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Svetlana Marković Æ Sonja Stanković Æ
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Abstract Two mechanisms for the isomerization of

cyclopenta[fg]aceanthrylene to acefluoranthene were

revealed. The first pathway occurs via a cyclobutyl inter-

mediate, whereas the second pathway involves a transition

state that contains an sp3-hybridized carbon atom. Both

patterns show that the Stone-Wales rearrangement requires

extremely high activation energy and indicate that the

isomerization process can occur only under a drastic tem-

perature regime.
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Introduction

Cyclopenta-fused polycyclic aromatic compounds (CP-

PAHs) are recently attracting much attention from

experimental [1–4] and theoretical chemists [5–7]. One of

the reasons for this lies in their important role in the

processes of incomplete combustion of hydrocarbon-con-

taining fuel sources [1, 3, 4]. Namely, among other

polycyclic aromatic compounds, these are considered to

be responsible for the genotoxicity of respective com-

bustion mixtures [8–10]. It was found that certain

temperature intervals permit particular isomerisation and

intraconversion pathways of various CP-PAHs, whereas

many other reactions do not even occur [11–18]. For

example, a series of FVP experiments has been performed

to prepare cyclopenta[fg]aceanthrylene (1) under various

experimental conditions [11]. However, these attempts

have yielded mixtures of isomeric cyclopenta[de]acea-

nthrylene (2) and cyclopenta[de]phenanthrylene (3). It has

been suggested that 1 did form, but, due to its instability,

it underwent isomerization to 2 via ethynylaceanthrylene

[11]. This assumption has been recently confirmed by

means of density-functional-theory-based calculations

[19].

Various computational approaches have been employed

to provide additional information on possible thermal

rearrangement processes, involving different intraconver-

sions of CP-PAHs, and rearrangements of ethynylarenes to

CP-PAHs [12, 17–21]. Stone-Wales rearrangement, i.e.,

the isomerisation followed with the simultaneous rear-

rangement of two carbon atoms, has been widely discussed

[22–25]. The Stone-Wales transformation has originally

been suggested as a hypothetical mechanism useful for

deriving fullerene isomers [26]. Scott et al. [27] have

claimed that pyracylene does not rearrange according to

the Stone-Wales pathway at 1,100 �C. On the other hand,

Nimlos et al. [22] have proposed two mechanisms for

the Stone-Wales rearrangement of pyracylene. The first

mechanism occurs via a cyclobutyl intermediate, and the

second contains one transition state with an sp3-hybridized

carbon atom. The aim of this paper is to examine the

possibility of extending the application of pyracylene-type

rearrangement to the isomerization of 1 to acefluoranthene

(4). Our investigation is also inspired by the work of Scott

et al. [11], who tried to obtain 4 from 1 using various

experimental methods. The present study rationalizes the

instability and fast intraconversion of 1 and thus supports

previous experimental investigations.
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Results and discussion

Our recent study [19] has shown that 1, 2, and 3 can undergo

different intraconversion patterns for mutual isomeriza-

tions. It has been confirmed that ethynylaceanthrylene

forms during the flash vacuum pyrolisis experiments, but,

due to the high temperature conditions (900 �C), it trans-

forms to either 1 or 2. When formed, 1 surmounts the

activation barrier (383.5 kJ/mol, calculated at the level of

theory used in this work) and rapidly returns to 2. Under the

conditions of extreme temperature (1,100 �C), 2 and 3

undergo mutual isomerization, overcoming the high-energy

barrier (383.2 kJ/mol) and forming the isomeric mixture.

This paper examines possible reaction paths for the

Stone-Wales rearrangement of 1. Two mechanisms for the

isomerization of 1 to 4 were revealed: pathway A occurs

via the transition states 5 and 7, and the cyclobutyl inter-

mediate 6, whereas pathway B involves a transition state 8

that contains an sp3-hybridized carbon atom (Fig. 1).

The energetic diagram of the reactions is depicted in

Fig. 2. The optimized geometries of all transition states are

presented in Fig. 3. Compounds 1 and 4 are planar mole-

cules, whereas the planarity in 5–8 is significantly

disturbed. The bond lengths of all intermediates and tran-

sition states are given in Table 1, whereas the values of the

total energies, enthalpies, and free energies are provided in

Table 2.

A cleavage of the double C13–C14 bond of 1, followed

by the simultaneous formation of the C2–C13 and C8–C14

bonds, is considered as the first step in pathway A. A

transition state 5, which requires an activation energy of

458.2 kJ/mol, is revealed. Here, a weak r(C2–C13)

bond with the hybrid composition 0.71(sp5.01)C2 ? 0.70

(sp2.21)C13 is observed. Thus, the six-membered ring 1 of 1

has contracted into a five-membered ring, whereas ring 2

has extended into a seven-membered ring (Fig. 3). By the

formation of the C8–C14 bond, the transition state 5 is

stabilized, yielding the intermediate 6. Here, rings 1–4 are

all five-membered, and there is a four-membered cycle

between rings 1 and 2 (Fig. 1). The maps of the HOMO

and LUMO in 6 are presented in Fig. 4. The HOMO and

LUMO maps delineate the areas that are most electron-

sufficient (C13 and C11) and electron-deficient (C14).

Following this consideration, we examined the formation

of the C13–C14 bond as the second step of pathway A.

Fig. 1 Reaction scheme for two

isomerization processes of 1–4

Fig. 2 Energy diagram for pathways A (1, 5, 6, 7, 4) and B (1, 8, 4)
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The transition state 7 is obtained (Fig. 3), requiring an

activation barrier of 57.8 kJ/mol. Here, the C8–C13 bond is

elongated, the C2–C14 bond is broken, and the C13–C14

bond is being formed (Table 1, Fig. 3). The hybrid compo-

sition of the C8–C13 bond [0.71(sp5.57)C8 ? 0.71(sp2.25)C13]

is in agreement with its length. Thus, cycle 4 has become a

seven-membered ring. Further changes in 7 (i.e., the cleav-

age of the C8–C13 bond and the formation of the C13–C14

bond) lead to the formation of the product 4.

In pathway B a shift of the p(C13–C14) to the position

11–13 is considered as a plausible one-step isomerization

process. The transition state 8, requiring an activation

energy of 501.1 kJ/mol, is found out (Fig. 3). The C8–C13

bond is being broken, the C2–C13 bond is being formed,

and a weak r(C8–C14) bond with the hybrid composition

of 0.69(sp2.8)C8 ? 0.72(sp2.72)C14 is formed. The six-

membered rings 1 and 3 are significantly deformed, and the

C13 atom is approximately sp hybridized. As the C8–C13

bond is completely broken and the C2–C14 bond is formed,

the product 4 is obtained.

The results of the IRC calculations for the transition

states 7 and 8 are presented in Fig. 5.

Figure 2 and Table 2 show that the Stone-Wales

rearrangement requires an extremely high activation

energy. The rate determining steps for pathways A and B

amount to 481.6 and 501.1 kJ/mol. These mutually sim-

ilar activation barriers are even higher than those

observed in the thermal conversions of 1–2 and 2–3.

These facts indicate that both isomerization processes can

occur only under drastic temperature conditions. We

suppose that this temperature is higher than 1,100 �C, i.e.,

the temperature under which the isomerization between 2

and 3 occurs.

Fig. 3 Optimized geometries of all transition states in the two

isomerization processes of 1

Table 1 Selected bond distances/pm in the intermediates and tran-

sition states in the isomerization processes of 1

1 4 5 6 7 8

C1–C2 141.6 148.9 150.0 150.3 145.2 146.5

C1–C12 148.7 144.0 141.7 146.1 143.1 142.4

C2–C3 149.1 139.0 145.6 149.2 142.6 141.6

C2–C13 242.3 140.9 159.2 156.3 149.9 202.6

C2–C14 138.9 242.5 149.5 156.1 210.6 153.9

C3–C4 136.7 144.4 136.1 136.7 135.7 139.9

C4–C5 148.9 139.1 145.4 145.2 142.4 140.7

C5–C6 138.3 148.5 143.2 145.2 145.7 140.2

C5–C14 141.5 140.7 140.8 139.3 141.3 147.1

C6–C7 145.8 136.9 136.5 135.6 136.0 140.4

C7–C8 138.3 148.5 144.4 149.1 148.6 140.7

C8–C9 148.9 139.1 143.8 149.0 149.4 143.5

C8–C13 141.5 243.1 150.9 156.6 162.2 208.9

C8–C14 243.8 140.7 199.7 157.7 148.3 157.5

C9–C10 136.7 144.4 138.3 135.7 135.6 137.4

C10–C11 149.1 139.0 142.3 145.1 144.7 144.8

C11–C12 141.6 148.9 145.4 146.1 143.8 147.4

C11–C13 138.9 140.9 140.2 138.7 139.5 137.3

C13–C14 136.7 135.9 169.4 184.2 168.1 145.2

Table 2 Total energies (E), enthalpies (H298), and free energies

(G298) for all participants in the reactions

Species E/kJ mol-1 H298/kJ mol-1 G298/kJ mol-1

5 456.7 455.8 458.2

6 422.4 421.9 423.8

7 480.6 480.2 481.6

8 500.6 500.7 501.1

4 -70.5 -70.9 270.3

The energies are calculated relative to 1

Fig. 4 HOMO (left) and LUMO (right) map of 6. The regions where

the values of the orbitals are greatest are indicated in blue, whereas

the regions where they are least are indicated in red
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Methods

All calculations were conducted using Gaussian 03 [28]

with the B3LYP hybrid functional [29–31]. The split

valence basis set 6-31G(d) was used. This polarized basis

set adds d functions on heavy atoms. The suitability of this

level of theory for studies of reactions involving arenes and

carbenes has been previously established [22, 24, 32].

Geometric parameters of all investigated species were

optimized in vacuum. Vibrational analysis and natural bond

orbital (NBO) [33] analysis were performed for all struc-

tures. All calculated structures were verified to be local

minima (all positive eigenvalues) for ground state struc-

tures or first-order saddle points (one negative eigenvalue)

for transition state structures by frequency calculations.

From the transition structures, the intrinsic reaction coor-

dinates (IRCs) were obtained using the IRC routine in

Gaussian.
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