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1. INTRODUCTION

Telomerisation is understood as a radical chain process
in which a molecule of any kind of saturated compound
(telogen) combines with several molecules of an olefin or
another unsaturated compound. Formally, the reaction can
be expressed by Eqn.(2) of Scheme 1; it fills the "gap"
between addition and polymerisation:

Scheme 1
(1) X—Y 4 C=C—— X—C—C—Y {addition),
(2) X—Y - nC=C - X—(C—C),—Y (telomerisation; n = 2-20)
Telomers
(3) X—Y +nC=C - X—(C—C),—Y (polymerisation; n - o),

This comparatively new field began to develop in the postwar
years. At the present time systematic and extensive
researches into telomerisation are prosecuted in the USSR,
the USA, Japan, Italy, the Federal Republic of Germany,
and France.

Telomerisation is a typical organic reaction; it makes it
possible to synthesise under similar conditions homologous
series of polyfunctional compounds of different classes by
selecting appropriate telogen—monomer pairs. The studies
by Soviet investigators, and in particular by the team at the
Institute of Organoelemental Compounds of the USSR
Academy of Sciences, have in many respects enriched the
theoretical and practical aspects of telomerisation and have
led to its transformation from a purely laboratory reaction
into a process suitable for technological application™®,

Two monographs and a number of reviews*, among which
we shall mention only those published in recent years®2,
have been devoted to telomerisation. The concept of telo-
merisation has been included in an encyclopaedial® and in
textbooks of organic chemistry!*. The rate of development
of researches in this field is so great that it has now become
necessary to write new reviews and monographs.

New important branches of telomerisation have developed
extensively in recent years and its applications in organic
synthesis, in the study of general problems of radical chemis-
try, and in practice have been greatly expanded.

This includes the discovery of fundamentally new initiators
and initiating systems which made it possible to involve in
telomerisation many new types of telogens and monomers as
well as their new combinations which had been previously
believed to be ineffective in this process. Instances of telo-
merisation accompanied by the rearrangement of growing
radicals have been extensively studied. Investigations have
been developed into stepwise telomerisation and the cotelo-
merisation of two monomers with one telogen. Practical
applications in which telomerisation makes it possible to solve
important problems have been found. New methods have been
developed for the isolation of telomers as well as schemes for
demonstrating their structure by methods of physical organic
chemistry. The most important advances achieved in the
field of telomerisation during the last decade are considered
in this review.

I1. GENERAL PROBLEMS OF TELOMERISATION

Monomers. In principle any unsaturated compound capable
of radical polymerisation can be used in free-radical telo-
merisation; ethylene, alk-1-enes, vinyl chloride, vinylidene
chloride, perfluoroethylene, chlorofluoroethylenes, allyl and
acrylic compounds, and diene hydrocarbons and their deri-
vatives have been studied in greatest detail and are fre-
quently used.

Telogens. Substances containing bonds which readily
undergo homolytic dissociation are used as telogens:

E\-:—‘E’

The types of such bonds whose dissociation leads to telo-
merisation are presented below:

C—H B—H SO,—Hal
c—C N—Hal Si—H
c-Cl  P—H Sn—H
C—Br  S—H Cl—H
c—1 S—Hal Br—H
S—S 1—H



Russian Chemical Reviews, 53 (3), 1984

Reaction mechanism. The generally accepted mechanism
of telomerisation initiated by radical-forming substances is
presented in Scheme 2.

Scheme 2
(1) Initiator — R’ |
@) R+ X—Y->RX-LY |
(3) Y -+ CH, = CHR - YCH,CHR

(initiation)

£ . \l (growth of radical)
(4) YCH,EHR 4 nCH, = CHR ~£ Y (CH,CHR),,CH, CHR |

. k, . \
(5) Y (CH,CHR),CH,CHR + X-—Y —Y (CH,CHR),,,X -+ Y' (chain transfer)
telomers
(6) Radicals — inactive products(chain termination)

Here kp and k¢ are the chain propagation and chain transfer
constants respectively and n = 1,2,3, ...

In most instances the telomerisation reactions initiated by
peroxides, azo-compounds, and light proceed in accordance
with this scheme in which chain transfer directly to the
telogen [stage (5) of scheme 2] takes place. However, many
examples of telomerisation in which Scheme 2 does not hold
have now accumulated. The importance of Scheme 2 consists
in the fact that in many cases of smooth telomerisation under
rigorously controlled conditions it is possible, knowing the
distribution of the telomers in terms of the number of mono-
mer units to estimate comparatively simply the relative rates
of the intermediate stages—for example, the partial chain
transfer constants Cp can be determined from the Mayo
equation®®:

EIN
C/l :ktf/kpf O(T”/E Tx) N

n+l )

where @ is the molar ratio of the monomer and the telogen
and Tp the molar yield of the telomer incorporating n mono-
mer units. A characteristic feature of the partial constants
Cn, in contrast to the general chain transfer constants Cw
determined from radical polymerisation data, consists in the
fact that they reflect the influence of the fragment Y of the
telogen on the radical centre in the telomer-radicals
Y(CH,CHR);;. For many telomerisation processes, the con-
stants Cp, increase as n increases from 1 to 4—5 (Table 1)
and only then assume constant values. They make it pos-
sible to estimate the reactivities of the intermediate radicals,
telogens, and monomers.

Initiation. The independence of Cp on the nature of the
radical-forming compound and, within certain limits, of its
concentration (at the same temperature) shows that the
initiator is not involved in the chain propagation and trans-—
fer stages. The initiation of telomerisation by radical-
forming substances such as acyl and alkyl peroxides, azo-
compounds, and similar compounds is restricted to a fairly
narrow class, since the reaction proceeds only with telogens
containing an E—E' bond readily susceptible to homolytic
dissociation. For example, peroxides and azobisisobutyro-
nitrile successfully initiate the telomerisation of olefins with
CCl, but are incapable of initiating the analogous reactions
involving the C—C! bond with compounds of the type
RCH,CCl,.° On the other hand, the major influence of
polar affects on the course of telomerisation has been dis-
covered. When the polar effects of the telogen and the
monomer are of the same kind, even extremely reactive com-
pounds do not react via the telomerisation mechanism under
the conditions of the method of initiation indicated. Thus,
on initiation with peroxides, azo-compounds, or ultraviolet
light, acrylic monomers are not telomerised by the esters
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of a-bromo-substituted acids, chloroform, and carbon tetra-
chloride!’; instead of undergoing telomerisation, the mono-
mer polymerises. Nevertheless, these initiation methods
retain fully their importance for telomerisation, particularly
telomerisation involving the dissociation of a C~H bond.

A new important procedure involves the use of metal car-
bonyls for the initiation of telomerisation. Carbonyls were
employed for this purpose for the first time in the Labora-
tory of Organoelemental Synthesis at the Institute of Organo-
elemental Synthesis of the USSR Academy of Sciences in
1959-1961.>° As will be shown below, when halogen-con-
taining telogens are used, the initiation of the telomerisation
by mononuclear metal carbonyls can be described by

Scheme 3:
Scheme 3
M(CO), = M(CO),_, + CO

AN AN
2C—Hal -+ M (CO),_, —» —C" + HalM(CO),,_,
4 4 (A)

Next the reaction proceeds via stages (3)—(6) of Scheme 2
(Y = =C*) or, in contrast to the initiation of the telomerisa-
tion by radical-forming substances, the intermediate metal
carbonyl halide (A) participates in the chain transfer stage,
transferring the halogen to the growing radical via Scheme 4
(where m = 0,1):
Scheme 4

(8) + Y (CH,CHR),, CH,CHR — Y(CH,CHR),,,,Hal 4 M(CO),,_; .
The metal-containing species M(CO),-; arising in this stage
participates in the transfer of the kinetic chain, abstracting
the halogen from the telogen, as shown in Scheme 3.

This is a very flexible initiation procedure, since, by
varying the nature of the metal carbonyl, it is possible to
achieve reactions which proceed with very great difficulty.
It has now been found that the complexes of metal carbonyls
with various ligands, i.e. M(CO)nL, as well as the com-
bination of the metal carbonyl and the ligand taken sepa-
rately, i.e. M(CO)p + L are even more active telomerisation
initiators. Subsequently, both in the studies in the Labora-
tory of Organoelemental Synthesis at the Institute of
Organoelemental Synthesis of the USSR Academy of Sciences
and in the studies by foreign investigators, a wide range
of initiating systems were applied, including various transi-
tion metal compounds (carbonyls, halides, chelates, and
m-complexes) in combination with various activating additives
(co-initiators)—alcohols, amines, amine hydrochlorides,
nitriles, carboxylic acid esters, phosphorous acid esters,
dimethylformamide (DMF), etc.®?

Chain transfer. A wide variety of forms of chain transfer
in telomerisation have now been discovered. Apart from the
reactions with chain transfer by the growing radicals to the
telogen [stage (5) of Scheme (2)]. reactions have been found
in which chain transfer proceeds via the fragmentation of
the growing radical (Scheme 5), via the oxidation of the
growing radical (Scheme 6), and via the transfer of the
halogen from metal carbonyl halides (Scheme 4). For exam-
ple, for the telomerisation of ethylene by tetrachloroethylene
(initiator—t-butyl peroxide (TBP)], we suggested’® that
chain transfer takes place via the fragmentation of the
growing radical in accordance with Scheme 5:

Scheme 5
CCl,=CCl; -+ nCH,=CH, — 22— CI(CH,CH,),,CCi—CCl, .
(1) (TBP) - 2R" ;
(2) R*+ CCl,=CCl, — RCCl, CCl, —» RCCI=CCl, + CI'
(3) CI' - n CH,=CH, — CI(CH,CH,),, ;
(4) CHCH.CH,); - CCl, = CCl, — CI(CH,CH,), CCLLCl, (B
(5) CU(CH,CH,),CCL,CCl, fragmentation __ ¢y(Cyy,CH,),CCI=CCl, 4 CI' .
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There is no doubt that the chain transfer by the radical (B)
to the telogen does not occur both as a consequence of the
low reactivity and considerable stability of this radical and
owing to the low probability of the abstraction of a chlorine
atom from tetrachloroethylene. The radicals (B) undergo
fragmentation with formation of the final products and the
elimination of the chain propagating chlorine atom. Such
telomerisation is accompanied by the formation of a number
of side products; in particular, extensive chlorination takes
place with evolution of hydrogen chloride, which is also
consistent with the hypothesis of the intermediate formation
of atomic chlorine.

A new type of telomerisation, in which there is undoubtedly
no usual chain transfer to the telogen, has been found!’?!;
it was shown that contrary to the literature data, under the
conditions of the Meerwein reaction it is possible to achieve
the telomerisation of ethylene, acrylonitrile, and vinylidene
chloride by arenediazonium chlorides (Scheme 6):

Scheme 6
. CuCl,/CuCi
ArNgCl--nCH, — CHX ~idoona ArCH,CHX) 1+ N,
(1) ANel —2E s Ar

(2) Ar - CH, = CHX — ArCH,CHX ;
(3) ArCH,CHX-+nCHy=-CHX — Ar (CH,CHX), |

(4) Ar (CH,CHX);, -+ ArN,Cl 7£ﬁ (do not react) ;

(5) Ar(CH,CHX),, + CuCl, - Ar (CH,CHX),Cl -+ CiCl ;
Ar=Cyll;, n-NOGsH,, 0-CH,CiHy; X == H, CN, COOCHy; n = 1,2 ,

All the stages of this reaction, except stage (3), had been
proposed earlier. We were able to obtain telomers and
demonstrate thereby that stage (3) can take place®l. In

this case direct chain transfer via stage (4) is undoubtedly
ruled out; the growing radical is stabilised in the oxidation-
reduction reaction with CuCl, via stage (5).

Certain examples in which the telomerisation does not obey
the usual mechanism with chain transfer to the telogen were
enumerated above. However, the reactions of the usual type
(Scheme 2) have been most thoroughly investigated, inclu-
ding investigations by kinetic methods.

Chain termination is the least investigated stage in the
telomerisation mechanism. It has been frequently suggested
that chain termination takes place as a result of the dimeri-
sation or disproportionation of radicals. However, tests in
relation to the telomerisation of cyclohexene, heptene, and
propene by trifluoroiodomethane®® and carbon tetrachloride®’
did not confirm this hypothesis. In the case of carbon
tetrachloride?® the formation of hexachloroethane was not
observed, but the hydrides of the intermediate radicals,
obtained as a result of the "allyl termination", were found.
Instances (for example, in the telomerisation of isobutene
by aliphatic acids®*) where the recombination and cross-
recombination reactions of radicals play a significant role and
the yield of the corresponding compound is comparable to
that of the telomers have been discovered in recent years.

Thus a wide variety of reactions with different types of
initiation and chain transfer and termination mechanisms,
depending on the structure of the telogen and the monomer
and also on the nature of the initiating system, can be
achieved at the present time by the telomerisation method.
This has greatly extended the scope of the utilisation of
telomerisation for synthetic purposes.
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[1l. METAL CARBONYLS AS INITIATORS OF A NEW TYPE

Interesting features have been discovered in telomerisation
using initiators of a new type-—variable valence compounds
and carbonyls of Group VI-VIII metals. Freidlina and
Belyavskii showed in 1959?%?¢ that iron, chromium, molyb-
denum, and tungsten carbonyls effectively initiate the
homolytic telomerisation of ethylene with CCl,, CHCl;, and
CCI;COOR. Since then initiating systems based on transi-
tion metal carbonyls have been widely used in homolytic
chain reactions involving both telomerisation®s1%%27 and
polymerisation®2°. The data ~mccumulated suggest that in
this case we are dealing with a new branch of homogeneous
catalysis—the metal carbonyl-initiated homolytic chain reac-
tions. The study of the application of redox initiators (the
character of the initiating action of which resembles in many
respects that of metal carbonyls), mainly iron and copper
halides and complex cyanides®’™? as well as chlorine-con-
taining iron complexes of the type [LquIIIClzlleeIICIQ],
where L = DMF or dimethyl sulphoxide (DMSO), and
[(CH3CN)sFeH][FeHIClh]z in telomerisation was prosecuted
simultaneously®®. Both these large groups of metal-con-
taining initiators are combined’? in the broad concept of
coordination initiators, whose application significantly
expands the synthetic scope of telomerisation, namely (1)
it makes it possible to regulate the composition of the telo-
merisation mixture, driving the telomerisation reaction
towards the formation of lower telomers up to 70—80% yield
of the adduct relative to the sum of the telomers, (2) it
directs telomerisation selectively to the C—Hal bond in the
presence of reactive C—H and C—Hal bonds in the telogen,
(3) it makes it possible to introduce into the telomerisation
reaction telogens with the trichloromethyl group which is
inert under the conditions of peroxide initiation, (4) it per-
mits the telomerisation of readily polymerisable monomers
such as acrylic compounds, styrene, and vinyl chloride,

(5) it leads to a simple way of synthesising branched telo-
mers in accordance with a stepwise telomerisation scheme
(see Section VI), and (6) it increases the selectivity of the
photoinitiation driving the reaction towards the rupture of
the C—Hal bond.

Metal carbonyls are the most promising initiators. Differ-
ing appreciably (depending on the metal) in their activity
in the initiation stage and in their ability to participate in
the chain transfer stage, suitably selected metal carbonyls
make it possible to achieve any of the synthetic possibilities
in telomerisation enumerated above or to obtain a combined
result.

In terms of their interaction with the telogen, the monomer,
the co-initiator, and finally the growing radical, metal car-
bonyls effective in telomerisation can be divided into three
groups. The first group includes carbonyls capable of
abstracting a halogen atom from the telogen in the initiation
stage and of transferring it to the growing telomer radical,
regenerating at the same time the halogen abstracting
species. In other words, these carbonyls are capable of
participating in the chain transfer stage without interrupting
the kinetic chain. This group includes Fe(CO); and its
derivatives with the ligand L in the coordination sphere of
iron [LnFe(CO)s_p1.

The second group comprises carbonyls capable of abstract-
ing a halogen atom from the telogen in the initiation stage
but incapable of transferring it to the growing telomer radi-
cal. It includes chromium, molybdenum, and tungsten hexa-
carbonyls.

The third group is made up of dinuclear carbonyls with a
metal-metal bond, for the initiating capacity of which the
conditions in the homolytic dissociation of the metal—metal
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bond are of decisive importance: their interrelations with
the components of the reaction mixture are frequently mani-
fested in an extremely complex manner. This group includes
Re,(CO),y, Mn,(CO),,, and [Cp,Fe(CO),l,, as well as,
apparently, [CpW(CO);]l, and [CpMo(CO),],, which are
capable of forming metal-centred radicals®*.

The addition of chloroform to alk-1-enes can serve as a
test reaction for the classification of metal carbonyls®®™38%,
Chloroform is able to react with dissociation of both C—Cl
and C—H bonds in different sequences depending on the
character of the initiation (Scheme 7).

Scheme 7

>

A i, . |
(1) CCl—H - QL —2= - CC13?~(12~ el B, CCl:f—?H

1 ,

—C=C | CHCIZ(;:f-ﬁf CCl,—H

(2) CI CH-~Cl — CHCl,

\
|

- CHCI,C—CH :
i

T ,
1
- f‘ < Lo CHCl,—CI L)

- cHClzC]-—(‘k —GHCL—Cl | CHC1,C—CCl
Egn.(1) represents the peroxide type of initiation: the
C—H bond is dissociated in the initiation and chain transfer
stages and the initiator is not involved in the chain transfer
stage. Eqgn.(2) represents a mixed type of initiation: the
metal carbonyl participates in initiation but not in chain
transfer; the initiation involves the C—Cl bond and the
chain transfer involves the C—H bond. Eqn.(3) represents
metal carbonyl initiation where the carbonyl participates
in the initiation and chain transfer stages; the initiation and
chain transfer take place with dissociation of the C—~Cl bond.

In the case of iron pentacarbonyl, which, depending on
the conditions, can either react directly via reactions of
types (2) and (3) of Scheme 7 or indirectly via a reaction of
type (1) (forming a radical R’ capable of abstracting a
hydrogen atom from chloroform), in each specific reaction
it is necessary to take into account the tendency of Fe(CO),
to form complexes with the monomer?®® and the co-initiator*®™**,
In the case of a weakly polar monomer exhibiting a small
capacity for complex formation with iron carbonyl (for exam-
ple, ethylene), the metal carbonyl is not involved in the
chain transfer stage when Fe(CO); is used in small amounts
(< 5 mole %) without an initiator and the distribution of the
telomer homologues in the telomerisation of CCIl, or CHCIl;
with C,H, does not differ from their distribution in peroxide
initiation2%-27,

It has been shown for monomers forming comparatively
stable complexes with Fe(CO); (propene and specially vinyl
chloride) in relation to telomerisation with CCl, and CHCl; ***
that, at a low Fe(CO)5 concentration and for a long kinetic
chain, only the initiating activity of the carbonyl is mani-
fested in the reaction, i.e. it is able to generate CCl; radi-
cals and the chain transfer constants do not differ from those
in the peroxide initiation. With increase of the Fe(CO);
concentration, the content of the adduct in the mixture of
telomers increases appreciably and C, can be significantly
greater than in the peroxide initiation, i.e. the involvement
of the initiator in the chain transfer stage becomes appreci-
able (a halogen atom is transferred from the telogen to the
growing radical via an iron carbonyl intermediate—see Table
1). It has been found®® that in the initiation by Fe(CO),,
the reactivity of olefins in telomerisation with CCl, varies
in parallel with the thermal stability of the complexes (C=C).
.Fe(CO), (C=C is the monomer). Apparently a maximum
Fe(CO); concentration exists above which C, and C, no
longer increase*’ and in addition self-inhibiting properties
of the carbonyl make an appearance?’. Accordingly the con-
tent of the adduct in the mixture of telomers passes through
a maximum as a function of both the Fe(CO); concentration
and the reaction time at [Fe(CO)g], = const."?"*%:*®

(3) CL,CH—CI - CHCl,
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The character of the initiation of the telomerisation by iron
pentacarbonyl changes sharply in the presence of a nucleo-
philic co-initiator—an alcohol, a tertiary amine, DMF, DMSO,
hexamethylphosphoramide (HMP), and N,N-dichloramide®’.
The first two members of the series predominate in the mix-
ture of telomers. The chain transfer rate constant C,
increases greatly (Table 1), which can be explained by the
fact that, in the presence of a nucleophilic co-initiator incor-
porated in the coordination sphere of iron (this has been
demonstrated by EPR****7) | the iron-containing species
(Fe)'Cl, formed as a result of the abstraction of a chlorine
atom from the chlorine-containing telogen (CCl,), transfers
the chlorine atom to the growing radical at a much higher
rate than in the direct interaction of the growing radical with
the telogen.

Table 1. The telomerisation of ethylene by carbon tetra-
chloride with different methods of initiation®*

CCl, -+ C,H, — CCI3(CH,CH,),Cl

Composition of mixture of telomers, Cp
. mole %
Initiator
n=1 I n=2 | n=3 | n=4 | n=5 | Ca Cs ‘ Cq

Azobisisobutyronitrile 3.136.2(30.9[17.2|125|015| 28 | 49| 5.5
Fe(CO)s 54 |47.3 (2901127 59 [0.20] 3.6 | 5.7 7.9
Fe(CO); -+ CH;0H 66.7|23.7| 7.8) 18| 0 [6.0 | 7.7 |13.3| —
* Temperature 100 °C; [C,H,]1,/[CCl,], = 4.

The rate constant for chain transfer via Fe(CO0),Cl for the
adduct-radical in the telomerisation of CCl, with C,H, and
C;H; using CH;0H as the co-initiator proved to be 100 times
higher than in the peroxide initiation, i.e. than in the direct
interaction of the growing radical with the telogen®“®"s;

CCl, + Fe(CO),_,(CH,OH),, ~ CCl, -+ CIFe(CO), (CH;0H), - CO ;
CCly 4 CH, = CH, - CCI,CH,CH;

. S -1 1
CCI,CH,CH, -} CIFe(CO),_,—(CH,0H), Xtr > 4 x 10° litre mol”_
— CCLCH,CH,C - Fe(CO),_, (CH,0H),, ;

kg = 0.39 x 10% litre mor'! 1

a-n

CCI,CH,CH, -+ CCl, CCI3CH,CH,C! - CCl,

Nucleophilic co-initiators act in two ways. On the one
hand, they increase the overall rate of reaction, the rate
constant increasing in parallel with the increase of their
dielectric constants; on the other hand, they influence C,,
i.e. they facilitate the involvement of the initiator in the
stage where the halogen is transferred from the telogen to
the growing radical and can be arranged in a sequence
corresponding to the increase of their electron-donating
capacity”®.

The majority of systems based on Fe(CO); effectively
initiate telomerisation by chlorine-containing telogens at a
temperature above 100 °C!?. However, there exist co-initi-
ators which significantly reduce the initiation temperature.
Thus, in the presence of N,N-dichlorosulphonamides
XC¢H,SO,NCl,, iron pentacarbonyl effectively initiates the
reaction of CCl, with alk-1-enes at a temperature as low as
50 °C and at 25 °C the reaction proceeds to the extent of
1-2%in 6 h.>* In certain cases when the dissociation of the
C—Hal bond is sufficiently easy, as, for example, in the case
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of CBr, and CCl;Br, the reaction with acrylic monomers in
the presence of the usual Fe(CO), + DMF system begins
already at room temperature and takes place exothermically®':

Fe(CO)g+ CeH,N(CHs),
20~-80°

CCl,Br - CH,=CHCOOCH; — CCl4(CH,CH), Br

COOCH,

s

n=137%); n=2(12%) ,

It may be that in this case the carbonyl is activated by the
telogen incorporated at the same time in the coordination
sphere of the iron.

The use of initiating systems of the type of Fe(CO);r
co-initiator made it possible to introduce into telomerisation
compounds with the CCl; group®'?:°2 and benzyl chloride
(via the C—CI bond)®®. These systems are effective in the
initiation of telomerisation with participation of compounds
having a CCl, group activated by electron-accepting sub-
stituents®*** and compounds with the CBr; and CBr,
groups 056758

Using initiating systems based on Fe(CO);, it is possible
to telomerise by polychloro- and polybromo-derivatives poly-
merisable monomers such as acrylic compounds!?53,59,60
vinyl chloride*®°%5%7:¢1  yinylidene chloride®?, and 1,3-
dienes®®®*, The familiar ability of Fe(CO)5 to promote
dehalogenation and dehydrohalogenation has been used in
telomerisation to convert linear chain compounds into cyclic
and aromatic compounds. Such are, for example, the lacto-
nisation reactions in the telomerisation of unsaturated com-
pounds by esters of a-halogeno-substituted acids’® and the
formation of ring-chlorinated phenylnaphthalenes in the
telomerisation of DDT with vinyl chloride®S:

CH,CI
L a
Fe(CO)s NSNS
coinitiator [
YA

Substituted 2,2,6-trichloro-1-(chlorophenyl)tetrahydro-
naphthalenes are formed in the telomerisation of ethylene,
methyl acrylate, and styrene with DDT®®*%®_ Thus initiators
based on Fe(CO); lead to extensive possibilities in telomeri-
sation (see Table 6 for further details).

The representatives of the second group of metal carbo-
nyls—chromium, molybdenum, and tungsten hexacarbonyls—
give rise to an initiating metal-centred radical M(CO); or
LyM(CO);s_p; the latter abstracts a halogen atom from the
telogen in the initiation stage and produces a species {for
example, CIM(CO)s], which is not involved in the subsequent
development of telomerisation. The partial chain transfer
constants Cp for the reactions of CCl, with ethylene and
propene hardly change on passing from peroxide initiation
to initiation by the carbonyls Cr(CO)q, Cr(CO)s[P(CH;),1,
Mo(CO)g, or W(C0O),®9772 (Table 2). The formation of CCl,
radicals in the photochemical interaction of chromium, molyb-
denum, and tungsten hexacarbonyls with polychloroalkanes
has been demonstrated by EPR using spin trapping agents”.
The formation of the radicals CICr(CO)5 by the abstraction
of chlorine from CCl, under the influence of Cr(CO), has also
been reliably established by EPR’%75, The co-initiators
which usually facilitate the involvement of the carbonyl-
containing species in the chain transfer stage naturally do
not influence the proportions of the telomers in the mixture
in the given instance (where such involvement does not
occur).” The chain transfer constants Cp are in such cases
close to the "cross" constant (Table 2).

The use of co-initiators in combination with Cr(CO), does
not affect appreciably the yield of adducts and telomers in
the reactions of CCl, and CHCIl, with olefins’>77, although
the rate of initiation in the presence of a co-initiator
increases (for low degrees of conversion of the telogen
The insertion of an active ligand of the type of P(C Hy); in

(CIC4H,),CHCCI, 4- CH,=CHCI

)70_72
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the ligand sphere of the metal carbonyl can increase signifi-
cantly the initiating activity of the carbonyl, as has been
observed for Cr(CO)[P(C¢Hs);1.7° The insertion of HMP
in the coordination sphere of chromium with displacement of
CO and the formation of the complex CICr(CO);(HMP) in the
presence of CCl, has been observed by EPR’¢. Apparently
metal carbonyls of this type are most effective in the initia-
tion of telomerisation reactions which are distinguished by a
long kinetic chain, because these carbonyls do not regener-
ate the initiating species during telomerisation.

Table 2. Partial chain transfer constants Cp for the telo-
merisation of propene by carbon tetrachloride with different
methods of initiation (at 120 °C)®°772,

Initiator Cy Cy
Peroxide* 2.65 33.0
Cr(COjs 2.63 34.9
Mo(CO) 2.03 39.2
Mny(CO)1q 1.79 26.4
Cr(CO)g + HMP 1.54 26.7
Cr(CO)g + DMF 1.60 28.2
Cr(CO)q -+ CH3CN 1.59 22.3
Cr(CO) -+ CH;OH 1.51 23.2
Mn3(CO)1 g + DMF 1.95 27.2

* The values obtained by interpolating the data for 95°, 105°,
and 145 °C.”*

Among the representatives of dinuclear metal carbonyls,
Mn,(CO),, has been studied in greatest detail in telomerisa-
tion?®:%%78782  The stage preceding initiation (and possibly
determining the rate of reaction as a whole?’’3*) is in this
instance the dissociation of the metal carbonyl at the metal—
metal bond, which takes place either thermally (120—-130 °C)
or under, the influence of ultraviolet light. The metal-
centred Mn(CO); radicals formed are capable of abstracting
a chlorine atom from the telogen and of initiating telomerisa-
tion. The formation of CCl; from CCl, and of CCl1,CCl,H
under the influence of Mn(CO); has been demonstrated by
EPR’*. The radicals Mn(CO), cannot then be attached to a
spin trapping agent, which indicates a high reactivity in the
abstraction of chlorine from the telogen’. The partial chain
transfer constants for the telomerisation of ethylene and
propene with CCl,, initiated by Mn,(CO),,, are close in
magnitude to the chain transfer constants for the same reac-
tion initiated by peroxides®? (Table 2). The relative iso-
merisation constant in the reaction of methyl chloroacetate
with ethylene, initiated by Mn,(CO),,, is almost the same as
under the conditions of peroxide initiation®®. The main
process stabilising the growing adduct and telomer radicals
is abstraction of hydrogen by the latter from the components
of the medium [pathway (2), Scheme 2].

Thus the available data show that Mn,(CO),, does not
participate in the stage involving the transfer of the halogen
from the telogen to the growing radical®®5%8°2 1t does not
initiate the addition of CH;0COCH R to hex-1-ene which
takes place effectively in the presence of peroxides®® whence
it follows that Mn(CO); does not participate in the transfer
of hydrogen from the substrate to the growing radical,
accompanied by the dissociation of a C—H bond. (This does
not apply to processes involving the homolysis of other E—~H
bonds, for example Si—H.) It has been found that Mn,(CO),,
initiates fairly readily reactions with both CCl, and RCCI,°%
79,80 " since in its presence telomers with the CCl; group are
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capable of further reactions of the type of stepwise telo-
merisation (see Section VI). This property of Mn,(CO),,
apparently explains the maxima on the curve describing the
time variation of the yields of the lower telomers®?.

A characteristic feature of Mn,(CO),, as an initiator is
that nucleophiles not only do not activate it but in many
instances actually reduce the effectiveness of initiation”?s8°,
Microadmixtures of iron compounds exert a considerable
influence; therefore, when telomerisation initiated by
Mn,(CO),, is carried out in metallic reactors, i.e. under
conditions close to those obtained in the industrial process,
one can obtain a mixture of telomers with an increased con-
tent of lower telomers, which is reflected in the chain trans
fer constant determined®®:®3.

It is noteworthy that, in the telomerisation of ethylene by
methyl chloroacetate, initiation proceeds with abstraction of
the chlorine atom by the Mn(CO)4 radicals, but the overall
reaction product is almost wholly a mixture of telomers
formed as a result of the dissociation of a C—H bond in the
telogen®®:

Mn«(CO)so nC,H,

CH,OCOCH,CI — CH,0COCH, - T,
T ™| _emOcomHel | c,0c0GHC! (intiation);
CH;OCOCH,__

CH,0COCGHC! 4 n H,C = CH, » CH,0COCHCI (CH,CH,);,

CH30CQCHCI (CH,CH,),, + CICH,COCCH;; -» (main kinetic chain).

— CH;0COCHCI (CH,CH,), H -- CH,0COCHCI

38,80-82

The telomerisation of ethylene and propene®? with

CCl,, of ethylene with CC1,COOCH,*® and CICH,COOCH, 8!,

and of 1,1,1,3-tetrachloropropane with methyl acrylate®® can
be initiated with the aid of Mn,(CO),,.

V. STEPWISE TELOMERISATION

A telomer having a group reactive in telomerisation (CCl;,
CBr;) can play the role of a telogen, having entered into a
secondary reaction with the monomer. Such a process has
come to be called stepwise’? or secondary” telomerisation, in
contrast to the usual chain telomerisation. The products of
the stepwise telomerisation can have the same structure as
the telomers obtained by the usual (chain) telomerisation if
the carbon atom which carries the unpaired electron in the
growing radical is attacked in the secondary reaction®':

C.H,

CH,I - CH,CH,CH,l — CH,(CH,) ! etc.

The synthetic value of this reaction consists in the fact
that any telomer-homologue can be obtained from preceding
members of the series by consecutive monomer addition
steps.

The structure of the product of the stepwise telomerisation
can, however, differ from that of the telomers obtained by
the usual telomerisation when there are several reactive
centres in the telomer and the radical attack is not directed
to the carbon atom carrying the unpaired electron in the
growing radical®®:

CH,=CHCI CH,=CHCI
e P2 kL LI

!
~» CH,;0COCHBrCH,CHCIBr
- CH;0COCH(CH,CHCIBr),

{
CH;OCOCHBr,

(The arrow indicates the point of attack.) This version of
the stepwise telomerisation makes it possible to synthesise
branched telomerst. The greatest synthetic possibilities

+ In this case the usual telomers have the structure
CH,0COCHBr(CH,CHCl)yBr.
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in this version arise from the application of coordination
initiators (including metal carbonyls), which initiate selec-
tively the reaction at the most reactive C—Hal bond in the
telogen'?. However, stepwise telomerisation is also not ruled
out for peroxide initiation®®®:

C,H.
CBr, (or CHBry) %fi;a CBr,CH,CH,Br 22

— (BrCH3CH,),CBr, s

where BP is benzoyl peroxide. 1,1,1,3-Tetrachloroalkanes
enter into the stepwise telomerisation initiated by the
Fe(CO)g + co-initiator systems®:®7-®¢, for example:

CICH,CH,CClg - C,H, — (CICH,CH,),CCl, .

When the esters of a-halogeno-substituted acids are used
as telogens, the stepwise telomerisation makes it possible to
obtain a-substituted lactones®?, including spiro-dilactones,
which are difficult to obtain by other procedures®®:

H,C—— CCICH,CH,C! ;
CHCI,COOCH; + 2 C;H, — |

|
N

RHC— C—0
(CyHs0CO),CBr, - 2RCH = CH, — Cl) C\C/ |

Thus the stepwise scheme expands the synthetic possibilities
of telomerisation.

1. Determination of the Structure of Halogen-containing
Telomers

In all cases of telomerisation with participation of polyhalo-
geno-telogens, it is necessary to solve problems involving
the determination of the structure of the telomers, which
are sometimes by no means simple, bearing in mind the
possibility of rearrangements in the growing radicals, of the
disproportionation of the halogens in the chlorine- and bro-
mine-containing adducts and telomers“, and the probability
of stepwise telomerisation. Studies in the Laboratory of
Organoelemental Synthesis at the Institute of Organoelemental
Synthesis of the USSR Academy of Sciences®?™° have estab-
lished that *C NMR is a reliable method for the determination
of the structures of polyfunctional halogen-containing telo-
mers. The regions in which the signals of various poly-
chloro-groups® % and polybromo-groups®> ™7 appear have
been investigated in detail, the characteristic interactions of
the vicinal and geminal halogen atoms have been discovered,
and a scheme has been developed using the additive incre-
ments due to chlorine and bromine in the chlorine- and
bromine-containing fragments®®?®, which makes it possible
to calculate the chemical shifts of the polyhalogeno-groups in
the *C NMR spectra.

V. TELOMERISATION ACCOMPANIED BY THE REARRANGE-
MENT OF THE RADICALS

Oxygen-containing telogens reacting as a result of the
dissociation of a C—H bond are of special interest in the
telomerisation reaction. These include carboxylic acids,
alcohols, ketones, and their various derivatives (Table 3).
These telogens have been investigated in reactions with a
wide range of monomers, which has led to the discovery of
the characteristics of the telomerisation with their partici-
pation, involving the rearrangement of the growing radicals.
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As a result, the growing radical in this group of reactions study of the characteristics of such reactions has demon-
participates simultaneously in three competing processes— strated extensive possibilities in their employment for
chain propagation, chain transfer, and isomerisation. The research and synthetic purposes!?10%101,

Table 3. The telomerisation of unsaturated compounds by carboxylic acids and their derivatives,
alcohols, ketones, and acetals.

No. Telogen Identified telomers* n,m 102 Cpzg C; (type of migration) Refs.
Monomer CH,=CH,; R=C,Hy
1 HCO,CH; 11(CH,CH,),CO,CH, 14 17 — [111]
HO2CCH)(CH2CH)xH 13 15 —
H{CH,CH,},, CH(CH,R)CO,CH, fod) 8 0.4 (1.6-H)
2 CHyCO,H H(CH,CH,),CH,CO,H fo-g - — {102]
H(CH,CH,},,,CHRCO,H 12 — (1.5-H) [104]
3 CH,CO,CH, H{CH.CH,),CH,CO,CH, 1-¢ 4 -
CH,CO,CH,{CH,CH), 1 1—3 _
H(CH.CH,),, CHRCO,CH; 1—3 6 1.5 (4.5-1)
4 CH;CN H{CH,CH,), CB,CN 1—4 4 — [109)
H{CH,CIL,), CHRC? 1-2 3 0.9 (1.5-1Y)
5 CICH,CO,CH; H(CH,CH,), CHCICO, 14 20 — {105]
H(CH,CH,),, CCIRCC 1—2 15 3.6 (1.5-H)
6 BrCH,CO,CH; Br(CH,CH,}, CH,CO 1-—4 120 0 {108]
7 CH,CH,CO,H H(CH,CH,j},, CH{CH;)CO.H 1-5 15 — 1107}
H(CH,CH,},,CR(CH,)CO,H 19 19 6.5 (1.5-H)
8 CHyCH,CO,CH; H(CH,CH, ), CH{CH,;CO,CH, 1—4 1 - [46i6]
H(CH,CH,, CR{CH,)CO,CH, 10 13 5.2 (1.5-H)
9 CH,CH,C: H(CH,CH,), CH(CHCN 1= 4 8 [103]
1{CH,CH,}, CR(CHZ)CN P 11 2.9 {1.5-H)
10 C,HsCH,CO,CH; H(CH,CH,), CH(C,H)CO,CH, {4 14 - 10
H(CH,CH,),,CR(C,Hy)CO,CH, 1—2 12 2 .0(1.5-H)
1 CHeCH,CN H(CH,CH,),CH(C,H;)CN 1-3 — — 1132]
CH,CH,CR(C,HICN 1 (1.5-H)
12 CH;COCH,CO,CHj H(CH,CH,), CH(CCCIL)ICH,CL, 1—2 — [133)
CH,CH,CR{COCH.)CO,CH; 1 - (4.5-H)
13 CICOCOCI CI{CH,CH,),COCI 1-3 700 (1.5Cl) [134]
14 CH, CO,CHj,), H(CH,CH,},CH(CO,CHy), 12 - — [135]
H(CH,CH,},,CR(CO,CHj), 1-2 - (1.5-H)
15 NCCH,CO,CH, H(CH,CH,1,,CH(CN)CO,CH; 1—¢ _ — [136]
H(CH,CH,), CR(CN; CO,CH; 1—4 — 43(1.5-H)
16 CI-(IiOZ(ZI(gHZ)  COaCHy H(CH,CH,),CH(CH,),_ CO,CH, {—3 — — [137)
Y CO,CH;
CH:;CH2C|‘R(CHQ):;C02CH;= 1 — (1.5-H)
CO,CH,
17 CH3COCH; CH,COCH,{CH,CH,),H 1—4 - - [138]
CH3COCHR;CH,CH,) H 1—3 _ (1.5-H)
18 CH,CH OCHy), CH;CH OCH.)OCH,(CH,CH,),H 1—3 . — [124, 126)
CH309CCH(CH2CH2),,H 1 —_ (1.5-H)
ditto 3 — (1.9-H)
CH;CO(CH,CH,),H 1--3 . —
19 1 —0.,
o o , SCHICH,CH,),H -3 _ - [139]
NS -0
7()\
l O/C(C,}I,;) (CH,CHy) H 12 _ (1.5-H)
HOOCCH(CH7CH2),H 13 _ —
20 CHyCH,0H H{CH,CH,),CH(CH,JOH 1—4 4 — {110
H(CH,CH,),,CR(CH;)OH 13 7 1.3(1.5-H)
21 cyclo-CgH2 cyclo-CgH11(CH2CH2),H 1—3 9 2.4 [140}
cyclo-CgH1(R)CH2CH ) H 1—2 - (1.5-H)
Monomer CH3;CH=CH,; R=C3H,
22 HCO,C,H; H(CH;CHCH,),,C0,C,Hs 1—4 - — [144]
HO2CCH(CH3)CH2CHCH3 1 - —
H(CH,CHCH,),CH(CH;)CHRCO,C,H; 3 - (1 6-H)
23 C 4CO,CH; H(CH,CHCH,),,CH,CO,CH, 1-3 - — [115]
H(CH,CHCH,), CHRCO,CH, 1—2 - (1.3-H)
[CH,CH,CH,CH CH; CH,],CHCO,CH; 4 - (1.5-H)
Monomer CH;CH=CH,; R=C3H,
24 CICH,CO,CH, H(CH,CHCH,,CHCICO,CH, 12 - — 1142, 114, 116]
H{CH;CHCH,),,,CRCICO,CH, 1—3 70 (1.3-H)
[CH3CH,CH,CH{CH;)CH,},CCICO,CH, 4 — (1.5-H)
25 CH,CH,COH H(CH,;CHCH,) ,CH(CH;)CO,H 12 — — [142]
H(CH,CHCH,),, CR{CH;)CO,H 1—2 (1.3-H)
26 CH,CH,CO,CH, H(CH3CHCH,),,CH{CH,)CO,CH; 1—2 — [113)
(CH4CH,CH,;C(CH,)CO,CH; 2 — (1.3-H)
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Table 3 (contd.)

No. Telogen

Identified telomers*

,m

102 Cpng

C; (type of migration)

Refs.

27 CICH,CO,CHj,

238 CH,CH,CO,CH;,

29 CICH,CO,CH;

20 CH,CH,CO,CH,

3 CICH,CO,CH,

52 CH,CH,C0,CH,

33 CH,CH,CO,CH,

CH,CH,CO,CH;

Monomer CH,= CHCI

H(CHCICH,,,CHCICO,CH,
CICH70CCH(CH7CH D, H
H CHCICH,),CH,CH;3)CO,CH,

Monomer — CHj),C~CH,

HI{CH,!,CCH,,CHCICO,CH,
H[(CH,3,CCH,],CCICO,CHy

C)HZC(CH;;}:CH,
CHy== C(CH,)CH,[(CH,),CCH, ], CHCICO,CH,
HI(CH.,),CCH,[, CH(CH,)CO,CH;
HI(CH. },CCH,],C(CH;)CO,CH,

|
CH,C(CH;) ~CH,

Monomer C,t1,Cl11- CH,
H(C,H,CHCH,}, CHCICO,Cl1;
(C4HsCH,CH,),CCICO,CH,
H(C,H,CHCH,), CH{CH;)CO,CH,
(C;HyCH,CH,',C(CH;)CO,CH;

Monomer CH,3CO,CH~ CH,

H(CH,CO,CHCH,),,CH(CH,)CO,CH;
H(CH,CO,CHCH,),CX (CH,)CO,CH;
(X== CH3CO,CH,CH,, CH,CHCO,CHj;)

Monomer CH3;CO,CH,CH CH,

(CH,CO,CH,CH,CH,",C(CH,)CO,CH;

1--

1-

(&)

(e

[CN®

oo~

Y

1

&

[

=

1.5-H)

(1.5-H)

(1.3-H)

1.3-H)

(1,5-H)

n

[118]

[123]

[121]

[121]

{119)

[120]
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H(CH;CO,CH,CHCH,),CH(CH ) CO,CH, 1

a .;H) l

Monomer (CHj3);SiCH -CH,

35 ‘

CH,CH,CH, H{(CH,),SiCHCH, ], CH(CH;)CO,CH,
[(CH,,$iCH,CH,],C{CHz)CO,CH,

(1.3-H)

" — 1122]
| |

o |

* Here R is an alkyl group appearing in the o-position relative to the functional group as a result of
the rearrangement of the radicals and chain propagation in accordance with Scheme 8.

1. Reaction Conditions

The low effectiveness of the telogens reacting as a result
of the dissociation of a C~H bond as chain transfer agents
in the reaction makes it necessary to employ as initiators
mainly alkyl or acyl peroxides, which give rise to RO radi-
cals on decomposition (t-butyl peroxide, dicyclohexyl
peroxydicarbonate) in the temperature range 50—150 °C.
These reactions are characterised by relatively low degrees
of conversion of the telogen (1-10%) and sometimes the
formation of a considerable amount (15—60%) of unidentified
higher telomers. In order to reduce the content of the
latter, the telomerisation must be carried out at compara-
tively low pressures (25—50 atm). Analytical and prepara-
tive gas—liquid chromatography and 'H and °C NMR spec~
troscopy are widely used to analyse the mixtures, to obtain
the telomers in a pure form, and to demonstrate their struc-
ture.

2. Telomerisation of Ethylene

It was demonstrated for the first time in 1964 that the
telomerisation of ethylene by acetic acid (Table 3, No.2) is
accompanied by a rearrangement of the growing radicals with
1,5-migration of the hydrogen atom, which leads to the

formation of two series of telomers'®?. Subsequently, it was
possible to show in relation to a wide range of reactions with
ethylene that such rearrangement is a fairly common pheno-
menon for reactions with comparatively ineffective telogens®®
(Scheme 8). The radicals (C) formed in the initiation stage
react with ethylene to produce the growing radicals (D),
which are converted into telomers of the non-rearranged
series Tp, having transferred the chain to the telogen:

3

Scheme 8
RCH,CO,CH, 4 R'0" — RCHCO,CH,
) (Ty) (B)
(C) + nCH, -+ CH, ~ (CH,CH,), CHRCO,CH, ;
(D)
(D) —T > H(CH,CH,),CHRCO,CH, ;
T,

1 ,5~H-reanangemen’tL .
——————— > CH;CH,CH,CH,CRCO:CH, —
(F)

CRCO,CH,
|

CH,CH,CH,CH,CHRCO,CH;
E

C.H,
m

» CH,(CH,),CRCO,CH; —= -~ H (CH,yCHy)
;

m

!
(CH,CH;),,, C,H,

Radicals with two monomer units (E) rearrange to the radi-
cals (F) from which a second series of telomers T;n having
a branched structure is formed after chain propagation and
transfer.
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It has been shown!®® that in the given system the growing
radical (D) (n = 1) does not rearrange with 1,3-migration of
hydrogen. It might have been supposed that telomers with
a branched structure T;n are obtained via the stepwise
telomerisation mechanism from the telomers formed (see
Section IV). However, detailed investigations yielded much
evidence showing that here we are in fact dealing with a
rearrangement of radicals'’. One of the most convincing
pieces of evidence is the high process selectivity—only one
series of branched telomers containing the butyl group in the
o-position is formed. Special tests demonstrated the absence
of comparable amounts of a-ethyl-substituted telomers,
which should have been produced as a result of the secondary
reaction of the first telomer CH,CH,CHRCO,CH; with ethyl-
ene'l,

The influences of various factors on the course of telo-
merisation and on the degree of rearrangement have been
estimated quantitatively in relative terms and compared using
the method of relative kinetics, within the framework of
which the partial chain transfer constants C, = ky-/k,, and
the relative isomerisation constants C; = ki/kp have been
estimated (Table 3).'°° For the same monomer, when the
radical centre is sufficiently remote from the functional
group and the substituent R, the reactivity of the radicals
(CH,CH,),CHRCO,CH, is independent of the nature of R.
The difference between the values of Cp, with n 2 3 for reac-
tions involving different telogens RCH,CO,CH; is then deter-
mined solely by the difference between the efficiencies of
the telogens as chain transfer agents for the reaction
(Table 3). Thus Cp>; can serve as a relative measure of
the efficiency of the given telogen in the chain transfer
stage. The data in Table 3 show that the telogens investi-
gated in telomerisation with ethylene, which react at the
C—H bond, are characterised by extremely low values of
Cn>; (from 0.04 to 0.20) and only methyl bromoacetate
(Table 3, No.6), which reacts as a result of the dissociation
of the C—Br bond, can be classified as an extremely effec-
tive telogen.

The corresponding radicals differ much more as regards
the degree of rearrangement C;. C; = 0 has been obtained
for methyl bromoacetate, which is highly effective in telo-
merisation. Comparison of data for methyl acetate and
methyl bromoacetate (Table 3, Nos.3 and 6 respectively),
where the growing radicals are the same, has shown that a
higher value of C; corresponds to the less effective methyl
acetate. Thus the comparatively low efficiency of the telo-
gen in the chain transfer reaction constitutes an important
condition for the rearrangement of the radicals.

However, this is a necessary but not a sufficient condition.
Thus the values of Cp>; for methyl chloroacetate (No.5)
and methyl propionate (No.8) are higher than for methyl
acetate (No.5) and the degree of rearrangement is in this
case also higher (see Table 3). In the given instance, the
difference between the stabilities of the initial and rearranged
radicals plays a significant role and it is naturally higher in
the presence of a substituent R = Cl or CHj;, different from
hydrogen, at the radical centre of the rearranged radical
(F) (Scheme 8). Here the polar nature of the substituent R
does not play a fundamental role: for both electron-donating
(CH;) and electron-accepting (Cl) substituents, the degree
of rearrangement is higher than for R = H.

On the other hand, the increase of the chain length of the
substituent in the a-position relative to the carboxy-group
(Table 3, No.10) results in a decrease of the degree of
rearrangement, which can be explained by the appearance
of steric hindrance in the intramolecular chain transfer
stage. At the same time the nature of the initiating system
[peroxides and complex initiators based on Mn,(CO),, and
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Fe(CO),] hardly affects the rearrangement with migration of
hydrogen in the telomerisation reaction®®:¢%82,

3. Telomerisation of Propene

The replacement of ethylene by propene led to new pros-
pects for the investigation of telomerisation (Scheme 9). In
the study of the telomerisation of propene by carboxylic
acids and their derivatives, it was shown!® that, together
with the 1,5-migration of hydrogen in the radical (H), there
is also a high degree of the 1,3-migration of hydrogen in the
radical (G) containing one monomer unit. This results in a
sharp increase of the content of telomers with two substitu-
ents in the o-position and among the higher telomers there
are virtually no compounds of the non-rearranged series''?”
1% (Table 3, Nos.23, 24, and 26).

Scheme 9
CH,CHCH,CHRCOOCH, — 2L, CH,CH,CH,CRCOOCH;
©) (&)
CH; CH;

1,5 H I

. | .
CH,CHCH,CHCH,;CHRCOOCH, — CH,CH,CH,CHCH,CRCOOCH, ,
(H) (H)

Comparison of data for the reactions of propene with
various telogens of the type of RCH,CO,CH, (R = H, CIl,
or CH,)1211%:115 ghows that in this series too the lowest
relative degree of rearrangement corresponds to methyl
acetate (R = H), where the difference between the stabilities
of the rearranged (H') and non-rearranged (H) radicals is
smallest (see Scheme 9). It has been shown in relation to
the telomerisation of propene by methyl chloroacetate
(Table 3, No.24)!%11® that the decrease of the reaction tem-
perature from 150 °C to 25 °C results in the disappearance
of the telomers whose formation is associated with the 1,3-
migration of hydrogen, while the 1,5-migration of a hydrogen
atom, which is more favourable from the standpoint of the
conformation of the transition state, proved to be much less
affected by the change of temperature. This is yet another
piece of evidence showing that we are in fact dealing with
the migration of hydrogen, since in the case of the secondary
reaction of telomers Tp of the type H[CH(CH;)CH,],CHRCO,.
.CH; with propene there are no grounds for expecting
markedly different reactivities for T, and T,.

The rearrangement of the radicals with 1,3-migration of
hydrogen in the case of propene is associated, in our view,
with a favourable combination of polar factors—the nucleo-
philic radical centre attacks the electrophilic component of
the radical in the intramolecular transfer range.

4, Other Monomers

The significant role of the polar characteristics of the
growing radical in the rearrangement has been confirmed in
the study of the telomerisation of vinyl chloride (Table 3,
Nos.27 and 28), where the growing radicals have a pro-
nounced electrophilic character. In this case the rearrange-
ment of the radicals CICHCH,(CHCICH,),CHRCO,CH;, where
n =0, 1, does not occur!?”118,

The influence of the nature of the monomer on the reaction
has been manifested also in the comparison of the results
obtained in the reactions of methyl propionate with vinyl
acetate!!® and allyl acetate!?® (Table 3, Nos.33 and 34). In
the former case only the 1,5-migration of a hydrogen atom
takes place, while in the reaction with CH,=CHCH,CO,CHj,,
which can be regarded as a substituted analogue of propene,
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the 1,3-migration of hydrogen takes place. The formation of
two telomers with different structures containing two monomer
units was also noted for the telomerisation of hex-1-ene'”?
(Table 3, Nos.31 and 32) and trimethylvinylsilane'?? (No.35).

A number of interesting features distinguish the telomeri-
sation of isobutene”***”. In this case there is no 1,3-migra-
tion of hydrogen in the radical (CH,),CCH,CHRCO,CH;,
although polar factors favour it (see Scheme 10). The
absence of the rearrangement is apparently associated with
the steric hindrance, which has a particularly marked effect
in the stage involving the formation of the energetically
unfavourable four-membered transition state, while the 1,5-
migration of hydrogen in the radical (I) proceeds to a high
extent:
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6. The Use of 13C NMR for the Investigation of the Struc-
ture of Telomers

The processes described above and analogous reactions
always result in the formation of extremely complex com-
pounds having a branched structure and belonging to differ-
ent classes—carboxylic acids and their esters, nitriles,
halogeno-derivatives, substituted cyclic and linear acetals
and their hetero-analogues, etc. 13C NMR has been used
widely and successfully to determine the structures of such
compounds???1277131 ' The characteristic groups and the
corresponding chemical shifts of the signals as well as the
rules governing the variation of the chemical shifts as a

Scheme 10

. 1.5-H .
(CHy),CCH,C (CH),CHyCHRCO,)CHy~—6 > (CH,),CHCH,C(CH,),CH,CRCO,CHj

)

(CH3),C=CH,

,CH,
() -+ CH4C e
YCHg

—>

—3> (CHg)y CHCH,C(CHy) yCH,CRCO,CHy

()

<CH2
CH,CL o
SCH,

(HoC{CHz)==CH,

—3 (CHy),CHCH,C(CH,),CH,CRCO,CHy

CH,CH(CHy),

Here the behaviour of the radical (1') is unusual. By
virtue of the characteristic features of its structure, it is
hardly involved in the chain propagation and transfer reac-
tions and mainly recombines with the isobutenyl radicals,
giving rise to an unsaturated compound. Subsequently the
hydrogenation of the double bond makes it possible to obtain
readily the saturated analogue.

5. Telomerisation of Olefins by Acetals

The study of the telomerisation of ethylene!?* and pro-
pene’?® by linear acetals led to the discovery of a new com-
bination of rearrangements with 1,5- and 1,9-migrations of a
hydrogen atom (Table 3, No.18). The reaction develops
via the C—~H bond of the methoxy-group with formation of
long-chain acetals Tp. The intermediate growing radicals
(Scheme 11) with one and three monomer units rearrange
respectively with 1,5~ and 1,9-migration of hydrogen. On
the other hand, the radical with two monomer units does not
rearrange with 1,7-migration of hydrogen. Such selectivity
constitutes important evidence in support of an intramolecu-
lar character of the migration of hydrogen, because all three
telomers Ty, where n = 1, 2, and 3, can participate to equal
extents in secondary reactions. We may note that the 1,9~
migration of hydrogen corresponds to two 1,5-transitions as
regards the conformation of the transition state, which prob-
ably actually facilitates the occurrence of this rearrange-

ment??¢:
Scheme 11
CH,CH (OCHj), —=-— CH,CH (OCH,)OCH, ;
(To)
CH,CH (OCHS)OCHz -4 n CH, = CH, T, CH;CH(OCH,;)0CH,  (CH,CHy),H ;

(TH)

CH,CH(OCH,)OCH,(CH,CH,);, _;}gf%};ﬁ CH,C(OCH;)OCH; (CH,CH,) H 3
— CH,C(0)OCH,(CHCHy), H

CH,;C(OCH;) OCH,(CH,CH,)H

—cH,

function of the structure of neighbouring units have been
discovered for a large number of model compounds. For
example, the ’COO and ’CH,—C signals are displaced
downfield with increase of the number of substituents at the
neighbouring carbon atom; the accumulation of substituents
at the B-carbon atom leads to an upfield shift of the °CHj.
.CH,C signal. Calculations based on an additive scheme
taking into account corrections!?® and the regression equa-
tion proposed by ourselves, with the corresponding coeffi-
cients, which relates the chemical shifts of the key signals
of the test compounds, in particular, the esters of poly-
branched acids, to the chemical shifts of the signals of the
corresponding carbon atoms in isostructural hydrocarbons,
have been widely used to assign the signals'?»112%,

VI. COTELOMERISATION OF TWO MONOMERS WITH ONE
TELOGEN

Cotelomerisation may imply the reactions of two monomers
with one telogen, of two telogens with one monomer, or of
two monomers with two telogens®'?, The study of cotelo-
merisation was begun only in recent years and concerns
mainly different versions of the reactions of monomers with
one telogen. The difficulties in the study of a complex mix-
ture of homo- and co-telomers limit the development of this
field. Examination of the simplest cotelomerisation scheme

X —Y -} mA 4 nB
telogen

__initiator x5 BY

m »

monomers cotelomers

shows that, for each value of the sum m + n, one may expect
the formation of 2M*M different structures if the growth of
the radical chain takes place only via the "head to tail"
mechanism. When m +n = 1-3, there is a possibility of the
formation of 14 compounds; the absence of asymmetric atoms
in the molecules of the products is then assumed.
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Table 4. The cotelomerisation of two monomers* with one telogen.
Identified cotelomers T,
No. Monomer Telogen Initiator Refs.
n=-2 ‘ n=34
1 CH, ~= CH, + CH, = CHCH, | CCl, (C:H,CO),0, Tgf TEP “TREE, B TREP [143]
2 CH, — CH, + CH, = CHCH, | (CH,),CHCOOCH, [(CHy)5CLO; T4E, T5P . [144]
3 CH, == CH, -+ CH,= C(CH,), | (CH,),CHCOOCH, [(CH,)4C1,0, T?, ™ * [145]
4 CH, = CH, + CH, == CHCI ccl, (C4H5C0),0; TS, 1§V TYEE, T§VE [146, 147]
5 CH, = CHCIH, -+ CH,=CHCI | CHCl, (CeHsC0),0, TP, T4V T2V, H4VP (148
6 CH, = CHCH, - CH,=CHCI | CCl, (C4H,C0),0, 4P, 15V TEVP 4PV, T VP Tf PV [149. 150
7 CH, = CHCH; -+ CH, — CCl, | CH,cCl, Fe(C0)s + DMF T Not investigated (151]
8 CH, = CHCH, + CH,= CHCN | ccl, [(CH)oC1,0, ™, 4P Not investigated [152]
9 CH, = CH, - CF, = CFCF, FSO,CI (CsH;C0),0, Not formed T4FE, T{FEE [153]

* Conventional notation:
CH,CCl,, A = CH,CHCN, F = CF,CFCF;.
** All possible telomers have been obtained.

In view of the difficulties in the investigation, cotelomeri-
sation was initially used only to obtain mixtures of oligomers
with useful properties—fire resistance, thermal stability,
high covering power, and compatibility with polymers.
Numerous examples of the preparation of such oligomers
have been published®; the molecular weights of a series of
these, which varies in the range from 400 to 10000, were
indicated.

The study of the structure of the lower cotelomers and the
determination of the ratio of their yields and the yields of
homotelomers as a function of the reaction conditions and the
nature of the components are of great theoretical interest.
Such study makes it possible to investigate the comparative
reactivities of the monomers and radicals in competing reac-
tions, to determine the sequence in which the monomer units
are incorporated in the radical chain, and to observe the
influence of the polar properties of the monomers, telogens,
and growing radicals on the reactions. Cotelomerisation can
apparently be used as a model for the solution of certain
problems in copolymerisation.

The cotelomerisation of different pairs of monomers with
telogens reacting both via a C—Cl bond (Table 4, Nos.1, 4,
6, 7, and 8), via a C—H bond (Nos.2, 3, and 5), or via an
S—CI bond (No.9) was investigated for the first time in the
Laboratory of Organoelemental Synthesis at the Institute of
Organoelemental Compounds of the USSR Academy of Sciences
in relation to nine examples (Table 4) with identification of
all the homotelomers and cotelomers formed, containing
between one and three monomer units in the molecules. In
examples 1—3 both monomers are olefins and are characterised
by a polar effect of the same kind; in the remaining examples
each two monomers differ markedly as regards the polar
effect.

Table 4 shows that in all cases, except for Nos.7 and 9,
both possible cotelomers, containing two monomer units, were
obtained; the cotelomer whose formation is favoured by the
polar effect in the chain transfer stage and by the higher
reactivity of the radical centre in T, is then formed in a
higher yield. When the polar effects of the two monomers
act in the same direction and when the telogen is weakly
electrophilic, all six possible cotelomers, containing three
monomer units, are formed (Nos.2 and 3). In all the
remaining cases the cotelomers T,, for which the polar effect
is unfavourable in the chain propagation or chain transfer
stage (Nos.1 and 4-6), are not formed. Example 9is a
special case where the two monomers not only differ in their

E = CH,CH,, P = CH,CHCH,, I = CH,C(CH,),, V = CH,CHCI, V' =

polarity but one of them (CF,=CF—CF,) is extremely inert
in radical reactions; nevertheless it has been possible to
involve perfluoropropene in this process. Here it is easy to
observe the influence of the polar effects—the absence of
groups of the type FSO,F, and FSO,EFF.

Vil. PROSPECTS FOR THE PRACTICAL APPLICATION OF
TELOMERISATION

The study of the chemical reactions of the tetrachloro-
alkanes CCl;(CH,CH,),Cl demonstrated the possibility of
using them for the synthesis of w-chlorocarboxylic acids on
the basis of which methods have been developed for the
preparation of a new polyamide fibre and synthetic per-
fumes®?®*. The reaction of ethylene with tetrachloroethyl-
ene made it possible to synthesise 1,1,2-trichlorobutadiene,
which readily polymerises via a radical mechanism; its poly-
mers are readily soluble in organic solvents, are resistant
to the action of inorganic acids in the cold, and are incom-
bustible; their films exhibit an effective adhesion to metals,
rubber, and synthetic materials®,

The telomerisation of ethylene via the esters of halogeno-
acetic acids has served as the basis of a method for the
synthesis of y-aminobutyric and c-aminocaproic acids; the
former is an active psychotropic preparation (Gammalon)
and the latter is an agent arresting the flow of blood
(e-Capron)15:157,

The telomerisation of DDT in the presence of complex
initiators with formation of derivatives of tetra- and di-
hydronaphthalenes constitutes one of the possible procedures
for the chemical treatment of DDT.'*® Alkyl chlorides,
which are essential for the manufacture of biologically
degradable surfactants, are obtained by the telomerisation
of ethylene by hydrogen chloride. Preparations have been
made for the industrial application of this process!®®.

The combination in a single process of telomerisation and
the rearrangement of radicals made it possible, after a
suitable selection of the monomers, telogens, and process
parameters, to devise a simple single-stage method of syn-
thesis of branched and polybranched monocarboxylic acids
(VIK, PORK), which produce no chemical waste or waste
water. The method makes it possible to obtain acids with a
wide variation of their structures within the framework of a
single universal technology. The preparation of branched



Russian Chemical Reviews, 53 (3), 1984

Table 5.

Examples of the telomerisation of unsaturated
compounds by halogen-containing telogens initiated by

organic radical-forming agents.

160,161
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acids by the telomerisation method has been achieved on an
industrial scale

The VIK acids are highly effective substitutes of dietary

and technical plant oils in the paint and varnish industry

o.] Telogen (bond | nonomer luitiator and Identified telomers n | Refs. and other branches of the national economy. Fully oil-free
2| dissociated) peaction conditions and (Gn) high~quality ML-1121 autoenamels have been devised on their
1 | CHCI4(C—Cl, |CHy=CHCsH:| TBP: 3 h CCl(CH,CHC,H,), H 1—2|tcs;  Dbasis at the GIPI LKP, one tonne of VIK replacing up to one
=t 130—150° K tonne of plant oils*®*?. Oil-free drying agents have been
gggi;ﬁﬁ%ﬁa&%, - obtained on an industrial scale on the basis of VIK®!; the
2 | CHBr,(C—Br) | CH,=CH, | BP; 41,100° | CHBr,(CH,CH.),Br 1—2| {56] use of VIK makes it possible not only to save up to four
4 | CHBry(C—Br) | CH, -CHCI | BP; 4 h, 100° CHIBo(CH,CHCL, Br 1=31 1571 tonnes of dietary oils per tonne of VIK but also to increase
4 | CHCL,COOCH,, ICH,~ CHCH,| TBP; 1 b, 150° ﬁ‘@q;gﬁgﬁ;:;f” 1—3|168]  significantly the activity of the drying agents as a result
(€=, C—=Ch - CHCICOOCH, of the higher concentration of the metal salt and hence their
H(CH,CHCH,),, 1—3 >
+ CCLCOOCH, consumption can be reduced.
| CI(CH,CHCH,),, 1-3 The VIK and PORK acids are also effective extractants
cl(rﬁcéﬁgg%”{ s 1169] for non-ferrous and rare metals. They make it possible to
~ CHCICOOCH, increase significantly the productivity of extraction pro-
5 | CCLLCOOCH,  |CH, -CHCH, | TBP; 11, 150° | CJ(CH,CHCH,), 1—3] [169] cesses in hydrometallurgy“f. The higher fractions of the
(e=cn C?E!;,Cl{:)o(,(i},‘,fztl . VIK and PORK acids constitute the basis for the preparation
¢, -2 of foam fire extinguishers and de-emulsifying agents'®* and
6 | CCL(COOC,H;),| Cliy=CH, ?ﬁﬂ‘#?‘i} CHCILCH,),, ¢ 1—41 [54] also serve as flotation agents, whereby one can increase by
(&—c1‘) o e T < CCHCOOC,Hy), _ 3—4% the extraction of valuable components from mineral
71 FSO,CHS—Cly | CHy=CH, | BP; 25 min, 90° | FSO,(CH,CH,),C1 1—41 [170] . . . . . .
3 | FSO,CIS—CI) | CH, ~CHCI | BP: 45 min, 96° | FSO,(CH,CHC),C1 4| [171] ores, wl?lc.h is extremely 1mport.ant.bearmg in mind the s_cale
a | rs0,CIS—Cly | CH,—CF, |BP: 251,90° | FSOLCH,CF),C] 1—31 (171] of the mining products processing industry °°. The main
FSOLCHCFCE,CHCI, - | — effect of these studies has been the development of a simple
> CF,Cl ' technology, the high quality of the telomerisation products
: ' [ 3 i obtained, and the possibility of economising on large amounts
1 \ ! | of dietary and imported technical plant oils.
Table 6. Examples of telomerisation initiated by metal carbonyls.

2 Telogen (bond dissociated) Monomer Initiator and reaction conditions Identified telomers n
1| CCl, CH, -CH, Mn2(CO)fq; 2 h, 120° CCl3(CH,CH,),Cl 1—3
2 | CCl, CH,=:CH, Cr(CO)g or Cr(CO)5[P(CgH5)3]; 1 h, 120° CCl4(CH,CH,),Cl 1—5
3 CCYy CH,- -CHCH,3 Mo(CO)g, W(CO)g; 120° CCl3(CH,CHCH),C1 1—3
41 CCly CH,-=CHCH, Cr(CO)¢*; 1 h,120-140° CCl,(CH,CHCH,), Cl 1—3
5 | CCly CH,=CHCH; Fe(CO)s, Cr(CO)g; 1 h, 120° CCl3(CH,CHCH,),Ct 1-3
6 | CCl, CH,=CCICH; Fe(CO)5 +is0-C3H70H; 4 h, 120° CCl,(CH,CCICH,),Cl 1-—-3
CCl1,(CH,CCICHy), —
7 | CHBry(C—Br) CH,=CH, Fe(CO)5 + DMF, HMP; 4 h, 100° CHBr,(CH,CH,),,Br 1—2
8 | CHBr;(C—Br) CH,==CHCl Fe(COY5; 4 h, 80° CHBr,(CH,CHC!),,Br 1—3
9 | CHBry(C—Br}) CH,=CHCI Fe(CO)s + DMF; 4 h, 60° CHBr,(CH,CHCI),,Br 1—2
10 | CH4CCI;(C—Cl) CH,=CCl, Fe(CO)s + iso-C3H70H; 30 min, 130-140° CH;,CCl,(CH,CCl,),Cl 1—2
11 | CH;CCl(C—CY) CH,=CHC! Fe(CO)s + iso-C3k70H; 3 h, 145° C,HCCl,(CH,CHCY),Cl 12
12 | CICH,CH,CCl4(C—Cl) CH,=CH, Mny(CO); g + HMP; 2h,120° Cl1(CH,),CCl,(CH,CH,),Cl 1—2
13 | CICH,CH,CCl3(C—Cl, C—H) CH,=CCl, Fe(CO)s + HMP; 1 h, 130-135° CI(CH,),CCl,(CH,CCl,),Cl 1—2
CI(CH,),CCl,(CH,CCl,) H 1—2
CCl,CH,CHCI(CH,CCl,),,H 1—2
14 | CICH,CH,CCl,(C—Cl) CH,-— CHCOOCH;, | Fe(CO)s + DMF; Fe*(:3‘0)5 CH(CH,),CCly(CH,CHCOOCH;)AC! 1—2
Mo(CO)g, Mn2(CO)1 ¢ Cl(CH,),CCly(CH,CHCHOOCH,)nH 1—2
15 | CsHsCH,CI(C—CI) CH,=CH, Fe(CO)5 + HMP, DMF; 4 h, 145° C;HzCH,(CH,CH,),C1 1—2
16 | C;H;CH,CI CH,==CHCI Fe(CO)5 + DMF; 4 h, 145° CgH,CH,(CH,CHCI),,Cl 14
17 | CICH,COOCH4(C—H) CH,-=CH, Mn)(CO)1g: 2h, 1207 H(CH,CH,),,CHCICOOCH, 1—3
H(CH,CH,) ,C(C,H,)CICOOCH, —
18 | CC1,CO0CH(C—~Cl) CH, CH, Mn2(CO); 0, Mn2(CO)1 0 + DMF; 1 h, 140° CI(CH,CH,),CC1,CO0CH; 1—4
19 | CCL{COOC,H;), (C—Ch) CH,=CH, Fe(CO)5 + DMF; S h, 100-125° CI{CH,CH,),CCI{COOC,H;), 1—2
20 | CCl,(COOC,Hs),(C—Cl) CH,=CH, Fe(CO)5 + DMF; 4 h,175° C1(CH,CH,),,CCI(COOC,H5), 1—2
CH,CH,CCICOOC,H; —
O, CO
CH,CH, CO—0
e -
o—co” NcHch,
21 | FSO,CI(S—CI) CH,=-CHCI Fe(CO)5 + DMF; 1 h, 90° FSO,(CH,CHCH,Cl 1—4

* Without co-initiator or in combination with iso~C;H,0H, DMF, or HMP (HMP = hexamethylphos-

phoramide and DMF = dimethylformamide).

** Without co-initiator or in combination with HMP, DMF, or CH,CN.

*#% In combination with ¢

yclohexanol.

[55]
[173}
(8t}
[38]
154)
(541

{170]
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As a typical organic reaction, telomerisation gives rise to
extensive synthetic possibilities. Tables 5 and 6 present
examples of telomerisation, involving halogen-containing
telogens and initiators of different kinds, achieved in the
Laboratory of Organoelemental Synthesis at the Institute of
Organoelemental Compounds of the USSR Academy of Sciences
in 1977-~1982.

Further study of this productive reaction will undoubtedly
lead to the development of its new practical applications.
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