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B. General Information

All reagents were purchased from commercial sources and used as received. N-
arylglycine derivatives1,2 were prepared according to literature procedures. All 
experiments were carried out under air atmosphere, unless otherwise indicated. 
Irradiation of photochemical reactions was carried out using a 5 W or 24 W blue LED 
bulb. TLC inspections were taken on silica gel GF254 plates and column flash 
chromatography was conducted with silica gel (200−300 meshes). The liquid 1H and 
13C NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer. The 
chemical shifts δ are given in ppm relative to tetramethylsilane and the coupling 
constants J are given in Hz. The spectra were recorded with CDCl3, acetone-d6, or 
DMSO-d6 as solvent at room temperature. Small-angle X-ray diffraction (XRD) 
patterns were conducted on a PANalytical X’Pert PRO diffractometer with Cu Kα 
radiation (40 kV, 40 mA). Transmission electron microscopy (TEM) morphologies 
were observed with a JEOL JEM-1200EX instrument operating at 200 kV. N2 
adsorption and desorption isotherms were measured at 77 K on an ASAP 2020 analyzer. 
Based on the adsorption branches, the specific surface area (SBET), the average pore 
diameter (DP), and the pore volume (VP) were calculated by using the multiple-point 
Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH) models. The 
nitrogen content was determined by elemental analysis using an Elementar 
Analysensysteme GmbH vario EL cube V1.2.1 elemental analyzer. FT-IR spectra were 
recorded on a Nicolet FT-170SX spectrometer. Samples were prepared by dispersing 
in anhydrous KBr. Solid-state NMR spectra were obtained on a WB 400 MHz Bruker 
Avance II spectrometer. The 13C CP/MAS NMR spectra were recorded with the contact 
time of 2 ms (ramp 100) and the recycle delay of 2 s with a 4-mm double-resonance 
probe. The diffuse reflectance spectra of the solids were collected at room temperature 
with a UV-Vis-NIR diffuse reflectance spectrometer (Agilent Technologies, Cary 
5000) at a photometric range of 250–800 nm. Ultraviolet photoelectron spectroscopy 
(UPS) measurements was obtained by using a KRATOS Axis ultra-DLD X-ray 
photoelectron spectrometer with an unfiltered HeI (21.22 eV) gas discharge lamp and 
a total instrumental energy resolution of 100 meV. The thermogravimetric analysis 
(TGA) was performed on a STA 449C Jupiter instrument, with the temperature from 
ambient to 800 °C under nitrogen atmosphere (heating rate of 10 °C/min).
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C. Synthesis of Functional Monomer
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Scheme S1. Synthesis of TPA1.

Synthesis of 4-methoxy-N, N-diphenylaniline (1′).3 A mixture of 4-iodoanisole (5.14 
g, 22.0 mmol), 2,2’-bipyridine (0.13 g, 0.8 mmol), CuI (0.15 g, 0.8 mmol), potassium 
tert-butoxide (3.36 g, 30.0 mol), and diphenylamine (3.38 g, 20.0 mmol) were dissolved 
in 40 mL of toluene under Ar. The solution was heated to 120 °C for 24 h. After cooling 
to room temperature, the salt of the mixture was filtrated with celite. The result solution 
was concentrated to remove solvent under vacuo, and the crude product was purified 
by the flash chromatography (silica gel, petroleum ether) to obtain a white solid (3.57g, 
65%). 1H NMR (400 MHz, CDCl3) δ 7.15–7.10 (m, 4H), 7.01–6.98 (m, 2H), 6.96 (d, J 
= 7.3 Hz, 4H), 6.86 (t, J = 7.3 Hz, 2H), 6.76 (d, J = 8.9 Hz, 2H), 3.72 (s, 3H); 13C NMR 
(100 MHz, CDCl3) δ 156.1, 148.2, 140.8, 129.0, 127.3, 122.9, 121.8, 114.7, 55.5.
Synthesis of 4-(diphenylamino)phenol (TPA1).3 Into a dried round bottom flask was 
weighed compound 1′ (4.0 g, 14.8 mmol) in 10 mL of CH2Cl2. The solution was cooled 
on an ice bath, and a solution of boron tribromide (2.2 mL, 22.5 mmol) in 20 mL CH2Cl2 

was added dropwise under Ar. While stirring, the mixture was heated up to room 
temperature for 6 h. After reaction was completed, the mixture was hydrolyzed with a 
small amount of 10% aqueous NaOH and acidified with 2M HCl. The result solution 
was extracted with ethyl acetate, washed with water, dried (Na2SO4) and concentrated. 
The product was purified by the flash chromatography (silica gel, petroleum ether/ 
EtOAc = 8/1) to obtain the product TPA1 (2.87g, 74%) as an off-white solid. 1H NMR 
(400 MHz, CDCl3) δ 7.21 (t, J = 7.9 Hz, 4H), 7.06–7.00 (m, 6H), 6.94 (t, J = 7.3 Hz, 
2H), 6.76 (d, J = 8.7 Hz, 2H), 4.60 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 152.0, 148.2, 
141.0, 129.1, 127.5, 122.9, 121.9, 116.2.

  

N

OMe

OMe

NH2 OMeI

1,10-phenanthroline, CuCl
KOH, toluene, Ar, 120 oC

BBr3, CH2Cl2

OH

OH

N

2' TPA2

javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB5852622&postData3=CN&SYMBOL_Type=A');


S5

Scheme S2. Synthesis of TPA2.
Synthesis of 4-methoxy-N-(4-methoxyphenyl)-N-phenylbenzenamine (2′).4 A 
mixture of 4-iodoanisole (11.23 g, 48.0 mmol), 1,10-phenanthroline (0.72 g, 4.0 mmol), 
CuCl (0.40 g, 4.0 mmol), KOH (9.0 g, 160.0 mmol), and aniline (1.8 mL, 20.0 mmol) 
were dissolved in 40 mL of toluene under Ar. The solution was heated to 120 °C for 18 
h. After cooling to room temperature, acetic acid was added. The mixture was extracted 
with ethyl acetate, washed with H2O and the organic layer was dried over Na2SO4. The 
solution was concentrated to remove solvent under vacuo, and the crude product was 
purified by the flash chromatography (silica gel, petroleum ether/EtOAc = 16/1). 
Recrystallization (ethanol) gave the product as a pale yellow crystalline solid (2.92 g, 
48%). 1H NMR (400 MHz, CDCl3) δ 7.16 (t, J = 7.8 Hz, 2H), 7.04 (d, J = 8.6 Hz, 4H), 
6.93 (d, J = 7.8 Hz, 2H), 6.88–6.79 (m, 5H), 3.78 (s, 6H); 13C NMR (100 MHz, CDCl3) 
δ 155.7, 148.8, 141.2, 128.9, 126.4, 120.9, 120.6, 114.6, 55.5.
Synthesis of 4, 4'-(phenylazanediyl)diphenol (TPA2).4 Into a flame dried round 
bottom flask was weighed of 2′ (3.5 g, 11.5 mmol) in 10 mL of CH2Cl2. The solution 
was cooled on an ice bath, and a solution of boron tribromide (3.3 mL, 34.5 mmol) in 
30 mL CH2Cl2 was added dropwise under Ar. While stirring, the mixture was heated 
up to room temperature for 6 h. After reaction was completed, the mixture was 
hydrolyzed with a small amount of 10% aqueous NaOH and acidified with 2 M HCl. 
The result solution was extracted with ethyl acetate, washed with water, dried (Na2SO4) 
and concentrated. The product was purified by the flash chromatography (silica gel, 
petroleum ether/EtOAc = 4/1) to obtain the product TPA2 (2.9 g, 90 %) as an off-white 
solid. 1H NMR (400 MHz, DMSO-d6) δ 9.27 (s, 2H), 7.14–7.08 (m, 2H), 6.92–6.87 (m, 
4H), 6.76–6.67 (m, 7H); 13C NMR (100 MHz, DMSO-d6) δ 153.9, 149.0, 138.7, 128.9, 
127.1, 119.1, 118.3, 116.2.
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Scheme S3. Synthesis of TPA3.

Synthesis of tris(4-methoxyphenyl)amine (3′).5 A mixture of 4-iodoanisole (9.83 g, 
42.0 mmol), 2,2’-bipyridine (0.13 g, 0.8 mmol), CuI (0.15 g, 0.8 mmol), potassium tert-
butoxide (3.36 g, 60.0 mol), and p-anisidine (2.46 g, 20.0 mmol) were dissolved in 40 

javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB5852622&postData3=CN&SYMBOL_Type=A');
javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB1335932&postData3=CN&SYMBOL_Type=A');
javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB1335932&postData3=CN&SYMBOL_Type=A');
javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB6852649&postData3=CN&SYMBOL_Type=A');


S6

mL of toluene under Ar. The solution was heated to 120 °C for 18 h. After cooling to 
room temperature, the salt of the mixture was filtrated with celite. The result solution 
was concentrated to remove solvent under vacuo, and the crude product was purified 
by the flash chromatography (silica gel, petroleum ether/EtOAc = 8/1) to obtain a 
yellow solid (2.48 g, 37%). 1H NMR (400 MHz, CDCl3) δ 6.96 (d, J = 9.0 Hz, 6H), 
6.78 (d, J = 9.0 Hz, 6H), 3.77 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 154.9, 142.0, 
124.8, 114.5, 55.5.
Synthesis of 4,4',4''-nitrilotriphenol (TPA3).5 Into a round bottom flask was weighed 
3′ (3.72 g, 11.0 mmol) in 10 mL of CH2Cl2. The solution was cooled on an ice bath, 
and a solution of boron tribromide (5.4 mL, 55.5 mmol) in 20 mL CH2Cl2 was added 
dropwise under Ar. While stirring, the mixture was heated up to room temperature for 
8 h. After reaction was completed, the mixture was hydrolyzed with a small amount of 
10% aqueous NaOH and acidified with 2 M HCl. The result solution was extracted with 
ethyl acetate, washed with water, dried (Na2SO4) and concentrated. The product was 
purified by the flash chromatography (silica gel, petroleum ether/EtOAc = 2/1) to 
obtain the product TPA3 (2.30 g, 72%) as a grey solid. 1H NMR (400 MHz, DMSO-d6) 
δ 9.07 (s, 3H), 6.73 (d, J = 8.8 Hz, 6H), 6.64 (d, J = 8.8 Hz, 6H); 13C NMR (100 MHz, 
DMSO-d6) δ 152.4, 140.4, 124.5, 115.9.

javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB5852622&postData3=CN&SYMBOL_Type=A');
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D.  Synthesis of TPA-MPs

Synthesis of triphenylamine-derived resol precursors.6 The soluble low-molecular-
weight triphenylamine-based resol precursor derived from 4-(diphenylamino)phenol 
TPA1, phenol and formaldehyde was prepared by a base-catalyzed polymerization 
method. Typical synthetic procedure: phenol (0.85 g, 9.0 mmol) was melted at 40–45 
℃ before TPA1 (0.26g, 1.0 mmol) was added. After that, 20% NaOH (aq; 0.2 g, 1.0 
mmol) was added slowly over 5 min with stirring. Then 37 wt% formaldehyde aqueous 
solution (2.43 g, 30 mmol) was added dropwise, and the reaction mixture was stirred at 
72 ℃ for 1.5 h. After the mixture was cooled to room temperature, the mixture pH was 
adjusted to 7.0 by using 0.6 M HCl aqueous solution. Water was then removed by rotary 
evaporation below 50 ℃. The final TPA1-derived resol precursor was redissolved in 
ethanol (6.18 g) before use. 
Synthesis of TPA-MP-1.6 In a typical preparation, triblock copolymer poly 
(ethyleneoxide)-b-poly(propyleneoxide)-b-poly(ethylene oxide) (PEO-PPO-PEO, 
pluronic 127; 1.50 g) was dissolved in ethanol (30.0 g), then the ethanol solution of the 
above oligomers (7.0 g) was added with stirring for 10 min to form a settled solution. 
The mixture was transferred to dishes. The ethanol was evaporated at room temperature 
overnight to produce a membrane and the membrane was heated in an oven at 120 °C 
for 36 h to thermopolymerize the phenolic resins. The products were calcined at 350 
°C under nitrogen for 5 h with the temperature increase rate of 1°C min-1 to remove the 
F127 template. The final ordered mesoporous polymer was denoted as TPA-MP-1.

The synthesis procedure for TPA-MP-2 and TPA-MP-3 were similar to that for TPA-
MP-1, starting from 4, 4'-(phenylazanediyl)diphenol TPA2 (the molar ratios of 
TPA2/phenol is 1/8 ) and 4,4',4''-nitrilotriphenol TPA3 (the molar ratios of 
TPA3/phenol is 1/7), respectively.6 

Table S1. Elemental analysis and calculation procedure for the loading amount of TPA-
MPs

C (wt%) H (wt%) N (wt%) Loading amount (mmol/g)

TPA-MP-1 78.44 5.43 0.95 0.68

TPA-MP-2 78.85 5.14 0.86 0.61

TPA-MP-3 77.79 4.82 0.95 0.68
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TPA loading amount = 1000 x N content of TPA-MPs/14 mmol/g

E. Characterization of TPA-MPs

Fig. S1 TGA analysis of TPA-MP-1, TPA-MP-2, TPA-MP-3, and F127.

Fig. S2 SEM image of TPA-MP-1.
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Fig. S3 Solid state 13C CP/MAS NMR spectra of TPA-MP-1.

Fig. S4 TEM images of TPA-MP-2 taken along a) [11] direction and b) along [10] 
direction, and of TPA-MP-3 taken along c) [11] direction and d) along [10] direction.
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Fig. S5 UV/vis absorption spectra of TPA-MP-1 (green), TPA-MP-2 (red), and TPA-
MP-3 (blue).



S11

Fig. S6 EPR spectra using TPA-MP-1, TPA-MP-2 and TPA-MP-3 as photocatalyst in 
dark and under light irradiation, respectively.
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Fig. S7 Small angle XRD pattern of recycled TPA-MP-1 catalyst after 5 times of 

catalytic reactions. 

Fig. S8 TEM image of recycled TPA-MP-1 catalyst after 5 times of catalytic reactions. 

Fig. S9 FT-IR spectra of fresh (black) and recycled TPA-MP-1 catalyst after 5 times of 
catalytic reactions (red). It was evident that the structure of TPA-MP-1 was not 
destroyed after catalytic reactions.
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F. Computational Studies

Computational methods
All calculations were carried out with the Gaussian 09 D.01programs7. Ground state 

geometry were fully optimized by using density functional theory (DFT) 8 and the 
B3LYP9 method with the 6-31G (d,p) basis set all atoms. Frequency calculations have 
been performed to verify the optimized structures as local minima and to obtain Gibbs 
free energy at 298 K. The 3D molecular structures were generated using the CYL-
view.10

Gibbs free energy for the formation of 1O2 and O2
.-

We firstly optimized the singlet and triplet of a cross-section in TPA-MP-1, 
respectively. The excitation energy required by TPA-MP-1 in photocatalysis was 
roughly simulated by the energy difference between the singlet and triplet states of 
TPA-MP-1 to be 68.65 kcal/mol. Next, the free energy of the two photocatalytic 
processes (energy transfer and electron transfer) of TPA-MP-1 activation was 
calculated using the triplet state as the excited state by DFT, as shown in Fig. S10. 
According to the simulation, 1O2 is activated by an exothermic process of -28.73 
kcal/mol, while for O2

.-, it is an endothermic process of 75.98 kcal/mol. The activation 
energy of these two processes indicates that 1O2 is more advantageous than the O2

.- in 
the photoreaction process.

Fig. S10 Optimized structure of the singlet (left) and triplet (right) for TPA-MP-1 
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(a cross-section).

The LUMO, HOMO distribution of TPA1 and TPA-MP-1 

Fig. S11 The LUMO, HOMO distribution of TPA1 and TPA-MP-1 based on the DFT 
simulation. The HOMO in TPA-MP-1 is not changed much compared with TPA1, 
mainly concentrated on the triphenylamine segment; while the LUMO in TPA-MP-1 is 
delocalized over the aromatic rings adjacent to triphenylamine segment. These spatially 
separated molecular orbitals can favor efficient intramolecular charge transfer, which 
render TPA-MP-1 an ideal metal-free candidate for photocatalytic applications.

PXRD peak position of TPA1-MP1
As far as we know, the atomic arrangement in FDU-type ordered mesoporous 

polymer is disordered, and the PXRD diffraction peaks are based on the ordering of 
mesoporous channels. Therefore, TPA-MP-1 does not have a fixed microscopic 
chemical order, which makes it impossible for us to obtain its CIF file, so it is difficult 
to simulate its powder X-ray diffraction results through computational chemistry. 
However, we tried our best to calculate the approximate PXRD peak position of TPA-
MP-1 by using the aperture data obtained by N2 sorption at 77 K:

𝑑 =
2Π
𝑞

Where d is the distance between the centers of the two holes (in nm); q is the abscissa 
value of SAXS data (in nm-1). TPA-MP-1 belongs to the P6mm space group, so its peak 
position should be roughly at 1.14 nm-1, 1.99 nm-1 and 2.28 nm-1.
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Solar-to-chemical efficiency

The solar-to-chemical efficiency could be calculated11 according to the following 
equation:

SCC efficiency (%) =
G for 3a generation (J mol-1)3a formed (mol)

[total input power (W)][reaction time (s)]
x 100%

Where △G = △H (3a) - T△S (3a), because the accurate data of △H (3a) and △S 

(3a) could not be obtained, therefore, △G can't be calculated exactly.
We accordingly calculated the gibbs free energy for each compound in the following 

equation and obtain a theoretical gibbs free energy for this reaction (△G = - 3181 
kJ/mol).

MeO

N
H

OEt

O

+
N
H

H

HN

HN
OEt

O

1a 2a
3a, 18%

OMe

NH2

+ O2 H2O22 2 2
H

G= - 3181 kJ/mol+ +
TPA-MP-1

Sun Light
60 min

When using TPA-MP-1 as the photocatalyst, the irradiated areas are 10 cm2 during 
60 min of sun illumination. Therefore, the calculated total input energy is 3600 J. 
During the 60 min photocatalytic reaction, 0.000018 mol 3a is formed. 
SCC efficiency (%) = 3181 x 1000 x 0.000018/3600 = 1.6 %
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G. Typical Procedure for Reaction

General procedure for visible-light induced oxidative cross-coupling reaction of 
glycine derivatives with indoles catalyzed by TPA-MPs. 

To a solution of N-arylglycine derivative 1 (0.1 mmol, 1 eq), TPA-MPs (1 mol%) 
and citric acid (0.15 mmol, 1.5 eq) in dry CH3CN (2.0 mL) was added indole 2 (0.21 
mmol, 2.1 eq). The solution was irradiated with a 5 W blue LED bulb under air 
atmosphere at room temperature. After the reaction was completed, the mixture was 
diluted with EtOAc, the catalyst was isolated via centrifugation, and thoroughly washed 
with EtOAc (4 times). The combined organic phase was washed with water and brine, 
and dried over anhydrous Na2SO4. The solvent was removed under reduced pressure, 
and the residue was separated by silica gel column chromatography (petroleum 
ether/EtOAc = 4:1) to obtain the product 3.

3a

OEtO

NHHN

Ethyl 2, 2-di(1H-indol-3-yl)acetate (3a).12 Pale red powder (27.4 mg, 87%). 1H NMR 
(400 MHz, CDCl3) δ 7.92 (s, 2H), 7.60 (d, J = 7.9 Hz, 2H), 7.22 (d, J = 8.1 Hz, 2H), 
7.17–7.12 (m, 2H), 7.10–7.03 (m, 2H), 6.86 (d, J = 2.1 Hz, 2H), 5.46 (s, 1H), 4.19 (q, 
J = 7.1 Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.7, 136.2, 
126.5, 123.4, 121.9, 119.4, 119.2, 113.3, 111.3, 6.16, 40.5, 14.2.

OMeO

NHHN 3b

Methyl 2, 2-di(1H-indol-3-yl)acetate (3b).12 Pale red powder (28.0 mg, 92%). 1H NMR 
(400 MHz, CDCl3) δ 7.96 (s, 2H), 7.60 (d, J = 7.9 Hz, 2H), 7.24 (t, J = 7.1 Hz, 2H), 
7.19–7.12 (m, 2H), 7.08 (t, J = 7.4 Hz, 2H), 6.91 (d, J = 2.3 Hz, 2H), 5.49 (s, 1H), 3.72 
(s, 3H); 13C NMR (100 MHz, CDCl3) δ 174.1, 136.2, 126.5, 123.4, 122.0, 119.5, 119.1, 
113.2, 111.3, 52.3, 40.3.
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3c

OO

NHHN

Allyl 2, 2-di(1H-indol-3-yl)acetate (3c).12 Yellow powder (28.7 mg, 87%). 1H NMR 
(400 MHz, CDCl3) δ 7.98 (s, 2H), 7.67 (d, J = 7.9 Hz, 2H), 7.32–7.27 (m, 2H), 7.22 (t, 
J = 7.2 Hz, 2H), 7.17–7.11 (m, 2H), 6.96 (d, J = 2.1 Hz, 2H), 5.94 (m, 1H), 5.58 (s, 
1H), 5.34–5.16 (m, 2H), 4.70 (d, J = 5.7 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 173.3, 
136.2, 131.9, 126.5, 123.4, 122.0, 119.5, 119.1, 118.4, 113.2, 111.3, 65.7, 40.4.

3d

OBnO

NHHN

Benzyl 2, 2-di(1H-indol-3-yl)acetate (3d).12 Pale yellow powder (32.7 mg, 86%). 1H 
NMR (400 MHz, acetone-d6) δ 10.17 (s, 2H), 7.61 (d, J = 8.0 Hz, 2H), 7.40 (d, J = 8.2 
Hz, 2H), 7.34–7.27 (m, 7H), 7.13–7.07 (m, 2H), 7.00–6.96 (m, 2H), 5.62 (s, 1H), 5.20 
(s, 2H); 13C NMR (100 MHz, acetone-d6) δ 173.6, 137.7, 137.4, 129.2, 128.9, 128.7, 
127.7, 124.6, 122.2, 120.0, 119.6, 113.9, 112.2, 66.9, 41.6.

3e

OiPrO

NHHN

Isopropyl 2, 2-di(1H-indol-3-yl)acetate (3e).12 Off-white powder (25.3 mg, 76%). 1H 
NMR (400 MHz, acetone-d6) δ 10.14 (s, 2H), 7.64 (d, J = 7.9 Hz, 2H), 7.40 (d, J = 8.1 
Hz, 2H), 7.25 (d, J = 1.8 Hz, 2H), 7.11–7.07 (m, 2H), 7.01–6.97 (m, 2H), 5.47 (s, 1H), 
5.06–4.99 (m, 1H), 1.20 (d, J = 6.3 Hz, 6H); 13C NMR (100 MHz, acetone-d6) δ 173.2, 
137.7, 127.8, 124.5, 122.2, 120.0, 119.5, 114.2, 112.2, 68.5, 41.9, 22.0.

3f

NHO

NHHN

CO2Et

Ethyl (2, 2-di(1H-indol-3-yl)acetyl)glycinate (3f).12 Pale red powder (25.2 mg, 67%). 
1H NMR (400 MHz, acetone-d6) δ 10.11 (s, 2H), 7.60 (d, J = 7.9 Hz, 2H), 7.54 (s, 1H), 
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7.38 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 2.3 Hz, 2H), 7.10–7.05 (m, 2H), 7.03–6.90 (m, 
2H), 5.48 (s, 1H), 4.10 (q, J = 7.1 Hz, 2H), 3.97 (d, J = 5.9 Hz, 2H), 1.18 (t, J = 7.1 Hz, 
3H); 13C NMR (100 MHz, acetone-d6) δ 173.6, 170.7, 137.6, 127.9, 124.7, 122.0, 119.9, 
119.4, 115.1, 112.0, 61.2, 42.7, 41.9, 14.3.

3g

NO

NHHN

2, 2-di(1H-indol-3-yl)-1-(pyrrolidin-1-yl)ethan-1-one (3g).12 Pale red powder (20.9 
mg, 61%). 1H NMR (400 MHz, acetone-d6) δ 10.10 (s, 2H), 7.66 (d, J = 8.0 Hz, 2H), 
7.35 (d, J = 8.1 Hz, 2H), 7.18 (d, J = 2.3 Hz, 2H), 7.08–7.02 (m, 2H), 6.97–6.92 (m, 
2H), 5.66 (s, 1H), 3.72 (t, J = 6.8 Hz, 2H), 3.45 (t, J = 6.8 Hz, 2H), 1.95–1.87 (m, 2H), 
1.84–1.77 (m, 2H); 13C NMR (100 MHz, acetone-d6) δ 171.5, 137.6, 128.1, 124.7, 
122.0, 120.0, 119.3, 115.3, 112.1, 47.4, 46.7, 40.0, 27.0, 25.0.

3h

OEtO

NHHN
PhPh

Ethyl 2,2-bis(2-phenyl-1H-indol-3-yl)acetate (3h).12 Pale yellow powder (42.3 mg, 
90%). 1H NMR (400 MHz, acetone-d6) δ 10.50 (s, 2H), 7.51 (d, J = 7.4 Hz, 4H), 7.42 
(t, J = 7.6 Hz, 4H), 7.36 (t, J = 7.4 Hz, 4H), 7.30 (d, J = 7.2 Hz, 2H), 7.07 (t, J = 7.6 
Hz, 2H), 6.85 (t, J = 7.6 Hz, 2H), 5.65 (s, 1H), 3.99 (q, J = 7.1 Hz, 2H), 1.05 (t, J = 7.1 
Hz, 3H); 13C NMR (100 MHz, acetone-d6) δ 174.1, 137.3, 137.1, 134.0, 129.4, 129.27, 
129.26, 128.4, 122.3, 121.5, 119.9, 112.0, 110.8, 61.2, 42.7, 14.4.

3i

OEtO

NHHN

Ethyl 2,2-bis(5-methyl-1H-indol-3-yl)acetate (3i).12 Yellow powder (31.5 mg, 91%). 
1H NMR (400 MHz, CDCl3) δ 7.91 (s, 2H), 7.42 (s, 2H), 7.19 (d, J = 8.3 Hz, 2H), 7.00 
(dd, J = 8.3, 1.2 Hz, 2H), 6.96 (d, J = 2.1 Hz, 2H), 5.43 (s, 1H), 4.21 (q, J = 7.1 Hz, 
2H), 2.41 (s, 6H), 1.27 (d, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.6, 134.6, 
128.7, 126.8, 123.7, 123.5, 118.9, 113.1, 110.9, 61.0, 40.5, 21.5, 14.2.
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3j

OEtO

NHHN

MeO2C CO2Me

Dimethyl 3,3'-(2-ethoxy-2-oxoethane-1,1-diyl)bis(1H-indole-5-carboxylate) (3j).12 
Yellow powder (19.1 mg, 44%). 1H NMR (400 MHz, acetone-d6) δ 10.57 (s, 2H), 8.48–
8.45 (m, 2H), 7.82 (dd, J = 8.6, 1.6 Hz, 2H), 7.50 (d, J = 8.6 Hz, 2H), 7.40 (d, J = 1.9 
Hz, 2H), 5.66 (s, 1H), 4.21 (q, J = 7.1 Hz, 2H), 3.84 (s, 6H), 1.26 (t, J = 7.1 Hz, 3H); 

13C NMR (100 MHz, acetone-d6) δ 173.3, 168.2, 140.4, 127.3, 126.5, 123.6, 123.0, 
122.1, 115.3, 112.2, 61.5, 51.9, 41.6, 14.5.

3k

OEtO

NHHN

O O

Ethyl 2,2-bis(5-methoxy-1H-indol-3-yl)acetate (3k).12 Yellow powder (22.7 mg, 
60%). 1H NMR (400 MHz, acetone-d6) δ 10.02 (s, 2H), 7.29 (d, J = 8.8 Hz, 2H), 7.24 
(d, J = 2.4 Hz, 2H), 7.15 (d, J = 2.3 Hz, 2H), 6.76 (dd, J = 8.8, 2.4 Hz, 2H), 5.44 (s, 
1H), 4.18 (q, J = 7.1 Hz, 2H), 3.74 (s, 6H), 1.24 (t, J = 7.1 Hz, 3H); 13C NMR (100 
MHz, acetone-d6) δ 173.8, 154.6, 132.7, 128.1, 125.1, 113.7, 112.8, 112.3, 101.6, 61.1, 
55.6, 41.5, 14.6.

3l

OEtO

NHHN

Ethyl 2, 2-bis(2-methyl-1H-indol-3-yl)acetate (3l).12 Yellow powder (31.5 mg, 91%). 
1H NMR (400 MHz, CDCl3) δ 7.81 (s, 2H), 7.39 (d, J = 7.9 Hz, 2H), 7.20 (d, J = 8.0 
Hz, 2H), 7.09–7.02 (m, 2H), 7.01–6.95 (m, 2H), 5.43 (s, 1H), 4.26 (q, J = 7.1 Hz, 2H), 
2.14 (s, 6H), 1.24 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.7, 134.8, 
132.2, 128.2, 120.8, 119.3, 118.7, 110.2, 108.6, 61.0, 40.0, 14.2, 12.3.

3m

OEtO

NHHN

Br Br

Ethyl 2,2-bis(6-bromo-1H-indol-3-yl)acetate (3m).12 Yellow powder (35.7 mg, 75%). 
1H NMR (400 MHz, acetone-d6) δ 10.35 (s, 2H), 7.61 (d, J = 1.5 Hz, 2H), 7.55 (d, J = 
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8.5 Hz, 2H), 7.32 (dd, J = 2.4, 0.7 Hz, 2H), 7.12 (dd, J = 8.5, 1.8 Hz, 2H), 5.49 (s, 1H), 
4.17 (q, J = 7.1 Hz, 2H), 1.21 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, acetone-d6) δ 
173.3, 138.5, 126.7, 125.6, 122.7, 121.7, 115.4, 115.1, 114.1, 61.4, 41.4, 14.5.



S21

General procedure for the visible-light induced aerobic oxidative synthesis of 
benzothiazoles catalyzed by TPA-MP-1. 

To a solution of 2-aminothiophenol 4 (0.1 mmol, 1 eq), aldehyde 5 (0.12 mmol, 1.2 
eq) in EtOH (1.0 mL) were added TPA-MP-1 (7.5 mg, 5 mol%). The mixed solution 
was irradiated with a 24 W blue LED under an air atmosphere at room temperature. 
After the completion of the reaction as monitored by TLC, the solvent was removed 
under vacuum, and the residue was separated by silica gel column chromatography 
(with petroleum ether/EtOAc = 4/1 as an eluent) to afford the product 6.

Table S2 Control experimentsa

SH

NH2 N

STPA1-MP-1
EtOH, air, r.t.
24 W blue LEDs

4 5a 6a

+ H

O

Entry Catalyst Additive Yield (%)b

1 — — 51
2 TPA1 — 55
3c TPA-MP-1 — trace
4d TPA-MP-1 — trace
5 TPA-MP-1 TEMPO trace
6 TPA-MP-1 KI 56
7 TPA-MP-1 CuSO4 37
8 TPA-MP-1 p-benzoquinone 21
9 TPA-MP-1 NaN3 20

a 2-aminothiophenol 4 (0.1 mmol), aldehyde 5a (0.12 mmol), TPA-MP-1 (5 mol%), 
additive (1.5 eq), and EtOH (1.0 mL) was placed in a 5 mL flask and irradiated with a 
24 W blue LED under an air atmosphere at room temperature. b Yield of isolated 
product. c Reaction was carried out under Ar. d Reaction was carried out in the dark.
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S

N

6a

2-Phenylbenzo[d]thiazole (6a).13 White solid (18.1 mg, 86%). 1H NMR (400 MHz, 
CDCl3) δ 8.11–8.07 (m, 3H), 7.89 (d, J = 1.2 Hz, 1H), 7.51–7.47(m, 4H), 7.40–7.36 
(m, 1H); 13C NMR (100 MHz, CDCl3) δ 168.1, 154.1, 135.1, 133.6, 130.9, 129.0, 127.6, 
126.3, 125.2, 123.2, 121.6.

S

N
MeO

6b

2-(2-Methoxyphenyl)benzo[d]thiazole (6b).14 White solid (23.8 mg, 99%). 1H NMR 
(400 MHz, CDCl3) δ 8.54 (dd, J = 7.9, 1.8 Hz, 1H), 8.10 (d, J = 8.2 Hz, 1H), 7.93 (d, J 
= 7.8 Hz, 1H), 7.54–7.43 (m, 2H), 7.39–7.35 (m, 1H), 7.16–7.12 (m, 1H), 7.08 (d, J = 
8.8 Hz, 1H), 4.06 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 163.1, 157.2, 152.1, 136.1, 
131.7, 129.5, 125.9, 124.6, 122.8, 122.3, 121.18, 121.16, 111.7, 55.7.

S

N

6c

2-(m-Tolyl)benzo[d]thiazole (6c).13 White solid (18.0 mg, 80%). 1H NMR (400 MHz, 
CDCl3) δ 8.08 (d, J = 8.2 Hz, 1H), 7.95 (s, 1H), 7.92–7.85(m, 2H), 7.52–7.47 (m, 1H), 
7.41–7.36(m, 2H), 7.31 (d, J = 7.7 Hz, 1H), 2.46 (s, 3H); 13C NMR (100 MHz, CDCl3) 
δ 168.3, 154.1, 138.9, 135.0, 133.5, 131.8, 128.9, 128.0, 126.3, 125.1, 124.9, 123.2, 
121.6, 21.3.

S

N
Br

6d

2-(4-Bromophenyl)benzo[d]thiazole (6d).15 White solid (24.6 mg, 85%). 1H NMR (400 
MHz, CDCl3) δ 8.07 (d, J = 8.1 Hz, 1H), 7.98–7.93 (m, 2H), 7.90 (d, J = 7.3 Hz, 1H), 
7.64–7.60 (m, 2H), 7.52–7.48 (m, 1H), 7.42–7.37 (m,1H); 13C NMR (100 MHz, CDCl3) 
δ 166.7, 154.0, 135.0, 132.5, 132.2, 128.9, 126.5, 125.4, 123.3, 121.6.

S

N
Br

6e
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2-(2-Bromophenyl)benzo[d]thiazole (6e).14 White solid (26.7 mg, 92%). 1H NMR (400 
MHz, CDCl3) δ 8.15 (d, J = 8.2 Hz, 1H), 8.00 (dd, J = 7.8, 1.8 Hz, 1H), 7.95 (d, J = 7.9 
Hz, 1H), 7.74 (dd, J = 8.1, 1.3 Hz, 1H), 7.54–7.51 (m, 1H), 7.47–7.42 (m, 2H), 7.33 
(td, J = 7.7, 1.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 165.6, 152.7, 136.1, 134.5, 
134.1, 132.2, 131.2, 127.6, 126.3, 125.5, 123.6, 122.1, 121.4.

S

N
NO2

6f

2-(4-Nitrophenyl)benzo[d]thiazole (6f).16 Yellow solid (7.9 mg, 31%). 1H NMR (400 
MHz, CDCl3) δ 8.38–8.33 (m, 2H), 8.30–8.25 (m, 2H), 8.13 (d, J = 8.2 Hz, 1H), 7.96 
(d, J = 8.0 Hz, 1H), 7.59–7.53 (m, 1H), 7.49–7.44 (m, 1H); 13C NMR (100 MHz, 
CDCl3) δ 164.8, 154.1, 149.0, 139.2, 135.5, 128.2, 126.9, 126.2, 124.3, 123.9, 121.8.

S

N
NO2

6g

2-(3-Nitrophenyl)benzo[d]thiazole (6g).17 White solid (17.4 mg, 68%). 1H NMR (400 
MHz, CDCl3) δ 8.93–8.92 (m, 1H), 8.43–8.40 (m, 1H), 8.34–8.31 (m, 1H), 8.11 (d, J = 
8.2 Hz, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.68 (t, J = 8.0 Hz, 1H), 7.58–7.52(m, 1H), 7.47–
7.43 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 164.9, 153.9, 148.7, 135.3, 135.2, 133.0, 
130.1, 126.8, 126.0, 125.1, 123.7, 122.3, 121.8.

N

S

6h

2-(Naphthalen-2-yl)benzo[d]thiazole (6h).13 White solid (24.0 mg, 92%). 1H NMR 
(400 MHz, CDCl3) δ 8.57 (d, J = 1.4 Hz, 1H), 8.22 (dd, J = 8.5, 1.8 Hz, 1H), 8.12 (d, J 
= 8.2 Hz, 1H), 8.00–7.85 (m, 4H), 7.58–7.49 (m, 3H), 7.43–7.39 (m, 1H); 13C NMR 
(100 MHz, CDCl3) δ 168.1, 154.2, 135.1, 134.6, 133.2, 131.0, 128.8, 127.9, 127.6, 
127.5, 126.9, 126.4, 125.2, 124.4, 123.2, 121.6.

S

N

S
6i

2-(Thiophen-2-yl)benzo[d]thiazole (6i).13 White solid (16.3 mg, 60%). 1H NMR (400 
MHz, CDCl3) δ 8.04 (d, J = 8.3 Hz, 1H), 7.83 (d, J = 7.8 Hz, 1H), 7.64 (dd, J = 3.7, 1.2 
Hz, 1H), 7.52–7.42 (m, 2H), 7.38–7.34 (m, 1H), 7.12 (dd, J = 5.0, 3.7 Hz, 1H); 13C 
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NMR (100 MHz, CDCl3) δ 161.4, 153.7, 137.3, 134.7, 129.3, 128.6, 128.0, 126.4, 
125.2, 123.0, 121.4.

N

S

O
6j

2-(Furan-2-yl)benzo[d]thiazole (6j).16 White solid (13.7 mg, 87%). 1H NMR (400 
MHz, CDCl3) δ 8.04 (d, J = 8.0 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.56 (d, J = 1.7 Hz, 
1H), 7.48–7.43 (m,1H), 7.36–7.31 (m, 1H), 7.17 (d, J = 3.5 Hz, 1H), 6.55 (dd, J = 3.5, 
1.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 157.4, 153.6, 148.6, 144.5, 134.1, 126.3, 
125.0, 123.0, 121.4, 112.4, 111.3.

S

N

6k

2-Phenethylbenzo[d]thiazole (6k).16 White solid (19.1 mg, 80%). 1H NMR (400 MHz, 
CDCl3) δ 7.99 (d, J = 8.2 Hz, 1H), 7.83 (d, J = 8.2 Hz, 1H), 7.49–7.43(m, 1H), 7.38–
7.19 (m, 6H), 3.47–3.39 (m, 2H), 3.25–3.15 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 
170.9, 153.2, 140.2, 135.1, 128.6, 128.4, 126.4, 125.9, 124.7, 122.6, 121.5, 36.0, 35.5.

S

N

6l

2-Propylbenzo[d]thiazole (6l).15 Yellow oil (7.6 mg, 43%). 1H NMR (400 MHz, 
CDCl3) δ 7.97 (d, J = 8.2 Hz, 1H), 7.82 (d, J = 7.9 Hz, 1H), 7.46–7.40 (m, 1H), 7.35–
7.30 (m, 1H), 3.08 (t, J = 7.4 Hz, 2H), 1.91 (h, J = 7.4 Hz, 2H), 1.05 (t, J = 7.4 Hz, 3H); 

13C NMR (100 MHz, CDCl3) δ 172.1, 153.2, 135.1, 125.8, 124.5, 122.4, 121.4, 36.2, 
23.0, 13.7.
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H. Quantum Yield Measurement

A solution of ferrioxalate was chosen as actinometer following the procedure 
described by the IUPAC (subcommittee on photochemistry).18 The procedure is based 
on the decomposition under irradiation of ferric ions to ferrous ions which are 
complexed by 1,10-phenanthroline. This photochemical transformation has a known 
quantum yield and the complexation of Fe2+with 1,10-phenanthroline can be monitored 
by UV-Visible absorption since its extinction coefficient at 510 nm is known (=11100 
M-1cm-1). Therefore, the moles of iron-phenanthroline complex formed are related to 
moles of photons absorbed.0.006 M, 0.012 M, or 0.15 M solutions of ferrioxalate can 
be used for actinometry. In this case we chose a concentration of 0.15 M. The solutions 
were prepared and stored in a dark laboratory as follows:
Potassium ferrioxalate solution 0.15 M: 1.84 g of K3[Fe(C2O4)3]·3H2O and 1.75 mL 
of H2SO4 were added into a 25 mL volumetric flack and filled to the mark with ultrapure 
water.
1,10-phenanthroline 0.01 M: 100 mg of 1,10-phenantroline monohydrate were added 
to 50 mL volumetric flask and filled to the mark with ultrapure water.
Buffer solution: 2.5 g of NaOAc and 0.25 mL of H2SO4 were added to 25 mL 
volumetric flask and filled to the mark with ultrapure water.
Model reaction solution: 1a (0.1 mmol, 1.0 eq), 2a (0.21 mmol, 2.1 eq), citric acid 
(1.5 eq) and TPA-MP-1 (5 mol%) were added to an oven-dried 3 mL quartz cuvette (l 
= 1 cm) equipped with a magnetic stir bar and a plastic plug in CH3CN (2 mL) under 
argon atmosphere.
Actinometry procedure: 
(1) 2 mL of potassium ferrioxalate solutions (0.15M) were added to a quartz cuvette 
under dark conditions while being stirred. Then, the actinometry solutions were 
irradiated with 405 nm LED for specified time intervals (0, 15, 30, 45, 60 s) and a 0.1 
mL aliquot was taken.

(2) 4 mL of buffer solution and 1 mL of 0.01 M 1,10-phenanthroline were added to 
each aliquot, and the final volume was raised to 10 mL with ultrapure water. All 
samples were stored in the dark and stirred for one hour.

(3) The absorbance spectrum of each sample was monitored at 510 nm for each time 
interval by the UV-2600 spectrometer. The absorbance to each time was related with 
the photochemically produced Fe2+ ions across the Lambert-Beer Law (Equation [1]): 
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where V1 is the irradiated volume (2 mL), V2 is the aliquot of the irradiated solution 
taken for the determination of the ferrous ions (0.1 mL), V3 is the final volume after 
complexation with phenanthroline (10 mL), l is the optical path-length of the irradiation 
quartz cuvette (1 cm), ΔA (510 nm) the optical difference in absorbance between the 
irradiated solution and that taken in the dark, ε (510 nm) is the extinction coefficient of 
the complex Fe(phen)3

2+(11100 M-1cm-1).

Fig S12 The absorbance spectrum of each time interval.

(4) The moles of Fe2+formed (x) are plotted as a function of time (t) (Fig. S13). The 
slope of the line (dx⁄dt) was correlated to the moles of incident photons by unit of time 
(qn,p) using the following equation [2]:

Where Φ (λ) is the quantum yield of the actinometer reaction at the irradiated 
wavelength, in this case being 1.14 at 405 nm.19 The value of the photon flux must be 
divided by the fraction of absorbed light f at the irradiation wavelength and A (λ) is the 
absorbance of the actinometer solution (ferrioxalate) at the irradiated wavelength (405 
nm) obtaining a value of 4.2, f = 1. Therefore, the moles of incident photons by unit of 
time was determined as 2.28 × 10-7 einstein s -1.
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Fig. S13 The moles of Fe 2+ formed (x) are plotted as a function of time (t).

(5) The kinetics of the reaction under study were done as irradiating the actinometer 
solution described above. The model reaction solutions were irradiated using the same 
spectrometer with consecutive measurements every half hour. The moles of product 
(3a) formed were determined by 1H-NMR spectrum in DMSO-d6. Plotting the moles 
of product versus the irradiation time, the slope dx/dt can be related with the quantum 
yield across the equation [2] being equal to (qn,p) × Ф (λ) × (1-10-A(λ)). The quantum 
yield at 405 nm of reaction photocatalized by TPA-MP-1 were calculated as 0.016.

Fig. S14 Plotting the moles of product versus the irradiation time.
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J. Copies of 1H and 13C NMR Spectra
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