared via the organolithium method (equation 330), provides a moderate yield of the 
corresponding optically active carboxylic acid 178(equation 336)533. Reagent 177 has also 
been utilized in the asymmetric synthesis of chiral secondary alcohols (97-99% purity) via 
reduction of alkyl phenyl ketones (equation 337). The highest optical yield obtained was 
46% for the reduction of isopropyl phenyl ketone, the prevalent enantiomer produced 
having the S absolute c ~ n f i g u r a t i o n ~ ~ ~ .  Further, 177 has been utilized in the nickel- 
catalysed displacement reaction between itself and a-olefins. The optically active ligand on 
beryllium, however, did not exert any significant asymmetric induction during the 
reactions3'. 

(EtMeCHCH,),Be + 2C0,  5 2EtMeCHCH,CO,H 

C(R)-( kl-1771 CN-( +)-1781 
(336) 

RCOPh + 177 % PhRHCOH 
88-970/, 

(337) 

Apart from 177, only the acylberyllium bromides have made any contribution to organic 
synthesis. These organoberyllium reagents undergo some interesting chemical transform- 
ations with a number of organic substrates. For instance, aliphatic ketones undergo a 1,2- 
addition reaction with acylberyllium bromides to yield semicarbazones on hydrolysis, or 
bromoketones on quenching with an acid bromide (equations 338 and 339). Acetone, ethyl 
methyl ketone, n-butyl methyl ketone and di-n-propyl ketone all react with acylberyllium 
bromides in this fashion'36. Aromatic ketones on the other hand, react differently with 
acylberyllium bromides, generating pinacols on hydrolysis (equation 340). If an excess of 
the acyl bromide is present in solution, however, then only pinacolones are isolated 
(equation 341)'37. 

RCOBeBr + R1COR2 RCOCRL(RZ)OH (338) 

(339) 
R'COBr 

RCOBeBr + R'COR' - RCOCRL(R2)Br 

R = Et, Me, Pr" 

Ar,CO + RCOBeBr 1/2Ar,C(OH)CAr,OH (340) 
RCOBr 

Ar,CO + RCOBeBr 7 fAr3COAr (341) 

Aromatic aldehydes react with acylberyllium bromides in ethyl acetate to generate 
alkenes in good yield (60-90%). For instance, the reaction of AcOBeBr with benzaldehyde 
gave (E)-stilbene (equation 342), while the same reaction with cinnamaldehyde yielded a 
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diphenylhexatriene (equation 343)538. 
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Ph H 

EtOAc 
PhCH=CHCHO + RCOBeBr iPh(CH=CH),Ph (343) 

Acid amides are readily prepared by reaction of acylberyllium bromides with aromatic 
nitro compounds. For instance, both nitrobenzene and o-nitrotoluene react with a range 
of acylberyllium bromides to give the corresponding acid amides in high yield (equations 
344 and 345)6.539. 

(344) 
EtOAc 

RCOBeBr + PhNO, - PhNHCOR 

'I' 0 2  YHCOR 

R=Me,Et, Pr",Bu",or Cy 
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1. PREPARATION OF ORGANOBORANES 

A. Introduction 

1. Scope 

This chapter describes the chemistry ofthe carbon-boron bond as it relates to organic 
synthesis. Reductions of organic compounds by boron-hydrogen bonds are excluded, 
although some processes which involve hydride donation from carbon with simultaneous 
cleavage of a carbon-boron bond are included. 

The major significance of organoborane chemistry is the high degree of stereoselectivity 
and regioselectivity that can be achieved. Boron may serve as a template on which organic 
groups are assembled and joined, and once the desired carbon-carbon connection has 
been achieved, the boron connection is easily severed in stereospecific ways. Auxiliary 
chiral groups can be attached to the boron atom, and several organoborane reactions rate 
among the highest in chiral selectivity ofany known reactions. Asymmetric hydroboration 
was the first highly selective and truly practical chiral synthesis directed by a chiral 
auxiliary group'. 

By far the largest single contributor to this field is Professor Herbert C. Brown, Nobel 
Laureate, 1979, of Purdue University. Brown's own books have thoroughly covered his 
earlier contributions',*, and this review will necessarily omit many of the details of the 
history of hydroboration chemistry. 

Hydroboration is not the only easy way to make organoboron compounds, and 
syntheses from other organometallics are given full attention in this review. 

Those aspects of organoborane chemistry that seem most relevant to an understanding 
of the fundamentals or that are likely to have future applications are included here, and 
developments during the past decade are emphasized. Reactions of boranes that are useful 
in stereocontrolled synthesis are covered in considerable detail, and reactions that are 
fundamentally incapable of preserving stereochemical information are included but de- 
emphasized. 

This chapter is divided into three broad sections. Section I covers methods of 
synthesizing organoboranes, Section I1 describes the various classes of organoborane 
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reactions, and Section I I I  describes the use of organoboranes in chiral synthesis. Other 
applications of borane chemistry to synthetic problems, for example stereoselective alkane 
syntheses, achiral or racemic insect pheromones, and isotopically labelled compounds, are 
included together with the relevant reactions of boranes in Section 11. 

2. General routes to carbon-boron bonds 

Carbon-boron bonds are formed in  processes which take advantage of the electrophi- 
lic character of tricoordinate boron. The reaction of trivalent boron compounds with 
organometallic reagents has more than a century of tradition3-' I ,  beginning with the 
preparation of triethylborane, 1, ('boric ethide') from diethylzinc and triethoxyborane 
(equation The use of Grignard reagents with trialkoxyboranes6 remains, with modern 
improvements"' I ,  among the best of general routes to organoboron compounds. 
Reactions of RMgX or RLi with B(OR'), can be carried out stepwise to yield RB(OR'),, 
R,BOR' (or RR"BOR'), or R,B. This approach to carbon-boron bond synthesis is 
discussed in Section I.B. 

B(OEt), + ZnEt2 __* Et,B + Zn(OEt);! 

( 1 )  

The more recently discovered hydroboration of alkenesl,',' ' olso provides a wide 
variety of organoboron compounds, often highly regioselectively and generally stereospe- 
cifically. In an early typical example, oct-I-ene was converted into tri-ri-octylborane, 
2 (equation 2)12. The boron atom adds preferentially to the least sterically hindered site, 
and the B-H addition is always SJW via a four-centre cyclic transition state. Hydrobor- 
ation is discussed in Section I.C. 

7 
AICI,+ NaBH4 - . 0  

diglyme 
(2 )  

R = H, alkyl, aryl: Y = H, alkyl, halogen, OR. SR (2) 

Dominating the chemistry of organoboranes is the strong tendency of boron to oxidize 
and thus to become attached preferentially to more electronegative elements. Thermody- 
namic measurements indicate that B - 0  bonds are much stronger than B-C bonds, 
while B-C, C-C, and C-0, bonds all have the same general strengthl3.l4. The atomic 
arrangement B-0-C-H tends to be more stable than the alternative H-0-C-B 
by approximately 125-167 kJmol- ' .  One consequence is that 'hydroboration' of a 
carbonyl group results strictly in reduction, with carbon-hydrogen bond formation and 
not carbon-boron bond formation2". Another is that no tricoordinate boron compound 
having the bonding arrangement O=C-C-B is known, because rearrangement to B- 
0-C=C is generally exothermic by cu. 105-125 kJ mol- I .  A more general consequence is 
that boron-carbon bonds are broken in a wide variety of oxidative processes, which 
provide the basis for the synthetic ut i l i ty  of organoboranes, discussed in Section 11. 

The other dominant factor in the chemistry of organoboranes is the Lewis acidity of 
boron, the general ability of any tricoordinate X,B (X = alkyl, alkoxy, halogen, H, etc.) to 
add a Lewis base, Y -, to form a tetracovalent borate complex, X,BY - .  Such borate( 1 - )  
complexes are intermediates in a very wide range of reactions, from that of an 
organometallic with a trialkoxyborane to form an organoborane in the first place, to 
reactions which assemble organic moieties on boron and connect them in a stereocon- 
trolled manner, to the final oxidation with hydrogen peroxide or other reagents used to 
remove the boron from the completed structure. 
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Other hypothetical possibilities for forming boron-carbon bonds would include free 
radical processes and reaction of metalloboranes with electrophilic carbons. Radical 
reactions generally result in oxidative dealkylation at boron, not reductive alkylation, as 
dictated by the thermodynamic relationships mentioned above. Carborane anions' ' . I 6  

have been alkylated with methyl iodide. However, the alleged dialkylboron anion, 
KBBu2I7-l9, has been shown to yield PhCH20BBu2, not PhCOBBu,, with PhCOCI, and 
to form C-D bonds on quenching with D 2 0 ,  suggesting an oligomeric alkylborohydride 
structure2'. The reported preparation of CF,BBu2 from CF31 and KBBu," offers 
reasonable although not exhaustive evidence for the structure of the product, but no proof 
of the nature of the intermediate. 

3. Safety considerations 

Spontaneous ignition in air and the beautiful green flame were the first properties of 
triethylborane, 1, to be noticed3. A sweet taste was mentioned as a property of 
ethylboronic acid, C,H sB(OH)23.6. These early observations parallel modern knowledge 
of the relative hazards of reduced uersus oxidized organoboranes. 

The toxicities of water-soluble boronic acids or their esters are often fairly low, whereas 
fat-soluble boronic acids tend to have significant although not highly hazardous 
toxicities2 Diborane is much more toxic, with the maximum allowable concentration 
for workers set at 0.1 ppm2,. Tributylborane has been tested for toxicity as a possible 
ingredient in acrylic dental cement. The intravenous LD,, in male rats was 104pl Kg- '  
(i.e. ca. 80 mg kg- I )  and the oral LD,, 1.0-1.2 ml kg- 24. These are moderate values, and 
in view of the air sensitivity of trialkylboranes it is hard to imagine any accidental ingestion 
sufficient to produce acute toxic effects. 

Fire hazards with boronic esters, RB(OR'),, are no greater than with ordinary organic 
compounds of similar volatility. Alkylboronic acids, RB(OH),, are stable in air if pure, and 
butylboronic acid and several arylboronic acids are commercially a ~ a i l a b l e ~ , . ~ ~ .  How- 
ever, butylboronic acid has been reported to be stable in air if moist but to autoxidize if 
dry6, and benzylboronic acid, PhCH,B(OH),, autoxidizes even when moist7. In the 
author's experience, freshly prepared and dried samples of low molecular weight boronic 
acids may, after an induction period, autoxidize exothermically and darken27. A possible 
cause is the presence of R,BOH as an impurity, since it was observed by Johnson's group 
that Bu2BOH is stable under moist conditions but autoxidizes if dry, and also that the 
easily formed anhydride, Bu2BOBBu2, chars on cotton2*. Butylboronic acid is sold with2' 
or without26 added water as a stabilizer. 

The spontaneous flammability of t r i a l k y l b ~ r a n e s ~ . ~  has been investigated with modern 
equipment, and trimethylborane-oxygen mixtures were found to ignite spontaneously at 
low pressures, for example, 5 Torr of Me,B and 25 Torr of 0229. As the molecular weight 
increases, the hazard decreases, and tributylborane does not normally ignite sponta- 
neously',' I .  For synthetic purposes, trialkylboranes are handled in solution under an inert 
atmosphere and not normally isolated'.2. Provided that normal precautions are taken, 
trialkylboranes present no more hazard to the chemist than typical Grignard reagents. 

Borane-thf can decompose with pressure build-up on storage, and instances of bursting 
of bottles (without ignition) have been r e p ~ r t e d ~ ' , ~ ' .  The alternative dimethyl sulphide 
complex appears to be stable (see Section 1.C.l.b). 

Environmental and disposal problems with organoboron compounds appear to be 
minor. Boranes and boronic acids readily oxidize to alcohols and boric acid, and are 
unlikely to persist very long in the presence of oxygen. Sodium borate and sodium 
perborate are common ingredients in laundry detergents and bleaches, and typical 
environmental studies do not suggest any serious hazard32. Boric acid is moderately toxic. 
An old estimate of the acute lethal dose to an adult human is 15-20 g, with 0.5 g day- ' for 6 
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months likely to cause toxic effccts13. Thcse estimates iire in  line with recent long-term 
feeding studies with rats and dogs in which 350 ppm of boron contained i n  boric acid in the 
diet caused no apparent harm, although serious toxic effects became evident at three times 
this The well known effectiveness of boric acid as an insecticide for cockroaches 
appears to depend on the fact that these insects can ingest large amounts of boric acid by 
preening themselves”. 

4. Nomenclature 

designed by inorganic chemists call for the naming of 
RB(OH), as ‘alkyldihydroxyborane’ and RB(OR’), as ‘alkyldialkoxyborane’. The older 
organic ‘alkaneboronic acid’ system paralleled the naming of sillphonic acids. More 
recently, Chemicd Abstrrrcrs has converted to a system in which ‘boronic acid’ is the 
hypothetical HB(OH), and thus RB(OH), is an ‘alkylboronic acid’36. I t  is then convenient 
to name RB(OR’), as a ‘dialkyl alkylboronate’. Since this approach tends to yield the 
simplest names, i t  will generally be used in this chapter. ‘Dihydroxyboryl’ and ‘dialkoxy- 
boryl’ are systematic names for (HO),B and (R’O),B a s  substituents, and will be used 
where appropriate. Systematic names for cyclic boronic ester groups often become 
particularly unwieldy, for example 2,4,4,5,5-pentamethyl-l, 3,2; -dioxaborolane, and 
descriptive common names will generally be used, as for the example just cited, pinacol 
rnethylboronate. In parallel with the ‘boronic acid’ nomenclature is the name ‘borinic acid’ 
for the hypothetical H,BOH36. 

Trialkylboranes are named as such in a straightforward manner, and borinic esters can 
also be named as alkoxydialkylboranes. For complex structures, the boron connections 
can be indicated by the prefix B, for example B-butoxy-B-(l-bromo-3,3,3- 
trichloro)propyl-B-2,5-dimethylphenylborane. Cyclic boranes are generally named as 
hydrocarbons, with the prefix ‘bora’ to signify a BH group. Tetraalkylborates, R,B-, are 
named formally as ‘tetraalkylborate( 1 - )’. Tetrasubstituted borates are sometimes called 
‘ate complexes’. This German terminology commits a perfect spoken English pun with ‘8- 
complexes’, which sounds like a plausible interpretation of the technical jargon to the 
uninitiated. In written English, ‘boron ate complexes’ is a simple phrase, absurd but 
distracting. This review will use ‘borate complexes’ or ‘tetraalkylborates’. 

Official nomenclature 

B. Boranes from Organometallic Reagents 

1. Boronic acids and esters 

As noted in Section I .A . l ,  the reaction of trialkoxyboranes or boron halides with 
reactive organometallic reagents has a long history3-”. I t  is generally easy to make any 
simple boronic acid by using the procedure described by Snyder et a/.’ for butylboronic 
acid. This has been further refined and described in Oryciriic Sy7rhesrs for phenylboronic 
(‘benzeneboronic’) acid, 3 (equation 3)’ I .  If a boronic ester is desired, exchange of hydroxy 
and alkoxy ligands is generally rapid and the equilibrium easily shifted by such techniques 
as azeotropic distillation, as for example in the author’s preparation of dibutyl 
vinylboronate without isolation of the air-sensitive acid27. 

(precipitates) (3) 

In the Organic Syntheses procedure’ I ,  the Grignard reagent and the trimethyl borate 
are added simultaneously from separate dropping funnels to diethyl ether in a flask cooled 
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in a - 78 "C (dry-ice-acetone) bath with efficient stirring. If a special high-speed stirrer is 
used, the yield of 3 is 90%' I .  With more ordinary Teflon paddle-type stirrers, yields of 
boronic acids or esters in the 7040% range are commonly obtained with a variety of 
Grignard  reagent^^.^^.".^^. The use of simultaneous addition of the reagents is not of 
measurable benefit in most cases, and we have often used the more convenient procedure 
of simply adding the Grignard reagent to the trimethyl borate solution. There may be no 
reason except precedent' for mixing the reagents in this order. Trimethyl borate has to be 
added to the thermally unstable (dichloromethyl) lithium3', and yields are good. Addition 
of trimethyl borate to a Grignard reagent has been reported4", and trimethyl borate has 
been added successfully to the lithium reagent PhSCH,Li with excellent results4'. The 
initial reaction product is a borate complex, RB(OR'),-, which is inert until it exchanges a 
ligand to unreacted B(OR'), to form RB(OR'), and B(OR'),, and the possibility that excess 
Grignard or lithium reagent might lead to less trialkylborane side product than does 
excess of borate ester has not been investigated. Finally, it might be noted that for the 
isolation of boronic acids, autoxidation can be a problem but is inhibited by water', and 
the author has had good success recrystallizing boronic acids from diethyl ether-hexane 
or dichloromethane-hexane to which a drop of water, just enough to maintain a visible 
separate phase, has been added. 

One frustrating exception to the easy synthesis of simple boronic acids by the Organic 
Syruhrses procedure has been methylboronic acid, CH,B(OH), (equation 4). This boronic 
acid is water soluble and volatile, and the corresponding boronic anhydride (trimeth- 
ylboroxine), 4, and methyl ester (dimethoxymethylborane) are also volatile. These 
problems were circumvented and high yields obtained by a long work-up procedure which 
led to the boronic anhydride-pyridine complex3'. The 1 : 1 complexes of trialkylboroxines 
with pyridine are easily formed42 and can serve as a stable form for storing reactive 
boronic acids43. 

MeMgI + (MeO), B - MeB(OMe),- 

+ 
Me3B 

Me 
I 

MeB(OH), + MeB(OMe), + Me-B ,/-Me (4) 

(4) 

Another problem, discovcred when Matteson and Moody repeated the preparation 
years later and agilely avoided disaster44, is that a spontaneously flammable by-product, 
presumably trimethylborane, is generated in the reaction of methylmagnesium iodide with 
trimethyl borate, and may ignite during work-up when ethereal solutions are exposed to 
air. Less volatile trialkylboranes formed as minor by-products in preparations of higher 
molecular weight boronic acids have not caused any such problem, although odours 
consistent with descriptions of those of t r i a l k y l b o r a n e ~ ~ . ~  commonly arise in these 
preparations. 

An elegant solution to the methylboronic ester problem has recently been found by 
Brown and Cole4'. Addition of alkyllithiums to triisopropyl borate generally yields 
monoalkyl triisopropoxyborate salts in nearly quantitative yields, except that tert- 
butyllithium gives lower yields with some disproportionation. Work-up consists of 
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addition of anhydrous hydrogen chloride and distillation of the propan-2-01 followed by 
the diisopropyl alkylboronate, 5 (equation 5). 

RLi + (Pr’O),B + RB(OPr’),Li RB(OPr’), + Pr’OH + LiCl ( 5 )  
(5 )  

Triisopropyl borate is commercially available, and the Brown-Cole route is particularly 
useful for diisopropyl methylboronate and diisopropyl dichloromethylboronate. It is also 
convenient for boronic esters derivable from any commercially available lithium reagent. 
In making diisopropyl methylboronate, we have observed that it is necessary to use a 
fractionating column in order to separate the propan-2-01 and achieve the reported 
boiling point46, and in scaling up the procedure the approximate dilutions of reactants 
reported45 should be maintained in order to avoid stirring difficulties and formation of 
spontaneously flammable trimethylborane, which in this case burned harmlessly at the 
argon exit during the distillation under argon. 

Organometallic reagents other than Grignard or lithium reagents can also be used to 
prepare boronic esters, but there has not been much exploration of such chemistry for 
synthetic organic purposes. A preparation of ICH,B(OBu), utilizes the reaction of 
ICH,Hgl with BBr,47. However, for practical purposes the preparation of ICH,B(OBu), 
from P ~ S C H , B ( O B U ) ~ ~ ~ ~ ~ * ,  which is derived from PhSCH’Li, or the preparation of 
CICH,B(OR), by tributyltin hydride reduction of CI,CHB(OR),49, is more convenient. 

Preparations of alkyldihaloboranes, RBX,, and also dialkylhaloboranes, R,BX, from 
boron trihalides and organotin compounds, R4Sn, appear to  be especially facile and 
e f f i ~ i e n t ’ ~ . ~ ~ ,  and in view of the availability of a variety of organotin compounds these 
have potential synthetic utility. 

2. Alkoxydialkylboranes and trlalkylboranes 

Reaction of BX, (X = halogen, alkoxy, etc.) with sufficient RM (M = Li, MgX, AIR,, 
etc.) often yields BR, directly. This type of route to symmetric trialkylboranes has 
industrial potential, but is not normally as convenient as hydroboration for laboratory 
use, and has been reviewed elsewhere5’. 

Reaction ofa  boronicester RB(OR’), with a Grignard reagent R”MgX readily yields the 
mixed dialkylalkoxyborane RR”B0R’. For example, where R was vinyl, OR’ was butoxy, 
and R” was aryl, 70-75% yields were obtained’,. Where R and R” were both vinyl, even 
though the product polymerized so readily that it had to be transesterified with 
Me,NCH,CH,OH in order to obtain a stable chelated product before isolation, the yield 
was 65Xs4. 

This classical approach can be extended to the reaction of R,BOR’ with R”MgX or R”Li 
to form R,BR”. Its potential utility for making boranes that are inaccessible by 
hydroboration has been noted by Brown and coworkers, who have prepared 9-substituted 
9-borabicyclo[3.3. llnonanes, 7, (equation 6) and other mixed trialkylb~ranes’~-’~. In 
hydrocarbon solvents the lithium alkoxide separates from the tetracoordinate borate 
intermediate 6 and  precipitate^^^. With alkynyllithiums, removal of the alkoxide by 
treatment with boron trifluoride etherate has been ~ s e d ~ ’ . ~ ~ .  

( 6 )  ( 7 )  

R = CH,, Bur, Ph, CH,=CH-CH,, etc.; various R-CEC- (6)  
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Negishi and Boardman's synthesis6' of alkenylboranes from alkenylaluminium com- 
pounds and B-alkoxy-B-dialkylboranes is noteworthy becauseofits potential utility in the 
stereocontrolled synthesis of trisubstituted alkenes. The preparation of B-[(E)-2- 
methyloct-l-enyl]-9-bbn, 8, is illustrative (equation 7)60. 

C p, Z r C 12 

( 8 )  

3. Bis-, trjs-, and tetrakis(dia1koxyboryl)methanes 

The Wurtz coupling of di-, tri-, or tetra-chloromethane with dimethoxychloroborane in 
the presence of finely divided lithium metal in thf appears to involve initial reaction of the 
lithium with the chloromethane, and is thus a special case ofan organolithium compound 
reacting with a trivalent boron species. Bis-, tris-, and tetrakis(dimethoxybory1)methane 
(9, 10, and I I )  are readily produced in this manner (equations 8-10)61-65. 

CH,CI,+ 2(MeO),BCI + 4Li --'CH,{B(OMe),j, + 4LiCI (8 )  

CHCI, -+ HC{B(OMe),}, (9) 

CCI, + C{ B(OMe),}, (10) 

(9) 

(10) 

(11) 

Surprisingly, the yields are highest with the tetraborylmethane I I .  The diborylmethane 9 is 
most tolerant of variations in the reaction conditions, and can even be made from 
trimethyl borate, in contrast to the more base-sensitive tri- and tetra-borylmethanes 10 
and 11. I t  is absolutely essential that there be an excess ofchloroborane and halomethane 
over lithium metal in the synthesis of 10 and I 1  in order to avoid decomposition during 
work-up. An unfortunate error in reactant quantities in one review64 has led to several 
frustrated chemists. Correct proportions are given in the original papers61.62 and a later 
review6'. Inexplicably, this process has failed completely in several attempts to use the 
cyclic 2-chloro- I ,  3,2-dioxaborinane in place of chlorodimethoxyborane. 

C. Boranes by Hydroboration 

1. Trialkylboranes 

a. General principles 

Hydroboration of alkenes to produce trialkylboranes, 12, is a well known and widely 
useful reaction (equation 1 l ) ' . 2 , 6 6 .  Herbert C. Brown was awarded the Nobel Prize in 1979 
for his discovery of hydroboration and the development of the chemistry of the resulting 
organoboranes. The simple example illustrated may serve as a reminder of the basic 
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(12) 

principles of hydroboration'.2b. ( I )  The boron generally goes preferentially to the less 
sterically hindered site. Electronic effects of substituents are less influential than steric 
effects, with very few exceptions. (2) Ethereal solvents or other Lewis bases of moderate 
strength greatly accelerate hydroboration compared with the rates seen with diborane, 
B,H,, because the ether aids the dissociation of borane dimers. The mechanism is 
discussed in Section I.C.2. For certain substituted boranes such as catecholborane that are 
monomeric, ethereal solvents are irrelevant. (3) Primary alkenes yield trialkylboranes, and 
it is not possible to stop the reaction selectively at the mono- or di-alkylborane stage. 
However, more sterically hindered alkenes and cycloalkenes can yield mono- or di- 
alkylboranes, and these will hydroborate less hindered alkenes in subsequent steps. 
(4) Because organoboranes are oxygen sensitive, it is customary to carry out further 
transformations of them in situ, for example, the oxidation of 12 to the corresponding 
alcohol as illustrated in equation 11. (5) Although several types of functionality are 
tolerated, nucleofugic groups such as halogen or alkoxy if [j to  the boron in the 
hydroboration product are likely to be co-eliminated with the boron67. 

Trialkylboranes are usually stable at room temperature, but on heating, usually in 
refluxing diglyme Cbis(2-methoxyethyl) ether] at ca. 165 "C, rearrangement which 
amounts to dehydroboration and rehydroboration occurs, with efficient migration of the 
boron from sterically hindered secondary sites to less hindered, preferably primary alkyl 
sites',2c. A more detailed description of these rearrangements is provided in 
Section I.C. 1 .g. 

b. Regioselectivity: steric 

Regioselectivity in hydroboration is usually dominated by steric effects. Hydroboration 
of alk- 1 -enes with diborane in diethyl ether or tetrahydrofuran-borane yields trialkylbo- 
ranes having three equivalent alkyl groups, and is perfectly satisfactory for such operations 
as conversion of an alk-I-ene to a primary alcohol, provided a few percent of the isomeric 
secondary alcohol can be tolerated, A typical primary to secondary ratio (for pent- I-ene in 
diethyl ether) is 94:668. I ,  1 -Disubstituted ethylenes give higher selectivities, typically 99: 1 .  
These figures are, of course, the average net result of three successive hydroborations by 
BH,, RBH, and R,BH as the reaction progresses. Of these, BH, is the least and R,BH the 
most selective. Where a high degree of regiocontrol is sought, hydroboration with 
diborane itself is obsolete and a more selective RBH, or R,BH reagent would be used. 

For those reactions where BH, is a suitable hydroborating agent, a highly useful 
storable complex is dimethyl sulphide-borane, (CH,),S-BH,, first reported by Adams's 
g r o ~ p ~ ~ ? ~ '  and subsequently developed by Lane7' and Brown's group7,. The alkylborane 
reagents used to obtain improved regioselectivities are themselves generally most easily 
prepared from dimethyl sulphide-borane''. Thf-borane is also commercially available, 
but suitable precautions must be taken in storing the material, as bursting of bottles from 
pressure build-up has been reported3',' I .  For those who prefer a milder stench to dimethyl 
sulphide, 1,4-oxathiane-borane is recommended7'. It is of interest that the thioether 
function can be oxidized selectively with sodium hypochlorite to form a water-soluble 
sulphoxide without affecting the borane, and thus interference of either dimethyl sulphide 
or 1,4-oxathiane with subsequent radical reactions can be circumvented and the problem 
of disposing of noxious sulphur compounds minimized74. Conversely, selective oxidation 
of the borane function by hydrogen peroxide without affecting the sulphide was achieved 
by making the medium more basic than normally ne~essary '~.  
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The construction of stable RBH, and R,BH reagents is straightforwardzb. I ,  
2-Disubstituted alkenes can generally be converted to bis(sec-alkyl)boranes, and tetrasub- 
stituted alkenes yield monoalkylboranes that are too hindered to react further, except with 
less hindered alkenes. Thus, disiamylborane, 13 (siamyl = 3 - r n e t h y I - 2 - b ~ t y l ) ~ ~ - ~ ~ - ~ ~ ,  
dicyclohexylborane, 1466.7s, thexylborane, 1 5 6 6 ~ 7 5 ~ 7 9 ~ s 0 ,  and 9-borabicyclo[3.3. Ilnonane, 
16, generally referred to as 9-bbn66.s1, are readily prepared and serve as useful reagents for 
the hydroboration of less hindered alkenes (equations 12-1 5). 

Me2C=CHMe + B2Hg [Me2CHCH(Me)]2BH or Sio2BH (12) 

(13) 

Me2C =CMe2 + B2Hg - Me2CHC(Me2) BH2 

(15) 

Other representations o f  9 -  bbn: 

(16) (16) 

The kinetically controlled hydroboration of cycloocta- 1,s-diene yields about a 3: 1 
mixture of 9-borabicyclo[3.3.1]nonane, 16, and its C4.2.11 isomer, but in refluxing I ,  2- 
dimethoxyethane (85 "C) this all rearranges to the more stable C3.3.11 isomer, which 
crystallizes on coolings2. Samples of9-bbn prepared in this manner are said to be stable in 
air, although it is prudent to keep the material under an inert atmosphere at  all times. The 
compound is commercially available. 

Reactions of9-bbn, 16", dicyclohexylborane, 1483, thexylborane, 1584, and other stable 
alkylboranes with alkenes that are not too hindered readily yield mixed trialkylboranes, 
17-79 (equations 16-18), The high reactivity and high regioselectivity of 9-bbn are 
particularly useful, and the resulting 9-alkyl-9-bbn derivatives often react almost 
exclusively at the alkyl C-B bond and leave the 9-bbn unit intact during subsequent 
transformations. 

(16) (17) 



The examples in equations 16-18 involves the use of bulky alkyl groups as blocking 
groups, both in the hydroboration process itself and in the further intended transfor- 
mations. The synthesis of mixed trialkylboranes with sufficient general control of alkyl 
group structure for the purpose of incorporating two or all three of the alkyl groups into 
a desired structure requires special approaches and is discussed in Section l.C.l.e. A chiral 
directing blocking group is introduced in Section 1.C.l.d. The use of groups other than 
alkyl as blocking groups is described in Section I.C.3. 

c. Regioselectivity: electronic 

Electronic influences on regioselectivity are in accord with expectation based on the 
boron being the positive end of the dipole in the B-H bond2b. For example, 
hydroboration of ally1 chloride, 20, with diborane does not follow the usual 94% 
preference for placement of the boron on the terminal carbon but yields an estimated 30”/, 
of 2-boryl product (equation 19)85.86. This relatively minor electronic influence is readily 
overcome by the use of 9-bbn, which results in total domination by the usual steric effects 
(equation 20)87. 

CICH2CH=CH2 + B2Hg - C I C H Z C H ~ C H ~ B R ~  + CICH2CHCH3 

(19) 
I 
BRZ 

-70% ‘3 0 (unstable) (20) 

(16) 

Compounds of the general formula CH,=CHCH,CH,X, where X = OMe, OAc, CI, 
NH,, etc., or CH,=CHCH,CO,Et, undergo hydroboration to form the I-boryl 
derivatives less selectively than simple hydrocarbons do, but again the use of a hindered 
borane, in this case disiamylborane, increases the regioselectivity to 98-99XE8. In a series 
of but-2-enyl compounds, CH,CH=CHCH,X, where X = OEt, OAc, CI, O H  (which 
goes to OBR,), or related groups, 84-100”/, of the boron of diborane attacked the 
2-carbone9. The 11-substituted boranes were unstable toward elimination except when X was 
alkoxy or boryloxy. Hydroboration of isobutenyl chloride, Me,C=CHCI, has yielded 
mostly the 1-boryl product, Me,CHCHCIBR,90. Where R = H, this product rearranges in 
thf to Me,CHCH2BHCl9’. Isobutenyl ethyl ether, 21, is converted into the 2-boryl 
derivative in spite of the steric hindrance at the tertiary carbon (equation 21)90. The major 
product from hydroboration of vinyl chloride, CH,=CHCI, is evidently B(CH,CH,C1)3, 
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which undergoes boron-chloride elimination to form ethylene on warming above 
- 78 OCa5. 

Me,CH=CHOEt + BH,-thf - Me,CCH,OEt (21) 
21 I 

BR2 

The directive effect of a dialkoxyboryl group places the incoming boron atom 
preferentially on the same carbon as the boron already present, as in the hydroboration of 
dibutyl vinylboronate, 22 (equation 22)92-94. Smaller amounts of the sterically preferred 
1,2-diboryl derivative are formed. 

CH, =CHB(OBu), + BH,-thf -P MeCH(BH,)B(OBu), - MeCH[B(OBu),], (22) 
BuOH 

+ + 
H,BCH,CH,B(OBu), (BUO)~BCH,CH,B(OBU), 

Alkenylboranes formed as the initial products of hydroboration of acetylenic com- 
pounds also preferentially yield gem-diboryl compounds as p r o d ~ c t s ~ ~ . ~ ~ .  However, 
phenylacetylene yields substantial amounts of uic-diboryl derivativeg6, which becomes the 
major product if the phenylacetylene is added to excess of BH,-thfg7. 

Vinyltrimethylsilane, CH,=CHSiMe,, yields a mixture of 1- and 2-boryl derivatives 
with diboraneB8, but with 9-bbn is cleanly hydroborated to the 2-boryl product, 
C,H ,,BCH,CH,SiMe,99. Triphenylvinylsilane with diborane has yielded 80% of I-boryl 
and 20% of 2-boryl derivatives, and the diphenylsilacyclohexene 23 yielded exclusively 
the a-boryl product (equation 23)'''. 

SiPh2 + B2H6 iPh, 

(23) 
'BR, 

d. Stereoselectivity 
The absolute syn stereospecificity of hydroboration together with the high susceptibility 

of the reaction to steric influences results in some highly useful diastereoselective additions 
to double bonds, and also geometrically specific additions to triple bonds. The 
hydroboration of an alk-1-yne to a trans-alk-1-enylborane, 1883, has been illustrated in 
equation 17 in the preceding Section 1.C.l.b. 

A diastereospecific, regioselective hydroboration of an open-chain double bond is 
illustrated by the reaction of diborane with (Z)-2-p-methoxyphenyIbut-2-ene, 24(equation 

M e 0  

A r = $  
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24)"'. The syn geometry of hydroboration applied to 1 -methylcyclohexene results in 
exclusive formation of trans-I-boryl-2-methylcyclohexanes 25 (equation 25)Io2. Steric 

Me Me 

R = 2 -rnethylcyclohexyl or H 

( 2 5 )  

factors can result in highly preferential hydroboration on one side of the double bond in 
cyclic systems'.'". For example, hydroboration of norbornene, 26, leads to > 99% of eso- 
borylnorbornane (equation 26)'03. A methyl group syn to the double bond provides 

R = exo-2-norbornyl or H 

sufficient steric interference to reverse the stereochemical preference, resulting in 78% endo 
hydroboration of 7,7-dimethylnorbornene, 27, with BH,-thf (equation 27)'04, and 97% 
endo with 9-bbnlo5. 

Me Me Me Me 

BR, 
(27) 

Hydroboration of ( +)-a-pinene, 28, illustrates both the high stereoselectivity and the 
stereospecific syn geometry of the addition. The resulting monoisopinocampheylborane, 
29, and diisopinocampheylborane, 30, either of which can be made in high yield by 
adjusting the stoichiometry (equation 28), are highly useful asymmetric hydroborating 
agents (see Section 1 1 1 ) ~ ~ ~ . ~ ~ ~ .  

(28) (29) 

Both enantiomers of a-pinene are readily available from natural sources, but neither 
isomer is accessible with 100% enantiomeric excess at a reasonable price. Accordingly, 
Brown and coworkers have sought ways to upgrade the isomeric purities of the mono- and 
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di-pinanylboranes 29 and 30. For 30, reaction of BH,-thf with ii cn. 15x, excess of (+)-a- 
pinene of97x, ee in thfat 0 ° C  with equilibration for 3 days yielded 99% of30 having 99.8% 
ee in the pinanyl groups'". The use of a-pinene of 92% ee with BH,-SMe, requires 
removal of the dimethyl sulphide before the equilibration will proceed, but is then 
successful"". I t  is more practical to omit the equilibration and simply filter the 
precipitated 30, which is of high purity, at the cost of lower yields' l o .  Treatment of30 with 
benzaldehyde liberates a-pinene of high enantiomeric purity"'. 

Monoisopinocampheylborane, 29, has been prepared via the reaction of diisopinocam- 
pheylborane, 30: with tetramethylethylenediamine, which liberates a-pinene and yields the 
crystalline tmed complex of 29, RBH,-Me,NCH,CH,NMe,-BH,R'12. The crystalliz- 
ation process efficiently removes the small amount of complex having one R group of the 
'wrong' chirality, and the 29 obtained on treatment of the amine complex with BF, 
etherate is optically pure' ". An alternative preparation has used thexylborane and 
triethylamine, and the net reaction replaces 2,3-dimethylbutene with pinene' 1 3 .  The 
problem with just hydroboratinga-pinene with an equivalent amount of borane is that the 
product consists of a mixture of two types of borane dimers, RBH,-BH,R (29 dimer) 
and R,BH-BH, (30-BHZ), in which the latter predominates. The hydroboration 
mechanism involves dissociation of the dimers (see Section I.C.2), and the use of this 
mixture results in formation of large amounts of achiral products via the BH,. This 
problem can be overcome by allowing the initial mixture to equilibrate for 96 h at 25 "C, 
which yields 90'x of 29 dimer, or by heating it. which yields 86% of 29 dimer. The 29 can 
then be purified via the tmed complex"4.1'5. 

e. Unsymmetrical trialkylboranes 

Many unsymmetrical trialkylboranes can be made by hydroborating a relatively 
hindered olefin first to make a mono- or di-alkylborane, which is then used to hydroborate 
a less hindered olefin to provide a trialkylborane containing two different alkyl groups. 
Several of the most useful examples have been described in Sections 1.C.l.b-d. However, 
the mechanism of hydroboration (Section I.C.2) makes it impossible to synthesize RBH, 
or R,BH except in those fortuitous cases where the balance of steric factors stops the 
reaction at the right stage. There are a number of uses for boranes which bear two or three 
different alkyl groups, and accordingly several approaches to their general and controlled 
synthesis have been pursued. The controlled synthesis of RBH, and RR'BH is usually 
antecedent to the preparation of RR'R"B and is treated here as part of the same topic. The 
special utility ofY-bbn, 16, as a hydroborating agent is sufficient that it is treated separately 
in Section l.C.l.f. 

Unsymmetrical trialkylboranes are capable of disproportionation, and dimethyleth- 
ylborane has been reported to be stable below - 20 "C but to decompose rapidly to an 
equilibrium mixture of Me,B, Me,BEt, MeBEt,. and BEt, above that temperature1I6. 
Dimethylvinylborane was stable at room temperature, which seemed a possible conse- 
quence of carbon-boron n-bonding at that time, but it is now known that electrophilic 
reagents (which would include boranes) attack alkenylboranes much faster than 
alkylboranes", and it seems more plausible that the vinylborane was stabilized by 
scavenging adventitious boron hydride or that the organozinc used in preparing the 
dimethylethylborane (but not the dimethylvinylborane) may have contributed a dispro- 
portionation catalyst. Many of the unsymmetrical trialkylboranes to be discussed in the 
following paragraphs are presumably thermodynamically stable because of steric factors 
or cyclic structure, but a variety of simple RR'BH and RR'R"B that ought to be capable of 
disproportionation are now known to be stable enough for synthetic operations at room 
temperature. Perhaps i t  would be possible to prepare some kinds of RBR' ,  by reaction of 
R,B with HR',: as has been done where R'  = halogen or alkoxy (see Section I.C.3) or 
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R' = H (see the following paragraphs), but i t  would be unusual to encounter structures 
where such a thermodynamically controlled process would yield a single and thus 
synthetically useful product. 

Thexylborane, 15, hydroborates unsubstituted alk- 1-enes to form thexyldialkylboranes 
even when excess of 15 remains unreacted, but yields monoalkylthexylboranes with any 
kind of disubstituted alkene, including isobutene, but-2-ene, or cycloalkenes. Trisub- 
stituted alkenes such as 2-methylbut-2-ene or I-methylcyclopentene also yield monoalkyl- 
thexylboranes. The monoalkylthexylboranes can be cleaved by treatment with triethy- 
lamine to form monoalkylboranes, for example trans-2-methylcyclopentylborane, 31, as 
their triethylamine complexes (equation 29)' ', or can be used to hydroborate a second 
alkene to form a mixed trialkylborane which has thexyl as one of its alkyl groups, for 
example B-thexyl-B-cyclohexyI-B-(2-1nethylpentyl)borane, 32 (equation 30)' I * .  The 
cleavage by triethylamine can also be accomplished by starting with triethylamine- 
thexylborane"'. The use of thexylborane to make mixed trialkylboranes and cyclic 

Me 

(32) 
(30) 

boranes has been reviewed' 20, as also has the preparation of boraheterocycles by this and 
other routes' '*. 

Hydroboration of non-conjugated dienes with thexylborane, 15, has been found by Still 
and DarstIz3 to provide 80-95"/, control of the diastereomeric relationship between non- 
adjacent chiral centres. The steric relationships are governed by cyclic borane intermedi- 
ates. The contrasting results obtained from (42)-2,6-dimethylhepta-I,4-diene, 33, and its 
(4E)-isomer, 34, illustrate typical examples of the series of dienes investigated 
(equations 3 1 and 32). The synthetic utility of this hydroboration/oxidation process was 
further demonstrated with syntheses of dihydromyoporone and of the vitamin E side- 
chain. 

OH 
I 

4 yy" (31) 
OH 
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OH 

(15) (34) 

The thexylborane route to acyclic unsymmetrical trialkylboranes has obvious limitations, 
being based on a delicate balance of steric factors that cannot necessarily be arranged for 
the synthesis someone really wants to achieve. An entirely different approach based on 
dibromoalkylboranes shows promise of wider generality. Treatment of an 
alkyldibromoborane-dimethyl sulphide complex, 35, with an equivalent amount of 
lithium aluminium hydride in the presence of excess of dimethyl sulphide yields an 
alkylbromoborane, which can be used to hydroborate a second alkene (equation 33). The 
resulting bromodialkylborane cannot be reduced in situ without disproportionation, but if 
it is first converted into the borinic ester (alkyloxydialkylborane) with sodium methoxide, 
the second replacement by hydride and hydroboration of a third alkene proceeds 
smoothlyLz4. 

Me2S R ~ ~ H = C H ,  NoOMe 
R'BBr2- SMe2 + va LiAIH, ___) R'BHBr - SMe2 b R'BCHzCH2R2 - 

I 
(35) Br 

LiAIH4 R3CH=CH2 
I I 
OMe CH&H2R3 

R'BCH2CH2R2 b R ~ B H C H K H ~ R ~  * R I B C H ~ C H ~ R ~  

R',R2,0nd R3moy be primory olkyl (33) 

Pelter and  coworker^'^' have prepared symmetrical R,BH by sodium hydride 
reduction of R,BBr and used them to hydroborate alkenes. Brown and Kulkarni'26 have 
found that potassium triisopropoxyborohydride and lithium aluminium hydride are 
particularly useful for reducing R,BBr to R,BH. Reduction of catecholboronic esters such 
as catechol butylboronate, 36, with lithium aluminium hydride provides a simple route to 
monoalkylboranes such as 1 -butylborane (equation 34)12'. The stable complexes of 

a ) - C H 2 C H 2 C H 2 C H 3  + LiAIH, 4 (CH,CHzCHzCH2BH2)2 (34) 

(36) 
tetramethylethylenediamine with monoalkylboranes and dialkylboranes provide a parti- 
cularly useful route for purifying and storing these reagents, which can be regenerated by 
treatment of the complexes with boron trifluoride etherate'2s-'29. 

The synthesis of borinane (boracyclohexane, 40) proved particularly elusive and has 
an interesting solution. Simple hydroboration of penta-1,4-diene yields predominantly the 
methylborolane derivative, 37, as the kinetic product (equation 35). This can be 
rearranged to pentamethylenebis(borinane), 38, at 170 "C, which can then be cleaved with 
BH,-thf to form borinane, 40 (equation 36). However, a simpler procedure is achieved by 
reacting the penta-l,4-diene with 9-bbn, 16, to form pentamethylenebis(9-bbn), 39 
(equation 37), which on treatment with BH,-thf or BH,-SMe, yields borinane, 40, in a 
mixture with 9-bbn (equation 38), from which the 40 can be separated either by distillation 
or its preferential complexation with Et,N. Once borinane is available, it can be used to 
hydroborate penta-I, 4-diene to form 37, with the ultimate net result being the conversion 
of 2 mol of borinate to 3'30.'31. Borinane is a useful alternative to 9-bbn as a 
hydroborating agent, especially when radical cleavage of the third alkyl group is the 
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ultimate goal, since 9-bbn fails as a blocking group for such purposes (see Section 1I.C. 1 .a). 

(38) 

30 BH,_ 3 C B H  

(40) (ex ists  as dirner) 

(16) (39) 

The use of 9-bbn with the appropriate diene can also lead to five- or seven-membered 
ring boracycloalkanes, but it has not proved possible to separate these from 9-bbnI3,. 
Borolane, 41, rearranges to the relatively inert I ,  6-diboracyclodecane, 42, with a half-life 
of ca. 15 min at 25 "C, but has been prepared in solution at - 25 "C by acidification of the 
corresponding borohydride (equation 39)' 3 3 .  The redistribution reaction leads to poly- 
meric boranes rather than eight-membered rings, and thermal depolymerization occurs 
with partial rearrangement to smaller rings' 32.  

A different sort of hydroboration occurs when lithium triethylborohydride reacts with 
styrene or substituted styrenes134. The mechanism is probably anionic, and the boron 
atom adds at the benzylic carbon. The initial product is a borate complex, 43, which can be 
cleaved with D,O to form the a-deuterioalkylbenzene, or with methanesulphonic acid to 
yield ethane and the diethyl(a-alkylbenzy1)borane (equation 40). 

MeSO3H 
PhCH=CH, + LiHBEt, -+ PhCH(Me)BEt, - PhCH(Me)BEt, (40) 

(43) 
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Dimesitylborane, 44, is an especially selective reagent for the hydroboration of 
a l k y n e ~ ' ~ ~ .  The reagent is easily prepared from dimesitylfluoroborane and lithium 
aluminium hydride and is a solid that can be handled in air. It hydroborates linear alk-l- 
enes efficiently in a few hours at 25 "C, cis-pent-2-ene in 24 h at 65 "C, and cyclohexene only 
15% in 24 h at 65 "C, but monohydroborates either alk-I-ynes or internal alkynes within a 
few minutes at 25°C. Further, it is capable of distinguishing between the methyl and 
propyl groups of hex-2-yne with 90% selectively (equation 41). With 1 -phenylpropyne, 
9-bbn yields 65% electronically controlled attack at the I-carbon, but dimesitylborane 
yields 98% sterically controlled attack at the 2-carbon. 1 -Phenylpropyne was the slowest 
alkyne tested, requiring about 1 h at 25 "C. 

(4 4) 
(41) 

The special utility of 9-bbn and the unsymmetrical trialkylboranes derived from it is 
such that it is covered separately in the following Section I.C.1 .f. This section will be closed 
with a reminder that not all structural types can be made by hydroboration, and the 
synthesis of such structures from lithium or Grignard reagents is discussed in Section I.B.2. 

f. Hydroborations with 9-bbn 

9-Borabicyclononane, 9-bbn 16, is the most regioselective of the readily available 
hydroborating agents'36. The relative reactivities of 37 selected olefins toward 9-bbn have 
been determined by competition experiments and, where data were available, compared 
with reactivities toward disiamylborane' ,'. Some relative rates measured for 9-bbn in thf 
at 25 "C include vinylcyclopropane, 2.3; hex-1 -em, 1.00; cycloheptene, 0.076; cyclopentene, 
0.072; styrene, 0.025; trans-hex-3-ene, 0.12; trans-4-methylpent-2-ene, 0.076; cis-4-methyl- 
pent-2-ene, 0.061; cis-hex-3-ene, 0.056; cis-4,4-dimethylpent-2-ene, 0.038; cyclohexene, 
0.0067; I-methylcyclohexene, 0.001 I ;  and 2,3-dimethylbut-2-ene, 0.0006. The behaviour of 
disiamylborane contrasts in that it shows a 10-fold preference for cis- over trans-hex-3- 
ene, and a 20-fold preference for cycloheptene over cyclopentane. Electronic effects in 
substituted styrenes are considerably larger for 9-bbn, a p-methoxy group enhancing the 
reactivity toward 9-bbn by a factor of 14 with 9-bbn, but only 1.4 with disiamylborane'37. 
With substituted cycloalkenes, 9-bbn generally gives higher selectivity than BH, or even 
disiamylborane"'. I ,  3-Dimethylcycloalkenes are hydroborated with high regio- and 
stereo-selectivity by 9-bbn. For example, I ,  3-dimethylcyclopentene yields 9-(trans, trans- 
I ,  3-dimethyl-2-cyclopentyl)-9-bbn, 45 as the only detectable product (equation 42)'". 
Cyclooctylboranes are particularly prone to rearrangement (see Section I.C. l.g), even at  
room temperature, but 9-(2-methylcyclooctyI)-9-bbn does not rearrange' 39. 
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Conjugated dienes are generally attacked more slowly than simple alkenes by 9-bbnI4". 
Thus, isoprene with I mol of 9-bbn, 16, yields 0.5 mol of dihydroboration product 46 and 
0.5 mol of unconverted isoprene (equation 43), although sufficient difference in hindrance 
at the two double bonds, as in 2,4-dimethylpenta-l, 3-diene, allows the preparation of the 
monohydroboration product 47 (equation 44). The unusual inertness of cyclohexenes 
toward 9-bbn also provides a special case, and the 3-borylcyclohexene, 48, is obtained in 
good yield (equation 45). 

The reaction ofallene with g-bbn, 16, cannot be controlled to give monohydroboration, 
but either mono-, 1, I-di-, or I ,  3-di-substituted allenes can be hydroborated to form allylic 
derivatives as the major or exclusive p r o d ~ c t s ' ~ ' .  Even tetramethylallene yields the allylic 
product 49 and not the vinylic product with 9-bbn (equation 46). Cyclonona-I, 2-diene 
yields 83% allylic and 17% vinylic product with 9-bbn. Disiamylborane yields gross 
mixtures with I ,  3-disubstituted allenes, and mainly vinylic product with cyclonona-I, 2- 
diene. 

Non-conjugated dienes can generally be monohydroborated selectively with g-bbn, 
with the position of hydroboration easily predictable on the basis of the relative 
reactivities of the separate olefinic  function^'^^. If the diene is symmetrical, the product 
tends toward a statistical mixture of non-hydroborated and mono- and di-hydroborated 
products, although the second hydroboration tends to be slower than the first. With 
cyclohexa- I ,  4-diene or cycloocta- I ,  6-dime the second hydroboration is markedly 
hindered and good yields of monohydroboration product such as the 5-borylcyclooctane 
50 are obtained (equation 47). 
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The hydroboration of a number of functionally substituted compounds with 9-bbn has 
been reportedi43. In general, the electronic effects of halogen or oxygen substituents in 
allylic systems CH,=CHCH,X or CH,=CHCHX, are overcome by the steric demands 
of the reagent, and the boron attacks the terminal carbon exclusively. In crotyl systems, 
MeCH=CHCH,X (X = CI or OR) the electronic influence predominates and the boron 
atom attacks the 2-position. With ethyl crotonate, a 50% yield of ethyl 2-ethyl-3- 
oxohexanoate was obtained, evidently the result of Claisen condensation of the initially 
formed boron enolate 51 (equation 48). As noted in Section I.A.l, structures of the type 
B-C-C=O are highly unstable with respect to rearrangement to C=C-0-B both 
thermodynamically and in having no Woodward-Hoffmann symmetry barrier to 
intramolecular rearrangement, and thus it is not expected that the a-boryl carboxylic ester 
from electronically directed hydroboration would survive if it were formed at all. 

Acetylenes are hydroborated by 9-bbn to yield either vinylborane or gem-diboryl 
products, depending on the ratio of reactants, and 9-bbn shows greater regioselectivity 
than other reagentsi44. With alk-I-ynes, the boron attacks the I-position exclusively, as 
illustrated with hex- I-yne, 52, (equation 49) but if clean (ca. 95%) inonohydroboration is 
desired a 2-fold excess of the alkyne is required. With internal alkynes, monohydrobor- 
ation is readily achieved, and dihydroboration in the two cases studied (dec-5-yne and hex- 
3-yne) yielded exclusively gem-diboryl products. Unsymmetrical alkynes can be hydro- 
borated with synthetically useful selectivity only if one of the alkyl groups in branched, as 
illustrated with 4-methylpent-2-yne, 53, which yields 96% selectivity (equation 50). 
Selectivity is a marginal 78:22 with hex-2-yne. 

(53) (16) 

A systematic survey of the use of several dialkylboranes lor the hydroboration of 
alkynes has shown that monohydroboration of alk-I-ynes is favoured by lower 
temperatures, and that even as unhindered a hydroborating agent as di-n-hexylborane 
yields 82% mono- and 9% di-hydroboration product with an equimolar amount of oct-l- 
yne if the reaction temperature is - 50°Ci45. 
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g. Borane rearrangements and displacements 

Rapid rearrangement of tri-tert-butylborane to triisobutylborane at  room temperature 
or slightly above was implied by the attempted preparation of the tert-butyl compound 
from the Grignard reagent and BCI,, which yielded the isobutyl compound instead'46. In 
this work by Hennion et which predates hydroboration, it was conclusively 
demonstrated that tri-2-butylborane rearranges to tri-n-butylborane at or below its 
boiling point, cu. 210°C at 1 atm. The much less reactive tri-2-butylboroxine, 
{ MeCH,CH(Me)BO},, rearranges in 24 h at reflux (242 "C) to tri-n-butylboroxine, 
{Me(CH,),B0},147. 

The temperature required for alkyl group rearrangements in boranes is usually in the 
range 100-1 50 "C in ethereal solvents such as diglyme [bis(meth~xyethyl)ether]'~*.'~~. 
The reaction is catalysed by dialkylboranes and suppressed by excess of alkene'.'50. This 
catalysis implies a mechanism more complex than mere separation of RCH(CH,)BR; 
into RCH=CH, and R',BH, followed by recombination to form the less sterically 
hindered RCH,CH,BR',, and appears inconsistent with the hypothesis that all hydrobor- 
ations may follow the same detailed mechanism as those by 9-bbn (see Section I.C.2). It 
appears that the borane and olefin can remain bound in a n-complex in some cases, as 
indicated by the results of Rickborn and Wood"' in which the product of hydroboration 
of cis-I, 2-dimethylcyclohexene rearranged initially to cis-l-borylmethyl-2- 
methylcyclohexane, the product of migration of the boron along one side of the double 
bond. The kinetic hydroboration product would normally include a substantial amount of 
truns-isomer, and the thermodynamic product is 73% trans, which results after prolonged 
heating and obviously requires a dissociative mechanismi5'. Another system in which it 
appears that the borane-olefin n-complex remains bound is the isomerization of 
triisopropylborane to tri-n-propylborane, for which the entropy of activation was found to 
be - 9e.u.I5*. The entropy ofactivation for isomerization oftert-butyldiisobutylborane to 
tri-tert-butylborane in the same study was + 14e.u., which implies a dissociative 
mechanism. 

One alkene can displace another from a trialkylborane under conditions similar to 
those used for alkyl group rearrangement'.". It has long been known that thermal 
cracking of trialkylboranes yields alkenes, which can be distilled out, and dialkylborane 
dimersZb.' 5 3 . i  54. The displacement process is faster than borane rearrangement if an alk-l- 
ene is present, as shown for example by the liberation of a-pinene, 28, from its 
hydroboration product, 54, by displacement with dec-I-ene (equation 51)15'. If 54 is 
heated in the presence of R,BH before treatment with dec-I-ene, isomerization to the 
primary alkylborane 55 then leads to P-pinene, 56. The borane rearrangement does not 
disturb even highly strained carbon skeletons, as exemplified by the rearrangement of 54 to 
551so. The process is generally good for rearranging the boron atom from a ring position 
to the end of a side-chain. 
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The kinetics of replacement of isobutene from triisobutylborane by ethylene to form 
triethylborane in the gas phase require that the mechanism involves dissociation followed 
by recombination' ". Kinetic data indicate a similar mechanism for exchange of alkenes 
with alkyl groups in 9-alkyl-9-bbns in refluxing thf'". In accord with the hypothesis of 
dehydroboration followed by rehydroboration, isomerization will not proceed past a 
carbon atom that does not have at least one hydrogen as illustrated with 
the isomerization of 2,2,4-trimethyl-3-pentylborane, 57, exclusively to 2,4,4-trimethyl-l- 
pentylborane and not to the 2,2,4-trimethyl isomer (equation 52). 

Me 

At  higher temperatures, generally 200-300 "C, trialkylboranes eliminate hydrogen and 
alkenes with the formation of five- or six-membered  ring^'^^^'^^. Phenylethyl- or 
phenylpropyl-boranes close to boraindanes or boratetralins160. These cyclizations are 
seldom specific enough to be of much synthetic interest, but fortunately they are much 
slower than the borane isomerizations under discussion and do not interefere. 

It was noted in the preceding Section I.C.l .f that 9-bbn derivatives rearrange relatively 
slowly, and that 9-bbn is therefore a good blocking group ifprevention of rearrangement is 

This perhaps reflects the fact that 9-alkyl-9-bbn compounds suffer a relatively 
low degree ofsteric interaction, in contrast to the transition states for their formation from 
or decomposition to 9-bbn and alkene. The relative steric strain in the boranes themselves 
is evidently increased in bulky bis(cycloalkyl)alkylboranes, which undergo unusually 
rapid rearrangement. Rates have been studied with bis(cycloalkyl)-3-hexylboranes at  
150 "C in diglyme'61-'63. Relative to tris(3-hexy1)borane as 1, relative rates for equilib- 
ration are 9-bbn 0.12, cyclohexyl 5, 2,s-dimethylcyclohexyl 50016', cyclopentyl 1.7, 
cycloheptyl 25, cyclooctyl 167'", em-norbornyl 60, and 2-bicyclo[2.2.2]octyI, 58, 
1 500163. Thus, bis(2-bicyclo[2.2.2]octyl)borane is the hydroborating agent of choice if the 
ultimate goal is borane rearrangement (equation 53). 

(58) 
(53) 

Although 9-alkyl-9-bbns rearrange relatively slowly, it  is unusually easy to recover the 
alkyl groups from them as alkenes by displacement with aldehydes. Midland and 
coworkers have shown that the displacement is first order in aldehyde and first order in 9- 
alkyl-9-bbn and that the reaction is much faster than dissociation of the 9-alkyl-9- 
bbn'h4.'6s. The very negative entropies of activation are in accord with a concerted cyclic 
transition state, and the 9-bbn group is sterically prevented from ring opening by such a 
mechanism. Secondary alkenes are displaced much faster than primary, and the reaction 
of B-3-pinanyl-9-bbn with carbonyl groups provides a highly useful method of enant- 
ioselective reduction, discussed in Section 111. 
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The stereochemistry of hydroboration corresponds to direct addition of the B-H unit 
to the C=C group in a cyclic four-centre transition state, and catalysis of the reaction by 
ethers was apparent when hydroboration was discovered '. The first kinetic studies showed 
a first-order dependence on disiamylborane dimer'66, but this and other systems 
studied earlier were highly complex, and interpretations involving borane dimers or 
s ~ l v a t e s ' ~ ~ . ' ~ ~  now appear erroneous. 

A definitive series of studies of reactions of 9-bbn with alkenes and other substrates 
carried out by Brown and coworkers has recently shown that 9-bbn dimer, 16, dissociates 
to 9-bbn monomer, 59, and it is free 59 that attacks the substrate via a four-centre 
transition state, 60 (equation 54)L68-'7s. The kinetic evidence may be summarized briefly 

(16) (59) 

as follows. I f  the alkene is highly reactive toward the borane monomer, 59, then k ,  >> k -  , 
and the reaction is first order in 9-bbn dimer, 16, with rate constant k , ,  and independent of 
the nature of the reactive substrate or its concentration. If the alkene is sterically hindered 
or halogen substituted and oflow reactivity, so that k -  , >> k, ,  then the reaction becomes of 
0.5 order in 9-bbn dimer, 16, and first order in the slowly reacting substrate. These 
relationships hold in a variety of solvents, including some such as carbon tetrachloride 
which cannot complex with the borane monomer, 5 9 1 6 8 - ' 7 2 . ' 7 7 . 1 7 8 .  Borinane (boracy- 
clohexane) is a much faster hydroborating agent than 9-bbn but shows similar rate 

Lewis base complexes of 9-bbn, including those with thf, dimethyl sulphide, or amines, 
dissociate to yield 9-bbn monomer, 59, which is the active species that hydroborates 
a l k e n e ~ ' ~ ~ .  Reduction of aldehydes and ketones with 9-bbn in thf shows similar kinetic 
patterns to hydroboration of a l k e n e ~ ' ~ ~ .  Substrates that are reactive enough can attack 
9-bbn dimer directly and yield kinetics first order in substrate and first order in (9-bbn),, 
but this type of behaviour appears to be confined to protonolysis by unhindered 
alcohols175 and complex formation with unhindered amines'76. 

In general, borane-thf complexes are faster hydroborating agents than borane dimers. 
How can the formation of the borane-thf complex be exothermic, yet dissociation of the 
borane-thf complex requires less energy than dissociation of the original borane dimer? 
The straightforward answer is that the significant quantity of energy is that needed to 
liberate 1 mol of borane monomer. Dissociation of the dimer liberates 2 mol of monomer, 
and requires less energy than dissociation of 2 mol but more than dissociation of I mol of 
borane-thf complex without violating thermodynamics. Thus, complexing with the ether 
solvent lowers the activation energy for hydroboration' ". 

Although it is not possible to study the B,H,-BH, system in the comprehensive detail 
done with 9-bbn, hydroborations with BH,-NR, and BH,-SMe, are inhibited by added 
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NR, or SMe,, which makes sense only if free BH, is the active hydroborating agent'*'. 
There is an anomalous observation that an impurity in a substituted styrene can inhibit 
initiation of hydroboration by a large excess of BH,-thf for up to six half-lives'*', which 
Brown has cited as further evidence that free BH, is the active hydroborating agent'*'. 
However, there is no way a minor impurity could remove the whole molar equivalent or 
more of BH, that would be generated by a first-order dissociation in such a long time, and 
these results imply either experimental error or a chain mechanismL6'. Conceivably RBH, 
+ B,H, could yield RBH,-BH, + BH, in a chain reaction, and the anomalously low heat 
of activationls2 might be an artifact of an unrecognized chain process, but the data are 
insuflicient to support any conclusion. Gas-phase kinetics have shown that free BH, 
hydroborates ethylene with an activation energy of ca. 8.3 kJ mol-' ,  and direct attack by 
B,H, does not occur'83. 

Observations that alkyl group isomerization in trialkylboranes is catalysed by R,BH' 5 0  

or ethereal solvents' (see Section 1.C. I .g) seem inconsistent with the dissociation 
mechanism for hydroboration. If dehydroboration proceeds directly to a borane dimer or 
etherate, then the principle of microscopic reversibility requires hydroboration to proceed 
directly from the borane dimer or etherate. However, isomerization might also be aided by 
disproportionation of RBR', to R,B and BR',, and the R,BH catalysis might work by 
accelerating ligand exchange. 

The four-centre mechanism for the addition of the B-H unit to C=C is consistent with 
the H/D isotope effect's4. Significantly for the synthetic chemist, this mechanism requires 
that the addition be strictly syn,  with no rotation about a transient C-C single bond. 
Although the older evidence strongly supports this conclusion'.''', a definitive proofwith 
an acyclic substrate has been provided by Kabalka et based on n.m.r. characteriz- 
ation of the trialkylboranes (not oxidation products) generated from ( E ) -  and (Z)-I, 2- 
dideuteriohex-l -me. 

A practical application of this mechanistic information is the finding that hydrobor- 
ation by HBBr,-SMe, is greatly accelerated and helped to completion by the addition of a 
few percent of BBr,'". It appears that the product RBBr, complexes less strongly than 
HBBr, with dimethyl sulphide, and the addition of a small amount of BBr, to the mixture 
shifts the equilibrium concentration of free dimethyl sulphide to a very low value and 
increases the concentration of the active hydroborating agent, H BBr,. 

3. Boronic esters and haloalkylboranes 

a. introduction 

The presence of a halogen atom connected to boron deactivates, and the presence of an 
oxygen greatly deactivates, the borane toward B-H or B-C bond reactions. According- 
ly haloboranes and alkoxyboranes are much less active than diborane or alkylboranes as 
hydroborating agents. However, there is considerable synthetic utility in having 
alkylboranes in which only one alkyl group is available for reactions. Such devices as the 
use ofdialkylthexylboranes or 9-alkyl-9-bbns in order to block one or two positions of the 
borane Section 1.C.l.e. and f )  are often successful, but there are also a variety of 
circumstances in which reactions fail to distinguish the blocking alkyl group from the 
desired reaction site. 

Boronic esters, RB(OR'),, are generally readily available in molar and larger quantities 
from Grignard reagents and trialkyl borates (Section I.B. I). However, hydroboration 
provides a useful alternative route for certain types of structures and is compatible with 
some functional substituents where Grignard reagents are not. Alkylhaloboranes are more 
inconvenient to make by classical routes, and hydroboration makes them available as 
practical synthetic intermediates for the first time. 
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b Boronic esters from catecholborane 

Simple dialkoxyboranes such as (MeO),BH1" or their cyclic analogues such as I ,  3,2- 
dioxaborolane, (CH2),O2BH' *', are unstable toward disproportionation into B,H, and 
(RO),B. The sterically hindered 4,4,6-trimethyl-l, 3,2-dioxaborinane, 61, has proved to 
bestableand hydroborates alkenesand alkynes above I O O T ,  with mediocreyields1Hg.'9". 
The reagent hydroborates allenes efliciently at  I30 "C, with boron attack preferentially on 
an unsubstituted terminal carbon (equation 55). or if the allene is I .  3-disubstituted. on 
thc central carbon'". 

In  contrast to the sluggish reactivity of 61, catecholborane, 62, hydroborates alkenes 
and alkynes efliciently at 65-100"C1y2-'y5. This is an especially valuable route to 
(E)-alk- I-eneboronic esters such as catechol (E)-hex-I-enylboronate, 63 (equation 56). 
the reaction being stereospecific and reasonably regioselective, CN 93%, for unbranched 
a l k - l - y n e ~ ' ~ ~ .  The regioselectivity falls to 60:40 with hex-2-yne, Pr"C-CMe, but is a 
useful 92% with I-cyclohexylpropyne, 64 (equation 57)Iy4. The major isomer is usually 
easily purified by hydrolysis of the catechol ester to the boronic acid and recrystallization. 
Catecholborane hydroborates alk- I -enes slightly faster than alk-I-ynes, and an extensive 
series of competition experiments has indicated that catecholborane tends not to be a s  
selective as 9-bbn or disiamylborane in distinguishing between different olefins'95. 

In addition to being valuable for making (E)-alk-I-eneboronic esters. catecholborane 
provides a useful route to certain functionally substituted boronic esters that are not 
accessible from Grignard or lithium reagents. Thus, catecholborane, 62, with 3- 
chloropropyne yields catechol (E)-3-chloroprop- I -enylboronate, 65 (equation 58), and 
although the selectivity of the boron for the terminal carbon is only 820/,Iy4, any 
alternative route to this compound would be long. Similarly, catecholborane hydrobo- 
rates ally1 chloride or bromide to form XCH2CH2CH2BO2C,H4, and in this case i t  
appears that the byproduct XCH,CH(CH,)BO,C,H, eliminates XB02C6H, and 
propene, which is captured by catecholborane to yield C(I 10% of catechol n- 
propy lbor~na te l~~ .  Pinanediolborane was tested a s  an alternative hydroborating agent 
but gave low yields slowly'9h. Catecholborane hydroborates methyl pent-4-enoate, 66, 
efliciently. but was found to reduce the ketone group first with hex-5-en-2-one 
(equation 59)19'. A n  alternative to catecholborane which reacts with alk-I-ynes at 50°C is 

(62) (63) 
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62 C02Me 

(66) 

I ,  3,2-dithiaborolane, 67 (equation 60)19', which is easily prepared as its trimethylamine 
complex by reaction of BH,-thf with ethane-I, 2-dithiol in the presence of trimethyl- 
amine19'. The free dithiaborolane is liberated from the amine complex by treatment with 
boron trifluoride etheratel". The hydroboration products are easily hydrolysed to 
boronic acids. 

(67) 
91 % 

c. Mono- and di-haloboranes 

Monochlorodiborane was first prepared by Burg over 50 years ago2'', and proved 
difficult to isolate because of its tendency to disproportionate to boron trichloride and 
diborane. However, CIBH, and CI,BH are readily prepared in ethereal solvents by 
treating B,H, with HCI or BCI,, and these were introduced as hydroborating agents 
independently by Zweife12" and Pasto202. In thf, CIBH, and CI,BH d o  not disproportio- 
nate a p p r e ~ i a b l y ~ ' ~ .  The similar reagents PhSBH, and (PhS),BH had been found to be 
active hydroborating agents earlierzo3. The use of I13,2-dithiaborolane as an alternative 
to catecholborane has been described in the preceding Section I.C.3.b. 

Chloroborane was subsequently investigated by Brown and Ravindran, who found 
that the reagent is most efficiently generated by treatment of lithium borohydride with 
boron trichloride in diethyl In contrast to CIBH,-thf, which is a relatively 
slow hydroborating agent, CIBH,-OEt, reacts rapidly and completely with olefins to 
form CIBR,206. I f  1.2-2.0 mol of thfare added to the reagent, the reactions can be stopped 
after one of the two hydrides has reacted to form CIBHR. Alkynes, RC-CH, are readily 
converted into dialkenylchloroboranes, (RCH=CH),BCI, with the usual E-geometry. 
The reagent is useful in preparing cyclic boranes, for example I-chloro-l -boracyclooctane, 
68 (equation 61),07. Dichloroborane etherate is a very slow hydroborating agent, but on 

\ C I BH2 - 0 E t  2, [(CH2)7BCl]n- 250 oc CB-c, + smaller ring 
by- products 

- 
68% 
(6 8 )  

(61) 
addition of 1 mol of BCI, it becomes an efficient reagent for the hydroboration of alkenes 
and alkynes208. Methanolysis efficiently converts the dichloroboranes into boronic esters, 
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for example dimethyl cyclopentylboronate, 69 (equation 62). Thus, dichloroborane 
provides an alternative to catecholborane for synthetic purposes. I t  differs from 
catecholborane in its capacity to dihydroborate alk-I-ynes, R C z C H ,  to form I ,  I -  
bis(chloroboryl)alkanes, RCH,CH(BC1,),208. 

(69) 

More recently, Brown's group has found that haloborane-dimethylsulphide complexes 
are superior hydroborating agents. These complexes are easily prepared by redistribution 
of BH,-SMe, with BCI,-SMe, or BBr,-SMe,209. H,BCI-SMe, hydroborates olefins at 
25 "C with high efficiency and regioselectivity. HBCI,-SMe, requires I mol of BCI, to 
complex with the dimethyl sulphide in order to be an effective hydroborating agent2". 
H2BBr-SMe, provides a simple route to R2BBr2". Comparison of HBX,-SMe, where 
X = CI, Br, or I indicates that all are effective hydroborating agents, that the iodo 
compound is slower than the others, and that separation of pure R,BX from dimethyl 
sulphide is easier when X = CI than when X = Br2I2. A direct route to 9-halo-9-bbns is 
provided by reaction of cycloocta-I, 5-dietie with H,BX-SMe,"'. 

Dibromoborane-dimethyl sulphide, HBBr,-SMe,, has proved to be a faster hydro- 
borating agent than the chloro analogue, and reacts with many olefins at a satisfactory rate 
in refluxing dichloromethane214. In this case, the products are often isolable as distillable 
dimethyl sulphide complexes, for example trans-2-methylcyclopentyldibromoborane- 
dimethyl sulphide, 70 (equation 63),15. Alkynes yield alkenyldibromoboranes in the 
expected manner,''. Efficient procedures for converting the alkyldibromoboranes in to 
various types of boronic esters have been reported216. An extensive study of relative 
reactivities of various alkenes and alkynes toward HBBr,-SMe, has revealed that internal 
alkynes react fastest, closely followed by CH,=C(Me)R, which react an order of 
magnitude faster than RCGCH and RCH=CH,, which react faster than internal alkenes 
or cyclopentene by factors of 3-8 and faster than cyclohexene by two orders of 
magnitude218. I t  was pointed out that HBBr,-SMe, will hydroborate CH,=C(Me)R in 
the presence of CH,=CHR, while disiamylborane shows a strong preference in the 
reverse direction, permitting the selective hydroboration of either double bond in a 
bifunctional structure. Similarly, HBBr,-SMe, will selectively hydroborate an internal 
alkyne in the presence of a terminal alkene, and 9-bbn can be used if the reverse preference 
is desired' *. 

(70) 

Thermal isomerization of RBCI,-SMe, at 150 "C has been found to be unusually slow, 
even slower than rearrangement of the 9-bbn analogues2". Relative rates for R = 3-hexyl 
are RBCI,-SMe, l,R-9-bbn 22, RBBr,-SMe, 45, and RBI,-SMe, 4380. The dimethyl 
sulphide does not have a significant effect on the rates. Hence the dichloroboranes are 
especially suitable reagents if highly labile systems such as 1 -methylcyclooctene are 
hydroborated. 

An interesting and useful synthesis of(Z)-alk-I-enylboronic esters, 71, has been reported 
by Brown and lmai (equation 64)220. An earlier analogous (Z)-alkenyldialkylborane 
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synthesis by Negishi and coworkers is described in Section II.B.l .b. Thexylchloroborane- 

(71) 
R = Bu",Pri,CI(CH2)3;R'= Mo,Pri, HOCHzCH;!,HO(CHz)3, HOCMezCMez 

(esters from diols are cyclic). 

dimethyl sulphide, 72, has been prepared from thexylborane-dimethyl sulphide and HCI 
in diethyl ether by Zweifel and Pearson221, and by the direct hydroboration of 
tetramethylethylene with H,BCI-SMe, by Brown et a / .222 .223 .  The regioselectivity of 72 
is very high because of the thexyl group steric influence, typical figures for the position of 
boron attack being > 99% terminal with ~ c t - l - e n e ~ ~ ' . ~ ~ ~ ,  ca. 99%, terminal with 
styrene22'-223 97% at the 2-position of (Z)-4-methylpent-2-ene, MeCH=CHCHMe2222, 
and 76% at the 2-position with the virtually undifferentiated ( Z ) - ~ e n t - 2 - e n e ~ ~ ~ .  A study of 
' ' B  n.m.r. spectra has shown that thexylchloroborane etherate disproportionates to 
substantial proportions of thexylborane and thexyldichloroborane, but the thf and 
dimethyl sulphide complexes do not disproportionate, and consequently are more 
selective as hydroborating agents224. A study of relative rates of hydroboration of alkenes 
with 72 has yielded the approximate values alk-I-enes 1000, cis-alkenes en. 100, styrene 
I I ,  norbornene 6, trans-alkenes 1.2, and cyclohexene 0.7225. The cisltrans ratio of ca. 100 is 
unusually high. 

A useful synthetic application of thexylchloroborane methyl sulphide, 72, is the 
synthesis of unsymmetrical trialkylboranes, one group of which is a thexyl blocking 
group221. The first of the other two alkyl groups is attached by hydroboration, the second 
with a Grignard or lithium reagent. Extension of this chemistry to the synthesis of 
thexylalkenylalkynylboranes, and to other alkylalkenylalkynylboranes, has been reported 
(equation 65)226.227. Surprisingly, reaction of the intermediate thexylalkenylchlorobo- 
rane, 73, with alkynyllithium is slow, and the process was speeded up by converting 73 to a 
methoxy derivative first (equation 66). 

73 )+B, 

OMe 
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d. Redistributions 

Redistribution reactions of various types of alkylboranes have been mentioned in 
preceding sections as synthetic nuisances. However, redistributions between trialkylbo- 
ranes and BX,, where X is halogen or alkoxy, provide potentially useful routes to RBX, 
and R,BX. For example, it has been known since 1957 that reaction of R,B with BCI, at 
100°C yields RBCI, or R,BCI, depending on the stoichiometry (R = I-butyl, 2-butyl, 
isobutyl), and that the alkyl groups themselves are not isomerized in the exchange228. 
Tetraalkyldiboranes have been shown to catalyse the r e a ~ t i o n ’ ~ ~ . ~ ~ ~ .  Borane-dimethyl 
sulphide can be used to catalyse alkyl-halogen exchange, for example the reaction of 
tris(3-hexy1)borane and boron tribromide to form 3-hexylboron dibromide, 74 
(equation 67)’”. 

(74) 

Aryloxyboranes, (ArO),B, undergo redistribution with R,B to form R,B-OAr at 
100°C with the aid of BH,-thf as The triaryl borates react much faster than 
trialkyl borates. This type of redistribution is useful for preparing catechol boronic esters 
from trialkylboranes of low molecular weight, where hydroboration of the volatile alkene 
with catecholborane would require high pressures’g2. 

e Other bory/af/ons 

Borane carbonyl, BH,CO, which is derived from diborane and carbon monoxide, 
reacts with water or alcohols at low temperatures with hydride migration from 
boron to carbon to form cyclic dimeric derivatives of hydroxymethylboronic acid, 
HOCH,B(OH),233. 

Although the addition of B-H across the carbon-carbon double bond is the well 
known and widely used reaction, analogous additions of B-B and B-Br are also 
possible. The oldest of these is the reaction of acetylene with boron trichloride in a gas- 
phase flow system at atmospheric pressure over a mercury(1) chloride on carbon catalyst, 
which yields CICH=CHBCI, and (CICH=CH), BCI, the geometry of which was not 
investigated234. The reaction easily yields large amounts of material, but the chlorovinyl 
groups undergo base-catalysed 9-CI elimination too easily for the material to have any 
obvious utility. 

The facile cis addition of 9-bromo-9-bbn to alkynes has been reported by Hara 
el d.235. The resulting fl-bromoalkenylboranes form borate complexes with alkynes that 
are stable enough to undergo typical iodine-initiated rearrangement with carbon- 
carbon bond formation (see Section II.B.3.c). Boron tribromide adds to cyclohexene to 
form cyclohexenylboron dibromide, 75, the logical product from loss of HBr, and 
cyclohexylboron dibromide, for which the hydrogen source is unclear 
(equation 68)236.237. Ethylene yields ethylboron dibromide and polymer236, and several 
other olefins react in an analogous manner to c y ~ l o h e x e n e ~ ~ ’ .  
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The addition of CI,B-BCI, to C=C or CGC is an efficient reaction related 
mechanistically to hydroboration, and shows syn geometry; for example, addition to 
acetylene produces (Z)-C12BCH=CHBCI,23*-z40. The reagent is difficult to prepare, and 
the reaction has not found synthetic use. 

Finally, it  mighi be noted that arylboron dichlorides such as PhRCI, can be made 
efficiently from boron trichloride, aromatic hydrocarbons such as benzene, toluene, or 
xylene, and aluminium Although not a very convenient laboratory process, this 
type of reaction could be useful for relatively inexpensive industrial production. 

I I .  REACTIONS OF BORANES 

A. Oxidative Replacement of Boron 

1. Reagents which replace boron by oxygen 

a. Oxygen 

I f  spontaneous combustion of triethylborane, I ,  in air was the first organoborane 
reaction to be observed, the controlled air oxidation of 1 to diethyl ethylboronate was the 
second (equation 69)3. Hydrolysis yielded ethylboronic acid and, to balance, ethanol. In 
this century, air oxidation of tributylborane has been found to be controllable to cleave 
only one of the three alkyl groups and stop at Bu,BOBu merely by adding water, which 
inhibits further oxidation". The initial product formed from R,B and 0, is a peroxide, 
R2B-O-O-R242. Treatment of thf solutions of R,B with 1.5 0, at  0 ° C  followed by 
aqueous alkali results in quantitative conversion of all of the alkyl groups to alcohol, 
ROH2j3.  However, this inexpensive oxidation of expensive organoboranes involves 
radical intermediatesz4* and consequently fails to preserve the s t e r e o ~ h e m i s t r y ~ ~ ~ ,  which 
makes it of limited synthetic utility. The reaction does have synthetic potential as a (non- 
stereospecific) source of organic hydroperoxides. Trialkylboranes, R,B, yield (ROO),BR, 
which on treatment with hydrogen peroxide yield 2 ROOH + ROH244. Alkyldichl- 
oroboranes, RBCI,, are oxidized to ROOBCI,, which hydrolyse to ROOH245. 

Et,B + O 2  - EtB(OEt)? EtB(OH), + EtOH (69) 

(1 )  
Isotopically labelled oxygen is most easily obtained in elemental form, and the reaction 

of oxygen with organoboranes consequently is of special utility in preparing alcohols 
containing labelled oxygen. Kabalka el ~ 1 1 . ~ ~ ~  have synthesized several "0-labelled 
primary alcohols in order to demonstrate the feasibility of the process and its 
compatibility with the presence of functional substituents. This chemistry becomes of 
unique value for the preparation of such simple compounds as 150-labelled butan- I -  
and-2-01, which are of interest as agents for cerebral blood flow measurements247. The 
2.04-min half-life of "0 is ideal for medical diagnostic purposes, but provides the chemist 
with a considerable challenge to devise an ultra-fast synthetic technique. 

b. Hydrogen peroxide 

The reagent of choice for most conversions of boranes to alcohols is alkaline hydrogen 
peroxide*.", which reacts quantitatively at 0 "C and gives stereospecific replacement with 
retention of the configuration of the alkyl g r o ~ p ' . ~ ' . ~ ~ * .  The kinetics of oxidation of 
phenylboronic acid have been studied in detail, and are consistent with the stereochemical 
results in requiring a hydroperoxyborate complex, 76, as an intermediate, with migration 
of the phenyl group from carbon to electron deficient oxygen in the crucial step249. The 
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initial product, (HO),BOPh, hydrolyses very rapidly to PhOH and B(OH),- under the 
reaction conditions (equation 70). In the presence of buffers, peroxy anions derived from 

HOO- OH ,.OH 
L I -  

PhB(0H)z - P h - E - 0 - O H 4  (H0)2E.fi,.0" 4 (HO),BOPh + OH- 
I ._ , 

OH 'P h 

(76)  
(70) 

the buffer also enter into the rate law, including peroxyborates. In acidic solution, a pH- 
independent term in the rate law evidently involves a protonated version of 76, 
PhB-(OH),00H2+,  with no net charge, and in very strong acid evidence for protonated 
species of undetermined hydration was obtained,,'. For a series of boronic acids, 
RB(OH),, at pH 5.23, which is on the basic side of the rate minimum near pH 3, second- 
order rate constants { [RB(OH),][H,O,]} at 25 "Care R = PhCH, 0.088, But0.072,2-Bu 
0.023, Ph 0.017, CH,=CH 0.007, I-Bu 0.005, and Me 0.00013 1 mol- l s - '  2 5 0 .  This is a 
narrow range of rates and shows the insensitivity of the reaction to steric or electronic 
factors in the substrate. Although the kinetic results with boronic acids show good 
behavior over a wide range of pH, it is customary to use strongly basic conditions with 
trialkylboranesL.2', perhaps to avoid any accidental radical-initiated processes that would 
not give full selectivity. 

The net result of the syn geometry of hydroboration and the peroxidic oxidation with 
retention of configuration is the syn addition of water across the double bond, with a 
strong regioselective bias toward 'anti-Markownikoff addition, the O H  occupying the 
least sterically hindered position'.2'. Results dating back to shortly after discovery of 
hydroboration support this conclusion'0',248. Some finishing touches on the stereochem- 
ical proof have been supplied by Kabalka and Bowman25', who showed that deuteriobor- 
ation of cis-but-2-ene yields at least 99%, erythro-butan-2-01-3-d, 77, and deuterioboration 
of trans-but-2-ene yields threo-butan-2-ol-3-d, 78 (equations 7 1 and 72)25'. These results 
require that the observed stereochemistry be inherent in the process, not an artifact of 
diastereoselection. 

Me 

H 

Me Me 

H H  
( 7 7 )  

(rocemic) (71) 

(rocemic) (72) 

Peroxide oxidation of an alkenylborane leads to an enol and hence an aldehyde or 
ketone252. Although strongly basic conditions are customary for the oxidation of boranes 
to alcohols, slightly basic buffered media are necessary if labile aldehydes are to be 
i s ~ l a t e d ~ ~ ~ . ~ ~ ~ .  

Carbon-carbon bond cleavage is a side reaction in the hydrogen peroxide oxidation of 
alkenylboronic Pure oct-I-enylboronic acid yielded 2% of heptanal in the 
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derived octanal, and 2-phenylpropenylboronic acid, 79, yielded up to 40”/, of aceto- 
phenone under buffered conditions (equation 73). This proportion was reduced to 4% by 
making the reaction mixture very strongly basic. Extensive carbon-carbon bond 

\ 
Ph B(OH), Ph, , H Ph Ph 

\ H202* 

Me /‘IC\, Me /CH-cHo + Me /c=o 
” + 

Me 

(79)( isomer mixture) (73) 

fragmentation has also been observed in peroxide oxidation of the diboryl compounds 
obtained from hydroboration of phenyla~etylene’’~. Such problems are not common, and 
oxidation of organoboranes with hydrogen peroxide is among the most general and 
efficient of synthetic processes. 

c. Other peroxidic reagents 

Sodium perborate is an inexpensive peroxide with an excellent shelf-life and functions 
like hydrogen peroxide for most purposes. The cleavage of the alkenylboronic acid 79 to 
acetophenone was reduced to ca 1% by the use of sodium perborate together with a 
strongly basic reaction rnedi~m’’~. The only drawback to sodium perborate appears to be 
its low solubility, even in media of high water content, and slow reactions may be 
encountered with sterically hindered boronic esters. 

Perbenzoic acid cleaves tributylborane quantitatively to butanol at 0 T Z 8 .  This reagent 
or m-chloroperbenzoic acid can be used for oxidation of certain cyclic /I-chloroboranes 
which undergo boron-chloride elimination under the basic conditions of hydrogen 
peroxide oxidation but give good yields of [j-chloro alcohols with p e r a ~ i d s ~ ~ ’ . ~ ~ ~ .  

The molybdenum peroxide reagent Moo,-py-hmpa oxidizes organoboranes to 
alcohols under mild conditions257 and has been shown to d o  so with stereospecific 
retention of c o n f i g ~ r a t i o n ~ ’ ~ .  

d Trimethylamine oxide 

Anhydrous trimethylamine oxide is less reactive and more selective than hydrogen 
peroxide and can be used to convert R,B in to R,BOR or RB(OR),259~2fi”. Trimethyl- 
amine oxide cleaves alkyl groups faster than aryl or alkenyl groups from boron, and has 
found special use in cleavage of one disiamyl group from a B-disiamyl-B-alkenylborane 
( I ,  25 “C, thf-toluene) prior to stereospecific bromodeboronation’”. 

Hydrated trimethylamine oxide is more convenient to use and gives high yields of 
alcohols when stirred as a suspension and heated with the trialkylborane in any of a 
variety of s o l ~ e n t s ~ ~ ’ . ~ ~ ~ .  With tricyclohexylborane, a relatively reactive substrate, one 
cyclohexyl group is converted in to alcohol in a few hours at 25 “C, all three are oxidized at 
66- I 10 “C, and there appears to be no clean break for oxidation of two cyclohexyl groups. 
With tri-n-hexylborane, the first hexyl group is oxidized rapidly at 25 “C, the second at 
66 “C, and the third requires 138 0C263. 

An interesting application of trimethylamine oxide is the selective oxidation of the 
hydroboration products from alkynylsilanes to acylsilanes. Oxidation of RCH= 
C(BR,)SiMe, with hydrogen peroxide yields the carboxylic acid, thus providing the last 
link in an efficient route from RC-CH to RCH2C0,H264. ‘The more interesting 
challenge is to prepare the acylsilane, which can be done with carbonate-buffered 
hydrogen peroxide with some lossz6’. Hydrated trimethylamine oxide is effective with the 
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hydroboration products from alkynylsilanes with dichloroborane, but the yields of 
hydroboration products are low266. Borane-methyl sulphide hydroborates alkynylsi- 
lanes efficiently, but hydrated trimethylamine oxide oxidizes the resulting trialkenylbo- 
ranes very slowly, and anhydrous trimethylamine oxide was found to be the unique 
reagent for obtaining high yields of a ~ y l s i l a n e s ~ ~ ' .  The selectivity of the amine oxide is 
demonstrated dramatically with the synthesis of [(trimethylsilyl)acetyl]trimethylsilane, 
81 2 6 5 ,  an interesting synthetic building block (equation 74)267. The geometry of the 
intermediate boron enolate, 80, has not been determined, but retention of configuration is 
expected on mechanistic grounds. 

Me3Si Me3Si Me3Si, 

Me3Si Me3Si Me3SiCH2 

Me3SiC=CSiMe3 =( r)= ( yo$ 4 C=O I 

(80) 

e Chrorniurn(Vl) 

Chromic acid oxidizes sec-alkylboranes to ketones in strongly acidic solution268. At pH 
3-7, where alcohols are not oxidized by chromium(VI), the species HCr0,- oxidizes 
boronic acids to alcohols with much more selectivity than that shown by hydrogen 
peroxide, relative rates for RB(OH), being for R = Me I ,  Et 28, and Bu' 313000269. The 
reaction was said to have the same stereochemistry as that with hydrogen peroxide, but no 
data were given. Pyridinium chlorochromate readily oxidizes primary trialkylboranes, 
(RCH,),B or RCH,B(Sia),, to aldehydes, RCH0270.27 ' .  Pyridinium chlorochromate also 
oxidizes borate esters, (RCH,O),B, to aldehydes under strictly anhydrous conditions272. 

2. Replacement of boron by halogen 

Bromine reacts only slowly with neat tributylborane, Bu,B, and cleaves only one of the 
butyl groups to form Bu,BBr and BuBr". The reaction is much faster in dichloromethane 
and has been found to involve an unexpected mechanism273. The first step is radical 
bromination to an a-haloalkyl borane, for example diisobutyl(a-bromoisobutyl)borane, 
82, which is cleaved by the HBr formed in the reaction (equation 75). The intermediate 82 
undergoes rearrangement with carbon-carbon bond formation in the presence of water 
(see Section I1.B.l.b). This bromination cannot preserve the stereochemistry and is 
therefore of limited utility in synthesis. However, the use of bromine with methanolic 
sodium methoxide at 0 ° C  cleaves all three alkyl groups to alkyl bromide in high yield274. 
Iodine with methanolic sodium hydroxide cleaves two alkyl groups from the trialkylbo- 
rane to yield the alkyl iodide275. Both b r ~ m i n a t i o n , ~ ~  and i ~ d i n a t i o n ~ ~ ~  under these 
conditions proceed with predominant inversion of configuration. Bromination of tris(exo- 
norbornyl)borane, 83, yields norbornyl bromide that is ca. 75% endo (equation 76)276. 
lodination of 83 yields endo-norbornyl iodide that isomerizes in part to exo during work- 
up. Bis[( - )-pinanyl]-2S)-2-butylborane, 84, of 86% ee [as shown by peroxide oxidation to 
(S)-butan-2-01] yielded (R)-2-iodobutane, 84% ee, which corresponds to 98% inversion 
(equation 77)277. 

[Me,CHCH,],B + Br, - [Me,CHCH,],BCHBrCHMe, + HBr 
(75) (82) - [Me,CHCH,],BBr + BrCH,CHMe, 
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A 

12,NaOMe, 

MeOH 

34 1 

(77) 

(84) 

Alkenylboron compounds undergo stereospecific replacement of boron by halogen. 
Bromination proceeds by way of a halogenation-deborohalogenation mechanism which 
results in inversion of the geometry, illustrated by the reactions of (Z)-85 and (E)-but-2- 
enylboronic esters, 86 (equations 78 and 79)'". In the context of hydroboration 

M ",, /Me A Br$C -CC"*l'Br 
\ /Me 

H /c=c\B(oR ) 2  H+ h O R ) e  

Me 

(85)  (R=Bu") 

\ /Me 
,c=c (79) 

Me 
Me,,, IMe 

E Br&- CWM~(OR),  

'Br H \Br 
,..' *,' 

chemistry, this bromination can be used as the final step of a stereospecific conversion of 
alk-1-ynes to (Z)-I-bromoalkenes, 87 (equation 80)279. Iodine and sodium hydroxide 
together yield the (E)-I-iodoalkene, 88 (equation 81)280. Addition of iodine to the 
alkenylboronic ester followed by subsequent base treatment yields the (Z)-l -iodoalkene 
by the same mechanism as the bromo analogue, except that the procedure gives clean 
results only if the alkyl group of the alkenylboronic ester is unbranched"'. Bromine and 
sodium methoxide together a t  - 78 "C yield 2-bromoacetals, 89 (equation 82)"'. 

(HO)zB- 

0 r  
(hydrolysis optional) 

(87) (80) 
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Br 

(HO)pB - + Brp + NoOMe + MeOH ---+ MeOA- 
/ 

(89) (82) 

The conventional halogenation procedures are not suitable for introducing radio- 
labelled bromine or iodine because the radioactive species are obtained and safely handled 
as halide salts, and because it would be unacceptable to use only half of labelled I ,  while 
discarding the other half as I - .  Kabalka and coworkers have devised suitable procedures 
based on in situ oxidation of bromide or iodide with chloramine-T in the presence of the 
b ~ r a n e ~ ~ ~ . ~ ' ~ .  This approach works well for conversion of catechol alk- 1 -enylboronates 
to I-iodoalkenes with retention of c ~ n f i g u r a t i o n ~ ' ~ .  The chemical stability of the vinylic 
iodide is particularly helpful for radioimaging in medicine, and fatty acid analogues of the 
general ICH=CH(CH,),Te(CH,),.CO,H show considerable promise as 
myocardial imaging agents286. Kabalka has reviewed his work in this field recently287. 

Reaction of,,, a-(pheny1thio)alkylboronic esters, RCH(SPh)B(OR'),, with N- 
chlorosuccinimide yields a-chloroalkyl phenyl thioethers, RCHCISPh2". When the 
reaction is carried out in methanol buffered with triethylamine, the products are 
monothioacetals, RCH(SPh)OMe, or if two equivalents of N-chlorosuccinimide are used, 
acetals, RCH(OMe),. The reaction in methanolic solution evidently involves attack of the 
oxidizing agent at sulphur rather than boron, and no reaction occurs if the a-phenylthio 
substituent is not present. 

3. Replacement of boron by nitrogen 

a Hydroxylaminesulphonic acid and chloramine 

Direct replacement of boron by nitrogen can be accomplished effciently for one group 
of a trialkylborane with hydroxylaminesulphonic acid"'. The replacement occurs with 
retention of configuration, as illustrated by the conversion of tris(rso-norbornyl)borane, 
90, into rso-norbornylamine (equation 83). Chloramine reacts similarly, but the reagent is 

(90) (83) 

difficult to prepare and the yields are not sa t i s fa~tory~ '~ .  However, Kabalka rr 0 1 . ~ ~ '  have 
found that chloramine works very well if  generated in situ from ammonia and sodium 
hypochlorite, and two of the alkyl groups of the boranecan often by used. This technique is 
especially useful for the efficient and rapid preparation of N-labelled primary a m i n e ~ ~ ' ~ .  
N-Chloro primary amines usually give good yields of secondary amines with 
t r ia lkylb~ranes~ '~ .  

N-Alkylsulphonamides can be obtained from trialkylboranes and N -  
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c h l o r o s u l p h ~ n a m i d e s ~ ~ ~ .  N-Chlorodimethylamine, CINMe,, yields a mixture of 
BuNMe, and BuCl from Bu,B, but the chlorination is a free radical reaction and can be 
suppressed by the use of galvinoxyl as inhibitor295. Nitrogen trichloride gives only radical 
chlorination296. 

b. Azides 

Reaction of alkyl azides with trialkylboranes provides a controlled synthesis of 
secondary amines, for example the synthesis of butylethylamine, 91, (equation S4)297. The 
reaction of trialkylboranes with azides uses only one of the alkyl groups, but alkyldichl- 

Et,B + B u N 3 4  Et3B-N-Bu +Et2B-N/ % HN' + EtOH +B(OH), 

Bu Bu 

A; 'Et 'Et 

(91) (84) 

oroboranes can be used efficiently, as in the synthesis of (trans-2- 
methylcyclopentyl)cyclohexylamine, 92, (equation 85)298. With 8-iodoazides, the pro- 
ducts are aziridines, for example 1 -phenyl-trans-2,3-dimethylaziridine, 93 
(equation 86), '. 

(85) 0 HBC12, 6 1 ~ ~ ~ ~ B C I ~  ( I )  u"', NODl3N '0 
( 2 )  H20 

(92) 

Ph 
I 

4. Protodeboronation 

Trialkylboranes are resistant to protodeboronation, and refluxing tributylborane with 
48% hydrobromic acid for Ih  removes only one butyl group (as butane) to yield 
dibutylborinic acid, B U , B O H ' ~ .  The hydrolysis of triethylborane by water is very slow at 
room temperature and is unaffected by hydrochloric acid but inhibited by sodium 
hydroxide3'". Carboxylic acids cleave Et,B to EtH + Et,BO,CR at 25 "C, and the reaction 
stops at that point in the presence of hydroxylic solvents (water, ethylene glycol) or 
dimethylformamide. In diglyme or acetic anhydride the cleavage of a second alkyl group 
[yielding 2EtH + EtB(O,CR),] is essentially complete in 10-20 h3"0. Refluxing with 
propionic acid in diglyme cleaves all three alkyl groups from R,B to form 3RH and 
B(0,CC2H5)3301. The mechanism of the reaction appears to involve attack of the 
carboxyl oxygen on the boron atom to form a cyclic transition state, as shown by the fact 
that weaker carboxylic acids react faster than stronger acids, Taft p* = -0.94 for R of 
RCO2H3". As a consequence, the reaction proceeds with retention of configuration, as 



344 D. S. Matteson 

illustrated for the deuteriolysis of trinorbornylborane, 94 (equation 87)"' 

(9 4) 

Trialkylboranes, R,B, are cleaved by methanesulphonic acid to yield dialkylboron 
niethanesulphonates, R,BOSO,Me, which are reactive and useful borylating agents"'. 
Alkenyl-, aryl-, benzyl-, and allyl-boranes are much more easily cleaved by proton sources. 
The most synthetically useful of these cleavages is that of alkenyldialkylboranes, which 
proceeds rapidly with acetic acid at 0 "C and provides a useful route for the hydrogenation 
of alkynes to cis-alkenes, 95 (equation 88)30 ' .  Arylboronic acids undergo protodeboron- 

\ /R' . 
R 

' H /c=c\ssia, + Sia,B /"="\, 
\ /R' 

R R R' 
HOAc,  "\ /" 

H 

+ ,c=c 
'ti 

0 "C 

(95) 
(88) 

ation by several mechanisms, one of which is molecular attack of a carboxylic acid to form 
the same sort of cyclic transition state, 96, believed to account for the stereochemistry of 
the reactions just discussed (equation 89)"'. The base-catalysed deuteriodeboronation of 

(96) 

(89) 

I-phenylethylboronic acid has been shown to proceed with 54% net inversion of 
c ~ n f i g u r a t i o n ~ ~ ' .  This is not a synthetically significant process, except that it  is a possible 
decomposition reaction of benzylic and presumably allylic boranes that does not occur 
with other typcs of boranes. 

5. Replacement by mercury 

One of the first reactions of benzylboronic acid to be discovered was mercuration to 
benzylmercury(1 I )  chloridefi. The reaction is first order in benzylboronic acid or ester, first 
order in mercury(l1) chloride, and first order in hydroxide ion, and much faster if 
mercury(1l) chloroacetate is used as the ele~trophile~'. Addition of sodium hydroxide to a 
mixture of mercury(l1) chloride and a primary trialkylborane at 70-80 "C yields the 
corresponding d i a l k y l m e r c ~ r y ~ ~ ~ ,  and mercury(l1) acetate converts primary trialkylbo- 
ranes into alkylmercury(1l) acetates at 0-25 0C3n9.310. An eflicient hydroboration, 
mercuration, and iodination sequence which converts alk- I -enes into esters, 97, in the anti- 
Markovnikov sense has been reported (equation 90)3' '. Mercurideboronation at primary 
alkyl sites occurs with predominant (ca. 90%) inversion, detectable only in deuterium- 
labelled compounds, of course. Substrates were eryfhro- and threo-(Bu'CHDCHD),B, 
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prepared by logical hydroboration sequences from B u ' C z C H  or Bu'C=CD, and the 
diastereomers of the boranes and the Bu'CHDCHDHgX were identified by n . m ~ . ~ '  '. 

*RCH=CH, +(RCH,CH,),B - RCH,CH,HgOAc 2 RCH,CH,OAc Hg(OAc)i 

(97) (90) 

Secondary alkyl groups on boron are inert to the usual mercuration  condition^^^^.^'^, 
but one secondary alkyl group ofa  trialkylborane can be replaced in a free radical reaction 
with mercury(l1) methoxide314, and two such groups can similarly be cleaved with 
mercury(1) t e r t - b ~ t o x i d e ~ ' ~ .  The radical mechanism with consequent loss of stereochem- 
ical integrity limits the possible utility of these reactions. Benzylic activation makes it 
possible to displace the boron from a 1 -phenylethylboronic ester, and the reaction has 
been shown to proceed with some net retention of c ~ n f i g u r a t i o n ~ ' ~ ,  but the 1- 
phenylethylmercury(I1) chloride produced is easily racemized, and in view of the 
somewhat erratic kinetics,' the possibility of competing radical reactions has not been 
ruled out. 

Addition of sodium hydroxide to a mixture of 1, 1-bis(dibutoxyboryl)ethane, 
[( BuO),B],CHMe, with mercury(I1) chloride at 0 "C in thf-water results in rapid 
displacement of both boron atoms to form I ,  1 -bis(chloromercuri)ethane, 
(CIHg),CHMe9,. Replacement of the first boron atom is faster than that ofthe second, and 
the reaction can accordingly be controlled to produce a-(ch1oromercuri)boronic esters, for 
example CIHgCH,B(OMe),3'8 or PhCH2CH(HgCI)B(0,C,H4)97. Reaction of 
C[B(OMe),], with mercury(I1) acetate yielded C ( H ~ O A C ) , ~ ' ~ ,  which is a useful staining 
agent for electron microscopy, but ironically, once it had been identified, the compound 
proved to be trivially simple to make by heating mercury(I1) acetate in ethanol320. 

Alkenylboron compounds undergo replacement of boron by mercury with retention of 
c ~ n f i g u r a t i o n ~ ~  1 - 3 2 4  . An example is the preparation of methyl ( E - l  1 -acetoxymercuri- 10- 
undecenoate, 98 (equation 91)323. With 1, 1-bis(dialkoxyboryl)alkenes, both boronic ester 
groups are readily replaced, as for example in the preparation of 
cyclohexylidenebis(chloromercuri)methane, 99 (equation 92)325.326. 

6. Other boron replacements 

Dimethyl disulphide cleaves R,B to RSMe and B(SMe), by a radical chain mechan- 
ism327. Iron(II1) thiocyanate cleaves unsymmetrical trialkylboranes preferentially at the 
more highly branched alkyl group to form RSCN, and iron(II1) selenocyanate behaves 
~imilarly"~. Treatment of R,B with BrMg(CH,),MgBr yields RMgBr, with formation of 
the stable spiroborate anion (CH,),B(CH,); to balance329. This conversion of boranes 
to Grignard reagents was also successful with B-alkyl-9-bbns. Oxidation of boranes, R,B, 
with silver nitrate results in alkyl coupling to form R-R'.. With optically active 
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I-phenylethylboronic acid a s  substrate, the reaction is not s tereo~elect ive~~' .  Organo- 
silver intermediates seem likely. For alkenyl coupling by copper and palladium reagents, 
see Section II.B.3.f. 

B. Carbon-Carbon Linkage Guided by Tetracoordinate Boron 

1. a-Haloalkylborate rearrangements 

a. r -Ha loborom esters 

a-Haloalkylboronic esters are uniquely useful in directed chiral synthesis (see 
Section 111). The chemistry reviewed in this section provides a background for under- 
standing the chiral applications, and its major significance becomes apparent only in the 
chiral context. 

The first a-haloalkylborane reported, FCH,BF,, was made from diazomethane and 
boron trifluoride and was unstable at 20°C330. Shortly afterwards i t  was found that 
radical addition of bromotrichloromethane to dibutyl vinylboronate readily yields dibutyl 
I-bromo-3,3,3-trichloropropylboronate, 100 (equation 93)27. Exploration of the chemis- 
try of this compound by Matteson and Mah33' revealed that nucleophilic displacement of 
the a-bromine is very facile and generally involves coordination ofthe boron atom with the 
attacking nucleophile. Most remarkable was the observation that Grignard reagents 
would add to the boron atom to form a borate complex 101 at -78"C, which on 
immediate protonation yielded the corresponding dialkylborinic ester 102, but which on 
standing at 25 "C would rearrange with displacement of bromide by the migrating aryl or 
alkyl group to form a secondary alkyl boronic ester, 103 (equation 94)331. The structure of 
102 was confirmed by alternate synthesis from CH,=CHB(R)OBu and CC13Br53, and i t  
was observed that shaking an ethereal solution of 102 with aqueous sodium hydrogen 
carbonate sufficed to cause rearrangement to 1033311. 

CI,C' 
C~+=CHB(OBU)~ + CI,CBr [C13CCH2~HB(OB~)2 ]  

CI,CBr 
W CI,C' + C13CCH2CH(Br)B(OBu)2 

(100) 
(93) 

CI,CCH,CH(Br)B(R)OBu 

100 RMgBr C13CCH2CH(Bd$(OBu)2 r (102) 

CI,CCH, C H (  R)B( O B d 2  

(103) 

R I 25 "C, 
(101) 

(94) 
A remarkable feature of a-haloalkylboronic esters is their tendency not to undergo 

dehydrohalogenation in favour of nucleophilic displacement. The trichloromethyl group 
of 100 should encourage dehydrohalogenation, and it  was found possible to accomplish 
this objective with triethylamine or, better, tert-butylamine to make CI,CCH= 
C H B( 0 Bu), '. 

In its original form, a-haloboronic ester chemistry was a mere mechanistic curiosity 
because of the lack of any general synthesis of these compounds. Addition of hydrogen 
bromide to alkenylboronic esters was found to yield the a-bromo compound only if there 
was an a-alkyl group, as in the synthesis of dibutyl 2-bromo-2-propylboronate, 104 



3. Preparation and use of organoboranes in organic synthesis 341 

(equation 95)333. Dibutyl prop-I -enylboronate yielded the useless p-bromo compound 
M ~ C H B ~ C H , B ( O B L I ) , ~ ~ ~ ,  and radical addition of hydrogen bromide to dibutyl 
vinylboronate yielded the expected B ~ C H , C H , B ( O B U ) , ~ ~ ~ .  The only nucleophile found 
capable of displacing bromide from this /Abromoboronic ester was iodide, all others 
resulting in elimination of boron and bromine to form ethylene. The reaction of liquid 
hydrogen iodide with dibutyl vinylboronate was found to yield a gross mixture of the t(- 
and /I-iodoboronic esters, CH,CHIB(OBu), and ICH,CH,B(OBu),, and advantage was 
taken of the rapid destruction of the /(-isomer by water in order to obtain the pure a- 
isomer3". I t  was also found that radical-catalysed addition of bromomalononitrile to 
dibutyl vinylboronate to form dibutyl I-bromo-3,3-dicyanopropylboronate, 105, is a 
highly efficient process (equation 96). The only reaction of 105 with bases was deproton- 
ation of the dicyanomethyl function and closure to dibutyl 2,2- 
dicyanocyclopropylboronate, 106. 

CH2=CB(OB~)2 + HBr(liq.) ----+ (CH3)2C(Er)B(OBu)2 (95) 
I 

Me (104) 

NC\c/cN 

/ \  
CH2= CHE(OBU)~ +BrCH(CN)2 ( N C ) ~ C H C H ~ C H ( B ~ ) B ( O B U ) ~  d 

(105) 

(106) 

(96) 

An attempt to prepare a chloromethylboronic ester by chlorination of di-rerr-butyl 
methylboronate with rerr-butyl hypochlorite gave uselessly low yields, because radical 
attack on the (err-butyl hydrogens is almost as fast as that on the B-methyl hydrogens and 
carbon-boron bond cleavage also occurs3*. (For practical syntheses of halomethyl- 
boronic esters, see Section I.B.I.) The situation proved much more favourable for light- 
initiated bromination of sec-alkylboronic The propane-I, 3-diol esters 
proved particularly useful for this purpose, as for example in the synthesis of propane-1,3- 
diol I -bromocyclohexylboronate, 107 (equation 97)338. Reactions of these M- 
bromoboronic esters with Grignard reagents proved highly efficient even with fairly 
sterically hindered systems, as for example the reaction of propane- I ,  3-diol isopro- 
pylboronate, 108, with isopropylmagnesium bromide (88%) (equation 98)33y. The corres- 
ponding reaction of rert-butylmagnesium chloride produced only an 1 l'x yield, although 
even that is surprising considering the steric hindrance. 

(107) 

Me2C(Br)--do] + Me2CHMgBr (CH3)2CHC(Me2)-B ''3 (98) 
' 0  '0 

(108) 

By far the most useful rnute to a-halo boronic esters is homologation of boronic esters 
with LiCHCI, or its complement, the reaction of lithium or Grignard reagents with 
(dichloromethy1)boronic esters, CI,CHB(OR'),. This route was discovered implicitly in 
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its latter form by Rathke er who reported the synthesis ofdiisopropyl dichlorometh- 
ylboronate, 109, and its reactions with alkyllithiums followed by oxidation to aldehydes 
(equation 99). This reaction clearly involved a-chloroboronic esters as intermediates, but 
the yields of aldehydes were variable and the potential synthetic value of thc 
a-chloroboronic esters, which are more versatilc synthetic intermcdiates than aldehydes 
even before the chiral synthesis applications are considered. was apparently not 
recognized. 

(99) 
( ,VCO).~D Pr'OH K1.i H?O> 

LiCHCl, - - ClzCHB(OPri)2 - - RCHO 

( 1  09) 

I t  was but a small step to react boronic esters with (dichloromethy1)lithium to synthesize 
a-chloroboronic esters, and the high efficiency and generality of this process was 
demonstrated by Matteson and Majumdar'q7~"o. An examplc of the possibilities inherent 
in this type of chemistry is the synthesis of pinacol I-chloroallylboronate, 111, and its 
conversion to pinacol I-chloro-2-carbo-r~rt-butoxymethyl-3-btttenylboronate, 112 
(equation 100). The tetracoordinate borate complex 110 illustrated for the first step is the 
same type of intermediate that must arise in the reaction of diisopropyl dichloromethyl- 
boronate with lithium reagents. 

The generality of this conversion of boronic esters. RB(OR'),, into a-chloroboronic 
esters, RCHCIB(OR'),, was tested in a number of ways. I t  was found that R could be 
primary, secondary, or tertiary alkyl, or phenyl, and that the reaction tolerates the 
presence of an a-benzyloxy or a remote ketal function in R. The construction of highly 
complex structures in a few steps, as illustrated with the synthesis of 112, suffers from the 
production of mixtures of diastereomers. This has been neatly solved by the use of chiral 
boronic esters which provide nearly pure absolute configuration as each chloromethylene 
group is introduced, discussed in Section I l l .  

b. a-Halotrialkylboranes 

I t  has been noted in Section II.A.2 that bromodeboronation of trialkylboranes is 
initiated by light and proceeds via a-bromoalkylboranes, which arc cleaved by hydrogen 

If  the reaction is carried out i n  the presencc of water, the intermediate 
(a-bromoalkyl) dialkylborane undergoes rearrangement, a s  illustrated by the conversion 
of tricyclohexylborane to I-hydroxybicyclohexyl: 113 (equation 101 " I .  A similar proce- 
dure starting from dicyclohexylhydroxyborane? (C,,H J,BOH, also yields 113 with- 
out the cyclohexanol by-product"'. Removal of the hydrogen bromide during radical 
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bromination of triethyl borane, I ,  yielded (a-bronioethyl)diethylborane, which proved 
stable in the absence of oxygen or water but rearranged very rapidly on contact with 
water to form B-ethyl-B-2-butyl-B-hydroxyborane, 114 (equation 102)343, or with 
aluminium bromide to form the corresponding bromoborane, EtB(Br)CH(Me)Et344. 
As might be expected with radical brominations, N-broniosuccinimide is a more 
eflicient brominating agent than bromine345. 

OH 
(113) 

Removal of hydrogen by free radicals from 9-alkyl-9-borabicyclo[3.3. Ilnonanes occurs 
on the alkyl substituent only if it is secondary. If the alkyl group is primary, then the a- 
position of the 9-bbn ring is attacked. Bromination is no exception, and rearrangement of 
the bromination products in the presence of water followed by oxidation leads to cis-l- 
bicyclo[3.3.0]octanol, 115 (equation 1 03)346.347. 9-Methoxy-9-bbn undergoes similar 
bromination and rearrangement, and a number of related ring contraction reactions with 
other boraheterocycles have been r e p ~ r t e d ~ " . ~ ~ * .  

R =  primary alkyl or alkoxy (115) (103) 

The base-induced rearrangement of r-haloalkylboranes has been shown by Midland 
et u/.349 to invert the carbon from which the halide is displaced. For example, 
hydroboration of (Z)-l-iodo-2-methylbut-l-ene, 116, with diethylborane followed by 
treatment with basc and oxidation yielded > 99% pure ( R S ,  SR)-4-methylhexane-3-ol,ll7 
(equation 104). The bromo analogue produced similar results, and the isomeric (E)-I- 
iodo-2-methylbut-l -ene yielded (RR.SS)-4-methylhexan-3-ol. 

\ / I  
Et 

\ / I  
Et 

,C=C,, + HBEt2- H - C - C d 6 E t 2  

Me  Me ' 'H 
(116) 

HO\ ,Et 
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a-Haloalkenylboranes are sufficiently activated that nucleophilic displacement of the 
halide occurs readily. It has been known for some time that the a-carbon is inverted in such 
displacements. An example of synthetic interest is the preparation of cis-alkenylboranes, 
118, by Negishi et ~ 1 1 . ~ ' ~ ,  in which iodide is displaced by hydride from a trialkylborohy- 
dride (equation 105). A recent adaptation of this chemistry to prepare cis-alk-l- 
enylboronic esters'" has been noted in another context in Section 1.C.3.c. The use of this 
type ofchemistry to prepare alkenes with a high degree of stereoselectivity is discussed i n  
Section II.B.3.a. 

c. Anions from a-halo esters, ketones, or nitriles 

Trialkylboranes react with ethylbromoacetate and other a-halocarbonyl reagents in 
the presence of sterically hindered bases such as potassium 2,6-di-rerr-butylphenoxide to 
form borate complexes which rearrange with displacement of the halide2"~3st-3s7 . The 
probable mechanism is illustrated in equation 106 with the synthesis of ethyl cyclohexy- 
lacetate, 122. The anion from ethyl bromoacetate and tricyclohexylborane presumably 
form the borate complex 119, which rearranges to the a-boryl ester 120, which is probably 
unstable and rearranges to the boron enolate 121 (see Section I.A.I), which is rapidly 
converted to 122 by the proton source, (err-butyl alcohol. These reactions generally work 
best with 9-bbn derivatives, and only a few of the many known examples are illustrated. 
The preparation of ethyl (trrtris-2-methyl-l-cyclopentyl)acetate, 123. shows retention of 
stereochemistry in the migrating group (equation 107)3s2. Cyclopentylchloroacetonitrilc, 
124, illustrates an a-chloronitrile which can be alkylated again with ;I different borane if  
desired (equation 108). a-Halo ketones work. a s  in the synthesis ofcyclopcntylacetotie. 125 

KOCMe3 (0): + BrCH2C02Et [ Br C H  C OzE t ] (e): - 7 '02 
Br 
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€ 5 6  + BrCH2CH=CHC02Et - EtCH=CHCHZCOzEt 
(126) 

(equation 109). Ethyl  4-bromocrotonate with triethylborane yields ethyl hex-3-cnoatc 
(79'x, r m i s ) ,  126 (equation 110). the product consistent with the reviewer's postulate of a n  
enolate intermediate analogous to 121. 

d. Haloform and dihalomethane anions 

Dichloromethylborates from LiCHCI, and boronic esters rearrange to homologous 
a-chloroalkylboronic esters and have been discussed in Section 1I.B. 1 .a. This section 
covers several analogous reactions of other halocarbanions with various boranes, which 
do not include boronic esters because these fail to react with halocarbanions other than 
(dihalomethy1)lithiums as far as is known. Anions generated from haloforms with sterically 
hindered bases react with trialkylboranes, R,B, to yield trialkylcarbinylboronic esters, 
R,CB(OR'),, which can be oxidized to trialkylcarbinols, R,COH358.35'. Yields of 
Bu,COH from chloroform were SS%,, from chlorodifluoromethane 98%,, and from 
chloromethyl methyl ether 80%. The reaction with dichloromethyl methyl ether can be 
used to make highly hindered trialkylcarbinols, such as tricycl~pentylcarbinol~~~ and 
(cyclopentyl)(cyclohexyl)(thexyl) ~ a r b i n o l ~ ~ ' .  

The reaction of dichloromethyl methyl ether with hindered dialkylalkoxyboranes has 
been reported to yield a-chloroboronic  ester^^"'-^^^, although the n.m.r. evidence on 
which the structure assignment was based was not described explicitly, nor was the most 
likely type of alternative structure mentioned. The first intermediate has to have the 
structure RC(OMe)CIB(OK')R, and if migration of the second alkyl group is base 
catalysed, chloride and not methoxide would be displaced. Indeed, with 2 mol of LiOCEt,, 
Bu,BOMe yielded B u , C ( O M ~ ) B ( O M ~ ) O C E ~ , ~ ~ ~ .  With no excess of base, the second 
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alkyl migration would displace chloride to form a boron halide, which would be highly 
acidic and probably catalyse the interchange ofchlorine and methoxy between boron and 
carbon. The position of the equilibrium is unknown. The only compound reported which 
could (but might not) show an unequivocal distinction in the proton n.m.r. spectrum 
between R,CCIB(OR')OMe and the isomer R2C(OMe)B(OR')CI was that having 
R = cyclohexyl and R'  = Me, which in principle should have one methoxy peak if the 
former, two if  the latter. Methoxide converted this compound into R,CH(OMe)B(OMe),, 
which did show separate peaks at h 3.28 (COCH,) and 3.63 (BOCH,)"'. The only other 
reactions reported, oxidation to ketones361."* and solvolysis or pyrolysis to olefins such 
as cyclohexyl(cyclohexylidene)methane 27 (equation I 1 1 ) 3 h 3 . 3 6 ' ,  yield no information 
about this structure question, since either alternative might yield the same results. I f  the 
R,CHCIB(OMe)OCEt, structure is correct, i t  is unusual that i t  does not disproportionate, 
especially under conditions of CI-OMe interchange, although steric hindrance could be 
invoked as an explanation. The alternative structure has the precedent of reported 
examples of stable RBFOR' and RBCIOR'40.3". Whatever the intermediates are, the 
procedure is well documented as a route from R,BOR'  to R,C=O. A detailed procedure 
for the conversion of a 9-alkoxy-9-bbn into the corresponding ketone, 
bicyclo[3.3.l]nonan-9-one, 128, has been published (equation I 1 2)367. 

X =  CI,OMe (127) 

R =  2,6-dimethylphenoxyj X=  OMe,CI (128) 

Brown and lmai36* have found that 2-alkyl-I, 3,2-dithiaborolanes (ethanedithiol 
boronates) will react with (trichloromethyl)lithium, in contrast to boronic esters, which are 
inert towards this reagent. The alkyl group and both thiol groups migrate from boron to 
carbon, the order of migration being unknown, and the rearrangement is associated with 
cleavage of the thf solvent to produce an intermediate boronic ester, for example, 
bis(chlorobuty1) (truns-2-methylcyclopentyl)dichloromethylboronate, 129, which may be 
oxidized with hydrogen peroxide to trans-2-methylcyclohexylpentanecarboxylic acid, 
130, or hydrolysed with aqueous sodium hydroxide to the thiocetal of rrarts-2- 
methylcyclohexanecarboxaldehyde, 131 (equation I 13). The examples illustrated proved 
stereospecific, but in the oxidation to prepare 2-exo-norboranecarboxylic acid in an 
analogous manner, 14% epimerization to endo acid occurred. 

e. Anions from (halomethyl) silanes 

The reaction of trialkylboranes, R,B, with (silylhaloniethyl)lithiiiins, R',SiCHXLi, to 
form a-silylalkylboranes, RCH(SiR'),BR,, was first explored by Larson and coworkers.'6''. 
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The efficient reaction of [(trimethylsilyl) (chloro)methyl] lithium"' with boronic esters to 
form a-trimethylsilyl boronic esters, 132, has been described by Matteson and Majumdar 
(equation 1 14)"'.372. Application of this reaction to (+)-pinanediol phenylboronate 
yielded only a 73:27 diastereomeric ratio373. 

f .  Diazo esters and ketones 

Diazo esters, ketones. and aldehydes, N,CHCOY (Y = OR, R, H), were found by Hooz 
and coworkers to function as the synthetic equivalents of a-halo ester, ketone, or related 
anionsJ74-"7 . The initial product of reaction of R,B with N,CHCOR' is an enol borinate, 
RCH=C(R')OBR,, which is a useful intermediate for aldol or related reactions37s. The 
major product has been shown to be the E-isomer by Masamune et rrl.379, who 
demonstrated the ut i l i ty  of these intermediates in stereocontrolled aldol condensations. 

2. Carbonylation and related reactions 

a Carbon monoxide 

The fundamental chemistry of the reactions of carbon monoxide with trialkylboranes 
was first reported by Hillman"', who showed that at temperatures in the range 50-75 "C 
two alkyl groups would migrate from boron to carbon to produce 1,4-dioxa-2,5-dibori- 
nanes, 135, which would rearrange further at crr. 150°C to form boroxines (boronic 
anhydrides), 136 (equations 1 I 5)380. Hillman3*' also found that adding an aldehyde leads 
to a 4-bora- I ,  3-dioxolane, 137. perhaps by capture of the presumed unstable intermediate 
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133 before it can dimerize to 134(equation 116). Addition ofethylene glycol facilitates the 
third alkyl migration and yields a stable boronic ester, 138 (equation 117). 

(138) 

Isonitriles react with trialkylboranes in an analogous fashion, but require higher 
temperatures for each stage of rearrangement to occur, and the analogues of all structures 
133-136 having NR in place of 0 are isolable if the substituents are bulky enough38'. 

Hillman's reactions were carried out at high pressures of carbon monoxide, which was 
conveniently available in his industrial laboratory but which is unpopular with academic 
chemists. Brown and Rathke382 subsequently found that the reactions occur under 1 atm 
ofcarbon monoxide in diglyme solvent if the temperature is increased to 100-125 "C, and 
followed up this discovery with an extensive investigation of the applications of the 
process. This chemistry has been reviewed by B r ~ w n ~ ' ~ " ~ ~ ~ ~  , and only a few of the 
highlights are covered here. 

Hydride sources such as lithium borohydride or trialkoxyaluminium hydrides greatly 
increase the rate of absorption of carbon monoxide, allowing the reactions to be carried 
out at 25-45 "C but stopping the reaction after migration ofone alkyl The result 
of this reduction is a borane intermediate which can be hydrolysed to an or 
oxidized to an aldehyde385. I t  is generally advantageous to use 9-alkyl-9-bbns for these 
reactions386. Functional groups such as esters and nitriles (separated from the boron by 
three or more carbons) are unaffected, especially if lithium tri-tert-butoxyaluminium 
hydride is used as the reducing agent3". Retention ofconfiguration of the migrating alkyl 
group has been confirmed352. 

In more recent work, it has been found that potassium triisopropo~yborohydrides~~~ 
are particularly active reagents for promoting the reaction of trialkylboranes with carbon 
monoxide. The process may be illustrated most succinctly with trans-2- 
methylcyclopentyl-9-bbn, 139. which shows the usual stereospecific retention in the 
migrating group when the a-hydroxyalkylborane intermediate is formed as the potassium 
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salt, 140 (equation 118). Buffered hydrogen peroxide converts 140 to the aldehyde, or 
alkaline hydrolysis yields the alcohol (equations 119 and 120). 

(140)(probably o cyclic dimer) (139) 

A useful alternative procedure for the carbonylation process utilizes the potassium 
t r i a l k y l b ~ r o h y d r i d e ~ ~ ~ ,  which is easily prepared from the trialkylborane and potassium 
hydride3”. A catalytic amount of the free borane must be present in order for this reaction 
to proceed. 

Hubbard and Smith3” obtained evidence that the active hydride which captures the 
originally formed borane carbonyl and thus catalyses the uptake of carbon monoxide in 
these reactions is generally trialkylborohydride, even when the added hydride reagent is an 
aluminohydride. 

Carbonylation of a 9-alkyl-9-bbn in the presence of LiHAI(OMe), followed by 
reduction with lithium aluminium hydride yields the homologous 9-alkyl-CH2-9-bbn, for 
example, 9-(eso-2-norbornylmethyl)-9-bbn, 141 (equation 121)3y2. I t  may be noted that 
141 has the configuration opposite that of the hydroboration product from 2-methy- 
lenenorbornane. I t  is possible to generate the olefin from boranes such as 141 by treatment 
with b e n ~ a l d e h y d e ~ ~ ~ .  

(121) 

Mild acid treatment of the a-hydroxyborinic acid intermediates from reductive 
carbonylation of trialkylboranes will result in migration of a second alkyl group from 
boron to carbon, with displacement of the hydroxyl group as water. Subsequent oxidation 
yields dialkyl carbinols, 142 (equation 1 22yg4. 
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I H+ I I 
OAI(OMe), +OH2 OH 

H202. RzCHOH RzBCHR - RzBCHR d RBCHRZ 

(142) 

(122) 

R = ethyl, I-octyl, 2-buty1, isobutyl, cyclohexyl, norbornyl 

Oxidation of intermediates of structure 135 (see Hillman’s process above) yields ketones, 
and Brown and coworkers have developed this chemistry extensively. One alkyl group is 
sacrificed, but if one of the groups is tertiary, most conveniently thexyl, then the primary or 
secondary alkyl groups migrate faster and the tertiary group serves as a blocking group. 
The original process used thexylborane as a hydroborating agent, which proved successful 
if the two other alkyl groups were alike, if a cyclic intermediate was involved, or if  one 
relatively hindered and one primary alkyl group constituted the desired combination2b. 
Examples of ketones synthesized in this way include indanone, 143’9s and juvabione, 144 
(equation 123 and 124)396. More recently, the use of thexylchloroborane has made 
possible the stepwise synthesis of unsymmetrical boranes having two different primary 
alkyl groups (see Section I.C.3.c.), and the method consequently has wider generality3”, 
as for example in the synthesis of an intermediate, 145 (equation 125), which can be 
converted to d i h ~ d r o j a s m o n e ~ ~ ~ .  For this last synthesis, carbonylation at 70 atm allowed 
the use of a lower temperature, 50°C. 

C02Me 
C02Me 

(mixture of 
diostereomers) 

(144) 

KHE(OPr’)3, 

H2C=CHCH(OAc)Meb 
- 
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Carbonylation of boranes with carbon monoxide has been found to be an efficient route 
to I ’C-and 14C-labelled aldehydes, carboxylic acids, alcohols, and  ketone^^^^^^^^-^^^. 

b. Cyanidation 

The use of sodium cyanide and trifluoroacetic anhydride in order to accomplish the 
same types of synthetic transformations as carbon monoxide with boranes was discovered 
by Pelter and coworkers404. The advantage for laboratory operations is that the reactions 
proceed at room temperature and require no special apparatus. The first stable 
intermediate is apparently the 2-trifluoromethyl-4,4,5-trialkyl-l, 3,5-oxazaboroline, 146, 
formed on migration of two alkyl groups from boron to carbon, and 146 can be rearranged 
further by warming with trifluoroacetic anhydride, ultimately leading to the trialkylcar- 
binol, or oxidized with hydrogen peroxide to yield the ketone (equation 126). 

R-B 

R2C0 
R/  \R 

(146) 

R3B + C N - d  R3BCN 

,O - C - CF3 

Hz02b RzCOH 
CF3COz-B II 

I N - CO CF3 

CR3 

Cyanidation of dialkylalkenylboranes, R,BCH=CHR’, leads to an oxazaboroline, 
146, which can be oxidized to an LY, /&unsaturated ketone, RCOCH=CHRf4”. Ordinari- 
ly the products from cyanidation and those from carbonylation are the same, but 
cyanidation of cis. ci~-perhydr0[9b]boraphenalene, 147, gives mainly the carbinol derived 
from attack on the opposite side of the boron atom from that observed with carbon 
monoxide (equation 127)40fi, Since the alkyl groups are known to migrate with retention 
of configuration, the stereochemistry must be determined by which side of the boron the 
cyanide or carbon monoxide is on at the time of the first irreversible step. I t  appears that 
the cyanide equilibrates to the thermodynamically favoured face before the first migration 
occurs, but carbon monoxide does not. The cis, trans-isomer of 147 yielded the 
cis. trans. trans carbonylation product with either cyanide or carbon monoxide. Hydro- 

(147) (CN-product) (CO product) 

( 1  27) 

boration with thexylborane followed by cyanidation has provided a key transformation in 
a synthesis of (+)-estrone methyl ether, 148 (equation 128).407. 
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c. Thiol anions 

The first sulphur-substituted carbanion to be reacted with trialkylboranes was the ylide 
MezS+-CH;, which Tufariello and Wojtkowski*"' used to convert R,B into 
RCH2BR,. The nitrogen ylide Me,N+-CH,- similarly yielded RCH2BR2-NMe3*09. I t  
was also found that Me,S+-CH--CO,Et would convert R,R into RCH2C02Et and 
RzBOH4", a reaction equivalent in net result to that of trialkylboranes with ethyl 
bromoacetate and a hindered base discovered several years later (see Section 1I.B. Ic). 
Negishi et ( 1 1 . ~ '  improved on the original Tufariello and Wojtkowski process by treating 
R,B with LiCH,SMe followed by Me1 to yield the equivalent intermediate. The reaction 
is of potential value for converting alkenyldisiamylboranes, RCH=C(R')B(Sia),, 
stereospecifically into the homologous allyldisiamylboranes, RCH=C(R')CH,B(Sia),. 

More useful results have been obtained with the anions derived from 
bis(pheny1thio)methane and related corn pound^^'^-^'^ . For example, 1 -1ithio- I ,  
I-bis(phenylthio)butane, 149, reacts with trialkylboraiies to produce 
a-(pheny1thio)alkylborane intermediates, which can be oxidized to ketones or rearranged 
further with mercury(l1) chloride to form borane precursors to propyldialkylcarbinols 
(equation 129)4". The reaction has been shown convert cyclopentyl-9-bbn, 150, reason- 
ably efficiently into the corresponding 9-[(cyclopentyl](phenylthio)methyl]-9-bbn, which 
was oxidized with N-chlorosuccinimide (ncs) is buffered methanol to yield a mono- 
thioacetal of cyclopentanecarboxaldehyde (equation 1 30)288. 

R 
I 

C3H7C(SPh), + R3B ___* R 3 B C ( S P h ) 2 4  R2B-C-SPh 
I I 

(149) 

An attempt to adapt similar chemistry to boronic esters and either react RB(OR'), with 
LiCH(SPh), or RLi with (PhS),CHB(OR'), was unsuccessful, although treatment of 
(PhS),CHBO,C,H, with the hazardously toxic reagent methyl fluorosulphonate 
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followed by butyllithium did yield 30% of B u C H ( S P ~ ) B O , C , H , ~ ' ~ .  The problem of 
converting boronic esters into aldehydes was effectively solved with the development of 
the reaction with LiCHCI, (see Section II.B.l.a), but a useful alternative with 
LiCH(0Me)SPh as the homologating agent has been developed by Brown and Imai4''. 
As in all other intramolecular rearrangements of borate complexes, the configuration of 
the migrating group is retained, as shown by the conversion of propane-I, 3-diol truns-2- 
methylcyclopentylboronate, 151, into the corresponding aldehyde (equation 131). 

3. Alkenylborane chemistry 

a. The Zweifel alkene synthesis 

The stereospecific synthesis of alkenes from alkenylboranes is among the most useful of 
the synthetic applications of organoborane chemistry. An example of Zweifel's alkene 
synthesis in its original form is the synthesis of cis-hex-1-enylcyclohexane, 154, from 
cyclohexene and hex-I -yne via dicyclohexylborane and truns-hex-l- 
enyl(dicyclohexy1)borane (equation 1 32)416. The probable mechanistic steps involve 
formation of a cyclic iodonium ion, 152, which undergoes base-induced migration of a 
cyclohexyl group to open the iodonium ion with inversion of the a-carbon and form a /I- 
iodoalkylborinate, 153, which then with base undergoes unti-elimination of iodide and 
cyclohexylboronic acid. (The evidence that such eliminations are unti is discussed in 
Section 1I.A.2.) 

r +  

H I  
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A complementary synthesis of rrans-hex- 1 -enylcyclohexane, 157, began with 1 -iodohex- 
I-yne, which was hydroborated with dicyclohexylborane to form [(Z)-I-iodohex-I- 
cnyl]dicyclohexylborane, 155, which on treatment with sodium methoxide yielded the ( E ) -  
I-cyclohexylhex-I-enylborinic ester, 156, which was cleaved with acetic acid to 157 
(equation 1 33)417. It was also found that 155 could be cleaved with acetic acid to yield (Z)-  
I-iodohex- I -me. 

A n  alternative synthesis of the trctn.s-alkene 157 uses cyanogen bromide, which leads to a 
/1'-bromoalkylborane intermediate, 158, which undergoes syn-elimination 
(equation 134)41w. This alternative is not limited to alk-I-enylboranes, although hydro- 
boration is not a practical route to internal alkenylboranes unless symmetry or 
considerable steric hindrance makes regiospecific synthesis possible. 

( 134) 

NC\ -0 
.'=b __* 

Br 
\ M,,,,,, C- c ~ ~ t ~ ~ ~  H 

H 

96% trans 

(157) 
' b  (158) 

The original iodination procedure applied to the hydroboration product from hex-3- 
yne yielded ( Z .  E)-4,5-diethylocta-3, Sdiene, 159 (equation 1 35)4'9. Trialk-I-enylboranes 
are not available because of dihydroboration, and with thexyldialkenylboranes some 
thexyl group migration occurred, which was remedied by cleaving the thexyl group with 
trimethylamine N-oxide (see Section II.A.l.d), followed by treatment of the resulting 
dialk- I -enylhydroxyborane with iodine and sodium hydroxide to make the Z ,  E-diene. 
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Et 
/ F 
/“=f 7’ (135) 

?=fH 
H 

Et 
(159) 

The trcrris-alkene synthesis was applied to the preparation of dienes by Negishi and 
Yoshida4”. A I-haloalkyne with thexylborane forms a (haloalkenyl)thexylborane, which 
can hydroborate a second alkyne to produce a R-haloalkenyl-R-alkenyl-B-thexylborane, 
which on treatment with sodium methoxide rearranges to the E .  E-diene, 160 
(equation 136)420. The use of 2 mol of I-iodoalkyne with 1 mol of thexylborane results in a 
B. R-bis( 1 -iodoalkenyl)-B-thexylborane, which undergoes rearrangement and elimination 
to form the very sensitive butatriene 161 stereoselectively (equation 137)421. 

- - Br ,. Br - A B(0Me)Thx 

BHThx P T h x  H “;“, -+( NoOMe 

T 

B(0Me)Thx 
NaOMe 

(160) 
(131 

/ 
H 

(161) 
The Zweifel olefin syntheses have become much more general and more efficient with 

more recent developments in organoborane chemistry, and have been applied to the 
synthesis of a variety of natural products. Among the first of these was a synthesis of a 
prostaglandin, 162, by Corey and Ravindranathan (equation 1 38)422. 6 T h x B H , , ~  BHThx 

OY OY oz 

- 

Y= SiMe&Me3j Z= tetrahydropyranyl (138) 
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In a model study for prostaglandin synthesis, Evans et made significant 
improvements in the original Zweifel method. One problem is that if a thexyl blocking 
group is used, there is considerable thexyl migration in competition with that of the desired 
group. Another problem is that iodine causes some direct carbon-boron bond cleavage 
to form the I-iodoalkene (see Section II.A.2). The problem was solved by removing the 
thexyl group by treatment with triethylamine to make the amine borane, which was 
converted into a boronic ester, for which there are now several alternative hydroboration 
approaches. The second side reaction was reduced to ca. 15% merely by changing the 
solvent to methanol. The significant steps of Evans et d ’ s  approach are illustrated in 
equation 139, starting from dimethyl trans-2-ethylcyclopentaneboronate, 163. In addition 
to the cis-1-lithioalkene and trans rearrangement product illustrated, the sequence was 
also carried out with trans-I-lithioalkene and shown to yield pure cis product. 

I -* OSiMepCMe3 - ‘OMe 

The Zweifel synthesis is readily applicable to cyclic boranes such as borinane, 40424. For 
example, borinane and 1 -bromohexyne can be converted into pentylidenecyclohexane, 
164 (equation 140). Recent advances in methods of preparation of unsymmetrical boranes 

0” + dBr - 
(40) 

(164) 

by Brown’s group have greatly extended the generality of the Zweifel synthesis42S. 
Basavaiah and have used this approach to synthesize (Z)-alk-7-en-l-ols, 165 
(equation 141)426. Some of these alcohols or their acetates are moth sex pheromones. 
Another combination of unsymmetrical borane synthesis with the Zweifel olefin synthesis 

R =  n-butyl or n-hexyl (165) 
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results in a simple preparation of (Z)-2-methyloctadec-7-ene, 166 (equation 142), which 
can be epoxidized to (rf: )-disparlure, the (+)-enantiomer of which is the sex pheromone of 
thegypsy moth427. A similar synthesis leads to(Z)-Me(CH,),CH=CH(CH,), ,Me, which 
is muscalure, a sex pheromone of the housefly428. 

. vBHBrSMe2 - BBr2SMe2 LiAIH4 

?' 

(166) 

(142) 

b. Other alkenylborate rearrangements 

The use of iodine as the electrophile to induce alkenylborate rearrangements, discussed 
in the preceding Section 11.B.3.a, has parallels with other electrophiles. The results tend to 
be simpler when subsequent elimination of boron is not a possibility. For example, (E)- 
hexenyldicyclohexylborane from hydroboration of hex- 1 -yne with dicyclohexylborane 
was treated with methyllithium and then hydrogen chloride, resulting in hexyl group 
migration from boron to carbon. The final product after oxidation was I-cyclohexyl- 
hexan-I-o1,167 (equation 143)429. It should be noted that the methyl group shows a parti- 
cularly low migratory aptitude, and only about 5% methyl migration was observed. The 
use of the usual trans-2-methylcyclopentyl migrating group established that the configu- 
ration of the migrating group is retained, as is usual for this type of mechanism. 
Hydrolysis of alkenyltrialkylborates with aqueous acid has been reported to yield alkenes 
from borane elimination after the rearrangement step430. 

n 

'OH 
(167) 
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Reaction of (a-methoxyviny1)lithium with trialkylboranes at - 78 "C leads to B-(a- 
methoxyviny1)-B, B,  B-trialkylborates, 168, which rearrange at 25 "C to B-(a-alkylviny1)-B- 
methoxy-B. B-dialkylborates, 169 (equation 144). Acid hydrolysis of 169 results in 
migration of a second alkyl group to form a borinic acid, which can be oxidized to a 
tertiary alcohol, and iodination of either intermediate results in alkyl migration and 
deboronation analogous to the Zweifel alkene synthesis, 168 yielding H,C=C(OMe)R 
and 169 yielding R2C=CH243'.432. 

OMe OMe M e 0  
I _  I 

CH2=C-BR3 ___) CH2=C-BR 
1 BR, 

25 "C I 
(168) R 

CH2=CLi 
-78 "C 

(169) 

H30+ w MeCR2B(OH)R H202 MeCR20H ( 1  44) 

Aldehydes as electrophiles convert vinyltrialkylborates into oxaborolanes, 170, which 
can be oxidized to 1, 3-diols4j3 or treated with phosphorus pentachloride followed by base 
to yield cyclopropanes (equation 145)434. Vinyltrialkylborates also react with epoxides to 
generate R,BCHR(CH,)30H and, of course. with iodine to form RCH=CH2435. 
B-( I-Alkenyl)-9-bbns d o  not need to be converted into borate complexes in order to react 
with aldehydes, but in this case the reaction i s  direct electrophilic displacement of the 
boron by the aldehyde carbon to produce allylic alcohols, RCH=CHCHOHR', with 
retained t r u m  geometry436. 

H202 R'CH(OH)CH2CH(OH)R 

C H 2 = C H - B R 3 ~  R'Q; 

PC15j NaOH A ;;45) 
(170) R 

E g R=athyl, R'=phanyl 

Two alkyl groups migrate in an alkenylborate type rearrangement of 2-furylborates 
reported by Suzuki et who obtained cis-but-2-ene-1,4-diols, 171, on oxidation of 
the postulated borane intermediate (equation 146). 2-Lithio-6-bromopyridine forms 

(171) 

borate complexes which undergo a fragmentation type of ring opening with migration of a 
single alkyl group. The product after protolysis with acetic acid is a (22,4E)-2,4- 
dienonitrile, 172 (equation 147)438. 
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N-Methylindole provides an example of an aromatic heterocycle that is stable under the 
borate rearrangement conditions, and Levy439 has synthesized 2-alkyl-N-methylindoles 
by reaction of the lithiated indole with a trialkylborane followed by iodination. The use of 
carbon electrophiles in place of iodine leads to 2,3-disubstituted N-methylindoles, as in  
the synthesis of I-methyl-2-ethylindole-3-acetamide, 173, illustrated in equation 148440. 

+ ICH2CONH2 H202 * Q=-;H2- ( 148) 

I I 
Me Me 

(173) 

Hydroboration of propargyl chloride leads to 3-chloroprop- 1 -enylboranes, which have 
a built-in electrophilic centre analogous to that of an a-haloborane. Treatment with 
methyllithium results in migration of one of the alkyl groups (other than methyl) with 
displacement of the allylic chloride. The initial rearrangement products are allylic boranes, 
which are easily cleaved with acetic acid to yield the allyl-substituted alkane, as in the 
synthesis of allylpinane, 174, in equation 14944'. An earlier example of this type of 
rearrangement process was provided by the reaction of (BuO),BCH=CHCCI, with 
RMgX to yield (BuO) ,BCH(R)CH=CCI,~~~.  

Photochemical rearrangement of (1E)-dienylboranes, 175 (X = H), which can be 
prepared by hydroboration of alkenylacetylenes, provides another example of alkyl 
m i g r a t i ~ n ~ ~ ~ , ~ ~ ~ .  However, for synthetic purposes the same boracyclopentenes can be 
obtained more efficiently by hydroboration of 1 -iodoalkenylacetylenes to form (1  Z)- I - 
iododienylboranes, 175 (X = I), which react with potassium tri-2-butylborohydride to 
displace the iodide and form (1Z)-dienylboranes ( 1  76), which cyclize spontaneously with 
consequent alkyl migration (equation 1 Thus, it  appears that the photochemical 
transformation consists only of isomerization of the ( 1  E)-dienylborane, 175 (X = H), to the 
(1Z)-isomer 176. The boracyclopentene products 177can be oxidized to cis-but-2-ene-I,- 
3-diols, or can be cleaved sequentially with acetic acid and hydrogen peroxide to yield 
homoallylic alcohols, H2C=-CMeCH2CH( R)OH442.443. 

( I )  I f  X =  H,UV l lgh t j i f  X= I,KHB(2Bu), 

c. Alkynylborate rearrangements 
Alkynyltrialkylborate rearrangements were first studied by B i r ~ g e r ~ ~ ~ ,  who found that 

sodium triethylpropynylborate, 178, and acetyl chloride yielded a rearranged heterocyclic 
product resulting from acetylation at the /I-carbon followed by migration of two ethyl 
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groups to the a-carbon (equation 151). Protonation of RC-CBRf3 was found to cause 
migration of one alkyl group to form the alkenylborane, RCH=C(R')BR',445. The 
addition of electrophiles in this manner is fairly general, with a tendency toward 
predominant traris-addition of the electrophile and migrating alkyl group across the 
double bond, although the stereoselection is not necessarily high enough for synthetic 
purposes. An exception is the protodeboronation of B-phenylethynyl-B-thexyl-H. 
B-dibutylborate, 179, with propionic acid, which yielded hex-I-enylbenzene that was 98% cis 
(equation 152)446. Hydrogen chloride causes migration of one alkyl group of R,BC= 
CR' at - 78 "C and a second group at higher temperatures447. Ethynyltrialkylborates. 
180, rearrange on protonation to yield the opposite regioisomer of the borane from what 
hydroboration would produce, and vinyltrialkylboranes behave similarly 
(equation I 53)448. 

Me 

MeCOCl + Et3B-C=CMe __* E t - $ j (  

(178) 
Et CMe 

/ /Ph 
BU BU - c=c 
/ rh  

Bu@-C=CPh EtC02H c=c 
I 
Sio 

(179) 'sio 

/ \  
B u - J  \H (152) 

\ 

/"= CH2 
R3BC=CH + H+ d 

R2B ( I  80) 

Other electrophiles which have been added to alkynyltrialkylborates include dimethyl 
~ u l p h a t e ~ ~ ~ ,  e p o ~ i d e s ~ ~ ' ,  Me2N=CH,+45', acetylpyridinium ion452, protonated ani- 
soleiron t r i ~ a r b o n y l ~ ~ ~ ,  d i b r ~ r n o m e t h a n e ~ ~ ~ ,  and chloromethyl methyl ether455. All of 
these reactions may be summarized as RCZCBR'3  + E+ +REC=C(R')BR,. The 
connection to the acetylpyridinium ion is regioselective at the 4-position of the pyridine 
ring, but the alkenyl group is a typical cis. truns mixture452. Triethyloxonium fluoborate 
with MeOCH,C=CBEt, yields 97% E-isomer of MeOCH,C(Et)=C(Et)BEt,455. Good 
tram selectivity has been observed in reactions of trimethylsilyl and tributyltin 

Phenylselenyl chloride reacts with R,BC=CBu to form R,BC(R)= 
C(SePh)Bu, which can be oxidized with trimethylamine oxide to yield RCOCH(SePh)Bu, 
a precursor to an a, /%unsaturated ketone458. 

Treatment of RCECBR'~ with HCI to form RCH=C(R')BR', followed by sodium 
hydroxide and iodine leads to trisubstituted olefins, RCH=CR',459. Retention of 
configuration of the migrating R' groups was proved with R' = trans-2-methylcyclopentyl 
by oxidative degradation of the olefin to known trans-2-methylcyclopentanol and rrans-2- 
methylcyclopen tylcarbinol. 

B-Alkynyl-B-alkenyl-B, B-dialkylborates undergo 97-99x stereoselective alkenyl 
group migration on treatment with either boron trifluoride or tributyltin chloride4"'. An 
example is the synthesis of methyl (IOE, 12Z)-hexadecadienoate, 181 (equation 154). 
Methyl undecynoate was hydroborated with dicyclohexylborane, the resulting al- 
kenylborane was treated with I-lithiopent-l -yne, and the borate complex was treated with 
boron trifluoride etherate, then with acetic acid at 50°C, which yielded 181 (66%). I t  was 
already known that 181 can be converted into the sex pheromone of the silkworm moth, 
182, by reduction with lithium aluminium hydride. 
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The use of thexylchloroborane makes it a simple matter to construct a B-(cc- 
haloalkeny1)-B-alkynyl-B-thexyl-B-methoxyborate, which rearranges in the usual manner 
to provide an enynylborinic ester, 183, that can be oxidized to an alkynyl alkyl ketone 
(equation 155)46’, a type of intermediate that is useful in chiral synthesis (see 
Section 1II.C). 

A less exotic but probably more widely useful acetylenic ketone synthesis is provided by 
the reaction of lithium acetylides with boron trifluoride etherate to form the borate 
complexes, RC-CBF3, which react directly with acid anhydrides, (R’CO),O, to yield the 
acetylenic ketones, RCECCOR’462. Alkynyl-9-bbns react with 4-methoxybut-3-en-2- 
one, MeOCH=CHCOMe, to form enynones, RCECCH=CHCOCH,, generally with 
a trans double bond463. 
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Alkynyltrialkylborates, Li[R3BCECR’], generally rearrange to alkynes, RCECR’,  on 
treatment with iodine464.465. The migrating group can be alkenyl, which results in a 
synthesis ~ f e n y n e s ’ ~ ~ .  The enyne synthesis can be extended to the use of(%)-2-haloalk- I - 
enyl-9-bbns, which yield halogen-substituted enynes, 184, stereospecifically 
(equation 1 56)467. The preparation of the haloalkenyl-9-bbns from 9-halo-9-bbn and 
alkynes was noted in Section I.C.3.e235, and i t  is noteworthy that /l-elimination of the 
boron and halogen does not interfere with the formation and rearrangement of the 
alkynylborate complex. 

R 
I \ / ”  2, C d  

R C s C L i  ”\ /” - c=c 

( J  56) 

The reaction of disiamyldialkynylborates, [ S ~ ~ , B ( C G C R ) ~ ]  -, with iodine results in an 
efficient preparation of diacetylenes, R C = C C E R ~ ~ . ~ ~ ’ .  The R groups may be different 
when the route to the borate complexes involves successive treatment of(Sia),BOMe with 
L i C E C R  followed by boron trifluoride etherate to make (Sia),BCGCR, which may then 
be converted to the dialkynylborate with a different L ~ C E C R ’ ~ ~ .  

d. Allylborane chemistry 

Electrophiles generally attack the y-carbon of allylboranes to displace the boron, and 
the major significance of this chemistry lies in the possibility of chiral control (see 
Section 1II.D). The special reactivity of allylboranes has been known for some time, and 
tribute should be paid to B. M. Mikhailov for his extensive pioneering efforts with 
allylboranes and their complex chemistry. Much of his work was exploratory in nature 
and not of direct relevance to problems of stereospecifically and regiospecifically 
controlled synthesis of complex structures, which the reviewer considers to  be the major 
current thrust of synthetic organic chemistry. However, the elaboration of triallylborane 
to I-boraadamantane derivatives, 185, is worthy of specific mention 
(equation 157)469-47’. Carbonylation converts I-boraadamantanes into l-boryladaman- 
tanes, which can be oxidized to  I -adamantanol~~’~ .  Allylborane derivatives have also 
been converted into 2-boraadamantane~~’~.  Mikhailov has recently reviewed his work in 
this field in English474. 
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Mikhailov’s work also provided an early example of the allylborane reaction of major 
current interest, the displacement of boron by aldehydes with allylic rearrangement475. At  
first tricrotylborane, (MeCH=CHCH,),B, was reported to yield only 15% of the allylic 
rearrangement product, { CH ,=CHCH(Me)CH ,O} ,BCH ,CH =CH Me, with 85% of 
the product being (MeCH=CHCH,CH,O),BCH,CH=CHMe. More recent work by 
Mikhailov’s group has indicated that allylic rearrangement is the principal mode of 
reaction of various R,BCH,CH=CR’R”476-479. Cadiot’s group was the first to study the 
reaction of allylic boronic esters with aldehydes480. 

Kramer and Brown48’ have found that B-allyl-9-bbn, 186, readily allylates all of the 
common varieties of carbonyl compounds in a manner similar to the allyl Grignard 
reagent (equation 158). Complete allylic rearrangement was observed in the reaction of 
formaldehyde with B-crotyl-9-bbn, and the only alcohol produced on hydrolysis was 
2-methylbut-3-en- 1-01. Rapid intramolecular isomerization of the allyl group of R-allyl-9- 
bbn has been verified by n.m.r. measurements, which show multiple allyl proton 
resonances at low temperatures but coalescence to a single type of CH, at cu. 10°C482. 

Me2C0 + % Me2C ( 0 H C H ( Me) C H = C H2 

(186) 
( J 58) 

The important new development in allylborane chemistry has been the stereoselective 
displacement of boron by aldehydes, developed primarily by Hoffmann and coworkers. 
For example, the reaction of pinacol (Z)-but-2-enyl-l -boronate, 187, with simple 
aldehydes leads to 94-97% ‘erythro’ or ‘syn’ homoallylic alcohol 189 (equation 1 59)48’.484. 
The predominant stereochemistry of the reaction may be understood by reference to the 
postulated transition state (188), in which the cis geometry of the original double bond 
requires that the methyl group of 187 occupy an axial position in 188, but the R group from 
the aldehyde can take an equatorial position and thus strongly favours 188 over 
alternative isomers. The initial product is a borate ester which can be cleaved with 
triethanolamine to yield the homoallylic alcohol 1894H4 

O\,/”‘f 

( 1  59) 
OH 

(189) 

R= Me,E t , Pr ’, Ph 

The Hoffmann synthesis works essentially the same way with pinacol (2)-3- 
methylthioallylboronate, 190, to produce the syn-methylthio alcohols (equation 160)485, 
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and with (Z)-alkoxyallylboronates, 191, to yield syn-alkoxy alcohols, which can be 
deprotected to diols (equation 16 Typical diastereoselectivities were in the 
range 80-95%, most often ca. 90%. The stereochemistry was proved by synthesis of 
the (racemic) insect pheromone brevicomin, 256, which contains an internally ketalized 
diol (see Section II1.B.I .a for structure)486. Similar chemistry of alkoxyallylboronic esters 
has been developed independently by Wuts and Bigelow4”, who have also synthesized 
b r e v i c ~ m i n ~ ~ ~ .  

MeS 
LLox R C H O ,  

\o 
(190) OH 

R’O R’O 

OH (191) 

( 1 60) 

Attempts to apply Hoffmann’s method to H,C=CHCH(Me)BO,C,Me, resulted in 
low s te reose le~t iv i t ies~~~.  The pinacol group forces the a-methyl group preferentially into 
the axial position, but only by a ca. 3: 1 margin, and the result is a mixture of(Z)- and ( E ) -  
alkene products. Although racemic materials were used, the mechanism would require the 
geometric isomers to be formed with opposite chirality transfer, and the reaction is 
therefore not immediately useful without improvement of its selectivity. 

A potentially useful synthesis of allylic boronic esters from the corresponding allyltin 
compounds has been reported490. Allylic boronic esters have also been synthesized from 
pinacol chloromethylboronate and a lkenyl l i th i~ms~~’ .  A ‘rhreo’-selective analogue of the 
foregoing chemistry has been achieved by Yamamoto et by reacting crotyllithium 
with triethylborane to form trciris-MeCH=CHCH,BEt;. which with aldehydes yields 
the ‘threo’ or ‘cinri ’  diastereomers of 189 with ca. 6: 1 diastereoselectivity. Higher 
stereoselectivity has been obtained with B-[a-trimethylsilyl- or a-trimethylstannyl-(E)- 
crotyl]-9-bbn, 192, and aldehydes in the presence of pyridine (equation 1 62)493. Boronic 
ester analogues of 192, studied briefly by Tsai and M a t t e ~ o n ~ ’ ~ ,  showed similar patterns of 
diastereoselection, and pinanediol (Z)- 1 -trimethylsilylcrotyI- 1 -boronate yielded homo- 
allylic alcohol that was all erpthro- and 96% E-isomer. 

MMe, +-J - R + 4  R C H O  

MejM OH 
M=Si or Sn 

(192) 

Tsai and M a t t e ~ o n ~ ’ ~  have adapted Hoffmann’s chemistry to provide a highly 
stereoselective synthesis of (inti-(a-trimethylsilylallyl)carbinols 193, which are easily 
converted into terminal (Z)-dienes, 194, or (E)-dienes, 195 of >, 98% isomeric purity 
(equation 163). The pheromone of the red bollworm moth consists of a 20:80 mixture of 
194 and 195 having R = AcO(CH,),, both ofwhich were synthesized. I fa  methyl group is 
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present a to the boron, the reaction produces a 75:25 ratio of Z-  and E - i s o m e r ~ ~ ~ ' ,  as 
noted previously in other systems489. 

e. A//en/c and propargyhc boranes 

Allylic rearrangement of allenylboranes yields propargylboranes, and either the allenic 
or propargylic compounds undergo allylic rearrangement on reaction with electrophiles. 
This chemistry is thus closely related to that in the preceding Section (Il.B.3.d), but i t  has a 
degree of complexity all its own, and provides clean routes to some highly labile 
unsaturated systems that are hard to prepare in other ways. 

Treatment of a trialkylborane such as tricyclopentylborane with lithiopropargyl 
chloride below - 60 "C results in the formation of a borate complex which loses chloride 
ion and rearranges to an allenic borane, for example, B-1-(cyclopentylallenyI)-B. 
R-dicyclopentylbor~ine, 1964y6. On warming to 20 "C, the allenic borane isomerizes to a 
propargylic borane, 197497. Treatment of the allenic borane 196 with an aldehyde such as 
acrolein yields a homopropargylic alcohol, 198, and similar treatment of the rearranged 
propargylborane yields an allenic alcohol, 199 (equation 1 64)4y7. Protonolysis with acetic 
acid converts the propargylic borane 197 into the corresponding allene 200. At first it was 
assumed that the allene arose from the allenic b ~ r a n e ~ ~ ~ ,  but it was subsequently realized 

200 
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that 196 rearranges to 197 before protonation under the conditions used4". Extension of 
the foregoing chemistry to reactions of alkenylthexylchloroboranes with lithium chlorop- 

R 
LiCECCHZCI . \ /" 

c =c 
T Y  

ThxBHCl + RCGCH 4 C=C 
-70 "C 

H 'BCIThx d '&CzCCH2CI )2  

R 
R'CHO \ 7 

___) c=c 
I \  

C%=CH2 
I 

(165) 
R'CHOH 

(202) 
ropargylide results in simple routes ,to 1,3-enynols, 201, and I ,  2,4-trienols, 202 
(equation 165); R = Bun with R' = Et, Pr', Bu', vinyl; R'  = Et with R = Cy, Bu', Ph, or with 
E t C Z C E t  in place of R C r C H ) 4 9 8 .  

Carbon electrophiles other than aldehydes failed to react with the boranes in the 
foregoing scheme, but propargylborate complexes, [ (2-Bu) ,BCH2C~CR]- ,  d o  react 
with Me,C=CCH,Br to yield the allene H,C=C=CRCH,CH=CMe,, or with C 0 2  
to yield H2C=C=CCRC02H499. However, i t  appears that in general the analogous 
triisobutylaluminate complexes work better for this purpose. 

Midland5'' prepared allenic boranes from ethynylalkanol acetates, 203, and trialkylbo- 
ranes (equation 166). The substitution pattern evidently makes this series of al- 
lenylboranes less prone to rearrange than those first studied by Zweifel. Protonolysis with 
acetic acid yielded the corresponding allene, and with water the product was the acetylene. 
When the reaction was carried out with (R)-(  +)-oct-l-yn-3-01 acetate and tributylborane, 
the product was ca. 23-40% ee (S)-( +)-dodeca-5,6-diene, 204, which corresponds to 
acetate loss unti to the migrating group (equation 167)50'. The allenylborane is 
configurationally unstable. I t  also rearranges to the acetylene, but this does not account 
for the configurational instability because migration of the boron along one side of the 
allene yields a chiral acetylene, and configurational loss requires some kind of inversion 
process. 

BR, R'cH=C=CHR 
/ 

(204) 
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f .  Catalysed cross-coupling 

Alkenylboranes can be cross-coupled with aryl, alkenyl, or allyl halides with the aid of 
methylcopper or tetrakis(triphenylphosphine)palladium(O) and base. These reactions 
appears to involve electrophilic replacement of the boron by the transition metal and do 
not necessarily involve boron after that point. Other organonietallics, especially 
alkenylzincs, are generally more reactive than alkenylboranes and give better yields in 
these cross-couplings, although the ease of synthesis of alkenylboranes stereospecifically 
makes them useful substrates for this stereospecific process. 

The palladium-catalysed cross-coupling process has been reviewed by its principal 
inventor, Negishi502, who found alkenylboranes to be unreactive, but observed that an 
alkynylborate, [Me(CH,),C-CBBu,]-, coupled with o-tolyl iodide in the presence of 
Pd(PPh,), to form Me(CH,),CzCC,H,Me on heatingso2. The discovery that al- 
kenylboranes would react in the presence of bases such as ethoxide was first reported by 
Miyaura and S u z ~ k i ' ~ ~ .  A typical example is the stereospecific reaction of B-[(E)-hex-I- 
enyll-B. B-disiamylborane with bromobenzene to produce (E)-hex-I-enylbenzene, 205 
(equation 1 68)504. The geometry ofcis-alkenylboranes is also retained in this coupling505. 
Use of triethylamine as the base results in a rearranged coupling product, RCH=CHBY, 
(Y = siamyl or Y ,  = catechol), with R'Br yielding RR'C=CH,"O". 

Palladium acetate catalyses cross-coupling of B-alkenyl-9-bbns. 206, with allyl chloride 
(equation 169)507. 

-% (206) + Nc' ( 169) 

The use of methylcopper as a cross-coupling reagent was developed slightly earlierso8. 
An example is its use for the stereospecific alkylation of ethyl (Z)-/&bromoacrylate, 207 
(equation 170). Lithium trialkylmethylborates, R,BMeLi, areallylated by allyl chloride in 
the presence of copper(1) bromide to produce RCH,CH=CH,, or react with propargyl 

-c Pd(OAC);, 

"\ /Co2€+ 
H ' 'H 

- c=c Br /Co2€+ 
R3B + MeCu + k = C  

( 170) 

/ \  
H H  

( 2 0 7 )  

chloride to produce the alkylallene, RCH=C=CH,'"'. Methylcopper also couples 
dialkenylboranes such as methylbis[(E)-hex- I-enyl]bordne, 208 (equation I 71)510. 

-7- + MeCu- - 
Me 

(171) 
(208) 
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Treatment of borate complexes from sodium methoxide and alkenyl-9-bbns or 
alkenyldicyclohexylboranes with copper(1) bromide-dimethyl sulphide results in coupling 
of pairs of alkenyl groups with complete retentions of configuration”’. In the presence of 
allyl bromide, cross-coupling of the alkenyl group with the allyl group occurs, again with 
retention of the geometry of the alkenyl group”’. I-Haloalkynes can also be cross- 
coupled with a l k e n y l b o r a n e ~ ~ ‘ ~ .  In all of these cross-coupling reactions involving copper, 
it  appears possible that the boranes are converted into organocopper intermediates. 

9 Boron ehmination and ring formation 

/?-Elimination of boron and chlorine from [j-chloroboranes and cyclopropane form- 
ation by base-initiated y-elimination from tri(y-chloropropy1)borane were reported by 
Hawthorne and Duponte5. The p-elimination process has been discussed in conjunction 
with the replacement of boron from alkenyl groups by halogen in Section II.A.2278-282 
and as a part of the Zweifel alkene synthesis in Section 11.B.3.a416-419 , and receives very 
brief further extension here. The synthetic chemist must always keep in mind that such p- 
eliminations of boron and halogen or even oxygen s u b ~ t i t u e n t s ~ ~  may be very facile, and 
synthetic strategy must avoid opportunities for such decomposition of borane intermedi- 
ates if alkene formation is not the objective. 

A useful application of /?-elimination is in the reductive transposition of a ketone to an 
alcohol at the adjacent less hindered site via hydroboration of the silyl enol ether. Larson 
and Fuentes514 have demonstrated this process with the conversion of 
1 -cyclohexylpropan- I -one to I -cyclohexylpropan-2-ol, 209 (equation 172). 

OSiMe3 

COEt d e k = C H M e  

CH(OStMe3)CH(Me) 
9-bbn . 

9-bbn 
CH=CHMe - 

H202 w (CH2CH(OH)Me 

(209) 
The facility of p-elimination of boron makes possible an interesting fragmentation/ring 

expansion process reported by Marshall and Bundy” 5 . 5 1 6 .  The process leads stereospe- 
cifically to ( E .  E)-cyclododeca-l,6-dienes such as 210, which are of interest in themselves 
and which can also be used as hydroazulene precursors (equation 173)5’7 .  The stereoch- 
emistry at the hydroboration site is not fixed, except that the addition must be syn to either 
side of the ring. Either borane meets the geometric requirements for the fragmentation 
process only when aligned in a manner that will lead to the trans double bond of 210 at the 
site of boron elimination5”. 
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The Hawthorne cyclopropane synthesis has been greatly improved by Brown and 
Rhodes5", who generated B-(3-chloropropyl)-9-bbn as the cyclopropane precursor. 
Hydroboration of homopropargyl tosylate with 2 mol of 9-bbn followed by base treatment 
yielded B-cyclobutyl-9-bbn, 21 I (equation I 74)5'9. The cyclobutane ring could not be 
closed without the aid of the second boron atom in stabilizing carbanionic character (see 
Section II.C.2). B-Cyclopropyl-9-bbn, 212, was prepared in an analogous manner 
(equation 175). 

+ HC=CCH2CH20tOS + tOSOCH2CH2CH2CH 

(212) ( I  75) 

Goering and TrenbeathSZo have shown that cyclopropane ring closure is stereospecific, 
with inversion of the carbon from which the boron is displaced. The synthesis of trans- 1,2- 
dimethylcyclopropane, 213, is illustrated in equation 176, and similar results were 
obtained with the cis-isomer. 

C. Other Carbon-Carbon Bond-Forming Reactions 

1. Free radical reactions of boranes 

a. Alkylafion by boranes 

Radical reactions inherently lead to loss of steric integrity a t  the reacting centre and are 
therefore not as widely useful as the borate rearrangements discussed in Section II.B, but 
they d o  accomplish some transformations that are otherwise diflicult. Accordingly, this 
topic is reviewed very briefly and incompletely here. Most of this chemistry has been 
reviewed in detail by Brown". 

Trialkylboranes react readily with a wide variety of a, P-unsaturated carbonyl 
compounds in the presence of a small amount of oxygen as initiator to yield the conjugate 
addition products2'. Acrolein reacts especially readily, and the postulated radical process 
is illustrated, which is followed by hydrolysis to  yield the 3-alkylpropionaldehyde, 214 
(Scheme l)52'.s22. Another typical example is the reaction of methyl vinyl ketone with 
tricyclohexylborane to form 4-cyclohexylbutan-2-one, 215 (equation 177)523. Substitu- 
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Initiation: 
Propagation: 

Hydrolysis: 

R’O. + R,B -+ R’OBR, + R *  

R .  + CH,=CHCHO -+ RCH,CH=CHO. 
RCH,CH=CHO* + R,B + RCH,CH=CHOBR, + R *  
RCH,CH=CHOBR, + H,O -+ RCH,CH,CHO + HOBR, 

SCHEME 1 

ents a to the carbonyl group do not cause any problem, and reagents such as 
2 - b r o m o a ~ r o l e i n ~ ~ ~  or ketones derived from Mannich bases525 provide useful reactions. 
Crotonaldehyde reacts more sluggishly, but can be induced to react efficiently in the 
presence of controlled quantities of oxygen or other initiators526. The reaction with 
quinones to produce alkylhydroquinones is probably a similar radical r e a c t i ~ n ~ ~ ’ . ~ ~ * .  

CH2CH2COMe ( I  77) 0- (0); + C H F C H C O M e  w 

(2 IS) 

Butadiene monoxide, 216, also undergoes radical alkylation by t r i a l k y l b o r a n e ~ ~ ~ ~ .  The 
analogous reaction of 3,4-epoxy- I -butyne leads to allenic alcohols, RCH=C= 
CHCH,OH (equation 1 78)s30. 

/O\ + Et3B EtCH2CH=CHCH20BEt2 - H20 EtCH2CH=CHCH20H 
C I+= CHCH - CH2 

(216) ( 1  78) 
Because the relative stabilities of radicals are tertiary > secondary > primary, B-alkyl- 

9-bbns will undergo ring cleavage in competition with alkyl group cleavage during these 
reactions, except when the alkyl group is tertiary. The problem can be partially overcome 
by the use of B-alkylborinanes, which give efficient preferential cleavage of secondary alkyl 
groupss3’. Radical alkylation with symmetrical primary trialkylboranes selectively 
utilizes the secondary alkyl group impurities, and since only one of the three alkyl groups is 
consumed, the effect on product purity is decidedly d e l e t e r i o ~ s ~ ~ ~ ~ ~ ~ ~ .  

Although configuration is lost at the radical centre, cases of strong diastereoselection 
are known, such as the 2-methylcyclopentyl radical, which yields mainly the t ram product 
in its reaction with acrolein, to  the point where the small amount of cis-isomer probably 
present was not noticed before the radical nature of the reaction was recognized3’*. 

b. Radical additions to alkenylboronic esters 

Although the development of newer synthetic methods has made a wide variety of 
functionalized boronic esters available, radical additions to vinylboronic esters can still 
provide a few structures that are not easily accessible otherwise. For example, 
P-alkylthioboronic esters, 217, are easily produced from dibutyl vinylboronate and a 
variety of mercaptans in the presence of ultraviolet light or azobisisobutyronitrile 
(equation I 79),,.,’. Similar addition of potassium bisulphite led to potassium 
2-(dihydroxyboryl)ethanesulphonate, K0,SCH2CH,B(OH),22. Vinylboronic esters ap- 
pear to be particularly efficient substrates for a variety of radical addition reactions. The 
use of these radical additions to prepare the first a-halo boronic esters has been noted in 
Section II.B.l.a, and the efficient addition of bromomalononitrile to dibutyl vinylboro- 
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nate to form (BuO) ,BCHB~CH,CH(CN) ,~~~  might find future use. 

377 

CH,=CHB(OB~) ,  2 RSCH,CHB(OB~), E, RS. + RSCH,CH,B(OR~~) ,  
(217) ( 1  79) 

R = r K , H  ,3, MeCO, H, H,NCHzCH,, -O,CCH(NH,)CH,, HO,CCH,, and others 

2. Boron substituted carbanions 

a By deboronailon 

The first abstraction of boron from a gem-diboryl compound with an alkyllithium to 
produce an a-lithio borane, 218, was reported by Cainelli e’l ~ 1 . ~ ~ ~ ,  who observed 
carboxylation. Wittig-type condensation with aldehydes and ketones was reported by 
Zweifel and A r z o ~ m a n i a n ~ ~ ~  and by Cainelli er 0 1 . ~ ~ ~  (equation 180). The preparation of 
methanetetraboronic esters and related compounds by Castle and Matteson61,62 
(Section I.A.3) opened the way for the development of a similar chemistry of boronic 
esters, much of which Icd to the synthesis of exotic organometallic compounds for their 
own sake and which has been reviewed elsewhere6“.”’. Lithium 
tris(trimethylenedioxyboryl)methide, 219, is an isolable ionic compound535, and the 
alkene-I, I -diboronic esters formed by its reactions with carbonyl compounds may 
eventually prove useful as synthetic intermediates (equation 181). Lithium 
bis(ethylenedioxyboryl)methide, 2206”’”, has been developed as a reagent for the 
efficient homologation of aldehydeszs3. The initial products are alk-I-enylboronic esters, 
221, which are 90-95%, E-isomer (equation 182)”3.536. I t  is usually possible to recrystallize 
and purify the boronic acid from hydrolysis of221, and this is therefore a potentially useful 
alternative route to the use of hydroboration of alkynes for preparation of this class of 
boronic acids. 

H B R 2  nuL8 
BuCGCH - BuCH,CH(BR,), - BuCH,CH(Li)BR, 

R’CHO (218)  - BuCH,CH=CHR’ 

(219) (181) 

b. By  deprotonahon 

Bases show a strong tendency to coordinate to boron rather than abstract a proton, and 
deprotonation therefore requires a considerable degree of steric blocking of the access of 
thc base to the boron atom. The first success was reported by Rathke and KowS3’, who 
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deprotonated B-methyl-g-bbn, 222, with lithium 2 , 2 , 6 ,  6-tetramethylpiperIdides3’, and 
also found that this base would deprotonate alkenylboranes, RCH,CH=CHBR,, to 
allylic anions (equation 183)s38. Allylic anions, 223, generated from (E)-alkenyl-g-bbns 
have recently been found by Yatagai et a/ .539 to yield (Z)-allylic tin derivatives, 224, on 
treatment with tributyltin chloride followed by deboronation with water and ethanola- 
mine (equation 184). These tin compounds are of interest as ‘erthro’-selective reagents for 
the synthesis of homoallylic alcohols by reaction with aldehydes. 

(222) / \  83) 

0% + Bu3SnCl - 
B u3S n (223) 

( 184) 

H20_ Bu3SnV\\/ 
(224) 

Wilsons40 has deprotonated dimesitylmethylborane, 225, with lithium dicyclohexy- 
lamide and alkylated the resulting anion with methyl iodide (equation 185). The resulting 
ethylborane can be deprotonated and methylated, and the process was repeated to replace 
all three protons of the methyl group. Further studies on 225, which may be abbreviated to 

Ms,BMe, have been reported by Pelter and coworkers. The anion Ms,BCH,- can be 
generated by treatment of 225 with either lithium dicyclohexylamide or mesityllithium, 
but unhindered bases such as butyllithium or sodium hydride add to the boron atoms4’. 
Alkylation of Ms,BCH,- with a number of primary alkyl bromides has been 
reporteds4,. Dimesitylallylborane, Ms,BCH,CH=CH,, can be deprotonated and 
undergoes alkylation at the terminal carbon by RI to yield Ms,BCH=CHCH,R having a 
trans double bonds4,. Perhaps the most likely candidate for synthetic utility is the Wittig- 
type reaction of Ms,BCH,- with aldehydes and ketones, RR’C=O, to yield RR’C= 
CH2544. Reaction of Ms,BCH,- with Me,SiCI has yielded Ms,BCH,SiMe,, and 
analogous reactions have been used to prepare Ms,BCH,SnMe,, Ms,BCH,SPh, 
(Ms,B),CH,, and related compoundss4s. Several of these can themselves be deproto- 
nated, and the anion from Ms,BCH,SiMe, reacts with benzaldehyde to produce a 
mixture of ca. 45% PhCH=CHBMs, and 55% PhCH=CHSiMe,. The most likely 
obstacle to general synthetic utility of these mesitylboranes is the extreme degree of steric 
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hindrance around the boron atom, which results in failure to react with moderately 
hindered substrates. 

It has not proved possible to deprotonate methylboronic or alkylboronic esters44, but 
deprotonation of a methylenediboronic ester, 226, with lithium 2,2,6,6- 
tetramethylpiperidide (Litmp) has been reported by Matteson and M ~ o d y ~ ~ . ' ~ ~ .  The 
resulting diborylmethide anion, 227, can be alkylated with primary alkyl halides, and the 
I ,  1 -bis(trimethylenedioxyboryl)alkanes, 228, can also be deprotonated and alkylated 
(equation 186). The base strength of the diborylmethide ion, 227, appears to be less than 
that of triphenylmethide ion, which can generate 227 from 226. 

( 1  86) 

Carbanions such as 229 from deprotonation of I ,  I-bis(trimethylenedioxyboryl)alkanes, 
228, undergo Wittig condensation with aldehydes or ketones to yield alkenylboronic 
esters, 230, regiospecifically but without stereochemical control (equation 1 87)44. Per- 
oxidic oxidation leads to ketones at the site vacated by the boron. With carboxylic esters, 
theanions 299 replace the alkoxy group and eliminate boron to yield ketones at the site of 
the ester group, 231, adjacent to the site vacated by the boron. 

(226) (227) (228) 

0 
II 

PhCH2CC&l11-" 
PhC 

PhCHO 

(230) n<5Hllc(-t)]z 0 I1 

PhCCHzC5Hl I-" 

(23') (187) 

(229) 

Although the I ,  I-bis(trimethylenedioxyboryl)methanes, 228, available from alkylation 
of the anion 227, are restricted to those having a primary alkyl group, similar compounds 
branched at the second carbon have been made by hydrogenation of I ,  
1-bis(trimethylenedioxybory1)alk-I-enes, RR'C=C(BO,C,H,),, which are available by 
condensation of ketones with the tris(trimethylenedioxybory1)methide anion, 219 (see 
Section II.C.2.a)44. I t  might also be noted that 1, I-bis(dichloroalkylboryl)alkanes are 
readily available from dihydroboration of acetylenes with BHCI, (see Section I . C . ~ . C ) ' ~ ~ ,  
although the hydroboration process is not regiospecific and the amount of I ,  2-isomer 
formed, which was not determined, might be enough to cause purification problems. 

Although the gem-diboronic esters are versatile and interesting reagents, sufficient effort 
has to be expended in their p r e p a r a t i ~ n ~ ' . ~ ~  that the synthetic chemist can usually find 
alternative routes that require less labour. It is easier to make heterosubstituted boronic 
esters such as pinacol (phenylthio)methylboronate, 2324'*547, which can be deprotonated 
to the corresponding carbanion 233 (equation 188). Reactions of 233 include alkylation by 
alkyl halides, Wittig-type condensation with aldehydes or ketones, and reaction with 
esters to produce a-phenylthioketones (equation 189)4' or with formate esters to form 
a-phenylthioaldehyde~~~~. The alkylation products, a-phenylthioboronic esters, 234, are 
easily oxidized directly to monothioacetals or acetals with N-chlorosuccinimidez88. In 
general, it was found possible to deprotonate 234 and subject the resulting anions to the 
same reactions as 233, except that the alkylation products, RR'C(SPh)BO,C,Me,, were 
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not successfully deboronated by hydrogen peroxide, evidently because of,steric hindrance 
(equations 190 and 191)4'. 

P h S C b L I  PhSCHZB LiNPri2 W PhScHB 'x- R ) H d o X  

\o PhS \o 

PhCH2m 234 - 
( 190) 

PhS PhS 
R= PhCH2 

PhCH2 

PhS PhS 
+ HC02Me ___) >,HCtiO 

234 
R= PhCH2 

(191) 

The preparation of propane-I, 3-diol bis(phenylthio)methyIboronate, 235, is straight- 
forward, and on deprotonation and reaction with ketones, ketene thioacetals are obtained 
(equation 192)4'4. With enolizable ketones such as acetone and cyclohexanone, 235 was 
found to give good yields, in contrast to (PhS),CHSiMe,, which gave little or no product 
with these ketones. 

Pinacol (trimethylsilyl)methylboronate, 236, has been prepared from the Grignard 
reagent, Me,SiCH,MgCI, and trimethyl borate, with subsequent esterification with 
p i n a ~ o l ~ ~ ' ~ ~ ~ ~ .  Deprotonation and alkylation proved straightforward, but the higher 
homologues failed to undergo deprotonation with any base tried372. The most interesting 
reaction of the anion from 236 is its reaction with aldehydes or ketones, which exclusively 
eliminates silicon to yield the alkenylboronic ester (equation 193)372,549. It is amusing that 
the alkenylboronic esters produced are predominantly the cis-isomers, but the reaction is 
not selective enough to be truly useful in this regard, and an efficient synthesis of pure cis- 
alk- I-eneboronic esters has been described in Section I.C.3.c. 
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3. Cycloaddition reactions of vinylboronic esters 
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Vinylboronic esters have moderate dienophilic character, and dibutyl vinylboronate 
adds to cyclopentadiene under reflux to yield dibutyl norborrieneboronate as a 60:40 
mixture of exo- and endo-isomers, 237 and 238 (equation 194)550. The isomers have been 
separated by fractional crystallization of their o-phenylenedianiine derivatives. Heating 
dibutyl vinylboronate with cyclohexadiene in a bomb at 200°C gives a good yield of a 
20: 80 mixture of e m -  and endo-dibutyl bicyclo[2.2.2]oct-2-ene-2-boronates, 239 and 240 
(equation 195)55'. 

( 2 3 7 )  
(23*) (194) 

Cycloaddition of ethyl diazoacetate to dibutyl vinylboronate proceeds readily, but the 
presumed initial adduct, 241, is unstable and apparently undergoes rearrangement of the 
boron from carbon to nitrogen. On contact with water, the isolable product is 
5-carbethoxy-2-pyrazoline, 242 (equation I 96)552. Diphenyldiazomethane behaves in an 
analogous manner, but diazomethane yields only a small amount of pyrazoline and a large 
amount of polymethylene and nitrogen, the usual products of contact of diazomethane 
with borate esters553. Dibutyl ethynylboronate, HC=CB(OBu),, also readily undergoes 
cycloaddition with ethyl diazoacetate, and the product aromatizes by proton tautomeriz- 
ation to yield 3-carbethoxypyrazolyl-5-boronic acid after hydrolysis5S2. 

,N=N N-NH 
II \ - HCk/CHC4E 

CHz=CHB(0Bu)2 + NZCHCO2Et+ (BuO)~BCH, ,kHC02Et 
C 
H2 H2 

(241) 
(242) (196) 

111. ASYMMETRIC SYNTHESIS WITH BORANES 

A. Introduction 

Organoboranes have uniquely favourable properties for use in directed chiral synthesis 
and have been employed in several unrelated processes. The boron atom is small, only 
slightly larger than carbon, and can serve as a template for assemblingcarbon-carbon or 
carbon-heteroatom bonds with high sensitivity to the steric demands of substituents. 
Once the desired stereochemistry has been established, it is generally possible to replace 
the boron with other elements in a stereospecific manner, as discussed in Sections 1I.A. and 
1I.B. 

The first truly successful asymmetric synthesis was the hydroboration/oxidation of cis- 
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alkenes with diisopinocampheylborane by Brown and Zweifello6, which was developed 
into a practical synthesis of several optically active secondary alcohols554. Very high 
asymmetric inductions were observed at a time when other reactions employing what we 
would now call chiral auxiliary groups generally yielded small enantiomeric excesses of 
only theoretical interest. Recent developments in hydroboration chemistry have resulted 
in some very simple, highly enantioselective syntheses of several types of asymmetric 
structures, discussed in detail in Section 1II.C. 

Other organoborane reactions now show great promise for the controlled construction 
of chiral centres, with a wider range of possible structures than hydroboration permits. 
Sequential construction of adjacent chiral centres has been carried out  via the insertion of 
(dichloromethy1)lithium into boronic esters to form a-chloro boronic esters 
(Section ll.B.l.a), which with the aid of certain chiral diol groups provides 95-99.5% 
control of the absolute configuration of the new chiral centre, to be discussed in the next 
Section, IT1.B. In choosing to discuss his own work out of historical order, the reviewer 
should first acknowledge his debt not only to H. C. Brown and G. Zweifel, who showed 
that pinene derivatives can be excellent chiral but also to A. 1. Meyers, who 
demonstrated the general value of chelated intermediates in achieving high enantioselect- 
ivities in his work on carbanion a l k y l a t i o n ~ ~ ~ ~ .  

The reaction of allylic boranes with aldehydes can create two adjacent chiral centres at 
once with high control of relative configuration (Section II.B.3.d), and chiral auxiliaries 
can provide good control of absolute configuration, described in Section 1II.D. These 
reactions are mechanistically related to enantioselective aldol condensations of dialkyl- 
boron enolates, which fall outside the scope of this review but are referred to briefly at the 
end of Section I1I.D. Enantioselective reductions with B-iso~inocam~hevl-9-bbn are at 
the margin of topics reviewed he1 
are summarized briefly in Section 

I ,  

, but in view of their considerable synthetic utility 
I1.E. 

B. Chiral a-Chloroboronic Esters 

1. Pinanediol as directing group 

a. Synthetic applications 

A practical preparation of (+)-pinanediol, 243, or (-)-pinanediol, 244, by osmium 
tetraoxide catalysed oxidation of the appropriate enantiomer of a-pinene with trimethy- 
lamine oxide was discovered by Ray and Matteson (equation 197)556, and homologation 
of (+)-pinanediol boronic esters, 245, with (dichloromethyl)lithium was then found to 
yield (as)-a-chloroboronic esters, 247, with generally good diastereoselectivity, CCI. 97% in 
the most favourable case (equation 198)557. The reaction involves formation of a borate 
complex, 246, at - 100°C, which rearranges to the a-chloroboronic ester 247 at 0-25 “C. 
Zinc chloride catalysis in the rearrangement step was found by Matteson and Sadhu’” to 
increase the diastereoselectivities to 2 99% generally and to 95% in the least favourable 
case, R = Me. A-bsolute configurations were determined by reacting 247 with Grignard 
reagents, which form borate complexes, 248 (see Section I1.B. 1 .a33 ’) that rearrange with 
inversion (Section 1I.B. 1.b349) to expel chloride and form sec-alkylboronic esters, 249. 
Oxidation of 249 with hydrogen peroxide yielded secondary alcohols 250 of known 
c o n f i g ~ r a t i o n ~ ~ ~ .  Chiral purities were originally estimated from the rotations of esters of 
249557, but the small amounts of diastereomers of the a-chloroboronic esters, 247, 
encountered in the improved synthesis could only be detected by high-field n . r n ~ . ” ~ .  A 
final factor which contributes to the efficiency of the synthesis is that the pinanediol is 
recoverable as its borate salt afterwards. 
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)@ l:B obbrevioted: ( 5 )  

HO1 

CI H H . .  
i /Ol 

-78 "C i \oJ 
R'MgBr, R-i 25 OC R-e-0 (S) H202D R & e O H  

ti d\oJ R' R' 
R 

(248) (249) 

A noteworthy feature of this synthesis is that the boronic ester product 249 is the same as 
the starting material 245, except that the group R of 245 has been changed. Thus, it is a 
simple matter to repeat the cycle to introduce an additional chiral centre, as in the 
synthesis of (2S, 3S)-3-phenyIbutan-2-01,251 (equation 199)'". If the opposite chirality is 
desired at the next chiral centre, it is possible to remove the original pinanediol group and 
then replace it with its enantiomer, as in the synthesis of (2R,  3S)-3-phenylbutan-2-01,253. 
The intermediate (S)-1 -phenylethylboronic acid, 252, was purified via its crystalline 
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chelated diethanolamine ester. The only serious problem with this route is that pinanediol 
esters are unusually stable thermodynamically and cannot be hydrolysed but must be 
cleaved with boron trichloride under conditions which destroy the pinanyl group and 
would be incompatible with sensitive substituents. 

The improved procedure with zinc chloride catalysis makes it possible to start a 
synthesis from pinanediol methylboronate as well as any other alkylboronate, and the 
route outlined to 253 is already obsolete. Any simple secondary alcohol with an additional 
adjacent chiral centre can be made merely by choosing the proper enantiomer of 
pinanediol and the correct order of introducing the alkyl groups. An example is the 
synthesis of (3S, 4S)-4-methylheptan-3-01, 254, a component of the aggregation phero- 
mone of the European elm bark beetle, Scolytus multistriatus (equation 200)558.560. 

( i )  LiCHCI,,ZnCI,, 
( i i i )  H,O,/NaOH 

-+ (iii) (254) (200) 

then CH,MgBr; (i i )  LiCHCI,, ZnCI,, then C,H,MgBr; 

The new procedure has also been tested successfully with ketal and ether substituents 
present in a synthesis of brevicomin, 256 (equation 201), which is a component of the 
aggregation pheromone of the western pine beetle, Dendroctonus b r e ~ i c o m i s ~ ~ ~ .  The 
benzyl-protected precursor 255 had been reported previously as an oilss9, but was a low- 
melting crystalline solid when obtained by the borane route. 

002 
0 

(255)  (256)  

(i) B(OMe),, then ( -)-pinanediol, 244; ( i i )  LiCHCI,, ZnCI,; ( i i i )  LiOCH,Ph; (iv) LiCHCI,, 
ZnCI,; (v) EtMgBr; (vi) H,O,-NaOH, then H+-SiO,; (vii) H,-Pd 
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Carboxylic ester substituents are known to be tolerated in reactions of achiral boronic 
esters with (dichloromethyl) lithium (see Section I1.B. l.a)1y7.340. These and other func- 
tional groups are also tolerated in the pinanediol ester series5". 

This functional group tolerance has permitted an efficient synthesis of eldanolide, the 
wing gland pheromone of the African sugarcane borers6'. 

b. The epimerization problem 

Chloride can displace chloride from a-chloroboronic esters, with consequent inversion 
of the chiral centre. Not surprisingly, benzylic or allylic compounds are the most 
susceptible, and the phenomenon was first noticed when reaction of (+)-pinanediol 
phenylboronate with dichloromethyllithium yielded a mixture of (+)-pinanediol (as)-a- 
chlorobenzylboronate, 257, and the (aR)-isomer, 258, in which the latter predominated 
slightlyss7. The source of the problem was prolonged exposure of the 257 to the lithium 
chloride generated in the reaction, and the problem was solved by lowering the 
temperature to 0 ° C  and shortening the time to I h. 

(257 )  ( 2 5 8 )  (202) 

A quantitative study of this reaction has shown that it is first order in 257 and cu. 0.7 
order ( i t .  half order plus a salt effect) in lithium chloride in thf " I .  Free chloride ion 
appears to be the active epimerization agent. At  0.45 M lithium chloride (nearly saturated), 
the pseudo-first-order rate constant determined polarimetrically is 5.7 x s - '  at 
24.9 "C, which corresponds to a half-life of 3.4 h or, more to the point, 1 randomization of 
the chiral centre every 3 min. Non-activated a-chloroboronic esters epimerized more 
slowly, with rates relative to 257 as 1.00 being 0.1 1 for pinanediol I-chloro-2- 
phenylethylboronate and 0.47 for pinanediol I-chloropentylboronate. Thus, the original 
conditions for preparing a-chloroboronic esters'" would typically result in C C I .  I x) 
epimerization per hour, and several hours were generally required in order to complete the 
preparation process. 

Zinc chloride not only accelerates the rearrangement of the intermediate borate 
complex 246(Section III.B.I.a), as evidenced by higher yields in shorter reaction 
but also suppresses the epimerization rate by about an order of magnitude at the 
optimum composition, which corresponds to LiZnC1,'6'. A small deficiency of zinc 
chloride is not critical, as the suppression of epimerization is still three-fold at the 
composition Li,[ZnCI,]. However, any excess can rapidly become deleterious, because 
there is a term in [ZnCI,][ZnCI,-] in the rate law, which becomes large at high 
concentrations and could result in major epimerization of the a-chloroboronic ester as the 
solution is concentrated during workup. Fortunately, as structures become more complex 
and sterically hindered, epimerization rates become slower. Even in the presence of water, 
which greatly accelerates the processs6', it can take several days to epimerize a sufficient 
fraction of a /j-branched a-chloroboronic ester to detect the epinier unequivocally in the 
n.m.r. spectrum for analytical purposes5h0. 

I t  is also possible to suppress epimerization with mercury(l1) chloride'"', but 
mercury(l1) chloride did not appear to have any beneficial effect on yields i n  the 
preparation of a-chloroboronic esters'"". 

Epimerization is not a problem in the reaction ofGrignard or alkyllithium reagents with 
a-chloroboronic esters (247, Section 1II.B. I .a) because a stable borate complex, 248, is 

in intermediate. The boron atom in 248 lacks the requisite vacant p orbital in 
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order to assist halide exchange33', the steric hindrance to external displacements on 248 
must resemble that of neopentyl halides, and the negative charge on the borate complex 
would be a further deterrent to chloride attack. Another strong base, LiN(SiMe,),, 
evidently also forms stable borate complexes and yields displacement products without 
detectable e p i m e r i z a t i ~ n ~ ~ ~ . ~ ~ ~ .  However, the use of weaker bases or bases which can 
interchange between the borate 248 and the boronic ester product 249 can result in 
significant e p i m e r i ~ a t i o n ~ ~ ~ ,  and even with a base as strong as lithium benzyloxide 
evidence for epimerization at the 1-2"/, level has been observedss8. 

c. Pinanediol (dichloromethyl)boronate 

I t  would be desirable to be able to start a chiral synthesis from RLi or RMgX by reaction 
with CI,CHB(OR'), rather than first having to make RB(OR'), for reaction with LiCHCI,. 
However, the borate salt 246 formed from attack of dichloromethide ion on the less 
hindered side of a pinanediol alkylboronate (245, Section III.B.1 .a) differs diastereomeri- 
cally from the borate salt 260 derived from pinanediol dichloromethylboronate, 259, and a 
lithium or Grignard reagent (equation 203), and its rearrangement produces a grossly 
different diastereomeric mixture of (as)- and (aR)-a-chloroboronic esterss63. Unfortunate- 
ly for synthetic purposes, the diastereomeric ratios produced from the uncatalysed 
rearrangement of 260 were usually between 1 :2  and 2: 1. 

(246) (259) 

Application of zinc chloride catalysis to the rearrangement of 260 resulted in significant 
alterations in the diastereomer ratios of the a-chloroboronic ester products. For 
R = isobutyl, the (aS):(aR) ratio was 34:66 without zinc chloride, but 92:8 with zinc 
chloride. For R = Me, the (aS):(aR) ratio was 22:78 without but 51:49 with zinc 

Previous results with 246 had not unequivocally ruled out the possibility that 
the improvement in diastereomeric ratio by zinc chloride was entirely due to suppression 
of e p i m e r i ~ a t i o n ~ ~ ' .  These data support the idea that the metal cation influences the 
diastereoselection by some sort of chelation analogous to that proposed by M e y e r ~ ~ ~ ~ .  

2. (R, R)-ButaneJ 3-diol esters 

A chiral directing group having C, symmetry would not have different diastereomeric 
borate complexes corresponding to 246 and 260 (Section lIl.B.l.c), and i t  would then 
make no difference whether the dichloromethyl group or the alkyl group was attached to 
the boron first. The most commonly used chiral diols having C, symmetry, tartrate esters, 
were tested unsuccessfully, with no yields of a-chloroboronic esters without zinc 
chloridess7 and a low yield resulting from the use of zinc chloride and diisopropyl 
tartrate46. Noting the commercial availability of ( R ,  R)-butane-2,3-diol and its reported 
successful use as a chiral directing group in cationic acetal-olefin c y c l i ~ a t i o n s ~ ~ ~ ,  Sadhu 
et tested ( R ,  R)-butane-2,3-diol butylboronate, 261, with lithium dichloromethide- 
zinc chloride and obtained I-chloropentylboronic ester, 264, which was 95% (1  S)-isomer 
(equation 204). The intermediate borate complex 263 was also prepared from (R, R)- 
butane-2,3-diol dichloromethylboronate, 262, and butyllithium, and was shown to yield a 
similar (96%,) diastereomeric preference, as required by the mechanism. This reaction was 
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also tested with other alkyl groups in place of n-butyl, including methyl, isopropyl, phenyl, 
and benzyl, and uniformly produced 95-96”/, (as)-a-chloroboronic esters (with one 
exception attributed to experimental error, isopropyl by one of two routes, 91%). The 95% 
diastereoselectivity achieved with the methyl group is particularly noteworthy. The 
diastereoselectivities were determined by converting the butanediol esters to pinanediol 
esters for n.m.r. analysis. 

-1’1 LiCHCI, , 
‘ 0  

(261) 

CI 

ZnCI2 

(263) 

(264) 

Treatment of (R.  R)-butane-2,3-diol (as)-a-chlorobenzylboronate with water and 
diethyl ether resulted in hydrolysis of the boronic ester, with the butanediol going into the 
aqueous phase and the (as)-a-chlorobenzylboronic acid into the ether. Recrystallization 
from diethyl ether-hexane yielded boronic acid of 2 9 9 %  ee, as shown by the n.m.r. 
spectrum of its (+)-pinanediol ester565. This hydrolysis does not work efficiently with the 
water-soluble a-chloroethylboronic acid, but appears to be generally applicable to higher 
members of the series. The ease of hydrolysis of these butanediol esters contrasts with the 
extreme stability of the pinanediol esters, and basically solves the problem of being able to 
remove the chiral directing group so that it can be replaced by one that will direct 
construction of the next chiral carbon in the opposite chiral sense, which was discussed in 
Section 1II.B.l.a. 

C. Asymmetric Hydroboration 

1. Asymmetric hydroborating agents 

a. Diisopinocampheylborane 

The synthesis of diisopinocampheylborane, 30, and its successful use in asymmetric 
synthesis by Brown and Zweifello6 have been mentioned in Sections 1.C.l.cand I I I . A ,  and 
Brown and coworkers have provided two recent reviews of this and related chemis- 
try566.567. Recent advances have considerably expanded the applications of asymmetric 
hydroboration and have provided several organoborane intermediates of synthetic 
interest in very high chiral purities. 

The major limitation to hydroboration as an approach to chiral synthesis is that i t  is 
useful with only a small range ofstructural types. For example, hydroboration of cis-but-2- 
ene with enantiomerically pure ( -)-diisopinocampheylborane, 30, and (+)-a- 
pinenel’’-’ ’’ followed by oxidation of the intermediate borane 265 with hydrogen 
peroxide provides a highly efficient route to (R)-( -)-butan-2-01, 266, in > 98% enant- 
iomeric excess, and the opposite enantiomer of 266 is made equally easily (equation 205). 
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Other symmetrical cis-alkenes behave similarly, although cis-hex-3-ene has yielded an ee 
of%% in the derived hexan-3-01, and other ees were lower l o g .  Problems arise immediately 
if the cis-alkene is not symmetrical. For example, cis-pent-2-ene has yielded a mixture of 
pentan-2-01,267, and pentan-3-01,268, in proportion ranging from 76:24 to 59:41, and the 
92% ee of the 267 is thus subverted by the regioselectivity problem (equation 206)'09.554. 
Chiral 2-pentylboronic esters are available in high purity from the homologation process 
discussed in Section III .Bs58,  and hydroboration is obsolete as an approach to such 
structures. With cis-4-methylpent-2-ene, the regioselectivity problem is largely overcome 
and 96%, 4-methylpentan-2-01, 269, was obtained, but the ee was only 76% 
(equation 207)554. This particular alcohol has not been made by the (dichloro- 
methy1)lithium-boronic ester process (Section III.B), but thc critical precursor, 
(+)-pinanediol (1S)-l-chloro-3-methyIbutylboronate, is available in 99.5% chiral pur- 
i tys58 ,  and the enantiomer could be made similarly. The utility of 30 in chiral synthesis is 
further limited by the low ees of alcohols obtained from the hydroboration of trcins-alkenes 
or 2-substituted alk-I-enes, although these limitations are in part overcome by the use of 
monoisopinocampheylborane (see the following Section, 1II.C. 1 .b). 

I 
(267) 

HoYY 30+ 7 +A 

(269) 
(207) 

In spite of its restricted range ofstructural applicability, asymmetric hydroboration can 
provide some highly useful starting materials. An example is the hydroboration of methyl 
cyclopentadiene-5-acetate, 271, with ( +)-diisopinocampheylborane, 270, followed by 
oxidation to yield methyl (3R, 4R)-4-hydroxycyclopentene-3-acetate, 272, in 92% ee, a 
useful intermediate for prostaglandin syntheses (equation 208)56*. Analogous hydrobor- 
ation of 5-methylcyclopentadiene provides a useful intermediate for the synthesis of the 
natural product l ~ g a n i n ~ ~ ~ .  For such cyclic systems, the (dichloromethyl)lithium-boronic 
ester reaction (Section 11I.B) is not applicable, and although ring closures of products from 
such reactions remain a future possibility, it would be difficult to improve upon the 
directions of the hydroboration route. 
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Surprisingly high selectivity was found by Masamune et ~ 1 . ’ ~ ’  in the hydroboration- 
oxidation of a 2-methylalk- I-ene, 273, with (-)-diisopinocampheylborane, 30, to produce 
a chiral2-methyl primary alcohol, 274, used in the synthesis of tylonolide (equation 209). 
The ratio of 274 to its epimer 275 was at least 50: 1. The chirality already present in the 
alkene, 273, had little influence on the outcome, and hydroboration of 273 with (+)- 
diisopinocampheylborane, 270, produced pure (> 50: I )  epimer 275 (equation 210). The 
minimal influence of the chirality of 273 was further demonstrated by its hydroboration 
with 9-bbn to  produce a 2:l mixture of 274 and 275. These results are especially 
noteworthy in view of the maximum 30% ees observed by Brown and J a d h a ~ ’ ~ ~  in the 
hydroboration-oxidation of simple 2-methylalk-I-enes with diisopinocampheylborane. 
Incidentally, Masamune et ~ 1 . ’ ~ ’  used rn-chloroperbenzoic acid for the borane oxidation 
to prepare 274. 

(273) 

b. Monoisopinocampheylborane 

(+)-Monoisopinocampheylborane, 29, derived from (+)-cl-pinene, hydroborates 
2-methylbut-2ene to provide (S)-3-methylbutan-2-01 in 53%eeS7’, or trans-but-2-ene to 
yield (S)-( +)-butan-2-01 in 73% ee’’*. These results represented a great improvement over 
the 13-14X ees found in the same systems with diisopinocampheylborane, 30. Phenyl 
substituents result in still higher ees, and the hydroboration of 1-phenylcyclopentene with 
29 followed by oxidation of the intermediate borane 276 yielded (IS,2R)-2- 
phenylcyclopentanol, 277, in 100% ee insofar as could be detected with the aid of a chiral 
shift reagent in the 90-MHz n.m.r. spectrum (equation 21 With 2-phenylcyclohex- 
anol the ee is a still useful 88%. Full details of this work have been publisheds74. 

(21 1) 

Treatment of isopinocampheylalkylboranes with acetaldehyde results in preferential 
cleavage of a-pinene (recyclable) and production of the diethyl ester of the corresponding 
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boronic acids7'. Thus, 276 is readily converted into diethyl (IS,2S)-2- 
phenylcyclopentylboronate, 278, in 66% yield (equation 21 2). (The 2-positions of 277 and 
278 have the same absolute configurations but opposite notations because of relative 
group priorities.) Similarly, cleavage of bis(isopinocampheyl)-2-butylborane, 265, with 
acetaldehyde leads to (S)-2-butylboronic acid, 279, which was isolated as its dimethyl 
ester (71%) (equation 212). One possible application of these boronic acids, especially 
cyclic examples such as 278, would be as starting materials for some of the chemistry 
described in Section 1II.B. 

2 MeCHO 
276 (EtO)ZB,, 

U 
(278) 

( 279) 

Another use of the cleavage by acetaldehyde is the preparation of chiral borinic esters, 
which can be converted into chiral ketones by reaction with LiCCI,OMe (see 
Section Il.B.1.d)5769s77. An example is the hydroboration of pent-I-ene with 280, which is 
the enantiomer of 276, followed by conversion of the resulting borane 281 to (lR,2S)-2- 
phenylcyclopentyl pentyl ketone, 282, 90% ee (equation 21 3). Another is the hydrobor- 
ation of truns-but-2-ene with ( -)-monoisopinocampheylborane followed by reaction of 
the resulting borane 283 with ethylene and conversion to (R)-4-methylhexan-3-one, 284, 
60y, ee, which is an alarm pheromone of the ant Manica mutica (equation 214). 

-+ (282) 

(283) 

A final development which promises to make this hydroboration chemistry more useful 
than the observed enantiomeric excesses might suggest is the observation that several 
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monoisopinocampheylboranes crystallize from the solutions in which they are made and 
can be purified to very high diastereomeric purity, so that the alcohols derived by 
oxidation have ees approaching In the simplest cases, the crystals were 
diastereomerically pure or could be aged to high purity, and in other cases more elaborate 
approaches had to be used. 

c. Other asymmetric boranes 

Dilongifolylborane hydroborates cis-but-2-ene, 2-methylbut-2-ene, 1 -methylcyclopen- 
tene, and other olefins ofsimilar steric requirements to  yield alcohols after oxidation which 
have ees in the 60-75% ranges7’. Limonylborane is a cyclic borane derived from limonene 
and available in both enantiomers, and yields alcohol derivatives with ees in the 45-67% 
range with cis- or trans-but-2-ene, 2-methyl-but-2-ene, or I-methylcy~lopentene~~~. 

2. Asymmetric subsfrafes 

Once a chiral centre is in place, hydroboration can be used for the diastereoselective 
introduction of additional chiral centres. This is not asymmetric synthesis in the same 
sense as hydroboration with asymmetric reagents. Examples of diastereoselective 
hydroboration have been noted in Sections 1.C.l.e and f123.’38, and the selective creation 
of new chiral centres during the hydroboration of terpenes and steroids has been noted in 
Brown’s These generally depend on steric factors in a straightforward manner 
or, in the case of dienes, on cyclization to establish steric relationships. The examples which 
follow are not a comprehensive survey. 

Hydroboration-oxidation of the substituted allylic furan derivative 285 with borane- 
thf yielded the alcohol 286 and its diastereomer resulting from attack at the opposite side 
of the double bond in an 8: 1 ratio5”, thus providing an intermediate used in the rnonensin 
synthesis by Kishi and coworkers (equation 21 5). 

(285) (286) (2 15) 

Midland and Kwon have studied the stereocontrolled synthesis of side chains at the 
17-position of  steroid^^^^-^'^. Approach of 9-bbn to the /Mace of a 17-ethylidene group is 
sterically blocked by the angular methyl group, and as a result the Z-isomer 287 produces 
the ‘natural’ steroid configuration at C-20 (equation 216) and the E-isomer 288 the 
‘unnatural’ configuration (equation 21 7)582*s83. Further elaboration of the side chain was 
carried out via reaction of the borane with the carbanion from chloroacetonitrile (see 
Section I1.B. 1.c). Hydroboration of 20-alkylidene steroids, 289, results in attack from the 
top face of the double bond as illustrated (probably not the reactive conformation) and 
produces the ‘natural’ isomer at C-20 (equation 218)584. The reaction works best if R‘ is 
bulky, and if R is 3-methyl-1-butyl the side chain illustrated is that of the insect moulting 
hormone ecdysone. 
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R= H or CH2CH2CHMe2 (218) 

D. Chiral Sigmatropic Rearrangements 

1. Allylboranes 

a Boronic esters 

Allylic boronic esters have been developed as reagents for directed chiral synthesis by 
Hoffmann, who has reviewed this and related chemistry recentlysss. The reaction of an 
aldehyde with a y-substituted allylic boronic ester creates two chiral centres with very 
good control of their relative configurations by the steric constraints of the cyclic 
transition state, described in Section II.B.3.d. Useful but not outstanding control of the 
absolute configuration has been achieved by the use of the ester of a phenylbornanediol 
with (Z)-but-2-enylboronic acid, 290586. For example, reaction of 290 with acetaldehyde 
followed by cleavage of the boron yielded (3S, 4S)-3-methylpent- I -en-4-ol, 291, in 95x, 
diastereomeric purity but only 70% enantiomeric excess (equation 219). This compound 
was then converted into the pheromone 292 of the drugstore beetle, Stegohiurn pcrnace~rrn, 
in several steps, and proved the absolute configuration. 

___, 

7 0 %  ee 

diostereorner 

MeCHo 

95% thlS Ph 
J? 
(+)-isomer of diol 

(290) 

Similar chemistry has been used with the ester of the (-)-enantiomer of the 
phenylbornanediol with (E)-but-2-enylboronic acid, 293, in a synthesis of multistriatin, 
295, a component of the aggregation pheromone of the elm bark beetle, Scolyrus 
multistricilus (equation 220)”’. In this case, the diastereoselectivity in forming the 
intermediate homoallylic alcohol 294 was still 95% but the ee was only 52x). 
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I 
(-)- diol Ph 

(293) 
OH 0 

Although the ees obtainable to date in the Hoffmann synthesis have not been very 
encouraging, significantly better results are obtained if a single enantiomer of a chiral 
aldehyde is used with one of the chiral boronic esters 290 or 293(equation 221 and 222)”’. 
With the correct pairing of chiral aldehyde and chiral boronic ester, double stereodifferent- 
iation results in good diastereoselectivity, and with the opposite pairing the selectivity is 
very low. This is not chiral synthesis directed by a chiral auxiliary, because it incorporates 
the chiral centre of the aldehyde into the product. The (S)-( +)-2-methylbutyraldehyde, 
296, used t o  illustrate this method was not made by organoborane chemistry, but it might 
be noted that it could be, since hydroboration of cis-but-2-ene with diisopinocamph- 
eylborane generates a borane that can be converted into 296 (see Section 1ll.C) or the 
asymmetric boronic ester homologation (see Section I11.B) could easily be adapted for this 
purpose. 

I 
(296) Ph 

( 290) 

Incorporation ofa  preformcd chiral centre into the product has also been used by Wuts 
and B i g e l ~ w ’ ~ ~  in a synthesis of the sugar oleandrose. The reaction of nieso-butane-2,3- 
diol (Z)-3-methoxyallylboronate with (S)-2-benzylo~ypropanal gave diastereomeric 
homoallylic alcohol products in the ratio 8.7: I .2: 1, with the major isomer being the useful 
intermediate. 

Efkient chirality transfer has been found by Hoffmann and LandmannSgo in the 
reaction of a chiral boronic ester with aldehydes. ( R ,  R)-Butane-2,3-diol ( S ) -  
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chloroallylboronate, 297, was prepared by the method outlined in Section III.B.2 and 
converted into the pinacol ester 298 in order to achieve high stereoselectivity in the 
reaction with aldehydes. The (Z)-chloroallyl alcohols 300 were the predominant products 
(93-96X) for R = Me, Et, Pr', or Ph, which is in accord with the expectation that the 
chlorine atom will preferentially assume the axial orientation in the cyclic chair-form 
transition state 299 (equation 223). The ees of the predominant products 300 were 90- 
93xS9O, in accord with the ees measured for other a-chloroboronic esters prepared in the 
same manner as 297565. However, it should be noted that the (E)-chloroallyl by product 
301 has the opposite chirality to 300 and must be separated in order to utilize the high ees 
available in 300590. 

CI 

'o* ' (299) 

-95 Y o  

(300) 
(301) 

The preference of the a-substituent for an axial or equatorial position in transition states 
analogous to 299 depends on the nature of the substituent itself and on the other 
substituents present. Rearrangement of an optically active (Z)-a- 
(trimethylsilyl)crotylboronic ester has yielded 96% (E)-erythro-homoallylic alcohol, 
described in Section II.B.l.d373. The ees were low and not determined, but the very high 
diastereoselectivity implies nearly total chirality transfer. 

Optically active propargylic alcohols are readily available by reduction of acetylenic 
ketones with Midland's reagent, B-isopinocampheyl-9-bbn (see Section 1II.E). Hydrobor- 
ation of their acetate esters with dialkylboranes yields 3-acetoxyalk- I -enylboranes, which 
on treatment with base rearrange with high stereoselectivity to chiral allylic borinic esters, 
30259'. The borinic esters react with aldehydes according to the usual stereoselection rules 
to yield 96-990/, threo homoallylic alcohols, 303, having ees in the 5045% range 
(equation 224)'". The R groups used for R,BH included cyclohexyl and isopinocamph- 
eyl, R' was primary alkyl, and R" was methyl, phenyl, isopropyl, or n-pentyl. Although the 
R of R,BH must be bulky, that is not a serious limitation for synthetic purposes, since 
useful chiral intermediates can be obtained by cleaving the double bond of303 so that only 
R' and R" are retained. 

(302) 
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b. Trialkylboranes 

Brown and Jadhav593.594 have shown that B-(allylic)-B, B-diisopinocampheylboranes 
react with aldehydes to give homoallylic alcohols in high enantiomeric purities (83-96%). 
The process is illustrated by the synthesis of (-)-artemisia alcohol, 304, in 96% ee 
(equation 225)594. 

(225) 

Yamamoto et a /595  have observed very high chirality transfer i n  reactions of B-allyl-9- 
bbn with imines derived from 2-phenylpropionaldehyde. The reaction of B-allyl-9-bbn 
with N-(  I-phenylethyl) isobutyraldimine, 305, was 92% diastereoselective (equation 226). 
Although the reaction was not carried out on optically active material, optically active 
1 -phenylethylamine is readily available, and the distinction between the ‘asymmetric’ 
syntheses included in this section and the ‘diastereoselective’ syntheses covered in 
Section 1I.B.I .d becomes arbitrary. 

“ y“ 
Pr‘ 

HNyph (226) 
J=.yPh - -0 + 

(305) 

2. Allenylboronic esters 

Allenylboronic acid has been prepared from propargylmagnesium bromide and 
trimethyl borate, and its esters with diethyl or diisopropyl tartrate react with aldehydes to 
form homopropargylic alcohols, 306, having ees generally in the 60-950/, range 
(equation 227)596. 

C02R’ 5, 
’ O I  

- R  

(306) (227) 

RCHO + 
t+C=C=d$ \ ’’’, Cop  R’ 

3. Enol borinates 

Enol borinates have been used with great success in enantioselective aldol condens- 
ations. The carbon-boron bond is an incidental feature of these reactions and does not 
participate except insofar as the alkyl groups on boron influence the stereoselectivity. 
These reactions are therefore outside the scope of this review, but in view of the close 
mechanistic analogies to allylborane-aldehyde reactions, the work of Evans and 
 coworker^^^'^^^^ and Masamune and c ~ w o r k e r s ~ ’ ~ ~ ~ ~ ~  is mentioned here. By incorporat- 
ing a chiral substituent, later removed, in the boron enolate at the enol carbon, 
enantioselectivities of these reactions can be made very high. 

E. Asymmetric Reductions 

Reductions with Midland’s reagent, B-isopinocampheyl-9-bbn, 307. involve a carbon- 
boron bond cleavage and therefore fall marginally within the scope of this review. 
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Reductions with borohydrides that involve only the boron-hydrogen bond are not 
covered. Midland has recently reviewed reductions with chiral boron reagents6". The 
reagent is now commercially available as 'Alpine Borane' from the Aldrich Chemical 
Company. 

The first successful application of Midland's reagent, 307, was in the reduction of 
deuteriated aldehydes to produce stereoselectively labelled a-deuterio alcohols""'. The 307 
prepared from (+)-a-pinene reduced benzaldehyde to (S)-a-deuteriobenzyl alcohol having 
CN. 98% of the enantiomeric purity of the reducing agent. The alcohol is initially formed a s  
its 9-bbn ester, which can be conveniently cleaved with ethanolamine. The hydrogen for 
the reduction comes from the isopinocampheyl group, which is eliminated as a-pinene. 
The steric interactions as judged by the experimental results correspond to the pinanyl 
bridge methylene group behaving as smaller than the 2-methyl group. I f  a-pinene is 
hydroborated with B-deuterio-9-bb, the resulting deuteriated 307 will reduce benzaldeh- 
yde to yield the (R)-enantiomer of a-deuteriobenzyl alcohol (equation 228). Reduction of i i  

series of deuteriated aromatic and aliphatic aldehydes with 307 produced a-deuterio 
alcohols having 71-101%, of the estimated ee of the reducing agent6". 

(307) (228) 

Acetylenic functions interact with 307 as small groups, so that the same direction of 
chiral selectivity is found in reduction of acetylenic ketones as with aldehydes"''. 
Reduction of a variety of acetylenic ketones with 307 produced propargylic alcohols, 308, 
having ees in the 73-100%, range (equation 228). The configurations of 308 are R if the 
priority of the other substituent R is lower than that of the acetylenic group. often but not 
always true. The opposite enantiomer of 307 is readily available, and the enantiomers of 
308 are therefore also easily prepared. 

0 p 
I1 

307 + R C C ~ C R '  - R-+C=CR' 

k 
(308) (229) 

I t  is necessary to carry out reductions with 307 at or below room temperature because 
the reagent dissociates easily at higher temperatures to generate free 9-bbn, a much faster 
and achiral reducing a g e d o 4 .  Reductions by 307 are slow, often taking several days, and 
Brown and Pai reported that the use of neat 307 rather than the dilute solutions originally 
used by Midland results in  improved enantioselectivities and also permits reduction of ;I 
number of non-acetylenic ketones with fair to good ees605, including aryl halomethyl 
ketones with high ees"". Midland and M ~ L o u g h l i n ~ ' ~  found that high pressure 
(6000atm)suppresses the dissociation of307 and permits the reduction ofacetophenonc to 
1-phenylethanol in essentially 100% ee and various other ketones highly selectively. 

The propargyl ketone reduction remains the most facile and reliable application of 
Midland's reagent, 307, and this chemistry has been explored in considerable detail"". 
The borane chemistry ends with production of the propargylic alcohols, 308, except for the 
hydroboration chemistry of these alcohols noted in Section 1II.D.I .a. As would be 
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expected, reduction of ketone functions by 307 can be carried out in the presence of other 
functional groups such a s  carboxylic esters, which allows syntheses of various lac- 

including the Japanese beetle pheromone6”. The acetylenic group of 308 can 
be oxidized to provide chiral /I-hydroxy acids6”. Conversion of 308, R = isopropyl and 
R‘ =methyl, to (R)-(Z)-5-methylhex-2-en-4-ol and then to the 0-ally1 or benzyl ether 
followed by [2,3]sigmatropic Wittig rearrangement has yielded erythro homoallylic 
alcohols with good diastereoseIection6”. An alternative reagent to 307 for chiral 
reductions is the 9-bbn adduct of nopol benzyl ether, which gives similar results to the 
enantiomer of 307 because nopol, a derivative of /I-pinene, has the same absolute 
configuration as ( -)-rl-pincne6I3. Midland’s reagent, 307, has proved useful in a 
considerable variety of organic syntheses carried out by other research groups. Examples 
of these applications include syntheses of  steroid^^'^.^'^, toad poisons616.617, substrates 
for various biosynthetic pathaway studies618-62’, arachidonic acid metaboliteshz2, 
l e ~ k o t r i e n e s ~ ~ ~ ,  a-hydroxy and compounds for mechanistic studies625. 
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1. INTRODUCTION 

Hard to handle, and in many cases difficult to prepare, organoaluminium compounds are 
not at first sight the organic chemist's first choice for synthetic procedures. However, in 
recent years there has been much wider use of these reagents and new areas ofapplicability 
are regularly being reported. The lower alkylalanes, especially Me,AI and to a lesser extent 
Et,AI and Pr",AI, are pyrophoric and must be handled in an inert atmosphere, in a glove- 
box or on a vacuum line. Alkylaluminium halides and alkoxides may be handled under 
CO,. As CCI, and water exacerbate fires in which alkylaluminiums are involved, only 
foam or sand should be used. Contact with skin may cause serious injuries and prompt 
medical attention is essential. 

The most important organoaluminium compounds in organic synthesis are, or are 
derived from, commercially available compounds. These include Me,AI, Et,AI, Bu',AI, 
Bu',AIH, Me,AICI, MeAICI,, and EtAICI,. Trialkylalanes and alkylaluminium halides 
are available industrially from alkyl halides and aluminium metal in appropriate 
proportions. The synthesis of more complex alanes from these precursors will be discussed 
in the appropriate sections. 

The use of organoaluminium compounds in synthesis has been regularly reviewed'-5; 
this account will concentrate on recent examples. The use of organoaluminium 
compounds in the catalysis of alkene oligomerization, polymerization, and metathesis is 
excluded and the many reactions involving AICI, as a Lewis acid or LiAIH, as a reductant 
are treated only for comparison with organoaluminium compounds. 

II. REACTIONS WITH CARBON-CARBON DOUBLE BONDS 

A. Hydroalumination 

The addition of H-AI to alk-I-enes (equation 1) is relatively complete, but internal 
alkenes give less satisfactory results. Selectivity to primary alkyls is high6. The kinetics and 

AI-H + 

equilibria of the reaction have been extensively s t ~ d i e d ~ - ~ .  Theoretical studies on the 
interaction of C2H, with H,AI suggest that the process is best visualized as occurring by 
association to form a n-complex, which then reacts in a four-centred transition state". 
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The presence of an aryl substituent in styrene gives a mixture of primary and secondary 
products (reaction 2)", but with 1, I-diphenylethene only the primary product is found',. 
Ally1 and vinyl ethers yield alkenes by routes to be discussed later. 1,2-Dienes react with 
Bu',AIH (dibah) to give, after hydrolysis, alk-I-enes in excellent yield (equation 3)13. 
Reactions of I ,  3-dienes with dibah give, after hydrolysis, monoenes and alkanes but the 
reaction is complicated by oligomerization 14. Unconjugated dienes may give good yields 
of trialkylaluminiums provided that one of the double bonds is terminal (equation 4)15. 
Few reactions with internal alkenes have found synthetic application. 

PhCH=CH, + Et,AIH + PhCH,CH,AIEt, + PhCH(Me)AIEt, (2) 

(3) 
( 1 )  dibah 

( 2 )  D i O  
Hex"CH=C=CH, - Hex"CHDCH=CH, 

CH,=CHCH=CHCH(Me)CH=CH, + Bu',AI -* 

[ C H , = C H C H = C H ,C H( Me)C H ,CH ,] 3A I (4) 

The importance of hydroalumination in synthesis has been enhanced by the availability 
of catalysed reactions. Nickel catalysis was discovered by Ziegler, but cobalt and titanium 
chlorides also accelerate the transformation of equation 516. The process is slower for di- 
and tri-substituted alkenes than for alk-I-enes. A variety of other nickel complexes are 
active in alkene/trialkylaluminium exchange reactions including [(C,H,),Ni], [(cod),Ni] 
and [(PhCH=CHPh)3Ni]'7. Mechanistic studies suggest that both the alkene and the 
organoaluminium compound are simultaneously coordinated to nickel. An unusual 
asymmetric addition of Bu',AI to an alkene, with elimination of isobutene has been 
reported in the presence of his(N-methylsalicylideneamine)nickel, [Ni(mesal),], and ( -)- 
N, N-dimethylmenthylamine (L) (equation 6). Hydrolysis of the intermediate alane gives 
the hydrocarbon in 67% R optical yield and the chiral base is recoverable. 

RlRZC=CR3R4 + LiAIH, + Li[H3AICRLRZCHR3R4] ( 5 )  

(6) 

Both TiCI, and [Cp2TiCI,] have been used to catalyse the addition of aluminium 
hydrides to alk- I-enes. Some examples are given in Figure 1. The product alanes or ate 

Ref. 
(1 )  [Cp2TiC12] 

(2) H,O 
+ HAINPri2 19 

100% 

R A  + LiAIH4 3 [ ( R q A ' ]  Li R W x  20 

21 

FIGURE I .  Titanium-catalysed hydroalumination of alkenes 



414 P. A. Chaloner 

complexes have been used in numerous syntheses. Coupling occurs directly with halogens 
to give primary halides (equation 7)22,  whilst copper salts catalyse the range of reactions 

shown in Figure 223-2n. Treatment with oxygen or rwchloroperbenzoic acid gives 
alcohols2’ whilst Pb(OAc), gives acetate?’. 

R C H ~ C H ~ C H ~ C H ~ C O R ~  RCH2CH2CH2CE CH 

CH,=CHCOR*, 
CHz= C =  CHBr , 

Cu(OAc), 

co CUX, 
RCH2CH2COCI+CH2R t-- Li [Al (CH2CH2R)4] - RCH2CH2X 

Cu(0Ac l2 / c), \ Yr’ 

RCH2CH2CH2CH2R RCH2CH2CH2CH=CH2 

FIGURE 2. Reactions of ate complexes in the presence of copper salts 

The relative reactivities ofalkenes depend mainly on steric factors, with internal alkenes 
reacting more slowly than terminal alkenes”. With non-conjugated dienes the less 
substituted double bond reacts selectively (reactions S 3 ’  and 927). The reaction of a,cu- 

Y f 

3 (1) Li AIH,/TiCI, 

( 2 )  H,O 

( 1 )  LiAIH,/TiCI, - (9) 
( 2 )  CUCI, 

67% 

dienes such as 1 depends on the catalyst. With TiCI, the his-aluminium species 2 is 
obtained”, but by a change ofsolvent (to C,H,) or catalyst to ZrCI, cyclization of3 yields 
4, giving methylcyclopentane on hydrolysis (reaction 10). Dibah gives a similar reaction, 
but the main product is methylenecyclopentane by elimination from the cyclic intermedi- 
ate 432. 
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Li Al  H, - / -  TiCI, Al -A' 

LiAlH, , 
ZrCI, 1 

AI- \ -  ___) 

(3) (4 )  

The reaction mechanism is thoug'it to involve the formation of a titanium hydride, 
which is subsequently added to the double bond (equations 11-13). 

LiAIH, + [Cp,TiCI,] - [Cp,TiHCI] + LiAIH,CI 
RCH=CH, + [Cp,TiHCI] - [RCH,CH,l'iCICp,] 

( 1  1) 
(12) 

[RCH,CH,TiCICp,] + LiAIH, - RCH,CH,AIH,Li + [Cp,TiHCI] (13) 

Reactions of Bu',AI and dibah with internal alkenes to eliminate isobutene are best 
catalysed by Ti(OBu),, although many titanium (IV) species are active. Primary 
organoalanes are obtained by slow migration of aluminium to carbon down the chain to 
the end, and primary alcohols are obtained on oxidation. 

Hydrometallation catalysed by zirconium complexes is equally successful, if less 
thoroughly explored. Bui3AI reacts with alk-I-enes in the presence ofcatalytic [Cp,ZrCI,] 
and tolerates several functional groups33, but the analogous reaction with dibah requires 
stoichiometric [Cp,ZrCI,]. The reaction ofcyclohexene with dibah proceeds in good yield 
in the presence of ZrCI4/4ROH". Alk-I-enes undergo alkylation with 
Et,AICl/Zr(OBu),, often in excellent yield (equation 14)35. Addition of LiAIH, to alk-l- 
enes is also catalysed by ZrCI,, to give trialkylaluminiums which react with water and 
halogens as before36. With allyl alcohols and allyl ethers both hydroalumination and/or 
hydrogenolysis occur in varying  proportion^^^. 

Zr(OBu")a 
Et,AICI + Bu"CH=CH, - Bu"C(Et)=CH, + Hex",AICI (14) 

95% 

B. Carboalumination 

Carboalumination (equation 15) is not as important for alkenes as for alkynes, but 
interesting examples are known. The reactivity pattern for alkenes is similar to that for 

(15) 
I I l l  

I l l  I 
Al-C- + >C=C' ---+ AI-C-C-C- 

\ 

hydrometallation but the reaction is more difficult to reverse. Some uncatalysed reactions 
are known, mainly involving especially reactive alkenes. A strained cyclic compound such 
as bicyclo[2.2.l]hept-2-ene is hydroaluminated and carboaluminated (ca.S%,) with 
Et,AIH and exclusive carboalumination occurs with Et,AI3'. Ethylene may then be 
inserted into the secondary carbon-aluminium bond. Norbornadiene and dicyclopen- 
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tadiene are similarly reactive3'. With 5 and 7 carboalumination proceeds by a radical 
reaction at low temperature (equation 16 and 17). The reaction rates decrease in the order 

(16) 

NC 

"')f: + R,AI 

NC 

NC\fCN 
R 

NC+CN 

NC A CN 

( 7 )  AIR, 

R = Et > B u i >  Me, paralleling the ease of ionization of the AI-R bond in the initial step 
(equation 18)40. 

tcne + R,AI - tcne'- + R'  + R,AI+ (18) 

Catalysed carbometallations are more common, the major catalysts again being 
titanium and zirconium complexes. Carbometallation of alk-I-enes by R,AI occurs at  
room temperature in the presence of stoichiometric [Cp,TiCI,]. The product is the 
2-alkyl-I-ene 10, formed by dehydroalumination of 9 (equation 19)41. The reaction is 
tolerant of halide, hydroxy and ester functions in the alkene. A similar reaction occurs in 
the presence of Zr(OBu), with Et,AICI and EtAICI, to give 2-ethyl-alk-1-enes. Trans- 
metallation to yield alkylzirconium complexes seems to be the critical step36. 

R'CH=CH, + R2,AI --+ R'R2CHCH,A1RZ, 

9 + RLR2C=CH2 + R2,AIH 
(9) 

(10) 

111. REACTIONS WITH ALKYNES 

A. Hydroalumination 

Hydroalumination of alkynes occurs fairly readily and usually with high stereoselecti- 
vity, providing a route to vinylalanes in cases where the corresponding magnesium and 
lithium derivatives are difficult to prepare. The main side reactions are oligomerization 
(equation 20) and metallation of alk-1-ynes when R = aryl (equation 21). Alkynes react 
faster than alkenes and 12 is the sole product of the reaction of dibah with I I  
(equation 22)42. By contrast vinylacetylene gives poor results43. With monosubstituted 
enynes such as 13 cyclization may occur: 15 is obtained in diethyl ether/hexane since the 
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intermediate 14 is stabilized. Without ether stabilization 14 undergoes dehydroalumi- 
nation between C-l and C-5 to give an intermediate which quenches to 16 (reaction 23)44. 

2R1C=CR1 + RZ,AIH - RCH=CH(R)CH(R)CH(R)AIRZ2 
R ' C E C H  + R2,AIH - R'CzCAIRZ2 + H, 

(20) 
(21) 

(15) (16) 

Other additions to alk-I-ynes have been used for reduction; dibah is the reagent of 
choice since its large bulk enhances stereoselectivity and it is commercially available and 
easy to handle (reaction 24)45. The vinylalane 17 has been cyclopropanated to 18 and 
subsequently protonated or brominated (reaction 25)46. A corresponding ate complex, 19, 

( 1 )  2 B d z A l H ,  MeCu, MeMgBr, LiCl 

( 2 )  tit 
Hex"C-CH ----+ Hex"CH=CH2 (24) 
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reacts with cyanogen to give a vinyl cyanide (reaction 26)47 or the allyl derivative 20 to 
give a thioether with good stereochemical control in both the vinyl and allyl fragments 

(reaction 27)48. The better reactivity of alkynes is exploited in reaction 28 of 22 to yield, 
after treatment with a chiral epoxide, a precursor of the lactone 23, isolated from the 
fungus Crphalosporiurn rrc@i4'. 

H H 

- - -  
(.A 

Disubstituted alkynes react similarly providing clean, stereospecific reductions in 
reactions 2950 and 30". Deuteriolysis gives deuteriated alkenes. Excess of alkyne may 

result in dimerization to dienes and cyclotrimerization to arenes. Regiospecificity with 
non-symmetric alkynes is variable52 but certain substituents provide a directingeffect. For 
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example, 1 -silylated alkynes, 24, give regiospecific addition to yield 25. The vinylalanes are 
converted into halides, 26, using N-chloro- or N-bromo-succinimide, Br,, or I , .  
Compound 26 may be isomerized to  28 photochemically or obtained from 27, which is the 
hydroalumination product in the absence of a solvent (reaction 31)53.54. The reaction has 

thf 
R1CeCSiMe3  + R22AIH 

(24) 

BU;,AIH, 

nosolvent I (25) (26) 

*'YBr SiMe3 

(28) 

been used in various natural product syntheses (Figure3); 29 is a precursor of the 
indoloquinolizine alkaloids5' and 30 is a synthon for the /Hormyl vinyl anion and 
cation56. 

(1) dibah 

(2) Br, I py, -78 OC 

(3) Bu'Li 

CH3CECSiMe3 

,0-CH, 

'0-CH, 
(4) XCH,CH,CH I ,-78 'k 

SiMe, 
(1)  Bu'Li 

(2) py I Et20 'hpoL(Br (2 )  - MeLi ____* 
( 1 )  dibah 

thpOCH2CfCSiMe3 

(3) k2 I CH,C12 (3) HCI 
(30) (41 K F  

FIGURE 3. Hydroalumination of silylaled alkynes in natural product synthesis 

Addition of R,AIH is usually stereospecific and cis, but RAIH,, AIH,, LiAIH,, and 
Li[Bu',AIMeH] all give tram-addition (Figure 4). Alkynes bearing oxygen or nitrogen 
functions give very regiospecilic results. For example, 31 adds dibah in an unusual m ~ n s -  
reaction to give only 32 (reaction 32)60. With 33, an intramolecular rrans- 

A I ' B ~ ~  

dibh LR~ .%* R 1 R * N c H 2 w  R3 
R1R2NCH2C=CR3 - R'R2NCH2 

(32) 
(31) (32) 
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Pr "CFCPr "  + Li [Bui2AIMeH] - Lit 

CH2= CHCHpSSOZPh P ~ C H ~ C H = C H ~  

b 

Pr" 

L 'CI J 

Me2C=0 1 

- Ref. 

57 

LiAIH, HZO 
RC=CCN - Li [AI{C(CN)=CHR}2H2] R w C N  59 

70-98 O/o 

FIGURE 4. Trans-hydroalumination of alkynes 

hydroalumination of the alkyne occurs, giving ultimately the chiral allenic alcohol 34 
(reaction 33)6' .  

L J 

- a H A q  "f,,, 

I 
H 

[ ( R )  - 341 

Catalysed hydrometallations have been comparatively little studied since the reaction 
proceeds well in the absence ofcatalysts. [ N i ( a ~ a c ) ~ ]  accelerates the reaction ofdibah with 
internal alkynes, allowing it to proceed at a temperature at which no c i s s t r u n s  
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isomerization occurs; cis-alkenes are obtained on hydrolysis"2. (Pr',N),AIH adds to 
internal alkynes in the presence of [Cp2TiCI,] and the product vinylalanes may be 
deuteriated or iodinated. The reaction is not regiospecific except for arylalkynes, which 
complex the titanium hydride intermediate6'. 

B. Carboalumination 

Although carbometallation has the same orbital character as hydrometallation, 
uncatalysed reactions in this area are few and unpromising. Photochemical addition of 
Et,AI, to diphenylacetylene gives both cis- and trans-dialkylaluminium compounds (35), 
the cis yielding 36 by dimerization (reaction 34)64. Attempted addition of Bu',AI to alk-l- 

ynes gives mainly metallation, some hydroalumination and a small amount of stereo- 
specifically syn c a r b o m e t a l l a t i ~ n ~ ~ .  With [Ni(mesal),] as catalyst the main products are 
dimers and trimers. Enynes give a complex mixture of products66. 

Acetylene reacts with R,AI to give the cis-addition product, RCH=CHAIR,, but 
metallation is a major side reaction. Little use has been made of this or of the complex 
reactions of alk-l-ynes6'. Disubstituted alkynes react more slowly. Hex-3-yne reacts only 
above 90°C and gives largely a dimer, 37 (reaction 35). With diphenylacetylene clean 

E t C e C E t  
EtC-CEt + Et3AI - 

(37) 

carbometallation occurs with Et,AI to give (Z)-PhCH=CHPh(Et) after hydrolysis6'. The 
regiochemistry of addition in non-symmetric cases is not easy to p r e d i d 9 .  

The use of titanium compounds as carboalumination catalysts has received some 
attention. Alkynols react with Et,AICI in the presence of [Cp,TiCI,] or 
bis(methylcyclopentadienyI)TiCI, (reaction 36). Yields are good and the stereochemistry 

(1) [(MeCp),TiCI,] 

(2) H20 
HCECCH2CH20H + Et2AICI 

E t  
/ 

Et/\\/CH2CH20H + CH -C 

CH2CH20H 
2- \ (36) 
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is cleanly cis, but both regioisomers are obtained in comparable amounts70. Carbometall- 
ation of alkynes with Me,AI and stoichiometric [Cp,TiCI,] gives the cis addition product 

'AlMe, 
I 

in good yield (reaction 37)' '. Silylated alkynes give regio- and stereo-selective addition 
with Me,AICI,[Cp,TiCI] (reaction 38)72.73. The use of Me3AI is less successful in this 

SiMe, Hex" 
Hex"C=CSi Me3 ( 1 )  (2) MezAICI HzO /[CpzTiCIz] b Hexn)4 

+ F\ 
SiMeS 

8 I % 

95 5 (38) 

case, giving the regioisomers in the ratio 70:30. I t  seems probable that alkyltitanium 
compounds are the attacking species. 

Nickel complexes have also been studied as carbometallation catalysts, but the results 
are usually unsatisfactory. Silylated alkynes give reasonable rates but the metallated 
product isomerizes under the reaction conditions to give mixtures of cis- and trotis- 

With alk-I-ynes the main product in the presence of [Ni(mesal),] is the head- 
to-tail dimer 38 (reaction 39)6fi.75,7fi. 

R 

96% E 

FIGURE 5 .  Zirconium-catalysed hydroalumination of alk-I-ynes 
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The problems of competing metallation are largely overcome when zirconium 
complexes are used as  catalyst^^^.^^. For alk-1-ynes and Me,AI the reaction is both regio- 
and stereo-selective (Figure 5)77.  Oct-1-yne reacts to give, after hydrolysis, a 9 5 5  2- 
methyloct- 1-ene-non-2-ene mixture7'. Fortunately, the terminal vinylalanes are much 
more reactive than the internal isomers and after subsequent treatment with electrophiles 
the minor isomer may effectively be neglected. Vinylalanes are potent nucleophiles 
towards a variety of centres (Figure 6); a discussion of the catalysed coupling reactions 
with halides will be deferred until a later section7'. Such transformations have been widely 
used in natural product synthesis. For example, dolicholide, 70, is prepared by the route in 
Figure 7'' and udoteatrial, 71, by that in Figure 8". 

Rh AIMe, 

CIC02Et - 
COeEt 

\ 

R h- CH2CC13 

0 

FIGURE 6. Reactions of vinylalanes with electrophiles 
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0 . 

(1 )  m-CI-C,H,CO,H 

( 2 )  Al(OPr’) ,  - 
(3) H,O( HOAc 

0 
( 7 0 )  

FIGURE 7. Synthcsis of dolicholide 

H C % c d  ( 1 )  (2)q M ~ ~ A I  [ [cp,ZrC~,] . Meoe 
/ 

(3) 

Me0 

(71) 
O T s  

(4) HCI 

FIGURE 8. Synthesis of udoteatriul 

Trialkylaluminiums other than the trimethyl compound have generally proved less 
satisfactory. For example, oct-I-yne and Pr;AI give a mixture of products, 2-propyloct- 
1 -ene (29%), (Qundec-4-ene (8%) and oct- 1 -ene (47%). after hydrolysis. whereas Bu’,AI 
gives only hydrometallation. Hydrometallation may be suppressed by using Pr,AICI but 
the problem of regiochemistry is not s ~ l v e d ’ ~ .  
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Internal alkynes may be cleanly and stereospecifically carbometallated by Me,AI 
(reaction 40)". With non-symmetric alkynes the regioselectivity is variable". Reactions 

Bun B u n  

(40) >d (1) Me3AI/[Cp,Zr CI,] 

( 2 )  H,O 
B u n C r  CBu" 

09 '10 

90% 

with silylated alkynes have not always given the desired results. When 39 is treated with 
Me,AI/[Cp,ZrCI,] the product formed on work-up was not the vinylsilane 40, but the 
silylated cyclobutene 41 (reaction 41)s2, The generality of the reaction is confirmed by the 
conversion of 42 to 43 in reaction 42. 

AIMe, 

Me,AI, 
XCH2CH2CGCSiMe3 

[CP, zr c I ,] 
(39) 

XCH2CH2 SiMe, 

Y 
SiMe, 

- 

SiMe3 

4 (1)  Me,AI/[Cp,ZrCI,] 

(2) H' 
Me3SiC =CCH2Br 

(42 ) 
(43) 
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The vinylalanes produced by this route have also been used as precursors to 
vinylmercury compounds by a general and simple method (reaction 43)”. 

R R 

h HgCl (43) 

HPCIz h -  thf 

M4,AI 

[ c P ~ z ~ c ~ ~ ]  
R C E C H  - 

AIMe2 

R = Hex, ,83% 
> 90% cis-addition 

There has been considerable debate as to whether the reaction is an aluminium-assisted 
carbozirconation or a zirconium-assisted carboalumination. N.m.r., deuterium labelling 
and product studies give unequivocal evidence for the latterB4. Bimetallic intermediates 
are proposed, and by analogy 44 is very effective for carboalumination of silylacetylenes 

(reaction 44)”. The use of Hex”,Mg/Et,Al improves the yield of the ethylated product 
(> 99% for PhCGCSiMe,). Stereoselection is strongly cis, but with enynes truns- 
addition occurs. 

5 I 

IV. REACTION WITH CARBONYL GROUPS 

A. Aldehydes and Ketones 

1. Alkylation 

Organoalanes are less nucleophilic and more Lewis acidic than Grignard reagents or 
organolithiums, so reactions involving their attack at carbonyl centres are more prone to 
elimination and rearrangement. Hence the uses of organoalanes in simple alkylations are 
relatively few. However, higher stereoselectivities are possible with aluminium reagents 
than in those with lithium and magnesium and the greater accessibility of vinylalanes has 
made them popular. 

Simple aliphatic aldehydes give complex mixtures with trialkylaluminiums. Both 
addition and reduction occur, followed by Meerwein-Pondorff-Verley reduction, 
Oppenauer oxidation and the Tischenko reactionB6. However, 45 reacts with (Me,Si),Al 
to give 46 in fair yield (reaction 45)” and 47 has been successfully alkenylated to 48 
(reaction 46)”. The use of ate complexes gives better yields at the expense of increased 
complexity. 
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OH 

(45 ) (46) 

MeCO CH CHCHO + B U ' , A I ~ ( ~ " ~ ) ~ ~ ~ ~  __* MeCOzCH2CH L ( C H 2 ) , , M e  

I 
N R 2  

2 1  
NR2 

(47 (48) 

(46) 

The reaction of Me3AI with ketones has been well studied, the primary reaction in either 
benzene or ether being addition. Better yields are obtained in benzeneB9. With acetone 49 
may be isolated as an intermediate (reaction 47)90. The mechanism of reaction with 
Ph,CO has been suggested to  involve a six-membered transition state, 509'. Reactions + 

Me Me 

Me ' \Me/ 'Me 

\Al'Me\Al/Me + Me2C0 - 
Me/ ' M l  'Me 

(49) 

(47) 

with cyclohexanones show that axial addition occurs when Me3AI is in deficiency and 
equatorial addition when it is in excess in hydrocarbon solventsg2. A ketone.Me,AI 
complex is supposed to be the reacting species. This may undergo unimolecular 
reorganization uia an electron-transfer path to give the axial alcohol. The equatorial 
alcohol (axial addition) results from bimolecular kineticsg3. Similar results are obtained 
with other sterically hindered ketones. 

Excess of Me3AI under forcing conditions will yield a gem-dimethyl compoundg4, but the 
same reaction occurs a t  or below room temperature using [Me,TiC1,]95. Very hindered 
ketones tend to give aluminium enolates, which are useful in aldol condensations. Few 
synthetic applications have been reported, but Heathcock et converted the ketone 51 
into 52 by elimination of an aluminoxane from the first-formed alcoholate complex 
(reaction 48). 
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( 5 1 )  ( 5 2 )  

Reaction of Et,AI with ketones is complex, since both reduction and addition as well as 
aldol condensation are seen. A considerable body ofevidence suggests that radicals may be 
involved in both these and the reactions of Ph,A193,97. 

Modification of alane structure and careful control of conditions have brought success 
in specific synthetic projects. Propargylaluminium compounds undergo addition in good 
yields to give branched alkynols (Figure 9), the degree of transposition being determined 
by the substitution pattern9'. Acetylenic alanes undergo direct addition and the acetylene 
is transferred from Me,AIC-CR twenty times more readily than the methyl groupg9. 

Et 

(1 )  A l l  thf I /Pr 
P r C r C C H  Br - PrCEGCCH2C-OH + CH2=C=C Et 

\ /  

Et 
hi I (2) Et&O 

Et 

25 75 

(1)  A l  I thf /Pr 

(2) Et,CO \C/Et 
E t C 3 C C H ( B r ) P r  - E t C F C C H  

I \OH 
Et 

FIGURE 9. Reaction of propargylalanes with ketones 

Allylalanes add to ketones with essentially complete allylic transposition (reac- 
tion 49)loo, and this has been used in a stereoselective synthesis of vicinal diols 
(Figure the products being employed in a route to em-brevicomin. 

R ' T A l  + R3R4C0 - (49) 

(1) RZCOR3 

(2) H,O 

R' Al E t 
- 

50- 95% 
10 1 

FIGURE 10. Synthesis of vicinal diols using allylalanes 
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Finally, using Et,AICN, cyanohydrins may be prepared; 53 does not react with 
HCN/KCN but may be converted by this route to 54 in good yield (reaction 50)'02. 

___, E1,AICN fiN ------b KHSO, 0 (50) 
M e 0  

0 
M e 0  

0 
M e 0  

(53) (54) 

2. Reduction 

Both aldehydes (reaction 51)'03 and ketones are readily reduced by Bu',AIH and we 

> ~ H O  ___) diboh bH (51) 

noted earlier that reduction is a major side reaction in alkylation by Et3A1. The steric bulk 
of dibah gives high stereoselectivity in the reduction of both cyclic and acyclic ketones 
(Figure 1 I). In the last example only diastereomer 55 is formed; LiAIH, gives both 

L 

Me 

I 

Me?4 Pr Pr 

Ref. 

( 1 )  diboh 

(2) - 4 0  @ + q '04 
- HO' - HO 

13 1 

Me Me 
I I 

Me3Si- H-doH non8nnH 
( 1 )  diboh, -120 "C . 
(2) H,O 

Pr Pr 

(55 )  

FIGURE I I .  Stereoselective reduction of ketones by dibah 

106 
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diastereomers whilst NaBH, causes desilylation. Syn-elimination (KH/thf) gives 95% 
trans-oct-4-ene whilst acid-catalysed anti-elimination gives the cis-isomer with 92% 
stereoselectivity. 

Improved selectivity for specific reductions is obtained by modification of dibah with 
alcohols such as 56. In the presence of 2 mol of 56, reduction of 57 proceeds with 92% 
a-seIe~tivity'~'. 

OH 0 

Reduction of cyclohexanones with lithium diisobutyl-tert-butylaluminium hydride 
(from dibah/Bu'Li) is very stereoselectivelo8. Yields are > 95% and the thermodynami- 
cally less stable isomer is formed. High selectivity for the exo-alcohol is found in the 
reduction of norcamphor. For a-hydroxyketones, Bu',AI was found to give the highest 
proportion of e r y ~ h r o - d i o l ' ~ ~ .  

The potential for using chiral alanes for reduction has not been explored in detail. 
Hydrogen transfer usually occurs from the chiral centre, bu t  asymmetric induction is 
modest. The reagents are trialkylaluminium compounds and the yields and mechanisms 
are similar to those with Bu',AI. [(S)-ZMethylbutyl],Al reduces alkyl aryl ketones in 
good yield but low enantiomer excess1'o-113. If the mixture is worked up after 3 h, 
alcohols of S-configuration are obtained, but on standing for 1 day alkanes of R- 
configuration are recovered by reaction with the solvent' 14. 

3. Aldol condensations 

Aluminium enolates may be generated from a-haloketones and react with aldehydes 
and ketones to give good yields of aldol products (reaction 52)"5*"6. In other cases the 

I 
0 OH 

R 1 y \ h  R4 

R 2  R3 

aldol condensation is often an undesired side reaction, but dibah/PhOH has been used to 
effect condensation of 58 to a mixture of aldol product isomers and 59 is cyclized with the 
same reagent to a muscone precursor1l6. 
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0 

Hex"C0Me 

( 5 8 )  (59)  

8.  Enones 
Both alkylation and reduction of enones may occur in a I ,  2- or a I ,  4- manner and both 

types of reaction are known for organoaluminium reagents. @-Unsaturated aldehydes 
have not been much studied but propargylalanes add 1,2- with good selectivity 
(reaction 53)'". An unusual reaction (54) is observed with allylalanes resulting from 
substitution with and without allylic transposition on 6OLoo. 

99 % 

(60 )  (61 1 

The reaction between Me,AI and 61 has been studied in detail and gives both I ,  2- and 
1,4-additi0n"~. Selective 1,4-addition of Me,AI to enones occurs in the presence of 
[Ni(acac),], some examples being given in Figure 12. By-products are high molecular 
weight aldol condensation products. 

The reaction of alkenylaluminium compounds with enones proceeds in moderate yields; 
only the alkenyl group is transferred and double bond stereochemistry is maintained. Both 
I ,  2- and 1,4-additions are known. For example, 62 gives 63 in 35% yield (reaction 55)'** 

(62) (63) 

and 64 reacts with 65 to give only 1,2-addition, but the ate complex 66 gives clean 
1,4-addition to 1 I ,  15-dideoxyprostaglandin E l  (reaction 56)"'. Trialkynyl aluminiurns 
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Ref. 

119 

R R 

FIGURE 12. 1,  4-Addition of Me,AI to enones 

0 

(65) (66) 

0 

have also been important in the prostaglandin field12". Compound 67 reacts with tri- 
octynylaluminium to give the 1,4-addition products (reaction 57). Blocking the OH group 
prevents I ,  4-addition, suggesting that precoordination occurs. 

t 

HO HO CfCHex" 

(67) 3 3 % 

(CH2 )&02Me 

HO fr C=CHex" 

66 '10 

(57) 
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Dialkylalkynylaluminiums (prepared by reaction 5 8 ) ' 2 5  transfer only the alkynyl group 

( 5 8 )  
BuLi EIIAICI 

- LiCl 
RC=CH --+ RC-CLi - R C r C A I E t ,  

to enones and 1,4-addition occurs selectively. A typical example is provided by 
reaction 59; in order to obtain good yields it is essential that excess of alane is present to 

( 1 )  [ N i ( a ~ a c ) ~ ] /  dibah 

(59) dk c \ R  

RC=CAIMe2 

(*) 0 - 0  

prevent aldol condensation. Without catalysis acetylenic alanes add 1,4- only to (S)-cis- 
enones uirr the cyclic transition state 68, I ,  2-addition occurring with the (S)- trans 

I 
R 

( 6 8 )  

compounds127. A counter example is provided by reaction 60L2', and the uncatalysed 
reaction of 69 gives both 1,2- and 1,4-additi0n"~. 

PhSeBr (60) I 
U 
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Cyclopropyl ketones also undergo homoconjugate addition (reactions 61 ' 30 and 
62Iz9). 

oAc-ph (1) PhC3CAIEtZ 

(2) H,O 

OSiMe2But 
OA,,, OSiMe2But - "+, 

50% 

The theory of hard and soft acids and bases suggests that R,AIX should add X to enones 
particularly easily when X is a soft atom such as sulphur or selenium. This is indeed the 
case, as Figure 13 shows. The initially formed enolate from 1,4-addition gives an aldol 
with R4CH0 and sulphur is removed ~ x i d a t i v e l y ' ~ ' .  

R' 

R4CH0 
OAIMe2 - R z g k  

0 + Me2AISPh - PhS 

R2 )=F R3 R3 

____) 

NaIO, 

A 
R2+oH PhS R3 0 

FIGURE 13. Reaction of enones with sulphur-containing alanes 

There are many instances of transfer ofcyanide to enones from Et,AICN, accomplishing 
hydrocyanation overall, 1,2-Addition to give the cyanohydrin is rapid and reversible and 
almost quantitative I ,  4-addition product may eventually be obtained. Unusual addition 
specificities are often noted and it is believed that 1,4-addition may also be reversible. For 
example, cyanide is added truns to 70 whereas R,CuLi gives only cis-products 
(reaction 63)133. Also, 71 gives only the trans-addition product 72 in 81% yield; KCN gives 
mainly the cis-product (reaction 64)'33. The hydrocyanation of 73 is the first step in an 
eflicient synthesis of the antitumour antibiotic sarkomycin (reaction 65)134. 
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Et,AICN koMe (65) 
COOMe 

____, 
a 

"C N 
(73) 

Reduction of enones with Bu',AI or dibah gives mainly allylic alcohols'35. Some 
asymmetric reductions have been noted using AI(CH,CHEtMe),' J 6 .  dibah/Bu"Li gives 
I ,  2-reduction of cyclic and acyclic enones and dibah/57 gives stereospecilic reduction in 
reaction 66. Coordination of the aluminium at the C-l 1 hydroxy group seems essential 
since the stereoselectivity is lowered when this position is blockedI3'. In the presence of 
[Ni(mesal),], however, Bu',AI gives mainly conjugate reduction' 

dibah / 57 - 
C. Other Carbonyl Compounds 

1. Carboxylic acids and their salts 

The initial product from the reaction of R,AI with carboxylic acids is formation of 
R,Al(carboxylate). With excess of organoaluminium compound alkylation occurs and 
carboxylic acids may be converted into (err-butyl groups by Me3Al'93. Treatment of 74 
with an organoalane formed in situ gave 75 in 84% yield (reaction 67)139. With 

l,lllCOOH Me,SiCSCSiMe,/AlCI, . 
'SiMe3 

b- 
(74) 

8 3 010 



436 P. A. Chaloner 

allylaluminium compounds his allylic transposition occurs'oo. Reduction of acids to 
aldehydes using 2 mol of dibah gives reasonable yields140 but his (N-  
methylpiperaziny1)AlH is better14'. An alternative procedure uia 75 is also satisfactory 
(reaction 68)14*. 

0 
RCOOH , A S < : )  - dibah RCHO 

( 7 5 )  

2. Acyl halides 

The reaction of acid chlorides with alkylaluminium dihalides is a standard method for 
ketone p r e p a r a t i ~ n ' ~ ~ .  Acyl halides also react with R,AI and R,AICI,, but with these 
species the product ketone is also reactive and overalkylation to alcohols occurs. The 
mechanism was proposed to involve an acylium ion, but later workers rejected this 
hypothesis 44. 

3. Esters and bctones 

Esters complex strongly to aluminium but are alkylated or reduced slowly by Et3AI. 
Initial addition is followed by reduction of the ketone to a secondary alcohol"5. Some 
specific reactions have been used in synthesis. Oxalate esters react with R,AI to give alkyl 
2-oxocarboxylates in 80% yield'46. Lactones behave much as acyclic esters. As with 
enones, alkylaluminiums bearing soft heteroatoms are particularly prone to addition 
reactions. Thio and seleno esters are readily synthesized (reaction 69)14'. Lactones and 

R,CuLi I 

esters are converted to dithiolans using Me,AISCH,CH,SAIMe, (reaction 70)'48. 
Amides are formed by reaction of esters with Me,AINMe, (reaction 71)'49 and in 
refluxing xylene cyanides are obtained' 50 .  An interesting amidoalane generated in siru 
from 76 cyclizes to give an entry into the clovine alkaloids (reaction 72)"'. 
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Me,AINMe, 
RC02Me RCONMe2 

83-93'10 

( 7 6 )  

The reduction of esters and lactones to alcohols and hemiacetals has been widely 
e x p l ~ i t e d l ~ ~ - ' ~ ~ ,  examples being provided by reactions 73' 5 5  and 74' 56. The reaction is 

MeO. A A 

MeO' - 
\CO2Et \CHO 

M e 0  M e 0  

9 4 % 

very selective and the best known examples come from the prostaglandin field 
(reaction 75)'52. Ate complexes have been used for the reduction of unsaturated esters of 
ally1 alcohols13'. 

(75) 
dibah - 

D. Bimetallic Reagents 

The Tebbe reagent, [Cp,Ti-~(-CI-~(-CH,AIMe~], 77, prepared from [Cp,TiCI,] and 
Me3A1'57, has been widely used for methylenation of ketones and esters15*. Some 
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ph>o 

P h  

O a O E t  

77 - 
Ph 

77 -m 
- 77 n 

O*OE, 

Ref. 

157 

159 

159 

FIGURE 14. Methylenation of carbonyl groups using 
the Tebbe reagent 

n 
Cp2Ti AIMe2 

\ /  
C I  

examples are shown in Figure 14. With acyl halides the expected Wittig product is not 
obtained but ketones are formed in moderate yields (reaction 76)I6O. I t  is suggested 

RCOX + [Cp2TiC12] + 2Me,AI --+ RCOCH, (76) 

that the reaction proceeds uia the titanium enolate 78, which loses halide and gives the 
ketone on protonation (reaction 77). A convenient synthesis of I ,  5-enones from ally1 

acetates uses the Tebbe reagent; methylenation is followed by a [3,3]-sigmatropic shift to 
give the I ,  5-unsaturated carbonyl compounds (reaction 78)16'. The Tebbe reagent is 
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tedious to prepare and, since it requires the use of Me,AI with its associated hazards, there 
is considerable interest in alternatives. The zinc complex [Cp,Ti=CH,.ZnI,] is easy 
to prepare from zinc dust, CH,I, and [Cp,TiCI,]. This effects methylenation of ketones 
but is generally less versatile than 7716’. 

V. REACTIONS AT CARBON-OXYGEN SIGMA-BONDS 

A. Epoxides 

Organoaluminium compounds open epoxides cleanly and easily and with clearly 
defined trans-stereochemistry. Reaction of vinylalanes with oxirane yields homoallylic 

(0 p 
RCH=CHAIR2 ( 2 ) H P  W RCH=CHCH2CH20H (79) 

alcohols according to equation 79 ’63 ,  but in weakly basic solvents for R = Et, 79 is also 
formed. Ate complexes give better yields. 

f 

The reaction of propylene oxide with Me,AI and Et,AI depends on stoichiometry. With 
excess of R,AI the secondary carbon is alkylated by reaction of R,AI with the aluminium 
epoxide complex 80 (reaction 80). When there is less than 2 molar equivalents of R,AI the 
initial alkylation product, 81, removes R,AI from 80 to give free propene oxide and 82. The 
reaction of 82 with propene oxide occurs at the primary carbon yielding 83. Uncomplexed 
oxiranes alkylate mainly at the less substituted carbon atom. Benzyloxirane reacts 
similarly (reaction 81)L64. The clean inversion of stereochemistry obtained in these 
reactions has recently become more significant because of the accessibility of chiral 
epoxides via the Sharpless asymmetric epoxidation procedureI6’. 

0 
/ \  

PhCH2CH--CH2 + 2Me3AI PhCH2CH(Me)CH20H 
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Recent focus has been on the generation of chemically complex structures by such 
alkylations and numerous examples exist. Me,AI opens 84 (reaction 82)'66 and 85 is 
attacked only at the 3-position to give an aldehyde after decomposition of the cyanohydrin 
(reaction 83)'67. Treatment with organoaluminiums was found to give a facile reaction 

( 1 )  Me3Al 

(2) H30t 
Bu'CHO 

CN 

( 8 5 )  

(83) 

with epoxy alcohols generated from (E)-allylic alcohols 86, but (Z)-compounds, 87, react 
sluggishly. Interaction with the alcohol is thought to be important. The ate complex from 
Et,AI/EtLi gives alkylation of steroid epoxides but competing reduction is serious'", 

R 
I I  

H+OH 0 
B Un &OH 

0 

( 8 6 )  ( 8 7 )  

Vinylalanes have received little attention (reaction 84)78 and allyl- and propargyl- 
alanes give only reduction'". However, the reaction of alkynylalanes with epoxides is of 

(84) 
CHSHOH 

I 
R2 

Rk RkH _____, (1 )  Bu"Li MeSAl 
R'C=CH - 

YO\ 
[CP,Z~CI,] (2) R~CH-CH, 

considerable significance because epoxides are highly resistant to attack by alkynyl 
Grignard and lithium reagents. The process is stereospecific and regiochemical control is 
high. Most of the available examples are from the prostaglandin field. For example, 88 is 
allowed to react with diethylaluminium 8-tetrahydropyranyloxyhept- 1 -yn- I-ide 89 and 
the product converted into 90 in several steps (reaction 85). Compound 90 reacts with 
another alkynylalane to give an intermediate convertible in two steps into 91, pros- 
taglandin F,,-alcohol (reaction 86)'69. Other examples are given in Figure 15, on page 
442. 

GSiMe3 

PhCH20,,, \\\\\OCHZPh c H 2 ) 7 0 S i M e 3  

+ Et2A1CGC(CH2)50thp -+ -b 

( 8 5 )  Q % s  0 "0' 
( 8 8 )  (89) (90) 
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y 
, , t i \  (CH,),OH 

90 + Me2AICECCH(CH2)4Me %(cH2)4Me 

--* 

6 H  
I 
OBUf 

H OH 

(91) (92) (86) 

Epoxides are resistant to attack by the classical cyanation reagent composed of 
KCN/NH,CI, and Et,AICN has been widely investigated as a reagent for opening the 
three-membered ring' 74. Cleavage to the trans-hydroxynitrile takes place under mild 
conditions, usually giving the more substituted nitrile' 7 5 .  The route has recently been used 
in the synthesis of 3-cyano-3-deoxy-~-galactopyranose (reaction 87)'76. The reagent 

OBz CN 082 

formed from Me,SiCN and Et,AICI has been used to attack several epoxides and 
oxe tane~"~.  Yields are variable but the selectivity for the less hindered site is high in all 
cases, as exemplified by reactions 88 and 89. 

A OSiMe, (88) 
Me,SiCN 

Et2AlCI 

Dialkylaluminium amides add to epoxides to give amino alcohols' 78 and cause 
isomerization to ally1 alcohols (reaction 90)' 79 .  The reactivity pattern depends on initial 

aluminium coordination to oxygen. Diethylaluminium 2,2,6,6-tetramethylpiperidide 
(datmp) is the reagent of choice for such isomerizations'sO, usually operating with high 
regiospecificity; compare reactions 91 and 92' ". Oxetanes are opened to homoallylic 

dotmp 

(91) 

--+ H 0 Me OH 

(93) 
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Ref. 

n 
p 2 %'.,9 0 

(1 )  Me2AIC~CCH(OSiMe,)C,Hl, 

OH 

170 

171 

172 

Et2AICECCH20SiMe2Bu' ROHtR 
4 IY 

C 
C 

'OSiMe2But L S i M e p B u t  

40 60 173 

FIGURE 15. Reaction of alkynylalanes with epoxides 
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+ 12% 93 

(92) 

(93) 
datmp 

alcohols (reaction 93)18'. Both dibah and Bu',AI induce similar isomerizations (reac- 
tions 94)' 5 2  and (Pr'O),AI has also recently been used (reaction 95)". 

Reduction of oxiranes to alcohols occurs with both dibah and Bu',AI, although the 
reaction is slower than that for ketones. For example, 94 is reduced with good 
stereospecificity to give the alcohol 95 (reaction 96) in 99% yieldIs3. The products of 

(96) 
Bu';Al 

- 0 O  "// 0 ---ty"" %, 0 

9 9 % 

(94) (95)  

epoxide reduction are not always easy to predict and Bu',AI may also give a d d i t i ~ n " ~ .  
Again, the availability of chiral epoxides has provided a route to stereocontrolled 
synthesis. The polyol 96 is made by a series of four steps which may be repeated 
(Figure 16)la6. 

When a polar group is available to interact with the aluminium compound, the 
regiochemistry of reduction may be well defined. For example, 97 gives a mixture of 
products with LiAIH,, 98 only with Red-al and mainly 99 with dibah, the regiochemistry 
being solvent dependent (reaction 97)"'. 
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Bu'OOH I Ti(OPr'), ph,-,o+ (COCI), 1 dmso , 
(-)-diethy1 tartrate 

b 

OH OH 
Et3N I CH,CI, 

b P h O O T  

6 dibah - CH,CI, P h f i O T  +----++ 

OH OH 

OH OH OH OH 

(96) 

FIGURE 16. Asymmetric synthesis of polyols 

OH 

A OH Ph - Ph-0 

0 

(97) (98) 

+ Ph-O-OH 

OH 

(99) 

Vinyl epoxides provide a special case. Conjugate reduction often occurs with dibah (for 
example, reaction 98)"'. In hexane this is thought to proceed oia an oxirane-dibah 

dibah 

hexane 
- HO 

6 5 % 
90 10 - dibah 

HO i=\ + HOh 
th f ,  O°C 

59% 
16 84 
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complex which transfers hydride to the double bond in a cyclic transition state. Conjugate 
addition is also known. For example, 100 reacts with Me,AI/MeCu to give the anri- 

(100) (101 1 

product 101, essentially uncontaminated by the syn-isomer (reaction 99). Pure syn-isomer 
is obtained with MeLi/LiC10,'89. Addition of Et,AISPh also proceeds in a conjugate 
manner (reaction IOO)190. 

70-  94% 

06 - 90 2- 14 

(loo) 

B. Other Compounds Containing Carbon-Oxygen Sigma-Bonds 

Cleavage of simple ethers occurs in the presence of dibah but has been little used except 
for the demethylation of aromatic steroidal ethers to phenols'". Vinyl ethers react 
according to equation 101 with retention of configuration in chiral R. 

CH,=CHOR + Bu',AIH + Bu',AICH,CH,OR +C,H, + ROAIBU', (101) 

Ally1 ethers, 102, may, after deprotonation with Bu"Li, give reaction with electrophiles 
at either the a- or the y-position; benzaldehyde gives an a:? product ratio of 28:72. 
However, in the presence of Et,AI the intermediate, 103, is produced and a-selectivity to 
104 is greater than 99% (reaction 102)'93. Detritylation of 105 occurs in the presence of 

PhCHO 

OH 

(104) 
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Et,AICI or Bu',AICI and does not suffer from the depurination which often accompanies 
simple protolysis ' 94. 

N- base ph3c0v 
OR 

(105) 

The reaction of alkylaluminiums at the carbon-oxygen bond ofesters has been studied 
with a wide range ofcompounds. Simple esters, such as 106, are alkylated with more or less 
inversion uiacarbocation-likeintermediates'95, and 107 is detosylated with dibah'96. Ally1 

,." Ac?5 
(106) 

esters have, however, been more popular substrates. Compound 108 reacts with R,AI to 
give 109 and 110 (reaction 103); 109 is the major product at - 78 "C but 110 is also formed 

(108) 

in 20-30%, yield at 0 "C. Palladium(0) complexes are particularly effective catalysts for this 
reaction, the intermediates being u3-allyl complexes'97.For example, 111 is converted into 

(Me,Si),Al. Et,O 

( 104) 
L O A c  [Pd ( PPh,),] L SiMe3 

( 1 1 1 )  (112) 

I12 in 87% yield (reaction 104)"*. The reaction proceeds with inversion ofconfiguration 
at the reacting centre as shown by reaction 105199. 

""i- 

( 1  05) 

P + JT) [ P d ( P P h A I .  

Bu" 

COOH 
0 
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The propargyl compound, 113, is converted into 114 and the free 1,4-diyne obtained by 
treatment with ammonium cerium(1V) nitrate (reaction 106)200. This method is said to be 
superior to the copper-catalysed routes to 1,4-diynes, since here no conjugation occurs. 

(113) ( 1  14) 

Whilst a few cyclopropyl methyl esters may be alkylated without ring opening 
(reaction 107)'95~20', conjugate addition (reaction 108) is more common. Compound 116 
is obtained (reaction 109) from both stereoisomers of 115, suggesting a carbocation 

R ~ A I  - 

R , ~ A I  
P h q " '  - 

OAc 

(115) 

R2 = Me, Et 

Ph 

PhY-R' R2 

(116) 

R' = H, Me 

R2 Me, Et,Bui 

intermediate. Using the cyclopropane 117, alkylation occurs predominantly a t  the 
cyclopropyl carbon atom (reaction 110). 

OAc 83 17 

(117) 

Ally1 phosphates such as 118 may be substituted by Me,AIX (X = OPh, SPh, NHPh)  in 
hexane, with clean inversion of configuration. In more polar solvents the stereochemical 
purity of the product is lower and y-attack is increased2". With the geranyl derivative 119, 
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(118) 

both a- and y-attack (reaction 1 1  1) occur but with the neryl compound 120, the only 
reaction is cyclization (reaction 1 1 2)'03. 

(120) 
, 

( I  12) 

Substitution of vinyl phosphates occurs only in the presence of palladium(0) catalysts 
and there are numerous examples of the synthetic utility of this procedure, which occurs 
with essentially complete stereoselectivity (reactions I 13 and 1 14)204. Vinyl- and 

0 0 %  
> 96 % stereoselective 

Ph Ph 

0 4 V o  

>94% stereoselective 

propargyl-alanes also react satisfactorily and PhMe,SiAIEt, transfers only the silyl 
substituent to give vinylsilanesZo5. Sulphur substituents on the double bond do not 
interfere with the reactionzo6, and this has been used in a route for alkylation/ 
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OPO (OPhI2 ( 1 )  LiNPr;2 - 
Ph ( 2 )  PhSSPh 

(3) NaH I CIPO(OPh), 

FIGURE 17. Alkylation and I ,  2-transposition of a ketone 

I ,  2-transposition of ketones (Figure 17)207. Aryl phosphates have been substituted in 
quantitative yields using nickel complexes as catalysts2'*. 

Acetals react with allylalanes with allylic transposition and displacement of one OR 
group (reaction I 15) and ortho-esters give bis-allylated ethers, also in fair yields 
(equation 1 1 6)'''. Propargylalanes give an analogous reaction, although isomerization to 
allenyl products is known (equation 117) and allenylalanes are also reactive. 

( I )  RzR'C(OR4)z 

(2 )  HzO 
F R2R3C(OR4)CHRCHR'=CH2 (115) RCH=CHR'CH,AI 

80-9074 

- 50°C 
RCH=CHR'CH,AI + HC(OEt)(OPh), - EtOCH(CHRCHR'=CH,), (1 16) 

(1) A l /E t20  
M e C z C C H 2 B r  CH2=C=C(Me)CH20CH2CH20H (1  17) 

(2) (:I 
Reaction with the chiral cyclic acetal 121 gives mainly I ,  4-addition in dichloroethane 

and 1,2-addition in chloroform. In both cases the optical yields after hydrolysis are 
excellent (reaction I 

1 
R' LCH0 

Finally, alcohols react with R,AI under forcing conditions (reaction 119)210, and this 
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has been used in an amide synthesis (reaction 120)'". 

R1R2R3COH + Me,AI -+ R'R'R3CMe (119) 
Me,AI 

RCONH, + RCHO - RCONHCH,OH - RCONHCH,Me (120) 

VI. REACTIONS WITH HALIDES 

A. Alkyl Halides 

Few of the reactions of triorganoaluminiums with primary alkyl halides are prepara- 
tively useful, but their consideration is important in synthetic planning. Primary alkyl 
chlorides react rapidly to give a mixture of products and halide exchange is common2I2. 
Tertiary halides may be converted into quaternary compounds in fair yields according to 
equation 121 ' I 3 .  The reactions with other trialkylaluminium compounds, where elimin- 
ation is possible, are less satisfactory. Reduction of primary alkyl bromides occurs in the 
presence of the ate complex from d i b a h / B ~ " L i ' ~ ~ .  

Me,CCI + Me,AI --+ Me,C+CIAIMe,- - C(Me), + Me'AICI (121) 

8.  Benzyl Halides 

The reaction of benzyl chloride with Me,AI is unsatisfactory, giving mainly polybenzyl, 
but Et,AI, E t 2 0  gives 1-phenylpropane in good yield2I4. A carbocation mechanism is 
proposed for these uncatalysed reactions. Vinylalanes react with benzyl halides success- 
fully and stereospecifically in the presence of [Pd(PPh,),] (reaction 122)215. 

J-Ph (122) 
Ph CH, Br 

AIMe,  - Hex" 
[Pd (PPh,),] 

9 3 % 
Hex" 

C. Aryl Halides 

Uncatalysed couplings of aryl halides are unknown, but in the presence of [Ni(PPh,),] 
vinylalanes react with 122 to give 123 with excellent stereospecificity (reaction 123)'16. 

D. Vinyl Halides 

Uncatalysed reactions with this type of halide are known but are not preparatively 
useful' '. Numerous catalysed reactions have, however, been successfully exploited. 
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Alkenyldiisobutylaluminiums have been the most popular reagents and both palladium 
and nickel complexes have been used as catalysts. Homocoupled products are usually 
limited to less than 15%. Retention of configuration in the halide component is usually 
better with palladium than with nickel; 124 is 95% E ,  E with [NiL,] but better than 99% 
E,  E with [PdL,] (reaction 124)2'8. The procedure is not completely successful with more 

BU" 
t Bun-' 5 C5H,l- 

-A1Bui2 
C5H1 I 

(124) 
( 1  24) 

Br 
D 

ZnCI, / [(Ph3P),PdCI,] 

98 '10 E 

substituted alanes such as 125, derived from carbometallation; ZnCl, is needed as a 
cocatalyst (reaction 1 2 5 ) 5 3 .  Allenyl halides such as CH,=C=CHBr have been coupled 
with alkylaluminiums in the presence of CU,CI,~*. 

E. Allyl Halides 

Reaction of 3-chloroprop-I-ene with Me,AI is slow without a catalyst, giving but-l- 
ene2'.214. The ate complex Li[AIHex",] reacts more rapidly (reaction 126) but prepara- 
tive uses have been few23. Again, catalysed reactions are more important. Cu,CI, catalyses 

E-MeCH=CHCH,CI > CH,=CHCH(Me)Hex" + Li[AIHex"aI 

Et,MeCH=CHC,H (126) 

reaction 127,19 but with substituted ally1 halides some allylic transposition occurs 
(reaction 128)220. 

(127) 
RIT A1R32 CH2= C H C h B r  - 

CU,CI, 
R 2  

(128) 
[cu(ococl,] 

Ph * CI -I- R3AI P h w  R + Ph 
PPh3 

R = Me 59 41 
R = Et 24 76 

Allyl halides in the presence of [ Pd(PPh,),] give excellent results via palladium-ally1 
complexes, as the synthesis of a-farnesene shows (reaction 129),,'. 
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VII. REACTIONS WITH NITROGEN-CONTAINING COMPOUNDS 

A. Nitriles 

Nitriles form strong complexes with organoaluminium compounds and may, like 
carbonyls, be either reduced or alkylated. For nitriles with a-hydrogens metallation is the 
principal reaction, whereas with organoaluminiums with a a-hydrogen reduction to an 
aldimine predominates. 

Alkylation of benzonitrile to give, after hydrolysis, an ethyl ketone, requires 2 mol of 
Et,AI and a cyclic transition state, 126, is proposed. Isocyanates, RN=C=O, are 

Ph-5-N. 

Me-CH2 blEt2 

2 
'A I ... . . CH 

Etz \Me 

(126) 

similarly converted into amides, RNHCOEt, in good yieldzzz. [ N i ( a c a ~ ) ~ ]  has been used 
to catalyse the transformation shown in equation 1 3OZz3, but otherwise vigorous 
conditions are necessary (equation 131)224. 

[Ni(acac)Z] 
PhCH,CN + Me,AI F P hC H C( M e) = N Al M e 

H,Ot - PhCH,COMe 

70x , -  
I 5OoC 

Me,CCN f Me,AI - Me,CC(Me)=NAIMe, 
95% 

6.  Ammonia and Amines 

Ammonia and primary and secondary amines react with trialkylaluminiums to 
protonate one of the alkyl groups and yield RzAINRl2. A number of such species have 
already been encountered as synthetic intermediates. Their structures have been 
determined and are characteristically o l i g o m e r i ~ ~ ~ ~ .  They are used for the conversions of 
esters to amides (reaction 132)zz8 and have been implicated in an interesting reductive 
alkylation of 127 (reaction 133)2z9. 
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Othp Othp 

R Z R ~ C O  2 dibah 

(127) 

C. lmines 

lmines form complexes with organoaluminium compounds and are slowly reduced to 
secondary amines (reaction 1 34)230. A special example is provided by reaction 1 3523’. 

Me,AI or 

PhCH=NR - Bu‘,Al PhCH,NHR (134) 

bl E d 2  

Alkylations are also k n o ~ n ~ ~ ~ . ~ ~ ~ .  Metallation of the imine complexes can give, after 
appropriate work-up, reduction, alkylation, and condensation (reactions 136-1 38). It is 
clear from the results of alkylation that there is some charge tielocalization in the 
 intermediate^,^^. 

Na . 
Et2AIN=CHPh - Et,AIN(Na)CHPhCHPhN(Na)AlEt, 

C6H6 

Hi0 - PhCH(N H JCH(NH,)Ph (1 36) 

(137) 
Et,AIN=CPh, 5 Et2AIN(K)C(K)Ph2 - H20 Ph,CHNH, 
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MczS0.1 
E t , A I N( K)C( K ) P h , - P h , C( M e) N H , + P h C( M e)N H M e 

+ Ph,CHNHMe + MePhCH,NH, (138) 

VIII. ALUMINIUM-PROMOTED REARRANGEMENT REACTIONS 

Organoaluminium compounds offer a variation of Lewis acidity ranging from low in R,AI 
to high in RAICI,. In causing rearrangements, organoaluminiums have the advantage 
over AICI, that they scavenge protons which frequently cause deleterious side reactions, 
including polymerizations and double bond migrations. 

A. Cycloadditions 

The promotion of Diels-Alder reactions by Lewis acids has long been recognized235, 
reactions proceeding under much milder conditions than are otherwise possible. The 
action of the Lewis acid is readily explained in frontier orbital terms. 

EtAICI, and AlCI, were compared for the reaction of butadiene with acrolein, 
methacrolein, and crotonaldehyde. EtAICI, gives better results since it removes protic 
impurities to which aldehydes are sensitive236. 128 is cyclized with stoichiometric EtAICI, 
or Et,AICI to give trans-perhydr~indenes'~'. 

(128) 

In a reaction usually employed to effect annelation, stereochemical control is critical. 
The presence of heteroatoms able to interact with aluminium can profoundly affect the 
reaction stereochemistry. For example, 129 gives 130 as the sole product with methyl vinyl 
ketone in the presence of EtAICI, (reaction 139)238 and reaction 140 is analogous239. 

U 

EtAICI, 

M e 0  5 . " "  - M e 0  Q C O M e  (139) 

SPh 

(129) (130) 

SPh 

n 
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Experiments on similar dimes such as 131 with methyl acrylate, p-benzoquinone, methyl 
vinyl ketone, and maleic anhydride also give only endo-products, but 131 (R = Me) with 
methacrolein gives 132 by an aluminium-catalysed aldol condensation of the first formed 
product (reaction 141). 

R 

Me3Si0 

SPh 

(131) 

+ ( R  = Me) ___, 
Me3SiO' 

(132) 

An organoaluminium-promoted Did-Alder reaction was employed in the synthesis of 
the mycotoxin trichodiene. The key step was reaction 142, yielding the correct skeleton240. 

H 

LSPh / + Q0 - '3 (142) 

Me 

Intramolecular reactions of undeca-2,8, 10-trienoic esters have been studied. The thermal 
cyclization is stereorandom but the reaction in the presence of EtAICI, shows excellent 
endo-selectivity (reactions 143 and 144)241. Bridgehead alkenes have also been synthesized 

?O2Me 4 - E I A I C I ,  M,+b 
\ \ CH,CI, 

88 12 
/ 
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92 8 

( I  44) 

by Et,AICI-catalysed intramolecular cyclization, the products, such as 133, in this case 
being very similar to those obtained by the thermal reaction (reaction 145)242. 

EtzAICl 

0 - qo 
0 

(133) 

A few 2 + 2 cycloadditions seem to be catalysed by EtAICI,, in particular those of allenes 
(reaction 146)243 and alk-I-ynes (reaction 147)244. The reaction rates increase with 
substitution in the alkene moiety. 

Et,AICI 

C02Me 
Et,AICI 

HC=CCO2Me -I- (147) 

0. The Ene and Related Reactions 

The ene reaction (148) has until recently found few uses in synthesis because of the 

extreme conditions required to effect the reaction thermally and because of the many 
proton-catalysed side reactions (polymerization and double bond migration) encountered 
when conventional Lewis acids are used as promoters. Organoaluminium compounds, 
being both Lewis acids and Brgnstead bases, are ideal promoters for the reaction5. 

Possibly the most widely used enophile is formaldehyde, which reacts with a range of 
alkenes. For example, the aryltetralin lignan skeleton, 134, was prepared by reac- 
tion 149245. A similar reaction has been employed in the synthesis of pseudomonic acids A 
and C from diene 135 by sequential ene reactions (reaction 1 50)246. 
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c3-Rz eR2 
(134) 

( 1 )  Ac,O 

( 2 )  CH,O/EtAICI & AcO 

Me,AICI (3)  H,O 

(135) 

It has been found, however, that Me,Al-promoted reaction of formaldehyde with some 
alkenes gives unexpected products (reaction 1 51)247. It was suggested that steric crowding 

prevents the I ,  5-hydrogen shift. Similar observations were made in the reactions of 
Me,AI/CH,O with 136, 137, and 138. Reaction 152 with en01 ethers provides a general, 
stereoselective route to I ,  3 - d i 0 l s ~ ~ ~ .  

(136) (137) (138) 

EtAICI, is a better promoter of the reaction of acetate-functionalized alkenes such as 
139 (reaction 153); Me,AICI complexes 139 and the double bond becomes less nucleophi- 
lic so that the methyl groups of Me,AICI attack f ~ r m a l d e h y d e ’ ~ ~ .  The reaction is general 

CH,O 

(153) 
OAc , w O A c  - EtAICI,  HO- / 

(139) 
and has been used in pheromone synthesis. The reaction of formaldehyde with alkynes 
(reaction 154) is also catalysed by Me2AICIZS0. 

MelAlCl  
RCH,C=CH + C H 2 0  - RCH=C=CHCH,OH + (E)-RCH,C(CI)=CHCH,OH 

(154) 
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The reactions of higher aldehydes with alkenes are often complicated by alkylation of 
the aldehyde, forming alcohols. In these cases 1,l-disubstituted alkenes are good 
substrates but with tri- and tetra-substituted alkenes alkylation is ~ igni f icant~~ ' .  For 
example, 140 is converted into 141 (reaction 155) without significant products deriving 
from 1 -methylcyclohexene, which is formed from 140 in the presence of traces of acid. The 
synthetic utility of the route was shown in the one step synthesis of ipsenol(142), a bark 
beetle pheromone (reaction 156)252. Later it was found that the less nucleophilic EtAIClz 

Me,AICI 
+ RCHO - 

1140) (141) 

(155) 

Me AlCl f&, + (156) R + rcHo 
(142) 

was more suitable for reactions with non-nucleophilic alkenes. This was utilized in a key 
step in the synthesis of ricinelaidic acid (reaction 157)249. Stereochemical considerations in 
the reaction are complex and threo/erythro selectivity is usually not high253. 

EtAICI, (CH2)+02 H 
CY-CH (CH2)&H0 + Hex"CH0 ___) Hex"CH(OH)CH2CH2- 

"'''6 "'T &OH '%, r / cc 
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Intramolecular reactions of aldehydes have also been studied but the results are 
complex2s4. For example, 143 undergoes a concerted ene reaction with 1 mol of Me,AICI 
yielding 144, but with 2 molar equivalents 146 is the product oia the zwitterion, 145 
(reaction 158)255. Me,AICl at 0°C gives 147 and 148, whereas MeAICI, at - 80°C gives 
149 and EtAICI, gives 149 and 150. The authors proposed reasons for the differences and 
other cyclizations including those of 151 and 152 were studied. This cyclization 
methodology has been further developed using sequential ene reactions in the preparation 
of bicyclic alcohols from alkylidene cycloalkanes (reaction 1 59)256. 

' " ' T O  \ 

(151) 

//I 

(152) 

@; "H 
(159) 

Classic ene reactions involved carbon-carbon double and triple bonds, and these too 
are promoted by organoaluminium compounds. For example, methyl a-chloroacrylate 
reacts with 2-methylbut-2-ene to give 153 in the presence of EtAICl, with only a few 
percent of the other diastereomer presentz5'. The hydrogen is transferred from the alkyl + C 0 2 M e  

(163) 

group syn to the alkenyl hydrogen. This has been applied to the synthesis of 
24-oxycholesteryl acetate (reaction 160)256. Alkynes are similarly reactive, although in the 

(2 )  H2/Pd 

AcO A c 0  (160j 
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case of propynoates (reaction 161) the hydrogen is transferred from the alkyl group anti to 
the alkenyl hydrogen258. Finally, with a chiral acrylate ester asymmetric induction occurs 
to give a 3: 1 mixture of diastereomers (reaction 162),". 

C 0 2 M e  

RAICI, 
+ H C G C C 0 2 M e  

92% 

C. Friedel-Crafts Alkylations and Acylations 

The AICl,-catalysed alkylation and acylation of benzene is too well known to require 
further comment. The range of Lewis acidities and Br$nsted basicities of alkylaluminiums 
is, however, also very useful. Benzene is alkylated by alkyl chlorides in the presence of 
alkylaluminium halides via an initial complex such as EtAICI,-CIRZ"O. EtAICI, has also 
been used to alkylate alkenesz6' and acyl chlorides are also reactive under mild 
conditionsz6'. 

Friedel-Crafts acylation of alkenes is also catalysed. For example, the reactions of 
cyclohexene, 1 -methylcyclohexene, 2-methyl-but-2-ene, hex-I -ene, and isoprene with 
acetyl chloride, acetic anhydride, and maleic anhydride, promoted by Et,AICI, were 
studied as a route to /?, y-unsaturated ketones. The yields were variable263. 

D. Claisen Rearrangements 

The rate of the Claisen rearrangement of ally1 phenyl ethers (reaction 163) increases in 

OAlEtCl 
I 

0-/ 
I 

the presence of alkylaluminium halides, but the aluminium compound must be present in 
stoichiometric or greater amounts as it is complexed by the product. The best catalysts are 
Et,AICI and Bu',AICI; RAICI, does catalyse the reaction but cyclization to the coumarin 
occurs264. 

The importance of the correct choice of Lewis acid was shown by Yamamura et ~ 1 . ' ~ '  in 
a biomimetic synthesis of lavandulol, 155 (reaction 164). Weak Lewis acids do not induce 
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the rearrangement whereas the more powerful ones affect the double bonds. Compound 
154 was chosen for the degree of its Lewis acidity, its ability to function as a Brqhsted base 
and its bulk, which renders the species monomeric. It has been used for a number of 
analogous transformations (reaction 165). For the reaction of 156, Bu’,AI seems to be the 

Lewis acid of choice; Me,AI and Et,AI give alkylated products (reaction 166)266. The use 

(y- (166) ii”y-- - Bu‘,Al 

(156 1 E : 2 cu. I:! 

of Et,AISPh or Et,AICI/PPh, suppresses the final reduction and 157 is converted into 158 
in good yield (reaction 167). Compound 159 reacts with Et,AI to give 160, the 

configuration of the product being explained in terms of the Lewis acidity of the solvent 
(reaction 168)267. 

E. Beckmann and Related Rearrangements 

The reduction of oximes to secondary amines by LiAIH, has long been established. 
However, treatment of 161 with dibah gives the rearranged product 162 (reaction 169)268. 

N 
‘OH 

(161) (162) 
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The hydroxylamine 163, is an intermediate. Functionalized hydroxylamines such as 164 

N H O H  

(163) 

are alkylated (reaction 170); the oxygenophilic aluminium reagent cleaves the N-0  bond 
heterolytically to the anilinium ion, which is susceptible to nucleophilic attack by R,AI. 
Regioselectivity is variable but no double alkylation occurs. The intermediate 165 

'Ph 'Ph 'Ph 

(164) 

synthesized in this way has been employed in an indole synthesis (reaction 171). 

(1) C u l / d m f  - ( 2 )  Na/NH, @-J (171) 

H 

(Ph 
(165) 

The amphoteric nature of aluminium compounds has been employed to induce the 
Beckmann rearrangement and capture the iminocarbocation (reaction 172). Reduction of 

. R,AIX R q '  ( 1  72) R'YR2 N '0~0~~3 X 

X alkyl, alkynyl, SR , CN 

the imine then yields an amine. In this way the naturally occurring alkaloid 166 was 
produced with high stereoselectivity (reaction 173)269. Capture of the iminocarbocation 

(166) 

may also employ a silyl enol ether, giving a reaction regiospecific in both components 
(reaction 174). 
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OSiMe, 

Et,AICI 

( 1 74) 
. A H e x ' '  . c?-JI.. 

6 O S o z M e  Hex" 

F. Other Rearrangements and Related Reactions 

Numerous other types of rearrangements and cyclizations have been promoted by 
organoaluminium compounds. Unsaturated hydrocarbons are isornerized by reversible 
hydroaluminations and cyclizations are also known. Reaction 175 is thought to proceed 
via two additions to the alkyne and then c y c l i ~ a t i o n ~ ' ~ .  Alanes may be synthesized directly 

AIBU', H,O - 0 (175) 
BJ~AIH 

CHz=CHCH$HZCECH ____) 

Al Bui2 

from alkenes using aluminium metal and hydrogen (reaction 176), but in the case of 167 
both rearrangement and oligomerization compete (reaction 177)"l. Other cyclizations, 
such as that of reaction 178, have received relatively little attention in synthesis272. 

H 

The reaction of vinyl acetals with Bu',AI and Et,AI has been studied, and it is found that 
whilst Bu',AI stereospecifically effects ring contraction to the trans-alcohols 168, the 
reaction with Et,AI gives a complex mixture of products, including those from alkylation, 
reduction, and ring opening (reaction 179)",. Although the reaction mechanism is not 
known, the high stereospecificity may derive from the coordination of the aluminium to 
the ring oxygen with hydrogen or alkyl transfer occuring via a four-centred transition 
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state. Compounds such as 169 are ~nreactive~'", indicating the importance of the 
exocyclic oxygen; the active complex may be 170. 

RQoEt 

Et Al 

CHO OEt CH20H OEt 

I I I I L 168 + $!::: + RCHCH2CH2CHEt -t RCHCH2CH2CHEt (179) 

I 
Et 

AIR3 AIR3 

(169) ( 1  70) 

Another reaction involving C-0 bond cleavage as a prelude to rearrangement is the 
organoaluminium promoted rearrangement of vicinal diol monoacetates (reaction 180). 

E t 2 A I C E C P h  -g - P h C E C  
25'C, 1 h 

OH OH ' 

62% 

The product ketones are not isolated but alkylated in situ to give alcohols275. 
The use of a good leaving group in conjunction with an organoalane to cause 

rearrangement is a well known procedure and has been employed by Suzuki et ~ 1 . " ~  in 
another pinacol-type rearrangement of chiral a-hydroxymethylsulphonates to give 
optically pure a-aryl and a-vinyl ketones (reaction 181). The reaction is thought to proceed 

'R2 
- 78 oc H -  

MsO - R' 
H 

R' = Ar, vinyl 

via a ligand exchange at aluminium with concerted migration of R' whilst the OMS group 
is lost. By combining Et,AI with dibah the reaction may be extended; the ketone'" is 
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reduced in situ and rearranged, and then the product aldehyde is reduced to an optically 
active alcohol (reaction 182)277. 

0 

By using Et,AICI, which is more Lewis acidic than Et,AI, alkyl groups may also be 
migrated with good stereospecificity. The mechanism of the reaction is thought to involve 
a cyclic transition state (172); the energy of the HOMO of the migrating group is increased 
by donation from A10 and then has an effective interaction with the LUMO of the 
carbocation developed by the Lewis acidity of the aluminium. The reaction has been used 
in the synthesis of an ant alarm pheromone (reaction 183)278. 

R 

y C O O E t  - 
HO H HO 

A number of addition reactions of enones involve the formation of an aluminium 
enolate. For example, 173 reacts with 174 in the presence of 2mol of EtAICI, to give 
initially 175. At low temperature this collapses reversibly to 176 and 177 but the 
thermodynamic products are 178 and 179, formed by alkyl and hydride shifts (reaction 
184). Cyclohexenone reacts with 2-methyl-but-2-ene to give 180 whilst 2-methylpropene 
gives a double addition to 181279. Intramolecular reactions, (185 and 186), give 
cyclizations with high regio- and s te reo-~pec i f ic i ty~~~.  



466 P. A. Chaloner 

+ 
R2 

(178) 

OAI: 

R> 

(175 1 

(186) 
0 

Trost and co-workers used EtAICI, as a promoter in several complex cyclizations. For 
example, reaction 187 of enones with 182 gives 183, which may be cyclized in excellent 

(183) 
(182) 

EIAICI, 1 
HO 



4. Preparation and use of organoaluminium compounds in  organic synthesis 467 

yield2". The driving force for the reaction is the strength of the silicon-halogen bond, 
but the fluoride ion-catalysed reaction suffers from competing desilylation. In the similar 
reaction 188 to construct the taxane skeleton, fluoride catalysis is unsatisfactory but 
EtAICI, is an excellent promoter'". 

fSiMe3 
( 1 )  mCIC,H,CO,H 

(2) EtAICI, 

/-- 
0 
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I. INTRODUCTION 

Various preparative methods for organothallium compounds have been developed and 
a variety of tri-, di- and mono-organothallium(I1J) and organothallium(l) compounds 
have been synthesized and characterized'-6. Among these compounds only mono- 
organothallium(ll1) compounds prepared by direct aromatic thallation and by oxythall- 
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ation of olefins and related compounds with inorganic thallium(llI) salts (Scheme I )  seem 
to be generally useful in organic synthesis, considered from the viewpoint of simplicity of 
the method, high yield of the product, high regio- and stereo-selectivity of the reaction, and 
facile substitution of the thallium moiety of the resultant compounds by various other 
functional groups. The rate of the reactions and the stability of the mono- 
organothallium(Ill) compounds produced depend greatly on the nature of the 
thallium(lll) salts employed. Thallium(lll) trifluoroacetate [TI(OCOCF,),, abbreviated 
to ttfa] and acetate [TI(OAc),, abbreviated to tta] are most commonly used for aromatic 
thallation and oxythallation, respectively, where the stable organothallium(lll) com- 
pounds are to be isolated. The dissociation energy for the first C-TI bond of 
trimethylthallium has been estimated as 1 157 or 1528 kJ mol-I, which is lower than the 
corresponding values for the indium and gallium analogues, but the C-TI bond 
dissociation energy of mono- and di-organothallium(llI) compounds is not yet known 
accurately. In this review the preparation of stable organothallium(1lI) compounds and 
their use in organic synthesis are surveyed, focusing especially on mono- 
organothallium(lll) compounds prepared by direct aromatic thallation and oxythallation 
of olefins and related compounds. 

For the purpose of organic synthesis it  is not necessary to isolate the intermediate 
organothallium(ll1) compounds and a one-pot reaction will suffice to obtain the intended 
products. Thus, in oxythallation of olefins and related compounds there are many cases 
where the reaction proceeds through mono-organothallium(l1l) compounds (oxythall- 
ation adducts), but such intermediates cannot be isolated because of a facile C-TI bond 
fission due to highly ionizable anions on thallium such as nitrate, perchlorate, sulphate, 
and trifluoroacetate. Since these reactions are usually encountered in the oxidation of 
olefins, cyclopropanes, acetylenes. allenes, and ketones and are synthetically very 
important, they are included in this review. Thallium(Ill) nitrate [TI(N03),.3H,0. 
abbreviated to ttn], tta, and ttfa are most commonly used for this purpose, and ttn seems 
to be a most useful reagent in view of its very high reactivity and selectivity. The chemistry 
of diorganothallium(I1I) compounds is referred to occasionally, but that of 
triorganothallium(ll1) compounds and organothallium( I )  compounds, mainly thallium(1) 
cyclopentadienyl derivatives, is not considered here because of their very limited 
significance in organic synthesis. The literature coverage is nearly complete up to the end 
of 1984. The reader should also consult a book on thallium chemistry’ and many reviews 
on thallium in organic synthesis that have appeared 

II. AROMATIC THALLATION FOR ARYLTHALLIUM(III) COMPOUNDS AND 
ITS USE IN ORGANIC SYNTHESIS 

A. Preparation of Arylthallium(lll) Compounds 

The preparation of arylthallium(Ill) halides has long been known from the transmetall- 
ation reaction between thallium(lll) halides and various arylmetal compounds such as 
Mg, B, Hg, Pb, and Bi (Scheme 2)1-6.27-31 . The halide anions of the compounds formed 
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can be easily replaced by many other anions to produce various arylthallium(ll1) 
compounds, typical examples being shown in Scheme 327-32. Aryllithium can also be used 
for this purpose", as well as some lithium and sodium arenesulphinates (Scheme 4)34. 
Thallium(1ll) carboxylates such as the ; ~ c e t a t e ~ ~ - ~ ' ,  i s ~ b u t y r a t e ~ ~ , ~ ' ,  and trifluoroace- 
tate33 were also effective instead of halides. 

Direct aromatic thallation by treatment of aromatic hydrocarbons with thallium(II1) 
salts to give arylthallium(l1l) compounds has been developed and widely used in organic 
synthesis. The first example of such a thallation is the reaction of dibenzofuran with 
thallium(Il1) chloride (Scheme 5)39. A similar reaction occurs between benzene or anisole 
and thallium(lI1) isobutyrate under severe reaction conditions (Scheme 5)40. Aromatic 
thallation using tta is also possible (Scheme 6)4'.42, although the reaction is very slow. It is 
catalysed by strong acids such as perchloric, methanesulphonic, trifluoroacetic, and 
sulphuric a ~ i d s ~ ' - ~ ' ,  and this acid-catalysed reaction is found to be electrophilic from the 
relative reactivity of benzene and toluene and the isomer distributions in the products 
formed from toluene4'. The acid-base interaction with tta produces 
TI(OAc),X,TI(OAc)X,, and TIX, (X = CIO,, HSO,, etc.), which on ionization yield more 
reactive electrophiles than tta itself4'. In fact, arylthallium(I1I) compounds containing a 
perchlorate anion were isolated from benzene, toluene, xylenes, and anisole in moderate to 
good yields as stable white solids (Scheme 6)44.46. Aromatic thallation was found to be 

aq.  KCN 
PhTI(CN), 
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PhTICI2 

aq .  AgNO, 
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similar to aromatic mercuration in nature but 200-400 times slower in aqueous HCIO,. 
The main differences between the two are that monothallation is nearly the sole reaction, 
whereas polymercuration is very facile, and disproportionation to afford 
diarylthallium(1ll) compounds occurs under many reaction  condition^^^. Direct aromatic 
thallation with ttn in carbon tetrachloride gives arylthallium(lll) nitrate hydroxide, 
ArTI(N0,)OH [Ar = XC,H4 (X = H, Me, Et, i-Pr)], in SO-SO% yield with a very high 
para-selectivity4'. 

Aromatic thallation with ttfa in trifluoroacetic acid (abbreviated to tfa) is generally very 
fast, affording good to excellent yields of a wide range of arylthallium(lll) 

TIC13 

T I(OC0 P r ') 
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bis(trifluoroacetate)s [ArTI(OCOCF,),] and is a reversible, electrophilic substitution 
(Scheme 7)48.49. It can be carried out similarly by using thallium(Il1) oxide in place of ttfa. 
Reaction with aromatic hydrocarbons having electron-releasing groups is generally 
complete within a few minutes a t  room temperature, whereas thallation of deactivated 
aromatics such as benzoic acid and trifluoromethylbenzene requires fairly vigorous 
conditions (refluxing tfa; 1-4 days). In addition to the simplicity and rapidity of these 
aromatic thallation reactions, a characteristic is that under conditions of thermodynamic 
and kinetic control meta- and para-substitution, respectively, are generally achieved 
(Scheme 7)s0.5'. Further, when chelation of thallium by ttfa with the basic centre in the 
side chain [CO,R, CH,CO,R, CH,OR, CH,CH,OR (R = H, Me)] permits intramolecular 
delivery of the electrophile, ortho-substitution occurs under conditions of kinetic control 
(Scheme 8 ) 5 0 . s ' .  In the thallation of anisole and phenetole, on the other hand, para 
+ ortho rearrangement of the resulting arylthallium(II1) compounds was observed under 
thermodynamically controlled conditions and this was attributed to stabilization of the 
ortho-isomer by formation of a four-membered chelate ring (Scheme 9)52.53.  

C H 2 0 H  
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P 
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The relative rates of thallation of toluene (kT) and benzene ( k , )  of kT/k, = 3354 or 43.5” 
and partial rate factors for the thallation of toluene (of/mf/pr = 9.6/5.7/1685“ or 
12.7/4.5/22655) at 25 “C in this aromatic thallation suggest that the reaction proceeds via a 
conventional mechanism, presumably through Whealand-type intermediate. There is also 
a report that the reaction is an electrophilic aromatic substitution ( 10-102 times slower 
than mercuration) with a p+ value of - 8.3 for a rate correlation with o+ indicating greater 
charge developement during the reaction than the corresponding mercuration pro- 
c ~ s s ’ ~ . ~ ’ .  Recent detailed mechanistic studies of thallation of polymethylbenzenes by ttfa 
revealed that electrophilic (two-electron) and electron-transfer (one-electron) pathways 
occur simultaneously and the cationic [TI(OCOCFJ2]+ serves as the active electrophile 
as well as the active electron acceptor (Scheme The extent of nuclear thallation 
decreases monotonically in the order mesitylene (ca. 100%) > durene (CN. 50%) > pen- 
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tamethylbenzene (cn. 25%) with a concomitant increase in the proportion of products 
(dimeric aromatic hydrocarbon and benzylic and nuclear trifluoroacetates) derived from 
the aromatic cation radicals8. 

In contrast to facile polymercuration, polythallation does not usually occur, probably 
because of the strong deactivating nature of the introduced TI(OCOR), group as described 
above43. However, when the reaction was carried out with activated aromatics by using an 
excess of ttfa and a longer reaction time, dithallated compounds such as those shown in 
Scheme 1 1 were p r o d u ~ e d ~ ~ , ~ ~ .  Phenylthallium(I1I) bis(trifluor0acetate) reacts slowly 
with an excess of anisole to afford an isomeric mixture of methoxyphenyl 
(phenyl)thallium(lTI) trifluoroacetates (the orrho-isomer always predominating) 
(Scheme 1 2)59.60. 

Various ArTI(OCOCF,), compounds have also been prepared by ipso-substitution of 
the trimethylsilyl group of arylsilicon compounds by the TI(OCOCF,), moiety in 40-95% 
yields (Scheme 1 3)6’. The compounds undergo disproportionation to the corresponding 
diarylthallium(1Il) trifluoroacetate regiospecifically when heated with acetone and/or 
water or treated with trimethyl phosphite (Scheme 14) 62 ,63 .  Although diarylthallium(Il1) 
compounds are widely believed to be chemically inert, they are useful, versatile 
intermediates for the synthesis of various substituted aromatic  compound^^^. Replace- 
ment of the OCOCF; group of ArTI(OCOCF,), by F -  or CI- results in the formation of 
the corresponding arylthallium(1lI) dihalides (ArTIX,) (Scheme 14), the stability of which 
varies considerably with the nature of X; they are stable when X = F and CI, unstable when 

X X 
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X = Br, and not isolatable when X = 130.62. In the last case they decompose rapidly to aryl 
iodides and this reaction is a useful method for the regioselective introduction of iodine 
into aromatic rings, as will be described in the next section. Recently, a 
monophenylthallium(III) complex with a TI-I bond was prepared in the presence of 
dibenzo-18-crown-6. This crown ether complex is stable in acetonitrile at room 
temperature for a long period, but at 100°C it decomposes to give iodobenzene 
quantitatively (Scheme 15)b4. Its photolysis also affords a good yield of iodobenzene, 
partly at least through a phenyl radical intermediate6’. 

Thallium(l1I) trifluoromethanesulphonate, prepared from T1,0, and CF,SO,H, acts in 
tfa as a stronger aromatic thallation reagent than ttfa and it can even thallate strongly 
deactivated polyfluoroaromatic compounds to afford the corresponding polyfluoroaryl- 
thallium(l1I) bis(trifluoromethanesu1phonate)s (Scheme 1 6)66.67. The reaction is facili- 
tated by Lewis acids such as SbF, and BF3Et206*. These polyfluoroarylthallium(lll) 
compounds can also be prepared by normal Mg-TI transmetallation reactions between 
the corresponding Grignard reagents and thallium( I l l )  halides69. 
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8. Arylthallium(lll) Compounds in Organic Synthesis 

The thallium moiety of arylthallium(l1l) compounds thus prepared can be easily 
substituted by various functional groups at the position where thallium was previously 
attached (ipso-substitution). As a result of much effort by many researchers to find useful 
dethallation methods, it is now known that the thallium moiety, mostly TI(OCOR), or 
TIX, (X = halogen), can be replaced with F, CI, Br, I, CN, SCN, SeCN, NO, NO,, NH,, 
OH, SH, SO,Ph, D, alkyl, aryl, vinyl and CO. These dethallations usually occur much 
more easily than do the reactions with the corresponding arylmetiil compounds, including 
arylmercury(l1) compounds, and are sometimes characteristic reactions of 
arylthallium(lll) compounds themselves. Therefore, the developed dethallation method 
combined with a very facile aromatic thallation as described in the previous section makes 
arylthallium(lll) compounds useful for organic synthesis. 

The formation of iodobenzene observed by Challenger and c o w ~ r k e r s ~ ~ ~ ~  I over 50 years 
ago in the treatment of several phenylthallium(lll) compounds with potassium iodide 
seems to be the first example of such a reaction where neither reaction conditions nor 
yields were specified. McKillop and coworkers elegantly developed the synthetic utility of 
this spontaneous iododethallation reaction by combining a facile aromatic thallation with 
ttfa in tfa to prepare various kinds of aromatic iodides in good to excellent 
 yield^^‘'-^'.^^.^'. The reaction is completed by the addition of aqueous potassium iodide 
to tfa solution containing ArTI(OCOCF,), at room temperature. Since the path of 
aromatic thallation can be controlled by the reaction temperature and time (kinetic us. 
thermodynamic control) and the kind of substituent (chelate etc.) as described in the 
previous section, this method permits the ready introduction of iodine into aromatic nuclei 
with all the potential for path control inherent in the initial thallation process. It is not 
necessary to isolate arylthallium(l1l) compounds prepared in tfa and the reaction is 
usually carried out in one flask. Typical examples are shown in Scheme 17s0.”. This 
thallation-iododethallation method has been applied to the preparation of many 
aromatic iodides such as o-iodotoluic acids (75-80%)72, I-iododibenzosuberone (7 
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product 
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iodopentafluorobenzene (9@4)6B, and I-iodo-4-methoxytetrafluorobenzene (99%)67. I n  
some instances, diiodo compounds such as 2,5-diiodothiophene and I -ethoxy-2, 
4-diiodobenzene can be obtained selectively by using an excess of ttfa (cf. Scheme 1 I)". 

Treatment of arylthallium(lll) compounds with iodine in tfa74 or CHC13h7 also results 
in  iododethallation (74-93%) probably via electrophilic attack of iodine on the C-TI 
bond. This method was applied to a high-yield synthesis of some nitroaryl iodides after 
nitration of ArTI(OCOCF,), with acetyl nitrate, which occurs ineta to the thallium 
moiety". 

Halogeno- or pseudohalogeno-dethallation of arylthallium(lll) compounds occurs on 
treating them with the corresponding copper(l1) or copper(1) salt in various organic 
solvents, giving good yields of the expected aromatic compounds. For example, aryl 
chlorides and bromides are obtained by treatment with copper(l1) chloride and bromide, 
respectively, I ,  4-dioxane being the best s ~ l v e n t ~ " ~ ~ .  Aryl cyanides are prepared by 
reaction with copper(l1) or copper(1) cyanide in acetonitrile or pyridine7'. Aryl thiocya- 
nates7' and selenocyanates" can be produced similarly by treatment with copper(l1) 
thiocyanate and selenocyanate, respectively. Unsymmetrical diarylsulphones are syn- 
thesized by the reaction with copper(l1) benzenesulphinate". The precise reaction 
mechanism of these dethallations is not yet clear, and an attempt to trap phenyl or aryl 
radicals by nitrosodurene as the spin adduct ArN(O')C,HMe4 (e.s.r. technique) failedB2. A 
tentatively proposed mechanism involves nucleophilic displacement assisted by coordin- 
ation of copper on the ligand of thallium (Scheme 18)77.8'.83. 

Although the reaction is not as fast as iododethallation, treatment of ArTI(OCOCF,), 
with potassium bromide also gives aryl bromides. I t  gives arylthallium(llI) dibromides 
first, which on gentle heating decompose rapidly to aryl bromides and thallium (I )  
bromide6*. Treatment of arylthallium(lll) compounds with bromine in CCI, affords aryl 
bromides in excellent yields". Similar electrophilic C-TI bond fission occurs with 
bis(pentafluoropheny1) thallium(llI) bromide6', which gives pentafluorophenyl bromide 
and chloride slowly but almost quantitatively on treatment with excess of bromine and 
chlorine, r e ~ p e c t i v e l y ~ ~ .  Although aryl fluorides cannot be obtained by treatment of 
arylthallium(lIl) compounds with copper(l1) fluoride or t e t r a f l u ~ r o b o r a t e ~ ~ ,  transform- 
ation of the C-TI bond to the C-F bond occurs when arylthallium(lll) difluorides, 
prepared from the corresponding bis(trifluoroacetate)s and potassium fluoride in aqueous 
ethanol", are treated with gaseous BF, in non-polar solvents; the overall isolated yields 
are 50-70~,R6.  Aryl cyanides*7 and t h i o c y a n a t e ~ * ~ , ~ ~  can also be prepared photochemi- 
cally. Thus, irradiation of an aqueous KCN solution of ArTI(OCOCF,), with 300 nm light 
affords aryl cyanides in 27-80x, yields by replacing the thallium moiety with the CN group 
mainly a t  the ipso-position. Aryl thiocyanates are similarly produced in 36-58% yield by 
using KSCN, here again the proportion of ipso-substitution being over 85%, irrespective 
of the great possibility ofa  homolytic process. Scheme 19 summarizes these halogeno- and 
pseudohalogeno-dethallations. 

Electrophilic dethallations other than those by I,, Br,, and CI, are also known. 
Arylthallium(lll) dichlorides react with nitrosyl chloride in CHCI, to afford nitrosoarenes 
via a four-centred transition state (Scheme 18)", while arylthallium(Ill) compounds react 
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with nitrogen dioxide in tetrahydrofuran to give nitroarenes”. Treatment of 
arylthallium(lll) compounds with metal nitrites such as NaNO,, KNO,, and AgNO, in 
tfa first produces nitrosoarenes, which are subsequently oxidized to nitroarenes in high 
yields, electrophilic attack of NO’ or its carrier N,O, on the carbon of C-TI bond 
having been proposedy2393. 

Arylthallium(lll) compounds react with palladium(I1) salts in acetic acid to give 
aromatic coupling products. The reaction might involve an electrophilic transmetallation 
to give reactive arylpalladium(ll) speciesy4. This aromatic coupling can be carried out 
catalytically with respect to the palladium(I1) salt, and thus oxidation of arenes by ttfa in 
the presence of catalytic amounts of palladium(I1) acetate arords biaryls in good yields 
(Scheme 20)y5.96. The thallation of arenes and substitution of the thallium moiety for 
palladium(ll) i n  ArTI(OCOCF,), are characterized by Hammett plots with slopes of - 5.6 
( p ’ )  and - 3.0(p), r e ~ p e c t i v e l y ~ ~ .  Similar aromatic coupling with a catalytic amount of 
lithium tetrachloropalladate has also been developed to produce 4,4‘-biaryls highly 
selectively and in good yields”. These methods are not applicable to arenes with bulky 
substituents or arylthallium(lll) compounds having a substituent at the ortho- 
p o s i t i ~ n ~ ~ - ~ ’ .  When suitable olefins are present in the reaction system, the 
arylpalladium(1l) species derived from arylthallium(Il1) compounds add to olefins, 
followed by dehydropalladation to give arylated olefins, the overall reaction being the 
replacement of an olefinic hydrogen by the aryl groupy8. Recently Larock et a/ .  developed 
;I novel and general synthetic method for isocoumarins and 3,4-dihydroisocoumarins 
(a biologically important ring system) by the reaction of ortho-thallated benzoic acid with 

ArH + TIZ, - ArTIZ, + HZ 

ArTIZ, + Pd(OAc), - ArPdOAc + TIZ,(OAc) 

fast 
2ArPdOAc - ArAr + Pd(OAc), + Pdo 

Pdo + TI”’ A Pd” + TI’ 

Z = OCOCF, 
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palladium(lI) chloride in the presence of simple olefins, dienes, allylic halides, vinylic 
halides, or vinylic esters (Scheme 21)9'. The yields are good and the reactions using 
organic halides or I ,  2- and I ,  3-dienes proceed catalytically with respect to palladium(ll). 
Application of this thallation-olefination reaction to p-tolylacetic acid, 
N-methylbenzamide, benzamide, and acetanilide provides a novel route to a variety of 
important oxygen and nitrogen heterocycles (Scheme 22)"'. 

The TI-Pd transmetallation reaction has also been applied to ii carbonyl insertion into 
the C-TI bond of arylthallium(II1) compounds. Phenylthallium(1l I )  compound has been 
known to react with carbon monoxide to give benzoic acid or its methyl ester, but the 
reaction requires high temperatures (ca. 100 "C), high pressures (ca. 200atm), and long 
reaction times (ca. 18 h)'". In the presence of a palladium(l1) salt, however, the reaction 
proceeds very smoothly under lower C O  pressures to give the carboxylic acid deri- 
v a t e ~ ~ ~ ~ . ' ~ ~ .  The C O  insertion occurs in the C-Pd bond of the arylpalladium(ll) species 

CONHMe 
L~~~P~CI , I  + CHz= CHCHzCI 
CH2C12 a TI(OCOCF3)2 

NHCOMe 
Li2[PdCI4] 

CH2C12 
+ CH2= CHGH2CI a T I(OC0C F3)2 

SCHEME 22 
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R R 

(I) TI(OCOCF3)3 

(2) CO I PdCI,/MeOH 

C02Me 
R=H,F,MeO,Bu’ 

R = H,CI,MeO,OH 

Y=OH,Z=O 
Y = NH,, z = NH 

NHCOMe 

SCHEME 23 

QNHCOMe 

before coupling to form biaryls takes place. The aromatic thallation and subsequent 
palladium-catalysed carbonylation of various arenes (at room temperature under 1 atm of 
CO) provides a convenient new route to a wide variety of aromatic esters, lactones, 
anhydrides, and phthalimides (40-90% yields), the reaction being highly stereo- and regio- 
specific (Scheme 23)’O3.Io4. 

Another example of metal-metal exchange is the reaction of diborane with 
arylthallium(Il1) compounds in tetrahydrofuran to give arylboron intermediates, which 
on oxidation by alkaline H,O, or on hydrolysis give good yields of phenols or arylboronic 
acids, respectivelylo5. Treatment of arylthallium(l1l) compounds with lead (IV) acetate- 
triphenylphosphine followed by alkaline hydrolysis also gives phenols”. Thiophenols 
can be prepared via photolysis of ArTI(S,CNMe,),lo. Reduction of arylthallium(Il1) 
compounds with NaBH, in EtOD is a convenient method for the specific introduction ofa 
single deuterium atom ( D  content 73-85%) at the position where thallium was attached 
previously (protonodethallation)106. When NaBD, is used here, the percentage of 
D-incorporation increases. 

Asymmetric biphenyls can be prepared photochemically in high yields when 
arylthallium(l1l) compounds are irradiated in benzene at room temperature”’. Homoly- 
sis of the aryl C-TI bond followed by capture of the resulting aryl radical by benzene 
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leads to the products. Photolysis of phenylthallium(lIl) bis(trifluoroacetate) in the 
presence of ammonia is said to give anilinelO. The reaction of arylthallium(I1l) diacetates 
with the anions of nitroalkanes (nitronate ions) under photolysis gives the C-C bonded 
products in 60-700/, yields. I t  proceeds through radical intermediates which are generated 
by electron-transfer activation of the C-TI bond (Scheme 24)'". The reaction is also 
applicable to alkyl- and vinyl-thallium(II1) compounds, as will be described in 
Section 1II.B. 

Oxidation of ArTI(OCOCF,), with 90%, H 2 0 2  gives 40-7076 yields of 1,4-quinones 
with either elimination or migration of the substituent group on the starting arenes, 
depending on the nature of the group and on the electron density of the ring. The first step 
of the reaction is thought to be hydroxydethallation and the phenols formed are readily 
oxidized iri situ to the ensuing products. The oxidation of phenols to quinones by ttfa is 
known."' 

All these substitution reactions other than halogeno- and pseudohalogeno- 
dethallations are summarized in Scheme 25. These dethallations can be applied to 
diarylthallium(1II) t r i f l~oroace ta tes~~ and ArTI(OCOCF,),' I I .  

111. OXYTHALLATION OF ALKENES, ALKYNES, AND ALLENES FOR 
ORGANOTHALLIUM(III) COMPOUNDS AND ITS USE IN ORGANIC 

SYNTHESIS 

A. Preparation of Alkyl- and Vinyl-thallium(lll) Compounds 

The transmetallation method employed for arylthallium(l1l) compounds is 
also applicable to the preparation of ;I variety of alkyl- and vinyl-thallium(ll1) 
compounds. Various combinations of organometallic compounds of 
Mg, B, Hg, Zn, Al, Si, Sn, Pb, Bi, Cr, etc., with thallium(lI1) halides and carboxylates have 
been developed to produce di- and mono-organ0 (alkyl or vinyl) thallium(1ll) compounds 
(Scheme 26)1-6. Some monoalkylthallium(1lI) compounds can be prepared by the 
reaction shown in Scheme 271'2-' '4. The compounds thus prepared are often useful for 

2RMgX + TIC13- R2TIX + 2MgXCl  
R =  alkyl 

Me\ /H 

H20 . ( H/c=c$T,cI 
+ TICI3 

Me\ /H 
2 

PhCH2B(OH)2 + TIBr3 A PhCH2TIBr2 

Me 
/Me / 

(CH2=Cx TIC13-- CH2=C 
\ 

4Sn TIC12 

SCHEME 26 

Me2TIOAc + Hg(0Ad2- MeTI(OAd2 

(Me3YCH2)2TICI + Br2 - Me3YCH2TI(CI)Br + Me3YCH$r 

y=C,Si 

SCHEME 27 



488 S. Uemura 

T I(0 A c), 

\ ,TI(OAC), 
c=c T I ( O A C ) ~  

\ 
-c=c- 

ROH DRo/ 

OR 
/ TI(OAc)3 \ I /  

ROH /C=n L C = C  
\ 

TI(0AC)z 
/ 

SCHEME 28 

basic studies to clarify the nature of the C-TI bond chemically and spectroscopically, but 
have not been frequently used in organic synthesis. 

Oxythallation ofalkenes, alkynes, and allenes with tta is a simple and unique method for 
the direct preparation of mono-organothallium(111) compounds (oxythallation adducts). 
which are very useful for organic synthesis (Scheme 28). The reaction closely resembles to 
the popular oxymercuration's~l's~''h . Wh en thallium(lll) salts such ;IS nitrate (ttn). 
perchlorate, and trifluoroacctate (ttfa) arc used. the corresponding oxythallation adducts 
cannot be isolated because of a facile C-TI bond fission resulting in the formation of 
various oxidation products. These reactions will be described i n  the next section. Even 
with tta the oxythallation adducts produced [mono-organothallium(ll1) diacetates] arc 
thermodynamically unstable compared with oxymercuration adducts and the number of 
isolated adducts is still limited. The first example of isolation is the methoxythallation 
adduct of styrene, I ,  which was prepared almost quantitatively in the reaction of tta with 
styrene in methanol at room t e r n p e r a t i ~ r e ~ ~ . '  I '. Other compounds so far isolated from 

, and 21 1 2 '  (Scheme 29). 
Similar compounds, 22, have also been isolated from styrene, methanol and ethanol, and 
thallium(ll1) isobutyrate in place of ttal The reactions have generally been carried out 
at  or  below room temperature by using acetic acid, alcohols, aqueous tetrahydrofuran. 
chloroform, and dichloromethane as the solvent to isolate these compounds. All  of the 
compounds are white crystalline solids except 8 and 9. which are viscous oils. The 
stereochemistry of oxythallation of norbornene and norbornadiene 13 and 14 and that of 
rrans-/~-deuteriostyrene (4) was shown to be ci.s-e.~o'~'. ' 3 2  and I I . L I I I S '  '". respectively. by 
I Hn.m.r. conformational analysis. Oxythallation generally involves electrophilic attack of 
the TI(OCOR),+ species followed by nucleophilic attack by solvents such a s  acetic acid 
and alcohols. The addition obeys the Markownikoff rule and TI(OAC)~+ is the only 
important reactive species in the oxidation of olefins with t ta '33.  An intramolecular 
nucleophilic attack of oxygen atom occurs occasionally, as evidenced by the formation of 
6,20, and 21. In the case of norbornene derivatives only acetoxythallation occurs cven in 
methanol as the solvent, in sharpcontrast  to the oxymercuration of those olefins where thc 
main reaction is methoxymercurationIz9. A concerted or  near-concerted addition of tta to 
such strained olefins through ;I cyclic intermediate is proposed for this reaction' ". 

Azidothallation adducts of norbornene and benzonorbornene. 23-25. have been 
isolated by the treatment of the olefin with ;I mixture of tta and trimcthylsilylazidc 
in dichloromethane. A series of intermediate thallium(lll) species. TI(OAc), J N , ) ~  
( n  = 0 - 3), are involved (Scheme 30)'". 

olefinsandcharacterized are2118.119 3118 4 i 2 o . i 2 i  5 1 2 1  636 7 1 2 2 , 1 2 3  8 1 2 4  9 1 2 5  10121 
1 ,  3 3 ,  ? , ,  

1 1 1 2 1  12126 1 3 1 2 7  14127 1 5 1 2 8 . 1 2 9  16129, 17-19130 20131 
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Acteoxythallation of internal acetylenes with tta in acetic acid affords some stable 
monovinylthallium(III) compounds (acetoxythallation adducts) in high yields. The 
compounds so far isolated are 26 and 27 from dimethylacetylene'34, 28 from diethylacety- 
lene'34, and 29 and 30 from alkylphenylacetylenes (Scheme 31)'3s.'36. The stereochemis- 
try ofaddition is trcins except in  the case ofdimethylacetylene, from which a mixture of cis- 
and trans-adducts 26 and 27 is i ~ o l a t e d ' ~ ~ - ' ~ ~  . F rom alkylphenylacetylenes the regio- 
isomeric mixtures 29 and 30 are formed, the ratio depending slightly on R although 29 
always predominates' 36. Similar treatment of terminal acetylenes in acetic acid, chloro- 
form, or dichloromethane results in the direct formation of novel and stable 
divinylthallium(lI1) compounds, 31, which are thought to be the intermediates of 
thallium(IlI)-catalysed conversion of terminal acetylenes to carbonyl compounds' 3 7 , '  3 8 ,  

Methoxy- and acetoxy-thallation of acyclic and cyclic allenes is another direct method 
for monovinylthalliuni(l1I) compounds, although examples are very limited. The isolated 
stable compounds so far known are 32-34139 and 35140.'4' (Scheme 32). Electrophilic 
thallium(lI1) species bind regiospecifically to the central sp carbon of the allenic moiety 
with nucleophilic attack of the solvent occurring at the terminal carbon. Methoxythall- 
ation proceeded by greater than 70% antarafacial addition for 35 (R = Me). 

6.  Alkyl- and Vinyl-thallium(lll) Compounds (Oxythallation Adducts) 
in Organic Synthesis 

Various reactivities of isolated oxythallation adducts [RTl (OAc),] have been studied and 
many useful methods for replacement of the thallium moiety by other functional groups 
have been explored in which the C-TI bond fission occurs either heterolytically or 
homolytically. The thallium moiety TI(OAc), can be substituted by acetoxy or alkoxy 
groups to give primarily the corresponding alkyl acetates or ethers when heated in suitable 
solvents or treated with acid, as exemplified in the reactivities of 136."7."8, 636.42, 
7 (R = H)122.'23, 13 and 14'27, and 20 (R = H)I3' (Scheme 33). All these reactions involve 
dethallation, giving inorganic thallium(1) salts, some being accompanied by migration of a 
substituent such as phenyl, hydroxy, or alkoxy. These are closely related to the oxidation 
of olefins by thallium(II1) salts via non-isolable oxythallation adducts, the chemistry of 
which will be described in the next section. The decomposition of 1 in aqueous methanol to 
phenylacetaldehyde and its dimethyl acetal follows a first-order rate law and RTI(OAc), 
[R = C,H,CH(OMe)CH,] is shown to be dissociated at low concentrations yielding two 
reactive species, RTIOH' and RTI", the latter of which is much more reactive than the 
former'42. The mode of decomposition of 1 depends on the ligand bound to thallium. At 
low CI- concentrations the rate of the oxidative decomposition decreases, whereas at 
high CI- concentrations RTICI, or RTICI,-is formed and decomposed to the starting 
materials, styrene and thallium(II1) salt, the chemical behaviour being analogous to that of the 
corresponding organomercury(I1) compound (oxymercuration adduct)'43. 

Treatment of I and 2 with copper(1) iodide, bromide, and chloride in acetonitrile results 
in the replacement of the TI(OAc), moiety by halogen to afford the corresponding halides 
in good yields (Scheme 34)' ''. Addition of potassium halide increases the product yield 
and iododethallation even proceeds automatically with only potassium iodide present, as 
found with arylthallium(II1) compounds. Similarly, the thallium moiety can be replaced by 
CN with copper(1) cyanide"', SCN with potassium and/or copper(1) thiocyanate''8.'44, 
and SeCN with potassium selenocyanate80. This halogeno- and pseudohalogeno- 
dethallation occur at the position where thallium was attached previously to the alkyl 
carbon, no phenyl group migration being observed. For alkyl thiocyanates and 
selenocyanates it  is not necessary to isolate the intermediate organothallium(I1I) 
compounds and in fact their high-yield syntheses are conducted by the in situ oxythallation 
of olefins followed by reaction with solid KSCN and KSeCN (Scheme 35)80.'44. The 
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rcaction is likely to proceed through the formation of organothallium(Ill) dithiocyanates 
and diselenocyanates followed by SNi-type decomposition. Bromodethallation of 9 and 
its non-isolable trifluoroacetate analogue occurs very smoothly to  afford a quantitative 
yield of the corresponding alkyl bromide on treatment with solid KBr and a catalytic 
amount of 2,6-dimethyl-l8-crown-6, the most likely pathway of the reaction being sN2 
displacement after and/or before anion exchange on the carbon atom bearing the 
TI(OAc), moiety (Scheme 36)125.  The mechanism of copper(1) halide-mediated haloge- 
nodethallation is more complicated and governed by the reaction temperature. In the 
reaction in acetonitrile at 80°C a radical path involving RCH(OMe)CH,' [R = C,H,, 
ti-Oct] free radicals accounts for approximately two thirds of the product, whereas at 
60°C an ionic process predominates121.145. The role of copper(1) is probably to act as a 
reducing agent by transferring one electron to thallium, producing a labile 
organothallium( 11) compound. 

The replacement of the thallium moiety of oxythallation adducts with hydrogen 
(protonodethallation) occurs by reduction with sodium amalgam in water to give good 
yiclds ofalcohols'". However, it  is difficult to effect this using NaBH, reduction, and in 
neutral solution the reduction gives the parent olefin solely and almost quantitatively 
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(Scheme 3 7 ) ' 2 7 . ' 2 9 .  The LiAIH, reduction of I is known to afford styrene and thallium 
Under alkaline conditions the NaBH, reduction gives a mixture of the parent 

olefins, alkyl ethers, or alcohols, and in some cases dialkylthallium(lII) compounds'29*'46. 
The yield of the protonodethallation product is, however, very poor compared with the 
reduction of the corresponding oxymercuration a d d u ~ t s ' ~ ' - ' ~ ' .  Hydrogen for replace- 
ment of the thallium moiety arises from the solvent and not from NaBH,'46, in sharp 
contrast to the mercury c a ~ e ' ~ ' ~ ' ~ ~ ,  The reduction of oxythallation adducts such as 1,6, 
and 7 with an nadh model N-benzyl-l,4-dihydronicotinamide (bnah) gives an SS-95% 
yield of the corresponding protonodethallation product under an N, atmosphere 
(Scheme 38)' 5 ' .  One-electron transfer from bnah to the organothallium(llI) compound 
and homolysis of the C-TI bond of the intermediate organothallium(l1) compound are 
proposed. In the presence of oxygen, alkyl radicals are trapped to form alcohols in good 
yields' ". Similarly, alcohol formation (32-67X yield) was also observed when ascorbic 
acid was added as the reducing agent and stereochemical studies using 4 showed that the 
product was a 1 : 1 mixture of36-e and 36-t and that the reduction proceeded via homolysis 
of the C-TI bond (Scheme 39)15'. 

Treatment of ethylene, propylene, or styrene with active methylene compounds such as 
acetylacetone and ethyl acetoacetate in the presence of tta gives dihydrofuran derivatives 
in moderate yields. In situ formation of oxythallation adducts followed by their ionic 
reaction with active methylene carbons has been assumed for this novel C-C bond 
formation'53.'54. Another carbon alkylation reaction has been observed in the treatment 
o f 4  and 6 with the anions of nitroalkanes (nitronate ions) under irradiation and a nitrogen 
atmosphere (Schemes 24 and 40)'0*. The reaction proceeds through radical intermediates 
which are generated by electron-transfer activation of the C-TI bond. This C-C bond 
formation reaction is also applicable to vinylthallium(lIl) compounds, the reaction 
proceeding retentively and being unaffected by irradiation and/or oxygen (Scheme 40)"". 
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Reactions of 1 and 2 with palladium(I1) species give the ketones and/or their acetals via 
TI-Pd transmetallation. For example, 2 ( R  = CH,CH,OH) behaves completely differently 
in the absence and presence of a palladium(l1) salt (Scheme 41)'19. Hydride migration at 
the organopalladium(I1) intermediate is postulated from the fact that no deuterium 
incorporation occurs in M e O D  as the solvent in the initial stage of the reaction 
(Scheme 41)' 5 5 .  

Several studies on  the reactivities of monovinylthallium(ll1) compounds such a s  
oxythallation adducts of acetylenes and allenes have been carried out and informations on 
protono-, halogeno-, and pseudohalogeno-dethallation are available. Thus, protonodeth- 
allation proceeds smoothly and retentively by heating in acetic acid or by reduction with 
NaBH, in a protic solvent under neutral  condition^'^",'^^. In the reduction hydrogen 
comes mainly from the ~ o l v e n t ' ~ ~ . ' ' ' ,  as in reductive protonodethallation of oxythall- 
ation adducts of 0 1 e f i n s ' ~ ~  and arylthallium(1ll) compoundsIo6 as described above in  this 
section. Halogeno- and pseudohalogeno-dethallation is conducted by treatment with the 
corresponding copper(l1) and/or potassium salts in acetonitrile, although the product 
yields are sometimes low ( 1  1-74"/,)'36. Bromodethallation also occurs in over 70% yield 
using bromine, but the stereochemistry of the product depends on  the solvent employed: 
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retention in pyridine and scrambling in methanol. Typical results are shown in Scheme 42. 
Similarly, protono- and bromo-dethallation are also known to occur when 35 is treated 
with alkaline NaBH,-MeOH and Br,-CCI,, respectively (61-82x  yield^)'^^.'^'. 

C. Oxidation of Alkenes via Oxythallation and Related Reactions 

In the previous section it  was indicated that the C-TI bond ofoxythallation adducts of 
olefins is thermally cleaved when heated in some solvents, resulting in a replacement of the 
TI(OAc), moiety by oxygen functional groups. The overall reaction can be considered as 
the oxidation of olefins with tta; actually it  involves the oxythallation of olefins followed by 
dethallation of the resultant monoalkylthallium(l1I) diacetates to give the oxidation 
products and thallium(1). So far many oxidation reactions of olefins by thallium(lll) salts 
have been explored without intermediate oxythallation adducts being isolated; the 
products are usually glycols, their mono- and di-esters, aldehydes, ketones, and epoxy 
compounds. The product distribution depends greatly on the reaction conditions such as 
solvent, temperature and time, olefin structure, and the kind of thallium(1ll) salt used. The 
oxidation is often accompanied by migration of a substituent such as phenyl, vinyl, alkyl, 
hydroxy, alkoxy, or hydrogen. Alkyl group migration resulting in a facile ring contraction 
or ring enlargement has also been observed. In this section, synthetically useful and 
important oxidation reactions of a variety of alkenes and related reactions such as allylic 
oxidation and the oxidation of cyclopropanes are described, together with some 
mechanistic considerations of these reactions. Most reactions proceed via iri siru 
oxythallation, but some are assumed to involve organothallium(lI1) compounds produced 
iri situ in different ways. 
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1. Simple olefins 

The first example of such a reaction is the oxidation of ethylene by thallium(lll) 
hydroxide or oxide in aqueous HNO, and H2S0, to afford ethylene glycol and some 
carbonyl compounds, an oxythallation-dethallation sequence giving a carbonium ion 
being proposed for the first time."6 Similarly, treatment of hex-2-ene with tta in aqueous 
acetic acid gave a mixture of hexane-2,3-diol monoacetates and hexan-2-one, a high water 
content favouring the latter'sfi. Kinetic studies on these oxidations revealed the following: 
( I )  the reaction is first order both in ethylene and in thallium(l1l) ion: (2) i t  is strongly 
accelerated on increasing the salt concentration, the order of magnitude of this effect, being 
perchlorate > sulphate > nitrate; (3) hydroxythallation is the rate-determining step; (4) the 
effect of olefin structure on rate decreases in the order isobutene >> propylene - but-I-ene 
> cis-but-2-ene > rrans-but-2-ene > ethyIene133.'s7.'s8. Deuterium isotope effects in 
thallium(lll) perchlorate oxidation of ethylene also support the view that hydroxythall- 
ation is the rate-limiting stepIs9. An example of the effect of olefin structure on product 
distribution in tta oxidation in aqueous acetic acid at 25 "C is shown in Scheme 43 together 
with the relative reaction rates' 3 3 .  Similar studies on the relationship between olefin 
structure and product distribution were also carried out for thallium(1ll) sulphate 
oxidation in aqueous H,SO,or methanol'60,'6' and for ttn oxidation in r n e t h a n ~ l l ~ ~ . ' ~ ~ .  
Thus, in the decomposition of oxythallation adducts, the following results were found: ( I )  
thc hydrogen migration (as hydride) with the participation of the neighbouring hydroxy 
group is more favoured than the methyl migration; (2) with increasing temperature the 
quantity of carbonyl compounds decreases compared with diols or diethers in the 
oxidation of internal alkenes, whereas the reverse occurs with disubstituted terminal 
alkenes; (3) steric effects influence the ratio of ketone and aldehyde formation in the 
oxidation of disubstituted terminal alkenes in an aqueous medium, whereas in methanolic 
medium polar effects are decisive16'. 

The tta oxidation in acetic acid or alcohols has been applied to many simple olefins such 
as c y ~ l o h e x e n e ~ ~ . ' ~ ~ - ' ~ ~ ,  styrene and its 67,  oct- I -ene ' 24.1 68,  rrans-oct-4- 

vinylferrocene' 70, and vinylic acetates and ethers"'. Thus, with cyclohexene 
nearly equal amounts of t r a m  and cis- I ,  2-diacetoxycyclohexanes and ring-contracted 
cyclopentyl compounds are the main products (35-55%, yield) in acetic acid as the solvent, 
whereas the ring-contracted compound is the sole product (62%) in methanol. The ratio of 
the trcins and cis products depends on the water content of the solvent. The results were 
explained by the reaction pathway involving dethallation of the trans-acetoxythallation 

A B C 

Yield cx) 
Rel. 

A rate B C 
~ ~ 

Ethylene 1 45 (MeCHO) 55 
Propylene I52 81 (Me,CO) 17 
But-2-ene 157 75 (MeCOEt) 16 
cis-But-2-ene 60 85-90 (MeCOEt) < 0.5 
rruns-But-2-ene 35 85-90 (MeCOEt) < 0.5 
Isobutene 2.3 x lo5 37 (Me,CHCHO) 52 

SCHEME 43 
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SCH EM E 44 

' 
adduct to give an acetoxonium ion or ring-contracted intermediate (Scheme 44)164-'6". 
From an accurate analysis of the products of the tta oxidation of oct-I-ene and trciris-oct-4- 
ene in methanol or acetic acid, the following conclusions were drawn: ( I )  an acetate group 
in the TI(OAc), moiety can be transferred by an S,I process; (2) a carbonium ion i s  
generated on heterolysis of the C-TI bond and this undergoes competitive hydride shift 
and nucleophilic attack; (3) anchimeric assistance to heterolysis is provided by the 
neighbouring methoxy substituent""~'". Interestingly, in the ttfa oxidation of oct-I-ene, 
i t  is suggested that the neighbouring thallium substituent aids the hydrolysis of the 
introduced trifluoroacetoxy group to give several oxidation products when the initial 
oxythallation adduct is treated with water (Scheme 45)"'. In  a detailed study of the 
oxidation of six ring-substituted styrenes by tta in acetic acid, which involves aryl 
migration and gives a high yield of the products, a Hammett-type correlation with Brown 
(T+ values has been established with p = - 2.2, showing a carbonium ion character of the 
activated complex for o ~ y t h a l l a t i o n ' ~ ~ .  The decomposition of an oxythallation adduct 
has been revealed to proceed via a carbonium ion intermediate by loss of thallium(J) on the 
basis of the effect of the styrene structure on the product distribution (Scheme 46)Ih7. 
Similar work on the ttn oxidation of I ,  I-diphenylethylenes in methanol, which gives 

R=Hex" 
Z= OCOCF, 

RCHCHz RCOMe RCHCHz 
\ /  
0 

I 1  
HO OH 3 4 010 

40% 16 '10 

SCHEME 45 
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X 37:38 Rel. rate 

p-MeO I .80 54 
p-Me 0.34 3.8 
m - M e  0.14 1.4 

H 0.083 I 
p-CI 0.06 I 0.32 
m-CI 0.020 0.14 

(38) 

S C H E M E  46 

(37) 

rapidly and selectively the corresponding ketones in high yields, resulting from the 
migration of aryl groups, clearly revealed that electron-releasing substituents strongly 
favour the migration of the corresponding aryl group (Scheme 47)'73. 

In  aqueous tetrahydrofuran, tta promotes thc epoxidation of propylene and isobutene 
to give good yields of the corresponding oxide (72 and 82% selectivity, respectively) via 
hydroxythallation, giving 7 ( R  = H), followed by its dethallation accompanied by 
neighbouring hydroxy group participations (Scheme 33)' '*. Similar epoxidation is also 
reported in the patent literature'74. These epoxidations are stoichiometric reactions with 
respect to thallium(I1l) salts (Scheme 48). Recently, ;I different approach to olefin 

Q C = CH2 

X 4 3  
t t n  - 
MeOH 

(39) (40) 

X 39:40 

p-MeO 2 50 
p-Me 5.2 

H 1 
p-CI 0.52 
m-CI 0.13 

S C H E M E  47 

S C H E M E  48 
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LCONO + TIC13 + RCH-CHz 

\ /  
0 

SCHEME 49 

epoxidation by molecular oxygen has appeared where the epoxidation of oct-I-ene and 
propylene was carried out using cobalt nitro complexes as oxygen transfer agents in the 
presence of thallium(ll1) chloride'75. The reaction is assumed to proceed via activation of 
olefin by thallium(lII), as shown in Scheme 49. Importantly, during the epoxidation in 
theory thallium remains as thallium(lI1). Actually, however, reduction of thallium(II1) to 
thallium(1) occurs through a side reaction and it is necessary to use an excess of TICI,. 

The application of the tta oxidation to slightly complicated olefins at room temperature 
resulted in the formation of several interesting products; typical examples are shown in 
Scheme 50. Dibenzobicyclo[2.2.2]octatriene, 41, is converted into 42 via cis- 
acetoxythallationL76; 5a-cholest-2-en-S-ol, 43, 5a-cholest-2-ene, 5a-cholest-2-en-6-one, 
and 5-hydroxy-5a-cholest-2-en-6-one give mainly the corresponding cis-hydroxylation 
products' 77;  epicholesterol. 44, affords 45 as the major product via a Westphalen-type 
methyl rearrangement of the acetoxythallation adduct of 44"'; thujopsene, 46, gives a 
slereospecifically ring-contracted ketone 47 via acetoxythallation and an allylic acetate 48, 
probably via an allylic thallium(ll1) compound, higher temperatures favouring allylic 
ox id at i on I ' . 

As exemplified in the reactivity of 6 and 20 (R = H) in Scheme 33, an intramolecular 
oxythallation followed by dethallation can afford interesting oxidation products. Thus, in 
the oxidation of styrenes in diols, HO(CH,),OH, the main products were 1,3-dioxolane, 
I ,  3-dioxane, and, 1,3-dioxepane derivatives for n = 2,3, and 4, respectively (l7-81%), the 
reaction involving both phenyl migration and interamolecular attack of the hydroxy 
group of the introduced 2-hydroxyethoxy groupI6'. More clear-cut examples are shown 
in Scheme 5 I : norbornene-5-endo- and -em-carboxylic acid and their analogues, 49-51, 
afford various lactones"1.'80.'8', and a novel functionalization of the prostaglandin 
skeleton occurs with PFG,, methyl ester, 52, and related compounds, 53, producing 
dioxatricyclic and oxabicyclic compounds, r e ~ p e c t i v e l y " ~ ~ ' ~ ~ .  

Although tta and ttfa are very effective oxidizing agents of olefins as described so far, the 
reagent ttn has proved to be even more effective in several ways, including product 
selectivity and reaction rate, owing to the highly ionic nature of the nitrate anion leading to 
an extraordinarily facile C-TI bond fission. Thus, the ttn oxidation of simple olefins 
results in a facile and selective oxidative rearrangement via oxythallation to give high 
yields of carbonyl compounds or their a ~ e t a l s ' ~ ~ " ~ ~ .  Typical examples of ring 
contraction and aryl migration are shown in Scheme 52, together with some results of the 
unrearrangement reaction. Comparison of the oxidation of cyclohexene by these three 
salts revealed the approximate order of reactivity to be ttn (instantaneously) > ttfa 
(several minutes) > tta (several hours) for completion at room tempera t~re"~ .  The 
influence of the ligand on thallium on the product distribution can be clearly seen from the 
oxidation of dec-I-enel", hex-l-eneIz5, and o ~ t - l - e n e l ~ ~  (Scheme 53). The ring- 
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OH 
(43) 

(4 4) 

...* 

t ta  

AcOH 

tta 
AcOH 

OH 
70 % 

56% 
(45) 

I0 % 

0 

A t r . t .  76% 10% 
At 50 "C 8% 72 % 

(47) (48) 

SCHEME 50 

8 v o  

contraction reaction has been applied to the preparation ofa lactone aldehyde, 54, which is 
a key intermediate for the synthesis of 1 I -desoxyprostaglandins (Scheme 54)'". Appli- 
cation of ttn-mediated oxidation to some rso-methylene compounds such as methylenecy- 
clobutane, 5518', em- 16-kaurene, 56'", and 2-methylenenorbornane, 57'", resulted in 
the formation of a ring-expanded ketone which generally reacted further to give a ring- 
contracted cyclic carboxylic acid derivative (Scheme 55) .  The oxidation of ketones will be 
described in a later section. Extrapolation of aryl migration in the ttn oxidation of styrene 
derivatives provided a general and highly effective method for the ring expansion of cyclic 
aralkyl ketones (Scheme 56)'". The reaction occurs instantaneously at room tempera- 
ture, a methylene carbon introduced by an appropriate Wittig reagent is inserted 
regiospecifically between the aromatic ring and the carbonyl group, and the product is 
obtained as a dimethyl ketal when trimethylorthoformate [ HC(OMe),; tmof] is used as 
the solvent. 

The ttn-mediated formation of cis-diols from olefins'9'.192 has been reported as in the 
case of the tta-mediated reactions. Typical examples are cis-hydroxylation of 2-methyl- 
2H-chromen, 58Ig1, and cis-dimethoxylation of 2,2-dimethyl-2H-chromen, 5919', and 
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3-methoxyflavylinium salt, 60”’ (Scheme 57). These reactions seem to be substituent 
dependent, since a similar chromen, 62, and non-substituted flavylinium salt, 63, afford a 
ring-contraction product”’ and a flavone, respectively. Acid hydrolysis of cis-diol 
derivatives from 60 gives flavone 61 I g 2 .  A toxic diterpenoid, grayanotoxin-I1,65, reacts 
with ttn instantaneously to give the derivative of grayanol B(66) by a remote hydroxy 
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t t n  

MeOH 
r. t. 

Oct"CH=CH2 A Oct"CH(OMe)CH20Me + 0ct"COMe 

52 2 8 % 

Bu"CH= CH2 t t f a  w Bu"CH(OMe)CH20Me + 8u"CH(OMe)CH20H + Bu"C0Me 

3 % 
MeOH 

r .  t. 38% 5 I % 

t t a  

MeOH 
Hex"CH=CHz - Hex"CH(OMe)CHzOMe + Hex"CH(OMe)CH20Ac 

r.t .  I 0 O h  5 5 % 

+ Hex"CH(OAc)CH20Ac + Hex"C0Me 

6 % 23% 

S C H E M E  53 
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(57 )  68 % 

S C H E M E  55 

8 5 % 



506 S. Uemura 

tmof  
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95% 

& .  
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R'=H 82% 
R'= OMe 100% 
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group participation (Scheme 58)19'. The ttn oxidation of olefins in methanol sometimes 
gives a minor amount of nitrate e ~ t e r ' ~ ~ . ' ~ ~ . ' ~ ' ,  whereas the esters become the major or 
the sole products when n-pentane is used as the solvent (Scheme 59)Iy8. 

Thallium(II1) perchlorate is also an effective oxidizing agent for olefins. Kinetic and 
product studies on the oxidation of a l k e n ~ l s ' ~ ~ ,  cycloalkenes200.20', and methylenecyclo- 
alkanes2" have been carried out, and all the reactions have been explained by an 
oxythallation-dethallation mechanism. Some examples are shown in Schemes 60 and 61, 
the products being carbonyl compounds, diols, and/or cyclic ethers, as has been observed 
for tta oxidation in aqueous acetic acid133. The carbonyl products of the oxidation of 
cycloalkenes and methylenecycloalkanes are generally ring-contracted aldehydes and 
ring-expanded cyclic ketones, respectively. This ring enlargement reaction is useful for 
four- and five-membered ring exo-olefins, but not so useful for the six-membered 
analogueszo2, and has been applied to 2-methyIenenorb0rnene'~~, tetracyclic adaman- 
tane derivativesIa7, and 2-methylenenoradamantane, 67203, to afford the expected 
ketones in 50-60% yields (Scheme 62). Electrochemical oxidation of the thallium(1) salt 
produced at an anode has been attempted in the thallium(II1) perchlorate oxidation of 
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SCHEME 63 

cyclohexene and 3-tert-butylcy~lohexene~~~. Unfortunately, however, the product select- 
ivity was lower than in the stoichiometric r e a ~ t i o n ~ ' ~ . ~ ~ ~ .  

In the tta oxidation of isobutene and cyclohexene, only small amounts of allylic oxidation 
products are formed36,165.166. In contrast, the tta oxidation of thujopsene, 46, at higher 
temperatures gives an allylic acetate, 48, in a high yield, as shown in Scheme 50. There are 
several other examples where allylic oxidation products are mainly formed. Thus, the ttfa 
oxidation of cyclooctene in dichloromethane affords 3-trifluoroacetoxycyclooctene in 
75x, yield206. Treatment of steroidal exo- and endo-cyclic olefins such a s  3-methyl-2- 
cholestene, 6g207, 5-cholestene' 78, and 17-methylene-5a-androstan-38-yl acetate2" with 
tta in acetic acid or methanol results in the formation of a mixture of allylic acetates or 
ethers. Similarly, the ttn oxidation of some diterpenes such as ent-l6-kaurene, 692"9*2'0, 
ent- I 5-kaureneZn9, I3/j-kaur-l 6-ene'Io, and labd-l( 17)-en-I 3-01. 70' I I .  in glyme ( I ,  2- 
dimethoxyethane) or methanol affords allylic nitrate esters and/or allylic ethers 
(Scheme 63). An allylic thallium(l1l) compound is proposed as the reactive intermediate, 
which may give the allylic cation by dethallation or suffer an S,2' r e a c t i ~ n ~ ~ ~ ~ ~ ' * - ~ " .  
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2. Conjugated and non-conjugated dienes 

The reaction of conjugated dienes such as buta- I ,  3-diene, isoprene, 2,3-dimethylbuta- 
I ,  3-diene, 2,5-dimethylbuta-2,4-diene, cyclopenta-l,3-diene, and cyclohexa- 1,3-diene 
with tta in acetic acid affords an isomeric mixture of the corresponding diacetoxyalkenes 
( I ,  2- and 1,4-addition products) in 10-92% yields. The 1,2-addition products are 
predominantly formed in all cases examined except with cyclopenta-I, 3-diene212s213. 
Similar oxidation occurs with ttfa in dichloromethane, the stereochemistry of the 
bis(trifluoroacetoxya1kene) products being cis only206. Cyclic dienes give nearly equal 
amounts of both the I ,2 -  and I,4-isomers, whereas linear dienes afford only the 1, 
2 - i ~ o m e r ~ " ~ .  These reactions are assumed to proceed through the oxythallation and 
dethallation steps and the formation of the cis-product has been explained by iwm- 
oxythallation followed by the S,2 attack of OCOCF, group of another ttfa molecule 
(Scheme 64). Under similar conditions cis- and rr.rtrrs-but-2-enes are transformed into 
tneso- and racemic threo-2,3-bis(trifluoroacetoxy)butanes, respectively, in 20-40% yield 
by cis-addition of two OCOCF, groups. Cholesta-3,Sdiene is oxidized by tta to  a mixture 
of the corresponding 1,2- and 1,Cdiol esters (total yield 55%), where the 1,4-isomers 
predominate substantially'7n, The ttn oxidation of 1,3-dienes normally gives ;I complex 
mixture of products (ketones, aldehydes, dimethoxyalkenes, cyclopropanes, etc.) with low 
selectivity because of the secondary reactions induced by HNO, formed in situ such as 
olefin isomerization and Michael-type addition of methanol2I4. A vinyl group migration 
has been shown to occur in some cases via a cyclopropane intermediate2I4. Application of 
the oxythallation-halogenodethallation method to conjugated linear dienes results in the 
formation of only I ,  2-addition products and in the case of hexa-I, S-diene and diallyl ether 
only one double bond reacts to give the corresponding substituted alkanes, as shown in 
Scheme 3580*144. 

The tta and ttfa oxidation of some non-conjugated 1,s-dienes (Scheme 65) results in a 
novel carbon-carbon bond formation such as a transannular cyclization of cycloocta- 

ttfa 
CHzC12 . 

OCOCF3 

0- OCOCF3 

18% 

T I  - OCOCF, ' 

/ \  
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1, 5-diene2 ', a skeletal rearrangement of tricyclodiene, 71, to 72 and 732 1 6 ,  and olefinic 
cyclization of o-nerylphenol(74) and o-geranylpheno121 '. The last reaction is assumed to 
be a thallium(ll1)-induced carbon-carbon bond formation as shown in Scheme 65, and 
does not proceed via oxythallation. A similar reaction has also been observed in the 
treatment ofgeraniol, 7521", neroI2l9, and citral, 76220, with thallium(l1I) perchlorate, but 
the products are complex mixtures of diastereoisomeric isomers (Scheme 66). Another 
example of carbon-carbon bond formation is the ttn-mediated conversion of (-)-elemol 
acetate, 77, to a bicyclic compound, cryptomeridol, 78 (Scheme 67)22' .222. 

3. a, /Wnsaturated carbonyl compounds and chalcones 

The tta oxidation of c1, /j-unsaturated carbonyl compounds such as acrolein, acrylic 
acid. and methyl acrylate is very slow in acetic acid as the solvent and does not afford any 

Bz=PhCHz 

PhCOCH= * CH e O M e  ~ h C $ - l - ~ ~ O M e ]  

/ \  
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expected diacetoxylated compounds’ 7 ’ .  On the contrary, a substituted chalcone such as 
79 reacts with tta in methanol to give the oxidatively rearranged product 80 in 350/, yield 
from which 7,4‘-dimethoxyisoflavone, 81, can be synthesized (Scheme 68)223.224. The 
method has been applied to the synthesis of other naturally occurring isoflavones such as 
milldurone and l e t t a d ~ r o n e ~ ~ ~ .  A tracer (I4C) experiment on the oxidation of 4-methoxy 
[~~-‘~C]chalcone revealed that the reaction involves a I ,  2-aryl migration, in contrast to the 
I ,  2-aroyl migration, which has previously been observed in the BF,-catalysed rearrange- 
ment of chalcone epoxides (Scheme 68)223.2’5. 

In  contrast to the tta oxidation, which is slow and leads to low yields of products, the ttn 
oxidation of chalcones is very rapid, giving high yields of oxidation products, and in some 
cases constitutes a simple and convenient procedure for the preparation of benzils. Thus, 
treatment of chalcones with I equiv. of ttn in acidic methanol resulted in the formation of 
the rearranged acetal 92226.227, but when 3 equiv. of ttn were used in aqueous acidic glyme 
both symmetrical and unsymmetrical benzils were obtained directly by means of a discrete 
series of three independent oxidations involving the intermediacy of deoxybenzoins, 83, 
and then benzoins, 84 (Scheme 69), provided that no deactivating substituents were 
present in the migrating aryl group22h.228. The oxidation of deoxybenzoins and benzoins 
seems to proceed via a thallium(lI1) enolate instead of an organothallium(l1I) intermedi- 
ate.228 When this t t n  oxidation is carried out in tmof with Ar’ groups of greater migratory 
aptitude than that of the Ar group, the ester 86 became the main or sole product via 
acetalization followed by oxythallation and Ar’ group migration (Scheme 70)227.229. A 
side reaction is the formation of the acetal 82 via the pathway shown in Scheme 69. This 
occurs competitively before the ttn induced acetalization of the starting chalcones in tmof. 
When the dimethylacetals 85 are used as starting materials, 86 is the sole product. The 
effectiveness of tmof as the solvent is also known in the oxidative rearrangement of 
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ArCHCOAr’  
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cinnamaldehydes and cinnamic esters, as shown in Scheme 71, the role oftmof being ( I )  the 
initial conversion of carbonyls to acetals or ketals and (2) the lowering of the dielectric 
constant of the reaction medium to favour S,2 as opposed to S,1 reactions of the 
methoxythallated intermediates230. 

The ttn-mediated facile oxidative rearrangement has been applied for the synthesis 
of many isoflavones and their derivatives directly or indirectly from 2’-hydroxy- or 
2’-acetoxy-chalcones (Scheme 68). Isoflavones prepared in over 50% yield include 
(k )-mucronulatol, 8723L, ( ~ ) - s ~ p h o r o l ~ ~ ’ ,  pentamethoxyis~flavones~’~, violanoneZJ3, 
~ e s t i t o l ~ ~ ~ ,  c l a s s e q ~ i n o n e ~ ~ ~ ,  l o n ~ h o c a r p a n ~ ~ ~ ,  jamaicin, 88234, l e i ~ c a r p i n ~ , ~ ,  isoflavone 
g l y ~ o s i d e ~ ~ ~ ,  dalptin, 89236, f ~ j i k i n i n ~ ~ ~ ,  g l y ~ i t e i n ~ ~ ~ ,  naphthalene analogues of iso- 
flavone 902,’, and many other compounds (Scheme 72). In some cases the t i n  oxidation of 
2‘-hydroxychalcones, depending on the substitution pattern, leads to the formation of 
coumaranone derivatives 91, which can be converted into aurones 92 by acid treatment 
(Scheme 73)238-240. Other applications are in the oxidative rearrangement of a- 
ben~ylideneketones~~’ and I ,  3-diarylpropane- I ,  3 - d i 0 n e s ~ ~ ~ .  

The reagent ttfa in the presence of BF, causes oxidative dimerization of 4-alkoxy- 
cinnamic acids to moderate yields of fused bislactones, e.g. 2,6-diaryl-3, 
7-dioxabicyclo[3.3.0]octane-4,8-dione, 93, which undergo acid-catalysed rearrangenlent to 
naturally occurring lignans, 94 (Scheme 74)243-244, although a much lower yield (only 9%) 
has been claimed for some of these r e a ~ t i o n s ’ ~ ~ . ~ ~ ~ .  The reaction is more reasonably 
explained by the oxythallation mechanism giving an intermediate 95. followed by 
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dethallation and intramolecular Michael addition (Scheme 75)244, rather than the 
originally proposed electron-transfer mechanism involving a radical A similar 
reagent system gives the eight-membered ring lactone 96 from the corresponding 
a. j-unsaturated ester through oxythallation and dethallation followed by intramolecular 
nucleophilic attack of the benzene ring (Scheme 76)247. Such phenyl participation is also 
found in the tta oxidation of ;illyl-r,i-methoxybenzene which gives a complex mixture of 
products in lower yields". 

4. Cyclopropanes 

Various cyclopropanes react with tta in acetic acid to give mainly I ,  3-diacetoxyalkanes 
via organothallium(lIl) compounds such as 97, which are formed by 1,2-bond fission, 
although such compounds have never been isolated (Scheme 77)248. I n  the case of 

(97) 92 : 0 

SCHEME 77 
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bicyclo[n. 1 .O]alkanes both internal and external bond cleavages occur to give rrans-2- 
acetoxymethylcycloalkyl acetates and unsaturated mono- and I ,  3-di-acetates, respec- 
tively, and the products resulting from internal bond cleavage increase with decreasing 
ring size (Scheme 78)249. A detailed kinetic study of the oxidative cleavage of arylcy- 
clopropanes shows that the reaction is overall second order, first order in each reactant, 
that electron-releasing groups facilitate the reaction (p = - 4.3, correlation with a') and 
that the order of reactivity for cleavage is tta > Hg(OAc), > Pb(OAc)4133.250. Spiro 
compounds such as spiro[4.2]heptane and spiro[5.2]octane are oxidized more rapidly 
than any bicyclo[n. I .0]alkanesZ5'. These cyclopropane cleavage reactions have been 
applied to methyl rrii-trachyloban-I9-0ate~~~.~~', t r i ~ x a n e ~ ~ ' ,  and 3, 
5-dehydronoriceane, 98255, although the product selectivity is generally not high i n  either 
case (Scheme 79). A cyclopropene ring is cleaved oxidatively by tta to afford gem- 
diacetoxypropene derivatives such as 99 and 100, formal carbene-tta complexes being 
proposed as reaction intermediates (Scheme 80)256.2s7. The oxidation of niethylenc- 
cyclopropane by ttn in methanol is known to afford both products from oxythallation of 
the cyclopropane ring and the double bond, the former being predominant 
(Scheme 8 I In  the cases of methylenecyclobutane and methylenecyclopentanc. 
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oxythallation occurs only on the double bond. resulting in ring enlargement as described 
in Section I1I.C.I (cf. Schemes 5 5  and 61). 

D. Oxidation of Alkynes and Allenes via Oxythallatlon and Related Reactions 

Compared with the oxidation of olefins, examples of thallium(lI1) salt oxidation of 
acetylenes and allenes are still very limited. The most interesting and synthetically useful 
reactions are the selective oxidation of acetylenes to carboxylic acids. acyloins, benzils, and 
arylacetic acids with The nature of the products depends greatly on the 
solvent employed and the structure of the acetylene used. Typical examples are shown in 
Scheme 82. All reactions are explained via oxythallation, although the intermediate 
organothallium(1ll)compounds have never been isolated in these cases (Scheme 83). 
Kinetic studies on the oxidation of phenylacetylene with thallium( 111) oxide in aqueous 
HCIO,, in comparison with that of styrene, revealed that the decomposition of the 
intermediate oxythallation adducts of the acetylene is very slow compared with that of the 
adduct from the olefin; the relative rates (k,/k,) of adduct formation (k,) and its 
decomposition (kd) for styrene and phenylacetylene are 28 and 8200, respectively.26' 
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The reagent tta works as a catalyst for the conversion of some terminal acetylenes to 
carbonyl compounds in acetic acid262. The reaction seems to proceed through acetoxy- 
thallation and, in fact, the separately prepared oxythallation adducts 31 aNord the 
corresponding methyl ketones by heating in acetic a ~ i d " ~ . ' ~ ~ .  Protonodethallation of 31 
gives tta and vinyl acetate derivatives, 101, the latter of which are easily converted into 
methyl ketones in the presence of a catalytic amount of tta. A proposed catalytic cycle is 
shown in Scheme 84. A similar catalytic reaction is observed on addition of aromatic 
amines to phenylacetylene to give Schiff bases, 102263.264, or enamines, 103264, depending 
on the starting amines, the yield varying from 6 to 45mol per mol of tta used. 
Aminothallation of the acetylene followed by protonodethallation of the resultant 
vinylthallium(1ll) compounds is proposed for this catalytic reaction (Scheme 85). When 
this reaction system was applied to olefins, uic-diaminoalkanes were produced in high 
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II 
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yields via aminothallation of ole fin^'^^. The reaction is stoichiometric with respect to tta, 
in  contrast to the above enamine or Schiff base formation (Scheme 86). 

The tta oxidation of substituted vinylallenes in acetic acid affords cyclopentenone 
derivatives in 25-68% yield via an organothallium(II1) intermediate, as shown in 
Scheme 87266. The reaction also proceeds by use of mercury(l1) acetate to afford the same 
products in slightly better yields (50-80%)266q267. 

IV. OXIDATION OF KETONES VIA OXYTHALLATION OF THEIR ENOLS AND 
RELATED REACTIONS 

It is known that the reaction of acetophenone with thallium(l1I) isobutyrate gives 
C6H5COCH[T1(OCOPri)2]2 as a stable solid4'. The treatment of various methyl ketones 
with tta in methanol affords mono-a-thallation products 104 and 105 (observed by ' H  
n.m.r. spectroscopy), which decompose to the corresponding a-acetoxylated ketones 
(Scheme 88)268. Analogous thallation products have also been observed in the reaction of 
acetone and ethyl methyl ketone with thallium(II1) isobutyrate268. Similarly, treatment of 
various aliphatic and aromatic ketones with tta in acetic acid results in a-acetoxylation 
and a, a-diacetoxylation, probably via enolization followed by oxythallation and acetoxy- 
d e t h a l l a t i ~ n ~ ~ ~ .  Kinetic studies of the thallium(II1) perchlorate oxidation showed that the 
reaction is zero order in thallium(II1) concentration, first order in ketone, and acid- 
dependent, indicating that the enolization step is rate-determiningZ7'. Separately, the 
product in this reaction was shown to be ring-contracted cyclopentanecarboxylic acidz7'. 
Closer investigation of the reaction revealed that the nature of the product formed was 
dependent on the temperature and work-up procedure, the ttn oxidation followed by 
treatment with aqueous NaHCO, being a good method for the synthesis of several 
adipoins (Scheme 89). 
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Treatment of acetophenones with ttn in acidic methanol resulted in smooth oxidative 
rearrangement to give methyl arylacetates in moderate to excellent yields. Acid-catalysed 
enolization of the ketone, oxythallation of the C-C double bond thus formed, and 
oxidative rearrangement by 1,2-aryl migration with simultaneous reduction of 
thallium(lll) to thallium(1) are proposed for the reaction scheme (Scheme 90)273.'7J. 
a-Methoxylation occurs competitively as a side reaction in the oxidation of alkyl aryl 
ketones, but the rearrangement becomes the sole reaction when tmofis used as the solvent 
(Scheme 91)230. The oxidation in tmof proceeds via the methyl enol ether of the starting 
ketone275. Detailed investigations of the reaction mechanism for this oxidative rearrange- 
ment clarified that in the absence of additives an organothallium(ll1) intermediate, 
probably C6H5COCH,TI(N0,),, persists and the key to an efficient rearrangement is the 
ready conversion of this compound into its a ~ e t a l ~ ~ ~ .  This oxidation can be applied to a 
convenient synthesis of a-arylsuccinic acids (7040% yield) from 8-aroylpropionic acid277. 
Ttn adsorbed on K-10 acidic montmorillonite clay is a remarkably effective reagent for 
these oxidative rearrangement of alkyl aryl ketones and olefins, and the superiority of 
ttn/K-I0 over the usual ttn/MeOH system is found in the rapid, highly selective, high yield 
and r.t. oxidation with the former reagent278. Non-polar solvents such as n-heptane, 

. .. 
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dichloromethane, carbon tetrachloride, toluene, and dioxane are generally used in this 
case. The ttn oxidation of enolizable ketones in non-nucleophilic solvents such as 
acetonitrile and diethyl carbonate affords high yields of a-nitrato ketones instead of the 
rearranged oxidation products obtained in methanol as described above (Scheme 92)’”. 
The formation of an a-thallated ketone intermediate followed by intramolecular oxygen 
attack on the C-TI bond is proposed for this reaction. 

When aromatic ketones bearing a hydroxy or methoxy group in the ortho-position are 
oxidized with tta in acetic acid, oxidative cyclization occurs before aryl group rearrange- 

09-97% 
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ment to give 3(2H)-benzofuranone derivatives, 106 (Scheme 93)2255.280. Acetoxythallation 
of the enol followed by intramolecular SN2 attack of the aromatic O H  or OMe group on 
the C-TI bond is a proposed reaction pathway28". 

The tta oxidation of steroidal ketones gives more complicated product mixtures derived 
mainly from an acetoxylation, a dehydrogenation, and a rearrangement of the carbon 
skeleton28'.282. The ttn-mediated oxidative rearrangement has been applied to kaura- 
nones283.284 and morphinan derivatives2". Typical examples are shown in Scheme 94: 
2a-carbomethoxy-A-nor-5a-cholestane. 108. from 5a-choles1an-3-onc, 10728', 9, 
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IO-friedo-I7-norkaur-5( lO)-en-U-one, 110, from 17-nor-I 3fl-kauran-l6-one, 109284, and 
the acidic morphinan derivative 112 from a ketone, 11 1 2 8 5 .  

Treatment of chroman-4-ones with ttn in acid methanol results in dehydroge- 
nation286 or, more generally, the oxidation of flavanones to f l a ~ o n e s ~ ~ ' ,  whereas a- 
methoxylation and/or oxidative rearrangement predominate in tmof (Scheme 95)286. 

3 5 - 8 I % 

50% (I : I)  
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Several examples of the oxidation of enamines, imines, and related compounds are 
known, although the plausible organothallium(II1) intermediates have never been 
isolated. The morphorin enamine derivatives of ketones are oxidized with tta to give the 
a-acetoxylation compounds in much higher yield than that of the direct oxidation of 
ketonesz8', whilst the ttn oxidation of the enarnide 1,3-oxazin-2-one derivative 1 I3 affords 
the pharmacologically interesting 1,3-oxazepin-2-one derivative 114 as a result of ring 

On the other hand, the tta oxidation of methyl a-acylaminocrotonates in 
methanol, which bear both enamide and a, I]-unsaturated carbonyl groups, affords ca. 1 : 1 
diastereoisomeric mixtures of uic-dimethoxyalkanes (Scheme 96)290. Other types of 
enamine oxidation are found in one of the key steps for the preparation of antiturnour 
alkaloids of the vinblastin group using tta29', and in the formation of oxindole 
spirolactones by the ttn oxidation of indole-3-propionic acid and its derivatives 
(Scheme 97)292. Tautomeric imines are oxidized by ttn in methanol to give a-methoxy 
ketones and a-diketones after hydrolysis, rearrangements to carboxylic acid derivatives 
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hardly being found, in  contrast to theoxidation ofcorresponding ketones293. Theenamine 
tautomers, 115, of 5-pyrazolines prepared from S-keto esters and hydrazine react with t tn 
to give alk-2-ynoic acid esters in good to high yields, the intermediacy of vinylic 
thallium(ll1) compounds being proposed (Scheme 98)294. This conversion represents in a 
formal sense the dehydration of 8-keto esters to alk-2-ynoic acid esters. Similar treatment 
of a-alkyl-S-keto esters affords allenic esters in 48-70% yield245, and the application of this 
reaction to cyclic keto esters results in a formation of the difficult-to-obtain cyclic alleiiic 
esters 116 (Scheme 99)296. 

V. MISCELLANEOUS REACTIONS 

The oxidation of tricarbonyl(cyc1ohexa- I, 3-diene)iron complexes with ttfa, ttn, and tta 
in alcohols results in  the introduction of alkoxy group2”, and if the complex has a 
hydroxy group in a suitable position an intramolecular cyclization occurs to give cyclic 
ethers, probably via oxythallation (scheme 100)298~299. 

Treatment of isocyanides (RNC) with t tn  or tta affords carbamates (RNHC02R’) in 
a I c o h ~ l s ~ ~ ~ ~ ~ ~ ’  and isocyanates (RNCO) in acetic acid3”’ in good to excellent yields, 
oxythallation on the a-carbon of isocyanide (a-addition) being proposed. 

The thallium(lI1)-catalysed hydrolysis of isopropenyl acetate to acetone is known to 
occur via an oxythallation-deoxythallation mechanism, diorganothallium(lI1) species 
acting as a catalyst302. 

Carbonylation of piperidine occurs in the presence of tta in methanol to give a small 
amount of methyl I-piperidinecarboxylate, 117, under a C O  pressure of 80a t1n~~’ .  
Methoxycarbonylthallium(lll) diacetate, 118, which may be formed by insertion of C O  in 
methoxythallium diacetate, is proposed as a reactive intermediate (Scheme 101). 

Diethylthallium trrt-butoxide reacts with cyclohexene in dichloromethane or chloro- 
form to afford dichloronorcarane and diethylthallium chIoride3O4. I t  also reacts with 
dihalogenated amide 1 I9 to afford the a-halogeno-&lactam 120, probably via thermal 
decomposition of the intermediate diethylthallium compound 121 (Scheme 102)305. In 
relation to these reactions, triethylthallium reacts with the dichlorocarbene to produce the 
unstable intermediate Et2TIC(C1)2Et, which decomposes to Et2TICI and I-chloroprop-l- 
ene306. 

Allylation of aromatic compounds occurs by treating allylsilane, allylgermane, or  
allylstannane with aromatic hydrocarbons in the presence of ttfa in dichloromethane 
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(Scheme 103)307.308. The reaction is assumed to proceed via allylthallium(lll) compounds 
or allylcationic species, umpolung of the reactivity of these allylmetal compounds as ally1 
cation equivalents being established. The same reaction also proceeds by using 
ArTI(OCOCF,), instead of an inorganic thallium(lIl) salt, and the actual transmetallation 
reagent for allylmetal compounds in this reaction has been found to be ttfa formed in sitrr 
by disproportionation of the arylthallium(Il1) compound309. Reactions of allylsilanes or 
allylstannanes with thallium(Ill) salts in nitrites as the solvents alTord the corresponding 

+ CO + MeOH r , t ,  

H t t a  + 0 I 

C02Me 

8 - 14% 
(I 17) 

tta + MeOH + CO M ~ O C T I ( O A C ) ~  + AcOH 
II 
0 
(118) 

S C H E M E  101 



5.  Preparation and use of organothallium(II1) compounds 53 1 

SCHEME 102 

N-allylamides via a similar reaction pathway to that above (Scheme 104), the order of 
effectiveness of thallium(l1I) salt being ttfa > ttn > tta3". 

For the structural determination of organothallium(II1) compounds, ' H  and "C n.m.r. 
spectra are most useful. Since the pioneering work of Maher and Evans on ' H  n.m.r. 
spectra3 ' l 4  , many reports have appeared on this subject, some of them being included 
in the references in this ~ h a p t e r ~ ~ ~ ~ ~ ~ " ~ . ' ~ ~ ~ ' ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ~ ' ~ .  Many studies on I3C n.m.r. 
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spectra  have also been p ~ b I i s h e d ~ ~ ~ ~ ' ~ ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ' ~ ~ ,  I t  is wor th  consul t ing a recent report  
on a systematic s tudy  of I3C a n d  ' H  coupl ing cons tan ts  (JTl-c a n d  .IT,-") a n d  chemical 
shifts in mono- and di-organothallium(I1I) c o m p o u n d s  a n d  the  references cited in tha t  
report3 5. 
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1 . INTRODUCTION 

The basic aim of this chapter is to describe routes to. and the useful synthetic behaviour of . 
functionalized organosilanes. with constant emphasis on the organic moiety . In other 
words. silicon will be considered as a ‘ferryman.. mediating thc transformation of one 
organic molecule into another. normally by temporarily replacing ii hydrogen atom in the 
substrate or reagent . A consequence of this formal treatment is that only reactions of 
demonstrated or high potential ut i l i ty  will be discussed . Molecules of more theoretical 
interest I .  such as silaethenes . sihnones. silylenes. and silenes. are outside its scope . 
Additionally. although some introductory material is providcd in each subject area. the 
emphasis is on reactions reported in the last 4 years . Fleming’s Tilden Lecture’. two 
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 monograph^^.^, several general reviews', and annual surveys6 of the silicon-carbon 
bond have all appeared in this period, and it is to these sources that the reader is directed 
for coverage of earlier work. 

More details' on the FMO treatment of the stereochemistry of nucleophilic displace- 
ment at silicon have been published, as has a multi-author book* which contains, inter ulia, 
a good chapter on n.m.r. studies of organosilicon compounds. Polarization transfer n.m.r. 
spectroscopy using the INEPT and DEPT techniques has been appliedg to  "Si: such 
sophisticated methods are required since 2ySi is distinctly more difficult to observe than 
I3C in n.m.r., in spite of its greater relative abundance. Ager's review" of silicon- 
containing carbonyl equivalents covers vinylsilanes, a, 1-epoxysilanes, a-silyl sulphides 
and selenides, and provides an excellent overview of acylsilanes (a-ketosilanes). Reactions 
of vinyl-, allyl-, ethynyl- and propargyl-silanes have been reviewed' *. A computer-assisted 
mechanistic evaluation'* of organosilicon chemistry may be considered as an indication of 
the attainment of the pinnacle of respectability. 

It. PHYSICAL PROPERTIES OF ORGANOSILICON COMPOUNDS 

Silicon's utility in organic synthesis can be ascribed to three main factors: its relative bond 
strengths with other elements, its relative electronegativity, and the possible involvement 
of its valence p- and empty d-orbitals. 

A. Bond Dlssoclatlon Energles and Bond Lengths 

A selection of bond dissociation energies" and bond lengths is given in Table 1. From 
even these limited thermochemical data, i t  can be seen that, relative to carbon, silicon 
makes strong bonds to oxygen, fluorine, and chlorine. 

B. Relative Electronegativity 

Relative electronegativity can be established on several scales. Regardless of the scale 
used (Table 2), silicon always appears markedly more electropositive than carbon, 

TABLE I.  Bond dissociation energies and bond lengths 

Energy Energy 
Bond (kJ mol-') Length (A) Bond (kJ mol-') Length (A) 

Si-C 318 1.89 c-c 334 1.54 
Si-0 53 I I .63 c-0 340 1.41 
Si-CI 471 2.05 c-CI 335 1.78 
Si-F 807 I .60 C-F 452 I .39 

TABLE 2. Relative electronegativities 
~ 

H C N 0 F 
2.X 2.35 3. I 3.5 4.0 

Si P S CI 
I .64 2. I 2.5 2.8 
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resulting in polarization of Si-C bonds and a tendency for nucleophilic attack to occur at 
silicon. i t .  Sid+ -Cd-. 

C. Cleavage of C-SI and 0-SI Bonds 

The Si-C bond is fairly stable towards homolytic fission, but is readily cleaved by ionic 
reagents,either by initial nucleophilic attack at Si or by electrophilic attack at C. Since C- 
H bonds break in the same direction, C-H', as do C-Si bonds, C-Si', then a good 
indication of the likely behaviour ofa  C-Si bond can be predicted by consideration of an 
analogous C-H bond. Just as Ar-H bonds are cleaved by electrophiles such as Br,, so 
are Ar-Si bonds. Similarly, the II2-elimination reactions displayed by H-C-C-X 
systems occur even more readily in the fragmentation reactions of/?-functionalized silanes. 
As a broad generalization, i t  is usually the case that when a C-H bond can be cleaved by a 
particular ionic reagent, then the corresponding C-SiMe, bond will be cleaved even 
more readily by the same reagent. (In a competitive situation, a C-Si bond is the more 
reactive towards oxygen and halogen nucleophiles/bases, whereas a C-H bond is the 
more reactive towards carbon and nitrogen nucleophiles/bases). Similar parallels can also 
be drawn for 0-H and 0-Si bonds, although with the opposite emphasis, it . ,  0-H 
bonds can be cleaved more readily than 0-Si bonds. Indeed, Fleming2 has suggested that 
Si bonded to C can be considered as a 'super-proton', whereas when bonded to 0 it should 
be considered as an 'enfeebled proton'. 

Methods of formation of C-Si and 0 - S i  bonds are discussed in the appropriate 
sections. Cleavages of C-Si and 0-Si bonds, whether to create a new reactive species or 
to liberate the protio product, are of fundamental importance. 'Anhydrous' tetrabutylam- 
monium fluoride has been used to great advantage on numerous occasions, but not 
without certain inconsistencies; the vagaries14 associated with its dehydration have been 
quantitatively studied. No general route to anhydrous, organic-soluble and highly 
silicophilic fluoride ion which generates a reactive species has been revealed as yet. Full 
details" of the use of the complex fluoride (R,N),S+Me,SiF; to generate 'naked' 
enolate ions from silyl enol ethers have been published, as has its extensionlb to silyl ketene 

R R 

I - L,Si-0 - ROH 
I 

L,Si-0 
I I 

A-X 

(Pr' O)2MeSiCH2MgX 

( 1 )  

(PriO)Me2SiCH2MgX 

(2)  

0-x L,,= F,R 

OH 

SCHEME I 
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PhMe Si FMe Si 

Ph 

HBF, mcpbo, 

Ph V P h  = ___* Ph Ph Et,N Ph = 

SCHEME 2 

.q n l l  O 3  P 
Nu Si-C-C ___* C=C f-- C=C 

Q n + Nu Si-C-C 

.A A Et 
Nu Si-X - Nu-Si + E-X 

SCHEME 3 

acetals. I f  unhydrous conditions are unnecessary, then an excellent oxidative method of 
cleavage can be applied, as can various H F  systems’ ’.I8. The oxidative methodI9 requires 
that the silane carry an electronegative substituent, such as fluoro, alkoxy, or amino. 
Either H,O, or m-chloroperbenzoic acid may be used as the oxidant, and the silane is 
converted into an alcohol with retentionz0 of configuration. Fluoride ion is normally an 
essential additive in what is probably a fluoride ion-assisted rearrangement” of a silyl 
peroxide, via a hypervalent silicon species (Scheme I) .  This methodology can be clearly 
seen in the construction of the d’-methanol synthons I z 2 ,  2”, and 324. 

The otherwise possibly inconvenient substituent requirement can be created readily20” 
by protiodesilylation of phenyldimethylsilyl moieties by HF  equivalents (Scheme 2). 

Such C-Si cleavages must be seen in perspective. Silicon’s bond to carbon, although 
certainly polarized. is only weakly so in comparison with those of other organometallic 
compounds. In general, organosilicon (i.e. C-Si) compounds can be handled readily, 
often without the necessity for inert atmospheres or exclusion of moisturc. The C-Si 
bond can withstand varied reaction conditions, yet it has a latent lability which can be 
revealed at an appropriate moment. Some characteristic reactions are summarized in 
Scheme 3. As mentioned earlier, all of these reactions normally occur more readily than d o  
the corresponding hydrogen (or, in the last case, carbon) analogues. 

D. The /J-Effect and a-Anionoids 

Two other important properties of organosilicon compounds are that carbonium ions 
and carbanions (or carbanionoids) a to silicon are often favoured by stabilization over 

alternatives. The first of these phenomena is known iis the /&effect, and is due to an Si-C 
bond being better at stabilizing a neighbouring carbonium ion than a C-C or a C-H 
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c-c +- 
or C-H 

. .  

SCHEME 4 

bond, because of its higher ground state energy and therefore better energy match with thc 
p-orbital (Scheme 4). For good overlap, the Si-C bond must be able to adopt ii co- 
parallel alignment with the empty p-orbital. Accordingly, this stabilization25 is most 
efkctive in acyclic, conformationally mobile systems: i t  can, of course, be overwhelmed i n  
complex, heteroatom-substituted cases. When operational, i t  will weaken the C-Si bond. 
making the Si atom more susceptible to nucleophilic attack. 

The other phenomenon, that of relative stabilization of carbanionoids a' to silicon, ctin 
also be explained by a molecular orbital x-overlap representation, by analogy with 
sulphur-containing molecules. An important mechanism of stabilization of carbanionoids 
or polarized metalloids by adjacent sulphur is polarization of the electron distribution. 
dispersing the charge over the whole molecule. Perturbational M O  calculations have 
indicated that (nc-cr*SR) interactions of the carbon lone pair with the antibonding CT* 

orbital of the adjacent antiperiplanar SR bond can contribute strongly to carbanion 
stabilization. The ground-state polarization of the C-Si bond will ensure a relatively high 
coefficient on Si in the cr* level, further enhancing the stabilizing effect of such an overlap 
(4). 

n n  n 

(4 1 

One thing that silicon cannot do with any success is form multiple bonds, so that silenes 
and silaethenes are rare and normally extremely unstable. In other words, silicon, in  its 
ground state, greatly prefers to make four single covalent bonds. 

111. REARRANGEMENT REACTIONS 

Discussion of rearrangement reactions involving the migration of silyl groups is 
limited here to those which have demonstrable or potential synthetic uti l i ty.  This area has 
been the subject of an  excellent review26, and only some of the more recent highlights are 
discussed in this section. 

A. 1,Z-Rearrangement Reactions 

Brook rearrangement26, which occurs with the anions of silyl methanols (Scheme 5 ) .  
The best documented example of anionic C .+ 0 rearrangements is the well known 
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One of the many elegant applications of this rearrangement can be seen in the work of 
Kuwajinia on the regio- and stereo-specific generation of silyl enol ethers (Scheme 6): full 
details2' of this proczss have been reported. Interestingly, an intermediate (5) analogous to 
6 can be generated2' by direct deprotonation of the fert-butyldimethylsilyl enol ether of 
phenyl ethyl ketone. 

A 1,2-anionic C - 1 0  silyl migration has been implicated in a mechanistic investig- 
ation2' of the deoxygenation'" of isocyanates to isonitriles (Scheme 7). 
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6. 1,3-Rearrangement Reactions 

/3-Ketosilanes undergo a facile thermal rearrangement to silyl enol ethers 
(Section XI1I.A). This does not normally provide an attractive route to such valuable 
species, since the required substrates have, until recently, been difficult to obtain. A new 
method3’ which employs the more accessible hydroxyalkylvinylsilanes as precursors to 
the (intermediate) /I-ketosilanes has been described (Scheme 8) (see also Section XII1.A). 
However, one of the most useful applications of I ,  3-C +O migrations is seen in the sila- 
Pummerer rearrangement” of cr-silyl-sulphoxides and -selenides, with phenylthio- or  
phenylseleno-~nethyltrimethylsilane~~ acting as a formaldehyde d‘-synthon (Scheme 9). 
More recent variants include the non-oxidative generation34 of the intermediate 
a-silylsulphoxides by [2,3]-sigmatropic rearrangement of ally1 sulphenate esters 
(Scheme 10). 

involving I ,  3-migration from sp2-hybridized carbon to 
oxygen have been described; one application of this is seen in the protiodesilylation of 
suitable vinyl silanes (see Section 1V.B). 

On the other hand, several instances of 1,3-O-+C silyl rearrangements have been 
discovered and these have significant synthetic promise as routes to P-ketosilanes of 
various structural types. a-Selenocyclohexanones, when converted into sterically hindered 
silyl enol ethers, undergo reductive cleavage of the seleno moiety when treated with lithium 
dimethylaminonaphthalenide. The resulting cr-lithio silyl enol ethers rearrange3’ rapidly 
to  silyl enolates, and thence to 8-ketosilanes (Scheme 11; ldman = lithium- 
dimeth ylaminonaphthalenide). 
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Even more simply, treatment38 of the triisopropylsilyl enol ethers of a variety of cyclic 
and acyclic ketones with the strong base combination of Bu"Li/KOBu' leads directly, after 
aqueous work-up, to a-ketosilanes in good yield (Scheme 12). In contrast to the previous 
method, this rearrangement seems to proceed by allylic, rather than vinylic, metallation, 
since enol ethers lacking an allylic a-proton are unreactive. 
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C. 1, &Rearrangement Reactions 

The tris(trimethylsi1yl)alcohol 7 rearranges3' to the silyl ether 8 on treatment with NaH 
in thf. This rearrangement did not occur in any other solvent tested, suggesting that thfwas 
acting as a proton source, quenching the strongly basic anion 9 (Scheme 13). A similar 
1,4-C 4 0 silyl migration has been implicated4' in a route to substituted cyclobutanols. 

Allylsilanes possessing a suitably positioned hydroxy group undergo a base-induced 
1,4-C 0 silyl migration, thus providing a relatively mild method4' for the generation of 
an ally1 anion equivalent (Scheme 14). A related 1,4-C + 0 migration from sp2 carbon has 
been observed42. 

Treatment of phenylthiomethyl-substituted silyl ethers such as 10 with lithium di-rw- 
b ~ t y l b i p h e n y l ~ ~  results in rapid reductive cleavage of the C-S bond, and equally rapid 
0 + C silyl migration of the resulting non-stabilized carbanion (Scheme 15). 
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D. 1,s-Rearrangement Reactions 

Once again, the synthetically most relevant examples of this class of rearrangements 
involve migration of a silyl group between carbon and oxygen. Bis-tms enol ethers ofalkyl 
acetoacetates ~ n d e r g o ~ ~ . ~ ~  a facile thermal I ,  5-0 + C  rearrangement (Scheme 16), 
suggesting necessary care in their use. 

IV. VINYLSILANES 

A. Preparatlon 

Most routes to vinylsilanes utilize either alkynes, carbonyl compounds, or vinyl halides 
as starting materials, as detailed3.4.'0.' I elsewhere. Tris(trimethylsi1yl)aluminium reacts 
with vinyl iodides to produce46 the corresponding vinylsilanes, with retention of 
configuration. A general route of increasing application involves metallation/carbo- or 
protio-denietallntion of alkynes and tms-alkynes. Representative e ~ a m p l e s ~ ' - ~ ~  illus- 
trated in Scheme 17 include cases of controlled regiospecificity and of intramolecular 
carbodemetallation. The last exampleS4 defines a new route to the allylic alcohol 11 which, 
as its halide, undergoes direct nucleophilic substitution, providing an alkylative equivalent 
to but-3-en-2-one. 

Several other routesS5-'* to /I-tms-allylic alcohols have been revealed, including one" 
which involves the lithiation of [err-allylic alcohols (Scheme 18). 2-tms-Ally1 alcohol esters 
undergo enolate Claisen rearrangement to functionalized vinyl silanes.60 

New routes" to the tms-enone 12, an improved Michael acceptor, have been described, 
as have full details62 of its utility in annelation processes. 

SiMe3 
I 

B. Reactions 

Vinylsilanes react with a range of electrophiles to give products of substitution. The 
regiochemistry of reaction is normally controlled by the /I-effect, encouraging carbonium 
ion formation at the /I-carbon, and hence regiospecific cleavage of the C-Si bond 
(Scheme 19). The overall stereochemistry will depend on a number offactors, including the 
stereochemistry of addition and subsequent elimination. The few exceptions to this 
regiochemical generalization arise when the a-carbon atom carries a substituent which can 
well stabilize carbonium ion development, such as oxygen or sulphur. For example, the 
vinylsilane 13 reacts with a, /?-unsaturated acid chlorides in a Nazarov c y ~ l i z a t i o n ~ ~  to 
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give cyclopentenones such a s  14 (Scheme 20). The isomeric vinylsilane 15, where both 
directing effects are in concert, gives the cyclopentenone 16; Diels-Alder cycloaddition 
reactions of the sulphone derived from 15 have been revealed6*. An intriguing case65 of 
transannular halogenodesilylation has been described (Scheme 21). 

Tms groups have been found 10 play a profound role in the regiochemistry of the ene 
reaction66 of certain vinylsilanes. Vinylsilanes undergo oxidative transposition"' on 
exposure 10 '02, as exemplified in Scheme 22. 
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1.3-Dipolar cycloaddition reactions of vinylsilmes with nitrile oxidcsh8 and nitro- 
nes69 have been described: the adducts of simple vinylsilanes with acetonitrile oxide 
undergo7" a stereospecific silatropic cycloreversion. to produce silyl enol cthers 
(Scheme 23). In addition to the Nazarov studies just mentioned, several other examples of 
the reaction of vinylsilanes with carbon electrophiles have been described. Interesting 
intramolecular cases of these include cyclizations involving acetals7', a simple example72 
of which is shown in Scheme 24. d i t h i o a c e t a l ~ ~ ~ ,  acid chlorides, an elegant example74 of 
which is also included in Scheme 24. and iminium ions7'. 

Many methods have been recommended for the protiodesilylation of vinylsilanes. For 
those without adjacent participating functionality, aqueous HBF, in hot CH,CN seems to 
be the system ofchoice". With vinylsilanes possessinga- or /I-hydroxy groups, 1,3- or 1,4- 
silyl  migration^'^."^ from C to 0 can be induced to occur under basic conditions 
(Scheme 25): fluoride ion also effects this d e s i l y l a t i ~ n ~ ~ .  possibly by a similar mechanism. 
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Interestingly, a-hydroxyvinylsilanes, and here the intermediate a-silyloxyvinyl anions, do 
not suffer elimination to allenes. 

Thc possibility ofchirality transfer from vinylsilanes bearing a chir;tl silicon function has 
been explored. Only low levels of asymmetric induction” were observed, implying that 
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chirality transfer from silicon to carbon may be inefficient generally in the absence ofother 
factors. On the other hand, the reaction of silicon-chiral v i n y l s i l a n e ~ ~ ~  with organometal- 
lic reagents and, subsequently, suitable electrophiles proceeds with substantial chiral 
induction. Oxidative cleavage, with retention2', produces chiral alcohols (Scheme 26). 

Vinylsilanes in which the silicon atom carries electronegative substituents undergo 
similar fluoride-induced oxidative cleavage of the C-Si bond to produce carbonyl 
compounds in which the carbonyl carbon was the Si-bearing carbon of the vinylsilane; 
variation of the conditions79 allows both selectivity and control of the oxidation level of 
the product. Unlike similar methodology proceeding via 01, /I-epoxysilanes (Section V), this 
direct method is equally applicable to acyclic and cyclic vinylsilanes (Scheme 27). In  
acyclic cases, the requisite vinylsilanes are readily available by hydrosilylation of alkynes. 

V. a, p-EPOXYSILANES 

The main synthetic ut i l i ty  of epoxysilanes, obtained by epoxidation of vinylsilanes or from 
aldehydes and ketones using reagents 17s0 and 18", lies in their ring-opening reactions 
when treated with nucleophiles. These reactions are normally stereo- and regio-specific, 
resulting in a-opening and producing diastereoisomerically pure /I-hydroxysilanes 
(Scheme 28). In  acyclic cases, subsequent Peterson elimination affords a variety of 
heteroatom-substituted alkenes of controlled geometry, as exemplified by a recent 
stereospecific route" to ( Z ) -  and (E)-enamines. However, the most generally applied 
transformation'' of this type produces enols, and thence carbonyl compounds, the 
reagents 17 and 18 having acted as nucleophilic acylating agents. This methodology can be 
seen in several recent total syntheses, including those of gymnomitrols' and qinghaosus4. 
The possibility ofgenerating reagents related to 18, but in chiral form, has been exploreds5 
without great success. 

This regiospecific ring opening by cleavage of the C--0 bond proximate to silicon has 
been subjected to considerable scrutiny, since the opposite regiospecificity would be 
expected if the /I-effect were playing a dominant role. Hiickel calculations have indicated67 
that the enhanced ground state electrophilicity of the a-carbon may be due to enhanced 
antibonding C - 0  interactions. An extensive study of I ,  2-epoxy-I -tms-cyclohexane has 
confirmeds6 this propensity for ring opening to occur in a [runs manner by attack of the 
nucleophile at the silicon-substituted carbon atom; similar resultss7 have been obtained 
with I ,  2-epoxy-tms-cyclooctane. In conjunction with the regioselectivity observed in 
related reactions of the parent vinylsilane, 1 -tms-cyclohexene, it has been proposed that 
the major factor determining the regioselectivity in either case is the stability of the 
intermediate 'onium ion, and that assistance by an empty d-orbital on Si to the attacking 
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nucleophile will play a role only in those reactions involving less stable three-membered 
ring intermediates, such as the protonated epoxide. 

However, and whatever the origin of this directing effect, it can be overcome; several 
 report^'^.^^ of regioselective j-opening of a, 8-epoxysilanes have appeared (Scheme 29). 
2-tms-Furans undergo regiospecific oxidationg0 to butenolides (Scheme 30); an inter- 
mediate epoxysilane has been implicated. 

8'-Hydroxy-a, 1-epoxysilanes, on treatment with BF,.Et,O, undergo sequential rear- 
rangement and Peterson olefination to provide a, b-unsaturated carbonyl compounds; a 
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stepwise pathway involving preliminary ring opening is shown (Scheme 31). but a 
concerted process may be involved”. 

VI. ALLYLSILANES 

A. Preparation 

Alkynes of various types have been t r a n s f ~ r m e d ~ ~ - ~ ~  into functionalized allylsilanes, 21s 
illustrated in Scheme 32. An extensive study of S, displacement reactions of ally1 halides 
with silyl anions and their complexes has provided95 the regioselective alternatives shown 
in Scheme 33. This scheme also illustrates the a p p l i ~ a t i o n ~ ~  of a n  established route for the 
alkylative deoxygenation of ally1 alcohols. 

Ally1 acetates” and allyl silyl ethers98 can be transformed into allylsilanes with varying 
regio- and stereo-selectivjty. In particular, the silyl cuprate 19 reacts” with tertiary allyl 
acetates in a stereospecifically unti manner (Scheme 34), providing a convergent synthesis 
of stereo-defined allylsilanes. The same cuprate has been employed’”’ in a three-step 
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transformation of a,j-unsaturated esters in which the silyl group appears at the morc 
substituted end of the ally1 group. 

Various [3,3]-sigmatropic rearrangement routes'" to allylsilanes have been reported. 
An intriguing process'" involving an ene reaction which leads to homoallyl silanes i s  
exemplified in Scheme 35. 

B. Reactions 

Allylsilanes, being homologues of vinylsilanes, undergo a similar regio-controlled 
electrophilic attack, loss of the silyl group resulting in formation of a product of 
substitution with net shift of the double bond (Scheme 36). 
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Strong evidence that the cation 20 is indeed an intermediate, stabilized by favourable 
overlap of the Si-C bonding orbital with the empty p-orbital of the cation, has been 
provided by an in~est igat ion ' '~  of the silanes 21 and 22; protiodesilylation gave the same 
mixture of products, in the same ratios, in each case. Interestingly, the unsymmetrical 
allyldisilane 23 ~ n d e r g o e s ' ' ~  chemospecific electrophilic attack. 

Extensive studieslo5 of such S,. reactions of allylsilanes have demonstrated high onri 
stereoselectivity with the majority of electrophiles employed (Scheme 37) in cases wherc 
steric effects do not play a dominant role. An investigation'" of possible chirality transfcr 
by electrophilic attack on a silicon-chiral allylsilane proved discouraging. However, Chow 
and Fleming'" have demonstrated, in an exemplary synthesis, the fu l l  range of stereo- 
control available using stereo-defined allylsilanes and related species. 

Diastereoselective additions'"'-' " of allylsilanes to chiral aldehydes and a-ketoamides 
have been reported; with aldehydes, the best results were obtained using 
a-alkoxyaldehydes and SnCI, as a Lewis acid catalyst (Scheme 38). 

Certain allylsilanes react with PhSeCl to give products of apparent direct desilylntion. 
Careful investigation' ' I  showed that the initial product was indeed the expected S,. 
internal selenide, but that this rearranged rapidly under the reaction conditions to give the 
terminal isomer. Coupled with the observation that the products from similar reactions 
with PhSCl were regiostable, this has provided the alternative ally1 alcohol transform- 
ations shown (Scheme 39). 

I'  of intramolecular attack, with resulting cnr- 
bocyclization, are illustrated in Scheme 40: for such reactions, both Lewis acids and 
fluoride ion seem equally erective, although sometimes with complementary results' 1 6 .  

Several additional applications' 
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Chemoselectivity’ I i n  the palladium-mediated cycloaddition of substituted trimethy- 
lenemethanes, generated from substituted allylsilanes, has been investigated. 

Iniinium ions ofvarious types, including those derived from /Hactams, react I ‘ “ . I  l 9  with 
allylsilanes to give usefully functionalized products(Scheme 41). I n  showing this reactivity. 
allylsilanes once again demonstrate similar reactivity to silyl enol ethers, which, for 
example, also react’” srnoo~hly with /l-lactam derived iminiurn ions (Section XIll.B.6). 
Additional electrophiles furthering this parallel behaviour include a, ,B-unsaturated nitro 
compounds’’’, simple acetals’”, and the I ,  3-dithienium cation”’. 

lminium ions also take part in a photochemically induced single electron-transfer 
reaction’ ’‘ with allylsilanes to produce cyclic amines, providing, in  intramolecular cases, 
spiro-fused products (Scheme 42). 

Oxocarbenium ions and other stabilized carbenium ions efficiently attack allylsilanes. 
The anomeric C-allylation of carb~hydra tes ’ ’~  and related species’ ”, and of diary1 
carbinols and ketor~esl’~, attests to this. Sakurai’28 has reviewed his extensive contri- 
butions to allylsilane chemistry and he and coworkers have provided details12g of further 
applications of 2-trimethylsilylmethylbuta-1,3-diene in synthesis, including i t s  reactions 

m C H O  

AlCl, Me3Si 

S C H E M E  43 

0 
SiO, - 

chromatography 
(raf. 130) 

H H 

0 0 

(1 )  BFs.EtzO J (21 (ref. FeCI, 131) 

0 

0 

S C H E M E 4 4  



562 E. W. Colvin 

( 1 )  R,BCI or 

( 2 )  RCHO 

El  Al CI, \ SiMe3 

RdL 
O H  

SCHEME 45 

with electrophiles with Lewis acid activation, and its Did-Alder cycloaddition reactions, 
in which i t  shows a high degree of prrra-regioselectivity (Scheme 43). 

Allylsilanes can be converted by a variety of methods into trimethylsilylmethylcy- 
clobutanones, which in turn undergo controlled fragmentation on exposure to mild acid. 
Applications of this methodology can be seen in an elegant synthesis'" of (f)- 
aphidicolin, and in a photochemical method' ' I  for the allylation of naphthoquinones 
(Scheme 44). 

Further has been presented for the general y-regioselectivity in the reactions 
ofsimple deprotonated allylsilane anions with electrophiles, vinylsilanes being obtained as 
products. However, if the allylsilane anion is first complexed with certain metals, then 
a-regioselectivity predominates, and a high degree of diastereoselectivity ' 3 3  can be 
obtained with aldehyde substrates. For example, boron, aluminium, and titanium 
complexation all induce rhreo selectivity, whereas use of tin results in an erythro preference 
(Scheme 43, providing, inter olio, a stereocontrolled route to terminal dienes. 

VII. ARYLSILANES 

The preparation and many of the properties of aryl- and heteroaryl-silanes have been well 
r e ~ i e w e d " ~ . ' ~ ~  and only some recent advances will be discussed here. 

A. Preparation 

The most frequently employed route to arylsilanes involves quenching of a metallated, 
normally lithiated, arene with chlorotrimethylsilane. Site-selective orrho-lithiation can be 
achieved using tertiary benzamides'" or $-anisole chromium tricarbonyl compIexesl3' 
(Scheme 46). Metallation of related substrates carrying a trialkylsilyloxy substitu- 
ent1"".'9' induces an 0 + C migration, often in a preparatively useful manner. In the case 
illustrated, cross-over experiments have indicated an intermolecular mechanism. 

Tertiary benzamides undergo double''" orrho-lithiation: in a similar manner, the 
thiophene ~ a r b o x a m i d e ' ~ '  24 undergoes 3,5-dilithiation (Scheme 47). P h e n y l e t h y r ~ e ' ~ ~  
can also be doubly metallated. 

vf-Indole chromium tricarbonyl complexes undergo regiospecific lithiation at the 
2-position or, if blocked, at the 7-position. However, when the N atom is functionaliz- 
ed by the bulky Pr',Si group, lithiation and thence silylation occurs regio~pecif ical ly '~~ at 
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the 4-position (Scheme 48). Similar N-protection of pyrrole itself results in electrophilic 
attack'44 occurring regiospecilically at the 3-position under conditions of kinetic control. 

Bromoarenes bearing a considerable range ofadditional functionality undergo a nickel- 
catalysed exchange reaction4' with (Me,Si),Al. The first synthesis of a 1,2,3-tristri- 
methylsilylarene was achieved by Halterman et ~ 7 1 . ' ~ ~ ;  other applications of the 
cobalt-mediated co-cyclization route to arylsilanes have been d e ~ c r i b e d ' ~ ~ .  Lithiation 
of oxazoles gives a mixture of C-2-lithiated products and the open-chain isocyano enolate 
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isomers, which can be trapped"' by quenching with chlorotrimethylsilane. In the case of 
4-methyloxazole, subsequent distillation in the presence of K O H  resulted in intra- 
molecular insertion of the isonitrile into the 0-Si bond (Scheme 49). 

8.  Reactions 

The advantages gained by replacing an aromatic/heteroaromatic proton with a 
trialkylsilyl group are manifold. The silyl group can mask a potentially acidic proton. i t  
can act as a strong para-director in reactions of $-arene chromium tricarbonyl complexes, 
and it can be readily removed.either by electrophiles or nucleophiles, normally resulting in 
products of ipso-desilylation. 
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To exemplify each of these in turn, the substituted benzamide 25 undergoes directed 
lithiation and subsequent electrophilic attack'49 as shown in Scheme 50. This scheme also 
illustrates a case where potentially acidic benzylic protons can similarly be afforded 
temporary protection by silylation. 

The hydrogen at the 5-position of I ,  3-oxazoles such as 26 is much more acidic than a 
2-alkyl substituent; masking by silylation has allowed' 5 0  selective metallation and 
functionalization (Scheme 51). The benefit'" of silyl substitution in the stereospecific 
transformation of thiophenes into enynes has been demonstrated. 

A variety of nucleophiles add to q6 arene chromium tricarbonyl complexes; trimeth- 
ylsilyl substituents have been demonstrated' " to act as strong porrc-directors in such 
reactions (Scheme 52). 

All three isomeric aryl acetates 27 undergo clean ipso-desilylation allowing the 
preparation"-' of, irirer d i u ,  radiohalogen-labelled phenols; the free phenols and methyl 
ethers corresponding to 27 proved too reactive, giving mixtures of products of substitution 
and desilylation. Similarly, 2-trimethylsilylthiazole (28) reacts regiospecifically's4 at the 
2-position with a range of electrophiles. 

OAc 
I 

@? SiMe, 

A 

NYS 
SiMe, 

(27 )  (28) 

Aryltrirnethylsilanes have been shown'55 to take part in  a butoxide-catalysed 
condensation with electrophiles (Scheme 53). The order of reactivity correlates well with 
the 0' substituent constants, but not with the expected order of aryl anion stability; this 
suggests that the electrophile participates significantly in the rate-limiting step, in contrast 
to normal nucleophilic desilylation' ' 6 .  

L;Oll"'. 

d m l  or hmp:i 
ArSiMe, + E +  - ArE 

SCHEME 53 
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98 2 

SCHEME 54 

Bu$F/hmpa 

Me3Si-SiMe3 BuqNt[Me3Si-SiMe3F]- h,N* SiMe3 + Me3SiF 

(1)  ~%N*F /hmpa 

(2)  H,O' I 
Me3Si-SiPh3 + RCHO RCHOH 

Aa above 
Me3Si-SiMe3 + ArCHO ___) ArCH-CHAr 

I I  
OH OH 

Me3Si-SiMe3 + - 
Me3Si SiMe3 

(31) 

* -  
Bu,N F , 

Me3Si-SiPh3 + - 
hmpa 

(2 3) 

PhMe2Si-SiMe2Ph + CF3 SiM%Ph 

OH 

SCHEME 55 
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VIII. ORGANOSILYL ANIONS/ANIONOIDS 

Addition of the silyl cuprate 19 to an acyclic unsaturated system 29 produces a /I-silyl 
enolate, which can be alkylated or, in suitable cases, protonated with high diastereoselect- 
ivi tyIs7,  an effect which seems to be mainly electronic in origin (Scheme 54). 

(Me,Si),Al adds regioselectively' to enones, low temperatures favouring 1,4- 
addition; i t  has also found use46-97 in routes to vinyl-, allyl-, and aryl-silanes. 
Tetrabutylammonium fluoride in hmpa cleaves hexaalkyl-/aryl-disilanes to produce 
'naked' silyl anionsIo4 (30); in unsymmetrical cases, production of the electronically more 
favoured anions is observed. These anions react with aliphatic aldehydes to give the 
expected addition products (Scheme 55) .  Aromatic aldehydes give dimeric products, 
formed either by single electron-transfer processes, or by addition, Brook rearrangement, 
and further condensation. Although cyclohexenone gives the dimer 31, conjugate addition 
to cyclopentenones' " proceeds normally, in contrast to the attempted use of other silyl 
anion systems. Reaction with butadienes produces the doubly silylated ally1 species 23. 
Higher silane homologues behave analogously'60. This same reagent system trans- 
forms'6' trifluoromethylallyl species into difluoroallylsilanes (32). These in turn react 
regioselectively with carbonyl compounds, the fluoride ion catalyst shown being the most 
effective. 

567 

IX. p-FUNCTIONAL OAGANOSILANES AND PETERSON OLEFINATION 

The general process whereby organosilanes substituted at the 8-position by an electro- 
negative group can be induced to undergo 1,2-elimination has been subjected to 
continuing scrutiny. In those cases where the electronegative group is hydroxy, the 
reaction is known as the Peterson reaction, and this has been recently reviewed'62. 
Elimination can be induced by either acid or base, with complementary stereochemical 
consequences (Scheme 56). 

SiMe, 

I d  b 

x 

Rl 
8' 

8 
I 

SCHEME 56 
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SCHEME 57 

In  base-induced rearrangements where X is an anion-stabilizing group, such as 
carbonyl, facile I , 3 - C + 0  migration of the silyl group is very likely to take part in the 
elimination pathway'63. Although this pathway does not necessarily preclude a direct syn- 
elimination, stereoselective alkene formation can equally well be accounted for by mit i -  
elimination of a tmso group. Hudrlik reported that simple unactivated 
b-hydroxysilanes can undergo protiodesilylation when treated with strong base in dmso; 
this homo-Brook rearrangement occurs, as expected, with retention of configuration at 
carbon. 

The main route to /&hydroxysilanes involves reaction between carbonyl compounds 
and a-metallosilanes, normally under kinetic control. The simplest version of this uses the 
Grignard reagent 33 to introduce methylene units; a particularly nice example'65 creates 
su bst it  uced bu tadienes (Scheme 57). 

In  more complex cases, the metal of choice is lithium, but this imposes a considerable 
limitation in that, until recently, a-lithiosilanes have not been easy to prepare in the 
absence of another carbanion-stabilizing substituent. However, reductive lithiation of 
phenylthioacetals, using either lithium naphthalenide'66 or, more advantageously, 
lithium dimethylarnin~naphthalenide'~', makes the general process outlined in 
Scheme 58 feasible. 

In certain cases, simple deprotonation of a functionalized silane can sufice, as illustrated 
(Scheme 59) in a route'68 to asparenomycinc. Such examples normally carry a 
carbanion-stabilizing substituent, as mentioned earlier, and a selection of these is given in 
Table 3. 

'xSph (0 ldman 

R l  SPh ( 2 )  Me,SiCI 

9 x l z 3  ldman R x S i M e 3  

R R' Li 

SCHEME 58 

0-SMe 

0 'SiMepBut 

SCHEME 59 

Me3sir 
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TABLE 3. Some additional examples of the Peterson reaction 

569 

Metallosilane Products Notes" Ref. 

SiMe, 
Ms,Si 

OLi 

R SiMe, 

h502Y SiMe3 
Li  

Ma,Si- 
'0 

1.2 I69 

SiMe, 

R' 

R'Hsph n SiMe, 

R2 R'xP,ph 

R' 

&Me3 

3 . 4 . 5  170- I72 

6 I73 

6 174 

7.8 175. I76 

1.9 177.178 

- I78 

10 I79 

6. I I .  12. 13 I xo 
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TABLE 3. (Conrd.)  

Metallosilanc Products Notes' Rer. 

Lit 

Ma,Si- SiMe, 
. .  

6. 12. 13 181 

H 

Li 

"ys::; Li 

PhCH2CH0 

ph\ PbPh, 

14. I5 

I4 

I82 

I83 

I X4 

' 1 .  Normally cu. I : I  E . Z .  2. with (E)-R'CH=CHCHO. 3. Mainly Z .  4. Reagent (R = H )  adds 1.4 to cycloprn- 
tenones. 5. Reagent (non-metallaled) also reacts with Grignard reagents to produce alkenes. 6. With R'CHO. 
7. With McCOMc. 8. Simple allylicanion adds both 1.2 and 1.4 toenones. ~-regioselectively.9, Also with R'CHO. 
10. With R'CHO. mainly Z. I I .  N o  base required. 12. Subsequent base or acid treatment yields (2)- or (E)-dimes. 
13. See also ref. 133. 14. With PhCHO. 15. After oxidative work-up. 

An extension of this elimination process can be seen in the use of B-trimethylsilylethanol 
and its equivalents as protecting,+nasking groups for molecules with reactive hydrogen 
atoms. The parent alcohol can be obtained in a straightforward manner'" from 
chloromethyltrimethylsilane (Scheme 60). The protection afforded i s  related to the 
functionality involved and, when desired, liberation is readily achieved using fluoride ion 

( 1 )  MQ 
Me3SiCH2CI - Me3SiCH2CH20H 

(2) ccyo,. 

X/\/SiMe3 HY - XH + CH2=CH2 + Me3SiY 

SCHEME 60 

BU"LI 

SCHEME 61 



6. Preparation and 

-SiMe3 R I 

R SiMe, 

NC-N A S i M e 3  
I 
R'  

use of organosilicon compounds 

KH or - SnCI, R- 

(ref. 1941 

SCHEME 62 

$OnN -SiMe3 
I 
R' 

Me,SIOT f or 

MR,SII /CIF 

57 1 

\p- 
I 

R' 

SCHEME 63 

or a Lewis acid. Reactive groups to which such protection has been afforded include 
carboxylic'86 and phosphorus acids'", alcohols'88, including sugar h e m i a ~ e t a l s ' ~ ~ ,  and 
amine~ '~ ' .  Pyrrole can be N-protected in this manner, encouraging a-lithiation and so 
providing a synthetic e q ~ i v a l e n t ' ~ '  of 2-lithiopyrrole (Scheme 61). 

Vinylogous versions of this elimination have found use in the generation of 
o-quinodimethane~ '~~ and related specieslg3, and in the p r e p a r a t i ~ n " ~  of terminally 
substituted butadienes (Scheme 62); other highly reactive species which have been 
generated include s ~ l p h e n e s ' ~ ~ ,  nitrile oxides'96, and azomethine ylids' ".' 
(Scheme 63). 

A remarkable rearrangement occurs when the tertiary seleno ether 34 is treated with 
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SCHEME 64 

Ag+ions; the product 35 has been rationalized’99 in terms of a 1,2migration of a 
Me3SiCH, group from a secondary to a tertiary carbon atom (Scheme 64). 

Fleming and co-workers have given full details’”’ of the synthetic equivalence between 
/I-silyl ketones and enones: the parent ketones arise from conjugate addition of various 
silyl cuprate  reagent^^^,^" to enones, or from conjugate addition of carbon nucleophiles 
to /l-silyl enones”’; demasking is effected by bromination/desilylbromination. 

X. ALKYNYL- AND ALLENYL-SILANES 

The physical and spectroscopic proper tie^^'^ of a wide range of ethynyl silanes have bcen 
tabulated. 

Because of the tautomeric relationship between alkynyl- and allenyl-silanes and their 
corresponding metalloids, no strict separation of preparation and properties can be made. 
To exemplify the facile nature of this tautomerism, the allene 36, on deprotonation with 
Bu’Li, has been reported204 to react with aldehydes with integrity; on treatment with acid. 
2-silylfuransz0’ are produced (Scheme 65). On the other hand, deprotonation using Ida 

(1) Bu’Li 
(2) RCHO J 

OMe 

R L A S i M e 3  

R O S i M e ,  
[ ;>c=C<;e] 

I 
RCECCH=CHOMe 

SCHEME 65 
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(37) (38 1 

S C H E M E  66 

M e 3 S i C r  C C H p  

(39) 

- 
C= 

( I )  A l / H g  

(21 R ’ C O R ~  

SiMe, 

Me,Si C CCHR 
I 

S C H E M E  67 

has been reported”‘ to lend to the propargyl tautomer; the products from aldehydes 
undergo a further base-induced Peterson elimination to give e n y n e ~ ” ~ ,  in spite of the 
remoteness of the groups being eliminated (see also Scheme 62). 

The lithiated tms-allene 37 undergoes silylation with integrity, but reacts propargyli- 
callyZo8 with carbonyl compounds; the lower homologue (38) reacts similarly with 
imines‘”, when i t  shows high r h o  diastereoselectivity (Scheme 66). r 

Propargyl bromide, as the corresponding aluminium organometallic, reacts with 
carbonyl compounds to give propargyl alcohols. However, use of the silyl derivative 39 
leads2I0 to allenyl alcohols (Scheme 67); similar results, especially with aldehydes” I ,  have 
been obtained with the 9-bbn derivative 40 and with related titanium species’”. 

as a synthetic equivalent of the 3-anion of ethyl 
propiolate. The preparation and some reactions of the dithiane derivative 42 have been 
described’ 14. 

The ortho-ester 41 

M e 3 S i C E  CC (OEt), n 
(41) 

Alkynylsilanes are attacked by electrophiles at the a-position, normally regiospecifically 
(Scheme 68), in an extension of the /3-effect. Recent examples ofelectrophiles being used for 
such a purpose include acid chlorides” ’, /3, y-unsaturated acid chlorides216, thioesters’ I ’, 
and u, /3-unsaturated acyl cyanides’”; the employment of oxocarbenium ions can be seen 
in an elegant synthesis’” of resistomycin. 



574 E. W. Colvin 

RCECSiMe,  + E +  -+ R C E C E  

SCHEME 68 

Ethynyltrimethylsilanc rcacts with dichloroketcne in  apparent contravcntion of 
this generalization (Scheme 69); this has been explainedzz0 in terms of F M O  theory by 
invoking a concerted reaction pathway. 

Alkynylsilanes have been used as radical traps in routes to pyrrolizidine alkaloids2” 
and to P-agarofuran2?2 (Scheme 70). Thc origin of this rcgiospccific directing effcct is 
probably steric, since in the former case the corresponding terc-butyl derivative reacted 
analogously. 

Allenylsilanes undergo a titanium-catalysed cycloaddition reactionzz3 with electron- 
deficient alkenes (Scheme 71); the mechanistic explanation of the example shown is left to 
the ingenuity of the reader! 

Terminal silylation of diynes permits selective reduction of the internal alkyne. Recent 
examples include the use of either activated Zn in EtOH224 or, if there is a proximate 

Me3SiCfCH + 

Me37i 

l b  0 

C 

0 

SCHEME 69 

II 

SiMeJ 
I 

70% 22 ‘/a 

cJcl,\\;q- Bu,SnH a 
& 

MeJSi’ Me3Si 

SCHEME 70 

SCHEME 71 
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hydroxy group, of LiAIH,225 for reduction, both leading to (E)-enynes. Conjugate 
addition reactions of the ethyne anionoid 43 to a,j-unsaturated sulphones226, and of the 
Grignard reagent 44 to enonesZ2', have been reported, as have several new routes228 to 
propargylic silanes. 

Me,SiC-C-K + Me,SiCsCCH ,CH ,MgCI 

(43) (44) 

Kuwajirna er d."' have given full details of the use of fluoride ion to effect desilylation 
of alkynysilanes and so afford nucleophilic alkyne anion equivalents for reaction with 
carbonyl compounds. 

XI. CYCLOPROPYL- AND CYCLOPROPYLCARBINYL-SILANES 

These species. represented by 45 and 46, can be obtained by carbene/carbenoid addition to 
suitable vinyl-230 and a l l y l - ~ i l a n e s ~ ~ ~ ,  respectively. Cyclopropylsilanes can also be 
introduced as intact units using the organolithium reagent 47, generated by transmetall- 
ation of the corresponding b r ~ m o - * ~ , ,  thi~-'~', or s e l e n o - c y ~ l o p r o p a n e ~ ~ ~ .  Alternatively, 
more complex ~ i l a n e s ~ ~ *  can be employed, such as the aldehyde 48. 

D- SiMe3 

SiMe3 

P 
SiMe3 Dc Li 

SiMe3 

k C " 0  

(47) (48) 

Paquette and c o - w o r k e r ~ ' ~ ~  have summarized their extensive contributions in this area, 
particularly in the vinylcyclopropane/cyclopentene thermal rearrangement, which here 
produces vinylsilanes (Scheme 72). They have also d e r n ~ n s t r a t e d ~ ~ " ~ ~ ~ ~  that cyclopropyl- 
silanes bearing anion-delocalizing substituents, such as carbonyl or vinyl, can provide 
synthetically useful sources of the corresponding cyclopropyl anions or their equivalents 
(Scheme 73). 

w 
hoot , 

Me3% 

SCHEME 72 

Me3Si 

R ' C O R ~  
___* 

F- 
X 

X CN, COZMe, COMe, 

CH=CR2 

SCHEME 73 
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(49 1 (SO) 

S C H E M E  74 

RCOCl 

AICI, D l -  SiMe3 0 

S C H E M E  75 

C02Me 

Me3Si-X 4 2  XYC02Me H 

(53) x = 0 

(54) X = C H 2  

S C H E M E  76 

In an otherwise successful to dicyclopropylideneethane (51), the 
8-hydroxysilane 49 could not be induced to undergo Peterson olefination. The allylic 
chloride 50, on the other hand, reacted smoothly (Scheme 74). The influence of bridgehead 
silyl substitution in controlling displacement reactions on substituted bicyclo [4.l.O] 
heptane systems has been demonstratedz3". 

Cyclopropylcarbinylsilanes behave as 'hornoallyl' silanes, the outcome of electrophilic 
attackZJo being controlled by the /kffect (Scheme 75). This scheme also illustrates a 
particularly nice example of such regio-control, in the acid-catalysed f r a g m e n t a t i ~ n ~ ~ '  of 
the biscyclopropyl ketone 52. 

As mentioned i n  Section V1.B. the reactions of allylsilanes and silyl enol ethers are 
comparable. This 'homoenol' ether 53 shows a higher degree of reactivity towards ring 
opening242 using fluoride ion than does the 'homoallyl' silane 54 (Scheme 76). High- 
temperature fluoride ion-induced desilylation of cyclopropylcarbinylsilanes bearing 
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TABLE 4. Preparation of alkyl silyl ethers 

ROH - ROSiR', 
(p = primary, s = secondary, t = tertiary alcohol! 

Reaction Ref. 

n ROSiMe, 244 

W 
TfOH c a t .  

ROSiMe, 245 OSiMe, 

ROSiEt, 246 

T f O H  c o t . f o r  r , l  

P r l S i O T f ,  

2,6-lut idins 
w 

,T50H c o t .  

b 

ROSiPr', 

ROSiMe,Bu' 

241 

248 

P.S 

P 

249 ROSiMe,Bu' P.S 

- 
TsOH c o t  

ROSiMe,Bu' 

ROSiMe,Bu' 

247 

250,25 I 

C: Pr'zSilOTf 1 2 ,  

2 .  6-lulidinc 
252 

252 

253 

254 

255 R,W>CR' CR;I, 

R = Mr. El. Pr' 
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2-chloro-2-fluoro substituents has been rep~r ted ' '~  to lead to nionofluorinated 
butadienes. 

XII. ALKYL SlLYL ETHERS 

This sec:ion deals with the preparation, stability range, and cleavage of alkyl silyl ethers. 
The number of instances of the use of silyl ethers in synthesis is vast, and comprehensive 
coverage would be impossible; many interesting applications are contained in the 
preparative and cleavage references cited here. Additionally, many of the methods cited 
are equally applicable to other protic substrates, such as phenols, carboxylic acids, 
mercaptans, and amines (Section XV), although the individual stability ranges vary 
widely. As with other sections, only recent material is covered. 

A. Preparation 

A selection of recently reported preparative methods is given in Table 4. Emphasis has 
been placed on mild, often uncatalysed, routes of sullicient generality to be applicable to 
alcohols of all degrees of substitution, including diols. 

6. Stability Range 

Table 5 gives the relative rates of cleavage, by acid- or base-catalysed methanolysis. of a 
selection of aryl and alkyl silyl ethers. From even these limited data, the effect of 
substituent change on silicon is apparent. Additionally, i t  can be seen that alkyl silyl ethers 
itre much more labile in  acid than in base; the reverse is the case with aryl silyl ethers. 

C. Cleavage 

Trimethylsilyl ethers are readily and rapidly cleaved under a variety of mild conditions. 
The more stable silyl ethers require more vigorous, and sometimes more selectivc. 
conditions. A selection of these are given in Table 6. Aryl and alkyl trrt-butyldimethylsilyl 
ethers can be cleaved259 individually and selectively (Scheme 77); similar results were 
obtained with Bu'Ph,Si ethers but, not surprisingly, no selectivity was observed with 
Me,Si ethers. I n  an elegant synthesisz6' of the endiandric acids, selective cleavage of a 
Bu'Me,Si ether in the presence of a trimethylsilylalkyne proved possible (Scheme 78). 

TABLE 5 .  Relativc rates of cleavage 

Compound Base-induced Acid-induced 

ROSiR', - ROH 

Mc,Si I 105 

El ,Si lo-' 2 x 104 

PhMe,Si 3 105 

Pr',Si 14 

ArOSiR', -ArOH 

Mc,Si 32 1 

E1,Si 0.2 0.02 
Bu'Me2Si 1.6 x lo-' 5.5 x 10-5 
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T A B L E  6. Cleavage ofalkyl silyl clhers 

ROSiR', - ROH 

519 

Rcaciant Conditions Ref. 

ROSiMc,Bu' HF, H,O, McCN 256 
KO,. 18-crown-6 251 

ROSiBu'Ph, PY. HF 258 
KO,. 18-crown-6 51 

HF. H,O. MeCN 252 

PY. HF 253 

SCHEME 77 

SP h SPh 

I A c O H ,  t h f  I 
Me3SiC= CCH (CH, )30SiMe2Bu' ___) M e 3 S i C 5  CCH (CH2 )30H 

H20 

SCHEME 78 

XIII. SlLYL ENOL ETHERS AND KETENE ACETALS 

The preparation and properties of silyl enol ethers and ketene acetals have been 
reviewed26' up to 1981, so only some of the more recent advances will be discussed here. 

A. Preparation 

I t  is comparatively simple to generate 'kinetic' silyl enol ethers in high regiochemical 
purity. Corey and Gross262 have advocated the simultaneous presence of Ida or a more 
hindered base and tms chloride at - 78 "C as a further improvement. 'Thermodynamic' 
enol ethers are more problematic. The use of boron en01ates'~~ or of magnesium amide 
bases264 has been reported to be of value, giving virtually pure regioisomers; variation of 
the base in the boron enolate procedure can also yield 'kinetic' enolates of similar 
regiochemical purity (Scheme 79). A very simple method employing265 triflic anhydride 
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___) 

1 1 )  KNISiMe,), 

12) EI,B 
> > 90% 

13) Mc,SiCI 

1 1 )  KH 

12) EIJB 
13) Me,SiCI 

I I )  Pr'zNMgBr 

12) Me,SiCI 

TI,O.(Me,Si),O 

dbu 

b 97 

b 87 

S C H E M E  79 

> 901% 

3 

13 

1 I ) FdO) 

12) Mc,SiCI.EI,N. 

1 I )  FdO).McMgBr 

hmpa 

OSiMe3 
I 

0 
1 

96 

OSiMe, 

+ b +  
92 7 

2 2 

OSiMe3 
I 

95% 

99% 
12) Me,SiCI.El,N. 

hmpn 

S C H E M E  80 

and hexamethyldisiloxane, to generate tms OTf in situ, also gives a good thermodynamic 
bias. 

Cyclic enones undergo kinetic deprotonation to give the cross-conjugated enolate 
ions266, and hence enol ethers. Treatment of such enones with two different modilic- 
ationsZ6' of the Kharasch reagent, Fe(O), gives individual access to the isomeric exo- and 
endo-cyclic 'thermodynamic' isomers, as illustrated for the case of isophorone 
(Scheme 80); the rapid process leading to the endocyclic isomer is very sensitive to the 
presence of 0,. suggesting a single electron-transfer pathway. 

A careful studyz6, of stereoselectivity in silyl enol ether generation, employing the 
'internal quench' method described above, has shown that production of the (E)-enolate is 
kinetically favoured; the presence of hmpa allows equilibration to the thermodynamically 
more stable (Zj-enolate isomer. Additionally, the more hindered the base, the better was 
the kinetic stereoselectivity (Scheme 8 I) ,  and hence the greater the preponderance of the 
(E)-isomer. 
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OSiMe3 OSiMe3 

?-A 0 + b c  
b 98 2 

LIN R,,hlr,SiCI. 

Ihi 

58 1 

b 63 
l.iNR1.8 r q u n  .MrJSiCI. 

Ihf, hmpa 

LiNR >.I 7rquit Me,SiCI, 

31 

b 54 46 
Ihl. hmpd 

b 82 18 
(I1 LINK: 

121 blc,S~c‘I. Ihf, hmpa 
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/l-Ketosilanes undergo rearrangement to silyl enol ethers. As stated earlier 
(Section IIIB), this has rarely been viewed as a viable route to such species, largely owing to 
a paucity of general routes to the requisite /I-ketosilanes; for example, dithiane-based 
routesz6’ have been largely unsuccessful. This situation is now changing: in addition to the 
rearrangement routes discussed earlier, esters, especially of hindered acidsz6’, and acid 
chlorides270 can both be converted into /I-ketosilanes in good yield (Scheme 82). 
Alternatively, a-silylated esters’” react with excess of Grignard reagent as shown. Simple 
/I-ketosilanes undergo a tms triflate-catalysed rearrangement2” of the above type to 
furnish ‘kinetic’ silyl enol ethers of methyl ketones. 

Interestingly, /l-ketosilanes undergo d e p r ~ t o n a t i o n ~ ~ ’  at the side remote from the silyl 
substituent, a selectivity ascribed to steric hindrance; Lewis acid-catalysed reactions 
proceed as expected (Scheme 83). Fluoride ion-induced reactions273 of such species with 
electrophiles have also been described. 

0 
Ma3SiCH,MgCI 

CUI 
L S i M e 3  RCOCI RC02Me - R 

2LICH2SiMa3 

Ma,SiOT I 
R 

axcass R ‘ M Q B ~  
RCHC02Et w RCHCOR‘ 

I I 
SiMePh2 Si Me Ph2 

SCHEME 82 
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SiMeJ 
I 

SCHEME 83 

OSiMe3 0 
92 '10 I 10% II 

Bu'COCEtp Bu'C=CEtp t t ButCCHEt2 
I 
Br 

SCHEME 84 

Trichloromethyl-substituted silyl ethers274 can be converted into (Z)-haloenol ethers 
(Scheme 84). Blocked or highly substituted a-bromoketones give better yields of silyl enol 
ethers275 than does simple deprotonation, Ida being used in each case. 

B. Reactlons 

The reactivity of silyl enol ethers and ketene acetals is based largely on their synthetic 
equivalence with enols/enolate ions, although recently some effort has been devoted to 
revealing a different spectrum of behaviour. Silyl enol ethers are, of course, highly 
nucleophilic in comparison with simple alkenes. In situations where such enhanced 
nucleophilicity might be disadvantageous, the use of enol  carbonate^"^ has been 
recommended; the nucleophilicity order is silyl enol ether > alkene > enol carbonate, and 
enol carbonates can still give rise to site-specific enolates. It would appear that, under 
Lewis acid conditions, silyl enol ethers are more n u ~ l e o p h i l i c ~ ~ ~  than ally1 silanes (a 
frequently drawn reactivity parallel). 

1. Direct reaction with strong eiectrophiies 

dienolates, selective y-attack is normally observedz7*. 
A good example of this is reaction with the dithienium cation (Scheme85); with 
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2. Enoiate generation using MeLi 

A useful example of this reaction allows the regioselective generation279 of enol triflates 
from silyl enol ethers; the former species have been shown to undergo a regiospecific 
conversion into the corresponding alkenes (Scheme 86). 

3. Formal enolate generation using F -, increasing the nucieophiiiclty of the 
siiyi enoi ether 

Mukaiyama"' has provided an excellent overview of directed aldol reactions, and 
Kuwajima et d2" have given full details of the regiospecific monoalkylation of ketones. 
More information has been provided by Noyori et on the use of the commercially 
availablezB3 (and expensive!) complex fluoride source 55, which generates 'naked' enolate 
ions. These have been found to react with high syn-selectivity with aldehydes, regardless of 

(Et2N)3S+ Me3SiF2- 

the original enolate geometry; an extended acyclic transition state has been proposed. 
When applied to silyl ketene acetals, the same fluoride source induceszB4 1,4-addition to 
enones; interestingly, the same overall addition can be achieved in the absence of any 
catalyst, but only when MeCN or MeN02285 is used as a solvent. Similar conjugate 
additim of ester enolates to acrylate esters has been explored286 as a method of group- 
transfer polymerization. The reaction is rapid, gives a controllable narrow molecular 
weight distribution, and can additionally lead to block copolymers. 

(55) 
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Tributyltin fluoride has been found’” to cleave the silyl group from silyl enol ethers 
fairly selectively in the presence of a palladium catalyst. The reaction rate is highly 
dependent on the degree of steric hindrance around the enol double bond, with the relative 
order of cleavage being as shown in Scheme 87. Applications include selective desilylation 
in intramolecular cases, and in removal of the less substituted ‘kinetic’ enol ether from a 
‘thermodynamically’ enriched mixture. 

4. Lewis acid-induced reactions, increasing the electrophilicity of the electrophile 

The Lewis acid most frequently employed in this context is TiCI,, and its broad 
applicability in directed aldol reactions using silyl enol ethers has been discussed in 
Mukaiyama’s reviewzB0. Lewis acid-induced alkylation, using S,1 electrophiles, has been 
further advanced and reviewed by Reeti? and Fleming’. The factors controlling289 the 
introduction of the terr-butyl group have been studied. Lewis acid-induced reactions of 
functionalized phenylthio systems such as 56290 and 5729’ have been outlined; the species 
56 reacts only with ketone-derived silyl enol ethers, and is y-regioselective in its reactions 
with dienolates. A n  ingenious method for the formal alkylation2’2 ofesters with alkenes is 
illustrated in Scheme 88. 

phsYc‘ phsYc‘ 
C02Me SiMe3 

(56 ) (57 )  

Oxocarbenium ions function efficiently as electrophiles towards silyl enol ethers. This 
has been employed to good effect by Kocienski and coworkers in their elegant approaches 
to ~ e d e r i n ~ ~ ~  and r n i l b e m y ~ i n ~ ~ ~ ,  and can be seen to advantage in a synthesis295 of 
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medium-sized rings (Scheme 89). Here, the formation of an eight-membered ring without 
the need for high dilution conditions has been ascribed to a Ti-template effect, with the silyl 
enol ether and acetal oxygens both coordinated to the metal catalyst i n  the transition state. 
When such reactions of silyl enol ethers are applied to sugar chemistry, axial, a-attack is 
observed to occur at the anomeric centrezg6. 

have given full details of the Michael addition ofsilyl enol ethers and 
ketene acetals to conjugated nitroalkenes, when 114-diketones and y-keto-esters, respec- 
tively, are produced. 

Miyashita rt 

5. Acylation 

Contrary to general impression, silyl enol ethers do undergo smooth acylationZgs on 
reaction with simple acid chlorides in the presence of Lewis acids (Scheme90). The 
application of chlorinated acid chlorides has been extended to ketene acetals, so providing 
a rapid route299 to tetronic acids. Acyl cyanides react3'' with ketone-derived silyl enol 
ethers to give selectively protected p-diketones: reaction ofsuch cyanides with allylsilanes 
similarly gives cyanohydrins of 1, y-unsaturated ketones. 

6. Reactlons with iminium ions: amido- and amino-methylation 

The simplest version is the equivalent of the Mannich reaction, and can be performed 
using the alkoxymethylamine 58 in  the catalytic presence of tms iodide or tms triflate as a 
substitute-"' for Eschenmoser's salt (59). Interestingly, this iminium ion reacts with ter t -  
butyldimethylsilyl enol ethers to produce amines which retain3'' the silyl en01 ether 
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moiety (Scheme 91). This has been rationalized by proposing rapid inter- or intra- 
molecular deprotonation of the intermediate cation by the basic nitrogen atom; similar 
 result^"^ have been obtained on bromination in the presence of a base. Both of these 
observations highlight the different rnechani~rns~ '~  of hydrolysis of the tert- 
butyldimethylsilyl enol ethers, where the rate-determining step is protonation of the enol 
carbon atom, and their trimethylsilyl analogues, where the corresponding step is 
nucleophilic attack at silicon. 

More complex examples of Lewis acid-catalysed reactions of a l k o ~ y m e t h y l - ~ ' ~  and 
silyloxymethyl-amines306 with silyl enol ethers and ketene acetals have been described. 
One of the major applications of such iminium ion chemistry is seen in the synthesis and 
synthetic manipulations of 8-lactams. Further studies3'' on the Lewis acid-catalysed 

ROCH2NR2 

(58 1 

OSi Me2 Bu + +  
+ 

CH2 =NMe21 - 

(59) 

OSiMe2But I 

OSiMe2Buc 
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reaction of imines with ketene acetals have been described. In a significant advance, 
N-silylimines have been shown to react with silyl ketene a ~ e t a l s ~ ~ "  in the presence of ZnI,, 
or with the related lithium e n o l a t e ~ ~ ~ ~ ,  leading to N-unsubstituted 8-lactams; the former 
method is rhreo-selective, preferentially producing trans-fused /3-lactams, whereas the 
latter selectively yields the cis-fused isomers (Scheme 92). An elegant to the 
usefully functionalized azetidinone 60 has been described. 

Attrill et a/.'" have given full details of the reaction of azetidinium ions with silyl enol 
ethers (Scheme 93). Several  extension^^^-"^ of this sequence have been reported, and 
various N - h e t e r o c y c l e ~ ~ ' ~  have been employed as precursors to iminium ions for similar 
trapping. The intermediates involved in the Beckman rearrangement of cyclic oxime 
sulphonates can be trapped314 with silyl enol ethers, producing vinylogous amides 
(Scheme 94). 

(1) TMSOTf cot. 

0 G O A C  + R' 

SCHEME 93 
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7. Diastereoselective aldoi reactions 

This area of silyl enol ether and ketene acetal chemistry has been discussed in 
;in excellent review315. Silyl enol ethers are not sufficiently nucleophilic to react 
spontaneously with aldehydes; they do so, however, under the influence of either Lewis 
acids or fluoride ion, as mentioned earlier. The number of definitive studies in this area is 
limited, with few clear trends emerging, a situation not helped by certain ambiguities in 
diastereoisomeric assignment. The stereochemical outcome naturally depends on a 
number of factors, including the involvement of cyclic or extended transition state 
geometries, enol or ketene acetal structure and geometry, aldehyde (acetal) structure, 
especially if chiral, and kinetic us. thermodynamic control. Cases involving the interplay of 
these factors have been reported316, and it is to these primary sources that the reader is 
referred for further information. 

8. Oxidation and reduction 

Larson and Prieto317 have extended their studies on the hydroboration of cyclic silyl 
enol ethers, and Rubottom er a / . 3 1 8  have published full details on the oxidation of 

c ~ c n ) ,  n+ 
HOO OSiMezBuf 5 3 % 

C02Si MepBu 

SCHEME 95 
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aldehyde-derived substrates with lead (IV) acetate, when a-acetoxyaldehydes are obtained 
as major products. The use of chromyl chloride, CrO,CI,, has been r e ~ o m r n e n d e d ~ ' ~  for 
the regioselective production of a-hydroxyketones. 

Cyclic silyl enol ethers react with H,O, to produce hydroperoxy h e m i a ~ e t a l s ~ ~ ~ .  These 
in turn can be transformed"', with ring scission, into w-olefinic acids or dimeric diacids, 
generally in good yield; no unsymmetrical cases were described (Scheme 95). Similarly, 
cyclic silyl enol ethers undergo regioselective oxidative cleavage322 on treatment with 
Bu'OOH and a molybdenum catalyst (Scheme 96); simple double bonds are unaffected. 

Silyl enol ethers and ketene acetals react with ally1 alcohol carbonates under palladium 
catalysis323 to give products of either allylation or dehydrogenation (Scheme 97), 
depending on the particular catalyst used. 

9. Cycloaddition 

The following reactions are classified either by the outcome of the cycloaddition process 
or by the substrate structure. No inference regarding concertedness or non-concertedness 
is intended. 
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a. [2 + I]-Cycloaddirion. 

Cyclopropanone alkyl trimethylsilyl ketals can act as precursors to homoenolate ions, 
as exemplified by the isolation and characterization of the t i t a n i ~ m ” ~  and zinc325 

fKoR + Me3SiCI 
Ti;;)’ 

No, Me,SiCI OSiMe, 
CI-OR 1 D< 

OR 
ZnCI, 

Z n 4 0 R ) 2  + Me3SiC‘ 

0 

(62 ) 

homoenolates 61 and 62. The zinc species 62 undergoes a copper(1) catalysed conjugate 
addition to unsaturated systems (Scheme 98) under carefully controlled conditions; in 

OSiMeJ 

+ L O R  

Me,SiCI ,CuBr, Ms,S 

EtlO, hrnpo 
+ 6 2  

0 
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particular, the simultaneous presence of Me,SiCI is mandatory, probably to activate the 
unsaturated system. 

As shown, the precursor ketals were generated by reductive silylation. An alternative 
method3’” of wider potential application is cyclopropanation of ketene silyl acetals 
(Scheme 99). Using bromoform/Et,Zn, mainly cyclopropropyl esters3” were formed, 
accompanied by smaller amounts of a, 8-unsaturated esters, which in turn are the sole 
p r o d ~ c t s ” ~  when chlorocarbenes are used. The intermediacy of carbenoids in the 
formation of such cyclopropyl esters has been demonstrated by intramolecular trapping. 

b. [2 + 21-Cycloadditions. 

In an interesting case of regioselectivity, silyl dienol ethers have been reported329 to 
react with dichloroketene at the remote double bond (Scheme 100:). Silyl ketene acetals, 
on the other hand, yield acyclic products330; other ketene acetals react differently. In an 
extended version of the de Mayo reaction, certain silyl enol ethers take part in a 

C02SiMe3 
OSiMe, 

As above - 
OSiMe, 

OSiMe3 CI 

SCHEME 100 
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photochemical [2 + 21-addi t i0n~~ '  with cyclohexenones, providing an efficient route to 
fused cyclohexane-1,3-diones (Scheme 101). 

c. [3 + 21-Cycloaddifion 

Whereas nitrones undergo dipolar cycloaddition with dialkyl ketene acetals, with silyl 
ketene a c e t a l ~ ~ ~ *  acyclic products are formed; a mechanism involving initial 0 - 0 silyl 
transfer has been proposed (Scheme 102). Silyl nitronates, hetero-analogues of ketene 
acetals, add to  a range of a l k e n e ~ ~ ~ ~ ,  and have additionally been employed in the trapping 
of t h i ~ a l d e h y d e s ~ ~ ~  (Scheme 103). 

d. [4 f 2/-Cycloadditions and silyloxybufadienes. 

The most frequently encountered mode of reaction of silyloxybutadienes is Diels-Alder 
cycloaddition. D a n i s h e f ~ k y ~ ~ ~  has reviewed his pioneering work in utilizing such 
reactions in natural product syntheses, and has additionally described preparations of the 

bSiMe2Buf 

SCHEME 102 
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dienes 63’” and 64”’. Other new dienes whose preparation and use in this context have 
been described include 65””, 66j3’, 6745.34”, and 6834’; a particularly simple preparation 
of the crotonate derivative 69 has been reported342. Diene 70 has been employed in routes 
to f o m a n n o ~ i n ’ ~ ~  and i l l ~ d o l ’ ~ ~ ,  71 in an alternative to sodium prephenate, and 
72 and 73 in anthracycline synthesis346. Intramolecular reactions of the dienes 74347 and 
75348 have been reported, and nickel(0)-catalysed dimerization of the diene 76 leads’49 
elliciently to the cyclooctadiene 77; this last process is, of course, a formal [4 + 41- 
cycloaddition. 
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The nitro group functions as the stronger direc~or '~ '  in cycloaddition reactions ofcyclic 
8-nitroenones; with unsymmetrical dienes this gives the opposite substitution pattern in 
the product to that of enones themselves. Danishefsky and coworkers have also 
investigated extensively the reactions of oxygenated butadienes with heterodienophiles, 
particularly aldehydes. Here, Lewis acid catalysis is required, and substantial asymmetric 
induction can be achieved by using either an a-chiral aldehyde351 or a chiral rare earth 
catalyst352. A typical example of such methodology can be seen in Scheme 104; further 
t ran~formation"~ of the major adduct led to syntheses of (*)-fucose and (*)- 
daunosarnine derivatives. 

2,4-Bis(silyloxy)butadienes undergo a [4 + 23 non-concerted c y ~ l o a d d i t i o n ~ ~ ~  reaction 
with ketenes, ultimately leading to 4-pyrones. Other reactions of bis(sily1oxy)butadienes 
are discussed in Section XII1.B. I I .  Cycloaddition reactions of such oxygenated butadienes 
with singlet oxygen3s6 have been investigated, as have further transformations of the 
products. 

10. Sigmatroplc rearrangements 

Ireland's modification of the Claisen rearrangement of ally1 alcohol esters has found 
further application, particularly in carbocycle synthesis, as illustrated by the two . 
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e ~ a m p l e s ' ~ ' . ~ ~ ~  in Scheme 105. One of the many advantages of this reaction is the ability 
to control product stereochemistry by controlling the enolate/ketene acetal geometry26'. 
Ireland and Varney" combined this with the (resolvable) chiral primary ally1 alcohol 
equivalent 78 to achieve silyl-assisted asymmetric induction (Scheme 106). 

11. Sllyl dlenol ethers and bls(si1ylenol)ethers 

Chan and coworkers have provided full details of the preparation of the dienes 79,8(1, 
and 81 and their use in the synthesis3s9 of substituted phenols, and of 82 in the 
synthesis360 of cyclopropanes and cyclobutanes. The furan analogues 83"' and 68 both 
react with electrophiles showing the expected high y-regioselectivity. The symmetrical 
pyrrole 84 and thiophene 85 analogues have been prepared and their properties 
e~plored"~.  
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XIV. SILYL-BASED REAGENTS 

Replacement of the proton of certain inorganic acids by a trialkylsilyl group gives a new 
family of reagents which behave as potent electrophiles, particularly when Si-0 bond 
formation occurs. When the anion of the parent acid is also a good nucleophile, i t  can 
attack the cationic species generated in this manner or differently, resulting in overall 
processes such as ether and ester cleavage, addition to aldehydes and ketones, or 
replacement of heteroatom functional groups; if not a good nucleophile, then electrophile- 
induced rearrangements, etc., can occur. The preparation and properties of several of these 
reagents have been the subjects of recent reviews363. 

A. Preparation 

Two routes for the in sifu preparation of tms triflate, by reaction of triflic acid either with 
ally1 t r i m e t h y l ~ i l a n e ~ ~ ~  or, very conveniently, with tetramethylsilane365, have been 
described (Scheme 107). Other silyl triflates are discussed in Section XII. Methyltrichl- 
orosilane has been suggested as an alternative to tms chloride for the in situ generation of 
the corresponding iodide366 or cyanide367. 

B. Reactions 

7. C-0 Bond cleavage 

Care must be exercized in the use of tms iodide for the cleavage of methyl ethers of 
polyfunctional substrates; adventitious HI or tms iodide itself can initiate further 

TfOH T fOH 
-SiMe3 ___) Me3SiOTf - Me,Si 
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cationic processes”’. The combination of tms chloride and acetic anhydride has been 
r e ~ o m r n e n d e d ’ ~ ~  for the cleavage of methyl and methylthiomethyl ethers: the correspond- 
ing acetates are produced with inversion of configuration. Tms iodide reductively 
deoxygenate~”~ the dihydroxyacetone side-chain of corticosteroids in a process whose 
regioselectivity is solvent dependent (Scheme 108). 

A similar critical choice of solvent system is involved in the conversion3” of a wide 
range of alcohols into the corresponding nitriles, using in situ generated tms cyanide; in 
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appropriatecases. inversion ofstereochemistry is observed. The combination oftms iodide 
and hexamethyldisilazane t r a n s f ~ r m s ” ~  dimethylketals into methyl enol ethers, by 
effective elimination of methanol. 

Turning to ring-opening reactions of oxiranes, some controversy has arisen373 over the 
regiochemistry of opening of terminal substrates using tms iodide. Both tms and 
tms thi~phenoxide’~’ open oxiranes (Scheme 109) under Lewis acid-catalysed or thermal 
conditions, respectively. Tms triflate has been reported376 to initiate a cation-induced 
cyclization of humulene 6,7-oxide. 

Interestingly, tms cyanide reacts with cyclic epoxy alcohols under Lewis acid catalysis to 
produce isonitriles, in a stereoselective to cyclohexane- I ,  2,3-arninodiols 
(Scheme 110). 

2. Carbonyl addition processes 

Full experimental details have been provided for the preparation of cyanohydrin silyl 
ethers3” of aryl aldehydes (Scheme 1 1 I ) ;  with a-substituted ketones as substrates, 
KCN/18-crown-6 has been recommended379 as a superior catalyst to Znl,. 

Stabilized anions from aldehyde-derived cyanohydrin ethers undergo electrophilic 
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C - a m i n a t i ~ n ~ ' ~ ,  with resulting overall oxidative conversion into the corresponding 
amides (Scheme 1 12). 

Ketone-derived cyanohydrin ethers react with Grignard reagents38' to produce 
acyloins in good yield; alternative use of alkyllithium reagents382 leads to 1,2-amino 
alcohols (Scheme 113). 

Extending the earlier work of Motherwell on the reductive activation of ketones, Corey 
and P ~ n e ~ ' ~  have described a new method for the reductive cyclisation of o-unsaturated 
ketones (Scheme 1 14); an intermediate silyloxy radical has been implicated. 

Tms iodide induces the conjugate addition of furans to e n ~ n e s ~ ' ~  whose substitution 
pattern resists normal acid catalysis (Scheme 1 1  5); similar conjugate addition385 of silyl 
enol and dienol ethers has been reported. This reagent has also found use in a route386 to 
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quassinoids. In all cases, the active intermediacy of a 3-iodosilyl enol ether (the product of 
conjugate addition of the reagent) has been involved. 

Full details3” of the Lewis acid-catalysed addition of tms cyanide to enones have been 
published; depending on the reaction conditions and the substrate structure, 1,2- or 1,4- 
addition can be favoured, as illustrated by the example388 shown in Scheme 116. 

3. Heteroatom exchange 

S,I-reactive halides have been found to give i ~ o n i t r i l e s ~ ~ ~  as initial products on 
treatment with tms cyanide in the presence of Lewis acids; in most cases, these rearrange 
spontaneously3g0 to the more stable nitriles (Scheme 117). Tms azide reacts with such 
substrates to give the corresponding alkyl azides3”; with aroyl chlorides as substrates, 
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aroyl a ~ i d e s ~ ’ ~  are produced. A variety of oxocarbenium ions’87.393 react with TMS 
reagents in a similar manner. For example, tms bromide converts anomeric sugar acetates 
into the corresponding bromides394 with inversion of configuration, whereas tms cyanide 
reacts analogously but with retention3y5. Tms iodide has been reported39fi to convert 
primary, secondary, and tertiary nitroalkanes into nitriles, oximes, and iodides, 
respectively. 

4. Oxidizing agents 

A short review”’ of the chemistry of silyl hydroperoxides has been published. Bis(tms) 
peroxide continues to find useful applications. With the help of vanadium catalysis, it 
mediates”’ the remarkable transformation of primary allylic alcohols into their tertiary 
isomers, without any accompanying double bond epoxidation; under similar conditions, 
tms r ~ ~ r - b u t y l p e r o x i d e ~ ~ ~  epoxidizes ally1 and homoallyl alcohol tms ethers, with mainly 
s!a-stereoselectivity. Smooth Bayer-Villiger oxidation can be achieved4’’ with tms 
triflate as catalyst, double bonds once again being left intact. Using a ruthenium catalyst, 
primary nlcohols, especially allylic alcohols, are oxidized s e l e ~ t i v e l y ~ ~ ’  in the presence of 
secondary alcohols. Examples of these processes are shown in Scheme 118. 

Tms triflate also catalyses a reaction between peroxides, including e n d o - p e r o x i d e ~ ~ ~ ~ ,  
and carbonyl compounds, to produce I ,  2,4-trioxanes (Scheme 119). This heterocyclic ring 
system is present in the antimalarial qinghaosuB4. The preparation and oxidizing 
propertiesJo3 of the dangerous chlorochromate 86 have been described. 

Me3SiOCrCI n 
0 

5. Miscellaneous 

for the esterification of carboxylic acids 
and the 0-methylation of phenols. To enhance its advantages further over diazomethane, 
an improved methodJo5 for its preparation has been described (Scheme 120). Cycload- 
dition reactions with nitrilesJo6, and its involvement in a new route4” to vinylsilanes, have 
also bcen reported. The preparationJo8 and some  reaction^^^'.^' of tms methyl azide 
have been described (Schemc 121). 

Tms diazomethane has been 

Me3SiCH2MgC1 + (PhO),P(O)N, - Me3SiCHN2 

SCHEME 120 
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Me3SiCHZN= PPh3 - Me3 SiCH2N= CHR 

NaN, 
Me3SiC%CI ___) Me3SiCH2N3 

I 

( 1 1  ArMgBr 

(21 n,o I 
ArNH2 

SCHEME 121 

The combination of tms chloride and AgBF, has been suggested4' I for use in solvolysis 
reactions; the active species thought to be involved has been disputed412. An improved 
method4" for the synthesis of methyl ketones from carboxylic acids has been described, 
using tms chloride to quench any excess of methyllithium prior to work-up. Certain silyl- 
based reagents show considerable reg io~elec t iv i ty~ '~  in the ring-opening reactions of 
cyclopropyl ketones and related species. Both tms iodide4'' and tms p ~ l y p h o s p h a t e ~ ' ~  
have been recommended for use in Beckman rearrangement reactions. 

XV. AMINOSILANES AND RELATED COMPOUNDS 

The commercially available dichlorodisilane 87 converts primary amines into 'stabase' 
adducts (88) (Scheme 122). Such species are stable4" to alkyllithiums, lithium dialkyl- 
amides, pyridinium dichromate, and, surprisingly, aqueous KF; regeneration is achieved 
using aqueous acid or alkali, or pyridinium chlorochromate. Reversing this concept, the 
siladiamine 89 has been reported4" to react with diacid chlorides to give macrocyclic 
tetraamides; silicon apparently acts as a template, with high dilution conditions being 
unnecessary (Scheme 123). 

R 
I 

I 
R 

/ \  

(88) 

SCHEME 122 

2 0 C I  

'COCl 

R 

I (cn,~. - 
(",>iMez n =  3,5,7 (CH 1 

(CH*)" 

R I 0 AN N A i n  
(89) R' w 'R 
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R2NCH0 
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R’octi,ci I 
(Me3Si)2NNo R’OCH2N(SiMe3)2 

(90) 
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(1)  LiN(SiMs,), R‘MgBr 

( 2 )  Ms,SiCI or R*Li 
R‘CHO P R‘CH=NSiMe3 

SCHEME 126 

Secondary amines do not give the expected N-rert-butyldimethylsilyl derivatives under 
the conditions normal for such functionalization: instead, N-formamides are produced4” 
in good yield through a dmf-derived Vilsmeier reagent (Scheme 124). The complete 
N-formyl unit can be introduced420 at the 6-position ofsuitably activated penicillins using 
bis(tms)formamide. N-Tnis carbodiimides undergo a cycloaddition reaction4” with 
ketenes to give 4-iminoazetidinones. 

Protected carbinolamines (90) react with a good range of Grignard  reagent^^^*^^^^ and 
with ketene silyl a ~ e t a l s ~ ’ ~  in an overall process of electrophilic aminomethylation 
(Scheme 125). lmproved Peterson-based (Section IX)  methods have been p r e ~ e n t e d ~ ~ ~ . ~ ~ ~  
for the preparation of silyl imines from non-enolizable aldehydes (Scheme 126); such 
imines have found use in the synthesis of N-unsubstituted /?-lactams (Section X111.6) and 
in electrophilic a m i n ~ m e t h y l a t i o n ~ ~ ~ .  

of their elegant studies on 
( N .  N)-bissilylenamines, which can be prepared as shown4” in Scheme 127 or from 

Corriu and coworkers have given a detailed 
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RCOCl , C a F  I 
W N H C O R  
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70 30 
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a - a m i n o n i ~ r i l e s ~ ~ ~ .  Under fluoride ion catalysis, they react with a variety of electrop- 
h i l e ~ ~ ~ ’  to produce, inter a h ,  azadienes by a modification of the Peterson reaction. 

Ketone-derived silyl enamines have been reported4” to undergo a Lewis acid-catalysed 
aldol condensation (Scheme 128) with a reasonable degree of erythro kinetic 
diastereoselectivity. 

XVI. SILANES AS REDUCING AGENTS 

A. Hydrosilylation 

This term applies to the transition metal-catalysed addition of a hydrosilane to a 
multiply bonded system (see also Chapter 8). Further I .”’  of the rhodium(1)- 
catalysed hydrosilylation of alk- I -enes have been published; variable mixtures of vinyl and 
allylsilanes are produced, accompanied by saturated silanes. Selective reduction of 
carbonyl compounds with such catalytic systems has proved to be a fruitful area of 
investigation. Under suitable ~ o n d i t i o n s ~ ~ ’ ,  4-tert-butylcyclohexanone can be reduced to 
the thermodynamically more stable diequatorial epimer with a high degree of selectivity 
(Scheme 129). 

on the selective 1,2- and l14-reduction of a, 8-un- 
saturated ketones. The observation that dihydridosilanes give predominantly products 
of 1,2-addition, whereas 1,4-addition is favoured with bulky monohydridosilanes, has 
been rationalized in terms of competitive rates of hydrogen transfer from rhodium to 
carbon in the ally1 complex 91 and of isomerization of 91 to 92, with the latter process 
being accelerated by adverse steric interaction in 91 when bulky silanes are employed 
(Scheme 130). 

Full details have been 
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OSiEt, 

E1,SiH 

Ah(l )  or Ru( I I )  cat. 

BU‘ BU‘ BU* 

95 5 
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R,SiHX, k -  Rh( I )  cat. H 

(91) 

I 1 
OSiR2X 4: 
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The enantioselective reduction of ketones435 and o ~ i m e s ~ ~ ~  using chiral catalyst 
systems has been studied further; use of the chiral silanes 93 derived from (-)-/j-pinenc 
resulted in modest chiral induction and enantio~electivity~~’. 

B. Fluoride Activation of Hydridosilanes 

Under suitable conditions, fluoride ion coordinates with hydridosilanes to  give a 
pentacoordinate silicon species in which the Si-H bond is weakened; KF, or better, CsF, 
are suitable fluoride sources in this context. Corriu and C O W O ~ ~ ~ ~ S ~ ~ ~ * ~ ~ ~  have demon- 
strated the remarkable selectivity of this system using alkoxyhydridosilanes, especially for 
I ,  2-reduction of GI, /I-unsaturated ketones and aldehydes; most other functional groups are 
unaffected. 

Using silicon-chiral silanes, a modest degree of enantioselectivity has been observ- 
ed439 with prochiral aralkyl ketones. Remarkably, a-chiral ketones can be reduced with 
extremely high d ia~tereose lec t iv i ty~~~ using a fluoride-activated system, when a Felkin 
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PhMo,SiH 

______) 96 
Bu,N+F-, hmpo 

Ph Ma,Si H 

CF, CO,H 
____) 7 
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4 

93 

transition-state model seems to be involved; the opposite diastereoselectivity is attained 
using trifluoroacetic acid as activator, i.e. ionic hydrogenation conditions, when a proton- 
bridged Cram cyclic model explains the observed results (Scheme 131). 

C. ionic Hydrogenation 

This ability of hydridosilanes to transfer a hydride ion to 'onium ion systems has been 
used to trap an acyliminium ion intermediate441 in an aza-Cope rearrangement. Anomeric 
sugars undergo exclusive axial (a )  attack442 at the intermediate oxonium ion (Scheme 132) 

0 8  
I 

00 
I 

OH ri 

0 = PhCH2 

SCHEME 132 

f i p h  + 95 

hph + & Ef,SiH 

BF,.Et20, -78 OC 

(94) (95) 
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Nal or LiBr  

MciSiCI. IHSiMczllO 
ArCH,X ArCHO 

SCHEME 134 

on treatment with triethylsilane and boron trifluoride etherate. This reagent combination 
has proved to be extremely selective at low temperatures, reductively deoxyge- 
r ~ a t i n g ' ~ ~  the unsaturated lactol 94 without affecting the allylic alcohol 95; the same 
n-selectivity has been observed444 in intramolecular cases (Scheme 133). 

Aryl aldehydes are converted reductively into the corresponding benzylic bromides or 
iodides by treatment445 with tms halide, generated in situ, and a hydridosilane, with the 
plausible intermediacy of a silylated halohydrin (Scheme 134). 

XVII. ACYLSILANES 

The chemistry of acyl silanes has been reviewedla. 

A. Preparation 

have reviewed their extensive contributions to the preparation of a, 
p-unsaturated silanes of diverse types such as 96 and 97. Two routes to saturated and 

Reich er 

SiR3 

R 

(96) 

O Y S i R 3  

i 
C 
I 
R 

(97) 

unsaturated acylsilanes are shown in Scheme 135. The first4" of these involves Brook 
rearrangement of an ally1 silyl ether anion, followed by catalysed isomerization to a silyl 
enol ether and hydrolysis. The second proceeds via h y d r ~ b o r a t i o n ~ ~ '  of bis-tms-ethyne, 
with the product being transformed into (E)-a,  /)-unsaturated acylsilanes. 

h O ! S i i R z 3  10% P d i L  "+ SiR', (11 8U'LI 

(21 Me,SiCI 
SiR2, ~ 

R' 
MaOH or HzO 

0 

R' 

R' 

OSiMe3 

SiMe3 
( 1 )  Me,S. BH, ( 1 )  LiNPr; 

(21 Me,NO (21 R'X 
M e 3 S i C E C S i M e 3  - M e , S i y S i M e 3  - 

. R4 
(3) LINPr; 

(3) n,ot 0 
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0. Reactions 

In testament to the earlier work of Brook, several valuable reactions involving Si-C 
bond cleavage have been reported. Aromatic and, surprisingly, aliphatic acylsilanes can be 
converted into the corresponding aldehydes‘” by treatment with fluoride ion in the 
presence of a proton source, such as H,O (Scheme 136). This transformation seems to 
proceed, at least in aromatic cases, via the acyl anion, which can be t r a ~ p e d ~ ~ ’ . ~ ~ ’  by other 
electrophiles. The (E)-z ,  S-unsaturated acylsilanes shown in Scheme 135 undergo clean 
oxidative cleavage to c;trboxylic acids. 

Acylsilanes react, although sluggishly, with organolithium compounds to give 
a-silylalkoxides. In suitable cases (Scheme 137), these undergo Brook rearrangement to 
give simple or, as Reich er a / .  have shown’4h, to specific silyl enol ethers (see 
also Section 1II.A). 

XVIII. a-SILYL RADICALS 

a-Halosilanes undergo smooth reduction on treatment with organotin hydrides, in a 
reac:ion which does not affect Si-X bonds, but does, as expected, result in racemization 

CHzBr 

Bu,SnH dUt - I 
M0,SICI 

0 
\ Br 

I 
‘SI .J 

HO 

put - (11 KF,H,O, oput 
0 

-‘si HO 
\ 
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at carbon if appropriate. The observed rate of enhancement over all-carbon analogues has 
been ascribed453 to a kinetic polar effect in the mechanism, and does not reflect per se any 
special thermodynamic stability of the intermediate a-silyl radicals. 

Stork and Kahn454 employed such a-silyl radicals to achieve the effective trans-addition 
of a functionalized alkane to the double bond of a cyclic alcohol (Scheme 138); critical 
steps are stereoselective quenching of the intermediate ring-fusion radical from the less 
hindered, 3 ~ ,  face, and fluoride-assisted oxidative cleavage of the C-Si bonds 
(Section 1I.C). Such a protocol can also be seen in a new method455 for the 
stereoselective synthesis of I ,  3-diols, exemplified in Scheme 139. 

XIX. CONCLUSIONS 

This chapter has selectively reviewed some of the recent advances in organosilicon 
chemistry. I t  is hoped that it has demonstrated the wide applicability of such chemistry to 
organic transformations, capitalizing on the unique properties of silicon. As a measure of 
its respectability in the organic chemist’s armoury, it has recently been subjected to a 
computer-assisted mechanistic evaluation” of its utility! 
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1 . INTRODUCTION 

Iron plays an essential role in life and in modern industry and it also is the commonest and 
cheapest metal . However. the molecular chemistry of iron evolved slowly . The first 
carbonyl compound. [Fe(CO),]. was prepared by Berthelot and Mond' nearly a century 
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ago ( 1  891) and the first organoiron complex, [(butadiene)Fe(CO),] was found much later 
(1930) by Reihlen et d.2. On this time scale, the discovery of ferrocene, the first non- 
carbonyl organoiron compound, by Keally and Pauson' and by Miller et d4 appears 
relatively recent (1951). However, this latter date marks the beginning of the tremendous 
development of organoiron chemistry. This richness arises for two reasons. Firstly, iron 
has a strong tendency to form complexes with 18 electrons in the valence shell5 and this 
rare gas configuration confers high thermodynamic stability. Secondly, in the organoiron 
complexes, the metal centre has no oxophilicity (in contrast to early transition metal 
complexes), which generally makes these complexes stable to air and water and thus easily 
handled. 

The raw materials6 for organoiron complexes are FeCI,, ether-soluble FeCI,, the toxic 
light yellow liquid [Fe(CO),], the orange solid [Fe,(CO),] {available by photolysis of 
[Fe(CO),] }, cheap, commercially available ferrocene, and the more expensive dimer 
[ (v~-C,H~),F~,(CO),] ,  often called in short form' Fp,I3 still often made in the laboratory 
from [Fe(CO),] and dicyclopentadiene, as is the permethyl analogue'}. 

The essential strategy in using iron complexes stoichiometrically in organic synthesis' 
involves ( i )  complexation of an organic molecule with one of these raw materials, 
( i i )  reaction(s) of the iron complex, and (iii) decomplexation (Scheme I). 

However, two or even all three operations are sometimes carried out in a single reaction, 
which may be stoichiometric or, exceptionally, catalytic. For instance, many reactions of 
unsaturated substrates or of organic halides with [Fe(CO),] afford the transformation 
and/or the dehalogenation of the substrate, the resulting molecule being obtained free or 
as an iron complex. In the case of CO, homogeneous catalytic reduction, feasible using 
[Fe(CO),], may be compared with the heterogeneous, non-selective, Fischer-Tropsch 
process using iron'. Catalytic chemistry involving radical chain reactions of organoiron 
species will also be briefly mentioned. 

Organoiron complexes have a three-dimensional structure affording regio- and stereo- 
control of reactions, a feature ofconsiderable interest for the study of stereochemistry and 
asymmetric synthesis. The most common and useful class of compounds is the q4- 
polyeneiron tricarbonyl series' ', synthesized by reaction of the polyene with an iron 
carbonyl (equation 2). [Fe(CO),] is commonly used under thermal or photolytic 
conditions but an improved method consists in using [(benzylideneacetone)Fe(CO),I 
instead of [Fe(CO),]. The latter is especially useful for the complexation of thermally and 
photolytically sensitive dienes, such as ergosteryl benzoate. In this case, 
p-methoxybenzylideneacetone is used as a catalytic transfer agent in the presence of 
[Fe,(CO),] (see Section 1V.B). In these robust, IS-electron complexes, the valence shell of 
iron is fulfilled by coordination with two conjugated double bonds in a cis configuration. 
Simple olefins give [(t12-olefin)Fe(CO)4]' I (equation I ) ,  whereas arenes do not give [($- 
arene)Fe(CO),]" (equation 3). 

I-rx" 

s = CI. co. c p  

removal o f  iron 

(oxidation. photolysis. 

thermolyris) 
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(3) 
[Fel(CO)y] - 

I 
/ Fe\ 

OC cO 

However, both olefinic' and arenicI4 ligands form monocationic complexes bearing 
the ancillary ligand C p  (equations 4 and 5). Useful bis(arene) complexes are also obtained 
from arenes, AICI,, and FeCI, according to a Fischer-type synthesis15 (equation 6). In the 

I 
Fe arene 

AIC13,A1, 

70-200  "C 

0 
+e + 

I 
X -  

.R  

b Fe2+ ( X 7 2  
FeCI, 

AICI , ,  A I ,  

7 0 - 2 0 0  " C  



7.  Use of organoiron compounds in organic synthesis 629 

two syntheses of sandwich complexes, the counter anion is AICI,.. before hydrolysis, CI- 
after hydrolysis and PF,,- after metathesis with aqueous H'PF,.., which precipitates the 
convcnient PF, -  salts. 

Cationic and neutral complexes are interconverted by hydride or proton addition or 
abstraction. This concept is essential since, in this way, the complexes can be reacted with 
clectrophiles in their neutral forms and with nucleophiles as their cationic counterparts. 
Often, these operations can be combined and two-step sequences alternating the hapticity 
of the ligand have been used to obtain polyfunctionalization (Section II1.A) (Scheme 2 ) .  

The rcactivity of paramagnetic complexes (e.g. bearing 17 or 19 electrons in the valence 
shcll. etc.) is considerably greater than that of diamagnetic complexes' '. For instance, 
lignnd-cxchange reactions proceed at rates many orders of magnitude greater than with 

I 
Fe 

0 

I€+ 
E 

0 

m 

-HiE+ 
Fe 
KO), 

-H+ 

+Hf * 

H+ - co 

I Nu- 

INu- 
( C O ) r ,  

SCHEME 2a 

0 I 

0 0  c4\ 

]e+c. 
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H- I 
Fe 
I 

I 
1 Fe+ 

w 

I H+ 

I I 
Fe 

I.+ 
I 

Fe' 
I 

( O t C H 2 E  

4 
: etc 

0 I 

Fe 

Q 
SCHEME 2b 

their isostructural 18-electron counterparts' '. This is the basis for electrocatalytic ligand- 
exchange" and decomplexation processes". This concept is fundamental for the removal 
of organic substrates from complexes. Odd-electron complexes are also capable of 
effecting radical chain processes" and electron transfer leading to C-H bond activation 
and C-C bond formation2' (cf. Section VIII). 

II. REACTIONS OF IRON COMPLEXES WITH NUCLEOPHILES 

The reaction of carbanions with iron-coordinated unsaturated ligands provides a 
powerful way of making C-C bonds. When the unsaturated hydrocarbon ligand is 
coordinated to a strongly electron-withdrawing group such B S  Fe(CO);, even neutral 
carbon nucleophiles can form C-C bonds. Depending on the nucleophile, the 
organometallics, and the reaction conditions, the reaction of a nucleophile with a 
transition metal complex can lead to: ( i )  nucleophilic addition; ( i i )  nucleophilic substi- 
tution; ( i i i )  deprotonation of the side-chain of the ligand; (iv) electron transfer; or (v) ligand 
displacement by the nucleophile. 

Carbon nucleophiles add exclusively to the e m  face of the ligand (remote from iron) in 
the most favourable cases. Stabilized carbanions often do so whereas simple alkyl 
carbanions often transfer one electron as a side-reaction if  they are used as alkali metal or 
Grignard reagents. In the latter case the best results for C-C bond formation are 
obtained using Cu, Zn, or Cd reagents. When the coordinated ligand bears P-hydrogen(s), 
0 and N nucleophiles and also hydrides may also effect deprotonation. In any case, all 
these reagents can also effect electron transfer22 (Scheme 3). 

Sometimes what appears to be a simple hydride reduction is a masked process 
consisting of electron transfer followed by H atom transfer. In the case shown in 
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MeLi  
w 

E t 2 0  
I 

F ex e -  transfer 

63 1 

SCHEME 3 

equation 7, the intermediate d'Fe' 19-electron species has been trapped and characterized 
quantitatively by Mossbauer spectroscopy. 

I 
Fe 

I LiAIH. I L i A l H I  Fe 
thf,-40 OC thf,-60 

Fa+ (7)  

Although it has been claimed that the reactions of nucleophiles with organometallic 
cations are charge-~ont ro l led~~,  orbital control accounts equally well for the regioselectiv- 
ities observed in nucleophilic additions, substitutions and d e p r o t ~ n a t i o n s ~ ~ .  Moreover, in 
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N u  + M-11 - M O N U  

NU + M-') 

SCHEME 4 

the series [(q6-benzene)(qs-cyclohexadienyl)Fe] +, the orbital control theory predicts the 
correct regioselectivity of nucleophilic addition whereas the charge control theory does 
not2'. It is probable that both types ofcontrol intervene more or lessZh depending on the 
series, but that orbital control predominates. This tendency is, of course, even more 
marked in neutral series. 

On nucleophilic addition or deprotonation, the hapticity of the hydrocarbon ligand 
decreases by one unit and its parity changes (Scheme 4). Thus the temporary activation of 
an unsaturated substrate as an even ligand in an organoiron reaction necessitates two 
reactions of the coordinated ligand in the iron complex. 

Nucleophilic addition may be followed or preceded by the reaction of an electrophile or, 
exceptionally, by that ofanother nucleophile. For instance, the well known substitution of 
cyclohexadiene, as in Scheme 527,  requires altogether four reactions to make a single C- 
C bond. However, the iron complex is sometimes used twice to effect a double substitution 
as in bis(arene)iron complexes** 

0 Via Fe(CO), 

SCHEME 5 
R'''''O 
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A. CO and Alkylidenes 

The activation of CO by transition metals is relevant to the Fischer-Tropsch process 
transforming CO + H, into higher hydrocarbons and alcohols non-selectively 

CO + H, - alcones + alcenes + alcohols 

(equation 8)'. Although many mechanisms for the Fischer-Tropsch process have been 
proposed, none is firmly established. However, the modelling of CO reduction on a single 
transition metal centre is fairly successful with Re29 and even Fe3' complexes. O n e  may 
consider the activation of H, (by oxidative addition, giving a dihydride species) and of CO 
on  the same or  on two different metal centres. The first possibility involves the 
thermodynamically unfavourable insertion of CO into an  M-H bond to provide a 
metal-formyl species (equation 9)3'. The second possibility involves nucleophilic attack 
on coordinated CO by a metal hydride species3'. Stable main group and also transition 
metal hydrides can serve as model reactants in the reduction of transtition metal carbonyl 
complexes. They react as nucleophiles at  the carbonyl carbon to  give Lewis acid-stabilized 
formyl complexes. Although the decomposition of these metal formyl species to metal 
hydrides is often a competitive process, further reduction to hydroxymethyl and 
methyl-metal species is also observed (Scheme 6)30. 

(8) 
Fe 

+ p y 3  
M - C O  + NaBH4 - M-C ' - reduction 

\H;. I-.. 
M - H  

SCHEME 6 

I H'BF; 
-78 o c  

NaBH,CN 

MeOH 
F e  

I 
Fe+ 

Cp,Fe,AlCI, T 

0 I 

Fe 

- 7 8  oc I 

t 

co 
SCHEME 7 
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O O  

NaBH, 

-80 OC th f  
. 

... BH3 

0 

SCHEME 8 

Bodnar et d.300 found that the reduction of [CpFe(CO),]' by NaBH,CN in methanol 
gives the methoxymethyl complex [CpFe(CO),CH,OMe]. I t  is known that protonation 
of the latter gives the transient methylene complex [CpFe(CO),=CH,]+, which 
decomposes to ethylene (Scheme 7 ) 3 1 .  Using the pentamethylcyclopentadienyl analogue 1 
and NaBH,, all the steps of C O  reduction can be observed30b as in the rhenium series 
(Scheme 8). The hydroxymethyl, methyl, and hydride complexes 2,3, and 4 can be isolated 
under ambient conditions while the 'formyl' complex 5 is only observed free of BH, at  
- 80°C. When one C O  is replaced with a phosphine, the formyl intermediates are also 
observed and the reaction product of the low-temperature reaction is again a methyl 
complex, [C,Me,Fe(CO)(PR,)Me] (R = Me, Bu", Ph), but the phosphine ligand can 
stabilize a carbonium attached to iron. This allows the observation of both the free formyl 
complex and its adduct [C,Me,Fe(CO)(PR,)(CHO:BH,)]+ by 'H and I3C n.m.r. 
spectroscopy, but not the hydroxymethyliron complexes. The iron-acyl complex 6 is also 
reduced to the iron-ethyl complex 7 by reaction with BH, (equation 10) but not with 

0 
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BH,-35. This is in contrast to the borohydride reduction oforganic aldehydes, proceeding 
via alkoxyboranes, which are hydrolysed to alcohols without the formation of alkanes2’. 

When two CO groups are replaced by phosphines, NaBH, does not react and LiAIH, 
reacts exclusively by electron transfer34. The metal hydrides, not the formyl complexes, are 
obtained in these cases. In the Cp series, the pioneering work by Green and 
Wilkinson indicated that NaBH, reduces [CpFe(CO),(PPh,)]* to give [(t14- 

Cp)HFe(C0)2(PPh,)]JS. There is now n.m.r. evidence that the reduction of the 
cyclopentadienyl ring also proceeds via a formyl intermediate3“ (equation 1 I ) .  I t  is likely 

( 1  I )  

that such a carbonyl to hydrocarbon hydride shift is the true mechanism of reduction in 
many series containing both CO and a hydrocarbon ligand. These model studies show a 
high selectivity in transition metal-mediated CO reduction can be obtained. 

Nucleophilic addition o f O H -  at a carbonyl occurs in [Fe(CO)J and [C,R,Fe(CO),]+ 
( R  = H, providing the hydrides [HFe(CO),]- and [(C,R,)Fe(CO),H] via the 
metallocarboxylic acid intermediates; Pettit isolated such an acid starting from 
[C,H5Fe(C0)2(PPh3)]+”h”. Many other nucleophiles react in a similar fashion, in 

L = CO, PPh, L= PPh3,stable 

(13) 

particular amities and carb;inions”. The reaction of carbanions is especially useful (see 
Section V.B). All the species obtained by nucleophilic attack at  the carbonyl have 
tautomeric zwitterionic alkylidene forms, which provide additional stabilization: 

R =  H,alkyl,OH, arnino,etc. 

by nucleophiles such as hydrides (equation 14)39. 
lsoelectronic to CO, the alkylidene ligand can similarly be attacked at the a-carbon 
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Of relevance to the Fischer Tropsch process is the finding that the hydroxymethyl 
complex 3 decomposes spontaneously to the methyl complex 4 in polar solvents. 
The latter favours the ionization of 3: 

C,Me,Fe(CO),CH,OHe[C,Me,Fe(CO), (=CH,)]+, O H -  2 (3) (15) 

(2) 
Hydride abstraction from (2) is easy, giving the Fischer-type carbene complex". 

B. 7'-Olefin Complexes 

Nucleophilic addition to olefin complexes followed by protonation of the metal-alkyl 
intermediate leads to reduction of the double bond in addition to C-C or C-element 
bond formation. The major activating organoiron group is CpFe(CO),+, ( F P ' ) ~ ' ,  but 
some examples are also known with Fe(CO),. 

[Fp(olefin)] + complexes are readily prepared by ligand exchange between free olefins 
and [FpL]' salts, L being a labile ligand such as isobutene4,, or more simple thf43. 
[(Fpthf)]+ PF,- is best obtained by oxidation of Fp,, e.g. with [Cp,Fe]+PF,- in thf 
(Scheme 9)44. [Fp(olefin)] + complexes are also accessible by hydride abstraction from 
[Fp(alkyl)] complexes (as the isobutene complex above)44, by protonation of [Fp(allyl)] 
complexes45, or by deoxygenation of epoxides using followed by acidification (the 
stereochemistry of the epoxide is retained in the olefin complex (Scheme 10). The reaction 
of FpX with AICI, in the presence of olefin, the first preparation of [Fp(olefin)]+ 
complexes (equation 16)47, is not applicable to functional olefins because of the presence of 
AICI,. 

A l X j  

olefin 
(16) 

x 2  
i F p ,  - FpX - [Fp(olefin)]+X- 

(X = CI, Br) 

o le f i n  
t h f  Na /Hg  X-=BFT 

Ph,C+BF, 
[Fp (C H2= C M e 2 ) ] +  B F c  ClCHz CHMe2 * FpCH2CHMe2 

SCHEME 9 

I 
Fp-Na+ 
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H+BF; 

SCHEME 10 

SCHEME 1 1  

Although [Fp(alkyne)] .'. complexes are also prepared by the simple ligand-exchange 
reaction of alkynes and [Fp(isobutene)] +BF,-, enynes are selectively complexed via the 
double bond because of the greater stability of olefin complexes (Scheme 1 Similarly, 
dienes are complexed at the less substituted double bond. 

The preparation and synthetic applications of [Fp(olefin)] + complexes have mostly 
been developed by Cutler et These salts react with a wide variety of C and 
heteroatom nucleophiles. Reduction with NaBH,, or better with NaBH,CN, occurs 
regiospecifically at the less substituted carbon (equation 17), and stabilized carbanions 

i17) 
NaBH,CN 

F ~ + j  ( FP)_R 

H 

R Yield (2,) 
G H l  I 81 
PhCH 71 
Me 96 
Ph 56 

add efficiently, However, the regioselectivity is not as good, unless the olefin substituent 
stabilizes a carboniiim ion in the P-position or bears electron-withdrawing functionalities 
(equations 18 and 19). 
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[LiCH(C02Me) , ]  

FP+- I Ph “>Ph 

CH(C02Me)2 

(19) I 
Fp>Ph 

Neutral organoiron complexes having nucleophilic methylenes also form C-C bonds 
by reaction with 8a (Scheme 12). Unstabilized carbanions used as alkali metal or Grignard 
reagents give electron transfer leading to the formation of Fp,. Milder alkylating agents 
such as Li[CuR,] must be used (Scheme 13). 

/ 

L Fp-+b Fe+ 

SCHEME 12 

or MeMgI 
[FP’- I[ , M e ‘ ]  - Fp2 + 

F p+- 

(6  b) 

I I 

SCHEME 13 



7. Use of organoiron compounds in organic synthesis 639 

Addition of the nucleophile always proceeds t m 7 s  with respect to iron, as shown below 
in the cyclopentene complex. The substituted olefin can be recovered by f r ~ i 7 s  hydride 
abstraction using Ph3C+BF4- followed by decomplexation with NaI. Alternatively. the 
new [Fp(olefin)]' complex can react with a nucleophile, bringing about a second 
functionalization (Scheme 14). 

The methyl vinyl ketone complex', prepared from the corresponding epoxide and Fp- ,  
gives Michael addition regiospecifically at the unsubstituted olefinic carbon with lithium 
enolates and enamines (Scheme 15). Trimethylsilyl enol ethers can also be used as the 

SCHEME 14 

OR/ 0 

0 

R = H, M = L i  
R = H , M = S i M e j  

7 6  '10 
6 5 '10 
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FP -7- SB"' 
82 % 

MeOH 

Na,COJ 

I - FP FE+ 

Fp +NfMe2R 

(Fp 

SCHEME 16 

source ofenolate anions. The SiMe, group is presumably removed by F -  derived from the 
counter anion BF,- or PF,- to generate the enolate. Further reaction with AI,O, 
provides cyclization and decomplexation. 

Several nucleophiles react with 8a through their heteroatoms, including alkoxides, 
amines, thiols, phosphines, and phosphites (Scheme 16). 

When the olelin bears an ally1 proton, the reaction of basic 0 and N nucleophiles causes 
deprotonation of [Fp(olefin)]+ to give [Fp(q'-allyl)] complexes. The reactions of 
X -  = CN-,  NCO-,  N,-, and halides lead to removal of the olelin from the complex and 
formation of FpX (equation 20). This ligand-exchange reaction is useful for removing 

F;' + 

NH2C H2 P h 
17-e- 

r 
O ) q  / 

CHZPh Me 

Ph 

SCHEME 17 
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SCHEME 18 

[Fp(olefin)]+PF,- + Na’l- - Fpl + olefin + Na+PF,-  (20) 

olefins from Fp complexes. When the addition ofan amine to [Fp[olefin)]’ is followed by 
oxidation, migratory insertion into the Fe-C bond ensues in the 17-electron interniedi- 
ate. The free coordination site is then occupied by the nitrogen atom, leading to 
cyclization. Reductive elimination leads to the formation of a /&lactam ring (Scheme I7)”. 

I t  is also possible to synthesize bicyclic /I-lactams from [Fp(olefin)] + complexes bearing 
an ammonium group. Deprotonation provides an amino group which effects cyclization 
by nucleophilic attack at the substituted olefinic carbon. Oxidative carbonylation using 
Ag,O leads to formation of the second ring (Scheme 18). [Fp(allene)]+ complexes also 
react with nucleophiles to give [Fp(ql-allyl)] complexes (equation 21)51. 

(211 
NaBH, : R‘  = H, n = 0 : R = Me : lo‘% 1 Ph : 98‘Z 

PPh, : R’ = PPh,, ti = I ; R = Me : 88%, j Ph : 69% 

Roberts and coworkers’* showed that the reaction of carbanions with the neutral 
complexes [Fe(CO),(olefin)] (even unactived ones) also generates C-C bonds 
(Scheme 19). The tetracarbonyl alkyl ferrate anions5” obtained are of the same kind a s  
those generated from Na,[Fe(CO),] and organic halides (cf. Section II1.D. I ) .  Protonation 
followed by oxidation leads to reductive elimination. Alternatively, thc addition of an 
alkyl iodide under the appropriate conditions for C O  insertion gives the expected 
asymmetric ketones. 

Et,NH : R ’ =  Et2N, / I  = 0 ; R = MC : 43%) ; Ph : 42‘x 
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( i )  CF,COpH 

Na'R- (ii) ce4 + 

R 'HC=CHR2 - (C0)4Fe- 

6 8- 95 '10 
I 
Fe(C0)4  

R ' = H  or Me 

R G H  or C02Me 

R L M e , E t  or Pr" R ~ O C H R ~ C H R '  R 

R =  CH(CO2Me)Z,CMe ( C 0 2 E  t)2, 40-85% 

CH(COMe)(C02Et),CH(CN)C02Et, 

Me02CC (CH2),C0 
- 

SCHEME 19 

C. @-Ally1 Complexes 

The highly electrophilic cationic complexes [Fe(CO),(q3-allyl)] + react with nucleoph- 
iles to give either substituted olefin complexes or the free ligand directlys3. These cations 
are prepared by protonation of [(diene)Fe(CO),] under a C O  atmosphere or by reaction 
of the neutral complexes [Fe(CO),(u3-alIyl)l] with AgPF,, also under COs4. The latter 
crystalline complexes are obtained from [Fe(CO),] or [Fe,(CO),] and the corresponding 
allyl iodide at elevated temperatures (Scheme 20). 

*,\CO 

' 'co b OC - Fe"  
[F e (CO),] -1 

or C F ~ ~ ( C O ) ~ I  n 
I 

CO AgPFs I 
r n 

U 

SCHEME 20 

Since NaBH, reduces [Fe(CO),(q3-allyl)] + complexes to alkenes, the temporary 
complexation of dienes by Fe(CO), affords their regiospecific reduction on successive 
treatment of the complex with H + and H-  (Scheme 21). In the case of rnyrcene, cyclization 
of the allyl carbocation is also observeds5. 
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SCHEME 21 

Alkylation of the complexes [Fe(CO),(q3-allyl)] + is not possible with lithium or 
Grignard reagents but proceeds well using organo-cadmium or -zinc reagents 
(equation 2 2 p .  

Neutral q3-allyl complexes are also susceptible to nucleophilic attack by stabilized 
carbanions. Interestingly, the complexes [Fe(CO),(NO)(q3-allyl)] generated in situ from 
Na[Fe(CO),NO] were used in catalytic amounts by Roustan et to form C-C bonds 
between diethyl malonate and ally1 halides or acetates (equation 23). Alternatively, [ ( t 1 3 -  

crotyl)Fe(CO),NO] could also be used as the catalyst. 

Me 

CH (CO,E+), 
CH(CO,Et), + No [Fe(CO),NO] 

[NoCH(CO,Et)z] 7- Me 

X = C I  82 : 28 

X = O A c  95 : 5 

( 2 3 )  
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Nucleophilic addition also occurs regioselectively with stabilized carbanions 
and heteroatomic nucleophiles (Scheme 22). 

6 8 '10 

SCHEME 22 

D. q4-Diene Complexes 

It is well known that [(q4-diene)Fe(CO),] complexes react with electrophiles, but C- 
C bond formation is also possible on reaction with carbanions. Semmelhack et a / .57  
showed that the kinetic product a t  - 78 "C results from attack at an internal carbon. 
However, rearrangement gives the thermodynamic product at 0 "C, resulting from 

+ 0 
/i"., 

oc c 0 
0 

I H+ 
1 

R 

h 

R- 

\ 
Fe 

(CO), 

I.+ 
R =  CMe2,CN,CHPh2 

SCHEME 23 
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carbanion attack on the more stable ally1 intermediate. Hence quenching with CF,CO,H 
at various temperatures provides different alkylated olefins (Scheme 23). However, if a 
lithium reagent and 12 are mixed at - 78 "C in the presence ofexternal CO, carbonylation 
also occurs via migration of C O  and insertion into the Fe-C bond of the homoallylic 
intermediate 13 (Scheme 24). Further reaction with electrophiles gives 0-protonation or 
alkylation, indicating the alkylidene nature of the carbonylated intermediate 13b. 
Aldehydes, acids, and esters are isolated. It is assumed that alkylation of [(diene)Fe(CO),] 
by carbanions is kinetically favoured at C-2 over C-I. In the absence ofCO, 13 rearranges 
to the thermodynamically more stable allylic complex 14 by a series of ,G-hydride 
eliminations and readditions. When the latter process is much favoured as in the reaction 
with [(q4-cyclopentadiene)Fe(CO),1, C O  is not incorporated; substituted cyclopentenes 
are the only reaction products isolated. 

R 

C F 3 C 0 2 H  . + 

R = CMe,CN, CHMeCN, CH,CN, EX = CF,C02H, CH,I, 
CHMeCO,Et, CHMeCO,Bu', 
CH,CO,Bu', CMe,CO,Li, 
I ,  3-dithiane 

R'OS0,I; ( R '  = Me, Et), 
0, (E' = OH) 

SCHEME 24 
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This carbonylation reaction also occurs with complexes of open dienes (equations 24 
and 25). Less reactive carbanions such as enolates d o  not attack [(q“-diene)Fe(CO),]; 

C0,1.5 o tm, -78  O C  

(i i)CF3C02H,-78 OC 

CN 
7 I % 

( 1 1  LiCMe,CN, 
C0,1.5 o l m , - 7 8  OC 

( 1 1 )  CF,CO,H, -78 OC 

replacement of one carbonyl ligand by N O  would give cationic complexes able to react 
with such mild nucleophiles. 

E. f-Dienyl- and @-Polyenyl-Iron Tricarbonyl Cations 

1. q s-Pentadienyliron tricarbonyl cation 

The complex [(q’-pentadienyl)Fe(CO)J + is prepared by acidification of the neutral 
pentadienol cornple~’~ .  I t  reacts with various classical nucleophiles but the applications 
have not yet been developed. The action of zinc dust or lithium or Grignard reagents leads 
to dimerization (Scheme 25). Whereas nucleophilic addition always proceeds at the dienyl 

RzCd 

SCHEME 25 
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terminus (C-5 position) in the iron complex, the regioselectivity differs for the rhodium and 
iridium complexes [CpM(q'-dienyl)]. In  the latter complexes, attack occurs at C-3, giving 
[C~M(q~-I ,4-dienes)]~ ' .  

exo 

2. qs-Cyclohexadienyliron tricarbonyl cation 

Nucleophilic additions to cyclohexadienyliron tricarbonyl cations have been developed 
by Birch and Jenkins6' and Parson6 '  and have proved extremely useful for the syntheses 

n 

R- 

f 

no react ion 4--- d 
SCHEME 26 

no react ion - Ph3C+ 2!!Lb 
Me0 

/7e\ 
SCHEME 27 
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of natural products. The parent complex [(q'-C,H,)Fe(CO),] + (15) is accessible by 
hydride abstraction from [(q4-C,H,)Fe(CO), (12) using Ph,C+BF,- (Scheme 26)h2. 
H yd ride abstract ion from [(substituted cyclo hexadiene)Fe(CO),] complexes generally 
gives mixtures of isomers. However, the useful precursor C(2-methoxy- 
cyclohexadiene)Fe(CO),1 (16) gives mainly hydride abstraction from C-5. The 
major cation 17 so obtained undergoes regio- and stereo-specific (em) nucleophilic 
addition at the same C-5 position63 (Scheme 27). For steric reasons, H -  cannot be 
abstracted from the substituted cyclohexadiene complexes obtained, which limits the 
possible synthetic strategies. Removal of Fe(CO), is achieved using Me,NO, a procedure 
discovered by Shvo and H a ~ u m , ~ .  Acid hydrolysis of the enol ether gives the 

Fe 

/ I  \c 
oc $ 0 

R=H,Me 

(15) 

PR + 

NaHSO, \ 
S03d 
\ 

SCHEME 28 
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c y c l ~ h e x e n o n e ~ ~ .  Nucleophilic addition to 15 proceeds with charged or neutral heteroat- 
omic nucleophiles66 (Scheme 28). 

Similarly, mild carbon nucleophiles react readily. Carbanions add in the form of zinc, 
cadmium, copper, and boron reagents, enolates, enamines, silylenol ethers, and trimeth- 
ylvinyl or ally1 silanes6' (Scheme 29). C- or N-alkylation of 15 is observed with aromatic 
amines depending on the ring substituents. A 4 - N 0 2  group induces N-alkylation whereas 
alkyls, 3-OMe and 3-NR2 groups favour C-alkylation. Reaction with indole leads to C- 
alkylation on the five-membered ring68 (Scheme 30). 

[(2-Methyl~yclohexadienyl)Fe(CO)~] + (18), prepared from 2-methylanisole, gives 80% 

Y 

0 

SCHEME 29 

d 
/\e\c 

oc c 0 
0 

R =  Ph,CHZPh, 
CHMe2, 
C H = C H M e  
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,5e\c 
oc c 0 

0 

/je\ 
oc c cO 

0 

/+iYC 
oc c 0 

0 

(15) 

32 '/o 

SCHEME 30 

e00/o regloselectivity 

CUCI, Mv /F;\ 

-d 

'Fr\ I (18) 

Ztngiberene 

SCHEME 31 
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?Me 

@ -- 
NoCH(CO2Ms) .  I 

(19a) spiro[4S]decane ( n  = I )  
(19b) spiro[5.5]undecane (11 = 2) 

SCHEME 33 

selectivity for C-5 addition of bulky nucleophiles, e.g. organo-cadmium and-zinc reagents 
(the steric effect of the methyl group is much less marked in the borohydride reduction). 
The utility of the alkylation procedure is exemplified by the synthesis of ~ingiberene~’  
(Scheme 31). Whereas the C-I/C-5 nucleophilic addition is not charge controlled in the 

SCHEME 34 
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V 

M e 0  &zPh ( i l M e , N O  

PhCH,NHz 

hi) H,O* 
* 

(C H 2140 t os 

c 

M e 0  

( f )-Depentylperhydrohistrionicotoxin 

SCHEME 35 

parent complex, a methoxy substituent at C-2 induces a degree of charge control for 
nucleophilic addition at C-5. This allows the formation of quaternary carbon centres. The 
strategy used by Pearson7" for the synthesis of cyclohexcnones, of potential use in natural 
product synthesis, begins with the Birch reduction7' of ;i 4-substituted anisole and 
reconjugation of the cyclohexadiene derivative 18. Quaternary centres are formed at C-5 
by addition of carbanions derived from gem-diesters, cyano esters, malononitrile, and 
8-keto esters', (Scheme 32). 

Colvin er ~ 1 . ' ~  previously used one of these cyclohexenones [R, = CH(CO,Me),] for 
the synthesis of the trichothecane trichodermin. Thc potassium enolate of methyl 
cyclopentan-2-one carboxylate gives two interconvcrti ble diastereoisomers also leading to 
the synthesis of trichothecane analogues. The synthesis of spirocyclic compounds, also 
related to natural products, has been achieved by Pearson7* using two strategies. The first 
involves condensation of the two side-chains attached to the quaternary carbon centre. A 
spiro[5.S]undecane 19b is accessible from p-MeOPh(CH,),CO,H, while a 
spiro[4.5]decane, 19a, is synthesized starting from p-MeOPhCh=CHCO,H 
(Scheme 33). The other strategy used intramolecular nucleophilic attack for the construc- 
tion of the quaternary carbon centre. 

Because of the competition between deprotonation at the juxtacyclic position and at  the 
derived chain y-carbon in 20, the y-substituents must be very electron-withdrawing in 
order to achieve cyclization to 21 (Scheme 34). Intramolecular cyclization with a chain 
bearing an N-nucleophile leads to azaspirocyclic precursors of various alkaloids75 
(Scheme 35). Total syntheses of the alkaloid ( k)-limasperminc (quaternary carbon centre 
at C-20) have been achieved76 (Scheme 36). 

The introduction of functionalized angular substituents into bicyclic systems is also 
possible77 (equation 26) .  The presence of the uncomplexed ring does not perturb the 
regioselectivity of hydride abstraction and nucleophilic addition except when this ring 
bears an em-substituent. On the other hand, the construction of the quaternary carbon 
centre at  C-5 in the (2-methoxylcyclohexadienyl)iron tricarbonyl cation 17 is much 
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R=CN ,CH(C02Me)2 

(26) 

inhibited or perturbed in the presence of C-5 chains bearing P-oxygenated substituents 
(CH,CO,Me, CH,CH,OMe, CH,CH,OAc). Deprotonation and poor selectivity were 
observed on reaction of nucleophiles. 

3. ~~-Cycloheptatrienyliron tricarbonyl and dicarbonyl triphenylphosphlne cations 

Nucleophiles also give interesting reactions with [(~s-cycloheptatrienyl)Fe(CO)2L] + 

( L  = CO, PPH3)78. Attack generally occurs regioselectively at C-l  on the tricarbonyl 

Y 
Y I 

0 Ma,NO 

30--70% 

[Fa ( CO)s] BupO, raflur , 
2 doye, 88% 

Y - o r  YH i 

SCHEME 37 
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M s L I  

CHzCIz ,  - 7 8  OC @ 
Ms,CuLI 

Et20 ,  0 'C 

L=Ph3P,(Ph0)3P 

(22)  

/y\L Q 
(23) 

\ NaR 

SCHEME 38 

complex 21 with a variety of heteroatomic nucleophiles and dialkylcopper reagents. 
However, hydride reduction gives predominantly C-2 attack. Lithium reagents and 
lithium dialkylcuprates give both C-5 attack and dimerization resulting from electron 
transfer (Scheme 37). q'-Cycloheptatrienyliron dicarbonyl phosphine cations, 22, undergo 
clean C-C bond formation at C-5 on reaction of sodium reagents and lithium 
dimethylcuprate, but MeLi gives C-2 addition. The methyl-substituted cycloheptadiene 
iron dicarbonyl phosphine complexes 23 so obtained give regiospecific hydride abstrac- 
tion and the cations 24 thus formed react again with carbanions to give 25. Thus two 
successive hydride abstraction/nucleophilic additions provide stereochemically defined 
disubstituted cycloheptadienes, 26, after decomplexation with Me,N078' (Scheme 38). 

F. v-Arene Complexes 

There are two main useful types of I &electron rf-areneiron complexes' '. Several 
hundred complexes of the type [Cp(q6-arene)Fe] + have been synthesized according to 
equation 5 .  The other series, [(q'--arer~e),Fe]~', is limited to benzene and its methyl- 
substituted derivatives (equation 6). Both series are accessible via Fischer-type ligand- 
exchange reactions. from ferrocene and FeCI,, respectively. 
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1. Nucleophilic additions 

The reaction of carbanions (lithium and Grignard reagents) with [Cp(qb-arene)Fe]+ 
complexes gives [Cp(~5-cyclohexadienyl)Fe]'g. However, this process has not been used 
in aromatic synthesis because subsequent reaction with Ph,C+ gives both exo abstraction 
of the substituent and m d o  H abstraction". Oxidants also favour the loss of the e m  
substituent. However, the directing erects of substituents are noteworthy. In the NaBH, 
reduction. electron-withdrawing groups favour orrho attack whereas electron- releasing 
ones favour meru attack" (equation 27). In this respect, complexation of arenes by CpFe+ 

ortho 
R =  Me I 

C I  4 

OMe 0.2 

C02Me 12.7 

msta para 
I 0.5 
I 0 

I 0.6 
I I 

(27) 

is much less useful than complexation wi th  Cr(CO),. Semmelhackn2 demonstrated the 
formation of a series of substituted aromatics by reaction of [($'-arene)Cr(CO),] with 
carbanions followed by oxidation with 1,. The reaction of carbanions with [ (q"-  
arene),FeI2+ fails to form carbon-carbon bonds except in the peculiar case of the 
mesitylene complex8'. PhLi, Bu'Li, and CH,=CHLi add to each ring of [($- 
mesitylene),Fe12 + to give [(cyclohexadienyl),Fe"] complexes (28). Oxidative decomplex- 
ation gives substituted mesitylenes. Stabilized carbanions (LiCH, LiCH,NO,, 
LiCHMeNOJ add to one ring only, leading to 27 (Scheme 39). 

R R 

SCHEME 39 
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FOCI,, 
AICI,  

0 

(29) 

RM:  NaBH4, yield(%30a): 90 

KCN 85 

75 N a C H (C02E t l 2  
PhCH2MgBr 55 . 
LiCHS(CH2)3S 6 2  

Cp(q5-CH.&Me5)Fe+ 59 

( 3 0 a )  

FOCI, 
or CuCI, i R : HI 95% 

C N ,90% 

C H2P h, 7 5 % 

CH(C02EI)2,90% mR 
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Although C, N, and 0 nucleophiles react with [ ($-arer~e)~Fe]~+ giving electron 
transfer, NaBH, gives the hydride-transfer product cleanly. whatever the arene lig- 
ands4,s’. In contrast to the case of mesitylene, the benzene and hexamethylbenzene 
complexes give [($-arene)(q4-cyclohexadiene)Feo] (30s) on addition of a second equiva- 
lent of hydride**. Alternatively, addition of a lithium, sodium, potassium, or Grignard 
reagent to the monohydrogenated complex 29 gives good yields of the functional 
cyclohexadiene complexes 30a as the kinetic reaction products (Scheme 40)25.28. This 
regioselectivity may be accounted for by orbital control2’, whereas charge control predicts 
the wrong site of attackz3. Decomplexation to free substituted cyclohexadienes, 30b, 
proceeds with FeCI, or CuCI,. This four-step synthesis starting from benzene is an 
alternative to the five-step route using the Birch reduction of benzene and complexation 
to the tricarbonyliron group. The latter also requires the use of zinc or cadmium reagents 
rather than lithium or Grignard reagents for reactive carbanions (cf. Section 1I.E). 

Moreover, it is now possible to abstract a hydride from (30a) at - 40°C by an electron 
pathway using Ph,C+. Then, the addition of a second nucleophile (KCN) allows the 
formation of heterobi functional cyclohexadienes after decomplexation as in Scheme 4OS5. 

In the hexamethyl series, the second hydride reduction by NaBH, or LiAIH, proceeds 
by a n  outer-sphere electron transfer followed by H-atom transferz2. The intermediate 19- 
electron complex [($-C,Me,)($-C,Me,H)Fe’] is isolated in good yield in the course of 
this reduction. For steric reasons, hydride reduction of [($-C,Me,)(q’-C,Me,H)Fell] +, 
31, does not proceed faster than electron transfer. Likewise, the reaction of carbanions 
with 31 does not occur at the cyclohexadienyl ligand but on the arene ring. Since hydride 
may be removed by Ph,C+ from the asymmetric cyclohexadienyl complex 32 thus formed, 
its role in this strategy is that of a protecting groups5. Application to organic synthesis 
results from further deprotonation of a methyl substituent in 33 followed by acylation 
of 34, another deprotonation and decomplexation on alumina to provide the trienone 
3SS6 (Scheme 41). Thus, the addition of carbanions to the easily accessible complexes 
[(q5-cyclohexadienyl)(q6-arene)Fe11] + occurs readily with a variety of reagents 
and is synthetically useful. 
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F~CIz ,A IC I , ,  
haptana,rsflux 

FB+ - PhCOCl #- FB 

. .  
FB 

AI,O, /air 

C HC OPh 

RLI  

t h f ,  R T  
- 

BU'OK - 
t h f ,  RT  

h C H C O P h  

(35) 

R 
(32) 

Ph,C*BF*-, 

CHZClz ,  R T  I 
-@- a 

R' 

(33) 

PH 
QC - Ph 

-I$; 
R = C H ~  

CHZPh 

R 

SCHEME 41 
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Electron-transfer side-reactions, often encountered in  the [Cp(q"-arene)Fe] + series, 
depend on the solvent and reaction temperature". Addition of carbanions to the latter 
cations in ether gives electron transfer whereas clean C-C bond formation is obtained in 
th f  at low temperature. Interestingly, the solvent effect is opposite for the addition of 
hydrides. Thus. in monocationic iron-arene complexes, outer-sphere electron transfer can 
be circumvented by using thf for carbanions and diethyl ether for hydrides. On the other 
hand, no solvent allows C-C bond formation in the dicationic series [(qb-C6R,),Fel2+ 
( R  = H, Me)". However, clean nucleophilic addition of hydride occurs readily in the latter 
series. Comparing the isolobal series [(q5-cyclohexadienyI)(q6-arene)Fe11] + and [(q5- 
cyclohexadienyl)Fe"(CO),] + the easily available lithium and Grignard reagents cleanly 
form C-C bonds with the former and give electron transfer with the latter. Hence 
decreased electron density favours electron transfer with carbanions. I t  is probable that 
the replacement of one or two carbonyls by phosphines in the tricarbonyl series would 
prevent electron transfer with these reagents, making the use of zinc and cadmium 
reagents unnecessary. 

In several instances, i t  has been found that replacement of one C O  by PPh, in the 
complexing group Fe(CO), facilitates the desired process (cf. Sections II.E.3 and III.C.2). 
When nucleophilic attack :ind electron transfer are in competition, a low-temperature 
reaction always favours nucleophilic attack, and is thus advisable. 

2. Other reactions of nucleophiles, bases, and reducing agents with 
[Cp(qm-arene)Fe] + complexes. 

a. Deprotonation of [Cp(q'-arene)Fe]+ complexes 

This deprotonation (arene = alkylbenzenes, anilines, phenol, and thiophenol) proceeds 
readily giving [Cp($-cyclohexadienyl)Fe with exocyclic double bonds (C=C, C= 
N,C=O,C=S) which can be alkylated (cf. Section I1I.A)". Deprotonation of [ ( q 5 -  
cyclohexadienyl)FeL,] + [L3 = (CO), or arene] bearing exocyclic hydrogen(s) at the 
ligand terminus gives (q4-triene)Feo complexes (cf. Section II.E.2.). 

b. Nucleophilic substitution at coordinated aryl halides and xanthone. 

Nesmeyanov's group found that 0, S, and N nucleophiles can replace chlorine or 
fluorine in aryl halides coordinated to CpFe+ (equation 28). Even NH, can displace 

F[e+ + Nu- . I 
F,"' + CI- 

Nu= OH-,OPh-,CN-, N (acetone) , SH-(acetonitrile) , 
'co 

O€t-,CH3CO2-,SPh-(ethanol), N; ( d m f )  

chloride at 50°C in [Cp(q6-C,H5CI)Fe] + to give the aniline N-Substituted 
aniline complexes were later obtained using primary or secondary anlines". With 
methoxide ion, kinetic evidence has been obtained for the formation of a charge-transfer 
complex resulting in a reduction of the rate of nucleophilic substitution". Starting from 
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(36) I 
X,Y =O,S,NIi j 

R = H , M e  

SCHEME 42 

the o-dichlorobenzene complex 36, double nucleophilic substitution gives various 
heterocycles" (Scheme 42). 

With carbanions, nucleophilic addition is obtained orrho to chlorine"', whereas 
nucleophilic substitution proceeds with the Cr(CO), activating group"'. However, N and 
C nucleophiles displace the oxygen bridge of xanthone in 37, as is also known for free 2,7- 
dinitroxanthone. This ringopening reaction leads to o, o'-disubstituted benzophenones. 
38, after photolytic decornplexati~n'~ (equation 29). 

h3 d p  (38) 

(37) 
NuH= pyriolidine 

(2% 

c. Reduction of the side-chain. 

The complexation of aromatics facilitates the reduction of unsaturated functions 
conjugated with the ring. For instance, [Cp(q6-C,H,C0,H)Fe] +, 40, easily synthesized 
by oxidation of [Cp(rf'-C,H5CH,)Fe]+! 3995, is reduced on a mercury cathode at - 1.2 V 
us. SCE in water (pH O)y6 (equation 30). Since the carboxylic function in the iron complex 

CH20H 

Hg cathode, 
-1.2 V vs.SCE 

(39) 



662 D. Astruc 

can be transformed into ester, acid chloride, amide, and cyano functions9', similar 
reductions could make available a number of reduced complexes. This principle has 
indeed been applied to the cathodic reduction of oximes to aminesg8 (equation 31). 

-0.9 W v s  S C E  0 
I Hg cathode 

H,SO,N /acetone 
4 a-,4n+ 

R=H,alkyl,oryl 
I 
R 

The cathodic reduction of carbonyl-containing side-chains in cyclic systems was shown 
to give endo-alcohols stereospecifically, the reduction occurring from the side remote from 
iron ( e ~ o ) ~ ~ .  The hydride reduction of the aryl ketone complex 41 proceeds similarlyIO" 
(equation 32). The ex0 addition ofcarbanions to the carbonyl carbon is limited to the case 

Q 
A+ 

8 
KMn O,/H+, 

50 'C 
or 

n,Oz /NaOH, 
R T  

0 

Q 
i 8+ 

of [Cp(q6-fluorenone)Fe]+. Thus, in [Cp(q'-arene)Fe]+ complexes bearing a conjugated 
unsaturated side-chain, the reduction generally proceeds on the side-chain rather than on 
the arene ring or at the metal centre. However, with a carboxymethyl substituent, hydride 
reduction gives a carboxymethylcyclohexadienyl ligandlol. Electrochemical reduction is 
necessary to reduce the side-chain regiospecifically in this caseg9, and probably in several 
others. In the absence of a reducible function in the side-chain, cathodic reduction and 
other one-electron reductions (including electron transfer from hydrides or carbanions) 
give the 19-electron complexes [Cp(q ' -are~~e)Fe ' ]~~.  The arene ligand is more labile in  
these species and is often removed thermallyIo2. However, the interest of the unusual 
oxidation state of these complexes resides primarily in their electron-transfer chemistry, 
which is outlined in Section VII1.A. 

111. REACTIONS OF IRON COMPLEXES WITH ELECTROPHILES 

Neutral organometallic complexes react with neutral or cationic electrophiles at the 
metal centre or at a ligand. Although i t  is sometimes difficult to prove the site ofattack, one 
may state that (i) attack generally occurs at an unsaturated ligand which is not 
coordinated, but conjugated with the coordinated part (equations 33 and 34)lo3.Io4, 
(ii) if such a site does not exist {ferrocene, [(diene)Fe(CO),] and [Fe(CO),12-}, 
electrophilic attack generally occurs at the metal centre (equation 35)'05. When attack 
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PhCOCl 
b 

H 

X-  
R Z X  

F p C E C R ' h  Fp =C=C 
\ R 2  

R'=H, R ~ =  ME x = S O ~ F  

R' , R ~ =  ME, x = s o j  
RLPhJR2=H ,X=BF4 

CI-  (33) 

(34) 

Stable f o r  EX = H'BF; 

occurs at a ligarid, rearrangement ensues (CO insertion, cycloaddition, proton displace- 
ment, electroredistribution about the metal-ligand bond). Note, for instance, that formyl 
complexes are not usually obtained by protonating anionic metal carbonyls. 

When attack occurs at a riietrrl centre, reductive elimination proceeds niore or less 
readily with H +, alkyls. and non-carbon electrophiles ( I 2 ,  HgCI,), while migratory C O  
insertion is observed with alkyls (not H + or acyl): ricochet-type migration from the metal 
to a ligand carbon followed by proton removal occurs with alkyl and acyl electrophiles106. 

A. Eiectrophliic Attack at an Uncoordinated Double Bond Conjugated with 
a Coordinated Hydrocarbon Fragment 

This type of reaction occurs with closed or open polyenes coordinated by two double 
bonds only. The uncoordinated double bonds of cyclic ligands may be rndo- or exo-cyclic. 
Examples are found in Section IV.B, devoted to the protection of a diene by Fe(CO), 
(acylation or formylation of cyclooctatetraene, cycloheptatrienone, cycloheptatriene, 
azepine), and in Section V.C, concerning the stabilization of unstable hydrocarbons such 
as o-xylylene. In [(myrcene)Fe(CO),], the uncoordinated double bond is not conjugated 
with the coordinated ones but electrophilic attack on the former affords ~ycl izat ion '"~.  

Deprotonation of arene l igand~* '~- '  l o  in ' 18-electron complexes [Cp(@-arene)Fe"] + or 
H-atom abstraction by 0,' lo in 19-electron Fe' isostructural complexes gives [Cp($- 
cyclohexadienyl)Fe"] with an exocyclic double bond (complexes of $-benzyl). Reactions 
of the latter with many electr~philes"~ lead to the formation of C-C bonds or .C- 
element bonds (Scheme 43), giving back the cationic [Cp(qb-arene)Fe"] + structure 
(Section I). Since photolysis of these cations rapidly liberates the free arene, temporary 
complexation by CpFe+ provides a powerful means of modifying arenes according to this 



SCHEME 43 
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(44) 

R =  Me,CD3,PhCH2 

F E+= q5- C5H5 

SCHEME 44 

process (see below). I t  is possible to repeat these sequences several times in a single 
reaction. One-pot multiple C-C bond formation is possible if excess of base and 
alkylating reagent are reacted with [Cp(q6-arene)Fe] +. Using the C,Me, complex 42, this 
peralkylation was performed with Mel, CD,I. PhCHzCI, and PhCH,Br and peralkylated 
arenes 44 were obtained in good yields after photolysis of the iron complexes 43"' 
,(Scheme 44). Indeed, [Cp(C,Et,)Fe"]+ (45) can be deprotonated by Bu'OK {or more 
gleanly [Cp(C,Et,)Fe'] loses a H atom on contact with 02} and the deprotonated 
complex 46 slowly reacts with Me1 in refluxing thf to give one more alkylation leading to 
L 7 (equation 36). This step is much slower than alkylation at an unsubstituted benzylic 
Aethyl group (Scheme 44) and is also slower than the competing reaction of Bu'OK with 
tlie alkylating agent. 

Bu OK, 
t h f  -- 

L 

(46) 

ME I 
6 6 O C ,  

t h f  

b &< C 

The number of alkylations by Me1 in a polymethylbenzene complex on reaction of 
[Cp(q6-arene)Fe"]+ with excess of Bu'OK + Me1 depends on the steric bulk about an 
arene methyl group, e.g. on the number of neighbouring (ortho) methyls. Complete 
(tris)alkylation occurs on a methyl without neighbours (equation 37a), intermediate 
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(double alkylation occurs on a methyl with one methyl neighbour (equations 37b and c), 
and only single alkylation occurs in  methyls with two methyl neighbours 
(Scheme 44)’06. Using NaOD in D,O, all the 18 arene H atoms are replaced in 42 with 

\ X 

/ .x 

w 

I8 D atoms after 12 h at 80 “C. Permethylation of this deuteriated complex 48 as above 
with Me1 followed by photolysis gives C,(CD,Me), (49) (Scheme 45)ll2. 

(42) 

N o  t D,O(sxcess) 

80% 

4 = CD, 
(48) 

FE= q5-C5H5Fe 

++ 
I 

I 

SCHEME 45 

B. Rosenblum’s Electrophlllc Attack at an Uncoordlnated Multiple Bond, 
a Cyclopropyl Ring, or a Heteroatom Conjugated with Iron 

Iron alkyl, cyclopropylmethyl, alkenyl, and alkynyl complexes react with neutral and 
cationic electrophiles. Neutral electrophiles give cycloadducts via dipolar intermediates, 
whereas cationic electrophiles give cationic q2-olefin or carbene complexes. Virtually all of 
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these studies were performed using [Fp(allyl)] complexes, a field developed in the early 
1970s by Rosenblum and coworkersIl3. 

7. Cationic electrophiles 

The iron ql-ally1 complex 50 and related complexes react readily with cationic 
electrophiles to give cationic olefin complexes' l 4  (Scheme 46). The rearrangement is the 

ITE F p r / =  E * b  Fpi- 

driving force for C-C or C-element bond formation in these reactions. The olefinic 
ligand formed is easily liberated from the metal on  displacement by Nal. Deprotonation of 
this olefin complex, which usually occurs with trans stereochemistry, gives the substituted 
ql-ally1 complex, which can react again with an electrophile. 

Fp+-l%l Ph 

9 5 % 

87 % I 
COR 

SCHEME 46 

The monodentate allenyl, butynyl, and cyclopentadienyl complexes react similarly' 
(equations 38a-d). Monohapto ligands bearing unsaturated groups such as CN1I6, 
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CO'", or CS"' behave analogously (equations 38e-g). The reactions of the Fp-q'-alkyl, 
-q'-butynyl, or -q'-allenyl complexes with the tricarbonyl iron tropylium salts 51, reported 

n* CHR 
[FpCHC=N] Fp+-I(I (Be)  

C 
II 
NH 

[FpCH2COR] "+ m F P+-J [ 
R OH 

S 
II 

[FpSCNMe2] & Fp++ S =CNMe2 

SMe 

C02Me ( i ) N u  (1i)CO'" pFp .....' c P *  - 
H Fe 

R = H or CH(C02Me)2 (CO), 7 5 %  
(53) 

CHZC'Z I @ /  '. _..: - 78% 

H E F T  Fe  
(CO), 

SCHEME 47 
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by Raghu and RosenbIum'l9, lead to [Fp(q2-olefin)]+ intermediates 52, which cyclize to 
cationic bimetallic hydroazulene complexes 53 (Scheme 47). The latter react with 
nucleophiles and the iron moieties can be removed by the usual decomplexing reagents. 

2. Neutral electrophiles 

Reaction of the [Fp(q'-allyl)] complexes 54 with neutral electrophiles E gives an 
intermediate dipolar species 55, which will cyclize by attack of the E- unit on the metal 
(insertion of SOz) or on the C-l carbon bound to the metal (cycloaddition with tcne and 
other uncharged electrophiles)I3 (Scheme 48). The latter process affords the syntheses of 
heterocycles as indicated in Scheme 49. 

Cyclic [Fp(allyl)] complexes 57 {obtained from cationic [Fp(cycloalkene)] + complexes 
56 and NEt,} react with tcne and isocyanate to give 58 and the bicyclic lactams 59 
(Scheme 50). With the Fp-cyclopropylmethyl complex 60a (obtained from Fp-Na+ and 
cyclopropylmethyl tosylate), the intermediate 60b formed on reaction with neutral 
electrophiles is also dipolar, but contains one more carbon between the charged atoms 
(Scheme 51). The Fp-cyclopropyl complex 61 reacts with neutral electrophiles such as SO, 
giving a zwitterionic carbene intermediate 62; the rearrangement of 62 gives both the 
insertion and cycloaddition products 63 and 64 (Scheme 52). 

The Fp-allenyl complex 65 also gives interesting cycloadducts (67, 69, 70) via 
zwiterrionic [Fp($-alkyne)] intermediates 66 rather than [Fp(;illene)], as confirmed by 
the isolation of the [Fp(q'-propyne)]+ complex 68 on protonation (Scheme 53). The 
[Fp(rl'-propargyl)] complex reacts with electrophiles in the same fashion as the [Fp(q'- 
allyl)] complex. The non-stereoselectivity was pointed out (equation 39)'". 

major minor 

(39) 

c2- CI 
\ 

Fp-E-C, 

E = SO, 

SCHEME 48 
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(CH2) , ,  

FP 0 n EtlN 

FP+ - 11 ( C H 2 ) n  +I - H+( t rons)  

C N  

'C N 

( 5 8 )  

FP 

I 

i / / / /  
SCHEME 50 

\ Fp-Sop 

SCHEME 51  

67 1 

tos 

r 1 

(66) 

SCHEME 52a 
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FP- 

/ + 0 5  

FP -0 

bu teno lac tam 

(69) 

oxathiazepine 

(70)  

SCHEME 52b 

CN 

SCHEME 53 

C. Reaction of Electrophlies with a rr-coordinated Hydrocarbon Llgand Via 
Initial Attack at iron 

This type of reaction concerns organoiron compounds lacking a non-coordinated site 
susceptible to electrophilic attack, e.g. open or cyclic dieneiron tricarbonyl complexes and 
ferrocenes. In these series, the overall result is an electrophilic reaction on the unsaturated 
hydrocarbon ligand, and indeed the problem of ligand us. metal attack by electrophiles has 
long been controversial. 
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1. Dieneiron tricarbonyl complexes. Syntheses of pheromones 

Whereas acylation of dienes leads to polymerization, a smooth transformation was 
observed in dieneiron tricarbonyls; thus the reactivity of the diene is moderated in the 
complex. Nonetheless, butadieneiron tricarbonyl undergoes FriedelLCrafts acetylation 
3800 timcs faster than benzene"'. The product results from endo-acylation in which 
attack occurs on the same side as iron'22. The intermediate, 71, was isolated in 86% yield 
and subjccted lo X-ray analysis, which showed the ally1 structure and coordination of the 
acyl oxygen to iron"-'. Careful work-up with dicyclohexylethylamine or cold aqueous 
ammonia effects deprotonation of 71 at the temporarily uncoordinated outer diene carbon 
and leads exclusively to the cis-acylated product 72 resulting from reaction at this carbon. 
Acidic or basic work-up gives the isomerized rrrrrrs-acetyl complex 72a (Scheme 54)' 24; 

thus, a11 easy routc to dienones from dienes is provided. The norbornadiene complex leads 
to the methyl-substituted complex 73 (equation 40a). Graf and L i l l ~ a ' ~ ~  noted that the 

(73) 
(40a) 

regioselectivity obtained in the acetylation of (2methoxybutadiene)iron tricarbonyl, 74, is 
opposite to what would be expected from the polarization in  the coordinated diene 
(equation 40b)"5. 

I f  attack of the acylium cation on complex 9 occurs at iron, carbon-carbon bond 
formation would rcsult from insertion of one double bond to provide the rl'-allyl 
intermediate 75. I n  this mechanism, the C-C bond forms at the outer dime carbon. The 
coordination of the acyl oxygen to iron proceeds to fulfill the 18-electron valence shell of 

+ 

COME 

MeCOCI,AICI3 . I cnLciZ 
Fe 

(CO), 

OH- (72) (71) 
Fe 

(COI, 

SCHEME 54 
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R 
\ 

SCHEME 5 5  

iron (Scheme 5 5 ) .  If  protonation of [(diene)Fe(CO),] is effected in the presence of CO, the 
16-electron $-ally1 intermediate formed is stabilized by coordination of CO, which 
completes the valence shell of iron (equation 40c) [(q3-allyl)Fe(CO),] + complexes 76 
are obtained'26 and can be further subjected to nucleophilic attack leading to the 
formation ofC-C bonds in olefinic structures(cf. Section 1I.C). The Fe(CO), unit is easily 
removed from the [(diene)Fe(CO),] complexes to provide the free dienes by means of the 
classical oxidants Ce4+, Cu2+,  and Fe3+. 

R 
Fe(C01, 

AICI, CICO(CHz),COzEt I e. 

A c 20, 
NaOAc 1 

R A ( C H Z ) n C H 2 0 A =  4 Ma,NO R- (CH2),,CHzOAc 

R m 11 Moth species 
H 6 7 Red bollworm moth 

Me 5 6 Pea moth, pitch pine tip moth, 

Pr" 7 8 Spiny bollworm moth 

FeKO), 

Et - - Ligh-brown apple moth 

codling moth 

SCHEME 56 
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The stereospecificity of electrophilic addition to dieneiron tricarbonyl complexes was 
judiciously used by Knox and to synthesize insect pheromones with > 99% 
stereochemical purity12’ (Scheme 56). This result is much superior to methods using 
Wittig-type syntheses or Grignard coupIinglz8 (80-96%,). The Fe(CO), complexation of 
dienes not only serves as a protecting and directing group for acylation, but can in some 
instances be used to elucidate the stereochemistry o f a  pheromone. Clelland and Knox12’ 
showed that the complexation of 3-methylnavenone-B, synthesized independently, gives 
mono- and bimetallic complexes (Scheme 57). Since their decomplexation by Me,NO 
gives back the pheromone, the all-E-configuration was established. 

Me 

3-Methy lnavenone-B 

( iXFe2(CO)9]or [Fe,(CO),,lj ( i i )  Me3N0 

SCHEME 57 

2. Cyclohexadieneiron tricarbonyl 

Acetylation of cyclohexadieneiron tricarbonyl (12) gives the endo-acetylated product 
77a, which rearranges during chromatography on alumina to the em-isomer 77b 
(equation 41)’ ”. Acetylation of cyclohexadieneiron dicarbonyl triphenylphosphine also 

COMe 

A 1 2 0 3  * 
COMe L = c o  

Fe 

o c  
0 

c/ I ‘co 

MeCOCI,AICI, 
L=CO(45%); 

P P h3 ( BO % ) 

C / F ,  
o c  

0 
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gives the endo-acetyl derivative 77a in a cleaner reaction13'. While this stereochemistry is 
consistent with attack of the electrophile at the metal centre, note that acetylation now 
occurs at a saturated carbon ofcyclohexadiene, which was not the case in the acylation of 
Fe(CO), complexes of open dienes. This distinction is probably the result of different 
rearrangements of the $-ally1 intermediates. The reaction of electrophiles with cy- 
clobutadieneiron tricarbonyl parallels those of other aromatics such as ferrocene. 

3. Ferrocene chemistry 

The best known metallocene has a special place in organoiron chemistry' 32. One should 
not regard i t  as a means to perform chemistry on C, rings via temporary complexation by 
iron, but rather as a three-dimensional organic molecule per se, for which a tremendous 
organic chemistry has been developed'33. A large part of this chemistry is based on 
reactions of electrophiles. For instance, acylation reactions take place 3.3 x lo6 times 
faster than with benzene'34. Formylation''5 and a m i n ~ m e t h y l a t i o n ' ~ ~  are also easy. The 
introduction of electron-withdrawing substituents deactivates the substituted ring 
towards further electrophilic reaction, but attack at the unsubstituted ring remains 
possible. Thus, depending on the RCO to ferrocene ratio and on the order of addition, 
mono- or I ,  1'-di-substituted ferrocenes are selectively obtained if the reactions are carried 
out carefully (equation 42). 

Q RCOCI,AICI, 
CH,CI,,RT 

Fe 

Phosphaferrocenes such as 78, obtained by Mathey's group'3M from p-phenyl- 
phospholes and Fp,, are acylated on the aromatic phospholyl ligand' 
(equation 43). a-Ferrocenyl~arbinol'~~, obtained from these ketones by NaBH, reduc- 

I 
Ph 

Fp 2 

150 oC,rylnns 
MeCOCI,AICI, 

C H , C I , , 2 5  oc - (43) 

(78)  

tion, can be protonated to give stable and useful a-ferrocenylcarboniuin cations'40 
(equation 44). 
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0 
d6,18e-,Feu d4,18e-,FerV d6, 16e-, Ferl 

SCHEME 58 

The 'ricochet' mechanism proposed for electrophilic substitution involves electrophilic 
attack at the metal centre to generate an Fen' intermediate followed by migration to the 
ring (Scheme 58). This intermediate is indeed isolated when the electrophile is H+BF,-. 
However, the question of the site of electrophilic attack is controversial and may depend 
on the e l e ~ t r o p h i l e ' ~ ~ .  A useful application of ferrocene in aromatic synthesis found by 
Nesmeyanov and coworkers'41 is ligand exchange which allows complexation and 
activation of many arenes by the cationic group ($-C,H,)Fe' (equation 5) .  Chemistry 
related to that of ferrocene is encountered for cyclobutadieneiron tricarbonyl 
(Section V.C). 

D. Alkylation and Acylatlon of [Fe(CO) Ja- ,  [HFe(CO) J- and [CpFe(CO),]- 
Electrophilic Cleavage of Fe-C Bonds 

1. Na,[Fe(CO),l, Collman's reagent'": carbonylatlon of halides 

Na,[Fe(CO),] is obtained by reducing [Fe(CO)J with Na/Hg or, better, with sodium 
benzophenone kety1143. The use of dioxane results in the formation of a stable dioxane 
complex (Collman's reagent). It reacts with an alkyl or acyl halide or tosylate by an S,2 
substitution (second-order kinetics, inversion of configuration) and the alkyl or acyl 
tetracarbonylferrate is obtained'44 (equation 45a). The reaction of a second electrophile 
R'X gives the coupled organic product RR' by reductive elimination from the intermediate 
(R) (R')Fe(CO),, 79145 (equation 45b). Alkanes are obtained from alkyl halides (R = alkyl, 
R' = H) and aldehydes are obtained from acylhalides (R = acyl, R' = H). 

Na,[Fe(CO),] + RX - Na[RFe(CO),] + NaX (454 
R = alkyl, acyl, etc. 

R 

] *...'C 0 

1 \co 
Na+ OC - Fe' 

C 1 0 

R R '  + Fe(CO), 

(79) 

(45b) 

The most remarkable and useful feature of this double electrophilic attack of 
[Fe(CO),12- is the easy migratory insertion of CO into the Fe-C bond after the first 
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Na2[Fa(CO).] L R ' I  + Na[RFe(C0)4]  ____) NLI[RCOF~(CO)~L] - N a l  * 
- N a X  

RX 

L 

L RCOR' 

SCHEME 59 

step if a potential ligand L is added (L = C O  or phosphine) (equation 46). Thus, in this 
case, starting from an alkyl halide also gives the acylferrate accessible from [Fe(CO),12 - 
and an acyl halide. This process is a high-yield conversion of alkyl halides to aldehydes. 
Instead of a proton, the second electrophile may be another alkyl iodide,which provides 
unsymmetrical ketones (Scheme 59). The nature of the counter cation and the reaction 
conditions direct Fe us. C alkylation (see Section V.B). Another way to obtain acyltetra- 
carbonylferrate is to react a carbanion with (Fe(CO),]. The three methods are summarized 
in Scheme 60. 

Na+[RFe(CO),]- 4, Na+[RCOFe(CO),L]- - RCHO (46) 

Oxidative cleavage of the alkyl ferrate with 0, gives carboxylic acids while cleavage 
with halogens gives acyl halides. Depending on the work-up, the alkyl halides are 
converted into acids, esters, or amides (Scheme 61). These organic products result from the 
one-electron oxidation of the 18-electron alkyl or acyl ferrate to the 17-electron complex. 
Migratory C O  insertion is fast in the latter; the acyl radical is cleaved and further 
oxidizedf or halogenated. All these reactions are synthetically since they proceed 
in good yields and tolerate functionalities such as ester, ketone, nitriles, and olefin 
(equation 47a and 47b). The range of possible substrates R X  is limited by the high basicity 

McCOzH 

[Fs(CO),] + [RCOFe(C0)4]-* R-  
[Fa(C0),]2- 

4 
co R X  

[Fa(CO).]'- 

RCOX 

SCHEME 60 

0 

No+ [R COFe(C0)3]- A k RCX 
I 1  
0 

SCHEME 61 
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Na,[Fe(CO),] + Br(CH,),CH = CH, - [(CO),Fe(CH,),CH = CH,]- 

679 

0 

) R  (47b) [RCOFe(CO),J- A r 2 1 *  

of Na,[Fe(CO),] (competing E ,  elimination with secondary halides). Other features are 
noted with allylic halides bearing 6 C-H bonds (which give stable diene complexes); the 
migratory-insertion step may fail when R bears an electronegative group. 

Attractive ring formations are possible starting from halo- or tosy l~xy-a lkenes '~~ .  The 
unsaturated double bond plays the part of the added ligand, the coordination of which 
favours migratory insertion of a carbonyl; a second insertion, that of the coordinated 
double bond into the iron-acyl bond, leads to ring closure (equation 48 and Scheme 62). 

0 

9 0 % 

The acyl group migrates to the terminal carbon ofthe coordinated olefin rather than to the 
substituted one. A route to a key intermediate in the synthesis of the tetracyclic diterpene 
aphidicolin, showing antiviral activity, is an outstanding example of this ring formation'48 
(Scheme 63) .  

Reaction of enones with Na[HFe,(CO),] {derived from Na,[Fe(CO),] + [Fe(CO),] 
followed by acidification} gives reduction of the carbon-carbon double bond'49 
(equation 49). Reaction of allenes with [RFe(CO),] followed by acidification and 
decomplexation by Me,NO gives free enones' (equation 50). 
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SCHEME 63 

(ii)CH, =C=CH2 U 
35 - 6 2 V e  

(ill) H~ 

The reactions ofNa,[Fe(CO),] and the migratory insertion ofCO are dependent on ion 
pairing effects, the former being slowed and the latter accelerated by tight ion pairs 
[Li' > Naf > (PPh,),N+]'5'. The (PPh3),Nf salts of both [RFe(CO),]- and 
[RCOFe(CO),L]- have been isolated a s  air-stable crystals and thoroughly characterized. 
Des Abbayes"OJ has elegantly shown that carbonylation of benzyl halides can 
proceed catalytically (in Fe(CO),) using phase transfer catalysis {CH,CI,, CO, 
aq, NaOHM, (BU,N+)~SO,=}.  

2. [HFe(CO),] -: stoichiometric and catalytic reductions 

[HFe(CO)J- is generated from [Fe(CO),] and a baseI5'. This species is an 
intermediate in catalytic processes affording C, +C2  or C2 + C, transformations. The 
0x0 process'53, namely transformation of an olefin to ii higher alcohol or aldehyde using 
CO + H,, is catalysed by cobalt and rhodium carbonyls. In 1983, Reppe and VetterlS* 
found an interesting variation using water as a hydrogen source in place ofdihydrogen and 
[Fe(CO),] as a catalyst in basic media and relatively mild conditions (equation 514. Two 

* PPOH (51a) 
2CO+H*O 

[Fe(COIs].smine or K,CO>. 
CH =CH , 

100 C.2OOpsi 

species were found to be formed by reaction of [Fe(CO),] with a base, [HFe(CO),]- and 
[HFe,(CO), , I - .  However. Pettit el a / . '55 found that the reaction was extremely pH 
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R C H = C H ,  -co 
R C H = C H z  4 H2Fe(C0)3 - ( C 0 I 4 F e H ~  

ti - Fe(C0)3 
I 

H 

1 

co + RCH2CH2CH20H + [Fe(CO)5] 
RCHZCHzCHOH 

H - k e  (co), 

SCHEME 64 

dependent, the catalyst being elfcient in  the pH range 8-10.7. [H,Fe(CO),] is the 
catalytically active species. The mechanism in Scheme 64 was proposed. 

Pettit er ol. also attempted to convert C O  to methanol using water in an analogous 
system, a goal of considerable importance since i t  involves the preparation of a liquid fuel 
(methanol) according to equation Slb. Based on [Fe(CO),], 102; MeOH, l500/, H, and 
700% H C 0 , -  are produced in the reaction of excess of aqueous K,CO, with [Fe(CO),] 
under a pressure of 300 psi of C O  at I00 "C. Pettit et a / .  proposed that the key step is not 
C O  insertion into an Fe-H bond but rather nucleophilic attack of [HFe(CO),]- 
on [Fe(CO),], giving ;1 bimetallic intermediate' 5 5  (Scheme 65). [HFe(CO),]- 
and [HFe,(CO), '1- are also used in stoichiometric and catalytic reductions of organic 
functions. 

3CO + 2H,O - CH,OH + 2C0,  (51b) 

NMe,+[HFe(CO),]- reacts with acyl chlorides in CH,CI, at 25 "C to give aldehydes in 
excellent yields' 5 6 .  It is assumed that the mechanism again involves nucleophilic attack at 

SCHEME 65 
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SCHEME 66 

the carbonyl group (Scheme 66). This reaction also proceeds in excellent yields starting 
from [Fe(CO),12- that has been p r ~ t o n a t e d ~ " :  [Fe(CO),]'- + H +  + [HFe(CO),]-. 
C O  and CN functionalities can be reduced catalytically by [HFe(CO),] - generated from 
[Fe(CO),] and Et,N using C O  + H 2 0  as the source of hydrogenlS". This transformation 
was demonstrated for acetone and benzylideneaniline by Marko et ~ 1 . ' ~ ' '  (equation 52). 

* PhCH2NHPh + CO, 
[HFe(CO)]- c a .  

PhCH = NPh + C O  + H 2 0  
I00 T. ( 5 2 )  

100 bar CO 

K[HFe(CO),], prepared by addition of [Fe(CO),] to KOH in ethanol (ratio 1 : 3), is 
useful for the reductive alkylation and acylation of aldehydes, ketones, esters, nitriles, or 
amines with an active rnethylene group adjacent to the functional grouplS9. I t  also reduces 
carbon-carbon double bonds in conjugated systems'60, as well as epoxidesI6' and 
nitrogen compounds'62 (equations 53-58). Nitroaryls are reduced to anilines by 

cholest -4-en-3-one 3 2 % 

coprostanone (54) 

CHR CHZR 

- n20 R ~ C O C R ~  11 K[HFe(CO)*] bRICO&HRP RCHo -t R'Co CH2R2 base catalysed 
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(57) 

[HFe,(CO), generated from [Fe,(CO), J and m e t h a n ~ l " ~ .  Carbonyl, ester, amide, 
and olefin functionalities are unchanged (equation 59). K[HFe(CO),] (as [FeC0,I2 -) 
dehalogenates alkyl halides at 20°C (S,2 inversion)lb4 (equations 60 and 61). I t  should be 

66 % 

I 
Br 

noted that reductions and dehalogenations of organic halides can be effected not only with 
iron complexes { [Fe(C0),]'65, [HFe(CO)J-, [Fe(C0),]2-166, [C,Me,Fe(CO),H]'67} 
but also with many other main group or transition metal compounds (Sn, V, Mo, Nb, 
etc.)"'. 

3. Alkylation of [CpFe(CO),]- and electrophilic cleavage of the Fe-C 
bond in [CpFe(CO),R] 

There is a large overlap between the chemistry of iron carbonyl anions and that of 
[CpFe(CO),] - (Fp-). Alkylation of this extremely nucleophilic anion proceeds at the 
metal centre with a variety of halides to give easily isolable FpR c o m p l e ~ e s ' ~ ~ .  In these 
complexes, migratory CO insertion can take place in two ways: addition of CO or 
phosphineI7' or one-electron oxidation17' (Scheme 67). In the latter process, decomplex- 
ation is obtained owing to the instability of the 17-electron organoiron species. On 
decomplexation, the functionalization depends on the solvent' 72.  The reactions are 
stereospecific with retention of configuration at carbon (equations 6 2  and 63). To 
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w [C p F e (C 0 )  ( P P h 1 C OR] 
PPh3 R X  F p -  FpR 

s -a- R'OH - a -  

c 4 
[Cp Fe"'(C0) ( S ) C O R ] + A  RC02R'  

SCHEME 67 

determine this stereochemistry at carbon. Whitesides and Boschetto'73 designed a simple 
and elegant technique based on the identification by 'H n.m.r. of the tAwo and erythro 
derivatives Me,CCHDCHDX. The two large groups Bu' and X (X = Fp or carbonyl 
function) are in a trans conformation. Consequently (as easily seen in the Walden 
projections), the two H atoms are either trans (erythro) or yciuclie (threo). In the pure trcins 
conformations of the two large groups, the vicinal H coupling constant is 14 Hz for erythro 
and 4Hz for threo. Although the difference between the actual values of the vicinal 
coupling constants is not so large owing to some rotation, it is large enough to determine 
unambiguously the threo or erythro configuration. Thus, the dynamic stereochemistry can 
be determined in this way [for instance, oxidative cleavage of the Fp-erythro complexes 
above gives erythro organic derivatives ( J  = 1 1  - 14H), proving retention] (Scheme 68). 
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Oxidative cleavage of Fp-R compounds by electrophiles can proceed in two ways. 
Oxidants can induce outer-sphere electron transfer as above to give unstable 17-electron 
organoiron species. The other path is electrophilic attack at the 18-electron iron centre 
producing a square-pyramidal d4 Fe” cation (equation 64). This intermediate can 
partially epirnerize by pseudo-rotation and reductive elimination from the various 
stereoisomers gives the reaction products’ 74. Knowledge of the dynamic stereochemistry 
at the metal centre is thus also necessary for mechanistic investigations17’. Indeed. the 
stereochemistry, mechanism, and products in this case vary considerably with the nature 
of the electrophile. 

do , Fen d4,Fem 

IV. IRON PROTECTING GROUPS FOR MONO- AND DI-ENES 

Complexation of olefins by an iron group inhibits the classical chemistry usually 
encountered in the absence of complexation, thus providing the possibility of reaction at 
other parts of the molecules such as other non-coordinated unsatured functional groups. 
The cationic 16-electron moiety [q’-C,H,Fe(CO),]+ protects one olefinic double bond in 
the complexes [Fp(r12-olefin)]+, whereas the neutral 14-electron group Fe(CO), protects 
two conjugated double bonds in the complexes [ Fe(CO),(q4-cis- I ,  3-diene)]. 

A. Protection of one Olefinlc Double Bond in [Fp(q’-olefin)]+ 

In diolefins, metallation by Fp’ is governed by steric factors. This property has been 
used by N i c h ~ l a s l ’ ~  for the selective reduction of the other double bond (equation 65). 

Hence this technique is complementary to the traditional halogenation-dehalogenation 
procedure in which halogens attack the more substituted double bond. 

I t  is possible to prevent the reaction ofelectrophiles, such as in the norbornene complex 
80, which allows selective attack at the free double bond (Scheme 69). A double bond is 
complexed preferably to a triple bond, which affords the specific reduction of the latter in 
enynes (equation 66). By protecting the double bond, which is otherwise more reactive, 

Fp*- Pd / HI =r=L *- K J=L 
I 
FP+ 

I 
FP+ 

(66) 
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FP+ - Fp+&Br 

'Br 
/ (80) /.. \ 

HgOAc 

FP+ 4 ~ O A c  

SCHEME 69 

FP+ 

OH 

Br-6""' 
Br 'y "' b 

90% 

SCHEME 70 

bromination of eugenol was effected on the aromatic ring (Scheme 70). All these examples, 
reported by N i ~ h o l a s " ~  in 1975, illustrate the use of Fp' as protecting group in organic 
synthesis. Indeed, the metal is easily removed from the organic substrate, after the desired 
modification, by reaction with NaI in acetone at room temperature (equation 20). 

B. Protection of a Diene in [Fe(CO),( q4-lI3-dlene] 

Possibly the classic example of protection of double bonds concerns the reactivity of 
myrcene, reported by the group of Lewis'" in 1973. A report on acylation by Birch and 
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-Fe(CO), 

0 

CI 

diastereoisomers 80% 4 3 %  overall 
from myrcene 

SCHEME 71 

PearsonIo7 also appeared in 1976 (Scheme 71). This groupl''" also showed that the 
Fe(CO), complex of ergosteryl acetate (81a) can undergo hydration and oxidation of the 
free double bond; reduction of the latter was effected by Barton t!t d.17ab (Scheme 72). 
Birch and FittonI7' reported the N-cyanation of thebai'ne via its Fe(CO), complex 82 
(Scheme 73); extensive rearrangement occurs if theba'ine is not coordinated to Fe(CO),'". 

Protection by Fe(CO), is also achieved on partial coordination of conjugated polyenes 
and polyenones, such as cyclooctatriene, cyclooctatetraene, and cycloheptatrienone 
(tropone). In these cases, the role of Fe(CO), is not only to protect two coordinated double 
bonds, but also to modulate the reactivity of electrophiles on the conjugated, non- 
coordinated double bonds. Thus, cycloheptatriene and cyclooctittetraene are usually 
polymerized by electrophiles. As early as 1972, Johson er a/."' reported the mild 
acetylation and formylation of [Fe(C0),(q4-cycloheptatriene)], 83a, which proceeds via 
the relatively stable [(q5-dienyl)Fe(CO),] + intermediate, 83b (from which an e.w proton is 
removed upon hydrolysis (Scheme 74). The formation of this dienyl intermediate, 
characterized in the acetylation reaction, shows that the Fe(CO)! group plays more an 
active role in the reaction than that of a simple protecting group. Similarly, complexation 
ofcyclooctatetraene by Fe(CO), (in 84a) affords protonation at a non-coordinated double 
bond, leading to homotropone, 84b; formylation opens the route to a series of functional 
cyclooctatetraenes'" (Scheme 75). 

A homo-2,3-tropone, of the same family as that obtained by Pettit et a/ .  from 
protonation of 849, was also synthesized by reaction of diazoethane with the tropone 
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Me0 

BrCN FOCI, 
(82) . Free ligand 

RT, 12 h R = C N  *&' N-cyanonorthebaine 

LFo(CO),] 

h \ ) ,  OO°C, 
theboine - 

12 h 

Fe (CO), 

R = Me 

(82) 
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COMe 
I 

COMe 
I 

MsCOCl QP'Q 
'Fe (CO), Fe (CO 1, 

(83 b)  

Fe (COI3 

SCHEME 74 

complex 85. Frank-Neumann et showed that tropone cannot be acylated unless it 
is coordinated to Fe(CO),, the driving force then being provided by the intermediacy of 
[qS-dienyl)Fe(CO),] +. Reaction of diazopropane with the acetylated complex 86 
gave a precursor of /l-dolabrin and j-thujaplicin (note that a precursor of the latter can 
also be obtained from Noyori's condensation of 2-isopropylfuran with 
a, a, a', a'-tetrabromoacetone) (Scheme 76). The introduction of an acyl function into 
the azepine ring was not possible before partial complexation by Fe(CO), was 
achievedlB4 (equation 67). 

CO, Et C02Et  

I I 
A c 2 0 ,  HBF4 

0 oc COMe 

Fe(C0)S Fe (CO), 
4 2 % 
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Fe D (CO), 

NoOH - 
(84 b) 

POCl, , drnf 

4'C, 30 rnin EtOH, RT 

Fe(C0I3 80 % 
60 % (84 a )  

DCH2""' - 
DCH2'" HPFe, HZO . MeOH, RT . 

Et20,  R T  20 rnin - 
Fe (CO), 'Fa (CO), Fe (CO), 

S C H E M E  75 
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V. STABILIZATION OF UNSTABLE SPECIES AS EVEN LIGANDS IN IRON 
COMPLEXES (ALKYLIDENES, CYCLOBUTADIENE, 0-XYLYLENE) AND THEIR 

TRANSFER TO ORGANIC SUBSTRATES 

Although many unstable species can be stabilized by complexation, very few have 
provided synthetic applications. For instance, the iron carbonyl complexes of trimethy- 
lenemethane, penta- and hepta-fulvalene, cyclopentadiene, cyclopentadienone, norbor- 
nadienone, and benzyne (Scheme 77) gave either no synthetic application or disappointing 
results. In particular, the trimethylenemethane complex gave mixtures of many products 
on d e c ~ m p l e x n t i o n ' ~ ~ ,  in contrast to the much better results obtained using palladium 
complexes' 86.  

0 

SCHEME 77 

We shall therefore concentrate here on alkylidene and cyclobutadiene complexes, which 
give really useful applications; o-xylylene complexes will also be considered. Cyclohex- 
adienone can be stabilized by Fe(CO), and its complex 87 has been used for the arylation 
of amines"'. 

\ I  ,p.. 
(87) 

We can distinguish here unstable molecules as ligands in unsttihle complexes but for 
which complexation provides a suitable route to generate conveniently the desired species 
due to a certain degree of stabilization in the complex (Fp' complexes of alkylidenes and 
cyclobutadienes) and those forming stable complexes which require a decomplexation 
reagent for the generation of the free ligand [Fe(CO), complexes of cyclobutadiene, 
o-xylylene, and cyclohexadienone]. 

A. Stabilization of Methylene and Alkylidenes by Fp' or (CpFeL,L,)' 
and the Cyclopropanatlon of Olefins 

Singlet methylene CH,, the simplest carbene, is isoelectronic with CO. Hence it can be 
regarded as a two-electron ligand, either donating its lone pair as with CO, 87a, or else as 
half of ethylene, doubly bonded to the metal, 87b. Although transition metal methylene 



692 D. Astruc 

complexes are scarce, mono- or di-alkyl substituted methylene, e.g. primary or secondary 
alkylidene complexes, respectively, are now more common "'. Early transition metal 
alkylidene complexes with less than 18 valence electrons are catalysts for the metathesisIB9 
(generally through the popular Chauvin mechanismlg0) or the selective dimerization of 
olefins'". The polarity of the metal-alkylidene bond, essential for reaction with olefins, 
shifts predictably on moving along the first row transition elements, 87c and 87d. Thus, 
iron alkylidene complexes have the most electrophilic alkylidene fragments known, but 
the fraction of positive change on the alkylidene carbon can be diminished by replacing 
one or two carbonyls by phosphines, which also stabilizes the complexes. Jolly and 
Pettit19, reported the first evidence for a metal-methylene intermediate, (FpCH2)'', but 
this species could not be characterized spectroscopically even at low temperature because 
of its fast disproportionation to F p +  and [Fp(q2-C2H4)] + (equation 68). 

M c C H ,  M=CH, 
(874 (87b) 

n +  6 -  6 -  a +  
Cp2( Me)Ta=CH , Cp( L), Fe=CH, 

Brookhart et a/.193 obtained [CpFe(dppe)CH,]+ at 0 "C in CD,CI, solution from 
CpFe(dppe)(CH,OEt) and trifluoroacetic or triflic acid (equation 69), and carried out a 
successful n.m.r. study of this methylene complex. The 13C spectrum displays a signal at 
3 17 ppm, a low-field resonance characteristic of a terminal alkylidene carbon. The two 
methylene protons are not equivalent, as seen in the 'H spectrum in CD,Cl,-SO, at 
- 90 "C, which shows two signals at 13.29 and 17.89 ppm; this confirms that the CH, plane 
lies perpendicular to the Cp plane as calculated by Hoffmann et a/.194 for 
[CpFe(CO),CH,]+. The free energy of activation for the rotation of the methylene was 
obtained from the variable-temperature 'H spectra: AG' = 43.5 f 0.4 kJ mol-' .  This 
value is substantially higher than, albeit consistent with, the 25 kJ mol-' calculated by 
Hoffmann er al. for [FpCH2]+, the back-bonding to the methylene provided by the 
diphos increasing the double bond character. As a result, the methylene carbon is less 
electrophilic and less reactive, providing stabilization which is further enhanced by steric 
protection. 

Primary alkylidene complexes [FpCHR]', like the parent methylene complex, cannot 
be observed spectroscopically unless the atom of R attached to the carbene carbon is an 
heteroatom; in this case, its p-orbitals interact with those of the metal and the carbene 
carbon in a three-centre stabilizing conjugation. This occurs for R = phenyl, alkoxy, 
sulphoxy, amino, and other groups bearing an heteroatom. These stable complexes belong 
to the rich family of the Fischer-type alkylidene complexes'95. In the F p  series, Cutler 
prepared these complexes as yellowish solids by hydride abstraction from alkoxymethyl 
complexes (equation 70a). Brookhart and coworkers'97 prepared [FpCHPh] + 

(88)  

(stable for 1 h at 25 "C) via the alkoxyalkylidene complex 89 according to Scheme 78. This 
route is of general interest and was used by Brookhart and Bodnar and 
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to prepare the primary alkylidene complexes [CpFe(CO)( PPh,)(CHR)]+; they 
can be characterized spectroscopically at low temperature but, like [FpCHR]', isomerize 
below 25 "C via intramolecular hydride migration to give olefin complexes (equation 70b). 
However, the benzylidene analogue is fairly stable (SOr%, decomposition in 60 h). 

CP CP 

The first observation of ;I methylene transfer to an olefin to give a cyclopropane 
mediated by an iron complex was reported by Jolly and Pettit192. Protonation of 
[FpCH,OMe] in  the presence of cyclohexene gave norcarane (equation 71a). Davison 

HEIF. (-> A - 

et a / . ' 98  used the optically active methylene precursor [CpFe(CO)(PPhJCH,O 
menthyl)] to transfer the methylene unit to the prochiral olefin Irans-I-phenylpropene, 
which yields optically active trans- 1 -methyl-2-phenylcyclopropane. The stable complex 
[CpFe(dppe)(CH,)] + can also transfer its methylene unit to olefins, although the yield of 
cyclopropane formed depends strongly on stereoelectronic factors (ethylvinyl ether, 98%; 
hex- I-ene, 30%; cyclohexene, - 1 0%). 

A useful methylene transfer reagent was reported in 1979 by Brand and H e l q u i ~ t ' ~ ~ .  
Methylation of the thioether [FpCH,SMe] gives the sulphoniuin cation [FpSMe,]', 
which can release CH, thermally (Scheme 79). Heating this cation in refluxing dioxane in 
the presence of various simple olefins gives good yields of cyclopropanes. 

The transfer of simple primary alkylidene fragments such as ethylidene and benzylidene 
mediated by iron is also known [FpCHMeSMe,]+BF; and [FpCH(OMe)Me] were used 
as ethylidene precursors to form methylcyclopropanes on reaction with olefins 
(equation 71 b). The yields of methylcyclopropane formed with various olefins compare 
favourably with those obtained with the procedures using MeCH1,-Et,Zn as the 
ethylidene transfer reagent. In view of the high electrophilicity of the alkylidene carbon, it 
is most readily transferred to the most electronically activated alkenes. Transfer of 
ethylidene from optically active ethylidene complexes [Cp(CO)(Ph,R*P)Fe=CHCH,] + 
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Fp+=CHMe - [FpCHMeSM%]+ 

Ma3SiOTf I 
CH,CI,, - 78% 

[FpCH (OMe) Me] 

to styrene, as achieved by Brookhart and coworkers2", gives cis- and t rms-  1 methyl-2- 
phenylcyclopropanes in 70-75% yields and 84-90X optical yields. The two dias- 
tereoisomeric complexes give cyclopropanes of opposite configurations in almost identical 
optical purities, which indicates that the chirality at the iron centre, but not that at 
phosphorus, is responsible for asymmetric induction. The high optical yields were 
attributed by Brookhart and coworkers to the prochirality of the alkylidene carbon. 

The mechanism proposed to account for the observed selectivity is attack of the more 
nucleophilic olefinic carbon at the ethylidene centre in the anticlinal conformation, 
followed by front-side coll;ipse of the developing electrophilic centre at C-2 (Scheme 80). 
Brookhart and coworkers also obtained highly stereoselective benzylidene transfer from 
[Fp=CHPh]+ to a wide variety of olefins ranging from ethylene to tetra-substituted 
olefins; syn- or cis-cyclopropanes are obtained. 

In this peculiar case, Casey er d . ' s  model implying an interaction with the ips0 phenyl 
carbon in the transition state is invoked, as for [(CO),W = CHPh]; the stereoselectivity is 

H 
P*= PPh, ( S  1-2 --methylbutyl 

fronl-rida 
cnllopaa 

' H  

Ph 

trans 

( I R ,  2 R )  

3.5 

+ 
Ph QM: 

+ " [CpFe (CO)(P')]+ " 

anticlinal 1SS 

SCHEME 80 
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proposed to be induced by the trans configuration of R to Fp in this cyclobutane-like 
transition state 90 (Scheme 8 I ) .  Acetylenes react to yield phenylcyclopropenes. These 
valuable alkylidene transfer studies show that iron is a promising agent for the preparation 
of cyclopropanes from olefins, especially in view of the rejection of the classical 
diazoalkane procedure for industrial applications. 

B. Fischer-type Stabilized Secondary Alkylidene Complexes and their 
Coupling Reactions with Olefins 

The reaction of carbanions with metal carbonyls gives acylate salts which can be 
0-alkylated to give heteroatom-stabilized alkylidene complexes202. This reaction, 
discovered by Fischer, is quite general and was first applied to chromium and tungsten 
carbonyls. However, alkylation of iron acylates obtained from [Fe(CO),], generally gives 
unsymmetrical ketones resulting from alkylation at iron (Collman's r e a c t ~ o n ' ~ ~ ) .  Indeed, 
the iron acylate salts 91a can also be written as acyl ferrates 91b and the order of the 
metal-alkylidene bond is lower than in alkylidene complexes which do not bear 
heteroatoms (Scheme 82). 

In some instances, however, 0-alkylation can be obtained. A rationalization for the 
competition between 0- and Fe-alkylation is provided by the hard-soft acid-base (HSAB) 
theory, a well known factor in organic chemistry for enolates (0- us. C-alkylation). This 
comparison was emphasized recently by Semmelhack and TamuraZo3, who obtained 
Fischer-type alkylidene complexes by taking into account the factors favouring the 
0-alkylation: 

(i) addition of hmpa to the ether solution of the iron acylate; 
(ii) use of NMe: instead of Li+ as a counter cation; 
(iii) Increasing the size of the alkylating agent; 
(iv) use of a relatively unreactive leaving group (toluenesulphonate) instead of a soft one 

(iodide). 

M+ 

(91 b) 

SCHEME 

REX (CO),Fe-C / / O  

I 'RI 
R2 

82 
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,OEt / x  
+ I1 - (CO l4 Fe = C 

'R 
X'  

X 
(co),~e--/ 

+ + 

Etovx R 

SCHEME 83 

Reactions of these alkylidene complexes with olefins at 50°C were shown to give 
regioselective formation of coupled products, as previously known with tantalum and 
niobium alkylidene complexes. In both the iron and the tantalum and niobium reactions, 
the intermediacy of metallacyclobutanes was postulated, althnugh the metal-alkylidene 
bonds have opposite polarities. The two other decomposition modes known for 
metallacyclobutanes, reductive elimination to give a cyclopropane (chromium)204 and 
metathesis according to Chauvin and Herrisson's mechanism (tungsten)205, were not 
observed with iron. Reaction products result from coupling of the alkylidene unit with the 
unsubstituted end of the terminal olefin via decomposition of the metallacyclobutane 92 
by /3-elimination to an iron ally1 hydride intermediate followed by regioselective 
elimination (Scheme 83). 

The sulphur stabilized iron-carbene complexes 94a synthesized from iron-CS, 
complexes, 93, and acetylenes bearing at least one electron-withdrawing group, react with 
air giving dithiolene complexes 94b and tetrathiafulvalenes 95206 (equation 72), but the 
mechanism is not known. 

R' 

I _  
R' 

(93) (94 a )  

23- 35% 
(94 b)  

26- 2 8 % 

(95) 

R',  R 2  = H, C0,Et; p-CIC6H,, CHO; 
C0,Me; C0,Me; p-O,NC,H,; COMe; 
Ph: C H O  
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C. Trapping of Cyclobutadlene by Organic Substrates on Decomplexatlon from 
Stable or Unstable Iron Complexes 

Predicted by Longuet-Higgins and Orgel in  1956207, the stabilization of the unstable 
cyclobutadiene molecule by complexation to a transition metal group was realized by 
Emerson el d. in 1956208. Reaction of [Fe,(CO),] with cis-dichlorocyclobutene or cis- 
dibromobenzocyclobutene gave the stable Fe(CO), complexes 96 and 97 of cyclobutene 
and benzocyclobutene, respectively (Section V1.A. equation 74, page 699). 

Antiaromatic as a free molecule, cyclobutadiene becomes aromatic in its stable Fe(CO), 
complex, a s  indicated by its classical electrophilic reactivity acylation, Vilsmeir formy- 
lation, mercuration a s  for ferrocene). Free cyclobutadiene, obtained on decomplexation 
of 96 with Ce(lV) or Pb(lV), can be trapped with various dienophiles to provide original 

"TfSO' 
I 
I 

C0,Ma 
CO, Me 

CS" 

( i )  tiso+ 
lii) NnEH, 

liiil nu I 
Ho*C-& co, H 

80% 

SCHEME 84 
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synthetic applications. Examples are the formation of Dewar benzene, 98, and the very 
interesting synthesis of the cubane, 99, cage keto sulphones, 100, and 9-hydroxy- 
homocubanes, 101209 (Scheme 84). 

Although cyclobutadiene generated from 96 most often behaves as a diene, there are 
cases where it acts as a dienophile, for instance in the synthesis of homopentaprismanone. 
102210" (equation 73). In this regard, an unstable F p  complex of cyclobutadiene, 103, is 

(96) 

4 h  Fe (iil h 0 ,  Et&l,l h W 
(co)z (hi1 hydrolysis 1 4 % 

(102) 

(73) 
known which always provides the free ligand as a dienophile2'ob, trapping with 
cyclopentadiene is feasible, but not with dimethyl fumarate. In 103, the type of 
coordination, presumably dihapto, is necessarily different from that found in 96 
(tetrahapto) (Scheme 85). 

SCHEME 85 

D. o-Xylylene 

o-Xylylene (o-quinodimethane or 5,6-dimethylenecyclohexa- I ,  3-diene) is an unstable 
species and a key intermediate in steroid synthesis2' I ,  which can be stabilized by 
coordination to iron moieties212.213. The reaction of a, a'-dibromo-o-xylene with 
[Fe,(CO),] in refluxing diethyl ether gives a 5% yield of a Fe(CO), complex, 104, in which 
the coordination is exocyclic. The yield can be increased to 35% by using Na,[Fe(CO),] 
instead of [Fe2(CO),]. Several derivatives of this Fe(CO), complex are known with an 
additional metal coordinated via the endocyclic double bonds. A free double bond in 104 
can be acylated using MeCOCl + AICI,. The reaction of AICI, alone leads to  the indanone 
105 (Scheme 86). 

Recently, [{q4-C6Me,(CH,),} (q6-C6Me,)Feo], a permethylated iron(0) sandwich 
o-xylylene complex, stable up to - 20 "C, has been characterized by H and "C n.m.r. in  
d,-toluene2'. This compound, synthesized by double hydrogen atom abstraction by O2 
from the 20-electron complex [q6-C6Me,),Feo] (cf. Section VIILA), is the only iron 
complex known in which the o-xylylene ligand is coordinated exclusively in an endocyclic 
fashion. Its reaction with electrophiles is described in Section VII1.A. 
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M e c o a - F e  (CO13 

x 
a C H z B r  CFadCobJ . a 

-Fe (CO), 
w 

CHzBr No,[Fo(CO),] 

mo (‘04) 

(103) 
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VI. REACTIONS OF ORGANIC COMPOUNDS WITH IRON CARBONYLS 

A. Reactions of Organlc Polyhalides with Iron Carbonyls and Noyorl’s 
Condensation of Oxoallyl Ferrate with Unsaturated Substrates 

Dehalogenation of organic halides by reaction with iron carbonyls is useful for the 
preparation of diene iron tricarbonyl complexes which are not accessible by direct 
complexation of the dienes because of their instability in the free slate. This is the case for 
cyclobutene, trimethylenemethane, and o-xylylene (equation 74-76). Decomplexation 
and trapping of the unstable ligand is often useful in organic synthesis (see Section V.C). 

Fe KO), ( 74) 

a - F e ( C O 1 3  (76) 

Useful ferrelactone complexes are formed on dehalogenation of chloroallyl alcohol with 
[Fe(CO),] (equation 77; cf. Section V1.B). 
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The first coupling reaction of certain gem-dihalides induced by [Fe(CO),] was found by 
Coffey in 1961 2 1 4  (equation 78). Ordinary monohalides are much less reactive, but in 1967 
Rhee et a1.215 reported the reaction of [Fe,(CO),] with PhCH2CI (equation 79). In 1972, 
Alper and Keung2I6 reported the reaction between a-haloketones and [Fe(CO),] giving 
1,4-diketones and ,&epoxyketones or reduced monoketones (equation 80). In 1971, there 
appeared the first reports by Noyori and coworkers2" of the reaction of [Fe(CO),] with 
a, a'-dibromoketones and condensation with olefins (equation 8 I ) .  A reactive oxoallyl 
ferrate intermediate, 106, is formed, presumably through oxidative addition to the 16- 
electron moiety Fe(CO), (generated from [Fe,(CO),], by elimination of bromide anion. 
The reaction is carried out in the presence of an unsaturated substrate which condenses 
with 106, provided that certain conditions are met. This led Noyori and coworkers2" to 
the construction of a variety of cyclic organic structures, many of which possess interesting 
pharmacological properties. 

Ar2CX2 + [Fe(CO),] Ar2C=CAr2 (X = CI, Br; Ar = aryl) (78) 

PhH 
PhCH,CI + [Fe2(CO),] - (PhCH,),CO 

56% 
(79) 

0 0 0 

(80) 
II (11 [Fa(CO15],drnl,a 11 II 

ArCCR2Br ArCCR,CR,CAr + ArCOCHR2 
( i i l  H20 

(C0I4(Br )  Fe-0 
Fe (COI.," - B r -  

R $y; L R*; - 
R Br Br Br 

(106) 

Thus, 106condenses with aromatic olefins giving 3-arylcyclopentanones (equation 82a). 
Stereospecific cycloaddition is obtained as indicated by the reaction with /{-cis- 
deuteriostyrene. 

The usefulness of this reaction was shown by the straightforward synthesis of 
( -t)-a-cuparenone2l8' (equation 82b), a great improvement over the previously known 

17 h Y 
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seven-step synthesis””, The cycloaddition of 106 with olelins is symmetry restricted 
and thus proceeds stepwise. In this n2 + n2 non-concerted process, the regiochemistry is 
directed by the stability of the intermediate ~ a t i o n ” ~ .  Using morpholinoenamines, 
cyclopentenones (l07a) are accessible in a one-pot synthesis, morpholine being 
simultaneously (equation 83). 

O-l LNXR3 (i) [Fs2(CO)s] R&:3 

R+f? + (ii) - marpholine 

Br Br R’ R2 
R’ R2 

(107a) 

(83) 

The cycloaddition of 106 with 1,3-dienes leads to 4-cycloheptenones, 107b, precursors 
for troponoid chemistry (equation 84). This is a thermally allowed n2 + n4 concerted 

[Fa2(C0 ).] . R‘Q R2 (84) 
RZ ‘ e i 2  + 

R3 R4 Br Br 

R3 R4 

(107 b )  

process and regioselectivity is governed by primary orbital overlap. The simplest a, 
a’-dibromoketones, those of acetone and methyl derivatives, fail to react, but a,a,a‘, 
u’-tetrabromoacetone and even a,a,a‘,-tribromoacetone work. Another problem in the 
synthesis of these cyclic compounds is that electrophilic substitution is a competitive 
reaction. For instance, thiophene and pyrrole or N-methylpyrrole give only 108, resulting 
from electrophilic substitution (equation 85). Fortunately, this problem can be circumven- 

n 

X = S, NMe (108) 

ted in the pyrrole series’” using N-carbomethoxypyrrole, which gives only cycloaddition. 
After reductive dehalogenation using Zn-Cu, reduction of the cycloadduct by Bu’,AIH 
gives a precursor 109 to all naturally occurring tropane alkaloids (Scheme 87). 

Another minor constraint is that simple I ,  3-dienes must be held cis in the reaction in 
order to obtain good to high yields. Butadiene gives only a 33% yield of cycloadduct, 
whereas cyclopentadiene gives a 93% yield. Noyori and coworkers’” solved this problem 
by using the [Fe(CO),(diene)] complex in place of the free diene and [Fe2(CO),]; the yield 
was increased to 90% in this way with butadiene. 

After delineating and overcoming these few constraints, Noyori and coworkers 
developed useful syntheses of cycloadducts 110, 11 1, and 112 with furan and its isopropyl 
derivatives (Scheme 88 and 89); these cycloadducts are precursors of nezukone and a- and 
fi-thujaplicin; moreover, stereocontrolled syntheses of C-nucleotides possessing important 
antibiotic and potent anticancer and antiviral activity were achievedzz3. 
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Br 
( i l  [Fa,(COl,] 

'N 
I 0 

CO, Me 

OH 
(109) 
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Br Br 
+ R'Q 

R2 
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0 

(112) a- thujaplicin 
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Finally, other unsaturated substrates can be condensed with the oxoallylferrate, 
including carboxamides such as N, N-dimethylformamide, N, N-dimethylacetamide, 
N, N-dimethylbenzamide, and N-methylpyrrolidone. N, N-Dimethylformamide leads to a 
muscarine precursor 1 13224 (equation 86). 

[FeZ(CO)O] 

- h Z N H  i=" - Me yJ Me 

\ 
H 

+ 
Me -N 

Me VMe 0 'Me 0 

(113) 

Me3NCH2 
+ 

-- (86)  
M e  

OH 

B. Ferrelactones and Ferralactams 

Ferrelactones, 114, can be obtained from an iron carbonyl and chloroallyl alcohols, 
vinyloxiranes, or oxazines. Their decomplexation by Ce(1V) generally yields /j-lactones, 
115, whilst reaction with amines in the presence of alumina gives ferralactams, 116225 
(Scheme 90). Similarly, the decomplexation of ferralactams by Ce(1V) gives 8-lactams. For 
instance, 117, related to the novel nocardicine antibiotics, was prepared from a 
ferrelactone in this way226 (Scheme 91). 

/CH2C' [Fe (CO),] 

\ I /  

(116) 

SCHEME 90 
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I 
C 0 2 M e  

8 0 % 

(117) 

SCHEME 91 

C. lsomerizations of Oiefins 

The reaction of olefins with [Fe(CO),] often results in rearrangement of the olefin. The 
mechanism consists in oxidative addition of a C-H bond following coordination of the 
olefin. The resulting allyliron hydride tetracarbonyl species, 1 IS, reductively eliminates, 
which gives the more stable isomer227 (Scheme 92). Conjugated dienes may isomerize with 
or without double bond migration via dienyliron hydride, intermediates228 (equations 87 
and 88). Non-conjugated dienes are isomerized by [Fe(CO),] to the thermodynamically 
more stable conjugated isomers229 (equation 89). 

R2 

\ C H ~ R '  h 
Fe CH2R' 

Fe-H 
(CO), 

(118) 

K O 1 4  

SCHEME 92 
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A (87) 

MepNO 
-Me ___) 

Fe(CO), 
Me 

[Fa(COI,] 0-Q 
Fe 

Cyclohexa-I, 4-dienes, available by the Birch reduction of aromatics, are isomerized 
to cyclohexa- I ,  3-dienes on complexation 10 Fe(C0,)230. However, 2,5-dihydrobenzoate 
is converted into the conjugated diene I19 in which the ester group remains unconjugated 
[in contrast with the base-catalysed treatments leading to a fully conjugated dierie ester 
12023" (equation 90)]. Decomplexation of the useful I-methoxy derivative 121 proceeds 
with decomposition of the dienol ether23' (equation 91, Schemes 27, 32, 35, 36). A useful 
example of the conjugation of dienes shown in Scheme93 affords an entry to the 
prostaglandin C series2J2. 

CO,Me C02Me 
I I 

[Fa (COI,] OH - 

(120) 

C02Me 
I 

'Fe (CO), 

(119) 

OMe 

Primary and secondary allylic alcohols are isomerized to aldehydes using catalytic 
amounts of [Fe(C0)JZ3' (Scheme 94). Other functionalitics such as esters, alcohols, and 
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[Fs,(COl,,] , OH-  

d m s ,  95'C, 30 min 

I + 
P G A  

0 
I1 

6 0 % 

( i l  Ph,P=CH(CH,),CO; 

( i i l  CrO,.  py , CH,CI, 

(iii) n30+ 

P G C 2  
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//O 
CH2DCH2C \o  - C H $ W D o H  

Fe 
(CO), 
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ketones withstand the reaction. Photolysis in the presence of [Fe(CO)J induces the 
isomerization of N-ally1 amides 122 to prop-2-enyl amides 123234 (equation 92). 
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D. Transformations of Small Rings 

Vinylcyclopropanes react with [Fe(CO),] in thermal or photolytic  reaction^^^^.^'^ 
(equation 93). The ring opening of epoxides by reaction with [Fe(CO),] and the reaction 

0 

(93) 

of oxazines with [Fe,(CO),] are routes to ferrelactones, precursors of lactones and of the 
synthetically important /?-lactams (see Section V1.A). Epoxides are deoxygenated by 
[CpFe(CO),]-, giving olefin complexes with either retention or inversion of the 
stereochemistry, depending on the reaction conditions236 (see Section VI.El). 

The epoxide of cyclooctatetraene, 124, is thermally isomerized by (Fe,(CO), 2]237. 
Photolysis with [Fe(CO),] followed by reaction with [Fe(CO),] and decomplexation 
leads to 9-oxabicyclo[4.2. I]nona-2,4,7-triene, 1 25238 (Scheme 95). 

[Fe,(CO),] converts epoxides to allylic alcohols under mild conditions2”, it reaction 
much more facile than treatment with a strong base (equation 94). 2-Arylazirines, 126, are 
rearranged on reaction with Fp2240 (equation 95). The structure of the product obtained 

[Fa,(CO),] 

5OoC 

5 5 %  

(94) 

SCHEME 95 
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(126) 39 % 

varies markedly with the transition metal carbonyl used (Co, Mo, etc.). Diazatrienes (127) 
are rearranged to pyrroles (128) on reaction with [Fe,(CO),IZ4' (equation 96). 

E. Deoxygenation, Desulphurization, and Dehaiogenation 

1. Deoxygenation 

[CpFe(CO),]- reacts with epoxides to give alkoxide complexes 129 (Scheme 96) 
Thermolysis of 129 gives the free olefins with inversion of the stereochemistry, whereas 
protonation gives the olefin complexes with retention236. Since epoxidation of olefins 
proceeds with retention, the first reaction provides a method of inverting their 
stereochemistry, whereas the latter represents a protection technique together with a route 
to [Fp(olefin)] + complexes (Scheme 96). [Fe(CO),] also deoxygenates epoxides but not 
stereospecifically (equation 97 and 98)242. 

0- 
R I  

No1 

R 20t R 
FP+ 

SCHEME 96 
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O Y -  O Y -  

02% 

Amine oxides and sulphoxides can be deoxygenated by [Fe(CO),]243 (equation 99 and 
100). Such nucleophilic oxides generally remove CO from metal carbonyls with 

57-91% 
production of CO,. Me,NO is commonly used for synthetic purposes to disengage a metal 
carbonyl fragment from the desired organic ligand [diene from Fe(C0)3]244; it is also 
often used to replace one carbonyl by another ligand in organometallic chemistry246. The 
mechanism can be depicted as in equation 101. A detailed study of the deoxygenation of - M + CO;! + X (101) 

x*-0- [ M-CO - 
N-oxides with various N-amine oxides was made by Alper and who obtained 
yields ranging from 50 to 80%. Similarly, nitrosoarenes give azoarenes (equation 102) 
whereas aromatic N-nitroso compounds give secondary amines (equation 103)246. The 
aliphatic derivatives N-nitrosopiperidine and N-nitrosomorpholine give the ureas 
resulting from CO insertion (equation 104) [Fe,(CO),,], rather than [Fe(CO),], cleanly 

ArNO ArN=NAr 

7 5 % 

Ar2NN0 ___) Ar2NH 

102) 

f 103) 

n n n 
W ( 104) X N-NO X N-C-N w II wx 

0 

reduces a variety of ortho-, rnrta-, and para-substituted nitroaromatics to anilines in over 
70% yields247 (equation 105). Given the generality and the selectivity of the reaction 
(unaffected substituents include Me, CI, NH,, CO,R, OMe, OH, Ac, NHAc), this method 
of reduction appears quite useful. 



710 D. Astruc 

Amide oxides and oximes can be deoxygenated by [Fe(CO),] to give amidines and 
imines. respectively248. (equations 106 and 107). Carbonyl derivatives can be regenerated 
from their oximes using this reaction249 (equation 108). Some tertiary alcoholates can be 
deoxygenated by [Fe(CO),] and subsequent treatment with HCI2,' (Scheme 97). 

R N  2 \ /OH [FetCO),] R2N\ 

____) /C=NH ( 106) 
Ar  

/C=N 
A r  

70-90% 

72 % 

0 
[Fa (CO 15] 

RR'2CO- - RR',C-0-C-Fe (CO14 

n c i  
RR',CH - RR',C- f 'Fe(CO14 + co2 

R = Me ; R' = Ar  

R = Ar  R' = Me 

SCHEME 97 

2. Desulphurlzatlon 

Alkene episulphides are desulphurized efficiently by [Fe2(C0)g]25', a reaction which 
parallels the deoxygenation of epoxides. The reaction proceeds with retention of 
stereochemistry (equation 109). Thioanhydrides may be similarly desulphurized using 

"X: ( 1  09) 
[FS,(CO)~] 

C,,Ha, raf lur  
".A - 

R 
R R cis 

cis 
8 1 % 

[Fe(CO),] or [Fe,(CO),] '", which has potential use in the Corey-Winter procedure for 
olefin synthesis (equation 110). The reaction of thiocarbonates with [Fe(CO),] also 
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provides ole fin^^^^ (equation 1 1 I ) .  Thioamides are desulphurized and converted into 
amines by reaction with [Fe(CO)S]-KOH254 (equation I I2a). Similarly, thioketones are 

( 1  10) 
[Fe(CO),] 

( I  124 

38-51% 

converted into the corresponding hydrocarbons by reaction with Na[HFe(CO)4]2ss. 
Alper and coworkers2s6 converted thiobenzophenone into a variety of desulphurized 
organic products via formation of an iron-sulphur cluster produced on reaction with 
[Fe2(C0)9] (Scheme 98). 

R 

4 R + CHOAc 

[Fa,(CO),] 

____* 
PhH , RT 

/;;::A\ MeOH R , = NMa, 

b CHOR' 

R 

R 

NMe2 
1 

Q CHOMe 

q H g  OAc ~ H ~ O A C  

AcOHg 

R R NMe2 
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3. Dehalogenation 

Halo derivatives are readily dehalogenated in a variety of ways by reaction with iron 
~ a r b o n y l s ~ ~ ~ - ~ ' ~ ,  iron carbonyl  anion^'^^-'^^, and iron h y d r i d e ~ l ~ ~ - " ~ .  Dehaloge- 
nation may proceed with functionalization using Na,[Fe(CO),] under CO or phos- 
phine (Section II1.D.I) or without functionalization using [HFeCO,]- salts, 
[(C,Me,)Fe(CO),H], or other hydrides (Section III.D.2. and 3). The coupling of ye171- 
dihalides, haloketones, and Noyori's condensation of polyhalides with [ Fe(CO),] are 
described in Section V1.A. Dehalogenation of specific organic dihalides by [Fe(CO),] 
affords the synthesis of cyclobutadiene-2"S, trirnethylenemethane-257 and o-xylylene-iron 
tricarbony12'2 complexes (Sections V.C and V1.A). The reaction of chloroallyl alcohols 
with [Fe(CO),] is one of the routes to the useful precursors f e r r e l a c t o n e ~ ~ ~ ~  (Section V1.A 
and 6). 

F. Miscellaneous Carbonylation Reactions 

Well known rational routes for the carbonylation of organic compounds are the 
reactions of organic halides with Collrnan's (Section I1I.D.I) and Noyori's 
condensation of unsaturated substrates with oxyallyl ferrates generated from polyhalides 
and [Fe(C0),]217-224 (Section V1.A). In addition, it was found that iron carbonyls react 
with a variety of unsaturated organic compounds to give miscellaneous carbonylation 
reactions. The synthesis of ferrelactones by dehalogenation-carbonylation of chloroallyl 

(Section V1.B) and the carbonylation ofo-xylylene by reaction of AICI, with its 
tricarbonyl complex2I2 (Section V.C) are examples already described in this Chapter. 

[Fe,(CO),] reacts with acetylene to provide cycloheptatrienoneiron tricarbonyl, which, 
on decornplexation with FeCI,. gives the free ligand" (equation 1 lab). The 

FaCll Do - Q-0 
3 H C G C H  + [Fe2(CO)9] ___) 

2 2 % 70% 

( I  12b) 

(84d (132) (133) 

SCHEME 99 
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cycloheptatriene- and cyclooctatetraene-iron tricarbonyl complexes 130 and 84a, when 
treated by H+ followed by H-, give the homo-ally1 and -cyclopentadienyl complexes 131 
and 132, respectivelyz59 (Scheme 99). The latter are carbonylated under CO. These 
reactions are examples of CO insertion into iron-alkyl bonds. Another example is the 
reaction of vinylcyclopropane with iron carbonyls followed by carbonylation under 
COz60. This process is related to the conversion of vinyl epoxides to f e r r e l a ~ t o n e s ~ ~ ~  
(Section VIA, B) (Scheme 100). The cyclic polyeneiron tricarbonyl complexes 12 and 
84a react with AICI, under CO to give CO insertion productsz6'. Barbaralone is obtained 
from cyclooctatetraene in this way (Scheme 101). 

[FdCO),] - I ? %  co 

F e  
R 

(CO), 0 

SCHEME 100 
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VII. ASYMMETRIC SYNTHESES 

Complexation of potential ligands such as butadiene, cyclohexadiene, or arenes by an 
organometallic group renders the molecule asymmetric. Thus asymmetric syntheses are 
possible using complexes in their optically active forms. For instance, chiral butadiene 
Fe(CO), complexes have becn used for the asymmetric synthesis of formylcyclopropanes. 
In particular. optically active hemicaronaldehydes, key intermediates in the preparation of 
the very useful insecticides pyrethroides, were prepared by Frank-Neumann et d.26z and 
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(i) Me,NO ; CH2CI2 ; reflur 

(ii) 0, ; - 70 OC 
(iiil Ph3P ; - 10 OC 

H Me 'T ' '13J'  
" 1 - " '  

SCHEME 102 

by Cree and Carrie's Using the Scheme 102, the latter obtained these 
cyclopropanes with > 90% enantiomeric excess. 

Recently, Howell and Thomas264 performed enantioselective syntheses of cyclohex- 
adieneiron complexes. The process involves the synthetically useful nucleophilic attack on 
cyclohexadienyliron complexes. Two methods were used: ( i )  reaction with chiral 
nucleophiles and (ii) replacement of a carbonyl ligand by a chiral phosphine. In  the latter 
case, asymmetric induction is also possible by reaction with a chiral nucleophiles. Hence 
this field is promising. Deprotonation of acyl complexes give metalloenolates which 
undergo diastereoselective alkylation, with Fe3O1 as with other metals302. 

VIII. NON-PAIRWISE CHEMISTRY OF IRON COMPLEXES 

A. Electron-transfer Chemistry of 19- and 20-electron Arene Complexes: 
C-H Activation and C-C Bond Formation 

1. C-ti activation 

Nineteen-electron [Cp($-arene Fe' complexes, 134, synthesized by Na-Hg reduction 
of their cationic  precursor^^^^^^' 3 '  , react rapidly with 0.5mol of 0, at - 80°C to give 
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benzylic H-atom abstraction and 0.5mol of H 2 0 2 2 b 6 .  The organoiron reaction products 
135 are the same as those obtained by deprotonation of the 18-electron ~ a t i o n s ~ , ~ ~ . ~ , ' ,  but 
the H-atom abstraction is cleaner and proceeds in higher yields. The mechanism is an 
outer-sphere electron transfer from the Fe' complex to O2 providing the basic superoxide 
radical anion in the cage, as confirmed by e.p.r. spectroscopy268. In the absence of a 
benzylic hydrogen, nucleophilic addition of 02-' occurs to the arene ligand activated by 
CpFe' which gives 136,,'. When salts such as Na+PF,-  have not been removed from the 
reaction medium, the salt effect prevents the deprotonation or the nucleophilic attack and 
02-' dismutates to 0,'- (and 0,, which is consumed); the organoiron cations are 
recovered as PF,- salts 137 (Scheme 103). 

The complexes obtained in the H-atom abstraction reactions are [Cp(q5- 
cyclohexadienyl)Fe"] with exocyclic double bonds which can be functionalized by a 
large variety of e l e c t r ~ p h i l e s ~ ~ ~  (Section I1I.A). Similarly, [Cp(q6-C6Me5NH2)Fe'] reacts 

9 
R 

L large small J 

large 

L (137) J 
large Ih 0-0 

R + "a+,0*-1 
small small bf Fe I i 

I I I  R = Me - Fe 
no salt I 

I R ' X  

Q 
+e+ 

R ' X  = PhCOCl 

SCHEME 103 



716 D. Astruc 

with 0227' to give [Cp(q5-C6Me5NH)Feii], which, on reaction with CO,, gives (Cp(rf- 
C,Me,NHCO,-)Fe+]. In the case of [Cp(q'-C,Me,)Fe'], the C-H activation product, 
obtained in 97% yield, was characterized by X-ray analysis and the crystal structure 
compared with that of the Fe' complex. Since the CpFe+ group is easily removed by 
photolysis in the 18-electron cations, the process provides a means of activating C-H 
bonds by 0, under mild conditions and of fiinctionalizing arenes. 

The 20-electron complex [(q6-C,Me,),Fe"], 138272, obtained by Na-Hg reduction of 
the isostructural dication, reacts with 0, at - 40°C to give the double C-H activation 
product, namely the 18-electron o-xylylene complex [($-C6Me6){q4- 
C,Me4(CH,),}Feo], 139'03, not accessible by deprotonation of [(t)'6-C6Me6)2Fe]2+. 
Acylation with PhCOCl also proceeds at - 40 "C, giving back the 18-electron dicationic 
structure in 140 [bis(arene)Fe2 + salts rapidly liberate the arenes upon photolysis] 
(equation 1 13a). 

Ph @ ____) 0,,-40°C # ____) PhCOCl # 
/ 

(138) (139) 
Ph 

(140) 

(113a) 

The 19-electron complex [($"'C,Me,)(q5-C,Me,H)Fe'], 141, is obtained by hydride 
reduction of [(q6-C,Me6),FeI2+ followed by one-electron reduction using Na-Hg2,, 
or better from [Cp(rf-C,Me,)Fe']. It reacts with 0.5mol of 0, giving the single 
H-atom abstraction complex [(r~b-C,Me,){~4-C,Me5H(CH2)}Feo], 142 (equation 1 13b). 
Reaction of the latter with electrophiles yields functionalization of the exocyclic methylene 
group and further to the chemistry indicated in Section II1.A. * F 2  

H 
(141 

Fe 

(142) 

PhCOCl 
_____) 

CH2COPh 

I 
H 

(113b) 

2. C-C bond formation 

[Cp(q6-C,H,)Fei] reacts with some organic halides to give equal amounts of [Cp(q5- 
cyclohexadienyl)Fe"], resulting from C-C bond formation, and [Cp(q6-C,H6)Fe] + 274. 
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R X  - 

SCHEME 104 

The 50% limit on the theoretical yield of C-C bond formation no longer holds if one 
starts from a 20-electron iron complex such as 138 since, in this case, the organic radical 
couples with an organometallic radical (19-electron Fe') in the cage subsequent to electron 
transfer (Scheme 104). Whereas carbanions d o  not form C-C bonds on reaction with 
[(q6-C6Me&Fe]'+ because of electron transfer, the desired coupling products 143 may 
be simply obtained in the above process. Further implications in organic synthesis are 
detailed in Section 1II.A. 

8. Iron-catalysed Alkyl Dlsproportionation in Kharash Reactions 

Iron([) species, generated in situ by reduction of iron(l1) or iron(II1) salts or complexes 
and Grignard reagents, catalyse the disproportionation of alkyl radicals in the reaction 
between Grignard reagent and organic halides275 (equation 1 14). Side-reactions are alkyl 
exchange(equati0n 115)and hydrogen transfer from the olefin formed (equation 116). The 
reaction mechanism was carefully examined by K ~ c h i " ~ :  ( i )  stoichiometric studies of the 
reduction of FeCI, by Grignard reagents and the e.p.r. spectrum of the iron product 
suggest that Fe(1) species is the active catalyst; ( i i )  the reactivities of alkyl bromides 
decrease in the order Bu' > Pr' > Pr"; and (i i i )  disproportionation follows the kinetic law. 

dlC1H.1 

d l  
- = k[FeCI,][EtBr][EtMgBrlo 

EtMgBr + EtBr C,H6 + CH,=CH, (1 14) 

EtMgBr + Pr"Br=EtBr + Pr"MgBr (1 15) 

PPMgBr + CH,=CH,=EtMgBr + CH,CH=CH, (116) 

The probable mechanism, proposed by Kochi, is given in equation 117-120. In the 
presence of silver instead of iron as a catalyst, alkyl dimers are formed, but no 
disproportionation product is formed277. 

RMgBr + Fe"Br - RFe" + MgBr, (117) 
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RFe" + R'Fe" -+ [RH, R'H] + [R( - H), R'( - H)] + 2Fe' (1 18) 

(1  19) 
,'OW 

Fe' + R'Br - Fe"Br + R" 

R" + Fe' -+R'Fe ' l ,  etc. (120) 

C. Oxidations Uslng Fenton's Reagent 

H,O, reacts with Fe" to produce OH'  radicals, which considerably enhances its 
reactivity278. The decomposition of H,O, by Fe2+ is catalytic and proceeds via a free 
radical chain mechanism (equations 121-125). In the presence of organic substrates, 
organic radicals are formed by reaction with OH'  and dirnerize or may be reduced or 
oxidized. For instance, tert-butyl alcohols reacts with Fenton's reagent to yield 84% of 

(Scheme 105). Analogous coupling also proceeds with aliphatic esters, ethers, 
nitriles, and carboxylic acids. In the presence of CO, carboxylation occurs2Bo (equations 
126 and 127). Maleic acid is hydrated via an a-carboxyalkyl radical and, in the presence of 
methanol, provides a y-lactone2" (equations 128-1 30). 

[Fe"] + H,O, + [Fe"OH] + OH' 

RH + OH' -+R' + H,O 
R' + R' -+ R, 

R' + Fe"' + R + + [Fe"] 

R' + Fe" -B R -  + Fe"' 

( 1  26) 

( 1  27) 

HlOl 

[Fe"] 

HlOl 

[Fe"] 

RH + C O  - RCO,H + H,O 

Me,COH + CO - Me,CCH,CO,H + H,O 
I 

O H  

Me,COH + OH' ___) Me2CCH; + H20 
I 

OH I 
Me2CCH2CHZCMe2 

OH OH 
I I 
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Hn02 n+ 

( 128) 
C H C O ~ H  Hoctico2Et - nocnco,Et 

I 
CH2COzEt 

II [Fan 1 I [FEU 1 
'CHC02 Et CHCO2H 

maleic acid a-corboxyolkyl rnalic acid 
radical 
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OH' + C H 3 0 H  *CH20H -+ H 2 0  ( 129) 

C H C 0 2 H  H f  

Fen 
II + *CH~OH 4 - 
CHCO, H 

Aromatic substrates are hydroxylated via hydroxycyclohexadienyl radicals282 
(equation I3 1). This type of aromatic hydroxylation also proceeds with [Feii]/S2082-zs3 

(O>-R + OH* - 5 DOH t [F~'J + H+ 

R R 

(131) 

or with [Fe"] + 0, + ascorbic acidzs4, but the yields are poor to moderate 
(equations 132-134). 

Fen + Spot- ___) [Fen] + SO4'- f SO4-' ( 1  32) 

A r H  + SO4-' ___) ArH' + SO,'- ( 1  33) 

0.  Reactions of Alkylperoxides Catalysed by Fe" 

Oligomers are obtained by reaction of alkyl hydroperoxides with [Fe"] in the presence 
of butadienezs6 (equations 135 and 136). The radicals RO' formed in the [Fe"]-catalysed 

R O ~ H  + [ F ~ ~ J  - RO' + F ~ ~ O H  (135) 

RO 
/ -  

RO- 
RO* + W 

OR 

4- no& 

( 1  36) 

decomposition often dimerize. However, in the presence of Cu", introduction of a double 
bond occurs by intramolecular hydrogen transferz8' (equations 137-1 39). 

( 1  37) 
02H + [Fen] - h O *  + [FemOH] 
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E. Oxidations by the Ferryi Group, FeV=O, and Biomimetic Processa7. 

The common active oxidant of a number of hemoproteins (P-450 monooxygenase, 
catalase, peroxides, chloroperoxidase) having various functions is an oxoiron(V) (proto- 
porphyrin IX) species (Scheme 106). Depending on the nature of the hemoprotein, the 
mechanism of formation of this FeV=O species is totally different. Unactivated C-H 
bonds in alkanes can be hydroxylated by the FeV=O oxidant, probably via a free-radical 
mechanism as proposed by Groves et al.289.290c (equation 140). C-H activation of 
aromatics and epoxidation of olefins are other typical reactions produced by ferryl species. 

[O = FeV] + RH --+ [HOFe”R] -B Fe”’ + ROH ( 140) 

Biomimetic oxygenations using chemical models have been attempted with the aim of 
mimicking the performances of oxygenases. In particular, models of cytochrorne P-450 
monooxygenase have attracted a great deal of attentionzg0. Simple chemical models d o  
not necessarily involve haeme iron complexes. For instance, Fenton’s reagent in aprotic 
solvents presumably generates ferryl species active in the hydroxylation reactions 
(equation 141). Similar results were also obtained with Udenfried’s reagent, consisting of 
Fe(II), EDTA, ascorbic acid, and Oz294, although the mechanism involving these two 
reagents, still unclear, differs significantly. In particular, a feature exhibited by enzymes in 
v i m ,  and also by Fenton’s reagent, but not by Udenfried’s reagent, is the NIH shift induced 

X 
I 

Y = O ,  single oxygen atom donor ClO-, ClO,-, IO,, PhIO 

SCHEME 106 
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X X 

during aromatic h y d r o x y l a t i ~ n ~ ~ ~  (Scheme 107). The NIH shift induced by Fenton's 
reagent increases with the amount of water present. 

X 

[Farno] Q/; D +&. 0 ----) @ OH D 

SCHEME 107 

SalenFe"' complexes are also able to hydroxylate adamantane (the secondary position is 
favoured) in the presence of 0, and an H donor293 (equation 142). Peroxidase models 

H O C H 2 C ~ S H  /py, 0, 

OH 

OH 

1 2 . 4  : 0.8 

( 1  42) 

typically consist of porphinatoiron(ll1) chloride, H,O,, and a hydrogen donor or a single 
oxygen atom donor such as i o d o s o a r e n e ~ ~ ~ ~ ~ ~ ~ ~ .  Using the latter system, stereospecific 
epoxidation of olefins proceeds in good yield (equation 143); hydroxylation of cyclohex- 

/=/ P h l O  (143) 
[ltpp) FamCI] 

Ph Ph 
Ph Ph 

82 % 

ane gives only an 8% yield of cyclohexanol owing to a competing intramolecular 
hydroxylation of the porphirinZg5. Simple iron complexes such as bipyFe(I1) can mimic 
dioxygenases, catalysing the oxidative cleavage of 3,5-di-tert-butylcatechol by OZzg6 
(equation 144). In dioxygenase and probably also in simple models, the substrate reacts 

PY %-$ + & 
0 

CH2C02H 

(144) 
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directly with a superoxo or p-peroxoFe"' complex. Singlet oxygen may also be involved 
following extrusion from such a complex. 

The convenient use of enzyme catalysis in biomimetic design is greatly.improved by the 
immobilization ofenzymes and coenzymes (e- and H donors) on supports297. I n  this way, 
enzymes can be reused and handling is minimized. Such biocatalysis is extremely 
promising (i.e. synthesis of epoxides from H,O, or NaOCI). 

F. Catalytic Addition of Halides to Olefins 

A number of redox reactions based on the generation and addition of free radicals can be 
made catalytic. For instance, the addition of chloroform across olefinic bonds is induced 
by iron complexes29B (equation 145). The catalytic cycle is based on the interchange of Fe" 
and Fen' as a result of chlorine transfer (equations 146-148). Similarly, the addition of 
trichloroacetates gives lac tone^^^^ (equation 149). However, the iron species actually 
responsible for catalysis is not known in the latter process. I t  is conceivable that the 17- 
electron radical [CpFe'(CO),] produced thermally from the dimer should work as Fe" in 
the reaction of chloroform. I f  that is the case, the catalytic cycle would now involve Fe'/Fe" 
interchange with a similar mechanism. I n  the presence oftrimethylamine oxide, [Fe(CO),] 
gives CO, and [Fe(CO),NMe,]. The latter catalyses the addition of CCI, to olefins, also 
according to a homolytic process300. Here again, the active catalytic species is unknown. 

CHCI, + CH,=CHR - CHCI,CH,CHCIR ( 1  45) 

(146) 

'CHCI, + CH,=CHR -CHCl,CH,C'HR (147) 

(148) 

[Fel 

Fe" + HCCI, - Fe"'CI + 'CHCI, 

CHCl,CH,C'HR + Fe"'CI - CHCl,CH,CHCIR + Fe" 

CH-R 
[Cp, Fa, (CO),] 

I 
CC13C02Me + CH2=CHR 

CCl, \J 
II 
0 

IX. ACKNOWLEDGEMENTS 

I am grateful to Drs. Alex M. Madonik (U. C. Berkeley) and Nicole Ardoin (U. 
Bordeaux I) for their helpful assistance in the preparation of the manuscript. 

NOTE ADDED IN PROOF 

Since this review has been achieved (December 1984), recent papers relevant to the subject 
deserve special attention; a few of these are quoted in refs. 85,86, 133g, 141c, 268, 301-303 
(until August 1986). 
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1 . INTRODUCTION 

Rhodium complexes are pre-eminent in homogeneous catalysis . Many complexes of this 
element are very effective catalysts in hydroformylation. hydrogenation. and hydrosilyl- 
ation reactions . In transfer hydrogenation and isomerization reactions their activity is 
slightly overshadowed by the complexes of other platinum group metals . 

The rapid burgeoning of homogeneous catalysis has come about since the discovery of 
[RhCI(PPh,),]. which was the first practically useful homogeneous hydrogenation 
catalyst that could operate under ambient conditions'. Almost simultaneously it was 
found to be an excellent hydrosilylation catalyst2 . Derivatives of this complex have been 
found to be useful and commercially important hydroformylation catalysts . Other 
rhodium complexes are used in the large-scale catalytic carbonylation of methanol . 

The practical applications of the above complexes focussed attention on the organomet- 
allic chemistry of the element with a view to the development of catalysts for a variety of 
reactions involving organic substrates . A vital step in the development of rhodium 
complexes as homogeneous catalysts was the stabilization of rhodium(1) complexes by 
ligands that also conferred solubility in non-polar solvents . 

Many such complexes are only four coordinate . Hence they are coordinatively 



8. Use of organorhodium compounds in organic synthesis 735 

unsaturated or, in modern parlance, 16-electron species. The ready availability of an extra 
coordination site permits the activation of reactants in catalytic cycles. 

The ease of oxidation to rhodium(II1) complexes permits the oxidative addition of 
reactants. Further, the rhodium(II1) complexes so formed are often themselves coordina- 
tively unsaturated, thus permitting the activation of reactants at this stage in the catalytic 
cycle also. The stability of the univalent state conferred by the ligands present in the 
original complex also aids the reductive elimination of products and permits the 
resumption of the catalytic cycle. 

The inferior catalytic activity ofcomplexes ofother transition metals arises from a poor 
balance between the stabilities of the different oxidation states involved in the catalytic 
process and the absence of a vacant coordination site where the reactants can be 
coordinated and activated. 

Nevertheless, apart from the very important catalysts used in the hydroformylation of 
propene and in the carbonylation of methanol, complex rhodium catalysts are seldom 
used in industrial processes. Partly this is due to the high cost of the metal, but more 
usually it  is due to the ease with which catalytically active complexes are oxidized to 
inactive species by trace impurities such as oxygen or hydroperoxides in the feedstocks. 
Accordingly, rhodium complexes find their greatest application in small-scale prepar- 
ations in academic, pharmaceutical, or fine organic chemical laboratories. 

The incorporation of chiral ligands into rhodium complexes has been the principal 
development of practical homogeneous catalysis in recent years. The resulting chiral 
complex catalysts can achieve high optical yields in the products derived from suitable 
prochiral substrates. Given the sensitivity of most rhodium catalysts to oxidants, this area 
still represents the most promising area for the future development of homogeneous 
rhodium complex catalysts. 

All homogeneous catalytic systems suffer from one major practical disadvantage- 
normally it is impossible to separate the products from the catalyst. Unless the separation 
can be achieved by simple physical means, the catalytic systems are inapplicable to 
continuous industrial processes. Additionally, in small-scale work, separation of the 
catalyst from reactive products can result in a serious depletion of the yield. 

To  avoid such problems, supported and heterogenized catalysts have been devised. The 
former type has the catalyst physically adsorbed in the pores of an inert support. Many 
homogeneous catalysts retain at least some of their activity under these conditions, but 
elution of the catalyst complex from the support is a major disadvantage. In the latter type 
of catalyst, one or more ligands of the parent catalyst complex are replaced by similar 
ligand groups bound to an insoluble polymer, which anchors the complex to the surface of 
the polymer. This type of catalyst usually retains many of the catalytic attributes of the 
original complex, but it is less effective towards large substrate molecules. In asymmetric 
syntheses the optical yields obtained from polymer-bound chiral catalysts are usually 
markedly inferior to those obtained from the parent chiral catalysts. Since essentially the 
same mechanism is involved in both homogeneous and polymer-bound systems, only 
passing mention will be made of derived heterogenized catalysts in this chapter. They are 
discussed in detail in Chapter 14. 

Nor will great emphasis be placed on the stoicheiometric reactions of the rhodium- 
carbon bond. The high cost of the metal and its salts makes it unsuitable for large-scale 
stoicheiometric preparations. However, it must be conceded that, in certain instances, 
some stoicheiometric reactions have provided pilot routes to compounds of pharmaceu- 
tical interest. 

II. ISOMERIZATION 

Many rhodium compounds are capable of bringing about the isomerization of hydrocar- 
bons and their derivatives, often under very mild conditions. The simplest form of 
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isomerization is double bond migration in alkenes, in which the carbon skeleton remains 
intact. The second type of isomerization is usually confined to strained cyclic or polycyclic 
species, and in this type of reaction the products have a different carbon skeleton to the 
reactants. 

Often many other catalytic processes are accompanied by isomerization. The lower 
activity of rhodium compounds in isomerization reactions is frequently the reason for 
selecting rhodium complexes as catalysts in preference to those of other transition metals. 

A. Double Bond Migration 

1. Linear alkenes 

Although allylic mechanisms have been proposed for several isomerization reactions 
of this type, most of the isomerizations can be satisfactorily explained by the successive 
P-hydride abstraction reactions of the hydroisomerization process (Scheme 1). The 
key feature of Scheme 1 is the addition of rhodium to the alkene to form a secondary 
alkyl complex. It is impossible for isomerization to occur within the confines of 
Scheme 1 if a primary alkyl complex is formed. 

When acyclic alkenes are the substrate, the alkene bond migrates into the chain, since 
internal alkenes possess greater thermodynamic stability than terminal alkenes. 
Exceptionally, in the case ofsubstituted alkenes, migration of the double bond outwards to 
the end of the chain may be observed if a stable, intermediate, chelated alkene complex can 
be formed. 

Many non-hydridic rhodium complexes bring about isomerization provided that they 
can form hydrido complexes during the reaction. For example, solutions of the hydrido 
complex [RhH(CO)(PPh,),] isomerize hept-1 -ene when stored under either hydrogen or 
nitrogen3. tmns-Carbonylchlorobis(triphenylphosphine)rhodium(l) and its analogues can 
only isomerize the alkene in the presence of hydrogen3-’. As implied in Scheme 1. the 
hydrido complexes are the true catalysts. 

R h H L n  + RCH=CHMe 

SCHEME 1. The /I-hydride mechanism of alkene isomerization. 
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Usually rhodium(1) species are better catalysts than rhodium(lI1) complexes6, although 
the latter include such powerful catalysts as the five-coordinate hydridosilyl complexes 
[RhH(SiR,)Cl( PPh,),]. Alkenes d o  not compete effectively for coordination sites on 
rhodium. This is particularly true for internal alkenes. Accordingly, 16-electron species, 
such as [RhH(SiR,)CI( PPh,),], are usually more efficient catalysts for the reaction. The 
importance of the vacant site can be seen from the observation that aerated or peroxidized 
alkenes are more readily isomerized than the pure compounds by tertiary phosphine 
complexes'. Some ofthe tertiary phosphine is oxidized under theseconditions and thereby 
releases a coordination site for alkene complexation. Activation of hydroperoxides by 
irradiation with ultraviolet light also brings about an increase in the rate of 
hydroisomerization'. 

Blocking the vacant coordination site by addition of ligands more readily coordinated 
than the alkene substrate reduces the rate of alkene isomeri~at ion~.  The availability of a 
coordination site is probably the reason why [RhH(CO)(PPh,),], which dissociates to 
[RhH(CO)( PPh,),], acts as an isomerization catalyst for but-I-ene, whilst the chelated 
complex [RhH(diphos),] is ineffective". 

Electronic factors are also important. If the alkyl complex produced in the first stage of 
catalytic hydrogenation via the alkyl route (see Chapter 12) does not rapidly activate 
molecular hydrogen then the alkyl complex will probably decompose by /l-hydride 
abstraction' '.I2. Thus, whereas [RhH(PF,)(PPh,),] brings about rapid hydrogenation 
and hydroisomerization of terminal alkenes, [RhH( PF,),(PPh,),] functions solely as an 
isomerization catalyst. I t  is likely that the latter complex, which has a lower electron 
density on rhodium, does not activate molecular hydrogen. Further, the lower steric 
requirements of the two PF, ligands enhance the probability of forming 2-alkyl complexes 
from alk-l -enes' '. 

The low coordinating power of internal alkenes usually permits the isolation of 
intermediate products. The normal course of isomerization of alk- I-enes is 

alk- 1 -ene -+ cis-alk-2-ene + trans-alk-2-ene (1) 

Thus, but-I-enel', pent-l-ene'4.'5, and hept-l-ene, are eventually isomerized by 
[RhH(CO)(PPh,),] to the trans-alk-2-enes. The isomerization of pent-I-ene is also 
catalysed by heterogenized derivatives of [RhH(CO)(PPh,),]'6. Both pent- 1-eneI4.l5 and 
hept- 1 -enel' are more rapidly isomerized to the cis-alk-2-ene than this product is to its 
trans-isomer. Because of the decreasing complexity constants of internal alkenes, it is 
unusual for further isomerization of trans-alk-2-enes to occur. However, both [RhH( 1,7- 
C,B,H, I)(PPh,),] and [RhH(I, 2-C,BgH, l)(PPh3)2] isomerize hex-I-ene to trans-hex- 
3-ene at 20°C". 

The low coordinating power of internal alkenes is further illustrated by the regioselec- 
tive isomerization of 3,7-dimethylocta-l, 6-diene, which forms 3,7-dimethylocta-2,6- 
diene when allowed to isomerize in the presence of [RhH(CO)(PPh,),]19. In the 
regioselective isomerizations of N, N-diethylnerylamine and N, N-diethylgeranylamine by 
a complex of ( +)-bi~-2,2'-(diphenylphosphino)-I, 1'-dinaphthyl, virtually 100% optical 
yields were obtained (reactions 2 and 3). The chirality ofthe products could be reversed by 
employing the enantiomeric ligand,'. 
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rNEt2 (3) 

A. 
In contrast to the widely accepted /3-hydride process, the q3-allylic mechanism is 

invoked much less frequently. One reaction in which the latter mechanism undoubtedly 
occurs is the protonation of q3-allylic rhodium(1) complexes (reaction 4),'. In one such 
reaction the methallyl ligand is converted into but-1-ene in the reaction. 

2[Rh(q3-C,H4R)(PFJJ + 2HCl d 2 R C 3 H 5  + [RhCI(PF,)JZ + 2PF3 (4) 

It has also been proposed that the allylic mechanism is involved in the isomerization of 
but-I-ene by [RhC1(CzH4),],. The study of the reaction mechanism is complicated by the 
equilibrium between the alkene complexes (equation 5)22. When the reaction is carried out 
in the presence of PPh,, the true catalyst is probably [RhCl(PPh,),lz3. N.m.r. 
spectrometry shows trans-[RhCI(PPh,),(C4H8)] to be an important species in the 
catalytic cyclez4. Again, the kinetics of the system are complicated and defy analogue 
computer-fitting techniquesz5. Nevertheless, the authors consider that the high initial 
ratio of cis- to trans-but-2-ene among the products to be indicative of an q3-allylic 
mechanismz6. 

[RhCI(C,H4),]z + CHz=CHEtE[Rh,CIz(C2H,),(CH,=CHE1)1+ C2H4 ( 5 )  

The isomerization of allylbenzene to prop- 1-enylbenzene proceeds much more slowly 
when catalysed by [RhH(CO)( PPh,),] than by [RhCI(PPh,),]. Similarly, 
4-phenylbut-1-ene is only slowly isomerized to 1 -phenylbut-2-enesZ7, and poor yields are 
obtained in the isomerization of the allyl ether when [RhH(CO)(PPh,),] is the catalyst 
(equation 6),'. 

One useful reaction is the conversion of allyl ethers into prop-I-enyl ethers (reac- 
tion 7)29. The prop- I -enyl group can be easily hydrolysed and the two reactions represent 

ROH + CH,CH,CHO (7) 

a simple method of removing allyl protecting g r o ~ p s ' ~ - ~ ' .  However, the homo- 
logous 3-methylbut-2-enyl group is not readily isomerized by [RhCI( PPh,),] and this 
has been used in the selective isomerization of ally1 and 3-methylbut-2-enyl groups 
(reaction 8). 
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[RhCI(PPh,),] 

A o ! C H 2 C H = C H z  OCH = CH ME* 
I 
OCH,CH = CMez OCH,CH=CMe2 

(8) (* E and Z isomers obtained) 

Ally1 3,4,6-tri-O-benzyl-2-0-(3-methylbut-2-enyl)-~-1~-galactopyranos~de reacted 

Ketones are produced from secondary allylic alcohols on treatment with [RhCI(CO),], 
and NaOH in the presence of benzyltriethylammonium chloride as a phase transfer 
catalyst. Under these conditions the reactions occur at room temperature, whereas 
[RhH(CO)(PPh,),], in the absence of a phase transfer catalyst, gives poorer yields at 
70 “C3,. The latter catalyst isomerizes primary allylic alcohols to aldehydes (reaction 9)34. 
In the presence of (-)-diop, which presumably forms the complex 
[RhH(CO)(diop)( PPh,)], chiral aldehydes result (equations 10 and 1 

[RhH(CO)(PPh5),]  

H (-)-diOD 

CHO 
Me 

El  

H 
I 

Allylic alcohols are also isomerized to aldehydes by [RhCI(PPh,),]. The aldehyde 
produced is decarbonylated by the rhodium complex. This decarbonylation reaction 
provides some insight into the reaction mechanism. The formation of both erythro- and 
rho-alkanes from alcohols containing CD,OH groups is strong evidence that $-ally1 
complexes are involved’‘. 

Chlorotris(triphenylphosphine)rhodium(l) also catalyses the isomerization of ally1 
tertiary amines to prop-I-enyl tertiary amines. The prop-I -enyl group is less readily 
solvolysed from nitrogen,’. 

2. Cycloelkenes 

Cycloalkenes are also isomerized by rhodium complexes. For example, 
bicyclo[4.2.0]oct-7-ene is isomerized by [RhCI( PPh,),] (equation 1 2),’. No mechanism 
has been proposed for this reaction. The apparent absence of any catalytic activity towards 



740 F. H. Jardine 

cycloalkenes by monohydrido species suggests that secondary alkyl complexes are 
involved. 

The difference in thermodynamic stability of isomeric cycloalkadienes makes their 
isomerization more feasible, and there are several examples of these substrates undergoing 
isomerization reactions. Cycloocta-I, 5-diene forms both the I ,  3- and I ,  4-isomers when 
heated with [RhCI(PPh,),]39. This complex also brings about the isomerization of 
substituted hexa-1,4-dienes (equation 13). The major product has a double bond in each 

[RhCI(PPhsla 1 

M e 0  Me0 

ring4*. The isomerization of 4-vinylcyclohexene to 3-ethylidenecyclohexene is also 
catalysed by the above ~ o m p l e x ~ ‘ . ~ ~ .  

Despite its inactivity towards cycloalkenes and cycloalkadienes, double bond migration 
in nitrogen heterocycles is catalysed by [RhH(CO)(PPh,),] (equations 14 and 1 5)43. 

R R 

I 
COMe 

I 
COMe 

A dihydromethylpyridinium derivative has been isomerized to a compound containing 
conjugated double bonds by [RhCI(PPh,),] (equation 16)44. 

Me Me 

6. Skeletal Rearrangements 

1. Cyclopropyl rings 

The strain energy of the cyclopropyl ring is high, and is an important factor in the ring- 
opening reactions catalysed by a variety of rhodium complexes. Both cis-l -methyl-2- 
phenylcyclopropane and the trans-isomer decompose when allowed to react with 
[RhCI(CO),], (equation 17). Although the same proportions of products are formed in 

Ph 
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both cases, the reactions occur at different rates. The proposed mechanism involves ring 
opening to give rhodium coordination to C-l followed by hydride migration4'. 

Ring opening of monosubstituted cyclopropanes is also catalysed by [RhCI(CO),], 
(equations 18 and 19)4h. 

Trisubstituted cyclopropanes also undergo ring opening in the presence of rhodium 
compounds. Rhodium(l1) acetate or [RhCI(CO),], both catalyse reaction 20. Whichever 

Ph 

'C = CH zCO2 E t (20) 
php.--cozE1 -* RhLl 

Me0 MeO/ 

catalyst was used, twice as much E as Z product was formed. Replacement of the phenyl 
substituent by methyl gives rise to two products, since the latter group contains an LY- 

hydrogen atom (equation 21). The two products are not interconverted during the 

Me 

M eO c o g t  M e 0  M e 0  
MeA 4 H2c>Cl+CH,C02Et + >C=CHCHzCOzEt (21) 

reaction. More complex substituents, however, give products that themselves rearrange 
during the course of the reaction (equations 22 and 23)47. Under more severe conditions 

- 
7C= CHCHzC02Et 

Me0 C OZE t M e d  

MeCH 

Me0 NCHCO2Et 
>C - CH 

/OM0 

'C = C HCH2C02Et 
HzC=C 

H z C S  COZEt / 

Meo 1 Me0 

MeCOMe 

MeO' \\ C H C O g t  
'C-CH 

rhodium(I1) acetate opens the cyclopropyltosyl derivative (equation 24). The reaction is 
also catalysed by [RhCI(CO),],, but much lower yields are obtained. At 160°C a 
cyanocyclopropane is converted to acyclic products including a ketal (equation 25). 
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OMe 
I Ph 

‘C=CHCHzCN + Ph-C-CH2CH2CN (25) 
Me0 / I 

OMe M e 0  

Similar isomerizations have been observed in other cyclopropyl compounds. Tetrasubsti- 
tuted cyclopropanes undergo similar reactions to those shown in equation 21 47. 

Trimethylbicylo[1.1.O]butane is isomerized in chloroform solution by either 
[RhCI(CO),], or by the mononuclear complex [Rh(acac)(CO),]. The major product is 
acyclic and deuterium labelling shows rupture to have occurred at the bridgehead carbon 
(equation 26)48*49. Partial kinetic resolution of racemic trisubstituted bicyclobutanes has 

[RhCI(CO)*I2 
CHCI, 

been achieved by using [RhCl(diop)], which preferentially catalyses the decomposition of 
the R-isomerso. Methanol is added to the vinylcyclopropane if the reaction is carried out 
in this solvent (equation 27)48. 

A similar dependence on solvent is found in the [RhCI(CO),], catalysed isomerization 
of trimethylbicyclo[l.l.O]butane. In chloroform the product is 3,4-dimethylhexa-l,3- 
diene. In methanol the solvent adds across the terminal double bond of the product. 
However, under these conditions the acyclic ester is the minor product (equation 28)”. 

In contrast, bicyclo[2.1.0]pentane is isomerized to cyclopentenes2. Ring expansion to 
phenalene occurs when cycloprop[a]acenaphthylene is allowed to react with catalytic 
quantities of [RhCI(CO),], (equation 29). Deuterium labelling at exo-C-7 shows that this 
atom can migrate to six different positions in the products3. 
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Although ring expansion does not occur in the isomerization of bicyclo[4.I.O] hept- 
2-ene (equation 30)4b, this process is involved in the formation of all three products 

from the [RhCI(PPh,),] catalysed 
(equation 31)54. 

isomerization of tricycl0[3.2.2.O~~~]nona-6,8-diene 

If the cyclopropyl ring is fused to a five-membered ring, then ring expansion takes place 
on reaction with catalytic quantities of rhodium complexes, particularly in the presence of 
oxygen (equation 32)55.56. The endo-isomer is opened more rapidly than the E X O -  

i ~ o m e r ~ ~ . ' ~ .  

2. Ouadrlcyclanes 

The strained hydrocarbon quadricyclane is easily isomerized, under mild conditions, by 
several rhodium complexes, even though the isomerization to bicyclo[2.2.1] hepta- 
2,S-diene contravenes the Woodward-Hoffmann rules. Nevertheless, the uncatalysed 
reaction occurs slowly at temperatures above 140 "C. Addition of catalytic quantities of 
[RhCI(CO),], permits the reaction to take place at - 26 0C58. The bicyclo[2.2.l]hepta- 
2,5-diene complex [RhCl(nbd)], also isomerizes quadricyclane to this bicyclic hydrocar- 
bon (equation 33). The exothermic reaction takes place in chloroform solution at room 

temperature5'. Cassar and Halpern6' suggested that one of the cyclopropane rings in 
quadricyclane adds oxidatively to rhodium when the reaction is catalysed by 
[RhCI(CO),],. Addition of PPh, resulted in the formation of a diacyl complex 
(equation 34)60. 
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' c  I 

Rapid isomerization ofquadricyclane is alsocatalysed by [Rh(O,CMe)(nbd)],. In these 
reactions, carried out at -5O"C, it is believed that the cyclobutane complex 1 is an 

o=c A \Rh/c = 0 

Ph3P'L,'PPh3 

intermediate. I t  should also be noted that bicyclo[2.2.l]hepta-2,5-diene is not the sole 
product of the reaction, as dimerization of the alkadiene also takes place (see 
Section X1.A)". On the other hand, heteroquadricyclanes are isomerized to fulvenes. In 
the absence of substitution at a bridgehead, the reaction occurs much more slowly. In all 
cases the reaction is believed to occur via an alkadiene complex62. Paradoxically, a 
quadricyclane homologue can be obtained from the [RhCI(CO),], catalysed isomeriz- 
ation of exo-tricyclo[3.2.1 .02.4]oct-6-ene. Different products are obtained from the 
thermal and photochemical isomerization of the tricyclooctene. The endo-isomer does not 
react in the presence of [RhC1(C0)2],63. The same catalyst converts tricycloheptane to 
3-methylenecyclohexene in an exothermic reaction (equation 35)59. 

3. Cyclobutane rings 

Hexamethyl(Dewar)benzene reverts to hexamethylbenzene on heating to 100-1 40 "C. 
The reaction is brought about by catalytic quantities of [RhCl(hmdb)], a t  65-70°C. Since 
the rhodium complex itself is stable at I O O T ,  it has been proposed that the dimeric 
complex is cleaved by excess of hexamethyl(Dewar)benzene and that the rate-determining 
step is the elimination of hexamethylbenzene from [RhCl(hmdb),] (reaction 36)64.65. The 

Me Me 

Me)$Me [ R h C l l h n ~ d b ) ] ~  . Me+ 

Me Me Me Me 
I I 

Me Me 

isomerization of bicyclo[2.2.0] hexane and tetradeuteriobicyclo[2.2. llhexane to give 
cyclohexene and its isotopomer, respectively (equations 37 and 38), are believed to involve 
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rhodium insertion across the bridge". Insertion is also invoked when the reaction is 
catalysed by [RhCI(CO),],. I n  this case the acyl intermediate 2 was isolated. syn- 

I"' 
O*C/Rh,CO 

I"' 

h0 (2) Cla (3) 

Tricycl0[4.2.0.0~~~]octane isomerizes similarly (reaction 39). Bis[chloro(norbornadiene)- 
rhodium(l)] is ii superior catalyst to [RhCl(cod)], for the reaction. I t  was not possible to 

70% 30 % 

(39) 

isolate an intermediate from the [RhCI(CO),],-catalysed reaction. The complex 3 could, 
however, be isolated from the stoichiometric reaction if this was carried out a t  5 oCh6.67. 

Although endo-tricycl0[5.2.1.O~~~]deca-4,8-diene-3-one forms a cage isomer when 
irradiated with ultraviolet light, the reaction can be reversed when the latter compound is 
heated in diphenyl ether in the presence of catalytic quantities of [RhCI(PPh,),] 
(equation 40)69. The cyclobutane ring is invariably disrupted and additionally the ether 
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bonds are broken in forming the minor products of the reaction (equation 41). However, if 
the reactant contains an octamethylene bridge, the different strain energies involved bring 
about a different product distribution (equation 42)70. 

+ 

+ 

X 

4. Norbornane derivatives 

Norbornylenedioxin and oxanorbornylene undergo oxygen-oxygen bond cleavage in 
the presence of [RhCI(CO)J, (equation 43)7'.72. Other related dioxins react similarly 
(equations 44-45)66*73. Oxanorbornadiene derivatives form enolic cyclopentadienyl 
compounds (equations 46-48). The first step in the reaction is believed to be the 
displacement of a carbonyl ligand by coordination of an alkene bond73. 

on 

0. j+i0 
CH20H 
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MeC=O MeCOH 

741 

R 
O./ 

bO;?Me 

5. Cubanes 

R ’  

The isomerization of cubane to tricy~..(2.2.0.0,~ctadiene is catalysed by either 
[RhCl(nbd)], or [RhCl(tcod)], (equation 49). Dicarbomethoxycubane forms syn-  

dicarbomethoxytricyclooctadiene. Monosubstituted cubanes form two products 
(equation 50). The reactions are first order in both cubane and catalyst. The cubane 

R 

71 % 29% 

skeleton is also disrupted by [RhCI(CO),],, but ketones can be formed by C O  insertion. 
These reactions occur via a metallocycle66. 

The valence isomerization of homocubane is also catalysed by [RhCl(nbd)],, which 
forms a tricyclononadiene (equation 51). It was found that the strain energy of the 
hydrocarbon dictates the course of the rea~t ion’~ .  

Methylphosphahomocubane forms two isomeric products when heated in chloroform 
with [RhCl(nbd)], (equation 52)75. The behaviour of bishomocubane derivatives is 
~ imi la r ’~ ,  the major products being two isomeric tricyclodecadienes (equation 53). The 
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+ (53) 

catalytic isomerization of 9? 10-dicarbomethoxybishornocubane and its derivatives also 
give two isomeric products in each case. However, in all rhodium-catalysed valence 
isomerizations of bishomocubanes, small quantities of snoutanes are obtained77. 

6. Other compounds 

Homopentaprismane is isomerized by either [RhCl(nbd)], or trans- 
[RhCI(CO)(PPh,),] to homohypostrophene (equation 54)78. The photoisomerization of 

exo-dicyclopentadienone is reversed by treatment with the above two complexes 
(equation 55)79. 

Although the major product from the [RhCl(cod) 1,-catalysed photo-rearrangement of 
cyclooct-I, 5-diene is cycloocta-I, 4-diene. a small amount of cyclooctene is formed, 
together with bicyclooctenes. A kinetic isotope effect is observed in the reaction and a 
greater proportion of bicyclooctene is formed from the tetradeuteriated reactant". 

Several epoxides are opened catalytically by rhodium complexes. Butadiene 
monoepoxide forms both cis- and irons-crotonaldehyde". Cyclooctatetrene 
monoepoxide undergoes ring contraction that progresses as the temperature is increased 
when allowed to react with catalytic quantities of [RhCI(CO),], (equation 56)". 

~ + s o o c  

ofCHzCH0 
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Ring expansion occurs if tricyclononadiene is heated with [RhCI(CO),], (equation 57). 
However, this complex forms only bicyclo[4.2. llnonadiene (cf. equation 3 

Dimethylbicyclo[6.1 .O]cycIonona-2,4,6-triene also undergoes ring equalization on 
consider that the gentle warming with [RhCI(CO),], (equation 58)83 .  Salomon et 

catalysed reaction first produces cyclonona- 1,3,5,7-tetrnene, which then undergoes an 
uncatalysed electrocyclic rearrangement to form cis-8,9-dihydroindene. In support of this 
proposal they demonstrated that the cyclopropyl derivative 4 forms 5 and 6 directly and 
that 7 is formed directly from 8 or 9 and not as a result of the rhodium-catalysed 
isomerization of the intermediate 10. The failure to produce the normally expected 1,3- 

(10) 

dienes from the ring cleavage reactions was ascribed to the participation of q3-allylic 
intermediates which did not undergo the usual 8-hydride abstraction reactionsE3. 

7. Cyckation reactions 

In addition to effecting the ring opening of alicyclic compounds, rhodium complexes 
also catalyse cyclization reactions. Two brief reports have shown that acyclic diallylic 
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compounds form compounds that contain five-membered rings. For example, hydrated 
rhodium trichloride catalyses the formation of 3-methyl-4-methylenetetrahydrofuran 
when allowed to react with diallyl ether. If the reaction is carried out in methanol solution 
the intermediate complex [RhCI,(C,H I ,O)];;MeOH can be isolated. This complex also 
catalyses the cyclization reactiona4. 
Chlorotris(triphenylphosphine)rhodium(l) catalyses similar cyclizations of other dially- 

lic compounds (equation 59)85. 

X = CO,Me, CO,Et, COPh, +(5,5-cycIohexa-l, 3-dienyl) 

C. Isotope Exchange 

Rhodium compounds are not good catalysts for isotope exchange. For example, 
chlorotris(triphenylphosphine)rhodium(l) does not catalyse specific deuterium incorpor- 
ation into the ortho-positions of its triphenylphosphine ligands in the way that 
[RuCI,(PPh,),] doess6. There are, however, a few instances where rhodium compounds 
catalyse isotope exchange between alkenes and deuteriated species. Thus, rhodium 
trichloride brings about the incorporation of deuterium into allylbenzene when the alkene 
is allowed to react with 0-deuteriomethanol (equation 60). The incorporation of 
deuterium at the terminal carbon atom and the parallel isomerization to prop-l- 
enylbenzene suggest that a 2-alkyl complex is involved in the reaction. The reaction is also 
catalysed by [RhCI(C2H4)2]2. The addition of chloride ion to the latter catalytic system, 
which may form mononuclear complexes such as [RhCI2(C,H4),]-, increases the rate of 
isomeri~ation~’. 

RhCIx/McOD 
PhCH,CH=CH, b 

PhCH,CH=CHD + @)-and (2)-PhCH=CH,D (60) 

Isotope exchange frequently occurs during the homogeneous catalytic deuteration of 
a l k e n e ~ ~ ~ - ~ ~ .  The source of the exchange is the decomposition of an intermediate 
deuterioalkyl complex, the stability of which depends on the nature of the catalyst and on 
the lifetime of the alkyl complex in the reaction (equations 61 and 62). 

RhDL, /CHZD -RhHL, 
R C H = C H 2  L L n R h - C H  - R C H = C H D  (62) 

\ R  

Isotope exchange is an inevitable consequence of deuterioisomerization reactions 
(equation 63)91.92. Scrambling of the deuterium atoms in trans-C,H,D, is catalysed by 
[RhH(CO)(PPh,),]. No deuterium was incorporated in the catalystg3. 

RhL, 
RCH,CH=CH, + D, - RCH=CHCH,D + H D  (63) 
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The most widely studied homogeneous hydrogenation catalysts are all rhodium 
complexes. Different rhodium complexes provide examples of all three mechanistic 
pathways observed in the homogeneous catalytic hydrogenation of alkenes. These 
mechanistic pathways are discussed in Chapter 12. Pre-eminent amongst these complexes 
is [RhCI(PPh,),], which was the first effective homogeneous hydrogenation catalyst for a 
wide range of alkene substrates'. The catalyses of this complex proceed by the dihydride 
routeg4. 
Carbonylhydridotris(triphenylphosphine)rhodium(I) reacts with terminal alkenes to 

form alkyl complexes, and these in turn activate molecular hydrogen to provide an 
example of the alkyl route in the catalytic hydrogenation of alkenesg5. Cationic complexes 
of rhodium(I), e.g. [Rh(PPh,),(nbd)] [CIO,], permit the hydrogenation of chelating 
alkenes to take place via the alkene r o ~ t e ~ ~ - ~ ' .  This route is of extreme importance in the 
asymmetric hydrogenation of prochiral alkenes (see also Section IV). In the latter instance 
the cationic complexes give the best optical yields in the reductions when the two tertiary 
phosphine ligands are replaced by a chiral bidentate ligand. 

The excellent performance of the above catalysts has tended to discourage investig- 
ations into the catalytic properties of other rhodium complexes. Work on cognate systems 
to the well established complexes has always proved popular, but comparatively little 
progress has been made towards developing novel catalysts. All too often these 
investigations seem to be abandoned once the system in question appears to offer no 
advantages over the well established complex catalysts. 

One of the few system investigated that clearly catalyses alkane production by the 
dihydride route is that of [RhCI(C,H,,),], in the presence of2-aminopyridine. It has been 
stated that this system catalyses the hydrogenation of alkenes much more rapidly than 
either [RhCI(PPh,),] or even [RUHCI(PP~,),]~~. 

The rhodium(II1) complex [RhCI,L,], where L is the very large tertiary phosphine 11, 

(I I) 

catalyses the reduction of unsaturated carboxylic acids at 50°C. and 5 atm hydrogen 
pressure. It seems very likely that the complex is reduced under these conditions to a 
rhodium(]) complex and that the hydrogenation is then brought about by the same 
mechanism as Wilkinson's catalyst. Usually lower yields were obtained than with the 
latter cataIyst'OO. 

Another rhodium(II1) complex that catalyses the hydrogenation of terminal, internal, 
and cyclic alkenes is [Rh($-C,H5)C1,]2. Hydrogen, in the presence of base, converts this 
complex into [Rh,H(C,H,),CI,'o'. However, it is difficult to see how this species could be 
converted into a rhodium(V) complex by the oxidative addition of hydrogen if the reaction 
proceeds via the alkyl route, or how coordinative unsaturation occurs if the dimeric 
structure is retained throughout the catalytic cycle. 

Dimeric rhodium(I1) acetate does, however, retain its dimeric structure throughout the 
catalytic cycle. The reaction shows many similarities to the alkyl route, but in this system 
the alkyl complex is decomposed by the acetic acid liberated earlier in the catalytic cycle 
(Scheme 2)'02. 

Although alkenes are known to coordinate to a vacant site on [Rh,(O,CMe)J, the 
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SCHEME 2. Alkene hydrogenation catalysed by rhodium(l1) acetate. 

cycle in Scheme 2 best fits the behaviour of the system"'. Oxygen is reduced to water in 
the presence of the catalystIo2, so this system should be one of the least sensitive to this 
impurity. 

There have been two reports of the catalytic activity of [Rh(NO)(PPh,),]'04~'0s. The 
catalyst has been used in the reduction of terminal and cyclic alkenes, alkadienes and even 
alkynes. However, although the reactions are carried out  under 5 atm of hydrogen, the 
nitrosyl complex does not unequivocally form a hydrido complex in the system. Since both 
reduction and a small degree of isomerization are brought about by the catalyst, a hydrido 
species must participate at some point in the catalytic cycle. I t  is possible that this catalyst 
brings about the hydrogenation via the alkene route, which would not require a standing 
concentration of hydrido complex. 

The cationic complex [Rh(tfbb)(phen)][C104] might be expected to catalyse the 
hydrogenation of alkene or alkyne substrates via the alkene route by analogy with the 
prototype complex [Rh(PPh,)2(nbd)][CI04]g6-98. This would appear to be the case since 
alkynes and alkadienes are preferentially reduced to alkanes in the systemlo6. 

The formation of cyclooctane on treating the diphenylphosphido-bridged complex 
[Rh(p-PPh,)(cod)], shows that the alkene route is followed at least initially in the 
hydrogenation of oct-l-eneIo7. However, it will be recalled that the cationic catalyst 
[Rh(PPh,),(nbd)][C104] similarly reduced the coordinated norbornadiene before 
catalysing the reduction of non-chelating alkenes by the dihydride route'"'. To see if both 
rhodium atoms of the dimeric complex participated in the catalysis, the activity of 
[(diph~s)Rh(p-PPh~)~Rh(cod)] was investigated. The latter complex was more active in 
the hydrogenation reaction than the bis(cyclocta- 1,5-diene) complex, and i t  was 
concluded that electronic effects were more important than coordination site 
availability' 07. 

The catalytic properties of the rhodacycle [(cod)Rh(CH,),PMe,] 12 have also been 
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investigated. The complex catalyses the hydrogenation of hex-1-ene, hex-2-ene, and 
cyclohexene. The ability to catalyse the reduction of internal alkenes implies that the 
induction period observed is not due to the formation of a monohydrido complex, but 
rather to the reduction of the cycloocta-I, 5-diene to provide a vacant coordination site. 
Since, in the absence ofalkene, autoreduction to rhodium metal occurs, it seems likely that 
the alkene route is fo l l~wed '~ ' .  

Other dinuclear complexes that act as homogeneous hydrogenation catalysts include 
[RhCI(C,H 14)2]2. When this complex is dissolved in dimethylacetamide in the presence of 
chloride ion or dimethyl sulphide, i t  catalyses the reduction of unsaturated carboxylic 
acids at 80"C"0~11' .  

Bridged thiolato complexes of the type [Rh,(p-SR),L,(CO)] [L = P(OMe),, P(OPh),] 
catalyse the hydrogenation of hex-I -ene and cyclohexene. The best yields of saturated 
product are obtained when the thiolato ligand's alkyl group is large (e.g. tert 
-butyl)"2. 

The main advantage of homogeneous hydrogenation catalysts over conventional 
heterogeneous hydrogenation catalysts is their different regioselectivity. The stereoch- 
emistry about the alkene bond usually determines the rate of homogeneous catalytic 
hydrogenation. In heterogeneous hydrogenation the rate of reduction is usually deter- 
mined by electronic factors, which permits different products to be obtained from the two 
processes. A classic example is provided by the reduction of eremophilone, which more 
readily forms 8,9-dihydroeremophilone when the reaction is catalysed by palladium on 
charcoal. Chlorotris(triphenylphosphine)rhodium(l)-catalysed reductions form 
13,14-dihydroerem0philone''~. The best regioselectivity in such cases is obtained from 
catalytic reductions which proceed by the alkyl route. 

A further advantage of homogeneous catalytic hydrogenation is that it is usually specific 
for alkene or alkyne bonds. Other functional groups such as azo, carboxylic, ether, keto, 
nitro', cyano, ester, hydroxy'"14, amide, or fluoro1I4 are not reduced by RhH,CI(PPh,), 
under mild conditions. This selectivity has been used, for example, in the selective 
hydrogenation of alkenals to alkanals" '. The hydrogenation of ketones to secondary 
alcohols, catalysed by rhodium complexes, is discussed in Chapter 12. The ability to 
reduce substrates containing sulphur is additionally an important advantage over 
heterogeneous catalysts' ''. It may also be noted that RhCI(PPh,), can be used to catalyse 
the reduction of compounds that are destroyed by heterogeneous catalysts' ' ' 9 '  I'  or that 
destroy the catalyst surface"'. 

Polynuclear complexes are now being investigated as homogeneous catalysts in several 
reactions with a view to combining the desirable features of both heterogeneous and 
homogeneous catalysis. So far only Rh,(CO),, and Rh,(CO),6 have been investigated as 
hydrogenation catalysts. Both the former and [RhCI(CO),], show some selectivity 
towards pent-2-ene production in the hydrogenation of pe11t-2-yne'~~. 

The dinuclear A-frame complex [RhCI(CO),(Ph2PCH,PPh2)]+ and its acido or 
arsenic analogues can catalyse the hydrogenation of hex-1-ene or the reduction of 
phenylacetylene to styrene. The rate of hydrogenation ofstyrene in this system is much less 
than the rate of phenylacetylene hydrogenation12'. This selectivity would appear to be one 
of the major advantages of dinuclear complexes, since the di-phydrido complex 
[RhH{ P(0Pri),},], is a useful catalyst for the production oftrans-alkenes from dialkyl- or 
diaryl-alkynes. These catalyses proceed via vinyl intermediates whose stereochemistry 
dictates the nature of the final p r ~ d u c t ' ~ ~ ~ ' ~ ~ .  

Future developments in homogeneous catalytic hydrogenation by rhodium complexes 
would seem to lie in further study of polynuclear complexes. It seems most probable that 
rhodium will be the metal selected to catalyse hydrogenations if bimetallic catalysts are 
employed to bring about sequential multi-step reactions. 
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IV. ASYMMETRIC HYDROGENATION 

A. Alkene Substrates 

Asymmetric hydrogenation is currently the most active research area in homogeneous 
catalysis. The possible production of chiral compounds of pharmaceutical importance 
provides a powerful commercial incentive. This aim has already been realized in the 
production of L-DOPA (equation 64), which is used in the treatment of Parkinson's 
diseaseIz4. 

I I 

C 0 2 M e  C02Me 

Asymmetric hydrogenation requires a chiral catalyst to act on a prochiral substrate. 
Chiral substrates or solvents d o  not bring about asymmetric induction'25. Chirality may 
be incorporated into the catalyst in several ways. Either the anionic or neutral ligands can 
contain a chiral centre. Only one chiral anionic ligand has been employed in a rhodium 
complex catalyst. The optical yield obtained in the reduction of a-acetamidocinnamic acid 
was low' 26,  and did not encourage further investigations in this direction. 

More usually, chiral neutral ligands are incorporated in the catalyst. Catalysts that use 
the three possible hydrogenation pathways (see Chapter 12) have been employed. Of these 
three routes, the least successful has been the alkyl route. Currently the alkene route seems 
to offer the most promise. Unlike the homogeneous catalytic hydrogenation of alkene 
hydrocarbons, neutral complex catalysts do not necessarily follow the dihydride route, 
particularly when potentially bidentate substituted monoalkenes are the substrates12'. 
Indeed, both the alkene and dihydride pathways may participate simultaneously in the 
catalysis. The wide variations in optical yields on making minor changes in the reaction 
conditions or solvent composition may arise from the different contributions the two 
pathways may make to the overall reduction. In general, however, the best optical yields 
are obtained under mild conditions. The high hydrogen pressures or high temperatures 
required to achieve reasonable chemical yields with some catalysts invariably result in low 
optical yields. 

For comparative purposes the efficiencies of the catalysts described in this section will be 
judged by their performance in the asymmetric hydrogenation of a-acetamidocinnamic 
acid, the most widely used substrate. 

1. Neutral complexes 

These are commonly generated in situ by allowing the ligands to react with dimeric 
rhodium(1) alkene complexes such as [RhCI(C,H,,),],, [RhCl(nbd)], or [RhCl(hexa- 
1 ,5-diene)12. Both monodentate and bidentate ligands may be used. They are usually 
added to the system in such quantities that they occupy only two coordination sites on 
each rhodium atom in order to permit ready coordination of substrate. 

a. Monodentate tertiary phosphines 

The chiral centre in these ligands can be either the phosphorus atom i t ~ e l f ' ~ ~ - ' ~ ~  or a 
chiral group (e.g. neomenthyl'31) bound to phosphorus. In the former case three different 
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organo groups are linked to phosphorus to give a ligand that does not racemize on 
coordination to rhodium. If the ligand contains two chiral centres then the chirality at 
phosphorus is dominantI3'. When the chiral centre is too far removed from phosphorus, 
asymmetric induction does not occur133. 

Usually only moderate optical yields can be obtained with monodentate tertiary 
phosphine ligands (Table 1 ), because the catalysis follows the stereochemically undemand- 

TABLE 1. Optical yields obtained from a-acetamidocinnamic acid reductions catalysed by neutral 
rhodium complexes containing monodenlare tertiary phosphines 

Ligand 
PHZ T Optical Product 

Solvcnt (atm) ("C) yield rx) chirality Ref. 

&p/ 95':(, EtOH 1.6 25 85 128 

\ 
Me 

Me,N 
I 

&LPr 
80 

C,H,-EIOH I 25 9 

C,H,-EtOH I 25 67 

(I 6) 

C,,H,-EIOH I 25 13 ph2poR 
O X 0  

(17) 

I29 

R 134, 
135 

H 134, 
I35 

R I35 
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ing dihydride route. There is little chiral discrimination since the rate-determining step is 
the coordination of alkene to rhodium. Under these circumstances there is little 
opportunity for the less stable alkene complex to dissociate before hydrogenation takes 
place. However, optical yields of up to 67% have been obtained with other 
s ~ b s t r a t e s ' ~ ~ . ' ~ ' .  

Neutral rhodium(0) catalysts derived from [Rh,(CO),,] and (-)-diop gave poor 
chemical and optical yields138,139. 

b. Bidenfate ligands 

Better optical yields can be obtained when bidentate ligands are employed. Ligands 
containing PAr,groups attached to a chiral framework are the most commonly employed 
bidentate ligand type. 

,c=o 
R 

Similar strictures apply to the choice of the hydrogenation pathway to be followed when 
this type of catalyst is employed. This is well illustrated by the reversal of product chirality 
when complexes of either ( -)-diop or the pyrrolidone ligand 18 ( R  = OBu') are used to 
catalyse the asymmetric hydrogenation of (Z)-PhCH=CCO,H, (NHCOCH,Ph). At 1 atm 
pressure ( -)-diop complexes yield 55.2% of the R-product. This optical yield declines to 
8.4% R at 5 atm hydrogen pressure, whilst the optical yield is 4.9% S at 50atm hydrogen 
pressure. Complexes of 18 (R = OBu') give optical yields of 84% R and 14.4% S at 1 and 
I 0 0  atm hydrogen pressure, respectively' 39. Increasing the hydrogen pressure increases 
the participation of the dihydride route'40. 

The highest optical yields have been obtained when rigid, ditertiary phosphines were 
incorporated in the catalyst. The rigidity of the catalytic complex discriminates more 
effectively between the two modes of alkene coordination. This is well illustrated by 
the decrease in optical yields on going from a cyclobutane to a cyclohexane framework'". 

Phosphonite ligands give disappointing optical yields. Noteworthy in this respect is the 
phosphonite analogue of diop, which gives an optical yield approximately 20% of that of 
diop itselfI4*. In contrast to both the phosphonite ligand above and their monodentate 
analogues133, bidentate aminophosphine ligands generally give excellent results. The 
yields obtained in the asymmetric reduction of a-acetamidocinnamic acid by this class of 
catalyst are summarized in Table 2. 

The neutral complexes containing bidentate ligands have also been used to catalyse the 
reductions of other prochiral substrates. The most frequently investigated have been esters 
of a-acetamidocinnamic acid. The size of the ester's alkyl group was reported to have very 
little effect on the optical yield'64.'65. On the other hand, increasing the bulk of the amide's 
alkyl or aryl group reduces the optical yield obtained',,. The latter observation shows the 
importance of amide coordination to rhodium during the catalytic cycle. This feature of 
the catalytic cycle has been further investigated by replacing one of the phenyl groups 
attached to phosphorus in the bidentate ligand by an o-anisyl g r o ~ p ' ~ ' .  The major effect of 
such a change is a decrease in optical yield when an o-anisyl-diop derivative is 
employedI6'. 
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In view of the biochemical implications of asymmetric hydrogenation it is interesting to 
note the development of it water-soluble chiral catalyst'69. 

2. Cationic complexes 

Cationic complexes containing either two monodentate or one bidentate chiral ligand 
and an alkadiene ligand coordinated to a central rhodium(1) atom have proved to be the 
most generally useful catalysts for asymmetric hydrogenation reactions. The anion in 
these complexes is usually perchlorate or tetrafluoroborate, but it plays no part in the 
catalytic process and in general has little if any influence on the optical yields obtainedI7'. 
The same cannot be said of the tetraphenylborate anion, a phenyl group of which may 
form an q6-complex with rhodium and distort the optical yields obtained by its influence 
on substrate coordination'". 

a.  Manodentate ligands 

Comparatively few investigations have been made of the catalytic properties of this sub- 
group of complexes. It may be more probable that their catalyses follow the dihydride 
route, and thereby give lower optical yields than those obtainable from catalysts 
containing bidentate ligands. The optical yields obtained in their catalysed reductions of 
a-acetamidocinnamic acid are given in Table 3. 

In the asymmetric hydrogenation of a-benzoylaminocinnaniic acid, catalysed by 
perchlorate complexes of the ligands 40 and 41, the optical yields were 5.8% Sand 6.7% S, 
respectively. This reversal of product chirality shows the inherently low chiral discrimin- 
ation of this type of catalyst'72. 

b. Bidentale ligands 

The catalytic properties of this sub-group of complexes has been exhaustively 
investigated. The optical yields obtained in their asymmetric reductions of 
a-acetamidocinnamic acid are given in Table 4. In general, there is little difference in the 
yields from cationic and neutral complexes containing the same chiral ligandZ0', which 
makes the current fixation on the former difficult to understand since the latter are usually 
more accessible. 

There is still some doubt about the route of asymmetric hydrogenation when this class 
of complex is employed. The variation of optical yield with increasing hydrogen pressure, 
or on lowering the temperature, when cationic complexes containing ligand 50 were 
employed was ascribed to increasing participation of the dihydride routezo2. However, it is 
generally agreed that the route showing the greatest asymmetric induction is the alkene 
route. Many investigations of the mechanistic details of this route have been made. Despite 
this, some dispute still exists as to which step is responsible for the asymmetric induction. 
One school of thought believes that product chirality arises from preferential coordination 
of one face of the alkene to the catalyst complex. This preferential coordination is assisted 
by simultaneous coordination via the alkene bond of a-acetamidocinnamic acid and its 
amide oxygen atom. However, it has been proposed by Chan et that the least 
favoured isomer is the more rapidly hydrogenated. There is some support for this proposal 
in the observation that the E-isomer of a-acetamidocinnamic acid is isomerized to (Z)-a- 
acetamidocinnamic acid by diop complexes, which implies that hydrogen transfer is rate 
determining204. Isotope exchange has also been observed in the deuteriation reactionzo5. 
On the other hand, no exchange was reported in the deuteriation of a- 
benzoylaminocinnamic acidzo6. 

Again, the most popular alternative substrate to a-acetamidocinnamic acid has been its 
esters. Many investigations of the chiral hydrogenation of itaconic acid207-209 or 
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T A B L E  3. Optical yields obtained from a-acetamidocinnamic acid reductions catalysed by cationic 
rhodium complexes containing monodentate ligands 

P H2 T Optical Product 
Ligand Solvent (atm) (“C) yield rA) chirality Ref. 
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amidoacrylic have also been made. More recently, attempts have been made 
to bring about the chiral hydrogenation of d e h y d r ~ p e p t i d e s ~ ' ~ . ~ ' ~ .  It has been stated that 
the chiral centre in the dipeptide precursor does not influence the direction of asymmetric 
induction at the alkene bondZl6. 

In all these cognate reactions there has been little or no attempt to tailor the chiral 
ligand to the needs of the new substrate. With the 'lock and key' nature of much chiral 
catalysis it is very probable that improved optical yields could be obtained by suitably 
modifying the chiral catalyst. One small step in this direction has been the incorporation of 
a long-chain aliphatic residue in the chiral ligand to enhance the solubility of the catalyst in 
hydrocarbon solvents2". 

3. Heterogenized catalysts 

Although incorporation of a large alkyl group in the chiral ligand was claimed to have 
little influence on the optical yields obtained, other workers have found that compara- 
tively minor changes in the support bring about large changes in the optical yields 
obtained from heterogenized systems2". In general, the optical yields obtained from 
heterogenized systems are much lower than those from homogeneous catalysts of similar 
composition2'9-22'. Further, the optical yields declined when the heterogenized catalyst 
was r e ~ y c l e d ~ ~ ~ , ~ ~ ~ .  There is one claim that copolymerization of pyrrolidine ligands and 
methacrylate monomers form the basis of a catalyst capable of giving high optical 
yields2z4. There is also one report that binding tertiary phosphine residues to a chiral 
support, in this case cellulose, can form heterogenized species whose rhodium complexes 
can bring about chiral hydrogenationz2'. 

B. Ketone Substrates 

Cationic rhodium(1) complexes of the type [RhL,(alkadiene)] + can function as 
catalysts in the hydrogenation of ketones under mild conditions (see Chapter 12). If the 
ligand L is a chiral tertiary phosphine, then suitable ketonic substrates can give rise to 
chiral secondary alcohols. The chiral tertiary phosphines used have been chiral at 
phosphorus and the optical yields obtained have been far below those obtained in the 
asymmetric hydrogenation of a-acetamidocinnamic acidz26-2z9. 

The general observation can be made that the optical yields apparently improve with 
increasing bulk of the ketone's substituents. One reason for the low optical yields may be 
the elevated temperatures and hydrogen pressures that have occasionally been used to 
effect the reductionz30. It has been claimed that increasing the tertiary phosphine to  
rhodium ratio improves the optical yieldsz2'. 

In the few instances that catalysts containing one chiral ditertiary phosphine ligand 
have been employed, higher optical yields have been ~btained.~~'.~~'.~~'~'~~ Higher 
optical yields are obtained from substituted ketones, particularly if the substituent can 
complex to rhodium in conjunction with the keto group. Thus optical yields in the region 
of 90% can be obtained from ketones containing the 2 - N .  N-diethylaniline 
Pyruvic esters give moderate to good optical yields even when reduced by hydrogen at 
20 atm pressure. However, there are marked solvent effects on both the chemical and 
optical yields234-235. Moderate yields of (R)-pantolactone can be achieved in reaction 65 

I I 
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when this is catalysed by cationic rhodium complexes containing pyrrolidone 
l i g a n d ~ ~ ' ~ . ~ ~ ' .  

V. DEHYDROGENATION AND TRANSFER HYDROGENATION 

A. Dehydrogenation 

Rhodium complexes are not effective dehydrogenation catalysts and find little 
application as transfer hydrogenation catalysts. In both these respects they are markedly 
inferior to the ruthenium complex RuC1,(PPh,),86. The poor performance of rhodium 
complexes in these two areas enhances their applicability to other catalytic processes since 
the reactions described in this section often give rise to unwanted byproducts. 

There would be considerable commercial benefit if rhodium complexes were able to 
dehydrogenate alkenes catalytically to terminal alkenes with the ease and efficiency so 
characteristic of their catalyses of the reverse reaction. However, very few substrates are 
dehydrogenated by complexes more properly regarded as hydrogenation catalysts, since 
alkanes do not coordinate to the metal and provide a pathway for the reaction. The very 
few species that have been dehydrogenated, often under severe conditions, are sundry 
hydroaromatic compounds. Above 200 "C low yields of aromatic compounds can be 
obtained from the RhCI(PPh,), catalysed reactions shown equations 66 and 67. 

Ph-, 
PhCHZCHzPh 

Nevertheless, a 97% yield of anthracene can be obtained from 9,IO-dihydroanthracene at 
225°C after reaction for 15 h. Poorer yields result when the rhodium(Il1) complex 
RhCI,(AsPh,), is employed238. 

Substrates containing a heteroaton that can coordinate to rhodium give better yields of 
dehydrogenated products (equation 68). The yields depend on the R substituent, being 
22.7% for the parent compound but 74.5% if R = PhZ3'. 

R 
I 

R 
I 

Me Me 

R = H ,  Me, Pr, Bu', Ph, Bz, 2-C,H4N, 3-C,H4N, 4-C5H,N 

Several rhodium complexes can catalyse the dehydrogenation of secondary alcohols to 
ketones. A mixture of rhodium(I1) acetate and PPh, catalyses the slow formation of 
acetone from propan-2-0l '~~.  The removal of the acetone produced increases the rate of 
propan-2-01 dehydrogenation in the [RhCI(SnCI,),],-catalysed systemz4'. This may 
prove beneficial in other instances. 

The photocatalytic dehydrogenation of this alcohol can take place in the presence of 
small quantities of RhC1(PPh3)3z42 or chloro(tetraphenylporphinat~)rhodium~~~. 
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A mere 1% optical yield has been achieved in the attempted chiral dehydrogenation of 
benzalacetone in the diphenyl(neomenthyl)ph~sphine/[RhCl(C,H,)~]~ system244. This 
catalyst has also been used to dehydrogenate (R)-  I-phenylethanol preferentially in the 
presence of an alkene hydrogen acceptor. The S-isomer reacts more slowly and the initially 
racemic alcohol becomes enriched in this component as the reaction proceeds245. 

One of the more successful rhodium-based dehydrogenation catalysts is the ortho- 
metallated complex [Rh{ (o-C6H4)PPhz)(PPh,),]. This decomposes formic acid by the 
sequence of reactions shown in equation 69-71 24b. 

Rh(o-C6H4PPh,)(PPh,), + HCO,H -+ Rh(O,CH)(PPh,), 

RhH(PPhJ3 + HCOZH +Rh(O,CH)(PPh,)3 + H2 

(69) 

(71) 

Rh(0,CH)(PPh3)3 + RhH(PPh,), + CO, (70) 

B. Transfer Hydrogenation 

Despite the low efficiencies of rhodium complexes in dehydrogenation reactions, several 
complexes are fairly active in transfer hydrogenation reactions. It is possible that this 
dichotomy arises from the stability of the rhodium hydrido complexes produced in the 
dehydrogenation reactions and the failure of these complexes to release hydrogen except 
to a hydrogen acceptor. Thus, in transfer hydrogenation several criteria must be met 
simultaneously: the hydrogen donor must coordinate to the catalytic complex and be 
dehydrogenated; the dehydrogenated compound must not coordinate to the catalytic 
complex and thereby poison it; the hydrogen acceptor must next coordinate to the catalyst 
and the hydrogen atoms be transferred to it; and further, the complexity constants of the 
substrate and hydrogen donor with the catalyst should be approximately equal to avoid 
either of them inhibiting the reaction by preferentially occupying a catalyst site required by 
the other. 

1. Alkenes 

It is for the above reason that the equivalent of the alkene route is seldom proposed as 
the mechanism for transfer hydrogenation reactions. Prior coordination of the substrate 
to the catalyst would form a coordinatively saturated species unable to activate the 
hydrogen donor247. 

The presence of hydrido species is indicated by the hydroisomerization reactions that 
occur during certain transfer hydrogenation reactions. Both [RhCI(PPh,),] and 
[RhH(PPh,),] have been shown to catalyse the transfer hydrogenation of cycloalkenes. 
Imai and his coworkers24B have shown [RhH(PPh,),] to be an effective catalyst for the 
reaction and superior even to the more commonly employed ruthenium catalysts. The 
rates of hydrogenation achieved with propan-2-01 as the hydrogen donor were an order of 
magnitude greater than when other primary or secondary alcohols were used as the 
hydrogen source. Linear alkenes were isomerized by [RhH(PPh,),] during the catalysis. 
Although addition of acetone suppressed the rate of transfer hydrogenation, it had no 
effect on the rate of i s o m e r i ~ a t i o n ~ ~ ~ .  This result implies that there is a standing 
concentration of a monohydrido complex during the reaction. Other monohydrido 
catalysts ofthe type [RhH(CO)(PR,),] ( R 3  = Et,, Bu,, Et,Ph, MePh,) have been used to 
transfer hydrogen from benzyl alcohol to oct-I-ene, but no mention was made of 
isomerization occurring during the reactions249. 

Primary alcohols are seldom employed as hydrogen donors as aldehydes are formed 
from them in this reaction. The aldehydes produced can then bring about catalyst 
deactivation via carbonyl abstractionz5". Indeed, the formation of [RhCI(CO)(PPh,),] 
from [RhCI(PPh,),] has been noted in these reactionsz5'. 
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The use of perdeuteriodioxane has confirmed that this compound is the hydrogen 
donor252 in the [RhCI(PPh,),]-catalysed transfer hydrogenation of ~ y c l o p e n t e n e ~ ~ ~ .  The 
large kinetic isotope effect shows that dehydrogenation is the rate-determining step in the 
reaction. When triphenylphosphine ligands were replaced by other triarylphosphine 
ligands, it was found that electron-withdrawing substituents in the aryl groups brought 
about a large decrease in the rate of transfer h y d r ~ g e n a t i o n ~ ' ~ .  

Tetrahydroquinoline or indoline can be used as hydrogen donors in the [RhCI(PPh,),]- 
catalysed hydrogenation of ~ y c l o h e p t e n e ~ ~ ~ .  Acetatotris(triphenyIphosphine)rhodium(l) 
has been claimed to catalyse the selective transfer hydrogenation of dienes to monoenes. 
The hydrogen donor was p-toluenesulphonic acid. The rate of hex-1-ene hydrogenation 
increased with increasing acid concentration and internal alkenes did not react except at 
high acid  concentration^"^. Generally, however, little effort has been expended in 
investigating the transfer hydrogenation of alkenes. 

2. Ketones 

The transfer hydrogenation of ketones has been more frequently studied (equation 72). 
This is not because of the difficulty of transferring hydrogen to alkenes since unsaturated 
ketones are usually transfer hydrogenated to saturated  ketone^^^'-^^^. In these reactions 
the rate-determining step has been found to be the scission of the 0-H bond in the 
alcohol. This hydrogen atom is transferred selectively to the a-carbon atom of the 
ketone25g. 

PhCOMe + PhCH,CH,COMe 
IRhH(PPh3h1 

PhCH(0H)Me + PhCH=CHCOMe 

(72) 

Chlorotris(triphenylphosphine)rhodium(I) differs from [RhH(PPh,),] in that it first 
converts cyclohex-2-enone into ~yclohex-2-enol~~l .  The [RhCI(PR,),] complexes pre- 
pared in siru from [RhCI(C,H,),], or [RhCl(cod)], have been used to catalyse the transfer 
hydrogenation of methylcyclohexanones. Two isomeric products were formed, the 
thermodynamically most stable being formed in excess (equations 73 and 74)262. 

Me 
OH 

(74) 

When 4-rert-butylcyclohexanone is the substrate and [RhCI(PCy,),] the catalyst, 
the cis-product is produced in greater yield263. Similar product distributions have 
been observed when [RhCI(PPh,),] was the catalyst. This complex also catalyses the 
formation of cis-2-methylcyclohexanol from 2 - m e t h y l ~ y c l o h e x a n o n e ~ ~ ~ .  The cationic 
complexes [Rh(cod)L,] ' 2 6 5 . 2 6 6  [RhLL(I,5-C6H,,)][PF6] (LL = phen, b i ~ y ) ~ ~ ' ,  
[Rh(nbd)(Pri,P(CH,),PPri,)][C10,]263, and [Rh(nbd)(PR,)2][CI04]268 all catalyse the 
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transfer hydrogenation of ketones. The last complex also catalyses the transfer hydrogen- 
ation of hex- I-ene, cyclohexene, or styrene268. 

The mechanism of hydrogen transfer from secondary alcohols to ketones catalysed by 
[RhCI(PPh,),] and KOH has been investigated. However, as these reagents form 
[RhH(PPh,),], the true catalyst in the reactions is uncertain269. The nature of the 
secondary alcohol has little effect on the rate, but the rate of cycloalkanol formation could 
be correlated with the strain energies of the cycloalkanol rings270. Further evidence for the 
rate-determining step being transfer of hydrogen to the ketone comes from the lower 
reduction rates of substituted cyclic  ketone^^^'.^^^. 

There have been no reports of the transfer hydrogenation of aldehydes, but acetal- 
dehyde disproportionates in the presence of [Rh(C5Me,)],C14273. 

3. Other multiple interatomic bonds 

Chlorotris(triphenylphosphine)rhodium(I) and K O H  catalyse the transfer hydrogen- 
ation of several nitrogenous substrates, again using secondary alcohols as the hydrogen 
donors. Nitrobenzene can be reduced via azoxybenzene to aniline274.275, and 
4-alkylpiperindones are also reduced in the system276. Sundry Schiff bases can also be 
reduced to secondary a m i n e ~ , ~ ~ .  

Mechanistic studies have been confined to confirming that the source of transferred 
hydrogen is the hydroxyl proton by isotopic labelling278. The catalyst is poisoned by the 
addition of styrene or p h e n y l a ~ e t y l e n e ~ ~ ~ .  This study again indicates the importance of a 
vacant site on the catalyst for substrate and donor activation. However, thiophene does 
not poison the catalyst since i t  is hydrogenolysed to but-2-ene and H,S by transfer 
hydrogenation from decalin2". 

VI. HYDROFORMYLATION 

Hydroformylation (see also Chapter 8 in Volume 3) is the addition of the elements of 
formaldehyde across the double bond of an alkene. The process has been catalysed by a 
variety of transition metal complexes. 
Carbonylhydridotris(triphenylphosphine)rhodium(I) has now supplanted [CoH(CO),] 

as a commercial hydroformylation catalystg5. However, [RhH(CO)(PPh,),] was not 
recognized for some time as the true catalyst in triphenylphosphine-stabilized rhodium 
systems. The catalysts were successively believed to be RhC1(PPh,),28' or 
RhCI(CO)(PPh,),282, until it was shown that these complexes were merely precursors of 
the true catalyst under hydroformylation conditions. 

Many other rhodium(1) complexes are precursors of the catalytic species in the presence 
of PPh,, CO, and H,. These include [RhC1(C0),],283-284, [RhCl(nbd)],285, 
[Rh(diene),][C104]286, and [R~(CO~)(PP~,),][PF,]~~~. The hydrido complex 
[RhH(PPh,),] is even more easily converted into [RhH(CO)(PPh,),] than the above 
chloro or ionic complexes288. Ease of conversion and the avoidance of plant corrosion by 
HCI probably explains why [Rh(acac)(CO),] is the commercial catalyst precursor28g. The 
rhodium(II1) species [RhCl($-C,H,),], also forms the catalyst under severe operating 
conditions283. Carbonylhydridotris(triphenylphosphine)rhodium(I) is also believed to be 
formed from rhodium metal, again under severe operating  condition^^^^^^^'. However, 
neither triphenylphosphine nor tertiary phosphines are essential to the catalytic activity of 
rhodium compounds in hydroformylation reactions. The tertiary phosphine complexes 
[RhH(CO){PPh,(rn-C,H,S0,Na)},]292, the tris(2-pyridy1)phosphine complex 
[RhH(CO)(Ppy,)(PPh,),]2g3, and the dibenzophosphole complex [ R h H ( d b ~ ) , ] ~ ~ '  all 
function as hydroformylation catalysts under relatively mild conditions. The first of these 
complexes is of interest since it can function as a water-soluble catalyst292. The secondary 
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phosphine complex [RhC1(PHPh,)3]294 and the phosphido complex [Rh(p- 
BU' ,P) (CO) , ] ,~~~ are also catalytically active, although both require pressures of several 
atmospheres to function effectively. N i t r ~ g e n ~ ~ ~ * ~ ~ '  or arsenic2" ligands also give rise to 
catalytically active species. Even hydrated rhodium trichloride in the presence of 
norbornadiene brings about the reaction. Unfortunately, this simple catalyst also permits 
the aldehyde produced to be reduced and the final products from the reaction are 
a ~ e t a l s ~ ~ ' .  Catalyst precursors and the product distribution from their catalyses have been 
reviewed3''. 

It is important that the three reactants in hydroformylation are activated by the catalyst 
in the correct order. The monohydrido catalyst first coordinates the alkene to  a vacant 
coordination site and forms an alkyl complex. The alkyl complex should react 
preferentially with carbon monoxide to form an acyl complex rather than undergo 
competing i s ~ m e r i z a t i o n ~ ' ~ ~ ~ ' ~  or hydrogenation reactions which reduce the yield of 
aldehyde. Finally, the acyl complex undergoes oxidative addition of hydrogen followed by 
reductive elimination of aldehyde (Scheme 3). 

Commercially, terminal aldehydes are of far greater value than internal aldehydes, and 
many modifications of the catalytic system have been made to improve the yield of 
terminal aldehyde at  the expense of the latter product. Internal aldehydes arise from the 
formation of a 2-alkyl complex during the early part of the catalytic cycle. These then 
undergo a series of parallel reactions to the more stable 1-alkyl complexes. Improved 
yields of terminal aldehydes are obtained by arranging the reaction conditions such that a 
crowded alkyl complex is formed. The formation of 2-alkyl complexes is sterically 
inhibited and, if formed, the 2-alkyl complex is less stable than the I-alkyl complex and 
may decompose before forming an acyl complex. The 2-alkyl complex can also arise from 
reaction of the catalyst with an alk-2-ene formed from the terminal alkene by catalytic 
isorner izat i~n~'~.  

Formation of branched-chain aldehydes is also favoured by impure feedstocks. Traces 
of oxygen or hydroperoxides can oxidize the tertiary phosphine ligands of the complex 
catalyst and form a species of low coordination number which favours 2-alkyl production. 
Normally these oxidants react with the excess of ligand or even the carbon monoxide 
present303. Eventually, however, they destroy the catalyst and are best removed304. 

Attempts have been made to improve the selectivity of the system by using ditertiary 
phosphine ligands, as these should remain coordinated to rhodium during the catalytic 
~ y c l e ~ ~ ~ - " ~ .  However, their selectivity towards terminal aldehydes is not high. This could 
have been anticipated had due regard been paid to the importance of both triphenyl- 
phosphine ligands being mutually trans but cis to the alkyl ligand (Scheme 3). To  this end, 
attention could have been better directed towards the beneficial effects of bulky tertiary 
p h ~ s p h i n e s ~ ' ~ .  

A. Hydrocarbon Substrates 

Whilst most interest has been concentrated on the commercially important hydrofor- 
mylation of linear alk-1-enes, other substrates have attracted their share of attention. The 
regioselectivity of catalytic hydroformylation is well illustrated by the reactions of 
alkadienes. Octa-I, 6-diene only undergoes substitution at the terminal bond, both I -  ar,d 
2-aldehydes being formed. The latter is the minor product3". Only the vinyl group is 
hydroformylated in vinyldimethylcy~lohexene~' I .  Buta- I ,  3-diene undergoes some 1,4- 
addition to form MeCH=CHCH,CHO which, unlike the other primary product 
CH,=CHCH,CH,CHO, cannot react further to  form a dialdehyde3I2. It has been 
claimed that secondary phosphines and secondary diphosphines favour 1, 4-addition3' '. 
Analogous behaviour is observed with bis(alkeny1)amines (equation 75)314. 
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Although internal alkenes are not readily hydroformylated, regioselectivity is observed 
in their reactions also (equation 76)3' 5. Cycloalkadienes also form dialdehydes under 

CHO 

harsh conditions. An interesting byproduct in the hydroformylation of cyclohexa- 
1,4-diene arises from its isomerization to cyclohexa- 1,3-diene, which then undergoes 
I ,  4-addition and finally hydrogenation to form a monoaldehyde. Cycloocta-l,5-diene 
behaves similarly, forming the saturated monoaldehyde exclusively, as does cycloocta- 
I, 3-diene316. Cycloheptatriene also forms large quantities of the m~noa ldehyde~ '~ .  In the 
hydroformylation of cycloalkadienes that cannot isomerize in this way, the least hindered 
double bond reacts (equation 77)3 *. 

Few attempts have been made to hydroformylate alkynesZ8'. Their formation of 
relatively stable vinyl ~ o m p l e x e s ~ ' ~ - ~ * '  with [RhH(CO)(PPh,),] inhibits the 
hydroformy lation. 

B. Substituted Alkenes 

Unless the substrate reacts stoicheiometrically with the catalyst to form an inactive 
complex, substituted alkenes can be hydroformylated by [RhH(C0)(PPh3),l9'. Both 
ethersJZZ and dinitrilesJZ3 can be hydroformylated at elevated temperatures and 
pressures. Whilst the former yield mainly terminal aldehydes, the latter forms a 
2-aldehyde. Ally1 tert-butyl ether gives a similar product d i s t r i h ~ t i o n ~ ~ ~ - ~ ~ ~ .  Only a 
terminal aldehyde is formed in the hydroformylation of 2-methoxy-2,6-dimethyloct-7- 
ene327. 

The hydroformylation of the esters of unsaturated carboxylic acids can give rise to 
terminal aldehydes. However, the harsh reaction conditions often required favour the 
production of 2 - a l d e h ~ d e ' ~ ~ - ~ ~ ' .  Harsh conditions are required because coordination of 
an ester's carbonyl group to rhodium's normally vacant sixth coordination site inhibits the 
reactionJ3'. Indeed, this chelation can direct the course of substitution in the hydroformyl- 
ation of vinyl esters. The more stable five-membered ring gives rise to the major 
product3". In view of the importance of chelation, it is interesting to note that the 
thioether MeSCH,CH=CH(CO2Me) can be hydroformylated, albeit under severe 
 condition^^'^. 
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The hydroformylation of unsaturated alcohols can give rise to mixtures of products as 
allylic alcohols in particular tend to form substituted t e t r a h y d r o f ~ r a n s ~ ~ . ~ ~ " .  However, a 
pyran is formed from isopulegol (equation 78)33s. Non-allylic alcohols usually undergo 
straightforward hydroformylation and yield terminal aldehydesg5. 

Me 

C. Heterogenized Catalysts 

The industrial importance of the hydroformylation reaction has led to the development 
of heterogenized catalysts so that the catalyst may be separated more easily from involatile 
products. Both supported and polymer bound catalysts have been used. 

In the former case the catalyst is absorbed on a porous inert support. The main 
disadvantage of this type is bleeding of the catalyst from the support during the reaction. 
The results are very dependent on the type of support and the degree of pore filling, since 
only those catalyst molecules which lie at a phase boundary are active. Generally, the 
selectivity towards terminal aldehydes is low and competition from catalytic hydrogen- 
ation more severe than in homogeneous systems. Dissolving [RhH(CO)(PPh,),] in 
triphenylphosphine before applying it to the support was claimed to minimize these 
disadvan t a g e ~ ~ ~ ~ - ~ " ' ' .  

Similar disadvantages attend the use ofpolymer-bound catalysts. Usually the selectivity 
towards linear aldehyde production is lower than in corresponding homogeneous systems, 
although there are important exceptions, as mentioned in Chapter 14 (section 
V.D.2)340b.c. Again, using a high tertiary phosphine to rhodium ratio improves the 
selectivity3"', and the support can contribute to this3"Ob. 

0. Chiral Hydroformylation 

In chiral hydroformylation reactions, the reverse regioselectivity to normal hydrofor- 
mylation is usually sought, since only the branched-chain aldehyde produced from an 
achiral terminal alkene can be chiral (equation 79). A successful chiral hydroformylation 
catalyst should give high chemical and optical yields of the 2-aldehyde. 

RCH=CH, 4 R e H M e  + RCH,CH,CHO 
I 

C H O  (79) 
As is the case in chiral hydrogenation, these regio- and stereo-selectivities of the catalyst 
are more readily achieved by the incorporation of chiral ditertiary phosphine ligands. 
However, there have been two investigations of catalysts containing the chiral tertiary 
phosphine (R)-benzylmethylphenylphosphine. Since styrene normally gives high yields of 
hydrotropaldehyde, PhCH(CHO)Me, this alkene is usually the substrate in asymmetric 
syntheses3"'. Stereo- and regio-selectivities were found to be incompatible. As is the case in 
achiral hydroformylation, a low concentration of tertiary phosphine is conducive to the 
production of hydr~tropaldehyde'~'. However, this low concentration of tertiary 
phosphine does not favour high optical yields. Harsh conditions, as in most asymmetric 
syntheses, reduce the optical yields3"". The effect of temperature is particularly note- 
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worthy when neomenthyldiphenylphosphine is the chiral ligand. Excess of (S)- 
hydrotropaldehyde is produced at 75 “C, but the (R)-isomer predominates a t  20 0C344. A 
similar low optical yield of hydrotropaldehyde is obtained at  75 “C and 100 atm pressure 
when trans-[RhCI(CO){ PPh,(neomenthyl)}], is the catalyst345. 

Better optical, if not chemical, yields have been obtained when chiral bidentate ligands 
have been employed. Thus, cis-[RhCI(CO)(diop)] in the presence of excess of diop gives 
hydrotropaldehyde in 57% optical yield. An even higher optical yield of 71% can be 
achieved using a larger excess of diop in the [RhCI(C,H,),],/diop catalytic system. As is 
the case with monodentate chiral ligands, harsher reaction conditions increase the 
conversion to hydrotropaldehyde but decrease its optical purity346. I t  has been claimed 
that diphol, 54, used in conjunction with [RhCI(CO),],, gives even better optical yields 
than diop. Strangely, ( - )-diphol, although closely related to ( - )-diop, preferentially 
forms (S)-hydrotropaldehyde whilst the latter forms more (R)-hydr~tropaldehyde~~’. 

The chiral hydroformylation of suitable internal alkenes gives rise to two isomeric 
products whose chirality differs (equation 80)348. The optical yields obtained from (Z)-  
alkene substrates are superior to those obtained from the (E)-alkene isomers. However, the 
same optical isomer is formed in excess whichever substrate is selected349. The 
regioselectivity of the reaction can give rise to different isomers. But- I-ene gives a different 
chiral product to cis-but-2-ene or trans-but-2-ene (equation 8 I ) 3 “ 7 . 3 4 9 .  I t  has also been 
noted that the two products obtained from hex-2-enes have different chirality349. 

[ R ~ H I C O ) ( P P ~ J ) J I  

I - ldiop 
RCH=CHMe + H, + C O  b 

(S)-RCHJHCHO + (R)-RCHCH,Me 
I I 

Me C H O  

IRhCI(CO1zIz 

diphol 
EtCH=CH, + H, + C O  - (S)-EtCHMe 

I 
C H O  

The only way to reverse the prevailing chirality is to employ a different catalyst. For 
example, (-)-diphol and (-)-diop again exhibit different stereoselectivities in the chiral 
hydroformylation of both but-I -ene and ~is-but-2-ene’~’. These two chiral, bidentate 
ligands have also been employed in the chiral hydroformylation of vinyl I .  

Two products can be formed from this unsaturated ester (equation 82). The terminal 
aldehyde decomposes to acrolein, which is reduced to propanal in the system35’. When 
(-)-diop is the chiral ligand, optical yields of up to  23% have been obtained3’“; however, 
attempts to obtain higher stereoselectivity have not always been successful. Although 
diphol gave the best optical yields (ca. 56%), increasing the bulk of the substituents on 
phosphorus by replacing the four phenyl groups of diop by four I-naphthyl substituents 
gave very poor yields35’. 

H,C=CH(OAc) + H, + C O  MeCH(0Ac) + CH,=CH,(OAc) 
I I 

C H O  CHO (82) 

Rhodium/diop complexes also catalyse the hydroformylation of 2-methylbuta-l,3- 
diene. Only the unsubstituted alkene bond is hydroformylated, the other being hydro- 
genated. The monoaldehyde is obtained in 32.3% optical yield352. 

Alkynes can also be hydroformylated using this catalyst. Phenylacetylene, like styrene, 
forms both the terminal aldehyde and hydrotropaldehyde. But-2-yne eventually yields (S)- 
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2-methylbutanal when the reaction is catalysed by (-)-diop complexes. Hence both these 
alkynes give products of the same chirality as the corresponding alkene. However, oct-l- 
ene and oct-I-yne form different enantiomers. The intermediate (E)-alkenal was isolated 
from the but-Zyne reaction. Besides indicating the mode of addition, this reaction also 
shows that alkenals are reduced in the reaction rather than alkenes being first formed and 
then hydroformy lated3 ’. 

The hydroformylation of N-vinylsuccinimide is relatively facile and can be brought 
about by catalysts containing either diop or diphol. Interestingly, a change in the catalytic 
system is necessary in order to obtain both enantiomers of the product since catalysts 
containing either diop enantiomer preferentially form the R-product. Decreasing 
reactivity is shown by the substrates N-vinylphthalimide and N-prop-2-enylacetamide, 
whilst N-2-methylpropenylacetamide did not reactJs4. Although N-acyl-2,3- 
dihydropyrroles are readily hydr~fo rmyla t ed~~~ ,  2, Sdihydrofuran requires severe 
conditions which impair the optical yieldsJs5. 

Heterogenized chiral hydroformylation catalysts have been prepared, but the optical 
yields are lower than those obtained from homogeneous systemsJs6. 

VII. HYDROSILYLATION 

Rhodium(]) complexes add hydrosilanes oxidatively. In many instances, particularly 
with [RhCI(PPh,),], the intermediate rhodium(I1I)silyl complexes have been isolated. The 
silyl complexes [RhHCI(SiX,)(PPh,),] have been shown to be trigonal bipyramidalJS7. 
They are thus coordinatively unsaturated and are able to coordinate a substrate molecule. 
As in all homogeneous catalytic reactions, the availability of this vacant site is very 
important. It has been demonstrated that if all the reagents have been carefully purified to 
exclude oxygen and hydroperoxides, then [RhCl(PPh,),] is incapable of catalysing the 
addition of hydrosilanes to a lkene~”~.  The oxidizing agents attack the PPh, ligands of the 
catalyst and promote the formation of coordinatively unsaturated bis(tripheny1phos- 
phine) complexes. Generation of hydroperoxides by irradiation of aerated solutions 
increases the rate of the hydrosilylation reaction359. 

In addition to [RhCI(PPh,),], many other rhodium complexes can also catalyse 
hydrosilylation reactions; the ease of H-Six, bond fission by transition metal complexes 
has been noted previously36o. Analogues of [RhCI(PPh,),] have been found to catalyse the 
reactions and the contributions ofboth their halo361*362 and tertiary phosphine l igand~,~’  
have been evaluated. Precursors of [RhCI(PPh,),] such as the alkene complexes 
[RhCI(C,H , ,),I 2363 and [RhCI(C,H,),] 2364 have beenemployed, but the latter complex is 
not particularly effective in catalysing the reactions of chlorosilanes. The carbonyl 
complexes [RhCI(C0)2]236s, [RhH(CO)(PPhJ)J]362.365, and trans- 
[RhCI(CO)(PPh,),]362q366 have been employed as catalysts, as has the hydrido complex 
[RhH(PPh,)JJ6’. Additionally,carbenecomplexesofthe type68,69, and70 have been used 
to catalyse the hydrosilylation of ~ c t - l - e n e , ~ ~ .  Heterogenized catalysts have also been 
~ ~ e d ~ ~ ~ ~ * ~ ~ ~ .  Rhodium(I1) complexes such as [RhCl,{ P(o-C,H,Me),},] or 
[RhCI,(PCy,),] have been used to catalyse the addition of monohydrosilanes to alk-l- 
e n e ~ ~ ~ ~ .  The hydrosilylation of alkenes has also been catalysed by the rhodium(II1) 
complexes [ R h ( a c a ~ ) ~ ] ~ ~ ~  or [Rh(qs-C5Me5)],C1,371. 

Monohydridorhodium(II1) complexes have been employed as catalysts. Carbaborane 
complexes of general formula [RR‘C,B,H,RhH(PPh,),] are claimed to catalyse the 
hydrosilylation of alkenes, alkynes, and a l k a n ~ l s ~ ~ ~ .  The dimeric rhodium(I1) complex 
[Rh(dmg),(PPh,)], forms the hydridorhodium(Il1) complex [RhH(dmg),(PPh,)] when 
allowed to react with hydrosilanes. The latter then adds alkene to yield an alkyl complex 
which undergoes hydro~ i ly l a t ion~~~ .  If this interpretation of the reaction mechanism is 
correct then this is equivalent to the alkyl route in catalytic hydrogenation. Generally, it 
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(6 8) 

I 
MepPhP 

‘Rh” 

MepPhP 

(69) 

Br 

has been found that the order of hydrosilane reactivity is monohydro < dihydro 
< trihydro. In practice, this means that the reactions of SiHX, require heating, those of 
SiH,X, occur at room temperature, and the few trihydrosilane reactions so far 
investigated have been carried out at 0°C or below in order to moderate them. 

As can be seen from Figure I ,  many compounds containing either multiple bonds or 
active hydrogen atoms react cleanly with hydrosilanes in the presence of [RhCI(PPh,),], 
in contrast to similar reactions catalysed by complexes of other transition metals. The 
reactions of each type of substrate will be discussed in turn. 

RCH2CH2SiX3 

T 

~ R h H C I ( S i X 3 ) ( P P h 3 ) p  RCH=NR’ 

RCHpN(SiX3 )R’ \\ RCHzOSiX, 

H p  + ROSiX, R,CHOSiX, 

FIGURE 1. Hydrosilylation reactions catalysed by RhHCI(SiX,)( PPh,),. 
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A. Alkenes 

Generally, good yields of organosilanes are obtained when hydrosilanes are allowed to 
react with terminal alkenes in the presence of [RhCI(PPh,),]. However, total conversion 
is seldom achieved in the reaction, since a greater or lesser degree of isomerization occurs, 
via side reactions, in the system. These involve the intermediate formation of a 2-alkyl 
complex from the hydridorhodium(Il1) complex (Scheme 4). 

Internal alkenes (e.g. cycl~hexene~’~) are not hydrosilylated by the catalyst, so any 
isomerization product formed reduces the overall yield of organosilane. The degree of 
isomerization has been found to be greatly influenced by the hydrosilane employed. Thus 
the yields of organosilanes from hex-1-ene and SiHPh3, SiHEt,, or SiHCI, have been 
found to be 100%,60% and 8%, re~pectively~’~. In the last two cases extensive 
isomerization of hex-1-ene was found to occur. 

In catalysing hydrosilylation reactions, [RhCI(PPh,),] and its congeners have 
been found to be more effective than either of the carbonyl complexes truns- 
[RhCI(CO)(PPh,),] or [RhH(CO)(PPh,),]36’. This order may reflect the relative ease of 
formation of five-coordinate rhodium(ll1) species which are capable of activating the 
alkene after oxidative addition of hydrosilane. 

The hydrosilylation of styrene using any rhodium complex catalyst gives rise to three 
products (equation 83)36’*375*376. Unlike other terminal alkenes, addition of silyl groups to 

iMeR2 
PhCH=CH;! + SiHMeR2 - PhCHMe + PhCH2CH2SiMeR2 + ’-a’’ 

SiMeR2 I PhmH 

(83) 

both the a- and j-carbon atoms of the substrate occurs. Additionally, some substitution 
product is formed. The formation of a silyl-substituted styrene is favoured by large 

H 

RhCI(PPh3)s 
SiHXa 

H 
P h ~PG,, 7ix3 F H 2 R  - Ph3P;R(-c\H 

‘5 
PhsP.,, 

Rh- CI 

Me 
P%P( 

CI 

- RhHCI(SiX3)(PPha)2 I 
Rh- CHSH2CH2R MeCH=CHR 

CI 

Ph3P( I 

SCHEME 4. Alkene isomerization during hydrosilylation. 
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substituents on the silyl group3”. The proportions of a- and 8-products formed in the 
reaction are influenced by both the solvent376 and the substituents on the silyl group. The 
proportion of the 8-isomer increases with increasing electronegativity of these substitu- 
e n t ~ ’ ~ ’ .  Further fundamental differences between the hydrosilylation of styrene and other 
alkenes are indicated by a reversal of the order of catalyst efficiencies in the former case. 
tmns-Carbonylchlorobis(triphenylphosphine)rhodium(l) is superior to both 
[RhH(CO)(PPh,),] and [RhCI(PPh,),] when styrene is the substrate. 

In the various hydrosilylations of styrene, ethylbenzene has not been reported as a 
product. When [RhCl,(r$-C,Me,)], was used to catalyse the hydrosilylation ofhex-I-ene, 
the small quantity of (E)-hex-l -enyl(triethyl)silane formed could be correlated with the 
yield of the disproportionation product, hexane (equation 84),”. 

[Rh(q5- C I M C ~ I I ~ C I ~  BuCH=CH, + SiHEt, (E)-BuCH=CH(SiEt,) + C6H,, (84) 

In rare instances, some regioselectivity is observed in the hydrosilylation of alkadienes. 
The terminal double bond is preferentially hydrosilylated. Conjugated alkenes normally 
give rise to 1,4-addition. Carbonylhydridotris(triphenylphosphine)rhodium(I), t m n s -  
[RhCI(CO)(PPh,),], and [RhX(PPh,),] (X = Me, CI, Br, I) all catalyse the 1,4-addition of 
hydrosilanes to buta-I, 3-diene (equation 85) .  Isoprene reacts similarly, but both possible 
I ,  4-addition products are obtained (equation 86)377.378. Regioselectivity is achieved in 

Six, 

R h X L n  c g + HSIXJ 

the hydrosilylations of myrcene and ~ c i m e n e ’ ~ ~ ,  but only the latter forms any 1,2- 
addition product (equations 87 and 88). 

Owing to the reactivity of other multiple interatomic linkages or active hydrogen atoms, 
very few hydrosilylations ofsubstituted alkenes have been attempted. An illustration of the 
problems involved in such hydrosilylations is given by the reaction between 
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tri(eth0xy)silane and CH,=CHSEt. The major product (44%) is EtSCH,CH,Si(OEt),, 
but alkenyl sulphides and (EtO),SiSEt also feature amongst the Similarly, 
the attempted hydrosilylation of vinyl sulphide gives a mixture of products arising from 
simultaneous hydrogenation, hydrosilylation, and carbon-sulphur bond scission 
 reaction^^^^.^^^. 

6. Alkynes 

The addition of hydrosilanes to terminal alkynes is catalysed by several rhodium 
complexes. Even rhodium(l1) and rhodium(lI1) complexes have been used as the catalysts. 
The reaction usually ceases after one molecule of hydrosilane has been added across the 
triple bond. Exceptionally, ethyne forms between 10 and 30% of the diaddition product’82. 

Rhodium(1) and rhodium(l1) catalysts both bring about the addition of the silyl group to 
the terminal carbon atom but both E and Z products are obtained (equation 89)’69.363. 

The Z-isomer usually predominates, but the proportion of E-isomer increases on addition 
of PPh, to the [RhCI(C,H 14)2]2 catalyst. The relative yields of these products also depend 
on the nature of the substituents on the s i l i ~ o n ~ ~ ~ . ~ ~ ~ .  However, since [RhCI(PPh,),] 
has been shown to isomerize (Z)-PhCH=CH(SiPhMe,) to the ( E ) - ~ i l y l a l k e n e ~ ~ ~ ,  
discussion of product yields is not particularly meaningful. 
Tris(pentan-2,4-dionato)rhodium(IlI) catalyses the production of both 1- and 2-silyl 

derivatives (equation 90). The 2-silyl compound is always the minor I t  has 
been found that hex-I-yne can poison its own hydrosilylation when [RhCI(PPh,),] is 
used as the catalyst. To  avoid this, the hex-I-yne should be added to the reaction mixture 
after the h y d r ~ s i l a n e ~ ’ ~ .  One of the more effective catalysts for alkyne hydrosilylation is 
[RhH(C0)(PPh,)l9’. Since this complex normally reacts stoicheiometrically with alkenes 
to form vinyl complexes, it does not simultaneously catalyse the hydrogenation or 
polymerization reactions brought about by other rhodium complexes. 

lRhIncac )~ l  
R C H G C H  + SiHEt, - RCH=CHSiEt, 

+ RC(SiEt,)=CH, (90) 

Chlorotris(triphenylphosphine)rhodium(l) permits the addition of monohydroger- 
manes to phenylacetylene. The bulk of the product is the E-isomer, but a very small yield of 
the cx-isomer is also obtained (equation 91)’”. 

C. Aldehydes and Ketones 

In the presence of catalytic quantities of [RhCl( PPh,),], monohydrosilanes readily add 
across the C=O group of ketones to give trialkylsilyl ethers in high yields (equation 92). 
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Unlike the addition of hydrosilanes to alkenes, this exothermic reaction takes place at 
room temperature with aliphatic ketones; however, higher temperatures are required for 
aromatic ketones387. The intermediate [RhHCI(SiEt,)(PPh,),] has been isolated from 
some of its slower catalytic reactions3". 

Reactions of ketones with dihydrosilanes take place below room t e r n p e r a t ~ r e ~ ' ~ .  The 
addition of trihydrosilanes to ketones is also brought about by this catalyst390. The silyl 
ethers obtained in these reactions can be quantitatively solvolysed to secondary alcohols. 
Hence hydrosilylation followed by solvolysis is equivalent to reduction387. This sequence 
of reactions has been particularly exploited in chiral hydrosilylation (see Section VIII). 

The catalytic hydrosilylation of aldehydes has been attempted only infrequently. Many 
transition metal complexes fail to catalyse the reaction cleanly. Surprisingly, in view of its 
ready decarbonylation of aldehydes, [RhCI(PPh,),] is an effective catalyst for the 
r e a ~ t i o n ~ ' ~ . ~ ~  I .  

The type of hydrosilane determines the course of the reaction with unsaturated ketones. 
Monohydrosilanes react with a, 8-unsaturated ketones to give the 1,4-addition product, 
which on hydrolysis forms a k e t ~ a l k a n e ' ~ * - ~ ~ ~ .  Dihydrosilanes attack the keto g r o ~ p " ~ .  
The reactions between monohydrosilanes and unsaturated esters are more complex and, 
depending on the silane employed, a 1- or 2-silyl ester or a ketene can be. f ~ r m e d ~ ' ~ . ~ ' ~ .  
The last product is formed by methyl esters in which the alkene bond is sterically hindered, 
but some I-silyl product is always formed397. 

The catalysed addition of hydrosilanes to a, P-unsaturated aldehydes gives 1,4- 
p r o d u ~ t s ' ~ ~ . ~ ~ ~ .  The reaction is slow and both E- and Z-products can be formed3". 
Despite these disadvantages, hydrolysis of the product gives a saturated aldehyde and the 
overall reaction represents an effective, ifcircuitous, method of hydrogenating unsaturated 
aldehydes. 

D. Alcohols 

Alcohols also form silyl ethers when allowed to react with hydrosilanes. As with alkenes, 
dihydrosilanes are more reactive than monohydrosilanes. Phenols are also attacked by 
d i h y d r o ~ i l a n e s ~ ~ ~ .  Trihydrosilanes are so reactive that di(a1koxy)silanes are formed399~400 
unless either the trihydrosilane or the alcohol contains a large alkyl or aryl 
Although hydrodisilanes also form di(a1koxy)silanes when allowed to react with an excess 
of alcohol, the reaction involves a silene intermediate4". Thiophenols react with 
monohydrosilanes at 50 "C when the reaction is catalysed by [RhCI(PPh,)3]402. 

E. Nitrogenous Substrates 

and ~ e c o n d a r y ~ ' ~ - ~ ' ~  and N - a l k y l a m i d e ~ ~ ' ~  undergo dehydrogenative 
condensation with hydrosilanes in the presence of [RhCI(PPh,),]. Imines, however, add 
hydrosilane across the C=N bond. The N-silyl products can be hydrolysed to secondary 
amines407-409 . Despite employing severe conditions, formamidienes were only semi- 
hydr~s i ly la ted~~ ' .  An interesting reaction occurs between aliphatic nitriles and bis-l,2- 
silylbenzene (equation 93). The alkene is formed by aminolysis of the intermediate 
while the saturated product arises from a second hydrosilylation reaction involving the 
C-N bond4". 

The hydrosilylation of vinyl cyanide, catalysed by [RhH(CO)(PPh,),], does not involve 
reduction of the CEN bond. The alkene bond alone is attacked and the 8-product is 
formed4' '. 
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RR'CHCN + 

Onlv the alkvne 

(RR'  = PhH, H,, MeH, Me,, 

I bond undergoes hydrosilylation when tertiary alkynylamines are 
allowed to react with triethylsilane in the presence of catalytic quantities of 
[RhI(PPh,),], [RhCI(SbPh,),], or [RhC1(CO)(AsPh,),]4'3. 

F. Other substrates 

It was originally proposed that aroyl chlorides gave rise to ketones when allowed to 
react with monohydrosilanes in the presence of catalytic quantities of either mer- 
[RhCI,(PBu,Ph),] or trans-[RhCI(CO)(PEtPh,),]. However, C,H, ,COCI forms the 
corresponding aldehyde in 68% yield'"4. Later it was stated that acyl chlorides 
preferentially formed aldehydes, and that the reaction was better carried out at 120°C in 
the presence of the carbonyl .. 

VIII. ASYMMETRIC HYDROSILYLATION 

Many chiral rhodium catalysts can be used to bring about chiral hydrosilylation of 
unsaturated substrates. However, fairly large optical yields can be obtained when the 
addition of bulky dihydrosilanes to highly unsymmetric ketones is catalysed by achiral 
[RhCI(PPh,),]. Asymmetric hydrosilylation is virtually confined to that of unsymmetric 
ketones, since this is the first stage in the production of chiral alcohols. Other substrates 
include imines and keto esters. 

There appears to be only one report of the hydrosilylation of a prochiral alkene being 
brought about by rhodium catalysts. Trimethyl- or dimethylphenyl-silane can be added 
to a-methylstyrene if these reagents are allowed to react at 120 "C in the presence of chiral 
rhodium complexes (equation 94). Disappointing chemical and optical yields were 
obtained with both catalysts4I6. 

PhMeC=CH, + SiHMe,R PhMeCHCH,SiMe,R (94) 

RhL,* = [RhH,( PBzMePh),(solv.),][CI04],RhCI[(-)-diop] 

A. Ketones 

1. Achiral caralysrs 

When dihydrosilanes containing two different alkyl or aryl groups are allowed to react 
with [RhCI(PPh,),], the resulting rhodium(Il1) complex contains a chiral centre at silicon. 
Since it is this species that activates the ketone in the catalytic reaction, prochiral ketones 
can give rise to an enantiomeric excess of the diasteriomeric silyl ether. The products are 
diasteriomeric since the silyl group retains its chirality during the transfer. Before the full 
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development of chiral ligands had been achieved, this method had been used to prepare 
optically active alcohols from suitable ketonesg4. 

2. Chiral catalysts 

Although i t  has been claimed that when RhCI(PBzMePh),(solv.) is the catalyst better 
optical yields are achieved in hydrosilylations using rnonohydro~i lanes~~ ’, most inves- 
tigators have used dihydrosilanes. Possibly this choice was made in order to achieve the 
superior optical yields associated with the milder reaction conditions required for this 
class of silane. 

Chiral bidentate ligands give lower optical yields with monohydrosilanes than chiral 
monodentate l i g a n d ~ ~ ~ ~ - ~ ” .  Accordingly, benzylmethylphenylphosphine has been used 
to prepare both neutral and cationic complex catalysts. The best optical yields have been 
obtained when bulky silanes and bulky ketones have been allowed to r e a ~ t ~ ’ ’ . ~ ~ ~ .  For 
example, a 61.8% optical yield was obtained in reaction 95. When the enantiomeric 

RhCI[(S)-EzMsPhP], 
RR’CO + PhMe2SiH + RR’CHOSiMeZPh 

MsOH MeONa 

1 (95) 

OH 

I 

( R )  

phosphine is incorporated in [RhCI(PBzMePh),], (R)-alcohols are formed preferen- 
tially4’ ’. However. the latter complex forms (S)-alcohols in excess when dihydrosilanes are 
e m p l ~ y e d ~ ~ ~ . ~ ~ ’  . Th’ IS reversal of predominant chirality is also seen in rhodium/diop 
systems. 

It should also be noted that symmetric ketones still form chiral products when allowed 
to react with 1-naphthyldihydrosilanes in the presence of rhodium(II1) complexes of 
PBzMePh. However, in these instances the chirality is a t  the silicon atom of the silyl 
ether424. In fact, dihydrosilanes containing two different organo groups invariably give 
rise to chirality at silicon in the resulting silyl ether. Optical yields of monohydrosilanes 
derived from these species are in the range 30-40%. This is lower than the optical yields of 
the alcohols obtained from the reaction, which are about 10% higher (equation 96)425. 

H R 2  
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Despite these shortcomings, the ready availability of chiral ditertiary phosphines has 
brought about their widespread use in the preparation of catalysts for chiral hydrosilyl- 
ation reactions. 

By employing an excess of the chiral ligand 34 in conjunction with [RhCI(C,H,),],, 
improved chemical and optical yields were obtained in hydrosilylation reactions. This 
mirrors the slight superiority of [Rh(di~p)~][ClO,] over [Rh(cod)(diop)][ClO,] as a 
chiral catalyst for the production of silyl ethers426. However, it has been claimed that in- 
corporation of the ligand (S)-l,2-(Ph,As)C,H,CHMe(NMe,) into a catalyst of the type 
[Rh(nbd)(LL)][CIO,] results in higher optical yields than when ( +)-diop is the bidentate 
ligand. The prevailing chirality of the product was reversed when the corresponding 
aminoarsine ligand was used, but the optical yields were either very low or zero in these 
cases427. The predominant product chirality can be reversed on making fairly minor 
changes in the chiral ligand428. 

Glucophinite and camphinite, which can be prepared from natural products. can be 
used in the form oftheir [Rh(nbd)(LL)][BF,] complexes to catalyse the hydrosilylation of 
a variety of aryl ketones. Generally, the former ligand, which is larger, gave superior 
optical yields to the latter. Likewise, the larger dihydrosilane SiH,NpPh usually gave 
superior optical yields to SiH,Ph,. In contrast, the optical yields declined with increasing 
size of the alkyl group of the ketone429. 

Complexes of the bidentate ligands 71, 72,,', and 73,,', which coordinate to rhodium 

Ph 
Ph 

through their nitrogen atoms, also gave good optical yields when used to  catalyse the 
hydrosilylation of benzophenone by dihydrosilanes. Better yields were obtained from 
neutral catalysts derived from [RhCl(cod)], than from the ionic complexes 
[Rh(cod)(LL)][ PF,I4, I .  

Although the silyl tertiary phosphine ligand (EtO),Si(CH,),PPh(rnenthyl) gave an 
optical yield of 23% in the hydrosilylation of benzophenone, the prevailing chirality was 
reversed and the optical yield reduced to 4% when this ligand was used to incorporate the 
catalyst in a heterogenized system432. 

8. Substltuted Ketones 

Pyruvic acid has been converted into hydroxy esters via an intermediate silyl ether using 
1 -naphthylsilane. As is the case with unsubstituted ketones, PBzMePh and diop ligands 
gave complexes of opposite chirality. Attempts to reap the benefits of double asymmetric 
reduction failed, as lower optical yields were obtained than when achiral esters were 
employed433. This dihydrosilane has also been used in the production of 
a-(hydroxyacy1)amido esters (equation 97). Since the original ester itself contains one 
chiral centre, achiral catalysts such as [RhCI(PPh,),] can be used with some success. 
Almost invariably, however, superior optical yields are obtained when catalysts that are 
themselves chiral are employed434. 
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R’C*HCONHC*HCO,Me 
l i )  RhL,,. SiHzNhPh 

( i i lMcOH/H+* 
R’COCONHCHC0,Me 

1 1 I 
R J  OH R 2  

RhL, = RhCI(PPh,),, [RhCI(C,H,),],/diop 

PhCOCHNMe, PhCHCHMe(NMe,) 
RhL:. SiHzPhi 

I 
Me 

I 
OSiHPh, 

793 

(97) 

The hydrosilylation of racemic PhCOCHMe(NMe,) in the presence of rhodium-diop 
complexes brings about partial kinetic resolution of the substrate (equation 98). The (S)- 
enantiomer is preferentially hydrosilylated. If the reaction is stopped before completion, 
the (R)-isomer of the ketone can be isolated in 23% optical yield. On treatment of the 
hydrosilylated product with KOH in aqueous methanol, two diastereoisomers were 
formed, (IS,2S)-( + )-pseudomethylephedrine (27% optical yield) and (1 R,2S)-( -)-methyl- 
ephedrine (20% optical yield)435. 

1. Unsaturated ketones 

There are two possible pathways for the hydrosilylation of unsaturated ketones, 
determined by the class of hydrosilane selected. It was noted in Section VII above that 
monhydrosilanes gave 1,4-addition, whereas dihydrosilanes merely reacted with the keto 
group. The chiral consequences of these two pathways are shown in Scheme 5436. Good 
chemical yields of the 1,4-addition product have been obtained when (Z)-PhMeC= 
CH(C0R’) has been allowed to react with either trimethyl- or dimethylphenyl- 
silanc. However, despite the use of two different catalyst systems, 
[RhH ,(PBzMePh),(s~lv.)~][ClO,,] and [RhCI(C,H, o)]2/( -)-diop, the optical yields 
were disappointingly low4”. The 1,4-addition product is not formed if the alkene 
bond is substituted by a methyl group (equation 99). Both catalysts gave lower yields 
when mesityl oxide or /)-ionone were the substrates4”. 

a O H  

( i )  RhCIL2 , 1-NpPhSiH, 

( i i )  hydrolysis 
(99) 

R‘ R’ \* 
CHCHzCR3 

SIHR, \ hydrolysis 
CHCH = CR3 

I R2’ 1 1  1. R2’ OSiX3 0 

R‘ 
hydrOlyEiS \ * 

C= CHCHR3 C=CHCHR3 
I 
OH 

I R2’ 
OSiHX2 R2’ 

SCHEME 5. Asymmetric isomerization of a,/&unsaturated ketones. 
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C. Other Substrates 

Very little work has been carried out on the chiral hydrosilylation of other substrates. 
There is only one report of the chiral hydrosilylation of imines. The N-silyl product (see 
Section VII) could be converted into a chiral secondary amine if the original imine 
contained two different carbon s u b s t i t ~ e n t s ~ ~ ~ .  

IX. CARBONYLATION AND DECARBONYLATION 

Both these reactions are closely related to hydroformylation since they involve acyl 
complexes at some stage of the catalytic cycle. Of the two reactions, only carbonylation is 
of any commercial importance, being used in the large-scale production of acetic acid from 
methanol. The latter remains a laboratory-scale reaction but represents an increasingly 
useful synthetic method. 

A. Carbonylatlon 

The most important carbonylation reaction is that in which methanol is converted into 
acetic acid (see also Chapter 7, Volume 3). The definitive paper on the subject is that by 
F ~ r s t e r ~ ~ ' ,  who showed that the key step in the catalytic cycle is the oxidative addition of 
methyl iodide to the dicarbonyldiiodorhodate(1) complex (Scheme 6). The methyl iodide 
arises from the reaction between hydrogen iodide and methanol. The most troublesome 
side reaction is the methanolysis of the six-coordinate acetyl complex, which yields 
methyl acetate rather than acetic acid produced by hydrolysis. 

There have been many rhodium complexes proposed as catalysts for the carbonylation 
of m e t h a n 0 1 ~ ~ ' - ~ ~ ~ .  However, it  has been demonstrated that many labile rhodium 
complexes give virtually identical yields in the presence of iodine at  140 0C444. In these 

/Meco\ 

MeC02H MeC02Me 
+ + 
H I  H I  

SCHEME 6. Catalytic carbonylation of methanol. 
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instances the true catalyst is again [RhI,(CO),]-. The exceptions to  this behaviour are 
those complexes which contain bidentate ligands, which are not readily converted into the 
above anionic complex445. At higher temperatures even these bidentate ligands are 
displaced, since [RhCl(diphos),] has been claimed to act as catalyst a t  190°C443. 

Despite the megatonne annual production of acetic acid by this process, it does not seem 
to have been widely applied to the production of its homologues. The carbonylation of 
propan-2-01 forms both butyric and isobutyric acids together with their iso- and n-propyl 
esters446. Levulinic acid has been prepared by the carbonylation of either 4-methoxy- or  
4-ethoxy-butan-2-one; again the corresponding ester is also formed (equation 

( 100) 
I R ~ C I ( P P ~ J ) J I  

Me1 
MeCOCH2CH,0R + C O  - MeCOCH,CH,CO,R 

The catalytic carbonylation of styrene epoxide forms a lactone (equation 101). This 
product is formed by the epoxide ring first forming a metallocyle, which then undergoes 

Ph 
[RhCl(CO)(PPh3)21 HC-cH, I 

PhCH-CH2 
c I 1  -0 

I 1  
0 

'0' 

carbonyl insertion and finally elimination448. Amines, such as cyclopropylamine, can be 
similarly carbonylated to lac tam^"^^. Butylamine undergoes carbonylation as in 
equation 102. If a tertiary phosphine is added to the system, the yield of amide is 
increased450. A symmetrical diarylurea is also formed in the carbonylation of aniline or 
p-nitroaniline. In the presence of ethanol, an ethyl ester is formed (equation 103)45'. 
Allylamine, on the other hand, forms 2-pyrrolidinone on carbonylation in the presence of 
[RhCI(PPh,),] coated on alumina or silica micro sphere^^^^. 

Bu"NH2 + C O  -+ Bu"NHCH0 + (Bu"NH),CO ( 102) 
RhCIL. 

p-XC,H,NH, + C O  p-XC,H,NHCO,Et 
130H 

X = H, NO,; RhCIL, = [Rh(diphos),]CI, 

CRh(d~pp),lCL { R ~ C ~ C O X ~ P P P )  }27 RhCUCO)(PPhJ2 
The decarbonylation of acyl chlorides is reversed under high pressures of carbon 

monoxide. There is a patent claim that the carbonylation of benzal chloride takes place at 
150 atm and 150°C in the presence of [RhC1(PPh,),]453. Obviously truns- 
[RhCI(CO)(PPh,),] is the true catalyst for the reaction. 

There have been several attempts to prepare aryl cyanates by carbonylation of nitrogen- 
substituted aromatic species. Aryl azides undergo carbonylation with loss of nitrogen 
(equation 104)45L.454*455. In the presence of aniline diarylureas are formed and, if the 
reaction is carried out in ethanol, esters are formed (cf. equation 103). The rhodium 
complexes that catalyse the reaction include [RhCl(CO)( PPh,),] and both cationic 
and neutral rhodium(1) complexes of Ph,P(CH2),PPh2 (n = 1, 2)454. 

p-XCsH4N, + CO p-XC6H4NC0 -t N2 ( 104) 
25-80 "C 

X = H, NO,; RhL, = [Rh(diphos),]CI, 

RhBr(CO)(PPh,),, RhCI(CO)(PCy,),, RhCI(CO){P(OPh)3}2455 
CRh(dppp),]CI, [R~CKCOX~PPP)] 2, RhCI(CO)(PPh 3)245 I 
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Nitrosobenzenes can be carbonylated in the presence of [RhCI(CO),], 
(equation 105)456. A similar reduction of nitrobenzene takes place in the presence of 
molybdenum(V) chloride as a promoter (equation 106)457. The role of the cocatalyst has 
been further i n ~ e s t i g a t e d ~ ~ ~ , " ~ ' .  

* ArNCO + 2C02 
IRhClCC0)zlz 

MoCli 
ArNO, + 3CO 

6.  Decarbonylation 

Chlorotris(triphenylphosphine)rhodium(I) has proved to be a useful stoicheiometric 
reagent in the decarbonylation of aldehydes460. It is believed that acetone can be slowly 
decarbonylated by [RhCI(PPh,),] at high  temperature^^^', and a-alkynylketones are 
decarbonylated by this complex (equation 107). The best yields are obtained if both R and 
R' are aryl groups, since neither PhCECCOMe nor MeCECCOPh is decarbonylated 
and only a 1% yield is obtained from P ~ C E C C O C = C M ~ ~ ~ ' .  

RhCI(PPh,), + RCECCOR' -+ RC=CR' + trans-RhCI(CO)(PPh,), (107) 

Acyldiphenylphosphines are decarbonylated at high temperatures (equation 108). The 
reaction is believed to proceed by the initial oxidative addition of acyl and diphenylph- 
osphino fragments to rhodium, followed by alkyl migration to the phosphorus of the 
diphenylphosphido group463. Carbon monoxide is also reported to be abstracted from 
triallyl pho~phite~~' .  

RhCI(PPh,), + RCOPPh, + RPPh, + trans-RhCI(CO)(PPh,), ( 108) 

R = Me, CF, 

R = Ph, R' = C s C P h ,  CH=CHPh, Ph 

The decarbonylation of uci-nitromethane has been achieved, but no organic products 
were identified465. 

Pentan-2,4-dione and certain other diketones are semidecarbonylated by 
[RhCI(PPh,),] in refluxing toluene, but some oxidative addition of pentan-2,4-dione also 
occurs. Diacetyl forms acetone and MeCOCOPh gives acetophenone. The semidecar- 
bonylation of benzil occurs at temperatures above llO"C, but pyruvic acid can be 
decarbonylated at room temperature. Selective removal of the acyl group occurs when 
acetoacetic esters are allowed to react with [RhCI(PPh,),] (equation 109)466. Diphenyl 
ketene is decarbonylated to the carbene Ph,C=, which immediately reacts with other 
components of the [RhCI(PPh,),]-catalysed system467. 

RhCI(PPh,), + MeCOCH,CO,R -t EtC0,R + trans-RhCl(CO)(PPh,), (109) 
R = Me, Et 

Acetic anhydride is decarbonylated to methyl The decarbonylation of 
benzoic anhydrides has been used as a route to flu ore none^^^^.^^^, as has the 
decarbonylation of naphthoic anhydrides to benzofluoren~nes~~~. The yields in all cases 
were only moderate. Acyl or aroyl chlorides, which are more thermally stable, can be 
catalytically decarbonylated at high  temperature^^^".^^^. The catalyst is 
[ R hC1( CONPPh,),] in these reactions. 

1. Acid halldes 

The mechanism of the catalytic decarbonylation of acid halides is better understood 
than that of the corresponding reaction with aldehydes. The isolation of several 
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intermediates from the reactions of acid chlorides has helped to elucidate the reaction. The 
key intermediates are the fluxional five-coordinate acylrhodium(lll) complexes473. Both 
square and trigonal b i ~ y r a m i d a l ~ ~ ~  acyl complexes have been isolated. 
These complexes decompose by the migration of the alkyl or aryl group to the vacant sixth 
coordination site. The reaction is retarded by other ligands that can occupy this site. The 
migration of the alkyl group occurs with retention of c o n f i g ~ r a t i o n ~ ~ ~ - ~ ~ ~ .  Reductive 
elimination of alkyl or aryl chloride, again with retention of configuration, completes the 
catalytic cycle. 

However, if the Substituted acid chlorides are also decarbonylated (equation 1 

OCHZCI 

(1 10) P 
R P R 

OCHz COC I 
[RhCI(PPh3)3] 

160-180°C * 

R = H, 2-Me, 2-Me0,4-CI, 2,4-C12, 4-MeCO 

alkyl group contains a hydrogen atom on its /&carbon atom, then an alkene and hydrogen 
chloride are eliminated (equation 1 1 1)480.482.483. The formation of the eliminated alkene 
has also evoked stereochemical attention475s476s478.47g*484. I t  has been shown that 
Saytzeff elimination occurs. Since threo-and erythro-2,3-diphenylbutanoyl chloride form 
(Z)- and ( Q l ,  2-diphenylpropene, respectively, alkene elimination from rhodium is 
cis478.419 . Unsaturated acyl halides can themselves be de~arbonylated~'~. The high 
kinetic isotope effect observed in the decarbonylations of 3-phenylpropanoyl chloride 
suggests that the rate-determining step is the scission of a carbon-hydrogen bond479. 

RhCI(PPh,), + PhCH,CH,COCI --+ PhCH=CH, + HCI + trans-RhCI(CO)(PPh,), 

( 1  1 1 )  

Thedesulphonylation ofaryl sulphonyl chlorides by [RhCI(PPh,),] is very similar to the 
decarbonylation of aroyl chlorides. However, the reaction is of lower synthetic im- 
portance, since the temperatures required for the catalytic production of aryl chlorides are 
much higher than when the more accessible aroyl chlorides are the substrates486. 

2. Aldehydes 

Aldehydes are catalytically decarbonylated when allowed to react with 
chlorotris(triphenylphosphine)rhodium(l) at 160°C or above. Other catalysts that may be 
employed include [RhCI(PF,NMe,),], [RhCI(PF,NMe,),],, and [RhC1(C0)2]2487. 
Many aldehydes decompose at the elevated temperatures required and this limits the 
utility of the catalytic reaction. The catalyst [RhCl(CO){Ph,P(CH,),PPh,}] is more 
suitable, if less accessible, for the decarbonylation of thermally sensitive aldehydes, as it 
decomposes at a lower temperature4". This greater ease of decomposition arises from CO 
being trans to phosphorus rather than chloride as is the case with [RhCI(CO)(PPh,),]. 

It would appear that the stoicheiometric decarbonylation of aldehydes follows a very 
similar mechanism to the catalytic decarbonylation of acid halides. The decarbonylation 
occurs with retention of configuration at carbon. The formation of a deuteriocy- 
clopropane (equation 1 12) shows the reaction to be i n t r a m o l e ~ u l a r ~ ~ ~ .  Normally an 

[RhCI(PPh,)3] 

CaH,o,I4O0C phHcDo Ph Me Ph Me 
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alkane is formed in the catalytic decarbonylation of aldehydes. However, when the 
/$carbon atom is bound to a hydrogen atom, a small percentage of alkene is formed with 
elimination of dihydrogen (equation I I 3)483. Some long-chain aldehydes undergo 
cyclization in the reaction rather than decarbonylation (see Section I). The yield ofcyclized 
product is increased when a potential ligand is added to the reaction mixture. This ligand 
blocks the sixth coordination site required for alkyl group migrati~n“’~. 

RhCI(PPh,), + RCH,CH,CHO -+ RCH=CH, + H, + truns-RhCI(CO)(PPh,), 

(113) 
Citronelal is also cyclized when its decarbonylation is attempted using [RhCI(PPh,),], 

but no cyclohexanones are formed (equation 114). The migration of the double bond 

implies that a $-ally1 mechanism is operative4”. This process is also involved in the 
production of an aldehyde tautomer from allylic alcohols. However, in these cases the 
intermediate is decarbonylated. The formation of both erythro- and rhreo-alkanes from 
alcohols containing CD,OH groups (equation 1 15) also implies the participation of 
$--allylic  intermediate^^'^. 

X. OXIDATION 

The principal problem in the catalytic oxidation of organic substrates by rhodium 
complexes is the determination of the mechanism of the reactions. Two totally different 
general mechanisms have been proposed. The first requires that the rhodium complexes 
serve only to decompose the traces of hydroperoxides present in the substrate. This is the 
well established Haber-Weiss mechanism and involves free radical intermediates. I t  is 
outside the scope of the review since rhodium-carbon bonds are not involved. The 
second mechanism involves the participation of rhodium-dioxygen complexes. These 
complex with a substrate molecule and transfer the oxygen intrarnolecularly to the 
coordinated substrate, thus producing a low oxidation state, coordinatively unsaturated 
species to continue the catalytic cycle. 

The dilliculty of deciding between these two mechanisms is compounded by the poor 
quality of the experimental work in many instances. Two errors are commonly committed. 
The first error made is to add free radical scavengers to the system and to regard cessation 
of catalytic activity as evidence for a free radical mechanism. This assumption totally 
ignores the strong possibility that the scavenger can function as a ligand and block the 
vacant coordination site required for catalytic activity. The second fundamental error is 
the failure to consider possible reactions between the products and the catalyst. In many of 
the oxidation reactions aldehydes are formed. The decarbonylation of aldehydes by 
rhodium complexes was discussed above in Section 1X. Thus, in these reactions, the true 
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catalysts may be carbonyl complexes, and their formation may account for the induction 
periods observed. Only rarely is the decarbonylation reaction considered to be an 
important facet of the oxidation process493. However, it must be conceded that 
investigation of the reactions is dificult. There are several instances where it seems likely 
that both of the principal mechanistic pathways participate simultaneously. 

Possibly the best understood reactions are those in which terminal, acyclic alkenes are 
oxidized to methyl ketones. I t  has been demonstrated that oxidation of these alkenes with 
lSO, results in the incorporation of l 8 0  in the ketone. However, it was not possible to 
distinguish between the attack ofdioxygen on a rhodium alkene complex or the attack of 
alkene on a rhodium-dioxygen complex. This parallels the dichotomy of the dihydride 
and alkene routes in catalytic hydrogenation reactions (see Section 111). The latter reaction 
initiates the catalytic cycle since [Rh0,L4]X complexes (L = AsPh,, AsPhMe,; 
X = C104, PF,) catalyse the reaction. However, since [Rh(l, 7-0ctadiene)~JX reacts 
with dioxygen to form oct-l -en-7-one, there are equally good grounds for believing the 
former route to comprise the catalytic 
Chlorotris(triphenylphosphine)rhodium(I) and trans-[RhCl(CO)(PPh,),] similarly 

catalyse the oxidation of alkenes to ketones. In both cases oxidation of a triphenylphos- 
phine ligand occurred. Aldehydes were minor products when either catalyst was 
employed495. I t  has been demonstrated that [RhCI(PPh,),] is a more active catalyst than 
its  cyan^^^^, cyanato, or t h i o ~ y a n a t o ~ ~ ~ . ~ ~ '  analogues. Internal alkenes do not undergo 
catalytic ~xidation'~'. 

Cyclooct-'-enone has been formed by oxidation of [RhCl(cyclo~ctene),]~ 
(equation 116). The reaction was believed to proceed by intramolecular oxidation in an 

intermediate monomeric complex499. Other workers have detected cyclooctanone 
amongst the products. The formation of cycloocten-3-01 gives rise to both products. 
Isomerization of this intermediate forms the cyclooctanone whilst its further oxidation 
forms the cycloalkenonesoO. 

Cycloocta-l,5-diene is not oxidized in the presence of rhodium complexes, even under 
conditions where it is oxidized in their absence. The failure to oxidize the substrate was 
ascribed to it coordinating preferentially to rhodium and poisoning its own oxidations0'. 
The importance of simultaneously coordinating both oxygen and substrate is further 
demonstrated by resistance of a- or j-substituted styrenes to oxidationso2. 

The formation of epoxides in the oxidation of cycloalkenes has caused much 
controversy. On the one hand, cyclohexene epoxide is believed to result from the catalysed 
oxidation of cyclohexene since [RhCI(PPh,),] does not decompose cyclohexene hydroper- 
oxide to the epoxideSo3. Again, the last experiment is ambiguous since in the catalytic 
system the hydroperoxide is formed in the presence of the alkene. It  has been demonstrated 
elsewhere that hydroperoxides may catalytically react with alkenes to form epoxides 
(equation 1 1  7)s04.50s. On the other hand, it has been shown that the addition of a radical 
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inhibitor stopped the production of cyclooctene epoxide but not the formation of those 
products shown in equation 1 16"'. Similarly, in the catalytic oxidation of styrene, styrene 
epoxide is formed in the absence of radical inhibitorsso6 but not in their presenceso2. 
However, it has been claimed that the inhibitor and scavenger 74 totally stopped the 
reaction without poisoning the catalysts0'. 

The solvent also plays an important part in determining the product distribution. The 
catalytic oxidation of styrene in ethanol gives PhCOMe as virtually the sole product, 
whereas in dioxane benzaldehyde is the major productso8. The catalytic oxidation of 
methoxytetralin gives a ketone, but if the oxidation is carried out in benzene solution no 
ketone is produced and the corresponding alcohol is the productso9. 

Generally, rhodium-catalysed oxidations are of little use as preparative methods owing 
to the variety of products formed. 

XI. OLIGOMERIZATION AND POLYMERIZATION 

Rhodium complexes are moderately active as catalysts in the dimerization and 
polymerization reactions of alkene and alkyne substrates. The main disadvantage to their 
use comes from the stability of the rhodium complexes formed. These complexes do not 
release the product readily"' and in certain instances can only be decomposed by the 
addition of further reagents, thus making the reactions stoicheiometric. However, this 
latter feature has been turned to advantage by Muller and his school, who have prepared 
many important heterocyclic compounds by decomposing the rhodacycles formed in 
these reactions94. 

A. Alkene Substrates 

The simplest oligomerization reaction is that discovered by Cramer about 20 years ago 
in which ethene is dimerized to but- 1-ene. The catalytic cycle shown in Scheme 7 embodies 
the main features of this works1 1-s13. The product, but-1-ene, is not further dimerized 
under the mild conditions of the Cramer process. However, at 50°C the product is 
principally but-2-ene. Under these conditions the dimerization of propene can also be 
achieved. Additionally at this temperature the dimerization of buta-113-diene is catalysed 
by RhCl,.3H2O, particularly in combination with potassium acetate. I t  is believed that the 
initial product is octa-l,3,6-triene, which isomerizes in the course of the reaction to the 
more stable octa-2,4, 6-triene514. At  still higher temperatures substituted alkenes can be 
dimerized (equation 118). 

[RhCI,.3HzOI 

McOH 
2CH2=CHC0,Me - 
MeO,CCH=CHCH,CH,CO,Me 

Copolymerization of ethene and butadiene can also take place in the systems's. High 
conversions to hexa-1,4-diene and hexa-2,Cdiene are achieved at 50 "C. At  100 "C ethene 
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[RhCI(C2H4)2]2 RhHCIz(C2H4)2 * RhCIzEt(CzH4) 
HCI 

t 

I + 
-HCI  

RhCI(CHZ= CHE t I (CzH4) 4 

SCHEME 7. Ethene dimerization. 

R hCI2Bu(C2H4) 

also adds to the hexadienes to yield C,-alkadienes. Lower yields are obtained in the 
reaction between ethene and styrene, and even lower yields from the reaction ofethene and 
2-methylbuta- I ,  3-diene. However, propene adds smoothly to the latter alkadiene to form 
a heptadiene believed to be 2-methylhexa-I, 4-diene5I4. 

A more complex reaction of this type involves the oligomerization of 2-methylpropene 
and the subsequent isomerization of the oligomers (Scheme 8). The oligomerization is 
catalysed by the nitrosyl complex [Rh(NO)(MeCN)4][BF4]2. The acetonitrile ligands are 
easily lost and the reactions involve coordination of an alkene to rhodium to effect both 
oligomerization and isomerizationS1 '. 

isornorizotion i 

SCHEME 8. Oligomerization and isomerization of 2-methylpropene cahlysed 
[Rh(No)(MeCN),ICBF,l~. 
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In these and similar oligomerizations both Ziegler-Natta and q3-allylic mechanisms 
have been invoked. Although the oligomerization of buta- I ,  3-diene to 4-vinylcyclohexene 
and cycloocta-I, 5-diene and its polymerization to 1,4-trans-polybutadiene were thought 
to take place by an q3-allylic mechanism” 7.5 8, the polymerization of penta- 1, 3-diene5I9 
and p r ~ p a d i e n e ’ ~ ~ , ~ ~ ’  apparently occurs by Ziegler-Natta-type insertion reactions. 

The carbonyl complex [RhCI(C0)2]2 polymerizes propadiene to 1 , 2 - p 0 l y a l l e n e ~ ~ ~  but 
Cramer’s compound in the presence of PPh, brings about its oligomerization to tetramers 
(equation 1 19)522. Using Cramer’s compound and triphenylphosphine is equivalent to 

using [RhCI(PPh,),], so i t  is not surprising that this complex and its bromo and iodo 
analogues also catalyse the reactions2,. In the formation of the allene tetramer the 
presence of PPh, was considered essential, and this compound also catalyses the 
dimerization of a diquinone. The dimerization is also catalysed by [RhCI(PPh?),] 
(equation 120). The alkene complex 75 has been isolated from the stoicheiometric reaction, 
but it  proved to be a poorer catalyst than [RhCI(PPh,),] for the reaction524. 

I d  
CI -Rh ------ 1 I 
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Rhodium complexes catalyse the polymerization of isoprene525, ~ h l o r o p r e n e ~ ~ ~ ,  and 
2,3-dimethylbuta- I ,  3-diene525. These polymerizations are believed to occur via insertion 
into rhodium $-allyl complexes526. 

Copolymerizations can also be achieved by means of rhodium catalysts. cis-Hept-4- 
enal condenses with ethene in the presence of [Rh(acac)(C,H,)] to form non-6-en-3- 
one5,’. A more complex reaction takes place between pent-3-enal and ethene in the 
presence of this catalyst, owing to isomerization reactions affecting both the reactant 
and products (equation I 21)528. 

(121) 

Chlorotris(triphenylphosphine)rhodium(I) catalyses the addition of w-bromostyrene to 
potassium butenoate (equation 1 22)529. The cationic complex [Rh(cod)(PPh,),] [PF,] 
catalyses a similar copolymerization between buta-I, 3-diene and but-3-enoic acid. The 
products are mainly octadienoic acids but some dodecatrienoic acids are also 
f ~ r m e d ~ ~ ’ . ~ ~  I .  

[RhCl(PPh31~1 
CH,=CHCH,CO,K + (E)-PhCH=CHBr E,OH (1  22) 

( E .  E)- + (E, Z)-Ph(CH=CH)zCHZCO,H 

Most attention has been focussed on the polymerization of norbornadiene, probably 
because the polycyclic products can be used as high-energy rocket fuels. The products 
produced are complex, but some selectivity has been achieved by using [RhCI(PPh,),] in the 
presence of additives532. The first step in the reaction is complexation of norbornadiene to 
rhodium533, whereupon an exothermic reaction takes place. Whilst the additives restrict 
the reaction to dimerization, the simple catalytic system gives polymeric p r o d ~ c t s ~ ’ ~ - ~ ~ ~ .  
Dimerization of norbornadiene is also brought about by [RhCl(cyclooctene),],, but the 

differs from the dimer formed in the [RhCI(PPh,),]/BF, system. 
The chlororhodium(1) complex of spiro(bicyclo[2.2.1]hepta-2,5-diene-7,1’- 

cyclqpropane catalyses the dimerization of this alkadiene (equation 123). The complex 

also brings about its codimerization with norbornadiene, but all three possible dimers are 
formed5,’. 
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B. Alkyne Substrates 

Alkynes first form alkyne complexes with [RhCI(PPh,),], but these rearrange t o  form 
alkynyl rhodium(II1) complexes (equation 124). These alkynyl complexes then react with a 
further molecule of alkyne, whereupon the rhodium(I1I) complexes reductively eliminate 
an alkenyne (equation 125). Sterically crowded alkynes form dimers, but those having 
small substituents show a greater tendency to polymerize in the presence of the rhodium 
catalysts, particularly at higher temperatures. However, the degree of substitution also 
influences the efficiency of the dimerization reaction. Thus, whereas phenylacetylene 
readily dimerizes in the presence of [RhCI(PPh,),], ethyne itself dimerizes in only 1% 
yield5’’. Hex-1-yne, hept-l -yne, and oct- 1 -yne similarly undergo dimerization in the 
presence of this catalyst540. 

RhCI(PPh,), + R C E C H  + 

R hCI( RC 
RhHCI(C-CR)(PPh,), 

CH)( PP h J2 -+ 

RhCIH(C-CR) (PPh,), + RC-CH -+ 

RhHCI(CECR) (RCECH) (PPh,), -+ 

RhCI(PPh,), + RC=CCH=CHR 

Hydroxyacetylenes can also be catalytically dimerized by this rhodium(]) complex. 
Their rate of reaction is slower than that of the acetylenic hydrocarbons. This has been 
demonstrated by their codimerization with the hydrocarbons where the bulk of the 
product contains no hydroxy groups54’. Nevertheless, large alkynols can be dimerized by 
[RhCI(PPh3)3]542. 

Carbonylrhodium(1) complexes bring about the trimerization of alkynes. Thus 
phenylactylene forms t r i p h e n y l b e n ~ e n e s ~ ~ ~  and dimethyl acetylenedicarboxylate forms 
the hexasubstituted product (equations 126 and 1 27)544.545. Both of these cyclotrimeriz- 

Ph Ph 

&ph -). P h h P h  

RhdCO),, 
Catis,  6OoC 

3PhC=CH 

I 
Ph 

R 

ations proceed via rhodacyclopentadienyl complexes. In support of this mechanism, the 
complex 76 has been shown to form the cyclotrimer when allowed to react with dimethyl 
acetylenedi~arboxylate~~~. 
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In all the dimerization reactions, two possible isomeric products, 77a and 77b, can be 
obtained. The branched dimer 77a is formed by alkyl- and methoxy-acetylenes and also 

(774 

from phenylacetylene when the catalyst contains bulky PR, l i g a n d ~ ~ ~ ' .  Normally phenyl- 
or tert-butyl-acetylene form the linear dimer 77b. The regioselectivity is controlled by the 
direction of alkynyl transfer (Scheme 9). As noted above, at temperatures above 80 "C the 
alkynes are polymerized owing to the dimers reacting further. The stereochemistry of the 
dimer is retained throughout the polymer  hai in^^^.^^'. 

The polymerization of alkynols is catalysed by [RhCIL,] complexes [L = 
PPh,,546.548 P(p-C6H,NMe,),549]. 

Rhodium(1) complexes also catalyse the codimerization of alkenes and alkynes, 
although some alkyne cyclotrimerization is also observed in these reactions 
(equations 128 and 129)550. Codimerization of alkadiynes and alkynes has also been 

Me 
I 

Me 

achieved (equations 130 and 131)55'. A trialkynyl diether undergoes a very similar 
reaction that is strictly an isomerization (equation 1 3 2 y ' .  
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R R 
C C 
111 111 

CI CI 

SCHEME 9. Alkyne polymerization catalysed by RhCI(PPh,),. 
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1. INTRODUCTION 

Nickel complexes are among the leading members of synthetically useful transition metal 
complexes. Their potential utility has been demonstrated by a variety of carbon-carbon 
bond-forming reactions which have been developed mainly during the last two decades. 
This field has been comprehensively covered twice in the past in books published by Jolly 
and Wilke in 1974 and 1975'74 and reviews by Jolly in 1982'73. 

Nickel-induced carbon-element bond-forming reactions have been classified into 
three categories: ( I )  oligomerization of alkenes, dienes, and alkynes; (2) carbonylation; and 
(3) coupling reactions. In Figure I ,  the numbers of primary papers published on each 
aspect are plotted against intervals of two years from 1940 to 1980. There is an interesting 
trend, viz. that whereas studies on oligomerization and carbonylation slowed down from 
the late 197Os, only studies on the coupling reactions have steadily and rapidly increased 
every year from early 1970s. This chapter will therefore concentrate on the coupling 
reactions and related reactions. An attempt will be made to classify these reactions into five 
categories. 
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FIGURE I .  Number of publication on nickel-mediated carbon-element bond-forming reactions. 
Plotted are 2 years' total numbers from 1960 to 1980 against intervals or 2 years and 2 years' average 
1940s and 1950s. (Sources: until 1980, refs. 173 and 174; 1981-1984, this work). 
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II .  IMPORTANT ELEMENTARY PROCESSES 

82 1 

Although the formation and reactions of organonickel complexes have been well reviewed 
by Jolly and Wilke'72-'74, K ~ c h i " ~ ,  and Yamamoto and  coworker^^'^^^'^, a brief 
mention will be made here of several elementary processes pertinent to the nickel- 
promoted and catalysed reactions. 

Organonickel complexes may be formed by (1) oxidative addition of various organic 
substrates to Ni(0) d' '  complexes, (2) transmetallation between Ni(l1) ds complexes and 
active organometallics, or (3) insertion of unsaturated species into nickel-element bonds. 
The organic products may be released via (4) 8-elimination or ( 5 )  reductive elimination. 

The most commonly used Ni(0) species are [Ni(CO),], [Ni(PPh3)4]2s7, and 
[Ni(cod),lZ6'. Recent alternative approaches use Ni(0) species generated in situ from 
stable Ni(I1) compounds3 '~45~'78~1 79.263-363. In catalytic reactions, stable Ni(l1) species 
are mostly used as catalyst precursors, but the real catalytically active species are believed 
to be low-valent Ni(0) or Ni(1) species. 

( I )  Oxidative addition to Ni(0) species has been observed with a variety of compounds. 
Representative examples are shown for the strained C-C bonds (equation olefins 
(equation 2)27, dienes (equation 3)34', acetylenes (equation 4)", C-0 bonds 
(equations 5 and 6)'63-256.349, C-halogen bonds of alkyl (equation 7)2E5, ally1 
(equation 8)94.339, acyl (equation 9),", and aryl (equation 10)60~'35~3'5 halides, C-CN 
bonds (equation 1 C-S bonds (equation 12)229, and C-Hg bonds 
(equation 1 3)16,. Reversible oxidative addition of PPh, to Ni(0) has also been observed6'. 

The most extensively studied are the oxidative additions of organic halides, from both 
synthetic and mechanistic viewpoints. Mechanistic studies with aryl halides, for example, 
have shown that in addition to the normal arylnickel(l1) halides (equation lo), paramagne- 
tic nickel(1) halides are usually formed as side products, the ratio being dependent on the 
halides (I < Br < Cl)3'5, the substituents on the aromatic ring3", the and 
the solvent polarity3' '. Oxidative addition is accelerated by electron-withdrawing 
substituents on aromatic The proposed mechanism, shown in Scheme 1 3 1  ', 
involves the rate-limiting electron transfer from Ni(0) to aryl halides. 

Nickel(1) complexes also undergo oxidative addition with aryl halides, although lower 
in reactivity compared with Ni(0) complexes; oxidative addition products are not Ni(II1) 
complexes, but disproportionated Ni(l1) species (equation 14)9. A rare, stable 
organonickel(ll1) complex, [NiBr2(CCI = CCI,)(PPhMe,),], has been reported2' g. 
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1 P h 3 P a  (3) 

CF3C ’CCF, 

(4) 

0 0 0 .  - co 
(bipy)Ni [ a0 

[LnNio] - 

[ CN<.\] 2 
CICO,C,H, 

m 

A r X  

( X  =halogsnJ 
- trans- [NiX(Ar)(PPh3)2] 

PhCHzCN 
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N i L 4 d  NiL3 + L 

NiL3 + ArX - [Ni1L3ArX-']  

Ni'IXArLp + L 

--€I Ni1L3 + X - +  A r '  
[Ni1L3ArX-'] 

SCHEME 1. Mechanism of oxidative addition of aryl halides to Ni(0) complexes. 

2[NiBr(PPh,),] + ArX -+ [NiBr(Ar)(PPh,),] + [NiBrX(PPh,),] (14) 

Interaction of alkyl halides with Ni(0) complexes may generally result in the formation 
of Ni(1) species and alkyl radicals rather than the oxidative addition products, 
alkylnickel(l1) species209~2'0, with a few  exception^^^^*^^'. 

While oxidative addition of alkenyl halides proceeds with retention of configur- 
a t i ~ n ~ ' . ~ ' ,  an optically active benzyl chloride gives racemic products during the Ni(0)- 
induced reactions (equation 15)275. 

Br2 

(15) + [Ni(PPh3)41 + CO MsOH PhCHDCOOMe 

Ph racernic 

( 2 )  Transmetallation is another important route to organonickel species 
(equation I6)l7'. It should be noted here that this route can introduce even alkyl groups 
on to the nickel centre, in contrast to the oxidative addition routes mentioned above. 

M = Li , MgX , Al Xp , etc. 

Disproportionation of mono- to di-organonickel complexes (symmetrization) is a sort 
of transmetallation and one of the key steps in the nickel-induced coupling reactions 
(equations 17 and 18)40.350. 

Z[NiCIEt(bipy)] -+ [NiEt,(bipy)] + [NiCl,(bipy)] (17) 

bipy 2[NiCI(CCI=CCI,) (PMe,Ph),] --+ [Ni(CCI=CCI,),(bipy)] + [NiCl,(bipy)] 

(18) 

(3) Insertion into the nickel-carbon 0-bond has been observed with a variety of 
unsaturated molecules such as carbon m o n ~ x i d e ~ ~ . ' ~ ~ . ' ~ ~ ,  isonitriles228, carbon diox- 
ide346, olefinslo2, dimes' 37340 , and  acetylene^^^.'^^.' 50. Insertion of carbon monoxide is 
reversible (equation 19)"'. Acetylene insertion occurs stereoselectively in a cis fashion, 

PMe3 PMe3 

[Me--TM;Cl] I + CO [MeCO-,i-Cl ' I  (19) 

PMe3 
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but the predominant thermodynamic product has the larger group on the /%carbon atom 
cis to nickel (equations 20 and 2I)l5’. Insertion of unsymmetrical acetylenes is highly 
regioselective to form the vinylnickel complexes with the larger group being nearest the 
nickel atom (equation 20). 

(4) b-Elimination is a reverse course of the insertion reaction and one of the very 
common degradation processes of organonickel complexes (equation 22). Therefore, 
P-hydrogen-bearing alkylnickel complexes are hardly isolated, the isolable ethylnickel 
complexes being [NiEt(Cp)(PPh,)l2’ I ,  [NiEt,(bipy)]’59, and [Ni(a~ac)(Et)(PPhJ]~’.’~~. 

C H  -CHR 

‘T 
CH2 -CHR 

I I  
L,Ni H -, L,NiH 

This a-n isomerization step sometimes causes the formation of by-products in coupling 
reactions. It should also be noted that the coordination number is changed during this a-n 
conversion. 

(5) Reductive elimination of diorganonickel complexes corresponds to the reverse of the 
oxidative addition and is of fundamental importance as a final product-releasing step in 
various nickel-promoted reactions. There is a general tendency that the weaker the cr- 
donor ligands trans to the leaving organic groups and the higher the electron-donating 
ability of the organic groups, then the more easily the reductive elimination takes place”‘. 

Reductive elimination of cis-diorganonickel complexes occurs thermally from tetraco- 
ordinate species themselves (equations 23 and 24)’07.189.191. The ease of reductive 

(23) 
2\ 

/ - P P h ‘ \  /Me T P P h  

\PPh2/ \Me 
Ni ] ___) MeMe + (CH,), 

L P P h 2 / N i  
(CHz) ,  

+ (Ph3P),Ni (24) 

elimination in reaction 23 depends on the chain length of the ligands; for example, dppp 
(ti = 3) is much more effective than dppe (n = 2)’89. Reductive elimination is accelerated by 
the addition ofweak a-electron donors, such as phosphites or phosphines (but not amines) 
(equation 25)19’, and olefins with electronegative substituents (equation 26)342, by an 
associative mechanism involving pentacoordinate intermediates3”’. In contrast, reductive 
elimination of trans-diorganonickel complexes is retarded by the added neutral ligdnds in 
many cases191~273~305.  However, acceleration has also been observed in some cases 
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L,Ni(Ar)(R) + ArX - [L,Ni(Ar)(R)+ArX-'] 

L,Ni(Ar)(R)+ 2 L,Ni* + ArR 

L,Ni+ + ArX-' - L,Ni(Ar)(X) 

SCHEME 2 

SlOW 

faSl 

825 

(26) 

(equation 27)'". Reductive elimination is also accelerated by one-electron oxidants such as 
[lrC1J2-, CuBr2, Brz, I,. Ce(lV), and even 0,2"8.314. Certain organic halides not only 
accelerate the reduction elemination, but also undergo an almost instantaneous 
oxidative addition to the resulting Ni(0) species (equations 28 and 29)208*319*326.  

(27) 
(28) 

(29) 

PPhj 
[Ni(CN)(Ph)(PPh,),] - PhCN + [Ni(PPh,),] 

[NiEt,(bipy)] + PhCl - [NiCI(Ph)(bipy)] + EtEt 

[NiCI(CCI = CCI,)(PMe,Ph),] + RC,CI, 
[NiR(C,CI,)(PMe,Ph),] + CCI, = CCI, - 

These halide-induced reductive eliminations may proceed through one-electron 
transfer from nickel complex to halide as an electron acceptor (Scheme 2). However, this 
reductive elimination-oxidative addition sequence can also occur intramolecularly 
(equation 30)327. Some theoretical studies have recently been 

PMe, PMe3  
I I 

I 
Ar  - P(Me3 Ni-CCI=CCI, 1 CI-Ni-CC2CI2Ar (30) 

PMe, 

111. CARBON-ELEMENT BOND-FORMING REACTIONS 

Coupling reactions and related reactions may be conveniently classified into five general 
patterns, as shown in Table I .  For the sake ofclarity, the general equations are shown by 
the typical transformations of an organic halide (RX) as a representative electrophile and 
an organometallic reagent (R-M) as a representative nucleophile. 

A. Type 1: Nickel(0)-Promoted Homocoupling of Electrophiles 

This type of coupling reaction proceeds through typical oxidative addition of substrates 
to Ni(0) species. Originally developed were stoichiometric reactions using air-sensitive 
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TABLE I .  Five Basic Patterns of Coupling and Related Reactions 
~ _ _ _  

TY Pe Reactions 

I Nickel(0)-promoted homocoupling of electrophiles 

2RX + [NiL,] - R R  + [NiX,L,] 

2 Nickel(l1)-promoted homocoupling of nucleophiles 

2R-M + [NiX,L,] - R R  + NiL, + 2M-X 

3 Reaction of organonickel compounds with electrophiles 

R X  + [R‘NiXL,] - RR’ + [NiX,L,] 

4 Reaction of organonickel compounds with nucleophiles 

R-M + [R’NiXL,] - R R ’  + NiL, + M-X 

5 Nickel-catalysed cross-coupling between nucleophiles and electrophiles 

Nillll or Nil01 
R-M + R’X RR’+ M-X 

Ni(0) species, but many of the processes can now be performed catalytically with nickel in  
the presence ofappropriate reducing agents. The following are the iri situ prepared Ni(0) or 
Ni(l) reagents so far developed: [NiCI,(PPh ) , ] / Z n / I - / d ~ n f ~ ’ ~ . ~ ~ ~  (or 
[NiX,{P(alkyl),},]/Zn/I-/hmpa (or nmp)280.’82, NiX,/Zn/l- (or t ~ ) / h m p a ~ ’ ~ . ~ ~ ~ ,  
NiX,/Li/r~aphthalene/drne~’~, Ni(OAc),/NaH/r-ArnONa/PPh,”.4’ (or b i ~ y ) ~ ’ ~ ,  and 
electrochemically reduced species of [NiC1,(PPh,),]/PPh,207~3’2, [Ni(a~ac),]/PPh,l’~, 
[Ni(teta)12+ or [Ni(salen)] 30.  

1. Organic halides 

Coupling reactions of alkyl, benzyl, allyl, alkenyl, aryl, heteroaryl, and acyl halides will 
be described in this order in two categories, stoichiometric and catalytic reactions. The 
mechanism is not simple, as will be described later (Section 1II.F). 

a. Stoichiometric reaction 

Unlike simple alkyl halides, a, w-dibromoalkanes give the coupling products, cy- 
cloakanes, when treated with [Ni(cod),] and bipy, which is an essential ligand 
(equation 31)2B4. When n = 2, the product is ethylene. When n = 4, since the nickelacy- 
clopentane intermediate is fairly stable (see also Section 1II.C. I), the coupling product 
should be released by the action of oxygen or p-benzoquinone. Dibromomethane 
dimerizes to ethylene under the same conditionszB4. 

n = 2 ,  100%; n=3 ,  91%j n=4,52%; n=5, 80% (31) 

a-Bromoketones and benzyl halides are dimerized in the presence of a nickelate salt 
containing Ni(1) species, K4[Ni,(CN)6], in aqueous acetone (equation 32)loB or the in situ 
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prepared metallic nickel (equation 33)' 58.  In the latter case, certain functional groups 
including a nitro group can tolerate this coupling. The metallic nickel induces dimeriz- 
ation of benzylic dihalides and trihalides to symmetrical olefins (equation 34)'". a, a- 
Dibromoketones trimerize on treatment with [Ni(cod),] (equation 3 9 ,  whereas they 
dimerize with [Ni{ P(OEt),},]'oo. Coupling of poly(bromomethy1)benzenes provides an 
eficient route to [2,]cyclophanes (equation 36)'36s323. 

(32) 
KdNiz lCNls l  

2 PhCOCH,Br - PhCOCH,CH,COPh 
H>O-scelonc 

47% 

(33) 
NiClz/l.i/NpH 

2 p-02NCeH4CH2CI - (p-OzNC6H,CH2-)2 
dmc 

78% 

(34) 
NiC lp /L i /NpH 

dms 
b PhCH=CHPh 2 PhCHBr2 

COPh 
66% 

Homocoupling of allylic halides to 1,Sdiene skeletons has been appreciated as 
pioneering work on Ni(0)-promoted coupling reactions from a synthetic point of views7 
and has been well reviewed16.' 7 3 . 1  74.26'. Intramolecular allylic homocoupling has been 
widely applied to the synthesis of macrocyclic terpenoids and macrolides (equations 37 
and 38)60.70. The in situ generated [Ni(PPh,).,] is also effective for the allylic coupling'79. 

Homocoupling of alkenyl halides is induced by [Ni(cod),] alone in dmf or together with 
R,P in diethyl ether to give 1, 3-dienes263.270. Electronegative substituents not only 
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facilitate the coupling, but also bring about a high degree of stereospecificity with retention 
of configuration (equations 39 and 40)J70. This mild procedure is suitable for thesynthesis 
of highly reactive I ,  3-dienes (equation 41). 

[Ni(cod)z]/Ph,P Me Me&Me 2 MJ 

-Me 7 81 19 

66% (39) 

[Ni(cod)z] /PPh~ 

C02Me 

99 % 

A combination of a nickel complex reducing agent (abbreviated to NiCRA)4s with bipy, 
consisting of NaH/t-AmONa/Ni(OAc),/bipy (2:2:1:2), is an efficient coupling agent for 
alkenyl halides32s. The use of bipy as a ligand is essential for coupling; with PPh, or 
without a ligand only reduction ofhalides is observed. Remarkably, this is the only method 
that induces the coupling of alkenyl chlorides (equation 42). The stereospecificity is also 

NiCRA/bipy 

8 0 % 

very high. Homocoupling of styryl bromide is also achieved with in situ generated 
[Ni( PPh3),] ’’’ or K,[Ni,(CN),] lo8. 

1, I-Dibromoalkenes are dimerized with the in situ generated Ni(0) in benzene to 
butatrienes (equation 43)’68, while radialenes are formed from 2,3-diiodo- I ,  3-dienes 
under similar conditions (equation 44)16’. In  both cases, the nature of the solvent is 
critical, benzene being best and dmf the worst. 

‘j, x 
48% 
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Homocoupling of aryl halides is also promoted by [Ni(cod),] in dmf262.270, 
[Ni( PPh3)4]262.270, and the in situ generated low-valent nickel species from 
[NiX,(PPh3)2]/PPh3/Zn/dmf'79~204, NiC1,/Zn/KI/hmpa2a', NiCRA/bipy199.325, 
NiC1,/Li/NpH/dme220, and electrochemically reduced [Ni(PPh,)4]207-3 '. The coupling 
reactions occur under mild conditions, usually from around room temperature up to 
80 "C. The most significant feature is the compatibility ofa  wide range of functional groups 
such as ketone, aldehyde, ester, nitrile, and amino groups (equations 45-47)179.270. 

93% 

MeOCH2 MeOCHz OCHZPh 

b MEO-@-@--OME 

6 0 '/m 

2 MBo+ [NiCl,lPPh,),]/PPhl/Zn dmf 

P h C H p  P hC H 2 0  CHzOMe 

(47) 

Powerful electron-withdrawing substituents such as the nitro group, however, almost 
inhibit the coupling r e a ~ t i o n ~ " . ~ ~ ' .  The order of reactivity of the halides is I > Br > CI. 
Only NiCRA/bipy, consisting of NaH/r-AmONa/Ni(OAc),/bipy (4:2:1:2); seems to be 
reactive enough for coupling of aryl chlorides (equation 48)325. When triphenylphosphine 

a 4 vo 
is used as a ligand, undesirable phenylated products are formed in some cases as by- 
products through cleavage of the phosphorus-phenyl bond (equation 49)204*324. 

Br  
I 
Ph 

4 I '/o 16% 
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Two types of phosphine-free coupling agents, in addition to NiCRA/bipy, have also 
been developed (equations 50 and 51)200.270; in both cases iodide ions seem to play an 

,COMe ,COP& 

NICI,/K I / z n  

hmpo 

MeCO 
9 6 O/o 

NiCIz/Li /NpH 

dme 
2 CsFgl c 6F5 c 6 F5 

100% 

important role for coupling (see also Section 1II.A.b). lntramolecular coupling provides an 
efficient procedure for cyclic biarylsy*~270~33B (equations 52 and 53)270. Some natural 

n = 2 ,  81%; n=5 ,  05% 

(52) 

Me0 

I 0 
(53) 

52 '1- 

products have been prepared by this  neth hod^^^^^^". Halopyridines and quinolines are 
coupled by the action of the ; ) I  situ generated Ni(0) species (equations 54 and 55)309. 
Notably, all the 2-, 3-, and 4-chlorine and -bromine derivatives can be employed. 

,OMe 

NiC12/PPh3/Zn. 

dmf 

dMe 

7 5 % 

(54) 
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Nickel(0)-promoted reactions of acyl halides produce generally a mixture of products 
which involve diketones, ketones, and decarbonylated coupling products. Rarely are 
symmetrical ketones formcd with a satisfactory selectivity (equations 56 and 57)47.95. 

0 

AcO 

[Ni (cod 121 AM (57) 
Z W C I  -ir-+ 

65% 

Carbonylative coupling of organic halides is mentioned here for comparison. Unlike 
allylic halides (cf. equations 37 and 38), benzylic halides undergo carbonylative coupling 
with [Ni(CO),] in  dmf or acetonitrile to give symmetrical ketones (equations 58  

carbonylative coupling agent for benzyl halides (equation 60)72.'08. 
and 59)lSO0.266.360 . I n the presence of carbon monoxide, K,[Ni,(CN),] also acts as a 

lmidoyl chlorides are dimerized on treatment with Ni(CO),/PhLi (equation 61)'. 

0 
II 

2PhCH2Br + CNi(CO),l- PhCH2CCH2Ph i- NiBr, (58 )  

0 
II 

W PhCHZCCHzPh 
K a[N 12 ( C N ) 61 

2 PhCHpBr -t CO 

[Ni(CO),] /PhLi c-c aMe (61) 

P h i  'NPh 

b. Catalytk reaction 

Homocoupling reactions of organic halides can also be performed catalytically with 
respect to the nickel species by regeneration of low-valent nickel species from the resultant 
nickel(l1) species by appropriate reducing agents. Although zinc powder has chiefly been 
~ s e d ~ ~ ~ - ~ ' ~ . ~ ~ ~ ,  electrochemical reduction is also usefu1'04.'7'.207.3'3. The overall 
catalytic cycle is presented in Scheme 3. 
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2 R X  R R  

Homocoupling of alkyl bromides bearing 8-hydrogens is satisfactorily achieved by the 
indirect cathodic reduction in the presence of [Ni(salen)] as a catalyst (equation 62)'04. 
The proposed active species is Ni(1) rather than Ni(0) species. Catalytic coupling of benzyl 
halides is also attained electrochemically (equation 63)' '. Propargyl chlorides 
undergo a novel cyclodimerization on treatment with a [NiBr,(PPh,),]/Zn system 
(equation 64)2'2. 

63% 
[Nilacac),](20 mol-%) 

PPhJ/c /dmf 
* PhCH,CH,Ph 2 PhCH,CI 

85% 

R=H, Me 65-75% 

Catalytic homocoupling of alkenyl halides is achieved either with [NiCI,[PEt,),] 
4-10 mol-%)/Zn/K1282 or with the phosphine-free counterpart NiX,/Zn/Kl(and/or 
tu)2 7 8 .2 8 I .2  8 3 , the solvent being hmpa or nmp in both cases (equations 65 and 66). 
Potassium iodide is an essential additive for the catalytic coupling of alkenyl bromides, 
since it not only facilitates the reduction of Ni(I1) species, but also acts as a reagent for the 
nickel-catalysed transformation of alkenyl bromides into more reactive alkenyl iodides(see 
also Section 1II.E). For coupling of alkenyl iodides, potassium iodide is not necessarily 
required, but instead tu or tmtu is used as an accelerator, which assists the reaction of 
Ni(I1) species with Alkenyl chlorides are mostly recovered. The stereoselectivity 
(equation 67) seems lower than that observed in the stoichiometric reactions 
(equation 40). 

(65) 
[NiCl2(PEta1,l(4 mol-%) 

2 phh Zn/KI/nmp Ph 
Ph Br 
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2 phh NlClz Zn/tu/hrnpa ( 4 0  r n ~ l - ~ / o l  + p h h = ( P h  

Ph I Ph 

833 

\ 
Ph 

7 7 % 

90% 

E,E:  E ,Z:Z ,Z  = 12:19:69 

Aryl halides undergo homocoupling under similar nickel-catalysed conditions: 
[NiCI,(PPh,),](S mol - "/,)/PPh,/Zn/KI/dmf383 (equation 681, [NiCI,(PEt,),](4 mol 
- "/,)/Zn/KI/hmpa (or nmp)282 (equation 69), NiBr, (2.5 mol -%)/Zn/KI/hmpaL", or 
electrochemically reduced nickel  specie^^".^' (equation 70). Acceleration effects by 
potassium iodide are also notable, as in the alkenyl cases mentioned above. While in the 
first system excess of triphenylphosphine must be added, in the second trialkylphosphine 
system extra phosphine retards the coupling. Coupling reactions usually proceed at 25- 
50 "C. Only the last electrochemical synthesis is effective for coupling of the least reactive 
aryl chlorides also. 

Me02C 
\ 

7 I % 

(70) 

Certain fury1 and thienyl halides are coupled under the first two conditions just 
mentioned (equations 7 I and 72)282.363, but iodopyridines give no coupling products: 

C02Me 
[N iC l~ (PEt3 )2 ] (4  m ~ l - ~ / o l  

Z n / K I / h m p o  Me02C 
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83% 

compare with the stoichiometric reactions (equations 54 and 5 5 ) .  The nickel-promoted or 
-catalysed homocoupling reactions of aryl and alkenyl halides are thus  being recognized 
as useful alternatives to the classical copper-induced Ullmann reaction. 

2, Orgenosulphur compounds 

Whereas heterogeneous Raney nickel has been widely used for desulphurization of 
organosulphur compounds, homogeneous Ni(0) complexes have rarely been applied. 
Only a few stoichiometric reactions have been reported. 

Cyclic diphenyl sulphide derivatives are desulphurized by [Ni(cod),]/bipy to give 
coupling, ring-contraction products (equation 73)77.78. Whereas S(2-pyridyl) aliphatic 

E =  O,NH, S 
50- 70% 

thioates are reductively dimerized to a mixture of a-diketones and a-hydroxyketones on 
treatment with [ N i ( ~ o d ) , ] ' ~ ~ ,  aromatic counterparts form symmetrical ketones selectively 
(equations 74 and 75)"'. 

- 
drnf MM 80 % 

+ Ni ( S G)) +CO + 2 c o d  

(74) 

6. Type 2: Ni(ll)-Promoted Homocoupling of Nucleophiies 

Nickel(l1) salts or complexes have long been known to be useful stoichiometric coupling 
agents for organolithium or magnesium reagents. Synthetically, however, the procedure is 
applicable only to aryl and alkenyl organometallics (equations 76 and 77)302.337. The 
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stereochemistry of the alkenyl group is retained337. The now classical method is not so 
frequently used as the copper-induced coupling reactions. 

2 PhMgBr + NiBr2 PhPh (76) 

Organomercury(1 I )  bromides are carbonylated to symmetrical ketones with [Ni(CO),] 
in the presence of potassium iodide, which converts the bromides i n t o  more reactive 
organomercuric iodides249. Since this transformation proceeds through oxidative ad- 
dition of the mercury-halogen bond to [Ni(CO),] followed by the expulsion of metallic 
mercury to form an organonickel species, even B-hydrogen-bearing alkyl derivatives can 
be employed (equation 78). 

Two catalytic processes have recently been developed' 75.236.  One is homocoupling of a 
phenyl Grignard reagent/bipy complex in the presence of a catalytic amount of 
[NiX,(bipy)] (equation 79)23b. Notably in this catalytic reaction, bipy acts as a reoxidant 

[NiClr(bipy)] 

thf  
m PhPh + 2 MgBr+(bipy--') 2 MgBrPh(bipy) (79) 

of low-valent nickel species, a radical anion (bipy-') being formed. The proposed catalytic 
cycle is shown in Scheme 4 (see also Section 1II.F). The other is dimerization and/or 
trimerization of a-sulphonyl anions in the presence of [Ni(acac)J as a ~a ta lys t"~ .  
Whereas allylic derivatives give dimericsymmetrical trienes selectively (equation 80), alkyl 

NiXzL - 

MgXPhL 

MgXPhL Ni1"XPh2L 

+m MgX2L 'Ci Ni&PhPh 

MgX+(L-') 

MgXPhL 

L = bipy 

SCHEME4 
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and benzyl counterparts form a mixture of olefins and cyclopropanes. Phytoene has been 
synthesized from geranylgeraryl sulphone. The reaction may proceed in two steps: the 

( E : Z =  \ : I )  

80% 

Ni(I1)-promoted coupling of anions produces a symmetrical vicinal disulphone and Ni(0) 
species, and the subsequent desulphurization of the disulphone by the resulting Ni(0) 
species gives the product olefin to regenerate the catalytically active Ni(I1) species. This 
scheme is reminiscent of the mechanism of the nickel-catalysed Grignard cross-coupling of 
organosulphur compounds (see Section 1II.E). 

C. Type 3: Reactions of Organonickel Compounds with Electrophiles 

This section is concerned with coupling reactions of organonickel complexes, such as 
$-allyl-, alkyl-, aryl-, and acylnickel complexes, with electrophiles which include organic 
halides, carbonyl compounds, electrophilic olefins and acetylenes, and epoxides. 

1. rf-A/ly/nicke/ complexes 

Reactions of q3-allylnickel complexes have been extensively studied and covered by 
several reviews16.125.'7'. We therefore describe here only a few typical reactions and some 
applications to natural product synthesis. 

$-Allylnickel halide dimers, obtainable by the reaction of allylic halides with 
[Ni(CO),] or [Ni(cod),] in non-polar solvents (cf. equation 8), react with alkyl, allyl, 
alkenyl, and aryl halides in polar solvents such as dmfor hmpa from ambient temperature 
to 50 "C to give the corresponding cross-coupling products (equation 8 I). Significant 

R X  + [e NiBr] R- + NIX, (81) 

features are as follows. The carbon-carbon bond formation occurs at the less substituted 
site of the allyl group. Ester, nitrile, hydroxy, amino, and amide groups are compatible, but 
aldehydes and ketones may be allylated under more drastic conditions (see below). 
Secondary alkyl iodides are also allylated with no side reactions such as /I-elimination, but 
with complete recemization of a chiral centre. Allylation of alkenyl bromides proceeds 
with retention of configuration (equations 82-85)126.'27.129.131. For the related 

2 

Ni(0) promoted homocoupling, see Section 1II.A. 

r ,  
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racemic 

The synthetic utility of q3-allylnickel halides has been shown by the synthesis of many 
natural products which include a-santalene (equation 86)", coenzyme Q (equation 87)I6O, 
vitamin KZ5', and oxygen-'59,'92 and nitrogen-containing heterocycles'29. The reaction 

OAc 0 

M e 0  
+ [piBr] 2 hmpo M e 0  

OAc 

has been proposed to proceed through the initial one-electron transfer from an $- 
allylnickel complex to an organic halide' 27. The detailed mechanism will be discussed 
later (Section 1II.F). 

$;Allylnickel halides also react with aldehydes and ketones under more vigorous 
conditions to form homoallyl a l ~ o h o l s ~ ' . ' ~ ~ .  In addition to simple ally1 groups, 2- 
carbethoxyallyl'28, 2-methoxyallyl' 26 and 2-vinylallyl groupsI3' can be introduced to 
form a-methylene-y-lactoiie skeletons, /&hydroxyketones and isoprenyl derivatives, 
respectively. II2-Diketones are the most reactive carbonyl substrates (equations 88-91). 

OH 0 

T N i B r  
T C H O  +[v ] 2 

HO 

54% 
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8 0 % 

7 8 % 

This type of reaction may be performed by the in siru generated q3-allylnickel species from 
allylic  ester^^^.'^^ or allylic sulphonium salts268 as well as allylic halides267 (equation 92). 

0 S+M e Pr 

q'-Allylnickel halides readily transfer the allyl group also to quinones in dmf even at 
- 50°C to give allylhydroquinone derivatives directly (equation 93)I3O. According to the 

0 

2 + [ C N i B . ]  2 (ii) n,o+ * &++++ (-) 
0 OH OH 

(93) 
following stoichiometry, a half equivalent of each of the quinone and the allyl group is 
consumed, with the former being simply reduced and the latter self-coupled. A direct 
synthesis of coenzyme Q,  has been achieved (equation 94)I3O; compare with the halide- 
coupling route (equation 87). A one-electron transfer from q3-allylnickel complexes to 

0 0 

Me0 Me0 
0 

2 6 % 

quinones is considered to be involved, based mainly on the site selective allylation at the 
non-carbonyl carbon atom of highest spin density in the corresponding quinone radical 
anions130. 

Although q3-allylnickel halides are inert to acyl halides and ordinary esters, they d o  
react with 2-pyridyl carboxylates to form mainly /3, y-unsaturated ketones 
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(equation 95)224. A reaction with an epoxide is also known (equation 96)57. 

839 

0 

Me02C(C HZ)3C 

87 

11- 

Me02C (C H2I3C - 0 

Ph 

The reactivities of bis(q3-allyl)nickel complexes are mentioned here for comparison. 
( q 3 ,  q3-Dodecatrienediyl)nickel, known as an intermediate in the nickel-catalysed trimeriz- 
ation of butadiene, reacts with aldehydes and activated organic halides such as ally1 and 
benzyl bromides”. Noteworthily, unlike q3-allylnickel halides mentioned above, it reacts 
also with acetyl chloride to form ketones”. The stepwise nature of the reaction with 
aldehydes and acyl halides makes possible unsymmetrical derivatization of the sym- 
metrical bis(q3-allyl)nickel complex (equation 97)17. 

(97) 

Although bis(q3-allyl)nickel complexes do not react with quinones”’, they do react 
with activated acetylenes in a stepwise manner to form finally diallylated products 
(equation 98)18-34. 

z 

Z = C02Et  

(98) 

2. Alkyl- and aryl-nickel complexes 

Fundamental, mechanistic work on the reactions of diorganonickel complexes with 
organic halides revealed that the reaction courses are fairly sensitive to the nature of the 
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organic groups on nickel, the ligands, and the organic halides. At  least five types of 
reactions have been observed355, viz. reductive eliniination with aryl and alkyl halides 
(equations 27 and 99), 8-hydrogen transfer with alkyl halides (equation 100). cross- 
coupling with aryl and acyl halides (equations 101 and 102). and carbonylative reductive 
elimination with acyl halides (equation 103). These results promise a variety of syntheti- 
cally useful applications. 

9 - EtEt  + [ y b i p y j  (99) NiEt&bipy) + 
CI 

[NiMe,(PEt,),] + Pr"Br +MeH + MeCH=CH, + [NiBr,(PEt,),] (100) 

[NiMe,(dppe)] + PhCl -+ PhMe + [NiCl(Me)(dppe)] 

[NiEt,(bipy)] + MeCOCl -+ MeCOEt + [NiCI(Et)(bipy)] 

[NiMe,(dppe)] + PhCOCl + MeCOMe + [NiCI(Ph)(dppe)] 

(101) 

( 102) 

(1031 

Alkylnickel species generated in situ from low-valent nickel species and organic halides 
are useful reagents for cross-coupling with other organic halides. A nickelacyclopentane, 
readily available from [Ni(cod),], bipy, and 1,4-dibromobutane (equation IM), reacts 
with alkyl halides, gem-dihalides, and acyl halides to  form cross-coupling products285. Of 
particular interest are the cyclocoupling with gem-dihalides (equation 105) and the 
formation of octamethylene derivatives with acyl and sulphonyl halides (equation 106). 

Br(CH2),Br -t Z [ N i ( c ~ d ) ~ ] f  4 b i p y W  + [ N i ( b i ~ y ) ~ ] B r ~  + 4COd 

( Y  = co, 502) 

00 69% 

P h Y (C H 2 1 BY P h 
ca. 50% 

An active metallic nickel induces the cross-coupling reaction of benzyl halides with a- 
haloacetonitrile (equation 107)'56 and with acyl halides (equation 108)'s5. Cross- 

NiCIz/Li/NpH 

dnir 
3-CF3CbHdCH2CI + CICHZCN 3-CF,ChHdCH,CH2CN 

58% 

2-NpCH2COMe 
NiCIz/Li/NpH 

dmr 
2-NpCH2Br + MeCOCl 

W, 

107) 

108) 
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coupling of primary alkyl iodides with 2-pyridyl carboxylates is catalysed by NiCI, in the 
presence of excess of zinc to give unsymmetrical ketones (equation 109)226. 

U 
II 

81% 

MeO$(CH2)$(CH2)&'h (109) 

Reactions of organonickel intermediates with carbonyl compounds are also of synthetic 
value (equations 110-1 12)73.'57.227. The last nickel-catalysed reaction may be one of 
the most efficient methods for the introduction of perfluoroakyl groups227. 

( 1  10) 
lNi(CO)aI 

NCCH,Br + PhCHO - NCCH,CH(OH)Ph 

Ph 
.. . .. Nil. /LI/NaC( I 

i-C3F7CH(OH)Ph 
NiCI'(PPh,),(O. I mol-%) 

Zn/dmf 
i-C,F71 + PhCHO 

78% 

Low-valent nickel species induce the addition of organic halides to activated olefins. 
Dibromomethane and several gem-dihalides react with electron-deficient olefins to form 
cyclopropane derivatives with complete retention of E-stereochemistry, but with substant- 
ial loss of Z-stereochemistry of olefins (equation 1 13)'77. The reaction can be achieved 
catalytically in nickel in the presence of zinc powder' 77. Electrochemically reduced nickel 

rn M e o z c ~ H  (113) 
H C02Me 

cH2Br2 + M e 0 2 C ~ c ~ ~ e  NiBrz /Zn/NaI /MsCN 

7 8 % 

species stoichiometrically promote conjugate addition of alkyl bromides, even secondary 
alkyl bromides, to activated olefins (equation 1 14)' 24. Similarly, arylnickel species also 

83% 

add to olefins, which need not be electron In particular, intra- 
molecular reactions provide efficient methods for the synthesis of heterocyclic com- 

(equations 1 15 and 116). 
[NiCl1lPPh~)ll /PPh3 

Phl + CH,=CH, c -  * PhCH=CH, (115) 

go:< 
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+ xZcCN [Ni(PPh,),] 

Me0 
Me0 I CHZPh 

CHZPh 
3 9 % 

Nickel(0)-catalysed addition of a strained molecule, bicyclo[2.1 .O]pentane, to elctron- 
deficient olefins should also be mentioned here; the reaction may proceed through a 
diorganonickel intermediate through the cleavage of the central a-bond (equation 1 1 7)286. 

b & C N +  CN 

9 I % 

[ N i ( C H p C H C N ) z ] ( f ,  mol-%) 

CN 
I+ ( 

cr7.8 : 2 

(1 17) 

Nickel-catalysed electrosynthesis of aromatic carboxylic acids from aryl halides and 
carbon dioxide is achieved efficiently (equation 118)”. An acetylacetonato group in 
[ N i ( a ~ a c ) ~ ]  couples with reactive organic halides in dmf to give C-alkylation products 
exclusively (equation 1 19)28. 

p-FC6H,COOH 
[NiCl,(dppc)](IO mol-%) 

C -  
p-FC,H,Br + CO, 

ca. 60% 

3. Acylnickel complexes 

This section describes the reactions of two types of acylnickel complexes, acylnickel 
carbonylate anions and nickelacyclopentenedione species. 

Acylnickel carbonylate anions, obtainable from nickel carbonyl and organolithium 
reagents (equation I ZO)322, are now classical acyl anion equivalents. They undergo 
conjugate addition to a , /knones  in diethyl ether under very mild conditions to form 
1,4-dicarbonyl compounds (equation 1 Z l ) 5 9 .  The conjugate addition and the 

RLi + [Ni(CO),] - Li[RCONi(CO),] ( 1 20) 

[Bu”CON~(CO)~]- + a - 5 0  oC (121) 

0 
8 9 ‘/a 

subsequent alkylation of the resulting enolates provide an efficient methodology for the 
consecutive dialkylation at the 2,3-vicinal positions of enones, as demonstrated by the 
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synthesis of skeletons of natural products such as deoxyfrenolicin (equation 1 22)271. 
Acylnickel anions also react with q3-allylpalladium cationic complexes to form /j, 
y-unsaturated ketones (equation 123)'32. 

0 

Li[MeCONi(CO)"] + P h d  (123) 

61 % 

Interactions of nickel carbonyl with tert-butoxide and dialkylamide anions have been 
considered to lead to the formation of carbalkoxynickel and carbamoylnickel carbonylate 
anions, respectively (equations 124 and 1 25)58.99. These species react with alkyl, alklenyl, 
aryl, and/or acyl halides to form the corresponding esters or amides (equations 126- 
128)58.99. The carbamoyl group is transferred also to a ketone (equation 129)99. 

[Ni(CO),] + Bu'OK -+ K[Bu'OCONi(CO),] (124) 

COzBu' 
[Ni (CO),]/Bu 'OK 

6 4  % 

(1  28) 
[N i  (C 0). ]/ M I  .NL i 

B u "C oc I Bu"COCONME~ 

97 % 

Nickelacyclopentanediones are readily formed by the reaction of [Ni(CO),(bipy)] with 
acetylenes (equation 1 30)13' and constitute a new class of synthetically useful acynickel 
complexes. They react with gem-dihalides and activated olefins to form cyclic products 
(equations 131 and 132)13,. 
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BrzCHMe 
I + Me Me@ Me 

SSV? 

Me)@o Me 

OH b 
8 5 % 

4. Nickel-promoted reactions of unsaturated compounds with heterocumulenes 

This section is concerned with fairly new types of reaction between n-complex 
intermediates generated from Ni(0) complexes with unsaturated compounds such as 
olefins and acetylenes, and electrophilic heterocumulenes such as carbon dioxide and 
isocyanates. 

all react with carbon dioxide 
( I  atm) in the presence of a stoichiometric amount of [Ni(cod),] and appropriate ligands 
to form nickel-containing lactone skeletons (equations 133-1 36). The nature of the ligand 

O l e l i n ~ ' ~ ~ ,  a l l e n e ~ ' ~ ~ ,  1 ,3-diene~'~ ' ,  and 

M e C a C m e  

tmmda 
b 

ELI" 

1 d c p e ) N i h A  + regioisomer 

25  : I 

(133) 
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is critical; bipy or dcpe is suitable for the first three substrates, whereas tmeda is best for the 
last acetylenes. Since the reactions of olefins and 1,3-dienes are reversible, these 
components are replaced by more reactive unsaturated compounds and the regioselectiv- 
ity in the reaction of unsymmetrical olefins is dependent on the temperature. The carbon- 
nickel bonds therein are cleaved by acidolysis to form linear carboxylic acids or esters. 
With I ,  3-dienes, dienoic acids are formed on treatment with maleic anhydride, the overall 
reaction being equivalent to the insertion of carbon dioxide into the olefinic carbon- 
hydrogen bond (equation I 37)'45. 

The nickelacycles from acetylenes react with alkyl halides lo form /j-alkylated, a, 
8-unsaturated carboxylic acids (equation I38), with gem-dihalides to form eight-membered 
cyclic acid anhydrides (equation 139), with electrophilic acetylenes to give pyrones 
(equation 140), and with triazolinedione to form pyrazolone derivatives with loss of one 
oxygen atom (equation 141)'3"'40.i44. The formation of pyrone derivatives from 

I 78 % 

CHzClr  t- (139) 

9 % 

acetylenes and carbon dioxide is also achieved catalytically with respect to nickel 
(equation 142)'", and may proceed through nickelalactone intermediatesi4' rather than 
nickelacyclopentadienes proposed originally'61. 



846 K. Tamao and M. Kumada 

2 EtC=CEt + CO2 [ N i l ~ o d ) ~ ]  ( 5  mol-Oh) Et&: 

dppb 
Et  

(50 otm)  
57% 

lsocyanates behave like carbon dioxide in nickel-promoted reactions with allenes'4' 
and  acetylene^'^'-'^^ to form nickelalactam derivatives, the reactions of which with alkyl 
halides and activated acetylenes also proceed similarly to produce CL, 8-unsaturated 
carboxamides and/or pyridones (equations 143 and 144). lsocyanates form similar 

tmsdo 
[ N i ( c ~ d ) ~ ]  + PhCGCPh + PhNCO 

Ph 

( 144) [ ( t m e d a 1 N < b y  Ph 1 P h C = C P h  W Ph Ph 

nickela-heterocycles also with or imineslq2 and the subsequent reactions 
with alkyl halides give carbamates or urea derivatives, respectively (equation 145). 
Reactions of imines are considered to proceed through nickel(0)-imine n-complexes as 
initial intermediates. 

tmada 
[ N i ( ~ a d ) ~ l  + PhCH=X + PhNCO 

H Ph 

Me 0 
Ma I I II 

PhCHXCNHPh (145) 
x =  0 5 5 %  

Ph 
X=NPh 4 2 %  

Finally in this section we consider a nickel-promoted reaction of carbon disulphide. A 
nickel complex of carbon disulphide readily reacts with an electron-deficient acetylene to 
form a nickel-carbene complex. The carbene ligand therein is released by carbon 
monoxide to give a dimeric tetrathiafulvalene derivative (equation 146)26. The nickel 
complex may be used catalytically in principle, since the starting material is obtained from 
the resulting nickel(0)-carbonyl complex with carbon disulphide (cf. equation 12). 
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- co c F 3 1 s > = C < 1 c F 3  + [(tr iphos)Ni(CO)] (146) 

CF3 S CF3 

D. Type 4: Reactions of Organonickel Compounds with Nucleophiies 

Although stoichiometric carbon-carbon bond-forming reactions of this type have 
been the subject of extensive studies from mechanistic viewpoints, there have been only a 
few synthetically useful reactions. Arylnickel halides react with metal enolates of esters to 
form a-arylated products (equation 147)83.264. The total synthesis of a cephalotaxinone 
derivatives represents a useful application of this type of reaction (equation 148)265. A 
variety of reactions which involve this type of reaction as a key step can now be achieved 
catalytically with nickel (see Section 1II.E). 

[NiX(Ph)(PPh,),] + MCH,CO,Et + PhCH,C:O,Et ( 1  47) 
M = Li or ZnBr 

OMe 

Carbonylative cross-coupling of aryl halides with a r y l m e r ~ u r i a l s ~ ~ ~  and enamines260 
are promoted by nickel carbonyl to form unsymmetrical ketones and 1,3-diketones, 
respectively (equations 149 and I SO). These reactions are considered to proceed through 
acylnickel halide intermediates. 

60 % 

8 7 % 
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Nickel carbonyl-promoted reactions of organic halides in the presence of heteroatom 
nucleophiles such as water, alcohols, and amines have long been studied in order to obtain 
carboxylic acids, esters, and amides, respectively. Since this field has been well 
reviewed' 73.L74, only one mechanistic comment is given here. The reactions may involve 
the initial oxidative addition of organic halides to nickel carbonyl and the subsequent 
solvolytic decomposition (equation 15 l ) ,  whereas in the presence of strongly basic 
alkoxide or amide ions carbalkoxy- or carbamoyl-nickel anion species may be formed 
initially, as mentioned in the previous section (see Section III.C.3., equations 124-129). A 
similar reaction is observed also with epoxides (equation 1 52)246. 

* RCOOR' 
- co R'OH or R'zNH 

RX + [Ni(CO),] --+ [RNi(CO),X] [RCONi(CO),X] 

or RCONR', (151) 

0 

7 8 v o  

(1  52) 

Finally, a reaction which may be mentioned in this section is an unusual proton 
transfer/oxidative addition of electrophilic a, 1-unsaturated carboxylic acids and amides 
to Ni(0) species in the presence of bulky ligands (equation 153)347. 

I 
-+ PCY, _____* 

&CONHMe 
[ N i ( ~ o d ) ~ ]  + 

La. 6 5 % 9 3 % 

E. Type 5: Nickel-Catalysed Cross-Coupling between Electrophlles and Nucleophlles 

Nickel complex-catalysed cross-coupling reactions of organometallic reagents with 
organic halides and related compounds have now attained a history of nearly 15 
years61 ,289 , and have been recognized as a useful practical method for the formation of 
carbon-carbon bonds. Several reviews have been p ~ b l i s h e d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ~ '  I n  
addition to these reactions, nickel-catalysed conjugate addition of organometallics to a, 8- 
enones and nickel-catalysed substitution of organic halides with heteroatom nucleophiles 
are also described in this section. 

7. Grignard cross-coupling reactions of organic halides and related reactions 

Known reaction patterns are listed in Table 2, where the cited references are restricted 
to those which deal with coupling reactions as their main subject; all the equations are 
numbered consecutively from those in the text. The most outstanding feature is the 
selective cross-coupling of aryl and alkenyl halides [C(sp2)-halides] with almost any kind 
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“iX2L21 
RMgX + R’X’- RR’ + M g X X ’  

MgXX’  

t 

[L2NiX2] - 

R’X‘ 

I 

SCHEME 5 

of Grignard reagents involving even alkyl Grignard reagents with j-hydrogens catalysed 
by nickel-phosphine c ~ m p l e x e s ~ ~ ~ . ~ ~ ~ .  Another characteristic feature is the extension to a 
variety of substrates such as aryl--, alkenyl- and/or allyl-oxygen, -sulphur, - 
selenium and -tellurium compounds. 

A catalytic cycle depicted in Scheme 5,  which was originally proposed for the Grignard 
coupling with organic halides289, may be generally applicable to all such coupling 
reactions. In Scheme 5,  a dihalodiphosphinenickel as a catalyst precursor reacts with a 
Grignard reagent to  form a diorganonickel intermediate, which is subsequently converted 
into a halo(organo)nickel complex by an organic halide. Reaction of this key intermediate 
with the Grignard reagent then forms a new diorganonickel complex from which the cross- 
coupling product is released by the attack of the organic halide, possibly via a 
pentacoordinate intermediate, and thereby the original key intermediate is regenerated to 
complete the catalytic ~ y ~ l e ~ ~ ~ . ~ ~ ~ . ~ ’ ~ .  More detailed discussion is given in Section 1II.F. 

a. Cross-coupling of organic halides with Grignard reagents (equations 154. 161, 
162, 165, 167, 168, and 170) 

Air-stable nickel(I1)-phosphine complexes, [NiX,L,], are usually used as a catalyst 
precursor in amounts of 1 mol-% or less. The catalytic activity of the nickel complexes 
depends strongly not only on the nature of the ligands, but also on the combination of 
Grignard reagent and organic halide295. Generally, bidentate are better than unidentate 
phosphine ligands. The catalytic activity is dependent on the chain length of the bidentate 
ligands Ph,P(CH,),PPh, in the order n = 3(dppp) > 2(dppe) > 4 ( d ~ p b ) , ~ ~ .  This order 
may reflect a subtle balance between the stability and lability of the corresponding 
diorganonickel intermediates’”; maybe those with dppe are too stable, whereas those 
with dppb are too labile. A recent paper has described a correlation between the inter- 
ligand angles and the catalytic activity in the similar palladium-catalysed cross-coupling 
reactions’ 23. 

The following general tendencies have also been observed295. Whereas [NiCl,(dppp)] is 
most effective for primary and secondary alkyl and aryl Grignard reagents, 
[NiCl,(dmpe)], which contains an electron-donating bidentate ligand, is the most suitable 
catalyst for allylic and vinylic Grignard reagents. For the coupling of sterically hindered 
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aryl Grignard reagents, [NiCI,(PPh,),] is better than catalysts with bidentate ligands. 
Neutral phosphine ligand-free nickel salts, represented by [Ni(acac),], seem to be among 
the most effective catalysts for aryl Grignard reagents6'*' ' I .  The halides may be chlorides, 
bromides, or iodides, although chlorides usually give the most satisfactory results, since 
they exhibit a reasonable reactivity and give little side reaction such as simple reduction. 
Even aryl fluorides react with comparable facility in some cases. The reactivity of 
halobenzenes decreases in the order Phl > PhBr > PhCl > PhF. Diethyl ether is usually 
better than thf as a solvent. 

Representative reactions and their applications are shown below. Aromatic polyhalides 
are easily polyalkylated without any positional scrambling (equation 191)76*'94*29'. 
o-Dibutylbenzene thus obtained has been used as a starting material for soluble 

CI Bun 

[NiClz(dppp)]  
CI + Bu"MgBr 

ortho 79- 03% 
meto 9 4 % 
par0 9 5 % 

phthalocyanines6'. Precursors for o-quinodimethane have been prepared by coupling 
with the trimethylsilylmethyl Grignard reagent (equation 192)16'. 

[NiClz(dppp)] + MejSiCH2MgCI 

M e 0  M e 0  

(192) 

Aryl-aryl cross-couplings have potential utility for the synthesis of a variety of 
structurally interesting polyphenylenes and sterically hindered polyphenylenes 
(equations 193-196)'0~'52~'s3~'g0~272~2g', some of which have been used as precursors for 
the synthesis of spherands in host-guest chemistry (equation 197)64-66. 

Mgar 

/OMe 

92 % 7% 
\ /OM0 
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I 
MgBr 

7 5 % (197) 

Alkenyl halides are among the most reactive halides2”. In particular, the high reactivity of 
vinyl chloride should be noted; isomerically pure 4-chlorostyrene has now been produced 
on an industrial scale in Japan (equation 198). The cross-coupling of alkenyl monohalides 
proceeds with retention of configuration2” and should be useful for stereoselective olefin 
synthesis (equations 199 and 200)75-’48.243. A variety of synthetically useful allylsilanes 
are readily obtained by this method (equations 200-202)120~149~216~301.  Axially chiral, 

MgX 

A C I  + @ [NiClp(dppp)] 4 
(198) 

CI CI 
74 % 
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SiMe3 

(200) 

8 0 % 

[NiCla(dppp)] + Me3SiCH2MgCI 
ME ME 

CHpSiMe(OPri)2 

0 8 % 

(202) 

[ NiCl,(dppp)] 
i- (PriO)2MeSiCH2MgCI 

optically active alkenyl halides couple with Grignard reagents also with retention of 
c o n f i g u r a t i ~ n ~ ~ ~ . ~ ~ ~ ;  the reaction may be useful for the synthesis of optically active liquid 
crystals (equation 203)274. 

( R 1 - (-1 
90 % 

Coupling of II2-dihaloethylenes, however, proceeds non-stereospecifically; whether the 
(Z) -  or (E)-dihalide is used, almost the same E/Z ratio is obtained, depending on the nature 
of the phosphine ligand (equations 204 and 205)29’*329. 

c l w c ,  + PhMgBr cca’’l 0 Ph-Ph 

[NiCl,(dppp)] (E:Z 70:30) (204) 
“iCll(dmpn)] (E:Z I :99) 

90 v o  

[ N i C l ~ ( d p p p ) ]  + Me3SiC=CMgBr Me3SiC=CCH=CHC=CSiMe3 

70 % 

(205) 



856 K. Tamao and M. Kumada 

Alkenyl Grignard reagents are virtually unreactive with [NiCl,(dppp)] as the catalyst, 
but smoothly undergo coupling in the presence of [NiCl,(dmpe)]295. The stereoselectivity 
of the coupling of 1-alkenyl Grignard reagents is dependent on the nature of the organic 
halides and the halide to Grignard molar ratio, since a nickel-catalysed E/Z  isomerization 
of the Grignard reagent competes with the coupling (equation 206)36'. 

(Z 96 '10) (2 95%) 
07% 

Haloacetylenes also undergo coupling readily to give disubstituted acetylenes 
(equation 207)292. 

76% 

Grignard cross-coupling reactions can be applied to heterocyclic halides, such as 
furan (equation 208)240, thiophene (equation 209)203.248.300, pyridine 
(equation 210)'64~234~237~293~300~301, quinoline (equation 21 1)300.307, isoquinoline 
(equation 212)238.300, pyrimidine (equation 213)357, pyridazine (equation 214)"O, and 
purine derivatives of biological interest (equation 21 5)23.24. 

9 3 % 

muscopyridine 
20 % 

(210) 
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d A c ,  + EtMgBr [NiClz(dppp)] 

Me 

E t  

Me h l E t  

05% 

The coupling reaction can be extended to a new type of polycondensation of aromatic 
and heterocyclic polyhalides to form p o l y p h e n y l e n e ~ ~ ~ ~ ,  poly(2,5-thienylene) 
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(equation 216)'97.348.354, p0ly(2,4-thienylene)~~~.~~~.~~~ , poly(2, 5-pyrrolylene)18', and 
poly(2,5-~eIenienylene)~~. The most interesting polymer is poly(2, Sthienylene), which 
exhibits high electrical conductivity when doped with iodine348. 

78 % 

Alkyl group isomerization from secondary to primary is observed in the coupling of 
secondary Grignard reagents with organic halides (equation 217). The extent of the 
isomerization is strongly dependent on the electronic nature of both the phosphine ligands 
in the catalyst2" and the halides emp10ye.d"~. Thus, the electron-releasing nature of 
phosphine ligands (dmpe us. dppe or dppp) and the substituents on the aromatic ring 
favours the isomerization. It has also been pointed out that the isomerization may parallel 
the tendency of bidentate ligands bonded in a unidentated fashion56. With [NiCl,(dmpe)] 

as a catalyst the isomerization easily occurs even along four carbon-carbon single bonds 
(equation 218)lE2. Tertiary to primary isomerization is also induced by this catalyst l B 2 ,  

whereas no isomerization occurs with [NiCl,(dppf)] (equation 219)"'. A mechanism for 

T+ PhCl- 
Mgcl 

Ph 

[ NIC 12( d rn pe) ] 14 86 
[NiCIz(dppp) 7 87 13 

67 % 

this alkyl group isomerization involves the formation of a (hydrido)(olefin)nickel 
intermediate arising from /%elimination of a secondary alkylnickel intermediate' 83*290. 

Whereas the primary to secondary isomerization is not observed for coupling of simple 
primary alkyl Grignard reagents, coupling of but-3-enyl bromide with the phenyl 
Grignard reagent is accompanied by such an alkyl group isomerization (equation 220)362. 
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Br + p h ~ ~ ~ ~  C N ~ C ~ Z ( ~ P P P ) I  

Ph 

4 8 V a  I 5 010 (220) 

Nickel-catalysed coupling of isoprenylmagnesium with allylic chlorides may be useful for 
isoprenoid synthesis (equation 221)'76. Propargyl chloride is alkylated at the y-position to 
give an allene derivative (equation 222)23'. 

b. Cross-coupling of organic halides with other organornetallics (equations 155-160, 
163, 164, 166, and 169) 

Certain organolithium, organozinc, organoaluminium and organozirconium reagents 
also undergo coupling with C(sp2)-halides. Lithium enolates couple with aryl and 
alkenyl halides in the presence ofNiBr, without any phosphine ligands. Optimal yields are 
obtained with a stoichiometric amount of NiBr,, but the reaction proceeds catalytically in 
nickel, forming the coupling product up to a 350% yield based on nickel bromide 
(equation 223)"'. The coupling is stereospecific with respect to alkenyl halides 
(equation 224). Selective y-arylation or vinylation is also a significant feature of this 
coupling (equation 225). The reaction is useful for the preparation of allylsilanes with an 
ester group at the a-position (equation 226)6. 

MeCH=CHBr + LiCH2C02Bu' + NiBr, + BuLi +MeCH=CHCH,CO,Bu' 

1 1 : 0.2 : 0.2 0.7 
(223) 

Ph /CMe$OzEt 

(224) 
NiBrz 

F'"\, H F=c\H H 

+ LiCMa2C02Et BuLi 
\ /er Ph 

NiBrz 

BuLi 
PhCHZCH=CHCOzEt (225) PhI + LiCHzCH= CHCOzE t 

NiBre J y C O Z E t  

Bu"Li (226) 
SiMe, 

A ' Br + L i ~ c o p E t  SiMes 

74 '/a 
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Couplings with aryl- and b e n z y l - ~ i n c ' ~ ~ . ~  l 4  and Reformatsky reagentss4 are catalysed by 
Ni(0) complexes. The advantages of organozinc reagents over organomagnesium reagents 
reside in their compatibility with certain functional groups such as cyano, ester, and imino 
groups (equations 227 and 228)195.2'4. Hmpa is an essential co-solvent for the coupling of 

N C a B r  -t PhCHpZnBr [Ni(PPha).] + N C e C H p P h  (227) 

I 
ZnCl 6 M e  

M e 0  Meo*cHo 

6MB 

i- stegonone) 

(228) 

the Reformatsky reagent (equation 229)84. Alternatively, arylzinc reagents couple with an 
a-bromoacetate to form the similar coupling products (equation 230)'86. 

Br CH2 C O2E t 
I I 

[Ni(oeac)a]/PPha + BrCH2C02Et 

69 % 

m C H 2 C O z E +  (230) 

60% 

(E)-Alkenyl-aluminium' and -zirconium2 reagents, being obtainable by hydro- 
alumination and -zirconation of acetylenes (equation 231), couple also with aryl and 
alkenyl halides containing certain functional groups, with retention of configuration 
(equations 232-234). In the coupling of the alkenylzirconium reagents, a high catalytic 
ability of ligand-free Ni(1) species generated in siru from Ni(acac),/dibah (1  : 1 )  has been 
claimed' I .  Organoaluminium reagents also couple with alkynyl bromides in the presence 
of [Ni(mesal),] (equation 166)Io3. 

R\  /H 

,/"=C, RCECH + M-H 
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Ph ZrCp2C’ + P h I  [N i (  PPh 3 ) 4 b thpO- \ IhpO- \ 

B 4 % 

(234) 

Tetramethyltin reacts with aryl iodides under carbon monoxide pressure in the presence 
of nickel catalysts to give aryl methyl ketones selectively (equation 235)’03. I t  may be 
mentioned that Grignard coupling under the carbon monoxide atmosphere gives a 
mixture of ketones and tertiary alcohols343. 

95% 

(235) 

c. Grignard cross-coupling of C(sp2)-0, -S, -Se, and -Te compounds (equations 

Aryl ethers (equation 236)33’.336, aryl phosphates (equations 237 and 238)’ 1 5 ,  alkenyl 
ethers (equation 239)33’.336, enol silyl ethers (equation 240)’ ’ I :  and enol phosphates 
(equation 241)1’3 .250  react with Grignard reagents in the presence of nickel catalysts to 
form cross-coupling products through cleavage ofC(sp2)-oxygen bonds. Benzene is used 
as a superior solvent in many cases. While aryl ethers are inert to alkyl Grignard reagents, 
aryl phosphates couple with any kind of Grignard reagents and even with alkenyl- 
aluminium compounds (equation 238)’ ’ ’. A ketene dimer also undergoes similar 

171, 175, i79-ia1, 183-187, 189, and 190) 

OMe 

70 % 

82 % 



862 K. Tarnao and M. Kumada 

Bun 
I 

SiMe, 
OSiMe 

[Ni(ocac 12 ] + Me,SiCH2MgCI 

71 '/a 

+ Me,SiCH2MgCI NiBrz + 
Ph \ \ 

70% 

coupling reactions with Grignard, organozinc, and alkenylalurniniurn reagents 
(equations 242 and 243)'.2.'66. 

0 + Me,SiCH,MgCI NiCl2 e Me3Si&C02H 

9 5 % -CJ 

[N i ( P P h 1 ,] 
0 + Pr"CECZnC1 + Pr"C=C 

60% 

(243) 
Similar Grignard coupling reactions are observed with a variety of C(sp2)-sulphur 

compounds, such as aryl thiols"', sulphidesZ2 1.239-330.332,  s u l p h o ~ i d e s ~ ~ ~ ,  and sul- 
phones3" (equation 244), heteroaryl sulphides (equations 245 and 246)239*287, and 
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PhX + MeMgOr 

863 

W PhMe (244) 
[NiC12(PPhs)2] 

X =  SH 6 4 %  
SMe 97% 
SOPh 77% 
S02Me 97 % 

alkenyl sulphides221.2"~330.334 and s ~ l p h o n e s ~ ~ .  Coupling reactions of both alkenyl 
sulphides and sulphones proceed with retention of c o n f i g u r a t i ~ n ~ ~ ' - ~ ~ ~  and are applied to 
the stereocontrolled synthesis of olefins (equation 247)277*288.3' and 1,3-dienes 
(equation 248)"'" 54.324 (see also the next section). The stereoselectivity in the sulphone 
cases depends on the halides associated with the Grignard reagents in the order 
CI > Br > I (equation 249)79. Aryl and alkenyl s e l e n i d e ~ ~ ~ ~  and  telluride^'^^.^^' also 

I 

(247) 

70 % 

Bu'S02 Ih-, + MeMgX [Ni(acaclz] 
(249) 

X=CI 71%(2 98%) 
x = I 80 % ( z 7 5 % ) 

undergo coupling reactions (equation 250). The reactivity order is 
PhSeMe > PhCl> PhSMeZz3. 

+ PhMg0r [ N i C12( PP ha)  2 1  Jph + Php 
PhX / Ph / 

X =  Se 89% 100% 
X=Te 60% 92% (250) 

9" 
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Furan, thiophene, selenophene, and tellurophene and their derivatives undergo ring- 
opening coupling reactions with Grignard reagents in benzene to form ( Z ,  Z)-l, 3-dienes 
with retention of configuration, with a few exceptions (equations 251 and 252)330.335. The 
reactivity increases in the above order from furan to tellurophene. 

(251) 
[NiCI,(PPh&] Ph 0 + PhMgBr Ph 

E = O  49% (EJE loo%) 
E =  Te  88% (zJZ lOO%) 

It may be also mentioned here that carboxylic acids react with a large excess amount of 
Grignard reagent in the presence of a nickel catalyst to form unsymmetrical ketones 
(equation 253)93. 

0 
II 

(253) " 1 C M d p p ~ ) J  . PhCC5H,,-n PhCOOH + n-C5HllMgX 

7 5 % 

d. Grignard coupling of allylic 0, S, and Se compounds and related reactions 
(equations 176-778, 182, and 188) 

16.333.334 such as OSiR,, Othp, or OPh,  
undergo nickel-catalysed coupling reactions with Grignard reagents. While 
[NiCI,(PPh,),] is an effective catalyst for Grignard reagents having no /]-hydrogens, 
[NiCl,(dppp)] or [NiCl,(dppe)] should be used for p-hydrogen-containing alkyl 
Grignard reagents to avoid the reduction of allylic a l c o h ~ I s ~ ~ ~ ~ ~ .  A mechanism proposed 
for the Grignard coupling of allylic alcohols involves an organonickel-magnesium species 
via the oxidative-addition of a Grignard reagent to nickel(0) species and a q3-allylnickel 
formation (Scheme 6)33*49, being different from that proposed for the Grignard coupling 
of C(sp2)-halides mentioned above (Scheme 5) .  

Although the coupling reaction occurs a t  both of the a- and y-positions to form all 
possible regio and olefin-geometrical isomers, the regioselectivity is independent of the 
nature of the leaving group' 1 6 ,  but dependent on the structure of the ally1 moiety33c49 and 
the ligand on There seems to be a tendency for the coupling to occur 
preferentially at the more highly substituted allylic position, especially when 
[NiCl,(dppf)] is used as a catalyst (equation 254)' 16. Allylic acetals form double 
alkylation products (equation 255)333. 

Allyl alCohols33,49.53.54.89-91 and 

[NiCl.(dppf I ]  

Ph + TPh Mew OSiMej + PhMgBr Mew 
Me 

ca. 20 : 80 

100% 

(254) 
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olefin 

‘r 

R ~ H = C H C H ’  

‘R 
I 

LZNi 

R’ -t 

R’ Lzllri 

\ 
CHCH=CHR” 

4 OMgX 
I 

R‘C H = c HC H R” 

L2Ni-MgX 
I 
R 

865 

L2Ni-R 

SCHEME 6 

+ PhMgBr 
[NiCI,(PPh&] + “TPh (255) 

OMe Ph 

5 5 % 

Couplings of ally1 alcohols proceed with overall inversion of stereochemistry at a chiral 
carbon atom regardless of acyclic or cyclic systems (equations 256 and 257)54-9’. The 

+ PhMgBr 
“ I C I z ( P P h , ) z l  . 4y + ph- 

HZ) H Ph 

48 : 52 
ca. 25% 

ca. 9 1 

allylic coupling has been applied to the synthesis of terpenoids such as A’-pimaradiene 
and hibaene (equation 258)33. 
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A'- pi mar ad i e n e 

(258) 

Cross-coupling of allylic acetates with stable enolates is also catalysed by low-valent 
nickel-phosphine complexes (equation 259)69. A similar reaction can also be achieved 
intramolecularly (equation 260)318. Allylic t h i ~ l s ~ ~ ~ ,  s ~ l p h i d e s ~ ~ ~ - ' ~ ~ ,  ~ e l e n i d e s ~ ' ~ ,  and 

AcO x/, + X = NaCHXY COpEt [NIClp(dppa)] +.+.+ Y 

Y 

X = SOpPh 97 3 
91 % 

(259) 

(260) 

OCOP\/\\ 

LNi {P(OEt)a}4] 0 9 8 % 

amines222 as well as chlorides undergo similar coupling reactions (equation 261). Allyl-S 
and -Se bonds are more reactive than the C(sp2)-S and -Se bonds (equation 262)334. 

(CH2)aPh 
[NiClp(dppp)] Ph 

e. Polyfunctional compounds 

Chemoselective coupling of polyfunctional compounds is of current synthetic interest. 
Nickel-catalysed Grignard coupling reactions of aromatic polyhalides, in contrast to 
similar palladium-catalysed coupling reactions202, tend to result in the complete 
alkylation of all the halogen atoms present202.263.295. In  the presence of [Ni(acac),] a t  low 
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temperatures, however, a highly selective monoalkylation of I13,5-trichlorobenzene can 
be achieved; the subsequent Grignard coupling reaction under the usual conditions leads 
to the formation of trialkylbenzenes with different alkyl groups (equation 263)76. 
Monoalkylation of dichloroarenes is catalyzed by [ N i ( t r i p h o ~ ) ] P F , ~ ~ ~ " .  

C' 

5 2 % 

C,oH2, -n  

n-CloH, ,MgBr  

"ickddppdl * 
n-CloH2 I 

73 % 

(263) 

Monoalkylation of ( E ) -  and (Z)-l,2-dichloroethylene by Grignard 
alkenylaluminium reagents244 forms alk-1-enyl chloride selectively (equation 264). 

or 

8 0 % 

(264) 

Certain substituents can either activate or deactivate specifically one adjacent 
functional group in polyfunctional compounds. Thus, an oxazolinyl group activates the 
ortho-chlorine atom in aromatic dichlorides, a stepwise Grignard coupling being possible 

61 

QfMO 
Cl 
8 0 % 

(equation 265)24'. In the Grignard coupling reaction of ketene dithioacetals, one sulphide 
group is deactivated by the cis substituent (equation 266)332. A chemoselective 

SEt 

MeMgBr 

[NiClz(dppp)] * SEt 
hSEt E t M p B r  

[NiClz(dppp)]+ 
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monoalkylation of two unlike leaving groups, e.g. Br>CI  >SR,  is also useful for 
aromatic3'' and olkfinicg2 systems (equations 267 and 268). 

The Grignard coupling reactions of a-bromoenol ethers generally stop cleanly at the 
monocoupling stage to provide new routes to a-substituted carbonyl derivatives 

Me c y clome n aldehyde 

5 8 % 

(270) 

(equations 269 and 270)296-297. An allylic ether is more reactive than alkenyl sulphides 
(equation 271)277. 

2. Asymmetric Grignard cross-coupling reactions 

Catalytic asymmetric carbon-carbon bond formation can be achieved using optically 
active phosphine ligands in the nickel catalysts. Three types of asymmetric coupling 
reactions have been reported. The first is an asymmetric coupling of secondary alkyl 
Grignard reagents with aryl and alkenyl halides through a kinetic resolution of racemic 
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sec-alkyl Grignard reagents, a chiral centre being present on the organometallic side. The 
second is an asymmetric coupling of allylic ethers and homoallyl halides with achiral 
Grignard reagents through the formation of q3-allyl-nickel intermediates, a chiral centre 
being induced on the electrophilic substrates. The third is an asymmetric synthesis of 
biaryl atropisomers. Several reviews have already appeared'0g-' 

a. Asymmetric coupling of sec-alkyl Grignard reagents 

The type of asymmetric coupling reaction shown in Scheme 7 has been most extensively 
studied. Various types of chiral ligands have been examined for the coupling of 
(I-phenylethyl)magnesium chloride with vinyl bromide (equation 272)"2.1 1 7 ~ 1 1 y - 1 2 1 .  

Representative results are listed in Table 3, where the enantiomeric excess, the configur- 
ation of the coupling product, and references are shown beside the chiral ligand employed. 

PhMeCHMgCl + CH,=CHBr - PhMeCHCH=CH, 

Results obtained with a series of ferrocenylphosphines and aminoalkylphosphines 
indicate that the amino group on the phosphine ligand is the first requisite for high 
stereoselectivity and that the surroundings around the nitrogen atom, rather than the 
phosphorus atom, exert a strong effect on the stereoselectivity, even reversal of the 
preferred configuration being observed. The methoxy group also has nearly the same 
efficiency as the dimethylamino group. The important role of the amino or alkoxy group 
may be visualized by its strong ability to coordinate with the magnesium atom in the 
Grignard reagent as shown in Scheme 8. 

Whereas ( I  -phenylethyl)magnesium chloride also couples with other alkenyl bromides 
to form optically active products of higher than 50% ee (equation 273)"', asymmetric 
coupling of 2-butylmagnesium chloride with vinyl bromide in the presence of the same 
chiral ligand gives only moderate optical purity (equation 274)' ". Asymmetric coupling 

(272) 
[NIL*] 

PhTPh (273) 
(S1-W)- ppfa  /NiC12 PhMeCHMgCl -+ PhmBr 

Me' H 

30% ee ( R )  

of 2-butylmagnesium halides with aromatic halides has also been studied in detail by use of 
several chiral homologues of dppe, such as prophos and norphos (see Table 3), as 
l i g a n d ~ ~ ~ .  Optical yields up to 50% ee have been obtained with little influence of the 
substituents on the chiral ligand, but with great influence of the nature of the halides in 
both the Grignard reagent and the organic halide to such an extent that the configuration 
of the product can be reversed (equation 275)56. 

yPh (- 1 - nor p ho I / N iCI /yMgX + PhX' 

M i  H 
X =  X'= C I  2 6 . 7 %  e e  ( R )  
X =  X'= Br 5 0 . 7 %  e e  ( R )  

(275) 



TABLE 3. Chiral ligands lor asymmetric coupling reaction (equalion 272) 

R = Me : ( S ) -  a l a p h ~ s ' ~ '  ter t -  leuphos ( S ) -  prophos 

37% e e ( S )  94% e e  ( R ) " '  25% e e  (s)" '  O V ~  eel21 

R =  P r  : (S)-valphos 
8 I % e e ( S )  

R=PhCH2:(S)-phephas 
71% e e  ( S )  
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SCHEME 8 

Grignard reagents which d o  not undergo racemization are kinetically resolved by 
asymmetric coupling in the presence of a chiral catalyst, the absolute configuration being 
opposite to that of the coupling product (equation 276)’ 14. The nickel-catalysed 

asymmetric cross-coupling between sec-alkyl Grignard reagents with vinyl bromide finds 
many applications in the synthesis of optically and biologically active substances, e.g. 
ol-curcumene (equation 227)298 and 2-arylpropionic acids (anti-inflammatory drugs) 
(equation 278)’18. 

L’= ( S ) - (  R ) - p p f  a: 66% e e ( R )  

L*=(S) -va lphos:  83% e e  ( S )  
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b. Asymmetric Grignard coupling with allylic and homoallylic substrates 

Allylic alcohols (equation 279)46 and ethers (equations 280 and 281)” undergo 
asymmetric Grignard cross-coupling reactions in the presence of chiral phosphinenickel 
catalysts. Two regioisomeric allylic ethers give rise to the same chiral product through the 
formation of common q3-allylnickel intermediates (equation 280). Asymmetric coupling 
of a cyclic allylic ether using a ligand having a C, axis, (-)-(S)-(S)-chiraphos, has afforded 
the highest optical yield ever reported for the catalysed carbon-carbon bond-forming 
reactions (equation 281). 

DT [NiClz ((-)-diop) ] + MeMgBr 

6 Me 

14.9% B e  ( R )  

(279) 

[NiCI, ((S)-(S)-chlraphos}] /\\/\ OPh or 7 + PhMgBr 

OPh H Ph 

5 8 %  B e  ( R )  

(280) 

6 [Nici, (( s I - (  S)-chiraphoa)] 

H 
6 + EtMgBr  

97.7% e e ( R )  

M B A  PPh2 

H 

(-)-(S)-( S)-chirophos 

Another type of asymmetric coupling reaction has been observed in the reaction of 
4-bromobut-I-ene with the phenyl Grignard reagent via alkyl group isomerization 
(equation 282)362 (see also Section III.E, equation 220). The product is the same as that 
obtained via the alternative route shown in equation 272, but has the opposite 
configuration when the same chiral ligand is used (cf. Table 3). 

33% 9 9  ( R )  
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c. Asymmetric synthesis of biaryl atropisomers 

Cross-coupling reaction of (2-methyl-1 -naphthyl)magnesium hromide with 2-rnethyl-l- 
naphthyl bromide proceeds in the presence of chiral phosphinenickel catalysts to give an 
optically active binaphthyl atropisomer of up to 12.5% ee294.299. 

d. Aspects of chiral secondary alkylnickel complexes 

A primary alkyl-nickelacycle undergoes ring contraction in the presence of a chiral 
phosphine ligand, (S)-(S)-chiraphos, to form a kinetically controlled diastereomeric 
mixture of chiral secondary alkyl-nickelacycle enriched in the R-isomer, which undergoes 
thermal epimerization to give a thermodynamically equilibrated mixture enriched in the 
S-isomer of 54% diastereomeric excess (equation 283)255. This is the first observation of 
dynamic behaviour of chiral alkylnickel species by n.m.r. and should be helpful for an 
insight into the machanism of nickel-catalysed asymmetric synthesis. 

n 

(S )-(S)-chiraphos R - isomer S- i some r 

(283) 

3. Nlckel-catalysed conjugate addition of organometalllcs 

Conjugate addition of organo-a lurn in i~ml~~l  3.14.169.25n, -zinc1o6u233 and -zir- 
reagents to a,b-enones is catalysed by [Ni(acac),] alone or by its 1 : l  

mixture with dibah. 
Conjugate addition of alkyl groups has been achieved with trimethylaluminium 

(equation 284)” or organozinc reagents prepared in situ from alkyl halides, zinc bromide, 
and lithium under ultrasonic irradiation233. The latter allows the introduction of even 
tertiary alkyl groups (equation 285)233, whereas tri(isobuty1)aluminium leads to the 
reduction of enones”. Arylzinc reagents also undergo conjugate addition, as exemplified 
by the synthesis of ,&cuparenone (equation 286)Io6. Prostaglandin skeletons have been 

c o n i u m 7  I .  1 9 8 , 2 5 9  

[Ni(acac),] + (Bu’I2Zn 

7 8 % 
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0 0 

p-cuparenone 

synthesized by conjugate addition of alkenylzirconium reagents (equation 287)259. The 
nickel-catalysed conjugate addition of alkynylalanes provides the first procedure which 

CHZO . - k C5Hl l  

[Ni(aeac). ] 

RO 

+ zrLc5Hll dibah 

RO 
( Z r  =Cp2Zr  CI)  

OR 

U 0 

RO’ ‘ /”5’ ’I I 

OR 

permits the introduction of terminal alkynyl group to ordinary s-trans-enones 
(equation 288)258.  These nickel-catalysed procedures have been claimed to be much 
superior in many to the more widely used, traditional copper-induced 

H 

(288) 
[N i (acac)z ]  

d ibah 
+ Me3SiC=CAIMeg 

C 
111 
C 

0 

SiMe3 

70 ‘1- 

conjugate addition. Mechanistic studies show that the real active species may be a Ni(1) 
species which transfers an electron to enones as the first step of the addition”, [Ni(PPh,),] 
being inactive. More detailed discussion will be made in Section 1II.F. 

A similar nickel-catalysed reaction of trimethylaluminium with cyclopropyl ketones 
causes the ring opening (equation 289)”. In connection with these reactions, it may be 
mentioned here that trimethylaluminium undergoes nickel-catalysed addition to ketones 
and nit rile^^*'^-"^. Finally, [Ni(acac),] also catalyses conjugate addition of neutral 
acetylacetone to enones (equation 290)2’ ’. 
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4. Cerbon - heteroatom bond- forming reactions 

The following nickel-catalysed reactions will be described in this section: (a) Grignard 
cross-coupling reactions with hydro-silanes and germanes and (b) cross-coupling of 
organic halides with heteronucleophiles of Groups IV-VII, which include silyl anions, 
amines, phosphines, alcohols, thiols, halides, and cyanides as pseudohalides. 

a. Grignard cross-coupling with hydro-silanes and -gerrnanes 

Hydro-silanes and -germanes couple with Grignard reagents having no /-hydrogens 
in the presence of [NiCI,(PPh,),] or [ N i ( a c a ~ ) , ] ~ ~ ~ ~ ' ~ ~ ~  . The reaction has been considered 
to proceed via the oxidative addition of the Si-H or Ge-H bond to low-valent nickel 
species5'. The stereochemistry at silicon is retained (equation 291)62. In the coupling with 

the crotyl Grignard reagent, a highly stereo- and regio-selective formation of (E)-  
crotylsilanes is attained with [NiCl,(dppf)] as catalyst (equation 292)' 2 2 ,  

b Me SiMePh, 
[NiCl , (dppO]  MgBr + HSiMePh, w w Me 

(15 9 8 % )  
90% 

(292) 

b. Cross-coupling of organic halides with heteronucleophiles 

Aryl and alkenyl halides couple with tris(trimethylsilyl)aluminium in the presence of 
[NiCl,(PPh,),] in dioxane to give the corresponding aryl- and alkenyl-trimethylsilanes 
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(equation 293),1°. Substitution of aryl halides by amines occurs in the presence of nickel 
salts or Ni(0) complexes, but under forcing conditions (equation 294)67. 

85 % 

Quaternary arylphosphonium salts are formed by a nickel-catalysed reaction between 
tertiary phosphines and aryl halides (equation 29S)7.43.3’6 . While ortho-substituents 
usually inhibit the reaction, certain coordinating groups can activate the ortho-halide 
specifically (equation 296)’. A similar nickel-catalysed Arbuzov reaction is observed when 
dialkyl phosphonites or trialkyl phosphites are used (equation 297)20-22.306. In both 
cases, electron-withdrawing substituents on aryl halides retard the reaction316. It has been 

+ Me2N PPh3+Br- 
[NI(PPh3),] 

Me2N+Br + PPh3 €?OH 

8 4 % (297) 

shown that Ni(I1) salts are reduced by P(OEt), to a Ni(0) complex, [Ni{ P(OEt),},], under 
the reaction conditions22. The catalytic mechanism is not clear yet, but an important role 
of Ni(1) species has been discussed316. It should be mentioned here that the phosphonium 
salt formation is the accompanying process in the biaryl synthesis (equation 298),16. 

[ArNiBr(PEt,),] + 3ArBr + ArAr + (ArPEt,+),[NiBr412- (298) 

Substitution reactions of aryl and alkenyl halides by thiolate anionsg7 are also catalysed 
by nickel salts or nickel-phosphine complexes (equation 299)97. It may be mentioned here 
that conversion of alkyl, especially tertiary alkyl, chlorides into the corresponding ethers is 
also catalysed by nickel salts (equation 300)35.36.358. 

(299) 
INiCll I - N P ) I P P ~ J ) I I  

PhCH=CHBr + PhSH NaOH,HIO 1 PhCH=CHSPh 

75% 
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[NI ( a  c ac 12 ] MeomoH Me0 
-k c,A I 2 5  OC Me0 

6 7 % 

(300) 

Transformation of aromatic halides to nitriles by treatment with potassium or sodium 
cyanide is catalysed by nickel-phosphine complexes, most conveniently in the presence of 
phase-transfer catalysts (equation 301)4'.44. A similar cyanation of alkenyl halides cannot 
be induced by this method, but is catalysed by low-valent nickel species generated in situ 
from [NiBr,( PPh,),]/Zn/PPh,/dmf (equation 302)2s3. Although the reaction proceeds 
with retention of configuration with E-isomers, considerable loss of stereochemistry is 
encountered with 2-isomers. Halogen exchange with aryl and alkenyl halides is catalysed 

[NiCI(I-Np)(PPh,),  1 w M e C O a C N  
M e C O a C I  + NaCN (C,H, , ) ,NMOCI/H,O 

0'' + KCN [NiBr,(PPh,),]/Zn d m f  (JCN 

92 % 

by various types of nickel salts or complexes278~280~28'~283~3'7. The exchange can attain 
equilibrium (equation 303)" '. 

(303) 

Conversion of aryl and alkenyl bromides into the iodides can be achieved by in situ 
generated Ni(0) species from NiBr, and zinc in the presence of potassium iodide 
(equation 304)278.280.28', but this process is accompanied by the aryl-aryl homocoupling, 
as mentioned in Section J1I.A; the homocoupling contamination can be eliminated by a 
Ni(l1)-catalysed reaction at elevated temperatures in the absence of zinc (equation 305)280. 

N i  c a t .  

K a . 3  
P h I  + B u 4 N B r  ~ PhBr + B u 4 N I  

NiBr, /Zn 
hmpa/50  OC + 

+ 

81 % 9 % 

(304) 

PhI (305) 
[ N i B r 2 ( P B u S ) p  ] 

PhBr + K I  d m f / l 5 0  O C  

B 8% 

M e O e B r  + P h l  NI c a t .  M e O e I  + PhBr 
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" l  

The nickel catalysis is also effective for redistribution of halogens between two different 
aryl groups (equation 306)3L7. A suggested mechanism for these halogen exchange 
reactions involves a Ni(1)-assisted four-centre process (equation 307)31 '. 

F. Mechanlstlc Considerations 

Of the variety of coupling reactions in the foregoing sections, those which are 
represented by equations 308-31 1 are most typical nickel-mediated reactions. Here we 
consider them altogether from mechanistic standpoints. Detailed mechanistic studies 

T y p e  1 :  

T y p e  3: 

T y p e  5: 

(-Nix] + R X  - wR + Nix2 

2 

RR'  + M-R R - M  + R'X " i X Z L Z 1  . 
(309) 

mainly by Kochi and c ~ w ~ r k e r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Hegedus and  coworker^^^'^^^^, and 
Dayrit and Schwartz7' have suggested that these seemingly completely different reactions 
may be explained by a common mechanism which involves N i ( I ) ~ N i ( I I I )  radical chain 
processes. The generalized catalytic cycles are shown in Schemes 9 and 10. Each of these 
reactions will be discussed briefly. 

The Type 1 reaction (equation 308) may proceed in two steps: the oxidative addition of 
an organic halide to a Ni(0) species (equation 312) and the cross-coupling reaction of the 
resulting organonickel halide with an organic halide (equation 3 13). Thus, the crucial 
carbon-carbon bond-forming step in the Type 1 reaction amounts to the Type 3 
coupling reaction. 

RX + Nio - RNi"X (3 12) 

(3 13) RNi"X + RX - RR + Ni"X, 

The Type 3 reaction may in turn be analysed as follows. In a typical case, an arylnickel(1l) 
halide, e.g. [ArNiBr(PEt,),], gives no biaryl by itself, but undergoes an induced coupling 
on treatment with an aryl bromide to form the coupled biaryI3l6. This coupling reaction 
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NimX 

R-M 

SCHEME 9"' SCHEME 1 0 7 1  

has an induction period and is inhibited by nitroaromatics or other effective suppressors of 
chain reactions involving radical-anion intermediates3I6. A similar inhibition has also 
been observed in the cross-coupling of q3-allylnickel halides with organic halides 
(equation 309)127. The observed inhibition may be associated with the destruction of 
paramagnetic Ni(1) and Ni(II1) species via one-electron oxidation or reduction, respec- 
tively, to form inactive Ni(I1) species. The radical chain process may be initiated by an 
electron transfer from an organonickel(I1) halide to an organic halide. The catalytic cycle 
shown in Scheme 9 represents the propagation steps. The cycle involves the oxidative 
addition of an organic halide to Ni(I), possibly via one-electron transfer, to produce an 
organonickel(II1) halide which undergoes transmetallation with an organonickel(l1) 
halide to form a diorganonickel(II1) species, from which the coupling product is released 
by reductive elimination to regenerate the Ni(1) species, where R-M represents [ArNiXL,] 
or [($-allyl)NiX],. 

The Type 5 reactions, apparently nickel-catalysed reactions, may also proceed through 
the same catalytic cycle187, where R-M represents RMgX, RZnX, etc. Also in conjugate 
addition, Ni(1) species generated from [Ni(acac),]/dibah have been shown to be the real 
catalytically active species, a similar radical chain processes being shown in Scheme lo7'. 

I t  should be emphasized here that the radical chain process in Scheme 9 is not 
necessarily applicable to any kinds of substrate. For example, in the q3-allylnickel 
coupling reactions, alkyl halides afford racemic coupling products (cf. equation 84), 
indicative of the intervention of free alkyl radicals. In those cases alternative radical chain 
processes should be considered, as exemplified by steps shown in Scheme I 1  Iz7. 

Initiation: 

[(C,H,)NiX] + RX + [(C3H7)NiX]+' + R X - '  

Propagation: 

RX- '  +R' + X -  

R' + [(C,H,)NiX] -+ RC,H7 + NIX' 

NIX' + RX + RX-' + N i x +  

SCHEME I I  
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For the nickel-catalysed Grignard cross-coupling reaction of Type 5 ,  an alternative 
mechanism has already been mentioned (Scheme 5) .  It may be noted that whereas in 
Scheme 9 an organic halide undergoes oxidative addition to a Ni(1) species alter reductive 
elimination of a coupling product from a diorganonickel(lI1) species, in Scheme 5 an 
organic halide interacts with a diorganonickel(l1) intermediate to promote reductive 
elimination, which may involve an electron transfer process, as shown already in 
Section 11, Scheme 2. The difference, however, cannot be distinguished experimentally. 

As shown by these examples, the mechanisms have not been fully delineated, but 
Schemes 9 and 10 are still helpful in understanding a rapidly growing list of nickel-induced 
coupling reactions. 

IV. REFERENCES 

I .  Y. Abe, H. Goto, M. Sato, and T. Kato, Chem. Pharm. Bull., 31, 1108 (1983). 
2. Y. Abe, M. Sato. H. Goto, R. Sugawara, E. Takahashi, and T. Kato, Chem. Pharm. Bull., 31,4346 

3. D. Abenhaim, G. Boireau, C. Bernardon, A. Deberly, and C. Germain, Tetrahedron Letf..  993 

4. B. Akermark, H. Johansen. B. Roos, and U. Wahlgren, J. Am. Cheni. Soc., 101, 5876 (1979). 
5. B. Akermark and A. Ljungqvist, J .  Oryanomet. Chem., 182, 59 (1979). 
6. P. Albaugh-Robertson and J. A. Katzenellenbogen, J .  Ory.  Chem., 48, 5288 (1983). 
7. D. W. Allen, 1. W. Nowell, L. A. March, and B. F. Taylor, Tetrahedron Lett., 23, 5479 (1982). 
8. H. Alper, M. Tanaka, and K. Hachem, J. Oryanomet. Chem., 190, 95 (1980). 
9. N. Anton, N. Clos, and G .  Muller, J .  Oryonomer. Chem.. 267, 213 (1984). 

(1983). 

( 1976). 

10. E. C. Ashby and C .  Heinsohn, J. Ory. Chem., 39, 3297 (1974). 
I I .  S. Baba and E. Negishi, J .  Am. Chem. Soc., 98, 6729 (1976). 
12. L. Bagnell, E. A. Jeffery, A. Meisters, and T. Mole, Ausr. J .  Chem., 27, 2577 (1974). 
13. L. Bagnell, E. A. JelTery, A. Meisters, and T. Mole, Ausr. J. Chem., 28, 801 (1975). 
14. L. Bagnell, A. Meisters, and T. Mole, Aust. J. Chem., 28, 817 (1975). 
IS. L. Bagnell, A. Meisters, and T. Mole, Aust. J .  Chem., 28, 821 (1975). 
16. R. Baker, Chem. Reu., 73, 487 (1973). 
17. R. Baker, B. N. Blackett. R. C. Cookson, R. C. Cross, and D. P. Madden J. Chem. Soc.. Chem. 

Cornmun., 343 (1  972). 
18. R. Baker, P. Bevan, and R. C. Cookson, J. Chem. SOC. Chem. Commun., 752 (1975). 
19. A. C. Balazs, K. H. Johnson, and G .  M. Whitesides, Inory. Chem.. 21, 2162 (1982). 
20. T. M. Balthazor, J .  A. Miles, and 8.  R. St~l ts .  J. Ory.  Chem., 43, 4538 (1978). 
21. T. M. Balthazor, J. Org. Chem., 45, 2519 (1980). 
22. T. M. Balthazor and R. C. Grabiak, J .  Ory. Chem., 45, 5425 (1980). 
23. D. E. Bergstrom, Nucleosides Nucleorides, 1, I (1982). 
24. D. E. Bergstrorn and P. Anantha Reday, Tetrahedron Lett., 23, 4191 (1982). 
25. M. Beroari, P. Kovacic, S. Gronowitz, and A.-B. Hornkldt ,  J. Polym. Sci. .  Polym. Lett. Ed., 19, 

26. C. Bianchini and A. Meli, J. Chem. Soc., Chem. Commun.. 1309 (1983). 
27. P. Binger and M. J. Doyle, J .  Oryanomer. Chem., 162, 195 (1978). 
28. M. Boya, M. Moreno-Manas and M. Prior, Tetrahedron Lett., 1727 (1975). 
29. P. S. Braterman and R. J. Cross, Chem. SOC. Reu., 2, 271 (1973). 
30. J .  Browning, M. Green, J. L. Spencer, and F. G .  A. Stone, J .  Chem. Soc., Dalton Trans.,  97 (1974). 
31. J.-J. Brunet, D. Besazzi, A. Courtois, and P. Caubere. J .  Am. Chem. Soc.. 104, 7030 (1982). 
32. H. Brunner and M. Proebster, J .  Orgonomet. Chem.. 209, CI (1981). 
33. B. L. Buckwalter, 1. R. Burlitt, H. Felkin, M. Joly-Goudket, K. Maemura, M. F. Salomon, E. 

34. 8.  Biissemeier, P. W. Jolly, and G. Wilke, J. Am. Chem. Soc.. 96. 4726 (1974). 
35. F. Camps, J. Coll, A. Messeguer, M. A. Pericas, and S. Ricart, Synrhesis, 126 (1979). 
36. F. Camps, J. Coll. and J .  M. Moreto, Synthesis, 187 (1982). 
37. A. M. Caporusso, G .  Giacomelli, and L. Lardicci, J .  Org. Chem.. 47. 4640 (1982). 

347 (1981). 

Wenkert. and P. M. Wovkulick, J. Am. Chem. Soc., 100, 6445 (1978). 



9. Use of organonickel compounds in organic synthesis 88 1 

38. E. Carmona, E. Gutierrez-Puebla, A. Monge, J. M. Marin, M. Paneque, and M. L. Poveda, 

39. F. H. Carre and R. J. P. Corriu, J .  Organomet. Chem., 74, 49 (1974). 
40. J. Carvajal, G.  Muller, J. Sales, X. Solans, and C. Miravitlles., Organometallics, 3, 996 (1984). 
41. L. Cassar. J. Organomel. Chem., 54. C57 (1973). 
42. L. Cassar, G. P. Chiusoli, and F. Guerrier, Synthesis, 509 (1973). 
43. L. Cassar and M. Foa, J. Organomet. Chem., 74, 75 (1974). 
44. L. Cassar, M. Foa. F. Montanari, and G .  P. Marinelli, J. Organomer. Chem., 173, 335 (1979). 
45. P. Caubere, Angew. Chern.. Int .  Ed. Engl. ,  22, 599 (1983). 
46. M. Cherest, H. Felkin, J. D. Umpleby, and S. G. Davies, J .  Chem. Soc.. Chem. Commun.. 681 

( I  98 I). 
47. G. P. Chiusoli, M. Costa, G. Pecchini, and G. Cometti, Transition M e t .  Chem., 2, 270 (1977). 
48. G. P. Chiusoli, G. Salerno, U. Bersellini, F. Dallatomasina, and S .  Preseglio, Transition Met .  

49. C. Chuit, H. Felkin, C. Frajerman, G. Roussi, and G .  Swierczewski, -1. Orgonomet. Chem., 127, 

50. R. L. Clough, R. Mison, and J. D. Roberts, J. Ory. Chem., 41, 2252 (1976). 
51. E. Colomer, R. J. P. Corriu, and B. Meunier, J. Organomet. Chem., 71, 197 (1974). 
52. G.  Consiglio and C. Bottegi, Helu.  Chim. Acts, 56, 460 (1973). 
53. G .  Consiglio, F. Morandini, and 0. Piccolo, Helu. Chim. Acta, 63, 987 (1980). 
54. G.  Consiglio, F. Morandini, and 0. Piccolo, J .  Am. Chem. Soc., 103, 1846 (1981). 
55 .  G. Consiglio, F. Morandini, and 0. Piccolo, J .  Chem. Soc.. Chem. Commun., I12 (1983). 
56. G. Consiglio, F. Morandini, and 0. Piccolo, Tetrahedron, 39, 2699 (1983). 
57. E. J. Corey and M. F. Semmelhack, J. Am. Chem. Soc., 89, 2735 (1967). 
58. E. J. Corey and L. S. Hegedus, J .  Am. Chem. Soc., 91, 1233 (1969). 
59. E. J. Corey and L. S. Hegedus, J. Am. Chem. Soc., 91,4926 (1969). 
60. E. J. Corey and H. A. Kirst, J .  Am. Chem. Soc., 94, 667 (1972). 
61. R. J. P. Corriu and J. P. Masse. J .  Chem. SOC.. Chem. Commun., 144 (1972). 
62. R.  J. P. Corriu, J. P. Masse, and B. Meunier. J. Orgonomet. Chem., 55, 73 (1973). 
63. F. A. Cotton, B. A. Frenz, and D. L. Hunter, J. Am. Chem. Soc., %, 4820 (1974). 
64. D. J .  Cram, G. M. Lein. T. Kaneda. R. C. Helgeson, C. B. Knobler, E. Maverick, and K. N. 

65. D. J .  Cram, M. deGrandpre, C. P. Knobler, and K. N. Trueblood, J .  Am. Chem. Soc., 106,3286 

66. D. J. Cram, I .  B. Dicker, M. Lauer, C. B. Knobler, and K. N. Trueblood J. Am. Chem. Soc., 106, 

67. R. Cramer and D. R. Coulson, J. Org. Chem., 40, 2267 (1975). 
68. E. A. Cuellar and T. Marks, Inorg. Chem., 20, 3766 (1981). 
69. T. Cuvigny and M. Julia, J.  Organomel. Chem., 250, C21 (1983). 
70. W. G.  Dauben, G. H. Beasley, M. D. Broadhurst, B. Muller, D. J. Peppard, P. Pesnele, and C. 

71. R. M. Dayrit and J. Schwartz, J. Am. Chem. Soc., 103, 4466 (1981). 
72. R. Del Rosario and L. S. Stuhl, Tetrahedron Lett., 23, 3999 (1982). 
73. R. J. dePasquale, J. Chem. Soc.. Chem. Cnmmun., 157 (1973). 
74. C. Descoins, M. Lettere, G. Linstrumelle, D. Michelot, and V. Ratovelomanana, Syrith. 

75. J. G .  Duboudin, B. Jousseaume, and A. Bonakbar, J. Orgonomet. Chem.. 168, 227 (1979). 
76. K. C. Eapen, S. S. Dua, and C. Tamborski, J. Org. Chem., 49, 478 (1984). 
77. J. J.  Eisch and K. R. Im, J. Organomet. Chem., 139, C51 (1977). 
78. J. J. Eisch. Pure Appl. Chern., 56, 35 (1984). 
79. J.-L. Fabre, M. Julia, and J.-N. Verpeaux, Tetrahedron Lett., 23, 2469 (1982). 
80. D. R.  Fahey, J. Am. Chem. Soc., 92, 402 (1970). 
81. D. R. Fahey and J .  E. Mahan, J .  Am. Chem. Soc., 98, 4499 (1976). 
82. D. R. Fahey and J. E. Mahan, J .  Am. Chem. Soc., 99, 2501 (1977). 
83. J. F. Fauvarque and A. Jutand. J .  Organomel. Chem.. 132, C17 (1977). 
84. J. F. Fauvarque and A. Jutand, J .  Organomet. Chem., 209, 109 (1981). 
85. J. F. Fauvarque, C. Chevret, A. Jutand, M. Francois, and J. Perichon J. Organornet. Chem., 264, 

Organometallics, 3, 1438 (1984). 

Chem., 3, 174 (1978). 

371 (1977). 

Trueblood, J. Am. Chem. Soc., 103, 6228 (1981). 

( 1984). 

7 I50 (1  984). 

Suter, J. Am. Chem. Soc., 97, 4993 (1975). 

Commun., 14, 761 (1984). 

273 (1984). 



882 K. Tamao and M. Kumada 

86. G. Favero, A. Morvillo, and T. Turco, J. Organomet. Chem., 162, 99 (1978). 
87. G. Favero. A. Morvillo, and A. Turco. J. Orgonomet. Chem., 241, 251 (1983). 
88. G. Favero and A. Morvillo, J. Oryonomet. Chem., 260, 363 (1984). 
89. H. Felkin and G. Swierczewski, Tetrahedron, 31, 2735 (1975). 
90. H. Felkin, E. Jampel-Costa, and G.  Swierczewski, J .  Orgonomet. Chem., 134, 265 (1977). 
91. H. Felkin, M. Joly-Goudket, and S. G. Davies, Tetrahedron Lett., 22, 1157 (1981). 
92. V. Fiandanese, G.  Marchese, F. Naso, and L. Ronzini, J .  Chem. SOC.. Chem. Commun., 647 (1982). 
93. V. Fiandanese, G.  Marchese, and Ronzini, Tetrahedron Lett.. 24, 3677 (1983). 
94. E. 0. Fischer and G.  Burger, Chem. Ber., 94, 2409 (1961). 
95. T. C. Flood and A. Sarhangi, Tetrahedron Lett., 3861 (1977). 
96. M. Foa and L. Cassar, J. Chem. SOC.. Dalton Trans., 2572 (1975). 
97. M. Foa, R. Santi and F. Garavaglia, J. Oryanomet. Chem., 206, C29 (1981). 
98. Y. Fujioka, Bull. Chem. SOC. Jpn., 57, 3494 (1984). 
99. S. Fukuoka, M. Ryan, and S. Tsutsumi, J .  Ory. Chern., 36, 2721 (1971). 
100. J. Furukawa, A. Matsurnura, Y .  Matsuda, and J.  Kiji, Bull. Chem. SOC. Jpn . ,  49, 829 (1976). 
101. K. Furuta, Y. Ikeda, N. Meguriya, N. Ikeda, and H. Yamamoto, Bull. Chem. SOC. Jpn . ,  57,2781 

102. M. C. Gallazzi, L. Porri, and G. Vitulli, J. Orgonomet. Chem., 97, 131 (1971). 
103. G. Giacomelli and L. Lardicci, Tetrahedron Lett., 2831 (1978). 
104. C. Gosden and D. Pletcher, J .  Oryonomet. Chem., 186,401 (1980). 
105. T. Goto, M. Onaka, and T. Mukaiyama, Chem. Lett . ,  51 (1980). 
106. A. E. Greene, J.-P. Lansard, J.-L. Luche, and C. Petrier. J .  Ory. Chem., 49, 931 (1984). 
107. R. H. Grubbs, A. Miyashita, M. Liu, and P. Burk, J. Am. Chem. Soc., 100, 2418 (1978). 
108. I. Hashirnoto, N. Tsuruta, M. Ryang, and S. Tsutsumi, J. Org. Chem.. 35, 3748 (1970). 
109. T. Hayashi, in Asymmetric Reuctions and Processes in Chemistry(Eds. E. L. Eliel and S. Otsuka), 

110. T. Hayashi, M. Konishi, K. Yokota, and M. Kumada, Chem. Lett., 767 (1980). 
1 I I .  T. Hayashi, Y. Katsuro, and M. Kumada, Tetrahedron Lett., 21, 3915 (1980). 
112. T. Hayashi, N. Nagashima, and M. Kumada, Tetrahedron Lett.. 21, 4623 (1980). 
113. T. Hayashi, T. Fujiwa, Y .  Katsuro, and M. Kumada, Synthesis, 1001 (1981). 
114. T. Hayashi, K. Kanehira, T. Hioki. and M. Kumada, Tetrahedron Lett., 22. 137 (1981). 
1 IS. T. Hayashi, Y. Katsuro, Y. Okamoto, and M. Kumada, Tetrahedron Lett., 22, 4449 (1981). 
116. T. Hayashi, M. Konishi, K. Yokota, and M. Kumada, J .  Chem. Soc.. Chem. Commun.. 313 (198 I). 
117. T. Hayashi, M. Konishi. T. Hioki, M. Kumada, A. Ratajczak, and H. Niedbala, Bull. Chem. SOC. 

118. T. Hayashi and M. Kumada, Acc. Chem. Res.. 15, 395 (1982). 
119. T. Hayashi, M. Konishi, M. Fukushima, T. Mise, M. Kagotani, M. Tajika, and M. Kumada. J. 

120. T. Hayashi, K. Kabeta, 1. Hamachi, and K. Kumada, Tetrahedron Lett., 24, 2865 (1983). 
121. T. Hayashi, M. Konishi, M. Fukushima, K. Kanehira, T. Hioki. and M. Kurnada,J. Org. Chem., 

122. T. Hayashi, K. Kabeta, and M. Kumada, Tetrahedron Lett., 25, 1499 (1984). 
123. T. Hayashi, M. Konishi. Y .  Kobori, M. Kumada, T. Higuchi, and K. Hirotsu, J .  Am. Chem. Soc., 

124. K. P. Healy and D. Pletcher, J .  Orgonomet. Chem., 161, 109 (1978). 
125. L. S. Hegedus, J .  Organomet. Chem. Library, I ,  329 (1976). 
126. L. S. Hegedus and R. K. Stiverson, J. Am. Chem. Soc., 96, 3250 (1974). 
127. L. S. Hegedus and L. L. Miller, J .  Am. Chem. Soc., 97, 459 (1975). 
128. L. S. Hegedus. S. D. Wagner. E. L. Waterman, and K. Shiirala-Hansen, J. Org. Chem., 40, 593 

129. L. S. Hegedus, G. F. Allen, and E. L. Waterman, J .  Am. Chem. Soc., 98, 2674 (1976). 
130. L. S. Hegedus, B. R. Evans, D. E. Korte, E. L. Waterman, and K. Sjoberg, J. Am. Chem. Soc., 98, 

131. L. S. Hegedus and S. Varaprath, Oryanometallics. I ,  259 (1982). 
132. L. S. Hegedus and R. Tarnura, Oryanometallics, I ,  1188 (1982). 
133. A. Herrera. H. Hoberg, and R. Mynott, J. Oryanomet. Chem., 222, 331 (1981). 
134. A. Herrera and H. Hoberg, Synthesis, 831 (1981). 
135. M. Hidai, T. Kashiwagi, T. Ikeda, and Y. Uchida, J .  Organomet. Chem., 30, 279 (1971). 

(1 984). 

ACS Symp. Ser., No. 185, American Chemical Society, Washington, DC, 1982, Chapter 12. 

Jpn . ,  54, 3615 (1981). 

Am. Chem. Sor., 104. 180 (1982). 

48, 2195 (1983). 

106, 158 (1984). 

(I  975). 

3901 (1976). 



9. Use of organonickel compounds in organic synthesis 883 

136. B. Hipler and  E. Uhlig, J. Organornet. Chem., 199, C27 (1980). 
137. B. Hipler and  E. Uhlig, Z .  Anorg. Allg.  Chem., 510, I I  (1984). 
138. H. Hoberg, D. Schaefer. and  G. Burkhart ,  J .  Orgonomer. Chem., 228, C21 (1982). 
139. H.  Hoberg and  B. W. Oster, J .  Organomel. Chem., 234, C35 (1982). 
140. H. Hoberg and  D. Schaefer, J. Orgonomet. Chem., 238, 388 (1983). 
141. H. Hoberg and  B. W. Oster,  J. Oryonomet. Chem., 252, 359 (1983). 
142. H. Hoberg and  K. Siimmermann, J. Orgammer. Chem., 253, 383 (1983). 
143. H. Hoberg and  K. Siimmermann. J .  Orgonomet. Chem., 264, 379 (1984). 
144. H. Hobcrg. D. Schaefer, G. Burkhart, C. Kruger, and  M. J. Romao. J. Orgonomet. Chem., 266, 

145. H. Hobcrg, D. Schaefer, and  B. W. Oster, J .  Organomel. Chem., 266, 313 (1984). 
146. H. Hoberg and B. W. Oster, J .  Organomel. Chem., 266, 321 (1984). 
147. H. Hoberg and  K. Siirnrnermann, J. Orgonomer. Chem.. 275, 239 (1984). 
148. R. W. HoNmann and  B. Landrnann, Terrohedron Lett., 24, 3209 (1983). 
149. A. Hosomi, M.  Saito, and H. Sakurai, Tefrahedron Leu., 429 (1979). 
150. J.  M. Huggins and  R. G. Bergrnan, J .  Am. Chem. SOC., 103, 3002 (1981). 
151. E. Ibuki, S. Ozasa,  Y. Fujioka, M .  Okada,  and  K. Terada, Bull. Chem. Soc. Jpn . ,  53,821 (1980). 
152. E. Ibuki. S. Ozasa, Y. Fujioka, a n d  Y. Yanagihara,  Chem. Phorm. Bull., 30, 802 (1982). 
153. E. Ibuki, S. Ozasa, Y. Fujioka. M .  Okada ,  and  Y. Yanagihara, Chem. Phorm. Bull., 30, 2369 

154. Y. Ikeda, J. Ukai, N.  Ikcda, and  H. Yamamoto,  Terrahedron Letr., 25, 5177 (1984). 
155. S. Inaba and  R. D. Rieke, Terrohedron Left., 24, 2451 (1983). 
156. S. lnaba and  R. D. Rieke, Synrhesis, 842 ( I  984). 
157. S. lnaba and  R. D. Rieke, Synthesis, 844 (1984). 
158. S. Inaba, H. Matsumoto, and  R. D. Rieke, J .  Org. Chem., 49, 2093 (1984). 
159. S. Inoue, K. Saito, K. Kato,  S. Nozaki, and K. Sato, J. Chem. Soc., Perkin Trans. I ,  2097 (1974). 
160. S. Inoue, R. Yamaguchi, K. Saito, and K. Sato, Bull. Chem. Soc. J p n . ,  47, 3098 (1974). 
161. Y. Inoue, Y. Itoh, H. Kazama, and H. Hashimoto, Bull. Chem. Soc. Jpn. ,  53, 3329 (1980). 
162. L. S. Isaeva, L. N.  Morozova, V. V. Bashilov, P. V. Petrovskii, V. I .  Sokolov and  0. A. Reutov, 

J .  Organomer. Cheni., 243, 253 (1984). 
163. J. Ishizu, T. Yamamoto, and A. Yamamoto, Chem. Lert., 1091 (1976). 
164. K. Isobc, Y. Nakamura,  and  S. Kawaguchi, Chem. Lett., 1383 (1977). 
165. Y. Ito, M. Nakatsuka, and  T. Saegusa, J. Am. Chem. Soc., 103, 476 (1981). 
166. K .  Itoh. T. Yoga. and Y. Ishii, Chem. Letr., 103 (1977). 
167. M. lyoda. S. Tanaka,  M.  Nose, and M. Oda ,  J .  Chem. Soc.. Chem. Commun., 1058 (1983). 
168. M. lyoda, M. Sakaitani, T. Miyazaki, and M. Oda,  Chem. Lett., 2005 (1984). 
169. E. A. JeNery. A. Meisters. and T. Mole, J. Organornet. Chem., 74, 365 (1974). 
170. E. A. Jeffery, A. Meisters. and T. Mole, Ausr. J .  Chem., 27, 2569 (1974). 
171. P. W. Jcnnings, D. G. Pillsbry, J .  L. Hall, and V. T. Brice, J. Org. Chem., 41, 719 (1976). 
172. P. W. Jolly. in Comprehesiue Orgo~ionrerallic Cheniisrry (Eds. G. Wilkinson, F. G .  A. Stone and  

173. P. W. Jolly, in Comprehensiue Orgationierallic Chemi.srrg(Eds. G. Wilkinson, F. G .  A. Stone and  

174. P. W. Jolly and G. Wilke, The Organic Chemisrry ofNickel, Vols. I and  11, Academic Press, New 

175. M. Julia and J.-N. Verpeaux, Terrahedron Lerr..  23, 2457 (1982). 
176. Y. Kajihara. K. Ishikawa, H. Yasuda, and  A. Nakamura,  Bull. Chern. Soc. Jpn. ,  53, 3035 (1980). 
177. H. Kanai, Y. Nishiguchi, and H. Matsuda, Bull. Chem. Soc. Jpn., 56, 1592 (1983). 
178. A. V. Kavaliunas, A. Taylor,  and  R. D. Rieke, Oryonomerallics, 2, 377 (1983). 
179. A. S. Kende, L. S. Liebeskind, and D. M.  Braitsch, Tetrahedron Lerr., 3375 (1975). 
180. A. S. Kende. R. Greenhouse,  and J .  A. Hill, Terrohedron Lerr., 2867 (1979). 
181. I .  Khoury. P. Kovacic. and  H. M. Gilov. J .  Polym. Sci.. Po/ym. Letr. Ed., 19. 395 (1981). 
182. Y. Kiso. Dissertation. Kyoto University (1974). 
183. Y. Kiso, K.  Tamao, and  M. Kumada,  J .  Orgommier. Chern., 50, C12 (1973). 
184. Y. Kiso, K.  Tamao,  N.  Miyake, K .  Yamamoto, and M.  Kumada,  Tcrrahedron Let!. ,  3 (1974). 
185. H.-F. Klein and  H. H. Karsch, Chem. Bet-., 109, 2524 (1976). 
186. T. Klingstedt and  T. Frejd, Organomt.tn//ics, 2, 598 (1983). 
187. J .  K. Kochi,  Or~qonornerallic Mechanisms and Curalysis, Academic Press, New York, (1978). 

203 (1984). 

(1 982). 

E. W. Abel), Vol. 6, Pergiimon Press, Oxford, 1982, Chapter  37.4, p. 37. 

E. W. Abel). Vol. 8, Pergiimon Press, Oxford 1982, Chapters 56.1-56.6, pp. 613-797. 

York, 1974. 1975. 



K. Tamao and M. Kumada 

J. K. Kochi, Pure Appl. Cheni., 52. 593 (1980). 
T. Kohara, T. Yamamoto, and A. Yamamoto, J. Oryanomer. Chem.. 192. 265 (1980). 
K. Komatsu, N. Abe, K. Takahashi, and K. Okamoto, J. Ory. Cheni.. 44. 2712 (1979). 
S. Komiya, Y. Abe, A. Yamamoto. and T. Yamamoto. Orga~iomerollits. 2. 1466 (1983). 
D. E. Korte, L. S. Hegedus, and R.  K. Wirth, J. Ory. Chem., 42, 1329 (1977). 
M. Kumada, Pure Appl. Chem., 52, 669 (1980). 
M. Kumada, K. Tamao. and K. Sumitani, Ory. Symh. ,  58. 127 (1978). 
E. R. Larson and R. A. Raphael, Tetrahedron Lerr., 5041 (1979). 
M. Lemaire, J. Buter. B. K. Vriesema, and R. M. Kellog, J. Cheni. Soc.. Cheni. Cornmuti., 309 
( I  984). 
J. W.-P. Lin and L. P. Dudek, J. Polym. Sci.. Polyni. Chern. Ed., 18, 2869 (1980). 
M. J. Loots and J. Schwartz, J .  Am. Chem. Sot.. 99, 8045 (1977). 
B. Loubinoux, R. Vanderesse. and P. Caubere, Terrahedron Letr.. 3951 (1977). 
H. Matsumoto, S.-I. Inaba, and R. D. Rieke. J. Ory. Cheni., 48, 840 (1963). 
A. A. Millard and M. W. Rathke, J .  Am. Chem. Soc.. 99, 4833 (1977). 
A. Minato, K. Tamao, T. Heyashi, K. Suzuki, and M. Kumada, Terrahedron Lerr., 21, 845 
( I  980). 

884 

188. 
189. 
190. 
191. 
192. 
193. 
194. 
195. 
196. 

197. 
198. 
199. 
200. 
201. 
202. 

203. 
204. 

A. Minato, K. Tamao, K. Suzuki, and M. Kumada, Terrahedron Lerr.. 21. 4017 (1980). 
R. H. Mitchell, M. Chaudhary, T. W. Dingle, and R. V. Williams, J .  Am. Chem. Sor., 106, 7776 
(1 984). 

205. M. Mori and Y. Ban, Tetrahedron Lerr., 1807 (1976). 
206. M. Mori and Y. Ban, Hererocycles, 9, 391 (1978). 
207. M. Mori, Y. Hashimoto, and Y. Ban, Terrahedron Lerr., 21, 631 (1980). 
208. D. G. Morrell and J. K. Kochi, J. Am. Chem. Soc.. 97, 7262 (1975). 
209. A. Morvillo and A. Turco, J. Oryanomer. Chem., 208, 103 (1981). 
210. A. Morvillo and A. Turco, J .  Oryanomet. Cheni., 244, 387 (1982). 
211. E. Negishi, Pure Appl. Chem.. 53, 2333 (1981). 
212. E. Negishi, Acc. Chem. Res., 15, 340 (1982). 
213. E. Negishi and S. Baba, J. Chem. Soc.. Chem. Commun., 596 (1976). 
214. E. Negishi, A. 0. King, and N. Okukado, J .  Ory. Chem., 42, 1821 (1977). 
215. E. Negishi and D. E. Van Horn, J. Am. Chem. Sor., 99, 3168 (1977). 
216. E. Negishi, F.-T. Luo, and C. L. Rand, Terrahedron Lerr., 23, 27 (1982). 
217. J. H. Nelson, P. N. Howells, G. C. DeLullo, G. L. Landen, and R. A. Henry, J. Org. Chem., 45. 

218. R. Noyori, I. Umeda, H. Kawaguchi, and H. Takaya, J .  Am. Chem. Soc., 97, 812 (1975). 
219. K. Ogura, M. Wada, and N. Sonoda, J. Oryanomer. Chem.. 165, CIO (1979). 
220. A. Ohsawa, Y. Abe, and H. Igeta, Chem. Pharm. Bull., 26, 2550 (1978). 
221. H. Okamura, M. Miura, and H. Takei, Terrahedron Left., 43 (1979). 
222. H. Okamura and H. Takei, Tetrahedron Left., 3425 (1979). 
223. H. Okamura, M. Miura, K. Kosugi, and H. Takei, Tetrahedron Lerr., 21. 87 (1980). 
224. M. Onaka, T. Goto, and T. Mukaiyama, Chem. Letf.. 1483 (1979). 
225. M. Onaka, Y. Matsuoka, and T. Mukaiyama, Chem. Lett., 905 (1980). 
226. M. Onaka, Y. Matsuoka, and T. Mukaiyama, Chem. Left., 531 (1981). 
227. N. J. O’reilly, M. Maruta, and N. Ishikawa, Chem. Lett., 517 (1984). 
228. S. Otsuka, A. Nakamura, T. Yoshida, M. Naruto, and K. Ataka, J. Am. Chem. Soc., 95, 3180 

( 1  973). 
229. P. Papporto, S. Midollini, A. Orlandini, and L. Sacconi, Inory. Chem.. 15, 2768 (1976). 
230. G .  W. Parshall, J .  Am. Chem. Soc., 96, 2360 (1974). 
231. D. J. Pasto, S. K. Chou, A. Waterhouse, R. H. Shults, and G. F. Hennion, J .  Org. Chem., 43, I385 

232. D. J. Pasto and D. K. Mitra, J. Ory. Chem., 47. 1381 (1982). 
233. C. Petrier, J.-L. Luche, and C. Dupuy, Tetrahedron Lerr., 25, 3463 (1984). 
234. 0. Piccolo and T. Martinengo. Synrh. Commun., 11, 497 (1981). 
235. P. Pino and G. Consiglio, Pure Appl. Chem., 55, I78 I ( I  983). 
236. W. Poppitz and E. Uhlig, J .  Oryanomer. Chem., 244, CI (1983). 
237. L. N. Pridgen, J. Hererocycl. Chem.. 12. 443 (1975). 
238. L. N. Pridgen, J .  Heterocycl. Chem., 17, 1289 (1980). 
239. L. N. Pridgen and L. B. Killmer, J .  Ory. Chem., 46, 5402 (1981). 
240. L. N. Pridgen and S. S. Jones, J .  Ory. Cheni., 47, 1590 (1982). 

1246 (1980). 

(1978). 



9. Use of organonickel  compounds in organic  synthesis 885  

241. L. N. Pridgen. J. Org. C/ieni., 47, 4319 (1982). 
242. V. Ratovelomanana and G. Linstrumelle, Terrahedron Letr., 22, 315 (1981). 
243. V. Ratovelomanana and G. Linstrumelle, Synrh. Commun., 14, 179 (1984). 
244. V. Ratovelomanana and G. Linstrumelle, Terrohedron Lett., 25, 6001 (1984). 
244a.G. S. Reddy and W. Tam. Oryanomerallics. 3, 630 (1984). 
245. I. Rhee, M. Ryang, T. Watanabe, H. Omura. S. Murdi, and N. Sonoda, Synrhesis, 776 (1977). 
246. 1. Rhee. M. Ryang, H. Hasegawa, S.  Murai, and N. Sonoda, Chem. Lerr., I5 (1978). 
247. Y. Rollin, G. Meyer, M. Troupel, J. F. Fauvarque, and J. Perichon, J .  Chem. Soc.. Chem. 

248. R. Rossi, A. Carpita, and A. Lezzi, Tetrahedron, 40, 2773 (1984). 
249. I. Ryu, M. Ryang, 1. Rhee, H. Omura, S. Murai, and N. Sonoda, Syntli. Commun., 14, I175 (1984). 
250. C. Sahlberg, A. Quader, and A. Claesson, Tetrahedron Lett., 24, 5137 (1983). 
251. T. Saito, Y. Uchida, A. Misono, A. Yamamoto, K. Morifuji, and S. Ikeda, J .  Am. Chem. Soc., 88, 

5 I98 (1  966). 
252. K. Sato, S. Inoue. and K. Saito, J. Chem. Soc.. Perkin Trans. I ,  2289 (1973). 
253. Y. Sakakibara, N. Yadani. I .  Ibuki, M. Sakai, and N. Uchino, Chem. Lett., 1565 (1982). 
254. K. Sanechika, T. Yamamoto, and A. Yamamoto. J .  Polym. Sci., Polym. Lett. Ed., 20.365 (1982). 
255. K. Sano, T. Yamamoto, and A. Yamamoto, Chem. Lett., 941 (1984). 
256. K. Sano. T. Yamamoto, and A. Yamamoto, Chem. Lett., I15 (1983). 
257. R. A. Schunn, Innrg.  S y i r h . ,  13, 124 (1972). 
258. J. Schwartz. D. B. Carr. R. T. Hansen, and F. M. Dayrit, J .  Org. Chem., 45. 3053 (1980). 
259. J. Schwartz, M. J. Loots, and H. Kosugi, J. Am. Chem. Soc., 102, 1333 (1980). 
260. Y. Seki, S. Murai, M. Ryang. and N. Sonoda, J .  Chem. Soc.. Chem. Commun., 528 (1975). 
261. M. F. Semmelhack, Org. React., 19, 117 (1972). 
262. M. F. Semmelhack, P. M. Helquist, and L. D. Jones, J .  Am. Chem. Soc., 93, 5903 (1971). 
263. M. F. Semmelhack, P. M. Helquist, and J. D. Gorzynski, J .  Am. Chem. Soc., 94, 9234 (1972). 
264. M. F. Semmelhack, R. D. StauNer, and T. D. Rogerson, Tetrahedron Lett., 4519 (1973). 
265. M. F. Semmelhack, B. P. Chong, R. D. StaulTer, T. D. Rogerson, A. Chong, and L. D. Jones, J .  

Am. Chem. Soc., 97, 2507 (1975). 
266. M. F. Semmelhack and L. S. Ryono. J. Am. Chem. Soc., 97, 3873 (1975). 
267. M. F. Semmelhack and E. S. C. Wu, J .  Am. Chem. Soc., 98, 3384 (1976). 
268. M. D. Semmelhack, A. Yamashita, J. C. Tamesch, and K. Hirotsu, J .  Am. Chem. Soc., 100,5565 

(I  978). 
269. M. F. Semmelhack and S. J.  Brickner, J .  Am. Chem. Soc.. 103, 3948 (1981). 
270. M. F. Semmelhack, P. Helquist, L. D. Jones, L. Keller, L. Mendelson. L. S. Ryono. J. G. Smith, 

and R.  D. StauNer, J .  Am. Chem. Soc., 103, 6460 (1981). 
271. M. F. Semmelhack, L. Keller, T. Sato, and E. Spiess, J. Org. Chem., 47. 4382 (1982). 
272. I. Shimizu, Y. Kamei,T.Tazuka,T. Izumi,and A. Kasahara, Bull. Chem. Soc. Jpn.,56,192(1983). 
273. G .  Smith and J. K. Kochi, J .  Orgonomet. Chem., 198, 199 (1980). 
274. G. Solladie and R.  G. Zimmermann, Tetrahedron Lett., 25, 5769 (1984). 
275. J. K. Stille and A. B. Cowell, J .  Orgonomet. Chem., 124, 253 (1977). 
276. P. Stoppioni, A. Biloitti, and R. Morassi, J .  Orgunomet. Chem., 236, I19 (1982). 
277. H. Sugimura and H. Takei, Chem. Lett., 1505 (1984). 
278. K. Takagi, N. Hayama, and S .  Inokawa, Chem. Lett., 1435 (1978). 
279. K. Takagi, H. Hayama, and S. Inokawa. Chem. Lett., 917 (1979). 
280. K. Takagi, N. Hayama, and S. Inokawa, Bull. Chem. Soc. Jpn . ,  53, 3691 (1980). 
281. K. Takagi and N. Hayama, Chem. Lett., 637 (1983). 
282. K. Takagi, N. Hayama. and K. Sasaki, Bull. Chem. Soc. Jpn. ,  57, 1887 (1984). 
283. K. Takagi, H. Minura, and S .  Inokawa. Bull. Chem. Soc. Jpn . .  57. 3517 (1984). 
284. S. Takahashi, Y. Suzuki, and N. Hagihara. Chem. Left., 1363 (1974). 
285. S. Takahashi, Y. Suzuki, K .  Sonogashira, and N. Hagihara, J. Chem. Sac.. Chem. Commun., 839 

286. H. Takaya, T. Suzuki, Y. Kumagai, M. Yamakawa, and R. Noyori, J. Org. Chem., 46, 2846 

287. H. Takei, M. Miura, H. Sugimura, and H. Okamura, Chem. Lett., 1447 (1979). 
288. H. Takei, H. Sugimura, M. Miura, and H. Okamura, Chem. Lett., 1209 (1980). 
289. K. Tamao, K. Sumitani, and M. Kumada, J. Am. Chem. Soc., 94,4374 (1972). 
290. K. Tamao, Y. Kiso, K. Sumitani, and M. Kumada, J .  Am. Chem. Sol:., 94,9268 (1972). 
291. K. Tamao, M. Zernbayashi, Y. Kiso, and M. Kumada, J .  Orgonomet. Chem., 55, C91 (1973). 

Commun.. 793 (1983). 

(1976). 

(I 98 I ) .  



886 

292. K. Tamao. J. Toei, M. Zembayashi, and M. Kumada, unpublished results (1974). 
293. K. Tamao, S. Kodama, T. Nakafsuka, Y. Kiso, and M. Kumada, J. Am. Chem. Soc., 97.4405 

(1975). 
294. K. Tamao, A. Minato, N. Miyake, T. Matsuda, Y. Kiso, and M. Kumada, Chem. Lett., 133 

( I  975). 
295. K. Tamao, K. Sumitani, Y. Kiso, M. Zembayashi, A. Fujioda, S. Kodama, I .  Nakajima, A. 

Minato, and M. Kumada, Bull. Chem. SOC. J p n . ,  49, 1958 (1976). 
296. K. Tamao, M. Zembayashi, and M. Kumada, Chem. Lett., 1237 (1976). 
297. K. Tamao, M. Zembayashi, and M. Kumada, Chem. Lett., 1239 (1976). 
298. K. Tamao, H. Yamamoto, H. Matsumolo, N. Miyake, T. Hayashi, and M. Kumada, 

299. K. Tamao, T. Hayashi, M. Matsumoto, H. Yamamoto, and M. Kumada, Tetrahedron Lett., 

300. K. Tamao, S. Kodama, 1. Nakajima, M. Kumada, A. Minato, and K. Suzuki, Tetrahedron, 38, 

301. K. Tamao, J .  Ishida, and M. Kumada. J .  Ory. Chem., 48, 2120 (1983). 
302. M. Tamura and J. K. Kochi, Bull. Chem. SOC. Jpn . ,  44, 3063 (1971). 
303. M. Tanaka, Synthesis, 47 (1981). 
304. K. Tatsumi, R. Hollmann,A. Yamamoto, and J. K. Stille, Bull. Chem.. Soc. J p n . .  54. 1857( 1981). 
305. K.Tatsumi, A. Nakamura, S. Komiya, A. Yamamoto, and T. Yamamoto, J .  Am. Chmi.  S~JC.. 106, 

8181 (1984). 
306. P. Tavs, Chem. Ber., 103, 2428 (1970). 
307. E. Thorsett and F. R. Stermitz, J .  Heterocycl. Chem., 10, 243 (1973). 
308. M. Tiecco, L. Testaferri, M. Tingoli, D. Chianelli, and E. Wenkert. Tetrahedron Lett., 23,4629 

(1 982). 
309. M. Tiecco, L. Testaferri, M. Tingoli, D. Chianelli, and M. Montanucci, Synthesis, 736 (1984). 
310. B. M. Trost and J. Yoshida, Tetrahedron Lett., 24, 4895 (1983). 
311. B. M. Trost and A. C. Lavoie, J .  Am. Chem. Soc., 105, 5075 (1983). 
312. M. Troupel, Y. Rollin, S. Sibille, J .  F. Fauvarque, and J .  Perichon, J .  Chem. Res. ( S ) ,  26(1980). 
313. M. Troupel, Y. Rollin, S. Sibille, J .  Perichon, and J .  F. Fauvarque, J .  Orgonomet. Chem., 202,435 

314. T. T. Tsou and J. K. Kochi, J .  Am. Chem. Soc., 100, 1634 (1978). 
315. T. T. Tsou and J .  K. Kochi, J. Am. Chem. Soc.. 101, 6319 (1979). 
316. T. T. Tsou and J.  K. Kochi. J .  Am. Chem. SOC., 101, 7547 (1979). 
317. T. T. Tsou and J. K. Kochi, J. Org. Chem., 45, 1930 (1980). 
318. J. Tsuji, I .  Minami, and I. Shimizu, Chem. Lett., 1721 (1984). 
319. M. Uchino, K. Asagi, A. Yamamoto, and S. Ikeda, J. Oryanomrt. Chem., 84, 93 (1975). 
320. S. Uemura and S .  Fukuzawa. Tetrahedron Lett., 23, 1181 (1982). 
321. S. Uemura, S. Fukuzawa, and S. R. Patil, J .  Organornet. Chem.. 243. 9 (1983). 
322. E. Uhlig and W. Poppitz, 2. Anorg. Ally. Chem., 477, 167 (1981). 
323. E. Uhlig and B. Hipler, Tetrahedron Lett., 25, 5871 (1984). 
324. J. Ukai, Y. Ikeda, N. Ikeda. and H. Yamamoto, Tetrahedron Lett., 25, 5173 (1984). 
325. R. Vanderesse, J.-J.  Brunet, and P. Caubere, J .  Orgonomet. Chem., 264, 263 (1984). 
326. M. Wada, K. Kusabe, and K. Oguro, Inory. Chem., 16,446 (1977). 
327. M. Wada, K. Nishizaki, and M. Kumazoe, J. Chem. Soc.. Chem. Commun., 980 (1984). 
328. H. M. Walborsky and R. B. Banks, J .  Org. Chem., 46, 5074 (1981). 
329. J .  A. Walker, S. P. Biller, and F. Wudl, J .  Ory. Chem., 49, 4733 (1984). 
330. E. Wenkert, T. W. Ferreira, and E. L. Michelotti, J .  Chem. Soc.. Chem. Commun., 637 (1979). 
331. E. Wenkert, E. L. Michelotti, and C. S. Swindell, J. Am. Chem. Soc., 101, 2246 (1979). 
332. E. Wenkert and T. W. Ferreira, J .  Chem. Soc.. Chem. Comrnun.. 840 (1982). 
333. E. Wenkert and T. W. Ferreira, Organometallics. I ,  1670 (1982). 
334. E. Wenkert, J. B. Fernandes, E. L. Michelotti, and C. S .  Swindell, Synthesis, 701 (1983). 
335. E. Wenkert, M. H. Leftin, and E. L. Michelotti, J .  Chem. SOC.. Chem. Chem., 617 (1984). 
336. E. Wenkert, E. L. Michelotti, C. S. Swindell, and M. Tingoli, J. Org. Chem., 49. 4894 (1984). 
337. G. M. Whitesides, C. P. Casey, and J. K. Krieger, J .  Am. Chem. Soc., 93, 1379 (1971). 
338. D. A. Whiting and A. F. Wood, Tetrahedron Lett., 2335 (1978). 
339. G. Wilke, B. Bogdanovic, P. Hardt, P. Heimbach, W. Kein, M. Kroner, W.Oberkirch, K.Tanaka, 

K. Tamao and M. Kumada 

Tetrahedron Lett., 1389 (1977). 

2155 (1979). 

3347 (1 982). 

( 1980). 

E. Steinvilcke, D. Walter, and H. Zimmermann, Anyew. Chem., 78, 157 (1966). 



9. Use of organonickel compounds in organic synthesis 887 

340. G. Wilke, J. Oryonomet. Chem., 200, 349 (1980). 
341. G. Wilke, Pure App l .  Chem., 56, 1635 (1984). 
342. T. Yamamoto, A. Yamamoto, and S. Ikeda, J. Am. Chem. Soc., 93, 3350, 3360 (1971). 
343. T. Yamamoto, T. Kohara, and A. Yamamoto, Chem. Lett., 1217 (1976). 
344. T. Yamamoto, T. Saruyama, Y. Nakamura, and A. Yamamoto, Bull. Chem. Soc. Jpn., 49, 589 

345. T. Yamarnoto, Y. Hayashi, and A. Yamarnoto, Bull. Chem. Soc. Jpn . ,  51, 2091 (1978). 
346. T. Yamamoto and A. Yamamoto, Chem. Lett., 615 (1978). 
347. T. Yamamoto, K. Igarashi, S. Komiya, and A. Yamamoto, J .  A m .  Chem. Soc., 102,7448 (1980). 
348. T. Yamamoto, K. Sanechika, and A. Yamamoto, J .  Polym. Sci., Polym. Lett .  Ed., IS, 9 (1980). 
349. T. Yamamoto, J. Ishizu, and A. Yamamoto, J .  Am. Chem. Soc., 103, 6863 (1981). 
350. T. Yamamoto, T. Kohara, and A. Yamamoto, Bull. Chem. Soc. Jpn . ,  54, 2010 (1981). 
351. T. Yamamoto, T. Kohara, and A. Yamamoto, Bull. Chem. SOC. J p n . ,  54, 2161 (1981). 
352. T. Yamamoto, K. Sanechika, and A. Yamamoto, Chem. Lerr., 1079 (1981). 
353. A. Yamamoto, T. Yamamoto, and F. Ozawa, J. Synth. Ory. Chem. J p n . ,  41, 827 (1983). 
354. T. Yamamoto, K. Sanechida, and A. Yamamoto, Bull. Chem. Soc. Jpn . ,  56. 1497 (1983). 
355. T. Yamamoto,T. Kohara, K. Osakada,and A. Yamamoto, Bull. Chem. Soc. Jpn.,56,2147(1983). 
356. A. Yamamoto, T. Yamamoto, S. Komiya, and F. Ozawa, Pure App l .  Chem.,  56, 1621 (1984). 
357 H. Yamanaka, K. Edo, F. Shoji, S. Konn0.T. Sakamoto, and M. Mizugami, Chem. Pharm. Bull.,  

26, 2160 (1978). 
358. M. Yamashita and Y. Takegami, Synthesis, 803 (1977). 
359. H. Yamazaki and N. Hahihara, Bull. Chem. Soc. J p n . ,  37,907 (1964). 
360. E. Yoshisato and S. Tsutsumi, J .  Org. Chem., 33, 869 (1968). 
361. M. Zernbayashi, K. Tarnao, and M. Kumada, Tetrahedron Lett . ,  1719 (1975). 
362. M. Zembayashi, K. Tamao, T. Hayashi, T. Mise, and M. Kumada, Tetrahedron Lett . ,  1799 

363. M. Zembayashi, K. Tamao, J. Yoshida, and M. Kumada, Tetrahedron Lerr., 4089 (1977). 

(1976). 

(1977). 



The Chemistry of the Metal-Carbon Bond. Vol . 4 
Edited by F . R . Hartley 
0 1987 John Wiley & Sons Lid . 

CHAPTER 10 

Transition metal-stabilized 
carbocations in organic synthesis 
A . J . PEARSON 

Department of Chemistry. Case Western Reserve University. Cleveland. Ohio 44106. USA 

I . INTRODUCTION . . . . . . . . . . . . . . . . . . .  
I1 . ROLE OF T H E  TRANSITION METAL I N  CATIONIC COMPLEXES 

111 . q2-ALKENE COMPLEXES . . . . . . . . . . . . . . . .  
A . q2-Alkene Complexes of Iron . . . . . . . . . . . . . .  
B . q2-Alkene Complexes of Palladium . . . . . . . . . . . .  

A . q3-Allylpalladium Complexes . . . . . . . . . . . . . .  
1 . Stoichiometric reactions . . . . . . . . . . . . . . .  
2 . Palladium-catalysed allylic substitution . . . . . . . . . .  

B . q3-Allylmolybdenum Complexes . . . . . . . . . . . . .  
C . q3-Allyliron Complexes . . . . . . . . . . . . . . . .  

V . CATTONIC q4-DIENE COMPLEXES . . . . . . . . . . . .  
A . Complexes of Unconjugated Dienes . . . . . . . . . . . .  
B . Complexes of 1, 3-Dienes . . . . . . . . . . . . . . . .  

VI . CATIONIC q5-DIENYL COMPLEXES . . . . . . . . . . .  
A . Cyclohexenone y-cation Equivalents . . . . . . . . . . . .  

1 . Synthesis of trichothecene analogues . . . . . . . . . . .  
2 . Synthesis of steroids and C-nor-D-homosteroids . . . . . .  
3 . Synthesis of Aspidosperma alkaloids . . . . . . . . . . .  
4 . Synthesis of spirocyclic compounds . . . . . . . . . . .  

a . External nucleophile additions . . . . . . . . . . . .  
b . Intramolecular nucleophilic additions . . . . . . . . .  

8 . Aryl Cation Equivalents . . . . . . . . . . . . . . . .  
C . Control of Relative Stereochemistry Using Dienyliron Complexes . 

VII . PROPARGYL CATIONS STABILIZED BY COBALT . . . . . .  

IV . q3-ALLYL COMPLEXES . . . . . . . . . . . . . . . .  

VIII . ARENE-METAL COMPLEXES . . . . . . . . . . . . . .  

890 
890 
892 
892 
900 
910 
910 
910 
917 
926 
932 
934 
934 
931 
940 
943 
948 
948 
948 
953 
953 
955 
955 
958 
965 
967 



890 A. J. Pearson 

A. Arenemanganese Tricarbonyl Salts. . . . . . . . . . . . .  967 
B. Cyclopentadienyl(arene)iron Complexes . . . . . . . . . . .  97 1 

IX.  REFERENCES . . . . . . . . . . . . . . . . . . . .  974 

1. INTRODUCTION 

Other chapters in this book deal with applications of specific transition metals in organic 
synthesis, via their organometallic complexes. This chapter will unavoidably cross their 
paths, since we shall meet a range of cationic organometallic systems and see how they 
have been, or might be, applied to complex organic synthesis. We shall tend to concentrate 
on the more strategic aspects, emphasizing the relationship between the organometallic 
species and potential ‘synthons’. Consideration will be given to complexes which might 
ultimately be used in organic synthesis but which are currently somewhat problematic 
owing to certain difficulties associated with products obtained during carbon-carbon 
bond-forming reactions. We shall pinpoint these problems and show how they have been 
partly or fully solved. 

This chapter is organized according to  ligand type, starting with $-alkene complexes 
and running through to $-arene complexes. Recent developments indicate excellent 
possibilities for using a metal moiety attached to an olefinic ligand as a template for 
controlling stereochemistry during diverse synthetic operations. With cationic complexes, 
stereocontrol during the formation of C-C bonds can be accomplished, and these 
developments will be highlighted at appropriate points. Such reactions usually require 
stoichiometric, rather than catalytic, use of transition metal complexes. This is a fairly 
recent development, both conceptually and technically, and, whilst there are few actual 
synthetic applications at present, it seems likely that this is an area of great potential for 
future growth. 

II. ROLE OF THE TRANSITION METAL IN CATIONIC COMPLEXES 

Sometimes it may appear that there are disparities in the way cationic organometallic 
complexes are represented here, since in some complexes the positive charge is assigned to 
the organic ligand, whilst in others it is drawn on the metal. Compare, for example, the 
diene-molybdenum complex 1 with the dienyliron complex 2. 

‘Mo (CO ),Cp 

( I  1 (2 )  

Whilst this might appear confusing at  first sight, the differentiation is logical, since it 
relates directly to the type of ligand. Both 1 and 2 undergo addition of nucleophile to the 
six-membered ring ligand, but if we relate I to the uncomplexed diene, it becomes very 
difficult to picture a corresponding positively charge organic species. On the other hand, 2 
can be related easily to the uncomplexed cyclohexadienyl system, since it reacts as though 
it were such a cation, and the organic chemist is familiar with these. On this basis, we can 
draw a series of complexes, 3-7 as shown below, havingeven and odd numbers of atoms in 
the ligand. The ‘even’ compounds can be thought of as metal-activated olefinic systems 
and therefore we place the charge on the metal, whilst the ‘odd’ compounds readily relate 
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to familiar organic species, and we place the charge on the ligand; we can think of these as 
metal-stabilized carbocations. 

(3 1 (4 1 (5  1 (6  1 (7  1 

The placement of charge on these complexes leads to their considerable reactivity 
toward nucleophiles, and in most cases attack occurs at a terminal carbon atom’. We shall 
see specific examples later, but for the sake of clarity we can make a few generalizations at 
this point. Figure 1 shows a schematic representation of these complexes, re-drawing them 
in terms of their ‘reaction equivalents’. In some cases reaction with a nucleophile leads to a 
complex which can be directly transformed, by demetallation, to the corresponding 
organic ligand without further alteration of that ligand. In other cases, nucleophile 
addition results in a complex which has no organic ligand equivalent, and any 
demetallation will have to be accompanied by changes in the ligand. 

We can see that those complexes which give products having simple ligand equivalents 
also have a corresponding organic electrophile, at least in principle. For example, the 

M M 
- M  no direct - ligand 

\ R- \ 
equivalent 

R 

c-c+ - 
rd 

R- - M  alkene - ligand 

M 

hc+ - 3 equivalent 

R 

no direct 

equivalent 
- ligand 

xc+ R-. - M  

R 

dime 
____) ligond 

equivolent 
R C+ 

no direct 

equivalent 
R- 5 ligond 

C+ 
R 

FIGURE I .  Schematic reactivity patterns of olefin and polyolefin metal complexes 
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reactivity patterns associated with $-ally1 complexes are equivalent to nucleophilic 
displacement of halide from allylic halides, whereas dienyl complexes are equivalent to 
dienyl halides. While allylic halides have been used extensively in organic synthesis, 
dienyl halides have not. This poses a slight problem in terms of the organic chemist's 
familiarity with such electrophiles and their application in synthetic strategy. The use of 
transition metals in stabilizing such cations, having functional groups attached to  the 
ligand, is of considerable potential, since this allows us to draw up a list of synthetic 
equivalents. Once compiled, this list would allow the organic chemist to choose a complex 
appropriate for a specific bond formation, bearing in mind any limitations which might 
exist. Complexes which do not have an organic equivalent are more difficult to handle, 
both conceptually and in terms of their conversion to organic molecules. However, it is 
these complexes which will ultimately allow further ligand functionalization, e.g. during 
demetallation, and, provided that this can be accomplished cleanly, such complexes will 
ultimately become extremely useful to the synthetic chemist, since they will provide a 
means of polyfunctionalization of readily accessible olefinic compounds in a manner 
which is directly controlled by the metal. 

Throughout this chapter we shall try to draw attention to all of these aspects of 
organometallic carbocation chemistry. 

111. +ALKENE COMPLEXES 

A. qa-Alkene Complexes of Iron 

The most studied complexes of this type are the (alkene)$-cyclo- 
pentadieny1)dicarbonyliron salts. We shall therefore devote more time to discussing 
these and related palladium complexes than those of other metals. The ruthenium and 
osmium analogues are known2, but their high cost is prohibitive in terms of using them 
stoichiometrically. A range of methods are available for the preparation of CpFe(CO),- 
alkene complexes, largely owing to the efforts of Rosenblum3 and coworkers, and these are 
summarized in equations 1-5. 
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@./' 
[ C P F ~ ( C O ) ~ ] -  Na' - [Cp(C0)2FeCHzCH=CH2] 

I 

- Cp(CO)2Fe- I [ I,]* 6F4- 'A [ c p ( C O ) 2 F e - A ] +  BF4- + R v ,  

( 5 )  

The above variety of methods of preparation indicates some of the potential of these 
complexes, since a wide range of organic substrates can be converted in to the alkene 
complexes. The last method is particularly interesting. Alkene exchange occurs between 
the readily prepared isobutene-Fp complex and an alkene to give an equilibrium which is 
displaced towards products by loss of (gaseous) isobutene. The utility of this method lies in 
the ability to complex selectively less highly substituted double bonds, and to complex 
olefinic double bonds in the presence of acetylenic groups4, as shown by the simple 
examples in equations 6 and 7. 

65 % 

These $-alkene-Fp complexes are very reactive electrophiles. Of particular note is the 
selectivity of nucleophile addition, which occurs entirely at the alkene ligand, despite the 
availability of CO and cyclopentadienyl ligands. Some discussion of this selectivity has 
been presented by Davies et a / . ' .  A wide range of nucleophiles have been examined, and 
these are summarized in the equations 8-1g5. 
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t 

Fp+-l] + R3P - F p w P R 3  (9 )  

Ph,Ct dFp+ I -  

''w ( c o ~ R ) ~  
crFp "" - 

C H  ( C 0 2 R l z  

HNL\Me single isomer 
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Me/‘\H single isomer 

Cn, 

\\O’ Me a + Fp, + FpMe (18) 

Sometimes, depending on the nature of the complex and the nucleophile, addition 
becomes difficult and deprotonation of the alkene-Fp complex occurs to give a-allyl-Fp 
derivatives, equation 195. 

OFp (19) 

Complexes ofenol ethers have been prepared and found to react with nucleophiles with 
a high degree of regioselectivity6; reaction ofalkene-Fp complexes with Br- or 1- leads to 
decomplexation, as shown by equation 20 and later examples. Thus, the alkoxy- 

LiCuMa, - 
snamlna 

@p+ - 

substituted alkene-Fp complexes can be regarded as vinyl cation equivalents (8). This 
might allow synthetic planning to utilize such electrophiles. 

18 1 
This regioselectivity is even observed in the presence of, for example, electron- 

withdrawing substituents which might otherwise cause opposite selectivity. A particularly 
interesting example is the complex of a-ethoxyacrylic ester’ shown in reaction 21. This 
reacts with enolates to give a mixture of diastereorners 9 and 10, despite the tendency of 
unsaturated ester complexes to undergo the equivalent of Michael addition. 
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2 1 

(9 ) (10) 

86 % 

The products of this reaction have been converted into the diastereomeric a-methylene- 
y-lactones 11, an example of a functional group which occurs in a range of important 
terpenes. 

93% ( 1 1 )  (22) 

Of particular interest are the intramolecular variations on this nucleophile ad- 
ditions-". The transition metal in these reactions provides an opportunity for further 
carbon-carbon bond formation through the well established carbonyl insertion 
reaction, a nice illustration being provided by Rosenblum's synthesis of 8-lactam 
derivatives (reactions 23-25)8. 

A - F P +  + 

I A, CH,CN 

one isomer 
react8 

C p - F e - N a +  
% I Me 

co 

Fp?-? 

Me 

5 2 % 

TP+ -- 
0 

6 8 V o  

0 LQ Me 

30% 72% 
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FP'-)( 
r 1 

I 

FP+ 

Although alkenes can be complexed selectively in the presence ofcarbon-carbon triple 
bonds, the latter can be converted in to F p  complexes in the usual way".". The resulting 
acetylene-Fp derivatives undergo stereospecific addition of nucleophiles to give a-bonded 
vinyl-Fp complexes, but extensive studies towards further manipulation of these 
compounds have not been forthcoming. Cleavage of the C-Fp bond with iodine or 
bromine results in stereospecific formation of the vinyl halide, a very useful property, as 
shown in Fig. 2. 

Attachment of the Fp' group of the olefinic bond of a,P-unsaturated ketones results in 
their effective activation towards Michael addition. This contrasts with the aforemen- 
tioned additions to a-alkoxy-a, /%unsaturated ester complexes. The enone-Fp complexes 
are prepared via reaction of the F p  anion with corresponding epoxy ketone, as illustrated 

Fk SPh 

FIGURE 2. Reactions of acetylene-Fp cation with nuclcophiles 
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OSiMa, 

[i) +J 
(ii) AI,O, 

76 V o  

B 60% 

5 0 % 

FIGURE 3. Fp-promoted Michael additions 

in Fig. 3. I t  may be noted that silyl enol ethers undergo clean reaction with these activated 
enones, in  contrast to the regiochemical scrambling of the enol ether which is often 
associated with their Lewis acid-catalysed Michael addition reactions”. These reactions 
provide a novel variation on the well known Robinson annulation. 

The electrophilic reactivity of the alkene-Fp group is sufficient to allow its reaction with 
[(v4-triene)Fe(CO), J complexes. The driving force here is the formation of the stable 
dienyl-Fe(CO), cation (see later), and a nice illustration is provided by the hydroazulene 
synthesis outlined in reaction 2613. 

This set of reactions also illustrates the nucleophilic properties of 0-bonded allyl-Fp 
complexes and their conversion to cationic alkene-Fp systems. In this context, and 
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C02Me 

ti 

c 
n 1 

BF4- 

(26) 

particularly in the above sequence, the allyl-Fp complex can be regarded as the synthetic 
equivalent of a three-carbon zwitterion, 12. 

+c+ FP 
- - - 

-C 
(12) 

2 
All of the preceding discussion has centred around carbon-carbon bond-forming 

reactions using cationic alkene-Fp complexes. The same organometallic unit can also be 
used to protect carbon-carbon double bonds. Thus, whereas the alkene-Fp complexes 
are reactive towards nucleophiles, they are markedly unreactive towards electrophiles and 
reagents which normally attack uncomplexed alkenes. A number of reactions, such as 
bromination, hydrogenation, and mercuration, can be performed in the presence of the 
alkene-Fp group, and the. metal can be removed easily at a later stage, by treatment with 
iodide anion in, e.g., acetone. Such neutral reaction conditions are expected to be very 
useful when sensitive functional groups are present in the molecule. Some examples of the 
reactions which can be performed are summarized in equations 27-2914. 

T O M e  on Brz OH - 
CH,CI, 

(--FP+ 

on 

Br*oMe 
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H,, Pd-C 

I 
Fp' BF,- 

I t  may be noted tha reactions of the non-comolexed unsa irated portion of these 
molecules still leaves the alkene-Fp cation intact, so that further reactions, such as 
nucleophile addition, could be performed, leading to highly functionalized molecules as 
valuable synthetic intermediates. These aspects do not appear to have been fully explored. 

B. q'-Aikene Complexes of Palladium 

Palladium compounds have been used for some time as catalysts for conversion of 
olefins into other useful compounds, perhaps the best known application being alkene 
hydrogenation to saturated carbon compounds using a palladium metal catalyst. Higher 
oxidation states of palladium catalyse a number of other transformations of olefins, 
invariably proceeding via intermediate cationic q2-alkene complexes. This behaviour may 
be translated to the use of alkene-Pd complexes stoichiometrically and this offers certain 
advantages, such as double functionalization, which we shall discuss in this section. The 
main drawback in the use of palladium stoichiometrically is its high cost. Even though i t  is 
fully recoverable, any large-scale synthesis based on the use of such procedures involves 
high capital outlay. 

The Wacker process" was originally developed as a method for converting ethylene to 
acetaldehyde. In this process the alkene is usually treated with oxygen in the presence of 
water (aqueous or modified aqueous solution), a catalytic amount of palladium(l1) 
chloride, and a catalytic amount of copper(I1) chloride. The oxygen atom which is 
introduced into the acetaldehyde product arises from the water, whilst the function of the 
oxygen (air), is to oxidize copper(1) chloride to copper(I1) chloride, which in turn oxidizes 
palladium(0) to palladium(I1). The catalytic scheme is shown in Figure 4, which illustrates 
each step. 

The scheme shown in Figure 4a illustrates how the various substrates interact and also 
how the process depends on the intermediacy of a reactive ethylene-Pd complex. The finer 
details of the mechanism are not known, and the scheme is meant to provide a guideline for 
seeing how things fit together. 

Laboratory syntheses of more complex molecules can also benefit from Wacker 
oxidation technology'6. Terminal olefins can be eficiently oxidized to methyl ketones, 
whilst internal olefins invariably lead to mixtures of ketones. Usually, these reactions 
require prolonged times at elevated temperature, and often a co-solvent such as N, N -  
dimethylformamide is used. The reaction may not proceed in the desired direction if the 
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L 
( 0 )  H2C=CH2 + PdCI2 

PdC12 

90 I 

OH 
H ) C ~ C H 2  

Pd 
H’ \CI i- 

P-hydr ida  

illmination 

c - 
HO 

I 
I I  

I 

H -CC-CH~ 

H PdCl 

(solvent) 

HO 
\C=Ct!, + Pdo + HCI 

ti’ I 
I CH3CH0 

(b) Pdo + 2CuCI2 - PdCI2 + 2CuCl 

( C )  2CuCI + 2HCI + ‘h02 - 2CuC12 + H20 

FIGURE 4. Wacker process for the oxidative hydrolysis of ethylene to acetaldehyde 

correct solvent combination is not used, as shown in equations 30 and 31 for the oxidation 
of 3,7-dimethylocta- I ,  6-diene. 

PdCll, CuCI, 

dmf, nzO 

OH 

However, high degrees of selectivity can be obtained under appropriate conditions, and 
terminal alkenes are oxidized more readily than internal double bonds in aqueous dmf 
solvent, as illustrated in equations 32-34”. 
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0 

PdCI, , CuCI, - (32) 
0, , n,o, d m f  I I  

0 

0 
PdCI, , CUCI, - 
0, , H,O, dmf 

0 
PdCI,, CuCI, 

O,, H20, dmf 
- 

Often a terminal alkene group is very easily introduced into an organic molecule by 
means of, e.g., a Grignard reagent, and so the Wacker oxidation in conjunction with such 
strategies offers a superb means of constructing intermediates in which the (latent) ketone 
functionality can be utilized for further reaction, most commonly annulation. A very large 
number of natural products syntheses have been developed around this method, some 
examples of which are given in equations 35-40. 

- y - y + - y 4 p  (ref. 18) 

josmone 

(35) 

0 - \ OAc - 
(ref. 20) HO 

diplodiolide 

(37) 
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nootkotone 

(38) 

19- nortestosterone 

(39) 

coridin 

The conversion of a terminal olefin to a methyl ketone can be performed in the presence 
of sensitive or oxidizable functional groups, so it displays high chemoselectivity. In the 
presence of a I ,  2-diol an acetal may be formed directly, instead of the usual ketone. Some 
examples of these aspects of the reaction are given in equations 41-45.24 J2x (41) 

PdCI,, CuCI,, 

0, , dmf, n20 
0 

70% 
0 
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PdCI, , CuCI, I Ph& 

__c_) 

P h G ,  

OH 0, , dmf , n,o 

CH20H PdCI, ,CuCI,, 

CH20H '2, A 
0.1 - 

(43) 

(44) 

Careful attention to reaction conditions for any organic reaction often results in 
improvements in yield and or selectivity, and this is true for the Wacker oxidation. For 
example, by using [err-butyl hydroperoxide in aqueous acetic acid it is possible to effect 
high yield conversion of LY, /?-unsaturated esters to /?-keto esters (equations 46 and 47)25. 
This contrasts with unconjugated internal olefins which only lead to n-ally1 palladium 
complexes under similar conditions. 

th'ooti 

No, [Pd Cl,] 

0 

\ - (46) 

k o n ,  n,o, 50 Oc 

C02Me 
(47) 

Bu'oon 
P 
No, [PdC14] 

AcOH,  H 2 0 ,  50 OC 

FCO"'"' 
When the water is replaced with acetic acid and sodium acetate, ethylene is converted 

cleanly into vinyl acetate26, but problems of regioselectivity arise when higher alkenes are 
employed2', often leading to the allylic rather than the vinyl acetate. When a I ,  5-diene is 
treated in this manner, acetoxylation and cyclization occur to give substituted five- 
membered ring compounds2'. Some examples of these type of reaction are shown in 
equations 48-53. 

PdCI2.AcONa.AcOH 

orPd(OAc11 
CH,=CH, *CH,=CHOAc 

OAc 
Pd(0Ac) I  I 

RCH,CH=CH, - RCH,C=CH2 + RCH2CHOAcCH20H + 
RCH,CH=CHOAc + RCH=CHCH,OAc + 
RCH,CHOHCH,OAc (49) 
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OAc OAc 

P d l +  .Cult 

AcOH.02 
CH,=CHMe - CH,=CHCH,OAc 

Further modification of the Pd-catalysed reaction of olefins with hydroxylic solvents 
can be accomplished by including carbon monoxide in the reaction medium, when 
carbonyl insertion occurs, usually resulting in carbo~yalkylation’~. 

co 

+ Pd2’ + CO A 0‘ J - Pd2+ 

CO;! Me 

+ minor products 

CO;! Me 

(54) 

PdCI,, H,O, 

C O ,  MmCN 
H,C=CH, - 
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Semmelhack and Bodurow3' combined intramolecular oxypalladation with the 
carbomethoxylation reaction to give high-yield conversions of hydroxyalkenes to 
tetrahydropyran derivatives with functionalized side-chains. These products were formed 
in a highly stereoselective manner, via q2-alkene-Pd complexes, and are recognized as 
potential subunits for ionophore antibiotic synthesis3'. 

PdCI, cal. 

CUCI, 

MaOH , 

2SoC, 17 h ,  
R I . I a t m  C O ,  

n PdCI, cat .  

,l, CUCI,, MEOH; 

R OH \ . t o t m  CO,  

2 5 ' C ,  I7 h 

n + n 
83 

n 

10 
88% 

(57) 

+ traces of isomers 

( 5 8 )  

8 2 % 

The above Wacker-type reactions involve addition of an oxygen nucleophile to a 
complexed alkene ligand. Nitrogen nucleophiles may also be used in similar Pd-catalysed 
reactions to give a variety of products, depending on the substrate and the reaction 
conditions. Although i t  has proved possible to isolate enamines and related products by 
appropriate choice of the reaction conditions, this is by no means general. A more useful 
procedure is to reduce the intermediate amino-substituted a-complex to the amine using 
sodium borohydride or hydrogen, or to oxidize the Pd-C bond using, e.g., lead 
tetraacetate. Some examples of these processes are given in equations 59-61 (ref. 16, p. 32). 

LL3 'PdCI 

NaEH4 1 I 
0"" 
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PdCl 
Ms,NH I 

CeH17CH=CH2 C,H,,CH(NMe2)CbPdCI + CgHI7CHCH2NMe2 
[( Ph CN 1, Pd CI,] 

C,H CH(NMe2)CH20Ac + C, H ,  , CH (OAc)CH2NMe2 C,H , CH(NMe2 )Me -k C, H I ~ C H $ ~ - ~ ~ N M ~ ~  

malor minor major minor 

(61) 

If a primary amine is used in this reaction, the intermediate aminoalkylpalladium 
derivative can be induced to cyclize to give an aziridine by treatment with bromine”. 

Me 
[ ~ y p d c l ]  Br, . p I 

(62) 
M a N H ,  

R 
R-/ - !hf, - 50°C NHMe 

Intramolecular aminopalladation of alkenes is particularly interesting, since it allows 
access to heterocyclic systems present in a number of naturally occurring alkaloids. Some 
examples of these reactions, of varying complexity, are given in equation 63-66. 

0 

t T 0  H 

uracil 

w e M e  

0 
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Alkene-palladium complexes are also reactive toward carbon nucleophiles, as might be 
expected. There are examples of the use of palladium both c a t a l y ~ i c a l l y ~ ~  and stoich- 
i~metrically~', although obviously in most cases the former is more desirable. The use of 
preformed $-alkene complexes does give mechanistic information which is valuable for 
interpretation of the catalytic reactions. There are far too many important examples of 
carbon-carbon bond formation involving intermediate alkene-Pd cations in one form 
or another to give a complete coverage here, and the reader is referred to the more 
specialist chapters for further information. 

The so-called Heck reaction involves coupling of an aryl or vinyl halide with a suitable 
olefinic substrate, usually an a, /$unsaturated ester. The reaction proceeds by oxidative 
addition of the halide to a palladium(0) catalyst to give a a-aryl (or vinyl)-palladium(1l) 
species. Coordination of the substrate olefin to this produces a transient q2-alkene- 
palladium species, which undergoes intramolecular coupling with eventual expulsion of 
the product (reaction 67)38. 

Ar 

ArEr + [Pd(PR3),] - [ R 3 P \ ~ / A r  ] -+ CH2=CHC02M# R3p-pd-lI I 

Er' 'PR3 [ B:' \ C 0 2 M J  

(67) 

In fact, it is not necessary to use an aryl halide in this reaction; using appropriate 
conditions the a-aryl (or vinyl)-palladium intermediate can be generated from the 
hydrocarbon and coupled with the alkene. Equations 68 and 69 show examples of the 

0 - y (68) 

/ 
ArCH=CHC02Me 

Ph- 

Ph 

90% 

(69) 
lbogo alkaloids 
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simple basic r e a ~ t i o n ’ ~  and an interesting intramolecular variation which was used as a 
key step for construction of the complex alkaloids ibogamine and ~atharanthine~’. 

There are a number of well characterized reactions involving the combination of 
stable enolate anions with isolated alkene-Pd complexes. The reaction of cycloocta- 
1,5-dienepalladium dichloride with malonate anion is a particularly well known 
example“. 

CO, Et 

co, Et 

5 1 % 

In these reactions, which involve ‘soft’ carbanion nucleophiles, the nucleophilic entity 
attacks the olefin-Pd complex trans to the metal groupling. When this fact is coupled with 
the ability of hetereoatoms, attached to olefinic ligand, to direct the stereochemistry of 
complex formation, some elegant stereocontrolled bond formations can be obtained, as 
illustrated in the approach to prostaglandin PGF,, described by H ~ l t o n ~ ~ ,  shown in 
Figure 5 .  

The reaction of enolates with alkenes can also be accomplished using a catalytic 
procedure. Usually these reactions have been performed using highly stabilized enolates, 
which require the presence of amine bases for best results, but incorporation of 
hexamethylphosphorotriamide into the reaction mixture allows successful vinylation of 
less stable enolates. 

[WCI,(PhCN),] 

E t I N ,  thf 

- 60% 

C0,Et 

f CH2=CH2 

(rnf. 431 
70 % 

[ P ~ C I > I M ~ C N ) I I  
RCH=CH, + NaCMe(CO,Et), lhl CH,=C(R)CMe[CO,Et), 

- 5 0  10 - 2 5  DC 

( re f .  44) 
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EH (C02E t 1 
(Heck reaction) 

f0 
'0' - w - -  

0 5 0 % 

I q p 
_ _ _ _ _ _ _  ~ c 0 2 H  

,+" 0 ..+ 
OH 6H 

P G F z a  

FIGURE 5. Synthesis of prostaglandin PGF,, (from ref. 42) 

( i )  [PdCIZ(PhCN),] 

Et,N,thf, hmpt 

-60 to 2 0 D C  
+ A B u  

(ii) H, 

(raf. 431 7 9 % 

6 
Although the above survey of this very important area of organic synthesis is not 
comprehensive, it does serve as an illustration of the types of reaction which may be 
accomplished using the technique of alkene activation by a palladium catalyst. A range of 
olefin complexes can be formed using other transition metals, but the synthetic potential of 
these compounds has not been explored to the same degree as the iron and palladium 
derivatives discussed above, so we shall not discuss them here. 

IV. q'-ALLYL COMPLEXES 

A. q'-AIlylpalladium Complexes 

1. Stoichiometric reactions 

Again, palladium figures very prominently as a metal which can be used to stabilize ally1 
cations for synthetic purposes, and so we shall deal with this metal in some detail, 
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presenting other potentially useful complexes later. As with the q2-alkene-Pd complexes 
discussed in the previous section, q3-allyl-Pd complexes can be formed either catalytically 
or as stoichiometric reagents. A discussion of stoichiometric reactions gives a good 
understanding of the chemistry involved, so this will be presented first. A number of 
methods exist for the preparation of the q3-allyl-palladium complexes, usually isolated as 
stable chloride-bridged dimers. Perhaps the most useful in terms of synthetic application is 
the direct reaction of palladium chloride with an alkene. As noted in the previous section, 
this will initially result in a q2-alkene-Pd complex. Provided that the correct reaction 
conditions are chosen, this complex will undergo intramolecular oxidative addition of an 
allylic C-H bond to the palladium moiety, resulting in an q3-allylpalladium hydride 
which loses HCI to generate the q3-allylpalladium chloride dimer. Naturally, there will be 
some stereochemical constraints on the formation of q2-alkene complexes in certain cases, 
and this often results in a preferred regiochemistry during C-H bond cleavage to give the 
q3-allyl complex. The overall process may be represented as in equation 74. 

eU 'i' 
CI-Pdf I I CI 

p; - CI-Pd-H 
"y" H 5 

CI 

R 1- H C 1  [ &PdCl]2 [ i-Pd/"\Pd-) 

(74) 

h' 11 
A number of cocktails have been developed for this method of preparation, since simple 

direct treatment of the alkene with PdCI,-AcOH-H,O usually results in low yield of 
q3-allyl-Pd complex. The most successful mixture of reagents is probably PdCI,-NaCI- 
CuC12-NaOAc-AcOH. Selected examples of this method of preparation (reactions 75- 
8 1) give some idea ofthe regiochemistry which can be expected and also some ofthe factors 
to keep in mind in designing a synthesis. 

\ 

WCI,, A c O H ,  

H20, 
_____) 

3% yiold 

(ref. 4 6 )  

f 
PdCI, , N o C l ,  CuCI, 

N o O A c ,  AcOH, 

a6 '/o yield 

0 q, + (ref. 47) [oqFpdc]2 
68 % 

(75) 
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In certain cases, i t  may be found that best yields are obtained using, for example, 
palladium(lI)trifluoroacetate, but the $-ally1 complex product is not particularly stable. 
This is readily overcome by converting the complex into the more stable chloride-bridged 
dimer by treatment with, for example, tetrabutylammonium chloride. 

Various $-allyl-palladium complexes can be prepared by transmetallation, reacting an 
ally1 Grignard reagent5' (or allylsilane52) with palladium(I1) chloride, or directly from the 

PdC12 ,NaCI,CuC12 
NaOAc , AcOH 

Na,[PdCI,] 
P 

thf  
0 ( ref .  49) 

PdCI,, NaCl , CuCI, 

NaOAc, AcOH 
(ref. 46)  

Ac 

A c O W  \ 

9 2 ''A 

L PdCl 

2 
71 % 

PdCl 

PdCI2 , CuCb , 
NaOAc 
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WCI, , KOAc - 
Only la-H (axial) abstracted by a-Pd group. 

(81)  

allylic chloride by treatment with sodium tetrachloropalladate (equations 82 and 83)53. 
There are also a number of variations on these procedures which are more appropriately 
discussed in specialist reviews54. 

- + Na2[PdCI4] [ B-PdCI] (83) 

It has also been found that nucleophilic addition to dienes, and similar compounds such 
as vinyl- and methylene-cyclopropanes, in the presence of palladium salts results in the 
formation of q3-allyl-palladium complexes, although these methods are probably less 
useful in terms of application to organic synthesis (equations 84-87)55. 

2 

- 4yC' 
(PhCNIPd-CI 

! 
[ rc'l 2 

7 

No z[Pd CI ,] 

2 
WCI 
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One aspect of the chemistry of ~3-allyl-palladium complexes which is important to 
understand if effective synthetic planning is required is their ability to undergo 
isomerization. For example, anti-isomers will usually be converted to syn-isomers during 
their preparation. Consequently, if an anti-complex is formed kinetically and is required as 
an intermediate, reaction conditions must be found where the reaction of the complex (e.g. 
with nucleophiles) is more rapid than synlanti interconversion. This is especially true in 
catalytic reactions. The presence of other substituents may reverse this stability trend, due 
to  steric effects, as indicated in equations 88 and 89. 

SYfl on r i  

The stoichiometrically-formed $-ally1 complexes undergo a number of interesting and 
useful reactions, the most important being reaction with nucleophiles, giving access to new 
methods of carbon-carbon and carbon-heteroatom bond formation. During these 
reactions advantage may be taken of the stereo- and regio-chemical directing ability of the 
palladium group. First, let us examine some methods for C-C bond formation and see 
how they might be used synthetically. It is readily recognized that the chloride-bridged 
dimers described above do not carry a formal positive charge and, as expected, these 
complexes are not very reactive towards nucleophiles as they stand. However, activation is 
readily achieved on splitting the chloride bridge by reaction with an appropriate ligand. 
This might be a phosphine ligand added to the reaction mixture or it might be a molecule 
of solvent, such as dimethyl sulphoxide. The net result is to produce a positively charged 
$-allyl complex which is now much more reactive towards nucleophiles: 
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With unsymmetrical $-ally1 complexes there are, of course, two possible sites of attack 
and the preferred regiochemistry is often determined by complex and fairly diverse factors: 
the electronic or steric requirements of the ligand us. the steric requirements of the 
palladium moiety. The latter is often dependent on the nature of the activating ligand, 
making i t  possible to tailor the reaction conditions to give a desired product. A 
particularly good example of this effect is shown in equation 9156. 

L J z  

L Ratio Total yield 

Ph,P 62:38 75% 
hmpt, dmso 1OO:O 90% 

Thus, the sterically more demanding tri-o-tolyphosphine induces the nucleophile to 
attack at the more crowded ally1 position so as to give a less sterically encumbered qz-  
alkene-Pd initial product. A range of other examples of C-C bond formation are given in 
equations 92-95, from which it is readily observed that most reactions have been 
performed using softer carbanions. 

PdCl - 

[ yozEt] 2 

NaCH (CO,Et), - 
dmso,  RT 
( raf ,  5 7 )  

NaCH(S0,Ph) CO,Me - 
Ph,PCH,CH,PPh, 

thf, 25 OC 

(rsf .  5 8 )  Me0 

82 % (93) a 

N o C H ( C N ) C 0 2 E t  
-+ NC L C O z E t  (94) 

dmso, EtOH 
(ref. 59) 79 % 
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CO, Me 
NoCH(CO,MeI, 

COP Me 
P h ~ P C H ~ C H z P P h z  C0,Me \ \  

9 7 % 
(ref. 6 0 )  

(95)  

A number of other, non-enolate, nucleophiles have been reacted successfully with $- 
allyl-palladium complexes, although these appear to be less general. Thus, addition of 
certain aryl-thallium species and dimethylcadmium proceed satisfactorily. With these 
hard nucleophiles the stereochemical course of the reaction is often reversed, possibly 
owing to initial addition of nucleophile to the coordinatively unsaturated metal followed 
by a coupling which is effectively a reductive elimination from the organopalladium 
intermediate. This is particularly evident in the reaction of stereochemically defined 
steroidal complexes with vinylzirconium reagents which give products having opposite 
stereochemistry at C-20 than is obtained using soft nucleophiles (equation 96)61. 

r 1 H 

major product 

(96) 
There are, of course, many other ways to manipulate $-allyl-palladium complexes to 

give useful products, such as oxidation, deprotonation, and reaction with amine 
nucleophiles, some examples of which are shown in equations 97-100. 

[ (-PdCI] 2 

L PdC' -1, 

mcpba 

(ref .  63) 

NMe2 
Me,NH, I 

(ref. 641 

(97) 

(99) 
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2. Palladlum-catalysed ellylic substitution 

Zerovalent palladium complexes react very readily with allylic substrates, such as allylic 
halides and acetates, to form q3-allyl-palladium complexes. These behave as palladium- 
stabilized ally1 cations in an analogous manner to the complexes dealt with above, and the 
process can be carried out using catalytic amounts of palladium complex. The general 
process of palladium-catalysed displacement of, e.g., allylic acetate group by a nucleophile 
is depicted in Scheme 1. 

In this cycle, the palladium(0) catalyst is regenerated subsequent to nucleophile 
addition. The process is essentially equivalent to displacement of allylic halide by a 
nucleophile, but the intermediacy of the q3-allyl-Pd complex allows many benefits, such as 
selectivity and stereocontrol. There are useful and interesting stereochemical conse- 
quences which will become apparent as our discussion proceeds. 

We shall now consider a range of examples of application of this technology to natural 
products synthesis, illustrating various aspects of selectivity. 

Reaction with carbon nucleophiles, mostly 'soft' enolate derivatives, allows selective 
carbon-carbon bond formation in the presence of other reactive groups which would 
themselves, under normal circumstances, react with the nucleophile. A good example is 
provided by the reactivity of 8-bromo-3-acetoxyoct-I-ene (reaction 101)66. The syntheses 

NoCH(CO,Me), 

dmf  
Br (Me02C)2CH 

OAc OAc 

th f ,  [Pd(PPh,),] 

Br Br 

mojor 

-0Ac - 
PdL2 

-I. S O A c  + PdL, 

PdL, 

L 
PdL, + wNu wNu 

\ 
PdL2 

SCHEME 1 
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in reactions 102-1 12 give an indication of the types of carbon nucleophile, allylic 
substrate, and reaction conditions which can be used, and show the kinds ofproduct which 
can be expected. 

CH (S02Ph)C02Me 

6 NaCH(S0,Ph) C0,M. 
P 
[W(PPh,),],thf ,A 
(ref. 66) 79% 

dmrn, 120 OC 

(ref. 66) 43 % 

3 

(1) NaCH(CO,Me),, 

c ~ ~ M ~  [Pd(dppe),], t h f  CQMe 
P M e 4 C A  \ \ 
(ii) LiI , NaCN, dmf , A 

monarch butterfly pheromone diester 
S02Ph (ref. 6 7 )  

( 104) 

pyrenophorin 

( 1  05) 
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CH (C02Me)2 

( 1  10) 

C02 Me ( r a f  7 2 )  C02Me 
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All of the above examples use highly stabilized, 'soft' enolate nucleophiles to effect 
carbon-carbon bond formation. Silyl enol ethers and lithium enolates of ketones give 
poor alkylation  result^'^. In contrast, stannyl enol ethers and allyltin reagents have been 
found to react satisfactorily with the ~3-allyl-palladium complexes formed in these 
catalytic cycles (reactions 113 and 1 14)74.75. A range of heteroatom nucleophiles can also 

[Pd ( PPh, 1.1 
A 

t h f ,  RT 

n 

SnBu, [W ( PPh, I,] 
____) 

thf , A  
RW OAc + < 

69% (R Ph) 

( 1  14) 

be used in conjunction with the allylating system. Nitrogen nucleophiles allow access to  a 
number of alkaloids and related compounds, some key examples being given in 
equations 115 and 116. 

C02Me C o p  Me Cop H 

[Pd(PPhlL I  . 6 - - b\ 
th f ,  RT 

(rnf, 7 7 )  NHCHAr2 NH2 doAc+Hp{ OMe 

( 5 )  -ga baculine ( 1  16) 

The addition of amine nucleophiles can also be carried out intramolecularly, leading to 
complex polycyclic systems. This has provided useful methodology for the preparation of 
intermediates for Iboga alkaloids synthesis, and for the synthesis of the neurotoxin 
perhydrohistrionicotoxin (reactions 1 17-1 20). 

NHCH2 Ph [Pd ( PPh, I,], 

EtsN, MeCN, A 
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5 5 % 

32% ACOB"' (mf. 40)  

& C02Me 

catharanthine 

60% (2)-depentylperhydrahistrionicotoxin 

( 1  20) 

Acetate and other carboxylate anions can also be used as the nucleophilic portion in 
these reactions. This can lead to methods for the rearrangement of allylic acetates, 
alteration of stereochemistry, deprotection of allylic esters, and exchange of allylic ethers 
(reactions 121 - 1  23). 
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RCH=CHCH,OPh - RCH=CHCH,OAc 
IPd(OAc)>I 

(ref 8 0 )  

%"ll:&) Br 

OAc 

OH 

Prostaglandins 

( 1  23) 

A considerable amount of work has recently been reported by Trost and coworkers in 
which stable enolate nucleophiles are reacted intramolecularly with allylic acetates in the 
presence of a palladium catalyst. This has led to new methods for ring formation which are 
complementary to the more usual 'organic' approaches and which, in many cases, lead to 
selectivity far different from that expected for organic reactions. For example, in many 
cases studied there is a preference for the formation of the larger of two possible ring sizes, 
e.g. eight- us. six-membered rings (see below). In cases where carbocyclic ring formation is 
disfavoured over alternative pathways, palladium catalysis results in preference for carbon 
annulation, as shown in the formation of cyclopentane derivatives in reactions 124-126. 
These methods have allowed the development of novel and valuable approaches for the 
synthesis of macrocyclic lactones which have received considerable synthetic attention 
over the past few years, owing to their occurrence in many important (macrolide) 
antibiotics (reactions 124-127). Reaction 127 indicates a preference for formation of a six- 

CO, Me 

'!iHll 

OCH2Ph 

OCH2Ph 

0 

1 
OCH2Ph 
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C02Me 

( 127) 
C02Me [ P ~ ( O A C ) ~ ] ,  PPh, 

LOPh - (ref. MeCN 83) , A 

membered carbocyclic ring us. and eight-membered ring, also a possible product. 
However, formation of oxygen-substituted rings leads to a preference for the larger 
ring as in reactions 128-131. 

'OAc 

(1)  NOH, thf ,[Pd(PPh,)-], 

+ & (130) 

d p w ,  b 

Aco5 S02Ph (+I-recifeinolide 

( 1 1 )  MO~NOAC,  hmpt, A 

(iii) 6% No-Hp, No,HPe, 

thf , EtOH , - 20 'C 
Me02C (refs. 82,851 
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l)̂c OAc 

CQ Me 
C02Me 

It has been found that the course of these cyclizations can be profoundly affected by the 
nature of the palladium catalyst. In particular, the steric bulk of the phosphine ligands 
present can affect the size of ring which is formed. For example, some of the reactions 
encountered could lead to either a five- or a seven-membered carbocycle, depending on the 
geometry of the q-ally1 complex intermediate*', as illustrated in Scheme 2. 

In this example, the presence of a sterically demanding polymeric ligand on the catalyst 
disfavours the synlanti interconversion of the $-ally1 ligand, with the result that a five- 
membered ring is formed (the alternative cyclization would give a trans-cycloheptene 
derivative). When a sterically less demanding phosphine ligand is used, the synlanti 
interconversion is rapid, and a seven-membered ring is formed in preference. Steric bulk of 
the ligands attached to the palladium catalyst also affects selectivity for formation of 
seven- us. nine-membered carbocyclic rings. Thus, either ring size may be obtained 
depending on the reaction conditions (reaction 132). 

P h O z S q  i- 'm SOZPh 

S02Ph 
OAc 

X = SOzPh i catalyst = [Pd(dppe)2] 

X = C02Me j catalyst = [Pd(PPh3)4] 

0 

93 

L = @ pdynnris 

phomphlm ligand 
A 

( I  32) 
100 

7 

1 dpp. 

- 
B u ' o z * ~  Me 'PdL2 

SCHEME 2 
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q3-Allyl-palladium complexes can undergo a number of other reactions apart from 
nucleophile addition. Thus, deprotonation will lead to a diene, whilst decarboxylation will 
occur with appropriate carboxylic acids, also giving a diene. We have already mentioned 
deprotonation of stoichiometrically formed complexes, and in reactions 133-1 36 we show 
these transformations using the metal catalytically. It is noteworthy that under these 
conditions conjugation with carbonyl groups is avoided. 

6, 
No 

OAc 

[Pd(PPhS),] 

Et,N, thf , A 
(rd. 70)  

- 
[W ( PPh, I,] - 

E1,N 
hf. 70)  

OAc 
I 

[Pd(PPh,),] 

Et,N 
v 

(mf. 89) 

C02H 

C02Me 
I 

QQ 0 
99% 

( I  35) 

7 I % 

AcO ) 
I 

thpO 

C o p  H 

( 136) 
(i) Pd(PPh,),, 

A HO 
(ii) H * , H ~ O  

Et N thf 

born by kol 

A recently developed method for accomplishing a-allylation of ketones utilizes the 
ability of ally1 P-keto esters to give q’-allyl-palladium complexes, coupled with 
decarboxylation of the palladium b-keto carboxylate. This generates an q3-allyl cation 
and a ketoneenolate, both bound to palladium, and the consequence is a coupling reaction 
(reaction 137). 
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I 
0 

AnAAA \ \ - *‘,_k 
4 4 % 

(137) 

8.  qa-Allylmolybdenum Complexes 

These complexes are also well characterized. A range of derivatives have been prepared 
and these show interesting and potentially useful reactivity, although this has not 
been exploited to the same extent as the above palladium complexes. We shall focus 
our attention on the cationic, isolable, [(q3-allyl)Mo(CO)(NO)Cp] complexes, which 
show some interesting reactivity toward nucleophiles, and some recent developments in 
which molybdenum carbonyl (and tungsten carbonyl) catalysts have been used to effect 
nucleophilic displacement of allylic acetate in much the same way as described for 
palladium. The most useful method for preparing [ (q3-allyl)Mo(CO)(NO)Cp] complexes 
is via the corresponding [(allyl)Mo(CO),Cp] species, which are readily obtained from the 
ally1 halide as shown in Scheme 3”. 

These complexes react with a variety of nucleophiles in the expected manner to give q 2 -  
oletin complexes, which can be demetallated by mild oxidation (reactions I38 and 
139)92.93. 

SCHEME 3 
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Cp (COI(N0)Mo- )]+ .=+ 

Cp (CO)(NO)Mo- li*'] 

I.. 
6 ME 

These q'-allyl complexes show interesting conformation effects, leading to some 
unusual reactivity patterns. Since the metal centre has asymmetry and the olefin-Mo unit 
is also asymmetric, it is possible to  obtain two diastereomeric complexes from nucleophilic 
addition. In fact, only one diastereomer is formed, and this is rationalized in terms of 
preferred addition modes on both conformations designated as entfo or exo. The favoured 
products in each case turn out to be the same diastereomer, Scheme 494. A theoretical 
interpretation of this behaviour, based on M O  calculations, has appeared in the 
literatureg5. 

Although the above reactivity has been studied fairly extensively, no real synthetic 
applications have emerged. However, more recently efforts have been directed at using the 
ability of molybdenum and tungsten to form reactive q3-allyl complexes to develop 
catalytic reactions which complement those discussed above for palladium. It was noted 
first that isolable q3-allylmolybdenum chloride complexes reacted with stabilized enolate 
nucleophiles to give products of allylation of the enolateg6. The regiochemistry of attack 
on the ally1 ligand was dependent on the nature of the counter ligands attached to the 
metal (reactions 140 and 141). This type of reaction could be conducted using an allylic 

Me- 1 
I 

CI-Mo' 
/ I'CO 

f 

& C02Me 



928 
A. J. Pearson 

endo 

11 

e xo 

Nu- 

Ill 

Nu 

disfavoured 

favoured 

favoured 

disfavoured 

SCHEME 4 

acetate and molybdenum catalyst. A number of catalysts were examined, and the best 
results were obtained with [Mo(CO),] or [Mo(bipy)(CO),]. In fact, some degree of 
complementarity exists between these two catalysts, as shown in equations 142-144. & CO, Me catalyst GPh + & 
Ph--wv- OAc + ___) 

Ph 

catalyst = [Mo (CO)q(bipy)] 30 : 70 
[Mo CCO),] 95 : 5  

75 % 

(142) 

82 % 
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( A )  h o , ,  NoCH(C02Ma)2 

[MdCO).] 
or - 

toluana, 4 

96 

84 % 

Reaction 144 also indicates the importance of the exact nature of the enolate nucleophile, 
which will be seen again later. The solvent can also dramatically affect the selectivity 
observed in these reactions. Compare a complexing solvent (dimethoxyethane) with a 
non-complexing solvent (toluene) (reaction 145). Good stereocontrol can be achieved in 

Solvent dme 
Ph Me 

1 6 
19 1 

( 1  45) 

these reactions, as for the palladium analogues, but i t  is necessary to determine the best 
enolate to use for good results, for example reaction 146. 

C02Me 

A- OSiMe3 
I 

95 5 
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A more detailed study of the dependence of these reactions on the nature of the 
nucleophile has appeared in the literature”, and some key examples are given in 
equations 147- 150. 

C02Me 

(CH2)7Br - 
PhMa, A 

70% 
(147) 

a- C02Me [Mo(CO).] 

Br (CH2)7CH(OAc) CH=CH2 + 

” CH&OzMa), 

OSi Ma, 

‘tJSiMaa 

Apparently, the differences in selectivity observed for dimethyl malonate and, for 
example, dimethyl methylmalonate are due to a delicate balance between a number of 
factors, such as reactivity and steric demand of the nucleophile, stability of the products 
(complexed olefin), and charge distribution in the intermediate q3-allyl system. This 
methodology appears to have potential value for the construction of quaternary carbon 
centres”. 

Recognizing that regiocontrol might be affected by the charge distribution on the q3-  
ally1 intermediate and the steric and electronic demands of the metal, Trost and Hungg9 set 
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out to examine allylations promoted by tungsten catalysts. Thus, the greater steric 
demand of a tungsten template can be expected to favour attack at the more substituted 
end of the allyl ligand. Again, an isolable $-allyltungsten halide was found to undergo 
nucleophilic attack, provided that dppe was present in the reaction mixture, presumably to 
promote ionization of the complex (reaction 151). 

For a catalytic reaction, a number oftungsten complexes were investigated, and the best 
results were obtained using [W(CO),(MeCN)3] in the presence of bipyridyl, a strong u- 
donor, and when allyl carbonates were used as substrates. Compared with the 
molybdenum-catalysed reactions, a pronounced selectivity for the more substituted allyl 
terminus was found, some key examples being shown in reactions 152-156. 

,oco 
Ph- 

Ph 

87% 

[WlCO),lMaCN),], 
bipy , thf 

reflux, 2 h 

OAc CMe(C02Me)2 

+ NoCMe(C02Me)2 - 
86% 

( 1  53) 

ON0 

OCOOMe 

[W(CO),(MeCN),], 

_______) 

bipy , thf 

ref lux,  16. 5 h %T Me C02Me 

84 16 
76 % 
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+- LiCH(COzMe)2 

OCOOMe 

OCOOMe [W(CO)s(MsCN)s], ~ o c o o M e  
bipy , thf  A°CooMe + NaCH(COZMd2 reflux 

b 

7 1 % 

( 1  56)  

I t  may be of some help to the organic chemist wishing to use some of these methods in 
synthesis to  note that the order of reactivity of the $-ally1 complexes discussed in the 
above sections is palladium > molybdenum > tungsten. There definitely exist different 
patterns for selectivity and so ultimately the choice of catalyst will be governed by the 
structure of the desired product. 

C. q’-AllylIron Complexes 

Bearing in mind the cost of starting materials, the use of q’-allyliron complexes for 
synthesis offers some advantages but, although the chemistry of some of these stable 
cationic species has been thoroughly investigated, their application to real synthetic 
problems has been lacking. Mostly, this stems from non-directed research-only fairly 
simple systems have been studied, and little or no attention has been given to the 
preparation and reactions of complexes carrying an array of functional groups. However, 
as we shall see later in this section, it is possible to use iron(0) catalysts in much the same 
way as the palladium, molybdenum, and tungsten systems, so more activity in this area can 
be expected. 

A number of stable, diethyl ether-insoluble q3-allyliron tetracarbonyl cations are 
available using the procedures outlined in equations 157-159. It is noteworthy that the 
parent [(q3-allyl)Fe(CO),I] is available from ally1 iodide and [Fe,(CO),], but little has 
been done to explore the reactivity of this complex or to prepare a range of related 
complexes with more diverse functionality present. These complexes are far more reactive 

[ Fo.(CO)e] Fe (CO), I 

BFq- 
or [A 3 AfJBF4,CO [ 4 C ” “ ]  

[Fo (CO), ] CH2C12 
(rsfm. 100,101,102) 

(157) 
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HBF, 

co 
(ref. 103) 

[“;,I - BF4- 

933 

towards nucleophiles than, for example, q3-allyl-palladium complexes, and they 
usually react instantaneously with stable enolate anions at sub-zero temperatures to give a 
q2-olefin complex which is readily oxidized to give the free ligand (reactions 160-162). 

6 8 % 

Perhaps the most significant advance in this area from the synthetic viewpoint is the 
development ofcatalytic reactions by Roustan et a1.Io6, summarized in  reactions 163-1 65. 
Only a few examples have been reported so far, but this approach may prove 
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complementary to the palladium-, molybdenum-, and tungsten-catalysed reactions 
discussed above. 

+ -CH(COZEt)z 

Me 
82 28 

NoCH (CO,Et), 

No [FdCO),NO] 

48 h , RT Me 

90% 

CH (CO, Et), w 
NoCH(C0,Et l2 

No [Fm(CO),NO] 
Me Me 

95 5 
79 % 

9 I */a 

Of course, many other metals form $-ally1 complexes. Often these are not electrophilic 
species and most have not been studied for their utility as allylating agents, so they cannot 
be discussed here. 

V. CATIONIC q'-DIENE COMPLEXES 

Development of the reactivity of cationic diene-metal q4-complexes towards organic 
synthesis has not progressed as far as that of u3-allyl or -dienyl complexes. However, some 
interesting reactivity patterns are emerging which point the way for future applications. 

There are basically two types of diene-metal complex: those having unconjugated, 
usually 1,4- or 1,Z-diene ligands and those having conjugated, 1,3-diene, ligands. The 
former are probably better known for cationic complexes, exemplified by cycloocta-I, 
5-diene metal complexes, whereas conjugated diene complexes such as [(diene)Fe(CO),] 
systems are better known in the uncharged series. This discussion does not include the 
latter complexes. We shall briefly present the chemistry of selected 1,4- and 1,S-diene 
complexes, followed by a discussion of cationic 1,3-diene complexes. 

A. Complexes of UnconJugated Dlenes 

A variety of metals will form stable complexes with 1,4- or 1,S-dienes which, although 
they d o  not carry a formal positive charge, nevertheless show reactivity consistent with a 
cationic system, such as pronounced reactivity toward nucleophiles. 

Platinum and palladium complexes of cycloocta-1, 5-diene and norbornadiene can be 
obtained by direct reaction of the diene with an appropriate metal salt (reactions 166 and 
167). Reaction of nickelocene with these dienes in the presence of tetrafluoroboric acid 
gives the corresponding diene-nickel cations (reaction 168). 
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0 / 

r 1 

L J 

In all of these complexes, nucleophilic attack occurs at the diene to give a substituted 
a,$-complex. In the case of, for example, the palladium complexes, expulsion of chloride 
occurs with the formation of a chloride-bridged dimer. A variety of soft carbon and 
heteroatorn nucleophiles have been found to react successfully by attack trans to the metal, 
and equations 169-171 and Scheme 5 summarize this reactivity and indicate how further 
manipulation of the product to give non-metallic species can be acc~mplished '~ ' .  Some of 
these reactions have been met briefly in the section on $-alkene complexes. 

r -I 

L -1 

oR 
G P d C l  

R = H i  

co, n,o 

NaOAc 

2 78 % 
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EtNH. 
___) 

moo- [&] NiCp - NiCp 
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For the most part, these reactions have not been developed for organic synthesis 
purposes. However, with some recent interest being focussed on use of medium and large 
rings in organic synthesislo8, there may be some potential for the preparation of starting 
materials that are otherwise difficult to obtain. Clearly, this would have to involve the 
development of procedures which are catalytic with the more expensive metals. 

8.  Complexes of 1,3-Dienes 

Complexes in which a 1,3-diene is attached to a cationic molybdenum moiety have been 
prepared and shown to be reactive towards simple n u c l e o p h i l e ~ ' ~ ~ .  The most usual 
method for the preparation of these complexes is hydride abstraction from an appropriate 
neutral q'-allyl-molybdenum complex (reaction 172). 

These cations react with nucleophiles such as NaBH'CN and enamines to yield 
[($-allyl)Mo(CO),Cp] complexes (reactions 173 and 174). 

L J L J 

Recently, studies have been directed at the preparation and reactivity of the 
cyclohexadiene-Mo(CO),Cp cation. This is an especially interesting example, since 
double nucleophile additions can be accomplished in a completely stereocontrolled 
manner. Some of these aspects, together with the preparation of the cyclohexadiene 
complex, are shown in equation 175 and Scheme 6.'" 

The above examples illustrate the possibility of carbon-carbon bond formation of 
potential synthetic utility. Of particular note is the fact that in these 18-electron complexes 
the nucleophile addition occurs stereospecifically trans to the metal. When the nucleophile 
is MeMgBr the methylated q3-allyl complex product can be subjected to a second hydride 
abstraction and, since this reaction occurs by loss of hydride which is trans to the metal 
group, probably as a result of stereoelectronic factors, only one complex can be produced, 
as shown. Reaction of the methyl-substituted dime complex with MeMgBr occurs stereo- 
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62% overall 

Ph,C* PFa- I [ 6';o)zcPl 

PF6- 

9 8 % 

( 175) 
and regio-specifically but in low yield. Although these results are chemically interesting, 
they present a challenge in terms of synthetic application. How are we to manipulate the 
$-allyl complexes, resulting from nucleophile addition, in a controlled manner to give 
useful organic molecules? One answer to this question is to activate the [($- 
allyl)Mo(CO),Cp] by conversion to the [(q3-allyl)Mo(CO)(NO)Cp] cation and subject it 
to further nucleophile additions (reaction 176). This works for the dimethyl-substituted 

NOPF, - 
L L 

6 6 % 

'Mo (CO I2Cp 

b## 'o M e 

8 6 % 
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complex, but the method does not appear to be applicable when there are sensitive 
functional groups in the molecule. Further, poor regiochemical results can be anticipated 
when different substituents are present on the cyclohexenyl ligand. 

A solution to these problems, and a demonstration of real synthetic utility, has recently 
been reported' l l .  It was found that [(~3-allyl)Mo(CO)2Cp] complexes bearing a pendant 
nucleophilic group undergo cyclofunctionalization and demetallation on treatment with 
excess of iodine. The manipulations involved in the reaction sequence leading to these 
transformations, and the earlier work by Faller et al.' lo, also show that the Mo(CO),Cp 
group is stable, allowing a range of functional group interconversions in its presence 
(Scheme 7). 

The sequence in Scheme 7 results in a completely stereocontrolled approach to lactones. 
Of particular interest is the relationship of this type of lactone (R = Me), by ring cleavage, 
to the C-4-C-9 portion of the important macrolide antibiotic magnamycin B. If a 

NaCH (SO,Ph) CO,Ma 

thf, 0% 
PF6- _______) 

R = H or Me 

7O-9O0/o 

No-Hq amalgam 

1 

magnamycin 0 

(13) 

SCHEME 7 
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nucleophilic group is not present in the $-ally1 complex then iodide, generated in the 
reaction, acts as a nucleophile, presumably attacking an intermediate cationic [($- 
allyl)Mol(CO),CpJ + complex to give ally1 iodides, again stereospecifically. This provides 
a means of selectively manipulating the [(q3-allyl)Mo(CO),Cp] complexes in the presence 
of a wide range of sensitive functional groups. The allylic iodides can be further 
transformed to give a variety of allylic alcohols and cyclohexenones, some examples of 
which are given in equations 177 and 178. 

AgOAc I 
These results are only the beginnings ofwhat appears to be a very fruitful area for future 

research. 

VI. CATIONIC q'-DIENYL COMPLEXES 

This area is dominated by complexes of iron, especially in terms of their synthetic 
application, which has expanded considerably in the past decade. Since these complexes 
are also discussed in Chapter 7, we shall focus our  attention on actual synthetic 
applications' ll. Mostly, these have been concerned with cyclohexadienyl complexes, with 
some recent promising work on cycloheptadienyl systems. There has been a reluctance 
on the part of many investigators to go beyond the reactions of these complexes with 
nucleophiles and removal of metal. In order to demonstrate some applicability of the 
systems to the organic chemist, it is necessary to explore the further transformations of 
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dienes resulting from these simple operations, in anticipation that recognizable intermedi- 
ates for, for example, natural products synthesis, can be generated. 

We shall begin with the parent tricarbonylcyclohexadienyliron tetrafluoroborate, first 
reported by Fischer and Fischer in 1560'13, and prepared by reaction of 
tricarbonylcyclohexadieneiron with triphenylmethyl tetrafluoroborate. The reaction is 
carried out in dichloromethane at room temperature (40min) and the product is 
precipitated with diethyl ether (reaction 179). The resultant cyclohexadienyliron complex 

reacts stereo- and regio-specifically with a very wide range of nucleophiles, such as arnines, 
alkoxides, stabilized enolate anions, enamines, silyl enol ethers, and allylsilanes. We shall 
see examples of these later. For the moment let us examine the consequences of reaction 
with a particular nucleophile, dimethyl sodiomalonate. Scheme 8 shows how this may be 
used to prepare cyclohexadienylacetic acid. This deceptively simple acid derivative is very 
easily prepared on a fairly large scale using this technique, but would be difficult to 
obtain using standard organic chemical procedures. This is an advantage to using the 
organometallic approach, provided that the diene can be further manipulated to give 
recognizable synthetic intermediates. It was found that a number of lactonization 
procedures using this and related dienes occur in a conjugate manner, and stereospecifi- 
cally. The phenylselenolactonization' I 4  of such molecules is particularly useful, since 
advantage can be taken of the known' l 5  [Z, 31-sigmatropic rearrangement of allylic 
selenoxides to give allylic alcohols. These reactions, and similar reactions with related 
dienes obtained using organoiron technology, are summarized in equations 180-182"6. 

(ii) O H - , H I O  ,than H+ 

98- 100% 

SCHEME 8 
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Thus, the combination of simple dienyliron chemistry with other methods of alkene 
functionalization leads to a powerful methodology for converting readily available 
benzene derivatives, via their Birch reduction products (cyclohexadienes), into fairly 
complex substituted cyclohexenes in a stereocontrolled manner. The cyclohexene 
hydroxylactone produced in the above equations is useful since, on ozonolysis, it leads to 
an open-chain dialdehyde which corresponds stereochemically to a C-3-C-8 fragment of 
the macrolide antibiotic magnamycin B (13) (reaction 183). 

CHO 

1 
OH 

I 
CHO 

0 

The ability to obtain cyclohexa-l,4-dienes easily from benzene derivatives using metal- 
ammonia reduction led to fairly intensive investigations into the conversion of these dienes 
in to related [ ( l ,  3-diene)Fe(CO),] complexes. These in turn could be transformed into a 
range of [(dienyl)Fe(CO),] cations whose synthetic utility could be probed. These 
complexes fall broadly into a number of categories according to the way we can relate 
them to various 'synthons'"'. From the synthetic standpoint, the two most investigated 
reactivity patterns are those which allow us to think of the complexes in terms of (a) 
cyclohexenone y-cation equivalents or (b) aryl cation equivalents, and these will now be 
discussed. 

A. Cyclohexenone y-cation Eqolvalents 

Tricarbonyl(2-methoxycyclohexadienyl)iron tetrafluoroborate (or hexafluorophos- 
phate) is readily prepared from anisole as shown in reaction 184. In this complex, the 
2-methoxy group exerts a powerful directing effect on nucleophile addition, such that 
bond formation occurs entirely at the position para to the methoxy group. A number 
of nucleophiles have been investigated in this reaction and a list of typical examples is 
provided by equations 185-194'*O. Decomplexation of the product dime complexes is 
readily accomplished using Shvo and Hazum's amine oxide method' ", and the resulting 
dienol ethers can be hydrolysed to cyclohexenone derivatives. Alternatively, direct 
oxidation with Jones reagent affords the cyclohexenones in one step. 
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- (11) ( 1 )  [Fm(CO),], LI, NH, A [&Fe(CO)] + [ &";0)3- 

L 

tricarbonyl ( 1  methoxy- tricarbonyl (2-methoxy- 
cyclohexadienyl) iron cyclohexadienyl) iron 
tetrafluoroborate tetrafluoroborate (184) 

r Y E  1 

OMe 1 
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Effectively, we can view the overall sequence dienyl complex + diene complex 
+ cyclohexenone as a nucleophilic y-alkylation of cyclohexenone. It is convenient to  
regard the 2-methoxycyclohexadienyl complex as the synthetic equivalent of the cyclo- 
hexenone y-cation, 14. Realizing this, the question now arises as to how general this 

reactivity pattern is, i.e. is it successful when the dienyl ligand carries other substituents? In 
answer to this, it has been found that a range of di- and tri-substituted dienyl complexes 
will react a t  the enone y-position with nucleophiles, but the nucleophiles which are well 
behaved are few in number. The reactivity pattern appears to be limited to soft enolate 
nucleophiles. We shall illustrate these results, and also their application in synthesis, by a 
series of schemes under appropriate headings. Of some interest is the range of functional 
group manipulations possible on the [(diene)Fe(CO),] complex without decomposition. 
This is important because in many instances it allows us to use the Fe-(CO), group as a 
diene protection or as a masking group for the latent enone. These aspects are emphasized 
in Scheme 9, but in most cases we have omitted the manipulation of compounds after 
decomplexation when this follows a fairly routine sequence of organic reactions. 
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1. Synthesis of trichothecene analogues 

Note that the hydride abstraction in this sequence occurs regioselectively: the hydride a- 
to the methoxy group is removed to the extent ofat least 95%. This has been interpreted in 
terms of formation of the dienyl complex in which the preferred dienyl ligand has the 
higher energy HOMO and lower energy LUMO''2*'22. The reactions in Scheme 10 
show how the product of nucleophile addition to the dienyl complex can be manipulated 
to give compounds having the skeleton of the cytotoxic sesquiterpenes known as 
t r ichothecene~ '~~.  The Fe(CO), unit serves to prevent unwanted side reactions due to the 
presence of neighbouring enone functionality. 

2. Synthesis of sterolds and C-nor-D-homosteroids 

The dienyl complex 15 (see Scheme 9) has been found to react regiospecifically with a 
wide range of fairly bulky keto ester enolates. Reaction with appropriate tetralonelZ4 and 
indanone' 2 5  derivatives gives access to steroid precursors' and C-nor-D-homosteroid 
compounds which can serve as intermediates for the synthesis of Veratrum alkaloids such 
as veratramine (16) and verticine (17)'". The progress which has been made in these areas 
is summarized in Schemes 11 and 12. 

&;fi H 

HO HO 

(16) 

3. Synthesis of Aspidosperma alkaloids I a 3  

During the development of approaches to some Aspidosperma alkaloids, exemplified 
by aspidospermine (18) and lirnaspermine (19), a number of important technical 
improvements emerged in the control of regioselectivity of nucleophile addition to dienyl 
complexes bearing relatively bulky substituents. These will be presented during this 
discussion. As with the trichothecene synthesis described above, it was found that a 
number of useful transformations of functionality could be accomplished in the presence of 
the diene-Fe(CO), group, again illustrating a potential for carrying a masked enone 
through a synthetic sequence. In some ways the importance of these discoveries outweighs 
the achievement of the final objective, i.e. the synthetic target. 
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To the organometallic chemist, these targets (and also those in the preceding sections) 
look as formidable as some organometallic complexes look to the organic chemist. 
Bridging this gap between the two disciplines is therefore extremely important. Scheme 13 
shows the application of cyclohexadienyliron complexes to the synthesis of a known 
racemic aspidospermine decahydroquinoline precursor. The fact that some of these dienyl 
complexes can now be prepared in optically active formLz9 makes them very attractive 
precursors for asymmetric synthesis. During this study it was found that better 
regioselectivity for malonate carbanion addition at the substituted dienyl terminus, in the 
cationic iron complex, is obtained using the potassium enolate rather than the sodium or 
lithium enolate. In the latter stages of the study it was also found that replacement ofthe 2- 
methoxy substituent with 2-isopropoxy group also enhances the selectivity of nucleophile 
attack, owing to its greater steric requirement, but this does not outweigh the electronic 
effects which play a dominant part in controlling hydride abstraction from the precursor 
diene complexes. Thus, high yields of single product are obtained in the sequence of 
reactions in equation 195. 

L -1 

( 1 )  dibol 

82% overall 

li) Me3N0 

l i i )  LIAIH. 

(iii) H,O+ \ 
(kbospidospermine intermediate 
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L 
98-100% 

Two routes to (&)-limaspermine have been reported. The first, illustrated in Scheme 14, 
was lengthy, but again illustrates the potential for manipulating the iron complex towards 
natural product synthesis. 

The second reported total synthesis of (f )-limaspermine took advantage of the use of 
isopropoxy group as a directing influence during nucleophile addition, and proceeded 
along similar lines to the aforementioned approach to ( f )-aspidospermine 
(Scheme 15). 

4. Synthesis of spirocyclic compounds'aa 

Spiro[4,5]decane and spiro[5.5]undecane ring systems occur in a number of naturally 
occurring se~quiterpenes'~'.  Some typical examples are given by the structures of j- 
vetivone (20), acorenone (21) and chamigrene (22). Whilst no total syntheses of these 

( 20) (21) (22) 

molecules have been reported using organoiron methodology, the possibility of using the 
dienyliron unit as a means of constructing a quaternary carbon centre destined to become 
a spiro centre has been developed, one involving addition of external nucleophile to the 
dienyl cation and the other using intramolecular nucleophilic attack, and resulting in 
the emergence of new methods for spiroannelation and additions to the chemistry of 
the organoiron system which promise to be more generally applicable to the formation of 
carbocyclic systems. 

a. External nucleophilic additions 

Reactions 196-198 illustrate how the above methodology can be adapted for synthesis 
of a spirocyclic nucleus. The procedure noted above using a p-toluenesulphonyloxyalkyl- 
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substituted dienyl complex as a double electrophile can be adapted to the synthesis of 
azaspirocyclic compounds. Reaction of these complexes with benzylamine occurs in a 
reversible fashion and is followed by intramolecular displacement of tosylate by the newly 
installed amino group. The combination of reversibility and cyclization overcomes any 
problems of regioselectivity during the nucleophilic addition reaction and results in very 
high yields of azaspirocycle. Decomplexation and further manipulation of these products 
result in interesting potential for synthetic applications, illustrated by a synthesis of (*)- 
depentylperhydrohistrionicotoxin (23) in reaction 199 and Scheme 1 613*. 
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SCHEME 16 

b. lntrarnolecular nucleophilic additions 

A number of intramolecular additions of carbon nucleophiles to the cyclohexadienyl 
complex, resulting in spirocycle formation, have reported. These are the first examples of 
intramolecular nucleophilic addition to dienyliron cations and they serve as model studies 
for other annulation processes which might be conceived. Again, an interesting feature is 
the manipulation of functional groups which is possible without destruction of the 
organometallic moiety. Thus, from the examples shown below and the preceding 
examples, i t  can be seen that the diem-Fe(CO), group can be carried unchanged through 
a very wide range of synthetic manipulations and removed selectively at the appropriate 
point in the synthesis (Schemes 17 and 18). 

6.  Aryl Cation Equivalents’” 

We have shown in the preceding sections that the Fe(CO), group can be removed from 
diene complexes to generate either cyclohexadienes or cyclohexenones. If this demetall- 
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SCHEME 18 

ation is carried out under strongly oxidizing (or dehydrogenating) conditions, or if the 
cyclohexadiene product is subjected to further oxidation, then a substituted aromatic 
compound is obtained. The overall transformation can be accomplished using either 
palladium on charcoal or 2,3-dichloro-S, 6-dicyano- 1,4-benzoquinone (ddq) as oxidizing 
agent, either directly on the [(diene)Fe(CO),] complex or on the diene resulting from 
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decomplexation. In this way the cyclohexadienyliron complexes may be regarded as aryl 
cation equivalents, as shown in the generalized sequence in equation 200. The overall 

R R 

transformation corresponds to nucleophilic aromatic substitution, where hydride is the 
effective leaving group! Now, a very large number of substituted cyclohexadienyliron 
complexes are readily prepared, so that there is potential access to a wide range of aryl 
cation equivalents. Equations 201-208 summarize most of the available complexes, their 
corresponding aryl cations, and examples of conversion to substituted aromatics where 
this has been reported. 
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Hence there are good possibilities for using this concept in synthesis. The examples in 
equations 201 -208 could be easily extended to include di- and tri-substituted aryl cation 
equivalents since the appropriate dime complexes are readily prepared. A use of dienyl- 
iron complexes as aryl cation equivalents has recently been realized for a formal total 
synthesis of ( f )-0-methyljoubertiamine (24), a member of the Sceletium alkaloids group. 
This synthesis is summarized in Scheme 19'35. 

C. Control of Relative Stereochemistry Using Dienyllron Complexes 

All irreversible nucleophile additions to the dienyl ligand in these complexes occur trans 
to the Fe(CO), group. Therefore, provided that the dime complex resulting from 
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nucleophilic attack can be reconverted into a new reactive dienyl complex, it should be 
possible to add a second nucleophile cis to the first nucleophile, as in reaction 209. 



960 A. J.  Pearson 

8 
5 u 

4 
H 

I 

0 
N 

w 



10. Transition metal-stabilized carbocations in organic synthesis 96 1 

However, the steric requirements of the triphenylrnethyl cation, the usual hydride 
abstracting reagent, are so great that for most cyclohexadiene-Fe(CO), complexes, even 
when R = Me, no hydride abstraction occurs. Consequently, special methods have to be 
developed if we are to explore vicinal stereocontrol using the above sequence. It turns out 
that [(diene)Fe(CO)J complexes bearing OH groups in substituent R can undergo 
oxidative cyclization using a variety of oxidizing agents, and we can use this to advantage. 
Thus, treatment of a hydroxyethyl-substituted complex with manganese dioxide in 
refluxing benzene leads to a cyclic ether which undergoes oxygen ring opening on 
treatment with hexafluorophosphoric or tetrafluoroboric acid in acetic anhydride to give 
the desired substituted salt. This undergoes stereospecific addition of nucleophiles such as 
dimethyl sodiomalonate or lithium dimethyl cuprate, as illustrated in Scheme 20' ,'. This 
sequence can be performed with complexes having moderately larger substituents, 
although there are obvious limitations. When the substituent is sterically too demanding, 
attempted nucleophile addition results in other reaction pathways being followed. Some 
examples are given in equations 210 and 21 1 ' ' * .  

[TI (CF, CO, I,] 

No,CO,, EtOH 

N o C H  (CO,Ma). / 

3 5 - 40 % 

nuclaophilmi 
___) 

I 

I PhS- 

[ 5,,,4 SP h 

BF4- 

Surprisingly, trimethylsilyl-substituted diene complexes bearing substituents exo to the 
Fe(CO), group undergo hydride abstraction to give substituted dienyl complexes, 
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although this requires prolonged reaction in refluxing dichloromethane. The product 
complexes undergo stereospecific nucleophile addition to give diene complexes which are 
converted into the free dienes in the usual way, as shown in equations 212 and 213'39. 

SiMe, SiMe, r3F92 ] [ RkFe(co)] pF6- 

R1 = H,R' = Me 

or R' = R' = Me 

( i i )  Me,NO 

L H 

Ph3Ct 
___) 

R 1  $:lllcH~x~co*Et GRZ 

X = C02Et or S02Ph 

(2 12) 

Fe KO), 

Me3siQ3 H 

All of the above results show that there is indeed considerable potential for 
accomplishing complete stereocontrol during the attachment of substituents a t  vicinal 
positions in the six-membered ring. When we move to  larger ring sizes there emerges the 
possibility that stereocontrol can be achieved at positions which are separated by one or 
more methylene groups. The metal moiety might also exert a controlling effect in other 
ways, such as controlling the conformation of awkward ring sizes. However, there are 
problems which attend the departure from cyclohexadienyliron complexes, such as loss of 
regiocontrol during nucleophile addition and low yields. For example, tricarbonylcycloh- 
eptadienyliron letrafluoroborate is very badly behaved towards nucleophiles, usually 
giving products resulting from addition to C-1 or C-2 of the dienyl ligand, or from attack at  
the metal with concomitant loss of carbonyl ligand, as in reaction 214140. The yield of the 
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L L 

(214) 

desired substituted cycloheptadiene complex is seldom greater than 30%. However, these 
problems can be overcome by altering the ligand environment of the metal, increasing the 
metal electron density by replacing one of the CO ligands with a poorer n-acceptor. Thus, 
dicarbonylcycloheptadienyltriphenylphosphiteiron hexafluorophosphate undergoes 
clean reaction with soft carbanion nucleophiles to give substituted diene complexes, while 
'harder' nucleophiles add to the dienyl C-2 position (Scheme 21). Both of these modes of 
addition give very high yieldsI4'. 

The alkyl-substituted dime complexes which are available using this methodology 
undergo hydride abstraction followed by a second nucleophile addition with very high 
yields. The reaction with nucleophile occurs regio- and stereo-specifically to give 
disubstituted cycloheptadiene complexes which are readily demetallated to give the free 
diene as in Scheme 22. This provides very easy access to a range of stereodefined 
disubstituted cycloheptadienes which can be further manipulated in a number of ways. 
For example, diester derivatives can be decarboxylated to give the monocarboxylic acids, 
and these can be subjected to, for example, phenylselenolactonization, which can be 
performed in a stereo- and regio-controlled manner. The product allylic selenolactones 

I 

SCHEME 21 



can be converted into hydroxylactones by oxidation and these can be further oxidized to 
cycloheptenone derivatives. This novel combination of organoiron chemistry with diene 
cyclofunctionalization promises to be an extremely useful method of functionalizing the 
seven-membered carbocyclic ring (reaction 21 5)14'. 

It  may have been noted that the modes of stereocontrol which can be obtained using 
dienyliron complexes are complementary to those using dienemolybdenum systems. This 
complementarity will be particularly interesting with awkward ring sizes, where the metal 
can be used to  create a bias. We can anticipate that a range of intermediates for complex 
organic synthesis with defined relative stereochemistry will eventually become available 
using this methodology. 
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VII. PROPARGYL CATIONS STABILIZED BY COBALT 

Whilst these compounds may be regarded as similar to $-allyl-metal complexes, the fact 
that four n-electrons from the acetylene ligand are involved in bonding to (two) cobalt 
metal centres gives a sufficiently different bonding pattern to warrant their separate 
consideration. Reaction of an acetylene with dicobalt octacarbonyl gives an 
[(acetylene)Co2(CO),] complex, in which the reactivity of the carbon-carbon triple 
bond is so moderated that this can be used as an effective means of protecting acetylenic 
groups'43. The dicobalt hexacarbonyl moiety is removed by treatment with cerium(1V) 
ammonium nitrate or iron(Il1) nitrate (reactions 216-219). 

[CO,(CO),] [ RC,RCR' ] 3 [ R T R '  ] 
RC = CR' - 

25 oc 
(co)3co-co (C0)J Co2(CO), 

CP or 
Fo(NO)~  , / EtOH, &O 

(216) 

R C E C R '  

Propargylic carbocations are found to be stabilized by the presence of the cobalt 
carbonyl moiety, presumably owing to overlap of the carbocation centre with cobalt d- 
orbitals. This effect is seen during electrophilic aromatic substitution on a neighbouring 
phenyl group, when the [(acetylene)Co,(CO),] group acts as an ortholpara director 
(reaction 220). 

A number of carbocation complexes have been prepared by reaction of a propargyl 
alcohol complex with tetranuoroboric acid under anhydrous conditions. The salts are 
fairly stable and can be isolated by precipitation with diethyl ether. They are powerful 
electrophiles, undergoing facile alkylation with, for example, silyl enol ethers and 
allylsilanes, and the reaction occurs without the allenic rearrangements commonly 
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06 % 

0 0 % 

encountered during reactions ofpropargylic halides. This offers a readily controlled means 
of introducing the propargyl group into various molecules, but so far it  has not been 
exploited for natural products synthesis. Some examples of this reactivity are given in 
equations 221-226'14. 

00% 
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OM0 

(226) 

Although these complexes have not yet found application in organic synthesis 
problems, it should be borne in mind that, since the terminal acetylene is readily converted 
into methyl ketone, we can regard the complexes as equivalent to specific ketone a-cation 
equivalents, so that access is gained to unusual modes of ketone alkylation. 

VIII. ARENE-METAL COMPLEXES 

Although the uncharged arenechromium tricarbonyl complexes have been used for 
accomplishing the introduction of carbon substituents on to an aromatic ring with 
attention being paid to synthetic a p p l i ~ a t i o n ' ~ ~ ,  related cationic arene-metal complexes 
have not been explored as real synthetic intermediates. The chemistry of some of these 
complexes is fairly well developed, and they offer a useful series of electrophilic arylating 
reagents which are more reactive than the arenechromium tricarbonyl systems. The two 
metals of most interest for the present discussion are manganese and iron, since stable, 
reactive arene cationic complexes are readily prepared and isolated. 

A. Arenemanganese Trlcarbonyl Salts 

Arenemanganese tricarbonyl cations are readily prepared from a number of simple 
aromatic compounds by their reaction with bromomanganese pentacarbonyl in the 
presence of aluminium trichloride at  elevated temperature. The arene complex is initially 
formed as a tetrahaloaluminate, which is usually extracted into water and converted into 
the more easily manageable hexafluorophosphate by anion exchange (reaction 2271'46. 

R 1 

More recently, good yields of [(arene)Mn(CO),] complexes have been obtained 
by treatment of the arene with the inexpensive tricarbonyl(methy1- 
cyclopentadieny1)manganese in the presence of aluminium tribromide 
(reaction 228)14'. Both of these methods use the aromatic compound as a solvent and 

(228) 

therefore are applicable only to readily available materials. Two similar methods have 
recently been developed for the preparation of [(arene)Mn(CO),] complexes under milder 
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conditions and using dichloromethane as a solvent, which allows the use of stoichiometric 
amounts of arene and manganese complex starting material. These are illustrated in 
equations 229 and 23014'. 

R R 

& +  Mn KO), 

OMe 
I 

ClO, (229) 

1 

These cationic complexes are very reactive towards nucleophiles and lead to a method 
for nucleophilic aromatic substitution, provided that the initially formed 
[(cy~lohexadienyl)Mn(CO)~] complex can be oxidized to aromatic ,ompound. It is 
noteworthy that this sequence of reactions is equivalent to nucleophilic aromatic 
substitution where hydride is the leaving group. Directing effects are observed when 
substituents are present on the aromatic ring. For example, methoxy and dimethylamino 
groups cause nucleophilic addition to occur at positions meta to themselves. The position 
para to a methoxy substituent is so deactivated that addition to the [(1,2- 
dimethoxyben~ene)Mn(CO)~]+ cation occurs at the 3-position. When a leaving group for 
example, chloride, is present on the aromatic ring, reaction with reuersible nucleophiles 
leads to its displacement, whilst irreuersible nucleophiles add predominantly meta to the 
halogen. A range of nucleophiles can be combined with [(arene)Mn(CO),] complexes to 
give an interesting array of bond-formation methods. Examples of these aspects of 
chemistry, together with decomplexation of [(dienyl)Mn(CO),] complexes to give 
substituted aromatics, are given in equations 231-23914'. 

r 

L 

PhLi 
PF6- 
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OME & Mn (CO), 

N M E ~  
I 

ME 

LiAIH, 
PF6- - 

ME 1 

CI -I 

?ME 

Mn(CO), 8 
63 

N M E ~  
I 

Mn (CO), Q- 
ME 

97 

ME 1 

Cl 

74 

L J 

37 

(235) 

+ 

3 

(236) 

Mn (CO), I 
26 

(237) 
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L 

OLi 

PFC + b- 

9 I % L 

66% 

Mn (CO13 

70% 

ca", 
NoOAc 

ocalona 

40-60% 

(239) 
The neutral [(dienyl)Mn(CO),] complexes obtained from nucleophile addition can be 

further activated by replacing one C O  ligand by NO', using nitrosonium hexaflu- 
orophosphate or tetrafluoroborate. The resulting cations are,susceptible to nucleophile 
attack (reaction 240), but the application of this sequence in synthesis has not been 

Mn(C012N0 

b-,. R 

L 
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e ~ t a b l i s h e d ' ~ ~ .  All of the above work has been carried out on fairly simple arene 
derivatives. There is clearly a need to examine carefully the synthesis and reactions of a 
wider range of polysubstituted arene complexes, particularly those bearing functional 
groups which can be further utilized in synthesis. 

FeCp &+ 

B. Cyclopentadlenyl(arene)lron Complexes 

The preparation and reactivity of these complexes has been thoroughly reviewedL5 I .  A 
number of bis(arene)iron dications are known, but these have not been explored in a n y  
depth for synthesis and so they will not be discussed in this section. 

The cyclopentadienyl(arene)iron complexes which we shall discuss are most readily 
prepared from ferrocene by ligand-exchange reactions. Typically, the arene to be 
complexed is used as the solvent, if it is a liquid. Aluminium trichloride is used as a Lewis 
acid catalyst, and powdered aluminium is incorporated in order to inhibit oxidation of 
ferrocene. For solid arene components, a hydrocarbon solvent such as cyclohexane or 
decalin can be used and the reaction is carried out at elevated temperature (70-190°C) for 
a length of time depending on the particular reaction (equation 241). A large number of 
complexes have been prepared, in which the arene ranges from benzene, to anisole to 
halobenzenes, etc. Halobenzenes invariably give lower yields. 

AlCl; 
-Q 

I 

4 + 2 AICI* 

A l  powder 
___) 

r! 1 

As with the [(arene)Mn(CO),] + cations, these complexes are usually converted into the 
hexafluorophosphate salts for ease of handling. The arene complexes can also be prepared 
using [CpFe(CO),CI] in the presence of aluminium trichloride, although this is less 
convenient since ferrocene is a more readily available starting material (reaction 242). 

No mild methods suitable for more sensitive arenes appear to have been developed, and 
indeed this is an area for future research, together with optimization of procedures to 
obtain consistently high yields. 

With condensed aromatics it  is possible to accomplish selective complexation of one or 
more aromatic rings, depending on the reaction conditions employed as shown in 
reaction 243. 

As might be expected from their cationic nature, these complexes undergo reactions 
with nucleophiles, although they are less reactive than the arene-manganese complexes 
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I 
L 

2 : 1 atoichiornatry 1 

discussed in the preceding section. Some of these reactions are shown in equations 244- 
247. When the arene ligand is too highly substituted, nucleophilic addition occurs at the 

r CI 

“1 
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4 F e C p  

Me 

ca. 4 

Me 

I 

cyclopentadienyl ligand, although this has not been explored as a possible means of 
functionalizing the five-membered ring (reaction 248). 

Reliable methods of decomplexation of arene complexes, suitable for use with sensitive 
groups, have not been developed. Usually the complexes are subjected to photolysis or 
vacuum thermolysis to liberate the aromatic compound. Careful attention does not 
appear to have been paid to the decomplexation of dienyl complexes resulting from carbon 
nucleophile addition. 

Treatment of alkyl-substituted arene complexes with a strong base results in deproto- 
nation of the side-chain CL to the aromatic ring to give alkylidene-substituted cyclohex- 
adienyl complexes. These in turn react readily with suitable electrophiles to produce 
appropriately substituted arene complexes. This might ultimately provide a reliable 
method for benzylic functionalization as in reactions 249 and 250. 

PhCOCl J 

[+b] COPh 

\ Ma1 

I 
'FeCp 

b o  
M e  
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$iH* R X  - 
(250) 

As can be seen from this brief discussion, with proper focus arene-metal cation 
complexes might well lead to reliable and efficient methods for introducing substituents 
into an aromatic ring. However, any future effort in this area must be made bearing in 
mind that, in order to find use in organic synthesis, methods must be found for producing 
real synthetic intermediates which are not easily available using standard procedures. 
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1. INTRODUCTION 

A. Introductory Remarks 

The hydrogenation of organic substrates using metal catalysts is easily the most studied 
reaction in both homogeneous and heterogeneous catalysis. To the synthetic organic 
chemist, catalytic hydrogenation is unique in that the controlled reduction of almost any 
unsaturated compound may be carried out selectively under a wide range of conditions 
and with very high yields'-4. Whereas the development of homogeneous hydrogenation 
has been phenomenal over the last 20 years5, heterogeneous catalysis remains the more 
useful and versatile technique for the practising organic chemist. Heterogeneous catalysts 
generally exhibit good thermal stability, may be used in a wide range ofsolvents, and, most 
importantly, are easily separated and recovered from reaction products. Such advantages 
have maintained their pre-eminence in industrial chemical processes where cost and 
efficiency are of paramount importance. Despite early predictions to the contrary6, the 
usage of many homogeneous systems remains limited owing to their sensitivity to mole- 
cular oxygen, their tendency to cause rearrangement of alkenes, and particularly the diff- 
culties encountered in recovering and reusing the soluble and often expensive catalysts. 
On the other hand, homogeneous hydrogenation is much more amenable to mechanis- 
tic investigation and the intimate reaction pathway of many systems has been deter- 
mined7-' '. Since the catalysts often operate under mild conditions of temperature and 
pressure, they may be studied, in situ, by conventional spectroscopic and kinetic 
techniques. Studies of this kind have undoubtedly aided in the rational design of catalyst 
systems in which variations of the coordinating ligand, solvent, and temperature have been 
effected in order to improve selectivity". A discussion of the mechanism of homogeneous 
hydrogenation lies outside the scope of this chapter and is dealt with in detail in 
Chapter 12. 

In heterogeneous catalytic systems, the active site of the catalyst remains ill-defined. 
Mechanistic studies have tended to concentrate on two distinct methods. Using standard 
surface chemistry techniques [such as LEED, ESCA, EXAFS, and electron microscopy] 
the metal surfaces are examined in the absence or presence of the reacting molecules under 
high vacuum conditions completely unlike those used in ~atalysis'~-' ' .  Alternatively, a 
series of metals have been tested using a standard reaction or a series of organic substrates 
have been studied using a single metal 18-23. These qualitative experiments have led to a 
qualitative understanding of the steric and electronic effects between the substrate and the 
metal surface, but the hypothetical mechanism promulgated by Horiuti and Polyani over 
50 years ago remains generally acceptedz4. 

There is an extensive literature concerning hydrogenation and many t e x t s ' ~ z - 4 ~ z 5 ~ 2 8 ~ 2 9  
and authoritative have appeared, from which many of the original 
references may be traced. This review will necessarily be selective rather than comprehens- 
ive in covering the vast available literature (up to mid-1984) and pays attention to the use 
of hydrogenation in organic chemistry, in particular emphasizing chemoselective and 
stereospecific reductions. 

B. Brlef Historical Perspective 

Whereas the growth of homogeneous catalysis began only 30 years ago, the 
hydrogenation of organic substrates using heterogeneous catalysts may be traced back 
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even to the last century. Following the pioneering work of Sabatier and Senderens3' using 
nickel powders as hydrogenation catalysts, Raney developed highly dispersed nickel 
catalysts on mineral supports. His early patents describe a process for the removal of 
silicon from a Nisi alloy by alkaline solutions32, although the NiAl intermetallic 
compounds were found to be much more convenient for this purpose". The series of 
Raney nickel catalysts primarily developed by Adkins and c o ~ o r k e r s ~ ~ - ~ ~  and Moz- 
i n g ~ ~ ' . ' ~  are still widely used industrially, for example in the catalytic hydrogenation of 
adiponitrile to he~amethylenediarnine~". Soon afterwards Adkins and Cornor developed 
the copper-chromium oxide ('copper chromite') c a t a l y ~ t ~ ' . ~ ~  which is generally consi- 
dered to be complementary to Raney nickel in activity as it reduces esters and amides 
without affecting aromatic rings. Thus ethyl benzoate, 1, may be reduced to benzyl alcohol, 
2, by a copper-barium-chromium oxide catalyst4', while Raney nickel selectively reduces 
the aromatic ring to give 3 (equation 

Cn-Ft 

H2I 
C u - 0 0 - C r O ,  

- -L- ' I 

155'C, 4000 psi 

Ni ,H2 

50°C, 1500 psi 

The most useful catalysts for low-pressure hydrogenations employ the platinum metals, 
particularly platinum, palladium, rhodium, and ruthenium. Adams and coworkers early in 
the 1920s developed the use of Pt0245 ,  which remains popular as it may be easily 
recycled46. These noble metal catalysts have been developed as dispersions on inert metal 
supports such as graphite, alumina, barium sulphate, or calcium carbonate. Supported 
palladium catalysts are particularly useful and remain the catalysts of choice for the 
hydrogenation of alkenes and the semi-hydrogenation of alkynes. Lindlar first described 
the use of palladium on calcium carbonate deactivated by the addition of lead acetate and 
quinoline4' for the selective hydrogenation of alkynes to (Z)-alkenes. 

In the past 25 years, ruthenium and especially rhodium supported on alumina or  
charcoal have been developed as important catalysts for the hydrogenation of aromatic 
and heteroaromatic systems under relatively mild conditions48s49, without hydrogenolytic 
cleavage of amino or hydroxy g r o ~ p s ~ ~ * ~ ' .  Further heterogeneous hydrogenation 
catalysts developed in the last 20 years include the series of Urushibara catalysts, the very 
active nickel boride catalysts, and various enantioselective Raney nickel systems modified 
by treatment with tartaric acid. The Urushibara  catalyst^^^-^^ are formed by precipitation 
of the catalyst metal (nickel, cobalt, or iron) from an aqueous solution of its salt by zinc 
dust or granular aluminium. The precipitated metal is digested by acid or alkali to give 
catalysts similar in activity to Raney nickel catalysts55. Nickel boride has been prepared 
by the reduction of various nickel salts with b o r ~ h y d r i d e ~ " ~ ~  and is more reactive than 
the related Raney nickel systems. Isoda et aL6" were the first to report enantioselective 
hydrogenation over Raney nickel modified with chiral amino acids, but in the last few 
years tartaric acid-modified Raney nickel catalysts have allowed the reduction of various 
/&diketones and a- and P-keto esters to give the corresponding hydroxy ketones or esters 
in over 90% enantiomeric excess6'-65. 

The first authenticated example of homogeneous hydrogenation was reported in 1938 
by Calvin, who observed the reduction of benzoquinone by dissolved hydrogen in 
quinoline solution at  100°C using copper(1) a ~ e t a t e ~ ~ . ~ ~ .  Although Iguchi remarked upon 
the rapid absorption of hydrogen by cobalt(I1) cyanide solutions6', it was not until much 
later that the synthetic utility of the pentacyanocobaltate catalyst was d i ~ c o v e r e d ~ ~ .  
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During the 195Os, while many transition metal hydrides were being isolated for the first 
time, for example trans-[PtHCI(PEt,),] and [ReHCp,17', there was little reported of the 
reduction of organic substrates. In 1961, however, Halpern and coworkers reported the 
reduction of a series of activated alkenes using solutions of chl~roruthenate(II)~~-~~. 
Simultaneously, workers at Du Pont discovered that a platinum-tin(l1) chloride system in 
methanol solution catalysed the hydrogenation of ethene at  room temperature and under 
1 atm of hydrogen pressure74. 

The major breakthrough came in 1964 with the simultaneous discovery of the efficient 
catalytic activity of [RhCI(PPh,),] by Wilkinson and c o ~ o r k e r s ~ ~ . ' ~  and CofTey7'. In 
1965 the related ruthenium complex [RuHCI(PPh,),] was reported to be an active 
hydrogenation catalyst under ambient conditions7'. Since then, a veritable plethora of 
literature has amassed discussing the catalytic activity of various rhodium, ruthenium and, 
iridium complexes with tertiary phosphine ligands, much of which is discussed in detail in 
recent  review^^^^^^^^. The more important recently developed catalysts include a family of 
cationic rhodium complexes, [RhL,(S),] +, in which L, represents two tertiary phosphines 
or a chelating diphosphine and S is a polar solvent such as methanol, tetrahydrofuran, or 
acetone. These catalysts, discovered by Schrock and O s b ~ r n ~ ~ - ' ~ ,  are generated in situ by 
hydrogenation of the accessible rhodium dime complexes such as 4 and 58'*82. By using a 
chiral chelating diphosphine complex 683, an efficient chiral catalyst may be obtained 

which catalyses the hydrogenation of N-acyldehydroamino acids to give N-acylamino 
acids in high enantiomeric purity. Monsanto have recently developed an industrial 
process which produces L-Dopa, used in the treatment of Parkinson's disease, by such 
a chiral catalytic proce~s '~ . '~ .  

Another important recent advance has been made with the discovery of a series of active 
iridium complexes, for example 786*87. Under comparable conditions, 7 is nearly 100 times 

( 7 )  

more active than Wilkinson's catalyst toward hex-1 -ene reduction. Further, it reduces 
tetrasubstituted alkenes rapidly" and is reported to be insensitive toward oxygen or 
methyl iodide. Such properties have previously only been exhibited by heterogeneous 
cataIy~ts~ ' . '~ .  

During the past 15 years there have been many attempts to anchor homogeneous 
organometallic complexes to insoluble solid-phase  support^^^-'^^ (see Chapter 14). In 
principle, such systems may combine the advantages of soluble homogeneous systems 
with certain valuable characteristics of heterogeneous systems, namely ease of product 
separation and catalyst recovery. The idea was reported initially by workers at Mobil in 
1969'", although the use of complexes adsorbed on to silica had been known for some 
time'',. Unfortunately, useful catalysts have generally not been obtained and the typical 
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problems encountered include the supervenient oxidation of phosphorus atoms, leaching 
of the metal into solution, and a reduced catalytic activity or sele~tivity ' '~- '~~. A different 
approach to the problem of catalyst recovery involves the use of metal complexes of water- 
soluble ligands such as sulphonated triarylphosphines which can operate under phase- 
transfer 

The recent growth of interest in metal clusters has led to an intensification of 
comparative studies between heterogeneous and homogeneous systems' 12,113. Cluster 
and dinuclear  catalyst^"^-'^^ ha ve been sought in attempts to emulate heterogeneous 
systems which must involve more than one metal atom at the surface. It is believed that 
cluster catalysts may afford selective reactions that are unavailable to mononuclear metal 
complexes by virtue of cooperativity between metal centres in a cluster. Recent results 
using dinuclear rhodium complexes, for example 8, lend support to this premise, leading 
(for example) to a stereospecific trans reduction of alkynes' 17*' 1 8 .  

( 8 )  

Finally hydrogenations not involving molecular hydrogen have attracted considerable 
recent interest. The catalytic transfer hydrogenation process''' uses organic molecules of 
relatively low oxidation potential as sources of hydrogen, in the presence of homog- 
eneous"'-' z 3  or heterogeneous catalysts'24-' 26 to effect hydrogen transfer to an organic 
substrate (equation 2). Sources of hydrogen vary from the traditional cyclohexene' " or 
propan-2-01'~~ to formic acid'28 or ammonium formate"'. Such processes have proved 
to be synthetically useful in carbohydrate'28 and peptide ~hemistry'~' owing to the very 
mild conditions employed. 

catalyst 

solvcnl 
DH,+A - DH,-,+AH, 

II. HETEROGENEOUS CATALYTIC HYDROGENATION 

A. Introductory Remarks 

Heterogeneous hydrogenation is a most versatile organic reaction as the reaction 
conditions employed may be 'tuned' to the particular reduction in question. Not only may 
the actual catalyst be varied, but also its state of dispersion on an inert support. Further, 
the solvent may be changed and the temperature and pressure of the hydrogenation varied 
according to the selectivity or reactivity required. 

In early syntheses, the catalyst consisted of a noble metal in the form of a suspension or 
colloidal dispersion. Platinum and palladium have been widely used as suspension 
catalysts and Adams catalyst (finely divided platinum) is prepared in situ by reduction of 
PtO, with hydrogen. The series of Raney nickel catalysts are suspension catalysts and are 
most easily prepared by treatment of the inexpensive nickel-aluminium alloy with 
aqueous alkali. The different types of Raney nickel catalysts are designated WI to W8 
according to their method of preparation, which involves varying the amount of base used, 
the temperature and time of base treatment, and the method of catalyst washing. For 
example, the most active Raney nickel catalyst is the W636.37, which is prepared under a 
pressure of hydrogen with a continuous aqueous wash. 

Supported metal catalysts are more frequently used as the metal is present in a more 
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TABLE I .  Common types of heterogeneous catalyst 

Catalyst 
~ ~~ 

Raney Nickel W1 
Raney Nickel W2 
Raney nickel W3 
Raney nickel W4 
Raney nickel W5 
Raney nickel W6 
Raney nickel W7 
Raney nickel W8 
Nickel boride 
Urushibara nickel 
Palladium oxide 
Pd-SrCO3 
Pd-C 
Platinum oxide (Adams) 
Platinum black 
P1-c 
Rhodium on C 
Rhodium on A I , 0 3  

Ref. 

35 
39 
34 

133 
36 
37 
36 

134 
58.59 
53 .52  

135 
I36 
39 
45 

I37 
138 
138 
139 

dispersed form and the soild support improves the thermal stability of the catalyst. Thus, 
palladium black typically has a surface area of 5-10m2g-' whereas for 10% palladium 
on carbon the surface area increases to 100-200m2g-'. Procedures for preparing 
supported catalysts have been thoroughly described4-13 la1  32 and most of the commerci- 
ally available catalysts do not require pre-activation. The commonly used catalysts are 
listed in Table 1 together with references to their method of preparation. 

The choice of solvent depends on a number of factors, including the substrate, the nature 
of the catalyst, and the temperature and pressure to be used. The most common solvents 
used are ethanol, acetic acid, water, tetrahydrofuran, 2-methoxyethanol, and cyclohexane 
and the nature of the solvent affects the rate and selectivity of r e d u ~ t i o n ~ . ' ~ ~ .  For example, 
reduction of the enone 9 gives the cis or trans fused 3-keto steroid 10 according to the 
solvent used (equation 3)14'. Indeed, the acidity of the reaction medium has a particularly 

E 
(10) 

Solvent Z/E ratio 

Pr'OH. I : I  

C6H6 3: I 

t h f  3:2 

MeCN 19: I 
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marked effect on the outcome of hydrogenation reactions. For example, the rate of 
hydrogenation of the alkene bond in a!-enones is generally increased in basic media, 
permitting chemo-selective hydrogenations, e.g. 11 + 12(equation 4)14'. The stereochemi- 
cal outcome of hydrogenations is also very sensitive to solvent acidity. The hydrogenation 
of substituted cyclohexanones gives mainly the equatorial alcohol in basic media'43-'4s, 
but the axial epimer under acidic conditions. For example, 3-oxocholestanones (13) may 
be reduced to the axial 3-01s 14 using the acidic Urushibara-nickel(A) catalyst with 
cyclohexane co-solvent (equation 5)'46. Increased temperature or pressure of reduction 
has the expected effect of generally increasing the reaction rate but often decreasing the 
selectivity. For example, Raney nickel reduction of 15 reduces only the alkene double 
bonds at 20°C but all of the functional groups at 260°C (equation 6)14'. 

B. Outline of Mechanistic Studies 

The mechanism of heterogeneous hydrogenation remains poorly defined and there is 
much controversy over the kinetics of reduction, the features of the metals which account 
for their catalytic behaviour, and the specificity of the reduction of functional groups. 
There have been many studies of catalyst characterization, but even the basic surface 
chemistry of alkenes and alkynes on clean metals has not been rigorously e s t ab l i~hed '~~ ,  
despite extensive chemisorption studies of ethene and ethyne on single crystal surfaces of 
nickel, platinum, and iridium. The degree of metal dispersion on the catalyst support has 
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SCHEME 1. Schematic mechanism of alkene hydrogenation 

been well defined using classical c h e m i s o r p t i ~ n ' ~ ~ ~ ' ~ ~ ,  X-ray diffraction' 51, and electron 
microscopic' 52 techniques. In addition, the surface concentration of catalyst active sites 
may be determined using temperature-programmed desorptionls3, while the detailed 
surface structure may be analysed by techniques such as ion-scattering spectroscopy, 
Auger electron spectroscopy, secondary ion mass spectrometry, and ESCA. Despite the 
powerful armoury of surface techniques now available, the state of chemisorption of 
substrate alkenes or alkynes has not been clearly defined either structurally or 
stereochemically. In any event, to relate findings carried out at Torr to working 
hydrogenation catalysts operating at pressures at least lo9 times greater may well be 
misleading. 

It is evident, however, that hydrogen is dissociatively chemisorbed on the catalyst and 
that the hydrogenation (or hydrogenolysis) reaction must involve a stepwise addition of 
two hydrogen atoms from the catalyst metal to the s ~ b s t r a t e ' ~ ~ - ' ~ ~ .  This is consistent 
with the commonly accepted postulate of Horiuti and PolyaniZ4 for alkene hydrogenation 
which involves a series of equilibria implicating both n- and a-bound intermediates 
(Scheme 1). However, it is clear that under certain circumstances and particularly when 
palladium catalysts are used, q3-allyl intermediates are involved, their intervention 
explaining perhaps concomitant alkene isomerization'6'.'62. An attractive alternative 
general mechanism has been proposed'63 in which hydrogenation is interpreted in terms 
of hydrogen transfer between an adsorbed hydrocarbon species M -C,H, and the 
adsorbed alkene. This mechanism implies that the metal is of secondary importance and 
that alkene hydrogenation is intimately related to ~elf-hydrogenat ion '~~.  Indeed, in the 
absence of hydrogen, ethene is converted to a mixture of ethyne and ethane over transition 
metal surfacesz6. 

Although none of the molecular features of the catalytic hydrogenation sequence have 
been validated experimentally, analysis of the nature of the products has established key 
points relating to the specificity and stereoselectivity of the reduction. Hydrogenation is 
syn-stereospecific with hydrogen adding to the least hindered face of the double bond. 
Hence hydrogenation of 16 affords the cis-hydrindanone 17 stereospecifically 
(equation 7)'65. Arene hydrogenations also must involve a selective cis addition of 
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TABLE 2. Metal surface-catalysed hydrogenation of p-xylene 
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Me 
I 

Q- 
Me 

H, 
cat .  6 Me 

B 
Me 

z E 
~ ~ 

Metal surface 
Ratio of Z / E  

Temperature ("C) products 

Pt black 
Pro,  

PtO, 
Ru-C 

Rh-C 
Pt black 
Nickel 

20 
20 

100 
85 

100 
200 
I80 

4:  1 
113 
7:3 
I :2 
1.2 
I :4 
I :4 

hydrogen in forming the cyclohexane product, but the selectivities vary substantially for 
metal surfacesi66 (Table 2). The absence of all cis addition implies that there must be an 
intermediate unbound cyclohexene which is subsequently converted into a trans- or cis- 
c y c l ~ h e x a n e ' ~ ~ , ' ~ ~ .  The kinetics of arene reduction indicate that dienic structures are 
formed in the rate-controlling surface reactioni6', although the concentration of 
intermediate adsorbed dienes remains Such intermediate dienes may desorb from 
the catalyst, but the reported isolation of a cyclohexadiene from catalytic hydrogenation of 
an arenel 70 remains unconfirmed. In competitive hydrogenations between alkenes and 
dienes, the alkene is always selectively reduced by heterogeneous catalysts. It is apparent 
that the molecular basis for this selectivity is not related to preferential chemisorption of 
the alkeneI4' as in competitive experiments there is a co-chemisorption of arene and 
alkene. Similarly, most metal surfaces will selectively hydrogenate alkynes in alkyne- 
alkene mixtures. The selective conversion of ethyne to ethene is illustrated in Table 317', 
although this does not seem to reflect preferential alkyne c h e m i ~ o r p t i o n l ~ ~ .  

There have been a number of relevant theoretical studies concerning the interaction of 
hydrogen with transition metal surfaces. This is the first step in any hydrogenation and has 

TABLE 3. Selectivity in catalysed ethyne hydrogenation 

Mctal 

~ ~ ~~ ~~~ 

M Ethene 
Temperature ("C) in product (rnol-%) 

Pd 0 
PI 100 
Rh 100 
Ru 150 
0 s  150 
I r  150 

97 
80 
78 
15 
60 
55 
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been extensively modelled using or c I ~ s t e r s " ~ - ' ~ ~ .  Saillard and Hoffmann 
considered hydrogen activation on nickel and titanium surfaces and concluded that 
electron transfer from M to o* dominates the early stages of the reaction176. 

C. Synlhetlc Utlllty 01 Heterogeneous Hydrogenatlon 

This section considers the reduction of the various functional groups, emphasizing some 
of the more recent developments in improving the selectivity and specificity of 
hydrogenation. The coverage is intended to be selective rather than comprehensive and 
further detailed discussions may be found in recent  book^'.'.^*^^ and  review^^^*'^'. 

1. Alkenes and polyenes 

Saturation of an alkene may be effected under ambient conditions using many different 
catalysts. Although palladium seems to have been the preferred catalyst historically, it also 
catalyses double bond isomerization, making it unsuitable in some cases. Catalytic activity 
generally decreases in the order Pt > Pd > Rh > Ru >> Ni for a given surface of metal. 
Platinum catalysts are particularly useful when double bond migration needs to be 
avoided and the nickel boride catalysts give considerably less double bond migration than 
Raney nickel. 

The effect of alkene structure on the rate of hydrogenation is clearly defined. Reactivity 
decreases with increasing alkene substitution and an approximate order of reactivity is 
terminal > cis-internal > trans-internal > trisubstituted > tetrasubstituted. A typical 
example of this is shown by the relative rates of hydrogenation of a series of alkenes in 
ethanol using P-2 nickel (Table 4)17'. Release of ring strain can also be an important factor 
determining reaction Exocyclic double bonds are generally reduced more 
rapidly than endocyclic bonds"', permitting regioselective reductions. For example, 18 is 
selectively reduced to 19 over palladium on carbon (equation 8)ls3.  However, there are 
exceptions to this generalization, so that with 20 selective endocyclic reduction occurs 
using a 5% rhodium on alumina catalyst to give 21 (equation 9)ls4. Syn stereospecific 
addition of hydrogen occurs almost exclusively in alkene hydrogenation, although there 
are some examples where anti addition contributes. Hydrogenation of22 over rhodium on 
carbon gives exclusively 23, but using platinum on carbon 7% of 27 is also formed 
(equation In bridged bicyclic compounds, exo addition is favoured to give the 
thermodynamically less favoured endo product 18s.186. The hydrogenation of 
hexamethyl(Dewar)benzene (25), for example, over Raney nickel gives 26 selectively 
(equation 1 I)"'. In steroid systems the axial angular methyl groups at the C-10 and C-13 
positions inhibit binding of the j-side to the catalyst surface. a-Hydrogenation of alkenic 
steroids therefore  predominate^'^^^''''-'^^ so that reduction of 3-methoxyestra- 
1,3,5( 10),8( 14)-tetraen-l7P-ol (27) gives 28 selectively (equation i2)l9'. 
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TABLE 4. Relative rates of hydrogenation of 
substituted al kenes" 
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Alkene Relative rate 

1.00 

0.23 T 
1,111, 

7 x 10-2 

3 x w 
4 1 0 - 3  

3 10-3 

c( lo-' 

An 

An 
* 

X 0 

"In  ethanol at 298K and I atm H, using P-2 
nickel'". 

C 0 2 M e  

Me02C & C02Me + MeO& OpMe 

H2 

M/C 
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(25)  ( 2 6 )  

Me 

13 
OH 

M e 0  m!P ( 2 7 )  

+LQ+ 0 8 

H z ,  Pd-C 

EtOH 
M e 0  

H H  
(28) 

(12) 

Outside these broad generalizations i t  is not easy to predict correctly the stereochem- 
ical outcome of alkene hydrogenations. In many instances the stereochemical outcome 
can only be anticipated if there is an extremely close analogy available. For example, it is 
not always straightforward to distinguish the least hindered face of an alkene and tor- 
sional strain and intramolecular non-bonding interactions may distort the geometry of the 
adsorbed  specie^'^^^^^^. Moreover, binding of the alkene to the catalyst surface may not 
be product-determining, particularly if concomitant alkene isomerization is occurring. In 
certain cases the stereochemical outcome is reported to be a function of alkene purity, 
reaction conditionslg4, and most notably the nature of the catalystlg5. I t  is not surprising, 
therefore, that different workers have reported contradictory results with identical 
substrates196-19R. 

a. Stereocontro//ed hydrogenations 

The use of a remote functional group to direct the stereochemical course of a reaction 
pathway is well known in reactions such as peroxy acid oxidations or Simmons-Smith 
cyclopropanations, but less well developed for hydrogenation. Such an effect (sometimes 
called the ‘anchor effect’ or haptophilicity) involves binding of a polar functional group, 
usually hydroxy, to the metal surface such that hydrogen addition is directed to that side of 
the molecule. The effect has been reported in isolation several  time^'^^-''^ but recently 
has been more systematically studied” 5-2 I ’. The stereospecificity observed is a sensitive 
function of solvent polarity as a result of competition between solvent and hydroxy groups 
for the catalyst site. The effect is demonstrated in Table 5 for the palladium-catalysed 
reduction of the substituted hexahydrophenanthrene derivative2I6. However, i t  seems 
clear that such stereocontrolled reductions may be effected more usefully using 
homogeneous catalysts (see Section III.B.1). 

b. Regioselective hydrogenations 

The selective partial hydrogenation of polyenes is important both commercially and 
synthetically. The selective saturation of the C-15 double bond in the triglyceride of 
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TABLE 5. Stereocontrolled reduction using hydroxy group" 

99 1 

Hp,solvent 

CH20H 

M e 0  

trans 

cis 

Solvent 
Dielectric Product 
constant cisltrans ratio 

Dimeth ylforrnamide 
Ethanol 
thf 
Diglyme 
Bu",O 
Dioxane 
Hexane 

36.1 
24.6 
1.6 
7.2 
3.1 
2.2 
1.9 

94% 
94:6 
82: I8 
81: I9 
73121 
14:26 
39:61 

a Reprinred wirh permissionfrom Thompson et al.. J. Org. Chem., 41,2903. Copyrighr (1976) 
Americun Chemical Sociery. 

(Z, 2. Z)-linolenic acid is of considerable interest to the food industry. The linolenate 
constituent [9,12,15-octadecatrienoates (29)] is found naturally in many unsaturated oils 
but has an unpleasant flavour and a catalyst for the selective reduction to linoleates [Z ,  Z -  
9, IZoctadecadienoates (M)] is still actively s o ~ g h t ~ ' ~ - ~ ~ ~ .  Industrially nickel and copper 
are used as catalysts and some selectivity is achieved through monopolization of the 
catalyst surface by linolenatez *. 

I5 12 9 
MeCH2CH = CHCH2CH=CHCH2CH=CH(CH2 ),C02R 

(29) 

Selectivity in the hydrogenation of non-conjugated polyenes depends on the degree of 
substitution of the alkenes, with the least substituted bond usually being selectively re- 
duced. Undeca-1, 7-diene (31) is thus reduced to undeca-4-ene (32) with palladium on 
carbonzz5 and the least substituted bond is also preferentially reduced in the reduction of 
j?-ionone, 33, over nickel Plzz6 .  Ring strain may determine the regioselectivity of 
reduction and hydrogenation of 5-methylenenorbornene, 34, gives preferential hydrogen- 
ation of the more strained endocyclic double bond' 78. The results of hydrogenating 
conjugated dienes or polyenes are less clear, although 4-vinylcyclohexene (35) may be 
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12 9 
M e  (CH2)&H = CHCH2CH = C H(CH2),C02R H2C =C H (C H2)& H = CH (C H2)2Me 

( 3 0 )  (31) 

(34) (35) 

reduced to I-ethylcyclohexene using a neutral Urushibara c a l a l y ~ t ~ ~ , ~ ~ ~  and 36 may be 
selectively reduced to 37 using palladium on carbon (equation 13)228. 

Me 

H Z  

Pd-C 

Me 'I Me 
OCOPh 

2. Alkynes 

Alkynes are important synthetic building blocks in organic chemistry, not only because 
terminal alkynes readily form carbon-carbon bonds but also because alkynes may be 
considered to be masked ( Z ) - a l k e n e ~ ~ ~ ~ .  In the nineteenth century Sabatier and Senderens 
discovered that palladium was the metal of choice for the semi-hydrogenation to (Z) -  
alkenes3 1-230 and the Lindlar catalyst (palladium on calcium carbonate alloyed with lead 
and poisoned with q ~ i n o l i n e ) ~ ~  continues to find wide a p p l i c a t i ~ n ~ ~ ' - ' ~ ~ .  The potential 
anti-viral agent 38, for example, has been prepared by Lindlar reduction of the 
corresponding alkyneZJ2. Generally, reductions using this catalyst are best carried out at 

OH 

(38) 

low  temperature^^^^^'^^-'^^ and sometimes in the presence of added manganese(I1) 
chloride237. Other catalysts are still s o ~ g h t ' ~ ~ - ' ~ '  for the selective semi-hydrogenation 
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and the nickel P2 catalysts seem particularly effective with ethylenediamine as pro- 
moterL7*. This catalyst has been used in the synthesis of the insect pheromone (2)-6- 
heneicosen- 1 I-one, 39, via stereospecific hydrogenation of 40 followed by oxidation238. 

0 C,H,,C~C(CH2),CHOH(CHp),Me 

(39) (40) 

The reduction of MX, (M = Pd, Ni; X = CI, Br) using the lamellar compound C,K affords 
a highly dispersed metal(0) catalyst on the graphite surface. These catalysts have also been 
found to reduce alkynes to (Z)-alkenes effectively with high stereospecificity 
( > 960/,)239.240. 

a.  Polyynes and enynes 

Half-hydrogenation of a polyyne gives the corresponding (2)-polyene without selective 
formation of the enyne. The diyntriol 41 has been converted into the (Z. Z)-dientriol 42 
using 5% palladium on barium s ~ l p h a t e ~ ~ ~  and hydrogenation of 5,8,11,14- 
eicosatetraynoic acid (43) using a Lindlar catalyst aNords arachidonic acid (44)243. Semi- 

Me(CH2I4CE C C ~ C C H ~ C ~ C C E C ( C H , ) ~ O ~ H  

(43) (44) 

hydrogenation of I-ethynylcyclohexene results in up to a 90% yield of vinylcy~lohexene~~,  
but lower selectivities occur with a terminal double bond in the presence of an internal 
triple bond245. 

b. Functionalized alkynes 

Reductions of alkynes bearing functional groups is chemoselective with the functional 
groups usually remaining intact. Methyl jasmonate, for example, may be prepared by 
selective hydrogenation of (E)-3-methoxycarbonylmethyl-2-(pent-2-ynyl~yclopentanone 
using a Lindlar catalyst246. Reductions of alkynic alcohols and diols are notably less 
stereospecific than the corresponding unsubstituted alkynes. Although the (Z)-alkene 
remains the major product, considerable amounts of the (E)-alkene may also be formed, 
particularly in the presence of added base225.247. Hydrogenation of the propargylic 
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alcohol 45 gave the corresponding allylic alcohol 46 in high yield, but with a 3: I ratio of 
Z:E d i a s t e r e ~ m e r s ~ ~ ' .  The ratio was insensitive to the catalyst and the reduction 
conditions, implying that the hydroxy group bound strongly to the metal surface, 
permitting isomerization of the intermediate cis-alkene. The hydroxysilane derivatives 47a 
and 48 have been reduced to the corresponding ( Z ) - v i n y l s i l a n e ~ ~ ~ ~ ~ ~ ~ ~  using palladium 
catalysts, although in the absence of the hydroxy group the isomerized product 49 was 

,CH,OH 

(45) (46) 

> =-SiMe3 

R H2C 'S i M BJ 

(a )  R=OH 
( b )  R = A c  

(47) 

Ph 

Me3S/ CHpSiMe3 

(49) 

formed2". Hydrogenation of the hydroxy acid 50 using 5% palladium on calcium 
carbonate has permitted a synthesis of the pyrone (equation 14) 512S'.  

6 H  
(50)  

3. Saturated carbonyls 

Under low-pressure conditions aldehydes are readily hydrogenated to alcohols, 
although the reduction of ketones is more difficult. Platinum, rhodium, or ruthenium 
catalysts are often used and Raney nickel has also found application. Sorbitol (52) is 
produced industrially by hydrogenation of glucose using a nickel ~ a t a l y s t ~ ~ ~ - ~ ~ ~ ,  
although ruthenium on carbon is a superior catalyst25S. On a laboratory scale such 
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CH,OH 
I 

OH 

OH 

OH 

CH,OH 

(52) 

reductions are more conveniently effected using metal hydride reducing agents and few 
recent reports describe heterogeneous hydrogenation of simple aldehydes and ketones. 

The effect of different catalysts on the hydrogenation of simple aliphatic ketones has 
been examined and different catalysts seem to affect the adsorption step rather than the 
subsequent reduction250. Rates of hydrogenation are highest in non-polar solvents257 and 
both added acid and base may markedly affect the rate of r e d ~ c t i o n ~ ~ ~ - ~ ~ ~ .  The steric 
course of ketone hydrogenation is not easy to  predict, although various workers have tried 
in the past to lay down some useful  guideline^^^'-^^^. The product stereochemistry is 
a sensitive function of the nature of the catalyst, solvent, temperature, and substrate 
structure. For the reduction of substituted cyclohexanones in ethanol, rhodium on carbon 
is the most effective for producing axial alcohols, and platinum oxide (Adams catalyst) is 
least effective2s9. With unhindered ketones, rhodium in tetrahydrofuran-hydrochloric 
acid is an excellent system for producing axial alcoholsz65. While reduction of 5a- 
cholestan-3-one, 53, with platinum in tert-butyl alcohol gives the equatorial alcohol 

H 

(53) 

predominantly, a rhodium catalyst in isopropanol-hydrochloric acid affords the axial 
alcohol 5a-cholestan-3a-ol in high yield266. Further, the 3,17- and 3,20-steroidal diones 
may be selectively reduced to the 3-01s with this catalyst system267. Generally, as the 
temperature of ketone reduction is increased the more stable epimeric alcohol is produced. 
Hydrogenation of isomenthone (54) using a 6% ruthenium on carbon catalyst under 
neutral conditions gives isomenthol (55) with 90% selectivity, provided that the 
temperature is 150 "C; at  105 "C the epimeric alcohol predominatedz6'. 

Me 

Pr' 
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a. Keto esters and diketones 

With substrates which enolize readily, such as 8-keto esters and 8-diketones, 
competitive hydrogenolysis of the C-0 bond O C C U ~ S ~ ~ ~ - ~ ~ ' .  Indeed, catalytic hydro- 
genolysis has been used as an alternative to the Wolff-Kishner reduction for the reduction 
of azabicyclic ketones such as 56272. The degree of hydrogenolysis is dependent on the 
solvent, catalyst, and substrate structure. 

f Me 
N 

( 5 6 )  

The asymmetric hydrogenation of OL- and 8-keto esters and 8-diketones to give the 
corresponding hydroxy esters or hydroxy ketones has been thoroughly investi- 
gated273*274. The best catalyst system for such reductions is Raney nickel modified by 

TABLE 6 .  Asymmetric ketone hydrogenations 

Substrate 

Product 
Enantiomeric 

Conditions excess [%) Ref. 

Ni-Pd/Kieselguhr 99 
(-)-tartaric acid/ 
HCO,H 

Ni-tartaric acid/ I o o y  
NaBr/thf 

Ni-tartaric acid/NaBr 68 

JJ 
0 

Ni-tartaric acid/NaBr 85 

211 

62 

362 

64 

0 

0 Pt-C, cinchonidine 82 278 

'After one recrystallization. 
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treatment with tartaric acid. Modification is carried out by soaking the activated metal in a 
solution of the chiral modifying agent, filtering and washing the catalyst before use. Many 
modifying agents have been tested63*275-z76 but chiral a-hydroxy acids (particularly 
tartaric acid) and a-amino acids were found to give the highest optical yields. Both 8-keto 
esters and 8-diketones may be reduced with very high enantioselectivity under the 
appropriate conditions and some typical results are summarized in Table 6. Adding water 
to the reaction mixture appears to increase the rate of reduction but decreases the optical 
yieldz7', although the effect of other additives is complex and poorly understood. The 
addition of acids with a pK, higher than that of the modifying tartaric acid to a nickel- 
palladium catalyst on Kieselguhr has given enantiomer excesses of up to 89%"'. 

Russian workers have considered a kinetic approach to the problem of selectiv- 
ityz8'-283. Adsorption is proposed to be stereoselective as a result of interactions between 
the substrate, modifier, and catalyst and the subsequent rate-determining addition of 
hydrogen is non-stereospecific. The infrared spectra of nickel treated with various 
modified agents has been examined284. The results suggested that adsorption of modifier 
and reagent takes place on adjacent atoms with interaction between them occurring via 
hydrogen bonding. Notwithstanding these studies, a complete description of this 
enantioselective catalysis is lacking, although clearly both selective and non-selective 
adsorption sites exist on the catalyst surface. At the selective sites one diastereomeric 
complex is formed with high selectivity and the chiral differentiation may well occur on 
binding rather than during the rate-determining hydrogen addition to  the bound 
substrate285. 

Despite the very high enantioselectivities obtained with these chiral catalysts, surpris- 
ingly few synthetic applications have been reported. In the light of the importance of the 
stereoselective formation of chiral 1,3-diols for macrolide synthesis, perhaps there is scope. 
here for future application286. 

4. Unsaturated carbonyls 

bond is possible, with the alkene double bond being the more easily reduced. 
With +unsaturated carbonyls, reduction of either the carbonyl or the alkene double 

a.  Reduction of carbonyl group 

Allylic alcohols may be obtained in excellent yield using various modified platinum 
catalysts by reduction of the corresponding unsaturated aldehydes. Cobalt seems to be a 
particularly effective modifier and reduction of 57 gives the diunsaturated alcohol 58 in 
95% yieldz87. Ruthenium on carbon modified with iron selectively reduced the aldehyde in 
citral(59) to give geraniol(60) selectivelyz8'. Using platinum oxide modified by nickel or 
iron, citral(59) may be further reduced to citronellol(61) with the conjugated alkene being 
selectively r e d ~ c e d ~ ~ ~ - ~ ~ '  . P re-reduced dirhenium heptoxide poisoned with pyridine is 
also an effective catalyst for the selective reduction to unsaturated alcohols. The yield of 
unsaturated alcohol falls marginally with increasing temperature up to  140 "C, above 
which the yield decreases markedly2". 

H#HH20H I 4;: 
Me 

( 5 9 )  

A c O H ~ C  H#Ho Me AcOH2C Me 

( 3 8 )  ( 5 7 )  
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Me Me 

$!H20H 9 H z O H  

Me Me Me 

(61) 

Me .J 
(60 )  

It is more difficult to reduce the carbonyl group in unsaturated ketones selectively. 
Usually the alkene is preferentially reduced, although the use of rutheniumzgz or 
platinumz93 catalysts has permitted certain selective ketone reductions. 

b. Reduction of alkene double bond 

With alphatic unsaturated carbonyl compounds, the alkene may be readily hydrogen- 
ated using palladium catalysts. Using palladium black, 62 may be selectively converted 
into the Sj-compound 63 under either acidic or basic conditionszg4. Unsaturated ketones 
have been formed and reduced in a one-pot procedure by use of a bifunctional 
~ a t a l y s t ~ ~ ~ ~ ~ ~ ~ .  For example, using an immobilized acid catalyst and palladium on carbon 
under hydrogen, propanone may be converted into 4-methylpentan-2-one, 64, in high 
yield297 and hexa-2,s-dione may be transformed into 65 following reduction of the 
intermediate furan. (E)-aj-Unsaturated-j-acyloxy crotonates such as 66 have been 
selectively reduced to the corresponding threo product 67 using a rhodium catalyst298, and 
ascorbic acid, 68, may be reduced in quantitative yield to  L-gulono-l,4-lactone (69) over 
10% palladium on carbonz99. 

(62) 

Me a Me 

€ a n d  Z 

( 6 5 )  

HO !RH 

H 

(63) 

H 

(64)  

Me 0,C H*: Me 

bo 0 m 
( 6 8 )  (69) ( 7 0 )  
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TABLE 7. Variation of product stereochemistry with solvent 

H 

0 m ,": +ohom Fi 
H 

E Z 

999 

Dielectric Ratio 
Solvent constant EIZ 

terr-Butanol 10.9 9:91 
Methanol 33.6 59:41 
Hexane I .89 52:48 
Dimet h ylformamide 38.0 21:79 

The factors which determine the stereochemical outcome of the hydrogenation of ap- 
unsaturated ketones in monocyclic and polycyclic systems are complex and interrelated. 
Attempts have been made to rationalize the observed effects of varying reaction 
parameters and comparing substrate structures'88. In a model system such as 8-octalone, 
70, the relative proportions of (E)- and (Z)-decalones produced may be related to the 
nature of the solvent and its dielectric constant. In aprotic solvents the E/Z ratio increases 
with decreasing dielectric constant, but is roughly proportional to the dielectric constant 
for protic solvents. Representative examples of this effect are given in Table 7. It has been 
proposed that 1,4-addition dominates in polar aprotic solvents, with 1,2-addition 
occurring mainly in non-polar aprotic solvents. In protic media, bulky solvents less 
effectively interact with the carbon-oxygen double bond and favour 1,4-addition. 

The stereochemical outcome of enone hydrogenations is very sensitive to the substrate 
structure3''. The hydrindanone 71a gives mainly the Z-isomer, 25a, but as the steric bulk 
of the R group increases in the 4-alkyl substituted derivatives, 72b, more of the E-isomer is 
formed3' '. 

( a )  R = H  
(b)  R = a l k y l  

(o)R=H 
(b) R= alkyl 

c. Reduction of aromatic carbonyls 

Aromatic aldehydes and ketones are reduced to the corresponding alcohols in high yield 
using palladium catalysts. Hydrogenolysis of the product alcohol occurs readily 
particularly in acidic or polar solvents and at higher  temperature^^^^^^'^-^'^. In the 
hydrogenation of 3-methyl-2-carboxymethyl-l-tetralone, 73, at 25 "C using palladium on 
carbon, only the carbonyl group is reduced, but as the temperature is increased to 80°C 
hydrogenolysis dominates to form 74303. Hydrogenolysis is suppressed by addition of 
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0 
(73) (74) 

base306-308. The stereochemical course of aromatic ketone reduction using palladium 
catalysts is determined during hydrogen transfer from the catalyst surface to the bound 
substrate309. Using nickel catalysts, on the other hand, the first adsorption step appears to 
control the stereochemistry of reduction3". Aryl diketones bind more strongly to the 
catalyst surface than monoketones so that partial hydrogenations may be carried out 
successfully. In this manner 75 may be reduced to 76 selectively (equation I .  

COMe CH(0H)Me 
I I 

H,,Pd-C 
EtOH,0.5M KOH Q 

dOMe 

( 7 5 )  

COMe 

(76 )  

5. Aromatics and heteroaromatics 

Although Sabatier and coworkers originally used nickel catalysts to reduce phenols, 
aminobenzenes, and b e n ~ e n e ~ ' ~ . ~ ' ~ ,  the more common catalysts used nowadays are 
rhodium on a support (or PtOz for low-pressure reductions) and under more forcing 
conditions supported ruthenium catalysts. The main disadvantage of the rhodium and 
ruthenium catalysts is their tendency to saturate polycyclic systems fully. 

a. Selective arene reductions 

Aromatic ring reduction has been considered to involve consecutive transfer of six 
hydrogen atoms3I4, so that various partially hydrogenated species are present as surface 
complexes. The desorption of partially hydrogenated products depends on the relative 
rates of hydrogen transfer to the bound species and the position of the chemisorption 
equilibrium. With a notable unconfirmed exception170, the formation of cyclohexadienes 
from simple benzenes does not occur, although intermediate desorption of cyclohexenes is 
common3 14-3 16. The use of partial arene hydrogenation in synthesis is limited, however. 
The nature of the substituent on the aromatic ring determines the ease of ring 
hydrogenation, although this effect is not the same for all catalyst systems. For example, 
using rhodium in methanol the order of reactivity is PhH > PhR > PhOH > PhNH,, 
whereas using platinum in acetic acid the order is PhOH > PhNH, > PhH 
> PhR317.318. Partial reduction of terephthalic acid with 5% ruthenium on carbon in 
water gave (Z)-I, 2,3,6-tetrahydroterephthalic acid (77) in 72% yield3I9. Unquaternized 
and quaternized pyridines may be partially reduced if  there are electron-withdrawing 
groups in the 3-position. In this way 3-acetylpyridine was reduced in alcohol with 5% 
palladium on carbon to give 78 in 50% yield320. 2-Methylaminopyridine may be reduced 
to 2-methylamino-3,4,5,6-tetrahydropyridine, 79, in good yield using 5% rhodium on 
alumina in acetic acid3,'. 
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0 

Cop H 

( 7 7 )  ( 7 8 )  (79) 

The hydrogenation of simple arenes does not proceed with all cis stereospecificity, 
consistent with the intermediate desorption of a c y ~ l o h e x e n e ' ~ ~ ~ ' ~ ~ .  However, using 
Raney nickel at 80 "C and 50 atm, some 2-alkylbiphenyls gave the corresponding (Z)-2- 
alkylcyclohexylcyclohexanes in up to 85% yield322. In a recent biotin synthesis, the 
surprisingly stereospecific hydrogenation of the thiophene diurethane, 80, has been 
achieved using a palladium catalyst to give 81 in 95% yield323. 

Me0,CHN NHCOpEt Me0,CH NH C 0, E t .*bH 
&(CHp)4COpH (CH2)4C02H 

( 8 0 )  (81) 

Generally, nitrogen and oxygen heterocyclic rings are reduced in preference to a 
benzene ring323-326, although this selectivity may be reversed in very strong acid. 
Hydrogenation of the N-methylquinoline derivative 82 gives the benzopiperidine 83 in 
methanol, but the substituted pyridine 84 is produced in trifluoroacetic acid3". Under 
such strongly acidic conditions the benzene ring is activated to hydrogenation by 
formation of a protonated a-intermediate. Pyridine rings are often reduced selectively in 
the presence of other heteroaromatics as in the reduction of a z a i n d o l e ~ ~ ' ~  and 
imidazolec 1 , 2 - a ] p ~ r i d i n e s ~ ~ ~ .  The reduction of 85, however, using a 5% palladium on 
carbon catalyst in methanol gave the partially reduced triazine derivative 86 selectively329. 
A pyridine ring has also been reduced in the presence of an alkene; hydrogenation of 87 
over platinum oxide gave the N-alkylpiperidine 88 with the double bond intact330. 

In general, aromatic rings are not reduced in preference to other unsaturated or 
hydrogenolysable groups, although of course there are exceptions. Rhodium catalysts are 
particularly effective at ring reduction without concomitant hydrogenolysis C-0 

P R 

(82) 

p '., ',. p Me 

R Me H R 

(83) (84) 

H 

(85 )  (86)  
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aph w'" 
( 8 7 )  ( 8 8 )  

bonds'*331. Using a rhodium on carbon catalyst in ethyl acetate the quinoline 89 may be 
reduced to the substituted piperidine 90 without ester reduction or C-0 hydrogeno- 
l ~ s i s ~ ~ ' .  Selective reduction of dibenzo-18-crown-6 (91) is only achieved with supported 
ruthenium catalysts to give the dicyclohexyl crown ether 92333. Hydrogenolysis of 
benzylic C-0 and C-N bonds occurs particularly easily with palladium and platinum 
catalysts but less readily with rhodium and ruthenium. Reduction of the dibenzyl93 using 
ruthenium in dioxane under basic conditions gaveg4 selectively334. 

C 0 2 E t  C 0 2 E t  

H 

(89) (90) 

(9 I) (92) 

H2NH2C ~ ( C H ~ ) ~ O C H . N H Z  

(94) 

The reduction of polynuclear aromatics generally occurs in a stepwise manner. In the 
reduction of naphthalene, for example, a tetralin is formed initially, which is subsequently 
hydrogenated to the fully reduced decalin. The naphthalene is preferentially adsorbed, 
however, and is also reduced at a faster rate than the tetralin, so that little or no tetralin 
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hydrogenation occurs until all of the naphthalene has been reduced33s. The regioselectiv- 
ity of the reduction of 1-alkylnaphthalenes varies with the bulk of the alkyl substituent. 
With large bulky groups the substituted ring is preferentially saturated, relieving 
unfavourable peri interactions (95 +96 -I- 97) (equation 16)335. 

R R R 

R 

Me 
E t  
Pr’  

8”’ 

V O  

65 
55 
32 

3 

% 

35 
45 
68 

97 

A major development in the regioselective hydrogenation of polyarenes has been made 
following the observation that platinum catalysts under mild conditions selectively 
catalyse terminal arene rings, whereas palladium on carbon reduces in the so-called 
‘molecular K regions’ to afford d i h y d r o a r e n e ~ ~ ~ ~ - ~ ~ ~ .  In this way 98 may be reduced with 
platinum to give the tetrahydro derivative or with palladium on carbon to give the dihydro 
derivative (equation 17)438. 

b. Perhydrogenation 

The favoured catalysts for complete hydrogenation of aromatic systems are rhodium 
and ruthenium on an inert support, although platinum oxide may be adequate with long 
reaction times in acidic solvents. 

6. Nitriles and nitro groups 

a. Reduction of nitriles 

The catalytic hydrogenation of nitriles proceeds in a stepwise manner with intermediate 
formation of an unsubstituted imine (equation 18) to give a primary amine. The 
intermediate imine may add to the product amine to give a secondary amine after 
hydrogenolysis of the C-N bond (equation 19). Tertiary amines may also be formed 
similarly and in aqueous media the intermediate imine may be hydrolysed to give carbonyl 
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compounds which may be directly reduced or reductively alkylated. Unless care is taken 
over the conditions of the reduction, therefore, complex mixtures of products may be 
obtained. 

(18) 
H i  

RC=N - RCH=HN RCH,NH, 

RCH=NH + RCH2NH, -+ RCH(NH,)NHCH,R -% RCH,NHCH,R (19) 

The formation of secondary amines (equation 19) is suppressed in a variety of ways. 
Ammonia is effective at minimizing coupling reactions and reductions in alcohol- 
ammonia have been recommended for forming primary a m i n e ~ ~ ~ ~ . ~ ~ ’ .  Reduction of the 
primary nitrile 99 gives the corresponding primary amine, tryptamine, under such 
conditions using a supported rhodium catalyst33s. New catalysts have been sought which 
may form the primary amine selectively. Nickel boride and cobalt appear most useful for 
the conversion of low molecular weight aliphatic nitriles into primary a m i n e ~ ~ ~ ~ ,  although 
the use of higher pressures certainly diminishes coupling reactions340. Strongly acidic 
conditions have also been used to  inhibit the formation of coupling products and 100 has 
thus been selectively reduced to 101 using 10% palladium on carbon341. The related 
bromocyanamide 102 has been reduced to  the bromoformamidine 103 under acidic 
conditions over 1% palladium on carbon without concomitant C-Br hydr~genolys is ’~~.  

(99) 

Br 

MeomcHzCN HO 

N H C z  N 

(102) 

(100) 

Br 

~ H C H  = NH 

(103) 

Under certain conditions, the formation of the secondary amine (equation 19) may be 
favoured and two recent commercial syntheses illustrate the value of this reaction. 
Dibenzylamine may be manufactured by hydrogenation of benzonitrile over platinum on 
carbon in the presence of water343. Intramolecular coupling of the imine 104 leads to an 
industrial synthesis of piperidine derivatives, such as 2-methylpiperidine (105)344.345. 
Indeed, the hydrogenation of nitriles in molecules bearing an appropriately sited 
functional group has permitted many ring syntheses through cyclizations of the 
intermediate imine or amine346-352. Hydrogenation of the ketonitrile 106 over Raney 
nickel with short reaction times gives the imine 107353. Reduction of 108 over palladium 
on carbon has led to a synthesis of a series of indole-3-carboxamides such as 109354. In this 
reaction the aromatic nitro group is first reduced to an amine, which then cyclizes with the 
intermediate imine. 



N = CCH2CH2CH2C(Me)= NR 

(104) 

b. Reduction of nitro groups 

Aromatic nitro groups are reduced readily with palladium, platinum, or nickel catalysts 
to give the corresponding amine in excellent yield. The intermediate aryl hydroxylamines 
may be the major reaction products under appropriate conditions. Nitroalkanes are 
reduced more slowly to give the amine, oxime, or hydroxylamine. 

Aryl hydroxylamines are formed in good yield using platinum on carbon in methanol 
containing dimethyl sulphoxide as a catalyst promoter355. They have been trapped 
intramolecularly by remote carbonyl functions as in the preparation of l-hydroxy-2- 
i n d ~ l i n o n e s ~ ~ ~ .  Reduction of 110 in dilute acid solution over a platinum on carbon 
catalyst gave an intermediate aryl hydroxylamine, which underwent a favourable 5-exo- 
trigonal ring closure357 to give the N-hydroxy product 111 in 62% yield. Similarly, 
reduction of 2-nitrotrifluoraocetanilide (112) in ethanol over a palladium on carbon 
catalyst leads to formation of the I-hydroxybenzimidazole (1 13)358. Indoles may be 
formed in good yield by hydrogenation of 2-nitrobenzyl ketones using a palladium on 
carbon catalyst359. 

OH 
( 1 1 1 )  

(113) (114) (115) 

Dinitroaromatics may easily be reduced to the corresponding diamines but selective 
reduction of only one of the nitro groups is less easy. Nevertheless, certain 2,6- 
dinitroanilines may be selectively reduced over palladium on carbon in good yield (114 
+ 1 lPO, and the reduction of 2,4-dinitro-l-(N-piperidyl)benzene, 116, over a Raney 
copper catalyst gave the 4-amino derivative 117 with over 99% selectivity361. 
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The reduction of aliphatic nitro compounds has often been used in the synthesis of 
amino sugars363-366. Hydrogenation of 118 over 10% palladium on carbon in acidic 
methanol gave high yields of 3-acetamido-3-deoxy-I, 2, 5, 6-di-O-isopropylidene-a-D- 
allofuranose (119) after treatment with acetic anhydride366. 

7. Hydrogenolysis 

a. Carbon-oxygen bonds 

The hydrogenolytic cleavage of C-0 bonds occurs readily with palladium catalysts 
when the oxygen is bound to a phenyl or benzylic carbon367, or when oxiranes are ring 
opened. The selective cleavage of C-0 bonds is of some importance in organic synthesis, 
particularly in the removal of protecting groups in peptide synthesis, in the conversion of 
aryl ketones to  aryl methylene groups, and in the preparation of polyhydric alcohols in 
sugar h y d r o g e n o l y ~ i s ~ ~ ~ .  

Aliphatic carbon-oxygen bonds are usually cleaved only under fairly forcing 
conditions, although trialkylsilyl ethers may be cleaved to the corresponding alkane under 
ambient conditions369. The 0-alkylisourea 120 may also be cleaved over a palladium on 
carbon catalyst using mild conditions to give the alkane and dicyclohexylurea (121)370. 

OR 0 
I 

CY, K , c y  

(120) (121) 

Oxiranes ring open readily and give the more substituted alcohol product in neutral or 
basic media37', but the least substituted alcohol under acidic  condition^^'^. However, the 
hydrogenolysis of 122 proceeds with preferential cleavage of the more substituted C - 0  
bond373. The epoxytetrone 123 may be transformed into the dione derivative 124 using a 
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palladium on carbon catalyst in dimethylformamide. This step is a key transformation in 
the synthesis of several deo~yanthracylinones~~~. 

The hydrogenolytic cleavage of enol triflates to the corresponding saturated hydrocar- 
bon has permitted the simple two-step conversion of aliphatic ketones to  the correspond- 
ing methylene compounds375 (equation 20). In this way androstane-3,17-dione may be 
converted into androstane in 70% yield. 

(CFs SO, ),O I H, / PtO, * RCHzCHzR'  
RCH2COR' w R C H = C - R '  

Me 
I 

Bu' &But 

The cleavage of benzyl-oxygen bonds occurs smoothyl with palladium catalysts in 
polar solvents376, particularly with added acid catalyst. Indeed, the benzyl group is a 
useful protecting group for alcohols377 and and the use of benzyloxycarbonyl 
groups in peptide chemistry is ~ i d e s p r e a d ~ ~ ' . ~ ' ~ . ~ ~ ~  (equations 21 and 22). 

H d P d  
PhCH,OH + RC0,H 2' PhCH,OCOR - PhCH, + RC0,H (21) 

H d P d  
PhCH,OCOCI + RNH, + PhCH,OCONHR - PhCH, + C 0 2  + RNH, 

( 2 2 )  

Primary alcohols have often been protected with trityl groups, which are also easily 
removed with hydrogen and palladium to regenerate the primary alcohol and liberate 
triphenylmethane3". Phosphoric acids may also be protected as their benzyl esters and 
the use of meso-hydrobenzoin has facilitated the synthesis of chiral 
[ l 6 0 , l  70,'80]phosphate monoesters via hydrogenolysis of the 2-substituted-2-0~0-4,5- 
diphenyl- I ,  3,2-dioxaphospholans, for example 125 ---t 126381-383. 

2- 
H 

H 

(125) 

The cleavage of aryl-oxygen bonds without affecting the aromatic ring also occurs 
readily particularly if there is a good leaving group produced. Cleavage of 127 occurs 
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Are\ 4 0  

Me A 0  

(127) 

smoothly to give the arene and methanesulphonic acid in high ~ l e l d ~ ’ ~  and 128 may be 
converted into 129 in benzene under mild conditions (equation 23)386. This latter 
procedure has been used to facilitate the specific tritium labelling of 1,2,3,4- 
tetrahydronaphthalene (equation 24)”’. 

Ph 

(24) 

( i ’  c‘YN;! N-N 

(ii) Tp j Pd-CaCO,, 
EtOH,l a t m  

b. Carbon-nitrogen bonds 

The hydrogenolytic cleavage of the C-N bond is similar to C - 0  cleavage but occurs 
less readily. Perhaps the most widely used C-N cleavage involves N-benzyl groups. 
These are removed with the following order of ease of hydrogenolysis: quaternary 
> tertiary > secondary > primary. The temporary protection and synthesis of tertiary 
amines may be effected via N-benzylation, with the benzyl group in 130 removed over 
palladium on carbon under ambient conditions to give 131 389.  Tertiary benzylic groups 
may be cleaved in the presence of tertiary benzylic C-0  bonds390 and in the presence of 
carbon-halogen bonds391, although this seems to depend on the basicity of the 
nitrogen392. With the 8-lactam system in 132 the expected selective N-C-4 cleavage 
occurs to give 133 in quantitative yield393. 
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c. Carbon-halogen bonds 

The facile replacement of C-halogen by C-hydrogen in benzyl, allyl, and aryl posi- 
tions permits the use of halogen as a protecting or directing group in synthesis and has 
also facilitated some specific deuteriations. The reduction of acid chlorides to aldehydes 
(Rosenmund reduction)394 is an early example of this cleavage which has found wide 
application395. More recently this type of reduction has been found to be more 
conveniently effected with tertiary amines or acetate anion as acid receptors. For example, 
the transformation of 134 to 135 occurs smoothly under ambient conditions over 
palladium on carbon in the presence of d i i s~propyle thylamine~~~.  The ease of order of 

&co'l &Lo 
(134) (135) 

halogen removal follows the expected trend with the carbon-iodine bond most easily 
cleaved and the carbon-fluorine bond the most difficult to reduce. Benzylic and allylic 
halides are hydrogenolysed selectively in the presence of most reducible groups, but the 
reduction of vinyl, aryl, and alkyl halides seldom occurs selectively except in the presence 
of ketones, arenes, and cyclopropanes. Thus 136 may be reduced to 137 in high yield over a 
Raney nickel catalyst397 and 138 is hydrogenolysed over palladium on carbon in basic 
media to give 139 selectively398. 

Deuteriolysis of the aryl carbon-halogen bond has facilitated several regiospecific 
labellings. Using a palladium catalyst generated in situ by reduction of PdCl, with NaBD,, 
the labelled compound 140 has been prepared with 2 95% isotopic 
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The cleavage of carbon-carbon a-bonds requires very forcing conditions and is 
generally of little synthetic value to the organic chemist4". Notable exceptions to  this 
generalization include the hydrogenolysis of activated or strained c y c l o b u t a n e ~ ~ ~ ~ - ~ ~ ~  
and particularly the ring opening of cyclopropyl derivatives. 

The hydrogenolysis of cyclopropane rings may occur either via suprafacial hydrogen 
addition when double retention or inversion of configuration at  each carbon occurs, o r  via 
antarafacial hydrogen addition where one carbon is inverted and one retains configur- 
ation (equation 25). 

'C D 

Suprafacial attack of hydrogen occurs for the deuteriolysis of 141 over platinum404, 
whereas both senses of addition occur for 1,2-dimethyl-l, 2-diphenyl~yclopropane~'~, 
generating a mixture of the racernic and meso diastereoisomers, 142 and 143. Further 
examples of stereoselective ring cleavage include the hydrogenolytic opening of 144 
catalysed by rhodium, platinum, or palladium which gives 146 specifically466, and the ring 
expansion of 146 to generate 147 with a cis ring junction stereo~pecifically~'~. 

Ph Me Me 

Me 

(144) (145) 

H 

(147) 
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Alkylcyclopropanes tend to undergo hydrogenolytic cleavage at the least substituted 
bond408-41 I , so that simple cyclopropanes may be usefully converted into gem-dimethyl 
groups, for example 148-14941 ’. However, preferential adsorption of the most 
strained carbon-carbon 0 bond in 150 determines the rate and direction of hydrogen 
addition, (the ‘anchor’ effect), so that 151 is produced selectively413. 

03 d M e  “(Me 

4 
(150) 

Vinyl- and phenyl-substituted cyclopropanes undergo preferential ring cleavage at  the 
adjacent carbon-carbon bond414-416, so that vinylcyclopropane (152) gives n-pentane 
specifically417, and 153 may be hydrogenolysed over palladium on carbon to give 154418. 

111. HOMOGENEOUS CATALYTIC HYDROGENATION 

A. Introductory Remarks 

While there is a wealth of organometallic literature detailing the characterization and 
catalytic activity of transition metal c o m p l e x e ~ ~ ~ ~ ~ ~ ~ ~ ,  there are perhaps only about a 
dozen practical homogeneous catalysts of interest to the synthetic organic It is 
fair to say that most new organometallic complexes, particularly of rhodium, iridium, 
ruthenium, and cobalt, are tested for their ability to catalyse alkene hydrogen- 
ation5.419-42 I and with the development of the organometallic chemistry of f-block 
elements, these complexes are also being screened for potential catalytic a ~ t i v i t y ~ ~ ~ - ~ ~ ~ .  
The number of selective homogeneous catalysts is limited and Wilkinson’s c a t a l y ~ t ~ ~ * ~ ~  is 
easily the most studied catalyst for alkene hydrogenation3. A summary of the useful 
practical procatalysts“ is given in Table 8, all ofwhich operate under ambient conditions of 
temperature and pressure unless indicated otherwise. 

Although carbonyls, arenes, nitro groups, and imine double bonds may be reduced with 
homogeneous catalysts, the major application of such catalysts lies in the regioselective 

“The active catalyst is derived from the given procatalyst under hydrogenation conditions. 



1012 D. Parker 

TABLE 8. Practical homogeneous procatalysts 
~ 

Catalyst 

~~ ~ ~ 

Typical 
Substrates solvent Comments Ref. 

Alkenes 

Al kenes, 
I ,  3-dienes 
Alkenes, alkynes, 
carbonyls 

Alkenes, nitro 
groups 

Alkenes 

Dienes 

Dienes 

Dienes 

Alkenes 

Alkenes, 
carbonyls, 
nitro groups 
Conjugated 
alkenes 

Benzene, 
alcohols 
Toluene 

thf, MeOH 

dmf 

CH,CI, 

Acetone 

thf 

thf 

CH,CI, 

H,O 

HzO 

Regioselective 

Selective for 
terminal alkene 
chiral catalysis 
with chiral 
phosphines; 
alkyne to alkene 
(4 
Asymmetric catalysis 
with chiral 
formamides 
Hindered alkenes 
rapidly reduced; 
no 0, poisoning 
Selective for 
dime 

forms monoene 
Unconjugated dienes 
isomerized then 
reduced 
Elevated T and P 
required 
Substrate selectivity 
is pH sensitive 

C-X hydrogenolysis 
is easy 

140- 180 "C, 

3.76 

3, 78 

79, 80 

434 

87, 435 

86 

432 

430,431 

429, 224 

427 

428 

'L2 = chelating diarylphosphine or two triarylmonophosphines 
b4 atrn. of H, .  

and stereoselective reduction of alkenes, polyenes, and alkynes. Such selectivity has been 
highlighted with the development of the catalytic asymmetric hydrogenation of prochiral 
enamides (see also Section 1II.d) to give substituted amino acids in >, 95% enantiomeric 

The most common solvents for homogeneous hydrogenations are usually weakly 
coordinating alcohols, ethers, or arenes such as toluene, methanol, and tetrahydrofuran. 
The nature of the solvent may profoundly affect the course of reduction, for example the 
cationic iridium complex [Ir(cod)(PCy,)py] + is only catalytically active in dichlorometh- 
ane''. Usually chlorinated solvents are avoided; this is particularly true of chloroform and 
carbon tetrachloride, which function as efficient hydride  abstractor^^^'. Indeed, this 
reaction to form a metal-chlorine bond is commonly used to indicate the presence of a 
metal-hydrogen bond. 

2.84.83 

B. Synthetlc Utlllty of Homogeneous Hydrogenation 

This section will discuss the reduction of the common unsaturated functional groups 
and pays particular attention to more recent stereoselective and stereocontrolled 
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hydrogenations. Coverage of alkene, polyene, and alkyne reduction in particular is 
selective rather than comprehensive and detailed summaries of such reductions may be 
found e l~ewhere’ .~*~.  

7. Alkenes and polyenes 

a. Stereoselectivity, chernoselectivity, and regioselectivity 

Although there are a very large number of catalysts which are active towards alkene 
hydrogenation, most applications in synthesis have employed Wilkinson’s catalyst, 
[RhCI(PPh,)J3, and increasingly the cationic iridium catalysts developed by Crabtree 
et Hydrogenation with these catalysts is syn s t e r e o s p e c i f i ~ ~ ~ ~  and this was first 
demonstrated by the addition of deuterium to maleic acid (155) to  give meso-1,2- 
dideuteriosuccinic acid (156). There is no scrambling between deuterium and solvent or 
indeed between hydrogen and deuterium in reductions with 1: 1 H,-D, gas. This is in 
direct contrast to heterogeneous hydrogenations, where isotopic scrambling is the 
Stereospecific syn addition of deuterium has also been demonstrated with the cationic 
rhodium diphosphine catalyst 157440.44’. Stereospecific syn additions have been applied 
to label various compounds444, including unsaturated Scr-spirotane steroid derivatives 
such as 15@ and in the synthesis of ‘chiral methylvaline’ by addition of tritium to labelled 
N-acetylisodehydrovaline (159)443. 

H 

(159) 

(158) 

The relative rates of hydrogenation of non-conjugated alkenes follow their ability to 
bind to rhodium and so reflect the steric crowding afforded by the bulky phosphines. 
Terminal alkenes are readily hydrogenated and with cyclic alkenes the rate varies inversely 
with ring size. The order of reactivity in equation 26 is generally followed with Wilkinson’s 
catalyst. However, [RuCIH(PPh,),] rapidly reduces terminal alkenes in preference to  

R 
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other substituted alkenes and the iridium complexes such as [Ir(cod)(PCy,)py] + reduce 
tetrasubstituted alkenes very r a ~ i d l y ' ~ . ~ ~ ~ .  Indeed, tetramethylethylene is reduced 100 
times faster than cyclohexene using [RhCI(PPh,),]. 

The differences in the rates of alkene hydrogenation have led to many regioselective 
 hydrogenation^^^^-^^^. The reduction of dihydroaromatic compounds occurs readily 
with selective reduction of the disubstituted alkene in 160 to give 161 in high yield449*450. 
The reduction proceeds without the disproportionation to aromatic and cyclohexane 
derivatives which usually occurs with palladium and platinum heterogeneous catalysts. 
The exocyclic double bonds are selectively reduced in 162451, 163452 and 164', and with 
allenes the unsubstituted terminal alkene bond may be selectively reduced4s3. 

C02Me 
I 

C02Me 
I 

(162) (163) (164) 

Homogeneous catalysts are particularly chemoselective and the following groups are 
not hydrogenated or hydrogenolysed under the usual conditions of alkene hydrogenation: 
carboxylic acids, ketones, arenes, esters, nitriles, amides, and ethers. Aza, hydroxy, chloro, 
and nitro compounds are also typically not reduced. The lack ofcleavage of hydrogenoliz- 
able groups has been used in the reduction of dehydrogriseof~lvin~~~, 165 + 166, with 
which facile C-CI and ring-opening C-0 hydrogenolysis occur with conventional 
heterogeneous ~ a t a l y s t s ~ ~ ~ . ~ ~ ~ .  The hydrogenolytic cleavage of carbon-carbon bonds is 
suppressed with homogeneous catalysts and 167 may be reduced to 168 in 97% yield. 
However, other simple cyclopropane systems show increased amounts of ring-opened 
products456. The selective saturation of the alkene double bond in nitrostyrenes occurs 
smoothly with [RhCI(PPh,),]; for example, 169 may be reduced to 170 in high yield using 
5 atm of hydrogen pressure457. Sulphur-containing compounds generally poison 
heterogeneous catalysts458 but successful hydrogenations may be effected with homog- 
eneous catalysts, for example in the reduction of a lkenyl th i~phenes~~~.  

Me 
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L4 
(168) (169) (170) 

As with heterogeneous hydrogenation, the least hindered face of the alkene is bound to  
the metal and thereafter reduced. For example, in the deuteriation of ergosterol acetate 
(171) to Sa, 6a-[ZHz]-ergost-7-en-3-/?-ol acetate (172)', the least hindered alkene is reduced 
from the less crowded face of the steroid. Similarly, in the hydrogenation of 173 
hydrogenation proceeds to give the trans fused decalone 174 s te reospe~i f ica l ly~~~.  

6. Stereocontrolled hydrogenation 

Although there are several distinct examples in heterogeneous hydrogenation of the 
directing effect of a remote functional group (Section II.C.l.a), it is only recently that such 
effects have been discovered and applied in homogeneous systems. Hydrogenation of 175 
with Wilkinson's catalyst gives the cis diastereoisomer 176 exclusively, presumably as a 
result of the preferential formation of the chelated intermediate 177461. The hydrogen- 
ation of allylic and homoallylic alcohols with the cationic diphosphine rhodium 

~ i+ ~ 

M e 0  rvleo 
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TABLE 9. Stereocontrolled hydrogenation of allylic and hornoallylic 
alcohols” 463.464 

R H A  

Entry Substrate Ratio A:B“ Yield YA) 

I 

2 

3 

4 

5 

6 

7 

8 

9h 

”“-OH 

Me JY”” 

“‘YP 
MeuM:H 
Me 

.y 

pr’QMe 

6:l ( l : 3 )  

9:l ( I : I )  

74:l (1:3) 

33: l  ( 1 : 3 )  

27:l (1:s) 

> 1OO:l (1:I) 

> 1OO:l  ( I : l )  

> 1oo:l ( 1 : l )  

99.9:O.l ( 1 : I )  

78 

82 

48 

85 

76 

64 

74 

87 

85 

Values in parentheses refer to reduction with 5% palladium-charcoal in methanol 
Data from ref. 464; all other data from ref. 463. 
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procatalyst 178 has been reported462. Reduction of 179 proceeds smoothly in aprotic 
solvents such as dichloromethane or tetrahydrofuran to give ( R ,  S)-threo-3-phenylbutan- 
2-01 (180) selectively over the erythro diastereoisomer (up to  30: 1 selectivity). Such 
stereoselectivity is rationalized in terms of the model (181) in which the non-bonded 
interactions experienced by the methyl group are minimized in the transition state. The 

(179) (180) (181) 

ability of an adjacent polar substituent to direct the stereochemical course of hydrogen- 
ation has also been observed with iridium catalysts. A series of allylic and homoallylic 
secondary and tertiary cyclohexenols have been reduced using [Ir(cod)(PCy,)py]+ as 
~ a t a l y s t ~ ~ ~ . ~ ~ ~ .  The results are presented in Table 9; high selectivities were observed 
(ca. 97: 3) for the reduction of secondary alcohols, and even greater selectivity for the 
reduction of allylic tertiary alcohols. It is evident that the iridium binds to the hydroxy 
group and one face of the alkene and the substrate is reduced preferentially from that side. 
Table 9 also lists reductions of the same substrates with the heterogeneous palladium on 
carbon catalyst, for purposes of comparison. It is apparent that stereocontrolled 
reductions with cationic rhodium and iridium catalysts are reactions of considerable 
synthetic utility. It also seems that the diastereoselectivity observed with the cationic 
rhodium complexes is dependent on the hydrogen pressure and enhanced diastereo- 
selectivities, with both cyclic and acylic allylic alcohols, have been observed on raising the 
hydrogen pressure644. The directing effect of adjacent polar substituents a t  a chiral centre 
in homogeneous hydrogenation has also been observed in the diastereoselective reduction 
of d e h y d r ~ v a l i n e s ~ ~ ~  and in the hydrogenation of dehydrodipeptides 465*466. 

2. Dlenes 

There are several homogeneous catalysts which selectively reduce dienes and conju- 
gated alkeneS432.430.467-471 . A typical example is [ C ~ , M O H , ] ~ : ' ~ ,  which selectively 
reduces 1,3-and 1,4-dienes to monoalkenes. Cyclopentadiene may be reduced to 
cyclopentene at  180 "C and 160 atm in the absence of solvent. Arenechromium tricarbonyl 
complexes exhibit selectivity for the 1,4-hydrogenation of conjugated dienes which are 
able to take up a cisoid For example, methyl sorbate (182) may be 
reduced to methyl hex-3-enoate (183) and addition of deuterium confirmed that 1,4- 
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addition was occurring exclusively470. These chromium-arene catalysts may find further 
application for the stereoselective formation of (2)-alkenes. 

Me 

Meu C O2Me 

(182) (183) 

Ultraviolet irradiation has provided a simple method for the generation of active, 
coordinatively unsaturated catalysts for diene h y d r ~ g e n a t i o n ~ ~ ~ .  Irradiation of Group VI 
metal carbonyls (Cr, Mo, W) promotes the catalytic hydrogenation of 1,3-dienes at  room 
temperature473. (Z)-Alkenes are produced stereoselectively so that addition of deuterium 
to cyclohexa-l,3-diene affords 184 ~pecifically~’~. Again, an q4-coordinated cisoid diene is 
an intermediate in these r e d u ~ t i o n s ~ ~ ’ . ~ ~ ~ .  

(1841 

Pentacyabocobaltate(I1) is a good catalyst for the selective hydrogenation ofconjugated 
dienes to monoenes in aqueous or alcoholic The catalyst is relatively 
unreactive for non-conjugated dienes such as cycloocta-1, 5-diene. The catalyst is not very 
stereoselective and the product stereoisomer distribution is a function of solvent, catalyst 
ratios, and pH. Recently the catalyst has been used under phase-transfer conditions469 and 
improved selectivities were observed. Using benzyltriethylammonium chloride as a phase- 
transfer catalyst, the reduction of 185 occurs stereospecifically to give the (E)-alkene 
186469. 

Me Me 

3. Aikynes 

Despite the fact that many homogeneous catalysts will reduce alkynes to  (2)-alkenes, 
there have been very few reports of the application of such reductions in synthesis. Both 
[RhCl(PPh3)3]439 and [ R u H C ~ ( P P ~ , ) , ] ~ ~ ~  will selectively reduce alkynes in alkene- 
alkyne mixtures but, as a result of the stronger binding of the alkyne to the metal, catalytic 
activities are reduced with respect to alkene hydrogenation. A related catalyst formed in 
situ from RuC1, and triphenylphosphine catalyses the reduction of 9-octadecynoic acid 
(187) to (2)-oleic acid (188)478, while [RuHC1(PPh3),] itself has been used to effect the 
conversion of 189 into the (Z)-alkene 190477. 

Me (CH2)+ =C(CH2),C02H Me(CH*)+H = CH(CH2)7COzH 

(187) (188) 
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A c O H ~ C C G C C H ~ O A C  

(189) 

A c 0  A O A c  

(190) 

The cationic rhodium complexes [Rh(diene)L,]+ and [Rh(diene)Lpy]+ areparticular- 
ly useful for the stereospecific syn reduction of internal and terminal alkynes in 
quantitative yield79380.479, although there have been no direct synthetic applications of 
this reduction. Indeed, despite the wealth of catalysts which reduce alkynes to (Z) -  
a l k e n e ~ ~ ~ ' - ~ ~  I ,  heterogeneous catalysts are still commonly used preferentially in practice. 

There have been isolated reports of the stereospecific anti reduction of alkynes to give an 
(E)-alkene492.493, although in certain cases this may well be the consequence of an 
isomerization step involving the initially formed (Z)-alkene148. 

4. Carbonyls and unsaturated carbonyls 

The carbon-oxygen double bond is a poor 0 and n donor in organometallic chemistry 
and does not bind well to low-valent transition metal centres. Accordingly, there are few 
synthetically useful homogeneous catalysts for the reduction of these substrates, although 
recently several potentially very important asymmetric hydrogenations of the carbon- 
oxygen double bond have been reported (Section 1II.D). The most useful catalysts are 
cationic rhodium and iridium complexes typified by the series of procatalysts 
[Rh(diene)L,] +, although the use of the recently described palladium phthalocyanine 
catalyst merits further a t t e n t i ~ n ~ ~ ~ . ~ ~ ~ , ~ ' ~ .  The iridium catalyst [lrH,(PPh,),S,]+ (S = 
solvent) in dioxane catalyses the reduction of butanone at 50'C and under 1 atm of 
hydrogen479. The use of more basic tertiary phosphines such as PEt,, PMe,Ph, or PBu", 
has facilitated more general ketone reduction under mild  condition^^^^.^^^. Such 
reductions proceed more rapidly in the presence of traces of water, suggesting that the 
active catalyst is a monohydride generated by proton loss. In the presence of water alkene 
hydrogenation is suppressed, although no selective reductions have been reported. For the 
reduction of aldehydes, competitive decarbonylation remains a serious problem, although 
this may be offset by working under higher partial pressures of hydrogen497. It seems that 
ketone reduction does not involve prior enolization and alkene coordination as deuterium 
addition gives the dideuteriated compound with no P-deuterium incorporation even in the 
presence of 1 %  water. 

Other catalysts which have been reported to reduce carbon-oxygen double bonds 
include the cobalt catalyst [Co(dmg),], which reduces I ,  2-dicarbonyls and a-keto esters to 
the corresponding hydroxy carbonyls and a-hydroxy esters under ambient conditions498. 
Benzylic ketones are reduced to the corresponding alkanes using [HCo(CO),] generated 
from [Co,(CO),] under hydrogen and carbon monoxide499~500. This reaction involves 
hydrogenolysis of the intermediate benzylic alcohol so that 191 may be successively 
reduced to 192499. 

w 0 

(191) (192) 

In aj-unsaturated carbonyls the alkene double bond may be selectively reduced with 
impunity using most homogeneous catalysts. For example, reduction of 193 with 
[Ir(cod)(PCy,)py] + in dichloromethane gives the trans ring fused product 194, in which 
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no carbonyl reduction has occurred50'. However, whereas cinnamaldehyde (195) may be 
reduced to hydrocinnamaldehyde (196) using either [RhCI(PPh,),] or 
[RhCI(CO)(PPh,),] under 0x0  conditions502, the use of dichlorotetra- 
carbonyldirhodium( I )  under similar conditions gives cinnamyl alcohol (197) in 94% 
yieldso3. 

(E)-PhCH= CHCHO P h C H2C H 2C HO (E)-PhCH=CHCH20H 

(195) (196) (197) 

Selective reduction of the conjugated alkene in a/3-unsaturated carbonyl compounds 
that contain a remote carbon-carbon double bond has been achieved using triethylsilane 
and tris(tripheny1phosphine)rhodium chloride, permitting the selective reduction of citral 
to citronella1 in 97% yieldso4. The selective partial reduction of 3-oxo-l,4-diene steroids 
has been examined in detai1505-509. The reduction of androsta-I, 4-diene-3, 17- 
dione (193) to androst-4-en-3, 17-dione (198) may be achieved using 
dichlorotris(triary1phosphine)ruthenium using low temperatures and high pressures in the 
presence of added triethylamine. Similarly, the reduction of a-santonin (199) using 
[RhCI(PPh,),] affords 1,2-dihydro-a-santonin (200) in high yield. 

0 @ / 0 q k , \ \ + M e  ."j^?\,\,~\~~ 
Me 0 

(198) (199) 0 (ZOO)  0 

5. Aromatics and heteroaromatics 

With the renewed interest in coal utilization, the hydrogenation of both polynuclear 
aromatic and heteroaromatics has become the subject of considerable interest, particular- 
ly as additional hydroprocessing is required to reduce the nitrogen and sulphur 
content5' ' '. Further, the traditional rhodium and ruthenium heterogeneous catalysts 
have limited use in synthetic organic chemistry because of their tendency to catalyse H/D 
exchange and their lack of stereospecificity. Despite these factors, homogeneous arene 
catalysts have so far not proved to be sufficiently reactive or stable to be used synthetically, 
despite some encouraging examples of stereoselectivity. 

Among the earliest putative homogeneous arene catalysts were various Ziegler systems 
generated by the reduction of soluble metal complexes such as [Ni(acac)J with metal 
hydrides or alkylsS'4-5'9. These systems require high pressure (> IOOOpsi) and elevated 
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temperatures but they catalyse the reduction of dimethyl terephthalate (201) syn 
stereospecifically to give 202. However, it has not been indisputably demonstrated that 
metastable metal particles are not involved in these systems. Another system which was 
investigated involved the use of [HCo(CO),], which reduces anthracene derivatives via a 
two-step hydrogen atom transfer mechanism while leaving benzenoid and phenanthren- 
oid systems i n t a ~ t ~ ~ ~ - ~ ~ ~ .  

(201) (202)  

A highly active but poorly characterized rhodium(1) complex of N-phenyl anthranilate 
has been reported which catalyses the reduction of benzene to cyclohexane under ambient 
conditions and reduces anthracene to the I ,  2,3,4-tetrahydro p r o d u ~ t ~ ~ ~ . ~ ’ ~ .  More 
recently, [RuCI,(CO)~(PP~,),] has been found to catalyse the reduction of both aromatic 
and heteroaromatics. In the presence of base, reduction of aromatics was enhanced 
although reduction of heteroaromatics was suppressed with base present525. The 
reduction of anthracene gives 1,2,3, 4-tetrahydroanthracenesZci in low yield, whereas 
reduction of benzoquinoline gave 1, 2, 3, 4-tetrahydro-5, 6-benzoquinoline 203 regio- 
specifically in high yield. 

H 
(203) 

A series of allylcobalt phosphite complexes, for example CoL3(q’-C3H,), have been 
intensively studied. Although these catalysts exhibit low activities toward arene reduction 
under ambient conditions, they are remarkably s t e r e ~ s p e c i l i c ~ ~ ’ ’ - ~ ~ ~ .  Benzene may be 
deuteriated to give all-cis-C6D6H6 with no competitive H/D exchange. Unfortunately, the 
low reactivity and limited catalyst lifetimes preclude the use of this catalyst in synthetic 
organic chemistry. 

An air-stable procatalyst [RhCI,(C5Me5)], has been described which catalyses various 
arenes at 50 “C and 50 atm of hydrogen in the presence of base. Although the catalytic 
activity is fairly low, high stereospecificity is reported for the hydrogenation of benzene-d6 
to cyclohexane-d6. Alkyl substituents retard the reduction rates but ether, ester, amide, 
and ketone groups are tolerated whereas hydroxy and carboxy groups suppress catalytic 
a ~ t i v i t y ’ ~ ~ ’ ~ ~ ~ .  

A series of q6-arenemetal complexes have been described. [(q6-C6Me6)Ru(q4- 
C6Me6)]535 is long-lived with moderate catalytic activity but the stereospecificity of 
reduction is low and extensive H/D exchange occurs536. It is significant, however, that 
substantial amounts ofcyclohexenes may be isolated for alkylbenzene r e d ~ c t i o n s ~ ~ ’ .  The 
ruthenium hydride [RuHCl(q6-C6Me6)(PPh3)] is reported to be a stable and long-lived 
arene hydrogenation catalyst, although slow decomposition of the catalyst occurs during 
h y d r o g e n a t i ~ n ~ ~ ~ .  Finally, [(r16-C6Me6)RU(~-H),(~-cl)RU(q6-c6Me6)] + is claimed to be 
the most active arene catalyst. Hexadeuteriobenzene is hydrogenated to give more than 
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95% C6D6H6 as an E / Z  mixture of diastereoisomers. The catalyst is tolerant of 
carbomethoxy, hydroxy, and methoxy substituents and sulphur so that thiophene may be 
r e d ~ c e d ~ ~ ~ . ~ ~ ' .  

6. Nitro groups, imines, and nitriles 

lmines bind fairly well to transition metal centres, but such substrates have received 
little attention. Catalysts which have been reported to reduce imines include 
[HCO(CN), ]~-~~ ' ,  [RhCI,(BH4)dmf(py),]542 and the chiral chelating cationic com- 
plexes [Rh(nbd)diop] + 5 4 3  and its ferrocenyldiphosphine analogue544. Dicobalt octacar- 
bony1 under hydroformylation conditions reduces aryl- and alkyl-imines to the corres- 
ponding secondary amines in good yield545-547, and no C O  insertion to form the 
corresponding amides was observed. 

Nitro groups are also reduced by several homogeneous catalysts but surpri- 
singly this reaction has been little used synthetically. The hydrogenation of 
nitroalkanes and aromatic nitro compounds is catalysed by dichloro- 
tris(triphenylpho~phine)ruthenium(lI)~~"~~~ to give the corresponding amines. 
At  135 "C and 80atm of hydrogen this catalyst permits the selective reduction of only one 
of the nitro groups in p-dinitrobenzene to give p-nitroaniline. 

The hydrogenation of aryl nitro compounds is also eficiently catalysed by 
[RhC12(BH4)dmf(py)2]542 and pentacyanocobaltate(I1) in aqueous solution550. The latter 
catalyst reductively dimerizes aryl nitro compounds to give azo and hydrazo derivatives. 

The homogeneous hydrogenation of nitriles is virtually unknown, although dicobalt- 
octacarbonyl reduces aryl nitriles to the corresponding primary amines at elevated 
temperatures" '. 

C. Heterogenized Homogeneous Hydrogenation Catalysis 

A general drawback to the industrial utilization of homogeneous catalysts is the 
problem of separating the product from the catalyst and recovering the spent catalyst552. 
One commonly adopted solution to this problem is to anchor the homogeneous catalyst 
on a solid-phase support (see Chapter 14)90-'02. In this way it was hoped that the 
advantages of soluble catalysts-high activity and stereoselectivity-could be combined 
with certain valuable characteristics of heterogeneous systems-ease of product separ- 
ation and catalyst recovery and reuse. Indeed, it was hypothesized that such hybrid 
catalysts may even be superior to their homogeneous analogues in that catalyst 
aggregation and possible deactivation would be suppressed and even gas-phase processes 
made possible. In practice, such advantages have not been attained and many problems 
have been encountered with the preparation and characterization of the required catalysts, 
in addition to such drawbacks as leaching of metal ion into solution and reduced activities 
and selectivities'03-107. Notwithstanding these problems, many important developments 
have been made and the technique may well become industrially significant in the not too 
distant future. 

An alternative approach to  the problem of product separation and catalyst recovery 
involves the use of metal complexes of polar, water-soluble ligands'''-'' ' such as 
sulphonated triarylphosphines. Aqueous solutions of these complexes catalyse reactions 
with water-insoluble substrates present in a second phase. Separation of the hydrogenated 
organic layer leaves the catalytic aqueous solution available for reuse'". Phase-transfer 
catalysis of such reactions looks particularly promising and has already been demon- 
strated with [CoH(CN),] catalysts in ~ a t e r ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ .  

Within the same general domain some promising results have been obtained from 
hydrogenation within a bilayer as a method for controlling membrane fluidity. The degree 
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of unsaturation of the fatty acid chains in the phospholipids of cell membranes determines 
the fluidity of their structure and hence modifies their physiological or biological action. 
Using sulphonated triarylphosphinerhodium complexes, selective hydrogenation of the 
polyunsaturated acyl chain has been effected and marked changes in membrane fluidity 
observed’ ’ ’-’ 59. 

1. Polymer-supported c8falysts 

Many of the supported catalysts described have been attached to cross-linked 
polystyrene resins. Using microporous resins (prepared from ca. 2% divinylbenzene as a 
cross-linking agent) the interior is only accessible after swelling by a polar solvent, such as 
ethanol. Once swollen, the high internal mobility of the polymer means that the attached 
ligands which are widely dispersed along the polymer chain may coordinate with a single 
metal, but then tend to dimerize or aggregate reducing catalytic a ~ t i v i t y ’ ~ ~ . ’ ~ ~ .  While 
macroporous resins are much less mobile internally they are equally much more difficult to 
functionalize and often the polymer may only be functionalized at the surface of the 
polymer bead or within the largest  pore^^'*'^^. 

Some typical phosphine functionalized resins are 204-206, with which metal complexes 
are formed by direct reaction with a metal halide or by ligand exchange 
reactions90-98.563,564 

0 

! m ; T  y;: 
H 

(206 )  

In most, but not of the examples described the catalytic activity of a polymer- 
bound hydrogenation catalyst is lower than its soluble c ~ u n t e r p a r t ~ ~ ~ * ’ ~ ~ ~ ’ ~ ’ .  With a 
ruthenium complex of a phosphinated polymer some selectivity for the reduction of short- 
chain over long-chain terminal alkenes has been reporteds6’. There have been examples, 
however, where greater catalytic activity has been observed with highly cross-linked 
polystyrene resins. Using the titanium catalyst 207 the rate of alkene hydrogenation was 
claimed to be 100 times greater than that with the corresponding soluble catalyst566. In 
this case the enhanced activity occurs because the soluble catalyst tends to dimerize to 
form a catalytically inactive species and this reaction is inhibited with the supported 
metallocene system. 
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Other methods of producing functionalized polymers include copolymerization of a 
vinyl-substituted phosphine monomer or phosphine precursor, such as 208 or 209, often 
with acrylate or acrylamide comonomerss67-s70 . The phosphinated derivatives of208 and 
209 are both cis-chelating diphosphines, although there is some spectroscopic evidence 
with the 209-derived system that, within the flexible polymer, the diphosphine is not cis- 
chelated and trans-phosphine coordination has been ~ b s e r v e d ~ ~ ~ * ' ~ ' .  It seems clear that 
the supported chelating diphosphine catalysts may be superior to the monophosphine 
analogues with respect to stability and activity. The supported monophosphine catalysts 
are susceptible to reduction to  metal(0) particles and also to catalyst leaching from the 
s ~ p p o r t ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ' ~ ~ .  Despite the enhanced stability of the diphosphine-derived 
catalysts some loss of metal may still occur575. 

( 2 0 8 )  

I \  
T o s O H ~ C  C H ~ O T O S  

(209) 

2. Silica and zeolite functionalized catalysts 

Silica is less commonly used as a catalyst support owing to problems involving the 
functionalization and characterization of the heterogenized catalyst. However, it is 
intrinsically more attractive than polymeric supports as it has a high surface area, exhibits 
high thermal stability, and has a rigid structure which is not sensitive to solvent. The silica 
surface has free acidic hydroxy groups which may be esterified or silanized by a variety of 
methods, for example equations 27, 28, and 29576.579-s81. The method illustrated in 
equation 27 generates two strong silicon-oxygen bonds and gives a more stable 
attachment to the surface. More recently a direct attachment of rhodium hydride 
complexes has been described involving a protolytic deposition of a soluble organo- 
rhodium complex, [Rh(allyl),], on to the hydroxylated silica surface to  form an 
oxidebound rhodium hydride complex (equation 30)577.578. 

OEt 
I 

I 
{Si}-OH + (EtO),SiCH,CH,X ---* {Si}-0-Si-CH,CH,X (27) 

OEt 
X = SH, PPh,, NR2 

PhMe 

reflux 
{Si)-OH + [EtOSi(Me),CH,CH,PPh,RhCl(cod)] - [ { Si}-0- 

SiMe,CH,CH,PPh,RhCI(cod)] 
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{Si}-OH + HO(CH2),X --+ {Si}-O(CH,),X 
X = SH, NR,, PPh, 

{Si}-OH + [Rh(allyl),J [ {Si}-O-Rh(allyl),J 

2 [{Sij-ORhH(allyl)] (30) 

(210) 
There have been few comparative studies between silica-bound complexes and their 

homogeneous counterparts. The anchored complex 211 was found to be as active for 
alkene hydrogenation as its soluble analogue. Being a chelated diphosphine complex, it 
showed a reduced tendency to form metal(0) particles compared with monophosphine 
analoguessa3, as was observed with the polymer-supported systemssa2. The oxide-bound 
rhodium hydride complex 210 catalyses the reduction of alkenes and arenes. Benzene may 
be reduced to cyclohexane with a rate of seven turnovers per minute while naphthalene 
and aminobenzene were reduced more slowly57a. 

0 

(211) 

Using the same deposition technique as for the formation of 210, a partially proton- 
exchanged zeolite has been functionalized to give a zeolite-supported rhodium hydride, 
[ {Z-X}-ORhH(~3-allyl)]sa4~sa5. Unlike the catalyst 210, where the rate of alkene 
hydrogenation is a function of alkene substitution, the zeolite-supported catalyst exhibits 
high catalytic activity only for alkenes smaller in shape and size than cyclohexene. The 
'molecular sieve' nature of the zeolite support precludes the hydrogenation of alkene 
substrates which are too bulky to pass through the crystalline channels to the catalyst sites 
within the zeolite cage. 

Finally, it is worth noting that a cobalt carbonyl silica-supported catalyst has been 
described, 212, which shows low activity for alkene hydrogenation under near-ultraviolet 
i r r a d i a t i ~ n ~ ~ ~ - ~ ~ ~ .  

{S I} - 0 - SI (OE t )2- C O ( C 0  )4 

(212) 

3. Water-soluble catalyst systems 

Sulphonated triarylphosphine ligands are soluble in  water and their metal complexes, 
such as [ { (m-C6H,S03Na)PPh,}3RhCl], may be used to effect two-phase reduc- 
tions'08~sa9. This complex is inactive in water alone, however, and fairly air-sensitive in 
two-phase systems. A more robust procatalyst for reductions in aqueous solution is 
213"', which is equally as active for alkene hydrogenation as the triphenylphosphine 
analogue", may be used in aqueous solution for the hydrogenation of water-soluble 
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alkenes such as maleic acid, and exhibits a reduced sensitivity to air in two-phase 
reductions. In such two-phase reductions no leaching of the metal complex from the 
aqueous solution was observed and the catalyst solution and product may be readily 
separated by decantation. The cationic complex 213 may also be adsorbed from solution 
on to a cation-exchange resin and the supported catalyst served to hydrogenate alkenes in 
acetone solution. The supported catalyst could be reused with little or no decrease in 
catalytic activity'' I ,  

(213) 

A series of chelating diphosphines which are soluble in water have been described. 
Cationic dienerhodium complexes of 214, for example, rapidly hydrogenated enamide 
substrates under ambient  condition^^^^-^^^. 

D. Dimetallic and Cluster Catalysis 

Polynuclear complexes now constitute a new generation of organometallic complexes 
but their use as homogeneous catalysts is rare594 and they have no synthetic utility at 
present. Moreover, there are only a handful of defined cluster-catalysed reac- 
tions595-597.599-601 , although molecular clusters often function as precursor com- 
plexes5*59s*602. A more fruitful approach may be first to  seek and define dinuclear catalysts 
which may permit new chemoselective and stereoselective reductions by virtue of 
cooperativity between the two metal centres. This line has been probed recently using the 
dinuclear complex [(p-H)Rh{ P(O-i-C3H7)2}2], which is a procatalyst for the stereoselec- 
tive hydrogenation of diarylalkynes and dialkylalkynes to the corresponding ( E ) -  
alkenes' I 7 . '  I '. Unfortunately, the catalyst lifetimes were very short but the system 
described illustrates an important principle in dinuclear catalysis. 

E. Catalytic Asymmetric Hydrogenation 

The enantioselective catalytic hydrogenation of prochiral substrates using chiral 
catalysts has been the subject of intense research effort over the past 10 yearss3-s5.603-606. 
Following the discovery of Wilkinson's catalyst, [RhCI(PPh,),], and the related cationic 
rhodium catalysts of Osborn, [Rh(diene)(PR,),] +, it was quickly realized that if chiral 
phosphines were used then the enantioselective hydrogenation of prochiral substrates was 
possible607. Initial results with simple resolved phosphines such as PhPr'MeP were 
disappointing and gave little selectivity and low rates608. It was soon apparent that several 
conditions needed to be fulfilled in order that high enantioselectivity could be attained. 
Firstly, the substrate (usually an alkene) needed to possess additional polar functional 
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groups such as NHCOMe, OAc, or C 0 , -  which could bind to the metal centre. Secondly, 
cationic rhodium procatalysts were found to be superior to neutral complexes, giving 
faster rates of reduction. Finally, the chiral phosphine should preferably be a chiral 
chelating diphosphine which binds tightly to the metal to give a rigid chelate. With these 
factors in mind, it is possible to achieve close to 100% enantioselectivity for the reduction 
of (Z)-dehydroamino acid derivatives such as 21512, up to 95% induction for the 
hydrogenation of carbonyl groups, and up to 90% selectivity for the reduction of various 
unsaturated monocarboxylic acids such as itaconic acid (216). 

/ Ph 

R20,C j c  NHCOR' 

( 2  15) (216) 

The most successful procatalysts are cationic dienerhodium complexes of chiral 
chelating diphosphines. Some of the more useful and versatile diphosphines are 217-222 
their commonly used acronyms being given under the formulae. The number of useful 
chiral diphosphines is now over 100 and new phosphines continue to be 

"""Y PPh2 

M e A P P h 2  

(S,S)- ch i rophos (R,R)-  diparnp 

(217) (218) 

CH2PPh2 

H 

(R ,R) -d iop  

(219) 

PPh2 

A r =  9 
OM8 

I 
C02Bu' 

(S,S)- bppm 

(220)  

)- PPh2 
Me 

(S,S)- skewphos 

(222) 
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TABLE 10. Asymmetric hydrogenation of typical enamide substrates 

Subst rate 

Product 
Chiral enantiomeric 
phosphine purity (2,) Ref. 

(S. S)-bppm 98 R 62 I 

H02C 

(R. R)-dipamp 96 S 618 

Me02C 

(R.  R)-chiraphos 95 s 619 

(S. S)-skewphos 92R 615 

(R.  R)-diop 71 R 620 

H02C A " , l O M e  

HZNOC Al:COMe 

Ar = 3-methoxy-4-acetoxyphenyl 

The most useful substrates for these reductions are enamides and dehydroamino acids 
have been often used to  test the utility of a new diphosphine. Hydrogenation yields a- 
amino acid derivatives and some representative examples are shown in Table 10. The 
hydrogenation of 223 has been investigated using rhodium complexes of 218 in some detail 
as the derived product, 224, is L-dopa which is manufactured by Monsanto for the 
treatment of Parkinson's disease. A synthesis of the potential sweetening agent (R)-6-  
methyltryptophan (225) employs enantioselective hydrogenation of the (Z)-enamide 
precursor 226 in the key step630. 

COgH 
/ 

H 

( 2 2 3  (224 

H 
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Five-membered chelate-ring complexes [such as those involved with dipamp (218) and 
chiraphos (217)] have not been shown to be successful over a broad range of substrates. 
Simple unsaturated acids, functioning as bidentate substrates, are reduced in fairly low 
optical yield although itaconic acid (216) and its derivatives may be reduced in fairly high 
optical yields62s. Enol esters and enol phosphates possess the same relative disposition of 
alkene and carbonyl as enamides and these have been reduced with good enantioselectiv- 
ity using dipamp c ~ m p l e x e s ~ ~ ’ ~ ~ ~ ’ .  The hydrogenation of enol acetates has been used for 
the generation of chiral methyl chiral lactic acid. Using a rhodium complex of 227, 
deuteriation of 228 was effected to give 229 in 81% enantiomeric Hydrolysis of 
229 and product recrystallization gave optically pure ( S ,  S)-chiral methyl chiral lactic acid 
(230). This is an important precursor for several labelled molecules and may be used to 
establish the stereospecificity of enzymic pathways633. 

(2 27) (228) 

T‘ OAc 

(2 29) (230) 

Larger ring chelate complexes, such as those of diop (219), bppm (220) and bppfoh (221), 
have proved to be more effective at hydrogenating non-enamide substrates. Some 
representative examples are given in Table 1 1. Using the ferrocenyl-derived diphosphine 
bppfoh (221), asymmetric hydrogenation of amino ketones proceeds with high enant- 
ioselectivity626. In this way 8-amino alcohols, which function as adrenergic and cardiac 
stimulants, may be prepared in high optical purity (entry 2, Table 11). The chiral 
diphosphine bppm (220) has proved particularly versatile at hydrogenating non-enamide 
substrates with high enantioselectivity. The hydrogenation of a-keto esters gives a- 
hydroxy esters in over 70% enantiomeric purity and (R)-(  -)-pantolactone has been 
obtained in 87% optical yield by hydrogenation of the carbon-oxygen double bond 
(entries 6 and 5, Table 1 I . )  

The asymmetric addition of deuterium to propenoic acid catalysed by cationic 
chiraphos-rhodium complexes provides a route to chiral a-2H-propanoic acid (entry 7, 
Table 11) .  Indeed, the hydrogenation of a/3-unsaturated carboxylic acids has been studied 
in detai1627.628. Using diop-rhodium complexes simple substrates may be reduced in up 
to 70% optical yield (entry 4, Table 1 1 )  and reduction of 231 gives the corresponding 
saturated acid in 88% enantiomeric purity635. 

Pr’ 
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TABLE 1 1. Asymmetric hydrogenation of non-enamide substrates 

Entry Substrate 

Product 
Chiral enantiomeric 
phosphine purity (x)  Ref. 

(S. S)-bppm 95 R 
~ 

622 

2 (R. S)-bppfoh 95 R“ 625,626 

HO 

3 

Et02C AOCOMe 

CO; N M e z  

4 

Ph 

5 

6 

M4? 0 0 

0 

Me 11C02Me 

7 ‘I C02H 

(R. R)-dipamp 

(R. R)-diop 

(S. S)-bppm 

(S. S)-bppm 

89 R 

68 S 

87 R 

16 R 

629 

627 

623 

624 

(S. S)-chiraphos 58 R” 44 1,440 

(R. R)-dipamp 88 R 
C 0 2 M e  

8 

Me02C 

628 

‘In presence of rriethylamine. 
’Addition of deuterium. 

Chiral monophosphines such as neomenthyldiphenylphosphine (232)636 have also 
proved effective for the hydrogenation of afi-unsaturated carboxylic Hydrogen- 
ation of 3,7-dimethylocta-2,6-dienoic acid (233) with rhodium complexes of 232 selectively 
reduces the afl-unsaturated double bond in 70% enantiomeric purity. Such reductions 
have been used in synthetic routes to chiral dihydrogeranic acid and other intermediates of 
importance in the synthesis of chiral vitamin E and ~ i t r o n e l l a l ~ ~ ~ .  

In conclusion, asymmetric hydrogenation has proved to be one of the more successfully 
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applied catalytic homogeneous reactions in synthetic organic chemistry. Although the 
reduction of dehydroamino acid substrates has been most intensively studied, other 
substrates such as ap-unsaturated acids, a-keto esters, and /%amino ketones may also be 
reduced with high selectivity. Further, this subject has encouraged some very detailed 
mechanistic studies7*' 13638-643 of the intimate reaction pathway which have undoubtedly 
deepened our knowledge of some of the fundamental steps in homogeneous catalytic 
processes. 

IV. CATALYTIC TRANSFER HYDROGENATION 

A. Introduction 

There is an important class of metal-catalysed hydrogenations which do not use 
molecular hydrogen' 1 9 .  The catalytic transfer hydrogenation process uses as a source of 
hydrogen organic molecules of relatively low oxidation potential in the presence of either 
homogeneous'20-'23 or heterogeneous catalysts'24-'26. Hydrogen transfer to  an organic 
substrate may thus be smoothly effected under ambient conditions (equation 3 1). 
Although water and alcohols (most often propan-2-01) are the commonest sources of 
hydrogen'26, cyclohexene is also often used',' and the ammonium and sodium salts of 
formic and phosphinic acid are becoming increasingly popular' 29. 

(31) 
calaIyS1 

solvent 
DH, + A - DH, - , + AH, 

B. Heterogeneous Transfer Hydrogenation 

Palladium on carbon or palladium black is the most commonly used catalyst for these 
red~ctions'~~*'~~.~~~-~~', although nickel catalysts are also often e m p l ~ y e d ~ ~ ~ . ~ ~ ~ .  The 
reduction of alkenes and alkynes proceeds with syn stereospecificity. Compound 234 may 
be reduced selectively to the endo isomer 235 using 10% palladium on carbon and 
I-methylcyclohexene as a hydrogen donor647, and reduction of the alkyne 236 using 
sodium phosphinate with a mercury-modified palladium catalyst gave the (Z)-alkene 
237650. This reducing system was also found to reduce nitro groups faster than alkynes. 

(236) 

Me Me 

(237) (238) 

In the furocoumarin derivative 238, the 2,3-double bond is selectively reduced using a 
palladium on carbon catalyst and cyclohexene'27.651, whereas a standard palladium- 
catalysed reduction of 238 using hydrogen also reduced the 5,6-double bond. The 2,3- 
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double bond in various tryptophan derivatives may also be smoothly reduced using formic 
acid and palladium 

The hydrogenolytic cleavage of benzylic carbon-oxygen bonds using transfer 
hydrogenation is commonly used. Using ammonium formate as the in situ source of 
hydrogen, the simultaneous deprotection and release of a pentadecapeptide analogue of 
ACTH from a Merrifield polystyrene resin has been effe~ted"~. Similarly, in the final 
deblocking step of another solid-phase peptide synthesis, hydrogenolytic cleavage of the 
benzylic carbon-oxygen bond in 239 was carried out using cyclohexadiene and a 
palladium on carbon ~ a t a l y s t ~ ~ ~ . ~ ~ ' .  

BOC- X-OH.$ -Q-@ 

(239) 

In carbohydrate chemistry the selective cleavage of benzylic ethers in the presence of a 
benzylidene acetal has been reported using cyclohexene and 20% Pd(OH), or carbon6". 
The benzylic ethers of several carbohydrates have also been cleaved at  25 "C with formic 
acid and palladium on carbon in methanol s o l ~ e n t ' ~ ~ . ~ ~ ~ .  

C. Homogeneous Transfer Hydrogenation 

A large number of homogeneous metal-catalysed transfer hydrogenations have been 
reported6s6. The most commonly used catalysts are complexes of ruthenium'20s1 21, 

rhodium 126.651-659 , and i r i d i ~ m ~ ~ ~ - ~ ~ ~  . Of particular practical importance are the 
Henbest catalysts, in which an iridium salt is used with trimethyl phosphite under acidic 
conditions and with propan-2-01 as the source of hydrogen. This catalytic system has 
found some application for the stereospecific reduction of cyclic ketones to give axial 
alcohols. Simple cyclohexanones are reduced to the corresponding axial alcohols in good 
yield and with greater than 95% stereoselectivity. For example, reduction of 240 gives 97% 
of 241 and only 3% of the epimeric equatorial With steroidal substrates 
the 2-keto group may be selectively reduced in the presence of 1 1 - ,  17-, or 20-keto groups, 
and reduction of 242 gives the axial alcohol 243664. 

bMe 
( 2 4 0 )  

(24 I ) 

k 
( 2 4 2 )  
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Hydrogen transfer with homogeneous catalysts is most common with substrates 
containing carbonyl groups, although transfer hydrogenation of alkenes does occur with, 
for example, [IrC1CO(PPh,),]660~661. The activity of this catalyst with formic acid as a 
hydrogen donor apparently increases when the catalyst is anchored to a diphenylphosph- 
inated polystyrene resin. It is reported that the catalyst is leach-proof, air-stable and 
capable of an unlimited number of catalytic cycles660. Finally, the asymmetric transfer 
hydrogenation of prochiral alkenes66s and ketones' 26 has been reported using chiral 
phosphine complexes or chiral rhodium-imine complexesLz6 with alcohol donors, but 
optical yields were low. 

V. CONCLUSION AND OUTLOOK 

There continues to be an intense research effort towards the development of more 
selective catalysts which may operate under mild conditions within both homogeneous 
and heterogeneous systems. The selective hydrogenation of unsaturated alkenes and 
arenes remains of considerable commercial importance with the petrochemical and fine 
chemical industries. Although many heterogeneous catalysts are well developed and their 
synthetic utility has been clearly defined, the mechanism of heterogeneous catalysis 
remains ill-defined at the molecular level. On the other hand, the intimate details of the 
reaction pathway of several homogeneous catalysts are now well understood, for example 
with [RhCI(PPh,),], [Rh(diene)(PR,),] +, and [Irpy(cod)(PCy,)] .', although their syn- 
thetic utility needs to be further developed, perhaps with the exception of 
[ R hCl( PP h 3)3]. 

Some of the key problems which remain to be solved will involve the development and 
design of further chemoselective and stereospecific catalysts. The partial reduction of 
arenes to cyclic alkenes is one notable goal which is important to the polymer industry. 
Another key objective is the regioselective reduction of alkenic double bonds in 
unsaturated fats and oils, which continues to be the focus of much effort within the food 
and margarine industries. The development of practical catalysts for the selective 
reduction of carbonyls, nitro groups, and arenes in the presence of alkenes and alkynes is 
another target of interest to synthetic chemists. 

It is worth noting, perhaps, some ofthe more important developments which have taken 
place recently. One of the major triumphs of homogeneous catalysis has been the 
application of the rhodium and iridium catalysts, notably [RhCI(PPh,),] and 
[Rh(diene)(PR,),] +, to synthetic organic chemistry. This has culminated in the develop- 
ment of asymmetric hydrogenation catalysts which can now operate in up to 100% 
enantioselectivity. Only the high cost of these complexes and problems in recovering and 
reusing the complexes have hindered their further usage in synthetic and industrial 
processes. With this in mind, the development of cheaper homogeneous catalysts based on 
cobalt and nickel complexes merits further study. Similarly, the use of water-soluble 
complexes for use in two-phase or phase-transfer catalytic systems looks promising and 
there have been some promising advances in anchoring many homogeneous catalysts to 
inert supports facilitating catalyst recovery and product isolation. 

With the increasing interest in asymmetric synthesis that pervades most branches of 
organic chemistry, pharmacology, and microbiology, the search for better and more 
efficient enantioselective and diastereoselective catalysts is bound to continue. In addition 
to asymmetric homogeneous hydrogenation, the important development of chiral 
modified Raney nickel catalysts for the enantioselective heterogeneous hydrogenation of 
a-keto esters and fl-diketones is still little appreciated and seldom applied, and merits 
wider attention. Similarly, it is only within the last few years that 'stereocontrolled' 
hydrogenations directed by a remote polar substituent have been explored. Such selective 
reductions may be expected to be more widely applied to the synthesis of important chiral 
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natural products or pharmaceuticals in order to avoid more clumsy stoichiometric 
procedures or tedious stereoisomer separations or resolutions. 
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1. INTRODUCTION 

During the past two decades several effective homogeneous catalysts for alkyne and alkene 
hydrogenation have been discovered. These often exhibit many important advantages 
over the finely divided late transition metals that have customarily been used to catalyse 
these hydrogenations. The most immediately apparent advantage comes from the change 
to a homogeneous system, which eliminates all problems of reproducibility of catalyst 
particle size and surface properties. 

Homogeneous catalysts are usually specific for alkene or alkyne hydrogenation, and 
other groups containing multiple interatomic bonds are rarely reduced during the 
hydrogenation. Thus, the specific hydrogenations shown in equation 1-4 can be achieved 
with homogeneous catalysts'-'. Exceptionally, under harsh conditions, nitro groups can 
be reduced (equations 5 and 6)4.5. However, the latter reaction may be heterogeneously 
catalysed by traces of rhodium since [Rh,(CO),,] has been shown to decompose in the 
presence of hydrogen'. 
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RCH,CH,CHO 
Hz 

RCH=CHCHo IRhClIPPh3)nl ' 

CH= CH N 02 
H2 

(4) 

[ R u C I I ( P P ~ ~ ) J I  

ArNO, + 3H, 80alrn. 130'C ArNH, + 2H,O ( 5 )  

Ar = Ph,4-C,H4NO,,I-ClOH7 

[RhdC0)161 .  8 0 ° C  
PhNH, + 2H,O 

PhNo2 + 3H2 PhCHzNMez ' 

No intermediates have been detected in the reduction of aromatic nitro compounds 
catalysed by [RuCI,(PPh,),], but most feasible intermediates have been shown to be 
reduced more rapidly than their parent nitro compounds4. Additionally, diazonium 
compounds are reduced by hydrogen in the presence of [RhH(PPh,),] or 
[ RhCI( P P  h,),] '. 

The reduction of keto compounds by homogeneous catalysts is more widespread and is 
discussed in Section VILA. 

Aromatic nuclei are not reduced under most hydrogenation conditions. This permits 
aromatic hydrocarbons to be used as solvents for the reactions. Nevertheless, anthracene 
can be reduced at 60 "C (equation 7)'. 

[ R h ( d i p h o ~ ) ( M e O H ) ~ ] '  (7) 

c 

Both [RhH(PPr',),] and [Rh,H2(p-N,)(PCy3),] catalyse the hydrogenation ofaliphatic 
nitriles under ambient conditions. However, when the reduction of unsaturated nitriles is 
attempted, the alkene bond is preferentially reduced'. 
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The earliest homogeneous catalysts suffered from severe practical limitations. For 
example, aqueous solutions of [CO(CN),]~-'', RhCI,.3H,0LL, or chlororuthenium(I1) 
species" were inevitably restricted to the hydrogenation of water-soluble substituted 
alkenes such as maleic acid. Further, i t  was found that the rhodium and ruthenium salts 
underwent autoreduction to the metals after a few catalytic cycles. Obviously practical 
catalysts should be soluble in non-polar solvents, such as most alkene hydrocarbons and 
their derivatives, and be resistant to autoreduction. 

Hydrido transition metal complexes were believed to participate in both the catalytic 
cycles and autoreductions. However, stable hydrido complexes of several platinum group 
metals had been isolated by employing n-acid ligands. It seemed likely, therefore, that 
stable catalysts that were soluble in organic solvents could be obtained in conjunction with 
ligdnds such as tertiary phosphines. However, although many such tertiary phosphine 
complexes were known at that time, few, if any, also retained the ability of heterogeneous 
transition metal catalysts to activate both hydrogen and alkenes. 

Activation of these two reagents by a transition metal complex is facilitated by the 
central metal atom being in a low oxidation state and the complex as a whole being 
coordinatively unsaturated. The low oxidation state is important since it permits the 
oxidative addition of molecular hydrogen. Coordinative unsaturation is important since 
alkenes normally do not compete effectively for coordination sites. Alkene coordination is 
synonymous with alkene activation. 

Many complexes are catalytically inactive because they fail to activate both reagents. 
Thus, trans-[RhCI(CO)( PPh,),] is a coordinatively unsaturated rhodium(1) complex 
which adds hydrogen oxidatively under mild conditions (equation 8)' '. However, the 
resulting rhodium(II1) dihydrido complex is a coordinatively saturated, 18-electron 
species which is unable to coordinate an alkene ligand. It is catalytically inactive at  
ambient temperatures. Above 40 "C the carbonyl complex loses one triphenylphosphine 
ligand to form a 16-electron species (equation 9). This five-coordinate complex can react 
with an alkene molecule and, since the hydrido ligands in the resulting alkene complex can 
be transferred to the alkene, trans-[RhCI(CO)(PPh,),] functions as a hydrogenation 
catayst at elevated temperatures. 

C L H ~  
[RhCI(CO)(PPh,),] + H, - [RhCI(H),(CO)(PPh,),] 

There are three types of catalytic system which differ principally in the nature of the 
species that activates molecular hydrogen (Fig. 1). If the catalyst itself performs this task, 
then the reaction is said to follow the dihydride route. By analogy, if the dihydrogen is 
added oxidatively to the alkene complex, then this catalytic cycle is known as the alkene 
route. I t  can beseen in Fig. 1 that these twocatalyticcycles haveidentical alkeneand alkyl 
intermediates, and it is often difficult to determine by which route the reaction proceeds. 
Finally, if a monohydrido system gives rise to an alkyl complex which is capable of 
activating molecular hydrogen, then the third pathway, the alkyl route is followed. The 
three types of catalytic system will be considered in more detail in Sections 111-V. 

I t  has also proved possible to effect the hydrogenation of certain alkenes via a free 
radical mechanism using [CoH(CO),] as the catalyst. This is outside the scope of this 
chapter since cobalt-carbon bonds are not directly involved in the final transfer of 
hydrogen to the alkyl radicalI4. 

The transition metal species involved in the catalytic cycles are present in very low 
concentrations (ca. 1 mM), and are, of necessity, highly reactive. Accordingly, the systems 
are very sensitive to traces of impurities. Hydroperoxides, which are easily and rapidly 
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Dihydride route 
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Alkene route 

H2 RCH=CH 

MH (FCH&HdL, 

I 
I M:L, 

RE1 

i=CH2) 

REi 

Alkyl route 

A MHL, 

RCH=CH2 I 
MHLJRCH-CH2) 

I 

+ 
M(RCH2CH,) L, 

-MHjRCH&lLn 1. 
FIGURE I .  Three possible routes for homogeneous catalytic hydrogenation of alkenes 

formed when alkenes are stored in contact with air, are the most troublesome impurity. 
When present in high concentrations these oxidize the central metal and its oxidizable 
ligands and thus destroy the catalytic properties of the complex. Paradoxically, low 
concentrations of hydroperoxides can sometimes induce an increase in the rate of 
hydrogenation. This is achieved by oxidation of one of the tertiary phosphine ligands 
(equation 10). The tertiary phosphine oxide does not recoordinate to the metal, 
which permits alkene to replace the original tertiary phosphine in the coordination 
sphere. 

PR, + R'OOH -+ OPR, + R'OH (10) 
Particular attention should be paid to alkene purification in catalytic studies, especially 

those of a quantitative nature. Failure to remove hydroperoxides leads to spurious 
results' '. 

The formation of reactive hydrido complexes during the catalytic cycle places some 
limitations on permissible solvents. Chlorinated solvents are often unsuitable since they 
are attacked by hydrido complexes (equation 1 I) '*.  Similarly, dimethyl sulphoxide is 
reduced by hydrogen to dimethyl sulphide in the presence of rhodium t r i~hlor ide '~ .  
Conversely, successive hydrogen and carbonyl abstraction from primary alcohols can 
poison the catalyst by forming an inactive carbonyl complex*". 

( I  1) 

The best solvents are probably aromatic hydrocarbons, although admixture of these with 
primary alcohols often increases the rate of hydrogenation. 

[RhCI(H),(PPh,),] + CHCI,+ [RhCI(PPh,)J + CHZCI, + HCI 
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A. Hydrogen 

Although transition metal hydrido complexes are numerous and can be prepared from a 
wide variety of hydridic species", only those that can be prepared directly from molecular 
hydrogen can repeatedly participate in catalytic cycles. 

The activation of hydrogen by transition metal complexes has been reviewed by 
Brothersz2. She pointed out that there are three possible processes for hydrogen 
activation: oxidative addition, homolysis, or heterolysis, shown in general forms in 
equations 12, 13 and 14, respectively. 

In all these processes the hydrogen is nominally bound to the metal as the hydrido 
ligand, H - .  Of these processes, only the first is important in homogeneous catalytic cycles. 
Nevertheless, the second and third processes are often important in preparing, frequently 
in situ, the true hydrogenation catalyst from more accessible complexes. Examples of the 
last two reactions are provided by the catalyst preparations in equations 15 and 1 623.24. 

(16) 

Oxidative addition of hydrogen, and more importantly the simultaneous ability of the 
higher oxidation state complex to undergo reductive elimination of alkane (see below), 
make it  essential that the metal posesses two well defined oxidation states corresponding 
to d" and d" - electronic configurations. 

The stability of the hydrido complex can be increased if it also contains n-acid ligands. 
These ligands tend to inhibit the attack of electrophilic reagents at the metal-hydrogen 
bond. However, if too great a degree of stability is conferred upon the metal-hydrogen 
bond theefiiciency of thecatalyst will be impaired. Normally there is a fine balance ofsteric 
and electronic factors in a successful catalyst. 

C6Hh 
[RuCI,(PPh,),] + H, + Et,N - [RuHCI(PPh,),] + [Et,NH]CI 

B. Alkenes 

Alkene complexes, given the great number of potential alkene ligands, are even more 
numerous than hydrido complexes. Monoalkenes, nevertheless, do not readily displace 
other ligands from the coordination sphere. This can prevent catalytic activation of the 
alkene when strongly bound, involatile, n-acid ligands have been incroporated in the 
complex to preserve it from the ravages of autoreduction. Alkadienes coordinate more. 
strongly to transition metals but their complexes commonly lack the ability to activate 
molecular hydrogen. Whilst this may arise from the same electronic source as the inability 
of many monoalkene complexes to add hydrogen oxidatively, many alkadienes chelate to 
the central metal through both C=C bonds and form coordinatively saturated complexes 
incapable of interacting with dihydrogen. 

The most common solution to the problem of forming stable, coordinatively 
unsaturated complexes i s  to incorporate relatively bulky n-acid ligands. Such complexes 
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SCHEME I .  Generation of dihydride and alkene route catalysts from a common source 

give rise to coordinatively unsaturated or weakly solvated species on dissorution. 
Another approach is to remove ligands from a coordinatively unsaturated complex in 

the presence of the alkene substrate. Cationic complexes of norbornadiene serve as 
catalytic precursors if the norbornadiene is removed by hydrogenation. Scheme 1 shows 
how the weakly solvated complexes produced can participate in either the dihydrido or 
the alkene routez5. 

However, the formation of coordinatively unsaturated complexes capable of activating 
alkenes appears to be limited to late transition series elements, and is probably the reason 
why, to date, only these metals have been observed to exhibit widespread catalytic activity. 

Alkene coordination to late transition metals is determined largely by the accessibility 
of the alkene bond. Classic studies on silver(1) complexes show that the complexity 
constants are directly related to the location, stereochemistry, and substitution of the 
C=C bondsz6. 

The range of complexity constants encountered means that there is a wide variation of 
hydrogenation rates exhibited by a given catalyst. This variation in rates can be exploited 
in regioselective hydrogenations. Since this regioselectivity has steric origins, and the 
regioselectivity in heterogeneous catalysis often has electronic origins, different products 
can be obtained when the two types of catalyst are employed. Thus, the conjugated double 
bond in eremophilone is reduced in hydrogenations catalysed heterogeneously by 
palladium on charcoal (equation 17). The terminal double bond is hydrogenated when 
[RhCI(PPh,),] is the catalyst (equation 18)”. 
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(17) 

As noted above, alkene complexes are not particularly effective in activating molecular 
hydrogen. A consequence ofthis is that only a limited number ofcatalytic systems have, so 
far, been shown to follow the alkene route. Nevertheless, current research is concentrated 
on the alkene route since i t  has been found to give the best optical yields in the asymmetric 
hydrogenation of prochiral alkenes. 

111. THE DlHYDRlDE ROUTE 

The classic example of the dihydride route is afforded by Wilkinson’s catalyst, 
[RhCI(PPh,),]. This complex reacts with hydrogen to form a dihydrido species, 
[RhCI(H),(PPh,),]. The rhodium(lI1) complex adds alkene and rapidly transfers the two 
hydrido ligands before eliminating alkane and recommencing the catalytic cycle2’. 
The system is illustrated in Scheme 2. 

The central catalytic cycle is very simple, but the parasitic side-reactions make studies of 
the system fairly difficult. The system has been frequently reinvestigated since its first 
discovery, but the only important change proposed in the mechanism has been the 
participation of an intermediate alkyl complex during the transfer of hydrogen from 
rhodium to alkene. 

The major influence on the kinetic behaviour of the catalytic cycle is the complexation of 
alkene by the key intermediate [RhCI(PPh,),] in competition with its oxidative addition 
of hydrogen (equation 19). Only the ethetd’, trifluorochloroethenezq, and perflu- 
oroethenez9 complexes have been isolated from the above reaction. 

(19) 

The undissociated ethene complex is incapable of activating molecular hydrogen. 
Indeed, ethene poisons its own reduction and that of other alkenes by the catalyst”. 

The rate-determining step in the hydrogenation is the attack of alkene on the dihydrido 
complex (equation 20). There is a wide variation in the rates of alkene hydrogenation in the 
system (Table I ) .  The rate of alkene hydrogenation can be approximately correlated with 
the steric hindrance created by substituents in the vicinity of the double bond. However, 
there is a slight compensatory effect arising from the complexity constants for alkenes 
varying in the same way for rhodium(1) species (equation 19) and rhodium(lI1) species 
(equation 20). Hence alkenes that are not readily activated by either complex result in an 
increase in the concentration of the dihydrido complex [RhCI(H),(PPh,),], since 
hydrogen competes more successfully for the common intermediate [RhCI( PPh,),]. 

[RhCI(H)2(PPh,)2] -t RCH=CHR’+ [RhCI(H),(PPhJ,(RCH=CHR’)] (20) 

There are several objections to Halpern’s p r o p o ~ a l ~ ~ , ~ ’  that the rate-determining step is 

[RhCI(PPh,),] + RCH=CHR’$[ RhCI(PPh,),(RCH=CHR’) J 
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T A B L E  I .  Rates of hydrogen consumption by alkenes 
in [RhCI(PPh,),]-catalysed reactions" 

I057 

Alkcnc 
Rate 
(mmol H, m i n - ' )  

Allyl alcohol 
Styrene 
Acenaphthylene 
Cyclopentcne 
cis-pent-2-ene 
Dodcc- I -cnc 
Hex- I -ene 
Cyclohcxenc 
Octa-I. 7-dienc 
Methyl nicthacrylatc 
Cyclohcptene 
2-Methylpent- I-ene 
ci.s-4-Mcthylpcnt-2-cnc 
Allyl cyanide 
Acrylainide" 
Hcxa- I .  5-dicnc 
Cycloocta- I 3-dicnc 
r~trrrs-4-Merhplpent-~-enc 
Pcnta- I .  3-dienc 
rrcim-Hcx-3-ene 
3-CIiloro-2-methylpropeiie 
I -Methylcyclolicsenc 
3-Ethylpent-2-ene 
2. 3-DinietIiylbut-2-ciic 

3.02 
2.56 
I .76 
1.26 
1.01 
1 .0 I 
0.857 
0.800 
0.646 
0.585 
0.572 
0.500 
0.458 
0.453 
0.22 
0.209 
0.133 
0.092 
0.059 
0.057 
0.034 
0.026 
0.01 7 
0.002 

"Under standard conditions: [RhCI(PPh,),], 1.25mM: alkene, 
1.25 M: soIvcn1. benrcne: volume. 80cmJ: temperature. 25  ' C .  
hSaturatcd solution. 

the formation of an alkyl complex from the rhodium(1ll) alkene complex (equation 21). 
First, the dihydridoalkene complex has never been isolated whilst the existence of the 
complex [RhCI(H),(PPhJ2] is well established, both in the catalytic system and as a 
compound in its own right. Further, if this is the rate-determining step then the wide 
variation in the rates ofalkene hydrogenation is inexplicable. Finally, i t  may be noted that 
the activation energies determined for the hydrogenation ofcycloalkenes do not reflect the 
strain energies that would be released if the formation of their cycloalkyl complexes were 
the rate-determining steps. 

[RhCI(H),(PPh,),(RCH=CHR')]=[RhCI(H)(RCH,CHR')(PPh,),] (21) 

The participation of an intermediate alkyl complex has some important consequences. 
I t  is the instability of this intermediate that gives rise to the hydroisomerization and 
isotope exchange reactions that are sometimes observed. Complexes of large alkyl ligands 
are inherently less stable than those containing small, unstrained alkyl ligands. The 
hydroisomerization ofcoronopilin occurs because of the instability of the alkyl complex32. 
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(22) 

The secondary alkyl complex I formed during the hydrogenation of vinylcyclopropane 
is similarly unstable and decomposes to ~ e n t - 2 - e n e ~ ~ .  However, the stability of the two 
alkyl complexes is sufficiently great to permit the formation of dihydrocoronopilin and 
ethylcyclopropane in the respective hydrogenations. 

( 1 )  

Similarly alkyl complexes are also of limited stability and can revert to dihydrido alkene 
complexes before transfer of the second hydrido ligand from rhodium can bring about 
reductive elimination of alkane. The reversion occurs via a P-hydride abstraction 
(Scheme 3). Such abstraction reactions can bring about the hydroisornerization if 
secondary alkyl complexes are formed. In deuteriations, isotope exchange can occur even 
if primary alkyl complexes are formed. 

In general, [RhCI(PPh,),] is an excellent deuteriation catalyst and has been employed 
in the specific deuteriation of many alkenes that are not cleanly deuteriated by 
heterogeneous ~ a t a l y s t s ~ ~ . ~ ~ .  Nevertheless, it  has been found that most alkenes undergo a 
small degree of scrambled addition of deuterium (Table 2)36. 

Despite the sequential addition of hydrogen or deuterium to alkene substrates, the 
overall addition is cis. This comes about by the synchronous addition of rhodium pnd 
hydrogen to the two carbon atoms that were previously linked by the alkene bond 
(equation 23). The second hydrogen atom is inserted into the rhodium-alkyl b o n 4  thus 

- L,RhH 
L,Rh-CH2CHDCH2R ___) CH2=CDCH2R 

- CH2=CHCH2R 

L, RhD 

CHiD 

SCHEME 3. Alkenc isomerization and isotope exchange arising from alkyl complex 
decomposition. 
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TABLE 2. Alkcne deuteriation using [RhCI(PPh,),] catalyst 

Alkane-d, r!(,) 

Allylbenzene 
Ally1 phenyl cthcr 
Cyclohesene 
Cyclohex-2-en- I -one 
Dec- 1 -ene 
Dihydropyran 
3.4-Dihydro-2-methosy-2H-pyran 
cis-Hept-2-em 
rrcrm-Hcpt-2-cnc 
Hcpt-I-ene 
Hes-I-cnc 
Hes-5-en-2-one 
2-Methylbut-2-ene 
Methyl crotonate 
h-Mcthylhcpt-5-cn-2-one 
2-Methylpent- I-ene 
Norbornylcnc 
Oct- I -cne 
rrcrris-Oct-4-ene 
a- I'incne 

99.4 
100.0 
100.0 
96.7 

0.9 3.3 92.6 
98.4 

100.0 
I .7 97. I 1.2 
2.9 95.4 I .7 
3. I 2. I 91.1 

98.9 
100.0 
97.4 
85.7 
80.0 
99.0 

100.0 
0.5 4.2 91.6 
I .5 3.9 90.6 

93.5 

0.6 

3.3 
2.3 0.9 
I .6 

I .6 2. I 
1 .1  

2.6 
9.5 4.8 

15.8 4.2 
I .o 

2.8 0.9 
2.0 I .o 
3.7 2.8 

X 

preserving the overall cis addition. The stereochemistry of the addition has been 
demonstrated by the deuteriation of substituted alkenes. Methyl cinnamate gives a threo 
product (equation 24)37 whereas cis-alkenes give erythro products (equation 25)38. 

Ph' 

Although cis addition of hydrogen is always observed, both / 3 - ~ i n e n e ~ ~  and 2- 
methylenebicyclo[2.2. I ]  heptane4' yield two products from [RhCI(PPh,),]-catalysed 
hydrogenations (equations 26 and 27). 
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Investigation of the product distributions from the hydrogenation of homologous 
exocyclic methylenehydrocarbons has demonstrated that hydrogen is preferentially added 
to the least hindered face of the alkene. However, the primary application of this concept 
has been in the asymmetric hydrogenation of prochiral alkene substrates. 

The point at which the stereochemistry of unsymmetric alkene substrates becomes 
important in the reaction is not yet clear. In the above hydrocarbons the formation of the 
dihydrido(alkene)rhodium(lll) complex was considered to determine the stereochemistry 
of the product. In the hydrogenation of alkylated cyclohex-2-enols the difference in 
stability between the two possible alkylrhodium(II1) complexes was thought to exert the 
greatest effect on the product distribution"'. 

The obvious advantages of [RhCI( PPh,),] as a homogeneous hydrogenation catalyst 
have not assisted the search for other catalysts that follow the dihydride route. Once a 
cursory investigation has failed to reveal any improvements that might be gained over the 
well established and accessible [RhCI(PPh,),], work on cognate systems has usually been 
abandoned. As a consequence, little mechanistic detail relating to other dihydride systems 
is known. 

Many catalytically active dihydrido complexes have been considered to follow the 
dihydride route. This is not necessarily the case, particularly since most of these catalysts 
do not bring about rapid hydrogenation of the substrate. Although the lower oxidation 
state precursor of the hydrido complex may be capable of forming the dihydrido complex 
in uncompetitive reactions, in catalytic systems it may react preferentially with alkene and 
cause the catalysis to follow the alkene route. Other dihydride route catalysts include 
[ R u H ~ ( P P ~ , ) , ] ~ ~  and [CO(N,)(PP~,),]"~. 

The bulk of the effort expended on investigation of dihydride route catalysts has not, 
therefore, been applied to the development of original systems but rather to seeking 
improvement of the [RhCI(PPh,),] system. 

Usually improvement has been equated with faster hydrogenation rates. This can easily 
be achieved by reducing the concentration of free tertiary phosphine present. This free 
tertiary phosphine poisons the hydrogenation by occupying the sixth coordination site on 
[RhCI(H),(PPh,),] required for alkene coordination. Inevitably systems using 
[RhX(PR,),] catalysts have a PR, to Rh ratio of 3: I .  Fortunately, lower ratios can be 
achieved by cleaving and displacing the alkene ligands from [RhCl(alkene),], complexes 
using the minimum quantity of tertiary phosphine. In practice PR, to Rh ratios of about 
2.2:l have been found to give the most rapid rates of hydrogenation4". This clearly 
demonstrates that [RhCI(H),(PR,),] complexes are involved in alkene activation. 
Conversely, addition of tertiary phosphine to [RhX(PR,),] systems retards the rate of 
alkene hydrogenation. 

Empirically it has been found that the replacement of the chloro ligand by heavier 
halides increases the rate of hydrogenation28. The corresponding fluoro complex is a less 
active 
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Faster hydrogenation rates may also be achieved on replacing triphenylphosphine with 
other tri(ary1)phosphines. Electron-donating paru substituents increase the rate. Tri- 
(p-anisy1)phosphine and tri(p-toly1)phosphine have been found to be particularly effec- 
t i ~ e ~ ~ .  Tri(o-anisy1)phosphine does not form an effective catalyst36. Presumably the 
oxygen atom of an anisyl group blocks the coordination site required for alkene 
coordination. 

Replacement of triarylphosphines by trialkylphosphines does not result in an improve- 
ment in the rate of hydrogenation. Their dihydridorhodium(lI1) complexes are too stable 
to transfer hydrogen to alkenes. The much higher stability of the iridium analogue 
[lrCI(H),(PPh,),] also prevents the iridium system from bringing about rapid alkene 
hydrogenation under ambient  condition^^^. 

Dihydride catalytic systems offer several advantages over other homogeneous and 
heterogeneous catalytic systems. The short lifetime of the intermediate alkyl complex 
minimizes hydroisomerization reactions. This property also allows them to catalyse 
selective addition of deuterium46 or tritium to alkene or alkyne substrates4’. The limited 
regioselectivity exhibited by the [RhCI(PPh,),] system permits it  to be employed in the 
catalytic hydrogenation of a wide range of substrates, particularly since other functional 
groups are unaffected. 

IV. THE ALKENE ROUTE 

The investigation of the catalytic properties of the cationic complexes 
[Rh(PPh,),(alkadiene)]X (where X is a ligand of low coordinating power such as CI04-)  
paved the way for the exploitation of the alkene route to alkanes48. These alkadiene 
complexes are unlike the similar neutral complexes [RhCI(PPh,)(alkadiene)], which are 
unable to activate molecular hydrogen2’. 

The alkadiene complexes are not the true catalysts but are converted into them in the 
presence of molecular hydrogen (Scheme I). This stoicheiometric reaction must proceed by 
the alkene route. Depending on the tertiary phosphine present in the original complex, 
there is then a choice of routes for the hydrogenation of alkene substrates. Often both the 
alkene and dihydride routes are followed simultaneously in the hydrogenation of bulk 
alkene. I t  has been demonstrated that a slow equilibrium can exist between the two 

The solvated complexes that can be isolated after stoicheiometric hydrogenolysis of the 
original cationic complexes can also be obtained free of weakly bound solvent ligands. 
These latter species exhibit extreme coordinative unsaturation and can, for example, be 
obtained as d i m e r ~ ~ ~  or with coordinated BPh; ligands”. In both these instances 
r\‘-coordination of a phenyl group occurs. Accordingly, the nature of the alkene substrate 
also exerts ii strong influence on the course of the catalytic hydrogenation. Monoalkene 
hydrocarbons are generally believed to be catalytically hydrogenated by the dihydride 
route. On the other hand, in the catalytic hydrogenation of norbornadiene all the 
alkadiene is reduced to norbornylene before hydrogenation of the latter compound 
commences. This provides strong evidence that hydrogenation of the alkadiene takes 
place by the alkene route4’. I t  is also believed that the hydrogenation of functionally 
substituted alkenes which are capable ofcoordinating to rhodium through both the alkene 
bond and a heteroatom occurs via the alkene route. 

Scheme I indicates that replacing the two tertiary monophosphine ligands by a single, 
chelating ditertiary phosphine should encourage participation of the alkene route, since 
the latter ligand cannot adopt the trans-bis(phosphine) structure of the dihydrido catalyst. 
However, since the loss of one weakly bound solvent ligand from the dihydrido complex 
would form a typically fluxional pentacoordinate complex, the dihydride route is still 
possible. 

catalysts2~. 
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FIGURE 2. 
(B)  with ditertiary phosphine chelate ring size 

Variation of relative hydrogenation rates ofa-acetamidocinnamic acid (A) and styrene 

Significant participation of the dihydride route when ditertiary phosphine complexes 
catalyse the addition of hydrogen to chelating alkadienes or substituted alkenes is 
unlikely, since both the ligand and the substrate favour the formation of an alkene 
complex. 

The rate of hydrogenation of a-acetamidocinnamic acid (which coordinates addition- 
ally through the amide oxygen) varies steadily with diphosphine chelate ring size, and 
reaches a maximum for six- and seven-membered chelate rings (Fig. 2). However, the rate 
of hydrogenation of styrene (a monodentate alkene ligand) varies erratically with chelate 
ring size and does not have a common maximum rate with a-acetamidocinnamic acid. 
Moreover, the rate of hydrogenation of styrene seldom exceeds that of a- 
acetamidocinnamic acid, despite the greater substitution of the latter’s alkene bond5’. In 
dihydride systems the rate of reduction of styrene is usually rapid5’. It seems probable that 
the hydrogenation of the two alkenes follows different pathways when cationic complexes 
catalyse their reductions. 

Thus it can be seen that the alkene route enables chelating alkenes, which commonly 
poison their own reduction in dihydride systems, to be efficiently and rapidly 
hydrogenated. 
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A 

SCHEME 4. The alkene route catalysed by [Rh(diphos)(nbd)] complexes 

The mechanism of the alkene route hydrogenation of norbornadiene to norbornylene is 
shown in Scheme 4. The rate-determining step in this catalytic cycle is the oxidative 
addition of hydrogen to the alkene complex. In systems where a-acetamidocinnamic acid 
is the substrate this step is also rate determining at temperatures above 0°C. If the 
temperature is lowered to -40 "C then the reductive elimination of the saturated product 
becomes rate determining. At  -78°C the catalysis ceases and the intermediate alkyl 
complex, 2, can be detected53. 

Ph 

I I Ph 

H27' \ ' hC9 /cu2Me 

H2C\ Rh/  'NYH 

PhHY' 0-c / 

Me 
Ph \ 

(2) 

Except for chelating substrates, the cationic complexes offer few advantages over 
dihydride systems in the hydrogenation of non-prochiral alkenes. As noted above, the 
main application of the alkene route is in asymmetric hydrogenation. The preferred type of 
catalyst for this process contains a chiral, chelating, ditertiary phosphine ligand such as 
d i ~ p ~ ~ ,  3, or the pyrrolidine derivatives 4 (R = C02Bu'55,  Bu'CO, MeCO, PhC056). 
The topic of asymmetric hydrogenation by rhodium complexes is discussed more fully in 
Chapter 8. 
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V. THE ALKYL ROUTE 

This route was first discovered during the investigation of the catalytic properties of 
[ R u C I , ( P P ~ , ) , ] ~ ’ . ~ ~ .  This complex was easily converted into the true catalyst 
[RuHCI(PPh,),] by dihydrogen in the presence of base (equation 16). The base commonly 
employed is triethylamine, but even ethanol can assist in the formation of the purple 
hydrido complex. 
Chlorohydridotris(triphenylphosphine)ruthenium(ll) is an exceptionally efficient 

catalyst for the homogeneous hydrogenation of terminal alkenes. The rates of hydrogen 
uptake at subatmospheric pressure and room temperature verge on the limit of diffusion 
control. For this reason, and because of the limited solubility of the catalyst, study of the 
mcchanism of the hydrogenation reaction is very difficult5*. 

The mechanism of this type of reaction is best illustrated by considering catalyses 
brought about by [RhH(CO)(PPh,),]. This complex is more soluble in organic solvents 
and its rates of hydrogenation are less rapid than those of [ R U H C I ( P P ~ , ) , ] ~ ~ .  Many of the 
features of the ruthenium system are exhibited by [RhH(CO)(PPh,),], in particular a 
marked selectivity towards terminal alkenes. The proposed mechanism is illustrated in 
Scheme 5. 

The rate-determining step is the same as in the alkene route, namely oxidative addition 
of hydrogen. The participation of an alkyl complex is implied by the small degree of 
isomerization and isotope exchange observed in the catalytic deuteriation of 2- 
rnethylpr~pene~’. Both of these processes have their origin in a relatively long-lived alkyl 
species (cf. Scheme 3). 

Unlike the dihydride system involving [RhCI(PPh,),] as catalyst, several important 
intermediates in the proposed catalytic cycle have been isolated from stoicheiometric 
reactions. Tetrafluoroethene reacts with the parent complex to form an alkyl complex 
(equation 28)60.6’. The alkyl complex has been shown to react with hydrogen and 
triphenylphosphine to reform the original complex (equation 29)6 I .  

The marked regioselectivity of the catalyst has its origins in the stereochemistry of the 
alkyl complex. The alkyl complex illustrated in Scheme 5 shows the alkyl ligand to be cis 
to the two bulky triphenylphosphine ligands. Accordingly, secondary alkyl complexes are 
much less stable than primary alkyl complexes. Secondary alkyl complexes tend to 
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decompose before the slow oxidative addition of hydrogen can occur. The alkyl route, 
therefore, offers the possibility of regioselective reductions such as that of4-vinylcyclohex- 
ene (equation 30). 

0" (30) 

However, at higher temperatures [RhH(CO)(PPh,),] can catalyse the hydrogenation of 
a wider range of substrates. Both internal and alicyclic alkenes can be hydrogenated. 
Whilst it is possible that internal alkenes undergo the thermodynamically unfavourable 
hydroisomerization to  terminal alkenes, neither cyclohexene6' nor ~ y c l o h e p t e n e ~ ~  can be 
isomerized to such products. 

Cyclohexene forms cyclohexane when allowed to react with hydrogen at 10 atm 
pressure and 50 "C in the presence of low concentrations of [RhH(CO)(PPh,),]. However, 
the rate of hydrogenation at catalyst concentrations above 0.25mM declines and is 
virtually zero when the concentration reaches 0.75 mM. It seems likely that further 
dissociation of the catalyst to a monotriphenylphosphine complex takes place 
(equation 3 I). A t  higher catalyst concentrations this monotriphenylphosphine complex is 
not formed since the concentration of free ligand released in the first equilibrium is too 
high6,. 

[RuC12(PP h 3)3] 

o " + H 2  - 

Other rhodium complexes that follow the alkyl route include the related complexes 
[RhH(PPh,),]64 [RhH(dbp)J6', and [RhH(PPh3)3PF,]66. All of these complexes are 
reasonably effective catalysts for the hydrogenation of terminal alkenes. However, 
replacement of a second triphenylphosphine ligand in the last complex by a further PF, 
ligand results in a complex unable to catalyse alkene hydrogenation. Presumably the 
increased r-acidity of the PF, ligands so stabilizes the rhodium(1) complex that oxidative 
addition of hydrogen is impossible. This theory is supported by experiments which show 
the ability of the [RhH(PPh,),(PF,),] complex to isomerize alkenes is retained66. 

The tetrakis (triphenylphosphine) complex [RhH(PPh,),] dissociates to coordinatively 
unsaturated [RhH(PPh,),] before taking part in the catalyticcycles. This is apparent since 
[RhH( PPh,),] is a more efkctive catalyst6,. The dibenzophosphole complex 
[RhH(dbp),] similarly dissociates to [RhH(dbp),] before entering the catalytic cycle6'. 
However, dissociation may not be essential to the catalytic activity of this type ofcomplex 
since [RhH(triphos)] complexes, where triphos = PhP(CH,CH,CH,PPh,), or 
PhP(CH,CH,CH,PCy,)2, are very acrive catalysts for the hydrogenation of terminal 
alkenes. Even some internal, but not cyclic, alkenes can be hydrogenated using these 
catalysts. As might be expected from steric considerations, the reactions are more rapidly 
catalysed by the diphenylphosphido complex. 

In addition to being able to revert to an alkene and hydrido complex, alkyl complexes 
can also undergo a second type of reaction that may destroy the catalyst. Two instances of 
decomposition to an ortho-metallated complex have been noted in stoicheiometric reac- 
tions (equations 32 and 33)64."9. Neither of these reactions is significant in catalytic cycles 
and both ortko-metallated products react with molecular hydrogen to reform hydrido 
complexes (equation 34). However, the original ruthenium complex is not reformed. 
Although normally of little consequence, these reactions may be of some importance if 
alkenes are added to catalyst solutions before hydrogen or if local hydrogen starvation 
occurs during the catalysis. 
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[RuHCI(PPh,),] + RCH=CH, + RCH,CH,+ [RuCI( (o-C,H,)PPh2} (PPh,)] + PPh, 

(33) 

[RuCI{ (o-C,H,)PPh,}(PPh,)] + H, -+ [RuHCI(PPh,),] (34) 

The main application of monohydrido catalysts which follow the alkyl route is 
undoubtedly regioselective reductions. Otherwise they offer little advantage over the 
dihydride route catalysts, apart from a more rapid reduction of terminal alkenes. As this 
class of substrate is usually hydrogenated fairly rapidly using the latter type of catalyst, the 
advantage is minimal. 

VI. ALKYNE HYDROGENATION 

Although basically similar to alkene hydrogenation, homogeneous catalytic hydrogen- 
ation of alkynes is much less readily achieved. Alkynes complex more strongly to 
transition metals than alkenes and can thereby poison the dihydride route. Monohydride 
catalysts often give rise to stable vinyl complexes when allowed to react with alkynes”. 
The vinyl complexes are frequently unable to activate molecular hydrogen under mild 
conditions. Potentially the most serious side-reaction in alkyne hydrogenation is 
polymerization of the alkyne substrate by the catalyst. Chlorotris(tripheny1- 
phosphine)rhodium(I), for example, is a fairly effective catalyst for alkyne polymerization2. 

Ideally, the hydrogenation of alkynes should stop at the alkene stage since alkenes are 
more useful as reagents than alkanes. In practice it has proved most dificult to stop the 
reaction at the alkene stage. I n  most catalytic systems the rate of alkyne hydrogenation is 
less than that of the alkene produced. However, since alkynes complex more strongly than 
alkenes to the central metal of the catalytic complex, some selectivity is observed in 
competitive reactions. 

It has been claimed that the carbonyl complexes [Rh,(CO),,] and [RhCI(CO),], show 
some selectivity towards pent-2-ene formation when they are used to catalyse the 
hydrogenation of pent-2-yne7*. Some selectivity towards alkenes has also been claimed for 
cationic complexes such as [Rh(cod)(PPh,)py]PF,, particularly in the presence of 
triethylamine72.73. The benzoato complex [Rh(OCOPh)(cod)(PPh,)] is also reputed to be 
a selective catalyst, and its behaviour may explain why addition of benzoic acid to the 
above cationic system increases the ~ e l e c t i v i t y ~ ~ . ~ ~ .  

The most interesting selective reduction of alkynes is catalysed by the binuclear 
complexes 5. When one hydrogen atom has been transferred the a-alkenyl complex 6 is 
formed. The second atom of hydrogen is then transferred to yield an (E)-alkene74. Since 

U 

( 5 )  (6) 

these products are usually hydrogenated very slowly by all homogeneous hydrogenation 
catalysts, excellent selectivity is observed. 
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However, alkyne hydrogenation remains a neglected area of homogeneous catalytic 
hydrogenation. Demonstration of an active, selective catalyst is certainly required to 
restore interest to this area. In view of the experiments outlined above, i t  would seem that 
the most promising area of investigation is the alkyne route. In this analogue of the alkene 
route, maximum advantage would be made of the differences in the complexity constants 
of alkenes and alkynes. This should assist in stopping the reaction at the alkene stage. 

VII. HYDROGENATION OFCARBON-OXYGEN BONDS 

A. Ketones 

Several cationic rhodium complexes, particularly those containing nitrogenous ligands, 
are able to catalyse the hydrogenation of ketones to secondary alcohols. Usually the 
reactions take place in alkaline solution under ambient  condition^'^-'^, Even sterically 
hindered ketones such as 2-methylcyclohexanone can be reduced (equation 35)77. In the 
presence of excess of 2,2’-bipyridyl, the keto group is selectively reduced in unsaturated 
ketones76. 

[Rh(bipy) (soI~ . )~]+  
H2 + bMe - ?fMe (35) 

Addition of triethylamine to the reaction mixture allows the reduction to be catalysed 
by cationic tertiary phosphine cornplexe~’~. The addition of base implies that the 
reduction may be taking place via the enol form of the ketone. However, the reduction of 
moist acetone by deuterium in the presence of [RhD,(PPhMez),(Me,CO)]+ complexes 
yields D2-propan-2-ol (equation 36). The reduction of tetramethylcyclobutan-I, 3-dione 
(which cannot enolize) shows that enolization is not essential when this catalyst is used”. 

Neutral rhodium complexes containing tertiary phosphines also catalyse the hydrogen- 
ation of ketones. Hydridobis(tricyclohexylphosphine)rhodium(l) is an active catalyst in 
the reduction of cyclohexanone, acetone, and benzophenone”. Strongly alkaline 
conditions are required for the hydrogenation of acetone when [RhCI(C,H, ,)(PPh3)] is 
the catalysts’. 

Ruthenium complexes require much more severe conditions of temperature and 
pressure if they are to catalyse the hydrogenation of ketones. Both [ R U C I , ( P P ~ ~ ) , J ~ ~ - ~ ~  
and [RUHCI(PP~,),]~’ have been used to catalyse the reductions. Probably neither of 
these complexes is the true catalyst since the formation of ruthenium carbonyl complexes 
has been noted in the reactions3. 

B. Aldehydes 

The complexes of both rhodium and ruthenium catalyse the reduction of aldehydes, 
although in both cases the carbonyl abstraction impairs the activity of the catalysts. There 
is a claim that hydrated rhodium trichloride or [RhCI(CO),], in the presence of 
triethylamine permits the hydrogenation of unsaturated aldehydes to unsaturated 
alcohols, but the selectivity is not highs6. 

As in the case with ketones, ruthenium complexes require more severe conditions than 
rhodium complexes to catalyse the reduction of aldehydes. Hydrogen pressures between 
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10 and 30atm are usually r e q ~ i r e d ' ~ - ' ~ .  One of the more interesting reductions that can 
be achieved is the reduction of glucose to sorbitol''. 

Epoxides are isomerized to aldehydes in the presence of the cationic rhodium(1) complex 
[Rh(nbd)(PEt,),]CIO, (equation 37). The aldehydes produced are hydrogenated in the 
course of the reactionss."'. During the reaction acyl complexes are formed from the 
epoxides since only these intermediates undergo hydride transfer to form aldehydesg0. 

b P h C H S H O  -k PhCH,CH,OH (37) 
[ R h(nbd) ( PE t3I2] C104 

PhCH-CH2 + H, 

'0' 

VIII. CONCLUSION 

It is difficult to avoid the belief that little remains to be achieved in homogeneous catalytic 
hydrogenation. This is particularly true in the area of alkene hydrogenation. Improve- 
ments to existing catalysts to permit more rapid hydrogenation of polysubstituted alkene 
bonds could still be made. The search for ever higher optical yields from a wider variety of 
prochiral alkene substrates will undoubtedly continue. 

The selective reduction of alkynes to alkenes remains the greatest challenge in 
homogeneous catalysis. I t  would appear that the homogeneous reduction of organic 
carbonyl compounds offers no advantages over heterogeneous reduction unless com- 
plexes of much higher catalytic activity are synthesized. 

On the industrial scale, homogeneous catalytic hydrogenation will never become 
important until catalytic systems less sensitive to traces of impurities come into use. Batch 
processes will also be the rule until the activity and selectivity problems associated with 
heterogenized catalysts have been overcome. 
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1. INTRODUCTION 

This chapter is concerned with the activation of sp3 C-H bonds in alkanes and alkyl 
groups. sp2 C-H bond activation in arenes is very well known but space does not permit 
anything more than passing mention to these reactions, except where the work on 
aromatic compounds illuminates the alkane studies. 

The alkanes are the least reactive of organic compounds. This is reflected in the trivial 
names by which they have been called: ‘paraffin’ (Latin Parum @is-having little 
affinity) and ‘saturated hydrocarbon’ (i.e. unable to undergo addition reactions like 
alkenes). Alkane C-H bonds are stronger (ca. 400kJ mol-’) than the C-C bonds 
in alkanes (and diamonds) (ca. 350kJ mol-’). 

At high temperatures the alkanes react readily-their exothemic autoxidation in flames 
is at the heart of their great utility as fuels-but they are very unreactive at ambient 
temperature, and it is the current desire of many chemists to find ways of catalysing the 
reactions of alkanes at low temperatures in order to turn them into functional organic 
compounds. As we shall see. these researches have met with some success. An array of 
different types of reactions are now known that involve alkanes or alkyl groups. Here we 
concentrate on those reactions which involve a transition metal in  a compound or as 
atoms or ions. 

The first step in a transition metal-catalysed reaction of an alkane or alkyl group is an 
electronic interaction between the metal and the organic compound. 

In  a review in 1977’, the transition metal complexes were divided into hard and s0fi2t2.3; 
this is a convenient division. A ‘hard’ metal ion will generally be in a high oxidation state 
and its properties will be directly related to its low polarizability and high polarizing 
power. These hard metals undergo one-electron oxidation-reductions and free radicals 
are formed as intermediates4, and hence the transition metal is an initiator (catalyst) in 
these systems. 

although often this type 
of reaction takes place on a solid (heterogeneous) catalyst. Catalytic cracking, dehydro- 
genation, oxidation, and other industrially important processes can all be of this type. 

Reactions of this type are of considerable industrial 
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Whether or not catalysis will occur will depend on the ease of electron transfer from the 
substrate to the metal. 

A ‘soft’ metal is one in a complex, usually in a low oxidation state. Here the metal can 
undergo two-electron oxidation-reductions; the substrate reacts while coordinated to the 
metal. 

The ‘hard’ metals encourage homolytic fission (C-H + C’ + H’) and the ‘soft’ 
metals encourage heterolytic fission [C-H - t C -  + H +  (or C +  + H-)]. We discuss 
reactions of both types here. Section I1 is the major section of the chapter and reviews the 
activation of saturated C-H bonds by organometallic complexes in solution. Most of the 
work in this section was carried out in the past few years. Section 111 deals with the main 
features of activation of saturated C-H bonds by platinum(I1) complexes, an area that 
has been extensively reviewed 

The activation by metal atoms and ions is discussed in Section IV. In Section V the 
important features of alkane oxidation catalysed by transition metals are outlined. In the 
space available it is not possible to d o  full justice to this topic; an excellent review by 
Sheldon and Kochi4 should be consulted by those who want to know more. We d o  not 
discuss here the oxidation of alkanes in superacids, a topic reviewed by Olah et ~ 1 . ’ ~ .  
Finally, in Section VI brief mention is made of oxidations by analogues of biological 
systems. 

Carbon-hydrogen bond activation is a wide topic and we have tried to give a balanced 
picture without duplicating other reviews. Other reviews especially relevant to this subject 
are those of Parshall’’.’* and Shilovg. The latter’s recently published bookg is 
complementary to this review; some topics are duplicated, but our major section 
(Section 11) occupies just 3 pages in Shilov’s book. 

II. ACTIVATION OF SATURATED C-H BONDS BY ORGANOMETALLIC 
COMPLEXES IN SOLUTION 

A. Introduction 

This section forms the major part of this chapter. In it we review the very rapidly 
growing body of work on the activation of saturated C-H bonds by organometallic 
complexes in solution. Examples going back to the early 1970s are discussed, but by far the 
bulk of the work relates to the last few years. Certainly the majority of the papers herein 
had not been written when the two most recent complete review of this topic were 
published in 1977’.’’. 

This section has three parts. In the first (Section B) is a discussion of ‘agostic’ C-H 
bonds (see Section B for definition). This includes a comprehensive list ofall the molecules 
in which a C-H bond is activated and interacts with a transition metal atom (an ‘agostic’ 
C-H bond). 

I f  the activation becomes more complete then the C-H bond is broken and a chemical 
reaction occurs. If the C-H bond is part of an alkyl group in the same molecule as the 
metal atom (as it is in the ‘agostic’ bonded molecules) then reaction will be intramolecular 
and will result in the formation of a metallocycle. These cyclometallation reactions are 
discussed in Section C. 

If the C-H bond that is activated by the metal is part of a different molecule, then the 
chemical rection will be an intermolecular reaction. Such reactions are discussed in 
Section D. Reactions of this latter type are particularly interesting-the ability of a 
transition metal complex to activate and react with a saturated hydrocarbon, even 
methane, is surprising to most chemists. 

As will be seen, and as Halpern and coworkers have suggested13, the problem of C-H 
bond activation is thermodynamic, and thermodynamic features are discussed where 
appropriate. The C-H bond has a standard free energy of formation of over 
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400kJmol-’, and a typical M-H bond ca. 250kJmol-’, and hence the free energy of 
the C-M bond would have to be at  least 150kJmol-’. The C-M bond energies of the 
third-row transition metals are the highest and hence these appear most likely to activate 
C-H bonds. 

This is so: the metals that are most involved are the precious metals, platinum, iridium, 
palladium, and rhodium. The products are usually formed by oxidative addition to a 
coordinatively unsaturated complex to give the alkyl metal hydride. However, this is not 
always so and the lanthanide complexes that are discussed in Section D must activate the 
C-H bonds in a heterolytic, probably concerted, reaction. ‘Electron-rich’ metals were 
thought to be necessary to take part in these oxidative additions, although this criterion is 
now not so certain. 

One striking feature of the complexes that activate C-H bonds is the large number of 
them that contain the pentamethylcyclopentadienyl ligand ($-C,Me,; Cp*). This has 
proved to be particularly suitable since it has substituents on the cyclopentadienyl ring 
(the methyl groups) that make self-metallation unlikely, and at the same time increase the 
electron density of the metal atom to which it is coordinated. 

The features necessary for the C-H bond activations discussed here were also 
discussed in some detail, and compared with reactions at metal surfaces, in a review by 
MuettertiesI4. 

B. ‘Agostic’ Carbon-Hydrogen-Transition Metal Bonds 

1. Introduction 

The term ‘agostic’ has been proposed by Brookhart and Green’ to describe situations 
in which a hydrogen atom is covalently bonded simultaneously to both a carbon atom and 
to a transition metal atom. ‘Agostic’ is derived from a Greek word which occurs in Homer 
and means ‘to clasp or hold to oneself Is. 

The C-H group of saturated carbon centres is not normally thought of as a ligand. 
However, in recent years many examples have been reported in which a carbon- 
hydrogen group will interact with a transition metal centre to form a two-electron three- 
centre bond. In such compounds the interaction has a marked effect on the molecular and 
electronic structure of the molecule. 

The agostic C-H-M bonds are similar to the well known B-H...B and M- 
H - M bonds, and it has been suggestedI5 that they are probably much more common 
than hitherto suspected. We use here the ‘half-arrow’ convention suggested by Green 
and coworkers16 to distinguish these two-electron from the four-electron bridging 
systems, as found in bridging chlorides for example, and to indicate that the two electrons 
of the C-H bond are donated to the metal (i.e. that the C-H group is a two-electron 
ligand). 

2. Early reports 

Most of the compounds reported during the 1960s and early 1970s, in which an 
interaction occurred between the metal and hydrogen attached to a carbon atom of an 
organic compound, were arylphosphine complexes’ 7-21, it being the ortho-hydrogens of 
the aryl ligands that interacted with the metals. The complexes concerned were of 
ruthenium(ll), [RuCI,(PPh,),] (1; X = CI)” and [RuCIH(PPh,),] (1; X = H)I8, of 
palladium(ll), trcrns-[Pd(PPhMe,),I,] (2)”, of rhodium(III), [Rh(SiCI,)ClH(PPh,),] 
(3),’, and of the rhodium(1) cation, [Rh(PPh,)J+ (4)”. In all of these compounds the 
metal-hydrogen distance is in the range 2.5-2.8 A and any interaction can only be very 
weak. La Placa and IbersI7 at the time observed that there does not appear to be any basis 
for postulating any interaction between the metal and hydrogen. 
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A clear indication of an agostic carbon-hydrogen bond was reported during a study of 
pyrazolylborato complexes of nickel and molybdenum by Trofimenkoz2. He observed 
that the methylene hydrogen atoms ofan ethyl group had an abnormal lowfield shift in the 
‘H n.m.r. spectrum and suggested that this was because the hydrogen was held close to the 
metal. Crystal structure determinations confirmed that this was s023 ,24 .  In (diethyldipy- 
razolylborato) (trihapto-2-phenylallyl) (dicarbony1)molybdenum (5), the Mo-H distance 
is 2.15 A, and the agostic hydrogen enables the molybdenum to achieve an 18-electron 
configuration. It is foundz3 that this interaction is strong enough to compete with an 
extended interaction of the C,H, ligand. The crystal structure of the compound where the 
C,H, ring replaces the phenylallyl group shows a C-H - M o  interaction even stronger 
than in 5, and the C,H, ring is a three-electron donor, i.e. the compound prefers the 
structure with a C-H-Mo bond and an $-C,H, to the structure without a 
C-H - M o  bond with a $-C,H, ring. 

C02Me ,C02Me 

‘c=c 

Ph3P 
\ Rh 

Et 

(5  1 

A palladium(I1) diene complex, 6,  with an agostic C-H roup was prepared by Maitlis 
and coworkers in 197225. Here the Pd-H distance of 2.3 i is much less than the sum of 
the van der Waals radii (3 . lA) .  

From the mid- t970s there was a rapid increase in reports of compounds with agostic 
C-H - M systems. They fall broadly into five groups, polyenyl complexes, alkylidene 
complexes, alkene complexes, alkyl complexes, and bi- and poly-nuclear complexes, and 
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each of these will be discussed in turn. As will be evident (Table I ) ,  the experimental 
evidence for such agostic bonds comes from three sources: ( i )  crystal structure determin- 
ations; (ii) n.m.r. data; and (iii) infrared data. This section will be completed with a 
summary of the essential points from these three methods of study and some general 
conclusions. 

3. Polyenyl complexes 

The first examples of polyenyl compounds in which the presence of an agostic C-H 
group was suggested were the 16-electron cyclohexenyl- and butenyl-tricarbonyliron 
anions (7 and 8:X = CO)26.27. Both of these compounds have small ',C-H coupling 

(7) 

constants, indicative of this type of interaction. The butenyl complex with P(OMe), 
ligands instead of CO [S: X = P(OMe),] and the related cycloheptenyl and octenyl 
complexes (9 and 10) have similar coupling  constant^^^.^^. The structure of the octenyl 
complex, determined by neutron diffraction, shows a short Fe-H distance ( I  ,874 A) and a 
long C-H bond (1.164 A), as expected for an agostic interaction. 

r L 

The 16-electron manganese compound analogous to the anion 7 has been studied in 
some detail by Brookhart and coworkers (11; R' = H, R2 = C0)30-33. In both the 
cyclohexenyl complex (1 1; R' = H, R2 = CO) and the methylcyclohexenyl complex (1 1; R' 
= Me, R2 = CO), dynamic n.m.r. measurements show that an equilibrium exists between 
the structure with the agostic carbon-hydrogen bond (B in Figure 1) and the $-allylic 
(A) and diene hydride (C) isomers. The agostic hydrogen in B is acidic and can be readily 
deprotonated to the diene anion (D). Hence the agostic interaction results in a weakening 
of the C-H bond and as a consequence the hydrogen can be replaced by other groups. It 
is readily displaced (i.e. the agostic interaction destroyed) by donor ligands such as carbon 
monoxide or phosphines to form stable allylic compounds (E). Replacement of one of 
the CO ligands by P(OMe), (11; R' = H, R2 = P(OMe),) has almost no effect on the 
properties of the compound. 
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iridium([[) (12). 

Fluxional behaviour of the t13-2, 3-dimethylbutenyl complex of 

N.m.r. studies on deuteriated derivatives of the q3-2,3-dimethylbutenyl complex of 
iridium(I1) (12) show both an agostic carbon-hydrogen group and the occurrence of 
fluxional behaviour involving the dienedihydride intermediate (Figure 2)34. A yellow air- 

t 

Ph3P PPh3 

(12) 

t t 
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stable ruthenium(1) anion (13) and a molybdenum(1) anion (14) have both been reported, 
with large low-field chemically shifted agostic hydrogen atoms13s35. 

4. Alkylidene complexes 

Schrock and coworkers have prepared and characterized an impressive number of 
neopentylidene, methylidene, and related complexes of tantalum, niobium, and tungsten 
and have reported on many aspects of their chemistry. For a number of their compounds 
(15-24), crystal structure data, from neutron diffraction and X-ray studies, and n.m.r. 

CMe, 
I 

(15) 

CMe, 

I 
H-C 

\ II ,CH,CMe3 
Me3CCH2-Ta 

‘CH2CMe3 

(16) 

CMe, 

I 
CI CI 

Me3CC=Ta Ta= CCMe3 

Me3P’I‘CI’I\1 CI CI ” Me 

Me 
(17) (18) 

CMe, 

C-H 
I 

CMe, 

I 
C-H 

i/ PMe3 
To ’ 

Me,P’ I ‘PMe3 
CI 

(19) (20) (21 ) 

R1 I 1+ 
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I 

olkylidyne hydride 
'R 'R 
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( A )  ( 8 )  (C ) 

methylene hydride 
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FIGURE 3. Equilibria between complexes with an agostic hydrogen for (a) an 
alkylidene complex and the isomeric alkylidynemetal hydride, and (b) a methyl 
complex and the isomeric methylenemetal hydride. 

chemical shifts and coupling constants show that a structure with an agostic C-H 
group is the stable ~ t a t e ~ ~ - ~ ~ .  

The factors which determine whether the alkylidene complex (Figure 3, A), the 
alkylidyne metal hydride (C) or the complex containing the agostic hydrogen (B) will be 
the stable state depends on a number of factors (e.g. the oxidation state of the metal, and 
the other ligands), and is one of the features of these complexes being studied by Schrock 
and coworkers. For  example, the complex 24 (R '  = H, R2 = CI) exists as a methylidene 
complex with an agostic hydrogen, but the closely related complex where the four 
trimethylphosphine ligands have been replaced by two Me,PCH,CH,PMe, ligands 
exists as the methylidenetungsten hydride. This is because the two phosphoethane ligands 
will allow a hydrogen to form a pentagonal bipyramid of ligands around the tungsten, a 
structure that is sterically impossible with the bulkier trimethylphosphine l i g a n d ~ ~ ~ . ~ ~ .  

The chemistry of these complexes is influenced by these agostic interactions. For 
example, the product of the reaction of trimethylphosphine with [(Me,CCH,),CI,EtTa] 
is an approximately 1 : l  mixture of complexes 21 and 22 which are in dynamic 
equilibrium. Compound 21 is a neopentylideneethyl complex, in which both the hydrogen 
on C, of the neopentyl group and one of the C, hydrogens of the ethyl group is thought to 
form an agostic link to the tantalum, and 22 is a neopentylethylene complex where one of 
the C, hydrogens of the neopentyl group forms an agostic bond. 

5. Alkene complexes 

Two alkene complexes have been reported in which a metal-hydrogen distance is 
short enough for there to be an agostic interaction. In the norbornene- 
(diethylenetriamine)copper(I) cation (25), one of the hydrogen atoms on the bridge 
carbon of the norbornene is only 2 ,& from the copper5'; it should be noted that this 
is not to be expected as the complex has an 18-electron structure. In a ruthenium(I1) 
complex of norbornadiene (26), n.m.r. evidence indicates that one of the hydrogen atoms in 
the condensed norbornadiene dimer forms an agostic bridge to the r ~ t h e n i u m ~ ~ , ~ ~ .  
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(25) (26)  

6. Alkyl complexes 

A few compounds are now known in which a methyl, or other small alkyl group directly 
attached to a transition metal, also forms an agostic C-H -link. 

Green and coworkers have reported the crystal structures of the compounds 
methyltrichloro(dimethylphosphoethane)titanium(lV) and its ethyl analogue (27 and 
28)54.55. In both of these compounds an agostic interaction is clearly evident. These 

(27)  (28) 

compounds were selected for study for several reasons. Titanium is a light metal with 
relatively few electrons and therefore hydrogen atoms in the molecule were more likely to 
be seen in the X-ray diffraction pictures than if a heavier metal were used. As an early 
transition element titanium is highly electron deficient, and in these molecules there was 
little likelihood of the titanium being sterically overcrowded. In the ethyl compound the 
Ti-C-C angle is only 86". This indicates that it is the methyl hydrogens of the ethyl 
group that are forming the agostic link. In the methyl compound a three-membered 
C-H-Ti ring is formed. For this to occur one of the methyl hydrogens is severely 
distorted from its normal position, the Ti-C-H angle being reduced from 120" to 70". 

A recent theoretical study has looked at the structure of the six-coordinate 
[TiEt(PH,),X,Y] compounds (where X = H, F, CI, or CF, and Y = H or Cl)56, in an 
attempt to find theoretical evidence for the agostic interaction. A b  initio MO calculations 
have been carried out and it was found that the optimized geometry of [TiEt(PH,),CI,H] 
(29) has a distorted ethyl group with a short ethyl H-Ti distance. The calculated 

PH3 

(29) 

C-C-Ti bond angle of 89", the H-Ti distance of 2.23& and the length of the C-H, 
bond of 1.1 18, are all in good agreement with the experimentally measured values of 86", 
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2.20h, and 1.02A, respectively, found for the complex [TiEt(drnpe)Cl,] (28 and Table 1) 
which this study has chosen to simulate. This agreement indicates that the structural 
features found are caused by direct intramolecular interaction between the C-H, bond 
and the titanium, and not by the effect ofpacking forces in the crystal. Analysis ofthe wave- 
function shows a low-lying unoccupied d,, molecular orbital to which electron delocaliz- 
ation can take place from the C-H, bonding orbital. 

Further calculations show that the ligands make a large difference to  the distortion of 
the ethyl group. The optimized geometry of [TiEt(PH,)H,], where the axial chlorines of 
29 are replaced by hydrogen, has an undistorted alkyl group with a large M-H distance 
(3.01 A), normal C-H bond distances and a normal C-C-Ti angle (1 14"). The 
optimized geometry of [TiEt(PH,),H,CI], with the CI in the equatorial position, also has 
a normal undistorted ethyl group, suggesting that the electron-withdrawing axial ligands 
enhance the C-H - M interaction. 

Finally, calculations for [TiEt(PH,),X,H] (X = H, F, CI, CF,), with X ligands axial, of 
the energy difference between a structure with a distorted ethyl group and one with an 
undistorted ethyl group indicate a large axial ligand effect, the distorted structure being the 
most stable. For X = F the C-C-Ti bond angle is 88", and the CF, complex might have 
an ethyl group even more distorted than found for the CI complex, or it might possibly 
react by ,&elimination. 

t r ~e 

r Me 
I Me 

1 
(32 ) 

Me 
Me 

(33) 

Two closely similar cationic cobalt(I1) complexes containing an agostic ethyl group 
have also been reported(305' and 3146). As in the titanium complex above, it is a hydrogen 
of the methyl groups that forms the agostic link. 

7. Bi- and poly-nuclear complexes 

There are a number of transition metal complexes containing two or more metal atoms 
in which agostic C-H bonds have been observed. The first such complex was the osmium 
carbonyl cluster compound 32 in which agostic C-H bonds were deduced from n.m.r. 
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studies of partially deuteriated methyl groupss8. In this complex the C-H - M bonding 
is from an alkyl group attached to  one osmium atom to a second osmium atom. 

Agostic bonding occurs in the binuclear molybdenum complex 3359. The eight-carbon 
ligand forms $-allylic bonds to one of the molybdenum atoms and is a-bonded and forms 
an agostic C-H bond to the other molybdenum. Three iron carbonyl complexes have 
been reported. Neutron diffraction studies on the iron cluster compound [HFe,(q2- 
CH)(CO),,] (34) indicate an agostic C-H - Fe bond to the iron atom not bonding the 
C H  group60.6'. Two closely related substituted iron carbonyl dimer anions both contain 
agostic methyl groups (35 and 36)62.63. 

8. Evidence for C-H - M bonds 

It can be seen that experimental evidence for agostic C-H - M bonds comes from (i) 
crystal structure determinations, (ii) n.m.r. data, and (iii) infrared data. 

a. Crystal structure determinations. 

In the recent past, agostic hydrogens have been located in X-ray and neutron diffraction 
studies. With these H - M bond distances are measured directly. In earlier work the 
interaction between the C-H group and the metal was inferred from close M-C 
distances (see Table 1). Bridging C-H bond lengths are ca. 5-10% longer than for 
analogous non-bridging C-H bonds. The M-H bond distances are considerably less 
than the van der Waals radii, but are longer (ca. 20%) than normal M-H bonds. 

r ti l+ 

(35) 
L J 

(36) 

b. Nuclear magnetic resonance data 

The presence of the agostic hydrogen in a metal complex has a number of effects on the 
n.m.r. spectrum. The agostic hydrogen and the I3C atom to which it is attached usually 
show high-field shifts in their respective spectra. Also, the 13C-H coupling constant ( J )  
between these two atoms is also smaller than for a non-bridged C-H group. Many 
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compounds of this type are fluxional and the average ' H  chemical shifts show a strong 
dependence on partial deuteriation at the bridging carbon. 

i. Nonlfluxional compounds. The high-field chemical shifts of agostic hydrogens, when 
attached to metals with d-electrons, are comparable to the ' H  shifts of metal hydrides and 
are not therefore diagnostic. However, in some of the alkylidene complexes (15-19) and in 
the do titanium complexes (27 and 28) the high-field shift does not occur. 

An agostic hydrogen reduces the C-H bond order with the result that the coupling 
constant J(I3C-H) is found to be in the range 45-100Hz. The equivalent value for a 
normal saturated (sp3) C-H bond is in the range 120-130Hz. This value of J also 
distinguishes the C-H -M from the C-M-H system as 4°C-H) for alkyl metal 
hydrides is normally much smaller (cu. 10 Hz). 

ii. Fluxionul compounds. In the n.m.r. spectrum of a fluxional compound only average 
values ofchemical shifts and coupling constants can be obtained. The need is to distinguish 
between the compound containing the agostic hydrogen, that containing the normal 
C-H group, and the metal hydride (E, D, and F), respectively (see Figure 3). 

For D the average ' H  chemical shift will be expected to be at lower field than for either E 
or F, except for do compounds, when the shifts will be comparable. Hence the chemical 
shift might be able to distinguish D from E or F but will not be able to distinguish between 
E and F. 

Coupling constants are not able to distinguish either. The average value of 
J(I3C-H) expected for D is the normal alkyl value of 120-130Hz. For F the average 
J(13C-H)will bein therange80-90H~{J(H-M-'~C) =0-10,J(13C-H) = 120-130, 
J(I3C-H),, = [(0-lo) + 2(120-130)]/3 = 80-90). For E(JI3C-H) will be cu. 120Hz 
(i.e. the same as for D) because, even though J('3C-H)agos,ic = SO-IOOHz, there is an 
increase in J('3C-H)non-br,dg,ng up to CN. 140Hz. This arises from the increase in s- 
character of the non-bridging C-H bonds. Hence J(I3C-H),, = [(80-100) + (2x 
140)]/3 = CU. 120 Hz. 

Agostic C-H systems can be distinguished by n.rn.r. if partial deuteriation of the alkyl 
groups is carried out .  This method was first applied to the osmium complex 32 by Calvert 
and Shapley". For the Me group and for the partially deuteriated analogues, CH,D and 
CHD, in compounds with the agostic C-H - M link, both the ' H  chemical shifts and 
the J(13C-H) coupling constants fall in the order Me > CH,D > CHD,. Also, both 
the chemical shifts and coupling constants for the two partially deuteriated species are 
strongly temperature dependent. This is because there is a thermodynamic preference for 
hydrogen rather than deuterium in the agostic bond, as there is a smaller zero point energy 
difference between H and D in the C-H-M and C-D-M bonds relative to the 
difference in the non-bridging C-H and C-D bonds. Consequently, deuterium prefers 
the non-bridging positions. This temperature-dependent effect has now been observed for 
a number of compounds given in Table I .  I t  clearly distinguishes between a non- 
interactingmethyl group(D)and agostic bridging(E)or a metal hydride(F), but it does not 
distinguish between systems E and F since the same argument can be applied to both. 

In a fluxional molecule an agostic methyl is clearly indicated if both J(I3C-H)zz 
110 Hz and the temperature dependence of J(I3C-H) and ' H  is observed in partially 
deuteriated compounds. Chemical shifts of 6 < 0 add further support. 

c. Infrared data 

The stretching frequencies have been reported for some agostic C-H bonds. As can be 
seen in Table I .  they are in the range 2200-2700cm-', which is lower than for normal 
C- H strctching vibrations. Presumably this lowering is associated with the observed 
increasc in length of the agostic C-H bonds. 
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9. Conclusions 

J. R. Chipperfield and D. E. Webster 

a. General 

A whole range of compounds containing agostic C-H - M bonding have now been 
characterized-it is likely that this type of interaction is more widespread than previously 
thought. 

It has been recognized for some time that such agostic interactions may occur as 
transition-state intermediates in the formation of metal hydrides [ n  = 18 electrons 
(usually) J from the related n - 2 electron complexes as shown in Figures 3 and 4. It is now 
evident that in certain systems the agostic structure can be the ground-state structure. 

16- electron 

/H 

‘H 

M-C-H 

18- electron 

H 

H. H 

FIGURE 4. 
16-electron complex, and the agostic intermediate. 

Equilibria between 18-electron olefinmetal hydride, the related 
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FIGURE 5. Ziegler-Natta polymerization by the Cossee mechanism (route A), a 1,2-hydrogen 
shift forming an alkylidene hydride (route B), and the formation of an agostic C-H-Ti bond 
(route C). 

The minimum requirement for this is that the metal should have an empty orbital to 
receive the two electrons of the C-H bond, i.e. the metal should have 16 electrons or less. 
It also needs to be of the correct energy and orientated such that it can overlap with the 
C-H bond. This is illustrated by the 16-electron compound [Ti(u7-C7H7)(dmpe)Et] 
(37)"Z. 
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8 
(37) 

In contrast to [TiCl,(dmpe)Et] (28), 37 shows no interaction between the ethyl 
hydrogens and the titanium. This is because the lowest unoccupied molecular orbital that 
would be used in the formation of the C-H -Ti bridge will be the d,, and this is not ofthe 
correct orientation to interact with the ethyl group. Also, this orbital will be at a 
substantially higher energy than the ethyl electrons. 

It is to be expected that agostic hydrogens can be displaced by a donor ligand. In many 
complexes the agostic hydrogen will have to compete with lone pairs on other ligands. I n  
[TiMe,Cl,(dmpe)], for example, the lone pairs on the chlorine ligands do not compete 
successfully with the agostic C-H electron pair. 

b. The mechanism of olefin polymerization by Ziegler-Natta catalysts 

Green and coworkers'3.54 have discussed the implications of the formation of agostic 
C-H -Ti links on the suggested mechanisms of Ziegler-Natta catalysts. The traditional 
mechanism for the olelin polymerization is that of simple alkyl migration to the 
coordinated olefin as proposed by C ~ s s e e ~ ~  (Route A in Figure 5) ,  in which there is no 
direct involvement of the C-H bonds of the alkyl chain. A suggested alternative 
mechanism (Route B in Figure 5)45 involves the prior formation of a metallacarbene 
intermediate by a 1,2-hydrogene shift from the alkyl polymer. This mechanism can explain 
the control of the stereochemistry of the polymerization since substituents could lie cis or 
t ram to the metallacyclobutane ring, and implies a close connection between olefin 
polymerization and metathesis. 

Schrock and coworkers have shown that the I : 1 mixture of complexes 21 and 22 will 
react with ethylene to give 4,4-dimethylpent- I-ene and 4,4-dimethyl-trans-pent-2-ene. 
These are products of the reaction of the neopentylidene ligand with ethylene64. Further, 
they found that the alkylidene hydride [Ta(neopentylidene)(H)(PMe,)JJ with ethylene 
under mild pressure gives polyethylene6'. These observations give support to an 
alkylidene hydride mechanism. 

The possible agostic C-H-M interactions means that a mechanistic route (C in 
Figure 5) is attractive. This is intermediate between routes A and B and can control the 
stereochemistry of the polymerization, without the need for the formation of the alkylidene 
complex. 

C. Intramolecular Activation of C-H Bonds in Alkyl Groups in Llgands- 
Cyclometallation 

1. Introduction 

In the previous section we surveyed a large number of transition metal complexes in 
which there is an electronic interaction between the metal and a carbon-hydrogen bond 
in a ligand-'agostic' bonding (39 in equation 1). 



13. Saturated carbon-hydrogen bond activation 1091 

Here we survey the molecules that are formed when this interaction, from a saturated, 
sp3, carbon-hydrogen bond, results in the bond breaking and the carbon becoming 
bonded to the metal, i.e. with cyclometallation occurring (40 in equation 1). If the reaction 
occurs by oxidative addition the hydrogen will be expected to become attached to the 
metal atom in the product. If the hydride so formed is unstable it may decompose and the 
hydrogen will not be in the recovered product. Also, if the mechanism is not oxidative 
addition then the hydrogen may never become attached to the metal. 

This is a topic which has been extensively reviewed in the literature referred to in the 
Introduction to this chapter and in other  review^',^^-^^, although most of the work 
covered by other reviews concerns aromatic C-H bond (i.e. sp2 C-H bond) activation. 
Here we concentrate on the less extensive, but by no means small, topic of cyclometallation 
by sp3 C-H bond activation. 

The most extensive range of cyclometallated compounds are complexes of the platinum 
metals-platinum, palladium, iridium, and rhodium. A number of distinctive classes of 
complexes can be identified and these will be examined in turn. Complexes with alkyl 
groups attached to the metal undergo a variety of cyclometallations. Complexes with 
bulky phosphine ligands constitute a most extensive class of compounds that undergo 
intramolecular C-H bond activation. Palladium-nitrogen complexes and an array of 
iridium-hydride complexes also cyclometallate. The metals from the middle of the 
transition series have not been extensively studied; the few examples that there are of 
cyclometallations are surveyed. The early transition elements also provide few examples, 
tantalum complexes being the most studied. A couple of reports of thorium and uranium 
complexes that cyclometallate complete this section. 

We shall deal only briefly with work prior to 1977, when we' and Parshall" last 
reviewed this topic. 

2. Activation in alkyl groups bonded to the platinum metals 

a. Platinum and palladium complexes 

The cyclometallations that occur in a series of platinum(I1) alkyl complexes have been 
studied by Whitesides and c o ~ o r k e r s ' ~ - ~ ~ .  

I f  the complex dineopentylbis(triethylphosphine)platinum(lI) is heated at 157 "C for 2 h 
in cyclohexane, activation of a y-C-H bond occurs to form the four-membered ring 
compound bis(triethylphosphine)-3,3-dirnethylplatinacy~lobutane'~~~~ (equation 2). The - (Et3P)2Pt, ,CMe, + neopentane 3 (2) 

[ CH2 

2% /CH2CMe3 157 O C / 2  h 
(Et3P),P t 

\ C H ~ C M ~ ,  cyclohexane 

kinetics of this reaction show a dissociation of a phosphine ligand followed by C-H 
activation which occurs as oxidative addition to platinum(II), followed by reductive 
elimination of neopentane from the platinum(1V) intermediate. The rate-limiting step is 
either the phosphine dissociation or the reductive elimination. This implies that 
intramolecular oxidative addition is intrinsically rapid, in clear contrast to intermolecular 
C-H addition to platinum which is slow. 
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C-H bonds in 6- and E-positions of the alkyl chain are also activated in appropriate 
complexes8'.s2. If the complex [Pt(PEt),(CH,CMe,CH,Me)] is heated to 126 "C there 
are two products: one, the minor product (2%), with the four membered ring platinacycle, 
where a y-methyl C-H bond has been activated, and the major product (98%,), with the 
five-membered ring platinacycle, where a &methyl C-H bond has been activated 
(equation 3). 

P) Pt /CH2 -FMe2 3 (3) 
\ C q C H 2  

9 0 '10 

Extending the alkyl chain by another CH2 group gives a complex which on heating to 
146 "C produces three cyclometallated products, a four-membered ring complex (23%) 
(CH, activation), a live-membered ring complex (68%) (CH, activation), and also a six 
membered ring complex (9%) where c-methyl C-H activation has occurred (equation 4). 
The bulkier alkyl chain with a tert-butyl end group cyclizes at the E-methyl very readily. 

1 / CH2CMe2CH2CH2Me 

(E t3P),Pt 

\ C H ~ C M ~ ~ C H ~ C H ~ M ~  

2 3 '10 

/ \  
H Me 

6 0 '10 

9 Y o  

(4) 

A 100% yield of the six-membered platinacycle ring product is obtained at 87°C 
(equation 5). 

r -l 

CH2-CMe2 

, C H2C M e2C H2C Me 

\ C H2C M e ,C H C M e 
(E t,P),Pt 

100% 
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I f  the neophylplatinum(lI) complex (neophyl = CH,CMe2Ph) is heated i t  behaves 
completely differentlys4, as there is now the opportunity for the more favoured reaction at 
the phenyl ring. At  room temperature this complex cyclometallates at the orrho-CH of the 
phenyl ring (equation 6). 

/CH2C MegPh 

\ CH2CMe2P h 
(Me3P)2Pt 

2 5 %  + PhCMe, (6) 

These results indicate that 6-C-H activation is the most favourable to give a 
platinacyclopentane, but they also show that platinacyclobutanes can be formed, 
suggesting that the ring strain is much smaller than in cyclobutane itself. There appear to 
be at least three factors which might make important contributions to these reactions: ( i )  
the entropy increase that occurs on creating two molecules from one; (ii) the relief of non- 
bonding steric strain; and (i i i )  the favourable changes in local electronic energies that occur 
as the P-Pt-P bond angle widens during reaction". In these complexes the 
intramolecular C-H activation always predominates over intermolecular C-H 
activation with solvent molecules, a feature that is discussed in Section 1I.E. 

A platinacyclopentene is formed by &hydrogen abstraction from the o-MeC,H,CH, 
ligand. The [Pt(PEt,),(o-CH ,C6H,CH,),] complex is prepared as shown in equation 7. 
This, after several hours in refluxing xylene, gives the cyclometallated complex 41 ". 

Me 

b. Iridium and rhodium complexes 
Parshall and coworkers at Du Pont have studied in some detail the chemistry of tri- 

methylphosphineiridium complexes when they react with compounds containing C-H 
bondss6-". Intramolecular C-H bond activation occurs during the preparation of 
alkyliridium(1) complexes84. When [(Me,P),IrCI] reacts with MeLi the expected 
complex, [(Me,P),IrMe], is obtained. With EtLi, however, the ethyl complex that is 
presumably formed transfers a 8-hydrogen to the iridium and gives ethylene as the 
product. With alkyllithium reagents that cannot undergo P-hydrogen elimination, y -  
hydrogen transfer occurs to give the four-ring metallacycle (equation 8). Intramolecular 
metal activation of a remote (y,S,etc.) site in an hydrocarbon ligand has been called 'distal' 
C-H bond activations4. 
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[(Me3P)41rCI] + Me3CCH2Li [Me3CCH21r(PMe3 ),,I - 
(8) 

With neophyllithium (2-methyl-2-phenylpr0pyllithium)~~, the iridium complex gave an 
iridium(II1) metallacycle formed by C-H activation of the ortho-bond in the phenyl ring 
of the ligand (equation 9) but the analogous rhodium complex gave the tert- 
butylphenylrhodium(1) complex (equation 9). 

CMe2CH2M (PMe313 I CMe2CH2Li + [(Me3P)3MCI] - 
M = I r  / 

P?? Me 

(PMe3 I3 1 
\ 

M =  Rh \ 
'CMe3 

(9) 
For rhodium the initial product was presumably the analogue of the iridium product, 

but this was unstable and it transferred a hydrogen from rhodium to the CH, group to 
form the rhodium(1) product. This pair of reactions illustrates the general view that 
rhodium is often the more catalytically active of the two metals, but that iridium is more 
convenient for isolation of intermediates in a catalytic cycles6. 

It is evident that the products that are formed by these C-H activations depend 
critically on the metal and the ligands. When the iridium(1) complex is benzylated the 
products formed vary, depending on whether the ligands are trimethylphosphine or 
triethylphosphine, and in neither case is the benzyliridium complex, which is presumably 
formed initially, the final product". With trimethylphosphine ligands a benzoirida- 
cyclobutene is formed analogous to the iridacycle formed with the neophyl group 
(equation lo), but with triethylphosphine as the ligand an o-tolyliridium complex is 
formed (equation lo), presumably because the iridacycle that would be formed transfers a 
hydrogen from the iridium to the CH, group, just as with the rhodium complex in 
equation 9. 
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By using trans-[RuCI,(PMe,),] instead of the iridium complex, the equivalent 
ruthenocyclobutane is formedss, but attempts to prepare the rhodium analogue give the 
q3-benzyl complex 42. A similar transient complex in the other complexes could bring the 
ortho-C-H bond under the influence of the metal and initiate the cyclometallation. 

If 2-phenylpropylmagnesium halide is used to alkylate the iridium complex, the 
products again differ depending on the phosphine ligand (equation 1 I). Here again, with 
triethylphosphine, hydrogen transfer occurs from the iridium to the methylene group to 
give the iridium(1) complex. In the intermediate here there is a /M3-I bond, that would, by 
analogy with other systems, be expected to react to give a methylstyrene complex, but 
reaction of the 6-CH bond, on the phenyl ring, is preferred. 

Me 
I 

(1 1) 

The preference for intramolecular aryl C-H activation probably results from q2-arene 
precoordination. This would block the vacant coordination site required for 8-elimination 
in complexes such as 43 as well as positioning an ortho-C-H bond in proximity to the 
metal. Aliphatic ligands cannot so precoordinate and this precludes 8-elimination. 

3. Activation in bulky phosphine ligands coordinated to the platinum metals 

a.  Monophosphines 

Shaw and coworkers have studied the chemistry of a large number of complexes of 
platinum and palladium containing bulky tertiary phosphine ligandssg. In early work a 
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number of phosphines containing aromatic groups, e.g. di-tert-butylphenylphosphine, 
were studied. On heating, intramolecular ring closure at the orrho-position on the phenyl 
ring occurred and HCI was eliminatedgO~” (equation 12). 

I t  soon became evident that bulky ligands were very important in causing such 
cyclometallations, since if  the complex used had the di-tert-butylphenylphosphine ligand 
replaced by dimethylphenylphosphine then the ring closure (equation 12) did not occur. 

The sp3 C-H bonds in the methyl group of an o-tolyl group of a phosphine are 
activated and undergo cyclometallation when trans-[PtCI,{ P(o-C,H,Me),Ph},] is 
heated in 2-methoxyethanol; complex 44 is formed. 

/ -\ 
(0- to1 y I )  PhP 

BCHZ 
(44) 

Intramolecular ring formation also occurs by activation of a C-H bond of an alkyl 
group attached directly to the phosphorus. When iridium trichloride reacts with the 
phosphine, PBu‘, (2-HO-Phenyl), the product is the purple five-coordinate iridium(ll1) 
hydride 45. This in air is oxidized to the iridium(I1) complex 46, which in turn is slowly 
converted into the iridium(II1) complex 47 in which one of the tert-butyl groups has been 
metallated (equation 13)’,. This was the first example of the cyclometallation of a tert- 
butyl group; there have been many other examples- since then: 

Bu‘ 

H 

(45) 

1 

(46) (47) 

Alkylphosphines, PR,, have also been ~ t u d i e d ’ ~ . ~ ~ .  The reactions of platinum(l1) 
complexes with the phosphines PBu‘,Pr”, PBu‘,Bu’, PBu’, neopentyl, and PPh,Bu’ show 
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differences in reactivity that would be expected if steric bulk of the ligand were of crucial 
importance. 

When [PtCI,(PhCN),] in methylene chloride reacts with PBu',Pr" the product is trans- 
[PtCI,(PBu',Pr"),]. Under forcing conditions, refluxing for 300 h in 2-methoxyethanol, 
cyclometallation occurs to give complex 48. 

If the neopentylphosphine PBu',(CH,CMe,) is used there is a remarkable increase in 
rate and after 20min at 20°C in methylene chloride solution cyclometallation has 
occurred to give the dimeric complex (49; R = Me)93. The isobutylphosphines exhibit 
intermediate behaviour; PBu',Bu' with [PtCI,(Bu'CN),] in refluxing 2-methoxyethanol 
forms the cyclometallated complex 49 (R = H). The less bulky PPh,Bu' does not 
cyclometallate, truti.s-[ PtCI,(PPh,Bu'),] being formed. 

(48) (49) 

These two phosphines behave in an analogous manner with palladium, (Na,[PdCI,]). 
The differences in behaviour are a clear demonstration of the ability of an alkyl C-H bond 
in the phosphine to undergo cycloaddition to the metal when there is steric crowding in the 
phosphine and the cyclometallation can release this steric compression. The conform- 
ational and entropy factors are both favourable, particularly when there is a gem-di-tert- 
butyl and gem-dimethyl group in the molecule (see the conclusion to this section). 

The phosphine PBu', also reacts with platinum(l1) and palladium(I1) compounds to 
give phosphine complexes that undergo intramolecular C-H activationg5-10'. The 
reaction products formed depend on the metal complex used and on the solvent. In 
benzene solution PBu', reacts with PtCI,, Na,[PtCI,], or [PtCI,(PhCN),] to give a 
mixture of the salt [PBu',H][PtCI,] and the cyclometallated complex 50 (M = Pt). If the 
platinum(I1) complex is [PtCl,(cod)] these products are not formed. Palladium complexes 
give the analogous cyclometallated products 50 (M = Pd). When methylene chloride is the 
solvent then the PBu', ligand in 50 is lost and the dimer 51 (M = Pt or Pd) is formed96. 

(50) (51) 

Both the platinum and the palladium complexes 51 can be converted to 50 by treatment 
with P B u ' ~ ~ ~ .  When dimethylformamide is the solvent for palladium(I1) compounds then 
it behaves as in methylene chloride and the complex 51 (M = Pd) is formed. With 
platinum(l1) chloride, however, the reaction is different and the six-coordinate complexes 
(52;X = P B L I ' ~  or H )  are formed'''. 
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The palladium and platinum hydrides [MH(X)(PBu',),] (M = Pd or Pt; 
X = halogen), which can be prepared by treating [M(PBu',),] with HX'O', undergo rapid 
intramolecular metallation in both benzene and methylene chloride solution. The 
products (50; M = Pd or Pt) and hydrogen are formed in a few hours at room 
temperature, and the reaction rate is enhanced if ethanol is added to the ~ o l v e n t ~ ' ~ ~ ~ .  The 
complex 50 is readily converted into the dimer 51. If the PBu', ligand in 50 is replaced by a 
less bulky ligand (e.g. PEt,, PPh,, or AsPh,) then this complex is stabilized. In contrast 
complex 50 more readily loses this phosphine to form the dimer 51 if i t  is bulky [e.g. 
P(cyclohexyl),, P(o-tolyl),]. The facile elimination of hydrogen in this complex is thought 
to be the driving force for the cyclometallation, rather than oxidative addition of the C-H 
bond to palladium. 

The effect on the course of the reaction of various alkylphosphines with iridium 
supports the work with platinum and palladium, and also illustrates the variety of the 
chemistry that these complexes displayIo2. The reactions of [lrCl(cyclooctene),], with 
PBu',Pr", PBu',Bu",PBu",, PBu', and PPr', in the presence of y-picolene or acetonitrile 
produce an array of cyclometallated products that contain both four- or five-membered 
iridacycle rings. No six-membered ring compounds are formed. The reactivity towards 
metallation is Pr', z PBu',Pr" > PBu',Bu" > PBu',. PBu", did not give any metallated 
products. 

Clearly the size of the phosphine (measurable by its ' ~ o n e - a n g l e " ~ ~ )  determines the 
reactivity; when small no metallated products are obtained, and when very large the yields 
are low. The influence of methyl groups in the ligands on the course of the reaction is 
considerable. PBu', Pr" gives as the major product the five-membered ring compound 
(equation 14) by metallation of the n-propyl group, and as a minor product the four- 
membered ring compound (equation 14) by metallation of the tert-butyl group. The four- 

+ 

hexane ____, 
6- picoline 

membered ring complexes are formed almost exclusively by PBu',Bu", because five-or six- 
membered rings would increase the crowding round the iridium. If acetonitrile is the sixth 
ligand, rather than y-picoline, the crowding is slightly less and some five-membered ring 
product is formed. 

The reactivity of these aliphatic C-H bonds towards iridium(1) does not differ much 
from the reactivity of allylic and aromatic C-H bonds. All three types of C-H bond 
have similar energies and it is suggested that when the steric conditions are well chosen the 
bond energies determine the metallation reactivity. 

b. Diphosphines 

Complexes of the diphosphine BU',P(CH,)~PBU', undergo intramolecular C-H 
a c t i v a t i ~ n ' ~ ~ - ' ~ * .  When iridium trichloride reacts with the phosphine in boiling 
isopropanol for 3 days the product is a mixture of the orange-red cyclometallated five- 
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coordinate iridium hydride 53 (M = Ir, R = H) and the red-purple binuclear hydride 
[~~(H)CI,BU',P(CH~)~PBU'~], containing a 16-atom ring. When the hydride 53 (M = Ir, 
R = H) is heated at ca. 170°C and 15mm Hg pressure it partially decomposes to the 
dark brown complex 54, which has a structure somewhere between the extremes of the 
iridium(1) carbene and the iridium(II1) ylide 54. The loss of dihydrogen is reversible; a 
benzene solution of 54 under dihydrogen at 20°C gives 53 (M = Ir, R = H) after 3 hIo4. 

(53) (54) 

The analogous rhodium hydride product (53; M = Rh) is formed from the reaction of 
rhodium trichloride with the phosphine in tetrahydr~furan'~~.'''~. The rhodium cyclo- 
metallation does not occur as readily as that of iridium. In ethanol solvent only 40% of 
the product is the cyclometallated compound 53 (M = Rh), the other 60% is the dimer 
[Rh,H,Cl,(phosphine),]. This gives the cyclometallated product when treated with the 
base 2-methylpyridine. With rhodium an olefinic complex (55) is formed if the phosphine 
with six CH, groups in the chain is used, i.e. two adjacent C-H bonds are activatedIo6. A 
similar olefin complex is thought to be a minor impurity in the reaction with 
Buf,P(CH2),PBu',. 

( 5 5 )  

The phosphine Ph,P(CH,),PPh, also gives a cyclometallated olefin complex with 
iridium or rhodium'0g; refluxing the phosphine in mesitylene with [M,Cl,(cod),] 
M = Ir or Rh) produces the complex of the ligand 1,6-bis(diphenylphosphino)-trans-hex- 
3-ene (56; M = I r  or Rh). 

H \C/CHP'C,H2 

(56)  

Palladium and platinum behave similarly'07; the four-coordinate cyclometallated 
complexes 57 ( M = P d  or Pt, R = H )  are formed by reacting [PdCI,(PhCN),] or 
[PtCI,(PhCN),] with Bu',P(CH,),PBu',. If the diphosphine with six CH, groups in the 
chain is used with platinum the reaction product is not the olefinic complex (analogue of 
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55) as formed by rhodium, but the complex 58 with a five-membered and a six-membered 
platinacycle ring. Palladium is less reactive than platinum and does not form a 
cyclometallated product with this phosphine. Neither platinum nor palladium form 
cyclometallated complexes with the diphosphine with seven CH, groups in the chain. 

I 
CI-M-CR 

I \  
CI-Pt -cH 

(57 ) (58)  

The diphosphine Bu',P(CH,),CHMe(CH,),PBu', reacts with RhC1,105, 
[PdCI,(PhCN),], and [PtCI,( PhCN),]'OB to give the cyclometallated complexes 53 
( M = R h ,  R = M e )  and 57 ( M = P d  or Pt, R = M e ) .  The rhodium reaction again 
requires the use of 2 methylpyridine to aid the cyclometallation. 

c. Conclusions 

I t  is evident that in the cyclometallation of a tertiary phosphine ligand the steric 
requirements of the substituents on phosphorus play a dominant role. The ease with which 
intramolecular C-H bond activation occurs depends on the size of the groups R '  and R 2  
in equation 15. If they are small cyclometallation will not occur, if they are larger, e.g. 

H 

phenyls, cyclometallation will sometimes occur, and sometimes not, but if they are bulky, 
e.g. tert-butyl, then cyclometallation often occurs readily and rapidly. Clearly steric effects 
are dominant over electronic effects. 

As ShawS9 has pointed out, there is a close analogy between what happens here and the 
Thorpe-Ingold or gem-dialkyl effect, which has been known to organic chemists for many 
years. Thorpe and lngold found that replacement of CH, by CMe, invariably increased 
the stability of small rings and the rate at which they were formed. As lngold wrote in 
1921 ' l o ,  'The reality of the phenomenon cannot be doubted'. Two factors are responsible 
for the effect: (a) an entropy component, first suggested by Hammond' ' I ,  who pointed out 
that a gem-dimethyl grouping would reduce the loss of internal rotational entropy which 
occurs on cyclization, and (b) an enthalpy effect, as suggested by Allinger and Zalkow' ", 
who showed that a gem-dialkyl substituent would reduce the number of extra guuche 
interactions which are introduced on cyclization. Methyl groups can have a large effect in 
carbon chemistry, but are not bulky enough to have a significant effect on the larger 
phosphorus atom, here the large tert-butyl group is required-a gem-tert-butyl effect' 1 3 .  

These studies also show that it is more difficult for the second-row transition elements 
palladium and rhodium to activate the C-H bonds and form the metallocycle products 
than it is for the third-row elements platinum and iridium. The explanation for this is 
probably due, at least in part, to the greater difficulty in inducing the second-row elements 
to take part in oxidative addition when palladium(1V) and rhodium(V) must be formed. 
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4. Activation in alkylphosphine ligands coordinated to the platinum metals 

1101 

a. Alkyl- and alkylaryl-phosphines 

There are a few examples of cyclometallations where the tertiary phosphine ligand does 
not contain the bulky groups discussed in the previous section. 

When the lithium derivatives of methyl or phenyl carboranes [BloC2HI,R- (R = Me or 
Ph)] react with cis- or t ran~-[PtCl , (PR~)~]  (R = Et or Pr”) then cyclometallation occurs to 
give products that have been assigned the four-membered platinacycle structure 59 
[ R ’  = Me or Ph. R 2 =  Et or Pr”, R 3  = H or Me, carb= 1,2- or 1,7-dicarba-closo- 
dodecaborane( 12)] on the basis of analytical and spectroscopic data’ 14.’ ’ ’. 

2 17 

(59) 
(60) 

The palladium complex rrcrns-[PdCI,(PEt,),] gave the analogous product. However, a 
crystal structure determination on the isopropyl phosphine complex shows that a three- 
membered ring platinacycle is formed (60), and the short phosphorus-carbon bond 
length in the crystal indicates that a coordinated P=C double bond is probably a better 
description of the bonding’ I h .  

If  the platinum(l1) complex with the bulkier phosphine PPh,Me is used in this reaction 
then it is the sp3-methyl C-H bonds that are activated, the three-membered ring 
platinacycle 61 being formed’”. I t  has been suggested that here the lithium alkyl directly 

corb  ’ ‘CH* 

(61) 

deprotonates the coordinated PPh,Me to give the platinacycle without any C-H 
activation occurring”’, since in the less bulky phosphine PMe,Ph, when i t  is coordinated 
to iridium it is an sp2-phenyl C-H bond, not an sp3-methyl bond, that is activated 
(equation 16). 

MeCN 80 oc 
[lr(cod)CI] + PMe2Ph [Ir(PMe2Ph)4]+ - 

2 

+ 

PF6- 

(16) 

A three-membered cyclometallated ring is also formed if the ruthenium(l1) complex 
[Ru(PMe,),CI,] is treated with sodium amalgam in benzene solution; a C-H bond in a 
phosphinemethyl group is activated and undergoes oxidative addition to the ruthenium 
(equation 17)’ 1 9 ,  
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Me P 

Me P 1 ,CH2 

Me3P' I 'H 

CI 2\ 

'R" 

PMe3 

A four-membered cyclometallated ring is also formed if the complex 
[(q6-C6H,)RuPPri3H,] is irradiated with U.V. light for 3 h in cyclohexane solution 
(equation l 8 ) I 2 O .  Presumably a reactive intermediate is formed by loss of the hydride 
ligands, as in the work of Bergman and others discussed in Section ILD, which then 
undergoes oxidative addition of a C-H bond of the isopropyl group. 

Bond activation of two adjacent C-H groups in the cyclohexyl group of cyclohexyl- 
phosphine occurs when the phosphine reacts with the iridium(1) complex 
[lrCl(cyclooctene),],. The reaction, in refluxing toluene, gives three products 
(equation l 9 ) I 2 l .  Two havecyclohexene groups bonded to the iridium by thedouble bond, 
i.e. two adjacent C-H's have been activated. 

[ ( c y c ~ o o c t e n e ) ~ t r ~ ~ ] ~  + p c y 3  + 

b. Phosphines containing the cyclopropanyl group 

The phosphine PBu',(CH, cyclopropyl) reacts with platinum(I1) chloride to form the 
complex trons-[PtCl,(phosphine),l. This on heating in 2-methoxyethanol for 2 h forms a 
five-membered platinacycle by both C-H and C-C a c t i v a t i ~ n ' ~ ~ ~ ' ~ ~ .  A similar 
palladium complex is also formed (63), but much less readily, 32 h reflux being required'*". 

The mechanism by which this reaction takes place is not certain; i t  may be by C-C or 
C-H activation as shown in equation 20. 
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c. Hydrogen-deuterium exchange in phosphine ligands 

The catalysed exchange of hydrogen in an organic molecule by deuterium from the 
solvent or deuterium gas has been much used to study alkane activation by transition 
metal complexes; i t  is discussed in detail in Section 1II.A. During such as exchange process 
activation of the C-H bond must occur. The metal hydride forrned will exchange the 
hydrogen for deuterium by, for example, dissociation of a proton and association of a 
deuteron from an acidic solvent, or the complex may be a polyhydride and deuterium will 
be already present on the metal, giving the reaction as in equation 21. 

fC-H 3- M-0 -C-M 3 C - D  + M-H (21) 
'H 

If  the organic molecule is already a ligand on the transition metal, then, although the 
metal will be a catalyst for hydrogen-deuterium exchange, the number of exchangeable 
C-H bonds is clearly limited to those in the ligands. Such exchange reactions are well 
known for aromatic carbon-hydrogen bonds in arylphosphine ligands",lz5, and this 
work is not discussed here. There are few examples of alkyl groups in phosphines 
undergoing exchange; deuterium from deuteriated ethanol solvent, or deuterium gas, 
enters the cyclohexyl groups of [RuHCI(CO)(PCy,),] or its osmium analogue,'2h~127, and 
deuterium enters the methyl groups of [IrH,(PMe,),] when the complex is heated in 
benzene solution under an atmosphere of deuterium gas'*'. It also deuteriates the 
benzene-clear evidence that the C-H bonds in the benzene are activated by the 
electron-rich iridium. 

Using the MeCO,D-D,O system. extensively studied for catalyzed hydrogen- 
deuterium exchange (see Section III.A), Masters and coworkers obtained exchange in 
tertiary phosphine complexes of platinum(II)129,130. Dimeric complexes with a range of 
phosphine ligands (64; L = PEt,, PPr,, PBu,, PBu'Pr,, PBu',Pr, PPhEt,, PPh,Et, PPh,Pr, 
PPhPr,, and PBu'Ph,) have been studied. For the phosphines with n-alkyl groups 
[i.e. compounds 64 (L = PEt,, PPr,, PBu,)], no exchange occurs in the ethyl group; the 
exchange is exclusively in the terminal methyl of the propyl group and predominantly at 
C-3 in the butyl group. After long reaction times, deuterium is also found at C-4 of the 
butyl group, but none is found at C-2 or C-I. This is clear evidence that the preferred 
activated complex has a five-membered ring (65; n = 2), that the six-membered ring ( 6 5  
n = 3) is formed but much less readily, and that, for these compounds, the four-membered 
ring(65; n = I )  is not formed. The presence of phenyl groups in the phosphine has no effect: 
compounds 64 with L =  PPhEt, or PPh,Et, like that with L =  P13t,, do not undergo 
exchange, and compounds 64 with L = PPr,, PPhPr,, or PPh,Pr all undergo H-D 
exchange exclusively at C-3 at approximately equal rates. The bulky [err-butyl group in 
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the ligand, however, has a marked accelerating effect, as i t  did i n  the compounds discussed 
in Section C.2. Compounds 64 with L = PBu'Pr, and PBu',Pr undergo H-D exchange at 
the C-3 position of the propyl group, at rates 2.5 and 27 times faster, respectively, than 
when L = PPr,. Also, when there are two tert-butyl groups in the ligand, then exchange at 
C-2 of the propyl group and of the hydrogen atoms of the methyl groups also occurs, i.e. 
complexes with four-membered rings (65; 11 = 1 )  are being formed under the influence ofa  
pair of bulky tert-butyl groups in the phosphine. This work also indicated that a dimeric 
complex is necessary for H-D exchange to occur since exchange does not occur in the 
monomeric complexes cis- and trans-[PtCI,( PBu,),]. The mechanism suggested for this 
reaction is as shown in equation 22, involving oxidative addition to the platinum(I1) to 
form a platinum(1V) hydride; this can then exchange hydrogen for deuterium with the 
solvent, leading to H-D exchange in the phosphine. 

exchange of 

H for D - 
with solvent 

- 
5. Activation in nitrogen ligands coordinated to palladium 

a. Quinoline derivatives 

Cyclopalladation occurs by activation of the methyl C-H bonds in 8-methylquinoline 
when i t  reacts with lithium tetrachloropalladate in methanol solution. The compound 
formed is the dimer66(R = H)13'. IfS-ethylquinoline is the reactant then cyclopalladation 
occurs at an sl-CH, bond to form the chiral complex 66 (R = Me)'". I f  the reactant is 

(66 1 

palladium(l1) acetate then the acetate-bridged dimer is formed. Neither 8-isopropyl- 
quinoline nor any 2-methyl-substituted quinolines form a cyclometallated product, 
presumably owing to the inability of palladium and the reactant alkyl group being able to 
enter the coordination plane; the mechanism of reaction is thought to be as in 
equation 23133. 

Pd-N 
\ \ \ 

(23) 
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b. Other nitrogen ligands 

formedI3" (equation 24). 

A C-H bond in a methyl of the neopentyl group is activated in the complex formed 
between palladium and 2-neopentylpyridine, a six-membered palladacycle being 

(24) 

acetic acid 

100 OC, 5 h 
+ Pd(OAc12 

A c 0  
I ,"2 

Aco-7d YH2 

The compound o-N, N-dimethylaminotoluene reacts with palladium salts; the reaction 
products formed depend on the palladium salt and on the solvent13'. With Li,[PdCI,] in  
methanol demethylation of the base occurs to form the complex 67 (R = H). With 
[PdCI,(PhCN),] an unstable dimeric adduct (67; R = Me) is formed, and with 
[Pd(OAc),], as the reactant cyclopalladation occurs to give the dimeric complex 68. 

RD " 

Me Me \/ 'CI 'MeMe 

& 'R ppq 

[ M::lY!;pd<- [ i-;;pd/c'r I 

Me Me 

(68) (67) 

(E)-Methyl-tert-butyl ketoxime with sodium acetate and sodium tetrachloropalladate 
in methanol solution forms the cyclopalladation product 69(R = OH) in high yield after 3 
days at 25 0C'36. Under similar conditions methyl-tert-butyl-N, N-dimethylhydrazone 
forms complex 70, and methyl-tert-butylketazine, which can cyclometallate at either the 
methyl or the tert-butyl group, does so exclusively at the tert-butyl to form the complex 69 
[R = NC(Me)Bu']. 

R Me2 

Bu'C, / \ 

(69) (70) 

6. Activation in miscellaneous complexes of the platinum metals 

a. Trimethylsilylmethyl and neopentyl complexes 

When Mg(CH,SiMe,), and PMe, react with binuclear transition metal acetates in 
tetrahydrofuran solution, trimethylsilylrnethylphosphine complexes are formed. J f  the 
metal is rhodium or ruthenium { [Rh,(O,CMe),] or [Ru,CI(O,CMe),]} then 
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cyclometallation occurs to form the four-membered ring complexes 71 (M = Rh, 
R = CH,SiMe, or M = Ru. R = PMe,)’,’. The ruthenium chloroacetate also reacts with 
bisneopentylmagnesium and PMe, in tetrahydrofuran solution to form the neopentyl- 
cyclometallated analogue (72). 

R Me3P 

A y-hydrogen abstraction also occurs when the rhodium complex [RhCI,Cp*PPh,], 
reacts with excess of neopentyllithium or neopentylmagnesium halide in diethyl ether 
solution’ ”. Three products are formed, a rhodium-ethylene complex (which is not 
formed when pentane is the solvent and presumably therefore comes by reaction with the 
diethyl ether), a complex where aryl ring cyclometallation has occurred, and a complex 
where a C-H bond in the neopentyl group has been activated to give a four-membered 
rhodacycle ring (equation 25). 

r C Y P  1 
Et,O 

[Cp*RhC12PPh3] + excess LiCH2CMe3(or XMgCH&Me3) - 

b. Arylrnethyl complexes 

The iridium complexes trcrns-[lr(Me,C,H, -J(CO)(PR’,),](PR1, = PMe,, PEt,, 
PMe,Ph, or PMePh,) react with phosphites P(OR2),(RZ = Me, Et, or Ph) to form 
products with three phosphite ligands in which cyclometallation at the ring o-methyl 
group has occurred to give complexes 73 (R = Me, Et, or Ph) where the aryl ring has one 
methyl substituent i n  the 3-,4-,5-.or 6-position or two in the 4- and 6 - p o ~ i t i o n s ’ ~ ~ .  
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c. Osmium clusters 

There is a facile interconversion of methyl groups attached to osmium in the carbonyl 
cluster [HOs(CO),,Me] into C H ,  and C H  groups14'; the complexes (equation 26) are in 
thermal equilibrium. The interaction of the hydrogen atoms of the methyl group with the 
osmium have been studied by n.m.r. spectroscopy (see Section B.8.b)58. 

7. Activation in miscellaneous complexes of other late transition metals 

a. Rhenium hydride complexes 

Hydrogen-deuterium exchange in complexes similar to those used by Felkin (see 
Section D.5) with the bulky tricyclohexylphosphine ligand have been studied14'. The 
septahydride complex [(Cy,P),ReH,] undergoes thermal dissociation, at 60°C togive the 
reactive 16-electron compound [(Cy,P),ReH,]. The expected isotope exchange with 
hexadeuteriobenzene of the Re-H is found to occur. Deuterium is also found in the 
cyclohexyl groups of the ligands. This deuterium is only on C-2 and C-3 and on each 
carbon only one of the two hydrogen atoms undergoes exchange. The rate of exchange a t  
C-2 is slower than a t  C-3, so there is no cyclohexenyl intermediate, as this would exchange 
the two hydrogens a t  the same rate. This is evidence for the exchange being an 
intramolecular process: the C-3 exchange would involve a five-membered ring 
(equation 27), the C-4 exchange a four-membered ring, and the five-membered ring would 
be expected to have a lower activation energy and hence a faster rate than the four- 
membered ring. 

L - CReH5(PCY3)*] 7 

c-2 c-3 
exchange axchanpa 

These cyclometallated products itre unstable and are not isolated, nor is a stable 
benzene complex formed by this system. However, if  acenaphthalene (74) is used in place of 
benzene, then an [(r74-C12H,)ReH,(PCy,),] complex isformed. Which four rrelectronsare 
involved in the bonding, and the exact structure of the organic ligand, are not yet known. 

r=====l 

b. Nickel, Iron, and molybdenum complexes 

The diazadiene glyoxalbis(diisopropylmethylimine) (dad) reacts with anhydrous nickel 
bromide to form [NiBr,(dad)]. When it reacts with the bulky o-tolylmagnesium bromide 
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y-metallation of a diisopropylmethyl groups occurs to give the complex 75 
(equation 28)Id2. When iron(l1) chloride in tetrahydrofuran is reduced with sodium. 

\ 

(Me2CH)2CH-N HC-c\N-CH(CHMe2)2 

‘Ni/ 

o-tolyl MpBr - 1 

(75)  

potassium, magnesium, or n-butyllithium in the presence of trimethylphosphine, the 
iron(0) complex [Fe(PMe,),] is formed143. This complex in solution exists almost 
completely as the iron(I1) hydride (76) owing to cyclometallation of a C-H group 
in a ligand (equation 29). 

r r H 1 

(76) 

The trimethylsilylmethyl group reacts with dimeric molybdenum acetates to give ;I 

product which differs from the rhodium and ruthenium products in Section II.C.6.a. The 
molybdenum-molybdenum bond is retained, the product being the dimeric complex 
7 7 1 3 7 .  

Me3SiCH2 PMe3 

(77) 

8. Activation by complexes of the early transition metals 

a. Tantalum and niobium complexes 

Niobium and tantalum mesityl complexes { [M(mesityl),X, -.I; M = Nb or Ta, X = CI 
or Br, n = 2 or 3) are considerably more stable than their phenyl analogues, presumably 
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because they do not have /&hydrogen atoms. The tantalummesitylneopentyl complex 
[Ta(mesityl)(CH,CMe3)X3] reacts with PMe, to give the alkylidene complex 78, but the 
mesitylmethyl complex [Ta(mesityl)MeX,] gives the benzylidene complex 79 and not the 
analogous methylene complex. This benzylidene complex is thought to be formed via the 
cyclometallated complex 

(Me3P)2X3Ta =CHCMe3 

( 7 8 )  

The tantalum hydridoethylene complex 81 is produced when [Cp,TaCI,] reacts with 
Zequiv. of EtMgBr in renuxingdimethoxyethane, i.e. /j-C-H bond activation in the ethyl 
group has occurred'45. N.m.r. studies show that the ethylene ligand does not rotate in 
solution up to 120 "C, and that the C-C axis lies in  the plane of symmetry ofthe molecule. 
The formulation as ii tantalacyclopropane as in  81 is thought to be more likely than as a 
ethylene complex. 

To-CH2 

(81) ( 8 2 )  

TaCI, reacts with excess of lithium 2,6-di-rert-butyl phenoxide (LiOR) in benzene 
solution to give the complex [Ta(OR),CI,]. This reacts with LiMe at 25°C to give the 
complex [Ta(OR)2Me3], which on heating in toluene to 120°C cyclometallates in both 
lignnds to form complex (82)Ia6. Mild thermolysis (75 "C for 7 days) in toluene gives the 
analogous complex where cyclometallation has occurred in only one ligand (83)14'. 
Photolysis of the complex [Ta(OR),Me,] forms the methylmethylidene complex 84. This 
at 25 "C is smoothly converted into the monometallated complex 83. Deuterium labelling 
experiments showed that the methylidene complex is not generated during the thermal 
reaction. Also, the fact that the methylidene complex 84 is converted into the 
cyclometallated complex 83 indicates that the methylidene group has a higher activity for 
aliphatic intramolecular C-H activation than simple alkyl groups. 
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CMe3 

@3M?,;. 9 @- CMe3 Me ;, * 
0-To-0 0-Ta-0 

CMe?, CH2- CMe2 CMe3 CH2 CMe3 

( 83) (84 1 

At elevated temperature, facile reversible cyclometallation of do dialkylamido and 
alkoxo complexes occurs148. Treatment of N-deuteriodimethylamine with early transition 
metal dimethylamides at 140-180 “C produced rapid incorporation ofdeuterium into the 
methyl group (equation 30). The dimethylamides of niobium, tantalum, zirconium, and 
tungsten catalysed the exchange whereas those of titanium, hafnium and tin did not. The 
reaction is presumed to involve the reversible metallation of the dimethylamide ligand 
(equation 31). H-D exchange in ethanol-d was catalysed by metal ethoxides at 180- 

M ( N M o ~ ) ~  

Me2ND Me(CH2D)NH 

,NMe .- M I + Me2NH 
\ (31) 

L 
/Me2 

CH2 

M 
“Me2 

220 “C, the deuterium being incorporated exclusively into the methyl group of ethanol. 
This can be understood if there is an oxametallocyclobutane intermediate (equation 32). 
Here the ethoxides of niobium, tantalum, and zirconium catalyse the exchange whereas 
those of titanium and tungsten d o  not. 

,OCHZMe 

‘OC%Me CH2-CH2 
M - i-7 + MeCH20H (32) 

b. Titanium and zirconium complexes 

[Cp,TiCIJ and LiN(SiMe,), react in pentane solution to  give a deep red product in 
which activation of one of the methyl C-H groups has occurred to form the metallocycle 
85’49. 

If [(~5-C,Me4CH,CMe,),ZrCl~] is treated with sodium amalgam cyclometallation 
occurs with one of the methyl groups in the ligand (equation 33) to give complex 86’”. 
This can exist in equilibrium with the dihydride (87, equation 34), since with deuterium gas 
after I h at 70°C the hydrogen atoms in both tert-butyl groups have almost completely 
exchanged for deuterium’”. 
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Na/Hg 
[( V 5- C5Me4C ti ,C Me r C I - 

L ti2 + 86 -. 

25 oc - w- 

(34) 

9. Activation by complexes of thorium and uranium 

Thermolysis of the thorium complexes [ThCp:(CH,CMe,),] and 
[ThCp:(CH,SiMe,),] (88; M = C or Si) in hydrocarbon solvents at 50-75 "C yields the 
metallocyclobutanes (89; M = C or Si)L52.'53. 

H-D exchanges occurs in the f 2  and f o  complexes of uranium(1V) and thorium(IV), 
[HU{ N(SiMe,),},] and [HTh{N(SiMe,),},]154.'55. A solution of [HU{N(SiMe,),}J in 
pentane stirred under deuterium gas at  room temperature exchanges all of its hydrogen 
atoms for deuterium. Neither the methyl-, tetrahydroborato-, nor chlorotris- 
(hexamethyldisilylamido)uranium analogues, nor the uranium(II1) complex 
[U{N(SiMe,),},], exchanges with deuterium under similar conditions. A mechanism for 
the exchange that involves oxidative addition and reductive elimination seems plausible 
since uranium(V1) is well known. However, the thorium analogue also undergoes complete 
exchange and thorium(V1) is unknown. 

When the hydrides or their methyl analogues are heated to  150-190°C a cyclo- 
metallated product ( 9 0  M = Th or U) is obtained. The reaction is reversible for the 
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/‘’ S i Me 

X2M\ N / 
I 

( 8 )  SiMe3 - 

[ D-D] - [X3MD]+ HD 

X3M - H 

-CH2 
\ 

x2M\ N /SiMe2 

I 
SiMe3 

(A) 

6,M( 

L - -HD 

CH2D 

SiMep 
\ 
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‘N 

SiMe3 

1 

FIGURE 6. Mechanism of the H-D exchange in hydridotris(hexamethyldisilyl- 
amide)thorium(IV) and uranium(1V) [X = (Me,Si),N]. 

/T 
{(Me3Si)qN) M 

I 
SiMe3 

(SO) 

hydride; exposure of complex 90 to an atmosphere of dihydrogen gives the hydride back 
again and, further, exposure to an atmosphere of dideuterium give the perdeuteriodeuter- 
ide. The mechanism of the reaction is suggested to be as in Figure 6.  The metal hydride- 
deuterium exchange occurs by a four-centred interaction. HD is eliminated to give the 
ylide (A) or its valence tautomer, the metallocyclobutane (B). This intermediate leads 
to incorporation of deuterium into the silylamido ligands. 

D. Intermolecular Activation of C-H Bonds in Alkanes 

1. Introduction 

One ofthe most exciting advances in organometallic chemistry during the past few years 
has been the discovery that there are transition metal complexes which will react with the 
sp’ C-H bonds in another molecule, an alkane, to give alkyl complexes that can, in 
some cases, react further to give functionalized products. These studies, as this section will 
show, involve highly reactive intermediates that are often obtained by photolysis under 
ultraviolet light or thermally by heating. Many of the reactions reported in this section 
have only been observed on a small scale, often only in a sample tube in an n.rn.r. 
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spectrometer, and the products obtained have been difficult to extract. The reactions are 
stoichiometric, i.e. not catalytic, and there is a long way yet to go to produce chemical 
systems that are of any value in producing functionalized products from alkanes. 
Nevertheless, this is an area of intense current interest and the progress that will 
undoubtedly occur during the next few years is difficult to predict. 

2. Activation by [Cp,WHJ and related complexes 

The 16-electron molecule tungstenocene is able to undergo intermolecular insertions 
into both spz and sp3 C-H  bond^"^'^".'^' . I n this molecule the two cyclopentadienyl 
ligands cause the tungsten d-orbitals to be higher in energy than in other complexes, i.e. 
the tungsten is electron rich. Also, cyclopentadienyl ligands are fairly inert to intra- 
molecular reactions, and they are compact so there is room on the metal for up to three 
other ligands. 

The reactive tungstenocene is produced in situ by photolysis or thermolysis of other 
tungsten complexes, U.V. irradiation of biscyclopentadienyltungsten dihydride, or thermo- 
lysis of the analogous methyl hydride being the most common. 

The first example of C-H bond activation was ofthe sp2 C-H bond in benzene'58.'59 
and fluorobenzeneI6' (equation 35).sp3 C-H bonds in alkylbenzenes also react; for 

R = H or m- or p-F 

example, p-xylene, mesitylene, and anisole give the bisalkyl products (91; R '  = R 2  
= CH,C,H,Me, CH,C,H,Me,, or CH,C,H,OMe), and toluene gives a mixture of the 
tolyl hydride by metallation of the ring, and the tolylbenzyl complex 91 (R' = C,H5Me, 
R 2  = CHzPh)157 . '"1 .  

The reactant used for preparing tungstenocene thermally is the methyl hydride 
derivative 91 (R1 = Me, R 2  = H)162.  This on heating to 50-60°C evolves methane. The 
tungstenocene formed reacts with p-xylene or mesitylene to give not the bisalkyl 
complexes but the alkyl hydrides 91 [R1 = CH2(p-MeC,H,) or  CH2(3, 5-Me,C6H3), 
R 2  = HI. The alkyl hydride from the mesitylene reaction when photolysed reacts with 
p-xylene to form the mixed dialkyl complex 91 [R '  = CH2(p-MeC,H,), R 2  = CH2(3, 
5-Me2C,H,)] together with the bis-p-xylyl complex 91 [R'  = R' = CH,(p-MeC,H,)] 
and the dihydride 91 (R'  = R 2  = H). The formation of the mixed alkyl complex strongly 
suggests that the alkyl hydrides are intermediates in the formation of the dialkyl 
complexes, and these differences in the photochemical and thermal products are explained 
by the two stage reaction scheme (equations 36 and 37). 
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thermal 
[cp .,R'] 

or hu 'H 
[Cp2WH2] - [Cp2W] + R'H __+. 

For an aryl ligand the aryl hydride is photochemically stable and these reactions stop at 
equation 36. However, when R' is CH,Ph, p-CH2C6H4Me, or CH2(3, 5-Me2C6H,) the 
monoalkyl complexes are thermally stable but photochemically unstable and on 
irradiation dialkyl compounds are formed. 

If this is so, intermediates must be formed that are able to insert into sp3 C-H bonds, 
and there are two possibilities. Either there is a reversible migration of the alkyl group 
from the tungsten to a ring carbon, as has been observed for [Cp2WEtCI]'63, or a 
reversible q5-C5H5=q3-C5H, ring shift occurs. 

Tungstenocene also inserts into a C-H bond of tetramethylsilane. Irradiation of the 
dihydride 91 (R '  = R 2  = H) in tetramethylsilane gives 92 as both cis- and trans-isomers. 
This is thought to be formed by initial insertion of the tungstenocene to give the 
trimethylsilylmethyl hydride 91 (R' = CH,SiMe,, R 2  = H), which undergoes a further 
series of insertions to form the final product. 

(92) 

The C-H bonds of fully saturated hydrocarbons such as neopentane or cyclohexane 
are not activated by tungstenocene, probably because the alkyl hydride products that 
would be formed are photochemically and thermally unstable4'. 

Matrix isolation methods have been used to examine the primary photochemical 
products of [Cp2ML,] (M = Mo, W, or V). The common product from a range of Cp2W 
complexes is tungstenocene [ C P ~ W ] ' ~ ~ .  This and [Cp2Mo] have been studied by 
magnetic circular dichroism spectroscopy and found to be paramagnetic in their ground 
state'65. I t  is suggested that paramagnetic intermediates may be important in many C-H 
insertion reactions. 

3. Activation by [CpMo(MeaPCH,CHaPMeJHJ J and related complexes 

In an attempt to find a molecule that would show such C-H activation, other high- 
energy 18-electron compounds that can undergo thermal or photoinduced ligand loss 
were studied. Complexes which are like the tungsten complex 91 ( R '  = R 2  = H) with two 
or more cis-orientated hydrogen ligands were studied. One such complex is that of 
molybdenum, [CpMo(dmpe)H,], 93, which has been found to be an active catalyst for the 
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photoinduced H-D exchange of C-H bonds in a wide variety of compounds with sp2 
C-H bonds, e.g. benzene and toluene, and sp3 C-H bonds, e.g. methyl groups of 
toluene, mesitylene, and dimethyl ether and the ethyl group of ethylbenzene'66. 

The related complexes of q5-C5H,-Pr' (94; R 1 ,  = 2PMe, or Pr',PCH,CH,PPr',) were 
less effective at C-H bond activation, presumably owing to steric problems with 
the isopropyl group, and the ability of this group to undergo intramolecular C-H 
activation, as evidenced by the rapid exchange of all of the hydrogen atoms in the 
isopropyl group when either of these two complexes is pyrolysed in deuteriobenzene. 

4. Activation by [lr(acetone), (PPhJ2 HJBF, and related complexes 

A homogeneous dehydrogenation of alkanes was first reported by Crabtree et ul. in 
1979'"' and has been developed in a series of papers since then'68-'72. Alkane 
dehydrogenation is the reverse ofalkene hydrogenation (equation 38) and it was suggested 
that any catalyst for the forward process should also speed up the reverse reaction. The 
activation enthalpy favours the alkane and a thermodynamically more favourable system 
for alkane dehydrogenation would be one with an alkene present as a hydrogen acceptor 
(equation 39). 

H, + RHC=CHR e RH,CCH,R (38) 

H 

H-(;, + = - -  - -  '+ Y:, (39) 
'R1 'R2 

The initial reaction in such a process must be the activation of the alkane by oxidative 
addition to the metal (equation 40), and i t  might be expected that if any metal will take part 
in such a reaction i t  will be from the third-row of the Periodic Table as for these the M-C 
and M-H bonds are stronger than those to first- and second-row metals. 

Conventional homogeneous hydrogenation catalysts, such as [RhCI(PPh,),] or 
[RuHCI(PPh,),], do not dehydrogenate alkanes, presumably because they cannot 
compete with the PPh, for the metal; the C-H bonds in the ligands are preferentially 
activated. Catalysts that are best for hydrogenation of hindered alkenes were thought to be 
the best choice for alkane dehydrogenation. These are complexes of third-row transition 
metals with a low PPh, to metal ratio, and are used in a non-coordinating solvent. The 
complexes [IrH,(Me2CO),(PPh3),]BF4 and [IrH,(H,O),(PPh,),]BF, were studied, 



1116 J. R. Chipperfield and D. E. Webster 

since in refluxing CH,CI, at 40°C they readily reacted with alkenes to dehydrogenate 
them and form chelate products (e.g. equation 41). 

(41) 

Dehydrogenation of the corresponding alkanes did not occur, however, but cyclopen- 
tane gave a small yield (cu. 7%) of [CplrHL,] + at 80 "C. Many olefins were studied to find a 
hydrogen acceptor. Most olefins suppressed the little activity that had been observed, 
particularly those containing allylic hydrogens. Tetraphenylethylene and I ,  2-di-terr- 
butylethylene were too bulky to react with the complex. Tert-butylethylene was suitable, 
however, 4molar equivalents increasing the yield of [CpIrHL,]' from 7% to 40%. 
Cyclooctane was unaffected in the absence of terr-butylethylene, but with 4 molar 
equivalents per iridium the cyclooctadiene complex [lr(cod)L,]+ was obtained in 7WX, 
yield. However, addition of tert-butylethylene to [2.2.2]bicyclooctane did not initiate the 
reaction equivalent to equation 41. 

A number of related complexes have also been studied. For example, the complexes 
[lr(cod)(PMePh,),]BF, and [lr(cod)(PPh,)(amino)]BF, are both more active hydrogen- 
ation catalysts than the bistriphenylphosphine compounds. 

I t  was thought very necessary to show that these dehydrogenations were truly 
homogeneous and a number of tests were used to show that the reactions were not due to 
carbonium ions or free radicals or to precipitated or colloidal iridium. The possibility that 
traces ofacid might protonate the tert-butylethylene to give a carbonium ion which would 
dehydrogenate the alkane are discounted since the carbonium ion so formed would 
rapidly rearrange, and such a rearrangement does not occur. Free radicals, if present, 
would be expected to abstract chlorine atoms from the chlorinated solvents, and this also 
does not occur. Colloidal iridium was shown to be absent from the reaction mixture by 
dynamic light-scattering experiments. 

The proposed mechanism for the reaction is given in Figure 7'". I t  is the reverse of the 
proposed mechanism for hydrogenation using the same catalyst. The terl-butylethylene 
first hydrogenates and makes available coordination sites on the iridium to which the 
cyclopentane adds oxidatively. The hydrogen that is eliminated as the reaction proceeds is 
scavenged by the rert-butylethylene. 

More recently,Crabtreeand coworkers"' have beenable toextend the range ofalkanes 
that react beyond cyclopentane, and cyclooctane by not using a halocarbon solvent 
and by using a slightly different complex. I t  has become apparent that halocarbon 
solvents react with the reactive iridium complex intermediates during the alkane 
dehydrogenation; approximately 40% of the two complexes [(Ph,P),(p-CI), 
(p-X)Ir(PPh,)H]BF, (X = H or CI) have been found in the reaction products. Using 
the alkane as the solvent for tert-butylethylene and the complex [lrH,(Me,CO),L,]SbF, 
[L = PPh, or P(p-FC,H,),], in a molar ratio of 4: 1, at 85-15OoC, yields of dehydrogen- 
ated products greatly improved and other alkanes reacted. Cyclopentane reacts at 90 "C to 
give [IrCpH(p-FC,H,),P],SbF, in 82% yield after 24 h and the previously unreactive 
methyl- and ethyl-cyclopentanes gave 78% and 36% yields of the corresponding 
cyclopentadienyliridium complexes after 14 h at 120 "C. Cyclohexane, inert under the 
former conditions, reacts at 80 "C for 20 h to give [~5-(cyclohexadienyl)IrH{ (p- 
FC6H,)3P}2]+ (573, [(phenyl)Ir{ (p-FC,H,),P},]+ (4573, and benzene (32%). At higher 
temperatures (ISOOC) most of the product is free benzene as the iridium complexes 
pyrolyse at the higher temperature. 

Decomposition of the iridium complexes probably prevent these reactions from being 
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+ r it 

t 
t 

FIGURE 7.  Proposed mechanistic scheme for alkane dehydrogenation 
[L = PPh, or P(p-FC,H,),]. 

catalytic. Ifcyclohexene is the reactant in the absence of terr-butylethylene then, at 80 “C, 
[lrH,Me,(CO),(PPh,),]BF4 catalyses the disproportionation to benzene and cyclohex- 
ane. I f  terr-butylethylene is added then benzene is selectively formed since the rerr- 
butylethylene is hydrogenated preferentially to the cyclohexene. 

It appears that the degree of alkane dehydrogenation that is achieved depends on the 
number of electrons on the metal. The 12-electron ‘IrL,” gives benzene, the neutral 12- 
14-electron fragments give olefins, and the 16-electron fragments give the alkyl hydride. 

C-H bond cleavage by these iridium complexes has recently been extended to C-C 
bond cleavage’73. Neat I ,  1-dimethylcyclopentane reacted with [IrH,(Me,CO), 
{(p-FC,H,),P),]SbF, and tert-butylethylene at 150°C for 8 h to give a 5,5- 
dimethylcyclopentadiene complex (95) in 50% yield, and the product resulting from 
C-C bond cleavage, the methylcyclopentadienyl complex (96), in 5% yield. On further 
heating complex 95 exchanged to 96 until after a further 12 h only 96 was present. 

Me 
I 
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The analogous I ,  I-dimethylcyclohexene reacted with the same iridium complex and 
tert-butylethylene at 140 "C for 24 h to give the dimethylcyclohexadienyl complex 97. This 
does not undergo C-C cleavage to give the analogous toluene complex, presumably 
because 97 is an 18-electron complex without a necessary coordination site where the 
C-C cleavage can occur. 

l+ 

(97) 

The driving force for the C-C bond activation, which one would expect to be less 
favourable than C-H bond activation, is undoubtedly the formation of the aromatic 
cyclopentadienyl ring. The need for the metal complex to have multiple sites for 
coordination is clear. 

The effectiveness of a range of related complexes for the dehydrogenation of 
cyclopentane shows that the one most studied, the acetone complex, is the best. A variety 
of organic ligands all have lower activity, the order being [lrH,(Me,CO),(PPh,),] + 

> [Ir(q5-C,H7)H(PPh,)J+ z Clr(2, 3-dimethylbutadiene)H,(PPhJ2]+ > [lr(q6-C,H,) 
(PPh,),]+ =z [lr(qS-indenyl)H(PPh,),l + "'. 

5. Activation by [Re(PEt, Ph), Ha] and related complexes 

Reaction systems that are rather similar to those of Crabtree and coworkers are the 
rhenium hydride systems of Felkin and and of Caulton and 

Felkin and coworkers used the complexes [L,ReH,] (98; L = PPh, or PEt,Ph) 
together with tert-butylethylene as a hydrogen acceptor to dehydrogenate cyclopentane at 
50°C to give an q5-cyclopentadienyl complex (equation 42). The reaction (equation 43) is 
thought to take place via the formation of the 16-electron [L,ReH,] or 14-electron 
[L,ReH,], with the dehydrogenation occurring as a result of the imposed synperiplanar 
arrangement of the C-H and C-Re bonds in the initial cyclopentane This 
arrangement has been shown to be a requirement for facile 8-elimination. 

coworkers141.1 78-180 
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Other cycloalkanes do not dehydrogenate as fully as ~ y c l o p e n t a n e ' ~ ~ .  At  30-80°C the 
appropriate cycloalkenes are formed from cyclohexane, cycloheptane, and cyclooctane in 
about 1 h. The yields of cycloalkenes, and of the cyclopentadienyl rhenium dihydride (99), 
depend on the phosphine (L) in the rhenium complex, [L,ReH,] (98). It would appear that 
the more electron-releasing ligands give the more efficient dehydrogenation (but see 
later177), and for the ligands (p-FC,H,),P, Ph,P, and (p-MeC,H,),P the reported yields 
of cyclopentadienylrhenium dihydride are loo/,, 25%, and 40%, respectively, and of 
cyclooctene SO%, 65%, and 80%, respectively. The larger the ring, the more eflicient is the 
reaction-the yields of cyclohexene, cycloheptene, and cyclooctene are 25%, 30%, and 
65%, based on the rhenium complex (98; L = Ph,P). 

These reactions are true homogeneous molecular processes, and not radical or metal 
atom catalysed. For the reaction of cyclooctane to cyclooctene the reaction continues 
unaffected if oxygen is bubbled through the solution. For the cyclohexane to cyclohexene 
reaction there is no bicyclohexyl formed. This would be expected if cyclohexyl radicals 
were involved. Also, cyclohexane would be expected to give benzene if metallic rhenium 
was the catalyst. 

C-H bond activation also occurs in the linear alkane n-pentane, the product being 
pent-l-ene17'. The reaction, given in equation 44, takes place at 80°C. The pent-I-ene is 
formed by treating the penta-I, 3-dienerhenium complex 100 with trimethyl phosphite. 
The yield of alkene is, as before, dependent on the phosphine, L, in the rhenium complex, 
[L,ReH,]. If L is PPh, the overall yield is 20%, but if L is the more electron releasing 
P(p-tolyl), the overall yield is 45%. 

(44) 

I f  these solutions are made very dilute then the system becomes catalytic177. I f  3 mM 
solutions of the rhenium heptahydride are used at 80°C then cyclooctane is dehydrogen- 
ated to cyclooctene with a turnover number of 9 (i.e. nine molecules of product are formed 
for each molecule of the rhenium hydride catalyst). The turnover numbers for cyclohexane 
to cyclohexene and for cycloheptane to cycloheptene are lower, 3.2 and 4, respectively. 
Interestingly in this study i t  is found that the most effective complex was that containing 
the phosphine (p-FC,H,),P, i.e. the most electron-withdrawing. The reason why this is so, 
in  contrast to the earlier reports, is not clear. 

If methylcyclohexane is the reactant then three different products are formed, 
2-methylcyclohexene, 3-methylcyclohexene, and methylenecyclohexane. The relative yields 
of these three compounds depend on the phosphine ligands in the rhenium complex 
(Table 2) .  Several significant conclusions can be drawn from this observation. The alkenes 
formed do not interconvert since the most stable product that could be formed, 
1 -methylcyclohexene, is formed in only trace amounts. The reaction cannot involve radical 
intermediates since the major products, 3- and 4-methylcyclohexene cannot arise from the 
tertiary I-methylcyclohexyl radical that is preferentially formed. Nor can the reaction take 
place on a rhenium colloid, as this would be the same for all three phosphine complexes. 

The results in Table 2 suggest that the intrinsic reactivity is CH, > CH, > CH, and that 
this is counteracted by the strong steric effect of the bulky phosphines. 
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TABLE 2.  Yields of products from the dehydro- 
genation of methylcyclohexane by [L,ReH,] 
+ Bu‘CH=CH2”’ 

Yield ?A) 

L 

~~ 

(P-FC,H4)3P 29 65 6 

Et,P 21 45 28 
Ph,P 28 63 9 

The related rhenium complex, [(Me,PhP),ReH,], was used by Caulton and coworkers 
as the startingcomplex178.179. This is converted into an active 16-electron complex by U.V. 
irradiation when the complex loses a phosphine ligand to give [(Me2PhP)2ReH5]179. This 
complex activates arene-sp2 C-H bonds. If the irradiation is carried out on a solution of 
the starting material in deuteriobenzene then deuterium becomes attached to the rhenium 
in both [(Me,PhP),ReH,] and in the dimeric rhenium complexes that are formed. For 
this to have happened, C-H bond activation must have occurred, although here the 
arylrhenium complex must be unstable and is not isolatable. A particularly interesting 
observation using this system was made when irradiating [(Me,PhP),ReD,]. Deuteri- 
ation of the aryl ring of the phosphine ligand occurred, but the deuterium was only in the 
meta- and para-positions on the ring, i.e. no ortho-hydrogen exchange occurred. This must 
mean that this H-D exchange is an intermolecular process, and that the intramolecular 
exchange does not occur. This is a surprising feature when one considers the ease oforrho- 
metallation even with this systemI7*. 

I f  the irradiation is carried out with the complex dissolved in pure cyclopentane then the 
product is the dimer [(Me,PhP),Re,H6]’78, i.e. the complex is not able to activate sp3 
C-H bonds. 

Using /err-butylethylene a s  ;I hydrogen acceptor wi th  this system alters the course of 
the reaction. I f  8 vol.-”/, of tert-butylethylene is added then sp3 C-H bond activation 
occurs, the cyclopentane is dehydrogenated, and the complex [CpReH,( PMe,Ph),] is 
formed. 

In benzene solution the tert-butylethylene coordinates to the rhenium hydride, 
which then hydrogenates it  to give the rhenium alkyl complex [($-C,H,)Re- 
(PMe,Ph),CH,CH,CMe,]. This is not the only product from this reaction; complex 101 
was isolated. This had incorporated a dinitrogen ligand and ortho-ring metallation had 
occurred. 
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Osmium hydrides also exchange deuterium with hexadeuteriobenzene'*'. I f  the 
complex [(Me,PhP),OsH,] is irradiated with 254 nm U.V. light then the reactive 
intermediate [(Me,PhP),OsH,] is formed. This exchanges hydrogen with C,D,, and also 
dimerizes to [Os,H,(p-H),(PPhMe,),]. There are no reports, as yet, of osmium complexes 
activating saturated C-H bonds. 

6. Activetion by [Cp *Ir(PMe,)H,] and related complexes 

In 1982 Janowicz and coworkers reported a homogeneous organotransition metal 
system in which oxidative addition of a C-H bond of saturated hydrocarbons occurs 
at room t e m p e r a t ~ r e ' ~ ' - ' * ~  . Th e system is based on the dihydridoiridium(II1) complex 
102 (R '  = Ph), which is prepared from the dimer, [Cp*IrCI,],, by treatment with 
triphenylphosphine and lithium triethylborohydride. Irradiation with U.V. light from 
a mercury lamp (1,,,275nm) of this complex in benzene solution gave an approximately 
equimolar mixture of the hydridophenyl complex 103 (R '  = R 2  = Ph) and the ortho- 
metallated complex 104. 

'eM%; 

M e  Me Ph2P q) /iKH RLP A R 2  H 
RLP H 

(102) (103) (104) 

The analogous trimethylphosphine complex (102: R ' = Me), having no phenyl groups, 
cannot rcadily o,.r/io-inetallate. and when this was used, not only did benzene give the 
analogous hydridophenyliridium complex (103; R' = Me, R 2  = Ph) but cyclohexane gave 
the hydridocyclohesyl complex (103; R '  = Me, R 2  = cyclohexyl) in 90% yield. With 
neopentane as the solvent an 80% yield of the hydridoneopentyl complex 103 (R' = Me, 
RZ = neopentyl) was obtained. The triphenylphosphineiridium complex in cyclohexane 
gave a mixture of the ortho-metallated product 104 and the triphenylphosphine complex 
103 ( R '  = Ph, RZ = cyclohexyl). 

The proposed mechanism for this alkane activation is shown in Figure 8. The 
irradiation of the dihydride gives an electronically excited state that rapidly loses H, to 
form the coordinatively unsaturated 16-electron complex, which undergoes oxidative 

IRH 

FIGURE 8. 
activation (R = C , H , ,  or CH,Bu'). 

Bergman's proposed mechanism for alkane 



1122 J. R.  Chipperfield and D. E. Webster 

addition by a C-H bond of the alkane solvent, presumably by a three-centre transition 
state. 

h v  

(A) [Cp*(L)IrH,] + [Cp*(L)IrH] + H’ 

H’ + RH + H, + R‘ 

[Cp*(L)IrH] + R’ ---t [Cp*(L)lr(R)(H)] 

[Cp*(L)Ir] + RH --t [Cp*(L)IrH] + R’ 

[Cp*(L)IrH] + R’ + [Cp*(L)Ir(R)(H)] 

FIGURE 9. Possible radical mechanisms for alkanc activation 

The possibility of radical pathways needs to be considered. Two possible radical 
mechanisms are given in Figure 9. In the first (mechanism A) the irradiation has generated 
an excited state in which only one M-H bond is cleaved, giving a hydrogen atom. This 
might then be expected to abstract a hydrogen atom from an alkane and the alkyl radical 
produced would give the iridium hydridoalkyl product. The second mechanism (B) would 
occur if the unsaturated intermediate abstracted a hydrogen atom from an alkane 
molecule, generating an alkyl radical which would again give the iridium hydridoalkyl 
product. 

Reaction by mechanism A (Figure9), which predicts that a hydrogen atom of the 
reactant remains in the product, can be ruled out since the reaction of the dihydride 102 
(R’  = Me) in perdeuteriocyclohexane gives only [Cp*(PMe,)Ir(C,D, ,)D] and H, as the 
reaction products. Reaction by mechanism B(Figure 9), particularly if caged radical pairs 
are involved, is more difficult to eliminate. Evidence that strongly indicates that it does not 
occur is given in Figure 10. With p-xylene the reactive iridium intermediate can react with 
either the aromatic ring or at a benzylic C-H bond. If the mechanism involved radical 
formation then reaction at the benzylic position would be expected. In fact, reaction occurs 
preferentially (3.7 times more rapidly) at the aromatic ring. 

H 

cyclopro\ -35 oc 

FIGURE 10. 
iridium complex. 

Reaction of p-xylene and cyclopropane with Bergrnan’s 
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With cyclopropane, if radical intermediates were involved, insertion into the strained 
C-C bond would be expected. This does not occur. Also, the results of 'crossover' 
experiments, where a mixture of deuteriated and undeuteriated hydrocarbons are reacted 
together, should help decide whether radical routes are possible. The dihydride was 
irradiated with a 1: 1 mixture of neopentane and cyclohexane-d,,, and at least 90% of the 
deuteriated reaction product was cyclohexyl-d, I deuteride, i t .  less than 10% was 
crossover product. This could arise from a reaction involving radicals and hence such a 
route cannot be conclusively eliminated, but the bulk of the evidence indicates it to be 
unlikely. 

By using mixtures of different hydrocarbons as the solvent, selectivities of this reaction 
for different types of hydrogen have been established, and found to be as given in Table 3. 
For the cyclic alkanes the reactivity decreases as the ring size increases, presumably as the 
C-H bonds become sterically less accessible. Relative rates of reaction at primary, 
secondary, and tertiary C-H bonds in the same molecule were difficult to establish, but 
the results strongly indicate that primary is preferred over secondary C-H insertion, and 
tertiary C-H insertion is low, again presumably for steric reasons. 

These alkyliridium hydride complexes are extremely hydrophobic, which makes them 
difficult to handle and to obtain pure. It also presents problems of identification, and 
throughout this work ' H  and I3C n.m.r. spectroscopy has been the primary analytical 
tool. 

To  obtain fiinctionalized organic products from the hydridoalkyl complexes, a complex 
was treated with bromoform and the bromoalkyl complex formed was further treated 
with mercury(l1) chloride when, for the neopentyl complex, neopentylmercury(l1)chloride 
was formed. This with bromine gave neopentyl bromide in high yield. 

Heating of the hydridoalkyl complexes causes elimination of the alkane with 
reformation of the reactive intermediate, which can then react with more alkane solvent 
molecules'". This feature has enabled the constant for the equilibrium between a pair of 
alkanes and the hydridoalkyl complexes to be measured, and has been used to induce this 
system to activate rnethar~e"~. Heating together the cyclohexyliridium hydride 103, (R '  
= Me, R' = cyclohexyl) and ri-pentane gives an equilibrium mixture containing these two 

TABLE 3. Relative rates of reaction of [(Cp*M(PMe,)] (M = I r  or Rh) with saturated 
hydrocarbonsa2~'a'~18h 

Relative rate 

Hydrocarbon M = Ir (0-10°C) M = Ir (-60°C) M = Rh (-60°C) 

Benzene 4.0 3.9 19.5 
Cyclopropane 2.65 2. I 10.4 
Cyclopentane I .6 1 . 1  1.8 

2.1 5.9 
0.2 0 
1.5 2.6 
0.3 0 

2.0 Ethane 
0.14 

Cyclodecane 0.23 
Cyclooctane 0.09 0.09 0.06 
Neopentane 1.14 
Isobutane - - 

Cyclohexane I .o 1 .o 1 .o 
fi-Hexane (primary C-H) - 

n-Hexane (sec. C-H) - 

Propane (primary C-H) - 

Propane (sec. C-H) - 

Cycloheptane - - 

- - 

- - 

- - 

3.6 
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compounds together with the ti-pentyliridium hydride 103 ( R '  = Me, R 2  = n-pentyl) and 
cyclohexane (equation 45). The equilibrium constant (equation 46) was calculated, from 
the ratio of compounds in the equilibrium mixture, to be 10.8, and the primary metal- 
carbon bond energy in complex B (103; R' = Me, R 2  = n-pentyl) was calculated to 
be 23 kJmol- '  higher than that of the secondary carbon-metal bond in complex A 
(103; R' = cyclohexyl). 

[Cp*(PMe,)Ir(Cy)H] + Me(CH,),Me '2 [Cp*(PMe,)lr{(CH,),Me}H] + CyH 

A 

[B] [cyclohexane] 

[A] [n-pentane] K e ,  = 

B (45) 

Methane activation did not occur with the dihydride 102 (R' = Me) in perfluoroalkane 
solvent under 4atm of methane gas, in contrast to the result with [Cp*lr(CO),] discus- 
sed later, possibly because of the very low solubility of the dihydride (102; R' = Me) in 
perfluoroalkanes. Methane activation was achieved by taking advantage of the presump- 
tion that the hydridomethyl complex 103 ( R '  = R 2  = Me) would be thermodynamically 
more stable than other alkyl complexes. When the hydridocyclohexyl complex 103 
(R' = Me, R2 =cyclohexyl) was heated in cyclooctane solvent for 14h at 140-150°C 
under 20 atm of methane, a 58% yield of the hydridomethyl complex 103 (R' = R2 = Me) 
was obtained. 

7. Activation by [Cp*Rh(PMe,)H,] 

a. Alkanes 

The rhodium analogue of complex 102 (R' = Me) on irradiation also undergoes 
oxidative addition by alkane C-H  bond^'^^^'^^. The rhodium complexes are less stable 
and reactions are carried out at lower temperatures (typically - 30 to - 60 "C compared 
with 0-10°C). The rhodium system is also more selective than the iridium system. At the 
same temperature ( -  60 "C) competitive studies give the relative rates reported in Table 3. 
The rhodium complex is much more discriminating, particularly between C-H bonds in 
the same molecule. With linear alkanes the rhodium complex inserts only into primary 
C-H bonds; the iridium complex favours primary over secondary, but inserts into both. 
No tertiary C-H bond insertion has been observed for either system. 

Treatment of the product hydrides with bromoform at -60°C converts them into the 
corresponding bromoalkylrhodium complexes. In contrast to  the bromoiridium ana- 
logues, these react with bromine to give alkyl bromides in high yield. One of the 
bromoalkyl rhodium complexes, that with the cyclopropyl group, has had its X-ray crystal 
structure determined. This conclusively showed that the cyclopropyl ring is intact. 

The hydridocyclopropylrhodium complex (Rh analogue of 103 R' = Me, R 2  = 
cyclopropyl) behaves differently to the other alkyl complexes on warming to 20°C. Others 
undergo reductive elimination of the alkane; the cyclopropyl complex rearranges to a 
rhodacyclobutane complex, i.e. C-C insertion occurs. This suggests that C-H insertion 
is favoured kinetically, but that the C-C insertion product is favoured 
thermodynamically. 

b. Alkanes vs. arenes 

A detailed comparison of C-H bond activation in alkanes and arenes by the 
dihydridorhodium complex (Rh analogue of 102; R' = Me) has been reported by Jones 
and Feher'85-'87-'89. They concluded (i) that the suggestion of Parshall " and Chatt and 
Davidson'" that arenes precoordinate in an q 2  manner prior to activation occurs here 
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and hence provides a lower energy pathway for oxidative addition of the C-H bond, a 
route unavailable to alkane, and (i i )  that the activation of alkaneand arene C-H bonds 
occurs at similar rates (with a slight preference for arenes), even though the C-H bond 
energies differ by 25-40 kJ mol- I .  They favour the alkane C-H reacting as shown in 
equation 47. 

i= 

M + R - H d  [ M:,,,*R] + M 
‘H 

‘x. 

“H 

(47) 

8. :tivation by [Cp*lr(CO),] and related complexes 

a. Alkanes 

At  about the same time as Janowicz and Bergaman’s report’”, Hoyano and 
Graham’” reported alkane C-H bond activation by a closely related, but significantly 
different, iridium complex [Cp*Ir(CO),], 105, when it was irradiated with a mercury 
vapour lamp in an alkane solvent. In neopentane at room temperature the reaction given 
in equation 48 took place to give a high yield of the neopentyl hydride. This hydride 

Me 

i cd ‘ c o  - 
(105) (106) 

product (106; R = CH,CMe,) decomposed slowly and it was not possible to isolate it pure. 
The stable chloride (106 R = CH,CMe, with CI replacing H) was obtained by treating the 
hydride (106) with CCI,. Using cyclohexane as the solvent the analogous cyclohexyl 
hydride (106; R = cyclohexyl) was formed. This complex is reactive enough to activate the 
C-H bonds in methane. A solution of complex 105 in the unreactive solvent 
perfluorohexane under 8 atm of methane after irradiation for 16 h at room temperature 
gave the methyl hydride (106; R = Me)’92. 

When benzene is used as the solvent and the reaction mixture is treated with CCI,, the 
known compound [Cp*lr(CO)(CI)(C,H,)] is formed, showing that the phenyl hydride 
complex 106 ( R  = Ph) had been formed. In 1977 Rausch et a/.’93 had photolysed the 
cyclopentadienyl analogue (i.e., with Cp instead of Cp*) in benzene, and formed the 
analogous phenyliridium hydride complex. With this ligand, however, the product was 
very reactive and unstable and could not be isolated. 

This cyclopentadienyl complex also activates methane and neopentanelg2. A solution 
of it in perfluorohexane under lOatm of methane was irradiated for 6h. The methyl 
hydride 106(R = Me with Cp replacing Cp*) was detected in the n.m.r. spectrum, and after 
treatment with N-bromosuccinimide the bromo derivative was fully characterized. 

b. Alkanes vs. arenes 

Irradiation of 105 in an equimolar mixture of benzene and neopentane gave a product 
ratio which shows a 4-fold preference for the aromatic C-H over the aliphatic C-H 
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bond. With benzene and cyclohexane this ratio is 2.5, very similar to the values obtained by 
Bergman and coworkers with their iridium complex'82*'86. Here as elsewhere a 16- 
electron coordinatively unsaturated iridium complex is thought to be the reactive 
intermediate, and the absence of ligands on the iridium that can metallate is obviously 
important. 

A matrix isolation study has shown that C-H bond activation in methane by 
[Cp*lr(CO),] (105) and related complexes occurs even at 12KI9,. Infrared spectra at a 
1:2000-1:5000dilution ofcomplex 105 in methane at  12 K were recorded with the sample 
under U.V. irradiation. New terminal C-0 bands appeared at 1771.5 and 1971.4cm-', 
together with a weak band at 2150.1 cm- '. In tetradeuteriomethane the C-0  bands were 
at  2136.8 and 1990.2cm-'.Therewasno weak band at 2150.1 cm- ' ,  but anew weak band 
appeared at 1548.8cm-'. This shift is appropriate for H-D exchange, and hence the 
2150.1 cm- '  band can be assigned to Ir-H, i.e. C-H bond activation of methane has 
occurred. These values may be compared with the band positions in a solution of 
[Cp*IrCO(H)Me] (106; R = Me) where there is a very weak band at 2134cm-' and strong 
C-0  bands around 1990cm-'. 

If complex 105 or the cyclopentadienyl or rhodium analogue {[Cplr(CO),] or 
[Cp*Rh(CO),]} is irradiated in an argon or nitrogen matrix there are very few 
photodissociation products [LM(CO)]. This is in contrast to the related cobalt complex, 
[CpCo(CO),], which in nitrogen forms the complex [CpCo(CO)N,]. In pure CO matrices 
photolysis produces new bands at those higher wave numbers which had been observed 
for [ C ~ C O ( C O ) , ] ' ~ ~ .  These can be assigned to [(q3-C,Me5)Ir(CO),], which is formed by 
'ring slippage'. In a 5% 13C0 in argon matrix the exchange of I3CO is much slower for the 
iridium complex (105) than for the cobalt complex [CpCo(CO),], and in a 5% 13C0 in 
CH, matrix there is no I3CO exchange with complex 105 or its rhodium analogue. It may 
be noted that in the thermal reaction at 25 "C in n-hexane, exchange of I3CO with 105 
occurs readily. 

This failure to generate more than traces of [Cp*lrCO] in argon and nitrogen matrices 
and the slow exchange could indicate that the proposed dissociation to this reactive 16- 
electron species is incorrect. The alternative mechanism would be via a change in ring 
hapticity (q' e q3) ,  which has been demonstrated to occur for [ C ~ C O ( C O ) ~ ] ' ~ ' .  

This photoactivation at 12 K is the first example in matrix isolation studies of metal 
complexes activating methane. 

9. Activation by [Cp:LuH] and related complexes 

Intermolecular C-H activations under mild conditions by complexes of the rare earth 
elements have been reported by W a t ~ o n ' ~ ~ . ' ~ ' .  The hydride complex of the heaviest of the 
rare earth elements, lutetium, [Cp:LuH] (107; R = H), undergoes H-D exchange when 
dissolved in deuteriated benzene or toluene. If hydrogen gas is purged from the solution, or 
ifthe Lu-Me complex (107; R = Me) is dissolved in benzene, then the product is the Lu- 
phenyl complex (107; R = Ph). This reacts, at a slower rate, with the hydride 107 (R = H) to 

.u-R 
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from the p-metallated complex 108. Reaction of either the hydride 107 (R = H) or the 
methyl complex 107 (R = Me) with pyridine gives complex 109, which is o-metallated in 
the pyridine ring. 

With tetramethylsilane the hydride 107 (R = H) or methyl complex 107 (R = Me) gives 
the trimethylsilylmethyl complex 107 (R = CH,SiMe,). If the hydride is the reactant, the 
reaction is readily reversible, and therefore the hydride 107 (R = H) is a catalyst for H-D 
exchange between tetramethylsilane and D, or C,D,. 

This complex is highly active and activates the C-H bonds in methane. Both the 
lutetium-methyl complex 107 (R = Me) and its yttrium analogue undergo exchange of 
methane with I3CH, (equation 49)19'. Kinetic studies on the reaction in cyclohexane 
solution show the exchange reaction to be bimolecular. A symmetrical transition state 
(1 10) is the favoured one. 

(49) [Cp:MMe] + '3CH,=[Cp:M'3CH3] t CH, 
M = Lu or Y 

(110) 

Both the lutetium (107; R = Me) and yttrium methyl complexes exist as asymmetric 
dimers in the solid state (equation 50). In hydrocarbon solution they dissociate rapidly and 
the coordinatively unsaturated monomers are the reactive species. It should be noted that 
the steric bulk of the Cp:M group prevents the formation of the more stable symmetrical 
dimer with two bridging methyl groups, as is found for the yttrium and ytterbium 
complexes [Cp,MMe], (M = Y or Yb)'''. 

2[CpzLuMe] e[CpzLu-Me-LuCpf] 
I 

Me 
+ CH4 

-CHI 
[Cp:LuMe] F== [H-Me-LuCpT] 

I 
Me 

The monomers are strong Lewis acids, and their electrophilicity can be satisfied by 
coordination of Lewis or by three-centre interactions with a-C-H bonds. The 
similarity of the initial coordination of a hydrocarbon (equation 51) and the bridging 
methyl group (equation 50) should be noted. 

Other hydrocarbons, such as ethane and propane, also react with both the lutetium 
(107; R = Me) and yttrium complexes, but the products decompose by /I-hydride 
elimination. 

70. Activation by [Cp;Th(CH,CMe,CH,) J 

The tetravalent Cp*Th-cycloalkyl complexes produced by Marks and coworkers' 5 2  

(Section 11.C.9) are very reactive molecules and will react with the saturated C-H bonds 
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in tetramethylsilane and methane"' (equation 52). The compounds are very sensitive and 
the reactions are carried out under strictly anaerobic and anhydrous conditions in dark 
sealed n.m.r. tubes. Using cyclohexane-d, as the solvent, tetramethylsilane reacts 
according to equation 52 at 30°C. If the reaction mixture is heated to 60°C. CMe, is 
expelled and the four-membered Th-C-Si-C cyclic complex 89 (M = Si) is formed. 
Methane (10 atm) reacts at 60 "C to give the product from reaction 52 (R = Me). In CD, 
the reaction is significantly slower; the kinetic isotope effect is ca. 6. This indicates that C- 
H bond breaking is the rate-limiting step. 

11. Activation by Ziegler-Natta catalysts and vanadocene 

Russian workers have shown that methane can be activated in the presence of catalysts 
of the Ziegler-Natta type"'. Thus, in the presence of a TiCI,-AIMe,CI catalyst 
deuteriomethane undergoes a hydrogen-deuterium exchange (equation 53). [Cp,TiCI,], 
[V(acac),CI,], VCI,, or [V(acac),] can be used in place of TiCI,. These catalysts will also 
catalyse the methanation of ethylene (equation 54) and of acetylene (equation 55). 

[ M C H ~  t CD, - MCD, + CH,D 
0.4- 2 0 - 7 0 9 c  I alm c 1 (53) 

CH4 + C2H4 + C3HE (54) 

CH, + C 2 H 2  --+ MeCH=CH, ( 5 5 )  

Hydrogen-deuterium exchange between methane and ethylene catalysed by vanado- 
cene (equation 56) was also reported by Grigoryan"'. The benzene solvent and the 
cyclopentadienyl groups also undergo H-D exchange and the mechanism is thought to 
involve interactions of the type shown in equations 57-59. 

benzene. 7 0 ° C  

C P l V  
CD, + C2H4 (56) CH, + C2D4 
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12. Actlvatlon by supported rhodium complexes 

The catalytic activation of methane using rhodium(II1) supported on silica as the 
catalyst has been reported’”’. This system is clearly different from most of those discussed 
in this section-they are ‘electron-rich’ and capable of entering into oxidative addition 
reactions; this system is ‘electron-deficient’ and is more akin to the organolutetium 
complexes (Section II.D.9). Silica-supported rhodium complexes have been shown to have 
electrophilic c h a r a ~ t e r ’ ~ ~ ~ ’ ~ ~  and to activate hydrogen. They also activate methane. The 
stoichiometric reactions (equations 60 and 61) have been reported. By using a mixture of 
methane and chlorine, chlorination of methane, catalysed by complex I 1  I ,  occurs since the 
dihydride product 112 reacts with chlorine to give the hydridochloride 113. These 
reactions have only been observed on a small (millimolar) scale, and details of the 
mechanisms are uncertain. Further work is awaited with interest. 

(113) 

E. Conclusions 

1. Intermolecular or intramolecular C-H activation? 

An issue of some interest that has been the subject of a number of studies is that of the 
relative ease or difficulty of intra- or inter-molecular C-H bond activation by transition 
metal complexes. As pointed out in the previous section, there are numerous examples of 
both intra- and inter-molecular arene activation, but until the recent reports of 
intermolecular activation discussed in Section D, only the examples of intramolecular 
C-H bond activation in alkanes, as reported in Section C, were known. This may suggest 
that intermolecular alkane activation is kinetically, or thermodynamically, unfavourable. 

To explain the many examples of intramolecular activation it has been suggested that 
the entropy plays a major r ~ l e ’ ~ . ~ ’ ,  the - TAS+ term being up to 40 kJ mol- ’. If it is 
assumed that the energies of the bonds broken and formed in inter- and intra-molecular 
activation (equations 62 and 63)are the same, and that there is negligible ring strain in the 
product of reaction 63, then there will be no difference in the enthalpy of activation 
contribution to the free energy of activation, which can also be up to 40kJ mol-’. 

R 

(62) 
/ M + R-H M 

‘H 

TR 
‘H 

M-R-H ---+ M’ 
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If, however, the intermolecular reaction involves the solvent molecules, then it might be 
expected that their high concentration would help overcome this unfavourable entropy 
effect for intermolecular a~t ivat ion '~.  In the platinum(I1) complexes studied by Whitesides 
and coworkers, activation of alkane solvent was not observed and, only intramolecular 
activation o c c ~ r r e d ~ ' ~ ' ~ .  However, the situation is not clear. Reamey and white side^'^ 
have shown that an intermolecular reaction involving the intermediate 
[(Et,P)Pt(CH,CMe,),] with H, can be fast, i.e. there appears to be no entropy barrier to 
the C-H bonds of the solvent reacting. The reason why intermolecular C-H activation 
is slower than expected may instead be due to the neglect of non-bonded steric interactions 
and to restrictions to vibrations in the sterically crowded transition state. It may also be 
due to the fact that intramolecular cyclometallations, reductive elimination of R,, and 
migration of alkyl groups from phosphorus to platinum can occur rapidly in complexes 
such as [(Et,P)Pt(CH,CMe,),]. 

Certainly the reasons for a reaction being inter- or intra-molecular are no doubt subtle, 
as Marks and coworkers f ~ u n d " ~ . ' ~ ~ .  The cyclometallated complex 89 (M = C in 
Section C.9 and equation 52 in Section D.10) underwent an intermolecular reaction with 
methane, but the related complex 88 (M = C in Section C.9), which could undergo an 
intramolecular reaction did so. 

Jones and Feher205 have carried out a detailed study to obtain the thermodynamic 
parameters of inter- and intra-molecular reactions at rhodium in a number of complexes. 
For the complex 113 (equation 64) in benzene solution the difference in the activation 
parameters for intramolecular [equation 64 (right)] compared with inter-molecular 
[equation 64 (left)] activation (intra- minus inter-) is + 8kJ mol- ' for the enthalpy of 
activation and + 20 k J mol-' for the entropy of activation. These figures suggest that 
for this arene C-H activation, the entropy term slightly favours intramolecular 
activation [equation 64 (right)] and intermolecular activation is favoured by the enthalpy 
term [equation 64 (left)]. 

I Me 

Me 

Me 
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Similar experiments with alkanes were not possible owing to the instability of the 
alkylhydride complexes above -20 "C, but a comparison of the relative stabilities of the 
propylrhodium hydride 114 with the intramolecular hydride 115 was possible by studying 
their rates of decomposition. The intramolecular complex 115 is estimated to be at least 
17 kJ mol- ' more stable than the intermolecular complex 114 in neat propane solvent. 

Janowicz and Bergman'82 discussed the relationship between intra- and inter- 
molecular activation in their system (Section II.D.6), and gave an estimate that for the 
zirconium complex (87 in Section C.8) the intra-/inter-molecular rate constant ratio must 
be at least lo6. This is much larger than that estimated for organic molecules (103-105)206. 

With intra-/inter-molecular rate ratios of this magnitude, systems that do undergo 
intermolecular activation must be rather special. In Janowicz and Bergman's iridium 
complex, intermolecular activation is comparable to intramolecular activation of the 
aromatic C-H bonds of triphenylphosphine, and much faster than that of the 
intramolecular activation of the C-H bonds in trimethylphosphine, or the C-H bonds 
in the pentamethylcyclopentadienyl group. Obviously some other factors, as yet not at all 
understood, in addition to entropy control the relative reactivities. 

2. A theoretic81 study 

A detailed study of C-H and H-H activation by transition metal complexes and on 
surfaces by Saillard and HoffmannZo7 addressed itself, in part, to the activation processes 
that are discussed here. They showed that during oxidative addition there is C-H 
a-electron to metal transfer, metal to a*-electron transfer, a repulsive interaction 
between u and filled metal orbitals (steric features), and a rearrangement of electron density 
on the metal. 

Coordinative unsaturation is essential, and in the early stages of a reaction a to metal 
electron transfer is dominant. Steric effects are also important. They also found that there 
are great similarities between the activation of C-H bonds at a metal complex and on a 
metal surface. 

3. General conclusions 

In this section we have seen that there are many compounds in which sp3 C-H bonds 
can interact with a transition metal centre. We have also seen that it is possible to have a 
non-radical reaction of the sp3 C-H bonds of an unstrained saturated hydrocarbon or 
alkyl group with a soluble transition metal complex. There are now many examples ofsuch 
reactions, either intramolecular (Section C) when metallocyclic rings are formed, or 
intermolecular (Section D) where alkane molecules enter into reaction with the complex. 

As in other areas ofalkane C-H bond activation, the reactions parallel those of arenes. 
The alkanes are not as reactive, of course, as they lack the n-systems that can 
precoordinate an aromatic ring and bring the C-H bonds into the reaction zone. 

There is an increasing understanding of the mechanisms of these reactions, although 
some of the details of the electronic interactions still remain obscure. An electron-rich 
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metal looks desirable, but is clearly not essential. Coordinative unsaturation is obviously 
often essential. Oxidative addition appears to be the most common activation process, but 
not always so, as heterolytic fission ofC-H bonds must sometimes occur, as examples are 
reported of active complexes that cannot increase their oxidation state as would be 
necessary during an oxidative addition process. 

The metal complex will need to have a low-lying unfilled orbital to interact with the u 
C-H bonding orbital of the alkane, and a high-lying tilled orbital to interact with the u 
C-H antibonding orbital of the alkane. It may be that photochemically or thermally 
excited states of the metal complex will be best for oxidative addition of saturated 
hydrocarbons by having such molecular energy levels. 

The influence of other ligands, their electronic and steric properties, and their behaviour 
as a leaving groups are recognized and are being studied. As one might expect, the effects 
can often be subtle. 

Most of the examples involve the late transition elements, particularly those of the lower 
series. Platinum and iridium, in particular, provide a rich collection of complexes where 
C-H bond activation has occurred. 

This is a rapidly developing area ofchemistry. There is little doubt that by the time this 
book is published the material herein will already need to be supplemented. It is a subject 
of intense interest, not only because the interactions (saturated C-H bonds with 
transition metals) are in themselves still fairly novel as they were thought to be impossible 
a decade or so ago, but because there are worthwhile rewards if catalytic as distinct from 
stoichiometric reactions (the bulk of those discussed here) can be developed. Such 
developments would open the way to alkane activations moving from the research 
laboratory to the industrial chemical plant. 

111. ACTIVATION OF SATURATED CARBON-HYDROGEN BONDS BY 
PLATINUM(I1) COMPLEXES 

A. Catalysed Hydrogen-Deuterium Exchange 

1. Introduction 

This topic has been extensively ~-eviewed' .~-~,  and only the main features are presented 
here. In 1967 Garnett and Hodges208 reported that, in the presence of [PtCI4l2- ions, 
aromatic compounds undergo catalysed exchange of hydrogen with deuterium in an acetic 
acid-deuterium oxide solvent. Temperatures of 80-100°C were used, and a mineral acid 
was also added to stabilize the platinum(l1) against disproportionation (equation 65). 
Gamett and Hodges found that in addition to aromatic hydrogen atoms, the hydrogen 
atoms in the side-chains of alkylbenzenes also underwent exchange. This included the 
normally 'inert' C-H bonds of the methyl group in ethylbenzene. 

2[PtCI4]2- P t l  + [PtCI,y- + 2c1- (65) 

I t  was soon shown by Shilov and coworkers2" and in our laboratory2" that alkanes 
also undergo hydrogen-deuterium exchange under similar conditions. Methane, ethane, 
and other alkanes when heated in sealed ampoules containing solutions of K2[PtC14] in a 
solvent mixture of deuterioacetic acid and deuterium oxide were found to exchange 
hydrogen atoms with the deuterium of the solvent. 

These isotope exchanges take place at temperatures of 80-120°C. I t  has been shown that 
under these conditions neither metallic platinum nor platinum(1V) compounds catalyse 
the hydrogen-deuterium exchange. These could be present in small amounts from 
disproportionation of the [PtCI4l2- catalyst (equation 65) .  If a platinum(1V) compound is 
added as the sole potential catalyst, no exchange is observed until some platinum(I1) is 
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produced by reduction2''. I f  a precipitate of metallic platinum is formed the exchange 
slows or even stops. Other additives such as mineral acids, molecular oxygen, and 
aromatic compounds such as pyrene are known to stabilize homogeneous platinum(l1) 
solutions, and in the presence of such additives the kinetics of the isotope exchange become 
more reproducible. Most studies of the isotope exchange have been made in a I :  1 acetic 
acid-water solvent. Aqueous solutions are unsuitable because of the limited solubility of 
alkanes, whereas the catalyst has limited solubility in pure acetic acid. The rate of 
hydrogen-deuterium exchange of pentane has been shown to be a maximum using about 
I : I  acetic acid-water, and to fall off at both lower and higher acetic acid con- 
centrations, ''. In studies of hydrogen-deuterium exchange the solvent will usually consist 
of acetic acid-d, and deuterium oxide. However, at higher temperatures in the presence of 
platinum(1 I )  the C-H bonds ofacetic acid can also exchange, and it is necessary to use the 
fully deuteriated acid, CD,CO,D. 

2. Kinetics 

The rate of isotope exchange for ethane in acetic acid-water containing added 
perchloric acid is independent of both the acidity and the ionic strength for perchloric acid 
solutions above 0.2 M. The kinetics of the exchange reactions show a first-order 
dependence on the hydrocarbon concentration and a fractional (less than one) order with 
respect to the concentration of added [PtC1,I2- catalyst. Addition of chloride ions 
markedly affects the rate (see Figure 1 I ) .  This complex behaviour with additional chloride 
ions can be explained by considering solvation of the catalyst [ P t C I J -  (equations 66 and 
67; S =solvent). I f  the species [PtCI,S,], [PtCI,S]-, and [ P t C I J -  each has its own rate 
coefficient ( k , ,  k , ,  and k 3 )  associated with the catalytic reaction, the overall measured rate 
coefficient, kovcrBII, can be derived as in equation 68: 

[ P t C I J -  + S 2 [ P t C 1 3 S ] -  +c r  

Ki 
[ PtCI,S] - + s e [ PtCI,S,] + CI - 

log (rate coefficient 
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5 

FIGURE I I. Dependence of the rate coeflicient for platinum(I1)-catalysed isotope exchange 
with concentration of chloride ions (curve A). Curves B. C and D show the equilibrium 
concentrations of [PtCI,S,], [PtCI,S]-, and [P tCIJ- ,  respectively. After ref. 212. 
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(k k K [Cl-] + k,K, K,[C1-I2 p v c r a l l  - - 1 + 2 2 
CPt”1otalI 1 + K,[CI-] + K,K2[CI-I2 

where K ,  = l /Kt2 and K ,  = l/K’,). For cyclohexane reacting at I O O T ,  k,:k2:k, 
= 1:0.14:0.006. This shows that the principal catalytic species is the uncharged [PtC12S2] 
species. The solvolysis sequence can be extended (equations 69 and 70). Both [PtCIS,]+ 
and [PtS,]” (when S = H,O) have been shown to react more slowly than [PtC12S2] with 
alkanes214. 

[PtCI,S,] + S*[PtCIS,]+ +a- (69) 

[PtCIS,-j+ + Se[PtS4]2+ + c1- (70) 
The nature of the ligand attached to platinum(I1) is of some importance. The effect of 

varying the ligand L on the catalytic properties of complexes [PtLCIJ and [PtL,CI,] 
has shown the general order ofcatalytic activity2Is: PPh, < py < dmso < C N -  < N O , -  
< NH, < I -  < Br- < CI- < F- < H,O. This list shows two interesting features. The 
ligands are in an order from very ‘soft’ (left-hand side) to ‘hard’ (right-hand side), and it is 
‘hard’ ligands which promote catalytic efficiency. This pattern may result from the well 
known ability of ‘soft’ ligands to stabilize platinum(I1) complexes from oxidation to 
platinum(1V) complexes. As we shall see later, oxidative additions to give platinurn(1V) 
complexes are an important part of the catalytic cycle, and ligands which discourage 
oxidation should impede catalytic ability. The second factor is the way in which the ligand 
L influences the initial complexing ability of the catalyst for the alkane. On the ‘hard likes 
hard’ principle a platinum(I1) with ‘hard’ ligands would be more likely to react with an 
alkane (a ‘hard’, non-polarizable molecule) than a platinum(I1) complex containing 
‘soft’ ligands. 

The results of studies of relative reactivity of various alkanes to hydrogen-deuterium 
exchange with the solvent show that isolated methyl groups have the greatest reactivity 
and the order primary > secondary > tertiary accounts well for the relative reactivities of 
various C-H This order is the reverse of that found for reactions of alkanes 
with free radicals (see Section V). The reactivity of methyl groups in compounds such as 
116 and 117, where they are attached to a quaternary carbon, is especially low. These low 

Me Me 
I I 
I I 

Me -C -Me E t -C-  Me 

Me Me 

(116) (117) 

reactivities could reflect steric interactions in the bonding of the alkane to a platinum(I1) 
before hydrogen-deuterium exchange. Primary alkyl derivatives of metals are known to 
be more stable than secondary, and tertiary derivatives considerably less so. 

Hodges et d2” noted that there was a linear correlation between log k (k = rate 
coefficient for hydrogen-deuterium exchange with solvent) and the ionization potential of 
the alkane. Arenes also obeyed this relationship. This suggests that the electron-donor 
properties of the hydrocarbons are important in determining the rate of hydrogen- 
deuterium exchange, and that donor-acceptor interaction is an important step in the 
mechanism. It is important not to read too much into this log klionization potential 
relationship. It is far from certain that the first electron removed from a gaseous alkane is 
the one which, together with a second electron, provides the donor electron pair for 
interaction with platinum(I1) in a polar solvent. The application of the Taft correlation 
equation (equation 71) has produced further clues to the rnechanism2l6. The 0’ value is the 
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FIGURE 12. Dependence of the relative rate of H-D exchange 
on the Tart polar constant u*. 1 = Methane; 2 =ethane; 3 = 
propane; 4 = I ,  I ,  I-trifluoroethane; 5 = fluoromethane; 6 = 
chloromethane; 7 = bromomethane; 8 = acetic acid; 9 = metha- 
nol; 10 = difluoromethane; 1 1  = dichloromethane; 12 = chloro- 
fluoromethane; 13 = I ,  I-difluoroethane; 14 = trifluoromethane; 
15 = trichloromethane; 16 = tribromomethane. After ref. 216. 

polar parameter which characterizes the inductive effect of an alkyl substituent. Y is a 
'resonance' term which characterizes the conjugation of the reacting centre with an a- 
substituent (n is the number of such a-substituents). The linear correlation obtained 
(Figure 12) with p' = 1.4) indicates that the platinum(I1) complex acts as a moderate 
electron acceptor with respect to the donor hydrocarbon. 

Iog(k/k") = p*u* + n$ (71) 
Combination of the above observations leads to the proposed mechanism shown in 

Figure 13. At the heart of the exchange process is oxidative addition of the alkane, RH, to 
platinum(I1) to give a platinum(1V) complex (steps 2 and 3). Hydrogen-deuterium 
exchange of the hydride ligand (steps 4 and 5) is followed by reductive elimination of the 
deuteriated alkane (steps 6 and 7). The exact nature of the preliminary coordination of RH 
to the platinum(I1) (step 2 )  is uncertain. Compounds such as C in Figure 13 where RH is an 
arene are well established, but have not been characterized for alkanes. Interaction of the 
electron pair of a C-H bond with transition metals is discussed in Section lI.B. It is not 
certainatpresentwhethersteps2and 3aretwoseparatestepsasshownhereorarecombined 
into one concerted process. 

Multiple exchange-Quantitative hydrogen-deuterium exchange experiments show that 
more than one hydrogen-deuterium atom can exchange while the alkane remains in the 
coordination sphere of the platinum(I1) complex. The number of such exchanges taking 
place is expressed by the multiple exchange parameter, m, and for alkanes m values range 
from 1.3 to 2.0213. Multiple exchange will be noticed if complex G (Figure 13) reacts to 
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form complex D by oxidative addition of a second C-H bond of the alkane (dotted line in 
Figure 13) rather than dissociation ofthe alkane to form complex B. This second hydrogen 
then can be replaced by deuterium before the alkane leaves the catalyst. 

Another possibility that must be considered when explaining multiple exchange is the 
reversible formation of alkene complexes I19 from I18 (equivalent of E in Figure 13) with 
dissociation of a proton, H’. This is thought to be unlikely as platinuni(l1)-alkene 
complexes are usually too stable to undergo reaction with a deuteron, D’. Also, multiple 
exchange at methane cannot be explained by alkene complex formation, but could 



13. Saturated carbon-hydrogen bond activation 1 I37 

possibly result from formation of a carbene complex, 120. A further suggestion for 
explanation of multiple exchange is the involvement of dimeric platinum complexes 121, 
where two simultaneous Pt(I1)-CH interactions can take place. 

(120) 

L 

(119) 

3. Homogeneous or heterogeneous? 

Although there is a body of evidence to support the view that this reaction is a 
homogeneous process’, there is clearly still doubt in the minds of a number of respected 
workers in this field who, when referring to this reaction, comment on its possible 
heterogeneity. The evidence for the process being homogeneous was discussed by 
Shilov2”, who concluded that ‘experimental results leave no doubt that the H-D 
exchange is actually a homogeneous process’. Parshal112 appears to be the first who ‘has 
raised questions whether or not the exchange is catalysed by the metal’, and others seem to 
have inherited his doubts. We are not aware of any experimental evidence that Shilov is 
wrong, but there is increasing interest in the possibility of catalysis by small clusters and 
colloids, and experimental methods are now being used to study them (see, for example, 
Crabtree et ~ l . ’ ~ * )  and further experimental light may be shed on this problem in the near 
future. 

B. Alkane Oxidation 

1. Introduction 

The hydrogen-deuterium exchange of alkanes with the solvent discussed in Section A is 
of some interest, but the products of the reaction are not particularly useful. Activation of 
alkanes normally implies introduction of functional groups in place of a carbon- 
hydrogen bond. In 1968 Hodges and Garnett showed that benzene can be oxidized in a 
stoichiometric reaction to chlorobenzene by platinum(1V) (equation 72)”*. They also 
showed that this reaction takes place only when platinum(I1) is present. 

[PtCI,]’- + PhH + PhCl+ HCI + [ P t C I J -  (72) 

2. Alkane oxidation 

Alkanes also react with platinum(1V) in the presence of platinum(I1) to form various 
products including mainly chloroalkanes, but also alcohols, esters, ketones, acids, and 
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FIGURE 14. Correlation between the rates of H-D ex- 
change and oxidation. 1 = Methane; 2 = ethane; 3 = isobutane; 
4 =propane; 5 = 3-methylpentane; 6 = n-butane; 7 = n- 
pentane; 8 = n-hexane; 9 = cyclopentane; 10 = cyclohexane; 
1 1  = benzene. After ref. 220. 

products of oxidative coupling of two hydrocarbon radicals2 ' 9 - 2 2 3 .  Cyclic alkanes such as 
cyclohexane and decalin give some aromatic products by a dehydrogenation reaction. As 
is common in oxidations the first product, here a chloroalkane, is more readily oxidized 
than the initial alkane reactant, and a variety of products are formed as a result of 
secondary oxidations. There is good evidence that chloroalkanes are the initial products. If 
chlorocyclohexane is oxidized by platinum(1V) in the presence of platinum(II), it is 
dehydrogenated and benzene is formed as a product. No chlorobenzene is formed. 
Subsequent reaction of the chlorocyclohexane is at the reactive carbon-chlorine bond, 
prior to reaction at the less reactive carbon-hydrogen bond. If a chloroalkane is formed 
which is particularly stable to oxidation, then it can be formed in significant amounts. An 
example is the formation of chloroacetic acid from the oxidation of acetic acid by 
platinum(1V). When hexane is oxidized with platinum(1V) no I-chlorohexane is found in 
the products, as the chlorohexane oxidizes faster than the hexane. However, if a mixture of 
I - ,  2 - ,  and 3-chlorohexane is oxidized with platinum(1V) the reaction mixture contains 
1 -chlorohexane, when the 2- and 3-chlorohexanes have been consumed, as non-terminal 
carbon-chlorine bonds are oxidized faster than terminal bonds223. 

The relative reactivity of a number of alkanes with respect to oxidation by platinum(1V) 
has been studied, and provides good evidence for the close relationship between the 
platinum(1V) oxidation of alkanes and the platinum(I1)-catalysed hydrogen-deuterium 
exchanges discussed earlier. Figure 14 shows that there is an excellent correlation between 
the rates of hydrogen-deuterium exchange [catalysed by platinum(ll)] and the rates of 
platinum(1V) oxidation [also catalysed by p l a t i n ~ m ( I I ) ] ~ ~ ~ .  Such linear relationships 
often imply close similarity of the mechanisms of the reactions. 

Carbon-hydrogen bonds which are adjacent to a quaternary carbon atom are inert to 
hydrogen-deuterium exchange, and are similarly resistant to platinum(1V) oxidation. 
Compounds 122 and 123 are thus not oxidized by platinum(1V). The other reactivity 

Me 

Me-C-Me 
I 
I 

Me-C-C-Me 
I I  

Me Me M e  

(122) (1231 
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TABLE4.  Rate coefficients for the oxidation of hydrocarbons in 
aqueous solution containing Pt" and Pt'v9.224. [K,PtCI,] = 0.05 mol 
dm3; [H,PtCI,] = 0.02 mol dm3; 98 "C 

1139 

Hydrocarbon I05k,,/s-' u0" I05k,,/n, 

Methane 
Ethane 
Propane 
n-Butane 
2-Methylpropane 
n- Pentane 
2,2-Dimethylpropanc 
2-Methylbutane 
n-Hexane 
Cyclohexane 
Benzene 

1.6 
6.6 
9.9 

11.5 
8.2 

15.3 
I .O 

11.2 
15.9 
30 
35.8 

1 
2 
3 
4 
3 
5 
0 
4 
6 
6 
6 

I .6 
3.3 
3.3 
2.9 
2.7 
3.1 

2.8 
5.0 
5.0 
6.0 

- 

~~ 

'Number of 'attackable' C-H bonds = total number of C atoms - number of 
tertiary Cs - 5 (number of quaternary Cs). 

trends (see Table 4) reflect the number of 'attackable' carbon-hydrogen bonds, taking 
into account possible hydrophilic 'rolling up' where in long-chain alkanes one section of 
the molecule screens a n ~ t h e r ~ ~ ~ . ~ ' ~ .  Overall, the range of rate coefficients relating to the 
oxidation of reactive carbon-hydrogen bonds in alkanes differs very little over a range of 
alkanes. The nature of the platinum(I1) species necessary for oxidation by platinum(1V) to 
take place has been established. Of the possible platinum(I1) species in solution, neither 
[PtSJ2+ nor [PtCIJ2- is active whereas [PtS,CI]+, [PtS,C12], and [PtSCIJ- are 
almost equally effective. 

In a study of concurrent hydrogen-deuterium exchange and platinum(1V) oxidation i t  
was shownzz6 that ( 1 )  the sum of exchange and oxidation rates does not depend on the 
concentration of platinum(IV), but the oxidation-exchange ratio increases as the 
concentration of platinum(1V) is increased; (2) with increase in concentration of 
platinum(1V) [and constant concentrations of acid and platinum(II)] the rate of oxidation 
increases, but with increase in concentration of acid but constant concentrations of 
platinum(I1) and platinum(1V) the rate of exchange reaction increases. These observations 
imply a common first step, followed by a choice of either exchange or oxidatior (equation 
73). 

P t * ' +  RH - RPtCl + H+ + CI- /.. j p + I V  

pt ' l  + RD oxidation products+ Pt" 

(73) 

In the absence of added platinum(l1) the reaction proceeds autocatalytically as 
platinum(I1) is formed from the reduction of platinum(1V). As already suggested for the 
platinum(I1)-catalysed hydrogen-deuterium exchange, it is likely that the platinum(I1) 
species always has four ligands around it, and that solvent molecules (S) coordinate to 
platinum(l1) where necessary to maintain this coordination. Similarly, it seems probable 
that platinum(1V) species are always 6-fold coordinated with S molecules occupying spare 
coordination sites. The suggested mechanism for the oxidation is shown in Figure 15. In 
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FIGURE IS. 
cyclc: ( h )  (a)  drawn as an equilibrium. X = H ur CI. 

( A )  Proposed mechanism ofalknncand arene oxidations by platinuni(lV).drawn a s a  

this scheme reactions 1-4 are the same as for the hydrogen-deuterium exchange. In the 
oxidations the complex E reacts with [PtCI,]*- to undergo an oxidative chlorination 
rather than DCI oxidative addition. The kinetics can be derived from the equations (74- 
77) associated with the reactions in Figure 15. 

[P tCIJ-  +S=[PtCI,S]- +cr  (74) 

[PtcI,s]- + s A rapid [PtS,CI,] + CI- (75) 

[PtS,CI,] + RH [RPtCIS,] + H.' + CI- (76) 
k ,  

( 1  24) 
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[PtC1,I2- + [RPtCIS,] & RCI + 2[PtCI,S]- (77) 
(124) 

given by equation 78, where [Pt"] is the total added platinum(I1) catalyst. 
Applying the usual 'steady-state' approximation for complex 124, the rate of reaction is 

k k ,  K [ R H] [ Pt"] [ P t CI , -1 
([Cl-] + K ) ( k -  IIH+][CI-] + k2[PtC162-]) 

rate = 

As noted above for hydrogen-deuterium exchange, it is not clear whether steps 2,3, and 
4 and steps $6, and 7 (Figure 15) are single concerted reactions (as used to calculate the 
rate expression above) or separate reactions. At high concentrations of platinum(1V) and 
low temperatures (< 100 "C) reaction 76 is the rate-limiting step, whereas at higher 
temperatures and lower platinum(1V) concentrations reaction 77 is rate limiting. 

It is possible that the reaction between [PtC1,I2- and [RPtS,CI] involves the 
formation of a binuclear intermediate. 

3. Isolation of intermediates 

Both the mechanism of the platinum(I1)-catalysed hydrogen-deuterium exchange of 
alkanes and that of platinum(1V) oxidation of alkanes incorporate the formation of a 
platinum-alkyl complex. Normally, reaction intermediates in catalytic cycles are difficult 
to isolate. If they are stable enough to be isolated the catalytic cycle would be stopped. 
Nonetheless, it has been possible to use n.m.r. techniques to show that platinum alkyls are 
formed during these reactions227. Figure 16 shows the n.m.r. spectrum of a mixture of 
[PtCI,]'- (0.32mol 1 - I )  and [PtCI,]'- (0.24 mol I - ' )  in D,O after reaction with 
methane for 30min at 120°C. Also shown is the spectrum of the reaction product of the 
reaction of methyl iodide with [PtC1,I2- in water {a platinum(1V) derivative, either 
[MePtC1J2- or [MePtCI,(H,O)], formed by oxidative addition to platinum(II)}. The 
similarity of these two spectra shows that oxidative addition of methane to platinum(l1) 
does give a methylplatinum(1V) derivative. Further confirmation of this is the isolation ofa  
complex [MePt'V(Ph,P)2C1,] when triphenylphosphine is added to a mixture of methane 
and platinum(1V) in aqueous acetic acid solution at  120°C2z8. 

C. Arene Reactions 

1. Hydrogen-deuterium exchange 

In the study of activation of carbon-hydrogen bonds it is not surprizing that more 
work has been done on the activation of aromatic compounds than on the activation of 
saturated hydrocarbons. The work described above on platinum(I1)-catalysed hydrogen- 
deuterium exchange and on platinum(I1)-catalysed oxidation by platinum(1V) was 
preceded by similar studies on arenes. The hydrogen-deuterium exchange of arenes in 
acidic solution (equation 79) shows the same features as discussed above for alkanes. The 

D20,MsC02D 
[Ptcl,]2- . (79) 

rate ofexchange is proportional to the concentration of benzene and to the concentration 
of [PtC1J2- and inversely proportional to the concentration of added chloride. 

The mechanisms proposed for arene hydrogen-deuterium exchange have been 
discussed in depth'. The interaction ofaryl derivatives with platinum(I1) is well known and 
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FIGURE 16. (a) The n.m.r. 
spectrum of a Me-Pt(1V) com- 
plex obtained by oxidation of 
methane; (b) the oxidative ad- 
dition product of Me1 and 
[PtCI,]*-. After ref. 227. 

complexes such as C (Figure 13) can be written with more confidence for the initial 
interaction of platinum(I1) with benzene than with an alkane. The hydrogen-deuterium 
exchange for benzene could well proceed via the mechanism shown in Figure 13. However, 
there are further possibilities for hydrogen-deuterium exchange and intermediates such as 
125 and 126 have been proposed. The principal way in which hydrogen-deuterium 

C I S  ‘Pt 

CI ’ ‘Cl 
(125) (126) 

exchange in benzene differs from that of alkanes is in the higher values (up to 3.5) found for 
the multiple exchange ~arameter ’ ’~ .  This would naturally appear to fit in well with the 
greater stability of arylmetal derivatives compared with alkyl derivatives, so that once the 
arene has been joined to platinum (C in Figure 13) reaction to give complexes D and E 
(see Figure 13) is more likely than loss of hydrocarbon. 
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2. Oxldatlons 

Oxidations also parallel those found for alkanes. Figure 17 shows time-concentration 
curves for the reaction of benzene with H,[PtCI,] in aqueous trifluoroacetic acid at 
l2O0CZz3. Reaction is thought to proceed as shown in Figure 15. The profile of reaction 
components shows that D (benzene complex) and H (chlorobenzene complex) are stable 
enough to be present at fairly high concentrations. After long reaction times dichloro- 

I 25 

O/' free 80 
benzene 
or total 70 

60 

Yo benzene complex, 
chlorobenzene complex, 
or free chlorobenzene 
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FIGURE 17. Molar percentages of aromatic compounds in a typical reaction mixture at 120°C 
with reactants H,[PtCI,] and benzene in water-trifluoroacetic acid solution. (0) Benzene; 
(m) benzene complex; (A) chlorobenzene complex; (0) chlorobenzene; (0) total. After ref. 223. 

C C @ C 

FIGURE 18. The plati- 
num(1V) complex produced 
by the reaction of H,[PtCI,] 
with naphthalene. 
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benzene can be detected. The formation of this is analogous to multiple exchange in the 
platinum(l1)-catalysed hydrogen-deuterium exchange reaction of benzene. Instead of 
dissociation of RCI (step 7) from complex I, the reaction path follows the dotted line when 
a second carbon-hydrogen bond is replaced by a carbon-chlorine bond. 

As, in general, aryl derivatives ofplatinum(I1) are more stable than alkyl derivatives, it is 
not surprizing that there has been greater success in isolating them from arene 
oxidations2z9-233. Figure 18 shows the structure of the naphthylplatinum(1V) derivative 
formed in the reactions of H,[PtCI,] with naphthalene (the nitrogen atom on the lower 
coordination position of platinum in Figure 18 results from an ammonia-water exchange 
during the chromatographic separation). 

IV. ACTIVATION BY METAL ATOMS AND IONS 

A. Activation by Metal Atoms 

During the past decade, experimental techniques using metal atoms have been 
improved greatly. There have been spectroscopic studies of a range of metal atoms in a 
variety of matrices, and techniques have been developed to use metal atoms on a 
preparative scale to make organometallic compounds234. 

Metal atoms react readily with alkenes, polyenes, and arenes. For example, co- 
condensation of transition metals such as cobalt, nickel, or palladium with a large excess of 
ethylene at 50-77 K gives molecular complexes (equation 80), and direct co-condensation 
of the metal vapour with ethylene at - 196°C gives good yields of [M(C,H,),] in 
millimolar quantities. Alkanes, in general, do not react with metal atoms under these 
conditions. Indeed, alkanes ranging from methane to docosane, C,,H,,, have been used as 
inert media for co-condensing metal atoms and metal atom clusters from metal 
vapours’ 3.  

(M = Co, Ni, Pd) 

By using higher concentrations of metal atoms it is possible to produce small clusters as 
well as the isolated atoms in a suitable matrix. Mossbauer spectroscopy has shown that 
isolated iron atoms in a methane matrix have the same isomer shifts as in an inert gas 
matrix. Higher concentrations of iron atoms lead to the formation of Fez dimers as well as 
iron atoms, and the Mossbauer spectrum of these dimers in methane at 20 K shows lines 
characteristic of both covalent diamagnetic compounds of iron and ionic compounds of 
i r ~ n ( I I ) ’ ~ ~ .  Reactions 81 and 82 have been proposed. Infrared studies confirmed the 
presence of Fe-H bonds in the products, and suggested that at least two different 
products are formed at different Fe, to CH, ratios. 

1 2  K 
Fez + CH, - HFeFeMe or FeFeMe 

I 
H 

FeMe - Fe=CH, 
I 
H 

Small nickel clusters ( < 35 A) prepared in alkane matrices at - 196 “C result in stable 
organonickel compounds of unknown n a t ~ r e ~ ~ ’ > * ~ * .  Nickel atoms by themselves do not 
react with alkanes under these conditions. None of the metal atoms from magnesium, 
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calcium, titanium, chromium, iron, cobalt, nickel, palladium, copper, silver, gallium, 
indium, or tin react with alkanes when the alkane and the metal are co-condensed at 10K. 
However, co-deposition of methane with aluminium atoms at  10K leads to HAlMe as a 
primary The reason why aluminium atoms, and not atoms of other metals, 
will activate and cleave aliphatic C-H bonds in methane without photoactivation (see 
next paragraph) is thought to be because aluminium atoms are in a 'P(3s23p') ground 
state, which gives them radical-like properties. A second possible reason is that the AI-H 
and AI-Me bonds formed are comparatively strong (285 and 275 kJ mol- ', respectively). 

Rhenium atoms will react with alkyl-substituted benzenes to give products where two 
sp3 C-H bonds have reactedz4'. For example, the product from the reaction of gaseous 
rhenium atoms with toluene is shown in structure 127 (R' = Rz = H, R3 = Ph). Similar 
products were observed with mesitylene or p-xylene. The products are all deep-red, air- 
sensitive compounds. 

(127) 

Although rhenium atoms d o  not react with alkanes when co-condensed, it has been 
shown that the alkane may be activated by mixing it with an arene. Thus, when rhenium 
atoms are allowed to react with a mixture of an alkane, such as ethane, butane, or 
cyclohexane, and benzene, complexes are formed with structures 127 where R' = H and 
CRzR3 = CHMe, CHPr", and cyclohexylidine, respectivelyz4'. 

Although most metal atoms do not react when co-condensed with alkanes, reaction can 
be initiated by appropriate U.V. irradiation of the metal atom-alkane matrix. Thus, a t  15 K 
iron, manganese, cobalt, copper, silver, gold, and zinc atoms react with methane when 
irradiated with U.V. radiation (wavelength <360nm), and the products formed are those 
expected by an oxidative addition (equation 83)242.z43. 

(83) 
15K hr, 

M + CH, - HMMe 

In an ethane matrix, copper atoms under photoirradiation cleave the C-H bonds but 
not the C-C bonds (equation 84)244. Photoexcited copper atoms are in the same 
electronic state as aluminium atoms in the ground state and thus undergo a similar 
reaction. 

h v . 3 0 0  - 400 nm 

I ZK 
h Cu(CzH6) -+ HCuEt CU + C,H,j 

The photoinitiated reaction of alkanes with metal atoms is a reversible process. Thus, 
iron atoms will activate methane when irradiated at  300 nm, but ifthe product is irradiated 
at 420 nm the reverse reaction takes place (equation 85)z45. 

300 nm 

420 nm 
Fe + CH, ~ HFeMe (85) 

Photoactivation of metal atoms can be used at  room temperature to activate alkanes. 
When a silver-loaded zeolite-Y containing both isolated silver atoms and low nuclearity 
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silver clusters is irradiated at 220-300nm in the presence of alkanes, the alkanes 
d i m e r i ~ e ' ~ ~ .  Methane gives ethane, ethane yields n-butane, and propane gives a mixture of 
hexane isomers. 

B. Activation by Metal Ions 

Owing to the great advances in instrumentation in recent years it is now possible to 
make very detailed studies of reactions in the gas phase. Among the large number of 
reactions which have been studied are the reactions of gaseous metal ions with various 
hydrocarbons including alkanes (equation 86). 

The techniques used for these studies include ion-beam methods, Fourier transform 
mass spectrometry, and ion cyclotron resonance spectroscopy. It is not appropriate to 
review these techniques here, but to comment that such experiments give useful 
information on the mode of interactions taking place. It must be noted that using these 
methods it is not possible to make useful quantities of compounds so that these are not 
preparative methods. The reactions of metal ions have been studied in the gas phase with 
linear  alkane^^^'-^^*, branched  alkane^^^^-'^^, and cyclic  alkane^^^^-^^*. 

Cleavage of alkanes and dehydrogenation are the two most common processes 
observed in these reactions. This is in contrast with reactions in solution where, in the 
presence of transition metal compounds, C-C bond formation is more common than 
C-C cleavage. In the gas phase the ion-molecule complex is activated by excess internal 
energy. This energy together with the M-C or M-H bond energies may be sufficient to 
allow for oxidative addition across the C-C or C-H bonds of the alkane. Thus, when a 
gaseous metal ion interacts with an alkane, oxidative addition can take place involving a 
C-H bond (equation 87) or a C-C bond (equation 88). 

M& + C'H6(,) - [HMEtl,,, 

M;) + C2H6,g) - [MeMMel,,, 

(87) 

(88) 
These initial reaction products then decompose with loss of hydrogen or alkane. 

[H -Cot - Et] 

i 'O;g)+ C2H6(g) 

L,Me-c;-MelF [ >c0+=cH2]+~c0+cH21+cH4 

[Co'Me] + Me' 

FIGURE 19. Reaction pathways for the interaction of Co' ions with ethane. 
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FIGURE 20. The reaction of M&(M = Fe or Ni) ions with wbutane 

Figure 19 shows the proposed reaction pathways for the interaction of the Co;, ion with 
ethane'". The choice of route ofeither C-C or C-H cleavage is determined in part by 
the electronic configuration of the metal ion. The reactions of the Ti& ion are dominated 
by C-H insertions (equation 87)249. The sld' electronic configuration of the Ti+ ion has 
more orbital vacancies than the Fe;, ion, an s'd6 system, whose reactions with alkanes 
involve competition between the C-C and C-H cleavage routes. It is pertinent to recall 
that intermediates with a Ti-H bond are important species in the catalysis of the 
oligomerization of olefins. The Co;, ion is found to undergo C-H insertion more 
readily than the Fe;, ion and some hydrogen gas is produced in all cases when it reacts 
with an alkane. 

The reaction of M& (M = Fe or Ni) ions with n-butane is shown in Figure 20. The 
initial reaction is C-C cleavage of butane into two C, units, with no C-H cleavage'59. 
The electronic state of the metal ion is of importance. The Cr+ ion usually reacts with 
methane to give CrH' as the only product in an endothermic reaction. When the C r +  ion 
is prepared in an electronically excited state by electron impact on chromium hexacar- 
bonyl, it reacts with methane to give an abundance of the C r C H i  ion in an exothermic 
reaction260. 

Although the dimeric Col,,, ion is unreactive towards alkanes, addition of a carbon 
monoxide ligand to Col,,, forms Co,CO", which will attack alkane C-H bonds; its 
reaction with n-butane is shown in equation 89'6'. 

[Co2COC4Hd++ 2 H 2  

90% 

Co2COt+ n-C,H:o (89) 

+ H2 
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Both the ions Co;,,, and Co,CO;, are made by electron impact on dicobalt 
octacarbonyl. It is suggested that the role of the carbon monoxide in the oxidative addition 
of Co,(CO)+ with an alkane to give 128 is to help to concentrate positive charge on the 

H 
+ /  occoco 
'R 

(128) 

cobalt atom undergoing the oxidative addition by electron withdrawal into the 
antibonding n* orbitals of the carbon monoxide. The ion FeCoi  is more reactive to 
alkanes than either FeCo+ or Co:. Although there is no reaction with methane, ethane, or 
neopentane, other alkanes (e.g., propane, butane, isobutane, or 2-methylbutane) react by 
insertion across a C-H bond followed by hydrogen elimination262. 

The ions MeM+ (M = Fe, Co) have been studied in reactions with alkanes. The cobalt 
ion MeCo' reacts with all alkanes larger than ethane, whereas the MeFe' ion does not 
react with aliphatic alkanes. Both MeCo' and MeFe' ions react with cyclic alkanes to 
give ring cleavage products which involve the formation and subsequent breakdown of 
cyclometallated ring ~ o m p o u n d s ~ ~ ~ * ~ ~ ~ .  

V. OXIDATION OF ALKANES BY TRANSITION METAL COMPOUNDS 

A. Introduction 

The oxidation of alkanes can involve a transition metal compound in one of two ways. 
Either a compound such as chromic acid can directly oxidize an alkane, or a transition 
metal compound can act as a catalyst of the oxidation of an alkane by molecular oxygen in 
a catalysed autooxidation. These two processes often proceed by similar mechanisms, and 
will be discussed as appropriate below. 

I t  is convenient to divide alkane oxidations into two groups: (a) those involving 
oxometal (M=O) reagents such as chromic acid and potassium permanganate, and (b) 
those involving other salts and complexes. 

This topic has been extensively reviewed elsewhere4, and the treatment given here is 
brief. 

B. 'Hard' Metal Oxidations 

1. Introduction 

There are, in principle, two mechanisms for the oxidation of alkane C-H bonds by 
compounds such as chromic acid, chrornyl chloride, and potassium permanganate. The 
first involves initial formation of an alkyl radical by hydrogen atom abstraction from the 
alkane (equation 90). This is followed by further reaction of the R' radical with 
[MOH]("-"+ (equation 91). The second possibility involves an electrophilic attack by 
[M=O]"+ on the RH group (equation 92). At present the first mechanism is thought to 
take place in many reactions as the second involves the formation of an organometallic 
intermediate containing an alkyl group bonded to a transition metal in a high oxidation 
state. 

[M=O]"'+ RH+[MOH]'"-')+ + R' (90) 
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(92) 

2. Oxidation by chromium(VI) compounds 

It has long been known that chromic acid and chromyl chloride are powerful oxidizing 
agents which are capable of oxidising sp3C-H groups. The oxidation of the methyl group 
of toluene to form benzaldehyde (equation 93) is the familiar Etard reaction. In these 
reactions the relative ease of oxidation of C-H bonds is primary < secondary < tertiary. 
I t  is likely that the first stage of the reaction is hydrogen atom abstraction from the alkane 
by the chromium(V1) species (equation 90)265. The alkyl radical formed must stay in the 
solvation sphere of the chromium, however, as experiments with chiral alkanes do not 
show the racemization of products expected if the alkyl radical is free in the solution. I t  is 
suggested that there is a 'solvent cage' associated with the chromium species in which the 
radical is constrained. 

(93) 
CrO*CI2 

PhMe - PhCHO 

The oxidation of alkanes by oxymetal compounds is also discussed in Section VI, where 
alkane oxidation by analogues of cytochrome-P450 is shown to proceed via oxometal 
compounds. 

3. Oxidation by cobalt(lll) compounds 

As indicated above, oxidation of alkanes by transition metal compounds can be a direct 
process (equation 94) or a catalysed autooxidation (equation 95). Thus cyclohexane is 
readily oxidized by cobalt(ll1) acetate in acetic acid at 80°C to give cyclohexyl acetate 
(equation 96)'", while autooxidation in the presence of a cobalt(l1) catalyst yields adipic 
acid as the major product (equation 97)267-270 . M ethylcyclohexane is less reactive than 
cyclohexane, and the reactivity order is tertiary < secondary < primary. 

(94) RH + M"+ -+oxidation products + M("-')* 

(95) 
calalyst 

RH + OzM"+ - oxidation products 

U H A C  
+ CO"'(OAc), - 0 

Co" ( 0 A c  )z 

H02C CO,H 

(97) 

The proposed mechanism for such reactions is given by equations 98-101. The absence 
of any deuterium kinetic isotope effect indicates that the reaction rate is governed by 
equation 98 and not by equation 99. 
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RH'' R' + H +  (99) 

c y - - - b  R +  ROAc 

R02' P oxidotion products (101) 

For alkylarenes a deuterium isotope effect is observed, and probably equation 99 is rate 
limiting. Although benzene is usually significantly easier to oxidize than alkanes (the 
ionization potential of benzene is lower than that of cyclohexane) it cannot form a stable 
radical by proton loss (equation 99) and k -  , > k , .  

Studies of the relative reactivity of a number of cycloalkanes to oxidation by cobalt(lI1) 
were interpreted to imply that a complex is formed between cobalt(l1l) and the 
cycloalkane, and that the relative reactivities can be explained by steric hindrance in the 
formation of the complex (equation 102). 

RH + C O " ' ~ R H . . . C  +CO" ( 1  02) 

This formation of a complex could be an example of a general class of electrophilic 
substitutions at a saturated carbon atom (equation 103). This type of reaction, with the 

( 103) 

formation of an alkane-cobalt(ll1) complex, was also supported by a study of the 
oxidation of bridgehead hydrocarbons, the adamantanes (129; R = alkyl), by cobalt(llI), 
manganese(lII), and lead(1V) acetates in a trifluoroacetic acid solvent27'. The product 

(129) 

distribution from metal acetate oxidation was compared with that found in electro- 
chemical oxidation, where a radical cation is formed which loses a proton to give an alkyl 
radical (equations 102 and 103). These studies indicate that the metal acetate oxidation 
proceeds by a different mechanism from that of the electrochemical oxidation (Figure 21). 
Adamantane derivatives have lower ionization potentials (adamantane, 9.20eV) than 
cyclohexane (10.3eV) and linear alkanes (hexane, 10.4eV), and the balance between an 
electron transfer mechanism and complex formation mechanism could well change as the 
substrate undergoing oxidation is varied. 

RH + RH" + e-  ( 1  04) 

( 1  05) RH" 4 R' + H +  

Butane can be oxidized to acetic acid (equation 106) and the process is carried out 
commerically under two different sets of  condition^^^^.^^^, either ( I )  at  180 "C and 20 bar 
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+ [R+1 
0 9 F 3  

FIGURE 21. Electrochemical and chemical oxidation of adamantane. 

pressure with a low concentration of cobalt(Il), or (2) at 100-125°C and 20 bar pressure 
with a high concentration of cobalt(l1) (> 0.2 M). 

n-C,H,o + 5/20, + 2MeC0,H + H,O ( I06) 

Under conditions ( I ) ,  57% of the product is acetic acid, but there are many other 
products including formic acid, acetaldehyde, methanol, dimethyl ether, butan-2-one, and 
various esters. Reaction under these conditions is mainly a free radical chain process with 
the cobalt assisting as a radical initiator. Under conditions (2), there is 87% selectivity for 
acetic acid as the product, with fewer by-products (propanoic acid, butanoic acid, and 
butan-2-one). A likely mechanism is direct oxidation of butane by cobalt(lI1) to produce a 
radical as the first step (equation 107), followed by formation of a peroxo radical and 
further reaction with cobalt(1l) (equations 108 and 109). Here the maximum rate does not 
occur until the added cobalt(l1) has been oxidized to cobalt(I11). 

+ Col'* + Coil + H '  ( 1  07) 

The rate of oxidation of alkanes by cobalt(II1) acetate is markedly increased by the 
addition of bromide ions, or by the presence of strong acids such as trifluoroacetic acid. 
The evidence from studies of oxidation of arylalkanes in the presence of bromide ions is 
that there is a dramatic change of mechanism with formation of bromine atoms as 
intermediates (equations 110-1 12)273-277, and it  seems probable that the same process 
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Co"' acetate + Br - 4 AcOCo'IlBr (1 10) 

(1 11) Ac0Co"'Br ---* AcOCo" + Br' 

Br' + RH -i HBr + R' (1  12) 

Studies of cobalt(II1)-catalysed autoxidation reactions of the lower alkanes are limited 
as high-pressure equipment is required, and care is required to avoid explosions. In a 
kinetic study of the cobalt(II1)-catalysed autoxidation of butane to  give acetic acid 
(equation 106) in acetic acid solvent at 100- 125 "C, Onopchenko and Schulz added cobalt 
in the form of cobalt(I1) a ~ e t a t e ~ ~ ~ . ~ ' ~ .  It was also necessary to add some butan-2-one to 
assist in oxidizing cobalt(I1) to cobalt(II1). The maximum rate was not observed until all 
the cobalt(l1) had been oxidized to cobalt(I11). The reaction showed an induction period 
which could be shortened by adding the cobalt as cobalt(II1) rather than as cobalt(I1). The 
reaction proceeds via the formation of an alkyl radical as the result of an electron transfer 
between cobalt(II1) and the alkane (equations 103 and 104). Under the conditions studied, 
about 85% selectivity and 80% conversion were achieved. 

It is noteworthy that the autoxidation of butane at high temperatures can be catalysed 
by manganese(I1I) acetate in addition to cobalt(II1) acetate. Manganese(II1) is ineffective 
as a catalyst at temperature below 100°C. Manganese(lI1) salts are known to break 
down to give radicals at high temperatures. 

In 1970, Hanotier etal.  observed that the activity of metal oxidants, especially 
cobalt(Il1) acetate, is considerably enhanced in the presence of strong acids2'*. They 
claimed that aliphatic hydrocarbons can be oxidized at  temperatures as low as 20-40 "C, 
and that a high selectivity of product formation was found for both the stoichiometric 
reaction of cobalt(II1) with alkanes and for cobalt(II1)-catalysed autoxidations. At 
temperatures below 40 "C no hydrocarbon oxidation or catalyst reduction took place in 
the absence of strong acids, but addition of trichloroacetic acid or sulphuric acid increased 
both the decomposition rate of the cobalt(II1) in the absence of alkane and the amount of 
hydrocarbon oxidation when alkanes were present. It is not clear whether the acid acts by 
( I )  changing the proton donor power of the solvent or (2) altering the redox potential of the 
cobalt(II1)-cobalt(l1) system. In trifluoroacetic acid solvent cobalt(ll1)acetate is reduced 
to cobalt(I1) seven times faster in the presence ofan alkane. Experiments carried out in our 
laboratory279 indicate that if such oxidations take place at low temperatures the yields are 
vanishingly small, and further work needs to be carried out on this complicated system to 
identify the important factors involved. 

Results from photoelectron spectroscopy show that the electron most readily removed 
from most saturated hydrocarbons is an electron in a H O M O  of mainly ocPc character. 
In the usual electron transfer process (equation 94) for alkane oxidation it  is a oC-" 
electron which would need to be removed. This indicates that the reactions could be morc 
complex than usually accepted280. 

4. Oxidation by transition metal compounds in concentrated sulphuric acid 

In the Introduction it was noted that electrophiles in very stong acids will react with 
aliphatic C-H bonds. During the past decade Rudakov281 has shown that alkanes can be 
oxidized by a number of transition metal compounds in solution in concentrated suphuric 
acid. These include platinum(IIl), manganese(III), palladium(lI), and mercury(I1). The 
metal compounds which normally are not sufficiently good oxidizing agents to oxidize 
alkanes are enhanced in their oxidation powers by interaction with the acidic medium. 
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In kinetic studies it  has been established that the rate of oxidation of the alkane is first 
order in both alkane and the catalyst (equation 113). An alkane C-H bond is cleaved in 
the rate-limiting step as the kinetic isotope effect for the reaction (kH/kD) is 2. The relative 
rates of C-H cleavage are tertiary > secondary > primary, as expected for a radical 
reaction. The tertiary to secondary ratio is about 3000 when mercury(I1) is the catalyst. 

dCRH' - k,[RH][M"+] 
dt 

The mechanism suggested involves formation of an intermediate, 130, where a ligand 
radical is formed but has not left the coordination shell of M"+ (equation 114). A hydrogen 
atom is then abstracted from the hydrocarbon (equation 115) leaving an alkyl radical. The 
nature of the products of these oxidations in concentrated sulphuric acid are not clear, but 
include carbocations, R + ,  and alkenes. 

VI. OXIDATION BY ANALOGUES OF BIOLOGICAL SYSTEMS 

A. Introduction 

Oxidations in biological systems involve electrophilic/radicaI oxidants. In the space 
available here we are only able to touch briefly on this topic. More extensive reviews have 
been p ~ b l i s h e d ~ ~ ~ . ~ ~ ~ . ~ ~ ~ .  

B. Cytochrome P450 

In living systems, the oxidation of aliphatic or aromatic C-H bonds is hydroxylation 
(equation 1 16). This reaction is catalysed by monooxygenase enzymes. Dioxygen is the 
oxidizing agent and the source of hydrogen, (donor)H,, is NADH. Many monooxygenases 
contain the same type of biocatalyst, the haemoprotein cytochrome P450. The structure of 
cytochrome P450 is that of a haem unit (131) in a single-chain protein, with the iron atom 
having its fifth coordination position linked to a cysteine thiolate sulphur atom. The sixth 
coordination position of the iron atom is involved in the oxidation. 

( 1  16) 
enzyme 

RH + 0, + (donor)H, - ROH +(donor) + H,O 

CH -CH Me 
2- 1 I 
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It is suggested that cytochrome P450 (132), after reduction to the iron(I1) state (133), 
reacts with 0, to give first an iron(II)...O, species (134). By reduction and addition of H +  
the 0-0 bond splits, yielding an FeV=O derivative (135) and H,O (equation 11 7). The 
FeV=O species 135 is the active species in reactions with hydrocarbons and can be written 
in a number of canonical forms, 135-138. 

[q] s;H' Jp] 02 {&u@- 
RSH . 

H+,C 
(134) 

RSH I RS RSH 

(132) (133) 

(135) 

The interaction with the hydrocarbon is abstraction ofan electron from the C-H bond 
by the active species 135 to give an OH bond and a radical. Next follows an extremely fast 
'cage' reaction to produce the final hydroxylated carbon and P450 containing an Fe"' 
atom (139) (equation 118). The latter reaction must be fast as the configuration about the 

\ 

RS 

(135) 

\ 
-/C-H 

-----B 

r 1 

\ 

/ 
+ -C' 

carbon atom is retained. This indicates that the carbon radical is extremely short-lived. As 
is common with radical reactions, the activated oxygen complex attacks secondary in 
preference to primary C-H bonds, and tertiary in preference to secondary. As an 
example, n-heptane is oxidized by oxygen in the presence of rat microsomal cytochrome 
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P450 to give a mixture of heptan-1-, -2-, -3-, and -4-01s in relative percentage yields of 
9,74,11, and 6%284. 

C. Synthetic Analogues 

There have been a number of attempts to prepare synthetic electron-transfer catalysts 
using cytochrome P450 as a modelzs5. These synthetic analogues can be made readily 
from the appropriate substituted porphin (a porphyrin) compound, 140, and metal ions. 

R 

R 

(140) 

They are usually referred to by their abbreviated names. For example, the compound 
formed from tetraphenylporphin, a Mn"' ion, and a group X (such as CI) also attached to 
the central metal is referred to as tpp-Mn"'X. 

The catalytic activity of a number of synthetic porphyrins on the hydroxylation (by 
cumyl hydroperoxide) of cyclohexane (to give cyclohexanol) has been studied2". 
Tetraphenylporphyrin derivatives of Ni", Cu", Zn", Mg", V", and Ti" show no catalytic 
activity. The compounds tpp-Co" and [(tpp)Os(CO)(py)] catalysed the reaction but their 
structure was changed during reaction. Only tpp-Fe"'CI and tpp-Mn"'C1 acted as true 
catalysts, and it is these that have been studied the most closely. 

The P450 analogue tpp-Fe"'CI will act as a catalyst for the hydroxylation of 
cyclohexane to c y c l o h e x a n ~ l ~ ~ ~ ~ ~ ~ ~ .  In these non-biological systems oxygen is often 
replaced by a more convenient oxidizing agent such as hypochlorite ions or iodosylben- 
zene (PhlO) (formally an I"' derivative) (equation 1 19). The yield of cyclohexanol was 8%. 
Similar reactions give 12% adamantan-1-01 and 1% adamantan-2-01 from adamantane2". 

room temp. 

PhIOfC6Hl2  CH2C12 undcr N1 C6Hl10H 

In a series of studies, Hill and used a manganese(ll1) porphyrin (tpp- 
Mn"'X) as an electron-transfer catalyst for alkane oxidation. A reaction similar to that in  
equation 119 takes place with C6Hl2 and PhlO at room temperature2''. The main 
product is C6H, , O H  with a small amount of cyclohexanone. With tert-butane the same 
reactants yield 141 and 142291. 

Me 

Me -C-OH 

Me 

I 
I 

CH -CH 
Me/ ?OH 
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These reactions are thought to occur by a similar free radical mechanism to that 
described above. The oxidizing agent (PhlO) oxidizes the catalyst to a higher 
oxidation state (Fe" or Mn"), which then interacts with the hydrocarbon to abstract an 
electron, leaving a free radical (equation 120). 

ipp-Mn= @* 
Elegant syntheses can be carried out by using a two-phase The alkane 

and the electron-transfer catalyst are dissolved in a suitable organic solvent such as 
dichloromethane and the oxidizing agent (PhIO or NaOCI) and the sodium salt of the 
anion to be incorporated are dissolved in water. A phase-transfer catalyst such as a 
trioctylmethylammonium salt is helpful. On vigorous agitation to equilibrate the mixture 
the alkane is oxidized. C-H bonds can be replaced by C-N, C-0, and C-halogen 
bonds. These reactions can take place with high yields of products. Under the above 
conditions, cyclohexane is converted into C,H, ,Cl in 76% yield, with 4% of cyclohex- 
anone also being produced. 

The structure of the haem part of the catalyst plays a part in the efficiency of the 
oxidation. When tetraphenylporphyrin-Fe"' was replaced by 
tetra(pentafluoropheny1)porphyrin-Fe'" the yield of products for the PhIO oxidation of 
cyclohexane rose from 5 to 71%294. 

In an attempt to improve the yields of the oxidation reactions, tetraphenylhaemins have 
been prepared which (1) have groups present which by steric hindrance decrease the 
tendency of the porphyrins to form p o x 0  dimers and (2) contain electron-withdrawing 
groups which will reduce the rate of oxidative destruction of the Using PhIO 
as an oxidant, saturated hydrocarbons such as norbornane and cyclohexane can be 
oxidized at room temperature without extensive destruction of the catalyst. 
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1. INTRODUCTION 

Traditionally Haag and W h i t e h ~ r s t l - ~  are credited with describing the first supported 
metal complex catalysts. In 1969 they reported that [Pt(NH3)4]2+ supported on 
sulphonated polystyrene was an effective olefin hydrogenation catalyst. After a slow start, 
work on supported metal complexes accelerated rapidly and by the mid-1970s virtually 
every homogeneous metal complex catalyst had been studied in supported form. The 
initial driving force for this work was the belief that by supporting a metal complex catalyst 
the high selectivity, specificity, activity, and ease of modification of such catalysts, which 
stem from their molecular nature, could all be retained and combined with the ease of 
separation of heterogeneous catalysts that industry had found to be so important in 
developing commercial processes. Subsequently, further advantages were discovered for 
supported metal complex catalysts, including in many cases their greater stability and 
resistance to deactivation compared with their homogeneous analogues. However, their 
activities were often lower than those of their homogeneous counterparts and in many 
cases the metal complexes did not bind as firmly to the supports as their originators would 
have wished; leaching was recognized to be a serious problem in many cases. 

During the 1970s and into the 1980s it  was increasingly realized that the full potential of 
supported metal complex catalysts would only be realized by carefully developing 
materials in which both the active metal centre and the support combined together during 
the catalytic reaction. Thus supports were no longer inert but played an important part in 
promoting the selectivity and specificity in addition to the activity of the catalyst. 
Although a tremendous amount of work has been done using polystyrene as the support, 
much of it based on Merrifield’s resin originally developed for peptide synthesis and 
degradat i~n’ .~,  there are serious problems with this material when commercial processes 
are being considered. Polystyrene is not particularly strong in a mechanical sense so the 
polymer is broken down to ‘fines’ when agitated as in a stirred reactor. Many solvents swell 
polystyrene; although in a laboratory situation the swellability of polystyrene is an 
attractive phenomenon that can be used to enhance catalyst selectivity, it poses serious 
problems for the chemical engineer faced with designing a column. 

The subject of supported metal complex catalysts has been reviewed on a number of 
occasions7-15. Recently the present author has completed a book on the subject16. This 
chapter will therefore not attempt to duplicate that book, but rather to summarize the 
present state of the art and to indicate the likely way forward for the future. 
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No commercial processes have yet been developed using supported metal complex 
catalysts, although the first is probably only a few years away because of the enhanced 
selectivity that can be achieved when both support and metal complex combine together. 
It has been reported” that Mobil did take a polymer-supported rhodium hydroformyl- 
ation process as far as pilot-plant scale in the mid-1970s and that full commercial scale 
development was halted only because existing and projected markets were insufficient to 
justify the construction of a new plant. Had a new plant been built then a supported metal 
complex catalyst would have been the catalyst of choice. 

A. Reasons for Supporting Metal Complexes 

The best way to summarize the reasons for supporting metal complexes is to examine 
the advantages and disadvantages of supported (heterogeneous) and unsupported 
(homogeneous) metal complex catalysts. 

1. Catalyst separation 

The major disadvantage of homogeneous catalysts is the difficulty of separating the 
catalyst at the end of the reaction. By the very nature of the homogeneous system, 
separation must involve a very efficient distillation, ion exchange or solvent extraction. All 
of these are expensive relative to some kind of filtration which can be used with 
heterogeneous catalysts. Although distillation is inevitably endothermic and therefore 
expensive because of its significant energy requirements, it has nevertheless been the 
method of choice for most homogeneously catalysed commercial processes. Two of the 
commercially successful homogeneously catalysed processes, the Wacker process for the 
oxidation of ethylene to acetaldehydeI8 and the Monsanto process for the carbonylation 
of methanol to  yield acetic acidlg, depend on the relatively low boiling points of the 
products (20.8 “C for acetaldehyde and 117.9 “C for acetic acid). In many cases, such as the 
hydrogenation of vegetable oils to yield components of margarine, distillation is not 
practicable because the products decompose below their boiling points. Distillation is also 
impossible for reactions which yield high-boiling side-products which would steadily build 
up in concentration if they were not removed. 

2. Efficiency and activity 

The efficiency and activity of a homogeneous catalyst in which all the metal complex 
centres are equally accessible to the reactants must necessarily be greater than those of 
most heterogeneous catalysts. However, by anchoring the metal complexes to the surface 
of the support through a long pendant chain, essentially the same effect can be achieved 
with heterogeneous systems”. Some homogeneous catalysts suffer deactivation owing to 
dimerization. The activity of such catalysts can be enhanced by supporting them on fairly 
rigid supports that isolate the individual metal centres, so preventing dimerization. 
However, care must be taken to ensure that the rigidity of the support is not compromised 
by the reaction conditions; thus a polymer which is fairly rigid in the presence of a solvent 
in which i t  is insoluble may become flexible in contact with a ‘swelling solvent’ (see 
Section 1.B.5). 

3. Reproducibility 

The particular advantage of metal complex catalysts over supported metal catalysts 
such as Raney nickel is the total reproducibility of the former owing to the molecular 
nature of the complex, which ensures a unique stoichiometry and structure. By contrast, 
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the structure of the surface of a supported metal catalyst is heavily dependent on both its 
method of preparation and its history subsequent to preparation. In theory, supported 
metal complex catalysts are as reproducible as their homogeneous analogues. However, 
great care is necessary in their preparation if this is to be achieved in practice. I t  will be 
necessary to ensure that the preparation and pretreatment of the support is reproducibly 
repeated every time. Where a multi-step series of reactions are used to link the metal 
complex to the support then great care will be necessary to ensure that each step has gone 
to completion at every site on the support. In practice this is very difficult, so that 
supported metal complex catalysts are generally less uniform than their formal represent- 
ation indicates. As a result, their reproducibility tends to be lower than that of their 
homogeneous analogues. 

4. Specificity 

A given homogeneous metal complex catalyst will generally have only one type of active 
site and will often be more specific than a heterogeneous supported metal catalyst where 
several types of active site may be present in the form of different surface defects. These 
defects are extremely difficult to  control and in many cases different defects promote 
different reactions. These may either be different reactions of the same substrate, or when 
more than one substrate is present one defect may preferentially promote reaction of one 
substrate whilst another defect may preferentially promote reaction of another substrate. 
Supported metal complexes can with care be made as specific as their homogeneous 
counterparts but, as just emphasized in Section I.A.3, this does need great care. The 
specificity of a homogeneous metal complex catalyst can often be selectively modified by 
altering the ligands present in such a way as to alter either the electronic or the steric 
requirements of the site. The specificity of supported metal complex catalysts can clearly be 
altered in exactly the same way. 

5. Controllability 

The specific structure of homogeneous metal complex catalysts enables them to be 
modified relatively easily in order to control a reaction. For example, altering 
[Rh(acac)(CO),] to  [Rh(acac)(CO)(PPh,)] results in an increase in the ratio of normal to 
branched aldehydes obtained when hex-I-ene is hydroformylated from 1.2: 1 to 2.9: 1 2 1 ;  

replacement of PPh, by p-CH,=CHC,H,PPh, further enhances this ratio to 3.9: I’*.  
Exactly the same controllability applies to supported metal complex catalysts. By 
contrast, the ill-defined active sites of heterogeneous supported metal catalysts make 
systematic design and improvement very difficult. 

6. Thermal slabillty 

The thermal stability of heterogeneous supported metal catalysts is generally fairly high, 
whereas the thermal stability of metal complexes, either supported or unsupported, is 
usually lower. Since the rate of most reactions increases with increasing temperature, high 
operating temperatures can be disadvantageous. There are, however, at least two 
situations in which high operating temperatures are either of no advantage or  are a 
positive disadvantage. The first is where high temperatures promote side-reactions either 
of the reactants or of the products. The second is in the case of reactions which involve a 
pre-equilibrium step which is disfavoured by increasing the temperature. This is 
exemplified by the reactions of olefins where the entropy change on metal-olefin complex 
formation is almost invariably negative so that the stability of metal-olefin complexes 
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decreases with increasing t e m p e r a t ~ r e ~ ~ .  The lower thermal stability of homogeneous 
metal complex catalysts is often compensated for by their significantly higher activities 
than heterogeneous catalysts at lower temperatures and pressures. 

7. Oxygen and molsture sensltlvlty 

Homogeneous metal complex catalysts are often organometallic compounds with 
metals in low oxidation states. Accordingly, many of them are sensitive to oxygen and 
moisture. In many cases supporting such catalysts has been found to reduce this 
sensitivity. Heterogeneous supported metal catalysts are frequently subject to poisoning 
by 'soft' ligands such as mercaptans and thioethers to a much greater degree than 
homogeneous metal complex catalysts. 

8. Solvent 

The range of solvents suitable for a homogeneous catalyst is often limited by the 
solubility characteristics of the metal complex. Clearly this presents no problems for a 
heterogeneous supported metal catalyst which is insoluble in all solvents. In the case of 
supported metal complex catalysts, solvents have to be chosen with great care. If the 
support is a cross-linked polymer then the solvent may or may not enter the polymer and 
may alter its three-dimensional structure, swelling it or constricting it. Mixed solvents may 
give 'solutions' that have different compositions within the pores of the polymer compared 
with the bulk solvent owing to the preferential uptake of one component into the 
interstices of the polymer. Finally, solvents influence the reactivity of the actual catalytic 
site, although they d o  not of course permit aggregation of the metal complex sites to form 
precipitates as occurs with homogeneous catalysts when solvents in which they are 
insoluble are added. 

9. Corrosion and plating out 

The use of some homogeneous catalysts on a commercial scale has led to a number of 
practical problems, such as corrosion and plating out on the reactor walls, that are not 
immediately obvious when the reaction is carried out in all-glass apparatus on the 
laboratory scale. The oxidative acetylation of ethylene to vinyl acetate catalysed by 
palladium(I1) (reaction 1) is an example of a process that suffers from severe corrosion 
problems under homogeneous conditions which can be eliminated by supporting the 
palladium(I1). Similarly, replacing sulphuric acid by sulphonated Nafion, which is a 
tetrafluoroethylene-perfluorinated vinyl ether copolymer, gives a non-coorosive strong 
acid 

Pd". Cu". 0 2  

HOAc 
CH,=CHOAc C2H, + NaOAc 

B. Advantages of Supporting Metal Complexes 

Although the original motivation for supporting homogeneous catalysts was to attempt 
to combine most of the advantages of homogeneous catalysts that arise from their 
molecular nature, especially their selectivity and controllability, with the ease of 
separation of the heterogeneous catalysts, experience has shown that the presence of both 
the support and the catalyst can have synergistically beneficial effects. Thus, attaching a 
metal complex to a support can have a number of effects, as follows. 
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1. Preferential substrate orientation 

The support may not behave simply as an inert backbone. It may take a positive role in 
ensuring a particular orientation of the substrate at the catalytically active site, so 
promoting ~ e l e c t i v i t y ~ ~ .  This, of course, is what the supporting backbones in many 
enzymes have been doing in nature for many milleniaZ5. This effect is believed to be largely 
responsible for the 3.5-fold enhancement of the normal to branched aldehyde 
selectivity when hex- 1 -ene is hydroformylated over polypropylene-supported 
[Rh(acac)(Ph,PC,H,CH=CH,-p)(CO)] compared with hydroformylation over the 
same complex unsupported2'. 

2. Change in chemical reactivity 

When organic functional groups are bound close to the surface of polymers or inorganic 
solids, they are subject to special constraints which can alter their chemical reactivities 
relative to the same groups in small mobile moleculesz6. In the same way, the properties of 
metal complexes can be altered when they are immobilized on supports. 

3. Multidentate ligands 

Functionalized supports are effectively multidentate ligands. Supporting metal com- 
plexes on such ligands can alter the stereochemical environment of the metal atom in a 
beneficial way. This is well illustrated by the selectivity of nylon-supported platinum 
benzene hydrogenation catalysts2'. Platinum anchored on nylon 66, nylon 6, and nylon 
610 catalyses the formation of cyclohexene, whereas platinum supported on nylon 3, 
although an active hydrogenation catalyst, results in cyclohexane being formed 
exclusively. 

4. Modification of metal-llgand equilibria 

Supporting a metal complex may alter the position ofequilibria between a metal ion and 
its surrounding ligands. This effect is believed to be responsible for the fact that when 
rhodium(1) complexes are bound to phosphinated supports much lower phosphorus to 
rhodium ratios give greater selectivity enhancements in olefin hydroformylation when 
supported catalysts are used, compared with their homogeneous analogues22*28. 

5. Stabilization of unstable structures: site isolation 

It is sometimes possible to stabilize metal complexes that are unstable in solution by 
supporting them on an inert matrix. Very often, although not always, this stabilization is 
achieved through site separation which prevents two extremely reactive monomeric 
complexes from combining together to form an unreactive dimer. This particular process 
is a major deactivation mechanism for many rhodium(1) complexes29. Activation through 
site isolation is the key to titanocene hydride hydrogenation catalysts, which are very 
active in supported form but virtually inactive when unsupported in homogeneous 
solution30. However, catalysts which rely on site isolation for their activity must be used 
with care if the supports are cross-linked polymers, since it has recently been shown that in 
swelling solvents there is considerable flexibility of the polymer. This results in sites, which 
in a non-swelling solvent are completely isolated, interacting with one another when a 
swelling solvent is added3'. This has been demonstrated by a number of reactions, of 
which reaction 2 is an excellent example. Thus, when [Co(NO)(CO,)] is reacted with either 
a low cross-linked or a 20% cross-linked phosphinated polystyrene in the absence of 
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solvent or in the presence of n-hexadecene, which is a poor swelling solvent, only the 1:l 
complex is formed, as shown by the infrared absorption at 1755cm-'. On adding m- 
xylene, which is a good swelling solvent, rapid site-site interaction occurs and a 1:2 
complex is formed, demonstrating that cross-links are not in themselves sufficient to 
maintain site isolation in swelling solvents3'. By contrast, inorganic supports such as silica 
are not usually susceptible to large structural changes on altering the solvent and so 
maintain site-site isolation3'. 

@-PPh2 + [Co(NO)(CO),] n- hoxadeconr W [Co@ PPh2)(NO)(C0)21 

@ =polystyrene 

6. Site cooperation 

Enzymes frequently achieve their high selectivities by the simultaneous cooperative 
action of more than one type of catalytic site33. A similar effect can be achieved with 
supported catalysts. A good example of such site cooperation is found in the catalysis of 
the hydrolysis of unsaturated esters by acid ion-exchange resins i n  which some of the 
protons on the acidic sites have been replaced by silver(1) ions34. This substitution 
increases the rate of unsaturated ester hydrolysis owing to silver(1) binding the olefinic site, 
so tying down the ester whilst the hydrolysis is catalysed at nearby acidic sites. 

7. Protection against poisons 

Attaching a metal complex to a support can sometimes provide protection for the 
catalytically active species against poisons such as water or atmospheric oxygen. Thus, 
supporting aluminium(II1) chloride, which is normally rapidly hydrolysed, on polystyrene 
results in a material that is almost completely insensitive to moisture during manipulation 
in air3'. Similarly, rhodium(1)-phosphine complexes are generally unstable in the presence 
of air, although several supported rhodium(1) complexes have been found to be insensitive 
to oxygen and can be filtered and recycled in air without any need to take special 
 precaution^^^-^^. However, this is not true of all supported rhodium(1) catalysts, and 
most are usually best handled in the absence of air. Although many rhodium(1) 
homogeneous catalysts are sensitive to poisoning by thiols, n-butanethiol reacts with 
silica-supported Wilkinson's catalysts, [((Si}-CH,CH,PPh,),RhCI], to reduce their 
activity but enhance their thermal stability38"-'. Similarly, rhodiuni(1)-anthranilic acid 
hydrogenation catalysts supported on chloromethylated polystyrene have long-term 
thermal stability and are fairly insensitive to p o i ~ o n i n g ~ ~ . ~ ~ " .  

8. Cooperative effects of support and metal complex 

Many supported metal complex catalysts are the exact analogues of their homogeneous 
counterparts, with one or more small molecule ligands being replaced by the same type of 



1170 F. R .  Hartley 

functional group bound to a support. This may well not be the best way to  mimic the 
enzymes and achieve cooperation between the support and the metal complex. It may 
indeed be better to use totally different functional groups when these are bound to a 

This is because a ligand that is ideal for a homogeneous metal complex catalyst 
is one that coordinates fairly strongly to the metal, so preventing metal-ligand bond 
cleavage and subsequent reduction of the metal ions to the free metal. However, on a 
support metal-ligand dissociation is more spacially restricted so that weaker bonding 
ligands may be used. These may have electronic and steric advantages that are not 
realizable in homogeneous situations for stability reasons. 

One way ofpromoting high selectivity has been to support the metal complex within the 
interstices ofa  cross-linked polymer. Diffusion of the reactants into the polymer and up to 
the active site then provides for selectivity when the reactant is a mixture of components. 
However, such selectivity is necessarily achieved at the expense of activity. 

C. Requirements of a Supported Catalyst 

To be of commercial interest, a supported metal complex catalyst must possess a 
number ofdesirable features. First, it must be highly selective so that product separation is 
simple. I t  should have as high an activity per unit volume of reactor space as possible and 
the cost of the catalyst per unit of the product being produced should be low; these two 
imply a high turnover number. 

From a commercial point of view, several of the highly desirable features are mutually 
exclusive. Thus, if the metal complex is supported solely on the surface of the catalyst the 
activity per unit volume of reactor space will be low; hence attention is often directed at 
porous supports. However, diffusion and mass transport within the support are usually 
much slower than in the bulk solution so that the activity may not be too greatly enhanced 
in this way. 

Most commercial reactors involve considerable agitation of the catalyst. If the catalyst 
is not to be ground up to produce a lot of'fines' then the support needs to be mechanically 
strong. Polystyrene, which is attractive from many points of view, particularly the ease 
with which it  is functionalized, is unattractive from this point of view. Similarly, under 
pumped flow conditions polystyrene beads can pack down very tightly into a bed, so 
generating very high pressure drops40. Inorganic supports are less susceptible to this 
problem. Although polystyrene is by far the most widely studied polymer, more recently 
attention has been directed towards mechanically tougher polymers such as polypropy- 
lene22.41 and poly(pheny1ene oxides)42. Industry has over many years developed the 
technology to handle catalysts based on inorganic supports, such as y-alumina and silica, 
and would therefore be most receptive to metal complex catalysts supported on these 
materials. Inorganic supports can be combined with polymeric supports in two ways to 
enhance the strength of the latter. The first is to polymerize an organic material on to an 
inorganic base40 and the second, which is applicable only in column operations, is to mix 
the polymer intimately with an inorganic matrix of similar bead dimensions, using the 
mechanical rigidity of the inorganic support to avoid clogging of the flow channelsq3. 

The possibility of swelling polymers is often an advantage in laboratory-scale reactions, 
but can be a disadvantage commercially where engineering for a material whose 
dimensions change during its lifetime presents major problems, particularly in flow 
columns. Clearly the support must be inert to the reactants and products of the catalytic 
reaction. 

Since many reactions are exothermic, the supported catalyst must not only be stable to 
reasonable temperatures but must also have adequate heat transfer properties to disperse 
the heat generated at the active site. Catalytic centres located on the surface will aid this 
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process owing to the free flow of solvent around them, whereas the removal of heat from a 
site within a support will necessarily be more difficult. 

II. TYPES OF SUPPORT 

There are two broad classes of supported metal complex catalysts, those in which the 
support is functionalized so that it contains donor groups which then bind to a metal and 
those in which the support forms a direct link to the metal complex. Phosphinated 
polymers or phosphinated silica both provide examples of the former, and the latter are 
exemplified by the reaction of organometallic complexes with silica or polystyrene 
(reactions 3 and 4). 

{Si}-OH + MR, --t (Si}-OMR,-, + RH (3) 

In both classes of catalyst two broad types of support are used, organic polymers and 
inorganic oxides. There are advantages and disadvantages to each of  them, as considered 
below, but a significant difference between them is the degree to which they can be 
functionalized. Inorganic oxide matrices have an upper limit of monofunctional groups 
they can carry of 1-2 mequiv. per gram of matrix, whereas organic polymer matrices can 
carry up to 10 mequiv. per gram of matrixt4. 

A. Organlc Polymers 

Organic polymers such as polystyrene, polypropylene, and to a lesser extent poly(viny1 
chloride) have been widely used to support metal complex catalysts. They offer a number 
of advantages over inorganic oxide supports44: 

1. They are easily functionalized, particularly polystyrene, which contains reactive phenyl 
side-chains. 

2. They are chemically inert and, being hydrophobic, are not susceptible to reaction with 
water, so changing their nature and polarity. Their chemical inertness means that the 
support neither enters into undesirable chemical reactions nor interferes with the 
catalytic centre. 

3. Polymers can be prepared with a wide range of physical properties enabling their 
porosity, surface area, and solution characteristics to be varied over a wide range, 
usually by varying the degree of ~ r o s s - l i n k i n g ~ ~ ~ ~ ~ ~ ~ ~  . Polystyrene, for example, can be 
prepared as a material that is virtually soluble in solvents such as benzene (very little 
cross-linking) up to a completely insoluble material a t  20% cross-linking. 

The principal disadvantages of polymers are their poor heat transfer characteristics and, 
in the case of polystyrene, poor mechanical properties. In addition, unless the polymer is 
made under carefully controlled and recorded conditions it may not be well defined and 
may contain unknown impurities, both of which can lead to problems of reproducibility. 

The physical properties of polymers vary widely, depending on their molecular weight, 
the chemical nature of the monomer or combinations of monomers, and the conditions of 
polymerization which affect the arrangement of the polymer molecules and their 
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interactions with one another. There are essentially three major types of polymers, 
although in practice a continuous range of material is available in between these three 
extremes. 

1. Gels 

Gels, or microporous polymers, involve long strands of polymer molecules either lightly 
cross-linked or merely entangled together. Microporous polymers are produced when the 
polymerization is carried out in the absence of added inert polymers. As the polymeriz- 
ation proceeds the polymer chains are solvated by unreacted monomer which is used up as 
the polymerization occurs,causing the chains to aggregate, finally yieldinga glassy product 
(Figure la). In the absence of solvent the pore size is approximately the distance between 
the polymer chains, hence the description microporous. 

If a solvent with a high aflinity for the polymer is present during the polymerization then 
considerable swelling will occur, giving rise to increased porosity and the formation of 
‘gels’. The degree of swelling depends on both the solvent used and the degree of cross- 
linking. In microporous polymers the molecules are in constant random motion. 
Hydrocarbon polymers such as polystyrene can accommodate high concentrations of 
chemically similar molecules such as other hydrocarbons, although they repel polar 
molecules such as water. Small molecules such as benzenecan diffuse rapidly through the gel, 
encountering almost as little resistance as they would in solution. This facilitates the 
transport of reactants and products to and from the catalytically active sites as well as the 
removal of heat. Gellular polymers can be used in hydrocarbon solvents as essentially 
soluble supports that may be separated at  the end of the reaction either by precipitation by 
changing the solvent, or by osmotic procedures such as membrane E l t r a t i ~ n ~ ’ - ~ ~ .  In polar 
solvents, which are often used for such catalytic reactions as hydrogenation, gellular 
polymers are not swollen but instead tend to close up their pores45. 

FIGURE 1 .  Scanning electron micrograph of (a) gel, bead diameter ctr.480 Irm, and (b) 
macroreticular aminated polystyrcnc. bead diameter u r .  690 j im (photographs kindly 
provided by Dr. H. Widdecke) 
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2. Macroreticular polymers 

Macroreticular or macroporous polymers have a carefully controlled regular cross- 
linking or reticulation which gives a high internal surface area to  the polymer'4324. An 
inert solvent must be used during the polymerization process, together with carefully 
controlled amounts of difunctional and monofunctional  monomer^^^-^^. These polymers 
are easier to form on a large commercial scale than on a small laboratory scale because it is 
easier to maintain constant concentrations of reactants on a large scale. On a small scale 
there is a tendency for the difunctional monomers to be consumed preferentially at the 
start of the polymerization, giving rise to the initial formation of a highly cross-linked 
material which precipitates. These particles are then connected by polymer with a 
decreasing amount of cross-linking and within them are voids filled with monomer 
solution that steadily becomes depleted of monomer. 

When polymerization is complete and the solvent has been removed, macroreticular 
resins may retain some porosity owing to their heterogeneous nature (see Figure 1 b). They 
readily take up good solvents, but can also accommodate poor solvents owing to their 
macroporous nature. If the solvent used in the polymerization is one in which the polymer 
is insoluble then large permanent pores are formed. Such macroreticular polymers have 
high internal surface areas. Those that are highly cross-linked swell only slightly even in 
good solvents. Polystyrene cross-linked with divinylbenzene is a commonly used 
macroreticular polymer. Benzene swells all but the highest cross-linked polystyrenes. 
Donor ligands can be supported both on the surface of the polymer and within its pores. 
Clearly, reagents d o  not have the same access to the internal sites as to those on the surface 
and so such polymers can give high selectivity. For example, the rates of hydrogenation of 
a series of olelins in benzene solution in the presence of [Rh(@-PPh2)(PPh3),CI], 
where @-PPh, is 100-200 mesh 2% cross-linked phosphinated polystyrene, decrease 
as the steric bulk of the olefin increases in the order hex-I-ene> >cyclohexene 
> > cyclooctene > cyclododecene > > A2-cholestene52. The same effect can be used to 
promote the regioselective reduction of the side-chain double bond of the steroid 1 rather 
than reduction of the steroid nucleus (reaction 5), whereas the corresponding homo- 
geneous catalyst promotes the reduction of both double bonds53. 

0 
II 

OC (C ti2),$ H = C H M e 

@=polys tyrene;  n= 1,2 
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A particularly selective catalyst for the hydrogenation ofsmall olefins has been prepared 
by swelling a phosphinated polystyrene supporting rhodium(1) and then, after removing 
the solvent to contract the beads, poisoning the surface catalytic sites. On reswelling, the 
only catalytic sites that remain are those deep within the polymer and these are only 
accessible to small ole fin^^^". 

3. Prollferous polymers 

Proliferous or 'popcorn'  polymer^^^.^^ are formed spontaneously in the absence of 
initiator in butadiene and butadiene-styrene copolymerization plants. They are hard, 
opaque, microporous materials which swell in benzene and carbon tetrachloride but are 
insoluble in all common solvents. 

One of the attractive features of organic polymer supports is the opportunity they offter 
to introduce extra selectivity into the catalyst as a result of the need for the reactants to 
diffuse through the polymer to reach the catalytically active sites. However, the diffusion 
necessarily reduces the activity, since diffusion rates within the polymer are typically an 
order of magnitude lower than in the bulk s ~ l u t i o n ' ~ .  If the actual catalytic reaction is fast 
relative to diffusion then the full potential of the supported catalyst will not be reached and 
its activity will be less than that of its homogeneous analogue. This diffusion limitation of 
polymer-supported catalysts can be reduced by (i) reducing the particle size, (ii) increasing 
the overall surface area of the support, for example by using a gellular polymer, (iii) 
introducing a bimodal pore size distribution allowing rapid diffusion through a portion of 
the catalyst, and (iv) increasing the pore sizes. The pore sizes depend on the degree ofcross- 
linking and also the degree ofswelling which in turn depends on the nature ofthe solvent as 
well as of the reactants and products. Thus with polystyrene, solvents that are more polar 
than benzene (i) decrease the pore size as they give less swelling and (ii) create polar 
gradients between the bulk solvent and the local environment around the active site5'. The 
first of these effects decreases the diffusion rate of large, bulky reactants whilst the second 
selectively enhances the diffusion rate of non-polar reactants within the polymer. These 
two conflicting effects give rise to the complex effect of increasing solvent polarity in the 
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FIGURE 2. Influence of solvent polarity on the relative rates 
of hydrogenation of non-polar (solid lines) and polar (broken 
lines) olefins (reproduced with permission from ref. 52)  
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hydrogenation of olefins in the presence of rhodium(1) supported on phosphinated 
polystyrene (Figure 2). As the ethanol content of the benzene-ethanol solvent mixture is 
increased, the rate of reduction of non-polar olefins increases owing to enhanced diffusion 
rates until the ethanol content becomes sufficiently high that the pores begin to shrink 
significantly so that the molecular size begins to dominate. Polar olefins experience a 
steadily decreasing hydrogenation rate with increasing solvent polarity owing to 
suppression of the diffusion rate as the solvent polarity increases, combining with the 
reduction in pore size to make migration to the catalytic site increasingly difficult as the 
ethanol content is increaseds2. 

B. Inorganic Supports 

The major advantages of inorganic supports over their organic counterparts are their 
better mechanical and thermal stabilities coupled with reasonable heat transfer properties. 
A further advantage to industry is that because of their use as supports for classical 
heterogeneous catalysts a great deal of technical ‘know-how’ and experience has been 
built up. Typical inorganic supports that have been used include silica, alumina, glasses, 
clays, and zeolities. Inorganic supports are not always as inert as organic polymers. For 
example, metal oxides such as silica and alumina pick up water reversibly, so giving rise to 
polarity changes which can influence reactions at  catalytic metal complex centres. 
Supports such as silica lack the flexibility of organic polymers, whereas clays d o  have some 
flexibility. Although flexibility is often very desirable, this is not always so, particularly 
where site isolation is important in preventing catalyst deactivation through dimerization 
(see Section I.B.5). In such situations inorganic supports are particularly valuable. 
However, inflexibility can sometimes be a disadvantage, as in cases where the distance 
between the surface and the catalytic centre is critical to catalytic performances6. For 
example, rhodium(1) hydroformylation catalysts supported on phosphinated silica with 
short chains between the silica and the phosphine are less active than those with longer 
links. The same phenomenon has been observed with heterogenized enzymes33. 

There are many situations in which it is very advantageous to be able to control 
diffusion rates. This is often difficult with organic polymers owing to the degree of swelling 
being dependent on both the solvent and the precise temperature within the polymer, 
which may vary substantially within a polymer that is being used to support a catalyst for 
an exothermic reaction. Inorganic substrates, on the other hand, have fairly fixed 
diffusional properties under most reaction conditionss7. Zeolites offer a wide range of well 
understood, well controlled pore Smectites such as hectorite and mon- 
tmorillonite are a group of naturally occurring silicates that swell in the presence of water, 
alcohols, and other organic solvents64. Smectites are made up of alternating layers of 
cations and negatively charged silicate sheets. The cations can be exchanged for cationic 
metal complexes such as rhodium c o m p l e ~ e s ~ ~ - ~ ~ .  The degree of swelling depends on the 
nature of the cations, the solvent and the negative charge density on the silicate sheet. 

Most inorganic oxides contain surface hydroxyl groups, which make them fairly polar. 
If this is undesirable it can be reduced by reaction with a chlorosilane such as trimethyl- or 
tert-butyldimethyl-chlorosilane to give a non-polar lipophilic ~ u r f a c e ~ ~ - ~ * .  

111. FUNCTIONALIZATION OF SUPPORTS 

There are sometimes several ways in which a particular functional group may be 
introduced on to a support. When considering which route to use an important 
consideration, apart from ease of reaction, is uniformity of functionalization. Any chemical 
reaction taking place on such a heterogeneous medium as an inorganic or organic support 
is likely to be incomplete unless elaborate precautions have been taken. Thus, if 
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functionalization involves several steps, it is likely that some of the functional groups 
introduced in the early steps will still remain in the final functionalized support. If a 
particular functionalization reaction is rapid relative to the rate of diffusion of the reagents 
within the support, then a shell of progressive introduction of functionality from the 
exterior of the particle towards the centre will result. Ifdiffusion is more rapid, then a more 
uniform functionalization will result. 

Unless each step in the functionalization is taken to completion, unexpected side- 
reactions can occur. This is well illustrated by the side-reactions that can occur when 
phosphinated polystyrene is prepared by the chloromethylation route (see reaction 17). 
Chloromethyl side-chains can react with newly introduced phosphine groups to give 
quaternization (reaction 6)73. A useful technique for determining the distribution of 

functional groups within a support is electron microprobe analysis of a microtome- 
sectioned support which allows the distribution of atoms such as phosphorus or metal 
to be determined74. 

The nature of the functional group introduced has often been assumed by analogy with 
reactions occurring on simple monomeric materials in homogeneous solution. This can be 
misleading and a complete characterization of the functionalized support should be 
undertaken. A number of techniques are available, including microanalysis, infrared and 
n.m.r. including magic-angle cross-polarization solid-state n.m.r. The interested reader is 
referred elsewhere for details of these other techniques16, which for metal complexes 
themselves are described in Volume 1 of this series. 

There are three broad routes for the functionalization of supports: functionalization of 
an organic polymer, polymerization of a functionalized monomer, and functionalization 
of an inorganic support. Each is considered in turn. 

A. Functionalization of Organic Polymers 

I f  a commercial polymer is to be functionalized it is often necessary first to remove the 
impurities that are left by the manufacturer7'. In the case of polystyrene these may include 
alumina, Fuller's earth, carboxymethylcellulose, stearic acid, sodium lauryl sulphate, and 
sodium p ~ l y a c r y l a m i d e ~ ~ .  If they were left they would inhibit the penetration of ionic 
reagents such as butyllithium or metal diphenylphosphides. A satisfactory procedure7' for 
removing these surface impurities involves successive washings with I N NaOH (60°C). 
1 N HCI (60"C), I N NaOH (60"C), I N HCI (60"C), H,O (25"C), dmf (40"C), I N HCI 
(60"C), H,O (60°C), MeOH (20"C), 3:2 (v/v) MeOH-CH,CI,, 1.3 (v/v) MeOH- 
CH,CI,, 1.9 (v/v) MeOH-CH,CI,, pure CH,CI,, followed by drying to constant weight 
at I00"C in uacuo (10 Torr overnight, then 0.1 Torr for several hours). 

A wide range of functional groups may be introduced on to organic polymers. I n  many 
cases functionalization involves two stages, an initial functionalization of a hydrocarbon 
material followed by reaction of the initial group with a further reagent to yield the final 
material. There are three very important reactions that are widely used to achieve initial 
activation of organic polymers: lithiation, chloromethylation, and radiation grafting. 

Lithiation is particularly valuable with polymers containing aromatic groups, such as 
polystyrene or poly(pheny1ene oxides). I t  can be achieved either by direct action of 11- 

butyllithium, often complexed with N ,  N ,  N ' ,  N'-tetramethylethylenediamine (reac- 
tion 7)77-82, or by metal-halogen exchange on a ring-halogenated polymer (reactions 8 
and 9)42.82-87. Direct lithiation is now believed to yield a majority (~(1.66%) of metci- 
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+ BunLi + BunH 
+meda  . 

Li 

p r o d ~ c t ’ ~ . ~ ~ , ~ ~ .  Lithium-halogen exchange involves an extra step, but its advantage lies 
in the fact that greater degrees of lithiation can be achieved by this route. Although at  one 
time iodine was the preferred halogen, bromine is now more common, the bromination 
usually being carried out in the presence of a Lewis acid, thallic acetate being 
recommended”, 89-92, although iron(II1) chloride and aluminium chloride have also been 
widely used. 

Chloromethylation has been extensively used to enable a given donor atom to be linked 
to an aromatic backbone through an aliphatic methylene group, so influencing the 
electronic properties of the ligand as experienced by a coordinated metal ion. Chlorometh- 
ylation is usually achieved by a Friedel-Crafts reaction using chloromethyl methyl ether 
in the presence of tin(1V) chloride (reaction 93-95. The product, commonly known as 

4- CICH20Me SnC14  + MeOH (10) 

Merrifield’s resin has a majority (ca. 85%) of the chloromethyl groups in the para- 
p o ~ i t i o n ~ ~ . ~ ~ .  Unless care is taken to keep solutions fairly dilute and reaction times short, 
further reaction (reaction 1 1) occurs to eliminate hydrogen chloride and effectively 

(1  1 )  

introduce a cross-link into the polymer98. N.m.r. has recently revealed that some of the 
chloromethyl groups in ‘chloroniethylated polystyrene’ are hydrolysed to hydroxymethyl 
groups in the course of normal storage98a. Polymers which already contain methyl side- 
chains can be brominated by using N-bromosuccinimide to yield bromomethylated 
aromatic rings (reaction 12)42. 

. (12) 
N -  bromosuccinimide 

hU 

Me 
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Radiation grafting has proved a valuable route for functionalizing hydrocarbon 
polymers that are chemically rather inert such as polyethylene and 
~ o l y p r o p y l e n e ~ ~  99-1 l l .  Irradiation, usually using y-radiation but also using u.v, high- 
energy (ca. 3-4 MeV) electrons, or plasmas, of hydrocarbon polymers results in the 
formation of radicals which in the presence of an unsaturated monomer can undergo 

Irradiation CH,= CH X I  
-CHR- H e +  -6R- F -CR- 

(13) absence of 0, I 
C H ~ ~ H X  

carbon-carbon bound formation (reaction 13, where X = amine, phosphine, nitrile, O H  
or SH containing group). The resulting radical can then undergo one of three reactions: 

(i) radical recombination with the original hydrogen radical displaced; this is relatively 
unlikely; 

(ii) reaction with a solvent molecule to give chain termination accompanied by the 
formation of a new radical originating from the solvent; 

(iii) reaction with a further molecule of the unsaturated monomer to yield a graft 
copolymer (reaction 14); this is the predominant reaction that occurs when 4-vinylpy- 
ridine4’ and p-styryldiphenylpho~phine~~~ are y-radiation grafted onto polypropylene in 
benzene suspension. 

-CR- + CH2=CHX - -CR- - e t c .  

(14) 
I I 
CH2iHX CH2CHX C H 2 t H X  

By far the commonest functional groups introduced on to supports are phosphines. 
Phosphination can be achieved in a number of ways, including those illustrated in reactions 
15-21. Although formally the products of reactions 15 and 16 appear identical, they are 

b e P P h 2  + MEr e B r  4- MPPh2 
M = 1-1, N O ,  K 

(refs 49, I 12- 121) 

(15) 

@-Q + MC‘ 

M=Li ,Na ,K  

R = menthyl(ref8 125,133,134) 
+ MPR2 R=Ph~ref .1 .49,113,118, lZ?- l32)  * 

CHzPR2 

+ L i C l  

(CH2 ),PR R’ 

(18) 

(ref.  135) + Li(CH2),PRR’ 
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@ -CH,NH, + CH,=CH(CH,),COCI 7 @ -CH,NHCO(CH,),CH=CH, 

1 I79 
p y . 6 0  C 

i i )  HH,.SMez.O"C. I h 

i i i )  H20z 

1"PCl 

I 
@ -CH,NHCO(CH2)100H 

L i P P h z  i n  Ihf 

I 
I 

@ -CH,NHCO(CH,) I ,Otos 

@I -CH2NHCO(CH2)loPPh, 

(19) 

LiPPh2 

H 

H 

(21) 

not so in practice because the separate steps occur at different rates and so they result in 
different distributions of the phosphine groups within the support, as well as leaving 
different incompletely reacted intermediates on the supports. The reaction of LiPPh, with 
pvc is not as straightforward as might be expected'15-117'118. Thus, although reaction 22 
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TABLE I .  Functional groups introduced into polystyrene 

Functional group Starting polymer" Reagent References 

-SO,H 0 Conc. HISO, 44. 95. 144. 
I45 
93. 140. 146- 
I50 
82. 151 
148. 149 

-CHO @ -CH2CI 

-COOH @ -Li 
0 -CH2CI 

dmso. NaHCO,, 

co, 
( i )  dmso. NaHCO, 
( i i )  Na,Cr,O,. H,SO,. 

NaOH 
HOAc 

-CH,OH 
-CH,CH,OH 

@ -CH,CI 
@-LI 

IS? 
44. 82. 95 A 

- CH,CH ,OP(OEt), 
-CH,Ocrown ether 

@ -CH,CH,OH 
8 -CH,CI 

CII'(OEt), 

ether 
Na salt of crown 

CICO(CH,).Br 

44.95  
153-156 

I57 -CH,NHCO(CH,),Br. @-CH,NH,  
used to support crown 
ethers 

0 -CH,CI 

-...<o - 0  

-CH(COOEtj, 0 -CH,CI 

I58 

I59 

Either Hacac + trace 
of NaOEt in thf. 

or Naacac i. NaI 

CH,(COOEt), + NaHCO, I60 

- C H z ; ' a  aNH2 COOH @-CH,CI 

0 

163-163 

-NH,  ( i )  HNO,. Ac,O. HOAc 
(i i )  SnCI,, HCI. HOAc 
( i i i )  KOH. MeOH 
( i )  K phthalimide. dmf 
( i i )  ethanolic hydrazine 
NR.1 
( i )  Nal. Me,CO 
( i i )  HN(CH,CH,CN),. thf  
( i i i )  RH,, t h f  

trien 
( i )  CICOOC,H,NO,-p 
( i i )  H i  N(CH ,),N H , 
Pyridine 

I64 

I57 

93. 165. 166 

167. 168 

--CH,NH, @ -CH,CI 

-CH2NR:CI- @ -CH,CI 
-CH,N:(CH,j,NH,), B-CH,CI 

-CH,NHCH,CH,NHCH,CH,NH, 
-CH2NHCHiCH,NH2 

-CH,NH(CH,CH,NH),CH,CH,NH, 
-CH,OCONH(CH,),NH, 

I69 

I70 

171 @ -Li 

@ -Li 

@-CH,CI 

Bipyridine 172-1 75 

Li iinidazolate i n  th f  
Na imidazokitc in d m l  

I76 
I77 

I78 
@-SO,CI 
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TABLE I .  (Cotiftl.) 

Functional group Starting polymeP Reagent References 

-SO,CI 

-CH,XTPP (X = NH. 
COO. CO: TPP 
= tetr;ipheii~lporpIiyrin) 

-NHYTPP 
( Y  = CO or SO,) 
-CH,CN 
-CH,CH,NC 
-AsPh, 

-SH 

-SMe 
-CH,SH 
-CH,SMe 

@ -Li 

@-CH,CI 

@ -CH,CI 
@ -CH,CI 

178 CISO,H, CCI, 

( i i )  CIPPh, 

or TPPCOCl ( X  = CO) 

TPPH ,(Y CI), I64  

TPPXH ( X  = NH. COO) 180 

NaCN. dmso 
LiCH,NC 
CIAsPh, 
LiAsPh, 
( i j  Sulphur 
( i i )  LiAlH, 
McSSMe 
S=C(NH ,), 
KSMc 

( i j  C,CI,SNa 
( i i )  NaSH 

( I )  

( i i j  H + 

181 
I 8 2  
I83  
183 
82. 184 

R9. 185 
1 86 
1x7 

188 

189-191 

NaCp 192. I93 

'@ = Polgslyrcne: @.LI and @)-CH,CI = lunctionalized polystyrenes prepared as described in the text: @ .NH,.  @-CH,NH, .  
0 -CH,OH.  @-S0,Cl  = runcuon:d17ed polystyrenes prepared according lo relerences In this Table. 
*M:ilerial does no1 have the 5iructural integrity once thought since 11 was believed'*"'*' lo be brmcd by 

0 

whereas models show the iniliiil reaction is more cornder'". 

0 

PhLl  + 6 
+ & +'b 

Ph 
\ I + 

10--20% 
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does take place, it is accompanied by breakdown of the P V C ’ ~ ’ . ’ ~ ~ ;  complete replacement 
of all the chlorine atoms requires a 40 hour reflux, by which time the molecular weight 
has dropped to about 1500, corresponding to  chains of 10-12 

- -&CH2-CH* i- LiPPhZ A f C H z - C H  CH,-CH+ 
I 
PPh2 

I 
CI 

I 
CI  

(22) 

A wide range of functional groups have been introduced on to polymers containing 
aromatic groups such as polystyrene. These are summarized in Table 1. A number of 2- 
and 4-vinylpyridine catalysts have been prepared either by polymerizing 2- or 4- 
vinylpyridine themsel~es”~-’’~,  or by copolymerizing 4-vinylpyridine with styrene”’ or 
by radiation grafting 4-vinylpyridine on to p~lypropylene~’~’~ .  Poly(4-vinylpyridine) can 
be cross-linked with 1,2-dibromoethane (reaction 23), although the positive charges that 
this introduces can inhibit metal ion ~ p t a k e ’ ’ ~ .  

+cH~-CH+ 

B. Polymerization of Functionalized Monomers 

Functionalized polymers can be prepared either by homopolymerizing a functionalized 
monomer or by copolymerizing a functionalized monomer with another monomer that 
may be either inert (e.g. styrene) or  designed to introduce specific properties (e.g. 2- 
hydroxyethyl methacrylate, which gives an asymmetric centre in addition to a hydro- 
philic matrix). In either case a difunctional monomer such as divinylbenzene can be 
used to introduce cross-linking. Copolymerization with styrene has been used successfully 
in the preparation of polystyrene-supported phosphines’23~’35~200-206 and pyr- 

. The optically active monomer 2 has been copolymerized with 2- idines L 7 5 .1  7 6 . 2  00.20 7 , 2 0 8  

hydroxyethyl methacrylate ireactibn 24) to prepare as asymmetric hydrophilic 
SUDDOrtZ0’’2 lo.  L .  

By copolymerizing styrene and divinylbenzene in the presence of silica either in aqueous 
emulsion or in methanolic solution, it is possible to coat the silica with cross-linked 
polystyrene. Such materials have a high active surface area and obviate the need for the 
reactants to diffuse through the polymer to the catalytically active sites2”-2’3. 

As mentioned in footnote b in Table 1, cyclopentadienyl-substituted polystyrene 
prepared by reaction of lithiated polystyrene with cyclopent-2-enone may not be as simple 
as once thought’”. The route outlined in Scheme 1 does lead to cyclopentadiene- 
substituted polystyrene’”. 
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&++g HCI, H20 , E t 2 0 ,  

or A c C I ,  thf  I MgBr 

lMeoH 

4 
Bu”Li, thf, 

0 o c  

SCHEME 1 
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I 
C 00 C HzC H20H 

CHZPPh2 

C. Functionalization of Inorganic Supports 

There are two major routes to the functionalization of metal oxide supports. The first 
involves the introduction of a functional group by a reaction such as 25, and the second 
involves the introduction of a ‘functionalized metal complex’ (reaction 26)127.214-226. 
There are several major advantages to  the route shown in reaction26 and one not 
insignificant disadvantage. The advantages are: (i) the range of bridging groups can readily 
be varied, for example to -CH2CH,CH,PPh,, p-C,H,PPh,, -(CH,),C,H,(PPh,)-p, 
or 4-(CH2),C,H,N; (ii) metal complexes that are unstable in solution, for example because 
they readily dimerize or are coordinatively unsaturated, may be prepared because the 
rigidity of the surface prevents molecular interaction; (iii) the surface of the silica after 
reaction with the bridging group will still be very polar owing to unreacted silanol groups, 
unless these have been removed by subsequent silylation of the surface. In this way the 
microenvironment of the catalytic centre can be carefully controlled as it is of course in a 
metalloenzyme, with consequent advantages in terms of the activity and selectivity of the 
catalyst. The problem with reaction 25 is the difficulty ofdetermining the precise nature of 
the catalytic site since this is formed within the support. In principle, reaction 26 
overcomes this problem because the metal complex is characterized as a molecular entity. 
However, many ‘functionalized metal complexes’ are not crystalline solids but oils which 
can only be purified chromatographically using non-hydroxylic phases. 

I 

I t  

I 

(25) 
X = EtO. CI 

P {M}-o-Si-Y 
Y =functional groups 

{ M}-OH + X,SiY 

{ M}-OH + [X,Si(CH,),PR,ML,] - [{ M}-0-Si-(CH,),PR,ML,] (26)  

Some of the routes that have been described for the preparation of functionalized 
phosphines are illustrated in reactions 27-31 2 2 0 . 2 2 7 - 2 3 1 .  
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( i )  BU”LI , t m e d a  
PhzPCHzPPhz PhzPCHPPhz 

(i i)  CISiMe, I 
SiMe, 

( E t 0 ) 3 S i C H  =CHz + PhzPH BU’OOBU‘ (Et0),SiCHZCH2PPh2 (29) 

HSiC13, [Rh(PPh,),CI] I 

E t OCO EtocoioH E t O C O  OH + MeCO(CH,),CH=CHZ ---+ EtOCO ~ X ~ ~ H ~ ) ~ C H = C H ,  : 

LiAIH,  

H 
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Other functional groups that have been introduced by reactions analogous to 
reaction 26 include amino, pyridyl, morpholino, piperidino, pyrrolidino, Schiff bases, 
cyano, acetylacetonato, SH and C,H,220.221.232-249. Silica has been functionalized by an 
initial chloromethylation (reaction 32)',', enabling it subsequently to be subjected to 
most of the reactions applicable to chloromethylated polystyrene (see Table 1) and to 
functionalization with a bidentate phosphine (reaction 33)','. 

l"l"C"L. 

Me,CISiCH2CI + SiOz - {Si}-Si(Me),CH,CI (32) 

(Si)-Si(Me),CH,CI + NaCH(CH2PPh,)2 + {Si)--Si(Me),CH,CH(CH,PPh,), 

(33) 

A totally different approach to the use of silica is to form the silica ins i tu  as in 
reaction 34. This reaction demonstrates the limitation of classifying supports as 'organic' 
or 'inorganic' since it involves an inorganic support prepared from an organic reagent. 

reflur in HOAc 

+trace  cone. HCI 
* {Si}-CH,CH,PPh, (34) (EtO),SiCH,CH,PPh, + Si(OEt), 

Graphite has been used to support diop by first oxidizing the surface to yield aldehyde 
functional groups as in reaction 35 and then treating these in the same way as the aldehyde 
functional groups on polystyrene (reaction 2I)', I .  

@ = graphite (35) 

IV. INTRODUCTION OF METALS ON TO SUPPORTS 

The first supported metal complex catalysts were prepared by reaction of cationic and 
anionic metal complexes with ion-exchange Although these are still used 
occasionally today, most supported systems involve a covalent link between support and 
metal. There are two broad types of covalent link. In the first a typical donor such as a 
phosphorus- or nitrogen-containing group is introduced on to the support and this is then 
used to bond to the metal. The second involves the formation of a direct covalent link 
between the support and the metal itself. Each is considered in turn. 

A. Reaction of a Metal Complex with a Functionalized Support 

Metal complexes can be introduced on to functionalized supports in four ways. 
(i) Direct reaction between a metal salt and a functionalized support using essentially the 

same conditions as for the corresponding monomeric ligands (reactions 36 and 37). 

reflux. thf 
MCI, + 2@-PPh, - M = C o . N i ( r e f . 1 1 8 )  ' C(@---PPh,),MCIzl 
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(ii) The commonest route for preparing supported complex catalysts involves displacing a 
ligand already on the metal complex by one from the support (reactions 3847). It should 
be appreciated that in many cases the products shown in reactions 38-47 are idealized; 
complete reaction of all donor groups within the support will depend on the reaction 
conditions. The ligand being displaced from the metal complex may have the same donor 
group as that on the support, as in reactions 40 and 42, or may be different. Whilst many 
research groups have used the equilibration of a phosphine complex with a phosphinated 
support, as in these two examples, there are serious drawbacks to the use of this technique. 
Phosphine ligands are not normally particularly volatile and therefore it is often difficult 
to remove all the liberated phosphine ligands from the support. If they are left within the 
support they will inevitably act as competitors to the anchored ligands and hence help to 
promote leaching of the metal complex. For this reason a number of groups, including my 
own, now prefer to displace volatile ligands such as carbon monoxide, which are readily 
removed from the support, as in reactions 38,43 and 4422."3."s.214.25y.275. Polynuclear 
complexes are often introduced in this way276-285. 

[(@-PPh2)Rh(acac)(Co)] + CO heplane. 2 0  " C  

CRh(acac)(Co)zl + @-PPh2 B h ( r e f a . 2 2 . 1  18.214.259)  ' 

(38) 

[Rh(acac)nbd] + 2@-PPR' 'hr'2"''hen t [(@-PPR'),Rh(nbd)] + acacH 
70% HCIO, in I h l  

(ref 134) 

(39)  

[(PPh,),RhCI] + @-PPh,  
benzcne '20 'C '  ' [ (8 -PPh,)R h( PPh,),CI] + PPh, 

2-4  weeks 
( refs.  5 2 . 1  14.130) 

(40) 
reflux in acelone 

'@-PPh, + [(PhCN)2MC12] hOh(M=Pd.Pt) tran.s-[(@-PPh2),MC12] + 2PhCN 
(refs.  1 2 8 . 2 6 0 . 2 6 l )  

(41) 
benzene.  2 5  "C. 

[ (8 -PPhz)Pd( PPh,),] + PPh3 

(42) 

@- PPh2 / 

\ 
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+ HCI 

F. R. Hartley 

co 
I 

[(@--PPh2)Fe(C0)4] + [@--PPh2-Fe -PPh2-@I  

oc’ ‘co 

t [ M ( C O ) 6 ] ,  M=Cr,Mo,W 

( r e f s .  2 6 3 - 2 6 7 )  

RLI  - 
R = M e ,  Bu 

[Rh(CO),Cl] 
( r e f . 2 6 8 )  J 

crc13.3t \  ( r e f s .  269, 

( r e f . 2 7 1 )  

reflux 

(44) 
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[ w - C H 2 M n ( C O ) 5 1  + NaCl 

e C H 2 C I  

C H ~ M O C P ( C O ) ~ I  + NoCl 

(47) 

The distribution of the metal complex can be altered by varying the reaction conditions. 
Thus, by using short reaction times and an excess of supported ligands a high 
concentration of metal complex in the outer regions of the support is a~hieved’~ .  This 
promotes high activity but prevents diffusion within the support from being used to 
enhance specificity. Photochemical reactions also favour surface location of the metal 
complex. However, when such unevenly distributed metal complex catalysts are used, 
redistribution of the complex may occur during the course of the catalytic reaction. 

( i i i )  Bridge splitting of dinuclear metal complexes can be used to introduce a 
mononuclear complex on to a functionalized support without the release of a displaced 
ligand. Most supports completely cleave rhodium(1) halide-bridged complexes (reac- 
tions 48 and 4 9 ) 2 8 . 1 2 2 . 2 8 6 - 2 8 9  , although thiolated supports do not cleave the bridge, but 
rather support a bridged complex (reaction 50)288. 

2 cis-[(@-Y)Rh(CO),CI] (48) 
reflux. benzene.6h 

Me Me Me 
I I 

0 0 CI 0 
I I I  I 

(49) 
[R h(CO),CI], 

f C H 2 -  A * +CHz-C-CH,-C 4ii 
I I I 

PPh2 P h F  - Rh - PPh2 
I 
co 

+ @- SH + HCI (50) 

(iv) Oxidative addition reactions provide a convenient route for preparing supported 
nickel(ll), palladium(II), and platinum(1I) complexes (reactions 51 and 52)236.290-295. In 
reaction 52 the active metal(0) species is formed by reductive elimination of two of the 
original ligands during the course of the reaction295. 

*x + [M(PPh3)4]  X = B r J 1  M =Ni , Pd, Pt * I e M ( P P h 3 ) Z X ]  + 2PPh3 
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6. Direct Reaction of a Metal Complex with a Support 

Chromium, molybdenum, and tungsten hexacarbonyls react directly with the phenyl 
rings of polystyrene to form supported complexes (reaction 53)296. Similarly 
[Ru(cod)(cot)] reacts with polystyrene to eliminate both cycloocta-I, 5-diene and 
cycloocta- I ,  3,5-triene forming a supported diphenylruthenium(0) specieszg7. 

Organometallic complexes, particularly ally1 (Zr, Hf, Cr, Ni) benzyl (Ti, Zr, Hf], neopen- 
tyl (Ti, Zr), cyclopentadienyl (Cr), and arene (Cr) complexes, react with silica, alumina, and 
aluminosilicates to yield supported complexes (reaction 54)298-32 I .  The reaction depends 

on the moisture sensitivity of the organometallic compounds and therefore depends very 
much on the nature of the support, in particular its past thermal and 
hydration/dehydration history. Thus, heating silica in U ( I C U O  for 3 h removes all the surface 
water. Further heating then successively removes more and more of the surface hydroxyl 
groups until at 1200°C all these groups have been removed. Although not all hydroxyl 
groups in a metal oxide can react with metal alkyls, the number of groups that can react 
may readily be determined by reaction with methylmagnesium iodide3” or methyllith- 
ium3” followed by determination of the volume of methane evolved (reaction 55). The 

&OH + MeM M = Li  or M g I  m &OM + l C H 4  ( 5 5 )  

importance of previous thermal history is well illustrated by the results in Table 2320. The 
nature of the support is critical: titanium and zirconium give more effective olefin 
polymerization catalysts when they are supported on whereas 
chromium catalysts are more active when supported on 

Although chromocene is inactive as an olefin polymerization catalyst, it is very active 
when deposited from hydrocarbon solution on to amorphous silica (reac- 
tion 56)300~303~326-328.  The silica both anchors the chromium and stabilizes it in a 
coordinatively unsaturated state; anchoring prevents the mutual interaction and destruc- 
tion of the coordinatively unsaturated species. The high silica dehydration temperature 
noted in Table 2 reflects the importance of having completely isolated chromium species. 

{SiJ-OH + [CrCp,] --t [ {Si}-OCrCp] + C,H, ( 5 6 )  
In addition to organometallic complexes, metal hydrides can also react directly with 

silica and alumina (reaction 57)329.330. There is substantial interaction between the 
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TABLE 2. Dehydration temperatures necessary in the pretreatment of 
oxide supports to yield maximum activity in the subsequent supported 
organometallic ethylene polymerization catalyst (data from ref. 320) 

1191 

Optimum dehydration 
Support Metal complex temperature ("C) 

SiO, [cdC3H5)31 400 
SiO, [Cr(V5-C,H5)zI 670 
SiO, [zr(C,H5h.I 25 
SiO, [Zr(C,H,),X] (X = CI, Br, I )  750 
A1203 CZr(C3H 5)41 400 

[Ti(CH,Ph)41 600 

triphenylphosphine hgands and the surface oxide ions in 3, which promotes the 
dissociation of triphenylphosphine and hence enhances hydroforrnylation activity"'. 

E O H  + [RhH(CO)(PPh3)3]-[&ORh(CO)(PPh3)3] + H 2  (57) 

(3) 
Metal carbonyls can be immobilized by impregnation of metal o ~ i d e s ~ ~ . ~ ~ ~ - ~ ~ ~  . e  Th 

critical variables are the nature of the pretreatment of the oxide. the contact time, the 
temperature and pH of the impregnating solution, and the post-impregnation treatment. 
After initial physical adsorption many metal carbonyls react with surface oxide sites as in 
reaction 58. This may be promoted by heating in  u m i o  or in the presence ofeither an inert 

[M(CO),I + &O - [&OM(CO),-,] + C o  (58) 

gas or even in oxygen. The subcarbonyl species so formed may themselves react further 
with surface hydroxyl groups with evolution of carbon monoxide and hydrogen as in 
reaction 59"' or even with formation of  hydrocarbon^^"^"^ . A very valuable technique 

for monitoring the progress of such reactions is temperature-programmed decomposition 
c h r ~ m a t o g r a p h y ~ ~ ~ , ~ ~ ' - ~ ~ ~ ,  in which the gaseous products are swept out in a stream of 
either an inert gas such as helium or an active gas such as hydrogen, and analysed using a 
gas chromatograph. This, combined with infrared spectrometry, provides a powerful 
technique for determining the nature of the supported metal complex species many of 
which are valuable Fischer-Tropsch catalysts. 

V. THE USE OF SUPPORTED METAL COMPLEX CATALYSTS 

A. Design of Supported Catalysts 

The success of homogeneous transition metal complex catalysts, such as Wilkinson's 
catalyst29, provided the early motivation for supporting them in order to combine the 
advantages inherent in their molecular nature with the ease of separation at the end of the 
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reaction that an insoluble material should provide. Accordingly. many supported cntnlysts 
are essentially homogeneous catalysts that have been immobilizcd on ;I solid support. 
Whilst many of these catalysts have inferior properties to their homogeneous analogues. 
particularly low activities. sufficient of them have enhanced activity atid selectivity iitici 

also greater stability and resistance to deactivation to justify further work in the 
area. 

However, a number of workers have taken a different approach and decided that 
supported metal complex catalysts should attempt to combine the unique features offered 
by the combination of support and metal complex i n  creating ii catalyst completely 
different from the homogeneous catalysts"". I n  creating such novel catalysts two features 
need consideration: the metal complex itsclf :ind particularly the ligands that surround the 
metal, and the support. 

( i )  Because of the uniquely different nature of supported metal complexes compared 
with their homogeneous analogues. the ideal ligands for ii homogeneous catalyst may be 
far from ideal in  a supported catalyst3'. Hence the ideal ligand i n  a homogeneous catalyst 
is often one that does not dissociate too readily from the metal. because dissociation may 
lead to subsequent reduction of the metal ions to the free metal. In  the interstices of ;I 

support, however, ligand dissociation is suppressed by special restrictions. Consequently, 
ligands that are not particularly effective in homogeneous catalysts can prove to be very 
effective in supported catalysts. Anthranilic acid ligands have rarely been used i n  
homogeneous catalysts yet they have proved effective ligands in supported rhodium(1) atid 
palladium(l1) hydrogenation ~ a t a l y s t s ~ ' ~ ~ " " . l " ' ~ ~ ~ ' ~ ~ ' ~ *  . Such rhodium(1) catalysts are 
very active, have long-term stability and are fairly inert to poisons, whilst the 
palladium(l1)-supported anthranilic acid catalysts are very active benzene and nitro- 
benzene hydrogenation catalysts in  contrast to their homogeneous analogues, which are 
inactive3 5 3.3 5 5.3 5 h . Polystyrene-slipported cyclopentadienylcobalt(l) dicarbonyl, - - h - I m @ C o ( C O ) z  I is an active Fischer-Tropsch catalyst for 

2 

;he convexon of :arbon monoxide-hydrogen mixtures to hydrocarbons, particularly 
,+,thane'73.357.358 , although its homogeneous analogue [CoCp(CO),] is inactive owing 
to its instability. The activity of the supported catalyst is further enhanced by thermolysis 
to yield the coordinatively unsaturated monocarbonyl complex. 

The ideal functionalized support will generally be one that promotes coordinative 
unsaturation on the metal complex, whilst binding the metal ion sufficiently tightly to 
prevent either leaching or decomposition to the free metal. The profound importonce of 
the ligands surrounding the metal ion on the catalytic activity is well illustrated by the de- 
creasing effectiveness in olefin hydrogenation of ;I series of rhodiuni(1) complexes sup- 
ported on phosphinated polystyrene in the order [Rh(PPh,),(CO)H] > RhCl > RhCI, 
+ PPh, > RhCI, + PHPh, > RhCI, + C2HJ > [Rh(PPh,),CI] > [Rh(PHPh,),C17.36. 
Having the ligand donor atoms linked to a polymer can result in greatly enhanced 
selectivity in hydroformylation. Thus it  is not necessary to swamp the metal complex 
with excess of phosphine in order to obtain a high ratio of normal to branched 
aldehyde product2'. This is well illustrated in Table 3, where for hex-I-ene under identical 
conditions the homogeneous catalyst [Rh(p-styrylPPh,)(acac)(CO)] requires a 
phosphorus to rhodium ratio of 250: I to yield ii normal to branched aldehyde ratio of 5: I ,  
whereas the corresponding supported catalyst i n  which all the phosphine ligands are 
bound to the polymer only requires a phosphorus to rhodium ratio of 2: 1 to give the same 
selectivity. Since a large excess of phosphine inhibits olefin coordination and hence 
suppresses catalytic activity3", i t  is possible to obtain the highest normal to branched 
ratios at higher activities using supported rather than homogeneous catalysts. A similar 
effect is observed with [Ru( PPh3)2(CO)3] supported on phosphinated polystyrene; the 
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T A B L E  3. Effect of phosphorus to rhodium ratio on the normal lo 
branched selectivity of the hydroformylation of hex-I -me in benzene 
under I O a t r n  of H,  -t CO (I: I )  at 65°C  (data from ref. 22) 

I I93 

I .  Supported cat;ilyst [Rid@-PPh,)(CO) (acac)], 300 min": 
P:Rh ratioh 8.36 5.86 4.05 2.17 1.32 
Selectivity' 16.0 14.1 13.2 5.2 2.5 

2. Homogencous catalyst [Rh(p-styryl PPh,) (CO)(acac)], 100min: 
P:Rh ratioh 250 80 8.0 2.0 I .o 
Selectivity' 5.0 3.7 2.6 -.- 7 7  2.7 

" a - P P h ,  = p-ntyryl PPh,. y-radiation gr;lfted o n  to  polypropylene (prepared iis 

i n  ref. 109). 
'g-atom/g-:itoni 
"H;itio of norm:il 1 0  hranched aldehyde5 

supported catalyst is more selective than its homogeneous counterpart'". The formation 
of large amounts of normal product depends on equilibrium 60 lying well to the left, which 
in turn depends on the phosphorus to ruthenium ratio and the degree of ligand mobility 
within the resin. Swelling drives equilibrium 60 to the right by pushing the phosphine 
groups further apart""'. The enhancement of normal to branched selectivity in supported 

[( O-PPh,),RuH,(olefin)(CO)] s @-PPh2  + [ (~-PPh, ) l iuH,(o le f in) (CO)]  

(60) 
catalysts in part arises from the different positions of the equilibria for the replacement of 
phosphine ligands by carbon monoxide in the metal coordination sphere in the two media. 
These different positions arise partly because the concentration of carbon monoxide 
within the polymer will probably be very different to that in the bulk solution. As would be 
expected from this, although supported catalysts normally have higher selectivities than 
their unsupported counterparts, this is not always so particularly at  low phosphorus 
loadings36 '. 

The considerable influence of the metal complex itself is'best illustrated with respect to 
Fischer-Tropsch synthesis of hydrocarbons from carbon monoxide-hydrogen mixtures. 
Thus ruthenium, osmium, and cobalt carbonyls supported on  metal oxides promote 
alkane formation, iron carbonyl promotes alkane and olefin formation and rhodium, 
iridium, and platinum carbonyls supported on metal oxides promote alcohol 
forma ti 

( i i )  Supports can have very major influences on the activity of the catalyst. Thus 
rhodium(1) hydrogenation catalysts supported on phosphinated poly(viny1 chloride) are 
fairly inactive3", whereas phosphinated polystyrene catalysts are more active53" and 
phosphinated silica catalysts even more active, particularly when the substrates are cyclic 
olefins"'. The greater activity of the silica-supported catalysts may be due to the 
rhodium(1) being largely located in accessible sites close to the surface. Certainly very 
active polystyrene supported catalysts can be obtained by supporting rhodium(1) on 
polystyrene with the aid of long alkyl chains that enable the supported rhodium(1) 
phosphine complexes to be freely available in solution2'. [Pd(PhCN),CI,] is 100 times 
more active as an olefin isomerization catalyst when supported on silica than in the 
unsupported form, indicating a specific role for the When palladium(0) 
complexes are supported on  phosphinated silica gel or  polystyrene, not only are they 
active in promoting the replacement of allylic acetate groups by other nucleophiles 

3 3 7 . 3  3 9.3 6 3 - 3 7 9 
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(reactions 61 and 62) but, because of'steric steering' by the support, they may have greater 
selectivity than their homogeneous analogues382. Additionally, the supported catalysts 
can be stored for up to 2 months in air without loss of activity, in contrast to [Pd(PPh,),], 
which rapidly decomposes in air. 

( i )Pdocat . in thf  

(i1)6~/0 Na-Hg 
W O A c  + No+ -CH(S02Ph)COOMe 

COOMe 

COOMe v + 

[ Pd ( P P h3) 1 : 69 31 

Pd'on phosphinated polystyrene: 80 2 0  

COOMe 
I 

COOMe F O O M e  
I 

Pd'on phosphinated polystyrene : 100 : 0 

Pd'on phosphinoted silica gel : 100 0 

In organic polymers it is possible to vary the degree of cross-linking, which can in turn 
have a profound influence on the reaction. For example, large beads (74-149 pn  diameter) 
of 2% cross-linked phosphinated polystyrene exchanged with [Rh(PPh,),CI] are only 0.06 
times as active as the corresponding homogeneous hydrogenation c a t a l y ~ t ~ ~ . ~ ~ ' .  In 
contrast, smaller beads (37-74 pm diameter) of lower (1%) cross-linking are 0.8 times as 
active as the homogeneous catalyst, a 1300% improvement383. The promotion ofvery high 
activity is not always the best contribution that a support can make. For example, a 
polymeric support may be valuable in promoting high selectivity owing to the need for the 
substrate to  diffuse within the support up to  the active site. Within a polymer it is possible 
to increase the degree of cross-linking and so inhibit the migration of more bulky 
substrates. Thus the rates of hydrogenation of a series of olefins in benzene using 100-200 
mesh 2% cross-linked phosphinated polystyrene carrying [Rh(@ -PPh,), (PPh,), -"CI] 
decrease in the order hex-1-ene >> cyclohexene >> cyclooctene > cyclododecene >> A2- 
c h ~ l e s t e n e ~ ~ ~ ~ ~ ' ' .  

Polymeric supports sometimes undergo structural changes on heating or as a result of 
chemical reactions. These can lead to abrupt changes in catalytic reaction rate385 or even 
complete deactivation of the ~ a t a l y s t " ' ~ ~ ~ ~ .  Such changes are sometimes, but not always, 
reversible. 

In methanol carbonylation, [Rh(PPh,),CI], [Rh(cod)CI],, and [Rh(cod)(OMe)], 
supported on y-alumina all had a similar activity and gave a selectivity of ca. 50% with 
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respect to acetic acid formation, owing to dimethyl ether being formed as a by-product. 
[Rh(PPh,),(CO)CI] on y-alumina had a similar activity but a selectivity for acetic acid 
formation approaching 99;/03*’. 

Many enzymes use the area around the active catalytic site to select and align the 
substrate and so achieve their remarkable powers of discrimination between substrates as 
well as their high regio- and stereo-selectivitiesz5. Some attempts have been made to use 
supports in this way. For example, the introduction of an asymmetric alcoholic functional 
group adjacent to a rhodium(1)-diop catalytic site results in the optical yield in the 
asymmetric hydrogenation of a-acetamidoacrylic acid being dependent on the chirality of 
the alcoholic group (see Section V.D.3)360. Equilibration of [Kh(PPh,),CI] with an 
optically active cellulose phosphinated with achiral Ph,PCI yielded a catalyst that gave up 
to 28% enantiomeric excess in the reduction of N-a-phthalimidoacrylate to methyl N -  
phthaloyl-D-alaninate3**. Thus the support can induce asymmetry in a catalyst where the 
catalytic metal centre is itself achiral. A similar result has been obtained in a system that is 
rather closer to nature. This involves an achiral rhodium(1) biotin complex bound within 
the chiral cavity of the enzyme avidin (reactions 63 and 64). The chiral cavity of the enzyme 
induces asymmetry in the catalysis with the result that an enantiomeric excess of about 
40% can be obtained in the hydrogenation of a-acetamidoacrylic acid389. 

enzyme with achiral hornogenews 
chiral cavity ((0 catalyst 

L 

(64) 

Copper and nickel complexes of polystyrene functionalized with -CH,-L-Cys- 
(CH,CH,NH,)OH and -CH,-L-Cys(CH,COOH)OH catalyse the hydrolysis of the 
methyl esters of L-phenylalanine and L-histidine more rapidly than the D- 
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e n a n t i ~ m e r s ~ ’ ~ .  This enables a facile enantiomeric enrichment to be carried out using the 
enantioselectivity of the ester hydrolysis reaction. 

When metal oxide supports are used, residual hydroxyl groups markedly influence the 
activity of a supported catalyst. Thus the hydroformylation activity of I I ‘ ( I I I S -  

[RhCI(CO){ Ph,PCH,CH,Si(OEt,),}2] bound to y-alumina is increased dramatically 
when triphenylphosphine is added”’. This is believed to be due to triphenylphosphine 
blocking the deactivating Lewis acid sites on the y-alumina. We have already noted 
(Section 1I.B) methods for removing or capping surface polar groups. I t  is sometimes 
possible when using mixtures of reactants to promote the activity of one relative to the 
others by using supports of different polarity, since a change in polarity can induce a 
change in the relative reactivities of the substrates. Thus in the Fischer-Tropsch reaction 
of hydrogen with carbon monoxide, [Fe,(CO), ,] supported on NaY faujasite promotes 
the formation of hydrocarbons up to C ,  ,, whereas on silica gel or alumina only short- 
chain hydrocarbons up to C, are formed363. 

Supports which carry charged groups can have a profound influence on the catalytic 
ability of a supported metal complex. Thus copper(l1) supported on poly-L-histidine 
promotes the oxidation of negatively charged and neutral organic substrates, but inhibits 
the oxidation of positively charged  substrate^^^^.^^^. 

B. Activity and Selectivity of Supported Catalysts 

The activity and selectivity of a supported metal complex catalyst depend very much on 
the reaction conditions. As with any catalyst there are usually optimal reaction conditions 
which can only be determined empirically by varying such factors as the reaction 
temperature, the concentrations of the reactants, and the pressures of any gases. A 
particularly important variable is the solvent. Coordinating solvents, for example, often 
take part in the intimate mechanism of the reaction by being coordinated to and displaced 
from the active site during the catalytic cycle. A second way in which solvents can influence 
reactions is through their ability to swell the support. Non-polar polymeric supports such 
as polystyrene are swollen by non-polar solvents such as benzene, whereas polar supports 
such as silicates, including hectorite and montmorillonite, are swollen by polar solvents 
such as water or alcohols. The third way in which solvents can influence reactions is 
through their polarity, which can be used to control the polarity gradient between the bulk 
solvent and the local environment of the catalytic centre. Thus, by suitably adjusting the 
solvent polarity, it is possible to either enhance or inhibit substrate migration into the 
support up to the active site. These three solvent effects can often influence reactions in 
mutually conflicting ways, so that many catalytic reactions are very sensitive to  the nature 
of the solvent. A good illustration of the complexity of solvent effects is the influence of 
solvent on the hydrogenation of a series of olefins by Wilkinson’s catalyst supported on - 
phosphinated polystyrene, CH2PPh2 discussed in Section 1I.A (Figure I ) .  

Although many supported catalysts are less active than their homogeneous analogues, 
there are an increasing number ofcases where the reverse is true. Some of these depend for 
their high activity on the role of the support in depressing a deactivation mechanism and 
we have considered one case of this, deactivation through dimerization, in Section I.B.5. 
Others depend on the influence of the support in modifying the metal-ligand equilibria 
present. Thus, polystyrene-bound [( @-PPh,),lr(CO)CI] is more active as a hydrogen- 
ation catalyst for 4-vinylcyclohexene than its homogeneous counterpart because equilib- 
rium 65 lies further to the right for the polymeric phosphine than for monomeric 
triphenylphosphine owing to steric constraints within the polymer that retard the reverse 
reaction3y4. Similarly, palladium(I1)-phosphine complexes are more active hydrogen- 
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ation catalysts when supported than in homogeneous solution because of having fewer 
than two phosphine ligands per palladium in the supported case395. Platinum(0)- 
phosphine complexes are 22 times as active as hydrosilylation catalysts when supported 
owing to equilibrium 66 lying further to the right as a consequence of the rigidity of the 
support396. 

[( @-PPh,),Ir(CO)(olefn)Cl] e [( @-PPh,)Ir(CO)(olefin)CI] + @-PPh, (65) 

The value of supports in promoting the formation of coordinatively unsaturated species 
in environments in which they are not immediately susceptible to dimerization and 
hence deactivation is illustrated by the fact that whereas [FeCp(CO),H] rapidly loses 
hydrogen in solution to form dinuclear [Cp(CO),FeFe(CO),Cp], [( @ - 
C,H,CH2C5H4)Fe(CO),H] bound to polystyrene is stable for months at room tempera- 
t ~ r e ” ~ .  Similarly, when cobalt(I1) tetraphenylporphyrin is exposed to 1 -methylimidazole 
a six-coordinate complex is formed in which the solvent occupies the sixth position 
(reaction 67); such complexes do not bond to oxygen, whereas the corresponding five- 
coordinate complexes, which can be formed using polystyrene-bonded imidazole, readily 
form oxygen complexes on exposure to air (reaction 68)397. 

S 
I 

Me 

(68) 

The selectivity398 of supported catalysts can often be promoted by increasing the 
loading of catalytic centres on a support53, because the polymer surrounding a catalytic 
centre imposes adiffusional barrier between the bulk solution and the active site. The more 
active the polymer bead the greater will be its demand on the bulk solution to supply 
substrate, which will result in an enhancement of the differences in the diffusion rates of the 
substrates. However, this effect will not apply in the case of reactions involving a free 
radical mechanism. Thus, when 2,6-dimethylphenol is oxidized in the presence of 
supported Schiff base complexes (reaction 69), the ratio of 3,3’, 5,s‘-tetramethyl- 
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diphenylquinone (dpq) to 2,6-dimethyl-l, 4-benzoquinone (dmbq) is enhanced when the 
catalyst is supportedI6*. Low concentrations of cobalt in the polymer increase the 

M+ o~ - - 0 
O f 0  0 (69) 

o x , c a t .  

- - - HO 

Me Me Me Me 

probability of two radicals combining to form dpq, whereas at higher cobalt con- 
centrations on the support, and in solution, the probability of organic radical encounters 
with cobalt(I1) is increased and more dmbq is formed. Thus, although free radical reactions 
normally have the disadvantage of yielding a variety of products, supporting the catalysts 
offers considerable potential for altering the selectivity. 

C. Loss of Metal Complex 

The loss of metal complexes from metal complex catalysts represents a major barrier to 
their application. Metal complex loss can arise from (i) decomposition to metal oxide, 
( i i )  decomposition to the free metal, or ( i i i )  leaching. 

Decomposition to form the free metal is not always a disadvantage; indeed, a number of 
useful, very active catalysts have been prepared by supporting palladium and platinum 
complexes on a range of supports and then reducing the complexes to the free metals. The 
resulting very finely dispersed palladium and platinum systems are very active olefin 
hydrogenation and oxidative dehydrogenation ~ a t a l y s t s ~ ~ ~ ~ ~ ~ ~ ~ ~ .  

Leaching of metal complexes off their supports is generally regarded as the greatest 
barrier to the widespread adoption of supported metal complex catalysts. This is 
particularly true where they are required for continuous, as opposed to batch, processes. 
Any supported metal complex catalyst is liable to suffer leaching in the presence of good 
donor solvents or reaction products, but it is obviously a particular problem where 
metal-ligand bond cleavage forms an intimate part of the reaction mechanism, as it does 
in rhodium(1)-phosphine complex-catalysed olefin hydrogenation and hydroformyl- 
ation401,402. Leaching can be reduced by (i) using microporous resins which have been 
functionalized throughout, rather than macroreticular beads functionalized on the 
surface, (ii) increasing the number of donor groups on the functionalized support, 
(iii) increasing the number of functional groups per metal atom, (iv) avoiding the use of 
coordinating solvents, (v) using chelating functional groups, or (vi) ensuring the absence of 
oxygen in any reactions involving phosphine functionalized supports since these are 
readily oxidized to phosphine oxides which are generally poor ligands for metal ions that 
coordinate strongly to phosphines. 

Not all of these possibilities are always practicable since their use may have important 
side effects which may be either advantageous or disadvantageous. For example, in the 
hydroformylation of olefins using supported rhodium(1)-phosphine complexes, increas- 
ing the number of phosphine groups per metal ion not only decreases the leaching but 
also enhances the selectivity as determined by the ratio of normal to branched 
aldehydes' 5.22*403.  By contrast, the replacement of unidentate phosphines by bidentate 

PPhCH2CH2PPh2 reduces the ratio of normal to branched aldehyde @a- 
products and increases the amount of double-bond isomerization, neither of which is 
hesirable4O4. 

The influence of reaction temperature on leaching can sometimes be unexpected. Thus, 
in olefin hydroformylation in the presence of supported rhodium(1)-phosphine complexes, 
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leaching becomes increasingly important as the temperature decreases. This occurs 
because the relative equilibrium constants for rhodium-carbon monoxide and rhodium- 
phosphine coordination progressively favour rhodium-phosphine bonding as the 
temperature increases405. 

An interesting example of metal loss from a supported catalyst arises in the use of 
supported rhodium complexes in which tetrachlorobenzenedithiol promoters are also 
incorporated. When these catalysts are used to promote the carbonylation of methanol to 
acetic acid, oxidative addition of the tetrachlorobenzenedithiol to an adjacent rhodium 
complex results in the formation of a soluble rhodium mercaptide complex with 
consequent loss of rhodium (reaction 70)'*'. 

' X  

oxidative 
addition 

CO insertion 

\kh-S 

~ ~ = O  

C H S O O H  b 

*c, 

SRhL, 

+ H S  *cl 

SR hL, 

D. Examples of the Application of Supported Metal Complex Catalysts 

reactions, including the following: 
Supported metal complexes have been used to promote a very wide range of chemical 

Hydrogenation and dehydrogenation 
Reduction of inorganic molecules 
Hydrosilylation 
Hydroformylation 
Methanol carbonylation 
Fischer-Tropsch syntheses 
Water gas shift reaction 
Alkoxycarbonylation of olefins 
Carbonylation of azides and nitro compounds 
Dimerization, oligomerization, and polymerization of olefins, dienes, and acetylenes 
Olefin disproportionation or metathesis 
Olefin isomerization 
Oxidation 
Hydrolysis 
Grignard cross-coupling 
Michael reaction 
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In this section, no attempt is made to cover all of these reactions. Instead, a few well studied 
reactions that exemplify the strengths and weaknesses of supported catalysts are 
considered. For a recent comprehensive account of the application of supported catalysts, 
readers should consult ref. 16. 

1. Cyclopentadienyltitanium-catalysed olefin hydrogenation 

Although titanocene is an active olefin hydrogenation i t  is readily 
deactivated through the formation of an inactive dimeric compound407. By supporting 
[TiCp,CI,] on a polymeric support and reducing this with butyllithium, a catalyst that is 
20 times more active is formed30.42.193.408.409. The enhanced activity arises because 
attachment of the titanium to relatively rigid supports such as styrene-20x div- 
inylbenzene prevents dimerization. In addition to their greater activity, the supported 
catalysts are more selective towards substrates of different degrees of bulkiness owing to 
the dispersion of the titanium complexes throughout the support410. The supported 
titanium catalyst can be prepared by reaction 71, although the route shown in reaction 72 
is much preferred18', for three reasons: 

(i) it eliminates the possible presence of any potentially reactive benzyl groups; 
(ii) i t  avoids the use of carcinogenic chloromethyl methyl ether; 
(iii) the products of reaction 72 are between 1.25 and 6 times more reactive than those of 

reaction 71. 

I 
CH&I 

ii 

I 

6 Li+ 
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Supporting [TiCp,CI,] on silica using reaction 73 yields a product that has enhanced 
activity for terminal olefin hydrogenation relative to its homogeneous analogue, but has 
no enhanced activity for internal olefin hydrogenation unlike the polystyrene-supported 
complexes4' ' .  Clearly, the silica surface plays an important role in the internal olefin 
inhibition but i t  is not known exactly how it  promotes this selectivity. 

N a+ 

t Silica 

2. Rhodium(/)-phosphine-catalysed olefin hydrogenation 

Since 1.75% of all the papers currently being recorded in Chemical Abstracts include the 
use of Wilkinson's catalyst [Rh(PPh3)3C1]41', i t  is not surprising that its application in 
supported form has been extensively investigated. In the course of any catalysis the 
complex loses a triphenylphosphine ligand40'.402.4' ', and in Section V.C we referred to 
the implications of this for rhodium loss. An interesting development of this has been the 
use of [Rh(PPh,),CI] in conjunction with the silver salt of sulphonated polystyrene which 
enhances the homogeneous catalyst's activity by facilitating the removal of a triphenyl- 
phosphine ligand from the r h o d i ~ m ~ " . ~ ' ~ .  

Wilkinson's catalyst has been supported on a wide range of materials, including both 
soluble and insoluble p o l y ~ t y r e n e ~ ~ . ~ ' . ~ ~ ,  aromatic polyamides4' ', phosphinated poly- 
diacetylenes416, phosphinated poly(viny1 chloride), which is fairly inactive' 19,380, and 
silica, which tends to result in high activity owing to the predominant location ofrhodium 
on the ~ ~ r f a c e ~ ' ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ' ~ .  The importance of the support is well illustrated by the 
activity of materials formed by supporting [Rh(nbd)CI], on phosphinated polydiacet- 
ylene, phosphinated silica, and phosphinated polystyrene. The first two actively promote 
the reduction of arenes to cyclohexane derivatives, whereas that supported on polystyrene 
does not. This is believed to be due to the great ability of the more rigid polydiacetylene 
and silica to stabilize coordinatively unsaturated rhodium(1) as compared with the more 
flexible polystyrene4". The crucial importance of the detailed structure of the support on 
the activity of a supported catalyst is beautifully illustrated by the abrupt change in the 
ethylene hydrogenation activity of [Rh(PPh,),CI] supported on a ternary copolymer of 
styrene, divinylbenzene, and p-styryldiphenylphosphine at 68 0C385. This arises from a 
change in the structure of the polymer at its glass transition temperature. In this particular 
instance the change is reversible, but not all such structural changes are reversible and 
many lead to catalyst deactivation386. 

The activity of supported rhodium(1) hydrogenation catalysts depends on the number 
and accessibility of the active sites. Fine beads of lightly cross-linked polystyrene give more 
active catalysts than larger bcads of more highly cross-linked materia1s3a,383.420. , indeed, ' 

rhodium(1) complexes supported on completely uncross-linked polystyrene are more 
active and more stable than their homogeneous analogues42. This is almost certainly due 
to the role of the support in inhibiting dimerization as a deactivation m e c h a n i ~ m ' ~ . ~ ~ ~ ,  
although this has been questioned4". Dimerization as the cause of deactivation probably 
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accounts for the increasing rate of deactivation with increasing chain length, 17, of 
rhodium(1) supported on silica functionalized with -Si(CH,),PPh2422. 

The ratio of phosphorus to rhodium in the catalyst has a major influence on activity. 
Ideally it should be less than 3: 1 in order to promote coordinative unsaturation, but 
dimerization and even reduction to metallic rhodium may occur if insufficient phosphine 
groups are p r e ~ e n t ~ * ~ . ~ ~ ~ .  The optimum P to Rh ratio depends on the exact nature of the 
solvent, more powerful coordinating solvents giving higher optimum P to R h  ratios as a 
consequence of solvent-phosphine competition424. We have already referred to the 
profound effect that solvents can exert on the catalytic ability of supported complexes as a 
consequence of their polarity in Section I1.A (especially Figure I ) .  

The activity of phosphine-supported rhodium(1) catalysts is very sensitive to the 
presence of oxygen since phosphines bound through aliphatic carbon atoms with and 
without intermediate aryl groups, that is both -CH,PPh, and -CH,C,H,(PPh,)-p, 
are very sensitive to oxidation to yield phosphorus(V) species which do not coordinate to 
r h o d i ~ r n ( l ) ~ ~ . ~ ~ ~ .  Rhodium(1) complexes, both supported and unsupported, are sensitive 
to poisoning by thiols, although n-butanethiol enhances the thermal stability of silica- 
supported [( {Si}-OCH2CH2PPh2),RhCl], albeit for reasons that are far from clear, 
although its activity is reduced"'-". 

The selectivity of supported catalysts can be promoted by (i) the use of porous polymer 
supports, as discussed in Section ILA, ( i i )  altering the solvent, or ( i i i )  altering the catalyst 
loading. 

The influence of solvent can be very complex and can depend on the substrate 
concentration. Thus, in the hydrogenation of hex- I-ene and cyclohexene in the presence of 
Wilkinson's catalyst supported on 1 and 4% cross-linked polystyrene, a change of solvent 
from benzene to 1: I benzene-ethanol leads to a significant enhancement of the rate of 
hydrogenation at low substrate concentrations, but little change in rate at high substrate 
 concentration^^^.^^^. At very high cyclohexene concentrations the rate decreases as 
benzene is replaced with ethanol. These apparently conflicting observations result from an 
increase in the substrate concentration within the resin when the solvent polarity is 
increased, coupled with the reduced swelling ability of ethanol compared with benzene. 
These effects, however, are significant only when the substrate concentration is low and 
hence rate limiting. Clearly the optimum solvent is one of good swelling ability and high 
polarity, such as tetrahydrofuran, which enhances the rate of hydrogenation of the 
sterically demanding cyclohexene when i t  is used instead of b e n ~ e n e ~ ~ ' . ~ ~ ~ .  

The influence of catalyst loading on selectivity is well illustrated by the results in  
Table q S 3 .  Higher loadings result in higher selectivities because the polymer surrounding 
the catalyst imposes a diffusion barrier between the bulk solution and the catalytic centre. 
The resulting concentration gradient across this diffusion barrier will be greatest for the 
most activecatalyst. When comparing olefins ofdifferent bulk, the bulkiest should give rise 
to the greatest concentration gradient in the polymer. Consequently, the most active 
catalyst system will place the greatest demand on the bulk solution to supply substrate 
which will further enhance the differences in the diffusion rates of the two olefins. 

Cationic rhodium(1) complexes have been anchored onto polystyrene by long 
alkyl chains in an attempt to suspend the rhodium(1) sites well away from the 

support in the bulk solutionz0. When the resulting catalysts, [Rh{ 

NHCO(CH,),,PPh,},(nbd)]+BF,-, were used to hydrogenate oct-I-ene in acetone it 
was found2' that: 

(i) the rate of hydrogenation was comparable or superior to that with the corresponding 

(ii) the presence of excess of free phosphine groups on the support was detrimental, 

P cm- 
homogeneous catalyst based on PMePh, under comparable conditions; 
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TABLE 4. RelativeratesofreductionofoleSns incompetition with cyclohexene in 

the presence of [(@ PPh,)Rh(PPh,),CI] in toluene (from ref. 53) 

1203 

Olefin 
Relative hydrogenation rates on beads with 

high Rh' loading low Rh' loading 

1.75 0.03 

I .OO i 0.05 

0.805 f 0.05 

0.43 f 0.08 

~~ 

1.80 * 0. I 

I .OO _t 0.04 

0.97 f 0.06 

0.64 f 0.05 

0.35 f 0.02 0.08 _+ 0.003 

presumably because these were sufficiently free to coodinate to the rhodium(l), so 
preventing olefin access; 

(iii) the supported catalyst normally remained light orange throughout the cycle but if 
excess of rhodium(1) was present or perchloric acid was added then rhodium metal 
was formed during the hydrogenation; 

(iv) the decrease in hydrogenation rate due to isomerization of oct-I-ene to oct-2-ene was 
less for the supported than for the homogeneous catalyst containing PMePh,. 

3. Cob8lt- and rhodium-ceta/ysed hydroformylation 

Hydroformylation of olefins (see Chapter 8 in Volume 3) results in the addition of H to 
one end and CHO to the other end of the double bond. In the case of terminal olefins either 
terminal (normal) aldehydes or internal (branched) aldehydes are formed, depending on 
the direction of addition. In the case of cobalt catalysts these aldehydes are frequently 
further reduced to alcohols, especially if tertiary phosphine ligands are present. The 
terminal (normal) products are of considerably greater commercial value than the 
branched products, so that interest in the use of supported hydroformylation catalysts has 
particularly centred on their ability to promote a high normal to branched ratio of 
products. 

Although early work on the use ofpoly-2-vinylpyridine as a support for cobalt carbonyl 
was directed against the ease of separation of the catalyst a t  the end of the r e a ~ t i o n ' ~ ' . ' ~ ~ ,  
more recent work by the present author has shown that the use of poly-4-vinylpyridine 
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grafted on to a polypropylene support can enhance the normal to branched selectivity of 
the cobalt carbonyl catalyst by a factor of 2.541. The importance of the detailed nature of 
the support in emphasized by the fact that cobalt carbonyl supported on phosphinated 
polystyrene gives a comparable normal to branched selectivity to its homogeneous 
counterpart below 155 "C and a 2-fold lower selectivity above 155 

Rhodium(1)-phosphine homogeneous hydroformylation catalysts are not only more 
active under milder conditions than their cobalt analogues, but also give much greater 
normal to branched selectivities. Several groups of workers have prepared supported 
rhodium(1) hydroformylation catalysts that are considerably more selective than their 
homogeneous analogues. We have already described our own system that shows this 
greatly enhanced selectivity in Section V.A (especially Table 3)22. That work and other 
workers' results show well the importance of the m a t r i ~ ~ ~ * ~ ~ ~ . ~ ~ ~ ,  and also the importance 
of increasing the phosphorus to rhodium ratio in order to enhance the normal to branched 
selectivity'5*22*362.403-427-430. As far as we are aware only one exception to the latter effect 
is known, viz. the hydroformylation of methyl methacrylate, where the reverse is 
observed43 . 

The presence of bisphosphinerhodium(1) species promotes the formation of normal 
products more than monophosphinerhodium(1) species owing to steric crowding in the 
former. As a result, the higher the phosphine to rhodium concentration the greater is the 
proportion of normal product. However, polymer-bound phosphine groups are not freely 
mobile and thus the ability to promote bisphosphine complex formation depends on both 
the phosphorus to rhodium ratio (P:Rh) and the degree of phosphine loading 
(PL)363.4043429, as can be seen from Figure3. The normal to branched ratio was 
between 10 and 12.5 for the polymer with a phosphine loading of 40 (PL = percentage of 
the phenyl rings functionalized with -PPh2) and P:Rh = 19. At low PL and low P R h  the 
ratio fell to between 4.4 and 3.6, whereas intermediate PL and P R h  gave intermediate 
normal to branched selectivities362. 
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FIGURE 3. Effect of phosphorus to 
rhodium ratio (P:Rh) and degree or phos- 
phorus loading (PL) on the ratio of normal to 
branched products in the hydroformylation of 
pent-I-ene using I :  I H,-CO at 6 aim pressure 
(reproduced with permission from ref. 362) 
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M~II IY supported hydroformylation catalysts have comparable activities to those of 
their homogeneous analogues, provided that the comparisons are made at 60 "C or above. 
At  lower temperature their activities are limited by the rates of diffusion of the reactants 
within thesupport'14.253.432.433. Thus,at4O0C and 17 atm [(@-PPh2)RhH(C0)(PPh3)], 
where@ = polystyrene-lx -divinylbenzene, was 0.22 times as active as its homogeneous 
counterpart in pent-I-ene hydroformylation, whereas at 60 "C and 53atm it was I .08 times 
more active than its homogeneous analogue' 14.433.  

Supported catalysts sometimes show a decreasing normal to branched selectivity as the 
hydroformylation proceeds. There may be two causes for this. Firstly, many rhodium(1) 
catalysts promote olefin isomerization, leading to a build-up of internal olefins which are 
hydroformylated more slowly than terminal olefins, but which inevitably lead to 
branched products. Secondly, many commercial sources of hydrogen-carbon monoxide 
mixtures contain traces of oxygen which, if not removed, oxidize the phosphine groups to 
non-coordinating phosphorus(V) groups, so leading to a steady decrease in the 
phosphorus to rhodium ratio during the reaction. 

We have already referred in Section V.C to the problem of leaching and noted in 
Section 1V.A that there are significant advantages in ensuring that no free ligand remains 
in the support by displacing volatile ligands such as carbon monoxide. In homogeneous 
catalyses the presence of a bidentate a, w-bis(dipheny1phosphino)alkane markedly im- 
proves the stability of the homogeneous rhodium(1) catalyst and decreases the accom- 
panying olefin i ~ o m e r i z a t i o n ~ ~ ~ - ~ ~ ~ .  Supported monodentate phosphines may well 
behave in a similar manner owing to the multidentate nature of the resulting material. 
Supported bidentate phosphine complexes such as polystyrene-bound [Rh(@ - 
PPhCH,CH,PPh,)H(CO)(PPh,)l give higher normal to branched selectivity than their 
homogeneous counterparts437; no rhodium leaching could be detected although isomeriz- 
ation is a problem362. 

4. Asymmetric hydrogenation and hydroformylation catalysts 

The increasesing demand for optically pure chiral compounds in recent years has been 
boosted by the recognition that only one optical isomer of a chiral drug is usually active, 
and that the 'inactive' isomer can in some instances be positively harmful. Supported 
asymmetric catalysts can be subdivided into two groups: ( i )  catalysts supported on chiral 
supports such as cellulose38B,  polypeptide^^^'.^^^, and chiral stereoregular polymers4'; 
and ( i i )  catalysts in which a chiral complex 
support38.1 2 5 . 1  26.1 3 7 . 1 3 8 . 2 0 9 . 2 1 0 . 2 3 l . 2 5 1 . 3 6 0 . 4 4 1 - 4 4 8  

is supported on an achiral 
. .  

Most of the examples where chiral supports have been used involve supported metals 
rather than supported complexes. However, RuCI, supported on poly(L-methylenimine) 
has been used to hydrogenate methyl acetoacetate and mesityl oxide in low ( < 6%) optical 
yield438.439 and [Rh(PPh,),CI] supported on phosphinated cellulose catalysed the 
hydrogenation of the a-phthalimidoacrylic acid derivative of alanine in 28% optical 
yield3". Enzymes often have asymmetric sites. I f  an achiral catalyst could be immobilized 
in such a site the enzyme's chirality might effect a chiral catalytic reaction. This has now 
been achieved by binding an achiral biotin rhodium(]) complex into the chiral cavity of 
avidin to form a supported catalyst that hydrogenates a-acetamidoacrylic acid at 0 "C 
under I .5 atmosphercs of hydrogen in 34-41x, enantiomeric excess.389 (see also Section 
V.A, especially reactions 63 and 64). 

The first attempts to support rhodium(1)-diop asymmetric complexes were unsuccessful 
in promoting asymmetric hydrogenation of useful organic substrates because polystyrene 
was used as the support3'. Polystyrene shrinks rather than swells in the polar solvents that 
have to be used for substrates such as acylamidoacrylic acids; even with substrates that are 
soluble in benzene these catalysts gave lower optical yields than their homogeneous 
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counterparts'*. Copolymerization of functionalized styrene with hydroxyethyl methacry- 
late (reaction 74) yielded a polymer that was swollen by alcohols and which catalysed the 
asymmetric hydrogenation of a-N-acylaminoacrylic acid in ethanol in the same optical 
yield and absolute configuration as its homogeneous counterpart, albeit at a slower 
rate441*442. When an optically active functional group was introduced on to the polymeric 
support adjacent to the rhodium(1)-diop centre (reaction 7 9 ,  it was found that in a protic 

HO--C -CH20tos 

I 
I 

HO-Cn*otInICH#tOS 

H 

I %  aibn, PPh2 PPh2 
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solvent such as benzene-ethanol the optical yield was independent of the absolute 
configuration of the copolymer alcohol group. However, in a non-protic solvent the 
absolute configuration of the alcohol did affect the optical yield; for example, in thf a 40% 
optical yield was obtained in the hydrogenation of a-N-acylaminoacrylic acid when the 
copolymer alcohol was in the R-configuration, whereas this was reduced to 25% when the 
S-configuration alcohol was present360. 

An investigation of the influence of the molecular weight of non-cross-linked 
polystyrenes on the ability of rhodium(1)-diop complexes to promote asymmetric 
hydrogenation showed that optical selectivity decreases as the molecular weight decreases, 
owing to the tendency of low molecular weight polymers to coil up and so depress the 
effective asymmetric i n t e r a ~ t i o n ~ ~ ~ - ~ ~ ’ .  Thus a relatively rigid support such as silica gel is 
best, and indeed gives comparable asymmetric efficiency at an order of magnitude less 
activity than the homogeneous equivalentz3’. This explanation could be simplistic, 
however, since when graphite is used as the support the absolute configurations of the 
products of the graphite-supported catalyses are exactly the opposite of those obtained 
using the homogeneous counterpartZS ’, although the presence of surface phenolic groups 
on the graphite may be the cause of the reversal of configuration. 

Polymer-supported chiral pyrrolidinephosphine ligands, 4a and 4b, have been used to 
support neutral 5, or cationic, 6, rhodium(1) complexes (reaction 76)z09.2’0. Compound 5 
in benzene catalysed the asymmetric hydrogenation of ketopantolactone to (R) - (  - )- 
pantolactone (reaction 77) with optical yields of 73.4% (L = 4a) and 75.7% (L = 4b)Z10. 

CHZPPh 

( 4 o ) R = M e , m / n = l / 4  

( 4  b) R = Bu’, m/n =l /4  

[Rh(cod)CI], 

+ HCIO* 

[ RhL (cod) 3 ‘ C  10, 
( 6 )  ( L = 4 0 , 4 b )  ( S ) ( L = 4 0 , 4 b )  

RhL(cod)CI 
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The cationic supported complex, 6, was more effective than the neutral supported 
complex, 5, in the asymmetric hydrogenation of itaconic acid to methylsuccinic acid and 
(Z)-a-acetamidocinnamic acid; 6 was as effective as its homogeneous analogue under 
optimum conditions although those optimum conditions needed more careful control 
with the supported than with the unsupported catalystzo9. 

@a- When rhodium was supported on P ~(menthyl), and @o- 
CH,P(menthyl), (8 = polystyrene) optical yields as high as 58% were achieved in the 
hydrogenation of (2)-a-acetamidocinnamic acid, although the activities of these sup- 
ported catalysts were low. The optical activity of the product was heavily dependent on the 
solvent, varying from 58% enantiomeric excess in I :1 benzene-ethanol, through 14% in 
dioxane to only 8% in thf. If oxygen was accidentally introduced during recycling, the 
activity and optical yield decreased 2 6 .  Only one asymmetric catalysis has 
been reported using an asymmetric rhodium(1) complex, [Rh(cod){(R)-( + )- 
PhCH,CH(NHAc)COOH}] + C l o d - ,  supported on the clay hectorite; this catalyses the 
asymmetric hydrogenation of (Z)-a-acetamidocinnamic 

Only limited success has so far been achieved in using supported rhodium(1)- or 
platinum(l1)-diop catalysts in asymmetric hydroformylations. The best optical yields 
have been between 25 and 30;/,49.' 26.428.448-452. 

5. Methanol carbonylation 

Attempts have been made to develop supported analogues of the homogeneous 
rhodium-catalysed carbonylation of methanol to acetic acid (Scheme 2)  developed by 
M ~ n s a n t o ~ ~ ~ .  Rhodium catalysts have been supported on p ~ l y s t y r e n e ~ ~ ~ . ~ ~ ~ ,  
polystyrene-poly(4-vinylpyridine) copolymer' '',  arbo on^^^*^^^-^^^, silica, alumina, mag- 
nesium oxide and type X zeolite molecular sieves387,454.459-463 . H owever, all these 
catalysts, although many have very high selectivities, have activities typically two orders of 
magnitude less than the homogeneous system454. Since the homogeneous rhodium 
catalyst can be recovered and recycled fairly easily, this is likely to be preferred 
commercially for some time to comed64. 

Thc rhodium methanol carbonylation catalyst requires a cocatalyst which in the 
homogeneous, and indeed several of the supported systems, is methyl iodide. However, 
this cannot readily be built on to the support and so an attempt has been made to develop a 
bifunctional catalyst be supporting the pseudo-alkyl halide 7 using reaction 78. On 
reaction with RhCI, and carbon monoxide, 7 forms 8, which with methyl iodide yields 9, 
which has methylthioether side groups that undergo oxidative addition to the rhodium(1) 
to yield 10. This system is an active methanol carbonylation catalyst, although much less 
active than its homogeneous counterpart466. On continuous use the activity decreases 
steadily owing to loss of both rhodium and sulphur through reaction 70, in which it is the 
@-CH,--S- sulphur, rather than the Me-S- sulphur, that has coordinated to the 
rhodium(]). Indeed, since @-CH,-S- has a weaker C-S bond than Me-S-, if it were 
not for steric effects reaction 70 would totally dominate reaction 79. 
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Me1 - -b 

(9) 

6. Sequential multi-step reactions 

A number of chemically desirable reactions involve the sequential conversion of one 
compound into an intermediate that is further converted into the final product. There 
would be obvious advantages if this could be done in a single vessel with a single catalyst 
rather than separating off the catalyst and purifying between stages. This concept has been 
developed in reactions using immobilized enzymes467 where, for example, glucose is 
converted first to glucose- 1-phosphate and subsequently to glucose-6-phosphate using 
polystyrene supporting both hexokinase and glucose-6-phosphate isomerase. 

Any attempt to introduce two catalytic centres on to a single support must necessarily 
introduce extra complications which will include the following: 

(i) the catalysts may interfere with each other by the ligands from one complex 
coordinating to the second complex; 

( i i )  either catalyst may be destroyed by products and by-products formed due to the 
presence of the other catalyst; 

(iii) extra side products may be formed by one catalyst promoting extra reactions of the 
products and by-products of the other; 

(iv) reactions must be chosen with care if the conditions such as temperature, pressure, 
and solvent are to be identical for both catalysts. 

In spite of these obvious difficulties, a number of sequential multi-step reactions have 
been examined to determine whether or not they are feasible' 15*468-474.  Several of these 
involve an initial oligomerization or cyclooligomerization of butadiene followed by 
further reaction of the product: 

(i) Cyclooligomerization-hydroformylation (reactions 80 and 81)383*46s-470. 

[(a -PPh,),RhH(CO)] 
(80) 

[( @-PPh2),N~(CO),] ond 

-' [(@-PPh2),RhH(CO)] 115 O C , C O , 2 4  h i  6 - GcHo (81) 
then 250 pal 

H 2 - l  C0,70 O C  Mojo' Major 
product product 
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(ii) Cyclooligomerization-hydrogenation (reactions 82 and 83)383.468-470 

PPh,),Ni(CO), 

[(qPPhz&RhCl lor . 
r( @- PPh2)2Ni(C0)2] and 

[( @-- PPh2I3RhCI ] 

-/ 

100 OC,24 h,then 50 OC, 

250 psi H,, 4 h 

25-29% 53-60% 1-12% 1 
( 1 1 )  (12) (13) , 

/ 

(iii) Oligomerization-hydroformylation (reaction 84)472. 

[( @-PPh,),NiBr,] + NoBHaand 

[( @-PPh,),RhH(CO)] 1 100 OC,24 h j then  6 5 - 7 0  OC 
500 psi H,+CO 

* - 
- -CHO + complex mixture o f  products 

(84) c a  50% 
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(iv) Oligomerization-acetoxylation-hydrogenation (reaction 85)473. 

-0Ac 

w 
[@- PPh,),PdCI,] and 

[@PPh,),RhCI ] 
with HOAc,E13N, 

100 "C,24 h; then 

350 psi H2 ,50  "C,4 h 

- 

1213 

(v)  Hydroformylation-aldol condensation-hydrogenation (reaction 86)474. 

CHO 
step 3 * 

Aldol 
/\/cHo condensotion, 

step 2 i + 

(86) 

Multi-step reactions can be carried out either by attaching the two metal complexes to  
the same polymer bead or to two separate beads. In general the latter is more effective 
because it allows the ligand to metal ratios and the nature of the ligands to be varied 
independently. Reaction 86 is interesting in that it involves a rhodium-catalysed 
hydroformylation followed by an amine-catalysed aldol condensation, the products of 
which are hydrogenated in the presence of the rhodium catalyst. Competition between the 
phosphine and the amine for the rhodium might be expected. However, the absence of 
alcohol formation in the hydroformylation step indicates that such competition does not 
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occur. Nevertheless, the presence of the amine groups within the same polymer bead does 
promote rhodium loss; it can be reduced by putting the rhodium on one set of beads and 
the amine on another, but when these two sets of beads are used the overall rate of the 
reaction is much reduced owing to two factors: firstly the extra diffusion barriers to be 
overcome when molecules have to diffuse into and out of three beads before reaction is 
complete, and secondly the amine groups increase the polarity within the polymer so 
enhancing the rate of the hydroformylation ~ t e p ~ ’ ~ .  

VI. SUMMARY AND FUTURE DEVELOPMENTS 

The work described in this chapter contains more than enough encouraging results to 
suggest that supported metal complex catalysts will have a valuable role to play in the 
future. It is also clear that the factors that lead to a successful active, specific, and selective 
supported catalyst are complex, and that merely supporting an effective homogeneous 
catalyst and trying to use it under the same conditions as when used homogeneously rarely 
lead to success. Great care needs to be taken in identifying the right ligands, which are 
often different to those in the equivalent homogeneous catalyst, and also the precise 
experimental conditions of solvent, concentrations, temperature, and pressure. The real 
future will lie in ensuring that the active metal centre and the support both take part in the 
catalytic reaction so that the supported catalyst is even more selective and specific than the 
equivalent homogeneous catalyst. In this way a new generation of man-made catalysts will 
arise that mimic the best of the metalloenzymes. 

Clearly, the major development that everyone working in the field is aiming for is the 
commercial application of supported metal complex catalysts in large-scale industrial 
chemical reactions. They have already been used in small-scale fine chemical applications. 
There are potentially two reasons for choosing a supported catalyst: ( i )  either it  has a high 
activity and long life, which means that it must suffer no deactivation by poisons or loss of 
metal complex due to leaching or degradation; or ( i i )  it gives rise to very high selectivity. 
The first property will require a thermally stable, mechanically durable support so that a 
great deal of further work is likely to concentrate on the use of inorganic supports of the 
type widely used in industry to support the classical heterogeneous catalysts. These 
inorganic supports will be functionalized with organic groups that give a flexible 
environment around the catalytic site. Inorganic supports that clearly merit further study 
include zeolites, clays, and glasses475. Their regular topological structure could be used for 
the entrapment of the catalyst and thus for the modification of its selectivity. 

The importance of high selectivity will lead to far more studies of the detailed three- 
dimensional nature of the active sites. Thus the support will not be merely an insoluble 
support but rather an essential contributor to the total three-dimensional structure of the 
active site. It will be important for the synthetic work to be backed up by physical 
characterization. In addition to the traditional spectroscopic techniques, the development 
of solid-state n.m.r. s p e c t r o s ~ o p y ~ ~ ~ - ~ ~ ~  (described in Chapter 21 of Volume 1) will 
undoubtedly provide a major tool for studying the structures of active sites. 
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Azides, 

use in synthesis, 481-487 

862 

949-953 

carbonylation of, 795 
reactions with trialkylboranes. 343 

Azidothallation, 488 
Aziridines, synthesis of, 907 
Azo compounds, reactions with Grignard 

reagents, 221 

Baeyer-Villiger oxidation, 60 1 
Barbier reaction, 162, 175-1 78, 185, 187. 

Beckmann rearrangement, 461-463,587,602 
Benzenes, 

200, 219 

functionally substituted, 59-66 
metallation of, 35-42, 59-66, I84 

Benzocyclobutanes, synthesis of, 168 
Benzoid aromatics, metallation of, 35 
Benzyl halides, reactions of, 

with Grignard reagents, 225 
with organoaluminiums, 450 

Benzylic alkali metal compounds, synthesis of, 

Benzylic functionalization, 973 
Benzylic Grignard reagents, 165, 167 
Benzynes, I70 
Bimetallic reagents, 437-439 
Biomimetic processes, 720-722 
Biophenyl, metallation of, 35 
Birch reduction, 653, 658. 705. 943 
Bis(arene)iron complexes, 632 
Bisdienylmagnesium complexes. 182 
(N,N)-Bissilylenamiiies, 603 
Bis(silyloxy)butadienes, 594 
Borane rearrangements and displacements, 

Boron elimination, 374, 375 
Boron enolates, 350. 353 
Boronic acids, 3 1 1 

synthesis of, 3 12-3 14 
Boronic esters, 

reduction of. 323 
synthesis of, 312-314, 331-333 

a-Boryl esters, 350 
Brook rearrangement, 544, 545, 607-609 
Butadienes, 

35-42 

328, 329 

reactions of, 561 

synthesis of, 568 
(R,R)-Butane-2,3-dioI boronates, 386, 387 
Butatrienes, synthesis of, 828 

Carbene complexes, 666 
Carbenes, synthesis of, 130 
Carboalumination, 

of alkenes, 415, 416 
of alkynes, 416-426 

Carbocations, transition metal-stabilized, 

Carbocyclization, 560 
Carbohydrates, synthesis of, 229 
Carbon-boron bonds, general routes to, 3 10, 

Carbon-carbon bond-cleavage reactions of 

Carbon-carbon bond formation, in reactions 

Carbon-carbon double bonds. addition of 

Carbon disulphide, reaction with Grignard 

Carbon-halogen bond formation, in reactions 

Carbon-hydrogen bond formation, in 

Carbon-nitrogen multiple bonds, addition of 

Carbon-oxygen bond-cleavage reactions of 

Carbon-oxygen bond formation, in reactions 

Carbon-sulphur bond-cleavage reactions of 

Carbon-sulphur bond formation, i n  reactions 

Carbonylation, 258. 259, 712, 713, 1165 

890-974 

31 1 

Grignard reagents, 172 

of organoalkali metals, 98-1 23 

Grignard reagents to, 216, 217 

reagents, 2 14 

of organoalkali metals, 129, 130 

reactions of organoalkali metals, 95-98 

Grignard reagents to, 217-220 

Grignard reagents, 172 

of organoalkali metals, 123, 124 

Grignard reagents, 172 

of organoalkali metals, 125 

metal-catalysed. 794-796. I 199, 
1029-1211 

Carbonyl compounds, 
hydrogenation of, 994- 1000. I01 9. 1020 
tr,P-unsaturated-see tu,P-Unsaturated 

carbonyl compounds 
u-Carbonyl-substituted alkalimetal 

compounds, 56 
Carboxamides. 703 
Carboxyalkylation, YO5 
Carboxylate salts, reactions with Grignard 

reagents. 2 I3 
Carboxylation, 194, 195, 258. 259 
Carboxylic acids. 

metallation of, 184 
reactions with organoaluminiums. 435. 436 
synthesis of, 122 ,  I23 

reagents. 212, 213 
Carboxylic amides. reactions with Grignard 



Subject Index 1341 

Carboxylic anhydrides, reactions with 

Carboxylic esters, 
reactions of, 

Grignard reagents, 209 

with Grignard reagents, 210-212 
with organoaluminiums, 436, 437, 446 

a,@-unsaturated-see a,@-Unsaturated 
carboxylic esters 

Catalysts, 
cluster, 1026 
dimetallic, 1026 
polymer-supported, 1023, 1024 
silica-functionalized. 1024, 1025 
zeolite-functionalized, 1024, 1025 

Catalyst supports, 
functionalization of, 1175-1 186 
inorganic, 1 I 7 5  
organic, 1171-1175 

Catalyst systems, water-soluble, 1025, 1026 
Cellulose. as catalyst support, 1205 
Chalcones, oxythallation of. 5 13-5 17 
Chiral compounds, 107-1 10, 382-387 
Chiral hydroformylation, 782, 783 
Chiral synthesis, using organoboranes. 

a-Chloroboronic esters, chiral. 382-387 
Chloromethylation. 1 177 
Chromium complexes, as catalysts, 1188, 

Chromium metal ions, in C-H bond 

Cinnamic acids, hydrogenation of, 1062 
Claisen rearrangement, 460. 461. 594 
Clays, as catalyst supports. 1 175, 12 14 
Cobalt complexes. 

as catalysts, 1051, 1053, 1168, 1169, 

381-397 

1190, 1191 

activation. I 147 

1186-1188, 1192, 1193. 1197, 
1203- 1205 

in C-H bond activation, 1087, I155 
Cobalt metal atoms. in  C-H bond activation, 

1144, 1145 
Cobalt metal ions. in C-H bond activation, 

1146-1 14x 
Collman's reagent. 677-680. 7 I 2  
Copper complexes, 

as catalysts, I 195, I I 9 6  
in C-H bond activation, 1082, 1087 

Copper metal atoms, in  C-H bond activation. 

Cross-coupling reactions, 
I145 

nickel complex-catalysed. 848-878 
of alkenylboranes, 373, 374 
of Grignard reagents. 162. 269-283, 

of organoalkali metals. 99-1 10. 859 
852-859. 868-872, X79. 880 

Crotylmetals. synthesis of, 45 
Cubanc isomerization, 747. 748 

Cyanation, 442 
Cyanides, synthesis of, 123 
Cyclization, 448 

palladium-catalysed. 922-924 
transannular, 5 1  1 

aluminium-promoted, 454-456 
i n  presence of iron carbonyls, 700, 701 
of silyl enol ethers, 589-594 
of vinylsilanes, 552 

Cycloadditions, 

Cycloalkanes, isomerization of, 740-749 
Cyclobutadienyl complexes, 697, 698 
Cyclobutanes, isomerization of, 744 
Cyclobutenediones, reactions with Grignard 

Cycloheptadienyliron complexes, 940, 

q5-Cycloheptatrienyliron carbonyl cations, 

Cyclohexadienes, 698, 699 
Cyclohexadienyliron complexes, 632, 

reagents, 209 

962-964 

655, 656 

647-655, 658, 663, 675. 676, 714-716, 
941-962, 964 

control of relative stereochemistry using, 
958-962 

Cyclohexadienylmanganese complexes, 

Cyclohexadienylmolybdenum complexes, 937 
Cyclohexanones, synthesis of, 653 
Cyclohexenes, hydrogenation of, 1066 
Cyclohex-2-enols, hydrogenation of, 1060 
Cyclohexenone y-cation equivalents, 943-955 
Cyclohexyllithiums, deuteriolysis of, 96 
Cyclometallation, 1090- 1 1 12 
Cycloocta-l,5-dienylmetal complexes, 934 
Cyclooctatetraenyliron tricarbonyl complexes, 

Cyclooctatetraenyllithium, synthesis of, 25 
Cyclooligomerization, metal-catalysed, 12 1 1 
Cyclooligomerization-hydrogenation, 

metal-catalysed, 12 12 
Cyclopalladation. 1104, 1105 
Cyclopentadienes, metallation of, 29, 42, 43 
Cyclopentadienyl (alkene) iron complexes, 

Cyclopentadienyl(arene)iron complexes 

Cyclopentadienyliron complexes, 634-64 1, 

968-970 

713 

892-900 

97 1-974 

646, 647, 656, 657, 660-665, 667-672, 
677, 683-686. 691-695, 707, 70X. 
71 3-716 

Cyclopropanation, 41 7, 591 
Cyclopropanes, 

metallation of, 33 
oxythallation of, 5 17-5 19 
reactions with organoaluminiums, 447 
synthesis of, 114-1 16, 374, 375 
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Cyclopropenes, 17 I 
Cyclopropylcarbinylsilanes. reactions of, 

Cyclopropyl compounds, isomerization of, 

Cyclopropyllithiums, 
deuteriolysis of, 96 
reactions with alkyl halides, 105 
ring-opening of, 89 
synthesis of, 83 

575-578 

740-743 

Cyclopropylsilanes, reactions of, 575-578 
Cyclotrimerization, 418 
Cytochrome P450, 1153-1 155 

Deboronation, 377 
Decarbonylation, by rhodium complexes, 

Decarboxylation, 925 
Dehalogenation, 7 I 2  
Dehydrogenation, 

796-79 8 

by rhodium complexes, 775 
of silyl enol ethers, 589 

De Mayo reaction, 591 
Deoxygenation, 708-7 1 0  
Deprotonation, of organoboranes. 377-380 
Desilylation, 584 
ipso-Desilylation, 564, 565 
Desulphonylation, by rhodium complexes, 797 
Desulphurization, 7 10, 7 1 1 

by nickel complexes, 834 
Deuteriation, of organoalkali metal 

Dialkylalkynylaluminiums, 433 
Diazatrienes, rearrangement of, 708 
Diazo compounds, reactions with Grignard 

Diels-Alder reactions, 454, 455, 562, 592 
Diene cyclofunctionalization, 964 
Diene-metal q4-complexes, 934-940 
Diene-molybdenum complex, 890 
Dienes, 

compounds, 95-98 

reagents, 221  

cycloadditions of, 701, 702 
hydroboration of, 326 
hydrogenation of, 1017, 1018, 1063 
hydromagnesiation of, 180 
isomerization of, 705 
metallation of, 47, 48 
nickel-promoted reactions of, 844, 845 
oxidative addition to Ni(0) species, 821, 822 
oxythallation of, 5 1 1-5 13 
synthesis of, 828, 863 

q3-Dienyliron complexes, 644-646 
$-Dienyliron tricarbonyl cations, 646-655 
Dienyliron tricarbonyl complexes, 67 1, 

Di-Grignard reagents, 163, 167, 169, 171, 
673-675 

177, 182, 186-193, 210 

Dihaloalkanes, reactions of. 826 
Dihaloalkenes, dimerization of, 828 
Dihalo ethers, di-Grignards of, 193 
Diketones, hydrogenation of. 996. 997 
Dilithioalkanes, synthesis of, 83 
tr,w-Dilithiodienes, synthesis of, 25 
Dimerization, metal-catalysed. I 1  99 
Dimetallation, 46-49 
Displacement reactions, of Grignard reagents. 

Dithiaborolanes, 352 
Dithianes, metallation of. 30 
Dithio esters, reactions with Grignard 

223-233, 269-283 

reagents. 2 I5  

/3-Effect, 543, 549. 554, 573 
Electrochemical oxidation. of thallium(1) siilts. 

Electron transfer reactions. 9. 165, I75 
/3-Elimination reactions, 824 

Enamines, 639 
Ene reaction, 456-460 
Enolates, 639 
Enol borinates, reactions of. 395 
Enol carbonates, 582 
Enol phosphates, reactions with Grignard 

reagents, 86 1 
Enols, oxythallation of, 522-529 
Enol silyl ethers, reactions with Grignard 

reagents, 86 1 
Enol triflates, 583 
Enones, 

506 

of Grignard reagents, 16 I ,  170. 17 1 ,  1 X4 

reactions of, 431-435, 466, 679, 873 
with Grignard reagents, 241-247 

synthesis of, 438 
Enynes, reactions of, 248, 41 7. 426, 993 
Epimerization, of organoboranes, 385. 386 
Epoxidation, 500, 501 

Epoxides, 
asymmetric, 439, 444 

carbonylation of, 795 
deoxygenation of, 708 
reactions with organoaluminiums, 439-445 
ring-opening of, 707 
synthesis of, I 16- 1 18 

Epoxy alcohols, reactions with 

a,P-Epoxysilanes, reactions of, 554-556 
Equilibrium constants, 13 
Eremophilone hydrogenation, 753 
Etard reaction. 1149 

organoaluminiums, 440 

Fenton's reagent, 71 8-721 
Ferrelactam complexes, 703, 704 
Ferrelactone complexes, 699, 703, 704 
Ferrocenes, 676, 677 
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Ferry1 group, 720-722 
Fischer-Tropsch catalysts. 1 I9 1, I 192 
Fischer-Tropsch process, 633. 1193, 1196, 

Fluorenes. metallation of, 29, 30. 42. 43 
Formyl complexes. 633 
Formylcyclopropanes. 7 I3  
Free radicals, a s  intermediates in  

Friedel-Crafts reactions, 460 
Furans, 

1199 

organometallic synthesis. 1 I ,  167, 177 

metallation of, 66. 67 
reactions with Grignard reagents, 856, 864 

Fury1 halides, homocoupling of, 833 

Gels, as catalyst supports, I 172 

Gold metal atoms. in C-H bond activation, 

Grignard reaction. mechanism of, 169 
Grignard reagents, 

es, as catalyst supports, 1 175, I2 14 

1145 

allylic. 206 
cross-coupling of, 162, 269-283, 852-859, 

868-872 
mechanism of, 879, 880 

in synthesis of organoboranes, 310. 

reactions of, 
312-314 

in  presence of a transition metal 

with iron complexes, 657, 658, 660, 717 
with organic compounds, 193-288 

compound, 233-288 

stability of, 169- 175 
synthesis of. 162- 169, 345 
6.c-unsaturated. 174 

Grignard redistribution. 164 
Grignard in siru trapping reacfion, 162, 

175-178, 185, 187, 200 

Hafnium complexes. as catalysts, I190 
Haloalkenes, reactions with Grignard 

Haloalkylboranes, synthesis of, 331, 333-337 
a-Haloalkylborate rearrangements, 346-353 
Halobenzenes, metallation of, 64 
Haloboranes, reduction of, 323 
a-Haloboronic esters, reactions of, 346-348, 

Halogenodesilylation, 5 5  1 
Halogenodethallation, 481, 482, 487, 491, 

Haloketones. reactions of, 826, X27 
Halopyridines, homocoupling of, 830 
Haloquinolines, homocoupling of, 830 
a-Halotrialkylboranes, reactions of, 348-350 
‘Hard’ metal ions, 107_5 
Heck reaction. 908 

reagents, 867 

385 

496, 497, 5 1  1 

Hemicaronaldehydes, 7 13 
Heteroaromatics, 

addition of Grignartl reagents to, 283, 288 
metallation of, 66-69 

Heteroaryl halides, in organometallic 

Homocoupling, 258 
synthesis, 27 

of electrophiles. Ni(0)-promoted 825-834, 

of nucleophiles, Ni(1l)-promoted, 834-836 
Hydroalumination. 861) 

of alkenes, 412-415 
of alkynes, 416-421 

Hydroazulenes, synthesis of, 898, 899 
Hydroboration, 3 15-331 

asymmetric, 387-392 
diastereoselective, 391 
mechanism of, 330, 331 
of silyl enol ethers, 588 
regioselectivity in, 3 16-3 I9 
stereoselectivity in, 3 19-32 1 

functionally substituted, 49-71 
metallation of, 33-71 

877 

Hydrocarbons, 

Hydrocyanation, 434 
Hydroformylation, 1165, 1166, 1168 

asymmetric, 1205- 1209 
by rhodium complexes, 778-784 
metal-catalysed, 1191-1 193, 1196, 1198, 

1199, 1203-1205, 121 1 
Hydroformylation-aldol 

condensation-hydrogenation, 
metal-catalysed, 12 13 

Hydrogen activation, 1053 
Hydrogenation, 

asymmetric, 754-775, 1026-1031, 

by rhodium complexes, 75 1-753, 776-778 
heterogeneous, 983-101 1 
homogeneous, 981, 1011-1031 

mechanism of, 1049- 1069 
metal-catalysed, 1192, 1193, 1196, 

of vegetable oils, 1 165 
transfer, 1031-1033 

Hydrogenolysis, 1006-101 1 
Hydrogermanes, reactions with Grignard 

Hydrogermylation, by rhodium complexes, 

Hydromagnesiation, 165, 179, 180 
Hydrosilanes, reactions with Grignard 

Hydrosilylation, 604 

1205- 1209 

1 198- 1203 

reagents, 875 

788 

reagents, 875 

asymmetric, 790-793 
by rhodium complexes, 784-790 
metal-catalysed, 1197, 1199 
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Hydroxydethallation, 487 
a-Hydroxyketones, 589 
Hydroxymethyliron complexes, 634 
P-Hydroxysilanes, 554 

reactions of, 568 
Hydroxythallation, 498, 500 
Hydrozirconation. 860 

lmidoyl halides, dimerization of, 83 1 
Imines, 

hydrogenation of. 1022 
reactions of, 

with Grignard reagents, 2 17, 2 18 
with organoaluminiums, 453. 454 

lminium ions, 561, 585, 587 
Indenes, metallation of, 29, 30, 42, 43 
Insertion reactions, 98, 415, 823, 896, 905 
Inversion, in  Grignard reagents, 162 
lododethallation, 481, 482, 491 
lonophore antibiotic synthesis, 906 
Iridium complexes, 

as catalysts, 1 193, 1 197 

in C-H bond activation, 1077, 1080. 1087, 
for hydrogenation, 1061 

1091, 1093-1096, 1098, 1099, 1102. 
1103, 1106, 1115-1118, 1121-1126, 
1132 

Iron carbonyls, reactions of, 677-685, 

Iron complexes, 
699-713 

as catalysts, 1188, 1193, 1196, 1197 
in C-H bond activation, 1079, 1085, 1087, 

reactions of, 
1108, I I55 

with electrophiles, 662-685 
with nucleophiles, 630-662 

1144, 1145 
Iron metal atoms, in C-H bond activation, 

Iron metal ions, in C-H bond activation, 1147 
Iron-protecting groups, 685-69 I 
Isocyanates, reactions with Grignard reagents, 

Isomerization, by rhodium complexes, 

Isoquinolines, reactions with Grignard 

Isotope exchange, by rhodium complexes, 750 

Ketenes, reactions with Grignard reagents, 

Ketene thioacetals, reactions with Grignard 

Keto esters, 

195 

736-749, 788 

reagents, 856 

195 

reagents, 867 

hydrogenation of, 996, 997 
reactions with Grignard reagents, 2 13 

alkylation of, 426-429 
Ketones, 

hydrogenation of, 774, 775. 1068 
hydrosilylation of, 788-793 
metallation of, 184 
oxidation of, 522-529 
reactions of, 

with Grignard reagents. 195. 199-209 
with iron carbonyls, 700-702 

reduction of. 429. 430 
regiospecific monoalkylation of, 583 
synthesis of, I 18- 122, 903 

,8-Ketosilanes, 547 
rearrangment of, 546, 58 I 

Ketyl radicals, 175, I76 
Kharasch reactions, 71 7, 7 I8 
Kharasch reagent, 580 
Kinetic effects, on metallation, 32, 43, 44, 63, 

81 

,8-Lactams, 586, 896 
Lactones, 

macrocyclic. 922 
reactions of, 

with Grignard reagents, 210-212. 

with organoaluminiums, 436, 437 
249-253, 266, 267 

Lindlar catalyst, 992, 993 
Lithioanthracenes, alkylation of, 105 
Lithiobutadienes, synthesis of, 88 
Lithiopentadienes. synthesis of, 88 
Lithium enolates, 859 
Lochman's reagent, I82 
Lutetium complexes, in C-H bond activation, 

1126, 1127 

Macroreticular polymers, as catalyst supports, 

Magnesiation, I83 
Magnesium, condensed, 172, 173, 175 
Magnesium anthracene, 165, 167, 168, 185, 

Magnesium-ene reaction, 164, 173, 174, 178, 

Manganese complexes. 
as catalysts, 1 189 
in C-H bond activation, 1079, 1087, 1 155 

1173, 1174 

193 

216 

Manganese metal atoms, i n  C-H bond 

Merrifield's resin, 1 164, 1 177 
Mesitylenes, 657 
Metal complex catalysts, supported, 

activation, 1145 

1164-1214 
preparation of, 1 1  86-1 191 

Metal enolates, reactions of, 12 I ,  122 
Metal-halogen exchange, 12-27 

in synthesis of Grignard reagents, 165, 182 
Metallacycles, 1092-1094, 1098, 1101, 1105 
Metallating ability, effect of donors on, 32 
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Metallation. in synthesis, 
of Grignard reagents, 165, 183-185 
of organoalkali metals, 27-71 

n-Metallo-substituted alkylmetal compounds, 

Metathesis, metal-catalysed, 1 199 
Methoxymethyliron complexes, 634 
Methoxythallation, 491 
Methylallylbenzenes. metallation of, 46 
Methylene iron complexes, 634 
a-Methylene-y-lactones, 896 
Methyllithiums, metallo-substituted, 83 
Michael addition, 639, 895. 897 
Molybdenum complexes, 

55  

as catalysts. 1 188-1 190 
in C-H bond activation, 1078. 1081, 1085, 

1087, 1108, 1 1  14, 1 I15 

Naphthalene radical anions. in metallation 

Naphthalenes, metallation of, 35. 40  
Nazarov cyclization, 549  
Neopentyl complexes, C-H bond activation 

in, 1105, 1106 
Nickel complexes, 

reactions, 30  

as catalysts, I 186, 1 187, 1189, 1190, 1195 
in C-H bond activation, 1078, 1107 

Nickel metal atoms, in C-H bond activation, 

Nickel metal ions, in C-H bond activation, 

Niobium complexes, in C-H bond activation, 

Nitriles, 

I144  

1 I47  

1081, 1108. 1110 

hydrogenation of, 1003-1005, 1022, 1050 
reactions of, 

with Grignard reagents, 219. 220 
with organoa lu m i ni u ms, 45 2 

synthesis of, 229 

1006, 1022 
Nitro compounds, hydrogenation of, 1005, 

Nitrogen heterocycles, isomerization of, 740 
Nitrogen ligands, C-H bond activation in, 

Nitrogen-nitrogen double bonds, addition of 

Nitrogen-oxygen double bonds, addition of 

Nitrones, reactions with Grignard reagents, 

Nitroso compounds, deoxygenation of, 709 
Norbornadienylmetal complexes. 934 
Normant reagents, 233-259 
Noyori’s condensation, 71 2 

n-Octylmagnesium compounds, 180 
$Olefin iron complexes, 636-642 

1104, 1105 

Grignard reagents to. 220, 221 

Grignard reagents to, 22 I ,  222 

218, 219 

Oligomerization, metal-catalysed, 800-802, 

Oligomerization-acetoxylation-hydrogenation, 

Oligomerization-hydroformylation, 

Organic halides, 
in synthesis, 

804,  1199, 1211 

metal-catalysed, 12 13 

metal-catalysed, 12 12 

of Grignard reagents, 162- 169 
of organoalkali metals, 5-27 

reactivity of, 14 
Organic polymers, as catalyst supports, 1 171, 

Organoalkali metal compounds, 
1 I72 

cross-coupling with organic halides, 859 
in transmetallation reactions, 81 -89 
reactions of, 90- 130 

with alkenes, 114-116 
with carbonyl compounds, 1 10-1 14, 

116-122 
synthesis of, 5-89 

by metallation, 27-71 
from organic halides, 5-27 

Organoaluminium compounds, 
cross-coupling with organic halides, 859, 

in organic synthesis, 412-467, 873-875 
Organobarium compounds, 

reactions of, 290, 291 
synthesis of, 289 

reactions of, 293, 294 
synthesis of, 292, 293 

asymmetric synthesis with, 38 1-397 
properties of, 3 1 1 
reactions of, 337-381 

860 

Organoberyllium compounds, 

organoboranes, 

with carbon monoxide, 353-357 
with chromium(VI), 340 
with cyanides, 357 
with diazo compounds, 353  
with free radicals, 375-377 
with halogens, 340-342 
with hydrogen peroxide, 337-339 
with mercury compounds, 344, 345 
with nitrogen compounds, 342, 343  
with oxygen, 337 
with thiol anions, 358. 359 
with trimethylamine oxide, 339, 340 

by hydroboration, 315-337 
from organometallic reagents, 312-315 

synthesis of, 307-337 

Organocalcium compounds, 
reactions of, 290. 291 
synthesis of, 289 

Organoiron compounds, in organic synthesis, 
627-722 
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Organomagnesium compounds -see Grignard 

Organonickel compounds,  in organic 

Organorhodium compounds,  in organic 

Organosilicon compounds.  

reagents 

synthesis, 819-880 

synthesis, 733-806 

in organic synthesis, 540-610 
physical properties of, 541-544 

Organosilyl anions,  567 
Organostront ium compounds,  

reactions of, 290, 291 
synthesis of, 289 

Organothal l ium(l l l )  compounds,  
in organic synthesis, 473-532 
n.m.r. spectra of 53 I ,  532 

Organot in  compounds,  cross'coupling with 

Organozinc compounds,  in organic synthesis, 

Organozirconium compounds,  in organic 

Ortho-directing groups,  62, 63 
Orthoesters ,  reactions with Grignard reagents. 

Osmium complexes,  
a s  catalysts, 11 93 
in C-H bond activation 1084-1087, 1 1  03, 

organic halides, 861 

859, 860, 873 

synthesis, 859, 860, 873, 874 

226 

1107, 1121 
Oxidation, by rhodium complexes,  798-800 
Oxidative addition, to Ni(0) species, 82 1-823 
Oxidative cleavage, 543 

N-Oxides,  deoxygenation of, 709 
Oximes, iron complexes of, 662 
Oxiranes,  reactions with Grignard reagents,  

Oxocarbenium ions, 561, 573, 584, 601 
Oxyallyl ferrates,  7 12 
Oxypalladation, intramolecular,  906 
Oxythallation, 487-529 
Oxythallation adducts,  in organic synthesis. 

Oxythallation-deoxythallation, 529 
Oxythallation-dethallation, 498 

Palladium complexes,  

of silyl enol  e thers ,  589 

227, 249-253, 267, 268 

491-497 

as catalysts, 1 1  86, 1187, 11 89, 1192, 11 93, 

in C-H bond  activation, 1077, 1078, 1087, 
1196, 1198 

1091, 1095, 1097-1102. 1104. 1105 
Palladium metal a toms,  

a s  catalysts, 1167 
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p-Silyl enolates, 567 
Silyl enol ethers, 

reactions of, 582-596, 920, 965 
synthesis of, 579-582 

Silyl hydroperoxides, 601 
N-Silylimines, 587 
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