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Ab initio calculations were carried out for the reaction of Biith ethene, propene, isobutene, fluoroethene,
chloroethene K)-1,2-difluoroethene, andej-1,2-dichloroethene. For ethene the calculations were also carried
out for the reaction with 2Br Geometries were optimized at the HF, MP2, and B3LYP levels using the
6-31G(d) and 6-3+G(d) basis sets where for Br both the standard 6-31G and the Binfingiss bromine

basis sets were used. Energies were also calculated at the G3MP2 and G3MP2B3 levels. For g single Br
mechanism involves a perpendicular attack by 8rthe C=C bond, and a second mechanism consists of
sidewise attack by Br Alkenes can react with 2Bwia several mechanisms, all leading to the dibromo
product. The most likely pathway for the reaction of ethene and 2Bblves a trans addition of a Br atom

from Br;~ to one of the bromonium ion carbons. Activation energies, free energies, and enthalpies of activation
along with thermodynamic propertieAE, AH, andAG) for each reaction were calculated. We have found
that the reaction of ethene with 2Bis favored over reaction with only BrThere is excellent agreement
between the calculated free energies of activation for the reaction of ethene arshdRxperimental values

in nonpolar aprotic solvents. However, the free energies of activation for the reaction with a singtgdrs

well with the experimental results for polar protic solvents only when the reaction is mediated by a solvent
molecule. A kinetic expression is proposed that accounts for the difference between bromination of alkenes
in protic and nonprotic solvents. Some previously unknown heats of formation are reported.

1. Introduction a s complex?! Thus the reactivity of olefins toward bromine
depends on their steric hindrance. A study of the product of

The electrophilic addition of Brto alkenes is a well-known
P B bromination of ethene in dichloroethane Hy and2H NMR

organic reactio”? The reaction mechanism has been extensively L o , .
studied experimentally, and the generally accepted reactionSPectra indicates that the addition givieans1,2-dibromo-
scheme consists of several stép&Studies of this reaction go ~ €thane?? Chretien et af® studied the selectivity of alkene
back to as early as 1937 from the work of Roberts and Kinfball. Promination by using stereo-, regio-, and chemoselectivity. It
Their work suggested the existence of a cyclic bromonium ion 1S believed that the electrophilic bromination of alkenes follows
intermediate, which was shown in the late 1960s using NMR, @ mechanism that has three successive steps: (i) fast-equilibrated

by Olah and co-worker$°to be the actual reactive species.
However, there was no structural evidence for the existence of
a cyclic bromonium ion because the reaction is too fast. There
have been many experimental attempts by a variety of tech-
nigues to confirm the occurrence of cyclic bromonium ions in
the gas phase, including photoionizatiénjon cyclotron
resonancél~1* radiolytic techniqué® and conventional mass
spectrometry$17 Although some experiments suggest the
formation of a bromonium ion, no conclusive evidence could
be provided for its actual structure. Strating etdirst produced

a bromonium ion tribromide in the lab by reacting adamantyl-
ideneadamantane (AeAd) with Br, in CCly. Slebocka-Tilk et
al1® for the first time obtained the X-ray structure of adaman-
tylideneadamantane bromonium ion with gBcounterion. In
this case, because back-side attack byiBisterically hindered,
bromination stops at the adamantylideneadamantane bromoniu
ion. (E)-2,2,5,5-Tetramethyl-3,4-diphenylhex-3-ene is the first
reported example of an olefin whose interaction with bromine
is limited tor complex formatior?® Similarly, tetraneopentyl-
ethylene does not react with bromine in GGInd on the basis
of the 13C NMR spectrum there is no evidence of formation of

* Author to whom correspondence should be addressed. Phone:
(709) 737-8609. Fax: (709) 737-3702. E-mail: rpoirier@mun.ca.

formation of an olefir-bromine charge-transfer complex, (ii)
rate-limiting ionization of thist complex into ac complex,
the so-called bromonium ion, and, finally, (iii) fast product
formation by nucleophilic trapping of the ionic intermediéte?®

In comparison to experimental studies, there have been a
limited number of theoretical studies on the bromination of
alkenes. Yamabe et &l.studied the electrophilic addition
reactions % + CoHs— CoHaX5 (X = F, Cl, and Br) at the MP3/
3-21G//IRHF/3-21G level of theory. Their study shows that the
fluorination of ethene occurs via a four-center transition state,
while chlorination and bromination give zwitterionic three-center
transition states. The activation energies were found to be 212.5,
212.1, and 256.9 kJ mo! for X = F, Cl, and Br, respectively.
Hamilton and Schaefé in their study on the structure and
energetics of gH4Br* isomers proposed that the transition state

Mor the bromination reaction is a three-membered bromonium

ion with a nearby counter bromide ion. Later, Cammi et%al.
conducted a detailed MP2 study from the charge-transfer
complex (CTC) to the transition state (TS) for the addition of
Br, to ethene both in the gas phase and in water. At the MP2/
CEP-121G(aug) level the structures of the CTC and the TS were
found to haveC,, symmetry both in the gas phase and in water.
They also found that the structure of the CTC is not very
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Figure 1. Pathway and barrier for the reaction of &+CH, + Br, (pathway A) at the MP2/BC6-31G(d) level of theory. Although the IRC leads
to 1A, no optimized structure was found.

2° Ts3® PP
Figure 2. Mechanism for the reaction of GHCH, + Br, (pathway B). Similar structures are found for the bromination of,€E8H,=CH,
(CHg),CH=CH,, CH,=CHF, and CH=CHCI.

different in the gas phase and in water, but the TS structure is of C;H4Br™, C;H,Br*, and GH,CI™ using ab initio quantum
largely affected by the presence of the solvent where the solvatedmechanical techniques and found that the cyclic bromonium
TS has an earlier character with a-Hr bond much shorter  ion is more stable than the acyclic 1-bromoethyl cation by 6.3
than that in the gas phase. At the MP2/CEP-121G(aug) level kJ moi~ with a barrier of 104.5 kJ mot for the interconversion
the barrier was found to be 250.8 kJ mblThe first step in of these two forms. Cossi et #found the positive charge to
electrophilic bromination of ethene in water was also investi- be delocalized over the Br atom and the two olefinic carbons
gated by Strnad et &. by molecular dynamics simulations. in the bromonium ion. The CTC formed during the first step of
Hamilton and Schaef&3!studied the structure and energetics the bromination reaction was also investigated>®
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TABLE 1: Activation Energies, Free Energies, and
Enthalpies of Activation (kJ mol~1) at 298.15 K for the
Reaction of CH,=CH,, CH3—CH,=CH,, (CH3),CH=CH,,
CH,=CHF, CH,=CHCI, (E)-CHF=CHF, and
(E)-CHCI=CHCI with Br , (Pathway A)*P

level/basis set AEg 1 AGH A AH A
CH,=CH; + Br;
MP2/6-31G(d) 238.4 229.8 235.2
MP2/BC6-31G(d) 256.4 251.7 250.6
MP2/6-3HG(d) 238.3 231.7 235.2
MP2(FULL)/6-31G(d) 240.9 231.1 237.6
MP2/G3MP2large 268.5
/IMP2(FULL)/6-31G(d)
CH3—0H2=CH2 + Br;
MP2/6-31G(d) 230.6 219.6 227.2
MP2/BC6-31G(d) 249.8 236.6 246.3
MP2(FULL)/6-31G(d) 233.5 221.8 230.1
MP2/G3MP2large 262.6
/IMP2(FULL)/6-31G(d)
(CH3)2C=CH2 + Br;
MP2/6-31G(d) 224.1 211.7 220.7
MP2/BC6-31G(d) 244.8 230.7 241.1
MP2(FULL)/6-31G(d) 227.6 214.4 224.0
MP2/G3MP2large 258.2
/IMP2(FULL)/6-31G(d)
CHF=CH2 + Brz
MP2/6-31G(d) 230.2 224.7 227.6
MP2/BC6-31G(d) 247.6 241.3 244.8
MP2(FULL)/6-31G(d) 232.4 226.3 229.8
MP2/G3MP2large 259.6
/IMP2(FULL)/6-31G(d)
CHCI=CH; + Br,
MP2/6-31G(d) 228.2 223.5 225.7
MP2/BC6-31G(d) 244.9 238.7 242.1
MP2(FULL)/6-31G(d) 230.4 224.9 227.9
MP2/G3MP2large 255.9
/IMP2(FULL)/6-31G(d)
(E)-CHF=CHF + Br,
MP2/6-31G(d) 226.1 222.2 223.2
MP2/BC6-31G(d) 243.3 231.4 242.8
MP2(FULL)/6-31G(d) 228.0 222.9 225.1
MP2/G3MP2large 254.9
/IMP2(FULL)/6-31G(d)
(E)-CHCI=CHCI + Br;
MP2/6-31G(d) 232.6 226.5 229.4
MP2/BC6-31G(d) 249.3 241.2 246.0
MP2(FULL)/6-31G(d) 234.4 226.5 231.2
MP2/G3MP2large 256.1

/IMP2(FULL)/6-31G(d)

aBarrier as defined in Figure 2.The products are all in a trans

conformation.

It is difficult to extract conclusive information about the
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Figure 3. Pathway for the reaction of GHCH; + Br; (pathway B)
at the MP2/BC6-31G(d) level of theory (see Figure 2 for structures).

it was found that for some reactions involving third row elements
energetics obtained using the standard 6-31G bromine ba$is set
showed better agreement with G3 theories compared to the
Binning—Curtis$! bromine (BC6-31G) basis set. Therefore,
both the standard 6-31G(d) and BC6-31G(d) bromine basis sets
are used in this study. Because the reaction efiBth alkenes

is known to proceed through formation of charged species the
standard 6-3+G(d) and BC6-31+G(d) basis sets were also
used. B3P86 and B3PW91 density functional calculations were
also performed where B3LYP failed to give an optimized
structure along a reaction pathway. Single-point energies
required for G3MP2, G2MP2B3, and G3MP2B3(BC) levels
were obtained using the MP2(FULL)/6-31G(d), B3LYP/6-31G-
(d), and B3LYP/BC6-31G(d) optimized geometries, respec-
tively. For Br, the G3MP2large basis $8t*3which is not yet
incorporated in Gaussian 03, was used for G3MP2 and
G3MP2B3 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 paper have been verified using
intrinsic reaction coordinate (IRC) analysis. Structures obtained
from IRC have been optimized to positively identify the reactant
and product to which each transition state is connected. Free
energies of activation and of reaction for the addition reaction
of bromine to alkenes in Cgl CH,Cl,, CH,CI—CH,CI, and
CHs0H were calculated with the polarizable continuum model

mechanistic pathways from experiments only. Thus, quantum (PCM) as implemented in Gaussian 03. All free energy
chemical calculations are the only source for a detailed calculations involving solvation were performed using the
characterization of the potential energy surface along the reactionoptimized solution-phase structures. By default, the PCM model
path. However, no computational studies have been reportedbuilds up the cavity using the united atom (UAO) model, i.e.,
for the complete potential energy surface for the bromination putting a sphere around each solute heavy atom; hydrogen atoms
of alkenes. To ensure the reliability of our results, wavefunction are enclosed in the sphere of the atom to which they are bonded.

and density functional theory (DFT) calculations were per-

formed. Because of the size of the system, it is possible to also3 Resuits and Discussion

perform some calculations at high levels of theory, such as
G3MP2 and G3MP2B3, which are known to give reliable

energetics$s37

2. Method

The results for the reaction of alkenes with,Bnd 2Bp are
given in Tables +9, and the heats of formation of some
energetically stable compounds are presented in Table 10.

3.1. Potential Energy Surfaces for the Reaction of Alkenes

All of the electronic structure calculations were carried out Wwith Br,. The results for the reaction of alkenes and ill
with Gaussian 032 The geometries of all reactants, transition be discussed in the following order: (1) perpendicular attack
states, intermediates, and products were fully optimized at the of Br, to C=C (pathway A) and (2) sidewise attack of,Bo

HF, MP2, and B3LYP levels of theory. From previous wétk,

C=C (pathway B).
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TABLE 2: Activation Energies, Free Energies, and Enthalpies of Activation (kJ mof?) at 298.15 K for the Reaction of
CH,=CH,, CH3—CH,=CH,, (CH3),CH=CH,, CH,=CHF, and CH,=CHCI with Br , (Pathway B)><

level/basis set AE1sf AG¥rs AH*sf AE1sP AGHsP AH¥sP AE,1sf AGHsd AH¥sP
CH,=CH, + Br, — CH,Br—CH,Br
HF/6-31G(d) 303.0 335.3 301.5 42.7 38.6 37.4 11.4 15.5 9.5
HF/BC6-31G(d) 300.3 320.9 298.5 44.5 40.4 39.4 14.7 16.8 12.6
MP2/6-31G(d) 252.9 275.9 251.0 60.8 57.1 56.5 15.0 15.2 12.7
CCle 262.9 55.8 16.4
MP2/BC6-31G(d) 247.3 263.5 245.1 58.3 54.8 54.2 18.3 20.0 16.1
B3LYP/6-31G(d) 186.7 212.9 184.7 (36.9) (33.2) (37.2) 10.7 11.2 8.5
CCle 191.0 (67.6) 12.3
B3LYP/BC6-31G(d) 189.1 206.1 186.4 12.3 10.3 9.2 14.0 14.2 11.7
9.1) (8.7) (6.2)
B3LYP/6-31+G(d) 193.7 225.7 191.8 (40.8) (46.4) (38.4) 10.8 11.2 8.5
B3LYP/BC6—31+G(d) 188.0 208.2 183.3 (14.2) (13.5) (11.2) 15.7 15.9 13.2
B3P86/BC6-31G(d) 188.5 199.1 185.9 21.7 18.5 18.4 15.6 15.7 13.3
B3PW91/6-31G(d) 195.1 220.5 195.5 (52.5) (52.8) (50.1) 11.6 121 9.4
B3PW91/BC6-31G(d) 193.5 214.4 190.7 21.4 18.0 18.1 15.1 15.2 12.9
MP2/G3MP2large//MP2(FULL)/6-31G(d) 250.6 279.0 244.8 63.5 64.1 62.7 16.0 20.5 14.1
MP2/G3MP2large//B3LYP/6-31G(d) 262.0 285.2 256.9 c c c 15.6 16.6 13.8
G3MP2 c c c c c c 14.4 18.9 12.6
G3MP2B3 c c c c c c 13.9 14.9 121
CHz—CH,=CH, + Br, — CH;—CH,Br—CH,Br
HF/6-31G(d) 286.7 317.4 284.5 27.7) (13.5) (12.7) 20.8 23.8 19.0
HF/BC6-31G(d) 283.3 302.2 280.8 22.3 18.5 17.3 23.3 26.1 215
MP2/6-31G(d) 201.1 213.2 193.4 45.7 38.8 40.2 23.6 26.3 21.7
CCle 2335 42.6 26.6
MP2/BC6-31G(d) 200.4 204.0 190.3 45.0 40.4 39.9 26.8 29.1 24.8
B3LYP/6-31G(d) 167.2 188.5 164.4 —L.7) =3.2) (-8.6) 17.9 20.9 16.0
B3LYP/BC6-31G(d) 168.1 176.3 167.5 (0.1) -1.5) (-3.8) 20.6 23.1 18.6
CCle 165.9 (42.7) 21.6
B3LYP/6-31+G(d) 173.4 203.4 170.8 (0.6) —0.9) (~6.8) 18.1 21.2 16.2
B3LYP/BC6-31+G(d) 163.7 177.3 160.7 (8.8) (6.1) (4.8) 23.2 26.2 21.3
B3P86/6-31G(d) 167.1 191.3 164.1 c c c 19.0 21.9 171
B3P86/BC6-31G(d) 166.3 175.9 162.6 13.6 10.3 10.0 22.1 24.5 20.1
B3PW91/6-31G(d) 174.8 205.1 171.8 (6.1) (0.0) 4.7) 18.7 21.7 16.9
B3PW91/BC6-31G(d) 170.9 176.4 170.0 13.3 11.0 9.8 21.8 24.3 19.8
MP2/G3MP2large//MP2(FULL)/6-31G(d) 230.7 252.6 228.7 48.9 43.3 48.6 23.9 26.0 23.1
MP2/G3MP2large//B3LYP/6-31G(d) 243.1 263.5 239.3 c c c 23.6 26.6 215
G3MP2 c c c 37.0 314 36.7 22.4 24.5 21.6
G3MP2B3 c c c c c c 22.0 25.1 20.0
(CH3),C=CH; + Br, — (CH3),CBr—CH,Br
HF/BC6-31G(d) 276.2 289.0 272.3 56.1 58.1 52.2 24.6 27.6 22.7
MP2/BC6-31G(d) 189.3 189.7 178.4 54.2 53.0 50.6 28.3 30.8 26.1
B3LYP/BC6-31G(d) 150.7 158.8 145.4 (21.2) (24.1) (18.8) 21.3 24.5 19.3
B3LYP/BC6—-31+G(d) 146.6 155.0 142.3 (21.3) (24.3) (18.8) 24.6 27.6 225
B3P86/BC6-31G(d) 147.2 155.1 141.6 (27.4) (29.4) (24.9) 23.1 26.2 21.1
B3PW91/BC6-31G(d) 152.2 161.5 146.7 (27.7) (30.1) (25.2) 22.9 26.0 20.8
MP2/G3MP2large//B3LYP/BC6-31G(d) 203.3 214.1 200.7 c c c 25.2 28.2 22.9
G3MP2B3(BC) 187.4 198.3 184.8 c c c 23.3 26.2 21.0
CHF=CH, + Br, — CHFBr—CH,Br (Syn Addition of Bp)
HF/BC6-31G(d) 327.0 340.5 324.8 135 18.4 131 15.0 17.3 12.7
MP2/BC6-31G(d) 224.2 234.5 222.4 33.6 37.2 334 18.3 20.2 15.8
B3LYP/BC6-31G(d) 190.3 202.5 187.9 7.2 4.9 2.8 13.4 155 10.8
B3P86/BC6-31G(d) 187.7 199.5 185.2 6.8 3.4 2.1 15.1 17.2 12.6
B3PW91/BC6-31G(d) 191.6 206.3 189.2 6.4 2.9 1.8 14.6 16.7 12.1
MP2/G3MP2large//B3LYP/BC6-31G(d) 263.8 275.9 260.3 c c c 15.7 17.0 13.6
G3MP2B3(BC) 255.6 267.7 252.1 c c c 13.8 15.0 11.7
CHF=CH, + Br, — CHFBr—CH,Br (Anti Addition of Br,)
HF/BC6-31G(d) 299.7 319.7 297.3 (5.1) (3.6) (1.8) 25.0 27.4 23.0
MP2/BC6-31G(d) 238.4 253.4 235.8 23.0 20.5 195 27.8 29.8 25.5
B3LYP/BC6-31G(d) 177.8 193.2 175.3 —10.8) +13.8) +10.7) 29.6 32.4 27.0
MP2/G3MP2large//MP2(FULL)/BC6-31G(d) 250.6 279.0 244.8 63.5 64.1 62.7 16.0 20.5 14.4
MP2/G3MP2large//B3LYP/BC6-31G(d) 259.6 273.8 255.9 c c c 25.3 28.1 23.3
G3MP2B3(BC) 252.1 266.3 248.4 c c c 23.3 26.1 21.4
CHCI=CH, + Br, — CHCIBr—CH,Br (Syn Addition of Bg)
HF/BC6-31G(d) 330.8 353.8 328.0 16.4 18.0 15.0 19.3 21.8 17.1
MP2/BC6-31G(d) 206.1 221.4 205.0 6.8 10.7 6.1 229 25.0 20.5
B3LYP/BC6-31G(d) 191.6 206.9 188.8 25.1 23.9 17.9 18.1 20.3 15.6
MP2/G3MP2large//B3LYP/BC6-31G(d) 236.5 251.2 233.0 60.3 64.3 58.3 19.8 22.5 17.7
G3MP2B3(BC) 217.6 232.3 214.2 34.1 38.1 32.1 17.7 20.4 15.6
CHCI=CH; + Br, — CHCIBr—CH,Br (Anti Addition of Br,)
HF/BC6-31G(d) 309.6 329.9 307.1 9.7) (6.8) (5.7) 32.3 34.4 30.2
MP2/BC6-31G(d) 240.1 255.6 237.4 27.2 23.6 23.2 34.2 36.0 31.9
B3LYP/BC6-31G(d) 180.7 195.9 178.0 —10.9) +14.7) +11.0) 27.7 30.0 25.5
MP2/G3MP2large//MP2 (FULL)/BC6-31G(d) 238.1 266.5 232.3 28.5 29.1 27.7 30.2 34.7 28.4
MP2/G3MP2large//B3LYP/BC6-31G(d) 259.0 273.4 255.7 c c c 30.6 33.3 28.7
G3MP2B3(BC) c c c c c c 28.3 31.0 26.4

aBarriers as defined in Figures 2 and 3, respectivelhe values in parentheses are single-point values using optimized MP2 strucindisates
missing values due to failure to optimize the bromonium/@mn pair or in the QCISD(T) calculation for G3 theori¢sThe products are all in a
trans conformationt The PCM-UAQO model was used for optimized structures. In all cag8s= AAG (thermal correction- AGson. f Using

MaxStep= 1 for the optimization.
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Figure 4. Mechanism for the reaction oEf-CHF=CHF + Br, (pathway B). Similar structures are found for the brominatiorBEf GHCI=CHCI.

TABLE 3: Activation Energies, Free Energies, and

Enthalpies of Activation (kJ mol~1) at 298.15 K for the
Reaction of E)-CHF=CHF and (E)-CHCI=CHCI with Br ,

(Pathway By-c

HF/BC6- MP2/BC6- B3LYP/BC6- G3MP2B3
31G(d) 31G(d) 31G(d) (BC)
(E)-CHF=CHF + Br, — CHFBr—CHFBr

AEats® 331.8 220.1 197.3 286.4

AGHrs® 344.5 231.2 206.1 296.0

AH* s 328.2 217.5 193.5 283.4

AEg1s? b 53.5 9.6 69.0

AGHsP b 55.8 10.0 71.9

AH¥*s# b 50.6 5.5 67.3

AEy1s¥ 30.4 29.8 25.7 25.8

AGHs$ 31.2 30.5 26.7 29.4

AH¥ s 27.6 26.9 22.7 23.6

AE,1sf 35.4 35.6 27.8 30.7

AG¥sf 38.5 40.0 31.0 34.2

AH¥ 158 33.1 32.9 25.3 28.4

(E)-CHCI=CHCI + Br, — CHCIBr—CHCIBr

AE, 1P 357.1 217.1 215.8 233.8

AG¥s B 371.8 231.8 2235 242.7

AH¥rs® 353.0 214.8 211.8 230.9

AEy1s? 16.5 80.6 42.4 91.9

AG¥HsB 16.6 78.7 40.1 92.1

AH*sP 13.9 77.7 38.9 90.8

AE,1s$ 28.9 31.4 24.1 27.9

AG¥sd 33.0 33.4 26.6 32.0

AH¥s$ 27.0 29.2 22.0 25.6

AE, 1P 59.6 59.6 50.3 50.8

AG¥sf 62.9 62.3 53.7 54.7

AH*rs P 57.0 56.7 475 485

2 Mechanistic pathway as defined in Figure4ndicates missing
values due to failure to optimize the transition stat€he products

are all in a trans conformation.

3.1.1. Perpendicular Attack of Bito C=C: Pathway A.
Although this pathway has been investigated previotfstjthe
studies involved the reaction of ethene with a single Bhe
structures of pathway A, perpendicular attack of &n the G=

ethene, E)-1,2-difluoroethene, andj-1,2-dichloroethene and
are not shown here.

The first step is the formation of a weak alkene/BR”)
T-shaped charge-transfer complex with the, Bnolecule
perpendicular to the €C bond. In all cases, the transition state
structure, which is only found at the MP2 level of theory, also
retains the T-shaped structure. The transition state ATS1
involves the rupture of the BrBr bond and the formation of
two C—Br bonds. In the reactant complex Rhe Br—Br bond
distance at the MP2/BC6-31G(d) level of theory is 2.347 A,
while in TS it increases to 4.339 A. However, the-Br bond
distances decrease from 2.962 to 2.906 A. The IRC analysis
confirmed that T8 leads to R and to the bromonium/bromide
ion complex, £. However, optimization ofA failed for both
the gas phase and in CGbr all alkenes investigated. However,
an optimized structure fof*lwas obtained in LD solution. The
activation energies for the reaction of,Bvith ethene, propene,
isobutene, fluoroethene, chloroetheng)-{,2-difluoroethene,
and E)-1,2-dichloroethene in pathway A are listed in Table 1.
In all cases, the activation energieAH, 1<), free energies
(AG*1¢"), and enthalpiesAH*rs*) of activation are relatively
high. Activation energies range from 254.9 to 268.5 kJ thol
at the MP2/G3MP2large//MP2(FULL)/6-31G(d) level of theory.
This pathway does not lead tans-1,2-dibromoalkane, which
is knowr?? to be the product of most simple alkenes.

3.1.2. Sidewise Attack of Bto C=C: Pathway B.The
structures for pathway B are shown in Figure 2 for the reaction
of ethene and Br Similar structures are also observed for the
reaction of Bg with propene, isobutene, fluoroethene, and
chloroethene. The relative energies of reactants, intermediates,
transition states, and products are shown in Figure 3. Activation
energies, free energies, and enthalpies of activation for the
reaction of Bg with ethene, propene, isobutene, fluoroethene,
and chloroethene are given in Table 2.

In addition to the previously reported CTCARa second
alkene/Bp complex (F) was found. For the ethene/Band

C bond, along with the relative energies of reactants, transition propene/Bs complexes, the perpendicular complex is more
states, intermediates, and products are shown in Figure 1 forstable by 9.0 and 12.8 kJ mdl at the G3MP2B3 level,
ethene+ Br,. Similar structures are also observed for the respectively. Unlike pathway A, with few exceptions, the
reaction of Bp with propene, isobutene, fluoroethene, chloro- structures exist at all levels of theory and basis sets investigated
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Figure 5. Mechanism for the reaction of GHCH, + 2Br, (pathway C).

in this case. Pathway B is a multiple-step process. In the first

step, a bromonium ion/Brintermediate |12 is formed via TSE. 300 | Pathway ¢ ———
For ethene, the BrBr bond distance in the reactant complex
RB is 2.311 A at the MP2/BC6-31G(d) level of theory, while 200 ] T81°

in TS1B the distance increases to 2.963 A. The IRC analysis
confirmed that TSR leads to B and IB. The activation o
energies, free energies, and enthalpies of activation calculatedZ 10
using the BC6-31G(d) and standard 6-31G(d) basis set are veryi
similar at all the levels of theory (Table 2). Due to convergence
failure in the QCISD(T) calculation, no G3 results were obtained
for the reaction of Brwith ethene and propene. However, for
isobutene the QCISD(T) did converge, and the activation
energies obtained at the MP2/BC6-31G(d) and G3MP2B3 levels ¥ 3
are found to be within 1.9 kJ mol. Hence, the activation -200
energies at the MP2/BC6-31G(d) level of theory should agree
well with G3 theories for the first step of pathway B. Inclusion
of a larger basis set does not change the barrier significantly Arbitrary Reaction Coordinate

(Table 2). The activation energies for the reaction of Bith Fiqure 6. Pathway for the reaction of GHCH» - 2B, (athway C
ethene and propene are 247.3 and 200.4 kJ hatlthe MP2/ atgthe G3MP2B3 ?/evel of theory (see%li-gurezs for sztr(L?ctures))f )
BC6-31G(d) level of theory, respectively. Although it was

observed that the IRC leads from T8tb RE and 12 for all

DFT methods, for some functionals no structure fot \as (AEa 1s$) for the reaction of Brwith ethene and isobutene are
found. All attempts at optimizing the intermediaté& donverged 58.3 and 54.2 kJ mol at MP2/BC6-31G(d), respectively.
to the trans-1,2-dibromoalkane product. For the reaction of Finally, thetrans-1,2-dibromoalkane product §p a conforma-
ethene and propene, optimized structures f8migre obtained tional isomer of |2, is formed via TSB, which involves rotation
with B3APW91/BC6-31G(d) and B3P86/BC6-31G(d) levels of about the C-C bond with activation energies of 13.9 and 22.0
theory. It was also possible to obtain an optimized structure for kJ mol™ for (E)-1,2-dibromoethene ande)-1,2-dibromopro-

118 in the case of ethene at the B3LYP/BC6-31G(d) level by pene, respectively at G3MP2B3. Solvation (g)®las no effect
decreasing the default maximum step size in the optimization on the reaction mechanism at the MP2/6-31G(d) and B3LYP/
from MaxStep= 30 to MaxStep= 1. For cases in which no  6-31G(d) levels of theory. The solvent model used in this study
DFT structures for 1% were obtained, single-point calculations predicts the free energies of activation for the rate-determining
were performed using MP2/6-31G(d) geometries (Table 2). In step to be 262.9 and 191.0 kJ mblat MP2/6-31G(d) and
the second step of pathway B, a gauche dibromoalkane B3LYP/6-31G(d), respectively, for ethene and 233.5 and 165.9
intermediate (12) is formed via TS2. The corresponding  kJ moi~t at MP2/6-31G(d) and B3LYP/6-31G(d), respectively,
activation energy AE, 1s) at G3MP2B3 for propene is 37.0  for propene.

kJ mol1, which again agrees very well with the MP2/BC6- In the cases of fluoro- and chloroethene; Bain attack from
31G(d) (45.0 kJ mal) level of theory. Similar agreement is  two different directions (syn and anti). For syn attack (substituent
also expected for the other alkenes. The activation energiesside), the activation energieAE, tsf) are 224.2 and 206.1 kJ

e

trans-CH,Br-
CH,Br
+

Relative Energ:

AE, 161X
-100 - ATS2 Tg3
\
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Figure 7. Mechanism for the reaction of GHCH, +2Br, (pathway D).
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Figure 8. Pathway for the reaction of GHCH; + 2Br, (pathway D) Ts2™ ® l
at the G3MP2B3 level of theory (see Figure 7 for structures).
mol~? for F and ClI, respectively, at the MP2/BC6-31G(d) level I
of theory, whereas for anti attack the activation energies are —ae .
238.4 and 240.1 kJ mot for F and CI, respectively. The a E a]
activation energiesAE, 1s#) in step two of the By reaction 9
with fluoroethene and chloroethene are 33.6 and 6.8 kJ‘mol . 12"
at the MP2/BC6-31G(d) level for syn addition and 23.0 and 12
27.2 kJ mot? for anti addition. The last step involves rotation ® l
around the &C bond with all of the levels predicting a low I *—9
barrier (Table 2). The barriers for the rate-determining step
decrease in the order ethenefluoroethene> chloroethene> sl
propene> isobutene with values of 247.3, 224.2, 206.1, 200.4,  SecFigure§  ——* ) — "7 A
and 189.3 kJ mott at the MP2/BC6-31G(d) level, respectively.
This is consistent with experimeht®where the relative rates " S~

gf:;ogl_llza:m&:gl%WH'Te order (CH,C=C(CHy)> = CHsCH; Ei)gure 9. Mechanism for the reaction of GHCH, + 2Br, (pathway
Reaction of Bs with (E)-1,2-difluoroethene andEj-1,2- '

dichloroethene is a four-step process. The corresponding activa-1,2-dichloroethene at MP2/BC6-31G(d). The corresponding

tion energies, free energies, and enthalpies of activation areactivation energies for step two are 69.0 and 91.9 kJ fol

given in Table 3. All of the structures for this mechanism are Intermediate 18, a rotamer of |18, is formed via TS8, with

shown in Figure 4. activation energies of 25.8 and 27.9 kJ miait G3MP2B3 for
The activation energies of the rate-determining step are 220.11,2-diflouroethene and dichloroethene, respectively. Similarly,

kJ mol for (E)-1,2-difluoroethene and 217.1 kJ mbfor (E)- product P, which is also a conformational isomer of®|3is
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Figure 10. Pathway for the reaction of GHCH, + 2Br, (pathway
E) at the MP2/G3MP2large//HF/6-31G(d) level of theory (see Figure
9 for structures).

formed via TS, with activation energies of 30.7 and 50.8 kJ
mol~1 at G3MP2B3 for diflouro- and dichloroethene, respec-
tively.

3.2. Potential Energy Surfaces for the Reaction of Ethene
with 2Br ». In this case, we investigate pathways for the reaction
with ethene only. The results for the reaction of ethene and 2Br
will be discussed in the following order: (1) pathway C, (2)
pathway D, (3) pathway E, and (4) pathway F. For pathways C
and D and channel 1 of pathway E, intermediateddd TS3

J. Phys. Chem. A, Vol. 111, No. 50, 20013225

which involves rotation about the-€C bond. The activation
energy for this last stepAEa1sy) is 15.6 kJ mot! at
G3MP2B3. All structures for pathway C were also obtained
for the reaction in CGlsolution at MP2/6-31G(d). The free
energy of activation for the rate-determining step in £Cl
decreases by 7.9 kJ mdl

3.2.2. Pathway DThe structures of pathway D are shown in
Figure 7. The relative energies of reactants, intermediates,
transitions states, and products are shown in Figure 8. Activation
energies, free energies, and enthalpies of activation are given
in Table 5.

The first step of pathway D involves formation of an
interesting stable intermediateans-1-bromo-2-tribromoethane
(11P). 11P is formed via transition state T81with an activation
energy AE, 1sP) of 204.3 kJ mot! at the G3MP2B3 level. In
TS1P one Br atom adds to one of the C atoms e£C, while
Br;~ adds to the other C, resulting in a trans configuration.
(Figure 7). The IRC analysis confirmed that PI&ads to R2
and IP. Intermediate I2 is converted to intermediate’{%ia
TS, with an activation energy of 180.2 kJ mélat the
G3MP2B3 level of theory. The transition state (P$&tructure
consists of two bond ruptures (BBr and C-Br) and one bond
formation (C-Br). The last step, 2 — P is the same as for
pathway C (Figures 5 and 6). A similar mechanism is found in
CCl, solution for this reaction. The solvent model used in this
study predicts that the free energy of activation for this pathway
would be reduced in CGlFor the rate-determining stepG*
is lowered by 9.4 and 15.4 kJ mdlat the MP2/6-31G(d) and

are labeled as X because they are common to these pathwayB3LYP/6-31G(d) levels, respectively.

3.2.1. Pathway CThe structures of reactants, intermediates,

3.2.3. Pathway EThe geometries for the reactants, interme-

transitions states, and products of pathway C are shown in Figurediates, transition states, and products involved in pathway E

5. The relative energies of reactants, intermediates, transition'€ Shown in Figure 9. The relative energies of reactants,
states, and products are shown in Figure 6. Activation energies,lntermedlates, transition states, and products for pathway E are

free energies, and enthalpies of activation for pathway C are Shown in Figure 10. The activation energies, free energies of

given in Table 4.

Ethene+ 2Br, can form two possible complexes, R1 and
R2. Complex R2 reacts through TSt form intermediate 14,
which is a bromonium/tribromide ion pair. The BBr bond
distance in the Bradding to G=C goes from 2.302 A in the
R2 complex to 2.940 A in TS1lat MP2/6-31G(d). The IRC
analysis confirmed that TSleads to R2 and A The activation
energy AE,1sL) is 207.3 kJ mot? at the G3MP2B3 level. MP2

activation, and enthalpies of activation are given in Table 6.

Pathway E involves a perpendicular attack by ongdBid a
sidewise attack by the other B(TSIF), which leads to
intermediate 1E (Figure 9). IF can lead to product P through
two different channels (1 and 2). The first step of pathway E
and the first step of channel 1 are only obtained at the HF level
of theory. However, the activation energies for the first step of
this pathway are extremely high (476.0 and 315.6 kJthat

appears to overestimate while DFT appears to be underestimat{he HF/6-31G(d) and MP2/G3MP2large//HF/6-31G(d) levels of

ing the barrier for this reaction. The activation enerd¥4 rs<°)
obtained by MP2/6-31G(d) is higher than the G3MP2B3 value
by 25.5 kJ mot?, while the activation energies obtained by
B3LYP are lower by 47.0 and 39.5 kJ mélat 6-31G(d) and
6-31+G(d), respectively. However, activation energies do not
depend significantly on the choice of basis set. Activation
energies at MP2/6-31G(d) (232.8 kJ mYl and at MP2/
G3MP2large//B3LYP/6-31G(d) (232.1 kJ mé) differ by only

0.7 kJ mof?, and B3LYP/6-31G(d) (160.3 kJ nid) and
B3LYP/6-314+G(d) (167.8 kJ moll) differ by only 7.5 kJ

theory, respectively). The results are simply presented here for
completeness.

3.2.4. Pathway FThe structures of reactants, intermediates,
transitions states, and products of pathway F are shown in Figure
11. The relative energies of reactants, intermediates, transition
states, and products are shown in Figure 12. The activation
energies, free energies, and enthalpies of activation for the
first step of pathway F and for the overall reaction are given in
Table 7.

All of the optimized structures of pathway F were obtained

mol~1. The activation energies, free energies, and enthalpies ofat the HF level, except for TS1despite several attempts. It
activation calculated using the BC6-31G(d) bromine basis set was possible to obtain an optimized structure for T8&ing
and the standard 6-31G(d) basis set are also found to be veryMP2 and B3LYP. In addition to the two reactant complexes

similar at all levels of theory (Table 4). In the next step,
intermediate 12 is formed via TSg, where a Br atom from
Bry~ attacks the bromonium ion, resulting in a gauche 1,2-
dibromoethane/Br complex. The corresponding activation
energy AE, 1s¥) is 50.7 kJ mot! at G3MP2B3. The activation
energy obtained by MP2/6-31G(d) (55.1 kJ miglagain gives
the best agreement with G3MP2B3. Finally, the produahs
1,2-dibromoethane (P), is formed via transition state X[S3

R1 and R2, a third ethene/2Bcomplex (R3) was found. For
the ethene/2Brcomplexes, R1 and R3 have one;Berpen-
dicular to C=C, and both R1 and R3 are energetically more
stable than R2. Pathway F is a multiple-step process. In the
first step, complex R3 reacts through T$a form intermediate

I1F. In R3 the BBr bond distance for the Battacking G=C

is 2.345 A at the MP2/BC6-31G(d) level of theory while it
increases to 2.815 A in TS§1The IRC analysis at the MP2 and
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TABLE 4: Activation Energies, Free Energies, and Enthalpies of Activation (kJ mof?t) at 298.15 K for the Reaction of
CH,=CH, and 2Br, (Pathway Cy

level/basis set AEa1st AG¥rs© AH¥rs© AEq1sf AG¥rs AH¥rs AEa1sf AGHrsg AH¥7sg¢

HF/6-31G(d) 301.2 324.9 302.0 35.1 36.9 31.7 12.2 20.1 7.6
HF/BC6-31G(d) 284.4 304.3 282.6 34.5 30.8 30.0 16.1 17.8 13.9
MP2/6-31G(d) 232.8 260.8 230.7 55.1 52.6 51.2 17.1 18.2 14.8
CClye 252.9 64.3 18.4
MP2/BC6-31G(d) b b b 50.6 515 46.8 17.6 18.9 15.1
B3LYP/6-31G(d) 160.3 180.7 160.5 31.0 26.0 27.0 14.7 16.9 125
B3LYP/BC6-31G(d) 157.4 175.2 154.3 31.4 30.0 27.5 14.9 18.6 12.5
B3LYP/6-31+G(d) 167.8 207.5 165.7 31.3 23.8 27.2 14.7 15.9 125
B3LYP/BC6—31+G(d) 160.8 181.3 158.4 329 32.2 29.2 15.4 21.7 10.3
MP2/G3MP2large 232.1 249.8 229.5 69.7 68.6 69.5 17.7 20.5 16.0

/IB3LYP/6-31G(d)
G3MP2B3 207.3 224.9 204.7 50.7 49.6 50.5 15.6 184 13.9

aBarriers as defined in Figures 5 andP@ndicates missing values due to failure to optimize the transition statee PCM-UAO model was
used for optimized structures. In all caset& = AAG (thermal correction}t AGso.

TABLE 5: Activation Energies, Free Energies and Enthalpies of Activation (kJ moil) at 298.15 K for the Reaction of
CH,=CH,; and 2Br, (Pathway D)

level/basis set AEastP AG:tTSlD AH*TSlD AEa,TSP AG*TSZD AH*TSZD
HF/6-31G(d) 302.0 325.5 302.8 113.0 90.4 103.2
HF/BC6-31G(d) 288.5 305.2 286.4 132.6 114.8 123.2
MP2/6-31G(d) 232.8 260.8 230.7 191.3 177.9 183.4
CCls 251.4 151.0
MP2/BC6-31G(d) 225.6 222.8 238.0 b b b
B3LYP/6-31G(d) 160.5 176.3 160.6 148.6 137.1 139.8
CCl 160.9 112.1
B3LYP/BC6-31G(d) b b b 156.6 128.2 147.9
B3LYP/6-31+G(d) 167.8 203.1 165.7 147.1 136.6 138.4
B3LYP/BC6—-31+G(d) b b b 158.1 129.4 148.9
MP2/G3MP2large 242.6 248.6 2329 214.2 212.6 215.3
/IB3LYP/6-31G(d)
G3MP2B3 204.3 210.3 194.6 180.2 178.5 181.2

aBarriers as defined in Figures 7 and’8ndicates missing values due to failure to optimize the transition statee PCM-UAO model was
used for optimized structures. In all cast& = AAG (thermal correction}t AGso.

TABLE 6: Activation Energies, Free Energies, and Enthalpies of Activation (kJ moi?) at 298.15 K for the Reaction of

CH»,=CH, and 2Br, (Pathway E}°

level/basis set AEatsf AGHsf AH*sf AEq7sf! AG¥rgfFl AH* ol
HF/6-31G(d) 476.0 509.8 473.9 45.9 44.3 43.5
CCly 404.4 79.2
HF/BC6-31G(d) 470.1 490.0 467.4 44.9 43.0 42.5
MP2/G3MP2large 315.6 346.3 310.1 35.4 35.3 34.2
IIHF/6-31G(d)
AEE:\,TSJE2 AG*TSZEZ AH*TSZE2 AEa,TSfEZ AG*TSEEZ AH*TSC’.EZ
HF/6-31G(d) 7.6 111 5.4 47.7 44.9 45.0
HF/BC6-31G(d) 10.1 13.5 8.1 46.3 43.7 43.8
MP2/BC6-31G(d) 10.8 14.0 8.2 10.9 9.7 9.2
B3LYP/BC6-31G(d) 8.7 11.9 6.3 20.4 20.5 18.0
B3LYP/BC6—31+G(d) 8.9 10.9 6.3 18.1 18.7 15.8
MP2/G3MP2large 7.4 4.0 —2.0 38.9 38.0 37.9

/IHF/6-31G(d)

aBarriers as defined in Figures 9 and 2a0.S1F and TSZ! were only obtained at HF/6-31G(d) and HF/BC6-31G(djhe PCM-UAO model
was used for optimized structures. In all caggs = AAG (thermal correction AGson. ¢ Have two imaginary frequencies; the smallest one is

14.98 cml.

B3LYP levels confirmed that TSlleads to R3 and f1 The
activation energyAE, 1sf) is 119.0 kJ mot! at the G3MP2B3
level. Intermediate IAcan also form from the direct attack by
a Br; molecule to ethene. However, the activation energy for
the formation of B (Br, + Br, — Bry) (Figure 13) is high
(174.6 kJ mot! at G3MP2B3). Therefore, ethene will more
likely react with 2Bp than By. All of the optimized structures
from TSF to TS (the last step) of pathway F involve
bromonium/Bg~ ion pairs all very close in energy (Figure 12).

However, TS8 has a slightly higher energy than TS kJ
mol~t at GAMP2B3(BC)). In the second step’ i formed via
TSZ with an activation energyAEats$) of only 2 kJ mof?

at the HF/BC6-31G(d) level. Optimization of TS22F, and
I3F failed with MP2 and B3LYP. The structure of intermediate
I2F is very similar to intermediate F3with the only difference
being in the position of By . Finally, the product (P) is formed
via transition state T$3which involves one €Br bond rupture
from the bromonium ion and a trans addition of Br fromyBr
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Figure 11. Mechanism for the reaction of GHCH, + 2Br, (pathway F).
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Figure 12. Pathway for the reaction of GHCH, + 2Br, (pathway

F) at the G3MP2B3 level of theory (see Figure 11 for structures). For
TSZ, 127, and 13 the G3MP2B3 energies are calculated using HF/6-
31G(d) optimized geometries.
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Figure 13. Mechanism for the reaction of B Br, — Br.

to the C. The IRC analysis confirmed that T98ads to 18

and P for all levels of theory. However, optimization of I3
leads to reactant complex R3 at both MP2 and B3LYP. It has
been found that the overall activation energyef 1s$) calcu-
lated from R3 to TSBis higher than the activation energy of
the first step AE,1sf) in pathway F for all levels of theory
(Table 7). The overall reaction barriers in pathway F are 151.9,

111.6, 101.8, and 122.7 kJ mélat the HF/BC6-31G(d), MP2/
BC6-31G(d), B3LYP/BC6-31G(d), and G3MP2B3 levels of
theory, respectively. Unlike other pathways, the overall activa-
tion energy obtained at MP2 agrees well with that obtained at
B3LYP. The activation energies, free energies, and enthalpies
of activation calculated using the BC6-31G(d) and standard
6-31G(d) basis sets differ by no more than 15.4 kJ thol
(AH%rs1F), and it is interesting to note that the B3LYP/6-31G-
(d) and MP2/BC6-31G(d) results are in excellent agreement
(Table 7). Structures similar to those in the gas phase were also
obtained in CCj solution at the MP2 and B3LYP levels. The
overall free energy of activation in CC(Table 8) decreases
by 49.7 and 32.7 kJ mot at the MP2/BC6-31G(d) and B3LYP/
BC6-31G(d) levels from that of the gas phase.

3.3. Summary of Overall Reaction Mechanisms Investi-
gated. The most likely mechanism for the reaction of alkenes
with one Beg is pathway B. The activation energies of the rate-
determining step of pathway B for the reaction with ethene,
propene, isobutene, flouroethene, chloroetheBe;1(2-difluo-
roethene, andH)-1,2-dichloroethene are 247.3, 200.4, 189.3,
224.2, 206.1, 220.1, and 217.1 kJ miplrespectively, at the
MP2/BC6-31G(d) level of theory, while the barriers for pathway
A are 256.4, 249.8, 244.8, 247.6, 244.9, 243.4, and 249.3 kJ
mol~1, respectively. For the reaction of 2Bwith ethene,
pathways C and D have almost the same barrier for the rate-
determining step with G3MP2B3 activation energies of 207.3
and 204.4 kJ mott, respectively. Pathway E is predicted to
have a high activation energy (315.6 kJ molat MP2/
G3MP2large//HF/6-31G(d)). The most likely mechanism for the
reaction of ethene with 2Bis pathway F with an overall barrier
of 122.7 kJ mot! at GAMP2B3. By comparison of the most
likely pathway for the reaction with one B(pathway B) and
most likely pathway for the reaction with two Bfpathway F),
bromination should be mediated via 2Bvhere the second Br
assists in the ionization of the reactant complex to form a
bromonium/Bg~ ion pair.
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TABLE 7: Activation Energies, Free Energies, and Enthalpies of Activation (kJ mof?!) at 298.15 K for the Reaction of
CH,=CH, and 2Br, (Pathway Fy

level/basis set AEqtsf AG*rsf” AH*rg AEatsf AG¥rss AH¥rsd
HF/BC6-31G(d) b b b 151.9 177.8 155.3
MP2/BC6-31G(d) 103.8 126.0 104.2 111.6 136.8 112.4
B3LYP/BC6-31G(d) 90.5 108.8 89.1 101.8 123.1 100.6
B3LYP/6-31G(d) 103.3 117.0 104.5 110.9 126.6 112.2
B3LYP/BC6—31+G(d) 83.6 99.3 82.2 100.7 119.3 99.7
G3MP2B3 119.0 129.1 116.5 122.7 134.3 119.8
G3MP2B3(BC) 117.5 132.3 112.5 125.6 142.6 119.9

2 Mechanistic pathway and barriers as defined in Figures 11 and 12, respecivielizates missing values due to failure to optimize the transition
state.

TABLE 8: Calculated Overall Free Energies of Activation activation for the reaction of ethene with 2Bn CH,Cl, is in
(kJ mol™) at 298.15 K for the Reaction of CH=CH, and excellent agreement with the experimental value obtained in
é%ze:r?mse?]'t“aﬁ'o\?af‘l} B3LYPIBCE-31G(d) (Pathway F) and CCLH—CCIH, differing by only 1.8 kJ mot* at B3LYP/BC6-
- 31G(d). In this case, the two solvents, §&H, and CChH—
solvent¢)*  calculated solventf® experimental CClH, have almost identical dielectric constants with values
CCls (2.23) 90.4 (87.1) CHZCOOH (6.15) 76.8 of 8.93 and 8.2, respectively. Similarly, the calculated activation
CHCCI>(8.93)  64.6 CGH-CCLH (8.2) 66.4 energy in CHCI—CH,CI (52.7 kJ mot?) and the experimental
CH.CI-CH, 52.7 CHOH (32.63) 64.6(72.5¢ activation energy in CGH—CCl,H (66.4 kJ mot?) differ by

CHCSIO%O(.gg)%) 39.2 (75.5) only 13.7 kJ motf! where the dielectric constant for GEI—
_ _ ) _ _ CH,Cl is 10.36 vs 8.2 for CGH—CCLH. As expected, a more
“In order of increasing dielectric constants).( The value in  hojar solvent would result in a loweG*. It is worth mentioning

parentheses is obtained at the MP2/BC6-31G(d) level of theory.
¢ Reference 46¢ Reference 45 Corrected for solvent concentration. here that the solverlt model§ for GBI-CCLH have not yet
been implemented in Gaussian 03, and henceGTHCH,CI

(See text for explanation.) For the reaction of ethene Br, mediated h ]
by a CHOH molecule in CHOH solution. and CHCI, solvents were used in this study because these two

solvents have almost similar structural features and dielectric
constants compared to GEI—-CCI,H.
3.4. Comparison with Experiment. A general kinetic The experimental free energy of activation obtained from the
equation for the addition of bromine to alkenes is giveh as  rate constant for the bromination of ethene in methanol is 64.6
kJ mol* and found to be first order in Bf° This barrier is
—d[Br,)/dt = k,[Br,]J[A] + k3[Br2]2[A] + kJ'[Bry J[A] (1) significantly higher than the computed free energy of activation
for the reaction with 2Br(39.2 kJ mot?! at B3LYP/BC6-31G-
where [A] = [alkene]. (d)). This disagreement may be explained in a number of ways.

Modro et al* found that in the absence of bromide ion and ©One possibility is that perhaps due to the relatively high polarity

at low bromine concentrations ([Br< 10-3 M) in CH;COOH, of CHsOH (dielectric constant of 32.63) both Band 2Bp
eq 1 reduces to the form mechanisms occur simultaneously and the observed experimen-

tal free energy values would correspond to an average of the
—d[Br,)/dt = k,[Br,][A] ) two. Alternatively and more likely, the mechanism in polar
protic solvents may be different. We propose the following two

and under the same conditions in G&+CCLH a third-order cases: Case 1

rate dependence was found K,

A + Br, oy R2
—d[Br,)/dt = k[Br,]’[A] ()

k2

The free energies of activation in GEOOH and in CGH— R2+X k2 R3

CClH were calculated from the experimerifalate constants

obtained by eqgs 2 and 3. Equation 2 was also used by Dubois RBE p

and Mouvief® to determine the rate constant for the bromination

of ethene in CHOH. These experimental free energies of Case 2

activation are given in Table 8.

To compare our findings to experiment, four solvents with Br. + X é Br.X

increasing polarity were chosen, namely Q@ H,Cl,, CHy- 2 ka 2

CI—CH,CI, and CHOH. The calculated overall free energies K

of activation for the most likely pathway (pathway F) in the Br,X + A==R3

reaction of ethene with 2Bin CCl;, CH,Cl,, CH,CI—CH,CI, ke

and CHOH are also given in Table 8. It has been found that ks

the overall free energies of activation decrease with the increase R3—P

of polarity of the solvent. The experimental values are also

knowrf” to decrease with the polarity of solvent. Although the Where X can be Bror a solvent molecule.

experimental free energies in @EOOH, CCH—CCl,H, and Both cases lead to the same rate expression

CH30H were obtained from two different conditions, they also K kk

show decreasing free energies with increasing polarity frony CH dP _ %%

COOH to CHOH (Table 8). The calculated free energy of dt kok,

[AI[Br ,J[X]
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When [X] = [Br4] —126.0, —91.7, —123.3, —121.0, and—94.4 kJ mot? for
isobutene, fluoroethene, chloroethenig)-{,2-difluoroethene,

daP _ kykoKs INGETRG 4 and E)-1,2-dichloroethene, respectively, at G3AMP2B3(BC). The
dat k_,k_, [AllBr 2] ) enthalpies of reaction at G3AMP2 and G3MP2B3 levels for the
reaction of Bg with ethene and propene differ by no more than
When [X] = [S] 1.8 kJ mofl. There is also excellent agreement between G3
theories and experimentélenthalpies for the reaction of Br
daP _ KykoKs STAIB 5 with ethene, propene, and isobutene differing by no more than
dt k_k_, [SIAIB 2] ©) 7.5 kJ mot? (CHz—CHy=CH; + Bry; — transCHz—CH,Br—
CH:Br). However, the G3MP2B3(BC) enthalpy foE)1,2-
where [S]= solvent. Therefore for [X}E [Br] dichloroethene differs by 22.0 kJ mdlfrom experiment. On
the basis of the agreement between experimental and calculated
K. — Kiko enthalpies at G3 theories, the error is most likely in the
eft = Kk o) 2 experimental value. All of the reactions were also exergonic at
all the levels of theory and basis sets. The free energies of
and the reaction is third-order. For [X} [S] reaction with ethene and propene ar@4.3 and—83.8 kJ mot*?
at G3MP2B3 and-79.9,—43.5,—78.8,—75.6, and—47.8 kJ
(ke[S mol~ for isobutene, fluoroethene, chloroethen&)-{,2,-
Kert = k_,k_, Ks difluoroethene, and H)-1,2-dichloroethene, respectively at

G3MP2B3(BC). In general, B3LYP provides reaction enthalpies
and the reaction is second-order. and free energies that are in better agreement with G3 theories
Assuming kiko/k-1k_) = 1, on the basis of the agreement than HF and MP2. However, for chloroethene aig-1,2-
between the calculated and the experimental free energies fordichloroethene, the thermodynamic values obtained using
the reaction in a nonpolar solvent (Table B} = ks[S] for eq G3MP2B3(BC) fall between MP2 and B3LYP values. For the
5. In this case, to compare the calculated and the experimentalréaction with ethene, the gas-phase free energies of reaction at
free energies of activation, the experimental rate constant mustMP2/6-31G(d) and B3LYP/6-31G(d) levels are110.5 and
be divided by [S]. The resultindG¥expu is found to be 72.5kJ ~ —81.3 kJ mof?, which decrease te111.1 and-92.2 kJ mot*
mol~1, which is in much better agreement with the calculated in CCls. Similarly, the MP2/6-31G(d) and B3LYP/6-31G(d) free
value (75.5 kJ moi! at B3LYP/BC6-31G(d)) obtained from  energies for the reaction with propene ar&07.1 and—68.7
the reaction of ethene with Bmediated by a single G®H kJ moltin the gas phase, which decrease-09.0 and-77.8
molecule in CHOH solution (pathway G) as shown in Figure kJ moltin CCl,.
14. This is the first evidence that a solvent molecule also takes 3.6. Performance of Theory/Basis Setll of the reactions
part in the bromination reaction for polar protic solvents such studied in this work are isogyric. When comparing the HF results
as CHOH. with other levels of theory, it is evident that electron correlation
3.5. Thermodynamic Results for the Reaction of Alkenes is quite important in these reactions for activation energies.
with Br,. The thermodynamic properties for the bromination However, it is not that significant for reaction enthalpies and
reaction investigated are listed in Table 9. All of the reactions free energies. In general, activation energies calculated using
are found to be exothermic at all levels of theory and basis sets.MP2 consistently agree better with the G3 theories, while
The AH values for the reaction of Brwith ethene and B3LYP appears to underestimate some activation energies.
propene are-125.7 and—129.0 kJ mof! at G3MP2B3 and However, for pathway F, which is the likely pathway for the
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Figure 14. Mechanism for the reaction of GHCH, + Br, mediated by a CEDH molecule (pathway G).
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TABLE 9: Thermodynamic Properties (kJ mol~1) at 298.15 K for the Reaction of CH=CH,, CH3z—CH,=CH,,
(CH3),CH=CH,, CH,=CHF, CH,=CHClI, (E)-CHF=CHF, and (E)-CHCI=CHCI with Br ,

level/basis set AE AG AH AE AG AH
CH,=CH, + Br, — CH,Br—CH,Br CHz;—CH,=CH, + Br, — CH3;—CH,Br—CH,Br
HF/6-31G(d) —133.2 —81.3 —-121.7 —123.4 —66.5 —112.8
HF/BC6-31G(d) —134.1 —80.8 —122.9 —130.8 —74.0 —-120.4
MP2/6-31G(d) —162.6 —110.5 —151.1 —164.2 —107.1 —153.8
CClP -111.1 —109.0
MP2/BC6-31G(d) —159.1 —106.0 —148.2 —166.3 —109.7 —156.4
B3LYP/6-31G(d) —133.2 —81.3 —123.0 —123.5 —68.7 —114.2
CClP —92.2 —77.8
B3LYP/BC6-31G(d) —134.5 —82.8 —124.5 —131.0 —76.1 —121.8
B3LYP/6-31+G(d) —123.1 —71.0 —112.7 —114.2 —59.2 —104.8
B3LYP/BC6—31+G(d) —138.2 —85.1 —127.4 —147.2 —90.3 —136.9
B3P86/6-31G(d) d d d —147.1 —91.9 —137.6
B3P86/BC6-31G(d) —156.9 —105.0 —146.7 —154.8 —99.8 —145.7
B3PW91/6-31G(d) —148.3 —98.0 —138.0 —138.5 —83.3 —129.1
B3PW91/BC6-31G(d) —149.7 —97.8 —139.5 —146.3 —91.2 —137.0
MP2/G3MP2large —159.6 —123.8 —163.4 —163.7 —106.3 —166.8
/IMP2(FULL)/6-31G(d)
MP2/G3MP2large —157.4 —119.8 —-161.1 —160.3 —103.0 —163.2
//IB3LYP/6-31G(d)
G3MP2 —123.1 —87.3 —126.8 —127.6 —85.4 —130.8
G3MP2B3 —122.0 —84.3 —125.7 —126.0 —83.8 —129.0
experimental —120.9+ 1.3 —122.5+ 0.8
(CH3)2C=CH; + Br, — (CHs).CBr—CH,Br CHF=CH, + Br, — CHFBr—CHBr
HF/BC6-31G(d) —-126.1 —69.0 —116.5 —117.5 —62.7 —108.1
MP2/BC6-31G(d) —173.7 —116.7 —164.7 —146.2 —91.5 —136.9
B3LYP/BC6-31G(d) —125.7 —-71.1 —117.5 —119.2 —66.3 —-111.0
B3LYP/BC6—31+G(d) —152.5 —95.5 —142.9 d d d
B3P86/BC6-31G(d) —-151.7 —96.8 —143.6 —139.7 —86.6 —-131.4
B3PW91/ BC6-31G(d) —141.9 —86.9 —133.7 —132.1 —78.9 —123.8
MP2/G3MP2large —155.5 —112.0 —158.1 —138.3 —92.9 —141.1
//IB3LYP/BC6-31G(d)
G3MP2B3(BC) —123.4 —79.9 —126.0 —88.9 —43.5 —91.7
experimental —-126.3
CHCI=CH; + Br, — CHCIBr—CH,Br (E)-CHF=CHF + Br, — CHFBr—CHFBr
HF/BC6-31G(d) —98.4 —43.5 —89.4 —117.6 —60.7 —109.2
MP2/BC6-31G(d) —136.0 —81.1 —127.0 —151.9 —954 —143.8
B3LYP/6-31G(d) —96.3 —43.1 —88.2
B3LYP/BC6-31G(d) —103.1 —50.0 —95.1 —121.8 —67.3 —114.8
MP2/G3MP2large —134.6 —92.3 —137.1 —146.6 —103.6 —149.1
/IB3LYP/BC6-31G(d)
G3MP2B3(BC) —120.9 —78.8 —123.3 —118.6 —75.6 —121.0
(E)-CHCI=CHCI + Br, — CHCIBr—CHCIBr
HF/BC6-31G(d) —66.4 -9.5 —59.2
MP2/BC6-31G(d) —117.5 —62.3 —110.3
B3LYP/6-31G(d) —63.7 -8.8 —57.5
B3LYP/BC6-31G(d) —75.4 —20.6 —69.4
MP2/G3MP2large —123.0 —78.6 —125.2
//IB3LYP/BC6-31G(d)
G3MP2B3(BC) —-92.2 —47.8 —94.4
experimental —72.4

aThe products are all in a trans conformatiéhe PCM-UAO model was used for optimized structures. In all cag8s= AAG (thermal
correction)+ AGg. € The values were obtained from ref 48ndicates missing values due to failure to optimize the transition state.

reaction of 2B with ethene, both MP2 and B3LYP agree well In comparison to MP2, thermodynamic values calculated using
with the G3 results. Activation energies calculated using the B3LYP provide reaction enthalpies and free energies that are
standard 6-31G(d) bromine basis set differ by no more than consistently in better agreement with G3 values. Thermodynamic
16.8 kJ mot* (HF, pathway C) compared to the BC6-31G(d) values calculated using the standard 6-31G(d) bromine basis
basis set results, and the differences decrease from HF to MP2set differ by no more than 8.1 kJ mal(B3P86, CH—CH,=

and B3LYP levels of theory. There was little to no effect on y, + By, — CH;—CH,Br—CH,Br) compared to the Binning

the barriers by the addition of diffuse functions when compared ¢ rtiss 6-31G(d) basis set results. However, the reaction

to G3 theories. Even use of the G3MP2large basis set does N0k apies and free energies differ significantly when diffuse

improve the barriers. functi dded to the two basi ts. F le. th
For thermodynamics, the G3MP2 and G3MP2B3 theories eunr][f];?;; fi:ec?j—(e:HziCHez ~H§r2 iSIZI_SIS_SéH;E;_e)éaI_rEgre’ ©

e cneraios A6 for ChiroCr + Brs - CHABI-Chipr). | Cloulated at the BILYP/6-316(0) and B3LYP/BCE 31+G-
2 2 2 2 254)- : (d) levels of theory differs by 32.1 kJ md

The G3 theories are also in excellent agreement with experimen
except in the case of CHEICHCI + Br, — CHCIBr—CHCIBr, 3.7. Exploring Heats of Formation (AHs). From theAH

where B3LYP/BC6-31G(d) differs by only 3 kJ md| where values of reactions calculated at the G3 theories in this study,
as G3MP2B3(BC) differs by 22 kJ midl from experiment? it is possible to calculate heats of formation for some alkenes
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TABLE 10: Heats of Formation, AH;, (kJ mol~1) at 298.15 K&

J. Phys. Chem. A, Vol. 111, No. 50, 20013231

AHs AHs
species experimental present work species experimental present work

CH=CH, 52.57 57.3 transsCHFBr—CHBr —214.8

trans CH,Br—CH,Br —37.52 —42.3 CH=CHCI 29.00

CH;—CH,=CH; 20.41 26.9 trans CHCIBr—CH,Br —63.4

trans CH;—CH,Br—CH,Br —71.18 =77.7 E)-CHF—=CHF —310.0

(CH3),CH=CH, —-1794+1.1 —18.2 trans CHFBr—CHFBr —400.1
trans-(CHs),CBr—CH.Br —113.3+£ 1.0 —113.0 E)-CHCI=CHCI 1.7

Br, 30.91 transCHCIBr—CHCIBr —61.8
CH,=CHF —136.0

aSee text for explanatiort.Reference 48° Reference 49.

and dibromoalkanes. ThteH; values obtained in this study are
given in Table 10.

From the G3MP2B3 enthalpy of reaction for &+=CH, +
Br, — transCH,Br—CH,Br (—125.7 kJ mot?) and the most
recent and reliable experimentaH;(CH,=CHy) and AH:(Bry)
(given in Table 10)AH;(transCH,Br—CH,Br) is calculated
to be —42.3 kJ motf?, which is in good agreement with
experiment {37.52 kJ mot?). Similarly, AH{(CH,;=CH,) is

different pathways all producirtgans-1,2-dibromoalkane as the
product. The overall reaction barrier is the lowest for the reaction
of ethenet 2Br,. The bromination reactions of alkenes in ¢ClI
predict mechanisms similar to that obtained in the gas phase.
However, the solvent model predicts a lowering of free energies
of activation for the rate-determining steps of all of the reactions
in CCl, solution. The overall free energy of activation obtained
from the most likely pathway (pathway F) involving 28s in

calculated from the same reaction enthalpy and by using the excellent agreement with experiment for the reaction in nonpolar

experimental AH¢(Br,;) and AH¢(transsCH,Br—CH,Br). The
resulting AH;(CH,=CHy) is 57.3 kJ mol?, the value being in
excellent agreement with experiment. Following the same
procedure, it was possible to calculaiéi; for CH3—CH,=
CHa, transCH3;—CH,Br—CH,Br, (CHs),C=CH,, and trans-
(CH3),CBr—CH,Br using the enthalpies of reaction for gH
CH,=CH, + Br; — transCH3;—CH,Br—CH,Br (—129.0 kJ
mol~! at G3AMP2B3) and (Ck);C=CH, + Br, — trans-(CHz),-
CBr—CH,Br (—126.0 kJ mot! at G3AMP2B3(BC)), along with
experimentaAH; values for Bg, CH3—CH,=CH,, transCH3;—
CH,Br—CHyBr, (CH3),C=CH,, andtrans(CHs),CBr—CH,Br
obtained from the literature. TheskH; values are also in
excellent agreement with the experimental values, all within
6.6 kJ mof. No experimental or theoreticalH: values have
been reported foirans CHFBr—CH,Br, transCHCIBr—CH,-
Br, (E)-CHFBr=CHFBr, and E)-CHCIBr=CHCIBr. In this
study, AH for CHF=CH, + Br, — transCHFBr—CH,Br
(—91.7 kJ mot?! at GBMP2B3(BC)), CHGFCH, + Br, —
transCHCIBr—CH,Br (—123.3 kJ mot! at G3MP2B3(BC)),
(E)-CHF=CHF + Br, — trans CHFBr—CHFBr (—121.0 kJ
mol~-1 at G3MP2B3(BC)), and&)-CHCI=HCI + Br, — trans
CHCIBr—CHCIBr (—94.4 kJ mot? at GAMP2B3(BC)) have
been obtained. From this data and the experimexithlvalues
of CHF=H,, CHCE=H,, (E)-CHF=HF, and E)-CHCI=HCI,
the AH; values fortrans CHFBr—CH,Br, trans CHCIBr—CH,-
Br, trans CHFBr—CHFBr, andtransCHCIBr—CHCIBr were
calculated to be-214.8,—63.4,—400.1, and-61.8 kJ mot?1,
respectively.

4. Conclusions

A comprehensive investigation was conducted on the possible

mechanisms involved in the reaction of alkenes with &nd

2Br,. It has been found that there are two possible mechanisms

for the reaction of alkenes with one Brone involving a
perpendicular attack on the=€C double bond producing a
bromonium/Br ion pair. However, the mechanism does not

aprotic solvents. For polar protic solvents, the calculated
activation energies obtained from the reaction with a singje Br
mediated by a solvent molecule are in excellent agreement with
experiment. The calculated free energies of activation decrease
with the polarity of solvents, which is in agreement with the
experimental observations (Table 8). All of the reactions are
found to be exothermic and exergonic for the formation of the
trans-1,2-dibromoalkane product.
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