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Externally-fused cyclopenta moieties in non-alternant CP-PAHs
act as peri-substituents
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Abstract—The Hammett constants �m for the externally fused cyclopenta moiety in the CP-PAHs 1(1,8-CP), 2(1,9-CP), 3(1,10-CP)
and 4(3,5-CP) have been determined. The �m values for these structurally different CP-PAHs are nearly identical. This gives
evidence that the cyclopenta moiety acts as a peri-substituent with �m=0.4±0.07. © 2002 Elsevier Science Ltd. All rights reserved.

Non-alternant polycyclic aromatic hydrocarbons con-
taining cyclopenta moieties fused to their perimeter
(CP-PAHs) are an abundant group of compounds from
which several representatives possess genotoxic proper-
ties.1,2 This is of considerable relevance as they are
inadvertently formed during incomplete combustion
processes.3 In addition, CP-PAHs represent topological
substructures of fullerenes and some of them have been
proposed as building blocks for fullerenes under flame
conditions.3,4 Another illustrative property of CP-
PAHs, which is in line with their non-alternant charac-
ter, is their enhanced electron affinity. This is also a
property of fullerenes.5

Although a qualitative survey of all possible closed-
shell Kekulé resonance structures of CP-PAHs indicates
that the �-electrons of the cyclopenta moiety are in
conjugation with those of the aromatic core, experi-
mental evidence suggests that this moiety has to be
regarded as a peri-substituent. For example, CP-PAHs
undergo addition reactions to the cyclopenteno double
bond.6 Unambiguous evidence for the presence of a
localized cyclopenteno-like double bond is found in the
available single-crystal X-ray structures. In the five-
membered ring typical sp2–sp2 hybridized single (1.46
A� ) and double (1.36 A� ) carbon�carbon bonds are
found.7 In addition, in asymmetric CP-PAHs, which
contain magnetically inequivalent cyclopenteno pro-
tons, the characteristic 3JHH coupling constant (3JHH�
5.1–5.4 Hz) for cyclopentenes is observed.8

These results prompted us to study the electronic effect
of annelation of a cyclopenta moiety to alternant PAH
cores in more detail by cyclic voltammetry (CV). In
Fig. 1, the cyclic voltammograms9 of acenaphthylene
[1(1,8-CP)], aceanthrylene [2(1,9-CP)], cyclopenta[cd ]-
pyrene [3(1,10-CP)] and cyclopenta[cd ]fluoranthene
[4(3,5-CP)] are shown (see also Chart 1).

All CP-PAHs possess a (pseudo)-reversible first reduc-
tion wave [E1/2 (0/−1) in V versus SCE]. Whereas for
1(1,8-CP) the second reduction wave [E1/2 (−1/−2) in V
versus SCE] is not discernible within the available
potential window (−2.5 to +3 V9), it is irreversible for
2(1,9-CP) and 3(1,10-CP), and (pseudo)-reversible for
4(3,5-CP). If the redox potentials of these C12H18,
C16H10 and C18H10 CP-PAHs are compared with those
of corannulene (C20H10), a non-alternant PAH with an

Figure 1. Reduction waves of 1(1,8-CP), 2(1,9-CP), 3(1,10-
CP) and 4(3,5-CP) (in V versus SCE, scan rate is 50 mV s−1).9
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Chart 1.

gives a new LUMO level, whose energy is lower than
that of its contributors.13 The strongest interaction
occurs in the case of 1(1,8-CP). These results show that
the externally-fused cyclopenta moiety in non-alternant
PAHs can indeed be described as an electron accepting
substituent.

To quantify the electronic effect exerted by the external
cyclopenta moiety, the substituent constant �m for the
externally-fused cyclopenta moiety was determined
using the Hammett relation. Although both �m and �p

constants were used for the Hammett relations, it will
be shown that �m gives the better correlation (see also
Ref. 14a).

For the construction of the Hammett plots (Eq. (1))15

the first reduction potential of the mono-substituted
PAHs 1(1-X), 2(9-X), 3(1-X) and 4(3-X) was measured
using CV (Chart 1).16,17 Unfortunately, most mono-sub-
stituted PAHs gave either a (pseudo)-reversible or irre-
versible first reduction wave. Therefore, instead of E1/2

(0/−1) or Epc (0/−1) values, Eonset (0/−1) values were
used, which gives a reliable estimate of the substituent
effect (Table 2).18

(n/0.059)Eonset (X)=��+(n/0.059)Eonset (X=H) (1)

For all derivatives of compounds 1–4 the Eonset (0/−1)
values were plotted against the appropriate substituent
constants �m, which mainly contain inductive effects.19

The Hammett relation with �m gives an excellent linear
correlation over the complete � range for all com-
pounds 1–4 studied [Fig. 2, cf. Table 3 for correlation
coefficients (r2)]. The quality of the linear free energy
relationship between Eonset (0/−1) and �m is substanti-
ated by the intercepts, which have to correspond to the
Eonset (0/−1) values of the parent PAHs 1(1-H)–4(3-H)
(Chart 1). They are indeed in close agreement with the
experimental values (Tables 2 and 3). The Hammett
parameter �, which is positive, i.e. reduction will be
facilitated by electron-withdrawing substituents X,
reflects the sensitivity of Eonset (0/−1) towards substitu-
tion (Table 3). For the series of compounds 2–4 similar
� values are found, which are comparable to the �
values reported in literature for Hammett relations
between the first reduction potential of alkyl-substi-
tuted PAHs and �*.14c,d The Hammett relation
derived for the mono-substituted 1-naphthalenes 1(1-X)
yields a significantly larger � value (factor 1.5). This is
in agreement with the enhanced interaction of the
naphthalene core and the ethene-like substituent, which

internal cyclopenta moiety, known for its high electron
affinity [E1/2 (0/−1) in V versus SCE=−2.51 V],10 it
must be concluded that 1(1,8-CP)–4(3,5-CP) possess
higher electron affinities, albeit corannulene can accept
up to four electrons.

A comparison of the E1/2 (0/−1) values of 1(1,8-CP),
2(1,9-CP), 3(1,10-CP) and 4(3,5-CP) with those of the
related parent PAHs shows an interesting feature
(Table 1).11 The annelation of a cyclopenta moiety
leads to a shift of E1/2 (0/−1) of ca. 0.9 V for 1(1,8-CP)
and ca. 0.6 V for 2(1,9-CP)–4(3,5-CP). The nearly
identical positive shift for 2(1,9-CP)–4(3,5-CP) suggests
that annelation of the cyclopenta moiety perturbs the
core of the topologically different alternant PAHs in a
systematic fashion. The larger shift of E1/2 (0/−1) for
1(1,8-CP) indicates that its core is more affected by
external cyclopenta fusion. To verify the difference in
�E1/2 (0/−1) between 1(1,8-CP) and 2(1,9-CP)–4(3,5-
CP), the electron affinities (EA) of 1(1,8-CP)–4(3,5-CP)
and their related parent PAHs were calculated using
AM1.12 The difference, �EA [=EA(CP-PAH)−
EA(PAH)], is 0.7 eV for 1(1,8-CP) and 0.5 eV for
2(1,9-CP)–4(3,5-CP), which reflects the trend [factor 1.4
increase for 1(1,8-CP)] observed in the shift of E1/2

(0/−1) values. Note that for 1(1-H)–4(3-H) the LUMO
has the correct orbital phase relationship to interact
strongly with the LUMO of ethene. Thus, in the case of
1(1,8-CP)–4(3,5-CP) the LUMO resembles the in-phase
(bonding) combination of the LUMO of the corre-
sponding alternant PAH cores and that of ethene. This

Table 1. Reduction potentials (in V versus SCE) of alternant PAHs 1(1-H)–4(3-H) and the corresponding non-alternant
CP-PAHs 1(1,8-CP)–4(3,5-CP) (Chart 1)a

Parent PAH E1/2 (0/−1) �Eb CP-PAH E1/2 (0/−1) �Eb �E1/2 (0/−1)

1(1-H) 0.860.15−1.801(1,8-CP)0.10−2.66
−1.472(1,9-CP)0.08 0.09−2.102(9-H) 0.63
−1.563(1,10-CP)0.08−2.22 0.663(1-H) 0.16

−1.92 0.08 4(3,5-CP) −1.33 0.11 0.594(3-H)

a Ered (−1/−2): 2(1,9-CP) –2.06 V and 3(1,10-CP) –2.22 V, and E1/2 (−1/−2): 4(3,5-CP) –1.86 V, �E=0.25 V.
b �E=Epc−Epa.9
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Table 2. Eonset (0/−1) values (in V versus SCE) for 1(1-X), 2(9-X), 3(1-X) and 4(3-X) (Chart 1)

�p Eonset (0/−1)X �m

1 2 3 4

0 −2.54 −2.02H −2.130 −1.81
−0.66 a −2.14−0.16 −2.27NH2 −1.20

−0.06CH3 −0.14 −2.59 −2.05 b b

−0.08C2H5 −0.13 −2.73 b −2.18 b

0.23 −2.20 −1.720.20 −1.87C�CH −1.59
0.47 −1.85 b −1.47COCH3 −1.410.36
0.81 −1.11 −1.010.71 −1.07NO2 −0.89

−1.70 −1.37 −1.49 −1.24CP

a Not measured due to available potential window.9
b Not determined.

ent aromatic cores is indeed similar. This gives
compelling evidence that the externally-fused
cyclopenta moiety indeed acts as a peri-substituent.

In contrast to the excellent Hammett relations found
between Eonset (0/−1) and �m for the series 1–4, no
single correlation spanning the whole � range was
found if �p was used. In this case the NH2 derivatives
deviate markedly, presumably due to a dominating
resonance effect. This resonance effect will influence the
mode of charge distribution and thereby �. As a conse-
quence, the Hammett relation between the reduction
potential and �p yields two lines, one for �p<0 and one
for �p>0, of which the first has a smaller � value. Since
the reduction potential Eonset (0/−1) of the cyclopenta-
fused PAHs falls in the same range as the acetyl-substi-
tuted PAHs, the line for �p>0 will be of interest. We
noted that the linear relationship for �p>0 is compara-
ble to the one obtained for the relation between the
Eonset (0/−1) and �m.

The similar �m values derived for the different CP-
PAHs suggest that the cyclopenta moiety is well
described using a substituent constant that mainly con-
sists of inductive effects. This is in agreement with
recent ab initio valence bond calculations on 1(1,8-CP),
3(1,10-CP), 4(3,5-CP) and other CP-PAHs in which the
relative energies and weights of all possible closed shell
Kekulé resonance structures are taken into account.20

In all cases the results show that Kekulé resonance
structures in which the cyclopenta moiety participates
in � electron delocalization have higher energies and
negligible weights.
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was advanced to explain the increased shift of E1/2

(0/−1) for 1(1-CP) (�E (0/−1) in Table 1 and �EA
(AM1),12 vide supra).
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