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Transformation of benzocorrole isomer into pyrrole-containing
polycyclic molecules via copper-mediated cleavage and
annulation

Biju Basumatary,*? Sawako Yada,*? Shunsuke Oka,” Shigeki Mori,c Tatsuya Mori,¢ Tatsuki Abe,?
Daisuke Kawaguchi,® Takuma Yasuda,*d Hiroyuki Furuta*2? and Masatoshi Ishida*®

We present the oxidative transformation of a corrole isomer, namely, dibenzocorrorin (3), featuring a modified connectivity
pattern of bipyrrole moieties within the corrole scaffold, resulting in the formation of pyrrole-embedded polycyclic
molecules (1 and 2). The X-ray crystallography analysis of compound 1 revealed the establishment of three C—N bonds
through nitrogen sites in the pyrrole and indole rings, leading to a highly m-conjugated core with nine fused aromatic rings.
Notably, the B-pyrrole protons of the diazadicyclopentaazulene moiety displayed significant high-field shifts in the *H-NMR
spectrum, attributed to the 12m antiaromatic contribution of the diazadicyclopentaazulene segment, as indicated by NICS
and ACID plot analyses. Compound 1 exhibited a broad near-infrared absorption beyond 1000 nm, a narrow electrochemical
energy gap (AE = 1.15 V), a short excited-state lifetime, and stable photothermal conversion capability. The crystalline
packing structure of 1, characterized by a staircase-like stacking along the long axis of needle-shaped crystals, facilitated the
fabrication of a single-crystal organic field-effect transistor. The resulting device demonstrated p-type semiconductor

behaviour, emphasizing the potential of 1 in near-infrared optoelectronic applications.

Introduction

The "destruction and mutation" of critical molecular skeletons
generate functional diversity, which is essential in the evolution
of materials. In this context, porphyrins are well-known cyclic it
conjugated molecules, widely recognized as key structural
motifs in functional materials due to their exceptional chemical
stability, distinctive optical and electrochemical properties,
excellent biocompatibility, and versatile metal-coordination
abilities. In particular, the macrocyclic structures of porphyrins
and related molecules play specific roles in various material
applications such as catalysis, sensing, medicinal therapies, and
supramolecular assemblies.? Therefore, to explore novel
properties and functions of porphyrin-related macrocycles, the
structural modification of the parent tetrapyrrolic scaffolds
using unique synthetic techniques has attracted significant
attention. Among the analogues, ring-contracted porphyrinoids,
such as corroles, are fully conjugated corrins with one less
meso-carbon atom than their parent porphyrins.3 The removal
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of this carbon atom from the porphyrin scaffold results in a
redox-active (non-innocent) macrocycle with distinctive
oxidative reactivity. Furthermore, the breakdown of the
macrocyclic skeleton via oxygenation-induced ring-opening
reactions has been identified as a critical method for creating
novel mi-skeletons.* However, the open-chain corrole skeleton
has been less studied compared to porphyrin congeners (Fig.
1a).>

In this work, we report a novel m-conjugated corrole isomer,
named corrorin, composed of an a,B-linked bipyrrole unit that
demonstrates unique oxidative ring-opening and subsequent
fusion reactions. In a one-pot process, these reactions afford
multiply fused polycyclic molecules (1 and 2) (Fig. 1c and 2a).
Due to the intrinsic 18 aromatic stabilization feature, the
corrole scaffold is typically stable, thereby making breaking
specific C—C bonds difficult and rearranging the tetrapyrrole
structure to form open-chain products.® In contrast, the highly
strained and twisted bipyrrole moiety in the nonaromatic
corrorin core is relatively unstable (AE = 22.9 kcal mol™?)
compared to that of the aromatic corrole congener. The specific
C—C bond order index of the bipyrrole moiety in the corrorin
was calculated to be 1.0514, which is relatively smaller than that
of corrole (1.2090) by natural bond orbital (NBO) analysis (Fig.
1d).” These theoretical results suggest it may serve as a
potential molecular reconstructing the
tetrapyrrole skeleton through redox reactions® and metal-
mediated processes.® The reaction of dibenzocorrorin (3) with
copper(ll) acetate yields fused product 1, featuring a distinct
nitrogen-embedded [6.5.5.5.7.5.5.5.6]-fused ring structure.
Based on nucleus-independent chemical shift (NICS) values, the
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local diazadicyclopenta[cd,ijlazulene unit  exhibits an
antiaromatic character of the nitrogen-containing expanded
azulene fragment in the structure (Fig. 1e).

This product can be classified as polycyclic antiaromatic
hydrocarbons (PAAHs), which have garnered significant
attention due to their unique electronic properties and
potential applications in various fields. The incorporation of
multiple pyrrole units introduces an intrinsically stable 4nm
antiaromatic character into planar PAH scaffolds (e.g., s-
indacene (4), diazapyracylene (5), and azacorronene (6); Fig.
1b).° These compounds, expected to function as semiconductor
materials, exhibit unique electron donor-acceptor
characteristics due to their high HOMO and low LUMO energy
levels. Although antiaromatic compounds were long predicted
to display ambipolar charge-transport characteristics, their
instability has historically limited their investigation.1® In this
context, the coplanar nitrogen-embedded fused structure of 1
is particularly noteworthy, offering distinct second near-
infrared (NIR-II) optical properties, facile redox reactivity, and
enhanced charge-transport capabilities.

(a) Breaking Macrocyclic Skeletons (b) Pyrrole-containing
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Fig. 1 (a) Representative reactions for destructive macrocycles of corroles. (b)
Chemical structures of the family of the pyrrole-containing polycyclic antiaromatic
hydrocarbons 4-6. (c) Schematic illustration of the design strategy for pyrrole-
embedded polycyclic molecules 1' through the destruction of tetrapyrrole
macrocycles. The thermal stabilities (kcal mol~?) of corrole and corrorin skeletons
were obtained by B3LYP-D3/6-311G(d,p) level calculation. (d) NBO analysis of
corrorin originated from the interaction between the m-orbital overlap of the
bipyrrole moiety. (e) NICS(1) values of the fragments units of 1' and electrostatic

potential map of 1' obtained by B3LYP-D3/6-311G(d,p) calculations. Isovalues are
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set to 0.02, and the blue and red colours indicate positive and negative potentials,

respectively.

Results and discussion

The precursor for dibenzocorrorin 3 was synthesized following
a previously reported procedure.’® Pyrrole-embedded
polycyclic compounds were synthesized through the oxidative
degradation of the carbacorrole analogue 3 and subsequent
multiple C-N fusion reactions (Fig. 2a). Treatment of 3 with
copper(ll) acetate in a pyridine solution resulted in the
formation of multiple products within 3 hours under ambient
conditions. Following purification by silica gel
chromatography, two primary products were successfully
isolated with yields of 28% and 3%, respectively. The first brown
fraction displayed a fast atom bombardment (FAB) mass signal
at 892.0746 (Fig. S7, see Electronic supplementary information
(ESI)), suggesting a minor proton loss from the original 3 and
indicating skeletal fusion. In the case of the second product, an
increased mass peak at 1782.1333 was observed, indicating a
possible dimeric form of the tetrapyrrolic 1 (Fig. S8).

column

ti3: 1.8 meV 4 27.2 meV

Fig. 2 (a) Synthesis of polycyclic compounds 1 and 2 by oxidative destruction of
3. Crystal structures of (b) 1 and (c) 2 are shown (top views) with thermal ellipsoids
at 50% probability. Solvent molecules and C¢Fs-meso-substituents are omitted for
clarity in the view of 2. Spiro-carbon atoms in 2 are highlighted by an orange circle.
(d) Packing structure of 1 along with the a-axis. (e) Charge transfer integral (J, in
meV) calculated from the HOMOs for the nearest intralayer neighbours in the

crystal structure of 1 based on the PW-91/TZP level calculation.

To unveil the unique structures of the products, we
conducted X-ray diffraction analysis on single crystals 1 and 2,
obtained through recrystallization from mixed solvents
(CHCl3/hexane) (Fig. 2b—c and Table S2 in ESI).12 The structure
of needle-shaped «crystal 1 revealed a sequential
[6.5.5.5.7.5.5.5.6]-fused ring core containing the multiply C—N
bonded structure. The core geometry of 1 exhibited a slight
bend, possibly due to intermolecular interactions. In the

This journal is © The Royal Society of Chemistry 20xx
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packing structure of 1, each polycyclic core moiety slip-stacked
in an antiparallel manner along the a-axis, with a mean plane
distance of approximately 3.4~3.6 A (Fig. 2d). The meso-aryl-
substituents at the C and G rings exhibited relatively low
dihedral angles to the mean plane, measuring 37.5° and 41.7°,
respectively. This orientation may facilitate intermolecular
stacking, as depicted in the Hirshfeld surface plot (Fig. S9). For
compound 2, in line with the mass spectral results, confirmation
of the dimeric form of the fused tetrapyrrole core was achieved
(Fig. 2c). Similar to 1, the C—N bond formation between the
pyrrole N and indole a-C was evident. Additionally, pyrrole B-
carbons were connected to form a new six-membered ring (E)
through two spiro-sp3-carbon bridges. The resulting cross-
linked boomerang-shaped ring system exhibited quasi-
perpendicular orientation due to shared spiro-carbon atoms,
leading to distinct optical properties (Fig. S10 and S13).

(a) ' ' 1
Ar-H (A&I)
‘ f-H (D)
) ! B-H (F) B-H (F)
0T 1 7Y S R
Ar-H (benzo)
f 1 « 3
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ﬁ ‘ p-H (pyrrole)
[

150 145 90 85 80 75 70 65 60 55 50
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Fig. 3 (a) Comparative 'H-NMR spectrum of 1 (top) determined in CDCl; with that
of 3 (bottom). Labels of the NHs and CHs of the ring units can be referred from the
structure given in (b). The asterisks indicated the residual solvent peaks. (b)
NICS(1) values and (c) ACID plot (isosurface values of 0.05) of the core for 1
obtained by B3LYP/6-311G(d,p) level calculations.

While the exact mechanism behind the formation of 1 and
2 remains unclear, a plausible scheme is presented in Scheme
S1. Optimization of the reaction conditions highlighted the
crucial role of copper(ll) salt in product formation rather than
other potential metal salts (Entries 1-7, Table S1). Additionally,
the basic solvent, pyridine, was found to be necessary to
promote deprotonation (Entries 8-11, Table S1). The electron
paramagnetic resonance (EPR) spectrum of the reaction
solution of 3 suggested the formation of a copper(ll) complex
during the reaction (Fig. S12). The relatively strained C,—C, bond
neighboring the inner dipyrrin site may be selectively activated
(Scheme S1).13 Based on the observed structure, chelation-
assisted copper(ll)-mediated C,—C, bond cleavage and

This journal is © The Royal Society of Chemistry 20xx
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subsequent recombination of the C,—N bonds resulted in the
polycyclic fused products.

The 'H-NMR spectrum of 1 supported the low symmetric
polycyclic structure (Fig. 3a). In comparison to the spectrum of
3, the loss of three pyrrole NH signals, as well as a B-pyrrole
proton, was observed in the low-field region. Notably, two
doublet signals assigned to the B-protons of the ring F appeared
at5.01 and 5.83 ppm, considerably high-field shifted. To analyze
the hidden open-shell electronic contribution, variable-
temperature 'H-NMR spectra of 1 were measured in C,D,Cl,
(Fig. S11). Upon increasing the temperature (up to +100 °C), a
slight broadening of the CH signals was observed; however, no
significant peak shifts occurred. In addition, the broken
symmetry UDFT calculations resulted in the ground closed-shell
electronic structures. These results indicate a negligible
contribution from the open-shell species (e.g., diradicaloids).14

To gain insight into the local aromaticity of the core
structure of 1, nuclear independent chemical shift (NICS)®
values and anisotropy of the induced current density (ACID)®
plots were analyzed based on the B3LYP calculation (Fig. 3b—c).
Interestingly, the NICS(1) values at the center of E, F, and G rings
were positive, especially at the seven-membered ring E (+17.13
ppm). Consistently, the counterclockwise ring current was
visualized at the fused rings E-G moiety in the ACID plot.
Further, the strongly deshielded iso-chemical shielding surface
(1€SS(1),,)Y” maps of 1 around E, F, and G rings supported the
above observations (Fig. S16). The characteristic antiaromatic
feature of the diazadicyclopentalcd,ijlazulene fragment was
also demonstrated by NICS and ACID plot analyses (Fig. S15a).
These results suggest the presence of the partial paratropic ring
current in 1, which is consistent with the observation in the 1H-
NMR spectrum. In the resting pyrrolo[3,2-b]lpyrrolizine
fragment (ring B,C,D), the presence of the potential paratropic
ring current is expected, as inferred from DFT calculations (Fig.
S15b). However, the peripheral fusion of the
diazadicyclopentaazulene and benzene moieties gave rise to a
lesser magnitude of the paratropic ring current in 1 due to
electronic perturbation, as inferred from NICS scan up to 5 A
above and below the plane of the rings A to | (Fig. S17).18

The distinctive electronic structure of 1 is evident in its low-
energy second near-infrared-Il (NIR-1I) absorption in CH,Cl,,
indicating a narrow HOMO-LUMO energy gap (Fig. 4a).1° The
molecular orbital (MO) diagram of 1, calculated using the B3LYP
method, reveals the n-delocalized HOMO and LUMO (Fig. 4c).
The broken degeneracy of the frontier HOMO and LUMO pair
(e.g., H/H-1 and L/L+1) induces a partially allowed HOMO-
LUMO transition with an oscillator strength (f) of 0.1 at 1340
nm, as determined by time-dependent (TD) DFT calculation (Fig.
S18). The shoulder absorption around 572 nm corresponds to
the HOMO-2 to LUMO transition.

The cyclic voltammogram of 1, measured in CH,Cl,
containing 0.1 M n-tetrabutylammonium hexafluorophosphate
electrolyte, exhibits two independent oxidation waves at 0.15
and 0.57 V (vs. ferrocene/ferrocenium couple), as well as two
reduction waves at -1.00 and -1.35 V (Fig. 4b). These values

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 (a) UV-vis-NIR absorption spectrum of 1 recorded in CH,Cl,. Inset shows a photo of the solution under ambient light. (b) Cyclic voltammogram of 1 determined in CH,Cl,
containing 0.1 M n-tetrabutylammonium hexafluorophosphate as an electrolyte. Scan rate = 0.1 V/s. (c) MO energy diagram of 1 obtained by B3LYP/6-311G(d,p) level
calculation. (d) fs-Transient absorption spectra and (e) decay time profile of 1 in toluene upon photoexcitation at 400 nm. (f) Temperature changes of the solution containing
1 under laser ON/OFF cycles of NIR laser at 940 nm irradiation. (g) Temperature changes of the solution containing 1 at various concentrations under NIR laser irradiation for

10 min. (h) Thermography images of the toluene solution of 1.

indicate relatively facile oxidative reactivity and a narrow
electrochemical energy gap of 1.15 V, consistent with the
corresponding HOMO-LUMO gap observed in the optical study.
Furthermore, to investigate the excited-state dynamics,
femtosecond (fs) transient absorption (TA) spectra of 1 were
recorded in toluene (Fig. 4d). Upon excitation at 400 nm, the fs-
TA spectra of 1 displayed a broad excited-state absorption (ESA)
band at 670 nm and a ground-state bleaching (GSB) band at 580
nm. The bi-exponential decay profile of 1 revealed an ultrashort
S, state lifetime of 11.09 ps, consistent with the relaxation
behaviour of typical antiaromatic compounds.?® The results
support the nonemissive nature of 1, and a small contribution
from the minor long-lived species, probably originating from the
triplet state, can be anticipated.

Based on the intriguing NIR optical feature along with the
ultrashort S; state dynamics, the photothermal conversion
capability of 1 was explored under laser irradiation at 940 nm
(Fig. 4f-h). Several NIR-Il molecular materials have been
proposed for applications in photothermal therapy of
noninvasive cancer treatment.?! Antiaromatic molecules have
been less explored as potential photothermal therapeutic
agents due to their intrinsic optically forbidden transitions in
the NIR window and low photostability. Here, we tested the

4| J. Name., 2012, 00, 1-3

efficiency of 1 in toluene solution, and the drastic temperature
change (AT) of the solution was found to be up to 25 °C, as
evidenced by the thermal images (Fig. 4h). The extent of the
temperature increase depends on the concentration of 1, while
a negligible temperature rise was observed under similar
conditions without the dyes (Fig. 4g). Notably, despite the
intrinsic antiaromatic character, the high photostability of 1 was
determined by its excellent heating/cooling reproducibility (Fig.
4f). Based on the time constants (t) for heat transfer of the
system, the efficiency (n) of compound 1 is found to be 31%.
To examine the intrinsic charge-transport properties of 1,
single-crystal organic field-effect transistor (OFET) devices were
fabricated in a top-contact/bottom-gate configuration (Fig. 5a).
Suitable needle crystals were grown by drop-casting the
solution onto octyl trichlorosilane (OTS)-treated SiO, substrates
in a nitrogen atmosphere. Then, gold electrodes were deposited
onto each single crystal to measure the output and transfer
characteristics (Fig. 5b). As a result, distinct p-type FET
responses with a hole mobility (up) of 3.6 x 103 cm2 V-1s 1 were
observed for the device. In comparison to the hole mobilities of
PAHs  containing segments,
cyclopenta[pgr]indeno[2,1,7-ijk]tetraphene (up ~ 5.0 x 1073 cm?
V-1 s71), hexa-xylyl s-indacene (up ~ 1.05 x 1072 cm? V-1 s71),

antiaromatic such as

This journal is © The Royal Society of Chemistry 20xx
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sulfur-bridged tetrathienylene (up = 0.40 cm? V1 s71), the
moderate OFET properties of crystalline 1 could be attributed
to the less ideal overlap of the molecular core surrounded by
aryl substituents.?? Though the molecules are slip-stacked along
the longer needle axial (Fig. 2d), the charge transfer integrals (/)
of the hole transport in the stacked configuration are not
remarkable due to the presence of the pairs of dimeric 1 in the
packing column domains (Fig. 2e).

(b)
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Fig. 5 (a) Schematic illustration of a single-crystal OFET. (b) Microscopic image of
the device using a microneedle 1; the channel width and length are given. (c)

Output and (d) transfer curves of the single-crystal OFET of 1.

Experimental

Synthesis of 1 and 2.

Compound 3 (11.2 mg, 0.0125 mmol) was dissolved in 5 mL
pyridine, and Cu(OAc), (12.4 mg, 0.0670 mmol) was added to
the mixture. After stirring for 3 h, the reaction mixture was
diluted with CH,Cl,, washed with H,0, and the resulting organic
layer was collected and dried over anhydrous Na,SO4. The
filtrate was evaporated under reduced pressure. Purification by
silica gel column chromatography using CH,Cl,/Hexane = 20/80
(v/v) as eluent afforded the desired product 1 in 28% yield (3.2
mg, 0.0036 mmol) as brown solid, and 2 in 3% yield as gray solid.
Data for 1: 'H-NMR (CDCls, 495 MHz, ppm): & 7.22 (d, J = 7.9 Hz,
1H), 7.13—=7.03 (m, 3H), 6.99 (td, J= 7.7, 1.0 Hz, 1H), 6.86 — 6.81
(m, 1H), 6.76 (d, J = 7.2 Hz, 1H), 6.67 (d, J = 7.6 Hz, 1H), 5.93 (s,
1H), 5.83 (d, J = 5.7 Hz, 1H), 5.02 (d, J = 5.7 Hz, 1H). °F-NMR
(CDCl3, 466 MHz, ppm): § —134.84 (d, J = 16.0 Hz, 2F), —138.24
(dd, J = 23.1, 6.9 Hz, 2F), —138.61 (dd, J = 22.7, 7.0 Hz, 2F),
—148.95 (t,/=21.0 Hz, 1F), —154.86 (t, J = 20.8 Hz, 1F), —156.58
(t,J=20.7 Hz, 1F), —=159.05 (qd, J = 10.4, 5.2 Hz, 2F), —161.91 (td,
J =221, 7.6 Hz, 2F), —162.51 (dt, J = 22.9, 6.9 Hz, 2F). HRMS
(FAB): m/z = 892.0744 (found); 892.0744 (calcd. For CasH11F1sNa,
Error: —0.1 ppm).

Data for 2: 1H-NMR (CD,Cl,, 495 MHz, ppm): 6 7.36 — 7.32 (m,
2H), 7.29 (d, J = 7.3 Hz, 2H), 7.09 (d, J = 7.8 Hz, 2H), 7.01 (t, J =
7.3 Hz, 2H), 6.98 — 6.94 (m, 2H), 6.82 —6.76 (m, 6H), 6.29 (s, 2H),
6.03 (s, 2H). 1°F-NMR (CD,Cl,, 466 MHz, ppm): 6§ —135.12 (d, J =
17.3 Hz, 4F), —136.63 (d, J = 17.6 Hz, 4F), —138.11 (d, /= 23.8 Hz,
2F), —141.21 (dd, J = 23.3, 6.6 Hz, 2F), —150.48 (t, J/ = 20.8 Hz,

This journal is © The Royal Society of Chemistry 20xx
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2F), —150.80 (t, J = 20.8 Hz, 2F), —156.87 (t, J = 20.7 Hz,
2F), —160.39 (t, J = 18.3 Hz, 4F), —160.71 (dt, J = 20.3, 10.1 Hz,
4F), —165.14 - —165.37 (m, 2F), —166.25 (td, J = 22.6, 6.8 Hz, 2F).
HRMS (FAB): m/z =1782.1333 (found); 1782.1332 (calcd. For
CgoHy0F30Ng; Error: +0.1 ppm).

Conclusions

This study presents a novel synthetic approach for creating
nitrogen-embedded polycyclic molecules 1 and 2 through the
destruction and reformation of the macrocyclic m-conjugated
corrole isomer 3. Utilizing various spectroscopic techniques,
including NMR and theoretical calculations, the influence of the
12m-antiaromatic ring contributor was elucidated in the
electronic structure 1. The presence of characteristic NIR-II
absorption, an ultrashort excited-state lifetime, and a narrow
electrochemical energy gap further supported the intrinsic
structure of 1. Despite its antiaromatic character, compound 1
exhibited high photostability, as determined in the NIR
photothermal conversion study. Moreover, the stacked packing
feature of crystalline 1 demonstrated hole transport capability
in the OFET device. These insights open avenues for designing
high-performance light-responsive organic materials (e.g., NIR-
photo detectors?®) using a tetrapyrrole-based molecular
platform.
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