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ABSTRACT: A novel anionic heptadecanuclear silver(I)
cluster, (NH,);[(6-S)@Agi,(mba);s]-22H,0 (1;
H,mba = 2-mercaptobenzoic acid), was obtained by the
reaction of equivalent molar silver oxide and 2,2'-
dithiodibenzoic acid (H,dtba) under ultrasonic conditions
at 50 °C. Complex 1 is a discrete cluster comprised of
unexpected mba ligands on the shell and a y¢-S*” ion in
the core, suggesting the occurrence of in situ S—S and S—
C(sp®) bond cleavages of the H,dtba ligand. This novel
cluster displays moderate orange-red emission in the solid
state at room temperature.

igh-nuclear silver clusters are of special importance
because of their novel structural motifs and various
potential applications in catalysis, conduction, and lumines-
cence.! Although huge Ag/S clusters have been documented,”
hydrophilic silver(I) clusters have received much less attention
owing to their intrinsic crystallization difficulties.” Recently, we
successfully obtained two hydrophilic silver(I) clusters
([Agg(mna),]® and [Agy(mba),]°~) and used them as versatile
metalloligands to construct two series of Ag'=M" (M = Zn and
Cu) heterometallic coordination complexes (H,mna = 2-
mercaptonicotinic acid and Hymba = 2-mercaptobenzoic acid).*
On the other hand, flexible disulfide derivatives such as 2,2’
dipyridyl disulfide bearing —S—S— spacers can afford diverse
structural motifs compared with rigid ligands because of (i)
their twisted conformation with a C—S—S—C torsion angle of
ca. 90°, (i) their axial chirality, which potentially generates M
and P enantiomers, and (iii) oxidative formation and reductive
cleavage of the S—S bonds, which has been explored as an
attractive route toward functional ligands and novel inorganic—
organic hybrid materials.®
As far as we know, in situ ligand reactions including
hydroxylation of aromatic rings, dehydrogenative carbon—
carbon coupling, cycloaddition of organic nitriles with azide and
ammonia, and transformation of inorganic and organic sulfur
are hard to access by conventional methods unless using
extreme conditions such as the solvothermal method.®
Although in situ ligand formation by innovative synthetic
procedures such as solvothermal—microwave has been
observed,” precedents of the coordination polymer or cluster
involving an in situ ligand reaction obtained by the ultrasound
procedure are very scarce.® Compared with the ubiquitous
solvothermal method in coordination chemistry, ultrasound
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synthesis still rarely appeared in the literature. Ultrasonic
methods have found an important niche in the preparation of
inorganic materials.” The high local temperatures and pressures,
combined with extraordinarily rapid cooling, provide a unique
means for driving chemical reactions. In our previous work,
ultrasound techniques achieved the rapid and efficient
preparation of coordination complexes."’

As part of our continuous work, we attempted to synthesize
higher-nuclear hydrophilic silver(I) clusters as potential metal-
loligands and surprisingly obtained a novel anionic heptadeca-
nuclear silver(I) mercaptobenzoate cluster, (NH,),,[(¢¢S)@
Ag,;(mba),s]-22H,0 (1), which is constructed from in situ

Scheme 1. Schematic Presentation of the Synthesis of 1
Involving in Situ S—S and C—S Bond Cleavages of the
H,dtba Ligand
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generated 2-mercaptobenzoic acid and a sulfide anion (Scheme
1).

In a typical synthesis, complex 1 was synthesized by the
reaction of equivalent molar silver oxide and 2,2’-dithiodiben-
zoic acid (H,dtba) in the presence of 1 mL of aqueous
ammonia (25%) under ultrasonic conditions (160 W, 40 kHz,
30 min, 50 °C; see the Supporting Information, SI). The yellow
crystals of 1 were obtained using an evaporation method at
room temperature. The crystals of 1 are stable in mother liquor
and become brittle once exposed to air. The compositions of 1
were further deduced from single-crystal X-ray diffraction
(XRD), elemental analysis, and IR spectrometry. The solid-
state IR spectrum of complex 1 shows (i) an intense broad
band around 3400 cm™' attributed to the existence of water

Received: August 11, 2011
Published: November 9, 2011

dx.doi.org/10.1021/ic201746q | Inorg. Chem. 2011, 50, 12393—12395


pubs.acs.org/IC

Inorganic Chemistry

Communication

molecules, (ii) the disappearance of the S—H stretching band
around 2560 cm™" due to the SH group in the “free” H,mba,
suggesting formation of the Ag—S bond in 1, and (iii) the
absence of a band in the region of 1690—1730 cm™, indicating
complete deprotonation of the carboxyl groups (Figure S1 in
the SI)."" The phase purity of 1 is sustained by its powder XRD
pattern, which is consistent with that simulated on the basis of
the single-crystal XRD data (Figure S2 in the SI). The
differences in intensity may be due to the preferred orientation
of the crystalline powder samples. These results are in good
agreement with the crystal structure of 1.

X-ray structural analysis (Table S1 in the SI) of a single
crystal of 1 reveals that it is a ball-shaped skeleton comprised of
17 Ag' ions, 16 mba’~ ligands, and 1 y -S> ion sitting inside
the silver cluster. Owing to the size of the cluster, there is a
significant interstitial space of 31.0% (calculated using the
PLATON/VOID routine'?), accommodating the countercation
NH," and the additional water molecules in a severely
disordered fashion. Bond-valence sum calculations with Ag—
O and Ag—S bond-valence parameters taken from the
literature'® confirm that the Ag centers are unambiguous Ag),
with values ranging from 0.94 to 1.17 (Table S2 in the SI). As
shown in Figure 1, 17 Ag' ions have linear, trigonal-planar, and

Figure 1. (a) Representation of the molecule structure of the [(4 4S)
@Ag,;(mba) 4]'"" cluster. (b and c) Views of the core structure along
different directions. Color legend: purple, Ag; cyan, S; red, O; gray, C.

tetrahedral coordination geometries without consideration of
Ag--Ag interactions. In detail, only one Ag' ion (Agl7) is
linearly coordinated by two S atoms with a S—Ag—S angle of
156.82(14)°, nine Ag' ions have trigonal-planar geometry, and
seven Ag' ions adopt two kinds of tetrahedral geometries (five
$;0 and two S,) with 7, parameters'* ranging from 0.621 to
0.798 (for perfect tetrahedral geometry, 7, = 1; Table S3 in the
SI). Only S of 16 carboxyl groups participate in coordination to
the Ag' centers (three ,-O and two y,-O). The whole silver
cluster is protected by 16 peripheral mba®~ ligands through

Ag—S and Ag—O bonds (Table S4 in the SI), with distances in
the ranges of 2.389(3)—2.665(4) and 2.376(10)—2.587(8) A,
respectively, both of which fall within the reported ranges.'®
The Ag--Ag contacts in 1 are in the range of 2.9014(16)—
3.3015(13) A, which are comparable to those observed, for
example, in the silver alkynyl clusters reported by Xie and
Mak,'® and are attributed to significant argentophilic Ag:--Ag
interactions.'” The anionic cluster 1 is novel and quite different
from another anionic octanuclear silver mercaptobenzoate
cluster, K;,[Agg(mba);,]-12H,0,"** but without an endohedral
S~ ion.

Interestingly, this Ag,, cluster entrapped an in situ generated
$*” ion in the middle without it being added purposely. The
S$* ion is in an irregular octahedral environment completed by
six Ag' ions through the Ag—S bond with an average bond
length of 2.833(3) A and acts as an anionic template to some
extent.'® A similar y -S>~ ion was also found in [Agys(p 6
S),{ArP(0)S,},,(PPh,),,] (Ar = 4-anisyl) where the S*~ ion
originated from in situ decomposition of Lawesson’s reagent
(S—P bond cleavage) in an organic solvent.'® In many giant
silver sulfide clusters, there are also S*~ ions in the core formed
by in situ S—C(sp®) or S—Si bond cleavage.”® Compared to the
relatively easy cleavages of the S—P, S—Si, and S—C(sp?)
bonds, the S—C(sp®) bond cleavage is more difficult to
achieve.'®

It is noteworthy that H,dtba not only in situ affords the
H,mba ligand to construct a protective shell around the Ag,,
core but also acts as the source of S*” ions. Although no
ammonia was observed in the resulting cluster, ammonia plays
important roles in the formation of 1. First, it acts not only as a
base to deprotonate the carboxyl groups but also as a ligand to
form certain [Ag'NH;] intermediates, which may reduce the
reaction rate and facilitate the growth of single crystals. Second,
it is also a reductive reagent that promotes scission of the S—S
and S—C(sp®) bond of H,dtba. The only S—S bond cleavage of
H,dtba at room temperature (25 °C) has been observed in a
coordination polymer [Ag,(mba),-(H,0),], without S—C(sp?)
bond cleavage,” but in 1, we observe simultaneous S—S and
S—C(sp?) bond cleavages of the same ligand at S0 °C, which
suggests that the energy barrier of the S—C(sp?) bond cleavage
is higher than that of the S—S bond cleavage and the
temperature plays a critical role in the formation of the final
product.

Thermogravimetric analysis (TGA) for complex 1 is
measured under a N, atmosphere (Figure S3 in the SI). Before
170 °C, the preliminary weight loss of about 9.89% is attributed
to the loss of solvent molecules and countercations (calculated,
11.65%) contained in the void spaces. Then, above that
temperature, the crystal undergoes rapid decomposition
through loss of the mba®” ligand. The residual weight of
36.65% is consistent with that of 37.85% calculated for metallic
silver.

The electronic absorption spectrum of 1 exhibits one broad
peak in the UV region and a weak absorption in the visible
region (Figure S4 in the SI). The high-energy absorption band
centered at ca. 300 nm can be ascribed to the intraligand 7—n*
transition of the mba moiety. The weak low-energy band can
reasonably be assigned to an electronic transition from the
6(Ag—S) orbital to an empty 7*-antibonding orbital located at
the phenyl group of the mba ligand.* The excitation spectrum
of 1 in the solid state shows a high-energy band in the UV
region (364 nm) and one lower-energy band (460 nm). As
shown in Figure 2, complex 1 exhibits orange-red emission
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Figure 2. Excitation (cyan trace) and emission (red trace) spectra of 1
in the solid state. Inset: photograph of the emission from 1 in the solid
state at room temperature under 365 nm excitation.

(Aem = 577 nm) upon exposure to 365 nm UV radiation.
Compared with the emission of free Hymba (4, = 383 nm and
Ao = 300 nm),* the emission band of 1 is red-shifted by nearly
200 nm and can be assigned to a ligand-to-metal charge-transfer
excited state, which is probably mixed with a cluster-based
metal-centered (4d-Ss/Sp) excited state perturbed by Ag:--Ag
interactions.”!

In summary, this work demonstrated that an anionic
heptadecanuclear silver(I) cluster was constructed by in situ
generated mba ligands and a p4S*” ion, indicating the
occurrence of in situ S—S and S—C(sp?) bond cleavages of
the H,dtba ligand. Moreover, the UV—vis absorption and
luminescent property of 1 were discussed.

B ASSOCIATED CONTENT

O Supporting Information

Synthesis of complex 1, selected bond lengths and angles,
powder XRD patterns, IR and TGA curves, and X-ray
crystallographic files in CIF format for complex 1. This
material is available free of charge via the Internet at http://
pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: dsun@sdu.edu.cn (D.S.), rbhuang@xmu.edu.cn (R.-
B.H.). Fax: +86-531-88364218 (D.S.), +86-592-2183047 (R.-
B.H.).

B ACKNOWLEDGMENTS

This work was financially supported by the National Natural
Science Foundation of China (Grants 21021061 and
21071118), the 973 Project (Grant 2007CB815301) from
MSTC, and the Independent Innovation Foundation of
Shandong University (2011GN030).

B REFERENCES

(1) (a) Yam, V. W.-W,; Lo, W.-Y,; Lam, C.-H;; Fung, W. K.-M,;
Wong, K. M.-C; Lau, V. C.-Y.; Zhu, N. Coord. Chem. Rev. 2003, 245,
39. (b) Yam, V. W-W,; Lo, W.-Y,; Zhu, N. Chem. Commun. 2003,
2446. (c) Ahmar, S.; MacDonald, D. G; Vijayaratnam, N.; Battista, T.
L.; Workentin, M. S.; Corrigan, J. F. Angew. Chem., Int. Ed. 2010, 49,
4422.

(2) (a) Anson, C.; Eichhoefer, A.; Issac, I; Fenske, D.; Fuhr, O,
Sevillano, P.; Persau, C.; Stalke, D.; Zhang, J. Angew. Chem., Int. Ed.
2008, 47, 1326. (b) Li, G.; Lei, Z; Wang, Q. M. J. Am. Chem. Soc.
2010, 132, 17678. (c) Tang, K. L,; Xie, X. J.; Zhang, Y. H; Zhao, X;
Jin, X. L. Chem. Commun. 2002, 1024.

12395

(3) (a) Nomiya, K; Takahashi, S.; Noguchi, R. J. Chem. Soc,, Dalton
Trans. 2000, 2091. (b) Tsyba, I; Mui, B. B.-K; Bau, R;; Noguchi, R;;
Nomiya, K. Inorg. Chem. 2003, 42, 8028.

(4) (a) Sun, D; Wang, D.-F,; Han, X.-G.; Zhang, N.; Huang, R.-B,;
Zheng, L.-S. Chem. Commun. 2011, 47, 746. (b) Sun, D.; Wang, D.-F.;
Liu, F.-J; Hao, H.-J; Zhang, N.; Huang, R.-B.; Zheng, L.-S.
CrystEngComm 2011, 13, 2833.

(5) (a) Humphrey, S. M.; Mole, R. A;; Rawson, J. M,; Wood, P. T.
Dalton Trans. 2004, 1670. (b) Horikoshi, R.; Mochida, T.; Moriyama,
H. Inorg. Chem. 2002, 41, 3017.

(6) (a) Chen, X-M,; Tong, M.-L. Acc. Chem. Res. 2007, 40, 162.
(b) Dai, F,; Cui, P.; Ye, F.; Sun, D. Cryst. Growth Des. 2010, 10, 1474.

(7) (a) Amo-Ochoa, P.; Givaja, G; Miguel, P. J. S.; Castillo, O.;
Zamora, F. Inorg. Chem. Commun. 2007, 10, 921. (b) Delgado, S.; Sanz
Miguel, P. J,; Priego, J. L,; Jiménez-Aparicio, R.; Gémez-Garcia, C. J;
Zamora, F. Inorg. Chem. 2008, 47, 9128. (c) Delgado, S.; Gallego, A.;
Castillo, O.; Zamora, F. Dalton Trans. 2011, 40, 847.

(8) (a) Sun, D; Wang, D.-F.; Zhang, N,; Liu, F.-J; Hao, H-J;
Huang, R.-B.; Zheng, L.-S. Dalton Trans. 2011, 40, 5677. (b) Sun, D.;
Luo, G.-G; Zhang, N; Xu, Q.-J; Jin, Y.-C,; Wei, Z.-H,; Yang, C.-F.;
Lin, L.-R;; Huang, R.-B.; Zheng, L.-S. Inorg. Chem. Commun. 2010, 13,
306.

(9) Flannigan, D. J.; Suslick, K. S. Nature 2008, 434, 52.

(10) (a) Sun, D.; Zhang, N.; Huang, R.-B.; Zheng, L.-S. Cryst. Growth
Des. 2010, 10, 3699. (b) Sun, D.; Xu, H.-R; Yang, C.-F.; Wei, Z.-H,;
Zhang, N.; Huang, R-B,; Zheng, L.-S. Cryst. Growth Des. 2010, 10,
4642.

(11) Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordination Compounds; John Wiley & Sons: New York, 1986.

(12) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7.

(13) (a) Brown, L. D.; Altermatt, D. Acta Crystallogr. 1985, B41, 244.
(b) Brese, B. N. E.; O’Keeffe, M. Acta Crystallogr. 1991, B47, 192.

(14) Yang, L.; Powell, D. R;; Houser, R. P. Dalton Trans. 2007, 9S5.

(15) (a) Nomiya, K; Noguchi, R.; Kato, C. Chem. Lett. 2000, 162.
(b) Gural'skiy, 1. A.; Escudero, D.; Frontera, A.; Solntsev, P. V,;
Rusanov, E. B.; Chernega, A. N.; Krautscheid, H.; Domasevitch, K. V.
Dalton Trans. 2009, 2856.

(16) Xie, Y.-P.; Mak, T. C. W. J. Am. Chem. Soc. 2011, 133, 3760.

(17) Jansen, M. Angew. Chem., Int. Ed. Engl. 1987, 26, 1098.

(18) (a) Liu, C. W.; Chang, H.-W.; Fang, C.-S.; Sarkar, B.; Wang, J.-
C. Chem. Commun. 2010, 46, 4571. (b) Bian, S. D.; Jia, J. H.; Wang, Q.
M. J. Am. Chem. Soc. 2009, 131, 3422. (c) Su, W.; Hong, M,; Jiang, F.;
Liu, H,; Zhou, Z.; Wu, D.; Mak, T. C. W. Polyhedron 1996, 15, 4047.
(d) Huang, Z; Lei, X.; Hong, M.; Liu, H. Inorg. Chem. 1992, 31, 2990.
(e) Jin, X; Tang, K; Liu, W.; Zeng, H.; Zhao, H.; Ouyang, Y.; Tang, Y.
Polyhedron 1996, 15, 1207.

(19) Shi, W.; Ahlrichs, R.; Anson, C. E.; Rothenberger, A.; Schrodt,
C.; Shafaei-Fallah, M. Chem. Commun. 2005, 5893.

(20) Corrigan, J. F.; Fuhr, O.; Fenske, D. Adv. Mater. 2009, 21, 1867.

(21) Yam, V. W. W,; Lo, K. K. W. Chem. Soc. Rev. 1999, 28, 323.

dx.doi.org/10.1021/ic201746q|Inorg. Chem. 2011, 50, 12393-12395


http://pubs.acs.org
http://pubs.acs.org
mailto:dsun@sdu.edu.cn
mailto:rbhuang@xmu.edu.cn

