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1. Experimental Section
1.1 Methods and Materials

All chemicals were obtained from commercial sources and used without further purification. Elemental
analyses (C, H and N) were performed using a vario MICRO elemental analyzer. IR spectra were recorded with a
Magna 750 FTIR spectrometer photometer as KBr pellets in the 4000—400 em™ region. Conversion and yield was
measured with a Shimadzu GC 2012 plus chromatograph. The X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a ESCALAB 250Xi spectrometer equipped with an Al K, X-ray source. The
binding energy (BE) was calibrated with the Cls signal (284.6 eV) as are referenced. The thermogravimetric
analyses (TGA) were performed on a Netzsch STA449C apparatus in N, atmosphere in 30-800°C. The intensity
data were collected on a Bruker D8-venture diffractometer with graphite-monochromated MoKa radiation (A=
0.71073 A) for 1. All absorption corrections were performed using multiscan. The structures were solved by
direct methods and refined by full-matrix least-squares on F? with the SHELXTL-2016% program package. All H
and *C NMR spectra were recorded on a Bruker-BioSpin AVANCE Il instrument, at a constant temperature of
300 K.
1.2 Synthesis

[Mo'v302(02CCH3)6(HZO)':‘]ZnCI4(3a)28 and (Pro4N)2[Mo'V3O4(CZO4)3(H20)3] (4a)29 were prepared according to
the published procedure. [MOlvgoz(OZCCHg)prg]chl4(3b) and [Pro4N]Z[Mo'V304(CZO4)3py3] (4b, pro = CH3CH,CH, )
were prepared by ligand substitution reaction. In a typical experimental procedure,
[Mo'v302(02CCH3)6(HZO)g]ZnCI4 (3a) and [Pro4N]2[Mo'V3O4(CZO4)3(H20)3] (4a) were dissolved in pyridine solution
and heated for two hours respectively. The resulting red solution was dropped to diethyl ether to produce red
precipitate. The resultant mixture was filtered through celite and dried to produce the red solid of 3b and 4b
characterized by IR (Figure S9).

Preparation of y-1. [Mo30,(0,CCH3)g(H,0)5]ZnCl,#8H,0 (0.11 g, 0.1 mmol) were added to a mixture of
pyridine (1 mL), DMF (9 mL), and H,0 (1 mL). The resulting mixture was sealed in a 20 mL Pressure bottle and
heated at 75°C for two days. The reactor was cooled to room temperature at a rate of 2K/h to produce brown
cubic crystals of y-1 (>60% yield based on Mo). Anal. calcd. For C3gHg1NgM013035 (Mr. = 2475.15): C, 17.45; H,
2.48; N, 5.09%; Found: C, 17.55; H, 2.55; N, 4.93%. IR (KBr): 3420 s (H,0), 3073 s (py), 1607 s (py), 1448 s (py), 932
s (Mo"'=0), 841 vs. (Mo"'-0b—Mo), 752 s ([M0'';0,]), 644 s h (py). Cmcm, a = 22.9530(14), b = 24.5269(15), ¢ =
13.6041(13) A, V = 7658.6(10) A%, Z = 4, R1/wWR2 =2.41/6.36% for the observed data (I =20(1)), R1/WR2 = 2.52/6.42%
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for all data; CCDC-1575811. The disordered HN(CH3), and H,0 have been squeezed and confirmed by elemental
analyses and TGA (Figure S8), which is in agreement with squeeze electrons in P1 Unit Cell : 526, equal to

16[HN(CH,),] and 16[H,0].

1.2 Catalytic activity tests

The hydrogenation reduction of nitroarenes to anilines with hydrazine hydrate in the presence of y-1 was
investigated as a benchmark system for the optimization of the conditions. The effects of the solvent, cycle
number, reaction time and temperature were evaluated (see also the Supporting Information).

General procedure for the reduction of nitrobenzene: Nitrobenzene (10 uL, 0.097 mmol), EtOH (2 mL) and
v-1 (7.5 mg, 3 mol %, 0.0029 mmol) were added into a 25 mL round bottomed flask with magnetic stirring. Then,
N,H;¢H,0 (85%) (20 pL, 0.3 mmol) were added into the reactor and heated to reflux with stirring at 80°C for 2
hours. The reaction was complete (incomplete or messy) detected by TLC (n-hexane/ethyl acetate = 5:1).
The samples were obtained by centrifugation and filtration and analyzed by Shimadzu GC 2014C. The filtrate has
been diluted to 4mL with EtOH and analyzed by ICP to determine the molybdenum amount to confirm the
heterogeneous catalysis reaction. Recycled catalyst analyzed by IR spectrum after centrifugal separation was
used in the same manner as with fresh catalyst to determine the reusability of the catalyst as a hydrogenation
agent (Figure S11, S12). Recycle experiment also conducted under similar conditions except for appropriate
adjustment in the amount of hydrazine hydrate used and the reaction time for completely conversion (Figure 2
left). The amount of hydrazine hydrate added and the reaction time needed in each cycle is 20 pL, 2 hours (fresh
catalyst); 20 uL, 3 hours (cycle 1); 40 uL, 4 hours (cycle 2); 40 pL, 5 hours (cycle 3); 60 pL 6 hours (cycle 4) and 100
pL 10 hours (cycle 5) respectively.

The reduction of nitrobenzene to aniline in this catalytic systems based on different molybdenum cluster
compounds (3a, 3b, 4a, 4b) has been conducted for performance comparisons and mechanism study (Figure 2
right). Reaction conditions: catalyst (3 mol %), PhNO, (10 uL, 0.097 mmol), N,H4-H,0 (20 L, 0.3 mmol), solvent (2
mL), 80 °C, 2 h. no: only EtOH. 3a: [Mo"50,(0,CCHs)s(H,0)51ZnCly; 3b: [Mo"30,(0,CCHs)epyslZnCly; 4a:
[Pr04N]2[MOIV304(C204)3(Hzo)a]; 4b: [Pro4N]2[M0|V3O4(C204)3py3].

To determine the yield of isolated products for different functionalized anilines, the general procedure was
scaled up by the factor of three. After full conversion was achieved, the resultant suspension was centrifugated
and filtered through filter paper and the solvent of the filtrate was removed by rotary evaporator and dissolved
in deuterated solvents (CDCl;) for NMR analysis. In a general protocol, reaction time usually extends to 3-4 hours,

detected by TLC (n-hexane/ethyl acetate = 5:1—2:1)to ensure reaction complete conversion.

2. DFT theoretical calculations

DFT calculations were performed using the GAUSSIAN 09 program package (Revision D.01)30 and crystal
structure parameters. DFT calculations were carried out using the (U)B3LYP functional, that is, Beck’s hybrid
three-parameter exchange functional® with the Lee-Yang-Parr correlation functional.* In these calculations, the
solvent effects were taken into account by the Polarizable Contiuum Model (PCM).:'}3 The natural atomic
orbital(NAO) analyses were calculated by the NBO 3.1 module embedded in Gaussian 09 program.

The analyses of frontier molecular orbitals and spin densities were performed by Multiwfn34, which is a

multifunctional wavefunction analysis program developed by Lu et. al. and can be freely downloaded.

3. Figures
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Figure S1.  Structure of y—[H4Mo'V6MoV'7O36py6]2’ (y-1a) (Mo'v, purple; Mo, blue) with 30% probability thermal

ellipsoids for non-carbon atoms.

Figure S2.  Partly polyhedral (Mov') presentation of y-1a showing a model of the low-valence Mo(IV) clusters

supported on a Mo(VI) oxide of the highest oxidation state.
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the present measurements of y-1.

Oxidation state Mo 3ds, Mo 3d 3,
Mo"-Na,Mo0, 231.9 235.4
MoV O(OH), 230.2 233.4
Mo"-B-2 230.0 233.2
Mo"-B-2 231.9 235.05
Mo"-y-1 (B) 229.90 233.13
Mo"-y-1 (A) 231.81 234.94

Figure S3.  XPS of y-1.
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Figure S4. (a) a—->B->y Keggin structure evolution induced by 60° rotation of top Mo'v3013 set (marked in pink
polyhedron) followed by belt Mo'v3013 set. (b) comparison of HOMO energy levels and HOMO-LUMO gap of
a-[H4MoV'1204o]4', 12e-reduced B-2 and y-1 Keggin anions. (c) HOMO orbitals of a-, -2 and y-1 Keggin anions.
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Figure S5. HOMO and LUMO of y-1.
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Figure S6. Crystal structure of y-1 along a axis showing that the MoV'Oz groups (Mo5, 013) are on the top of the
Mo",(p,-OH), active site (Mo1, O1).

Figure S7. Crystal structure of y-1 along c axis showing that the MoV'OZ groups (Mo5, 013) are close to the
Mo",(p,-OH), active site (Mo1, O1).
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Figure S8. TGA of y-1.
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Figure S9. IR of y-1, [Mo"30,(0,CCHs)epys]ZnCl, and [Pro;N],IMo"304(C,04)3pysl.
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Figure S10. Time-dependent profiles for the reduction of nitrobenzene to aniline.
Reaction conditions: y-1 (7.5 mg, 3 mol %), PhNO, (10 pL, 0.097 mmol), NyH,-H,0 (20 pL, 0.3 mmol), EtOH (2 mL),
80°C.
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Figure S11. Cycle number profiles for the reduction of nitrobenzene to aniline catalyzed by reused y-1. Reaction
conditions: recycled catalyst (7.5 mg, 3 mol %), PANO, (10uL, 0.097mmol), N,H,-H,0 (20ul, 0.3mmol), EtOH (2mL),
80°C.
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Figure S12. FTIR for fresh and used catalysts: (fresh) y-1, (1) after the first used, (2) after the second used, (3)
after the third used, (4) after the fourth used.
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Figure S13. Solvent-dependent performance profiles of y-1 for the reduction of nitrobenzene to aniline. Reaction
conditions: y-1 (7.5 mg, 3 mol %), PhNO, (10 uL, 0.097 mmol), N,H,-H,0 (20 uL, 0.3 mmol), solvent (2 mL), 80 °C,
2h.

4. Tables
NO, N,H,H,0,y-1 NH,
R EtOH, 80°C, 2h R
entry R Conversion(%)j Yield(%)j
1 H 100 >99.8
2 Br 100 >99.8
3 CH; 100 >99.8
4 COOCH; 100 >99.8
5 H? 99.2 98.7
6 H® 61.1 61.1
7 HC 31.3 31.1
8 He 20.4 20.2
9 H® 100 100
10 Hf 100 100
11 HE 99.4 99.4
12 H" 98.1 98
13 H 100 100

Table S1.  Hydrogenation Reduction of Nitrobenzene to Aniline with the Hybridized Keggin Cluster y-1.
Reaction conditions: y-1 (7.5 mg, 3%), ArNO, (0.097 mmol), N,H,-H,0 (85%, 20 uL), EtOH (2 mL), 80°C, 2 h.

% one cycle; ® two cycle; “ three cycle; four cycle; “one cycle with N,H,-H,0 (85%, 20 L), 3 h; ftwo cycle with
N,H4-H,0 (85%, 40 uL), 4 h; 8three cycle with N,H,-H,0 (85%, 40 pL), 5 h; Pfour cycle with N,H,-H,0 (85%, 60 pL),
6 h; 'five cycle with N,H,-H,0 (85%, 100 uL), 10 h; 'GC yield.
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A~ NO, 71 (3 mol%) N,H, (3.3 equiv.l “~_NH,
My‘ CH3CH,0H, 2h ‘\/
entry Temperature(C) Conversion(%)™ Yield(%)™
1 R.T. 5.8 5.8
2 70 70.4 70.4
3 80 >99 >99
4 80 - -

Table S2. Influence of the temperature on the catalytic reduction of nitrobenzene to aniline.”

]

[a] Reaction conditions: Nitrobenzene (10 pL, 0.097 mmol), N,H,-H,0 (20ul, 0.3mmol), 3 mol% catalyst (7.5 mg),

EtOH (2 mL), 2 h. [b] Determined by GC. [c] Without catalyst.

Atom
Mol
Mo2
Mo3
Mo4
Mo5
o1
02
03
04
05
06
07
08
09
o10
011
012
013
N1
N2

Coord

6.00
6.00
6.00
6.00
6.00
2.00
3.00
2.00
2.00
2.
2
3
2
1
3
1
3
1
1
1

00

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

Table S3.

9299

.0103(
.2080(
19908
7342
.0940(
7082
.0537(
7019 (
.3665(
1410

D_aver Sigm
2.0565(
2.0452(
1.9608(
1.9558(
1.9752(
2.0332(¢
2.0166(
1.9689(
1.8658(
1.
2
2
1
1
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11)
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9)
13)
13)
14)
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29
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440

29.
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73.
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.019
26.
.000
50.
78.
.073
46.
.000
.888
.000
.996
.000
.000
.000

465
293
123
332

310

268
120

767

Bond valance sum analyses for y-1

Valence
4.000
4.000
6.000
6.000
6.000

-2.000
-2.000
-2.000
-2.000
-2.000
-2.000
-2.000
-2.000
-2.000
-2.000
-2.000
-2.000
-2.000
-3.000
-3.000

BVSum(Sigma)

325
.352(
970
.789(
.858(
343
193
658 (
112
.974(
665
330
.704(
595
.830(
711
.100(
741 (
417 (
767 (

O O P N PP B P P P P R N P N P OO O O >

Table S4. DFT-calculated Mulliken charges of Mo"in 5, Mo'v/MovI iny-1and Mo" in 639, which reveal

remarkable electron transfer among Mo" and Mo" in y-1.

12)
13)
23)
16)
25)
5)
8)
8)
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9)
8)
5)
8)
11)
7)
19)
5)
16)
5)
8)

6

v-1

Mo atom

Mo

v

MOIV

Mo"'3

M OVI
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Mulliken charge 0.931 1.095 1.056 1.386 1.558 1.306 1.552

electron transfer +0.164 +0.125 -0.166 - -0.246

1]

il

e N\

6: [M0|V304(C204)3(4'MePY)3]2— y-1: [H4M0|V6MOVI7036py6]2- 5: [H4M0VI12040]4-

5. Scheme

H+H" A H+HE, H+H?
—— — — Direct route
-H,O -H,0

Condensation rote
Scheme S1. Reaction network of the nitrobenzene reduction.*’
The condensation route involves the azobenzene intermediate. When azobenzene (0.0485 mmol, 8.9 mg) was
used as reactant, y-1 (3 mol %, 7.5 mg) offered 11.6% conversion at 80 °C in 2 h (the reaction conditions similar
to PhNO, with 0.097 mmol). The conversion of PhNO, over y-1 was 7.6 times greater than the azobenzene

conversion that we believe the reaction occurred mainly via the direct route with multi-step process.
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6. Characterization data of the isolated products.

: NH,

Aniline: isolated yield: 95%. *H NMR (400 MHz, CDCls) & 7.17 (t, J = 7.8 Hz, 2H), 6.83 — 6.63 (m, 3H), 3.49 (s, 2H);
3C NMR (101 MHz, CDCl5) & 146.33, 129.26, 118.54, 115.08.

4-methylaniline: isolated yield: 96%. *H NMR (400 MHz, CDCl3) & 6.98 (d, J = 8.2 Hz, 2H), 6.62 (d, J = 8.2 Hz, 2H),
3.30 (s, 2H), 2.26 (s, 3H); 3C NMR (101 MHz, CDCl,) & 143.76, 129.71, 127.67, 115.23, 20.40.

Rr

4-bromoaniline: isolated yield: 98%."H NMR (400 MHz, CDCl;) 6 7.26 — 7.20 (m, 2H), 6.60 — 6.50 (m, 2H), 3.50 (s,
2H); C NMR (101 MHz, CDCl;) & 145.35, 131.94, 116.67, 110.13.

NH,
/O\H/©/
(o]
methyl 4-aminobenzoate: isolated yield: 96%. 'H NMR (400 MHz, CDCl5) 6 7.83 (d, /= 8.7 Hz, 2H), 6.62 (d, J = 8.7

Hz, 2H), 4.13 (s, 2H), 3.84 (s, 3H); *C NMR (101 MHz, CDCls) & 167.16 (s), 150.88 (s), 131.48 (s), 119.44 (s), 113.96
(s), 51.52 (s).
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