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New boron-containing fluorophores, difluoro[amidopyrazinato-O,N]boron (APB) derivatives, were pre-
pared from amidopyrazines. The fluorescence properties of APB were successfully modulated by an aryl
substitution at the C8 position.

� 2010 Elsevier Ltd. All rights reserved.
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Cypridina oxyluciferin (Scheme 1) and coelenteramide are the
light-emitter compounds for bioluminescence of the ostracod Cyp-
ridina1 and the jellyfish Aequorea,2 respectively. These light-emitter
compounds have an amidopyrazine core structure. We investigated
the fluorescence properties of the derivatives of Cypridina oxyluci-
ferin and coelenteramide and found that the excited singlet states
of these compounds have an intramolecular charge transfer (ICT)
character and show fluorescence solvatochromism.3 Because fluo-
rescent compounds are widely used in many applications, such as
fluorescent sensors for biological imaging and light-emitting com-
ponents for organic light-emitting devices,4 one of our goals is to
design a new fluorescent compound based on Cypridina oxyluci-
ferin and coelenteramide. We attempted to modify the chemical
structure of amidopyrazine using the methodology for preparing
boron dipyrromethene (BODIPY).5 We then successfully prepared
new boron-containing fluorophores, difluoro[amidopyrazinato-
O,N]boron (APB) derivatives (2), by the reactions of amidopyrazines
(1) with BF3 (Scheme 1). In this Letter, we describe the synthesis
and fluorescence properties of these APB derivatives 2.

Pivalamidopyrazine 1a was treated with BF3�Et2O in the pres-
ence of N,N-diisopropylethylamine (DIPEA) at room temperature
to give 8-t-butyl APB (2a) in 83% yield.6 Although acetamidopyr-
azine 1b also reacted with BF3�Et2O in the presence of DIPEA, we
could not isolate 2b from the complex mixture of products. This re-
sult suggests that deprotonation of the methyl group at C8 induces
decomposition of 2b. Therefore, it would be preferable to use an
amidopyrazine having a tertiary or aryl group at C8 for preparing
APB compounds. We were also able to convert benzamidopyrazine
1c and its derivatives 1d and 1e to the corresponding APBs 2c–e in
40�60% yields. Crystal structure analysis of 2a confirmed its APB
skeleton (Fig. 1A).7 The boron-containing ring is slightly distorted
by the introduction of the sp3 boron atom. The core bicyclic ring
ll rights reserved.

: +81 42 486 1966.
of 2a shows a bond length alternation (Fig. 1B). Unfortunately,
however, APBs (2) were slowly decomposed to give 1 by solvolysis
in a protic solvent such as methanol.

UV–vis absorption and fluorescence spectra of the APB deriva-
tives (2) were measured in cyclohexane, chloroform, and acetoni-
trile.8,9 It was confirmed that the excitation spectra of the
fluorescence agree with the corresponding absorption spectra.
The spectral data are summarized in Table 1. Figure 2 shows repre-
sentative spectra in chloroform. The lowest energy absorption
bands of 2a and 2c in chloroform were observed at 331 and
353 nm, respectively, and fluorescence emission maxima (kf) of
2a and 2c were observed at 384 and 402 nm with quantum yields
1d: R = C6H4CN
1e: R = C6H4OCH3

2d (41%)
2e (43%)

Scheme 1. Structure of Cypridina oxyluciferin and synthesis of APB 2.
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Figure 1. Molecular structure of 2a (A) with the atomic displacements drawn at the
50% probability level and selected bond distances in a partial structure of 2a (B).
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Figure 2. UV–vis absorption spectra (A) and fluorescence spectra (B) of 2a (a), 2c
(b), 2d (c), and 2e (d) in chloroform at 25 �C.

Table 1
Electronic absorption and fluorescence of 2a and 2c–e in various solvents at 25 �C

Compound Solvent kab/nm (e/104)a kf/nm (Uf)b

2a C6H12 332 (0.86) 384 (0.078)
CHCl3 331 (1.1) 384 (0.12)
CH3CN 329 (0.88) 386 (0.10)

2c C6H12 351 (2.6), 274 (1.7) 398 (0.18)
CHCl3 353 (2.7), 274 (1.7) 402 (0.15)
CH3CN 349 (2.7), 268 (1.7) 395 (0.008)

2d C6H12 351 (2.0), 271 (1.4) 404 (0.013)
CHCl3 354 (2.1), 271 (1.4) 408 (0.004)
CH3CN 351 (2.0), 266 (1.4) n.d.c

2e C6H12 382 (3.0), 365 (3.2), 298 (1.2), 281
(1.2)

411, 396
(0.29)

CHCl3 373 (2.9), 286 (1.1) 429 (0.16)
CH3CN 363 (2.9), 291 (1.1) 478 (0.062)

a Absorption maximum (kab) and extinction coefficient (e in dm3 mol�1 cm�1).
b Fluorescence emission maximum (kf) and quantum yield (Uf).
c Fluorescence was weak.
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(Uf) to be 0.12 and 0.15, respectively. This result indicates that the
introduction of a phenyl group instead of a tert-butyl group at C8
induces 20 nm red shifts of the lowest energy absorption and fluo-
rescence emission bands. Thus, the expansion of the p-electronic
conjugation at C8 of the APB skeleton effectively modulates the
spectroscopic characteristics. Another phenyl substitution effect
appears to be an increase of the extinction coefficient of the lowest
energy absorption band compared to that of 2a. The absorption
maxima (kab) and the kf values of 2a, 2c, and 2d indicate a slight
dependency on solvent polarity,10 whereas the Uf value of 2c in
acetonitrile and that of 2d were less than 0.01. On the other hand,
4-methoxyphenyl derivative 2e showed fluorescence solvatochro-
mism (Fig. 3). Although the lowest energy absorption bands of 2e
showed a small solvent-dependent variation at around 370 nm,
the kf value of 2e was red shifted with increased solvent polarity.10

This result indicates that the ICT character of the excited singlet
state of 2e is much greater than that of the ground state.

To better understand the observed structural and spectroscopic
properties of the APB derivatives (2), DFT and time-dependent (TD)
DFT calculations on 2 and amidopyrazines 1a and 1c were con-
ducted at the B3LYP/6-31G(d) level (Table 2).11–14 Optimized struc-
ture of 2a was very similar to the X-ray crystal structure of 2a,
whose boron-containing ring is bent. The HOMO and LUMO levels
of 2a and 2c were lower than those of 1a and 1c, indicating that the
electron-accepting character of the APB derivative is greater than
that of the corresponding amidopyrazine. Although the excitation
wavelengths (kex) calculated for 2 were predicted to be shorter
than their kab values observed in cyclohexane, the relative differ-
ences in the kex and kab values among 2a and 2c–e agree well with
each other. The finding that the oscillator strength (f) of 2c is great-
er than that of 2a also matches the difference in the e values of the
lowest energy absorption bands of 2a and 2c. Figure 4 shows the
electron distribution of the HOMOs and LUMOs of 2c and 2e. While
the HOMO and LUMO densities of 2c are located on the APB skel-
eton, the HOMO and LUMO densities of 2e are mainly localized
on the 4-methoxyphenyl moiety and the APB skeleton, respec-
tively. This result supports the premise that the excited singlet
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Figure 3. UV–vis absorption spectra (A) and fluorescence spectra (B) of 2e in
cyclohexane (a), chloroform (b), and acetonitrile (c) at 25 �C.

Table 2
HOMO and LUMO and vertical wavelengths (kex) and oscillator strengths (f) for the
allowed transitions to the excited singlet states with the lowest excitation energies
for 1 and 2 obtained by DFT and TDDFT calculations at the B3LYP/6-31G(d) level

Compound HOMO/eV LUMO/eV kex/nm f

1a �6.41 �1.31 263 0.12
1c �6.55 �1.50 271 0.28
2a �7.14 �2.58 301 0.18
2c �6.76 �2.64 333 0.42
2d �7.15 �3.08 334 0.62
2e �6.24 �2.47 363 0.44
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Figure 4. Frontier orbitals of 2c and 2e obtained by DFT calculations at the B3LYP/
6-31G(d) level.

S. Hachiya et al. / Tetrahedron Letters 51 (2010) 1613–1615 1615
state of 2e exhibits charge transfer from the 4-methoxyphenyl
moiety to the APB skeleton.

In conclusion, we successfully prepared a new boron-containing
fluorophore, APB 2, by applying the conventional method for pre-
paring BODIPY to amidopyrazine 1. APB 2 is more fluorescent than
the corresponding precursor 1, and the fluorescence property of 2
was modulated by a substituent at C8. In particular, 4-methoxy-
phenyl derivative 2e showed fluorescence solvatochromism. Fur-
ther studies to reveal the redox property of APB and to modify
APB for finding new light-emitting characters are now in progress.
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