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Eight tris(organotin)-substituted Keggin tungstosilicate heteropolyanions have been synthesized and characterized

by elemental analysis, infrared and dauer spectroscopy, multinuclear NMR, and X-ray crystallography. The
new anions contair- or 3-SiWgO341%~ moieties and are of two structural types, [(R$8)Ws037)]"~ (R,
isomer: Pha-, 1; n-Bu, a-, 2; Ph, -, 3; n-Bu, -, 4) and [(RSnOH)(SiWyOs4)7]**~ (Ph,a-, 5; n-Bu, a-, 6; Ph,

p-, 7, n-Bu, 5-, 8). Crystals of CsHs[(PhSn}(SiWy037)]-8H,0 (anion3) are monoclinic, space group C2/c, with
lattice constants = 48.91(2) A,b = 12.111(3) A,c = 20.334(9) A, = 102.30, andZ = 8. The anion has
nominalCz, symmetry and has a structure with three corner-shared dtahedra of thg-Keggin anion replaced

by three PhSn@groups. Crystals of Gbls[(BuSNOH)(SiWgOz4)2]-36H0 (anion6) are tetragonal, space group
P42:m, with lattice constanta = b = 29.005(4) A,c = 13.412(4) A, and = 4. The anion has the anticipated
D3, symmetry and contains three BuSnOH groups sandwiched betwee8i0s41%~ anions.

Introduction metalates. Such complexes could have many possible impor-
tant applications; e.g. they could be incorporated into polymer
matrices to yield anchored catalytic or ion-exchange sites, or
they could be designed for binding to, or passage through cell
membranes, leading to improved delivery of possible polyoxo-
metalate pharmaceuticals. Organotin derivatives of polyoxoan-
/ = ions are particularly attractive in this context because of the
antitumoral chemotherapy The versatility of polyoxometalates stability of the tin-carbon bond and the size compatibility of

for these and other applications has not yet been fully \wou+ ang SnR* moieties. Earlier work has demonstrated that
demonstrated, and the synthesis of new types of such complexes,rg+ can be incorporated into Keggin and Dawson struc-
remains an important research objective. tures*® We report here the structural characterization of

We have long been interested in developing the chemistry complexes derived from the lacunary anions SDA4%.
of robust hydrolytically-stable organic derivatives of polyoxo-

The chemistry of the polyoxometalate anions of the early
transition elements is of considerable current interest with
respect to the applications of these complexes in many fields.
Particular attention is being focused on their potential roles in
environmentally benign catalytic procesdesd in antiviral and

Experimental Section

® Abstract published i\dvance ACS Abstract$ebruary 1, 1996.

(1) A series of recent reviews can be found Polyoxometalates: From Synthe_5|s. Sodium Aa-9-t_u_ngst05|l|cate (_N@[a-SleO34]-xH20)
Platonic Solids to Anti-Retural Actizity; Pope, M. T., Miler, A., and sodium A§-9-tungstosilicate (N@[f-SiWsO34:23H0) were
Eds.; Kluwer Acadamic Publishers: Dordrecht, The Netherlands, 1994. prepared following published methddsd were confirmed by infrared

(2) (a) Lin, Y.; Finke, R. GInorg. Chem1994 33, 4891. (b) Hill, C. L.; spectroscopy. Phenyltin trichloride and butyltin trichloride were

Zhang, X.Nature 1995 373 324. (c) Duncan, D. C.; Chambers, R. ; ; ; i At
C.. Hecht, E.: Hill. C. L.J. Am. Chem. Sod995 117, 681. (d) obtained from Aldrich and used without further purification.

Mylonas, A.; Papaconstantinou, . Mol. Catal.1994 92, 261. (e) Csi28H2 74 (PhSn)(0-SiWgO37)] -12.5H,0 (1). To a solution of 0.6
Neumann, R.; Khenkin, A. MJ. Org. Chem1994 59, 7577. (f) Lee, mL of PhSnC} (3 mmol) in 40 mL of water at room temperature was
K. Y,; Itoh, K.; Hashimoto, M.; Mizuno, N.; Misono, MStud. Surf. added quickly 2.7 g (1 mmol) of powdered MNax-SiWgOs4]-xH20.

Sci. Catal.1994 82, 583. After 10 min of vigorous stirring, any undissolved white residue was

(3) See ref 1. Some recent papers include: (a) Judd, D. A.; Schinazi, R. ; ; ] ; ;
F. Hill, C. L. Antiviral Chem. Chemotherl994 5, 410. (b) Shigeta, filtered off. Cesium chloride was added to the filtrate in small portions

S.; Mori, S.; Watanabe, J.; Baba, M.; Khenkin, A. M.; Hill, C. L.;

Schinazi, R. FAntiviral Chem. Chemotherl995 6, 114. (c) Crans, (4) (a) Pope, M. T.; Quicksall, C. O.; Kwak, W.; Rajkoylc M.; Stalick,

D. C.; Mahrooftahir, M.; Anderson, O. P.; Miller, M. Mnorg. Chem. J. K.; Barkigia, K. M.; Scully, T. FJ. Less-Common Met977, 54,

1994 33, 5586. (e) Ni, L.; Boudinot, F. D.; Henson G. W.; Bossard, 129. (b) Zonnevijlle, F.; Pope, M. T. Am. Chem. Sod.979 101,

G. E.; Martellucci, S. A.; Ash, P. W.; Fricker, S. P. Darkes, M. C; 2731. (c) Chorghade, G. S.; Pope, M. J.Am. Chem. Sod987,

Theobald, B. R. C.; Hill C. L.; Schinazi, R. Antimicrob. Agents 109 5134. (d) Xin, F.; Pope, M. TOrganometallics1994 13, 4881.
Chemother1994 38, 5586. (f) Kim, G. S.; Judd, D. A.; Hill, C. L,; (5) (a) Knoth, W. H.J. Am. Chem. S0d.979 101, 2211. (b) Domaille,
Schinazi, R. FJ Med. Chem1994 37, 816. (g) lkeda, S.; Nishiya, P. J.; Knoth, W. H.Inorg. Chem.1983 22, 818. (c) Knoth, W. H.;
S.; Yamamoto, A.; Yamase, T.; Nishimura, C.; Declerco/tiviral Domaille, P. J.; Farlee, R. BDDrganometallics1985 4, 62.

Chem. Chemothefl994 5, 47. (6) Teze A.; Herve G. Inorg. Synth.1992 27, 87—88.

0020-1669/96/1335-1207$12.00/0 © 1996 American Chemical Society
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until no more precipitation was observed. The precipitate was collected
on a medium-porosity sintered glass frit and dried under suction
overnight. The resulting solid was recrystallized from hot water and
dried under suction, giving a yield of 2.7 g. Anal. Calcd for
Csy2H2 74 (PhSn)(0-SiWe037)]-12.5H0: Cs, 15.45; C, 5.92; Sn, 9.74;
Si, 0.77; W, 45.27. Found: Cs, 15.57; C, 5.92; Sn, 10.19; Si, 0.75;
W, 45.26. NMR: *H, 6 7.68 (d, 2H,J4-sn = 116 Hz), 7.48 (m, 3H);
13C{H}, 6 133.2, 133.0, 128.1, 127.4*°Sn and'®, see Table 6.

CsysH2 5[(BuSn)s(a-SiWgO37)] - 2H,0 (2) was prepared analogously
using the same quantities as above (0.6 mL of BugnCYield: 2.5
g. Anal. Calcd CssH, §(BuSn)k(a-SiWg0s7)]-2H,0: Cs, 17.50; C,
4.22: Sn, 10.44; Si, 0.83; W, 48.51. Found: Cs, 18.00; C, 4.23; Sn,
10.41; Si, 0.93; W, 48.17. NMR?H, 6 1.63 (t, 2H), 1.39 (m, 2H),
1.24 (m, 2H), 0.91 (t, 3H):3C, 6 28.1, 25.3, 23.3, 11.2%Si, —83.8 (s,
1Si); 119Sn and'®W, see Table 6.

CS4H3[(PhSﬂ)3(ﬂ-SIW9037)]'8H20 (3) and CS(H77X[(BUSI"I)3(ﬂ-
SiWg037)]-nH0 (4) were prepared analogously. Powdered dy&
SiWg034] (2.7 g, 1 mmol) was added to a solution of 0.6 mL of RS1CI
(R = Ph, Bu). Then CsCl was used to precipitate Guand 4.
Recrystallization o8 from warm water gave long needle-like crystals,
which were used for X-ray crystallography.

3. Yield: 2.5 g. Anal. Calcd for C#s[(PhSn)(8-SiWeOs7)]*
8H,0: Cs, 14.98; C, 6.09; Sn, 10.03; Si, 0.79; W, 46.61. Found: Cs,
14.89; C, 6.05; Sn, 8.90; Si, 0.73; W, 46.58. NMR4, 6 7.70 (d,
2H, Jy-sn = 126 Hz), 7.47 (m, 3H)°Sn and®W, see Table 6.

4. Yield: 1.7 g. NMR for CsH7,J(BuSn)(-SiWy037)]-nH0:
119350 and®W, see Table 6.

CssHe[(PhSNOH)s(a-SiWg034)7]-23H:0 (5) was prepared by quickly
adding excess Ngo-SiWyOz4] (8 g, 3 mmol) to 40 mL of a solution
containing 0.6 mL of PhSnghwith stirring. Within a few seconds,
the solution become clear. Cesium chloride was added to this solution
in small portions after 10 min, until no more precipitation was observed.
The precipitate was collected on a medium porosity sintered glass frit
and dried overnight under suction. Recrystallization from hot water
gave a yield of 3.2 g. Anal. Calcd for @4[(PhSnOH)-
(0-SiWg034)2]-23H,0: Cs, 16.17; C, 3.29; Sn, 5.41; Si, 0.85; W, 50.33.
Found: Cs, 15.68; C, 3.28; Sn, 4.63; Si, 0.79; W, 50.27. NMSi,
—83.2 (s, 2Si)i1'%Sn and'®W, see Table 6.

CsH[(BuSNOH)3(a-SiWgO34)2] - 36H,0 (6), CsH14x[(PhSNOH)s-
(ﬂ-SinO34)2] -yH20 (7) and CS<H 147x[(BUSHOH)g(ﬁ-SinO34)2] 'szo
(8) were prepared analogously. Powderedd¢aSiWgOs4] or Nago-
[8-SiWy034] (8 g, 3 mmol) was added to a solution of RSpR =
Ph, Bu). Addition of CsCl yielded white precipitates which were
filtered off and recrystallized from hot water. Single crystalé efere
obtained by the method of vapor diffusion with ethanol.

6. Yield: 5.7 g. Anal. Calcd for Ggls[(BuSnOH)(o-SiWg-
0s4)7]-36H,0: Cs, 17.39; C, 2.09; Sn, 5.18; Si, 0.82; W, 48.11.
Found: Cs, 17.52; C, 2.01; Sn, 5.43; Si, 0.69; W, 48.23. NMR;

0 1.91 (t, 2H,Ju—sn= 144 Hz), 1.45 (m, 4H), 0.95 (t, 3H¥?Si, —82.3
(s, 2Si);11°Sn and®W, see Table 6.
7. Yield: 3.3 g. NMR for CgHi4[(PhSnOH)(5-SiWgO34)7] -yH,0:
H, 6 8.14 (m, 2H,Jy-sn = 120 Hz), 7.53 (m, 3H)?°Si, —82.4 (s,
2Si); 119Sn and'®3W, see Table 6.
8. Yield: 6.5g. NMR for CgHi4{(BuSNOH}(S3-SiWgOs4)7] -yH0:
11950 and*®W, see Table 6.

Physical Measurements. Elemental analyses were performed by
E&R Microanalytical Laboratory Inc., Corona, NY. Infrared spectra
were recorded on a MIDAC FTIR instrument. All NMR data were
obtained on a Bruker AM-300WB spectrometer. Resonance frequencies
were 300.113 MHz fotH and 75.469 MHz fof*C in 5 mm tubes and
111.925 MHz for*®Sn, 59.628 MHz for*°Si, and 12.505 MHz for
183V in 10 mm tubes. Pulse widths (90were 2.1us for 13C, 11us
for 11°Sn, 13.8us for 2°Si, and 40us for 3. Chemical shifts are
reported with respect to 70% tetramethylsilane in acetonitrilé¥sir
and 2 M NaWO;, for 8. For°Sn NMR, a solution of SnGlin 12
M HCI (Chemical shift—388.1 vs tetramethyltif)was used as an
external standard, but the chemical shifts are reported with respect to
(CHs)sSn. All chemical shifts downfield of the references are reported
as positive. Most of the NMR experiments were carried out in aqueous
unbuffered solutions. To achieve sufficiently concentrated solutions

(7) Lassigne, C. R.; Wells, E. £an. J. Chem1977, 55, 927.

Xin et al.

Table 1. Crystallographic Data for GBls[(PhSn)(SiWeOs7)]-8H,0
and CsH[(BUSNOH)(SiWe0s4)]-36H,0

3 6
chem formula C#H3[(PhSn} CsHs[(BuSnOH)
(SIWgO37)] '8H20 (S|W9034)2] ‘36H20
fw 3506.64 6209.35
T,°C —100 25
A 0.71073 0.71073

space group P42;m (No. 113)

unit cell dimens

C2/c (No. 15)

a A 48.91(2) 29.005(4)
b, A 12.111(3) 29.005(4)
c, A 20.334(9) 13.412(4)
B, deg 102.30(0)
v, A3 11769(7) 11283(4)
z 8 4
Pealea g CNT3 3.958 3.655
u, mmt 21.318 21.894
final R[I > 20(1)]? 0.0957
final R[l > 30(1)]2  0.0907

AR = 3 (IFol = IFc)/ZIFol.

for 183W NMR (ca. 1 g/2 mL), the potassium and cesium salts were
treated with LiClQ.

MoOssbauer Spectroscopy.The tin-119 M@sbauer spectra were
measured at 78 K on a conventional constant acceleration spectrometer
which utilized a room-temperature BaSyy@atrix tin-119m source and
was calibrated at room temperature with Bagn@he spectra were
fit with Lorentzian line shape doublets with equal component line widths
and equal or close to equal component areas. The error limits on the
resulting hyperfine parameters are estimated t&@®1 mm/s or better.

Crystallography. Crystals of the cesium salt of anidhused in
this investigation lost solvent quickly, so they were mounted on glass
fibers over dry ice. The data were collected-dt00°C on a Siemens
P4/RA diffractometer with graphite-monochromated Ma Kadiation
(A =0.710 73 A). Crystals of the cesium salt of an®mvere stable
at room temperature, and the data were collected 4€25n the same
diffractometer. Both structures were solved using SHELXL-PLUS
(Siemens) direct methods for W, Sn, Cs, and Si, and were refined with
SHELXL-93 (Sheldrick, G. M.) by full-matrix least-squares, the
minimized function beingyw(|Fo| — |F¢[)2. The weighting scheme
was w= 1/[¢¥F?) + (0.092P)? 4 12.09°], whereP = (Max(F, 0)

+ 2FA)/3.

Crystal data and structure refinement paramete8saofd6 are listed
in Table 1. Four cesium atoms were well refined 3or Final atomic
coordinates and thermal parameters3oére given in Table 2, and
selected bond lengths, in Table 3. In the structur, ¢fie butyl groups
are disordered, and only the-carbons were well refined. Nine
restraints were introduced to fix the positions of the remaining carbons,
although only thes-carbons of the butyl groups could be located. Nine
cesium atoms and half a potassium atom (located at the 4-fold inversion
center) are well refinedl. The finding of nine cesium atoms is consistent
with the elemental analysis. Three of the cesium atoms, Cs(1), Cs(2),
and Cs(3), are located at special positions, on the crystallographic mirror
plane containing three tin atoms. Each Cs is located between two Sn
atoms and is bonded to four S@—W bridging-oxygens. Final atomic
coordinates and thermal parameterséodire given in Table 4, and
selected bond lengths, in Table 5.

Results and Discussion

The structure of the sodium salt BfSiWgOsz4] 19~ (B-SiWe)
has been previously determingednd the anion was confirmed
as a lacunary derivative of-SiW;,040*"; see Figure la.

(8) A potassium analysis @ has not been performed. During the process
to precipitate ou6, KCI was first added to the solution containifig
When no precipitation occurred, CsCl was then added. The presence
of potassium in the crystals is therefore understandable. If the electron
density at the inversion center is not assigned to any atom, or is
assigned to kD, Na, or Cs instead of K, the temperature fadtigg
of the atom is too large for Na and,& and too small for Cs, and the
final R increases by more than 0.5%.

(9) Robert, F.; Teg A. Acta Crystallogr.1981, B37, 318



Polyoxometalate Derivatives Inorganic Chemistry, Vol. 35, No. 5, 1994209

Table 2. Significant Final Atomic Coordinatey%g‘) and Table 3. Selected Bond Lengths (A) for [(PhS(BiWs0s7)]7~
Equivalent Isotropic Displacement Parameterd ¢A10°) for
T T
X y z Ueqy W—0(Sn) 1.82(3)1.89(3) 1.85
W(8) 1603(1) 9722(2) 1794(1) 28(1) W-O(Si) 2.33(3)-2.46(3) 2.42
W(7) 1742(1) 11838(2) 536(1) 39(1) w=0 1.70(4)-1.77(4) 1.74
wW(3) 2014(1) 11491(2) 3115(1) 43(1) Sn-0(W) 2.04(4)-2.12(3) 2.07
wW(9) 1298(1) 10521(2) 3066(1) 51(1) Sn-0(Sn) 2.02(3)2.12(3) 2.08
w(6) 1572(1) 14531(2) 681(1) 57(1) Sn—0(Si) 2.26(3)-2.32(2) 2.28
wW(2) 2137(1) 13388(2) 1999(1) 62(1) Sn-C 2.00(6)-2.17(6) 2.06
Voo O R T
W(S) 1233(1) 15402(2) 2121(1) 89(1) Table 4. Significant Final Atomic Coordinates<(L0%) and
Sn(3) 921(1) 10455(3) 1480(2) 39(1) Equivalent Isotropic Displacement Parameterd (A10°) for
sn(2) 1063(1) 12661(3) 183(2) 36(1) [(BUSNOH)(SiWeOs9)5] 14
Sn(1) 712(1) 13553(3) 1674(2) 70(2)
Si 1419(4) 12603(11) 1908(7) 47(4) X y z Ueqy
0O(99y 1273(9) 9749(31) 3771(18) 61(11) W(8) 8710(1) 2127(1) 4835(2) 17Q)
0(33) 2252(7) 10700(24) 3678(15) 36(8) wW(7) 7923(1) 1337(1) 5190(2) 17(1)
0(38) 1906(6) 10582(20) 2358(12) 19(6) W(6) 7353(1) 771(1) 3047(2) 22(1)
0(39) 1662(7) 11192(23) 3365(14) 32(8) W(4) 8530(1) 1957(1) 348(2) 23(1)
0O(14) 1507(9) 13505(30) 3550(18) 58(11) W(5) 7645(1) 1059(1) 777(2) 23(1)
0(27) 1401(7) 11833(25)  —44(15) 38(8) W(3) 9384(1) 1312(1) 3272(2) 20(1)
0(23) 2269(8) 12223(27) 2638(16) 48(9) wW(9) 9036(1) 2451(1) 2257(2) 21(1)
chmome GmE kD pR W = 2 B8 B
o(77 1951(8 11312(28 45(17 52(10 Sn(1) 8101(1) 3101(1) 1071(4) 24(2)
ogsgg 1496283 9428((27)) 2614((16)) 47%9)) Sn(2) 6589(1) 1589(1) 1766(4) 29(2)
0(26) 1250(9) 14174(31) 67(18) 61(11) Sn(3) 7541(1) 2541(1) 5389(4) 22(1)
0(4) 1320(7) 11329(24) 1979(14) 34(8) Si 8244(5) 1585(5) 2755(11) 16(3)
0(56) 1370(8) 15195(30) 1321(18) 61(11) O(89y 8875(10) 2412(11) 3595(24) 19(8)
gel e lwen  owin sy QW TEi mmey ZEen o
OGN 20268 1208909 13007  saapy  OUA TN 10D sz o
0(88) 9065(10) 2322(10) 5656(23) 21(8)
0(3) 1430(7) 12810(23) 1112(14) 31(8) o) 8418(3) 5010(9) 2040001) e
0(55) 1267(10) 16796(39) 2160(23) 92(15) o) 8642(12) 1183(12) 2727(29) 36(10)
0(26) 1879(10) 14358(35) 1462(21) 77(13) o1 8183(9 1755(9 3854(22 6(7
0(67) 1774(8) 13370(28) 311(16) 49(9) 051)3) 9420((1)3) 937%1)3) 2073((29)) 43((1)1)
0(15) 1626(9) 15105(32) 2624(19) 65(11) 0(22) 8680(13) 2(14) 4209(29) 50(11)
0(12) 2147(9) 14275(31) 2738(18) 61(11) 0(12) 8812(14) 352(14) 2343(31) 51(12)
0(22) 2460(9) 13816(31) 1824(18) 62(11) 0(39) 9347(11) 1844(11) 2562(24) 20(9)
GO - B
0(15) 8255(9) 745(9) 1058(20) 3(7)
O(13) 2043(8) 12849(27) 3630(16) 46(9) o(77) 7793(10) 1014(10) 6269(24) 18(8)
ogllg 1973%1;)) 15086((37)) 3933((21)) 82((14)) 0(99) 9541(13) 2759(13) 2316(30) 44(11)
0(49 1151(9 11942(32 3251(19 65(12 0(49) 9040(12) 2301(12) 990(27) 38(10)
0(44) 1030(9) 13660(34) 4051(20) 74(13) 0(38) 9130(9) 1599(9) 4295(21) 0(7)
0(15 855(8 15159(30 1687(18 58(11 0(78) 8465(9) 1676(9) 5697(22) 8(7)
o§39)5) 963((8)) 10139((29)) 2480((18)) 57((10)) 0(66) 7070(13) 322(13) 3546(30) 49(12)
0(14S) 755(10) 13409(38) 2698(23) 91(15) 0(23) 9203(11) 748(11) 3965(24) 22(9)
S8 B0 Tasets  Swmae  sen) 0@  semaan o) -ado@n 36(i0)
ool )  swi e oy o ety g e ko,
0(23s 954(7 11224(23 565(14 30(8
cgzl)) 767((11)3) 12653((45)) —776(2(7) ) 52(1(5)) 8&% g?gggﬁg 2%83 3223&2)) ggéigt)l)
c(11) 165 13918 763 130
c(31) 632(13) 9204(47)  1173(28) 56(16) ggggg %gfl’g)l) fiégg)” 5717312((2217)) 33,2((79))
aU(eq) is defined as one-third of the trace of the orthogonalized 0O(37S) 7540(9) 1840(9) 5367(21) 2(7)
tensor.b Labeling of oxygen atoms. Terminal: O(11), O(22) etc. 0(14s) 8122(11) 2457(11) 258(26) 26(9)
attached to W(1), W(2) etc. respectively. Bridging: O(12) between  O(26S) 6858(13) 1118(12) 2778(29) 40(11)
W(1) and W(2), etc. All oxygens attached to tin have labels terminating 8&%3) 88%3((;)0) 251110((91)0) 42702675((2212)) 1;;%”
with S.
0(25) 7070(14) 2070(14) 2219(45) 53(18)
) . 0(1S) 7730(10) 2730(10) 1981(34) 20(12)
Although no X-ray structure ofi-[SiWgOz4]1% (a-SiWg) has 0(3S) 7467(10) 2467(10) 3908(32) 13(11)
been reported, all structurally characterized compounds made C(11) 8477(14) 3477(14)  —150(54) 27(20)

c(21) 6083(18) 1083(18) 947(43) 34(21)

from a-SiWg retain the fragment illustrated in Figure 1%Two c(31) 7672(15) 2672(15) 7026(81) 69(32)

of the eight compounds reported here are shown to contain the ) ] ]
sameo. or B-structures as the starting lacunary anions (Figures - Y(€Q) is defined as one-third of the trace of the orthogonaliigd

. - . ensor.” Labeling of oxygen atoms. Terminal: O(11), O(22) etc.
2and 3). Itis presumed, based on spectroscopic evidence, thal . heq to W(1), W(2) etc. respectively. Bridging: O(12) between

no isomerization has occurred in the other six complexes. (1) and W(2), etc. All oxygens attached to tin have labels terminating
with S.

10) Cadot, E.; Th t, R;Te A.; Hervg G. Inorg. Chem.199 : ) oo . . _
( )31?40128_ ouveno € erve G. Inorg. Chem.1992 Unlike the reaction of organotin trichloride with [Pys4]°",

(11) Chorghade, G. S. Ph.D. Thesis, Georgetown University 1985. which yields only [(RSNOHYPWgOs4)] 12,44 with SiWe, two
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Figure 1. Polyhedral representations of the structures ofi-A,
XWoOsM™ (a), A,@-XW9034m7 (b), 0-XW 15049 (C), andﬂ-XW1204o"’
(d).

Figure 2. SCHAKAL representation of the structure of [(Ph&#}

SiWg037)]7~ (3) showing atom labels.

Table 5. Selected Bond Lengths (A) for [(BuSnO$iWeO34)5] 24~

bond length average
W-0O(W) 1.74(3)-2.09(3) 191
W-0(Sn) 1.79(3)-1.90(3) 1.85
W-0O(Si) 2.21(4)-2.33(3) 2.27
W=0 1.67(3)-1.76(3) 1.71
Sn—0O(W) 1.95(3)-2.13(3) 2.05
Sn—OH 1.93(5)-2.06(5) 1.99
Sn—-C 2.34(6)-2.51(8) 2.42
Si—0 1.59(3)-1.68(4) 1.64

kinds of products were formed, [(RS($iWs037)]7~ ((RSN)-
(SiWg)) and [(RSNOHYSiWe0s4)z]4 ((RSNOHX(SIWG)y),

depending upon the ratio of RSnGInd SiW used.

Reaction of RSnGlwith SiWy (a or 8 isomer) in a 3:1 mole
ratio cleanly gives [(RSRB]SiWsOs7)]7~ (1, 2, 3, and4) in good
yields (48%-75%). The structure 08, shown in Figure 2,
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Figure 3. SCHAKAL Representation of the structure of [(BuSnQH)
(0-SiWgOs4)2) ¥4~ (6) showing atom labels.

Table 6. 11°Sn and!®3W NMR Data
anion  o(*°Sn), ppm  O(*8W), ppm (intensity)  Jsn-w, Hz

1 —578 —85 (2),—166 (1) 12
2 -518 —95 (2),-172 (1) 26
3 —581 —99 (2),—137 (1) 14
4 524 —100 (2),—138 (1)

5 622 —150 (1),—189 (2) 35
6 ~576 —151 (1),—190 (2) 15
7 621 —126 (1),—208 (2) 27
8 -575 —128 (1),—211 (2)

When 3 mol of RSnGlreact with 2 mol of SiW, a mixture
containing two kinds of compounds is obtained. One product
is identified by NMR as (RSa[SiWy) (1, 2, 3, or4). The other
compound has a similar NMR pattern, with one I#¥8i and
11%5n resonance, and tw&W lines with intensity ratio of 2:1.
The chemical shifts are different from those of the other product
(Table 6).

When an additional mole of SivMvas used in the reaction
([RSN]:[SiWg] = 1:1), the second compound, 6, 7, or 8) is
the only product. Infrared spectra (Figure 4) also confirm that
2 and6, and4 and8, are different compounds. The structure
of 6, shown in Figure 3, consists of two A-typeSiWsg anions
linked by three butyltin groups into an assembly of virtDaj,
symmetry, analogous to that observed for [(PhSrd{FP)Ve-
034)2]'2 %0 The elemental analyses and multinuclear NMR
spectra ob, 6, 7, and8 are fully consistent with this structure.

Reactivity. Both (RSn)(SiWg) and (RSNOH)SiWy), struc-
tures are stable in aqueous solution at pHb2either separately
or as mixtures. On the basis of the manner in which (BSn)
(SiWg) and (RSNOHYSiWy), are prepared, there might be an
equilibrium linking the two anions. Three preliminary experi-
ments have been carried out in order to explore this possibil-
ity: (1) o-SiWy reacted witha-(BuSn}(SiWg); (2) 5-SiWg
reacted witho-(PhSn)(SiWy); (3) RSnC} reacted with (RSnOH)
(SiWp)2.

(1) Powderedx-SiWg (0.1 g, 4.1x 10-2 mmol) was added
to an unbuffered solution of 0.5 g (1.4 10~ mmol) of
[(BuSn)(a-SiWg037)] 7~ in a 10-mm NMR tube. Thél®Sn-

confirms that no isomerization of the precursor lacunary anions { H} NMR spectrum of the freshly-made solution contained three

(B in this case) has occurred. Ani8rhas g3-Keggin structure
with three corner-sharing WiOoctahedra replaced by three

lines,& —518 ppm Awv1» 52 Hz, assigned t@), 6 —576 ppm
(Av12 30 Hz, assigned t6), and an unidentified line @ —524

PhSnQ@ groups. The phenyl groups are oriented in such a way ppm Aviz 143 Hz). After a day, the same solution showed
that virtual C3, symmetry is maintained. Elemental analyses only the lines of2 and 6 with an intensity ratio of about 3:1.

and multinuclear NMR spectroscopy (Table 6) of compounds The 83W NMR of this solution contained four lines assigned
1, 2, 3, and4 are fully consistent with this structure.

to 2 and6 also in a ratio of about 3:1.
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160 Table 7. Tin Mdéssbauer Effect Hyperfine Parameters for
1 1 L I I
Tungstostannate(lV) Compourids
compound 0 AEq T AJ/A: ref
2 CsisH2(BUSN)(a-SiWeOs7)] (2)  0.73 1.37 0.96 1.15 this work
140 k CsH7{(BuSn)(B-SiWe0s7)] (4) 0.82 1.37 0.96 1.13 thiswork

CeHs[(BuSNOHY(a-SiWeOsa)2] (6) 0.80 1.57 1.05 1.07 this work
CsH14-{(BUSNOHY(3-SiWgOs4)2 (8) 0.82 1.92 1.09 0.98 this work

K 11H[(PhSNn}(3-PWeO34)5] 0.55 1.70 0.96 1.18 27

KsH4[(BuSN)(P2W150s9)] 0.75 1.12 0.86 1.00 27

Ks[(BUSN)(SiWi1039)] 0.84 1.26 1.02 1.01 27

120 4] Ks[(MeSn)(Si1030)]° 0.59 1.26 0.99 1.00 11
(MegN)4[(HOSN)(PW1030)]P 0.08 0.36 0.81 1.00 11

(MegN)s[(HOSN)(SiW1039)]° 0.06 0.28 0.84 1.00 11

(MesN)s[(HOSN)(GeW10s0)]° 0.06 0.39 0.82 1.00 11

(MesN)e[(HOSN)(BWi1030)] 0.05 0.31 0.79 1.00 11

(MesN)4[(HOSN)(GaW1030)]° 0.06 0.55 0.84 1.00 11

K7[(HOSN)(02-P2W17061)]° 0.06 0.30 0.84 1.00 11

aAll data measured at 78 K and given in mm/s with the isomer shifts
given relative to room temperature BaSn©OMdssbauer data collected
at A.E.R.E., Harwell, England.

Since reaction 2 is slow, and SpAk unstable in aqueous
solution, excess Siyis needed in order to form (RSnO4)
(SiWg)a.

In experiment 2, whefi-SiWy reacted witho-(PhSn)(SiWg),
three products were formed: o{SiWoO34)(RSNOHX(3-
SiWg0324)]4~, [(RSNOHX(0-SiWg034)5] 14, and [(RSNOHY5-
SiWgOzs4)2]4~. This suggests that in reaction 2, (REB8JWo)
dissociates first, then reacts with S\ give the three kinds
of stable sandwich compounds.

MdUssbauer Spectral Results. The tin-119 Mwsbauer
parameters o2, 4, 6, and8 are compared with those of several
related tin(IV) and organotin polyoxotungstates in Table 7. The

20 1 1 1 1 isomer shiftsg, of anions with the Keggin structure in which
1200 1000 800 600 400 one WQ octahedron has been replaced byVEg, are
Figure 4. Infrared spectra of cesium salts 2f4, 6,and8, recorded characteristic of tin(IV) and are close to zero. The small
on KBr pellets. quadrupole splittingsAEq, of 0.3 to 0.6 mm/s are indicative

of a fairly regular Q octahedral coordination environment for
(2) When powdereg-SiWs (0.2 g, 9x 1072 mmol) was the tin(IV) ions.

added to a solution of 0.4 g (0.12 mmol) (Phga)SiWe), the Th_e isomer shifts of 0.55 to 0.84 mm/s f_or the orga_notin
1195 and8dW NMR spectra of this solution showed the lines SPecies are larger than those of hydroxytin(lV) species as
of unreacted (PhSg(-SiWg), as well ast- andB-(PhSnOH)- expected. Because the isomer shifts of tin are dependent on

(SiWs), (5 and7). There is one extr&l®Sn line at—574 ppm the s-electron density at th&°Sn nucleus?*® the loss of

and two newl8dW lines at—192, and—206 ppm with equal _valence-shell el_ectron_s, parucula_lrly frqm_ the 5s-orbital, results
intensity. These are assigned to thgd mixed sandwich in g_decrease in the isomer shift. Slmlle_\rly, th(_a quadrupole
structure, [(-SiWgOs4)(RSNOHX(S-SiWg034)]'4~. The two splittings of 1.12-1.92 mm/s.for the organotin species are larger
new 18 lines at—192 and—206 ppm are assigned to the than those of the hydroxytin species as a consequence of the
belt-tungsten atoms af- and8-SiWs of this mixed sandwich ~ lower symmetry of the PhSnoordination environment.
compound respectively, while the chemical shifts of the cap-w  The quadrupole splitting parameters may be divided into two
of this compound overlap with those &fand 7. From the ~ 9roups, those which fall in the 1-@©.4 mm/s range typictd

intensity ratios, the molar ratio &, 7, and thea,3 mixed of RSnX compounds and those which are smaller. The first
compound was determined to te 6:2:5. Further investigation ~ 9roup contains the three compounds with the sandwich structure,
is underway. [(BuSNOH)(0-SiWgO34)2] 14,  [(BUSNOHX(-SiWeO34)2] 14,

(3) Butyltin trichloride (0.15 mL) was added to a solution of ~and [(PhSNOH)3-PWeOs4)]*#", with AEq = 1.57-1.92 mm/
a-(BUSNOH)(SiWe), (0.5 g) in a 10-mm NMR tube. THhEW s. The second group includes the three organotin trisubstituted
NMR of this solution shows only two peaks from (RSn@H)  Keggin and Dawson complexes, [(Bug(®-SiWOs7)]",
(a-SiWg)s. [(BuSn)(B-SiWe0s7)]"~, and [(BuSmy(P,W150s0)]°~, and the

On the basis of these experiments, it is concluded that (RSn) WO organotin monosubsﬁtutgd compounds, [(BuSn)(gm4)]>-
(SiWe) is kinetically stable, but (RSnO[SIW), is the  and [(MeSn)(SiWiOsg)]>", with AEqg = 1.12-1.37 mm/s. We
thermodynamically stable product. A 3 mol sample of RSnCl provisionally attribute these differences to differences in the axial

first reacts with 1 mol of Siwto give (RSn)(SiWes). When components of the electric field gradient tensors. Although all
extra SiW is present, (RSRJSIWe) reacts further to give the  the complexes contain “octahedral’s® coordination spheres
final thermodynamically stable compound (RSnGS)Wa).: for tin, the ligand trans to the organic group is hydroxy {Sh

=2 A) in the sandwich structures, but is a weakly bound silicate

3RSnC§ + SiVV9_> (RSn);(SiWQ) (1) (12) Omae, I.Organotin Chemistry Elsevier Science Publishers B.V.:
Amsterdam, The Netherlands, 1989; p 277.

. . . (13) Parish, R. VMossbauer Spectroscopy Applied to Inorganic Chemistry
(RSN)(SiW,) + SiW, — (RSNOH)(SiW,), (2) Long, G. J., Ed., Plenum: New York, 1984; Vol 1, p 530.



1212 Inorganic Chemistry, Vol. 35, No. 5, 1996 Xin et al.

or phosphate oxygen (SO = 2.3—-2.4 A) in the substituted
Keggin and Dawson species. a-Keggin - (RSn)y(«-SiWs)

NMR. The eight tris(organotin) polyoxotungstates can be ‘
well characterized by multinuclear NMR spectroscopy; see
Table 6. The four structure types are-Keggin (L and 2), B-Keggin  (RS);(B-SiW,)
p-Keggin @ and4), a-sandwich § and6), and$-sandwich ¢
and8). Since then andf-Keggin structures hav@s, symmetry ‘
ando andS-sandwich structures haw@s, symmetry, all eight |
compounds have similar NMR spectra: typical phenyl or butyl o-sandwich (RSn);(a-SiW,),
1H and13C NMR, one line?®Sj and!1%Sn NMR, and two-line
183/ NMR with relative intensity 1:2. The WW coupling ‘
constants 3J,,—o—w) Of all eight areca. 15 Hz, are typical of |
coupling between corner-shared \§/@ctahedra, and are B-sandwich (RSn),(8-SiW,),
consistent with structures of A-type Sifragments:#

The119Sn chemical shifts are very sensitive to the chemical \
environment change around the t#n.The chemical shifts of l
the phenyl complexes are 580 ppm upfield of those of butyl
complexes with the same structure, a trend that has been note
before’® This might be caused by back-donation of the
p-electrons of the phenyl carbon into an empty 5d orbital on
tin, increasing the shielding of the tin atdfh.We also note Table 8. 83W NMR Chemical Shift Patterns for A-Type Keggin
that the chemical shifts of the sandwich compounds are5@0 Polyoxoanions

-100 200

ppm
qiigure 5. Stick diagrams representing characteri¥td/ NMR spectra
of the four types of tungstosilicate.

ppm upfield relative to those of Keggin compounds with the ABber —
same organic ligand on tin. This could be caused by the compound Obelt Ocap Ocap) ref
different coord[natlon around t|n.' As noted gbove, in Fhe Keggm Keggin Structure
structure the tin could be considered as five-coordinate, since a-[(AIOH 5):GeWsOs7] " —78.2 —142.9 64.7 18
the axial Sr-O bond is very weak. In the sandwich structure S-[(AIOH 2)3GeWsOs7]"~ —90.4 —140.8 50.4 18
tin is clearly six-coordinate. An increase in the coordination a'[(InOH2)3GeVVQO37]77: —68.3 —158.9  90.6 18
number of t_in usual_ly produces a large upfield shiftogke- g:{ggggﬁifgm%ir_ :gi:g :ﬁg:i gg:g ig
Sn)1” The tin chemical shift patterns have also been observed a-[(AIOH 5);SiWeO37] ™~ —97.4 —1621 647 19
in the similar compounds: [(PhSnO#Ws034)2] 2~ (6 —609 B-[(AIOH 5)3SiWeOs7] ™~ ~109.6 —122.8 232 19
ppm), [(BUuSNOHY(PWyO34)2]12~ (6 —578 ppm), [(PhSn)P,- 0-[(GaOH)sSiWeOs7] 7~ —80.4 —159.7 79.3 19
W15059)]° (0 —567 ppm), and [(BuSajP,W1:0sg)]%~ (0 —518 ﬁ-[(Gan'b)35IV\7/gOa7]7’ -97.3 -1243 270 19
ppm)3d For o and 8 isomers, the coordination environment g:{ﬂ{’fsé'?’v\e%‘o]]& :1?)(7)-9 :13;-5 156-6 2210
around tin is almost the same, and the isomarand3, 2 and oV Sy - _
. . . . 3PW6O4q] 86.6 —130.1 435 22

4, 5 and 7, and 6 and 8) give virtually identical'®Sn NMR B[V 2SiWeOa] —1154 —120 —46 21
spectra. a-[M0osPWeOsq] 3~ -91.4 -101.5 -101 23

Different organic ligands on tin do not have any significent Sandwich Structure
effects on the'®W chemical shifts. However the different  o-[(PhSnOH)(PWeO3);] 12 —-138.6 —190.0 —51.4 5(b)
structures show characteristi®W patterns, as illustrated in  S-[(PhSnOH)(PWoOss)2] 2~ —123.4 —202.2 —78.8 4(d)
Figure 5. All spectra contain two lines with intensity ratio of ~A-[(BUSNOH}(PWeOs);] '~ . 1251 -2006 —755 4(d)
1:2 corresponding to the cap- and belt-tungsten atoms respec-g:{gg%@i&g%ﬁ”%ﬁ‘ﬁgoﬂ)ﬂ :igi'g :122'1 _fg'g g((g;
tively. Two kinds of patterns are observed: ﬁ-[(er)g(SiWZozi)i]u- —1251 —200.6 —-755 24

1. For Keggin-type aniondyei > dcap Whereas for sandwich- N

. Keggin Dimer Structure

type anionsdper < Ocap ,  [(GaOHGayGeWOs) - —127.0 —141.8 —14.8 18

2. A = |Opelt — Ocayl is greater foro-isomers of the Keggin B-[(TIOTi) 5(SiWeOs7)2] 14~ —131.3 —1458 -135 25
anions, but is greater fg-isomers of the sandwich structures.  B-[(NbONb)(SiWgOs7)2] 12 -114 -189 75 20

a-[(TiOTi) 3(GeWsOa7)2] 14~ -107.4 —127.8 204 26

(14) Lefebvre, J.; Chauveau, F.; DoppeltJPAm. Chem. S0d981, 103

) ‘éigeg-ref 12 b 269 A careful examination of the availab¥W NMR chemical
(16) van den Bé%he’ E. V.: van der Kelen, G.JP Organomet. Chem. shift data of trisubstituted Keggin and sandwich polyoxoanions

1971, 26,207. (Table 8) shows that all compounds follow these patterns, except
17 éa)gOt%ra,oJ.; H|n0|.sh|_, T; Iéawa.b%k\(.; Okawargﬂihem. Lettlé)r?l B-V3SiWgO40'~ andS-MosPWeO4®~. A third structural type,
1385(2())2 ora, . Hinoishi, T.; Okawara, & Organomet. Chem. e 5o called Keggin dimer (with a chemical formula of [(M-
(18) Liu J. Personal communication. _ O-M)3(XWgO34)7]"") is also a possible structure. Among the
(19) I|5|u, J.;MOr%egaéE.; Setshurane)arllt, FT Katigglés,l g(.)f-; Costello, C. E.; four known dimers (Table 8), three havg,, larger thandpers,
ope, M. 1.J. em. Soc., Dalton Iran . 18
(20) Finke, R. G.; Droege, Ml. Am. Chem. Sod984 106, 7274. and one has thécap smaller thaniper. More **3W NMR data
(21) Finke, R. G.; Rapko, B.; Saxton, R. J.; Domaille, P1.JAm. Chem. are needed in order to draw conclusions for the dimer
Soc.1986 108 2947. compounds.
(22) Domaille, P. JJ. Am. Chem. S0d.984 106, 7677.
(23) Kawafune, |.; Matsubayashi, Ghem. Lett1992 1869. .
(24) Finke, R. G.; Rapko, B.; Weakley, T. J. Rorg. Chem.1989 28, Conclusion
1573.
(25) Lin, Y.; Weakley, T. J. R.; Rapko, B.; Finke, R. Giorg. Chem. The reaction of A-[SiW034]% with organotin trihalides with
1993 32, 5095. ; i 2 (i ;
(26) Yamase, T.. Ozeki, T.. Sakamoto, H.: Nishiya, S.: Yamamot@ul. appro_prlatedsto.lchlomztry cr(])ntrol leads t(l) both 1:3 (trls?bstlt(ljjtgd
Chem. Soc. Jpri993 66, 103. Keggin) and 2:3 (sandwich-type) complexes, as confirmed by

(27) Xin, F. Ph.D Thesis, Georgetown University, 1995. the crystallographic structure determinations of [(PB&i)Vy-
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