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Ab initio calculations were carried out for the reaction of adamantylideneadamantas@\{#avith Br, and

2Br,. 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/6E&3)//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 reacticrAd Ad
with one Bg producing a bromonium/bromide ion pair. Three mechanisms for the reaction-eAdavith
2Br, were found, leading to three different structural forms of the bromoniwniBn 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 Ad\d with 2Br, was strongly favored over the reaction with only one.Br
According to B3LYP/6-31G(d) and single point calculations at MP2, the most stable bromoniangBr
pair would form spontaneously. The most stable of the three bromonigmi®Br pairs has a structure very

similar to the observed X-ray structure. Free energies of activation and relative stabilities of reactants and

products in CCJand CHCICH.CI were also calculated with PCM using the united atom (UAO) cavity model
and, in general, results similar to the gas phase were obtained. An optimized structure tiangie 2-

dibromo product was also found at all levels of theory both in gas phase and in solution, but no transition
state leading to th&ans-1,2-dibromo product was obtained.

1. Introduction mechanism for the reactions,X CoHs — CoHaX2 [X = F,
C1, and Br] at the MP3/3-21G//RHF/3-21G level of theory and

Experimentally, the reaction mechanism is considered to have found that the fluorination of ethene occurs via a four-centered
several steps, depending on the alkene and solvent?ud@d.  transition state with an activation energy of 212.5 kJ Thol
bromine/alkene charge-transfer complex (CTC) and the bro- while chlorlnan_qn and brommano_n give a zvy|tter|on|c three-
monium ion have been considered to be the main intermediatescentered transition state with activation barriers of 212.1 and
in the bromination of alkenes. The existence of a cyclic 256.9 kJ mot*, respectively. Hamilton and Schaefein their

bromonium ion intermediate was first proposed by Roberts and Study on the structure and energetics oHgBr™ isomers also
Kimball.8 However, no structural evidence of the occurrence Proposed that the transition state is a three-membered bromo-

of a cyclic bromonium ion was reported despite the many hium ion with a nearby counter bromide ion. Recently, Cammi

Bromination of alkenes is a well-known organic reactién.

experimental attempts by a variety of techniq@@$.Strating et al® studied the bromination of ethene but only from the CTC
and co-worker¥ first produced a bromonium ion tribromide  to the transition state (TS) at the MP2/CEP-121G(aug) level of
in the lab by reacting adamantylideneadamantdhevith Br; theory. The free energy barrier in going from the CTC to the

in CCL. Slebocka-Tilk et al? for the first time obtained the TS was found to be 250.8 kJ mélin the gas phase and 34.2
X-ray structure of the adamantylideneadamantane bromoniumkJ mol* in water.
ion with a B~ counterion ) (Scheme 1). Later, Brown et Recently24 we investigated the bromination reaction for a
al18 also reported the existence of another bromonium ion of geries of simple alkenes, namely, ethene, propene, isobutene,
bicyclo [3.3.1]nonylidenebicyclo [3.3.[lnonaneE)2,2,5,5-  flouroethene, chloroethené)c1,2-difluoroethene, andej-1,2-
tetramethyl-3,4-diphenylhex-3-ene8) (is the first reported  {ichloroethene. It was found that Bcan react with alkenes
example of an olefin whose interaction with bromine is limited i3 two different mechanisms. One involves a perpendicular
to - complex formation (Schem_e 23.Sim_ilarly, tetraneopen-  itack by Bs to the G=C bond by a one-step pathway producing
tylethylene ) does not react with bromine in C{£$olution, the bromonium/bromide ion pair intermediate. The second
and nox complex was formed between these two reagents on ,achanism consists of a sidewise attack by Brthe G=C
the basis of theC NMR spectrum (Scheme 3).Thus, the  ,n4 producing first the bromonium/bromide ion pair inter-
reactivity of olefins toward bromine depends on their steric mediate, which then produces tians-1,2-dibromoalkane via
h|ndrance.. . L . multiple steps. Ethene can react with 2Bia several mecha-
Theoretical studies of the brominination of alkenes are quite nisms, all leading to thérans1,2-dibromoethane product. It
limited as compared to experiment. Yamabe &t atudied the was found that in this case, the bromination reaction in gas phase
* Corresponding author. Tel.: (709) 737-8609; fax: (709) 737-3702; @nd in nonpolar aprotic solvents was mediated by the second
e-mail: rpoirier@mun.ca. bromine molecule. The most likely pathway for the reaction of

10.1021/jp077306d CCC: $40.75 © 2008 American Chemical Society
Published on Web 12/11/2007




Adamantylideneadamantane with,Bnd 2Bp

J. Phys. Chem. A, Vol. 112, No. 1, 200853

SCHEME 1
M +2Br, —> «— W Br;
(3]
O] CTC
SCHEME 2
C(CHy); O
— + Br, «—
‘ C(CHy)3
3 CTC
SCHEME 3 to form the dibromo product. No reaction can occur even with
c(CHy); C(CHy), small nucleophiles such as fluoride iofisAlthough the reaction
o mechanism of AeFAd with Br, was extensively studied
+Bn  «—  NOREACTION previously316.17.27-31 ng computational study was conducted to
C(CHy; C(CHy), investigate the mechanism of the bromination of=A&H. A

@

ethene and 2Brwas found to be a multiple-step process
involving the formation of an ethane bromonium{Bion pair
intermediate, which then leads to the formation of the 1,2-
dibromo product by trans addition of a Br atom fromgBto

potential energy surface for the bromination reaction offAd
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.

one of the bromonium ion carbons. The corresponding activation 2. Computational Method

energy was 122.7 kJ mol at the G3SMP2B3 level of theory.
For nonpolar aprotic solvents such as £t and CHCICH,-

Cl, the overall activation energies for the ethen@Br, reaction
were found to be 64.6 and 52.7 kJ mylrespectively, at the
B3LYP/6-31G(d) level of theory. This is in excellent agreement
with the experimental activation energy of 66.4 kJ mdior
the reaction in CGH—CCI,H.2> However, in polar protic
solvents such as GIH, the calculated free energy agreed very
well with experimert® only when the reaction was mediated
by a single CHOH 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
pair1617 The typical bridged bromonium ion would be in this
case Ad=Ad sterically hindered by four conformationally

constrained axial hydrogen atoms of the cyclohexane moiety

as illustrated in Figure 1. Therefore, no further reaction occurred

Figure 1. Expected structure of the adamantylideneadamantane
bromonium ion.

All the electronic structure calculations were carried out with
Gaussian 032 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/6-315(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 G@nd CHCICH,CI for the addition
reaction of bromine to AgAd 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
(UAO) model.

3. Results and Discussion

The results for the reaction of adamantylideneadamantane
(Ad=Ad) with Br, and 2Bg in the gas phase and in CCire
given in Tables +5.

3.1. Potential Energy Surface for Reaction of Ae=Ad +
Br,: Pathway A. Pathway A is the only pathway found for
the reaction of Ae=Ad with one Bp. The structures involved
in pathway A are shown in Figure 2. The relative energies of
reactants, intermediates, transition states, and products are shown
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Figure 2. Mechanism for the reaction of AdAd + Br; (pathway A).
TABLE 1: Activation Energies, Free Energies, and

Enthalpies of Activation (kJ mol~1) at 298.15 K for Reaction
of Adamantalydineadamantane with Br, (Pathway A)?

AEa 1t AH% AGHS

level/basis set
HF/6-31G(d)

gas phase 272.8 269.4 2818
CClp 251.7
CH,CICHCIP 234.8
MP2/6-31G(d)//HF/6-31G(d)
gas phase 111.4
B3LYP/6-31G(d)
gas phase 1347 1310 1414
CClp 1154
CH.CICH,CIP 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 Ad\d/Br, complex as defined
in Figures 2 and 32 PCM-United Atom model was used for optimized
structures. In all case&G = AAG (thermal correctionj AGsol.

in Figure 3. Activation energies, free energies, and enthalpies

of activation for the reaction of Ag¢Ad with Br, are given in
Table 1. Ad=Ad can form two complexes with Brin one
complex, R%, Br; is coplanar and perpendicular to the=C
bond, and in the other complex, RBr—Br and G=C bonds

are skewed to each other (Figure 2). All the levels except for

HF predict R? to be more stable than R2by 21.2 kJ mot?!
at the B3LYP/6-31G(d) level of theory. Pathway A is a one-

step mechanism in which the adamantylideneadamantane

bromonium/Br ion pair (P) is formed via transition state TS
where one Br attacks the=€C bond of Ad=Ad. In the reactant
complex R2, the Br—Br and G=C bond distances are 2.316

R2* decreases from 4.719 to 2.751 A in A IRC analysis
confirmed that TS leads to R2 and P. The activation energy
(AE, 1¢) for the reaction of Ae=Ad with Bryis 272.8 and 134.7

kJ mol? 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 mot, while at MP2/6-31G(d)//B3LYP/
6-31G(d), the barrier is increased to 145.3 kJ mholThe
surprising lowering in the barrier by 161.4 kJ mblat 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 mél The solvent model
used in this study predicts a free energy of activation of 251.7
and 115.4 kJ mot in CCl, and 234.8 and 97.5 kJ mdlin
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and 1.349 A'_ respectively, at the B3LYP/6-31G(d) level of figyre 3. Reaction pathway for the reaction of &#d + Br. (pathway
theory, while in T3, the distances increase to 3.058 and 1.419 A) at HF/6-31G(d) and B3LYP/6-31G(d) levels of theory (see Figure

A, respectively. On the other hand, the-BE bond distance in

2 for structures).
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Figure 4. Mechanism for the reaction of AdAd + 2Br, (pathway B).

CH,CICH,CI at HF/6-31G(d) and B3LYP/6-31G(d), respec-
tively. Although optimized structures for thens-1,2-dibromo
product (P) were obtained by all levels of theory, no transition
state leading from”A to P was obtained despite successive
attempts. P was found to be more stable tHaby 26.4 and
64.2 kJ mot? 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 thesis-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 Agk
Ad with 2Br ». The results for the reaction of A¢Ad and 2Bp
will be discussed in the following order: (1) pathway B, (2)
pathway C, and (3) pathway D.

3.2.1. Pathway BThe 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 complexéJRf Ad=Ad +
2Br, is similar to R2, except that the second Binteracts
sidewise. Pathway B is a one-step mechanism in which an ion
pair of the bromonium ion and Br ion is formed via a
transition state TSwhere one Br atom of Brattacks the &C
bond of Ad=Ad, while the other Br atom transfers to the other
Br,. In the reactant complex®8Rthe Br—Br bond distance for
Br, attacking the &C bond is 2.329 A at the B3LYP/6-31G-
(d) level of theory, while in T8, the distance increases to 2.878
A. The C-Br (Br attacking the &C) and Br--Br, bond
distances start at 4.699 and 3.172 A fhdhd decrease to 2.904
and 2.723 A in T8, respectively, at B3LYP/6-31G(d). IRC
analysis confirmed that Pdeads to R and B. The activation
energy for the reaction of AdAd with 2Br, in pathway B is
256.8 kJ mot! at HF/6-31G(d) and 94.1 kJ mdlat 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 hatlthe
B3LYP/6-314+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 CCly and CHCICH,CI by 15.1 and 26.8 kJ mol, respec-
tively, at B3LYP/6-31G(d).

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

Pathway B
320.0

TS®

220.0

trans-1,2-dibromo
product
+

8
S
°

AE,rs Br,

Relative Energy (kJmol)

RB
——HF/6-31G(d)
—A—B3LYP/6-31G(d)

Figure 5. Reaction pathway for the reaction of Add + 2Br,
(pathway B) at HF/6-31G(d) and B3LYP/6-31G(d) levels of theory
(see Figure 4 for structures).

-180.0
Arbitrary Reaction Coordinate
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Figure 6. Mechanism for the reaction of AdAd + 2Br, (pathway C).

TABLE 2: Activation Energies, Free Energies, and
Enthalpies of Activation (kJ mol~1) at 298.15 K for Reaction
of Adamantalydineadamantane with 2Bg, (Pathway By

AEy 1 AHYS AGHS

level/basis set
HF/6-31G(d)

gas phase 256.8 255.7 263.1
CCl 240.8
CH,CICH,CIP 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
CClP 82.4
CH,CICH,CIP 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 Ad\d/2Br, complex as defined
in Figures 4 and 5? PCM—United Atom model was used for optimized
structures. In all casedG = AAG (thermal correction)+ AGsop.

reactants, intermediates, transitions states, and products ar

shown in Figure 7. Activation energies, free energies, and

enthalpies of activation for pathway C are given in Table 3.
In pathway C, intermediate®lis formed via TS, which
differs from TS in that the Bp attacking the &C bond of
Ad=Ad is tilted from the perpendicular. This leads to a different
bromonium/Bg~ ion pair (I°). In the reactant complex®Rthe
Br—Br bond distance of Brthat attacks the €C is 2.284 A at
the HF/6-31G(d) level of theory, while in FSthe same Br

Br distance increases to 2.748 A. The corresponding activation(

energy AE, 1<) is 61.3 kJ mot?! at HF/6-31G(d). No transition
state structure was found at the B3LYP/6-31G(d) level of theory;

TP TP I TP T PP PFPPRES

nefBy (kimor’)

Islam and Poirier

however, both Rand F 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 F differ by only 3.1 kJ mot! at B3LYP/6-31G(d), a
simple BB — RC conversion is more likely to occur.

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

PathwayC ~——————>

80.0

30.0

w200

2

-70.0

—4—HFI6-31G(d)
—4—B3LYP/6-31G(d)

Figure 7. Reaction pathway for the reaction of Add + 2Br,

-120.0

Arbitrary Reaction Coordinate

pathway C) at HF/6-31G(d) level of theory. Fof Bnd TS, 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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Figure 8. Mechanism for the reaction of AdAd + 2Br, (pathway D).

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

level/basis set AE 1+ AHHEL  AGHL
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 Ad\d/2Br, complex as defined
in Figures 6 and 7.

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/Br ion pairs (P and F),
a third bromonium/By~ ion pair (P) is formed via TS in
pathway D, with an activation energiE, &) of only 54.8 kJ
mol~! at HF/6-31G(d). The structure of PSinvolves a
perpendicular attack by a Bon the G=C bond, while the other
Br, is coplanar with the &C bond and the attacking Brin
the reactant complex ™R the Bp that attacks the €C has a
Br—Br bond distance of 2.285 A at HF/6-31G(d), while in°['S
it increases to 2.805 A. This bromonium#Brion pair (P) is
very similar to that observed experimentallyNo reactant
complex (FP) or transition state (T 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 g@hd CHCICH,CI.
The free energies of activation in CGCand CHCICH,CI
decrease by 45.1 and 74.5 kJ micht HF/6-31G(d), suggesting

that the reaction is most likely barrierless in solution as well.
This is in accordance with experimeftwhere an equilibrium
mixture of Ad=Ad + 2Br, adamantylideneadamantane
bromonium/Bg~ was reported with no evidence of any #d
Ad/2Br, complex formation. Furthermore, the reaction is also
highly favored withAE = —135.7 kJ mot! at B3LYP/6-3H-G-
(d)//B3LYP/6-31G(d) and-144.1 kJ mot* at MP2/6-31G(d)//
B3LYP/6-31G(d).

3.3. Relative Stabilities.The relative energies of theans
1,2-dibromo product (P), bromonium/Bion pair (1), and three
bromonium/Bg™ ion pairs (B, I, and P) are given in Table 5.
All the levels of theory predict P to be more stable thamith

—
=

Pathway D ———"
0.0

300

]
i
i

—4—HFI6-31G(d)
—4—BILYP/E-31G(d)

-120.0

Arbitrary Reaction Coordinate

Figure 9. Reaction pathway for the reaction of Add + 2Br,
(pathway D) at HF/6-31G(d) level of theory. FoPRnd TS, 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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TABLE 4: Activation Energies, Free Energies, and
Enthalpies of Activation (kJ mol~1) at 298.15 K for Reaction
of Adamantalydineadamantane with 2B, (Pathway D)

AEat? AH® AGHS

level/basis set
HF/6-31G(d)

gas phase 54.8 542 813
CCl 36.2
CH,CICH,CI° 6.8
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 Ad\d/2Br, complex as defined
in Figures 8 and 9, respectiveyPCM—United Atom model was used
for optimized structures. In all casesG = AAG (thermal correction)
+ AGson. ¢ Single-point calculation using the HF/6-31G(d) optimized
gas-phase structure.

AE = —26.4 at HF/6-31G(d) and\E = —64.2 kJ mot! 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 0f-93.2 and—90.8 kJ mot?, respectively,
which are in reasonable agreement with the B3LYP/6-31G(d)
value of —64.2 kJ mot?. All the levels of theory also predict
AG (I — P) to be negative in the gas phase (Table 5). However,
in CH,CICH,CI, AG (I* — P) becomes positive with values of
102.4 and 38.4 kJ mot at HF/6-31G(d) and B3LYP/6-31G-
(d), respectively. Therefore, the bromoniun/BI*) is favored
over the 1,2-dibromo product (P) in GEICH,CI. In CCly,
according to HF/6-31G(d)”lis favored AG = 40.4 kJ mot?),
while according to the B3LYP/6-31G(d) level of theory, the
dibromo product (P) is slightly favored\G = —12.7 kJ mot?).
Comparing the three bromonium/&Brion pairs (P, I, and
IP), IP is predicted (except HF) to be the most stable in both
gas phase and solutior? is more stable tharBlwith AE (1B
— IP) of —49.1 kJ mof! 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 predicPlto be more stable tha |
by —15.2 and—41.8 kJ mot?, respectively. At the B3LYP/6-
31G(d) level of theory,AG is —51.5 kJ mot™. IP is also
predicted to be more stable in G@nd CHCICH,CI solutions
with AG values of—31.0 and—24.5 kJ mot?, respectively.
For I — 1P, IC is found to be more stable thaR &t HF/6-
31G(d) AE = 9.8 kJ mof1), and P is found to be more stable
at B3LYP/6-31G(d) AE = —10.4 kJ mot?1). AG (I°—IP) is
found to be negative with a value ef15.9 kJ mot?* at B3LYP/
6-31G(d) in the gas phase. All the levels of theory also predict
AG to be negative in CGland in CHCICH,CI with values of
—0.2 and—4.6 kJ motl?, respectively, at HF/6-31G(d) and

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

Islam and Poirier

—10.2 and—8.2 kJ moftl, respectively, at BSLYP/6-31G(d).
For IP — trans-1,2-dibromo product (P} Bry, AE is 40.5 kJ
mol~! at HF/6-31G(d) and 110.6 kJ mdlat B3LYP/6-31G-

(d). All the levels of theory also predi&tG (I° — P +Br) to

be positive withAE values of 17.6 and 108.4 kJ mélat HF/
6-31G(d) and B3LYP/6-31G(d), respectively. This again sug-
gests that is a very stable structure. Similar results were also
obtained in CCJand CHCICH,CI solution (Table 5). Therefore,
bromination of adamantylideneadamantane will undoubtedly
favor the formation of ® in CCl, and CHCICH,CI, which is

in excellent agreement with the X-ray structdifd.o investigate

if 10 dissociates into the adamantylideneadamantane bromonium
ion (Ad—Ad-Br*) and Bg~, 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 (C¢land CHCICH.CI).

4. Conclusion

A comprehensive investigation was conducted to obtain all
possible mechanisms involved in the reaction o=t with
Br, and 2Bg. Only one pathway, pathway A, was found for
the reaction of Ae=Ad with one Bk producing a bromonium/
Br~ ion pair (P). For the reaction of AgAd with 2Br», three
different pathways, pathwaysHD, all producing bromonium/
Brs~ ion pairs (P, I, and P), 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 +4). The HF/6-31G(d) activation energies were
lowered by 138.1 and 162.7 kJ mélat B3LYP/6-31G(d) for
pathways A and B, respectively. Since the activation energy is
significantly lower for the reaction of AdAd with 2Br, as
compared to the reaction with a single,Bthe addition of
bromine to Ad=Ad is indeed mediated by a second,Br
molecule where the second Bassists in the ionization of the
reactant complex to form a bromoniumgBrion pair. This is
in agreement with our previous study on the bromination
reaction of ethené! 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®land P 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

IA—p [B—|D IC— P IP— P+ Bra
level/basis set AE AH AG AE AH AG AE AH AG AE AH AG

HF/6-31G(d)

gas phase —264 —-219 —99 2.1 2.7 2.0 9.8 10.2 7.6 40.5 40.2 17.6

CClp 40.4 -3.1 -0.2 48.6

CH,CICH,CIP 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 —479 -49.1 -453 -515 -104 -74 -159 1106 1082 84.1

CCl -12.7 —-31.0 —-10.2 83.4

CH.CICH,CIP 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

a2 Since the values are relatively large, we have neglected BSSE corrédd@M—United Atom model was used for optimized structures. In

all casesAG = AAG (thermal correctionj+ AGsol.
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predict no barrier for pathways C and D. This is certainly worth ~ (11) Staley, R. H.; Wieting, R. D.; Beauchamp, JJLAm. Chem. Soc

i igati ) i i 111977, 99, 5964-5972.

InveSt;]g.atmg’;nq we h’\?pe that g_as phase ﬁngnme?ta“Stshwm (12) Kim, J. K.; Findlay, M. C.; Henderson, W. G.; Caserio, M.XI.

test this prediction. No transition state leading from the am Chem.'sod973 95, 2184-2193.

bromonium/Br or bromonium/Bg~ ion pair to thetrans-1,2- (13) Angelini, G.; Speranza, Ml. Am. Chem. Sod.981 103 3792~

dibromo product (P) was obtained for the pathways investigated 3799. , _ _

despite successive attempts. The most stable bromonigm/Br 435124) Tsai, B. P.; Wemer, A. S.; Baer, J. Chem. Physl975 63, 4384~

ion pair (P) corresponds to the observed X-ray strqcﬂ]rlé’. (15) McLafferty, F. W.Anal. Chem 1962 34, 2—15.

was also predicted to be the most stable structure in, @@l (16) Strating, J.; Wieringa, J. H.; Wynberg, Bl.Chem. Soc. D1969

CH,CICH,CI and would form spontaneously via pathway D. 90717905; bocka Tk H.: Ball R. G- B R S Am. Chem. S
Barriers and relative stabilities calculated using the MP2 level 1gé5 )10784554_&‘"1555_ - pall, K. B brown, K. 3. Am. Lhem. 50c

of theory were generally in better agreement with BSLYP than " (18) Brown, R. S.; Nagorski, R. W.; Bennet, A. J.; McClung, R. E. D.;

HF. Because of the size of the system, only optimization at Aarts, G. H. M.; Klobukowski, M.; McDonald, R.; Santarsiero, B. D.

- - _ _ Am. Chem. Sod 994 116, 2448-2456.
HF/6-31G(d) and B3LYP/6-31G(d) and MP2/6-31G(d)//HF/6 (19) Bellucci, G.; Chiappe, C.; Bianchini, R.; Lenoir, D.; HergesJR.

31G(d), MP2/6-31G(d)//B3LYP/6-31G(d), and B3LYP/6-3- Am. Chem. Sod995 117, 12001-12002.

(d)//HF/6-31G(d) single point calculations were possible. Our  (20) Olah, G. A.; Prakash, G. K. 8. Org. Chem1977, 42, 580-582.
previous work on the bromination of alkeAésuggests that 193(3%1)53)(2amabe’ S.; Minato, T.; Inagaki, &.Chem. Soc., Chem. Commun
these are reliable levels of theory for this system. 22) Hamilton, T. P.: Schaefer, H. B. Am. Chem. Sod99Q 112

8260-8265.
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