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An Energetic Measure of Aromaticity and Antiaromaticity Based on the
Pauling—-Wheland Resonance Energies

Yirong Mo*"* and Paul von Ragué Schleyer*™™!

Abstract: Various criteria based on
geometric, energetic, magnetic, and
electronic properties are employed to
delineate aromatic and antiaromatic
systems. The recently proposed block-
localized wave function (BLW) method
evaluates the original Pauling—Whe-
land adiabatic resonance energy
(ARE), defined as the energy differ-
ence between the real conjugated
system and the corresponding virtual
most stable resonance structure. The
BLW-derived ARE of benzene is
57.5kcalmol™! with the 6-3114+G**
basis set. Kistiakowsky’s historical ex-
perimental evaluation of the stabiliza-
tion energy of benzene (36 kcalmol ™),
based on heats of hydrogenation, seri-
ously underestimates this quantity due

reference olefin (three times) in Kistia-
kowsky’s evaluation. Based instead on
the bond-separation-energy reaction in-
volving ethene, which has no hypercon-
jugation, as well as methane and
ethane, the experimental resonance
energy of benzene is found to be
65.0 kcalmol™!. We derived the “extra
cyclic resonance energy” (ECRE) to
characterize and measure the extra sta-
bilization (aromaticity) of conjugated
rings. ECRE is the difference between
the AREs of a fully cyclically conjugat-
ed compound and an appropriate
model with corresponding, but inter-
rupted (acyclic) conjugation. Based on
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1,3,5-hexatriene, which also has three
double bonds, the ECRE of benzene is
36.7 kcalmol™!, whereas based on
1,3,5,7-octatetraene, which has three
diene conjugations, the ECRE of ben-
zene is 25.7 kcalmol™'. Computations
on a series of aromatic, nonaromatic,
and antiaromatic five-membered rings
validate the BLW-computed resonance
energies (ARE). ECRE data on the
five-membered rings (derived from
comparisons with acyclic models) cor-
relate well with nucleus-independent
chemical shift (NICS) and other quan-
titative aromaticity criteria. The ARE
of cyclobutadiene is almost the same as
butadiene but is 10.5 kcalmol ™ less
than 1,3,5-hexatriene, which also has
two diene conjugations. The instability

to the neglect of the partially counter-
balancing hyperconjugative stabiliza-
tion of cyclohexene, employed as the

function

Introduction

The special properties of benzene and other aromatic com-
pounds have spawned numerous proposals to characterize
aromaticity (and antiaromaticity) based on energetic, geo-
metric, electronic, magnetic, and other spectroscopic (IR
and UV) criteria.l") Rather than being “absolute”, that is,
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and high reactivity of cyclobutadiene
thus mainly result from the o-frame
strain and the n—x Pauli repulsion.

unique and internal, most of these criteria rely on the selec-
tion of reference or comparison systems. These choices are
arbitrary, however appropriate they may seem (or have
seemed) to be. Although “aromaticity” is a virtual (not di-
rectly measurable) quantity, its usefulness as a central chem-
ical concept is undiminished after two centuries. Aromaticity
is currently enjoying a renaissance of interest, as its scope of
application is far wider than has been appreciated former-
ly.’l The nucleus-independent chemical shift (NICS) mea-
sure of aromaticity and antiaromaticity is based on chemical
shieldings computed in or above ring centers; it does not
rely on any other references, and thus provides a benchmark
for the evaluation of other criteria."!

Abnormal energies govern the chemical behavior of aro-
matic compounds, which are more stable thermodynamically
than “they ought to be”. The purpose of the current paper is
to present a quantum mechanical method that evaluates the
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“extra” stabilization energies of more conventional aromatic
compounds “absolutely” (without recourse to reference
molecules). As a consequence, the resonance energy, like
NICS value, becomes an internal and unique property of a
system. In contrast, the various isodesmic and homodesmot-
ic model reactions,”® employed over the last 70 years to es-
timate “aromatic energies”, have given widely divergent re-
sults. The values of some of these evaluations have become
entrenched through tradition and familiarity (e.g., in text-
books), even though major flaws in the reasoning are appar-
ent today. Our current understanding of bonding is much
more sophisticated than it was decades ago. The intrusion of
other effects in the reference systems, such as strain, hyper-
conjugation, Coulomb repulsion imbalance (especially in
charged systems), and uncompensated van der Waals attrac-
tions compromises traditional energetic evaluations serious-
ly, if not fatally.”'!! Examples for benzene are given below
and the subject will be discussed in much more detail in a
subsequent paper,!!! intended to reconcile the discrepancies
in the various evaluations and explain their origin.

As has been pointed out many times, the range of stabili-
zation energy estimates for benzene in the literature is very
large,l'>*?! due to the variation in the metrics and whether
RE, the total resonance energy, or ASE, the extra “aromat-
ic” stabilization energy (greater than the stabilization solely
due to conjugation) is being evaluated. The best reference
system for aromaticity evaluation would be a virtual, nonin-
teracting (in terms of orbital mixing) version of the mole-
cule itself. According to the original definition of Pauling
and Wheland,'>>% the resonance energy is “obtained by
subtracting the actual energy of the molecule in question
from that of the most stable contributing structure.”® The
Pauling-Wheland resonance energy (RE) therefore is
always positive, no matter whether in aromatic or antiaro-
matic systems. However, the REs of conjugated, nonaromat-
ic reference molecules may be greater than the REs of anti-
aromatic systems. Hence, the ASEs of the latter may be
negative, denoting destabilization relative to the reference
models. Similarly, the ASEs of aromatic compounds are con-
siderably less than their REs. To probe the aromaticity and
antiaromaticity of conjugated rings, we propose an energy,
called the “extra cyclic resonance energy” (ECRE), defined
as the difference between the resonance energies of a cyclic
conjugated compound and an acyclic polyene either with
the same number of double bonds® or with the same
number of diene conjugations.**! Both these conventions
have been employed here. Thus, a positive ECRE measures
the magnitude of the aromaticity in a system while a nega-
tive ECRE corresponds to an antiaromatic system. The
ECREs of nonaromatic systems should be around zero.
When based on the same number of double bonds, the
ECRE criterion is close in concept to the “isomerization
method”,” which evaluates the energy difference between
the energy of a nonaromatic isomer of the aromatic system
(e.g., isotoluene) and the aromatic itself (e.g., toluene).
Note that open-chain polyenes were similarly employed as
reference structures by Dewar and co-workers as well as by
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Hess and Schaad to deduce the resonance energy of a hypo-
thetical fully conjugated, but not aromatic, comparison
model (for example, a virtual conjugated, but nonaromatic
cyclohexatriene).'*?3% Likewise, we use open-chain poly-
enes to quantify the extra resonance capability of a fully
conjugated ring, whose total resonance energy is computed
with reference to its most stable resonance contributor.
However, the reference open-chain polyene model for a
cyclic ring can either have the same number of & electrons
(double bonds)?” or the same number of conjugated diene
moieties.'"*?! As it has been shown that the latter model is
an improvement over the former,” we compute ECREs
with both sets of references (and denote them ECREI1 and
ECRE?2, respectively).

Unlike previous empirical and semiempirical work, our
computation of the Pauling—Wheland resonance energy and
ECRE employs a variation of ab initio valence bond (VB)
methods, where each resonance structure is represented by
a Heitler-London-Slater-Pauling (HLSP) wave function.
Ab initio VB theory has been rejuvenated in the past two
decades,'"1*3% even though its further broad application
will require a significant reduction in its computational de-
mands. Alternatively, the recently proposed block-localized
wave function method (BLW) preserves the characteristics
and advantages of both the VB and molecular orbital (MO)
theories,**" and thus provides a practical means to com-
pute the conventional Pauling—-Wheland resonance energy.
We now employ the BLW method to examine the energetic
and geometric consequences of electron delocalization in ar-
omatic as well as antiaromatic systems. We also demonstrate
that the ECRE and NICS of a series of monohetero five-
membered ring systems correlate well.

Results and Discussion
Methods

The concept of resonance was introduced to rationalize the
behavior of molecules when a single Lewis structure (or res-
onance contributor) did not account for the geometries, en-
ergies, and other properties satisfactorily.’**! As a set of
resonance structures are required to describe such systems,
typically those with delocalized m electrons, the resonance
energy was defined as the energy difference between the
real molecule and the corresponding major resonance con-
tributor. Pauling and Wheland developed an empirical ap-
proach to derive the Hamiltonian matrix elements among
resonance structures and used this to solve the secular equa-
tion and to derive the resonance energy.'” Quantitatively,
however, each resonance structure K for a system of 2n
electrons can be expressed by an HLSP function (@) as
shown in Equation (1):

Dy = NKA(§01.2§03,4 S ()‘Oanl,Zn) (1)
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in which Ny is the normalization constant, A is the antisym-
metrizer, and @;; is simply a bond function corresponding to
the bond between orbitals y;, and y;, as shown in Equa-
tion (2):

@iy = Al la)BG)—B()a()]} (2)

in which a and f§ are electron spin functions. Clearly, each
HLSP function can be expanded into 2" Slater determinants.
Classical ab initio VB, in which pure atomic orbitals were
used as one-electron orbitals to construct HLSP functions,
applied to all of the possible 175 resonance structures of
benzene by Norbeck et al.*®! and by Tantardini et al.”™! gave
an illogical result: the five covalent Kekulé and Dewar
structures contributed less to the ground state of benzene
than the remaining 170 ionic structures. In contrast, modern
ab initio VB theory allows orbitals to be optimized flexi-
bly.’2¥! Cooper et al. found that five covalent benzene con-
tributors recover almost all the electron correlation
energy."” However, in order to derive the wave function for
a hypothetical localized 1,3,5-cyclohexatriene it is desirable
to expand the bond functions in Equation (2) only in the
basis space of the two bonded atoms.*”) When this is done,
the three localized 1,3,5-cyclohexatriene double bonds do
not mix and only interact in terms of electrostatic and Pauli
exchange forms and thus should be comparable to the
double bond of ethene.!"!

To simplify the manipulation of HLSP functions, the bond
functions are often represented by doubly occupied MO-like
localized orbitals.*!! Thereby, VB functions [such as Equa-
tion (1)] are reduced to a single Slater determinant, but the
bond orbitals are nonorthogonal. This form of wave function
was later adopted by Kollmar® and Daudey et al™ to
study the effects of conjugation and hyperconjugation. In
their treatment of conjugated systems such as benzene and
butadiene, the &t MOs in the Hartree—Fock (HF) wave func-
tion were replaced by ethylenic ® MOs derived from calcu-
lations of ethene with the same basis set, neglecting the
polarization both of the ethylenic m MOs and of the o
frame. The change in energy due to the orbital switch is
used to characterize the resonance strength. Jug and his co-
workers also developed a similar strategy at a semiempirical
level.”

We extended and generalized the idea of localized bond
functions recently and proposed the BLW (block-localized
wave function) method,=" in which all electrons and prim-
itive basis functions are partitioned into several subgroups
and each block-localized orbital is expanded in only one
subgroup. The orbitals belonging to the same subgroup are
constrained to be mutually orthogonal like conventional
MO methods, while those belonging to different subgroups
are free to overlap like VB methods. The final block-local-
ized wave function at the HF level is expressed by a Slater
determinant. Consequently, the energy difference between
the HF wave function, where all electrons are free to deloc-
alize in the whole system, and the block-localized wave
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function, where electrons are confined to specific zones of
the system, can be defined generally as the electron delocal-
ization energy. The BLW method is a generalization of our
previously proposed orbital deletion procedure (ODP).*
The self-consistent optimization of the block-localized orbi-
tals in the BLW can be accomplished by using successive
Jacobi rotations, as we adopted initially,”! or by using the
algorithm of Gianinetti etal.*! Significantly, Gianinetti
et al. demonstrated that the self-consistent-field solution of
a wave function (as with BLW) can be decomposed to cou-
pled Roothaan-like equations, each of which corresponds to
a block.

The consequences are important. The computational cost
of the BLW method is reduced and becomes comparable to
HF. As the first derivative of the energy with respect to nu-
clear coordinates can take the form as in regular HF theory
directly, the second derivatives can then be computed nu-
merically. We recently implemented the algorithm of Giani-
netti et al. into our BLW code on GAMESS,*! in order to
have the capability of geometrical optimizations.*

Depending on the geometries employed, two types of res-
onance energies can be differentiated. The vertical reso-
nance energy (VRE, or quantum mechanical resonance
energy)®# is the energy difference between the optimal
ground state and its most stable resonance contributor at
the same geometry. What we call the adiabatic resonance
energy (ARE) is the energy difference between the optimal
ground state and the optimal resonance structure, that is,
both geometries are relaxed. The difference between VRE
and ARE reflects the compression energy for the o frame.

The current BLW method was implemented at the HF
level where electron correlation effects are not considered.
Although the extension of the BLW method to the DFT
level should be straightforward, electron correlation was not
expected to influence the estimation of resonance energy
(RE) appreciably. As the RE is a relative quantity, electron
correlation contributions to RE in both delocalized and lo-
calized states tend to cancel. This can be demonstrated by
the allyl ions (C;Hs™ and C;Hs ). Both the BLW and the ab
initio VB calculations in which electron correlations were
taken into account resulted in very similar REs.”>%*] The
computations reported here were carried out at the HF/6-
3114+G** level. The experimental heats of formation were
taken from the latest NIST compilation. !

Resonance in benzene

There are myriad experimental and computational evalua-
tions of the resonance of benzene as well as studies of the
consequences.['®>°031 Cyclohexatriene structures (usually
attributed incorrectly to Kekulé as an equilibrating pair)®”
are now regarded as the principal resonance contribu-
tors,?>?! but ab initio VB calculations have revealed the ad-
ditional importance of Dewar (cross ring) and ionic reso-
nance structures.'>171*3 Similarly, analysis with the natural
resonance theory (NRT) gave Kekulé and Dewar resonance
weights of 58.8 and 7.7 %, respectively.C!l The elusiveness of
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1,3,5-cyclohexatriene requires energetic evaluations of the
benzene resonance to be based on other reference mole-
cules. Kistiakowsky® first determined the resonance energy
of benzene experimentally to be 36 kcalmol ' by comparing
its heat of hydrogenation with that of cyclohexene [shown in
Figure 1 and summarized by the isodesmic Equation (3)].

© + 20 — 3@ + 36 keal mol™! (expt) (3)

(_‘j o

AH; =858 | AF, =498

O

Figure 1. Hydrogenation heats and the experimental resonance energy
(AEy) for benzene (all values in kcalmol ™).

O

A, =554
Pm—mﬁ

Although this historically im-
portant result and method of

(4), or by 29 kcalmol " based on Equation (5) (see below).
In Equation (3), the aromatic stabilization of benzene is
partly counterbalanced by the hyperconjugative stabiliza-
tion! due to the six interactions present in the three cyclo-
hexene reference molecules. However, Equation (4) is not
ideal either, as attractive van der Waals 1,3-interactions sta-
bilize cyclohexane substantially,'"! and these have no coun-
terpart on the left side of the equation. Pople’s “bond sepa-
ration energy (BSE)”"®! evaluation [Eq. (5)] overcomes this
problem, but is imbalanced with regard to the bond types
on the left and right sides.

benzene + 6 methane — 3 ethane + 3 ethene

5
+65.0 kcalmol ™! (expt, 298 K) ©)

While this further “homodesmotic” complication is not seri-
ous, it is quite clear from Equations (3), (4), and (5) that the
unambiguous estimation of the experimental resonance
energy of benzene is fraught with difficulties.

We now find that the energy required to completely local-
ize the three double bonds in benzene by inactivating their
7 conjugation not only is remarkably large (57.5 kcalmol ™,
see Table 1) but approaches the Pople BSE value, based on

Table 1. Optimal structural parameters (bond lengths [A] and bond angles [°]) of benzene, cyclobutadiene, all-
trans-1,3,5-hexatriene, and trans- and cis-1,3-butadiene with the 6-3114+G(d,p) basis set. Vertical (Eyr) and
adiabatic (E,g) resonance energies (see text) are in kcalmol .

evaluation are still widely
quoted and employed, both Molecule Structural parameters Eyr E\r Eyg—Exr
suffer from the major flaw of R(C,C) R(GG)  <HCG
haVing considerable hypercon- benzene 1.386 1.386 120.0 91.6 57.5 34.8
. 4 imbal (54] (Kistia- 1,3,5-cyclohexatriene 1.314 1.522 121.6
Jugation imbalance. 18U yelobutadiene 1320 1.565 135.1 109 103 06
kowsky could not have appreci- ocalized form of C,H, 1317 1.595 1354
ated this at the time, as Mullik- R(C,C,) R(GGy) R(C;C)
en’s seminal paper on hyper- frans-135-hexatriene 1324 1.463 1.329 235 208 27
Conjugation was published in localized form of CsHg 1.316 1.517 1.312
1941.5%1 Mulliken’s estimate of RGC)  RGG)  RGC)  R(CC)

: trans-1,3,5,7-octatetraecne 1.325 1.463 1.330 1.459 36.2 31.8 4.4
the benzene resonance €Nnergy localized form of CgH,, 1.315 1.517 1.312 1.518
was 74.4 kcalmol™!, based both R(CiC)  R(GG)
on his computations and his trans-butadiene 1.323 1.468 11.0 9.9 1.1

. localized form of trans-C,Hg 1.316 1.517

treatment of experimental data ;"\ iene 1.323 1.480 100 91 09
based on bond energies.) Each jocalized form of cis-C,H, 1315 1.529

cyclohexene is stabilized hyper-
conjugatively by the two meth-
ylene groups attached to the
double bond, but this large effect is not compensated on the
left side of Equation (3). This effect is shown directly by
Equation (4), which is based on the hyperconjugation-free
ethene rather than on cyclohexene:

benzene + 3 ethane — cyclohexane

4
+3 ethene + 49.5 kcalmol ™! (expt) @

Consequently, the “historical” resonance stabilization
energy of benzene is underestimated by 13.5kcalmol™!
based on the energy difference between Equations (3) and
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experimental data [65.0 kcalmol !, Eq. (5)]. Our direct eval-
uation of the total t conjugation effect in benzene began by
optimizing the geometry of the hypothetical noninteracting
(localized) 1,3,5-cyclohexatriene with the BLW method
(Figure 2). Table 1 compares the optimal geometries of delo-
calized benzene and localized 1,3,5-cyclohexatriene as well
as the VRE and ARE (resonance energies). Note that the
VRE is very close to the value obtained by Shaik et al.
(85.2 kcalmol ™! with the 6-31G basis set®*) based on Koll-
mar’s approach;*? Shaik et al. reported an ARE of about
65 kcalmol™!. (An identical “quasiexperimental” value had
been deduced much earlier by Hornig in 1952.°*)) Shaik’s

Chem. Eur. J. 2006, 12, 2009 —2020
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1.386A
© 1.386A
o B . 1.314A
rigid 1,3,5-cyclohexatriene
1.522A

I 1.386A optimal 1,3,5-cyclohexatriene

benzene

Evr=91.6
Enr =575

Figure 2. Vertical resonance energy (Eyg) and adiabatic resonance energy
(Ear) in the case of benzene (computed with the 6-311+G(d,p) basis set;
values in kcalmol ™).

value is actually based on an approximation of the current
BLW method since the relaxation (or polarization) of the
ethylenic @ MOs and of the o frame in Kollmar’s method
was not considered. The usual HF optimizations of fully de-
localized benzene result in CC bond lengths (1.386 A) only
slightly shorter than experiment (1.399 A). In contrast, the
CC double-bond lengths in the optimal BLW localized 1,3,5-
cyclohexatriene structure are essentially the same as in
ethene [1.319 A at the HF/6-311+G(d,p) level], whereas the
single Csp’~Csp®> bond lengths (1.522 A) are only slightly
shorter than the Csp>-Csp® bond lengths in ethane
(1.526 A). The similarity between the Csp’~Csp® and Csp’—
Csp® single-bond lengths implies that the carbon hybridiza-
tion only influences bond lengths modestly, as evidenced by
the small variation (within 3.2%) of the experimental C—H
bond lengths in ethane (1.096 A), ethene (1.085A), and
ethyne (1.061 A)."" In other words, large variations of the
C—C single-bond lengths in organic molecules are due
mostly to other factors such as electron delocalization, steric
repulsion, and so forth, rather than to carbon hybridiza-
tion.[ !

The strong stabilization of benzene by m delocalization
(57.5 kcalmol !, Figure 2) lengthens the double bonds by
0.07 A and shortens the single bonds by 0.14 A. The differ-
ence between VRE and ARE (E;=34.8 kcalmol '), the o-
compression energy, reflects the energy required to distort
the optimal geometry of the benzene ring with a localized
wave function and alternating bond lengths to the geometry
with equal bond lengths (while maintaining the m-electron
localization). Our results for this o-compression energy
(Table1) are in accord with earlier estimates
(30 kcalmol 1).2%41 Recently, van Lenthe and co-workers/!)
employed an ab initio valence-bond method and the 6-31G
basis set to deduce the geometry and energy of localized
1,3,5-cyclohexatriene. Their 1.433 and 1.369 A bond lengths,
however, do not agree with our BLW results (Table 1). The
discrepancy results from the definition of bonding orbitals y;
and y; in Equation (2). Van Lenthe et al. adopted atomic or-
bitals for y; and y;, a treatment similar to the classical VB
method. Our BLW bond functions are built with bond-dis-
torted orbitals (BDOs),“! as such bond functions corre-
spond more closely to real bonds. As BDOs, both y; and ;
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are expanded with atomic orbitals centered on the two
bonding atoms instead of only on one atom, as in Van
Lenthe’s treatment.

Annulated benzenes with alternating bond lengths, in
which conjugation is alleged to be inhibited by the strain or
the electronic interactions of the pendant rings, have been
proposed to simulate 1,3,5-cyclohexatriene.F"" Beckhaus
et al. reported that the strain-corrected heat of hydrogena-
tion of a benzannulated species ([4]phenylene) with a cyclo-
hexatriene-like geometry was nearly the same as that of
three cyclohexenes.™ As discussed below, this was evidently
due to the absence of antiaromatic cyclobutadiene character
in the substituents. In contrast, computational studies of de-
formed benzenes, for example, with substantial alternation
of the bond lengths, have not revealed any such appreciable
decrease in the cyclic electron delocalization."** %2 Tt is
apparent that virtual (but interacting with orbital mixing)
1,3,5-cyclohexatriene (with bond-length alternation) would
be nearly as aromatic as the real benzene. Instead of being
the aromatic paradigm, benzene is the exception among all
other benzenoid hydrocarbons, none of which have equal
CC bond lengths. Shaik and Hiberty have stressed repeated-
ly that the o framework is responsible for the equal CC
bond lengths of benzene, and overcomes the m-system pref-
erence for bond alternation.'®*¢!! This is illustrated by
naphthalene,'® which has rather substantial CC bond-length
differences (ca. 0.07 A), despite the same o preference for
(very nearly) equal bond lengths, as are found in decalin. If
naphthalene is computed by imposing all equal CC bond
lengths and CCC angles set to the benzene values, its energy
clearly must be higher than that of fully relaxed naphthalene
(by 3.1 kcalmol™" at B3LYP/6-31G*). Unlike benzene, the
distortive tendency of the m electrons (apart from their de-
localization stability) in naphthalene dominates the geome-
try.

Our data indicate that the energy required to completely
localize the three double bonds in benzene by inactivating
their m conjugation is remarkably large (57.5 kcalmol™).
Whereas the optimal geometry is achieved by the electron
localization alone, there is considerable residual resonance
interaction in annulated benzenes with CC bond-length al-
ternation. The residual conjugation energy (VRE) at the op-
timal geometry of localized 1,3,5-cyclohexatriene with 1.314
and 1.522 A alternating CC bond lengths is 40.2 kcalmol ',
44 % of the VRE at the bond-equivalent geometry! The be-
havior of tris(benzocyclobutadieno)benzene!™ as well as
tris(bicyclo[2.1.1]hexeno)benzenel®  evidently originates
from the inhibition of conjugation in order to avoid benzo-
cyclobutadiene-like antiaromaticity or to reduce the strain
of the benzannulated groups.

The extra aromatic stabilization due to the cyclic electron
delocalization of benzene is based on comparisons of its
conjugation energy with the stabilization of comparably con-
jugated, but nonaromatic models. The acyclic triene, 1,3,5-
hexatriene, is the simplest possibility. As with benzene, we
optimized both the delocalized (fully relaxed) and strictly
localized structures (also listed in Table 1). The double-bond
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lengths in the optimal localized structure are close to the lo-
calized benzene value as well as to the ethene CC distance.
As in localized benzene, the single-bond lengths of the local-
ized triene are approximately 1.52 A. Full optimization of
the acyclic triene lengthens the double bonds by only 0.01 A
and shortens the single bonds by 0.05 A. These changes are
much smaller than those in benzene and reflect the much
lower (36.7 kcalmol ') resonance energy in 1,3,5-hexatriene
(Ear=20.8 kcalmol ') than in benzene (Esr=57.5kcal
mol ™). Our computed E .y for trans-1,3,5-hexatriene is com-
parable to the hydrogenation heat difference (17.7 kcal
mol™!) between trans-1,3,5-hexatriene and ethene (three
times), but somewhat smaller than the experimental reso-
nance energy (28.5kcalmol™) based on the BSE Equa-
tion (6a), which is subject to downward homodesmotic cor-
rections of 542 kcalmol .

trans-1,3,5-hexatriene + 4 methane —

2 ethane + 3 ethene + 28.5 kcalmol ™" (expt)

1,cis-,3,5-hexatriene + 4 methane — (6b)
2 ethane + 3 ethene + 27.5 kcalmol ™" (expt)

Our computed 36.7 kcalmol ' difference between the ARE
of benzene and that of 1,3,5-hexatriene quantifies the en-
hanced resonance stabilization (ECRE1) of benzene attrib-
utable to the cyclic m-electron delocalization. This ECRE1
is larger than the experimental ASE (27.6 kcalmol™") based
on the difference between the experimental RE of benzene
[65.0 kcalmol !, Eq. (5)] and the RE of 1,cis-3-5-hexatriene
[27.5 kcalmol ™!, Eq. (6b)]. But the latter triene has two
anti-diene conformations, which are each 3.5 kcalmol™
more stable than the syn conformations,”” as are present in
benzene. When corrected by 7 kcalmol ™!, the Equation (6b)
result agrees with our ECREI1 value quite well.

A recently proposed “isomerization energy” evaluation
method was based on the energy differences between cycli-
cally delocalized and merely conjugated isomers, and does
take the antilsyn diene difference into account.? Thus, the
isomerization reaction [Eq. (7)] estimates a 33.2 kcalmol ™!
aromatic stabilization energy of benzene (when adjusted by
small corrections, see ref. [29]); this ASE is very close to the
ECREI1 value for six m-electron comparisons.

CH, CH,
/H
> “H  + 332 kcal mol’ ™

However, 1,3,5-hexatriene has only two diene conjuga-
tions (each involving a central single bond) compared with
three in the virtual cyclohexatriene motif. Thus, a better
BLW reference for benzene is 1,3,5,7-octatetraene having
three conjugated diene moieties. Geometrical parameters
for the delocalized and strictly localized CgH,, are listed in
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Table 1. Based on 1,3,5,7-octatetraene, ECRE2 of benzene
(the ASE value) is 25.7 kcalmol .

The aromatic stabilization energy (ASE) of benzene
measures its “extra stabilization” in excess of the RE of
analogous conjugated systems. The latter, as well as other
reference compounds, must be chosen well to balance per-
turbing energy influences to the greatest possible extent.
Numerous isodesmic and homodesmotic reactions have
been proposed to compute the ASE of benzene.”” Equa-
tion (8) gives 28.8 kcalmol™! (expt), which is close to the
ECRE?2 estimate above (25.7 kcalmol ™).

We have argued that Equation (8) is superior to many

sRioE g ole

+ 28.8 kcal mol™! (expt) (8)

other alternatives for several reasons.”” There are three
conjugated diene moieties each with a single bond on both
sides of the equation. Strain and hyperconjugation are bal-
anced. Cyclohexene and 1,3-cyclohexadiene have two hyper-
conjugation interactions each. Furthermore, the cyclic refer-
ence molecules, 1,3-cyclohexadiene, cyclohexene, and cyclo-
hexane in Equation (8), are clearly much more closely relat-
ed to benzene structurally than acyclic models. Syn-diene
conformations are present in the rings, while conjugated
acyclic polyene favors anti conformations.” Of course,
Equation (8), like all equations devised to evaluate the vir-
tual “resonance energies” from experimental (or compara-
ble computational) data, is not free from other flaws.

Nevertheless, the RE of benzene can be derived from the
ASE of Equation (8) by taking the conjugation energy of
1,3-cyclohexadiene into account. We computed its Ep to be
9.6 kcalmol™ by using the BLW method. By using this value
to adjust Equation (8), the resonance energy of benzene is
57.6 kcalmol !, which is in remarkable agreement with the
57.5 kcalmol ™! E,y value. BLW computations on syn-buta-
diene (C,,) result in E,g=9.1kcalmol™', slightly smaller
than the 9.9 kcalmol™' anti-butadiene (C,,) Eg value
(Table 1).

Resonance in cyclobutadiene

Singlet cyclobutadiene, whose ground state has rectangular
(D,;,) symmetry, has long been regarded as the antiaromatic
paradigm,[+16:19226465 byt jts extraordinary instability [as
indicated by Eq. (9)] is not representative of 4n m-electron
systems generally.[*]

2 cyclobutene — cyclobutadiene + cyclobutane

9
+35 kcalmol™! ®)

Note that the low-lying cyclobutadiene triplet has square
(D4,) symmetry and is aromatic.”! Cyclobutadiene also
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brings out the rivalry between MO and VB theories.!*

Structural parameters from both HF and BLW geometry op-
timizations are listed in Table 1. The VRE of rectangular cy-
clobutadiene is quite small compared with benzene. For the
square (D,;,) singlet structure, Voter and Goddard derived a
resonance energy of about 21 kcalmol ™' based on the reso-
nating GVB approach. While the resonance energy in ben-
zene decreases slowly upon the change of geometry from
Dg, to D3, symmetry, it decays quickly in cyclobutadiene
from Dy, to D, Further BLW optimizations with 7-
bond localization change neither the geometry nor the
energy of the D,, ground state of cyclobutadiene remarka-
bly. According to these BLW calculations, deactivation of
the resonance effect destabilizes cyclobutadiene by only
about 10 kcalmol'; this value is very close to that of its acy-
clic reference 1,3-butadiene (Table 1). Hence, the ECRE1 of
D,, cyclobutadiene is close to zero, indicating that cyclobu-
tadiene is nonaromatic based on this four m-electron com-
parison. However, based on trans-1,3,5-hexatriene, which
also has two diene conjugations (two single bonds between
the double bonds), the ECRE2 of cyclobutadiene is
—10.5 kcalmol ™!, suggesting significant s antiaromatic char-
acter. Note that this decreased stabilization relative to a
conjugated system is much less than the conventional evalu-
ations. As a consequence, the thermochemical instability
and high reactivity of cyclobutadiene comes mainly from the
o-frame strain™ as well as from the m-m Pauli repul-
sion.®»" According to the Hiickel theory, the m electronic
energy of cyclobutadiene is two times that of ethene; thus,
the resonance energy is zero and cyclobutadiene is a nonar-
omatic system. Note that the computed ARE of trans-buta-
diene (9.9 kcalmol™'; 9.1 kcalmol™! for cis-butadiene, see
Table 1) is comparable to the experimental conjugation
energy of 8.5 kcalmol ™!, which is the difference between the
hydrogenation heats of two moles of ethene and one mole
of trans-butadiene.” Instead of the conventional interpreta-
tion of cyclobutadiene as the antiaromatic paradigm, it
should be regarded as a unique molecule. Compared with
the bond equivalent D,, geometry, the D,, singlet-state ge-
ometry does not result from s distortivity alone or lack of
resonance stabilization.[*"%"!

Deniz et al. determined the enthalpy of formation of cy-
clobutadiene as 114411 kcalmol ™' and estimated that the
cyclobutadiene is destabilized by 87411 kcalmol™' com-
pared with a virtual reference structure based on four
strain-free and unconjugated CH units.[”! After subtracting
the estimated strain energy, 32 +2 kcalmol ™', Deniz et al.
concluded that the remaining 55 kcalmol ! is due to the an-
tiaromaticity. Our evaluation is very different quantitatively;
ECRE2 indicates that cyclobutadiene has only a modestly
antiaromatic m system: the resonance stabilization of cyclo-
butadiene is only 10 kcalmol™" less than 1,3,5-hexatriene.
Thus, most of Deniz’s 55 kcalmol™! destabilization energy
most probably arises from the Pauli repulsion between the
two double bonds™ and the o antiaromaticity of the four
CC ring single bonds.” The large interactions between two
parallel hydrogen molecules (optimal bond length 0.7435 A)
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support this argument. If these are placed 1.5 A apart to
form rectangular (H,),, the destabilization energy is
32.9 kcalmol ™ at the CCSD(T)/6-311++G(d,p) level. If the
intermolecular distance is reduced to 1.33 A, the repulsion
becomes 54.9 kcalmol™'. Wu et al. used a VBDFT approxi-
mation to evaluate the m—m Pauli repulsion in cyclobuta-
diene as 25 kcalmol .1 Note that the two single CC bonds
in D,;, cyclobutadiene are parallel and are separated by only
1.33 A; much less than the 1.577 A separation of the two
double bonds. This should result in substantial 0-0 and —n
Pauli repulsion, as in our (H,), example. None of the refer-
ence molecules (like cyclobutene) commonly used to model
the ring strain of cyclobutadiene have parallel CC bonds
separated by only 1.33 A. They thus drastically undercom-
pensate for the ring strain of cyclobutadiene [e.g., Equa-
tion (9)].

The NICS(0) value in the center of cyclobutadiene is
+20.8 ppm." This large positive value at first glance sug-
gests cyclobutadiene is very antiaromatic. However, dissect-
ed NICS analyses, based on the contribution of individual
localized MOs, showed that the s contribution to NICS is
close to zero and the large paratropic NICS(0) value comes
from the o antiaromaticity of the four-membered ring.”!
More refined NICS analyses, based on tensor contributions,
reveal a more complex picture. Details will be presented in
a subsequent paper, which will also analyze the factors
(mentioned above) contributing to the high energy of cyclo-
butadiene.

Resonance in five-membered rings

The systematic exploration of the characteristics and driving
force for aromaticity and antiaromaticity is best carried out
systematically on sets of closely related molecules with simi-
lar structures, but with properties ranging widely from
highly aromatic to highly antiaromatic.”!*”* Five-mem-
bered-ring diene derivatives, whose ring strain should be
nearly the same, were first employed in 1995 for this pur-
pose by Schleyer, Freeman, Jiao, and Goldfuss.” Their
comparisons of various aromaticity measures (the Julg geo-
metric indexes, ASEs, and magnetic susceptibility exalta-
tions) showed excellent correlation values (cc=0.99).1”
Since then, this benchmark approach has been used fre-
quently to evaluate other aromaticity criteria, including
NICS,”™ proton chemical shifts” and delocalization in-
dexes.® In this work, we studied the resonance effect in
twelve representative monohetero five-membered ring sys-
tems, C,H,X (X=AIH, BH, CH*, CH", CH,, NH, O, PH,
S, SiH™*, SiH™, SiH,). This set of rings comprises very aro-
matic, aromatic, nonaromatic, and antiaromatic, neutral,
positively, and negatively charged systems. The ECRE defi-
nitions of the rings as well as their linear counterparts are il-
lustrated in Figure 3.

Criteria based on CC bond lengths afforded early aroma-
ticity measures, as cyclic electron delocalization increases
the degree of bond-length equalization.”””) The BLW-opti-
mized geometries provide a direct measure of the structural
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Figure 3. Definition of the resonance energies of five-membered rings
and their acyclic counterparts, for which the difference between the two
is defined as the extra cyclic resonance energy (ECRE). X = AlH, BH,

CH*, CH™, CH,, NH, O, PH, S, SiH*, SiH™, SiH,.

changes as well as the extent of
electron delocalization in mole-

Table 2. Optimal bond lengths [A] for the delocalized (HF) and localized
(BLW) five-membered rings C,XH, with the 6-3114+G(d,p) basis set.

X HF BLW
R(X-C) R(C=C) R(C-C) R(X-C) R(C=C) R(C—C)
AIH 1955 1.336 1.508 1.965 1327 1.553
BH 1.587 1.329 1.514 1.603 1322 1.549
CH* 1448 1.331 1.549 1.510 1317 1.544
CH™ 1405 1.406 1.405 1.533 1325 1.547
CH, 1505 1.329 1.477 1.547 1314 1.539
NH 1.363 1.359 1.428 1.453 1311 1.539
o) 1342 1.340 1.442 1.420 1.305 1.537
PH 1717 1374 1.422 1.849 1314 1.537
S 1724 1.346 1.437 1.828 1.309 1.528
SiH* 1815 1.334 1.523 1.850 1.324 1.550
SiH- 1784 1.406 1.407 1.940 1.320 1.539
SiH, 1876 1.332 1.494 1.899 1.321 1.544

Table 3. Vertical and adiabatic resonance energies [kcalmol '] of five-membered rings C,XH, and their acyclic
systems, CH,=CH—CH=CH—XH and CH,=CH—CH=CH—-X—CH=CH,, with the 6-311+G(d,p) basis set.

cules. Table2 compares the

) ) X C,XH, CH,=CH—-CH=CH-XH CH,=CH—-CH=CH-X-CH=CH,
bond lengths 1n.the delocalized Eve  Esx Evi—FEsx  Ewe  Eax  Eve—Eax  Evs Exx Evg—FEng
and the localized forms of Gy 128 119 09 144 130 14 16.7 154 13
twelve monohetero cyclopenta- BH 156 149 07 195 176 1.9 25.1 23.1 2.0
dienes. Electron delocalization CH* 39.8 36.3 35 824 645 17.9 84.3 71.7 12.5
shortens both the C—X and the CH™ 1342 1042 300 8.1 614 217 102.6 8s.1 17.5
sinele C—C bonds sienificantly CH: 265 234 31 174 157 1.7 219 20.0 1.9

g g Y NH 799 635 164 342 293 49 516 45.6 6.0
but lengthens the C=C double ¢ 615 502 113 280 244 36 420 37.4 46
bonds modestly. These changes PH 728 521 207 246 213 33 39.6 342 5.4
in bond ]engths correlate Wlth S 51.4 39.6 11.8 20.4 17.9 2.5 30.7 26.9 3.8
the resonance energies also SiH* 233 221 12 364 310 54 2.1 376 45
listed in Table 2 Lang SH 958 670 288 21 R27 9.4 61.5 49.8 11.7
1sted in lable 2 very well, and gy 166 153 13 152 139 13 17.5 16.1 14

thus provide a measure of the
electron delocalization. The
single C—C bond-length range is 1.467+0.050 A whereas the
C=C double-bond range is 1.3524+0.029 A. The BLW locali-
zation of the m electrons shortens the double C=C bonds to
1.317+0.007 A, very near the C=C length in localized ben-
zene, cyclobutadiene, and the polyenes, and lengthens the
C—C single bonds to 1.54240.007 A. The localization signifi-
cantly reduces the range of carbon-carbon bond lengths.
The geometries of the most stable resonance contributors in
all systems, whether they are aromatic or antiaromatic, neu-
tral or charged, tend to converge. Perhaps because of the
modest ring strain, the localized five-membered-ring single
C—C bonds are slightly longer than those in the optimal
1,3,5-cyclohexatriene and linear polyenes (Table 1).

Because the adiabatic resonance energy (ARE) is always
positive, it is not a conventional aromaticity indicator. Con-
sequently, we employed the extra cyclic resonance energies
(ECRE) for this purpose. Table 3 lists both the VREs and
the AREs of the C;H,X rings and two sets of their corre-
sponding linear counterparts: the CH,(CH);XH set has the
same number of it electrons and the CH,(CH),XCHCH, the
same number of single bonds involved in the conjugated
system. ECRE1 is the difference between the AREs of
C,H,X rings and the linear CH,(CH);XH set, whereas
ECRE2 compares the C/H,X rings with the linear
CH,(CH);XCHCH, set. Table 4 compiles the ECREs and
the NICS values of the rings. Although the ECREL1 data cor-
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Table 4. Extra cyclic resonance energies [kcalmol™'] and NICS values
[ppm] of five-membered rings C,XH,.

X ECRE1 ECRE2 NICS
AlIH -1.1 =35 5.4
BH 2.7 -82 15.8
CH* —28.2 —35.4 46.9
CH™ 42.8 19.1 —13.7
CH, 7.7 3.4 —4.1
NH 342 17.9 —14.4
O 25.8 12.8 —14.8
PH 30.8 17.9 -17.2
S 21.7 12.7 -159
SiH* -89 —15.5 112
SiH™ 34.3 172 —14.1
SiH, 1.4 -0.8 0.3

relate satisfactorily with NICS (cc=0.84, the gray line in
Figure 4), the ECRE2 plot not only has a much higher cor-
relation coefficient (cc=0.95, the black line in Figure 4), but
also crosses very near to the origin. Thus, acyclic references
with the same kinds and number of single bonds between
the m units measure the aromaticity of conjugated rings
better than references having only the same number of &
electrons.'*?I NICS is negative and ECRE is positive for ar-
omatic systems, whereas NICS is positive and ECRE is neg-
ative for their antiaromatic counterparts.
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Figure 4. Correlation of the ECREs with the NICS values in five-mem-
bered rings.

The resonance energy of cyclopentadiene’” as well as the
cyclopentadienyl cation and anion, which represent the ex-
tremes of aromaticity and antiaromaticity, is of particular in-
terest. The behavior of their acyclic counterparts affords in-
structive comparisons. There are large variations in the

1549 A 1544 A
C c—C

// \ 1317A

\ /ISOQA

X =CH"

1547A

// \1325A

N A

X=CH

1.539 A
Cc——-C

// \1314A

\ /1547A

Cé AC
\')'('/LsosA

Figure 5. Optimal delocalized and localized geometries for five-mem-
bered CsHs*, CsHs™, and CsH, with the 6-311+G(d,p) basis set.

structures of cyclopentadiene and its ions (shown in
Figure 5): CsH, and CsHs™ exhibit bond alternation, where-
as CsHs™ favors Dy, symmetry. In contrast, all their localized
forms have similar single C—C and double C=C bond
lengths. Necessarily, the C-C bonds differ in length: the
neutral C—C(H,) bond is longer than both C-C(H)™ and C—
C(H)*, but the C—C(H)* bond
is even shorter than the C—
C(H)™ length, suggesting elec-
trostatic attraction in the cation
and repulsion in the anion.
These features are also found in
the linear systems shown in
Figure 6. The delocalization of
the charge (no matter whether
it is positive or negative) gov-
erns the stabilization of the acy-
clic systems. Thus, like the allyl
ions,?>3¥" 4! the resonance ener-

a) CsHs™

a),b) 0.005, and c) 0.003 au).
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Figure 6. Optimal delocalized and localized geometries for linear CsH,*,
CsH; ", and CsHy with the 6-3114+G(d,p) basis set.

gies of CsH,™ and CsH, are essentially identical. In con-
trast, the resonance energies of CsHs™ and CsHs~ differ con-
siderably; the resonance stabilization of the cyclopentadien-
yl anion is almost three times greater than the cyclopenta-
dienyl cation. Consequently, the cyclopentadienyl cation
shows a large negative ECRE whereas the ECRE for the
cyclopentadienyl anion is positive. Similar behavior is also
observed in silicon systems (Table 4).

What role does the methylene group play in cyclopenta-
diene ? Does this CH, group disrupt the cyclic rt-electron de-
localization or, conversely, does it provide the extra two -
symmetric Hiickel electrons needed to render cyclopenta-
diene aromatic? The relatively low methylene m-electron or-
bital energy reduces the delocalization propensity, compared
with other 4n+2 aromatic systems such as pyrrole and thio-
phene. Nevertheless, the electron delocalization in the neu-
tral cyclopentadiene has now been firmly established.” Our
computations confirm that the methylene group can partici-
pate weakly but significantly in the cyclic delocalization.
The CH, group interacts with the adjacent double bonds
(akin to the hyperconjugation in alkyl-substituted alkenes
and polyenes™). Based on its linear 1,3-pentadiene model,
cyclopentadiene has a modest positive ECRE (Table 4) and
thus is weakly aromatic, which is nicely confirmed by the
NICS criterion.[™

The electron-density differences (EDDs) between the
BLW and HF wave functions intuitively reveal details of the
charge migration from the most stable resonance structure
to the delocalized minimum energy state. The EDD maps

b) CsHs"

¢) CsHg

Figure 7. Electron-density difference (EDD) maps showing the electron delocalization effect in which black
denotes the gain of electron density and gray means the loss of electron density (the contour isocharges are
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for cyclopentadiene and its ions are plotted in Figure 7. In-
terestingly, the electron-rich carbon in the BLW-localized
form of CsHs™ only donates its negative charges to the two
vicinal carbon atoms, whereas in CsHs* the electron-defi-
cient carbon collects electron
density almost equally from the
other four carbons. The electron
delocalization in the neutral cy-
clopentadiene is in exact accord
with the traditional “arrow” de-
piction (see left).

(PN

C§C/ "

Conclusions

The BLW (block-localized wave function) method, which
combines the advantages of both VB and MO theories,
offers a quantitative ab initio electron-localization probe of
the resonance effect. A BLW corresponds to a single reso-
nance contributor. Following the conventional Pauling—
Wheland resonance energy (RE) definition, the most stable
resonance structure, appropriately selected,”* is employed
to evaluate the RE. This is equal to the energy difference
between the BLW and the HF wave function. As electron
correlation is of comparable magnitude in both the delocal-
ized and localized states, its inclusion is not critical in the
computation of Pauling-Wheland resonance energies. Can-
cellation occurs when the energy differences between the
delocalized and localized states are taken. Comparisons of
BLW and ab initio VB results demonstrate that electron cor-
relation has a negligible effect on the resonance ener-
gies.333781 The BLW REs are also verified by thermo-
chemical evaluations using experimental energies provided
that adjustments for perturbations, such as conjugation, hy-
perconjugation, and so forth, are considered. A prime exam-
ple is benzene; its ARE is about 20 kcalmol™! higher than
the traditional experimental estimate based on cyclohexene
as a reference system. Although various evaluation methods
give very different resonance energy values for benzene,
REs [e.g., 65.0 kcalmol™' with Eq. (5)] in agreement with
our computations (57.5 kcalmol™') are found when the ap-
propriate adjustments are made. The ARE of cyclobuta-
diene is essentially the same as butadiene (which also has
four m electrons), and merely 10 kcalmol™! less than 1,3,5-
hexatriene (which also has two diene conjugations). Hence,
we conclude that cyclobutadiene has only a modestly antiar-
omatic & system. Other factors contribute more to the insta-
bility of cyclobutadiene.

Based on the Pauling—Wheland definition of resonance
energy, we measured aromaticity or antiaromaticity by the
“extra cyclic resonance energy” (ECRE). This is defined as
the RE difference between a cyclic fully conjugated system
and an acyclic polyene with similar but disrupted conjuga-
tion. As illustrated by the cyclobutadiene example discussed
above, the reference acyclic polyene can either be chosen to
have the same number of &t electrons (ECRE1) or the same
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number of diene conjugations (single bonds between double
bonds; ECRE2). Our results (see Figure 4) support the liter-
ature conclusions that the latter choice is better than the
former.'*?! Computations on a series of conjugated five-
membered rings demonstrated the utility of the BLW
method and quantified the generally good agreement be-
tween ECRE and NICS criteria (Figure 4). Note also that
the ECRE?2 values for cyclopentadiene and the cyclopenta-
dienyl cation and anion are 3.4, —35.4, and 19.1 kcalmol ™,
compared with the —4.1, 46.9, and —13.7 ppm NICS values,
respectively.
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