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Abstract: This study describes the synthesis, structure, and
photophysical properties of a new luminescent polyaromatic boronic
acid scaffold, diazaboryl-naphthyl-ketones (DNKs). These stable
compounds display extremely bright fluorescence, aggregation-
induced emission, positive solvatochromism, and solid state
fluorescence. DFT calculations and X-ray crystallographic study
revealed notable electronic and structural differences between thege
compounds and the parent diaminonaphthalene (DAN) add
Acylation of the DAN system causes a localization of both
and LUMO onto the DNK unit, which supports the nggligible

and its shape significantly altered. Photophysical data in
the solid state revealed blue-shifted, narrowed,
emissions for DNKs (up to 89% quantum yield). Th
of the fluorogenic DNK system was demonstrate
concept for the determination of trace boronic acid co
solid samples, down to one-ppm level, using HP
fluorescence detection. This method could be useful
pharmaceutical development for the quantitation of difficult-to-
and potentially mutagenic residual boropic acid from late c
coupling reactions in drug syntheses.
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Analogous to boronic esters, the
nically shield the boron’s vacant p
ing stability when compared to
its 4-electron count, the N-B—N
unit can act as a heteroarene replacement (Figure 1A).
Furthermore, it offers versatility for further functionalization, as

N-B-N rings can be |
conditions.”
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igure 1. A. Pyrrole ring with the corresponding CC/BN isoelectronic and
isosteric 1,3,2-diazaboroles, a class of N-B-N luminogens. B. 1,3,2-
Benzodiazaboroles, 1,8-diaminonaphthyl boronamide (BDAN), and the generic
structure of the DNK scaffold with model compounds 1-3 investigated herein.

The best-studied N-B—-N motif, 1,3,2-diazaborole, represents a
class of five-membered heterocycles that are isosteric with
pyrroles (Figure 1A).2"° In addition to their attractive properties
as ligands and for electrochemistry, these compounds often
exhibit extremely high luminescence quantum yields both in
solution and in the solid state. A recent paper by Wan and
coworkers compared 1,3,2-benzodiazaboroles with their six-
membered ring counterparts, naphthodiazaborines (BDANS)
(Figure 1B)."" Since the pioneering work of Suginome, aryl-
BDANs have become a popular class of protected arylboronic
acids.” However, these stable and colourless solids display very
weak fluorescence in solution and as solids (QY 0.1-3%),"" and
consequently they remain underexplored as optoelectronic
materials.

In the course of a different project, an acylation reaction on a
DAN-protected arylboronic acid yielded two primary products
that were intensely hued and fluoresced blue under visible light
and hand-held UV lamp. This optical behaviour was dramatically
different from the expected product and starting material. These
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serendipitous products were characterized as the novel
diazaboryl-naphthyl-ketones (DNK) of the type shown in Figure
1B. Herein we report that this simple modification of the familiar
aryl-BDAN structure dramatically alters the photophysics of the
scaffold, with markedly improved fluorescence quantum yields.
In contrast to aryl-BDANs and 1,3,2-diazaborolines, simple
structural tuning of DNKs can produce a library with a rich
variety of optical properties, such as extremely bright
fluorescence, aggregation-induced emission, and positive
solvatochromism, which could enable new and useful
applications in optoelectronics and chemical analysis.

Two unoptimized, modular strategies were employed to produce
the three prototypic DNK compounds 1-3 evaluated in this study
(Fig. 1B). In the first approach, Suginome’s DAN condensation
of phenylboronic acid is used to prepare PhBDAN 4.” The latter
is then subjected to the Sugasawa reaction, a method designed
to give ortho-substituted anilines regioselectively from various
nitriles,"? giving predominantly the ortho product 1 (Scheme 1A).
Acylation using base and trifluoroacetic anhydride afforded DNK

2.
) 0 Se!
HO~B'OH conditions
HN___NH o
. ~H,0 B (see below)  HN B NH
toluene (0.1M)
HaN- NH2q10°c,4h
1,8-diaminonaphthalene
4 1 R=CHj3 (73%

. 2 R = CF; (65%

conditions:

for 1:i. BCI3 (1.1 equiv), AICI3 (1.1 equiv), CH3CN (2 equiv), tol, 100 °C, 15 h; ii. ag. 2M HCI, 100°
for 2:i. DBU (1.8 equiv), THF, rt, 45 min; ii. add (CF3CO),0 (2 equiv), it, 4 h

B
COCH;

i. BCl3, ACl3, PhB(OH); (2 equiv)
OO CHACN OO MgSO0; (0.7 equiv)

toluene (0.3M) THF (0.3M)
H,N  NH, 100°C,15h;  H,N  NH, i, 4h
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100 °C, 45 min

Scheme 1.
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Figure 2. ORTEP drawings of DNKs 1: A. Molecular representation; B and C:
selected intermolecular contacts in crystal lattice.

The X-ray crystallographic structures of 1 (Figure 2) and 2"
show that both compounds are highly planar through the
diazaboryl-naphthyl rings, with the diazaboryl unit slightly twisted
with respect to the B-phenyl ring."® The short intramolecular
hydrogen bond between the carbonyl oxygen and the N-H
moiety ('"H NMR & ~ 12 ppm) is clearly visible in each (1:
1.953(15) A, 2: 1.77(5) A), holding the ketone coplanar with the
naphthyl substructure." The carbonyl of DNK 1 also exhibits a
long intermolecular hydrogen bond of 2.687(1) A with a N atom
(Figure 2B), which is absent in analog 2. Both compounds
exhibit a herringbone packing mode, and the boron atom of both
species also interacts with the 1 orbital of adjacent aryl rings
(Figure 2C), potentially enriching the vacant p, orbital. It is also
instructive to contrast 1 with the published crystal structure of
PhBDAN 4."® Specifically, 4 is also planar through the
diazaboryl-naphthyl rings, however it has a markedly different
packing mode dominated with T-shaped T stacking, and fewer
short contacts.
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Next, photophysical data was collected for DNKs 1-3.
Confirming our qualitative observations of fluorescence under
UV and visible lighting conditions, the absorption and
fluorescence emission spectrum of DNK 1 in acetonitrile
revealed that absorptions in both wavelength ranges gave the
same cyan emission at 455 nm (Figure 3A). It is noteworthy that
substitution on the B-aryl ring of DNK 1 (DNKs S6: 4-MeOCgHy;
S7: 3,4,5-F;CeHa; S8: 2,6-Me,CeHs)'* leads to very similar
profiles and Amax values (see S.l.), indicating that the B-phenyl
ring of 1-3 does not make a significant impact on the
fluorescence in solution.
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essential, though both compounds differ slightly. DNK 1 has a
notably smaller Stokes shift, whereas class member 3 exhibits
extremely high fluorescence quantum yields of 89% and 85% in
toluene and acetonitrile, respectivi Solvent studies performed
on DNKs 1 and 3 (Figures revealed positive
solvatochromism in their emission ban esting a change
in dipole moment of the molecule in t
excited state. Considering i
higher than methanol, the

ochromic effect with the
ing capacity, which may
have a major impact
the NH and carbo

dramatically differe
and broad, red-shi
that both the boron
optical behavi

between the two solvents, with a
concomitant drop in f lution phase quantum yields. This
may indicate that DNK 2 has an excited state with a larger dipole

uires more geometric rearrangement. Non-
ation mechanisms, may become more efficient
a smaller HOMO-LUMO gap or the unique vibrational
of the C-F moieties DFT calculations of molecular
were performed for PhBDAN (4) and DNKs 1-3, and
uch of the above observations (Figure 4).
PhBDAN (4) the electrostatic map of DNKs 1-3
shows red®ed charge within the diaminophanthyl unit with
significant polarization towards the acyl units. Recent NICS
calculations suggest the N-B-N ring of PhBDAN (4) is
matic."" Like 4, DNKs 1-3 show little density in the N-B-N
emarkably, acylation causes an inversion of the relative
gies of the LUMO and LUMO+1, along with a decrease of
absolute energy level. As a result, both HOMO and LUMO
re localized onto the DNK unit, turning it into an independent
chromophore, which supports the lack of influence of the nature
of the B-aryl group observed with DNKs 1 and $6-S8." The
FMOs of DNKs are significantly polarized, and the LUMO
highlights the involvement of the B and N atoms. The HOMO-
LUMO gaps of compounds 1-4 are consistent with their relative
values of Aas, Which suggests So—S+ (n-n*) transitions.
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Table 1. Photophysical data for three DNKs 1-3 and two comparators 4-5 in solution.

CH4CN (15 uM)

toluene (15 uM)

com- Aabs (NM Aem (NM 4. Stokes %) P A A 4. Stokes % Solvatochromic
pound o ()| Ren O gy shift (cm™) ¢ (:.br;) (:l?n) eMlem”) | g shift (cm™) ¥
1 425 455 16400 1550 51 426 442 11550 850 646

2 449 540 12000 3750 4 454 507 11900 1210

3 399 471 13500 3830 84 391 460 9530

4 328 516 13600 11100 2 330 467 13000 0

5 377 538 11000 7930 8 371 540 7140

[a] Quantum yields were collected in nitrogen-degassed solvent and determined using an integrating sphere. [b] Sol

. . -1 . s
difference in cm™ between the emission bands for toluene and acetonitrile.

Table 2. Solid state photophysical data for DNKs 1-2 and PhBDAN 4t

compound®™  Agm (NM) ¢ (%)
1 550 8

2 525 7

4 462’ 26

[a] Solid state quantum yield measurements were performed on powdered
solids in glass tubes under argon atmosphere, with barium sulfate as a
scattering standard, and determined using an integrating sphere. Photograph
in the rights shows DNK 1 under a hand-held UV lamp.
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Figure 4. DFT calculations of PhBDAN (4) and DNKs 1-3
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ges indicate v/v percentage of acetonitrile to water. All solutions were
t equal concentration of fluorophore (15 pM) and identical
, including excitation wavelength (450 nm).

However, unlike the classical behaviour expected of AIEgens,18
2 displays a non-linear relationship between proportion of water
an orescence intensity; although the 2% solution has the
gest fluorescence, fluorescence intensity is lowest around
Vo, not 100%, acetonitrile. Furthermore, there appears to be
e structure to the emission bands for solvent systems of
intermediate ratio (20-60%). The nature of the aggregate
structure may qualitatively change along the solvent gradient.
Although further study is required for more concrete
interpretation of these unusual features, the existence of an AIE
effect increases the relevance of this new DNK compound class
to biological'® or solid state materials®® applications, such as
cellular imaging and organic light-emitting diodes. Further, the
excitation wavelengths of DNKs (399-450 nm) are within range
of those useful for near-infrared two-photon microscopy.

To exploit the remarkable properties of DNKs, a proof-of-
concept was designed to address the need to detect residual
boronic acid in active pharmaceutical ingredients. In recent
years, evidence has emerged that suggests some boronic acids
may be mutagenic and present a peril to human health.?"?* This
finding is cause for caution in the pharmaceutical industry, as
boronic acids are one of the most common synthetic
intermediates:® the Suzuki-Miyaura cross-coupling accounts for
an impressive 12% of all reactions performed for drug discovery
and development.® There is particular concern when the
Suzuki-Miyaura reaction is employed late in a synthetic
sequence, as low concentration (<10 ppm) boronic acids are
difficult to detect by HPLC and NMR, but may still pose a health
hazard.?*® The straightforward mix-and-stir reaction conditions
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of Scheme 1 suggested that the diamine 5 could form DNK
adducts in situ with boronic acids and act as a fluorogenic
chemosensor. The strong fluorescence of DNK 3, along with the
observation that phenyl ring substitution does not exert a
significant influence on fluorescence in solution, indicate that this
trace quantitation strategy could be both highly sensitive and
robust to a wide variety of boronic acid intermediates.

To eliminate background noise from the intrinsic fluorescence of
diamine 5, HPLC analysis was chosen for peak separation and
fluorescence detection. To this end, DNK 3 demonstrated good
stability to a variety of HPLC conditions, including acidic eluent.
Next, samples were prepared and reaction conditions were
designed to model quantitation of trace boronic acid starting
material in a pharmaceutical intermediate arising from a typical
Suzuki-Miyaura reaction. Thus, a series of standards were
prepared, each as a solid “cake” of trace phenylboronic acid in a
matrix of biphenyl with a range of 1-20 ppm concentrations. To
ensure quantitative conversion to DNK 3 in reasonable time, a
large excess of diamine 5 in a concentrated solution were found
to be essential. Acetonitrile was chosen as the solvent with
gentle heating (Figure 6A).

A COCH;
- O
OO PhB(OH),
N
(1-20 ppm) CHeeN (0.4 mL)  HN-g-NH
HoN  NH, in biphenyl 40°C,3h 'IDh
5 (1.0 mg)
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es. B. Calibration curve
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Figure 6. A. Reaction conditions

ak corresponding to DNK
alysis for each standard.
curve (Figure 6B) was remarkably
linear down to the lowest 1 ppm
thod and infer the trace quantity of
wn pharmaceutical sample, two
test runs were validated to in 95% accuracy. Compared to
other reagents,”® diamine 5 provides much higher quantum
yields and was demonstrated on a crude solid sample.
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In summary, we have described the synthesis, structure,
photophysical properties, and applications of a new luminescent
polyaromatic boronic scaffold (diazaboryl-naphthyl-ketones, or
DNKs). These compounds from BDAN 4 and
benzodiazaboroles in that they are e of extremely bright
fluorescence, yet small structural iication unlocks
dramatically and qualitatively different properties
like aggregation-induced i
and solid state fluorescence:
solid state revealed blue-shi
emissions for DNKs
superior to 4 and
orbitals revealed t
localized onto th
chromophore, whi

ical data in solution and
rrowed, and intense
tum yield) much

4), the LUMO of 1-3 is
it into an independent
imental observation that
s not alter luminescence.
were demonstrated with a
method for the low-ppm quantitation of
minants in pharmaceutical intermediates.
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