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Abstract: The aromaticity of all possible cyclopenta-fused pyrene congeners has been investigated at
various levels of theory. On the basis of the calculated resonance energies and magnetic properties (δ1H
data, magnetic susceptibility anisotropies, and NICS values), the overall aromaticity of these compounds
is found to decrease gradually with increasing number of externally fused five-membered rings. The relatively
small differences (<5 kcal/mol) in thermodynamic stability of the isomeric dicyclopentapyrenes (Etot:
dicyclopenta[cd,fg]- > dicyclopenta[cd,jk]- > dicyclopenta[cd,mn]pyrene), which differs from the aromaticity
order based on the magnetic criteria (dicyclopenta[cd,mn]- > dicyclopenta[cd,fg]- > dicyclopenta[cd,jk]-
pyrene), is shown by model calculations to be dominated by σ-strain imposed on the pyrene skeleton by
sequential cyclopenta-fusion. This is supported by the computed homodesmotic reaction energies and
aromatic stabilization energy (ASEisom) from isodesmic aromatic-nonaromatic isomerization, and by the
model calculations on “distorted” cyclopenta[cd]pyrenes. The elusive tetracyclopenta[cd,fg,jk,mn]pyrene is
computed to be bowl-shaped; its corresponding planar geometry is the transition state for bowl-bowl
interconversion.

Introduction

Polycyclic aromatic hydrocarbons (PAH) containing unsatur-
ated five-membered rings externally fused to six-membered ring
perimeters (CP-PAHs) are important in several contexts.1 CP-
PAHs have been identified as ubiquitous combustion effluents,
and several representatives have been shown to possess con-
siderable genotoxic activity.2 An example is cyclopenta[cd]-
pyrene (2),3 viz. the simplest externally cyclopenta-fused
congener of pyrene (1), which is one of the most abundant
nonalternant PAH combustion effluents (Figure 1). In addition,

CP-PAHs are nonalternant PAHs and, thus, may exhibit unusual
(photo)physical properties, e.g., anomalous fluorescence and
high electron affinities.4,5

Recently the three isomeric dicyclopentapyrenes, i.e., dicy-
clopenta[cd,mn]- (3), dicyclopenta[cd,jk]- (4), and dicyclopenta-
[cd,fg]pyrene (5), were prepared by flash vacuum thermolysis
(FVT) of the appropriate bis(1-chloroethenyl)pyrenes both in
Utrecht5,6,7 and in Boston.5,8,9 Although the incentive for their
synthesis was the proposal that3-5 might represent three
previously unidentified combustion effluents,10 their availability
also enabled a detailed study of their spectroscopic properties.
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NMR spectra; i.e., the average1H NMR chemical shifts of the
five- and six-membered rings [δ(5)av/δ(6)av] of 3 [7.36/8.32]
differ dramatically from those of4 [6.66/7.55] and5 [6.90/
7.58] in CDCl3.

These curious differences were rationalized8 originally using
Platt’s perimeter model.11 In 4 and5, two of their seven Kekule´
resonance structures possess antiaromatic [16]annulene perim-

eters, expected to lead to paramagnetic ring currents and
consequently upfield shifts of their protons. In contrast, similar
antiaromatic [4n] π-electron ring perimeters are absent in all
of the Kekuléresonance structures for3. Additional apparent
support for the perimeter interpretation was obtained by

(11) Platt, J. R.J. Chem. Phys.1954, 22, 1448-1455.

Figure 1. B3LYP/6-31G* (RHF/6-31G* in parentheses) bond lengths (Å) and bond angles (deg) of1-8. For bowl-shaped7 also a side view is presented.
See Supporting Information for Cartesian coordinates of the optimized geometries of1-8. Single-crystal X-ray data of1 are presented in square brackets.31
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semiempirical computed magnetic susceptibility anisotropies
∆øanis (in units of the benzene anisotropy). Although3-5 are
diamagnetic,3 (∆øanis) 3.5) was found to be more diamagnetic
(i.e., more aromatic) than4 (∆øanis) 2.9) and5 (∆øanis) 2.7).12

However, in line with the general consensus that Platt’s ring
perimeter model is overly simplistic, as it ignores the effects of
cyclic conjugation in smaller subunits of theπ-system including
those of individual rings, the situation appears to be more
complicated.13 This is exemplified by theδ1H data of the next
cyclopenta-fused pyrene congener, i.e., triscyclopenta[cd,fg,jk]-
pyrene (6), which recently became available.14 Its δ1H chemical
shifts [6, acetone-d6; δ(5)av/δ(6)av 6.74/7.44] resemble those of
4 and5 rather than those of3. This is significant since6, like
3, lacks Kekule´ resonance structures with antiaromatic [4n]-
annulene perimeters! Although the experimental data for1-6
appear to be qualitatively reconcilable using Randic´’s conjugated
circuit model13 or semiempirical calculated diamagnetic sus-
ceptibility anisotropies in units of benzene anisotropies (∆øanis),
we report here that quantitatively reliable results concerning both
the thermodynamic stability and aromatic character of1-7 are
only accessible at the ab initio and density functional levels of
theory. Theδ1H data calculated using the GIAO (IGLO-III)
methods for1-6 agree well with the available experimental
data. It is interesting to note that the experimentally elusive
tetracyclopenta[cd,fg,jk,mn]pyrene (7) is calculated to be bowl-
shaped and to possess the most upfieldδ1H NMR data [GIAO
(IGLO-III): δ(5)av/δ(6)av 6.6(7.1)/7.1(7.5) reference benzeneδ
7.86 (7.84) ppm] of the series. Furthermore, it is shown that
the relative thermodynamic stability of the congeners is affected
by the σ-strain imposed on the pyrene skeleton by sequential
cyclopenta-fusion.

Computational Methods

The effect of cyclopenta-fusion on the magnetic properties of1-7/
8, viz. their magnetic susceptibility anisotropies in units of the benzene
anisotropy (∆øanis), were first calculated semiempirically with Yamagu-
chi and Nakajima’s procedure15 (a modified London-Hoarau proce-
dure16 using the Wheland-Mann-type approximation17) and planar
optimized geometries.

The geometries of1-8 were then optimized at the RHF/6-31G* ab
initio level using GAMESS-UK18 in Utrecht and at the B3LYP/6-31G*
density functional level with Gaussian 9419 in Erlangen (Figure 1). At

the B3LYP/6-31G* (RHF/6-31G*) level of theory1-7 were identified
as proper minima (NIMAG) 0) and8 as a transition state [NIMAG
) 1; B3LYP/6-31G* (RHF/6-31G*)-65 cm-1 (-76 cm-1)], respec-
tively. B3LYP/6-31G* (RHF/6-31G*) zero point energies (ZPEs) for
1-8 are reported in the table in the Supporting Information. The wave
functions of1-8 are all stable at UB3LYP/6-31G*. At the UHF/6-
31G* level of theory instabilities were found for the RHF/6-31G* wave
functions of2-6, indicating that electron correlation in these com-
pounds appears to be important. However, the largest energy decrease
was found to be 0.7 eV for2 with UHF natural orbital occupations of
1.80, 1.63, 0.37, and 0.20. A CASSCF(8,9)/6-31G calculation starting
at the UHF/6-31G natural orbitals gave natural orbital occupations of
1.93, 1.90, 0.10, and 0.05, showing that the RHF wave function
represents a good first-order approximation and that UHF exaggerates
the biradical nature of the systems.20 The good agreement between the
RHF and the B3LYP density functional results further substantiates
that a one-determinant description suffices for a qualitative description
of these compounds. Furthermore, at the B3LYP/6-31G* (RHF/6-31G*)
levels of theory the computed singlet states of1-7 were verified to be
more stable than the corresponding triplet states [see the table in the
Supporting Information for∆ET-S (B3LYP/6-31G* and RHF/6-31G*)
values].

In Utrecht, the magnetic properties of1-7 [magnetic susceptibilities
(ø, ppm cgs), nucleus independent chemical shifts (NICS),21 and 1H
NMR chemical shifts (δ, ppm) vs TMS (σH ) 32.07 ppm)] were
calculated using a direct IGLO version (DIGLO)22,23 with the IGLO-
III basis set at the RHF/6-31G* geometries. For benzene IGLO-III//
RHF/6-31G* gaveδ 7.84 ppm (σH ) 24.23 ppm). In Erlangen, SCF-
GIAO/6-31G* 24 was used to compute NICS and theδ1H (in ppm) vs
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Table 1. Resonance Energy (Eres, kcal/mol) Estimated via Randić’s Conjugated Circuit Model and the Semiempirical Magnetic Susceptibility
Anisotropy of 1-7/8 Relative to the Benzene Value (∆øanis)

compd conjugated circuitsa Eres
a ∆øanis

b

1 12R(1) + 8R(2) + 6R(3)/6 50.0 3.7 [3.6 (3.7)]
2 12R(1) + 8R(2) + 6R(3)/6 50.0 3.6 [3.6 (4.0)]
3 12R(1) + 8R(2) + 6R(3)/6 50.0 3.5c [3.6 (4.2)]
4 12R(1) + 8R(2) + 6R(3) + 12Q(4)/7 40.5 2.9c [2.0 (3.3)]
5 12R(1) + 8R(2) + 6R(3) + 2Q(3) + 8Q(4) + 2Q(5)/7 40.2 2.7c [2.3 (3.5)]
6 12R(1) + 8R(2) + 6R(3) + 4Q(3) + 20Q(4) + 2Q(5)/8 32.3 2.1 [1.5 (3.1)]
8d 12R(1) + 8R(2) + 6R(3) + 12Q(3) + 28Q(4) + 4Q(5)/10 22.0 0.8 [0.3 (2.2)e]

a R(n) andQ(n) represent [4n + 2]- with n ) 1-3 and [4n]- with n ) 1-5 π-electron conjugated circuits. TheEres values ofR(n) andQ(n) were taken
from ref 13 [R(1) ) 20.04;R(2) ) 5.67;R(3) ) 2.31;Q(1) ) -36.90;Q(2) ) -10.38;Q(3) ) -3.46;Q(4) ) -1.38;Q(5) ) 0.00 kcal/mol].b Semiempirical
∆øanis values (see Computational Methods). In square brackets∆øanis in units of the benzene anisotropy calculated using ab initio CSGT-B3LYP/6-31G*//
B3LYP/6-31G* (IGLO-III//RHF/6-31G*) results (see also Table 4).c Taken from ref 12.d See text; planar8 is the transition state for bowl-bowl interconversion
of 7. e In the ab initio calculations the optimized bowl-shaped geometry of7 was used (see text).
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TMS (σH ) 32.78 ppm), and CGST-B3LYP/6-31G*25 was used for
magnetic susceptibility (ø, ppm cgs) calculations using the B3LYP/6-
31G* geometries. For benzene SCF-GIAO/6-31G*//B3LYP/6-31G*
gaveδ 7.86 (σH ) 24.92 ppm). The calculated total energies (Etot, au)
and the Cartesian coordinates of the optimized geometries are given in
the Supporting Information.

Results and Discussion

Conjugated Circuit Resonance Energy (Eres) of 1-7/8. In
contrast to Platt’s ring perimeter model, theδ1H anomaly of
3-6 can be resolved qualitatively using Randic´’s conjugated
circuit model.13 Instead of considering only ring perimeter
contributions, in the latter modelall independent closed-shell
[4n + 2] and [4n] π-electron conjugated circuits of all distinct
Kekulé resonance structures are taken to contribute to the
resonance energy (Eres) of a (non)alternant PAH.13,26-28 The
conjugated circuitEresvalues of1-7/8are summarized in Table
1.

A survey of the possible Kekule´ resonance structures shows
that1-3 possess only [4n + 2] π-electron conjugated circuits,
while 4-7/8 contain both [4n + 2] and [4n] π-electron
conjugated circuits. In line with theδ1H data, which are
considered to reflect ring current effects, the conjugated circuit
model suggests that3 is energetically more aromatic than4 and
5 by ca. 10 kcal/mol.13 However, the smallEres difference (0.3
kcal/mol) between4 and5 precludes a more detailed analysis
of their 1H NMR properties. The incorporation of a third
externally fused five-membered ring in6 leads to a further
decrease ofEres (by ca. 8 kcal/mol); this resembles the change
of Eres in going from3 to 4 and5, respectively. TheEres of 7/8
with four five-membered rings is only 22.0 kcal/mol; this is a
further decrease of ca. 10 kcal/mol with respect to6. Thus for
1-6, the change of their conjugated circuitEres values appears
to be in line with that deduced from their availableδ1H data.
However, recent results of ab initio valence bond (VB)
calculations,29 in which all Kekuléresonance structures of each
of the congeners1-6 and8 were explicitly taken into account,
suggest that the trend predicted by the conjugated circuit model
is incorrect. In contrast with the conjugated circuitEres values
(Table 1), the ab initio VB calculations gave nearly identical
resonance energies [Eres(VB); range 55-62 kcal/mol] for all
members of the series.29 Thus, the agreement between the
change of the conjugated circuitEres values and theδ1H data
throughout the series seems to be fortuitous (see also section
Ab Initio Geometries of1-8).

Ambiguous results were also obtained using semiempirical
magnetic susceptibility anisotropies relative to that of benzene
(∆øanis) computed for1-7/8using planar Wheland-Mann-type
SCF optimized geometries (see Computational Methods). The
∆øanis values for1-7/8 are given in Table 1. In line with the
conjugated circuitEresvalues and theδ1H data,1-3 have similar
∆øanisvalues, but these are less negative for4 and5. In addition,
∆øanis decreases even more upon introduction of additional

externally fused five-membered rings. In contrast to theδ1H
trends, the∆øanisvalues indicate that4 (2.9) should be somewhat
more aromatic than5 (2.7).

Hence, these results show that the qualitative models do not
provide clear-cut answers. Therefore, ab initio calculations were
performed to gain more detailed insight in the consequences of
cyclopenta-fusion, i.e., the effect of the number of cyclopenta
moieties and their topology along the pyrene perimeter on their
thermodynamic stability and their magnetic properties.

Ab Initio Geometries of 1-8. As shown in Figure 1, planar
structures with nearly identical bond lengths and bond angles
were obtained at both the B3LYP/6-31G* and RHF/6-31G*
levels of theory for1 (D2h), 2 (Cs), 3 (C2V), 4 (C2h), 5 (C2V),
and 6 (Cs). In marked contrast, the planar form of the
experimentally still elusive congener tetracyclopenta[cd,fg,jk,mn]-
pyrene (8, D2h) was identified as the transition state for bowl-
bowl interconversion; i.e., with the bowl-shaped form (7, C2V)
as energy minimum, the barriers are 2.9 kcal/mol at B3LYP/
6-31G* and 3.8 kcal/mol at RHF/6-31G*.30

A biphenyl-like structural fragment31 is clearly discernible
in 1. At B3LYP/6-31G* (RHF/6-31G*), a bond length alterna-
tion of 0.01-0.02 Å (0.01-0.02 Å) is found for the vertical
six-membered rings, whereas that of the horizontal six-
membered rings is in the 0.08 Å (0.11 Å) range. Similarly, the
optimized structures of2-7 all possess nearly identical pyrene-
like structural features at both levels of theory. The externally
fused five-membered rings are all connected by C-C bonds of
ca. 1.47-1.49 Å (1.47-1.49 Å) to the pyrene framework, and
in all cases they contain typical CdC bonds with lengths of ca.
1.36-1.37 Å (1.34-1.37 Å) (Figure 1). This large bond length
alternation indicates that these five-membered rings with their
largely isolated double bonds act as appendages, and may
participate only in enhancing the aromaticity or perimeter
delocalization (see also ref 29).

As summarized in Table 2, the energy of incorporating
cyclopenta moieties (the cis-HCdCH- increment) is not
constant, but increases with increasing number of fused five-
membered rings (NCP). Notice that these results are not affected
by B3LYP/6-31G* (RHF/6-31G*) ZPE corrections. The ZPE
corrections for each additional five-membered ring were found
to be additive [ca. 7.3 kcal/mol (8.0 kcal/mol) at the B3LYP/
6-31G* (RHF/6-31G*) level of theory; see the table in the

(24) Wolinsky, K.; Hinton, J. F.; Pulay, P.J. Am. Chem. Soc.1990, 112, 8251-
8260.

(25) (a) Keith, T. A.; Bader, R. W. F.Chem. Phys. Lett.1993, 210, 1223-231.
(b) Bader, R. W. F.; Keith, T. A.Chem. Phys. Lett.1992, 194, 1-8. (c)
Bader, R. W. F.; Keith, T. A.J. Chem. Phys.1993, 99, 3683-3693.

(26) Herndon, W. C.; Ellzey, M. L. J.J. Am. Chem. Soc.1974, 96, 6631-
6642.

(27) Dewar, M. J. S.; de Llano, C.J. Am. Chem. Soc.1969, 91, 789-795.
(28) Randic´, M. J. Am. Chem. Soc.1977, 99, 444-450.
(29) Havenith, R. W. A.; van Lenthe, J. H.; Dijkstra, F.; Jenneskens, L. W.J.

Phys. Chem. A.2001, 105, 3838-3845 and references cited.

(30) The barrier of7 f 8 was also computed at the B3LYP/6-311G** (4.3
kcal/mol) and MP2/6-31G*//RHF/6-31G* (5.0 kcal/mol) levels of theory.
The results show that the barrier7 f 8 is only moderately affected using
different basis sets.

(31) Clar, E.Polycyclic Hydrocarbons; Academic Press Inc.: London, 1964.
Single-crystal X-ray structure of1 at 93 K: Frampton, C. S.; Knight, K.
S.; Shankland, N.; Shankland, K.J. Mol. Struct.2000, 520, 29-32.

Table 2. Energy Increment Difference (∆Einc, kcal/mol) upon
Incorporation of an Additional Cyclopenta-Fused Moiety of 1-7

compd NCP
a ∆Einc

b

1 0
2 1 0.0 (0.0)
3 2 2.9 (3.2)
4 2 1.9 (1.8)
5 2 1.2 (0.8)
6 3 4.0 (4.1)
7 4 5.4 (5.5)

a Number of externally fused cyclopenta moieties (Figure 1).b ∆Einc )
[Etot - Etot(1)]/NCP - [Etot(2) - Etot(1)] at B3LYP/6-31G* (the related RHF/
6-31G* values are given in parentheses). For the differentEtot values, see
the table in Supporting Information.
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Supporting Information]. We attribute this to a progressive
increase in the imposed strain on the pyreneσ-skeleton. Similar
results are found using the homodesmotic reactions depicted in
Chart 1. The reference reaction between2 and naphthalene (9)
furnishing 1 and acenaphthylene (10) gave a reaction energy
∆E of only -1.3 kcal/mol. Hence, the energetic effect of
external cyclopenta-fusion is similar for2 and10. In contrast,
the highly exothermic reaction energy∆E obtained for7 (-27.0
kcal/mol, or ca.-6.8 kcal/mol per fused five-membered ring)
reveals that consecutive addition of cyclopenta moieties indeed
imposes increasingly severe strain on the pyreneσ-skeleton.

This interpretation is further supported by the aromatic
stabilization energies (ASEisom) calculated for1-7 and related
systems (Chart 2 and Table 4). In these calculations, the ASEisom

is defined as the energy difference between the methyl-
substituted derivative (1a-7a) and its quinoid isomer containing
anexo-methylene substituent (1b-7b). This isodesmic isomer-
ization energy method has the advantage of simplicity; only
one closely related reference compound is needed, and this
should compensate for strain very roughly.32 Throughout the
whole series, the moderately varying ASEisom values suggest
that all congeners indeed possess similarπ-electron delocal-
ization energies in line with theEres(VB) values obtained using
ab initio VB calculations.29 Consequently, the changes in overall
stability [total energies (Etot)] have to be attributed to strain
imposed on theσ-skeleton of the pyrene framework. This
interpretation is at variance with the conclusions obtained using
the conjugated circuitEres values [Table 1 and see section
Conjugated Circuit Resonance Energy (Eres) of 1-7/8].

As shown in Table 3, the thermodynamic stability order
[based on the total energies (Etot)], 5 > 4 > 3, is noteworthy.
It deviates from the aromaticity order,3 > 4 ∼ 5, based on the
conjugated circuitEres values (Table 1) and on the magnetic
properties (3 > 5 > 4; δ1H, ∆øanis, øtot, ∑NICS, Λ, Tables 1
and 4, vide infra). Since3-5 possess similar ZPEs [B3LYP/
6-31G* (RHF/6-31G*): 3, 145.16 kcal/mol (155.6 kcal/mol);
4, 145.15 kcal/mol (155.6 kcal/mol); and5, 145.19 kcal/mol
(155.7 kcal/mol); see the table in the Supporting Information],
the thermodynamic stability order will not be affected by
inclusion of ZPE corrections. Thus,3 has the highest aromatic
character (magnetic properties), but is the least stable isomer.
This reverse relationship has also been found in other systems,
e.g., [5,5]-, [5,6]-, [5,7]- and [6,7]-fused bicyclic systems as
well;33 the most stable representative of isomeric nonalternant
polycyclic aromatic compounds need not be the most aromatic!

To explain this apparent anomaly, RHF/6-31G* single-point
energies were also computed on “distorted” cyclopenta[cd]-
pyrene models (designated3H2, 4H2, and5H2; see Figure 2,
Table 3, and Supporting Information), derived from3-5 by
replacing one of the equivalent five-membered rings of3-5
by two carbon-hydrogen bonds (1.074 Å) having the same

(32) Wakita, K.; Tokitoh, N.; Okazaki, R.; Nagase, S.; Schleyer, P. v. R.; Jiao,
H. J. Am. Chem. Soc.1999, 121, 11336-11344.

(33) (a) Subramanian, G.; Schleyer, P. v. R.; Jiao, H.Organometallics1997,
16, 2362-2369. (b) Subramanian, G.; Schleyer, P. v. R.; Jiao, H.Angew.
Chem.1996, 108, 2824-2827; Angew. Chem., Int. Ed. Engl.1996, 35,
2638-2641. (c) Schleyer, P. v. R.; Najafian, K.; Mebel, A.Inorg. Chem.
1998, 37, 6765-6772.

Chart 1. Homodesmotic Reactions of 1-7 Chart 2. Aromatic Stabilization Energies (ASEIsom, kcal/mol,
B3LYP/6-31G*//Fopt) and Difference in Diamagnetic
Susceptibilities Taken as the Diamagnetic Susceptibility
Exaltations (Λ, ppm cgs) at the CSGT-B3LYP/6-31G*//B3LYP/
6-31G* Levela

a For Cartesian coordinates of the optimized geometries of1a-7a and
1b-7b, see Supporting Information.

Table 3. RHF/6-31G* Relative Energies (Erel, kcal/mol) for 3-5
and for the “Distorted” Cyclopenta[cd]pyrene Models (3H2-5H2;
Figure 2 and Supporting Information)

compd Erel
a modelb Erel

b

3 4.8 (3.4) 3H2 5.2
4 1.9 (1.5) 4H2 1.7
5 0.0 (0.0) 5H2 0.0

a B3LYP/6-31G* values in parentheses.b See text.
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valence angles as those in the five-membered rings (see Figure
1). Since both2 and its “distorted” analogues (3H2, 4H2, and
5H2) have identicalπ-orbital systems, this enables the assess-
ment ofσ-strain contributions in the pyrene skeleton imposed
by the dicyclopenta-fusion topology. Both the stability order
(qualitatively) and the energy differences (quantitatively) of the
“distorted” cyclopenta[cd]pyrene models (3H2, 4H2, and5H2)
agree excellently with those of3-5 (5 > 4 > 3, Table 3).
Hence,σ-strain imposed on the pyrene skeleton by the dicy-
clopenta-fusion indeed appears to dominate the relative stability
order of3-5. This provides an explanation for the fact that all
attempts to synthesize the experimentally elusive tetracyclo-
penta[cd,fg,jk,mn]pyrene (7) following procedures similar to
those used for2-63,6-9,14 still remain unsuccessful.5

Magnetic Properties of 1-7. While all the computedδ1H
values [δ(6)av and δ(5)av] are downfield with respect to the
experimental chemical shifts, it is gratifying that the differences
are nearly constant and that the order is the same (Table 4).
Moreover, both GIAO and IGLO-III methods reproduce the
experimental changes of theδ1H data in the series1-6 in
considerable detail. Compared to the available experimental data
for 1-6, the computed1H NMR chemical shifts are overesti-
mated by 0.3-0.5 ppm at the SCF-GIAO/6-31G*//B3LYP/6-

31G level (IGLO-III//RHF/6-31G* level: 0.6-0.7 ppm), and
the same is also found for benzene [GIAO (IGLO-III)δ 7.86
(7.84) ppm]. Taking this difference into account, the estimated
δ1H data for7, viz. δ(6)av of ca. 6.7 ppm (IGLO-III: ca. 6.8
ppm) andδ(5)av of ca. 6.2 ppm (IGLO-III: ca. 6.4 ppm), should
be reliable.

The fusion of one five-membered ring onto the pyrene
skeleton (2) does not affect theδ1H, øanis, or ASEisom, but the
NICS[1.0 (0.0)] values are reduced in magnitude by about 1
ppm (Chart 3). The five-membered ring has a slightly positive
NICS value. Note that the NICS values of the six-membered
rings, next to a five-membered ring, are slightly less negative
than those without the five-membered ring.

In going from 3 to 4 and finally 5, the øtot values become
less negative, indicating a diminished magnetic aromatic
character in the3 > 5 > 4 order. It is possible to compare
isomers3-5 directly, since they have nearly the same ring area.
The in-plane susceptibility anisotropies (øin-plane av) of 3-5 are
nearly identical, but their out-of-plane (øout-of-plane) values
change significantly. Hence, the changes in aromaticity can be
ascribed primarily to variations in theπ-systems. This is in line
with the observed changes of their1H NMR properties and
reflects that the induced ring currents in the series3-5 differ.
It is noteworthy that a comparison between the semiempirical
∆øanis values and those computed using the ab initio GIAO
(IGLO-III) results reveal that in contrast to the semiempirical
results (∆øanis3 > 4 ∼ 5) the ab initio∆øanis results predict the
proper order3 > 5 > 4 (Tables 1 and 4). Notwithstanding,
also at the ab initio level the difference between∆øanis for 4
and5 is very small. The aromaticity order of3-5 also can be
deduced from the estimated diamagnetic susceptibility exaltation
(Λ, ppm cgs) derived from the equations in Chart 2. On this
basis,3b f 3a (Λ ) -40.1 ppm cgs) is the most, while4b f
4a (Λ ) -9.4 ppm cgs) is the least aromatic. As expected, this

Table 4. Computed Magnetic Properties of 1-7

1 2 3 4 5 6 7

øout-of-plane
a -305.2 -308.5 -316.9 -211.6 -224.3 -174.8 -109.0

(-331.6) (-357.8) (-383.8) (-321.9) (-333.1) (-315.6) (-273.2)
øin-plane av

a -51.8 -57.5 -63.1 -63.5 -63.1 -69.0 -84.9
(-85.3) (-92.9) (-100.3) (-100.4) (-100.6) (-107.9) (-124.0)

øanis
a,b -253.4 -251.0 -253.8 -148.1 -161.2 -105.8 -24.1

(-246.3) (-264.9) (-283.5) (-221.5) (-232.6) (-207.7) (-149.2)
øtot

a -136.3 -141.2 -147.7 -112.9 -116.8 -104.3 -92.9
(-167.4) (-181.2) (-194.8) (-174.3) (-178.1) (-177.1) (-173.7)

∆øanis
a,c 3.6 3.6 3.6 2.0 2.3 1.5 0.3

(3.7) (4.0) (4.2) (3.3) (3.5) (3.1) (2.2)
∑NICS(1.0)d -48.4 -43.4 -44.7 -25.8 -27.4 -15.4 -19.0f/3.4g

(-41.2) (-37.9) (-35.1) (-22.0) (-23.7) (-12.6) (-17.4f/7.6g)
δ(6)av

d 8.6 8.6 8.7 8.0 8.0 7.7 7.1
(8.7) (8.8) (8.9) (8.3) (8.3) (8.0) (7.5)
8.1 8.2 8.3 7.6 7.6 7.4

δ(5)av
d 7.7 7.7 7.1 7.3 7.0 6.6

(7.9) (7.9) (7.4) (7.6) (7.4) (7.1)
7.3 7.4 6.7 6.9 6.7

ASEisom
e -58.8 -58.4 -56.7 -54.3 -58.3 -53.9 -55.1

(-58.6) (-58.1) (-56.7) (-55.6) (-57.7) (-56.0)

a In ppm cgs at CSGT-B3LYP/6-31G*//B3LYP/6-31G*, IGLO-III//RHF/6-31G* values in parentheses: CSGT (IGLO-III),øin-plane av) (øxx + øyy)/2;
øtot(benzene),-46.1 (-61.5); øout-of-plane(benzene),-92.6 (-106.1);øin-plane av(benzene),-22.8 (-39.2); øanis(benzene),-69.8 (-66.9) ppm cgs. NICS
[GIAO (IGLO-III)]: -11.6 (-10.0) at 0.0 Å;-13.3 (-11.6) at 0.5 Å;-12.8 (-11.3) ppm at 1.0 Å over the ring center.b ∆øanis ) øout-of-plane- øin-plane av.
c Magnetic susceptibility anisotropy in units of the benzene anisotropy (∆øanis) using GIAO [(IGLO-III), see also Table 1 and the Supporting Information].
d In ppm at SCF-GIAO/6-31G*//B3LYP/6-31G*, IGLO-III//RHF/6-31G* values in parentheses and the experimental values, in italics [δ(5)av/δ(6)av: 3
(7.36/8.32),4 (6.66/7.55), and5 (6.90/7.58),6,8 and6 (6.74/7.44)14]. For benzene SCF-GIAO/6-31G*//B3LYP/6-31G* (IGLO-III//RHF/6-31G*) gaveδ 7.86
(7.84) ppm (all values are referenced to TMS at 0.00 ppm; see Computational Methods). The NICS(1.0) values are computed at points 1.0 Å above the
center of individual rings, and∑NICS(1.0) is the sum of the individual rings (see also Chart 3 and Supporting Information).e Aromatic stabilization energies
(ASEisom, kcal/mol; see text and Chart 2). IGLO-III//RHF/6-31G* values in parentheses.f Concave side (see Chart 3; “i”).g Convex side (see Chart 3; “o”).

Figure 2. The “distorted” cyclopenta[cd]pyrene models3H2, 4H2, and5H2.
See the Supporting Information for Cartesian coordinates of the partially
optimized geometries and see the text.
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order is also supported by the sum of the NICS values of the
individual rings at 1.0 Å over their centers [∑NICS(1.0), Table
4]. With the exception of the exaltation valueΛ for the
conversion of4b f 4a,34 IGLO-III//RHF/6-31G* calculations
gave similar results and trends for various isodesmic reactions
depicted in Chart 2 (1b f 1a, ASEisom -58.6 kcal/mol andΛ
-54.7 ppm cgs;2b f 2a, ASEisom -58.1 kcal/mol andΛ -49.7
ppm cgs;3b f 3a, ASEisom -56.7 kcal/mol andΛ -45.2 ppm
cgs;4b f 4a, ASEisom -55.6 kcal/mol andΛ -27.2 ppm cgs;
5b f 5a, ASEisom -57.7 kcal/mol andΛ -40.6 ppm cgs; and
6b f 6a, ASEisom -56.0 kcal/mol andΛ -24.6 ppm cgs).

More details are obtained from the individual six- and five-
membered ring NICS values (Chart 3). For example, the two
biphenyl-type six-membered rings (shown vertically in Chart
3) in 3-5 have nearly the same NICS[1.0 (0.0)] values, and
therefore they are nearly equally aromatic. However, the NICS-

[1.0 (0.0)] values of the two horizontal six-membered rings of
3 [-7.8 (-4.9) ppm] are more negative than those of4 [-4.2
(-0.7) ppm] and5 [-4.7/-4.9 (-1.2/-2.0) ppm], which can be
considered as close to nonaromatic. Significant changes are
found for the five-membered rings [3, -1.4 (2.4) ppm (non-
aromatic);4, 3.5 (8.2) ppm (antiaromatic); and5, 3.5 (8.3) ppm
(antiaromatic)].

For 6, the NICS[1.0 (0.0)] values show that its three fused
five-membered rings decrease the aromaticity of the central six-
membered rings further. The five-membered rings are all
antiaromatic; the largest NICS[1.0 (0.0)] value is 7.3 (12.7) ppm.
The elimination of aromaticity in6 is not only supported by
NICS, but also by theδ1H, øanis, and øtot data. Note that the
øin-plane avcontribution of6 is close to those of3-5. Hence all
the changes in aromaticity going from3-5 to 6 are from the
π-systems, as a consequence of a different induced ring current
mode due to triscyclopenta-fusion.

The ring protons of the experimentally elusive congener7,
with four externally fused five-membered rings, are calculated
to be even more upfield shifted, and very strongly decreased
aromaticity is expected on the basis of its magnetic properties.
More details are shown by the NICS data for the five- and six-
membered rings (Chart 3). Remarkably, the sum of the NICS-
(1.0) values of7 is positive (3.4 ppm) rather than negative on
the convex side [∑NICS(1.0) concave side-19.0 ppm]. Also
for ∑NICS(0.0) a positive value (15.8 ppm) is found (Table 4);
IGLO-III//RHF/6-31G* gave similar trends [∑NICS(1.0) convex
side 7.6 ppm and concave side-17.4 ppm, Table 4 and∑NICS-
(0.0) 24.8 ppm; see the chart in the Supporting Information].

Conclusions

For 1-6 and7/8 the magnetic susceptibility anisotropies in
units of benzene anisotropies (∆øanis) calculated using Yamagu-
chi and Nakajima’s procedure15 (a modified London-Hoarau
procedure16 using the Wheland-Mann-type approximation17)
are inconsistent with the availableδ1H NMR data. This is
demonstrated for the isomeric dicyclopenta-fused pyrenes3-5.
The conjugated circuitEres values (3 > 4 ∼ 5) and the
semiempirical∆øanis results (3 > 4 ∼ 5)12 suggest that3 is the
most aromatic isomer and, hence, should have the lowest energy,
viz. highest thermodynamic stability.

However, an unexpected stability order of these isomers (5
> 4 > 3) has been found at both the ab initio (RHF/6-31G*)
and density functional (B3LYP/6-31G*) levels of theory. This
stability order, which deviates from the order found using the
magnetic criteria (3 > 5 > 4), is attributed toσ-strain imposed
on the pyrene skeleton from the externally fused five-membered
rings. Both homodesmotic reaction energies (Chart 1) and the
isodesmic ASEisom values for1a-7a (Chart 2) support the view
that σ-strain increases concomitant with an increasing number
of externally fused five-membered rings. This provides a
rationalization for the facts that6 is only accessible in
moderately yield using FVT14 and that hitherto7 still remains
the experimentally elusive congener.5

Quantitatively reliable results are obtained using ab initio
GIAO and IGLO-III calculations for pyrene (1) and its cyclo-
penta-fused derivatives2-6, for which experimental data are
available. The results show that the number of cyclopenta
moieties as well as cyclopenta-fusion topology (3-5) indeed
markedly affects their aromaticity and their relative thermody-

(34) The discrepancy between theΛ value for4b f 4a (CGST-B3LYP/6-31G*//
B3LYP/6-31G*-9.4 ppm cgs and IGLO-III//RHF/6-31G*-27.2 ppm cgs)
could be traced to the use of the hybrid density functional method.
Recalculation ofΛ for 4b f 4a at the CSGT-RHF/6-31G*//B3LYP/6-
31G* level of theory gave-26.3 ppm cgs in agreement with the IGLO-
III//RHF/6-31G* result. The computed CSGT-RHF/6-31G*//B3LYP/6-
31G* and IGLO-III//RHF/6-31G*øtot values were 119.1 and 146.5 ppm
cgs for4a, and 109.7 and 120.2 ppm cgs for4b, respectively. Remarkably,
however, both CGST-B3LYP/6-31G*//B3LYP/6-31G* and IGLO-III//RHF/
6-31G* gave nearly identicalΛ values forxb f xa for x being1-3, 5,
and6 (see text and Chart 2).

Chart 3. NICS for Five- and Six-Membered Rings at 1.0 Å above
the Ring Centersa

a The values at the ring center (0.0 Å) are given in parentheses for
comparison (ppm, SCF-GIAO/6-31G*//B3LYP/6-31G*). For7, the values
(“i”) are inside the bowl (concave side) and (“o”) outside (convex side) the
bowl.
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namic stability. In line with the changes of the gross1H NMR
spectroscopic features of3-5, their aromatic character according
to the magnetic criteria decreases in the order3 > 5 > 4.
Furthermore, introduction of additional cyclopenta moieties, viz.
6 and7, leads to a further reduction of their aromatic character.
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