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ABSTRACT: We report a metal- and oxidant-free aromatic C—C bond cleavage in
the curved corannulene skeleton. Reaction of 1-aminocorannulene with hydrazonyl
chloride generates an amidrazone intermediate that undergoes facile intramolecular
proton migrations and ring-annulation to give 1,2,4-triazole derivative of planar
benzo[ghi]fluoranthene, in which the release of strain associated with the curved n-
surface and the formation of aromatic triazole moiety are the driving forces. This
report provides new insights into the aromatic C-C bond cleavage.

Selective cleavage of C—H and C—C bonds provide powerful
strategies to efficiently edit organic molecules. Among all
types of C-H'? and C-C?>!! bond activations, the selective
cleavage of aromatic C—C bonds poses undoubtedly the great-
est synthetic challenge due to the aromaticity (to give a very
high C—C bond dissociation energy; e.g., 114 kcal mol™! in
benzene).'” To date, aromatic C—C bond cleavage is still a
largely unexplored research area, with a small number of liter-
ature precedence concerning mainly the metal- and the oxi-
dant/oxygenase-mediated reactions.>!! The metal-mediated
aromatic C—C cleavages typically use directing groups to facil-
itate thermodynamically favourable interactions of metals with
aromatic C—C bonds, to induce direct metal insertions'*'® or
ring contractions'”'”/expansions® that create ring strains,
leading to the C—C bond scissions occurring typically under
harsh reaction condition. On the other hand, the C—C bond
cleavage reactions may also be achieved through an oxygen-
associated insertion, and then a collapse or rearrangements of
the unstable oxidized intermediate to provide various bond
cleavage products, depending on the reaction conditions®’.
Such reactions suffer often from product variation as well as
the problematic reaction selectivity. Other rare, non-selective
C—C bond cleavages include those occurring in biotic,?' pho-
tochemical,”? or extreme? environments, and the controlled
reactions taking place under metal- and oxidant-free conduc-
tions are still unprecedented.

Theoretically, the metal- and oxidant-free aromatic C-C
bond cleavage are most likely to occur in bowl-shaped poly-
cyclic aromatic hydrocarbon (PAH) systems>*?>, given that the
intrinsic intramolecular strain and the less efficient n-
delocalization for such non-planar structure are highly favour-
able driving force®® for the cleavage. The strain energy of
corannulene, the most notable example of the bowl-shaped
PAHs, was estimated to be ca. 24.2 kcal mol™',?” which corre-
lates with a large strain-release energy that would vigorously
drive the bond scission.?® The less efficient electron

Scheme 1. Cleavage of C—C bonds in corannulene systems.
Shionoya's work: (Angew. Chem. Int. Ed. 2015, 54, 5351)

Zn/TONQ/H* O Q
- =
200 °C .
in the solid state O

4
I

?/‘ ) Ph
’ Ph N ph
|
7 _NH e N/KN
NH, )N\\ NH Metal-free; \ ,“/
Ph” CI Oxidant-free l ‘Ph
120 °C 'O 120 °C ' O

in toluene O in toluene Q

amidrazone
delocalization in the curved m-system of corannulene is antici-
pated to provide an additional driving force for C—C bond
cleavage.”’ However, even for the bowl-shaped PAHs, C-C
bond cleavages have been for a long time observed only under
harsh experimental conditions, such as flash vacuum pyroly-
sis, laser annealing and electron impact ionization.**%2,

Recently, Shionoya et al.3® described the first example of
C—C bond cleavage in a corannulene derivative under micro-
wave heating at 250 °C, for which the 2-pyridyl substituent
was utilized as a directing group in the transition metal medi-
ated reaction, to transform the curved corannulene skeleton to
planar benzo[ghi]fluoranthene (Scheme 1). Shustova et al.
recently reported the one-step C—C bond cleavage in corannu-
lene in the solid state at 200 °C, using zinc
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Figure 1. (a) The reaction of 2 and 3. (b) The reaction of deuterated 2 and 3, which gave the main product of 1-d2, along with small
amounts of 1and 1-d. Conditions: anhydrous toluene, 120 °C, 12 h. (c) 'H NMR spectra (600 MHz, CD,Cl,, 298 K) of 1 and 1-d>
(main fraction). The insets show the experimental and simulated isotopic clusters for 1 and 1-d». Further details are reported in Fig-
ures S72-S75, SI. (d) X-ray molecular structure of 1. (¢) Paired packing of 1 into columns along a direction of slipped n—n stacking

of benzo[ghi]fluoranthene moiety.
and a redox mediator in the presence of acid (Scheme 1).3*

Herein, we report an aromatic C—C bond cleavage in coran
nulene under relatively mild, catalyst-free conditions, that
effectively planarize the m-bowl structure to an “open” coran-
nulene analog. The coupling of 1-aminocorannulene and hy-
drazonyl chloride offers a direct access to a 1,2,4-triazole-
linked benzo[ghi]fluoranthene derivative (Scheme 1), mani-
festing the possibility of the controlled metal- and oxidant-free
aromatic C—C bond cleavages.

Our initial objective of the studied reaction was to synthe-
size an amidrazone®® to provide a m-extended Blatter radical
according to the classical Neugebauer route.’*” However, we
found that heating of 1-aminocorannulene (2) with N-phenyl-
benzenecarbohydrazonoyl chloride (3) (1:1 mol/mol) in the
presence of base (Et;N) provided 1 as an orange-yellow solid
(Figure 1a). The yield of 1 increased with increasing reaction
temperature, and in particular, the reaction carried out at
120°C for 12 h gave 1 in almost quantitative yield (Table S5,
entries 4 — 6, Figures S1, S3 and S5, SI). We also found that
the base Et;N was not essential for the reaction (Table S5,
entries 4 and 5, SI) and the presence of metal chelator (EDTA-
Na,) had no obvious influence on the product yield.

"H NMR spectrum of 1 in [Dg]benzene showed distinct
characteristic of the ring-opening products, in which the me-
thyl moiety resulting from the C—C scission showed a well-
resolved singlet at 2.20 ppm (Figure 1c). The corresponding
13C NMR spectrum exhibited the methyl carbon signal at 21.1
ppm, which agreed well with the results of the DFT calcula-
tions (Table S8). The ESI-HRMS spectrum displayed an in-
tense peak for [1+H]'* at m/z = 460.1817 (Figure 1¢), provid-
ing additional evidence for the generation of 1.

The single crystal of 1 was successfully obtained by diffu-
sion of cyclohexane into the solution of 1 in benzene at

Scheme 2. Control experiments. Anhydrous toluene was used
as the solvent unless indicated otherwise. For details, see Part
3-5and 7 in the SI.
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Figure 2. A DFT (B3LYP-D3BJ/6-31G(d)/PCM-UFF+ZPVE) calculated reaction pathway for the formation of 1 in benzene at 393
K. The C*~C® (blue numbers) and some (N)H—C® (pink number) bond lengths are provided in Angstroms.

ambient temperature. The X-ray structure of 1 showed a planar
methyl substituted benzo[ghi]fluoranthene attached to a 1,3,5-
trisubstituted 1,2,4-triazole, unambiguously confirming a C—C
bond cleavage of the n-bowl to an “open” corannulene analog
(Figure 1d). The solid-state packing of 1 is dominated by the
slipped m-stacking®® between equidistant planar ben-
zo[ghi]fluoranthene moieties (Figure le) which is analogous
to that in Shionoya's product.*

We carried out control reactions of amino-PAHs with vari-
ous electrophiles, including 3, to probe the effect of aromatici-
ty and/or molecular strain on the reaction. Conveniently, the
'H NMR spectral pattern of the putative product from the ar-
omatic C—C bond cleavage should provide a readily observa-
ble signature signal at 2-3 ppm.

The reaction of planar aromatic amine, 2-naphthylamine (4)
with 3 was first examined (Scheme 2a and Part 3, SI). The
corresponding amidrazone was obtained in 30-49% yield. 'H
NMR spectra of the crude and the isolated products showed
the absence of the signature signal at 2~3 ppm (Part 3, SI).
Likewise, reacting 9-aminophenanthrene (5) with 3 gave the
corresponding amidrazone. Heating the amidrazone in the
solid state at 250 °C gave a phenanthro[9,10-dJimidazole in
58% yield (Scheme 2b and Part 4, SI) and the signature 'H
NMR signal was not detected. In addition, the reaction of 1-
aminocoronene (6) and 3 produced the corresponding amidra-
zone in 8-32% yield without the observation of methyl 'H
NMR signal. (Scheme 2c¢ and Part 5, SI). All these results sug-
gested that the C—C cleavage in the reaction of 2 and 3 is like-
ly driven by the strain energy of corannulene. Reacting 2 with
(2)-N—phenylbenzimidoyl chloride (7), which is an analog of
3 without an amine substituent at the imine nitrogen, afforded
no products related to C—C bond cleavage (Scheme 2d and
Part 7, SI). This indicates that the discovered aromatic C—-C
cleavage on corannulene was favourably facilitated by the ring
annulation to 1,2,4-triazole moiety.

We speculated that the reaction pathway to 1, via the ring
annulation to 1,2,4-triazole and formation of methyl group,
involves two intramolecular proton transfer processes. To veri-
fy this hypothesis, reaction of 2-d> and 3-d was carried out
(Figure 1b and Part 6, SI). As expected, the isolated product

provided a very similar "H NMR spectrum as that of 1, except
the relative integration of the methyl group in the 2.0~2.2 ppm
region was determined to be ~1.3 rather than 3.0 (Figure 1b).
The predominant presence of 1-d> (with some 1-d and 1) is
confirmed by the observation of 2H-'3C couplings (Figure
S74A-E) and isotopic upfield chemical shifts in the 'H (Figure
S72) and '*C NMR spectra (Figure S74A-E), as well as by
ESI HRMS analyses (Figure 1c and Figure S75A-D).

DFT (B3LYP-D3(BJ)/6-31G(d)) calculations, using solvent
model for benzene (Gaussian 09 default),? are carried out to
explore the C—C bond cleavage mechanism. Starting from the
n-stacking complex of deprotonated 2 and 3, the nucleophilic
substitution provides the amidrazone Int-1 via TS-1, with the
Gibbs energy barrier of ~11.2 kcal mol™! (Figure 2). An intra-
molecular 1,6-proton migration (1,6-PM) from the terminal
anilino (N*) group, located on the concave face of corannulene
moiety, to carbon C° in Int-1, provides Int-2. The C*~C° bond

length in Int-2 increases to 1.51 A, compared to 1.40 A in Int-
1.

We should note that one of the corannulene 6-membered
rings in Int-2 loses its aromaticity to a large extent, as sug-
gested by the absence of induced ring currents in AICD* plots
and the small positive NICS(1),,*! value (Figure S89).

zwitterionic zwitterionic quinoidal -

Figure 3. Zwitterionic/quinoidal resonance structures of Int-2
and Int-5.



Furthermore, we view the structure of Int-2 as an 1,5- or
1,3-zwitterion*? stabilized by resonance (Figure 3). The subse-
quent collapse of the zwitterion, with the C—N bond formation
between C* and N°, on the concave side of the PAH moiety,
generates rapidly (energy barrier of only 2.2 kcal mol™) the
spirocyclic intermediate Int-3.

The formation of spirocycle further increases the C*-C°
bond length (1.59 A). Ascribed to the weak C*~C° bond, the

2_C°¢ cleavage corresponds to a remarkably low bond dissoci-
ation energy (ca. 6.1 kcal mol™), in contrast to that of 121 kcal
mol ! in benzene and 87 kcal mol™ in cyclohexane.*®

Rotation along the C*~C® bond in the sterically encumbered
Int-4 generates Int-5 conformation that facilitates the N! to C*
intramolecular 1,7-proton migration (1,7-PM), leading to the
formation of 1 (Figure 2). The intramolecular 1,7-proton mi-
gration has a very low activation barrier (4G*93x = 0.5 kcal
mol ™), due to the zwitterionic nature of both Int-4 and Int-5,
with some contribution of the quinoidal resonance form (Fig-
ure 3),* and the strong thermodynamic driving force (ca. 40
kcal mol! vs. Int-5 or Int-3) to form 1 in the final step.

For the whole reaction process, thermodynamic relief of the
strain energy appears to be the major factor in the C—C bond
scission. We computed the reaction pathway for planar 1-
aminocoronene (6) reacting with 3 to form a 1,2,4-triazole-
linked benzo[ghilperylene Coron-Prd (Figure S86). We
found that the energy barriers of the first three steps are close
to those of the analogous corannulene reaction (Figure S91).
However, the C*~C° bond dissociation in spirocyclic interme-
diate Coron-Int-3 (C*~C° bond length of 1.53 vs.1.59 A in
Int-3) requires a much higher energy than that in Int-3 (36.2
vs. 6.1 keal mol™). Correspondingly, the energy barrier for this
rate-limiting step is as high as 43.5 kcal mol™!, in contrast to
that of only 21.9 kcal mol™! in the case of corannulene. Also,
the driving forces for the entire reaction sequence, which may
be viewed as the Gibbs energy differences 1 vs. Int-1 and
Coron-Prd vs. Coron-Int-1, are -37.7 and -1.7 kcal mol™,
respectively (Figure S91).

The formation of aromatic 1,2,4-triazole ring might provide
an additional driving force for formation of 1. Our computa-
tional results show that, starting from the corresponding spiro-
cycle Aliph-Int3, to form an analogous product to 1 with a
five-membered aliphatic ring, i.e., Aliph-Prd, the thermody-
namic driving force is decreased by 18.0 kcal mol™!, compared
to the formation of 1 from Int-3 (Figures S86 and S93).

DFT computed reaction pathway on the convex face of
corannulene (Figure S87) indicates a similar energetics, from
Int-1 to 1, to that on the concave face (Figure 2), thus suggest-
ing that the formation of 1 may occur on either face of coran-
nulene.

In summary, this work demonstrates the rare aromatic C—C
bond cleavages occurred in a curved m-system of aminocoran-
nulene under a metal- and oxidant-free conditions. The strain
associated with the curved n-surface and the formation of ar-
omatic triazole are the driving forces, among which the release
of strain is the key point. The reaction pathway was facilitated
by two intramolecular proton transfers and the formation of
zwitterionic intermediates, leading to relatively low activation
energies for the key steps. For the reaction, a weak basicity
and moderately strong nucleophilicity of the —N*- anion is
crucial: too strong basicity and too weak nucleophilicity would
hamper the 1,6-PM and the follow-up nucleophilic attack of
the o-carbon (C* in our studied case), respectively. Carbo-
cationic character of the a-carbon is thus important. The re-
sults provide a better understanding of aromatic C—C cleavage

and the disclosed reaction mechanism might be helpful to dis-
cover more reactions of this type in the future.
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