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of 50 kHz (16K, 6.1 Hz/data point, 0.164-s acquisition time; 32K, 3.1
Hz/data point, 0.328-s acquisition time) or 100 kHz (32K, 6.1 Hz/data
point, 0.164-s acquisition time). Fluorine-19 spectra were obtained in
64—1600 scans at a spectral width of 100 kHz (16K, 12.2 Hz/data point,
0.082-s acquisition time; 32K, 6.1 Hz/data point, 0.164-s acquisition
time) or 150 kHz (32K, 9.2 Hz/data point, 0.109-s acquisition time). In
some instances '°F free induction decays, accumulated at a spectral width
of 100 kHz and in a 32K memory, were zero-filled to 64K for processing.
Pulse widths corresponding to bulk magnetization tip angles, § = 90°,
were 2 ('°F) and 22 us (*¥*Xe). Line-broadening parameters used in
exponential multiplication of the free induction decays were set equal to
or less than their respective data point resolutions. In some cases, reso-
lution was further enhanced by transforming the free induction decays
from a time to a frequency domain with use of a Gaussian fit rather than
the conventional Lorentzian fit. In these instances, a Gaussian broad-
ening between 0.1 and 0.5 and a line broadening equal to the negative
of the respective data point resolution were applied to the free induction
decays prior to Gaussian multiplication and Fourier transformation.

The respective nuclei were referenced with respect to neat samples of
XeOF, ('¥*Xe) and CFCl; (1F) at 24 °C. A positive chemical shift was
assigned to any resonance occurring to high frequency of the reference
substance.

Raman Spectroscopy. A Coherent Model Innova 90 argon ion laser
giving up to 3.5 W at 514.5 nm was used to excite the Raman spectra.
The spectrometer was a Spex Industries Model 14018 double mono-

chromator equipped with holographic gratings (1800 grooves mm™). Slit
widths depended on the scattering efficiency of the sample but were
typically set between 50 and 100 um. The scanning rate used was 0.5
cm™ s71. The typical laser power range used was between 0.4 and 1 W.
All Raman shifts quoted are believed to be accurate to £2 cm™. Cyl-
indrical sample tubes were mounted vertically. The angle between the
laser beam and sample tube was 45°, and Raman-scattered radiation was
observed at 45° to the laser beam or 90° to the sample tube. Low-tem-
perature spectra were recorded by mounting the sample vertically in an
unsilvered Pyrex glass Dewar filled with liquid nitrogen. All spectra were
obtained directly in either FEP or glass reaction vessels.
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The reaction of A-8-SiW0,4'% and “ZrO?*” ions in aqueous solution, under conditions initially designed to give “SiWyZr;04'®”,
instead yields the new heteropolytungstate anion Si,W,3Zr,O7,H,!1", isolated as its Bu,N*, Me,N*, and Me,NH* acid salts. These
have been characterized by means of elemental analysis, TGA, IR spectroscopy, 2Si and '3W NMR spectroscopy, and, for the
Bu,N* salt, FAB mass spectroscopy. Structural questions left unanswered by the solution NMR studies were answered by a
single-crystal X-ray structural analysis of the Me;NH? salt, (Me;NH) oH(Si;W 13Zr;07,H,)- 10H,0 (monoclinic, P2,/n, a = 13.452
(A b=43416(7) A, c=18.331 (4) A, 8 =102.17 (2)°, Z = 4, Mo radiation, R = 0.055 for 8755 independent data with
I2 3a(l)). The crystallographic analysis shows the anion to have the composition [Zr;(OH)3(A-3-SiW¢03,),]1!!", with approximate
Dy, symmetry. The equatorially placed Zr atoms are linked by OH atoms. Each Zr is also bonded to two oxygens of an
edge-sharing pair of WO, octahedra in each SiW;0,, unit and each trigonal-prismatic ZrOg group [average Zr-O = 2,11 (4)
A] is enlarged by two long Zr-O~-(Si,W) bonds [average Zr—O = 2.83 (7) A] normal to the prism faces. Possible reasons for

the formation of Si,W3Zr,, rather than SiWyZr,, are discussed.

Designed, high-yield synthetic pathways to heteropolyanions
containing more than one metal in oxidation states <4 are not
generally available.! However, the factors leading to the several
possible classes of such substituted polyoxoanions and thus to their
rational synthesis should become increasingly clear now that new
methods for the rapid characterization of such polyoxoanions,?
including their less widely investigated, organic solvent soluble
R,N* salts, %2134 are available.

As part of a program® aimed initially at preparing two series
of triply metal-substituted polyoxoanions SiWyM;O4" and
P,WsM;0,™ (M = V3* Nb%* and Ti**, Zr**), we have in-
vestigated the synthesis and characterization of the M* = Ti and
Zr members of this series. In addition to the fundamental interest
in such heteropolyanions, they are of interest as possible soluble
metal oxide support systems for transition-metal catalysts.>*

Herein we report that synthetic conditions of 3ZrO** +
SiW,0,,'%, chosen initially with the goal of preparing the un-
known zirconium-containing heteropolytungstate “SiWg¢Zr,-
(OH,);0+,* instead yield anions of the formula Si;W3Zr,05,14".
This new, Zr-substituted polyoxoanion has been characterized as

* Previous address: Chemistry Department, University of Dundee, Dundee
DD1 4HN, U.K.

0020-1669/89/1328-1573801.50/0

its H,O-soluble, Me,N* and Me;NHY salts, by methods that
include multinuclear NMR spectroscopy and a single-crystal X-ray

(1) (a) For the most recent summary of this area see: Pope, M. T. Hete-
ropoly and Isopoly Oxometallates; Springer-Verlag: New York, 1983.
(b) This statement applies to multiple, M,-containing, compounds
possessing the Keggin (XW 5 ,M,04) and Dawson (X;W;5:M,Oq;)
structures. (c) For an exception to this statement see: Katsoulis, D.
E.; Pope, M. T. J. Am. Chem. Soc. 1984, 106, 2737.

(2) Two of the most powerful new methods are 1- and 2-D '¥*W NMR
spectroscopy;*-"? FABMS%™ (fast atom bombardment mass spec-
troscopy) is another new method: (a) Acerete, R.; Hammer, C. F;
Baker, L. C. W. Inorg. Chem. 1984, 23, 1478. Kozik, M.; Hammer,
C. F.; Baker, L. C. W. J. Am. Chem. Soc. 1986, 108, 2748. Kozik, M.;
Hammer, C. F.; Baker, L. C. W. J. Am. Chem. Soc. 1986, 108, 7627.
Kozik, M.; Baker, L. C. W. J. Am. Chem. Soc. 1987, 109, 3159. Jorris,
T. L.; Kozik, M.; Casan-Pastor, N.; Domaille, P. J,; Finke, R. G.; Miller,
W. K.; Baker, L. C. W. J. Am. Chem. Soc. 1987, 109, 7402. (b)
Domaille, P. J. J. Am. Chem. Soc. 1984, 106, 7677 and references
therein. (¢) Knoth, W. H.; Domaille, P. J.; Roe, D. C. Inorg. Chem.
1983, 22, 198. (d) Knoth, W. H.; Domaille, P. J.; Farlee, R. D. Or-
ganometallics 1988, 4, 62. (e) Finke, R. G.; Droege, M. W. J. Am.
Chem. Soc. 1984, 106, 7274. (f) Finke, R. G.; Rapko, B.; Domaille,
P. J.; Saxton, R. J., Jr. J. Am. Chem. Soc. 1986, 108, 2947. For the
original synthesis of A-8-SiW044!", see ref 16. (g) Finke, R. G.;
Droege, M. W.; Cook, J. C.; Suslick, K. S. J. Am. Chem. Soc. 1984,
106, 5750. (h) Suslick, K. S.; Cook, J. C.; Rapko, B.; Droege, M. W ;
Finke, R. G. Inorg. Chem. 1986, 25, 241.
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Table I. Crystallographic Data for
(MC3NH)loH[SiszZl';OﬂH;]'lOHzo

formula (Me;NH),oH- VA 4
[Si;W,3Zr;04,H;}- T 23 °C
10H,0 A 0.71069 A

fw 5560.4 Pobs 3.48 (4) g cm™

space group P2,/n (No. 14) Peale 3.53 g em™

a 13452 (3) A u 215 cm™!

b 43416 (7) A transmissn  0.24~1.00

c 18.331 (4) A coeff

8 102.17 (2)° R(F) 0.055

14 10466 (8) A3 RW(F) 0.066

diffraction structural analysis (Me;NH?* salt), and as its organic
solvent soluble Bu,N* salt, including a FAB mass spectrum of
the BuyN* salt.

Experimental Section

Materials. The following materials were of reagent grade and were
used as received unless otherwise indicated: Bu,NBr (98%; Fluka);
Me,NCl, CaH,, pyrrolidine (Aldrich); Zr(O)(SO,4)-H;S043H,0 (Alfa);
KCl, MeOH, CH,CN (Baker Analyzed); CDyCN, DMSO-dg (Cam-
bridge Isotope Laboratories); Davidson 3-A molecular sieves (Fisher).
The synthesis of the lacunary heteropolytungstate A-8-NagHSiWg0,4
23H,0 has been previously reported.?f Dry CH,CN was prepared by
distillation over CaH, following overnight reflux under N, and then
mixing the distillate for 48 h with ca. 30% by volume 3-A molecular
sieves, which were activated by heating at 160 °C under vacuum (<100
um) overnight.

Instrumentation and Analytical Procedures. The instrumentation,
procedures, and conditions used for the following measurements have
been described in detail:¥ IR, FAB mass spectra,?®! solution sedimen-
tation—equilibrium ultracentrifugation molecular weight measurements,
thermal gravimetric analysis (TGA), and 'H, #Si, and '®*W NMR.
Elemental analyses were performed by Mikroanalysches Labor Pascher,
Remagen, West Germany. Water was determined by TGA weight loss
from ambient temperature to 200 °C (12° min™').6

X-ray Crystallography (Trimethylammonium Salt). Roughly equidi-
mensional cleaved fragments, grown as described below, were sealed into
capillaries. Weissenberg photographs showed the material was mono-
clinic, space-group P2,/n, and gave approximate cell dimensions that
were subsequently refined on the diffractometer from the setting angles
of 25 reflections in the range 26.3 < 26 < 29.7°. Intensity data were
collected at Molecular Structures Corp. and the structure analysis was
carried out in this laboratory. Crystal data are summarized in Table I.
Additional details of data collection and structure refinement are tabu-
lated in the supplementary material. The standard reflections showed
no significant variation during data collection. All calculations were
performed by use of the TEXSAN program suite,’ incorporating MITHRIL®
for structure solution and DIRDIF® for structure expansion. Atomic
scattering factors were taken from the literature.!® The Si;W4Zr; atom
set was clearly apparent in the £ map of highest figure of merit. An
empirical absorption correction (DIFABS)'®® was applied after isotropic

(3) (a) Finke, R. G.; Droege, M.; Hutchinson, J. R.; Ganzow, O. A. J. Am.
Chem. Soc. 1981, 103, 1587. (b) Finke, R. G.; Droege, M. W. Inorg.
Chem. 1983, 22, 1006. (c) Finke, R. G.; Rapko, B.; Domaille, P. J.
Organometallics 1986, 5, 175. (d) See also ref 2e-h. (e) Finke, R. G;
Rapko, B. Unpublished results.

(4) (a) Ortéga, F.; Pope, M. T. Inorg. Chem. 1984, 23, 3292. (b) Domaille,
P. J.; Watunya, G. Inorg. Chem. 1986, 25, 1239.

(5) (a) Ti**/SiO, is an interesting olefin epoxidation system.*® It would
be of interest to compare Ti** supported upon a polyoxoanion (as in
CpTiSiW,V304*)% to Ti** incorporated into the polyoxoanion
framework. (b) Sheldon, R. A.; Kochi, J. K. Metal-Catalyzed Oxida-
tions of Organic Compounds; Academic Press: New York, 1981;
Chapter 9.

(6) (a) Highfield, J. G.; Moffat, J. B. J. Caral. 1984, 88, 177. (b) Hodnett,
B. K.; Moffat, J. B. J. Catal. 1984, 88, 253; 19858, 91, 93. (c) Tsigdinos,
G. A. Ind. Eng. Chem. Prod. Res. Dev. 1974, 13, 267. (d) Reference
14b.

(7) “TEXSAN—Texray Structural Analysis Program”; Molecular Struc-
ture Corp.: College Station, TX, 1987.

(8) Gilmore, C. J. MITHRIL. J. Appl. Crystallogr. 1984, 17, 42.

(9) Beurskens, P. T.; Bosman, W. P.; van der Mark, T. E. M.; Noordik, J.
M.; Beurskens, G.; Gould, R. O.; Partlasarathi, V. DIRDIF. In Con-
formation in Biology; Srinivasan, R., Sarma, R. M., Eds.; Academic
Press: New York, 1983; pp 398-406.

(10) (a) Cromer, D. T.; Waber, J. T. In International Tables for X-ray
Crystallography; Kynoch Press: Birmingham, England, 1974; Vol. 1V,
pp 71, 148. (b) Walker, N.; Stuart, D. DIFABS. Acta Crystallogr.,
Sect. A 1983, 39, 158.
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Figure 1. '¥W NMR spectrum of [Si;W3Zr;05;H,]*" in D,O/HCI
(pD ca. 1.8). The sample was recorded on a Nicolet NT-360 NMR
spectrometer operating at 15 MHz at 21 °C using 10-mm-o.d. vertical
sample tubes, and a 7/2 pulse of 70 us. The spectrum consists of 40 000
pulses collected over 9 h. No apodization of the FID was employed.
Chemical shifts in ppm are negative to higher field and are referenced
to saturated Na,WO,/D,0 by using the substitution method. Asterisks
note the presence of ca. 4% of a decomposition product (that slowly
increases over time under the conditions of the NMR experiment; see the
Experimental Section). The 2Jy_o_w coupling constant marked with the
lines at the base of the two main peaks is 14 Hz.

refinement of the anion atoms. Subsequently, the W and Zr atoms were
refined with anisotropic thermal parameters. Difference syntheses
showed 9 of the 10 expected countercation C;N units and 10 isolated
atoms in the interanion spaces. The C;N units were refined in three
full-matrix least-squares cycles. Because there were only small accom-
panying changes in the parameters for atoms of the anion, and because
the CPU time with all atoms refined approached 9 h per cycle, the C,
N, and isolated atoms (the last of these treated as half-oxygens of pre-
sumably disordered water molecules) were fixed in the last cycles of
refinement.

(Me,N),HSi, W [ ZrOH};043-15H,0. Nine grams (25.3 mmol) of
Zr(0)(S0,4)-H;S043H,0 was dissolved in 400 mL of water (pH 1.6).
This initial low pH could not be adjusted due to Zr** hydrolysis in more
basic solutions.!! Next, 24 g (8.4 mmol) of A-3-NagHSiW,0,,23H,0
was added over the course of about 1 min to the vigorously stirred zir-
conium solution, yielding a colorless, homogeneous, pH 1.9 solution
within 5 min. Twenty grams (183 mmol) of Me,NCI was then added
to the solution followed by an additional 5 min of stirring. Next, an equal
volume of methanol was added to the suspension and the precipitate
isolated by suction filtration. Crystallization of the isolated white solid
from a minimum of boiling, pH 1.4 water (¥, about 200 mL) yields
16.5 g of white needles (68% yield).

Anal. Caled for (MeyN)oHSi; W 3[ZrOH]304:15H,0
(CaoH 54N 1oS1;W15Z13046): C, 8.33; H, 2.66; N, 2.43; 81, 0.97; W, 57.4;
Zr, 4.75; O, 23.9; Na, 0; total, 100.0; TGA weight loss for 17 H,0 =
5.29. Found: C,7.31; H, 2.26; N, 2.17; Si, 0.92; W, 57.3; Zr, 4.68; 0,
23.9; Na, <0.01; total, 99.03; TGA weight loss for 17 H,0 = 5.42. (Note
that a 1.0% increase in the 1.0% low C analysis would give a total of
100.0%. Also, we have experienced several 21% low C analyses for
Bu,N* salts of polyoxoanions.) IR (KBr): 1028 (m), 1005 (w), 955 (s),
890 (s, br), 820 (w), 765 cm™ (s, br).

5Si NMR (1.65 mM with excess LiClO, present in D,O/HCI (pD
=~ 1.8)): singlet, 5 = ~84.2. "W NMR (1.65 mM with excess LiClO,
present in D,O/HCI (pD = 1.8)) shows two lines at § ~140 (relative
intensity 1.0; S/N = 104 to 1) and & ~189 (relative intensity 1.9; S/N
= 224/1); ¥Jyw_ow = 14 £ 1.2 Hz as shown in Figure 1. In addition,
several, minor, uncharacterized resonances at ~142 (relative intensity 1),
~159 (relative intensity 1), —165 (relative intensity 2), and —181 ppm
(relative intensity 2) can be discerned. In Figure 1, the total intensity
of these resonances comprises 4% of the combined intensity of the two
major resonances at =140 and ~189 ppm. The intensities of these reso-
nances relative to those of the two major lines increases slowly over time
under the acidic aqueous conditions of the NMR experiment, comprising
over half of the total observed intensity following 1 week in solution at
room temperature. Attempts to isolate this H;Si,W 3Zr;O,,''" reaction
or decomposition product were unsuccessful.

(11) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 4th ed.;
John Wiley & Sons: New York, 1980; p 824 ff.
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(Me,NH)HSi,W 5[ ZrOH);0¢-10H,0. This preparation was exactly
analogous to that of the Me,N* salt described above. Recrystallation
from hot solution (pH 1.4) gave colorless laths (recrystallized yield:
60%). Stubbier prisms suitable for X-ray work were deposited at 20 °C
from a solution saturated at about 35 °C. Anal. Caled for
(Me;NH),0H[Si,W 13Zr;071H;]-10H,0 (C3H 54N 1906181, W 15Zr3): C,
6.48; H, 2.25; N, 2.52; Si, 1.01; W, 59.5; Zr, 4.92. Found: C, 6.21; H,
2.25; N, 2.59; Si, 0.98; W, 59.6; Zr, 4.92.

(BuyN),H,Si,W,s[ZrOH);0,,;-7TH,0. The procedure as described
above for the preparation of the Me,N* salt is repeated for the Bu,N*
salt, except that the addition of 30 g (93 mmol) of BusNBr replaces the
addition of Me,NCI. The resulting precipitate was collected by suction
filtration and dried at 60 °C, 1 atm, for 2 days. This solid was then
dissolved in about 45 mL of CH,CN and any insoluble residue removed
by centrifugation. The supernatant liquid was allowed to stand in vapor
contact with methylene chloride. The resulting white crystalline solid is
contaminated with a yellow oil. This contaminant was removed by de-
canting the solution from the crystals and rinsing with 1:5 (viv)
CH,;CN/CH,Cl, until the yellow oil is removed, leaving a white solid.
This solid was dried at 80 °C for 4 h (<0.1 mmHg), yielding 5.75 g
(21%) of white product.

" Anal. Caled for (BuyN);H,Si;W 3{ZrOH],0,,-7H,0
(Cl12H273N7Si2W13Zr3O73): C, 20.4; H, 414; N, 1.48; Si, 0.85; W, 50.1,
Zr, 4.15; O, 18.9; Na, 0; total, 100.0; TGA weight loss for seven H,0
=0.19. Found: C, 20.3; H, 4.07; N, 1.80; Si, 0.79; W, 49.9; Zr, 4.00;
0, 17.1; Na, <0.05; total, 98.0; TGA weight loss for seven H,O = 0.18.

The FAB mass spectrum was prepared by dissolving a few milligrams
of sample of 100 pL of CH,CN and adding this solution to =2 uL of
liquid 5:1 dithiothretol/dithicerythritol, with spectra obtained in both
positive and negative ion modes as reported previously. 28t

18W NMR was obtained by dissolving 2 g of the sample in 2 mL of
1:1 CH;CN/CD,CN at 21 °C (with 15 drops of pyrrolidine added to
sharpen the otherwise very broad peaks®f). Two resonances are observed
at & = —130.7 (relative intensity 1.0, Av;;, = 11 Hz) and & = ~169.4
(relative intensity 2.3, Av);, = 14.6 Hz). IR (KBr): 1035 (m), 955 (m),
900 (s), 810 (w), 750 cm™! (s, br).

A low-precision weight-average molecular weight (M,) was obtained
in solution (as a check on whether the Si;W;3[Zr(OH)]3O¢!!" structure
was retained in solution) by use of the ultracentrifugation sedimentation
equilibrium method with 0.1 M Bu,NPFq as electrolyte. Conditions
employed are as previously described.!? The required partial specific
volume, 7, was approximated by the apparent specific molar volume and
was measured as 0.4 by the method of densities: calcd for SiyW g[Zr-
(OH)]304¢'!~ = 4781; found = 4300 + 600.

Attempted Metathesis of the Me,N* Salt to a H,0* Salt. Fifteen
grams (2.6 mmol) of (MeyN),oHSi,W s[ZrOH],04; was dissolved in 3
L of water. This compound was passed through a column containing 100
g (470 mequiv) of Amberlyst 15 cation-exchange resin. The eluate was
reduced to dryness by using rotary evaporation at reduced (water aspi-
rator) pressure, while heating the solution with a steam bath. Thirteen
grams of white solid was isolated. 3*W NMR (1 g/mL D,O) now shows
five lines at —119.7 (relative intensity 1), —120.1 (relative intensity 1),
—-144.9 (relative intensity 2), —147.7 (relative intensity 1), and —199.9
ppm (relative intensity 1) rather than the two-line spectrum described
above for the starting compound H;Si,W Zr;0,,'". The IR (KBr)
spectrum shows bands at 1020 (w), 970 (m), 900 (s), and 790 cm™ (s,
br), indicating that the “Keggin-like” SiW¢0,, framework remains sub-
stantially intact.

Attempted Conversion of Si,W [Zr(OH));0¢'!" + 3Zr0** to
SiWoZr;(OH,);05,%. (Me,N),;HSi, W 5[ZrOH];0¢ (3.4 g, 0.59 mmol)
was dissolved in 200 mL of water and mixed with 3.1 equiv of Zr(O)-
(SO,):H,;S043H,0 (0.65 g) dissolved in 100 mL water (pH of the
mixture ~2). The solution was refluxed for 2.5 days, and then the total
volume was concentrated to 100 mL. Addition of Me,NCI (10 g, 90
mmol) gave an immediate precipitate. Filtration yields 1.92 g of a white
paste. No '¥*W NMR resonances (1 g/mL D,0 + excess LiClO,) were
discerned following >40 000 acquisitions.

Results and Discussion

MeyN* and Me;NH* Salts. In general, water-soluble salts of
substituted heteropolyanions are much easier to crystallize than
salts soluble in organic solvents. Since crystallization remains the
primary means of purification for polyoxometalates (HPLC of
polyoxometalates has recently been reported,!* however), our

(12) Reference 2e and supplementary material therein.

(13) (a) Kirk, A. D; Riske, W.; Finke, R. G.; Lyon, D. K.; Rapko, B. Inorg.
Chem. 1989, 28, 792, (b) Baes, C. F., Jr.; Mesmer, R. E. The Hy-
drolysis of Cations; Wiley-Interscience: New York, 1976; pp 152-159.
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synthetic strategy has involved the initial preparation, crystalli-
zation, and characterization of water-soluble salts such as K* or
Me, N+, followed by cation metathesis to an organic solvent soluble
salt that can often be obtained as an analytically pure powder.

The white, crystalline tetramethylammonium or trimethyl-
ammonium salts are readily prepared and purified from a hot,
saturated pH 1.4 HCI/H,O solution in ca. 70% yield, according
to the stoichiometry of eq 1 (rather than the stoichiometry required

2SiW903410— + 3Zr02+ + 3H+ nd
H;Si2W|SZr3O7,“" + 3H2O (1)

to obtain a trisubstituted, Keggin-type heteropolytungstate, eq
2). Indeed, the stoichiometry of eq 1 was observed even if excess

SiW90341°' + 321'02+ + 3H20 - Z“SiWQ[Zr(H2O)]3O374_”
(2)

ZrO* (6ZrO%*/SiW0,,'%, eq 2) was present. Furthermore,
attempts to “force” the formation of the SiWyZr,0,,!% product
by employing a higher temperature over a longer reaction time
yielded no isolable product, as detailed in the Experimental
Section. Comparing eq 1 vs 2 strongly suggests that less acidic
conditions would favor a product with a “SiWyZr;” composition,
but the propensity of Zr#** to hydrolyze (e.g. to ZrO,) at high pH
values'® and the insolubility of standard aqueous zirconium
sources at higher pH have hindered such an investigation (ad-
ditional experiments in this direction are possible, however, and
may prove fruitful).

The single line at ~84.2 ppm observed in the #Si NMR
spectrum for the tetramethylammonium salt indicates that a single
product is obtained under the reaction conditions. The IR
spectrum shows bands at ca. 1000, 950, 900, and 800 cm™ as
typically observed for Keggin-type tungstosilicates.!* The ele-
mental analysis (following overnight drying), coupled with the
use of thermal gravimetric analysis to determine the number of
H,0 molecules present, reveals the approximate empirical com-
position as (SinZrHO”ﬂ)n rather than (“SinZr3O40]°'”),,. ‘
However, the precision of the oxygen analysis leaves an unac-
ceptable uncertainty in this empirical composition. Because of
initial difficulty in obtaining a single crystal suitable for an X-ray
diffraction study, fast atom bombardment mass spectroscopy,
FAB-MS, on the Bu,N* salt was utilized to demonstrate that the
value of n is 2 so that the molecular formula becomes
Si,W13Zr;050.4*. Previously we concluded,?" from the elemental
analysis and the FAB-MS alone, that the most likely molecular
formula for the Buy,N* salt was “(BuyN);HSi,W 3 Zr;04(H,0)5,”,
where x = 1 or 2. The crystal structure analysis for the tri-
methylammonium salt, described next, shows that the polyoxo-
anion skeleton does in fact contain 71 oxygens (x = 1 above), but
leaves some uncerainty in the location of the protons in the
structure (a problem that typically is a difficult if not vexing one
in polyoxoanion chemistry'®). In short, the crystal structure
analysis of the Me;NH™ salt implies that the Bu,N* salt also
contains a H3Si,W3Zr;0,,!!~ anion and therefore supports the
deduction, from the FAB mass spectrum of the Bu,N* salt, as
to the anion’s basic composition. This confirms the usefulness
of FAB mass spectra as a tool for establishing a heteropolyanion’s
molecular formula when crystal structure analyses are not
available.

Single-Crystal Diffraction Structural Analysis of the Tri-
methylammonium Salt. The anion (Figure 2; stereoview in Figure
3) contains two SiWOs4 units that are linked via three equatorial
Zr atoms and that have the same A-3 structure as the precursor
lacunary heteropolytungstate,'® SiW,0,,'%. Atomic coordinates
are given in Table II, selected bond lengths in Table III, and

(14) (a) Thouvenot, R.; Fournier, M.; Franck, R.; Rocchiccioli-Deltcheff,
C. Inorg. Chem. 1984, 23, 598. (b) Rocchiccioli-Deltcheff, C.; Fournier,
M.,; Franck, R.; Thouvenot, R. Inorg. Chem. 1983, 22, 207.

(15) Day, V. W,; Klemperer, W. G.; Maltbie, D. J. J. Am. Chem. Soc. 1987,
109, 2991.

(16) (a) Hervé, G.; Tézé, A. Inorg. Chem. 1977, 16, 2115. (b) Robert, F.;
Té&z¢&, A. Acta Crystallogr., Sect. B 1981, 37, 1318,
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Figure 2. Structure of Si;W3Zr;0,,H;'!" showing the full numbering
scheme for all atoms.

Figure 3. Stercoview of Si;W §Zr,05,H;!!-,

distances between heavy atoms in Table IV. The two WOq
octahedra in each unit linked to a given Zr atom share an edge
with one another, as seen in other heteropolyanions of partial
stoichiometry (XWy),M3, where the XW40,, moiety is of the A
type, notably, [(PW;03,),W;0,(H;0)31%,"" [(PW,05,),Ce;04-
(H,0);)'%,18 and [Cu3(NO;)(PW,04,),]13.181%  This is in contrast
to anions containing B-type XWg 0;; moieties:
[(As'TW4033),W305(H;,0),]57,%0 [(As™'W;043),CoW,0,-
(Hy0)1% 21 [As', W gCuy(H,0)30466])'27,2 and [(Hg,),W-
(0)(H,0)(AsM"W05,),]'*232*  The anion lacks crystallographic

(17) Tourng, C. M,; Tourné, G. F.; Weakley, T. J. R. J. Chem. Soc., Dalton
Trans. 1986, 2237,

(18) Knoth, W. H.; Domaille, P. J.; Harlow, R. L. Inorg. Chem. 1986, 25,
1577.

(19) Based on W NMR analysis for [Cus(NO;)}(PW,0,,),]'%.

(20) Jeannin, Y.; Martin-Frére, J. J. Am. Chem. Soc. 1981, 103, 1664,

(21) Weakley, T. J. R. Inorg. Chim. Acta 1984, 87, 13.

(22) Robert, F.; Leyrie, M.; Hervé, G. Acta Crystallogr., Sect. B 1982, 38,
358.

(23) Martin-Frére, J.; Jeannin, Y. Inorg. Chem. 1984, 23, 3394,
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symmetry but has approximately D; inherent symmetry, the de-
parture from D5, symmetry resulting from a slight twist (ca. 2.5°)
about the Si--Si axis. Coordination of the SiWy0;,!* units to
the Zr atom has reduced the average O-+O distance between the
pair of O atoms now bridged by a Zr atom to 2.77 A compared
with 3.38 A for the same unshared atoms in the free “ligand”;
this change results largely from bond angle changes, as the skeletal
(W..W) distances (Table III) are little affected.

The Zr atoms are linked in the equatorial plane via oxygen
atoms. The overall coordination geometry is close to trigonal
prismatic, the local 3-fold axis of the ZrO¢ group lying in the
equatorial plane. The Zr~O bond lengths are in the range
2.04-2.16 (2) A, average 2.11 (4) A. However, each Zr atom
makes a long, weak contact, approximately normal to a rectangular
face of the ZrOg group, with one oxygen atom in each of the two
SiO, tetrahedra [2.74-2.94 (3) A; average 2.83 (7) A]. The
algorithm derived by Brown and Altermatt recently?® from bond
lengths stored in the Inorganic Crystal Database indicates that
these oxygens [O(14,15,16,54,55,56)] (Figure 2), each of which
is linked to one Si and two W atoms, have valence sums in the
range 1.63-1.75 average 1.70, and presumably therefore have
residual bonding capacity. By contrast the valence sums for O(4)
and O(53), which are linked to one Si and three W atoms, are
1.93 and 1.89, respectively.

We believe that the three oxygen atoms, O(69,70,71), involved
in the Zr—O-Zr bridges are protonated? by the three H* ions
required for charge balance, so the anion can be represented as
[(SiW0;4),Zr;(OH);]''". It appears improbable that un-
protonated oxo bridges are present at the pH (ca. 1.4) of the
synthesis and crystallization, and we are unaware of any instances
of diprotonated oxo bridges (i.e. water molecules) between Zr
atoms. There are several examples of polynuclear hydroxo-bridged
Zr complexes, e.g., [Zry(OH),(H,0)41%*?7 and [Zr;50,-
(OH)355(SO,)126]% (the oxo atoms in the latter? are tetrahedrally
bonded). Support for our view comes from the bond valence sums
for O(69,70,71), which are only 1.16-1.29 (average 1.21), implying
considerable negative charge on these atoms if they are not
protonated. By a similar argument, if the extra proton present
in the three acid salts here reported does not reside on a water
molecule, it could be attached to O(32), which links Zr(2) and
W(7), in the Me;NH™ salt. The valence sum for O(32) is only
1.28, and the W(7)~O(32) bond is significantly longer, 2.03 (2)
A, tl}fln the 11 other structurally analogous bonds, average 1.84
3) A

The [Si2W182r3071H3]]1- anion resembles two SinZr3040
Keggin-like units with the Zr atoms in common; the (6 + 2)
coordination number and the unusual coordination geometry for
the zirconium atoms represent a compromise enabling these atoms
to adapt simultaneously to both Keggin units. The Zr atoms all
lie close to the anion axis and are roughly equidistant (average
2.39 A) from it. In this respect the anion differs from all other

(24) (a) In addition, the structure As"‘,_IWmZn(HZO)O“B‘,Z‘“’ which only has
two (WO)** units bridging B-As'™W,0,, fragments, has been deter-
mined by 3*W NMR to possess the same connectivity as mentioned
above between the bridging (WO)** units and the AsWyOs; fragments.
(b) Contant, R.; Hervé, G.; Thouvenot, R. Abstracts, Polyoxometalate
Workshop, St. Lambert-des-Bois, France, July 1983.

(25) Brown, I. D.; Altermatt, D. Acta Crystallogr., Sect. B 1985, 41, 244,
We thank a reviewer for pointing out the value of the Brown—Altermatt
valence-sums analysis for the present example.

(26) One formalism useful for describing the charge distribution and surface
charge density of Keggin-type heteropolyanions is to consider these
compounds as inorganic clathrates surrounding the central, charged
XO," tetrahedron that contains the heteroatom.®® For example,
PW,,0,,> can be rewritten as (PO,*")(W1,03¢%) and P,W 504, can
be rewritten as (PO,)(W,505%). Applying this formalism to the
zirconium-containing heteropolytungstate skeleton Si; W 3Zr;O¢s*"
(containing Zr**) yields (SiO4*),(W3Zr304"), indicating the absence
of significant surface charge density. However, the presence of Zr(Q)**
bridges in Si;W5(Zr0);04'* yields (Si0,4),(W5Zr;04;,%), indicating
that appreciable surface electron density will be present, with concom-
itant protonation of the ZrO bonds until Zr(OH) and/or Zr(OH,;) are
formed. (b) Barcza, L.; Pope, M. T. J. Phys. Chem. 1973, 77, 1795.

(27) Squattrito, P. J.; Rudolf, P. R.; Clearfield, A. Inorg. Chem. 1987, 26,
4240.

(28) Clearfield, A.; Vaughan, P. A. Acta Crystallogr. 1956, 9, 555.
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Table II. Atomic Coordinates (X104 W, X10%) and Isotropic Thermal Parameters (A?) (Equivalent Isotropic Parameters (A2), B, =
1,L,L,Baaa*sa*, for W and Zr)

atom x y z B atom x y z B
w(1) 74853 (12) 13332 (3) 16737 (8) 2.86 (6) 0(49) 10542 (20) 2147 (6) 7491 (14) 5.0 (6)
W(2) 97230 (11) 10172 (4) 24111 (8) 2.90 (6) 0(50) 10543 (18) 912 (5) 8157 (12) 3705
w(3) 76131 (12) 5870 (3) 21425 (7) 2.71 (6) O(51) 7332 (17) 355 (5) 7666 (12) 33(5)
Ww(4) 56927 (11) 15300 (3) 28481 (8) 2.64 (6) 0(52) 3773 (18) 927 (6) 6373 (12) 3.9 (5)
W(5) 77872 (11) 19231 (3) 31296 (8) 2.65 (6) 0O(53) 7076 (16) 1574 (5) 7678 (11) 2.4 (4)
W(6) 102449 (11) 15490 (3) 40402 (8) 2.57 (6) 0(54) 6770 (16) 1764 (5) 6249 (11) 2.5(4)
W(7) 102805 (11) 8029 (3) 43599 (8) 2.70 (6) O(55) 8491 (15) 1465 (4) 6892 (10) 1.9 4)
W(8) 78786 (11) 3516 (3) 40926 (7) 2.50 {6) 0O(56) 6707 (14) 1153 (4) 6601 (10) 1.7 (4)
W(9) 57533 (11) 6900 (3) 33242 (7) 2.49 (6) O(57) 7438 (17) 1991 (5) 8726 (12) 3509
W(10) 40477 (11) 18935 (3) 50849 (8) 2.54 (6) 0O(58) 7424 (18) 1384 (5) 9055 (12) 3.5 (5)
W(l1) 72008 (11) 22732 (3) 63381 (8) 2.75 (6) 0(59) 5659 (16) 1676 (5) 8402 (11) 2.6 (4)
W(12) 96244 (11) 18741 (3) 72056 (8) 2.63 (6) 0O(60) 5278 (16) 1918 (5) 7066 (11) 29 (4)
W(13) 96160 (11)  11315(3) 76010 (7) 2.65 (6) 0o(61) 6998 (16) 2222 (5) 7352 (11) 2.9 (4)
W(14) 71530 (11) 6993 (3) 72064 (7) 2.38 (6) 0(62) 8970 (16) 1884 (5) 8054 (11) 2.5(4)
W(15) 50261 (11) 10489 (3) 64316 (7) 2.44 (6) 0(63) 8983 (17) 1292 (5) 8586 (11) 31(5)
W(16) 62275 (12) 20178 (3) 79511 (8) 2.85 (6) 0(64) 6967 (15) 942 (5) 8068 (11) 24 (4)
W(17) 83855 (11) 16496 (3) 87192 (8) 2.82 (6) 0O(65) 5213 (16) 1236 (5) 7448 (11) 2.6 (4)
W(18) 61656 (11) 12655 (3) 83535 (8) 2,73 (6) 0O(66) 5631 (19) 2320 (6) 8314 (13) 4.0 (5)
Zr(1) 6696 (2) 1765 (1) 4745 (2) 2.47 (12) 0O(67) 9235 (18) 1708 (5) 9557 (12) 3.6 (5)
Zr(2) 9416 (2) 1344 (1) 5719 (2) 2.32(11) O(68) 5576 (19) 1087 (6) 8959 (13) 4.5 (6)
Zr(3) 6729 (2) 843 (1) 5250 (2) 2.34 (12) 0(69) 8226 (15) 1647 (5) 5214 (10) 21 (4)
Si(1) 7972 (7) 1133 (2) 3586 (5) 2.36 (17) 0O(70) 8263 (14) 999 (4) 5544 (10) 1.8 (4)
Si(2) 7273 (7) 1492 (2) = 6843 (5) 2,52 (17) o(71) 6398 (15) 1308 (5) 4902 (10) 24 (4)
O(1) 7152 (20) 1497 (6) 795 (14) 4.9 (6) ow(1) 1858 (18) 671 (6) 6253 (12) 37 (5)
0(2) 10789 (18) 970 (5) 2047 (12) 3.8 (%) ow(2) 2217 (30) 865 (9) 9371 (21) 12 (1)
0(3) 7309 (18) 273 (6) 1537 (13) 3.9 (5) Oow(3) 7233 (30) 2676 (9) 4148 (21) 12 (1)
0(4) 8186 (15) 1046 (4) 2765 (10) 2.1 (4) ow(4) 2880 (30) 256 (9) 2065 (21)  12(1)
0O(5) 8907 (17) 1248 (5) 1671 (12) 3.1 (5) OW(5) 9375 (30) 189 (10) 948 (21) 13 (1)
0O(6) 7188 (17) 911 (5) 1410 (11) 3.0 (5) ow(6) 1802 (32) 2985 (10) 5015 (22) 16 (1)
o(7) 8967 (18) 647 (6) 1995 (12) 3.9 (5) ow(7) 2810 (33) 1700 (11) 1244 (23) 17 (1)
O(8) 6328 (16) 1341 (5) 2008 (11) 2.7 (4) Oow(8) 6388 (33) 18 (11) 196 (23) 16 (1)
0(9) 8004 (15) 1674 (4) 2304 (10) 1.9 (4) ow(9) 1415 (35) 452 (11) 1011 (24) 19 (1)
0(10) 10036 (17) 1360 (5) 2990 (12) 3.3 () Ow(10) 0(37) 4910 (12) 520 (25) 24 (2)
o(11) 10089 (17) 774 (5) 3338 (11)  3.2(5) ow(11) 6366 (34) 3268 (11) 4193 (24) 18 (1)
0(12) 8138 (17) 390 (5) 3090 (11) 2.9 (4) N(1) 4490 (32) 441 (10) 7996 (22) 6.8 (10)
0(13) 6401 (17) 671 (5) 2453 (11) 2.8 (4) N(2) 8627 (28) 788 (9) 9469 (19) 5.8 (9)
0O(14) 7317 (15) 1455 (5) 3518 (10) 2.3 (4) N(@3) 8802 (28) 2529 (9) 8617 (19) 5.4 (8)
0O(15) 9071 (16) 1177 (5) 4132 (11) 29 (5) N(4) 9762 (28) 1934 (9) 1741 (20) 5.7 (9)
0O(16) 7368 (17) 851 (5) 3866 (12) 3.2 (5) N(5) 8394 (36) 3311 (11) 2493 (26) 8.9 (13)
0O(17) 4514 (17) 1608 (5) 2341 (12) 3.3 (5) N(6) 9817 (48) 4086 (15) 6024 (33) 13 (2)
0(18) 8080 (17) 2270 (5) 2822 (18) 3.5 (5) N(7) 2812(32) 1170 (10) 3850 (23) 6.4 (10)
0(19) 11239 (18) 1788 (5) 3970 (12) 3.7 (5) N(8) 28 (30) 24 (9) 3171 (20) 5.7 09)
0(20) 11289 (19) 549 (6) 4618 (13) 4.4 (6) N(9) 505 (36) 2585 (11) 5438 (24) 7.8 (11)
0(21) 8244 (19) =33 (6) 4205 (13) 4.0 (5) C1) 4095 (46) 174 (15) . 7446 (32) 10(2)
0(22) 4587 (18) 544 (5) 2911 (12) 3.7 (5) CQ2) 5180 (49) 326 (15) 8606 (35) 10 (2)
0(23) 6404 (16) 1898 (5) 2665 (11) 2.6 (4) C(3) 3642 (50) 639 (15) 8132(33) 10(2)
0(24) 9110 (16) 1806 (5) 3640 (11)  25(4) C4) 9067 (38) 512 (12) 9173 (27) 6.9 (13)
0(25) 11037 (17) 1177 (5) 4274 (12)  3.2(5) C(5) 9369 (39) 986 (12) 0 (26) 7.2 (13)
0(26) 9227 (15) 531 (5) 4420 (11) 24 (4) C(6) 71787 (47) 679 (14) 9811 (32) 9(2)
0Q27) 6531 (15) 314 (5) 3613 (11) 2.3 (4) (7 8960 (35) 2742 (11) 8031 (24) 6.1 (11)
0(28) 5468 (15) 1110 (5) 3110 (10) 2.1 (4) C@®) 9677 (50) 2437 (15) 9174 (34) 9(2)
0(29) 5567 (16) 1690 (5) 3748 (11) 2.7 (4) C(9) 8020 (51) 2690 (16) 9022 (35) 11(2)
0(30) 7388 (16) 2027 (5) 4001 (11) 2.8 (4) C(10) 312.(35) 2127 (11) 2306 (24) 5.7 (11)
0O(31) 10177 (17) 1591 (5) 5008 (12)  3.2(5) can 9037 (44) 2118 (14) 1195 (30) 9(2)
0(32) 10262 (16) 964 (5) 5398 (10) 2.4 (4) C(12) 438 (44) 1754 (13) 1334 (30) 8 (2)
0(33) 7488 (16) 445 (5) 4958 (11) 2.8 (4) Cc(13) 7558 (40) 3432 (12) 1811 (28) 7.4 (13)
0(34) 5657 (17) 720 (5) 4331 (12) 3.2 (%) C(14) 8224 (36) 2988 (11) 2593 (24) 5.8 (11)
0(35) 5350 (16) 1852 (5) 5054 (11) 2.5 (4) C(15) 8189 (61) 3492 (19) 3186 (43) 14 (3)
0(36) 7178 (16) 2182 (5) 5335 (11) 2.7 (4) C(16) 9648 (53) 3786 (17) 5421 (38) 12(2)
0(37) 9978 (17) 1726 (5) 6354 (12) 3.1 (5) c(17) 8788 (57) 4054 (17) 6354 (38) 13 (2)
0(38) 9975 (16) 1095 (5) 6695 (11) 2.7 (4) C(18) 9957 (72) 4305 (23) 5497 (51) 18 (3)
0(39) 7096 (15) 580 (5) 6246 (10) 2.4 (4) C(19) 3485 (43) 1386 (14) 4443 (30) 8 (2)
0(40) 5322 (15) 884 (5) 5600 (10) 2.2 (4) C(20) 2822 (57) 1292 (18) 3133 (41) 13 (2)
0(41) 5757 (17) 2275 (5) 6077 (12) 3.4 (5) C(21) 891 (44) 142 (13) 2821 (30) 8 (2)
0(42) 8550 (15) 2130 (5) 6673 (10) 2.4 (4) C(22) 9405 (45)  —223 (14) 2660 (32) 9(2)
0(43) 10339 (15) 1531 (5) 7761 (11) 2.9 (4) C(23) 484 (44)  -161 (14) 3937 (31) 8 (2)
0O(44) 8496 (16) 835 (5) 7398 (11) 2.5 (4) C(24) 3057 (64) 872 (21) 3875 (45) 17 (3)
0O(45) 5678 (17) 704 (5) 6995 (11) 3.0 (5) C(25) 285 (58) 2706 (18) 6143 (41) 13 (2)
0(46) 4837 (17) 1458 (5) 6081 (11) 2.8 (4) C(26) —-420 (63) 2428 (19) 4955 (43) 15 (3)
0(47) 3809 (18) 2017 (6) 5779 (12) 3.8 (5) c@27n 1315 (59) 2283 (19) 5574 (40) 15 (2)
0O(48) 7447 (19) 2659 (6) 6353 (13) 4.4 (6)

anions of the (XWg),M, skeletal type, where two M atoms are
either distinctly further from or distinctly closer ([P,W,,04;-
(H,0),]%) to the anion axis than the third atom. Also, the
structure analysis shows no terminal oxygen atom on any Zr

atom; here the present anion shows its most striking difference
from the [(PWy03,),Ce;05(H,0),]'* anion, which it otherwise
most closely resembles. In the latter, the two Ce atoms further
from the anion axis (2.69 A) are 7-coordinate and each bears a
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Table III. Bond Lengths in the Anion (&) Table IV. Distances between Heavy Atoms (A)
W(1)-0(1) 173(2)  W(4)-0(28) 1.93 (2) W()-W(2)  3.325(3)  W(0)-W(l1)  3.276 (3)
W(1)~O(8) 1.79 (2) W(4)-0(8) 2.08 (2) W(1)-W(3) 3.347 (3) W(10)-W(15) 3.758 (3)
W(1)-0(6) 1.92 (2) W(4)-0(14) 229 (2) W(2)--W(3) 3.346 (3) W(11)--W(12) 3.739 (3)
W(1)-0(9) 1.92 (2) W(5)-0(18) 1.68 (2) W(1)-W(4) 3.655(3) W(12)-W(13) 3.305 (3)
W(1)-0(5) 1.95 (2) W(5)-0(30) 1.84 (2) W(1)-W(5) 3.659 (3) W(13)--W(14) 3.743 (3)
W(1)~-0(4) 2.38 (2) W(5)-0(23) 1.88 (2) W(2)--W(6) 3723 (3) W(14)-W(15) 3.285 (3)
W(2)-0(2) 1.72 (2) W(5)-0(24) 1.90 (2) W(2)W(7) 3.614 (3) W(10)--W(16) 3.658 (3)
W(2)~-0(10) 1.83 (2) W(5)-0(9) 1.93 (2) W(3)-W(8) 3.662 (3) W(11)-W(16) 3.649 (3)
W(2)-0(5) 1.85 (2) W(5)-0(14) 2.28 (2) W(3)W(9) 3.666 (3) W(12)-W(17) 3.657 (3)
W(2)-0(7) 197 (2)  W(6)-0(19) 1.72 (2) W(@4)-W(5)  3242(3) W(I3)=W(7)  3.665 (3)
W(2)-0O(11) 1.97 (2) W(6)-O(31) 1.80 (2) W(4)W(9) 3.747 (3) W(14)--W(18) 3.677 (3)
W(2)-0(4) 2.30 (2) W(6)-0(24) 1.91 (2) W(5)--W(6) 3.745 (3) W(15)-W(18) 3.656 (3)
W(3)-0(3) 1.75 (2) W(6)-0(25) 1.93 (2) W(6)-W(7) 3.289 (3) W(16)-W(17) 3.353 (3)
W(3)~-0(13) 1.87 (2) W(6)-0(10) 2.06 (2) W(7)W(8) 3.723 (3) W(16)-+W(18) 3353 (3)
W(3)-0(7) 1.91 (2) W(6)-0(15) 229 (2) W(8)--W(9) 3.257 (3) W(17)--W(18) 3.362 (3)
wg;_ggé? }gi g; ‘xg;_gg?; igi 8; W(4)-Zr(1)  3.599 (5)  W(I0)=Zr(1)  3.541 (5)
Wirag im woew  wG Moz} @ wiba aio

. . wer . e LT .
‘V‘v’(“)“g(”) {'69 (? w(;)‘g(gg) ;3‘3‘ (? W(7)-Zr(2) 3780 (5)  W(13)=Zr(2)  3.525(5)
(4)-0(29) 83(2) (n-0(32) 032 W(E)-Zr(3)  3.583(5) W(4)=Zr(3) 3565 (5)

W()-023) 193 W(N-0(5)  2.27(2) W(9)Zr(3)  3.558(5)  W(15)=Zr(3)  3.581 (5)
W(8)-0(21) 174 (2)  W(AD-0(54) 228 (2) : :
W(8)-0(33) 1.82 (2) W(12)-0(49) 1.71 (3) Zr(1)-Zr(2) 4.144 (6) Zr(2)Zr(3) 4.149 (6)
W(8)-0(27) 1.85 (2) W(12)-0(37) 1.84 (2) Zr(1)~Zr(3) 4.105 (6)
W(8)-0(12) 195 (2)  W(12)-0(42) 192 (2)
W(8)-0(26) 1.95(2)  W(12)-0(43) 1.94 (2) and the tungsten octahedra in the “belt”?*32% and requires that
W(8)-0(16) 229(2)  W(12)-0(62) 1.94 (2) the A-SiW,0,,!% structure of the starting material,'® confirmed
W(9)-0(22) 171 (2) W(12)-0(55) 233(2) by the structural analysis in the solid state, is maintained in
W(9)-0(34) 1.88 (2) W(13)-0O(50) 1.72 (2) solution.
wg;:ggg; 12? 8; wgi;;:gggg igg 8; Bu,N* Salt. Precipitation of the zirconium-substituted het-
W(9)-0(13) 1.98 ) W(13)-0(44) 1.96 ) eropolytungstate from the initial reaction solution with Buy;NBr
W(9)-0(16) 2.30 (2) W(13)-0(43) 1.98 (2) yields the Bu,N* salt. This compound is soluble in polar organic
W(10)-0(47) 1.72 (2) W(13)-0(55) 2.29 (2) solvents such as CH,CN, DMF, or DMSO but can be crystallized
W(10)-0(35) 1.84 (2) W(14)-0(51) 1.71 (2) in modest yield from CH,CN/CH,Cl, by use of vapor-diffusion
W(10)-0(41) 1.90 (2) W(14)-0(39) 1.82 (2) techniques. The compound shows the same IR characteristics as
W(10)-O(46) 193(2)  W(14)-0(44) 1.86 (2) the Me,N* salt described above, and elemental analysis again
wgg;‘ggg; ;3‘3‘ 8; &’/82'8222 13‘6‘ 8; indicates the same composition (SiWZr, sO3545)

- ' - : The composition of the heteropolyanion (with its two SiWOs5,
\\383:882; i;é 8; wg%g;:ggg; %32 8; units) was established by a FAB mass spectrum and verified in
WIDOWD 1B WINGM) 30 sluienbyaruaegution molemlarwight essromart
W(11)-0(41) 1.90 (2)  W(15)-0(46) 1.89 (2) negative 1on spectrum s C ! ¢t
W(11)-0(61) 195(2)  W(I5)-0(45)  1.92(2) [(BugN)g nH1+,S1,W3ZryO4g]7, n = 0-6, with losses due to O
W(15)-0(65) 2.00 (2) Zr(1)~0(69) 2,12 (2) (m/e = 16), ZrO, (m/e = 123), and WO; (m/e = 232) as
W(15)-0(56) 2.26 (2) Zr(1)-0(30) 2.14 (2) reported previously.”® The positive ion spectrum also shows peaks
W(16)-0(66) 1.74 (2) Zr(1)-0(36) 2.14 (2) assignable to [(BuyN)g_H;_,Si, W sZr;0¢]*, where n = 0-3, as
W(16)-0(61) 1.88 (2)  Zr(1)-0(29) 2.14 (2) well as intervening ZrO, peaks. Since oxygen present as H,0
&/I(ig)—g(gg) igg (g) %" (%)‘8?:) g;g (g ) in the structure can be readily lost during the FAB-MS (or oxygens
WEIG;:OE”; 193 22; 2;52;:0237; 507 22; can be protonatedmby H* generated from the FAB matrix during

B ' _ ' the FAB process® and then lost as H,O), there is always un-
wg%_ggg;; ?;; 8; %;Eg_gg?; g(l)? 8; certainty between the peaks seen in the FAB-MS and structures
W(17)-0(62) 1.88 (2) Zr(2)-0(69) 2.13 (2) of the same overall charge but differing in the elements of H,O
W(17)-0(63) 1.91 (2) Zr(2)-0(70) 2.13 (2) (e.g., between Si,W,5Zr;04% and H¢Si,W,3Zr;04,%). Because
W(17)-0(58) 1.93 (2) Zr(2)-0(32) 2.16 (2) of this, we previously concluded the structure [Si,WsZr-
W(17)-0(57) 1.96 (2) Zr(2)-0(55) 2.73 (3) (OH,);1,04¢% (x = 1 or 2), was most likely. The x = 1 case,
W(17)-0(53) 233(2)  Zr(2)-0(15) 294 (3) rewritten as H;Si,W 3(ZrOH);0,,*, can now be selected as
w(}g)—g((’g) %gg (;) %r(;)—8(34) 5(1)4 (é) consistent with all of the available data. A low-precision solution
WEIS;:OE&% o1 EZ; 2;23;:02335 2‘1§ EZ; molecular weight (caled 4781, found A7, = 4300 = 600), confirms
W(18)-0(59) 192 (2) Z1(3)-0(70) 213 (2) that the Si,W 3Zr; compqsition per;ists even under .the dilute
W(18)-0(58) 1.97(2)  Zr(3)-0(33) 213 (2) (1073-107% M) concentrations of this molecular weight mea-
W(18)~-0(53) 2,34 (2) Zr(3)-0(71) 2.13 (2) surement.

Zr(1)-0(35) 2.04 (2) Zr(3)-0(56) 2.82 (3) A 33W NMR spectrum in dry CD3;CN shows only broad,
Zr(1)-0(71) 2.06 (2) Zr(3)-0(16) 2.85 (3) ill-defined resonances. Such situations have been previously ob-
Si(1)-0(15) 1.61 (2) Si(2)-0(55) 1.63 (2) served and studied in detail; they are characteristic of certain
Si(1)-0(16) 1.61 (2) Si(2)-0(53) 1.65 (2) heteropolyanions under conditions in which slow exchange of H*
g:gg:gﬁl) }2 g; g:g;:ggg; igg 83 occurs. 2801531 Consistent with such an interpretation, addition

terminal aquo ligand. The smaller Zr atoms appear well shielded
from ligation by solvent.

The '3W NMR in D,0 shows a two-line spectrum (Figure 1)
at ~140 and —-189 ppm of 1:2 intensity, establishing that the overall
(average) symmetry of the heteropolytungstate in solution is Dy,
Furthermore, the 14-Hz 2Jy_o-w coupling constant is indicative
of corner coupling between the tungsten octahedra in the “cap”

(29) (a) LeFebvre, J.; Chauveau, F.; Doppelt, P.; Brevard, C. J. Am. Chem.
Soc. 1981, 103, 4589. (b) Domaille, P. J.; Knoth, W. H. Inorg. Chem.
1983, 22, 818. (c) Brevard, C.; Schimpf, R.; Tourné, G.; Tourng, C.
J. Am. Chem. Soc. 1983, 105, 7059. (d) However, one recent exception
to this use of ZJy_o_w coupling constant correlation to edge- vs cor-
ner-sharing octahedral linkage has been reported.?® (e) Canny, J; Tézé,
A.; Thouvenot, R.; Hervé, G. Inorg. Chem. 1986, 25, 2114.

(30) Clayton, E.; Wakefield, A. J. Chem. Soc., Chem. Commun. 1984, 969.
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of pyrrolidine reveals the expected spectrum for Dy, symmetry,
with two lines of approximate 2:1 intensity at —169.4 and —-130.7
ppm, respectively. Unfortunately, the increased line widths often
observed in organic solvents? prevented determination of the
2Jw-o-w coupling constant for the anion in these organic solvents.

Summary. The significant features of the reaction of A-3-
SiW0,,!% with ZrO?* in acidic, aqueous solution may be sum-
marized as follows:

1. The chemical behavior observed appears much more similar
to that reported for A-a-PWo0,,> with M2+ or M** species, in
that products of the composition X,;WsM; are formed (at least
under the acidic conditions of the present synthesis) rather than
the XWM; (Keggin-like) structures that have been observed for
M= V5+’2b,2f M06+,1“ W6+,1° and Ti4+.3°

2. The product Si,W,3[ZrOH];Oq,!!~ exhibits characteristics
similar to those reported for P,W 4[Ce0],0¢5'%", formed by the
reaction of A-a-PW40,,> with Ce**. These include (a) retention
of the isomeric form of the lacunary heteropolytungstate upon
complexation with these M** ions and (b) the presence of an extra
“belt” comprised of M—O-M (M = Ce) or M—~OH-M (M = Zr)
units—a feature peculiar to only these two X, W 3M; systems.

3. The absence of any coordinating water or terminal M=0O
bonds in the Si,W5[ZrOH],0¢s'!" anion is a feature unique to

(31) Harmalker, S. P.; Pope, M. T. J. Inorg. Biochem. 1986, 28, 85.

this X,W sM; molecule and can be explained by the steric effects
of the SiW0,, fragments on the relatively small zirconium atoms,
“tucking” the Zr,O; belt into the center of the structure and
thereby “protecting” them from OH, coordination despite the high
oxophilicity of zirconium.

4. The “Si,W 3Zr;” composition and structure are retained
in solution as demonstrated by multinuclear NMR, solution
molecular weight measurements, and FAB mass spectrometry.
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Experimental conditions are described for the growth of single crystals by anodic electrocrystallization of the isomorphous 1:1
chloride and bromide of 1,4,5,8-tetraselenonaphthalene (TSeN). A structural study was performed on the chloride for reasons
of crystal quality, while physical studies were carried out on the more plentiful bromide, which was found to have a polycrystalline
resistivity of 10°~10* Q@ cm. The chloride of TSeN, [C,,H,Se,]Cl, is an orthorhombic crystal of space group Cmca (D4; No. 64)
witha = 19.110 (4) A, b =8.574 (2) A, ¢ = 13.437 (3) A, VV = 2201.6 A3, and Z = 8. The structure, solved by Patterson and
difference-Fourier syntheses, is comprised of dimers of parallel TSeN cation radicals rather than infinite chains. Curie law behavior
was observed in both static magnetic susceptibility and electron spin resonance studies of the bromide. The ESR spectral envelope
is an example of an orthorhombic g-tensor system for which the intrinsic line width and the hyperfine anisotropy are much smaller
than that of the g tensor. The line width of the solution ESR spectrum of the TSeN cation radical and the isotropic g value show

a small solvent effect.

Introduction

We recently reported the synthesis, purification, and crystal
and molecular structure of the organoselenium w-donor 1,8:4,5-
bis(diseleno)naphthalene (tetraselenonaphthalene, TSeN, 1).!
Cyclic voltammetry and the solution electron spin resonance (ESR)
spectrum of the cation radical revealed the electron-transfer
properties of TSeN. We now focus our attention on the structure
and properties of the solid ion-radical salts, in particular the
chloride and bromide of TSeN, our motivation for undertaking
the synthesis of TSeN.!

We? and others? have attempted the synthesis of TSeN ion-
radical salts by solution charge transfer. This experimentation
to date has led to neither highly conductive solids nor to any

'GTE Laboratories.
!University of Missouri—St. Louis.
§ Present address: Department of Chemistry, Temple University, Phila-
delﬁ)hia, PA 19122.
Permanent address: Department of Chemistry, Muskingum College, New
Concord, OH 43762.
+ Brandeis University.

crystals whose structures have been determined.* Since our initial
hope was to prepare the solids (TSeN),X and since electrocrys-
tallization is the technique of choice for the superconducting
tetrachalcogenofulvalene salts of this stoichiometry,® experi-
mentation along these lines was initiated.

Electrocrystallization experiments were attempted with a variety
of anions under many different conditions, but experimentally

(1) Stark, J. C; Reed, R.; Acampora, L. A.; Sandman, D. J,; Jansen, S.;
Jones, M. T.; Foxman, B. M. Organometallics 1984, 3, 732-735.

(2) Sandman, D. J.; Stark, J. C.; Acampora, L. A.; Samuelson, L. A.; Allen,
G. W.; Jansen, S.; Jones, M. T.; Foxman, B. M. Mol. Cryst. Lig. Cryst.
1984, 107, 1-17.

(3) Nogami, T. Private communication Cf.: Nogami, T.; Tanaka, H.;
Ohnishi, H.; Tanaka, Y.; Mikawa, H. Bull. Chem. Soc. Jpn. 1984, 57,
22-25.

(4) Very recently, solution charge-transfer experiments at the University
of Missouri—St. Louis have led to single crystals of a solid of the
composition (by elemental analysis) (TSeN)I,. Additionally, samples
of a chloride and bromide of TSeN different (by X-ray powder dif-
fraction) from those described herein have been obtained as well as a
new trifluoroacetate. The electrical, magnetic, and structural properties
of these solids will be discussed separately.

(5) Williams, J. M. In Progress in Inorganic Chemistry; Lippard, S. J., Ed.;
Wiley-Interscience: New York, 1985; Vol. 33, pp 183-220.
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