Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2024

Supporting Information

A thiolated copper-hydride nanocluster with
chloride bridging as a catalyst for carbonylative
C- N coupling of aryl amines under mild
conditions: a combined experimental and

theoretical study

Anish Kumar Das, * Sourav Biswas, [@1* Amit Pal, [ Surya Sekhar Manna, ™ Avirup Sardar,
&l Pradip Kumar Mondal, €1 Basudev Sahoo,*® Biswarup Pathak,* and Sukhendu Mandal

*[a]

l{ISchool of Chemistry, Indian Institute of Science Education and Research

Thiruvananthapuram, Kerala 695551, India. E-mail: sukhendu@iisertvm.ac.in

bl Department of Chemistry, Indian Institute of Technology Indore, Madhya Pradesh 453552,
India

[ Elettra-Sincrotrone Trieste, S.S. 14 Km 163.5 in Area Science Park, Basovizza, Italy

These authors contributed equally.

S1


mailto:sukhendu@iisertvm.ac.in

Table of contents

Name Description Page No.
Experimental section S3-513

Table S1 Crystal data and structure refinement parameters S14

Table S2 Position of ten hydrides in the Cuxy NC S15

Table S3 Theoretical insights into the mechanism of the catalysis reaction | S16

Fig. S1 SEM and optical microscope images of Cuyg crystals S17

Fig. S2 'HNMR of Cuzg NC S18

Fig. S3 'H NMR of CuzD NC, S19

Figs. S4-S6 118, 1%F 3P NMR of Cuze NC S20-S22

Fig. S7 (a) p2 and ps bridging modes of CI™ in the shell of the Cuze NC, | S23
and (b) s bridging modes of CI in the shell of the reported
[Cu29(SAdm)15Cl3(P(Ph-Cl)3)saH10]* NC.

Fig. S8 Positive mode ESI-MS spectrum of Cuze NC S24

Fig. S9 XPS survey spectrum of Cuze NC S25

Fig. S10 Energy dispersive spectrum of Cuz NC S26

Fig. S11 High-resolution XPS spectra of each element S27

Fig. S12 Cu LMM auger spectrum of Cuze NC S28

Fig. S13 Stability of as-synthesized Cuzg NC, after exposing to sunlight for | S29
4 hours and after 7 days at ambient conditions

Fig. S14 TEM analysis before and after the catalytic reaction S30

Fig. S15 Comparison of UV-vis data between the pure catalyst and isolated | S31
catalyst dissolved in chloroform

Fig. S16 ESI-MS data of the pure catalyst and the isolated catalyst from | S32
the catalytic reaction mixture

Fig. S17 'H NMR of the isolated catalyst after the catalytic reaction S33
NMR spectra S34-546
XYZ coordinates of the optimized structure S47-S53
References S54

S2




Experimental

Materials

Tetrakis(acetonitrile)copper(l) tetrafluoroborate Cu(CHsCN)a. BF4, triphenylphosphine (PPhs),
tert-butylthiol (HS'Bu), sodium borohydride (NaBH.), sodium borodeuteride (NaBD4) were
procured from Sigma-Aldrich. All the reagents used for the catalysis reaction were also
obtained from Sigma-Aldrich. HPLC grade solvents- chloroform, acetonitrile, methanol, and
n-hexane were purchased from Spectrochem. Milli-Q water was utilized throughout the

experiments.

Synthesis of [Cuze(S'BU)12(PPhs)sClsH10] [BF 4] NC

Initially, 50 mg (0.16 mmol) of Cu(CH3CN)4BF4 and 50 mg (0.19 mmol) of PPhs were mixed
in the mixture solution of 2 mL acetonitrile and 0.5 mL chloroform at room temperature and
stirred until a clear solution was obtained. After that, 14 uL (0.12 mmol) of HS'Bu was added
to the mixture and continued stirring. After 15 min of stirring, 50 mg (1.32 mmol) of NaBH4
dissolved in 2.5 mL methanol was added into the mixture, and a red color solution was formed.
Then the reaction was kept for another 1 h under continuous stirring. After completion, the
reaction mixture was centrifuged, and the red precipitate was formed. After drying properly,
the precipitate was dissolved in the solvent mixture of chloroform/hexane (volume ratio 1:1).
The final clear solution was kept for crystallization at ambient conditions. After 7 days, red-

colored plate-like crystals were obtained.

Synthesis of [CUzg(StBU)lz(PPh3)4C|6D10]+ (CU29D) NC

The same procedure was adopted, whatever was mentioned for the synthesis of the Cuz9 NC.

Instead of NaBH4, we have used NaBD; as a reducing agent.

The general procedure of the catalytic reactions: Cuze-nanocluster catalyzed carbamate

formation from substituted Anilines and Benzimidazole (GP 1)

In an oven-dried screw cap vial equipped with a Teflon-coated stirring bar, Aniline 1 (0.2
mmol, 1.0 equiv.), Dialkylazodicarboxylate (2) (0.4 mmol, 2.0 equiv.), Cuze-nanocluster (0.46

pmol, 0.0023 equiv.) were dissolved in dry CDCIz (0.3 M) under an inert atmosphere. The
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reaction mixture was stirred at room temperature for 3 h. The reaction was monitored by
checking TLC, and upon completion, the reaction was quenched by adding water and extracted
with dichloromethane. The combined organic layers were washed once again with water (5
mL), followed by brine (5 mL), and the solvents were removed under reduced pressure. The
crude reaction mixture was purified by using flash column chromatography through silica gel
(eluent: ethyl acetate/ petroleum ether) to afford pure product 3.

X-ray Crystallography details

Single-crystal data of red-colored plate-like Cuze NC was collected on a Bruker Axs Kappa
Apex 11 SCXRD (single crystal X-ray diffractometer) with CCD detector (MoK radiation, A=
0.71073 A) at the temperature of 100 K. Using Olex2,5! the structure was solved with the
SHELXT*? structure solution program using Intrinsic Phasing and refined with the SHELXLS®
refinement package using Least Squares minimization. PLATON SQUEEZES* was applied
during the final refinements to remove density mess from randomly oriented solvent molecules.
All non-hydrogen atoms were refined anisotropically and hydrogen atoms were (positioned
geometrically) refined isotropically using an olex2.5! We have successfully assigned the

position and the number of hydrides in the structure by cautious SCXRD measurements.

Note: The finding of the hydrides is really a challenge because of the high electron density
around the copper core compared to the low electron density of the hydrides and the hydrides

are almost transparent to X-rays.>®

Computational details

All the calculations of Cuzg NC were carried out using the Vienna ab Initio Simulation Package
(VASP) with projector augmented wave (PAW) method.>®° Generalized gradient
approximations of Perdew—Burke—Ernzerhof (GGA-PBE) was used for describing the
exchange-correlation interactions. I'-Point was used to sample the Brillouin zone. An energy
convergence criterion of 10~° eV and force convergence criteria of 0.05 eV were employed.
The DFT-D3 method was used for treating dispersion interactions of Cuzg NC. Moreover, more
than 10 A vacuum has been added in all three directions to avoid any periodic image
interactions. Climbing image nudged elastic band (CI-NEB) with six images and dimer method
was used for transition state analysis. The transition state is confirmed by the presence of one

and only imaginary frequency.
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The time-dependent density functional theory (TDDFT) calculations of Cuze9 NC involving 300
excited states are carried out using Gaussian 09 Package with B3LYP functional and 6-31G*
basis set.519-512 | ANL2DZ effective core potential is used for Cu atom.535* The ligands are
simplified to methyl for reducing computational expenditure in the structural calculations.
Chloroform solvent was used under the conductor-like polarizable continuum solvation model
(CPCM).

Instrumentation

A SHIMADZU UV-3800 spectrometer was used for measuring the absorbance spectra. FEI
Tecnai G2 F30 S -Twin transmission electron microscope (TEM) 300 kV, scanning electron
microscope (SEM), and energy-dispersive X-ray spectroscopy (EDS; FEI Nova NANOSEM
450) were used for the microscopic characterization. X-ray photoelectron spectroscopy (XPS)
measurement has been done by using the Omicron Nanotech instrument (MgK, radiation at
1253.6 eV). All binding energies were referenced to the neutral C 1s peak at 284.8 eV. Bruker
Avance 11, 500 MHz, NMR was used for the *H, B, *C, *°F and 3P studies. Waters Q-TOF
mass spectrometer equipped with a Z-spray source was used for the electrospray ionization
(ESI) mass spectrometry measurement in positive mode. Samples were dissolved in chloroform
(1 mg/mL) and diluted by methanol (1:1). The solution was infused at 160 pL/min. The
spectrometer was operated in the mass range of m/z 2000-10000, capillary voltage was 4.65
kV, sampling cone 80 V, source temperature 80 °C, source offset 28 V, desolvation temperature
150 °C, cone gas flow 179 L/Hr, desolvation gas flow 740 L/Hr. For the isolated catalyst, the
parameters: capillary voltage 3.3 kV, sampling cone 60 V, source temperature 70 °C, source
offset 10 V, desolvation temperature 400 °C, cone gas flow 50 L/Hr, desolvation gas flow 200
L/Hr.
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Variation of Anilines

Isopropyl phenylcarbamate (3aa):

H
N @] Me
N, ~
)
O Me

Following GP 1, the starting materials 1a (0.2 mmol) and 2a (0.4 mmol) afforded the
compound 3aa, as a white solid (25.4 mg, 0.142 mmol, 71%).

'H NMR (500 MHz, CDCls) ¢ (ppm) = 7.37 (d, J = 7.7 Hz, 2H), 7.30 (t, J = 6.9 Hz, 2H), 7.05
(t, J=7.3 Hz, 1H), 6.52 (s, 1H), 5.06-4.98 (m, 1H), 1.30 (d, J = 6.3 Hz, 6H); The spectroscopic
data obtained were in agreement with the reported data for the compound 3aa.5®®

Isopropyl p-tolylcarbamate (3ba):

H
N, O Me
Y
Me ©
Following GP1, the starting materials 1b (0.2 mmol) and 2a (0.4 mmol) afforded the compound

3ba, as a white solid (26.6 mg, 0.138 mmol, 69%).

'H NMR (500 MHz, CDCls3) & (ppm) = 7.13 (d, J = 7.8 Hz, 2H), 7.10 (d, J = 8.6 Hz, 2H), 6.45
(s, 1H), 5.03-4.98 (m, 1H), 2.30 (s, 3H), 1.29 (d, J = 6.3 Hz, 6H); The spectroscopic data

obtained were in agreement with the reported data for the compound 3ba.5'®

Isopropyl (4-(tert-butyl)phenyl)carbamate (3ca):

H
N O._ Me
G
By O e
Following GP1, the starting materials 1c (0.2 mmol) and 2a (0.4 mmol) afforded the compound

3ca, as a white solid (32 mg, 0.136 mmol, 68%).

'H NMR (500 MHz, CDCls) 6 (ppm) = 7.31-7.33 (m, 4H), 6.47 (s, 1H), 4.98-5.05 (m, 1H),
1.58 (s, 9H), 1.29 (d, J = 5.5 Hz, 6H).; The spectroscopic data obtained were in agreement with

the reported data for the compound 3ca.5*®
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Isopropyl (3,5-dimethylphenyl)carbamate (3da):

H
Me N 0] Me
Q/YY
0 Me
Me

Following GP1, the starting materials 1d (0.2 mmol) and 2a (0.4 mmol) afforded the compound
3da, as a colourless liquid (28.6 mg, 0.138 mmol, 69%).

'H NMR (500 MHz, CDCl3) 6 (ppm) = 7.01 (s, 2H), 6.70 (s, 1H), 6.42 (s, 1H), 4.96-5.03 (m,
1H), 2.28 (s, 6H), 1.29 (d, J = 6.3 Hz, 6H); The spectroscopic data obtained were in agreement

with the reported data for the compound 3da.5®

Isopropyl (4-chlorophenyl)carbamate (3ea):

H
N 0 Me
T
cl 0] Me

Following GP1, the starting materials 1e (0.2 mmol) and 2a (0.4 mmol) afforded the compound

3ea, as a white solid (27.8 mg, 0.13 mmol, 65%).

'H NMR (500 MHz, CDCls3) & (ppm) = 7.18 (d, J = 8.8 Hz, 2H), 7.16 (d, J = 8.8 Hz, 2H), 6.48
(s, 1H), 4.89-4.97 (m, 1H), 1.22 (d, J = 6.3 Hz, 6H); The spectroscopic data obtained were in

agreement with the reported data for the compound 3ea.5*®
Isopropyl (4-bromophenyl)carbamate (3fa):

H
NWTO\/MG
,£ :] C M
Br ©

Following GP1, the starting materials 1f (0.2 mmol) and 2a (0.4 mmol) afforded the compound
3fa, as a white solid (31.87 mg, 0.12 mmol, 62%).

!H NMR (500 MHz, CDCls) § (ppm) = 7.48 (d, J = 8.8 Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 6.57
(s, 1H), 4.97-5.05 (m, 1H), 1.29 (d, J = 6.3 Hz, 6H); The spectroscopic data obtained were in

agreement with the reported data for the compound 3fa.5®

S7



Isopropyl pyridin-2-ylcarbamate (3ga):
H o _M
P e
@f Y
_N O Me

Following GP1, the starting materials 1g (0.2 mmol) and 2a (0.4 mmol) afforded the compound
304, as a white solid (16.94 mg, 0.094 mmol, 47%).

'H NMR (500 MHz, CDCIs) J (ppm) = 8.29 (s, 1H), 7.98 (d, J = 8.5 Hz, 1 H), 7.66-7.70 (m,
1H), 6.96-6.99 (m, 1H), 5.01-5.08 (m, 1H), 1.32 (d, J = 6.3 Hz, 6H); The spectroscopic data
obtained were in agreement with the reported data for the compound 3ga.5®®

Variation of Dialkylazodicarboxylate

Ethyl phenylcarbamate (3ab):
H i
N\( !/o\“, Me

O

Following GP1, the starting materials 1a (0.2 mmol) and 2b (0.4 mmol) afforded the compound
3ab, as a white solid (25.77 mg, 0.156 mmol, 78%).

IH NMR (500 MHz, CDCls)  (ppm) = 7.31 (d, J = 8.2 Hz, 2H), 7.23 (t, J = 7.9 Hz, 2H), 6.99
(t, J = 7.4 Hz, 1H), 6.52 (s, 1H), 4.13-4.18 (q, J = 7.2 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H); The

spectroscopic data obtained were in agreement with the reported data for the compound 3ab.5’

tert-butyl phenylcarbamate (3ac):

H 0o _M
CrY e
0O Me
Following GP1, the starting materials 1a (0.2 mmol) and 2c¢ (0.4 mmol) afforded the compound

3ac, as a white solid (21.5 mg, 0.131 mmol, 65%).

'H NMR (500 MHz, CDCls) 6 (ppm) = 7.41 (d, J = 8.8 Hz, 2H), 7.29 (t, J = 8.4 Hz, 2H), 7.03
(t, J = 7.4 Hz, 1H), 6.46 (s, 1H), 1.52 (s, 9H); The spectroscopic data obtained were in

agreement with the reported data for the compound 3ac.5®
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Variation of Benzimidazole

Isopropyl 1H-benzo[d]imidazole-1-carboxylate (4a):

N

$> Me

N

I,
/}\O/ Me

]

Following GP1, the starting materials Benzimidazole (0.2 mmol) and 2a (0.4 mmol) afforded
the compound 4a, as a colourless liquid (26.94 mg, 0.132 mmol, 66%).

IH NMR (500 MHz, CDCls) & (ppm) = 8.48 (s, 1H), 8.03 (d, J = 7.8 Hz, 1H), 7.80 (d, J = 9.13
Hz, 1H), 7.35 — 7.42 (m, 2H), 5.30 — 5.37 (m, 1H), 1.50 (d, J = 6.3 Hz, 6H); 3C NMR (126
MHz, CDCls) & (ppm) = 155.4, 149.2, 142.0, 125.5, 124.6, 120.8, 114.6, 73.0, 22.0; HRMS
(ESI): m/z calc. for (C14H19N202%) [M+H]*: 205.0972; found: 205.0969; IR (ATR) (v cm™):
1758, 1521, 1460, 1387, 1251, 1110.

Ethyl 1H-benzo[d]imidazole-1-carboxylate (4b):

LY

\ —Me
p,
O/\@

Following GP 1, the starting materials Benzimidazole (0.2 mmol) and 2b (0.4 mmol) afforded
the compound 4b, as a white solid (27.77 mg, 0.146 mmol, 73%).

'H NMR (500 MHz, CDCls) § (ppm) = 8.47 (s, 1H), 8.02 (d, J = 7.7 Hz, 1H), 7.79 (d, J = 7.6
Hz, 1H), 7.35-7.42 (m, 2H), 4.54-4.58 (m, 2H), 1.51 (t, J = 6.3 Hz, 3H); The spectroscopic data

obtained were in agreement with the reported data for the compound 4b.5%°
tert-butyl 1H-benzo[d]imidazole-1-carboxylate (4c):

N\
@E N> Mj/h\/% e

Q//\\o Me

Following GP1, the starting materials Benzimidazole (0.2 mmol) and 2c (0.4 mmol) afforded

the compound 4c, as a white solid (25.8 mg, 0.118 mmol, 59%).
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'H NMR (500 MHz, CDCls) 6 (ppm) = 0 (ppm) = 8.43 (s, 1H), 7.98 (d, J = 7.8 Hz, 1H), 7.78
(d J =7.4 Hz, 1H), 7.39-7.33 (m, 2H), 1.69 (s, 9H); The spectroscopic data obtained were in

agreement with the reported data for the compound 4c¢.58

Mechanistic Investigation

Radical Trapping Experiment with TEMPO:

e
NH Cuyg-NanoCluster Me
2 29 - HN v t\szo\

+

CDCls, rt, 24 h Me
Me
Me
2 equiv. Jrl\/le. 3ha

1 equiv. _0

N 3 T =09
(5.0 equiv.) Me aa (Yield = 0%) Detected by HRMS

In an oven-dried screw cap vial equipped with a Teflon-coated stirring bar, Aniline 1 (0.2
mmol, 1.0 equiv.), Dialkylazodicarboxylate (2) (0.4 mmol, 2.0 equiv.), Cuze-cluster (0.46
pmol, 0.0023 equiv.) and TEMPO (1 mmol, 5 equiv.) were dissolved in dry CDClz (0.3 M)
under inert atmosphere. The reaction mixture was stirred at room temperature for 3 h. The
reaction was monitored by checking TLC and upon completion, the reaction was quenched by
adding water and extracted with dichloromethane. The combined organic layers were washed
once again with water (5 mL), followed by brine (5 mL) and the solvents were removed under
reduced pressure. HRMS analysis of the crude reaction mixture identified Isopropyl (2,2,6,6-

tetramethylpiperidin-1-yl) carbonate (Oxyacyl-TEMPO adduct) (3ha).
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Detection of Isopropyl (2,2,6,6-tetramethylpiperidin-1-yl) carbonate (3ha) adduct in the crude

reaction mixture of radical trapping experiment using TEMPO by HRMS analysis.
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Radical Experiment with 1,1-diphenylethene:

NH> Cu,ge-NanoCluster HNZ Ph%
+ CDCls, t, 24 h + Ph
Ph 3ia
1a 2a . Detected by HRMS
1 equiv. 2 equiv. (5.0 equiv.) Ph 3aa (Yield = 0%)

In an oven-dried screw cap vial equipped with a Teflon-coated stirring bar, Aniline 1 (0.2
mmol, 1.0 equiv.), Dialkylazodicarboxylate (2) (0.4 mmol, 2.0 equiv.), Cuze-Cluster (0.46
pmol, 0.0023 equiv.) and 1,1-diphenylethene (1 mmol, 5 equiv.) were dissolved in dry CDCls
(0.3 M) under inert atmosphere. The reaction mixture was stirred at room temperature for 3 h.
The reaction was monitored by checking TLC and upon completion, the reaction was quenched
by adding water and extracted with dichloromethane. The combined organic layers were
washed once again with water (5 mL), followed by brine (5 mL) and the solvents were removed
under reduced pressure. HRMS analysis of the crude reaction mixture identified Isopropyl 3,3-
diphenylacrylate (3ia).
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267.1372 NL:
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Detection of Isopropyl 3,3-diphenylacrylate (3ia) adduct in the crude reaction mixture of

radical trapping experiment using 1,1-diphenylethene by HRMS analysis.
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Control Experiments

Catalysis reaction without Cuzg-Nanocluster: In an oven-dried screw cap vial equipped with
a Teflon-coated stirring bar, Aniline 1 (0.2 mmol, 1.0 equiv.), di-alkyl azodicarboxylate (2)
(0.4 mmol, 2.0 equiv.) were dissolved in dry CDCIs (0.3 M) under inert atmosphere. The
reaction mixture was stirred at room temperature for 3 h. The reaction was monitored by
checking TLC and upon completion, the reaction was quenched by adding water and extracted
with dichloromethane. The combined organic layers were washed once again with water (5
mL), followed by brine (5 mL) and the solvents were removed under reduced pressure. The
crude reaction mixture was analysed by *H NMR using 1,3,5-trimethoxy benzene as an internal
standard and no product formation had been identified.

Catalysis reaction with Cul: In an oven-dried screw cap vial equipped with a Teflon-coated
stirring bar, Aniline 1 (0.2 mmol, 1.0 equiv.), di-alkyl azodicarboxylate (2) (0.4 mmol, 2.0
equiv.) Cul (21 pmol) were dissolved in dry CDCIs; (0.3 M) under inert atmosphere. The
reaction mixture was stirred at room temperature for 3 h. The reaction was monitored by
checking TLC and upon completion, the reaction was quenched by adding water and extracted
with dichloromethane. The combined organic layers were washed once again with water (5
mL), followed by brine (5 mL) and the solvents were removed under reduced pressure. The
crude reaction mixture was analysed by *H NMR using 1,3,5-trimethoxy benzene as an internal
standard and yield is 5%.

Catalyst regeneration: In an oven-dried screw cap vial equipped with a Teflon-coated stirring
bar, 4-bromo aniline (1f) (0.2 mmol, 1.0 equiv.), diisopropyl azodicarboxylate (2a) (0.4 mmol,
2.0 equiv.), Cuze-nanocluster (0.46 umol, 0.0023 equiv.) were dissolved in dry CDCl3 (0.3 M)
under an inert atmosphere. The reaction mixture was stirred at room temperature for 3 h. The
reaction was monitored by checking TLC, and upon completion, the reaction was quenched by
adding water and extracted with dichloromethane. The combined organic layers were washed
once again with water (5 mL), followed by brine (5 mL), and the solvents were removed under
reduced pressure. The crude reaction mixture was washed with 20% ethyl acetate/ petroleum
ether to remove all the organic compounds from the catalytic reaction mixture followed by the
remaining crude was washed with distilled CHCIs to get back the Cuze NC (catalyst) and
organic crude was purified by using flash column chromatography through Silica gel (eluent:
ethyl acetate/ petroleum ether) to afford pure product 3fa.

N.B. Recovered Cuze NC after the catalytic reaction was also well characterised by using

H NMR, mass Spectrometry and absorption studies.
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Table S1. Crystal data and structure refinement parameters.

Identification code

Cuz9 NC

Empirical formula

Co243 Hasg B2 Clo1 Cusg Fg Pg Sos

CCDC number

2242226

Formula weight 8900.87
Temperature/K 100(2)
Wavelength/A 0.71073
Crystal system Triclinic

Space group P-1 (No. 2)

alA 24.596(5)

b/A 28.305(6)

c/A 29.247(6)

o/° 64.888(8)

p/° 81.085(9)

/° 81.878(9)
Volume/A3 18149(6)

Z 2

peaicg/cm? 1.629

p/mm?t 3.679

F(000) 8884

Crystal size/mm?® 0.095 x 0.048 x 0.028
26 range for data collection/° 0.852 to 24.000

Index ranges

-28<=h<=28, -32<=k<=32, -33<=[<=33

Reflections collected

193059

Independent reflections

12945 [R(int) = 0.4288]

Data/restraints/parameters

56494 / 5490 / 3086

Goodness-of-fit on F?

0.912

Final R indexes [[>=2c (I)]

R1=0.1233, wR2 = 0.2983

Largest diff. peak/hole / e A

1.779 and -1.881
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Table S2. Position of ten hydrides in the Cuz9 NC.

Chemical shift (ppm) | Peaks integration | Hydrides identification in the structure
2.01 5 (1) 5 p3 bridged hydrides

2.17 1 (i1) 1 p3 bridged hydride
2.94 1 (iii) 1 ps bridged hydride
3.01 1 (iv) 1 ps bridged hydride
3.49 & 3.50 2 (v) 2 us bridged hydrides

(various attachment of hydrides)

The total crystal structure of Cuze NC with various hydride attachments. Color legend;
Cu(core), deep orange; Cu(Cuz shell), rose; Cu(Cus shell), light orange; S, yellow; P, magenta;
Cl, green; C, grey stick; B, dark yellow; F, turquoise; H, white. H atoms and solvent molecules

are partially omitted for clarity.
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Table S3. Theoretical insights into the mechanism of the catalysis reaction.

Step Free energy change (eV) Proposed reasons
_ H-bonding interaction (2.8-3.1 A) between
a—b -0.74 (exergonic)
the Azo and CI atoms of Cuzg NC
Electronic repulsion between the free
b-c +2.58 (endergonic) radicals on the carbon atoms and the lone
pairs on the Cl atoms in Cuzy NC
) N-H bond of aniline approaching the
c—d -0.61 (exergonic) _
carbonyl radical
Formation of stable C-H g-bond of
d->TS—e -0.48 (exergonic) carbonyl via H- transfer from aniline to
carbonyl
) Formation of the final stable carbamate
e—f -3.7 (exergonic)
compound
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Fig. S1 SEM and optical microscope (inset) images of Cuyg crystal.

S17



3.50
3.49
-3.0
2.94
217

501 e 201

| ¥ 1
- S &
2 28 a
2 LR g
3.7 3.5 3.3 31 29 2.7 25 2.3 21 1.9

Chemical shift (ppm)

- I

T T T T T T T T T T T T T T T T T T T T T T ¥ T T
100 95 9.0 85 8.0 75 T0 6.5 6.0 55 50 45 40 35 3.0 25 20 15 10 05 00
Chemical shift (ppm)

Fig. S2 'H NMR of Cuz9 NC. A sharp peak at 1.569 ppm is associated with the proton of the
tert-butyl group. A few more broad peaks are obtained in the aromatic proton region which
originates from protons of the PPhs ligand. This broadening is attributed to more significant
differences in the environments of the auxiliary ligands.® Inset highlights the hydride region

of the Cuzg NC.
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Fig. S3 The 'H NMR of the CuzsD NC.
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Fig. S7 (a) p2 and ps bridging modes of CI in the shell of the Cuz9 NC, and (b) us bridging
modes of CI" in the shell of the reported [Cu29(SAdm)15Cls(P(Ph-Cl)3)4H10]" NC. Color legend;
Cu(Cuz2 shell), rose; Cu(Cus shell), light orange; Cl, green.
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Fig. S8 (a) Positive mode ESI-MS spectrum of Cuzg9 NC. Inset showing the good agreement
between the simulated and experimental isotopic patterns of the peak corresponding to
[Cu29(S'Bu)12(PPhs)4ClgH10]*, and (b) the mass difference of the isotopic patterns between the

Cuzg NC and CuxsD NC.

S24



N
ol 2
=l
AE
5 =
o =
= g
p— m _l
@ _:»I S n
3] = |8
&
c
-
o]
(&)
! | ! 1 ' | ' 1 ' 1
1000 800 600 400 200 0

Binding energy (eV)

Fig. S9 XPS survey spectrum of Cuzg NC. The acquired XPS survey spectrum demonstrates

the presence of all the necessary elements.
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Fig. S10 Energy dispersive spectrum of Cuzg NC. The obtained result is also corroborated with
the crystal structure by the elemental analysis.
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Fig. S11 High-resolution XPS spectra of each element.
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Fig. S12 Cu LMM auger spectrum of Cuzg NC.
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Fig. S13 Stability of as-synthesized Cuz9 NC after exposing the crystals to sunlight for 4 hours
and after 7 days keeping the crystals at ambient conditions. Note: In both the cases, before

performing the absorption studies, we have dissolved the crystals in chloroform.
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Fig. S14 TEM images of Cuxg NC (a) before and (b) after the catalytic reaction.
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Fig. S15 Comparison of UV-vis data between the pure catalyst and isolated catalyst (after
separating the catalyst from the catalytic reaction mixture) dissolved in chloroform. This

suggests that the catalyst remains stable throughout the catalytic process.

S31



e Cu29 Catalyst after the catalytic reaction

— Cu29 NC
=
&L
P
=
(D n“ l “h.
c
(]
)
k=

ll“" ||I|l|
4172 4179 4186 4193 4200
m/z
T T T T T T T T
3000 4000 5000 6000 7000
m/z

Fig. S16 Positive mode ESI-MS data of the pure catalyst and the isolated catalyst from the
catalytic reaction mixture, inset shows that good overlap of the isotopic patterns between the

pure catalyst and isolated catalyst.
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Fig. S17 'H NMR of the isolated catalyst after the catalytic reaction, inset: showing the zoomed

version of the specific area which further confirmed the similar quantification of the hydrides.
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XYZ coordinates of the optimized structure
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