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Using accurate quantum chemical calculations, we show that extended planar polycyclic aromatic hydro-
carbons (PAHs) can efficiently catalyze a range of chemical processes involving non-planar aromatic
systems. These include (i) bowl-to-bowl inversion of curved PAHs (e.g. corannulene and sumanene), (ii)
‘flip-flop’ inversion of helicenes (e.g. benzo[c]phenanthrene), and (iii) rotation about the Ph—Ph bond in
biphenyls. Non-covalent - interactions between the planar catalyst and the substrate stabilize the
planar transition structures to a greater extent than they stabilize the non-planar reactants. These result

in surprisingly large catalytic enhancements (namely, the reaction barrier heights are reduced by 21-63%
of the uncatalyzed reaction barriers).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Aromatic bowl-shaped hydrocarbons are an important class of
strained polycyclic aromatic hydrocarbons (PAHs) in which struc-
tural geometry constraints (e.g.,a pentagon completely surrounded
by hexagons) result in a curved m-system [1-3]. In particular, the
smallest bowl-shaped PAHs corannulene and sumanene (1 and 2,
Figure 1) are fragments of fullerenes and have attracted consider-
able attention over the past decade due to their unusual reactivity
and unique chemical properties [4-16].

Corannulene and sumanene are flexible molecules that exhibit
dynamic bowl-to-bowl inversion behavior. For example, bowl-to-
bowl inversion in corannulene occurs rapidly at room temperature
with an estimated experimental Gibbs free energy barrier of
48.1kJmol~! [11,12]. Seiders et al. demonstrated that there is a
nonlinear relationship between the inversion energy barrier and
the depth of the bowl in corannulene derivatives [11]. Accordingly,
sumanene, which has a deeper bowl than corannulene, inverts at
a slower rate (the experimental activation-energy barrier of deu-
teriosumanene is 84.9kJmol~1) [13,14]. Recently, Juricek et al.
showed that a synthetic cyclophane receptor can catalyze the
bowl-to-bowl inversion of ethyl-substituted corannulene by desta-
bilizing the reactant and stabilizing the transition structure within
the highly confined cavity of the cyclophane catalyst [15]. Through
dynamic 'H NMR measurements, they estimated that the cata-
lyst reduces the Gibbs free energy barrier at 190K (AGt199) by
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~15.1kJmol-"! relative to the barrier of the uncatalyzed reaction
[11].

Non-covalent - interactions play a major role in supramolec-
ular and organic catalysis [17]. The magnitude and importance of
these interactions for the chemical reactivity of large molecular
systems is only now starting to be realized due to the devel-
opment of theoretical procedures that can accurately describe
London-dispersion interactions and are applicable to large systems
[18-20]. In particular, the recent development of dispersion-
corrected density functional theory (DFT) and double-hybrid DFT
(DHDFT) procedures [21,22]. Here we use these methods to show
thatextended PAHs such as coronene (C;4H;3) and circumcoronene
(CsqH1g) (Figure 2) can catalyze the bowl-to-bowl inversion of
curved PAHs such as corannulene and sumanene (1 and 2, Figure 1)
and that the catalytic enhancements are surprisingly large. In
particular, - interactions between the planar catalyst and the
substrate stabilize the planar transition structures to a greater
extent than they stabilize the curved reactants and products.
The present work goes on to examine ‘flip-flop’ and rotation
processes in other non-planar aromatic systems and shows that
the catalytic activity of extended planar PAHs is not limited to
bowl-to-bowl inversion processes. We show that coronene can effi-
ciently catalyze the ‘flip-flop’ inversion of the smallest helicene
(benzo[c]phenanthrene) and the rotation about the Ph—Ph bond
in biphenyl and substituted biphenyls. The considered catalysts, in
particular the larger circumcoronene system, may serve as mod-
els for graphene-like structures. Thus, these results suggest that
graphene flakes may efficiently catalyze inversion, ‘flip-flop’, and
rotation processes involving non-planar PAHs.
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Figure 1. Optimized structures of the non-planar aromatic systems considered in
this work: front view (left panel), side view (middle panel), and a schematic repre-
sentation of compounds 1-4 (right panel).

2. Computational methods

Double-hybrid DFT calculations [22]| were performed in order
to obtain accurate energies for the reactant complexes (RC), tran-
sition structures (TS), and product complexes (PC) located along
the uncatalyzed and catalyzed reaction pathways considered in
this work. Two spin-component-scaled DHDFT procedures are
employed DSD-PBEP86-D3 [23,24] and PWPB95-D3 [25]. These
DHDFT procedures involve both HF-like exchange and MP2-like
correlation and have been found to produce thermochemical prop-
erties (such as reaction energies and barrier heights) with mean
absolute deviations (MADs) approaching the threshold of “chemical
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Figure 2. Optimized structures of the planar PAH catalysts considered in this work:
(a) coronene and (b) circumcoronene. The diameter of the carbon skeleton is given
in nm.

accuracy” (arbitrarily defined as 1 kcal mol~! ~4.2 kjmol~!) from a
wide range of accurate thermochemical determinations [22-25].
The DHDFT calculations, which inherit the slow basis-set conver-
gence of MP2 to some degree, are carried out with the correlation
consistent cc-pVQZ basis set [26]. All DHDFT calculations were
performed using the ORCA 3.0.1 program suite [27,28]. The main
text reports the DSD-PBEP86-D3/cc-pVQZ results, whereas Table
S2 (Supplementary data) compares the DSD-PBEP86-D3/cc-pVQZ
and PWPB95-D3/cc-pVQZ reaction barrier heights (AGtyqg) for
the uncatalyzed and catalyzed reactions. The barrier heights
obtained with the two DHDFT functionals agree on average to
within 3.1kJmol~!. For the circumcoronene-catalyzed bowl-to-
bowl inversion in corannulene the DHDFT calculations with the
cc-pVQZ basis set proved beyond our computational resources. We
therefore used the cc-pVTZ basis set in these calculations. Never-
theless, for all the reactions for which we have cc-pVQZ results,
the barrier heights obtained with the DSD-PBEP86-D3 functional
in conjunction with the cc-pVQZ and cc-pVTZ basis sets agree on
average to within 2.0k]mol-1 (Table S2). The geometries of all
structures have been obtained at the PBE-D3/6-31G(2df,p) level
of theory [29,30]. Empirical D3 dispersion corrections [21,31] are
included using the Becke—Johnson [32] damping potential as rec-
ommended in Ref. [33] (denoted by the suffix - D3). Gibbs free
energies at 298 K (AG,g9g) were obtained using the DHDFT elec-
tronic energies and the PBE-D3/6-31G(2df,p) zero-point vibrational
energies, enthalpic, and entropic corrections. All geometry opti-
mizations and frequency calculations were performed using the
GAUSSIAN 09 program suite [34].

For the uncatalyzed reactions involving benzo[c]phenanthrene
and biphenyl we were able to perform high-level, ab initio cal-
culations with the W1-F12 thermochemical protocol [35]. All the
high-level ab initio calculations were performed using the Molpro
2012.1 program suite [36]. W1-F12 theory represents a layered
extrapolation to the relativistic, all-electron CCSD(T) (coupled clus-
ter with singles, doubles, and quasiperturbative triple excitations)
basis-set-limit energy, and can achieve “sub-chemical accuracy” for
a wide range of thermochemical and kinetic properties (e.g., it is
associated with a mean absolute deviation from accurate atomiza-
tion energies of 1.3 k] mol~1) for molecules whose wave functions
are dominated by dynamical correlation [35,37-41]. We note that
for the inversion, rotation, and ‘flip-flop’ processes considered in
the present work W1-F12 should yield even better performance
due to a large degree of systematic error cancelation between reac-
tants and products. Our DHDFT reaction barrier heights (AGgg)
are in excellent agreement with the barriers obtained from W1-F12
theory, for example, at the DSD-PBEP86-D3/cc-pVQZ level of theory
the deviations are smaller than 1 k] mol~! (Table S3, Supplementary
data). These small deviations lend confidence to our DHDFT results.

3. Results and discussion

High-level DHDFT calculations were performed in order to
explore the potential energy surface (PES) for the uncatalyzed
and catalyzed: (i) bowl-to-bowl inversion in corannulene and
sumanene, (ii) ‘flip-flop’ inversion in benzo[c]phenanthrene, and
(iii) rotation about the Ph—Ph bond in biphenyl and substituted
biphenyls (Figure 1). A common feature shared by these reactions
is that the reactants and products have a curved/non-planar -
system whereas the transition structures have a planar m-system
(Figure 3).

3.1. Catalysis of bowl-to-bowl inversion processes by planar PAHs

Corannulene (1, Figure 1) is a flexible bowl-shaped PAH. The
depth of the Cs,-symmetric bowl of corannulene, from the plane of
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Figure 3. Optimized structures for the reactants, transition structures (TS), and products located on the potential energy surface for the uncatalyzed reactions considered
in this work: (a) bowl-to-bowl inversion in corannulene and sumanene, (b) ‘flip flop’ inversion in benzo[c]phenanthrene, and (c) rotation around the single Ph—Ph bond in
biphenyl.

the five-membered ring to the plane of rim carbon atoms, is 0.87 A derivatives to be 48.1kJmol~! [11]. Table 1 gives the Gibbs free
[42]. The planar conformation of corannulene is a first-order saddle energy barriers at 298 K (AG#,qg) for the bowl-to-bowl inversion

point on the PES connecting the two symmetry-equivalent bowl- of corannulene, while the AGogg values for the reactant complexes,
shaped local minima (Figure 3). The energy barrier for the bowlI-to- transition structures, and product complexes are given in Table S1
bowl inversion has been estimated from dynamic 'H NMR mea- (Supplementary data). A schematic representation of the uncat-

surements of ethyl- and bromomethyl-substituted corannulene alyzed and catalyzed Gibbs free energy profiles is given in Figure 4.

AG,g5 (kJ mol-1)

Figure 4. Potential energy profiles for the bowl-to-bowl inversion in corannulene: (a) uncatalyzed, (b) catalyzed by coronene, and (c) catalyzed by circumcoronene.
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Table 1
Gibbs free energies of activation at 298 K (AGis, DSD-PBEP86-D3/cc-pVQZ,
kJ mol-1) for the uncatalyzed and catalyzed reactions considered in this work.

System? Catalyst AGles” AAGH 08
(1) Uncatalyzed 50.5

Coronene 23.0 27.6

Circumcoronene? 14.6 31.7
(2) Uncatalyzed 894

Coronene 66.9 22.5

Circumcoronene* 50.7 354
(3) Uncatalyzed 17.9

Coronene 14.3 3.7
(4a) Uncatalyzed 13.0

Coronene 4.8 8.1
(4b) Uncatalyzed 37.0

Coronene 17.0 20.0
(4c) Uncatalyzed 83.9

Coronene 534 30.5

@ Shown in Figure 1.

b AGfyeg values are calculated relative to the RCs.

¢ Catalytic efficiency of the catalyst (see text).

d Calculated at the DSD-PBEP86-D3/cc-pVTZ level of theory.

For the uncatalyzed reaction we obtain a barrier of
AG'98 uncat =50.5 k] mol~1, in good agreement with the estimated
experimental value [11]. A coronene catalyst reduces the barrier by
more than 50% ( AG* 298 coronene = 23.0 k] mol—1). Taking the catalytic
efficiency of the catalyst (A AGiyggcat) as the difference in barrier
between the uncatalyzed (AG¥;9g yncat) and catalyzed (AGFyog cat)
reaction barriers (i.e., AAG¥293 cat = AG' 98 uncat — AGPagg cat), We
obtain A AG*98 coronene =27.6 kf mol~1. In the RC the concave side
of corannulene interacts with the planar catalyst, whereas in the PC
the convex side of corannulene faces the catalyst (Figure 4(b)). The
attractive -7 interactions between corannulene and coronene
amount to 31.3kJmol~! in the RC, and to 46.7kJmol~! in the
PC (Table S1, Supplementary data). We can estimate the tran-
sition structure stabilization energy in the catalyzed TS as the
energy required to separate the catalyzed TS into the free TS and
coronene. This transition structure stabilization energy amounts
to 58.9kJ mol~1. Thus, the planar coronene catalyst stabilizes the
planar TS to an appreciably greater extent than it stabilizes the
curved local minima. The catalytic activity can be attributed to the
better overlap between the m-systems of the planar catalyst and
substrate in the TS rather than in the RC or the PC.

Table S4 (Supplementary data) compares the bowl depth of free
corannulene with that of the RCs and PCs with coronene. The calcu-
lated bowl depth decreases along the series: free corannulene > RC
with coronene > PC with coronene. Specifically, relative to the bowl
depth in free corannulene (0.901 A), the bowl depth decreases by
0.017 (RC with coronene) and 0.084 (PC with coronene) A. This
trend is consistent with the stronger interaction between coran-
nulene and the catalyst in the PC (46.7 k] mol~1) rather than in the
RC (31.3kJmol~1) (Table S1, Supplementary data). Thus, stronger
- interaction energies between corannulene and the catalyst
lead to a shallower bowl, that is structurally closer to the planar TS,
and effectively decrease the energy barrier for the bowl-to-bowl
inversion process.

These results are in agreement with experimental and the-
oretical data that show that corannulene (and related bowl
shaped molecules) adopt a shallower bowl upon attractive
interactions with metallic surfaces or planar trimeric perfluoro-
ortho-phenylene mercury complexes) [43-47].

What about the catalytic activity of larger planar PAHs?
Figure 4(c) shows the RC, TS, PC located along the reaction
profile for corannulele’s bowl-to-bowl inversion catalyzed

by circumcoronene, a 54-carbon-atom graphene nanoflake
(Figure 2(b)). Calculating the interaction energies between the
circumcoronene catalyst and corannulene in a similar way as
described for the coronene catalyst, we obtain interaction energies
between circumcoronene and corannulene of 108.3 (RC), 140.0
(TS), and 119.1 (PC) k] mol~! (Table S1, Supplementary data). Thus,
similarly to coronene, the circumcoronene catalyst stabilizes the
planar TS to an appreciably greater extent than it stabilizes the
curved local minima. Overall, a circumcoronene catalyst reduces
the reaction barrier height by 31.7 k] mol~! relative to the barrier of
the uncatalyzed reaction, and by 5.1 k] mol~! relative to the barrier
of the coronene-catalyzed reaction. We also note that the calcu-
lated bowl depth of corannulene decreases along the series: free
corannulene > RC with circumcoronene > PC with circumcoronene,
however, the reduction in the bowl depth in the RC and PC is
more pronounced in the corannulene-circumcoronene complexes
than in the corannulene-coronene complexes. Specifically, the
bowl depth decreases by 0.030 (RC with circumcoronene) and
0.186 (PC with circumcoronene) A, relative to the bowl depth
in free corannulene (Table S4, Supplementary data). Again, this
trend is consistent with the increase in the interaction energies
between corannulene and the circumcoronene in the same order:
RC with circumcoronene <PC with circumcoronene (Table S1,
Supplementary data).

We turn now to the bowl-to-bowl inversion in sumanene (2,
Figure 1).For free sumanene we obtain a Gibbs free energy barrier of
AG*98 uncat = 89.4 k] mol~1. This reaction barrier energy is in good
agreement with the experimental value obtained by Amaya et al.
[5] for trideuteriosumanene from 2D NMR experiments in CD,Cl,
at 303 K (AG303 yncat = 84.9 k] mol~1). A coronene catalyst reduces
this barrier by 22.5 k] mol~! (AG'298 coronene =66.9 k] mol~1). Sim-
ilarly to the bowl-to-bowl inversion in corannulene, this catalytic
enhancement originates from the greater stabilization energy pro-
vided by the catalyst for the planar TS than to the non-planar local
minima. Specifically, the attractive m—r interaction energies are
33.2 (RC), 55.7 (TS), and 34.6 (PC) kjmol~! (Table S1, Supplemen-
tary data). Similarly to the bowl-to-bowl inversion in corannulene,
a circumcoronene catalyst results in a higher catalytic efficiency
(A AG 98 coronene =35.4 k] mol~1) compared to that of coronene
(AAG 298 coronene =22.5k] mol-1).

3.2. Catalysis of ‘flip-flop’ and rotation processes by planar PAHs

The results described above show that extended planar PAHs
can efficiently catalyze bowl-to-bowl inversion processes in proto-
typical curved aromatic systems (e.g., corannulene and sumanene).
The question that naturally arises is, whether extended PAHs can
catalyze other processes involving aromatic systems with a planar
TS and non-planar local minima? Here we consider the ‘flip-flop’
inversion in benzo[c]phenanthrene and the rotation about the
Ph—Ph bond in biphenyls.

Benzo[c]phenanthrene is a structural isomer of naphthacene
in which the benzene rings are ortho-fused to one another.
Benzo[c]phenanthrene adopts a non-planar helical structure (3,
Figure 1) that oscillates rapidly between two C,-symmetric con-
formations via a planar TS with C,, symmetry [48,49]. The
calculated dihedral angle between the two terminal rings (27.5°)
is in good agreement with the experimental value of 26.7°
[11]. Our theoretical Gibbs free energy racemization barrier
(17.9k] mol~1)is in excellent agreement with the barrier calculated
using the high-level ab initio W1-F12 thermochemical protocol
(AG 98 uncat = 18.8 Ky mol~1) [35]. A coronene catalyst reduces this
barrier by 21% (A AG¥59g coronene = 3.7 k] mol~1). The coronene cat-
alysts stabilizes the non-planar local minima by 40.2 kJmol~! and
the planar TS by 43.9k] mol~! (Table S1, Supplementary data).
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As a final example we consider the rotation around the Ph—Ph
bond in biphenyl and ortho-substituted biphenyls (4a-4c, Figure 1).
Biphenyl is a non-planar aromatic compound, in which compe-
tition between m-conjugation (which favor a coplanar structure)
and steric repulsion of the ortho hydrogens (which favor a non-
planar structure) result in a twist angle () between the two Ph
rings. The PES for the rotation about 6 is characterized by two
low-lying first-order saddle points at #=0 and 90°. Here we are
interested in the planar TS (at =0°). Our theoretical rotational
barrier (AG! 98 uncat = 13.0 k] mol~1) is in excellent agreement with
the value obtained with the W1-F12 thermochemical protocol
(AG98.uncat = 12.2 kJ mol~1) [35]. A coronene catalyst reduces this
barrier by a significant amount of A AG*59g coronene = 8.1k mol~1.
Similarly to corannulene, sumanene, and benzo[c|phenanthrene,
the coronene catalyst stabilizes the planar TS (30.4k]mol~1) to
a greater extent than it stabilizes the non-planar local minima
(22.3kJmol-1, Table S1, Supplementary data). We note that the
interaction with the coronene catalyst reduces the twist angle
in biphenyl by nearly 13° (from 36.3° in free biphenyl to 23.5°
in the biphenyl-coronene complex). Thus, the coronene catalyst
reduces the rotational barrier by ‘forcing’ biphenyl to adopt a flat-
ter conformation, which in effect decreases the energy barrier
for the rotation process. Substitution of one of the ortho hydro-
gens with a methyl group (2-methylbiphenyl, 4b, Figure 1) results
in a rotational barrier of AG'y9guncat =37.0kJmol~! (Table 1) -
an increase of 24.0kJmol-! relative to the rotational barrier in
biphenyl. Similarly to biphenyl, the coronene catalyst stabilizes
the planar TS by 29.0 k] mol~!. However, the stabilization provided
to the RC (9.0 k] mol~1) is smaller than that provided to biphenyl
(22.3kJmol~1) (Table S1, Supplementary data). In part, the smaller
stabilization may be attributed to the larger twist angle in the 2-
methylbiphenyl RC compared to the biphenyl RC (namely, 44.9
and 23.5°, respectively), which reduces the - overlap between
2-methylbiphenyl and coronene.

What about substitution of an ortho-hydrogen with a methyl
group on both rings? The rotational barrier for the uncatalyzed
process in 2,2’-dimethylbiphenyl (4¢, Figure 1) is 83.9kJmol-! -
an increase of 70.9kJmol-! relative to the rotational barrier in
biphenyl. A coronene catalyst reduces this barrier by as much
as A AG'298 coronene =30.5 k] mol~1. Again, introduction of a sec-
ond methyl groups has little affect on the stabilization energy
provided to the TS (specifically, it amounts to 29.2kJmol1).
However, the stabilization provided to the local minima is signif-
icantly diminished. Specifically, it is slightly repulsive in the RC
(AGaeg =+1.3kJmol~1) in which both methyl groups are point-
ing toward the coronene catalyst, and slightly attractive in the PC
(AGaeg =-3.5k] mol~1) in which both methyl groups are pointing
away from the planar catalyst. Again, the changes in the stabiliza-
tion energy provided by the catalyst in the RC and PC may, in part,
be attributed to large twist angles (67.4 and 59.7°, respectively).

4. Conclusions

On the basis of high-level computational modeling, we show
that extended planar PAHs such as coronene and circumcoronene
can efficiently catalyze inversion and rotation processes involv-
ing non-planar PAH systems. A common feature shared by these
catalyzed processes is that the reactants and products have a
curved/non-planar m-system whereas the transition structures
have a planar m-system. Non-covalent -1 interactions between
the planar PAH catalyst and the non-planar aromatic substrate
stabilize the TS to a greater extent than they stabilize the local
minima. We show that the catalytic enhancements provided by
the coronene and circumcoronene catalysts are surprisingly large
(namely, they reduce the reaction barrier heights by 21-63% of

the uncatalyzed barriers). Furthermore, this work demonstrates
the generality of this catalytic activity. Namely that coronene and
circumcoronene can catalyze the following processes: (i) bowl-
to-bowl inversion of curved PAHs (corannulene and sumanene),
(ii) flip-flop’ inversion of benzo[c]phenanthrene, and (iii) rotation
about the Ph—Ph bond in biphenyls. These results suggest that
graphene flakes may efficiently catalyze inversion, ‘flip-flop’, and
rotation processes involving non-planar PAHs.
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Appendix A. Supplementary data

Gibbs free energies (AGygg) for the species located along the
reaction profile for the inversion, flip-flop and rotation processes
(Table S1); local minima and transition structures located on
the PESs for the bowl-to-bowl inversion of sumanene catalyzed
by coronene and circumcoronene (Figure S1); local minima and
transition structures located on the PESs for the inversion of
benzo[c]phenanthrene and the rotation around the Ph—Ph bond
in biphenyl catalyzed by coronene (Figure S2); full computa-
tional details (Tables S2 and S3); bowl depths of corannulene and
sumanene (Table S4); PBE-D3/6-31G(2df,p) optimized geometries
(Table S5); B3LYP-D3/Def2-TZVPP optimized geometries (Table
S6); and full references for Refs. [34] (caussiaN 09) and [36] (Mol-
pro 2012). Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.cplett.2014.09.032.
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