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Abstract The mechanism of transformation of two radicals
(R1p and R11i) obtained by addition of a hydrogen atom to an
external and internal carbon atom of dicyclopenta[de,mn)]
anthracene (P1) was investigated. Two pathways were
revealed. The first mechanism is a one-step process, whereas
the second mechanism includes two transition states and a
cyclobutyl intermediate. The formation of R1p and R1i and
the homolytic cleavage of the radicals obtained during the
isomerization processes were also examined. In both path-
ways the addition of a hydrogen atom to the internal carbon
significantly lowers the activation energy for hydrogen-
mediated isomerization of P1 to acefluoranthene. This finding
could be explained by the specific electronic structures of the
transition states and intermediates participating in the
isomerization processes.
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Introduction

Polycyclic aromatic compounds (PAHs) are generated during
incomplete combustion of hydrocarbon-containing materials.
They are considered as environmental pollutants, and some of
them are responsible for the genotoxicity of combustion
products. The genotoxicity of these PAHs is attributed to their
specific structure, which usually includes the presence of five-
membered rings (CP-PAHs) [1-3]. It was found that at high
temperatures CP-PAHs undergo various isomerization and
intraconversion processes, whereas many other reactions do
not even occur [4—11]. It was suggested that CP-PAHs, when
exposed to high temperatures, undergo consecutive ring-
contraction/ring expansion processes, involving 1,2-C/1,2-H
shifts [5, 8—12]. In addition, CP-PAHs have been a subject of
numerous graph-theoretical [13, 14], semiempirical [5, 10,
11] and density functional theoretical (DFT) [11, 15, 16]
investigations.

Scott et al. performed a series of flash vacuum pyrolisis
(FVP) [17] experiments aimed at preparing dicyclopenta
[de,mn]anthracene (P1) under various experimental con-
ditions [4]. However, the products of these reactions were
always mixtures of isomeric dicyclopentade,k/]anthracene
(P2) and dicyclopenta[jk,mn]phenanthrene (P3). It was
suggested that P1 did form, but, due to its instability, it
underwent isomerization to P2 via ethynylaceanthrylene
(10) [4] (Fig. 1).

This assumption was recently confirmed using a DFT
approach [18]. It was found that 10 can be transformed to
both P1 and P2. The energetics of the investigated reactions
indicates that P1 isomerizes to P2. The mechanism for a
P2—P3 transformation is based on a ring contraction/ring
conversion process, and requires extremely high temper-
atures. A mechanistic pathway for the P1—P3 isomerization
was also revealed [19]. This transformation involves rear-
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Fig. 1 Formation of dicyclopenta[de,mn]anthracene (P1) from 1,4-diethynylanthracene, and its isomerization into dicyclopenta[de,k/]anthracene

(P2) via ethynylaceanthrylene (10)

rangements of some hydrogen atoms and ring contraction/
ring expansion. It was shown that the P1—P3 intraconver-
sion is energetically more favorable than the P1— P2
isomerization. All these facts indicate that, though P1 is
unstable and reactive, it is an important intermediate in a
variety of isomerization reactions.

The pyracylene-type isomerization (Stone-Wales rear-
rangement) is a transformation where a simultaneous
rearrangement of two carbon atoms occurs. The Stone-
Wales rearrangement was originally proposed as a
hypothetical mechanism useful for deriving fullerene
isomers [20]. Various mechanisms have been proposed
for the Stone-Wales transformation [21-28]. Murry et al.
found that the appearance of sp> carbon and 7-membered
rings plays a central role in both the annealing and
fragmentation process [21]. Their theoretical prediction
indicates that the Stone-Wales rearrangement can occur via
a nearly planar transition state, and via a non-planar
intermediate which has one sp® and one sp hybridized
carbon. The in-plane process, where two bonds are broken
simultaneously, requires significantly higher activation
energy than the one that involves two sequential 1,2
carbon shifts. Eggen et al. examined the Stone-Wales
transformation in fullerene (Cgo), and in the structures
(C41) obtained by addition of a carbon atom above the
hexagon-hexagon and hexagon-pentagon fusion bonds
[24]. They found that the energy barrier for the formation
of the in-plane transition state was significantly reduced in
the presence of an extra carbon atom. Novel investigations
on the Stone-Wales rearrangement focus on non-planar
transition states and intermediates, as they are energetical-
ly more favorable. Slanina et al. investigated catalytic
effects of various atoms, both metals and non-metals, on
the kinetics of the non-concerted Stone—Wales fullerene
transformation, and pointed out that nitrogen and hydro-
gen atoms are particularly potent catalytic agents [25]. In
addition, a study on a possible catalytic role of the CN
radical in the Stone-Wales fullerene isomerization was put
forward [27]. It was found that the reduction of the
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activation barrier due to the catalytic action of the CN
radical is modest in comparison to a free nitrogen atom.
Nimlos et al. [28] pointed out two mechanisms for the
Stone-Wales rearrangement of pyracylene. The first mech-
anism occurs via a cyclobutyl intermediate, and the second
contains one transition state with an sp>-hybridized carbon
atom. Hydrogen-mediated Stone-Wales isomerization of
pyracylene was also examined. It was shown that the
addition of a hydrogen atom to certain positions of
pyracylene decreases the activation energy of the Stone-
Wales rearrangement.

In a recent paper the mechanism of the Stone-Wales
isomerization of P1 to acefluoranthene (P4) was investigat-
ed [29]. It was shown that the Stone-Wales rearrangement
would require an extremely high activation energy, indicat-
ing that this isomerization process can occur only under a
drastic temperature regime. The aim of this paper is to
examine the possibility of extending the application of
hydrogen-mediated Stone-Wales rearrangement to the
isomerization of some radicals issued from P1. We assume
that the addition of hydrogen atom to P1 can occur when a
reaction mixture that produces Pl as an intermediate is
exposed to flames, as it is known that flame environment
consists of PAHs, small unsaturated hydrocarbons, carbon
monoxide, hydrogen, and various free radicals, including
hydrogen atoms at significant concentrations [30]. It is
expected that a detailed analysis of the electronic structure
of the transition states and intermediates can explain the
possible decrease of the activation energy for hydrogen-
mediated Stone-Wales rearrangement of P1.

Computational methods

In order to achieve compatibility of the results of the
present work with the findings of our previous investiga-
tions [18, 19], we used the same computational method.
Thus, geometrical parameters of all stationary points and
transition states for the hydrogen atom mediated Stone-
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Wales isomerization of dicyclopenta[de,mn]anthracene
were optimized in vacuum, at the B3LYP/6-311G(d,p)
level of theory [31-33], using the GAUSSIAN 03 W,
version 6.1 program package [34]. The suitability of this
level of theory for studies of reactions involving arenes,
carbenes, and hydrocarbon free radicals has been previously
established [18, 19, 28]. The unrestricted scheme for open-
shell calculations of radical species was used. All calculated
structures were verified to be local minima (all positive
eigenvalues) for ground state structures, or first-order saddle
points (one imaginary vibrational frequency) for transition
state structures, by frequency calculations. From the transi-
tion structures, the intrinsic reaction coordinates (IRCs) were
obtained using the IRC routine in Gaussian [35]. The natural
bond orbital (NBO) analysis [36] was performed for all
structures, using the GenNBO 5.0 program [37].

Results

There are nine different sites in P1 where hydrogen atom
can be added. We examined the Stone-Wales rearrangement
of two radicals, R1p and R1i. R1p and R1i are obtained by
addition of a hydrogen atom to a carbon that lies on the
perimeter of P1 (C3), and to an internal carbon atom (C18),
respectively. The calculated structures of these radicals are
depicted in Fig. 2.

Both radicals deviate from planarity due to the presence
of sp> hybridized carbon atoms. Gaog of R1i is lower than
that of R1p by 41.41 kJ mol™'. The SOMOs of the radicals
(Fig. 1 in Online Resource 1) show that the unpaired
electrons are delocalized over the carbon skeletons, and in
the case of R1p a significant contribution to the SOMO also
comes from H. The spin density maps of the radicals (Fig. 1
in Online Resource 1) indicate the sites with the highest
spin density values. These maps are in accord with the
NBO analysis that reveals that the spin density is
distributed among C4 (0.392), C6 (0.438), C8 (0.130),
C10 (0.094), C12 (0.102), C17 (0.066), and H (0.034) in
Rl1p, and among C4 (0.187), C6 (0.238), C8 (0.283), C10
(0.254), C12 (0.133), and C13 (0.144) in R1i.

Fig. 2 The optimized geome-
tries of the radicals under
investigation

As in the case of the Stone-Wales rearrangement of P1
[29], two mechanistic pathways for the isomerization of
Rlp and R1i were revealed. The first mechanism is a
concerted one-step process (pathway A), whereas the
second mechanism includes two transition states and a
cyclobutyl intermediate (pathway B). A reaction path for
the rearrangement via a traditional Stone-Wales transition
state was not revealed. It is worth pointing out that Nimlos
et al. [28] were also unsuccessful in their attempts to obtain
a transition state of C, symmetry. The formation of R1p and
R1i and homolytic cleavage of the radicals obtained during
the isomerization processes are included in pathway A. The
Cartesian coordinates for the optimized geometries of all
investigated species are provided in Online Resource 2.

Pathway A

The scheme of the mechanism is presented in Fig. 3. The
energetic diagram of the reactions is shown in Fig. 4. The
optimized geometries of all transition states in pathway A
are depicted in Fig. 5. The selected bond lengths of the
reactants, intermediates, transition states, and products are
given in Table 1, whereas the values of the total energies,
enthalpies and free energies are provided in Tables 1 and 2
in Online Resource 1.

Our investigations show that the formation of Rlp and
R1i from P1 and hydrogen atom occurs via transition states
TS1p and TS1i (Figs. 3 and 4), requiring the activation
energies of 51.0 and 44.8 kJ mol ', respectively (Tables 1
and 2 in Online Resource 1). Here, and throughout the text,
an activation energy is calculated as the difference in free
energy between a transition state and the corresponding
reactant(s). In these transition states the carbon atoms
almost lie within a plane (Fig. 5 and Online Resource 2)
since C3 in TSIp and CI18 in TSli are sp® hybridized
carbons. Spin density is distributed among C4, C6, and H
in both transition states (0.196, 0.127, and 0.798 in TS1p;
and 0.173, 0.116, and 0.818 in TS1i).

In TS2p (Fig. 5 and Online Resource 2) a simultaneous
cleavage of the C4-C18 and C10-C17 bonds, and
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P1+H — TSIlp =™ Rlp— TS2p —

Fig. 3 Mechanism of the formation of Rlp and Rli from dicyclo-
penta[de,mn]anthracene (P1) and hydrogen atom, their transformation
in pathway A, and homolytic cleavage of the R2p and R2i radicals to
acefluoranthene (P4) and hydrogen atom. TSlp, TS1i, TS2p, TS2i,
TS3p, and TS3i denote transition states

formation of the C4—-C17 and C10-C18 bonds occurs. The
animation of the formation of R2p via TS2p, provided in
Online Resource 3, clearly presents the concerted dyotropic
rearrangement of C17 and C18. NBO analysis shows that
the weak single C4—-C18 bond still exists, whereas C4-C17
and C10-C18 bonds have already been formed, implying
that C4, C17, and C18 form a 3-membered cycle. It is
reasonable to expect that this 3-membered ring induces a
significant strain in TS2p. Similarly, a simultaneous
cleavage of the C7-C18 and C13-C17 bonds, and
formation of the C7-C17 and C13-C18 bonds take place
in TS2i. Here, the weak single C13—C17 bond still exists,
whereas the C7—C17 bond has already been formed. The
C4-C17 bond of TS2p and the C7—C17 bond of TS2i are
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200 -
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AG?® (kJimol)

0

-100 ~

R2p
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Fig. 4 Energy profile of the formation of the R1p and R1i radicals,
and their transformation in pathway A. See Fig. 3 for definition of
symbols
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formed by the overlap of the corresponding p orbitals. The
occupancies in the C4-C17 and C7-C17 NBOs are very
low, and amount 1.56 and 1.60, respectively. These findings
are in agreement with the corresponding bond distances
(Table 1). According to the spin density, the unpaired
electron is delocalized over the benzene moiety of TS2p
(C2 - 0.345, C14 — 0.342, C16 — 0.454), whereas in TS2i
spin density is distributed among C5 (0.160), C7 (0.238),
C11 (0.327), and C13 (0.296), implying that the aromaticity
of the benzene moiety is preserved. C17 of TS2p and C7 of
TS2i are sp hybridized. In TS2i all other carbons are
approximately sp® hybridized, but some bond angles and
dihedral angles deviate from the values characteristic for
sp” hybridized carbon lattices. As a consequence, C18
particularly deviates from planarity (i.e., C18 lies outside
the approximate plane spanned by the other carbon atoms).
It is worth emphasizing that C18 also deviates from
planarity in the starting R1i. In TS2p, the carbon atoms
C3 and CI18 are sp’ hybridized, bonded to sp® and sp
hybridized carbons. As a consequence of deviation from the
usual dihedral bond angles, the sp hybridized C17
particularly deviates from planarity. It should be pointed
out that in the starting R1p the pyracylene moiety consists
of sp” hybridized carbons (excluding C3), and is essentially
planar. All these facts imply that structural differences
between TS2p and Rlp are significantly more pronounced
than they are between TS2i and Rli. These structural
differences can be a reason for the fact that the activation
barrier for the formation of TS2i (301.8 kJ mol ' — Table 2
in Online Resource 1) is considerably lower than that for
the formation of TS2p (505.0 kJ mol™' — Table 1 in Online
Resource 1).

The major feature of the intermediates R2p and R2i is
that the rings A and B are 5-membered, whereas the rings C
and D are 6-membered (Fig. 3 and Online Resource 2). The
unpaired electrons reside in the delocalized SOMOs (Fig. 2
in Online Resource 1). The spin density maps of the
radicals are in agreement with the NBO analysis, which
shows that spin density is distributed among C2 (0.283), C8
(0.101), C10 (0.139), C12 (0.163), C14 (0.344), Cl16
(0.385), and H (0.051) in R2p, and among C4 (0.196), C6
(0.301), CI1 (0.301), C13 (0.196), C17 (0.312), and H
(0.105) in R2i.

The last step in pathway A, where the product P4 is
formed, is cleavage of the C-H bond. This step occurs via
transition states TS3p and TS3i (Figs. 3 and 4), and requires
the activation barriers of 121.0, and 82.6 kJ mol ',
respectively (Tables 1 and 2 in Online Resource 1). Since
all carbon atoms are sp” hybridized, they almost lie within a
plane (Fig. 3 and Online Resource 2). One can conclude, by
inspecting o-density of both transition states, that the
unpaired electrons reside in the s orbitals of H with
noticeable low occupancies (0.89 in TS3p, and 0.88 in
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Fig. 5 The optimized geome-
tries of the transition states
participating in pathway A

TS3i). These low occupancies are due to donation of
density from the s orbital of H to the antibonding 7t*(C3-
C14) orbital in TS3p, and 7t*(C17-C18) orbital in TS3i.

The rate determining step in pathway A is the formation
of TS2p and TS2i (Fig. 4). The activation energy for the
reaction where a hydrogen atom is added to the external
carbon is comparable to that for the corresponding
isomerization of P1 [29]. The addition of a hydrogen atom
to the internal carbon significantly lowers the activation
barrier.

Pathway B

We now point out another mechanism for transformation of
Rlp and RI1i to R2p and R2i. The scheme and energetic
diagram of this mechanism are presented in Figs. 6 and 7.
The optimized geometries of the transition states in
pathway B are depicted in Fig. 8. The selected bond
distances of the transition states and intermediate radicals

TS3p

TS3i

are provided in Table 2, whereas the values of the total
energies, enthalpies and free energies are given in Tables 3
and 4 in Online Resource 1.

A cleavage of the C17-C18 bond of Rlp and Rli,
followed by the simultaneous formation of the C7-C17 and
C13-C18 bonds, was considered as the first step in
pathway B (Figs. 6 and 7). The revealed transition states
are shown in Fig. 8 and Online Resource 2. Both TS4p and
TS4i are late transition states, and require the activation
barriers of 487.9 and 274.5 kJ mol ™' (Tables 3 and 4 in
Online Resource 1). In both cases, the weak C7-C17 bond
already exists (Table 2). The NBO analysis of TS4i reveals
that the C13—C18 bond has a noticeable low occupancy of
1.61. This bond is formed by the overlap of the p orbital of
C13 and sp® orbital of C18. Bond angles that include C18
do not deviate significantly from those characteristic for sp’
hybridized carbons. On the other hand, an inspection of the
«-density of TS4p reveals a half bond between C13 and
C18 with the occupancy of 0.79. This bond is formed by a
partial overlap of the p orbital of C13 and sp® orbital of
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Table 1 Bond distances that

suffer significant changes in Distance (A) P1 TS1p Rlp TS2p R2p TS3p P4

pathway A
C2-C3 1.425 1.442 1.507 1.503 1.499 1.402 1.385
C3-C4 1.415 1.429 1.516 1.520 1.531 1.500 1.488
C3-C14 1.485 1.503 1.568 1.535 1.546 1.453 1.438
C3-H 1.828 1.112 1.109 1.110 1.869
C4-C17 2.419 2.423 2.443 2.019 1.401 1.405 1.407
C4-C18 1.387 1.390 1.418 1.505 2.413 2417 2.421
C10-C17 1.413 1.411 1.407 2.166 2.435 2.427 2.426
C10-C18 2.433 2.430 2.415 1.574 1.408 1.405 1.404
C17-C18 1.361 1.360 1.349 1.467 1.359 1.357 1.356

TS1i R1i TS2i R2i TS3i1

C4-C18 1.387 1.401 1.487 1.409 1.504 1.427 1.407
C7-C17 2.433 2.445 2.472 2.028 1.398 1.402 1.404
C7-C18 1.413 1.432 1.493 2.151 2.515 2.442 2.426
C13-C17 1.387 1.380 1.360 1.480 2.462 2431 2421
CI13-C18 2.419 2.429 2.488 2.450 1.504 1.427 1.407
C17-C18 1.361 1.376 1.451 1.420 1.456 1.375 1.356
CI18-H 1.881 1.111 1.083 1.114 1.765

C18. Bond angles that include CI18 significantly deviate
from those characteristic for sp* hybridized carbon atoms.
This structural feature of TS4p, and the well-known fact
that species with odd-electron bonds are usually highly
reactive, could be a reason for the fact that G,9g for TS2p is
significantly higher than that for TS2i (Tables 3 and 4 in
Online Resource 1), and requires a higher activation barrier.

In the intermediates Ip and Ii the rings A — D are all 5-
membered, and there is a 4-membered cycle between the
rings A and B (Fig. 6 and Online Resource 2). The
structures of the intermediates are very similar to those of
the preceding transition states, and thus, the stabilization of
the systems is poor (Fig. 7, and Tables 3 and 4 in Online
Resource 1). This particularly refers to Ii, which is formed
by the stabilization of the transition state that already
contains a 4-membered ring. Ip is significantly less stable
than Ii, which can be explained with the pronounced
deformation that causes the presence of the sp hybridized
C18 with the atypical bond angles and dihedral angles. As

— TS5p —R2p

— TS51 —= R2i

Rli — TS4i — O
I

Fig. 6 Mechanism of the isomerization of R1p and R1i in pathway B.
TS4p, TS4i, TS5p, and TSpi stand for transition states, whereas Ip and
Ii denote intermediate radicals

1

@ Springer

Fig. 3 in Online Resource 1 shows, the unpaired electrons
are delocalized. The NBO analysis of the spin distribution
is in agreement with the spin density maps. Namely, spin
density is distributed among C2 (0.374), C14 (0.372), C16
(0.489), and H (0.081) in Ip, and between C4 (0.583), and
C6 (0.339) in Ii.

A simultaneous cleavage of the C7-C18 and C13—C17
bonds, and formation of the C17-C18 bond of the
intermediate radicals was examined as the last step in
pathway B (Figs. 6 and 7). The early transition states TS5p
and TS5i were found (Fig. 8 and Online Resource 2). As an
illustration, the results of the IRC calculation for TS5i are
presented in Fig. 3 in Online Resource 1. Since the
structures of TSS5p and TSS5i are very similar to those of
the preceding intermediates, they require very low activa-
tion energies of 28.8 and 7.5 kJ mol ', respectively

500 4
TS4p

TS5p

400 ~
300 -
200 A
100 -

AG?*® (kJ/mol)

0 1

-100 A

-200 -

Reaction coordinate

Fig. 7 Energy profile of the isomerization of R1p and R1i in pathway
B. See Fig. 6 for definition of symbols
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Fig. 8 The optimized geome-
tries of the transition states
participating in pathway B

(Tables 3 and 4 in Online Resource 1). The weak C13-C17
bonds still exist in the transition states (Table 2). NBO
analysis reveals the existence of the weak C7-C17 bonds
with the occupancies of 1.58 in TS5p, and 1.62 in TS5i. In
TSS5p this bond is formed by the overlap of the p orbital of
C7 and the sp? orbital of C18. In TS5i the C7-C17 bond is
formed by the overlap of the p orbital of C7 and the sp’
orbital of C18. The energetic difference between the two
transition states can again be attributed to the sp?
hybridized C18 in TS5p, which forms the nonconforming
bond angles and dihedral angles.

The rate determining step in pathway B is the formation
of TS4p and TS4i (Fig. 7). As in the case of pathway A, the
addition of hydrogen atom to the internal carbon signifi-
cantly lowers the activation energy for hydrogen-mediated
isomerization of P1 to P4. Though the B3LYP functional
turned out to be successful in explaining the activation
energy lowering, we need to point out that some long bonds
are present in the transition states encountered in both types
of transformation of the radicals R1p and R1i into R2p and
R2i [38].

Summary

Our study examined the formation and transformation of
two radicals issued from P1. The radical were obtained by
adding hydrogen atom to an internal carbon atom (R1i) and
to the perimeter of Pl (Rlp). Two pathways for the
transformations of the radicals to P4 + H- were revealed.

TS5p

TS5i

Pathway A is a concerted rearrangement, whereas pathway
B includes two transition states and a cyclobutyl interme-
diate. Pathway B is energetically more favorable in
comparison to pathway A. In both pathways the activation
energies for the reactions where hydrogen atoms are added
to the external carbons are comparable to that for the
corresponding isomerization of P1. Addition of hydrogen
atoms to the internal carbons significantly lowers the
activation energies for the isomerization of the radicals.
This fact is explained on the basis of the unfavorable
structures of the transition states and intermediates that are
encountered in the isomerization of Rlp.

Table 2 Bond distances that suffer significant changes in pathway B.
Note that in R2p C17 and C18 are oriented as they are in R2i (Fig. 3)

Distance (1&) Rlp TS4p Ip TSS5p R2p
C7-C17 2.420 1.575 1.573 1.508 1.404
C7-C18 1.409 1.531 1.575 1.963 2.430
C13-C17 1.434 1.501 1.549 1.554 2.429
C13-C18 2.458 1.947 1.563 1.504 1.418
C17-C18 1.349 1.660 1.877 1.744 1.359
Rl1i TS4i Ii TS5i R2i
C7-C17 2.472 1.556 1.548 1.515 1.398
C7-C18 1.493 1.553 1.623 1.864 2.515
C13-C17 1.360 1.506 1.542 1.548 2.462
C13-C18 2.488 1.884 1.620 1.554 1.504
C17-C18 1.451 1.789 1.922 1.792 1.456
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