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ABSTRACT: A facile synthetic route to a new class of near-
IR f-thiophene-fused BF,-azadipyrromethenes (aza-BDTPs) is
presented. Sharp absorption and fluorescence emission bands
at around 800 nm were observed for these highly photostable
aza-BDTPs, with a large absorption coefficient and very low
absorptions in the visible range from 700 to 380 nm.
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N ear-infrared (NIR) dyes that absorb and/or emit light in
the region ranging from 700 to 2000 nm have found
diverse applications in medicine and material science, as
noninvasive bioimaging,' photodynamic, photothermal ther-
apy,” photovoltaic, optoelectronics, and laser optical recording.®
BF,-azadipyrromethenes (aza-BODIPYs)*® have recently re-
ceived much attention due to their remarkable photochemical
properties, especially their longer wavelength absorption and
emission properties in comparison to those of BODIPY
analogues.{’_8 For example, the parent aza-BODIPY A (Figure
1) absorbs and emits at 650 and 682 nm in chloroform,
respectively.

Various elegant approches have been adopted to move the
spectra further into the NIR range include the following: (1)
the installation of electron-donating groups and/or additional
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Figure 1. Representative examples to move the absorption and
emission bands of aza-BODIPYs further to the NIR spectral range.
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aromatic groups to the 3,5-aryls of the chromophore;>>'° (2)
the fusion of aromatic rings onto the 1,2-positions of pyrrolic
ring, as demostrated by the alfa-benzene-fused aza-BODIPY
B;'' and (3) the rigidification of 3,5-aryls via either the
installation of a six-member ring onto the 2,3-positions of
pyrrolic structure as demostrated by aza-BODIPY C'* or the
B—O chelation as demonstrated by aza-BODIPY D."* By
“hybridizing” these approaches, herein, we report a set of f-
thiophene-fused aza-BODIPYs (aza-BDTPs), in which the
substituted thiophene rings were fused onto the 2,3-positions of
the pyrrolic structure of the chromophore. We anticipate these
aza-BDTPs as a novel NIR platform would move the
absorption bands further to approximately 800 nm.

These aza-BDTPs were synthesized from thienopyrrole 1
(Scheme 1). Regioselective and stepwise bromination of 1 with
a suitable amount of bromine gave the corresponding
dibromothienopyrrole 2a (2 equiv of Br,) and tribromothieno-
pyrrole 2b (3.5 equiv of Br,) in 96% and 87% yields,
respectively. This regioselective bromination of 1 was also
confirmed by the crystal structures of their subsequent reaction
products 3a and 3c (Figure S1, Supporting Information),
obtained from the Suzuki—Miyaura cross-coupling reactions of
2 and corresponding aryl boronic acids. Upon basic hydrolysis,
compounds 3 were smoothly converted to the key synthetic
precusors 4a—d in high yields. Condensation of 4a—d with
sodium nitrite in acetic acid and the subsequent BFj;
complexation using literature methods'” smoothly generated
the target aza-BDTPs Sa—d in a one-pot fashion in 54—65%
yields. These resultant aza-BDTPs were fully characterized by
NMR and HRMS.

These aza-BDTPs 5 were prepared without resorting to
complicated purification processes such as chromatography
separation, except for the Suzuki—Miyaura cross-coupling
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Scheme 1. Syntheses of aza-BDTPs Sa—5d
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products which also only need to pass through a short pad of
silica gel. For all the other steps, only workup and
recrystallization were required to afford compounds pure
enough for NMR spectroscopic analysis. It is worth noting
that, for the successful condensation of thienopyrrole 4 with
with sodium nitrite in acetic acid, the presence of the 4-aryl
group on thienopyrrole 4 (1,7-phenyls of the corresponding
aza-BDTPs, Pc rings) is essential. Our initial attempts to
condense both 4-unsubstituted thienopyrrole 4e and tribromo-
thienopyrrole 7 with sodium nitrite in acetic acid failed
(Scheme S1, Supporting Information).

Single crystals of aza-BDTPs Sc (Figure 2), 5d (Figure 3)
and thienopyrroles 3a, 3¢ (Figure S1, Supporting Information)
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Figure 2. X-ray structures of aza-BDTP Sc. C, light gray; H, gray; N,
blue; B, dark yellow; F, green; S, yellow; O, red. Methoxy groups and
hydrogen atoms have been removed in both side and front views for

clarity.

suitable for X-ray analysis were obtained from the slow
evaporation of their corresponding dichloromethane solutions.
The planar thienopyrrole planes were observed for all these
compounds. An increase of the dihedral angle defined by the
substituted phenyl rings (P, — P,) and the thienopyrrole planes
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Figure 3. X-ray structures of aza-BDTP 5d. C, light gray; H, gray; N,
blue; B, dark yellow; F, green; S, yellow. tert-Butyl groups and
hydrogen atoms have been removed in both side and front views for

clarity.

was observed with the installation of additional phenyls (P,)
(Table S1, Supporting Information). For example, the dihedral
angle between the phenyl group (P,) and the thiophene ring is
5.3° in 3a. This increases to 31.5° in 3¢ with the installation of
additional phenyls (P,), which itself has a dihedral angle of
57.6° formed with the thiophene ring. The conversion of 3¢ to
the target aza-BDTP Sc has little influence on these dihedral
angles. Consequently, similarly large dihedral angles between
the phenyls and the thiophene ring were observed in aza-BDTP
Sc. These large dihedral angles combined with the possible
steric hindrance effect from tert-butyl groups may be
responsible for the good solubility of aza-BDTPs Sb and 5d
in most of the common organic solvents studied.

Aza-BDTPs Sb and 5d have a very small pyrrole—pyrrole
dihedral angle (<S5.6°) and thiophene—thiophene dihedral
angle (<5.2°). This indicates that the installation of thiophenes
and the associated substituted phenyls to the aza-BODIPY core
cause no structural disruption of the planar core structure. This
nearly planar aza-BDTP core results in the the 7-conjugation
being well extended and is predominantly responsible for the
observed optical properties. Multiple intramolecular and
intermolecular C—H---F hydrogen bonds between F atoms
and various hydrogen atoms are formed due to the strong
electron negativity of the F atom. These strong intermolecular
hydrogen bondings also help the establishment of the crystal
packing structure (Figure S2, Supporting Information) and
make these aza-BDTPs nearly parallel to each other in a head-
to-tail orientation.

Intense and sharp absorption bands were observed for aza-
BDTPs 5 (Figure 4a). For example, in chloroform, aza-BDTP
Sa has a strong absorption at 788 nm with a large absorption
coefficient (¢ = 170 000 cm™ M™) and a full width at half-
maximum (fwhm) of 45 nm (Table 1). In comparison with that
of simple aza-BODIPY A, there is a 138 nm bathochromic shift
and a nearly 2-fold increase in the absorption coeflicient. In
comparison with those reported for NIR aza-BODIPYs B, C,
and D, aza-BDTP 5a also shows a 69, 48, and 23 nm red shift of
the absorption maximum, respectively. This strong absorption
band close to 800 nm and very low absorptions in the visible
light region ranging in wavelength from 700 to 380 nm mdlcate
that aza-BDTP Sa may be used as a selective NIR absorber,"*
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Figure 4. Normalized UV—vis (a) and fluorescence (b) spectra of aza-
BDTPs Sa (black), 5b (red), Sc (blue), Sd (magenta) in chloroform.

S6, Supporting Information) were observed, which may
indicate that the permanent dipole moments for Sc are similar
in the ground and excited states."®

The molecular orbital calculations for these compounds on
the density functional theory (DFT) level using a B3LYP/6-
31G basis set were performed on Sc. The LUMO distribution
of 5¢ was donated by all atomic orbitals in the aromatic rings
except two phenyls (P,), while contributions to the HOMO
distribution were mainly from the aza-BODIPY core (Table S6,
Supporting Information). Intramolecular charge transfer (ICT)
from the aza-BODIPY core to the orbitals of four phenyls (P,
and P.) was possible in Sc, which could partly explain their low
fluorescence quantum yields, but the intramolecular C—Ar (P,,
P,, and P, rings) rotations and the heavy-atom effects from
sulfur atoms may also be possible. The fluorescence decay
histograms of aza-BDTPs $ all fitted with a single exponential
function (Figures S8—S11, Supporting Information) with the
fluorescence lifetimes 7 vary between 1.18 and 1.69 ns in
chloroform (Table 1). Nevertheless, the nonradiative deactiva-
tion processes are favored for 5 with the values of k,, ranging
from 0.52 X 10° s to 0.81 X 10° s™" in chloroform.

The photostabilities of aza-BDTPs Sa—d in toluene were
measured by continuous irradiation with a Xe lamp (500 W). In
comparison with a well-known commercial NIR dye ICG in
DMSO, these aza-BDTPs § show excellent photostability
(Figure S) during the period of strong irradiation (26 min):
more than 98% of the amount of aza-BDTP Sb remained, while
only 83% of ICG remained under the same conditions.

Table 1. Photophyscial Properties of aza-BDTPs 5 at Room
Temperature in Chloroform

(fﬁ‘iin)ﬂ/ (fiii"m)b/ - “ KRR
dyes nm nm (em™ M) ¢° (ns) (109s_r1)
Sa 788 (45) 814 (40) 170000 010 169  0.06/0.53
Sb 767 (42) 793 (48) 223900 012 169  0.07/0.52
sc 784 (57) 816 (40) 182000 004 153  0.03/0.63
sd 767 (59) 807 (53) 144500 005 118  0.04/0.81
N 650 682 76600 0.34
“Full width at half-maximum height. YExcited at 730 nm.

“Fluorescence quantum yield was obtained using Indocyanine Green
as reference compound (¢ = 0.12 in DMSO); the standard errors are
less than 5%. “Fluorescence lifetime; standard derviations are less than
0.04 ns. °K; = ¢/1, K, = (1 — ¢)/7./Data reported in ref 4a.

finding great applications in the NIR laser welding of
transparent polymers.

A sharp fluorescence emission maximum (fwhm = 40 nm) of
aza-BDTP Sa appears at 814 nm (Figure 4b) with an acceptable
fluorescence quantum yield (¢ = 0.10 in chloroform),
comparable to that of commercial available ICG. The increases
of the absorption fwhm and the decreases of the fluorescence
quantum yields were observed from Sa, Sb to Sc, 5d
respectively (Table 1), correlated with the further installation
of phenyls (P,) to the thiophene ring. Spectral shifts were
observed for aza-BDTPs S with the variation of solvent
polarities. For example, the absorption and emssion bands for
aza-BDTP Sc were red-shifted from 785 and 813 nm to 799
and 827 nm respectively, when the solvent was changed from
toluene to DMSO (Table S2, Supporting Information). A small
solvent dependence of the Stokes shifts (Table S4, Supporting
Information) and an unsatisfactory correlation coefficient in the
Lippert—Mataga plot of aza-BDTP Sc in 12 solvents (Figure
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Figure 5. Comparison of the photostabilities of aza-BDTPs (5 x 107
M) Sa (organe), 5b (yellow), Sc (blue), 5d (red) in toluene and ICG
(3 X 1075 M, balck) in DMSO under continuous irradiation with a 500
W Xe lamp; 28 mW cm™% 20 °C.

In conclusion, we have synthesized a set of aza-BDTPs with
strong and sharp absorption at around 800 nm, very low
absorptions in the visible light region ranging from 700 to 380
nm, and a comparable fluorescence yield to that of comercial
available ICG, without resorting to complicated purification
processes. The highly favorable photophysical properties and
efficient synthesis warrant further applications of these dyes in
biotechnology and material science.
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Experimental details, NMR, additional photophysical data, and
CIF files. This material is available free of charge via the
Internet at http://pubs.acs.org.
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