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Abstract The geometry and electronic structure of exo-
tricyclo[3.2.1.0%*Joct-6-ene (exo-TCO) was investigated
using DFT methods. The two faces of the endo-
pyramidalised double bond of the molecule are not
equivalent. The exo face of the double bond has regions
with high electron density (¢;momo) and greater negative
potential. Molecular complexes of exo-TCO with bromine
were investigated using the B3LYP/6-311++G(d,p) method;
the exo-TCO...Bry(exo) molecular complex was found to
be relatively more stable than the exo-TCO...Bry(endo)
complex. The cationic intermediates of the reaction were
studied by DFT and MP2 methods. The solvent effect was
evaluated using the self-consistent isodensity polarised
continuum model (SCI-PCM). The exo-bromonium cation
was found to be more stable than the endo-bromonium
cation. Exo-facial selectivity due to electronic and steric
factors was observed upon addition of bromine to exo-
TCO. The multicentre nonclassical delocalised bromocar-
bonium cation IV and the exo-bridged-bromonium cation I
are more stable than the rearrangement cation V. The
reaction products are formed via exo-bridged-bromonium I
and nonclassical IV cations, which are the most stable
intermediates and whose stabilities barely differ. The
mechanism of the addition reaction is also discussed.
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Introduction

Electrophilic halogenation of olefins is a classical reaction
in organic chemistry, and an important step in the
preparation of various synthetic intermediates or products.
Therefore, the halogenation of olefins is an important
industrial process. The addition of molecular bromine to
the carbon—carbon double bond is one of the simplest
reactions typical of unsaturated compounds. The nature of
the intermediates during this addition depends on temper-
ature, steric factors, torsional effects, 7t- and o-participation
in the transition state, and the formation of nonclassical
ions or the rapid equilibrium of classical ions [1, 2]. The
bromination of unsaturated bicyclic systems with molecular
bromine leads to rearrangements of the molecular skeleton
[3-8]. In order to analyse the reaction mechanism and
stereochemistry, some data about the structures and
stabilities of the intermediates, such as olefin-halogen
molecular complexes, and the cations formed during these
reactions are needed. Since the intermediates are charac-
terised by low stability and high reactivity, it is difficult to
obtain such data experimentally. Nevertheless, quantum-
chemical calculations provide a reliable source of informa-
tion about the structure and stability of intermediates in the
absence of experimental measurements.

The addition reactions of halogens to unsaturated
strained molecules, and the corresponding reaction inter-
mediates, have been investigated by quantum chemical
methods [9-25]. In this regard, we have recently reported
theoretical investigations into the addition of bromine and
chlorine to olefins with rigid structure [26 and references
therein, 27-33]. Continuing our interest in quantum-chemical
studies related to the addition of halogens to unsaturated
strained molecules, we report here results obtained from an
investigation into the addition of bromine to exo-tricyclo
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[3.2.1.0**Joct-6-ene (exo-TCO). The reaction of exo-TCO
with bromine gave two non-rearranged products, 6-endo-7-
exo-dibromo-exo-tricyclo[3.2.1.0**]octane (1), and 6-exo-7-
exo-dibromo-exo-tricyclo[3.2.1.0%*Joctane (2); and three
rearranged products, 5-exo-bromo-3-exo-bromomethyltricy-
clo[2.2.1.0* Theptane (3), 4-exo0-6-exo-dibromotricyclo
[3.2.1.0""Joctane (4) and 6-exo-bromotricyclo[3.2.1.0%7]
oct-3-ene (5) [34]. It is of interest to investigate the reasons
underlying the stereoselective properties of this reaction.
Generally, electrophilic addition reaction of halogens to
alkenes leads to more stable cationic intermediates [1]. In
order to carry out any detailed analysis of the formation
mechanism and stereochemistry of the products of this
reaction, a quantum chemical investigation of the structures
and stabilities of the reaction intermediates is crucial.
Furthermore, whether formation of the 5-exo-bromo-3-exo-
bromomethyltricyclo[2.2.1.0*]heptane (3) product from the
cation proceeds through the Wagner-Meerwein rearrange-
ment or via a nonclassical route is still a subject of discussion
(Scheme 1) [34].

Also, although both nonrearranged and rearranged
products are obtained in the electrophilic addition reaction
of bromine to the exo-TCO molecule, in the bromination
reaction of the endo-TCD molecule, only rearranged
products are obtained [27, 34]. It is important to explain
the reason for this differing behaviour of the exo-TCO and

Scheme 1 Mechanism of
addition of bromine to exo-
tricyclo[3.2.1.0**]oct-6-ene
(exo-TCO)
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endo-TCO isomer molecules in the reaction medium.
Hence, determination of the relationship between the
geometrical and electronic structures of these alkenes and
their behaviour during the electrophilic addition reaction is
vital. In general, the stereochemical regularities of the
addition reactions of halogens to unsaturated strained
systems have long been the subject of detailed investiga-
tion. Stereoselectivity of these reactions depends to a large
extent on the electronic structure of the double bonds of
strained olefins. The most important factors affecting the
structure and stability of olefin-halogen molecular com-
plexes are the structure and properties of olefins. This work
describes a theoretical investigation of the electrophilic
reaction intermediates such as exo-TCO--Br, molecular
charge-transfer (CT) complexes and cations. The mecha-
nism of formation of the addition products is discussed.

Methods

The geometry and the electronic structure of exo-TCO were
investigated at the Becke-style three-parameter level of
density functional theory (DFT) [35] with the Lee-Yang-
Parr (LYP) correlation function [36] and Perdew-Wang’s 91
(PWO1) expression [37]. All calculations were performed
using the 6-311++G(d,p) and 6-311+G(2df,2pd) [38, 39]
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basis sets. The exo-TCO--- Br, molecular CT-complexes
were studied with B3LYP/6-311++G(d,p) methodology and
their stable configurations determined. The structure and
stability of cationic intermediates formed in the addition
reactions were investigated by B3LYP/6-311++G(d,p),
B3LYP/6-311+G(2df,2pd) and MP2 (Meller—Plesset
second-order perturbation theory)/6-311+G(2df,2pd) [40]
methods. Solvent effects were calculated at the same theory
level as the optimisations by performing single-point
calculations on the optimised structures using the SCI-
PCM (self-consistent isodensity polarised continuum model)
[41] in H,O (e=78.39). All stationary points were charac-
terised by calculating the vibrational frequencies, and zero
point vibrational energies were added for all species. All
calculations were performed with Gaussian 03 [42] and
HyperChem 8 [43] software on an IBM PC Pentium IV
computer.

Results and discussion

Full geometric optimisation of the exo-TCO molecule was
performed using DFT/B3LYP and /B3PW91 methods with
the 6-311++G(d,p) and 6-311+G(2df,2pd) basis sets, and
the structure of the molecule was also investigated in detail.
In the light of the results of each method, the pyramidalisa-
tion parameters of the molecule were determined in order to
establish the structural deformation of the double bond. The
calculated values of the pyramidalisation 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) [44] and the out-of-plane
bending angle (w—out-of-plane angle between the planes
C1C7C6CS5 and H6C6CT7H7 or y which is defined as
v = 180° — |D|, D is the dihedral angle C1C7C6H6 as
shown in Scheme 1) [45-47] were calculated according to
the results of each method. These results are given in
Table 1. According to the results, the double bond of the
ex0o-TCO molecule is endo-pyramidalised, and the two
faces of the double bond are no longer equivalent. The
electron density in the exo direction of the endo-
pyramidalised double bond of the molecule must be bigger

than that in the endo direction. This extraordinary geomet-
rical feature causes the very remarkable 7-facial stereo-
selectivity in addition reactions to the double bond [48].
Thus, the addition reaction of bromine to the exo-TCO
molecule in which the double bond is endo-pyramidalised
should show exo-selectivity. In general, the facial selectiv-
ity of attack on a pyramidalised olefin parallels the
pyramidalisation [49, 50]. As the pyramidalisation degree
of the double bond of olefins increases, so their chemical
reactivities also increase [48].

Analysis of the frontier orbital (HOMO) of the exo-
TCO molecule showed that this orbital is localised
principally in the double bond (Fig. 1). As seen in
Fig. 1, the exo and endo faces of the endo-pyramidalised
double bond of the molecule are not equal. The electron
density in the exo face of the double bond is high.
Therefore, the bromination reaction of the exo-TCO
molecule 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 of determining the
direction of the electrophilic attack of a halogen to the
double bonds of strained olefins is to calculate the molecular
electrostatic potential (MESP). The MESP surfaces show
considerable topographical variation, with many minima,
saddle points, and maxima. Every 7t-bond of olefins has a
local minimum of electrostatic potential on either face.
Because regions with large negative potentials 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 larger on the face with
larger integrated volume. These approaches have been used
effectively in a number of systems, giving rigorous qualita-
tive results [51-53]. To understand from which direction the
double bond of the exo-TCO molecule will be attacked by
bromine, the MESP (in kcal mol ') of the molecule was
calculated using the B3LYP/6-311++G(d,p) method (Fig. 2).
The electrostatic potential contour maps of the molecule
indicate that the electrophilic attack of bromine occurs
predominantly on the exo face of the double bond.

Table 1 The calculated energies of frontier molecular orbitals (¢), double bond lengths () and pyramidalisation parameters of exo-tricyclo
[3.2.1.0**Joct-6-ene (exo-TCO). HOMO Highest occupied molecular orbital, LUMO lowest unoccupied molecular orbital

Method enomo(eV) eLumol(eV) re=c(A) ¢ (®) v (®)
B3LYP/6-311++G(d,p) —6.558 0.245 1.339 5.101 5.406
B3LYP/6-311+G(2df,2pd) —6.586 0.136 1.335 5.093 5.398
B3PW91/6-311++G(d,p) —6.585 0.155 1.338 5.282 5.589
B3PW91/6-311+G(2df,2pd) —6.588 0.131 1.334 5.292 5.599
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Fig. 1 Electron density
distribution [highest occupied
molecular orbital (HOMO)] of
the exo-tricyclo[3.2.1.0>*Joct-6-
ene (exo-TCO) molecule
[B3LYP/6-311++G(d,p)]

2D contour

As is known, an olefin-halogen molecular CT-complex is
formed in the first step of electrophilic addition of halogens
to olefins [11-13, 15-17, 19, 21-23, 26 and references
therein, 27, 54]. According to the thermodynamic stability of
the molecular CT-complexes, it is possible to determine from
which direction the halogen attacks the double bond.
Therefore, the stability and electronic structure of the exo-
TCO--'Bry(exo) and exo-TCO---Br(endo) molecular CT-
complexes formed upon addition of bromine from the exo
and endo direction to the double bond of the exo-TCO
molecule were investigated using B3LYP/6-311++G(d,p)
method. The electrophilic attack of bromine on the double
bond of the exo-TCO molecule is possible from either the
exo or endo side. Moreover, a bromine molecule may
approach a carbon—carbon double bond in either axial (the
C axis of the bromine molecule is perpendicular to the
double bond plane) or equatorial (the C, axis of the bromine
molecule is parallel to the double bond plane) position. By
considering these two approaches, the full geometric
optimisation of the various configurations of the exo-TCO-
Br, system was performed and the most stable configuration
corresponding to the minimum energy levels was deter-
mined. In this regard, two configurations corresponding to
the local minima of the exo-TCO-Br, system were found.
These configurations correspond to the exo-TCO--*Bry(exo)
and exo-TCO--'Bry(endo) molecular complexes that are
formed by the exo and endo orientation of the Br, molecule

Fig. 2 Molecular electrostatic
potential (MESP) contour map
of exo-TCO molecule [B3LYP/ /
6-311++G(d,p)] {

2D contour
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3D isosurface

to the double bond of the exo-TCO in axial position,
respectively (Fig. 3).

The stabilisation energies of the molecular CT-
complexes, the equilibrium distance Rx_p( X is midpoint
of the C=C bond of exo-TCO), and other calculated
properties are given in Table 2. The exo-complex is
1.547 kcal mol ' relatively more stable than the endo-
complex. The results obtained indicate that an exo
selectivity must be considered in the electrophilic addition
of the bromine molecule to exo-TCO. The m-facial
selectivity observed in [2.2.1] systems parallels the double
bond pyramidalisation and also results in the minimisation
of steric interactions by approaching from the same face as
the methano bridge rather than the ethano bridge. On the
other hand, as we pointed out, the electron density (¢; nomo)
in the exo face of the endo-pyramidalised double bond of
the exo-TCO molecule is higher (Fig. 1). That is, the
HOMO1co—LUMOy,,, interaction realised from the exo
face of the double bond in the formation of the exo-
molecular CT-complex is more effective than that of the
endo face and should be optimal. According to frontier
molecular orbital theory, the HOMO;r~LUMOp10g¢n inter-
action is the decisive factor in the formation of the olefin-
halogen complex [55]. So, because of electronic and steric
factors, the exo-molecular CT-complex is more stable than
the endo-molecular CT-complex (Table 2). Thus, the exo-
facial stereoselectivity of the electrophilic addition reaction

3D isosurface



J Mol Model (2010) 16:781-788

785

exo endo

Fig. 3 Optimised geometries of the exo-TCO---Br,(exo) and exo-
TCO-*Br,(endo) molecular charge-transfer (CT)-complexes [B3LYP/
6-311++G(d,p)]

of bromine to exo-TCO is caused by electronic and steric
effects. It is obvious that exo-selectivity must be taken into
consideration in this addition.

The bromine molecule is partly polarised in the exo-
TCO--'Bry(exo) molecular complex, and the bromine
atom near the double bond has a partial positive charge
while the other has a partial negative charge (Table 2). The
bond length of the bromine molecule in the molecular
complex is relatively longer than that in the neutral
bromine molecule. The results obtained reveal that the
ex0-TCO: - *Br,(exo) molecular complex plays an impor-
tant role in the heterolytic splitting of the bromine
molecule leading to an ionic addition. It should be noted
that the entropy of the exo-TCO-:-Br,(exo) complex is
27.634 cal mol™' K! higher than that of the exo-TCO-Br,
system. Therefore, during dissociation of the exo-
TCO--'Bry(exo) molecular complex, entropy plays an
important role. Studying the structures and stabilities of
molecular complexes is very important in the determina-
tion of stereoselectivity of the addition reaction of
halogens to strained olefins. Also, investigation of the
molecular complexes has been shown to be very important
in the overall reaction coordinates of brominations due to
the autocatalytic action of bromine.

It is known that an olefin—halogen molecular com-
plex is more stable in a solvent than in a gas phase
medium, and the stabilisation energy of the complex
becomes higher as the solvent polarity increases [56].

As a result, in the first step of the addition of bromine to
exo-TCO, the exo-TCO--Bry(exo) molecular complex
must be formed either in a gas or a solvent medium.
Subsequently, splitting of this complex is predicted to
occur, and the cations and their isomers shown in
Scheme 2 are formed as the possible cationic intermedi-
ates of the reaction.

The structures and relative stabilities of these cations
were determined by carrying out geometrical optimisations
using B3LYP/6-311++G(p,d), B3LYP/6-311+G(2df,2pd)
and MP2/6-311+G(2df,2pd) methods, and then the total
energies (E,) were calculated. By using the optimised
geometries of cations at the B3LYP/6-311+G(2df,2pd)
level, their single point energies were computed by SCI-
PCM-B3LYP/6-311+G(2df,2pd) methods. The calculated
relative energies are given in Table 3.

According to the results of each method, the exo-
bridged-bromonium cation I is more stable than the endo-
bridged cation II. This confirms that Br, prefers to attack
the exo side, rather than the endo side. Therefore, these
results confirm the exo-facial selectivity of the addition
reaction. The exo-bridged cation I is relatively more stable
than the classical bromocarbonium cation III. The relative
stabilities of the bridged halogenium and the classical
halogenocarbonium cations are still under discussion in the
literature [57, 58]. According to calculations performed by
ab initio and DFT methods, the bridged bromonium cations
are more stable than the corresponding classical bromocar-
bonium cations [56, 57]. The formation of the rearranged
cation V can be expected by a Wagner-Meerwen rearrange-
ment from cation I. But, according to the DFT methods,
cation I is more stable than cation V. In other words, the
conversion of cation I to ion V is not easy. The stabilities of
the exo-bridged-bromonium (I) and the nonclassical (IV)
cations are close to each other.

As shown in Table 3, the most stable cation intermediate
is the nonclassical cation IV. These results are consistent
with those calculated for the 2-norbornyl, 2-exo-bromo-3-
benzonorbornenyl, 3-exo-chloro-2-homobenzonorbornenyl,
6-tricyclo[3.2.1.0%*]octyl, an 8-anti-bromo-6-tricyclo
[3.2.1.0%*Joctyl cations using various quantum chemical
methods [26 and references therein, 27, 59—62]. On the
other hand, in the solvent medium, the nonclassical cation

Table 2 Properties of exo-TCO-*'Br,(exo0) and exo-TCO--*Bry(endo) molecular complexes [B3LYP/6-311++G(d,p)]

Molecular complex Stabilisation Equilibrium reenr (A) Charge transferred
energy (kcal mol™)? distance, R(A) from TCO to Br,,(e)

ex0-TCO"*'Br,(exo0) 5.049 2.822 2.407 0.286°

ex0-TCO"-Bry(endo) 3.502 3.013 2.384 0.194°

# Without zero point energy (ZPE) corrections

° Mulliken charges
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Scheme 2 Optimised
geometries of cations [B3LYP/
6-311++G(d,p)]

is stabilised more than the other ions (Table 3). The
cyclopropyl group has long been considered to be similar
to a double bond and so can stabilise cations even at remote
positions [63]. The positive charge of the nonclassical
cation IV (Scheme 2) is delocalised, and the cation is
rendered more stable by the interaction of the positive
centre and the electron clouds of the cyclopropane ring. On
the other hand, it is possible that the nonclassical cation IV
is a 7t/7t or o/7 no-bond homoconjugated species in which
there is no bond path between C4 and C6 (Scheme 2, cation
IV). The atoms in molecules (AIM) [64, 65] analysis of the
nonclassical cation (IV) by the MP2/6-311+G(2df,2pd)
method shows that the bond order of the C4---C6 bond is
0.621. No bond path was found between C4 and C6, so the
nonclassical cation IV is a classical cation without
pentacoordinated carbon atoms. The calculated geometrical
parameters of the nonclassical cation IV are given in
Table 4. Compared with the C1-C2 bond, which we take
as a normal single bond, the bonds between C4 and C2, C3
and C5 are weak. The C2-C4, C3-C4 and C4-C5

internuclear distances increased while the C2—-C3 and C5—

C6 distances decreased, suggesting that a double bond
character developed at these centres. Thus, the cyclopropyl
group underwent large geometrical changes. Compared
with the C1-C2 distance, the C2—C4 and C3—C4 distances
increased by 0.107 and 0.093 A, respectively, while the
C2-C3 distance shortened by 0.109 A [B3LYP/6-311+G
(2df,2pd)]. For the nonclassical cation 1V, the C2—C4 and
C3-C4 bonds tend to break, the C4—C6 bond tends to form,
and the C2-C3 bond has double bond character. The
mechanism of the ionic addition of Br, to exo-TCO can
occur as shown in Scheme 1. It is known that trans-adducts
are formed via bridged-halogenium ions upon the addition
of halogens to olefins [66]. As shown in Scheme 2, the
nonrearranged trans-adduct 1 is also formed via the bridged
exo-bromonium ion I, and the bromine atoms in adduct 1
are in exo and endo configurations, respectively. Further-
more, the nonrearranged cis-adduct 2 (an exo, exo-
dibromide) is formed by the exo attack of bromide ion on
the C6 centre of nonclassical cation IV. The nonclassical

Table 3 Calculated relative energies of cations. MP2 Moller—Plesset second-order perturbation theory, SCI-PCM self-consistent isodensity

polarised continuum model

Cation Relative energy (kcal mol™)

B3LYP/6-311 ++G(d,p) B3LYP/6-311 +G(2df,2pd) MP2/6-311 +G(2df,2pd) SCI-PCM-B3LYP/6311+

G(2df, 2pd)//B3LYP/6-311+G(2df,2pd)

I 1.885 1.412 3.918 4.115
II 9.659 9.193 12.465 11.781
I 7.231 7.012 9.864 10.201
v 0.0 0.0 0.0 0.0
\% 14.751 13.213 16.125 13.943
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Table 4 Sclected internuclear

distances (A) of nonclassical Level of theory C1-C2 C2-C3 C2-C4 C3-C4 C4-C5 C4-C6 C5-C6
cation IV optimised at various

levels with the 6-311+G B3LYP 1.533 1.424 1.640 1.626 1.562 1.730 1.449
(2df.2pd) basis set MP2 1.523 1.425 1.628 1.630 1.556 1.682 1.452

cation IV possesses three effective cationic centres as C2,
C3 and C6 (Scheme 2, cation IV). An analysis of the
LUMO of the nonclassical cation IV showed that this
orbital is localised principally on the C2, C-3 and C6
carbon atoms (Fig. 4).

Hence, the widest distribution of the lobes of the LUMO
of nonclassical cation IV are on carbon atoms C6, C3 and
C2, respectively. Therefore, the attack of the nucleophile
(bromide ion) towards the multicentre nonclassical cation
IV occurs from these carbon atoms. Consequently, during
the attack of the bromide (Br ) ion on the C3 centre of the
nonclassical cation IV, the weak C3—C4 cyclopropyl bond
is broken and the 5-exo-bromo-3-exo-bromomethyltricyclo
[2.2.1.0*“Jheptane (3) product is formed by forming a C4—
C6 bond. Also, during the attack of the bromide ion on the
C2 centre of the nonclassical cation IV, the weak C2-C4
cyclopropyl bond is broken and this attack gives the
rearrangement product 4 by forming a C4-C6 bond. On
the one hand, for the nonclassical cation IV, the length of
the C3—H bond (Scheme 1) and the charge of the hydrogen
atom increases, meaning that the possibility of the
separation of hydrogen as proton (H') increases. On the
other hand, C2-C3 has a double-bond character. The 6-exo-
bromotricyclo[3.2.1.0%*"Joct-3-ene (5) product is obtained
by deprotonation of the nonclassical cation I'V. Hence, the
products are formed over stable ions, i.e. nonclassical IV
and exo-bridged-bromonium I, whose stabilities differ little.
As a result, in the electrophilic addition reactions of
halogens to strained alkenes, in cases where there is little
difference between the stabilities of the bridged-halogenium
cation and the cation that is formed from the isomerisation
of the bridged-halogenium cation, it is possible to obtain
products of normal and skeletal isomerisation. In cases
where there is too much difference between the stabilities of
the bridged-halogenium cation and the cation that is formed

Fig. 4 Electron density

distribution [lowest unoccupied [

molecular orbital (LUMO)] of
the nonclassical cation IV
[B3LYP/6-311++G(d,p)]

2D contour

from the isomerisation of the bridged-halogenium cation,
the reaction takes place over the more stable cation
(skeletal isomerisation cation) and actually, the products
of skeletal isomerisation are obtained [26 and references
therein, 27, 32].

Conclusions

The present investigation by DFT and MP2 methods into the
addition of bromine to exo-TCO gave some important results,
which can be summarised as follows. The double bond of the
exo-TCO molecule is endo pyramidalised. The electron
density (¢inomo) in exo and endo faces of the double bond
is not equal, being greater in the exo face. The exo molecular
complex is more stable than the endo complex. The bridged
exo-bromonium cation I is relatively more stable than the
endo-bromonium cation II. Exo-facial selectivity caused by
electronic and steric factors should be observed in the
addition reaction of bromine to the exo-TCO molecule.
The bridged exo-bromonium cation I is more stable than the
rearranged cation V. For this reason, the conversion of cation
I to ion V is not easy. The stabilities of the exo-bridged-
bromonium I and nonclassical IV cations differ little. The
reaction products are formed over these stable cations. In
electrophilic addition reactions of halogens to strained
alkenes, in cases where there is little difference between the
stabilities of the bridged-halogenium cation and the cation
that is formed as a result of the isomerisation of the bridged-
halogenium cation, products of normal and skeletal isomer-
isation are formed with progress of the reaction over both
cations. The C2—-C3, C2-C4, C3—C4 and C4-C6 internuclear
distances of the nonclassical cation IV optimised at the
B3LYP/6-311+G(2df,2pd) level are 1.424, 1.640, 1.626 and
1.730 A, respectively.

: { ¢
3D isosurface
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