#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Sub-m-benziporphyrin: a subcarbaporphyrinoid
and its B"' complex with an unprecedented planar
tridentate 14w-aromatic networkf
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Sub-m-benziporphyrins synthesized by Pd-catalyzed cross-coupling of «.«/-diboryl-m-

benzitripyrrane with 9,10-bis(1,1-dibromomethylenyl)anthracene. Reaction of sub-m-benziporphyrin with

were

PhBCl, and triethylamine gave its B-phenyl complex as a tetracoordinate nonaromatic B"' complex. In
contrast, the reaction with BBrs and triethylamine furnished a neutral B" porphyrinoid with a planar and
triangular coordination as the first example, in which the m-phenylene unit was partially reduced,

allowing for the global 14m-aromatic circuit. This aromatic B" complex is stable and inert towards
Received 23rd October 2024 L hil h idi 4-dimethylami idi d fluorid . but und B
Accepted 2nd December 2024 nucleophiles such as pyridine, imethylaminopyridine, and fluoride anions but undergoes an oxygen
insertion reaction upon refluxing in the air. In addition, this B"' complex displays structured vibronic Q-

DO!: 10.1039/d4sc07199a bands, slow S;-state decay, and fluorescence (@ = 0.30 and tr = 9.7 ns), in line with its aromatic nature,
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Introduction

The chemistry of B™ subporphyrins started with our first
synthesis in 2006." Since then, their appealing attributes have
been extensively explored,”® which include 14m-aromatic elec-
tronic circuit, large substituent effects of meso-aryl
substituents,” and relatively strong S,-fluorescence;' they are
used in the synthesis of stable subporphyrin B-hydrides,'* and
as effective dyes in dye-sensitized solar cells, achieving over 10%
efficiency in the first trial.'* Importantly, B™ porphyrinoids so
far explored have all four-coordinated structures, as seen for B™"
subporphyrins,’ B™ subphthalocyanines,® and other B™ por-
phyrinoids.’*** The typical structure of B™ subporphyrins is
a bowl shape tetracoordinated to three pyrrolic nitrogen atoms
and an axial ligand. There has been no example of neutral
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while the nonaromatic B"' complexes show ill-defined absorption spectra and very fast S;-state decays.

tridentate B™ complexes of porphyrinoids, while cationic tri-

dentate B™ complexes were reported as borenium cations.'®*

On the other hand, sterically non-hindered triarylboranes
are usually air and moisture sensitive’” but “structurally con-
strained” triarylboranes are known as exceptionally stable
species,’®?* in which an enforced planar geometry endows
a particular stability. This strategy has been extended to directly
diphenylborane-fused porphyrins.>® In this paper, we report the
first example of a neutral tridentate B™ subporphyrinoid.

Considering the rich and important chemistry of core-
modified porphyrins,>! the exploration of core-modified B™
subporphyrins is highly desirable but such compounds have
been rare so far. As a core-modified variant, Latos-Grazynski
et al. reported sub-m-pyriporphyrin as the first core-modified
subporphyrin, which is a stable free base with a non-aromatic
character.*>

In 2022, we reported the first synthesis of subporphyrin free
bases 3 and 4 by the Suzuki-Miyaura cross coupling reaction
between «,o/-diborylated tripyrrane 1 and 9,10-bis(1,1-
dibromomethylenyl)anthracene 2 (Scheme 1), where the use
of 2 was crucial.®® This synthetic success encouraged us to
consider that a similar cross coupling reaction of a,o/-diboryl-m-
benzitripyrrane 5 with 2 may allow for the synthesis of sub-m-
benziporphyrins as an example of subcarbaporphyrinoid. Car-
baporphyrins are porphyrin analogues, in which one or more of
the pyrrolic nitrogen atoms are replaced by carbon atoms.*"**
These porphyrinoids exhibit a characteristic coordination
behavior to stabilize higher oxidation states of transition metals
owing to the inner carbon atom.*** Carbaporphyrins include N-
confused porphyrins (NCP),>*** benziporphyrins,*>"2**" and
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Scheme 1 Synthesis of subporphyrin free bases.

expanded carbaporphyrins®*-*® but subcarbaporphyrinoids have
been unprecedented.*

Results and discussion

Suzuki-Miyaura cross coupling of 5 with 2 (SPhos Pd G,, K3POy,,
toluene/DMF, 115 °C, 48 h) and subsequent oxidation with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) gave a compli-
cated mixture, from which sub-m-benziporphyrin 6 (6%) and
anthracene-bridged sub-m-benziporphyrin dimer 7 (3%) were
isolated (Scheme 2). The structure of 6 has been revealed by
single-crystal X-ray diffraction analysis to be nonplanar, being
roughly similar to that of the subporphyrin free base®® (Fig. 1a

Mes MM Mes

1) Sphos Pd G2,

5 K3POy, 6
toluene/DMF, 115 °C yield: 5.6%
* +
2) DDQ, CH,Cl,

Br. Br

|
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Scheme 2 Synthesis of 6, 7, and 8. Mes = 2,4,6-trimethylphenyl, Bpin
= pinacolatoboryl, DDQ = 2,3-dicyano-5,6-dichlorobenzoquinone.
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Fig. 1 X-ray single-crystal structures of 6 and 8. (a) Top view of 6; (b)
side view of 6; (c) top view of 8; (d) side view of 8. The thermal ellip-
soids are scaled to the 30% probability level. All hydrogen atoms
except those connected to N atoms are omitted for clarity.

and b). The amino-pyrrole B and the m-phenylene unit C are
directed to the opposite side, probably to avoid the steric
congestion between the inner NH and CH. The nonplanar
structure of 6 is indicated by relatively large dihedral angles:
41.97(6)° between the pyrroles A and B; 40.43(7)° for the pyrrole
B and the m-phenylene C; and 39.16(16)° for the m-phenylene
and the pyrrole A. The C(1)-C(16) and C(5)-C(6) bond distances
are 1.499(3) and 1.497(3) A, underscoring that the m-phenylene
unit is not conjugated with the dipyrrin unit. The "H NMR
spectrum of 6 shows a singlet at 19.54 ppm due to the inner
pyrrolic N-proton, a pair of doublets at 6.67 ppm and 6.18 ppm
due to the pyrrolic B-protons and a broad signal at 6.65 ppm due
to the inner proton of the m-phenylene unit. The NICS value*’ in
the center of the optimized structure 6 has been calculated to be
1.15 ppm (see ESI Fig. S347), being consistent with the assign-
ment as a nonaromatic species. High-resolution MALDI-TOF
mass spectroscopy detected the parent ion peak of 7 at m/z =
1134.5505 (caled for (Cg4H7oN,)" = 1134.5595([M]"). In the 'H
NMR spectrum of 7, two singlets are observed for the inner NH
protons and the inner CH protons of the m-phenylene unit,
reflecting the presence of two tautomers with respect to the
positions of the inner NH protons. We tried the coupling reac-
tions with other geminal dibromides such as 1,1-dibromro-2,2-
diphenylethene but failed to get sub-m-benziporphyrin. These
results underscore the importance of dibromide 2, similar to
the synthesis of subporphyrin free bases.**

The boron-coordinating ability of 6 has been examined by
the reaction with freshly distilled PhBCl, in a boiling mixture of
o-dichlorobenzene and triethylamine (TEA), which gave B-
phenyl B™ sub-m-benziporphyrin 8 in 46% yield (Scheme 2).
The structure of 8 has been confirmed by X-ray analysis to be
a tetra-coordinate bowl-shape similar to those of B™ sub-
porphyrins' (Fig. 1c and d). The bowl-depth, defined by the
distance between the boron atom and the mean plane of the
four peripheral B-carbons and two carbons at the positions 3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of B" sub-m-benziporphyrins 9, 10, 11, and 12.

and 5 of the benzene, is 1.321(17) A, which is distinctly shorter
than that (ca. 1.42 A) of the typical B™ subporphyrins. The bond
lengths of the B-N(18), B-N(19), and B-C(17) are 1.515(17) A,
1.523(17) A, and 1.575(19) A, respectively. The B-C(17) bond
length is distinctly longer than those (1.500(5) A) of the B-N in
the typical B™ subporphyrins. The "H NMR spectrum of 8 shows
a pair of doublets at 6.64 ppm and 6.10 ppm due to the pyrrolic
B-protons, indicating the nonaromatic character of 8.

In the next step, we examined the reaction of 6 with BBr; in
a boiling mixture of o-dichlorobenzene and TEA, which afforded
B™ sub-m-benziporphyrin 9 (51%) and B-hydroxy sub-m-benzi-
porphyrin 10 (21%) (Scheme 3). The formation of 9 was unex-
pected but interesting. The structure of 9 has been
unambiguously revealed by X-ray analysis to be a planar triangle
coordination structure without an axial group (Fig. 3a and b),
entirely different from the bowl-shaped structures of 8 and the
usual B™ subporphyrins. Mean-plane deviation (MPD) of 9 is
very small (0.15 A). The bond lengths of the B-N(18), B-N(19),
and B-C(17) are 1.396(5) A, 1.385(5) A, and 1.474(5) A, respec-
tively, being noticeably shorter than those of the complex 8. It is
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I & U S G LY ) o1
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d) ]
\‘\ I \'A BH p#H

85 8.0 75 7.0 6.5 6.0

Fig.2 *H NMR spectra of (a) 6 in CDClz at 293 K; (b) 8 in CDCls at 293
K; (c) 9 in CDClz at 293 K; (d) 11 in CDClz at 293 K.
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worth noting that 9 is the first example of tri-coordinated planar
B"'porphyrinoid. Importantly, the m-phenylene unit is reduced
to an exo-methylene cyclohexadiene unit, allowing for the global
147-aromatic electronic network as indicated in blue (Scheme
3). In line with this 147-aromatic circuit, the "H NMR spectrum
of 9 displays signals due to the B-protons at 7.58, 7.56, 7.45, and
7.41 ppm apparently in a downfield region, indicating a dia-
tropic ring current, and signals due to the vinylene protons at
6.67 and 6.25 ppm (Fig. 2). The NICS values in the inner region
of the optimized structure are calculated to be —9.58 ~
—11.64 ppm (see ESI Fig. S36). The structure of 10 has been
confirmed by X-ray analysis to be analogous to that of 8 as
shown in Fig. 3c and d. We also examined the reaction of 6 with
only BBr;, which gave 10 almost quantitatively.

Fig. 3 X-ray single-crystal structures of 9, 10, 11, and 12. (a) Top view
of 9; (b) side view of 9; (c) top view of 10; (d) side view of 10. (e) Top
view of 11; (f) side view of 11; (g) top view of 12; (h) side view of 12. The
thermal ellipsoids are scaled to the 30% probability level. All hydrogen
atoms except those connected to N and O atoms are omitted for
clarity.
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In addition, it is worth noting that 9 exhibits high chemical
stability under ambient conditions. Interestingly, 9 does not
react with nucleophiles such as pyridine, 4-dimethylaminopyr-
idine, or tetrabutylammonium fluoride as a rare case of neutral
B"™ compounds. On the other hand, refluxing of a solution of 9
in CH,Cl, in the air for 48 h gave oxygen-inserted product 11
almost quantitatively. The structure of 11 has been revealed by
X-ray analysis to have an inserted oxygen atom between the
boron and ipso-carbon of the m-phenylene unit and the central
B"" has an axial hydroxy group (Fig. 3e and f). The bond lengths
are 1.366(4) A for C(17)-O(1), 1.548(5) A for B-N(18), 1.551(5) A
for B-N(19), 1.429(5) A for B-O(1), and 1.416(5) A for B-O(2). The
extremely short C(17)-O(1) bond is arising from the small cavity.
The "H NMR spectrum of 11 shows a pair of doublets at
6.64 ppm and 6.17 ppm due to the pyrrolic B-protons, indicating
the nonaromatic character. The oxygenation of 9 was conducted
in the presence of methanol to give 12, which carries an axial
methoxy group as evinced by X-ray analysis. The bond length of
C(17)-0O(1) is also short (1.358(4) A).

The UV-vis absorption spectra of 6, 7, 8, 9, 11, and 12 are
shown in Fig. 4. Monomer 6 shows broad bands at 384 and
673 nm and dimer 7 shows nearly an identical spectrum with
twice the extinction coefficients, indicating negligible electronic
interaction between the two sub-benziporphyrin units.
Compared to 6, 8 exhibits a similar band at 388 nm and a red-
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Fig. 4 (a) UV absorption spectra of 6, 7, 8, 9, 11, and 12. (b) UV-vis and
fluorescence spectra of 9 with solid and dotted lines, respectively.
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shifted and broad band at 803 nm. In contrast, the absorption
spectrum of 9 is quite different, displaying sharp bands at 335
and 356 nm and sharp vibronic-structured bands at 511 and
546 nm. Moreover, 9 emits fluorescence at 559 nm with @y =
0.30 and 7 = 9.7 ns (see ESI Fig. S38 and S46t). These con-
trasting optical properties of 9 can be attributed to its distinct
aromatic nature. The electron density delocalized bond (EDDB)
analysis visualizes nonaromatic cyclic 7w-conjugation for 6 and 8
(see ESI Fig. S40 and S417).*"*> On the basis of these electronic
structures, the broad lowest absorption bands of 6 and 8 are
ascribed primarily to the HOMO-LUMO transitions (see ESI
Fig. 543 and S4471). On the other hand, the cyclic delocalization
feature is shown for 9 by EDDB (see ESI Fig. S427), indicating
that its vibronic-structured absorption bands and intense
fluorescence come from the aromatic nature.**™* In this regard,
the similar absorption spectral features of 11 and 12 to 6 are
consistent with their nonaromatic nature.

We further measured transient absorption (TA) spectra of 6,
8, and 9 to investigate their excited-state dynamics (Fig. 5). The
TA spectra of nonaromatic 6 and 8 rapidly decayed within tens
of picoseconds. This is consistent with their nonaromatic
nature, since such species show fast non-radiative decays. In
sharp contrast, substantially long-live TA spectra were observed
for 9, which decayed double exponentially with time constants
of 10.7 ns and longer than 5 ps. Here, the faster decay is well
matched with its fluorescence lifetime, being assigned as the S;
state decay. The long-lived TA signal can be assigned as the T,
state, since it is considered that the long-lived S;-state may have
an ample time to undergo intersystem crossing to give the T
state.
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Fig.5 TA spectra (left) and decay profiles (right) of (a) 6, (b) 8, and (c) 9
in Ar-bubbled toluene with photoexcitation at 400 nm.
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Conclusions

In summary, sub-m-benziporphyrins were synthesized by the
cross-coupling of «,«/-diboryl-m-benzitripyrrane with 9,10-
bis(1,1-dibromomethylenyl)anthracene as an example of sub-
carbaporphyrinoid. The sub-m-benziporphyrin was converted to
a B-phenyl B™ complex upon treatment with PhBCl, and TEA.
These sub-m-benziporphyrins and their B™ complexes are
nonaromatic owing to the cross-conjugated networks as evinced
by their "H NMR spectra and absorption spectra. In contrast,
the reaction of sub-m-benziporphyrin with BBr; and TEA gave
a B™ complex that showed a planar and tridentate coordination
of B™ as the first example of neutral B™ porphyrinoid. In
addition, the m-phenylene unit is concurrently reduced to an
exo-methylene cyclohexadiene unit, which allows the global
14m-aromatic circuit. The aromatic B™ complex is stable
towards nucleophiles but undergoes oxygen-insertion reaction
upon treatment with the atmospheric oxygen at reflux in
CH,Cl,. While the nonaromatic B™ complexes 6 and 8 show ill-
defined absorption spectra and very fast S;-state decays, the
aromatic B™ complex 9 displays structured Q-bands, slow S;-
state decay, and fluorescence. The exploration of novel ring-
contracted carbaporphyrins with novel reactivities and proper-
ties is ongoing in our laboratory.

Data availability

The X-ray crystallographic coordinates for structures reported in
this study have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC), under deposition numbers
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10), 2379628 (for 11), and 2379629 (for 12). All experimental
data and detailed experimental procedures are available in the
ESLY
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