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Abstract
Transannular electrophilic addition reaction of halogens to face-to-face(juxtaposed) double bonded strained alkenes we-

re theoretically investigated. General rules that allow us to stipulate the factors that direct the main steps of the energy

hypersurface of reactions as well as the products were established. Direction of the reaction flow is determined by direc-

tion of intramolecular skeletal isomerisation of cyclic-bridged halogenium cation and isomerisation takes place to crea-

te a more stable skeletal structure. Stability of resultant skeletal structure is determined by the number of σ bonds bet-

ween isolated double bonds of the alkene and bonding-type of double bonds (N- and U-type). When the number of σ
bonds between double bonds of the alkene is three (m = 3), the reaction takes place to predominantly give an N-type

product, and when four (m = 4), N- and U-type products are formed. Structure and stability of cation intermediates

(bridged, N- and U-type cations) of electrophilic addition reaction of homohipostrofen molecule, whose double bonds

were linked by three σ bonds, with bromine were investigated by DFT methods in detail. Also the addition reaction of

endo,endo-tetracyclo[6.2.2.23,6.02,7]tetradeca-4,9-dien molecule, whose double bonds were linked by four σ bonds, with

bromine were investigated by quantum chemistry.

Keywords: DFT calculations, Strained alkenes, Electrophilic transannular addition, Face-to-face (juxtaposed) double

bonds, Intramolecular skeletal rearrangement.

1. Introduction
Although theoretical and experimental investiga-

tions of the electrophilic additions of halogens to carbon-
carbon double bond have been carried out extensively, the
structure, the nature and the stability of the reaction inter-
matiates as well as the mechanism of these reactions are
still under discussion. The attack of an electrophile to a
molecule having two isolated double bonds in spatial pro-
ximity usually leads to the transannular bridge formation
in either cross (N-type) or parallel (U-type) manner or
both.1–4 Experimental results on this type of reaction have
been confusing. In some cases, only the cross or the paral-
lel bridged product is isolated, while in other cases both
products are formed simultaneously.2,3,5–15 Recently Ina-
gaki et al. advanced a perturbation theory to interpret tho-
se cases where preferential cross bridging takes place.16

While the orbital mixing effect must certainly be working
when cross bridging occurs, a general theory must explain
why and to what extent parallel addition takes place in ot-
her systems. Osawa et al. suggested that this was due to
the thermodynamic stability of the N- and U-type pro-
ducts.2 According to Osawa, it is possible for both pro-
ducts to form when the difference between the thermody-
namic stability of N- and U-type products is less than 10
kcal mol–1. If the difference is more than 10 kcal mol–1,
more stable product is obtained.

In order to learn the inner mechanism and dynamic
stereochemistry of these reactions in detail, it is crucial to
determine the structure and the stability of the intermedia-
tes (cyclic-bridged, N- and U-type cations) formed during
the course of the reaction and investigate their skeletal
isomerization. It is feasible for the cyclic bridged haloge-
nium cation to transform into N- and U-type bridged ca-
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tions as a result of the transannular cross (N-type) and pa-
rallel (U-type) linkage of the double bonds. Therefore, the
stability of N- and U-type cations, into which cyclic brid-
ged halogenium cation isomerized, is important in order
to ascertain the direction of the flow of the addition reac-
tion.

The structure and the nature of the alkene play an
important role in the display of characteristic behavior of
the electrophilic addition reactions of the halogens to pa-
rallel face-to-face (juxtaposed) double bonded strained al-
kenes. The investigation of the geometrical and electroni-
cal structure of alkenes is necessary to resolve the link
between the structure of the alkenes and their behaviors
during the electrophilic addition reactions. The study of
the stability and stereochemistry of the different configu-
rations of the reaction products is vital so as to interpret
the many features of the electrophilic addition reactions.

The objective of this study is to establish relations-
hips between geometric and electronic structures of face-
to-face double bonded strained alkenes and their beha-
viors during electrophilic transannular addition reactions.
Furthermore, we aimed to study unique characteristics of
these reactions, identify essential factors that determine
the direction of reactions’ flow and establish general rules
that allow us to stipulate the factors that direct the flow of
such reactions, and reaction products considering the re-
sults of this investigation and structure-characteristic rela-
tionships. In order to prove these suggested rules, elec-
trophilic transannular addition reactions of bromine mole-
cule to two face-to-face double bonded strained alkenes,
namely tetracyclo[6.3.04,11.05,9]undeca-2,6-diene(homohi-
postrofene) and endo,endo-tetracyclo[6.2.2.23,6.02,7]tetra-
deca-4,9-diene(TCTD) were studied by DFT method.

2. Methodology

The geometry and the electronic structure of the te-
tracyclo[6.3.04,11.05,9]undeca-2,6-diene (homohipostrofe-
ne) and endo,endo-tetracyclo[6.2.2.23,6.02,7]tetradeca-4,9-
diene(TCTD) molecules were investigated by
DFT/B3LYP17,18 method using the 6-311G(d,p) and 6-
311++G(d,p)19 basis sets. The predicted cationic interme-
diates and products formed in the addition reactions were
investigated using the B3LYP/6-311G(d,p) method. By
using the optimized geometries of cations and products by
B3LYP/6-311G(d,p) method, their single point energies
were calculated at the B3LYP/6-311++G(2d, 2p)19 level.
Solvent effects were calculated at the same theory level as
the optimizations by performing single-point calculations
on the optimized structures using the CPCM (conducting
polarized continuum model)20,21 method (with UAKS ca-
vities22) in chloroform (ε = 4.9). All stationary points we-
re characterized by calculating the vibrational frequencies
and zero-point vibrational energies have been added for
all species. We did not calculate the two TSs of the addi-

tion reaction of the intermadiate carbocations because of
the complexity of the method; instead we used the energy
of the intermediates applying the Hammond-principle to
predict the stereoselectivity (ratio of N- and U-type pro-
duct) of the reaction. The calculations were perfomed
with Gaussian 0323 program with an IBM PC Pentium IV
computer.

3. Results and Discussions

3. 1. Factors Driving Electrophilic 
Transannular Addition Reactions 
of Halogens to Face-to- Face Double
Bonded Strained Alkenes and Unique
Characteristics of These Reactions
It is important to investigate stability of cyclic-brid-

ged halogenium cations formed as a result of heterolytic
decomposition of alkene…halogen molecular complexes
formed during first step of electrophilic addition reaction
of halogens to face-to-face double bonded strained alkenes
as well as their skeletal isomerisation for determination of
addition reaction’s mechanism. Direction of the addition
reaction’s flow is determined by direction of intramolecu-
lar skeletal isomerisation(intramolecular rearrangement of
bonds) of cyclic-bridged halogenium cation and isomerisa-
tion takes place to create a more stable skeletal structure.
Moreover, the direction of intramolecular skeletal isomeri-
sation of bridged halogenium ions is determined by stabi-
lity of N- and U-type cations formed as a result of cross
(N-type) and parallel (U-type) bonding of double bonds.
Therefore, the direction of addition reaction is determined
by stability of skeletal structure formed as a result of skele-
tal isomerisation of bridged halogenium cation.

Skeletal isomerisation of bridged halogenium ion by
formation of two different new cyclic structures(having
different number of carbon atoms) depending on the num-
ber of σ bonds between double bonds of the alkene and
bonding type of such double bonds (Chart). The following
chart shows skeletal isomerisation of cyclic bridged halo-
genium cations and new cyclic structures involved in the
molecular structure. Hence, stability of skeletal structure
formed by skeletal isomerisation of bridged halogenium
cation depends on type and stability of new cyclic structu-
res involved in the molecular system as a result of the iso-
merisation. On the other hand, type and stability of cyclic
structures formed as a result of isomerisation are determi-
ned by the number (m) and type of bonding of σ bonds
between double bonds of the alkene, hence, the structure
of the alkene. In the case of alkenes with three (m = 3) σ
bonds between its double bonds, four-ring structure
(cyclobutane ring) and six-ring structure (cyclohexane
ring) are obtained as a result of parallel (U-type) bonding
of double bonds whereas two five-ring structures (cyclo-
pentane ring) are obtained as a result of cross (N-type)
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bonding (Chart, a). A four-ring structure has high stretc-
hing energy so there is a low possibility of formation of
U-type cation. Therefore, the possibility of transformation
of a cyclic halogenium cation into a U-type cation is low,
causing a low possibility that addition reaction will take
place over the U-type cation. Compared to a four-ring
structure, a five-ring structure has lower stretching energy.
Skeletal isomerisation of a cyclic bridged halogenium ion
to an N-type cation(having two five-ring structures) has
higher possibility. Addition reaction should primarily take
place to give N-type cation (N-type product). In the case
of alkenes having four σ (m = 4) bonds between its doub-
le bonds, a five-ring structure (cyclopentane ring) and a
six-ring structure (cycloheptane ring) are obtained as a re-
sult of parallel (U-type) bonding of double bonds, and two
six-ring structure (cyclohexane ring) are obtained as a re-
sult of cross(N-type) bonding(Chart, b). Since there isn’t a
large difference between stretching energies of resultant
structures, the difference between stabilities of U-type ca-
tion having five-ring and seven-ring structures and of N-
type cation having two six-ring structures should be small.
In conclusion, during electrophilic addition reaction of
halogens to alkenes having four σ bonds between its
double bonds, skeletal isomerisation of cyclic bridged ha-
logenium cation should take place to give N- and U-type
cations (Chart, b) and thus N- and U-type products.

Hence, general rules that allow us stipulate any fac-
tors that direct the flow of electrophilic addition reactions
of halogens to face-to-face double bonded strained alke-
nes as well as possible resultant products by considering
the abovementioned suggestions, results of calcula-
tions24–34 and structure-characteristic relationships can be
listed as follows:

1. Direction of the reaction’s flow is determined by the di-
rection of intramolecular skeletal isomerisation(intra-
molecular rearrangement of bonds) of cyclic bridged
halogenium cation.

2. Intramolecular skeletal isomerisation of cyclic bridged
cation takes place to give a more stable skeletal structu-
re.

3. Stability of resultant skeletal structure depends on type
(Chart) and stability of new cyclic structures involved
in the molecular system as a result of isomerisation.

4. Type and stability of cyclic structures formed as a result
of isomerisation are determined by the number of σ
bonds between double bonds of the alkene and bonding
type of double bonds (N- and U-type), thus, by the
structure of the alkene.

5. Direction of addition reaction is determined by the
number of σ bonds between isolated double bonds of
the alkene: When m = 3 (Chart, a), the reaction predo-
minantly takes place to give N-type product and when
m = 4 (Chart,b), to give N- and U-type products (Abba-
soğlu rule).32–34

Number of σ bonds (m) Bonding type Product
3 N N-type
4 N and U N- and U-type
These suggested rules are also confirmed by experi-

mental results of transannular electrophilic addition reac-
tions of halogens to face-to-face double bonded strained
alkenes.2,3,5–15 It is also vital to theoretically investigate
electrophilic addition reactions in order to prove such ru-
les. Therefore, electrophilic addition reactions of bromine
to tetracyclo[6.3.04,11.05,9]undeca-2,6-diene (homohipo-
strofene) and endo,endo-tetracyclo[6.2.2.23,6.02,7]tetrade-
ca-4,9-diene were investigated by DFT method.

Chart
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3. 2. DFT Study on the Electrophilic 
Transannular Addition Reaction of 
Bromine to Tetracyclo[[6.3.04,11.05,9]]
undeca-2,6-diene (Homohipostrofene)

Bromination of the homohypostrophene molecule
(ph) gave only the adduct of N-type (Scheme 1).2,35 Ho-
wever, the formation of U-type adduct can’t be observed.
To identify the reason for this, it is important to study
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Table 1. The calculated relative energies of cations

Cations Relative energy (kcal mol–1)

B3LYP/6311 B3LYP/6311++G(2d,2p) CPCM-B3LYP/6311++G(2d,2p)
G(d,p) //B3LYP/6-311G(d,p) //B3LYP/6-311G(d,p)

bridged 3.485 3.242 3.926

N-type 0.0 0.0 0.0 

U-type 6.647 6.976 7.252

Scheme 1. The electrophilic addition reaction of bromine to ph

bridged N-type U-type

Scheme 2. The optimized geometries of cations (B3LYP/6-311G(d,p))

structures and stabilities of electrophilic addition reaction
intermediates (bridged, N- and U-type cations) as well as
geometric and electron structure of homohipostrofene
molecule. Full geometric optimization of the ph was per-
formed by DFT/B3LYP method in 6-311G(d,p) and 6-
311++G(d,p) basis and the structure of the molecule was
also investigated in detail.

Bridged cation and its isomers (N- and U-type ca-
tions) are the possible intermediates of the addition reac-
tions of bromine to ph in gas phase and solvent medium
(Scheme 2). The structures and relative stabilities of these
cations were determined by carrying out geometrical opti-
mization using the B3LYP/6-311G(d,p) method and the
total energies (Etot) were also calculated. By using the op-
timized geometries of cations at the B3LYP/6-311G(d,p)
level, their single point energies have been computed us-
ing B3LYP/6-311++G(2d,2p) and CPCM-B3LYP/6-
311++G(2d,2p) methods. The calculated relative energies
are given in Table 1.

According to the results of each method, bridged
bromonium cation is more stable than U type cation and
less stable than N-type cation (Table 1). In other words,
bridged bromonium cation transforms into more stable N-
type cation by cross-bonding (cross mechanism) of the
double bonds (Scheme 1). It is not possible for the bridged
bromonium cation to isomerizes skeletally to the unstable
U-type cation. As a result, the direction of the electrophi-
lic addition reaction of bromine to ph is determined by the
direction of the skeletal isomerization of the bridged bro-
monium cation into N-type cation and N-type reaction
product is prefered to the N-type cation.

The stereochemistry and the stable configurations of
the reaction products were investigated by DFT method.
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The geometrical structure of the N- and U-type products
(Scheme 3) were optimized by B3LYP/6-311G(d,p) met-
hod and their total energies (Etot) were also calculated.
The single point energies of products were calculated by
using B3LYP/6-311++G(2d,2p)//B3LYP/6-311G(d,p)
and CPCM-B3LYP/6-311++G(2d,2p)//B3LYP/6-311G
(d,p) methods. The calculated relative energies are given
in Table 2. According to the results of each method, the N-

type dibromide molecule was more stable than U-type di-
bromide molecule (Table 2).

In other words, parallelism exists between the cation
and the corresponding product (Figure 1). In Figure 1, the
energy diagram of electrophilic addition reaction of bromi-
ne to ph is given. As can be seen from the energy diagram,
the reaction progresses in the direction of the more stable
cation and the skeletal isomerisation of the bridged cation

N-type U-type

Scheme 3. The optimized geometries of products (B3LYP/6-311G(d,p))

Table 2. The calculated relative energies of products

Products Relative energy (kcal mol–1)

B3LYP/6311 B3LYP/6311++G(2d,2p) CPCM-B3LYP/6311++G(2d,2p)
G(d,p) //B3LYP/6-311G(d,p) //B3LYP/6-311G(d,p)

N-type 0.0 0.0 0.0 

U-type 8.260 8.203 7.896

Figure 1. The energy diagram of homohipostrofene-Br2 system (kcalmol–1) [B3LYP/6-311++G(2d,2p)//B3LYP/6-311G(d,p)].
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into N-type cation and finally an N-type product was obtai-
ned. Thus, the reaction occurs by the formation of the most
stable intermediate combination (N-type cation). In ph,
there are three σ bonds between double bonds and hence
N-type product is obtained. Hence, theoretical investiga-
tion results of addition of bromine molecule to homohipo-
strofen demonstrate accuracy of the abovementioned rules.

3. 3. DFT Investigation of Electrophilic 
Transannular Addition Reaction 
of Bromine to Endo,endo-tetracyclo
[[6.2.2.23,6.02,7]]tetradeca-4,9-diene
(TCTD)

A mixture of N-type and U-type products was obtai-
ned in the electrophilic addition reaction of bromine to
TCTD molecule (Scheme 4).2,36 The geometry and the

electronic structure of the TCTD molecule were investiga-
ted using the B3LYP/6-311G(d,p) and B3LYP/6-311+
G(d,p) methods and the structure of the molecule was also
investigated in detail.

In order to determine the structures and relative sta-
bilities of the predicted cationic intermediates (bridged,
N- and U-type cations) (Scheme 5) formed in the addition
reaction, their full geometry optimization was performed
at the B3LYP/6-311G(p,d) level and the total energies
(Etot) were also calculated. By using the optimized geome-
tries of cations at the B3LYP/6-311++G(d,p) level, their
single point energies were computed using B3LYP/6-
311++G(2d,2p) and CPCM-B3LYP/6-311++G(2d,2p)
methods. The calculated relative energies are given in
Table 3.

The results of each method showed that the N- and
U-type cations are more stable than the bridged bromo-
nium cation. The skeletal isomerization of the bridged
bromonium cation into N- and U-type cations is ther-
modynamically feasible. The total energies of N- and U-
type cations differ little and their stabilities are nearly the
same. Hence, the bridged bromonium cation transforms
into appropriate N- and U-type cations as a result of skele-
tal isomerization, where crosswise and parallel mecha-
nisms take place. The direction of the addition reaction is
determined by the direction of the rearrangement of the
bridged bromonium ion into N- and U-type cations. The
reaction takes place over the N- and U-type cations in the
parallel direction and finally, the N- and U-type reaction
products are obtained. In TCTD molecule, there are four σ
bonds between double bonds and hence N- and U-type
products are obtained. Hence, the results of DFT investi-
gation of addition of bromine molecule to TCTD molecu-
le prove accuracy of the abovementioned rules.Scheme 4. The electrophilic addition reaction of bromine to TCTD

molecule

bridged N-type U-type

Scheme 5. The optimized geometries of cations (B3LYP/6-311G(d,p)) 

Table 3. The calculated relative energies of cations

Cations Relative energy (kcal mol–1)
B3LYP/6311 B3LYP/6311++G(2d,2p) CPCM-B3LYP/6311++G(2d,2p)

G(d,p) //B3LYP/6-311G(d,p) //B3LYP/6-311G(d,p)
bridged 6.253 5.525 8.876

N-type 0.0 0.0 0.0 

U-type 1.003 0.590 0.154
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The stereochemistry and the stable configurations of
the reaction products were investigated by DFT method.
The geometrical structure of the N- and U-type products
(Scheme 5) were optimized by B3LYP/6-311G(d,p) met-
hod and their total energies were evaluated. By using the
optimized geometries of products by B3LYP/6-311G(d,p)
method, their single point energies were calculated at the
B3LYP/6-311++G(2d, 2p) and CPCM-B3LYP/6311
++G(2d,2p) levels. The calculated relative energies are gi-
ven in Table 4.

Figure 2 shows the energy diagram of the electrop-
hilic addition reaction of bromine to TCTD molecule. As
seen from the diagram, the reaction takes place by the

transformation of the bridged bromonium cation into the
N- and U-type cations. As the reaction progresses over the
N- and U-type cations, the N- and U-type products are ob-
tained. The stabilities of the N- and U-type cation differ
little and the stabilities of the N- and U-type products are
very close to each other.

4. Conclusions

General rules that allow us to stipulate the factors
that direct the flow of electrophilic addition reactions of
halogens to face-to-face double bonded strained alkenes

Figure 2. The energy diagram of TCTD-Br2 system (kcal mol–1) [B3LYP/6-311++G(2d,2p)//B3LYP/6-311G(d,p)] (The formations of N- and U-

type products are controlled by the relative energy of N- and U-type cationic intermadiates. And also, both products are formed because the relati-

ve energies of the cations intermediates are low.)

N-type U-type

Scheme 6. The optimized geometries of products (B3LYP/6-311G(d,p))

Table 4. The calculated relative energies of products

Product Relative energy (kcal mol–1))

B3LYP/6311 B3LYP/6311++G(2d,2p) CPCM-B3LYP/6311++G(2d,2p)
G(d,p) //B3LYP/6-311G(d,p) //B3LYP/6-311G(d,p)

N-type 0.0 0.0 0.0 

U-type 3.601 3.977 3.733
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and reaction products were established by considering
the results of the calculations and structure-characteristic
relationships. Direction of the addition reaction is deter-
mined by direction of isomerisation of bridged haloge-
nium cation and isomerisation takes place to create a mo-
re stable skeletal structure. Stability of resultant skeletal
structure depends on types and stability of new cyclic
structures. Stability of resultant new cyclic structures are
determined by the number of σ bonds between isolated
double bonds of the alkene and bonding-type of double
bonds (N- and U-type), hence by the structure of alkene.
When the number of σ bonds between double bonds of
the alkene is three (m = 3), the reaction takes place to pre-
dominantly give an N-type product, and when four (m =
4), N- and U-type products. Structure and stability of ca-
tion intermediates of electrophilic addition reaction of
bromine to homohipostrofen molecule having double
bonds with three σ bonds inbetween, were investigated
by DFT methods in detail. The reaction takes place over
more stable N-type cation which bridged bromonium ca-
tion isomerizes into to give N-type dibromide product.
Addition reaction of bromine to endo,endo-tetracyclo
[6.2.2.23,6.02,7]tetradeca-4,9-dien molecule, whose doub-
le bonds were linked by four σ bonds, was investigated
by quantum chemistry. Bridged bromonium cation iso-
merizes into more stable N- and U-type cations and the
reaction takes place over these cations to give N- and 
U-type dibromide products.
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Povzetek
Teoreti~no smo prou~evali elektrofilno adicijo halogenov na sosednja mesta v alkenih. Dolo~ili smo splo{na pravila, ki

nam omogo~ajo dolo~anje dejavnikov pri usmerjanju glavnih stopenj te reakcije. Ugotovili smo, da je smer reakcije od-

visna od usmerjenosti intramolekularne skeletne izomerizacije cikli~no premo{~enega halogenskega kationa. Izomeri-

zacija pote~e tako, da nastane bolj stabilna skeletna struktura. Njeno stabilnost smo dolo~ili s {tevilom σ vezi med izo-

liranimi dvojnimi vezmi v alkenu in dvojnimi vezmi N- in U-tipa. ^e je {tevilo σ vezi med dvojnimi vezmi v alkenu tri

(m = 3), reakcija poteka prete`no tako, da dobimo produkt N-tipa, pri m = 4 pa nastanejo produkti N- in U-tipa. Struk-

turo in stabilnost kationskih intermediatov (premo{~en, N in U-tip) pri elektrofilni adiciji smo natan~no preu~ili z meto-

do DFT.


