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Expanding new chemistry of aza-boracyclophanes
with unique dipolar structures, AIE and redox-
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m-Conjugated macrocycles involving electron-deficient boron species have received increasing attention
due to their intriguing tunable optoelectronic properties. However, most of the reported B(sp?)-doped
macrocycles are difficult to modify due to the synthetic challenge, which limits their further applications.
Motivated by the research of non-strained hexameric bora- and aza-cyclophanes, we describe a new
class of analogues MC-BN5 and MC-ABNS5 that contain charge-reversed triarylborane (ArsB) units and
oligomeric triarylamines (ArzN) in the cyclics. As predicted by DFT computations, the unique orientation
of the donor—acceptor systems leads to an increased dipole moment compared with highly symmetric
macrocycles (M1, M2 and M3), which was experimentally represented by a significant solvatochromic
effect with large Stokes shifts up to 12 318 cm™. Such a ring-structured design also allows the easy
peripheral modification of aza-boracyclophanes with tetraphenylethenyl (TPE) groups, giving rise to
a change in the luminescence mechanism from aggregation-caused quenching (ACQ) in MC-BN5 to
aggregation-induced emission (AIE) in MC-ABNS5. The open-shell characteristics have been chemically

Received 27th June 2022 enabled and were characterized by UV-Vis-NIR spectroscopy and electron paramagnetic resonance

Accepted 21st September 2022
(EPR) for MC-BNS5. The present study not only showed new electronic properties, but also could expand

DOI 10.1039/d25c03581b the research of B/N doped macrocycles into the future scope of supramolecular chemistry, as
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Introduction

Macrocyclic structures have received much attention over the
past two decades as they played a crucial role in host-guest
chemistry," organic light-emitting diodes (OLEDs),> biological
science® and supramolecular assembly.* Macrocycles of -elec-
tron systems exhibit particularly intriguing optical, electronic
and magnetic behaviors owing to an equivalent of these cycles
to well-defined open-chain polymers but with an infinite
conjugation length.?»® The incorporation of main group
heteroatoms (such as B, N, and S) has proved an efficient
strategy to build m-conjugated materials with unique optoelec-
tronic properties.® Such a group of heteroatom-doped
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demonstrated in the accessible functionalization of ring systems.

macrocycles are expected to show distinct electronic struc-
tures compared with all-carbon based analogues, and their
frontier molecular orbitals can be tuned.

Ito and Tanaka et al. first reported a cyclic hexamer of an
electron-rich arylamine macrocycle M1,% and then some other
macrocyclic oligoarylamines were also investigated.®®” The
electron-deficient triarylboron exhibits a remarkable electronic
polarization and intramolecular charge transfer (ICT) in the
presence of electron donors, leading to tunable emissions,
enhanced charge-transport characteristics and unusual redox
properties.® The Jékle group pioneered boracyclophane chem-
istry by developing a fluoreneborane cycle (MC-B6-Flu),** fol-
lowed by an ambipolar macrocycle M2 with alternating
arylamines and arylboranes.” They have recently designed
a considerably electron-deficient M3 with a low-lying LUMO and
strong electronic affinity regardless of the synthetic challenge
associated with the enhanced electron deficiency.* In fact, all
the above-represented macrocycles exhibit a dipole moment u =
0 in the ground state due to the highly symmetric geometry. Our
group and coworkers proposed a new concept of a block-type
macrocycle (M4) in which the electron-donor block (N3) and
acceptor block (B3) are oriented on opposite sides (Scheme 1),
leading to an increased dipole moment (ug) and a reduced
HOMO-LUMO energy gap (E,,p).” Computations reveal that the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Research foundation and design principle for the dipolar aza-boracyclophane MC-BNS5 in comparison to some of the t-conjugated

systems of B/N-doped cyclic hexamers M1, M2, M3 and M4.

specific patterns of B and N centers as well as the molecular
symmetry are closely related to the ug and E,,, levels (Fig. $287),
which dramatically impact the respective photophysical and
electronic properties.

To further expand the research scope of boracyclophane
chemistry, we turned our attention to B/N doped macrocycles in
low symmetry with accessible functionalized peripheries. In
this respect, we conceive two model cycles MC-BN5 and MC-
NB5 that are charge-reversed analogues and show similar dipole
moments and energy gaps (MC-BN5: u, = 1.77 and Egy,, =
2.94 eV; MC-NB5: u, = 1.63 and Eg,, = 2.96 €V). However, the
stepwise synthesis of pentameric triarylboranes seems to
require steric shielding for the latter under strictly inert
conditions given a gradually increased number of borons as
Lewis acid sites. In contrast, oligotriarylamines can be readily
accessible for the former cycle using some more step-economic
reactions via transition-metal-catalyzed C-N cross-couplings.
For future generations of aza-boracyclophanes, the donor
segments of oligoarylamines selected with a high tolerance to
air are of particular significance, as they allow further manip-
ulation and processes to be reasonably achieved. Accordingly,
we herein describe an efficient design strategy toward MC-BN5
and the derivative MC-ABN5. MC-BN5 strongly red-shifted the
emission to orange in polar solvents from the green color for
analogous boracyclophanes (M2, M3 and MC-B6-Flu), and the
open-shell radical species enabled by chemical oxidation were
also monitored by UV-Vis-NIR spectroscopy and electron para-
magnetic resonance (EPR) spectroscopy. More importantly,
peripheral substitutions of tetraphenylethyl (TPE) units at the
m-ring structure of MC-ABN5 with radial p orbitals induced
a transformation of aggregation-caused quenching (ACQ) to
a rarely observed aggregation-induced emission (AIE) for -
conjugated macrocycles.*”®"* Qur strategy may provide a new
possibility to develop directions in supramolecular chemistry
using highly stable dipolar macrocycles.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Results and discussion

The synthetic routes and data toward MC-BN5 and MC-ABN5
are depicted in Scheme 2 and the ESIL{ Precursor 1 was ob-
tained through the gradual build-up of oligomerization
according to previously reported procedures.’ Starting from the
dihalogenated arylamine trimer 1, w-extended pentamers 2 and
3 were prepared by Buchwald-Hartwig coupling with 4-hex-
ylaniline and 4-tetraphenylethenyl amine (TPE-NH,), respec-
tively. Similar reactions in the subsequent C-N cross-couplings
yielded the key intermediates 4 and 5. The lithiation of dibro-
minated 4 and 5 followed by the addition of TipB(OMe), as
a protected boron source was performed in dilute ether solu-
tions to stitch the m-extended oligoarylamines, and it resulted
in aza-boracyclophanes MC-BN5 in 30% and MC-ABN5 in 15%
isolated yields.

Both macrocycles are stable enough in air and can be easily
purified by column chromatography on silica gel without
particular precautions. The structures of MC-BN5 and MC-ABN5
were fully characterized by multinuclear NMR and high-
resolution mass spectroscopy (ESIt). MALDI-TOF-MS spectra
clearly showed a single peak (Scheme 2b, Fig. S8 and S167),
corresponding to the molecular-ion peak at m/z = 1462.9664 for
MC-BN5 (caled 1462.9673) and at 1802.9986 for MC-ABN5 (caled
1802.9988). The broad bands centered at 31 and 56 ppm in the
B NMR spectra for MC-BN5 MC-ABN5, respectively, confirmed
the incorporation of tricoordinate arylborane species (Fig. S7
and S15t). Notably, two of the macrocycles showed no visible
changes in solution after storage over a few months at ambient
temperature, indicating exceptionally high structural persis-
tence which is somewhat superior to that of M4 (Fig. S187).

The photophysical properties of MC-BN5 and MC-ABN5 were
explored by UV-Vis absorption and emission spectroscopy
(Fig. 1 and ESIt). Both MC-BN5 and MC-ABN5 showed a strong
absorption band at 347 and 364 nm in CH,Cl,, respectively,

Chem. Sci., 2022, 13, 1672-11679 | 11673
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Fig. 1 (a) UV-Vis absorption and emission spectrum of MC-BN5 (ie, = 408 nm) and MC-ABNS5 (Jo, = 417 nm) both in CH,Cl, (c =1 x 107> M)
and in the solid state. Inset: photographs of solutions MC-BN5 and MC-ABNS5 and respective solids under ambient light (upper) and 365 nm UV
irradiation (down). (b) Cyclic and differential pulse voltammetry (CV and DPV) curves (vs. Fc*/Fc) in CH,Cl, (oxidative potential) and THF
(reductive potential), using n-Bu4NPFg (0.1 M) as the electrolyte, and v = 100 mV st

which were assigned to w-mt* transitions (Fig. 1a). Meanwhile,
they also displayed a low-energy shoulder peak at 408 (MC-BN5)
and 417 nm (MC-ABNS5), respectively, ascribed to an intra-
molecular charge transfer (ICT) from the electron-donating
moieties (-N-m-N-m-N-t-N-7t-N-) to the electron-accepting
unit (-m-B-7-). Two molecules show similar absorption
profiles but with slightly red-shifted bands for MC-ABN5, as
a result of the extended -conjugation effect by TPE substitu-
ents at the six-membered periphery of MC-BN5. The optical
energy gap Egap(optical) Was determined to be 2.70 eV for MC-BN5,
consistent with the computed results (Egapmrry: 3.02 €V;
Egap(roprr): 2.73 €V, Table 1 and ESIY).

MC-BN5 and MC-ABN5 emitted orange fluorescence in
CH,Cl, (MC-BN5: A, = 597 nm and &y = 16%; MC-ABNS5: Acm
= 600 nm and @ = 10%), which is significantly red-shifted
from analogous boracyclophanes involving M2,°> M3 (ref. 6d)

1674 | Chem. Sci, 2022, 13, 11672-11679

and MC-B6-Flu.** They showed green color emissions in the
solid state (MC-BN5: 512 nm and @r = 13%; MC-ABN5: 517 nm
and @ = 37%), and the emission quantum efficiency of MC-
BN5 was reduced relative to that in solution, in line with
a traditional ACQ mechanism. However, the blue-shifted
emission of MC-ABN5 was enhanced as solids and was in
accordance with AIE activity due to the TPE incorporation. As
shown in the solvatochromic emissions, MC-BN5 and MC-ABN5
change their colors from blue-sky in hexane (Aep: ~490 nm) to
orange in highly polar solvents (Aep,: ~600 nm) with large Stokes
shifts up to 12 318 and 10 806 cm ™, respectively (Fig. 2a and
ESIT). Large slopes of the data fitting in Lippert-Mataga plots
further denote an apparent ICT character that is an indication
of much more polar structures in MC-BN5 and MC-ABN5 than
other highly symmetric boracyclophanes such as M2, M3, MC-
B6-Flu, MC-B4N2* and MC-B4N2-"Mes* (Fig. 2b and Table S47).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Photographs of MC-BN5 in solvents of different polarity

upon irritation at 365 nm (left to right: n-hexane, toluene, ether, THF,
CH,Cl, and acetone). (b) Lippert—Mataga plots for solvatochromic
emissions of MC-BN5 and MC-ABNS5 in comparison to some other
representative B-containing macrocycles.

The electrochemical properties of MC-BN5 were examined by
cyclic (CV) and differential pulse voltammetry (DPV) (Fig. 1b).
MC-BN5 showed five fully reversible 1e oxidation bands with the
first half-wave potential at E9), = —0.16 V (vs. Fc/Fc', CH,Cl,)
and a reversible reduction band at E$ = —2.66 V (vs. Fe/Fc™,
THF). These well-separated patterns are attributed to the
sequential oxidations at each of the Ar;N moieties with strong
electronic couplings. The six-membered aza/boracyclophane
analogues show a trend of the oxidations toward higher
potentials with a decreased number of arylamines: M1 (—0.28 V,
N6) < MC-BN5 (—0.16 V, N5) < M4 (+0.02 V, b-N3) < M2 (+0.46 V,
alt-N3), in line with the trend of reduced HOMO energy levels. A
similar observation is also the case in the reductions with
increasing B centers: MC-BN5 (—2.66 V, B1) < M2 (—2.53 V, alt-
B3) <M4 (—2.10V, b-B3) < M3 (—1.56 V, B6) and agrees very well
with the trend of the computed LUMO energies (Table S57).
These results suggest that the number as well as the orientation
of B and/or N arranged in macrocyclic architectures could
effectively impact the electronic structures and molecular
symmetry. MC-BN5 shows a smaller electrochemical energy gap
(Egap(elec) = 2.50 €V) than the linear L-B,N5 (Egap(elec) = 2.61 €V)
that involves five units of oligomeric arylamines end-capped by
the two terminal arylboranes, leading to a higher oxidation
potential (E" = 0.01 V) in the open-chain structure.'*

MC-BN5 exhibits a more polar structure compared with the
highly symmetric aza-boracyclophanes, which can be confirmed
by a stronger dipole moment (u, = 1.77 D) than that of 0 D
calculated for the simplified analogues M2 and M3 (i.e., alter-
nating ambipolar MC-al¢t-B3N3 in D; and electron-deficient MC-
B6 in D34, and u, = 0 D). According to computational results,
MC-BN5 should be slightly less polar than the cyclic hexamer
M4 (block-type MC-b-B3N3: C,, and u, = 3.17 D), but closely

© 2022 The Author(s). Published by the Royal Society of Chemistry
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resembles the charge-reversed model compound MC-NB5 with
tg = 1.63 D in a similar C, symmetry (Fig. S287). As visualized in
the electrostatic potential (ESP) map, MC-BN5 shows an elec-
tronic structure with electron-donating triarylamines negatively
charged and the borane acceptor observed in the positive
domain (Scheme 1).

The electronic structure of simplified MC-BN5 was further
elucidated by DFT (B3LYP, 6-31G*) and TD-DFT (B3LYP/CAM-
B3LYP, 6-311G¥) calculations (Fig. 3 and ESIf). The highest
occupied molecular orbital (HOMO) is delocalized over the
electron-rich pentatriarylamine block (N5), whereas the lowest
unoccupied molecular orbital (LUMO) is only located B-
centered with a small contribution from the adjacent N
atoms. HOMO—1 and HOMO-2 are both delocalized nearly in
the ring skeleton. TD-DFT reveals the lowest energy transition to
S; (f=0.1600) due to charge transfer from the Ar;N to the Ar;B
moiety, which however was usually symmetry-forbidden in
highly symmetric cyclic structures including M1, M2, M3 and
others.®*>¢ Such a dissymmetry-allowed HOMO-LUMO transi-
tion was also the case for the block-type macrocycle M4 with
a lower symmetry.” Vertical excitations to higher energy states
up to Ss are attributed to a mixed pathway involving the m—m*
transition of phenyl linkers and charge transfers from triaryl-
amine moieties (i.e. endocyclic phenyl or exocyclic aryl) to
endocyclic arylborane, and the n-m* transitions from N sites
also contribute.

As seen in the above-mentioned electrochemical character-
ization, MC-BN5 exhibits fully reversible oxidation events due to
sequential oxidations of all the five arylamines to radical cation
species. A chemical oxidation approach for MC-BN5 using
AgSbF¢ was also performed to investigate its cationic states
under strictly inert conditions, and in situ UV-Vis-NIR
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Fig. 3 Key electronic transitions contributing to vertical excitations of
simplified MC-BN5 (TD-DFT, B3LYP/6-311G*) with molecular orbital
plots (iso = 0.02, B3LYP/6-31G*). The 'Pr, ‘Bu and "Hex groups are
simplified as methyl groups.
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spectroscopy and electron paramagnetic resonance (EPR) were
conducted.® As shown in Fig. 4a, the addition of an approxi-
mately stoichiometric amount of AgSbFs to MC-BN5 solution in
CH,CI, provided a green-colored reaction mixture at room
temperature. Compared with the neutral MC-BN5 (A), the
oxidized species displayed two new broad absorption bands at
ca. 900 and 1650 nm, and the latter band at a longer wavelength
should be ascribed to the formation of the monoradical cation
MC-BN5'" (B, Fig. 4d). This UV-Vis-NIR spectrum response to
oxidation assigned to the spin-delocalized open-shell species
can be confirmed by a split EPR spectrum with a "*N-hyperfine
coupling constant ¢(**N) = 0.826 mT, «("H) = 1.424 mT and g =
2.0037 (Fig. 4b and c).**

Oxidation titration by further addition of AgSbFs up to 5
equiv. led to a significantly increased intensity of the long
wavelength band and also to a new NIR absorption peak at ca.
1150 nm, corresponding to the generation of higher oxidation
states including radical dications and/or trications (C). Upon
increasing the amount of AgSbFs, this new absorption band
gradually disappeared, while both signals of the intense higher-
energy and lower-energy bands (1., = 900 and 1650 nm) were
maintained even in the presence of an excess of AgSbFs. These
observations are in agreement with the speculation that mon-
oradicals (B) are initially formed along with a small number of
diamagnetic quinoidal dications (D) and that the reaction
solution can be gradually dominated by the resulting spinless
dication species.”* The fully oxidized MC-BN5 was proved very

1676 | Chem. Sci, 2022, 13, 11672-11679

stable in air (Fig. S261) and showed a featureless broad signal
with a g-value of 2.0037 in the EPR spectrum (Fig. 4b, inset),
indicating the absence of spin-spin dipole interactions due to
a higher degree of the oxidation processes.

MC-BN5 showed a reduced emission
increased concentrations, in accordance with the commonly
found aggregation-caused quenching (ACQ) behavior (Fig. 5a).
However, its macrocyclic derivative MC-ABN5 showed in the
solid state an enhanced emission quantum efficiency (95 =
0.37) relative to that of @;, = 0.10 in solution (Table 1). These
differences in the emissions are significant to indicate the
unique electronic properties of B/N macrocycles. As shown in
Fig. 5¢, MC-ABN5 maintained relatively low fluorescence
profiles up to fyreon = 70% of the solvent mixture CH,Cl,/
MeOH. Further increases in MeOH fractions gave rise to
a dramatically enhanced emission intensity of MC-ABN5 with
a marked blue-shift of the emission bands from the orange
emission (ca. 600 nm) to a bright green emission (ca. 535 nm) as
well as an increased quantum yield up to ®r = 0.43 with the
emission lifetimes on the order of nanoseconds (Fig. S20a,
Table S671). This observation in agreement with the well-known
aggregation-induced emission (AIE) mechanism supported by
the dynamic light scattering (DLS) data (Fig. S20bt) is the
consequence of structural functionalization with tetrapheny-
lethyl (TPE) groups.'™'* To the best of our knowledge, tri-
coordinated organoboranes including boron-based macrocycles
have rarely been reported to show AIE properties.”* Our

in toluene with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TPE-enabled emission transition of B/N macrocycles from ACQ in MC-BNS5 (a) to the AIE mechanism in MC-ABNS5 (b, c): fluorescence
spectra recorded in CH,Cl,/MeOH with increasing MeOH fractions fueon (€ = 1.0 x 107> M and ., = 408 nm). Inset: photographs under 365 nm
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Table 1 Summary of the photophysical, computational and electrochemical data

onl/Eredl/E

EHOMO/ELUMO/Egap[DFT)f n gap(elec)i
ETDDFTg (GV) Egap(optical) (GV) (V)/(GV)

Compound Az\bs‘Z (nm) Aemu (1’11’1’1) Aemb (nm) ¢LC (0/0) QSd (OA)) Tave (HS) (eV)/(eV)

MC-BN5
MC-ABN5

597
600

347, 408
364, 417

512 16 13 4 -4.34/-1.32/3.02 2.73
517 10 37 3 — —

2.70 -0.16/-2.66/2.50
2.63 —

@ Recorded in CH,Cl, (¢ = 1.0 x 10~° M). * Emission in the solid state. © Emission quantum efficiency (&) in CH,Cl,. ¢ Emission quantum
efficiency (®s) in the solid state. ¢ Emission lifetime (t,,) in CH,Cl,./ Energy gap: Egap = ELumo — Enomo obtained by DFT calculation (B3LYP, 6-
31G*). ¢ Vertical excitation of the lowest energy transition (S, — S,) calculated by TD-DFT (B3LYP, 6-311G*). * Egap(optican: OPtical energy gap
experimentally obtained from the onsets of the lowest energy absorption band in toluene. ‘ Electrochemical energy gap determined by the first

peak potential of oxidation (E°") and reduction (E™%

molecular design for the optically reversed emission transition
from ACQ to AIE represented by MC-BN5 and MC-ABN5 affords
a new approach to aggregated macrocyclic chemistry, and it
may also provide a proof of concept for supramolecular
assembly using polar-structured m-conjugated cyclics.

MC-BN5 and MC-ABN5 are also of interest as responsive
materials. First, we have monitored the variable-temperature
(VT) emission spectra in 2-methyltetrahydrofuran (Fig. S217).
With the temperature gradually increased, MC-BN5 was blue-
shifted by ca. 60 nm in the emission from A., = 625 nm at
140 K to 567 nm at 340 K. This thermochromic response was
fully reversible and displayed an excellent fatigue resistance
without emission degradation when exposed to 5 cycles of
alternating temperature. A similar behavior was also observed
for MC-ABN5 but with a slightly stronger bathochromic shift of
70 nm. Second, given the presence of electron-deficient orga-
noborane moieties, we performed anion binding studies of MC-
BN5 with tetrabutylammonium fluoride (TBAF) in THF. MC-
BN5 showed a gradual decrease of the typical charge-transfer
absorption band at 408 nm, along with a gradual emission
quenching in response to the titration of F~ (Fig. S227).

Conclusions

We report an efficient synthetic strategy to access new B/N
doped macrocycles MC-BN5 and MC-ABN5 by structural
stitching of electron-donating oligoarylamine pentamers using
arylborane donor segments, leading to electronically unique
low-symmetry aza-boracyclophanes (u, = 1.77 in MC-BN5). They
displayed considerably stronger charge transfer properties and

© 2022 The Author(s). Published by the Royal Society of Chemistry

) in differential pulse voltammetry (vs. Fc'/Fc).

reduced HOMO-LUMO energy gaps in comparison to those
established highly symmetric aza/boracyclophane analogues
with a dipole moment u; = 0. These results suggest that the
number ratio of B/N as well as their orientations can be readily
tuned in macrocyclic architectures, which are essential to
understand the impact of electronic structures and molecular
symmetry on their optoelectronic characteristics. Beyond these
findings, the environmental susceptibility of dipolar cycles was
sufficiently counterbalanced to achieve exceptionally high
stability that allowed chemically oxidation-induced open-shell
radical species in MC-BN5 and aggregation-induced emission
of its derivative MC-ABN5 under ambient conditions. We envi-
sion that the molecular derivatization of MC-BN5 is targeted not
only for the emission transition between ACQ and AIE, but is
truly approaching new directions in the supramolecular
chemistry of polar-structured conjugated macrocycles. Pursuit
for further studies on supramolecular systems related to this
concept is ongoing in our laboratory.
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