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/Abstract: Several carbazole-based boron dipyrromethene
(BODIPY) dyes were synthesized by organometallic ap-
proaches. Thiazole, benzothiazole, imidazole, benzimidazole,
triazole, and indolone substituents were introduced at the 1-
position of the carbazole moiety, and boron complexation of
each dipyrrin generated the corresponding compounds 1,
23, and 3-6. The properties of these products were investi-
gated by UV/Vis and fluorescence spectroscopy, cyclic vol-
tammetry, X-ray crystallography, and DFT calculations. These

\compounds exhibited large Stokes shifts, and compounds 1,

2a, and 3-5 fluoresced both in solution and in the solid\
state. Complex 2a showed the highest fluorescence quan-
tum vyield (@) in the solid state, therefore boron complexes
of the carbazole-benzothiazole hybrids 2 b-f, which had sev-
eral different substituents, were prepared and the effects of
the substituents on the photophysical properties of the
compounds were examined. The fluorescence properties
showed good correlation with the results of crystal-packing
analyses, and the dyes exhibited color-tunable solid-state
fluorescence.

)

Introduction

Boron dipyrromethene (BODIPY) and its related BF, complexes
have received considerable attention because of their high
molecular coefficients and @&; values, good thermal- and
photo-stability, and versatile functionality." Such properties
allow these dyes to be applied as fluorescent probes and sen-
sors, as well as in biolabeling. To date, various BODIPY deriva-
tives and congeners have been synthesized, including periph-
erally functionalized and core-modified compounds. For exam-
ple, the fusion of a benzene, furan, or thiophene unit with the
BODIPY skeleton results in expanded s conjugation.” Aza-
BODIPYs, in which the meso-bridged atom is replaced with a ni-
trogen atom, exhibit redshifted absorption and emission spec-
tra relative to the spectra of regular BODIPYs.”! Despite their
intense fluorescence in solution, most BODIPYs exhibit fluores-
cence quenching in the solid state.”

Carbazole derivatives have also been extensively studied as
potential electron conductors, catalysts, sensors, and biologi-
cally active alkaloids.” A carbazole is simply a benzene-fused
pyrrole, therefore incorporation of a carbazole unit into fused
porphyrinoids presents interesting possibilities.* We have
previously investigated the synthesis and photophysical prop-
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Scheme 1. Synthesis of carbazole-based BODIPYs.

(Bpin), = bis(pinacolato)diboron, cod = 1,5-cyclooctadiene, dtbpy =4,4"-di-
tert-butyl-2,2"-dipyridyl, XPhos = 2-dicyclohexylphosphino-2',4',6"-triisopropyl-
biphenyl.

R

erties of carbazole-based porphyrinoids and recently reported
the facile synthesis of carbazole-based BODIPYs (Scheme 1).”
Various substituents could be introduced onto the carbazole
moiety and efficient substituent effects were confirmed. How-
ever, these carbazole-based BODIPY dyes showed extensive
fluorescence quenching due to intramolecular charge transfer
(ICT). To develop fluorescent dyes, new carbazole-based BODI-
PYs were designed in the present work (Figure 1). Here, a thia-
zole, benzothiazole, imidazole, benzimidazole, 1,2,3-triazole, or
indolone moiety was attached at the 1-position of the carba-
zole and the BF, complexes 1, 2a, and 3-6 were subsequently
synthesized. These unsymmetrical BODIPYs exhibited large
Stokes shifts and several were fluorescent even in the solid
state. Herein, we report the synthesis and photophysical prop-
erties of these carbazole-based BODIPYs.

Results and Discussion

Scheme 2 outlines the synthesis of the new BODIPY derivatives
1-6. Thiazole substituents were introduced into the carbazole

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Structures of carbazole-based BODIPYs 1, 2a, and 3-6. Bn=benzyl.

skeleton by Ir-catalyzed borylation of 3,6-di-tert-butylcarbazole
(7a) then subsequent Suzuki-Miyaura coupling of the product
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Scheme 2. Synthesis of 1, 2a, and 3-6. NBS = N-bromosuccinimide, TBAF =-
tetrabutylammonium fluoride.
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with 2-bromothiazole or 2-bromobenzothiazole. Boron com-
plexation of the resulting dipyrrins 8 and 9a with BF;-OEt, pro-
vided the corresponding BODIPYs 1 and 2a, respectively. In
contrast, imidazole substituents were attached by Pd-catalyzed
direct arylation of 1-bromo-3,6-di-tert-butylcarbazole (10),
which was prepared by bromination of 7a with N-bromosucci-
nimide (NBS). The reaction of 10 with 1-methylimidazole or 1-
methylbenzimidazole gave 11 and 12, which were subsequent-
ly converted into complexes 3 and 4, respectively. We intro-
duced 1,2,3-triazole and indolone substituents by a cyclization
strategy. 3,6-Di-tert-butyl-1-ethynylcarbazole (13) was prepared
by Stille coupling of 10 and subsequent TMS deprotection.
The click reaction of 13 with benzylazide and subsequent
boron complexation of triazolylcarbazole 14 provided 5. An in-
dolone moiety was introduced by Sonogashira coupling of 13
with 2-iodoaniline to generate 15, followed by Znl,-catalyzed
cyclization of 15 to provide indolylcarbazole 16. Oxidation of
16 afforded 17,"% and finally boron complexation of 17 gave
6. In this manner, BODIPYs 1, 2a, and 3-6 were prepared and
then fully characterized by both NMR and mass spectroscopy.
Single crystals of 2a, 3, and 4 suitable for X-ray diffraction anal-
ysis were also prepared: the X-ray crystal structures of these
products unambiguously confirmed the BODIPY skeletons
(Figure 2)."

The UV/Vis absorption and fluorescence spectra of the
target compounds are shown in Figure 3 and the associated
data are summarized in Table 1. The absorption maxima were
redshifted in the following order: 5<3<4<1<2a<6. Thus,
the absorption of thiazole-appended compound 1 was red-
shifted relative to the absorptions of 3-5, whereas benzothia-
zole-appended complex 2a was even further redshifted and
was also intensified absorption. Time-dependent DFT calcula-
tions suggested that the main absorption bands at 12400
and 300 nm may be assigned to the HOMO-LUMO and
HOMO—2-LUMO transitions, respectively, whereas the
HOMO—1-LUMO transition generates a somewhat weaker
band (Figure S26 in the Supporting Information). Unlike 1, 2a,
and 3-5, 6 generated a broad absorption spectrum that
stretched to the NIR region, which suggests the presence of
ICT. Complexes 1, 2a, 3, and 4 exhibited fluorescence with
moderate-to-high @; values, whereas the fluorescence of 5
was weak and that of 6 was significantly quenched (Fig-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. X-ray crystal structures and crystal packing of a) 2a, b) 3, and ) 4.
Hydrogen atoms are omitted for clarity. The thermal ellipsoids are drawn at
the 50% probability level. Interplanar distances are shown between the
mean planes of the molecules, excluding the peripheral substituents and
the two fluorine atoms.
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Figure 3. a) UV/Vis absorption spectra of 1-6 in CH,Cl, and b) fluorescence
spectra in CH,Cl, (dotted line) or in the solid state (solid line). c) Photograph-
ic images of the powdered compounds under black light (1 =365 nm).

ure 3b)."? These dyes were also observed to fluoresce in the
solid state, and the @ of 1, 2a, and 3-5 for solid-state fluores-
cence were all greater than 0.13. Among these compounds, 2a
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Table 1. Selected photophysical properties of the carbazole-based BODIPYs
in solution in CH,Cl, or in the solid state.

Compound A, 1.7 Avgl? @ Apowder  Dr
[nm] [nm] [ecm™"] (CH,Cl,) [nm] (powder)

1 436 5139 3440 0.334 5309 0.165
2a 458 534¢ 3110 0320 5429 0.214
3 394 4279 1960 0424 428" 0.130
4 419 477'9 2900 0.547 4789 0.141
5 382 4779 5210 0.074 4319 0.150
6 663 793" 2470 <0.001 -0 -

[a] Absorption wavelength. [b] Emission wavelength. [c] Stokes shift. [d] Ex-
cited at 1=420 nm. [e] Excited at A=450 nm. [f] Excited at 4=360 nm.
[g] Excited at A =380 nm. [h] Excited at A =660 nm. [i] Not detected.

had the highest value in the solid state (@ (powder)=0.214).
The fluorescence maxima of 1 and 2a in the solid state were
redshifted compared to those in solution, which suggested J-
type packing of these two products™ Indeed, the crystal
packing of 2a was confirmed to have a J-type arrangement,
with an interplanar distance of 3.67 A and a zigzag pattern
(Figure 2a). This type of packing in conjunction with a large
Stokes shift tends to minimize self-absorption (self-quen-
ching),2¢-e4 1413 which leads to the relatively strong fluores-
cence of 2a in the solid state. In contrast, the fluorescence
maxima of 3 and 4 were not shifted, which indicated that J-
type interactions were not dominant for these compounds.
The @; values of 3 and 4 in the solid state were much lower
than those in solution. Interestingly, the @, value of 5 in the
solid state was 0.150, which is higher than the value measured
in solution (@¢(CH,Cl,)=0.074). This effect most likely results
from the flexible benzyl moiety, which accelerates nonradiative
deactivation in solution but not in the solid state. In addition,
the large Stokes shift of 5 reduces self-absorption, and there-
fore aggregation-induced emission enhancement is ob-
served."

The redox potentials (Eequction aNd Eoyidation), Of 1, 2@, and 3-6
were determined by cyclic voltammetry (Table 2, and Fig-
ure S28 in the Supporting Information). The thiazole-appended
compound 1 showed higher potentials than 3-5, whereas 2a
and 6 generated even higher potentials than 1. The associated
electrochemical HOMO-LUMO gaps (AEq,) are in good agree-

Table 2. Electrochemical properties.?

Compound Erea [V] Ex IVl  AEq VI AE V] AEper [VI®!
1 —2.087  0.831 2914 2.84 3.12
2a -1.859 0932 2.791 2.71 3.07
3 —td 0.770 e 3.15 3.64
4 —2.341 0.808 3.149 2.96 3.37
5 - 0.716 d 3.25 3.60
6 —0665  1.073 1.738 1.87 2.12

[a] Determined by cyclic voltammetry; solvent: CH,Cl,, supporting elec-
trolyte: Bu,NPF4 (0.10 m), reference electrode: Ag/Agt, scan rate: 0.1 Vs,
[b] Calculated at the B3LYP/6-31G* level. [c] Not detected. [d] Not calcu-
lated.
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ment with the absorption spectroscopy results (AE,,) and with
the calculated values (AEye). The HOMO-LUMO gap for 6 is
notably narrow because 6 showed an exceptionally redshifted
absorption.

DFT calculations were performed to examine the electronic
states of the HOMOs and LUMOs of 1, 2a, and 3-6
(Figure 4)."" The HOMOs exhibit large electronic coefficients

Figure 4. HOMO (bottom) and LUMO (top) of a) 1, b) 2a, ¢) 3, d) 4, e) 5, and
f) 6, calculated at the B3LYP/6-31G* level.

on the carbazole moieties, whereas the LUMOs show large
electronic coefficients on each heterocycle. In fact, these latter
coefficients are remarkably high in the case of 5 and 6 (Fig-
ure 4e and f). This result, as well as the broad absorption spec-
trum of 6, suggests that the fluorescence quenching observed
for 6 is due to ICT from the carbazole moiety to the indolone
moiety.”> 8!

Because 2a showed both a redshifted absorption and rela-
tively high @; values both in solution and in the solid state,
we decided to synthesize the BF, complexes of carbazole-ben-
zothiazole hybrids to generate 2b-f and examine the substitu-
ent effects (Scheme 3). Compounds 2b-f were synthesized
from 7b-f, respectively, by sequential Ir-catalyzed borylation,
Suzuki-Miyaura coupling, and boron complexation.

The photophysical properties of 2a—f are presented in
Figure 5 and summarized in Table 3. Compound 2d, which

R 1. (Bpin), BF3+OEt,
EtsN

[IOMe)(cod)l, R
dtbpy CH,Cl,

THF or dioxane, reflux rt O
NH S

2 S or R 0
"Br iProNEt Q N N
O _<\NI> toluene \B/
° VAN
R 7at  [pa(pphy) s0°c FOF
Cs,CO3 2a:R=1Bu (25%) 2d:R=CF;3(13%)
CsF 2b: R = OMe (30%) 2e: R =Ph (19%)
toluene/DMF 2c: R=H (27%) 2f: R = Mes (24%)
90 °C

Scheme 3. Synthesis of 2a-f. Mes =mesityl.

Chem. Eur. J. 2016, 22, 7508 - 7513 www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper
a)
i
'TZ
“o
¥
[
600
wavelength / nm

b)

S

©

600 800

Figure 5. a) UV/Vis absorption spectra of 2a-f in CH,Cl, and b) fluorescence
spectra in CH,Cl, (dotted line) or in the solid state (solid line). c) Photograph-
ic images of the various powdered samples under irradiation by

a A=365nm lamp.

Table 3. Selected photophysical properties of the carbazole-based BODI-
PYs 2a-f in solution in CH,Cl, or in the solid state.

Com pou nd labs }“em AVS( (DF A’powder d)F
[nm] [nm] [em™] (CH,CL,) [nm] (powder)

2a 458 5342 3110 0.320 542 0.214
2b 495 579%" 3010 0.008 651" 0.027
2¢ 440 5109 3120 0.380 5754 0.158
2d 420 4839 3110 0.296 4859 0.119
2e 469 540° 2800 0.205 573 0.106
2f 457 529 2980 0.358 560 0.248

[a] Excited at A=450 nm. [b] Excited at 1=490 nm. [c] Excited at 1=

430 nm. [d] Excited at =380 nm.

7511

contains an electron-withdrawing group, had a blueshifted ab-
sorption band, whereas the compounds with electron-donat-
ing or aryl groups exhibited redshifted absorption and fluores-
cence bands in solution. The methoxy-substituted product 2b
was redshifted the furthest, although its fluorescence intensity
was very weak, most likely due to ICT. For the other complexes
@ (CH,Cl,)=0.2-0.4 D¢ (powder)=0.1-0.25. Both 2a and 2f
showed stronger fluorescence in the solid state than the other
complexes studied, presumably because they contain larger
substituents that reduce intermolecular interactions.'” The
solid-state fluorescence bands of 2f and 2a were redshifted
relative to the bands observed in solution, which suggests J-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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type packing. The fluorescence maximum of 2d was not shift-
ed and its solid-state @, was low, similar to the results ob-
tained for 3 and 4. It is noteworthy that 2c generated the
most highly redshifted fluorescence band in the solid state,
which suggests the formation of an excimer.

Single crystals of 2c and 2e were obtained and their struc-
tures were elucidated by X-ray diffraction (Figure 6)."" In their

; f 3.67 A

IS 38 A

w—-«;%—w

a-—#
3.41A

=3
343 A

Figure 6. Crystal packing of a) 2c and b) 2e. Hydrogen atoms are omitted
for clarity. The thermal ellipsoids are at the 50% probability level. Interplanar
distances are shown between the mean planes of the molecules, excluding
the peripheral substituents and the two fluorine atoms.
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cence properties were consistent with the results of crystal-
packing analyses, and these compounds exhibited color-tuna-
ble solid-state fluorescence. The further development of carba-
zole-based fluorescent dyes is currently underway in our labo-
ratory.
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