Russian Journal of General Chemistryol. 72, No. 5,2002, pp. 76%773. Translated from Zhurnal Obshchei Khimii, Vol. 72, No. 2802,
pp. 821-827.
Original Russian Text Copyrigh©® 2002 by Gevorkyan, Arakelyan, Petrosyan.

lon-Pair Version of the Chemo- and Regioselectivity
of Halogen Addition to Double Bond

A. A. Gevorkyan, A.S. Arakelyan, and K. A. Petrosyan
Institute of Organic Chemistry, National Academy of Armenia, Erevan, Russia
Received March 30, 2000

Abstract — Analysis of the stereoselectivity of halogenation of alkenes shbassthe 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 organianolecule (type3 interactions in transition statd$
chemistry [1]. However, the driving forces of the andIV) rather than a still electrophilic halogen atom
chemo- and stereoselectivity of this reaction are stilthis interaction is not shown in Scheme (1)] of the
not revealed conclusively, and their theoretical internewly formed Ghalogen bond. But, what is most
pretation is controversial {A3]. For instance, it is important, one can hardly explain in terms of this
commonly accepted [2] that the additiaati addition version why the relative contributions of tlsyn and
of halogens at the alkene double bond involvesnti additions vary with varied medium polarity and
immediate formation of a halogenonium ion from theelectronic properties of subatituents—]B] in sub-
carbocationoid species resulting from electrophilicstrate and reagent, etc. Therefore, it is more probable
halogen addition, which sterically blocks the site ofthat the approach accepted in organic chemistry [2]
frontal attack of an anionic halogen fragment13]. remains actual, since there is no more substantiated
For this reason, the reaction is completed by nuclecand plausible concept of the driving force of the
philic attack of the anionic halogen fragment from thestereoselectivity of such reactions. One faces analo-
back side of the halogenonium ion, yielding thlti-  gous problems when determining the driving forces of
addition product. “substitutivé halogenation of alkenes [1,-30].

All the properties assigned to the cationoid state In this connection we considered it interesting to
(assumingly, an ion pair), as well as the evidencéind out (1) whether the problem is clarified when
invoked for substantation of this version, are inconconsidered in terms of the ion-pair concept {14]
sistent either with experimental data or with someproposed for elimination; (2) whether the regioche-
basic principles of organic chemistry. For instance, iimistry of substitutive halogenation and the stereo-
is unreasonable to suppose-13] that the nucleo- selectivity of additive halogenation are associated with
philic attack of the anionic halogen fragment canthe fact that the precursors of products of these reac-
cause halogenonium bond cleavage, since the intefions are ion pairs of the same types, each, as in
mediate species possesses electrophilic properties, agiimination [14-22], exhibiting specific reactivity
its reaction with nucleophiles should be governedvith respect to nucleophiles: in conditions favoring
exclusively by the rules of electrophilic substitution.formation of contact ion paill , asynnucleophilically
It is also unreasonable to suppose that the formatiogontrolled reactivity (interactior2), while in condi-
of a halogenonium ion from 2,3-dibromo-2,3-dimethyltions favoring formation of loose and solvent-separa-
butane is a superacid medium is evidence in favor aked ion pairslll and IV, respectivelysyn and anti-
the intermediate formation of a species detected imlectrophilically controlled (interactions and 3-6).
alkene halogenations [10], because carbocationoid
speciesll -1V formed on halogenation of alkends We found that some regularity corresponding to
have different structure and properties [Scheme (1)the above-mentioned general principles of denor
For instance, the most electrophilic of these speciegcceptor interaction can be revealed-13, 23-30]
(ion pairslll andIV) would more readily attack the under two assumptions: (1) the double bond of
counterion of the electrophilic fragment of the halogermoleculel [scheme (1)] is considered as an electro-
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Scheme 1.
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fuge-nucleofuge system in which the role of electro-tion of a series of electrophiles by C=C and C=0
fuge belongs to the carbon atom of the '®IRI group, bonds. The most important conclusion following from
of nucleofuge, the carbon atom of théCRl group the above quantum-chemical calculations and analysis
(RR'CH ranks below CHRIin electron-donor acceptor is that, contrary to commonly accepted views [1, 3
power), of*“outgoing electron pait,p electrons of the 13, 33], there is an asymmetric electron density distri-
7 bond; and (2) electrons of the bond are involved bution by the stereotopic sides of the double bond,
in reaction stepwise rather than simultaneously: firstvhich controls direction of electrophilic attack. We
electrons of onerx-bond dumpbell, and then of the could find the rule of establishing the stereotopic side
other. of the highest electron density of the substrate, and,
For understanding the proposed approach and 1:é:ronsequently, the site of electrophilic attack; this

: ion will [ Isewhere.
convenience, we label the electrofugal and nucleoqlJeStlon be discussed elsewhere

fugal fragments of the reagent, as well as formally The reaction begins with halogen attack (interac-
electron-donor and formally electron-acceptor orbitalgjgn 1) on electrons of that of the two electron-donor
of the substrate in different ways: the electrophilic and;-pond dumpbells {-g' or B-g"), which bears the
electron-donor fragments of the reagent are Ia_beled Pﬁghest electron density (in the scheme, this isfifg
and Y, respectively, electron-donor orbitals (i.e. tthumpbe”)_ Totally, however, the electron transfer
B-g andp-g" dumpbells) of the substrate are shadedgrom the double bond of the electrofuge to the nucleo-
and electrophilic orbitals of the substrate (i.e. thg  fyge (i.e.“heterolysig) and further to an electrophilic
and a-g" dumpbells) are unshaded. Take into accounhalogen atom, by analogy with compounds with a

that the halogen operates both as the catalyst and tfssical Gnucleofuge bond, occurs in three stages
reagent that effects heterolysis of this nondass"?&(lconversionsl — 11,1l > I, andlll — IV). Let us

bond G-nucleofuge. Some problems may arise inconsider each of these stages.

choosing the stereotopical side of electrophilic attack.

However, these problems can be rather easily went The first involves orgination of transition state
around in view of some quantum-chemical resultgcontact ion pair). The latter arises when reagent reac-
[31, 32] and the results of our independent analysis dfon is initiated (i.e. electrophilic act of atom X of

the experimental data on the stereochemistry of addiralogen molecule XY), and, at first, orbitals of the
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substate n-bond are slightly stretched (conversionincluding electrons of the @4 bond (interactionb),
I — 1), which corresponds to the origination of afrom the frontal side of thg3-C-X bond formed. If
contact ion pair in a molecule having a classicakhe electrophilic power of interactidwith counterion
C-nucleofuge bond. In this reaction stage, i.e. as elec¥ proves sufficient to cleave the-¥ bond in transi-
trons of the double bond come under the influence dfion statelll , then anion Y is pulled over andyn
electrophile X, counterion Y, like the nucleofuge in aadductVI is formed by the frontal electrophilically
classical Gnucleofuge bond [1, 3, 4, 6, 9, 10], controlled & mechanism (conversion pab). If this
gradually acquires an anionic character and ability tpower is insufficient or the XY bond in complexl|
attack acidic centers of the complex (here the hydras sufficiently strong for the proposed cleavage to
gen atom of the EH group (interactior?)]. If this  occur, the complex can be stabilized in two ways. One
hydrogen atom can be accepted, theHCbond is of them involves fragmentation and formation of the
deprotonated, its electron pair gets free, and -haloparent molecule (reverse conversibh — 1l — [),
alkene VI of the vinyl structure is formed by the and the other, reaction development. Depending on
nucleophilically controlled synsubstitution scheme the structure of moleculé and the nature of the re-
(conversion patha). agent, the reaction can be developed in many ways.
One of them involves electrophilisyn deprotonation
The second and third stages of C=C heterolysiginteraction5) and formation of allylic alkeneVii
(conversionsll — 1l and lll — 1V) take place at [one more type of‘substitutivé (allylic) halogenation
such reaction conditions and molecular structurg@roduct (pathb)], and the other involves reaction with
(according to [1417], these conditions do not differ electrons of the‘reservé B-g" dumpbell (conversion
from usual [1, 3, 4, 6, 9, 10]) that the electron transfetll — V). In the latter case, the deficiency of elec-
from the double bond to electrophile X (fragment oftrons will also arise on dumpbelV -a-g" (i.e. the
the C-X bond to be formed) is not discontinued in theequality a-g" = B-g" characteristic of statdll is
stretching stage (conversidn— Il). Thus, effective disturbed and the inequality-g" > B-g" characteristic
C-X bond origination is initiated, i.e. thp-electron of statelV is established) which is in the antifrontal
cloud of the double bond is really submitted to elecyposition to the €X bond to be formed. DumpbelV/ -
trophile X. This process which, as noted above, ine-g" differs from the frontal dumpbelll -a-g' in that
volves two stages, can be adequately described on thige former lacks the neighboring-group effect (interac-
assumption that first the reaction involves electronsion 3 with the counterion of the XY bond in transi-
of one dumpbell §-g) of the electron-donor orbital tion statelll ) capable of reducing its electrophilicity.
(conversionll — lII'), and the second dumpbell Therefore, dumpbelVa-a-g" is slightly more electro-
(B-g" is involved later (conversioll — 1V). Let us  philic than dumpbellll -a-g'. For this reason, its re-
illustrate this version byE-alkenesl and represent action with the nucleophile, even if it is intermole-
variations in the electron density on theorbital cular, occurs easier and gives rise toanti-addition
dumpbells by varied area of eachtbiem. Obviously, productVI (conversion pathd). And, finally, interac-
the charge density on the dumpbells varies in this wagion 5 which apparently gives rise to stereisomét
as an electrophilic halogen atom reacts with the eleosia substitutive halogenation by paghin other words,
tron-donor dumpbelp-g' (interactionl) and the elec- this version assumes that the reagent and substrate
tron deficiency on thex-g' dumpbell of substraté form a complex in which one of its fragments plays
and transition stated -1V . If the proposed version the role of a new reagent and the other, of a new
adequately describes the mechanism of reaction slbstrate.
halogens (generally, electrophiles) with alkenes, then
it is reasonable to suggest that the electrophilic attack The proposed view of the mechanism of halogen
on electrons of thg-g' dumpbell (interactioril) will  addition is fully consistent with published data-[13,
unbalance the equilibrium charge density in substratd2] and our data for additive halogen addition (see
| (a-g = B-g anda-g" = B-g"). As a result, first some table). For instance, as follows from the table, the
excess electrophilicity on dumpbdll-a-g' will arise  contribution ofanti addition by the double bond in-
(where alreadya-g > B-g) and then the stage of creases with increasing halogémlogen bond energy,
counterbalancing the newly induced charge by thee. in the series J< Cl, < Br,. For the same reason,
electron-donor centers of adjacent groups and thihe contribution ofanti chlorination of methylstyrene
environment (interaction8 and5). Thus, there arise is 54% [30], while the contribution of itanti chloro-
and become prevailing reactions of dumpbBlla-g,  hydroxylation with hypochlorous acid is 63% [34];
i.e. of electrophilic centers with the reagent counteriorihe reaction of deuterostyrene with iodine azide yields
(interaction3 with Y) with substituent R(interaction an anti addition product, while with bromine azide, a
4) and group RRCH (not shown in the scheme), mixture of stereoisomeric adducts [35], etc.
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Stereoselectivity of halogenation of certain alkenes

Addition, %
No. Substrate Halogen Reference
syn anti
1 cisMeCH=CHMe Br, 04 100 [24]
2 transMeCH=CHMe Br, 04 100 [24]
3 cisMezCCH=CHCMg Cl, 02 100 [25, 26]
4 transMe,CCH=CHCMg, cl, o° 100 [25, 26]
5 transPhCH=CHMe Cl, 28-29 55-56 [26, 27]
46 54
6 transPhCH=CHMe F, 73 27 [28]
7 cisPhCH=CHMe Cl, 21-23 62-63 [27, 29]
62 38
8 cissPhCH=CHMe F, 78 22 [28]
9 transPhCH=CHMe Br, 12 88 [29]
10 trans-4-MeOGH,CH=CHMe Br, 37 63 [29]
11 transPhCMe=CHMe Br, 63 37 [29]
12 cisPhCMe=CHMe Br, 86 14 [29]

@ According to [10], this ratio is lower than 1:106. Together with 40% of MgCHCICHMeCMe=CH.

Together the above data lead us to conclude thatansfer to the electrophilic atom X added to the
the stereochemistry of addition of halogens and re-carbon atom with subsequent formation of a transi-
lated compounds is controlled by the bond energy dfion state (solvent-separated ion pair) and its stabiliza-
the counterions of the reagent (bond-¥in transi- tion products. Unlike alkyl, aryl substituents exert
tion complexeslll and IV). While this conclusion their assistance (hidden-effect [18]) only in the
cannot be considered new (see, for instance, [8]), thiaitial stage of GX bond formation [transition state
proposed“addressing assignménbf electrophilicity 11 (contact ion pair)]. Further, when the stage of ef-
and nucleophilicity to the reaction centers of thefective electron density transfer from the C=C bond
reagent and substrate imparts to this generalizationta the halogen atom (see above) is initiated, aryl
greater predictive power. For instance, it follows fromgroups unfavor (because of their electron-acceptor
this fact that the lower the ionicity of the-X¥ bond nature) involvement in reaction of the secdharbital
(i.e. the lower the XY bond energy), the higher the dumpbell. This retards (while not completehhetero-
probability of syn addition. That is why in the com- lysis” of the double bond (see table, entry nosl13)
plexes formed by alkenes with boron hydrides (thén the stage of origination of loose ion pdil , result-
ionicity of the B-H bond is lower than 0.2ynaddi- ing in synaddition. Quite expected is also the stereo-
tion products are formed [36], whereas in the comselectivity difference betweep-methylstyrene and its
plexes formed by alkenes with mercury alkoxyacetateg-methoxy derivative (see table, entry nos. 9 and 10):
(the ionicity of the HgO bond is higher than 1.4), the latter, being better stabilized in acid medium (by
anti-addition products (to cyclohexene but not toforming an oxonium ion), more effectively retards
norbornene that forms synadduct) [37, 38], etc. This heterolysis and gives morgynaddition product (37
version is also consistent with known effects of sub-against 12%) tharg-methylstyrene (see table, entry
stituents at the C=C bond on the stereoselectivity ofio. 9).
halogen addition (see table). Thus, according to these
data, dialkylethenes (see table, entry nos:4)1 In terms of the proposed version, one can reaso-
[24-27] almost exclusively react by way oénti nably explain the effect of solvent polarity on the
addition, whereas alkylarylethenes (see table, entrgyn/antihalogenation ratio, specifically increasing
nos. 512) yield both anti and syn addition. fraction of the syn adduct with increasing solvent

polarity. Obviously, this regularity might be observed

This is apparently explained by the fact that anf polar solvents favor stretching of the-X bond in
electron-donor substituenta{alkyl group) in the transition complexeH —IV rather than op-orbitals of
alkene favors electron density transfer from the the C=C bond in the latter. This is explainable, since,
to B-carbon atom of the double bond and its furtheras shown above, the stereoselectivity of halogenation
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Scheme 2.

Here and in Scheme (1), interactidh is nucleophilic and interactiond, 3, 4 and 5 are electrophilic.

becomes to be controlled by the energetic characterisanthrene [43, 44], in which interactions likke can
tics of the electrofugenucleofuge bond in the reagent. stronger shift the equilibrium to the left [scheme (2)],
For this reason, for instance, in the low-polaritygive mostly synchlorination and -bromination
ethylene chloridecis-stylbene gives primarily aanti-  products [4345]. This metamorphosis is illustrated
bromination product (up do 80%), whereas in nitro-by the example of acenaphthylei% in scheme (2).
benzene g ~35) the contribution ofsyn bromination
increases sharply, attaining 70% and more—{&9.
The same situation is observed in brominations o
2-butene ang3-methylstyrene [26, 41]. For instance
the anti/synratios forcis{f3-methylstyrene in methyle-
ne chloride and nitrobenzene are 70:30 and 45:5
respectively [41].

In other words, such reaction path is explained by
hat interactiord markedly reduces the affinity of the
alogenonium center to counterion Y, thus facilitating
'transfer of the latter to the carbocationoid center by
Eghe scheme of frontal interactidhand formation of a
Cis-dihalo derivativeXIV rather than its stereoisomer
XV whose precursor is solvent-separated ion Kir.

The expected regularity is revealed when Compargorrespondmgly, the precursor of monohalikl is

, T : . . _contact ion pairX. In moleculesl, where substituent
ing the syn/antiaddition ratios for sterecisomeric R (alkyl groﬁp) cannot as effectively compensate for
alkenes: The contribution ofyn addition (as a rule)

: : -+ the deficit of electrons as aryl groups origination of
'torgjr:/f Séltk%nbees hllgr?fg f?ocrlscﬁlllé?i?]ea?i O(;orgﬁ?_anrqee(ilh;//\ﬁth state IV cannot be prevented, and the halogenation

styrene this ratio is 62:38 against 46:54, while forIOIrOOIUCt is ananti adduct (see above).

fluorination, 78:22 and 73:27, respectively (see table, As follows from the aforesaid, the principles of
entry nos. 5, 7 and 6, 8). Similar ratios are characterisdonor-acceptor interaction [£47], which we estab-

tic of bromination of dimethylstyrenes: 86:14 againstished for elimination, also apply to the behavior of
63:37 (see table, entry nos. 11 and 12). Most prothe ion-pair states formed by molecules withreon-
bably, the latter result is explained by that the transelassical C-nucleofuge bond; the carbocationoid
mission of the effect of nonbonded interactidwith  centers which are likely to be formed by halogen re-
substituent Rstronger affects (in our case, favor) C=Cactions with alkenes exhibit the same regio- and stereo-
heterolysis in the transition state of theans isomer selectivity as the previously described three types of
of I compared with thecis isomer [42]. Therefore, in ion pairs. Consequently, like in elimination reactions,
the cis isomers, the equilibrium between ion paits  if the observed regio- or stereochemistry of halogena-
andlV is stronger shifted to the left, thus favorisgn tion unfit the above-descrived regularities, one may
addition. For the same reason, in compounds relateslispect that the regio- and stereoselectivity are deter-
to stylbene, such as acenaphthylene [40] and phenined 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 doracceptor 17.

interaction than those characteristic of model mole-
cules in comparable experimental conditions.
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