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By examining the energy effect of cyclic conjugation in
individual rings of acenaphthylene- and fluoranthene-type
polycyclic conjugated molecules, a peculiar regularity - named the
“PCP rule” - was recently discovered [Gutman, I, Purdevi¢ J &
Balaban A T, Polycycl Arom Comp, 29 (2009) 3]. According to
the PCP rule, a six-membered ring which is connected to the five-
membered ring by a single carbon-carbon bond increases the
cyclic conjugation in the five-membered ring. An analogous
regularity also exists in polycyclic conjugated species possessing
an odd-membered ring of size greater than five.
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The  m-electron  properties of  benzenoid

hydrocarbons have been investigated in theoretical
chemistry for almost an entire century, and have been
discussed in booksl'4, reviewss’g, research papersg'ls,
and the references cited therein. In a striking contrast
to this, the class of structurally closely related
polycyclic conjugated systems, in which one ring is
odd-membered (usually five-membered) has been
almost completely ignored. Very recently we have
initiated a systematic research along these lines'®>".
One of the remarkable and fully unexpected
discoveries made was the so-called PCP rule (or PCP
effect)’””. We found that in acenaphthylene- and
fluoranthene-type conjugated hydrocarbons the
magnitude of cyclic conjugation in the five-membered
ring is significantly increased if the molecule
possesses one or more six-membered rings which are
connected to the five-membered ring by exactly one
carbon-carbon bond. (The underlying five- and six-
membered rings form a phenyl-cyclopentadienyl
fragment, hence the name PCP). The magnitude of
cyclic conjugation was assessed by its energy effect
(ef)20'21. However, the PCP effect has eventually been
corroborated by a variety of other theoretical
approaches™? also. The PCP effect is illustrated in
Fig. 1.

Acenaphthylene, fluoranthene and their congeners
are polycyclic conjugated systems in which one or
two benzenoid fragments are attached to the five-
membered ring'®. An immediate extension of these
polycyclic conjugated molecules are the systems in
which one or more benzenoid fragments are attached
to an odd-membered ring of size R, (R > 5).. In what
follows we denote this class by I'g . Thus, a polycyclic
conjugated molecule belonging to class I'r possesses a
single odd-membered ring of size R and all its other
rings are six-membered. In Fig. 2 are given
characteristic examples illustrating the structure of the
members of the class I'r, and explanations of the
terminology used below. Acenaphthylene,
fluoranthene and their congeners belong to the class
I's whereas pleiadiene and its congeners (shown in
Fig. 3) to the class I';.

At this point the natural question is: Is the PCP rule
limited to the members of the class I's or can its
validity be extended? Herein we report our findings
which show that the latter is true, and that cyclic
conjugation in the odd-membered ring of any member
of I'r, R > 5, is amplified by six-membered rings
connected to it by a single carbon-carbon bond. In
Fig. 3 this is illustrated by pleiadiene and its
congeners.

On the energy effect of a ring

In the present work we have used the standard
method for assessing the magnitude of cyclic
conjugation in a ring of a polycyclic conjugated
molecule, based on the effect that this ring has on the
total m-electron energy. For the details of this
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Fig. 1 — Examples illustrating the PCP effect™ . [Fluoranthene
(F)); benzo[a]fluoranthene (F,); dibenzo[a f]fluoranthene (F3).
The six-membered rings which are in PCP constellation to the five
membered ring are indicated by asterisks. The ef-value of the five-
membered ring (multiplied by 10,000 and expressed in the units
of the HMO carbon-carbon resonance integral ) is inscribed into
this ring; for details see text].
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approach see the review,” the recent papers™~ and

the references cited therein. In nutshell, if G is the
molecular graph of a polycyclic conjugated molecule
and Z is a cycle contained in G, then the energy effect
of this cycle is computed as

B _zw | (G, ix) |
ef =ef(G.Z) = ”£1n|¢((;,ix)+2¢(G—Z’ix)|dx

- (D

In Eq. (1) G-Z is the subgraph obtained by deleting
the cycle Z from the molecular graph G, ¢(H,x)

denotes the characteristic polynomial of the graph H

(in our case: H=G and H=G-Z ), and i=x/—_1. In Eq.
(1), the quantity ef is expressed in the units of the
Huckel molecular orbital (HMO) carbon-carbon
resonance integral B. Since P<0, positive ef-values
imply thermodynamic stabilization (caused by the
cycle Z). Therefore, the larger is the ef-value of a ring,
the stronger is the (stabilizing) cyclic conjugation in
this ring.

The fact that ef provides a reliable quantitative
measure of cyclic conjugation in a ring of a polycyclic
conjugated molecule has been confirmed by several

independent studies, for instance®*,

Gy

Fig. 2 — Three members of the class ['g for R=9. In G; and G; a
single benzenoid fragment (benzo[a]pyrene) is attached to the
9-membered ring, in G; three benzenoid fragments are attached
(naphthalene, phenanthrene and pyrene). Benzo[a]pyrene in G
and naphthalene in Gj; are attached in a “female” mode, whereas
the mode of attachment of benzo[a]pyrene in G, and of
phenanthrene and pyrene in G is referred to as “male”".

Cyclic conjugation in odd-membered ring of
conjugated molecules of class I'r

The currently most frequently employed theoretical
methods for describing the behaviour of polycyclic
conjugated m-electron systems are based on the
examination of their Kekule structures, conjugated
circuits or Clar aromatic sextet formulas'™*’. These
methods work reasonably well for benzenoid
hydrocarbons. However, in the case of molecules
from the class Iy these theories predict that
cyclic conjugation in the odd-membered ring
is zero. (Such a prediction is based on the fact that in
I'r-type molecules some carbon-carbon bonds of the
odd-membered ring are single while some are double
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Fig. 3 — PCP effect illustrated for pleiadiene (P;) and its
congeners. These examples illustrate the validity of the POR
effect in the case when the size of the odd-membered ring is 7.
With the increasing number of rings marked by asterisks, the ef-
values increase in the homologous series P, — P, — P5 ,, P, — Ps —
Ps—P; ,,Ps—Py— Py, Py—P; —P;, - Pj3and Pg—- Py - Pys.
Notice that six-membered rings in the “male” benzenoid fragment
have a much weaker influence than the six-membered rings in the
“female” benzenoid fragment.
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in all Kekule structures. This gives the impression
that the m-electrons in the odd-membered ring
are localized and therefore cyclic conjugation is
absent).

More subtle theoretical considerations, such as
those based on Eq. (1), show that although the cyclic
conjugation in the odd-membered ring is much
weaker than in the other six-membered rings, it is far
from negligible. Furthermore, its magnitude is rather
sensitive to the structural details in the vicinity of the
odd-membered ring. Examples illustrating this fact
are given in Figs 1 and 3.

Examining in more detail the cyclic conjugation in
the five-membered ring of I's-type molecules™', we
envisaged a regularity, named the PCP rule® (cf.
Fig. 1). We are now in a position to formulate a
somewhat more general regularity, of which the PCP
rule is a special case for R=5. We propose to name it

the POR rule, from phenyl-odd-membered-ring.

If a six-membered ring in a I'z-type molecule is
connected to the odd-membered ring via a single
carbon-carbon bond, then we say that it is in a POR
constellation to the odd-membered ring (see the rings
marked by asterisks in Figs 1, 3 and 4).

The POR rule

In a molecule belonging to the class I'g, six-
membered rings in POR constellation increase the
magnitude of cyclic conjugation in the odd-membered
ring. The greater is the number of six-membered rings
in POR constellation, the stronger is the cyclic
conjugation in the odd-membered ring. The fact that
the POR rule is applicable to odd-membered rings of
any size is illustrated by the data given in Table 1.

Only the six-membered rings in POR constellation
influence, significantly, the cyclic conjugation in the
odd-membered ring. Other types of six-membered
rings have a much weaker effect, as seen from the
examples shown in Fig. 5.

H H, Hy

Fig. 4 — Members of the class I'x whose ef-values for the odd-
membered ring are given in Table 1. The six-membered rings in
POR constellation to the odd-membered ring are indicated by
asterisks.

According to the above formulated POR rule, six-
membered rings in POR constellation increase the
magnitude of cyclic conjugation in the odd-membered
ring. If so, then a carbon-carbon bond which is single
in all Kekule structures should acquire a certain
amount of double-bond character and thus become
shorter. Analogously, a carbon-carbon bond which is
double in all Kekule structures should lose some of its
double-bond character and thus become longer. This
geometry change, caused by the POR effect was
checked, on pleiadiene (P;), benzo[a]pleiadiene (P,)
and dibenzo[a,flpleiadiene (P;) (cf. Fig. 3). Their
ground-state geometries were determined by density
functional theory at the B3LYP/6-311G(dp) level,
using the GAUSSIAN 03W package™, ver. 6.1. The
geometries of the species Py, P, & P; are shown in
Fig. 6. The bond lengths relevant for the present

Table 1 — The ef-values (in B units) of the odd-membered ring of
size R in the molecules depicted in Fig. 4. [In H, there are no POR
constellations, whereas in H, and Hj; there are, respectively, one
and two POR constellations. In harmony with the POR rule, for
all values of R, ef(H,) < ef(H,) < ef(H;)]

R of (H)) ef (Hy) ef (Hz)
5 0.0114 0.0206 0.0390
7 0.0052 0.0104 0.0221
9 0.0028 0.0062 0.0141
11 0.0017 0.0040 0.0097
13 0.0011 0.0027 0.0070
15 0.0008 0.0020 0.0053
17 0.0006 0.0015 0.0041
19 0.0004 0.0011 0.0032
21 0.0003 0.0009 0.0026

Q

Fig. 5 — PCP effect illustrating that six-membered rings that are
not in POR constellation only weakly influence the ef-value of the
odd membered ring in pleiadiene congeners. Analogous results
are obtained for systems with odd-membered rings of larger size.
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Fig. 6 — The geometry as determined by the B3LYP/6-311G(dp)
ab initio method. [(a) pleiadiene (P;), The molecule was found to
be perfectly planar; (b) benzo[a]pleiadiene (P,); (c)
dibenzo[a,f]pleiadiene (P;). The lengths of the carbon-carbon
bonds £, i, j, k, 1, labeled as in (a), are given in Table 2].

considerations are given in Table 2. Other details of
the respective geometries can be obtained from the
authors upon request.

In pleiadiene (P;) and its derivatives (P, & P;), the
lengths of the carbon-carbon bonds 4, i, k, [ (as well
as of other bonds, not reported herein) are found to be
greatly influenced by the steric interaction (repulsion)
between the near-lying hydrogen atoms (Fig. 6).
Therefore, the best bond for testing the POR effect
would be j, which in the Kekule-structure picture is
single. Indeed, as seen from Table 2, its length
decreases with the increasing number of POR
constellations.

Much less convincing is the finding that (in
agreement with the POR rule) the bond # is shorter in
P, than in P,. The fact that it is extended in P; is to be
expected on the basis of increased steric repulsion
caused by the near-lying hydrogen atoms. Why the
double bond, 1, is slightly shorter in P, than in P; is
not easy to explain. This certainly contradicts what we

Table 2 — Lengths (in pm) of the carbon-carbon bonds, 4,i, jk, /
(as indicated in Fig. 6) of pleiadiene (P;), benzo[a]pleiadiene (P,)
and dibenzo[aflpleiadiene (P;), as determined by the
B3LYP/ 6-311G(dp) ab initio method

Bond Type P, P, P;
h single 146.22 146.17 146.38
i double 134.66 134.61 134.74
j single 143.99 143.78 143.77
k double 134.66 134.80 134.74
1 single 146.22 146.36 146.84

would expect on the basis of the POR rule. Therefore,
the fact that in P; this bond is significantly longer than
in P, and P, cannot be taken as a persuasive argument
in favour of the POR rule. As already explained, the
length of the bonds k and / is so much affected by
steric repulsion that the influences of the POR effect
(if any) are fully obscured.

Anyway, the calculated geometries of Py, P, and
P;, especially the length of the steric-strain free bond
J, provide evidence of the validity of the POR rule, at
least in the case of pleiadiene derivatives.

The results and examples presented herein are just
a selection of a much greater number of ef-values
calculated by us. Without a single exception, these ef-
values obey the POR rule. Our calculations indicate
that the POR effect is strongest in acenaphthylene-
and fluoranthene-derivatives (i. e., in the class I's),
somewhat weaker in pleiadiene-derivatives (i. e., in
the class I';), and is gradually attenuated in the
analogous molecules with larger odd-membered rings
(classes I'g for R=9,11,...). This is clearly seen from
the data given in Table 1.

Another peculiar feature needs to be pointed out
here. Although the POR effect exists in all cases when
hexagons in POR constellation are present, its
magnitude is visibly greater in cases when the
respective hexagon belongs to the “female” benzenoid
fragments (cf. Fig. 3). This phenomenon, first noticed
in the case of I's-type molecules”, deserves to be
examined in more detail.

In our opinion, the polycyclic conjugated
molecules belonging to the classes I'g, R = 5,7.9,...,
provide an interesting, natural and non-trivial
extension of the earlier much studied class of
benzenoid hydrocarbons. Some properties of
benzenoid hydrocarbons are preserved also in ['g-type
species. On the other hand, some properties of the ['k-
type species are new and some are also
unexpected'®*. We hope to have contributed to the
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better understanding of these latter properties, and
intend to continue along the same lines.
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