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Polyoxometalates (POMs) exhibit a rich structural variety' and
have potential applications in diverse areas.” In the pursuit of
functional materials with novel architecture and desirable properties,
considerable attention has been directed to the construction of POMs
with transition metal or metal—organic subunits.?

Due to its high affinity to O donor ligands, the silver(I) ion has
been used to functionalize POMs, and diverse Ag(l)—POM
complexes have been obtained.*> However, to date there is no
reported example of any Ag(I) or transition metal modified® ® POM
complex that has a POM anion encapsulated in a metal cluster cage.
Hence the development of a general approach to the functional-
ization of POMs with metal clusters presents a challenging pursuit
in current POM chemistry. The motivation in this respect lies in
not only the controllable construction of large clusters from known
POM building blocks but also the rational design of nanoscopic
clusters possessing predetermined structures and functions via a
bottom-up route.

Unlike other silver(I)—organic structure building blocks, the weak
interactions between silver(I) and ethynide groups favor the onset
of multiple argentophilic Ag+++Ag interactions which overcome
electrostatic repulsion between formal Ag(l) centers.’ Thus large-
nuclearity silver(I) aggregates are attainable by encapsulation of
suitably chosen template building units.' The recent report of small
tetrahedral oxoanion templated silver(I)—alkynyl clusters'' prompted
us to explore the encapsulation of polyoxometalate anions based
on the Ag,CC=C'Bu (n = 4, 5) supramolecular synthon,'> which
constitutes a part of our effort to create a new functionalized POM
family incorporating silver(I)—ethynide'? and —ethynediide'?
cluster units.

In this work, two novel monomeric silver(I)—alkynyl clusters
encapsulating different polyoxometalates, [Agy(C=C'Bu),»(CF;—
C00)12(V10025)]+4CH;0H (1) and [Ags(C=CBu)(CF;CO0);-
(Mo0402,)]*2CH5OH (2), have been obtained by an acid-induced
facile approach. Their cluster structures and nanoscopic morphol-
ogies have been elucidated. Both of the polyoxoanions in 1 and 2
are encapsulated in respective cationic silver(I)—alkynyl cluster
shells consolidated by multiple argentophilic Ag--+Ag interactions.
For the first time, the polyoxometalate ions are functionalized by
silver(I) cages to form members of a new Ag(I)~POM family.
Moreover, these two complexes are both neutral materials, in which
the number of ‘BuC=C" groups decreases along with the increasing
negative charge of the central polyoxoanion. Such precise charge
balance is unprecedented among known hybrid POMs, thereby
offering the prospect of specific cluster-to-cluster transformation.

Most POMs can be isolated in aqueous solutions at different pH
values, suggesting that acidity plays an important role in the
formation of various polyoxometalate species.'* However, by means
of cryospray mass spectrometry, it has been shown that the
isopolymolybdate anion in organic solution containing silver(l)
cations undergoes isomerization to form other species.’® To achieve
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acidic conditions for the stabilization of polyoxometalates in an
organic medium, we herein developed a new synthetic route by
employing CF;COOH as a trigger component. In this approach,
the introduced acid acts not only as an agent to hydrolyze some
of the AgC=C'Bu units but also as an effective acid source to hinder
the disintegration of polyoxoanions into low-nuclearity species. By
reacting the polyoxometalate organic salts ((Et;N);[H3V0Os] and
(‘BuyN),[Mo0gO19]) in turn with AgC=C'Bu and CF;COOH in
methanol, complexes 1 and 2 were successfully isolated as
polyhedral silver(I)—alkynyl clusters encapsulating [V10025]°~ and
[MogO,,]®~ polyoxoanions, respectively.'® To confirm the validity
of our synthetic strategy, two other cluster compounds,
[Ago(C=C"Bu)14(CF;:CO0)4(V,07)]*2CH;0H (3) and [Ags-
(C=C"Bu)3(CF;C00)s(M00y)] (4), were synthesized under basic
conditions using AgCF;COO and AgC=C"Bu as the reactants (see
Supporting Information). Though the same polyoxometalate salts
were employed as starting materials, only small encapsulated
oxoanions [V,07]*" and [MoO,]>” exist in 3 and 4, respectively.
Thus the presence of CF;COOH in the reaction system enhances
the stability of high-nuclearity polyoxometalate anions.

Figure 1. A perspective view of complex 1 (H atoms and bonds between
Ag and O atoms of [V¢O4]°" are omitted for clarity; Color code: V, cyan;
O, red; Ag, dark violet; C, gray; F, green).

Single-crystal X-ray analysis'® revealed that complex 1 is a
neutral ellipsoidal Cy;, cluster consisting of forty silver(I) ions
stabilized by centripetal ethynyl, peripheral trifluoroacetate (TFA)
and methanol ligands along with a [V40,5]°~ polyoxoanion at its
center (Figure 1). Sixteen ‘BuC=C ligands adopt u3-1',7'," or us-
n',m' 7% ligation modes to link different silver triangles, while the
other six use the u4-1', 7' 7', 5" or us-1",5',n' 7% mode to coordinate
to planar or butterfly silver tetragons. Twelve TFA ligands link
the neighboring silver(I) ions by u,-'.n' or u,-n',p?* bridging
modes, which also act as effective counterions to balance the charge.
The central unprotonated [V16025]°~ anion comprises ten edge-
sharing VOg octahedra with approximate D, symmetry. The surface
oxygen atoms can be classified as terminal and p»-, us-, 14-bridging
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types that possess different charge densities.'” These oxygen atoms
show different coordination behavior to the outer silver(I) ions,
which are reflected by different V—O distances. Four terminal O
atoms (O1, O14, Ola, Ol4a) coordinate to silver(I) ions with an
average V—O distance of 1.629 A, while the other four terminal O
atoms (03, 05, O3a, O5a) with an average V—O distance of 1.582
A are not involved (Figure 2). The silver(I) ions around O1, O14,
Ola, and Ol4a atoms do not form the usual triangles or tetragons
but construct irregular silver pentagons. There also exist silver
tetragons on top of the pentagons to form unusual asymmetrical
silver prisms. These subunits reflect that the protruding terminal O
atom with lower coordination ability is more favorably stabilized
by the surrounding silver(I) pentagons. In contrast, the bridging O
atoms in 1 show excellent coordination abilities, and most of them
effectively link the silver(I) ions by Ag—O bonding interactions in
the range of 2.452(7)—2.928(7) A.

Figure 2. A combined view of complex 1 (all the ethynyl and TFA liands
are omitted; silver triangles, tetragons, and pentagons are highlighted; atom
color code: O, red; Ag, dark violet).

The most interesting structural feature is the fact that some triples
of bridging O atoms compatibly connect with Ag; CC=C'Bu units
by Ag—O bonds to form distorted {Ag;Os;} trigonal prisms.
Generally, each R—C=C~ (R = 'Bu, Ph) ligand tends to attach to
a silver triangle or tetragon, and the resulting assemblies are then
fused together to form various silver-abundant clusters."'® Thus the
silver triangle is one of the important building units in the
construction of silver-rich clusters. As such the ion-pair matching
between the Agz;CC=C'Bu synthon and triply bridging O atoms
in 1 plays an important role in the crystal growth. Such special
ion-pair recognition'? is first observed among the known anion-
based silver(I)—alkynyl compounds, which allows us to better
understand the reaction between oxygen-abundant polyoxoanions
and silver(I)—alkynyl shells and also devise a new route to the
rational design of POM-based silver(I)—alkynyl complexes.

Complex 2 is also a neutral Cy, cluster with an ellipsoidal shape.
As shown in Figure 3, an in situ generated [MogO2]®" anion
occupies the center of the 40-vertex silver cluster. The outer silver(I)
shell is occupied by 20 alkynyl, 12 TFA, and 2 methanol ligands
that hold the silver cluster together. Though the [M0gO,,]*~ anion
has been reported very recently,”® many elongated distances
between Mo®" centers and terminal O atoms are observed in
complex 2. The Mo—O, (O,, terminal O atom) distances ranging
from 1.738(7) to 1.772(6) A in 2 are considerably longer than those
observed (1.698—1.715 A) in the reported [MogO,,]%~ anion. Thus
the coordination abilities of the surface O atoms of the [MogOx]%~
anion in 2 are significantly modified. This result can be confirmed
by the fact that the interactions between the silver(I) shell and the
central [MogO]®~ polyoxoanion are dramatically different from
those in complex 1, yielding markedly shorter Ag—O, (O, bridging
O atom) distances of 2.205(6)—2.691(7) A. Moreover, the terminal
O atoms all coordinate to the shell vertices with Ag—O, (O, termi-
nal O atom) distances in the range of 2.304(6)—2.699(8) A. The
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ion-pair recognition between a triple of bridging O atoms and a
Ag;CC=C'Bu unit, however, is not predominant in 2, as only two
such connections are found (Figure 4). As compared to 1, more
silver tetragons and pentagons are present with stabilization by -
n' 'yt or uen'y'y'g? alkynyl and wr-n',p' TFA ligands,
respectively. This geometric arrangement of silver(I) centers is
similar to that in the SO4>~ templated silver cluster,'' showing that
a central tetrahedral oxoanion is better stabilized by a polyhedral
outer shell composed of silver tetragons and pentagons rather than
silver triangles. In view of the higher symmetry of the central
[MosO,,]%~ species, the silver cage is more regular and compact
with a much smaller size (longest Ag+++Ag separation of 14.309
A) than that of 1 (17.665 A).

Figure 3. Perspective view of complex 2 (H atoms and bonds between
Ag and O atoms of [MogO,,]®" are omitted for clarity; color code: Mo,
blue; O, red; Ag, dark violet; C, gray; F, green).

Figure 4. A combined view of complex 2 (all the organic ligands are
omitted; {Ag;Os} units and silver pentagons are highlighted; atom color
code: O, red; Ag, dark violet).

The structural analyses of 1 and 2 demonstrate that the poly-
oxoanions with abundant surface oxygen atoms tend to induce the
formation of the silver cluster shells via multiple Ag—O bonding
interactions. In contrast, when the central polyoxoanion contains
fewer surface O atoms, the silver(I) ions mainly arrange themselves
to construct silver tetragons and pentagons. Thus the Ag—O
coordination bonding and argentophilic Ag+++Ag supramolecular
interactions competitively coexist during the crystal growth of
complexes 1 and 2, yielding final structures that are largely
determined by a balance of preponderant interactions. The results
also indicate that the surface O atoms with higher charge densities
better facilitate the formation of shell-type silver(I)—alkynyl clusters
by Ag—O interactions. Thus globular polyoxoanions with more
terminal O atoms may not be easily decorated by silver alkynyl
groups.

The cluster complexes 1 and 2 are new fascinating nanomaterials
in consideration of the following factors: (i) The cluster surface is
populated by alkynyl or TFA ligands, which make these complexes
soluble in organic solvents. (ii) The silver(I) ion is not only an
excellent electron acceptor in chemical reactions but also sensitive
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to external optical stimulus. Such intrinsic nature enables silver(I)-
abundant complexes to function as potentially useful catalysts or
optical sensors. (iii) The encapsulated polyoxometalate may exhibit
catalytic and photochemical activity, redox behavior. Therefore
POM-based silver alkynyl materials offer promise of desirable
physical or chemical properties due to the synergistic effect.

The solubility of 1 and 2 in methanol enabled us to investigate
their nanoscale morphologies directly without additional treatment
of surfactant. TEM images indicate that both samples exist as
monodisperse particles (Figure S4). The averaged size of the
identified particles is 2.6 and 2.5 nm, respectively, which are close
to the maximum C-++C separations in the clusters (2.38 nm for 1
and 2.32 nm for 2) obtained from X-ray analyses. The TEM results
affirm that acid-promoted facile synthesis is a viable route to
generate POM-based silver alkynyl nanodot materials.

Cyclic voltammograms of 1 and 2 exhibit irreversible redox
couples EJ/E, (E., cathodic peak potential; E,, anionic peak
potential) of 355 mV/814 mV and 371 mV/723 mV, respectively
(Figure S6). These peaks are very different from those observed
for the (Et;N);[H3V0O25] and (n-BusN),[MogO19] precursors but
analogous to the redox couples of AgNOs in solution (E./E, of 453
mV/611 mV). Thus, the redox peaks for 1 and 2 are attributed to
Ag%Ag™ couples arising from the peripheral silver(I) clusters, and
the different E. and E, values suggest that the central polyoxoanions
play a significant role in affecting the redox behavior. Controlled-
potential electrolyses of the two complexes indicate a consumption
of 24 and 26 electrons per molecule for 1 and 2, respectively. Such
multielectron transfer processes are first observed among the known
multinuclear silver(I)—alkynyl compounds. This result also holds
promise for the generation of mixed-valent silver(0,I) nanomaterials
by electroreduction of preformed silver alkynyl clusters.

In summary, neutral POM-based silver alkynyl cluster complexes
1 and 2 have been synthesized using a facile acid-induced approach.
In each case the central polyoxoanion is surface-modified by
incorporation within a globular 40-vertex silver(I) alkynyl cluster.
Specific ion-pair recognition between the polyoxometalate and
silver(I) alkynyl supramolecular synthon has been observed, which
leads to a better understanding of the reaction pathway and new
insight to the rational design of multifunctional Ag(I)-POM
complexes. Moreover, the new complexes are easily manipulated
nanodot materials, the size of which can be controlled by modulat-
ing the central polyoxoanions.

Acknowledgment. This work is dedicated to the memory of Prof.
Charles A. McDowell (1918—2001). We gratefully acknowledge
financial support by the Hong Kong Research Grants Council (GRF
ref. CUHK 402408), the Wei Lun Foundation, and a Research
Fellowship (to G.-G.G.) from The Chinese University of Hong Kong.

Note Added after ASAP Publication. A duplicate reference was
deleted in the version published ASAP December 4, 2009.

Supporting Information Available: Experimental details, X-ray
crystallographic data in CIF format, syntheses and structural description
of complexes 3 and 4, and additional figures for 1—4. This material is
available free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Jeannin, Y. P. Chem. Rev. 1998, 98, 51-76. (b) Gouzerh, P.; Proust, A.
Chem. Rev 1998, 98, 77-111. (c) Rhule, J. T.; Hill, C. L.; Judd, D. A.
Chem. Rev. 1998, 98, 327-357. (d) Miiller, A.; Shah, S. Q. N.; Bogge, H.;
Schmidtmann, M. Nature 1999, 397, 48-50. (e) Miiller, A.; Beckmann,

E.; Bogge, H.; Schmidtmann, M.; Dress, A. Angew. Chem., Int. Ed. 2002,
41, 1162-1167.

(2) (a) Katsoulis, D. E. Chem. Rev. 1998, 98, 359-387. (b) Yamase, T. Chem.
Rev. 1998, 98, 307-325. (c) Streb, C.; Ritchie, C.; Long, D. -L.; Kogerler,
P.; Cronin, L. Angew. Chem., Int. Ed. 2007, 46, 7579-7582. (d) AlDamen,
M. A.; Clemente-Juan, J. M.; Coronado, E.; Marti-Gastaldo, C.; Gaita-
Arifio, A. J. Am. Chem. Soc. 2008, 130, 8874-8875.

(3) (a) Kikukawa, Y.; Yamaguchi, S.; Nakagawa, Y.; Uehara, K.; Uchida, S.;
Yamaguchi, K.; Mizuno, N. J. Am. Chem. Soc. 2008, 130, 15872-15878.
(b) Kuznetsov, A. E.; Geletii, Y. V.; Hill, C. L.; Morokuma, K.; Musaev,
D. G. J. Am. Chem. Soc. 2009, 131, 6844-6854.

(4) (a) Villanneau, R.; Proust, A.; Robert, F.; Gouzerh, P. Chem. Commun.
1998, 1491-1492. (b) Rhule, J. T.; Neiwert, W. A.; Hardcastle, K. 1.; Do,
B. T.; Hill, C. L. J. Am. Chem. Soc. 2001, 123, 12101-12102. (c) Abbas,
H.; Pickering, A. L.; Long, D. L.; Kogerler, P.; Cronin, L. Chem.—Eur. J.
2005, 11, 1071-1078. (d) Abbas, H.; Streb, C.; Pickering, A. L.; Neil, A. R.;
Long, D. L.; Cronin, L. Cryst. Growth Des. 2008, 8, 635-642.

(5) (a) Wilson, E. F.; Abbas, H.; Duncombe, B. J.; Streb, C.; Long, D. L.;
Cronin, L. J. Am. Chem. Soc. 2008, 130, 13876-13884. (b) Streb, C.;
Tsunashima, R.; MacLaren, D. A.; McGlone, T.; Akutagawa, T.; Nakamura,
T.; Scandurra, A.; Pignataro, B.; Gadegaard, N.; Cronin, L. Angew. Chem.,
Int. Ed. 2009, 48, 6490-6493.

(6) (a) Wassermann, K.; Dickman, M. H.; Pope, M. T. Angew. Chem., Int.
Ed. Engl. 1997, 36, 1445-1448. (b) Bassil, B. S.; Dickman, M. H.; Romer,
1.; Kammer, B.; Kortz, U. Angew. Chem., Int. Ed. 2007, 46, 6192-6195.

(7) (a) Wang, X. L.; Qin, C.; Wang, E. B.; Su, Z. M; Li, Y. G.; Xu, L. Angew.
Chem., Int. Ed. 2006, 45, 7411-7414. (b) Wang, X. L.; Bi, Y. F.; Chen,
B. K.; Lin, H. Y.; Liu, G. C. Inorg. Chem. 2008, 47, 2442-2448.

(8) (a) Long, D. L.; Abbas, H.; Kogerler, P.; Cronin, L. J. Am. Chem. Soc.
2004, 126, 13880-13881. (b) Bi, L. H.; Dickman, M. H.; Kortz, U.; Dix,
I. Chem. Commun. 2005, 3962-3964. (c) Reinoso, S.; Dickman, M. H.;
Praetorius, A.; Piedra-Garza, L. F.; Kortz, U. Inorg. Chem. 2008, 47, 8798—
8806.

(9) (a) Guo, G. C.; Zhou, G. D.; Wang, Q. G.; Mak, T. C. W. Angew. Chem.,
Int. Ed. 1998, 37, 630-632. (b) Wang, Q. M.; Mak, T. C. W. Angew. Chem.,
Int. Ed. 2001, 40, 1130-1133. (c) Zhao, L.; Mak, T. C. W. J. Am. Chem.
Soc. 2005, 127, 14966-14967. (d) Zhao, L.; Mak, T. C. W. Inorg. Chem.
2009, 48, 6480-6489. (e) Zang, S. Q.; Mak, T. C. W. Inorg. Chem. 2008,
47, 7094-7105.

(10) Rais, D.; Yau, J.; Mingos, D. M. P.; Vilar, R.; White, A. J. P.; Williams,
D. J. Angew. Chem., Int. Ed. 2001, 40, 3464-3467.

(11) Bian, S. D.; Wu, H. B.; Wang, Q. M. Angew. Chem., Int. Ed. 2009, 48,
5363-5365.

(12) (a) Mak, T. C. W.; Zhao, L. Chem. Asian J. 2007, 2, 456-467. (b) Zhao,
L.; Wan, C.-Q.; Han, J.; Chen, X.-D.; Mak, T. C. W. Chem.—Eur. J. 2008,
14, 10437-10444.

(13) Zhao, X.-L.; Mak, T. C. W. Inorg. Chem. Ms. No. ic-2009-01697f, under
revision.

(14) Polyoxometalate Chemistry: From Topology via Self-Assembly to Applica-
tions; Pope, M. T., Miiller, A., Eds.; Kluwer: Dordrecht, 2001.

(15) Syntheses. 1: AgC=C'Bu (0.073 g, 0.386 mmol) was dissolved in methanol
(5 mL) under stirring. Then 0.2 mL of CF;COOH and (EtsN);[H3V(Oxs]
(0.012 g, 0.009 mmol) was added under stirring to form an orange
suspension with pH ca. 3.5. After 12 h, an orange-red solution was collected
by filtration. Slow evaporation afforded the product as orange-red crystals.
Yield: ca. 24% (based on V). Elemental analysis (%) calcd for
Aga0C160F36H214056V10: Ag, 50.52; V, 5.96; C, 22.50; H, 2.53. Found: Ag,
50.67; V, 5.79; C, 22.62; H, 2.59. IR (KBr): 2005 (C=C), 959, 916, 835,
800, 720 cm ™! ([V0025]°7). '"HNMR (CDCl3) 6 1.406 (s, C(CH3)3), 3.494
(s, HOCHj). 2: The procedure used for 1 was repeated with (n-
BuyN),;[MoeO19] (0.010 g, 0.007 mmol) as the polyoxometalate reactant.
Colorless block-like crystals of 2 were deposited. Yield: ca. 22% (based
on Mo). Elemental analysis (%) calcd for AgyoCisF36H1ssM0sOug: Ag,
52.08; Mo, 6.95; C, 21.17; H, 2.29. Found: Ag, 51.91; Mo, 6.83; C, 21.35;
H, 2.34. IR (KBr): 2008 (C=C), 839, 800, 722, 614 cm™! ([M0gO»]*").
'H NMR (CDCl3) 6 1.382 (s, C(CHs)3), 3.496 (s, HOCH3).

(16) Crystallographic data. 1: Monoclinic, a = 18.9665(6) A, b =122.4906(8)
A, ¢ =324187(10) A, B = 109.313(2)°, V = 13050.6(7) A3, T =290 K,
space group P2i/c, Z = 2, 197 033 reflections measured, 25 526 unique
(Rin = 0.0856) whlch were used in all calculations. R; = 0.0579, wR, =
0.1525 for I > 20(1). 2: Monoclinic, a = 22.290(3) A, b =120470(3) A c
=27. 561(4) A, B =193.970(5)°, V= 12545(3) A3, T=290K, space group
P2i/n, Z =2, 115 952 reflections measured, 24 459 unique (R;,, = 0.0485)
Which were used in all calculations. R; = 0.0583, wR, = 0.1536 for I >
20(I). CCDC 745356 for 1 and 745357 for 2.

(17) Kempf, J. Y.; Rohmer, M. M.; Poblet, J. M.; Bo, C.; Bénard, M. J. Am.
Chem. Soc. 1992, 114, 1136-1146.

(18) (a) Chen, M. L.; Xu, X. F.; Cao, Z. X.; Wang, Q. M. Inorg. Chem. 2008,
47,1877-1879. (b) Wei, Q. H.; Zhang, L. Y.; Yin, G. Q.; Shi, L. X.; Chen,
Z. N. Organometallics 2005, 24, 3818-3820.

(19) (a) Beer, P. D.; Gale, P. A. Angew. Chem., Int. Ed. 2001, 40, 486-516. (b)
Gale, P. A. Coord. Chem. Rev. 2003, 240, 191-221. (c) Zhu, K.; Li, S. J.;
Wang, F.; Huang, F. J. Org. Chem. 2009, 74, 1322-1328.

(20) Su, Z. H.; Zhou, B. B.; Zhao, Z. F.; Zhang, X. Inorg. Chem. Commun.
2008, 71, 344-347.

JA907900B

J. AM. CHEM. SOC. = VOL. 131, NO. 51, 2009 18259



