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To establish the link between the aromaticity descriptors based on the Pauling resonance energy and the
molecular properties, the electric (polarizability) and magnetic (magnetizability) field response properties
have been calculated using the valence bond approach for various molecules and their individual Kekule
resonance structures. The results show that there is no direct relationship between the Pauling resonance
energy and the properties; the response properties are weighted averages of the properties of the individual
structures. According to the aromaticity criteria based on molecular properties, one-structure benzene
would be aromatic; thus, concerning molecular properties, spin-coupled bonds do not behave like localized
bonds in Lewis structures, with which they are usually associated.

1. Introduction

In the ongoing debate on aromaticity and how it should be

defined! > the various descriptors based on molecular proper-

ties, in particular, magnetic (induced current den%ifiexalted
magnetizabilit NMR chemical shifts, nucleus-independent
chemical shielding (NICS) and electric properties (polariz-
abilities) 1% are continuously compared to aromatic stabilization
energies (ASEY} and resonance energies. All criteria try to

cyclohexatriene structures, being in resonance, as envisaged by
Kekule®? (first alternatingDan, geometries, later at the benzene
Dgn structure). The magnetic aromaticity criterion is based on
the abnormally large diamagnetic magnetizabilities, which has
been rationalized as arising from the Larmor precession of
electrons in (delocalized) orbits including many nuclei, known
as the ring current.

The molecular properties of molecules are well-defined and

establish the resemblance of a compound with benzene. Thet@n be calculated very accurately. The magnetic properties of

resonance criterion is based on the picture of two 1,3,5-
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annulenes have been studied in detail, and on the basis of the
ipsocentric formulation of induced current density, a simple
orbital model could be devised that led to selection rules for
ring current, which can rationalize the diatropic current found
for 4n+2 s-electrons and the paratropic current farelectron
annulened?4 It has also been recognized that the diatropic
contribution is governed by the same symmetry selection rules
as those for the in-plane polarizability of a system, thus,
polarizability and diatropic ring current are closely related.
should be noted that no relationship exists between total ring
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SCHEME 1 Molecules under Study are hardly influenceé®2>Pyracylene is interesting in the sense
that the cyclopentafusion of the naphthalene core has a negligible
© - @ effect on the Pauling resonance enet®jyhereas the magnetic
1a 1b y properties change considerably as soon as the second pentagon
HH HH /'X is attached to acenaphthylefie® These observations already
e suggest that a discrepancy exists between the magnetic and
HQH D H/QH energy criteria for aromaticity.

H H H H In analogy of the calculation of pseudoscurrents for the
visualization of ring current patterns for large conjugated

2a 2b
‘ ‘ ‘ U hydrocarbong? the VB calculations on the pyracylene model
OO OO O‘ “ were performed on H in the geometry of pyracylene, with the
Q Q g Q carbon atoms replaced by hydrogen atoms and omission of the
3a 3b 3c 3d

pyracylene hydrogen atoms. Our valence bond results on the
H14 model show, by comparison with previously reported VB
o ) o calculationg® that this approach is also valid for reducing the
current and polarizability when the paratropic contribution to computational efforts inr-only VB calculations on (planar)

ring current becomes notable. conjugated hydrocarbons.
Different methods for the determination of resonance energy

exist. The energy difference between the aromatic compound
under investigation is compared to one of its nonaromatic
isomers, and this difference is taken as a measure for the The geometry of benzend,(Dgy) was optimized at the RHF/
aromatic stabilization. The use of nonorthogonal orbitals in 6-31G level of theoryRe—c = 1.388 A). The geometry of deformed
valence bond (VB) theory, where a bond is made by Spin benzene Z, D3y) was also Opt|m|Zed at the RHF/6'31G level of
coupling two electrons, allows the quantum mechanical descrip- tN€ory, but the HC—C angles were fixed at 9presulting in bond

tion of the different possible resonance structures and thus the'SNgth alteration in the benzene cofe(c = 1.331 and 1.524

. A).2530 For the H4 geometry 8, D), the hydrogen atoms were
calculation of thg energy of one valence b_ond structurg. The placed at the positions of the carbon atoms of the RHF/STO-3G
total wave function for a molecule is written as a linear

ey ' optimized pyracylene geometry.

combination of these structures, and hence, the energy lowering " the valence bond calculations were performed with the ab initio
with respect to one structure due to resonance among theyalence bond program package TURTEEyhich is integrated in
multiple structures can be calculated. This energy gain due to GAMESS-UK32 The wave functions were built from the structures
resonance is the definition of the Pauling resonance energydepicted in Scheme 1, and the orbitals were chosen to be
(Ere9.*® Although no clear relationship exists between the predominantly atomic in nature but were allowed to delocalize (cf.
resonance energy and the molecular propertiesl empirica]fo 20, delocal model). The—orbite_lls of benzene and deformed )
relationships have been found for similar molecular systems. Penzene were taken from preceding RHF calculations. The basis

Using Hickel theory, even an analytical relationship was derived S€t used in the VB calculations dnand2 was the 6-31G basis,

; . and on3, the STO-3G basis was used (the relatively small basis
for the series of a;mulenes between ring current and the Dewalge,o " yseq are sufficient to draw qualitative conclusions about
reﬁ%neagg\?e?onper:]geyr;t of a response theory for valence bond Waveresonance). In all VB calculations, all orbitals were optimized for

each wave function.
functions®*® enables the calculation of the polarizability and  \with the same basis set as that used in the VB calculations, the
magnetizability for individual valence bond structures. This polarizability and magnetizability were also evaluated at the full
approach can be used to study the effect of resonance betweer-CASSCF level of theory with DALTONS for comparison with
structures on the molecular properties. The molecular propertiesthe properties calculated at the VB level.
can be linked to the presence or absence of induced ring currents. 2.1. Justification of the Use of the Hs Model for Pyracylene.
In this paper, valence bond response properties calculated forAs is shown by the work of Fowler and Steiner for, among others,
benzene, deformed benzene iB@ bond-alternating geometry, pyracylene?® then-rln_g currents of polycyclic aromatic hydrocar-
and a model for pyracylene (Scheme 1) are presented, toPons can be approximated by thecurrents obtained for model

establish whether there is a direct relationship between the SYStems consisting of only hydrogen atoms at the positions of the
Pauling resonance energy and the molecular properties. X -
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TABLE 1. Total Energies (au), the Pauling Resonance Energy SCHEME 2 Sets of lonic Structureg
(kcal/mol), the Polarizability (au) and Magnetizability (au) for
Benzene (lat 1b), and Its Kekulé Resonance Structures (1a/1b)

polarizability magnetizability 9
structure energy Eres  Oux Qyy  Ozz Yo Xyy A2z o
la+1b —230.6927260 20.00 61.15 18.14-40.63 —52.83
la 1b —230.6776060 0.00 62.91 18.20-40.57 —53.00
CASSCF —230.7001172 62.53 18.14—-40.64 —53.10 1c 1d

a2 Only the symmetrically unique structures are shown.I®etonsists
carbon atoms, with considerable reduction in computer time. The of a total of 12 structures, and skd consists of a total of 6 structures.

VB property calculations on pyracylene itself are still computa- S ] ]
tionally too demanding, thus the VB properties were calculated TABITE 2. Polarizability Calculated for Benzene Using Strictly
using the same H model as had been used for the calculation of Atomic prOrbitals

the pseudar-ring currents. The weights of the structures calculated polarizability
for this model are 0.646 fa3a, 0.173 for3b/3¢ and 0.008 foil3d -
(Scheme 1), which is remarkably close to those obtained for
pyracylene itselfga: 0.642,3b/3c 0.175, andBd: 0.008)26 The la+1b —230.5406776 41.40 19.29

structure energy Olxx, Olyy Ozz

relative energies of the structures obtained for therhlodel Ba: la+1b+1c —230.6364127 49.97 18.49
0.0 kcal/mol,3b/3c  62.8 kcal/mol, andd: 165.0 kcal/mol) are lat1b+1d ~230.5708882 4s.23 19.30
: ' : ' : : la+ 1b+ 1c+ 1d —230.6527610 54.28 18.43

also in agreement with those found in thevVB calculation on3
(3a 0.0 kcal/mol,3b/3c 52.6 kcal/mol, an®d: 167.6 kcal/mol).
Coincidentally, the Pauling resonance energy of 15.28 kcal/mol TABLE 3. Total Energies (au), the Pauling Resonance Energy
found for Hy is similar to the value of 10.6 kcal/mol calculated (kcal/mol), the Polarizability (au) and Magnetizability (au) for

for pyracylene. Deformed Benzene (2at 2b), and Its Kekulé Resonance Structures
All these resemblances in VB results for thesHnodel and (2a/2b)
pyracylene suggest that this model can also be used for the study polarizability magnetizability

of the properties of the individual resonance structures in relation

i ! ! " - structure energy Eres  Ooo Oyy  Ozz Yo Xyy Azz
with resonance, while saving computation time.
2a+2b —230.4658096 3.50 63.20 18.34-41.88 —51.56
) ) 2a —230.4611314 0.00 63.58 18.34-41.93 —51.27
3. Results and Discussion 2b —230.4278598 0.00 6598 18.57-41.42 —53.10
CASSCF —230.4703118 63.86 18.35—41.84 —51.84

3.1. Benzene Dgn). The valence bond results obtained for
benzene are in agreement with previously reported re¥uf3.
It has a substantial Pauling resonance energy of 20.00 kcal/ably smaller:® The delocal model includes ionic structures, due
mol (Table 1), and both Kekultructures are equally important  to the optimization of the p-orbitals, which are not confined to
in the VB wave function. The one-structure description is, one atomic center. To obtain proper response properties using
obviously, not stabilized by resonance and has 9.49 kcal/mol the strictly atomic model, it is necessary to explicitly include
higher energy. ionic structures in the wave functi®n(mimicking the delocal

The molecular properties of benzene calculated at the two- orbital optimization). The ionic states added to the wave function
structure VB level are in good agreement with those obtained span the symmetries of the property operators, thus their ClI
at the CASSCF (Table 1) and spin-coupled levels of théb#{. response contribution is nonnegligible. To elucidate which ionic
The one-structure description gives virtually identical properties structures are important, the polarizability of benzene was
to those of the two-structure description. The small deviations calculated with wave functions consisting of the two Kékule
are due to small changes in the orbitals. The ClI space does notesonancelia + 1b) structures and the sets of ionic structures
contribute. This may be seen by a symmetry consideration. Thedepicted in Scheme 2.
Cl space consists of two states, Vilg = N(P1a + P1p) (Axg The results in Table 2 show that when only the two Kékule
symmetry) and¥; = N(®1a — P1p) (Bay Symmetry). The  resonance structures are used indeed the in-plane polarizability
electric field response is governed by the dipole moment significantly decreases in comparison with the delocal VB or
operators (O= X,9,2), which posses&y, and Az, symmetry. CASSCEF results. Neither the structute nor 1d alone gives
The ClI response is determined by the matrix element rise to a proper in-plane polarizability, but wheoth sets of
[Wo|O|W,L] which vanishes by symmetry. Equally, for the structures are included in the wave function, the polarizability
magnetizability, the CI response also vanishes by symmetry, approaches the delocal and CASSCF results.
as it is determined by the angular momentum operators, which 3.2 Deformed Benzenel¥s,). Optimization of benzene with
haveAy andE;q symmetry. Thus, the total molecular properties 3 constrained HC—C angle of 90 leads to aDs, structure
for the two-structure description are the weighted averages of ith alternating G-C bond lengths of 1.331 and 1.5242A3°
the properties of the individual resonance structdfeshich The weights of the resonance structupesand 2b in the VB
are identical by symmetry. Hence, the response properties ofwaye function are 0.866 and 0.134, respectively. The structure
benzene are equal to those of one of its two Kékakonance 2a, which has the double bonds along the shortetGChond,
structures. is the most important structure in the VB wave function and

In a description in which the p-orbitals aret allowed to has the lowest energy (Table 3). The Pauling resonance energy

delocalize but are constrained to remain completely atomic dramatically decreases to 3.50 kcal/mol upon deformation,
(strictly atomic model), the in-plane orbital response is consider-

(35) Shurki, A.; Hiberty, P. C.; Dijkstra, F.; Shaik, .Phys. Org. Chem.
(34) Hyams, P. A. Ph.D. Thesis, University of Bristol, U.K., 1990. 2003 16, 731—-745.
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TABLE 4. Total Energies (au), the Pauling Resonance Energy (kcal/mol), the Polarizability (au) and Magnetizability (au) for the t+Model
for Pyracylene (3a+ 3b + 3c + 3d), and Its Kekulé Resonance Structures (3a/3b/3c/3d)

polarizability magnetizability
structure energy Eres Olxx Olyy Ozz Axx Xyy Xzz
3a+3b+3c+ 3d —7.0997395 15.28 43.69 31.55 0.00 —43.68 —30.94 —53.04
3a —7.0785043 0.00 46.02 32.69 0.00 —43.64 —30.98 —52.99
3b/3c —7.0406052 0.00 46.99 35.86 0.00 —43.76 —30.90 —53.29
3d —6.9017472 0.00 28.78 61.90 0.00 —43.42 —31.42 —45.95
CASSCF —7.1238830 47.58 36.72 0.00 —43.69 —30.93 —52.50

; SCHEME 3 lonic States for the Resonance Structures 3a,b,d
compared to the benzene value of 20.00 kcal/mol, suggesting 8t are Similar 1o Those of Benzene and Dominate Its

substantial reduction of aromatic character. However, as ShownPolarizabiIity in the x- and y-Direction
previously, the ring current survives bond alternation and
remains nearly as strong as in benzée:36.37

Again, the VB response properties are in agreement with o
CASSCF results and in line with previous findings that @
deforming benzene to a bond alternating structure does not 3a
influence the magnetizability substantiatf/No appreciable
change in both molecular properties at the VB level of theory
is found when benzene is deformed. The polarizability and
magnetizability of this deformed benzene are similar to those

for the most important structuiza, and the properties of both
Kekulée resonance structures are similar in magnitude. Thus,
although the Pauling resonance energy decreases considerably e @
and structur®abecomes more important in the wave function, ®
the total response properties are much less influenced. 3b
3.3. His Model for Pyracylene. A reasonable agreement is g g
'
[ ]

found between the total VB properties and the CASSCF

properties (Table 4). Note that thg,value of 0.00 au is caused

by the small STO-3G basis, which lacks p-functions, which are

necessary for a contribution to the polarizability in this direction.

The three resonance structuBzs-c all have identical response

properties. The polarizability of structuBel (Scheme 1) differs

considerably from those found for the other structures. However, 3d

the different properties o8d have only a marginal effect on

the total properties of the molecule because of its small weight *

in the total wave function. The most important structuas

3b, and3c already possess the response properties of the whole

molecule, and resonance between them does not play an

important role in the response properties. 4. Implications for Ring Current and for Interpretation
Despite the small weight of structusel, it is still interesting ~ of Valence Bond Structures

to see why its polarizability differs from the others, considering  1pg existence of ring current is reflected in the magnetizability
the fact'that for the cher different spin-coupling sphemes similar o o compound. Therefore, predictions regarding the existence
properties are obtained. As shown by perturbation theory, low- ot jhqced ring currents in the individual Kekutesonance
lying excited states contribute more to the total property than ¢i,ctures can be drawn.
higher-lying excited states. Assuming that ionic states similar g, the polarizability and magnetizability of the individual
to thos_e for benzenel) are f?eeded n the wave function &f structures are close to those obtained for the “all-structure” wave
to obtain the correct properties, then inspection of the nature of ¢\, tion which suggests that the ring current patterns, if
these ionic states already explains why the response of structure.g i jated for one structure only, would be identical to those
3d differs from the others. In Scheme 3, these ionic structures jp:-inad at the RHF or CASSCF levels. Thus. a one-structure
are drawn for structur@a, 3b, and 3c. For the resonance  jegerintion of benzene would be aromatic based on the magnetic
strl_JctureSSafc,_ closed-shell, ionic structures can be drawn, criterion for aromaticity. These results indicate that, although
which are similar to each other and to those of benzene. 5, empirical relationship exists between the nucleus-independent
However, for resonance structudd, because of the difference  cpemical shift (NICS) and the aromatic stabilization enérgy,
in spin coupling, these states have biradical character and thus, girect relationship exists between the Pauling resonance
a h|gher energy. Consequently, their conmbu_tl_on to the polar- energy and induced ring current. This implies that criteria based
izability will be smaller, and the total polarizability of structure response properties and the Pauling resonance energy can
3d will differ significantly from those of3a—c. lead to different conclusions regarding aromaticity (see also ref

(36) Fowler, P. W.. H R WA . W Soncini 3). Both definitions can be fulfilled for a compound at the same

owiler . .; Havenitl . . A.; Jenneskens, L. ., 20ncini 1 H H
. y ’ ’ ! J ' ' time, but that is not necessarily the case.

A.; Steiner, EChem. C re001, 2386-2387. ’ e . L

(37§'2§Lcmi, :’;“Haﬁmﬁ R. \}v A.: Fowler, P. W.: Jenneskens, L. The aromaticity based on the ring-current criterion of one-
W.; Steiner, EJ. Org. Chem2002 67, 4753-4758. structure benzene suggests that the spin-coupled bonds in a
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valence bond structure do not behave like localized bonds in their individual Kekuleresonance structures have been evaluated
this respect, as the properties evaluated for one-structure benzenasing valence bond theory. The results show that the polariz-
are similar to those of benzene and do not match with values ability and magnetizability for the molecules considered here
obtained using bond incremerifsThus, the intuitive cor-  are already obtained from one structure, without any resonance.
respondence between a valence bond and a Lewis structure, Withrhere s no direct relationship between the Pauling resonance
localized bonds, does not exist, and the spin-coupled bonds aréanergy and response properties. Resonance between the struc-

not independent, localized bonds. Separation of the two ,re5 does not influence the response properties, and these
structures is difficult, as indicated by their overlap of 67%_ (spin properties are weighted averages of the response properties of
overlap already 25%), and the one-structure wave function hasthe individual resonance structures

a remarkably high overlap of 93% with the Hartrdeock wave
function. This high overlap suggests that the properties evaluated
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