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Abstract—The addition of ICl and IBr to 1-methyl-4-t-butylcyclohexene has been investigated in
chloroform and carbon tetrachloride and the distribution of the produced trans-iodohalogenides has been
determined by NMR spectroscopy. The stereoselectivity of the addition was found to be determined by
both the reversible electrophilic first step and the nucleophilic second step. The higher stereoselectivity
of the addition of IBr is interpreted on the basis of the higher softness of bromide ion with respect to

chloride ion.

The mechanism of the electrophilic addition of halo-
gens and of pseudohalogenic species of the type
X*Y~ (X = halogen) to alkenes may be summarized
in a general way as in Scheme 1.'

It has been accepted’ for a long time that these
reactions occur through an irreversible and rate-
determining electrophilic step followed by a fast
nucleophilic step that leads to the reaction adducts
(k, > k,, k_;), the stereoselectivity of the reaction
being determined by the first step. However, to
rationalize a number of results collected*"" in the past
few years it has been assumed that in some cases a
change in the rate-determining step of the reaction
occurs, both regio- and stereoselectivity being instead
affected by the second step. This possibility has been
inferred from the analysis of the reaction product
ratios of some additions induced by Br*3¢*!' and
I+ 4578 to cyclic alkenes substituted in such a way as
to give two diastereoisomeric halonium ions which
can undergo nucleophilic attack at different rate
depending on steric and/or electronic factors and thus
lead to stereoisomerically different products.

In pursuing in our research on synthetic applica-
tions of electrophilic addition®'? to cyclic tri-
substituted alkenes, we decided to study the reaction
of interhalogens ICl and IBr with the aim of throwing
some light on the factors affecting the rate constants
of reaction steps in Scheme 1, and therefore the steric
course of the reaction.

In this paper we report the results of the addition
of ICl and IBr to 1 - methyl - 4 - tert - butyl-
cyclohexene 1 in CCl, and CHCI;. Compound 1 has
previously been used as a suitable substrate of other
electrophilic additions®*™"* since it undergoes electro-
philic attack (see Scheme 2) to the two sides of the
molecule at not very different rate to give di-
astereoisomeric iodonium ions 6 and 7. These latter
are then attacked by nucleophile Y ~ at different rate.
In fact, anti halonium ion 6 reacts with the nucleo-
phile faster than syn halonium ion 7 since it under-
goes the favoured axial attack at a tertiary site which
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Scheme 1.

has a carbocationic character higher than the second-
ary site involved in the corresponding axial attack to
7. This latter reaction is further slowed by the shield-
ing of the 4-H which is tilted' toward the centre of
the ring by ~ 15°. It must be pointed out in addition
that the carbocationic character of the tertiary site of
7 also allows to a lesser extent the equatorial attack
to this site. Therefore, the dependence of the 3/(4 + 5)
ratio on the nucleophilic species Y~ may be used to
obtain information on the relative contribution of the
single reaction steps in determining the reaction rate.
This approximate approach may usefully substitute
the more rigorous kinetic study because of difficulty
in collecting kinetic data owing to both complexity of
the reaction pattern and rather high rate of these
reactions.

For comparison purposes, the reaction of
1-methylcyclohexene 2 with ICl and IBr has been

examined, too.
§=® v’=é
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RESULTS

The reactions carried out occurred in every case in
the trans-addition mode affording mixtures of the
trans-iodohalogenides shown in Scheme 3. The prod-
ucts were not isolated because structural changes
would have occurred in the normal purification pro-
cedures. The analysis of the reaction mixtures was
achieved by 270 MHz 'H-NMR spectroscopy. The
signals attributed to the single iodohalogenides are
listed in Table 1 and the distribution of the io-
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Scheme 3.

Table 1. 'H-NMR (270 MHz) chemical shifts of (1) CH; and of (2) CHhal protons of the addition

products
Compound — §4)cq, 8 (2)caha)
Py 1.833 s 825 m, K - 65 e
3b 2.029 s 5.009 m, W, * 7.5 Hz
a 2.224 s 4.700 m, W, = 7.5 Hz
4 2.247 s 4949 m, U, = 7.5 W2
5 1.727 s G550 68, 3y 5y <175 He
5b 1.925 s 4.698 dd, 3, W, o = 175 2
- rleq »Jax
8a 1.800 s 4.676 m, W, = 10.5 Hz
8 2.008 s 4.926 m, W, = 10.5 2
% 2.160 s 4.578 m, W, = 10 H2
9 2.231 s a.

845 m, H! = 9.5 Hz

dohalogenides in the reaction mixtures from the
addition of ICl and IBr to 1 and 2 is reported in
Tables 2 and 3, respectively. The attribution of the
NMR signals is based on the fact'® that the signals of
the groups geminal to iodine appear at a lower field
than the signals of the equivalent groups geminal to

bromine or chlorine, orientation remaining un-
changed, and on the fact's that the width of the signal
of an axial proton is larger than the width of the
signal of an equatorial proton. The distribution of the
iodohalogen-derivatives in the product mixtures was
calculated from the integration of the signals dis-
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Table 2. Product distribution, stereoselectivity and regioselectivity of iodohalogenation of 1 - methyl -
4 - tert - butylcyclohexene 1

XY solvent

distribution of fodo stereoselectivity of the regioselectivity of the

species halogenides, % electrophilic attack nucleophilic attack
3 4 5 anti/syn ratio C]/C2 ratio
3/(445) anti syn
5/¢
1 CC]4 52 40 8 1.08 0.20
(] CHC13 48 45 7 0.92 attack 0.15
to C

IBr ccl, 58 3% 6 1.38 only 0.17
18r CHC]3 59 3 10 1.44 0.32

Table 3. Product distribution and regioselectivity of iodohalogenation of 1-methylcyclohexene 1

XY solvent  distribution of fodo regiosebctivity of the

species halogenides, % nucleophilic attack
8 9 C]/C ratio
8fs

G ¢, 84 16 5.25

I CHC]3 80 20 4.0

1Br CC]4 80 20 4.0

18r CHC’I3 74 26 2.85
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Scheme 4.

played by the protons geminal to halogen atoms. The
values reported in Tables 2 and 3 are average values
from three runs (average error 1 2%).

The possibility that equatorial derivative § might
be formed by isomerization of 4 rather than di-
equatorial opening of halonium ion 7 can be excluded
since isomerization is inhibited by both mild reaction
conditions (T =0°) and presence of the methyl
group."’

Control experiments performed with the presence
of a radical inhibitor (2,6 - di - tert - butyl - p - cresol)
did not give any change of the product distribution.

DISCUSSION

The use of product distribution as an indication of
the influence of the nucleophilic step on the reaction
rate of ICl and IBr addition to 1 requires the knowl-
edge of the rate ratio of the electrophilic attack to the
two sides of the molecule. This ratio may be assumed
to be comparable to the ratio anti/syn = 0.6 between

the two epoxides yielded* by epoxidation of 1, which
must be considered an irreversible electrophilic reac-
tion.

Now, we have found for 1 that the anti/syn ratio
is not only higher but depends on the nature of the
mixed halogen. Thus the conclusion must be drawn
that for these reactions the condition k; >k, k_, is
not verified, as it has previously been found in
methoxybromination® and in acetoxyiodination® of
the same substrate.

To determine the influence of the attacking species
on the nucleophilic step, we have carried out the same
reactions on l-methylcyclohexene 2, since for this
substrate it may be assumed that the product distri-
bution is not dependent on the electrophilic step. In
fact, iodonium ion 10 derived from 2 consists of two
conformers which are interconverted at a rate that is
very likely much higher than that of the nucleophilic
attack. Thus both undergo antiperiplanar opening,
10a by attack at the C-2 site (secondary) and 10b by
attack to the C-1 site (tertiary). The data reported in
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Table 3 show that the expected preference for the
attack to the tertiary site is higher in the case of Cl-
than in the case of Br-.

This trend can also be expected in the case of the
reactions of 1.'"® Thus the stereoselectivity of the
reactions of 1 with ICl should be higher than that of
the reactions with IBr if a fast-preequilibrium first
step occurred, given the reasonable hypothesis that
the concentration ratio between iodonium ions 6 and
7 is equal in both additions. As a matter of fact,
stereoselectivity is found to be higher (Table 2) in the
case of the addition of IBr than in the case of the
addition of ICIL. Thus, the conclusion must be drawn
that in the additions to 1 the electrophilic step is
actually reversible but does not constitute a fast
preequilibrium, i.e. the condition k, €k, k_, is not
verified. Thus the lower stereoselectivity of ICl as
compared to that of IBr may be rationalized by
assuming that in the case of the addition of IBr the
reversion/evolution ratio of the iodonium ions is
higher than in the case of the addition of ICl and
therefore stereoselectivity is more affected by the
nucleophilic step, i.e. by the fact that the tertiary site
of 6 is attacked faster than the secondary site of 7.

A tentative rationalization of this behaviour may
be found via the HSAB principle.'® Iodonium ions 6
and 7, which in the low polarity solvents we used are
very probably ion-paired species, may be considered
to behave as ambident electrophiles, where, because
of its higher polarizability, the positive iodine consti-
tutes a softer attack site than the partially electron
deficient carbon atoms C-1 and C-2. Since Br~ is
softer than C1-,% the former should display a higher
preference than the latter in attacking the halogen
instead of the carbon sites.” Thus the reversion of the
halonium ion to alkene as compared to its evolution
to the addition products would be faster in the case
of IBr than in the case of ICl. The well known?
reversibility of the addition of I, to alkenes may be
considered to support this point of view since it may
be ascribed to the still greater softness of I~ with
respect to Br~ which consequently causes a still more
favoured reversion of the iodonium ions.

In addition, since in iodonium ions 6, 7 and 10 C-2
is softer than C-1 owing to its lower carbocationic
character®® the softer Br~ should attack C-2 more
competitively than the harder Cl~. The found regi-
oselectivity ratios of the opening of 10, where axial
attacks are compared, appear consistent with this
expectation (Table 3, last column). This is not the
case of the regioselectivity ratios of the opening of 7.
Indeed, in this case one of the attacks is equatonially
directed and this introduces a complication factor.?

We are currently extending this work to an in-
vestigation into the effect of solvent on addition
reactions of the type referred to above. The results
collected to date also seem to be rationalizable by an
application of the HSAB principle. This study will
shortly be reported.

EXPERIMENTAL
NMR spectra were recorded with a Bruker WH 270
Fourier transform spectrometer from 10% w/v CDCl, solu-
tions using TMS as internal standard.
1-Methyl-4-t-butylcyclohexene, prepared® from a
cis-trans mixture of 1 - methyl - 4 - t - butylcyclohexanol
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by dehydration with p-TsOH, and commercial (Fluka AG)
|-methylcyclohexene were redistilled and their purity was
checked by GLC (1 m steel column, 4 mm id, packed with
15%, DC-550 on silanized Chromosorb W, 80-100 mesh;
column 120°, injector and detector 250°; N, flow: 20 ml/min)
shortly before use. Chloroform (C. Erba RPE, > 99%) and
carbon tetrachloride (C. Erba RPE, > 99.5%) were filtered
through a column of aluminum oxide (“basic”, Fluka AG)
before use. Commercial (Fluka AG) ICl (95%) and IBr
(98%) were used without further purification as 0.15M
solutions in chloroform or carbon tetrachioride. The purity
was measured by iodometric titration with sodium thio-
sulphate. 2,6 - di - t - butyl - p - cresol was purchased from
Merck.

Reaction conditions. 0.95 Mmol! interhalogen (as a 0.15 M
soln in the appropriate solvent) were added dropwise within
2min to a stirred soln of 1 mmol of alkene in the same
solvent (3.5mL) at 0° in the dark. After the addition was
complete, the reaction mixture was stirred for 3 min, washed
with 5N Na,$,0, and water, dried over Na,SO, and
evaporated in vacuo at room temp. The reaction product
mixtures consisted of unreacted alkene and iodohalogenides
and were analyzed by NMR spectroscopy. Iodohalogenide
distribution is reported in Tables 2 and 3.

Three runs were carried out for every condition. A fourth
run was also carried out in the presence of 2,6 - di - t - butyl
- p - cresol (0.2 mmoles) added to alkene.
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