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Abstract The geometry and the electronic structure of
tricyclo[4.2.2.2*°]dodeca-1,5-diene (TCDD) molecule were
investigated by DFT/B3LYP and /B3PW91 methods using
the 6-311G(d,p) and 6-311++G(d,p) basis sets. The double
bonds of TCDD molecule are syn-pyramidalized. The
structure of 7r-orbitals and their mutual interactions for
TCDD molecule were investigated. Potential energy surface
(PES) of the TCDD-Br, system was studied by B3LYP/6-
311++G(d,p) method and the configurations [molecular
charge-transfer (CT) complex, transition states (TS1 and
TS2), intermediate (INT) and product (P)] corresponding to
the stationary points (minima or saddle points) were
determined. Initially, a molecular CT-complex forms be-
tween Br, and TCDD. With a barrier of 22.336 kcal mol™!
the CT-complex can be activated to an intermediate (INT)
with energy 15.154 kcal mol™" higher than that of the CT-
complex. The intermediate (INT) then transforms easily
(barrier 5.442 kcal mol™) into the final, N-type product.
The total bromination is slightly exothermic. Accompa-
nying the breaking of Br-Br bond, C1-Br, C5-Br and C2-
C6 bonds are formed, and C1 = C2 and C5 = C6 double
bonds transform into single bonds. The direction of the
reaction is determined by the direction of intramolecular
skeletal rearrangement that is realized by the formation of
C2-C6 bond.
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Introduction

Attack of an electrophile on an unsaturated strained
molecule having two isolated double bonds in spatial
proximity usually leads to transannular bridge formation,
for which two formal possibilities, cross (N-type) and
paralel (U-type), exist [1-4]. Experimental results on this
type of reaction have been confusing. In some cases only
the cross or the paralel bridged product is isolated, while in
other cases both products are formed simultaneously
[5-20]. Inagaki et al. advanced a perturbation theory to
interpret those cases where preferential cross bridging takes
place [21]. 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 other systems. The course of reaction has been rational-
ized by Osawa et al. with the aid of the empirical force field
calculations to depend on the thermodynamic stability of the
products [1]. A difference larger than 10 kcal/mol in
calculated strain energies between neutral hydrocarbon
skeletons of N-type and U-type adducts would dictate the
exclusive formation of the more stable product [1].

In order to learn the details of the structure and energy
changes that are realized during the course of the reactions
in question, it is crucial to evaluate the potential energy
surface (PES) of the reaction. Hence, this allows the inner
mechanism and dynamic stereochemistry of the reaction to
be understood in detail. What’s more, the determination of
the structures and energies of the configurations (molecular
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charge-transfer complexes, transition states, intermediates
and products) corresponding to the stationary points
(minima or saddle points) by studying the PES of the
reaction, is important in order to enlighten the inner
mechanism and dynamic stereochemistry of the reaction.

The alkene’s structure and nature play a vital role for the
electrophilic addition reactions of the halogens into the face-
to-face (juxtaposed) double bonded strained alkenes where
they show characteristic features. The investigation of the
geometric and electronic structure of alkenes are important
for the pyramidalization of double bonds, the calculation of
the other geometric parameters and the understanding of the
mutual interaction of 7-orbitals. These investigations are
also important for the determination of the connections
between the structure of the alkenes and their behaviours in
electrophilic addition reactions. The study of the stability and
stereochemistry of the different configurations of the
reaction products is vital so as to interpret the many features
of the electrophilic addition reactions.

The addition reactions of halogens to unsaturated
strained molecule and the reaction intermediates have been
quantum chemically investigated [22-37]. In this connec-
tion, the theoretical investigations of the addition of
bromine and chlorine to olefins with rigid structure have
recently been reported by us [38—45]. In continuance of our
interest in the quantum-chemical studies related to the
addition of halogens to unsaturated strained molecules, we
wish to report here the results obtained from the investiga-
tion of the mechanism and stereochemistry of addition
reaction of bromine tricyclo[4.2.2.2%°]dodeca-1,5-diene
(TCDD). Bromination of the TCDD molecule gives only
the adduct of N-type (1,5-addition product)(Scheme 1)
[9-11]. However, the formation of U-type (1,6-addition
product) adduct cannot be observed.

In this study, the potential energy surface (PES) of the
TCDD-Br, system was investigated by DFT method and
hence the structure and energies of the configurations
(molecular charge-transfer complex (TCDD...Br,), transi-
tion states (TS1 and TS2), intermediate and product)
corresponding to the stationary points (minima or saddle
points) were determined and the mechanism of the addition
reaction was discussed. The electronic and geometric

Scheme 1 The electrophilic ad-
dition reaction of bromine to Br
TCDD

Br

U-type dibromide
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structures of TCDD molecule were investigated by DFT
methods and the mutual interaction of the 7t-orbitals were
evaluated.

Methodology

The geometry and the electronic structure of the tricyclo
[4.2.2.2>°]dodeca-1,5-diene (TCDD) molecule have been
investigated by using the DFT (density functional theory)
method at the B3LYP (Becke 3-parameter hybrid exchange
with Lee-Yang-Parr correlation) [46, 47] and B3PWOl
(Becke three-parameter hybrid exchange with Perdew-
Wang 1991 gradient corrected correlation) [47, 48] levels
with the 6-311G(d,p) and 6-311++G(d,p) [49] basis sets.
The configurations (molecular charge-transfer complex, tran-
sition states, intermediate and product) corresponding to the
stationary points (minima or saddle points) of potential energy
surface of the addition reaction have been investigated using
the B3LYP/6-311++G(d,p) method. All stationary points have
been characterized by calculating the vibrational frequencies
and zero point vibrational energies have been added for all
species. The reactants, molecular charge-transfer complex and
intermediate were characterized by all the real frequencies.
The transition state has only one imaginary frequency.
Connections of the transition states between two local minima
have been confirmed by intrinsic reaction coordinate (IRC)
[50-52] calculations at the B3LYP/6-311++G(d,p) level. The
intrinsic reaction coordinates were followed to verify the
energy profiles connecting each transition state to the correct
local minima. The calculations have been performed with
Gaussian 03 and HyperChem 8 program with an IBM PC
Pentium IV computer.

Results and discussion

Full geometric optimization of the TCDD molecule was
performed at the DFT/B3LYP and /B3PW91 levels with the
6-311G(d,p) and 6-311++G(d,p) basis sets and the structure

of the molecule was also investigated in detail. The
pyramidalization parameters [53—56] were determined with
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the aim of determining the structural deformation of the
double bond. The values of the pyramidalization angle (),
the angle between C1-C2 vector and C3C2C11 plane [53,
56] and of the out-of-plane bending angle () (out-of-plane
angle between the planes C3C2C1C8 and CI9CIC2C11 or
1 which is defined as {p=180°—|D|, D is the dihedral angle
C3C2C1C9 as shown in Scheme 1) [54-56] were calculat-
ed according to the results of each method. The distance
(R,) (distance between midpoint of opposing >C = C
double bonds), the other geometric parameters and the
energies of the two highest occupied (HOMO and HOMO-
1) MOs of TCDD molecule were calculated. These results
are given in Table 1. The results showed that the double
bonds of TCDD molecule are syn-pyramidalized. An X-ray
structure of TCDD molecule showed C = C double bond
lengths of 1.35 A, a pyramidalization angles ¢ and 1,
respectively, of 27.3° and 35.6° and a separation two
double bonds of 2.395 A [12]. It is evident that, the
methods used for the calculation of geometric parameters of
the molecule gave similar results to the results obtained by
X-ray.

The structure of the 7-orbitals of the TCDD molecule
and their mutual interactions were investigated. The double
bonds of TCDD molecule are constrained to interact
through-space and they may also be important for
through-bond interactions. The molecules for whom the
distance (R,) between its double bonds is less than 3 A, the
interaction of the 7-orbitals is efficient through space,
hence for the TCDD molecule, there must be strong
through-space interaction between its double bonds
[57, 58]. On the other hand, for the TCDD molecule, the
interaction between the 7-orbital of the highly pyramidal-
ized double bond and the o-orbital of the four allyl group is
also strong hence the through-bond interaction among the
m-orbitals is strong. For the TCDD molecule, whose double
bonds were separated by an odd number of (m=3) o bonds,
the mutual interaction of the 7t-orbitals through-space and
through the three o bonds weakens each other and the
splitting of the energy levels of the orbitals becomes less
[57, 58]. The splitting of the energy levels(Ae=egomo —
€nomo-1), Which is a measure of the mutual interaction of

the orbitals, were calculated and are given in Table 1. The
small value of Ae implies that for the TCDD molecule,
the through-space and through-bond interaction of the -
orbitals are equal and opposite to each other. The HOMO
and HOMO-1 of TCDD consists of the out of phase
combination of, respectively, the a, skeletal orbital and T
(in-phase) and the by, skeletal orbital and 7 (out-of-
phase)(Fig. 1). It must be noted that the short transannular
distance between the 7t bonds (the transannular interaction
of the m-orbitals), leads to high pyramidalization of the
double bond and a rise in the chemical activity of the
considerable strain molecule [57-59].

The optimized structures at the B3LYP/6-311++G (d,p)
level for the TCDD molecule and all stationary points
(TCDD...Br, molecular CT-complex, transition states (TS1
and TS2) intermediate (INT) and product (P) are given in
Scheme 2. Selected structural parameters (bond lengths) are
listed in Table 2. The total energies (E) and relative
energies (E;) at B3LYP/6-311++G(d,p) level for all the
involved stationary points are summarized in Table 3. The
potential energy surface (PES) for the TCDD + Br, electro-
philic addition reaction is illustrated in Fig. 2.

As known, olefin-halogen molecular CT-complexes are
formed in the first step of electrophilic addition of halogens
to olefins [24-26, 28-30, 32, 34, 35]. The addition reaction
of bromine to TCDD starts with the exothermic formation
of reactive, essential 1:1 TCDD...Br, complex, which is
lower in energy than the reagents. The TCDD...Br,
molecular CT-complex formed by the approach of a Br,
molecule to the double bond in the axial position
(Scheme 2). The molecular CT-complex (TCDD...Br,) is
of C,y symmetry. The stabilization energy of the complex
is 10.222 kcal mol™ (Fig. 2) and the equilibrium distance
Rx.g:r (X is the midpoint of the C = C bond of TCDD) is
2.567 A (Scheme 2). The bond length of the bromine atoms
(Rpr-p:=2.487 A) in the molecular complex is longer than
that of the isolated Br, molecule (2.332 A). The bromine
molecule in the TCDD...Br, complex is partially polarized.
The bromine atom near the double bond has a partial
positive charge(+0.031e) and the other one has a partial
negative charge(-0.153 e). The results obtained for the

Table 1 The calculated bond lengths (A), distance (A) between two double bonds, pyramidalization parameters (degrees) and energies (eV) of the
two highest occupied (HOMO and HOMO-1) MOs of TCDD molecule

Metod Ic=c R, ¥ ¥ EHOMO EHOMO-1 Ag®

B3LYP/6-311G(d,p) 1.350 2411 27.306 35.981 -6.095 -6.150 0.035
B3LYP/6-311++G(d,p) 1.351 2.410 27.272 35917 -6.177 -6.259 0.082
B3PW91/6-311G(d,p) 1.349 2.394 27.225 35.763 -6.068 -6.177 0.109
B3PW91/6-311++G(d,p) 1.350 2.393 27.272 35.715 -6.123 -6.231 0.108

a —
Ae = ggomo - EHomo-1 ENergy gap
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HOMO

HOMO-1

Fig. 1 Electron distribution of the two highest occupied molecular
orbitals (HOMO and HOMO-1) of the TCDD molecule (B3LYP/6-
311++G(d,p))

stability and geometric parameters of the TCDD...Br,
complex shows that the 7t interaction between Br, and the
highly pyramidalized double bond of the TCDD molecule
is strong.

The second step of the reaction takes place over the
transformation of CT-complex (TCDD...Br,) into interme-
diate (INT) over TS1. According to the calculation of the
IRC of TSI and the further optimization calculation of the
IRC results, TS1 connects CT-complex (TCDD...Br;) and
intermediate (INT). In this step, the C1-Br bond forms, the
Br-Br bond breaks, the C2-C6 distance shortens, and C1 =
C2 double bond transforms into single bond. As the system
is activated to transition states TS1, considerable structural

Scheme 2 Optimized geome-
tries of reactant (TCDD),
charge-transfer complex
(TCDD...Br,), transition states
(TS1 and TS2), intermediate
(INT) and product (P) at
B3LYP/6311++G(d,p) level.
Bond lengths are in A. Point
group in paranthesis

2-763 I

TCDD (D)

2435

INT (Cs)
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change occurs. First, when the bromine approaches to
double bond, R¢.p, is shortened from 2.568 to 2.090 A,
where Rp,.p; is lengthened from 2.487 to 3.897 A,
indicating that the partial C1-Br bond formation and Br-
Br bond breaking happen in a concerted way. For TS1, the
bromine atom in the three-membered ring has positive
charge (+0.134), the other bromine atom has negative
charge (-0.763 e). Second, the C2-C6 distance is shortened
from 2.754 to 2.682 A and the C1-C2 bond distance is
lengthened from 1.379 to 1.478 A, indicating that the C1-
C2 bond partly transforms from double bond to single
bond. These results imply that at the same time, the
interaction in the system transforms from 7t character into
o character. It should be emphasized that the structure of
TS1 is similar to the structure of the bridged bromonium
cation.

To activate CT-complex to TSI, 22.336 kcal mol™ are
required. Over this barrier, the system goes to the
intermediate (INT). The energy of INT is 15.154 kcal
mol™ relative to CT-complex. The transformation of the
TS1 to INT involves the shortening of the C2-C6 distance
from 2.682 to 2.435 A, the increase in C1-C2 bond length
from 1.478 to 1.505 A and the lengthening of the Br-Br
distance from 3.897 to 5.912 A. For INT, the C1-C2 bond
is single and the positive charge(+0.117 e) is localized over
C2 atom. As the transannular interaction between the C2
cation centre and C5 = C6 double bond increases, for INT,

1-379 2-:090

o
#1e3

TCDD.. .BI‘z (sz )

’ AY
1478

TS2 (Cs)

P (Can)
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Table 2 Selected structural parameters of the TCDD-Br, stationary points®

Geometry TCDD + Br, TCDD...Br, TS1 INT TS2 Product (P)
Cl=C2 1.351 1.379 1.478 1.505 1.513 1.532
C5=C6 1.351 1.351 1.353 1.368 1.384 1.532
Br-Br 2.333 2.487 3.897 5912 7.774 7.095
C1-Br - 2.658 2.090 2.008 1.999 1.984
C5-Br - - - 4415 3.850 1.984
C2-C6 2.763 2.754 2.682 2.435 2.256 1.562
£C1C2C6 60.282 60.716 63.622 73.109 76.291 92.761

*Bond lengths are in A and angeles are in degrees. The numbers of the C atoms are shown in Scheme 2.

C2-C6 distance shortens. The distance between the bromide
ion (Br ), which is formed as a result of the lengthening of
Br-Br distance to 5.912 A, and C5 atom is 4.415 A.
Starting from INT, the system can be easily activated to
the second transition state (TS2), which leads to the final
product. According to the calculation of the IRC of TS2
and the further optimization calculation of the IRC results,
TS2 connects intermediate (INT) and product (P). The
energy barrier of the third step is 5.442 kcal mol™. It is
obvious that from CT-complex across TSI to INT, the
second step along the reaction path, is rate limiting. The
structure of INT is similar to that of TS2, with Rco.cg
further shortened (Scheme 2). During the transition of the
system from INT to TS2, the decrease from 2.435 to
2.256 A in the C2-C6 distance proves that for TS2 the
transannular interaction increases. One of the remarkable
changes during the transition is the increase in the
interaction between the C5 atom and the bromide ion
(Br) and the decrease in the C5-Br distance (Rcs.pr=
3.850 A). With the reaction going, the distances C2-C6
(INT: 2.435 A, TS2: 2.256 A, P: 1.562 A) and the C5-Br
(INT: 4.415 A, TS2: 3.885 A, P: 1.984 A) gradually
shorten, the angle C1C2C6 (INT: 73.109°, TS2: 76.291°, P:
92.761°) gradually increases and the C5-C6 bond (INT:
1.368 A, TS2: 1.379 A, P: 1.532 A) gradually elongates,
where finally the INT transforms into the product (P) via

Table 3 Total energies E, and relative energies E, of various species
involved in the reaction of Br, with TCDD using B3LYP/6-311++G
(d,p) level of theory

Species Eo (hartree) E, (kcal mol™")
TCDD+Br, -5615.217042 0.0
TCDD...Br, -5615.233173 -10.112

TS1 -5615.197562 12.224

INT -6615.209006 5.042

TS2 -5615.200333 10.484

Product (P) -5615.303292 -54.123

the transition state (TS2), with a low barrier of 5.442 kcal
mol™!. Thus, the intramolecular skeletal isomerisation of the
INT into product (P) over TS2 is realized through the
formation of C2-C6 bond over transannular cross-mecha-
nism. In this step, C5-Br bond is also formed and C5 = C6
double bond transforms into single bond. Since serious
geometric changes occur in the system in this step of the
reaction, remarkable energy change is realized (Fig. 2).

Hence, the reaction takes place through the formation of
three bonds (C1-Br, C2-Br and C2-C6), the splitting of one
bond (Br-Br) and the transformation of two double bonds
(C1 = C2 and C5 = C6) into single bonds. C1-Br bond is
formed from TCDD..Br, to INT, Br-Br bond breaks and the
C1 = C2 bond transforms into single bond and from INT to
product (P), C2-C6 and C2-Br bonds are formed and C5 =
C6 bond transforms into single bond. During the course of
the reaction, the change in the bond order for selected
bonds is given in Table 4. The calculated bond order values
also confirm that in the second step of the reaction, (from
TCDD..Br, to INT), C1-Br bond is formed, Br-Br bond
breaks and C5 = C6 bond transforms into a single bond. At
the same time, according to the results of these calculations,
in the third step of the reaction (from INT to product) C2-
C6, C2-Br bonds are formed and the C5 = C6 bond
transforms into C5-C6 bond.

The energy of the product (P) is -54.123 kcal mol™
relative to the initial reactants (TCDD + Bry), the
bromination is thermodynamically favored (Fig. 2). The
N-type product was 18.011 kcal mol™ [B3LYP/6-311++G
(d,p)] more stable than the U-type product. The reaction is
realized through the transannular cross (N-type) bonding of
the double bonds (formation of C2-C6 bond) and formation
of more stable skeletal structure. Therefore, the direction of
the reaction is determined by the direction of the intramo-
lecular skeletal isomerisation. The reaction progress is
accompanied by shortening of C2-C6 distance along the
reaction pathway, eventually resulting in bond formation
and [from TCDD+Br, to product (P)] C1C2C6 angle
gradually increases (Fig. 2).
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Table 4 Bond order of selected bonds of the TCDD-Br, stationary points®

Bond TCDD + Br, TCDD...Br, TS1 INT TS2 Product (P)
Cl=C2 1.854 1.707 1.022 0.995 0.978 0.956
C5=C6 1.854 1.853 1.852 1.744 1.494 0.956
Br-Br 1.000 0.856 0.075 0.029 0.0 0.0

C1-Br - 0.085 0.803 0912 0.927 0.949
C5-Br - - - 0.007 0.007 0.949
C2-C6 - - 0.002 0.055 0.216 0.940

?The numbers of the C atoms are shown in Scheme 2.

Conclusions

The bromination of tricyclo[4.2.2.2*]dodeca-1,5-diene is a
typical electrophilic transannular addition reaction. The
present reaction pathway can be divided into three steps.
First, the exothermic formation of reactive, essential 1:1
TCDD...Br, molecular CT-complex, for which the stabili-
zation energy is 10.112 kcal mol™. Second, the prereactive
CT-complex is activated to an intermediate (INT)
15.154 kcal mol™ higher in energy, the barrier of the rate-
limiting step is 22.336 kcal mol™. Third, the intermediate

Fig. 2 Potential energy profile
along the minimal energy path-
way for the stepwise mecha-
nisms of the electrophilic
transannular addition reaction of
bromine to TCDD. The energy
values are given in kcal mol™ at
B3LYP/6311++G(d,p) level.
Bond lengths are in A and

angles are in degrees T

1-351

9 602827

/2764 |+

54.123

TCDD...Br,
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(INT) transforms into the final product (P) with a barrier of
5.442 kcal mol™. Accompanying the C1- Br bond forma-
tion, Br-Br bond splits and C1 = C2 bond transforms into
C1-C2 in the second step and C2-C6, C2-Br bonds are
formed and C5 = C6 bond transforms into C5-C6 bond in
the third step. The direction of the reaction pathway is
determined by the direction of the intramolecular skeletal
isomerisation. The reaction is realized so as to follow the
direction where transannular cross (N-type) bonding of
double bonds (formation of C2-C6 bond) occur and a more
stable skeletal structure (N-type product) is obtained.
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