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The Mechanism of Semibullvalene Bromination
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A mechanism for semibullvalene bromination is proposed
based on quantum chemical calculations. This mechanism
involves concerted bromine addition and cyclopropane ring-
opening to form an allylic cation, without the intermediacy
of a bromonium or a cyclopropylcarbinyl cation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Semibullvalene (1, Scheme 1) has long intrigued organic
chemists, primarily due to its low barrier for degenerate
Cope rearrangement and the possibility that derivatives
might have delocalized ground-state structures displaying
neutral homoaromaticity.['! While various syntheses of semi-
bullvalene have been published, the potential of this mole-
cule as a building block for the synthesis of other interesting
structures has been underexploited. However, the regio- and
stereoselective dibromination of semibullvalene has been re-
ported.l’] This reaction converts C, symmetric 1 (C,, on
average due to the rapid degenerate Cope rearrangement)
into the C, symmetric dibromide 3, thus converting
enantiotopic alkenes into homotopic allyl bromide sub-
structures. This sort of interconversion could prove ex-
tremely useful in constructing chiral frameworks adorned
with functional groups displayed in well-defined orienta-
tions, especially if it could be accomplished enantioselecti-
vely. Efforts in this direction are ongoing in our laborato-
ries, as are attempts to use semibullvalene derivatization re-
actions in the construction of complex molecular architec-
tures.

How does the bromination of semibullvalene relate to
typical alkene bromination reactions? Electrophilic addition
of halogens to alkenes is a classic organic reaction
(Scheme 2).M Since Roberts and Kimball noted that the se-
lectivity for anti addition could result from a bridged bro-
monium ion intermediate, the mechanism of this reaction
has generated substantial interest.[*®! Despite being a stan-
dard “textbook” reaction, however, the mechanism of al-
kene bromination is still being explored today.[%] This is, in
part, a reflection of the fact that halogenation mechanisms-

[a] Department of Chemistry, University of California, Davis
One Shields Avenue, Davis, CA 95616, USA
E-mail: tantillo@chem.ucdavis.edu

Supporting information for this article is available on the
WWW under http://www.eurjoc.org or from the author.

738 .@ InterScience’

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Br:@
Br
H
3/
Q )
H
Br

Scheme 1.

are sensitive to substituent effects, geometric constraints,
and environmental influences, making it dangerous to as-
sume mechanistic details in many cases.

The bromination of semibullvalene provides an example
of how the “standard” mechanism can be perturbed by
such influences. The conditions reported in the literature
for this reaction involve addition of bromine to a solution
of semibullvalene in dichloromethane at —78 °C.I3l These
conditions produced a 67 % yield of the dibrominated prod-
uct 3, and the regio- and stereochemistry of this product
was confirmed by X-ray crystallography. It was suggested
at the time that this reaction likely proceeds through the
cyclopropylcarbinyl cation 2, which is then attacked by a
bromide ion to open the cyclopropane ring and quench the
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positive charge through alkene formation (Scheme 1).3! The
rapidity with which other cyclopropylcarbinyl systems ring-
open,!”l however, led us to question whether or not 2 could
actually be a stable minimum. Thus, we decided to examine
the mechanism of this reaction in detail using hybrid
Hartree-Fock/density  functional theory calculations
[CPCM-B3LYP/6-31G(d); see Computational Methods sec-
tion for details]. The mechanistic information obtained
from these investigations, besides being of fundamental im-
portance to the field of reactive intermediate chemistry,
should also facilitate the design of catalysts that can control
the enantioselectivity of this and related C; — C, desymme-
trization reactions.

Results and Discussion

Initial Attack of Bromine

Our attempts to optimize a structure corresponding to 2
in dichloromethane consistently led to structure 4
(Scheme 3).181 This suggests that bromine addition and cy-
clopropane ring-opening might be concerted. A constrained
optimization, in which the length of the doubly allylic C-C
bond (i.e. the C-C bond that breaks as Br, is added) was
fixed at ca. 1.6 A while the rest of the structure was allowed
to relax, produced a structure resembling 2, but this struc-
ture was approximately 18 kcal/mol higher in energy than
4.1891 The formation of an allylic cation!'” and the relief of
strain associated with opening of the cyclopropane ring of
2 both favor formation of 4.
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These results suggest that bromine addition and cyclo-
propane cleavage are concerted. Thus, we would expect to
be able to find a single transition structure connecting
1+Br, and 4+Br . Such a transition structure was located
and is shown in Figure 1, along with the 1+Br, complex
preceding it and the 4+Br complex following it. In ad-
dition, an intrinsic reaction coordinate (IRC) plot for the
reaction is shown in Figure 2.'-121 While this reaction oc-
curs on a relatively flat potential surface, our results clearly
show that the addition of bromine is both concerted and
synchronous with the opening of the cyclopropane ring;!'*
note, for example, that the Br—Br and cyclopropyl C-C
bonds are both lengthened in the transition structure. Thus,
it appears that the mechanism shown in Scheme 3 is pre-
ferred to that shown in Scheme 1.

It is worth noting that neither mechanism (Scheme 1 or
Scheme 3) involves a bridged bromonium cation. To assess
the likelihood of bromine bridging,! constrained calcula-
tions were performed on a model structure resembling 5
in which the cyclopropane C-C bond was prevented from
opening by fixing its distance at ca. 1.6 A, the C—C bond
of the bromonium substructure was fixed at ca. 1.5 A, and
the two C—Br bonds were fixed at ca. 2.1 A. The structure
that results from optimization with these constraints is less
stable than 4 by 24 kcal/mol in dichloromethane.[®!*! Thus,
initial attack bypasses formation of structures such as 5 (al-
though 1-Br, complexes are observed) and 2, leading di-
rectly to 4 through concerted, synchronous bromine ad-
dition/cyclopropane cleavage.

o
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Figure 1. Geometries and relative energies [CPCM-B3LYP/6-31G(d); distances in A, energies in kcal/mol] for structures involved in the
initial addition of bromine to 1 in dichloromethane.

-6.0 Reaction Coordinate

Figure 2. Portion of the reaction coordinate for addition of bromine to the convex face of 1 in dichloromethane [CPCM-B3LYP/6-31G(d),
distances in A]. The reactant minimum (complex of 1 with Br,), the product minimum (complex of 4 with Br), and the transition
structure connecting them are shown in boxes.
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Figure 3. The 1+Br, to 6+Br reaction in dichloromethane [CPCM-B3LYP/6-31G(d), distances in A, relative energies in kcal/mol].

In addition to the 1 — 3 reaction shown in Figure 1,
another reaction involving 1 — formation of cation 6 — was
also examined (Scheme 4 and Figure 3).['>l The transition
structure for formation of 6 is approximately 5 kcal/mol
higher in energy than that for formation of 3 in dichloro-
methane.'®! In addition, the 6+Br  complex is >10 kcal/
mol higher in energy than the 3+Br~ complex in dichloro-
methane. Overall, formation of 3 should be the dominant
pathway (both thermodynamically and kinetically) in
dichloromethane, the solvent used in the experiments.F

Scheme 4.

Regio- and Stereoselectivity

Bromination of semibullvalene is stereoselective, the in-
corporation of both bromine atoms of Br, occurring on the
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convex (exo) face of 1 to form 3; no products with either
bromine atom incorporated on the concave (endo) face have
been reported.[?! Our calculations on transition structures
for exo and endo attack (Figure 1 and Figure 4, respec-
tively) are consistent with this result, predicting that initial
Br, attack from the convex face is favored over attack from
the concave face by more than 5 kcal/mol in dichlorometh-
ane.['”] This is most likely a steric effect; note that the Br,
more closely approaches the alkene of 1 that it will attack in
the 1-Br, complex and in the corresponding early transition
structure for addition to the convex face.

When the bromide ion recombines with the cation 4 there
are two possible sites for addition, and attack could occur
from either the convex or concave face. The four possible
isomeric products (3 and 7-9) are shown in Figure 5. All of
our attempts to locate transition structures for the recombi-
nation of 4 and Br~ were unsuccessful. Almost certainly this
is a result of the strong impetus for the anionic bromide
and the cationic 4 to combine and annihilate their charges.
To verify this, we performed a series of optimizations in
which the distance of the forming C---Br bond was con-
strained to particular values between 6 and 2 A as the reac-
tion proceeds to produce 3. As shown in Figure 6, a mono-
tonic decrease in energy is observed as the two species ap-
proach each other.'8! Although a barrier could, in prin-
ciple, be observed in the presence of explicit solvent mole-
cules, this would require further simulations of a different
sort and is beyond the current study. In any case, our calcu-
lations do predict that compound 3 is more stable than 7,
8 and 9 by 2.0, 1.5, and 2.0 kcal/mol, respectively, in dichlo-
romethane.['! 3 is likely the most stable product primarily
due to steric problems in 7-9.2% Overall, 3 is 29.4 kcal/mol
more stable than the 4+Br complex.

WWW.eurjoc.org 741
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Figure 4. Geometries and relative energies [CPCM-B3LYP/6-31G(d), distances in A, energies in kcal/mol relative to the 1-Br, complex
shown in Figure 1] for structures involved in the initial addition of bromine to the concave face of 1 in dichloromethane. Note that the
C-Br distance in the reactant is actually slightly longer than that in the transition structure (2.894 vs. 2.886 A).

Involvement of a Second Br,?

Various studies have suggested that two molecules of Br,
can be involved simultaneously in (at least some) alkene
bromination reactions,®" %! so we performed additional
computations including a second Br,. In dichloromethane,
complexes of Br, with 3 and 7-9 could be located and had
relative energies (0.0, +2.5, +2.1 and +3.1 kcal/mol, respec-

Figure 5. Geometries of the product 3 and its regio- and stereoiso-
mers [CPCM-B3LYP/6-31G(d), dichloromethane, distances in A].l'"]
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Figure 6. Results of constrained calculations for the addition of
bromide ion to compound 4 in dichloromethane (energies are rela-  Figure 7. Geometries of 4-Br;~ complexes [CPCM-B3LYP/6-
tive to the 1+Br, complex). 31G(d), dichloromethane, distances in A].
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tively) that were similar to those without a complexed
Br,.2!1 The only other stationary points that we could lo-
cate in dichloromethane were exo and endo complexes of
Br;y with 4 (Figure 7). As for the analogous system without
a second Br,, no structures resembling 2 were found, consis-
tent with a concerted bromine addition and ring-open-
ing.??l Constrained calculations in which the Br--C dis-
tances in the 4-Br;~ complexes were systematically length-
ened showed that departure of the two Br, molecules is ac-
companied by a monotonic increase in energy (for both exo
and endo). This is consistent with our inability to locate
transition structures for bromine addition, which is not sur-
prising in that the barriers for this process when only a sin-
gle Br, is involved are very small (see Figure 1, Figure 2,
and Figure 4). In addition, similar constrained calculations
for the recombination of 4 with Br;~ showed that this pro-
cess is again barrierless, although the overall exothermicity
of this process is not as great as that with only Br—, since the
larger size of Brs~ allows for more delocalization of charge.

Conclusions

Our quantum chemical calculations are consistent with a
mechanism for the bromination of semibullvalene in which
the opening of its cyclopropane ring is concerted and syn-
chronous with the initial attack of bromine, thus constitut-
ing a vinylogous attack of a C-C single bond on Br, (or
Br, dimer). This results in the formation of an allyl rather
than a cyclopropylcarbinyl or bridged bromonium cation
and releases ring strain. Our calculations are also consistent
with the experimentally observed regio- and stereochemical
course of this reaction. If the enantioselectivity of reactions
such as this could be controlled, semibullvalene could find
utility as a platform on which to build new chiral architec-
tures that display functional groups in specific spatial orien-
tations.

Computational Methods

GAUSSIANO03[231 was employed for all calculations. All geometries
were optimized without symmetry constraints using B3LYP/6-
31G(d)?* unless mentioned otherwise in the text. All stationary
points were characterized as minima or transition structures by an-
alyzing their vibrational frequencies. All reported energies for sta-
tionary points include zero-point energy corrections from fre-
quency calculations, scaled by 0.9806.% Intrinsic reaction coordi-
nate (IRC) calculations(®! were used to further characterize the na-
ture of transition-state structures by mapping out the portions of
the reaction coordinate near to them. In order to address solvation
effects, CPCM (with UAO radii),””! a self-consistent reaction field
(SCRF) method, was used to optimize selected structures in dichlo-
romethane (¢ = 8.93) and water (¢ = 78.39). These computations
were also carried out using B3LYP/6-31G(d). Results in dichloro-
methane (the solvent used in the reported experiments)?! are dis-
cussed explicitly in the text; details on gas phase and aqueous cal-
culations can be found in the Supporting Information. Structural
drawings were produced using Ball & Stick (N. Miiller and A. Falk,
Ball & Stick V.3.7.6, molecular graphics application for MacOS
computers, Johannes Kepler University Linz, 2000).
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Supporting Information (for details see the footnote on the first
page of this article): Coordinates and energies for all structures,
along with IRC plots.
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