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The esterification of a bis(u-hydroxo) dioxovanadium site in
divanadium-substituted silicotungstate, y-H,SiVoWi0O4*~, with
alcohols is sterically controlled: The secondary and tertiary alcohol
esters are hardly formed (equilibrium constant < 0.01), and a large
equilibrium constant of 75 is observed for the reaction with
methanol.

Vanadate esters (or vanadium alkoxides) are important

complexes as oxidants or oxidation catalysts, oxide precur-?~

(XW1,040") and Dawson-type (XV150s™) polyoxo-
tungstates show stability toward the hydrolysis or isomer-
ization when dissolved in organic solvents such as aceto-
nitrile.2 Although there are various kinds of Keggin- and
Dawson-type vanadium-substituted polyoxotungstates,
esterification reaction was reported only for trivanadium-
substituted HP,V3W15065°.%9101n this paper, we report the
sterically controlled esterification of the histiydroxo)
dioxovanadium site in divanadium-substituted silicotungstate,
H2SiVoW;10046" (1),°M1with alcohols: The secondary and

sors, and analogues of phosphate esters in the fields Oitertiary alcohol esters are hardly formed, and a large

organi¢ and inorganic synthes@sand bioinorganic chem-
istry,® respectively. They are also reported to be a key
intermediate for the aerobic oxidation of alcohols with
vanadia catalystsTherefore, dependence of reactivity of the
vanadium site with alcohols is interesting. The aqueous
chemistry of vanadium oxoanion is complex, and the
complexity in part arises from the ability of the vanadate
ion to undergo protonation and oligomerizatfori Also, the
esterification of big¢-hydroxo) dioxovanadium site with
alcohols was previously unknown. The incorporation of
vanadium centers to the more stable, rigid polyoxometalate
framework may avoid the complex equilibrium. Keggin-type
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equilibrium constant of 75 is observed for the reaction with
methanol.

The methyl monoester of (2) was easily formed by
addition of methanol to the acetonitrile solution bf The
formation of 2 was highly selective, and no diester was
formed even in the presence of excess methanol. The
esterification reaction was reversible, and the hydrolysis of
2 readily proceeded in the presence of water. The single

(8) Pope, M. THeteropoly and Isopoly Oxometalat&3pringer-Verlag:
New York, 1983.

(9) (a) a-AIVW 110465~ Weinstock, I. A.; Cowan, J. J.; Barbuzzi, E. M.
G.; Zeng, H.; Hill, C. L.J. Am. Chem. Soc999 121, 4608. (b)
o-PVW;104¢*: Smith, D. P.; So, H.; Bender, J.; Pope, M.Ifiorg.
Chem. 1973 12, 685. (C) (I-SiVW1104057 and (X-BVW1104067:
Altenau, J. J.; Pope, M. T.; Prados, R. A.; So,likbrg. Chem1975
14, 417. (d) a-HaVW11040"": Flynn, C. M., Jr.; Pope, M. T,
O’Donnell, S.Inorg. Chem.1974 13, 831. (€)51-SiVW11040°~, fS2-
SiVW1104¢°~, andS3-SiVW11040°: Herve G.; Tezg, A.; Leyrie, M.

J. Coord. Chem1979 9, 245. (f) a-1,2-SiVoaW10040°~ anda-1,2,3-
SiV3WgO40': Mossoba, M. M.; O'Connor, C. J.; Pope, M. T.; Sinn,
E.; Herve G.; Tezg A. J. Am. Chem. S0298Q 102, 6864. (g)5-1,2,3-
SiV3WgO40'~: Finke, R. G.; Rapko, B.; Saxton, R. J.; Domaille, P. J.
J. Am. Chem. S0d.986 108 2947. (h)y-1,2-SiVoW1004¢°~, -3,8-
SiVoW10040°~, andp-8, 12-SiVbW1¢040°~: Canny, J.; Thouvenot, R.;
Téze A.; Herve G.; Leparulo-Loftus, M.; Pope, M. Tnorg. Chem.
1991 30, 976. (i) y-1,2-PVuW10040°~: Domaille, P. J.; Harlow, R. L.
J. Am. Chem. Socl986 108 2108. (j) a-1,2-PVbW1¢04¢>~ and
a-1,2,3-P\WgO4°~: Domaille, P. JJ. Am. Chem. S0d.984 106,
7677. (K)a-1,4-PVeW1004¢°~ anda-1,4,9-P\iWgOac®~: Domaille, P.
J.; Watunya, Glnorg. Chem1986 25, 1239. (I)5-1,2,3-P\iWgOuc~:
Kawafune, I.; Matsubayashi, ®ull. Chem. Soc. Jpri.996 69, 359.
(M) 01-P2VW17062"~, 02-PaVW 17062, 0-P2VoW160628~, and o
P.V3aW1s062°: Harmalker, S. P.; Leparulo, M. A.; Pope, M. T.
Am. Chem. Socl983 105, 4286.

(10) (a) Zeng, H.; Newkome, G. R.; Hill, C. lAngew. Chem., Int. Ed.
200Q 39, 1771. (b) Hou, Y.; Hill, C. LJ. Am. Chem. S04993 115,
11823.

10.1021/ic0483388 CCC: $30.25 © 2005 American Chemical Society

Published on Web 12/09/2004



COMMUNICATION

y-HSIVoW10039(-OCHg)* . The®3W NMR spectrum showed
six lines at—80.9, —93.3, —94.5, —122.8, —124.8, and
—134.9 ppm with intensities of 2(br):1:2(br):1:2:2, respec-
tively (Figure S1). Thé®V NMR spectrum showed one line
at —549 ppm (Figure S2). These NMR results are in accord
with the structure with th&€s symmetry in Figure 1.

The formation constant«{s) of the ester = {[2][HO]}/
{[1][MeOH]}) in water (buffered with 0.1 M NaHS£O0.1
M Na,SO,, pH = 1.67) and acetonitrile at 298 K were
determined to be 7% 2 and 75+ 5, respectively, by the
5%V NMR. These values are much larger than those re-
ported for methyl monovanadate f#O,~ + MeOH,
Ky =524 0.1, K, = 1.2 &+ 0.1)!® methyl divanadate
((HO)OVOVO,(OHY>™ + MeOH, K; = 3.0+ 0.3,K; =
3.1 + 0.3)}° methyl ester of Dawson-type trivanadium-

Figure 1. ORTEP view of CEK2, showing 50% probability ellipsoids. i NBW - 5—
Hydrogen atoms and CEK moieties were omitted for clarification. :Auféﬁufd_pgog Z?O(;uzng; taie 13+ 3—’259&! (EH()JS 37 i
[l 1 — . ey 2 — . Ly 3 — .

crystals of2 were obtained by vapor diffusion of diethyl 0.08); % meth_yl ace1t7ate .(5'% 0.2)° and mor;_oethyl
ether to the acetonitrile solution of the 18-crown-6-potassium phosphatel{ n 0.46): i Unllke_ HP2V3W15,O59(“'QH)3 and
salt derivative ofl (CEK-1) containing methand® As shown 1, theﬂ—Keggln—type trivanadium-substituted S|I|cotl_mgst_ate
in Figure 1, the anionic cluste? retained they-Keggin f-1,2,3-HSIVaWsO4d” 0~ has been reported to be inactive

structure, and the two vanadium atoms were bridged with fOr the esterificatio?f although the V-(4-OH)—V bridge is
one oxygen atom and one methoxo group present in all these three polyoxometalates. The order of

The bond valence sum (BVS) value of 02 was 1.16 and reactivity of the bridging hydroxo groups with the vanadium-

clearly different from those of the other oxygen atoms (+.53 SUbSt!tUted polyoxotungitates decrease_d n the:ollﬁowmg

L . . order: 1 > H4P,V3W;150g°~ > ﬁ-1,2,3-H(SIV3WgO40( X,
2.10), indicating that the oxygen atom remained proto- The order is possibly exolained by the difference of the
nated'’'® The 'H NMR spectrum of CEK2 in CDsCN IS possIby expial y !

showed two lines at 4.44 ppm (sharp, 3H per anion) and zllggfgvdgggf t?)ntghlgsi.dgzleaﬁ?eR;cx goredct?gglce sl,'?alte
5.18 ppm (broad, 1H per anion) in addition to the lines g e :

in3- - 1 (7—x)— 18
assignable to the solvent and countercation. FdeNMR gﬁﬁzgﬁg:Qgépgfltféi%ﬂ\e/iv\vfooﬁo en éthSg?ﬁl r-]:ge
showed a line at 69 ppm (1C per anion), of which the value Y9 y

falls in the range of those reported for diamagnetic metal stabilize the ester. This explanation is supported by the

: following calculation: The formation energied['s) of
4
methoxides? These results show that the formula s methyl ester were calculated with B3LYP density func-

; 9,20 1 Qi
(11) Yellow single prismatic crystals of the tetramethylammonium salt of tionaf®*°to be+2.6 an_d+30'4 kJ mot™ for y HS!V2W1°O39'
[y-1,2-HbSiVaW100sg]*~ were grown from the aqueous solution by ~ (OMe)~ andf-1,2,3-SiViWqO3o(OMe) 8~ respectively, where
slow evaporation at room temperature. The crystallographic data AE \was expressed bXAE = E(2) + E(HgO) — E(l) —

follow: [(CH3)4N]4H2$iV2W10040'3H20, fw= 2959.07, monoclinic, . . . . .
space groupP2y/n (No. 14). At 113 K,a = 11.7992(7) A,b = E(MeOH). By using thes@\E values in combination with

37.804(2) Ac = 12.7372(8) A = 110.308(3), V = 5328.4(6) &, the formation constant ofy-HSiV.W10059(OMe), the

Z =4, Dcaica= 3.688 g cm?®, u(Mo Ka) = 219.76 cm. Data were ; } Qi — _
collected on a Rigaku Saturn CCD area detector with graphite formation constant of-1,2,3-Si\sW¢Oso(OMe)~ is calcu

monochromated Mo K radiation (0.71070 A) to a maximun®alue lated to be 1.0x 1073, in agreement with the fact that
of 55°. There were 118316 measured and 12403 unique reflections ; (7—X)— ; ; i ;
(Rnt = 0.039). R1= 0.022 and wR2= 0.025 for 10946 reflections ( HXS|V3WgO40- was |nact|ve_ for Fhe estenﬁcaﬂon_.
; 30(1)). The distance between the two vanadium atoms was 3.116(2) We investigated the esterification df with various

. The existence of 4 M@™ countercations pet was identified. alcohols. and the results are summarized in Table 1.K he
The bond valence sum (BVS) values of tungsten (6827), ! '
vanadium (5.06, 5.11), and silicon (3.91) indicate that the oxide cluster
of 1 is composed of V(V), W(VI), and Si(lV) ions. Therefore, two  (13) BVS values of atoms in CER-(atom, BVS): V1, 4.85; V2, 4.95;

protons are associated with the anionic clustet ofi the basis of the W1, 5.66; W2, 5.81; W3, 5.95; W4, 5.80; W5, 5.96; W6, 5.73; W7,

charge balance. The BVS values of oxygen atoms (1.17 and 1.39) 5.66; W8, 5.70; W9, 5.82; W10, 5.69; Si, 3.70; 01, 2.10; 02, 1.16;

bridging two vanadium atoms are different from those of the other 03, 1.90; 04, 1.80; 05, 1.90; 06, 1.80; 07, 1.94; 08, 1.86; 09, 1.85;

oxygen atoms (1.682.07). These facts indicate that two oxygen atoms 010, 1.70; 011, 1.85; 012, 1.91; 013, 1.86; 014, 1.91; 015, 1.93;

between vanadium are protonated resulting in hydroxo ligands as has 016, 1.91; 017, 1.91; 018, 1.94; 019, 1.88; 020, 1.93; 021, 1.78;

been reported 022, 1.98; 023, 1.85; 024, 1.96; 025, 1.72; 026, 1.71; 027, 1.87,
(12) Crystallographic data follow: [K({ZH240)]a[y-HSiV2W1003o(OCHg)] 028, 1.86; 0101, 1.68; 0102, 1.83; 0103, 1.66; 0104, 1.70; 0105,

1.5CHCN, fw = 3814.06, triclinic, space groupl (No. 2). At 183 1.61; 0106, 1.66; 0107, 1.75; 0108, 1.75; 0109, 1.57; 0110, 1.53;

K, a = 15.107(7) A,b = 17.440(8) A,c = 21.742(12) A,a = 0111, 1.66; 0112, 1.74.

81.44(2), p = 84.21(2), y = 67.64(2), V = 5232.6(43) R, Z = 2, (14) Farneth, W. E.; Staley, R. H.; Domaille, P. J.; Farlee, RJ.DAm.

Deaicd= 2.421 g cm®, u(Mo Ka)) = 113.67 cni™. Data were collected Chem. Soc1987 109, 4018.

on a Rigaku Mercury CCD area detector with graphite monochromated (15) Tracey, A. S.; Gresser, M. J.; Galeffi, Borg. Chem1988 27, 157.

Mo Ka radiation (0.71070 A) to a maximumd2/alue of 53. There (16) Lee, D. G.; Yan, Y.; Chandler, W. Anal. Chem1994 66, 32.

were 67858 measured and 21485 unique reflecti®s € 0.061). (17) Bourne, N.; Williams, AJ. Org. Chem1984 49, 1200.

R1=0.064 and wR2= 0.072 for 10511 reflectiond ¢ 3a(l)). The (18) Tezg A.; Cadot, E.; Beeau, V.; Herve G. Inorg. Chem.2001, 40,
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and 2.52(2) A, respectively. (19) Becke, A. D.J. Chem. Physl993 98, 1372.
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Table 1. Esterification of 1 with Various Alcohols in Acetonitrile at

298 K
alcohol 0 (°V) of ester/ppm Ka
methanol —549 75+ 5
ethanol —550 20+ 2
1-propanol —547 9.5+ 0.5
2-propanol —552 <0.01
1-butanol —547 9.7+ 0.9
isobutyl alcohol —538 1.0+0.1
tert-butyl alcohol b 0
benzyl alcohol —544 5.5+ 0.2
4-methylbenzyl alcohol —544 6.7+ 0.2
4-methoxybenzyl alcohol —544 8.9+ 0.3
4-fluorobenzyl alcohol —544 9.3+ 0.3
4-chlorobenzyl alcohol —544 8.9+ 0.5
4-(trifluoromethyl)benzyl alcohol —544 8.3+ 0.5
4-nitrobenzyl alcohol —542 9.5+ 0.5

formed.

values decreased

aK = ([ester][H:O])/([1][alcohol]) (no dimension)’No ester was

in the order metharol ethanol >
1-propanolx 1-butanol and primary alcohots secondary
alcohols> tertiary alcohols= 0, and those for secondary

center at the bridging oxygen site. TKevalues forpara-
substituted benzyl alcohols were smaller than that of ethanol
while pK, values for para-substituted benzyl alcohols
(14.89-15.64) are smaller than that of ethanol (159,
supporting the idea. It has also been reported that secondary
and tertiary alcohol ester formation on the ND—Nb
bridging site in NBW,O,5* is prevented by the steric
repulsion?®

The structural model for isopropyl ester constructed by
the addition of two methyl groups to the carbon cente? of
illustrated the steric crowding between the methyl groups
and 0101, 0102, 03, 04, 07, and O8 atoms. Such a steric
effect results in much smalld€ values for isopropyl and
tert-butyl esters.

In summary, the esterification of bistydroxo) dioxo-
vanadium site in divanadium-substituted silicotungstate,
y-H,SiVoW10040*, with alcohols is sterically controlled:
The secondary and tertiary alcohol esters are hardly formed
(equilibrium constant< 0.01), and a large equilibrium

and tertiary alcohols were much smaller than those for constant of 75 is observed for the reaction with methanol.

monovanadate estens;(= 5.0 (2-propanol); 3.4tért-butyl
alcohol))? Such smalleK values observed for the secondary
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