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Selective Stabilization of Transition State Structures for Cope Rearrangements of
Semibullvalene and Barbaralane through Interactions with Halogens
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A new means-discovered through quantum chemical studies (B3LYP/6-316(@f)}kelectively stabilizing

the delocalized forms of unsubstituted semibullvalene and barbaralane is described. Calculations indicate
that complexation of delocalized semibullvalene and barbaralane Cope rearrangement transition structures by
halogen-containing molecules (homo- and heteronuclear diatomics and Lewis acids) can reduce the barrier
significantly, in many cases causing it to disappear entirely.

Semibullvalene and barbaralane hold honored positions semibullvalene
in the history of physical organic chemistryThe chem- +
istry of these molecules and their derivatives provides classic
examples of various physical organic principles. For ex-
ample, the manipulation of substitution patterns, reactant
strain, and preorganization have all been employed in the
“quest” for semibullvalene and barbaralane derivatives with
“stable transition states” (for Cope rearrangements) that ex-
hibit neutral homoaromaticity? Along these lines, substituents barbaralane
and solvents were shown to work in concert for substi-
tuted barbaraland, allowing the delocalized form to exist
as a minimum inN,N'-dimethylpropylene urea (DMPU),
due in part to particularly favorable interactions between
the solvent and the delocalized structure arising from its
increased polarizability.Replacing some carbon atoms of the
hexadiene substructures of semibullvalene and barbaralane with
certain heteroatoms was also predicted to lead to delocalized
minima (e.g.2; note that formal charges are not shown hére).
By appending small rings to semibullvalene (e3),,localized
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forms were selectively destabilized, allowing delocalized ferms C'E', *Bxz|:B~co
in which strain is relieved to some extertb again become oc— \/B co
minima for some systenfs.Fusing multiple barbaralanes 2

together also led to structures, so-calledgblyacenes” (e.g.,
4), for which delocalized minima were predictédhe delo-

calized form of unsubstituted semibullvalene itself was also
predicted to be a minimum when complexed to kn the gas 5
phase ), and the selective stabilization of the delocalized form

in this case was suggested to result primarily from improved 5 Lt
electrostatic interactions betweer'land the charge distribution
of the delocalized (rather than localized) form of semi-

bullvalene’
In this report, we describe another means, discovered through b
quantum chemical studies, of selectively stabilizing the
4

delocalized forms of unsubstituted semibullvalene and
barbaralane. Interactions between these structures and halogen-
containing molecules (to form complexé X = halogen,

= halogen, Alx, BX) consistently lower the barriers
for Cope rearrangement, in many cases abolishing them

completely.
* Corresponding author. Fax:-+Hl) 530-752-8995. E-mail: tantillo@ In the course of theoretical studies on semibullvalene bro-
chem.ucdavis.edu. mination® we discovered that, among the various semi-
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Figure 1. Computed geometry (B3LYP/6-31G(d); distances in A) of
6 (X =Y =Br).

bullvalene-Br, complexes (minima) that we could locate with
the B3LYP/6-31G(d) methoione resembled the delocalized
form of semibullvalene-usually the transition structure for Cope
rearrangementcomplexed to By. This structure is shown in
Figure 110 Note that although the Brinteracts directly with
only one side of the semibullvalene, the semibullvalene is highly
delocalized (e.g., the two terminal interallyl distances are 2.20
and 2.15 A).

Intrigued by this structure, we proceeded to examine com-
plexes of both semibullvalene and barbaralane with various
halogens § with X—Y = Bry, Clp, F, BrCl, CIBr, BrF, FBr,
CIF, FCI)1112 Let us first consider the semibullvalenBr;
complex. Interestingly, in addition to the minimum shown in
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donor orbital in that region. The computed KoehBham
molecular orbital corresponding to the orbital cartoon in Chart
1c is shown in Figure 3. Note also that the-Hr bond in the

Figure 1, we also located the more localized minima shown in complex is lengthened compared to the distance in uncomplexed
Figure 2a,b3 along with transition state structures that connect Br; (2.32 A) and that the longest BBr distance is observed
the three minima (Figure 2c,d). At first glance, this appears to for the delocalized complex in Figure 1 (2.42 A; compare with
be a very unusual situation, in that either localized or delocalized the structures in Figure 2), consistent with this orbital interaction,
semibullvalenesand not both-are expected to be minima.  which will lengthen the B+Br bond as its antibonding orbital
However, the energies of all five species in Figures 1 and 2 are is populated, playing a key role in selective stabilization of the
within 2 kcal/mol of each other, indicating that the region of delocalized structure upon complexation. Fragment andtysis
the semibullvalenet Br, energy surface that they inhabit is on the semibullvaleneBr, interaction suggests that the con-
actually quite flat. Nonetheless, the barrier for Cope rearrange- tributions from electrostatic and orbital effects to the interaction

ment (4.5 kcal/mol for uncomplexed semibullvalene at the same energy are comparabté? Complexation of semibullvalene with

level of theoryd has been effectively removed by selective

complexation of the delocalized form of semibullvaléfie.
Unlike the previously described semibullvalefg* com-

plex, in the Br-bound case, semibullvalene’s complexation

F, and C} is similar to that with Bg, both in terms of complex
geometries and relative energies of localized and delocalized
species (see Supporting Information for detdifg).

The mixed halogens BrCl, BrF, and CIF were also examined.

partner is both neutral and not centered under semibullvalene’sBrCl, for example, again behaved similarly to,Bnaving three
bis-allyl substructure. Both of these characteristics are consistentminima spread over an energy window-e kcal/mol for both

with covalent interactions contributing significantly to semi-
bullvalene-Br; binding. Although Bs is somewhat polarizable,
its lack of a net charge would likely make any electrostatic
interactions with the (also somewhat polarizable) delocalized
semibullvalene less significant than forfLilt is also unlikely
that predominantly electrostatic binding would lead to com-
plexation of Bp with only one end of semibullvalene.

Simple orbital arguments can be used to rationalize the end-

on complexation on covalent grounds. The molecular orbitals
derived fromo-interaction of the two allyl substructures in
delocalized semibullvalefi@re shown in Chart 1¥.In Chart
1b-c are shown the doneacceptor interactions expected to be
most important for semibullvalereBr; binding. Note that for
the orbital interaction shown in Chart 1c, the occupied orbital
of semibullvalene can donate electron density to fig g,
orbital only if the Bp is not centered over the bis-allyl

possible orientations (Br or Cl near to semibullvalene). However,
the three minima with Br near to semibullvalene were each
~5—6 kcal/mol lower in energy than the corresponding minima
with Cl near to semibullvalene, most likely due primarily to
polarization of theo§,_., orbital toward the less electronega-
tive and larger BR’

Complexes with two XY groups (both homo- and hetero-
nuclear diatomics) were examined as well. For complexes with
two identical homonuclear diatomics (e.g., Figure'2a) two
different homonuclear diatomics (e.g., Figure 4b), flat energy
surfaces were again observed, sporting delocalized structures
in shallow wells. Note that elongation of the halogéralogen
bonds is less when two halogen molecules are bound simulta-
neously (e.g., compare Figures 1 and 4).

The situation with heteronuclear diatomics is slightly more
complex than with homonuclear diatomics. Take, as a repre-

substructure, since a nodal plane bisects the semibullvalenesentative example, the semibullvaler2BrCl system. In this
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Figure 2. Computed geometries (B3LYP/6-31G(d); distances in A) of other minima and transition structures on the energy sugf@¢e=fof
= Br). The energies (kcal/mol) of these four structures, relative to that of strugt¥e= Y = Br) as shown in Figure 1, are (&)0.1, (b)—1.7,
(c) +0.1, (d)+0.2.

4

Figure 3. Computed (B3LYP/6-31G(d)) KohnSham molecular
orbital corresponding to Chart 1c.

Figure 4. Computed geometries (B3LYP/6-31G(d); distances in A)
case, three different complexation motifs are possible C, of delocalized semibullvalene complexes with (a) twe Biolecules
Chart 2). For all three binding modes, both localized and and (b) one Brand one Gl molecule.

delocalized minima with small barriers for their interconversion

are found (delocalized minima for each binding mode are shown

in Figure 5). However, the structures found for binding mode BrCl complexes described above. The energies of the-Br

A are~4—5 kcal/mol lower in energy than those fBr which semibullvalene-Cl, complexes (e.g., Figure 4b) fall between

are ~4—5 kcal/mol lower in energy than those f@. Thus, those ofB andC. Similar situations are observed for other mixed
reorienting each BrCl such that its Br end, rather than its CI halogens (see Supporting Information for details).

end, is close to semibullvalene is favorable-b$—5 kcal/mol, As described above, a key factor in delocalized semi-

which is consistent with our calculations for the semibullvatene  bullvalene-halogen binding is the donation of electrons
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cI Br Br

Figure 5. Computed geometries (B3LYP/6-31G(d); distances in A) of delocalized minim@.AThe energies (kcal/mol) of these three structures,
relative to that of the Br-semibullvalene-Cl, structure shown in Figure 4b, are (ay.3, (b)—2.0, (c)+3.5.

Figure 6. Computed geometries (B3LYP/6-31G(d); distances in A) of minima (a, ¢, d, f) and transition structures (b, €) on the energy surface

for semibullvalenet AICls. The relative energies (kcal/mol) of these structures are (a) [0.001- 1, (c)+0.2, (d)+9.2, (e)+13.5, and (f)
+9.0.

CHART 2 semibullvalene structures were located. Nonetheless, the barriers
for Cope rearrangements in such complexes were lower
than for free semibullvalene (e.g., only 1.5 kcal/mol for

F complexes with the central atom of AlCand 4.3 kcal/mol
Br Br\ for complexes with the CtAl bond, which is only slightly lower
c cl than that for uncomplexed semibullvaler).
A

Complexes involving barbaralane (with BiCl,, F,, BrF,

from semibullvalene to an acceptor orbital on the halogen. Are 2Br2, 2Ch, 2R, and 2BrF) were also examined. In these cases,
other groups with good acceptor orbitals capable of forming no minima with delocalized barbaralane substructures were
similar complexes? In this regard, complexes of semibullvalene located, but barriers for Cope rearrangements were generally
with several common Lewis acids (Al§BFs, BCls) were also lowered upon complexation (the rearrangement barrier for
explored. For each of these three systems, two families of uncomplexed barbaralane with B3LYP/6-31G(d) is 6.6 kcal/
complexes are observetne in which the semibullvalene mol®® and the barriers for the complexes ranged from 3.7 to
interacts with the empty orbital at the central atom of the 6.7 kcal/mol; see Supporting Information for details).

Lewis acid and another in which the semibullvalene interacts Thus, we find that complexation of delocalized semi-
with a halogen-central atom o* orbital (see Figure 6 bullvalene and barbaralane transition structures by halogens and
for representative examples using AlCtomplexes with BE halogen-containing species can lower the associated barriers for
and BCjk can be found in the Supporting Information). For Cope rearrangement. For many semibullvalene complexes the
all three Lewis acids examined, no minima with fully delocalized barrier disappears entirely and delocalized structures become
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minima. To our knowledge, these are the first uncharged speciesand analyze the binding energies between semibullvalene and various

i i ; ; ini halogens. The B3LYP functional with the triple-zeta doubly polarized
described theoretically or experimentally with minima that (TZ2P) basis set was used as implemented in ADF2006 (Scientific

contain delocalized unsubstituted semibullvalenes. Computing & Modeling, NV, Amersterdam). See Supporting Information
for further details. For a general description of ADF, see: Bickelhaupt, F.
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be covalently tethered to the semibullvalene framework to produce
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binding energies for halogen complexes withHg CoHa, NHs, H0, and (18) The complex shown in Figure 4a does not have per@gt
HCN can be found in the Supporting Information; in general, it appears Symmetry; yet this structure appears to be a minimum. Constraining all
that B3LYP/6-31G(d) slightly overestimates absolute binding energies for four C—Br distances to 3.1 A and allowing the rest of the structure to relax
these species. All stationary points were characterized as minima or transitionleads to a structure that is only 0.04 kcal/mol higher in energy than the
structures by analyzing their vibrational frequencies. All reported energies Optimized structure, however.

include zero-point energy corrections from frequency calculations, scaled (19) (a) All minima and transition state structures for the semi-
by 0.9806 (Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502~ bullvalene-AICl; complexes shown in Figure 6 were also optimized in
16513). In some cases, the effects of solvent were modeled using CPCMdichloromethane; in this case, the barriers were found to be 5.5 and 4.2
calculations (with UAKS radii), a self-consistent reaction field (SCRF) kcal/mol. (b) Minima and transition state structures for semibullvatene

method (Barone, V.; Cossi, M. J. Phys. Chem. A998 102 1995-2001. BF; complexes analogous to those shown in Figure 6 were also located; in
Barone, B.; Cossi, M.; Tomasi, J. Comput. Chenl998 19, 404-417). this case, the barriers were 4.2 and 4.5 kcal/mol in the gas phase. (c)
Structural drawings were produced usiBgll & Stick (Mdller, N., Falk, Likewise, minima and transition state structures for semibullvat@tl;

A. Ball & Stick V.3.7.6 Molecular Graphics Application for MacOS complexes analogous to those shown in Figure 6 were also located; in this
Computers Johannes Kepler University: Linz, Austria, 2000.). (b) The case, the barriers were 4.2 and 4.2 kcal/mol in the gas phase. See Supporting
Amsterdam Density Functional (ADF) Program was also used to calculate Information for additional details.



