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Self-recovering mechanochromic luminophores are able to autonomously regain their original color at
room temperature after exposure to mechanical stimuli. In spite of recent extensive studies on
mechanochromic luminophores, the generation of mechanochromic fluorophores with specific self-
recovering behavior remains a challenging task owing to a lack of systematic studies on self-recovering
mechanochromic luminophores. Herein, a series of self-recovering mechanochromic fluorophores with
different solid-state emission colors and recovery times is described. The introduction of different
substituents onto the indole ring of 4-(1H-indol-2-yl)-2,1,3-benzothiadiazole afforded control over the
mechanochromic luminescence properties of the fluorophores. X-ray diffraction analyses revealed
slipped stacks or no intermolecular stacking of the benzothiadiazole rings in the crystalline state of these
dyes, which is indicative of the relative lability of the crystal structures upon exposure to mechanical
stimuli. Remarkably, the fluorescence spectra after mechanical stimulus (grinding) were in good
agreement with those of the molten fluorophores. Based on powder X-ray diffraction and DSC analyses

of crystalline and amorphous samples, we propose an amorphization of the crystalline fluorophores to
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Introduction

Mechanochromic luminescent molecules change their solid-
state emission color in response to a mechanical stimulus,
and recover their original state by applying a second external
stimulus. For this class of dyes, potential applications are
conceivable in the context of advanced optical technologies
such as pressure sensors, photoswitches, and anti-
counterfeiting inks." In recent years, a considerable number
of solid-state emissive organic dyes has been developed for
optoelectronic applications, whereby the introduction of bulky
substituents® and aggregation-induced emission (AIE)* may be
used as effective strategies to overcome the concentration
quenching caused by the intermolecular interactions of the
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from the amorphous states, which would be facilitated by unchanged partial crystalline phases in the

fluorophores in the solid state. Notably, typical AIE-active
molecules often also exhibit mechanochromic luminescence.
The recent rapid growth in AlE-active molecules, has also led to
the development of a growing number of mechanochromic
fluorophores based on the structural modifications of typical
fluorophores that are emissive in the solid state.*® However, the
practical utility of most mechanochromic fluorophores re-
ported so far suffers from the fact that these systems usually
require external stimuli such as heat or exposure to solvents to
recover their original color.”*® Relatively few are known to
recover autonomously at room temperature after exposure to
a mechanical stimulus.” In these reports, the structural varia-
tion of self-recovering mechanochromic fluorophores is also
limited, and only very few compounds in each report exhibited
a self-recovering nature. There is a lack of systematic study on
the relationship between molecular structures and self-
recovering properties of mechanochromic fluorophores.
Recently, we have reported N-Boc-4-(3-methyl-1H-indol-2-yl)-
2,1,3-benzothiadiazole (Boc = tert-butoxycarbonyl) derivatives
as a new class of non-AIE-type mechanochromic fluorophores.™
The fluorophores exhibited autonomously self-recovering
mechanochromic luminescence, and the emission color, as
well as the recovery time for the color change could be tuned via
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the substituents on the benzothiadiazole ring. The presence of
a methyl group at the 3-position of the indole ring was indis-
pensable to attain mechano-responsive properties, while the
presence of the Boc group is important to achieve good fluores-
cence quantum yields in the solid state. However, the thermal
instability of the Boc group hampered the detailed mechanistic
study on the self-recovering properties of these fluorophores.
Herein, we report the synthesis and emission properties
of a series of N-substituted-4-(3-alkyl-1H-indol-2-y1)-2,1,3-
benzothiadiazole derivatives (1). Seven new derivatives, which
differ with respect to the substituents at the 3-position and at the
N-atom of the indole ring, exhibited self-recovering mechano-
chromic luminescence properties with varying emission color
and recovery time. Detailed studies on molten samples of these
mechanochromic fluorophores offered deep insights into the
self-recovering mechanochromic luminescence.

Results and discussion

Following our previously reported procedure for the synthesis of
N-Boc-indolylbenzothiadiazole 1a (R' = Me),"* 3-alkyl-
substituted 1b (R* = Et) and 1c (R' = 'Pr) were obtained in
48% and 64% yield, respectively, from the Suzuki-Miyaura
coupling between 4-bromo-2,1,3-benzothiadiazole and the cor-
responding N-Boc-3-alkylindole-2-boronic acid, which was
prepared from the respective indole derivatives 2 (Scheme 1).
Removal of the Boc group from 1a using trifluoroacetic acid
(TFA) in dichloromethane afforded 4-(3-methyl-1H-indol-2-yl)-
2,1,3-benzothiadiazole (3) in 99% yield. N-Substituted indo-
lylbenzothiadiazole derivatives 1d (R*> = EtOCO), 1e (R* = Ts), 1f
(R* = PhCO), 1g (R*> = ‘BuCO), and 1h (R*> = Me) were subse-
quently synthesized in moderate to high yields by a consecutive
treatment of 3 with sodium hydride and the corresponding
halides R’X (1d-g: X = Cl, 1h: X = I).

The photophysical properties of indolylbenzothiadiazoles
1a-h are summarized in Table 1. For 3-alkyl-substituted 1b and
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Scheme 1 Synthesis of mechanochromic fluorophores la-h.
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Table 1 Photophysical properties of indolylbenzothiadiazoles 1a—h

Solid-state
fluorescence”

Fluorescence in

Absorption in toluene”  toluene”

Compd. Aups (nm) Aem (nm) @ Agy (nm)  Pg°
la 383 523 0.43 485 0.46
1b 380 521 0.36 482 0.30
1c 380 521 0.36 484 0.37
1d 380 524 0.56 493 0.38
1le 371 519 0.10 483 0.25
1f 391 539 0.09 506 0.31
1g 412 560 0.08 543 0.35
1h 432 603 0.067 580 0.19

“ Maxlmum absorption bands (Aabs > 350 nm) in toluene (107> M).

b Maximum emlsswn bands (Aem) and absolute quantum yields (®x)
in toluene (10~° M) and in powdered form. ¢ Absolute quantum ylelds
were measured using an integrating sphere. 7 As the emission
intensity was too weak, ®r was measured by using a 10~* M solution
of 1h in toluene.

1c in toluene, maximum absorption (A,ps) and emission bands
(Aem) were similar to those of 3-methyl-substituted 1a. The
replacement of the Boc group with an ethoxycarbonyl group had
a negligible influence on the absorption and emission maxima
of 1d in toluene. The maximum absorption and emission bands
of 1e-h in toluene were bathochromically shifted, whereby the
magnitude of the shift increased with a progressive reduction in
the electron-withdrawing properties of the substituent on the N-
atom of the indole moiety. The fluorescence quantum yields of
le-h in toluene (®y = 0.06-0.10) decreased significantly
compared to those of the carbamate derivatives la-d (¢ =

(a)1a (R' = Me, RZ = Boc) (b) 1b (R = Et, RZ = Boc)

i - . ¥ = = |

2 Grinding

i D —— )
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Fig. 1 Photographic images for the autonomously self-recovering
mechanochromic luminescence of indolylbenzothiadiazoles la-h,
which differ with respect to the substituents R* and R2.
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra01006k

Open Access Article. Published on 20 March 2017. Downloaded on 4/2/2026 7:30:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

0.36-0.56). The solid-state emission maximum of powdered 1b
(Aem = 482 nm, @ = 0.30) was hypsochromically shifted (Adem
= 39 nm), while its fluorescence quantum yield was slightly
decreased compared to that of a toluene solution (e =
521 nm, P = 0.36). Similar to the case of 1b, a large hyp-
sochromic shift (Ade,, = 37 nm) was observed between the
solid-state emission maxima of 1¢ (Aey, = 484 nm, ¢ = 0.37)
and that in toluene (e, = 521 nm, @ = 0.36) under retention
of the fluorescence quantum yield. In contrast, the hyp-
sochromic shift of the solid-state emission for 1d (A, = 493
nm) was relatively moderate (AA., = 31 nm), while the fluo-
rescence quantum yield decreased substantially (A®r = 0.18).
Despite this decrease relative to the solution value, the fluo-
rescence quantum yield for the solid-state emission of 1d (®r =
0.38) still represents a relatively good value. The emission
maxima of 1e-h in the solid state (1e: 483 nm; 1f: 506 nm; 1g:
543 nm; 1h: 580 nm) were also hypsochromically shifted relative
to those of the corresponding toluene solutions, and the

(a) 1b (R' = Et, R2 = Boc)

@%é%%"

(d) 1f (R! = Me, R2 = PhCO)

e

Y

(b) 1c (R

(e)19 (R =

= Pr, R2 = Boc)

A

Me, R2 = BuCO)
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fluorescence quantum yields of 1le-h afforded satisfactory
values (1e: 0.25, 1f: 0.31, 1g: 0.35, 1h: 0.19).

With these solid-state emissive fluorophores in hand, we
examined their mechano-responsive properties by grinding
powdered samples with a spatula (Fig. 1 and S1-7%). The
maximum emission wavelengths of 3-alkyl-substituted 1b and
1c were bathochromically shifted to 518 nm upon grinding,
which is almost identical to the value for 1a (Fig. 1a—c). The
times required for a recovery of the mechanically changed color
was longer for 1b (~10 min) than for 1c¢ (~2 min) and 1a (~20s).
Similarly, the solid-state emission of N-ethoxycarbonyl deriva-
tive 1d changed to 525 nm upon grinding, and the original color
was recovered within ~1 min (Fig. 1d). Although the region and
magnitude of the mechano-responsive emission shift of 1e were
similar to those of 1a-d, a considerably longer time (~1.5 h) was
required to recover the original color (Fig. 1e). Green-emissive 1f
(2em = 506 nm) and yellow-emissive 1g (Aem = 543 nm) were by
38 and 21 nm bathochromically shifted, respectively, in

(c) 1d (R = Me, R2 = EtOCO)
f) 1h (R! = Me, R2 = Me)

%E;a ey,

8T o T

Fig. 2 Molecular structures of 1b (a), 1

), and 1h (f

). Top rows: front view for two molecules in spatial proximity; atomic

displacement parameters set at 30% (1d and 1f) or 50/0 (1b, 1c, 1g, and 1h) probability. Bottom rows: top view for two molecules in spatial
proximity; all hydrogen atoms and phenyl groups (1f) were omitted for clarity. Color code: gray = C, red = O, blue = N, yellow =S, blurred blue

circle = R, blurred red circle = R?.

This journal is © The Royal Society of Chemistry 2017
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response to mechanical stimuli (Fig. 1f and g). These derivatives
also required long recovery times (1f: ~2 h; 1g: ~40 min). Upon
grinding, the solid-state maximum emission wavelength of 1h
was by 20 nm bathochromically shifted, while the recovery time
of 1h (~10 s) was the fastest observed for 1a-h.

Powder X-ray diffraction (PXRD) analyses for powdered
samples of 1b-h revealed that these were aggregates of micro-
crystals. Single-crystal X-ray diffraction analyses of 1b-h
revealed crystal structures that are identical to those of the
powdered samples, except for the case of 1e (Fig. 2 and S8-
211).* As previously reported,'* 1a exhibits anti-parallel inter-
molecular stacks of benzothiadiazole rings, whereby the tert-
butyl groups of the Boc groups are located on the top and
bottom of the stacked rings in the crystalline state. Notably, the
stacked rings of 1a are offset due to the steric hindrance of the 3-
methyl groups, which is different to the well-overlapping
stacking of the corresponding non-substituted derivative (R
= H) (Fig. S227%). Of 3-alkyl-substituted 1b and 1c, the latter
exhibited a similar crystal structure to that of 1a (Fig. 2b). This
structural similarity should account for the similar photo-
physical and mechanochromic properties of 1a and 1c in the
solid state. Conversely, the crystal structure of 1b is markedly
different from that of 1a. The ethoxy group of 1b is oriented in
the opposite direction with respect to the intramolecular ben-
zothiadiazole ring, and only small parts of the benzothiadiazole
rings are stacked. As a result, the difference between the
recovery times of 1a (R' = Me: ~20 s) and 1b (R' = Et: ~10 min)
is more pronounced than that between 1a and 1c (R' = 'Pr: ~2
min), even though the molecular structure of 1b is closer to that
of 1a than that of 1c. The crystal structure of 1d is completely
different, due to the exchange of a Boc group with an ethox-
ycarbonyl group, which resulted in an absence of intermolec-
ular stacking for the benzothiadiazole rings (Fig. 2c). This
structural difference between 1d and 1a should help to under-
stand the aforementioned relatively limited hypsochromic shift
and partial drop of fluorescence quantum yield for 1d in the
solid state. N-Acyl-substituted 1f (R* = PhCO) and 1g (R*> =
‘BuCO) also exhibited intermolecular antiparallel stacks of
benzothiadiazole rings, wherein two benzene rings or tert-butyl
groups of the acyl groups are located on either side of the

(a)

Intensity (a.u.)

(b)

T T T T T
5 10 15 20 25 30 35
20 (degrees)

Fig.3 PXRD patterns for powdered 1e (a) before and (b) after grinding.
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Fig. 4 PXRD patterns for powdered 1f (a) before and (b) after grinding.

stacked rings (Fig. 2d and e). However, the stacking structures
of 1f and 1g are different from each other. The sulfur atoms of
the benzothiadiazole rings are included in the stacking struc-
ture of 1f, whereas those of 1g protrude from the stacked rings,
similar to those of 1a. Intermolecular stacks of N-methyl-
substituted 1h also include the sulfur atoms, and the stacked
rings of 1h share less overlapping area compared to those of 1f
(Fig. 2f). Although antiparallel intermolecular stacking of the
benzothiadiazole rings was observed in all cases except for 1d,
the stacking modes are different. Nevertheless, all derivatives
exhibited mechanochromic luminescence, suggesting that their
crystal structures are relatively labile compared to the well-
overlapping stacking structures of N-Boc-
indolylbenzothiadiazoles, which do not contain a substituent
at the 3-position (R' = H) and hence not exhibit mechano-
chromic properties."*

For 1e-g, PXRD analyses of the state following the mechan-
ical stimulus were carried out, given that these derivatives
exhibited relatively long recovery times. The intensity of the
diffraction pattern of 1e significantly decreased after grinding
(Fig. 3), indicating that the crystalline powder changed almost
completely to an amorphous state. Similarly, crystalline
powders of 1f and 1g also turned almost completely into

Intensity (a.u.)

T T T T T
5 10 15 20 25 30 35
20 (degrees)

Fig.5 PXRD patterns for powdered 1g (a) before and (b) after grinding.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Photographic images for the luminescence of molten samples
of indolylbenzothiadiazoles 1b and 1d-h.

amorphous states in response to the mechanical stimulus
(Fig. 4 and 5). These results suggest that the mechano-
responsive emission color change of these fluorophores is
triggered by an amorphization of the crystals.

An optimization of the molecular structures of 1b-h was
carried out by density functional theory (DFT) calculations at the
CAM-B3LYP/6-31G(d) level of theory,* using the single-crystal X-
ray diffraction structures as the initial geometry. In all cases,
the HOMO is mainly localized on the indole ring and on a part of
the benzothiadiazole moiety, whereas the LUMO is localized on
the benzothiadiazole ring (Fig. S23t). Time-dependent DFT
calculations on the optimized structures of 1b-h revealed that the
maximum-wavelength absorption bands should be assigned to
the HOMO — LUMO transition (Table S1 and Fig. S247). Such an
intramolecular charge-transfer transition would explain the large
Stokes shifts and solvatochromic luminescence observed for 1b-
h (Fig. S25-311). Solvatochromic luminescence is usually caused
by an efficient stabilization of excited states in polar solvents.™
The potentially solvatofluorochromic nature of 1b-h might be
one reason for their change of emission color by amorphization,
as the polarity surrounding the fluorophores should be different
in the crystalline and amorphous state.

Fluorescence spectra of the molten mechanochromic fluo-
rophores were measured to examine the change of emission
color upon losing crystallinity. Although thermal annealing is
a widely applied method to recover the original emission color
after exposure to mechanical stimuli, there is a lack of
systematic study on the relationship between the emission color
of the molten and mechanically changed states.'¥'*** N-Boc
derivatives 1a and 1c decomposed upon heating prior to
reaching their melting points, most likely due to the thermal
instability of the Boc group. Derivatives 1b and 1d-h liquefied at
temperatures above their melting points,'” and the fluorescence
spectra were recorded after cooling the samples rapidly to room
temperature. In all cases, bathochromic shifts of the emission
maxima were observed upon melting (Fig. 6). Notably, the

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 DSC thermograms for powdered and molten samples of 1b (a
and d), 1d (b and e), and 1g (c and f). T, and T4 values are noted near
the corresponding peaks and steps.

fluorescence spectra of the molten samples were in good
agreement with those of the mechanically changed states
(Fig. S1 and 3-77). Differential scanning calorimetry (DSC)
measurements were carried out on powdered and molten
samples of 1b and 1d-h (Fig. 7 and 8). The DSC thermograms of
all powdered crystalline samples showed only one endothermic
peak that corresponds to their melting points, while transition
peaks to another crystalline phase were not observed prior to
melting. For the molten samples, glass-transition temperatures
(T) were observed for 1b (21 °C), 1d (7 °C), and 1g (12 °C), which
exhibit lower melting points (Tp,; 1b: 129 °C, 1d: 104 °C, 1g: 139
°C), whereas T, (1e: 45 °C, 1f: 39 °C, 1h: 16 °C) and cold-
crystallization transition temperatures were observed for 1e,
1f, and 1h (T; 1e: 125 °C, 1f: 106 °C, 1h: 80 °C), which exhibit
higher T;, values (1e: 183 °C, 1f: 194 °C, 1h: 145 °C). These
results support the notion that mechanical stimuli cause
a transition of the powdered crystalline state to a glass or
supercooled liquid state with different emission properties. The
relatively long recovery times for 1e and 1f might be explained
as these are in glass states at room temperature.

(@)
(b)
(c)
E
o T183 °C
< o
B Tm145°C Tm194°C
T | (@) Ty45°C
o) T439°C c
(f) Tg16 °C J sl
T,80°C
T,5183:C
Tn145°C  Tp194°C
T T T T I T I T T T
0 20 40 60 80 100 120 140 160 180 200 220

Temperature (°C)

Fig. 8 DSC thermograms for powdered and molten samples of le (a
andd), If (b and e), and 1h (cand f). T\, T, and T values are noted near
the corresponding peaks and steps.
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The molten samples required considerably longer times
(several hours to several days) to recover the original emission
color at room temperature. Meanwhile, the original emission
color was immediately recovered upon scratching hexane
suspensions of molten samples with a spatula followed by
natural evaporation (Fig. 6). The stability of the molten amor-
phous samples should be explained by the complete loss of
crystallinity, in contrast to the amorphous state created by
mechanical stimuli. The recrystallization of the mechanically
created amorphous phases should be facilitated by the presence
of unchanged crystalline phases in close spatial proximity, which
should lead to a fast recovery of the emission color at room
temperature. The difference in recovery time would be associated
with the degree of crystallinity of the crystal structure, or the
stabilization of the amorphous phase by polarized substituents.

Conclusion

A series of self-recovering mechanochromic fluorophores was
obtained by introducing different substituents on the indole
ring of indolylbenzothiadiazole. Although the mechanochromic
luminescence for 1a-e was observed in the blue to green region
irrespective of their structural differences, the times required
for the recovery of the original color varied from 20 s to 1.5 h.
For 1f-h, which contain benzoyl, pivaloyl, or methyl groups at
N-atom of the indole ring, respectively, bathochromically shif-
ted solid-state emission colors relative to 1la-e were observed.
The recovery time increased upon introduction of acyl groups,
and shortened by the presence of the N-methyl group. All these
mechanochromic fluorophores are crystalline powders, and the
PXRD analyses for 1le-g, which exhibit relatively long recovery
times, indicated a loss of crystallinity in response to mechanical
stimuli. Moreover, the fluorescence spectra of samples of 1b and
1d-h after grinding showed good agreement with those for the
molten amorphous state, whereas a considerably longer time was
required for the molten samples to recover their crystallinity at
room temperature. The DSC analyses for the molten samples
exhibited that the T, values for 1e and 1f are above room
temperature, which might explain the long recovery times of
these fluorophores. These results suggest that the present
mechanism of self-recovering mechanochromic luminescence is
based on an amorphization of the crystals upon grinding, fol-
lowed by spontaneous recrystallization of the amorphous phase,
which should be facilitated by the presence of unchanged crys-
talline phases in the immediate vicinity. Self-recovering mecha-
nochromic fluorophores should potentially find applications in
mechano-sensors that may provide information on the time-
lapse after exposure to a mechanical stimulus or in anti-
counterfeiting inks that may temporarily change their emission
color upon crumpling. The present study should offer guidelines
to further the development of such smart materials.

Experimental
General

All air-sensitive experiments were carried out under an atmo-
sphere of argon unless otherwise noted. IR spectra were
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recorded on a Nicolet iS10 FT-IR spectrometer. 'H and *C NMR
spectra were recorded on a Bruker DRX-300 or DRX-500 spec-
trometer using tetramethylsilane as an internal standard. UV-vis
absorption and fluorescence spectra were measured on a JASCO
V560 spectrophotometer and a JASCO FP-8300 or FP-8500 fluores-
cence spectrometer, respectively. The absolute fluorescence
quantum yields were determined using a 100 mm ¢ integrating
sphere JASCO ILF-835. A miniature fiber-optic spectrometer
(FLAME-S-XR1-ES, Ocean Optics) was used for the measurements
of mechanochromic luminescence. PXRD measurements were
performed on a Rigaku RINT-2500 system using CuKo radiation.
Melting points were determined on a Stuart melting point appa-
ratus SMP3 and are uncorrected. DSC data were recorded on
a Seiko Instruments DSC-6100 equipped with a liquid nitrogen
cooling unit (heating rate: 10 °C min~'). High-resolution mass
spectra (HRMS) were recorded on a JEOL JMS-600 mass spec-
trometer (EI) and a Hitachi Nano Frontier LD spectrometer (ESI).
Elemental analyses were carried out on a Vario EL III Elemental
analyzer. TLC analyses were done on silica-gel 60 F,s,-precoated
aluminum backed sheets (E. Merck). Wakogel C-200 and Silica gel
60 N (spherical, neutral, 63-210 pm) were used for column chro-
matography. N-Boc-3-methyl-1H-indole (2a),"® N-Boc-3-ethyl-1H-
indole (2b)," 3-isopropyl-1H-indole,* 4-bromo-2,1,3-benzothiadia-
zole and tert-butyl 2-(2,1,3-benzothiadiazol-4-yl)-3-methyl-1H-
indole-1-carboxylate (1a)" were synthesized according to the liter-
ature procedure. The spectroscopic grade solvents for UV-vis
absorption and fluorescence measurements were purchased from
Kanto Chemical Co., Inc. and Wako Pure Chemical Industries, Ltd.

Synthesis of N-Boc-3-isopropyl-1H-indole (2¢)

To a stirred solution of 3-isopropyl-1H-indole (480 mg, 3.0 mmol)
and DMAP (37 mg, 0.30 mmol) in dichloromethane (30 mL) was
added di-tert-butyl dicarbonate (790 mg, 3.6 mmol), and the
mixture was stirred at room temperature for 24 h. After water was
added to the mixture, the organic layer was separated and the
aqueous layer was extracted with dichloromethane three times.
The combined organic layer was washed with water and brine,
and dried over anhydrous Na,SO,. After removal of the solvent
under reduced pressure, crude product was purified with silica-gel
column chromatography (hexane/ethyl acetate = 30 : 1) to give N-
Boc-3-isopropyl-1H-indole (2¢, 765 mg, 98%) as colorless oil.

N-Boc-3-isopropyl-1H-indole (2c¢). Colorless oil; IR (neat): ¥max
3051, 2966, 2931, 2872, 2391, 2360, 1732, 1609, 1568, 1455, 1422,
1371, 1340, 1309, 1298, 1255, 1221, 1158, 1108, 1085, 1064, 1021
1000, 935, 858, 835, 804, 765, 745, 668 cm™*; "H NMR (500 MHz,
CDCl3): 6 (ppm) 8.13 (br's, 1H), 7.55 (d,J = 7.9 Hz, 1H), 7.33 (br s,
1H), 7.31-7.27 (m, 1H), 7.24-7.19 (m, 1H), 3.12-3.09 (m, 1H), 1.65
(s, 9H), 1.34 (d, J = 6.6 Hz, 6H); *C NMR (126 MHz, CDCl,):
6 (ppm) 149.9, 135.7, 130.1, 128.0, 124.1, 122.1, 120.5, 119.3,
115.3, 83.2, 28.2, 25.2, 22.6; anal. caled for C;¢H,;NO,: C, 74.10;
H, 8.16; N, 5.40. Found: C, 73.72; H, 8.32; N, 5.45.

Synthesis of N-Boc-indolylbenzothiadiazole derivatives 1b and
1c

Typical experimental procedure (1b, Scheme 1). To a stirred
solution of N-Boc-3-ethylindole (245 mg, 1.0 mmol) and
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triisopropyl borate (282 mg, 1.5 mmol) in THF (4.0 mL) was
added a solution of lithium diisopropyl amide, prepared from
diisopropylamine (350 pL, 2.5 mmol) and butyllithium (2.6 M in
hexane, 960 pL, 2.5 mmol) in THF (2.0 mL), through a syringe at
—20 °C, and the mixture was stirred at the same temperature for
1.5 h. Saturated ammonium chloride solution and water were
added to the reaction mixture. The organic layer was separated
and the aqueous layer was extracted with ethyl acetate three
times. The combined organic layer was washed with water and
brine, and dried over anhydrous Na,SO,. After removal of the
solvent under reduced pressure, crude product was dissolved in
dioxane (6.0 mL). To the solution was added 4-bromo-2,1,3-
benzothiadiazole (129 mg, 0.6 mmol) and 2 M aqueous K,CO;
(0.6 mL), and the mixture was degassed under ultrasonic irra-
diation. To the mixture was added Pd(PPh;), (139 mg, 0.12
mmol), and the mixture was further degassed under ultrasonic
irradiation. After the mixture was stirred at 95 °C for 4 h, water
and dichloromethane were added to the mixture. The organic
layer was separated and the aqueous layer was extracted with
dichloromethane three times. The combined organic layer was
washed with water and brine, and dried over anhydrous Na,SO,.
After removal of the solvent under reduced pressure, crude
product was purified with silica-gel column chromatography
(hexane/diethyl ether = 10 : 1) to give tert-butyl-2-(2,1,3-benzo-
thiadiazol-4-yl)-3-ethyl-1H-indole-1-carboxylate (1b, 109 mg,
48%) as yellow solid.

tert-Butyl 2-(2,1,3-benzothiadiazol-4-yl)-3-ethyl-1H-indole-1-
carboxylate (1b). Yellow solid; mp 128.0-128.6 °C; IR (KBr):
Vmax 2969, 1732, 1601, 1538, 1454, 1411, 1392, 1369, 1332, 1286,
1254, 1223, 1149, 1116, 1089, 1018, 905, 878, 846, 815, 796, 763,
743,705 cm ™ '; "H NMR (500 MHz, CDCl;): 6 (ppm) 8.31 (dt, ] =
8.3, 0.9 Hz, 1H), 8.04 (dd, J = 8.8, 1.1 Hz, 1H), 7.69 (dd, J = 8.8,
6.8 Hz, 1H), 7.63 (ddd, ] = 7.2, 1.3, 0.9 Hz, 1H), 7.56 (dd, J = 6.8,
1.1 Hz, 1H), 7.39 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H), 7.30 (td, ] = 7.2,
0.9 Hz, 1H), 2.68 (dt, J = 21.8, 7.6 Hz, 1H), 2.53 (dt, J = 21.8,
7.6 Hz, 1H), 1.20 (t, ] = 7.6 Hz, 3H), 0.97 (s, 9H); "*C NMR (126
MHz, CDCl,): 6 (ppm) 155.0, 154.9, 149.9, 136.9, 130.3, 129.3,
128.7, 128.3, 125.0, 124.3, 122.6, 121.0, 119.2, 115.7, 82.4, 27.4,
17.8, 15.3; anal. caled for C,;H,;N;0,S: C, 66.47; H, 5.58; N,
11.07; S, 8.45. Found: C, 66.20; H, 5.76; N, 10.88; S, 8.40. Crystal
data for 1b (CCDC 1523441%): C,H,;N;0,S, M = 379.48,
triclinic, @ = 9.401(5) A, b = 10.660(5) A, ¢ = 11.058(5) A, a =
107.936(5)°, 8 = 98.134(3)°, y = 110.380(3)°, V = 949.1(8) A,
space group P1 (no. 2), Z = 2, D, = 1.328 g cm >, F(000) =
400.00, T = 223(1) K, u(Mo-Ka) = 1.917 em ™}, 6870 reflections
measured, 4148 independent (R;, = 0.0206). The final refine-
ment converged to R; = 0.0463 for I > 2.00(), WR, = 0.1320 for
all data.

tert-Butyl 2-(2,1,3-benzothiadiazol-4-yl)-3-isopropyl-1H-indole-
1-carboxylate (1c). Yellow solid; mp > 145 °C decomp.; IR (KBr):
Vmax 3075, 3015, 2973, 2931, 2873, 1721, 1600, 1536, 1456, 1417,
1366,1331, 1274, 1236,1210, 1157, 1110, 1087, 999, 903, 868, 851,
818, 811, 769, 754 cm™ *; "H NMR (500 MHz, CDCL,): 6 (ppm) 8.34
(dt,J = 8.3, 1.0 Hz, 1H), 8.05 (dd, J = 8.8, 1.0 Hz, 1H), 7.80 (ddd, J
=7.9,1.3,1.0 Hz, 1H), 7.69 (dd, J = 8.8, 6.7 Hz, 1H), 7.52 (dd, J =
6.7,1.0 Hz, 1H), 7.37 (ddd, J = 8.3, 7.3, 1.3 Hz, 1H), 7.27 (ddd, =
7.9,7.3,1.0 Hz, 1H), 2.93 (sept,J = 7.3 Hz, 1H), 1.42 (d, ] = 7.3 Hz,
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3H), 1.26 (d, J = 7.3 Hz, 3H), 0.95 (s, 9H); "*C NMR (126 MHz,
CDCl,): 6 (ppm) 155.1, 154.9, 149.8, 137.2, 129.3, 129.24, 129.20,
128.6, 128.0, 127.7, 124.6, 122.2, 121.1, 120.8, 115.8, 82.4, 27.4,
26.3, 22.6, 22.3; anal. caled for C,,H,3N;0,S: C, 67.15; H, 5.89; N,
10.68; S, 8.15. Found: C, 66.75; H, 5.93; N, 10.66; S, 8.32. Crystal
data for 1¢ (CCDC 15234427): C,,H,3N;0,S, M = 393.50, triclinic,
a=9.38360 A, b = 9.5084(5) A, ¢ = 12.6685(3) A, a = 84.707(12)°,
8 = 69.198(7)°, vy = 77.736(12)°, V = 1032.35(9) A, space group
P1(no.2),Z=2,D.=1.266 gcm >, F(000) = 416.00, T = 223(1) K,
p(Mo-Ka) = 1.787 em™ ", 7509 reflections measured, 4499 inde-
pendent (R;,; = 0.0196). The final refinement converged to R; =
0.0455 for I > 2.00(I), wR, = 0.1229 for all data.

Synthesis of 4-(3-methyl-1H-indol-2-yl)-2,1,3-benzothiadiazole
®)
To a stirred solution of 1a (219 mg, 0.6 mmol) in dichloro-
methane (9.8 mL) was added trifluoroacetic acid (2.2 mL) at
0 °C, and the mixture was stirred at room temperature for 16 h.
After the mixture was cooled to 0 °C, saturated aqueous sodium
hydrogen carbonate solution was added to the mixture. The
organic layer was separated and the aqueous layer was extracted
with dichloromethane three times. The combined organic layer
was washed with water and brine, and dried over anhydrous
Na,S0O,. After removal of the solvent under reduced pressure,
crude product was purified with silica-gel column chromatog-
raphy (hexane/diethyl ether = 1:1) to give 4-(3-methyl-1H-
indol-2-y1)-2,1,3-benzothiadiazole (3, 157 mg, 99%) as red-
orange solid.

4-(3-Methyl-1H-indol-2-yl)-2,1,3-benzothiadiazole (3). Red-
orange solid; mp 123-124 °C; IR (KBr): vyax 3482, 3381, 3054,
2963, 2861, 1645, 1588, 1541, 1523, 1481, 1463, 1445, 1435,
1394, 1380, 1367, 1332, 1309, 1250, 1238, 1184, 1163, 1154,
1127, 1108, 1051, 904, 884, 858, 841, 807, 791, 746, 740, 687
em™ ' "H NMR (500 MHz, CDCl;): 6 (ppm) 10.56 (br s, 1H), 7.94
(d,J = 7.6 Hz, 1H), 7.90 (dd, J = 8.8, 0.9 Hz, 1H), 7.65-7.70 (m,
2H), 7.47 (dt,] = 8.1, 0.9 Hz, 1H), 7.26 (ddd, ] = 8.1, 7.9, 1.0 Hz,
1H), 7.15 (ddd, J = 7.9, 7.6, 0.9 Hz, 1H), 2.65 (s, 3H); ">*C NMR
(75.5 MHz, CDCl3): ¢ (ppm) 155.6, 152.8, 136.0, 130.1, 129.9,
129.3,126.5, 125.7, 123.1, 119.5, 119.3, 119.0, 111.7, 111.2, 11.5;
HRMS-EI (m/z): [M]" caled for Cy5H;1N;S, 265.0674; found,
265.0668.

Synthesis of N-substituted-indolylbenzothiadiazole
derivatives 1d-h

Typical experimental procedure (1d, Scheme 1). To a stirred
suspension of sodium hydride (60% mineral oil dispersion,
24 mg, 0.6 mmol), washed with hexane prior to use, in THF (3.0
mL),  4-(3-methyl-1H-indol-2-yl)-2,1,3-benzothiadiazole (3,
80 mg, 0.30 mmol) in THF (3.0 mL) was added dropwise
through a syringe at 0 °C. The reaction mixture was stirred at
room temperature for 1 h. To the mixture was added dropwise
a solution of ethyl chloroformate (65 mg, 0.6 mmol) in THF (3.0
mL) through a syringe. After the reaction mixture was stirred at
room temperature for 24 h, water was added to the reaction
mixture at 0 °C. The organic layer was separated and the
aqueous layer was extracted with dichloromethane three times.
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The combined organic layer was washed with water and brine,
and dried over anhydrous Na,SO,. After removal of the solvent
under reduced pressure, crude product was purified with silica-
gel column chromatography (hexane/diethyl ether = 1:1) to
give ethyl 2-(2,1,3-benzothiadiazol-4-yl)-3-methyl-1H-indole-1-
carboxylate (1d, 92 mg, 91%) as yellow solid.

Ethyl  2-(2,1,3-benzothiadiazol-4-yl)-3-methyl-1H-indole-1-
carboxylate (1d). Yellow solid; mp 97-98 °C; IR (KBI): Vax
3049, 2978, 2930, 2912, 2869, 1733, 1601, 1538, 1479, 1456,
1412, 1379, 1328, 1320, 1302, 1281, 1226, 1198, 1161, 1128,
1117, 1025, 889, 848, 830, 810, 742, 704, 676 cm ™ *; "H NMR (300
MHz, CDCl,): 6 (ppm) 8.26 (dt, J = 8.3, 1.0 Hz, 1H), 8.04 (dd, ] =
8.7,0.9 Hz, 1H), 7.70 (dd, J = 8.7, 7.0 Hz, 1H), 7.62-7.55 (m, 2H),
7.41(ddd,J = 8.3,7.2, 1.3 Hz, 1H), 7.33 (ddd, J = 8.2, 7.2, 1.0 Hz,
1H), 4.04-3.87 (m, 2H), 2.21 (s, 3H), 0.68 (t, ] = 7.0 Hz, 3H); °C
NMR (126 MHz, CDCl,): 6 (ppm) 154.82, 154.77, 151.4, 136.4,
130.9, 130.5, 129.3, 129.2, 127.7, 125.3, 122.9, 121.1, 119.2,
118.6, 115.5, 62.4, 13.3, 9.4; HRMS-ESI (m/z): [M + H]" caled for
C13H16N30,S, 338.0958; found, 338.0963; crystal data for 1d
(CCDC 15234437): C13H15N30,S, M = 337.40, monoclinic, a =
11.028(7) A, b = 14.215(8) A, ¢ = 11.554(7) A, § = 114.243(7)°, V
= 1651.5(16) A®, space group P2,/c (no. 14), Z = 4, D, = 1.357 ¢
cm 3, F(000) = 704.00, T = 223(1) K, u(Mo-Ka) = 2.111 cm ™,
12 326 reflections measured, 3762 independent (R;,. = 0.0526).
The final refinement converged to R; = 0.0724 for I > 2.00(1), WR,
= 0.2121 for all data.

4-(3-Methyl-1-tosyl-1H-indol-2-yl)-2,1,3-benzothiadiazole (1e).
According to the typical experimental procedure, the reaction of 3
with p-toluenesulfonyl chloride in the presence of sodium
hydride was carried out in DMF at room temperature for 16 h to
give 1e in 72% yield. Yellow solid; mp 177.5-178.3 °C; IR (KBr):
Vmax 3067, 2975, 2921, 1597, 1537, 1452, 1371, 1360, 1222, 1188,
1173, 1132, 1121, 1089, 1018, 951, 900, 830, 820, 811, 757, 683,
667 cm™'; "H NMR (500 MHz, CDCl;): ¢ (ppm) 8.30 (dt, J = 8.2,
1.0 Hz, 1H), 8.11 (dd, / = 8.8, 1.0 Hz, 1H), 7.73 (dd, ] = 8.8, 6.9 Hz,
1H), 7.61 (dd, J = 6.9, 1.0 Hz, 1H), 7.50 (ddd, J = 7.5, 1.3, 1.0 Hz,
1H), 7.40 (ddd, J = 8.2, 7.2, 1.3 Hz, 1H), 7.32 (ddd, J = 7.5, 7.2,
1.0 Hz, 1H), 7.27 (d, ] = 8.2 Hz, 2H), 6.96 (d, J = 8.2 Hz, 2H), 2.26
(s, 3H), 2.02 (s, 3H); "*C NMR (126 MHz, CDCl;): 6 (ppm) 154.63,
154.62, 144.4, 137.4, 135.1, 132.2, 131.5, 131.3, 129.2, 128.8,
126.7, 125.38, 125.35, 123.8, 122.1, 121.5, 119.4, 115.9, 21.5, 9.7;
HRMS-ESI (m/z): [M + H]" caled for Cy,H;gN;0,S,, 420.0835;
found, 420.0844; crystal data for 1e (CCDC 1523444%): CyH o~
N;0,S,-CHCl;, M = 538.89, triclinic, ¢ = 11.305(8) A, b =
11.319(8) A, ¢ = 11.788(8) A, a = 109.674(6)°, 8 = 98.760(4)°, v =
115.528(4)°, V = 1200.7(14) A%, space group P1 (no. 2), Z = 2, D, =
1.490 g em 2, F(000) = 552.00, T = 223(1) K, u(Mo-Ka) = 5.820
em ', 8608 reflections measured, 5216 independent Rine =
0.0363). The final refinement converged to R, = 0.0658 for I >
2.00(l), wR, = 0.1911 for all data.

2-(2,1,3-Benzothiadiazol-4-yl)-3-methyl-1H-indol-1-yl(phenyl)-
methanone (1f). According to the typical experimental proce-
dure, the reaction of 3 with benzoyl chloride in the presence of
sodium hydride was carried out in DMF at room temperature for
16 h to give 1f in 69% yield. Yellow solid; mp 191.2-191.6 °C; IR
(KBI): ¥max 3052, 2913, 2858, 1673, 1598, 1598, 1535, 1473, 1453,
1390, 1351, 1331, 1230, 1201, 1152, 1051, 1024, 902, 874, 853,
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829, 812, 761, 748, 716, 697, 669 cm '; 'H NMR (500 MHz,
CDCL,): 6 (ppm) 7.80-7.76 (m, 1H), 7.69-7.64 (m, 2H), 7.54-7.52
(m, 2H), 7.44 (d, ] = 7.3 Hz, 2H), 7.34-7.28 (m, 2H), 7.21 (t, ] =
9.1 Hz, 1H), 7.05 (t,J = 7.9 Hz, 2H), 2.33 (s, 3H); **C NMR (126
MHz, CDCLy): 6 (ppm) 169.6, 154.6, 153.6, 137.3, 135.1, 131.94,
131.88, 130.4, 130.1, 129.2, 129.0, 127.5, 126.6, 125.1, 122.9,
121.0,119.3,118.9, 114.6, 9.7; HRMS-ESI (m/z): [M + H]" calcd for
C,,H16N;0S, 370.1009; found, 370.1021; crystal data for 1f
(CCDC 1523445%): Cp,H;5N30S, M = 369.44, monoclinic, a =
20.828(7) A, b = 11.825(4) A, ¢ = 15.926(5) A, § = 111.203(4)°, V=
3657(2) A%, space group C2/c (no. 15), Z = 8, D, = 1.342 g cm >,
F(000) = 1536.00, T = 223(1) K, w(Mo-Ka) = 1.937 cm ™%, 13 776
reflections measured, 4172 independent (R;,, = 0.0591). The
final refinement converged to R, = 0.0843 for I > 2.00(l), WR, =
0.2476 for all data.
2-(2,1,3-Benzothiadiazol-4-yl)-3-methyl-1H-indol-1-yl-2,2-di-
methylpropan-1-one (1g). According to the typical experi-
mental procedure, the reaction of 3 with pivaloyl chloride in
the presence of sodium hydride was carried out in DMF at
room temperature for 16 h to give 1g in 66% yield. Yellow-
orange solid; mp 135.6-137.2 °C; IR (KBr): vpax 3065, 2970,
2927, 2864, 1715, 1475, 1449, 1327, 1299, 1220, 1172, 1126,
908, 856, 841, 823, 810, 776, 756, 750, 638, 619 cm™'; '"H NMR
(500 MHz, CDCl,): 6 (ppm) 8.06 (dd, J = 8.9, 1.1 Hz, 1H), 7.71
(dd,j = 8.7, 6.8 Hz, 1H), 7.64 (dd, J = 7.8, 0.9 Hz, 1H), 7.60 (dd,
J=6.9,0.9 Hz, 1H), 7.53 (dd, J = 8.2, 0.9 Hz, 1H), 7.33 (ddd,J =
8.2, 7.8, 0.9 Hz, 1H), 7.25 (td, J = 8.2, 0.9 Hz, 1H), 2.28 (s, 3H),
0.96 (s, 9H); "*C NMR (126 MHz, CDCl;): 6 (ppm) 184.9, 155.1,
153.5, 136.4, 131.1, 130.5, 129.4, 129.3, 127.1, 124.3, 121.4,
121.3,119.4, 116.6, 112.3, 43.9, 27.9, 10.0; HRMS-ESI (m/z): [M
+H]" caled for C,,H,oN;08, 350.1322; found, 350.1332. Crystal
data for 1g (CCDC 1523446%): C0H;oN;0S, M = 349.45,
monoclinic, a = 12.119(5) A, b = 13.780(5) A, ¢ = 21.310(8) A,
8 = 98.941(7)°, V = 3516(2) A%, space group P2,/n (no. 14), Z =
8, D. = 1.320 g cm >, F(000) = 1472.00, T = 223(1) K, u(Mo-Ka)
=1.968 cm %, 27 090 reflections measured, 8018 independent
(Rint = 0.0360). The final refinement converged to R; = 0.0506
for I > 2.00(I), wR, = 0.1268 for all data.
4-(1,3-Dimethyl-1H-indol-2-yl)-2,1,3-benzothiadiazole (1h).
According to the typical experimental procedure, the reaction of
3 with methyl iodide in the presence of sodium hydride was
carried out in THF at room temperature for 16 h to give 1h in
94% yield. Orange solid; mp 140.2-140.8 °C; IR (KBr): vy, 3044,
2921, 2904, 1592, 1558, 1470, 1362, 1329, 1312, 1268, 1244,
1174, 1158, 1128, 1007, 951, 896, 855, 828, 758, 741 cm ™ ; 'H
NMR (500 MHz, CDCly): é (ppm) 8.10 (dd, J = 8.8, 1.0 Hz, 1H),
7.74 (dd, ] = 8.8, 6.8 Hz, 1H), 7.65 (d, J = 7.9 Hz, 1H), 7.61 (dd, J
= 6.8, 1.0 Hz, 1H), 7.38 (d, J = 8.2 Hz, 1H), 7.30 (dd, J = 7.9,
7.3 Hz, 1H), 7.17 (dd, J = 8.2, 7.3 Hz, 1H), 3.57 (s, 3H), 2.27 (s,
3H); *C NMR (126 MHz, CDCl3): 6 (ppm) 155.1, 154.4, 137.7,
133.2, 131.7, 129.2, 128.4, 125.9, 122.3, 121.5, 119.23, 119.16,
110.9, 109.4, 31.5, 9.6; anal. caled for C,¢H,5NsS: C, 68.79; H,
4.69; N, 15.04; S, 11.48. Found: C, 68.40; H, 4.76; N, 14.96; S,
11.48. Crystal data for 1h (CCDC 15234477): C16H3N3S, M =
279.36, triclinic, a = 8.367(3) A, b = 8.840(3) A, ¢ = 10.153(3) A,
a = 80.099(13)°, 8 = 67.010(11)°, y = 82.285(14)°, V = 679.2(4)
A%, space group P1 (no. 2), Z = 2, D. = 1.366 g cm >, F(000) =
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292.00, T = 223(1) K, p(Mo-Ka) = 2.305 cm ™, 4962 reflections
measured, 2968 independent (R;,, = 0.0181). The final refine-
ment converged to R; = 0.0610 for I > 2.00(I), wR, = 0.1786 for
all data.

Theoretical calculations

The theoretical calculations were performed using Gaussian 09
program.”> Molecular geometry of 1b was optimized using
density functional theory (DFT) calculations at the CAM-B3LYP/
6-31G(d) level of theory. The single-crystal X-ray structure of 1b
was used as a starting point. The long-range corrected hybrid
functional CAM-B3LYP was used as CAM-B3LYP often provides
better results in time-dependent density functional theory (TD-
DFT) calculations than conventional B3LYP.>* The HOMO and
LUMO energy levels of 1b are —6.90 eV and —1.00 eV, respec-
tively. The lowest 6 singlet-singlet transitions of 1b were
computed by the TD-DFT calculation at the CAM-B3LYP/6-
31G(d) level of theory. The calculated first excited state, which
consists of the transition from HOMO to LUMO (0.669), is
336 nm (3.69 eV) with oscillator strength of 0.187. The theo-
retical calculations of other compounds 1c-h were also carried
out as described for 1b (Table S17).
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