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ABSTRACT: Although nitrene chemistry is promising for the light-induced modification of
organic compounds, the reactivity of large polycyclic aromatic compounds and the effects of their
curvature remain unexplored. Irradiation of azidocorannulene (1) in methanol/acetonitrile
followed by HCl addition produced diastereomers 5 and 5′. Azirine 2 is apparently trapped by
methanol to form diastereomeric acetal derivatives that are hydrolyzed with HCl to yield 5 and 5’.
ESR spectroscopy in a glassy matrix at 77 K showed that irradiation of 1 yields corannulene nitrene
31N, which has significant 1,3-biradical character. Irradiation of 1 in a glassy matrix resulted in a
new absorption band in the region of 360−440 nm, with λmax at 360 and 410 nm, attributed to
31N, as supported by time-dependent density function theory calculations, which placed the major
electronic transitions of 31N at 367 nm ( f = 0.0407) and 440 nm ( f = 0.0353). Laser flash
photolysis of 1 revealed a similar absorption spectrum. Nitrene 31N had a lifetime of only a few hundred nanoseconds and was
efficiently quenched by oxygen, because of its 1,3-biradical character. CASPT2(12,11)/6-311G** calculations revealed small energy
gap (7.2 kcal/mol) between singlet and triplet configurations, suggesting that 31N is formed by intersystem crossing of 11N to 31N.
Spin-density, nucleus-independent chemical shift, and anisotropy of the induced current density calculations verified that 31N is a
triplet vinylnitrene with unpaired electrons localized on the C�C−N moiety; decaying by intersystem crossing to 2, which is more
stable owing to its aromaticity, as supported by calculations (SA-CASSCF/QD-NEVPT2/CBS).

■ INTRODUCTION
Corannulene (C20H10), a polycyclic aromatic hydrocarbon, can
be considered as a fragment of buckyball, C60.

1 The
corannulene framework is formed by the edge-to-edge fusion
of five benzene rings into a loop, resulting in a five-membered
core at the center. This arrangement has intrinsic ring strain,
which is minimized by adopting a bowl-like structure. The
bowl-like shape of corannulene is a fundamental structural
feature that sets it apart from other polycyclic aromatic
hydrocarbons. Analogous to the well-known umbrella inver-
sion of amines, corannulene undergoes rapid bowl-to-bowl
inversion through a fully planar transition state.
In recent years, nonplanar polycyclic aromatic hydrocarbons

have been investigated to correlate their structures with their
physical properties and reactivity.2 These efforts have resulted
in numerous applications of corannulene derivatives in host−
guest chemistry, metal−organic frameworks, porous organic
polymers, organic field-effect transistors, and nonlinear optical
materials.2,3 We are interested in investigating the effect of the
curved corannulene moiety on the chemistry of corannulene
nitrene, as this class of nitrenes has not been examined, despite
a growing interest in nitrene chemistry and a better
understanding of the physical properties and reactivity of
nitrenes over last few decades.4

Generally, when exposed to light, organic azides release a
nitrogen molecule to form a nitrene intermediate, charac-
terized as a divalent nitrogen-based radical. The reactivity of
these nitrene intermediates depends on their substituents and
whether they adopt a singlet or triplet configuration. Triplet
nitrenes are electron-deficient intermediates that are stabilized
by electron-donating groups such as alkyl, vinyl, and phenyl
substituents. Most triplet alkyl- and phenylnitrenes are long-
lived intermediates that decay by dimerization in solution and
are stable at cryogenic temperatures.5 In contrast, triplet
vinylnitrenes are short-lived in solution because they decay by
intersystem crossing and are generally unstable at cryogenic
temperatures, unless incorporated into a cyclic structure that
restricts rotation around the vinylic bond.6 In contrast, triplet
oxycarbonyl-nitrenes have electron-withdrawing substituents
and do not decay by dimerization in solution, instead
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abstracting a H atom from solvents with abstractable H atoms,
such as methanol.7 Phenylnitrene derivatives have been studied
extensively, both in solution and in cryogenic matrices.8

Generally, direct irradiation of phenyl azide forms the
corresponding singlet phenylnitrene. At ambient temperature,
singlet phenylnitrene inserts into itself to form an azirine,
which reacts further to yield ketenimine derivatives. At
cryogenic temperatures, intersystem crossing of the singlet
phenylnitrene to its triplet configuration competes with azirine
formation. Interestingly, singlet phenylnitrenes with two ortho
substituents can insert into local chemical bonds at ambient
temperature, but this reaction is indiscriminative and can result
in a complex mixture of products.9

Owing to this improved understanding of the complex
reactivity of nitrene intermediates and their azido precursors as
well as the drive for using light as a sustainable reagent,
nitrenes have been successfully employed in synthetic
applications.10 Notably, the reactivity of nitrenes during
synthetic applications has also been controlled by forming
metallonitrenes.11

The reactivity of nitrene intermediates incorporated into
polycyclic aromatic hydrocarbon offers a novel approach for
light-induced modifications, which can be used to tailor the
chemical properties of polycyclic aromatic hydrocarbon, rather
than relying on bimolecular reactions between polycyclic
aromatic hydrocarbons and nitrene molecules.12 For example,
nitrenes formed on the corannulene framework can enable the
functionalization of corannulene through the formation of new
C−N bonds, using light as the sole driving force. However, the
reactivity of large polycyclic aromatic hydrocarbons has not yet
been studied.
Herein, we theorized that the curved aromatic surface of

triplet corannulene nitrene 31N would influence its reactivity
and spectroscopic properties. Compared with triplet arylni-
trenes, 31N should have more localized unpaired electrons,
resulting in more triplet vinylnitrene-like reactivity. To
characterize the reactivity and physical properties of 31N, we
conducted product studies, laser flash photolysis at ambient
temperature, and absorption and ESR spectroscopic studies in
cryogenic matrices of azidocorannulene (1). Computations,
employed to aid our understanding of the experimental
findings, indicated that the unpaired electrons in 31N are
mainly localized on the vinylnitrene moiety and that 31N
decays to form an azirine (2) owing to the steric demand of
the curved surface, which is also reflected by its diminished
aromaticity.

■ RESULTS AND DISCUSSION
Product Studies. Photolysis of azidocorannulene (1) in an

argon-saturated 1:1 mixture of methanol and acetonitrile
followed by quenching with HCl led to the formation of 2-
amino-substituted hemiacetals (5 and 5′, Scheme 1). These
products provide evidence for the formation of an azirine
intermediate. For flat aromatic systems, the trapping of an
arylnitrene-derived azirine with methanol leads to a 2-amino-
substituted aryl alcohol,13 which provides a plausible
mechanism for the formation of 5 and 5′. It should be noted
that the final products are not fully aromatic and that the
hydrolysis by HCl stops at the hemiacetal stage.
Furthermore, the trapping of azirine 2 with methanol offers a

new and mild method for synthesizing substituted dihydrocor-
annulene. In earlier work, Sygula et al. demonstrated that
corannulene can be reacted with organolithium reagents to

produce monosubstituted dihydrocorannulene.14 More re-
cently, Nishibayashi and colleagues showed that corannulene
can be functionalized through radical addition, using a
photoredox catalyst and silica-substituted amines to generate
monosubstituted dihydrocorannulene derivatives.15 Aryl azir-
ines have also been trapped with nucleophiles. For example,
Carroll et al. showed that irradiation of phenyl azide and
ethanethiol results in the formation of thioethoxyanline
through trapping of phenyl azirine.16 Levya and Platz
demonstrated that irradiation of α-azidonaphthalene and
diethylamine at −60 °C yields N1,N1-diethylnaphthalene-1,2-
diamine.17 Furthermore, Nay et al. found that irradiation of α-
azidonaphthalene and cyclohexyl amine at ambient temper-
ature results in (5H-benzo[c]azepin-1-yl)-cyclohexylamine.18

Scheme 1. Products Obtained by Photolysis of
Azidcorannulene 1 in an Acetonitrile/Methanol Mixture

Scheme 2. Possible Pathways for Forming Azirine 2 from
Azidocorannulene 1

Figure 1. ESR spectra as a function of irradiation time of
azidocorannulen 1 at 80 K.
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Thus, the products generated by nucleophilic trapping of aryl
azirines differ from those produced from azirine 2.
Homodesmic calculations suggest that the aromatic

stabilization energy of bowl-shaped corannulene is 10.7 kcal/
mol lower than that of planar corannulene, and the inversion
barrier has been experimentally estimated to be on the same
order.19 Additionally, owing to the curvature of corannulene,
the peripheral carbon atoms experience ring strain. We
theorize that complete hydrolysis followed by rearomatization
of the hemiacetal would lead to a strained corannulene ring.

Energetically, aromatic stabilization, which is reduced by the
curvature of corannulene, is unlikely to compensate for this
strain.
Upon irradiation of an argon-saturated toluene-d8 solution

of 1 with a high-pressure mercury arc lamp through a Pyrex
filter for 48 h, a polymeric tar was isolated and the starting
material was completely depleted. This observation is
consistent with previous reports of azirine self-polymer-
ization.6a

Although the product studies in argon-saturated solution
indicated that the initial photoproduct was corannulene azirine
(2), they did not reveal the reaction mechanism. Azirine 2

Scheme 3. Measured D/hc Values and Calculated Spin
Densities of Various Aryl- and Vinylnitrenes at the B3LYP/
6-31+G(d) Level of theory6a,26b

Figure 2. (A) Differential UV absorption spectra obtained upon
irradiating azidocorannulene 1 in a glassy matrix at 80 K. (B) TD-
DFT (B3LYP/6-311++G(d,p)) calculated electronic transitions for
31N.

Figure 3. (A) Transient absorption obtained by laser flash photolysis
of 1 in argon-saturated acetonitrile. (B) Kinetic trace at 400 nm.

Figure 4. Optimized conformer 1A and 1B (B3LYP/6-311+
+G(d,p)). The numbers are the calculated bond distances in Å.

Figure 5. Calculated spin densities for the optimized structures of (A)
31N, (B) the transition state for the inversion of 31N, and (C) T1 of
1A at the B3LYP/6-311++G(d,p) level of theory.
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could be formed via a concerted reaction of the singlet excited
state (S1) of 1 or through the formation of singlet nitrene 11N.
Theoretically, S1 of 1 could also intersystem cross to its triplet
excited state (T1), extrude a nitrogen atom to form 31N, and
finally yield azirine 2 (Scheme 2). Generally, triplet phenyl-
nitrene derivatives dimerize to form the corresponding azo
dimers. Larger triplet arylnitrenes, such as 1- and 2-
pyrenylnitrenes and 1- and 2-naphthalenylnitrenes, also form
azo dimers.5b,20 Thus, the product studies did not clarify
whether the reactivity of 1 occurs on its singlet or triplet
surface.
ESR Studies at 80 K. To identify whether photoproducts 5

and 5′ are formed from 31N, we used ESR spectroscopy to
detect this intermediate directly. A glassy matrix of 1 in argon-
saturated methyl tetrahydrofuran (mTHF) at 80 K was
irradiated with a mercury arc lamp, and the ESR spectrum
was recorded between 0 and 10,000 G. Figure 1 shows the
evolution of the ESR signal as a function of irradiation time.
ESR signal characteristics were observed at 6124 and 6199 G,
which correspond to the characteristic X2 and Y2 lines of a
triplet arylnitrene. In addition, a broad signal was observed at

∼4500 G for the Z1 transition. Owing to the broadness of this
signal, the exact position of the Z1 line was uncertain; thus, it
was not used to calculate the zero-field splitting (ZFS)
parameters D and E. Instead, the ZFS parameters (D/hc =
0.7442 cm−1 and E/hc = 0.00165 cm−1) were calculated by
solving Wasserman’s equations with the values obtained for the
X2 and Y2 lines.21 The low D/hc value indicates significant
delocalization of the unpaired electrons in 31N.
The ESR splitting parameters of 31N are expected to be

similar to those of other arylnitrenes. The obtained D/hc value
corresponds well to those of aromatic nitrenes such as triplet 1-
pyrenylnitrene (0.7300)22 and 1-naphthylnitrene (0.7930)23

but is smaller than those of phenylnitrene (0.9978)24 and 2-
naphthylnitrene (0.9250) (Scheme 3).23,25 Wentrup and co-
workers have demonstrated a linear correlation between the
calculated spin densities of triplet nitrene derivatives and their
D/hc values, and 31N followed the same trend.25 The
calculated spin density on the N atom of 31N was 1.44,
comparable to those of 1-naphthylnitrene and 1-pyrenylni-
trene, which have the most similar D/hc values. However, the
spin-density calculations revealed that 31N has more 1,3-
biradical character, as the adjacent β-C atom had a spin density
of 0.51 (Scheme 3). Thus, the unpaired electrons are localized
on the C�C−N moiety and the spin density of 31N is similar
to those of triplet vinylnitrenes 310−3e13 (Scheme 3),6a,26

although they have greater spin density on the β-C atom.
Low-Temperature Absorption Spectroscopy. Low-

temperature absorption spectroscopy provided additional
support for the formation of 31N. A glassy matrix of 1 in
argon-saturated ethanol, diethyl ether, and isopentane (2:5:5)
at 80 K was irradiated at 308 nm, and the absorption was
measured periodically. At each time point, the spectrum
represents the absorption spectrum of the prephotolyzed
matrix subtracted from that of the photolyzed matrix, and
Figure 2 shows the changes in the absorption spectra as a
function of irradiation time. A new broad absorption band,
which appeared between 360 and 450 nm, increased in
intensity with irradiation time. In addition, a negative
absorption appeared between 310 and 360 nm, which is due
to the depletion of 1 and corresponds to its ground state
absorption. The new absorption band correlates well with the
time-dependent density functional theory (TD-DFT) calcu-
lated absorption spectrum of 31N (Figure 2), which has major
electronic transitions at 440 ( f = 0.0353) and 367 nm ( f =
0.0407). In contrast, the TD-DFT-calculated spectra of both
the isomers of azirine 2 (Figure S1) did not match the

Figure 6. Optimized structures of (A) azirine 2A, (B) azirine 2B, and (C) the transition state between 2A and 2B and (D) triplet phenylnitrine
calculated at the ωB97-X/def2-TZVP level of theory. Numbers are the calculated bond distances in Å.

Table 1. Energy Gaps between Singlet and Triplet
Configurations of Nitrenes Calculated at the ωB97-X/def2-
TZVP/(CASPT2(12,11)/6-311G(d,p) Level of Theory

nitrene ΔEST, kcal/mol

α-pyrene nitrene 6.2
β-pyrene nitrene 9.5
corannulene nitrene 31N 7.2

Table 2. Energy Gaps between Triplet Nitrenes and
Corresponding Azirine Products Calculated at the ωB97-X/
def2-TZVP Level of Theory

triplet nitrene ΔE, kcal/mol azirine

α-naphthalene nitrene 10.4 α-naphthalene azirine
β-naphthalene nitrene 27.7 β-naphthalene azirine
α-pyrene nitrene 21.2 α-pyrene azirine
31N 0.3 2

Table 3. Energies of 31N and Azirines 2A and 2B Calculated
at the SA-CASSCF/QD-NEVPT2/CBS Level of Theory

compound E, kcal/mol

nitrene 31N 25.3
azirine 2A 0.0
azirine 2B 6.8
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observed spectrum, thus ruling out azirine 2 as the major
product at 80 K.
To correlate the reactivity at 80 K with the product studies

at ambient temperature, after irradiating 1 in mTHF at 80 K,
the matrix was warmed to ambient temperature and the
absorption spectrum was recorded (Figure S2−S9). HRMS
analysis of the irradiated solution confirmed the formation of
azirine 2. Furthermore, after adding ethanol and HCl to the
solution, HRMS analysis confirmed the formation of the
ethanol derivatives of 5 and 5’.
Laser Flash Photolysis. After verifying that irradiation of 1

in cryogenic matrices produces triplet nitrene 31N, we used
laser flash photolysis of 1 to demonstrate that 31N is also
formed at ambient temperature. Laser excitation (308 or 266
nm) of 1 in argon-saturated acetonitrile resulted in a broad
transient between 330 and 460 nm with λmax at ∼400 nm
(Figure 3A). We assigned this transient to 31N by comparison
with the absorption spectrum obtained by irradiating 1 in a
glassy matrix at 80 K (Figure 2). It should be noted that the
TD-DFT-calculated spectra of T1 of 1 does not fit as well with
the observed spectrum (Figure S10).
Analysis of the kinetics revealed that 31N has a lifetime on

the order of nanoseconds and is formed faster than the time
resolution of the laser (2−3 ns). In the presence of argon, the
transient decays with a rate constant of 3.73 × 106 s−1 (τ = 268
ns), whereas in in the presence of oxygen, the decay rate

constant is 5.95 × 106 s−1 (τ = 168 ns). Based on the estimated
oxygen concentrations in air- and oxygen-saturated acetonitrile
(0.0019 and 0.0091 M),27 the rate constant for quenching the
transient absorption is between 6.5 × 108 and 2.0 × 109 M−1

s−1.
Thus, laser flash photolysis demonstrates that the physical

properties of 31N differ from those of triplet phenyl- and
arylnitrene derivatives, such as 1- and 2-pyrene and 1- and 2-
naphthalene nitrenes, which are long-lived with lifetimes on
the order of milliseconds and decay by dimerization. In
contrast, the nanosecond lifetime of 31N is similar to those of
triplet vinylnitrene intermediates. In addition, the rate constant
for the reaction of oxygen with 31N is much larger than that for
phenyl- and alkylnitrenes5a,8(a),28 but similar to that for
vinylnitrenes (typically 7−20 × 108 M−1 s−1).29 Because it
has a lifetime of a few nanoseconds in argon-saturated
acetonitrile, is efficiently quenched by oxygen owing to the
significant spin density on the β-C atom, and it decays to form
an azirine through intersystem crossing, we propose that 31N is
better described as a localized triplet vinylnitrene.26b

Calculations. We used calculations to provide insights into
why 31N behaves like a triplet vinylnitrene rather than a triplet
arylnitrene. The structures of 1, T1 of 1, 31N, and 2 were
optimized using DFT calculations at the B3LYP/6-311+
+G(d,p) level of theory and plotted stationary points on the
triplet reaction surface. Two different conformers of 1 (A and
B) were optimized. Conformer A, with the azido group facing
away from the aromatic ring to which it is connected, is 2 kcal/
mol more stable than conformer B, with the azido group
directed toward the aromatic ring (Figure 4). Optimization of
1A and 1B as a triplet yielded T1 of 1A and T1 of 1B located
54.6 and 53.2 kcal/mol above S0 of 1A, respectively. Spin-
density calculations for T1 of 1A showed that the unpaired
electrons are mainly located on the aromatic ring, with only a
small contribution on the azido chromophore (Figure 5).
Despite multiple attempts, no transition state connecting T1 of

Figure 7. Stationary points on the excited state surface of 1 calculated at the QD-NEVPT2/SA-CASSCF/cc-pVTZ level of theory. Energies are in
kcal/mol.

Table 4. Energies of Azirine Conformers 2A and 2B and
Their Transition State Calculated at the ωB97-X/def2-
TZVP and QD-NEVPT2/CBS Levels of Theory

E, kcal/mol E, kcal/mol

(ωB97-X/def2-TZVP) (QD-NEVPT2)

2A 0 0
TS 34 25.4
2B 1.9 6.8
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1 to triplet nitrene 31N could be found, presumably, because
T1 of 1 is located on the aromatic part of the molecule and not
the azido moiety.
Spin-density calculations for the optimized structure of 31N

showed that the unpaired electrons are mainly located on the
N atom (1.4) and β-C atom (0.5) (Figure 5). Owing to the
dynamic nature of the corannulene ring, 31N can undergo ring
inversion. The transition state associated with this process is
completely flat and is 9 kcal/mol above 31N. Therefore, direct
comparison of the spin densities for this transition state
structure and curved 31N can provide important insights into
the effect of curvature on spin densities. As shown in Figure 5,
curvature does not change the spin densities. Finally, we used

the broken symmetry method to optimize the singlet
configuration of 11N, which was located 13.5 kcal/mol above
31N. It should be noted that the broken symmetry method
yielded total spin ⟨S2⟩ values of 0.9592 suggesting a significant
spin contamination from the triplet state, and therefore this
method is not accurate in estimating the energy between
singlet and triplet nitrenes.10b

Comparison of the calculated bowl depth for 1 (0.093 Å),
T1 of 1 (0.105 Å), 31N (0.091 Å), and 2A (0.093 Å) showed
that T1 of 1 has a deeper bowl than S0 of 1, whereas 31N has
the shallowest bowl. The depth of corannulene itself was
determined to be 0.086 Å from its crystal structure.30

Presumably, 31N is the least curved because the unpaired

Figure 8. (A) NICS(0) indices calculated using the gauge-invariant atomic orbital (GIAO) method for S0 of 1. ACID isosurfaces of S0 of 1 at cutoff
values of (B) 0.003 and (C) 0.005. (D) NICS(0) indices calculated using the GIAO method for T1 of 1. ACID isosurfaces of T1 of 1A at cutoff
values of (E) 0.0003 and (F) 0.003. Green arrows indicate the integrated ring current direction.

Figure 9. (A) NICS(0) indices calculated using the GIAO method for 31N, ACID isosurfaces of 31N at cutoff values of (B) 0.0001 and (C) 0.0005.
The green arrow indicates the integrated ring current direction.
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electrons are localized on the vinyl bond. Consequently, the
C−C bond has significant single bond character (1.46 Å),
which releases some of the strain associated with the curved π-
surface. Similar results have been observed for corannulene
derivatives, in which cleavage of an outer rim C−C bond
causes the bowl to flatten.31

We optimized the two possible isomers of azirine 2 (2A and
2B, which have the azirine moiety on the convex and concave
sides, respectively, relative to the corannulene bowl), and
found that 2B was 2 kcal/mol less stable than 2A. We also
optimized the triplet configurations of 2 (32A and 32B), which
were located 58 and 57 kcal/mol above 31N, respectively. As
the energy gap is too large for 31N to form 32, we can rule out
azirine 2 being formed by 31N rearranging into 32 followed by
intersystem crossing. Interestingly, the energy gap between the
singlet nitrene 11N and azirine 2 is small (only 2.3 kcal/mol).
The calculated stationary points on the surface of 1 for the
formation of nitrenes 11N and 31N and azirine 2 are plotted in
Figure 6.
To better estimate the energy gap between the singlet and

triplet configurations of 1N, we optimized 11N using the
broken symmetry method at the ωB97-X/def2-TZVP level of

theory. The calculated energy difference between the singlet
and triplet configurations of 1N (∼7.2 kcal/mol) is not
significantly different from the calculated singlet−triplet energy
gaps for pyrene nitrenes (6.2 kcal/mol for α-pyrene nitrene
and 9.5 kcal/mol for β-pyrene nitrene; Table 1). The
calculated energy gap between the singlet and triplet
configurations of 1N is also smaller than that measured for
triplet phenylnitrene (14.9 kcal/mol)32 and similar to those
reported for triplet oxycarbonyl nitrenes, which undergo
intersystem crossing in solution at ambient temperature.33

Therefore, 31N is likely formed by the intersystem crossing of
11N in solution.
Nitrene 31N exhibits unimolecular reactivity, whereas triplet

phenyl, 1- and 2-naphthalene, and 1- and 2-pyrene nitrenes
dimerize, despite the localization of their unpaired electrons
being similar (Scheme 3). To understand the origin of this
difference, we compared the calculated energies of these
arylnitrenes to those of the corresponding azirine products
using a higher level of theory (ωB97-X/def2-TZVP; Table
2).34,35 These calculations demonstrate that nitrene 31N and
azirine 2 have similar stabilities. In contrast, as the naphthalene
and pyrene nitrenes are more stable than their corresponding
azirines, they decay by dimerization instead of intersystem
crossing to form azirines.
We also used a higher level of theory to clarify the energy

gap between nitrene 31N and 2. At the ωB97-X/def2-TZVP
level of theory, the ΔE value becomes minuscular (0.3 kcal/
mol). Therefore, we determined ΔE using a multireference
method, which is more appropriate because of the expected
quasidegeneracy of the singlet and triplet electronic states.
CASSCF was implemented in ORCA 5.0.336 with averaging
over nine triplet and six singlet electronic states, including the
ground state.37 We found that a relatively small active space
(10e−/10o) and this state-averaging scheme sufficiently
represented the major excitations. The results are summarized
in Table 3.

Figure 10. (A) NICS(0) indices calculated using the GIAO method
for triplet phenylnitrene. ACID isosurfaces of the triplet phenylnitrene
at cutoff values of (B) 0.0001 and (C) 0.0005. The green arrow
indicates the integrated ring current direction.

Figure 11. (A) NICS(0) indices calculated using the GIAO method for S0 of 2A. ACID isosurfaces of S0 of 2A at cutoff values of (B) 0.003 and
(C) 0.005. (D) NICS(0) indices calculated using the GIAO method for the ground state of phenyl azirine and ACID isosurfaces of the S0 state of
phenyl azirine at cutoff values of (E) 0.003 and (F) 0.005. Green arrows indicate the integrated ring current direction.
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According to this data, 2A and 2B are lower in energy than
31N, and 2A is the more stable isomer of azirine 2. As nitrene
31N undergoes intersystem crossing to the singlet surface, it
reaches the lowest energy structure, which is 2A. As the rate of
this process is only limited by the intersystem crossing rate
constant, it competes with other reactions on the triplet
surface, thus preventing 31N from dimerizing.

According to DFT calculations at the ωB97-X/def2-TZVP
level of theory, the corannulene azirine has two conformers, in
which the azirine ring is bent into or out of the corannulene
moiety (Figure 7). To estimate the energy barrier between
these conformers, we located and optimized the transition state
(Figure 7) using the nudged elastic band method in ORCA
5.0.3 at the ωB97-X/def2-TZVP level of theory.38 The
transition state closely resembles 31N. The energy values are
summarized in Table 4. According to this data, the energy
barrier is slightly overestimated at the ωB97-X/def2-TZVP
level of theory. With an energy barrier as low as 25.4 kcal/mol,
thermal conversion between the two conformers is possible,
which makes it possible for both isomers to contribute to
products formation.
To obtain energy diagram for the triplet reactivity of 1, we

optimized structures of 1A, 11N, 31N, 2B, and 32B at the
B3LYP-D4/ma-def2-TZVP level of theory, calculated their
single-point energies using QD-NEVPT2/SA-CASSCF/cc-
pVTZ level of theory and plotted the stationary points on
the triplet reaction surface of 1 for the formation of nitrenes
11N, 31N, and azirine 2 (Figure 7). The vertical energies of the
first, second, and third singlet excited states of 1, were located
84.6, 85.6, and 89.1 kcal/mol, respectively, above the ground
state (S0). Similarly, we located T1, T2, and T3 at 71.2, 78.7,
and 85.8 kcal/mol, respectively, above S0 of 1. Nitrene 11N
was located 11.1 kcal/mol above its triplet configuration.
Azirine 2B was 5.8 kcal/mol more stable than 31N. Details of
these calculations are provided in the section of CASSCF
calculations.
Finally, the aromaticities of 1, T1 of 1, 31N, and 2 were

investigated to address why nitrene 31N is best described as a
localized vinylnitrene rather than an aromatic nitrene. Owing
to their polycyclic nature, the aromaticity of these compounds
cannot be assessed by simply applying Hückel’s and Baird’s
rules. Instead, the aromaticity was evaluated using calculation
methods to estimate the π-electron current and resulting
induced magnetic field.39

We used nucleus-independent chemical shift (NICS)
calculations40 to characterize the aromatic properties. In this
analysis, negative and positive values correspond to aromatic
and antiaromatic rings, respectively, and the absolute value is
related to the induced current magnitude. The aromatic
properties were also estimated from the π-electron currents
obtained using anisotropy of the induced current density
(ACID) calculations. Although the ACID method does not
allow explicit determination of aromaticity or antiaromaticity,
the localization of magnetically induced current densities can
be analyzed and plotted as an isosurface at different cutoff
values. By visually investigating the ACID function shape and
comparing its continuity with those of other species more
pronounced aromaticity or antiaromaticity can be pointed out.
In addition, the magnetically induced ring currents through
selected chemical bonds are intended to aid in the character-
ization.
The magnetic properties of 1 (Figure 8A−C) are similar to

those reported for corannulene itself.41 NICS(0) indexing
shows that the center ring of 1 has an antiaromatic character,
whereas the outer rings are aromatic. The same features are
indicated by the ACID function. By varying the isosurface
cutoff values to analyze the continuity of the ACID function, it
is seen that the center ring demonstrates a more pronounced
antiaromaticity. However, this difference is subtle when

Figure 12. ACID plot of phenylnitrene (A), corannulene nitrene 31N
(B) and planarized corannulene nitrene (C). For clarity, the ring
currents are additionally represented schematically to the right of each
ACID plot (diatropic currents in blue, paratropic currents in red).
The structures were optimized at the B3LYP/6-311++G(d,p)42 level
of density functional theory. The ACID plot is calculated from the
current density tensor field using the AICD program.43 The current
densities were calculated using the CSGT method44 (Gaussian 16
Rev. A.03 keywords: NMR = CSGT, iop(10/93 = 2)45 based on a
B3LYP/6-311++G(d,p) wave function. Only π orbitals (orbitals with
A2 and B1 symmetry, C2v point group) are included in the ACID
plot. The isosurface value for the ACID plot is 0.03. Current density
vectors are plotted on top of the ACID surface. The lengths of the
vectors are proportional to the absolute values of the current densities.
The magnetic field is oriented orthogonally to the ring plane and
points toward the viewer. CIV values are available in the SI.
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comparing the integrated ring currents since they are quite
close in magnitude, though opposite in direction.
The NICS(0) analysis indicates that T1 of 1 is fully

antiaromatic (Figure 8D−F), as the NICS(0) values for all the
aromatic rings are positive. Notably, the ring with the azido
substituent has a significantly larger value (18.71) than the
other rings (between 1 and 5). Based on the ACID functions,
the rings do not display a continuous electronic current.
Instead, it is most evident on the azido-substituted ring. In
addition, lower cutoff values were necessary to visualize the
function, which indicates it has weaker electronic current
compared to 1. Thus, the ACID function analysis is in good
agreement with the NICS(0) calculations, showing that T1 of 1
is antiaromatic. This strongly antiaromatic nature suggests that
T1 of 1 is highly reactive and short-lived.
The NICS(0) analysis of nitrene 31N reveals an extensive

aromatic character (Figure 9), as only the center ring has a
positive value. However, in the ACID function analysis, no
circular electric currents are present in any of the rings, as
highlighted at smaller isosurface cutoff values. These results
indicate that the π-conjugation is disrupted in 31N and that the
unpaired electrons are localized on the vinyl-N chromophore.
For comparison, we also analyzed triplet phenylnitrene

(Figure 10), which displays more pronounced aromatic
properties than 31N. The NICS(0) value of triplet phenyl-
nitrene indicates a significant diatropic current. However, the
ACID functions are similar to those of 31N, although more
continuous at same cutoff values. Therefore, the NICS(0) and
ACID data demonstrate that triplet phenylnitrene is aromatic,
whereas 31N is a less aromatic species. The integrated ring
currents are very weak in both molecules compared to
corannulene azide (Figure 8), corannulene azirine and phenyl
azirine (Figure 11), which further supports the weak
aromaticity of 31N.
The aromatic character of azirine 2A (Figure 11A−C) is

similar to that of S0 of 1, as the center ring has a positive
NICS(0) value and is antiaromatic, whereas the surrounding
rings have negative NICS(0) values and are aromatic. In
addition, the azirine-substituted ring has slightly less electronic
current than the other rings. According to the ACID function
analysis, 1 and 2 exhibit similar π-conjugation, although it is
slightly disrupted in the phenyl ring with the azirine substituent
owing to its nonplanarity. However, the current distributions
of 2A and 31N differ significantly, as the former exhibits
circular currents but the latter does not. The aromaticity of 2A
renders it more stable than the weakly aromatic 31N.
Finally, we calculated the ACID scalar field of the title

nitrene 31N and of reference compounds from the current
density tensor field using the ACiD program,43 with the
current densities calculated using the CSGT method44 for both
triplet phenylnitrene and 31N. The critical isosurface value
(CIV) was calculated for each carbon−carbon bond (Figures
S11 and S12) and serves as a measure of the strength of the
electronic conjugation between two atoms. To distinguish
between aromatic and antiaromatic ring currents, the current
density vectors are drawn as arrows (green arrows with red
arrow heads) on the isosurface. The vector field of the current
density depends on the relative orientation of the molecule to
the magnetic field. The convention is to align the magnetic
field perpendicular to the ring plane of the molecule under
investigation so that the magnetic field vector points toward
the observer. Diamagnetic currents then run clockwise and

indicate an aromatic system and paramagnetic currents are
counterclockwise and indicate antiaromatic systems.
Triplet phenylnitrene, as expected, exhibits a diatropic ring

current (clockwise currents in Figure 12A) in the aromatic 6-
electron, 6-center π system of the phenyl ring. Remarkably, a
considerable part of the ring currents includes the nitrogen
atom of the nitrene, indicating an 8-electron, triplet Baird
aromatic system.46

In agreement with previous calculations41c on the parent
corannulene, corannulene nitrene (triplet) exhibits a diatropic
ring current (clockwise current in Figure 12B) in the aromatic
14-electron periphery and a paratropic ring current (anticlock-
wise) in the central 5-membered ring. As opposed to
phenylnitrene, there is a separate paratropic ring (anticlock-
wise) current encircling only the nitrogen atom. The nitrogen
atom is in conjugation with the aromatic π system, however, a
triplet Baird system as in phenylnitrene is not discernible. The
strength of aromatic current of 31N is less than for triplet
phenylnitrene.
To elucidate the reason for the remarkably different

electronic structures of phenylnitrene and corannulene nitrene
(31N), we also performed ACID calculations with the
hypothetic planar corannulene (transition structure of the
bowl-to-bowl inversion, Figure 12C). The ACID analysis
shows that the planar corannulene nitrene has topologically
very similar ring currents and conjugation with the aromatic
ring as phenylnitrene. The nitrogen atom of the nitrene is part
of the diatropic ring current in the periphery of the
corannulene. The total π system therefore shows Baird
aromaticity, as in phenylnitrene. It can be concluded that it
is the deformation from the planarity (bowl shape) that
changes the electronic structure of corannulene nitrene (31N)
and cancels the Baird aromaticity. This is also supported by
calculations of coronene nitrene (see SI). Hence, the reactivity
of corannulene nitrene should be more similar to that of vinyl
nitrene than that of phenylnitrene.

■ CONCLUSIONS
We investigated the unique reactivity of azidocorannulene 1.
Based on the structures of the products obtained upon
photolysis of 1 in the presence of methanol, curvature plays an
important role in determining the outcome of the photo-
reaction. This system is a rare example of corannulene
desymmetrization through covalent modification of its carbon
network. It should be highlighted that the capturing of azirine
2 with methanol offers a new method for synthesizing
substituted dihydrocorannulene derivatives. Spin-density cal-
culations demonstrated that the unpaired electrons in 31N are
localized on the vinylnitrene moiety, explaining its efficient
quenching by oxygen and consistent with the ZFS parameters
obtained using ESR spectroscopy. Furthermore, the calculated
spin-densities and ZFS parameters were similar to those of
triplet vinylnitrenes, which are well-known to have 1,3-
biradical character. As the localization of the unpaired
electrons on the vinyl nitrene moiety resulted in the C−C
bond having single bond character, the bowl of 31N was less
curved than that of 1. This localization of the unpaired
electrons and flattening of the bowl were also reflected in the
aromaticity calculations for 31N. Although NICS(0) indexing
showed positive values for all the rings, the ACID revealed that
the (6-electron) phenyl ring in phenyl nitrene and the 14-
electron periphery in corannulene nitrene are aromatic
(diatropic ring current). In triplet phenyl nitrene the ring
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current partially includes the nitrene, which indicates Baird
aromaticity to some extent. This is not the case in corannulene
nitrene. Finally, 31N is short-lived because it can decay by
intersystem crossing to 2, which is more stable. The
aromaticity of the corannulene rings in 2 stabilizes this species
relative to the less aromatic 31N.
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