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21 ABSTRACT: Atomically precise coinage metal (Au, Ag and Cu) nanoclusters (NCs) have been the subject of immense interest

22 for their intriguing structural, photophysical and catalytic properties. However, the synthesis of Cu NCs is highly challenging

23 because of low reduction potential and high reactivity of copper, demonstrating the need for new synthetic methods using

24 appropriate ligand combinations. By designing a diamine-assisted synthetic strategy, here we report the synthesis and total
structure characterization of a box-like dianionic Cu NC, [Cus,(PET),4HgCl;](PPh,), co-protected by 2-phenylethanethiolate

25 (PET), hydride and chloride ligands. Its crystal structure comprises a rare bisquare antiprismatic Cu;4Hg core, assembled by

26 two square antiprisms by edge-sharing followed by hydride binding. The rod-shaped Cuy,Hg core is clamped by two complex

27 Cu;(PET);;1Cl and two simple Cu,PET metal ligand frameworks, constructing the complete structure of Cuz, NC. The presence,

28 number and location of hydrides are established by combined experimental and density functional theory results. The

29 electronic structure calculations show the cluster as a zero-free-electron system, reproduce well the measured optical

30 absorption spectrum and explain the main absorption features. Furthermore, the Cus; cluster is found to be a highly active

31 homogeneous catalyst for the C-N bond formation in aniline carbonylation reaction at room temperature. We hope that new

32 findings in this work will stimulate and expand the research on Cu and other active metal NCs.

33

34

3> INTRODUCTION After the Brust-Schiffrin two-phase synthesis of small Au

36 nanoparticles,’® numerous thiolated Au and Ag NCs of

37 The metal nanoclusters (NCs) or nanomolecules - different sizes and compositions have been synthesized.l' 2,

38 systematically arranged few tens of metal atoms protected 20, 21 However, the research on the thiolated Cu NCs is

39 by a well-defined number of ligands - have been attracting lagging behind that of noble metal clusters largely due to

40 great attention for both fundamental scientific studies and high reactivity of Cu as well as low standard reduction

41 various potential applications.’* The ultrasmall size (< 2 potential for the half-cell reactions of Cu(II/I) + ne~— Cu(0)

42 nm) and distinctly different atomic arrangement from their (0.34 and 0.52 V, respectively; n is the number of electrons),

43 bulk counterparts impart metal NCs with unique molecular preventing the systematic comparative studies of coinage

44 properties, including multiple absorption features, metal NCs. In addition to thiolates, phosphines, halides,

45 photoluminescence, isomerism, polymorphism and optical dithiocarbamates, sulfides, carboxylates, hydrides, alkynes

46 activity.>® Unlike the average size and ill-defined or their combinations are potential ligands for Cu NCs.? 22-30

47 composition of metal nanoparticles, the NCs are single- It has long been considered that the protecting ligands

48 sized marked with precise chemical formulae, enabling the deactivate the catalytic activity of metal NCs as well as block

49 study of influence of size, structure, and electronic structure the reactants from approaching metal sites.!* 3! Partial or
on the optoelectronic and catalytic properties.>'? Their complete ligand removal is suggested for marking

50 remarkable characteristics, including high surface area, appreciable activity by compromising the size and structure

51 specific electronic interactions, photophysical properties, of NCs. In particular, due to strong binding, the thiolates are

52 and intermediate stability between nanoparticles and bulk anticipated to deactivate the Cu activity as compared to

53 phase, make these NCs attractive for various applications organometallic ligands such as hydrides and alkynes.?*

54 such as chemical sensing, bio-imaging and catalysis.!318 Consequently, more examples of solely thiolate or thiolate-

55 rich Cu NCs are highly desirable to address the sulfur

56

57

58

59
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poisoning in copper catalysis, which in turn requires new
synthetic methods to overcome aforementioned challenges
in the synthesis of Cu NCs.

The stabilizing ligands with appropriate degree of
electronic effects direct the formation of metal NCs.32 Of
various thiolate ligands, 2-phenylethanethiolate (PET) has
been most widely used to synthesize a wide-range of Au
NCs, including Au,g, Auyg, Auys, Ausg, Augg, Auss, Aug;, Auys,
Auyz; and Auyy,.! Therefore, it is very interesting to know the
stable cluster size and the crystal structure that PET selects
for under-explored Cu NCs. Given the synthetic challenges,
we herein report on the diamine-assisted synthetic strategy
to synthesize a Cu NC with the chemical formula
[Cuzz(PET),4HgCl;](PPhy),. Its crystal structure resolved by
single crystal X-ray diffraction (SCXRD) reveals that the
cluster has an unusual bisquare antiprismatic Cu;,Hg core,
which is further stabilized by two Cu;(PET);;Cl and two
Cu,PET motifs. To the best of our knowledge, this core
structure is observed for the first time in coinage metal NCs.
The density functional theory is used to study the electronic
structure and optical properties. Furthermore, we
demonstrate that the Cuz; NC acts as an efficient
homogenous catalyst for aniline carbonylation under mild
reaction conditions.

RESULTS AND DISCUSSION

Synthesis, Purification and Crystallization. The
synthesis of Cuz; NCs (Scheme 1) has two important steps.
In the first step, a clear pale green solution of Cu(TMEDA)CI
complex (TMEDA: tetramethylethylenediamine) is
obtained by reacting CuCl with TMEDA in tetrahydrofuran
(THF) (Figure S1 in Supporting Information).
Subsequently, tetraphenylphosphonium bromide (PPh,Br)
and thiol (PETH) are added to the Cu(TMEDA)CI complex,
producing a yellowish CuPET(TMEDA)CI turbid dispersion.
In the second step, these metal ligand complexes are
reduced with sodium borohydride (NaBH,) to produce Cu
NCs in an inert atmosphere (Ar). It is important to note that
the use of both Cu source in +1 oxidation state and TMEDA
is crucial for the formation of Cuz, NCs, where TMEDA
assists the synthesis of Cu NCs despite being absent in the
final product. The sources for hydride and chloride ligands
in the cluster are NaBH, and CuCl, respectively. After
completion of the reaction, the NC product is sequentially
washed with ethanol and a mixture of THF and n-pentane to
remove excess/unreacted reagents. Finally, a fully dried
orange precipitate of Cu NCs is dissolved in a 1:1 (v/v)
mixture of dichloromethane (DCM) and THF and the
solution was layered with n-pentane at 5 °C, generating dark
red single crystals (Figure S2) after a week (see Methods
section for full details).

Scheme 1. Synthesis of [CU32(PET)24H8c12](PPh4)2 NCs.

(i) PPh,Br
CuCl i
l: TMEDA Cu(TMEDA)CI (i) PETH CuPET(TMEDA)CI NaBH, Cu;,

complex complex nanoclusters
THF = p

Crystal Structure and Mass Spectrometry. The SCXRD
analysis of a suitable single crystal of the Cu cluster revealed
that it consists of 32 Cu atoms and 24 PET and two Cl
ligands. The unit cell of the cluster has two PPh,* ions,
indicating the electronic charge of the cluster is 2— (Figures
1A and S3). Although it is highly challenging to determine
the hydrides through SCXRD due to low electron density of
hydride, we were able to gain insights into the number and
positions of the hydrides by careful SCXRD measurements,
revealing a total of eight hydrides. Thus, the chemical
formula for the cluster obtained from SCXRD is
[Cus,(PET),4HsCl,] (PPh,),. The presence of hydrides is also
established by mass spectrometry and theoretical analysis,
which are consistent with SCXRD results except a slight
movement in two hydride positions (see DFT results, vide
infra). The overall structure of the cluster has a box-like
shape when viewed through crystallographic axes b
(Figure 1B) and a (Figure 1C). The cluster crystallizes in a
triclinic crystal system with P-1 space group (Table S1 in
Supporting Information).

A

-

Figure 1. The crystal structure of [Cus(PET),4HgCl;](PPhy),
NC. (A) Total structure showing two PPh,* counterions. (B and
C) Different views of the cluster down the crystallographic axes
b and a, respectively. The carbon and phosphorous atoms of
ligands and counterions are omitted in B and C for clarity.

A detailed structural analysis of the cluster (Figure 2)
reveals that it has a core-shell structure with a Cu;4Hg core
and a Cuyg(PET)4Cl, metal-ligand shell. Upon further
inspection of the Cu;4Hg unit, it is identified that two Cug
square antiprisms self-assemble into a rod-shaped Cuy,
core by edge sharing (Figure 2A). Such a bisquare
antiprismatic core is identified for the first time among
coinage metal NCs, while icosahedral or cuboctahedral
cores are common.> 22 33 This Cuy, rod is further capped by
eight hydrides, forming the full Cu,4Hg core. Out of eight
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hydrides, two of them are present inside two square
antiprisms (Figure 2A) in u-4 form (Figure 2B). The
remaining six hydrides are located on six Cuz triangles of
Cuy4 unit (three each belong to one square antiprism) in p-
3 form. The metal ligand-shell of the cluster is made of two
simple triangular Cu,PET and two complex Cu,(PET);Cl
motifs (Figure 2B). The Cu;(PET)¢Cl motifs appear as a
crown, where both Cl are present in bridging (u-2) mode.
Notably, 22 PET ligands of the two large motifs appear in
three types of bridging modes: 4 (u-4), 12 (¢-3) and 6 (u-2),
where both thiolates in the Cu,PET motifs are u-2 type. The
triangular Cu,PET motifs are linked to the Cu;4Hg rod on the
opposite sides such that two Cu atoms in both motifs are
parallel to the edge being shared by two square antiprisms.
Finally, the two Cu,(PET);;Cl motifs bind to the Cu;4Hg core
from its left and right side, generating the total structure of
Cus,(PET),4HgCl, framework of the cluster (Figure 2C).

A Core formation

Metal ligand motifs

& ﬁ -
B r‘{ ‘ A ‘/;‘L"‘ AN
- = 4-H 3-H
Cuy(PET)CI Cu,PET M H
c Total structure formation

CU,(PET)y,Cl Cu,(PET),,CI
@ Cu(core)
@ Cu (shell)
WH
oS
@®cl

Cu3,(PET)4HgCl,

Figure 2. Analysis of the crystal structure of
[Cus,(PET)24HgCl;](PPhy); NC. (A) Formation of Cu;4Hg core by
edge sharing of two Cug square antiprisms followed by capping
with eight hydrides. (B) Metal ligand motifs of the cluster. (C)
Linking of motifs with the Cu;4Hg core, where each type of
motifs approaches from opposite sides of the core. The carbon
atoms of the ligands are not displayed for simplicity.

The Cu-Cu bond length in the Cuy4Hg core is in the range
of 2.537-2.785 A, which is comparable to that in other
copper clusters.?% 26 33 34 Furthermore, the Cugore—CUgpen
bond lengths range from 2.554 A to 2.837 A and the average
value of Cucore—CUshen bond lengths (2.720 A) is higher than
that within the Cuq4Hg core (2.66 A). In particular, the
average Cu-Cu bond length (2.556 A) in the Cug plane,
containing two edge shared Cu atoms and four Cu atoms
from two square antiprisms, is very close to that of bulk Cu
(2.556 A),% indicating the strong interactions between two
building blocks of Cuy4 core. The Cu-S bond length ranges in
Cu;(PET)¢:Cl and Cu,S motifs are 2.028-2.354 Aand 2.219-
2.239 A, respectively, while Cu-Cl bond length range is
2.131-2.184 A

The high resolution electrospray ionization mass
spectrometry (HR-ESI-MS) is used to further characterize
the composition and charge state of the cluster (Figure S4).
The negative mode ESI-MS spectrum shows a high mass
peak at m/z 2737 (Figure 3A, black trace). Upon expansion
of this peak, several peaks with m/z 0.5 separation are
observed, indicating that its charge state is 2—. By
considering all the possible elements, the peak at m/z 2737
is assigned to a formula [Cus,(PET),,HCl4]?", consistent
with the SCXRD result with respect to the number of Cu
atoms and PET ligands as well as 2— charge state. This
formula assignment is further validated by comparing the
experimental spectrum with a simulated one, where both
are found in very good agreement (Figure 3B), confirming
that the Cu cluster has hydride ligands. Taking SCXRD and
ESI-MS results together, we propose a formula of
[Cus,(PET),4HgCl,]?* for the as-synthesized Cu cluster. The
[Cus,(PET),4HeCl4]* species in the mass spectrum may be
originated by the gas phase atomic ligand exchange (two H
with two Cl) between two Cu clusters, leading to other
species [Cuzo(PET), Hio]?" and [Cu,s(PET),0H )% as well
(Figures 3A and S5). This gas phase rearrangement of
clusters can be represented as:
2[Cus2(PET)24HsCl;]*—[Cusa( PET) 4HeCla] > +[Cugo( PET)
Hi0]?"+3CuPET. The replacement of only two H with two Cl
is also supported by the crystal structure, where two
hydrides are located close to surface, which can participate
in such gas phase rearrangement (vide infra). The elemental
analysis of the single crystals (Figure $6) further reveals
that the original cluster has two Cl ligands, indicating that
the [Cus,(PET),4HsCl4]% ion is produced in the gas phase.
The [Cuys(PET),0H10]%" is generated from [Cu,e(PET),Hyo]?"
by removing a CuPET unit. Note that our efforts to record a
mass spectrum with the intact cluster feature for
[Cus,(PET),4HgCl,]* were not successful by varying the
experimental parameters of soft ionization. Such gas phase
rearrangement of NC species in mass spectrometry
conditions is not surprising as it is observed in other NCs
when the ligand-shell comprises labile ligands.3% 3¢

To further confirm the presence of both hydrides and
above characteristic fragmentation behavior of Cus; cluster,
a deuterated Cu cluster was synthesized by using NaBD, as
the reducing agent in place of NaBH,;. Indeed, a mass
spectrum  with an upshift of m/z 3 from
[Cus,(PET),4HeCl4]* i.e., a higher mass of 6 is observed
(Figure 3A, blue trace). This upshifted peak corresponds to
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a composition of [Cusz,(PET),4DsCl4]?-, which is also verified
by comparing its experimental spectrum with a calculated
one (Figure 3C). More importantly, similar to
[CU32(PET)Z4H8C12] - CluSter, the [CU32 (PET)24D8C12] 2= also
shows gas phase atomic ligand exchange (D versus Cl),
generating [CU32(PET)24D6C14] 2~ and [Cng(PET)21D10]27
species (Figure S5), suggesting the unique behavior of Cus,
cluster under ESI conditions. These experimental results
clearly suggest that the formula of the synthesized cluster is
[Cusz(PET),4HgCl;]?-, which is also supported by free
valence electron count rule, where this cluster has zero free
electrons similar to other Cu NCs?%*28 (see also the following
discussion on DFT results).

A [Cusa(PET),4DeClal*—

[Cugzg(PET)z0D 10~
[Cizs(PET)mDm]Z*

[Cugzg(PET)zoH 10>~

[Cug(PET)¢H 10>~

T T T T T T T
2250 2400 2550 2700

[Cus(PET)z4HeCli)*~
A

.
B [CuulPETLMCU € lCunPETLDCL
Calc. Calc.

Exp. Exp.

2744 2735 2740 2745
m/z

Figure 3. (A) HR-ESI-MS of [Cus,(PET),4HgCl;]%~ (black trace)
and [Cus,(PET),4DgCl;]? (blue trace) NCs in negative ion mode.
(B and C) Comparison of experimental mass spectra of the
species [CU32(PETJ24H6C14]2_ and [CU32(PET)24D6C14]2_ with
their simulated ones, respectively. Exact match between them
validates the composition assignment.

2732 2736 2740

Modeling the Hydride Positions, Optical Properties and
Cl - H Replacement by DFT. We performed extensive
calculations of [Cus,(PET)24HgCl,]>~ using the density
functional theory (DFT) in both its ground-state and time-
dependent (TD-DFT) formalism (see technical details in the
Methods in SI). We investigated the hydride positions in the
copper core, the ground-state electronic structure, optical
absorption, and replacement of hydrides with chlorines to
yield the [Cus,(PET)24H¢Cl4]?" cluster observed in the ESI-
MS experiment.

We took the positions of copper atoms observed in the
SCXRD experiment as a starting point and utilized our
recently published algorithm3” to propose the most
probable positions for the hydrides in the system. A number

of candidate structures proposed by the algorithm were
then optimized with DFT computations. We observed that
the algorithm consistently proposed hydride sites to
positions where two chlorines were observed in the SCXRD
data, additionally, two other hydride sites were close to the
core-ligand interface, suggesting they might be amenable to
Cl > H replacement reaction. The lowest-energy structures
for the corresponding [Cus(PET),4HgCl;]>> and
[Cus,(PET),4H¢Cly]?%~ clusters are shown in Figure 4A and
4B, respectively. We observed that a model reaction
[Cusz(PET),4HgClo]* + Cl; > [Cusz(PET)24HeClL]* + Hy is
indeed exothermic by a gain of -1.55 eV yielding support for
the interpretation of the ESI-MS data as discussed above.
We also observed that a reaction to remove two chlorines
and make the cluster with 10 hydrides would be highly
endothermic by +3.99 eV.

Figure 4. Optimal hydride sites in the core of (A)
[CU32[PET)24H8C12]2_ and [B) [CU32(PET)24H5C14]2_ 1mp11ed by
the predictive algorithm?’. The red arrows indicate the sites of
the two extra Cl in (B).

The refined SCXRD data (Figures 1 and 2) and the
predictive algorithm indicated six out of eight hydrides of
[Cus,(PET),4HgCl;]>~ at identical sites, with the two
remaining hydrides having 1.9 A difference in position
(Figures S7 and S8). As a double check, we also started a
DFT optimization from the experimental data but found out
that these two hydrides moved to the sites predicted by the
algorithm. While the reason for this discrepancy is
unknown, we took the predicted optimal structure (Figure
4A) of the cluster as basis for all further analysis. The
ground-state DFT calculation yields the electronic density
of states as shown in Figure 5. The energy gap between the
highest occupied (HOMO) and lowest unoccupied (LUMO)
molecular orbitals is quite significant, 1.7 eV, which is in line
with the experiment (Figure S9). Projection of the orbitals
to spherical harmonics shows clearly that “superatom
states” built from delocalized Cu electron states appear only
in the unoccupied part of the spectrum, with a few states
such LUMO to LUMO+3 having rather clear symmetries.
This analysis confirms that there are no occupied
delocalized free-electron states, ie., the cluster is not
“metallic” but a zero-electron system.® Bader charge
analysis (Table S2) confirms that the copper atoms are
significantly positively and hydrogen atoms negatively
charged, supporting the interpretation of formal H- charge
of hydrides in the copper core.
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Figure 5. Projection of the Kohn-Sham molecular orbitals of
[Cus2(PET),4HgCl,]% to spherical harmonics, with the HOMO-
LUMO energy gap (1.7 eV) indicated.

The solution state UV-Vis absorption spectrum of
[Cus,{PET),4HgCl;]%- single crystals shows three features at
405, 460, and 550 nm labeled as A - C in Figure 6. The
computed spectrum by using TD-DFT reproduces well the
same features at 367, 447 and 552 nm (Figure 6). We
analyzed the features A - C in the computed spectrum by
using the so-called dipole transition contribution maps
(DTCM). The analysis shown in Figure S$10 indicates that
the lowest energy peaks at 552 and 447 nm consist of
transitions from states within 1 eV below the HOMO to
{LUMO, LUMO+2} states (mainly metal - metal transitions)
while the peak at 367 nm has a considerable weight from
metal-to-ligand transitions.

| 1 1

1.2 Gl -
exp.
1 -
A: 367 nm
= 08 B:447 nm |
;i ' C: 552 nm
c
S
1= 06 = A:405nm
o
2 B: 460 nm
< 0.4 C: 550 nm
021 N\ e

400 500 600 700 800

Wavelength (nm)
Figure 6. Experimental (black) and computed (red) UV-Vis
absorption of [Cusy(PET),4HgCl;]>~. Three features A-C,
identifiable in both spectra, are further analyzed in Figure $10.

Catalytic Activity. Several unique features of NCs,
including the precise chemical formula and atomic
structure, high monodispersity and intermediate stability,
offer unprecedented opportunities to gain fundamental
insights into the catalytic reactions.!23.29.3%.40 The Cu based
materials are known to be efficient homogenous catalysts
for various organic reactions such as hydroboration,
hydroamination, carbonylation and click reaction.?® 41-43
Importantly, it is believed that sulfur poisons the Cu surface,
leading to its no or low catalytic activity. But it is not yet
fully understood about the catalytic activity of sulfur-bound
Cu at the discrete atomic level due to the lack of thoroughly
characterized Cu NCs.

We test the catalytic activity of [Cuz,(PET),4HgCl;] (PPhy)2
NC towards a model reaction of carbonylation of anilines to
produce carbamates through C-N bond formation (Scheme
2). We anticipate that amines such as anilines can have
equilibrium interactions with clusters in solution because
the Cus; is synthesized using an assisting amine (TMEDA).
Moreover, carbamates are an important class of chemicals
used as herbicides, pharmaceuticals and starting materials
in organic synthesis.** %5 Here, we perform the carbamate
synthesis under mild conditions (at room temperature of 23
°C), contrast to the previous synthetic methods operating
under harsh reaction conditions (high temperature) and
using toxic CO gas as carbonyl source.*® Specifically, Cu
clusters in CDCl3, aniline and methyl and halide substituted
aniline are reacted with diisopropyl azodicarboxylate
(DIAD) in an inert atmosphere for three hours (see Methods
section for full details). Interestingly, the conversions for all
the three anilines show 100%, indicating high catalytic
activity of the thiolated Cu cluster. The isolated yields of the
carbamate product, through column chromatography
(Figures S$11-S13), for aniline, methyl- and bromine-
substituted aniline are found to be 60.5, 47.4 and 46.7%,
respectively (Table 1). Furthermore, the NC catalyst can be
reused without compromising the activity despite a slight
reduction in the selectivity of the carbamate product.

Scheme 2. Carbonylation of Anilines.

Y i
NH
N 2 NJLO Cu catalyst S Y
Rt + ot © R a o
Z \r CDCl,, 23 [T, 3h Y
jor
(R, =H, CH,, Br)

Table 1. Examples of C-N Bond Formation in
Carbonylation of Anilines.

Isolated
Yield
(%)

Cus, NC H 0 60.5
: TY
Cu3; NC | p-CH3 N 47.4
e
0 46.7
Br/©/ \r\(

Catalyst R, Product

Cus, NC p-Br

Cusz NC H R0 42,71

6.1

Cul salt H Yo 3.0

CuPET H
thiolate ©/ \fo
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Reaction conditions: Cus; cluster: 0.657 pmol; Cul: 21 pmol;
CuPET thiolate: 20.9 pmol; anilines: 0.6 mmol; DIAD: 1.2 mmol;
CDCl3: 2 mL; temperature: 23 °C; time: 3 h. Conversion of
anilines and purity of the carbamate product are obtained by
TH NMR. Bllsolated yield by reusing the Cus, nanocatalyst after
the first catalytic test.

Control experiments are performed, by replacing Cus,
clusters with a Cu salt (Cul) and CuPET thiolate complex for
aniline carbonylation reaction under the same conditions,
to identify the significance of Cu clusters in the catalysis.
Surprisingly, Cul and CuPET show full aniline conversion;
however, the desired carbamate product is insignificant
(3.0 and 6.1%, respectively). The mechanism of aniline
carbonylation is believed to proceed via formation of highly
active oxyacyl radicals upon decomposition of DIAD on Cu
catalyst. The specific interactions between aniline/aniline
radicals and the surface of Cus, would favor the formation
of desired carbamate product (Figure S14). These
interactions can be similar to those between TMEDA and Cu
cluster during its synthesis. Due to lack of or minimized
such specific interactions in the case of Cul or CuPET
thiolate, aniline radicals would uncontrollably combine,
resulting poor selectivity for carbamate product. Our
catalytic results demonstrate that the thiolated Cu clusters
can be not only active catalysts in homogeneous conditions
even under mild conditions but also control the product
selectivity via cluster surface-reactant interactions,
contrast to the common belief of thiolate poisoning of Cu
catalysis.

SUMMARY AND CONCLUSION

To summarize, a diamine assisted synthetic strategy is
designed to synthesize a thiolate-rich Cu nanocluster. In the
presence of an assisting TMEDA ligand, the thiolate,
chloride and hydride ligands together form a Cu cluster with
a chemical formula [Cus,(PET),4HgCl;]%. Its X-ray crystal
structure reveals an unprecedented bisquare antiprismatic
Cuy4Hg core shelled with Cuyg(PET),4Cl, metal ligand
framework. The composition of the cluster is confirmed by
a series of control experiments using mass spectrometry.
DFT not only supports the presence of hydrides but also
identify their positions within the cluster, supporting the
SCXRD results. TD-DFT is performed to understand the
optical spectrum of the cluster. Furthermore, the Cus,
cluster is found to be a highly active homogeneous catalyst
for carbamate synthesis through C-N bond formation in
carbonylation of anilines. Our diamine assisted synthetic
strategy may become a general method to synthesize NCs of
other metals with novel crystal structures for various
potential applications.

METHODS

Chemicals and Materials. All the chemicals used in our
experiments are commercially available and are directly used
without further purification. Cuprous chloride (CuCl,
anhydrous, 299.99%), tetramethylethylenediamine (TMEDA,
99%), 2-phenylethanethiol (PETH, 98%), sodium borohydride
(NaBH4), sodium borodeuteride (NaBD4, 98 atom% D),

tetrahydrofuran (THF, anhydrous 299.9%), ethanol
(anhydrous), n-pentane (anhydrous, 299%), deuterium oxide
(D20, 99.9% atom D), dichloromethane (DCM), chloroform
(CHCl3, anhydrous 299%), aniline (ACS reagent, 299.5%), 4-
bromoaniline (98%), diisopropyl azodicarboxylate (DIAD,
98%), ethyl acetate (EtOAc, 96%), hexane (99%) and
deuterated chloroform (CDCls, 99.8%) were purchased from
Sigma-Aldrich. Tetraphenylphosphonium bromide (PPh4Br,
98%) and p-toluidine (98%) were received from Alfa Aesar.

Synthesis of [Cus;(PET)24HgCl;](PPh,), Nanoclusters. All
procedures for the synthesis of [Cusz;(PET),4HgCl;](PPhy),
were performed under argon atmosphere using Schlenk
techniques to avoid the oxidation of Cu source. To 20 mL of
THF, 40 mg of CuCl and 60 pL of TMEDA were sequentially
added. After vigorous magnetic stirring of the solution for 1 h,
the reaction mixture turns clear pale green, forming
Cu(TMEDA)CI complex. To this, 40 mg of PPhyBr in 0.5 mL
methanol and 54 pL of PETH were added successively. The
color of the solution turns from pale green to blue and turbid
yellowish white immediately. After 30 minutes, NaBH, solution
(80 mg NaBH,4 in 1 mL H;0) was added dropwise to reduce
metal ligand complexes to initiate the formation of
nanoclusters. Upon continuous stirring for 1 h after NaBH,
addition, the solution turns dark red, indicating the complete
formation of nanoclusters. It is important to note that use of
TMEDA and Cu (as Cu*) is essential to synthesize this cluster.
The crude product in THF was dried using a rotary evaporator
and washed with ethanol once followed by multiple times with
a n-pentane+THF mixture. Finally, an orange precipitate of Cu
cluster was obtained and placed in a refrigerator (at 5 °C) for
further use. For deuterated Cus, clusters synthesis, above
procedure is followed by replacing NaBH, in H,0 with NaBD,
in DzO

Crystallization of [Cus,(PET),4HgCl;](PPh,); Nanoclusters.
The crystallization of the Cu cluster was conducted inside a
glove box for better quality single crystals. About 20 mg of the
purified cluster powder was dissolved in 2 mL of THF+DCM
mixture (1:1 v:v) and the solution was filtered with a
hydrophobic syringe filter. The filtrate was transferred to a 10
mL glass vial, layered with 3 mL of n-pentane and carefully
stored inside a refrigerator (at 5 °C). After seven days, dark red
single crystals of suitable quality were grown on the wall of the
vial.

Catalytic Application of [Cu32(PET)24H8C12] (PPh4)2 in
Carbonylation of Anilines. The catalytic reaction of
carbonylation of aniline and methyl and bromine substituted
aniline was performed in a Ar filled glove box following a report
with some modifications.*! Typically, to the purified cluster
powder (4 mg), 2 mL of CDCl3, 55 pL of aniline (0.6 mmol) and
236 pL of DIAD (1.2 mmol) were sequentially added. The
quantities of methyl and bromo anilines were 0.6 mmol and the
other parameters unchanged. After stirring the reaction
mixture for 3 h, the reaction was quenched with H,0 and the
organic products were extracted with EtOAc. The EtOAc layer
was separated and evaporated with a rotary evaporator. The
organic products were purified by column chromatography
using silica gel as the stationary phase and 5-10% (v/v) of ethyl
acetate/hexane as the eluent. The conversion of anilines and
the purity of the carbamate product were measured using 'H
NMR and the yield of the latter was calculated by weighing the
isolated product. The turbid yellowish-white CuPET thiolate,

ACS Paragon Plus Environment

Page 6 of 9



Page 7 of 9

oNOYTULT D WN =

Journal of the American Chemical Society

which is formed just before NaBH, addition in Cus; cluster
synthesis, was repeatedly washed with methanol and then
used for catalysis for comparison.
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