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Nucleophilic Aromatic Substitution Reactions of meso-
Bromosubporphyrin: Synthesis of a Thiopyrane-Fused

Subporphyrin

Daiki Shimizu,” Hirotaka Mori,”’ Masaaki Kitano,” Won-Young Cha,””" Juwon Oh,®’
Takayuki Tanaka,” Dongho Kim,*® and Atsuhiro Osuka*®

Abstract: meso-Bromosubporphyrin undergoes nucleophilic
aromatic substitution (SyAr) reactions with arylamines, diaryl-
amines, phenols, ethanol, thiophenols, and n-butanethiol in
the presence of suitable bases to provide the corresponding
substitution products. The SyAr reactions also proceed well

with pyrrole, indole, and carbazole to provide substitution
products in moderate to good yields. Finally, the SyAr reac-
tion with 2-bromothiophenol and subsequent intramolecular
peripheral arylation reaction affords a thiopyrane-fused sub-
porphyrin.

Introduction

Ring-contracted porphyrinoids have attracted considerable at-
tention in recent years as new functional pigments.""? Among
these species, subporphyrin is a new and tantalizing addition
to porphyrinoid chemistry since it corresponds to analogues of
porphyrin missing one pyrrole unit, and features high structur-
al similarity to porphyrins. Since the first synthesis of tribenzo-
subporphine in 2006, various subporphyrins have been ex-
plored for their attractive optical and electronic properties.™
Through these studies, it has been shown that subporphyrins
possess properties analogous to porphyrins, such as strong ar-
omaticity and fluorescence emission, but display unique char-
acteristic properties such as bowl-shaped structures and large
influences of meso-aryl substituents due to facile rotation.”
Considering the great promise of subporphyrins as functional
molecules, new synthetic methods that can be used for fabri-
cation of subporphyrins are highly desired.
meso-Bromosubporphyrin 2a was synthesized as a useful
precursor by bromination of meso-substituent-free subporphy-
rin 1 with N-bromosuccinimide (NBS).® Pd-catalyzed cross-cou-
pling reactions of 2a gave A,B-type subporphyrins bearing var-
ious meso-substituents including alkynyl, alkenyl, benzyl, aryl,
arylamino, arylsulfanyl, aryloxy, ethoxy, and phosphoryl
groups.®” In addition, reductive dimerization of 2a proceeded
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well with [Ni(cod);] (cod=cyclooctadienyl) catalysis to afford
a meso-meso linked subporphyrin dimer.®! Despite this prog-
ress, catalyst-free nucleophilic aromatic substitution (SyAr) re-
actions of subporphyrins have to date not been explored.

In porphyrin chemistry, a few examples of SyAr reactions
were reported by Dolphin® and Crossley in the 1980s."" In
recent years, SyAr reactions of porphyrins have been reported
for specific combinations of halogenated porphyrin substrates
and nucleophiles." Quite recently, a more general method for
meso-functionalization of porphyrin by catalyst-free SyAr reac-
tions was developed by using Cs,CO; as a base and DMF as
a solvent.'”? These successful reactions prompted us to exam-
ine catalyst-free SyAr reactions of 2a and meso-chlorosubpor-
phyrin 2b. As discussed below, SyAr reactions of 2a with vari-
ous nucleophiles proceeded smoothly without a Pd catalyst.

Results and Discussion

meso-Bromosubporphyrin 2a was prepared according to the
reported method,”® and meso-chlorosubporphyrin 2b was ob-
tained by treatment of 1 with an equimolar amount of N-
chlorosuccinimide (NCS) at 60°C for 12h in 60% yield
(Scheme 1).

1.1 equiv. NBS
in CHCl3
0°C, 15 min
or
1.0 equiv. NCS
in CHCl3

1 60°C,12h X = Br; 2a (quant.)

X = Cl; 2b (60%)

Scheme 1. meso-Halogenation reactions of 1.
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Scheme 2. S Ar reactions of meso-bromosubporphyrin 2a (see Table 1).

Pd-catalyzed substitution reactions of 2a with anilines, mor-
pholine, thiophenols, n-butanethiol, and phenols proceeded to
give the corresponding substitution products (Scheme 2 and
Table 1).7*9 Catalyst-free SyAr reaction of 2a with aniline was
started by addition of 1,4-dioxane as a solvent to subporphyrin
24, potassium tert-butoxide, and aniline placed inside a Schlenk
tube at room temperature. The color of the reaction mixture
immediately became dark blue. Monitoring the progress of the
reaction by TLC indicated that the starting materials were com-
pletely consumed after 10 min. Aqueous work-up and subse-
quent separation by silica gel column chromatography gave
meso-phenylamino subporphyrin 3a in 73% vyield as a red
solid. Since 3a was strongly adsorbed on silica gel, methanol
(1%) was added to an eluent mixture consisting of hexane
(50%), CH,Cl, (25%), and ether (25%) to facilitate the elution
of 3a. Whereas the reaction of 2a with 4-dimethylaminoaniline
proceeded rapidly to give 3b (Table 1, run 2), electron-deficient
4-nitroaniline was unreactive under similar conditions and 3¢
was obtained in 35% yield under harsher reaction conditions
(Table 1, run 3). Morpholine, an aliphatic amine, gave a complex
mixture and 4 was not detected for catalyst-free substitution
reactions (Table 1, run 4), while it reacted with 2a in the Pd-
catalyzed reaction to give product 4 in a moderate yield. Thio-
phenols and n-butanethiol reacted nicely with 2a to give the
corresponding substitution products under catalyst-free condi-
tions (Table 1, runs 5, 6, and 8). However, the reaction with 4-
nitrothiophenol was very slow in dioxane, probably due to its
low nucleophilicity. This reaction proceeded smoothly in DMF
to give 5c¢ (Table 1, run 7). Substitution products 7a and 8
were obtained in good yields in the reactions of 2a with
phenol and ethanol under catalyst-free conditions (Table 1,
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runs 9 and 12) but only trace amounts of substitution products
were obtained in the reactions of 4-dimethylaminophenol and
4-nitrophenol, due largely to the poor solubilities of their con-
jugated bases in dioxane. Therefore, these reactions were run
in DMF, giving 7b and 7c (Table 1, runs 10 and 11), while
harsher conditions were required for the reaction with 4-nitro-
phenol.

Table 2. Results of SyAr reaction with diarylamines and N-heteroarenes.
Run  Nucleophile X Solvent T[C t Yield [96]®’
1 Ph,NH 5 dioxane 25 10 min 72

2 (4-MeOCgH,),NH 5 dioxane 25 5 min 80

3 (4- Me,NCH,),NH 4 dioxane 25 10 min 46

4 (4-O,NC¢H,),NH 5 dioxane 25 3h n.d.

5 (4-0,NC,H,),NH 10 DMF 100 6h nd.

6 (4-O,NC¢H,),NH 10 DMSO 180  3h n.d.

7 (4-O,NC4H,),NH 5  DMF 100  22h 8

8 (4-O,NCH,),NH 1.5 DMSO 140 24 h 410

9 pyrrole 5 DMF 25 30 min 249

10 indole 5 dioxane 25 2h 6

n carbazole 5 dioxane 60 30min 84

[a] X=equivalents of Nu—H/KOtBu (see Scheme 3). [b] n.d.=not detected.
[c] 2b was used as starting material. [d] NaH was used as a base.

In the next step, we examined the substitution reactions
with nucleophiles that were not compatible with the Pd-cata-
lyzed substitution reaction (Table 2, Scheme 3). Diphenylamine
and bis(4-dimethylphenyl)lamine did not provide the corre-
sponding substitution products under the Pd-catalyzed condi-
tions used for arylamination of 2a."? Gratifyingly, however,
under the catalyst-free conditions, the reaction of 2a with di-
phenylamine gave meso-diphenylamino subporphyrin 9a in
72% yield as a red solid (Table 2, run 1). In a similar manner,
meso-bis(4-methoxyphenyl)amino- and meso-bis(4-dimethyl-
aminophenyl)amino-substituted subporphyrins (9b and 9c¢)
were synthesized in 80 and 46% vyields, respectively (Table2,
runs 2 and 3). However, bis(4-nitrophenyl)amine did not react
under similar conditions (Table2, run 4), or even harsh condi-
tions (Table2, runs 5 and 6). These results may be ascribed to

Table 1. Comparison between catalyst-free reaction (this work) and Pd-catalyzed reaction.

This work Pd-catalyzed reactions
Run  Nucleophile Product Base Solvent T[°C] t Yield [%] Catalyst® Base Solvent T[°C] t Yield [%]
1 Ph-NH, 3a KOtBu  dioxane RT 10 min 73 A Cs,CO;  THF reflux. 12h 727
2 4-Me,NCH,-NH, 3b KOtBu  dioxane RT 1h 82 A Cs,CO;  THF reflux.  12h 647
3 4-0,NC¢H,-NH, 3¢ KOtBu dioxane 80 12h 35 A Cs,CO;  THF reflux. 12h 787
4 morpholine 4 KOtBu  dioxane RT 10 min  full conv. nd. B Cs,CO;  THF reflux. 12h 667
5 Ph-SH 5a Cs,CO;, dioxane RT 10h 82 B Cs,CO; toluene 40 30h 977
6 4-Me,NCH,-SH  5b Cs,CO;, dioxane RT 12h 94 B Cs,CO;  toluene 40 48h 929
7 4-0,NC,H,-SH 5¢ Cs,CO, DMF RT 1h 73 B Cs,CO; toluene 40 12h 89"
8 nBu-SH 6 Cs,CO; dioxane RT 6h 89 B Cs,CO; toluene 40 12h 9479
9 Ph-OH 7a Cs,CO; dioxane 60 12h 87 B KOH toluene RT 24h 767
10 4-Me,NCH,OH 7b Cs,CO, DMF 80 12h 89 B KOH  DMF 80 12h 86"
1 4-0,NC¢H,-OH 7c Cs,CO; DMF 150 10h 49! — — — — — —d
12 EtONa 8 EtONa dioxane RT 24 h 73 B EtONa dioxane 80 24h  94v9
[a] A=Pd(OAc),, DPEphos; B=Pd-PEPPSI-IPent. [b] 12 equivalents of nucleophile were used. [c] no reaction was observed.
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9a:R=H
9b: R = OMe

@ @ 9c: Ar = NMe,
R 9d: Ar=NO,

Scheme 3. SyAr reactions of 2a with diarylamines and heteroarenes (see
Table 2).

low nucleophilicity of bis(4-nitrophenyl)amine. Then, we exam-
ined the use of meso-chlorosubporphyrin 2b as a substrate be-
cause of its higher reactivity in SyAr-type reactions. Substitu-
tion product 9d was indeed obtained in 8% yield in the reac-
tion in DMF at 90°C (Table2, run 7). Since this reaction was
slow and separation of 9d from the starting amine was tedi-
ous, we changed the reaction conditions (Table2, run 8; the
amount of the amine was reduced, DMSO was used as a sol-
vent, and the reaction temperature was increased to 140°C),
which gave 9d in 41 % vyield. Product 9d was not strongly ad-
sorbed onto silica gel, reflecting the poor electron-donating
nature of the meso-diarylamino substituent. The observed
result that 2b is more reactive than 2a supports the S Ar
mechanism. High-resolution atmospheric pressure chemical
ionization time-of-flight (HR-APCI-TOF) mass spectrometry
of newly synthesized subporphyrins 9a-d revealed intense
borenium cation peaks at m/z 561.2258 [9a—OCH,]*, 621.2422
[9b—OCH,]", 647.3089 [9c—OCH,]*, and 651.1960
[9d—OCH,]", respectively.

The N-containing heteroarenes such as pyrrole, indole, and
carbazole also reacted with 2a under similar conditions to give
the corresponding substitution products 10, 11, and 12 in
24%, 66%, and 84% yield, respectively. These subporphyrins
were less strongly adsorbed onto silica gel in comparison to
9a. A combination of NaH and DMF was found to shorten the
reaction time of 2a with pyrrole. Nevertheless, the yield of 10
was only modest, probably owing to its chemical instability in
solution. In reactions of 2a with indole or carbazole (Table2,
runs 10 and 11), we used the reaction conditions used for di-
phenylamine (Table 2, run 1). Substitution products 10, 11, and
12 were stable in the solid states. The HR-APCI-TOF mass spec-
trometry revealed an intense borenium cation peak at m/z
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459.1779 [10—0CH,]*, 509.1945 [11—-O0CH,]*, and 590.2282
[12]*, respectively. Although several carbazole-appended por-
phyrins have been recently reported,”® pyrrole and indole-sub-
stituted porphyrinoids have not to date been reported.

In the 'H NMR spectra of 9a-d taken at room temperature,
signals due to the aromatic protons of the diarylamino moiet-
ies are observed as a single set, indicating that rotation of the
meso-arylamino group is faster than the 'H NMR timescale (Fig-
ure Ta). The "H NMR spectrum of pyrrole-appended subpor-
phyrin 10 at room temperature exhibits a simple spectral pat-
tern (Figure 1b), which also indicates a faster rotation of the
meso-pyrrolyl substituent in comparison to the 'H NMR time-
scale. In contrast, the '"H NMR spectrum of indole-appended
subporphyrin 11 is rather broad at room temperature, suggest-
ing a restricted rotation of the meso-indolyl substituent, which
has been confirmed by variable-temperature '"H NMR measure-
ments. Namely, two rotational isomers are observed as two
sets of separate and sharp signals in the '"H NMR spectrum at

(a) 9ain CDClj at 25 °C *

8.5 8 &/ ppm 7 6

(b) 10 in CDCl; at 25 °C

il

5/ppm
(c) 11 in CDClg3 at —40 °C *
; s - - - - . n .
8.5 8 7 6
5 /ppm

(d) 11 in tetrachloroethane-d, at 140 °C

’JMJ\—AA /\/;_)\ ‘«:

6
5 /ppm
(e) 12 in CDClj at 25 °C *
. . . . . L
8.5 8 7 6
d/ppm
(f) 12 in tetrachloroethane-d, at 140 °C
8.5 8 7 6

5/ppm

Figure 1. 'H NMR spectra of 9a (a), 10 (b), 11 (c
ous conditions. * indicates residual solvents.

, d), and 12 (e, f) under vari-
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—40°C (Figure 1c), which become almost coalesced at 140°C
(Figure 1d). The axial OCH; protons are also observed separate-
ly as two singlets at 1.00 and 0.89 ppm with a ratio of 3:2,
which also coalesced at 140°C (see the Supporting Informa-
tion). The '"HNMR spectrum of carbazole-appended subpor-
phyrin 12 is sharp both at room temperature and 140°C (Fig-
ure 1e and f), featuring different signals for the protons of the
carbazole located at the exo and endo sides of the subpor-
phyrins, clearly indicating a strictly prohibited rotation of the
meso-carbazole substituent with a high activation barrier.

The structures of 9a-c, 10, 11, and 12 have been confirmed
by single-crystal X-ray diffraction analysis (Figure 2). Similarly to

Figure 2. X-ray crystal structures of 9a-c, 10, 11, and 12. Thermal ellipsoids
are set at 50% probability level. Solvent molecules are omitted for clarity.

meso-arylamino-substituted subporphyrins 3a and 3b, 9a—c ex-
hibit C,.,—N bond lengths that are distinctly shorter than
Cipse—N bond lengths (see the Supporting Information), sug-
gesting the double-bond character of the C,,.,,—N bonds that
becomes increasingly significant in the order of 9a<9b<9c.
Curiously, the two C,,,—N bond lengths are different in 9a-c.
The Cp,,,—N bonds at the convex side are always slightly
longer than those at the concave side in the crystals. The nitro-
gen atoms attached at the meso position show planar trivalent
coordination, as revealed by the sum of the angles around the
nitrogen atoms of 9a-c; 360°, 358°, and 359°, respectively. Di-
hedral angles of the diarylamino-substituents towards the sub-
porphyrin cores are lying in the range of 42-47°. Different from
9a-¢, subporphyrins 10-12 display longer C,,.,,~—N bonds (see
the Supporting Information), suggesting much weaker or neg-
ligible electron-pair donating interactions of the meso-substitu-
ents.

Chem. Eur. J. 2014, 20, 1-10 www.chemeurj.org
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The UV/Vis absorption and fluorescence spectra of 9a-d
and 10-12 are shown in Figure 3 (a and b), along with those
of meso-phenylamino subporphyrin 3a and meso-triphenyl
subporphyrin 13. The relevant data are listed in Table 3. Elec-
tronic properties of subporphyrins are largely perturbed by the
electron-donating characters of meso-diarylamino substituents.
Therefore, it is natural to observe stronger influences for more
electron-rich meso-diarylamino substituents. Large perturba-
tions of the electronic properties of subporphyrins are ob-

1.2+
1 4
3a: &;=0.43
_ 9a: d; = 0.39 =
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Figure 3. UV/Vis absorption (solid) and fluorescence (dashed) spectra of a)
3aand 9a-d, b) 10, 11, 12, and 13, and ¢) 5, 14, and 15.
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Table 3. Optical properties of subporphyrins 9a-d and 10-15.

Aabs [INM] (e [M'em™']) e [NM] [

9a 357 (54000), 403 (65000), 530 (15000) 587 0.39
9b 359 (65000), 408 (53000), 553 (21000) 643 0.14
9c 364 (75000), 415 (28000), 574 (18000) — <0.01
9d 390 (88000), 501 (12000) — <0.01
10 373 (142000), 459 (9000), 489 (8000) 523 0.14
1 374 (120000), 459 (12000), 489 (9000) 528 0.15
12 376 (111000), 459 (10000), 483 (5000) 531 0.15
13 373 (166000), 461(13000), 484(9000) 516 0.14
14 375 (120000), 461 (11000) — <0.01
15 394 (108000), 516 (20000) 548 0.17
[a] Measured in CH,Cl,. [b] Fluorescence quantum vyield.

served in the absorption spectra of 9a-d; a Soret-like band is
remarkably split into two bands at 357 and 403 nm for 9a, at
359 and 408 nm for 9b, and at 364 and 415 nm for 9c. Such
band splitting was detected only for 3b among the arylamino
subporphyrins, whose splitting width was smaller than those
of 9a-c. In going from 9a—9b—9c¢, the high-energy split
bands are increasingly intensified at the expense of the low-
energy split bands, and the Q-like bands are steadily red-shift-
ed in this order. In contrast, the absorption spectrum of meso-
bis(4-nitrophenyl)amino-substituted subporphyrin 9d shows
a non-split broad Soret-like band at 390 nm and its Q-like
band is blue-shifted in comparison to 13. Subporphyrins 9a
and 9b show fluorescence spectra at 587 and 643 nm, which
are distinctly red-shifted in comparison to that of 13, but sub-
porphyrins 9¢ and 9d are virtually non-fluorescent. Fluores-
cence quantum yields of 9a and 9b were determined by
a sphere-type digital photon-counting instrument to be 0.388
and 0.143, respectively. Observed efficient fluorescence
quenching in 9c and 9d has been accounted for in terms of
intramolecular electron transfer, in a manner similar to previ-
ously reported meso-arylaminosubporphyrins.””!

Pyrrole-, indole-, and carbazole-appended subporphyrins 10,
11, and 12 display Soret-like and Q-like bands, which are
roughly analogous to those of 13, while band broadening of
Soret-like band becomes prominent in the order of 10<11 <
12. Fluorescence quantum yields were determined to be 0.14,
0.15, and 0.15 for 10, 11, and 12, respectively, which are also
quite similar to that of 13 (0.14). Fluorescence lifetimes in tolu-
ene have been determined by time-correlated single photon
counting (TCSPC) methods to be 2.4, 2.5, and 2.6 ns for 10, 11,
and 12, respectively, again being similar to that of 13 (2.8 ns).
These results indicate that these pyrrolic heterocycles do not
serve as an electron donor towards the directly linked subpor-
phyrin chromophore.

Finally, we attempted to prepare a subporphyrin bearing an
externally fused aromatic segment on the basis of the S\Ar re-
action. The synthetic route is outlined in Scheme 4, in which
the SyAr reaction of 2a with 2-bromothiophenol afforded sub-
stitution product 14, which was fused by an intramolecular
C—H activation reaction to give fused subporphyrin 15. A key
idea behind this plan is that 2-bromothiophenol will work as

Chem. Eur. J. 2014, 20, 1-10
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SH
Br
5 equiv.

10 equiv. Cs,CO3
2a

dioxane
60°C,10 h
77%

65 mol% Pd(OAc),
6 equiv. tBuCO H

12 equiv. K,COg3
14

’
N, N-dimethylacetamide
100 °C, 14 h
55%

Scheme 4. Synthesis of thiopyrane-fused subporphyrin 15.

a nucleophile in the S\Ar reaction of 2a to produce a substitu-
tion product bearing a meso-2-bromophenylsulfanyl substitu-
ent, since 2a is a much more reactive substrate for the SyAr re-
action than 2-bromothiophenol. As expected, the reaction of
2a with 2-bromothiophenol proceeded rapidly to produce 2-
bromophenylsulfanyl subporphyrin 14 in 77% yield. Its HR-
APCI-TOF mass spectrum revealed a borenium cation peak at
m/z 580.0659 [14—OCH;]*, and its '"H NMR spectrum indicated
the protons of the (2-bromophenyl)sulfanyl group at 7.62, 6.93,
6.86, and 6.45 ppm, respectively. An intramolecular fusion reac-
tion of 14 was effected by subjecting it to reaction conditions
that were used for Pd-catalyzed direct arylation at the B-posi-
tion of meso-substituent-free  Ni'-porphyrins  [Pd(OAc),
(65 mol %), tert-BuCO,H (6 equiv), K,CO; (12 equiv) in N,N-dime-
thylacetamide (DMA) at 100°C, 14 h].'"¥ After the usual work-
up, thiopyrane-fused subporphyrin 15 was isolated as a red
solid in 55% vyield. 15 is a rare example of a subporphyrin
bearing an externally fused aromatic entity. Only one example
has been reported for such fused subporphyrins.*¥ The parent
ion peak of 15 was detected by HR-APCI-TOF mass spectrum
at m/z=>500.1390 [15—OCH;]*. The '"H NMR spectrum of 15 dis-
played the protons of the fused thiopyrane moiety at 8.39,
7.88, 7.53, and 7.47 ppm. The structures of 14 and 15 have
both been confirmed by X-ray diffraction analysis (Figure 4).

14 15

Figure 4. X-ray crystal structures of 14 (left) and 15 (right). Thermal ellipsoids
are set at 50% probability level. Solvent molecules in 15 were omitted for
clarity.
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Crystals of 14 were obtained by slow recrystallization from
a mixture of diethyl ether and hexane, whereas those of 15
were obtained by slow recrystallization from a mixture of
CH,Cl,, methanol, and trifluoroacetic acid. Notably, the arylsul-
fanyl group in 14 is almost perpendicular to the subporphyrin
core, similarly to a structural feature that was observed for
meso-phenylsulfanyl subporphyrin 5a. In contrast, the struc-
ture of 15 indicates that the arylsulfanyl group is coplanar with
the subporphyrin core because of the fused structure. Subpor-
phyrins 14 and 15 display similar bowl depths" of 1.44 and
1.45 A, respectively.

Subporphyrin 14 exhibits a Soret-like band at 375 nm and
a Q-like band at 461 nm, which is similar to meso-phenylsulfan-
yl-substituted subporphyrin 5a that shows a Soret band at
375 nm and a Q-like band at 462 nm. Subporphyrin 14 is virtu-
ally nonfluorescent. Thiopyrane-fused subporphyrin 15 shows
a red-shifted Soret-like band at 394 nm and a Q-like band at
516 nm (Figure 3¢, Table 3). The large bathochromic shifts of
15, in comparison to 5a and 14, are probably due to m-exten-
sion and decreased molecular symmetry. The fluorescence
quantum yield of 15 (0.17) is distinctly higher than that of 5a
(0.03). This result may be important, suggesting that the fluo-
rescence properties of subporphyrins bearing a sulfur atom
can be tuned by structural rigidification caused by fused struc-
tures. In addition, subporphyrin 15 shows a Stokes shift of
860 cm™', which is smaller than that of 5a (1700 cm™), in line
with its rigid structure.

Conclusion

meso-Halosubporphyrins underwent SyAr reactions with nu-
cleophiles such as arylamines, diarylamines, thiophenols, n-
butylthiol, phenols, ethanol, pyrrole, indole, and carbazole,
under basic conditions to give corresponding A,B-type meso-
substituted subporphyrins in moderate to good yields. As an
application of the SyAr reactions, a thiopyrane-fused subpor-
phyrin was synthesized, which exhibited a higher fluorescence
quantum yield than its non-fused reference molecule. Explora-
tion of novel functionalized subporphyrins by utilizing S\Ar re-
actions is currently underway in our laboratory.

Experimental Section

General: All reactions were performed under N, atmosphere. All re-
agents and solvents were of commercial reagent grade and were
used without further purification unless where noted. 1,4-Dioxane
was purified by passing through neutral alumina under nitrogen
atmosphere. NBS was recrystallized from hot water before use. H,
"B, and "*C NMR spectra were recorded on a JEOL delta-ECA600
spectrometer, and chemical shifts (3) were reported in ppm relative
to internal standards CHCl; (0=7.26 ppm for 'H, 77.16 ppm for
3C), DMSO (0=2.50 ppm for 'H), 1,1,2,2-tetrachloroethane (0=
6.00 ppm for 'H), or an external standard, BF;-OEt, in CDCl; (0=
0.00 ppm for "'B). Spectroscopic grade solvents were used for all
spectroscopic studies without further purification. UV/Vis absorp-
tion spectra were recorded on a Shimadzu UV-3600 spectrometer.
Fluorescence spectra were recorded on a Shimadzu RD-5300PC
spectrometer. Absolute fluorescence quantum yields were deter-
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mined on HAMAMATSU C9920-02S. HR-APCI-TOF-MS spectra were
recorded on a Bruker Daltonics micrOTOF LC instrument using pos-
itive-ion mode. Preparative separations were performed by silica
gel chromatography (Wako gel C-300) and GPC (Bio-Beads SX-1).

Methoxo(5-chloro-10,15-diphenylsubporphyrinato)boron(lil)
(2b): A solution of meso-free subporphyrin 1 (103 mg, 242 pmol)
and NCS (32.5mg, 243 umol, 1.0 equiv) in CHCl; (100 mL) was
stirred at 60°C for 12 h. After 12 h, the reaction mixture was
poured onto water and extracted with CH,Cl, (30 mLx3) and then
dried with Na,SO,. The solvents were removed under reduced
pressure. The residue was dissolved in a mixture of CH,Cl, and
MeOH (15 mL each) , then heated at 50°C for 10 min. The crude
product was purified by silica gel column chromatography (eluent:
CH,Cl,/hexane/Et,0=1:8:1). The first yellow fraction emitting
green fluorescence was collected and recrystallized from CH,Cl,/
MeOH to give 2b as an orange solid (66.5 mg, 145 umol, 60 %).
The second fraction emitting green fluorescence was 1. 'H NMR
(600 MHz, CDCl;) 0=28.25 (d, J=4.6 Hz, 2H; ), 8.10 (s, 2H; p), 8.04
(d, J=4.6 Hz, 2H; ), 8.02 (d, J=7.8 Hz, 4H; meso-Ph-ortho), 7.69 (t,
J=7.6Hz, 4H; meso-Ph-meta), 7,62 (t, J=7.6 Hz, 2H; meso-Ph-
para), 0.87 ppm (s, 3H; axial OCH,); *C NMR (150 MHz, CDCl;): 6 =
141.8, 141.7, 141.1, 136.9, 133.3, 128.8, 128.1, 122.8, 122.4, 121.3,
120.3, 47.0 ppm; "B NMR (193 MHz, CDCl;) 6=—15.1 ppm (s); UV/
Vis absorption (CH,Cl,): ..« (€)=370 (152000), 458 (13000),
484 nm (7000 m~'cm™); fluorescence (CH,Cl,): A, =370 nm; Ao =
509 nm (®¢=0.03); HRMS (APCI-TOF, positive mode): m/z calcd for
Cy7Hq6 "B, °CIN;: 428.1125 [M—OCH,]*; found: 428.1123.

Methoxo[5,10-diphenyl-15-diphenylaminosubporphyrinato)-
boron(lll) (9a): In a dried 10 mL Schlenk tube, subporphyrin 2a
(19.3 mg, 38.3 umol), diphenylamine (42.1 mg, 249 umol, 6.5 equiv)
and tBuOK (29.9 mg, 266 umol, 7.0 equiv) were charged and the
tube was purged with N,. Then, dioxane (4.0 mL) was added and
the resulting mixture was stirred at room temperature. After
10 min, the reaction mixture was poured onto water and extracted
with CH,Cl, (15 mLx3) and then dried over Na,SO,. The solvents
were removed under reduced pressure. The residue was dissolved
in a mixture of CH,Cl, and MeOH (5 mL each) then heated at 50°C
for 10 min. The crude product was purified by silica gel column
chromatography (eluent: CH,Cl,/hexane/Et,0=1:5:1 with 1% of
MeOH). The fraction emitting orange fluorescence was collected
and recrystallized from MeOH to give 9a as a red solid (16.4 mg,
27.7 pmol, 72%). 'H NMR (600 MHz, CDCl,): =8.03 (s, 2H; B), 7.99
(d, J=7.5Hz, 4H; meso-Ph-ortho), 7.77 (d, J=4.6 Hz, 2H; ), 7.65 (t,
J=75Hz, 4H; meso-Ph-meta), 7.56 (t, J=7.5Hz, 2H; meso-Ph-
para), 748 (d, J=4.6 Hz, 2H; ), 7.24 (m, 8H; meso-NPh,-ortho,
meta), 7.03 (m, 2H; meso-NPh,-para), 1.03 ppm (s, 3H; axial OCH,);
"BNMR (193 MHz, CDCl;) d=—14.7 ppm (s); UV/Vis absorption
(CH,CL): 4, (e=357 (54000), 403 (65000), 530 nm
(15000 M 'cm™); fluorescence (CH,Cl,): 1,=403nm; A=
587 nm (2¢=0.39); HRMS (APCI-TOF, positive mode): m/z calcd for
CuoHa''B;N,O;: 561.2252 [M—OCH;]*; found: 561.2258: Subporphy-
rins 3-12 were synthesized in a similar manner.

Methoxo[5,10-diphenyl-15-bis(4-methoxyphenyl)aminosubpor-

phyrinatolboron(lll) (9b): According to the general procedure, 9b
was prepared from 2a (21.7mg, 43.0 umol), bis(4-meth-
oxyphenyl)amine (47.2 mg, 206 pmol, 5 equiv) and tBuOK (23.8 mg,
212 umol, 5 equiv) in dioxane (4.0 mL). The reaction took 5 min at
room temperature. The crude product was purified by silica gel
column chromatography (eluent: CH,Cl,/hexane/Et,0=1:4:1 with
1% of MeOH). The fraction emitting orange fluorescence was col-
lected and recrystallized from MeOH to give 9b as a red solid
(22.6 mg, 34.6 umol, 80%). 'H NMR (600 MHz, CDCl,): §=7.99 (m,
6H; meso-Ph-ortho, f), 7.71 (d, J=4.6 Hz, 2H; B3), 7.64 (t, J=7.6 Hz,
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4H; meso-Ph-meta), 7.55 (t, J=7.6 Hz, 2H; meso-Ph-para), 7.34 (d,
J=4.6 Hz, 2H; B), 7.25 (d, J=8.7 Hz, 4H; meso-NAr,), 6.84 (d, J=
8.7 Hz, 4H; meso-NAr,), 3.81 (s, 6H; Ar—OCH,), 1.09 ppm (s, 3H; ax-
ial OCH,); "B NMR (193 MHz, CDCl;) 6 =—15.4 ppm (s); UV/Vis ab-
sorption (CH,CL,): A.(€)=359 (65000), 408 (53000), 553 nm
(21000 M 'cm™"); fluorescence (CH,Cl,): A,=408 nm; A=
643 nm (D;=0.14); HRMS (APCI-TOF, positive mode): m/z calcd for
C4Hs30"'B;N,O,: 621.2463 [M—OCH,]*; found: 621.2422.

Methoxo[5,10-diphenyl-15-bis(4-dimethylaminophenyl)amino-
subporphyrinato]boron(lll) (9¢c): According to the general proce-
dure, 9¢ was prepared from 2a (38.5 mg, 76.4 umol), bis(4-dimeth-
ylaminophenyl)amine (82.9 mg, 325 umol, 4.2 equiv) and tBuOK
(34.2 mg, 30.5 umol, 4.0 equiv) in dioxane (4.0 mL). The reaction
took 10 min at room temperature. The crude product was purified
by silica gel column chromatography (eluent: CH,Cl,/hexane/
Et,0=1:6:1 with 1% of MeOH) and GPC column chromatography.
The blue fraction was collected and recrystallized from MeOH to
give 9¢ as a purple solid (23.8 mg, 35.1 pmol, 46%). 'H NMR
(600 MHz, CDCl;) 6=7.98 (d, J=7.5 Hz, 4H; meso-Ph-ortho), 7.93 (s,
2H; ), 7.62 (t, J=7.5 Hz, 6H; 4H for meso-Ph-meta, 2H for f3), 7.52
(t, J=7.5 Hz, 2H; meso-Ph-para), 7.28 (m, 4H; meso-N-Ar), 7.22 (d,
J=4.6Hz, 2H; f), 6.71 (d, J=8.8 Hz, 4H; meso-N-Ar), 2.97 (s, 12H;
NMe,), 1.17 ppm (s, 3H; axial OCH,); "B NMR (193 MHz, CDCl;) 6 =
—15.0 ppm (s); UV/Vis absorption (CH,CL): A, (€)=364 (75000),
415 (28000), 574 nm (18000 m~'cm™"); fluorescence (CH,CL,): Ao, =
415 nm (& <0.01); HRMS (APCI-TOF, positive mode): m/z calcd for
CysHs6"B;Ng: 647.3096 [M—OCH,]*; found 647.3089.

Methoxo[5,10-diphenyl-15-bis(4-nitrodiphenyl)aminosubpor-
phyrinatolboron(lll) (9d): According to the general procedure, 9d
was prepared from 2b (21.6 mg, 42.8 umol), bis(4-nitrophenyl)-
amine (19.8mg, 76.4 umol, 1.8 equiv) and tBuOK (7.1 mg,
63.2 umol, 1.5 equiv) in DMSO (2.0 mL). The reaction took 24 h at
140°C. The crude product was purified by silica gel column chro-
matography (eluent: CH,Cl,/hexane/Et,0=1:6:1). The orange frac-
tion was collected and recrystallized from MeOH to give 9d as
a red solid (13.2mg, 19.3 pmol, 41%). 'HNMR (600 MHz,
[Dc]DMSO) 6=8.21 (s, 2H; B), 8,17 (d, J=9.1 Hz, 4H; meso-NAr,),
8.09 (d, J=4.6 Hz, 2H; f), 8.08 (d, J=7.6 Hz, 4H; meso-Ph-ortho),
7.85 (d, J=4.6 Hz, 2H; P), 7.78 (t, J=7.6 Hz, 4H; meso-Ph-meta),
7.69 (t, J=7.6 Hz, 2H; meso-Ph-para), 7.32 (broad s, 4H; meso-
NAr,), 0.75 ppm (s, 3H; axial OCH,); "B NMR (193 MHz, CDCl;) 6 =
—15.1 ppm (s); UV/Vis absorption (CH,Cl,): 4.« (€)=390 (88000),
501 nm (12000 m~"'cm™); fluorescence (CH,Cl,): A., =390 nm (P; <
0.01); HRMS (APCI-TOF, positive mode): m/z caled for
C39H,4""B;N4O,: 651.1953 [M—OCH,]*; found: 651.1960.

Methoxo(5,10-diphenyl-15-N-pyrrolylsubporphyrinato)boron(lil)

(10): According to the general procedure, 10 was prepared from
2a (40.7 mg, 80.7 umol), pyrrole (28 uL, 400 pmol, 5 equiv) and
NaH 60% dispersion on mineral oil (16 mg, 400 umol, 5 equiv) in
DMF (4.0 mL). The reaction took 30 min at room temperature. The
crude product was purified by silica gel column chromatography
(eluent: CH,Cl,/hexane/Et,0=1:6:1). The yellow fraction emitting
green fluorescence was collected and recrystallized from MeOH to
give 10 as an orange solid (9.5mg, 19.4 umol, 24%). 'H NMR
(600 MHz, CDCl;) 6=8.14 (d, 2H; f), 8.12 (d, J=4.6 Hz, 2H; ), 8.09
(d, J=4.6 Hz, 2H; B), 8.05 (d, J=7.7 Hz, 4H; meso-Ph-ortho), 7.71 (t,
J=7.7Hz, 4H; meso-Ph-meta), 7.63 (t, J=7.7 Hz, 2H; meso-Ph-
para), 7.59 (t, J=2.2 Hz, 2H; meso-pyrrole), 6.65 (t, J=2.2 Hz, 2H;
meso-pyrrole), 0.88 ppm (s, 3H; axial OCH;); "B NMR (193 MHz,
CDCl;) 6=-15.2 ppm (s); UV/Vis absorption (CH,CL,): 4., (€)=373
(142000), 459 (9000), 489 nm (8000 M 'ecm™'); fluorescence
(CH,CL): Ao, =373 nm; 4,..,=523 nm (D;=0.14); HRMS (APCI-TOF,
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positive mode): m/z calcd for C3Hy''B;N,: 459.1781 [M—OCH,]*;
found: 459.1779.

Methoxo(5,10-diphenyl-15-N-indolylsubporphyrinato)boron(lll)
(11): According to the general procedure, 11 was prepared from
2a (22.0 mg, 43.6 umol), indole (25.5 mg, 218 umol, 5 equiv), and
KOtBu (27.2 mg, 223 pmol, 5 equiv) in dioxane (4.0 mL). The reac-
tion took 2 h at room temperature. The crude product was purified
by silica gel column chromatography (eluent: CH,Cl,/hexane/
Et,0=1:6:1). The yellow fraction bearing green fluorescence was
collected and recrystallized from MeOH to give 11 as an orange
solid (15.6 mg, 28.9 umol, 66%). 'H NMR (600 MHz, CDCl;, —40°C)
0=28.37 (d, J=3.6 Hz. 1H; meso-indolyl), 8.21 (s, TH; ), 8.19 (d, J=
8.3 Hz, 1H; meso-indolyl), 8.17 (s, 1H; ), 8.09 (m, 6H; 4H for meso-
Ph-ortho, 2H for B), 7.95 (d, J=3.6 Hz, 2H; B), 7.91 (d, J=7.8 Hz,
1H; meso-indolyl), 7.83 (d, J=7.8 Hz, 1H; meso-indolyl), 7.82 (d, J=
4.6 Hz, 2H; B), 7.72 (m, 4H; meso-Ph-meta), 7.64 (m, 2H; meso-Ph-
para), 7.23 (t, J=7.3 Hz, 1H; meso-indolyl), 7,41 (d, J=3.2Hz, 1H;
meso-indolyl), 7.38 (t, J=7.2Hz, 1H; meso-indolyl), 7.16 (t, J=
7.2 Hz, 1H; meso-indolyl), 7.04 (d, J=2.3 Hz, 1H; meso-indolyl), 6.94
(d, J=2.3 Hz, 1H; meso-indolyl), 6.85 (t, J=7.2 Hz, 1H; meso-indol-
yl), 6.27 (d, J=8.4 Hz, 1H; meso-indolyl), 1.00 (s, 3H; axial OCHj),
0.89 ppm (s, 3H; axial OCH,); "B NMR (193 MHz, CDCl;, —40°C) 6=
—15.1 ppm (s), —15.2 (s); UV/Vis absorption (CH,CL): A, (€) =374
(129000), 459 (12000), 489 nm (9000 M 'cm™); fluorescence
(CH,CL): Ao, =374 nm; A,,,,=528 nm (P;=0.15); HRMS (APCI-TOF,
positive mode): m/z calcd for CyHy,''B;N,: 509.1938 [M—OCH,]*;
found: 509.1945.

Methoxo(5,10-diphenyl-15-N-carbazolylsubporphyrinato)-
boron(lll) (12): According to the general procedure, 12 was pre-
pared from 2a (20.5 mg, 40.7 umol), carbazole (34.3 mg, 205 umol,
5equiv), and KOtBu (24.2mg, 216 umol, 5equiv) in dioxane
(4.0 mL). The reaction took 30 min at 60 °C. The crude product was
purified by silica gel column chromatography (eluent: CH,Cl,/
hexane/Et,0=1:5:1). The yellow fraction emitting green fluores-
cence was collected and recrystallized from MeOH to give 12 as an
orange solid (20.1 mg, 34.0 umol, 84%). '"H NMR (600 MHz, CDCl;)
0=8.35 (d, J=7.6 Hz, 1H; meso-carbazole), 8.27 (d, /=7.8 Hz, 1H;
meso-carbazole), 8.18 (s, 2H; ), 8.08 (d, J=6.8 Hz, 4H; meso-Ph-
ortho), 8.01 (d, J=4.6 Hz, 2H; B), 7.91 (d, J=8.5 Hz, 1H; meso-car-
bazole), 7.71 (t, J=7.6 Hz, 4H; meso-Ph-meta), 7.67 (d, J=4.6 Hz,
2H; p), 7.63 (t, J=7.6 Hz, 2H; meso-Ph-para), 7.67 (t, J=7.8 Hz, 1H;
meso-carbazole), 7.47 (t, J=7.6 Hz, 1H; meso-carbazole), 7.26 (t, J=
7.6 Hz, 1H; meso-carbazole), 7.01 (t, J=7.8 Hz, 1H; meso-carba-
zole), 6.11 (d, J=8.5 Hz, 2H; meso-carbazole), 1.06 ppm (s, 3H; ax-
ial OCH;); "BNMR (193 MHz, CDCl;) 6=—15.0 ppm (s); UV/Vis
(CH,CL):  Ana  (6)=376 (111000), 459 (10000), 483 nm
(5000 M~'cm™); fluorescence (CH,CL,): 1., =376 nm; A,.,=531 nm
(#¢=0.15); HRMS (APCI-TOF, positive mode): m/z calcd for
CsoH,0""B;N,: 590.2279 [M]*; found: 590.2282.

Methoxo(5,10-diphenyl-15-(2-bromophenylthio)subporphyrin-

ato)boron(lll) (14): In a 20 mL round bottom flask were placed 2a
(31.2 mg, 61.8 pmol) and cesium carbonate (188 mg, 577 umol). Di-
oxane (5.0mlL) and 2-bromobenzenethiol (36 uL, ca. 2.5 equiv)
were added in this order and the resulting solution was heated at
60°C. After 9.5 h, the reaction was quenched with water and ex-
tracted with CH,Cl,. Organic layer was collected and dried over
Na,SO,. After evaporation of the solvent, crude product was puri-
fied by silica gel column chromatography (eluent: CH,Cl,/hexane/
ether=1:5:1). Yellow fraction was collected and recrystallized from
MeOH to give 14 as an orange solid (29.3 mg, 47.8 umol, 77 %).
'H NMR (600 MHz, CDCl;) 6=8.28 (d, J=4.6 Hz, 2H; f), 8.12 (s, 2H;
), 8.07 (d, J=4.6, 2H; P), 8.04 (d, J/=6.8 Hz, 4H; meso-Ph-ortho),
7.70 (t, J=7.6 Hz, 4H; meso-Ph-meta), 7.63 (m, 3H; 2H for meso-Ph-
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para, 1H for meso-SAr), 6.94 (t, J=6.4 Hz, 1H; meso-SAr), 6.86 (t,
J=69Hz, 1H; meso-SAr), 6.65 (d, J=7.7Hz, 1H; meso-SAr),
0.90 ppm (s, 3H; axial OCHy); "BNMR (193 MHz, CDCly) o=
—15.1 ppm (s); UV/Vis absorption (CH,Cl,): 4., (€)=375 (120000),
461 nm (11000 m~'cm™); fluorescence (CH,Cl,): Ao,=375 nm (®; <
0.01); HRMS (APCI-TOF, positive mode): m/z caled for
Ca3Hyo'ByN,S7Br: 580.0655 [M—OCH,]*; found: 580.0659.

Thiopyrane-fused subporphyrin 15: In a dried 10 mL Schlenk
tube, subporphyrin 14 (10.4 mg, 17.0 umol), Pd(OAc), (2.5 mg,
11 umol, 65 mol%), tBuCO,H (10.5mg, 103 umol, 6 equiv), and
K,CO; (27.6 mg, 200 umol, 12 equiv) were placed and purged with
N,. To this, DMA (1.0 mL) was added and the resulting solution was
stirred at 100°C. After 13 h, the reaction mixture was cooled and
poured onto water. The organic layer was extracted with AcOEt/
hexane (1:3; 20 mLx3) and the solvents were removed under re-
duced pressure. Crude product was purified by silica gel column
chromatography (eluent=CH,Cl,/hexane/Et,0=1:8:1). An orange
fraction emitting orange fluorescence was collected and recrystal-
lized from MeOH to give 15 as a red solid (5.0 mg, 9.3 umol, 55%).
"HNMR (600 MHz, CDCl;) 6=8.39 (d, J=6.9 Hz, 1H; fused-SPh),
8.23 (s, 1H; P), 8.12-7.98 (m, 8H; 4H for meso-Ph-ortho, 4H for f3),
7.88 (d, J=7.8 Hz, 1H; fused-SPh), 7.72 (t, J=7.8 Hz, 2H; meso-Ph-
meta), 7.68 (t, J=7.4Hz, 2H; meso-Ph-meta), 7.64-7.58 (m, 2H;
meso-Ph-para), 7.53 (t, J=7.6 Hz, 1H; fused-SPh), 7,47 (t, /=7.6 Hz,
1H; fused-SPh), 1.04 ppm (s, 3H; axial OCH;); "B NMR (193 MHz,
CDCl;) 0=—14.1 ppm (s); UV/Vis absorption (CH,CL,): 4., (€)=394
(108000), 516 nm (19600 m~'cm™"); fluorescence (CH,Cl,): A, =
394 nm; A,.,=548nm (@,=0.17); HRMS (APCI-TOF, positive
mode): m/z calcd for Cy3Hyo""B;N5S: 500.1393 [M—OCH;]*; found:
500.1390.

X-ray crystallographic analysis: X-ray data were recorded by
using a Rigaku XtaLAB P-200 system. The structure were solved by
using direct methods (SIR-97"® or SHELXS-97""). Structure refine-
ments were carries out by using SHELXL-97. CCDC 1014392 (9a),
1014393 (9b), 1014394 (9¢), 1014395 (10), 1014396 (11), 1014397
(12), 1021559 (14), and 1021558 (15) contain supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.

Time-resolved fluorescence decay: A time-correlated single
photon counting (TCSPC) system was used for measurements of
spontaneous fluorescence decay. As an excitation light source, we
used a mode-locked Ti:sapphire laser (MaiTai BB, Spectra Physics)
which provides ultrashort pulse (80 fs at full width half maximum,
fwhm) with high repetition rate (80 MHz). This high repetition rate
slows down to 1M ~800 kHz by using a homemade pulse-picker.
The pulse-picked output pulse was frequency-doubled by a 1 mm
thickness of a BBO crystal (EKSMA). The fluorescence was collected
by a microchannel plate photomultiplier (MCP-PMT, R3809U-51, Ha-
mamatsu) with a thermoelectric cooler (C4748, Hamamatsu) con-
nected to a TCSPC board (SPC-130, Becker & Hickel GmbH). The
overall instrumental response function was about 25 ps (fwhm).
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I Porphyrinoids SH

D. Shimizu, H. Mori, M. Kitano, W.-Y. Cha,

J. Oh, T. Tanaka, D. Kim,* A. Osuka* Cs,CO3

Intramolecular

HE-EN ;
C-H arylation pysed.subporphyrin

Nucleophilic Aromatic Substitution v'red-shifted absorption/emission
Reactions of meso- v'fluorescence enhancement

Bromosubporphyrin: Synthesis of Shine like a SyAr: meso-Bromosubpor- indole and carbazole, in the presence of

a Thiopyrane-Fused Subporphyrin phyrin undergoes nucleophilic aromatic suitable bases to provide the substitu-
substitution (SyAr) reactions with a varie- tion products. The SyAr reaction with 2-
ty of heteroatom nucleophiles, such as bromothiophenol and subsequent intra-
arylamines, diarylamines, phenols, etha- molecular arylation reaction affords a thi-
nol, thiophenols, n-butanethiol, pyrrole, opyrane-fused subporphyrin.
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