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1. Materials and General Methods

Unless specially indicated, all chemical reagents were purchased from commercial
sources and were used as received without further purification. Transmission electron
microscopy (TEM) and EDS elemental mapping were carried out on an FEI Tecnai
G2 F30 TMP TEM at 200 kV. Fourier transform infrared spectroscopy (FT-IR)
spectra were recorded on a Bruker INVENIO-R FT-IR spectrophotometer.
Inductively coupled plasma-optical emission spectroscopy (ICP-OES) data for the
content of Cu was carried out on an iCAP7200plus ICP emission spectrometer. N,
sorption curves were obtained by Micromeritics ASAP 2420-4MP Plus automated
sorption analyzer under 77 K. The powder X-ray diffraction (PXRD) patterns were
collected by Cu-Ka radiation (A = 1.5406 A) at a Rigaku SmartLab-SE X-ray
diffractometer. 'H NMR spectra were performed on a Bruker Advance II1 400 MHz.

The DFT calculation support provided by the Scientific Compass platform.

2. Catalyst Preparation and catalytic reaction processes

Synthesis of MIL-100

MIL-100(Cr) was prepared according to a literature procedure.! Benzene-1,3,5-
tricarboxylic acid (H;BTC, 1.05 g, 5.0 mmol), a hydrofluorohydric solution (1.0 mL,
40%), and 24 mL of deionized water were added to chromium(VI) oxide (CrOs, 0.5 g,
5.0 mmol) and stirred for a few minutes at room temperature. The mixture was then
sealed in a Teflon-lined stainless-steel autoclave (50 mL) and heated at 220 °C for 4
days, followed by slow cooling to room temperature at a rate of 13 °C h~!. The solid
product was recovered by filtration, washed three times with ample water and
methanol, and dried at 70 °C under an air atmosphere. MIL-100(Al) was prepared
according to a literature procedure.? AI(NOs);-9H,0 (230 mg, 0.61 mmol), btcMe;
(104 mg, 0.41 mmol), HNO; (0.77 mL, 0.77 mmol), 5 mL of deionized water were
added and stirred for a few minutes at room temperature. The mixture was then sealed

in a Teflon-lined stainless-steel autoclave (20 mL) and heated at 210 °C for 4 hours.
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The resulting yellowish powdered sample was collected by filtration, washed with
purified water, and dried at room temperature. MIL-100(Fe) was prepared according
to a literature procedure.’ Fe(NO;);-9H,0 (2.2 g, 5.0 mmol), H;BTC (0.735 g, 3.5
mmol), and 25 mL of deionized water were added and stirred for a few minutes at
room temperature. The mixture was then sealed in a Teflon-lined stainless-steel
autoclave (50 mL) and heated at 160 °C for 12 hours. The resulting brown powdered
sample was collected by filtration, washed with purified water, and dried at room
temperature.

Synthesis of PTACMIL-100

The one-pot synthesis of phosphotungstic acid (PTA) encapsulated in MIL-100(Cr)
was performed by adding three different quantities of PTA (1.0, 2.0, and 3.0 g) to the
synthesis mentioned above solution. Then, syntheses were performed as explained
above to generate PTA;,cMIL-100, PTA,,cMIL-100, and PTA;,cMIL-100,
respectively. Wash the solid products by filtering them with sufficient hot water and
methanol to thoroughly remove the free PTA and dry them at 120 °C in a vacuum.
Synthesis of PTAcUiO-66

Typically, 25 mL of dimethylformamide (DMF) solution of ZrCl4 (165 mg) and 5 mL
of DMF solution of H2BDC (114 mg), and 1.0 g PTA were mixed in a 50 mL glass
vial. Then, 3 mL of acetic acid was added, sealed, and allowed to react at 120 °C for
24 hours. The product was isolated by centrifugation and rinsed with DMF and
MeOH. Finally, PTAcUiO-66 was dried at 80 °C under a vacuum overnight. The
loaded PTA was 24.47%, calculated based on the ICP-OES measurement W content.
Synthesis of MIL-101-SO;H

The MIL-101-SO3;H sample was synthesized using CrO; and Monosodium 2-
sulfoterephthalic (H.BDC-SO3Na) acid as reactants.* Typically, 25 mL of deionized
water solution of CrO; (665 mg) and H2BDC-SO3Na (1685 mg) and concentrated
aqueous hydrochloric acid (0.5 mL, 12 N)were mixed in a 50 mL glass vial. Then,
sealed and allowed to react at 180 °C for 6 days. The product was isolated by
centrifugation and rinsed with DMF and MeOH. Finally, MIL-101-SOsH was dried at

120 °C under a vacuum overnight.
s2



Indole C-3 formylation reaction process

Add MOF catalyst (60 mg) or related homogeneous catalyst (0.01 mmol), 2.0 mL
untreated CH(OMe); to a 25 mL Schlenk tube equipped with a magnetic stirring bar,
indole, or its derivatives (0.20 mmol). The mixture was sonicated for 10 min to
promote uniform catalyst dispersion/dissolution. The mixture was stirred at 60 °C for
12 hours. After the reaction, the solid was separated by centrifugation, washed several
times with methanol, and dried in a vacuum for later use. The product was isolated by
preparative thin-layer chromatography using a mixture of ethyl acetate and petroleum
ether as eluent.

Indole C-3 formylation reaction process under anhydrous conditions

Into a 25 mL Schlenk tube equipped with a magnetic stirring bar, add MOF catalyst
(PTA,,cMIL-100, 60 mg) dried under vacuum at 150 °C, 2.0 mL anhydrous treated
CH(OMe);, dried indole (0.20 mmol). The mixture was sealed and sonicated for 10
minutes to ensure the catalyst was evenly dispersed. The mixture was stirred at 50 °C
for 12 hours. After the reaction, the solid catalyst was centrifuged and washed several
times with methanol. The product was isolated by preparative thin-layer
chromatography using a mixture of ethyl acetate and petroleum ether as eluent.
Reaction process of indole-3-carbaldehyde with indole

Add MOF catalyst (60 mg) or homogeneous catalyst (0.01 mmol), 2.0 mL
CH(OMe);, indole (0.20 mmol), indole-3-carbaldehyde (0.20 mmol). The mixture
was sonicated for 10 min to disperse/dissolve the catalyst homogeneously. The
mixture was reacted at 60 °C for 5 hours. After the reaction, the heterogeneous
catalyst is centrifuged, washed several times with methanol, and dried in a vacuum for
later use; the homogeneous catalyst can be directly used for product separation. The
product was isolated by preparative thin-layer chromatography using a mixture of
ethyl acetate and petroleum ether as eluent.

Indole C3-formylation reaction intermediate capture process

Add PTA, (cMIL-100-Cr catalyst (60 mg), 2.0 mL untreated CH(OMe); to a 25 mL
Schlenk tube equipped with a magnetic stirring bar, indole (0.20 mmol). The mixture

was sonicated for 10 min to promote uniform catalyst dispersion/dissolution. The
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mixture was stirred, reacted at 60 °C for 1 hour, and cooled rapidly with liquid
nitrogen. Subsequently, the solid catalyst is separated by centrifugation, a small
amount of the supernatant liquid is extracted, and the insoluble matter is filtered with
a filter membrane. The chemical composition of the filtrate was analyzed using high-
resolution mass spectrometry.
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Table S1. Composition and physicochemical properties of PTACMIL-100-Cr

PTA added

(@) Cr (Wt%) W (wt%) PTA (wt%) Sget (M?/g) Viotal (cm3/g)
0 13.56 0 0 1514 0.98
1 11.56 18.31 23.90 863 0.37
2 9.63 23.17 30.23 673 0.29
3 9.38 23.61 30.81 651 0.30
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Fig. S1 Catalyst performance characterization, (a) PXRD patterns of catalysts, (b) FT-IR spectra
of catalysts, (c) N, adsorption (filled) and desorption (open) isotherm profiles of catalysts, (d)
TEM of MIL-100-Cr, (¢) TEM and (f) EDS-Mapping of PTA; ¢cMIL-100-Cr.
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Fig. S2 PXRD (a) and BET (b) of PTACUiO-66.
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Fig. S3 PXRD (a) and BET (b) of MIL-101-SO;H.
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Fig. S4 The reaction of 4a and indole over different Bronsted acid catalysts.
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Fig. S5 High-resolution mass spectrometry data. The analysis showed that the reaction
process successfully captured the critical intermediate IM3 (m/z: cal. 160.07569;
found, 160.07568).
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Gas chromatography(GC). (a) GC spectrum using trimethoxymethane(TMOM) and
methanol as solvents; (b) GC spectrum of the reaction solution using PTA; ¢cMIL-
100-Cr as the catalyst.
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Fig. S6 Reuse of PTA, (cMIL-100-Cr in indole C-3 formylation reaction (a); PXRD
pattern of PTA, (cMIL-100-Cr recovered after five runs (b).
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3. Computational study

All calculations have been performed using the DFT method implemented in the

commercial Gaussian 16 program package. Molecular geometries of the model

complexes were optimized at the PBEO(D3BJ)/6-31G(d) level. As soon as the

convergences of optimizations were obtained, the frequency calculations at the same

group were performed to identify all the stationary points as minima or transition

states. And the intrinsic reaction coordinate (IRC) analyses have confirmed that all

fixed issues were smoothly connected. All optimized geometries mentioned were built

by GaussView 6.0.
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4. NMR data of products

Almost all products are commercially available:

_n
/<Z\ ZT

CHO
6-Fluoro-1H-indole-3-carbaldehyde (4b): 63%; 'H NMR (400 MHz, DMSO-dg) 8 12.18 (s, 1H),

9.92 (s, 1H), 8.31 (s, 1H), 8.07 (dd, J = 8.7Hz, 1H), 7.32 (dd, J = 8.7 Hz, 1H), 7.13 — 7.05 (m, 1H).
13C NMR (101 MHz, DMSO-dy) & 185.48, 158.82, 139.64, 137.69, 122.34, 121.25, 118.50,
110.81, 99.14.

Cl

ﬁ\ ZT

CHO
6-Chloro-1H-indole-3-carbaldehyde (4¢): 61%; 'H NMR (400 MHz, DMSO-dg) 8 12.23 (s, 1H),

9.93 (s, 1H), 8.34 (s, 1H), 8.07 (d, J= 1.9 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.25 (dd, J= 8.4, 1.9
Hz, 1H). 3C NMR (101 MHz, DMSO-dy) § 185.58, 139.75, 137.97, 128.37, 123.33, 122.91,
122.55, 118.43, 112.69.

Br-:

j\ ZT

CHO
6-Bromo-1H-indole-3-carbaldehyde (4d): 55%; 'H NMR (400 MHz, DMSO-ds) 8 12.23 (s, 1H),
9.93 (s, 1H), 8.33 (s, 1H), 8.02 (d, J = 8.4 Hz, 1H), 7.71 (d, J = 1.8 Hz, 1H), 7.37 (m, 1H). 3C
NMR (101 MHz, DMSO-d,) 6 185.54, 139.38, 138.30, 128.37, 125.35, 122.91, 122.53, 116.38,
115.55.

0O
H
MeO N
/
CHO

Methyl 3-formyl-1H-indole-6-carboxylate (4e): 51%; 'H NMR (400 MHz, DMSO-d;) 8 12.46
(s, IH), 9.99 (s, 1H), 8.52 (d, J= 2.9 Hz, 1H), 8.23 — 8.10 (m, 2H), 7.84 (d, /= 8.3 Hz, 1H), 2.51
(s, 3H). 3C NMR (101 MHz, DMSO-dy) & 185.72, 167.10, 141.40, 136.92, 128.22, 124.99,
123.23, 121.14, 118.50, 114.63, 52.53.

H
N

MeO.
|

CHO
6-Methoxy-1H-indole-3-carbaldehyde (4f): 73%; 'H NMR (400 MHz, DMSO-dg) 8 11.94 (s,

1H), 9.86 (s, 1H), 8.16 (s, 1H), 7.93 (d, J = 8.6 Hz, 1H), 6.99 (d, J= 2.3 Hz, 1H), 6.86 (dd, J= 8.7,
2.3 Hz, 1H), 3.79 (s, 3H). '*C NMR (101 MHz, DMSO-d,) & 185.20, 157.23, 138.49, 138.18,
121.89, 118.75, 118.47, 112.28, 95.95, 55.72.
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Cl
CHO

5-Chloro-1H-indole-3-carbaldehyde (4g): 42%; 'H NMR (400 MHz, DMSO-d;) 6 12.31 (s, 1H),
9.94 (s, 1H), 8.38 (s, 1H), 8.07 (s, 1H), 7.55 (d, J = 8.4 Hz, 1H), 7.29 (d, J = 8.0 Hz, 1H). 3C
NMR (101 MHz, DMSO-ds) 6 185.60, 139.90, 135.96, 127.26, 125.75, 123.96, 120.35, 118.03,
114.60.

2T

CHO
5-Methyl-1H-indole-3-carbaldehyde (4h): 81%; 'H NMR (400 MHz, DMSO-d) 8 12.03 (s, 1H),
9.89 (s, 1H), 8.22 (d, J = 3.1 Hz, 1H), 7.90 (s, 1H), 7.08 (d, J = 8.0 Hz, 1H), 2.41 (s, 3H). 3C
NMR (101 MHz, DMSO-dy) & 185.30, 138.86, 135.82, 131.51, 125.36, 124.86, 121.04, 118.29,
112.49, 21.77.

H
N
Y

OH CHO

4-Hydroxy-1H-indole-3-carbaldehyde (4i): 86%; 'H NMR (400 MHz, DMSO-dg) & 12.38 (s,
1H), 10.55 (s, 1H), 9.64 (s, 1H), 8.37 (d, /= 3.0 Hz, 1H), 7.12 (t, J= 7.9 Hz, 1H), 6.95 (d, J = 8.0
Hz, 1H), 6.54 (d, J = 7.7 Hz, 2H). 3C NMR (101 MHz, DMSO-d,) & 187.63, 151.64, 140.11,
139.44, 126.35, 118.99, 114.37, 107.21, 104.11.

i~ CHO

o]

4-(Benzyloxy)-1H-indole-3-carbaldehyde (4j): 78%; '"H NMR (400 MHz, DMSO-dg) & 12.26 (s,
1H), 10.32 (s, 1H), 8.07 (d, J = 3.1 Hz, 1H), 7.54 (d, J = 6.8 Hz, 2H), 7.43 (m, 2H), 7.35 (d, J =
8.3 Hz, 1H), 7.18 — 7.10 (m, 2H), 6.88 (d, J = 6.8 Hz, 1H), 5.29 (s, 2H). '3C NMR (101 MHz,
DMSO-ds) 8 186.66, 153.16, 138.55, 137.72, 130.34, 128.98, 128.33, 128.07, 123.97, 121.46,
118.56, 116.05, 114.97, 106.53, 104.07, 69.95.

H
N
/
MeO
CHO

5-Methoxy-7-methyl-1H-indole-3-carbaldehyde (4Kk): 58%; 'H NMR (400 MHz, DMSO-d¢) &
12.07 (s, 1H), 9.90 (s, 1H), 8.22 (d, J = 3.3 Hz, 1H), 7.42 (d, /= 2.5 Hz, 1H), 6.76 — 6.65 (m, 1H),
3.77 (s, 3H), 2.46 (s, 3H). 3C NMR (101 MHz, DMSO-dys) & 185.32, 156.21, 138.48, 131.93,
125.03, 123.29, 118.88, 114.27, 100.43, 55.67, 17.10.
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CHO

2-Methyl-1H-indole-3-carbaldehyde (41): 81%; 'H NMR (400 MHz, DMSO-dg) § 11.99 (s, 1H),
10.06 (s, 1H), 8.04 (d, J= 6.6 Hz, 1H), 7.42 — 7.36 (m, 1H), 7.27 — 7.11 (m, 2H), 2.69 (s, 3H). 13C
NMR (101 MHz, DMSO-d;) 5 184.69, 148.96, 135.79, 126.03, 123.06, 122.31, 120.41, 114.09,
111.82,12.13.

1-Methyl-1H-indole-3-carbaldehyde (4m): 77%; 'H NMR (400 MHz, DMSO-dg) & 9.90 (s, 1H),
8.29 (s, 1H), 8.11 (d, J = 7.8 Hz, 1H), 7.59 (d, J = 8.1 Hz, 1H), 7.31 (m, 2H), 3.90 (s, 3H). 3C
NMR (101 MHz, DMSO-dy) 5 184.83, 141.97, 128.94, 125.98, 124.98, 123.96, 121.37, 117.9,
111.41, 33.81.

Et
7
N

b
CHO

1-Ethyl-2-methyl-1H-indole-3-carbaldehyde (4n): 83%; 'H NMR (400 MHz, DMSO-d¢) &

10.09 (s, 1H), 8.10 (d, J= 7.3 Hz, 1H), 7.57 (d, /= 7.9 Hz, 1H), 7.23 (m, 2H), 4.26 (q, /= 7.2 Hz,

2H), 2.73 (s, 3H), 1.29 (t, J = 7.2 Hz, 3H). *C NMR (101 MHz, DMSO-d,) & 184.71, 148.91,

136.20, 125.65, 123.19, 122.70, 120.60, 113.97, 110.63, 38.12, 15.01, 10.23.

2-Phenyl-1H-indole-3-carbaldehyde (40): 87%; 'H NMR (400 MHz, DMSO-ds) 6 12.42 (s, 1H),
9.97 (s, 1H), 8.24 — 8.19 (m, 1H), 7.81 — 7.77 (m, 2H), 7.64 — 7.57 (m, 3H), 7.52 (d, J = 7.8 Hz,
1H), 7.28 (m, 2H). 3C NMR (101 MHz, DMSO-dy) 8 185.99, 149.56, 136.38, 130.36, 130.31,
130.24, 129.45, 126.23, 124.19, 122.92, 121.53, 113.94, 112.49.

1-Methyl-2-phenyl-1H-indole-3-carbaldehyde (4p): 90%; 'H NMR (400 MHz, DMSO-ds) &
9.62 (s, 1H), 8.23 (d, J = 7.7 Hz, 1H), 7.71 — 7.61 (m, 7H), 7.36 (m, 2H), 3.70 (s, 3H). 13C NMR
(101 MHz, DMSO-dy) 6 185.66, 151.70, 137.58, 131.47, 130.36, 129.14, 128.56, 125.00, 124.24,
123.43,121.33,114.90, 111.49, 31.54.
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Et

N
(=0

CHO
1-Ethyl-2-phenyl-1H-indole-3-carbaldehyde (4q): 89%; 'H NMR (400 MHz, DMSO-d) 8 9.55
(s, 1H), 8.24 (d, J= 7.7 Hz, 1H), 7.67 (m, 6H), 7.35 (dd, J=7.8, 6.9 Hz, 2H), 4.16 (q, /= 7.1 Hz,
2H), 1.23 (t, J= 7.2 Hz, 3H). 3C NMR (101 MHz, DMSO-d;) & 185.57, 151.41, 136.31, 131.16,
130.38, 129.20, 128.76, 128.07, 125.22, 124.27, 123.37, 121.51, 115.37, 111.59, 15.34.

/
N

Br:
T
CHO
6-Bromo-1-methyl-1H-indole-3-carbaldehyde (4s): 80%; 'H NMR (400 MHz, DMSO-ds) &
9.90 (s, 1H), 8.34 (s, 1H), 8.23 (d, /= 2.0 Hz, 1H), 7.60 (d, J = 8.7 Hz, 1H), 7.48 (dd, J=8.2, 1.9
Hz, 1H), 3.90 (s, 3H). 13C NMR (101 MHz, DMSO-dy) 6 185.04, 142.75, 136.96, 126.71, 126.51,

123.44,116.64, 115.79, 113.71, 34.04.

N UZT

F
CHO

5-Fluoro-2-methyl-1H-indole-3-carbaldehyde (4t): 75%; 'H NMR (400 MHz, DMSO-ds) &
12.10 (s, 1H), 10.03 (s, 1H), 7.72 (dd, J = 8.0, 4.6 Hz, 1H), 7.39 (dd, J = 8.0, 4.6 Hz, 1H), 7.02 (m,
1H), 2.68 (s, 3H). *C NMR (101 MHz, DMSO-d;) & 184.78, 160.28, 157.95, 150.36, 132.37,
114.21, 113.07, 110.97, 105.65, 12.05.

OMe

N
(O

CHO
1-(4-Methoxyphenyl)-2-phenyl-1H-indole-3-carbaldehyde (4r): 79%; 'H NMR (400 MHz,
DMSO-de) 6 9.75 (s, 1H), 8.35 — 8.26 (m, 1H), 7.48 — 7.28 (m, 9H), 7.13 (d, J = 7.8 Hz, 1H), 7.04
—6.99 (m, 2H), 3.78 (s, 3H). *C NMR (101 MHz, DMSO-d) $ 186.42, 159.48, 151.56, 138.70,
131.66, 129.98, 129.89, 128.83, 128.73, 128.71, 124.94, 124.81, 123.78, 121.55, 115.63, 115.14,
111.58, 55.85.

i /
MeO N
ger,
CHO

1-(4-Methoxyphenyl)-2-phenyl-1H-indole-3-carbaldehyde (4-4s): 71%; 'H NMR (400 MHz,
Chloroform-d) 6 9.96 (s, 1H), 8.26 (d, J = 8.4 Hz, 1H), 8.07 (d, /= 1.4 Hz, 1H), 7.94 (dd, J = 8.4,
1.5 Hz, 1H), 7.76 (s, 1H), 3.89 (m, 6H). *C NMR (101 MHz, DMSO-d;)  184.27, 167.47, 141.01,
137.42, 128.89, 125.83, 123.93, 121.70, 118.05, 112.17, 52.24, 33.95.
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5. NMR spectra of some products
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