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Abstract: In arecent work, a method was developed for assessing the influence
ief (G,Zy12;) of aring Z; on the energy effect of another ring Z; in a poly-
cyclic conjugated molecule G. Herein, a report is given of detailed numerical
investigations of ief (G,Z,|Z;) aimed at the elucidation of the influence of va-
rious six-membered rings on the intensity of cyclic conjugation in the five-
membered ring of acenaphthylene-type molecules. The earlier discovered regu-
larities for cyclic conjugation in acenaphthylene-type molecules (in particular,
the PCP rule and the linear rule) could thus not only be rationalized, but also a
number of hitherto concealed regularities could be envisaged.

Keywords. cyclic conjugation; energy effect of cyclic conjugation; acenaph-
thylene-type hydrocarbons; PCP-rule.

INTRODUCTION

In the theory of polycyclic conjugated molecules, 13 it iswell known that the
size and mutual arrangement of the rings have a profound influence on the be-
havior of the n-electrons and, therefore, on practically all physical and chemical
properties of the respective compounds. A method for assessing the effect of in-
dividual rings on the total n-€electron energy was already elaborated in the 1970s
and since then found numerous chemical applications; for details see the review4
and the recent papers.>-12 The energy effect (ef) of a ring can be viewed as a
measure of the intensity of cyclic conjugation in thisring.

Most of the investigations of the n-electron properties of polycyclic conju-
gated molecules were focused on benzenoid hydrocarbons.34 Acenaphthylenes
and fluoranthenes are structuraly very similar to benzenoid systems, differing
from them by the presence of a single five-membered ring. Y et, their systematic
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84 FURTULA etal.

study commenced only quite recentlyl3 and was eventually extended to species
the odd-membered ring of which has a size greater than five.12 A number of ge-
neral properties of these benzenoid-like systems could be established,8-12.14,15 of
which the most interesting are those related to cyclic conjugation in the five-
-membered ring.8-11

In this paper, acenaphthylene-type conjugated molecules are considered. Their
structure is evident from Fig. 1 and the subsequent figures; a more formal defi-
nition can be found elsewhere.13

4 5 6

Fig. 1. Acenaphthylene (1) and some of its congeners (2-6). The six-membered rings attached
to the parent hydrocarbon (1) that arein a PCP and a linear constellation are marked by P and
L, respectively; the other rings are marked by asterisks. A six-membered ringissaidto beina
PCP congtellation if it is connected to the five-membered ring by a single carbon—carbon
bond. A six-membered ring is said to bein alinear constellation if it is separated
from the five-membered ring by two carbon—carbon bonds.8:9:11

According to their position with regard to the five-membered ring, three ty-
pes of six-membered rings can be distinguished in acenaphthylenes: rings in a
PCP constellation, rings in a linear constellation, and rings that neither are in a
PCP nor in alinear constellation; for explanation and examples see Fig. 1.

Based on alarge number of calculations, it has been established®-11 that six-
-membered rings in a PCP constellation significantly increase the ef-value, i.e.,
the magnitude of the cyclic conjugation, in the five-membered ring (the so-called
PCP rule), whereas rings in a linear constellation slightly decrease it (the so-call-
ed linear rule). However, atheoretical explanation of these empirical regularities
was not possible to find. Namely, by introducing a new six-membered ring into
the acenaphthylene molecule, a large number of structural features (e.g., the
number of carbon and hydrogen atoms, the number of carbon—carbon bonds, etc.)
are simultaneously changed and it is not easy to separate cyclic from non-cyclic
effects. A way out of this problem was recently proposed.16 Its essence is that
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EFFECT OF A RING ON THE CYCLIC CONJUGATION IN ANOTHER RING 85

instead of comparing cyclic conjugation in two acenaphthylene species of diffe-
rent size and structure, one extracts the influence of aring on the ef-value of ano-
ther ring within the same molecule.

If, as usual 4 the energy effect of aring (or cycle) Zg of a polycyclic conju-
gated molecule the molecular graph of which is G is denoted by ef (G, Z), then
the influence of another ring (or cycle) Z; on the value of ef (G,Zg)will be
denoted by ief (G,Zgy|Z;) . How this latter quantity is calculated is briefly des-
cribed in the subsequent section.

THEORY

Let G be the molecular graphl3.17 of an acenaphthylene-type system, posses-
sing n vertices. Let Zg be its (unique) five-membered ring and Z; another ring of
G, which necessarily must be of size six. Denote by ¢(G, X) the characteristic
polynomiall’ of the graph G and let ¢(G-Zy,x), ¢(G-2Z;,x), and
o(G—-2Zy—24,X) be, respectively, the characteristic polynomials of the sub-
graphs G—Zy, G—-2;,and G- Z. Let further i be theimaginary unit, i = J-1.

It was shownl6 that the influence of ring Z; on the energy effect of ring Zg
can be expressed as:

ief(G'Zo|21)=g+fo A 1B A9 +1B() = A (X) | g 1)
T AX)+IB(X)  AX)+iB(x)—2iAy(X)

where
@(G,ix) =i"[ A(X) +iB(X)]
@(G~Zp,ix) =i"5[ Ay(x)]
9(G—24,iX) =i"8[ A(x) +iBy(X)]
P(G—Zy—2Z3,iX) =i" [ Ay (¥)]
and where A, B, Ag, A1, B1 and Agz are polynomials (in the variable x) all coef-
ficients of which are positive or zero; for more details see Ref. 16.
The calculation of the right-hand side of Eqg. (1) is not easy. However, the
true problem with Eq. (1) is that its structure-dependency is so complicated that
no generaly valid conclusion could be deduced from it. Using certain, pertinently

chosen by not very accurate, approximations, the right-hand side of Eq. (1) could
be simplified as:16

8 > A (Y[ AX) Aga (X) = Ap(x) A(X)] dx

ief (G’ZO |Zl)z;J. A(X)[A(X)2+4A0(X)2:| (2)
The advantage of formula (2) isthat al termsin it, except the difference:
AX) Apr(X) = Ap (X) A(X) (©)
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86 FURTULA et al.

are necessarily positive-valued for all x > 0. Therefore, the sign of the right-hand
side of Eq. (2), and thus also of ief, depends on the sign of Eq. (3).

It could be demonstrated!® that if the ring Z; isin a PCP constellation to the
five-membered ring Zg, then Eq. (3) is a polynomial of degree 2n-13 with a po-
sitive leading coefficient. Consequently, Eq. (3) gives positive valuesfor, at least,
sufficiently large x, implying that the right-hand side of Eqg. (2) is aso positive-
-valued, in good agreement with the PCP rule. If the ring Z; is in a linear con-
stellation to the five-membered ring Zg, then Eq. (3) is a polynomial of degree
2n-15 with a negative leading coefficient, implying that the right-hand side of
Eq. (2) is negative-valued, in harmony with the linear rule. If the ring Z1 neither is
in a PCP nor in alinear constellation to the five-membered ring Zg, then Eq. (3)
isapolynomial of degree 2n—17 or lower, but the sign of its leading coefficient is
not always the same. In other words, in this case the ief may assume both positive
and negative values. The following numerical studies gave examples for both
ief>0andief <O.

NUMERICAL WORK

In view of the fact that all the general regularities for ief (G,Zg|Z;), out-
lined in the preceding section,1® were deduced employing the approximate ex-
pression (2), the first point that needs to be checked by numerical calculation is
whether there is any agreement between the approximate and exact ief-values.
That such an agreement does indeed exist is seen from Fig. 2.

lief, Eq.(1)
0.008 ®
0.004 - °

1 [

'
0.000 /
..
ief, Eq.(2)
0.000 ' 01;02 ' 0.(;04

Fig. 2. Correlation between the exact (Eg. (1)) and approximate (Eqg. (2)) values of
ief (G,Z,]Z;) for acenaphthylene congeners, where Z, is the five-membered and Z,
some six-membered ring, numerical values are available from the authors upon request.
It should be noted that in no case do the approximate and exact ief-values differ in sign.

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

2009 Copyright (CC) SCS



EFFECT OF A RING ON THE CYCLIC CONJUGATION IN ANOTHER RING 87

The data presented in Fig. 2 show that from a quantitative point of view, the
approximation (2) is not particularly good: the ief-values computed by means of
Eq. (2) are about two-times smaller than the exact ief-values. On the other hand,
the correlation between the approximate and exact ief-values is remarkably good.
For qualitative considerations, it is of greatest importance that whenever the
right-hand side of Eq. (2) is positive (resp. negative), then the right-hand side of
Eqg. (1) isaso found to be positive (resp. negative). This implies that the inferen-
ces made based on Eg. (2) and the sign of the polynomial (3), specified in the
preceding section, remain valid also if the ief is calculated by means of Eq. (1). In
particular, our earlier offered® proofs of the PCP rule and the linear rule are now
seen to hold at the exact level of the theory.

In order to learn about the long-range influences on cyclic conjugation, the
ief (G, Zg | Zy) -values were examined for the six-membered rings Z, k=1,2,...,h
of the acenaphthylene congeners Ap, and By, depicted in Fig. 3. The respective
ief-values are plotted in Figs. 4 and 5.

&
880000
Ah

Fig. 3. The acenaphthylene congeners used for testing the influence of far-lying six-membered
rings, Zx, k=1,2,...,h, on the cyclic conjugation in the five-membered ring Zy, see Figs. 4 and 5.

Thering Z; in the system Ap, isin a PCP constellation and, in harmony with
the PCPrule, ief (A,,Zg|2,) ispositive-valued. Therings Zy, k= 2,...,h, may be
viewed as extending the PCP constellation. As seen from Fig. 4, the influence of
these latter rings is also positive and monotonically decreases with increasing k,
i.e., with the increasing distance from the five-membered ring. It may be said that
the ief-values of therings Zy, k=1,2,...,hin A have aregular behavior.

The case h = 2 is exceptional since in Ao, the influence of the ring Z5 is
greater than that of Z7. One should note that A» is the same as the naphthaleno-
acenaphthylene 7, depicted in Fig. 6. Its ief-values will be discussed in more
detail in connection with Fig. 6 and Table .

The situation with the system By, is somewhat more complex. Thering Z1 in
Bhisinalinear constellation and, in harmony with the linear rule, ief (By,,Zg | Z;)
is negative-valued. The rings Zy, k = 2,...,h, may be viewed as extending the
linear constellation. However, their ief-values are positive or near-zero. As seen
from Fig. 5, the influence of these latter rings increases with increasing distance
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88 FURTULA et al.

from the five-membered ring and dightly decreases only at very large distances.
It is difficult to understand such an irregular behavior and its rationalization will
remain atask for the future.
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Fig. 4. Influence of the ring Z of the acenaphthylene congeners Ay, on the magnitude of the
cyclic conjugation in the five-membered ring Zy, cf. Fig. 3.
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Fig. 5. Influence of the ring Z, of the acenaphthylene congeners B}, on the magnitude of the
cyclic conjugation in the five-membered ring Zy, cf. Fig. 3.
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EFFECT OF A RING ON THE CYCLIC CONJUGATION IN ANOTHER RING 89

Motivated by the above-described peculiarities of the ief-values of distant-
-lying rings, their detailed study was undertaken. From the numerous examples
examined, in the following, only the results for the six naphthal enoacenaphthyl-
enes, species 7-12 depicted in Fig. 6, will be presented. The respective ief-values
are given in Table I. Note that Ao and By in Fig. 3 are the same as 7 and 10 in

Fig. 6.
&) D]
98001980
7 8

10 11 12

Fig. 6. The six possible naphthal eno-annel ated acenaphthylenes; their ief (G,Z, | Z,) -
and ief (G,Zy|Z,) -valuesare givenin Tablel.

TABLE I. Influence of the six-membered rings in the naphthalene fragment on the magnitude
of the cyclic conjugation of the five-membered ring of the naphthalenoacenaphthylenes
depicted in Fig. 6. The ief (G, Z, | Z;) -values clearly obey the PCP rule (in the case of 7, 8 and
9) and the linear rule (in the case of 10, 11 and 12). For adiscussion on ief (G,Zy | Z,) seetext

Compound ief (G,Zy|2y) ief (G,Zy125)
7 0.00194 0.00199
8 0.00158 -0.00154
9 0.00154 —-0.00106
10 —0.00050 0.00018
11 —0.00053 0.00048
12 —0.00042 0.00015

As can be seen from Table |, the ief (G, Zg | Z;) -values behave just as ex-
pected based on the PCP rule and the linear rule. A genera regularity for the
ief (G,Zq | Z,) -values could not be envisaged. As aready noted, in the case of
molecule 7, ief (G,Zq|Z5) >ief (G,Zg|Z;) in spite of the fact that Zo is more
distant from Zg than Z;. For the systems 8 and 9, ief (G,Zy|Z,) is negétive,
whereas for 7, 10, 11 and 12, it is positive. Furthermore, although molecules 11
and 12 are known to have very similar n-€lectron properties, their ief (G,Zq | Z5) -
-values differ significantly.
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90 FURTULA et al.

In view of the above, it can be concluded that in the case of six-membered
rings in the PCP and linear constellation, the simple and generally valid rules
exist for their influence on the cyclic conjugation in the five-membered ring of
acenaphthylene congeners. In contrast to this, rings at a greater distance from the
five-membered ring (those marked by asterisksin Fig. 1) exhibit a quite irregular
and “ counterintuitive” behavior.

Acknowledgement. The authors thank the Serbian Ministry of Science and Technological
Development of the Republic of Serbia for partial support of this work, through Grant No.
144015G.

U3BOJ

YTHULAJ IIPCTEHA HA IUKJIMYHY KOHIYT'AIIMIY V IPYT'OM IIPCTEHY:
IMPUMEHA HA ITOJIMITUKJIIMYHE MOJIEKYJIE AIIEHA®TUJIEHCKOI" TUITA

BOPHC ®YPTYJIA, UBAH I'YTMAH, CBETJIAHA JEPEMIR u CJIABKO PAJIEHKOBUR
TpupooHo-maitiemaitivuku Gaxyaitieiti Yrueepauitieiia y Kpazyjesyy

HenasHo je pa3sujeHa Meroza 3a npoueny yruuaja i€f (G,Zy|Z;) npcrena Z; Ha eHeprercku
edekaT HEeKOr IPYyror mpcreHa Zg y MOJMIUKIMYHOM KOHjyroBaHoM Mmoiiekyny G. Y oBom pany
CAOMIITABAMO pe3yiITaTe IeTabHHX Hymepuukux ucrpaxusama 1€f (G,Zg|Z;), ycMmepennx Ha
NpoyyaBamke yTHIaja Pa3HUX IIECTOWIAHMX NPCTEHOBA HA MHTCH3UTET IMKIMYHE KOHjyrauuje y
MIETOWIAHOM IIPCTEHY MOJIeKyJ1a arieHadTiieHckor Tuna. OBUM Cy Morjie OUTH pa3jallbeHe paHuje
OTKpUBEHE NPABHIHOCTH 33 HUKIMYHY KOHjyTauujy y jeAWmeHhUMa alueHa()THICHCKOT THIA
(napouwuro, ITLIT npaBUIIO ¥ JIMHEAPHO MPABUIIO), AJIK CY YOUCHE M HEKE JAPYyTre 3aKOHHTOCTH.

(Mpumibero 2. jyna 2009)
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