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Ab initio calculations were carried out for the reaction of adamantylideneadamantane (AddAd) with Br2 and
2Br2. Geometries of the reactants, transition states, intermediates, and products were optimized at HF and
B3LYP levels of theory using the 6-31G(d) basis set. Energies were also obtained using single point calculations
at the MP2/6-31G(d)//HF/6-31G(d), MP2/6-31G(d)//B3LYP/6-31G(d), and B3LYP/6-31+G(d)//B3LYP/6-
31G(d) levels of theory. Intrinsic reaction coordinate (IRC) calculations were performed to characterize the
transition states on the potential energy surface. Only one pathway was found for the reaction of AddAd
with one Br2 producing a bromonium/bromide ion pair. Three mechanisms for the reaction of AddAd with
2Br2 were found, leading to three different structural forms of the bromonium/Br3

- ion pair. Activation energies,
free energies, and enthalpies of activation along with the relative stability of products for each reaction pathway
were calculated. The reaction of AddAd with 2Br2 was strongly favored over the reaction with only one Br2.
According to B3LYP/6-31G(d) and single point calculations at MP2, the most stable bromonium/Br3

- ion
pair would form spontaneously. The most stable of the three bromonium/Br3

- ion pairs has a structure very
similar to the observed X-ray structure. Free energies of activation and relative stabilities of reactants and
products in CCl4 and CH2ClCH2Cl were also calculated with PCM using the united atom (UA0) cavity model
and, in general, results similar to the gas phase were obtained. An optimized structure for thetrans-1,2-
dibromo product was also found at all levels of theory both in gas phase and in solution, but no transition
state leading to thetrans-1,2-dibromo product was obtained.

1. Introduction

Bromination of alkenes is a well-known organic reaction.1,2

Experimentally, the reaction mechanism is considered to have
several steps, depending on the alkene and solvent used.2-7 A
bromine/alkene charge-transfer complex (CTC) and the bro-
monium ion have been considered to be the main intermediates
in the bromination of alkenes. The existence of a cyclic
bromonium ion intermediate was first proposed by Roberts and
Kimball.8 However, no structural evidence of the occurrence
of a cyclic bromonium ion was reported despite the many
experimental attempts by a variety of techniques.9-15 Strating
and co-workers16 first produced a bromonium ion tribromide
in the lab by reacting adamantylideneadamantane (1) with Br2

in CC14. Slebocka-Tilk et al.17 for the first time obtained the
X-ray structure of the adamantylideneadamantane bromonium
ion with a Br3- counterion (2) (Scheme 1). Later, Brown et
al.18 also reported the existence of another bromonium ion of
bicyclo [3.3.1]nonylidenebicyclo [3.3.l]nonane. (E)-2,2,5,5-
tetramethyl-3,4-diphenylhex-3-ene (3) is the first reported
example of an olefin whose interaction with bromine is limited
to π complex formation (Scheme 2).19 Similarly, tetraneopen-
tylethylene (4) does not react with bromine in CCl4 solution,
and noπ complex was formed between these two reagents on
the basis of the13C NMR spectrum (Scheme 3).20 Thus, the
reactivity of olefins toward bromine depends on their steric
hindrance.

Theoretical studies of the brominination of alkenes are quite
limited as compared to experiment. Yamabe et al.21 studied the

mechanism for the reactions X2 + C2H4 f C2H4X2 [X ) F,
C1, and Br] at the MP3/3-21G//RHF/3-21G level of theory and
found that the fluorination of ethene occurs via a four-centered
transition state with an activation energy of 212.5 kJ mol-1,
while chlorination and bromination give a zwitterionic three-
centered transition state with activation barriers of 212.1 and
256.9 kJ mol-1, respectively. Hamilton and Schaefer22 in their
study on the structure and energetics of C2H4Br+ isomers also
proposed that the transition state is a three-membered bromo-
nium ion with a nearby counter bromide ion. Recently, Cammi
et al.23 studied the bromination of ethene but only from the CTC
to the transition state (TS) at the MP2/CEP-121G(aug) level of
theory. The free energy barrier in going from the CTC to the
TS was found to be 250.8 kJ mol-1 in the gas phase and 34.2
kJ mol-1 in water.

Recently,24 we investigated the bromination reaction for a
series of simple alkenes, namely, ethene, propene, isobutene,
flouroethene, chloroethene, (E)-1,2-difluoroethene, and (E)-1,2-
dichloroethene. It was found that Br2 can react with alkenes
via two different mechanisms. One involves a perpendicular
attack by Br2 to the CdC bond by a one-step pathway producing
the bromonium/bromide ion pair intermediate. The second
mechanism consists of a sidewise attack by Br2 to the CdC
bond, producing first the bromonium/bromide ion pair inter-
mediate, which then produces thetrans-1,2-dibromoalkane via
multiple steps. Ethene can react with 2Br2 via several mecha-
nisms, all leading to thetrans-1,2-dibromoethane product. It
was found that in this case, the bromination reaction in gas phase
and in nonpolar aprotic solvents was mediated by the second
bromine molecule. The most likely pathway for the reaction of
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ethene and 2Br2 was found to be a multiple-step process
involving the formation of an ethane bromonium/Br3

- ion pair
intermediate, which then leads to the formation of the 1,2-
dibromo product by trans addition of a Br atom from Br3

- to
one of the bromonium ion carbons. The corresponding activation
energy was 122.7 kJ mol-1 at the G3MP2B3 level of theory.
For nonpolar aprotic solvents such as CH2Cl2 and CH2ClCH2-
Cl, the overall activation energies for the ethene+ 2Br2 reaction
were found to be 64.6 and 52.7 kJ mol-1, respectively, at the
B3LYP/6-31G(d) level of theory. This is in excellent agreement
with the experimental activation energy of 66.4 kJ mol-1 for
the reaction in CCl2H-CCl2H.25 However, in polar protic
solvents such as CH3OH, the calculated free energy agreed very
well with experiment26 only when the reaction was mediated
by a single CH3OH molecule. A kinetic expression was proposed
that accounts for the difference between bromination of alkenes
in protic and non-protic solvents.

In this study, we investigated the mechanism for the reaction
of bromine with adamantylideneadamantane, which is known
to stop the reaction by producing a bromonium/tribromide ion
pair.16,17 The typical bridged bromonium ion would be in this
case AddAd sterically hindered by four conformationally
constrained axial hydrogen atoms of the cyclohexane moiety
as illustrated in Figure 1. Therefore, no further reaction occurred

to form the dibromo product. No reaction can occur even with
small nucleophiles such as fluoride ions.27 Although the reaction
mechanism of AddAd with Br2 was extensively studied
previously,3,16,17,27-31 no computational study was conducted to
investigate the mechanism of the bromination of AddAd. A
potential energy surface for the bromination reaction of Add
Ad that leads to the bromonium/tribromide ion pair will provide
further insight into the bromination reaction of alkenes. It is
difficult to extract conclusive information about the mechanistic
pathways from experiments only. Thus, quantum chemical
calculations provide the only source for a detailed characteriza-
tion of the potential energy surface along the reaction path.

2. Computational Method

All the electronic structure calculations were carried out with
Gaussian 03.32 The geometries of reactants, transition states,
intermediates, and products were fully optimized at the HF and
B3LYP levels of theory using the 6-31G(d) basis set. Energies
were also obtained using MP2/6-31G(d)//HF/6-31G(d), MP2/
6-31G(d)//B3LYP/6-31G(d), and B3LYP/6-31+G(d)//B3LYP/
6-31G(d) single point calculations. Frequencies were calculated
for all structures to ensure the absence of imaginary frequencies
in the minima and for the presence of only one imaginary
frequency in the transition states. The complete reaction
pathways for all the mechanisms discussed in this study were
verified using IRC analysis for all transition states. Structures
at the last IRC points were optimized to positively identify the
reactants and products to which each transition state is con-
nected. Free energies of activation and relative stabilities of
reactants and products in CCl4 and CH2ClCH2Cl for the addition
reaction of bromine to AddAd were calculated with the
polarizable continuum model (PCM) as implemented in Gauss-
ian 03. All free energy calculations involving solvation were
performed using the solution-phase structures optimized at the
HF/6-31G(d) and B3LYP/6-31G(d) levels of theory. By default,
the PCM model builds up the cavity using the united atom
(UA0) model.

3. Results and Discussion

The results for the reaction of adamantylideneadamantane
(AddAd) with Br2 and 2Br2 in the gas phase and in CCl4 are
given in Tables 1-5.

3.1. Potential Energy Surface for Reaction of AddAd +
Br2: Pathway A. Pathway A is the only pathway found for
the reaction of AddAd with one Br2. The structures involved
in pathway A are shown in Figure 2. The relative energies of
reactants, intermediates, transition states, and products are shown

SCHEME 1

SCHEME 2

SCHEME 3

Figure 1. Expected structure of the adamantylideneadamantane
bromonium ion.
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in Figure 3. Activation energies, free energies, and enthalpies
of activation for the reaction of AddAd with Br2 are given in
Table 1. AddAd can form two complexes with Br2. In one
complex, R1A, Br2 is coplanar and perpendicular to the CdC
bond, and in the other complex, R2A, Br-Br and CdC bonds
are skewed to each other (Figure 2). All the levels except for
HF predict R1A to be more stable than R2A, by 21.2 kJ mol-1

at the B3LYP/6-31G(d) level of theory. Pathway A is a one-
step mechanism in which the adamantylideneadamantane
bromonium/Br- ion pair (IA) is formed via transition state TSA,
where one Br attacks the CdC bond of AddAd. In the reactant
complex R2A, the Br-Br and CdC bond distances are 2.316
and 1.349 Å, respectively, at the B3LYP/6-31G(d) level of
theory, while in TSA, the distances increase to 3.058 and 1.419
Å, respectively. On the other hand, the Br-C bond distance in

R2A decreases from 4.719 to 2.751 Å in TSA. IRC analysis
confirmed that TSA leads to R2A and IA. The activation energy
(∆Ea,TS

A) for the reaction of AddAd with Br2 is 272.8 and 134.7
kJ mol-1 at the HF/6-31G(d) and B3LYP/6-31G(d) levels of
theory, respectively. At MP2/6-31G(d)//HF/6-31G(d), the barrier
is lowered to 111.4 kJ mol-1, while at MP2/6-31G(d)//B3LYP/
6-31G(d), the barrier is increased to 145.3 kJ mol-1. The
surprising lowering in the barrier by 161.4 kJ mol-1 at MP2/
6-31G(d)//HF/6-31G(d) suggests both the importance of electron
correlation and different PES at MP2 and HF. The B3LYP/6-
31+G(d)//B3LYP/6-31G(d) calculation decreases the B3LYP/
6-31G(d) barrier by 28.7 to 106.0 kJ mol-1. The solvent model
used in this study predicts a free energy of activation of 251.7
and 115.4 kJ mol-1 in CCl4 and 234.8 and 97.5 kJ mol-1 in

Figure 2. Mechanism for the reaction of AddAd + Br2 (pathway A).

TABLE 1: Activation Energies, Free Energies, and
Enthalpies of Activation (kJ mol-1) at 298.15 K for Reaction
of Adamantalydineadamantane with Br2 (Pathway A)a

level/basis set ∆Ea,TS
A ∆Hq

TS
A ∆Gq

TS
A

HF/6-31G(d)
gas phase 272.8 269.4 281.8
CCl4b 251.7
CH2ClCH2Clb 234.8

MP2/6-31G(d)//HF/6-31G(d)
gas phase 111.4

B3LYP/6-31G(d)
gas phase 134.7 131.0 141.4
CCl4b 115.4
CH2ClCH2Clb 97.5
MP2/6-31G(d)//B3LYP/6-31G(d) 145.3
B3LYP/6-31+G(d)//B3LYP/6-31G(d) 106.0

a Barriers were calculated from the AddAd/Br2 complex as defined
in Figures 2 and 3.b PCM-United Atom model was used for optimized
structures. In all cases,∆G ) ∆∆G (thermal correction)+ ∆Gsolv.

Figure 3. Reaction pathway for the reaction of AddAd + Br2 (pathway
A) at HF/6-31G(d) and B3LYP/6-31G(d) levels of theory (see Figure
2 for structures).
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CH2ClCH2Cl at HF/6-31G(d) and B3LYP/6-31G(d), respec-
tively. Although optimized structures for thetrans-1,2-dibromo
product (P) were obtained by all levels of theory, no transition
state leading from IA to P was obtained despite successive
attempts. P was found to be more stable than IA by 26.4 and
64.2 kJ mol-1 at the HF/6-31G(d) and B3LYP/6-31G(d) levels
of theory, respectively. It is interesting to note that no optimized
structure for thecis-1,2-dibromo product was found in this study
despite successive attempts by different levels of theory.

3.2. Potential Energy Surfaces for the Reaction of Add
Ad with 2Br 2. The results for the reaction of AddAd and 2Br2
will be discussed in the following order: (1) pathway B, (2)
pathway C, and (3) pathway D.

3.2.1. Pathway B.The structures involving pathway B are
shown in Figure 4. The relative energies of reactants, intermedi-
ates, and transitions states are shown in Figure 5. Activation
energies, free energies, and enthalpies of activation for pathway
B are given in Table 2. Reactant complex (RB) of AddAd +
2Br2 is similar to R2A, except that the second Br2 interacts
sidewise. Pathway B is a one-step mechanism in which an ion
pair of the bromonium ion and Br3

- ion is formed via a
transition state TSB where one Br atom of Br2 attacks the CdC
bond of AddAd, while the other Br atom transfers to the other
Br2. In the reactant complex RB, the Br-Br bond distance for
Br2 attacking the CdC bond is 2.329 Å at the B3LYP/6-31G-
(d) level of theory, while in TSB, the distance increases to 2.878
Å. The C-Br (Br attacking the CdC) and Br‚‚‚Br2 bond
distances start at 4.699 and 3.172 Å in RB and decrease to 2.904
and 2.723 Å in TSB, respectively, at B3LYP/6-31G(d). IRC
analysis confirmed that TSB leads to RB and IB. The activation
energy for the reaction of AddAd with 2Br2 in pathway B is
256.8 kJ mol-1 at HF/6-31G(d) and 94.1 kJ mol-1 at B3LYP/
6-31G(d). The activation energies at MP2/6-31G(d)//HF/6-31G-

(d) and MP2/6-31G(d)//B3LYP/6-31G(d) are 91.6 and 91.8 kJ
mol-1, respectively, in excellent agreement with the B3LYP/
6-31G(d) results. The barrier decreases to 64.4 kJ mol-1 at the
B3LYP/6-31+G(d)//B3LYP/6-31G(d) level of theory. Applying
the solvent model yields a mechanism very similar to the gas
phase one. The solvent model used in this study predicts that
the free energy of activation for this reaction would be lowered
in CCl4 and CH2ClCH2Cl by 15.1 and 26.8 kJ mol-1, respec-
tively, at B3LYP/6-31G(d).

3.2.2. Pathway C.The structures of reactants, intermediates,
transitions states, and products of pathway C are shown in Figure
6 for the reaction of AddAd and 2Br2. The relative energies of

Figure 4. Mechanism for the reaction of AddAd + 2Br2 (pathway B).

Figure 5. Reaction pathway for the reaction of AddAd + 2Br2
(pathway B) at HF/6-31G(d) and B3LYP/6-31G(d) levels of theory
(see Figure 4 for structures).
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reactants, intermediates, transitions states, and products are
shown in Figure 7. Activation energies, free energies, and
enthalpies of activation for pathway C are given in Table 3.

In pathway C, intermediate IC is formed via TSC, which
differs from TSB in that the Br2 attacking the CdC bond of
AddAd is tilted from the perpendicular. This leads to a different
bromonium/Br3- ion pair (IC). In the reactant complex RC, the
Br-Br bond distance of Br2 that attacks the CdC is 2.284 Å at
the HF/6-31G(d) level of theory, while in TSC, the same Br-
Br distance increases to 2.748 Å. The corresponding activation
energy (∆Ea.TS

C) is 61.3 kJ mol-1 at HF/6-31G(d). No transition
state structure was found at the B3LYP/6-31G(d) level of theory;

however, both RC and IC were obtained at this level. The MP2/
6-31G(d)//HF/6-31G(d) and B3LYP/6-31G(d)// HF/6-31G(d)
single point calculations predict a negative barrier (Table 3 and
Figure 7). The B3LYP results therefore suggest that the reaction
would be barrierless and occur spontaneously in the gas phase.
This pathway was only found in the gas phase. Optimization
of TSC in solution leads to a slightly different transition state,
which corresponds to a different pathway, pathway D. Since
RB and RC differ by only 3.1 kJ mol-1 at B3LYP/6-31G(d), a
simple RB f RC conversion is more likely to occur.

3.2.3. Pathway D.The structures involved in pathway D are
shown in Figure 8. The relative energies of reactants, intermedi-

Figure 6. Mechanism for the reaction of AddAd + 2Br2 (pathway C).

TABLE 2: Activation Energies, Free Energies, and
Enthalpies of Activation (kJ mol-1) at 298.15 K for Reaction
of Adamantalydineadamantane with 2Br2 (Pathway B)a

level/basis set ∆Ea,TS
B ∆Hq

TS
B ∆Gq

TS
B

HF/6-31G(d)
gas phase 256.8 255.7 263.1
CCl4b 240.8
CH2ClCH2Clb 217.4

MP2/6-31G(d)//HF/6-31G(d)
gas phase 91.6

B3LYP/6-31G(d)
gas phase 94.1 90.0 97.5
CCl4b 82.4
CH2ClCH2Clb 70.7
MP2/6-31G(d)//B3LYP/6-31G(d) 91.8
B3LYP/6-31+G(d)//B3LYP/6-31G(d) 64.4

a Barriers were calculated from the AddAd/2Br2 complex as defined
in Figures 4 and 5.b PCM-United Atom model was used for optimized
structures. In all cases,∆G ) ∆∆G (thermal correction)+ ∆Gsolv.

Figure 7. Reaction pathway for the reaction of AddAd + 2Br2
(pathway C) at HF/6-31G(d) level of theory. For RC and TSC, B3LYP/
6-31G(d)//HF/6-31G(d) single point energies are indicated by dashed
lines (see Figure 6 for structures).
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ates, and transitions states are shown in Figure 9. Activation
energies, free energies, and enthalpies of activation for pathway
D are given in Table 4.

In addition to the two bromonium/Br3
- ion pairs (IB and IC),

a third bromonium/Br3- ion pair (ID) is formed via TSD in
pathway D, with an activation energy (∆Ea.TS

D) of only 54.8 kJ
mol-1 at HF/6-31G(d). The structure of TSD involves a
perpendicular attack by a Br2 on the CdC bond, while the other
Br2 is coplanar with the CdC bond and the attacking Br2. In
the reactant complex RD, the Br2 that attacks the CdC has a
Br-Br bond distance of 2.285 Å at HF/6-31G(d), while in TSD,
it increases to 2.805 Å. This bromonium/Br3

- ion pair (ID) is
very similar to that observed experimentally.17 No reactant
complex (RD) or transition state (TSD) was found at the B3LYP/
6-31G(d) level of theory. The MP2/6-31G(d)//HF/6-31G(d) and
B3LYP/6-31G(d)//HF/6-31G(d) single point calculations predict,
as for pathway C, that the reaction is barrierless in the gas phase.
This mechanism is also observed in CCl4 and CH2ClCH2Cl.
The free energies of activation in CCl4 and CH2ClCH2Cl
decrease by 45.1 and 74.5 kJ mol-1 at HF/6-31G(d), suggesting

that the reaction is most likely barrierless in solution as well.
This is in accordance with experiment,31 where an equilibrium
mixture of AddAd + 2Br2 a adamantylideneadamantane
bromonium/Br3- was reported with no evidence of any Add
Ad/2Br2 complex formation. Furthermore, the reaction is also
highly favored with∆E ) -135.7 kJ mol-1 at B3LYP/6-31+G-
(d)//B3LYP/6-31G(d) and-144.1 kJ mol-1 at MP2/6-31G(d)//
B3LYP/6-31G(d).

3.3. Relative Stabilities.The relative energies of thetrans-
1,2-dibromo product (P), bromonium/Br- ion pair (IA), and three
bromonium/Br3- ion pairs (IB, IC, and ID) are given in Table 5.
All the levels of theory predict P to be more stable than IA with

Figure 8. Mechanism for the reaction of AddAd + 2Br2 (pathway D).

TABLE 3: Activation Energies, Free Energies, and
Enthalpies of Activation (kJ mol-1) at 298.15 K for Reaction
of Adamantalydineadamantane with 2Br2 (Pathway C) in the
Gas Phasea

level/basis set ∆Ea,TS
C ∆Hq

TS
C ∆Gq

TS
C

HF/6-31G(d) 61.3 60.5 80.2
MP2/6-31G(d)//HF/6-31G(d) -46.0
B3LYP/6-31G(d)//HF/6-31G(d) -30.2
B3LYP/6-31+G(d)//HF/6-31G(d) -44.7

a Barriers were calculated from the AddAd/2Br2 complex as defined
in Figures 6 and 7.

Figure 9. Reaction pathway for the reaction of AddAd + 2Br2
(pathway D) at HF/6-31G(d) level of theory. For RD and TSD, B3LYP/
6-31G(d)//HF/6-31G(d) single point energies are indicated by dashed
lines (see Figure 8 for structures).
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∆E ) -26.4 at HF/6-31G(d) and∆E ) -64.2 kJ mol-1 at
B3LYP/6-31G(d). There is excellent agreement between the
MP2/6-31G(d)//HF/6-31G(d) and the MP2/6-31G(d)//B3LYP/
6-31G(d) values of-93.2 and-90.8 kJ mol-1, respectively,
which are in reasonable agreement with the B3LYP/6-31G(d)
value of-64.2 kJ mol-1. All the levels of theory also predict
∆G (IA f P) to be negative in the gas phase (Table 5). However,
in CH2ClCH2Cl, ∆G (IA f P) becomes positive with values of
102.4 and 38.4 kJ mol-1 at HF/6-31G(d) and B3LYP/6-31G-
(d), respectively. Therefore, the bromonium/Br- (IA) is favored
over the 1,2-dibromo product (P) in CH2ClCH2Cl. In CCl4,
according to HF/6-31G(d), IA is favored (∆G ) 40.4 kJ mol-1),
while according to the B3LYP/6-31G(d) level of theory, the
dibromo product (P) is slightly favored (∆G ) -12.7 kJ mol-1).

Comparing the three bromonium/Br3
- ion pairs (IB, IC, and

ID), ID is predicted (except HF) to be the most stable in both
gas phase and solution. ID is more stable than IB with ∆E (IB

f ID) of -49.1 kJ mol-1 at B3LYP/6-31G(d). Single point
calculations at MP2/6-31G(d)//HF/6-31G(d) and MP2/6-31G-
(d)//B3LYP/6-31G(d) also predict ID to be more stable than IB

by -15.2 and-41.8 kJ mol-1, respectively. At the B3LYP/6-
31G(d) level of theory,∆G is -51.5 kJ mol-1. ID is also
predicted to be more stable in CCl4 and CH2ClCH2Cl solutions
with ∆G values of-31.0 and-24.5 kJ mol-1, respectively.
For IC f ID, IC is found to be more stable than ID at HF/6-
31G(d) (∆E ) 9.8 kJ mol-1), and ID is found to be more stable
at B3LYP/6-31G(d) (∆E ) -10.4 kJ mol-1). ∆G (IC f ID) is
found to be negative with a value of-15.9 kJ mol-1 at B3LYP/
6-31G(d) in the gas phase. All the levels of theory also predict
∆G to be negative in CCl4 and in CH2ClCH2Cl with values of
-0.2 and-4.6 kJ mol-1, respectively, at HF/6-31G(d) and

-10.2 and-8.2 kJ mol-1, respectively, at B3LYP/6-31G(d).
For ID f trans-1,2-dibromo product (P)+ Br2, ∆E is 40.5 kJ
mol-1 at HF/6-31G(d) and 110.6 kJ mol-1 at B3LYP/6-31G-
(d). All the levels of theory also predict∆G (ID f P +Br2) to
be positive with∆E values of 17.6 and 108.4 kJ mol-1 at HF/
6-31G(d) and B3LYP/6-31G(d), respectively. This again sug-
gests that ID is a very stable structure. Similar results were also
obtained in CCl4 and CH2ClCH2Cl solution (Table 5). Therefore,
bromination of adamantylideneadamantane will undoubtedly
favor the formation of ID in CCl4 and CH2ClCH2Cl, which is
in excellent agreement with the X-ray structure.17 To investigate
if I D dissociates into the adamantylideneadamantane bromonium
ion (Ad-Ad-Br+) and Br3-, we tried to optimize the dissociated
products. It is interesting to see that despite successive attempts
with both HF and B3LYP levels of theory, an optimized
structure for Ad-Ad-Br+ (Figure 1) was not found in the gas
phase or in solution (CCl4 and CH2ClCH2Cl).

4. Conclusion

A comprehensive investigation was conducted to obtain all
possible mechanisms involved in the reaction of AddAd with
Br2 and 2Br2. Only one pathway, pathway A, was found for
the reaction of AddAd with one Br2 producing a bromonium/
Br- ion pair (IA). For the reaction of AddAd with 2Br2, three
different pathways, pathways B-D, all producing bromonium/
Br3

- ion pairs (IB, IC, and ID), were found. Structures for
pathways A and B were obtained at both HF and B3LYP levels
of theory, while for pathways C and D, all structures were only
obtained at the HF level. According to the HF/6-31G(d) level,
both pathways C and D are the most favored pathways with
very low activation energies as compared to pathways A and B
(Tables 1-4). The HF/6-31G(d) activation energies were
lowered by 138.1 and 162.7 kJ mol-1 at B3LYP/6-31G(d) for
pathways A and B, respectively. Since the activation energy is
significantly lower for the reaction of AddAd with 2Br2 as
compared to the reaction with a single Br2, the addition of
bromine to AddAd is indeed mediated by a second Br2

molecule where the second Br2 assists in the ionization of the
reactant complex to form a bromonium/Br3

- ion pair. This is
in agreement with our previous study on the bromination
reaction of ethene.24 According to B3LYP/6-31G(d), the reaction
would occur spontaneously in the gas phase as well as in some
solvents without a barrier to yield IC and ID via pathways C
and D, respectively. Single point calculations at MP2/6-31G-
(d)//HF/6-31G(d) and MP2/6-31G(d)//B3LYP/6-31G(d) also

TABLE 4: Activation Energies, Free Energies, and
Enthalpies of Activation (kJ mol-1) at 298.15 K for Reaction
of Adamantalydineadamantane with 2Br2 (Pathway D)a

level/basis set ∆Ea,TS
D ∆Hq

TS
D ∆Gq

TS
D

HF/6-31G(d)
gas phase 54.8 54.2 81.3
CCl4b 36.2
CH2ClCH2Clb 6.8c

MP2/6-31G(d)//HF/6-31G(d) -52.3
B3LYP/6-31G(d)//HF/6-31G(d) -32.2
B3LYP/6-31+G(d)//HF/6-31G(d) -55.6

a Barriers were calculated from the AddAd/2Br2 complex as defined
in Figures 8 and 9, respectively.b PCM-United Atom model was used
for optimized structures. In all cases,∆G ) ∆∆G (thermal correction)
+ ∆Gsolv. c Single-point calculation using the HF/6-31G(d) optimized
gas-phase structure.

TABLE 5: Relative Stabilities (kJ mol-1) at 298.15 K

IA f P IB f ID IC f ID ID f P + Br2
a

level/basis set ∆E ∆H ∆G ∆E ∆H ∆G ∆E ∆H ∆G ∆E ∆H ∆G

HF/6-31G(d)
gas phase -26.4 -21.9 -9.9 2.1 2.7 2.0 9.8 10.2 7.6 40.5 40.2 17.6
CCl4b 40.4 -3.1 -0.2 48.6
CH2ClCH2Clb 102.4 -8.5 -4.6 93.8

MP2/6-31G(d)//HF/6-31G(d)
gas phase -93.2 -15.2 8.0 47.8

B3LYP/6-31G(d)
gas phase -64.2 -59.8 -47.9 -49.1 -45.3 -51.5 -10.4 -7.4 -15.9 110.6 108.2 84.1
CCl4b -12.7 -31.0 -10.2 83.4
CH2ClCH2Clb 38.4 -24.5 -8.2 108.4

MP2/6-31G(d)//B3LYP/6-31G(d)
gas phase 90.8 -41.8 -6.0 80.5

a Since the values are relatively large, we have neglected BSSE correction.b PCM-United Atom model was used for optimized structures. In
all cases,∆G ) ∆∆G (thermal correction)+ ∆Gsolv.
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predict no barrier for pathways C and D. This is certainly worth
investigating, and we hope that gas-phase experimentalists will
test this prediction. No transition state leading from the
bromonium/Br- or bromonium/Br3- ion pair to thetrans-1,2-
dibromo product (P) was obtained for the pathways investigated
despite successive attempts. The most stable bromonium/Br3

-

ion pair (ID) corresponds to the observed X-ray structure.17 ID

was also predicted to be the most stable structure in CCl4 and
CH2ClCH2Cl and would form spontaneously via pathway D.

Barriers and relative stabilities calculated using the MP2 level
of theory were generally in better agreement with B3LYP than
HF. Because of the size of the system, only optimization at
HF/6-31G(d) and B3LYP/6-31G(d) and MP2/6-31G(d)//HF/6-
31G(d), MP2/6-31G(d)//B3LYP/6-31G(d), and B3LYP/6-31+G-
(d)//HF/6-31G(d) single point calculations were possible. Our
previous work on the bromination of alkenes24 suggests that
these are reliable levels of theory for this system.
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