O C‘The Journal of Organic Chemistry

pubs.acs.org/joc

2,3-Naphtho-Fused BODIPYs as Near-Infrared Absorbing Dyes
Sho Yamazawa, Mika Nakashima, Yukie Suda, Ryuhei Nishiyabu, and Yuji Kubo*

Department of Applied Chemistry, Graduate School of Urban Environmental Sciences, Tokyo Metropolitan University, 1-1

Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan

© Supporting Information

ABSTRACT: 2,3-Naphtho-fused boron-dipyrromethenes (BODIPYs) la and 1b,
which absorb near-infrared light at 740—770 nm with molar extinction coefficients
above 10° M™' cm™ in THF, have been synthesized through a palladium(II)-catalyzed
direct acylation of N-BOC hydrazones and subsequent Paal—Knorr pyrrole synthesis.
Simple benzo-annulation of dibenzo-BODIPY caused a significant red-shift in the
absorption. Subsequent intramolecular B,O-cyclization of 1b gave 2, which exhibited an
intense absorption band at 830 nm. The structure—optical property relationship has

been investigated using theoretical calculations and cyclic voltammetry.

Intense demand for efficient photosensitizers for organic
solar cells' and for biological applications, such as photo-
dynamic therapy2 and bioimaging,3 have motivated us to
synthesize near-infrared (NIR) absorbing dyes with high molar
extinction coefficients (¢) in this wavelength region.4 The
synthesis and characterization of NIR dyes have emerged as a
major research field over the past few decades with
polymethine dyes,® quinones,’ azo compounds,” phthalocya-
nines,” and bisanthenes’ attracting particular interest. In this
context, their application requires robust dyes with synthetic
diversity.

Boron complexes with dipyrrin cores, the so-called BODIPY
dyes, have emerged as promising candidates because of their
outstanding optical properties, such as high & values of
absorption, high fluorescence quantum yields, and excellent
photostability. * In particular, facile structure modification of
the BODIPY core has allowed preparation of BODIPY- and
aza-BODIPY-based NIR dyes through extension of the -
conjugation framework."' Among the strategies to shift the
absorption of BODIPYs to longer wavelengths, 7-extension by
fusing aromatic units to the a-bond or b-bond of the pyrrole
moiety is particularly promising (Figure 1). Since the first
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Figure 1. Aromatic ring-fused BODIPY derivatives and aza-analogues.
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example of a benzo-[a]-fused BODIPY was prepared by Kang
and Haugland,'” many related derivatives have been synthe-
sized and characterized. Although such a dye core itself cannot
absorb NIR light,"” synthetic modification based on the
insertion of electron-donor thiophene units into the core'*
and the formation of benzo[1,3,2]oxazaborinine-based intra-
molecular B,O-chelates led to the production of related NIR
dyes.'* Alternatively, 7-extension at the [b] bond position has
led to furan-"> and thiophene-fused'® NIR dyes. In line with
this strategy, synthesis of highly annulated BODIPY species is
an attractive research target.'” To date, not only have
phenanthrene,'® naphthobipyrrole,'” and acenaphthylene-
fused® NIR BODIPYs been reported, but also fused bis-
(BODIPY) derivatives.”' However, given the easy-to-under-
stand aromatic z-extension effect on the absorption and
florescence spectra of such dyes, simple linearly annulated
BODIPYs, such as 2,3-naphtho-[a]-fused BODIPY, are an
intriguing prospect. However, such dyes have not been
prepared yet, perhaps because [a]-fused BODIPY has a lower
stability than [b]-fused BODIPY.” Indeed, isolation of 2,3-
naphtho-[a]-fused aza-BODIPY A (Figure 1) has been
unsuccessful.”’

In this Note, we report that dyes 1a and 1b, which show an
intense absorption band in the NIR region with & values of
>10° M~ cm™ in THF, have been successfully synthesized for
the first time. Furthermore, intramolecular B,O-ring formation
of 1b with BBr; allowed us to prepare the related benzo-
[1,3,2]oxazaborinine dye 2, which can absorb NIR light beyond
800 nm. Their optical properties have been discussed using
theoretical calculations and cyclic voltammetry (CV).

The synthetic path is shown in Scheme 1. The palladium(II)-
catalyzed direct acylation®® of tert-butyl N-(1-naphthalen-2-
yletyleneamino)carbamate 3*° with 4a afforded 1,2-diacylben-
zene 5a”* through C—H activation. The subsequent Paal—
Knorr pyrrole synthesis gave naphthalene-fused dipyrrin 6a in
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Scheme 1. Synthesis of 2,3-Naphtho-Fused BODIPYs
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14% yield, although it was somewhat unstable in solution. BF,-
chelation of 6a using BF;-Et,O afforded la in 52% yield.
Synthesis of anisole derivative 1b was attempted via a similar
procedure, where it was found that the color of the TLC spot
assignable to 6b gradually changed, possibly due to the
enhanced instability of the electron-donating anisole-attached
2H-benzo|[fJisoindole intermediate generated in the Paal—
Knorr reaction. Accordingly, 1b was prepared from Sb through
sequential two-step reactions without isolating 6b (see
Experimental section). Subsequent intramolecular B,O-cycliza-
tion of 1b with BBr; gave 2 in 66% yield.

The target NIR dyes were assigned on the basis of
spectroscopic analysis involving NMR, mass spectroscopy,
and elemental analysis. In the *C NMR of la and 1b, the
signals assignable to the f-carbon atoms of the phenyl groups at
the 3-positions of the 2H-benzo[f ]isoindole moiety appear as
well-resolved triplets at 131.3 ppm (J = 2.94 Hz) and 1333
ppm (J = 3.38 Hz). These carbon atoms are involved in
intramolecular C—H---F interactions."**® A crystal of la
suitable for X-ray diffraction analysis was successfully obtained,
and the structure is shown to belong to the monoclinic P2;/n
space group (Figure 2a). The average root-mean-square
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Figure 2. (a) X-ray crystal structure of 1a where thermal ellipsoids are
drawn at the 50% probably level, showing (b) the side view and (c) the
packing structure.

deviation of the di(naphtho)-fused diazaindacene is 0.098 A,
indicating that la adopts an almost planar 7z-conjugation
conformation. In contrast, phenyl rings at the 3- and 3'-
positions of the 2H-benzo[f Jisoindole are tilted by 40°—50°
relative to the naphtho-fused BODIPY core. The C—F
distances were estimated to be 2.397 and 2.251 A (Figure
2b), which were smaller than the sum of the van der Waals radii
for hydrogen and fluorine (2.62 A).**® This suggests the
presence of an intramolecular interaction between the ortho
proton in the phenyl ring and the fluorine of BF, (vide supra).
The crystal packing diagram in Figure S1 showed that two

1311

neighboring molecules form z-stacked dimer structures in a
head-to-tail arrangement with an intermolecular distance of
3.341 A between the 7-conjugated planes of the neighboring
molecules, where the molecules are longitudinally arranged in a
slightly offset fashion to avoid steric repulsion due to the phenyl
ring at the 3-position of the 2H-benzo[f Jisoindole ring. Figure
2¢ shows the columnar structure. Along the b-axis, the packing
structure adopts a face-to-face alignment of the 7-conjugated
systems. Conversely, neighboring z-conjugated systems be-
tween stacked columns adopt an edge-to-face arrangement.
The 'H NMR spectrum of 1b in DMSO-dj at 25 °C contains
two sets of signals assignable to the anisole moiety with proton
resonances arising from the methoxy groups being detected at
3.68 and 3.73 ppm, as shown in Figure S2. To further
investigate this structure, we measured the '’F NMR spectrum
of 1b in DMSO-d,, which exhibited a quintet signal at —132.0
ppm (Jgr = 30.9 Hz) and apparent octet signals at —145.6 ppm
(Jsr = 28.6 Hz, *Jz = 95.8 Hz) and —120.0 ppm (J5; = 33.0 Hz,
Jep = 96.8 Hz), as shown in Figure S3. This indicates the
presence of anti- and syn-isomers in which the anisole moieties
are located on the opposite and same face of the diazaindacene
core, respectively (Figure 3). To gain further insight into the
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Figure 3. Proposed conformers of 1b.

structures, we recorded variable-temperature NMR spectra
(Figure S2) of a DMSO-dg solution of 1b, which revealed a T,
value of 105 °C (AG" = 80.7 kJ mol™). These results indicate
that rotation about the two C—C bonds, which connect the
anisole and 2H-benzo[f Jisoindole ring, may be restricted.
Figure 4 shows the absorption spectra of dyes obtained in
this work and benzo-[a]-fused BODIPY 7"* in THF at 25 °C;
their spectral parameters are summarized in Table 1. Dye 1a is
yellow and absorbs NIR light at 761 nm with a relatively high
value of 1.08 X 10° M™' cm™'. Note that a remarkable
bathochromic shift of 121 nm compared to 7 was observed
owing to simple benzo-annulation. Replacement of benzene
with anisole at the 3-position of the 2H-benzo[f ]isoindole ring
led to the production of 1b with a 4,,,, value of 738 nm (&, =
1.37 X 10° M™' em™"). Despite the 23 nm hypsochromic shift
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Figure 4. (a) Absorption and (b) fluorescence spectra of dyes (1 #M)
in THEF at 25 °C. 4., = 720 nm for 1a and 2, 700 nm for 1b, and 600
nm for 7.

Table 1. Absorption and Fluorescence Spectra of Dyes at 25
°C

Y. AP A Al @,
dye  solvent (nm) & (nm) (nm) (em™) (%)
la THF 761 1.08 121 782 353 16

CeHe 765 LI3 125 785 333 21
CH,Cl, 762 1.17 122 78S 385 16
DMF 764 1.00 124 788 399 14
1b THF 738 1.37 98 760 392 29
2 THF 830 0.962 190 832 29 13
7 THF 640 1.07 662 519 57
“Molar extinction coefficient, in 105 M~ em™. Al =1, — 4, of 7.

“lex = 720 nm for 1a and 2. A, = 700 nm for 1b. 1., = 600 nm for 7.
dAs = (l//lmax) - (l/ﬁem)'

relative to la, an increase of 1.3 times in the & value was
observed, implying that additional substituents in the phenyl
ring at the 3-position enables fine-tuning of the optical
properties. We have found that 2 absorbs NIR light at a 4,
value of 830 nm in THF, showing a large bathochromic shift of
190 nm compared to that shown by 7. This is due to the
effective 7-extension based on benzo-annulation and the
immobilization of the coplanar conformation.

The fluorescence spectra were also measured in THF (Figure
4, Table 1). Dyes 1a and 1b emit NIR light with 1, values of
782 and 760 nm, respectively, with a small Stokes shift (Ag =
350—400 cm™"). This is possibly due to their rigid structure and
is consistent with the trend observed for their absorption
properties with 7 expansion based on ring fusion. Although
these can serve as NIR fluorophores, the fluorescence quantum
yields are much lower than that of 7, which is ascribable to
increased nonradiative deactivation as the energy gap
decreases.”” The solvent effect on the absorption and
fluorescence spectra was investigated for la (Figure S4), and
almost no variation was observed with increasing polarity from
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benzene to DMF. However, the fluorescence quantum yield is
slightly sensitive to the change in solvent polarity from benzene
(®g = 21%) to DMF (®g = 14%). For 2, a low fluorescence
emission at 832 nm (®y = 1.3%) was observed when excited at
720 nm. The very small Stokes shift value (29 cm™") suggests a
conformationally restricted structure of 2. Similar results were
obtained for 1b and 2 (Figures SS and S6 and Table S1),
although a low solubility of 2 against benzene did not allow the
measurement.

For better understanding of these optical features, the
transition energies were calculated using time-dependent
density functional theory (TD-DFT) at the B3LYP/6-31G(d,p)
level (Figure S). The trend in the calculated A, of the longest
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Figure S. Energy diagram and surface plots of HOMO and LUMO
energies of dyes (7, 1a, 1b, and 2), as estimated from TD-DFT/DFT
calculations (B3LYP/6-31G(d,p)).

absorption bands is almost consistent with that observed in the
spectra recorded in THF (Table S2). Although the first
absorption band was characterized as a mixture of several
configurations, it can mainly be ascribed to the HOMO-—
LUMO transition. From 7 to 1a, the calculation indicated an
increase in the HOMO level from —4.86 to —4.52 eV, whereas
the LUMO energy level remained unchanged. This led to a
decrease in the HOMO—LUMO energy gap (AAE = 0.33 eV).
Note that the replacement of phenyl with anisole moieties at
the 3-position (i.e., from 1a to 1b) led to destabilization of the
HOMO and LUMO levels, where greater destabilization of the
LUMO level of 1b than that of the corresponding HOMO
resulted in the hypthochromic shift of A, (A4 = 23 nm in
THF; Table 1). Alternatively, intramolecular B,O-chelation
resulted in the stabilization of both HOMO and LUMO levels
compared to 1b, where the LUMO level was found to be more
stabilized by 0.17 eV than the HOMO level. Subsequently, a
lower HOMO—LUMO energy gap was calculated for 2, which
induced a further bathochromic shift in the absorption band.
The surface plots of both HOMO and LUMO levels were
evaluated by DFT calculation and indicate that all of the
HOMO and LUMO levels are homogeneously delocalized on
the di(naphtho)diazaindacene core. As shown in Figure S, the
electron-density distribution on the naphthalene moiety for the
HOMO level is stronger than that for the LUMO level, which is
possibly responsible for the increase in HOMO energy upon
benzo-annulation of 7.

The electrochemical properties of 1a and 1b were measured
at room temperature using CV in a CH3;CN/o-dichlorobenzene
(2:3 v/v) mixture containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF) as the supporting electrolyte.
The low solubility of 2 in such organic solvents prevented its
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CV analysis. The measurements were calibrated against
ferrocene (—4.8 €V) as the standard.”® The formal potential
of Fc/Fc' was measured to be 0.06 V versus Ag/Ag". The cyclic
voltammograms obtained for the dyes are illustrated with that
of 7 in Figure S7. The reversible oxidation and reduction
processes allowed us to determine the onset oxidation and
reduction potentials corresponding to HOMO and LUMO
energies, respectively (Table S3). When compared to those of
7, we have found a significant increase of HOMO energy of 1a
(AE = 0.20 eV), whereas the LUMO energy level is almost the
same, which is consistent with the calculated results.
Accordingly, we confirmed that benzo-annulation with respect
to 7 leads to an increase in the HOMO level. In addition, a
hypsochromic shift in the longest-wavelength absorption band
from 1a to 1b can be rationalized by a slight increase in the
LUMO energy level (AE = 0.08 eV). In this way, the effect of
ring expansion on the optical properties of the dyes has been
evaluated.

In conclusion, NIR-absorbing 2,3-naphtho-[a]-fused BODI-
PY dyes have been synthesized for the first time. Interestingly,
we found that linear benzo-annulation to dibenzo-[a]-fused
BODIPY induced a remarkable red-shift of more than 100 nm
owing to an increase in the HOMO level. It was also found that
the optical properties were sensitive to the electronic nature of
the phenyl unit at the 3-position of the 2H-benzo[f Jisoindole
ring despite the ring being tilted by 40°—S50° relative to the
di(naphtho)diazaindacene core. Replacement of benzene with
anisole (ie, from la to 1b) caused a blue-shift in the
absorption with increasing & values. Also, intramolecular B,O-
chelation of 1b was effective for tuning the LUMO level. Our
analysis of the structure—optical property relationship indicated
that even slight perturbation of the dye structure can cause an
effective change in their optical features. We believe that these
insights could contribute to the rational design of BODIPY-
based NIR dyes for applications in material science involving
organic photovoltaics.”

B EXPERIMENTAL SECTION

General. NMR spectra were measured on a 500 MHz spectrometer
("H: 500 MHz, 3C: 125 MHz, "F: 470 MHz). In 'H and *C NMR
measurements, chemical shifts (§) are reported downfield from the
internal standard Me,Si. In addition, fast atom bombardment (FAB)
mass spectra were obtained where m-nitrobenzylalcohol was used as a
matrix. Mass spectrometry data of 6a and 2 were taken by using an
atmospheric pressure chemical ionization (APCI) method. The
absorption and fluorescence spectra were measured using UV—vis—
NIR spectroscopy and a spectrofluorometer, respectively. Elemental
analyses were performed on an Elemental Analyzer.

Materials. Reagents used for the synthesis were commercially
available and used as supplied. Dry 1,2-dichloroethane and dry THF
were prepared according to a standard frocedure. tert-Butyl N-(1-
naphthalen-2-yletyleneamino)carbamate 3°° was obtained by condens-
ing 2-acetonaphthone with tert-butyl carbazate in 83% yield.

Synthesis. 1-(3-Benzoylnaphthalen-2-yl)ethanone (5a).?* To an
autoclave with a solution of 3 (8.53 g, 30.0 mmol), Pd(OAc), (0.68 g,
3.03 mmol), and benzaldehyde 4a (9.1 mL, 90.0 mmol) in dry 1,2-
dichloroethane (100 mL) was slowly added tert-butyl hydroperoxide
(22 mL, 120 mmol, 5.0—6.0 M in decane). The reaction mixture was
stirred at 70 °C for 6 h. After cooling, the solution was poured into
saturated Na,CO; aqueous solution and extracted with CH,Cl,. The
resultant organic layer was washed with saturated Na,CO; aqueous
solution and water, dried with Na,SO,, and filtered. After removal of
the solvent, the residue was chromatographed on silica gel (Wakogel
C-300) using a gradient of CH,Cl, (15—50%) in hexane. In this way,
2.37 g of 5a was obtained in 29% yield. "H NMR (500 MHz,CDCl,) §
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(ppm): 8.39 (s, 1H), 8.02 (dd, 1H, J = 6.13 and 3.07 Hz), 7.90 (dd,
1H, J = 6.17 and 3.13 Hz), 7.87 (s, 1H), 7.80 (dt, 2H, ] = 8.20 and 153
Hz), 7.64—7.70 (m, 2H), 7.55 (tt, 1H, ] = 7.40 and 1.65 Hz), 7.41—
7.44 (m, 2H), 2.64 (s, 3H). *C NMR (125 MHz, CDCL;) § (ppm):
198.3, 197.4, 137.6, 137.1, 135.7, 134.0, 132.8, 132.7, 130.9, 1294,
129.3, 129.1, 128.7, 128.4, 128.4, 128.1, 27.3. HRMS (FAB) m/z: [M
+ H]* caled for CH,50,, 275.1067; found, 275.1056.

1-(3-(2-Methoxybenzoyl)naphthalen-2-yl)ethanone (5b). To a
sealed tube with a solution of 3 (1.41g, 4.95 mmol), o-anisalaldehyde
4b (2.00g, 14.7 mmol), and Pd(OAc), (0.12g, 0.534 mmol) in dry 1,2-
dichloroethane (17 mL) was added tert-butyl hydroperoxide (3.6 mL,
19.8 mmol, 5.0—6.0 M in decane). The mixture was stirred overnight
at 70 °C. After cooling, the resultant solution was poured into
saturated Na,COj; aqueous solution and partitioned with CH,Cl,/
saturated NaCl aqueous solution. The organic solution was dried with
Na,SO, and evaporated. The residue was then chromatographed on
silica gel (Wakogel C-300) using hexane/AcOEt (5:1 v/v) as an
eluent. In this way, 0.447 g of 5b was obtained in 29% yield. 'H NMR
(500 MHz, CDCl;) & (ppm): 8.15 (s, 1H), 7.95—7.97 (m, 1H), 7.83—
7.85 (m, 2H), 7.71 (dd, 1H, J = 7.65 and 1.75 Hz), 7.62 (td, 1H, J =
6.06 and 1.77 Hz), 7.60 (td, 1H, J = 6.02 and 1.82 Hz), 7.51 (ddd, 1H,
] =8.70, 7.08, and 1.37 Hz), 7.05 (td, 1H, J = 7.53 and 0.80 Hz), 6.97
(d, 1H, J = 8.25 Hz), 3.63 (s, 3H), 2.59 (s, 3H). *C NMR (125 MHz,
CDCL,) 6 (ppm): 200.5, 196.1, 1587, 1384, 137.3, 133.6, 133.6,
1332, 1313, 129.4, 1289, 128.8, 1287, 128.5, 1282, 127.6, 120.6,
112.0, 55.7, 28.5. HRMS (FAB): m/z [M + H]* calcd for C,oH;,0;,
305.1172; found, 305.1179.

2,3-Naphtho-[a]-fused Dipyrrin (6a). To a solution of Sa (1.84 g,
6.71 mmol) and AcOH (14.5 mL) in EtOH (71.5 mL) were added
NH,OAc (3.22 g, 41.8 mmol) and NH,CI (0.375 g, 7.01 mmol) at 65
°C. The resulting solution was stirred at 90 °C for 3 h. After cooling,
the resultant solution was neutralized with NaHCO; aqueous solution
to give a precipitate followed by reprecipitation through diffusion of
EtOH into the CH,ClI, solution to afford 6a as a dipyrrin analogue
(225 mg) in 14% yield. '"H NMR (500 MHz, CDCL;) 5 (ppm): 8.57
(s, 2H), 8.46 (s, 2H), 8.18 (d, 4H, ] = 7.25 Hz), 7.97 (d, 2H, ] = 7.65
Hz), 7.96 (d, 2H, ] = 7.65 Hz), 7.81 (s, 1H), 7.63 (t, 4H, ] = 7.73 Hz),
7.49 (t, 2H, ] = 7.45 Hz), 7.45 (td, 2H, ] = 8.04 and1.38 Hz), 7.39 (td,
2H, J = 7.33 and 1.10 Hz). *C NMR: not determined due to low
stability. HRMS (APCI): m/z [M]* caled for Cy,H,4N,, 496.1939;
found, 496.1949.

2,3-Naphtho-[a]-fused BODIPY (1a). Dipyrrine 6a (0.225 g, 0.453
mmol) was dissolved in dry toluene (18 mL) at 80 °C. To the solution
was added NEt; (0.2 mL) and BF;-Et,O (1.0 mL, 7.96 mmol). The
resulting solution was stirred overnight at 100 °C. After cooling and
queching with water, the residue was partitioned between CH,Cl, and
water. The organic layer was then dried with Na,SO, and filtered off.
After evaporation of the filtrate, the residue was chromatographed on
silica gel (Wakogel C-300) using a gradient of CH,Cl, (30—67%) in
hexane as an eluent. In this way, 1a (129 mg) was obtained in 52%
yield. '"H NMR (500 MHz, CDCl;) § (ppm): 8.46 (s, 2H), 8.20 (s,
2H), 8.05 (s,1H), 7.97 (d, 2H, ] = 8.65 Hz), 7.93 (d, 4H, ] = 7.10 Hz),
7.85 (d, 2H, J = 8.35 Hz), 7.57 (t, 4H, ] = 7.22 Hz), 7.53 (t, 2H, ] =
7.18 Hz), 7.46 (t, 2H, J = 7.40 Hz), 7.36 (t, 2H, J = 7.20 Hz). *C
NMR (125 Hz, THF-dg) § (ppm): 151.4, 135.1, 133.0, 132.4, 131.3 (t,
J = 2.94 Hz), 130.6, 130.1, 129.4, 129.0, 127.8, 127.6, 125.8, 124.0,
118.1, 112.6. FAB-MS: m/z = 544 [M]*. Elemental analysis for
C;,H,;BF,N,: C, 81.63; H, 4.26; N, 5.15. Found: C, 81.48; H, 4.30; N,
5.18.

Anisole-Derived Dye (1b). Compound Sb (0.404 g, 1.33 mmol)
was dissolved in degassed EtOH (14 mL) and AcOH (44 mL) in a
sealed tube under a N, atmosphere. To the solution was added 28%
NH; aqueous solution (5.6 mL) with the resulting solution stirred at
85 °C for S h. The reaction mixture was quenched with water (100
mL) and extracted with CH,Cl,. The organic layer was dried with
Na,SO, and filtered off. After evaporation of the filtrate, a dark green
solid (0.382 g) was obtained and dissolved in dry toluene (20 mL),
which was degassed by freeze—pump—thaw cycle. To the solution at
80 °C were added NEt; (0.25 mL, 1.77 mmol) and BF;-Et,0 (0.83
mL, 6.57 mmol). The resulting solution was stirred at 100 °C for 2.5 h.
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The reaction mixture was quenched with water (100 mL) and
partitioned between CH,Cl, and water. The organic layer was dried
with Na,SO, and filtered off. After evaporation, the residue was
chromatographed on silica gel (Wakogel C-300) using hexane/
benzene (1:4 v/v) as an eluent, being followed by reprecipitation
through diffusion of MeOH into the CH,Cl, solution to afford 1b
(20.3 mg) as a conformation mixture (AG* = 80.7 kJ mol™) in 5%
yield. '"H NMR (500 MHz, DMSO-d,, 25 °C) 5 (ppm): 8.76 (s, 1H),
8.74 (s, 2H), 8.05 (d, 2H, ] = 8.50 Hz), 8.03 (s, 2H), 8.01 (d, 2H, ] =
9.15 Hz), 7.50—7.56 (m, SH), 7.46 (d, 1H, ] = 7.40 Hz), 7.38—7.41
(m, 2H), 7.27 (d, 1H, J = 8.05 Hz), 7.24 (d, 1H, ] = 8.10 Hz), 7.12 (td,
1H, J = 7.50 and 0.88 Hz), 7.07 (td, 1H, ] = 7.52 and 0.93 Hz), 3.73 (s,
3H), 3.68 (s, 3H). *C NMR (125 MHz, THF-dg, 25 °C) & (ppm):
159.3, 159.2, 149.6, 149.4, 135.0, 133.3 (t, J = 3.38 Hz), 132.9, 132.9,
132.5, 132.1, 132.0, 131.6, 131.5,130.5, 131.3, 130.5, 129.4, 1272,
1254, 1239, 123.8, 121.6, 121.4,120.8, 120.7, 117.6, 112.7,112.7,
112.1, 112.0, 111.9, $5. 9, 55.8. 'F NMR (470 MHz, DMSO-d,, 25
°C) 6 (ppm): —120.0 (octet, Jur = 33.0 Hz, *Jzr = 96.8 Hz), —132.0
(quintet, Jgr = 30.9 Hz), —145.6 (octet, J5 = 28.6 Hz, Jzr = 95.8 Hz).
FAB-MS: m/z = 604 [M]". Elemental analysis for C;yH,,BF,N,O,
0.04CH,Cly: C, 77.14; H, 4.49; N, 4.61. Found: C, 76.94; H, 4.42; N,
4.65.

Synthesis of Benzo[1,3,2]Joxazaborinine Dye (2). To the solution
of 1b (46 mg, 0.076 mmol) in dry 1,2-dichloroethane (7.6 mL) was
added 1 M BBr; dichloromethane (0.4 mL) under icy conditions. The
reaction mixture was stirred at 40 °C overnight. After quenching with
sat. NaHCO; aqueous solution, the resulting organic solution was
evaporated, precipitated with MeOH, and washed with acetone to give
2 (27 mg) in 66% as a moss green solid. "H NMR (500 MHz, DMSO-
ds) 6 (ppm): 9.13 (s, 2H), 8.82 (s, 2H), 8.63 (dd, 2H, ] = 7.82, 1.53
Hz), 8.49 (s, 1H), 8.20—8.23 (m, 2H), 8.09—8.11 (m, 2H), 7.56—7.59
(m, 2H), 7.50—7.54 (m, 2H), 7.43—7.48 (m, 2H), 7.30 (td, 2H, J =
7.55 and 1.18 Hz), 6.94 (dd, 2H, ] = 8.45 and 0.85 Hz). *C NMR: not
determined due to low solubility. HRMS (APCI) m/z: [M + H]" caled
for Cy;H,,BN,0,, 537.1775; found 537.1799. Elemental analysis for
CyH, BN,0,-0.5H,0: C, 81.48; H, 4.07; N, 5.14. Found: C, 81.64;
H, 3.93; N, 5.17.

X-ray Crystallography for 1a. A brown needle crystal of 1a having
approximate dimensions of 0.570 X 0.060 X 0.040 mm was mounted
on a glass fiber. All measurements were made on an X-ray
diffractometer using multilayer mirror monochromated Mo Ka
radiation (4 = 0.71075 A). The structure was solved by direct
methods (SHELXS2013)* and expanded using Fourier techniques.
The non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were refined using the riding model. The refinement was made
by using a full-matrix least-squares technique (SHELXL2013).

The Measurement of Fluorescence Quantum Yield. The

fluorescence quantum yields (®,,,) were calculated from eq 13

“FQ) dA 4 2
q)eXqu)RX/Ow x_Rxnz
/0 RAd A m (1)

where F(A) and Fy(1) describe the corrected fluorescence intensities
of the compound and the reference, respectively, and A and Ay
describe the corresponding absorbance at the excitation wavelength.
The reference used was indocyanine green (®g = 0.12 in DMSO).”

Electrochemistry. Cyclic voltammograms (CV) were recorded on
a potentiostat operated at a scan rate of 100 mV s' and room
temperature under a N, atmosphere. The solvent was acetonitrile with
o-dichlorobenzene (2:3 v/v) containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF() as the supporting electrolyte. The
potentials were measured against Ag/Ag" (0.01 M of AgNO;) as a
reference electrode; ferrocene/ferrocenium (Fc/Fc*) was used as the
internal standard and measured to be 0.06 V under the same
conditions. The onset potentials were determined from the
intersection of two tangents drawn at the rising and background
currents of the cyclic voltammogram.

Theoretical Calculations. All geometries of the dyes at the
ground state were fully optimized by means of the B3LYP/6-31G(d,p)

level method. Density functional theory (DFT) calculations at the
B3LYP/6-31G(d,p) level were performed in the Gaussian 09
package.>> These molecular orbitals in Figure 5 were visualized
using the Gauss view 5.0.8 program.
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