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ABSTRACT

The conjugated circuits model is used to predict the relative aromatic stabilities of a variety of
thia-helicenes, i.e., thiophene analogues of helicenes. All studied thia-helicenes are predicted to
be aromatic structures. The parent helicenes are always found to be more aromatic than the cor-
responding daughter thia-helicenes. The theoretical predictions are supported by modest experi-
mental evidence.

INTRODUCTION

Helicenes are angularly (ortho-) annelated benzenoid hydrocarbons which
possess the symmetry of helix [1,2]. The first reported helicene was [6] heli-
cene, hexahelicene (1) [3]. The complete serie s of [N]helicenes (N=the
number of rings in the helicene) through [14] helicene has been synthesized
[3-9].
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The name heterohelicenes has been applied to a class of helicenic structures
formed from the ortho-fused benzenoids and five- or six-membered hetero-
cyclic rings [1]. Thiophene analogues of [N]helicenes or thia-helicenes rep-
resent a subclass of heterohelicenes. They are the most studied heterohelicenes
[1,2].

Several types of thia-helicenes are possible. Much work has been done on
the series composed of alternating thiophene and benzene rings with thio-
phenes as the terminal rings [1,2]. As an example of a thiophene analogue of
[5]-helicene, thia[5]helicene (2) [10] is shown below.

2

All members with up to 15 rings of this series are known [10,11]. In addition
to the series of alternating thia-helicenes, a number of less regular fusion s of
benzene and thiophene rings have been prepared such as the thia [6] helicene
3 [12].

3
Another subclass of thia-helicenes contain beside the benzene moiety other

benzenoids such as naphthalene and phenanthrene as building blocks. Already
the first reported pair of thia-helicenes [13], thia[6]helicene(4) and
thia [7] helicene (5) contain benzene and naphthalene as the hydrocarbon
subunits.

4 5

There are several additional types of thia-helicenes, which will be considered
later.

In the present work we will report on the application of a simple resonance-
theoretic model, narnely the conjugated circuits model [14,15] to thia-heli-
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cenes. Such an application will allow us to predict the relative aromatic stabil-
ities of thia-helicenes. The aromatic stability of a conjugated system is its
intrinsic stability against decornposition. The resonance energy (RE) is a eon-
venient parameter that gives a measure ofthis intrinsic stability. RE is defined
as the part of the molecular binding energy giving a deviation from the simple
bond additivity, This extra stability present in some polycyclic conjugated sys-
tems is associated with the aromatic character ofthe compound, and one speaks
of aromatic stability of polycyclic (heterocyclic) conjugated systems.

There are two fundamentally different approaches to molecular resonance
energy and aromaticity: (a) use of quantum chemical computational methods
that will produce numerical values for REs and (b) use of graph-theoretical
and combinatorial methods that will give algebraic expressions for REs. The
former will yield the values for RE of conjugated systems of interest, the latter
only trends of RE. Nevertheless even without a knowledge ofprecise individual
magnitude s of REs, the graph-theoretical approach based on the concept of

. conjugated circuits offers a· theoretical model belonging to the latter ap-
proaches which is capable of answering many questions on molecular structure
and aromaticity with considerable reliability [14-16].

The conjugated circuits model has already been rather successfully applied
to a variety of polycyclic conjugated hydrocarbons [14,17-23], their ions
[24,25], excited state s ofbenzenoid hydrocarbons [26], Mobius systems [27],
heterocyclic conjugated systems [28-31], and buckminsterfullerene and re-
lated carbon cages [32-35].

The structure of the article is as follows. First the conjugated circuits model
and its extension to conjugated compounds containing divalent sulphur will be
briefly presented. The next two sections will be devoted to the enumeration of
Kekule structures and conjugated circuits for thia-helicenes. The last section
contains results (RE expressions and numerical values) and discussion on
aromatic stabilities of thia-helicenes.

THE CONJUGATED CIRCUITS MODEL

The conjugated circuits model is a simple resonance-theoretic model which
was introduced for studying conjugation and aromaticity in polycyclic conju-
gated molecules [14]. This model was motivated from an empirical point of
view [14,17,18] elaborating Clar's ideas [36,37]. This model may also be
reached from amore quantum chemical view [38-40] developing some of Paul-
ing's resonance-theoretic ideas [41-45].

The conjugated circuit model is a graph-theoretical model which is based on
Kekule valence structures. Graph-theoretical analysis of Kekule structures
revealed that each Kekule structure may be partitioned into several conjugated
circuits. Conjugated circuit has been defined as a circuit within Kekule valence
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structure in which there is a regular alternation offormal carbon-carbon single
and double bonds. Thus, the conjugated circuits are necessarily of even length.

The circuit decomposition of individual Kekule structures leads to 4n +2
and/er 4n (n = integer) linearly independent, linearly dependent and discon-
nected circuits. The total number of all conjugated circuits within asingle

. Kekule valence structure is equal to K -1 [46], where K is the nu mber of
Kekule structures for a conjugated molecule. Linearly independent circuits are
those that cannot be represented by a superposition of conjugated circuits of
smaller size. The (4n +2) circuits are denoted by Rn>whilst the 4n circuits by
o:

The total n-electron resonance energy for a conjugated molecule M, with in
the conjugated circuits model, may be expressed in terms of Rn and/er Qn
quantities

(1)

where K is the number of Kekule structures for a molecule, R; and Qn are,
respectively, the parametric values for the conjugated circuits of size 4n+2
and 4n containing only carbon atoms, whilst a; and b" represent, respectively,
the number of R" and Q" circuits for a given value of n. Only line ar independent
and linear dependent circuits are considered. The Rn quantities contribute to-
wards the aromatic stability of a molecule. The Qn quantities, on the other
hand, have anegative effect on the aromatic stability of a molecule.

It is found that a larger molecule has, as arule, a larger RE, because the
deviations from bond additivities accumulate [47]. To eliminate the size ef-
fect, we consider RE per zr-electron, RE/ e, which is given as

RE/e=RE/N (2 )

where N is the number of z-electrons in the conjugated molecule.
We have truncated the set of conjugated circuits at those of size fourteen

(n = 3) [16]. In considering only the smallest three conjugated circuits of types
R" and Qm we have followed the empirical findings that only the·smallest cir-
cuits make appreciable contributions to the RE [38-40]. In princip le, one could
include higher terms, but the data needed for establishing the parameters are
very scarce, especially for heterocyclic molecules. This then limits the extent
of parametrization to the dominant conjugated circuits.

The numerical values of the R" (n=1,2,3) parameters are obtained [14]
from the parametrization procedure based on the SCF n-MO REs of Dewar
and Llano [47]. The R" (n=1,2,3) parameters are R1=0.869 eV*, R2=0.247
eV; R3=0.100 eVo

The numerical values of the Qn (n = 1,2,3) parameters are obtained from the

*1 eV=1.60219X1Q-19J.
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SCF Jr-MO RE of cyclobutadiene [48] and by utilizing the approximation
[14,40,49 ]

Qn=~~Ql (3)

The Qn(n= 1,2,3) parametersare QI = -0.781 eV; Q2= -0.222 eV; Q3= -0.090
eVo

There are two combinatorial problems connected with the application ofthe
conjugated circuits model. The first is the enumeration and generation of Kek-
ule valence structures and the second is the enumeration of conjugated circuits.
We will discuss both these problems in the following sections.

As an illustration of the conjugated circuits approach to conjugated hydro-
carbons we consider phenanthrene. In Fig. 1 we give the Kekule structures of
phenanthrene and their circuit decomposition. The RE of phenanthrene is
given by

RE(phenanthrene) = (lORI +4R2 +2R3)/5

09
A.:

0909
o09
E

=2R1 +0.8R2 +0.4R3

= 1.976 eV

(4)

Fig. 1. Kekule structures ofphenanthrene and the ir circuit decomposition.
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or REje=O.141 eVo (5)

EXTENSION OF THE MODEL TO SYSTEMS CONTAINING DIVALENT SULPHUR

A divalent sulphur partly "interrupts" conjugation, because it only partly
contributes its rr-electrons to the pool of z-electrons delocalized overall the a
skeleton of the heterocycle. Since we consider only heterocycles containing
divalent sulphur, the bonds adjacent to sulphur, i.e., the carbon-sulphur bonds,
are formally single bonds. We can therefore imagine sulphur with its two n-
electrons as formally equivalent to an isolated double bond "contracted" to a
single atomic site. Actually we can always formally derive a heterocycle eon-
taining divalent sulphur from a conjugatedhydrocarbon by replacing -HC=CH-
with -Š- (Fig. 2).

In this way we can derive all thia-helicenes purely formally from helicenes.
For example, thia-helicenes 2 and 3 may be derived from [5]helicene and
[6]helicene, respectively, in the manner shown in Fig. 3.

On comparing polycyclic conjugated hydrocarbons and the corresponding
heterocycles containing divalent sulphur, we observe a change in the number
of Kekule structures between the parent hydrocarbon and the daughter mole-
cules. The parent hydrocarbon always possesses more Kekule structures than
the corresponding thia-derivative. For example, K (phenanthrene) =5 and
K(dibenzothiophene) =4, K( [5]helicene) andK(2) =4, K( [6]helicene) = 21
and K(3) =4, etc.

8

9

Fig. 2. Formal generation of the thia-phenanthrenes from phenanthrene by intrusion of the di-
valent sulphur instead of the ethylenic fragment into the desired position.
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2

3

Fig. 3. Formal generation ofthia-helicenes 2 and 3 from [5]helicene and [6]helicene.

0::0 oj:) QD QD QO
a R, S, R, R,'R,

0::0 QD QD oj:) QO
b R, R, 52 R, R,

0::0 QD QD oj:) QO
c R, R, 52 R,'R,

Q;O QfJ QO QfJ QO
d R, R, 53 R, 'R,

TOTAL CIRCUIT DECOMPOSITION: 8 R, +5, +252 +SJ +4 R, . R,

Fig. 4. The circuit decomposition of Kekule structures of dibenzothiophene. The black dot denotes
the position of the sulphur atom.

In order to illustrate the conjugated circuits of S-containing polycycles, we
will consider dibenzothiophene. Dibenzothiophene may be viewed as formally
derived from phenanthrene by replacing a ce double bond by an S atom (Fig.
2). The circuit decomposition of dibenzothiophene is given in Fig. 4. The
(4n +2) circuits containing carbon atoms and a sulphur atom are denoted by
s;

The total number of all conjugated circuits (i.e., linearly independent, line-
arly dependent and disjoint circuits) for a given Kekule structure of a thia-
helicene is also equal to K - 1, where K is the total number of Kekule structures
of the parent helicene. For example, [5] helicene possesses 13 Kekule struc-
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tures. Therefore, each Kekule structure of the corresponding thia-helicene 2
must be decomposable into 12 conjugated circuits. This is shown for one Kek-
ule structure ofthia[5]helicene(2) in Fig. 5. Note that the symbol (88)3 in
Fig.5 stands for (4n+ 2) conjugated circuit with n =3 and two divalent sulphur
atoms.

The resonance energies of thia-helicenes can be calculated from the follow-
ing expression [31]

1
RE= K ~ (anRn +cnSn) (6)

where Sn is the parametric value for the 4n+2 conjugated circuits containing
the sulphur atom, c., represents the number of Sn and the rest of symbols have
their previous meaning.

St·(SSh

Fig. 5. All conjugated circuits in one Kekule structure of 2. Black dots denote the positions of the
sulphur atom.
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The numerical values for 8n (n= 1,2,3) parameters are obtained from the
SCF Jr-MO RE ofthiophene [50] and by applyingthe approximation [28,31,49]

.(7)

The s, parameters are 81 =0.282 eV; 82=0.080 eV; 83=0.030 eVoAs an ex-
ample we calculated the RE of dibenzothiophene

RE(dibenzothiophene) = (8R1 +81 +282 +83)/4
=1.856 eV (8)

or

RE/e=0.133 eV (9)

Dibenzothiophene is predicted to be aromatic, though less aromatic than the
parent hydrocarbon phenanthrene. This is in agreement with other theoretical
studies [51] and experimental facts [52,53].

THE KEKULE STRUCTURE COUNTS

A simple formula may be used for the Kekule structure counts K for the
thiophene analogues of [N]helicenes

(10)

where K, are the Kekule counts for the benzenoid fragments in the molecule.

Thia-helicenes containing benzenoid fragments

Thia [8] helicene lOis an example of this class of thia -helicenes.

10

Thia-helicene 10 consists of two thiophene moieties (K=l) and three ben-
zenoid fragments: benz ene (K = 2), naphthalene (K = 3) and phenanthrene
(K = 5). Therefore, the Kekule structure count for lOis given by the product:
K=2·1·3·1·5=30.
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Thia-helicenes consisting of only thiophene rings

An example of such a thia -helicene is structure 11.

11

Thia-helicenes such as 11 possess necessarily only one Kekule structure as
shown above.

Regular thia-helicenes
We refer to thia-helicenes composed of alternating thiophene and benzene

rings as regular thia [N] helicenes. The Kekule structure count for this class of
thia-helicenes is given by

(11)

where B is the number of benzene rings in the regular thia-helicene.
Regular thia-helicenes can be classified as: (a) regular thia-helicenes which

have the same number ofbenzene (B) and thiophene (T) rings and (b) regular
thia-helicenes which have the different number ofbenzene and thiophene rings.
Consequently the end-rings are either benzene and thiophene (a) or both end-
rings are either benzenes (bI) or thiophenes (b2). The corresponding three
classes possess the following molecular formulae: (a) C3N+2HN+2S1N, (bI)
C3N+3HN+5Sj(N-I) and (b2) C3N+IHN+3SI(N+I)' where N=the number of
rings in thia-helicene.

THE CONJUGATED CIRCUITS COUNT

In most cases thia-helicenes mu st be treated individually. The conjugated
circuits count depends on the number of benzenoid and thiophene rings, the
number of Kekule structures and the end-rings of a thia-helicene. However,
some regularities do appear in the counts of the conjugated circuits for regular
thia [N] helicenes. If we consider the regular thia [N] helicenes consisting of
benzene and thiophene fragments, then the expressions for counting RI, Sl> S2
and S3 circuits are available. The count of the RI circuits is related to the
Kekule structure count (K) and the number of benzene fragments (B) in the
regular thia-helicene

Count of the RI circuits=KB (12)
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The count of the Sn (n= 1,2,3) circuits is related to the Kekule counts and
the number of thiophene rings in the regular thia [NJhelicene. The enumera-
tion of the Sl circuits depends on the typeofthe regular thia [NJhelicene. The
counting formulae for the Sl circuits are given by

(i)a-type regular thia[NJhelicenes

Count of the Sl circuit s = !K(T+ 1)

(ii lb.vtype regular thia[NJhelicenes

(13)

Count of the Sl circuits e !KT

(iii) b2 -type regular thia [NJ helicenes

Count ofthe Sl circuits ee !K(T+2) (15)

The number of the S2 circuits is given by

Count of the S2 circuits e !KT. (16)

Finally, the counting formulae for the S3 circuits depend also on the type of
the regular thia [NJ helicene

(i) a-type regular thia[NJhelicenes

CountoftheS3circuits=!K(T-1) (17)

(ii) b, -type regular thia [NJ helicenes

(14)

Count of the S3 circuits e, !KT

(iii) b2 - type regular thia [NJ helicenes

Count of the S3 circuits= !K(~-2)

(18)

(19)
As an example we will give the conjugated circuits count for the regular b2-

type thia [7 Jhelicene 12,

12

The circuits count for 12 can be obtained by means of expressions (8), (11),
(12) and (15) collected together below

KBRl + !K(T+ 2)Sl + !KTS2 + !K(T-2)S3 (20)

and by introducing K=8, B=3 and T=4
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TOTAL CIRCUITS COUNT: 24 Rl + 12 SI + 16S2 + 4 SJ

Fig. 6. The conjugated circuits count for the regular thia[6]helicene 12. The black dots denote
the positions of the sulphur atoms.

(21 )

This result is checked by the direct construction of Kekule structures of 12
and the enumeration of conjugated circuits by hand. This is shown in Fig. 6.
Both sets of results match as expected.

In the enumeration disjoint conjugated circuits and circuits containing two
or more sulphur atoms are neglected because the ir contributions are negligible
[14,31].

In Fig. 7 we give the conjugated circuits count for another thia [7] helicene
(13) which is a positional isomer of 12.

13
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2 R, + 2 S, + 3SL

2 R, + 2 S, + 3SL

2 R, + S, + 3S + S)

TOTAL CIRCUITS COUNT: 8R,+9S, + 1052+5)

Fig. 7. The conjugated circuits count for the thia [7]helicene 13. The black dots denote the posi-
tions of the sulphur atoms.

Positional isomers 12 and 13 differ only in the position of one sulphur. This
change of the position of one sulphur atom also causes the change in the num-
ber of Kekule structures and consequently in the number of conjugated cir-
cuits. The conjugated circuits count for such structures is equal to the count
of conjugated circuits for a thia [N - 2] helicene, i.e., a thia-helicene with out
the benzo [c] thiophene fragment, plus 2K (8 1+82), where K is the Kekule count
for the thia [N] helicene.

We see that the circuits count for 13 is, according to the above given by the
expression

Circuits count fOT13=Circuits count for 2+4(81 +82)

=8R1 +981 +1082+83 (22)

The two benzo [c ]thiophene fragments could be attached to both ends of a
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regular b2-type thia-helicene producing another positional isomer of 12:
thia[7]helicene 14.

.
·i

11.

The conjugated circuits count for this type of structures is identical to the
circuits count for a thia [N - 4] helicene, i.e., a thia -helicene without two
benzo [c 1thiophene fragments plus 2K (81 + 82), Therefore, the conjugated cir- .
cuits count for 14 is then reduced to the circuits count for the thia [3] helicene
14a (the structure 14a is embedded in 14 and denoted by thicker lines) plus
4(81+82)

Circuits count for 14=Circuits count for 14a+4(81 +82)

=2R1 +681 +682

The circuits count for 14a is 2 (R1 + 81 + 82),

If we compare the RE expression for these three positional isomers

(23)

RE(12) = (24R1 +1281 +1682 +483)/8

=3R1 + 1.581 +282 +0.583

RE(13) = (8R[ +98[ +1082 +83)/4

=2R[ +2.258[ +2.582 +0.2583

(24)

(25)

RE( 14) = (2R[ +681 +682) /2

=R1 +381 +382 (26)

We can immediately predict their stability order (12) 13> 14) if we express
s; 82 and S3 in terms of R1(S[=0.325R[, 82=0.092Rl> 83=0.037R]).
Thia [7] helicenes 13 and 14 are destabilized by the presenee of the
benzo [c] thiophene fragments causing adecrease in the number of Kekule
structures for the thia-helicene and consequently the loss of R, contributions
to the RE aris ing from the conjugation with in the individual benzene rings.

RESULTS AND DISCUSSION

Diagrams of regular thia[N]helicenes having the same (even-membered
regular thia [N] helicenes) or different (odd-membered regular thia [N] heli-
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17

Fig. 8. Diagrams of even-membered (a-type) regular thia [NJ helicenes C3N+zHN+2S IN'

20

cenes) number of benzene and thiophene rings are given, respectively, in Fig.
8 (the a-type thia-helicenes ), Fig. 9 (the b[-type thia-helicenes ) and Fig. 10
(the b2-type thia- helicenes).

The resonance energy expressions for these thia -helicenes are derived from
the following master formulae

(i) a -type regular thia [N J helicenes

(27)
(ii) b[-type regular thia [NJ helicenes

RE= (K·B·R[ + !K·T·S[ + 1K·T,S2 + !K·T·S3)/K (28)

(iii) b2-type regular thia [NJ helicenes

(29)

The explicit RE expressions and the numerical values of the REs for the above
three types of regular thia [NJ helicenes are reported in Tables 1-3.

All regular thia [NJ helicenes have high values of the RE and thus it appears
that all of them should possess a considerable aromatic character. One would
then expect a number of the se compounds to be known. It is therefore surpris-
ing that only a few regular thia [NJ helicenes are prepared and most of the se
are those of the b~-type [1,2,10 J. If we consider as a theoretical index of ino-
maticity RE/e, then we observe that this quantity rather slowly diminishes
with the size increase in the a-type and b[-type regular thia [NJ helicenes. The
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QO
21 22 23

24 25 26

27

Fig. 9. Diagrams of odd-membered (b-type) regular thia [N]helicenes C3N+:lHN+5S! (N-l I'

opposite is true in the case of the b2-type regular thia [NJ helicenes: the REI e
values increase with the size.

8ince all the studied thia [NJ helicenes are regular structures, the members
of each class differ amongst themselves for well-defined structural fragments;
the RE difference between the successive members of the class is constant
(L1RE= 1.137R1 or 0.988 eV). Thus, ifwe know the value of the RE for the first
member in the class, we can immediately derive the RE values for the other
members by means of the formulae

RE(N+ 1) =RE(N) +0.988 eV (30)

The difference in the REs between the related members in two classes of
regular thia [NJ helicenes having odd number of rings (class C3N +3HN + 58 I(N _ 1)

and class C3N+IHN+38!(N+l») is also constant (L1RE=0.719R1 or 0.624 eV).
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28 2 12

29 30 31

32
Fig. 10. Diagrams of odd-rnembered (by-type ) regular thia[N]helicenes C3N+IHN+3S!(.IV+ 1)'

Thus, if we know the RE ofa given member of.class C3N+3HN+5S!(N-l), we
immediately know the RE of the related member of class C3N+IHN+3Sj (N+l),
because of the relations hip

RE(C3N+3HN+5Sj(N_l») =RE(C3N+IHN+3S1(N+l») +0.624 eV (31)

The parent [N]helicenes are always more stable than the corresponding
daughter thia[N]helicenes. The resonance energies of [N]helicenes are re-
ported in Table 4. Formulae for counting the Kekule structures, conjugated
circuits and resonance energies of helicenes are given elsewhere [22,54,55].

There is a nearly constant increase of L1RE=0.59 eV between the two mem-
bers of the series, which indicates that the higher [N] helicenes should be in-
creasingly stabilized. Therefore, the RE of the [N + 1] helicene may be obtained
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TABLE 1

Resonance energies of even-rnernbered (a-type) regular thia [N) helicenes C3N+2HN+2S!N

Molecule" Kb Resonance energy RE/e
(eV)

Reference to
preparative
workExpression" Nurnerical

value
(eV)

15 4 1/4(8R, +38, +482 +83) =2.346R, 2.038 0.ll3
16 8 1/8(24R, +88, + 1282 +483) =3.483R, 3.026 0.ll6 [76,77)
17 16 1/16(64R, +208, +3282 + 1283) =4.619R, 4.014 0.ll8
18 32 1/32 (l60R, +488, +8082 +3283) =5.756R, 5.002 0.ll9
19 64 1/64(384R, + ll28, + 19282 +8083) =6.893R, 5.990 0.120
20 128 1/128(896R, +2568, +44882 + 19283) =8.030R, 6.978 0.120

"Labels correspond to structures in Fig. 8. bK=the nurnber of Kekule' structures. c8,=0.326R"
82=0.092R" 83=0.037R,.

TABLE2

Resonance energies of odd-membered (b,-type) regular thia[NJhelicenes with end-rings benz enes

C'N+3H,v+5S, IN-')

Molecule" Kb Resonance energy RE/e Reference to
(eV) preparative

Expression" Numerical work
value
(eV)

21 4 1/4(8R, +5, +252 +53) =2.137R, 1.857 0.133 [78.79J

22 8 1/8(24R, +45, +852 +453) =3.274R, 2.845 0.129

23 16 1/16(64R, + 125, +24S2 + 12S3) =4.410R, 3.873 0.128

24 32 1/32(l60R, +32S, +64S2 +32S3) =5.547R, 4.820 0.127

25 64 1/64(384R, +805, + 160S2 +8053) =6.684R, 5.808 0.1263

26 128 1/128(896R, + 1925, + 384S2 + 19253) =7.821R, 6.796 0.1259

27 256 1/256(2048R, +4485, +896S2 +448S3) =8.957R, 7.784 0.1255

"Labels correspond to structures in Fig. 9. »tc = the number of Kekule structures. 'S, =0.326R" S2 =0.092R,.
S3=0.037R,.

from the RE of the [N]helicene by

RE ( [N + 1] helicene) = RE ( [N] helicene) +0.59 eV (32)

The comparison of the relative aromatic stabilities between the helicenes
and the corresponding thia-helicenes, given by the difference in their RE val-
ues, indicate the increase in the stability of higher helicenes.
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TABLE3

Resonance energies of odd-membered regular (b2-type) thia[N]hlllicenes with end-ring thiophenes
C3N+ IHN+3S!<N+ I)

Molecule" Kb Resonance energy RE/e Reference to
(eV) preparative

Expression" Numerical work
value
(eV)

28 2 1/2(2R, +28, +282)=1.418R, 1.232 0.088 [76,80]
2 4 1/4(8R, +58, +682 +83) =2.555R, 2.220 0.101 [81]

12 8 1/8(24R, + 128, + 1682 +483) =3.692R, 3.208 0.107 [77,81,82]
29 16 1/16(64R, +288, +4082 + 1283) =4.828R, 4.196 0.110 [82]
30 32 1/32 (160R, +648, +9682 +3283) =5.965R, 5.184 0.113 [82]
31 64 1/64(384R, + 1448, + 22482 + 8083) =7.102R, 6.171 0.114 [82]
32 128 1/128(896R, +3208, +51282 + 19283) =8.239R, 7.159 0.1155 [82]

"N umbers correspond to structures in Fig. 10. -tc= the number of Kekulš structures. C8, =0.236R" 82 =0.092R"
83=0.037R,.

TABLE4

Resonance energies of [N]helicenes

[N] helicene Ka Resonance energy expression" RE (eV) RE/e Reference to
(eV) preparative

work

[3]C 5 (lORI +4R2 +2R3)/5 1.976 0.1411 [83]
[4]d 8 (20R, +10R2+4R3)/8 2.531 0.1406 [84]
[5]' 13 (40R, +20R2 + 10R3)/13 3.131 0.1423·· [85]
[6] 21 (76R, +40R2 +20R3)/21 3.711 0.1427 [86]
[7] 34 (l42R I +76R2 +40R3) /34 4.299 0.1433 [87]
[8] 55 (260R, + 142R2 +76R3)/55 4.884 0.1436 [88]
[9] 89 (470R, +260R2 + 142R3)/89 5.470 0.1439 [89]

[10] 144 (840R, +470R2 +260R3)/144 6.056 0.1442 [90]
[11] 233 (1488R, +840R2 +470R3)/233 6.642 0.1444 [91]
[12] 377 (2616R, + 1488R2 +840R3)/377 7.228 0.1446 [91]
[13] 610 (4570R, +2616R2 + 1488R3)/61O 7.814 0.1447 [92]
[14] 987 (7940R, +4570R2 +2616R3)/987 8.399 0.1448 [91]
[15] 1597 (l3730R, +7940R2 +4570R3) /1597 8.985 0.1449 Unknown

aK=the number of Kekulč structures. ~he RE expressions are taken from M. Randić, B. M.
Gimarc and N. Trinajstić, Croat. Chem. Acta, 59 (1986) 345, and M. Randić, B. M. Gimarc, S.
Nikolić and N. Trinajstić, Gazz. Chim. Ita!., in press. "Phenanthrene. d3,4-Benzo-phenanthrene.
e3,4,5,6-Dibenzo-phenanthrene.
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(a ) N =even

[N] helicene vs. thia [N] helicene LIRE (eV)
C3N+2HN+2S\N

[4]
[6]
[8]

[10]
[12]
[14]

0.493
0.685
0.870
1.054
1.238
1.421

(b) N=odd

[N] helicene vs. thia [N] helicene LIRE (eV)
C3N+3HN+5S!(N-l)

[3]
[5]
[7]
[9]

[11]
[13]
[15]

0.119
0.286
0.426
0.650
0.834
1.018
1.201

[N]helicene vs. thia[N]helicene LIRE (eV)
C3N+ IHN+3S1 (N+I)

[3]
[5]
[7]
[9]

[11]
[13]
[15]

0.744
0.911
1.091
1.274
1.458
1.643
1.826

This also reveals that class bI is the closest in aromatic stability to helicenes,
whilst class b2 is very different from the hydrocarbon helicenes. This is related
to the fact that thiophene is less aromatic than benzene [36,37,47,48,50,51,56-
59]. Therefore, whenever we replace a benzene ring with a thiophene ring, we
produce a less stable structure.

Let us also mention that there are possible three positional isomers of each
regular a-type thia [N] helicene and six of each regular b2-type thia [N] helicene.
For, example, thia-helicene 2 has five positional isomers
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33 34 35

Ms Ms

36 37

If we consider the underlying structure

and select various sites on the terminal rings to populate with sulphur atoms,
we find that some symmetry non-equivalent sites give rise to the same count
of Kekule structures and consequently the same count of conjugated circuits.
Let us consider a pair of such sites on the structure above

We refer to sites labelled by a and fJ as a pair of isoconjugated positions. If
sites a and fJ are populated by S, the corresponding positional isomers have
identical number of Kekule valence structures, the counts of conjugated cir-
cuits and resonance energies. Thus in the above set of positional isomers the
following are isoconjugated structures: 2, 33, 37 and 34,35.

The resonance energies for the positional isomers 2 and 33-37 are as follows

RE(2) =RE(33) =RE(37) = (24R1 +12S1 + 16S2 +4S3)/4=2.220 eV (33)

RE(34) =RE(35) = (2R1 +4S1 +4S2)/2=1.593 eV

RE(36) =3S1 + 2S2 = 1.006 eV

(34 )

(35)

According to their REs we can order this set of thia -helicenes in the following
way:

(36)

Thia-helicenes 34 and 35 contain one benzo [c ]thiophene unit, whilst 36 eon-
tains two. Benzo [c] thiophene is considerably less aromatic than
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benzo [b] thiophene [29,31,50,51,56-59] and thus, it is bringing destabilization
to thia-helicenes. Therefore, benzo[e]thiophene structural units are respon-
sible for the lower stabilities of 34, 35 and 36 in comparison with isomers 2,
33 and 37. This finding is of general validity. Whenever the benzo [e ]thiophene
(or related quinoid -type structures ) appears as a sub structural unit, the thia-
helicene containing it is always less stable than its positional isomer free of ito
As a consequence we can always order the positional isomers of a given thia-
helicene system by inspecting only the ir structures. To illustrate this point
further we give the positional isomers of thia-helicene 38 and their stability
order.

38

41

39

38=40=43> 39=42> 41

42

40

43

(37)
This order follows the count of the R[ circuits which bring the greatest contri-
bution to the RE of molecule.

Positional isomer
C26H[4S2

Count of the R, circuits
normalized by the Kekule
count

38
40
43
39
42
41

40R[/13 = 3.076R[
40R j13 =3.076Rl
40R1/13 =3.076Rl
20R1/8 = 2.500Rl
20R1/8 =2.500Rl
10Rt/5 =2R1

There is practically no experimental work available on either of the two sets
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ofpositional isomers (2,33-36 and 38-43) considered above. Amongst these
only one thia-helicene is known, i.e. 2 [10]. However, some limited experi-
mental evidence exists for other families of positional isomers of thia-heli-
cenes. For example, out ofthe following six positional isomers ofthia [4] helicene
44, the three most stable have been synthesized.

44 45 46 47

t,8

The predicted stability order is
49

44 = 46 = 49 > 45 = 48 > 47 (38)
Isomers 44, 46 and 49 are known [60-62], whilst the other, less stable ones,
as yet are unknown.

In Fig. II we give diagrams of thia [N] helicenes consisting exclusively of
thiophene rings. Since this class of thia [N] helicenes represents highly regular
structures, the formula for computing their resonance energies is rather simple

(39)
Therefore, the above class of thia-helicenes also contains aromatic systems,
though less stable tha n the regular thia [N] helicenes or parent [N] helicenes.
It is somewhat surprising that no attempt to prepare a compound in this family
of aromatic thia-helicenes has been reported to our knowledge except for the
first two members [60,63] thiophene and thieno [2,3-b] thiophene.

We conclude with areport on some known and unknown miscellaneous thia-
helicenes (Fig. 12). Resonance energies of thia-helicenes in Fig. 12 are re-
ported in Table 5. All molecules in Fig. 12 are predicted to be aromatic. Their
degrees of aromaticity are related to the prese nee of the benzenoid hydrocar-
bon parts. Thus, the most aromatic are predicted to be 10 and 74. It is sur-
prising that neither of these two molecules has been prepared.

A good example to illustrate how important the benzenoid hydrocarbon part
for the aromaticity ofthia-helicenes is the comparison between the three iso-
meric thia [5] helicenes 63, 75 and 76
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Fig. 11. Thia-helicenes consisting ofthiophene rings only.

75

RE(75) = (30R1 +8R2 +4R3 +3S1 +5S2 +3S3)/10

= 3.428 R1 = 2.979 eV (40)
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10 74

Fig. 12. Diagrams of so me miscellaneous thia-helicenes.

Ms
76

RE(76) = (24R1 +12R2 +481 +482 +583)/9

=3.241R1 =2.816 eV (41)
The most stable is predicted to be the structure containing a benzene frag-

ment in accordance with empirical observation by Armit and Robinson [64],
Fries [65,66], Clar [36,37], and others [67,68] that structures possessing the
greatest number of benzene and benzene-like rings (e.g., terminal rings in
phenanthrene) [69] are the most stable. The count of benzene and benzene-
like rings is given in terms of the R1 circuits, The stability order 75> 76> 63



TABLE5 •....
VJc»

Resonance energies of miscelJaneous thia-helicenes
--

Molecule" Kb Resonance energy RE/e Reference to
(eV) preparative

Expression" Numerical value work
(eV)

62 8 (20R, + lOR~ +4R" +58, +382 +28,,)/8=3.160R, 2.476 0.125 [93]
63 4 (8R, +68, +682)/4=2.627R, 2.283 0.104
3 4 (8R, +88, +882)/4=2.836R, 2.464 0.095 [94]

64 9 (24R, + 12R2 + 118, +782 +783)/9=3.544R, 3.080 0.118
65 4 (8R, +98, +682 +8:1)/4=2.881R, 2.503 0.096
66 4 (8R, +78, +482 +83)/4=2.672R, 2.322 0.089
67 4 (8R, +98, +682 +83)/4=2.881R, 2.503 0.096
4 12 (40R, +8R2 +78, + 1282 +78,,)/12=3.826R, 3.325 0.128 [77,95]

68 8 (24R, +88, + 1282 +48,,)/8=3.483R, 3.026 0.116
69 6 (l4R, +4R2 + 118, +682 +8,,)/6=3.219R, 2.797 0.108 [77]
70 6 (l4R, +4R2 +88, +382 +83)/6=3.010R, 2.615 0.101
5 12 (40R) +8R2 + 138) + 1882 +783)/l2=4.035R) 3.507 0.117 [76,80,95]

71 18 (66R, + 24R2 + 128) + 1782 + 128:\) /18=4.374R, 3.801 0.127 [76,80]
72 18 (66R) +24R2 +248) +2382 +1883)/18=4.635R, 4.027 0.118
73 20 (80R) + 16R2 +8R" + 188) +3082 + 128,,)/20=4.737R) 4.108 0.121
74 30 (l30R, +44R2 + 12R:l+ 198) +3082 + 198,,)/30=5.107R) 4.438 0.131
10 30 (l30R, +44R2-+ 12R3 +248) +2582 + 198,,)/30=5.157R) 4.481' 0.132

"Labels correspond to structures in Fig. 12. bK = the number of Kekulč structures. cR2=0.284R" R3=0.1l5RI> 8) =0.326RI> 82 = 0.092RI>83=0.037R,.
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follows these, observations. The normalized count of the R, circuit s is 30Rd
10=3.0R1, 24RJ9=2.67R1 and 20R1/8=2.5R1• The normalization factor is
the Kekule count for the structure. Molecules 63 and 75 have been prepared
and exhibit aromatic properties [70,71]. The isoconjugated structure (77) of
76 has also been prepared [72] and is stable.

77

CONCLUDING REMARKS

The conjugated circuits model is used to study aromaticity In thia-helicenes.
The conjugated circuits model is based on intuitive chemical ideas such as
Clar's aromatic sextets [36,37,73] and it can be related to resonance-theoretic
arguments [74].

The conjugated circuits model is applicable to all kinds of polycyclic conju-
gated structures and in association with the conjugated chains concept [75] to
all conjugated systems: (poly)cyclic, acyclic and (poly)cyclic with exo-cyclic
linear and branched unsaturated fragments.

The conjugated circuits model, which is a simple structural model, ignores
the question of stereochemistry and the role of non-bonded repulsions in 3D
conjugated molecules. These features are essen ti al structural components in
helical systems as [N]helicenes and thia[N]helicenes. Since many helicenes
and thia-helicenes have been synthesized, the stabilization which comes from
the aromaticity of these components apparently mu st considerably exceed the
destabilization produced by steric crowding in the higher members of the
[N]helicene family and the thia[N]helicene family. Ifwe wish to include the
steric contributions to the REs, then they must be obtained by theoretical
methods which are suited for such calculations.
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