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ABSTRACT: A direct relationship exists between the properties of
substituted semibullvalenes and their Cope rearrangement activation barrier.
This unique correlation not only enables the determination of kinetic data
from ground state information, but also provides a rationalization for the
extent to which ground state properties are altered with respect to their
“normal” values (i.e., that of their localized Lewis structure). Examination of
electron density distribution, geometrical parameters, and J-coupling constant
differences between canonical and Lewis structures deliver quantitative
evidence for the structure−correlation principle.

A fascinating situation exists in pericyclic reactions, in which
transition state characteristics directly correlate with the

properties of the ground state. This effect is known as the
structure−correlation principle.1 As an example, density
redistribution toward the retro-Diels−Alder transition state
accounts for the peculiar 1J-coupling constants (i.e., the
abnormally large/small values for CC/CC bonds) of
unsaturated bicyclic systems, such as norbornene and its
derivatives.2−6 This note further expands this phenomenon by
establishing a direct correlation between the activation barriers
and ground state properties of sigmatropic rearrangements.
This unique relationship not only enables the determination of
kinetic data from ground state information, but also provides a
rationalization for the extent to which ground state properties
are altered with respect to their “normal” values. The
degenerate Cope rearrangement (CR) of semibullvalene
constitutes an ideal proof-of-principle example: the transition
state barrier height can be altered by strategic placement of
various electron-donating/withdrawing substituents and strain-
inducing annelations7−10 to the point of eventual stabilization
of a bishomoaromatic ground state11−16 as recently exper-
imentally realized.11 Furthermore, the rigid tricyclic molecular
structure (boat conformation) goes through a typical pericyclic
homoaromatic transition state and lacks “chameleonic”17−22

nature, thus simplifying the controversial picture of the reaction
mechanism (i.e., the diradical character of the transition state is
modest).
In semibullvalene (1), the net structural outcome of the

degenerate Cope rearrangement is the breaking/formation of
the C2−C8/C4−C6 bonds. 1 features an elongated 1.61 Å C2−
C8 bond (Figure 1A) as compared to the C−C bond of ethane

(1.53 Å), cyclopropane (1.51 Å), or even the parent CR
prototype, gauche hexa-1,5-diene (1.54 Å) computed at the
B3LYP/6-311+G(d,p) level. Alternatively, 1 possesses shorter/
longer C2C3/C3C4 (1.47/1.34 Å) than hexa-1,5-diene (1.51/
1.33 Å). A similarly insightful picture is provided by both the
Wiberg bond orders and the 1J28 coupling constants. The 1J28
coupling constant of 1 (Figure 2), for instance, is abnormally
low (−0.2 Hz) when compared to the C−C single bonds in
ethane (30.9 Hz), cyclopropane (10.1 Hz23), or even a
distorted cyclopropane [imposed into the C1−C2−C8 con-
formation (5.0 Hz)]. In fact, the 1J28 coupling constant more
closely matches the 2JCC coupling computed for propane (−1.3
Hz). These structural deviations, associated with electronic
anomalies, arise from an intramolecular effect that can be
attributed to redistribution of the density of semibullvalene
toward its CR transition state. In other words, the geometrical
parameters and electron density of 1 resembles its Cope
rearrangement TS more than expected in a localized Lewis
structure.
To prevent this density redistribution (i.e., electron

delocalization) and verify its effect on the properties of
semibullvalene, we constructed and optimized a truly localized
Lewis structure, in which one double bond is confined entirely
between two carbon atoms, using the block-localized wave
function (BLW) approach of Mo.24−27 For the nonsymmetric
molecules (i.e., non-Cs), the double bond further away from the
substituent was blocked, although the two alternative local-
izations led to the same effect. Comparisons of the density,
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geometrical parameters, and J-coupling constants of both the
BLW-localized (i.e., block-localized) and canonical (i.e.,

delocalized) states allow direct probing of the fingerprints of
the Cope rearrangement on the ground state properties in an

Figure 1. Carbon numbering used for semibullvalene throughout the text (top). Canonical (A) and BLW-localized (B) (BLW-)B3LYP/6-
311+G(d,p) geometries. The C6−C7 bond indicated in red is localized in the BLW optimized geometry B. The bond lengths (Å) computed at the
same level are given in black. The Wiberg bond orders are given in blue for the canonical (A) and in red for the BLW-localized geometries and
density (B).

Figure 2. Semibullvalene and 23 substituted derivatives. Red double bonds were localized using the BLW method and geometries optimized at the
BLW-B3LYP/6-311+G(d,p) level. C2−C8

1J-couplings constants (above) computed at the PBE/IGLO-III//(BLW)-B3LYP/6-311+G(d,p) level and
bond lengths (Å right side) are given for both for the canonical (black) and the block-localized (red) geometries. The CCSD(T)/cc-pVTZ//
B3LYP/6-311+G(d,p) activation barriers (kcal/mol) (lower left) are not corrected for zero-point energies.
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unbiased and direct manner. This procedure has already
provided unique quantitative insight in a related context
highlighting the peculiarity of norbornene2 and served to
demonstrate the magnetic anomalies of conjugated mole-
cules.28,29

Localization of the C6−C7 double bond (via the BLW
procedure) results in a drastic shortening of the C2−C8 bond
(R28) to a typical C−C single bond distance (1.56 Å, Figure
1B). This shortening is accompanied by a slight decrease/
increase in the C3−C4 double bond distance/order (0.005 Å/
0.202). Thus, localization of the C6−C7 double bond delivers
the idealized Lewis structure (with “normal” bond distances),
represented by Figure 1B. The drastic geometry changes
induced upon localization of the π-electron bond corroborate
the large degree of structural deformation toward the TS
present in the ground state (GS) of semibullvalene. The extent
is well illustrated by Figure 3, which shows the electron density

difference (EDD) between the canonical and BLW-localized
wave function. The red and yellow regions, corresponding to
the C2−C8 bond, indicate increased electron density upon
localization (reduced interaction in the GS) of the C6−C7 π-

electrons. The blue/green areas between the C1−C2 and C1−
C8 bonds indicate decreased density imposed by the restitution
of cyclopropane character. In a sense, the localization of the π
system restores the typical σ-delocalized cyclopropane moiety
with a stronger C2−C8 bond and a normal 1J28 coupling value
(as compared to cyclopropane, 10 Hz).
The structure−correlation principle can be further exploited

by analyzing the influence of substituents (Figure 2) on the 1J28
and R28 values as a function of the activation barrier. Placement
of electron-withdrawing/donating substituents at selected
semibullvalene positions are known to influence the CR
activation barrier.7−10 If the TS does affect the structure of
semibullvalene, one should expect a correlation between
reaction barrier height and ground state properties for a series
of semibullvalene derivatives. π-withdrawing (e.g., cyano and
vinyl groups) substitution at the 2/8- and 4/6-positions reduce
the barrier height, while donating groups (e.g., fluorine, methyl)
placed in those same positions have the opposite effect. Placing
these substituents at positions 1 and 5 lead to a reversed trend,
(as compared to substituting at positions 2/8 and 4/6), while
substitutions at positions 3 and 7 have a minimal effect on the
reaction rate.
The activation barrier associated with the Cope rearrange-

ment of 24 substituted semibullvalenes are given in Figure 2
together with the 1J28(BLW) coupling constants and C2−C8
bond distance of both the standard and BLW-localized forms.
Structures 2 and 4 (as well as 22 and 23) share a common
transition state; thus, the difference in activation energies
simply reflects the overall reaction energy of the Cope
rearrangement between the two systems. The accumulation
of substituent effects is illustrated by two contrasting
derivatives, 17 (1,5-dicyano-2,4,6,8-tetrafluorosemibullvalene)
and 15 (1,5-difluorosemibullvalene), characterized by the
highest (16.8 kcal/mol) and lowest (1.2 kcal/mol) activation
barriers, respectively. The substitution patterns associated with
decreased activation barriers relative to 1 each possess a
smaller/larger J28 or R28 than the semibullvalene reference.
Inversely, the compounds with increased activation barriers as
compared to 1 exhibit larger/shorter C2−C8

1JCC coupling
constant/bond distance. Thus, a strong (inverse) relationship
exists between the TS barrier height and the ground state
properties (i.e., the 1J28 coupling constants and the R28 bond
distances). Examination of Figure 4 illustrates the high-degree

Figure 3. The electron density difference (EDD) between canonical
and BLW-localized wave functions of semibullvalene computed at the
PBE/IGLO-III level using the B3LYP/6-311+G(d,p) geometries. The
blue zone represents higher density in the ground state, while red
indicates higher density in the BLW-localized state.

Figure 4. Correlation plots of the Cope rearrangement activation barrier (at the CCSD(T)/cc-pVTZ//B3LYP/6-311+G(d,p) level) with the PBE/
IGLO-III//B3LYP/6-311+G(d,p) 1J28 canonical coupling constant (left) and the B3LYP/6-311+G(d,p) R28 bond distances (right). Data are taken
from Figure 2.
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of curvilinear relationships between the activation barrier and
the C2−C8

1J coupling constant/bond distance. Similar
correlations exist when considering changes in the 1J28 coupling
constant and C2−C8 bond distance between canonical and
BLW-localized structures (i.e., Δ1J28 and ΔR28; see Figures S2
and S3 in the Supporting Information) as well as the difference
between the R28 and R46 bond distances (Figure S6, Supporting
Information). These relationships show, unequivocally, that the
TS energetics of this pericyclic reaction directly correlates with
the ground state properties. This phenomenon is in line with
the X-ray diffraction analysis of substituted semibullvalenes by
Quast et al., who reported that small variations of the apparent
C2−C8 and C4···C6 atomic distances are observed in more
rapidly rearranging derivatives.30 Unlike the geometries of the
majority of derivatives included in the test sets (Figure 2), those
(1,5-difluoro-2,4,6,8-tetracyanosemibullvalene and 2,4,6,8-tetra-
cyanosemibullvalene) that are characterized by a bishomoar-
omatic ground state (see Figure S7, Supporting Information,
and ref 16) are highly sensitive to the theoretical level used in
the optimization (e.g., 2,4,6,8-tetracyanosemibullvalene has a
bishomoaromatic ground state at the B3LYP but not at the
M06-2X geometry). For this reason, they have been excluded
from Figure 4 but are given in the Supporting Information
(Figures S8 and S9).
This work examines the Cope rearrangement of a series of

semibullvalene derivatives to demonstrate a clear relationship
between the transition state energy and the ground state
properties of the C−C bond being broken. The fingerprint of
transition states in the ground state properties can occur in
bicyclic and tricyclic products of diverse pericyclic reactions
such as Diels−Alder, Cope, and Claisen. Similar to the Bell−
Evans−Polanyi relation,31,32 the Burgi−Dunitz correlation
principle, and the Hammond postulate, the link existing
between the reaction kinetics and ground state characteristics
could permit facile assessment of activation barriers based
solely on the ground state geometry.1 Using the kinetic details
of reference compounds, structure−property relationships, such
as those presented herein, could be utilized as the last step of a
hierarchical screening of novel derivatives to assess their kinetic
feasibility and persistence. In particular, it could serve as a
measure of dynamics and robustness of shape-shifting organic
molecules (e.g., based on bullvalene).33

■ COMPUTATIONAL DETAILS
The Cope rearrangement transition states and adducts shown in
Figures 1 and 2 were optimized at the (BLW)-B3LYP34,35/6-
311+G(d,p) level using a modified version of GAMESS-US 2008-
R1.36 Diabatic states were obtained from BLW24−26 computations
where the C6−C7 π-bond that is displayed in red was localized. Using
the block-localized wave function approach, one can construct the
wave function of an electron-localized reference Lewis structure by
partitioning the system into several mutually interacting subgroups and
restricting the expansion of each MO in only one subspace. The block-
localized state can be self-consistently optimized and used in molecular
property computations. Note that our version of the BLW module
only allows the simultaneous blocking of orthogonal or parallel bonds,
thus excluding the simultaneous blocking of two double bonds in
semibullvalene derivatives. The geometry of the block-localized
structures can additionally be optimized. The diradical character of
the transition states was found to be negligible (T1 diagnostic smaller
than 0.014 at the CCSD level).37,38 The activation barriers were
computed at the CCSD(T)/cc-pVTZ level (single-point) in Molpro
using the B3LYP/6-311+G(d,p) geometries. Note that activation
barriers computed at the B3LYP/6-311G(d,p) level correlate well with

those computed at the CCSD(T)/cc-pVTZ level (see Figure S11,
Supporting Information).

The J-coupling computations were performed using the gauge-
including atomic orbitals (GIAO)39 approximation at the (BLW)-
PBE40/IGLO-III level as implemented in our version of Dalton.41 The
electron density difference plots were computed at this same level on
the canonical B3LYP/6-311+G(d,p) geometry. The BLW formalism
has already been shown42 to be rather insensitive to the level of theory
used, as it relies on the difference between the properties of a
resonance structure and that of adiabatic state computed at the same
level.

■ ASSOCIATED CONTENT
*S Supporting Information
Cartesian coordinates of all structures (canonical, BLW, TS,
and GS); additional correlation figures between 1J-coupling,
C2−C8 and C4−C6 bond distances with activation barriers
(Figures S1−S6, S8); energy and structural parameters of 1, 15,
1,5-difluoro-2,4,6,8-tetracyanosemibullvalene, and 2,4,6,8-tetra-
cyanosemibullvalene at different energy levels (Figure S7);
correlation plots of the activation barriers computed at the
B3LYP/6-311G(d,p) with CCSD(T)/cc-pVTZ (Figure S10).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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