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Abrbrt-Doubly charged systems derived from fused benzenoid polycycles reveal an unquenched 
dekxakation of 4 n n-clc&ons and hence are predicted to possess antkmmatic character. The magnitude 
of the paratropic ‘H NMR chemical shifts, due solely to the paramagnetic secondary field sustained in 
these specks, was found to depend linearly upon the magnitude of LUMO-HOMO energy gaps of the 
corresponding systems. The existence of such a correlation enables a compnzhensive treatment of the 
various factors which determine the antiaromatic character and the subtle interrelations between those 
factors. This, in turn, leads to a deeper understanding of antiaromaticity. 

INTRODUCIION 

An outstanding achievement of molecular orbital 
theory was Hiickel’s prediction’ that conjugated 
monocyclic systems containing (4 n + 2) n-electrons 
should be aromatic, i.e. wnjugatively stabilized2 This 
proposition was modified by Platt to encompass 
neutral as well as charged polycyclic systems with 
(4 n + 2) n-electrons in the path of conjugation.’ 
Cyclic polyenes which did not fit the (4 n + 2) rule, 
and indeed did not reveal a conjugative stabilization, 
were generally classified as “pseudoaromatic” until 
1965, when Breslow coined the term “anti- 
aromaticity”.’ This term was meant to connote and 
emphasize a significant destabilization characteristic 
of certain 4n n-conjugated monocycles, such as 
cyclobutadiene and cyclopropyl anion.5 In agreement 
with Breslow’s observation, theoretical calculations 
led to the estimation of negative conjugation 
energies-at least in the two mentioned specie~~ 

Hiickel’s theory initiated a wealth of experimental 
work, all of which fitted with the prediction of 
enhanced stabilization in (4 n + 2) n-systems. The 
measure of variegated physical and chemical quan- 
tities (such as heats of combustion and hydro- 
genation, magnetic susceptibilities, electronic spectra 
and the proclivity to react in Diels-Alder reactions) 
was found to correlate with the extent of aromatic 
character, as estimated by the theoretical methods.’ 

The experimental support for antiaromaticity is far 
less satisfactory. The inherent instability of anti- 
aromatic systems, rationalized by their high energy 
content, results in a complete failure to isolate these 
compounds. Consequently, the possibility of wrrob- 
orating theoretical predictions for systems in this 
elusive class through confrontation with experiment, 
is disturbingly limited. Even more so, any attempt 
theoretically to estimate the relative magnitude of 
antiaromatic character in 4 n n-systems and then 
correlate this estimation with an experimental param- 
eter, was hitherto bound to suffer from lack of 
support by such experimental data. 

In the quest for such a correlation, we examine the 
magnitude of the anisotropic paramagnetic sus- 
ceptibilities, known to characterize 4 n ncyclic wn- 
jugated systems, by means of their effect upon 
‘H NMR chemical shifts. The magnitude of this effect 
was then examined as a function of the energy gap 

between the lowest vacant (LUMO) and the highest 
occupied (HOMO) molecular orbitals of the wrre- 
sponding systems. The rationale for such an in- 
spection is the allegation that antiaromaticity is a 
particular aspect of antibonding;s if so, the proximity 
of excited, antibonding, states to the ground state, 
and consequently, their exerted effect upon it, is 
expected to be directly related to the antiaromatic 
character of the system. NMR measurements have an 
obvious advantage over other techniques, as the 
unstable antiaromatic species may be prepared from 
suitable, stable precursors, and studied in the reaction 
vessel, i.e. in the NMR tube. 

For reasons to be discussed, we chose doubly 
charged polybenzenoid molecules as model wm- 
pounds for antiaromaticity. Our studies point to- 
wards the existence of a direct, unequivocal wr- 
relation, between the extent of paratropicity 
experienced by the antiaromatic systems, and the 
corresponding LUMO-HOMO energy gap, as esti- 
mated by SCF-MO calculations. 

ANTlAROMATlClTY-DISCUSSION 

Antiaromaticity-as well as aromaticity- 
represent primarily a state of energy. Therefore, a 
parameter which directly reflects the energy content 
of antiaromatic systems, or more specifically, the 
extent of destabilization due to antiaromatic charac- 
ter, seems to be a most suitable choice. Yet, methods 
designed to estimate the extent of this destabilization 
are inherently problematic in the same sense that 
methods aimed at the evaluation of aromatic sta- 
bilization remain ambiguous.’ At the crux of the 
problem lies the observation that the notion of 
conjugative stabilization or destabilization is, by 
definition, relative, and therefore requires reference 
systems that are devoid of cyclic delocalization. 
When aromatic systems are considered, the various 
methods designed to estimate the measure of the 
conjugative energy stabilization’-” generally agree.” 
This is hardly the case when antiaromatic wn- 
tributions are expected; here the estimated mag- 
nitudes of the resulting destabilization differ substan- 
tially. The estimated extent of destabilization due to 
antiaromaticity is not only sensitive to the choice of 
reference compounds, but is also highly susceptible to 
the level of sophistication of the quantum chemical 
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calculation.~*‘* Thus, the simple HMO treatment 
assigns nonaromatic character to cyclobutadiene if 
two isolated double bonds constitute the reference 
system, while inclusion of overlap in HMO or in 
SCF-MO calculations leads to the prediction of 
antiaromaticity, i.e. to the estimation of negative 
resonance energy.s In view of these theoretical uncer- 
tainties, and since the measure of resonance energies 
is virtually impossible in antiaromatic systems, we 
had to look for other theory-based indices. 

While the (4n + 2) n-annulenes are predicted by 
HMO to have all n-electrons paired in bonding 
MO’s, the 4 n ~-class is estimated to possess two 
unpaired electrons in two degenerate nonbonding 
molecular orbitals.t+‘3 On passing to SCF-MO meth- 
ods, where allowance is made for effects of electron 
repulsion, orbital degeneracy is retained by sym- 
metry, but the triplet and singlet configuration are no 
longer degenerate. Still, the first excited singlet state 
remains very close to the triplet ground state, and 
results in a pseudo Jahn-Teller distortion in 4n 
n-annulenes, characterized by bond-length altema- 
tion and severe deviation from coplanarity.” Thus, in 
systems such as cyclooctatettaene or [l21 ammlene an 
effective cyclic delocalization is ruled out and con- 
sequently them species cannot be labelled as anti- 
aromatic. A rather different situation occurs in poly- 
cyclic systems. The rigidity imposed by inner bonds 
reduces substantially the extent of bond-length alter- 
nation or the deviation from planarity. This outcome 
is observed in cycloocu$&~]fluorene (l)ls or in the 
pyracylene system @),I6 which, in Platt’s peripheral 
approach, represent 1161 and f121 perturbed armu- 
lenes, respectively. In contrast to the monocyclic 
systems, these 4n n-species, being planar with ap- 
proximately constant bond lengths, are predicted to 
reveal antiaromatic contributions. Yet, due to the 
reduced symmetry in these polycycles, relative to the 
heretic phinar C.H. ammlenes of Da sym- 
metry, the degeneracy of the highest occupied moiec- 
ular orbitals is removed and, consequently, the triplet 
configuration is no longer a ground state. However, 
the LUMO-HOMO energy gap, or the energy split- 
ting between the singlet ground state and the excited 
triplet state, is much smaller than in monocyclic 4 n 
x-systems. The diminution of geometrical disto~ion 
in the polycycles, when compared with the mono- 
cyclic series, is emphasized in polybenzenoid systems. 
Unless a large steric perturbation exists, the highly 
rigid benzenoid skeleton is bound to enforce planar- 
ity and approximate constancy in bond lengths not 
only in the neutral, but also in the doubly charged 
ions-dications and dianions-derived from the 
fused benzenoid systems. Thus, such doubly charged 
species seem to meet all the requirements imposed by 
the peripheral electronic model for antiaromat~~ty: 
they are 4 n x-systems, in which, due to the suitable 
geometry, the peripheral delocalization of x-electrons 
is quite unperturbed. Moreover, in contrast with the 
neutral systems 1 and 2 where aromatic cont~butions 
of the benzenoid moieties are expected, the doubly 
charged polybenzenoid ions should reveal a “pure” 
antiaromatic character. 

The predicted increase of the antiaromatic charac- 
ter, in doubly charged 4 n n-polybenzenoids, is there- 
fore directly related to a marked decrease in geo- 
metric distortion, that is, deviations from planarity 

and severe bond length alternation. This is clearly in- 
dicated by experimental data (vide i&r). The decrease 
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in geometric distortion is related, in turn, to a larger 
perturbance of a triplet configuration to the singlet 
ground state-as this excited triplet lies closer to the 
ground state comigumtion. 

Consequently, a connection is pointed out between 
the extent of antiaromaticity and the increase in 
perturbance due to the triplet state. This is an obser- 
vation of crucial importance and its exemp~fi~tion 
is of basic interest. Computations at various levels of 
sophistication predict the lowest electronic transition 
of the 4n n-cyclooctatetraene to involve a x-x* 
transition, and estimate its energy to be more than 
4.0eV.l’ This rather large energy is rationalized in 
terms of the geometrical distortions which character- 
ize the COT system, leading to a quenching of any 
antiaromatic contribution. SCF-MO calculations 
performed on the polycyclic pyracylene (2) indicate 
that its lowest lying triplet configuration is approxi- 
mately 2.05 eV above the singlet ground state.‘$ The 
gap between the lowest triplet and the singlet states 
estimated for the dibenzopentalene (3) is only 
0.23 eV.16 The dissimilarity of the two perturbed (121 
annulenes, 2 and 3, is suggestive. System 2 might be 
depicted as an aromatic naphthalene core perturbed 
by two double bonds which are connected to the 
aromatic moiety by long, virtually single, bonds. The 
alternation of bond lengths results in a quench of the 
peripheral 4 n n-antiaromatic contribution. In obvi- 
ous contrast, when 3 is considered, no structure with 
a Kekuli ring can be drawn, thus no aromatic 
contribution is expected. Even more so, the two 
canonical forms 30. c, 3h imply a diminution in bond 
length alternation. Doubly charged 4 n x-benxenoid 
polycycles exhibit disturbances from a triplet ground 
state which are estimated to correspond to 
O.&l.8 eV. Indeed, in a previous study” we have 
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demonstrated, by means of NMR and ESR methods, 
that such doubly charged antiaromatic compounds 
possess a low lying, thermally accessible triplet state 
which allows the existence of an equilibrium pro- 
cess with the singlet ground state. NMR and ESR 
lineshapes were shown to depend on the extent and 
direction of this singlet-triplet equilibrium which, in 
turn, was found to be determined solely by the width 
of the energy gap between the LUMO and HOMO. 

On grounds of the observations we conclude that 
the extent of perturbance from triplet ground state of 
a 4 n Ir-conjugated compound, cyclic orpoiycyclic, con- 
stitutes a plausible i&x for the assessment of anti- 
aromoticity. As a theoretical approach, this is a 
quantitative index, since it is related to the energy 
splitting between the LUMO and HOMO of the 
antiaromatic system.19 We also conclude that doubly 
charged benxenoid polycycles-dications and 
dianions-constitute appropriate model systems for 
antiaromaticity. 

Among the experimental methods established for 
the estimation of aromatic, or antiaromatic character, 
the most frequently employed are measures of prop- 
erties that are related to sustained magnetic phenom- 
ena.‘L’4J0 These phenomena represent the outcome of 
two different contributions: the diamagnetic con- 
tribution due to Larmor precession of n-electrons 
around the ring which depends only on electron 
density in bonding molecular orbital-an exclusive 
ground state property. In contrast, the second, para- 
magnetic, contribution depends on electronically ex- 
cited states, since it reflects magnetic dipole transi- 
tions between occupied and vacant molecular 
orbitals.‘431’ Obviously, such transitions would be 
particularly favored when the system possesses a 
low-lying excited state, or, in other words, when the 
energy separation between the LIMO and HOMO is 
smalL2’ A relation between the experimental con- 
sequences of a paramagnetic secondary field and the 
theoretical concept of antiaromaticity depends on the 
LUMO-HOMO gap, becoming both more pro- 
nounced as this gap narrows. One should note that 
the dependence of antiaromaticity and the para- 
magnetic term upon the energy gap is not a mere 
correlation: both properties originate directly from a 
narrow LUMO-HOMO energy gap. 

A readily observed result of the secondary para- 
magnetic field is a paratropic, high-field shift which 
characterizes the HNMR absorptions of anti- 
aromatic species. However, the information obtained 
from these high-field shifts was hitherto strictly qual- 
itative and in most cases open to controversy and 
ambiguity. I2 This, again, is due to the scarcity of 
systems that reveal pure or even substantial anti- 
aromatic contributions and, even more so, to the lack 
of antiaromatic homologous series. Doubly charged 
benzenoid polycycles seem to provide the sole exam- 
ple of a relatively large 4n n-series in which the 
various compounds differ either in topology or in the 
number of n-electrons (i.e. the value of n), and none 
of them presents a difficulty due to a perturbed 
delocalixation. 

The oxidation of ten polycyclic benxenoid hydro- 
carbons (4-13) was carried out by the reaction of the 
neutral compounds with a S02CIF solution of SbF, 
which, being a very strong Lewis acid, acts as a 
powerful oxidizing agent. 
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The “C NMR spectrum of each of the various sam- 
ples revealed a substantial total low-field shit? which 
amounts to co 200-250 ppm relative to the neutral hy- 
drocarbon. These diamagnetic shifts demonstrate the 
formation of dications, since 13C NMR absorptions are 
highly sensitive to charge densities, and only to much 
lesser extent, to the effect of ring currentsp” As for 
the ‘H NMR patterns, they are determined by two fac- 
tors which are expected to operate in opposite direc- 
tions: deshielding due to the positive charge density, 
and shielding caused by the induced paramagnetic sec- 
ondary field.n 

We used SCF-MO calculations2’ as a means to 
assess the portion of chemical shift that is due to the 
charge density factor and isolate thereby the con- 
tribution of the paramagnetic ring current. In each of 
the charged species, the theoretical charges on 
hydrogen-bearing carbon atoms were summed, and 
this sum was multiplied by the shift-charge cor- 
relation constant (10.7 ppm).u The product was then 
divided by the number of protons in order to obtain 
an average value of deshielding due solely to the 
positive charge density. This average was added to 
the center of gravity of the ‘H NMR chemical shifts 
exhibited by the neutral polycyclic hydrocarbons. An 
estimate of a theoretical center of gravity in the 
absence of secondary fields is thus derived. An ob- 
served high-field deviation from this estimate can 
therefore he taken as evidence for and a measure of 
the antiaromatic, paramagnetic contribution. 
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The reduction of nine polycyclic catacondensed 
benzenoid hydrocarbons (i.e. 5-7,9, 11, 12, 1616) to 
the corresponding dianions was performed by ex- 
posing the tetrahydrofuran solutions of the neutral 
systems to lithium or sodium metals.2’ “C NMR 
spectra, obtained after four to six days of exposure to 
the metal revealed the expected paratropic shifts due 
to the shielding of two negative charges” The 
‘H NMR patterns of the dianions are determined 
mainly by the same two factors which influence the 
absorption revealed by the dications. Yet, in this case 
the two factors operate in the same direction. The two 
negative charges result in a shielding effect which 
causes a high-field shift, the magnitude of which is 

now increased due to the effect of the induced 
paramagnetic secondary field. The net contribution 
of this paramagnetic effect is thus calculated in the 
dications, and the average effect of the negative 
charge density is now subtracted from the center of 
gravity of the ‘H NMR chemical shifts of the neutral 
molecule. The extent of the paratropic shift beyond 
this estimate is taken as the pure contribution of the 
antiaromatic paramagnetism. A correlation between 
the value of LUMO-HOMO energy splittings and the 
paratropic shift due solely to the secondary field, 
analogous to the correlation established by the di- 
cations, is obtained. 

RESULTS AND DISCUSSION 

When the ‘H NMR chemical shifts of the dications 
obtained by twofold oxidations of systems 4-13 were 
processed as described, the various charged systems 
revealed substantially different paratropic deviations 
(AS values in Table 1). While species such as the 
pyrene (13) and the dibenxanthracene (12) dications 
exhibited large high-field shifts, relative to the values 
expected by charge-density considerations, the para- 
tropic shift deviation in the pentacene (5) dication 
was much smaller. We found that the extra para- 
tropic shifts display an unequivocal correlation with 
the calculated energy gap between lowest unoccupied 
and highest occupied molecular orbitals of the 4 n 
x-antiaromatic dications (Table 1, Fig. 1): when a 
large split is estimated, a small paratropic shift is 
observed, and vice versa. When the relationship be- 
tween this energy gap and the net paratropic shift is 
approximated as linear, regression analysis (exclud- 
ing the pyrene dication) yields: 

AG(ppm) = -1.23 G (eV) + 4.31 

(2 0.13 ppm, correlation coefficient 0.9&t) (1) 

where G is the computed gap. 
As for the dianions (Table 2, Fig. 2), the regression 

analysis (excluding phenanthrene dianion) yields: 

Table I. ‘H NMR Paratropic shifts of polybemzenoid dications vs LUMO-HOMO energy gaps 

system= 
Neutral systems; overall 
m. 111 NMR 
center of gravityb 

4 7.95 1.80 9.75 8.61 1.14 2.51: 

5 8.08 1.90 9.98 8.61 1.37 2.25. 

6 8.01 2.12 10.13 8.60 1.53 2.21!’ 

7 7.90 2.53 10.43 8.39 2.04 1.903 

8 7.91 1.67 9.58 7.33 2.25 1.78: 

9 7.86 1.71 9.57 6.85 2.72 1.445 

10 8.20 1.48 9.68 6.88 2.80 1.30R 

11 8.28 1.14 9.42 6.41 3.01 0.926 

12 8.14 1.56 9.70 6.51 3.19 0.817 

13 8.21 2.41 10.62 5.95 4.67 2.038 

.a For nlnabering - see text. b PPM down from SiMe4. = For coqmtatim details see text. 
d 

ev ulits. 

as furnished by SCF-MO method. 
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Fig. 1. ‘H NMR pamtropic shifts of 4 n n-polybenzmoid 
dications vs LUMO-HOMO energy gaps. 

A@pm) = - 2.50 G + 6.40 

(2 0.32 ppm, correlation coefficient 0.953) (2) 

Again, it is found that a large LUMO-HOMO gap 
is related to small paratropic shifts and vice versa. 

The correlation coefficients in both relationships 
substantiate a monotonous, perhaps even linear, io- 
terdependence, between the extent of the 
LUMO-HOMO splitting and the magnitude of the 
paratropic chemical shift. Yet, when the two cor- 
relations are compared, differences in their pattern 
stand out. The correlation for the dications is better 
than that for the dianions. Also, the slope of the line 
exhibited by the dianions is larger than the slope for 
dications (-2.50 vs - 1.23, corresponding to -68.2” 
and - 5 1 .O”, respectively). In other words, the depen- 
dence of the paratropic shifts upon the LUMO-HOMO 
gaps is more emphasized in the negatively- than in the 
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Fig. 2. ‘H NMR pamtropic shifts of 4 n n-polybenzenoid 
dianions vs LUMO-HOMO energy gaps. 

positively-charged systems. The larger deviations from 
a linear correlation in the dianions, as well as the larger 
slope, can be rationalized in terms of the states of sol- 
vation of the salts, and the influence of these states 
upon the molecular structure of the organic ions. As 
already mentioned, benzenoid diions, being anti- 
aromatic and thus possessing narrow LUMO-HOMO 
gaps, undergo an equilibration between a singlet 
ground state and a low-lying, thermally accessible trip 
let state.‘* Conditions which favor tight contact ion? 
(large alkali cations, elevated temperatures, solvent 
with low solvating power) shift this singlet-triplet equi- 
librium towards the triplet through a further reduction 
of the LUMO-HOMO gap, and therefore results in an 
enhanced NMR line broadening.” 

The dependence of NMR patterns upon states of 
solvation is revealed only by the dianionic benzenoid 
polycycles and not by the analogous dications. This 
is rationalized by a very efficient solvation of the 

Table 2. ‘H NMR Paratropic shifts of polybenzenoid dianions vs LUMO-HOMO enerav aam 

systema Neutral systems; Overall 
1H N?4R 

cbarge~ systems; aarged systems; 
e_xpt. 
center of gravityb Pm s;, ;fy,,tityb,c g; 2 Etityb.’ $&b.c ‘s;y 

5 s.n.8 2.17 5.91 4.98 0.93 2.070 

6 8.01 2.50 5.51 4.23 1.28 2.133 

7 7.90 2.76 5.14 3.06 2.08 1.833 

9 7.86 2.15 5.71 3.22 2.49 1.411 

11 8.28 1.18 7.10 4.18 2.92 1.205 

12 8.14 1.70 6.44 1.78 4.66 0.884 

14 8.43 1.23 7.20’ 3.51 3.69 0.990 

15 7.80 1.90 5.90 2.42 3.48 1.333 

16 7.67 2.32 5.350 1.18 4.17 1.898 

* For nunbering - see text. b PPM dam from Sik4. ’ For colqutaticn details see text. 

d 
eV units, as furnished by SCF-Ml method. ’ IAnvsolved, broad NMR absorpticns. 
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inorganic counter anion in the media” which results 
in an almost total shielding of the organic dications 
from effects exerted by the counter anions. The 
difference in the extent of influence exerted by the 
counter ions upon antiaromatic dications vs dianions 
provides an interpretation of the observed differences 
between the correlations. 

The influence of the counter cations upon the 
dianions, though unaccounted for by the SCF-MO 
calculation, is supposed to vary from one system to 
another. The varying magnitude of this influence is 
due to the different extent of interaction between the 
dianions and their counter cations, caused, in turn, by 
the different topologies and modes of electron de- 
localizations (and hence electron densities) of the 
various 4 n n-conjugated polycycles. We believe that 
the larger deviations from a linear dependence (and 
hence the lower correlation coefficient) revealed by 
the dianions, is the manifestation of these variations. 
The second dissimilarity between the two re- 
lationships, i.e. the larger slope exhibited by the 
dianions, can also be rationalized in terms of the 
emphasized influence of counter cations upon the 
antiaromatic dianions. As already pointed out, this 
influence is a result of the narrowing of the 
LUMO-HOMO energy gap due to the larger increase 
in energy of the highest occupied relative to the 
lowest vacant orbitals. This effect is assumed to be 
operative in all the dianions, but their r&rive out- 
come is assumed to depend on the initial magnitude 
of the LUMO-HOMO gaps. In those antiaromatic 
dianions where skeletal topology imposes large en- 
ergy gaps, the narrowing is negligible relative to the 
overall energy splitting. This is to be contrasted with 
dianions that are characterized by initial small gaps, 
in which any narrowing due to counter cations is 
supposed to be relatively significant and responsible 
for pronounced effects. Consequently, all the systems 
which are, a priori, “more antiaromatic” in the sense 
of having a small frontier orbital separation, and thus 
appear at the upper part of the correlation line (e.g. 
dibenzanthracene and dibenzochrysene dianions in 
Fig. 2), are more susceptible to mechanisms which act 
to enhance the antiaromatic character. This results in 
larger paratropic ‘H NMR shifts and hence, in a 
larger slope. 

The rather good correlation coefficient revealed by 
the two plots (eqns 1 and 2) seems to present, by 
themselves, an indirect justification of the assump- 
tions included in the theoretical approach. However, 
theoretical calculations based upon totally different 
considerations and intended to estimate de- 
localization energies in dianions, point towards a 
general trend which is similar to our results. It has 
been show# that the dianion derived from naph- 
thacene (6) is “more” aromatic than the ben- 
zanthracene (9) dianion and therefore “less anti- 
aromatic,” while 9’ is “less antiaromatic” than the 
doubly charged chrysene (15’). In the C, series the 
dicarbanion derived from the dibenzanthracene (12) 
is estimated to be “more antiaromatic” than the 
pentacene (5) dianion. This parallelism strengthens 
our chain of premises and even more so, it points 
towards a direct, quantifiable method to measure the 
LUMO-HOMO energy gaps of planar carbocyclic sys- 
tems by means of their ‘H NMR paratropic chemical 
shifts. 

The points for the pyrene (13) dication and phen- 
anthrene (16) deviate significantly from the cor- 
relation lines. The reason for these deviations is not 
yet clear, but some possibilities come to mind: the 
effect of the Q core upon the n orbitals of these two 
species may differ in sign or magnitude from the 
corresponding influence exerted in the other systems. 
It seems that more refined calculations which include 
the u core may shed light upon those few cases that 
do not fit the relationships, pointing at subtler effects 
to which the antiaromaticity phenomenon is sus- 
ceptible. 

CONCLUSIONS 

Cyclic, or polycyclic systems in which an efficient, 
unquenched delocalization of 4n a-electrons exists, 
and hence predicted to possess an antiaromatic char- 
acter, are known to reveal paratropic ‘H NMR chem- 
ical shifts. The present study points to the existence 
of an unequivocal correlation between the magnitude 
of these paratropic shifts and the estimated widths of 
the HOMO-LUMO energy gaps in the antiaromatic 
species. 

Our experimental parameter-the paratropic ‘H 
NMR chemical shift-is an outcome of an anisotropic 
paramagnetic field which is assumed to be sustained 
in 4 n ~antiaromatic cyclic or polycyclic conjugated 
systems. This field results, in turn, from a relatively 
large contribution of excited states to the ground 
state.29 Such a contribution depends primarily upon the 
width of the splitting between the lowest vacant and 
the highest occupied molecular orbit&-it increases 
as the gaps decrease. “Pure” antiaromatic species are 
expected to reveal a triplet ground state, with one elec- 
tron in each of two (highest occupied) orbitals. In 
polycyclic4np-systemssuchas thedoublycharged ben- 
zenoid compounds, the HOMO’s degeneracy is re- 
moved, thus resulting in a singlet configuration. How- 
ever, the LUMO-HOMO energy splitting is still nar- 
row enough to enable a significant contribution of the 
excited states and therefore to characterize anti- 
aromatic systems. 

The very existence of a correlation between the 
paratropic ‘H NMR chemical shift and the theo- 
retically evaluated LUMO-HOMO gaps provides a 
proof of this hitherto vague chain of premises related 
to antiaromaticity, as well as a possible scaling of its 
extent according to the energy gaps. 

EXPERIMENTAL 
The neutral polybenzenoids were purchased from Aldrich 

and recrystallized before use from EtOH or tolucnc. 
The dianionic species were prepared by reduction of the 

respective neutral compound with sodium or lithium. The 
metal wire was introduced to the upper part of an extended 
5 mm NMR tube containing 10m2 M of the hydrocarbon 
dissolved in THFd, (Aldrich). The frozen solution WBS 
degas4 and sealed under vacuum. By turning the tube 
upside down, the solution was brought into contact with the 
metal wire. Detailed ‘H NMR spectra appear in a previous 
publication.‘* 

The dicationic systems were prepared by introducing the 
solid neutral hydrocarbon to a 5 mm NMR tube containing 
SbFs-SO&F 1: 1 solution which was kept in -40’ and 
stirred vigorously. A sealed capillary containing acetone-d, 
was then introdud and the tube was sealed. 

For ‘H NMR parameters of the dications derived from 
anthracene (7) and naphthacene (6) see Ref. 30. The other 
dications revealed the following parameters: 
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perytene(4) dicotion: 6 9.28 (H,, d, 4H. J = 8.2 Hz); 8.79 “R. C. Haddon, 1. Am. Gem. Sot. 101, 1722 (1979). 
(H,, d, 4H, J = 6.2HZ); 7.88 (Hr. dd, 4H, J, = 8.2, 12R. B. Malhon, Pure Appl. Chem. 52, 1541 (1980). 
J, = 6.2 Hz). “R. Breslow. Pure ADDS. Chem. 54. 927 (1982). 

pentacenc (3) dication: S 9.29 (Hs, s, 2H); 9.00 (IIs, s, 4H); 
8.26 (H’.z,.r. AA’BB’, 8H). 

benzo[ulpyrene (8) &don: 6 the charged system exhibits 
a complex spectrum; its chemical shifts nmge between 7.68 
and 6.79ppm. The center of gravity was obtained by 
averaging the chemical shifts and corresponding areas. 

benz[a]arrthracene (9) &cation: d 7.25 (H,, d, IH, 
J = 6.6 Hz); 7.17 (H,, s, 1H); 6.93 (H,,, s, IH); 6.98 (II,, d, 
IH, J = 6.6 Hz); 6.77-6.96 (II,,,,,,, 4H, ABCD pattern); 
6.38-6.59 (H’3.3C. 4H, ABCD pattern). 

benro[ghilperylene (10) dication: 6 7.42 (H,, d, 2H, 
J = 8.2 Hz); 7.33 (H,, d, 2H, J = 7.6 Hz); 7.33 (H,, d, 2H, 
J = 7.5 Hz); 6.64 (Hr. H,, m, 4H); 5.71 (H6. s, 2H). 

dibenzo~gjchrysene (11) dication: 6 6.93 (Hr, t, 4H, 
J = 7.2 Hz); 6.50 (H,, d, 4H, J = 7.7 Hz); 6.26 (H,, t, 4H, 
J = 7.7 Hz); 5.98 (HI. d, 4H, J = 7.2 Hz). 

dibcnz[a,h]anthracene (12) dication: 6 7.02 (Hs, d, 2H, 
J = 7.1 Hz); 6.78 (H,, t, 2H, J = 7.9 Hz); 6.95 (H,. s, 2H); 
6.44 (H,, d, 2H, J =-8.4Hz); 6.26 (H,, d, 2H, i=7.9Hzj; 
6.30 (H6, d, 2H, J = 7.1 Hz); 6.21 (H,, 1, 2H, J = 8.3 Hz). 

NMR spectra were recorded on a Bruker WH-308 pulsed 
FT spectrometer operating at 300. I33 MHz and 75.46 MHz 
for ‘H and 13C, respectively. The field/frequency regulation 
was maintained by H locking. The FID signals were 
digitahzed and accumulated on an Aspect-2000 computer 
(32K). Ah chemical shifts are reported relative to Me& 
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