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Abstract-Analysis of the stereoselectivity of halogenation of alkenes showsthat the notion of the reaction
intermediate as a three-membered halogenium state is contrary to fact. It is assumed that the precursors of
the halogenation products are the ion pairs formed by step heterolysis of the C=C bond. This allows a logical
connection to be revealed between the electronic properties of substituents in substrates and reagents, on the
one hand, and the overall stereoselectivity and direction of halogenation, on the other.

Halogenation of alkenes is widely used in organic
chemistry [1]. However, the driving forces of the
chemo- and stereoselectivity of this reaction are still
not revealed conclusively, and their theoretical inter-
pretation is controversial [2313]. For instance, it is
commonly accepted [2] that the additiveanti addition
of halogens at the alkene double bond involves
immediate formation of a halogenonium ion from the
carbocationoid species resulting from electrophilic
halogen addition, which sterically blocks the site of
frontal attack of an anionic halogen fragment [3313].
For this reason, the reaction is completed by nucleo-
philic attack of the anionic halogen fragment from the
back side of the halogenonium ion, yielding theanti-
addition product.

All the properties assigned to the cationoid state
(assumingly, an ion pair), as well as the evidence
invoked for substantation of this version, are incon-
sistent either with experimental data or with some
basic principles of organic chemistry. For instance, it
is unreasonable to suppose [2313] that the nucleo-
philic attack of the anionic halogen fragment can
cause halogenonium bond cleavage, since the inter-
mediate species possesses electrophilic properties, and
its reaction with nucleophiles should be governed
exclusively by the rules of electrophilic substitution.
It is also unreasonable to suppose that the formation
of a halogenonium ion from 2,3-dibromo-2,3-dimethyl-
butane is a superacid medium is evidence in favor of
the intermediate formation of a species detected in
alkene halogenations [10], because carbocationoid
speciesII 3IV formed on halogenation of alkenesI
have different structure and properties [Scheme (1)].
For instance, the most electrophilic of these species
(ion pairs III and IV ) would more readily attack the
counterion of the electrophilic fragment of the halogen

molecule (type3 interactions in transition statesIII
and IV ) rather than a still electrophilic halogen atom
[this interaction is not shown in Scheme (1)] of the
newly formed C3halogen bond. But, what is most
important, one can hardly explain in terms of this
version why the relative contributions of thesyn and
anti additions vary with varied medium polarity and
electronic properties of subatituents [1313] in sub-
strate and reagent, etc. Therefore, it is more probable
that the approach accepted in organic chemistry [2]
remains actual, since there is no more substantiated
and plausible concept of the driving force of the
stereoselectivity of such reactions. One faces analo-
gous problems when determining the driving forces of
[substitutive] halogenation of alkenes [1, 3310].

In this connection we considered it interesting to
find out (1) whether the problem is clarified when
considered in terms of the ion-pair concept [14317]
proposed for elimination; (2) whether the regioche-
mistry of substitutive halogenation and the stereo-
selectivity of additive halogenation are associated with
the fact that the precursors of products of these reac-
tions are ion pairs of the same types, each, as in
elimination [14322], exhibiting specific reactivity
with respect to nucleophiles: in conditions favoring
formation of contact ion pairII , asyn-nucleophilically
controlled reactivity (interaction2), while in condi-
tions favoring formation of loose and solvent-separa-
ted ion pairsIII and IV , respectivelysyn- and anti-
electrophilically controlled (interactions1 and 336).

We found that some regularity corresponding to
the above-mentioned general principles of donor3

acceptor interaction can be revealed [1313, 23330]
under two assumptions: (1) the double bond of
molecule I [scheme (1)] is considered as an electro-
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Scheme 1.
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fuge3nucleofuge system in which the role of electro-
fuge belongs to the carbon atom of the RR``CH group,
of nucleofuge, the carbon atom of the R`CH group
(RR``CH ranks below CHR̀in electron-donor acceptor
power), of[outgoing electron pair,] p electrons of the
p bond; and (2) electrons of thep bond are involved
in reaction stepwise rather than simultaneously: first
electrons of onep-bond dumpbell, and then of the
other.

For understanding the proposed approach and for
convenience, we label the electrofugal and nucleo-
fugal fragments of the reagent, as well as formally
electron-donor and formally electron-acceptor orbitals
of the substrate in different ways: the electrophilic and
electron-donor fragments of the reagent are labeled X
and Y, respectively, electron-donor orbitals (i.e. the
b-g` andb-g`` dumpbells) of the substrate are shaded,
and electrophilic orbitals of the substrate (i.e. thea-g`
anda-g`` dumpbells) are unshaded. Take into account
that the halogen operates both as the catalyst and the
reagent that effects heterolysis of this nonclassical
bond C3nucleofuge. Some problems may arise in
choosing the stereotopical side of electrophilic attack.
However, these problems can be rather easily went
around in view of some quantum-chemical results
[31, 32] and the results of our independent analysis of
the experimental data on the stereochemistry of addi-

tion of a series of electrophiles by C=C and C=O
bonds. The most important conclusion following from
the above quantum-chemical calculations and analysis
is that, contrary to commonly accepted views [1, 33

13, 33], there is an asymmetric electron density distri-
bution by the stereotopic sides of the double bond,
which controls direction of electrophilic attack. We
could find the rule of establishing the stereotopic side
of the highest electron density of the substrate, and,
consequently, the site of electrophilic attack; this
question will be discussed elsewhere.

The reaction begins with halogen attack (interac-
tion 1) on electrons of that of the two electron-donor
p-bond dumpbells (b-g` or b-g``), which bears the
highest electron density (in the scheme, this is theb-g`
dumpbell). Totally, however, the electron transfer
from the double bond of the electrofuge to the nucleo-
fuge (i.e.[heterolysis]) and further to an electrophilic
halogen atom, by analogy with compounds with a
classical C3nucleofuge bond, occurs in three stages
(conversionsI 6 II , II 6 III , andIII 6 IV ). Let us
consider each of these stages.

The first involves orgination of transition stateII
(contact ion pair). The latter arises when reagent reac-
tion is initiated (i.e. electrophilic act1 of atom X of
halogen molecule X3Y), and, at first, orbitals of the
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substatep-bond are slightly stretched (conversion
I 6 II ), which corresponds to the origination of a
contact ion pair in a molecule having a classical
C3nucleofuge bond. In this reaction stage, i.e. as elec-
trons of the double bond come under the influence of
electrophile X, counterion Y, like the nucleofuge in a
classical C3nucleofuge bond [1, 3, 4, 6, 9, 10],
gradually acquires an anionic character and ability to
attack acidic centers of the complex (here the hydro-
gen atom of the R̀CH group (interaction2)]. If this
hydrogen atom can be accepted, the C3H bond is
deprotonated, its electron pair gets free, and halo3

alkene VI of the vinyl structure is formed by the
nucleophilically controlled syn-substitution scheme
(conversion patha).

The second and third stages of C=C heterolysis
(conversionsII 6 III and III 6 IV ) take place at
such reaction conditions and molecular structure
(according to [14317], these conditions do not differ
from usual [1, 3, 4, 6, 9, 10]) that the electron transfer
from the double bond to electrophile X (fragment of
the C3X bond to be formed) is not discontinued in the
stretching stage (conversionI 6 II ). Thus, effective
C3X bond origination is initiated, i.e. thep-electron
cloud of the double bond is really submitted to elec-
trophile X. This process which, as noted above, in-
volves two stages, can be adequately described on the
assumption that first the reaction involves electrons
of one dumpbell (b-g`) of the electron-donor orbital
(conversion II 6 III ), and the second dumpbell
(b-g``) is involved later (conversionIII 6 IV ). Let us
illustrate this version byE-alkenes I and represent
variations in the electron density on thep-orbital
dumpbells by varied area of each ofthem. Obviously,
the charge density on the dumpbells varies in this way
as an electrophilic halogen atom reacts with the elec-
tron-donor dumpbellb-g` (interaction1) and the elec-
tron deficiency on thea-g` dumpbell of substrateI
and transition statesII 3IV . If the proposed version
adequately describes the mechanism of reaction of
halogens (generally, electrophiles) with alkenes, then
it is reasonable to suggest that the electrophilic attack
on electrons of theb-g` dumpbell (interaction1) will
unbalance the equilibrium charge density in substrate
I (a-g` = b-g` anda-g`` = b-g``). As a result, first some
excess electrophilicity on dumpbellII -a-g` will arise
(where alreadya-g` > b-g`) and then the stage of
counterbalancing the newly induced charge by the
electron-donor centers of adjacent groups and the
environment (interactions3 and 5). Thus, there arise
and become prevailing reactions of dumpbellIII -a-g`,
i.e. of electrophilic centers with the reagent counterion
(interaction3 with Y) with substituent R̀(interaction
4) and group RR̀̀CH (not shown in the scheme),

including electrons of the C3H bond (interaction5),
from the frontal side of theb-C3X bond formed. If
the electrophilic power of interaction3 with counterion
Y proves sufficient to cleave the X3Y bond in transi-
tion state III , then anion Y is pulled over andsyn
adduct VI is formed by the frontal electrophilically
controlled SE mechanism (conversion pathb). If this
power is insufficient or the X3Y bond in complexIII
is sufficiently strong for the proposed cleavage to
occur, the complex can be stabilized in two ways. One
of them involves fragmentation and formation of the
parent molecule (reverse conversionIII 6 II 6 I ),
and the other, reaction development. Depending on
the structure of moleculeI and the nature of the re-
agent, the reaction can be developed in many ways.
One of them involves electrophilicsyn deprotonation
(interaction 5) and formation of allylic alkeneVII
[one more type of[substitutive] (allylic) halogenation
product (pathb)], and the other involves reaction with
electrons of the[reserve] b-g`` dumpbell (conversion
III 6 IV ). In the latter case, the deficiency of elec-
trons will also arise on dumpbellIV -a-g`` (i.e. the
equality a-g`` = b-g`` characteristic of stateIII is
disturbed and the inequalitya-g`` > b-g`` characteristic
of stateIV is established) which is in the antifrontal
position to the C3X bond to be formed. DumpbellIV -
a-g`` differs from the frontal dumpbellIII -a-g` in that
the former lacks the neighboring-group effect (interac-
tion 3 with the counterion of the X3Y bond in transi-
tion stateIII ) capable of reducing its electrophilicity.
Therefore, dumpbellIVa -a-g`` is slightly more electro-
philic than dumpbellIII -a-g`. For this reason, its re-
action with the nucleophile, even if it is intermole-
cular, occurs easier and gives rise to ananti-addition
productVI (conversion pathd). And, finally, interac-
tion 5 which apparently gives rise to stereisomerVII
via substitutive halogenation by pathe. In other words,
this version assumes that the reagent and substrate
form a complex in which one of its fragments plays
the role of a new reagent and the other, of a new
substrate.

The proposed view of the mechanism of halogen
addition is fully consistent with published data [1313,
32] and our data for additive halogen addition (see
table). For instance, as follows from the table, the
contribution of anti addition by the double bond in-
creases with increasing halogen3halogen bond energy,
i.e. in the series F2 < Cl2 < Br2. For the same reason,
the contribution ofanti chlorination of methylstyrene
is 54% [30], while the contribution of itsanti chloro-
hydroxylation with hypochlorous acid is 63% [34];
the reaction of deuterostyrene with iodine azide yields
an anti addition product, while with bromine azide, a
mixture of stereoisomeric adducts [35], etc.
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Stereoselectivity of halogenation of certain alkenes
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

No.
³

Substrate
³

Halogen
³ Addition, % ³

Reference³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´
³ ³ ³ syn ³ anti ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ cis-MeCH=CHMe ³ Br2 ³ 0a ³ 100 ³ [24]
2 ³ trans-MeCH=CHMe ³ Br2 ³ 0a ³ 100 ³ [24]
3 ³ cis-Me3CCH=CHCMe3 ³ Cl2 ³ 0a ³ 100 ³ [25, 26]
4 ³ trans-Me3CCH=CHCMe3 ³ Cl2 ³ 0b ³ 100 ³ [25, 26]
5 ³ trans-PhCH=CHMe ³ Cl2 ³ 28329 ³ 55356 ³ [26, 27]

³ ³ ³ 46 ³ 54 ³
6 ³ trans-PhCH=CHMe ³ F2 ³ 73 ³ 27 ³ [28]
7 ³ cis-PhCH=CHMe ³ Cl2 ³ 21323 ³ 62363 ³ [27, 29]

³ ³ ³ 62 ³ 38 ³
8 ³ cis-PhCH=CHMe ³ F2 ³ 78 ³ 22 ³ [28]
9 ³ trans-PhCH=CHMe ³ Br2 ³ 12 ³ 88 ³ [29]

10 ³ trans-4-MeOC6H4CH=CHMe ³ Br2 ³ 37 ³ 63 ³ [29]
11 ³ trans-PhCMe=CHMe ³ Br2 ³ 63 ³ 37 ³ [29]
12 ³ cis-PhCMe=CHMe ³ Br2 ³ 86 ³ 14 ³ [29]

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
a According to [10], this ratio is lower than 1 : 100.b Together with 40% of Me3CHClCHMeCMe=CH2.

Together the above data lead us to conclude that
the stereochemistry of addition of halogens and re-
lated compounds is controlled by the bond energy of
the counterions of the reagent (bond X3Y in transi-
tion complexesIII and IV ). While this conclusion
cannot be considered new (see, for instance, [8]), the
proposed[addressing assignment] of electrophilicity
and nucleophilicity to the reaction centers of the
reagent and substrate imparts to this generalization a
greater predictive power. For instance, it follows from
this fact that the lower the ionicity of the X3Y bond
(i.e. the lower the X3Y bond energy), the higher the
probability of syn addition. That is why in the com-
plexes formed by alkenes with boron hydrides (the
ionicity of the B3H bond is lower than 0.2),syn-addi-
tion products are formed [36], whereas in the com-
plexes formed by alkenes with mercury alkoxyacetates
(the ionicity of the Hg3O bond is higher than 1.4),
anti-addition products (to cyclohexene but not to
norbornene that forms asynadduct) [37, 38], etc. This
version is also consistent with known effects of sub-
stituents at the C=C bond on the stereoselectivity of
halogen addition (see table). Thus, according to these
data, dialkylethenes (see table, entry nos. 134)
[24327] almost exclusively react by way ofanti
addition, whereas alkylarylethenes (see table, entry
nos. 5312) yield both anti and syn addition.

This is apparently explained by the fact that an
electron-donor substituent (a-alkyl group) in the
alkene favors electron density transfer from thea-
to b-carbon atom of the double bond and its further

transfer to the electrophilic atom X added to the
b-carbon atom with subsequent formation of a transi-
tion state (solvent-separated ion pair) and its stabiliza-
tion products. Unlike alkyl, aryl substituents exert
their assistance (hiddena-effect [18]) only in the
initial stage of C3X bond formation [transition state
II (contact ion pair)]. Further, when the stage of ef-
fective electron density transfer from the C=C bond
to the halogen atom (see above) is initiated, aryl
groups unfavor (because of their electron-acceptor
nature) involvement in reaction of the secondb-orbital
dumpbell. This retards (while not completely)[hetero-
lysis] of the double bond (see table, entry nos. 5312)
in the stage of origination of loose ion pairIII , result-
ing in syn addition. Quite expected is also the stereo-
selectivity difference betweenb-methylstyrene and its
p-methoxy derivative (see table, entry nos. 9 and 10):
the latter, being better stabilized in acid medium (by
forming an oxonium ion), more effectively retards
heterolysis and gives moresyn-addition product (37
against 12%) thanb-methylstyrene (see table, entry
no. 9).

In terms of the proposed version, one can reaso-
nably explain the effect of solvent polarity on the
syn/anti-halogenation ratio, specifically increasing
fraction of the syn adduct with increasing solvent
polarity. Obviously, this regularity might be observed
if polar solvents favor stretching of the X3Y bond in
transition complexesII 3IV rather than ofp-orbitals of
the C=C bond in the latter. This is explainable, since,
as shown above, the stereoselectivity of halogenation
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Scheme 2.
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becomes to be controlled by the energetic characteris-
tics of the electrofuge3nucleofuge bond in the reagent.
For this reason, for instance, in the low-polarity
ethylene chloridecis-stylbene gives primarily ananti-
bromination product (up do 80%), whereas in nitro-
benzene (e ~35) the contribution ofsyn bromination
increases sharply, attaining 70% and more [39341].
The same situation is observed in brominations of
2-butene andb-methylstyrene [26, 41]. For instance,
the anti/synratios forcis-b-methylstyrene in methyle-
ne chloride and nitrobenzene are 70 :30 and 45 :55,
respectively [41].

The expected regularity is revealed when compar-
ing the syn/anti-addition ratios for stereoisomeric
alkenes: The contribution ofsyn addition (as a rule)
proves to be higher forcis alkenes compared with
trans alkenes. Thus, for chlorination ofb-methyl-
styrene this ratio is 62 :38 against 46 :54, while for
fluorination, 78 :22 and 73 :27, respectively (see table,
entry nos. 5, 7 and 6, 8). Similar ratios are characteris-
tic of bromination of dimethylstyrenes: 86 :14 against
63 :37 (see table, entry nos. 11 and 12). Most pro-
bably, the latter result is explained by that the trans-
mission of the effect of nonbonded interaction4 with
substituent R̀stronger affects (in our case, favor) C=C
heterolysis in the transition state of thetrans isomer
of I compared with thecis isomer [42]. Therefore, in
the cis isomers, the equilibrium between ion pairsIII
andIV is stronger shifted to the left, thus favoringsyn
addition. For the same reason, in compounds related
to stylbene, such as acenaphthylene [40] and phe-

nanthrene [43, 44], in which interactions like4 can
stronger shift the equilibrium to the left [scheme (2)],
give mostly syn-chlorination and -bromination
products [43345]. This metamorphosis is illustrated
by the example of acenaphthyleneIX in scheme (2).

In other words, such reaction path is explained by
that interaction4 markedly reduces the affinity of the
halogenonium center to counterion Y, thus facilitating
transfer of the latter to the carbocationoid center by
the scheme of frontal interaction3 and formation of a
cis-dihalo derivativeXIV rather than its stereoisomer
XV whose precursor is solvent-separated ion pairXII .
Correspondingly, the precursor of monohalideXIII is
contact ion pairX. In moleculesI , where substituent
R` (alkyl group) cannot as effectively compensate for
the deficit of electrons as aryl groups origination of
state IV cannot be prevented, and the halogenation
product is ananti adduct (see above).

As follows from the aforesaid, the principles of
donor3acceptor interaction [14317], which we estab-
lished for elimination, also apply to the behavior of
the ion-pair states formed by molecules with a[non-
classical] C3nucleofuge bond; the carbocationoid
centers which are likely to be formed by halogen re-
actions with alkenes exhibit the same regio- and stereo-
selectivity as the previously described three types of
ion pairs. Consequently, like in elimination reactions,
if the observed regio- or stereochemistry of halogena-
tion unfit the above-descrived regularities, one may
suspect that the regio- and stereoselectivity are deter-
mined with some mistakes or that there is some other
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steric manifestation of the electron-donor capacity of
the C=C bond or another type of donor3acceptor
interaction than those characteristic of model mole-
cules in comparable experimental conditions.
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