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The deoxygenation of the mixed-metal polyoxoanionsH6)4N]sNbWs0,9 with benzoyl chloride in dichlo-
romethane forms quantitatively the condensed polyoxaniaH{)aN]4(NbWs0;g),0, in which two polyoxoanion
fragments are linked together by a N®—Nb oxo bridge. The product is characterized by a strong IR band at
692 cnr! assigned to a NBO—Nb stretch and a broad singi#Nb NMR resonance at 975 ppm. Partial hydrolysis
of [(C4Hg)4aN]4(NbWs01g),0 to NbWEO; 408%™ in wet acetonitrile was observed by IR aH® NMR spectroscopy.
The reaction of [(GHg)4N]4(NbWs0O,6),0 with a variety of alcohols and phenol forms alkoxide-derivatized poly-
oxoanions [(GHg)aN].2Nb(OR)Ws015 (R = methyl, ethyl, isopropyl, cholesteryl, phenyl). The similarity of the
IR spectra of these deriviatives suggests that functionalization occurs at the terminal NbO oxygen. A crystal-
lographic study of [(GHg)aN]4(NbWs01g),0 revealed a crystallographically imposed linear-N—Nb oxo bridge
(Nb—Oprigge= 1.887(3) A) and a structure in which the terminal tungstexo bonds on the adjoining polyoxoanion
fragments are eclipsed. Crystal data: orthorhomBimicg Z = 4, a = 15.817(2) A,b = 17.870(2) A.c =
35.058(2) A;V = 9928.0(10) &; R = 5.52%.

Polynuclear transition metal oxo anions (polyoxoanions) are (@
widely recognized for having interesting physical properties
as well as numerous applications ranging from catalysis to
pharmacology. Derivatization of these compounds with organic
and inorganic compounds has been investigated extensively ando
is a valuable means of altering polyoxoanion properties and
reactivity? One of the simplest polynuclear tungstategOd,
is difficult to derivatize; however, its reactivity can be enhanced
by the substitution of Nb(V) for W(VI) (Figure 1d¥. This
substitution results in a singly substituted mixed-metal poly-
oxoanion In V\_’h'Ch the_ter_mlnal and bridging oxygen atoms Figure 1. Structural representations of (a) the mixed-metal polyoxoan-
bound to niobium are significantly more nucleophilic than the jon NbWsO,6~ and (b) its condensation product (Ne®@is),0* (W

corresponding oxygen atoms bound solely to tungktén. = solid, Nb= shaded, O= open spheres).
One consequence of the increase in reactivity is the self-
condensation of multiply substituted niobium tungstategorm (Figure 1b). These compounds are excellent starting materials

larger polyoxoanions with connecting N—Nb bridges for the preparation of organic and organometallic derivatized
- — polyoxoanions. We report here that deoxygenation of the
T Columbia University. - . . . .
* Rutgers University. terminal NbO oxygen fragment in the singly substituted niobium
® Abstract published irhdvance ACS Abstractdfarch 1, 1996. tungstate [(GHg)4N]sNbWs0;9 with benzoyl chloride is a useful
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Experimental Section (TaWs019)20: IR (KBr, 500-1000 cnt?l) 554 (m), 586 (s), 699 (s),
807 (s), 878 (m), 972 (s), 993 (sh); FAB-M8B/z[MH] *, 3763.
Materials and Methods. All manipulations were carried out under [(C4Hg)aN].NB(OR)WsO15 (R = Methyl, Ethyl, Isopropyl, Phenyl,
an inert atmosphere of argon or dried nitrogen by using standard Cholesteryl). (i) [(C4Hs)sN]2ND(OCH35)WsO1s. A 0.60 g (0.17 mmol)

Schlenk glassware, glovebox, and vacuum line techniguBghlo- sample of [(GHs)aN]4(NbWsO14),0 was stirred with 40 mL of methanol
romethane was distilled under argon over Gakfore use. GC;0;H for 2 days at room temperature under argon. A suspension formed
was purified by recrystallization in hot cyclohexane and dried on a during this period. The white solid was isolated by filtration and
vacuum line for 2 days at 68C. The starting materials [(€lg)sN]- washed with anhydrous diethyl ether to give 0.48 g (78%) of product.

WO,,” Nb(OEt),2 Ta(OEt},2> KgNbsOis,? [(CaHg)aN]aNbW4O16,%° Anal. Calcd for GsHzsN:NbWsOs: C, 21.81; H, 4.16; N, 1.54.
[(C4H9)aN]sNbWsO15,*> M and [(GHg)aN]sTaWsO1s® were prepared by Found: C, 21.75; H, 4.08; N, 1.51. IR (KBr, 580000 cnt?): 531
literature methods. 170 enrichment of [(GHg)sN]sNbWs019 was (m), 585 (m), 688 (m), 812 (s), 881 (m), 973 (sH NMR of anion
accomplished by stirring a solution of [{B9)sN]sNbWsO0, in aceto- (300 MHz, CRCN): 6 4.40 (s) ppm.%Nb NMR (74 MHz, CR:CN):

nitrile in the presence of a 20-fold excess of 18%-enriched HO 8 —927 ppm. FAB-MSm/z [MH — CHy]*, 1803; [MTBAJ*, 2044,
(Enri_tech) for 24 h. All _other_ compounds and_ _sol\{ents were used as (i) [(C 4Hs)4N]o2ND(OCH,CH3)WsO1s In a procedure analogous
received from the supplier without further purification. to the preparation of [(§Hs)sN]2Nb(OCH;)W:O4g, 0.35 g (0.098 mmol)

Elemental analyses were performed by Galbraith Laboratories of [(CsHg)4N]4(NbWs01g),0 was stirred in ethanol at room temperature
(Knoxville, TN), Robertson Microlit Laboratories (Madison, NJ), or  for 2 days and then precipitated with anhydrous diethyl ether to yield
the Department of Chemistry at Columbia University with a Perkin- 0.26 g of product (73%). Anal. Calcd forsE;7N.NbWsOs9: C,
Elmer 2400 CHN elemental analyzer. Infrared spectra were recorded 22.30; H, 4.24; N, 1.53. Found: C, 21.99; H, 4.01; N, 1.38.NMR
as KBr pellets on a Perkin-Elmer 1600 Series FTIR spectrometer. The of anion (300 MHz, CRCN): 6 4.58 (g, 2H), 1.10 (t, 3H) ppm. IR
1H, 13C, 170, and®*Nb NMR spectra were obtained on a Varian VXR-  (KBr, 500—1000 cntl): 546 (m), 587 (m), 688 (m), 740 (m), 808 (s),
300 spectrometer at ambient room temperature-@2°C). The!’O 880 (m), 974 (s). FAB-MSm/z [MH — CH,CHjs]*, 1803; [MTBA]*,
NMR experiments were carried out with concentrated solutions of the 2044.
polyoxoanion in 5 mm NMR tubes and were referenced to water. A (iii) [(C sHg)aN]2Nb(OCH(CH 3)2)WsO1s. In a procedure analogous
0.25 M solution of [(GHs)sN]NbCls in CH3CN served as an external  to the preparation of [(§19)4N]2Nb(OCHs)WsO;g, the compound was
reference foP*Nb NMR spectra. Fast atom bombardment mass spectra isolated in 75% yield. Anal. Calcd forggH70N.NbWs04g: C, 22.80;
(FAB-MS) were recorded on a JEOL JMS-DX 303 HF machine with H, 4.32; N, 1.52. Found: C, 23.00; H, 4.52; N, 1.28. IR (KBr, 500
Xe gas, 3 kV, resolution 1:1500 at 230@z. Positive ion spectrawere 1000 cm-1): 444(s), 547 (m), 585 (m), 700 (m), 809 (s), 866 (M), 974

obtained using a 3-nitrobenzyl alcohol matrix. (s). 'H NMR of anion (300 MHz, CBCN): d 4.88 (sep, 1H), 1.08 (d,
Preparation of Compounds. [(GHg)sN]4(NbW5014)0. Method 6H) ppm.
1. To a suspension of 1.312 g (0.64 mmol) of Ji5)sN]sNbWsO19 (iv) [(C4H0)aN]2Nb(OCeHs)WsO1s. A suspension of 0.24 g (0.067

in 40 mL of CHCl, was added excess (180 mL) benzoyl chloride mmol) of [(CsHg)aN]4(NbWs01¢),0 and 0.25 g (0.27 mmol) of ¢Els-
under argon at room temperature. After the reaction mixture was OH in dichloromethane was stirred for 3 days at room temperature.
stirred for 1 h, anhydrous diethyl ether was added, and the resulting The product was isolated by adding anhydrous diethyl ether to the
white precipitate was isolated by filtration and washed with 5 mL slightly yellow solution and collecting 0.158 g (63%) of the slightly
of ether to give 1.151 g of product in nearly 100% yield. Anal. Calcd Yellow solid by filtration. Anal. Calcd for GHgiN2NbWsO1g: C,
for CegH1aNJNB W03z C, 21.43; H, 4.02; N, 1.56. Found: C,21.72; 24.30;H, 4.13; N, 1.49. Found: C, 24.45; H, 4.02; N, 1.47. IR (KBr,
H, 3.82; N, 1.47. IR (KBr, 5061000 cml): 546 (m), 587 (m), 692  500-1000 cnt?): 546 (m), 588 (m), 690 (s), 812 (s), 877 (M), 972
(s), 812 (s) 877 (M), 974 (S), 994 (sHNb NMR (74 MHz, CHCN): (s).
0 —975 ppm. FAB-MS,m/z [MH]*, 3586; [MTBA]", 3827. It is (V) [(C4Hg)aN]2Nb(OC27H45)Ws01s. A suspension of 0.250 g (0.65
worth noting that FAB-MS of oligomeric polyoxoanions can give mmol) of cholesterol and 0.22 g (0.061 mmol) of [{&)aN]s-
ambiguous results since oligomers can also be detected in the FAB-(NbWs01g),0 in dichloromethane was stirred for 5 days. The product
MS of the monomeric starting materi&s® We did not observe this was precipitated from the reaction mixture by adding excess anhydrous
behavior in our FAB-MS spectra. diethyl ether. It was necessary to purify the product by triturating the
Method 2. To 1.312 g (0.64 mmol) of [(§Hg)aN]sNbWsOyo in & solid three times with anhydrous ether to yield 0.146 g (55%) of the
250 mL Schlenk flask was added 40 mL of benzoyl chloride under Product. Anal. Calcd for GHi2No2NbWsO,s: C, 32.63; H, 5.39; N,
argon. The mixture was stirred for approximgted h at room 1.29. Found: C, 32.85; H, 4.90; N, 1.47. IR (KBr, 580000 cnT?):
temperature before anhydrous diethyl ether was added with rapid 246 (M), 588 (m), 692 (s), 816 (s), 878 (m), 974 (s). FAB-M8z
stirring. The resulting white solid was isolated by filtration and washed [MH] ™, 2171; [MTBAJ", 2412.
with diethyl ether to give 0.956 g (83%) of the product. X-ray Crystal Study of [(CHo)aN]Js(NbW:s01¢):0. A colorless
[(CaHs)aN]s(NDW4015),0 and [(CaHs)aNaJa(TaWsO15),0. The parallelepiped crystal (0_.52< 0.24 x 0.12 mm) of [(GHg)aN]4-
compounds were prepared from j)aN]sTaWsOss and [(GHg)aN]+- (wasolg)zo was grown in narrow (20 mm) glass Fubes after 4 Wgeks
Nb,WsO1s, respectively, in excess benzoyl chloride by the same frc_)m a mlxed-solyent solution of methylene chloride and acetonitrile
procedure as for [(§Hs):NsJ(NbWsO;¢),0 and partially characterized: with anhydrous diethyl ether layered on top. The crystal was glued to

[(CaHo)aNel(NbW.O15),0: IR (KBr, 5001000 i) 670 (s), 722 Egl)a(tss fiber, cto;llered V;l]lth E}rth[I)T Ialyer of epoxy cet?ent, a?dI zxatlmmeg
(m), 738 (m), 799 (v), 885 (sh), 912 (m), 958 (). JEG)aNd- y X-ray crystallography. Table 1 summarizes the crystal data an

’ ’ ' ! ’ ' the data collection, solution, and refinement details. Data were collected
- - - - — on a Siemens P4 diffractometer at 296 K in the26 mode with af
(6) (a) Shriver, D. FThe Manipulation of Air-Sensite Compounds). scan width of 0.6% and scan speed of-%0° 6/min using graphite-

\(/:Viley a”‘,j\l S?Rgstv;qug(’ égg?ég% '\gsgg”y' J.P.Leong, V. S.;  monochromated Mo  radiation. Some difficulty was experienced
@ ngpeTr, M.: Day \); ’\)N'eFranéescéni L. C.: Fredrich. M. E.: initially in obtaining constant cell dimensions for the crystal, possibly

Klemperer, W. GlInorg. Chem.1985 24, 4055. due to the loss of lattice solvent, but reproducible and reliable unit cell
(8) (a) Bradley, D. C.; Chakravarti, B. N.; Wardlaw, \@. Chem. Soc. parameters were observed after allowing the crystal to sit for several
1956 2381. (b) Bradley, D. C.; Wardlaw, W.; Whitley, A. Chem. days. Data collection and reduction were carried out by standard
Soc.1955 726. procedures. The structure was solved and refined using the Siemens
©) g%) ';'\,LOWSZ'F'\I/I'; HOéRMC'fi Pg;emfer%r, \S/ GnorghCheerg’:GLQYE? SHELXTL PLUS (PC version) crystallographic prografn.
178, (b) Flynn, C. M., Jr.; Stucky, G. fnorg. Chem.1969 8, The direct-methods solution of the structure with SHELXTL PLUS
(10) Dabbabi, M.; Boyer, M.; Launay, J.-P. Jeannin,JY Electronanal. yielded the Nb and W atom positions as well as those of many of the

Chem. Interfacial Electrochenil977, 76, 153. Preparation of the O atoms. Subsequent difference Fourier maps gave all the remaining
(CaHo)sN'™ salt was done by ion exchange chromatography with Dowex O atom positions of the anion. Difference maps also revealed two
50-X 8—100 ion-exchange resin as adopted from the literatre.

(11) Ssanchez, C.; Livage, J.; Launay, J. P.; FournierJMAmM. Chem. (12) Sheldrick, GSHELXTL/PC Siemens Analytical X-Ray Instrument,
So0c.1983 105, 6817. Inc.: Madison, WI, 1990.
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Table 1. Crystallographic Information for [(§4s)aN]a(NbWs015).0

formula C64H144N4037Nb2W10

fw 3586.2

crystal system orthorhombic

space group Cmca

a, 15.817(2)

b, A 17.870(3)

c, A 35.058(5)

v, A3 9909(3)

A 4

Dcalca g cnrs 2.404

radiation Mo Ko (0.710 73 A)

abs cor numerical, face-indexed

min/max transm 0.0649/0.3088

index range < h<17,0<k<19,
0<I1<37

20 range 3<20=<4%

total no. of data collected 6752

avRy 0.046

total no. of unique data 3379

no. of unique data witlr > 4o0(F) 2141

no. of variable params 186

goodness of fit 1.49

R:2 0.055

R 0.068

3Ry = Y||Fol — IFcll/Z|Fol; Re = [YW|IFe?| — [F2[l/Zw][Fe?]*2,
wherew = [1/04(F,) + 0.000%7.

disordered (GHo)sN cations with a refined occupancy of 55.4% (cation
1) and 44.6% (cation 2), respectively. Atom N(1) of cation 1 resides
on a 2-fold axis, and atom N(2) of cation 2 is at a general position. A
number of carbon atom positions in each of the two disordered cations
were not discernible from difference maps, and not included in the
final model. As a consequence, the largest difference peak in the final
difference map was 2.03 e7A The atoms in the final full-matrix least-
squares cycle were refined with anisotropic thermal parameters for the
anion and a common isotropic thermal parametdd ef 0.109 & for

the cation. The C atoms in the cation were constrained to an idealized
bond distance of 1.55 A and bond angle of 109 he positions of the

H atoms were generated from the carbon atoms to which they were
attached by SHELXTL PLUS and were assigned a fixed isotropic
thermal parameter dff = 0.10 A2

Results and Discussion

Lu et al.

observed. The downfield resonance is in the chemical shift
range expected for a terminal NbO oxygen in a niobium
tungstate?®13 The resonance is likely the result of direct oxygen
atom exchange between,¥O and [(GHg)sN]4(NbWs501g),0
followed by its hydrolysis and/or oxygen atom exchange
between HYO and the hydrolysis product H[{8g)sN],-
NbW5019, which dehydrates to [(£H9)4N]4(NbW5018)20 (eq
2). The hydrolysis of ([GHg)aN]4(NbW501g),0 is similar to

H,0
(NDW,0,9),0% === 2HNDBW,O,6* )

the reported interconversion of the anhydride fWgO;5),08~
and its conjugate acid HNW,O1¢?~ in the presence of waté?.
Several oligomeric polyoxoanions have been prepared by self-
condensation under acidic conditiéngith the notable exception
that CQ or transition metal carbonyl clusters can also be used
as oxygen atom acceptors to deoxygenatgH@xN]sNbW4019
to form [(C4Hg)4N]e(Nb2W4015),0.4 Deoxygenation of early
transition metatoxo complexes has been accomplished by a
nucleophilic substitution reaction with acid chloridésnost
often vyielding the corresponding chloride complexes. The
terminal NbO oxygen of [(gHg)sN]sNbWs0,9 is sufficiently
nucleophilic to react with the carbonyl carbon of benzoyl
chloride to form the corresponding niobium carboxylate or
chloride derivatives by analogy to the mechanisms proposed
for the reaction of acetyl chloride with metal oxo coordination
complexed#P¢ These intermediates could then undergo nu-
cleophilic substitution by another equivalent of jt)4N]s-
NbWs0O1g to form [(C4Hg)aN]a(NbWs50,5),0. The net result is
deoxygenation and self-condensation of4g)sN]sNbWs0:9
(eq 1). Attempts to demonstrate this mechanism with isotopi-
cally labeled [(GHg)2N]sNb(’O)WsO15 were unsucessful due
to rapid exchange of the benzoyl chloride solution with the
labelled starting material, the polyoxoanion or the organic
products of the reaction.
The IR spectrum of [(GHg)aN]4(NbWs01g),0 (Figure 2)
revealed a new intense broad band at 692%camd the absence
of the terminal Nb-O vibrational stretch at 915 cm of the

starting materiaf®11 Other distinctive IR bands in the metal
Synthesis and Spectroscopic Characterization oxygen stretching region from 500 to 1000 chwere un-
[(C4H0)aN]4(NbWs01g),0. The compound [(GHo)aN]s- changed, indicating that the structure of thEbWsOsg) ~
(NbWs01g)20 was prepared quantitatively by adding excess fragment remains the same. The new band is characteristic of
benzoyl chloride to a suspension of j{€)aN]sNbWsOys in a Nb—O—Nb link between two polyoxanions and is similar to
dichloromethane (eq 1). An 83% yield was obtained when neat vibrational stretches of previously reported singly bridged

of

CHsCOCI/CH,CI,

2NbW,0,>~ (NbW0,9,0" (1)

—02

benzoyl chloride was used. Stoichiometric quantities of benzoyl
chloride gave a poor or no yield of the product. The presence
of small amounts benzoic anhydride in the benzoyl chloride

Nb—O—Nb polyoxoanions, (NjW;01g),0%~ (672 cnt )" and
(P2Nb3W15061),016~ (665 cntl)*c and the triply bridged
Sisz6W180778_ (690 cr’r'rl)“a complex.

The %3Nb NMR spectrum of [(GHg)4N]4(NbWs01g)20 (Fig-
ure 3) exhibited a broad resonance-&75 ppm (linewidth at
half-height~6000 Hz) compared to the narrowerq00 Hz)

solution prevented unequivocal identification of the organic
product of the reaction. Under the reaction conditioH§
NMR studies showed that the isotopically enriched oxygen atom
in [(C4Hg)aN]3Nb(*’O)Ws015 observed at 795 ppth was
incorporated completely into the oxygen of the excess benzoyl
chloride (487 ppm) reagent. Partial characterization of the
products of the reaction of benzoyl chloride with J{6)4N]s-
TaWsOqg Or [(C4Hg)4N]4Nb2W40lg suggested that [(AE|9)4N]4-
(TaWs01),0 and previously reported [(89)aN]s(NDW4O1),0%
could also be prepared using this method.

Wet acetonitrile solutions of [(§9)4N]4(NbWs01g),0 par-
tially or completely hydrolyzed to Nb¥D;¢°~ as judged by IR
spectroscopy. When [(Elg)sN]4(NbWs0,5),0 was treated with
170O-enriched (10%) water, a broad resonance at 744 ppm was

(13) This resonance is approximately 50 ppm upfield from the terminal
NbO oxygen resonance in [{B9)aN]sNb(*’O)WsO1s. Large upfield
shifts were observed upon protonation of a-NB—Nb fragment in
[(C4H9)4N]6(Nb2W4018)204b (A = 304 ppm) and Iy[(C4H9)4N]9,
xP2W1sNb3Os2 (A = 322 ppm) [Pohl, M.; Finke, R. GOrganome-
tallics 1993 12, 1453]. The relatively small upfield shift of the terminal
NbO oxygen resonance observed in hydrolyzed solutions gfif}aN] -
(NbWs01g)20 is consistent with the formation of H[¢Bg)aN]2-
NbWs0;g if the proton is not bound to the terminal Ni© oxygen
but is associated with it in some way that affectsi® chemical
shift. Other resonances at 399 (QM\417 (OW), and 456 (NbOW)
ppm were close to or the same as their published véfues.

(14) (a) Nugent, W. A.; Mayer, J. MMetal-Ligand Multiple BondsJ.
Wiley and Sons: New York, 1988; p 232. (b) Housmekerides, C. E.;
Ramage, D. L.; Kretz, C. M.; Shontz, J. T.; Pilato, R. S.; Geoffroy,
G. L.; Rheingold, A. L.; Haggerty, B. $norg. Chem1992 31, 4453.

(c) Jones, E. L.; Reynolds, J. G.; Huffman, J. C.; Christou, G.
Polyhedron1991, 10, 1817.
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Figure 2. Infrared spectra showing the metalxygen stretching region
(500—1000 le) of (a) [(C4H9)4N]4(NbW5013)20 and [(QHQ)4N]3-
NbWs0,9 as KBr pellets.
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Figure 3. Nb NMR spectra of (a) [(Hg)aN]4(NbWs014).0 and (b)
[(C4Hg)aN]sNbWs046 in acetonitrile at 296 K.

resonance of [(§Ho)4N]sNbWs0,9 observed at—888 ppm.
Despite the good NMR sensitivity of tféNb nucleus (0.48 vs

1 for IH), it possesses a quadrupole momént @/, Q = —0.28

x 10728 m?) that often results in broad NMR resonanéegve
suggest that the approximate 7-fold increase in linewidth of
[(C4Hg)4N]4(NbW5018)2O compared to [(Q‘|g)4N]3NbW5Olg
may be attributed to a larger correlation time for molecular
rotationi® The linewidths of the®*Nb NMR spectrum of
polythioanion NigS,/~ were ascribed to a similar effebtEven
broader resonances were observed for®héb NMR spectra

of larger polyoxoanion complexes [@(NbWs010),]5~ (M =

Th, ~8200 Hz; M= U, ~9900 Hz) in which two NbWO;¢*~
fragments are coordinated by the terminal NbO oxygen atom
to the axial positions of a trigonal bipyrimidal actinide
complex3c18

(15) (a) Rehder, D. InTransition Metal Nuclear Magnetic Resonance

Presogin, P. S., Ed.; Elsevier: Amsterdam, The Netherlands, 1991; p

45. (b) Kidd, G. R. INNMR of Newly Accessible Nucldiaszlo, P.,
Ed.; Academic Press: New York, 1983; pp $330.
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(b)

Figure 4. (a) Molecular structure of (Nb¥D15).0*. (b) View down
the Nb-O—Nb vector.

X-ray Crystal Structure of [(C 4Hg)4sN]4(NbWs015),0. The
structure of [(GHg)aN]4(NbWs01g),0 consists of well separated
tetrabutylammonium cations and (NB®4g),O* anions. The
asymmetric unit is formed by coplanar metal and oxygen atoms
on special positions capped by ®/Os} moiety. A crystallo-
graphically imposed linear oxo bridge connects {ib\WsO0:g} ~
polyoxoanion fragments (Figure 4). In each polyoxoanion
fragment, four tungstens adjacent to the niobium are in
equivalent positions and a unique tungsten is opposite the
niobium atom, creating local,, point group symmetry. The
180° Nb—O—Nb angle and the comparatively short 1.887(3)
A Nb—0O bond of the connecting oxo suggest a significant
contribution to the bonding as noted earlier in structures of oxo-
bridged dinuclear niobium cyclopentadienyl compleXeddul-
tiple-bonding character in tieNb—O—Nb} 8+ fragment is also
supported by thé®4, symmetry of the (NbWO;5),0*" anion,

(16) The linewidth of a NMR resonance of a quadrupolar nucleus is directly
proportional to the correlation time which is proportionat¥pwhere
r is the molecular radiu®? If (NbWs015),0% (r ~ 7 A) is 1.8 times
larger than NbWO,¢> (r ~ 4 A), an approximate 6-fold increase in
linewidth would be expected (compared to 6.7 observed) solely on
the basis of the change in molecular radius, neglecting the elliptical
shape of (NbWO;g),0* and the effect of the counterions. Line
broadening could also be caused equally by an electric field gradient
effect. However, the electric field gradier, at the Nb nucleus is
likely to be reduced by the formation of the N®—Nb bridge
compared to the multiply bonded terminal NbO. The decreasg in
would have the opposite effect on tA&lb linewidth (narrower}p

(17) Sola, J.; Do, Y.; Berg, J. M.; Holm, R. Hnorg. Chem.1985 24,
1706.

(18) The thorium compound also exhibited a comparable upfiéid
NMR shift of =943 ppm, but the shift of the uranium compound at
—243 ppm, possibly a result of its paramagnetism, is markedly
differentsc

(19) (a) Prout, K.; Cameron, T. S.; Forder, R. A.; Critchley, S. R.; Denton,
B.; Rees, G. VActa Crystallogr.1974 B30, 2290. (b) Bottomley,

F.; Keizer, P. N.; White, P. S.; Preston, K. Brganometallics1990
9, 1916.
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Table 2. Selected Bond Distances (A) and Angles (deg) for bond distance of 2.24(2) A is similar to comparable distances
(NbW501),0% in other polyoxoanion niobatésbut considerably shorter than
W(1)—0(1) 1.84(2) W(1)-0(2) 1.90(3) the four symmetry-equivalent central ¥ bond distances in
W(i):g(i)l i-gg(%) VV\\//(?'g(Z) %-gg(g) the anion, which average 2.34 A.
WEZ%—O&)) 1:90((2)) W((Z)}—Ogsg 2:398 _ Th_e average terminal WO bor21(_:I distance 3of 1.6_8 Ais r_1ear|y
W(2)—0(8) 1.70(2) W(2}-0(12) 1.87(1) identical to those found in ¥D;¢°~ (1.69 A)z and in multiply
W(3)-0(3) 1.91(2) W(3Y-0(4) 1.95(2) bonded WO complexe®. The bridging W-O bond lengths in
wgg:gg)@ i?éfvi(é)) wg;g% %g;g?l) (NbWs01g),0% vary from 1.84(2) to 1.99(2) A, but their
W(4)-0(10) 1.90(1) W(4y-0(11) 191(2) avera%_e value ozfsl.91 A compares yvell with those_ found in
W(4)—0(12) 1.99(1) W(4-0(13) 1.91(2) WeO1s*~ (1.92 A)23 The average bridging NbO bond distance
W(4)—0(14) 1.67(2) Nb(1}0(1) 1.99(3) of 1.95 A associated with the NBD—W group is similar to
Nb(1)-0(4) 1.91(2) Nb(1)}O(5) 2.24(2) those of other derivatized polyoxoanions with an isostructural
Nb(1)-O(6) 1.887(3) Nb(1}O(10) 1.94(1) niobium-substituted tungstate fragmé#2> The bridging Nb-
O(1-W(1)—-0(2) 153(1)  O(1yW(1)—0(5) 76.1(9) O—W angles (average 116)are slightly more acute than the
8%7%%378% 162.(%9) gggwggfggg %7)38 W—-0—-W angles (average 119)] with exception of W(2)-
O W(1-0(11) 88.1(5) Oy W(1)—O(11) 85.3(5) (2((1_2)7—\5/9V(1121(116.9(_77)H A(\j_sllgh_t canting (_)f thﬁ ter_mkl)r_lal (04}
0(5)-W(1)-0(11) 75.7(5) O(7yW(1)—O(11) 104.4(5) ( =7,9, ) atom in the direction opposite the niobium center
O(11)-W(1)-O(11A) 151(1) O(2W(2)~0(3) 150(1) is evident from the differences between average respective
8%—%%—88 1(7)@.(%9) gggw%—gg 152.(51()8) O(X)-++O(Y) distances (2.80 Ay = 1, 3, 10) and structurally
O(5)-W(2)—0(8) 179(1) ORyW(2)-0(12)  86.3(5) K/lo”esgo”.d'tf‘g O()f---O(Z) (t2'8t7h A g 02 i 4, 1%) dIStadnEetSv.v
0(3)-W(2)-0(12) 86.8(5) O(5rW(2)—0(12) 77.5(4) ean deviations of no greater than 0. are observed between
0(8)-W(2)—0(12) 102.5(4) O(12)W(2)~O(12A) 155.0(9) the three planes formed by the three metal and oxygen rings
88%—w%—8g 1%.3((3)) ggiwgg—ggg 13)6:3%.(71()8) that circumscribe the central oxyg@mr 0.09 A for the planes
OU)-W(3)-0(9) 105-(1) O W(3)-0(9) 180(1) of allterga'ilng Ia{ﬁrsfof metall and oxygen _tagms%gaedrag
0(3)-W(3)-0(13) 85.8(5) O(4YW(3)-O(13)  87.1(5)  angles between the former planes range withi an
O(5-W(3)—0(13) 75.6(5) O(9%W(3)—0(13) 104.4(5) angles for the latter planes within 2.6f ideally coplanar.
8%1)3)—V\(/()3)—Oo((1§,A) 151(12 ) 8((5)(3}W(4(1);0&0)) 22.3263 Systematic variations or alternating long and short bond
5)~W(4)—-0O(11 75.7(7 10yW(4)—O(11 9(7 distances in bridging oxygen MO bonds have been reported
O(5)~W(4)~0(12) 77.0(6) O(10yW(4)~0(12)  152.4(6) in MeO162~ (M =W, M0),2326CpTiMosO;¢°~,” and comparable

O(11)-W(4)—0(12 85.4(6) O(5rW(4)—0(13 75.9(6

oglo)):wg4g—ogl3g 86_5%7; ogﬁ_}vf/(z)_o((lé) 151,4((7% substituted polyxoanion®?” Three eight-membered rings of
O(12)-W(4)—0(13) 85.8(6) O(5rW(4)—0(14) 178.0(8) the bridging oxygen M-O bonds that circumscribe the central
0(10)-W(4)-0O(14)  103.9(8) O(1LyW(4)-O(14)  102.5(9) oxygen atom in (NbWO;5)20* are shown in the following

88)23“\3/(%):&%4) igg:z((g)) 88}3?\'\/8/(%):&%4) 1956.'2((3)) diagram with accompanying bond distances in angstroms and

O(4)-Nb(1)-0(5) 77.7(8) O(1}Nb(1)-O(6)  104.4(6)
O(4)-Nb(1)-0(6) 102.5(6) O(5yNb(1)-O(6)  179.8(3) 191 Np1_ 199 Nbi 194 wi 192
O(1)~Nb(1)-0(10) 87.7(5) O(4yNb(1)-O(10)  86.1(5) o5 04 ot o10” oto o1 ot
O(5)-Nb(1)-0(10) 76.7(5) O(6¥Nb(1)-O(10)  103.3(5) / \ 14 / \ 1o / \ rer
O(10)-Nb(1)-O(10A) 153.3(9) W(1}O(1)-Nb(1)  117(1) w3 Wi w4 Wa wa wa
W(L)-0@2-W(2) ~ 119(1)  WEFrOB-W@E)  120(1) ror\ [\ /e \ / 1
W(3)—O(4)—Nb(1) 116(1)  W(1)}-O(5)-W(2) 88.7(6) OB 2 o1z _on o1y _ois
W(1)—0(5)-W(3) 177.0(9) W(1}-O(5)—W(4) 90.2(5) 1.90 1.92 W2 a7 W3 o1
W(1)—O(5)-Nb(1) 91.5(7) W(2)-O(5)-W(3) 88.3(6) . , ,
W(2)—0O(5)-W(4) 88.6(4) W(2)-O(5)-Nb(1)  179.7(5) ring 1 ring 2 ring 3
W(3)—O(5)-W(4) 89.8(5) W(3)}-O(5)-Nb(1) 91.4(7)

WA -OB)-Nb) - 91.4(H WA OE) WEA) - 177.19)  an esd range of 0.640.03 A. All the bonds in ring 1 are

\'7\,3(1%)__&(161))__'\\}5&? ) ﬁg:ggg WE‘Z‘;SE}QQ')'J}%) ﬂg;g‘((%) unique, while half the values in rings 2 and 3 are related to
W(3)—0(13)-W(4) 118.8(8) one another by a crystallographic mirror plane, as indicated

by the prime notation in the schematic. Variations in the bridg-

revealed by the “eclipsed” terminal WO bonds on adjoining ing oxygen-metal bond distances are exhibited by rings 1
polyoxoanion fragments (Figure 4b), which maximizes the-d and 2, which include the niobium atom, and, to a far less extent,
prr interactionZ° by ring 3. Using the W-O 1.92 A bond distance in ¥0:¢?~

The niobium and tungsten atoms in eafNbWsO;g} ~ for comparisor?® deviations in ring 1 occur for NbO(1)
fragment reside in octahedral sites formed by close-packed(1.99(3) A) and W(1}-O(1) (1.84(2) A). In ring 2, the long
oxygen atoms. In a fragment, the edge-sharing octahedra consist.99(1) A W(4)-0(12) bond length is the most significant
of bonds to terminal, bridging, and central oxygen atoms. The deviation. All other differences in bond distances are within
bond distances and angles around each metal octahedron are
given in Table 2. Examination of the-eM—0O bond angles  (21) (a) Nugent, W. A.; Mayer, J. MMetal-Ligand Multiple BondsJ.
involving the terminal, bridging, and central oxygens indicates \:r’]'('je?’sgggl 58?(%mNegra\tgg'ri%]zgfra'v%rllggef (fﬁ’)exc\’fﬁi(,“ﬂlggt;rsg%
a distorted octahedral coordination geometry. Each metal atom 57
is displaced from the equatorial plane formed by the coordinated (22) (a) Lindgvist, 1 Ark. Kemi1953 5, 247. (b) Bradley, D. C.; Hursthouse,
bridging oxygens toward the terminal oxygen. This distortion M. B.; Rodesiler, P. FJ. Chem. Soc., Chem. CommdS6§ 1112.
s due, It part, {0 repuiions betvieen the close-packed terminal &) Fnn: & M., Sucker, &, lnerg, Chen 1583 8 505 @
and bridging oxygen atoms within the coordination spiére.  (23) Fuchs, J. V.; Freiwald, W.; Hartl, tcta Crystallogr.B34, 1764.
The central oxygen atom has near-octahedral coordination(24) Mayer, Jinorg. Chem.1988 27, 3899.

metrv. and its motion is largelv restri (25) (a) Besecker, C. J.; Day, V. W.; Klemperer, W. G.; Thompson, M. R.
geometry, and its motion is largely restricted, as suggested by J. Am. Chem. S0d.982 104, 6158. (b) Besecker, C. J.; Day, V. W,;

its anomalously small thermal parameters. The centrat®b Klemperer, W. G.; Thompson, M. R. Am. Chem. SoA.984 106,
4125. (c) Besecker, C. J.; Day, V. W.; Klemperer, W. G.; Thompson,
(20) (a) Dunitz, J. D.; Orgel, L. E]. Chem. Socl953 2594. (b) Cotton, M. R. Inorg. Chem1985 24, 44. (d) Day, V. W.; Klemperer, W. G;

F. A.; Najjar, R. C.Inorg. Chem.1981, 20, 1866. Main, D. J.Inorg. Chem,. 199029, 2345.
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three standard deviations and are not judged to be significant.and (ii) secondary alcohols were shown to have enough steric
These variations are also evident from a plot of ™ ring bond bulk to prevent them from coordinating to bridging oxygens in
distances, adopted from Fucksprovided in the Supporting  [(C4Hg)sN]sNbW,4019R 4P
Information. The accuracy of the structure determination limits ~ Previous reactions of polyoxanions have often demonstrated
the meaningfulness of the observed bond length differences inthat bridging oxygens are the most basic and labile sites.
rings 1—-3, but their variability is comparable to that observed Alcoholysis of [(CHg)sN]s(NbW4015),0 with methanol
in polymolybdate¥7.26 and substituted polytungstatg<s was reported to yield the bridging methoxide derivaftive
Variations in ring bond lengths are reportedly a means of [(C4Ho)4N]sNbW,O19R. Related alkylation studies of RMDag®~
delocalizing the added negative charge evenly over all the (M = Mo, W) revealed that derivatization of the polyoxanion
surface atoms and relieving structural distortions imposed on occurred preferentially at bridging rather than terminal oxy-
the metal-oxygen framework by the substitution of a lower gens3® Although coordination to organometallic complexes
valent metal atom for tungstéen. by the terminal NbO oxygen atom of both NB@®s*~ and
Alcoholysis of [(C4Hg)4N]4(NbW501g),0. The alcoholysis Nb,W4O164~ anions is well documentéd;c-2Sunfavorable steric
of condensed polyoxoanions, reported by Klemperer with interactions may have masked the electronic effects of the poly-
[(C4Ho)aN]e(NbW4015),0,% is a valuable method for the  oxoanion as suggested previoudly Steric influences on the
preparation of alkoxide-derivatized niobium tungstates with a coordination of methyl and ethyl groups to polyoxoanions are

variety of organic compounds. The reaction of {fg)sN]s- absent, however, on the basis of comprehensive studies of a
(NbWs010)20 with alcohols was investigated to confirm its variety of alkoxide derivatives of [(§E19)4N]sNbW,4016R 40 For
preparation as well as its synthetic versatility. When{§N] - the monosubstituted niobiuntungstate featured in this study,
(NbW501g)20 is added to methanol, ethanol, or 2-propanol, a facile and selective oxygen atom exchange ef’@ with the
suspension forms, yielding the alkoxide derivativesHg)4N].- terminal NbO oxygen atom of [({Eg)sN]sNbWsO1g provides

Nb(OR)Ws015 in good yield after several days (eq 3). Phenol strong evidence for the terminal oxygen being the most labile
in this compound® Alcoholysis of [(GHg)aN]4(NbW,015),0
— ROH _ H H
NbW.O. ).0* —— 2Nb(OR)W.O. .2 3 corroborates that the terminal oxygen atom is probably the most
( g2 —H0 (OREOs @) reactive site in [(GHg)sN]sNbWsOys.

and cholesterol derivatives, reported here for the first time, were Conclusions

synthesized with excess reagent in a solution of methylene Condensed or oligomeric polyoxoanions are good potential
chloride. 'H NMR spectroscopy of the methoxide derivative starting materials for preparing polyoxoanion derivatives, and
displayed a singlet at 4.40 ppm, and the corresponding ethoxidetheir synthetic use should continue to be explored. We have
compound showed a quartet at 4.58 ppm and a triplet at 1.10described a convenient, potentially versatile method of deoxy-
ppm. These chemical shifts compare favorably with the 4.31 genation in which the terminal NbO oxygen atom is removed
ppm singlet and 4.64 and 1.53 ppm resonances reported for th&ormally from [(C4Hg)sN]sNbWsO1e Using benzoyl chloride.
methoxide and ethoxide derivatives, respectively, oftf{§JaN]s- This reaction forms a structurally characterized oxygen-deficient
Nb2(OR)W4O15.4° The %Nb NMR spectrum of [(GHo)aN]2- species, [(GHo)aN]4(NbWs04g),0, which can be functionalized
Nb(OCH;)WsOss displayed a single resonance-8927 ppm.  py alcoholysis and possibly other reactions. The reactivity of
The 2-propanol, cholesterol, and phenol alkoxide derivatives syoxoanions has been likened to that of solid-state metal
[(CaHo)aN]o2ND(OR)WO; 5 are distinguished by the downfield  gyides14 The deoxygenation methods developed for preparaing
*3C NMR shifts at 79.9, 88.7, and 170.0 ppm, respectively, of iscrete molecular compounds described here and reported
the hydroxyl bearing carbot. earliers®14 therefore, could prove useful for activating and

The IR spectrum of [(GHo)aN]2Nb(OCH(CH)2)Ws01gin the derivatizing solid-state metal oxide surfaces by oxygen atom
500-1000 cnt! region is very similar to those of the methyl removal agd substitutiof. y 0d

and the ethyl analogs, suggesting a common structure by ) ]
inference for all the derivatives reported here. Derivatization ~Acknowledgment. R.H.B. and Y.L. thank Columbia Uni-

is likely to occur at the Nb-O terminal oxygen atom rather ~ Versity and the Kanagawa Academy of Science and Technology
for financial support of this research. R.L. acknowledges

Rutgers State University (Newark) for providing and supporting
the crystallography facility. We also thank Marie L. Cote
(Rutgers State University, Newark) for her assistance and helpful
discussions concerning the X-ray studies.

phenyl, cholesteryl Note Added in Proof. An alternative preparation of
Nb(OCH)Ws0:¢2~ and (NbWO15),0*~ and the X-ray structure
of the latter have been reported while this manuscript was in
press®

than at a bridging NbO—W oxygen atom since no apparent  g,555ring Information Available: Figures showing the asym-

IR band due to a terminal NbO stretch was detected. This  metric unit, a packing diagram, and a plot of MO bond distances and

conclusion is supported by earlier studies in which (i) the tables of positional and thermal parameters, bond lengths and angles,

R = methyl, ethyl, isopropyl

bridging and terminal alkoxide coordination in [fd5)4N]s- least-squares planes, and dihedral angles foHQaN]4(NbWs014),0
Nb,W4019R gave distinctly different IR spectra in this region (9 pages). Ordering information is given on any current masthead
page.
26) Allcock, H. R.; Bissell, E. T.; Shawl, E. T . Chem.1973 12,
(26) Zgé:g.c isse aw norg em 3 IC951197C
(27) Mohs, T. R.; Yapp, G. P. A.; Rheingold, A. L.; Maata, E.lAorg.
Chem.1995 34, 9. (30) Knoth, W. H.; Harlow, R. LJ. Am. Chem. S0d.981, 103 4265.
(28) Iball, J.; Low, J. N.; Weakley, T. J. R. Chem. Soc., Dalton Trans. (31) (a) Kung, H. H.Transition Metal Oxides: Surface Chemistry and
1974 2021. Catalysis;Elsevier: Amsterdam, The Netherlands, 1989; Chapter 6.
(29) Pretsch, P. D.; Seibel, J.; Simon, W.; Clerc,Thbles of Spectral (b) Barteau, M. AJ. Vac. Sci. Technol., A993 11, 2162.
Data for Structural Determination of Organic Compoun&pringer- (32) Clegg, W.; Elsegood, M. R. J.; Errington, R. J., Havelocl, Chem.

Verlag: Berlin, 1989. Soc., Dalton Trans1996 681.



