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Synthesis and photophysical properties of cyano and ethynyl substituted carbazole-based

DOI: 20.1039/x0xx00000% porphyrins were investigated. The introduction of ethynyl groups induced red shifts, while that
of cyano groups induced blue shifts of their absorption bands, which was supported by MO
calculations. Ethylenedioxy-appended porphyrins were also prepared via coupling reaction.
The conjugated and electronic substituent effects on the photophysical properties of the
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carbazole-based porphyrins have been -elucidated by both experimental results and
calculations. Among these porphyrins, the ethylenedioxy-appended selenaporphyrin displayed
the intensified and red-shifted absorption in the NIR region up to 1178 nm.

Introduction

The chemistry of porphyrins have been studied in light of
photosynthesis, and also applications to photovoltaic cells, sensings, Bu Bu fBu Bu
and catalyses.' Both peripheral and core modifications of porphyrin O O O O
skeleton are intriguing because they can change porphyrin properties
dramatically. In the former case, the electronic properties are
effectively perturbed by the introduction of various substituents or C O O O
by the fusion of additional aromatic rings to porphyrin periphery.”
Addition of proper functional groups allows the construction of BY Bu Bu Bu
porphyrin assembly’ as well as the applications to dye-sensitized R R R R
solar cells,® liquid crystalline materials,” and so on. In the latter case, 1R=H) 5(
the inner nitrogen atoms are replaced with other atoms, and the 2(R= C—CTMS) 6(R = C_CTMS)
electronic and electrochemical properties and coordination abilities 3(R=C=N) 7(R=C=N)
of the porphyrin base system can be changed.®® 4 (R = -OCH,CH,0-) 8 (R = -OCH,CH,0-)
Carbazole based materials have also been extensively studied
from the view point of electron conductors, catalyses, sensors, and
biologically active alkaloids.'® Since carbazole is simply a benzene-
fused pyrrole, the incorporation of carbazole units into fused
porphyrins represents interesting possibilities.'™"® We recently
reported the synthesis of carbazole-based porphyrins 1 and 5, which
exhibit distinct aromaticity as well as near-infrared (NIR) absorption
at 1049 and 1089 nm, respectively due to the quadruple benzo-
fusions (Fig. 1)."**® The n-electrons are well delocalized over the
macrocycles so that the addition of various substituents to these
porphyrins is seen as means to further modify their optical and
electronic properties. Herein, we report the peripheral cyanation and
ethynylation of the porphyrins 1 and 5. We also prepared
ethylenedioxy-appended porphyrins as the compound having
electron-donating groups for comparison. Conjugated and electronic
substituent effects on the photophysical properties of the
macrocycles have been investigated by means of absorption
spectroscopy and MO calculations.

Fig. 1 Structures of the carbazole-based porphyrins 1-8.

Results and discussion

The synthesis of 2 was reported previously.'*® The synthesis
in this work is shown in Scheme 1. Tetracyanated isophlorine
10 was obtained in 21% yield from tetrabrominated compound
9 with CuCN. High-resolution matrix-assisted-laser-desorption-
ionization time-of-flight (HR-MALDI-TOF) mass spectral data
showed the parent ion peak of 10 at an m/z value of 817.317
(caled. for Cs,HysNgS, [M—H] = 817.315. Slow diffusion of
heptane vapour into a dichloromethane solution of 10 resulted
in the formation of well-defined crystals. X-ray diffraction
analysis unambiguously demonstrated the structure of 10,
confirming the presence of four cyano groups at the thiophene
moieties (Fig. 2a).i We then tried the oxidation of 10. Vivid
colour change has been observed when MnO, has been added
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to a solution of compound 10 in CH,Cl,. The MALDI-TOF
mass spectral data of the green solution detected the parent ion
peak of 3 at an m/z value of 816.306 (calcd. for Cs,HyyNgS,
[M]™ = 816.307. In addition, the absorption spectrum of the
solution exhibited similar Q-like bands with 1 and 2 as
described later. These results strongly suggested the generation
of 3. After the solution was evaporated, however, no soluble
products were obtained probably due to aggregation of the
product.'* Similarly, cyanation of  tetrabrominated
selenaporphyrinoid 11 and subsequent oxidation of 12 also
confirmed the generation of cyanated selenaporphyrin 7. On the
other hand, trimethylsilylethynyl-substituted selenaporphyrin 6
was obtained through the Stille coupling reaction of 11,
followed by MnO, oxidation of 13 in moderate yields. The 'H
NMR spectrum of 6 exhibits down field shifts for the peripheral
protons, indicating diatropic ring current in 6. Additionally, we
prepared carbazole-based porphyrins 4 and 8 bearing electron-
donating groups in order to examine the electronic substituent
effects. The Suzuki—Miyaura coupling reaction of 1,8-diboryl-
3,6-di-tert-butylcarbazole and 2,5-dibromo-3,4-
ethylenedioxythiophene provided isophlorine 14 in 9.2% yield.
The structure of 14 was confirmed by X-ray diffraction analysis
(Fig. 2b).1 The subsequent oxidation afforded ethylenedioxy-
appended carbazole-based thiaporphyrin 4. Corresponding
selenaporphyrin 8 was also prepared similarly.
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Scheme 1 Synthesis of 3, 4 and 6-8.

Fig. 2 X-ray crystal structures of (a) 10 and (b) 14: top view and side
view. Hydrogen atoms except for NH protons are omitted for clarity.
The thermal ellipsoids were at the 50% probability level.

The UV/vis/NIR absorption spectra of 1-8 are shown in Fig.
3. Similar to 1 and 2, the spectrum of 3 showed the intensified
Q-like bands in the NIR region. Interestingly, the longest
wavelength band of 3 (973 nm) was blue shifted in comparison
to the equivalent band of 1 (1049 nm) although the cyano
groups were introduced into the conjugated macrocycle.” In
the case of the selenaporphyrins 5-7, likewise, the introduction
of ethynyl groups induced a red shift, while that of cyano
groups induced a blue shift of the bands. The ethylenedioxy-
appended porphyrins 4 and 8 showed more red-shifted
absorption bands (1121 and 1178 nm). Notably the absorption
maximum of 8 is the longest wavelength in the carbazole-based
porphyrins in neutral state.'® Thus effective substituent effects
are observed by both electronic and conjugated substituents.
The oxidation potentials and reduction potentials of 6 were
subsequently investigated by cyclic voltammetry. The
voltammogram of 6 revealed reduction wave at —0.335 and —
0.679 V, and oxidation waves at 0.569 and 1.009 V, resulting in
a even smaller electrochemical HOMO-LUMO gap of 0.904
eV than those of 1 or 2 or § (ESI).

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 UV/vis/NIR absorption spectra of (a) 1-4, and (b) 5-8 in CH,Cl,. The
spectra of 3 and 7 were normalized. Calculated oscillator strengths of 1-3
were inserted in the spectra.

DFT calculations of 1-4 were performed at the B3LYP/6-
31G* level to discuss the electronic properties (Fig. 4)."” The
energy levels of 3 are highly stabilized by the electron-
withdrawing cyano groups as compared to those of 1 and 2.
Curiously, the calculated HOMO-LUMO gap of 3 is smaller
than those of 1 and 2 against the result of absorption
spectroscopy. In sharp contrast, the gap between the HOMO-1
and LUMO of 3 is larger. In order to explain the conflict
between the results of absorption spectroscopy and the
calculations, excited energy of 1-3 were calculated at CNDO/S
method by using MOS-F (Fig. 3a). The obtained results were
good agreement with the absorption spectra. The longest
absorption bands (1000-1100 nm) are related to the transitions
dominantly from the HOMO-1 which possesses a;, orbital to
the LUMO, while another Q-like bands around 800—900 nm are
attributed to the transitions dominantly from the HOMO which
possesses a,, orbital to the LUMO. Consequently, the
stabilization of the HOMO-1 results in the blue-shifted
absorption in 3. The smallest gap between the HOMO-1 and
LUMO of 4 also supports the proposed transitions.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Molecular orbital diagrams of (a) 1, (b) 2, (c) 3, and (d) 4
calculated at the B3LYP/6-31G* levels.

Conclusions

In summary, carbazole-based chalcogenaporphyrins bearing
cyano and ethynyl groups on their thiophene or selenophene
moieties have been synthesized. The effects of substituents
attached to the macrocycles have been confirmed by both
experimental studies and theoretical calculations. The
introduction of ethynyl groups induced red shifts, while that of
cyano groups induced blue shifts of the longest absorption
bands, which was supported by the excited-energy calculations.
In addition, ethylenedioxy-appended porphyrins 4 and 8 were
also prepared. As a result, both electronic and conjugated
substituent effects on the photophysical properties of the
carbazole-based porphyrins have been observed. Especially, the
absorption maximum of 8 reached 1178 nm. Further
investigation concerning the synthesis and functionalization of
novel carbazole-based porphyrins are currently underway.

Experimental

General

'H and "*C NMR spectra were taken on a JEOL ECA-400 or
ECA-500 spectrometer, and chemical shifts were reported as
the delta scale in ppm as an internal reference (5= 7.260 for 'H
NMR, 77.00 for *C NMR, for CDCl;). UV/vis/NIR absorption
spectra were recorded on a JASCO V-650 spectrometer or on a
JASCO V-570 spectrometer. Mass spectra were taken on a
Bruker microTOF. Redox potentials were measured by cyclic
voltammetry method on an ALS electrochemical analyzer
model 6102B. X-ray data were taken on a Bruker APEX2 CCD
system with Mo-Ka radiation (A = 0.71073 A) or Rigaku
VariMax with Cu-Ko radiation (1 = 1.54187 A). Unless
otherwise noted, materials obtained from commercial suppliers
were used without further purification. Dry CH,Cl, and toluene
were distilled from CaH,.

Synthesis of 10: A dehydrated DMA (15 mL) solution of
9'3° (107 mg, 104 umol) and CuCN (369 mg, 4.12 mmol) was
heated at reflux for 5 days under Ar. After cooling to rt, the
mixture was diluted with CHCl;, washed with water, and
evaporated. The residue was separated over a silica gel column
with CH,Cl, as an eluent to give 10 (20.0 mg, 24.4 umol, 21%).
'"H NMR (CDCly) §=9.72 (s, 2H, NH), 8.15 (d, J = 1.5 Hz, 4H,
carbazole-H), 7.93 (s, 4H, carbazole-H), and 1.40 ppm (s, 36H,
-Bu); 3C NMR (CDCl;) § = 149.83, 144.92, 136.39, 125.21,
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123.65, 120.17, 113.24, 112.86, 109.08, 35.13, and 31.73 ppm;
HR-MS (MALDI): m/z = 817.3167. calcd for Cs,HysNgS,:
817.3153 [M—H]; UV/vis (CH,Cl,) Amax () = 309 (24800), 345
(28500), and 424 nm (20900 M 'ecm™).

Synthesis of 11: To a CH,Cl, (30 mL) solution of
selenophene-bridged carbazole dimer'*® (141 mg, 174 pmol)
was added CH,Cl, (30 mL) solution of NBS (152 mg, 856
umol) for 1 h, and the mixture was stirred for 16 h. After
passing through a silica gel column with CH,Cl,, evaporation
of the solvent provided 11 (117 mg, 104 umol, 60%). '"H NMR
(CDCl3) 6 = 9.15 (s, 2H, NH), 8.18 (d, J = 1.5 Hz, 4H,
carbazole-H), 7.89 (d, J = 1.5 Hz, 4H, carbazole-H), and 1.54
ppm (s, 36H, #Bu); *C NMR (CDCl;) & = 143.13, 137.90,
136.57, 124.47, 124.10, 118.09, 116.84, 115.66, 35.06, and
32.02 ppm; HR-MS (MALDI): m/z = 1128.8574. calcd for
C48H45N2562Br4: 1128.8611 [M*H]i, UV/vis (CHzClz) ﬂ'max (8)
=320 (26600) and 394 nm (17900 M'cm™).

Synthesis of 12: A dehydrated DMA (10 mL) solution of
11 (58.8 mg, 52.1 umol) and CuCN (474 mg, 5.33 mmol) was
heated at reflux for 5 days under Ar. After cooling to rt, the
mixture was diluted with CHCl;, washed with water, and
evaporated. The residue was separated over a silica gel column
with CH,Cl, as an eluent to give 12 (4.50 mg, 4.93 umol,
9.5%). '"H NMR (CDCl3) 6= 9.55 (s, 2H, NH), 8.15 (d, J=1.5
Hz, 4H, carbazole-H), 7.83 (s, 4H, carbazole-H), and 1.40 ppm
(s, 36H, -Bu); *C NMR (CDCl;) &= 157.03, 144.80, 137.13,
125.27, 122.83, 120.08, 115.44, 114.21, 111.03, 35.10, and
31.80 ppm; HR-MS (APCI): m/z = 913.2060. calcd for
CsyHysNgSey: 913.2054 [M-H]; UV/vis (CH,CL) Apax (8) =
281 (45300), 347 (17800), and 433 nm (17400 M'em™).

Synthesis of 13: A dry toluene (20 mL) solution of 11 (96.1
mg, 85.2 umol), Pdy(dba); (13.1 mg, 14.3 pmol), PPh; (28.1
mg, 107 pmol), and tributyl(trimethylsilylethynyl)tin (375 mg,
969 nmol) was degassed. The mixture was stirred at reflux for
14 h under Ar. After the solvent was evaporated, the residue
was separated over a silica gel column with CH,Cly/hexane as
an cluent to give 13 (56.6 mg, 47.2 pmol, 55%). '"H NMR
(CDCl3) 6 = 9.35 (s, 2H, NH), 8.16 (d, J = 1.5 Hz, 4H,
carbazole-H), 7.98 (d, J = 2.0 Hz, 4H, carbazole-H), 1.53 (s,
36H, #-Bu), and 0.17 ppm (s, 36H, TMS); '*C NMR (CDCl;) &
= 146.28, 142.86, 136.60, 125.96, 123.99, 123.68, 117.83,
117.45, 99.65, 97.74, 35.10, 32.14, and 0.11 ppm; HR-MS
(MALDI): m/z = 1198.3938. caled for CgHgoN,Se,Siy:
1198.3881 [M]"; UV/vis (CH,Cly) Amay (£) = 300 (42400) and
413 nm (13500 M'em™).

Synthesis of 6: To a dry CH,Cl, (100 mL) solution of 13
(44.2 mg, 36.9 pmol) was added MnO, (2.38 g), and the
resulting suspension was stirred. After 2 days, MnO, (1.38 g)
was added and the mixture was stirred for further 1.5 day. The
mixture was passed through a pad of Celite. Evaporation of the
solvent provided 6 (21.4 mg, 17.9 pmol, 49%). 'H NMR
(CDCl;) 6=10.60 (d, J = 1.5 Hz, 4H, carbazole-H), 8.77 (d, J =
1.5 Hz, 4H, carbazole-H), 1.82 (s, 36H, #-Bu), and 0.56 ppm (s,
36H, TMS); C NMR (CDCly) & = 151.92, 149.31, 147.82,
131.88, 128.74, 127.48, 123.16, 121.86, 106.19, 105.25, 36.62,
32.13, and 0.93 ppm; HR-MS (MALDI): m/z = 1196.3684.
calcd for CgHgoN,Se,Siy: 1196.3734 [M]; UV/vis/NIR
(CH,Cly) Amax (&) = 340 (34100), 392 (21100), 412 (22200),
459 (20100), 899 (22400), 980 (13600), and 1141 nm (44900
M em™).

Synthesis of 14: A toluene/DMF (20 mL/20 mL) solution
of 3,6-di-tert-butylcarbazole-1,8-diboronic acid pinacol ester''®
(339 mg, 638 pumol), 2,5-dibromo-3,4-cethylenedioxythiophene
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(191 mg, 637 umol), Pd(PPh;), (69.9 mg, 60.5 pumol), Cs,CO;
(630 mg, 1.93 mmol), and CsF (377 mg, 2.48 mmol) was
degassed. The mixture was stirred at 110 °C for 48 h under N,.
After cooling to rt, the mixture was diluted with CHCl;, washed
with water, passed through a silica gel column with CHCl;, and
evaporated. The residue was purified by GPC with CHCl; and
by a silica gel column with CHCls/hexane as an eluent to give
14 (24.5 mg, 29.3 umol, 9.2%). '"H NMR (CDCl;) 6= 10.39 (s,
2H, NH), 8.07 (s, 4H, carbazole-H), 7.98 (d, J = 1.2 Hz, 4H,
carbazole-H), 4.43 (s, 4H, CH,), and 1.54 ppm (s, 36H, #-Bu);
3C NMR (CDCl;) §= 142.65, 139.48, 135.42, 124.10, 123.21,
116.11, 114.59, 111.82, 64.84, 34.93, and 32.10 ppm; HR-MS
(MALDI): m/z = 834.351. caled for Cs,Hs54N,0,S,: 834.355
[M]"; UV/vis (CH,Cly) Apax () = 279 (24900), 318 (35700) and
413 nm (19600 M'ecm™).

Synthesis of 4: To a dry CH,Cl, (6 mL) solution of 14
(40.8 mg, 48.9 umol) was added MnO, (175 mg), and the
resulting suspension was stirred. After 12 h, MnO, (203 mg)
was added and the mixture was stirred for further 5 h. The
mixture was passed through a silica gel column with
CH,Cly/acetone (9/1). Evaporation of the solvent provided 4
(31.7 mg, 38.1 pmol, 78%). 'H NMR (CDCl;) §=10.01 (s, 4H,
carbazole-H), 8.82 (s, 4H, carbazole-H), 5.14 (s, 8H, CH,), and
1.82 ppm (s, 36H, #-Bu); '*C NMR could not detect peaks due
to serious low solubility; HR-MS (MALDI): m/z = 832.337.
calcd for C52H52N204SZZ 832.336 [M]Jr, UV/vis/NIR (CHzclz)
Amax (&) = 324 (35100), 353 (39500), 393 (31900), 898 (30600),
968 (15900), 996 (15100), and 1121 nm (47400 M'cm™).

Synthesis of 15: A toluene/DMF (10 mL/10 mL) solution
of 3,6-di-tert-butylcarbazole-1,8-diboronic acid pinacol ester
(161 mg, 303 pmol), 2,5-dibromo-3,4-
ethylenedioxyselenophene'® (105 mg, 303 pmol), Pd(PPhs),
(35.7 mg, 60.5 pmol), Cs,CO; (345 mg, 1.06 mmol), and CsF
(157 mg, 1.03 mmol) was degassed. The mixture was stirred at
110 °C for 48 h under N,. After cooling to rt, the mixture was
diluted with CHCl;, washed with water, passed through a silica
gel column with CHCl;, and evaporated. The residue was
purified by GPC with CHCI; and by a silica gel column with
CHCly/hexane as an eluent to give 15 (9.0 mg, 9.7 umol, 6.4%).
'"H NMR (CDCl;) § = 10.14 (s, 2H, NH), 8.08 (d, J = 2.0 Hz,
4H, carbazole-H), 7.82 (d, J = 1.6 Hz, 4H, carbazole-H), 4.29
(s, 4H, CH,), and 1.53 ppm (s, 36H, -Bu); >°C NMR (CDCl;) &
= 142.42, 140.34, 136.49, 123.97, 123.58, 116.68, 115.81,
114.74, 64.41, 34.95, and 32.14 ppm; HR-MS (MALDI): m/z =
930.242. caled for Cs5,Hs4N,O4Se,: 930.241 [M]'; UV/vis
(CH,Cly) Amax (6) =314 (41000) and 398 nm (19800 M 'cm™).

Synthesis of 8: To a dry CH,Cl, (5 mL) solution of 15 (9.0
mg, 9.7 umol) was added MnO, (57.3 mg), and the resulting
suspension was stirred. After 12 h, MnO, (47.0 mg) was added
and the mixture was stirred for further 5 h. The mixture was
passed through a pad of Celite with CH,Cl, and evaporated.
The residue was washed with CHCIl; to give 8 (1.6 mg, 1.7
umol, 18%). '"H NMR (CDCl3) 6= 10.05 (s, 4H, carbazole-H),
8.94 (s, 4H, carbazole-H), 5.11 (s, 8H, CH,), and 1.84 ppm (s,
36H, ¢-Bu); *C NMR could not detect peaks due to serious low
solubility; HR-MS (MALDI): m/z = 928.223. caled for
C52H52N204562: 928.225 [M]+, UV/vis/NIR (CHzClz) }'max (8) =
331 (23200), 362 (21200), 404 (20200), 441 (18700), 480
(13400), 618 (3400), 912 (15400), 940 (15800), 1018 (9230),
and 1178 nm (27300 M'em™).
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