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Abstract Full geometric optimization of endo-tricy-
clo[3.2.1.02,4]oct-6-ene (endo-TCO) by ab initio and
DFT methods allowed us to investigate the structure of
the molecule. The double bond is endo-pyramidalized
and its two faces are no longer found to be equivalent.
The exo face of the double bond has regions with far
more electron density (qi,HOMO) and more negative
electrostatic potential. The endo-TCO-Br2 system was
investigated at the B3LYP/6-311+G** level and the
endo-TCOÆÆÆBr2(exo) molecular complex was found to be
relatively more stable than the endo-TCOÆÆÆBr2(endo)
complex. The cationic intermediates of the reaction were
studied by ab initio and DFT methods. The bridged exo-
bromonium cation(I) is relatively more stable than the
endo-bromonium cation(II). An absolute exo-facial
selectivity should be observed in the addition reaction of
Br2 to endo-TCO, which is caused by steric and elec-
tronic factors. The nonclassical rearranged cation IV

was found to be the most stable ion among the cationic
intermediates and the ionic addition occurs via the for-
mation of this cation. The mechanism of the addition
reaction is also discussed.
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Introduction

In addition to all the numerous industrial applications as
pesticides, plastics, fire retardants and pharmaceutical
chemicals, the halogen derivatives of a compound are

also valuable as a model for synthesizing other deriva-
tives. Therefore, the halogenation of organic compounds
is an important process. Electrophilic addition reactions
of halogens to unsaturated molecules have been studied
extensively both theoretically and experimentally but the
mechanism and stereochemistry of these reactions are
still under discussion as well as the nature, the structure
and the stability of the intermediates formed during
addition. Olefin–halogen molecular complexes are
important intermediates formed in the earlier steps of the
addition reaction [1–9]. The determination of the struc-
ture and the stability of olefin–halogen molecular com-
plexes and cationic intermediates plays an important role
in the investigation of the addition reactions’ mechanism
and stereochemistry. Since the intermediates possess low
stabilities and high reactivities, it is difficult to obtain
such experimental data. However, quantum-chemical
calculations provide a reliable source for these data.

The addition reactions of halogens to unsaturated
strained molecules and the reaction intermediates have
been investigated quantum chemically [1–7,10–14]. In this
connection, we have recently reported theoretical inves-
tigations of the addition of bromine and chlorine to ole-
fins with rigid structure [15]. In continuation of our
interest in quantum-chemical studies related to the addi-
tion of halogens to unsaturated strained molecules,
we wish to report here the results obtained from
the investigation of the addition of bromine to endo-
tricyclo[3.2.1.02,4]oct-6-ene. Reaction of endo-tricy-
clo[3.2.1.02,4] oct-6-ene (endo-TCO) with bromine gave
two rearranged products; 6-exo-8-anti-dibromo-exo-tri-
cyclo[3.2.1.02,4]octane(1) and 5-exo-bromo-3-endo bro-
momethyltricyclo[2.2.1.02,6]heptane(2) [16]. In order to
carry out a detailed analysis of the formation mechanism
and stereochemistry of the products in this reaction, a
quantum-chemical investigation of the structures and
the stabilities of the reaction intermediates seems to be
very important. On the other hand, the formation of
5-exo-bromo-3-endo-bromomethyltricyclo[2.2.1.02.6]hep-
tane(2) product from the nonclassical cation IV or exo-
classical bromocarbonium cation III is still a subject of
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discussion (Scheme 1) [16]. These two reasonable routes
to product 2 are not differentiated by experiment. [16].

Although nonrearranged trans- and cis-adducts are
formed in the addition reaction of bromine to exo-TCO,
nonrearranged products are not formed in the bromin-
ation of endo-TCO [16]. In general, the stereochemical
regularities of the addition reactions of halogens to
unsaturated strained molecules are the subjects of de-
tailed investigation. The bromination of unsaturated bi-
and tricyclic systems with molecular bromine leads to
rearrangements of the molecular skeleton [16–21]. The
stereoselectivity of these reactions depends substantially
on the electronic and the geometrical structures of the
double bonds of the strained olefins. The most impor-
tant factors that affect the structure and stability of
olefin–halogen molecular complexes are the structure
and the properties of the olefins.

In this study, the geometry and the electronic struc-
ture of the endo-tricyclo[3.2.1.02,4] oct-6-ene have been
investigated in detail by ab initio and density-functional
theory (DFT) methods. Endo-TCOÆÆÆBr2 molecular
complexes have been studied using DFT and their stable
configurations have been determined. The structure and
the stability of cations and their isomers have also been
investigated by ab initio and DFT methods. The for-
mation mechanism of the addition products is discussed.

Methodology

The geometry and the electronic structure of endo-tri-
cyclo[3.2.1.02,4]oct-6-ene(endo-TCO) was investigated by
the ab initio SCF method using the 6-31G*, [22] 6-
311G* and 6-311G** [23] basis sets and with DFT at the
B3LYP/6-31G* [24, 25] level. The theoretical investiga-
tion of endo-TCOÆÆÆBr2 molecular complexes used the
B3LYP/6-311+G** method [26]. Basis-set superposi-
tion error (BSSE) energies are corrected. The predicted
cationic intermediates formed in the addition reactions
have been investigated at the HF/6-311G*, HF/6-
311G** and B3LYP/6-311G** levels. The electron-cor-
relation energy was calculated using Moller–Plesset
second-order perturbation theory [27]. All stationary
points were characterized by calculating the vibrational
freqencies and zero-point vibrational energies were ad-
ded for all species. The calculations were carried out
with different basis sets and the results compared. Full
geometry optimizations were carried out using the Po-
lak–Ribiere (conjugate gradient) algorithm (convergence
of 0.00001 kcal mol�1) and an RMS gradient at
0.001 kcal (Å mol)�1. The calculations were perfomed
with the HyperChem 7.5 and Gaussian98 programs with
an IBM PC Pentium IV computer.
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Results and discussion

Full geometry optimization of exo-TCO molecule was
performed at the HF/6-31G*, HF/6-311G*, HF/6-
311G**, B3LYP/6-31G* and B3LYP/6-311+G** levels
and the structure of the molecule was also investigated in
detail. In the light of the results obtained from each
method, the pyramidalization parameters of each mol-
ecule were evaluated with the aim of determining the
structural deformation of the double bond. The values
of the pyramidalization angle (/) (the angle between the
plane containing one of the double bonded carbons and
the two substituents attached to it and the extension of
the double bond) [28] and of the out-of-plane bending
angle (v) (out of plane angle: between plane C1C7C6C5
and plane H6C6C7H7 as seen in Scheme 1) [29] were
calculated for each method. These results are given in
Table 1. According to the results obtained, the double
bond of endo-TCO is endo-pyramidalized. The two faces
of the double bond are not equivalent and the electron
density in the exo-direction must be larger than that in
the endo-direction. This extraordinary geometrical fea-
ture causes the very remarkable p-facial selectivity in the
addition reactions to the double bond [30]. Thus, the
addition reaction of bromine to endo-TCO, in which the
double bond is endo-pyramidalized, should be seen as
exo-selectivity. In general, the facial selectivity of an
attack on a pyramidalized olefin parallels the pyrami-
dalization [31, 32]. When the pyramidalization degree of
the double bond of olefins increases, their chemical
reactivity also increases [30].

An analysis of the frontier orbital (HOMO) of endo-
TCO showed that this orbital is principally localized on
the double bond (Fig. 1). As seen in Fig. 1, exo- and
endo-faces of the endo-pyramidalized double bond of the
molecule are nonequivalent and the electron density in
exo-face is large. Therefore, the bromination reaction of
endo-TCO should show facial selectivity. The addition of
bromine should occur from the exo-side, which has
higher electron density.

One of the most accurate methods for determining
the direction of electrophilic attack of halogens on
double bonds of strained olefins is calculating the
molecular electrostatic potentials (MESP) of the mole-
cule. The MESP surfaces show considerable topo-
graphical variation with many saddle points, minima
and maxima. Every p-bond of olefins has a local mini-
mum of the electrostatic potential on either face. Since
the regions with large negative potential should direct

the initial approach of an electrophile, the relative
depths of the two minima can be used to predict the
preferred facial selectivity. Alternatively, integrated
volumes of a certain negative potential can be obtained
for the two faces. Electrophilic attack is predicted to be
more favorable on the face with larger integrated vol-
ume. These approaches have been used effectively in a
number of systems, qualitatively as well as rigorously
[33–35]. In order to understand from which side of the
double bond the bromine attacks, the molecular elec-
trostatic potential (MESP) (in kcal mol�1) of the mol-
ecule was calculated by HF/6-311G* level (Fig. 2). The
electrostatic potential contour maps of the molecule re-
veal that the electrophilic attack of bromine occurs
predominantly on the exo-face of the double bond.

As known, olefin-halogen molecular complexes are
formed in the first step of electrophilic addition of hal-
ogens to olefins. According to the thermodynamic sta-
bility of the molecular complexes, it is possible to
determine the side from which the halogen attacks. In
order to find out or investigate Br2 attack on endo-TCO,
the endo-TCO-Br2 system was investigated in detail at
the B3LYP/6-311+G** level. The orientation of halo-
gens to the double bond of unsaturated bi- and tricyclic
compounds is generally possible from the exo- or endo-
sides. Furthermore, the approach of a halogen molecule
to the double bond may occur either in axial (the C¥ axis
of halogen molecule is perpendicular to double bond
plane) or equatorial (the C¥ axis of halogen is parallel to
double bond plane) position. Hence, the full geometry
optimization of the various configurations of the endo-
TCO-Br2 system was performed and stable configura-
tions corresponding to the minimum energy levels
determined. In this connection, two configurations cor-
responding to the minima of the endo-TCO-Br2 system
were identified. A local minimum was found for the

Table 1 The calculated total
energies (kcal mol�1), energies
of frontier molecular orbitals
(eV), double bond lengths (Å)
and pyramidalization
parameters (degrees) of endo-
tricyclo[3.2.1.02,4]oct-6-ene

Method Etot eHOMO eLUMO rC=C / v

HF/6-31G* �193698.4810 �9.189 4.997 1.323 4.856 5.145
HF/6-311G* �193731.7395 �9.296 4.213 1.322 5.105 5.432
HF/6-311G** �193741.7798 �9.298 4.211 1.321 5.201 5.493
B3LYP/6-31G* �194886.1317 �6.290 0.635 1.344 5.248 5.573
B3LYP/6-311+G** �194928.1252 �6.292 0.634 1.344 5.514 5.865

Fig. 1 Electron density distribution (HOMO) of the endo-tricy-
clo[3.2.1.02,4]oct-6-ene(HF/6-311G*)
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endo-TCOÆÆÆBr2 (exo) molecular complex, which is
formed by the exo-orientation of the Br2 molecule to the
double bond of endo-TCO in the axial position (Fig. 3)
A shallow minimum was found for the endo-TCOÆÆÆBr2
(endo) molecular complex formed by the approach of a
Br2 molecule to the double bond in the axial position
and in an endo-orientation (Fig. 3). The properties of the
molecular complexes are shown in Table 2. In endo-
TCOÆÆÆBr2(endo), the equilibrium distance RX-Br (X is the
midpoint of the C=C bond of endo-TCO) is 4.549 Å
and the stabilization energy of the complex is low (0.084
kcal mol-1). The molecular geometry of the endo-
TCOÆÆÆBr2 (endo) complex is in agreement with the
geometry of the isolated endo-TCO and bromine mole-
cules. This situation indicates that the molecular inter-
action on the endo-side is very low. Furthermore, the
values of equilibrium distances and stabilization energies
of the endo-TCOÆÆÆBr2 (endo) system reveal that the ap-
proach of the Br2 molecule to the double bond on the
endo-side is difficult and not effective. This difficulty can
be attributed mainly to the steric hindrance of the
cyclopropane ring of endo-TCO.

The exo-form of the endo-TCOÆÆÆBr2 (exo) molecular
complex is more stable than the endo-form (Table 2). It
is reasonable to consider that the orientation of the Br2
molecule to the double bond may essentially occur on
the exo-side because of the steric hindrance of the
cyclopropane ring of endo-TCO. Hence, an absolute
exo-selectivity must be taken into consideration. On the
other hand, as we pointed out, the electron density (qi,
HOMO) on the exo-face of the endo-pyramidalized double
bond of endo-TCO is higher than on the endo-face
(Fig. 1). In other words, the HOMOTCO–LUMObrom

interaction possible from the exo-face of the double
bond in the formation of the exo-molecular complex is
more effective than that of the endo-face and should be
optimal. According to frontier molecular orbital theory,

the HOMOolf–LUMOhalogen interaction is the decisive
factor in the formation of olefin–halogen complexes [36].
Thus, because of steric and electronic factors, the exo-
molecular complex is more stable than the endo-molec-
ular complex (Table 2). In a similar manner, exo-facial
selectivity is caused by steric and electronic effects. As a
result, endo-TCOÆÆÆBr2 (exo) molecular complex must be
formed as an essential and important intermediate dur-
ing the ionic addition of Br2 to endo-TCO. Studies of the
structures and stabilities of the molecular complexes are
very important in the determination of facial selectivity
and regioselectivity of the addition reactions.

The bromine molecule in the endo-TCOÆÆÆBr2 (exo)
complex is partially polarized. The bromine atom near
the double bond has a partial positive charge and the
other one has a partial negative charge (Table 2). The
bond length of the bromine atoms in the complex is
longer than that of the neutral bromine molecule (Ta-
ble 2). These results indicate that the endo-TCOÆÆÆBr2
(exo) form plays an important part for the heterolytic
splitting of the bromine molecule leading to an ionic
addition. Theoretical investigations show that molecular
complexes are essential and important intermediates of
the addition reactions.

Molecular complexes are more stable in a solvent
medium than in the gas phase, and their stabilization
energies become higher as the solvent polarity increases
[37]. The polarization of bromine and subsequent het-
erolytic splitting of the endo-TCOÆÆÆBr2 (exo) molecular
complex results in the formation of the exo-bridged
bromonium cation. This cation and its isomers are
possible intermediates in the addition reactions of bro-
mine to endo-TCO in the gas phase and solvent medium
(Scheme 2).

Fig. 3 The optimized geometries of endo-TCOÆÆÆBr2 (exo) and endo-
TCOÆÆÆBr2 (endo) molecular complexes (B3LYP/6-311+G**)

Table 2 The properties of endo-
TCO...Br2 (exo) and endo-
TCO...Br2 (endo) molecular
complexes (B3LYP/6-
311+G**)

Molecular
complex

Stabilization
energy
(kcal mol-1)

Equilibrium
distance
Re (Å)

rBr-Br (Å) Charge on
bromines (e)

Transferred
charge from
endo TCO to Br2 (e)

near far

endo-TCOÆÆÆBr2(exo) 1.976 2.947 2.375 0.021 -0.069 0.048
endo-TCOÆÆÆBr2(endo) 0.084 4.549 2.367 0.006 -0.025 0.019

Fig. 2 Molecular electrostatic potential contour map of endo-
tricyclo[3.2.1.02,4]oct-6-ene (HF/6-311G*)

293



In order to determine the structures and relative
stabilities of the predicted cationic intermediates
(Scheme 2), their full geometry optimization was per-
formed at the HF/6-311G*, HF/6-311G** and B3LYP/
6-311G** levels and the total energies (Etot) calculated.
Single-point energy calculations at the MP2/6-311G**//
HF/6-311G** level were used to evaluate the electron-
correlation effect on the energies and the order of sta-
bility of cations. The calculated relative energies are gi-
ven in Table 3.

Because of the steric hindrance (Scheme 2, cation II)
caused by the cyclopropane ring, the endo-bridged-bro-
monium cation II is unstable. In endo-bridge cation II,
the steric interaction of the bromine with the hydrogen
atom of methylene group is at a maximum. Endo-bro-
monium cation II is relatively less stable than exo-bro-
monium cation I and the formation probability of cation
II is low. In other words, an exo-bridged cation formed
by the splitting of the exo-molecular complex is more
stable than an endo-bridged cation. This reveals that
absolute exo-facial selectivity must be considered in the
mechanism of the electrophilic addition of Br2 to endo-
TCO. The exo-bromonium cation is relatively more
stable than the classical bromocarbonium cation III. For
this reason, the conversion of cation I to ion III is not
easy. The relative stabilities of bridged halogenium and
the classical halogenocarbonium cations are still under
discussion in the literature [38, 39]. According to calcu-

lations performed by ab initio and DFT methods,
bridged bromonium cations are more stable than the
corresponding classical bromocarbonium cations [38,
39]. Among the cationic intermediates, the most stable
one is the nonclassical rearranged cation IV. These
results are consistent with those calculated for the
2-norbornyl, exo-2-bromo-3-benzonorbornenyl and 6-
tricyclo[3.2.1.02,4]octyl cations using various quantum-
chemical methods [10, 40–43]. The nonclassical cation
IV is probably formed by a Wagner–Meerwein rear-
rangement involving an alkyl migration from exo-
bridged-bromonium cation I. It is reasonable to consider
that the ionic addition of bromine to endo-TCO pro-
ceeds via the formation of nonclassical rearranged cat-
ion IV because of its higher stability.

The cyclopropyl group has long been considered to
be similar to a double bond and so can stabilize cations
even at remote positions [44]. The positive charge of
rearranged cation IV (Scheme 1, cation IV) is delocal-
ized and the cation is rendered more stable by the
interaction of the positive center and the electron clouds
of the cyclopropane ring. On the other hand, it is pos-
sible that the rearranged cation IV is a r/p no-bond
homoconjugated species in which there is no bond path
between C4 and C6 (Scheme 2, cation IV). No bond
path was found between C4 and C6, so the rearranged
cation IV is a classical cation without pentacoordinated
carbon atoms. Compared with the C1–C2 bond, which

Table 3 The calculated relative
energies of cations Cations Relative Energy (kcal mol-1)

HF/6-311G* HF/6-311G** B3LYP/6-311G** MP2/6-311G**/ /HF/6-311G**

I 9.413 5.917 4.985 9.022
II 32.263 29.942 22.746 30.378
III 11.922 9.221 10.124 19.078
IV 0.0 0.0 0.0 0.0

Scheme 2 The optimized
geometries of cations (HF/6-
311G**)
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we take as a normal single bond, the bonds between C4
and C3, C5 are weak. The C3–C4 and C4–C5 internu-
clear distances increased while the C2–C3 and C5–C6
distances decreased, suggesting that double bond char-
acter developed at these centers. According to ab initio
HF/6-311G**, the lengths of the C1–C2, C2–C3,C3–C4,
C4–C5 and C5–C6 bonds are found to be 1.534, 1.417,
1.630, 1.560, and 1.439 Å, respectively (Scheme 2, cation
IV). Also, the C4–C6 internuclear distance is 1.733 Å
(HF/6-311G**).

The mechanism of the ionic addition of Br2 to endo-
TCO can occur as shown in Scheme 1. The ionic addi-
tion of bromine to endo-TCO is predicted to proceed via
rearranged ion IV since this cation is the most stable of
the cations studied. In this reaction, the nucleophilic
attack of the initially formed bromide (Br -) ion on the
cationic center C-6 may occur from the opposite side of
cyclopropane ring, because of the interaction between
this cationic center and the electron clouds of the
cyclopropane ring in the cation IV, and so, 6-exo-8-anti-
dibromo-exo-tricyclo[3.2.1.02,4]octane(1) is formed as a
Wagner–Meerwein rearrangement product. In the ionic
addition of Br2 to endo-TCO, the formation of 6-endo-8-
anti-dibromo-exo-tricyclo[3.2.1.02,4]octane is not possi-
ble due to the electronic interaction. On the other hand,
as a consequence of the attack of bromide(Br-) ion to
cation IV, its C3–C4 cyclopropyl bond became weak
and broke and 5-exo-bromo-3-endo-bromomethyltricy-
clo[2.2.1.02,6]heptane(2) product results in the formation
of the C4–C6 bond. Thus, theoretical investigations
show that the formation of 5-exo-bromo-3-endo-bro-
momethyltricyclo[2.2.1.02,6]heptane(2) occurs via non-
classical cation IV not via exo classical bromocarbonium
cation III.

As known, the trans-adducts are formed via bridged-
halogenium ions in the addition of halogens to olefins
[45]. Because of steric hindrance of the cyclopropane
ring in exo-bridged bromonium cation (Scheme 2, cat-
ion I), it is impossible to make a nucleophilic endo-at-
tack. Thus, the formation of non-rearranged trans-
adduct 3 (an exo, endo-dibromide) (Scheme 1, product
3) in the addition reaction of bromine to endo-TCO is
sterically hindered. Fundamentally, cis-adducts occur
out of classical halogenocarbonium cations in the
addition reaction of halogens to unsaturated strained
molecules [45]. Classical bromocarbonium cation III

(Scheme 1) is no more stable than the exo-bridged-bro-
monium cation and hence, the probability of their for-
mation is small. Therefore, the formation probability of
cis-adducts (an exo, exo-dibromide) are small in the
addition reaction of bromine to endo-TCO.

Conclusions

Our investigations of bromine addition to endo-tricy-
clo[3.2.1.02,4]oct-6-ene (endo-TCO) by ab initio and
DFT methods give some important results, as men-
tioned below. The double bond of endo-TCO is endo-

pyramidalized. The electron density (qi,HOMO) on the
exo- and endo-faces of the double bond is not equivalent
and is larger on the exo-face. The exo-face of the double
bond of the molecule is an area with more negative
potential. The exo-molecular complex is more stable
than the endo-complex. The bridged exo-bromonium
cation I is relatively more stable than the endo-bromo-
nium cation (II). An absolute exo-facial selectivity
should be observed in the addition reaction of Br2 to
endo-TCO, which is caused by steric and electronic
factors. Classical bromocarbonium cation III is rela-
tively less stable than the bridged exo-bromonium cation
I. The nonclassical rearranged cation IV is the most
stable ion among the cationic intermediates and the io-
nic addition occurs via the formation of this cation. The
C3–C4 and C4–C6 internuclear distances of the rear-
ranged cation IV optimized at the ab initio HF/6-
311G** level are 1.630 and 1.733 Å, respectively. Since
the cyclopropane ring forms a steric hindrance in the
exo-bridged-bromonium cation, it is impossible to form
the nonrearranged trans-adduct.
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