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18 ABSTRACT: The development of atomically-precise nanoclusters (APNCs) protected by organometallic ligands, such as acety-
19 lides and hydrides, is an emerging area of nanoscience. In principle, these organometallic APNCs should not require harsh pre-
treatment for activation towards catalysis, such as calcination, which can lead to sintering. Herein, we report the synthesis of the
20 mixed-valent organometallic copper APNC, [Cu,o(CCPh);,(OAc)s)] (1), via reduction of Cu(OAc) with Ph,SiH, in the presence of
21 phenylacetylene. This cluster is a rare example of a two-electron copper superatom, and the first to feature a tetrahedral [Cu,]*
22 core, which is a unique “kernel” for a Cu-only superatom. Complex 1 can be readily immobilized on dry, partially-dehydroxylated
23 silica, a process that cleanly results in release of 1 equiv of phenylacetylene per Cuy, cluster. Cu K-edge EXAFS confirms that the
24 immobilized cluster 2 is structurally similar to 1. In addition, both 1 and 2 are effective catalysts for [3+2] cycloaddition reactions
25 between alkynes and azides (i.e., “Click” reactions) at room temperature. Significantly, neither cluster requires any pre-treatment
26 for activation toward catalysis. Moreover, EXAFS analysis of 2 after catalysis demonstrates that the cluster undergoes no major
27 structural or nuclearity changes during the reaction, consistent with our observation that supported cluster 2 is more stable than
28 unsupported cluster 1 under “Click” reaction conditions.
29
30
31 INTRODUCTION workers reported that pre-treatment of Au,s(SR);s/CeO, (R =
. . C,H,Ph) with O, at 150 °C was required to activate the mate-
32 Atomlcglly-preglse nanoclusters (APNCs) have bee_n the S.ub_ rial for catalytic CO oxidation."” Similarly, pre-treatment of
33 ject of intense interest over the past decade for their use in a : o . . .
. . . L. . . Au,5(SR);5/TiO, at 300 °C was required to activate this mate-
34 variety of emerging technological applications, including ca- . . . . . 20
T e . . rial for the catalytic semi-hydrogenation of internal alkynes.
35 talysis. ' Significantly, their perfectly mono-disperse and . S
. . . : The need for harsh conditions is significant because they can
36 atomically-precise nature permits their complete structural - . . :
P e . cause irreversible changes in the structure and/or nuclearity of
characterization, facilitating the development of detailed struc- . . . .
37 L. . . 811 . the APNCs, which dramatically diminishes our ability to ex-
ture/activity relationships (SARs).” " Yet, while the study of . .
38 L . . tract robust SARs using APNC catalysts. Notably, in both of
APNC:s could uncover new insights in catalysis, many APNCs . .
39 . . the examples described above, the catalyst structure during
are actually not well-suited for this purpose. For example, the . .
40 s . and/or after activation was not determined.
vast majority of the known nanoclusters have been synthesized i
41 with a passivating shell of thiolate capping ligands.'” While To address this challenge, several research groups are devel-
42 such ligands impart significant thermal and chemical stability oping APNCs which are not passivated by thiolate ligands,
43 to APNCs, and are often required to render the APNCs isola- and which, in g)lrlnmple, should not require harsh pre-treatment
44 ble, they block active sites, and must be partially removed for activation. Th;se orge.mome.talhc _AP NCs are most com-
45 before catalysis can occur.”"” At the same time, the strength glonly stabilized with hydrlqes (IF-» H') as C?P%E)g ligands,
46 of the metal-sulfur bond often makes it difficult to remove the and more recently, acetylides (i.e., RC=C). For exam-
47 thiolate ligands efficiently.'"® For example, Jin and co- ple, we reported the syntheses of [Cu,sHy(PPhs);,]Cl and
48
49
50
51
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56
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Figure 1. Ball and stick diagrams showing (a) complex 1-C,HsO; (b) the tetrahedral Cu,>* core (blue), shown with face-capping copper
atoms (green); and (c) illustrations of the ligand binding modes present in 1-C,HgO. Hydrogen atoms, four THF solvate molecules and one
coordinated THF molecule omitted for clarity. Color legend: Cu = blue, green; C = grey; O = red.

[Cu29C14H22(Ph2phen) 12]C1 (thphen = 4,7-diphenyl- 1 . 10-
phenanthroline), both of which are ligated by a mix of hydride
and neutral Lewis base ligands.” *’ Similarly, Liu and co-
workers recently synthesized the copper acetylide nanocluster
[Cui3{S,CN"Buy}(CCR)][PFs] (R = C(O)OMe, CsH4F),
Zhang and co-workers generated the silver acetylide cluster
Ag,(CCPh)y, and Wang and co-workers prepared the gold
acetylide APNC [Au,o(CCPh)y(Hdppa);](SbFs), (Hdppa =
N,N-bis(diphenylphosphino)amine).”* ****

Preliminary results suggest that organometallic APNCs are
more reactive than their thiolate-capped cousins. For example,
[Auy,Ag0(SPy)4(CCPh),Cl,] (SPy = 2-pyridylthiolate) was
observed to release its phenylacetylide capping ligands at rela-
tively low temperatures (~100 °C), although the cluster was
not screened for any catalytic reactivity.”' Also of note, Zheng
and co-workers claimed that [ AuzAgys(CCPh),4] supported on
XC-72 carbon was active for catalytic hydrolysis of tri-
ethylsilane without any pre-treatment.”’ One drawback of the
above-mentioned study, however, is that the structure of the
supported cluster was not interrogated. Therefore, it is still an
open question whether organometallic APNCs maintain their
structural integrity upon deposition onto a support. This con-
cern is especially relevant for organometallic APNCs, given
their higher thermal, oxygen, and water sensitivity, relative to
thiolate-capped APNCs.'>*!

Herein, we report the synthesis and characterization of an un-
precedented organometallic copper-based APNC,
[Cu,yy(CCPh)5(OAc)s], and explore its ability to catalyze
Huisgen [3+2] cycloadditions. Significantly, we find that the
silica-immobilized cluster is a highly effective catalyst for this
transformation. More importantly, the supported cluster is
more stable under the “Click” reaction conditions than is the
unsupported cluster. We have also confirmed that the support-
ed cluster, both pre- and post-catalysis, has not undergone any
major structural and/or nuclearity changes relative to the un-
supported cluster. This study demonstrates for the first time

that organometallic APNCs can maintain their structural integ-
rity during catalysis, permitting the development of SARs for
these unique nanomaterials.

RESULTS AND DISCUSSION

Synthesis of a Cu,y nanocluster. Addition of 0.6 equiv of phe-
nylacetylene (HCCPh) to a slurry of Cu(OAc) (1 equiv) in
THF results in a rapid color change from pale green to bright
yellow, characteristic of the known Cu(I) coordination poly-
mer, [Cu(CCPh)],,”* concomitant with the generation of
HOAc.** Addition of 0.36 equiv of diphenylsilane (Ph,SiH,)
to this slurry results in a gradual color change to dark red-
brown, accompanied by the appearance of a dark brown pow-
der. Work-up of the solution after stirring at room temperature
for 15 h resulted in the isolation of the mixed-valent copper
acetylide nanocluster, [Cuy(CCPh);»(OAc)s] (1), as a red-
orange, crystalline solid in 49% yield (Scheme 1a). Copper
metal is also formed during the reaction, and was isolated in
42% vyield (based on Cu(OAc)) by filtration of the reaction
mixture through a 0.2 pm PTFE filter. The presence of the by-
product Ph,Si(OAc), was confirmed by "H NMR spectroscopy
of the supernatant (see Figure S3). For comparison, the only
other Cu acetylide nanocluster,
[Cu;3{S,CN"Bu,}(CCR),][PFs] (R = C(O)OMe, C¢H,F), was
formed during semihydrogenation of an alkyne by the Cu(l)
hydride nanocluster [CuysH,s{S,CN"Bu,},][PF4].”

Scheme 1. Syntheses of complex 1
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7Ph,SiH,
T [Cua(CCPh) 5(0AC) + Cu° (@)
25°C,15h 1
-13H, + 7Ph,Si(OAc),

20Cu'(OAc)

8Cu'(OAc)
PRS2 fcuy(CCPR)a(OA]  (b)
THF
25°C,15h 1
H, + Ph,Si(OAc),

[Cu'(CCPh)],

Complex 1 crystallizes as the THF adduct, 1-C,HgO, as red
blocks in the triclinic space group P1 (Figure 1). Four addi-
tional THF molecules are incorporated into the crystal lattice
as solvates. In the solid state, 1-C,HzO contains a tetrahedral
[Cu4]2+ core (Figure 1b). Encapsulating the tetrahedral core is
a [CulG(CCPh)lz(OAc)G]Z' shell. The Cu-Cu distances within
the cluster span a large range (2.463(3) — 2.934(3) A), similar
to other structurally characterized copper nanoclusters.”> *”**
% The twelve acetylide ligands incorporated into the
[Cuy(CCPh);5(OAc)s]” shell are arranged in four [cyclo-
Cu(CCPh)]; units, which are situated at the vertices of a tetra-
hedron (Flgure Ic). One acetylide ligand features a
wen' '’ blndmg mode, four of the acetylide ligands fea-
ture a u3 n ,n ,n binding mode, and seven feature a
wen'n'n'n’ binding mode. The six acetate ligands are bound
in «” fashion, are located on the edges of the tetrahedron, and
feature an average Cu-O distance of 1.96(2) A (Figure 1c). To
the best of our knowledge, complex 1 is the first group 11
nanocluster to incorporate acetate co-ligands.'> Additionally, a
THF molecule is coordinated to Cul8, with a Cu—O bond dis-
tance of 2.47(1) A. Consequently, complex 1-C4HsO exhibits
no symmetry in the solid state. However, NMR spectroscopic
characterization in CD,Cl, demonstrates that complex 1 exhib-
its idealized T, symmetry in solution (vide infra), suggesting
that this THF molecule is only weakly bound to the cluster.
This observation also suggests that the acetylide ligands inter-
convert between the three observed binding modes.

Interestingly, because there are only 18 anionic ligands (12
acetylides and six acetates), two of the 20 Cu atoms in 1 must
have a formal oxidation state of 0 to maintain charge balance.
Accordingly, complex 1 can be viewed as a superatom with a
magic number N* = 2 and an [M4]2+ core, " 2> 7> 3334 40, 46:48
This is a relatively uncommon magic number, and a rare core
structure, for group 11 superatoms.”’ Al 4445 4951 Almost all
structurally characterized superatoms, such as the related cop-
per acetylide superatom, [Cu;{S,CN"Bu,}s(CCR),][PF4],”
contain metal-centered icosahedral, cuboctahedral, or anti-
cuboctahedral cores.'> 2> 27 404551 1y complex 1, no such cen-
tral metal atom is present, therefore the two “extra” electrons
most likely occupy the a; symmetric bonding molecular orbital
formed from the linear combination of the four Cu 4s orbitals
within the tetrahedral [Cu4]2+ core. The three t, symmetric
orbitals remain unoccupied.” The unique core structure and
incorporation of acetate ligands in 1 expands the structural
diversity of copper superatoms, and raises the possibility that
many more copper superatoms, with a wide variety of ligand
types, should be isolable.

Both the 'H and "C{'H} NMR spectra of 1 in CD,Cl, are con-
sistent with a Tj-symmetric structure in solution. For example,
the "H NMR spectrum of 1 features a singlet at 2.01 ppm, in-

tegrating for 18 protons, assigned to the six magnetically
equivalent acetate ligands. In addition, resonances at 7.41,
7.15, and 6.95 ppm, integrating for 24, 12, and 24 protons,
respectively, are assigned to the o-Ph, p-Ph, and m-Ph envi-
ronments of 12 magnetically equivalent phenylacetylide lig-
ands. The "C{'H} NMR spectrum of 1 features a resonance at
23.31 ppm, which is assigned to the methyl groups of the ace-
tate co-ligands, while a resonance at 135.31 ppm is assigned to
the Cu-bound acetylide carbons. Electrospray ionization mass
spectroscopy (ESI-MS) of isolated complex 1 in THF, ac-
quired in positive ion mode, is consistent with our proposed
formulation (Figure S17). The major features, at m/z
2778.1309 and 2902.0662, correspond to [M - OAc]" (caled
m/z 2778.1221) and [M + Cu]" (caled m/z 2902.0608) ions,
respectively.

We also briefly examined the chemical properties of 1. It is
soluble in benzene, toluene, THF, and CH,Cl,, but insoluble in
MeCN, Et,0, and nonpolar solvents. It is stable in CD,Cl, for
at least 48 h, and stable to air and water (as a CD,Cl, solution)
for up to 24 h. As a solid, complex 1 shows no signs of de-
composition after 2 months of exposure to air and water on the
bench top. We also explored the electrochemical properties of
complex 1 in CH,Cl, at 25 °C. The cyclic voltammogram of 1
features two irreversible oxidation events at E = 0.20 and 0.55
V (vs. Fe/F¢") (Figure S24). These features remain irreversi-
ble, even at scan rates of up to 2000 mV s”. We hypothesize
that electrons are being removed from the a; symmetric bond-
ing orbital, disrupting the Cu-Cu bonding network, and result-
ing in rapid decomposition of the cluster.”> For comparison,
the related Cu13 Cluster, [Cu13{SZCN"BuZ}G(CCR)ﬂ[PFG] (R =
C(O)OMe), exhibits two comparable quasi-reversible oxida-
tion features (-0.05 and 0.34 V, vs. F¢/Fc¢"), which the authors
also ascribe to removal of Cu-Cu bonding electrons.” The
cyclic voltammogram of 1 also features an irreversible reduc-
tion event at —1.02 V, which only appears after sampling the
two irreversible oxidations. These observations are suggestive
of an ECE-type process, but the identity of the species respon-
sible for reduction feature is not known at this time.

Mechanistic Considerations. The first step in the formation of
complex 1 appears to be the generation of the well-known
yellow Cu(I) coordination polymer [Cu(CCPh)],, along with
HOAc. %™ Ph,SiH, then reacts with HOAc to make H, and
Ph,Si(OAc),. In parallel, we surmise that Ph,SiH, also reacts
with unconsumed Cu(OAc) to give Cu(0), which is captured
by [Cu(CCPh)], to generate the final nanocluster product. This
mechanism is consistent with the formation of the yellow solid
we observe in the reaction mixture at short reaction times. It is
also consistent with the observation of bulk Cu metal in the
reaction mixture, which is likely formed when some of the
Cu(0) source is not captured by [Cu(CCPh)], during the reac-
tion, and eventually precipitates as bulk copper metal.

To test this hypothesis, we attempted the synthesis of 1 using a
mixture of Cu(OAc) (8 equiv) and independently-synthesized
[Cu(CCPh)], (12 equiv) as Cu sources (Scheme 1b). Reaction
of this combination with Ph,SiH, (1 equiv) in THF for 30 h
resulted in the formation of a red-orange THF solution and a
green-brown solid. Work-up of the THF-soluble fraction re-
sulted in the isolation of 1 in 26% yield. While its yield is low,
the formation of 1 under these conditions is consistent with
our proposed mechanism. Additionally, the reaction of
Ph,SiH, with 95% HOAc in CD;CN, in the presence of 10
mol% of Cu(OAc), resulted in rapid formation of H,,
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Ph,SiH(OAc) and Ph,Si(OAc),, according to 'H NMR spec-
troscopy (Figure S5), confirming our hypothesis regarding the
mechanism of formation of Ph,Si(OAc),. Interestingly, no
reaction between Ph,SiH, and HOAc was observed in the ab-
sence of Cu(OAc).

We also attempted the synthesis of 1 in the presence of excess
Ph,SiH, (10 equiv total). Under these conditions, we observed
almost exclusive formation of Cu’. Thus, it appears that when
1 is formed in the presence of unreacted silane, the cluster
rapidly decomposes. Consistent with this observation, reaction
of 1 with 3 equiv of Ph,SiH, in CD,ClI, resulted in decomposi-
tion of 1 and formation of Cu metal as the only identifiable
Cu-containing material (Figure S4).

Several groups,'” including ours,” have demonstrated that the
metal:ligand ratio employed during nanocluster syntheses can
affect the final cluster size. In the system described here, how-
ever, increasing the Cu(OAc):alkyne ratio to 20:6 (from 20:12
used in Scheme 1a), in an attempt to isolate a larger nanoclus-
ter, resulted only in formation of copious amounts of Cu metal
(and no tractable Cu acetylide clusters). Decreasing the
Cu(OAc):alkyne ratio to 20:20 still resulted in the formation
of complex 1, but in a lower isolated yield.

Grafting of 1 onto Silica. We also explored the reaction of 1
with dehydrated and partially-dehydroxylated silica (Sylopol
952, pretreated in vacuum at 200 °C). Reaction of a red C¢Dy
solution of 1 with 36.0 mg silica (to give a solid containing ca.
3 wt% Cu) results in gradual transfer of 1 from solution to the
silica (1 h total reaction time), to provide an orange solid and a
colorless solution. A solution-state 'H NMR spectrum of the
reaction supernatant after 1 h revealed a complete absence of
peaks assignable to 1, as well as formation of 1 equiv of
PhCCH (Scheme 2 and Figure S6). We see no evidence for
formation of HOAc in solution, consistent with the relative
basicities of [OAc] and [PhCC]. To explain these observa-
tions, we suggest that reaction of 1 with a surface hydroxyl
group (=SiOH) results in protonation of one acetylide ligand
of 1 and formation of immobilized cluster 2 via a new Cu-O-
Si bond.

Scheme 2. Reaction of 1 with Silica

HOSI=
[Cuz0(CCPh)12(OAC)e] C[; > [Cuz(CCPh)41(OAC)e(OSI=)]
1 D6 )

+ Ph———m~H

“Click” Chemistry with 1 and 2. Copper-catalyzed [3+2]
Huisgen cycloadditions of terminal alkynes and organic azides
(CuAAC) have been the cornerstone of “Click” chemistry
since the seminal reports of Meldal and Sharpless in 2002.%>*
Recently, Straub and co-workers reported that a small Cu(I)
acetylide cluster was a competent catalyst for the “Click” reac-
tion.” Intriguingly, that cluster features acetylide ligands with
wen'n'n'm?® and pym' '’ binding modes, which are nearly
identical to those observed in complex 1.> Thus, we hypothe-
sized that 1 would also be a competent catalyst for the same
transformation. Accordingly, we examined the ability of 1 to
catalyze the [3+2] cycloaddition of several alkynes (HCCR, R
= Ph, CO,Et, and ‘Bu) with benzyl azide. Addition of 1 (0.5
mol% Cuy, cluster) to a CD,Cl, solution of benzyl azide (1.1
equiv) and HCCPh (1 equiv), at room temperature, generated
1-benzyl-4-phenyl-1H-1,2,3-triazole (3) in good yield (entry 1,
Table 1). Complex 1 is also effective at a much lower catalyst
loading (0.05 mol% Cuy, cluster, entry 2, Table 1).

Comparable yields of triazoles ethyl-1-benzyl-1H-1,2,3-
triazole-4-carboxylate (4) and 1-benzyl-4-tert-butyl-1H-1,2,3-
triazole (5) were observed upon substitution of HCCPh with
either HCC(CO,Et) or HCC'Bu, respectively (entries 3 and 4,
Table 1). Notably, however, in these two cases we also ob-
serve the formation of 3 in the reaction mixture (see Figures
S14 and S15), indicating that the phenylacetylide ligands pre-
sent in 1 play a role in the catalytic cycle and can be incorpo-
rated into the product. To rationalize this observation, we pro-
pose that the first step of the catalytic cycle involves reaction
of benzyl azide with a bound phenylacetylide ligand, resulting
in formation of a copper-bound triazolate fragment.® This
fragment undergoes subsequent protonolysis by incoming
alkyne to generate 3 and a new copper-bound acetylide ligand.

Interestingly, as the homogeneous catalytic reaction proceeds,
the red-orange color of 1 slowly disappears and a bright yel-
low solid resembling [Cu(CCPh)], begins to precipitate from
the reaction mixture.”” This phenomenon was observed for all
three alkyne substrates. Additionally, the 'H NMR signals
attributed to complex 1 lose > 95% of their intensity (relative
to the internal standard) over the course of the reaction. These
data suggest that 1 has somewhat limited stability under the
reaction conditions, and likely dissociates into smaller clusters
and/or discrete Cu’ ions, either of which may also be catalyti-
cally active.”’ Accordingly, we cannot definitively conclude
that complex 1 is the active catalyst in this system, and it may
simply function as a pre-catalyst. Similar behavior has been
observed in other Cu nanoparticle systems.”*>

We also examined the ability of heterogeneous 2 to catalyze
the [3+2] cycloaddition of phenylacetylene and benzyl azide,
under conditions identical to those employed in the homoge-
neous reaction. Thus, addition of 2 (0.5 mol% Cuy, cluster) to
a CD,Cl, solution of benzyl azide (1.1 equiv) and HCCPh (1
equiv) generated 3 in comparable yields to those observed
using intact 1 (entry 5, Table 1). The recycled silica-supported
catalyst also generated 3 in comparable yield (entry 6, Table
1). Notably, we see no evidence for leaching of complex 1
from the SiO, support into CD,Cl, over 7 h by 'H NMR spec-
troscopy, either in the absence or presence of the alkyne and
azide substrates (Figures S16 and S9). Supported cluster 2 is
also an effective catalyst for the [3+2] cycloaddition reaction
at 40 °C (entry 7, Table 1). However, at these elevated tem-
peratures, the catalyst undergoes a gradual color change from
red-orange to pale yellow over the course of the reaction, sug-
gesting that it may undergo a structural change upon heating.

It is well known that solvated Cu" ions can effectively catalyze
the Click reaction.”” " As a result, it has been a challenge to
establish if Cu nanomaterials themselves are the actual cata-
lysts or if leached Cu’ ions are responsible for the observed
reactivity.” To probe the stability of 2, we separated the sup-
ported catalyst from the supernatant of a reaction between
benzyl azide and HCCPh by filtration, then exposed the super-
natant to fresh substrate (Figure S11). Under these conditions,
we observed no conversion of alkyne and benzyl azide to the
triazole after 7 h, suggesting that Cu’ ions were not leached
from the supported catalyst into solution over the course of the
initial reaction. Overall, this result suggests that 2 is more sta-
ble than 1 under “Click” reaction conditions.

Table 1. [3+2] cycloadditions between benzyl azide and
various terminal alkynes catalyzed by 1 and 2. *
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e e
Entry R time (h) ?1)1?((’1112/%)[’ 2](;: ;9 TON
1 Ph 5 0.5 95 190
2 Ph 7 0.05 85 1700
3 COEt 5 0.5 86 172
4 ‘Bu 5 0.5 92 184
5 Ph 7 0.5 95 190
6 Ph 7 0.5° 94 188
7 Ph 2 0.5 >99 198

“For experimental details, see Supporting Information. “Cata-
lyst loading defined as mol% Cuy, cluster. “Yield of triazole
determined by integration of '"H NMR spectra acquired with a
60 s pulse delay, using hexamethyldisiloxane as internal
standard. “Catalyst immobilized on SiO, (see SI for experi-
mental details). “Recovered catalyst, still immobilized on SiO,
(see SI for experimental details). “Reaction performed at 40
°C.

For comparison, several groups have shown that supported
copper nanomaterials can catalyze CuAAC chemistry.”® %
Broadly speaking, these materials exhibit activities and recy-
clabilities similar to those observed for 2. However, many of
these nanomaterials feature large polydispersities,””" or suffer
from ill-defined surface chemistries.’"”  As such, it is a chal-
lenge to reliably and predictably deposit these material on a
support. Additionally, this polydispersity makes it a significant
challenge to extract SARs in an effort to develop better cata-
lyst systems.

Characterization of 1 and 2 by X-ray Absorption Spectrosco-
py. Previous studies”™ >’ on Cu-based APNCs revealed re-
markable XAS sensitivity to both ligand sets and Cu nucleari-
ty. Therefore, Cu K-edge XAFS was undertaken to compare
structural features of complex 1 with its silica-supported ana-
log, 2, as well as the recovered post-catalysis material, 2.
The absence of significant differences in the XANES profiles
of 1 and 2 suggests that the nanocluster structure is preserved
upon grafting onto SiO, (Figure S27). In the EXAFS, two
prominent features appear at 1.6 and 2.3 A in the FT magni-
tude of the EXAFS of 1 (Figure 2). The first peak represents
light atoms directly coordinated to Cu, i.e., the donor atoms of
the bidentate acetate and side-on bound acetylide ligands. The
second peak represents the contributions of the Cu-Cu paths.

12

FT (x(k) * k%)

0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 1 2 3 4 5
(R+a)/A
Figure 2. Comparison of Cu K-edge EXAFS (displayed as FT
magnitude, points, with curvefits, lines) for

[Cu,(CCPh);,(0Ac)s] (1, blue), freshly-prepared Cu,y/SiO,
(2, green), and post-catalysis Cuy)/SiO; (245, red).

The curvefit of the EXAFS of 1 (Figure S30) includes a Cu—O
path and a Cu—C path, whose distances were fixed at the most
commonly observed values in the X-ray crystal structure
(1.951 and 2.061 A, respectively, the latter being the distance
corresponding to the Cu-C mn-bonds). The fit returned N(Cu—
0) and N(Cu—C) values of 0.6(3) and 1.2(4), respectively (Ta-
ble 2). The number of Cu-O paths agrees with the average
number of bidentate acetate ligands per Cu (0.3), while the
value for the Cu—C path exceeds the average number of acety-
lide ligands per Cu (0.6), as expected due to the presence of
both [1- and 7-interactions involving these ligands. The Cu-Cu
paths, which range from 2.471 to 3.085 A in the crystal struc-
ture, were represented in the curvefit by two paths whose dis-
tances were fixed at the most frequent Cu-Cu bond lengths.
The resulting fit returned a combined N(Cu-Cu) of 2.3(5),
similar to the crystallographically-determined value of 2.7.

The EXAFS of silica-supported 2 features two similar peaks,
at 1.6 and 2.2 A, with slightly different relative intensities
compared to those observed for 1 (Figure 2). The distances for
the Cu-O and Cu-C paths were again fixed using the most
common values found in the molecular cluster 1, while both
coordination numbers were refined. Minor changes in the fit-
ted values of N(Cu-O) and N(Cu-C), to 1.0(1) and 0.6(4),
respectively, are consistent with a reaction of 1 with silica,
which results in one acetylide ligand being replaced by a sur-
face silyloxide (likely in a bridging configuration), among
other possible interactions (see Figure S31 and Table 2). Alt-
hough the intensity of the peak in the FT magnitude corre-
sponding to the Cu-Cu paths decreased slightly upon deposi-
tion onto silica, curvefitting returned a similar total value for
N(Cu—Cu), 2.3(3). We hypothesize that the Cu-Cu distribution
becomes less uniform upon deposition, and the number of
longer paths increases at the expense of the shorter paths. The
resulting destructive interference results in an overall decrease
in FT magnitude, without any cluster fragmentation. Thus,
our EXAFS analysis suggests that immobilization of 1 results
in little or no change to the cluster nuclearity, and only minor
changes to the cluster structure.
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Table 2. Curvefit parameters for the Cu K-edge EXAFS®

Material Path EXAFS curvefit

N R(A) 10° *(A™)

1° Cu-0 0.6(3) 1.951¢ 5(3)

Cu-C 1.2(4) 2.061¢ 5(3)¢

Cu-Cul 2.1(5) 2.563° 6(2)°

Cu-Cu2  02(1) 2.671° 6(2)°

2f Cu-0 1.0(1) 1.951¢ 7(2)

Cu-C 0.6(4) 2.061° 7(2)°

Cu-Cul 1.7Q2)  2.505(6) 72)°

Cu-Cu2  06(2) 2.62Q) 7Q)

20t Cu-0 1.7(3) 1.951°¢ 7(1)¢

Cu-C 0.7(3) 2.061° 7(1)¢

Cu-Cul 123)  2.53(4) 6(1)°

Cu-Cu2  053)  2.66(1) 6(1)

#Uncertainties in the last significant figure are shown in parenthe-
ses. Values without uncertainties were fixed at values determined
by X-ray crystallography. "Global fit parameters: S,> = 0.8(1);
AE, = 5(1) eV. ‘Fixed at values determined by single crystal X-
ray diffraction (this work). “Constrained to have the same mean-
squared displacement. “Constrained to have the same mean-
squared displacement. ‘Global fit parameters: S,” = 0.8(2); AE, =
8(2) eV. £Global fit parameters: S,> = 0.8(1); AE, = 9(1) eV.

The supported cluster material was recovered after use as a
catalyst for the cycloaddition of benzyl azide and HCCPh. The
EXAFS of the recovered post-catalysis material, 2., is again
similar to that of the immobilized cluster 2 (Figure 2). The
curvefit reveals an increase in N(Cu-O), to 1.7(3), while the
value for N(Cu-C) remains essentially unchanged at 0.7(3)
(Figure S32 and Table 2). The peak arising from the Cu-Cu
paths broadened, while the total value of N(Cu-Cu) decreased
to 1.7(5). Although these values are slightly different than
those found for 2, qualitative inspection of the spectrum for
2,05t SUggests that the supported cluster’s ligand complement is
largely preserved, i.e., there has been minimal rearrangement
of the Cu-Cu skeleton. More importantly, these changes are
not consistent with extensive cluster fragmentation or aggrega-
tion. The qualitative similarities in the EXAFS are also con-
sistent with the XANES profiles of 2 and 2., which show
nearly indistinguishable, superimposable edges and absorb-
ance maxima (Figure S27 and Table S3).

There are only a handful of prior reports describing the charac-
terization of APNCs before and after deposition onto a solid
support. For example, Spivey and co-workers demonstrated by
EXAFS that deposition of a thiolate-capped Aujg cluster on
TiO, resulted in aggregation.”” In contrast, Wu and co-workers
concluded that deposition of a Au,, nanocluster onto TiO,
resulted in no agglomeration, on the basis of HAADF—-STEM
imaging.” While this cluster was competent for CO oxidation,
the post-catalysis cluster was not characterized, so its nucleari-
ty is unknown. Similarly, Scott and co-workers demonstrated
that thiolate-protected Au,s(11-MUA);3 (11-MUA = mer-
captoundecanoic acid) maintained its structure after deposition
onto SiO,, but agglomerated upon calcination at 250 °C.'"
Thus, the nanocluster series 1, 2, and 2, represents an excep-
tionally rare example of retention of cluster structure after

deposition on a solid support, and after use in a catalytic reac-
tion.

CONCLUSION

In summary, we have synthesized and characterized the novel
organometallic nanocluster [Cuy(CCPh);5(OAc)s] (1). Com-
plex 1 is a rare example a 2-electron copper superatom, and
the first copper superatom to feature a [Cu,]* core. Complex 1
can be readily immobilized on dry, partially-dehydroxylated
silica, a process that results in release of 1 equiv of phenyla-
cetylene per Cu,, cluster. According to qualitative and quanti-
tative EXAFS analysis, the immobilized cluster 2 is structural-
ly similar to 1. In addition, both 1 and 2 are effective catalysts
for [3+2] cycloaddition of alkynes and azide at room tempera-
ture. Intriguingly, supported cluster 2 appears to be substan-
tially more stable than 1 under the reaction conditions. More
importantly, however, neither 1 nor 2 require harsh pre-
treatment for activation, demonstrating the innate promise of
organometallic APNCs for development of SARs in the field
of supported catalysis.
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