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This work investigates the substituent effect on the boron atom
toward the electronic structure and optical properties of boron-
bridged hexazene derivatives (B,Ng). DFT studies revealed that the
substituents on the boron atom strongly affect the energy level of
the Ng-centered n system and alter the absorption/emission
In addition,

spectra. cyclic voltammetry demonstrates the

electron-accepting character of the B,Ng scaffold.

n-Conjugated molecules bridged by a four-coordinate boron
centre with an N,N'’-chelate, such as BODIPY derivatives
(Fig. 1a), exhibit characteristic optical and electronic
properties.”” The bridging boron atoms fix the planarity of the
n-conjugated framework, and the properties of these molecules
can be tuned by changing the substituents on the boron
atom.>” Similarly, boron-bridged nitrogen-rich n-conjugated
systems, such as triazene I,° formazanate II,”"* and 1,2-bis
((1H-pyrrol-2-yl)methylene)hydrazine II,'* also display emis-
sion and redox behavior upon boron bridging, indicating that
this boron-bridging strategy can expand the scope of nitrogen-
linked m-systems.

Compounds containing catenated nitrogen atoms are gen-
erally unstable due to lone-pair repulsion and the tendency to
release thermodynamically stable N,.">'® One of the limited
isolable examples of such a polynitrogen m system is metal-
bridged hexazene (M,Ng), where n-conjugated consecutive six
nitrogen atoms are stabilized by two metal centres (Fig. 1b).
These metal-bridged hexazenes are formed through the reduc-
tive coupling of organic azides by low-oxidation-state metal
reagents. Following the initial iron examples,'” > related Mg-
1?2 Mg/Be-,>* Zn-,>*® and In/Zn-** mediated reactions have
been reported, and the subsequent transmetallation provides
access to Li/Zn- and Al,-containing analogues.”>*® A diger-
mane bearing (dialkylalumanyl)alkenyl groups also affords an
Al,N, species upon reaction with aryl azides.*® Recent studies
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further show that hexazenes can appear as reactive intermedi-
ates in catalytic ammonia oxidation, as demonstrated by the
isolation of a diruthenium-hexazene complex.** Despite these
advances, the optical and electronic properties of metal-
bridged hexazenes remain unknown.

We recently reported the synthesis of boron-bridged hexa-
zenes (B,Ng) through the reaction of tetra(o-tolyl)diborane(4)**
with organic azides (Fig. 1c).>* These compounds feature a
planar bicyclic B,Ng core consisting of a conjugated Ng chain
and two bridging boron atoms. Remarkably, these B,Ng com-
pounds are bench-stable and strongly fluorescent with
quantum yields of up to 96%, in contrast to the non-emissive
M,Ng complexes.'”” ! However, the influence of substituents
at the boron atoms on the structure and properties of the B,Ng
framework has not yet been clarified. Herein, we report the
synthesis of B,Ng derivatives having triflate, chloro, and
methyl groups on the boron atoms and their properties using
X-ray crystallography, photophysical and electrochemical
measurements, and DFT calculations to reveal the substituent
effect on the boron atom toward the electronic structure and
the properties of these N n-systems.
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The previously reported B,N, molecule 1** bearing tolyl
groups at the boron atoms was treated with four equivalents of
trifluoromethanesulfonic acid to afford the corresponding
tetra(triflate) derivative 2 (Scheme 1). Notably, the B,Ns core
was not decomposed by the treatment with a strong acid,
TfOH, implying the high stability of the B,N, scaffold toward
Bronsted acids. Subsequent treatment of 2 with four equiva-
lents of "Buy,NCl furnished the tetra(chloro) derivative 3
through a ligand exchange between triflate and chloride
anions. The reaction of 2 with four equivalents of AlMe; led to
the formation of tetra(methyl) derivative 4. 4 was also able to
be synthesized from the chloro derivative 3 by a treatment with
a methyl Grignard reagent. Note that these compounds can be
handled under air at room temperature.

Single-crystal X-ray diffraction analysis was performed to
determine the crystal structures of 2, 3, and 4 (Fig. 2).
Compared with the previously reported 1 [N1-N2: 1.296(1) A,
N2-N3: 1.289(2) A],>* the N1-N2 [2: 1.302(3) A, 3: 1.301(2) A, 4:
1.299(2) A] and N2-N3 [2: 1.286(3) A, 3: 1.298(2) A, 4: 1.290(2)
A] bond lengths show no significant differences among them
regardless of the substituent on the boron atom and are
slightly longer than the typical N=N double bond (ca.
1.25 A).** The central N3-N3* bonds [2: 1.398(2) A, 3: 1.382(3)
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Scheme 1 Synthesis of 2, 3, and 4.
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A, 4: 1.392(3) A] are slightly shorter than a typical N-N single
bond (ca. 1.45 A),** being similar to that of 1 [1.401(2) A].**
These observations indicate that substitution at the boron
atom does not significantly alter the structure of the B,Ng
framework and that the eight & electrons in these derivatives
are delocalized over the six nitrogen atoms through two tria-
zaallyl-type resonance structures.

Next, the absorption and emission spectra of each B,Ng
molecule in dichloromethane were obtained (Fig. 3, Table 1).
In comparison to 1,> 4 exhibited a slightly blue-shifted
absorption and emission with an absorption maximum at
409 nm and an emission maximum at 495 nm, respectively,
while 3 displayed a further blue-shifted absorption and emis-
sion. The triflate derivative 2 has an absorption maximum at
354 nm and shows no detectable emission. Thus, introduction
of electron-withdrawing substituents such as 3 or 2 results in a
blue-shift for the absorption. Among four compounds, 1, 3,
and 4 showed clear vibronic structures in both absorption and
emission spectra, likely due to their relatively rigid molecular
frameworks. In contrast, 2 displayed a broad absorption
devoid of vibronic features, reflecting a relatively large degree
of molecular freedom and an increased relaxation rate for the
excited state associated with the OTf groups. We also examined
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Fig. 3 UV-vis absorption (solid lines) and normalized emission (dashed

lines) spectra of 1,%* 2, 3, and 4 in dichloromethane (50 pM) and normal-
ized emission in the solid state (chain line).

Table 1 UV-vis absorption and fluorescence properties of 1,** 2, 3, and 4

Fig. 2 Molecular structures of (a) 2, (b) 3, and (c) 4 [ellipsoids set at
50% probability, hydrogen atoms omitted for clarity, one of two inde-
pendent molecules for 2].
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j’abs “ j-em

cpd  State [nm]  e[10°M ' em™] [nm] z[ns] &g %]
1**  Solution? 418 1.73 504 7.9 88.6

2 Solution? 354  1.81 — — —

3 Solution® 379  1.64 450  <0.1 1.5

4 Solution? 409  1.84 495 6.2 82.4
1**  Solid — — 538  — 52.1

3 Solid — — 478 — 26.7

4 Solid — — 529  — 74.0

“The wavelength of the largest molar absorption coefficient. ”The
wavelength of the brightest emission maximum. ¢ Determined with a
calibrated integrating sphere. ¢ In dichloromethane (50 uM).
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the effect of solvent polarity on the absorption of 2 (Fig. 517),
based on the hypothesis that it might shift the equilibrium,
including the dissociation of the triflate from the boron
center, potentially affecting the absorption wavelength.
However, we observed no significant changes across a series of
different solvents (hexane, toluene, CH,Cl,, CH3CN, and
ethanol), including coordinating solvents such as CH;CN.
This suggests that the dissociation equilibrium is minimal
and likely has little to no influence on the absorption behavior
of 2. It should be noted that the trial to replace the chloride in
3 with AgPF, afforded an unidentified compound possessing a
B-F bond as judged from the 'B and '°F NMR spectra. 3 and
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4 exhibit fluorescence in the solid state. In particular, for the
chloro-derivative 3, the fluorescence quantum yield increases
from 1.5% in solution to 26.7% in the solid state. This
enhancement can be attributed to the suppression of non-
radiative decay in the solid state. Consistent with this view, the
emission lifetime in solution is very short (<0.1 ns), likely due
to rapid non-radiative decay.

To better understand the difference in optical features, DFT
calculations were performed [B3LYP/6-31+G(d) with the SMD
solvation model (dichloromethane)]. The characteristic mole-
cular orbitals are summarized in the order of increasing
energy gap for the main absorptions (Fig. 4). In the previously

tol tol Me Me cL ¢l TfO OTf
1 13 1 1T
Ph  N=N B\_N Ph N—N/B:N Ph N /B\_N Ph N—N/B\N
NTNR Pr LN Br LN N Br LN N
B~ B” B” B
tol ol md e cf e TfO OTf
1 4 3 2
w & 3
- . 9
:fo ﬁ %‘ . a
g LUMO
LUMO -2.07 ?a
-2.38 T ‘e ®
A3.55 LUMO
A 3.52 -3.42
— ) R T e
> 2] T
o . 89 e
i % Elr '%‘ A3.97 4433 e
© " e 8 : PO gy
k] s HOMO 2 ‘.0
> HOMO -5.62 W e 4
2| | 590 L @@ S50 Che
A ol I
HOMO HOMO
—_— R -7.03 -7.07
HOMO-9 HOMO-1 |
~6.92 —8:96 HOMO-4

Fig. 4 Energy profiles and frontier orbitals of 1,>* 4, 3, and 2 calculated at the B3LYP/6-31+G(d) level of theory with the SMD solvation model of di-

chloromethane (hydrogen atoms are omitted for clarity).
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reported 1,* the HOMO is mainly composed of the & orbitals
of the Ng unit with some contribution from the B-C ¢ bond,
whereas the LUMO is primarily localized on the Ng-centered n*
orbitals. TD-DFT calculations indicated that the absorption in
the visible region predominantly originates from the HOMO-
LUMO transition (3.52 eV; f = 0.3456). In the case of 4, both
the Ng-based HOMO and LUMO were raised compared to
those of 1, probably due to the o-donating effect of the methyl
groups. Thus, replacing the tolyl groups with methyl groups
would contribute less effectively to the HOMO, leading to the
slightly larger HOMO-LUMO gap and the blue-shifted absorp-
tion in 4. Introduction of Cl substituents lowered the Ng-
related orbitals in 3 [LUMO and HOMO-4], reflecting the o-
accepting inductive effect of chloride. Due to the lowering of
the Ngrelated orbitals, the z-orbitals of the benzyl group
became the HOMO in 3. TD-DFT calculations showed that the
major absorption of 3 is based on the transition from
HOMO-4 to the LUMO (3.97 eV, 360 nm, f = 0.3870), while the
transition from the HOMO to the LUMO is less contributing
with smaller oscillator strengths. In the case of 2, the stronger
c-accepting inductive effect of the triflate lowered the HOMO
and LUMO further. However, similar to 3, the absorption is
mainly contributed by the transition from HOMO-4 to the
LUMO (4.33 eV; 323 nm f= 0.4243).

To determine the electron-accepting properties of the B,Ng
derivatives, cyclic voltammetry (CV) was performed in dichloro-
methane, using the oxidation of ferrocene as an external refer-
ence (Fig. 5). The electrochemical measurement in the present
study revealed that 1 and 4 exhibited quasi-reversible
reduction waves, with half-wave potentials of —1.81 V and
—2.05 V, respectively. This result indicates that the B,Ng unit
exhibits electron-accepting character due to the existence of
the Ng-conjugated n-system. In contrast, 2 and 3 displayed only
irreversible reduction waves (Fig. S18 and S19), suggesting that
the reduced species are unstable. This instability is likely due
to cleavage of the B-E bonds (E = O, Cl) upon injection of an
electron to the ¢*(B-E) orbital in the LUMO. The lower nega-
tive reduction potential of 4 (-2.15 V) (Fig. 5) and higher
reduction potential of 3 (—0.79 V) and 2 (—0.29 V) (Fig. S18 and
S19) compared to that of 1 (—1.92 V) (Fig. 5) reflect the higher-
lying LUMO level of 4 (-2.07 eV) and lower-lying that of 3
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Fig. 5 Cyclic voltammetry of (a) 1** and (b) 4 in dichloromethane

(2 mM).
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(—3.42 eV) and 2 (—3.73 eV) than that of 1 (—2.38 eV) predicted
by the DFT calculations (Fig. 4).

In summary, modifying the boron substituents of the B,Ng
framework enables tuning of the energy levels of the Ne-
centred 7 orbitals, thereby altering the optical spectra. Cyclic
voltammetry =~ measurements revealed  quasi-reversible
reduction waves for the tolyl and methyl derivatives, indicating
that the B,N; core exhibits electron-accepting character.
Further investigation of the properties of the Ng-n systems is
ongoing with additional derivatization of the B,Ng framework.
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