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Six clusters Ags(us-X)[Se:P(OR)2Js(PFs) (R = Et, X = CI, 1a, X = Br, 1b; R = Pr, X = Cl, 2a, X = Br, 2b; R
= IPr, X = Cl, 3a, X = Br, 3h) were isolated from the reaction of [Ag(CHsCN),](PFe), NH4[Se,P(OR),], and BusNX
in a molar ratio of 4:3:1 in CHyX,. Positive FAB mass spectra show m/z peaks at 2573.2 for 1a, 2617.3 for 1b,
2740.9 for 2a, 2786.9 for 2b, 2742.3 for 3a, and 2787.0 for 3b due to respective molecular cation, (M — PFe)*. 3P
NMR spectra of 1a—3b display a singlet at 6 82.3, 81.5, 82.9, 81.7, 76.3, and 75.8 ppm with a set of satellites
(Jrse = 661, 664, 652, 652, 656, and 656 Hz, respectively). The X-ray structure (1a—2b) consists of a discrete
cationic cluster in which eight silver ions are linked by six diselenophosphate ligands and a central s-Cl or pg-Br
ion with a noncoordinating PFs~ anion. The shape of the molecule is a halide-centered distorted Ags cubic cluster.
The dsep ligand exhibits a tetrametallic tetraconnective (u», u2) coordination pattern, and each caps on a square
face of the cube. Each silver atom of the cube is coordinated by three selenium atoms and the central chloride or
bromide ion. Additionally, molecular orbital calculations at the B3LYP level of the density functional theory have
been carried out to study the Ag—us—X (X = Cl, Br) interactions for cluster cations [Ags(us-X){ Se2P(OR)z} 6]*.
Calculations show very weak bonding interactions exist between ug-X and Ag atoms of the cube.

Introduction the coordination polyhedra for the halides are pldnar,
tetrahedraf, octahedraf, and cubic’

The coordination chemistry of anions has received much  Molecular cubic clusters encapsulating halide ion are

attention because of the realization of the important roles interesting in view of their unusual bonding characteristics.

that anions play in biology, medicine, catalysis, and the
; ; ; ; (2) (a) Hossain, Md. A.; Llinares, J.; Powell, D.; Bowman-Jamesnétg.
environment Interest has been shown in using anions to Chem 2001 40, 2936. (b) Seel. C.. Vale, F.Chem. Eur. J2000 6,

direct self-assembly proces3esd as templatéin the area 21. (c) Campos-Fernandez, C. S.; Clerac, R.; Dunbar, KArigew.

; i ; Chem., Int. Ed1999 38, 3477. (d) Vilar, R.; Mingos, D. M. P.; White,
of sgpramolecular cher_mstry_. The hahdg ions are mostly A 3. Willams, D. JAngew. Chem. Int. EA998 37, 1258, (e)
studied because of their variable coordination modes, and Fleming, J. S.; Mann, K. L. V.; Carraz, C.-A.; Psillakis, E.; Jeffery,
J. C.; McCleverty, J. A.; Ward, M. DAngew. Chem., Int. EA998
37, 1279. (f) Fender, N. S.; Kahwa, I. A.; White, A. J. P.; Williams,
*To whom correspondence should be addressed. E-mail:chenwei@ D. J. J. Chem. Soc., Dalton Tran%998 1729. (g) Fyfe, M. C. T.;

cycu.edu.tw (C.W.L.). Glink, P. T.; Menzer, S.; Stoddart, J. F.; White, A. J. P.; Williams, D.
(1) (a) Bondy, C. R.; Loeb, S. Loord. Chem. Re 2003 240, 77. (b) J. Angew. Chem., Int. EA997, 36, 2068. (h) Hasenknopf, B.; Lehn,
Beer, P. D.; Gale, P. AAngew. Chem., Int. E®001, 40, 486. (c) J.-M.; Boumediene, N.; Dupont-Gervais, A.; Van Dorsselaer, A.;
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Halide-Centered Discrete Ag Clusters

Although several halide-centered cubic copper clusters thatcubic silver clustersf Ags(X)[Se,P(OEt}]¢} (PFs) (X = Cl,

are mixed-valence, CyCu'g(us-Cl)L1,,° discrete { Cug(us-
X)Lgt ™ (X = Cl, Br),”®and polymeric{[Cu's(CI)Lg]Cl} ,*

are known in the literature, a cuboidal silver cluster with a
halide in its center is extremely rare. Birker reported first a
mixed-metal cluster, [N5Ag's(p-pen).Cl],> 2 whose central

Br), which indeed include the first halide-centered discrete
Ad's cube, has been communicafédderein, we report the
detailed syntheses and characterizations of halide-centered
discrete A¢ cubic clusters{ Ags(us-X)[Se:P(OR)]s(PFR)} (R

= Et, Pr,'Pr; X = Cl, Br). In addition, the nature of Ag

core can be envisaged with eight silver atoms arranged inus-X bonding interactions of these clusters has been studied

the corner of the cube with the chloride in its center.

Recently, Mingos and co-workers reported several tetrade-

canuclear silver cages, [AC=CBu).X]Y (X = F, CI,
Br; Y = OH, BFR,),*® whose central portion is also a cubic
array of silver atoms with a halide ion in the center of the

by molecular orbital calculations at the B3LYP level of the
density functional theory.

Experimental Section

Materials and Measurements.All chemicals were purchased

cube, and the stabilization of these compounds is alsofrom commercial sources and used as received. CommercigicH

attributed to the argentophilic AgAg interaction’* A

and ROH were distilled from /0 and Mg, respectively. Hexane

preliminary account of our results containing halide-centered and diethyl ether were distilled from Na/K. All the reactions were

(3) (a) Sessler, J. L.; Sansom, P. |.; Andrievsky, A.; Gale, P. A.; Lynch,
V. Angew. Chem., Int. EdEngl. 1996 35, 2782. (b) Zheng, Z.;
Knobler, C. B.; Hawthorne, M. K. Am. Chem. S04995 117, 5105.

(c) Yang, X.; Knobler, C. B.; Zheng, Z.; Hawthorne, M. &. Am.
Chem. Socl1994 116, 7142. (d) Salta, J.; Chen, Q.; Chang, Y.;
Zubieta, JAngew. Chem., Int. E&Engl. 1994 33, 757. (e) Sessler, J.
L.; Mody, T. D.; Lynch, V.J. Am. Chem. S0d.993 115, 3346. (f)
Muller, A.; Rohlfing, R.; Krickemeyer, E.; Penk, M.; Bge, H.Angew.
Chem., Int. EdEngl. 1993 32, 909.

(4) (a) Wang, R.; Selby, H. D.; Liu, H.; Carducci, M. D.; Jin, T.; Zhang,
Z.; Anthis, J. W.; Staples, R. [horg. Chem2002 41, 278. (b) Wang,
R.; Jin, T.; Zhang, Z.; Staples, R.Angew. Chem., Int. EA999 38,
1813. (c) Yang, X.; Knobler, C. B.; Hawthorne, M. Angew. Chem.,
Int. Ed Engl. 1991, 11, 1507.

(5) (a) Gonzalez-Duarte, P.; Clegg, W.; Casals, |.; Sola, J.; Riug, J.
Am. Chem. Socl998 120, 1260. (b) Dance, I. GAust. J. Chem
1985 38, 1391.

(6) (a) Lee, H.; Knobler, C. B.; Hawthorne, M. B. Am. Chem. Soc.
2001, 123 3148. (b) Krautscheid, H.; Lode, C.; Vielsack, F.; Vollmer,
H. J. Chem. Soc., Dalton Tran2001, 1099. (c) Lee, H.; Knobler, C.
B.; Hawthorne, M. FAngew. Chem., Int. E@00Q 39, 776. (d) Wang,
Q.-M.; Mak, T. C. W.Chem. Commur200Q 1435.

(7) (a) Fackler, J. P., Jr.; Staples, R. J.; Liu, C. W.; Stubbs, R. T.; Lopez,
C.; Pitts, J. T Pure Appl. Chem1998 70, 839. (b) Burgi, H. B.;
Gehrer, H.; Strickler, P.; Winkler, F. Kdely. Chim. Actal976 59,
2558. (c) Dance, I. G.; Garbutt, R.; Craig, Dorg. Chem 1987, 26,
3732. (d) Fackler, J. P., Jnorg. Chem?2002 41, 6959. (e) Degroot,
M. W.; Corrigan, J. F. IlComprehensie Coordination Chemistry {l
McCleverty, J. A., Meyer, T. J., Eds.; Pergamon: London, 2004; Vol.
7, p 57.

(8) Garland, M. T.; Halet, J.-F.; Saillard, J.-¥horg. Chem 2001, 40,
3342.

(9) (a) Schugar, H. J.; Ou, C.-C.; Thich, J. A.; Potenza, J. A.; Felthouse,
T. R.; Haddad, M. S.; Hendrickson, D. N.; Furey, W., Jr.; Lalancette,
R. A. Inorg. Chem198Q 19, 543. (b) Birker, P. J. M. W. LInorg.
Chem 1979 18, 3502. (c) Birker, P. J. M. W. L.; Freeman, H. C.
Am. Chem. Sod.977, 99, 6890. (d) Birker, P. J. M. W. L.; Freeman,
H. C.J. Chem. Soc., Chem. Commad®876 312. (e) Schugar, H. J.;
Ou, C.-C.; Thich, J. A,; Lalancette, R. A.; Furey, W.,JrAm. Chem.
Soc.1976 98, 3047.

(10) (a) Liu, C. W.; Hung, C.-M.; Chen, H.-C.; Wang, J.-C.; Keng, T.-C.;
Guo, K.Chem. Commur200Q 1897. (b) Liu, C. W.; Hung, C.-M;
Santra, B. K.; Chen, H.-C.; Hsueh, H.-H.; Wang, J.k@arg. Chem
2003 42, 3216.

(11) Wu, D.; Huang, J.-Q.; Lin, Y.; Haung, J.-Sci. Sin., Ser. B. (Engl.
Ed) 1988 31, 800.

(12) (a) Birker, P. J. M. W. L.; Reedijk, J.; Verschoor, G.I@org. Chem
1981 20, 2877. (b) Birker, P. J. M. W. LJ. Chem. Soc., Chem.
Commun198Q 946.

(13) (a) Rais, D.; Yau, J.; Mingos, D. M. P,; Vilar, R,; White, A. J. P.;
Williams, D. J.Angew. Chem., Int. EQ001, 40, 3464. (b) Rais, D.;
Mingos, D. M. P.; Vilar, R.; White, A. J. P.; Williams, D. J.
Organomet. Cherm2002 652 87.

(14) (a) Che, C.-M.; Tse, M.-C.; Chan, M. C. W.; Cheung, K.-K.; Philips,
D. L.; Leung, K.-H.J. Am. Chem. So0c200Q 122 2464. (b)
Rawashdeh-Omary, M. A.; Patterson, H.HAm. Chem. So200Q
122 10371. (c) Omary, M. A.; Webb, T. R.; Assefa, Z.; Shankle, G.
E.; Patterson, H. Hinorg. Chem 1998 37, 1380. (d) Wang, Q.-M.;
Mak, T. C. W.Angew. Chem., Int. ER002 41, 4135. (e) Guo, G.-
C.; Mak, T. C. W.Angew. Chem., Int. EA998 37, 3183.

performed in oven-dried Schlenk glassware by using standard inert-
atmosphere techniques. The starting silver(l) complexes, Ag(CH
CN)4(PR;)t6 and the ligands, NiBe&P(OR) (R= Et, Pr,/Pr) 1" were
prepared according to the literature methods. The elemental analyses
were done using a Perkin-Elmer 2400 CHN analyzer. NMR spectra
were recorded on Bruker AC-F200 and Advance-300 Fourier
transform spectrometers. TH®{H} NMR is referenced externally
against 85% KPO, (0 = 0). Positive FAB mass spectra were carried
out on a VG 70-250S mass spectrometer with nitrobenzyl alcohol
as the matrix.

Preparation of Ags(us-X)[Se:P(OR);]s(PFe) (R = Et, X =Cl,
la, X=Br,1b; R =Pr,X =Cl, 2a, X=Br, 2b; R =Pr, X =
Cl, 3a, X = Br, 3b). Compoundsla—3b were prepared by
following a general procedure using respective halo-solvents
(CHX3) and tetrabutylammonium halide. A representative, detailed
procedure is given fota Dichloromethane (50 mL) was added to
a Schlenk flask (100 mL) containing [Ag(GBN)4](PFs) (1.668,

4 mmol), NH,[Se,P(OEt}] (0.90 g, 3 mmol), and BiNCI (0.278

g, 1 mmol). The solution mixture was stirred for 24 h &@under

a dinitrogen atmosphere. The solution color changed from colorless
to brown during the reaction period, and some AgCI precipitates
were formed. The solvent was evaporated under vacuum. Then, it
was extracted with ether (100 mL) to afford a yellow solution and
brown precipitate. The brown precipitate was washed with copious
amounts of methanol which yielded the pure, white compound
Ags(us-Cl)[Se,P(OEt)]s(PFs), la, in 55% yield. Solvent was
removed by rotary evaporation from the yellow ether extract which
afforded Ago(ui0-Se)[SeP(OEty]ls in ~20% yield. This Ago
cluster is known to form in the reaction of [Ag(GEN)4](PFs)

and NH,[Se,P(ORY}] in diethyl ether mediuf® in the absence of
halide ions.

Compound la.(Yield ~55%, 0.747 g.) Anal. Calcd for {Hso-
ClAgsFs01,P;Se,: C, 10.61; H, 2.21. Found: C, 11.13; H, 2.26.
FAB MS, mvz 2573.2 (M). IH NMR (CDCl) ¢ 1.39 [t, 36H,
OCH,CHg, 3Jyy = 7 Hz ], 4.17 [m, 24H, OEI,CHjy]; 3P {*H}
NMR (CDCl) ¢ 82.3 [s, 6P,P(OR), Jpse = 661 Hz], —143.0
(septet, Pk, Jpr = 712).

Compound 1b.(Yield ~61%, 0.869 g.) Anal. Calcd for &Hgo-
BrAggF6012P7$Q2-06H14: C, 12.64; H, 2.60. Found: C, 12.67; H,
2.15. FAB MS,m/z2617.3 (M"). *H NMR (CDCl) 6 1.39 [t, 36H,
OCH,CHg, 3Jyy = 7 Hz ], 4.17 [m, 24H, OEI,CHjy]; 3P {1H}

(15) Liu, C. W.; Hung, C.-M.; Haia, H.-C.; Liaw, B.-J.; Liou, L.-S.; Tsali,
Y.-F.; Wang, J.-CChem. Commur2003 976.

(16) Nelsson, K.; Oskarsson, Acta Chem. Scand., Ser.1884 38, 79.

(17) (a) Kudchadker, M. V.; Zingaro, R. A,; Irgolic, K. €an. J. Chem
1968 46, 1415. (b) Liu, C. W.; Shang, I.-J.; Hung, C.-M.; Wang,
J.-C.; Keng, T.-CJ. Chem. Soc., Dalton. Trang002 1974.
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NMR (CDClg) ¢ 81.5 [s, 6P,P(OR),, Jpse = 664 Hz], —143.0
(septet, Pk, Jpr = 712).

Compound 2a.(Yield ~41%, 0.590 g.) Anal. Calcd for4gHg.-
ClAgsFs01.P/Sa,: C, 14.97; H, 2.91. Found: 14.40; H, 2.77. FAB
MS, m/z 2740.9 (M"). 'H NMR (CDCls) ¢ 0.98 (t, 36H, OCH-
CH,CH3), 1.74 [m, 24H, OCHCH,CHjg], 4.05 [m, 24H, OG-
CH,CHg]; 31P{1H} NMR (CDCl) 6 82.9 [s, 6P P(OR), Jpse=
652 Hz ], —143.0 (septet, RF, Jpr = 712).

Compound 2b. (Yield ~51, 0.747 g.) Anal. Calcd for £gHgs-
BrAgsFsO1.P;Sa» C, 14.74; H, 2.87. Found: 14.85; H, 3.10. FAB
MS, m/z 2786.9 (M"). *H NMR (CDCls) ¢ 0.99 (t, 36H, OCH-
CH,CH3), 1.77 [m, 24H, OCHCH,CHjg], 4.05 [m, 24H, OG-
CH,CHg]; 3P {1H} NMR (CDCl;) 6 81.7 [s, 6P P(OR),, Jpse=
652 Hz ], —143.0 (septet, RF, Jpr = 712).

Compound 3a.(Yield ~68%, 0.981 g.) Anal. Calcd for4gHg,-
C|AggF5012P7SQ2: C, 14.97; H, 2.91. Found: C, 14.80; H, 2.80.
FAB MS, m/z 2742.3 (M"). IH NMR (CDCl) ¢ 1.36 [d, 72H,
OCH(CH3)z, 334y = 6 Hz ], 4.78 [m, 12H, OEI(CHy),]; 3P {H}
NMR (CDCl3) 6 76.3 [s, 6P,P(OR),, Jpse = 656 Hz], —143.0
(septet, Pk, Jpr = 712).

Compound 3b.(Yield ~65%, 0.952 g.) Anal. Calcd for4gHs-
BrAggFGO]_2P7SQ2: C, 14.74; H, 2.87. Found: C, 14.40; H, 2.83.
FAB MS, m/z 2787.0 (M"). IH NMR (CDCl) 6 1.40 [d, 72H,
OCH(CH3)z, 3Jyy = 6 Hz ], 4.86 [m, 12H, OEI(CHy),]; 3P {H}
NMR (CDCl3) 6 75.8 [s, 6P,P(OR),, Jpse = 656 Hz], —143.0
(septet, Pk, Jpr = 712).

Safety Note. Selenium and its deratives are toxic! These
materials should be handled with great caution.

X-ray Crystallographic Procedures. The structures ofa, 1b,
2a, and 2b were obtained by the single-crystal X-ray diffraction

Liu et al.

Table 1. Selected Crystallographic Data for
Ags(us-X)[Se:P(ORY]6(PFs) (R= Et, X = Cl, 1a, X = Br, 1b; R= Pr,
X = ClI, 2a, X = Br, 2b)

la 1b1/2H, O 2a 2b

formula C24HG()C|Agg- C24HﬁlBrAgg' C36H84C|Agg- C35H84BrAgg-

FeO12P/Se,  FeOnosP7Sar  FeOwP/Se,  FsO1PrSep»
fw 2717.44 2770.91 2885.75 2930.21
space group R3c R3c R3 R3
a A 18.078(2) 18.046(1) 22.053(2) 22.145(2)
b, A 18.078(2) 18.046(1) 22.053(2) 22.145(2)
c, A 74.607(9) 75.366(12) 14.150(3) 14.023(2)
a, deg 20 90 90 90
[, deg 90 90 90 90
y, deg 120 120 120 120
vV, A3 21117(3) 21256(4) 5960(1) 5955(1)
z 12 12 3 3
Pealcs § CNT3 2.564 2.598 2.412 2.451

(Mo Ka), A 0.71073 0.71073 0.71073 0.71073
w,mml 8635 9.106 7.657 8.132
T.K 298(2) 298(2) 293(2) 293(2)
R12 0.0476 0.0536 0.0521 0.0683
WR2 0.1094 0.1350 0.1222 0.1572

aR1=J||Fo| — |Fcll/3|Fol. PWR2= { T [W(Fo? — FA?/ 3 [W(F?)?]} V2

and wR2= 0.1094, respectively. The largest residual peak and hole
are 0.919 e/Aand—0.696 e/R.

1b. Crystals suitable for X-ray diffraction were grown from
CH.Br, layered with hexane. A colorless crystal (0.550.50 x
0.40 mn?) was mounted, and data were collected. A total of 14450
reflections were collected, of which 4126 were uniq:(=
0.0287) and 2698 were observed wlith 20(1). One of the ethoxy
chains, O+ C3—C1, is found disordered. A model with fixed-C

technique._ Crystals were mounted on the t_ips of glass fibers with (1.55 A) and G-C (1.45 A) distances was introduced. Hydrogen
epoxy resin. Data were collected on a Siemens SMART CCD atoms were added. The final cycle of the full-matrix least-squares

(charged coupled device) diffractometer for compoubalandlb.
Cell parameters were retrieved with SMART softwéend refined
with SAINT softwaré® on all observed reflection (> 100 (1)).

Data reduction was performed with SAINT, which corrects for
Lorentz and polarization effects. An empirical absorption correction

was applied forla and 1b. For compound®a and 2b, data were

refinement was based on 2698 observed reflections, 2 restraints,
and 212 parameters, and converged with unweighted and weighted
agreement factors of R% 0.0536 and wR2= 0.1366, respectively.

The largest residual peak and hole are 0.897afkl—1.451 e/R.

2a. Crystals suitable for X-ray diffraction were grown from

collected at 293 K on a P4 diffractometer using graphite mono- CH:zCl2 layered with hexane. A colorless crystal (0.400.38 x

chromated Mo I radiation ¢ = 0.71073A), and were corrected
for Lorentzian, polarization, and¥—scan absorption effects. All

0.30 mn¥) was mounted in the manner described above, and data
were collected. A total of 2841 reflections were collected, of which

structures were solved by the use of direct methods, and refinement2252 were uniqueR;,; = 0.0882) and 1462 were observed with

was performed by the least-squares methodsFénwith the
SHELXL-97 packagé? incorporated in SHELXTL/PC V5.1
Selected crystal data for the compountia<2b) are summarized
in Table 1.

la. Crystals suitable for X-ray diffraction were grown from
CH,CI; layered with hexane. A colorless crystal (0.520.40 x

0.26 mn¥) was mounted in the manner described above, and data
were collected. A total of 10839 reflections were collected, of which

4104 were uniqueRy = 0.0264) and 2815 were observed with

> 20(1). Hydrogen atoms were added to their idealized positions.
The final cycle of the full-matrix least-squares refinement was base

> 20(l). Hydrogen atoms were added to their idealized positions.
The final cycle of the full-matrix least-squares refinement was based
on 1462 observed reflections, and 125 parameters, and converged
with unweighted and weighted agreement factors of=R0.0521

and wR2= 0.1222, respectively. The largest residual peak and hole
are 0.475 e/Aand—0.859 e/R.

2h. Crystals suitable for X-ray diffraction were grown from
CH,Br; layered with hexane. A colorless crystal (0.400.15 x
0.10 mn¥) was mounted, and data were collected. A total of 2833

d reflections were collected, of which 2251 were uniq&: (=

on 2815 observed reflections, and 211 parameters, and converge(ﬁ)'l488) and 1162 were observed with 25(1). One of the propyl

with unweighted and weighted agreement factors o=RQ2.0476

(18) SMART V4.043: Software for the CCD Detector SystBmuker
Analytical X-ray System: Madison, WI, 1995.

(19) SAINT V4.043: Software for the CCD Detector Systd@ruker
Analytical X-ray System: Madison, WI, 1995.

(20) Sheldrick, G. MSHELXL-97: Program for the Refinement of Crystal
Structure University of Gdtingen: Gatingen, Germany, 1997.

(21) SHELXL 5.10 (PGeerson): Program Library for Structure Solution
and Molecular GraphicsBruker Analytical X-ray System: Madison,
WI, 1998.
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chains was found disordered. These disordered carbon atoms were
treated in an equal population model. A model with fixeed©

(1.54 A) and G-C (1.43 A) distances was introduced. Hydrogen
atoms were not added. The final cycle of the full-matrix least-
squares refinement was based on 1162 observed reflections, 11
restraints, and 151 parameters, and converged with unweighted and
weighted agreement factors of R10.0683 and wR2= 0.1572,
respectively. The largest residual peak and hole are 1.17ei
—1.226 e/R.



Halide-Centered Discrete Ag Clusters

Scheme 1

NH,Se,P(OR), Agg(X)[SezP(OR)2ls(PF 6) (41-68%)
Ag(CH;CN)4PFg

20-25%
BUANX. CH X, Agio(Se)lSe;P(OR)zls  (2025%)

M/L/X=4/3171 R = Et, Pr, Pr; X = Cl, Br

Table 2. Selected Bond Distances (A) and Angles (deg) for

Results and Discussion Ags(us-Cl)[Se:P(OEty]6(PFs), 1a, with Estimated Standard Deviations in

Synthesis and Characterization.Clusters Ag(us-Cl)- Parentheses
[Se:P(OEty]e(PFs) (18), Ags(us-Br)[Se:P(OEt}]e(PFs) (1b), Ag(1)—CI(1) 2.917(3) Ag(2AYrAg(4)-Ag(2) 88.17(4)
Ag(2)-Cl(1 2.809(1) Se(2AYAg(1)-Se(2)  119.16(1
Ae(i-CIISeP(OPNH(PR) (28), Ads(usB[SEP(OP]s  asa-cit) 2023(1) Se(hyAg() Se(E)  12081(5)
(PF) (2b), Ags(us-Cl)[Se:P(OPr)]e(PF) (3a), and Agy(us- ﬁgﬁiﬁ‘g'((lgA) 22.%%((11)) sse<(1:3E§/;/9\(2(>2—)83(4()4 ) ﬁg.igg
Br)[Se:P(OPr)]e(PFs) (3b) were synthesized (Scheme 1) A9(l)—>€ - e glc)—>e :
; Ag(2)-Se(1 2.613(1) S 3)-Se(2A)  122.94(5
from the reaction of [Ag(CECN)](PFs), (NH4)[Se:P(OR}] Aggzg—szgs)s) 2.618%1; 52@38-5251)) 118.60%5))
(R= Et, Pr,'Pr), and ByNX (X = ClI, Br) in a molar ratio Ag(2)—Se(4) 2.635(1) Se(2MAg(3)-Se(l)  116.29(5)
of 4:3:1 in CHX; at 0°C. The yields of the isolated product ~ A9(3)~Se(3) 2.592(1)  Se(2AAg(1)~CI(1)  95.30(3)
were 55%, 61%, 41%, 51%, 68%, and 65% f-3b,  Aos) Seis) D) el S8l Toresy
respectively, along with~20-25% Agio(u10—Se)[SeP- Ag(4)—Se(4) 2.588(1) Se(4)Ag(2)—Cl(1) 99.00(6)
SR ; ; Ag(2)—Ag(3B) 3.222(1) Se(HyAg(2)-Ag(3B)  97.05(4)
(OR)]s, which is known to form in the absence of halide Ag(2)—Ag(a) 3281(1) Se(3P)AG()-AGEE) 5143(3)
17b
Ions:. P—Se (av) 2159  Se(4)Ag(2)-Ag(3B)  143.40(4)
Compoundsla—3b are well characterized by elemental Se--Se (av) 3.805  Se(bHAg(2)-Ag(4)  139.15(4)

. Se-P-Se (av) 123.64  Se(3B)Ag(2)-Ag(4)  96.60(4)
analysis, FAB-MS, andH and 3P NMR spectroscopy. Ag(2)-Se(1)-Ag(3)  81.46(4) Se(d}Ag(2)-Ag() 50.45(4)

Elemental analyses of the compounds are in good agreemeniag(1)-Se(2)-Ag(3B) 84.16(4) Ag(2A»-Cl(1)-Ag(2)  108.75(6)
with the molecular formulation of clustefisa—3b. Positive 29(2)*28(2%'?9(?) ;g-gg(g) ﬁg(gﬁfg:(i)fﬁg(i) (133903196(6)
fast-atom bombardment mass spectra (FAB-MS)af 3b ASES%B)_Z(Q()Z—)_QA(Q%“) 94:028 Ag&}al()_) Ag(%() ) 186.0( )
in nitrobenzyl alcohol show the molecular ion peaks {M

PRs]*. The observedwz peaks in the positive FAB mass Table 3. Selected Bond Distances (A) and Angles (deg) for
spectra are 2573.2 fdra (Mcalc — 2572.5)’ 2617.3 folb Ags(us-Br)[SeP(OEt)]e(PFs), 1b, with Estimated Standard Deviations

in Parenthese
(Meaio = 2616.9), 2740.9 foa (Mcac = 2740.8), 2786.9 for - >

_ _ Ag(1)-Br(1) 2.962(2) Ag(2ByAg(4)—Ag(2A) 88.68(4)
2b (Mcac = 2785.3), 2742.3 foBa (l_\/l?eﬂC = 2740.8)_, and Ag(2)-Br(1)) 2.865(1) Se(2BYAg(1)-Se(2A) 119.51(1)
2787.0 for3b (Mcac = 2785.3), providing further evidence  Ag(3)-Br(1) 3.012(1) Se(1AYAg(2)—-Se(3A) 121.79(6)
in support of the structurgl assignm_ent figr—3b. 3P {1H} 2353325(12);\) 22-%%?((31)) Ssi(égﬁg%:gggjg ﬁgjggg
NMR spectra ofla—3b display a §|nglet ab 82.3, 2_31.5, Ag(2)-Se(4) 2.639(2) Se(3Ag(3)_Se(1A)  118.65 (5)
82.9, 81.7, 76.3, and 75.8 ppm with a set of satellilpse( Ag(2)—Se(3A) 2.619(2) Se(3)Ag(3)—Se(2) 123.27(6)
= 661, 664, 652, 652, 656, and 656 Hz, respectively), ﬁg(g)—ge(?) if’-,éf—,‘? ge(gAg(i)—Se(llA) ;jg-ja@
whereas the free ligands NiSeP(OR}] show a singlet at ASB_SZE&) 2:620((2; Ss((l)gi(g()z)_gr()l) 95:988
0 88.0, 88.0, and 82.0 pprigse= 720) with their respective  Ag(3)-Se(2) 2.613(2) Se(3AAQ(2)-Br(1)  100.61(4)
ethyl,_propyl_, and isopropyl de_rivatives. The5—6 ppm ﬁgggiiggk) 32.256996‘2(12)) ssee((lxi(;()z_)i(\é)(%) gg.gg((g;
chemical shift from free dsep ligands to clustets+{3b) Ag(2)-Ag(2) 3.328(2) Se(3AYAQ(2)-Ag(3A) 50.85(4)
indicates the formation of clusterdd NMR spectra exhibit P—Se (av) 2.159  Se(HAg(2)-Ag(3A)  142.49(5)
chemical shifts ab 1.39 and 4.17 ppm for the GBHs group gg_"PSf S(g‘?av) i-zil& gi(éﬁ)ﬁg%:ﬁggig ég%g?ﬁ)

of the dsep ligand inaand1b, 0.98-0.99, 1.74-1.77,and  xq2p)—se(1)-Ag(3B) 82.69(5) Se(4}Ag(2)-Agd)  49.96(4)
4.05 ppm for the CKCH,CH; group of the dsep i2a and Ag(1)—-Se(2-Ag(3)  85.79(5) Ag(2rBr(1)—Ag(4) 69.64(4)
2b, and 1.36-1.40 and 4.784.86 ppm for the CH(CH). ﬁgggieﬁiﬁgg?) ;ggig; ﬁggi)f_gr(é))*ﬁg(ég; g;gggg
. 9(4)—Se(4)-Ag . g r(1)—-Ag :
group of dsep iBa and3b. These NMR data suggest that  aq3a) " ag(2)-Ag(4) 93.50(4) Ag(1)-Br(1)~Ag(3B)  72.90(4)

all the dsep ligands are equivalent in solution and the

. therefore, the dsep ligand exhibits a tetrametallic tetracon-
geometry of the compoundsa—3b remains the same both P g

; : : . nective [, uz) coordination pattefd and each occupies a

in solid and in solution phase. square face of the cube. Each silver atom is coordinated by
Crystal Structures. Four clustersla—2b have been a6 selenium atoms of three different ligands. In addition

characterized by the single-crystal X-ray diffraction tech- {4 the trigonal planar geometry around the silver atom, there

nigue. The general structure feature consists of a discrete;g 4 bonding interaction to the central halide ion. The

cationic cluster in which eight silver ions are linked by siX qordination geometry around the chloride or bromide ion

face-capped diselenophosphate ligands and a cent@l is close to cubic although some irregular A¥ distances
or ug-Br ion with a noncoordinating RF anion. Selected 56 gpserved.

bond lengths and angles fae, 1b, 2a, and2b are given in Compoundla s crystallized in the trigonal space group

Tables 2, 3, 4, and 5, respectively. Eight silver atoms are p3. Restricted by the crystallographic symmetry that is the
arranged at the corner of the slightly distorted cube. Each

selenium atom of the dsep ligand bridges two silver atoms; (22) Haiduc, I.; Sowerby, D. B.; Lu, S.-Polyhedron1995 14, 3389.
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Table 4. Selected Bond Distances (A) and Angles (deg) for
Ags(us-Cl)[SexP(OPr)]s(PFs), 2a, with Estimated Standard Deviations in
Parentheses

Ag(1)-CI(1) 2.853(1) Se(2AYAg(1)—CI(1) 98.22(4)
Ag(1)-Se(l) 2.600(1) Se(@Ag(l)-Cl(1)  98.17(4)
Ag(1)-Se(2A) 2.608(1) Cl(1yAg(1)-Ag(1A) 54.81(1)
Ag(1)-Se(2) 2.611(1) Se(BAg(1)-Se(2A) 118.63(5)
Ag(2)-Se(1) 2.607(1) Se(BAg(1)-Se(2)  117.18(5)
Ag(1)-Ag(1A) 3.288(1) Se(2AYAg(1)-Se(2)  118.39(4)
P—Se (av) 2.156 Se(BAg(2)-Se(1C)  119.60(1)
Se--Se 3.809 Se(BAg(1)-Ag(1A) 140.48(4)
Se(2B)-P(1)-Se(1)  123.88(13) Se(2A)Ag(1)—Ag(1A) 50.97(3)

Ag(1)-Se(1-Ag(2)  81.53(4) Se(2yAg(l)-Ag(lA) 96.38(5)
Ag(1B)-Se(2-Ag(l) 78.11(4) Se(BAg(l)-Ag(1B) 95.09(4)
P(1)-Se(1)-Ag(1) 106.65(9) Se(2AyAg(1)—Ag(1B) 140.67(4)
P(1)-Se(1)-Ag(2) 106.88(9) Ag(1A)-Cl(1)~Ag(1C) 180.0

P(1A)-Se(2-Ag(1B) 106.01(8) Ag(1AYCI(1)—Ag(1E) 109.63(2)
P(LA)-Se(2)-Ag(1)  105.30(9) Ag(1C)Cl(1)—Ag(1E) 70.37(2)

Ag(1A)—Ag(1)—Ag(1B)
Se(1)y-Ag(1)—CI(1)

90.33(4)
97.80(3)

Ag(1A)>-Cl(1)~Ag(1D)
Ag(1C)-CI(1)-Ag(1D)

70.38(2)
109.62(2)

Table 5. Selected Bond Distances (A) and Angles (deg) for
Ags(us-Br)[SeP(OPr}]s(PFs), 2b, with Estimated Standard Deviations
in Parentheses

Ag(1)-Br(1) 2.911(1) Se(DAg(L)-Br(l)  97.30(5)
Ag(2)-Br(1) 3.072(3) Se(1BYAg(2)-Br(1) 92.62(6)
Ag(1)-Se(1) 2.608(2) Br(hAg(1)-Ag(lA) 54.88(1)
Ag(1)-Se(2A) 2.615(2) Se(BAg(1)-Se(2A) 118.87(7)
Ag(1)-Se(2) 2.617(2) Se(BAg(1)-Se(2)  117.53(7)
Ag(1)-Ag(1B) 3.349(2) Se(2AYAg(1)-Se(2) 119.12(6)
P-Se (av) 2.157 Se(1B)Ag(2)—Se(1A) 119.79(1)
Se--Se 3.818 Se(BAg(1)-Ag(1B) 94.22(5)
Se(2B)-P(1)-Se(l)  124.5(2) Se(2A)Ag(1)—Ag(1B) 140.35(7)
Ag(1)-Se(1)-Ag(2C) 83.25(7) Se(DAg(1)~Ag(1B) 50.17(5)
Ag(1B)-Se(2)-Ag(l) 79.61(6) Se(EyAg(l)-Ag(lA) 139.53(6)
P(1)-Se(1)-Ag(1) 106.69(14) Se(2A)Ag(1)—Ag(1A) 50.22(5)
P(1)-Se(1}-Ag(2C)  107.38(13) Se(Ag(1)—Ag(1lA) 96.07(7)
P(1A)-Se(2-Ag(1B) 106.50(12) Ag(1B)Br(1)—Ag(l) 70.24(3)

P(1A)-Se(2)-Ag(l)  104.84(14) Ag(1B)Br(1)—Ag(1C) 109.76(3)
Ag(1B)—Ag(1)-Ag(1A) 90.61(5) Ag(1}Br(1)~Ag(1C) 180.0

Se(1-Ag(1)-Br(1)  96.59(5) Ag(1B)Br(1)~Ag(2C) 109.18(3)
Se(2A)-Ag(1)-Br(l)  97.35(5) Ag(1}Br(1)—Ag(2C) 70.82(3)

absence of inversion center, the CI(1) atom does not locate

exactly in the center of the cube (Figure 1). Thus, four kinds
of Ag—CIl distances are revealed and range from 2.809 to

2.978 A. These distances are significantly shorter than those

found in clusters [NigAg's(p-pen).Cl]>~ and [Ag4(C=C"-
Bu),Cl]* which lie in the range 2.8973.136 and 3.116
3.297 A, respectively. The average Adg distance is 3.351
A, shorter than 3.477 A in [NsAg's(D-pen).Cl],>~ but longer
than 3.269 A in Ag(us-Se)[SeP(OPr)]¢? clusters. The
average Ag-Se bond distance is 2.608 A, comparable to a
Ag-u,—Se bond distance, 2.599 A, in Xgs-Se)[SeP(O-
Pr)]e.2® The average PSe distance is 2.159 A. The average
Se--Se bite distance is 3.805 A, comparable to 3.808 A in
Cug(us-Cl)[S&P(OEt)]¢(PF;).2%* The average SeP—Se
angle is 123.64 The Se-Ag—Se angle ranges from 11544
to 120.82. The Ag—CI—Ag angles lie in the range 676
72.6 whereas in the perfect cube this angle is 70.53
Cluster2acrystallizes in the trigonal space groBB. Two
silver atoms are located in the asymmetric unit with Ge
rotational axis through Ag2 and CI(1) atoms (Figure 2). The
average Ag-Ag distance is 3.344 A which is longer than
2.965 A in [Agi(C=C'Bu).Cl]" 130 but comparable tda.

(23) Liu, C. W.; Shang, I.-J.; Wang, J.-C.; Keng, T.-Chem. Commun
1999 995.
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Figure 1. Thermal ellipsoid drawing (50% probability level) of the cation
of cluster Ag(us-Cl)[SeP(OEty]¢(PFs) showing the atom-numbering
scheme. The ethoxyl groups are omitted for clarity.

Sel

Figure 2. Thermal ellipsoid drawing (50% probability level) of the cation
of cluster Ag(us-Cl)[SeP(OPr}]¢(PFs) with the atom-labeling scheme. The
propoxyl groups are omitted for clarity.

In 2a, six Ag—Cl bonds have the same distance, 2.853 A,
with two longer Ag-Cl bonds along th€; having a distance
of 3.020 A. The Ag-Se distances range between 2.600 and
2.611 A. The P-Se distances are in the range 2.421165
A with an average of 2.156 A. The SeSe bite distance is
3.809 A, and the SeP—Se angle is 123.88The Se-Ag—
Se angles range from 117°1% 119.60. The average of
Ag—Cl—Ag angles is 70.55

All Ag —Ag and Ag-Cl distances in clustersa and2a
appear approximately 0.1 A shorter than those in the mixed-
metal cluster, [NisAg's(D-pen):Cl]>~, where the central core,
AgsCl, is ligated by the S-atoms of tlepenicillamine. This
reveals the metal core contraction for the selenium donor
ligands. It has been identified previously in two types of close



Halide-Centered Discrete Ag Clusters

Figure 4. Thermal ellipsoid drawing (50% probability level) of the cation

) o . ~ . of cluster Ag(us-Br)[SeP(OPr }s(PFs) with the atom-labeling scheme.
Figure 3. Thermal ellipsoid drawing (50% probability level) of the cation  The propoxyl groups are omitted for clarity.

of cluster Ag(us-Br)[SeP(OEty]¢(PFs) showing the atom-numbering

scheme. The ethoxyl groups are omitted for clarity. . . . —
vl group i Compound?b crystallizes in the trigonal space groRg.

shell ion-centered cub_oi_dal s_tructure of copper connected byTo silver atoms are located in the asymmetric unit with
either S- or Se-containing ligandSit was suggested that  yhe ¢, rotational axis through Ag(2) and Br(1) atoms (Figure
the bridging ligands are responsible for the observed-Cu 4). The average AgAg distance is 3.409 A which is longer
Cu contacts and copper atoms carry more positive charge ing,4n, the observed length 2.984 A in [AGC=C'Bu)1,Br]* .13

the presence of the more electronegative S-containing gy Ag—Br bonds have the same distance, 2.911 A, with
ligands; therefore, there are greaterGQu separations due longer Ag-Br bonds along th€; axis having a distance
to the existing moderate GuCu repulsion. It seems that ¢ 3072 A but shorter than 3.148.313 A found in
the charge argument in the copper systems can also be{Agl4(CECtBu)1zBr]+.13 The Ag-Se distances vary from
utilized to explain the contraction phenomenon observed in 5 gng 10 2.617 A. The PSe distances range from 2.154 to
the chloride-centered cuboidal silver clusters. Certainly, it 2 161 A. The Se-Se bite distance is 3.818 A. and the-Se

will be of great interest to isolate the discrete, chloride- p_gg angle is 124% The Se-Ag—Se angles range from
centered Agcluster ligated entirely by the sulfur atoms such 1175319 119.79. The average AgBr—Ag angle is 70.53
as the hitherto unknown molecule £G1)[S.P(OR)]s(PFs)

and to make a detailed structural comparison.
Compoundlb crystallized in rhombohedral space group

R3c. The 3-fold rotational axis passes through the Ag(1), for th | h v th hei
Br(1), and Ag(4) atoms (Figure 3). Because of a lack of or the n-propyl groups. These are e.XaCtyt € same as their
' ' copper analogué$® Thus, the remaining twa3a and 3b,

inversion center, the Br(1) atom does not exactly locate in which have not been characterized structurally to date, ma
the center of the cube although the distances between Br(1) y » may

and two silver atoms on th€; are almost identical, 2.962 crystallize in the monoclinic space group2/c, as their

and 2.963 A. The rest of the AgBr distances are in the Copper counterpfa\rts do. i )

range 2.8653.012 A, significantly shorter than observed  Molecular Orbital Calculations. In the preceding sec-
lengths 3.1483.313 A in [Agu(C=C'Bu),,Br]* 1% The Ag— tions, we have dgscrlbed the chara.cten.zatlon of several nevyly
Ag distances are in the range 3.268549 A, slightly longer synthesaed halide-centered cubic silver clusters. In 'th|s
than 3.222-3.490 A in chloride-centered Agcubes. The sectlon,' we report our results of th.e mole.cular orbital
Ag—Se distances vary from 2.595 to 2.639 A and are cglculat|0n§5atthe BSTL_YP level of_den_5|ty fun_ct|onal theory
comparable tdla and2a The P-Se distances range from with the hope of providing the_orgtlcal |n§|ght into the nature
2.152 to 2.170 A. The ligand bite diatances averaged 3.8140f Ag—ue-X (X = Cl, Br) bonding !nteractlons. Table 6 gives

A which slightly longer than 3.784 A in the selenium- the results of natural bond orbital (NBO) analydé&or

centered copper cueThe Se-Ag—Se angles range from comparison, Table 6 also gives the results calculated for
116.19 to 123.26. The Ag-Br—Ag angles fall in the range ~ Ads(e-SeX SeP(OPr)}¢* and Cu(us-Se) SeP(OPr)} ¢

67.53-72.89, close to the value for the perfect cube, 70.53 We can see from Table 6 that small Wiberg bond indices
(also called bond orde®)were calculated for the Agus-X
(24) Liu, C. W.; Hung, C.-M.; Santra, B. K.; Wang, J.-C.; Kao, H.-M.;  bonds, indicating that the Agus-X bonding interactions are

Lin, Z. Inorg. Chem.2003 42, 8551. .
(25) Liu, C. W.;gChen, H.-C.. Wang, J.-C.. Keng, T.-Chem. Commun not strong. In an early paper, we formally assigned a half

1998 1831. bond between each Cu(l) and the centraSe for various

Four of the six clusters are structurally characterized. They
crystallized in the same crystal system, trigonal, but in
different space groups; the ethyl derivatives @8e, butR3
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Table 6. Results of Natural Bond Order and Population Analyses

Wiberg bond index natural charge
M—Se Se HOMO-LUMO
cluster M-ug-X (terminal) M ug-X (terminal) gap (ev)
[Ags(us-Cl){ S&P(OPr)} g P 0.05 0.21 +0.61 —0.75 —0.56 431
[Ags(us-Br){ SeP(OPr)}e] * 0.05 0.21 +0.60 -0.74 —0.54 4.24
Ags(us-Sef SeP(OPr)} 6P 0.09 0.19 +0.62 —1.48 —0.56 2.99
Cug(us-Se) SeP(OPr)}s¢ 0.09 0.19 +0.63 —1.49 —0.56 3.15

aM = Ag or Cu; X = ClI, Br, or Se.? The alkyl groups were replaced with hydrogen atoms in the model calculati@ited from ref 24.

Se-centered Gucubic clusters because there are only four  The calculations also show that the bond indices for-Ag
bonding molecular orbitals, which are derived from the ugs-Cl and Ag—us-Br are the same. Structurally, one can see
interactions between the four valence orbitals of the central that the magnitude of the Afis-X) core expansion (ca. 0.10
us-Se and four symmetry-adapted combinations from the A in radius) from Ag(us-Cl) to Ags(us-Br) is smaller than
eight Cu metals, for the eight Cuftys-Se bondg? It is the increase (0.15 A) in size from CJr(Cl") = 1.67 A] to
expected that the same bonding picture can be qualitativelyBr~ [r(Br-) = 1.82 A]3° Therefore, we expected that the
used to describe the Agftus-X interactions here. covalent interaction between Ag apg-Br is stronger than
Despite the similarity in the bonding pictures, we found that between Ag ands-Cl. The magnitude of the Mus-X)
that the bond indices calculated for Ags-X are much core expansion from G(us-Se) to Ag(us-Se) is in the range
smaller than those calculated for Ags-Se and Ct-us-Se. 0.21-0.35 A in radius, which is also smaller than the increase
The difference can be conveniently related to their different (0.40 A) in the size from Cti[r(Cu") = 0.74 A] to Ag"
electronegativities. Both Cl and Br are more electronegative [r(Ag*) = 1.14 A]. Again, the Ag is expected to have more
than Se. Therefore, the Agus-X bonds are expected to be covalent interactions with the central Se.
more ionic while the Ag-us-Se and Cu-ug-Se bonds are The HOMO-LUMO gaps of the two halide-centered
more covalent. Indeed, the bond distances between Ag ancclusters are close to each other (Table 6). Unlike the two
us-X (Ag—ug-Cl, 2.81-3.02 A; Ag—us-Br, 2.91-3.07 A) Se-centered clusters having their HOMOs mainly composed
are approximately equal to or slightly longer than the sums of the three p orbitals from the central Bahe two halide-
of their ionic radii (Ag-Cl, 2.81 A; Ag—Br, 2.96 A) while centered clusters have their HOMOs mainly composed of
the bond distances between Ag or Cu agebe (Agus-Se, the p orbitals from Se of the S&OR)~ ligands. The three
2.71-2.87 A; Cuug-Se, 2.506-2.52 A) are shorter than the  p orbitals of the central halide lie lower in energy in the
sums of their ionic radii (Ag-Se, 2.98 A; Cu-Se, 2.58 A orbital spectra due to its greater electronegativity in com-
: : : parison to Se. As a result, the two halide-centered clusters
(26) Density functional calculations at the B3LYP level were performed

on the model clusters [Afus-X){ S&P(OHY}e|* (X = C, Br) based have larger HOMG-LUMO gaps than the two Se-centered

on the experimentally determined structures. The basis set used for O clusters.
and H atoms was 6-31G while an effective core potential with a %
LanL2DZ basis set was employed for Ag, P, Cl, Br, and Se. The DFT T_he LQMOS calculated Tor all t_he clusters ha\_feSPeo
calculations were performed with the use of the Gaussian 98 antibonding characters mixed with metal’s orbitals. There-
package: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. it it i
E  Robb. M. A.: Cheeseman. J. R - Zakrzewski V. G Montgomery, fore, it is expected that the HQME]_UM_O transmons in
J. A, Jr.: Stratmann, R. E.; Burant, J. C.: Dapprich, S.; Millam, J. these clusters correspond to ligand-to-ligand and ligand-to-
M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C; Farkas, O.; Tomasi, metal charge transfers.
J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.;
Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; . -
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