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Preface 

This is a book about organic chemistry, especially the synthesis of organic 

compounds. However, we are not concerned with the whole field of synthesis 

but rather with those reactions where the starting material or an intermediate 

is a substance having a carbon-metal bond. Synthesis involving organometallic 

compounds or intermediates is a large, diverse, and important field, which is 

growing rapidly at the present time. 

Organometallic chemistry had its origins and its first period of rapid growth 

in relation to organic synthesis. In particular, the success of the Grignard 

reagents stimulated chemists to explore the organic derivatives of a wide range 

of metals. In the second phase of growth, starting perhaps with ferrocene, much 

progress was made in theoretical studies of carbon-metal bonding, in the 

synthesis of organometallic compounds as such, and in detailed investigations 

of the physical and chemical properties of these substances. This second phase 

has left its mark on textbooks where mostly the subject is treated in terms of 

the nature of the metal atom concerned and its place in the Periodic Table 

rather than in terms of the chemical applications of organometallic compounds. 

Emphasis in recent times has returned to new methods of organic synthesis 

via organometallic starting materials and intermediates. Research in this field 

has received a major stimulus from the discovery of several important industrial 

processes involving organometallic reagents and catalysts. 
We believe that it is now timely to present a concise account of the applica¬ 

tions of organometallic starting materials, intermediates, and catalysts in 

organic synthesis. These applications cover a wide range in terms of usefulness 

and generality, and in the nature of the particular atoms being linked together 

in the synthetic processes. 
In Part I we survey the different roles that metal atoms can play in organo¬ 

metallic reactions and introduce a classification of organometallic syntheses 
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based on likely or established mechanisms and metal atom functionality. We 

have used this classification as a means for bringing together syntheses which 

are closely related in terms of mechanism but which nevertheless involve quite 
different metal atoms. 

Rather than deal with the various applications in terms of the metal involved, 

we have chosen to emphasize the type of bond being formed in the synthesis 

and have subdivided Parts II and III in this manner rather than in terms of 

groups or sub-groups of the Periodic Table. Thus Part II (Chapters 3-5) deals 

with the formation of carbon-carbon bonds and Part III (Chapters 6-7) with 

the formation of bonds linking carbon to other atoms, especially hydrogen, 

nitrogen, oxygen and other electronegative elements. Less attention is given 

to the synthesis of organometallic compounds themselves. Throughout the 

book we are concerned with reaction products which, in contrast to the 

intermediates or starting materials, are not organometallic in nature. 

We wish to thank our colleagues, Professor W. R. Jackson, and Dr. P. W. 
Ford, for reading the manuscript and for their helpful comments. 

Monash University, 

Victoria, Australia 
J. M. Swan 

D. St.C. Black 
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General introduction 1 

1.1 Historical background 

Organometallic compounds have a long history. Frankland discovered the 

methyl and ethyl derivatives of zinc, mercury and tin in 1849, and these com¬ 

pounds played an important role in the development of valence theory. They 

continue to be of central importance in the formulation of theories of chemical 

bonding and structure. Ehrlich, the chief pioneer of chemotherapy, did much 

research into the organic chemistry of mercury, and organomercurials have 

been widely used as antifungal, antibacterial and other pharmaceutical agents. 

Grignard’s work on the organomagnesium compounds provided chemistry 

with a supremely powerful range of synthetic methods, being matched only 
now by developments in the organic chemistry of the alkali metals, boron, 

aluminium, nickel, copper, palladium, and many other metals. Nature also 

employs organometallics - reactions of the B12 coenzymes in living matter 

involve the formation and cleavage of carbon-cobalt bonds. 

In the broadest sense, ‘metal-organic’ compounds can be taken to include 

not only the true organometallics in which an alkyl, aryl, or cyclopentadienyl 

or related group is bonded to the metal by one or more metal-carbon bonds, 

but also the metal alkoxides and aryloxides, the metallic salts of acids, and 

the very large and diverse families of co-ordination compounds. All these 

substances are of interest to both organic and inorganic chemists, and many 

have special relevance to chemical technology. A great deal of current 

research is directed towards the development of new and useful chemical 

reactions through the agency of metal-organic compounds and intermediates. 

In this book, however, we propose to limit the term ‘organometallic’ to 

substances having carbon-to-metal bonds. While this excludes all those metal- 

organic compounds where the organic group is linked to the metal via an 

3 
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oxygen, nitrogen, sulphur or other electronegative atom, it still leaves a large 

and important group of substances and reactions to be discussed. Emphasis 

will be placed on synthetic uses of organometallic compounds, including the 

role that organometallic intermediates play in many reactions. In general, 

where a metal or metal salt forms part of a reaction mixture, there is the 

possibility that an organometallic intermediate is involved in the reaction. 

Sodium or lithium alkyls are intermediates in the Claisen, Michael and 

related reactions, and in syntheses of the acetoacetic ester and malonic ester 
type. 

2CH3C 
(i) NaOEt 

(ii) H3 0® ’ 
CHaCCHjCCX^ 11 OEt 

O 

Organomagnesium compounds ( Grignard reagents’) have already been men¬ 
tioned as having a wide range of applications, especially the synthesis of 

alcohols, aldehydes, ketones, carboxylic acids, esters, and amides.' Specific 

use has also been made of the less reactive organocadmium compounds in the 

synthesis of ketones. Organoeobalt compounds are intermediates in the 

important ‘0x0’ process used industrially for converting alkenes into aldehydes 
by reaction with carbon monoxide and hydrogen in the presence of a cobalt 
catalyst. 

RCH=CH2 
H2/CO 
-> 
Cobalt catalyst 

RCH2CH2CH0 

The hydration of alkynes catalysed by mercury(II) salts in the presence of 

aqueous acid is thought to involve both ir-bonded and n-bonded organomercury 

products. The oxidative coupling of terminal alkynes to di-ynes with copper(II) 

acetate in pyridine proceeds via intermediate formation of the copper(I) 

acetylide. The Clemmensen reduction of carbonyl to methylene groups using 

zinc amalgam in hydrochloric acid may well proceed via intermediates held to 
the surface of the amalgam by carbon-zinc bonds. 

R R' 
\ / Zn/Hg 

L- ->■ 

II 
o 

RCH2 R' 

The condensation of carbonyl compounds with a-halogeno esters in the 

presence of zinc to give a-hydroxy esters (Reformatsky reaction) was long 
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thought to involve an organozinc compound; the true intermediate is now 

known to be a zinc enolate, with the zinc atom co-ordinated to the ester 
oxygen atom of the initial halogenoester. 

PhCHO + BrCHjCOjEt . > PhCHCHjCO.Et 
(U) H3O® I ^ 

OH 

An important stimulus to organometallic research was the discovery of 
ferrocene by Kealy and Pauson in 1951. In this compound an iron(II) atom is 

held between two cyclopentadienyl (C5H5) rings by chemical bonding involving 

the TT-electrons and unoccupied G?-orbitals in the metal. Similar ‘sandwich’ 

compounds have now been described for over thirty transition metals, including 
most of the rare earths, and vr-bonded C5H5 is now a common ligand. A 

further stimulus came from the work of Brown, Wittig and others on metal 

hydrides, especially hydrides of lithium, boron and aluminium. These highly 

reactive compounds have provided new synthetic routes to organometallics, 

especially from easily-available alkenes, while the organometallic compounds 

so obtained have in turn proved to be versatile intermediates in synthesis. 

The work of Reppe on the chemistry and applications of nickel tetracarbonyl 

has led to many novel and useful discoveries in synthesis, especially the 

carbonylation of alkynes and the formation of cyclooctatetraene from 

acetylene. 

RC^H —^ RCH=CHC02H 
Ni(CO)4 

Finally, the investigations of Ziegler into the organic compounds of lithium and 

of aluminium culminated in the early 1950s in new processes for the polymeri¬ 

zation of ethene and other alkenes at low temperatures and pressures, in cheap 

methods for the synthesis of long-chain primary alcohols, which are important 

raw materials in the detergent industry, and in new methods for the prepara¬ 

tion of many other organometallic compounds. Triethylaluminium has become 

a large scale industrial chemical. 

1.2 Modern developments 

Modern developments in synthesis based on organometallic compounds or 

intermediates include the formation of alkanes, alcohols, amines and many 
5 
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other products from alkylboron compounds; homogeneous hydrogenations 

catalysed by soluble rhodium complexes; and the trimerization of alkynes and 

various dimerizations of alkenes and alkadienes promoted by a wide variety of 

transition metal complexes. Palladium salts have achieved considerable 

prominence, especially in industry, for the synthesis of acetaldehyde and of 

vinyl acetate from ethene, and for the isomerization and oxidative dimerization 

of alkenes. Thallium salts are becoming widely used in synthesis by virtue of 

the easy formation and high reactivity of organothallium compounds. Highly 

reactive organocopper intermediates can be generated by the addition of 

copper(I) salts to organolithium or organomagnesium compounds, and these 

copper complexes usually show greater specificity in reaction than do the 
lithium or magnesium compounds from which they were derived. 

Many of these new synthetic procedures have been discovered in the course 
of general research into the nature and properties of organometallic com¬ 

pounds. However, with an increased understanding of organometallic structure 

and reactivity has come an appreciation of the likely mechanisms of organo¬ 

metallic synthetic procedures, involving metal-free entities such as carbanions, 
carbonium ions, free radicals and carbenes. Some quite new bond-forming 

processes have also emerged, which are unique to organometallic intermediates. 

Rational design of new synthetic methods, based on an understanding of the 

role played by the metal atom in different types of organometallic compound, 
is now possible. 

1.3 Outline of remaining chapters 

The remaining chapter of Part I deals with the importance and versatility 
of organometallic compounds in synthesis, and the different roles that metal 

atoms can play in organometallic reactions. A classification of reaction types 
based on mechanism is introduced. Parts II and III deal systematically 

with organometallic processes for the construction of different classes of 

chemical bonds. Such bond formation generally involves the carbon atom 

attached directly to the metal atom of the organometallic starting material, 

and the reactions to be discussed are grouped according to the type of bond 

being formed, such as carbon-carbon, carbon-hydrogen, carbon-nitrogen 
and so on. ’ 

6 
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Part II deals with the construction and modification of carbon-carbon 

bonds, including double and triple bonds, by such diverse processes as the 

alkylation and acylation of carbanions (Chapter 3), the isomerization and 

oligomerization of alkenes and alkynes (Chapter 4), and by carbon monoxide 

insertion (group migration) reactions (Chapter 5). 

Part III deals with organometallic methods for joining carbon atoms to 

elements other than carbon, such as hydrogen (Chapter 6), or nitrogen, phos¬ 

phorus, oxygen, sulphur, and halogen atoms (Chapter 7). Throughout, emphasis 

is placed on bond-making and bond breaking, and the role of the metal atom 

in these processes. 
The very large and important class of transmetallation reactions, in which a 

carbon-metal bond is replaced by a bond between carbon and a different 

metal atom, is not dealt with in a separate chapter in this book; certain specific 

cases are mentioned as they arise. The major theme is the synthesis of organic 

molecules and the preparations and properties of organometallic compounds as 

such are not emphasized. These details are readily available from a variety of 
other books and reviews. However, it is worth mentioning that organometallic 

reagents are often highly reactive, invariably toxic, and should be handled with 

care. 

7 



Metal atom functionality 
in organometallic reactions 2 

2.1 Introduction 

The central problem in constructing new organic molecules, or in synthesizing 

compounds of known structure by laboratory methods, can be summarized in 
the phrase ‘the making and breaking of chemical bonds’. In any scheme of 

synthesis, existing chemical bonds in starting materials or intermediates will 

need to be broken, and new bonds formed, leading eventually to the desired 

molecular structure. For a synthesis to be both feasible and efficient the 

chemist needs to be aware of the nature of the bond making and bond break¬ 

ing processes involved. It is our purpose in this book to concentrate on the 

nnportant role that carbon-metal bonds can and do play in a wide range of 
synthetic procedures. 

The carbon-carbon bond is clearly of first importance in organic chemistry, 
and the formation of such bonds will usually be required for the construction 
of the molecular framework of any desired product. Superimposed on or 

forming part of this framework there may be one or more functional groups 

which can be largely responsible for the unique character and reactivity of a 

given molecule. The introduction of functionality, including the attainment 

of the desired oxidation level requires the construction of other bonds such as 

carbon-oxygen, carbon-nitrogen, carbon-halogen and carbon-carbon double 
bonds and triple bonds. These bonds may sometimes be introduced in the 

same reaction that gives rise to the required carbon skeleton. For the con¬ 

struction of molecules of increasing complexity, highly specific and selective 
reactions are increasingly needed. 

Organometallic compounds and intermediates offer a diversity of possibUi- 
ties for the Unking of carbon atoms by single or multiple bonds, and also the 

inking of carbon to a wide range of other elements such as hydrogen, oxygen, 
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nitrogen, phosphorus, sulphur, and the halogens. In addition, organometallic 

reactions include processes both of wide generality and of high specificity and 
selectivity, and a few illustrative examples are given below. 

The most versatile reactions for constructing carbon skeletons are probably 

those involving organomagnesium compounds and related metal-carbanion 

reactions. Standard procedures are available for converting a Grignard reagent, 
RMgX, into a primary alcohol having one or two more carbon atoms than the 

group R, an almost unlimited range of secondary and tertiary alcohols, 

ketones, and amides, and the related carboxylic acid having one more carbon 
atom than R (see Section 3.4). 

Many examples could be quoted of the high specificity and selectivity 

obtainable through organometallic reactions. Thus, butadiene can be trimerized 

to yield mainly the aW-trans isomer of 1,5,9-cyclododecatriene using a triethyl- 

aluminium-chromium(III) chloride catalyst, whereas a diethylchloroaluminium- 

titanium tetrachloride catalyst yields mainly the cis-trans-trans isomer. [ 1 ] 

The conversion of 1,5,9-cyclododecatriene into the all-<:z5 1,5,9-triol can be 

effected via an intermediate organoboron compound. This same intermediate 

organoborane can also yield, by reaction with carbon monoxide, a tricyclic 

tertiary alcohol with a new carbon skeleton [2] (see Sections 7.3.1 and 5.5). 

9 
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A further example of a selective process is the mercuration of nitrobenzene 

in the ortho position by mercury(II) acetate; subsequent reaction with iodine 

yields o-iodonitrobenzene. Nitrobenzene itself is resistant to direct substitution 
by iodine. 

^^-^HgOAc 

In general, organometallic compounds have proved to be useful reagents in 
organic synthesis because of the wide range of bond types and reactivities 

available in such compounds. Where the bond is essentially ionic, involving a 
metal cation associated with a carbanion, the character of the carbanion and 

hence its reactivity depends in part on the particular metal present. Non-ionic, 

or covalent carbon-metal bonds also exhibit a range of chemical reactivity, 

and depending on the mode of cleavage of such a bond the reactive intermedi¬ 

ate can be either a carbonium ion, a carbanion, a free radical or a carbene-like 
entity. 

A survey of synthetic reactions shows that the metal atom in an organo¬ 

metallic compound can function in at least nine different ways, as discussed 
below m Sections 2.2 to 2.10. The categories overlap to some extent but form 
a useful basis for discussion of mechanism in later chapters. In summary, the 
metal atom can function 

a) as a means of inducing nucleophilic (carbanionic) behaviour at a given 
carbon atom (Section 2.2); 

b) as a means of inducing electrophilic (carbonium ion) behaviour at a given 
carbon atom (Section 2.3); 

c) as a centre for the generation of a carbon free radical (Section 2 4)- 

d) as a redox centre for oxidative addition and reductive elimination processes 
(Section 2.5); 

e) as a pivot atom which allows an intramolecular group migration from the 
metal to another attached atom (Section 2.6); 

f) as part of a leaving group in both substitution and elimination reactions 
(Section 2.7); 

g) as a centre for the generation of a carbene or carbene-like intermediate 
(Section 2.8); 

10 
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h) as part of a metal-carbene (metallo-carbonium ion) complex (Section 2.9); 

i) as a protecting or activating agent (Section 2.10). 

Each of these separate functions will now be illustrated. 

2.2 Carbanionic behaviour 

The anionic part of an organometallic compound such as triphenylmethyl- 

sodium, phenyllithium, or methylmagnesium iodide can function as a strong 

base, i.e. as a nucleophile towards hydrogen 

PhgCNa + H-Y ^ PhgCH + Na Y 

The atom Y to which the hydrogen is attached can be oxygen, nitrogen, 

sulphur, phosphorus, halogen, or other electronegative element, and can also 

be a carbon atom. In the latter case we observe the generation of one organo¬ 

metallic compound from another. 

0 0 

CeHsLi + CH2(C02Et)2 ^ + LiCH(C02Et)2 

The alkali metal derivatives of enolic aldehydes, ketones, j3-diketones and 

i3-ketoesters behave as ambident anions, with nucleophilic reactivity being 

expressed at both the carbon and the oxygen atom; 

I I r® 

-«_► ^ 
I I « II 

OH O® O 

Reaction of an alkyl halide with the ambident anion derived from a (3- 

diketone or /3-ketoester usually gives the C-alkyl derivative as major product, 

but 0-alkylation is also observed, as well as side reactions such as dialkylation, 

oxidative coupling and Claisen condensation. [3] 
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15% 37% 

Carbanion-like reactivity is also found in organometallic compounds where 

the carbon-metal bond is essentially covalent rather than ionic. This is the case 

for Grignard reagents, where the covalent carbon-magnesium bond undergoes 

polarization and then heterolytic cleavage during reaction, but always in the 
sense predicted by the formula R^®-MgX^®, the group R behaving as a 
carb anion. 

CHgMgl + HOH CH4 + IMgOH 

CH3 

CHj-C-CH, ^ (CH,)3C0H 

OMgl 

freely soluble in nonpolar organic 
solvents, is undoubtedly a covalent substance. Nonetheless, it reacts readily 
with acid chlorides to give ketones, a reaction which can be rationalized by 

postulating carbanion-like behaviour of the methyl groups, at least within the 
co-ordination complex formed between the two reactants. 

CHgMgl + CH3COCH3 -^ 

Dimethylcadmium, a liquid of b.p. 

RCOCl + MejCd 
Me\© e 

Xd-0^ 
;C-R 

The overall reaction is 

^ P further reaction 
]y[eC(j_Q_(^ ^ with more RCOCl 

"^Me 

Cl® 

2 RCOCl + Me2Cd -^ 2RCOMe + CdCl2 

Various ‘transmetallation’ processes in which one organometallic compound 
IS prepared from the halogen derivative of another metal, or from another 
12 
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organometallic compound, can also be rationalized in terms of carbanionic 
mechanisms. Some examples are: 

2EtMgBr + CdClj -^ EtCdEt + 2MgBrCl (1) 
3EtMgBr + HSiCl3 -^ HSiEt3 + 3MgBrCl (2) 

2Et3 B + 3HgCl, 
^ 80°C 

3Et2Hg + (2BCI3) -- B(0H)3 (3) 

4C6H5Li + Sn(CH=CH2)4 ; -" (C6Hs)4Sn + 4(CH2-CH)Li (4) 

For reactions of type 1 and 2 it is necessary that the metal atom in the 
organometallic compound be higher in the electromotive series than the metal 
in the metal halide. Exchange reactions of type 4 are not common, and are 
useful in synthesis only if the equilibrium can be displaced in the desired 
direction. 

Further examples of carbanionic behaviour of organometallic compounds 
are discussed in later chapters, especially in Chapters 3 and 7. 

2.3 Carbonium ion behaviour* 

Reactions such as the hydration or bromination of alkenes are known to 
proceed by electrophilic attack on the electron-rich double bond to give a 
carbonium or bromonium intermediate which then reacts with a solvent 

molecule or other nucleophilic species: 

r ®0H2] 

\ / 
U II u 
/ \ 

H2S04 ^c-cC 1 
H J 

H2O 
H20 ' 

H 

Bl2 H20 

Br 

/C-CC 
Br 

OH 
I , ® 

:c-cC + H3O 
1 

H 

Similarly, in the methoxymercuration of alkenes a mercury(ll) species 
attacks the double bond, presumably to yield an organometallic rr-complex, 

* The alternative term ‘carbenium ion’ is gaining favour for description of the species R3C®. 
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which behaves as a carbonium ion in the subsequent reaction with methanol: 
[4-6] 

Hg(OAc)2 

MeOH 

Hg 
I 

OAc 

AcO® 

MeOH 
-► + HOAc 

HgOAc 

The oxythallation of alkenes and alkynes by thallium(III) nitrate (see 

Section 7.5.6) can also be explained in terms of carbonium ion chemistry. 

In the industrially important reaction of ethene with aqueous palladium 

chloride a 7r-bonded ethene molecule exhibits carbonium ion reactivity and 

undergoes attack by a hydroxyl ion, with concomitant migration of a hydride 
ion from one carbon to the other. The products are protonated acetaldehyde 

and palladium metal; in the presence of oxygen and copper(II) ions the process 
can be made continuous and only catalytic amounts of palladium and 

copper(II) salts are needed. [7] The essential step can be shown as follows. 

H 

+ Pd + 2C1® + HO® 

CH3CHO + H® 

Further details of this reaction are discussed in Section 7.6. This area of 

cheniistry is undergoing rapid development at present. [8-12] A recent example 

involving carbon-carbon bond synthesis is the reaction of a carbanion with an 
alkene rr-bonded to platinum or palladium. The alkene again behaves as an 
incipient carbonium ion. 

II — Pd 
CH(C02Et)2 

> 

.CH(C02Et)2 

Pd: 

H2/Ni 
>■ 

(cf. Section 6-4) 

^^/CH(C02Et)2 

14 
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A so-called carbene complex of tungsten carbonyl, Ph(MeO)C-W(CO)s has 

been found to behave as a stabilized carbonium ion and affords a vinyl ether 

on undergoing reaction with a phosphorus ylid (a stabilized carbanion, see 
Section 3.1). [13] 

cis and trans 

Transition-metal carbene complexes are dealt with more fully in Section 2.9 

below. In many cases it is a matter of convenience whether the organic 

entity attached to the metal atom in ‘carbene complexes’ is regarded as a 

stabilized carbene, L„M—» or as a metallo-carbonium ion, L„M— 

(L„M represents the appropriate number n of ligands L attached to a metal 
atom M.) In our view the carbonium ion formulation is more realistic and 

useful, despite current popularity of the term ‘metal-carbene complex’. 

The reaction of ethyl diazoacetate with an alkene to give a cyclopropane 

derivative is catalysed by various transition metals and the essential intermedi¬ 

ate is thought to be a metal stabilized carbene. [14] However, reaction of this 

intermediate with the alkene can be better understood in terms of carbonium 

ion chemistry. For the reaction of ethyl diazoacetate with cyclohexene 

catalysed by an alkylphosphite-copper(I) chloride complex, the following 

equations can be written: 

(RO)3PCuC1 + NjCHCOjEt 

Cl 
I 

(R0)3P-Cu-CHC02Et 

15 

Cl 
I e e 

Na + (R0)3P-Cu-CHC02Et 
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Cl 

(ROgP-Cu® 
I 

EtOgC-CH 
+ 

carbonium ion 

addition 

e 

Cl 

(RO)3P-Cu® CH 
I I 

Et02 C—C—CH 
H ^ 

Cl 

(RO)3P-CuC1 + EtOoC—C 
/CH 

hXh 
reductive elimination (RO)3P-Cu-dP^ 

cf. Section 2 -5 EtOgC-C—CH 
H ^ 

The reaction of diazomethane with benzene in the presence of copper(I) 

bromide to yield tropane is thought to involve a copper-stabilized methylene 
carbonium ion. [15] 

CH2N2 + Cu2Br2 
e ® —NT., 

Br-Cu-CH2-N=N 

BrCuCH2 

CH2CuBr 

H -CuBr 

Br-Cu-CH, 

Br-Cu-CH, 

other examples involving enhancement of electrophilic reactivity at a carbon 
atom resulting from metal co-ordination are mentioned in Section 2.10 below. 

2.4 Free radical intermediates 

A general method for the formation of a free radical is the one-electron 

oxidation of the corresponding anion. Eor example, oxidation of a phenolate 
anion can yield a phenoxy radical. 

Ar-of -V Ar-g- + e® 

oxidant + e® -reductant 

If a carbon species, formally a carbanion, is attached to a metal atom which 

can readiy undergo a one-electron reduction, the organic product resulting 
from such an electron transfer will be a free radical 
16 



metal atom functionality 

e.g., RCu -^ R- + Cu 

or R-Cu-R -^ 2R* + Cu 

or R-Cu + Cu2® -> R- + 2Cu® 

From the viewpoint of the organic moiety initially attached to the metal, 
the reaction is 

R®: -^ R* + e® 

The coupling of alkynes by copper(II) acetate in pyridine is thought to 

involve a reaction of the last type. Traces of copper(I) ion are required, and a 

copper(I) acetylide is probably formed first, the pyridine acting as a base. This 

acetylide can then undergo oxidation by copper(II) ion, the last step being 
coupling of the two free radicals. [16] 

© 
RC^H + Cu® + I 

RC^-Cu + Cu2® 

2RC^- 

RC^-Cu + 

RC=C- + 2Cu® 

► RC^-C^R 

© ^ 

H 

Aromatic Grignard reagents undergo a self-coupling reaction when treated 

with the halides of nickel, iron, cobalt, manganese or chromium, which act as 

appropriate oxidants. For the formation of diphenyl from phenylmagnesium 

bromide and chromium(II) chloride the following mechanism has been 

proposed; [17] 

2C6H5MgBr + CrCl2 -CgHs—Cr—C6H5 + 2MgClBr 
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Reactive alkyl halides normally react with Grignard reagents to give 

substitution products by nucleophilic displacement of halid e ion. 

^C=CH-CH2C1 + CHgMgCl -^ ^C=CH-CH2CH3 + MgClj 

However, other products may be formed simultaneously by free radical 

processes, especially in the presence of metallic impurities. These alternative 
reactions are strongly favoured by the addition of catalytic amounts of 
cobalt(II) or copper(I) chloride. [18] 

^C=CH-CH2C1 - 
CHsMgCl 
~Coc\^ ^ CH—CH2—CH2—CH—C 

ic=cc 
'MgX 

CU2C12 \ ^ 
— ^ ^C=c" / 

^c=cC 

ArMgX 
CU2X2 ->• ArCu Ar Ar 

It is probable that these oxidative dimers are formed via alkyl cobalt or 

copper compounds, which undergo internal one-electron oxidation to give 

alkyl radicals. Aryl free radicals, formed from intermediate aryl copper com¬ 

pounds, may be involved in the Ullmann reaction of aryl halides with metallic 

2C6H5CI + 2Cu -. CeHs-CeHs + CU2CI2 

Cross coupling reactions between aromatic Grignard reagents and vinyl 
halides, catalysed by various nickel(II) salts or complexes have also been 
reported. [19, 20] 

-r ArMgBr 
Et2 0 

CT 

H' 'Cl 
:C=Cr“ + ArMgBr 

EtjO H' 'Ar 
+ Ar—Ar 

of organometallic reactions, recognized only since 
1966 consists m the attack of a free radical at the metal atom of an organo- 

metalhc compound, with displacement of another radical. [21 ] In the follow¬ 
ing equation and elsewhere L„MR represents a complex with n ligands L and 
1 O 
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one ligand R attached to a metal atom M; the centre of attention is the M—R 
bond by which the metal atom is joined to carbon. 

X* + L„MR -> L„MX + R- 

This subject has recently been reviewed. Important examples of bimolecular 

homolytic substitution at a metal centre are found in the reaction of alkyl 

derivatives of Li, Mg, Zn, Cd, B, Al, and T1 with oxygen to give the correspond¬ 

ing alkylperoxymetallic compounds as primary product. These reactions were 

initially thought to involve nucleophilic attack of O2 at the metal and a 1,3- 

nucleophilic shift of the alkyl group from metal to oxygen: 

e /R 
L„MR + O2 -^ L„M L„M—O—O—R 

^0-0 

However, it is now established that these are free radical chain reactions, 

and are best formulated as follows: 

Initiation: X* + L„MR -L„MX -t- R* 
(initiator) 

Propagation: R* + O2 -R—O—O* 

ROO- + L„MR -^ ROOML„ + R* 

Termination: 2R00* -non-radical products 

Specific examples involving compounds of aluminium, magnesium and zinc 

are given in Section 7.2.3. 

The various metal exchange reactions of type 

L„M + M' -^ L„M' + M 

in which the metal in the organometallic compound must be lower in the 

electromotive series than the metal initiating the exchange, should probably 

be included in this section. Thus metallic sodium, with one valence electron, 

can be regarded as analogous to a free radical, and the exchange reaction 

Et2Hg -I- 2Na -- 2EtNa + Hg 

can be written 

Et-Hg-Et -F Na -^ EtHgNa + Et* 

EtHgNa + Na -► Et* + Na2Hg 

2Et* + 2Na -^ 2EtNa 

■> Sum: Et2Hg + 4Na 2EtNa -F Na2Hg 
19 
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Organoboranes react readily with acrolein, methyl vinyl ketone, and similar 

compounds, and these reactions are likewise free radical in nature. Hydrolysis 

of the borate enol ester intermediate yields a saturated aldehyde as product. 
X* (initiator) + RgB —v r^bX + R- 

R- + CH2=CH-CH0 — RCH2-CH-CHO ^ RCH2-CH=CH-0- 

RCH2-CH=CH--0* + R3B -^ RCH2-CH=CH-0BR2 + R- 

RCH2-CH=CH-0BR2 ^ RCH2-CH=CH-0H RCH2CH2 CHO 
A further reaction which may involve free radicals is the oxidative coupling 

ot ally! acetates with tetracarbonylnickel. [22] 

2RCH=CHCH2 OCOCH3 —RCH=CHCH2 CH2 CH=CHR 

esnerh.llwr°''' in a number of organometallic processes, 
especially those involving metallic sodium (see Sections 3.2 and 4.3.2) The 

reductions of ketones and of various alkyl and aryl halides with organometallic 

ydrides are also thought to be free radical in character (see Section 6.6) Aryl 

adicals can be generated by the photolysis of ArTl(OCOCF3)2 by oxidation 
of this or related thallium(III) compounds with palladium chloride, or by 

eaction of aryl magnesium halides with thallium(T) bromide. [23-25] 

2.5 Oxidative addition and reductive elimination processes 

A new general method for the synthesis of carbon-carbon bonds under mild 

neutral reaction conditions is based upon the ‘oxidative addition’ of organic’ 

Dou)ld't unsaturated diamagnetic transition metal com- 
pound to yield a new complex in which two organic groups are joined to the 

rnetal atom by u-bonds. Reductive elimination’from this complex e g by 
he action of heat, yields a product with a new carbon-carbon bond A’e 

initial organofransition metal complex can be shown as in which 

the formal oxidation number of the metal atom is m - 2, the metal atoA 

possessing a total of 16 valence electrons. Oxidative addition of R'X yields a 

new complex m which the formal oxidation number of the meta“ s 
now ^, (18 valence electrons). Thus, 

R + R'X -j. T 

R' 
X 20 
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Reductive elimination of the groups R and R' results in the appearance of 

the new product R—R', with return of the oxidation number of the metal 
atom to the initial m — 2 state. [26] 

A specific example is shown below. 

PPha 
1 ^ 

Me02C.^^/Rh-C0 Me02C^^ 

1 PPh3 + CH3I 88% ^ 

Me02C"' Me02C 

115°/ 

PPh, 
‘N. 

^ PPh3 

-CO 

'CH3 

85% 

Me02 C^^/CH3 MeO^ C^^/CH3 

H^^^C02Me 

K /PPha 
Rh ^ 

Ph3P-" ^CO 

>98% <2% 

Further examples are found in Sections 2.9, 5.4.2 and 7.7. 
In the above example it is thought that the carbon-carbon coupling step is 

concerted, and that free radicals are not involved. The initial complex is 

prepared as follows: 

(Ph3P)2Rh 
/I NaBH4 

PhsP 
(Ph3P)3Rh: 

'H Me02C——C02Me 

'CO ’ PPh, 

Me02C\ /Rh-CO 

V r PPha 
MeOjC^ 

The process of reductive elimination from a co-ordinated metal atom can 

also be applied to the synthesis of carbon-halogen and carbon-hydrogen 

bonds. 

-► L„M + RX 

' L„M + RH 
H 

specific examples are given in Sections 2.9, 5.2, 5.4.2, 6.3., and 7.8. 
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2.6 Group migration (insertion) reactions 

The so-called insertion reactions of metal complexes form a clearly defined 

and important mechanistic class. In these reactions an entity such as carbon 

monoxide, an alkene, or an alkyne co-ordinates to a metal atom and then 

appears to insert itself into an existing metal-carbon bond of that complex. 

Thus if L„ represents the appropriate number of ligands, M is a metal atom 

and R is an organic group, some well known ‘insertion’ processes can be 
shown as follows: 

^CO 
^ L„M—C—R 

^ II 
O 

CH2 

l„m:^ch2 —^ l„m-ch2CH2-r 
R 

CH 

L„M.^CH -. L„M-CH=CH-R 
R 

These processes actually represent a migration of the group R from the 

metal atom to a carbon atom of the co-ordinated carbon monoxide, alkene, 

or alkyne. [27] In the case of carbonyl insertion this can be written 

? 
and the reaction can be described as a 1,2-migration. This definition can be 

extended to the ‘insertion’ reactions of sulphur dioxide, on the assumption 
that the organic group, R, migrates from a metal atom to a co-ordinated 

sulphur atom. [28] However these reactions may be free radical in character 
(cf. Section 2.4). [29] 

Thus (insertion): L„M-R — 
or (free radical) 

Initiation: L„MR + X* 

Propagation: R- + SO2 

RS02- + L„MR 

- 

L„MX + R- 

RS02* 
^ RS02ML„ 

O 

L„M-S=0 
I 

R 

22 
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Group migration reactions leading to the formation of carbon-carbon bonds 

are especially important, and are exemplified below by the ‘oxo’ process for 

the industrial preparation of butanal from propene, the polymerization of 

ethene by triethylaluminium and the various carbonylation reactions of 
trialkylboranes. 

The ‘oxo’ synthesis of butanal involves the addition of carbon monoxide 

and hydrogen to propene in the presence of octacarbonyldicobalt. The true 

catalyst is tricarbonylhydrido cobalt, HCo(CO)3, which undergoes addition to 

the propene; the propyl group subsequently migrates to the carbon atom of a 

co-ordinated carbon monoxide molecule and the resulting intermediate under¬ 

goes hydrogenolysis to the product aldehyde (see also Section 5.2): 

CH3CH=CH2 

HCo(CO)3 -^ CH3CH2CH2-Co(CO)3 CH3CH2CH2-Co(CO)4 

HCo(CO)3 + CH3CH2CH2C^ 
H 

o 
H2 

CH3 CH2 CH2 -C-Co (CO)3 

O 

The first step of this catalytic reaction, the addition of the cobalt hydride 

to the alkene double bond, can also be shown as a migration, the hydrogen 

atom moving (as a hydride ion) from the metal atom to the more substituted 

carbon of the co-ordinated alkene: 

CH3CH=CH2 + HCo(CO)3 

/CH2\ /CO 
CH3CH2^ 

CO 

The polymerization of ethene by triethylaluminium, the so called ‘growth’ 

reaction in which each ethyl group initially attached to aluminium grows to a 

long alkyl chain by successive additions of ethene units can be best understood 

as a migration (insertion) reaction (see also Section 4.4.3) 
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Al-CHjCHa + CH2=CH2 ^^ 

CH2 

. Et^e CH2CH2 
Et^ ^CHjCHs Et^ ^CH^CHa 

Et(CH2CH2)i-Al 
(CH2CH2)n,Et 

(CH2CH2)nEt 

CH2=CH2 
etc. 

Et- 

Et' 
;ai-ch2CH2CH2CH, 

© CH* 
If the dipolar structure ^^2 is valid for the presumed inter- 

2 3 
mediate, the subsequent migration of an ethyl group from aluminium to 
carbon is a 1,3- rather than a 1,2-migration. 

In the carbonylation of trialkylboranes, R3B, the carbon atom of carbon 

monoxide initially becomes attached to the boron atom. Alkyl groups then 

migrate intramolecularly from boron to carbon, and experimental results are 
consistent with the following stepwise mechanism. [30] 

R3B + CO RgB-C^O -^ R2B-C-R 
II 

O 

0=B-C^R .- R-B-CC^ 

R V ^ 

By suitable choice of reaction conditions and according to the nature of the 

alkyl groups R, it is possible to control this reaction to allow the migration of 

one, two, or three R groups, and the final products, after appropriate work¬ 

up, can be variously aldehydes, ketones, or primary, secondary or tertiary 
alcohols (see Section 5.5). 

Another possible example of group migration is found in the reaction of 

arylmercury halides or diarylmercury compounds with alkenes in the presence 
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of palladium, rhodium or ruthenium salts to yield aryl substituted alkenes. In 

the case of palladium chloride, diphenylmercury, and ethene in the presence 

of lithium chloride, the reaction involves the intermediate formation of a 

phenylpalladium complex which co-ordinates to ethene. Phenyl migration 

from palladium to carbon yields a phenylethylpalladium salt which forms 

styrene by elimination of a palladium hydride (see Section 2.7 below) which 

decomposes further to palladium metal. 

PhHgPh + LiPdCla -^ Li®[PhPdCl2 ]® + PhHgCl 

[PhPdClj]® + CH2=CH2 

Cl 
1 CH. 

Cl-Pd -«—II 
1 CH 
Ph 

\ 
[HPdCl2]® + PhCH=CH2 Cl-Pd-CH2CH2Ph 

1 
Cl 

e 

HCl + Pd + Cl® 

Similar reactions with a wide variety of other alkenes, including allyl 

alcohols, allyl halides, enol esters, ethers, and vinyl halides have been 

reported. [31] 

PhHgCl 

PhHgCl 

C1CH2CH=CH2 

LiPdCla 

-OAc 

> PhCH, CH=CH, 

ch2=c: 
'CH, 

LiPdCla 
PhCH2-(|:-CH3 

o 

2.7 Leaving groups in substitution and elimination reactions 

Grignard reagents and related organometallic compounds react readily with 

dilute acids to yield hydrocarbons. 
25 
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R-MgBr + H3O® -^ RH + HaO + BrMg® 

CeHjLi + H3O® -- CeHg + HjO + Li® 

CeHsHgOAc + H3O® -^ CgHe + H2O + AcOHg® 

These substitution reactions can be regarded as electrophilic attack of the 

hydrated proton on an anionic or potentially anionic carbon atom, the metal 
atom forming part of the leaving group. 

Other electrophiles can react similarly, and the reaction of an arylmercury 

salt with iodine to yield an aryl iodide can be regarded as analogous to the 

electrophilic substitution of an aromatic hydrocarbon (an arene) by a halogen. 

ArHgl + I2 -^ Arl + Hgl2 

ArH + X2 -ArX + HX 

The reaction between activated aryltrimethylsilanes and acid chlorides in 

the presence of aluminium chloride leads to the formation of ketones. This 

can be viewed as electrophilic attack by an acid chloride/aluminium chloride 

complex on the aryl group, the leaving group being the trimethylsilyl cation 
[32] 

ArSiMe3 + RCOCl ArCOR +Me3SiCl 

In parallel to these substitution reactions, elimination reactions are known 

in which the cationic leaving group contains a metal atom such as Li, Na, Mg, 
B, or A1 [33] (see Section 4.1.1). 

CHj-CHjLi CH,=CH2 + LiH 

The kinetics of this pyrolysis reaction are first order and a possible mechan¬ 
ism can be written [34] 

An elimination reaction of major industrial importance is the formation of 
terminal alkenes by the pyrolysis of trialkylalanes. 

26 
R2AICH2CH2R' > R2AIH + CH2=CHR' 



METAL ATOM FUNCTIONALITY 

Carbon-metal bonds can also be broken by various reductive procedures, 
including hydrogenolysis. 

R.B 
H, 

RoBH + RH 

RHgX > RH 

In these cases, the metal atom can be regarded as a ‘leaving group’ but it 

does not necessarily follow that bond breaking is initiated by attack of a 

nucleophile (e.g. H®) at the carbon atom attached to the metal. If the 

reaction is free radical in character, initial attack at the metal is more probable 
(cf. Section 7.4.4). 

RHgX RHgH -- R- + -HgH 

R-' + HHg- -^ RH + Hg 

If the 2-hydroxy-1-acetoxymercury compound formed from a terminal 

alkene and aqueous mercury(II) acetate is treated with palladium chloride, the 

product is the corresponding methyl ketone. [35] 

RCH=CH2 RCH-CH2HgOAc 

OH 

PdCb 

RCH-CH2 PdCl2 

I 
L OH 

[HgOAc]® 

R-C-CH, RC=CH2 + HOAc + HgCl2 + Pd 
II I 

O OH 

Decomposition of the n-bonded organopalladium complex probably involves 

the initial elimination of a palladium(II) hydride, which decomposes further 

to palladium metal. 
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H 
K 

R-C-^Hj-PdCl 
1 ^ 

OH 

e 

:C=CH2 + [HPdClj]® 

\ 
R-C-CH 

II 
HCl + Pd + Cl® 

The action of a variety of bases on 2-hydroxy-l-chloromercury compounds 

has been shown to yield oxirans (epoxides). Here again the mercury functions 
as part of a leaving group in an internal solvolysis reaction. [36] 

OH 

H2C—CH 

2.8 Carbene and carbenoid intermediates 

Carbenes (H2C;, R2C:, CI2C:, etc.) are highly reactive two-co-ordinate carbon 

species having six valence electrons associated with the central carbon atom. 

The two non-bonding electrons may be either paired or unpaired, correspond¬ 

ing to the spectroscopic singlet or triplet states respectively. Practically all 

carbenes have a lifetime considerably less than one second, and many different 

methods for their generation are known. The organometallic intermediates 

which are of interest here can either give rise to ‘free’ carbenes or can act as 
‘carbenoid’ precursors. 

Phenyl(trihalogenomethyl)mercury compounds, PhHgCXj, where X = Cl 
or Br, are reagents of outstanding utility for the preparation of 1 1-dihalo- 

genocyclopropanes from alkenes. Free dihalogenocarbenes are formed by 

elimination of phenylhalogenomercury and undergo addition to the carbon- 
carbon double bond. [37, 38] 

PhHgCXa PhHgX -h [:CX2] 

C=CC + [:CX2] -. >-C C-C 

28 
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Elimination of phenylbromomercury is much more favourable than that of 

phenylchloromercury, and consequently phenyl(bromodichloromethyl)- 

mercury is a valuable reagent for the generation of dichlorocarbene. 

PhHgCClaBr + 
benzene, 80°C 
->■ 

2h 
PhHgBr + 

The extrusion of dichlorocarbene from phenyl(bromodichloromethyl)- 

mercury is thought to be concerted, proceeding via a cyclic transition state. 

Ph-Hg(<-Cl 

Cl 

or Ph—Hg 
'C-Cl 

I 
Cl 

This picture provides a satisfactory explanation for the preferential elimina¬ 

tion of phenylbromomercury since intramolecular attack at mercury by 

bromine should be more favourable than attack by chlorine, and the carbon- 

bromine bond is weaker than the carbon-chlorine bond. 
On the other hand, the related reactions of bis(bromomethyl)mercury with 

alkenes do not proceed via free methylene (:CH2); experimental evidence 

favours a mechanism involving direct reaction between the mercurial and the 

alkene. 

Hg(CH2Br)2 BrCH2HgBr -b 

Phenyl(trihalogenomethyl)mercury compounds can also be used for the 

transfer of dihalogenocarbenes to the multiple bonds of alkynes, imines, 

thioketones and ketones as well as to a variety of single bonds such as C—H, 
Si—H, Si—C, B—C, into which the dihalogenocarbene is inserted. The reaction 

of phenyl(trihalogenomethyl)mercury compounds with triphenylphosphine 

and carbonyl compounds to yield alkenes provides an alternative to the Wittig 

alkene synthesis. [39] 
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RCHO + PhHgCClg + PhgP -^ RCH=CCl2 + PhHgCl + PhaPO 

Certain trihalogenomethyl tin compounds can also serve as a source of 

dihalogenocarbenes and in particular the formation of difluorocarbene by 
this method is of considerable value. [40, 41 ] 

SMegSnCFa -^ SMegSnF + 3[:CF2] ♦ 

The Simmons-Smith method for the preparation of cyclopropanes from 

alkenes involves treatment of the alkene with methylene iodide and a zinc- 

copper alloy. [42-44] In this case free methylene, :CH2, is not involved; 

the attacking species is thought to be an organozinc complex, possibly 

(ICH2)2Zn. Znl2. Improved results are obtained by replacement of the zinc- 

copper couple with a mixture of zinc dust and a copper(I) halide. [45] 

CH2I2 

Zn—Cu or 
Zn + CU2X2 

"C—C' 
X/" 

CH2 

A similar carbenoid intermediate can be generated from methylene iodide 

and diethylzinc or by the action of diazomethane on a dialkylchloroaluminium 
compound. [46, 47] 

2CH2I2 + 2Et2Zn -^ (ICH2)2Zn-ZnEt2 + 2EtI 

R2AICI 
CH2N2 
->- R2AICH2CI 

Carbenes add to a wide variety of carbon-carbon double bonds, and also to 

aromatic systems and to triple bonds. In so far as they have been reported to 

sdd to C N systems, the reactions lead to carbon—nitrogen as well as carbon- 
carbon bond synthesis. 

The so-called metal carbene complexes (see Sections 2.3 and 2 9) do not 
30 
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generally serve as sources of free carbenes, but behave rather as metallo- 
carbonium ions. 

2.9 Metal-carbene (metallo-carbonium ion) complexes as reagents and 

reaction intermediates 

Many examples are now known of stable metal carbene complexes, of general 

formula L„M—, in which a trigonal {sp'^ hybridized) carbon atom is 

attached to the metal atom and to two other univalent atoms or groups X and 

Y. [48] As pointed out in Sections 2.3 and 2.8 above, these complexes tend 
e e^x 

to behave as metal-stabilized carbonium ions, L„M—. 

These carbene complexes form a new class of organometallic substance and 

show a variety of interesting and useful properties. Two reactions of a typical 

metal-carbene giving rise to an organic product are shown below. [49, 50] 

(CO)s Cr-C 
OMe 

Ph 

Ph(MeO)C=C(OMe)Ph 

H 
1 

Ph2Si-C: 
I 

H 

OMe 

Ph 

Carbene complexes are also likely intermediates in a variety of metal- 

catalysed organic reactions; examples are the formation of cyclopropanes 

from diazoalkanes and alkenes (see Section 2.3), the closely related formation 

of oxirans from diazoalkanes and ketones, certain skeletal isomerizations of 

strained cycloalkanes (Section 4.2.1) and the reorganization reactions of 

unsymmetrical alkenes (Section 4.3.1). 
A general form of the alkene reorganization reaction can be shown 

X2C=CX2 + Y2C=CY2 2X2C=CY2 

It has been suggested recently that key intermediates for such a reaction 

catalysed by a transition metal are the two metal-carbene complexes L„M—CX2 

and L M—CY2. [51] Each of these can react respectively with the appropriate 
alkene Y2C=CY2 and X2C=CX2 to yield in each case an unsymmetrical three- 
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carbon metallocyclic intermediate. Each of these intermediates can then de¬ 

compose to generate the ‘other’ carbene complex and the unsymmetrical 
alkene. 

X2C=CX2 and Y2C=CY2 
L/jM 

T + Y2C=cy2 rv 
L„M-CX2 ^ L„MC ^2^CY 

-Y2C=CY2 " ^CX2''^ 

X2C—CX2 

L„M—CY2 ~ L 
-XjC=cx, ' 

> .L„M—CX2 and L„M—CY2 

- L„M-CY2 + X2C=CY2 

- L„M-CX2 + Y2C=CX2 

The formation and decomposition of a four-membered metallocyclic inter¬ 
mediate from the presumed metal-carbene complex, e.g., 

L„M-CXj + Y,C=CY, L„Mr‘^^'^CY, 
CY2 ^ 

can be readily understood in terms of the ‘carbonium ion’ formulation of the 
metal-carbene (cf. Section 2.3). 

L„M-CX2 + Y2C=CY2 
Y2C-CY2 __ Y2C-CY2 

L„M-CX2 ' UM-CX2 

Tetracarbonylnickel and organolithium compounds combine to form 

unstable complexes which, however, are important synthetic intermediates, 
1521 (cf. also Sections 5.4.2 and 7.7). 

RLi + Ni(CO)4 

O 

Li® R-C-Ni(CO)3 

The acyl nickel carbonyl anion can be written with the negative charge 

localized on the acyl oxygen atom and in this form has been described as an 

anionic carbene complex’, its reactions being discussed in relation to those of 
the neutral carbene complexes. 

r G 
II 

e 
0® 

R-C-Ni(CO)3 ->■ R-C-Ni(C0)3 
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However, the reactions of this and many related acylmetallates are probably 
best explained by ignoring the supposed relationship to a metal-carbene complex 

and assuming that attack by an electrophile occurs initially at the (negatively- 

charged) metal atom, the final organic product being formed as the result of a 

solvent-induced reductive elimination process from this further intermediate 
(cf. Section 2.5). 

O 
II 

R-C-Ni(CO). 

-10 
O o 

0 

^ R-C-Ni(CO)3 R-C-H + (solvent)Ni(CO)3 

H 

V o. 
solvent 

Br® + R-C-Ni(CO)3 -^ R-C-R' + (solvent)Ni(CO)3 

R' 

2.10 Protection and activation by metals 

Co-ordination of a metal atom to an alkene can occur by donation of electrons 

from the double bond to the metal atom, and normal alkene reactivity is there¬ 

by lost. This amounts to a protective function since the double bond can be 

restored by subsequent removal of the metal atom. In addition, co-ordination 

of an alkene, alkyne, or arene or of an appropriate carbanion or carbonium 

ion, to a transition metal atom can result in a dramatic change in the chemical 

reactivity of the organic moiety, and chemical transformations of such ligands 

can be brought about with retention of the metal-carbon bonds. For example, 

the highly reactive cyclopentadienyl anion, C5H®, when 7r-bonded to a transi¬ 

tion metal atom, can behave as a stable ‘aromatic’ system, and various electro¬ 

philic substitution reactions can be performed on the organic ligand which do 

not directly involve the metal. 

e.g., L^M-CsHs + X® —^ L„M-CsH4X + H® 

where X® is a suitable electrophilic species. 
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Such reactions can have useful consequences for organic synthesis since it is 

often possible at the end of the sequence of bond-making and bond-breaking 

processes to remove the deactivating (‘protecting’) or activating metal atom. 
Some examples are given below. 

Nucleophilic substitution into a diene system can be effected by formation 

of the tricarbonyliron complex followed by hydride ion abstraction and attack 

on the resulting carbonium ion by a nucleophile such as water, cyanide ion or 

methoxide ion. [53, 54] The carbonium ion intermediate is stabilized by the 
iron tricarbonyl moiety, and in the last step the protecting metal atom is 
removed by oxidation. 

Fe(CO)3 
Ph3C®BF4® 
---^ 

ye 

Ceav) 
Fe(CO)3 

Formation of a vr-bonded chlorobenzenetricarbonylchromium complex 
greatly enhances the ease of nucleophilic displacement of the chlorine atom 

from the aromatic ring, and the tricarbonylchromium function appears to act 
as a strong electron withdrawing group. [55] 

9 OCH, 

1 
NaOCHa 

65°C .V./ 1 

Cr(CO)3 Cr(CO)3 

The organic ligand can then be displaced from combination with the 

^TphChin"'-’ ^ - 
On the other hand, the benzene ring in a o-bonded iron carbonyl complex 

IS much more susceptible to electrophilic substitution than is benzene itself 

Formylat.on can be effected by the Vilsmeier reagent (a mixture of POCl, ' 
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and PhN(CHO)Me) in 80% yield, as compared with 2% for free benzene under 

identical conditions. [56] Activation of the ring is still observed even when 

the iron atom is separated from the benzene ring by a methylene group. 

The reactivity of the rr-bonded cyclo-octatetraenetricarbonyliron is also very 

different from that of the free tetraene. The complex behaves as an aromatic 

compound and can be formylated using a Vilsmeier reaction, the substituted 

tetraene being recovered from the complex by oxidation with a cerium(IV) 

salt. [57] 

CHO .CHO 

HCONMej 
->. 1 1 Ce(IV) ^ 

POCI3 

Fe(CO)3 Fe(CO)3 

Specific protection of a carbon-carbon triple bond in an alkenylalkyne can 

be effected by octacarbonyldicobalt. [58] 

CH 

CH2 

II 
c—C=C CH2 

OH 

,CH 
CH. 

C02(CO)8 
-► 

CH2 

(OC)3Co-^o(CO) 

OH 

^CH 

^CH 3 

After formation of the cobalt complex, normal addition reactions of the 
carbon-carbon double bond can take place. The modified organic ligand still 

retaining a triple bond can be regenerated by oxidation of the complex with 

iron(III) nitrate. Normal Friedel-Crafts acylation of diphenylacetylene is 

unsuccessful; protection of the triple bond by reaction with octacarbonyl¬ 

dicobalt gives a complex which undergoes ready para-substitution in the 
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benzene rings, and from which the cobalt can again be removed with regenera¬ 
tion of the triple bond. [59] 

Hydrogen cyanide does not normally add to an inactivated carbon-carbon 

double bond, but will add in the presence of octacarbonyldicobalt. [60] 

Presumably in this case the cobalt compound forms a complex with hydrogen 

cyanide which is a more powerful electrophile than is hydrogen cyanide. 

Metal co-ordination can play an important role in stabilizing organic mole¬ 

cules which are themselves unstable, e.g. cyclobutadiene, o-quinodimethane, 

trimethylenemethane and norbornadien-7-one. The metal complex can serve 

as a source of the unstable organic molecule, which can be released from the 
complex in a variety of different environments. [61-65] 

HC-CH 

Q' 
HC 

H,C 

CH 

Fe(CO)3 

I; 

2-' I CH2 

Fe(CO)3 

It should be noted that the metal complex is a unique compound in its own 

right. The free organic ligand is not present as such in the complex, and the 

binding forces in the ligand are very different in the presence and absence of 
the metal atom. 
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Reactions of carbanions 3 

3.1 Introduction 

The concept of carbanion, R: ®, implies the existence of carbon acids in which 

a hydrogen atom attached to carbon is sufficiently acidic to be removed by a 

suitable base (B;). ^ g. _ + bH® (3.1) 

+ B: ^ ^c=c/ + BH® (3.2) 

+ B: ^ + BH® (3.3) 

The weak acidity of acetylene and its mono-substituted derivatives (Equa¬ 

tion 3.1) is well known; these compounds readily form sodium, potassium, 

magnesium, copper(I) or silver salts by attack of a suitable anion on the 

hydrogen atom. 

RC^H + NaNHj -- RC^f Na® + NH3 

RC^H + CHaMgl -^ RC^-Mgl + CH4 

A hydrogen atom attached to a vinyl carbon atom (Equation 3.2) is very much 

less acidic than hydrogen attached to an acetylenic carbon, and examples of 

direct ionization in the presence of a strong base are rare. However, vinyl (and 

aryl) organometallics can be prepared by indirect methods. 

CH2=CHC1 ^ CH2=CHLi LiCl 
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With simple alkanes, the attached hydrogen atoms are even less acidic, and 

direct ionization is virtually impossible. However, ease of ionization is related 

to the stability of the resulting anion, and any feature which allows delocaliza¬ 

tion of the negative charge over two or more atoms will promote anionic 
stability. 

Allylic and benzylic carbanions are stabilized by delocalization of the 
negative charge over three and seven carbon atoms respectively. 

H 
H 

e/ / 

The stability of carbanions is also enhanced by delocalization of the 

negative charge from carbon to another more electronegative atom. A very 

large part of synthetic organic chemistry depends on the existence in organic 

molecules of functional groups which render such an ionization possible. 

H 

/ \ 

+ b: 
© 

BH + 
'^R 

An adjacent carbonyl is the best known example of an acidifying functional 

group, and the carbanion chemistry of aldehydes, ketones and esters is very 

extensive. Many important, even classical, reactions such as the Claisen ester 

condensation, the aldol reaction, and acetoacetic and malonic ester alkylations 
fall into this class. 

Other electron-withdrawing (acidifying) groups include nitro, cyano, 
sulphonyl and sulphinyl. 

^-nCq + b: 

H ® 

© 

BH + /C-N 
e 9 

I ® 
■~C~C=N + BI .- BH + ^C—C=N -► ^c=C=N 

I e ■ 
H 

40 



REACTIONS OF CARBANIONS 

O On® I II ® V Y 
-€-S-R + B: BH + >C-S-R --- :^C=S-R 

I II © II II 
HO ^ ^ 

In alkylation reactions of the above anions, C-alkylation usually pre¬ 

dominates but the ambident character of these anions sometimes results in 
O- or N-alkylation along with C-alkylation (cf. Section 2.2). 

Carbanions can also be stabilized by delocalization of an electron pair in 

molecular orbitals on uncharged multiple chlorine or sulphur atoms, [66] or 
on a positively-charged phosphorus, sulphur, or nitrogen atom. 

® 
r Cl 1 

1. 
HCCI3 + b: ^ BH + 

CK^'^Cl 

® ..XCH 
uX + b: BH + R^ 1 

VCH, "S-CH 

The carbanions generated from phosphonium, sulphonium, or ammonium 

salts form a special class known as ylids and are strictly outside the scope of 

this book, not being organometallic compounds. However, they are generated 

in many cases by use of an appropriate organometallic reagent, such as 

phenyllithium, to provide the necessary strong base: 

R\ ® 

r/ 

®/CH3 

^-CH3 

b: R 

R 

\e e 
:c-pph3 
/ ^ 

b: e _® CH3 

^'-CH3 

Y 

CH, 

®/R 

X\~ 

b: 

I 
:CH, 

®/R 

II 
CH2 

/ 

A.> — XS- 

R 

R 

R 
:C=PPh3 

CH2=S 
/CH3 

^CH3 
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There is a direct correlation between the reactivity of a metal alkyl or aryl 

compound and the ionic character of its carbon-metal bond. Ionic character 

is determined by a number of factors including size of the cation, its charge, 

the solvation of both cation and anion, and the degree of association of the 

organometallic compound in the solvent in question. The reactivity of organo- 

metallic compounds and the ionic nature of carbon-metal bonds decreases 

across the series K > Na > Li > Mg > Zn > Cd > Hg. 

Organolithium compounds can be used in reactions with certain carbonyl 
groups where Grignard reagents are unreactive. On the other hand, organo- 

cadmium compounds are less reactive and therefore more selective than 

Grignard reagents. Differences such as these are often exploited in synthetic 
procedures. 

3.2 Alkali-metal compounds 

Sodium, potassium, rubidium and caesium salts of carbanions are essentially 

ionic and sodium alkyls are considered to be crystalline compounds with a 
high lattice energy. Ethylsodium can be shown to undergo dissociation in 
diethylzinc, according to the following equation. 

NaEt + ZnEt2 Na + ZnEtg 

Most reactions of alkali—metal salts of carbanions are largely independent of 

the metal ion. An early and important example of such a reaction is alkylation 

of the carbanion derived from a terminal alkyne, RC^H, by means of an 
alkyl halide, R'X; 

RC^: M® + R'X -> RC=CR' + M®X® 

The two best known reactions of metal salts of ketocarbanions are probably 
alkylation with an alkyl halide, and acylation with an acid chloride: 

NaNH2 

Et2 0 

(i) CH2=CH-CH2C1 

(ii) H3O® ^ 

H CH2CH=CH2 
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CHaCOCHjCOjEt 
NaOEt 

CH3 

Na® 

(i) RCOCl 

(ii) H3O® 

(i)RI 

(ii) H3O' 

CH,-C' 

O 

C 
/COR 

'^C02Et 

CH3-C ^COoEt 
II 
o 

The solvent can play a critical role in the reactions of carbanions due to 

solvation both of the carbanion itself and the associated metal cation. This 

can be illustrated by the results of methylation of 2-methylcyclohexanone 
using either diethyl ether or liquid ammonia as solvent. 

Lithium alkyls are essentially covalent; ethyllithium is soluble in benzene and 

exists as a hexameric aggregate in this solvent. With such compounds it is 

possible to carry out carbanion reactions in non-polar media. 

C2H5Li + CO2 
benzene 

C2H5COOLi 
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Lithium alkyls and aryls can be used to generate a carbanion from another 
molecule, especially in non-polar solvents. 

QHsLi + (CH3)4p! -- (CH3)3P-CH2 + + Lil 

Organolithium compounds have found wide utility in the synthesis of 

carbon-carbon bonds and many of their reactions parallel those of the corre¬ 

sponding Grignard reagents and organoaluminium compounds (see Sections 

3.3 and 3.4). Of special interest are the reactions of lithium alkyls with NJV- 

disubstituted amides to give aldehydes or ketones. [67] 

RLi + HCONMe2 -^ RCHO + LiNMe2 

RLi + R'CONMe2 -> RCOR' + LiNMe2 

Symmetrical ketones can also be formed by reaction of lithium alkyls with 
carbon monoxide [68] (cf. Chapter 5): 

2 RLi + 3CO -> RCOR + 2LiCO 

A further carbanion reaction of some generality is oxidative dimerization by 
means of iodine. 

2CH3C0CH2C02Et 
(i) NaOEt 

(ii) l2 

CH3C0CHC02Et 

CH3C0CHC02Et 

This coupling reaction probably occurs by formation of an alkyl iodide 

followed by a nucleophilic displacement reaction of this iodide with a further 
molecule of carbanion: 

R® + I2 -- RI + I® 

RI + R® -^ R-R + I® 

Closely related to the above oxidative dimerizations are the Wurtz-Fittig 
and Wurtz reactions. 

A lithium or sodium aryl is the likely intermediate in the first of these 

reactions, in which an aryl halide and alkyl halide are coupled in the presence 
of lithium or sodium metal. 

CfiHsBr + 2Na -^ CeHgNa + NaBr 

C^HsNa + RBr -^ CeHjR + NaBr 
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The first step, formation of phenylsodium from bromobenzene and sodium 

metal, is a consequence of electron donation from sodium to the aromatic 
nucleus. 

Na 

Br e - — 

1^1 
• 

/H Na® 
Na 

- H _ H _ 

© 

Na® 

+ NaBr 

The second step is then a normal nucleophilic displacement on the alkyl halide 
by the aryl carbanion (cf. Section 2.2). 

For the Wurtz reaction, the coupling of two molecules of alkyl halide in the 

presence of sodium, there is a good deal more controversy as to the mechanism, 

but it seems probable that free radicals are involved (cf. Section 2.4). It has 

been suggested that a sodium alkyl is formed initially and that the sodium ions 

in this ionic aggregate coordinate with further molecules of alkyl halide: 

RX R®Na® R®[R-X^Na]® 

Electron exchange then occurs between unsolvated carbanion and the complex 

cation to yield two radicals, R* and [R'—X -> Na]’, the latter then undergoing 

further decomposition: 

R®[R-X->Na]® -^ R* + [R'-X-^Na] ’ -^ R'- + NaX 

The radicals R* and R'* can then combine to give the symmetrical and un- 

symmetrical hydrocarbons R—R, R—R', and R—R'; radical disproportionation 

to RH, R'H and the related alkenes can also occur. 
Yields in the Wurtz reaction can be high in cases where the radical coupling 

process is intramolecular. 

Br..^ ...^Cl Zn/Nai ^ 

H'" ' 

H-C--C-H 
^CH,^ 

93-96% 

3.3 Organocopper compounds 

A modern variant of the Wurtz reaction is found in the use of lithium di- 

methylcopper for coupling reactions with alkyl, aryl, or vinyl halides. [69] 
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The reagent is made by reaction of methyllithium with copper(I). 

Me2CuLi 
-► 

Other lithium copper dialkyls can be used and the reaction shows promise 

for the synthesis of otherwise inaccessible hydrocarbons. Other uses include 

the ready alkylation of bromoketones, the conversion of esters or acid 

chlorides into alkyl ketones, the ring opening of epoxides and 1,4-additions to 

Q:,j3-unsaturated ketones. [70-74] 

:c-c 
I II 

H O 

Bio 
:c-c' 

L o 

RLi 

CU2I2 
:c-c^ 

I II 
R O 

RC02Et or RCOCl RCOCH3 

MeCH-CHo 
^0/ 

Me2CuLi 

Et20, 0°C' MeCH-CH2CH3 
I 

OH 

+ (MeCH=CH)2CuLi 

O 

MeCH=CH'"^--^ 

Conjugate addition of a methyl group to an a,/3-unsaturated ketone can also 

be effected by the methylcopper complex prepared by reaction of methyl- 

lithium with copper(I) iodide and trimethylphosphite. [75] 

Whereas lithium dimethylcopper effects the conversion of RX into RCH3, 
the more hindered lithium dibutylcopper brings about halogen-copper 
exchange instead, even with vinyl halides, e.g., 

:c=c; :c=c: 
'Cu 

46 



REACTIONS OF CARBANIONS 

The reagent can therefore induce cyclization of vinyl halides having a 
suitably placed carbonyl group. [76] 

3.4 Organomagnesium compounds 

The organomagnesium Grignard reagents, commonly shown as RMgX, are 

usually prepared by reaction of the corresponding alkyl or aryl halides with 

metallic magnesium in ether solution. Benzene or toluene can be used as 

solvent provid-ed a complexing ether or tertiary amine is present. As a result 

of a reaction at the metal'surface, a magnesium atom becomes ‘inserted’ into 

a carbon-halogen bond. It is possible that a bond forms between the halogen 

atom and a magnesium atom at the surface of the solid metal, followed by 

homolytic cleavage of the carbon-halogen bond and recombination of the 

organic radical with the metal atom which is now attached to halogen. 

X 
Mg 
-^ "P^UgX 

Mg 

The order of halide reactivity is I > Br > Cl and the alkyl halide may be 

primary, secondary, or tertiary. In the case of aryl chlorides, and vinyl halides 

in general, tetrahydrofuran or another higher-boiling solvent is required, rather 

than the usual diethyl ether. Alkynyl magnesium reagents cannot be prepared 

from the corresponding halide, but are obtained by direct metallation of the 
terminal alkyne (cf. Section 3.1). 1,2-Dihalogenoalkanes undergo an elimination 

reaction with metallic magnesium to form the corresponding alkene and 

magnesium halide. 

BrCHiCHa Br 
Mg 

[Br-CH2CH2-MgBr] > CH2=CH2 + MgBr2 
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S 

The Grignard reagent should strictly be represented as R—Mg—X 
I 
S 

where S represents an ether (or tertiary amine) molecule. In ether solution the 

complex is in equilibrium with the corresponding dialkyl (or diaryl) magnesium 
compound and solvated magnesium halide: 

OEt2 OEtj OEto 
I j i 

R-Mg-X R-Mg-R + X-Mg-X 

OEtj OEt2 OEt2 

Grignard reagents have found wide application in the synthesis of carbon- 

carbon bonds. A summary of the more important reactions is given in the 

diagram, where the group R initially attached to the magnesium atom can be 
alkyl, aryl, alkenyl, or alkynyl. 

RCH.OH 

RCOo 

RCHO 

^id 

RCH(OEt)2 

R'NHCOR 

R' 
I 

R-C-OH 
I 
R" 
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Some specific examples are listed below. [77] In each case, the initial 

product is a magnesium alkoxide or related complex, from which the final 

organic product is obtained by the addition of aqueous acid. 

CHaMgl + PhCHO PhCH 
-CH3 

"'OMgl 

acid 
PhCH 

CH3 

OH 

CH2=CHMgCl + PhCN pj^^^CH—CH2 , PhC'"^^”^^^ 

\\ V 
NMgCl O 

PhMgBr + CH2^H2 -^ PhCH2 CH2 OMgBr PhCH2CH2 0H 

HC^MgBr + PhCH=CH-CHO 

PhCH=CH-CH 
/C^H 

OMgBr 

acid 
PhCH=CH-CH 

/C^H 

^OH 

PhCH2MgCl + CS2 PhCH2C^ 
w 

SMgCl acid 
->• PhCH2C'"^^ 

w 
s 

All of the above reactions can be rationalized by supposing that the group 

initially attached to magnesium behaves as a carbanion (cf. Section 2.2). The 

general reaction with a carbonyl group can therefore be shown: 

60 6® 6® 6® 
R—MgX + ^C=0 

R 

OMgX 

In the reaction of RMgX with a ketone R2CO the ketone is thought to 

displace one of the co-ordinated ether molecules; this complex then reacts 

with a second molecule of Grignard reagent. [78-80] 

S 
I r' 

R—Mg—X + , /C=0 
j' Ix 

S 

i 
R-Mg-X + S 

t 
s 
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R' 

R' 

X 

;c^5^Mg 

Mg^S 

R'- 

R'' 
:c' 

I 
R 

.0^ 
X 

I 
'Mg- 
t 
s 

s 
I 

+ R-Mg-X 
t 
S 

By-products from the preparation of Grignard reagents tend to be those 

expected from Wurtz-type couplings and eliminations (cf. Section 3.2); addi¬ 

tion of transition-metal oxidizing agents to solutions of Grignard reagents can 

initiate free radical reactions, the products being quite different from those 

observed in the normal carbanionic reactions (cf. Section 2.4). 

In the case of vinyl Grignard reagents, coupling by copper(I) salts leads to 

high yields of the oxidative dimer via an intermediate organocopper species 

and the corresponding free radical formed by internal one-electron oxidation- 
reduction: [17] 

RCH=CHMgBr 
CU2CI2 

THF [RCH=CH-Cu] RCH=CH* + Cu 

2RCH=CH- -^ RCH=CH-CH=CHR 

As well as the direct reaction of Grignard reagents with carbonyl carbon 

atoms, 1,4-addition to a:,^-unsaturated carbonyl compounds is also possible 
[81] 

(i) RMgX 

(ii) acid 

\ / / 
R-C-C-C 

/ \ 
H O 

This type of addition can be catalysed by copper(I) salts, and presumably 
organocopper intermediates are again involved (cf. Section 3.3): 

(i) CH3MgBr/Cu2Br2 

(ii) H2O " 

Some important Grignard reactions leading to the synthesis of carbon- 

carbon bonds have been discussed in this Chapter; reactions leading to the 
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synthesis of carbon-hydrogen bonds are discussed in Section 6.2, and of 

carbon-nitrogen, carbon-phosphorus, (^rbon-oxygen, carbon-sulphur and 

carbon-halogen bonds in Section 7.2. 

3.5 Organoaluminium compounds 

Trimethylaluminium, a commercially available chemical, has been shown to 

be a valuable reagent for the preparation of methyl ketones from acid chlorides, 

and could displace dimethylcadmium for this purpose. [82] 

3RCOC1 + MeaAl -^ SRCOMe + AICI3 

In a related reaction, triethylaluminium reacts with nitriles to yield ethyl 

ketones. 

RC=N 
EtaAl /Et 

^^'^NAlEt^ 

Yields are highest when the ratio of triethylaluminium to nitrile is 2:1, and 

the reaction may well involve a six-membered transition state as shown below. 

However a four-membered transition state is also possible. 

CH3CH2- 

Et 

"•Al 
/ 

/Et 

Al—Et 
■ I 
CH2CH3 

Et 

AlEt2 

CH2 

CH2 CH 

^Ht 

3 

Trimethylaluminium reacts with tertiary alcohols, and hence also with 

ketones, to provide a new synthesis of hydrocarbons. 

Me 
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R- 

R' 
;c=o Me3Al 

R'^ ^OAlMe2 

R\ /Me 

R'^ '^Me 

This latter reaction, surprisingly, is catalysed by the addition of traces of 

water or a carboxylic acid. When a carboxylic acid is heated with excess tri- 

methylaluminium and a trace of water the carboxyl group is converted into a 
tertiary butyl group by a similar series of reactions. [83] 

RCO.H 
Me3Al 

RCMe, 

In all these cases the trialkylaluminium clearly acts as a source of alkyl 
carbanions. 

The higher alkyl derivatives of aluminium, especially triethylaluminium, 

are discussed in Section 4.4.3 in connection with the polymerization of 

alkenes, and m Sections 7.2.3 and 4.1.1 in relation to the industrial synthesis 
of long-chain primary alcohols and a-olefins respectively. 

Diethylcyanoaluminium is a useful reagent for the conjugate addition of 
hydrogen cyanide to Q:,i8-unsaturated ketones. [84-86] 

R\p^p/R 
R^^ ^^C-R 

II 
o 

EtjAlCN 
R 

R"i^^c-r 
CN II 

o 
The reagent can be prepared in situ by the reaction of hydrogen cyanide with 

triethy aluminium or diethylchloroaluminium. In special cases, the diethvl- 

cyanoaluminium reagent is also useful for forming cyanohydrins from ketones 
In these reactions the aluminium co-ordinated cyanide ion behaves as a more 

powerful carbanion than do the ethyl groups. Diisobutylhydridoaluminium 
IS a useful reducing agent and is capable of effecting hydroalumination of 

alkynes which undergo cis addition to yield vinyl alanes (cf. Section 6.3 for a 
related application of organoboranes). 

RC^R 
(C4H9)2A1H 

R' 
:c=c: ^A1(C4H9)2 

R 

Treatment of the vinyl alane with methyllithium in ether yields an aluminai 

comp ex, which can then be allowed to react with carbon dioxide or cyanoger 

to yield stencally purea,(3-unsaturated acids and nitriles respectively [87 88] 
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H\^_^^A1(C4H9)2 CHsLi 

R' 
:C=C; 

CH3 
I 

.A1(C4H9)2 

R 

NC-CN 

It is noteworthy that the isomeric lithium aluminate complex can be 

formed by the addition of lithium diisobutylmethylhydridoaluminate to the 

alkyne; this addition occurs in trans fashion. Thus the isomeric a,j3-unsaturated 

acids and nitriles can also be obtained. [89] 

RC^R 

® C4H9^ XH3 

Li 
C4H9^ 

© 

/R 

R'"^~C'-A1(C4H9)2 

CH, 

Li © 

H 

R 

NC-CN 

„/R 
R/U 

In the above carbonation and cyanation processes the lithium aluminate 

complexes exhibit carbanionic behaviour, in much the same way as do vinyl 

lithium and vinyl magnesium compounds. 

3.6 Organoboron compounds 

a-Halogeno esters, ketones, and nitriles undergo ready alkylation by trialkyl- 

boranes in the presence of suitable bases such as potassium t-butoxide, or 

preferably the hindered base potassium 2,6-di(t-butyl)phenoxide, [90] e.g. 



ORGANOMETALLICS IN ORGANIC SYNTHESIS 

R3B + BrCH2C02Et 
MegCOK 

MegCOH 
RCH2C02Et 

R3B + BrCH2COPh 

R3B + CICH2CN 

OK 

RCH2COPh 

RCH2CN 

The mechanism of this reaction probably involves attack of a carbanion on 

the trialky lb orane followed by a carbanion migration from boron to carbon. 

BrCH2C02Et 
MegCOK e 
-^ BrCHC02Et 

R 

R3B + BrCHC02Et -^ R-B^HC02Et 

R^Br 

RCH2C02Et + R2BOCMe3 

R 
MeaCOH I 
^- j^/B-CHC02Et 

The use of 9-borabicyclononane allows for a more efficient conversion of 

an alkene into its alkylated product (see Chapter 5.5). a-Halogenoboron 

compounds can also be formed by the photobromination of trialkylboranes 
and in this case water is a strong enough base to allow group migration to 
occur. 
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(RCH2)3B 
Brj/HjO 
->• 

hv (RCH2)2B-CH-R 

Br 

RCHjCHc;^^ RCHjCH-B-CH,R 

OH 

Trialkylboranes undergo similar reactions with carbanions derived from 

diazoketones and also with carbanions of the ylid type, e.g. 

THF 
R3B + N2CHCOCH3 -RCH2COCH3 

© ® (i) DMSO/-10° 
R3B + CH2SMe2 ^ ^ > ROH + RCH2OH 

^ ^ ^ (ii) H202/Na0H ^ 

A recent discovery is the synthesis of cyclopropanes from 3-chloroalkenes 

via an organoborane; treatment of this intermediate with alkali gives the 

cyclopropane presumably by a similar carbanionic mechanism as shown below: 

CH 

Cl 
\ 

3-C-CH=CH2 
B2H6 
-y 

Cl 

CH3-C-CH2CH2B 

OH® 

CH3 

h^c-ch. 

CH2 

Cl® + 

OH 
I 

B 
/\ 

Ck 
V 

CH3-C^H2 
/N\ 

H \CH2 
07 ^ 

HO-B 
/\ 

3.7 Organonickel compounds 

A major new discovery in synthesis is that of Corey and co-workers who have 

found that allyl bromides readily form vr-complexes with tetracarbonylnickel 
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in benzene; subsequent reaction of the complex with an alkyl or aryl iodide 

leads to a novel form of Wurtz coupling, which proceeds by a carbanionic 

rather than a free radical mechanism. [91] 

Ni(CO)4 
RCH=CHCH,Br -^ 

y- 

R 
I 

CH. /Br. .CH2 

HCf Ni., .Ni.. pU 
CH^ ‘"Br 

^ I 
R 

CH3I 

CeHsI 

RCH=CHCH2CH3 

RCH=CHCH2C6H5 

In the case of allylic dihalides, the reaction provides an efficient route to 
large ring alkadienes. 

Ni(CO)4 
BrCH2CH=CH-(CH2)n-CH=CH-CH2Br > n = 6 

These reactions have been greatly extended by the discovery that bis(l ,5- 

cyclo-octadiene)nickel is a powerful catalyst for the oxidative coupling of allyl, 
benzyl, aryl, and alkenyl halides. [92] 

2 >C=C 
/Br C=C 

H 

3.8 

9 ^C02Me 
Me02C 

^C=CC 

C02Me 

H 

H 

Carbanionic reactions involving other metals 

In general, organozinc, cadmium, and to a lesser extent mercury and tin 

compounds are comparable to organomagnesium compounds in chemical 
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behaviour, but are much less reactive (cf. Chapter 2.2). Most reactions of these 

organometallic compounds can be generalized in terms of carbanion-like 

intermediates, and the lesser reactivity can be attributed to a higher degree of 

covalency in the carbon-metal bond. The following reactions of organo- 
mercury compounds illustrate these points. [93, 94] 

RHgX + R'COCl R-C-R' 
II 
O 

RHgX + CH2=C=0 -> CH3-C-R 
II 
o 

a-Functionally substituted organotin compounds R3SnCH2X such as 

organotin nitriles, esters, ketones or amides, undergo addition to carbonyl 

compounds in a manner analogous to Grignard reagents, to afford a variety of 

/3-hydroxy nitriles, -esters, -ketones and -amides. [95] 

R3SnCH2X + R'-C-R" 

O 

R' 
I 

R3Sn-0-C-CH2X 
I 
R" 

X = CN, COMe, C02Et, CONEt2 HA 

R' 
I 

R3SnA + HO-C-CH2X 
I 
R" 

In some well-known examples involving less-common metals the metal 

compound is not organometallic in the sense defined in this book but is rather 

a substance in which the metal is linked covalently to one or more oxygen 

atoms. This is true of the zinc compound formed as an intermediate in the 

Reformatsky reaction (cf. Section 1.1) and of the very useful thallium(I) 
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derivatives of 1,3-dicarbonyl compounds which undergo alkylation on the 
central carbon atom in virtually quantitative yield. [96] 

O O 

TlOEt 
-y 

H 

CH3^^^C.^^/CH3 
[: 0 .‘I 

o.. ..O 
CH3I 

H CH3 

CH3^^/V^^/CH3 

II II 
o o 
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Alkenes, alkynes and arenas: 
synthesis, isomerization, and 
polymerization 

4.1 Synthesis 

4.1.1 Alkenes and alkynes 

Treatment of ethers with very strong bases such as alkylsodium or alkyl- 

lithium compounds can yield alkenes, but side reactions usually occur. 

;::c-cc + R'Na -—^ /C=CC + RONa -i- R'H 
II' 

H OR 

The pyrolysis of alkyllithium compounds having a j3-hydrogen atom gives 

rise to the corresponding alkene and lithium hydride; [33] similar reactions 

are reported for alkylsodium, alkylpotassium, and alkylaluminium compounds. 

[97] This last reaction is of industrial importance in the synthesis of long- 

chain terminal alkenes (cf. Section 4.4.3). 

/C-cC 
I I 

H Li 

^ ^C=CC + LiH 

7a1(CH.)„R ^ h^c=c-ch,),_,r " 

Grignard reagents can be pyrolysed by heating them in nonsolvating high- 

boiling solvents such as cumene. [98] Ethyltrimethyltin eliminates ethene on 

treatment with triphenylmethyl fluoroborate. [99] 

CH3CH2-SnMe3 + Ph3&F4 -- 

CH2=CH2 + Ph3CH + Me3Sn®BFf 

Other alkenes can be formed in similar reactions involving mercury and lead 

alkyls. In general, hydride abstraction can occur readily from the j8-carbon 
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atom of an alkyl group attached to a metal atom, provided that the resulting 

‘carbonium ion’ intermediate can be stabilized by rr-conjugation to the metal. 

Loss of the cationic metal group then gives rise to the product alkene. 

I I Ph^C® 
L„M-C-C-H L„M-€-C-H-CPh, 

L„M® + L„M PhgCH 

These and the following reactions are examples of elimination processes in 

which the cationic leaving group contains a metal atom (cf. Section 2.7). 

The dehalogenation of vicinal dihalides and related compounds can be 

accomplished in good yield by a variety of reagents, including metallic zinc 

and magnesium. [ 100] Where metals are employed, organometallic intermedi¬ 
ates are highly probable. 

BrCH2CH2Br [BrCH2CH2MgBr] > CH2=CH2 

CioHf Na® 

/ naphthalene sodium 
I in THF 

+ MgBr2 

Zn, Mg or Na 
-—>■ 

Zn, Mg or Na 

:c=c: 
OR 

/3-Halogenoethyl organosilicon compounds undergo thermal fragmentation 

to afford alkenes, the trimethylsilyl moiety being an effective leaving group 
[101] (cf. Section 2.7). 

.11 A 
Me3 Si C C X -► Me3SiX + 
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An interesting preparation of 1-butene involves the acid hydrolysis of 2- 

butenylbromomercury. This organometallic compound undergoes reaction 

with hydrogen chloride about 10'^ times faster than «-butylbromomercury, 

and since the product is more than 99% 1-butene rather than 2-butene, the 
following mechanism is proposed. 

HgBr 

Cl 

CH3 

H-C-CC 
H 

H 

CH2 

+ ClHgBr 

The reaction of |3-halogenoethers with zinc, magnesium or sodium is known 
as the Boord reaction; this reaction also yields an alkene from compounds 

I I 
X—C—C—Y where X is halogen and Y is —OCOR, —OSO2R, —NR2, or —SR. 

These elimination reactions ensure that the desired carbon-carbon double 

bond is produced in a specific position; this is also the case for the synthesis 

of ketenes from a-halogeno acyl halides. 

R' 

R^-cC^ ^/C=C=0 + ZnX2 

Perhaps the most versatile synthesis of alkenes is provided by the Wittig 

reaction, which is outside the scope of this book. However, a somewhat 

related process involves reaction of an aldehyde or ketone with the Grignard 

reagent derived from methylene bromide. [102] 

Mg/Hg 
CH2Br2 > CH2(MgBr)2 

=0 + CH2(MgBr)2 
R^ ^OMgBr 

R'^ ^CH2MgBr 

elimination 

^,/C=CH2 + MgO + MgBr2 

K 

A standard method for the synthesis of alkenes is the partial reduction of 
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alkynes. [103] Stereospecific cis reduction can be achieved via an intermediate 

organoborane adduct (see also Section 6.3). 

RC^R' + R"BH 
R. 

H' 
:c=c; R' 

BR" 

AcOH 
-y 

+ R2BOAC 

Diisobutylhydridoaluminium can also effect the reduction of disubstituted 
alkynes to the related cw-alkenes in high yield [104] (see Section 3.5). 

RC^R 
(C4H9)2A1H 

45°C 

A range of useful alkenes can be derived from the additions of diborane 

and alkyl boranes to alkynes. Hydroboration of a non-terminal alkyne yields 

a trivinyl borane which can be converted into a cw-alkene by treatment with 
acetic acid (see Section 6.3). 

RCsCR 
B2H6 

;c=c 
CH3CO2H R. 

W 
:c=c: ^R 

H 

In the case of a terminal alkyne it is very difficult to stop the hydroboration 

at the vinyl borane stage and consequently terminal alkenes cannot be pre¬ 

pared reliably by this method. The use of the sterically-hindered bis(3-methyl-2- 
butyl)borane makes possible the preparation of a monovinyl borane, from 
which the terminal alkene can be produced by hydrolysis. 

Me 

H-' /CH-CHMe, 

/ \Me 
CH3CO2H 

RC^H + Me2CH-CH BH 

RCH=CH2 + CH3CO2B I Cn-CHMe^\ 

Me I 
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Vinyl boranes can also be oxidized by iodine in sodium hydroxide to a 
substituted alkene product. [105] 

(C6Hii)2BH + CHa-C^ (CeHiOjB\ _ 
CHg'^ ~ ^C4H9 

This process involves migration of the original borane substituent on to the 
alkene carbon atom initially attached to boron. Geometrical isomerization 
occurs during oxidative removal of the boron and the result is stereospecific 
formation of an alkene in which the two substituents of the initial alkyne are 
now trans. 

The synthesis of a vinyl ether from a metal carbene complex was outlined in 
Chapter 2.3. 

The synthesis of a tetra-arylethene shown below may well involve an inter¬ 
mediate iron-carbene complex. [106] 

2Ar2CBr2 + 2Fe(CO)5 -^ Ar2C=CAr2 + 2FeBr2 + lOCO 

The classical synthesis of alkynes from tetrahalogenoalkanes and metallic 
zinc must certainly involve intermediate organozinc compounds. 

CL /Cl 
—C—C— + 2Zn ->■ ~C=C— + 2ZnCl2 

Cl'^ ^C1 

In general, however, there appear to be no really useful methods for the 
synthesis of alkynes from organometallic compounds. 

4.1.2 Arenes and arynes 

A classic reaction of organic chemistry is the synthesis of benzene by the 
trimerization of acetylene in a hot tube. Metal-catalysed versions of this 
thermal reaction are now well known and are discussed in Section 4.4.2 

below. 
Arynes are well recognized intermediates in certain reactions of 1,2- 

disubstituted arenes. Appropriate elimination of the ortho substituents 
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generates the aryne which can then dimerize, trimerize, or undergo nucleo¬ 
philic or other addition reactions. 

elimination 

cf. Section 2.7 

Many successful routes to arynes involve organometallic intermediates, e.g 

hv 

4.2 Isomerization 

+ Hgl, 

Certain metal salts and organometallic complexes can act as catalysts for the 
isomerization of strained cycloalkanes, of alkenes, and in particular of 

alkadienes. Reaction conditions are usually mild and superior in many knowr 
cases to those involving acid or base catalysis or thermal treatment. In additic 

many quite new reactions have been observed, and organometallic intermedi¬ 
ates, either a- or 7r-bonded, are clearly involved. 
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4.2.1 Strained cycloalkanes 

These reactions are currently of great theoretical interest, but of rather little 

utility as yet in general synthesis. All the examples discussed below involve 

the breaking of one or more strained a-bonds with formation of an isomeric 

alkene. The conversion of cubane, CgHg into an isomeric ‘cw’-diene can be 
effected with a rhodium(I) catalyst. [107] 

The related ‘trans’-diene is converted by silver fluoroborate into cyclo- 

octatetraene. 

HC 

HC 
HC-CH 

CH 

AgBF4 

H H 
,C=C c =c. 
/ \ 

HC CH 
11 II 

HC CH 

c=c 
H H 

The precise role of the catalyst in these various isomerizations is still a matter 

of controversy, but mechanisms involving both simple carbonium ions and 

metal-stabilized carbonium ions (metal-carbene complexes) are commonly 

invoked (see Sections 2.3 and 2.9). The use of different metal complexes can 

lead to the formation of different isomeric products. [108, 109] For instance, 

in contrast to the rhodium-catalysed reaction, cubane is isomerized by silver 

fluoroborate into cuneane. 
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H 
C 

HC— 

HC 

HC- 

HC- 

CH 

CH AgBF4 

CH 

Strained carbon-carbon a-bonds are also found in cyclopropanes, and 

especially the bicyclo[ 1. l.OJbutanes and related structures. Many examples 

of isomerization of these compounds via organometallic intermediates are 
known. [ 110-113] 

4.2.2 Alkenes 

Complexes of several Group VIII metals catalyse the migration of double 

bonds in linear alkenes. [114] For example, 1-octene is isomerized in acetic 

acid solution in the presence of palladium chloride to yield an equilibrium 

mixture of 2-octene, 3-octene and 4-octene. No branched chain isomers are 

formed, and the reaction mechanism is thought to involve a hydrido-rr-alkene 
complex which can then isomerize to a cr-bonded alkyl complex. [115] 

RCH2CHCH 

Pd 
/| \ 

The alkyl organometallic intermediate can either revert to the original 

hydrido complex or can form a new hydrido complex in which the double 
bond is now located in the adjacent position. 

RCH=rHCH 

Pd 
/| \ 

molecule of unchanged terminal alkene. 

RCH=CHrH. 

This new TT-complex can then undergo a displacement reaction involving a 

Pd 
\ 
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On this basis mtermolecular transfer of hydrogen from one molecule to 

another is involved, and only a trace of hydrido-7r-alkene is required to bring 

about the isomerization. This latter species is thought to arise from traces of 

nucleophiles present in the reaction mixture, such as chloride or acetate ions. 

Cl® 

>Pd-Cl 

H 

R 

/H 
y^Pd-ci 

excess RCH^CH^ 

1 

RCH=CHC1 + V-^Pd-Cl 
C ^ 

R^ 

Because of the product distribution this isomerization is not an important 

synthetic process, but it has mechanistic implications in several reactions in¬ 
volving the synthesis of carbon-hydrogen bonds (Chapter 6.5) and of carbon- 

oxygen bonds, including an industrial synthesis of ethanal (acetaldehyde) from 

ethene (see Section 7.6). 

A reaction of major synthetic utility is the isomerization of non-terminal 

into terminal alkenes via intermediate organoboron compounds. This conver¬ 

sion is made possible by the reversible nature of the hydroboration process 

and the consequent thermal isomerization of alkyl boranes. [116, 117] 

CHaCHa^ ^ ^ 

CH3CH2'" ^CHa 

/ 
/CHaCH2^^„ I MeOCHaCHaOCHjCHjOMeCdiglyme) 
I uH.—l~Drl ---- A 
1 CHaCH2^ / 200°c 

/CHaCH2-\-B 
\^CHaCH2^ ^7^ 

/cHaCH2-. 

l^CHaCHa^ 
CH-CH2CH2 BH 

heat with ^ 

CHaCHa^ higher boiling alkene 
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The initial addition of borane to the alkene occurs via a four-centre transi¬ 
tion state; the addition is cis and is governed primarily by steric interactions 

so that the boron atom becomes attached to the less substituted of the carbon 
atoms of the initial double bond. 

RCH=CH2 RCH-CH2 
^ 1 I 

H-B H B 
^ / \ 

Migration of the boron atom along the chain then occurs by an elimination- 

addition mechanism, and is catalysed by small amounts of diborane or alkyl 

boron hydrides. The terminal alkene can be liberated by heating the new 

alkyl borane with another alkene of boiling point higher than that of the 

isomerized product. The isomerization of alkyl boranes usually continues until 

a terminal borane is formed. Thus a new carbon-carbon double bond can be 

developed at a position quite remote from that in the initial alkene. 

heat with higher boiling alkene 

CH2CH,B' 

^11 H23 

Cl 1H23—C-B 

H 

A 
- (C23H42)3 

C2iH43CH=CH2 

C23 H47 OH 

By contrast, attempts to isomerize an alkene by pyrolysis, or by heating it 

with various acids, usually result in a complex mixture of isomers, and such 
processes have very little synthetic utility. 

The alkyl borane can also be transformed into the corresponding alkane by 
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treatment with acetic acid, or into the corresponding alcohol by treatment 

with alkaline hydrogen peroxide (see Sections 6.3 and 7.3 respectively). 

CHaCOjH^^ RH + R2BOCOCH3 

R3B 

H202/Na0H 3ROH + H3BO3 

4.2.3 Alkadienes 

Metal TT-complexes are implicated as intermediates in the isomerization of 

dienes, and the usual result is the conversion of the unconjugated into its 

conjugated isomer. However, this generalization does not always hold, as 
exemplified by the reverse isomerization of 1,3-cyclo-octadiene to the 1,5- 

isomer by rhodium(III) trichloride. [118] 

trace Fe(CO)5/115°C 

^ (i) RhCls/EtOH 
(ii) KCN 

At present, these isomerization processes are not fully understood and it is 

difficult to predict the outcome of a particular reaction (see however Section 

4.2.2 and Chapter 6.5). This is an area of active research, and synthetic use of 

these isomerizations will undoubtedly increase with a further understanding of 

the underlying principles. 
One reaction of this type which is widely used is the isomerization of a 1,4- 

diene to a 1,3-diene by tris(triphenylphosphine)chlororhodium in refluxing 

chloroform solution. [119] 

X"- (Ph3P)3RhCl 
-► 

OCH3 

X 

In the above examples the methoxy 1,4-diene starting materials are readily 

available from the metal-ammonia reduction of the related methyl aryl ethers. 
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4.3 Dimerization 

4.3.1 Dimerization and reorganization of alkenes 

Simple dimerizations of alkenes which are,neither oxidative nor reductive are 

frequently observed in photochemical reactions, but are unusual in the 
organometallic field. 

The dimerization of ethene to a mixture of cis- and fran5-2-butene is 

catalysed by rhodium(III) trichloride, but the process is not general for higher 
alkenes. [120] 

H- 

H' 
:c=c -H 

H 

RhCli 

45°C 

CH3- 

H' 
:c=c ^CH; 

H 
+ ^ ,C=C 

H' 

The catalyst system Ti(OC4H9)4/AlEt3 dimerizes ethene to 1-butene, but 

most combinations of triethylaluminium and titanium(IV) salts lead to poly¬ 
merizations (see Section 4.4.4). 

The reorganization or metathesis of alkenes is a reversible reaction involving 

bond reorganization with a redistribution of the alkylidene moieties. [121,122 

RCH=CHR' 

+ 
metal catalyst RCH 

II 
RCH 

+ 
HCR' 

HCR' RCH=CHR' 

The heterogeneous catalyst initially used in this reaction was based on 

Mo03-Al203. Homogeneous catalysts derived from M0CI5 or WCl^ and organo- 

lithium or organoaluminium compounds have since been reported. The active 

catalytic species involves a lower-valence form of the transition metal, and 

reactions proceed readily at room temperature in benzene solution A possible 
mechanism is shown in Section 2.9. 

A commercial process for the conversion of propene into an equimolar 
mixture of ethene and 2-butene is based on this reorganization reaction. 

CH3CH HCCH. 
II + II ' 

HCH HCH 

CH3CH=CHCH. 

H. C=CH. 

The bond reorganization of cycloalkenes has a special application in 
the preparation of macrocyclic dienes in good yield under high dilution 
conditions. [123] 
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(CH2)„ (CH2)„ 

The oxidative dimerization of j3-alkyl and -aryl substituted terminal alkenes 

can be achieved with a combination of palladium acetate and sodium acetate 
in acetic acid. [124] 

CH3 

CeHs 
C=CH 2 

Pd(OAc)2/NaOAc 

HOAc 

CH3. 

CeHs 
C=CH-CH=C 

CH3 

CeHs 

Deuterium labelling studies show that hydrogen abstraction takes place 

exclusively from the terminal vinylic carbon atom of the co-ordinated alkene 

with no loss of hydrogen from the methyl group. Thus, the formation of an 

intermediate 7r-allyl palladium complex is excluded and a binuclear 7r-alkene 

palladium acetate complex is postulated. Oxidation of the alkene is accom¬ 

panied by reduction of the palladium salt to palladium metal and the forma¬ 
tion of two moles of acetic acid. 

2 ^C=CH2 + Pd(OAc)2 -- ;;:C=CH-CH=CC + Pd + 2HOAc 

Similar oxidative dimerization reactions have been reported for various 

arenes. [125] 

R 

+ PdCT 

The action of powdered manganese and organic or mineral acids causes 

dimerization of dialkyl maleates to yield only the enantiomeric butane-1,2,3,4- 

tetracarboxylates, possibly via an organo-manganese intermediate. [126] 

Dialkyl fumarates fail to react. 

/CO2 R 

II + Mn + HX 

H'"^^C02 r 

CO2 R MnX 
I 1 

RO2 C-CH2 -CH-CH-CH-CO2 R 

CO2R 
MeOH 

CO2R 

RO2C-CH2-CH-CH-CH2CO2R t- MeOMnX 

CO2R 
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Methods involving organometallic intermediates are known for the head-to- 

head reductive dimerization of alkenes. The overall process can be shown 

RCH=CH2 ^ RCH2CH2CH2CH2R. When a terminal alkene is heated with 

metallic sodium in diethyl ether, reductive dimerization and polymerization 

can occur, and also reduction to the corresponding monomeric hydrocarbon. 

In the presence of finely divided sodium, an ‘electron carrier’ such as terpheny 

and a complexing ether such as tetrahj^drofuran, formation of the reductive 

dimer is favoured. A radical anion, (RCH—CH2)Na® is postulated as the inter¬ 

mediate, and the hydrocarbon product is formed by protonation during work 
up. 

As discussed in Section 4.2.2, alkenes may be converted into trialkylboranei 

which on oxidation with silver nitrate in the presence of sodium hydroxide 
yield the dimeric hydrocarbons. [127] 

AgNOa/NaOH 
2(RCH2CH2)3B 3RCH2CH2CH2CH2R 

Yields are highest in the case of primary alkylboranes, and the mechanism 

is thought to involve free radicals. Yields in attempted cross couplings using 
two different alkylboranes are poor. 

4.3.2 Dimerization of alkadienes 

The direct dimerization of alkadienes has been observed only in special cases. 

1,3-Butadiene with bis (triphenylphosphite)dicarbonylnickel yields cis,cis-\,5- 
cyclo-octadiene which is now an important industrial chemical. On the other 
hand, with a triethylphosphine aryl nickel complex, butadiene undergoes cycle 

dimerization to yield 2-methylenevinylcyclopentane, and with various other 
catalysts a wider range of dimers can be obtained. [128, 129] 

Dimeric hydrocarbons are also derived from norbornadiene by reaction with 

nonacarbonyldiiron or other more complex organometallic compounds [ 130 
131] ’ 
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Numerous palladium catalysed dimerizations of alkadienes involving incor¬ 
poration of other molecules have been reported. [132] One example is the 

dimerization of butadiene in the presence of an aldehyde to yield a 2- 

substituted-3,6-divinyltetrahydropyran. 

CH 
I 

CH 
+ RCHO 

Pd(II) 
H,C 

CH, 
II 

/CH2\ /CH 

HC 
CH 
\ 

CH' 
I 

O 

CH2 

CH 
I 

R 

Naphthalene-lithium, (CioHf)Li®, converts 1,3-cyclo-octadiene into the 

reductive dimer shown below; it also dimerizes isoprene (2-methyl-l ,3-buta¬ 

diene) to a mixture of 2,6-dimethyl-2,6-octadiene (head to tail linkage) and 

2,7-dim ethyl-2,6-octadiene (head to head linkage). Radical anions are again 

likely intermediates, and protonation can occur either in the reaction mixture 

or during work-up. [133, 134] 

^ CioHfLi® 

C«H 8i^l2 C16H 

2 C-CH 

H2C CH2 

26 

CioHfLi® CHa^ ^ /H CHa^ 

CHa^ ^CH2-CH2^ ^CH. 

-H 

CHa^ ^CHa-CHa'" 
C=C 

CHa 

CHa 
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The above reactions are closely related to the phenomenon of ‘reduction by 

dissolving metals’ of which the Birch reduction of aromatic ethers by sodium 
in liquid ammonia is an important example. 

OMe OMe 

Na(NH3):c ^ 

OMe 

2NaOR + 

OMe 2ROH or 
other proton source 

The blue colour of a solution of sodium in liquid ammonia is due to the 

presence of solvated electrons; the addition of these electrons to an organic 
substrate is equivalent to an electrochemical reduction. 

Na Na® + eCNHg)! 

The addition of one electron to a neutral organic molecule produces a 

radical anion; in general this can react either with another electron to produce 

a dianion or else can undergo protonation in situ to give a radical which can 

then undergo normal radical reactions, including dimerization: 

1 
c=c-c=cC 

e® r^. 1 .. 1 
^c-c=c-cC 

I 

e 1-
 

\ / 
:U

 

U
 

II 
U

 

:U
 

/ \ 
L

_
 

L 1 J _ ^ 

H 2H® 
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A solution of naphthalene-lithium in tetrahydrofuran or of sodium or 

potassium in ethylenediamine acts as a source of electrons in the same way as 
a solution of sodium in liquid ammonia. 

4.3.3 Dimerization of alkynes 

The dimerization of a terminal alkyne to yield an enyne (vinyl acetylene) can 

be effected by dissolving a catalytic amount of copper(I) oxide in hot acetic 

acid and adding the alkyne. [ 16, 135] A copper(I) acetylide is probably an 
intermediate. 

2RC^H ——> RCH=CH-C^R 

Most other alkyne dimerizations are either oxidative or reductive. An¬ 

hydrous copper(II) acetate in methanol-pyridine brings about the oxidative 

dimerization of terminal alkynes to di-ynes, a free radical reaction already 

discussed in Section 2.4. The species which undergoes oxidation is a copper(l) 
acetylide. 

2RC^H RCsC-C^R 

Reductive dimerization of terminal alkynes has been achieved by reduction 

of the alkyne with diisobutylhydridoaluminium to yield a vinyl aluminium 

compound (cf. Section 3.5) which is then dimerized by the addition of 

copper(I) chloride. [136] The latter step is again presumably of free radical 

character (cf. the free radical coupling of vinyl magnesium compounds, 

Sections 2.4 and 3.4). 

RC^H 
(C4H9)2A1H Rv.^ CU2CI2 

" H'^^“^^A1(C4H9)2 

R 

H 

H 
C=C 

H 

R 

Direct cyclodimerization of alkynes can be effected by a variety of transi¬ 

tion metal complexes such as cyclopentadienyldicarbonylcobalt and bis- 

(benzonitrile)dichloropalladium. In each case the expected product, a cyclo¬ 

butadiene, is obtained only as its metal complex. 

2PhC=CPh 
(i) PdCl2(PhCN)2 

(ii) HQ 

c- -c 
II PdCl 

C 
Lph^ ^Ph 2 
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Using other catalysts or other reaction conditions, trimerization and/or 

tetramerization of the alkyne substrate leads to derivatives of benzene or of 

cyclo-octatetraene (see Section 4.4.2 below). 

A strained cyclopropene behaves in many respects like an alkyne, and 1- 

methylcyclopropene can be dimerized by palladium chloride to a mixture of 

two tricyclic isomers. The function of the metal in this reaction is not clear, 

but presumably the first intermediate is a palladium 7r-complex. [137] 

4.4 

4.4.1 

2CH, -C=CH 
PdCl2 
-> 

CH2 
/ \ 

CH3-C-CH 
I 1 

CH3-C-CH 
\ / 
CH2 

Higher polymerization 

Cy do-oligomeriza tion of alkadienes 

+ 

CH2 
CH3-C-CH 

I I 
HC-C-CH3 

CH2 

The cyclotrimerization of 1,3-butadiene can be carried out using the combina¬ 

tion of a suitable transition metal compound with an aluminium alkyl. Tri- 

ethylaluminium/chromium(III) chloride gives mainly the trans,trans,trans- 

1,5,9-cyclododecatriene, while diethylchloroaluminium/titanium tetrachloride 
gives mainly the corresponding cis, trans, trans isomer (cf. Section 2.1). 

The nickel complex of trans,trans,tmns-l ,5,9-cyc\ododQca.tnQnQ is itself 
able to catalyse trimerization of 1,3-butadiene to the same cyclic triene by 

simultaneously forming a new but identical complex and releasing 1,5,9- 
cyclododecatriene from the initial complex. 

It is suggested that three molecules of butadiene join together on the nickel 

complex as template to give an intermediate species in which two molecules 
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of the cyclotriene are linked to the nickel atom. This complex dissociates to 

regenerate a molecule of product and one of the initial catalyst which then 
continues the process. 

Allene (1,2-propadiene) also undergoes cyclo-oligomerization to a mixture 

of products in the presence of bis(triphenylphosphine)dicarbonylnickel and 
related complexes. 

ch,=c=ch, 

Bis (1,5-cyclo-octadiene)nickel 

zation of dienes. [128] 
is also an effective catalyst for the oligomeri- 

4.4.2 Cyclo-oligomerization of alkynes 

It was discovered as early as 1940 that cyclo-octatetraene could be produced 

by the reaction of acetylene with nickel(II) cyanide in tetrahydrofuran, and 

that benzene was a by-product. 

HC^H 
Ni(CN)2,THF 

60° C 
+ 

80-90% 10-20% 
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Since that time, many metal complexes including those of nickel, cobalt, 

palladium, rhodium and iron, and also Ziegler-Natta catalysts (see Section 

4.4.3), have been used as catalysts in the formation of arynes from 
substituted alkynes. 

CHMe, 
I 

C 
III 
c 

CHMe2 

Co2(CO)8 or 

(CO)4Co-Hg-Co(CO)4 or 

BU3AI + TiCl4 

CHMej 

Me2 CH.^^J\^CHMe2 

Me2 CH'^^^-^CHMe2 

CHMe2 

Unsymmetrical alkynes yield mixtures of arenes as a result of head-to-head 

and head-to-tail joining processes, which can be influenced to some extent by 
selection of the catalyst. 

Intermediates involving two alkyne molecules are postulated: these can be 

written as metallocyclic structures or as metal-complexed cyclobutadienes 
[138] (cf. Sections 2.9 and 2.10). 

In the case of 2-butyne, trimerization with aluminium chloride in benzene 
leads to ‘hexamethyl Dewar benzene’. [139] 

3MeC^Me 
AlCla/benzene 
->■ 

Me^ 
/[e 

^Me 

Me^ ^ 
]\ 
. '"Me 
4e 

In some reactions of alkynes with aryl chromium complexes, an aryl group 

is incorporated into the organic product. For example, the reaction of tri- 

phenylchromium and 2-butyne in tetrahydrofuran affords not only hexa¬ 

methyl benzene, but 1,2,3,4-tetramethylnaphthalene, arising from two 
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molecules of butyne and one phenyl group initially a-bonded to the chromium. 

Under certain conditions the naphthalene compound can be made the major 
product. [140] 

The special virtue of these reactions in synthesis is that they provide routes 

to tri- or hexa-substituted benzenes and to condensed aromatic hydrocarbons 

which may be difficult to obtain by other methods. 

4.4.3 Polymerization of alkenes 

Many of the dimerization and oligomerization reactions discussed above can 

also be carried out in the absence of a metal catalyst but with the application 

of heat and pressure. In such cases, while the products may be the same, the 

reaction mechanisms are undoubtedly very different. 

This is also true of the important alkene polymerizations now to be 

discussed. Ethene can be converted into a high molecular weight linear polymer 

by heating the gas under high pressure, and free radical intermediates are 

clearly involved. By contrast, many alternative metal-catalysed processes are 

now available for the polymerization of ethene to a variety of linear polymers, 

with molecular weights ranging from around 150 to several million. Such 

reactions can be carried out at ordinary pressures and often at low tempera¬ 

tures, and the catalyst systems are such that organometallic intermediates are 

involved throughout the polymerization. These processes came about through 

the discoveries of Ziegler in Germany and Natta in Italy; a typical Ziegler- 

Natta catalyst is the complex insoluble solid precipitated from hydrocarbon 

solvent by the interaction of triethylaluminium with titanium tetrachloride. 

Polymerization of alkenes occurs on the surface of such catalysts by ionic 

mechanisms involving both 7r-bonded and a-bonded organometallic 

intermediates. 
Reaction on a Ziegler-Natta catalyst surface occurs in a regular and stereo- 

chemically selective manner, the polymer chain containing uniformly oriented 
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monomer units. A segment of polypropylene chain produced by the Ziegler- 
Natta polymerization of propene can be shown as: 

H H HH HH HH HH 
\ / \ / \ / ' / 

CH3 

Polypropylene prepared in this way is a hard, strong, high-melting solid said 

to be crystalline in character. The ‘isotactic’ hydrocarbon chain adopts a 

helical conformation in the solid with the methyl groups arranged so as to 

minimize steric interactions between them. Polyethylene prepared by Ziegler- 

Natta methods is superior in physical properties to the polymer produced by 

the high pressure free-radical process, but because of the inherent regularity 

of the (CH2) chain, the differences are less pronounced than in the case of 
polypropylene. 

The mechanism of the Ziegler-Natta polymerization process is not fully 
understood, but there is strong evidence to support the postulate that the 

aluminium alkyl acts as a reducing and alkylating agent, producing alkylated 

transition metal atoms of lower valence in the catalyst surface which become 

the active sites for polymerization. In the co-polymerization of propene and 

ethene, the relative reactivity of propene is increased as the transition metal is 
changed from hafnium through zirconium and titanium to vanadium. In 

contrast, there is no change in the relative reactivities of propene and ethene 

when organometallic reducing agents other than triethylaluminium are used 

in combination with the same transition metal complex, giving strong support 

to the idea that polymerization involves the transition metal atom and not an 
aluminium atom. 

A reasonable mechanism for polymerization is based on initial rr-co-ordina- 

tion of the monomeric alkene to the alkylated transition metal atom, followed 

by migration of the attached alkyl group from metal to carbon. Co-ordination 

of the alkene to the metal atom polarizes the carbon-carbon bond and allows 

ready migration of the alkyl group with its bonding electron pair (cf. Section 

2.6). This alkyl group migration is thought to occur as a concerted process and 

the TT-bonded alkene is thereby changed to a a-bonded alkyl group. The result¬ 

ing intermediate can then co-ordinate with another alkene molecule. The 

process continues in this fashion and polymerization occurs with an alkyl 
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chain growing steadily outwards from the co-ordinated metal atom. In the 

formulae below, L„ represents n co-ordinated ligands, L, and R represents an 
alkyl group derived from the trialkyl aluminium reducing agent. 

L„MR + CH2=CH2 -- ^-> L„M-CH2 
I CH2 1^1 
R R CH2 

© 

etc. 
L„M^ 

CH2 
I 

CH2 

R ' 

CH2 
-II 
CH2 

CH.2=CH2 
L„M-CH2CH2R 

Ziegler-Natta catalysts are often unstable, the active sites may differ from 

system to system, and product molecular weights increase with increasing 

temperature and decreasing solvent polarity. However, the above polymeriza¬ 

tion mechanism involving co-ordination of the alkene to a transition metal 

complex followed by migration of the growing alkyl chain from metal atom 

to a carbon atom of the co-ordinated alkene is probably quite general. 

Alkenes such as ethene and propene can also be polymerized to lower 

molecular weight products using triethylaluminium alone. The essential 

mechanistic feature of this reaction is again 7r-co-ordination of the alkene to a 

metal atom, in this case aluminium, followed by migration of an alkyl group 

from aluminium to an alkene carbon atom. 

2 
Et~ 

Et' 
:A1-Et 

CH2=CH2 

CH2 =CH2 
i 

Et 

CH2C 

CH2=CH2 
etc. ■<- 

CH2CH2Et 

Al 
/ 

Et Et 
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The process can then continue with insertion of further alkene units; the 

final reaction product of triethylaluminium and ethene can be written; 

Et(CH2CH2)/-Al 
(CH2CH2)^ Et 

(CH2CH2)„Et 

where I, m, and n are integers. 

The reaction can be controlled to give products having molecular weights 

within a fairly narrow range; subsequent treatment of the trialkylaluminium 

with acid yields the corresponding hydrocarbons. More importantly, oxidation 

followed by hydrolysis yields long-chain primary alcohols (see Section 7.2.3), 

while thermal decomposition yields terminal alkenes and aluminium hydride 
(cf. Section 4.1.1). 

^ 3RCH2CH3 

(RCH,CH,)3A1 -► 3RCH3CH,0H 

3RCH=CH2 + AIH3 

Simple lithium alkyls also undergo addition to alkenes which are con¬ 
sequently polymerized. 

LiCcH, CH2=CH2 , . CH2=CH2 etc 
-^ L1CH2CH2C3H7 -- Li(CH2CH2)2C3H7 

It was this early discovery by Ziegler which led to the important industrial 

processes for alkene polymerization discussed above. Industrial application was 
greatly facilitated by the discovery of a cheap two-step process for the large- 

scale synthesis of triethylaluminium from ethene, hydrogen, and aluminium 
metal: 

2Et3Al + A1 + ^H2 — ■ ^> 3Et2AlH 

3Et2AlH + 3CH2=CH2 3Et3Al 

Sum: A1 + IH2 + 3CH2=CH2 -^ Et3Al 

Further research in this important field continues actively at the present time. 
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Carbon monoxide insertion 
reactions 5 

5.1 Introduction 

As pointed out in Section 2.6, carbon monoxide insertion reactions are best 

regarded as belonging to the class of group migration reactions in which the 

migrating group moves from a metal atom to a carbon monoxide moiety 

attached to the same metal atom. A new carbon-carbon bond is thus formed, 

the carbonyl carbon remaining attached to the metal. Subsequent reaction of 

the organometallic intermediate can lead to a variety of products such as 

aldehydes, ketones, alcohols, acids, or esters, according to the conditions used 
or other reagents present. Transition metals such as iron, cobalt, nickel, 

rhodium and palladium are principally involved in these diverse carbonyl 

insertion reactions. Recent developments by Brown have opened up many 

new possibilities in reaction of organoboranes with carbon monoxide, and in 

these cases a succession of group migrations from the boron atom to the carbon 

atom of the original carbon monoxide molecule is possible. 

The carbon monoxide insertion reactions of transition metal complexes will 

be presented first, since these are closely related to the alkene polymerizations 

discussed above in Section 4.4.3. 

5.2 Hydroformylation 

The industrially important ‘oxo’ or hydroformylation reaction, which involves 

the addition of carbon monoxide and hydrogen to an alkene catalysed by 
tricarbonylhydridocobalt, has been discussed briefly in Section 2.6. The 

product is an aldehyde having one more carbon than the initial alkene. 

RCH=CH2 
H2/CO 

RCH2CH2CHO 
[HCo(CO)3] 
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Tetracarbonylhydridocobalt can be prepared in toluene or hexane solution 

from octacarbonyldicobalt and acid in the presence of some dimethylforma- 

mide; it is also formed rapidly from octacarbonyldicobalt and various other 

cobalt compounds under the conditions of the hydroformylation reaction. 
The first step of the catalytic reaction is'dissociation of a carbonyl group 

from HCo(CO)4 and its replacement in an equilibrium reaction with a co¬ 

ordinated molecule of the alkene. [141-143] 

CO 

HCo(CO)4 + RCH=CH2 HCo^^ CHR + CO 

m // CO CH2 

Migration of a hydride ion from cobalt to carbon then gives rise to an 

alkyltricarbonyl cobalt; both isomers are formed but the linear compound 
usually predominates. 

CO 

H-Co: 
-CO 

CO 

CHR 

^CO ^ ^CO 

RCH2CH2-C0-CO + CHgCH-Co^O 

Vo \o 

This type of addition of a metal hydride to an alkene is well known for boron, 

aluminium and other metal hydrides (cf. Sections 3.5, 3.6, 4.2.2, 4.3.3, 6.5, 
and 7.3.1). 

A further equilibrium is then established between this alkyltricarbonyl- 

cobalt and the corresponding tetracarbonyl compound; the latter is unstable 

and migration of the alkyl group from cobalt to one of the carbonyl carbon 
atoms occurs. [144, 145] 

/CO 

RCH2CH2-C0-CO 

Vo 
+ CO 

-CO 

CO 

^co 

CO 
1 
Co: 

-CO 

^ RCH2 I CO 

Vh2"^V 
The acyltricarbonylcobalt product undergoes hydrogenolysis via an inter¬ 

mediate dihydrido complex to give the product aldehyde with regeneration of 

the tricarbonylhydridocobalt catalyst, which can then co-ordinate with a fresh 
molecule of alkene. [146, 147] 
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/CO 
RCH,CH,C-Co-CO 

\ 
o CO 

H,H/C0 

RCH,CH,C-€o-CO 

/CO 

RCHoCHoC-H + H-Co-CO 
\ 

O CO 
\ 

o CO 

This whole process can be summarized as shown below; each successive metal 
complex has alternatively 16 or 18 valence electrons associated with the cobalt 

atom (cf. Chapter 2.5). 

@ + RCH=CH2 

HCo(CO)3 HCo(CO)3(RCH=CH2) 

RCH2CH2Co(CO)3 

+ CO 

(18) 

RCH2CH2Co(CO)4 

RCH2CH2C-Co(CO)3 
II 
o 

Rates of hydroformylation reactions decrease in the order linear terminal 

alkenes, linear non-terminal alkenes, and more highly substituted alkenes 

presumably reflecting increasing difficulty of the initial metal hydnde addition 

reaction. If the hydrogenation is allowed to continue after all the carbon 

monoxide is used up, the product is an alcohol rather than an aldehyde. 
Various rhodium catalysts are active in the hydroformylation of alkenes 

and alkynes. [148] Homogeneous rhodium catalysts can also activate carbon 
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monoxide at low pressures and allow the conversion of methyl iodide into 

acetic acid. This is the basis of an industrial process for the preparation of 

acetic acid from methanol and the proposed mechanism involves oxidative 

addition of methyl iodide to a rhodium(I) atom, migration of a methyl group 

from the rhodium atom to a carbonyl carbon atom, and reductive elimination 

of acetyl iodide from a rhodium(III) atom [ 149] (see Sections 2.5 and 2.6). 

CH3OH + HI -^ CH3I + H2O 

CH3I + [L„Rh] 
L ^CH3l CO 

I 
1 S 'n

 
0

 

_
1 

L„RhCj ' -> L„ Rh;^H3 

I _ 

CH3CO2H + [L„Rh] + HI 
COCH 

I 
3 

Similar intermediates are involved in the decarbonylation of aroyl halides 

to aryl halides by tris(triphenylphosphine)chlororhodium at temperatures 

above 200°C (see also Section 7.8). In refluxing benzene or toluene this same 

catalyst causes the decarbonylation of aliphatic aldehydes to alkanes in good 
yield. [150] 

5.3 Hydrocarboxylation 

Replacement of hydrogen in the cobalt-catalysed 0x0 reaction by an alcohol 

results in formation of the corresponding ester as the major product. [151] 

CO/Me2CHOH 

Co2(CO)8 2 

The final step here is alcoholysis rather than hydrogenolysis of the acyl- 
cobalt carbonyl intermediate. 

Co(CO)3 + Me2CHOH 

H 
O 

'OCHMe, + HCo(CO)3 
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Similarly, incorporation of an amine rather than an alcohol yields the 

related amide. [60] 
/CH3 

RCH=CH, + R'NH, + CO ——RCH,CH,CONHR' + RCH 
CONHR' 

In a related reaction, the palladium chloride complex of an alkene can be 

treated with carbon monoxide in benzene to yield a j3-chloroacid chloride. [152] 

In the presence of ethanol at about 100°C the product is an ethyl ester. [153] 

co/benzene 

T1 
:c=c: 

:c=c: 

PdCl2 

CQ/EtOH 

PdCb 

/C-C-C 
1 I 
Cl 

I 
:c-c-c 

I I 
H 

OEt 

0!,)3-Unsaturated esters and )3-diesters can also be prepared by slight variations 
of the reaction conditions. [154] Bis(triphenylphosphine—dichloropalladium 

is a particularly reactive catalyst for these carboxylations, allowing reaction at 
ambient temperatures. [155] Similar reactions are known for 7r-allyl palladium 

chloride complexes. [156] 
CH2=CH-CH2C02R + Pd + HCl 

CH2 
/• 

HC — 

\h2 

Pd; 
XI 

CO/ROH 

co/benzene CH2=CH-CH2C0C1 + Pd 

The reaction of alkenes with carbon monoxide and water to give carboxylic 

acids can be carried out in a variety of ways, usually in the presence of an acid 

catalyst. Where no metal catalyst is employed, high pressures and temperatures 

are required. 

;c=cC + CO + H2O 
H30‘ 

:C-C-C: 
I 1 

H 
OH 

With the addition of tetracarbonylnickel, milder conditions can be used, and 

the mechanism involves metal complex formation, a nickel-to-carbon rearrange¬ 

ment (CO insertion) followed by hydrolysis of the acyl nickel complex. [ 157] 
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Ni(CO)4 T=± Ni(CO)3 + CO 

+ Ni(CO)3 
\ . H® I ® 

> ^ ^C-C-Ni(CO)3 

Ni T-T ^ 
OC-" I '^CO ^ 

CO 

C-C-C-OH + H® + Ni(CO)3 

H O 

;C-C-C-Ni(CO)2 
I 1 II 

H O 

Reaction conditions are even milder when an alkyne is used, the product 
then being an Q:,j3-unsaturated carboxylic acid (Reppe reaction). [158] 

RC=CH 
CO/H3O® 

Ni(CO)4 ' 
RCH=CH-C02 H 

5.4 Related syntheses of carbonyl compounds 

5.4.1 Cobalt and nickel carbonyl catalysts 

A new synthesis of symmetrical ketones involves the reaction of an alkyl or 
aryl mercury(II) halide with octacarbonyldicobalt in tetrahydrofuran. [159] 

2RHgBr 
C02(C0)8 -^ 

THF 
R-C-R 

O 

Presumably an organocobalt compound is first formed with subsequent 
migration of the R group to give an acylcobalt intermediate as in the 0x0 

reaction. A closely related reaction has been reported for tetracarbonylnickel 
[160] 

2PhHgX + Ni(CO)4 PhCOPh + 2Hg + NiX2 + 3CO 

When an aryl iodide is heated with tetracarbonylnickel in tetrahydrofuran the 
product is the 0!-diketone, resulting from a twofold migration reaction. 

^ Ni(CO)4 

~thf ' PhCOCOPh 
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By contrast, when aryl iodides or vinyl bromides are heated with tetra- 
carbonylnickel in an alcohol solvent, especially in the presence of the sodium 
alkoxide, the product is an ester. [161, 162] 

Phi 
Ni(CO)4 

• MeOH 
PhCOjMe 

5.4.2 Iron carbonyl catalysts 

Reaction of pentacarbonyliron with sodium amalgam gives sodium tetra- 
carbonylferrate(-II), which has become a valuable reagent for the synthesis of 

aldehydes and ketones. 

Fe(CO)5 Na2Fe(CO)4 

The anion, [Fe(CO)4]^®, is a powerful nucleophile and on reaction with a 
primary alkyl bromide yields an alkyl iron complex which on treatment with 
triphenylphosphine followed by acetic acid yields an aldehyde. The mechanism 
once again involves alkyl group migration from the metal atom to a carbonyl 

carbon atom. [163] 

RCHjBr + Na2Fe(CO)4 Na' 

/CO 
RCH,Fe-CO 

|\ 
oc CO 

0 

Ph3P 

RCH2CHO + 
+ 

(Ph3P)Fe(CO)3 

NaOAc 

HOAc 
Na 

COCH2R 
I 

Ph,P-Fe-CO 
\ 

OC CO 

0 

The anion [RCH2Fe(CO)4]® can be converted by reaction with carbon mon¬ 
oxide into the acyl anion [RCH2COFe(CO)4]®. Either of these anions may be 
decomposed with halogens to yield an acyl halide and ultimately a carboxylic 

acid, ester or amide depending on the solvent. [ 164] 
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RCH2CO2H 

or RCH2COX 

[RCH2COFe(CO)4]® 

[RCH2Fe(CO)4]® 
R'OH 

RCH2CO2R' 

RCH2C0NR'R" 

In the case of the anion [RCH2Fe(CO)4]® , treatment with halogen must 

initiate migration of the alkyl group to carbonyl carbon. 

The anionic species, [RCH2Fe(CO)4]® can also be allowed to react as a 

nucleophile with a second alkyl halide to give a neutral species which after 

rearrangement (carbonyl insertion) undergoes reductive elimination in the 

presence of a suitable co-ordinating solvent (see Section 2.5) to liberate a 

ketone. [165] p 
CH2R' 

I R'CH2X 1 
[RCH2Fe(CO)4]® -^ RCH2-Fe-CO 

OC I CO 
CO 

solvent 

RCH2COCH2R' + (solvent)Fe(CO)3 

The direct reaction of a lithium alkyl, RLi, with pentacarbonyliron gives 

the acyl iron species Li® [RCOFe(CO)4]® , which can then be alkylated with 

an alkyl halide to yield a ketone as above [166, 167] (see also Section 7.7). 

5.5 Organoborane-carbon monoxide reactions 

It has been known since 1937 that diborane, B2H6, reacts with carbon 

monoxide at 100°C under 20 atmospheres pressure (2 x 10^ kN m“^) to give 

an addition compound, H3BCO. A useful extension of this reaction to organo- 

boranes was reported by Brown in 1967, who found that a wide variety of 

trialkylboranes, R3B, react readily with carbon monoxide in suitable solvents 

at 100—125 C and atmospheric pressure to give products of rearrangement 
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formulated as polymers (R3CB=0);^. Oxidation of these intermediates affords 

the trialkylcarbinols in high yield. [30, 168] 

R3B + CO -- (RsCBO)^ R3COH 

The trialkylboranes are in turn readily available from alkenes and diborane 

(see Sections 6.3 and 7.3). Further developments have extended this carbon 

monoxide insertion reaction to allow synthesis of primary and secondary 

alcohols as well as tertiary alcohols, and also aldehydes and ketones. 

The reaction of trialkylboranes with carbon monoxide involves three 

successive migrations of an alkyl group from the boron atom to carbonyl 

carbon, and the migrations can be controlled by variations of reaction condi¬ 

tions and suitable choice ot alkyl group attached to boron. Complete migration 

from boron to carbon leads eventually to the tertiary alcohol, migration of 

two alkyl groups leads variously to a secondary alcohol or a ketone, migration 

of only one alkyl group gives rise to a primary alcohol or aldehyde. 

All these results are consistent with the following mechanisms of migration. 

R3B + CO R3B-CO 

R 
e 

R-B-C=0 
1^ ^ 
R 

R^ 

R' 
:B-C 

R. 

R 

R 4 -B-C: 
.R 
R 

A 
R-B-C: 

O 

R 

.R 
^R 

/ 
R 

0=B—C—R (polymeric) 
\ 

R 

Each migration step amounts to the synthesis of a new carbon-carbon bond, 

one of the carbon atoms involved being that provided by the carbon monoxide. 

Subsequent transformation at each migration stage will now be discussed. 

The polymers (R3CBO)^can be oxidized directly with alkaline hydrogen 

peroxide; in some cases it is preferable to convert the polymer to a monomer 

by reaction with ethan-1,2-diol prior to oxidation. 
CH2OH 

(R3C-B=0), 
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Oxidative cleavage of the carbon-boron bond leads to a tertiary alcohol; 

formation of carbon-oxygen from carbon-boron bonds will be discussed in 

Chapter 7, but can be shown here briefly as: 

R3C-B 
O' 

+ HOO 
e R^C-B 

CPn 

(IP 

’O' 

R3 
COH + 0= 

hydrolysis 
^- RoC-O-B 

O 
+ HO® 

Migration of the third alkyl group from boron to carbon in the rearrange¬ 

ment process is slow and can be inhibited by the presence of water, possibly 

by conversion of the boraoxiran to a stable dihydroxy compound. 

R- 
A 

-B-C: 
.R 

R 
+ HOH 

HO OH 
I I 

R-B-CA 
R 

R 

Hydrolysis of this intermediate with aqueous sodium hydroxide then 

produces a secondary alcohol; the more usual oxidative hydrolysis produces 
a ketone. 

HO OH 
I I 

R-B-CC 
R 

R 

H® 
->■ R-^ /OH 

R'" "'H 

In the presence of lithium tetrahydridoborate a reductive process intervenes 
after one migration from boron to carbon has occurred, the product being an 

a-hydroxyalkyldialkylborane. 

0 © 
R3B-CSO 

R R 
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Alkaline hydrolysis or oxidative hydrolysis as before then yields products as 

shown below. 
OH HOH R2BOH + RCH20H 

R, B-CHR 

H202/H0^ 2ROH + RC-H 

& 
In the above aldehyde synthesis only one of the three alkyl groups initially 

attached to boron is present in the desired product. A more economical 
conversion of an alkene into an aldehyde is provided by the use of the second¬ 

ary borane, 9-borabicyclo[3.3.1 ]nonane, which on reaction with an alkene gives 

a tertiary borane. [169] 

On combination of this tertiary borane with carbon monoxide, migration of 

the newly introduced alkyl group occurs. This same group then appears in the 
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2,3-Dimethyl-2-butylborane (‘thexyl borane’, RBH2) can be used for the 

synthesis of tertiary boranes RR'R"B in which all three alkyl groups are 

different. Subsequent insertion of carbon monoxide followed by preferential 

migration of the groups R' and R" leads to the synthesis of unsymmetrical 
ketones. [171, 172] * - 

H3C CH3 

CO 
->• 

H3C CH3 Q 

I I / \ ^R 

H-C-C-B-CC„ 
I I R 

H3C CH3 

H2O2 

HO® 
o=c; 

R' 

R" 
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Synthesis of carbon-hydrogen 
bonds 

6.1 Introduction 

Metal hydrides, both neutral and anionic, have long been recognized as 
important reducing agents. The use of both stable and transient organometallic 

hydrides for the reduction of organic substrates is a logical extension of metal- 

hydride chemistry. Transient hydride intermediates are involved in catalytic 

hydrogenations using soluble organometallic catalysts, and these procedures 

are of much current interest. The very different hydrolytic cleavage of 

carbon-metal bonds is well known, and finds particular application in the 

preparation of hydrocarbons from halogeno compounds, in the formation of 

aldehydes from certain acyl metal carbonyl complexes, and in the process of 

hydrogenation via the addition of diborane or boron hydrides to alkenes and 

alkynes. Other aspects of hydroboration relevant to Part III are dealt with in 

Chapter 7 in relation to the synthesis of carbon-nitrogen and carbon-oxygen 

bonds. Reductive demercuration is becoming an important synthetic procedure, 

specific examples are given in Section 6.4 below and in Section 7.4. 

6.2 Protolytic cleavage of carbon-metal bonds 

As already mentioned in Section 2.7, organometallic derivatives of a variety 

of electropositive metals undergo solvolysis by water, alcohols or other proton 

sources to generate the corresponding hydrocarbon. 

CeHsLi + HaO -^ + LiOH 

RMgBr + MeOH -" RH + BrMgOMe 

(C2Hs)3A1 + 3EtOH -" SCaHe + Al(OEt)3 
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RHgR + HCl -^ RH + RHgCl 

ArCH2 SiCla ArCHg 

The use of a standard solution of methylmagnesium iodide to determine 

the number of moles of ‘active’ hydrogen in ^n unknown compound, as 

measured by the volume of methane liberated, is associated with the name of 

Zerevitinov. A synthetic application of the hydrolytic cleavage of Grignard 

reagents is found in the preparation of specifically deuterated compounds 
from the corresponding halogeno compounds. 

RBr RMgBr RD 

Acid hydrolysis of organoboranes to yield hydrocarbons is an important 

aspect of hydroboration, discussed in Section 6.3 below. 

The hydration of an alkyne to a carbonyl compound, catalysed by 

mercury(II) salts in acid solution, involves the synthesis both of a carbon- 
hydrogen and a carbon-oxygen bond. 

HC^H 
H3O® H. 

H' 
:c=c 
enol 

^OH CH3-C 
H 

O 

RC^CR 
R 

H 
C=C: 

enol 

,R 

OH 
RCH2-C /R 

In these reactions the intermediate is an organomercury adduct which 

undergoes hydrolysis at the carbon-mercury bond to form the enol, tauto- 
merically equivalent to the aldehyde or ketone. 

HC=CH 
H 

OH 

H 

H C=CC 
H 

OH 
CH3CHO 

These and related processes are discussed in Sections 7.4.4 and 7.5.3 in the 

context of carbon-oxygen bond formation (c.f. also Sections 2.3 and 2.7). 

6.3 Hydroboration of alkenes and alkynes 

The addition of borane to an alkene, with subsequent manipulation of the 
product to give an isomeric alkene, an alkane, or an alcohol was noted in 

Section 4.2.2 and will be discussed further in Section 7.3. The formation of 
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an alkane from the intermediate organoborane involves hydrolytic cleavage of 

the carbon-boron bond of the kind already referred to in Section 6.2 above. 

It is worth noting that trialkylboranes are relatively stable to aqueous acids 

and bases but yield the hydrocarbon in acetic acid. 

3RCH=CH2 (RCH2CH2)3B 

3CH3CO2H 
-3RCH2CH3 + B(0C0CH3)3 

The mechanism of this facile cleavage by acetic acid presumably involves a 

six-membered transition state. 

XH3 

0=C 

B 
\. 
CH 

C> :B 
.0-C' 

XH. 

O 
+ 

CHR ' RCH2CH3 

Hydroboration of an alkyne can lead to the corresponding alkene (see 

Section 4.1.1). [173] In the case of a terminal alkyne, the preferred method 
is to use a sterically-hindered alkyl borane such as bis(3-methyl-2-butyl)borane. 

Me 

C4H9C^H + (Me2CHCH)2BH 

Me 

C4H9^ /B(CHCHMe2)2 

CH3C02H 

O Me 

C4H9^C=CC:[! + CH3-C^.^B(CHCHMe,)2 
H H C) 

The related use of diisobutylhydridoaluminium as a reducing agent for 

alkynes has been discussed in Section 3.5. 

6.4 Hydrogenolysis of carbon-metal bonds by hydrogen or metal hydrides 

The trialkylboranes discussed in Section 6.3 above can be converted into an 

alkane and a dialkylborane by direct hydrogenation under pressure in the 

absence of any catalyst. 
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(C4H9)3B C4H10 +HB(C4H9)2 

The ‘0x0’ and related reactions involving the hydrogenolysis of an acyl-metal 

bond to give an aldehyde and a hydrido metal carbonyl have been discussed 

in Section 5.2. Hydrogenolyses of other carbon-metal bonds have also been 

reported and are likely to find increasing synthetic applications (cf. Sections 
2.7 and 7.4). [174] 

RPdCl 
LiAlH4 -^ RH 

Na-Hg 

RH 

OMe 
I 

OMe 
1 

C^ 

/\ 

-HgOAc 
NaBH4 

(+H®) ' 
+ Hg + AcO® 

/\ 

RCu 
BusPCuH -^ RH 

6.5 Homogeneous hydrogenation using organometallic catalysts 

Numerous organic complexes of metals such as rhodium, iridium, ruthenium, 

molybdenum and cobalt can act as homogeneous catalysts for catalytic 

hydrogenation. The most important of these is tris(triphenylphosphine)chloro- 

rhodium, a red crystalline compound known as Wilkinson’s catalyst. In solutior 

this complex undergoes oxidative addition of hydrogen (see Section 2.5) to 

form a metal hydride, from which one molecule of triphenylphosphine 
dissociates reversibly. [175-177] 

H2 /H /H 
(Ph3P)3RhCl (Ph3P)3Rh-H (Ph3P)2Rh-H + Ph3P 

\\ Yl 
In the presence of a suitable alkene substrate an equilibrium is then 

established in which the alkene competes with triphenyl phosphine for 
co-ordination to the rhodium atom. 

H 
(Ph3P)2Rh-H + RCH^CH. 

"^Cl 

H 

(Ph3P)2Rh 

Cl 
x/hr 

CH2 100 
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Intramolecular hydride ion transfer from rhodium to carbon then gives rise 

to an alkyl rhodium complex still having one hydrogen atom attached to the 
rhodium atom. The initial hydride transfer is similar to that proposed for the 

hydroboration and hydroformylation of alkynes (see Sections 6.3, 7.3, and 

5.2). The alkane is formed by a reductive elimination process (see Section 2.5) 

with regeneration of the catalyst. 

H 
Pha P I hydride migration 

PhgP^ I /CHR cf. Section 2.6 

Cl ■/ 
CH2 

/CH2R 
PhaP" 1 "CH2'" 

Cl 

PhsP 

(Ph3P)3RhCl + CH3CH2R 
reductive elimination 

of alkane 
cf. Section 2.5 

Ph3P H 

Ph3P-Rh-CH2CH2R 

Ph3P^ ^C1 

The proposed mechanism is consistent with the observation that undeuter- 

ated and dideuterated alkanes are formed from a mixture of H2 and D2 using 
homogeneous catalysts, whereas hydrogen-deuterium scrambling occurs with 

the use of heterogeneous catalysts. 

RCH=CH2 
H2 + D2 in benzene 

(Ph3P)3RhCl 
RCH2CH3 and RCHDCH2D 

Studies with deuterium have also shown that cis- addition to the double 

bond is preferred, and very little isomerization or hydrogen exchange occurs. 
In general, tris(triphenylphosphine)chlororhodium catalyses the hydrogenation 

of non-conjugated alkenes and alkynes at room temperature and atmospheric 

pressure. Conjugated alkenes and dienes which form intermediate chelates 

require higher pressures (60 atmospheres) for reduction. The rate of reduction 

of terminal alkenes is faster than that of internal alkenes and cw-alkenes are 

reduced more rapidly than the corresponding fran^-alkenes. [178] Partial 

reduction of allenes is also possible and in the case of an unsymmetncal 

allene, the less substituted double bond is reduced. [179] 

H2/benzene 

RCH=C=CH2 (ph3P)3Rhci^ 
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The main virtue of homogeneous organometallic catalysts lies in their 

ability to catalyse the hydrogenation of relatively unhindered carbon-carbon 

double bonds without affecting hindered double bonds or hydroxy, cyano, 

nitro, chloro, azo, oxido, or carbonyl functional groups. This selectivity is 

illustrated in the following examples. [180-182] 

CH, 

CH2 

H2/benzene/25°C 

(Ph3P)3RhCl 

0,N CH=CHNOo 
H2 /benzene-ethanol 

(Ph3P)3RhCl O2 CH2CH2NO 2 

H2/benzene 
PhSCH2CH=CH2 PhSCH2CH2CH3 

In the last example, the unsaturated sulphur compound can be hydrogenated 

satisfactorily without the poisoning usually observed in heterogeneous catalysis 

Other useful catalyst systems include ju-dichloro-vr-benzene ruthenium, tris- 

(triphenylphosphine)trihydridocobalt, bis(triphenylphosphine)carbonylchloro- 
iridium, and bis(cyclopentadienyl)dihydridomolybdenum. [183] 

The decarbonylation of aliphatic aldehydes by Wilkinson’s catalyst also 

amounts to a synthesis of alkanes, with fission of a carbon-carbon bond and 
formation of a carbon-hydrogen bond (cf. Section 5.2). 

6.6 Reduction of carbonyl compounds and of alkyl and aryl halides with 
organometallic hydrides 

The reduction of carbonyl compounds to alcohols or alkanes and of halogeno- 

compounds to alkanes or arenes can be carried out very effectively by the use 

of hydride reducing agents, such as lithium tetrahydridoaluminate and sodium 

tetrahydridoborate. These reducing agents act as sources of nucleophilic 
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hydride ions; organometallic intermediates are not formed and the reactions 

are therefore outside the scope of this book. However, various organometallic 

hydrides containing both carbon-metal and metal-hydrogen bonds have found 

increasing use in synthesis, especially in the reduction of carbonyl compounds 

and of alkyl and aryl halides. 

Some examples are shown below. [ 184-188 ] 

Ph2SiH2 
PhCOPh PhCH2Ph 

PhCH(OEt)2 
EtgSiH 

ZnCl2 
PhCH2 0Et + EtjSiOEt 

C=0 
Ph2SnH2 
-^ + (PhjSn)^ 

RX + (C4H9)3SnH RH + (C4H9)3SnX 

(X = Cl, Br, I) 

+ Ph3SnBr 

In general the above reactions are free radical in character [189] (cf. 

Section 2.4). u a -a 
Similar reactions of organic derivatives of boron and aluminium hydrides 

have been reported. 
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to nitrogen, phosphorus, oxygen, 
sulphur, and the halogens 

7.1 Introduction 

Organometallic compounds have long been of central importance in the 

construction of carbon-carbon bonds (Chapters 3, 4, and 5). Carbon-hydrogen 

bond formation was discussed in Chapter 6; the present chapter deals with the 

use of organometallic compounds or intermediates for the construction of 

bonds linking carbon to a variety of electronegative elements such as nitrogen, 
phosphorus, oxygen, sulphur, and the halogens. Many of these reactions have 

been reported only in the last few years, and their undoubted synthetic 
potential remains to be fully explored. 

One process of wide generality and importance consists in the addition of a 

nucleophilic group X and an electrophilic metal-containing group L„M across 

a carbon-carbon double bond to give an organometallic intermediate which 

is then subjected to reduction with a reagent such as sodium tetrahydrido- 
borate. In this second step the carbon-metal bond is replaced by carbon- 

hydrogen so that the overall result is the addition of HX across the double 
bond. 

X X 

>:=cc: + X + ML„ —► x-cc :x-cc 
ML„ H 

Such reactions are treated here rather than in Chapter 6 since the feature of 

importance is formation of the C—X rather than the C—H bond; X in particulai 

can be an oxygen or nitrogen atom and the metal commonly mercury, thallium 
or palladium. 
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7.2 Grignard reagents and related compounds 

7.2.1 Formation of carbon-nitrogen bonds 

Two reagents which react with organomagnesium compounds to give primary 

amines are 0-methylhydroxylamine and chloramine. 

RMgX + H2NOCH3 -^ RNH2 + CHjOMgX 

RMgX + H2NCI -^ RNH2 + ClMgX 

In both cases the nucleophilic carbanion, R:®, provided by the organo- 

metallic compound attacks the nitrogen atom with displacement of a meth- 

oxide or chloride ion. The method yields primary amines only, and is useful 

for the preparation of tertiary alkyl primary amines which cannot be obtained 

by reaction of ammonia with tertiary alkyl halides. 
A new method for the synthesis of carbon-nitrogen bonds, leading again to 

the preparation of primary amines, consists in the reaction of two moles of a 

Grignard reagent with one mole of acetone oxime. [190] 

toluene 
II + 2RMgX -TiiT 
N. 

OH 

Me^^/Me 
Me^ /Me 

\\ + XMgOMgX 
(=MgX2 + MgO) 

K 

H2O 

Me-C-Me + RNH 
II 

2 

O 

Grignard reagents react with aryl diazonium salts to yield azo compounds 

with formation of an aryl-nitrogen bond (cf. also Section 7.4.5). 

ArNf X®+ RMgX ArN=N-R + MgX2 
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7.2.2 Formation of carbon-phosphorus bonds 

Many methods are known for the synthesis of organophosphorus compounds 

from organo-magnesium, lithium, and cadmium reagents. Various trivalent 

and pentavalent phosphorus halides or esters can be used, and the reactions 

can be classified as nucleophilic displacements, involving a carbanion provided 

by the organometallic reagent as nucleophile. [191] 

PCI3 or P(0C2H5)3 

2PCI3 

C4H9MgBr 

3ArLi 
^ Ar,P 

0=PCl3 

,^0 

2RPCI2 

(C4H9)2P 
OH 

CH2=CHMgBr 

^"^^0C4H9 " ^CH=CH2 

H-PCOC^Hs)^ 

O 

RMgCl 
-^ H-PR2 

o 

Similar reactions are available for the synthesis of organic derivatives of 

arsenic, antimony, bismuth, boron, silicon, and many other elements. 

7.2.3 Formation of carbon-oxygen bonds 

Grignard reagents and related compounds react with oxygen to give the metal 

salt of a hydroperoxide, which can react with a second mole of organometallic 

reagent to give an alcoholate. Appropriate acidification can yield either a 

hydroperoxide or an alcohol, and the initial reaction with oxygen is almost 
certainly free radical in character [192] (cf. Section 2.4). 

ROOH 
HaO®^ 

RMgX + O2 -- R-O-O-MgX 

2ROMgX 2ROH 
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CH2=CH-CH2-ZnCl —^ 

CH2=CH-CH2-0-0-ZnCl CH2=CH-CH2-0-0H 

A free radical chain process for the reaction of a Grignard reagent with oxygen 

is shown below, where In is a free radical initiator. 

Initiation; 

Propagation; 

RMgX + In- — —»■ R- + In—MgX 

R* + O2 

i 1 
0

 1 
0

 
• 

ROO* + RMgX ^ ROOMgX + R- 

The reaction of mixed trialkylalanes with oxygen to yield long chain primary 

alcohols is of considerable industrial importance, since these alcohols are 

intermediates in the synthesis of biodegradable detergents. 

HtO or 

R3AI + HO2 -" (R0)3A1 3ROH 

?-Butyl perbenzoate is a readily available peroxy compound and its reaction 

with either an alkyl or aryl Grignard reagent provides a useful synthesis of 

r-butyl ethers. [193] 

CeHs-G 
—O—CMe3 

RMgX 
-► C.H,-C 

O 

OMgX 
+ ROCMe3 

When R is an aryl group, subsequent hydrolysis of the t-butyl ether effects 

overall conversion of an aryl halide into a phenol. 
The t-butyl perbenzoate reaction is sometimes shown as a carbanionic 

transfer involving a six-membered transition state; 

C.H 

Mg. 

c 
c^O/0^ CMe. C6Hs' 

O' 
1 

X. 

X 
I 

-Mg 
+ 

R 
I 
O. 

-CMe. 
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It seems more probable, however, that this reaction is also a free radical 

chain process: 

Initiation: In* + RMgX -^ InMgX + R* 

and/or In* + CeHg—C—OOCMej -In—OCMe3 + C^Hg—C—O* 

O o 

Propagation: •< 

R* + CeHg-C-O-OCMe. 
II 

O 

CeHg-C-O* + RMgX — 

O 

^ ROCMea + CeHg-C-O* 

O 

R* + CgHg-C-OMgX 

O 

7.2.4 Formation of carbon-sulphur bonds 

Thiols and thioethers can be prepared from Grignard reagents and elemental 
sulphur. 

RSH 

Sg RMgX RMgX 
RMgX -^ RS^MgX -> RSMgX -^ RSR + Mg + MgX2 

RSR' + MgXI 

Similar reactions are known for selenium and tellurium. 

Some Grignard reagents are converted into thiol anions by reaction with 

thiirans (episulphides) such as the readily available propylene sulphide; the 

reaction is more general for alkyl and aryl lithium compounds. [194] 

RLi + MeCH-CH2 -- RS®Li® + MeCH=CHo 

The reaction of a Grignard reagent with sulphur dioxide is analogous to the 

well known reaction with carbon dioxide; the product is the magnesium salt 
of a sulphinic acid. 

■> R-S 
^OMgX 

H3O® 
->■ R-SC 

O 

OH 
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Similarly, the reaction of arylsulphonyl chlorides or esters with Grignard 
reagents gives rise to sulphones. 

? V 
RMgX + Ar-S-Cl -  Ar-S-R + MgXCl 

o o 

7.2.5 Formation of carbon-halogen bonds 

Reaction of Grignard reagents with iodine provides a useful synthesis of 

iodides from the corresponding chloro- or bromo-compounds, 

RMgX + I2 -^ RI + IMgX 

The reaction is particularly useful when the normal halogen exchange reaction 

fails. 

Me3C-CH2l 

Me3C-CH2Cl 

Me3C—CH21 

Many other organometallic compounds behave similarly. Thus treatment of 

a vinyl alane (see Section 3.5) with iodine gives the iodoalkene. [195] 

R-r=r^H <» 
W' "'AKCiH,), WHjO* H'' 

7.3 Organoboranes 

7.3.1 Formation of carbon-oxygen bonds 

The hydroboration of alkenes with diborane (see Section 4.2.2) leads to tri- 

alkylboranes, which have considerable synthetic utility by virtue of the ability 

of various reagents to cleave the newly-formed carbon-boron bond(s). Of 

special importance are the reactions leading to alcohols, ketones, and alde¬ 

hydes. [196, 197] (For the conversion of alkyl boranes into alkanes see 

Section 6.3.) 
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Conversion of a carbon-boron bond of an alkyl borane into a carbon- 

oxygen bond gives rise to a primary alcohol; in contrast, the direct acid- 

catalysed hydration of the alkene yields the isomeric secondary alcohol. 
Oxidation of the trialkylborane is achieved by reaction with alkaline hydrogen 

peroxide and the mechanism involves migration of a carbanionic R group 

from boron to oxygen. 

R 
HOO® R\l~\ 

R3B -- B-0^_ „ 
j/® 6.0-H 

R. 

R' 
:B-0-R + HO® 

R2BOH + ROH 
H2O R^e^OH 
- /BC 

^OR 

R2BOH 
continued reaction with 

HOO® as above 
2ROH + (H0)3B 

This oxidative rearrangement does not affect double or triple bonds, alde¬ 

hydes, ketones, halides or nitriles. The R group migrates from boron to oxygen 

without skeletal rearrangement, and in the case of an optically-active R group 

the configuration of the carbon atom initially attached to the boron atom is 

retained in the product alcohol. 

With an arylboronic acid, reaction with hydrogen peroxide gives rise to a 

phenol. [198] 

ArB(OH)2 ArOH + B(OH)3 

Arylmercury compounds can also be converted into phenols via the aryl- 
borane. [199] 

H2O2 

ArHgBr + R2BH —^ R2BAr ArOH + 2ROH 
HO^ 

Hydroboration and subsequent oxidation of norbornene gives norbornyl 

alcohol consisting almost entirely of the exo-isomer. This result is a con¬ 

sequence of initial addition of the borane to the less-hindered face of the 
double bond. 
no 
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The oxidation of trialkylboranes with acidic dichromate gives carbonyl 

compounds, e.g. 

B2H6 H2Cr207 

H2SO4 

Hydroboration of a non-terminal alkyne followed by oxidative hydrolysis 

of the intermediate vinyl borane results in a useful preparation of ketones. 

R-C^-R 
B2H6 

H2O2 

NaOH 
RCH=C 

/R 
'^OH 

RCH2COR 

The formation of aldehydes from terminal alkynes requires the use of a 
sterically-hindered borane such as bis(3-methyl-2-butyl)borane (see Sections 

4.1.1 and 6.3). 

/ Me\ /Me \ 

+ \Me2CH-CHj2 BH -^ RCH=CH-B-VCH-CHMe2/2 

H202/Na0H 

RCH2CHO ^- [RCH=CHOH] 

7.3.2 Formation of carbon-nitrogen, carbon-halogen and carbon-metal 

bonds 

Alkyl boranes derived from the hydroboration of alkenes u^ergo^ready 

reaction with either hydroxylamine-O-sulphonic acid (H3N-OSO3), 
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chloramine (H2NCI), or dimethylchloramine (Me2NCl) to afford the corre¬ 

sponding amine. [200] 

BjHe 
RCH=CH2 -> (RCH2CH2)3B 

MejNCl 

NH2CI or 

H3N-OSO3® 
RCH2CH2NH2 

RCH2CH2NMe2 

The mechanism for amine formation is analogous to that proposed for the 
conversion of alkyl boranes into alcohols. 

R3B + NH2-CI 

R 1^ 
R2 B NH2 7~C1 

© e ^ 

R 
I 

R2B-NH2 Cl® 

hydrolysis 
T 

RNH2 

Similarly the reaction of an alkyl borane with bromine or iodine affords 
the corresponding alkyl halide. [201 ] 

R3B + X2 R2 

R 
l~^ 
B-X-X 
e © 

(X = Br or I) 

R 
I 

R2B-X X® 

hydrolysis 

RX 

In the above cases, as for the reaction of a trialkylborane with alkaline 

hydrogen peroxide, the configuration around the carbon atom which migrates 

from boron to a nitrogen, halogen or oxygen atom respectively is retained. 

Arylboronic acids are converted by bromine or iodine into the correspond¬ 
ing aryl halide. [202] 

ArB(OH)2 ArX + B(OH)3 + HX 

Organoboranes show considerable promise for the synthesis of other 

organometallic compounds. Reaction of a trialkylborane with an aqueous 

suspension of lead(II) oxide yields the tetra-alkyl lead(IV) derivative and 
metallic lead. 
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2R,B + 2PbO 
H2O 

NaOH 
R4Pb + Pb + 2RB(0H)2 

In tetrahydrofuran solution, trialkyIboranes react readily with mercury(II) 
acetate to give the corresponding acetoxymercury compound. 

Hg(OAc)2 
(RCHjCHjlaB 

THF 
2RCH2CH2HgOAc 

7.4 Organomercury compounds 

7.4.1 Aromatic mercuration 

Mercuration is a process in which a hydrogen atom attached to carbon is 
replaced by a mercury atom, and such a process is most favourable when the 
carbon atom is part of an aromatic ring. Thus, phenylacetoxymercury can be 
formed in good yield by the reaction of benzene with mercury(II) acetate in 
acetic acid at elevated temperatures, while thiophen reacts readily with 
mercury(II) chloride in a buffered solution at room temperature. [5] 

^.^HgOCOCH, 

+ Hg(OCOCH3)2 + HOCOCH 

+ HgCl2 Q -HgCl + HCl 

The mercuration reaction has wide generality and can also be carried out on 
hetero-aromatic and non-benzenoid aromatic compounds. These reactions are 
typical examples of electrophilic aromatic substitution and for acetoxymercu- 

ration the following mechanism is generally accepted. 

Hg(OCOCH3)2 HgCOCOCHa); 

HgOCOCH; 

H 

HgOCOCH3 

^ H® 

lT^gOCOCH3 

OCOCH3 
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As with other electrophilic aromatic substitutions, groups such as —CH3, 
—OMe, —NR2, etc. activate the ring and direct the incoming acetoxymercury 

group to the ortho- and para-positions. Where co-ordination to the mercury is 

possible, a substituent may unexpectedly direct the electrophile to the ortho- 

position. Thus as already mentioned in Section 2.1, the mercuration of 

nitrobenzene occurs in the ort/zo-position. The same phenomenon occurs in 

thallation (see Section 7.5.1 below). In some cases mixtures of meta- and 

para-substituted products are obtained as a result of mobile mercuration- 

demercuration equilibria between the isomers. 

7.4.2 Formation of carbon-halogen bonds 

Arylmercury salts can be converted into aryl bromides and aryl iodides by 

reaction with bromine or iodine respectively (cf. Section 2.1). In the case of 

acetoxymercury compounds it is advantageous to exchange the acetate group 
with a halide ion prior to reaction with the halogen. [203] 

OH 

+ HgCOCOCHa), 

OH 

OH 

^^^v^HgOCOCH; 

+ CH3C02H 

NaCl 

OH 

Polymercuration can lead to the formation of aryl polyhalides. [204] 

NHCOCH3 NHCOCH3 

^450^ CH3COOHg...^^=i\.HgOCOCH. 
+ 5Hg(OCOCH3)2 -^ 1 I 

CH 3 coong'^'^Y^HgococH. 

HgOCOCH3 

NHCOCH3 

Br.. /Br 
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The mechanism for the substitution of mercury by halogen involves electro¬ 

philic attack, the leaving group being the mercury substituent rather than a 

proton (cf. Section 2.7). 

X^gX 

+ HgX2 

7.4.3 Oxymercuration of alkenes 

An alcoholic solution of mercury(II) acetate reacts with alkenes in a conven¬ 

tional electrophilic addition process to form a product which contains a new 

carbon-oxygen bond and a new carbon-mercury bond. [4, 205] 

MeO 
MeOH I 

/C=cc: + Hg(OCOCH3)2 -^ ::^c-c- 
HgOCOCHa 

The stereochemistry of addition is commonly trans and the reaction is thought 

to proceed by electrophilic attack of the mercuriacetate cation to form an 

intermediate cyclic mercurinium ion, which undergoes subsequent attack by 

the solvent methanol (cf. Section 2.3). 

Hg(OCOCH3)2 HgOCOCH3 + CH3COf 

@ 

:c=cc: + HgOCOCH3 

\®/ 
\ ! 
Hg 

X-C: 
® I 

OCOCH. 

MeOH 

/C-C: 

MeOH 

/C—cC 
I 
HgOCOCH3 

HgOCOCH; 

MeO 

>C-CC + H' 

HgOCOCH3 
HgOCOCH3 

The oxymercuration process is reversible and deoxymercuration with 
regeneration of the alkene can be induced by hahde ion. 

Cw-oxymercuration has been found to occur m reaction with strained 
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alkenes such as norbornene, and some variation in the above mechanism must 
apply here. 

+ Hg(OCOCH3)2 
MeOH 

7.4.4 Formation of carbon-oxygen and carbon-sulphur bonds 

This subsection deals with the synthesis of alcohols, ethers, thioethers, and 

esters. The products of alkene oxymercuration can be demercurated to give 

alcohols by treatment with alkaline sodium tetrahydridoborate. [206] 

OCOCH3 
Hg(OCQCH3)2 NaBH4 

H2O/THF ^ \ NaOH ' 

HgOCOCHg 

/C-C- + CHaCOf Na® 

H +Hg 

This demercuration process has formerly been regarded as a nucleophilic 
attack of a hydride ion on carbon, with displacement of metallic mercury 
and acetate ion. 

H ©- 

(^g^COCHa / \ 
+ Hg + CHaCOf 

However it has now been established that the dermercuration of alkyl- 

mercury (II) halides by sodium tetrahydridoborate involves the intermediate 

formation of free radicals (cf. Sections 2.4 and 6.4). The detailed mechanism 

IS not yet clear, but some kind of hydridomercury species could initiallv be 
formed. [207] 

R-HgX 
NaBH4 
-y R-Hg-H R- + -HgH 
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The overall result is hydration of the alkene in the Markovnikov sense. 
Hg(OCOCH3)2 NaBH4 

RCH=CH2 -^ RCH-CH2-HgOCOCH3 -^ RCH-CH3 

OCOCH3 OH 

Yields are practically quantitative for terminal and disubstituted internal 

alkenes, but variable for trisubstituted alkenes. The reaction displays high 

sensitivity to steric factors. 

If the above reaction is carried out in alcohol rather than water, ethers are 

generally formed provided that the alcohol is reasonably nucleophilic. Ether 

formation is favoured by the use of mercury(II) trifluoroacetate and this 

reagent allows the preparation even of t-butyl ethers. [208] 

RCH=CH, 
Hg(OCOCF3)2 

Me3COH 
RCH-CH2-HgOCOCF3 

1 , 
OCMe3 

NaBH4 
RCH-CH3 

OCMe3 

Oxymercuration of appropriate unsaturated alcohols can lead to five- or 

six-membered cyclic ethers by intramolecular nucleophilic attack of the 

hydroxyl group on the reacting double bond. [209] 

/ 
CH2-CH2 

H2C=CH 

HO 

\ 
CH2 

/ 

Hg(OAc)2 

H2O/THF 

CH2-CH2 

/ \ 
AcOHgCH2-CH CH2 

CH2-CH2 
NaBH4 / \ 

" CH3-CH CH2 

Peroxymercuration can also be effected by reaction of an alkene with a 

mercury(II) salt and r-butyl hydroperoxide. [210] 

^/C=CH2 + Hg(OAc)2 + Bu^-OOH ^ j^,/C-CH2 HgOAc 
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Demercuration with sodium tetrahydridoborate affords a mixture of a 

dialkylperoxide and an epoxide, the latter predominating in cases where the 

initial terminal alkene is disubstituted. 

^,/C-CH2HgOAc 
R I 

®^0-Bu^ 

NaBH4 Rx 
R' 

C-CH 

Q 

R. 

R'" 

0-Bu‘ 

:C-CH2 
\ / ^ 
O 

The reaction has been extended to include Q:,|3-unsaturated ketones and 
esters. 

The allylic oxidation of alkenes by mercury(II) acetate to form allyl acetate: 

has been shown to occur via an allylacetoxymercury intermediate which de¬ 

composes to an allylic carbonium ion, metallic mercury, and acetate ion. [211 

PhCH2CH=CH2 + Hg(OCOCH3)2 -^ PhCH=CH-CH2HgOCOCH3 

PhCH=CH-CH2 HgOCOCH3 [PhCH^-CH^H2 ] + Hg + CH3CO 

CH3CO2 © 

PhCH-CH=CH2 + PhCH=CH-CH2 OCOCH3 

OCOCH3 

40% 60% 

Similar allylic oxidations can be achieved by thallium(III), palladium(II) 
and lead(IV) acetates. 

In a possibly related reaction, carboxylic acids can react with divinyl- 
mercury to yield vinyl esters, mercury, and ethene. 

CH2 =CH-Hg-CH=CH2 + RCO2H -^ 

RC02CH=CH2 + Ug + CH2=CH2 

Phenols and thiophenols similarly yield vinyl ethers and vinyl thioethers 
respectively. [212] 

CH2 =CH—Hg—CH=CH2 + ArOH -^ ArOCH=CH2 + Hg + CH2=CH2 

CH2 =CH—Hg—CH=CH2 + ArSH -^ ArSCH=CH2 + Hg -I- CH2=CH2 
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Isonitriles can be readily converted into ureas and urethanes by their 

reaction with mercury(II) acetate in the presence of water, alcohols or 

primary amines. [213] 

Hg(OAc)2 
R-NC + H2O -^ RNHCONHR 

Hg(OAc)2 
R-NC + R'OH -^ RNHCOOR' 

Hg(OAc)2 
R-NC + R'NHj -^ RNHCONHR' 

The mercury(II) salt effects oxymercuration of the isonitrile, producing an 

iminoacetoxymercury compound with a new carbon-oxygen bond. 

R-NC + Hg(OAc)2 R-N=C 
/HgOAc 

^OAc 

Subsequent migration of a co-ordinated solvent molecule from the mercury 

atom to the imine carbon atom is postulated. Concomitant cleavage of the 
carbon-mercury bond produces metallic mercury and an organic intermediate, 

which is transformed rapidly into the urea or urethane, depending on the 

solvent. 

H^R' 
'Q/ 

H-N 

R-N= 
A'' OAc 

OCOCH3 

R-N=C 
NHR' 
OCOCH3 

-F Hg + HOAc 

R'NH2 

RNHCONHR' + R'NHC0CH3 

7.4.5 Formation of carbon-nitrogen bonds 

Water and alcohols are not the only solvents in which mercury(II) acetate can 

react with alkenes. The term ‘solvomercuration’ has been suggested as a 

suitably general term to encompass many reactions of a variety of mercury(II) 

salts in solvents such as acetonitrile or amines. The reaction of mercury(II) 

nitrate with terminal or cyclic alkenes in acetonitrile, followed by demercura- 

tion with alkaline sodium tetrahydridoborate, yields A-alkylacetamides which 

may be further hydrolysed to primary amines. [214] 
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RCH=CH2 + CH3CN + Hg(N03)2 RCH-CH2HgN03 

^C-CH3 1 
ONO2 

RCH-CH2HgN03 RCH-CH3 
1 

+ Hg 

.CH3 + ^NaBH4 + 2NaOH — NHCOCH3 + 2NaN03 

1 
ONO2 ^hydrolysis 

+ iNaB(OH: 

RCH-CH3 
I 

NH2 

Primary or secondary amines can act as nucleophiles in the solvomercura- 
tion reaction of alkenes. Subsequent demercuration of the organometallic 
intermediates affords tertiary amines. [215, 216] 

CH2 
II ^ 

.CH 

Hg(OCOCH3)2 
+ H2N-Ar -—-^ I 

CH2- 

CH2HgX 

CH2 

I 
CH2, 

CH 
\ 

II 
CH2 

/ 
CH 

N—Ar 

CH2'^ 
1 

CH2- 

\ 

/ 

CH3 

N-Ar 

CH2-CH2 
/ \ 

RNH O 

CH-CH2 

CH2 

(i) Hg(OCOCH3)2 

(u) NaBH4 

CH2-CH2 / ^ 
RN o 

^CH-CH2^ 
/ 

CH3 

In the same way, the elements of hydrogen azide can be added to an alkene 

by reaction with mercury(II) acetate and sodium azide (caution: mercury(II) 
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azide is extremely hazardous), followed by demercuration of the resulting 

organomercury compound with sodium tetrahydridoborate. The reaction is 

successful only with terminal alkenes or strained cyclic alkenes. [217, 218] 

N3 

>=CC + Hg(N3)2 -^ 

HgNa 
NaBH4 

NH2 

^C-C: 
1 

H 

further reduction 
<-- 

H 

Aryl diazonium salts react with organomercury compounds to yield un- 

symmetrical azo compounds (cf. Section 7.2.1). [219] 

ArNjX® + R2Hg -^ ArN=NR + RHgX 

7.4.6 Oxidation of organomercury compounds 

The oxidation of alkylmercury compounds with ozone also breaks the 

carbon-mercury bond. Primary alkyl groups are converted into carboxylic 

acids, secondary groups into ketones and tertiary into alcohols. [220] 

(RCH2)2Hg 
O3 

RC02H 
-76°C 

R2CH-HgCl 
O3 

RCOR 
10°C 

RjC-HgCl 
03 R3COH 

10°C 

7.5 Organothallium compounds 

7.5.1 Aromatic thallation 

Thallium(III) acetate displays Lewis acid properties which enable it to 
function as a catalyst in electrophilic aromatic substitution reactions, particu- 

larly bromination. [2211 Thallation (analogous to mercuration) of the aro- 
matic ring does not occur with this reagent, but is successful with the 
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electrophilic thallium(III) trifluoroacetate. [222] Substituted benzenes can 

then be prepared by cleavage of the carbon-thallium bond with formation of 

bonds linking carbon to nitrogen, oxygen, sulphur or halogen atoms. 

Aromatic thallation of activated substrates (such as halobenzenes) is rapid 

at room temperature but deactivated substrates (such as benzoic acid) require 

the action of heat under reflux for several hours. Yields are high in all cases. 

,^^=^\/T1(0C0CF3)2 
+ T1(0C0CF3)3 + CF,CO,H 

The aryl di(trifluoroacetoxy) thallium compounds are usually stable, 

colourless solids, which are soluble in polar solvents. The orientation of 

thallation in substituted benzenes can be controlled to some extent by the 

reaction conditions employed. [223] Under conditions of thermodynamic 

control, meta substitution is favoured, whereas kinetic control leads preferenti¬ 

ally to para substitution, or ortho substitution in cases where the substituent 
can co-ordinate with the thallium reagent. 

T1(0C0CF3)2 

^^^\^C02Me 
T1(0C0CF3)3 
->■ 

^?^^C02Me 

^"^^T1(0C0CF3)2 

7.5.2 Formation of carbon-nitrogen bonds 

Aniline can be produced by the photolysis of phenyl di(trifluoroacetoxy) 

thallium in the presence of ammonia and the process may be general. [24] 

T1(0C0CF3)3 ^^^T1(0C0CF3)2 
hv 
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Aromatic nitroso compounds can be prepared by the reaction of aryl di- 

(trifluoroacetoxy) thallium compounds with nitrosyl chloride. [224] 

'CH3 

T1(0C0CF3)2 

PrONO/HCl 

(NOCl) 
C1-T1(0C0CF3)2 

7.5.3 Formation of carbon-oxygen bonds 

Phenols can be synthesized by oxidation of aryl di(trifluoroacetoxy) thallium 

compounds with lead tetra-acetate, followed by addition of triphenylphos- 

phine and hydrolysis of the resulting aryl trifluoroacetate. The isolation of 

intermediates in the reaction sequence is not required. [225] 

^:^=^T1(0C0CF3)2 (i) Pb(OCOCH3)4 

(ii) PhaP 

The oxidation of para-substituted aryl di(trifluoroacetoxy) thallium com¬ 

pounds with peroxytrifluoroacetic acid affords para-quinones, the reaction 

taking place with either elimination or migration of the para-substituent. [226] 

CH. 

T1(0C0CF3)3 

T1(0C0CF3)2 

CF3CO3H 
-> 

Carbon-oxygen bonds are also formed in oxythallation, dealt with in Section 

7.5.6 below. 

7.5.4 Formation of carbon-sulphur bonds 

The irradiation of phenyl di(trifluoroacetoxy) thallium in an aqueous solution 

of potassium thiocyanate leads to the formation of phenyl thiocyanate. [227] 

^^:^T1(0C0CF3)2 
hv 

KSCN/H2O 
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A more complicated reaction sequence is required for the synthesis of thio- 

phenols. The critical step involves photolysis of an aryl bis(dithiocarbamato) 
thallium compound to give an aryl dithiocarbamate. 

^?==^^T1(0C0CF3)2 
+ KS-C-NMe, 

7.5.5 Formation of carbon-halogen bonds 

A very easy and effective synthesis of aryl iodides is provided by the reaction 

of potassium iodide with an aryl di(trifluoroacetoxy) thallium compound. 

The aryldi-iodothallium is unstable and decomposes to thallium(I) iodide and 
the aryl iodide. [228] 

^,^^^^T1(0C0CF3)2 

+ 2KI + 2KOCOCF3 

Various phenylthallium(III) salts have been converted into chlorobenzene in 

moderate yield by reaction with either copper(I) or copper(II) chloride. [229] 

^:J==^^T1(0C0CF3)2 
CuCla or CU2CI2 
->- 

7.5.6 Oxythallation of alkenes and alkynes 

Thallium(III) nitrate is capable of rapidly effecting oxythallation of carbon- 

carbon double and triple bonds. The resulting organothallium compound is 
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highly unstable and can undergo decomposition in a variety of ways, depend¬ 

ing on the substituents present. This cleavage is thought to be heterolytic, 

resulting in the development of carbonium-ion character at the carbon atom 

of the original carbon-thallium bond (cf. Section 2.3). 

+ T1(0N0,)3 
MeOH R 

R 

^Me^Tl 
, ONO- 

^0N02 

R~ 

R' 
;C-€-R 

1 ® 

OMe 

0 
+ TIONO2 + ONO2 

The carbonium ion commonly rearranges before capturing a solvent 
nucleophile. For example, cyclic alkenes undergo ring contraction, the final 

product being an aldehyde. [230] 

,OMe 

^ /ONO2 ^ 
T1(0N02)3 

MeOH 

CHO 

H /OMe 

^^'-OMe 

MeOH H 
CHOMe 

Oxythallation of styrenes leads to benzyl ketones, the intermediate carbonium 

ion being stabilized by phenyl migration. 

Ph- 
Ph^^_^u ™N02)3 

Me"*^ H30* 

Ph^ 
^C-CH2 

Me 1 ;>s /ONO2 

OH '-^^^0N02 

e 
'C-CH: 

Me 
O^H 

H2O 

Me—C—CH2 Ph 

O 
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In similar fashion, methyl phenyl ketone is converted into an ester of 
phenylacetic acid. [231] 

T1(0N02)3 
Ph-C-CH, Ph-C=CH2 —^ MeO-C-CHaPh 

jj I MeOH II 

O OH . . o 
In the case of alkynes, a keto carbonium ion is produced, and subsequent 

attack by the nucleophile can occur either at the carbonium centre or, pro¬ 

vided an aryl migration can occur, at the adjacent carbonyl carbon. 

H3O® 
R-C=C-R + TlfONOala 

HO ^TlC 
^ONOa 

R-C-CH' 
II ® 

O 

-R R 

e 

Y-CHC^ ^ONOj 
^ ^ t;0N0, 

+ TIONO, + ONO, 

Two possibilities for the further reaction of this intermediate carbonium 
ion are exemplified below. [232] 

Et-C-CHEt 
II 
O 

H,0 
Et-C-CHEt + H' 

II I 
O OH 

Ph-^-CHMe 

fi 
MeOH 

> MeO-C-CHC^^ + H® 
II Me 

O 

Terminal alkynes undergo more extensive oxidation wth two moles of 

thallium(HI) nitrate to afford carboxylic acids having one carbon atom less 
than the starting alkyne. 

TI(0N02)3 
R-C=C-H R-C-OH 

O 
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Epoxides can be obtained from alkenes by oxidation with thallium(III) 
acetate. [233] 

^®^C=CH2 + T1(OAc)3 + H2O 
Me-' 2 Me I \ 

OH T1(OAc)2 

HOAc 

^C-CH2 + TlOAc + HOAc 
Me^ \ / ^ 

O 

7.6 Organic complexes of palladium 

7.6.1 Aromatic substitution 

Unlike aromatic mercuration and thallation, the direct reaction of aromatic 

hydrocarbons with palladium salts is an unsubstantiated process. However, it 

is postulated to occur in the palladium(II)-catalysed substitution of aromatic 

compounds by a wide variety of nucleophiles in the presence of a suitable 

oxidant, such as lead tetra-acetate. 

+ X® + oxidant 
Pd(Il) -y 

Carbon-oxygen, carbon-nitrogen, carbon-sulphur and carbon-halogen bonds 

can be formed by the use of anions (X®) such as acetate, azide, thiocyanate 

and chloride. The role of the oxidant is not clear, but it could be required for 

the decomposition of an aryl palladium intermediate. 

+ PdX, 

^^^^PdX oxidant 
+ PdX, 

Alternatively, the oxidant may oxidize the palladium(II) to a palladium(IV) 

salt; the latter compounds are known to be capable of oxidizing arenes to the 

observed reaction products. [234] 

7.6.2 Benzylic acetoxylation 

Alkyl benzenes can be oxidized to benzylic acetates by palladium acetate in 

acetic acid. 
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+ Pd(OAc)2 

HOAc 

100°C 

O Ac 

+ Pd 

Free-radical benzylic coupling is a competing process, but can be suppressed 

by the addition of excess potassium acetafe. .The acetoxylation reaction is 

enhanced by the presence of electron-donating substituents on the benzene rir 

and retarded by electron-withdrawing substituents. A posulated mechanism 

involves formation of an intermediate tt-bonded aryl palladium species, which 

undergoes rearrangement to a benzylic a-bonded palladium compound, which 

finally undergoes decomposition to the benzylic acetate. [235] 

+ Pd(OAc). ®—[—Pd(OAc)2 

^^=^\/CH2 OAc 
+ Pd 

PdOAc 

+ HOAc 

7.6.3 Reactions of nucleophiles with alkene complexes of palladium 

Palladium salts readily form 7r-complexes with alkenes and these complexes 

are susceptible to attack by nucleophiles, either at the palladium atom or at 

an alkene carbon atom. Nucleophiles such as hydroxide ion, acetate ion, 

alkoxide ion and amines preferentially attack at carbon rather than palladium, 

to give a u-bonded organopalladium compound with a new carbon—oxygen or 
carbon—nitrogen bond. 

X 

>=fCC + X® —► ^c-cr 
i 1 

/Pd Pdc 

Such products can also be derived from the corresponding mercury or thal¬ 

lium organometallic compounds formed by oxymercuration or oxythallation. 

PdCl2 -► 

J28 HgOAc 

X 

PdCl T1(0C0CH3)2 
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The carbon-palladium bond in these a-bonded organopalladium compounds 

can be converted into a carbon-hydrogen bond in several ways, depending on 

the nature of X and the reaction conditions. The extensive work in this area 
is an outgrowth of the important discovery of the palladium-catalysed oxida¬ 

tion of ethene to acetaldehyde. 
In 1894, Phillips showed that if ethene is passed into aqueous palladium 

chloride, the initially brown solution turns black due to precipitation of 

palladium metal. In this reaction an ethene-palladium complex is clearly 

involved. Kharasch in 1938 prepared (PhCN)2PdCl2 and on treating this with 

ethene in a non-aqueous medium obtained a binuclear complex. 

Cl 
H,C 

H2Q 
,.ci^ Ah 

Pd^ .Pd^ 

CH2 

This complex was found to decompose in water to yield palladium metal and 

acetaldehyde, and very significantly from the viewpoint of mechanism, when 

the complex is decomposed in deuterium oxide, the resultant acetaldehyde 

contains no deuterium. This means that the four hydrogen atoms initially 

present in the ethene molecule are still present in the acetaldehyde product, 

so that one hydrogen atom must migrate from one carbon to the other during 

the oxidative reaction. 
A solution of palladium chloride in dilute hydrochloric acid contains the 

anions [PdCU]^® and [PdClaCOH)]^® , both of which in the presence of 

ethene can exchange a chloride ion for an ethene unit, giving rise to the 
complex anions [PdCl3(C2H4)]® and [PdCl2(OH)(C2H4)]®. In such an 

ethene-palladium complex there is donation of 7r-electron density from the 

carbon—carbon double bond into a vacant orbital of the palladium atom, so 

that the two carbons of the ethene unit can be regarded as acquiring a partial 

positive charge (incipient carbonium ion character - see Section 2.3). Slow 

hydrolysis of the dichlorohydroxy complex then results in insertion of the 

palladium atom and the co-ordinated hydroxy group across the alkene double 

bond, giving rise to a transient j3-hydroxyethylpalladium(II) complex cation. 

Cl 

Cl 

Pd*"CH 
^OH 

2 

slow 

H20 

■> 
Cl^ 

OH 
Cl^ OH2 

129 



ORGANOMETALLICS IN ORGANIC SYNTHESIS. 

This latter species then undergoes rapid decomposition via a hydride ion 

shift from the j3- to the a:-carbon atom. This migration is accompanied by 

fission of the palladium-carbon a-bond and reduction of the palladium(II) 

atom to palladium metal. 
0 

cfl 
Pd H 

fast 
2C1® + 

®^OH 
H2O + Pd + 

The liberated organic product is protonated acetaldehyde which loses a 
proton to the solvent. 

H 
I u 

CH3-C-OH + H2O -^ CHg-C^^ + H3O® 

The industrially important Wacker process for the preparation of acetalde¬ 

hyde from ethene requires only that the palladium metal be continuously re¬ 

oxidized back to palladium(II), and this can be achieved by oxygen in the 

presence of a copper(II) salt. The following partial equations can be written, 

the overall process being the catalytic oxidation of ethene to acetaldehyde 
(ethanal). [236, 237] 

CH2=CH2 + PdCli® + H2O -- CH3CHO + Pd + 2HC1 + 2C1® 

2CUCI2 + Pd + 2C1® -> CU2CI2 + PdCll® 

2HC1 + ^02 + CU2CI2 -- 2CuCl2 + H2O 

Sum: CH2=CH2 +^02 -^ CH3CHO 

It has been suggested that the hydride transfer decomposition step takes 

place via an intermediate palladium hydrido complex, so that the hydrogen 

atom moves first from carbon to palladium and then from the metal to the 
other carbon atom (cf. Section 4.2.2). 

/CH2—CH 

'■“"OH, 'oh 

-H2O 
->■ 

0 

Cl 

Cl 

CHOH 

H 

2C1® + Pd + CH3-C-OH 
e 
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Further support for a mechanism involving hydroxyl ion attack on an 

incipient carbonium ion attached to the palladium atom is found in the 

observation that when an unsymmetrical alkene is oxidized with air, palladium 

chloride and copper(II) chloride, the carbon-oxygen bond is formed at that 

carbon atom where nucleophilic attack would be predicted according to 

Markovnikov’s rule (attack on the more stable carbonium ion). Thus with a 

terminal alkene, RCH=CH2, the product is the methyl ketone, RCOCH3. 

PdCir + RCH=CH2 [PdCl3(RCH=CH2)]® + Cl® 

[PdCl3(RCH=CH2)]® + H2O [PdCl2(OH)(RCH=CH2)]® + HCl 

H,C 

Ck ^ CHR 

CK ^OH 

H2O 

R 

Ck /CH2 -CHR 
0 

ck /CH-CH2OH 

'Pd 1 and not 
ck 

Pd 
cr ̂ ^0H2 OH OH2 

2C1® + Pd + H3O® + CH3COR 

The reaction of certain branched alkenes affords unsaturated carbonyl 

compounds via an intermediate 7r-allylic palladium complex. This complex is 

formed by the elimination of hydrogen chloride from the initial 7r-alkene 

complex, and then undergoes oxidation by a further molecule of palladium 

chloride. In this way isobutene (2-methylpropene) can be oxidized to 

2-methylacrolein (2-methylpropenal). 
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CH2=cC™’ + [PdClsCOH)] 
Lrl3 

2 0 

CH, =c; 
'CH3 

CHO 

PdOa 
H2O 

H2C 

Pd- ^CH 

X„/CH3 

UO^ "Cl 
+ cf 

-HQ 

Cl^ /CHa:^ 
Pd .>C-CH. 

HO^ 

-10 

While no reaction other than complex formation occurs with ethene and 
palladium chloride in acetic acid at greater than 80% concentration, the addi¬ 

tion of sodium acetate leads to the formation of palladium metal and vinyl 

acetate as a consequence of nucleophilic attack by acetate ion on the co¬ 

ordinated ethene. [238] This reaction has been developed as a commercial 

route to vinyl acetate and hence poly(vinyl acetate) and poly(vinyl alcohol). 

I 
-Pd^ll -h AcO® 

I CH, 
-Pd-CH.-CH.-OAc 

OAc^ 

-Pd®+ CH2=CHOAc -h HO Ac 

Significant quantities of 1,1-diacetoxyethane are also formed, and this 

result is consistent with a hydride ion migration during decomposition of the 

/3-acetoxyethylpalladium complex, with liberation of a carbonium ion which 

can then either lose a proton to give vinyl acetate or capture a second acetoxy 
anion to give 1,1-diacetoxyethane. 

H 
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Alternatively, the vinyl acetate may arise by direct elimination of a palla- 

dium(ll) hydride or by intramolecular attack of the carbonyl oxygen on 

the methylene group attached to palladium. In the latter case, the cyclic 

acetoxonium ion would then yield vinyl acetate as a consequence of further 

attack by acetate ion on any one of the four hydrogen atoms. 

CH3 

CH=CH2 
AcOH + / 

Some support for a mechanism of this kind is found in the conversion of 
norbornene into exo-2-chloro-5y«-7-acetoxynorbornene by palladium chloride 

in acetic acid, which can be written: [239] 

CH-OAc 

H 
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The reaction of higher alkenes with palladium acetate has also been studied. 

In general a terminal alkene affords the corresponding vinyl acetate as the 

main product whereas other alkenes are predominantly converted into allylic 

acetates. 

RCH2CH=CH2 
Pd(OAc)2 - 

RCH2 -CH-CH2 PdOAc 

OAc 

-HPdOAc 
->. RCH2-C=CH2 

OAc 

HPdOAc 
-^ RCH2CH-CH=CH2 

OAc 

Acetoxy palladation is followed by elimination of acetoxyhydridopalladium 

and hydride migration from one carbon atom to another is not observed. 

Closely related reactions, the study of which has yielded much mechanistic 

information, are the vinylic and allylic exchange reactions represented by the 

following equations in which X or Y = OCOR, Cl, OR, NR2 etc.). [240, 241 ] 

PddD 
CH2=CHX + Y® CH2=CHY + X® 

_ Pd(II) 
CH2=CH-CH2X + Y® CH2=CH-CH2Y + X® 

These reactions are non-oxidative in nature, a palladium(II) dimer complex 

is the reactive species, and the mechanism involves trans addition to the 

double bond followed by trans elimination (see Section 2.7). For the vinyl 

ester exchange in acetic acid containing palladium chloride and lithium 
chloride, i.e., 

Pd(II) 
CH2=CH-0C0R + HOAc CH2 =CH-OCOCH3 + HOCOR 

RCHoCH=CHCH, 
Pd(OAc)2 

RCH2-CH-CHCH3 

OAc PdOAc 

the following mechanism can be written: 
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CL Cl 
H,C 

A, 

cr 
CHOCOR 

cr 

CK /CL. 

Cl 'Cl Cl 

/ 
CH,-CH 

OCOR 

\ 
OAc 

20 

Cl 

Cl 

\ 
Pd: 

CL 

'Cl 

CHOAc 
/ N 

Cl 

0 

+ RCOf 

In similar fashion, vinyl and allyl chlorides can be converted into the corre¬ 

sponding acetates, ethers and amines. [242, 243] 
Acetals and to a lesser extent vinyl ethers can be prepared by reaction of 

alcohols with alkene-palladium complexes. [244] 

CH2=CH2 CH2=CH0R + CH3CH(0R)2 

In the presence of water the acetal is hydrolysed to the corresponding 

carbonyl compound. 
The nucleophilic addition of primary amines to an alkene-palladium 

complex affords a a-bonded metal complex containing a new carbon-nitrogen 

bond. Elimination of the metal hydride (see Section 2.7) gives rise to an imine, 

while hydrogenation of the complex yields a secondary amine. [9, 245] 

RCH=CH2 
R'NH2 

Pd(Il) 

I - HPd- 

RCH-CH2-Pd- - 

R'NH 

R-C=CH2 
,1 

R'NH 

Ha/Ni or 
NaBH4 

R^ 

R'^ 

/CH3 

CH3 
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7.7 Carbamoyl complexes of transition metals - formation of carbon- 

nitrogen bonds 

Primary amines react with carbon monoxide in the presence of palladium 

chloride to yield isocyanates, and the reaction is thought to involve a ‘carbony: 

insertion’ step (cf. Chapter 5) involving migration of the nitrogen atom from 
palladium to carbon. [246] 

RNHo ^Pd: 
,C1 CO H /Cl 

-Cl ^ 

H 
It). ^ci 

RN^-PdC 
II ^ 
o 

H® + R-N=C=0 + Pd + Cl® 

Such metal-catalysed reactions of amines with carbon monoxide to form 

organic isocyanates, formamides, and ureas are well known in the industrial 

field, and it seems likely that carbamoyl metal complexes are intermediates in 

these reactions. [247] Carbamoyl complexes have recently been prepared and 
isolated and can be made to yield isocyanates and ureas under appropriate 
conditions. 

Direct reaction of the cyclopentadienyltetracarbonyltungsten cation with 

a secondary amine yields the neutral cyclopentadienyltricarbonyl carbamoyl 
tungsten compound. 

(CsHs)W(C0)4® -1 2HNRR' (CsH^mCOhC^^ , -1 H,NRR 
NRR 

Many similar complexes have been prepared using appropriate carbonyl 

derivatives of other metals such as platinum, ruthenium, iron, manganese, 

molybdenum and rhenium, and a general equation can be written 

L„M-C=0 + 2HNRR' L„M-cf^ + H2NRR' 
"^NRR' 
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The above carbamoyl tungsten complexes react with tertiary amines to give 
isocyanates and with primary amines to yield ureas. 

(C=Hs)W(CO)3C?°^^jj^ . Et3N 

(C5Hs)W(CO)3 + EtaNH + CH3NCO 

(C3H5)W(CO)3Ci°jj^jj^ + 2CH3NH3 -► 

(C5H5)W(C0)3 + CH3NH3 + CH3NHCNHCH3 

o 

The analogous molybdenum complex reacts similarly with tertiary amines, 

but the more stable (C5Hs)Fe(CO)2CONHCH3 does not. However this latter 

substance gives rise to methylisocyanate on treatment with bromine in the 

following series of reactions; 

2(C5Hs)Fe(CO)2CONHCH3 + 2Br^ -^ 

2(C5Hs)Fe(CO)2Br + 2BrCONHCH3 

2BrCONHCH3 -- 2HBr + 2CH3NCO 

(C5H5)Fe(CO)2CONHCH3 + 2HBr -^ 

[(CsH5)Fe(CO)3]®Br® + CH3NH3 Br® 

Sum: 3(CsH5)Fe(CO)2CONHCH3 + 2Br2 -- 

2(C5Hs)Fe(CO)2Br + [(C5H5)Fe(CO)3 ]® Br® + CH3NH3 Br°+ 2CH3NCO 

These and other reactions of metal carbamoyl complexes and the related 

alkoxycarbonyl complexes, L„M-C , have been reviewed. [248] 

Lithium dimethylamide reacts with tetracarbonylnickel to give a tricarbonyl- 

carbamoylnickel anion which on subsequent reaction with a reactive alkyl or 

acyl halide yields the corresponding carboxylic acid dimethylamide. [249] 

As explained in Section 2.9, the final step in each synthesis is probably a 

solvent-induced reductive elimination. 
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LiNMe2 + Ni(CO)4 Li' 

O 

O 
II 

Me2N-C-Ni(CO)3 

> . O 

Me2N-C-Ni(CO)3 

R 

solvent 
R—CNMe2 + (solvent)Ni(CO); 

RX 

O 
II 

Me2N-C-Ni(CO). 

-10 

RCOX 

O 0 0 
solvent 

Me2 N—C—Ni(C0)3-R—C—C—NMe2+(solvent)Ni(CO)3 

COR 

7.8 Organorhodium complexes-formation of carbon-halogen bonds 

The Wilkinson hydrogenation catalyst tris(triphenylphosphine)chlororhodiuni 
(see Section 6.5) effects decarbonylation of aroyl chlorides to aryl chlorides 
[250] (cf. Section 5.2). 

ArCOCl + (Ph3P)3RhCl -- ArCl + (Ph3P)2 Rh(CO)Cl +Ph3P 

Phenylacetyl chloride yields benzyl chloride, while benzoyl bromide yields 
bromobenzene. Similar reactions occur with arene sulphonyl chlorides. 

ArS02Cl 
(Ptl3P)3RhCl 
or (Ph3P)4Pt 

ArCl 

These reactions can all be interpreted as an oxidative addition to the 
rhodium atom followed by a reverse migration reaction (cf. Section 2.6) and 
a solvent-induced reductive elimination (cf. Section 2.5). 
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acetates, ethers and amines 135 

Allylic oxidation, of alkenes by 
mercury(Il) acetate 118 

vr-Allylic palladium complexes 131 
Ambident anions 41 
Amines, synthesis from alkenes 119, 135 

Aniline, from phenyldi(trifluoroacetoxy)- 
thallium 122 

Arenes, synthesis of 63 
Arene sulphonyl chlorides, desulphuration 

of 138 
Aromatic mercuration 113 
Aromatic substitution, via organo- 

palladium compounds 127 
Arylboronic acids 

in synthesis of arylhalides 112 
in synthesis of phenols 110 

Aryldiazonium salts 
in synthesis of azo compounds 105 
reaction with organomercury compounds 

121 
Aryl hahdes 

reaction with magnesium 47 
reaction with sodium 44 
synthesis from arylmercury compounds 

114 
synthesis from arene sulphonyl halides 

138 
Aryl iodides, reaction with organo- 

nickel compounds 56 
Aryl ketones, synthesis from aryl- 

trimethylsilane 26 
Aryltrimethylsilanes, reaction with 

acid chlorides 26 
Arynes, synthesis of 63 

Benzene 

reaction with diazomethane 16 
synthesis from acetylene 63, 77 

Benzylic acetoxylation 127 
Bis(l,5-cyclo-octadiene)nickel 56, 77 
Bicyclo[ 1.1.0]butanes 66 
Bis(benzonitrile)dichloropalladium 75 
Bis(bromomethyl)mercury 29 
Bis(cyclopentadienyl)dihydrido- 

molybdenum 102 
Bis(3-methyl-2-butyl)borane 

synthesis of terminal alkenes 62, 99 
synthesis of aldehydes 111 

Bis(triphenylphosphine)carbonyl- 
chloroiridium 102 

Bis(triphenylphosphine)dicarbonylnickel 
77, 78 

Bis(triphenylphosphine)dichloro- 
palladium, catalyst for hydro- 
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carboxylation 87 
Bis(triphenylphosphite)dicarbonylnickel 

72 
Birch reduction 74 
Boord reaction, synthesis of alkenes 61 
9-Borabicyclo[3.3.1 ]nonane, reaction 

with alkenes 54, 93 

Boraoxirans 92 
Bromine 

reaction with alkylboranes 112 
reaction with arylboronic acids 112 
reaction with arylmercury salts 114 
reaction with carbamoylironcarbonyl 

complex 137 
Brown, H.C. 83,90 
1,3-Butadiene 

dimerization of 72 
cyclotrimerization of 9,76 

Butanal, synthesis from propene 23 
2-Butylbromomercury, acid hydrolysis of 

61 
t-Butyl ethers, synthesis from organo- 

magnesium compounds 107 
t-Butyl hydroperoxide, reaction with 

mercury(II) acetate 117 
t-Butyl perbenzoate, reaction with 

organomagnesium compounds 107 

2-Butyne 107 
reaction with triphenylchromium 78 

trimerization of 78 

Carbamoyl complexes 136-138 

Carbanions 

behaviour of 11-13 
reactions of 39-58 

Carbene and carbenoid intermediates 

28-31 
Carbene complexes 15,31-33 
Carbenium ions, see Carbonium ions 

Carbon dioxide 
reaction with organoaluminium 

compounds 5 3 
reaction with organomagnesium 

compounds 48 
Carbon disulphide, reaction with 

Grignard reagents 49 
Carbon-carbon bonds 39-94 
Carbon-halogen bonds 109, 112, 

114-115, 124, 138 

Carbon-hydrogen bonds 97-103 
Carbon-metal bonds 112 
Carbon monoxide 

reaction with organoboron compounds 
9 

reaction with organolithium 
compounds 44 

in group migration reactions 22, 
83-94 

Carbon-nitrogen bonds 105, 111-112, 
119-121, 122-123, 135-138 

Carbon-oxygen bonds 106-108, 
109-111, 115-118, 121, 123, 
124-127, 128-135 

Carbon-phosphorus bonds 106 
Carbonium ion behaviour 11-16 
Carbon-sulphur bonds 108-109,118, 

123 
Carbonyl compounds, synthesis by 

carbon monoxide insertion reactions 

88-90 
Carboxylic acids 

reaction with trimethylaluminium 52 
synthesis by oxythallation of alkynes 

126 
synthesis from alkenes 87 
synthesis from dialkylmercury 

compounds 121 
synthesis from organoiron compounds 8 

Carboxylic amides 
reactions with organolithium compounds 

44 
synthesis from alkenes 87 
synthesis from organoiron compounds 

89 
synthesis from organonickel 

complex 137 
Carboxylic esters 

synthesis from alkenes 86, 87 
synthesis from aryl iodides 89 
synthesis from organoiron compounds 

89 
synthesis from oxythallation of 

ketones 126 
synthesis from vinylbromides 89 

Chloramine, synthesis of amines 105, 

112 
j3-Chloro acid chlorides, synthesis from 

alkenes 87 
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Chlorobenzene, synthesis from 
phenyldi(trifluoroacetoxy)thallium 

124 
Chromium(II) chloride 17 
Chromium(III) chloride 9, 76 
Clemmensen reduction 4 
Cobalt(II) chloride 18 
Copper(I) acetate, in oxidative ' 

dimerization of alkynes 75 
Copper(I) acetyhde, in oxidative coupling 

4 
Copper(I) chloride 

in couphng of organomagnesium 
compounds 18,50 

in coupling of vinyl alanes 75 
reaction with arylthallium compounds 

124 
Copper(II) chloride, reaction with 

arylthalhum compounds 124 
Copper(I) iodide, synthesis of lithium 

copper dialkyls 46 
Copper(I) oxide, in oxidative dimerization 

of alkynes 75 
Cubane, isomerization of 65 
Cuneane, synthesis from cubane 65 
Cyanogen, reaction with organoaluminium 

compounds 53 
Cycloalkanes, isomerization of 64-66 
Cyclobutadiene 

iron carbonyl complex 36 
metal complexes 75 

Cyclododecatrienes, synthesis from 
butadiene 9, 76 

Cyclohexanone, alkylation and acylation 
of 42 

1,3-Cyclo-octadiene, dimerization of 
73 

Cyclo-octadienes, isomerization of 69 
Cyclo-octatetraene 65 

synthesis from acetylene 5, 77 

Cyclo-octatetraenetricarbonyliron 35 
Cyclo-ohgomerization of alkadienes and 

alkynes 76-79 
Cyclopentadienyl anion 33 
Cyclopentadienyl complexes 5 

electrophilic substitution of 33 
Cy clopentadienyldicarbonylco bait 75 

Cyclopentadienyltetracarbonyltungsten 
cation 136 

Cyclopropanes 
synthesis by isomerization processes 

66 
synthesis by Wurtz reaction 45 
synthesis from alkenes 15, 29 
synthesis from chloroalkenes 55 
synthesis from diazoalkanes 31 

Cyclopropenes, dimerization of 76 

Decarbonylation 
of aliphatic aldehydes 86 
of aroyl halides 86 

Dehalogenation, of vicinal dihalides 60 
Deoxymercuration 115 
Deuterium compounds 

synthesis from alkenes 101 
synthesis from halogeno compounds 

98 
1,1-Diacetoxyethane 132 
Dialkyl peroxides, synthesis from 

organomercury compounds 118 
Diazoalkanes 

in synthesis of oxirans 31 
in synthesis of cyclopropanes 31 
reaction with organoaluminium 

compounds 30 

Diazoketones, reaction with trialkylboranes 
Diazomethane 16 
Diborane 

in hydroboration 68 
reaction with carbon monoxide 90 

1.3- Dicarbonyl compounds, alkylation of 
thallium(I) salts 58 

M-Dichloro-vr-benzene ruthenium 102 
1.3- Dienes, synthesis by metal-ammonia 

reduction 69 

Diethylchloroaluminium 
catalyst in isomerization of butadiene 

9, 76 

reaction with hydrogen cyanide 52 
Diethylcyanoaluminium, reaction with 

Q:,i3-unsaturated ketones 52 
Diethyl mercury 19 

Diethylzinc, reaction with ethylsodium 
42 

1,2-Dihalogenoalkanes, reaction with 
magnesium 47 

Diisobutylhydridoaluminium, addition 
to alkynes 52,62,75,99 
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a-Diketones, synthesis from aryl iodides 
88 

i3-Diketones, C- and O-alkylation 11 
Dimerizatoin, of arynes 64 
2,3-Dimethyl-2-butylborane, in 

synthesis of ketones 94 
Dimethylcadmium 12 

Dimethylchloramine, synthesis of 

t-amines 112 
Diphenyl 16 
Diphenylacetylene, acylation of 35 
Divinylmercury, synthesis of vinyl esters, 

ethers and thioethers 118 

Electrophilic addition, of mercury(II) 
acetate to alkenes 115 

Electrophilic substitution 
catalysis by thallium(III) acetate 121 
mercuration of aromatic compounds 

113 
of cyclopentadienyl compounds 33 
of organoiron compounds 34 
of organomercury compounds 114 

Ehmination reactions 60, 63 
Episulphides, see Thiirans 
Epoxides, see Oxirans 
Ethanal, see Acetaldehyde 
Ethene 

catalytic oxidation to acetaldehyde 

130 
complex with palladium chloride and 

benzonitrile 129 
dimerization of 70 
polymerization of 79,81 
reaction with palladium chloride 14 

Ethyl acetoacetate 
alkylation and acylation of 43 
oxidative dimerization 44 

Ethyl chloroformate, reaction with 
Grignard reagents 48 

Ethyl diazoacetate, reaction with 

alkenes 15 
Ethylene oxide, see Oxiran 
Ethyllithium, decomposition by heat 26 
Ethylsodium, reaction with diethylzinc 

42 
Ethyltrimethyltin, reaction with 

triphenylmethylfluoroborate 59 

Exchange reactions, of allyl and vinyl 

compounds with palladium salts 
134 

Ferrocene 5 
Formaldehyde, reaction with Grignard 

reagents 48 
Formamides, from amines and carbon 

monoxide 136 
Formylation 

of cy clo-o ct at et raenet ric arb onyhron 
35 

of organoiron compounds 35 
Free radicals 16-20 

in alkene polymerization 79 
in coupling reactions 50 
in oxidation of organometallic 

compounds 107, 108 
in sulphur dioxide insertion reactions 

22 
in the Wurtz reaction 45 

Grignard reagents, see Organomagnesium 
compounds 

Group migration reactions 20-25 
of carbon monoxide 83-94 

a-Halogeno acyl halides, synthesis of 
ketenes 61 

j3-Halogeno ethers, synthesis of alkenes 

61 
Hexamethylbenzene, synthesis of 78 
Homogeneous hydrogenation 6, 100-102 
Hydroalumination of alkynes 52 
Hydroboration of alkenes and alkynes 

62,67,68,98-99 
Hydrocarbons, from protolysis of 

organometallics 97 
Hydrocarboxylation 86-88 
Hydroformylation reactions 23, 83-86 

rates of 85 
rhodium catalysts in 85 

Hydrogenation, homogeneous 6, 

100-102 
Hydrogen azide, addition to alkenes 120 
Hydrogen cyanide, reaction with 

organoaluminium compounds 52 

Hydrogenolysis of carbon-metal bonds 

99 
Hydroperoxides, synthesis from organo¬ 

magnesium compounds 106 
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j3-Hydroxy amides, synthesis from organotin 
compounds 5 7 

j3-Hydroxy esters, synthesis from organotin 
compounds 57 

j3-Hydroxyethylpalladium(II) complexes 
129 

|3-Hydroxy ketones, synthesis from 
organotin compounds 57 

Hydroxylamine-O-sulphonic acid, 
synthesis of primary amines 111 

j3-Hydroxy nitriles, synthesis from 
organotin compounds 57 

Insertion reactions, see group migration 
reactions 

Iodine 
in oxidation of vinylboranes 63 
in oxidative dimerization of ethyl 

acetoacetate 44 
reaction with alkylboranes 112 
reaction with arylboronic acids 112 
reaction with arylmercury salts 114 
reaction with organomagnesium 

compounds 109 
reaction with vinyl alanes 109 

lodoalkenes, synthesis from vinyl alanes 
109 

lodobenzene, synthesis from phenyldi- 
(trifluoroacetoXy)thallium 125 

o-Iodonitrobenzene 10 
Imines, synthesis from alkene-palladium 

complexes 135 
Isobutene, oxidation to 2-methylacrolein 

131 
Isocyanates 

reaction with Grignard reagents 48 
synthesis from amines and carbon 

monoxide 136 
Isomerization of alkyl boranes 67 
Isonitriles, reactions with mercury(II) 

acetate 119 

Ketene, reaction with organomercury 
compounds 57 

Ketenes, synthesis from a-halogeno 
acyl halides 61 

j3-Ketoesters, C- and 0-alkylation 11 
Ketones 

acylation of 42 
alkylation of 42 
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in synthesis of oxirans 31 
reaction with Grignard reagents 48 
reaction with trimethylaluminium 52 
synthesis by oxythallation reactions 

125 
synthesis from alkylboranes 92 

‘ synthesis from organoiron compounds 
90 

synthesis from organomercury 
compounds 57, 121 

Kharasch, M. S. 129 

Lead(IV) acetate 
in oxidation of palladium complexes 

127 
in allylic oxidations 118 

Lead(II) oxide, reaction with organo- 
boranes 112 

Leaving groups 25-28 
Lithium copper dialkyls 

1,4-addition to a-/3-unsaturated 
ketones 46 

alkylation of bromoketones 46 
ring opening of epoxides 46 
synthesis of alkyl ketones 46 

Lithium dimethylamide, reaction with 
tetracarbonylnickel 137 

Lithium dibutylcopper, halogen-copper 
exchange 46 

Lithium dimethylcopper, coupling 
reactions with alkyl, aryl and 
vinyl halides 45 

Lithium hydride, from pyrolysis of 
alkyllithium compounds 59 

Lithium trichloropalladium, reaction 
with aryl mercury compounds 25 

Lithium tetrahydridoborate 92 
Lithium tetrahydridoaluminate 102 

Magnesium 
in synthesis of alkenes 60 
reaction with alkyl and aryl halides 

47 
Manganese 71 
Markovnikov 117,131 
Mercuration 10, 13 
Mercury(II) acetate 

reaction with alkenes 115-116,120 
reaction with nitrobenzene 10 
reaction with trialkylboranes 113 
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Mercury(II) chloride, reaction with 

thiophen 113 

Mercury(II) nitrate, in solvomercuration 

119 

Mercury(II) salts, catalysis of alkyne 

hydration 98 

Metal atom functionahty 10-36 

Metal carbamoyl complexes 136-138 

Metal-carbene complexes, see Carbene 

complexes 

Metal exchange reactions 19 

Metal hydrides 5,97 

Metallo-carbonium ions 15,31-33 

Metathesis, see Reorganization 

Methanal, see Formaldehyde 

Methanol, industrial conversion into 

acetic acid 86 

2-Methyl-1,3-butadiene, dimerization of 

73 
2-Methylcyclohexanone, alkylation and 

acylation of 43 

Methylene bromide, synthesis of alkenes 

61 
0-Methylhydroxylamine, synthesis of 

amines 105 

Methylisocyanate 137 

Methyl ketones, synthesis from terminal 

alkenes 27, 131 

Methyllithium 

reaction with copper (I) 46 

reaction with vinyl alanes 52 

Methylmagnesium iodide 11,98 

Methyl phenylacetate 126 

Methyl phenyl ketone 126 

2-Methylpropenal, see 2-Methylacrolein 

2-Methylpropene, see Isobutene 

1,2-Migration 22 

Naphthalene lithium 73, 75 

Naphthalene sodium 60 

Nickel(II) cyanide 77 

Nickel(II) salts 18 

Nitriles 
reaction with Grignard reagents 48 

reaction with triethylaluminium 5 1 

Nitrobenzene, mercuration of 10, 114 

Nitroso compounds, from organothallium 

compounds 123 

Nonacarbonyldiiron 72 

Norbornadiene, dimerization of 72 

Norbornadiene-7-one, iron carbonyl 

complex 36 

Norbornene 

hydroboration of 110 

oxidation by palladium chloride in 

acetic acid 133 

oxymercuration of 116 

Nucleophihc substitution, of dienes 34 

Octacarbonyldicobalt 

catalysis of hydrogen cyanide addition 

36 
in 0X0 reaction (hydroformylation) 

23, 84 

synthesis of ketones 88 

1-Octene, isomerization of 66 

Organoaluminium compounds 19,44, 

75 

carbanionic reactions of 51-53 

generation of carbenes 30 

in alkene polymerization 80 

in alkene reorganization 70 

in synthesis of alkanes 82 

pyrolysis of 26, 59, 82 

reaction with oxygen 107 

Organoaluminium hydrides 103 

Organoantimony compounds 106 

Organoarsenic compounds 106 

Organobismuth compounds 106 

Organoborane-carbon monoxide 

reactions 90-94 

Organoboranes, carbonylation of 24 

Organoboron compounds 

carbanionic reactions of 53-55 

hydrogenation of 27, 99 

in isomerization of alkenes 67 

in synthesis of alcohols 69, 91-92, 

110 
in synthesis of alkanes 69 

in synthesis of alkenes 62 
in synthesis of alkyl halides 112 

in synthesis of amines 111, 112 

in synthesis of carbonyl compounds 

91-92, 110 

in synthesis of hydrocarbons 99 

in synthesis of organolead compounds 

112 
oxidative dimerization of 72 

photobromination of 54 

reaction with carbon monoxide 9 
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Organoboron compounds—cont 

reaction with 3-chloroalkenes 55 
reaction with diazoketones 55 
reaction with a-halogeno esters 53 
reaction with a-halogeno ketones 53 
reaction with a-halogeno nitriles 53 
reaction with a,j3-unsaturated carbonyls 

20 
reaction with ylids 55 
synthesis of 106 

Organoboron hydrides 103 
Organocadmium compounds 4,42,56 

in synthesis of organophosphorus 
compounds 106 

Organochromium compounds 34, 78 
in synthesis of organosilicon compounds 

31 
in synthesis of alkenes 31 

Organocobalt compounds 4 
acylation of 35 
in oxidative dimerisation 18 
in synthesis of ketones 88 
intermediates in hydrofomylation 84 
protection of triple bond 35 

Organocopper compounds 6 
carbanionic reactions of 45-47 
copper(I) acetylide 17 
hydrogenolysis of 100 
in coupling reactions 50 
in cyclopropane synthesis 15 
in oxidative dimerization 18,75 
in tropane synthesis 16 

Organoiron compounds 34, 63 
Organolead compounds 

in synthesis of alkenes 59 
synthesis from alkylboranes 112 

Organolithium compounds 42 
addition to alkenes 82 
generation of carbanions 44 
in alkene reorganization 70 
in synthesis of alkenes from ethers 

59 
in synthesis of carbonyls 44 
in synthesis of organophosphorus 

compounds 106 
pyrolysis of 59 
reaction with alkyl and aryl halides 

44 

reaction with carbon dioxide 43 

reaction with pentacarbonyhron 
90 

reaction with tetracarbonylnickel 32 
Organomagnesium compounds 3, 4, 44, 

57 
carbanionic reactions of 47-5 1 

‘ cross couphng reactions of 18 
coupling reactions of 50 
free radical coupling of 17, 18 
in synthesis 9 
in synthesis of alcohols 48 
in synthesis of alkenes 61 
in synthesis of amines 105 
in synthesis of azo compounds 105 
in synthesis of carbonyl compounds 

48 
in synthesis of carboxylic acids, 

esters and amides 48 
in synthesis of organophosphorus 

compounds 106 
in synthesis of thioethers and thiols 

108 
oxidation by thallium(I) bromide 20 
polarity of carbon-metal bond 12 
pyrolysis of 59 
reaction with acids 25 
reaction with allyl halides 18 
reaction with carbon disulphide 49 
reaction with iodine 109 
reaction with oxygen 106 
reaction with a,j3-unsaturated ketones 

50 
reactivity of 42 

Organomanganese compounds, in 
dimerization of dialkyl maleates 
71 

Organomercury compounds 3 
TT-complexes 13 
demercuration of 116-118 
hydrogenation of 27 

hydrogenolysis of 100 
in hydration of alkynes 4 
in oxymercuration processes 115 
in synthesis of alkenes 59, 61 
in synthesis of allyl acetates 118 
in synthesis of amines 121 
in synthesis of arylbromides and 

iodides 114 
in synthesis of azides 121 
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in synthesis of carbenes 28 

in synthesis of ketones 57, 88 

in synthesis of methyl ketones 27 

in synthesis of oxirans 28 

in synthesis of phenols 110 

in synthesis of unsymmetrical azo 

compounds 121 

intermediates in alkyne hydrations 

98 

oxidation with ozone 121 

reaction with acid 26 

reaction with alkenes 24 

reaction with iodine 26 

reaction with sodium 19 

synthesis from trialkylboranes 113 

Organometallic compounds 

historical background 3-5 

modern developments 5 

Organometallic hydrides 97 

free radical reactions 20 

in reductive procedures 103 

Organonickel compounds 76 

carbanionic reactions of 55-56 

in synthesis of carbonyl compounds 

32 

reaction with alkyl and aryl iodides 

56 

Organopalladium compounds 

TT-allyl complexes 87 

TT-complexes 14 

hydrogenolysis of 100 

in alkene isomerization 66 

in hydrocarboxylation 87 

in oxidative dimerization of alkenes 71 

in synthesis of acetaldehyde 129-130 

in synthesis of acetals 135 

in synthesis of 2-acetoxy-l-alkenes 

134 

in synthesis of 3-acetoxy-l-alkenes 

134 

in synthesis of aryl derivatives 127 

in synthesis of benzylic acetates 127 

in synthesis of 1,1-diacetoxyethanes 

132 

in synthesis of imines 135 

in synthesis of isocyanates 136 

in synthesis of primary amines 135 

in synthesis of 2-methylacrolein 131 

in synthesis of methyl ketones 27,131 

in synthesis of vinyl acetate 132 

in synthesis of vinyl amines 13 5 

in synthesis of vinyl ethers 135 

reaction with alkenes 25 

reaction with nucleophiles 128 

synthesis from organomercury and 

organothallium compounds 128 

Organophosphorus compounds, synthesis 

of 106 

Organoplatinum compounds, 7r-complexes 

14 

Organopotassium compounds, pyrolysis 

of 59 

Organorhodium compounds 86, 138 

in homogeneous hydrogenation 100 

in oxidative addition and reductive 

ehmination processes 21 

Organosodium compounds 

in synthesis of alkenes from ethers 

59 

pyrolysis of 59 

reaction with alkyl and aryl halides 

44 

Organosilicon compounds 

in synthesis of alkenes 60 

synthesis from organochromium 

compounds 31 

synthesis of 106 

Organosilicon hydrides 103 

Organothallium compounds 6 

in synthesis of aldehydes 125 

in synthesis of amines 122 

in synthesis of aryl chlorides 124 

in synthesis of aryl iodides 124 

in synthesis of carboxylic acids and 

esters 126 

in synthesis of isothiocyanates 123 

in synthesis of ketones 125 

in synthesis of nitroso compounds 

123 

in synthesis of oxirans 127 

in synthesis of phenols 123 

in synthesis of thiols 124 

oxidation with palladium chloride 20 

photolysis 20 

Organotin compounds 

addition to carbonyl compounds 57 

generation of difluorocarbenes 30 

synthesis of alkenes 59 
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Organotin hydrides 103 
Organotungsten compounds, in 

synthesis of isocyanates and ureas 
136 

Organozinc compounds 19, 30, 56, 63 
reaction with oxygen 107 

Oxidation, of trialkylboranes 72 
Oxidative addition 20-21 
Oxidative coupling, of hahdes 56 
Oxidative dimerization, of ethyl 

acetoacetate 44 
Oxirans 

from diazoalkanes and ketones 31 
reaction with organomagnesium 

compounds 48 
synthesis by oxythallation of alkenes 

127 
synthesis from organomercury 

compounds 118 
‘Oxo’ process 23, 83 
Oxythallation 14 

Palladium(n) acetate 
in alkene dimerization 71 
in allylic oxidations 118 

Palladium(II) chloride 
in dimerization of cyclopropenes 76 
in oxidative dimerization of arenes 

71 
reaction with carbon monoxide 

and primary amines 136 
reaction with ethene 14 

Palladium(II) hydride, elimination of 
133 

Palladium(II) salts 6 
TT-complexes with alkenes 128 
in dimerization of alkadienes 73 

Pentacarbonyliron 69 
in synthesis of aldehydes and ketones 

89 
Peroxymercuration 117 
Peroxymetallic compounds 19 
Peroxytrifluoroacetic acid 123 
Phenols 

synthesis from arylboronic acids 110 
synthesis from arylmercury compounds 

110 
synthesis from arylthallium 

compounds 123 

Phenylacetoxymercury, synthesis from 
benzene 113 

Phenylacetyl chloride, decarbonylation 
of 138 

Phenyl(bromodichloromethyl)mercury 

29 
Phenyidi(trifluoroacetoxy)thalhum 

in synthesis of aniline 122 
in synthesis of chlorobenzene 124 
in synthesis of iodobenzene 124 
in synthesis of phenol 123 
in synthesis of phenyl isothiocyanate 

123 
in synthesis of thiophenol 124 

Phenyllithium 11 
in generation of carbanions 41 
reaction with acid 26 
synthesis from bromobenzene 39 

Phenylmagnesium bromide 17 
Phenyl thiocyanate, from 

phenyldi(trifluoroacetoxy)thallium 
123 

Phenyl(trihalogeno)methylmercury 28 
Philhps, F. C. 129 
Photobromination, of trialkylboranes 

54 
Potassium 75 
Potassium t-butoxide 5 3 
Potassium 2,6-di(t-butyl)phenoxide 5 3 
Polyethylene 80 
Polypropylene 80 
Polymercuration 114 
Polymerization 76-82 
Poly(vinyl acetate) 132 
Poly(vinyl alcohol) 13 2 
Primary amines, in synthesis of 

isocyanates 136 
Propene 

in synthesis of butanal 23 
polymerization of 80,81 
reorganization of 70 

Protection by metals 33-36 
Protolytic cleavage of carbon-metal bonds 

97 

o-Quinodimethane, iron carbonyl 
complex 36 

Quinones, synthesis from aryl thalhum 
compounds 123 
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Radical anions 20, 72, 74 
Reduction 

of alkynes 62 
of methyl aryl ethers 69 
with organometallic hydrides 102-103 

Reductive elimination 20-21,138 
Reformatsky reaction 4, 57 
Reppe reaction 88 
Reverse migration reaction 138 
Rhodium complexes 

in dimerization reactions 70 
in homogeneous hydrogenation 6, 

100-102 
in hydroformylation reactions 85 
in isomerization reactions 65, 69 

Rhodium(III) trichloride 
in dimerization reactions 70 
in isomerization reactions 69 

Selenium, reaction with organomagnesium 
compounds 108 

Silver fluoroborate 65 
Silver nitrate 72 
Simmons-Smith reaction 30 

Sodium 
in reduction of aryl ethers 74 
in reductive dimerization of alkenes 

72 
in synthesis of alkenes 60 
reaction with aryl halides 44 
reaction with diethylmercury 19 

Sodium tetracarbonylferrate(-ll), in 
synthesis of aldehydes and 
ketones 89 

Sodium tetrahydridoborate 102 

Solvomercuration 119 
Sulphinic acids, synthesis from organo- 

magnesium compounds 108 

Sulphones, synthesis from organo- 
magnesium compounds 109 

Sulphur, reaction with organomagnesium 

compounds 108 
Sulphur dioxide 

in group migration reactions 22 
reaction with organomagnesium 

compounds 108 

Tellurium, reaction with organomagnesium 

compounds 108 

Terminal alkenes 
synthesis from organoboranes 62 
synthesis of methyl ketones 131 
synthesis of vinyl acetates 134 

Tertiary alcohols, synthesis from organo- 
mercury compounds 121 

Tetracarbonylhydridocobalt, intermediate 
in hydroformylation 84 

Tetracarbonylnickel 5 
in carboxylation of alkenes 87 
in carboxylation of alkynes 88 
in carboxylation of aryl iodides 89 
in carboxylation of vinyl bromides 

89 
in oxidative couphng of allyl acetates 

20 
in synthesis of carbonyl compounds 

32-33, 88 
reaction with allyl bromides 55 
reaction with lithium dimethylamide 

137 
1,2,3,4-Tetramethylnaphthalene, 

synthesis of 78 
Thalhum(III) acetate 

in allyhc oxidations 118 
in electrophilic substitution 121 

Thallium(I) iodide 124 
Thallium(III) nitrate 14 

in oxythallation reactions 124-126 
Thallium(I) salts, of 1,3-dicarbonyl 

compounds 58 
Thallium(III) trifluoroacetate, in aromatic 

thallation 122 
Thexyl borane, see 2,3-Dimethyl-2- 

butylborane 
Thiirans, in synthesis of thiols 108 
Thioethers 108 

Thiols 108 
Thiophenol, synthesis from phenyldi- 

(trifluoroaeetoxy)thallium 124 

Titanium(lV) salts 70 
Titaniuhi(IV) tetrachloride 9, 76, 79 
Transition metal ions, in coupling of 

organomagnesium compounds 17, 

18 
TransmetaUation processes 12 
Tricarbonylhydridocobalt, catalyst in 

hydroformylation 23, 83 
Triethylaluminium 5 
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as Ziegler-Natta catalyst component 
9, 70, 76, 79 

in alkene polymerization 23,81 
industrial synthesis from ethene 82 
reaction with hydrogen cyanide 52 
synthesis of ethyl ketones 51 

Triethylorthoformate, reaction with 
Grignard reagents 48 

Trimethylaluminium 
in synthesis of methyl ketones 51 
reaction with carboxyhc acids 52 
reaction with ketones 52 
reaction with tertiary alcohols 5 1 

Trimethylenemethane, iron carbonyl 
complex 36 

Trimethylphosphite, reaction with 
methyllithium and copper(I) iodide 
46 

Triphenylchromium, reaction with 2- 
butyne 78 

Triphenylmethylsodium 11 

Tris(triphenylphosphine)chlororhodium 
69 

decarbonylation of aliphatic aldehydes 
86 

decarbonylation of aroyl halides 86, 
138 

desulphuration of arene sulphonyl 
chlorides 138 

in homogeneous hydrogenation 
100-102 

Tris(triphenylphosphine)trihydridocobalt 
102 

Tungsten carbonyl, carbene complex of 
15 

Ullmann reaction 18 
a,j3-Unsaturated carboxylic acids 

synthesis from alkenes 87 
synthesis from alkynes 88 
synthesis from vinyl alanes 53 

a,j3-Unsaturated ketones 

reaction with diethylcyanoaluminium 
52 

reaction with Grignard reagents 50 
Q!,j3-Unsaturated nitriles, synthesis from 

vinyl alanes 53 
Ureas 

from amines and carbon monoxide 
136 

. from isonitriles 119 
Urethanes, from isonitriles 1 19 

Vicinal dihalides, dehalogenation of 60 
Vilsmeier reagent 34 
Vinyl acetate, synthesis from ethene 

132,133 
Vinyl alanes, reaction with methyllithium 

52 
Vinyl boranes, in synthesis of alkenes 

62, 63 
Vinyl carboxylic esters, synthesis from 

divinylmercury 118 
Vinyl chlorides, in synthesis of vinyl 

acetates, ethers and amines 135 
Vinyl ethers, synthesis from divinylmercury 

118 
Vinyl halides, reaction with hthium 

dibutylcopper 46 
Vinyllithium, synthesis from vinyl 

chloride 39 
Vinyl thioethers, synthesis from 

divinylmercury 118 

Wacker process 130 
Wilkinson’s catalyst, see 

Tris(triphenylphosphine)chlororhodiu 
Wurtz-Fittig reaction 44 
Wurtz reaction 44,56 
Wittig reaction, synthesis of alkenes 61 

Ylids 41 

reaction with trialkylboranes 55 

Zerevitinov 89 

Ziegler-Natta catalysts 78, 79 
Ziegler, K. 82 

Zinc, in synthesis of alkenes 60 
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This book presents a concise account of the applications of organometallic starting 
materials, intermediates and catalysts in organic synthesis. It has been written not only for 
undergraduate students taking courses on organometallic chemistry, organic synthesis 
or organic reaction mechanisms, but also for graduates who need a quick introduction to 
the field and its main literature. 

The first part of the book surveys the different roles that metal atoms can play in organo¬ 
metallic reactions and introduces a classification of organometallic syntheses based on 
likely or established mechanisms and metal atom functionality. The emphasis through¬ 
out the book is on the type of bond formed in syntheses; Part 11 dealing therefore with 
the formation of carbon-carbon bonds, and Part ill with fdrrriation of bonds linking 
carbon to other atoms, especially hydrogen, nitrogen, oxygen, and other electronegative 
elements. The book contains over 250 key references. 
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