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U. D. C. 547.313:547.412 L'vov and coworkers considered that chlorination reac-
tions of unsaturated hydrocarbons proceed through two
successive steps9"1 1:
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I. INTRODUCTION

Millions of tons of various halogen derivatives of
hydrocarbons are produced every year over the whole
world and used in many branches of industry, agriculture,
and everyday life1.

This review deals with information on the mechanism of
the very interesting reactions that occur in the halogenation
of unsaturated hydrocarbons with a quaternary carbon atom
at the double bond (with 2-methylpropene as a particular
example). Up to now there have been different views on
the mechanism of these reactions, and we kept this in mind
in compiling the review.

It seemed that a critical analysis of the available
publications together with a presentation of experimental
results obtained by the authors of the review would bring
a certain amount of clarity to this problem.

Π. EARLY VIEWS ON THE MECHANISM OF ANOMALOUS
CHLORINATION

In 1884 Sheshukov found that when chlorine acts on
2-methylpropene, instead of the expected saturated di-
chloro-derivatives, the main products of the reaction were
monochlorides of the allyl and vinyl types2.

Later L'vov and his students showed3"8 that trimethyl-
ethylene [2-methylbut-2-ene], tetramethylethylene
[2,3-dimethylbut-2-ene], and unsymmetrical ethylmethyl-
ethylene [pent-2-ene] also react with chlorine in an
unusual manner. Subsequently, reactions of this type,
which were termed anomalous, were the object of thorough
study.

A number of schemes were proposed to explain the for-
mation of allyl and vinyl monochlorides, and also saturated
dichlorides, when alkenes are chlorinated.

ς,Η,,α,-» ς,Η

It was supposed that an unstable dichloride is first
formed, which decomposes into hydrogen chloride and an
unsaturated monochloride with displacement of the double
bond.

This view has been shown to be untenable by thermo-
dynamic12 and kinetic13 results on the decomposition of
dichlorides, and also by a comparison of the results of
dehydrochlorination of saturated dichlorides with unbranched
and branched hydrocarbon skeletons.

It is well known that the low-temperature chlorination of
ethylene leads to the formation of dichloroethane, and only
an insignificant amount of vinyl chloride is obtained as a
by-product 14~1β. Undt r comparable conditions the reac-
tion of chlorine with 2-i ethylpropene gives mainly unsatu-
rated monochlorides, although the dichlorides of both
alkenes are about equally stable.

As one of us has shown12, the dehydrochlorination of
1,2-dichloroethane with a conversion of 80% is achieved at
400° when the reaction is initiated with molecular chlorine
(1%). In the absence of initiators, the analogous con-
version of 1,2-dichloroethane into vinyl chloride requires
a temperature of 480-500°.17 According to Striegler18,
l,2-dichloro-2-methylpropane is also dehydrochlorinated
at 500° with 77.5% conversion into 2-methylallyl chloride
and dimethylvinyl chloride, which are present in the reac-
tion mixture in the constant ratio of 75: 25. Moreover,
Tishchenko19 checked the doubtful results of Pauly and
Lieck 2°, who only obtained an addition product at the
carbon-carbon double bond by the action of chlorine on
mesityl oxide, and found that when one mole of chlorine
acts on two moles of 2-methylpent-2-en-4-one, 60-70% of
3-chloro-2-methylpent-l-en-4-one is obtained. The
2,3-dichloro-2-methylpentan-4-one obtained together with
the unsaturated monochloride in this reaction decomposes
by the Wagner-Saytzeff rule with liberation of hydrogen chlor-
ide to form amixture of 3-chloro-2-methylpent-l-en-4-one
and 3-chloro-2-methylpent-2-en-4-one.

The scheme proposed by Ostromyslenskii21 for the
chlorination of alkenes with a quaternary carbon atom at
the double bond has not brought clarity into this field and
has the same disadvantages as L'vov's scheme. By the
action of chlorine on 2-methylbut-2-ene, the author ob-
tained almost equal amounts of t-pentyl chloride and the
unsaturated chloromethylbutene, and explained this by the
elimination of a molecule of hydrogen chloride from the
saturated dichloride produced. The liberated hydrogen
chloride then combines with 2-methylbut-2-ene to give a
saturated monochloride, that is, it is assumed that there
is an unusual transfer of the elements of hydrogen chloride
from the dichloride molecule to the ethylene bond of the
initial alkene:

CJHJO + Cl s —» C5H1OC12;

C s H 1 0 C' a + C 5 H 1 0 - C5HeCl + C,H,,C1.

ΠΙ. HOMOLYTIC MECHANISM OF CHLORINATION

For a long time due attention was not given in world
literature to the work of Russian chemists mentioned
above, and it was only in the 40's that these investigations
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were continued. Deanesly ffl found that the addition of
chlorine to alkenes is initiated by the reaction in which
hydrogen is replaced by chlorine in alkanes present at the
same time, Since that time, American workers have con-
tinued the study of the chlorination of alkenes with the
object of preparing unsaturated chloro-derivatives 23~27.

Solodar' and Markin28 have analysed the work of this
school (see also Refs. 29 and 30). Furthermore, Smolyan
and coworkers31 have reviewed the mechanism of sub-
stituting chlorination, dealing with examples of the halo-
genation of saturated hydrocarbons under different con-
ditions (initiated, photochemical, thermal, etc.).

American workers who studied the high-temperature
and low-temperature chlorination of alkenes used a radical
scheme for chlorination by substitution. Thus, Burgin
and coworkers32 proposed a scheme for the chlorination of
2-methylpropene at low temperatures according to which
2-methylallyl chloride is formed by the migration of a
hydrogen atom from one of the methyl groups. The for-
mation of unsaturated monochlorides in the non-photo-
chemical chlorination of ethylene 15>16>33>34 at room tempera-
ture, and of pent-2-ene35 in carbon tetrachloride solution
was also explained by the direct replacement of hydrogen.
Stewart and Weidenbaum attempted to associate a three-
-atom chlorine molecule with the formation of unsaturated
monohalo-derivatives36. They suggested that in chlorina-
tion, a chlorine radical formed by thermal chain genera-
tion reacts by two competing routes.

cr + ciu—a,,

It was assumed that the active three-atom chlorine mole-
cule reacts preferentially by the addition route.

Groll and Hearne24, who studied the reaction of alkenes
with chlorine at different temperatures, showed that there
are certain critical temperatures above which mono-
chlorides are formed preferentially:

°c
2-Methylpropene < — 40
Pent-2-ene 125 — 200
But-2-ene 150 — 225
Propene 200 — 350
Ethylene 250 — 350

This temperature "threshold" was found to be lowest for
hydrocarbons with a quaternary carbon atom at the double
bond. A "threshold" was not established for 2-methyl-
propene, and this caused the authors to have doubts about
the existence of a critical temperature for this hydro-
carbon. Only recently, Lishnevskii and Sergeev succeeded
in obtaining the addition product (l,2-dichloro-2-methyl-
propane) in 87% yield by the reaction of frozen layers of
2-methylpropene with chlorine37. It was also previously
reported36 that when chlorine is passed through a mixture
of pentenes cooled to -17°, the reaction proceeds without
the formation of hydrogen chloride, but a slight increase in
temperature promoted elimination of the latter. The pro-
portions of the reagents, as well as the temperature, affect
the direction of the reaction. A deficiency of chlorine in
the reaction zone increases the yield of unsaturated mono-
chlorides 27. For example, in the chlorination of butenes
at 380-390°, the optimal ratio of alkene to chlorine is
3.5 : 1 , 3 9 and for 2-methylpropene the ratio is 1.5-2.0:1.1 8

The mechanism of substituting chlorination proposed by
American workers cannot explain why unsaturated mono-
chlorides of the allyl type are formed and why chlorine
does not replace hydrogen in all possible positions.

The active state postulated by Hass4 0 for hydrogen
atoms linked with carbon atoms in the α-position to the
double bond also does not explain these contradictions.
Indeed, in substituting chlorination, the probability of re-
placement of hydrogen by chlorine is the same for any
position41"43.

The formation of unsaturated monochloro-derivatives in
high-temperature halogenation may occur partly byL'vov's
scheme. Thus, a study of the chlorination of ethylene in a
reactor with a moving heat carrier at 400-500° showed that
vinyl chloride is partly formed through 1,2-dichloroethane
with subsequent dehydrochlorination44. Moreover, as
Reeve and coworkers have shown45»46, in the gas-phase
chlorination of 2-methylpropene containing the tracer
carbon isotope 14C (2-methyl-[l-14C]prop-l-ene) at 0°, it
is the extreme carbon atom linked to the double bond that
is chlorinated, and not the methyl groups. The formation
of unsaturated monochloro-derivatives in the low-tempera-
ture chlorination of alkenes is accompanied by the dis-
placement of the double bond; according to Azinger, this
indicates a heterolytic halogenation process at low tem-
peratures4 7. On the other hand, it is highly probable that
the high-temperature chlorination of alkenes in the absence
of a thin film 4 8 proceeds by a homolytic mechanism 49>50.
A proof of this is the reduction of the temperature of gas-
-phase chlorination in the presence of additives that pro-
mote the formation of free radicals Z5. Semenov51, who
examined two competing radical reactions in the chlorina-
tion of ethylene — substitution and addition of chlorine
with reference to energy factors — established a relation
between the rate of substitution and the temperature of the
process.

It should be mentioned that the main defect in the inter-
pretation by American workers of the mechanism of
chlorination of alkenes with a quaternary atom at the
double bond is the unfounded extension of the principles of
high-temperature and initiated halogenation to low-tem-
perature chlorination under non-photochemical conditions.

IV. HETEROLYTIC MECHANISM OF HALOGENATION

The action of chlorine on alkenes with a quaternary
carbon atom at the double bond is dealt with in greatest
detail in the papers of Tishchenko and coworkerss2-56. A
heterolytic mechanism proposed for the halogenation of
straight-chain alkenes was used to interpret the experi-
mental results. Francis5 7 studied the halogenation of
ethylene in dilute aqueous solutions of various salts and
observed the formation of mixed addition compounds. The
reaction of bromine with ethylene in solutions of sodium
chloride or nitrate gives 2-bromo-l-chloroethane or
2-bromoethyl nitrate respectively as the main product;
with iodine in sodium chloride solution the main product is
l-chloro-2-iodoethane. The author explained the pro-
duction of mixed products by the intermediate formation of
a carbonium ion of the type [R-CBr-CR]* in the bromina-

I I
tion. Ingold58 and Robinson59 proposed the following
scheme for the mechanism of halogenation of alkenes:

RiW
l I

XX

The authors consider that this reaction is electrophilic;
the molecule taking part in the addition is first polarised,
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and this is followed by attack on the substrate by the posi-
tive halide ion, which leads to the formation of an organic
cation. The halide anion reacts with the latter to give the
final addition product. Ingold used the addition of iodine
monochloride to propene to illustrate this scheme60. The
distribution of electron density in the IC1 molecule corres-
ponds61 to the formula Γ-Cl"; on the other hand, the
electron density of the π bond of propene is displaced
because of the positive inductive effect of the CHg-group6*
(from a calculation of the limiting electron density for
divinyl and isoprene molecules carried out by Hayashi),
which permits the scheme for this reaction to be repre-
sented as follows:

n'
HjC— CH=CHj + Cl —I" • CHS—CH—CHjI -CH,—CHC1—CHtl.

This mechanism is similar to that proposed by Neni^escu
for the iodination of alkenes63.

Other workers have also pointed out that an organic
cation is formed in the first stage of the reaction of mole-
cular halogens with the ethylene bond β4»65.

Moreover, the existence of various carbonium ions is
confirmed by numerous investigations in which NMR
spectra6 6, ultraviolet spectra6 7-7 4, cryoscopy75"77, and
chemical methods 7 6>7 8-8 0 have been used.

However, the question of the structure of the carbonium
ion is still debatable81. Thus, it has been noted that the
structure of the organic ion proposed by Ingold and Robinson
is not in accord with the stereospecificity of the addition82.
In the hypothetical ion

free rotation is possible round the single C-C bond, which
should lead to the formation of cis- and irans-adducts in
equal amounts. Nevertheless, trans-products are mainly
formed in a number of instances83. Since a halogen atom
with an unshared pair of electrons in />-orbitals is close to
the positively charged carbon atom in the intermediate
carbonium ion, Roberts and Kimball have suggested that
interaction leading to the formation of a bond is possible
between the centre of the carbonium ion and halogen atoms84.
The structure of the intermediate carbonium ion would then
be close to a three-membered ring:

The preparation of stable cyclic onium compounds in
the aromatic series has confirmed this hypothesis85.

An analysis of published results made by Bethell and
Gold8i is also in favour of the cyclic cation of Roberts and
Kimball.

We shall see below that this hypothesis provides afairly
good interpretation of addition to a multiple bond, although
it is subject to the criticism that considerable bond strain
is required for the formation of a three-membered ring8 6.

However, the formation of cis- and iraws-adducts in
additions, at least to the ethylene bond, cannot be unambigu-
ously related to the structure of the intermediate complex.

It is well known that the internal rotation of groups of
molecules relative to one another has several potential
energy minima for a complete rotation round a single bond.
It has been shown by various physical methods that for

molecules of the general formulae XH^C-CHaX an JJ
CHJJY (X and Υ = Cl, Br, I, CH3, OH, etc.) the trans -con-
figuration is the most stable8 7"8 9.

Less stable forms, which have been found together with
the trans -isomer in a study of the liquid and gaseous
states of 1,2-dihaloethanes, are gauche conformations,
obtained from the trans -form by rotation of one of the
CHjjX-groups of the molecule through an angle of ±120°. 90>91

The cis -form of the rotational isomers is the least
stable of known conformations91. The stability of trans -
-isomers may be the main reason for the preferential
formation of trans -adducts in the addition of halogens to
alkenes.

Later a new interpretation was put forward for the
structure of the intermediate addition complex, which
Dewar termed a ir complex92'93. With both aromatic com-
pounds94"96 and unsaturated aliphatic compounds97, the
formation of complexes by halogen molecules, which are
electron donors, is due to the presence of low antibonding
orbitals in iodine, bromine, and chlorine molecules98 and
their considerable polarisability96. Freed and Sancier97

studied the spectra of frozen solutions of iodine in alkenes
and their solutions in propane at temperatures from -196°
to -43°; the authors assumed that cooling to a low tem-
perature would reduce the rate of addition of halogen to
alkenes and increase the concentration of pre-reaction
complexes. This assumption was recently confirmed by a
thermographic investigation of the propene-bromine sys-
tem, in which it was shown by the use of low temperatures
and special freezing-out procedures that the complex-
-formation and final-product stages could be separated,
and the intermediate complex could be accumulated99. In
propane, iodine gives only a visible band at 520 nm, with
no bands right down to 210 nm. The addition of propene
displaces the visible band and produces an intense band
with a maximum at 280 nm, similar to that observed in
aromatic complexes.

Analysis of published data100»101 indicates that the new
ultraviolet absorption band is due to a complex formed by
donor-acceptor interaction between halogen molecules and
unsaturated compounds, which is also called a charge-
-transfer complex101.

The heats of formation of complexes of iodine with
aromatic compounds are estimated at 1 kcal mole"1.1 0 2

For alkenes this value is somewhat less than 1 kcal mole"1,
with the exception of the 2-methylpropene complex, the
heat of formation of which is somewhat higher 10°.

In spite of such low intermolecular bond energies in
associations of halogens with unsaturated hydrocarbons, a
review of published information shows that these are not
associations of a purely cohesion type. This is indicated
by the results of a thermographic investigation of the
propene-bromine system99, evaluation of which showed
that the heat of formation of the propene-bromine complex
is not less than 5 kcal mole"1.

A study96 of the infrared absorption spectra of the
cyclohexene-iodine system showed a reduction in the
vibrational frequency of the C=C bond from 1650 to
1524 cm"1, which was considered to be due to the formation
of a cyclohexene-iodine π complex.

A reduction of the vibrational frequency of chlorine dis-
solved in benzene and its derivatives has also been ob-
served; the reduction in frequency increases with in-
creasing electron density in the ring.
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According to Mulliken98»103, the most probable structure
for the complex is that in which the halogen molecule is
symmetrically arranged in a plane parallel to the benzene
ring, because this ensures maximum overlap of selected
orbitals9 8 '1 0 3.

If the molecule of alkene or aromatic compound is un-
symmetrical, then the electron density of the bond between
the donor and acceptor in the ττ complex does not have a
plane of symmetry perpendicular to the C-C bond. The
positively charged halogen atom in such a TT complex is
situated closest to the carbon atom with the highest elec-
tron density104.

Terenin100, developing the intermolecular-complex
hypothesis, concluded that in the formation of the complex
its components are partially ionised, for example,
CgTIe.I^, that is, part of the charge is transferred to the
iodine molecule, which becomes negatively charged.

Later it was shown101 that the degree of electron trans-
fer from the donor to the acceptor may vary from zero to
complete transfer; in the latter instance, neutral mole-
cules are converted into ion-radicals.

According to Reutov104, in the course of chemical reac-
tion the η complex can assume the structure of Roberts
and Kimball's carbonium ion84.

Shilov and coworkers86»105"110 showed that the π com-
plex hypothesis is in good agreement with the kinetics of
heterolytic addition reactions; in particular, it explains
the emergence of termolecular kinetic equations. If the
reaction is of the ionic type, a termolecular addition
mechanism operates:

c=c + xz + γ- — c —Κ + z-

The molecule XZ behaves as an electron acceptor and Y~
behaves as a donor.

Shilov called this a termolecular acceptor-donor
mechanism10e. In the general case a termolecular hetero-
lytic mechanism leads to a termolecular kinetic equation

o = ftlA][XZl[Y-],

where [A] is the concentration of unsaturated compound.
This form of kinetic equation has been established for
many addition reactions " i - 1 " .

It is assumed that in electrophilic addition the unsatu-
rated molecule A forms a complex with the electron
acceptor XZ in the equilibrium state (constant R), which
then reacts with the donor Y~ (nucleophilic reagent).

The reaction rate is then given by the equation

υ = ^CAXZCY = RkCACxzCY.

A number of reactions are also known in which halogena-
tion of unsaturated hydrocarbons in solvents with a certain
polarity, particularly acetic acid, is a second-order reac-
tion 1 1 4" 1 1 8 :

O = k[A] [Hals].

However, the addition of bromine to alkenes in solvents
that are no more polar than acetic acid, or in acetic acid
over a certain concentration range (0.025 M), is third-
-order 1 1 9" 1 2 2:

O = k[A] [Hal2]
2.

Dilution, increase in temperature, or addition of water
reduces the order of reaction from third to second.

The results of these kinetic investigations show that the
agent attacking the double bond is a halogen molecule,
which acts on alkenes as an electrophilic reagent123.

Petrov adduces sufficiently convincing facts in favour of
the two-stage mechanism for electrophilic 1,2- and 1,4-
-addition to 1,3-diene compounds124. He considers the
π complex to be the first combination with the diene; this
complex is then converted into a carbonium ion:

H 2 C=CH-r-CH=CHj + Br2

H 2 C = C H — C H = C H 2

if
H , C — C H — C H = C H 2

'•Br·' , .

HjC—CH—CH--=CHj + Br"

Br I + Br-

H 2 C — C H — C H = C H j

Br Br

(π complex)

C— C H = C H — C H 2

H j C — C H = C H — C H 2

Br Br

The idea of association of the halogen with the t bond
of the alkene, and of the charge-transfer complex100'101,
and the results of a thermographic study99 are in agree-
ment with this scheme.

In explaining the mechanism of chlorination of alkenes
with a quaternary carbon atom at the double bond, Tishch-
enko5 2"5 8 considered that the process is initiated by the
addition of the positive end of the halogen molecule, as in
all electrophilic additions to the carbon atom with the
maximal electron density. The polarisation of the multiple
bond in asymmetrical disubstituted and trisubstituted ethyl-
enes is achieved by the positive inductive effect of alkyl
groups e2»125.

Because of the displacement of four electron pairs to
the double bond, symmetrical tetrasubstituted ethylenes
have a large inductomeric effect, which is brought into
play under the influence of approaching ions or polar mole-
cules at the moment of reaction. This statement is con-
firmed by the increase in the relative rates of bromine
addition to ethylene and its methylated derivatives12e:

Alkene

Rate of

^ C H , CH3CH=CHj (CH3)2C=CH, C(CH3)a=CHCH3 (CH3)aC=C (CH,),.

1-0 2.0 5.5 10.4 14.0addition

The ionisation potentials decrease in parallel1 2 7 '1 2 8:

Alkene CH a=CH a CH3CH=CHa (CH,)aC=CHa CH3CH=C(CH3)j (CH,),C=qCH3),.

I oniaation
potential 10.62 9.84 9-35 8.85 8,45

For 2-methylpropene, the first stage of chlorination
may be represented by the following scheme:

H 3 C V 2 £ H S + c i 2 — • " 3 ^ > c - C H 2 c i + c r .

The intermediate carbonium ion is then stabilised in two
main ways: (1) by elimination of a proton from adjacent
alkyl groups with the formation of unsaturated monochlor-
ides and the separation of a molecule of hydrogen chloride;
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(2) by addition of a negative chloride ion to the positive
centre of the carbonium ion with the formation of a satu-
rated dichloride

H3C
»· !_> pC—CH,C1 -f HCI

C—CH2C1 —
H,cy

ci
ι
C—CH,C1.

Stabilisation of the carbonium ion in the first way is
energetically less favoured by about 8 kcal mole"1.3 0 How-
ever, when there is a quaternary carbon atom at the
double bond, this is the predominating route; according to
Tishchenko, the approach of the Cl" ion to the centre of the
carbonium ion is sterically hindered, and this reduces the
probability of stabilisation of the organic ion by the second
route. In addition to an unsaturated monochloride of the
allyl type, the reaction mixture always contains a small
quantity of monochloride of the vinyl type. Tishchenko
ascribes the preferential formation of the former to the
high "proton-likeness" of the primary hydrogen of the
methyl group.

This hypothesis was later confirmed experimentally by
Morton and coworkers129, who proposed a method for
determining the relative acidity of unsaturated hydro-
carbons and of the most "proton-like" hydrogen atom in the
alkene. Moreover, the mobility of the allyl hydrogen has
been confirmed by reactions in which monoalkenes are
added to various activated unsaturated compounds m-iss.

TT
( CH

R—C—CH,—CH2 —CH,—X,

H

/ C H ,
H2C=CT

\r u
2 C F 3 — C E C - CF,

CF, CF,

HC=C—CH, — C—CH,—C=CH

I " I I ' I
CF, CH2 CF.,

A study of the microwave spectrum of 2-methylpropene134

showed that the ordinary C-C bond in the latter is appre-
ciably shortened in comparison with saturated compounds,
which also indicates the acidity of the allyl hydrogen.

As a result of thorough investigations, Tishchenko 5 2 " s e

established that the presence of a quaternary carbon atom
and polarisation of the double bond by substituents are
necessary conditions for the anomalous chlorination of
alkenes at low temperatures; using the reaction of phos-
phorus (V) chloride with ketones as an example, he con-
firmed these conclusions53.

With the object of eliminating side-reactions due to the
liberated hydrogen chloride (addition to the initial and final
products56), a method of chlorination in the presence of
sodium hydrogen carbonate, which readily reacts with
hydrogen chloride, has been proposed54'56. Aschan's
hypothesis135 that sodium hydrogen carbonate catalytically
promotes the elimination of hydrogen chloride from the
initial dichloride has been disproved56. For example,
2,3-dichloro-2-methylbutane does not react with the hydro-
gen carbonate even at 135°. The mechanism of low-tem-
perature chlorination proposed by Tishchenko was later
accepted also by advocates of "substituting" chlorination136.
The work of Tishchenko and coworkers on the chlorination

of terpenes30»137"140, many of which contain a quaternary
carbon atom at a double bond, provided convincing proof of
the views he developed on the mechanism of anomalous
chlorination of alkenes.

Other papers also show that schemes based on the
heterolytic mechanism are widely applicable141.

Some workers have expressed doubts about the Ingold-
Tishchenko mechanism for the chlorination of alkenes142'143,
at least as applied to the chlorination of alkenes in non-
-polar media, where it was considered there were no
grounds for assuming the existence of carbonium ions and
ions of the halogenating agent.

The results of mass-spectrometric determinations of
ionisation potentials of various compounds in solutions and
gases show that this criticism is not valid144. Moreover,
the heterolytic mechanism does not require that the addend
should be ionised before the reaction145.

Tishchenko's hypothesis that there is steric hindrance
to the approach of the chloride anion to the centre of the
carbonium ion has been denied without proof by Esafov142.
Results of later investigations in this field37 have shown
that this criticism is not valid; the rapid addition of
chlorine to alkenes (ethylene, propene, 2-methylpropene,
styrene, and cyclohexene) at low temperatures in a con-
densed phase was explained by a reduction in steric hind-
rance.

Impressive arguments in favour of the steric-hindrance
hypothesis in anomalous halogenation reactions have also
been put forward by Isagulyants and Balashova146"148, who
studied the chlorination of alkenes with a quaternary carbon
atom at the double bond by molecular chlorine and
JViV-dichlorobenzenesulphonamide. They showed that the
yield of the anomalous chlorination product depends on the
size of the halogenating-agent anion. Thus, in the chlori-
nation of 2-methylbut-2-ene with JVN-dichlorobenzene-
sulphonamide147, the mechanism may be represented as
follows:

C,H6SO2NC1-+C1+

C.H.SOjNHCl -• C,H,SOiNH-+CI+

C,H6SOjNH,

H,C
^>C=CH—CH3 -^Λ * ">ί—CHC1—CHS

C,H,SO,NH-

c—CHC1—CH3

>C—CHC1—CH3;

" >C*-CHC1-CH3 —

the main reaction product is the unsaturated 2-chloro-3-
-methylbut-2-ene. Because of the large bulk of the anion
of the chloroamide compared with the chloride anion, only
1% of the 2-methylbut-2-ene reacts to form an addition
product with the chloroamide, that is, 10-15 times less
than with molecular chlorine **. Under the same conditions,
the action of AW-dichlorobenzenesulphonamide on normal
pentenes leads mainly to addition products147.

The results of the chlorination of 3-chloro-2-methylbut-
-1-ene withiW-dichlorobenzenesulphonamide in a mixture
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of methyl and ethyl alcohols are also satisfactorily inter-
preted by the steric-hindrance hypothesis147.

Taft145 presents a somewhat different scheme for the
heterolytic mechanism in the anomalous chlorination of
alkenes. According to Taft, the first stage, which deter-
mines the reaction rate, is electrophilic attack on the
alkene with the formation of a carbonium cation and a
chloride anion as in the Ingold-Tishchenko scheme,

II I +
Clj + H — C = C — — H—C—C— + C1-.

d . '
The intermediate carbonium ion reacts by two routes:

a. with the addition of a chloride anion

1 Cl

Η—C—C—H + Cl- — H—C—C—Η

dlH

b. with e l i m i n a t i o n of a p r o t o n

I + I
H—C—C • H·

C, <!. d, '
The ratio of the amount of addition products to the

amount of unsaturated monochlorides is determined by
factors that affect the rates of addition and substitution.
This ratio depends on the structure of the intermediate
carbonium ion, and also on the reaction medium and the
temperature.

Using published experimental results on the chlorina-
tion of various alkenes, Taft145 established a relationship
between the yield of unsaturated chloro-derivatives and
the number of hydrogen atoms attached to carbon atoms in
the α-position to the centre of the carbonium ion (Table 1).

According to Taft, the dependence of the ratio of addi-
tion products to substitution products on the number of
hydrogen atoms results from a hyperconjugation type of
resonance149»150. The greater number of possible
resonance structure in the chlorination of 2-methylpropene
compared with ethylene means that the carbonium ion
formed from 2-methylpropene may be more effectively
transformed into a stable state than the ion obtained from
ethylene. By analogy151, this should reduce the ratio of
the rates of addition and substitution, that is, at low tem-
peratures the chlorination of 2-methylpropene leads to the
formation of large amounts of unsaturated monochloride
but ethylene mainly reacts to add on chlorine. This
hypothesis of Taft on anomalous reactions is not con-
firmed by the general principles of electrophilic addition
to alkenes.

Ingold152, in analysing a communication of Robertson,
concluded that in additions to alkenes the inductive effect
of alkyl groups, and not the Baker-Nathan effect with
participation of hydrogen, has the greatest influence on
the reaction rate. Moreover, results have been pub-
lished that do not generally favour the hyperconjugation
effect IBS-IM.

TABLE 1.
No. of

hydrogen
atoms

2-3
4—5
6—7

8

Substitution,
%

0 — 3 5
1 0 — 6 0
7 0 — 8 5

93

Addition, %

6 0 — 1 0 0
4 0 — 9 0
10—30

7

In addition to the mechanisms given above for the
chlorination of alkenes with a quaternary carbon atom at
the double bond, synchronous cyclic and non-cyclic type
mechanisms have been proposed, in which attack on the
alkene molecule by a positively charged chlorine atom is
accompanied simultaneously by reaction of a negatively
charged chlorine atom with a protonated hydrogen atom 157>158:

ci
CHa Cl

c, 6cH"0

The papers of Reeve and coworkers mentioned above are
of great interest for the elucidation of the mechanism of
anomalous chlorination45»46. Their experimental results
lead to a mechanism for the chlorination of 2-methyl-
propene similar to Tishchenko's mechanism:

Η

=£C + Cl,

Η Η

I I I
Η CH» Η

H-C-£uC-Cl
I I I

HCH3 Η

Η—C—C-i^ C -Cl + Cl-

H CH 3 H

Η Cl Η

I I I
Η C H 3 H

78% t

2,5% Τ

The results of kinetic studies of the low-temperature
chlorination of individual branched and straight-chain
alkenes and their mixtures also indicate that these reac-
tions are heterolytic158"180.

Analysis of the kinetic results shows that substitution
and addition reactions of chlorine with alkenes are parallel
reactions of the same order and with the same common
polar intermediate complex.

V. REACTION OF ALKENES CONTAINING A QUATERNARY
CARBON ATOM WITH HYPOHALOGEN ACIDS

The addition of hypochlorous acid to unsaturated hydro-
carbons was first studied by Markovnikov, who established
the rule that bears his name161. Saytzeff162, who studied
the reaction of hypochlorous acid with butene, also found
that the halogen adds to the carbon atom with the greatest
number of hydrogen atoms, and the hydroxy-group to the
carbon atom with the least number. On the other hand,
Henry found that hypochlorous acid adds to propene and
2-methylpropene in the reverse manner163. Butlerov164,
who assumed that the product of the reaction of 2-methyl-
propene with hypochlorous acid was 2-chloro-2-methyl-
propan-1-ol, confirmed Henry's results, which were
later shown to be erroneous.

Michael165 repeated Henry's experiments and showed
that the product of the reaction of hypochlorous acid with
propene is l-chloro-propan-2-ol, thus confirming the

t Yield based on chlorine.
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validity of Markovnikov's rule. This conclusion was con-
firmed by Krasuskii166»187, who showed that propene
chlorhydrin contains ~ 68% of l-chloropropen-2-ol, and
2-methylpropene chlorhydrin, not less than 78% of
l-chloro-2-methylpropan-2-ol. Quantitatively, these
results differ somewhat from those reported by other
workers for the addition of hypochlorous acid to propene188

and 2-methylpropene1β9"172.

Later papers are mainly devoted to a study of the mech-
anism of these reactions. Burgin and coworkers13β, who
studied the action of chlorine water on 2-methylallyl chlor-
ide, explained the composition of the final products by the
initial formation of a positively charged carbonium ion
complex, which is then stabilised in several ways:

CHa=C—CHiCl + CI2 -• CH2C1—ί—CHaCl

CH3 CH3

-CH2CI —

CH3

OH

CHjCI-C—CH2CI -f H+

CH,

CH2C1—C—CH2C1

CH 3

CH2C1—C—CH.,CI + H+
I!

CH2

CH.CI—C=CHCI 4- H+

CH3

At 30° the yield of l,3-dichloro-2-methylpropan-2-ol is
and 10% of allyl and vinyl substitution products is

formed. Other nucleophilic solvents may be used as the
"active" medium instead of water. Thus, the action of
chlorine173 and bromine174 on ethylene hydrocarbons in the
presence of ethylene oxide leads mainly to the formation of
/3/3'-dichloro- and /3/3'-dibromo-substituted ethers173»174,
Besides these ethers, other products are obtained which
indicate that the mechanism of this reaction is in principle
similar to the mechanism for the chlorination of alkenes in
an aqueous medium.

By means of the reaction of aromatic compounds with
hypobromous acid, it has been shown that a bromine cation
participates in brominations in aqueous solutions 175~177;
the rate of these reactions is proportional to the con-
centration of hydronium ions1 0 e.

d [ B r O H 1 = k (A] [BrOH] [H3O],
dt

where [A] is the concentration of the organic compound.
The concentration of the bromine cation is related to
[BrOH] by the equation:

The existence of a bromine cation was deduced from
kinetic results obtained in the chlorination with hypo-
chlorous acid of organic compounds178'179. Later, the
experimental results on which the hypothesis of a chlorine
cation is based were subjected to criticism1 8 0.

Using an isotope dilution method at 45 °, de la Mare and co-
workers 1 8 1 separated 11.9% of 3-chloro-2-methylprop-l-ene
and 0.4% of l-chloro-2-methylprop-l-ene from the reac-
tion products obtained by the action of hypochlorous acid on
2-methylpropene. A somewhat larger total of unsaturated
monochloro-derivatives (16%) was obtained by the hydrolysis
of l,2-dichloro-2-methylpropane under comparable con-
ditions. From these results the authors conclude that
identical carbonium ions are formed as intermediates when
hypochlorous acid acts on 2-methylpropene and in the
hydrolysis of l,2-dichloro-2-methylpropane:

H.Cv
> C =

on hydrolysis

on addition

6%

0.4%

10%

12%

OH

87.6%

This hypothesis is in good agreement with the results of
spectrographic74'182 and cryoscopic studies75 on solutions
of tertiary alcohols and the corresponding alkenes in sul-
phuric acid. Thus, Gold and coworkers74»75'183 showed
that when aa -diphenylethylene is dissolved in sulphuric
acid, a carbonium ion is formed identical with that ob-
tained by similar treatment of 1,1-diphenylethanol:

(C,H,)|CH,C++HSO;,

(Ο,Η,)ϋ CHaCOH + 2 U£Ot - (C.H,), CH3C+ + HSO+ + 2 HSOj.

Later, the trimethylmethylium ion was obtained from
2-methylpropene and t-butyl alcohol by analogous methods182:

(CH,),C=CH2 (CH3)SC+

The preferential formation of unsaturated chloro-deri-
vatives of the allyl type in comparison with vinyl deri-
vatives (30:1) by the action of hypochlorous acid is ex-
plained 1 8 4 by internal interaction between the centre of the
carbonium ion and the chlorine atom, as described by
Roberts and Kimball84. Ballinger and de la Mare1 8 5

studied the addition of hypochlorous acid to 2-methylallyl
chloride containing the labelled atom 36C1 and confirmed
the hypothesis that the centre of the carbonium ion inter-
acts with the halogen on the adjacent carbon atom by the
partial displacement of 38C1 from position 3 to position 2:

£i£HU^H;^-cH f"c,-
tta"—^~ CH3

Cl CH, ' • H Q - > C I · . . C H '

H j C — c — C H " C I « H ' ° — * + C H 2 — ^ ; — C H 2

OH ,+«Cl

»• H O C H 2 — C — C H 2 Cl

CH,

CH 3
H,0 |

*• CH2—C—0Η·>ΟΗ.

A similar migration of the chlorine atom was also
observed in the reaction of hypochlorous acid with allyl
chloride18e. However, in the chlorination of allyl alcohol
with molecular chlorine, the assumed interaction of the
hydroxyl group with the positively charged carbon atom
was not accomplished by migration of the hydroxyl group
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to the centre of the carbonium ion187, although that such a
migration is possible in principle has been shown by the
rearrangement of 1-phenylallyl alcohol to 3-phenylallyl
alcohol in a mixture of dioxan and water (60:40 vol.%) in
the presence of perchloric acid at 0°.1 8 8

The observations of de la Mare and coworkers iS0 are
important in considering the reasons for the elimination of
a proton from alkyl groups adjacent to the centre of the
carbonium ion with the formation of anomalous products;
these workers found that treatment of [3-36Cl]-2,3-di-
chloroprop-1-ene with hypochlorous acid leads to the for-
mation of substitution products (3.7% of cis- and 4.3% of
trans-l,2,3-trichloropropene). These results are in
agreement with an earlier statement53 that anomalous pro-
ducts are formed in chlorination not only by alkenes with a
quaternary carbon atom at the double bond, but also by
unsaturated compounds in which only one of the carbon
atoms at the double bond does not have a hydrogen atom.

This analogy indicates the similarity between the mech-
anisms of chlorination and hypochlorination of alkenes, at
least in the first stage when a carbonium ion is formed.
This has been confirmed by other examples47'191»192. It is
well known that normal alkenes react with chlorine at
ordinary or slightly increased temperature to form only
addition products. The action of hypochlorous acid on
but-2-ene190 and 2-methylpent-3-ene191 also leads to addi-
tion at the double bond, but under similar conditions
2,4-dimethylpent-2-ene and diisobutylene give unsaturated
monochlorides as the main products191. Umnova1β1 ex-
plained the mechanism of the formation of substitution
products in these reactions by L'vov's scheme, which
includes initial additions of hypochlorous acid to the double
bond followed by elimination of a molecule of water. We
have dealt with the defects of this scheme in the section
above on the chlorination of alkenes.

The action of hypobromous acid on acyclic unsaturated
hydrocarbons leads to the formation of bromhydrins; the
order of addition is mainly the same as that in hypo-
chlorination. For example, the reaction of hypobromous
acid with 2-methylpropene gave an addition product in 77%
yield containing not less than 97% of l-bromo-2-methyl-
propan-2-ol and 3% of the isomer, 2-bromo-2-methyl-
propan-1-ol192'193.

A comparative study of the reaction of hypochlorous aCid
with allyl bromide and the reaction of hypobromous acid
with allyl chloride194 in a water-dioxan mixture showed that
the solvent materially affects the composition of the products
of the reaction, in which a halogen atom of the starting
alkene migrates to the central carbon atom. The change
in the composition of the reaction products can be explained
fairly satisfactorily by a mechanism based on the formation
of an intermediate carbonium ion.

Bodot and Jullien give an interesting theoretical explana-
tion of orientation in the addition of electrophilic agents to
alkenes195; using the method of Smith and coworkers19e,
they calculated the relative stability of possible carbonium
ions and showed, for example, that in the reaction of
hypochlorous acid with 2-methylpropene the carbonium ion
structure (CH3)2CCH2Cl+is energetically more favoured than
the structure

However, in the hypohalogenation of cycloalkenes the
order of addition is, as a rule, not so rigid as in the elec-
trophilic addition of HOX to acyclic unsaturated compounds.
Thus, in the hypobromination of methylenecycloalkenes the
order of addition is reversed1 9 2 '1 9 3. Traynham and

Pascual1 9 3 attempted to explain this orientation in the addi-
tion of hypobromous acid to methylenecycloalkenes by the
formation of a bromonium ion with subsequent attack of a
water molecule on the secondary carbon atom:

( C H a ) B C — C H a

Hfi
(CH2)nC—CHjOH.

VI. REACTIONS OF ALKENES BRANCHED AT THE
DOUBLE BOND WITH BROMINE AND INTERHALOGEN
COMPOUNDS

The action of bromine, iodine, and interhalogen com-
pounds on alkene compounds has mainly been studied with
reference to normal compounds1 1 3"1 2 2'1 9 7"2 0 2.

In a review203, Dombrovskii lists the substitution reac-
tions that occur in the halogenation, sulphonation, nitration,
alkylation, acylation, and azo-coupling of both alkenes and
aromatic compounds. In this review, the reactions of
bromine and interhalogen compounds with unsaturated com-
pounds having a quaternary carbon atom at the double bond
are compared with the corresponding chlorination reac-
tions.

As early as 1879, Butlerov observed the liberation of
hydrogen bromide, and therefore the formation of sub-
stitution products, in the bromination of triisobutylene204.

Hydrolysis of the products of the reaction of bromine
with 2-methylbut-2-ene also showed the presence of un-
saturated monobromides in the reaction mixture205»206.
Later, Favorskii207 established that the reaction mixture
obtained by the bromination of isopentene contains t-pentyl
bromide, with dibromo- and tribromo-derivatives of
2-methylbut-2-ene. With increase of bromination tem-
perature, unsaturated bromo-derivatives of methylbutene
were formed208. The dibromo- and tribromo-derivatives
were the main products of the action of bromine on
2,3,3-trimethylbut-l-ene, when the reagents were cooled
with an ice-salt mixture207. However, a mixture of satu-
rated and unsaturated monobromides were separated from
the low-boiling fractions. The formation of unsaturated
monobromides was explained by L'vov's scheme for
anomalous chlorination9"11. The formation of tribromo-
-derivatives was considered to be due to the reaction of
bromine with the unsaturated monobromide which is partly
formed:

Br

• CH2Br->C-C(CH3)s.

CH,BrCH2Br

It was also noted that wwsym-dineopentylethylene [4,4-di-
methyl-2-neopentylpent-l-ene] reacts with bromine with
liberation of hydrogen bromide209.

Esafov210 observed considerable liberation of hydrogen
bromide in the determination of the bromine numbers of
di- and tri-isobutylene, and also of diene hydrocarbons
with branching at the double bond. A thorough analysis of
the bromination products of 2-methylpropene at 0° was
first carried out by Pogorzhel'skii211. The main reaction
product was l,2-dibromo-2-methylpropane, that id, the
addition product; t-butyl bromide andpolybromo-derivatives
of 2-methylpropene were also separated. Saponification
of the fraction boiling below 100° failed to convert 0.3 g of
bromo-derivatives (out of 4.4 g) into alcohols, and this
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portion was assumed to consist of unsaturated mono-
bromide. In later papers on the bromination of 2-methyl-
propene to obtain dibromo-derivatives, the formation of
unsaturated monobromides is not mentioned212»213. How-
ever, since t-butyl bromide is formed, it may be assumed
that the bromination of 2-methylpropene210 is accompanied
by the formation of 2-methylallyl bromide or dimethylvinyl
bromide and hydrogen bromide. The latter further reacts
with the starting 2-methylpropene.

The liberation of hydrogen bromide has also been noted
in the bromination of 2-methylpropene in the presence of
calcium halide, which catalyses additions to alkenes214.

It was later shown215 that bromination of an excess of
liquid 2-methylpropene at -10°, either directly or in the
presence of a non-polar solvent, is accompanied by the
formation of up to 20% of allyl and vinyl substitution pro-
ducts. The yield of unsaturated monobromides falls to
5.5-6% if the experiment is carried out with stoichiometric
quantities of the reagents.

If this reaction is carried out at a very low temperature
(-154°), as in the chlorination of 2-methylpropene in a
condensed phase", only addition products are formed218.

In the gas-phase bromination of 2-methylpropene at
300-350° in an atmosphere of nitrogen, up to 50% of
2-methylallyl bromide and 20% of dimethylvinyl bromide
are formed ω ; the remaining products are t-butyl bromide
(7%) and polybromides (20%).18 Under these conditions
the reaction is probably of the free-radical type, and a
sharp increase in the yield of 2-methylallyl bromide and
dimethylvinyl bromide is probably due to replacement of
hydrogen atoms according to Semenov51. It is well known,
for example, that in the halogenation of alkenes with
N-bromosuccinimide217 and JV-bromoacetamide a»>ai·,
hydrogen in methyl and methylene groups is readily re-
placed by bromine. These reactions are accelerated by
heat and by ultraviolet light220, and also by the addition of
peroxides 2 2 1; the presence of peroxides promotes the
formation of unsaturated monobromo-derivatives, while
4-t-butylpyrocatechol, an inhibitor of radical reactions,
increases the yield of addition products.

Although the halogenation of alkenes by N-bromo-
acetamide is carried out in the presence of hydrobromic
acid, like low-temperature bromination, the reaction is
heterolytic, since here the double bond of the alkene is
attacked by molecular bromine219:

AcNHBr+HBr ^ AcNHsBr++Br;

AcNH2Br++Br- •£ AcNHj+Br,,.

Novikov and coworkers222 examined published informa-
tion on the halogenating properties of organic compounds
containing positive halogen and concluded thatiV-bromo-
succinimide can react with alkenes both by an ionic and by
a homolytic mechanism.

Tishchenko and Yarzhemskaya 2 2 3 studied the bromina-
tion of 2-methylbut-2-ene and 3-chloro-2-methylbut-2-ene
at low temperatures in the presence of sodium hydrogen
carbonate; they showed that, in contrast to chlorinations 4 1,
only a small part of the bromine reacts to form unsatu-
rated monobromides.

Comparison of published information on low-tempera-
ture chlorination42'46 and bromination215»223 of alkenes with
branching at the double bond shows that while chlorination
leads mainly to the formation of anomalous products, in
bromination the predominating reaction is addition (Table 2).

TABLE 2.

Alkene

H > C V r« ra chlorination
H . c ' ' bromination
H l C V m ΓΗ chlorination
H . C / 3 bromination
"»C\_ _„ chlorination

H j C / c ~ · bromination

Yield of
anomalous
products,%

70—80
15

80
15

82.4
20

Yield of normal
products,%

10-15
85

10
85

17.6
60

References

42
223

42
223

46
215

The mechanism of the reaction of bromine with alkenes
containing a quaternary carbon atom may be represented
by the Ingold-Tishchenko scheme, a halogen atom reacting
internally with a carbonium centre:

H3CS
— CH, + Br"

According to Temnikova224, the composition of the reac-
tion products of halogens with alkenes having a quaternary
carbon atom is determined by the nature of the nucleo-
philic component of the halogenating agent. However, the
results of low-temperature bromination and chlorobromi-
nation of liquid 2-methylpropene have shown that the
nucleophilic properties of the halogen have no appreciable
effect on the yield of anomalous chlorination products 21B.

Published information225-229 shows that bromine chlor-
ide adds to unsaturated compounds by an ionic mechanism;
Br* attacks the double bond of alkenes to form an inter-
mediate carbonium ion. The mechanism of chloro-
bromination may thus be represented by the following
scheme:

H 3 Cv

^C=CHj + ClBr
HjCX ++

C—CHj
: B r :

C—CHjBr .

Comparison of the scheme for the mechanism of bromi-
nation of 2-methylpropene with this scheme for chloro-
bromination shows that both reactions proceed through an
identical intermediate carbonium ion. If it is assumed
that the nucleophilic centre of the halogen plays a pre-
dominating part in anomalous halogenation reactions, then
the yield of monobromides should be higher in chloro-
bromination than in bromination. However, experimental
results show that in both the yield of unsaturated mono-
bromo-derivatives is

In the gas-phase chlorobromination of 2-methylpropene
at 150° in a flow-through system230, the yield of 2-methyl-
allyl bromide is 41.5%, that is, somewhat lower than in the
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gas-phase bromination of 2-methylpropene at 300°.18

From this it follows that the anionic centre of the halogen
has no appreciable effect on the composition of the products
of halogenation of alkenes with a quaternary carbon atom at
the double bond.

The authors of the present review231 have put forward
the hypothesis that the main reason for the elimination of a
proton from alkyl groups in the a -position to the carbonium
ion centre, and therefore for the formation of anomalous
halogenation products, is the high degree of localisation of
the positive charge at the centre of the organic cation
formed as a result of electrophilic attack on the alkene231.
On the other hand, delocalisation of the positive charge,
due to the high polarisability of the electrophilic part of the
reagent attached to the carbon atom in the a -position to the
centre of the organic cation, hinders the elimination of a
proton; as a result, the carbonium ion is stabilised by the
addition of a halide ion to the positively charged carbon,
and dihalo-derivatives are formed as final adducts. Here
the reaction rate also depends on the nucleophilic proper-
ties of the halide anion115.

Interaction of the centre of the carbonium ion with the
added halogen probably occurs not in a chain-like manner
but spatially, according to Roberts and Kimball84, or
de la Mare and coworkers184*185. This hypothesis was
checked experimentally by introducing atoms of different
inductomeric polarisability into the a -position of the alkene
being chlorinated. Results obtained in the chlorination of
2 -methylallyl chloride, 2 -methylallyl bromide and 2-methyl-
allyl iodide confirm the hypothesis; as the inductomeric
polarisability of the halogen atom at the carbon atom in the
a -position to the carbonium ion increased, the yield of
anomalous chlorination products fell from 50% to 0%231

(see Table 3).

Internal interaction between a positively charged centre
and electronegative or strongly polarised groups at the
a -carbon atom may lead to the formation of a new bond.
On the basis of the foregoing hypothesis, the formation of
halo-lactones when bromine or chlorine acts on the sodium
salt of dimethylmaleic or dimethylfumaric acid may be
represented by the following scheme232:

H3C -O—C=O

C = C

O=C—O~ CH

+ Ha 12

( H a l = C I , B r )

- Ο — C = O
«.+.·" / _

O=d"— O-'-Hal

H,C O

\ /

• f~
O=C—O~

TABLE

Starting

H.C.
>C=CH a

H ' C <c.

H.C.
\C=CH,

H ' C < ^Br

H < C S C = C H ,
HiC<

3. Results of the low-temperature chlorination of unsatu-
rated monohalo-derivatives of 2-methylpropene.

alkene
Proposed structure of

intermediate carbonium ion

Cl

Cl
H8C. +^ |

>C—CH,
H,C< t

NBr:

H » c \g£ ( J H
H,c/t *

•}:•

Possible final adducts*

CH.C1

H,C—CC1—CH.C1

H,C=C—CH.C1

CH.CI

CH,Br

HaC—CC1—CH.C1

H,C=C—CH.C1
|

CH.Br

CH2I

H,C—CC1—CHSC1

H,C=C—CH.C!

CH,I

Yield of
reaction

products, %

30

50

60

11.7

82.5

0

In the first example, because of its greater inducto-
meric polarisability, the added bromine atom probably
partially delocalises the charge on the intermediate organic
cation, which further stabilises the latter and thereby pre-
vents the formation of a new lactone bond between the
carbon atom and the carboxyl group.

A number of other results are also in good agreement
with interpretations that take account of the effect of the
polarisability of the electrophilic centre of the reagent.

Thus, in the reaction of 2-methylpropene with iodine
chloride, the positive charge on the carbon atom is deloca-
lised by the added iodine atom; for this reason, 2-methyl-
allyl iodide was not formed and 2-chloro-1-iodo-2 -methyl-
propane was the sole reaction product233:

H 3 C H

H,C

The addition of iodine chloride to propene60»234, allyl
alcohol and its esters2 3 5, styrene238, and 1,1-diphenyl-
ethylene237 confirmed the validity of this order of orienta-
tion of the iodine chloride molecule, for example:

+
C—CH,

'·. 1
•M:

+ Cl
Η -j

— * -

II

Cl
C\ [ »•

C—CH

,c/ 1

C.H.,

C,H,'

C.HI

^ C

cur i-,

However, as Temnikova and coworkers have shown,
this order may be changed by other substituents237. Thus,
the production of 2-chloro-l,l-diphenylprop-l-ene when
iodine chloride reacts with 1,1-diphenylprop-l-ene was
explained by the initial formation of 2-chloro-1-iodo-1,1-
-diphenylpropane, which eliminates hydrogen chloride at
the moment of reaction:

C,H,V

C.H/

^CH—CH 3 +IC1 -

C«H,

-C-CH-CH3

I Cl

CH,

c = r

* The total isomers of unsaturated halo-derivatives are arbi-
trarily denoted by a single formula.

Recently, the effect of the magnitude of the charge on
the positively charged carbon atom on the stabilisation
route of the carbonium ion was studied in the low-tempera-
ture bromination of liquid 2-methylpropene in the following
solvents of varying polarity: 2-methylpropene, chloro-
form, 1,1-dichloroethane, 1,2-dichloroethane, t-butyl
chloride, and nitroethane238. It was shown that the total
yield of 2-methylallyl bromide and dimethylvinyl bromide,
and therefore the rate of elimination of a proton from the
alkyl groups of the carbonium ion, decreases in proportion
to the increasing dipole moment of the solvent; the yield
of unsaturated monobromides decreases from 24% with
2-methylpropene to zero with nitromethane in the solvent
order given above.

A study of the effect of solvent: alkene ratio on the
composition of the products of the low-temperature halo-
genation of alkenes with a quaternary carbon atom at the
double bond showed that a reduction in the concentration of
alkene in the solvent leads to a decrease in the yield of
allyl and vinyl substitution products238.

These results show that the ionic charge due to a
strongly polar solvent may be reduced by increasing the
quantity of less polar solvent while other reaction con-
ditions are kept constant.
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An interesting analogy is observed in reactions of
alkenes with electrophilic reagents and of fluoroalkenes
with nucleophilic compounds239. In reactions of perfluoro-
alkenes with nucleophilic reagents, the difluoromethylene
group, which has an induced partial positive charge, is the
object of nucleophilic attack; perfluoro-2-methylpropene
reacts more readily with nucleophilic agents than per-
fluoropropene.

On the other hand, because of the positive inductive
effect of alkyl groups, the methylene group of alkenes has
excess electron density and is the object of electrophilic
attack; the activity of alkenes in reactions with electro-
philic reagents increases with the number of methyl
groups at the double bond12e. There is another interesting
analogy between the reactions of alkenes and fluoroalkenes.
When perfluoroalkenes are subjected to nucleophilic attack,
replacement of fluorine atoms in the vinyl, and frequently
the allyl, position is observed as well as addition at the
double bond240-245. It has been suggested243 that the
nucleophilic reagent is linked with the electrophilic per-
fluoroalkene molecule in a four-membered transition state,
which is stabilised by the intramolecular formation of a
hydrogen bond243:

final products in fragmentation reactions, in which the
intermediate carbonium ion formed by displacement of
some substituent from the organic compound may be
stabilised in several ways246"248:

CF3—CF=CF+ROH •

F

•CF3—CF=CF.-.OR.

Li

A somewhat different explanation of the mechanism of
these reactions has also been put forward: the initial step
in the reaction is considered to be attack by an anion; this
leads to the formation of an intermediate carbanion,

F—C—CF=CF 2 - r OK — C F S — C F — C F — O R ,
/ I H

F Η VF

which is then stabilised by the addition of a proton or the
elimination of a fluoride anion:

CF 3—CF—CF—OR _

CF 3—CFH—CF aOR

CFj—CF=CF—OR.

CF 2 =CF—CF 2 —OR

Under the same conditions, the relationship between
addition, allyl substitution, and vinyl substitution depends
on the structure of the perfluoroalkene and on the mobility
of the unshared pair of the nucleophilic agent239.

The main conditions that determine the stabilisation
route of the carbonium ion, and therefore the composition
of the products, in the electrophilic low-temperature halo-
genation of alkenes, are also, as pointed out above ••-"·,
the structure of the alkene and the mobility of the unshared
pair of the attacking electrophilic agent215»231. Additions
to fluoroalkenes and to alkenes are therefore similar.

A change in the mobility of the electron pairs of atoms
at the carbon atom in the a -position to the centre of the
carbonium ion, should also affect the composition of the
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