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Mechanisms of the reactions of propane with CBr;™ cation
and superelectrophilic complex CBr4* < AIBr;~ containing
a bromine-centered cationic center: a theoretical study*
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Fragments of the potential energy surfaces (PES) of the systems [C;Hg + CBrs*] and
[C;Hg + Br,CBr* - Br,AlBr,~] were simulated by the MNDO/PM3 method. Energy minima
corresponding to weakly bound adducts of propane molecule with the CBr3* cation or neutral
complex CBr3* - AlBry~ were found on the PES's of both systems. These are adducts with the
coordination of a H atom of the methylene group of the propane molecule to the electrophile
at the Br atom carrying the largest positive charge. As the fragments of the adducts are brought
close together, the coordinated H atom migrates to the C atom of the CBr;* fragment. The
potential barriers of these migrations were found to be low for both systems. The reactions
proceed without formation of cyclic intermediates or transition states typical of the Olah
mechanism.
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In the last four decades, the mechanisms of electro-
philic activation of alkanes have been the subject of
thorough investigations.!=3 The classical Olah mecha-
nism (Scheme 1) involves the formation of cyclic three-
center, two-electron (3c-2e) intermediates or transition
states.
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Another mechanism (Scheme 2) proposed recently3
for hypothetical nitrosation reactions of methane or
ethane implies the formation of intermediates or transi-
tion states containing a H, quasi-molecule:

Scheme 2

CH, + Ef — H,C(H—H)E"

* Dedicated to the memory of Professor Ya. L. Gol’dfarb on
the occasion of his 100th birthday.

Recent investigations in the chemistry of alkanes led
to the discovery of active organic and inorganic
superelectrophilic systems (see reviews®—3). Our theo-
retical studies®—14 on the structure of possible active
complexes in these systems and the mechanisms of their
activating effect on alkanes revealed the formation of
species which can be considered superelectrophiles that
play the key role in the activation of alkanes. In the
systems comprising aluminum halides and halogens,11-13
these are mainly complexes with bidentate coordination
of the AlBr,~ anion to the halogen atom carrying a large
positive charge, while in the systems comprising alumi-
num halides and polyhalomethanes?10 these are
polyhalomethyl cations constituting neutral complexes.
Strictly speaking, these species as well as free cations
cannot be considered as carbenium ions since the carbon
atoms in the species are uncharged or even carry appre-
ciable negative charges while the halogen atoms carry
large positive charges (see Refs. 15—19 devoted to the
structure of polyhalomethyl cations).

We began our investigations on the mechanisms of
the reactions between alkanes and superelectrophiles
found in the systems comprising aluminum halides and
halogens with (i) calculations for the Br* + CH4 model
system!2 and (ii) consideration of the interaction of
methane molecule with neutral electrophiles formed in
the AlBry system.13:14 [t was found that the addition of
such a strong superelectrophile as "naked" Br™ cation to
a H atom of methane molecule proceeds barrierlessly
and results in such a strong activation of the correspond-
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ing C—H bond that the Brt cation abstracts a hydride
ion from the methane molecule when moving away from
the latter (Scheme 3).

Scheme 3
CH, + Brt —> H3CHBrJr —> H3CJr + HBr

It should be emphasized that transformation of
H;3;CHBr? into a methyl cation and HBr proceeds with-
out formation of intermediates or transition states simi-
lar to those presented in Schemes 1 and 2.

On the other hand, despite the rather large positive
charge of the attacking Br atom, activation of a C—H
bond of the methane molecule upon barrierless addition
of different isomers of neutral electrophile AlBrs to a H
atom of methane is insufficient for a mechanism similar
to that shown in Scheme 3 to be realized. Further
transformations of the H;C—H - BrAlBr, complexes oc-
cur involving either the Olah transition states (see
Scheme 1) or the formation of species containing the H,
quasi-molecule (see Scheme 2). The potential barriers to
these transformations were found to be rather high.

Embarking on an investigation of the interaction
between alkanes and electrophiles formed from polyhalo-
methanes, in this work we studied the activation mecha-
nism of C—H bonds at the secondary C atom of the
propane molecule by two superelectrophiles, namely,
a free CBry* cation and a neutral ionic complex
Br,CBr* * Br,AlBr, . In the latter, the Br(1) atom coor-
dinated to the AlBry~ anion in a bidentate fashion
carries a very large positive charge. We performed
MNDO/PM3 simulations of those fragments of the
potential energy surfaces (PES) of the [C3Hg + CBr3*]
(I) and [C3Hg + BryCBr' - BryAlBr, | (II) systems,
which were the most interesting for our purposes.

Calculation Procedure

The PES fragments of systems I and II were studied by the
UHF MNDO/PM3 method?? using the GAMESS (US) pro-
gram package?! on a DEC 3000 AXP-400X workstation and the
PC GAMESS program package?? on a PC with a PENTIUM®
III CPU. Different reaction coordinates were scanned. The
geometries of transition states were optimized by the Schlegel
method.23 The characters of stationary points were refined by
calculating the eigenvectors of the Hessian. Correspondence
between particular local minima and each transition states was
established in the intrinsic reaction coordinate (IRC) mode.

Results and Discussion

The geometries of the CBrs;t cation (1), the two
isomers of the complex Br,CBrt - Br,AlBr,” (2a, 2b),
and the C;Hg molecule (3), as well as the corresponding
heats of formation (AHy) and the effective atomic charges,
are presented in Fig. 1. In rotamers 2a and 2b, the
angles of rotation of the CBr; fragment with respect to
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Fig. 1. The structures of initial systems corresponding to local
minima of the total energy. The bond lengths (A), bond orders
(in au, figures in parentheses), and effective atomic charges
according to Coulson (in au, figures in brackets) are shown.

the C—Br(1) bond differ by 90° and the Br(1) atoms
have very large positive charges (0.92 (2a) and
0.87 (2b) au).

The interaction between the propane molecule and
electrophiles was simulated by bringing the reagents
close together along three reaction coordinates:

R, = C(1)..H(1), Ry = C(1)...C(2) and Ry"" = Br(1)...C(2)

(in each pair, the former atom belongs to the electrophile
while the latter atom belongs to the propane molecule,
Fig. 2). The interaction patterns were found to be of the
same type, except for insignificant details. Therefore,
hereafter we will use mainly the results obtained for the
reaction coordinate R’ = C(1)...H(1).
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Interaction of propane with the CBr;* cation. Initial
distances between the reagents were chosen to be rather
long. By varying the initial arrangement of the CBr;*
cation relative to the propane molecule and using differ-
ent reaction coordinates we found a number of local
minima with very close energies. These minima are
separated by low potential barriers and correspond to
very weak adducts which are in essence the CBrst
cations "solvated" by propane. The "solvates" differ from
one another in mutual arrangement of the cation and
propane molecule and in propane conformations. Elec-
trostatic interaction between the positively charged Br(1)
atom of the CBr;* cation and the negatively charged C
atoms of the propane molecule makes the major contri-
bution to the rather low (-3 kcal mol~!) "solvation"
energy. In some of the adducts found the Br(1) atom of
the CBr;* cation was simultaneously "solvated” by the
methylene group and both methyl groups of the propane
molecule. In other adducts only one methyl group and
the methylene group of propane were involved in the
"solvation" of the Br(1) atom.*

The slight increase in energy due to repulsion of the
fragments in "solvates" caused by bringing them close
changes to a sharp decrease (by ~40 kcal mol™!), which
corresponds to transformation of the "solvates" into
much more energetically favorable adducts of tribromo-
methane with the isopropyl cation (reaction (1)).

H,C4—H + CBryt —> HCBry - C,H,* (1)

The course of this reaction is illustrated in Fig. 2 by
the sequence of structures 4 — 4”7 — 4 — 4a — 4b
corresponding to local minima (LM) and transition
states (TS) found when moving along the reaction coor-
dinate R’. = C(1)..H(1). The "solvation" energy of
tribromomethane in 4b is 7.6 kcal mol~!. The major
contribution to this value comes from the interaction
between the Br(1) atom of tribromomethane carrying a
small negative charge and the C atom which is the
cationic center of the isopropyl cation.

Tracing the motion of the fragments of adduct 4
along the reaction coordinate R = C(1)...C(2) showed
that, as the fragments approach each other, reductive
alkylation of propane by CBry* cation (reaction (2))
proceeds along with reaction (1).

H,C4—H + CBry* — (CH,4),CHCHBr,-Brt  (2)

After overcoming a rather high barrier of
10.2 kcal mol™! (TS 5a) this reaction results in complex
5b of the Br* cation coordinated by two geminal Br
atoms of dibromoisobutane in a bidentate fashion
(Fig. 3).

As can be seen in Figs. 2 and 3, none of the reactions
between propane and CBryt cation proceed with the

*In all structures, the methylene group is involved in "solva-
tion"; this seems to be due to the choice of the initial arrange-
ment of the reagents.
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Fig. 2. Abstraction of hydride ion from propane molecule in
system I along the reaction coordinate R’, = C(1)...H(1) (LM
denotes the local minimum and TS denotes the transition state).
The bond lengths (&), bond orders24 (in au, figures in parenthe-
ses) and effective atomic charges according to Coulson (in au,
figures in brackets).
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Fig. 3. Reductive alkylation of propane by CBr3;* cation (reac-

tion (2)) along the reaction coordinate R’ = C(1)...C(2)). For
notations, see Fig. 2.
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formation of cyclic intermediates or transition states
similar to those proposed by Olah (see Scheme 1).

The energy diagrams of the reactions (1) and (2) are
shown in Fig. 4, a.

Interaction of propame with complex
Br,CBr* - BryAlBr,~. The structure of the adduct of

propane with the neutral bromine-centered superelectro-
phile Br,CBr" - Br,AlBr, (6) is shown in Fig. 5. The
energy of "solvation" of the electrophile by propane in
adduct 6 is of course lower than in adduct 4 (1.4 and
3.1 kcal mol~!, respectively). The fragments in adduct 6
approach each other more difficultly than in adduct 4;
however, after overcoming a barrier of 10.1 kcal mol™!
corresponding to TS 6a the energy also decreases sub-
stantially (by 39.5 kcal mol~!) and complex 6b is formed
(see Fig. 5). In TS 6a, the H atom of propane previously
coordinated to the cationic center (the Br(l) atom of
superelectrophile Br,CBr" - Br,AlBr,™) appears to be co-
ordinated to the C atom of the superelectrophile. In
complex 6b, the newly formed tribromomethane inter-
acts (the interaction energy is 19 kcal mol™!) with the
isopropyl cation and AlBr,~ anion bound electrostati-
cally (the interaction energy is 82.7 kcal mol~!). Here,
the interaction between the C atom (the cationic center
of the isopropyl cation) and the Br atom of the AlBr,~
anion carrying the largest negative charge (reaction (3))
makes the major contribution. Multiple contributions
also come from H atoms of the isopropyl cation.

H,C,—H+ Br,CBr*:Br,AIBr,” — >

3
——> [(CHg),CH" - AIBr,] - Br,CHBr ®

When moving along the reaction coordinate R’ =
C(1)...H(1), one TS and two LM corresponding to

reaction (3) were found. Their structures are shown in

Fig. 5 and the energy diagram of reaction (3) is pre-
sented in Fig. 4, b.
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Fig. 5. Abstraction of hydride ion from propane molecule in system II along the reaction coordinate R, = C(1)...H(1). For

notations, see Fig. 2.

Transition state 6a is similar to that of the propane
reaction with CBr;* cation. Thus, the bond between H
atom and the secondary C atom of propane molecule
can also be cleaved with ease under the action of a
neutral superelectrophile Br,CBr" - Br,AlBr,~. By and
large, our calculations showed that the mechanism of
hydrogen abstraction from the secondary C atom of
propane remains unchanged upon replacement of the
attacking cation by polar neutral electrophile. In both
cases, migration of a H atom from the secondary carbon
atom of propane molecule to the C atom of the

superelectrophile occurs without formation of cyclic
(3c-2e)-transition state or intermediate.
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