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The reactions of copper complexes and organocopper compounds are examined and described systematically. Attention is
concentrated on the reactions of copper complexes leading to the formation of carbon-carbon bonds. The influence of
various parameters on the mode and mechanism of cuprocatalytic reactions is discussed.
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I. INTRODUCTION

The study of catalytic processes involving unsaturated
systems and the search for ways of their practical utilisation
constitute one of the most rapidly developing fields of
organic chemistry. Syntheses using catalysts based on
copper salts or organocopper compounds are very common®~
By virtue of their unusual and to some extent unique cata-
lytic properties, copper salts have long attracted the atten-
tion of many investigators; thus copper(l) chloride is used
as the catalyst in numerous important industrial processes—
the synthesis of vinylacetylene, acrylonitrile, vinyl chloride,
acetaldehyde, etc.

In assessing the reactions occurring in the presence of
organocopper catalysts, one may say that they continue to
serve as some of the fundamental synthetic methods in
modern organic chemistry whereby one can obtain compounds
of various classes®®!®, Despite the fact that the first reac-
tion involving organocopper compounds was achieved as
early as 1869 by Glaser, the chemistry of these reactions
has undergone particular development in the last two dec-
ades. Thus, up to the 60's of the present century, only six
reactions based on organocopper compounds [reactions (1)—
(6)] were known!318,

12

A. Substitution reactions

1. Symmetric oxidative coupling reactions:
(a) the Glaser reaction®®!¢:

oxidation

2RC=CCu — RC=CC=CR ; 1)
ON=CCu oxidation_) N=CC=N s (2)
(b) the Ullmann synthesis of biaryls!®!7:
2Ar—X - Ar—Ar , (3)
2. Asymmetric oxidative coupling reactions:
(a) the Rosenmund synthesis of nitriles®:
NYar
N=CCu———N=CAr ; 4

’

(b) the Gattermann synthesis of nitriles!®
Nfar
N=CCu—— NCAr . (5)
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B. Addition reactions

The Straus reactions'®:
RC=CCu H=CR . Re=CCH—CHR . (6)

In the course of the last twenty years a further six new
reactions [reactions (7)—(12)] were discovered on their
basis*’ 5728,

A. Substitution reactions

1. Symmetrical oxidative coupling reactions:
(a) reactions of vinyl derivatives of organocopper com-
pounds?®22;

AN
TN (N

2 \:/
/ \Cu

(b) oxidative coupling of copper at-complexes?®:

-oxidation

[Alk—Cu— Alk]~Li* ———— Alk—Alk . (8)

2. Asymmetric oxidative coupling reactions:
(a) reactions of copper acetylides with aryl halides® %2425,

RC=CCy —*~RC=CAr ; 9

(b) synthesis of hydrocarbons from copper at-complexes
and aryl halides?®®:

1

[CHyCuCHg} “Li* —2> CHoAr . (10)

B. Addition reactions of copper at-complexes

(a) Addition to a double bond?’:

CO~—
_/ 11
JCH3—Cu—CH,)"Lit ——— CH,—(IZ—CI—CO— H (11)

(b) addition to a triple bond?®:

E/co.(:ﬂ. N
- \CO,CH; . (12)

{CH3—Cu—CHj,]Li*
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If we add to the above the fact that organocopper com-
pounds catalyse also the coupling of organomagnesium com-
pounds with various halides?®®® or the dimerisation of alkyl,
alkenyl, or alkynyl groups?®~32 starting with Grignard com-
plexes

R--MgX -R—R

as well as the use of complex copper salts as oxidants,
(Benedict's, Barfoed's, Fehling's, Pavy's, etc. reagents)aa,
etc., then the wide spectrum of the action of organocopper
complexes and organocopper compounds in organic chemistry
will become clear.

Simultaneously with the vigorous research into cuprocata-

lysis, elegantly written reviews have appeared in recent years

in the literature® %7, whose authors discuss mainly the

reactions of homo- and hetero-cuprates and devote less
attention to the reactions proceedings via organocopper com-
plexes® 3¢, In order to survey the available literature data
on numerous reactions with organocopper compounds and
copper complexes, in the present review an attempt was
therefore made to give a systematic account of the extensive
experimental data on reactions involving organocopper com-
plexes; attention is concentrated on the catalytic reactions
of unsaturated compounds in the presence of copper salts.

Among organocopper compounds, one usually distinguishes
homocuprates, heterocuprates, and copper m-complexes with
organic compounds. However, the reactions of copper com-
plexes and cuprates, particularly heterocuprates, are fre-
quently difficult to distinguish from the reactions of pure
organocopper compounds. Following the example of many
investigators who have already surveyed various aspects of
the reactions of organocopper compounds, we shall also con-
sider these reactions together for the sake of convenience
and when dictated by necessity.

I1. ADDITION REACTIONS

1. Halogenation

A hydrochloric acid solution of copper chlories is an effec-
tive chlorinating agent whereby acetylene can be converted
into trans-dichloroethylene®’™®, Similarly a mixture of
copper(I) and copper(Il) bromides brominates acetylene to
dibromoethylene*2. It has been reported“’® that the chlorina-
tion reaction also yields 1,1-dichloroethylene*?. According to
certain data, when the chlorination*®®° as well as the
bromination®' reaction is carried out in less acid media and in
the presence of an excess of copper salts, tri- and tetra-
halogenoethylenes are formed"?® 5%:52:

HC=CH —» HCX=CX, ;
HC=CH - CX,=CX, ;
X=(, or Br.

Copper(Il) halides convert cyanoacetylene almost quantita-
tively into dihalogenoacrylonitrile®:

HC=CCN - HCX=CXCN ;
X =ClorBr.

A mixture of copper(l) and copper(Il) salts was subsequently
widely used in the halogenation of vinylacetylene3®:**:5,
phenylacetylene**, diacetylene®-°°, divinylacetylenes®®, as
well as acetylenic®’7°! and diacetylenic®?®® compounds with
functional groups. It is remarkable that only the triple bond
is then halogenated:

RC=CH - RCX=CXH ,
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Various workers have frequently dealt with the problem of
the elucidation of the mechanism of the halogenation of
multiple bonds®*3%:57:6478%; attempts were made to provide an
experimental basis for and to relate all the processes occur-
ring in cuprocatalytic solutions®"%7:6%:7°  However, at
present it is impossible to give an exhaustive answer to
numerous questions arising in the discussion of the mecha-
nism of these reactions.

The halogenation of acetylene and its derivatives is usually
carried out in aqueous or aqueous alcoholic solutions;
dimethylformamide (DMF), dioxan, etc. are also used as
solvents. However, under analogous conditions alkenes or
alkadienes do not interact with bivalent copper salts. Thus
it has been shown that the chlorination of butadiene can be
achieved only with the aid of copper chloride melts’*~7® or in
a fluidised catalyst bed’ . In all the instances indicated the
main reaction products were 3,4-dichlorobut-l-ene and a
mixture of cis- and trans-1,4-dichlorobut-2-enes:

~ CICH,CH (CI) CH=CH,
CH,=CHCH=CH, —
[~ CICH,CH=CHCH,CI .
Subsequently it proved possible to halogenate various
diolefins by adding various ligands and reducing agents
Among these processes, the reaction in which butadiene is
converted into a mixture of 1- and 2-chlorobutadienes is of
particular interest’®:

7579

— CH,=CCICH=CH,
CH,=CHCH=CH, —
+ CICH=CHCH=CH, .

Finally, one should note that copper(II) chloride has also
been used to halogenate alkenes and cycloalkenes®!. As was
to be expected, this reaction is less successful than for

alkynes.

2. Hydrohalogenation and Addition of Hydrocyanic Acid

One of the most important fields of application of copper
salts involves their use as catalysts of the hydrohalogenation
of acetylene®® and vinylacetylene®!:

HC=CH—25 cH,—cHX

HiC—CHC=CH—%~ CH,—C=CHCH,X -
X
|
- CHy=CCH=CH, .
Vinyl chloride and chloroprene continue to be synthesised in
many countries on the basis of these reactions. Various
alkynes, alkenynes, and their derivatives also enter into this
reaction. Studies in this field have been frequently discus-
sed and surveyed by various workers®' 783,
It has been found®* that the triple bond activated by com-
plex copper salts combines with hydrogen cyanide:
RC=CH <%~ RHC=CHCN .
This method is still one of the most acceptable procedures for
the synthesis of acrylonitrile, which is an extremely impor-
tant monomer and reagent in organic chemistry.

3. The Asscher—Vofsi Addition

Another important application of copper salts involves their
use as catalysts of the alkylation of unsaturated systems by
organic polyhalogeno-compounds. Thus Asscher and Vofsi®>~
87 showed that, in the presence of copper ions, chloroform,
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carbon tetrachloride, bromotrichloromethane, and sulphonyl
chloride add smoothly to alkenes:

|
ch+>c c/ Gl pCc—c—Cl .
[

It is of interest that under these conditions a copper(I) salt
is an effective catalyst of the chloroalkylation of olefins®%:%%,
the radical being regenerated via the following mechanism in
its presence:
CuCl 4 RCCls > CuCly + RCCI,
\c=c/ 3—09’—>RCC1,—-(|4—(12 .
4 P

I
Gl Rccn,_?_c_q +CuCl .
1

[
RCCl, —<I:—c
|

Analogous results have been obtained by other workers in the
reaction of alkenes and styrene, on the one hand, and carbon
tetrachloride, trichloroacetonitrile, and dichloroacetonitrile,
on the other®™°2, Copper(I) salts have been used success-
fully also for the halogenoalkylation of various dienes with
chloroform, carbon tetrachloride, and bromotrichloro-
methane®%:8893;

> i
—_— - RCCl,—C—C=C—C—Cl

RCCly + — =
: N I i

From the preparative point of view, together with the
reaction described above, the alkylation of butadiene, iso-
prene, piperylene, cyclohexadiene, chloroprene, and other
halogenodienes with trichloroacetate esters and trichloro-
acetonitrile in the presence of copper(l) oxide is of consider-
able interest?™°7:

R’CH:CR”CH—CH, CheR

22> i€ R') HCR"=CHCH,CCIR 4
P < S—CCR

Hor CHy; R"=H, CHgor CI .

\._
R = COOCHj, COOCgHy.0r CN; R' =

It is remarkable that, when the reaction is carried out in
protic solvents, copper(I) salts promote the solvolysis of the
allylic halogen generated in the process with formation of
an ether®%°%.

| [
RCCI,(E—(L&-C-—CI RO, ReclC—C _c~cl—0R
| | !
This catalyst has been used successfully for the addition of
polyhalogeno-derivatives of organic compounds to cumulated
and isolated dienes®*:%®%:

CICC1,COOR

CHy=C=CHCH,C! ' CH,0CH,CH=CCICH,CCI,COOR ;
7 XH,y CHyY Hy CH,Y
ol xx C\_/ N/
— I ' e l 5
AN N/ /
(o) O

R = CHgor CyHy; X =Clor Br; Y= CClzor CCl,COOR .

It has been shown recently that copper(l) oxide is an
effective catalyst of the addition of bromotrichloromethane,
trichloroacetate esters, and trichloroacetonitrile to vinyl-,
isopropenyl-, and cyclohexenyl-acetylenes and their funec-
tional derivatives and satisfactory yields of various allene
derivatives have been obtained®*:°”:%%;

| |
RComC =t XEWR p oy coCodHCCR! ;

R — CI, COOCHj, COOC,H; or CN; X = Cl.or Br .
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The interaction of various sulphonyl chlorides with dienes
also takes place successfully in the presence of copper
saltg®®100710% ' The occurrence of the reaction via the follow-
ing mechanism is usually postulated:

S0, RS0, + CuCly

5

RSO,CI

— 0, rs0,—/

— — "\
RsO,— cl

CuCl. RSO I S
The chlorides of organic sulphonic acids add smoothly
under analogous conditions, i.e. in the presence of copper(Il)
chloride, to vinylacetylenic hydrocarbons!®*1%5 as well as
their silicon-substituted analogues!®®!°’, It has been shown
that, in the case of hydrocarbons with the normal structure
of the enyne residue, the addition is to the double bond
whereas in the case of the silicon-containing analogues 1,4-
addition is also observed. Thus the Asscher—Vofsi reaction
makes it possible to synthesise various organoelemental com-
pounds from ethylene, acetylene, and their derivatives.

4. The Meerwein Arylation
Copper(1I) saltg have been used successfully in the aryla-

tion of alkenes and their derivatives by diazonium chlorides
via the Meerwein reaction?%"110;

+ o~ R

ArN,CI C“C'-> Ar+CuCly
[

>c c/ A pr—CC
(|

|1 |
Ar—C—Cr &8, ap cl—c_c1 +CuCl .
[ i

109,111 109,112,113

Various dienes , alkynes, enynes also
undergo the Meerwein arylation. Interesting features of the
coupled addition of the aryl residue and the halogen to dienes
and particularly to enyne systems have been discovered. In
the first place one should mention the ability of diazonium
salts to arylate conjugated dienes in the 1,4-positions!?%111:113;

/_<\A N,Cl b1
ot > ArC—C=C—C—Cl
| !

— ,
and also the arylation of conjugated enyne compounds at the
double bond®1,82,11%;
o]
/= arngl |
= A, ArCH,C (R)C=CH .

R

The characteristics of the reaction associated with the
influence of neighbouring groups in unsaturated systems,
the presence of substituents in the aromatic ring of diazonium
salts, the pH of the medium, the nature of the solvents, the
role of the catalyst, etc. are likewise noteworthy and exhaus-
tive information about them can be obtained from elegantly
written reviews of the Meerwein reaction®®®!%°, It is remark-
able that various polyfunctional compounds which are difficult
to obtain by othe procedures have been synthesised by the
above reaction.

5. The Reppe—Jones Alkynol Synthesis

It has been established that the complex catalyst based on
copper salts is effective in the condensation of acetylene
with formaldehyde not only under pressure!'*~!%* put also
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without it!?*7132,

HC=CH~HOCH,C=CCH,0H .

The reaction takes place more successfully with other alde-
hydes!!® and with terminal vinylacetylenes!?3.
It has been reported quite recently that copper(II) ions

catalyse effectively the aldol condensation reaction®3*135;

R’

roteor e 4 oor

ArCHO —5i5

6. Generation of Carbenes

Among cuprocatalytic reactions, the application of complex
catalysts based on copper salts in the generation of carbenes
is of considerable interest. The characteristic features of
the behaviour of the carbenes, obtained in the presence of
copper ions, in addition reactions, rearrangements, etc. have
been investigated3®7149,

111. SUBSTITUTION REACTIONS

Copper salts have found extensive applications as success-
ful catalysts also in substitution reactions.

1. Solvolytic Reactions

It has been shown®*! that the hydrolysis of allyl chloride is
accelerated when a hydrochloric acid solution of copper hemi-
chloride is added to the reaction medium. On the basis of
kinetic studies, the authors!*! concluded that the rate of
hydrolysis is determined by the-stage involving the ionisation
of allyl chloride bound in a complex:

CuCl4-CI~  CuCl,
CHy=CHCH,ClI + CuCl; - [CH,=CHCH,CI + CuCl,]~ 5
JCH,=CHCH,CI - CuCl,]~ - [CH;=CHCHj - CuCl] 4 CI~ ;

[CHy=CHCH,CuCl,] + OH — CH,=CHCH,OH + CuCI; ,
Continuing the study of the solvolysis of substituted allyl
halides in relation to individual stereoisomers, the same
workers concluded that.the CuCl; ions behave as the cata-
lyst in these reactions'*?"1**, The catalytic effect of copper
salts on the hydrolysis of allyl chloride in an alkaline medium
has also been confirmed in another study*®.

It is noteworthy that another group of investigators demon-
strated the possibility, in principle, of the catalysis by
copper salts of the reverse reaction, i.e. the formation of
allyl chloride from allyl alcoholl*671%8.

CH,=CHCH,OH i~ CH,=CHCH,CI .

2. The Exchange of a Halogen

It has been established recently that copper(I) and copper-
(I1) salts catalyse the exchange of the halogen in allyl
halides*®7151;

RR'C=CHCH,Cl grrasr> RRC=CHCH,X
X=ClorBr.

It is of interest that in the case of substituted allyl halides
the migration of the reaction centre is observed simulta-

neously!%%:
CH,=CHCCl, - BrCH,CH=CCl, ;
CH,=CHC (Cl) RR' - RR'C=CHCH,Br .
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3. Mixed Reactions

Certain examples available at the present time in the litera-
ture show that substitution of the allyl chlorine5? or
hydroxyl'®® by a weak nucleophile such as the cyanide ion

can also be successfully catalysed by a copper halide:
HCN
CICH,CH—CHCH,Cl 1SN NCCH,CH—CHCH,CN &3 HOCH,CH=CHCH,0H .

It is striking that, when crotyl chloride is involved in the
reaction, dehydrocondensation via the hydrogen atoms of the
methyl group takes place simultaneously®®*.

Copper salts are likewise effective catalysts of the inter-
action of the allylic halogen with ammonia and primary and
secondary amines!s®:

CH,=CHCH,C! s jos~ CHy=CHCH,NRR" ;

R=H or Alk; R" = Alk .

According to patent data'®®, copper or its salts can be used

as catalysts for the synthesis of unsaturated amines via the
mechanism

CICH,CH (Cl) CH,CI 228> CH,=C (CI) CH,NHR .

Polyhalogenoalkenes have also been made to react with amines
in the presence of copper(1l) salts'®*’. There have been a
number of reports concerning the application of copper(II)
salts as catalysts in the reaction of aryl halides with ammonia

or amines, leading to the formation of aniline derivatives®®”
163

4. Substitution of the Hydrogen in C—H Acids

(a) For a halogen. According to the available literature
data, copper salts promote both the substitution of hydrogen
by a halogen in alkanes, aldehydes, and ketones and the
dehydrohalogenation of halogenoalkanes'®*™'7?. They have
been used successfully for the synthesis of a-halogeno-
alkynes from terminal acetylenic compounds®®!'” and for the
chlorination of butadienyl sulphone to 1,1,4,4-tetrachloro-
buta-1,3-diene.'’®

(b) For dialkylamino-groups. It is also well known that
copper salts catalyse the Mannich reaction, in particular the
substitution of active acetylenic hydrogen for a dialkylamino-
groupl76:177;

R’CHO, HNR'R”

R—C=CH -+ R—C=C—~C (') HNR'R" .

5. The Sandmeyer Reaction

The conversion of diazonium compounds into aryl halides
by the substitution of diazo-groups by chlorine via the
Sandmeyer reaction, where copper(l) salts are again used as
catalysts, can serve as an interesting example of cupro-
catalysis'’®. According to Kochi'”®, the reaction can be

represented schematically as follows:

AN,C1 28 A,CuTl, |
+ — -
AN,CTl - Ar 4 CuCl, +N;
CuCl,

Ar == ArCl + CuCl ,
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IV. ALKYLATION, ARYLATION, AND ACYLATION

1. The Colonge—Korts Alkylation

Copper(1) salts are used as catalysts of the alkylation of
terminal acetylenes with allyl halides®°71%8:

XCHC(R7)=CR’R”

RC=CH - RC=CCH,C (R")=CR'R".

Allylacetylenes, allylacetylenic alcohols, etc. have been
synthesised in this way. A catalytic amount of copper(I)
chloride is usually sufficient for the reaction. It is striking
that under analogous conditions propargyl chlorides react
mainly with inversion of the reaction centre'®®1°°:

~CICH,C=CH

RC=CH — RC=CCH=C=CH, .

We may note that allenyl halides with the halogen at an
sp?-hybridised carbon atom enter into this reaction®®!:

CICH=C=CR'R’ | pC=CCH=C=CRR’ -

RC=CH
The alkylation of cyanoacetic ester by propargyl halides in
the presence of zerovalent and univalent copper are closely
related to the above reaction!®?:
o] CN

i ]
HC=C—CRR NCCHCOCHs , o C (RR') CHCO,CoHy .

Finally copper(l) oxide has been used successfully for the
alkylation of allylisonitrile with allyl bromide via the mech-
anism?®?

> CH,=CH('IHCH3CH=CH,
_BrCH,CH==CHy N

> CH,CH=<':—CH,CH=CH,

CN

CH,=CHCH,NC

.

2. The Sladkov—Castro Arylation, Alkylation, and Acylation

The arylation of ethynylcopper compounds by aryl halides
constitutes yet another important field of application of
organocopper compounds > ®,24,25,186,194=137,

RC=CCu + ArX - RC=C—Ar ;
R = Ar, furyl, etc.; X =1 or Br.

Subsequently this method was extended to many classes of

organic compounds. Studies in this field have been examined

systematically and in detail by Sladkov, Ukhin, and
Gol'ding %°,

Copper acetylides are smoothly alkenylated by compounds
containing an allylic halogen atom!®%72%;

RC=CCu + XCH,C (R')=CR'R” - RC=CCH,C (R')=CRR” ,

Studies by a number of workers have shown that vinyl
halides are also capable of reacting with copper acetylides®®
200,201, fypthermore, the involvement of a-halogenoketones
in the above reaction made it possible to develop a fairly

convenient method of synthesis of furan derivatives®’®:

PhCOCH;Br SR, py /™ VR
No

The Sladkov—Castro reaction has also been used success-
fully to synthesise important natural products, particularly
pheromones?’?, The reaction of copper acetylides with acid
halides shown below is also of interest?®%203;

rc?°
Nci
RC=CCu — > RC=CCOR’ .
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V. REARRANGEMENTS

1. Allyl Halides

The very wide variety of the catalytic properties of cop-
per(I) and copper(II) salts has led to the possibility of using
them in the anionotropic rearrangements of unsaturated sys-
tems. Such rearrangements are usually characteristic of
allyl and propargyl halides. As an illustration, one may
quote the isomerisation of 1,4-dichlorobut-2-ene to 1,2-di-
chlorobut-3-ene in the presence of copper halides on heat-
ing2°“’2°5:

CICH,CH=CHCH,CI — CICH,CH (C)CH=CH, .

According to other data?°®, 1,4-dichlorobut-2-ene is con-

verted into 1,1-dichlorobut-3-ene under the influence of
copper or copper(I) oxide:

CICH,CH=CHCH,Ci - CI,CHCH=CH, .

In recent years the synthesis of chloroprene from butadiene
has assumed great practical importance. This largely
accounts for the attempts by a number of workers to eluci-
date the possibility of the interconversion of the butadiene
chlorination products and to establish their configuration. It
was found?’’ that, in the presence of copper(l) salts at 35° to
90 °C, an equilibrium mixture of cis-1,4-dichlorobut-2-ene
(5—6%), trans-1,4-dichlorobut-2-ene (70—80%), and 1, 2-di-
chlorobut-3-ene (15-20%) is obtained. Next it was shown
that 1,4-dichlorobut-2-ene readily isomerises to 1, 2-dichloro-

but-3-ene on refluxing in the presence of CuCl,:2%®

Cl
|
CICH,CH=CHCH,CI - CH,=CHCHCH,CI ,
One should note particularly that copper naphthenates?%%:21?
and acetylacetonate?!! have been used as catalysts for the
anionotropic isomerisation of allylic halides:
CH3;CHCH=CH,; - CHyCH=CHCH,CI .
Cl

Cuprocatalysis also occurs in the conversion of 4-chloro-
buta-1, 2-diene into chloroprene?*?:

CICH,CH=C=CH, - CH,=CCICH=CH, ,

2. Propargyl Halides

The conversion of dichlorbutyne into a diene dihalide in
the presence of copper(I) chloride and ethylamine hydro-
chloride in DMF is of great interest?!®:

CICH,C=CCH,CI - CH,=CCICCI=CHj .

It is known that propargyl halides isomerise to halogeno-
allenes under the influence of copper(I) salts?!*:215;
RR'C—C==CH - RR'C=C=CHX ;

|
X

X =Cl or Br.

When copper salts were used in reactions involving substitu-
tion of a hydroxyl for hydrogen in hydrogen halide solutions
it was found that, together with acetylenic halides, halogeno-
allenes are also obtained?!®:217:

RR'C—C=CR" -~ RR’ICCECR + RR'C=C:]CR”
O'H X X
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A comprehensive study of this reaction showed that allenic
compounds are products of the isomerisation of acetylenic
halides catalysed by copper salts?*%:217;

RR'C—-C=CR" —~ RR‘CzC:(fR”
% X

Studies in this field have been surveyed in reviews by
Vartanyan and Badanyan?'®, Wotiz?'7, and others?'®722%  in
which the available extensive literature data on this field are
examined in detail and described systematically.

3. Rearrangements of Other Systems

It has been established that copper-based catalysts are
used successfully for the rearrangement of a,B-unsaturated
alcohols to aldehydes and ketones??%>222, Here it is important
that the latter are formed via the hydrogenation of the inter-
mediate o,B-unsaturated carbinols:

RCH=CH~CHR’ -~ RCH=CHCOR’ ~ RCH,CH,COR’ .
OH

More detailed data on the anisotropic transformations of
alkenes and alkynes can be found in a collection of articles??®
and in a review?'?,

In many instances copper complexes are used for proto-
tropic isomerisations®?*:22%, cis—trans transformations??®, the
Wolff rearrangement?®?’, the synthesis of polycyclic com-
pounds??®, the disproportionation of substituted benzenes???,
and for other purposes?®’,

Finally one should note the rearrangement of m-dioxans to
B-alkoxyaldehydes in the presence of copper—silver cata-
lysts?3!:

R
R”>/\O
\o/|-R

- ROCH,C (R'R") CHO .

VI. DIMERISATION REACTIONS

1. Oxidative Dimerisation

(a) The Glaser and Cadiot—Chodkiewicz oxidative dimerisa-
tion of acetylenes. Oxidative coupling reactions of various
acetylenes in the presence of copper(l) salts are known in
the chemical literature. Here in the first place mention
should be made of the Glaser reaction?*? and its modification
by Eglinton?®® and also the Cadiot—Chodkiewicz method?%%:23°
whereby asymmetrically substituted diacetylenes can be
obtained.

Recently studies in this field have been surveyed by
Eglinton and McCrae®*®2%7 and other workers?*®%3°, The
applications of the above reactions and the influence of vari-
ous factors on the yield and direction of the process are
examined and the pathways via which they occur are dis-
cussed in these reviews.

(b) Dimerisation of other C—H acids. It has been found?*?
that, in the presence of copper(l) salts in pyridine, phenyl-
substituted acetonitriles are converted by atmospheric oxy-
gen or various peroxide compounds into adiponitrile deriva-
tives®?, Ketonitriles behave similarly 241,242, Studies on the
oxidative coupling of other C—H acids (arenes, aryl
halides, thiophen and its derivatives, etec.) via organo-
copper compounds with formation of a carbon-carbon
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bond have been widely developed and have been the subject
of a special discussion®?**,

The catalytic properties of copper salts have been used
successfully by a number of investigators for the oxidative
polymerisation of aromatic hydrocarbons?*?24¢,  Copper salts
can be used for the oxidative dehydrodimerisation of hydro-
gen cyanide?*’:

N=CH > N=C—C=N .,

It is remarkable that copper(l) and copper(Il) oxides as
well as various copper(Il) salts catalyse the dimerisation—
addition of o,B-unsaturated carbonyl compounds—nitriles,
esters, and ketones®*87252;

— > R'CH=C (R) C (R)HCH,R

R, RCH,CH=CHCH,R

| CHy=CHR

R'CH=CHR—

- R'CH=C (R) CH,CH,R
R = COAIlk, COOAlk or CN .

The above reaction is regarded®® 252 as a special type of
the Michael addition. A good example of the dehydrocon-
densation is also the dimerisation of acrylonitrile in the
presence of copper(II) ions, which leads to the nitrile of
hexenedicarboxylic acid?®%:

5

2CH,==CHCN — NCCH,CH=CHCH,CN

(c) Dimerisation of organometallic compounds. The cupro-
catalytic dimerisation reactions of Grignard reagents with
alkyl halides, which made it possible not only to increase the
rate of coupling of the alkyl residues of the above class of
compounds but also to apply the method successfully to other
syntheses, proved to be particularly productive. Studies in
this field have been surveyed by Tamura and Kochi?5*, Anal-
ogous question have been partly dealt with in the reviews of
Schlosser?°5, Posner'!?, and Normant®, who considered the
problems of the formation of a C—C bond with the aid of
organometallic reagents. Another important method of syn-
thesis of various hydrocarbons is the coupling reaction of
alkyl, alkenyl, and alkynyl derivatives of lithium, magnesium,
zine, and aluminium, as well as other organometallic com-
pounds in the presence of copper saltg'!™1%:17,2547257

2. The Straus—Neuland Dimerisation of Acetylenes

Straus showed that the copper derivative of phenyl-
acetylene dimerises to 1,4-diphenylbut-3-ene-1-yne on heat-
ing with acetic acid?®®®:

CsHyC==CCu — C;HyC==CCH=CHC(H; .

Subsequently other workers extended the above reaction to
various terminal acetylenes?°®"26!, However, the most
important result of these studies was the finding that an acid
medium promotes the dimerisation of acetylenes, as a result
of which cuprocatalytic methods were successfully applied to
the dimerisation of acetylene and its monosubstituted homo-
logues to vinylacetylene and its derivatives?:3"80,81,262,

2RC=CH - RCH=CHC=(R .

The process is usually carried out in a hydrochloric acid
solution of copper(I) chloride and is still used in the manu-
facture of chloroprene from acetylene®%81:263,

3. Reductive Dehalogenodimerisation Reactions
(a) The Ullmann dehalogenodimerisation of aryl halides.

The Ullmann reaction, which consists in the reaction of aryl
halides with powdered copper at a high temperature, has
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already been widely used for the synthesis of a wide variety
of aromatic systems in the course of several decades2%%:25%;

Ar—X > ArAr 4+ CuX, .

The available literature data on this reaction have been fre-
quently described in reviews2**:265, in which the present
limits of the applicability of the reaction, its conditions, and
the influence of various substituents and the solvent, as
well as the question of the application of a series of copper
compounds [copper(I) oxide and copper(I) and copper(Il)
salts] as additives or independent catalysts are clearly
defined; the kinetics of the reaction have been examined in
detail and its probable mechanisms have been put forward.

It is appropriate to mention that metallic copper or copper
salts in various oxidation states are used successfully also in
the so called Ullmann condensation, i.e. in the reaction of
aryl halides with anilines?%;

ArCl AT ArNHAP

In their studies of the influence of various added copper(I)
and copper(II) salts on the Ullmann condensation, some
workers?%%?%7 concluded that copper(I) ions are the cata-
lytically active form for this reaction and that the application
of bivalent copper must be accompanied by reducing agents

(b) The dehalogenodimerisation of a-halogenoethers and
allyl, propargyl, and benzyl halides. There has been a
recent growth of interest in the so-called dehalogenodimer-
isation reactions of organic halogeno-compounds, which occur
in the presence of zerovalent or univalent copper. One of
the first reports on this field?®® showed that, on refluxing
with metallic copper, various a-chloroethers are converted
into ethylene glycol derivatives in high yields:

RCOCH,C] - ROCH;CH;0R
R = CHj;, CICH,CH; — etc.

A little later data were published on the dehalogenodimer-
isation of allyl halides. Thus Yagupol'skii and Chaika?”°
showed that trichloromethylalkenes give rise to chloro-substi-
tuted bisallyls and trienes in pyridine in the presence of
copper via the mechanism

RCH=CHCCl3 -~ RCH=CHCCI;CCl,CH=CHR -~ RCH=CHCCI=CCICH=CHR
R = H, CyHy, COOH, COOCH; or COCH; .

It was established that the yield of trienes greatly increases
when the reaction is carried out in acetonitrile.

In a somewhat later study it was reported that, in the
presence of copper powder in pyridine, trichloromethyl-
ethylene dehalogenodimerises to a mixture of all the expected

hexadienes?®’?.
cl

CCl3CH=CH,

It is of interest that the organocopper complexes obtained
from alkyl-lithium and copper iodide in the presence of
dialkylamines are effective catalysts of the dehalogenodimer-

isation of allyl halides?”?:
v N/ N N

<—-\=/—BL[ L~ =__/
— SN
=X
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The results showed that the dehalogenodimerisation reaction
is specific only to compounds containing a mobile halogen
atom. A study by Japanese workers on the dehalogenodimer-
isation of allyl and benzyl halides?”*’?™ provides a good
illustration of this postulate. It was observed that both

allyl and benzyl chlorides give rise to high yields of dimers
in the presence of the copper(I) cation in ethylenediamine,
diethylenetetramine, triethylenetetramine, acetylacetone, and
ethylenediaminetetra-acetic acid (EDTA):

1 I
CuCl + n (en) - Cu (en),Cl

1 11
RCH,CI +2Cu (en) ,Cl - RCH,CH,R + 2Cu (en),Cly .

The replacement of the above solvents by ethanolamine,
pyridine, bipyridyl, phenanthroline, or triphenylphosphine
suppresses the reaction.

In the presence of the above catalysts [CuI(en)nCIJ benzyl
chloride derivatives (trichloromethylbenzyl, dichlorodiphenyl-
methane, and chlorodiphenylmethane) behave similarly, with
the sole difference that the resulting chloroethanes are then
converted into stilbenes??%27¢;

e
CeH;C (R) Cly - CgHsCCI—CCICsHy - CoH,C=CCsH,
R R

H
| -
(CsHy),C R) CI (CsHs)aC—C (CeHs)s el (CeHg)aC==C (CeHy)s .

We may note that this reaction is also catalysed by iron(Il)
salts.

The available literature data show that the dehalogenation
of halogenoalkanes in the presence of both copper salts?’®
and zerovalent copper?’®” 2% is accompanied by partial
dehalogenodimerisation with formation of halogenoalkene
derivatives.

We believe that, among all the existing ideas concerning the
mechanism of the dehalogenodimerisation of allyl systems?7%:27%,
the most likely is the view of Hashimoto and coworkers?”™,
according to which all these reactions can be interpreted as
oxidation-reduction processes via the mechanisms:

1 I
Cu - n (en) — Cu (en), 5
L .
cut
RCH,Cl —n
or
oct .ou 1
2RCH,Cl ——> 2 [RCHCl . . . CuCl > RCH,CICuCl] - RCH,CH;R + CuCl, ,
or

RCH,CI o, ROH,CICACI oa, RCH,CuCl +CuCl, |

2RCH;CuCl -~ RCH,CH,R + 2RCuCl .

Badanyan showed recently that vinylpropargyl halides are
converted into a mixture of unsaturated hydrocarbons in the
presence of copper(I) salts and amines (primary or secon-
dary) via dehalogenodimerisation®®*72°*, The authors believe
that the process proceeds via the mechanism
R'
R/C—C_CH\/\CH=C=C=C/R

\g!
)——_/_ 2)H|\n"u"' l\>_ -—\—E = ;
® = bR L=
% R
= U
R R, R" and "'z H or AlK; = A
an or CH=C=C=C
RH ||| R \R

-6(:1{2 o —CHy—CH,—0—CH,~CH,—; X =Ior Br.
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It was shown that complexes of copper salts with amines con-
taining hydrogen attached to the nitrogen atom exhibit a
catalytic activity, the yield of product depending greatly on
the ionisation potential of the amines?®%:29%:295,

The study of the influence of substituents in various
positions in the system revealed certain regularities. Thus
it has been found that an increase in the bulk of the alkyl
groups at the carbon atom attached to the halogen in vinyl-
propargyl halides not only decreases the overall yield of
hydrocarbons but also increases the fraction of anomalous
dehalogenodimerisation products—unsaturated hydrocarbons
with cumulated multiple bonds?86,288:235,

An interesting picture was observed when vinylpropargyl
halides with substituents at the double bond were introduced
into the reaction. Thus in the case of vicinal substitution
(at the double bond) of the halides, the yield of the anomal-
ous dehalogenodimerisation products increases; in contrast,
geminally substituted or trisubstituted unsaturated halides
give rise only to dienediyne hydrocarbons??:%%1;

RR’C (X) C=CC (CHz)=CHR’" - HC (R")=C (CH;) C=CC (RR’) C (RR’) C=CC (CHg)=CHR;

R, R', and R" = H or alkyl.

The different types of behaviour of the systems investigated
can be readily accounted for within the framework of the
electronic effects of the substituents and the steric hin-
drance generated by them. In the study of the effect of the
medium and also of various additives on this reaction, it was
concluded?®®2%5 that the reaction proceeds via the formation
of radical intermediates. Here it is important that, when a
reducing agent (hydroxylamine hydrochloride), is introduced
into the reaction medium, the reaction becomes catalytic?°°.
It is noteworthy that, under the conditions of the dehalo-
genodimerisation of vinylpropargyl halides, allyl chlorides
containing electron-accepting substituents also enter into

this reaction?%?:

RR'C=C (R") CH,Cl - RR’C=C (R") CH,CH,C (R")=CRR"
R,R" and R"=H or CI .

There are literature data concerning the reductive dimer-
isation of ethers of acetylenic carbinols?®®, allenic halides?®’,
and other systems?®® catalysed by copper or its salts.

It has been reported that in the presence of metallic copper
trichloromethylbenzene dehalogenodimerises to dichloro-

stilbene?®?:
CgH;CCl3 - CgH;CCl=CCICzH;

The dehalogenodimerisation of a-halogenoacids®®’

COOR’
!
RR'CBrCOOR” — RR'CI—CRR’
COOR”

and of acid chlorides®®*
RCOC! — RCOCOR

is of interest from the practical point of view.

Finally one should note that the amine complexes of cop-
per(1l) salts catalyse the intramolecular cyclisation of
propargyl ethers®°?,

-—-200---

It is evident from the above that during recent years
definite advances have been made in the field of cuprocata-
lytic reactions on the basis of which methods of synthesis of
many types of organic compounds have been developed.
These processes are undoubtedly still of enormous interest,
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as shown by the vigorous present development of homogene-
ous cuprocatalysis based on isonitrile complexes of copper
and its salts. The above catalysts are used widely for the
synthesis of derivatives of cyclopropane, cyclobutane,
cyclopentane, oxazoline, oxazine, imidazoline, thiazole,
pyrroline, etc. Earlier data on this field have been sur-
veyed®°®. Synthetic studies on these lines are being con-
tinued®®~%12_ It is remarkable that copper complexes of the
above type catalyse the insertion of isonitriles in the hetero-
atom-—hydrogen bond in amines?!1:31%:31% ' alcohols??8:315,316
thiols? 7318 phosphines®'’®, and silanes®*? and also the ester-
ification of alkanoic, halogenoalkanoic, and halogenoarenoic
acids and their anhydrides®?123, Isonitrile complexes of
copper are used in the binding of carbon dioxide®2*™*?? and in
prototropic®!* and cis—trans??®:33? jsomerisations. It is
extremely important that they catalyse the Michael, Tishch-
enko, Meerwein—Ponndorf, and analogous reactions?5%:3307338,
the dimerisation of a,B-unsaturated nitriles and carbonyl
compounds?8,249,3307332,339 © anq the polymerisation of alkenes
and their derivatives®°73*®, There is no doubt about the
prospects for the further development of both the theoretical
and practical aspects of cuprocatalytic reactions; a more
profound understanding of their essential features and

their control are the tasks for the immediate future.
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