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The extrinsic antiaromaticity of archetypal cyclobutadiene (CBD) is addressed with particular emphasis on
the o—n separability problem. The destabilization energfd)csp of CBD is obtained by appropriate
homodesmotic reactions involving the open chain zigzag polyene(s). It is showE(thaip does not depend

on the electron correlation and the zero-point vibrational energy contributions, since they are small and of the
opposite sign. Consequently, they cancel in the first approximation. Further, it turns oE{dha} can be
estimated accurately enough with a very modest cc-pVDZ basis set at the H&wee (HF) level. The
extrinsic antiaromatic destabilizatid{ean}gp of CBD is deduced after extracting the angular strain energy
estimated to be 32 kcal/mol. The resultiB@ean}gp value of 52 kcal/mol is in excellent agreement with the
experimental thermodynamic data. If tRéean}gp is estimated relative to two isolated=C double bonds,

then it assumes 38 kcal/mol, which is roughly 10 kcal/mol per mredectron. It is, therefore, safe to state

that extrinsic antiaromaticity of CBD is larger than its angular strain. Althoughsthed electrons are
coupled by a mutual Coulomb interactidff;, several attempts of their decoupling is made by using three
partitioning schemes: stockholder, equipartition, and standeagtbctron theory recipe. The latter allocates

the Vo, and Vg, terms to theo- andz-electron frameworks, respectively. The nuclear repulsion tgnis
dissected intw andsr components in the former two partitioning schemes by using stockholder criterion. It
appears that the extrinsic antiaromatic destabilizai(@an}sp is determined by ther-electron framework
according to all three partitioning models.

1. Introduction SCHEME 1

The planar monocyclicdr annulene hydrocarbon systems
were termed antiaromatic by Breslbwome forty years ago
due to their extremely high reactivity and very low stabifity.
Indeed, it is very difficult to synthesize them and it took
Herculean efforts of Pettit et &lto prepare the first (CBD)
system stabilized by complexation with iron tricarbor¥/l 1
(Scheme 1). This brilliant synthetic result was followed by

4

preparation of the highly sterically protected CBD moiety by
three tertiary butyl group3 by Masamune et dland production

of some donoracceptor (puskpull) substituted cyclobuta-
diene8 as exemplified by4 (Scheme 1), where “a” and “d”
stand for COOEt and N(Et) respectively.

Further, the CBD fragment fused to large carbocyctesto

the aromatic benzene moiety like in benzo[1,2:4,5]dicyclob-
utadiene and [N]phenylenéoffered new insight into the

recently? CBD is a highly angularly strained compound, which

is additionally destabilized by therelectrons according to the
4ng electron count (Hekel) rule® It is, therefore, not unex-
pected that CBD triggered a longstanding discussion about the
nature of its antiaromaticity. The eartyelectron theories such

as HMOY® and PariserPar—Poplé! methods were in ac-
cordance with the idea of the inherent instability of the 4
electron cyclic network. On the other hand, some authors
guestioned the hypothesis of the intrinsically destabilizing effect

interplay between the antiaromatic, nonaromatic, and aromatic of the 47 electrong213In particular, Voter and Goddatthave

bonding patterns. Finally, it appeared that a tandem of two CBD

shown by using the generalized resonating valence bond

units provided essential building blocks in forming bridged (GRVB) method that the transition structure (TS) of CBD had
superphanes, when complexed with the cobalt cyclopentadienyly gejocalization energy of 21.8 kcal/mol compared to that of a

fragments’ Evidently, the CBD ring serves as a versatile and gingle VB structure. This is compatible with our finding that
interesting structural subunit possessing some extraordinaryhe nondynamicat-electron correlation energy for the ground

properties. A skillful experimental control of its reactivity has
led to a large number of interesting molecular systems. Much
of its chemistry and its theoretical description was reviewed
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state (GS) and TS iB(ND)ggs = 42.8 kcal/mol and&E(ND)7s =

64.8 kcal/mol, respectively, the difference being 22 kcal/mol.
Since the corresponding dynamical correlation ofrttedectrons

are 8.5 and 8.2 kcal/mol, respectively, it follows that the
nondynamicalr-electron correlation energy considerably sta-
bilizes CBD in particular in its TS structufé@.Our analysis
performed at the HF level shows that the main reason for the
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increase in energy in the transition state is due to a substantialfunction in the CASPT2 calculations is obtained by the CASSCF
increase in the nuclear repulsion term (by 43 kcal/mol), which (n, n)® procedure as expounded below. It is important to keep
is partially alleviated by a decrease in the electrefectron in mind that all four energy components in eq 3 are obtained
repulsion (by—16 kcal/mol). The energy of the TS is further as a difference in the total energy of cyclobutadiene and two
diminished by the nondynamical correlation energy of 22 kcal/ ethylenes against twwans-1,3-butadienes as required by eq 1.
mol. Taking into account all energy terms including ZPVE Generally, the HartreeFock (HF) energy has two contribu-
contribution, one arrives at the TS energy barrier of 3.8 kcal/ tions: E(HF) = E(HF)e| + Vian, WhereE(HF) andVy, refer to
mol.*> This is in good agreement with the experimental the electronic energy and the nuclear repulsion, respectively.

estimated8.17 Assuming that the structural parameters are optimized at the
It is the aim of the present paper to shed more light on the HF level, we shall employ the virial theor@?stating thaE(HF)
role of 0 andz electrons in determining antiaromaticity of CBD = —E(T)yr, where E(T)nr denotes the kinetic energy of all

with particular emphasis on the-z separability dilemma. For  electrons. It is well-known that the virial theorem holds for the
this purpose we shall examine the thermodynamic (energetic) exact HF wave functions and energies, or for approximate HF
data as a quantitative criterion of antiaromaticity, which can be model provided all free parameters are optimized. However, in
utilized in two distinctly different ways. The first is given by  the case of approximate HF wave functions, e.g., due to the
enthalpies of hydrogenation of cyclobutene and CBD in a basis set incompleteness or unoptimized nonlinear parameters
manner introduced by Kistiakowsky et *lin studying the  of atomic orbitals, one can stretch or compress coordinates of
aromaticity of archetypal benzene. The other conceptual pathwayall electrons and nuclei by the scaling factor= —V(1)/2T(1),

is offered by the postulated homodesmotic reacti8ige shall to restore the virial theorefi.The rectified kinetic and potential
adopt the latter approach, which compares the energetic decreasenergies ar@() = 5 T(1) andV(y) = n2V(1), respectively. Here,

in stability of CBD relative to a linear zigzag polyene. In  T(1) and V(1) denote the uncorrected kinetic and potential
pursuing this goal, we shall examine the role of the electron energies, respectively, obtained by the approximate HF wave
correlation and show that antiaromaticity of CBD is essentially function. In what follows, we shall employ corrected kinetic
a consequence of its total HartreBock energy. The latter will energy T(y), which complies with the virial requirement.

be analyzed in great detail and, anticipating forthcoming reSU'tS, However, in doing so the stretching (or Compressing) faﬂtor
it can be said that antiaromaticity of CBD is a consequence of || be dropped for the sake of simplicity.

its z-electron features. Since the kinetic energy is a one-electron property, it can be

2 Theoretical Eramework rigorously separated into- andr-electron parts

The homodesmotic reaction quantitatively describing desta- E(T),e = E(T)?, + E(T)? 4)
bilization of the CBD ring system reads: HF HF HF

D+z

The destabilization enerdy(d)csp has two components: the
angular strairE(s)cgp and extrinsic antiaromaticiti(eanksp

where E(T)e = 325020\ v2yiDand E(T) = 32550-
+ Eeso (1) 20| Vi2|yill
Here the sums are extended over all doubly occupi&tOs
and 7-MOs, respectively. A distinct advantage of the kinetic
energy over its potential energy counterpart is that a partitioning
of the o, cross-terms and the nuclear repulsigg, is not

E(d)csp = E(S)epp + E(€aN)%50 2) necessary. They are implicitly included in the single electron
MO kinetic energy terms in a disguised form. However, there

The extrinsic antiaromaticity is related to the fact that eq 1 are also some disadvantages because it would be erroneous to
implies the ring opening igedankemeaction 1. It is contrasted  identify —E(T)}z and —E(T){}¢ kinetic energies with the total
with the intrinsic antiaromaticitf(ian)egp of the [4]-annulene, ~ €nergy of theo and .z electrons of CBD, because the virial
which is related to the rectangular ground-state geometry andtheorem does not hold separately for these two groups of
its transformations to other planar structures, which preserve €lectrons distinguished only by symmetry. This will be discussed
topology of the four-membered ring. This definition is analogous in great detail later on. Next, we shall concentrate on the electron
to the notions of intrinsic and extrinsic aromaticity of ben- correlation effects. It is useful to discriminate between the
zenel520 This distinction is justified by the fact that intrinsic ~nondynamical or static correlation energy, which is a conse-
and extrinsic anti/aromaticities are caused by different energy duence of the (pseudo)degenerate MO levels, and the dynamical
terms implying that their physical origin is completely different. correlation energy arising from the instantaneous relative
State of the art in the anti/aromaticity research is reflected to a Positions of electrons in their permanent motion. The former

=i=2

N

great deal in a recent special issue of Chemical Reviéwst will be calculated for ther electrons applying the complete

us focus on theE(d)csp defined by eq 1, which can be active space (CASSCF) formalisth> The nondynamical

conveniently resolved into three components component of ther-electron correlation is obtained by
E(d)cgp = E(HF), + E(ND)3 + E(D)g + E(ZPV)4 (3) E(ND)" = E(HF) — E(CASSCF(, n)™") (5)

where E(HF)q, E(ND)3, E(D)§, and E(ZPV)q signify the Har- where we define the correlation energy here and use it thereafter
tree—Fock, the nondynamicad-electron correlation energy, and  as a positive quantity for convenience, although it is intrinsically
dynamical correlation energy, as well as the zero-point vibra- negative thus describing stabilization of the molecular systems.
tional contribution, respectively. The superscripstands for In formula 5, the numbers of active electrons and active

m and (@) + o corresponding to ther electron only or all 7-MOs are denoted byn( n) in the same order. The dynamical
valenceo + x electrons dynamical correlation energy, respec- correlation energy will be estimated by the second-order
tively. Here, a labelsf) + o denotes that the zeroth order wave perturbation theory within the CASPT2 framewdfk’ We shall
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consider first the dynamical correlation energymoglectrons
only according to

E(D)" = E(CASSCF(, n)”) — E(CASPTZ)  (6)

where exclusivelyr electrons are involved in the PT2 procedure.
In the second step, we shall include all valen@ndz electrons

in the perturbational calculation. The corresponding dynamical
correlation is denote&(D)™*7 and is given by

E(D)"™"’ = E(CASSCF, n)") — E(CASPT3"%) (7)

In both cases the initial zeroth-order wave function is provided
by the CAS SCF, n)* calculation. The choice of the basis set
functions is very important. We shall make use of Dunning’s
correlation-consistent split-valence sets cc-pVLZ, where L
denotes multiple zeta functioRSDunning'’s basis sets introduce
improvements in the total energy in a controlled manner, thus

Kovatevic et al.

TABLE 1: Weighting Parameters Describing Several Kinds
of the Average Atomic Kinetic Energies Entering Formulas
8 and 9 for the Set of Open Chain Linear Polyene<; Ha+2
Calculated within the Hartree—Fock Approximation (in
a.u.p

E(Me E(Mie E(M¥e E(Mie
atoms cc-pvDZ cc-pvTZ
hydrogen
K, 0.59550 0.60360
carbon
K 36.85899 36.86075
kg(inn) 0.99331 0.99316
K out) 0.96979 0.96398
AAD 0.4 0.3 0.3 0.3
MAD 0.7 0.8 0.7 0.8
R? 1.00000 1.00000 1.00000 1.00000

aThe average (AAD) and maximum absolute deviations (MAD) from
the additivity are given in kcal/mol.

maximum absolute deviation (MAD) values of only 0.4 and
0.8 kcal/mol, respectively, found for both basis sets are more
than satisfactory.

Finally, it appears that the additive constants in (8) and (9)

offering themselves for various extrapolation recipes in attempts are virtually zero, which is conceptually an important result.

to estimate the infinite basis set (IB) values.

A useful procedure in obtaining IB correlation energies
applicable in large systems was proposed by Truhlar éP al.,
which made possible employment of very efficient cc-pVDZ
and cc-pVTZ basis sets without a significant loss in accuracy.
Truhlar's approach was utilized in development of the additivity
formulas for thes-electron correlation energy in planar sys-
tems30

All calculations are carried out by using Gaussian398,
MOLCAS®2 and MOLPRG?3 programs.

3. Results and Discussion

3.1. Linear PolyenesSince the linear zigzag polyenes will
serve as the nonaromatic set of reference compounds, let u
consider them first. To test the additivity of Hartreleock
kinetic energy components(T)?, E(T)*, and their sunk(T);,
where we dropped subscript HF for simplicity, the HF calcula-
tions have been carried out for systebrsl3 depicted in Figure
1 by optimizing their geometries and the obtained kinetic
energies were fitted by bilinear relationships

E(T)? = k&nc + ki ;n, + const (8)

and

E(T)™ = KEgnncinn T KeouyNcouy T CONSE 9)

In formula 8,nc andny denote numbers of C and H atoms in
the polyene, respectively. The weighting paramelerandky
describe the averagecontribution of each carbon and hydrogen
atom, respectively, to the total HF energy. In consideringthe
part of the kinetic energy, we distinguish two types of carbon
atoms: the inner<|CH—) and the outer (or terminai=CHy,)

Whereas the additivity of the bond energies in polyenes was
known for a long time since Dewar and Gleicher’s pioneering
paper in 1965 related to PPP and HMO methtidshe
underlying additivity features of ther-electron correlation
energies in polyenes were disclosed only receldthy. The
calculatedE(ND)”, E(D)*, and E(D)™*¢ correlation energies
for polyeness—10 are displayed in Table 2. It will appear in
what follows that the correlation energies and their various
componentsE(ND)*, E(D)", etc.) are in fact additive for any
basis set employed here including results referring to complete
basis sets obtained by interpolation, thus indicating that this is
a very persistent, robust and general characteristic of the electron
correlation in polyenes. Since t&gD)™*o dynamical correla-
tion energies are obtained for the zeroth order CASSE&ve

Junction complemented by the second-order PT2 calculation

including all valencer + o electrons, it follows that the total
electron correlation for a particular polyene is given by
E(corr) = E(ND)" + E(D)™* (10)
The total valence electrons correlation energies are easily
deduced from the data in Table 2 and therefore they are not

explicitly presented. The additivity constarksappearing in
formulas 1113

E(ND)yr = k(ND)Jé(inn)nC(inn) + k(ND)JCr(out)nC(out) (11)

E(D)n = k(D)g(inn)nC(inn) + k(D)g(out)nC(out) (12)
ED)™™ =kD)& nc + kDY n,  (13)

are shown in Table 3. The set of molecufes10is rather small,
because the complexities in calculati&@D)™ increase very
fast with the size of a polyene. Nevertheless, this set is

ones belonging to the ends of linear chains. These two carbonsufficiently large for illustrative purposes, because it is well-

atoms represent two distinctly different structural groups. The
quality of the extremely simple relations 8 and 9 is very high

known by now that the additivity concept works very wé[f0.35
It is, therefore, not unexpected that performance of formulas

as evidenced by the data presented in Table 1. The results refe(11—13) is excellent too (Table 3).

to cc-pVDZ and cc-pVTZ basis sets, since the use of larger
sets is precluded in sizable polyenes suchlasand 13. It

It is clear that the nondynamical correlation eneEfiND)~”
reflects properties of the-MO manifold. The same holds for

appears that the regression relation based on the number of Ghezs-electron dynamical correlation energEe®)”. In contrast,

and H atoms vs the kinetic energy of polyenes is optirfRal (
= 1). Further, the average absolute deviation (AAD) and the

the dynamical correlation energy efandzr electrons=(D)™+o
cannot be partitioned into andx components in a clear-cut
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TABLE 2: Nondynamical and Dynamical Correlation Energies of & Electrons and the Dynamical Correlation Energies of All

Valence Electrons for Zig-Zag Polyenes, Obtained in Same Order by CASSCs//HF/bs, CASPTZ/bs//HF/bs and

CASPT2"%9/ps//HF/bs, where bs Stands for cc-pVDZ and cc-pVTZ Basis Seits

basis set cc-pvDzZ cc-pVTZ 1B
energy E(ND)™ E(D)” E(D)@te E(ND)™ E(D)" E(D)@+e E(ND)™ E(D)" E(D)@+e

ethylene 17.1 3.6 157.0 16.7 4.9 195.1 16.7 5.8 218.3
butadiene 335 9.1 304.4 32.7 12.0 377.2 32.7 13.9 421.4
hexatriene 49.9 14.7 452.1 48.8 19.3 559.6 48.8 22.2 624.8
octatetraene 66.4 20.4 600.0 64.8 26.7 742.2 64.9 30.6 828.3
decapentaene 82.7 26.1 747.9 81.3 341 81.4 39.0
dodecahexaene 99.2 31.8 895.9 97.4 97.6

@ Energies obtained for the infinite basis sets are denoted by IB (in kcal/mol).

TABLE 3: Weighting Parameters Yielding the Average Atomic Correlation Energies Appearing in egs (+11), in kcal/mol

basis set VDZ VTZ 1B

energy E(ND)" E(D)" ED)™*  E(ND)" E(D)" ED)™*  E(ND)" E(D)" E(D)™*o
KNy 821 8.08 8.10
KND)G(oyy 8.5 8.29 8.27
K(D)on 2.82 3.66 4.16
k(D) ouy 1.75 2.39 2.84
k(D)P+e 69.43 84.89 94.25
k(D)('_«;l)'*'G 4.46 6.30 7.43
AAD 0.0 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1
MAD 0.1 0.1 0.3 0.1 0.1 0.1 0.2 0.1 0.1
R2 1.00000 0.99998 1.00000 0.99999 0.99996 1.00000 0.99999 0.99997 1.00000

TABLE 4: Various Contributions to the Antiaromatic Destabilization of Cyclobutadiene E(d)cgp in kcal/mol, According to
Homodesmotic Reaction &

basisset  E(T)}e EM%  EML  END)™  ED)  E(corrf  E(D)@  E(cor)y  ZPVE  E(d)cso
cc-pvDZ  —191.9 108.3  —83.6 -7.3 1.8 -55 3.8 -3.5 4.0 84.1
cc-pVTZ 1858 103.3  -825 -7.0 2.3 -4.7 3.9 -3.1 4.0 83.4
cc-pvQz  —181.1 989  —82.2 -6.8 2.4 —4.4 4.1 -2.7 4.0 83.5
cc-pV5Z -177.5 954  —82.0 -6.7 4.0 2.7 4.0 83.3
cc-pV6z -176.6 946  -82.1 4.0 83.4
B ~176.6 937  -82.9 -6.7 3.0 -2.7 4.0 84.4

aThe electron correlation calculations for the cc-pV6Z basis set were not feasible, whereas the CASPT2 calculations for the cc-pV5Z did not
converge. The total correlation enerfygcorr). is given byE(ND)” 4+ E(D)@+e,

way. Concomitantly, the same holds for for the total valence E(d)cgp exhibit a remarkable insensitivity (Table 4), which is
shell correlation energyE(corry = E(ND)™ + E(D)@o. apparently a consequence of a very well balanced homodesmotic
However, this is not of particular significance for the interpreta- reaction 1 employed in studying antiaromaticity. As a result,
tion of the antiaromaticity in CBD, as it will be shown in the the total correlation enerdg(corr) increases rather slowly from
next section. As a final comment let us mention that the inner- —3.5 to —2.7 kcal/mol for basis sets extending from the
core electron correlation energies are not considered, since itcc-pVDZ to highly refined cc-pV5Z basis set, respectively.
was tacitly assumed that they are strictly additive thus canceling Similarly, the ZPVE is practically independent of the basis set,
in eqg 1. This assumption is plausible and the inner-shell electronsyyhich is obviously a consequence of the very simple additivity
were frozen in thg electron correlatlpn calculations. ' property of this quantity®—38 It can be estimated quite accurately
3.2. Cyclobutadiene3.2.1. Energetic Accounthe basis for  py the HF/cc-pVDZ model, if a customary scaling factor 0.89
quantitative thermodynamic estimate of antiaromaticity iS for pz hasis functions is employed. This model is utilized here
provided by homodesmotic reaction 1. The energetic data aregq the estimated contribution of ZPVE to tHE(d)cep

given in Table 4. Let us focus on some numerical aspects of yegiapilization energy is 4 kcal/mol. It follows that a combined
the results. Perusal of the presented numbers shows that k'net'%(corr)[ + ZPVE effect onE(d)cgp is rather small being in the
energy contributiorE(T); of the o electrons toE(eanjep is range between 0.5 and 1.3 kcal/mol depending on the basis set
converged at the cc-pV6Z basis set. On the other hand, the e |n any case it can be safely concluded that the electron
Kinetic energy of ther elgc_trons is with _th|s basis set still off correlation and ZPVE contributions practically cancel in the first
by 1 kcal/mol. Further, it is well established by now that the approximation. Hence, the first important corollary of the present

non@ynamlcal correlation energy 1s highly |r)§en5|t|ve to. the calculation is thaE(d)cgp is determined by the HF energies of
quality of the employed basis. Consequently, it is not surprising . /
molecules involved in eq 1.

thatE(ND)™ contribution toE(d)cgp is increasing in a very close o . ]
Further, the total kinetic energs(T),e is almost indepen-

range from—7.3 to —6.7 kcal/mol as the basis sets gain in

flexibility in going from cc-pVDZ to cc-pV5Z functions. Itis  dent of the employed basis although E§T){ and E(T)y
gratifying that a reasonable value is obtained already for a components are strongly dependent on the basis functions. It is
modest cc-pVTZ basis set. On the other hand, the dynamical encouraging that very simple cc-pVDZ set yiele(®)cep value
correlation energy is extremely dependent on the basis set andvia the kinetic energy and virial theorem, which is only by 0.7

yet the contributions of botE(D)” and E(D)™*¢ energies to kcal/mol larger than the infinite basis set estimate. Moreover,
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the former value is by 0.8 kcal/mol lower than the IB estimate
of E(d)cep including both E(corry and ZPVE contribution

Kovatevic et al.

1] €| positive charge to the andr nuclear charge components
in each carbon atom, respectively. The hydrogen atom protons

implying that we can continue our analysis by focusing on the belong of course to the-framework. It is now easy to separate

HF/cc-pVDZ results.
3.2.2. Role of the Potential Energy Terribe virial theorem
stating thatE(HF) = —E(T), means that all information

about the interactions between the electrons, the nuclei and

electrons and between the nuclei themselves given by/the
Vhe, @andVpy terms, respectively, are included in the negative
total kinetic energy. However, this information is hidden and
in particular the kinetic energiesg(T)},x and—E(T){j cannot
help alone in discussing the relative roles of the and
m-electrons in determining the antiaromatic destabilization.
Hence, we shall examine the total HF energy in a form
E(HF) = E(Mye + Voe T Vee+ Vin (14)
The first potential energy term is easily resolved intandx
components since () is one-electron operator yielding,e
= Vp. + Vi In contrastVee andVyn involve two-electron and

Vpn into three contribution¥n, = Vi + Voo + Voo where the
self-repulsion within the same carbon nucleus is disregarded.
By using the stockholder criterion one obtains
Van(sigma)= (n,/N)VoT andVii(pi) = (n/N)Vio (19)

in full analogy with expression 18. Formulas 18 and 19 provide
a basis for the stockholder partitioning scheme (S).

The second possibility is offered by fifty-fifty partitioning
of the Vg, term implying that Via(sigma) = Vio(pi) =
(1/2)vZz. The nuclear term could be separated in the same
way, but we would prefer to retain the stockholder principle
for Coulomb repulsion between the nuclei, since it is much more
realistic. This forms the second or the so-called equipartitioning
scheme (egp).

Finally, we shall examine the standard partitioning (st) as it
was used in the early theories of theelectronic structure of

no-electron operators, respectively, and consequently cannot béhe planar molecules. This means that the Coulomb repulsion

dissected intar and r contributions in an unequivocal way.
Thus the highly desired— separability, discussed many times

over decades, has no exact solution and the question is only

V¢ is attached to ther-electrons andVn, is completely
associated to the framework.
It follows that, by using a specific partitioning scheme (ps),

whether there is an acceptable partitioning from the common it is possible to write the total HF energy in a form

sense point of view. Let us consider the electron repulsion term

Vee first

Vee= Vee 1 Vee + Vee (15)
Theo ands electrons are coupled through their mutual Coulomb
interaction termVg;. We notice that the number ofelectrons

is always significantly higher thanm electrons and intuitively
one should apportion larger share of ¥g term to the former

subgroup of electrons. It is useful to invoke for that purpose

the stockholder principle, which was introduced by Hirschild

in discussing the problem of the electron density of atoms in

E(HF) = E}e(ps) + Efe(ps) (20)

where

By = E(Tfe + Voot VE + VEZ(sigma)t Vi +
Vin(sigma) (21)

and

Efr = E(Mie + Vie T Vee + Vee(pi) + Vir + Vin(pi) (22)

e n

molecules. Following his idea, let us assume that we have two Which holds for the stockholder and equipartition schemes. In

point chargeZa andZg. Their Coulomb repulsion is given by

V=[ZpZg/r pg] =Va + Vg (16)

the standardr-electron theory model, we have

which can be resolved in two contributions each proportional and

to the corresponding point charge. It is easily found that

Vp = C(Zalr ap) @andVp = E(Zp/1 ) (17)

wherel, = ZpZg/(Za + Zg) is the reduced charge. Employing
the stockholder criterion one can partitio}; into two
components

Vee(sigma)= (n,/N)Vee andVee(pi) = (n/N)Vee (18)

e

wheren,, n;, andN denote numbers of the andx electrons

E{:|F = E(T)ZF + VZe + Vgg + Vnn (23)
Efe = E(Die + Vi t VIE+VEE (24)

Another interesting possibility is given by the molecular orbital
energies, which are mutually clearly distinguished bydtend

sz symmetry. Unfortunately, the sum of MO energies is not equal
to the total molecular energy

occ

E(HF)=2) ¢ — Voot V,,

(25)

and their total number, respectively. Here and heretofore sigmawherei denotes MO and summation is extended over doubly
and pi given within parentheses denote terms obtained by somegccupied levels. Since we would like to work with scaled wave

decomposition scheme. Dissection of the nuclear repulsion termfunctions satisfying virial theorem, the corresponding expression
Vnnis an even more delicate problem, since it does not explicitly reads

depend on electrons. However, tMg, term is determined

through the features of BotrOppenheimer potential energy oce )

surface and hence depends implicitly on the distributions of both E(HF), = (2 & — E(Myp)n + (E(M)ue)n” — Vedr + Vol

o andsx electrons. Starting from this point view one can establish = (26)
one-to-one correspondence between each proton in the nucleus

and an electron in a neutral atom. Since we consider CBD andAfter the proper scaling is performed, thge and V,, terms

some neutral linear hydrocarbons, we can apportiodl and have to be broken down by stockholder, equipartition or standard
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TABLE 5: Scaled Values of thee and & Contributions to the Total Hartree —Fock Energy of Ethylene, Butadiene, and
Cyclobutadiene (in a.u.) and Their Participation in the Destabilization EnergyE(d)cgp (in kcal/mol)abe

cc-pvDZ cc-pVTZ AE(d)cep
energy ethylene butadiene CBD ethylene butadiene CBD cc-pvDZ cc-pVTZ

E(M)e 76.10052 151.01005 149.51328 76.13541 151.06577 149.56455-191.9 —185.8
E(T)5e 1.93969 3.92497 4.14314 1.92901 3.91303 4.13272 108.3 103.3
% —232.87868 —526.02940 —512.84656 —233.36107 —527.17546 —513.94118 46092.9 46239.0
Vie —15.57667 —42.37382 —43.76151 —15.55955 —42.41022 —43.80953 6170.1 6207.1
AV 46.38920 119.31487 113.78523 46.60432 119.82970 114.2761+20121.5 —20189.6
Voo 0.44953 1.73034 1.96508 0.44651 1.72687 1.96211 —374.3 —375.6
VI 11.98478 33.45378 34.18010 11.97669 33.49453 34.23045-5495.6 —5525.3
(ne/N)Vea 10.48668 28.99328 29.29723 10.47960 29.02859 29.34039-4841.8 —4867.9
(N/N)VZS 1.49810 4.46050 4.88287 1.49709 4.46594 4.89006 —653.8 —657.4
vy 26.17994 78.48246 73.00959 26.34981 78.90042 73.4024419826.2 —19891.0
Vi 0.40089 1.73119 1.99106 0.40273 1.73861 1.99982 —420.1 —421.6
Vo 6.97060 23.82057 24.36419 7.01172 23.93795 24.48525—-5858.2 —5877.9
(N/N)V 6.09928 20.64449 20.88359 6.13526 20.74622 20.98736—5149.8 —5167.2
(NN 0.87132 3.17608 3.48060 0.87647 3.19173 3.49789 —708.4 —710.7
Vin 33.55143 104.03422 99.36483 33.76425 104.57698 99.8875026104.5 —26190.6
Eor? —52.01500 —102.93583 —101.58274 —52.04033 —102.95574 —101.59400 162.5 148.6
S —0.75316 —1.53440 —1.50809 —0.76082 —1.54891 —1.52213 34.1 33.9
1) ER(S) —67.62306 —127.58424 —126.35764 —67.65667 —127.60476 —126.37033 —4038.1 —4062.5
(1) EL(S) —10.41713 —27.35074 —27.29876 —10.40774 —27.37404 —27.32693 4121.7 4145.1
(2) EZ(eqp) —72.11735 —139.85064 —138.56482 —72.14792 —139.88608 —138.59549 —1944.1 —1957.3
(2) Ef\=(eqp) —5.92284 —15.08435 —15.09158 —5.91648 —15.09271 —15.10176 2027.7 2039.8
(3) E’(st) —76.83755 —151.67026 —150.18322 —76.85709 —151.70299 —150.21302 —324.9 —327.0
(3) E*(st) —1.20269 —3.26474 —3.47319 —1.20733 —3.27578 —3.48425 408.5 409.5

aThe sigma and pi contributions are obtained by using the following recipesE/B) = E(T){r + Vie + Vee + (N/N)Vea + Von +
(N/N)Voy = Egp = Vee — (/N)Veg + Vi + (no/N)ViT ERe(S) = E(T)e + Vi + Vg + (/N)Veg + Voo + (/N)Vi = Egy, — Ve —
(/N)Vge + Vir + (/N)VITL (2) Efie(eap) = E(T)je + Vi + VI + (1/2)(Vee) + Vi + (W/N)VRT = Egy, — VEg — (L2Vgg + Vi + (/N)VR;
Efe(eap)= E(T)ie + Vie + Vee + (12)(Vee) + Vi + (/N)Vin = Egp, — Ve — (12)Vee + Vi + (W/N)VE. (3) Ele(st) = E(T)e + Vi + Vee

+ Van = Egy, — V22 — Vir + Vi Efe(st) = E(T)fe + Voo + Voo + VI = B, — Vi, PEJ,, andEj,, stand for sums of the energies of occupied
MO, whereES, = 25%%0); andET, = 25°@¢;. ¢ A contribution of the particular energy component to the destabilization energy of CBD is

given under headind\E(d)cgp.

scheme as defined above. It is apparent thatBfié¢F) total contribution toE(d)cgp is partly a consequence of long-C
energy given by the formula 25 becomes identical to expressionbonds and considerable bending of thelectron density around
20, if the same partitioning scheme is employed. the ring perimeter, which decreases the overlap charge between

Results obtained by described analysis are summarized inthe honded nuclei. It is useful to notice that the total kinetic
Tat_)le 5. P_erusal of dgta pres_enteq in Tabl_e 5 offers a ”“_mberenergyE(T)Hp = E(T)e + E(T)%e has a stabilizing effect due
of interesting conclusions. First, it is obvious that the final
E(d)cep values defined by eq 1 do not depend on the adopted

artitioning recipe. They assume 83.6 and 82.5 kcal/mol for . L . o .
Ec-pVDZ snd ch-)pVTZ I-}IIF calculations, respectively. It should SPONding kinetic energieS(HF) = —E(T),;e — E(T)j that the
be mentioned that the resulting destabilization ené@)csp o-framework is responsible for destabilization enefg)cep

is a difference of several very large numbers. For example, it Would be completely wrong (vide infra).
turns out that the electron repulsion is a very strong stabilizing One of the most striking conclusions is that all three
factor in CBD as evidenced by-20121.5,-4841.8, and  partitioning schemes (stockholder, equipartition and standard)
—2747.8 kcal/mol values foNg, (n/N)Vge, and (1/2Ygd show that destabilization ener@yd)csp occurs because of the
terms, respectively, as obtained by the HF/cc-pVDZ model. z-electron framework. The-framework stabilizes CBD but to
Coulomb repulsion between theelectrons is much smallerin 5 |esser extent by some 84 kcal/mol. Hence, #helectron

its absolute valueVgs = —374.3 kcal/mol. Nevertheless, framework prevails, which results in a low stability of this
it appreciably stabilizes CBD too. The same holds for the gyiremely interesting molecule. Furthermore, it turns out that
(n/N)Vge which assumes a value653.8 kcal/mol. Therefore,  the one-electron MO picture is misleading for at least two
a claim of sorrle researchers_th%t antiaromaticity Of_ CBD_'S reasons. BottE;, and E;,, contribute to the destabilization
gagsed by thg overlap repulsion between .tWO I_ocqh_zed vis- energy of CBD, they-share being almost 5 times larger. Their
&vis r bonds in rectangular cyclobutadiene is unjustified. It is . - )
also important to notice that the nuclear repulsi@pis highly sum Eort? + I,Eorb = 19,6'6 kcal/mol grossly overestimates
favorable in CBD relative to open chain polyene. The Coulomb E(d)cep implying that simple orbital SCh?mes such as HMO
attractionVye between the nuclei and electrons is on the other @hd EHT methods or standardMO theories cannot perform
hand the main reason behind a considerably decreased stabilitypetter. Therefore, it should be kept in mind that if the one-
of CBD as illustrated by, = 46092.9 and/", = 6170.1 (in particle MO schemes give good results, they are for the wrong
kcal/mol) with an additional positive contribution of the kinetic reasons. It is also noteworthy that a difference between
energy of w-electrons (108.3 kcal/mol). A very higVne E;,(CBD) — 2E;,.(ethylene)= —1.1 kcal/mol meaning that

to the predominating influence of theelectrons. However, a
conclusion based solely on the virial theorem and the corre-
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CBD would be more stable than the two isolatedonds in C=C bonds as a reference level. It is, therefore, safe to conclude

ethylene by 1 kcal/mol as far asMOs are concerned. that the antiaromaticity is larger than the angular strain in CBD.
To estimate the antiaromatic destabilization endtfgan)sp It is worth noting that the present estimate of the antiaromatic

one has to have at hand a good assessment of the angular straidestabilizationE(ean}gp is obtained indirectly by calculating

in CBD. For this purpose we carried out the HF/cc-pVDZ the strain energy first. One could try to determiB@an}sp

calculation for homodesmotic reaction which yieB&)cs = directly by utilizing homodesmotic reaction 30 It is obvious
Ho He | |+ [=2]| |+ Eeavesn (0)
* 4] b Con| = 4 { HaC’C\ﬁ’CHa + Els)ce (27)
2

26.8 kcal/mol as the angular strain energy of cyclobutane. It is
of interest to dissedE(s)cg into separate contributions of the
kinetic and potential energies

N AN |+ Edesn (1)

Ho
+ 4 ngC—CHgl =4 | u,cCcn, | +Els)ca 29

gives almost the same rest{s).; = 26.8 kcal/mol withAT

that reaction 30 is very well strain balanced implying that
E(ean}gp should reproduce antiaromaticity of CBD rather
closely. This is indeed the case sinEgan).;, = 38.1 kcal/
mol as calculated by HF/cc-pVDZ model, which is in harmony
with the estimate given above. It should be kept in mind,
E(S)eg = AE(T) + AV (28) however, that both lines of thought rest on an assumption that
the angular strain in CBD is twice that in cyclobutene.
It appears that the total kinetic energy stabilizes cyclobutane AS @ final remark we would like to mention that alternative
(CB) just as in the case of CBD (Table 5), becandgT) = homodesmotic reaction for CBD involving a larger open chain
—26.5 kcal/mol, whereadV = 53.3 kcal/mol shows that itis  all trans polyene give&(d)cg, = 84.0 kecal/mol for the HF/
the potential energy, which determines the strain yiel@i(gcs
= 26.8 kcal/mol. Resolution akV into three componentAVee D\ + | = } =
+ AVnn + AVpe Clearly shows that the strain energy of CB arises
due to the unfavorable nucleus-electron attractidfe, since . . )
AVee = —40839.1,AV,, = —40824.0, andAV,. = 81716.4 cc-pVDZ model calculatl_onS thu_s proving the pomt that the
kcal/mol. This is analogous to the conclusion obtained earlier €hoice of a homodesmotic reaction based on zigzag polyenes
for the total destabilization energy of CBD, since a highly is no.t crucial arlld. the_tt |t.does not affep_t .the final concluspns.
unfavorableVi, term was the main reason for destabilization 1hiS is not surprising in view of the additivity of the HF energies
energyE(d)cen (vide supra). It should be mentioned in this of linear polyenes. Namely, both homodesmotic reactions 1 and
respect that the origin of the angular strain energy in other small 31 €an be reduced to
rings is also a decreased nuclear-electron attraction implying
that it is a general featuréd.A related homodesmotic reaction E(HF)cgp + 4(ke + kg(inn) tK)=Edeso  (32)
The HF energies for CBD obtained by cc-pVDZ and cc-pVTZ
basis sets are-153.65641 and-153.69727 (in a.u.), respec-
tively. Substitution of the weighting factors taken from the Table
1 gives forE(d)cep 84.6 and 83.3 kcal/mol for cc-pvVDZ and
cc-pVTZ basis sets, respectively. This is in good agreement with
= —26.5 andAV = 53.3 kcal/mol. This finding is encouraging, fur:IngZ gaiilgﬁi%Tsrg;Efc)ﬁBgfor eqs 1 and 31, being 83.6
because it ;hows that the angular §train energy is not dependen"fl A relétively Iarg,e stfain Ic\alneyr.gy contribution &(d)cap is
on the choice of the homodesmotic reaction. ingly i tradiction with earlier conclusion that the total
The problem is that the strain energy in unsaturated CBD is See{mbr.llg ytl.n con 1 CBD | ftfmect
larger than that in saturated cyclobutane because the boncﬁii]aev\'/(l)zrak Km iggtrg% |tr;] e str ;isnaecﬁ en rsg(q:)inc?/v?a re abc srg:t
bending in the former molecule is larg€rTo get an idea about h h ’ ib ! £ tha/” (;BD Id b ’
it, let us consider the heats of hydrogenation of cyclohexenet en the contribution of the/, term to E(d)cen wou oe
and cyclobutene. The experimental estimates-a28.3 and '°W_er by that amount, since It is the unfayoraMgattractlon,
—30.7 kcallmol the difference being 2.5 kcal/mol, which which makes small rlngas angularly strained (viz. egs 27 and
corresponds to a strain energy release in going from cyclobutene?8): AS @ consequencey. component would be more nega-
to cyclobutand? One concludes that the strain energy in CBD 1V by thatamount and the total destabilization endi@)cso
is approximately higher than that in CB by some 5 kcal/mol. WOU'O,' be.reduced té(eankep term only. It is important to
This gives forE(S)eeo about 31.8 kcal/mol. This estimate is in bear in mind that both components of the total destab|l!zat|on
excellent agreement with the experimental result32 kcal/ energyE(skcep and E(eankep are consequence of the highly
mol as reported by Deniz et 4. Taking E(s)ep energy into  UnfavorableVye term.
account one obtains for extrinsic antiaromatic destabilization 4. Concludina Remarks
E(eantep = 51.8 kcal/mol in accordance with the experimental ™ 9
study of Deniz et al*? which gave 55+ 11 kcal/mol, which We have conclusively shown that the extrinsic antiaromatic
unfortunately has a large error margin. It should be mentioned destabilization of CBD could be conveniently retrieved by
that this estimate of antiaromaticity is derived by assuming that homodesmotic reaction(s) relating the target cyclobutadiene
the delocalization energy of-electrons irtrans-1,3-butadiene system to the open chain zigzag polyene(s). H{d)cep
is negligible. This is not the case as shown by Carféiby destabilization energy can be calculated at the HF/cc-pvVDZ
determining experimentally the torsional potentiatrais-1,3- level, since the contribution of the correlation energy ZRVE
butadiene. Itis 7 kcal/mol implying that the extrinsic aromaticity are relatively small and of the opposite sign. Hence, they can
of cyclobutadiene is 38 kcal/mol. This result is in good be disregarded in the first approximation. It is shown that
accordance with the earlier G2 calculations of Glukhovtsev et E(d)cgp, its strain energy componer(S)cgp and extrinsic
al.*> which gaveE(ean)gp = 40.6 kcal/mol by using localized  antiaromaticityE(ean}ygp do not depend on the choice of the
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homodesmotic reactions based on zigzag polyenes or by using (14) Voter, A. F.; Goddard, W. A., [llJ. Am. Chem. Sod.986 108

strain-balanced reaction such as (30). Further, altheugnd

2830.
(15) Maksic Z. B.; Baric D.; Petanjek, 1J. Phys. Chem. 200Q 104,

m-electron interactions cannot be unambiguously separated intogg73.

o andr contributions, there are several partitioning schemes

(16) Meier, G.; Wolf, R.; Kalinowski, H. OAngew. Chem., Int. Ed.

which include the stockholder, equipartition and standard Engl.1992 31, 738.

m-electron theory criteria, enabling dissection of the total
molecular energy int@ and sz components. The stockholder

(17) Whitman, D. W.; Carpenter, B. K. Am. Chem. S0d.982 104,
6473. Carpenter, B. KI. Am. Chem. S0d.983 105 1700.
(18) Kistiakowsky, G. B.; Ruhoff, J. R.; Smith, H. A.; Vaughan, W. E.

principle seems to be the most acceptable one. All three of them,J. Am. Chem. Sod.936 58, 137.

however, strongly indicate that extrinsic antiaromaticity of CBD
arises because of the features ofitslectron framework. Our
best estimate of the antiaromaticity perelectron is close to
10 kcal/mol. It is also important to point out that antiaromaticity
of CBD is larger than its angular strain energy.

It is of interest to compare our findings with results of Shaik
et al.?®¢ who considered intrinsic antiaromaticity of CBD.
According to their analysis CBD in its square TS structure is
distortive, whereas the opposite holds for thbamework. In
principle, this is not contradictory with the present results,

(19) George, P.; Trachtman, M.; Bock, C. W.; Brett, Fetrahedron
1976 32, 313;J. Chem. Soc., Perkin Trans.1®76 1222. George, P.;
Trachtman, M.; Brett, A.; Bock, C. WI. Chem. Soc., Perkin Trans1977,
1036. George, P.; Bock, C. W.; Trachtman, 31.Chem. Educl984 61,
225.

(20) Kovaevic, B.; Barig, D.; Maksig Z. B.; Muller, Th. ChemPhys-
Chem in print.

(21) Schleyer, P. v. R., Guest Edit@hem. Re. 2001, 101, No. 5, pp.
1115-1566.

(22) Fock, V.Z. Physik 193Q 63, 855. Slater, J. CJ. Chem. Phys.
1933 1, 687.

(23) Lowdin, P. O.J. Mol. Spectry1959 3, 46.

(24) Ruedenberg, K.; Cheung, L. M.; Elbert, SIfit. J. Quantum Chem.

because extrinsic and instrinsic antiaromaticity have completely 1979 16, 1069.

different origin!®> Another point of interest is given by the fact

that extrinsic aromaticity of archetypal benzene is a consequence,,

of its o framework as shown recentfy.
Finally, it is found that the one-electron MO picture cannot

offer a satisfactory description of antiaromaticity, since both

the 0-MOs andz-MOs energies contribute t8(d)cgp With an
overwhelming influence of the electrons. The total destabiliza-

(25) Roos, B. OlInt. J. Quantum Chem. Symp98Q 14, 175.
(26) Andersson, K.; Malmquist, P.-A.; Roos, B. O.; Sadlej, A. J.;
olinski, K. J. Phys. Chem199Q 94, 5483.
(27) Andersson, K.; Malmquist, P.-A.; Roos, B. D Chem. Phys1992
96, 1218.

(28) Dunning, T. H., JrJ. Chem. Phys198990, 1007.

(29) Truhlar, D. GChem. Phys. Letll998 294 45. Feas, P. L.; $&hes,
M. L.; Truhlar, D. G.J. Chem. Phys1999 111, 2921.

(30) Smith, D. M.; Bari¢D.; Maksig Z. B. J. Chem. Phys2001, 115,

tion energy is grossly exaggerated if the MO one-electron picture 3474. BaricD.; Maksig Z. B. J. Phys. Chem. 2002 106, 1612.

is not rectified with the—Vee + Vi terms. Ther electron only
MO approximation significantly underestimaté&)cgp energy
yielding 34.1 and 33.9 kcal/mol by the HF model employing

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

cc-pVDZ and cc-pVTZ basis set, respectively. In addition, the M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

mr-electron picture is unsatisfactory, because it cannot describe

the angular strain of the framework.
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