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Abatrsct-KekulC forms of conjuga.tcd hydrocarbons are examined and an altcrnati\e descriptton based on a set of 
circuits with a formal alremarion of singk and doubk bonds rather than ~radttional set of Kckult swucwres 
offered The approach is graph theoretical and rhc analysis conwts m enumeration of hex unique wcurb (called 
conlugakd cucuw and wbxquent p&amctriza~ron uhcn mokcular propcriics arc dIscusA The conccpl of 
conjugated circuits appears close IO chemical Ideas and was found ID directly lead to crprcswns for resonance 
cncrgie\ A pre\rowiy hriefl) outlmed scheme on \rlcckd bcnrcnoid \)stcm\ ((‘hem. Phvs. f.fJlfrr 38. NI i 1976)) 
h;t\ nuu been extended 10 larger twvcnoid sy\tcm\, c~clobutadie~.c~n~aining system\ and several hentoc)clo- 
oc~awraents. and large numlw of non.allernanl hydrocarbon\ NMc in benrcnuid hydrocarbon\ oni) wcuib of 
iJn - 2) me arise in c)clohutadrencr, also conjugaicd circutts of Jn opt arw mdtcahng the orr(tm for a le\\er 
\tahilrt) of thcx mokcuks. In pol~cyclic non-allernanl \y\rcm\ come compounds hake only conjugated ~lrcuirc of 
(4n - 2) sire. and distantI> rewmblc hewcnolds Others hahe conlugalcd circuits of Gn * !I and Jn L;md and 
\hould suh\tquentl) he expected IO \hw a grcalcr dwmldarit)- wrh benrcnoid s)srem\ A rcprcsenlaW_e 
molccuk of Ihe fir\1 kind ir .~zulcne and a di\crirnm&on of non-allcrnan~~ in u:uknor& c.e. those hdbing only 

(4n - 2) conjugated crrcurts. and non-a.-ultnoidt (other\) has been suggested. Kcwnancc encrgic< of both classes of 
compounds arc cxammed and the decom~~itlon of the ct~n]ugali(~n Into ilrcuits of different WE i\ wed 2% the 

ha& for an mdcpcndent c\timafc of rc\onancc cnergtc\. of Ihe quaht} of SCb’ MO calcu/atwi\. An tmprc=i\c 
agreement of [he simple graph lhcorcbcal approach and fairl) elaborate IteraWe Azulahons I\ found. rhlch in the 
ma)orlt) of <;a~\ I$ urthin onl) fcu hundredth\ of an c\’ In contraxt IO uwal cmpuic.rl curse-fitting prwcdurct the 
paramercr\ intobed hate simple \IrucruraI ~~gmlkancc. There arc \ome formal GmlarW\ bclween the graph 
theoretical spproach ha4 on rhc concept of conlugalcd circuit\ rnd a \‘H semiempu~cal \arlanl dc\elopcd b) 
Hcrndon. The con~ucncc onI!_ reveals the comhina!orral foundation\ of Ihe Kckulf \Wucturcs on uhtih rhe tuo 
approachc* arc hased Stmrtaritrcs and diffcrenccs lof a conccplual nature! of Ihe tuo closely related schemes arc 
dt\cu\scd. and somhmcd Ihe) o&r a useful method for diccuswn of conjugated c)sttm\. qualtlatl\cl+ and 
quanttfatt\cly of a predictive power and accurac) asstwa~cd wth SW MO calculations. Combinatorial basis uf Ihe 
aaph rheorcrical scheme hwcvcr offer additional interesting connections between propertus. such as resonance 
energw\. of different molccuIc\. The\e follou~ from the etpre\wn\ for rcrunance cncrPz\ uhlch ha\e noI hccn 
prc\wu\l) <an\idcred 

Recent ;ipplications of Graph Theory IO organic chcmir- 
try’ brought IO light several tnteresIin~ rel~itl~~nships be- 

tween Ihe structural data as supplied b! the Kekuie 
valence formulas. and molecular fcalures a\ reflected in 

MO calculattons. Since the connecG~,~y of ;I molecular 
graph is analytically represented bg the adjacency ma- 

trix.’ which for conlupated h>-drwarhons is identical ta 
the Hiickel matrix.’ . II appears that the application of 
the graph theory to conjugated hsdr[~~~r~lns IS nothing 
hut disguised HMO. Thir is nor the case. Graph Theory 

feature\ ;1 pxt of cwmhinofotial theory, hence it enu- 
merates poAhilitics. characterircs and classifies s)sIems 

according IO some structural property. It essentialI) 
manipulate\ with integers. is concerned with sequencing 
structures of systems as well as generaling struclures 
with certain prescribed qualtties. Graphs become con- 

venient representations of relationships between Ihe cle- 
menIs considered :rnd are of great advan(;lpc when the 
number of combinatorial possibilities is I;trpe. In prob- 
lems with few combinatorial possibilities one may in- 
luilwl~ resolve the Glualion nol necessarily realizing 

that one deals Gth some aspects of the Graph Theory. 
Thi\ completely parallel\ the situ~iIion in problems with 
feu symmetry properties u-hich may be well resolved 
without erpltcit use of the Group ‘Theor!. It is in the 

study of systems with Iirrge combmatorial possibilities 
Ihat graph theoretical approaches offer a more \y\- 

lcm;rIic irc;rlmcnt. 

Graph Theory can lead IO general numerical results. 

hut these arc derived through correlations with data 

(theoretical or experimentali from other sources. rt 
direcr use of cigenvalues and eipenvectors of the ad- 

jacenc) matrix of ii molecular graph of conjugated 
hydrocarbon implies a special correlation. Since Hiickel 

energies and HMO have been found IO be of limited 
value. such a special correlaIion it rather limited in USC. 

However. one may correlate cerIain graph theoretical 

quantities with data from more accurate SCF hi0 cal- 
culation\. Sot only that one finds correlations of im- 

pressive accuracy hul itI\0 conceptualI> novel views on 
conjupallon. resonance energ) and ;Iromaticity follows. 
Namely, graph theoretical schemes are distinguished 

from other schemes hased on empirical correlations in 
IhaI the derived expression\ AloW a direct structural 

inrcrprctation of the parameters involved. Comparison of 
the results for different molecules ma) reveal novel 
connections and common combinatorial components. 

BeGdes the adjacency matrix. iIs characterrstic poly. 

nomial. eigenvalues and elpnvectors. Graph Theory 

considers variou\ other properties of a sysIem which arc 
associated with the ~.~~n~e~r;r;r~ of the sytem. In par- 
ticular sWtou\ subgraphs derived h! fragmentatton of 
the structure are of special interest. lhese include as a 
special case Kekule structure\ ;md strucIure\ ohtained 
by theu superposition. Similarly. rings and circuiIs par. 
Iray another kmd of component of interest in the charac- 
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terkdon of graphs of molecular delclons. A search for 
various componenI\. Iheir cnumeralion and charac- 
lcrintlion provide\ an imporlanl aspecl of application of 
Graph Theor) IO molecular \IrucIures. In such con- 

sidcralions one is interested IO discern cerlain \lruclural 

clcments which allow some ordering of different \truc- 
tures. Once a set of structurec has been ordered one may 
use chemical intuition IO tcarch for molecular propertie\ 

IhaI follow approximaIely Ihc same order. Here the 

graph theoretical analysis ends and chemical application 

begins. II is importan IO rcalire IhaI a \Iep from graph 
theoretical analysis IO assignment of numerical values IO 

parameters which appear in the scheme represents a 

jump. Purely mathematical quanIiIies and concepIs now 
receive cerIain physical inIerprcIation and dimension. 

Ihrenc equals sum 3/! of the RE of henzcne and naph- 
Ihalene and 3 of anlhrdcene. Resuh\ of this kind. which 
are of combinatorial origin. have not been perceived in 
the long hi\Iory of quanIum chemical calculaIIon\ ahun- 

danI with MO daIa. However. Ihe Graph Theory should 
noI be judged solely on iIs capabilIty IO simulate sclec- 

Ied numerical resulI\ from experimenI\ or from other 
tbe.oreIical models. The qualiIaIivc idea\ and concep- 

tualism ouIlined in IhIs paper may Iurn out IO he more 

significanl than the numerical result\. 

In this paper we will examine conjugation in hydro- 
carbons from a graph theoretical poinI of view. In par- 
Iicular WC will closely examine individual circuits in 
polycyclic conjugated hydrocarbons and will consider 
how each of the Kekule valence structure distributes [he 
formally single and double CC bond\ along a circuit. II 

follows IhaI only few among all po\siblc circuits have a 
regular alternation of [he formall) Gngle and [he double 

bonds. ‘The analysis consisI in discerning and subsequent 

enumerufion of such regular circuits-which we call 
conjlcXared circuifs.” The conjugaIcd circuiIs rcprcsenl ;I 

new struclural conccpI-and as chemical inluilion sug- 

gesIs. may play an importanl role in Ihc characterization 
of \elecIed properries of conjugaIcd molecule\. In Ihc 

recenI preliminary communication’ it has heen shown 
that conjugated circuits lead IO simple expressions for 

the rc\onance energies (RE) of benzenoid hydrocarbon\. 
Nor only IhaI KE of man) fu\cd henzenoid hydro- 

carbons could be predicted with a remarkahle accuraq 
with as few as four derived panIIIetCrS. bul the 
parameIcrs used have a simple inIerprcIaIion.” Moreover. 
Ihe analysis has pointed IO unsuspected relations among 

RF of differen molecules. For example RE of phcnan- 

Conjugortd (4n - 21 circuifs. WC will lllusIraIc the ap 
preach and the conccpI of conjugared circuits using the 

example of phenanrhrcnc. There are five KckulC struc- 
lures for this molecule ('l';~blc I). The three fused bcn- 
Lent rings pive rise IO circuits of 6. IO and 14 carbons. 

For each separate KekulC \Iructure all different circuits 
are examined and those which formally contain an al- 
ternation of CC single and douhle bonds arc registered. 
We use a symbol R. for a circuiI of (4n t 2) Gze. The 
result of such an anal)\is is summarized in Table I. The 
concept of conjugaled circuits provides an allcrnalive 
viewing of the conjugation content usually summarized 

by [he seI of all KekulC valence forms. Notice that for all 

the Kekule forms of phenanthrene. exccpl the last. the 
number of conjugated circuiIs it equal IO Ihe numher of 

fused benzene rings. In order IO mainlain this useful 

relation of an equal number of conjugaIcd circuils for 
each KekulC form one of the conjugaIcd circuits in Ihe 

las~ valence structure should be eliminated. A clovzr look 
of the conncctivit) in phcnanthrcnc reveals that no1 all 

circuits in this structure are independent. For example 
the molecular perimeter can he obrained from a super- 
position of circuils of smaller Ge: 
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l’ahlc I. Ikcompositron of the fibc KckulC srrucwrc\ of phcnanthrenc mro clrcutb uith an allcrnalron of 
the smgk and the do&k CC bond. In order IO make the ~ndrvidual circuifr visible only one such clrcuif is 

shown al the lime 
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If we now assign the single and the double bond decrease with the sire of the conjugated circuit it follows 
character IO the perimeter as implied in the last Kckulf that for the dtscussion of the RE of conjugated hydro- 

form it becomes apparent that conjugated circuits R,. K: carbons the dominant role is played hy the smaller 

and R, are linearly dependant. In other words one of the conjugated circuits R, and R:. This may be vicwcd as an 

conjugated circuits depicts a duplication of the in- alternative formulation of the finding of Herndon” who 
formation on conjugation contained in the particular in his Resonance-Structure Theory concludes that for 
Kekule valence structure and can be justifiably eli- benzenoid hydrocarbons it is not necessary IO include 
minated. In view of the subsequent corrclarion of con- higher conIribuIions Ihan Ihosc from fist: pairs of douhlc 
jugated circuits and RF in bcnzenoid hydrocarhonc bonds in calculating RF. Howcser. for larger molcculcs an 
where large circuits generally make little contribution it accumulation of Ihc contributions from R, and R, con- 
is plausible to resolve the problem of linear dcpcndancc jugated circuirs make a significant conIrIbuIion IO RF 
of by excluding the largest circuits involved. which should not be overlooked. 

A search for conjugated circuits and their cnu- 
mcration demands a lict of all the Kckule valence struc- 
lures of a molecule. While these arc not difficult IO derive 
for systems builr from a few condensed rings. the 
situation becomes somewhat involved for larger molc- 
culcc. For example there are 50 Kckuli structures m 
ovalcne.‘ and a systematic and an efficient consIrucIion 
procedure is desirable in such instances. II appears Ihat 
the question of obtaining all the Kckule forms for (lar- 
ger) molecules has not ken considered in Ihc literature. 
TO facilitate an examination of conjugated hydrocarbons. 
an algorithm which closely follows a recently reported 
scheme for the enumeration of all Kekule slructures’ has 
been devclopcd and adopted for a computer use.” 

In Table 2 we list ~hc decomposition of the conjugation 
for selected benrcnoid hydrocarbons having several 
fused benzene rings in terms of conjugated circuits. II 

represents a continuation of a similar ~ahlc of the prcli- 
minary report which contains the same results for smal- 
Icr bcnzenoid hydrocarbons. 

Perylcnc. rerhrcnc and related hIpher homologs make 
a special class of structures. For them Ihc number of 
conjugated circuits contained in all Kckule structures is 
smullrr Ihan Ihc number of fused bcnrcnc rings. As wc 
see from the decompositmn of Ihc conjugation in con- 
jugated circuits in such molecules the conjugatmn is in 
fact co&cd IO isohed fragments of rhe sIructurc. The 
IWO naphrhalcnc moieries in pcrylenc arc scpararcd by 
“cssenIiallg” single bonds. The ccmral ring in pcrylenc 
does not participaIc in anv conjugate circuir. iI is devoid 
of on,v conjugation. and can hc smwed. as Clar has been 
advocating.” as an 0ti~)l.v ring. II may bc useful lo refer 
10 systems such as pcrylenc as c-onjI~Rorion-cfefic-ienr 
systems. The dlffcrence bcrwccn the number of con- 
jugated circuits found in such molecules and the number 
expected from the number of fused rings Indicates Ihc 
degree of the deficiency present. 

WC assume-at this slagc of the devclopmcnt of the 
scheme-thaI circuits involving more than IWO rings (R,. 
It. R,j arc equivalent even if they differ in a shape. ‘The 
validity of this assumption can be evaluated by compar- 
ing resonance energies of molecules Ihat differ only by 
the shape of conjugarcd circuits. but noI in their number. 
Such are for instance the IWO isomers of dibcn- 
zanthraccnc shown bclou 

Rcsonancc cncrpics arc c;IlculaIcd from expressions 
showing the number of conjugated circuits of different 
silt using the paramclers derived from linear accncs.’ 
They are shown in Ihc IasI column of Table 2 

Son-hn:enoid cllfemanl Ir~dnuwho~~s In bcnrcnoid 
hydrocarbons only conjugated rings of (4, t 21 sire occur 
which signify the pronounced srability of rhcsc molc- 
cules. The extension of the approach IO non-hcnrcnoid 
alternan hydrocarbons IO be cxamIncd now inIroduccs 
conjugated circuits of 4n sILe. bcsides those of (4n t 21. 
As a conscqucncc. Ihc stabiliIy of such systems in some- 
what reduced. Wc will illusrratc Ihe situauon on biphcny- 
lcnc. Thcrc arc five Kckuli forms for this hydrocarbon 

WC wdl refer IO such molecules as isoconjugofe su- 
~em.s.‘” As will bc seen later such isoconjugatc systems 
arise also among non-bcnzenoid hydrocarbons. One can 
trace their origin IO the presence of a nonequivalent 
bond having a like Pauling bond order. The SCF MO 
resonance energies calculated for Ihe above compounds 
are identical, justifying our assumption. 

Another interesting property of bcnzenoid hydro- 
carbons is a monotonic decrease of the number of larger 
conjugated circuits in the decomposition of the con- 
jugation. Generally the coefficients of various R. in the 
derived expressions for circuit decompositions decrease 
with n. One can view the first coctficicnt in such an 
expression as a measure of the bcnzenoid character of 
the system-an index of expected similarity with ben- 
Lene.!’ Also since the numerical parameters adopted for 
reproducing RF of benzene. naphthalenc. anthraccnc and 
telracene:’ 

R, = O.M9cV; R?‘=. 0.246eV: R, = O.lOOcV 
K, - 0.041 eV 

mmoI_o 

2R. f 0; 2K: I (I.. ZK, - Q 

mm 

?K i (I, Q, f ‘U: 

Mow each Kekule form we indicaIc Ihe number of 
conjugaled circuirs present in it. Here R, again stands 
for conjugated circuits of sire (4, + 2) and Q. stands for 
conjugalcd circuils of size 4n The summation of Ihc 
contriburions of the individual Kckulc forms gives for 
hiphenylenc: gR, - 20, - 4Q t 0,. For a selection of cy- 
clobut:Idicncs and bcnzocycloctaIetracncs Ihc results of 
the dccomposinon of the molecular conjugaIion into the 
circuits components is shown in Tables 3 and 4 rcspcc- 
Iivcly. 

The derived cxprcssions giving the amount of con- 
jugated circuits in a molcculc can again serve ;I\ rhc hati\ 

for a discussion of KE of these sysIems. This requires ;I 
sclcclion of numerical values for the paramcmrs R. and 
Q. which have IO bc Iaken from another source. In 
contrast to reported RE for bcnrcnoid systems the cal- 
culated resonance cncrpics for non-bcnzcnold systems 



Tabk 2. Decomposition of conjup!ion con&cd in KekuK srrwrures of bcnzcnoid 
hydrocarbons inro linearly independent conjugated circuits of size (4n t 2) - R, 

RE(cV) 

(IOR, t SR, t 6R, * 4R t ?R,)/6 

(22R, t I?R, t 7R, + 3R. t RJ9 

aa 

(MR, - 16R, - 6R, t 2RUl2 

1 

i 
(3OR: + MR, - 6R, t RJ/II 

I 

WR, - 2OR, l 5R,)/l3 

(24R, - I2RJ9 

(4?R, t 14R, - 5R, t 3R 4 R,Vl3 

(26~, t 16R, + .cR, - 2R t RJlO 

MOR, t 2OR, + SRJl3 

MR, - ISR, t !R, t RJl4 

(76R, t 24R: * l4R, * 6R.)/20 

MR, * UR, + I?R, * 2R.)/24 

(75R, -4?R, t 9R,)/!I 

(8 (d!R, - 26R, - I?R, t %)/I4 

l.u83 

2 543 

2.991 

2.830 

3.08d 

2.646 

3.120 

0 (24R, t IRR, * 12R, + 6R)/lO 
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RE (eV) 

WR, - ZRR: - IZR, - SR t R,)IZ? 

WR, - 48R: - !7R, t IL)/20 

Il9!R, t 48R, t 26R, t IX. + ?R,W 

(IlOR, + WR, + 46R, + 4R.1135 

(NOR, - 4OR: + IORJES 

WR, t 48R, * MR, t 24R. - IZR,)/!O 

(l%R, - IOSR: - 66R, t 24R. + 4R,)/40 

COOR, - 16OR: - 1 lOR, - 26R - 4R,W@ 

appear generally in substanL)ly lesser accord when the 
results of different aulhors are compared. We have adop 

ted as a source for correlation the SCF MO calculations 
of Dewar and Gleicher” since primarily in that work 

more than a dozen benzocyclobutadicncs have been re- 

ported. Systematically shifted numerical values due lo a 
different scale adopted do not necessarily cause concern 

when comparing different source\. Discrepancies of a 

more troublesome kind concern the relative magnitude\ 
of *elected molecules. For example. Dewar and Glei- 

cher” reported very close magnitudes for RE of anth- 

ra(h)cyclobutadicnc and phenenthro( I)cyclobutadiene. In 
contrast Herndon and Ellzey“ found the difference in 

the RE of ~hc same pair of molecule\ IO be an order of 

magnitude larger. In the present work we are concerned 
with a presentation of an olfrmofiw mule to derivation 
of RF. and the above difference\ and their origin arc 
outside the scope of our theme. The prime result of our 

graph theoretical approach arc the exprcssiont for RE 
based on the concept of conjugated circuits. The actual 
numerical values for RE will depend on a selection of 
parameters R. and Q. occuring in expressions rcpre\ent- 
ing the decomposition of the conjugation. In order IO 
avoid proliferation of empirical parameter\. particularly 
a\ we are here primaril) intcrcstcd in illustrating the 
scheme. we have adopted R, values already used in 

benzenoid systems. The following values for Q. arc 

assumed (all in cV): 

Q, = -1.60 Q: = -0.45 Q, = -0.15 Q, = -0.06. 

These values. except for the sign. arc estimated from a 

plot of R against K, the number of carbon atoms in the 

ring (circuit). In this waj WC simulated the dependancc 

of RE of annulencs on the size of the ring.‘* In Fig. I the 
derived RE are plotted against the RE values of SCF MO 

treatment of Dewar and Gleicher. The resulting cor- 
relation indicates strongly the validity of the analysis 

presented here. Namely, the conelation shown in Fig. I 

involves three quite independent sources and quite dis- 
tinctive kind of data: (I) the conceptually novel notion of 

conjugated circuits; (2) the numerical parametrization 

based on linear scenes; and (3) assumption on a general 
decrease of (4n t 2) annulene stability and an increate of 
4n annulene stability with increase in the size of the ring. 
Yet. when so derived Re are plotted against an SCF MO 
resonance energies a very salisfaclory comparison is 
found. The figure demonstrates that a linear relation 
between the SCF MO and graph theoretical results ex- 
ists. II shows that the currently adopted parameters are 
plausible although a possibility of other set\ of 
parameters satisfying the linear correlation cannot be 
excluded. 
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Tahk 3. Decomposirion of sekcted cyclobuladicncs in conjugarcd circuirs of (4n t 2) and 4n 
~ypc. SCF MCI resonance cncrgier arc 1h0.u of Dewar and Glckhcr (Ref. 14) and arc linearly 
rela~cd to those derived from paramebxs sckcred ro agree wrrh .SCF MO scak as subsequently 

adopred by Dcwar and de Lkno (Ref. 25). (see FIN. I). 

Mokcuk Cucuir dccomposirion 

Resonance Energies feV) 
SCF MO Thus work 

(?R, t 20, t 2Q:,/3 

(4R, t ?R, - 20, 

* 2Q, * !Q,)/4 

(6R, t 4R, - ZR, t 20, 

+ ZQ, t 2Q,t ZQ,,/! 

(MR, t 4R, t R,t 8Q 

t 2Q: t ZQ, t QJ9 

(6R, - ?R, - 4Q1 

- 20: - Q,j/5 

(IOR, * OR, t !R,- 6-Q, 

* 2Qz-Q, t QN 

(RR, t ZQ, t 4Q, 

-0,)/S 

(24R, - I?R, - ZQ, 

t4Q,-CQ, t2Q. 
t Q,j/lO 

(32R, - IZR, + so, 
t SQ,- CQ,,/l3 

(38R, - 8R, t !R, 

-SQL + lW,- 3Q 

t Q.1114 

(16R, - 4R, t 4Q, 

t 6Q, t 2Q,jW 

C l4R, t JR: - ZQ, 

- 20, - 30, + QJi 

(26R, t I?R, * 4Q, 

t6QltY,-Q.,/II 

COR, + RR, -4R, 

20, - 4Q, - 3Q, 
t 3Q. t W/9 

(24R, t IOR: t 4R, 

-6Q,t8Q,t!Q, 
- QJII 

(6R, t !R, t R, 

IOQ, t 6Q: + 3Q,jn 

O.R30 

I.968 

2.843 

2.739 

I.667 

2.430 

2.610 

4.107 

4401 

4.637 

3.515 

3671 

4602 

4.516 

4 302 

-0.790 

-0. I05 

0384 

0.297 

-0.M 

-0.049 

0.362 

1.794 

I.500 

I.241 

0.69 

IO0 

I41 

0.92 

I90 
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Tabk 3. (Coned.) 

Circuit dccomposirion 

(6R, t ?R, - R, t 15Q 
* 4% ’ 2W9 

Resonar~~ Energks (eVj 

SC-F MO This work 

-I 84 

0 

r?R, t ?R, ‘* 4Q, 

l 20, - ?Q,J/~ -1.49 

(!R, - R, + RQ, 
* ay,,/.c -I 92 

I IX, * K, - !R, 

l 6QI + lay, * Q,j17 -0.11 

C8R, + R, + 3R, tKJ, 
+ l6Q,t dQ.j/I! 0.356 

Tabk 4 Expresstons for Resonance energ& of selcc~cd ben- 
zocycloocrarerrancs m rerms of conjugarcd cucuirs R. and Q. 

(4R, + 2R. - R, - 6Q: - X&,1. 

CR, + ?K. - 4Q, - 4~~4 

The stability of molecules containing 4n rings has been 

the subject of several theoretical studies.” A number of 

graph theoretical approaches uses lhe concept of the 
parity of a KekulC structure.” II is assumed that s~ruc- 
lures of opposite parity make opposite contributions IO 

the stability of the system.” The concepl of conjugaled 
circuils allows finer discussions of the contributions of 
individual Kckult slruclures by facilitating an estimate 
of the relative importance of diffcrenl valcncc forms. 
Moreover. by examining the number of conjugated cir- 
cuits of different size a meaningful comparison of 
different systems is possible. For instance, it was sug- 
gested on the basis of qualilalivc HMO calculations” 
that anthrz(bkyclobuladiene 1. a linear fusion of cy- 
clobutadiene lo anlhrdcene. will be slightly more stable 

/ 
-.--_ 

CRAP-I 
THEORETICAL 

RE 

A- -; 2 
eV 

Fig. I. .a comparison bcrwcen rhc SCF MO resonance energies 
obrained by a Pariscr- Parr- Poplc ~ypc cakularion (Ckwar and 
Gleichcrl and those dcnved from rhe graph rheorerical dccom- 
potirion of conjupdon wirh paramerers suircd IO simulare sub- 
seqwnrly adopted scale (Ikwar and de I.lano) where po~~ve KE 
correspond to structures srabilircd by prtlccrron &localization 
and negative RE correspond IO srrucrures which arc desrabilited 
hy mrcracring pi-elecrrons and rend IO localize CC double bond\. 

than naphtho(bkyclobuladiene 2, a similar fusion of 
cyclobutadiene IO naphthalenc: 

1 1 

The analysis of the conjugation in terms of (4n + 2) and 
4n conjugated circuits provides a quonfifofice estimate 
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for the difference in stability as measured by RE. of the 
accuracy associated with SC): MCI calculations. Namely 
from the corresponding expressions for RE (Table 3) of 
the IWO compounds one easily derives for the difference: 

((ZR: + 3R, + 4R) - (Q, - Qr + Q,) t 4QJIlO = 0.47 eV. 

Notice a fractional increase of the contributions of (4n t 
2) conjugated rings and simultaneous decrease of the 
negative role of 4n conjugated circuits (except for ne- 
gligible effect of Q,). So as the result of rhe IWO trends 
which support each other considerable stabilization of 1 
relative lo 2 follows. 

The conjugated circuits are suitable for a quantitative 
discussion of the contributing role of individual KekulC 
structures. By substituting numerical values for R and 
Q. a partial contribution of each KekulC form IO the RE 
can be directly derived. For example, the five Kekult 
valence structures of biphenylene shown previously give 
1.59eV; 129eV (twice): 0.14eV; and -2SOeV respec- 
tively. When these contributions are divided by 
the number of Kekule forms, normalized 
portions follow which simply add IO the total RE. For a 
selection of non-benzenoid hydrocarbons these are 
shown in Table 5. WC see that individual KekulC strut- 

lures make considerably different contributions IO 1he 

RR of a molecule. some even appear with negative 
contributions. The derived partial contributions IO RR 
for each slructure allow these IO be ordered according 
their role IO the overall stabilization of the molecule. II is 
interesting that the results point IO limits of application 
of the empirical Fries rule. found valid for benzcnoid 
systems. IO non-benrenoid conjugated hydrocarbons. 
Fries pointed that the dominant role among the KckulC 
valence structures belong to the structure with the 
greatest number of formal benzene rings. i.e. in our 
terminology, IO the valence slruclure with the largest 
number of R, conjugated circuits. When one compares 
the first two structures in Table 5 one sees that the most 

imporlant clruclure has less benzene rings R, than the 

next slruclure in the sequence. 
Observe that frequently one can make conclusions on 

the relative contributions IO RE without resorting IO 

numerical evaluations involving R and Q. parameters. II 

is sufficient IO assume some regularity in trends of 
change of the parameters with circuit size. such as 
monotonic decrease of absolute magnitudes with n. 
Thus. in fact we can order the KekulC valence structures 
of biphenylene and argue about their relative importance 
without envoking numerical data. II is interesting that in 
many instances an inluilive scheme based on projeclion 

of .WO resulls on constructed combinations of orbitals to 
represent individual valence structures gives numerical 
parameters--called Kekult indices”-which form a basis 
for a same or closely related ordering of valence s~ruc- 

lures. 
Another important result of Table .( IS illustrated in 

naphthocyclobutadicnes. ‘The sign of porif,v does no/ 
necessotil,v imply the sign of the contribution IO the HE. 

The concept of parity of valence structures has been 
introduced into the resonance theory by Longuet-Higgins 
and Dewar“ in order IO extend some conclusion valid for 
benzenoid systems IO non-benrenoid systems. The rela- 
tive parity is deduced from a distribution of CC double 
bonds in IWO struclures under comparison and depends 
on the number of permutations required lo transform one 
of the structures into another. II is then generally assumed 
that the same parity also indicates a similar role of the IWO 
structures. Recently it has been recognized, however. 
that tacitly assumed compatibility of parities based on 
pairwise determinations does not hold for some mole- 
cular topologies.’ e.g. structures having three odd-mem- 
bered fused rings. Even more disturbing is finding that 
some of rhe valence structures of the some parity may 
make opposire contributions IO rhe molecular resonance 
energy. As the absolute sign for parity we select the most 

important structure. i.e. one having the largest positive 
contribution IO RR. and assign its parity as positive. This 
determines the signs of all the remaining parity labels. It 
follows from our considerations that a structure with a 
pwlice parity need not necessarily make a positice 

contribution to RE. hence may destabilize the system. 
The situation has not been recognized in current dis- 
cussions of RE of conjugated systems which are based 
on the algebraic count of the Kekuli forms alone.” 
Naphthocyclobutadienes provide example of structures 
for which the simple mending of the resonance theory is 
not adequate. A more striking example of discrepancy 
between the sign of a contribution IO RE of individual 
KekulC forms and the parity type gives another cy- 
clobutadienc derivative: 

(‘onjugation contents. OR; + 2Q1)/13 (R, + ZQ, - ?Q,)/I3 
Partial RF.: 0.166cV -0.277 CV 

Both structures are of the same parity, as can be 
verified by their superposition which produces an (4n - 2) 

Tabk 5 K&K s~~ucturcs for naphUwcyclobutadiener with the correspmdmg con, 
lnbulions to the expressions for resonance energy. Parity of each Kekult slNCIUfC k also 
shown as (-) or (-). NOIKC mat rhe sign of Ihc partial conwiburion IO RE and the sign of 

pant) do DOI always coincide 

(RI + g, * QJ5 (2R, + Q,)/5 (R, - R, - Q,,/5 (R, + Q, - Q,,/5 (it, + Q, t Q,,/’ 

01)4C\: (*) u.o%CV (*) -0.ll6cV (t) .O.)76eV (-) -0.236eV (-) 

m m m :x;2 

(2R - &)/4 (g, * R, + (M/4 (W, t R: * Q,)/4 (0, + Q: - Q,)/r 

0.312cV (7) 0.242eV (t) 0.120eV (‘) -055OeV (-) 
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ring,?’ yet their contributions to RR are of opposite sign 
and quite sizable. In fact the IWO structures represent the 
most positive and the most negative structure respec- 
tively, when the cont~butions to RE are examined. Any 
plausible selection of the numerical magnitudes for the 
parameters R. and Q. will not change the situation. In 
view of this finding satisfactory correlations reported 
between the RR and algebraic count of the structures 
remain intriguing if shown sufficiently general. 

The decomposition of the conjugation in circuit com- 
ponents allows a meanin~ul comp~son between dif- 
ferent structures. For example the relative stability of 
linearly and angularly fused conjugated rings has been 
considered in the literature and it was speculate&’ that 
the latter has a greater stability. A count of conjugated 
circuits for the structure shown does not support such an 
assertion: 

L?8H, * R1t2Q, - ZOQ, - 4Q,,/I3 (28R, * RI + 3R, - 8Q, 

- 1Q + dQ,)/l? 

The linear isomer has a larger positive contributions 
and fewer negative contributions than the angular 
isomer, hence will be more stable when judged by the 
amount or RE. An argument to the opposite was based 
on consideration of a sin& albeit the most dominant, 
Kckuii form. A simultaneous absence of formal double 
bonds in both four membered rings makes the most 
dominant structure in 3 prominent, in particular as in 4 a 
forma1 presence of a double bond in one of the 4 
membered rings cannot be avoided. However a neglect 
of the role of other structures may be quite misleading. 
The overall count of conjugated circuits shows that 3 has 
12 cyclobutadiene rings compared with only g in 4. One 

can argue that though 4 has no valence structure in 
which a double bond is not also in a Cmembercd ring it 
equally has no valence struclure with both dmembered 
rings being formally represented as cyclobutadicnes. The 
lack of such energetically unfavorable structures appears 
it has more than offset the relative contribution of the 
most dominant slructure in 3. Repeatedly it emerges that 
conjugored circuirs. not fragments such as individual 
bonds or rings, or alternatively individual KekulC forms, 
represent the essential structural element when dis- 
cussing properties of conjugated hydrocarbons. In this 
way no dilemma of neglecting an individu;tl \truiture 
because it is “quinoid” or associated with a “known 
instability of cyclobutadiene” arises;. If a situation occurs 
making such considerations desirable one is now in a 
position to avoid arbitrary decisions and \crecn all slruc- 
tures in order to select those making the dommlnt con- 
t~butions. 

Non-otrenunf hvdrocarhons. As a further test of the 
generality of the approach, an application of the scheme 
to the class of non-ahernant hydrocarbons appears 
proper. It is justified by the encouraging results of the 
analysis of benzenoid systems and cpclobutadicnes. 

Son-alternant hydrocarbons occupy a special position 
in chemistry of conjugated molecules. They arc of con. 
stant interest to theoretical chemists as well as a chal- 
lenge to experimental research. A number of these mole- 
cules and numerous derivatives were synthetired in 
recent years.” A limited number of theoretical cal- 
culations were also reported for them.” Hence. an ex- 
tension of the enumeratiun of conjugated circuits in 
these systems is of considerable interest. Valid con- 
clusions on the stability of such systems can be expected 
from the subsequent numerical predictions of RE. For an 
ample number of non-altcrnants the reported RE dis- 
agree which would make the problem of selecting em- 
pirical parameters difficult. Fortunatcly, as will be seen, 
there are no new empirical parameters to arise and in the 

Tabk 6. LIecom@tion of the four KckulC valence structures of accpkiadyknc 
into conjugated circuits. %oticc that in this example only conjugated circuits af 

(4n t 2) size arise 

i J3 f 
rymmetrically equivalent car 

,/ . 

L-01 ‘\ A’ 

!R, * R, 

H,+R,-R, 

3R, 

Total: 4R, ’ 3: * hR, 
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continuation of our espo5ition we retain the parameters 
already used for the discussion of RF. in benzenoid 

systems and cyclobutadienes. It should be emphasized, 

however, that the particular selection for the numerical 

valuc~ for R and Q. may be revised in the future when a 
larger number of molecules considered here are recon- 
sidered by a more reliable theorettcal model than 
presently available. Currently, the calculations” of Ik- 

war and de Llano offer a suflicicntly large basis of 

molecular forms to provide a test for other schemes. The 
\ame source has also been used by Herndon and Ellzey” 

for discussion of the resonance-structure theory and the 
selection of parameters involved there. There are other 

theoretical models worthy of attention, e.g. the approach 

of Hess and Schaad,” a modified Huckel scheme in 
which however a judicious selection of reference struce 

tures i\ introduced to yield reliable predictions of relative 
\tabilitics of conjugated system\. In view of frequent 

confusion of graph theoretical schemes with the HMO 
model, the adoption of parametrization which simulates 

an SCF MO calculation appears desirable. In addition, 
since the complexity of iterative calculations even of 
semi-empirical SCF MO method is considerable ap 

plication of graph theoretical xheme which is simple and 
transparent may point to inconsistencies and possible or 

probable errors in the reported results, so provides a test 
on the source of data itself. 

The presence of odd membered rings in non-altcrnants 
doer not introduce difficulties. Conjugated circuits are 

necessarily even. as they imply an alternation of bond 
type. In comparison with conjugation decomposition in 

alttrnant hydr~a~ns there is an important difference 
which signifies non-afternants: the number of in- 

dependent conjugated circuits is always smaller than the 
number of fused rings. We illustrate the situation on 

cyclohept(fg)acenaphthylene 5 with the resulting decom- 
position: 4R, + X2 + 6R, (Table 6). The reduction in the 

number of conjugated circuits is directly related to the 

presence of the JO called essential singfe bonds, and 

more generally to constraints on the assignment of bond 

types imposed by the fusion of odd membered rings. For 
instance, bonds cis to central CC bond in S alw*upr have 

the same bond type. in other words some (degree off 

freedom of assignment of bond character is lost in these 

systems. One can refer to such molecules as “con- 

jugati(~n~e~cient”, like perylene and rethrene, since 
here again conjugation is reduced in comparison with the 

isocyclic olremanfs having the same number of CC 

double bonds. 
Another interesting result of Ihe decom~sition of 

Iable 7. Ikcomrn&on of wicctcd non-alrernanr sy\iem\ which hake only conjugated circuits of (4n + ?I gyp? 
(~i~ulcn~~id~~. A ~urnp~ri\l)n of calculated resonance tncrprcs i\ shown fur Ikwar and dc Llano XF MO method. 
ltcrndon and Etlxy rcwnancc-structure mw&l and here outlined graph theoretical wzhcme. Scv~fal SCF MO 

rcwn.tncc cncrw\ hare wee been revixd (Rcf 31) and arc indicated bb an stcrisk 

Compound Ikcompo~ition 

.Ullenc 
?K:I! 

Rcsonmcc encrgics IeVj 
Rcwnance 

SW MO theory Thit work 

0.26 0.34 0.246 

z 
1 

Hcnz;rrulenc 
IX, - !R> * 2R,)/3 

0.39 
0.40 0.45 0.355 

o.u4 
0.X? 0 :x 0.x10 
on! 

C’)-cluhepracenaphthrlcne 

~~~phlh~~ulenc 

(JK, - 4R, + JR,)/4 

.Acenaphthylcnc 
(JR, * !R:I!~ 

I’lcUdcnc 

t.tR, + 3R,V3 

,Accpkiad~lcnc 

(4R, + ?Rz * 6R,l/4 
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conjugation in cycloheptacenaphfhylene 5 is the ap- cyclobutadienes. cycle-octatetraenes and other ahernant 

pearance of conjugated circuits only of (4n + 2) size. A non-benzenoids. So one can expect the IWO classes of 

list of other non-alternanls which are also characlerired non-alternants (Tables 7 and R respectively) IO show 

by the presence of rings only of (4n - 2) size is given in considerably different properties. Hence a differentiation 

Table 7. There are. however. numerous other non-al- among the two kinds of non-alternants seems prudent 

ternants which contain both. (4n + 2) and 4n. types of and we propose to classify all non-alternants into: 
conjugated circuits iTable g). The situation is analogous (I) those having only (4n + 2) conjugated circuits: 
to that found for alternant hydrocarbons where the first (2) those having in addition IO or instead of (4n + 2) 
class correspond IO benrenoid systems, while the second circuits. also 4n type conjugated circuits. 
class. having conjugated circuits of both types. includes The mo\t common representative of the first class is 

Table 8. kcompwtion of conprgarion for selected nun-alternan! \yqrcm\ for which conlugated circuit\ of (4n - 2) 
and/or 4n ~ypc also arr~e (non~arulcnoldsL Calculated wonancc enerpw arc also shown and correspond IO 
semwmpirical SCF MO (Iku-;lr and de Ilano. and ( l 1 correcrcd taluex due to fh\gupta and Ihsguplal and the 
graph theorerwal scheme here developed ‘The altcrnaliw graph Iheorerlcal scheme a>\umc\ all Q. IO be xro All 

cncrpie\ arc In eV 

(‘ompound (‘onjugalion Resonance encrpk\ 

w 
@ 

Q% 

Azupyrcnc 

(RR, + !R, * !Q,)/4 

Atulcnoheptaknc 

(6R, + 40, t X&)/4 

Yyracyclcnc 

(JR, - ?K: * 6QJ4 

IMcnrpenlalcnc~ 
ISR, + 2C.j: + Jo,,/5 

(4R, + 202 + 4Qt * X.).)/4 

Hcnrpcnlalcne 
CR, + 20: I x),):3 

Accpnralcne 

6q::3 

Ihc~clohcplpcnl;llcnc 

(XR, * ‘K, * x&)/4 

Acchcpt)lcnc 

(4R: + ‘Q,l/! 

Dentaknc 
x),/2 

Accazulenc 
(JR, + 2Q:,/3 

t6R, + !R, I ,y, + X),)/4 

0.69 
0 .%3’ 

0 42 
0.2W 

O.P.4 
U 767’ 

I ” ..I 

06u 

044 

u 30 

SCF 

U.6x 
0.369’ 

0.52 
OUI’ 

u 25 

001 

0.56 

061 
0.600’ 

(II 

O.J?C 

0 I95 

0.770 

I.080 

0480 

O.llu) 

0900 

0.325 

0 233 

0lW.c 

0 450 

0.033 

0.125 

Graph theoretical 
Dim (2) 

oO88 0.524 

0.009 0.369 

-0017 0.992 

0.190 1.390 

0 I20 U.%9 

0.2&l 0 579 

0.600 0 

oU4.f 0.542 

0.57 0.327 

0.u) 0.246 

046 u 

0.53 u 327 

0.475 0419 

IM. 

0.02 I 

-0.165 

-0.22c 

-0 I20 

0.269 

0.239 

~0.3OO 

0.173 

0.483 

0.004 

0.01 

0.233 

0 1x1 
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undoubtly azulene. so that the term a:ulenoids-like 
benzenoids-suggests itself. The other class accordingly 

is refcred IO as non-ua&noids. 
The suggested differentiation of non-alternants analo- 

gou\ IO that of alternants was not previously recognized 
or even suspected. Its use is illustrated on seemingly 

related structures of cycloheptacenaphthylene 5; dicyclo- 

heptanaphthalenc 6: and cyclopentacenaphthylene 7: 

0 
7 

Until recently only 5 was known and its propertics 

suggested the aromatic character of the system.“ In 

contrast attempts IO syntlAre 7 have failed.” Rcrgman 
and Agranat- suspected this not IO be fortuitous. Using 

analogics (hey looked upon the compounds S-7 as “naph- 
Ihologs” of azulcnc. heptalene and pentalene respec- 

Iivcly. supporting the notion of the disIinctivc character 
of the compounds. The decomposition of these com- 
pounds in conjugated circuits (‘l’ablcs 7 and 8) fully 

supports their view, as we see that the compounds 
belong IO different classes of non-alternants. 

From the expressions for decomposition of the con- 

jugation inIo contributions from conjugated rings of dif- 
fcrcnt size a numerical prediclion of KE follows. For 
selected axdenoid (non-alternantl hydrocarbons for (he 
purpose of comparison also, RF. as evaluated from the 

SCP MO method arc given as well as the predictions of 

the Structure-Kesonance model. Our results. based on 
the parameters previously described. agree quite well 

with the results from other calculations in numerous 
instances. A few deviations however are noticeable. in- 

cluding among others cyclohepIfluorene. pleiadiene. and 

acepleiadylenc. It is probahly premature IO speculate 
about the importance of other facIors beyond the con- 
nectiv ity which may play some role (assumptions such as 

equal weighting of structures. and the disregard of the 

shape of conjugated circuits) since the prevailing 
agreemcnI for RF. of numerous benzenoid. non-ben- 
rcnoid. and also non-alternant hydrocarbons suggests Ihc 

scheme has a general validity. An mflucnce of other 
factors should not however be dismissed outright, even if 

Ihcy are not going IO remove the present discrepancies in 

parlicular cases. Their imporIance is rcRecleJ in si- 
tuations when systems are isoconjugatc (i.e. have a same 
circuit composition). yet Ihc compounds show consider- 
ably different properties. For instance s-mdacene 8 has 
been sy nthetized” while iIs asymmetrical isomer 9 is still 

unknown: 

Both molecules have only two Kckule structures. hut 
while for s-indaccne the two structures are eyuira/enf, 
this is not the case for the asymmetrical form. .So pos- 
4hly not only the si:e hut also the shape of a conjugated 

circuit may have an influence. 

Resonance energies of non-azulcnoid hydrocarbons 
arc shown in Table 8. For a number of molecules quite 

good agreement with the resulIs of the SCF YQ cal- 
culation is found. However. for a number of cases the 

agreement is not impressive and even poor. II appears 
thaI confidence in the parucular set of numerical 
parameters R and Q. is not fully justified. particularly in 

view of the comparison in Fig. I which only demon- 
strates IhaI a lineur relation between the SCF MO and 

the graph theoretical results exists. II remains IO be seen 
if another se1 of parameters could produce a better 

agreement. In particular Q. paramclers may require a 

reevaluation. II may happen that the negative con- 

tributions of Q. are exaggerated and that future in- 
vestigations point IO their less dramatic role.” Al- 
ternatively. the data in Table 8 may be used for an 
independent estimate of the graph theoretical paramerers 

in a similar manner that (he resonance energies of ben- 

rene. naphthalene. anthrdcene and Ielracene were used 
IO determine the now adopted R; - R, values. However. 

it appears that the reported SCF MO resonance energies 
are lo some extent inlcrnally inconsislcnl-if we 

presume that the expressions for RE derived by counting 
conjugated circuits are valid and IhaI Ihe discrepancy of 
our predictions and those from SCF MO results arc solely 
due IO deficiency in selected numerical values for R. and 

Q.. Thus the ratio of the RE of acepentalcne and pen- 
talene is independent of a selection of Q: and is equal IO 

2. The discrepancy of the Dcwar and de Llano values is 

too great IO be ascribed IO computational fluctuations. 
Similarly several differences in RE of the molecules in 
Table 8 should allow estimates of various combinations of 

Q. paramelers. The difference (Q, - Q:) can be deter- 
mined from the pair of structures: azupyrene-dicyclo- 

hcptpentalenc and acehepIylcnc-aceazulene. The ratio of 
the respective differencics in RE is independent of Q. and 

should be 3/4. The Dewar and de I.lano initial results give 
an inconclusive answer: approx. 010. while the revised 
values of Dasgupta and Dasgupfa give approx. 4/5. Part 
of the discrepancies in Table 8 arc also due to 

parameters R, involved. The values adopted for ben- 

zcnoid hydrocarbons which have lead IO impresstvc 
agreement for benzenoid and also for arulenoid hydro- 

carbons do not fully conform IO requirements of SCF 
MO results for non-arulenoids. This can he seen by 
combining some of the expressions for RE so that the 

resulting expression does not depend on Q. parametriza- 

tion. From RE of benzpentalcnc and as-acepyrene one 
can in this way derive an estimate of (3R, - K, - RI). The 

graph theoretical values give for Ihe above expression 
-0.31 e\‘. while SCF gives +0.56eV. the disagreement 

which suggest that the currently available data is in- 
sufficient for a proper reevaluation of the parametrizii- 
lion. 

In order IO illustrate a possihle effect of selection of a 
different parameter we included in Table R also HE 
derived by assuming Q: = Q, = Q, = 0. which represents 
the extreme situation in which anti-aromatic con- 

tributions are negligible. We see that the above assump- 
tion improves substantially agreement in some cases. and 
desfroy the previously ohtaincd agreement in others. 
h’cithcr of the IWO selections of the parameters is SU- 
perior to the other-the definitive assignment has to 
await an accumulation of a larger body of reliable data 
on this kind of compound. II is true that some revised 
SCF calculations show better agreement with the current 
graph theoretical analysis.“” For inslance the revised 
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RE for dicycloheprpentalene is only 0.37eV. which is 

much closer IO our estimate of 0.325 eV than the ori- 

ginally reported value of O.fSeV. Similarly, revir;ed 

value5 for dicyclopenlaheplalene (azupyrene), pyracy- 

clene and dicycloheptazulene are in very good agreement 
with our dcrivcd magnitudes. On the other hand, in some 
instances the discrepancies persist and the revised values 

do not show better agreemen (e.g. aceheptylene and 
aceazulcne). 

Few non-altcrnantc. like pentalene. when decomposed 

into conjugated circuits, show only a prcscncc of 4n 
rings. These “pentalcnoids”” are expected to be of little 

importance in the chemistry of pi-delocalized systems in 

view of the negative RE and associated instability. 

MFc‘U.SKM 

.A qualitative examination of Kekule forms of a system 
frequently may give an insight into the nature of a 

conjugated compound and poini to differences between 
5eemingly related 5tructure5. Thus Anderson. Masada. 

and Montana” recognized an ambivalent nature of a4u- 
pyrenc. while Trost and RrighI considered alternative 

valence forms a5 dominant for pyracyclene.’ Such dis- 
cussions can be easily embraced by descriptions based 

on the concept of conjugated circuirs and supplemented 

by a quantitative characteriznion. Non-alternant con- 
jugated systems have intrigued chemists in particular in 

relation IO the question of their aromatic character. and 

no1 infrequently opposite claims have been proposed for 
a particuhar compound. Attempts to a characterization of 

compounds as aromatic and non-aromatic include also 

several purely structural schemes. i.e. schemes based 
solely on the information supplied by the set of Kckulf 

5trucIures of a compound, or the molecular connectivity. 
‘The most notable such schemes are those of Platt“ and 
Craig.” PIat considered separated (4n + 2) pitlectron 

shells on the molecular periphery. The scheme can ex- 

plain the aromatic chrvacter in some condensed ben- 
zenoid hydrocarbons (e.g. pyrene. coronene) and non- 

alternants 5uch as acepleiadylcnc. IO which the Hiickel 

rule does not apply. Craig, on the other hand. considers 
symmetry properties of selected KekulC forms. and ar- 

rives a~ acceptable answer5 in some cases, but also IO 

ambipuitie5 in a few instances. Roth these approaches 
only illu5Irate the insufficiency of a scheme which some- 

how arhilrarily insists on characterizing a molecule on 

incomplete data. For example. pentalcnoheptalene 10. is 

non-nzulenoid according IO our classification. while ace- 

pleiadylcnc (Table 6). naphtharulene II. and cyclo- 
hcptaacenaphthylenc 12. all isoelectronic with the former 
and all cl.-ulenoici. have the same number of peripheral 
pi-electrons: 

(for Kekule forms of these compounds see ref. 39). The 
concepr of conjugated circuits and the decomposition of 
Kekult 5tructurcs into contributions of (4n + 2) and 4n 
type appear to discriminate well the differences among 
conjugated sysrems. ln particular this appears to be more 

important in non-alternants where the distinction be- 
tween the IWO kinds of systems is less apparent. Current 

interest in the chemistry of non-alternants. and in par- 

ticular those we have classified as non-ozulenoids, (the 

field opended by Hafncr and Schneider” in the late 1950s 
by synthesis of methyl derivatives of acchcptylcnc and 
aceazulcne). makes our contribution timely. We hope 
that the approach proves useful nor only for the dis- 

cussion of resonance energies and stabilities but also 
other molecular properties. There are 5ome indications 
that indeed this may be the ca5c. Particularly relevant 

may be the considerations of proton magnetic rc5onancc 

and ring current\ in conjugated systems. Yamaguchi and 
Nakajima” considered the diamagnetic susceptibilities of 

a ring in compounds S7 and found calculated magnetic 
anisotropies of 5. which is arulenoid IO be positive. that 
for 6 and 7, which are non-arulenotds to be negative. The 

question of bond fixation-a measure of the localization 
of the pi-electron system”-is another property dis- 

cussed for conjugated systems. l1 may prove of sig- 
nificance that molecules 6 and 7 show a greater double 

bond fixation than the azulenoid 5. To what extent this 

finding proves general remains to be seen. however it is 
plausible IO expect arulenoid and non-azulcnoid com- 
pounds IO show a different degree of bond fixation. 

The future applications of the concept of conjugated 

circuits may 5how additional examples of molecular pro- 

perties that reflect the inherent presence of t4n + 2) con- 
jugated circuits and an attenuation of their impact due IO 

counter-contributions from 4n conjugated circuits. The 

recent extension of such considerations IO aromaticity’ 
has lead to a nice systematization of abundant data on 

conjugated systems and clarified ambiguities in many 

instances. II i5 shown there that in discussion of aromati- 
city it is useful to partition RE into contributions arising 

from (4n + 2) conjugated circuits and tho5e arising from 

14nl conjugated circuits. So two molecules with an ap- 
proximate resonance energy may have considerably 

different constitution in terms of conjugated circuits and 
show different aromatic character, which is pre- 

dominantly determined by f4n - 2) conjugated circuits 
only. 

Relation to the Swucrure-Resonunce model. There are 

IWO different aspects that need be considered when 
making a detailed comparison between the hcrc proposed 
scheme for evaluation of RE and the results of Ihe 

Structure-Resonance model of Herndon. As wdl he seen 

the numerical result5 for RE here reported could be 

exactly those obtained with Herndon’s Structure- 
Resonance approach. They arc different because: (I) we 

u5e somewhat diffcrcnt parametrization: and 12) WC do 

not neglect terms arising from higher contributions. On 
the other hand the emphasis in our method is on graph- 

theoretical content of the problem, while Herndon dc- 
veloped a semi-empirical variant of VR approach, i.e. a 

quantum mechanical scheme. We will first discus5 the 
differences in the numerical results and parametrizarion, 
and will provide a justification for our connotation of the 

importance of all contributions appearmg in the cx- 
pressions for RE. 

Consider our decomposition of the conjugation for 
tek3CCnC: (XR, +6R:+4R, t ?R)/S. lf one carries the 
scheme of Herndon IO its end one would derive the 
expression: 2(4y, - 3~: + Zy, * yJ5, which obviously be- 
comes identical on equaling y. - K,. In view of the 
relalively small magnitudes of R, and R one may con- 
sider the inclusion of all the terms in Ihe expression for 



HE of no great consequence. However, if one is in- 
terestcd first in expressions for resonance energies, as we 
are here. then these additional terms are important. The 
neglccl of higher conjugated circuits results in a lesser 

discrimination among conjugated systems. The concept 
of isoconjugare s.vstems also becomes unnecessarily ob- 

scured and possibly misleading when compounds differ 

in the number of higher conjugated circuits. By not 
deriving the expressions for RE earlier analyses have 

been deprived of ueful conclusions. For example, RE of 
the two naphthazulenes II and 12 have been reported in 
different calculations as follows: 

Author\ Compound11 Compound 12 

Hess and Schaad” OS! fi 0.51 fl 
Dcuar and de Ilano" IISeV Il5e\ 
Herndon and Ellzcy" IIXCV I.lXCV 

Despite the identical RE for the IWO isomers the 
significance of the result escaped attention. MO schemes, 
whether one is using the simple HMO or more elaborate 

SW MO approach. do not provide a basis for un- 

derstanding of the coincidental results. In that respect 

the VB model has a clear advantage, although it appears 
this has not been exploited in previous applicalions. 

kcognillon of the conjugaled circuits as elemenlary 

\Iruclural component\ in lhe current analysis adds an 

important conceptual factor IO the Resonance-Structure 
model. From the expressions for RE we see tha1 the IWO 

compounds I1 and I2 indeed have identical decom- 
position of the conjugation-so should be expected. 

within the validtty of the correlation between the 

parameters R_ Q.. IO have the same RE. II is not so 
unusual to find different structures having identical de- 

compcrsition of the conjugation (Table 9). 

As already pointed out a neglect of higher con- 
tributions in the resonance-structure scheme does not 

introduce appreciable deviations for KE as compared 

with SCI-’ MO results for henzenoid svsfems. However. 
the simplification cannot be generahred lo non-ben- 

renoids and nonalternants. Consider for example the 

conjugation in the following compounds: 

framework is capable of providing a basis for scmi- 
quantitative discussions of molecular properties of a 

same quali1y to that of alternative MO semi-empirical 
schemes. 

Our scheme. as initially developed, has nothing IO do 

with VB theory. or any cigenvalue problem and Hamil- 

tonians. II evolved from the problem of encoding in- 

dividual KekulC valence structures in terms of quantities 
which have a stntcturdl interpretation. Here one ex- 

amines molecular skeletons (connectivity) and searches 

for differences in kind of bonds. distribution of valen- 
ties, locations of formal double bonds. kind of rings and 

their fusion mode etc. A close examination of the KekulC 
ctruc1ures of conjugated systems revealed that such for- 

mulas also differ generally in the kind of circuits found. 
Some circuits show a regular alternation of the bond type 
having an equal number of the formally single and 

double CC bonds; others have an irregular sequencing of 

single and double bonds. A graph theoretical analysis 
then consists in recognizing distinctive circuits and pro- 

ceeding with an enumeration of circuits of different 

kinds and sires. .So when we examine the three Kekule 
forms of naphthalcne: 

we obtain for the number of regular circuits with al- 

ternation of the CC bond type ZR,. and (R, + R,) twice. 

respectively. The coefficients of individual R. terms pro- 
vide a source for a code of an individual KekulC form. 
The symbol R has no other hidden meaning besides the 

simple designation of the size of an (4n + 2) conjugate 
circuit. i.e. it represents a purely mathematical quantity. 

AI this point the graph theoretical analysis ends. 
Chemical intuition however suggests tha1 conjugate 

circuits-in contrast IO circuits which do not support a 

regular alternarion of bond type-also map have some 
deeper physical and chemical contenr and correspond to 

some molecular property. This however has to be ex- 
amined. To pursue the possibility one has IO employ an 

empirical approach. So one searches for correlations 
between graph theoretical quantities and experimental or 

theoretical results which can support the supposition of 

Compound Con~ugatedcircu~~\ 

r\ccpkiadyknc (4R, - 2R,- 6RJ4 
Pyraqcknc (4R, t ?R, - 6Q,)/4 

Re\onanceencrgw~ 
HcrndonBi Ellrq kuar & de I.Iano 

1.01 cv 1.45 et 
I.01 e\ Ou4cI 

The difference amounts to almost 0.4OeV. which is for 

instance larger than the RE of azulenc. Moreover. a 
neglect of higher contributions in this case obliterates 

even the ditferenttation of axlenoid and non-a:ulenoid 
nature of the compounds considered and may give an 
impression that the two compounds ought IO be closely 

rclatcd. 
In order to appreciate a conceptual difference between 

the resonance-structure theory and the graph theoretical 

approach we arc now going IO emphasire differences. 
rather than similarities of the IWO schemes. The 
resonance-structure theory dcvcloped by Herndon is a 
semicmpirical VB scheme. hence its language is that of 
VB theory and ifs parameters are molecular in&to/s. 
Subsequently Herndon and Ellzey demonstrated that VB 

the intrinsic importance of conjugate circuits. Here one 

is at liberty in selecting the source. An SCF MO cal- 
culation appears to have gP?iikr flexibility in simulaling 
experimental results than simple HMO, known IO have 
certain limitations. Besides. such a choice will dispel a 
notion that the graph theory is but a disguised HMO. In 
our case it made the comparison with the results of 
Hcrndon and Ellzey easier, as these authors also tried to 
simulate the results of the same source. Sotice. that once 
such a correlation has been established i/ attributes a 
physical meaning to graph theoretical paramefers (R. 
and Q.). They can now be recognized as equivalcnl lo 
certain molecular integrals associated with permutations 

of electrons among double bonds. 
One may say that the reason that the graph theoretical 



A graph Ihcorclical approach IO conjugalion and resonance energies of h~drocarhons 

Table 9 ConjugaIc syskmr with an identical decomposibon of OK conjugaIion m circuib of 
(4n + 2) and/or 4n ~ypc. In few insbnccs Ihe molecuks differ in the number of carbon aIoms 

I4R, t ?R:)/3 

14R, t 4R: - 4R,li4 

1919 

scheme based on the concept of conjugated circuits gives 
sensible results is because it mimics a quantum mechani- 
cal calculations with a Kekule structure basis. Al- 
ternatively. the surprisingly good predictions of the 

resonance-structure theory of Hcrndon and Ell7cy are 
due IO the fact that the scheme takes into account 
correctly the conjugalton as conlincd in various (4n t 2) 
and 4n conjugated circuits. Such a view. which then 
pc>ints IO why the results of ~hc resonance-structure 
theory are so guud. presumes that one accepts con- 
jugalcd circuits as demenfary .Wuclurc~/ c-omponenrs. For 
a conjugated hydrocarbon a WI of Kekule valence 
forms represents a husis for discussron of certain molc- 
cular properties. However. a set of conjugated circuits 
represents an alternative hasis and the compatibilit) be- 
Iween the resonance-slnjclurc model and the graph 
theoretical approach to KE only shows that the IWO bases 

arc cquivalcnt WC are familiar with supcrpusitions of 
valence structures and general bond additive schemes. the 
present work plints I&I even more pcneral superposition 
and additivity scheme-the circuit addiris~ry of cnn- 

jugarion and RE. 
An important ditfcrcnce between the IWO schemes is 

their formal treatment of the Kckule valence structures. 
The conjugate circuits K, and Q_ are properties as- 
sociated with a sing/v Kekuli dunce structure. Per- 
mulational molecular integrals y. of the resonancc-struc- 

turc theory belong IO a puir of Kekuk valence sfruclures. 
Thus fur naphthalcne one has:” ” 

The labels y. are assigned IO edges of a graph con- 
structed in which vertices correspond to the individual 
KekulC structures. Graphs arise here as convenient 
book-keeping for multiple combinatorial possibilities. In 
contrast. in our scheme actual molecular graphs. re- 
presenting connectivity among carbons. are examined In 
deriving the expressions for RE one can hence consider 
n(n t I)/2 pairs oj sfrucwes and count permutations of 
CC double honds. or consider n swucfures and count 
individual conjugated circuits-these appear as useful 
alternatives. The congruence of the IUO schemes is a 
remarkable demonstration of the combinatorial nature of 
VB method. One can view the IWO approaches. the VB 
scheme of Herndon and Ellzey and the graph theoretrcal 
conceptualism here exposed as being of complementary 
nature. which combined give an important alternative for 
discussion of conjugated hydrocarbons. and even more 
general systems. lo the prevailing semiempiric;rl WI 
schemes. 
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