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Abstract: Cyclic conjugation in the “empty” central ring of tetrabenzo-
[bc,ef,op,rs|circumanthracene (TBCA) is stronger than in its neighboring “non-
empty” rings, contradicting the predictions of Kekulé-structure-based theore-
tical models. Earlier examples of such anomalous cyclic conjugation were
observed in highly strained, non-planar benzenoid systems. As the molecule of
TBCA is perfectly planar and strain-free, it was possible to test and verify its
cyclic conjugation pattern by means of high-level, B3LY P/6-311+G(d,p), ab
initio DFT calculations.

Keywords. cyclic conjugation; energy effect (of cyclic conjugation); Kekulé-

structure-based models; DFT calculation; benzo-annelated perylene; tetraben-
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INTRODUCTION
Kekul é-structure-based models of cyclic conjugation

In polycyclic conjugated molecules, the location of the n-electrons usually
cannot be represented by a single structural formula, but by severa so-called
Kekulé structures. In the 1970s and later, several approaches were put forward,
aimed at quantitatively describing the n-electron properties of conjugated mole-
cules, based on counting and analyzing their Kekulé structures. In particular, the
Kekulé structure count K was used to predict the total n-electron energyl—3 and
thermodynamic stability of benzenoid hydrocarbons.4-% The aromaticity of an in-
dividua ring R in the conjugated system the molecular graph of which is G was
assessed’:8 by means of the quantity 2K(G-R)/K(G). This idea was eventually
elaborated in the so-called theory of conjugated circuits.®-12 A conjugated circuit
in a Kekulé structure is a cycle in which single and double bonds alternate.
Within the theory of conjugated circuits, cyclic conjugation in a ring R is as-
sumed the consequence of the existence of conjugated circuits pertaining to Rin
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the Kekulé structures. Clarl3 proposed a diagrammatical method for drawing
structural formulas, in which the most important cyclic conjugation modes (origi-
nating from the Kekulé structures) were indicated.14 Eventually, a quantitative
version of the Clar theory was put forward.1516 Kekulé structures were used to
assess the distribution of n-electrons in polycyclic conjugated hydrocarbons and
to estimate the n-electron content of individual rings.1”-19 A similar approach
based on the Clar formulas was also offered.20.21 Recently, ring currents in ben-
zenoid hydrocarbons were also modeled by means of conjugated circuits.22

Details on these Kekulé-structure-based models of cyclic conjugation can be
found in abook23 and in reviews.24-28

Energy effect of cyclic conjugation

Also in the 1970s, a molecular-orbital- and graph-theory-based method for
calculating the energy effect of individual cycles in polycyclic conjugated mole-
cules was developed.?? Its details can be found in the reviews3931 and else-
where.32-35 The energy effect ef of the ring R in the conjugated system whose
molecular graph is G is computed by means of the formula

o —ef (R)=2 [In— 9GX
gy 9(GiX) +20(G-R)ix)
where ¢(G, X) is the characteristic polynomial of G andi = +/~1.

The ef-values calculated by Eq. (1) are expressed in units of the HMO car-
bon—carbon resonance integral 5. Therefore, positive ef-values indicate thermo-
dynamic stabilization caused by cyclic conjugation. The greater is ef(R), the
stronger is the intensity of cyclic conjugationinthering R.

For the considerations in the present paper, it isimportant to note that the ef-
method is independent of any assumption based on Kekulé structures. Yet, in the
majority of cases, its results are in full harmony with those obtained by means of
K ekul é-structure-based approaches.30:31 In some cases, however, the ef-method
leads to conclusions that differ from those implied by the Kekulé-structure-based
models.32:33 These “anomalies’ are outlined in the subsequent section, and then
further elaborated and corroborated in the later parts of this article.

CYCLIC CONJUGATION IN PERYLENE AND ITS CONGENERS

The application of the ef-method to the six-membered rings of perylene is of
particular interest because this benzenoid molecul e possesses a so-called “empty”
ring, namely a ring in which according to Kekulé-structure- and Clar-structure-
based models, there is no cyclic conjugation. Thisisillustrated in Fig. 1 in which
all the nine Kekulé structures of perylene are depicted. None of these has a con-
jugated circuit (i.e., three double bonds) in the central ring. In fact, the two verti-
cal carbon—carbon bonds in the central ring are single in al Kekulé structures.
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MODES OF CYCLIC CONJUGATION 1403

Rings of thiskind are referred to as “ empty” 131423 The central rings in perylene
and all its congeners examined in this paper are “empty”. Recall that for such
rings, the Randi¢ local aromaticity index 2K(G—R)/K(G) is equal to zero, indi-
cating a complete absence of cyclic conjugation.

e lco e
& &

selccloe
N & &

Fig. 1. The Kekulé structures of perylene.

OO OO OO The two vertical carbon—carbon bonds in

‘ ‘ ‘ the centra _ri ng are alwa)fs single.

Therefore, within the Kekulé-structure-

CO OO OO baseq models, thi§ ring is g:lajmed to be
devoid of any cyclic conjugation.

In the case of perylene (1in Fig. 2), calculations based on the ef-model arein
good agreement with the predictions of the Kekulé-structure- and Clar-structure-
based models. Although the ef-value of the central “empty” ring (A) is hot zero,
it is nevertheless some five times smaller than the ef-value of the other four
neighboring rings (B).

Due to a generally valid regularity,836 benzo-annelation (in the position
indicated in 2 in Fig. 2) increases the intensity of cyclic conjugation in the central
ring of perylene. When the same type of benzo-annelation is realized at al the
four sites of perylene (3), then cyclic conjugation in the central “empty” ring is
increased so much that it exceeds the magnitude of cyclic conjugation in the four
neighboring rings. This phenomenon, discovered several years ago,32 was the
first example when the pattern of cyclic conjugation in a benzenoid hydrocarbon
violates the predictions of Kekulé-structure-based models. The “anomaly” of this
kind can be strengthened by considering naphthalene-annulation (as shown in 4).
Although the ef-values of the central ring of benzoperylene (3) and naphthaleno-
perylene (4) differ only dightly, the cumulative effect in tetranaphthal enopery-
lene (5) is remarkable: in 5 the cyclic conjugation in the “empty” ring (A) is

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@080

EW MG MO




1404 GUTMAN et 4.

found to be more than two times stronger than in the neighboring rings (B), and
isalso significantly greater than the analogous effect in the rings C, cf. Fig. 2.

ef(A)=0.0218 ef(A)=0.0263 ef(A)=0.0522
ef(B)=0.1093 ef(B)=0.0437

ef(A)=0.0275 ef(A)=0.0718 Fig. 2. Energy effects (in $ units)
. of some six-membered rings of
ef(B)=0.0342 perylene (1) and its congeners.

ef(C)=0.0642 For details, see text.

HOW REALISTIC IS THE ef-METHOD?

The conclusions concerning cyclic conjugation in perylene and its congeners
outlined in the preceding section are based on the energy effects ef, calculated
according to formula (1). The natural dilemma is whether these results reflect
real features of the n-electrons in the underlying molecules or whether they are
artifacts originating from the crudeness of the HMO approximation. In order to
resolve this problem, these conclusions have to be verified by means of more
reliable theoretical approaches.

However, first a serious objection to the calculated cyclic conjugation pat-
terns of tetrabenzo- and tetranaphthal eno-perylenes (3 and 5) needs to be ad-
dressed.

In HMO calculations, only the topology of the carbon-atom skeleton is taken
into account. Consequently, steric effects are fully disregarded. In tetrabenzo-
and tetranaphthal eno-perylenes, the near-lying hydrogen atoms impose a strong
steric repulsion, which necessarily causes an extension of some carbon—carbon
bonds, deformation of some six-membered rings and non-planarity of the entire
molecule (Fig. 3). This, in turn, makes the results of any HMO-based cal culation
doubtful and inapplicable.
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7

Fig. 3.Tetrabenzoperylene (3) and tetranaphthal enoperylene (5) in which the near-lying
hydrogen atoms are indicated. Their repulsion causes strong sterical strain
and deviation from planarity.

This difficulty would be overcome if instead of 3 and 5, similar, but strain-
free and strictly planar benzenoid systems would be considered. Such are ob-
tained by replacing the overcrowded hydrogen atoms (indicated in Fig. 3) by car-
bon—carbon bonds. By this, one arrives at tetrabenzo[bc,ef,ki,no]coronene (6) and
tetrabenzo[bc,ef,0p,rs|circumanthracene (7), depicted in Fig. 4.

ef(A)=0.0408 ef(A)=0.0408
ef(B)=0.0445 ef(B)=0.0389
ef(C)=0.0458

Fig. 4. Energy effects (in 3 units) of some six-membered rings of tetraben-
zo[ bc,ef,kl,no] coronene (6) and tetrabenzo[bc,ef,0p,rs]circumanthracene (7).
These ef-values show that in 6, the pattern of cyclic conjugation
does not violate the predictions of the Kekulé-structure-based
theoretical models, whereasin 7 it does, because ef(A)>€f(B).

From the calcul ated ef-values of 6, it can be seen that the transformation 3 — 6
reduces the intensity of cyclic conjugation in the central ring A and increasesit in
the neighboring rings B. Consequently, ef(A) becomes smaller than ef(B), and the
disagreement with the Kekulé-structure-based theories is lost. Fortunately, in 7,
the “anomaly” in the cyclic conjugation pattern remains, although much less pro-
nounced than in the case of 5 (Fig. 4). Bearing these observations in mind, it was
decided to test the modes of cyclic conjugation in tetrabenzo[bc,ef,op,rs|cir-
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cumanthracene (TBCA) by independent, much more reliable quantum-theoretical
methods.

A DENSITY-FUNCTION-THEORETICAL STUDY OF TBCA

The DFT calculations on tetrabenzo[bc,ef,0p,rs]circumanthracene (TBCA)
were realized using the Gaussian 09W package, version 0.1, at the B3LYP/6-
-311+G(d,p) level of theory.37 Geometry optimization confirmed that the mole-
cule is perfectly planar. Bond lengths were taken from the optimized geometry.
The frequency calculations showed that the examined molecule has no imaginary
vibration frequencies, i.e., that the geometry determined corresponds to a true
energy minimum. Nucleus independent chemical shift (NICS) values were cal-
culated at the B3LY P/6-311+G(d,p) level through the gauge-including atomic or-
bital method (GIAO).38

The results of the DFT study that are representative for the cyclic conju-
gation pattern of TBCA are presented in Table I. Full computational details can
be obtained from the authors (J.D.) upon request.

From the data in Table I, it can be seen that the NICS method3? indicates
that the cyclic conjugation in ring A is stronger than that in ring B and even in
ring C. Needless to say that the cyclic conjugation in ring A much exceeds also
those in rings E and F. In fact, according to the NICS-vaues, only in the
peripheral rings D is the cyclic conjugation more intense than in A. (Recall that
the more negative a NICS-value is, the higher is the local aromaticity and cyclic
conjugation in the underlying ring.39-41)

TABLE I. Properties of the rings of TBCA (7) according to the labeling indicated in Fig. 4.
NICS(0) and NICS(1) are, respectively, the NICS values for the virtual charge located in the
center of the ring and 1A above its center; T is the sum of the lengths (in pm) of the six
carbon—carbon bonds forming the respective ring; A is the change of X relative toring A (A<O
indicates bond compression and increased cyclic conjugation relative to ring A, A>0 indicates
bond extension and decreased cyclic conjugation relative to ring A); f is the energy effect
computed by Eq. (1)

Ring NICS(0) NICS(1) > A ef

A -3.74 —7.09 852.8 0.0 0.0408
B +2.11 —2.00 854.0 +1.2 0.0389
C —2.47 —5.73 852.3 05 0.0458
D —5.74 -8.30 846.4 6.4 0.0982
E +0.26 -3.69 854.6 +1.8 0.0391
F +8.03 2.81 861.8 +9.0 0.0277

Bond lengths may serve as another indicator of cyclic conjugation: With in-
creasing magnitude of cyclic conjugation, the carbon—carbon bonds forming the
respective ring will gain in double-bond character and thus become shorter. This
effect is clearly seen from the bonds lengths of TBCA. The sums X of the lengths
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MODES OF CYCLIC CONJUGATION 1407

of the six carbon—carbon bonds of the respective ring are given in Table I. In-
deed, the Z-value of ring A is smaller than those of the rings B, nearly equal to
those of the rings C, and only exceeds those of the rings D. To see this effect
better, the difference A between the X-value of aring and the X-value of ring A
are also presented.

For the sake of completeness, the ef-values of all six-membered rings of
TBCA aredsoincludedin Tablel.

CONCLUDING REMARKS

Based on the above-described DFT calculations and the data collected in
Table 1, it has been demonstrated that the results of the presented ef-method
provide areliable and redlistic picture of the cyclic conjugation pattern of TBCA.
Attention was focused on TBCA as a benzenoid molecule for which a breakdown
of the Kekulé-structure-based theories is predicted by the ef-method. Therefore,
by confirming the validity of the predictions of the ef-method, a case was also
found for which, by considering Kekulé structures, one arrives at fallacious con-
clusions on the modes of cyclic conjugation and thus on local aromaticity. The
example provided in this work, namely tetrabenzo[bc,ef,0p,rs]circumanthracene
(7), is a strain-free and planar benzenoid hydrocarbon, with a n-electron system
for which Kekulé-structure-based theories were hitherto believed to be perfectly
applicable. It can now be seen that the domain of applicability of these theoriesis
somewhat more restricted than was previously thought.

Acknowledgement. The authors thank the Ministry of Education, Science and Techno-
logical Development of the Republic of Serbiafor support (Grants No. 174033 and 41010).

U3BOL
I[TOTBPBUBAILE HAUMHA TUKJIMYHE KOHJYTAITUJE ¥
TETPABEH3O0(bc,ef,0p,rsIHUPKYMAHTPALIEHY
WBAH ['YTMAH, JEJIEHA BYPREBUE, 30PAH MATOBUR u MAPUJA MAPKOBUR
Ipupogrno—matuematuuuxu Gaxyniieni Ynueep3utiewia y Kpaiyjesuy

LIMKINYHA KOHjyraudja y “mpasHoM” LieHTpaJoM mpcreHy Tetpadensolbe,ef,op,rsluup-
kymaHTtpaueHa (TBCA) je jaua Hero y cycefHUM “He-IpasHMM” NPCTEHOBHUMA, IITO NPOTHB-
peuu npegsuhamuma f0OMjeHUM MOMOhy MOJieNa 3aCHOBaHUX Ha KeKyseoBUM CTpYKTypama.
PaHuju mpruMepy oBakBe aHOMaJIHe IIUKJINYHE KOHjyrauuje HaheHu cy Koz HellaHapHHUX OeH-
3eHOUJIHUX CHCTEMA Ca BEJIMKUM CTepHHUM HamoHuMa. bynyhu ma je monexyn TBCA notmyHO

IJIaHapaH M JIMIIEH CTEPHOTr HAllOHA, MOJOBU HeroBe NUKIWYHE KOHjyTallfja MOIJIH Cy Ce Ipo-
BEPUTH U MOTBPOUTH nomMohy ab inicio DFT npopavyHa, Ha HuUBoy B3LYP/6-311+G(d,p).

(ITpumsbeHo 19. maja 2012)
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