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Bis-subporphyrin-like boron(in) complexes derived
from indolo[2,3-alcarbazole-based cyclic bis-
BODIPYs exhibiting persistent helical chirality
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Herein, we report the synthesis of 11,12-dihydroindolo[2,3-alcarbazole (InC) 1 incorporating expanded
porphyrinoid 8, and its boron(il) complexes (8-BF, and 8-BF). These macrocycles exhibit a ‘figure-eight’
conformation that exists as a pair of helical enantiomers (PP and M,M), confirmed by X-ray

crystallographic analysis. The ‘figure-eight’ structures are stabilized by intramolecular hydrogen bonds

such as NH---N and NH---F interactions. The synthesized macrocycles demonstrate excellent stability
under ambient conditions. Further, the helically-locked structure 8-BF exhibited closely held InC units
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with a distance of 6.17 A and enabled facile optical resolution using chiral HPLC. Circular dichroism

spectroscopy of enantiopure 8-BF shows the Cotton effect at 692 nm extending to the near-IR region

DOI: 10.1039/d55c04279h

rsc.li/chemical-science enantiopure mandelic acids.

Introduction

Chirality in macrocyclic architectures has potential applications
in enantioselective host-guest recognition, asymmetric catal-
ysis, chiral sensing, and circularly polarized luminescence
(CPL).*® Expanded porphyrinoids are a unique class of func-
tional macrocycles that exhibit intrinsic helical chirality owing
to their twisted conformations, like ‘figure-eight’>*® or ‘Mobius
bands’."'** Such twisting arises from increased pyrrolic/
heterocyclic units in the macrocyclic ring, which allows the
conformational change from a planar to a distorted one.***
However, obtaining a structurally-strained and rigid chiral
framework to enable necessary chiral resolution is often chal-
lenging due to their intrinsic conformational flexibility. There
are various strategies to achieve rigid ‘figure-eight’ conforma-
tions by overcoming the low racemization barriers through
scaffold modification, strong intramolecular interactions, and
metal coordination.’™® Recently, Latos-Grazynski and
coworkers reported an intramolecular ring fusion of phenan-
threne-incorporating hexaphyrin, leading to aza-helicenophyrin
exhibiting helical chirality induced with conformational
stability.”® Very recently, our group disclosed an anthracene-
based twisted cyclodipyrrin 2 with a ‘figure-eight’ conformation,
stabilized by intramolecular hydrogen bonding interactions
exhibiting CPL properties (Fig. 1).° At the same time, Lei and
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with Ae up to 150 M™* cm™ The chiral induction of racemic macrocycle 8 was employed using

coworkers accomplished a configurationally locked pyr-
enidecaphyrin using palladium complexation, achieving near-
IR chiroptical properties with a high absorption dissymmetry
factor [gaps = 0.038].>' Subsequently, similar rigidification was
achieved by BF, complexation, affording phenanthrene-based
expanded porphyrinoid 3 with an increased racemization
barrier.”* Later, the flexible ‘figure-eight’ [38]octaphyrin was
complexed with germanium, accomplishing the rigid bis-Ge(IV)
complex 4.%

In general, chiral induction in conformationally flexible
macrocycles can be achieved through the introduction of
a chiral guest such as amino acids, amines, etc.>**° This involves
chirality transfer from the chiral guest to the achiral or racemic
host macrocycles. In porphyrinoids, the amino nitrogen can be
utilized for binding with the chiral acid guests.”” In 2006, Set-
sune and coworkers employed this strategy on an octaphyrin to
determine the absolute configuration of carboxylic acids. By
introducing chiral guests, they successfully induced helical
chirality in a racemic octaphyrin.*®

Herein, we demonstrate the chiroptical properties of a rigid
indolocarbazole-based expanded porphyrinoid via an unprece-
dented B-N bond formation. This work employs 11,12-di-
hydroindolo[2,3-a]carbazole 1 (InC) as a key precursor with
arigid and conjugated backbone possessing good solubility and
stability.*>*® It is recognized for its applications as a chemo-
sensor and p-type semiconductor in developing OFET
materials.**** Doping boron into the molecular scaffold is an
effective strategy due to the increased B-N bond stability, elec-
tron-deficient nature, altered HOMO-LUMO gaps, and redox
behavior.>*** Seminal reports on organoborane macrocycles 5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Dihydroindolo(2,3-a)carbazole 1, previously reported chiral
porphyrinoid 2, germanium and boron embedded macrocycles (3 to
6).

with enhanced CPL properties have emerged recently.>**
Additionally, the incorporation of the N,0, boron moiety in the
phenol-based macrocycle 6 exhibiting a helically locked
conformation was reported by Nabeshima in 2016, which shows
chiroptical responses in the near-IR region, with |gj,m| = 9 X
107>."2 Recently, our group reported a series of InC-embedded
macrocycles, along with their mono-BODIPY complexes,
exhibiting near-IR electrochromism.*

Results

Herein, we have utilized the key precursor 7 to accomplish the
synthesis of the expanded porphyrinoid 8 (Scheme 1).
Presumably, the presence of two distinct dipyrromethene
moieties would allow BF, coordination on either macrocyclic
pocket. However, facile BF, complexation at room temperature
afforded 8-BF,. Further, the fused complex 8-BF was obtained
at higher temperature.

Synthesis

The synthesis began by treating the precursor 7 in the presence
of trifluoroacetic acid with mesitaldehyde under dark condi-
tions followed by oxidation with DDQ, resulting in the free

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of macrocycle 8, bis-BF, complex 8-BF,, and
bis-BF complex 8-BF. Bu' = tert-butyl, TFA = trifluoroacetic acid, DDQ
= 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, DIPEA =
diisopropylethylamine.

macrocycle 8 (28%) (Scheme 1). Further, BF, complexation of 8
in the presence of DIPEA and BF;-OEt, at room temperature in
toluene instantly provided the bis-BF, complex (8:BF,). The
obtained 8-BF, was purified using flash silica column chro-
matography. To our surprise, the pyrrole fused product 8-BF
was obtained when 8-BF, was heated at 90 °C in toluene in the
presence of DIPEA for 12 h. Alternatively, 8-BF can also be ob-
tained under typical BF, complexation by heating 8 at an
increased temperature and extending the reaction time. The
fused product 8-BF was purified using neutral alumina column
chromatography. The freebase 8 and its boron complexes
(8-BF, and 8-BF) were found to be stable at room temperature
for several days. They also show good solubility in common
organic solvents. High-resolution mass spectral (HRMS) anal-
ysis revealed corresponding parent ion peaks at m/z values of
1253.6844 [M + H]' for 8, 1348.6733 [M]" for 8-BF,, and
1308.6641 [M]" for 8-BF (Fig. S1-S3). Surprisingly, treating with
an acid such as CF;COOH or heating the toluene solution of
8-BF did not provide the free macrocycle, 8. Further, 8-BF,
under similar conditions did not revert to 8, suggesting the
structural stability of both 8-BF, and 8-BF.

Chem. Sci., 2025, 16, 19164-19171 | 19165
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(a, d and g) X-ray structures of 8, 8-BF;, and 8-BF. (b, e and h). P,P and M,M enantiomers of 8, 8-BF,, and 8-BF. (c, f and i) packing of

enantiomers in 8, 8-BF,, and 8-BF. Meso and tert-butyl groups are omitted for clarity (ellipsoid probability level: 60%, grey—C, white—H,

orange—boron, blue—N and light green—F).

Solution structure determination

The "H NMR spectra of macrocycles 8, 8-BF,, and 8-BF were
recorded in CDCl;. The "H NMR spectrum of 8 exhibits simple
features, whereas 8-BF, and 8-BF show two set of signals,
suggesting their asymmetry in solution upon boron complexa-
tion (Fig. S4a, S5a, and S6a). The pyrrolic-NH of 8 resonated as
a broad singlet at 13.03 ppm due to NH tautomerism involving
intramolecular hydrogen bonding. Meanwhile, four NHs from
InC subunits appeared as a distinct singlet at 9.87 ppm. In
8-BF,, two macrocyclic pockets can be distinguished due to two
sharp pyrrolic-NH signals at 11.06 and 11.02 ppm that do not
exchange their sites. Further, there are only two NH signals
from both InC subunits at 10.04 and 10.00 ppm, indicating that
only one InC-NH is involved in BF,-complexation. To our
surprise, the solution structure of 8-BF revealed only two NH
signals corresponding to the InC ring (ca. 9.01 and 8.99 ppm),
and no further NH signal was observed for the pyrrolic units,
suggesting the fusion reaction occurred between the boron
centre and pyrrolic nitrogen, similar to the bonding mode seen
in B"-subporphyrins.** However, the ''B signal observed for
8-BF is at 2.26 ppm (Fig. S8a), which is not in the shielded

19166 | Chem. Sci., 2025, 16, 19164-19171

region as compared to the typical meso-triaryl subporphyrin
B(m) complex exhibiting an upfield shifted signal at —15.1 ppm.
This is due to the strong aromaticity of B(u) subporphyrins.*
The difference in the fluorine environment is confirmed by the
19F NMR spectrum, which exhibits two signals for 8-BF, and
one for 8-BF (Fig. S7b and S8b).

X-ray crystallographic analysis

The solid-state structures of 8, 8-BF,, and 8 -BF were unam-
biguously confirmed by X-ray diffraction analysis. Good quality
crystals were obtained by slow vapor diffusion of methanol into
an ethyl acetate solution of 8 and 8-BF,. Both were found to be
crystallized in the triclinic system (space group: P1). On the
contrary, crystals of 8-BF were obtained from vapor diffusion of
methanol into a dimethoxyethane solution, which crystallized
in the monoclinic system (space group: C2/c). Further, P,P and
M,M enantiomers of the three macrocycles were found equally
in the crystal packing. Intriguingly, macrocycles 8 and 8-BF, are
packed as heterochiral chains of P,P and M,M enantiomers,
which are stabilized through multiple intermolecular [CH---7t]
interactions, whereas 8-BF is arranged as homochiral chains,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) UV-visible absorption spectra of 8, 8-BF,, and 8-BF in CH,Cl,, along with their electronic transitions calculated using TD-DFT and

emission spectra of 8 and 8-BF in CH,Cl,. (B) Energy level diagrams of 8, 8-BF, and 8-BF with selected MOs calculated at the B3LYP/6-31G(d,p)

level of theory.

governed by multiple intermolecular (-7, CH---F and CH:- )
interactions (Fig. S12-15). The ‘figure-eight’ conformations of
all the macrocycles are deemed to be stabilized by multiple
intramolecular hydrogen bonding interactions. In macrocycle 8,
four hydrogen bond interactions were observed: two between
InC-NH (ring B) and pyrrole-N (ring D) (ca. 2.56 and 2.46 A).
Two more hydrogen bond interactions were observed between
pyrrole-NH (ring E) and pyrrole-N (ring D) (ca. 2.56 and 2.22 A)
(Fig. 2).

Remarkably, in 8-BF,, the NH of InC (ring B) and the adja-
cent imino pyrrole (ring D) are involved in B-N bond formation,
resulting in a b-annulated BF, complex without the involvement
of the pyrrolic NH (ring E), confirming the acidic nature of the
indolocarbazole-NH over pyrrolic NH. Further, the NH---F
interactions between fluorine and NH of ring E could stabilize
the helical conformation. In 8-BF, the fluorine bound to each
boron of the two macrocyclic pockets is stabilized with two
intramolecular hydrogen bonding interactions between InC-
NH (ring G; ca. 2.13 and 2.21 A), with both fluorines in anti-
arrangement. Notably, the boron in 8-BF, and 8-BF adopts
a nearly tetrahedral geometry. The crystal structure analysis also
revealed that the distance between the two InC centroids of ring
Ain 8 and 8-BF, is measured to be 8.71 and 9.04 A, respectively.
However, the distance is significantly reduced in 8-BF to 6.15 A,
indicating that the InC units are held closer, resulting in a more
rigid ‘figure-eight’ structure upon fusion. Next, the bond angle
between rings C and D gradually decreases upon boron
complexation (ca. 121.78° in 8; 116.06° in 8-BF,; and 115.81° in
8-BF) suggesting the gaining of coplanarity between rings C and
D. Similarly, the angle between rings D and E in 8 is smaller
than 8-BF, (8: 123.81° and 8-BF,: 125.31°), whereas the angle in
8-BF is further reduced to 119.52°. These subtle changes indi-
cate that the steric congestion caused by BF, units resulted in

© 2025 The Author(s). Published by the Royal Society of Chemistry

a slightly enlarged cavity in 8-BF,, but ring fusion allowed 8-BF
to attain a rigid conformation with a decreased angle (Fig. S10-
S12). The resulting fused bis-BF, ie. tripyrrolylboron(m)
macrocycle 8-BF, demonstrates a BN,F-type coordination,
similar to the boron complexes of subporphyrins and
subphthalocyanines.**® This feature is similar to the BN,OH
coordination mode found in tripyrrolylboron(m) hexaphyrin
reported by Osuka and coworkers in 2010.*

Optical and theoretical studies

The UV-Vis-NIR absorption spectrum of the freebase macrocycle
8 in CH,Cl, exhibited a sharp band at 274 nm with a shoulder at
323 nm and a broad band reaching 537 nm (Fig. 3A). Mean-
while, 8-BF, displayed a greater bathochromic shift of the band
at 536 nm to 674 nm, indicating the formation of the b-annu-
lated BODIPY.**** Further, the absorption spectral features of
8-BF are similar to those of 8-BF,, with a slight difference in the
overall features, suggesting a minimal change in the electronic
structure (Fig. S17). The calculated optical energy gaps of the
macrocycles reveal a decrease in the gap upon boron complex-
ation (8: 1.85 eV; 8-BF,: 1.60 eV, and 8-BF: 1.63 eV). Upon
protonation, the lower energy band in 8 transformed into
a broad band (Amax = 651 nm) and a shoulder at 553 nm.
Interestingly, the absorption features of protonated form 8-2H"
with an optical band gap of 1.64 eV resemble the boron
complexes 8-BF, and 8-BF (Fig. S16). In addition, 8 and 8-BF
exhibit weak emission in the near-IR region upon excitation at
536 and 685 nm, respectively. Interestingly, they exhibit a Stokes
shift of 3290 cm ™" for 8 and 2550 cm ™" for 8-BF (Fig. S19). The
absolute quantum yields of 8 and 8-BF were calculated to be
1.34% and 0.09%, respectively (Fig. S21). However, the 8-BF,
shows no emission, probably due to the pronounced spin-orbit

Chem. Sci., 2025, 16, 19164-19171 | 19167
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coupling and smaller singlet-triplet energy gaps as reported for
benzo[b]-annulated BODIPYs.>

The computed absorption spectra of all the macrocycles
agree with the experimental results, calculated using the CPCM
solvation method at the B3LYP/6-31G(d,p) level of theory. For 8,
the lower energy absorption band at 536 nm is ascribed to the
HOMO to LUMO and HOMO-1 to LUMO+1 transitions,
whereas for 8-BF, the two transitions (HOMO to LUMO and
HOMO-2 to LUMO+1) are related to the 652 nm absorption
band (Fig. 3A). In 8-BF, the absorption band at 685 nm origi-
nates from the HOMO to LUMO+1 transition. A reduction in the
HOMO-LUMO band gap was observed for both BODIPYs as
compared to 8 (8: 2.35 eV; 8-2H": 1.96 eV; 8-BF,: 1.86 eV, and
8-BF: 2.11 eV). The nucleus-independent chemical shift (NICS)
values calculated for these macrocycles are close to “zero” (8 =
—0.08; 8-BF, = —0.14 and 8-BF = +1.04), suggesting the
absence of global conjugation (Fig. S33). Further, the non-
aromaticity was supported by anisotropy of the current-induced
density (ACID) plots, which show no continuous flow of
magnetic vectors in the macrocycle, and the vectors move in
a clockwise direction on the individual rings (Fig. S34).

Chiral separation and chiroptical properties

Macrocycles with ‘figure-eight’ conformation often exhibit
helical or axial chirality depending on the symmetry. We

a) 200
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Fig. 4 (a) Experimental and simulated circular dichroism (CD) spectra

for (M,M)-8-BF (blue, first fraction) and (P,P)-8-BF (red, second frac-
tion) in CH,Cl,. (b) Angle between the transition dipole moments (u.
and up) at the B3LYP/6-31G(d,p) level of theory.
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initially attempted to separate the ‘figure-eight’ macrocycles (8
and 8-BF,) using chiral HPLC, but could not achieve this after
several attempts, presumably due to the fast interconversion
between the P,P and M,M enantiomers. Interestingly, we were
successful in performing chiral resolution of the helically
locked ‘figure-eight’ macrocycle 8-BF, using chiral stationary
phase (JAIGEL-OA-4100-20, n-hexanes/THF = 80:20) (Fig. S23
and S24). The circular dichroism (CD) spectra of the two
enantiomers of 8:-BF were recorded in CH,Cl, and exhibited
clear positive and negative Cotton effects (Fig. 4a). The absolute
stereochemistry of the enantiomers was assigned based on the
simulated CD spectra using TD-DFT calculations (Fig. 4a).
Specifically, the P,P enantiomer showed a positive Cotton effect
at 692 nm with Ae = 142.2 M~ " ecm™ "' and a negative Cotton
effect at 346 nm (Ae = —62.5 M~ ' ¢cm™ ') and 289 nm (Ae =
—151.1 M em ™). For the M,M enantiomer, a negative Cotton
effect is observed at A/nm (Ae/M™* em ™) of 692 nm (—149.9),
and a positive Cotton effect at 346 nm (66.3) and 289 nm (142.3).
The separated enantiomers of 8-BF were dissolved in THF: n-
hexane (1: 1) and kept at room temperature for several days (>10
days), showing no sign of degradation or racemization, thus
suggesting the robustness (Fig. S25). Furthermore, the enan-
tiomers exhibited no racemization upon heating in toluene at
100 °C (Fig. S26). The maximum absorption dissymmetry factor
|gabs| measured for 8-BF is 0.0038 at 692 nm, 0.0014 at 346 nm,
and 0.0015 at 289 nm (Table S2). The maximum CD response at
692 nm is correlated with S, to S, (HOMO to LUMO+1) transi-
tions. It is well understood that a higher g,,s value can be

a)
TS
/7. 21.93 keal/mol
8-hP 8-MM
0.0 kcal/mol 0.0 kcal/mol
b)
,E\ 20.91 kcal/mol
8-BF,- PP 8-BF,- MM
0.0 kcal/mol 0.0 kcal/mol

Fig. 5 Theoretical racemization barrier of (a) 8 and (b) 8-BF, calcu-
lated at the wB97XD/6-31G(d,p) level of theory.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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achieved only if the angle between the electric and magnetic
transition dipole moments is either close to 0° or 180°.** In
8-BF, although the S, to S; transition exhibits § = 169.1° it does
not contribute to the absorption at 692 nm whereas the Sy to S,
transition corresponding to absorption at 692 nm with 6 = 70.8°
provides a reasonable explanation for the lower |ga,s| in the
range of 10* (Fig. 4b). Unfortunately, no circularly polarized
luminescence was observed for 8-BF.

The theoretical racemization barrier of macrocycles 8 and
8-BF, was calculated at the wB97XD/6-31G(d,p) level of theory
(Fig. 5). It was found to be 21.93 and 20.91 kcal mol " at 298 K
for 8 and 8-BF,, respectively. These barriers suggest that the
enantiomers interconvert rapidly at room temperature, pre-
venting chiral separation. In both macrocycles, the transition
state corresponds to a half-twisted conformation. Further, we
have attempted to induce the chirality by treating the racemic
mixture of 8 with enantiopure mandelic acid and a-methoxy-
phenylacetic acid. To our surprise, a significant chiral response
was achieved upon adding the acids (Fig. 6a and S30). In two
separate experiments, upon the addition of p- or r-mandelic
acid in dichloromethane, CD signals corresponding to P,P and
M,M helices were observed, respectively. The CD responses are
mirror images of each other. The CD signal intensity was
increased upon increasing the equivalence of chiral mandelic

a) 1s0
281 =
100 4 L-Mandelic acid
5. 346 635

414

=)
o)
]
£ 8 — MM
8 1004 D-Mandelic acid
-150 T T T T T
300 400 500 600 700
A nm
b)

A=167A B=183A C=176A

A=170A B 74A C=1.88A
8-PP
L-Mandelic acid

8-M,M
D-Mandelic acid

Fig. 6 (a) Chirality induction of 8 upon the addition of p- and L-
Mandelic acid recorded in CH,Cl, at 298 K, and (b) DFT optimized
structures of P,P and M,M enantiomers of 8 with L- and p-mandelic
acids, respectively.
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acid (Fig. S27). Notably, a red-shifted CD signal was detected for
the acid-base complexes of 8, with the P,P helix exhibiting
a positive Cotton effect and the M,M helix exhibiting a negative
Cotton effect at 635 nm. These observations indicate a shift in
the racemic equilibrium between the P,P and M,M conformers
because of the chirality transfer from the point chirality of
mandelic acid to the helical chirality of free macrocycle 8. The
temperature-dependent experiment of the host-guest complex
showed a decrease in CD intensity upon increasing tempera-
ture, indicating a weakening of the interaction at higher
temperatures (Fig. S28 and S29). In addition, the host-guest
complex also does not exhibit the CPL activity. Further, the
host-guest complex was optimised using DFT analysis, which
exhibits intramolecular hydrogen bonding interactions between
the macrocycle 8 and mandelic acids (Fig. 6b).

Conclusions

In summary, we successfully synthesized the helically chiral
expanded porphyrinoids containing dihydroindolo(2,3-a)
carbazole, as evident from their crystal structures. The crystal
structure of these ‘figure-eight’ macrocycles revealed the pres-
ence of both PP and M,M enantiomers within the crystal
packing. Hydrogen bonding interactions are deemed to stabi-
lize these ‘figure-eight’ conformations, and further rigidifica-
tion of the macrocycle was achieved through BF, complexation
followed by a fusion reaction (8-BF, — 8-BF). Intriguingly, the
absorption and emission spectra of 8-BF, and 8-BF apparently
reach towards the near-IR region (ca. 800 nm). Such a fusion
reaction prevents the fast interconversion between P,P and M,M
enantiomers of 8-BF. Further, the rigid chiral framework of the
8-BF complex facilitated the chiral resolution and afforded the
stable enantiomers P,P and M,M with chiral response in the
near-IR region with Ae of up to 150 M~ em ™" at Apay = 692 nm.
In order to achieve sterically-locked and conformationally-rigid
macrocyclic systems, various strategies have been adopted.'®
Further, chiral induction of the conformationally flexible
macrocycle 8 was performed with the enantiopure mandelic
acids, giving a CD response of the mirror images. In this work,
boron complexation (and B-N fusion) has proven to be an
effective strategy to achieve a conformationally locked macro-
cycle. The chiral induction also has potential application in
determining the absolute configuration of carboxylic acids.
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